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This Research Topic brings together 20 contributions at the chemistry–biology–medicine interface honoring Professor Iwao Ojima's lifelong impact across organometallic catalysis, asymmetric synthesis, medicinal and natural products chemistry. The collection showcases how contemporary synthetic design, green chemistry, computation, and biology co-evolve to deliver selective probes, leads, and materials under milder and more sustainable conditions, while clarifying mechanisms relevant to cancer, infection, neurodegeneration, and immunology. In what follows, we outline the Topic's aims and contextualize the published articles in thematic frames, emphasizing convergences, and conclude with prospects that naturally flow from the body of work presented here.
A prominent trend across the Topic is the integration of greener synthesis with process intensification. For example, Pan and coworkers report a NiFe2O4@MCM-41@IL/Pt nanocatalyst that promotes A3 couplings to benzo [4,5]imidazo [1,2-a]pyrimidines under microwave irradiation in water. The system allows for simple magnetic separation and efficient reuse of the catalyst. This approach exemplifies how sustainability and reaction acceleration can work hand in hand to deliver pharmaceutically relevant heterocycles with reduced environmental impact (Pan et al.).
Methodological perspective also matters. A review on transition-metal strategies for the synthesis of anthracene scaffolds highlights how Pd/Ni cross-couplings, C–H activation, and ligands selection have expanded access to functional materials and therapeutic motifs, with a clear shift toward greener protocols (Sead et al.). In parallel, the Hosomi–Sakurai allylation’s enduring utility in total synthesis is recast through modern variants that deliver high yields, stereocontrol, and broad electrophile scope under mild conditions (Akwensi et al.). These elements underscore a recurring theme in the Research Topic: revisiting classic reactivity through contemporary catalysts and conditions is one of our fastest paths to better selectivity, lower waste, and more complex architectures.
Oncology runs like a spine through the Topic with height related contributions and showcases rational polypharmacology. Ether-type arylpiperazines were tailored into potent androgen receptor (AR) antagonists with SAR insights on cycloalkyl and ortho-methyl substitutions, supported by docking in the AR ligand-binding pocket (Jiang et al.). Hypoxia biology is addressed from two angles: a tail-engineered 4-pyridyl analogue of SLC-0111 selectively inhibits CA IX, induces G0/G1 arrest and apoptosis, and shows drug-like ADMET profile (Hashem et al.); a thiazole–chalcone/sulfonamide hybrid integrates tubulin inhibition with CA IX blockade, triggering intrinsic apoptosis with favorable selectivity (Khasawneh et al.). A Schiff-base Pd(II) complex outperforms cisplatin against DU-145 and PC-3 prostate cancer cell lines while being safer on fibroblasts, with docking suggesting dual engagement of the AR and apoptotic regulators (Pantic et al.). A quinolin-2(1H)-one series supplies dual EGFR/HER-2 inhibitors; lead 5a exceeds erlotinib, with kinase assays, apoptosis markers, and long-timescale MD supporting its mechanism of action (Al-Wahaibi et al., 2025). These results collectively argue that multi-target strategies, when anchored in mechanism, can counter redundancy and resistance without compromising selectivity. A novel series of thiazole-based derivatives was synthesized and tested for antiproliferative activity as dual EGFR/VEGFR-2 inhibitors. These compounds also presented antioxidant and antibacterial activities (Gomaa et al.). Phenylthiophosphoryl dichloride derivatives have been designed and evaluated for their antitumour and anti-inflammatory activities. The study included the evaluations of the H2S releasing capability of these compounds (Xu et al.). Novel pyrimidine-morpholine hybrids were designed and synthesized based on molecular hybridization approach. It was demonstrated that all derivatives had cytotoxic potential with IC50 in range of 5.12–117.04 μM. The biological activity of the compounds was confirmed by docking studies (Ataollahi et al.).
Anti-infectives and antipathogen approaches in the Research Topic emphasize antibiofilm action and complementary mechanisms. Efficiently built triazolyl heterocycles culminate in E10, which combines bactericidal activity with membrane disruption, strong antibiofilm performance, and notable anti-inflammatory effects. The same scaffold displays heavy-metal chelation capability, pointing to environmental remediation benefits and a resistance-resilient mode of action (Hong et al.). A second antibacterial approach introduces coumarin-tethered thiazoles that selectively hit problematic species and DNA gyrase, disrupt biofilms with low resistance risk, and show stable binding in docking and molecular dynamic studies (Ebaid et al.). In parasitology, thymol-anchored phenoxy-acetamides reduce oocyst burden in vivo and show encouraging ADME profile and docking to CpCDPK1, making 7 b a promising lead for further development (Rabee et al.).
Natural products inspired chemistry continue to expand our scaffold repertoire. From the desert endophyte Phoma betae comes phomaderide, a bis-spiro dimer with a rare 6/5/4/5/6 topology formed by stereoselective [2 + 2] photocycloaddition; its modest cytotoxicity and pronounced architectural novelty together make a strong case for analogue design and biosynthetic exploration. Building blocks–based molecular networking (BBMN) approach results as a modern path to targeted isolation from complex mixtures (Sun et al.). The Research Topic also probes phytochemical space functionally: LC-MS/MS-profiled Capparis spinosa extracts map specific phenolics to robust antioxidant performance and selective cytotoxicity in HCT-116 colon cancer cell line, and the authors show why orthogonal assays are essential to interpret antioxidant and anticancer potential rigorously (Oraibi et al.).
Computational approaches are not ancillary, representing a central theme of the Topic Research Topic, and a key tool for molecular design, prioritization of candidates, and mechanistic elucidation. Radiosensitization via Artemis inhibition is advanced through a pipeline that integrates cellular readouts, docking, ADMET, DFT, and 100-ns MD/MM-GBSA; compound 42 emerges with stable trajectories and favorable free energy, a template for converging in silico and in vitro evidence before medicinal chemistry expansion (Bashir et al.). In neurodegeneration, a repurposing-led analysis positions human neuraminidase as a tractable target for oseltamivir; docking, 50-ns MD, and enrichment of synaptic and kinase-related genes support the hypothesis while appropriately calling for experimental validation (Alzarea et al.). Across medicinal chemistry approaches elsewhere in the Topic, docking, MD, and DFT support SAR and target selectivity, evidence that computational layers are part of the prospective design loop rather than post hoc rationalization.
Translational determinants other than potency are also foregrounded as central considerations. A systematic review on flavonoids consolidates fragmented knowledge into comparative guidance: inclusion complexes and nanostructures boost AUC by ∼4.2× and ∼3.7× on average, while nanostructures and micelles can increase Cmax about 5.4×; the authors also highlight heterogeneity in solubility assays and urge standardization, a message that extends far beyond flavonoids (Taldaev et al.). In vaccine science, a streamlined route to the truncated linear trisaccharide of QS-21 removes a notorious synthetic bottleneck and opens the door to homogeneous adjuvant variants and clean SAR around a clinically important saponin (Lin et al.). Together with the green catalysis case studies above, these contributions remind us that exposure, supply, and manufacturability are decisive for translation.
Taken together, the 20 contributions span design-first medicinal chemistry, enabling synthesis, green catalysis, natural-product discovery, and computation-driven mechanism. They speak to a community increasingly comfortable blending reactivity innovation with systems-level biological thinking, all while embracing sustainability and scalability. As host editors, we are grateful to the authors and reviewers for assembling a Research Topic that both celebrates Professor Ojima’s legacy and points decisively toward the future. The next steps are clear: integrate data-driven design even earlier; hard-wire greener, recyclable workflows into standard practice; pursue multi-target and multi-modal strategies where biology demands it; and keep mining biodiversity and classical reactivity alike for scaffolds that medicine has not yet explored.
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Tumours and inflammation are serious risks to human health and are importantly regulated by the gas signalling molecule hydrogen sulphide. In this work, we report the rational design and synthesis of H2S donor molecules based on phenylthiophosphoryl dichloride nuclei and assess their efficacy against tumours and inflammation. We predicted its potential anticancer targets based on network pharmacology and then verified the inhibitory effect of the active compound S11 on the pathway PI3K/AKT by enzyme inhibition and molecular docking assay. In addition, compound S11 exhibited a potent anti-inflammatory effect on macrophages, effectively reducing the levels of inflammatory mediators TNF-α, IL-10 and HO-1. Compound S11 can be used as a new chemical entity for the discovery of new anti-cancer drugs or anti-inflammatory drugs.
[image: Chemical reaction pathway illustrating the conversion of a compound to hydrogen sulfide (H2S), highlighted in green. H2S interacts with a cellular membrane, depicted with receptors. Below, arrows indicate anti-inflammatory effects and stimulation of the PI3K/AKT pathway, which leads to cancer apoptosis, noted in red.]Keywords: hydrogen sulfide, network pharmacology, anti-tumor, anti-inflammatory, phenylthiophosphoryl dichloride

1 INTRODUCTION
Hydrogen sulfide (H2S) is recognized as one of the three major gas signal transmitters along with nitric oxide (NO) and carbon monoxide (CO). In the past decade, H2S has been shown to have various biological activities, including positive regulatory effects in antioxidant mechanisms, promotion of angiogenesis, anti-inflammatory responses, and ion channel modulation (Hao et al., 2021; Li et al., 2021; Dilek et al., 2020). Furthermore, the cardioprotective effect of H₂S is associated with the inhibition of myocardial cell apoptosis following myocardial injury. The antioxidant effect of H2S is also reflected in preserving mitochondrial function by inhibiting mitochondrial respiration (Sanchez-Aranguren et al., 2020). Moreover, H2S plays a significant role in the hypertension (Goor et al., 2020), atheroscleros (Munteanu, 2023), myocardial injury (Kolluru et al., 2023) and cancer apoptosis (Gao et al., 2024) as illustrated in Figure 1.
[image: Diagram illustrating the effects of hydrogen sulfide (H2S) and vascular endothelial growth factor (VEGF) on endothelial functions. H2S promotes vasorelaxation and endothelial nitric oxide synthase (eNOS) activity, reducing inflammation, oxidative stress, and apoptosis. It impacts conditions like hypertension, atherosclerosis, and myocardial injury. VEGF activates the PI3K/AKT pathway, leading to cancer apoptosis. The endothelial layer is central to these processes.]FIGURE 1 | Schematic diagram of H2S partial immunomodulatory mechanism.
Cancer can proliferate indefinitely by maintaining reproductive signalling or overexpressing growth factors to regenerate itself. It may also be initiated by aberrant activation of downstream signalling pathways, particularly the phosphatidylinositol 3-kinase (PI3K)/mammalian target of rapamycin (mTOR) pathway, or by aberrant inactivation of suppressor genes (Siegel et al., 2018; Moses et al., 2018). The critical role of the PI3K/AKT/mTOR (PAM) pathway in cell survival, proliferation, growth, and apoptosis influences make it a promising drug target in the war against cancer (Sanchez et al., 2019; Khan et al., 2019). Because H₂S gas is an important gas signalling transmitter, we can design a series of H₂S donors that can target and kill cancer cells by modulating the PI3K/AKT/mTOR pathway. Traditional drug discovery models can only verify the relationship between compounds and targets through a single experiment. In contrast, network pharmacology provides a “compound-protein/gene-disease” network approach, which operates on the principle of “network target, multi-component therapy” (Zhang et al., 2019). This makes it possible to analyse how small molecule drugs modulate disease at high throughput. Cyberpharmacology maps multi-drug ecological networks onto human and animal disease gene networks, providing a basis for identifying key disease-related drug targets (Nogales et al., 2022). In this study, a protein-protein interaction (PPI) network of compounds S11 associated with cancer was constructed using publicly available databases. Subsequently, potential targets of S11 for cancer treatment were identified. These targets were then analysed by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment. Finally, it was validated using molecular docking methods with enzyme inhibition experiments. Similarly there is interest in the use of H2S donors for the treatment of inflammatory diseases. Therefore, it is of great interest to know as much as possible about H2S donors in vitro inflammatory systems. The anti-inflammatory effects of this series of hydrogen sulphide donors on macrophages in vitro were further tested in this context.
In a word, developing more effective organic H2S donors is of great significance for cancer and treating inflammation. This article designs a series of novel H2S donor molecules based on a sulfur-phosphorus core and the anti-tumor and anti-inflammatory mechanism is preliminarily explored, laying the foundation for the future design of H2S donor-based anti-inflammatory and anticancer drugs.
2 RESULTS AND DISCUSSION
2.1 Chemical synthesis
The main donor S1 of H2S was efficiently and concisely synthesized using benzene as the starting material. Compound S2-S16 were synthesized by reacting dichlorophenylthiophosphoryl with different amino alcohols, diols, or diamines in the presence of triethylamine (Scheme 1). In the 1H NMR spectra of compounds S1-S16, the chemical shifts of hydrogen atoms in benzene ring appeared in the range of 8.88–7.28 ppm. For most compounds, the signals of protons on OCH2 appeared in the range of 3.40–4.49 ppm. For compounds containing NH group, the chemical shifts of hydrogen in NH are in the range of 3.05–3.54 ppm. Our NMR data for compounds S2-S4 in this paper are consistent with the NMR data reported in Zhang’s article (Zhang et al., 2019).
[image: A series of chemical reaction diagrams showing the synthesis pathway from compound A to the target compound. The pathway includes intermediates B and S1, followed by various derivatives labeled S2 to S16. Each structure is depicted with chemical bonds and specific functional groups, illustrating the changes and substitutions leading to new compounds.]SCHEME 1 | Synthesis of H2S donor S1 - S16. Conditions and reagents: (i) AlCl3, PCl3, yield 78%; (ii) S, Benzene, yield 45%; (iii) Triethylamine, different amino alcohols, diols or diamines, yield 30%–45%.
2.2 H2S release ability of the compound and its influencing factors
The H2S-release capability of the donors was measured using the methylene blue (MB+) method (Sun et al., 2022). This method is based on the reaction of zinc acetate with H2S to form zinc sulfide, which then reacts with N, N-dimethyl-1,4-phenylenediamine sulfate to generate methylene blue in the presence of ferric ions under acid medium condition. The H2S is quantified by measuring the absorbance of the solution at 670 nm. Recently, literature has reported that TECP (a water-soluble phosphine reducing agent) or cysteine can promote the release of H2S. Therefore, in the presence of TECP or cysteine, the MB⁺ water titration method was used to evaluate the H₂S release ability (Nelmi et al., 2013; Hasegawa and Viles, 2014). The level of pH varies in various tissues and organs of the body; for example, the pH of the small intestine is about 8.0, whereas the pH of gastric juice is about 1.8. Therefore, we tested the release of H2S under different temperature and pH conditions. The results, as shown in Figure 2 and Supplementary Figure 1, showed that all compounds released H2S at room temperature. The release of H2S increased when the temperature was 37°C, indicating that temperature affects the amount of gas released. Different pH values have relatively little effect on such H2S donors. The release amount of compound S11 is the highest, indicating that the size of the cyclic structure and functional groups such as esters and amides have little effect on the release of H2S. However, the addition of a benzene ring can increase its release amount, which may be due to the electron transfer of the benzene ring increasing the release amount of H2S. The mechanism of H2S release was proposed, as shown in Figure 3.
[image: Bar chart showing maximum release of H2S in micromoles under different conditions. At 25°C: control (red), pH 1.8 (blue), pH 7.4 (pink), pH 8.0 (green). At 37°C: control (brown), pH 1.8 (orange), pH 7.4 (black), pH 8.0 (dark brown).]FIGURE 2 | Amount of H2S released by compound S11. Each bar represents the mean ± SD (standard deviation) of three independent experiments.
[image: Two chemical reaction diagrams labeled "a" and "b" show different substitution reactions involving benzyl azide (PhCH2N3) with distinct nucleophiles. Diagram "a" involves a green-labeled nucleophile, forming a bond with the benzyl azide, leading to an intermediate oxime, followed by the release of a nitrogen gas and resulting in a final product. Diagram "b" follows a similar mechanism with a pink-labeled nucleophile, leading to a different final product. Each step includes arrows indicating the reaction progression.]FIGURE 3 | (A) Mechanism of compound S2-S10 releasing H2S. (B) Mechanism of compound S11-S16 releasing H2S.
2.3 The toxicity of the compounds
Compounds S1 - S16 were assessed for toxicities against LO2 cell lines (normal liver cell) and HepG2 cell lines (liver tumor cell) using MTT assay. Stock solutions of the tested compounds in DMSO (8,000 mM) were prepared freshly immediately prior to testing. Initially, cells were seeded in a 96-well plate at approximately 105 cells/well and allowed to adhere overnight. Cell survival relative to control was assessed after 24 h (Sanchez et al., 2019). The results are shown in Table 1. In summary, the toxicities of the series compounds are low to both normal cells LO2, WI38 and tumor cells HepG2, indicating that these compounds do not cause severe harm to the liver severely in the range of tested dose.
TABLE 1 | IC50 (μM) values of all the compounds.
[image: Table listing compounds S1 to S16 with IC50 values greater than 400 for HepG2, greater than 200 for LO2, and greater than 200 for WI38 cells. Compound 5-FU has IC50 values of 105 for HepG2, 170 for LO2, and 202 for WI38. Each experiment was repeated three times. IC50 is the minimum concentration of a drug toxic to 50 percent of cells.]2.4 The antitumor activity of the compounds
The anti-proliferative activity of H2S on tumor cells has been proven (Zhao et al., 2010; Faris et al., 2023; Liu et al., 2023). This experiment demonstrated that the P = S functional group is an effective functional group for releasing H2S and has good anti-tumour activity. The results, as shown in Table 2 and Figure 2, showed that S11 had high H2S release and good antiproliferative activity against MCF7. Based on the highest release of H2S with lower toxicity, we chose compound S11 for subsequent studies. We found that the amount of hydrogen sulfide released was positively correlated with the anticancer activity, and the highest amount of hydrogen sulfide was released from S11, S14 and S16, which showed the best activity against MCF7 cells. The activity of aminophenol derivatives was superior to that of 2,2′-dihydroxybiphenyl derivatives. The coupling of aminophenol derivatives to S1 with electron-withdrawing groups contributed to the activity, and nitro was preferred to cyano to methyl.
TABLE 2 | IC50 (μM) values of all compounds against cell proliferation.
[image: A table showing the IC50 values for various compounds tested on HeLa, A549, and MCF-7 cell lines. Each row lists a compound (S1 to S16 and 5-FU), with corresponding IC50 values and standard deviations for the three cell lines. Footnotes indicate experiments were repeated three times, and IC50 represents the concentration toxic to 50% of cells. Values vary, with HeLa generally showing higher IC50s compared to A549 and MCF-7.]2.5 Assessment of anti-tumour mechanisms
2.5.1 Venn diagram construction and core PPI network screening
The Venn diagram in Figure 4A visualizes the overlap of S11 with tumour targets, revealing 26 common genes. It is suggested that S11 may regulate tumour cell death by interacting with these targets. We then constructed 2 networks using STRING for S11 (Figure 4B) and an intersecting network of S11 with cancer target (Figure 4C). Circles in Figure 4C indicate targets of drug-disease interactions; larger circles indicate more significant interactions between targets, suggesting that their respective functions are more important. Combined with Figure 4C, AKT is an important potential target for our analysed.
[image: Panel A shows a Venn diagram comparing genes S11 and tumor-related genes, with 39 unique and 47 shared genes. Panel B displays a complex gene interaction network with interconnecting lines and nodes. Panel C illustrates a denser network focused on specific genes, indicated by larger nodes.]FIGURE 4 | (A) Venn diagram reveals the relationship between S11 and Tumour-related genes. (B) Construction of a PPI network of the interactive PPI network of S11 and tumour targets by the STRING database. (C) The interactive PPI network of S11 and tumour targets by Cytoscape software.
2.5.2 GO and KEGG pathway enrichment analysis
The results of GO (BP, CC, MF) indicated that the top 10 targets are primarily membrane-associated and involved in lipid metabolism and biosynthesis processes (Figure 5A). KEGG enrichment bubble diagrams analysis identified two significant pathways relevant to S11’s therapeutic action, notably the PI3K-AKT signaling pathway and MAPK signaling pathway related to tumor disease (Figure 5B). These analyses underscore the important role of S11 in the treatment of tumor disease.
[image: Panel A displays a bar chart with three color-coded categories: biological processes (green), cellular components (orange), and molecular functions (blue), each showing an enrichment score. Panel B features a bubble chart illustrating gene enrichment pathways, with color intensity and bubble size indicating significance and count, respectively, across various pathways like melanoma and prostate cancer.]FIGURE 5 | GO analysis and KEGG enrichment analysis of candidate target genes (A) Visualized enrichment bubble plots of biological processes (BP), cell components (CC) molecular function (MF). (B) Visualized enrichment bubble plots of Kyoto Encyclopedia of Genes and Genomes (KEGG). The term “RichFactor” refers to the proportion of differentially expressed transcripts found in a specific Gene Ontology (GO) entry compared to the total number of transcripts within that GO entry among all annotated transcripts. A higher RichFactor indicates a higher level of enrichment. The points on the graph are colored differently to indicate distinct P values, and the size of the points represents the number of target genes within the pathway.
2.5.3 Molecular docking
For this binding site (7F7W), both GlideScore and Model scores have a significant positive correlation with biological activity. This binding site has good tuberculosis with S11 and can form hydrogen bonding interactions (Figure 6). And the twist angle of S11 has changed, which may be caused by newly formed hydrophobic interactions and van der Waals forces between S11 and the ligand (Khan et al., 2022; Hu et al., 2022; Zhu et al., 2021). This indicates that our compound S11 may induce cell apoptosis by interacting with this protein, thereby inhibiting the PI3K/AKT signaling pathway mechanism.
[image: Molecular diagrams showing a chemical structure on the left, with labeled atoms and interaction lines indicating forces. The right side displays a 3D molecular surface model illustrating the molecule's fit within a cavity.]FIGURE 6 | (Left) 2D ligands interaction diagram of the most active compounds (S11) with surrounding residues of the most probable binding site (Right) 3D diagram of compound S11 binding to this site.
2.5.4 Evaluation of anti-tumour targets
PI3K pathway aberrations are the most common in cancer and one of the most widely studied pathways in cancer therapy. To date, more than 30 PI3K inhibitors have entered clinical trials for various cancer types, and aberrant activation of PI3K and its downstream effectors, including Akt and mTOR, has been associated with a variety of cancers. AKT is a central node of the PI3K/AKT/mTOR signalling pathway, which is involved in the regulation of cell proliferation, differentiation and apoptosis and promotes tumourigenesis and metastasis, AKT is over-activated in more than 50% of tumours, including breast, lung, head and neck, endometrial, prostate and colorectal cancers (Hart et al., 2011). In conjunction with our previously predicted anticancer targets and potential mechanistic pathways, in order to further validate the antitumour mechanism of S11, we used a PI3K/AKT enzyme inhibition assay. The results, as shown in Table 3, showed that compound S11 had a better inhibitory effect on PI3Kα, PI3Kβ, PI3Kγ, and AKT using PI-103 as a control, validating our predicted mechanistic pathway. We tentatively suggest that S11 induces tumour cell death by regulating the PI3K/AKT/mTOR signalling pathway, which in turn induces tumour cell death.
TABLE 3 | The inhibitory activity of synthesised compounds on PI3K isoforms.
[image: Table showing inhibition percentages at 10 micromolar for compounds S11 and PI-103. For S11: PI3Kα 67%, PI3Kβ 75%, PI3Kγ 45%, AKT 61%. For PI-103: PI3Kα 100%, PI3Kβ 5%, PI3Kγ 12%, AKT 100%.]2.6 The anti-inflammatory activity of the compounds
2.6.1 Effect of compounds on cell activity
To obtain more accurate anti-inflammatory results and minimize the impact of cell death caused by the test compounds on the outcomes, we first evaluated the effects of the compounds on RAW264.7 macrophage viability. The cells were divided into two groups: one treated with 1 mg/mL LPS and the other untreated. Macrophages were exposed to compounds at concentrations of 10, 50, and 100 μM for 24 h, followed by cell viability measurement using the CCK-8 assay (Huang et al., 2022; Flannigan and Wallace, 2015; Citi et al., 2020; Gemici and Wallace, 2015). The results showed that compound S11 had low toxicity to macrophages and had no significant effect on cell growth in the absence of LPS (Figure 7). In the presence of LPS stimulation, a slight reduction of 11% cell activity was observed.
[image: Bar graph showing cell viability as a percentage of control for treatments with and without LPS. Two groups are depicted: one with LPS (dark bars) and one without (light bars). Both groups show similar cell viability percentages across different concentrations (10, 50, 100), with values fluctuating slightly around 100%.]FIGURE 7 | The effect of compounds on RAW264.7 cell viability. Mouse RAW264.7 macrophage cells were treated with compound S11 at concentrations of 10, 50, and 100 µM for 24 h in the presence or absence of 1 µg/L LPS. Each bar represents the average standard deviation of three independent experiments.
2.6.2 Impact of the compounds on nitrite production induced by LPS
Nitric oxide (NO) affects inflammation signaling pathways, regulating the intensity and timing of inflammatory responses, making it a crucial regulatory molecule in inflammation. LPS induces the production of nitric oxide (NO) by activating a series of signal transduction pathways. Upon NF-κB activation, transcription of the iNOS gene is promoted, leading to the synthesis of inducible nitric oxide synthase (iNOS). iNOS is an enzyme that produces large amounts of NO, activated under inflammatory conditions to release substantial nitric oxide (Kumar, 2023). In vivo, NO is easily oxidized by superoxide ions to generate nitrites. Studies have shown that H2S not only acts to scavenge peroxides but also undergoes chemical reactions with NO, forming novel nitrosylthiol compounds. We assess the anti-inflammatory activity of compounds by measuring nitrite production (Somensi et al., 2019).
Results indicate (Figure 8) that under conditions of 1 mg/mL LPS, compound S11 can reduce nitrite levels and showing significant inhibition of iNOS. S11 show clear dose-dependency. At 100 μM, compound S11 inhibits nitrite production by approximately 75%. Considering the H2S release results, the high level of H2S release in S11 compounds may be the reason for their significant anti-inflammatory activity.
[image: Bar graph titled "S11" depicting nitrite levels in micromoles per liter (µM) under two conditions: LPS- (light gray bars) and LPS+ (dark gray bars). The concentrations measured are 1, 10, 50, and 100 µM. LPS+ shows significantly higher nitrite levels, especially at 10 µM, compared to LPS-. Statistical significance is marked with asterisks and hash symbols.]FIGURE 8 | The effect of compounds on nitrite levels in RAW 264.7 cells. Mouse RAW264.7 macrophage cells were treated with compound S11 at concentrations of 10, 50, and 100 µM for 24 h in the presence or absence of 1 µg/mL LPS. Each bar represents the mean ± SD of three independent experiments. #p < 0.05, ##p < 0.01 vs untreated cells; *p < 0.05, **p < 0.01, vs LPS treated cells.
2.6.3 Effect of the compounds on LPS-mediated TNF-α and IL-10
Anti-inflammatory drugs typically exert their effects by inhibiting the NF-κB signaling pathway. Upon NF-κB activation, not only does it promote the transcription of the iNOS gene, but it also increases the expression of various inflammation-related genes such as TNF-α, IL-1β, etc. (Hou et al., 2006). Among these, TNF-α is a key pro-inflammatory cytokine in inflammation responses (You et al., 2022). It can activate immune cells, enhance inflammation signal transduction, and trigger inflammatory reactions, including leukocyte migration and cytokine release. Studies have shown that H2S can significantly reduce the number of neutrophils induced by LPS in the liver and lungs, and decrease TNF-α levels (Chiba et al., 2007; Pan et al., 2023; Huang et al., 2022).
Therefore, we assessed the anti-inflammatory ability of compounds by measuring their effect on TNF-α levels in RAW264.7 cells induced by LPS. Results showed (Figure 9A) that compared to the control group, S11 inhibited TNF-α expression (Figure 8). Compound S11 decreased TNF-α induction levels by 80%. H2S also promotes an increase in plasma IL-10 levels, thereby inhibiting inflammatory mediators. Comparatively (Figure 9B), compound S11 exhibited the highest induction level of IL-10, being three times that of the control group.
[image: Bar graphs comparing TNF-α and IL-1β levels in ng/mL for two conditions: LPS- and LPS+. Panel A shows TNF-α peaking at 10 ng/mL for LPS+, with values decreasing at higher concentrations. Panel B shows IL-1β levels increasing significantly in LPS+ compared to LPS- across various concentrations. Each graph includes statistical significance markers.]FIGURE 9 | (A) The effect of compounds on TNT-α levels in RAW 264.7 cells. (B) The effect of compound on IL-10 level in RAW264.7 cells. Mouse RAW264.7 macrophage cells were treated with compound S11 at concentrations of 10, 50, and 100 µM for 24 h in the presence or absence of 1 µg/mL LPS. Each bar represents the mean ± SD of three independent experiments. #p < 0.05, ##p < 0.01 vs untreated cells; *p < 0.05, **p < 0.01, vs LPS treated cells.
2.6.4 Effect of the compounds on LPS-mediated HO-1
HO-1 is an important antioxidant enzyme involved in regulating intracellular redox balance. It reduces the generation of oxygen free radicals by degrading products such as carbon monoxide (CO) and biliverdin derived from heme, helping to inhibit oxidative stress and cell damage, and reducing the severity of inflammatory responses. Therefore, the expression level of HO-1 reflects the cell’s anti-inflammatory ability to some extent (Shen et al., 2022; Hou et al., 2021; Lee et al., 2022). Nrf2 is a major regulator of the antioxidant defense system in vivo, and is involved in signal transduction related to various intracellular defense mechanisms. HO-1 is a target protein downstream of Nrf2, and HO-1 and its products play beneficial roles in modulating inflammatory responses. It has been shown that active compounds can attenuate lipopolysaccharide-induced cellular inflammatory responses by increasing the amount of HO-1 and thereby activating the Nrf2/HO-1 pathway (Lee et al., 2022; Ali et al., 2018). In this experiment, compound S11 was used to treat RAW264.7 cells, and the expression levels of HO-1 were measured. The results showed that compound S11 promoted HO-1 expression to approximately twice the level of the control group (Figure 10).
[image: Bar graph titled "S11" showing levels of HO-1 (pg/mL) on the y-axis, ranging from 0 to 120. The x-axis displays concentrations of 10, 50, and 100 under conditions LPS- (light gray bars) and LPS+ (dark gray bars). HO-1 levels increase with concentration, with LPS+ exhibiting higher levels than LPS-. Statistical significance is indicated by asterisks and hashtags.]FIGURE 10 | The effect of compounds on HO-1 levels in RAW 264.7 cells. Mouse RAW264.7 macrophage cells were treated with compound S11 at concentrations of 10, 50, and 100 µM for 24 h in the presence or absence of 1 µg mL-1 LPS. Each bar represents the mean ± SD of three independent experiments. #p < 0.05, ##p < 0.01 vs untreated cells; *p < 0.05, **p < 0.01, vs LPS treated cells.
3 CONCLUSION
This experiment aimed to investigate the multifaceted effects of H2S in anti-cancer, anti-inflammatory, and other aspects. To develop superior H2S donor drugs, we designed a series of H2S donor compounds based on thiol-phosphorus core and evaluated these compounds extensively. Specifically, evaluations included assessing the H2S releasing capability of the compounds, their toxicity and activity impact on cells, anti-tumour and anti-inflammatory effects. Through these assessments, we aimed to identify H2S donor drugs with excellent anti-tumour and anti-inflammatory activities, providing valuable references and guidance for drug development in related fields.
This experiment found that all compounds could release H2S, with compound S11 showing the most significant effect, possibly due to its benzene ring content. After treating LO2, HepG2, and WI38 cell lines with the compound S1-S13 showed low cytotoxicity. Compound S11 exhibited promising results in anticancer and anti-inflammatory assays. We performed target screening prediction by network pharmacology and validated it by molecular docking and enzyme inhibition assays, and found that compound S11 may cause cancer cell death by inhibiting the PI3K/AKT pathway. In vitro, S11 was found to have a better anti-inflammatory effect by the assay of some series of anti-inflammatory active factors TNF-α, IL-10 and HO-1.
4 EXPERIMENTAL SECTION
All the key intermediates and final products were identified with 1H NMR and 13C NMR, recorded in a Bruker Avance 400 (1H at 400 MHz, 13C at 101 MHz), and chemical shifts were reported in parts per million using the residual solvent peaks as internal standards (CDCl3 = 7.26 ppm for 1H NMR and 77.16 ppm for 13C NMR).
4.1 Chemically synthetical experiments
4.1.1 Synthesis of compound dichloro (phenyl)phosphane (B)
We added 0.1 mmol of benzene, 0.3 mmol of phosphorus trichloride and 0.14 mmol of aluminium chloride to the reaction flask and refluxed with stirring for 5 h. Then add 0.13 mol of phosphorus trichloride and 45 mL of petroleum ether and stir the mixture at reflux for 30 min. After cooling to room temperature, filter the mixture under reduced pressure, distill the filtrate with petroleum ether at atmospheric pressure, and distill under reduced pressure. Collect fractions from 99°C–101°C with a yield of 78%. 1H NMR (400 MHz, Chloroform-d) δ 7.94 (t, J = 8.6 Hz, 2H), 7.60–7.50 (m, 3H). 13C NMR (101 MHz, Chloroform-d) δ 140.46 (d, J = 52.2 Hz), 132.79, 130.17 (d, J = 31.3 Hz), 129.00 (d, J = 7.9 Hz). 31P NMR (162 MHz, Chloroform-d) 169.55. TOF-MS, m/z [M + H+], calcd. for C6H6Cl2P+, 178.9506, found: 178.9531.
4.1.2 Synthesis of compound phenylphosphonothioic dichloride (S1)
Slowly add the settled sulfur powder in batches to the previous product (B), control the vulcanization process temperature to 30°C, most of the sulfur powder disappears, and the reaction solution becomes viscous. Then, raise the temperature to 80°C and stir for 1 h. Atmospheric and vacuum distillation removes unreacted phosphorus trichloride and benzene. Collect the 90°C–91°C fraction, which is the product phenyl thiophosphine dichloride. Yield 48%. 1H NMR (400 MHz, Chloroform-d) δ 8.13 (dd, J = 18.6, 7.9 Hz, 2H), 7.63 (dt, J = 6.0, 3.0 Hz, 1H), 7.60–7.50 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 138.07 (d, J = 118.2 Hz), 133.81 (d, J = 4.0 Hz), 129.99 (d, J = 15.2 Hz), 128.70 (d, J = 18.2 Hz). 31P NMR (162 MHz, Chloroform-d) 169.56. TOF-MS, m/z [M + H+], calcd. for C6H6Cl2SP+, 210.9227, found: 210.9237.
4.1.3 Synthesis of compound 2-phenyl-1,3,2-oxazaphospholidine 2-sulfide (S2)
Di-aminoethanol (2 mmol) and triethylamine (1 mL) were dissolved in dichloromethane. Phenylphosphine dichloride (2 mmol) was added slowly in an ice bath. The reaction is then carried out at room temperature for 8 h. The precipitate was filtered and the solution was collected and concentrated. The crude product was purified by column chromatography (PE/EA = 4:1) to give a white solid. Yield 43%. Separation and purification methods can also be found in the literature (zhang et al., 2019). 1H NMR (400 MHz, Chloroform-d) δ 8.00–7.75 (m, 2H), 7.54–7.29 (m, 3H), 4.53–4.40 (m, 1H), 4.38–4.23 (m, 1H), 3.80–3.60 (m, 1H), 3.54–3.34 (m, 1H), 3.16–2.99 (m, 1H). 13C NMR (101 MHz, Chloroform-d) δ 135.80 (d, J = 135.0 Hz), 132.14 (d, J = 3.2 Hz), 130.89 (d, J = 12.3 Hz), 128.42 (d, J = 14.8 Hz), 68.35, 43.97.31P NMR (162 MHz, DMSO) 169.50. TOF-MS, m/z [M + H+], calcd. for C8H11NOPS+, 199.0221, found: 200.0247.
4.1.4 Synthesis of compound 2-phenyl-1,3,2-oxazaphosphinane 2-sulfide (S3)
The method is the same as S2. Yield 47%. 1H NMR (400 MHz, Chloroform-d) δ 7.87 (ddd, J = 21.8, 13.8, 8.0 Hz, 2H), 7.48 (dt, J = 7.4, 4.8 Hz, 3H), 4.45 (td, J = 16.2, 7.1 Hz, 1H), 4.18–3.97 (m, 1H), 3.52–3.06 (m, 3H), 2.06 (ddt, J = 20.1, 10.1, 5.0 Hz, 1H), 1.62 (d, J = 14.3 Hz, 1H). 13C NMR (101 MHz, Chloroform-d) δ 133.67 (d, J = 133.7 Hz), 131.90 (d, J = 3.2 Hz), 130.77 (d, J = 11.3 Hz), 128.96 (d, J = 14.1 Hz), 67.84, 41.33, 26.70. 31P NMR (162 MHz, DMSO) 169.51. TOF-MS, m/z [M + H+], calcd. for C9H13NOPS+, 213.0377, found: 214.0355.
4.1.5 Synthesis of compound 2-phenyl-1,3,2-oxazaphosphepane 2-sulfide (S4)
The method is the same as S2. Yield 50%. 1H NMR (400 MHz, Chloroform-d) δ 7.87 (dd, J = 13.8, 7.2 Hz, 2H), 7.56–7.34 (m, 3H), 4.68–4.45 (m, 1H), 4.17 (dd, J = 22.9, 12.0 Hz, 1H), 3.45 (s, 1H), 3.09 (dd, J = 30.1, 14.8 Hz, 1H), 2.74 (d, J = 13.9 Hz, 1H), 1.97–1.67 (m, 3H), 1.63–1.45 (m, 1H). 13C NMR (101 MHz, Chloroform-d) δ 135.13 (d, J = 148.6 Hz), 131.41 (d, J = 3.2 Hz), 130.32 (d, J = 11.0 Hz), 128.37 (d, J = 14.5 Hz), 64.95, 42.65, 31.69, 29.70. 31P NMR (162 MHz, DMSO) 169.50. TOF-MS, m/z [M + H+], calcd. for C10H15NOPS+, 228.0534, found: 228.0599.
4.1.6 Synthesis of compound 2-phenyl-1,3,2-oxazaphosphocane 2-sulfide (S5)
The method is the same as S2. Yield 50%. 1H NMR (400 MHz, Chloroform-d) δ 7.75 (dd, J = 13.1, 8.2 Hz, 2H), 7.38–7.28 (m, 3H), 4.56 (qd, J = 9.7, 5.9 Hz, 1H), 4.07–3.85 (m, 1H), 3.49 (s, 1H), 3.02–2.84 (m, 1H), 2.78–2.62 (m, 1H), 1.98–1.82 (m, 1H), 1.73–1.33 (m, 5H). 13C NMR (101 MHz, Chloroform-d) δ 134.89 (d, J = 149.3 Hz), 130.81 (d, J = 3.1 Hz), 129.87 (d, J = 11.0 Hz), 127.93 (d, J = 14.5 Hz), 65.57, 53.39, 41.80, 29.57, 28.52, 23.62. 31P NMR (162 MHz, DMSO) 169.50. TOF-MS, m/z [M + H+], calcd. For C11H17NOPS+, 242.0690, found: 242.0677.
4.1.7 Synthesis of compound 2-phenyl-1,3,2-oxazaphosphonane 2-sulfide (S6)
The method is the same as S2. Yield 50%. 1H NMR (400 MHz, Chloroform-d) δ 7.82 (dd, J = 13.7, 8.0 Hz, 2H), 7.52–7.35 (m, 3H), 4.87–4.71 (m, 1H), 4.06–3.89 (m, 1H), 3.27 (s, 1H), 2.97 (t, J = 15.1 Hz, 1H), 2.84 (s, 1H), 1.86 (d, J = 14.8 Hz, 1H), 1.77–1.61 (m, 2H), 1.59–1.31 (m, 5H). 13C NMR (101 MHz, Chloroform-d) δ 134.51 (d, J = 149.7 Hz), 131.32 (d, J = 3.1 Hz), 130.66 (d, J = 10.8 Hz), 128.43 (d, J = 14.4 Hz), 62.82, 40.51, 28.53, 27.52, 20.60, 20.04.31P NMR (162 MHz, DMSO) 169.51. TOF-MS, m/z [M + H+], calcd. for C12H19NOPS+, 256.0847, found: 256.0866.
4.1.8 Synthesis of compound 2-phenyl-1,3,2-diazaphosphepane 2-sulfide (S7)
The method is the same as S2. Yield 50%. 1H NMR (400 MHz, Chloroform-d) δ 7.91 (dd, J = 13.6, 7.1 Hz, 2H), 7.47–7.31 (m, 3H), 3.34–3.11 (m, 2H), 3.09–2.84 (m, 4H), 1.73–1.52 (m, 4H). 13C NMR (101 MHz, Chloroform-d) δ 136.39 (d, J = 126.8 Hz), 131.29 (d, J = 3.0 Hz), 130.32 (d, J = 11.0 Hz), 128.28 (d, J = 13.6 Hz), 41.56, 41.53, 31.72. 31P NMR (162 MHz, DMSO) 169.51. TOF-MS, m/z [M + H+], calcd. for C10H16N2PS+, 227.0694, found: 227.0780.
4.1.9 Synthesis of compound 2-phenyl-1,3,2-dioxaphosphepane 2-sulfide (S8)
The method is the same as S2. Yield 50%. 1H NMR (400 MHz, Chloroform-d) δ 7.79 (dd, J = 13.5, 7.6 Hz, 2H), 7.46–7.29 (m, 3H), 4.24 (dd, J = 23.8, 5.8 Hz, 2H), 3.95 (td, J = 11.7, 5.9 Hz, 2H), 1.96–1.68 (m, 4H). 13C NMR (101 MHz, Chloroform-d) δ 132.34 (d, J = 149.7 Hz), 131.82 (d, J = 3.1 Hz), 130.10 (d, J = 11.3 Hz), 128.06 (d, J = 14.8 Hz), 67.07, 28.96. 31P NMR (162 MHz, DMSO) 169.51. TOF-MS, m/z [M + H+], calcd. for C10H14O2PS+, 229.0374, found: 229.0398.
4.1.10 Synthesis of compound 2-phenyl-1,3,5,2-triazaphosphinane 2-sulfide (S9)
The method is the same as S2. Yield 50%. 1H NMR (400 MHz, Chloroform-d) δ 7.90–7.65 (m, 2H), 7.42–7.27 (m, 3H), 3.50–2.69 (m, 7H). 13C NMR (101 MHz, Chloroform-d) δ 135.83 (d, J = 134.33 Hz), 132.78 (d, J = 13.1 Hz), 130.81 (d, J = 11.1 Hz), 128.11 (d, J = 14.1 Hz), 48.17, 42.12, 38.80. 31P NMR (162 MHz, DMSO) 169.51. TOF-MS, m/z [M + H+], calcd. for C8H13N3PS+, 214.0490, found: 214.0532.
4.1.11 Synthesis of compound 2-phenyl-1,3,2-dithiaphospholane 2-sulfide (S10)
The method is the same as S2. Yield 50%. 1H NMR (400 MHz, Chloroform-d) δ 8.12 (dd, J = 16.9, 7.4 Hz, 2H), 7.54–7.46 (m, 3H), 3.89–3.75 (m, 2H), 3.75–3.58 (m, 2H). 13C NMR (101 MHz, Chloroform-d) δ 137.18 (d, J = 83.5 Hz), 132.28 (d, J = 3.5 Hz), 131.34 (d, J = 12.8 Hz), 128.52 (d, J = 14.6 Hz), 43.00. 31P NMR (162 MHz, DMSO) 169.51. TOF-MS, m/z [M + H+], calcd. For C8H10PS+, 232.9604, found: 232.9677.
4.1.12 Synthesis of compound 5-nitro-2-phenyl-3H-benzo [d][1,3,2] oxazaphosphole 2-sulfide (S11)
The method is the same as S2. Yield 50%. 1H NMR (400 MHz, DMSO) δ 8.28–8.16 (m, 1H), 7.89 (d, J = 7.1 Hz, 2H), 7.82–7.73 (m, 1H), 7.72–7.61 (m, 1H), 6.85 (d, J = 9.7 Hz, 1H), 6.69 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 147.72, 134.81, 134.35 (d, J = 7.7 Hz), 134.11 (d, J = 3.1 Hz), 131.66 (d, J = 12.9 Hz), 131.28, 129.80, 128.99 (d, J = 15.6 Hz), 123.13, 117.16 (d, J = 4.0 Hz), 113.98. 31P NMR (162 MHz, DMSO) 169.51. TOF-MS, m/z [M + H+], calcd. For C12H10N2O3PS+, 293.0150, found: 293.0148.
4.1.13 Synthesis of compound 6-phenyldibenzo [d, f][1,3,2] dioxaphosphepine 6-sulfide (S12)
The method is the same as S2. Yield 50%. 1H NMR (400 MHz, Chloroform-d) δ 7.87 (dd, J = 14.3, 7.6 Hz, 2H), 7.59–7.47 (m, 3H), 7.42–7.24 (m, 6H), 7.10–7.01 (m, 2H). 13C NMR (101 MHz, Chloroform-d) δ 148.01 (d, J = 11.7 Hz), 133.05 (d, J = 3.1 Hz), 131.33 (d, J = 11.5 Hz), 129.70 (d, J = 35.0 Hz), 129.04 (d, J = 1.8 Hz), 128.04 (d, J = 15.0 Hz), 126.27 (d, J = 1.8 Hz), 121.98 (d, J = 3.7 Hz). 31P NMR (162 MHz, DMSO) 169.50. TOF-MS, m/z [M + H+], calcd. For C18H13PS+, 325.0374, found: 325.0332.
4.1.14 Synthesis of compound 3-phenyl-1,5-dihydrobenzo [e] [1,3,2] dioxaphosphepine 3-sulfide (S13)
The method is the same as S2. Yield 50%. 1H NMR (400 MHz, Chloroform-d) δ 8.04–7.86 (m, 2H), 7.55 (t, J = 7.3 Hz, 1H), 7.50–7.41 (m, 2H), 7.40–7.37 (m, 4H), 6.00 (t, J = 13.1 Hz, 2H), 4.94–4.80 (m, 2H). 13C NMR (101 MHz, Chloroform-d) δ 136.68, 133.02 (d, J = 3.1 Hz), 131.35 (d, J = 11.8 Hz), 129.19 (d, J = 53.5 Hz), 128.45 (d, J = 15.3 Hz). 67.47. 31P NMR (162 MHz, DMSO) 169.51. TOF-MS, m/z [M + H+], calcd. for C14H14O2PS+, 277.0374, found: 277.0331.
4.1.15 Synthesis of compound 5-methyl-2-phenyl-3H benzo [d][1,3,2] oxazaphosphole 2-sulfide (S14)
The method is the same as S2. Yield 30%. 1H NMR (400 MHz, Chloroform-d) δ 7.82 (dd, J = 14.7, 7.8 Hz, 2H), 7.51–7.44 (m, 1H), 7.42–7.34 (m, 2H), 6.66 (s, 2H), 6.46 (d, J = 7.9 Hz, 1H), 5.82 (d, J = 10.2 Hz, 1H), 2.17 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 146.24 (d, J = 7.4 Hz), 134.05–133.51 (m), 132.15 (d, J = 3.2 Hz), 130.93 (d, J = 11.4 Hz), 128.71 (d, J = 14.8 Hz), 124.83, 121.53, 120.20 (d, J = 2.9 Hz), 116.40, 20.89. 31P NMR (162 MHz, DMSO) 169.52. TOF-MS, m/z [M + H+], calcd. for C13H13NOPS+, 262.0455, found: 262.0459.
4.1.16 Synthesis of 2-phenylperyleno [1,12-def][1,3,2] dioxaphosphepine 2-sulfide (S15)
The method is the same as S2. Yield 37%. 1H NMR (400 MHz, Chloroform-d) δ 8.09 (d, J = 8.8 Hz, 1H), 8.00 (d, J = 8.2 Hz, 1H), 7.92 (d, J = 8.1 Hz, 1H), 7.73 (ddd, J = 35.3, 19.9, 8.8 Hz, 3H), 7.59–7.46 (m, 4H), 7.42–7.29 (m, 4H), 6.91 (d, J = 8.8 Hz, 1H). 13C NMR (101 MHz, Chloroform-d) δ 151.05–144.86 (m), 133.39 (d, J = 3.1 Hz), 132.77 (d, J = 1.8 Hz), 132.19 (d, J = 1.5 Hz), 132.01 (d, J = 11.6 Hz), 131.73 (d, J = 1.3 Hz), 130.83 (dd, J = 42.0, 1.4 Hz), 128.51 (dd, J = 31.7, 14.0 Hz), 127.32 (d, J = 23.3 Hz), 126.76 (d, J = 6.5 Hz), 125.86, 122.13 (d, J = 2.4 Hz), 121.21 (d, J = 2.8 Hz). 31P NMR (162 MHz, DMSO) 169.52. TOF-MS, m/z [M + H+], calcd. for C26H16O2PS+, 423.0680, found: 423.0688.
4.1.17 Synthesis of compound 2-phenyl-3H-benzo [d][1,3,2] oxazaphosphole-5-carbonitrile 2-sulfide (S16)
The method is the same as S2. Yield 48%. 1H NMR (400 MHz, Chloroform-d) δ 7.83 (dd, J = 14.7, 7.8 Hz, 2H), 7.51–7.45 (m, 1H), 7.44–7.35 (m, 2H), 6.80 (dd, J = 8.3, 5.6 Hz, 3H), 6.65 (t, J = 7.3 Hz, 1H). 13C NMR (101 MHz, Chloroform-d) δ 145.65 (d, J = 7.8 Hz), 133.85, 132.18 (d, J = 3.2 Hz), 130.88 (d, J = 11.5 Hz), 128.76 (d, J = 14.8 Hz), 127.91 (d, J = 3.1 Hz), 123.23, 121.14, 119.40 (d, J = 3.2 Hz), 115.58. 31P NMR (162 MHz, DMSO) 169.50. TOF-MS, m/z [M + H+], calcd. for C26H16O2PS+, 423.0680, found: 423.0688.
4.2 Cell culture
RAW264.7 cells Cultivated in this laboratory, were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco) supplemented with 10% v/v heat inactivated fetal bovine serum (FBS) (Gibco), l-glutamine (4 mM), sodium pyruvate (1 mM), HEPES buffer (20 mM) (Hyclone), penicillin (100 U/mL) and streptomycin (100 μg/mL). Cells were seeded in non-tissue culture treated Petri dishes (Biomedia) and maintained at 37°C in a 5% CO2 humidified environment (Sanchez et al., 2019).
4.3 H2S measurement
The H2S-release capability of the donors was measured using the methylene blue (MB+) method. See Supplementary Material for more details (Sun et al., 2022; Hasegawa and Viles, 2014).
4.4 Venny map construction and core PPI network screening
We obtained SMILES of the active compound S11 from PubChem database, and then obtained S11 related information from TCSMP database, predicted and obtained related targets through PharmMapper database. Meanwhile, relevant targets were retrieved from Gene Cards database. Then five more databases were collected for cancer disease targets GenesCards database, CTD database, DisGeNET database, TTD database, OMIM database. Venn diagrams of S11 versus cancer targets were obtained and visualised using the online tool Venny 2.0 (https://bioinfogp.cnb.csic.es/tools/venn y/index. html). Subsequently, the identified cross-targets were uploaded to the STRING (https://cn.string-dbOrg/) database, which predicts protein interactions. The free nodes were hidden to obtain the PPI network of S11 with cancer. This part of the data was further analysed using Cytoscape 3.7.1 software (Zhang et al., 2019; Nogales et al., 2022).
4.5 GO and KEGG pathway enrichment analysis
To elucidate the biological significance of the gene list, we used Database Annotation, Visualisation and Integrated Discovery (DAVID), including GO and KEGG pathway enrichment analysis. We entered the cross-targets of S11 and cancer in the PPI network into DAVID, specifying the species as “Bos taurus”. We then performed functional analyses of graphene oxide, including biological processes (BP), cellular components (CC) and molecular functions (MF), as well as KEGG pathway enrichment analyses of the core targets, and concluded that a p-value of <0.05 was statistically significant. Finally, the OmicShare platform (https://www.omicshare.com/) was used to process the data (Zhang et al., 2019; Nogales et al., 2022).
4.6 Cell viability
The CCK-8 assay is a commonly used method for assessing cell viability, based on cellular metabolic activity. See Supplementary Material for more details (Huang et al., 2022; Flannigan and Wallace, 2015; Citi et al., 2020; Gemici and Wallace, 2015).
4.7 Nitrite level detection
The Griess assay is used to measure nitrite levels in biological samples, both in vivo and in vitro. See Supplementary Material for more details (Kumar, 2023).
4.8 Detection of cytokine levels
In this experiment, the levels of TNF-α, IL-10, and HO-1 cell factors were assessed using the ELISA method (Shen et al., 2022; Hou et al., 2021; Lee et al., 2022). See Supplementary Material for more details.
4.9 In vitro PI3K and ATK enzyme inhibitory assay
Enzyme activity assays were performed according to the reagent kit and references, and detailed procedures are in the Supplementary Material (Huang et al., 2022).
4.10 Docking and collecting data
Selection of previously described 7F7W targets for molecular docking with S11. See Supplementary Material for more details (Khan et al., 2022; Hu et al., 2022; Zhu et al., 2021).
4.11 Statistical analysis
The above experimental data are the mean ± SD of at least three independent experiments. SPSS 22.0 software was used to process the data, and one-way analysis of variance (ANOVA) was used to measure statistical differences between the two groups.
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In the face of bacterial hazards to human health and resistance to multiple antibiotics, there is an urgent need to develop new antibiotics to meet the challenge. In this paper, the triazolyl heterocyclic (3-amino-1,2,4-triazole, D) was synthesised efficiently using thiourea as starting material. Finally, the end product E was obtained by aldehyde-amine condensation reaction and the structures of all compounds were determined by spectral analysis. In vitro antimicrobial activity showed that E10 had a MIC of 32 μg/mL against the tested Escherichia coli and 16 μg/mL against the tested Staphylococcus aureus strain. Meanwhile, E10 has a good anti-biofilm effect. Antibacterial mechanism studies have shown that E10 has a good membrane targeting ability, thus disrupting cell membranes, leading to leakage of intracellular proteins and DNA and accelerating bacterial death. In terms of anti-inflammation, E10 dose-dependently inhibits the levels of inflammatory factors NO and IL-6, which deserves further exploration in the treatment of asthma. The study of metal ion removal capacity showed that the synthesised triazole derivatives have high capacity to remove heavy metals Pb2+, Cd2+, Ca2+, Mg2+, Fe3+,Cr3+ and Al3+ in the range of 42%–60%.
Keywords: 1,2,4-triazole derivatives, anti biofilm, anti inflammatory, antiasthmatic, metal ion detection

1 INTRODUCTION
The ESKAPE (E. coli/Escherichia coli, S. aureus/Staphylococcus aureus, Klebsiella pneumonia/K. pneumoniae, Acinetobacter Baumannii/A. baumannii, Pseudomonas aeroginosa/P. aeroginosa and Enterobacter species) pathogens pose an enormous health and economic threat to humans and the farming industry. These pathogens are resistant to drugs through a variety of mechanisms, rendering them invulnerable to human intervention (Ma et al., 2020; Jadimurthy et al., 2022; Patil et al., 2021). It has even been reported that bioepidermal infections account for about 2/3 of these infections (Wang et al., 2022). The emergence of multidrug-resistant (MDR), extensively drug-resistant (XDR) and pan-drug-resistant (PDR) bacteria triggered by conventional antibiotics has exacerbated the problem, and therefore there is an urgent need to develop new therapeutic approaches for the treatment of bacterial drug resistance and biofilm infections (Mulani et al., 2019; Rakesh et al., 2018).
Triazoles are common pharmacophores in many drugs and have important advantages in overcoming drug resistance, reducing toxicity and improving pharmacokinetics due to their unique molecular structure and mechanism of action (Zafar et al., 2021). Triazole derivatives have various pharmacological properties such as anti-tuberculosis (Zhang et al., 2017), anti-fungal (Dheer et al., 2017), and antibacterial (Fan et al., 2018). Triazoles can also act as stable linkage units, mimicking the electronic properties of amide bonds, carboxylic acids, etc., to link different pharmacophores (Li and Zhang, 2022). Schiff bases are an important class of organic compounds because they readily form stable complexes with most transition metals and play an important role in the development of coordination chemistry (Dalia et al., 2018). This complex has become a new type of antibacterial drug due to its better antibacterial activity and reduction of antibiotic resistance (Teran et al., 2019). Therefore, the combination of triazoles with Schiff bases is a sensible strategy in order to develop new effective drug candidates against bacterial threats (Matin et al., 2022). Therefore, the compounds designed in this paper are the couplings of triazole and Schiff bases to study their antimicrobial and anti-biofilm capabilities. As shown in Figure 1, several antimicrobial derivatives containing triazole structures have been used in clinical applications for the treatment of infections caused by a wide range of microorganisms.
[image: Chemical structures of Cefatrizine and Tazobactam are shown. Cefatrizine features a beta-lactam ring with an adjacent thiazole ring, and Tazobactam presents a beta-lactam with a sulfur-containing ring and triazole group.]FIGURE 1 | Chemical structure of triazole moiety in antibacterial.
Water quality is vital to human survival, as water is an essential element for life (Scorza et al., 2024). However, a major reason for the serious water pollution nowadays is the excessive heavy metal ions (Botle et al., 2023). Therefore, how to purify heavy metal ions in water is a difficult problem we face, and Schiff bases tend to have better metal chelating properties. More studies have reported that the antibacterial activity of Schiff base may be related to its complexing metals (Manhas et al., 2021). Schiff bases can chelate ions essential for microbial development or interact with DNA to cause irreversible damage to pathogens (Arag´on-Muriel et al., 2021). For these reasons, the ability of synthetic triazole derivatives coupled with Schiff bases to remove heavy metal ions from water was measured in this paper. We also know that infections are often accompanied by inflammation when they occur, and we also tested the anti-inflammatory effects of compounds.
In summary, in this paper, 3-amino-1,2,4-triazole (D) was synthesised using thiourea as a starting material, and finally the antimicrobial agent E, a coupling of triazoles and Schiff bases, was obtained by aldehyde-amine condensation reaction. The synthesised triazole derivatives have high removal rate of heavy metal ions and good antibacterial and anti-biofilm effect.
2 RESULTS AND DISCUSSION
2.1 Chemical synthesis
We used thiourea as a starting material in a three-step reaction to obtain the intermediate triazole derivative 3-amino-1,2,4-triazole (D) (Manning et al., 2002; Stojković et al., 2023). The reaction yields of the first three steps were above 85%, and finally the end product E, a coupling of triazoles and Schiff bases, was obtained by aldehyde-amine condensation reaction, and the synthetic route is showed in Scheme 1. All products were characterised by NMR and mass spectra.
[image: A chemical reaction scheme shows the synthesis of different compounds labeled A to E. Reagents and conditions include steps i to iv, resulting in structures E1 to E19. Each structure features various modifications, such as halogen or hydroxyl group substitutions.]SCHEME 1 | Synthesis of triazole derivatives. Conditions and reagents: (i) Methanol and CH3I, reflux, 12h, yield 93%; (ii) Ethanol, NH2NH2, reflux, yield 88%; (iii) Ethanol, HCOOH, reflux, yield 85%; (iV) Ethanol, different aldehyde groups, reflux, yield 50%–91%.
2.2 The antibacterial activity of the compounds
2.2.1 Determination of minimum inhibitory concentration
Some triazole derivatives have been reported to have good in vitro antibacterial activity (Tian et al., 2023). In this experiment, the in vitro inhibitory activity (MIC) of the Gram-positive bacteria S. aureus ATCC 29213, S. aureus ATCC 43300, S. aureus ATCC 33731, S. aureus MRSA2 and the Gram-negative bacteria E. coli ATCC 25922, E. coli DE 17 were determined using the micro broth dilution method. The antimicrobial results of the compounds are shown in Table 1. Among the tested compounds, E10 showed good inhibitory activity against E. coli at a concentration of 32 μg/mL. In addition, compound E10 showed inhibitory activity against all S. aureus strains at a concentration of 64 μg/mL. We found that the addition of hydroxyl group to the ligand benzaldehyde increased the antimicrobial activity by analysing the structure-activity relationship between compounds E3, E9, E10 and E13.
TABLE 1 | Minimum inhibitory concentration (MIC)a [µg/mL] of triazole derivatives on reference bacterial strains.
[image: A table displaying the minimum inhibitory concentrations (MIC) of various compounds against different bacterial strains: E. coli ATCC 25922 and DE17>, S. aureus ATCC 29213, ATCC 43300, ATCC 33731, and MRSA2. Columns compare the efficacy of Vancomycin, Enrofloxacin, and compounds E1 to E19, showing varying MIC values such as greater than 256, 64, 32, and others across strains. Key notes mention Vancomycin as a Gram-positive drug and Enrofloxacin as a broad-spectrum antibiotic.]2.2.2 Time-killing curve determinations
In order to evaluate the bactericidal ability of E10 against S. aureus ATCC 29213 and E. coli ATCC 25922, we determined the time-kill curves of the compounds by counting the bacterial colonies at different time points using DMSO as a negative control. The results are shown in Figure 2, and the growth of S. aureus ATCC 29213 and E. coli ATCC 25922 can be completely inhibited at 4-fold MIC.
[image: Line graphs showing the effect of varying concentrations of a substance on bacterial growth over time for (a) *S. aureus* (ATCC 29213) and (b) *E. coli* (ATCC 25922). Both graphs plot colony-forming units over time in hours. Curves represent different concentrations: 2xMIC, 4xMIC, 8xMIC, and DMSO. Higher concentrations lead to a more rapid decrease in colony-forming units.]FIGURE 2 | Time-kill kinetics of E10 against (A) Staphylococcus aureus ATCC 29213 and (B) Escherichia coli ATCC 25922. Data are presented as means ± SEM (Standard Error of Mean) from three independent experiments.
2.2.3 Drug resistance study
The results of the resistance study showed that E10 had a low frequency of spontaneous resistance to E. coli ATCC 25922, S. aureus ATCC 29213 and MRSA2. As shown in Figure 3, E. coli ATCC 25922, S. aureus ATCC 29213, and MRSA2 did not increase their MIC values more than 8-fold after 28 generations. These results indicate that E10 can effectively kill bacteria and avoid the development of drug resistance.
[image: Line graph showing the MIC (micrograms per milliliter) against Days for three bacteria: *S. aureus* ATCC 29213 (blue circles), *E. coli* ATCC 25922 (green triangles), and *S. aureus* MRSA2 (red squares). *S. aureus* ATCC 29213 and *S. aureus* MRSA2 increase gradually, while *E. coli* ATCC 25922 shows a sharp increase to 500 on Day 13.]FIGURE 3 | Resistance development of E10. Data are presented as means ± SEM from three independent experiments.
2.3 The toxicity of the compounds
2.3.1 Hemolysis assay
To ensure the safety of our compounds, we first performed a haemolysis test on all compounds. We used 1% Triton X-100 as a positive control and sterile PBS as a negative control compounds in 4% rabbit erythrocytes after incubation at 37°C for 24 h. The results for E10 are shown in Figure 4. Test compound E10 at concentrations of 2–256 μg/mL showed no haemolytic properties. This indicates that E10 does not cause haemolysis of rabbit erythrocytes even at its antibacterial concentration.
[image: Bar chart showing hemolysis percentages at various concentrations of E10 in micrograms per milliliter, ranging from control to 256. Hemolysis increases with higher E10 concentrations, with 256 showing significant increase. Triton X-100 serves as a positive control with 100% hemolysis.]FIGURE 4 | Percentage of hemolysis of rabbit blood cells at various E10 concentrations. Difference is considered significant at *p < 0.05, **p < 0.01, ***p < 0.001. Data are presented as means ± SEM from three independent experiments.
2.3.2 Cell cytotoxicity assay
We then evaluated the cytotoxicity of the active compound E10 against the African green monkey kidney cell line (VERO cells) using the CCK8 assay (Huang et al., 2022). As shown in Figure 5, the maximum inhibitory concentration of E10 tolerated on VERO cells was 128 μg/mL, indicating that E10 was not cytotoxic to VERO cells at concentrations up to 64 μg/mL.
[image: Line graph showing cell viability percentage versus concentration in micrograms per milliliter. E10 (blue line) decreases slightly after 64 µg/mL. Control (red line) remains relatively stable across concentrations.]FIGURE 5 | Cytotoxicity of compound E10 against Vero cells after 24 h. Difference is considered significant at *p < 0.05, **p < 0.01, ***p < 0.001. Data are presented as means ± SEM from three independent experiments.
2.4 Inhibitory effects towards S. Aureus biofilm formation
More than 80% of chronic bacterial infections in humans are associated with biofilms, which are surface-associated bacterial communities encased in a secreted exopolysaccharide matrix that resists to environmental and chemical damage (Vishwakarma et al., 2021). Biofilm formation increases bacterial resistance to conventional antibiotic treatments and host immune responses by nearly 1,000-fold (Yang et al., 2024). Failure of antibiotics to eliminate biofilms leads to persistent chronic infections and may promote the development of antibiotic-resistant strains of bacteria. Therefore, there is an urgent need to develop drugs that are effective in preventing biofilm formation and eradicating formed biofilms.
Therefore, we investigated whether compound E10 inhibits biofilm formation in S. aureus ATCC 29213. Biofilms were quantified using the crystal violet method and the inhibition of S. aureus ATCC 29213 biofilm by compound E10 at concentrations ranging from 2–256 μg/mL is shown in Figure 6A. Black is the group without biofilm formation and Contol is the group that formed biofilm without drug. Compound E10 showed significant biofilm inhibitory activity against S. aureus ATCC 29213 with 63.0% inhibition of biofilm at 32 μg/mL.
[image: Two line graphs labeled "a" and "b" display experiment results. Graph "a" shows a blue line increasing from near zero to one hundred percent as concentration rises, with red and green lines remaining stable. Graph "b" shows a similar pattern with a different color scheme. Both graphs compare percentages against concentration, highlighting the impact of varying concentrations on two experimental groups and a control.]FIGURE 6 | A dose-dependent response was observed in the biofilm inhibition (A) and eradication (B) activity of compound E10 against Staphylococcus aureus ATCC 29213. Data are presented as means ± SEM from three independent experiments.
We next investigated whether compound E10 could eradicate biofilms formed by S. aureus ATCC 29213. E10 showed significant biofilm eradication activity against S. aureus ATCC 29213 by adding E10 treatment for 24 h after complete growth of biofilm as shown in Figure 6B. Compound E10 showed 54.5% eradication from biofilm at a concentration of 64 μg/mL.
2.5 The anti-inflammatory activity of the compounds
Inflammation often accompanies the onset of infection, and since triazole derivatives have been reported to inhibit inflammation, we further examined the effect of compound E10 on the levels of the inflammatory factor NO (Jiaranaikulwanitch et al., 2021). The results are shown in Figure 7, where LPS alone significantly induced NO production in RAW 264.7 cells compared to NO produced by the control, and treatment with the studied compound E10 affected NO levels. Model is the inflammation forming group and Control is the normal without inflammation group. Compound E10 showed significant inhibition of NO production at concentrations 16 μg/mL.
[image: Bar graph showing NO concentration (µM) for different E10 (µg/mL) + LPS (µg/mL) doses. ModelControl has the highest concentration. Bars for 4, 8, and 16 doses show reduced NO levels, with 256 having the lowest. Significance is indicated with symbols.]FIGURE 7 | Anti-inflammatory activity of the E10 compounds in RAW 264.7 macrophage cells was evaluated in the LPS-enhanced leukocyte migration assay. Compared with the LPS model group, *p < 0.05, **p < 0.01, ***p < 0.001; ###p < 0.001 vs. control group. Data are presented as means ± SEM from three independent experiments.
To further expand the drug application scenario, we performed other inflammatory factor assays. We know that allergic asthma is the airway disease caused by some abnormal inflammatory factors. Th2 cells play an important role in triggering and pushing airway inflammation by producing, e.g., interleukin (IL)-4, (IL)-6 and TNF-α, cytokines that exacerbate the disease with immunoglobulin E (IgE) and mucus production (Li et al., 2022). We preliminarily evaluated the cytotoxicity of E10 using the CCK8 assay, and as shown in Figure 8A, E10 showed no significant cytotoxic effects on BEAS-2B cells at concentrations below 30 μg/mL. Next, we investigated the anti-inflammatory effect of E10 on IL-4/TNF-α- stimulated BEAS-2B cells. As shown in Figure 8B, E10 inhibited the IL-4/TNF-α-induced production of the pro-inflammatory cytokine IL-6. This suggests that E10 deserves further exploration in the treatment of asthma.
[image: Bar graphs comparing the effects of various concentrations of E10. Graph (a) shows cell viability percentages, displaying high viability across all E10 concentrations compared to the control. Graph (b) depicts IL-6 levels, with a significant increase in the model group and reduced levels at higher E10 concentrations.]FIGURE 8 | (A) Cytotoxic activity of E10 against BEAS-2B cells. (B) Level of IL-6 treated with E10 in IL-4/TNF-α-stimulated BEAS-2B cells. *p < 0.05, **p < 0.01, ***p < 0.001; ###p < 0.001 vs. control group. Data are presented as means ± SEM from three independent experiments.
2.6 Antimicrobial mechanism investigation
2.6.1 Membrane depolarization and permeabilization assay
It has been reported that the antibacterial activity of Schiff bases is related to their hydrophobicity, which favours membrane interactions with pathogenic bacteria (Pervaiz et al., 2022). Based on the action of compound E10 on bacterial cell membranes, it may cause changes in bacterial cell membrane depolarisation and permeability. We therefore investigated the effect of E10 on the depolarisation and permeability of bacterial membranes using the fluorescent probes 3,3-dipropylthiodicyanoiodide (DISC35) and SYTOX Green (Yang et al., 2022; Kong et al., 2023).
After 10 min, compound E10 was added to a solution of S. aureus ATCC 29213 containing the fluorescent probes DiSC35 or SYTOX Green, and the fluorescence intensity of the mixed bacterial solution continued to increase (Figures 9A, B). When the E10 concentration was 4×MIC or 32×MIC, the fluorescence intensity of the mixed bacterial solution at 35 min was significantly increased compared to the initial fluorescence intensity, while the fluorescence intensity of the blank control without E10 remained unchanged. This suggests that E10 perturbs the positive and negative polarisation states of the interior and exterior of the bacterial cell membrane, thereby enhancing permeability. Similarly, the fluorescence intensity of melittin, a membrane-targeted natural antimicrobial peptide, was significantly enhanced in the positive control group. These results suggest that E10 can affect the bacterial cell membrane, leading to bacterial death.
[image: Two line graphs labeled "a" and "b" show the effect of different treatments on SYTOX Green and BOBO-3 fluorescence intensity over time. Graph "a" shows SYTOX Green with treatments: E10 at 0.4 MIC, E10 at 2 MIC, melittin, and control. Graph "b" shows BOBO-3 with the same treatments. Both graphs indicate increased fluorescence intensity for the E10 treatments and melittin, with arrows marking when quinine was added at 5 minutes.]FIGURE 9 | Antibacterial mechanism of E10 against Staphylococcus aureus ATCC 29213. (A) Cytoplasmic membrane permeabilization ability of E10 using a SYTOX Green assay. (B) Cytoplasmic membrane depolarization of E10 using the DiSC35 probe. The blank control was bacteria without compound treatment, and melittin was used as a reference drug. Data are presented as means ± SEM from three independent experiments.
2.6.2 Leakage of proteins and DNA
We further determined the changes in intracellular protein and DNA concentrations after the addition of different concentrations of E10 to S. aureus ATCC 29213 medium (Raman et al., 2014). Compared with the blank control group, E10 treatment of S. aureus ATCC 29213 resulted in a significant and dose-dependent increase in the concentration of leaked proteins and DNA (Figures 10A, B). This suggests that E10 can cause membrane damage in S. aureus ATCC 29213 cells, leading to leakage of intracellular proteins and DNA.
[image: Bar graphs a and b show the concentration of protein and DNA in micrograms per milliliter, respectively, at various concentrations of E10. Both graphs illustrate an increase in concentration with higher E10 levels, with blue bars at 128 micrograms per milliliter showing the highest values. Significant differences are marked with asterisks.]FIGURE 10 | (A) DNA leakage resulting from the treatment of E10 on Staphylococcus aureus ATCC 29213. (B) Protein leakage caused by the treatment of E10 on Staphylococcus aureus ATCC 29213. *p < 0.05, **p < 0.01, ***p < 0.001. Data are presented as means ± SEM from three independent experiments.
2.7 Screening of heavy metals and metal ion removal from aqueous solution
We previously speculated that E10 should have good metal chelating ability to remove heavy metal ions from water, or be modified to act as a molecular probe to detect water quality. pH is a key parameter for the adsorption of heavy metals and metal ions. Since metal ions may interact with hydroxyl ions in water when the pH value is greater than 7, affecting the accuracy of our determination, the adsorption experiments in this study were carried out at a pH value of 6.0. After testing, we found that, as shown in Figure 11A, the removal amount of E10 for divalent metal ions is 55%–60%, and the removal rate of E10 for trivalent metal ions is 42%–45%. We infer that the removal rate of metal ions is related to the coordination form of the compound to the metal ion. One possible mechanism is shown in Figure 11B, where E10 chelates 1:1 with divalent metal ions and 3:1 with trivalent metal ions, which also directly reduces its removal of trivalent metals.
[image: Chart a shows a bar graph with removal percentages of various metal ions: Pb²⁺, Cd²⁺, Co²⁺, Mg²⁺, Fe²⁺, Cr³⁺, and Al³⁺, ranging roughly between 40% and 80%. Panel b illustrates chemical structures interacting with ions, indicating selectivity between different ions.]FIGURE 11 | (A) Removal efficiencies of Pb2+, Cd2+, Ca2+, Mg2+, Fe3+, Cr3+ and Al3+ using compound E10, (B) Possible mechanism of metal and heavy metal ion removal. Data are presented as means ± SEM from three independent experiments.
3 CONCLUSION
In this paper, 3-amino-1,2,4-triazole (D) was synthesised using thiourea as a starting material, and finally the coupling end product E of triazole and Schiff base was obtained by aldolamine condensation reaction, and the structures of all the compounds were determined by spectroscopic analysis. In vitro antimicrobial activity showed that E10 had a MIC of 32 μg/mL against the tested E. coli and 16 μg/mL against the tested S. aureus strains. Meanwhile, E10 has a good anti-biofilm effect. Antibacterial mechanism studies have shown that E10 has a good membrane targeting ability, thus disrupting cell membranes, leading to leakage of intracellular proteins and DNA and accelerating bacterial death. In terms of anti-inflammation, E10 dose-dependently inhibits the levels of inflammatory factors NO and IL-6, which deserves further exploration in the treatment of asthma. The study of metal ion removal capacity showed that the synthesised triazole derivatives have high capacity to remove heavy metals Pb2+, Cd2+, Ca2+, Mg2+, Fe3+, Cr3+ and Al3+ in the range of 42%–60%. Next step, we will use E10 as a lead compound to further optimise its antimicrobial capacity and investigate its antimicrobial targets in depth.
4 EXPERIMENTAL SECTION
4.1 Chemically synthetical experiments
4.1.1 Methyl-isothiourea (B)
We added iodomethane solution (1.7 g, 12 mmol) dropwise to an ethanol (10 mL) solution of thiourea (0.76 g, 10 mmol) at room temperature. The mixture was stirred at room temperature for 12 h and the solvent was spun off at the end of the reaction. Final recrystallisation from methanol gave white solid B (2.2 g, yield: 93%). 1H NMR (400 MHz, dmso) δ 7.76 (s, 1H), 7.21 (s, 1H), 2.69 (s, 3H). TOF-MS, m/z: [M + H+], calcd. for C2H7N2S+, 91.0330, found: 91.0337.
4.1.2 Hydrazinecarboximidamide (C)
B (1 mmol) was dissolved in ethanol, appropriate amount of sodium hydroxide was added to adjust the pH to neutral and stirred for 10 min, then hydrazine hydrate (2 mmol) was added and the reaction was heated to 50°C for 6 h. The solvent was spun off, and the target product C (66 mg, yield: 88%) was finally recrystallised from ethanol. 1H NMR (400 MHz, dmso) δ 8.82 (s, 1H), 4.67 (s, 2H). TOF-MS, m/z: [M + H+], calcd. for CH7N4+, 75.0670, found: 75.0675.
4.1.3 1H-1,2,4-triazol-5-amine (D)
We added sodium hydroxide 7.5 mmol, 5 mL of water to aminoguanidine C (7.5 mmol) and stirred the reaction for 10 min. Then formic acid (7.40 mmol) was added, and the reaction mixture was heated to 80°C to dissolve all of it, and then was dissolved at 120°C for 6 h. The reaction was stopped by the addition of ice water. After the reaction was stopped, the reaction was stopped by adding ice water and recrystallised from ethanol to give a white solid D (541 mg, yield: 85%) (Manning et al., 2002; Stojković et al., 2023). 1H NMR (400 MHz, dmso) δ 7.43 (s, 1H), 5.75 (s, 2H). TOF-MS, m/z: [M + H+], calcd. for C2H5N4+, 85.0514, found: 85.0519.
4.1.4 (E)-1-(2-chloropyridin-4-yl)-N-(1H-1,2,4-triazol-5-yl)methanimine (E1)
We dissolved the product D (1 mmol) in anhydrous ethanol, added aldehyde derivatives with different substituents, such as 2-chloroisonicotinaldehyde, and reacted at reflux for 8 h. After the reaction was stopped, the reaction solution was concentrated and finally the end product E1 (104 mg, yield: 50%) was obtained by recrystallisation from ethanol. The rest of the E-series products were obtained in the same way as E1 and will not be repeated thereafter. 1H NMR (400 MHz, DMSO-d6) δ 9.23 (s, 1H), 8.59 (s, 2H), 7.97 (d, 2H). 13C NMR (100 MHz, DMSO) δ 160.16, 156.93, 148.96, 147.02, 125.31, 121.88. TOF-MS, m/z: [M + H+], calcd. for C8H7ClN5+, 208.0390, found: 208.0395.
4.1.5 (E)-1-(4-(methylsulfonyl)phenyl)-N-(1H-1,2,4-triazol-5-yl) methanimine (E2)
Compound E2 (205 mg, Yield: 82%). 1H NMR (400 MHz, DMSO-d6) δ 9.31 (s, 1H), 8.24 (d, J = 8.1 Hz, 2H), 8.13 (s, 1H), 8.06 (d, J = 8.1 Hz, 2H), 7.63 (s, 1H), 3.27 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 193.33, 193.12, 145.80, 139.78, 130.69, 130.22, 128.22, 128.01, 43.78. TOF-MS, m/z: [M + H+], calcd. for C10H11N4O2S+, 251.0602, found: 251.0609.
4.1.6 (E)-2-(((1H-1,2,4-triazol-5-yl)imino)methyl)-5-methylphenol (E3)
Compound E3 (162 mg, Yield: 80%). 1H NMR (400 MHz, DMSO-d6) δ 9.34 (s, 1H), 8.55 (s, 1H), 7.55 (s, 1H), 7.24 (d, J = 7.9 Hz, 1H), 6.87 (d, J = 8.4 Hz, 1H), 2.25 (s, 3H). 13C NMR (100 MHz, DMSO) δ 158.68, 144.74, 137.69, 132.59, 129.32, 128.54, 122.35, 117.62, 117.03, 20.37. TOF-MS, m/z: [M + H+], calcd. for C10H11N4O+, 203.0933, found: 203.0940.
4.1.7 (E)-1-(quinolin-4-yl)-N-(1H-1,2,4-triazol-5-yl)methanimine (E4)
Compound E4 (188 mg, Yield: 85%). 1H NMR (400 MHz, DMSO-d6) δ 9.81 (s, 1H), 9.06 (d, J = 8.8 Hz, 1H), 8.63 (s, 0H), 8.11 (dd, J = 18.4, 6.3 Hz, 1H), 7.80 (dt, J = 37.7, 7.2 Hz, 1H), 4.33 (s, 1H), 3.42 (q, J = 6.9 Hz, 1H), 1.03 (td, J = 7.0, 1.1 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) δ 151.14, 149.01, 144.82, 129.60, 128.58, 126.29, 125.05, 124.71, 123.80, 123.21. TOF-MS, m/z: [M + H+], calcd. for C12H10N5+, 224.0936, found: 224.0946.
4.1.8 (E)-1-(3,5-dibromopyridin-4-yl)-N-(1H-1,2,4-triazol-5-yl)methanimine (E5)
Compound E5 (183 mg, Yield: 55%). 1H NMR (400 MHz, DMSO-d6) δ 10.09 (s, 0H), 9.22 (s, 1H), 8.98–8.78 (m, 3H). 13C NMR (100 MHz, DMSO) δ 161.07, 152.25, 151.64, 144.95, 120.95, 119.95. TOF-MS, m/z: [M + H+], calcd. for C8H6BrN5+, 331.8969, found: 331.8975.
4.1.9 (E)-1-(2-bromopyridin-4-yl)-N-(1H-1,2,4-triazol-5-yl)methanimine (E6)
Compound E6 (192 mg, Yield: 58%). 1H NMR (400 MHz, DMSO-d6) δ 9.23 (s, 1H), 8.59 (d, J = 16.6 Hz, 2H), 8.16 (s, 1H), 7.99 (s, 1H). 13C NMR (100 MHz, DMSO) δ 160.53, 159.10, 153.65, 147.52, 146.81, 132.95, 128.57, 125.34. TOF-MS, m/z: [M + H+], calcd. for C8H7BrN5+, 251.9885, found: 251.9889.
4.1.10 (E)-1-([1,1′-biphenyl]-4-yl)-N-(1H-1,2,4-triazol-5-yl)methanimine (E7)
Compound E7 (226 mg, Yield: 91%). 1H NMR (400 MHz, DMSO-d6) δ 9.26 (d, J = 7.6 Hz, 1H), 8.53 (s, 1H), 8.08 (t, J = 8.4 Hz, 2H), 7.96–7.65 (m, 4H), 7.61–7.29 (m, 3H). 13C NMR (101 MHz, DMSO) δ 166.69, 165.53, 163.18, 144.42, 143.97, 139.65, 135.05, 130.64, 130.13, 129.56, 128.65, 127.76, 127.63, 127.36. TOF-MS, m/z: [M + H+], calcd. for C15H13N4+, 249.1140, found: 249.1146.
4.1.11 (E)-1-(4-(tert-butyl)phenyl)-N-(1H-1,2,4-triazol-5-yl)methanimine (E8)
Compound E8 (201 mg, Yield: 88%). 1H NMR (400 MHz, DMSO-d6) δ 9.19 (s, 1H), 7.93 (d, J = 8.0 Hz, 2H), 7.57 (d, J = 8.1 Hz, 2H), 1.32 (s, 9H). 13C NMR (101 MHz, DMSO-d6) δ 164.20, 155.96, 133.16, 129.91, 129.57, 126.32, 35.34, 31.35. TOF-MS, m/z: [M + H+], calcd. for C13H17N4+, 229.3068, found: 229.3075.
4.1.12 (E)-2-(((1H-1,2,4-triazol-5-yl)imino)methyl)-5-nitrophenol (E9)
Compound E9 (138 mg, Yield: 62%). 1H NMR (400 MHz, DMSO-d6) δ 9.49 (s, 1H), 8.76 (s, 1H), 8.23 (d, J = 12.0 Hz, 1H), 7.11 (d, J = 9.1 Hz, 1H). 13C NMR (100 MHz, DMSO) δ 165.71, 162.05, 140.29, 131.07, 129.23, 126.84, 124.82, 120.25, 118.24. TOF-MS, m/z: [M + H+], calcd. for C9H8N5O3+, 224.0627, found: 224.0634.
4.1.13 (E)-2-(((1H-1,2,4-triazol-5-yl)imino)methyl)benzene-1,4-diol (E10)
Compound E10 (139 mg, Yield: 68%). 1H NMR (400 MHz, DMSO-d6) δ 11.63 (s, 1H), 9.32 (d, J = 20.1 Hz, 1H), 9.09 (s, 1H), 8.54 (s, 1H), 7.13 (s, 1H), 6.99–6.73 (m, 2H). 13C NMR (100 MHz, DMSO) δ 164.69, 153.69, 150.31, 144.68, 124.99, 122.38, 119.75, 117.83, 116.77. TOF-MS, m/z: [M + H+], calcd. for C9H9N4O2+, 205.0725, found: 205.0725.
4.1.14 (E)-4-(((1H-1,2,4-triazol-5-yl)imino)methyl)-2,6-dimethylphenol (E11)
Compound E11 (168 mg, Yield: 78%). 1H NMR (400 MHz, DMSO-d6) δ 9.01 (s, 1H), 7.58 (s, 2H), 2.23 (s, 6H). 13C NMR (100 MHz, DMSO) δ 158.26, 151.29, 148.40, 145.02, 130.34, 130.30, 125.15, 17.04. TOF-MS, m/z: [M + H+], calcd. for C11H13N4O+, 217.1089, found: 217.1095.
4.1.15 (E)-1-(4-chlorophenyl)-N-(1H-1,2,4-triazol-5-yl)methanimine (E12)
Compound E12 (165 mg, Yield: 80%). 1H NMR (400 MHz, DMSO-d6) δ 9.21 (s, 1H), 8.01 (d, J = 7.9 Hz, 2H), 7.59 (d, J = 7.2 Hz, 2H). 13C NMR (100 MHz, DMSO) δ 160.74, 158.57, 149.77, 136.42, 133.98, 130.60, 128.96. TOF-MS, m/z: [M + H+], calcd. for C9H8ClN4+, 207.0617, found: 207.0625.
4.1.16 (E)-2-(((1H-1,2,4-triazol-5-yl)imino)methyl)-4-chlorophenol (E13)
Compound E13 (138 mg, Yield: 62%). 1H NMR (400 MHz, DMSO-d6) δ 10.20 (s, 0H), 9.39 (s, 1H), 7.87 (s, 1H), 7.43 (dd, J = 8.8, 2.6 Hz, 1H), 7.00 (d, J = 8.8 Hz, 1H). 13C NMR (100 MHz, DMSO) δ 190.18, 163.28, 159.97, 159.31, 136.18, 127.83, 123.94, 119.99, 119.20. TOF-MS, m/z: [M + H+], calcd. for C9H8ClN4O+, 223.0386, found: 223.0394.
4.1.17 (E)-1-(pyridin-4-yl)-N-(1H-1,2,4-triazol-5-yl)methanimine (E14)
Compound E14 (121 mg, Yield: 70%). 1H NMR (400 MHz, DMSO-d6) δ 9.24 (s, 1H), 8.87 (s, 1H), 8.76 (d, J = 5.3 Hz, 2H), 7.96–7.86 (m, 3H), 7.79 (d, J = 5.1 Hz, 1H). 13C NMR (100 MHz, DMSO) δ 160.68, 158.26, 149.78, 146.71, 143.30, 124.53. TOF-MS, m/z: [M + H+], calcd. for C8H8N5+, 174.0779, found: 174.0785.
4.1.18 (E)-1-p-tolyl-N-(1H-1,2,4-triazol-5-yl)methanimine (E15)
Compound E15 (166 mg, Yield: 89%). 1H NMR (400 MHz, DMSO-d6) δ 9.95 (s, 1H), 7.80 (d, J = 11.2 Hz, 2H), 7.42 (d, J = 10.4 Hz, 2H), 2.40 (s, 3H). 13C NMR (100 MHz, DMSO) δ 160.68, 157.46, 147.23, 142.67, 130.55, 129.45, 126.36, 23.24. TOF-MS, m/z: [M + H+], calcd. for C10H11N4+, 187.0983, found: 187.0988.
4.1.19 (E)-1-(4-nitrophenyl)-N-(1H-1,2,4-triazol-5-yl)methanimine (E16)
Compound E16 (195 mg, Yield: 90%). 1H NMR (400 MHz, DMSO-d6) δ 9.33 (s, 1H), 8.45–8.15 (m, 4H). 13C NMR (100 MHz, DMSO) δ 160.53, 158.93, 149.77, 146.86, 141.38, 128.96, 124.51. TOF-MS, m/z: [M + H+], calcd. for C9H8N5O2+, 218.0678, found: 218.0685.
4.1.20 (E)-1-(4-methoxyphenyl)-N-(1H-1,2,4-triazol-5-yl)methanimine (E17)
Compound E17 (141 mg, Yield: 70%). 1H NMR (400 MHz, DMSO-d6) δ 9.12 (s, 1H), 8.48 (s, 1H), 7.93 (d, J = 7.4 Hz, 2H), 7.06 (d, J = 7.9 Hz, 2H), 3.82 (s, 3H). 13C NMR (100 MHz, DMSO) δ 164.68, 162.92, 151.32, 144.20, 132.26, 131.35, 130.11, 114.95, 56.12. TOF-MS, m/z: [M + H+], calcd. for C10H11N4O+, 203.0933, found: 203.0937.
4.1.21 (E)-4-(((1H-1,2,4-triazol-5-yl)imino)methyl)phenol (E18)
Compound E18 (160 mg, Yield: 85%). 1H NMR (400 MHz, DMSO-d6) δ 10.31 (s, 1H), 9.76 (s, 0H), 9.06 (s, 1H), 7.82 (d, J = 8.4 Hz, 2H), 6.89 (d, J = 8.3 Hz, 2H). 13C NMR (100 MHz, DMSO) δ 163.79, 161.81, 137.04, 135.11, 132.57, 129.15, 116.31. TOF-MS, m/z: [M + H+], calcd. for C9H9N4O+, 189.0776, found: 189.0779.
4.1.22 (E)-4-(((1H-1,2,4-triazol-5-yl)imino)methyl)benzoic acid (E19)
Compound E19 (173 mg, Yield: 80%). 1H NMR (400 MHz, DMSO-d6) δ 10.31 (s, 1H), 9.76 (s, 0H), 9.06 (s, 1H), 7.82 (d, J = 8.4 Hz, 2H), 6.89 (d, J = 8.3 Hz, 2H). 13C NMR (100 MHz, DMSO) δ 170.05, 160.08, 158.65, 149.17, 141.01, 130.30, 128.74, 124.04. TOF-MS, m/z: [M + H+], calcd. for C10H9N4O2+, 217.0725, found: 217.0733.
4.2 The antibacterial activity of the compounds
4.2.1 Determination of minimum inhibitory concentration
Minimum Inhibitory Concentrations (MIC) were determined for all compounds according to Clinical and Laboratory Standards Institute (CLSI) guidelines (Mei et al., 2023). Detailed procedures can be found in the Supplementary Information.
4.2.2 Time-killing kinetics
We determined time-kill kinetics by plate colony counting. Details of the operation can be found in the previously reported literature (Song et al., 2021).
4.2.3 Drug resistance study
The drug resistance study is similar to the MIC assay, but the process needs to be repeated for 28 days, and some details can be found in the literature (Yang et al., 2024).
4.3 The toxicity of the compounds
4.3.1 Hemolysis assay
The detailed procedure for the hemolysis experiment is included in the Supplementary Information (Xu et al., 2024).
4.3.2 Cytotoxicity assay
The cytotoxicity test was conducted according to previous literature reports (Xu et al., 2024). Cell viability was assessed using the cell counting kit 8 (Beyotime, Shanghai, China) method. Cytotoxicity assay was done as described before with minor modifications. The results were calculated as follows: Cell viability (%) = (OD450 sample value − OD450 blank hole value)/(OD450 value of untreated control − OD450 blank hole value) × 100%.
4.4 Biofilm formation assay
Detailed procedures for biofilms are provided in the Supplementary Information (Etayash et al., 2021).
4.5 The anti-inflammatory activity of the compounds
LPS-stimulated RAW 264.7 cells were studied using methods reported in the literature (Jiaranaikulwanitch et al., 2021).
4.5.1 BEAS-2B Cell culture and viability. Human bronchial epithelial
Detailed procedures are provided in the Supplementary Information (Li et al., 2022).
4.5.2 Anti-inflammatory assay in BEAS-2B Cells
Detailed procedures are provided in the Supplementary Information (Li et al., 2022).
4.6 Membrane depolarization study
Detailed procedures for biofilms are provided in the Supplementary Information (Yang et al., 2024).
4.7 DNA and protein leakage
We refer to the literature for our experiments (Lu et al., 2023). Detailed procedures for biofilms are provided in the Supplementary Information.
4.8 Adsorption studies
Determination of metal ion removal was carried out with reference to previously reported methods (Xu et al., 2024; Hozien et al., 2020). We only determined a few more trivalent metal ions using the previous method. The removal percentage (Removal, %), was calculated as presented in Equation: Removal, % = [(C0-Ce)/C0] × 100.
4.9 Statistical analysis
The above experimental data is the average ±SEM independent experiment of three data points. One-way analysis of variance was used to process the statistical differences between the two groups.
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Introduction: Cancer is a complex group of diseases characterized by the uncontrolled growth and spread of abnormal cells in the body. These cells can invade nearby tissues and organs, or they may metastasize to other parts of the body through the bloodstream or lymphatic system.Methods: In this study, eight novel pyrimidine-morpholine hybrides (2a-2h) were designed and synthesized based on molecular hybridization approach to identify potent cytotoxic agents. Spectroscopic methods, including infrared spectroscopy (IR), proton and carbon nuclear magnetic resonance (1HNMR & 13CNMR), and mass spectrometry, were employed to confirm the structures of the compounds. The cytotoxic effects of the derivatives were evaluated against cancerous cell lines, including MCF-7 and SW480, using the MTT assay.Results and discussion: It was demonstrated that all derivatives had appropriate cytotoxic potential with IC50 in range of 5.12–117.04 μM. Compound 2g was identified as the most potent compound, exhibiting IC50 values of 5.10 ± 2.12 μM and 19.60 ± 1.13 μM toward the SW480 and MCF-7 cell lines, respectively. Cell cycle analysis showed that 2g could induces phase arrest in MCF-7 breast cancer cells. The apoptosis assay demonstrated the induction of apoptosis in the SW480 cell line. The biological activity of the compounds was confirmed by the docking studies. DFT analysis for compounds 2g and 2h was conducted at the B3LYP/6-31+G** level of theory. It was concluded that 2g is both thermodynamically and kinetically more stable than 2h. Moreover, the interpretation of ADME (Absorption, Distribution, Metabolism, and Excretion) indicates that these new series of compounds possess acceptable prognostic physicochemical properties. These synthesized compounds may serve as promising candidates for further investigation as anticancer agents.Keywords: pyrimidine, morpholine, synthesis, simulation, DNA, cytotoxic, cell cycle
INTRODUCTION
Cancer is a major global health issue that inflicts serious damage on human wellbeing. It is characterized by the unchecked growth of abnormal cells and ranks among the most critical health disorders globally. In fact, cancer has emerged as the second leading cause of death worldwide, with around 9.7 million fatalities reported in 2022 (Gaidai et al., 2023; Ferlay et al., 2021; Siegel et al., 2023). Despite numerous studies conducted globally on cancer treatment, achieving a complete cure remains a significant challenge. Evidence indicates that, even with an understanding of different anticancer products and the effectiveness of these medications, considerable research is yet needed to create targeted drug delivery systems and develop innovative treatments to improve diagnosis and therapy (Debela et al., 2021; Bousbaa, 2021).
The strategy of creating a hybrid compound by merging two potent biological molecules into a one has proven to be a very effective way to tackle this serious disease. This approach has garnered the attention of many medicinal chemists (Soltan et al., 2021). Motivated by the outcomes of earlier studies, researchers have recently developed and synthesized pyrimidine hybrids. These hybrids have been tested for their anticancer properties, demonstrating encouraging results against different cancer types (Sanduja et al., 2020). N1 and N3 are the most common positions in pyrimidine hybrids where other pharmacophores are bound either by a linkage or directly. The C5 position, where a halogen can undergo substitution, causes cytotoxic effects (Sanduja et al., 2020; Cardona et al., 2021; Lou et al., 2021). Among the halogen substitutions, fluorine exhibited the greatest inhibitory effect (Rzepiela et al., 2020). Based on literature reports, the cytotoxic effect of 5-FU has been enhanced through the hybridization of different pharmacophores (Moreno-Quintero et al., 2022). In this regard, Figure 1 displays several uracil or 5-FU hybrids of various anticancer drugs (Sanduja et al., 2020; Huang et al., 2012; Jiang et al., 2016; Zhu et al., 2023).
[image: Chemical structure diagram of a pyrimidine ring labeled with hybridization sites and halogen substitution site. Hybridization site 1 is at nitrogen position 1, site 2 at nitrogen position 3, and the halogen substitution site is at position 5.]FIGURE 1 | Isatin scaffold and its interaction site.
Morpholine (tetrahydro-1,4-oxazine) is recognized as a valuable framework in medicinal chemistry. Due to its diverse biological activities and improved pharmacokinetic and metabolic characteristics, morpholine has emerged as one of the suitable structures being studied in structure-activity relationship (SAR) research (Lou et al., 2021; Kumari and Singh, 2020; Zhang et al., 2022). One of the key advantages of morpholine over other heterocycles with nitrogen atom, is its electrophilic ring, which results from electron-withdrawing effect of oxygen and the relatively weak basicity of nitrogen. Furthermore, morpholine’s capacity to create hydrogen bonds via its oxygen atom is a significant characteristic. The electron-deficient nature of its ring also enables it to engage in hydrophobic interactions (Kourounakis et al., 2020; Tzara et al., 2020). Morpholine and its related compounds have long been recognized for their various activities, such as anticancer, anti-inflammatory, antiviral, antihyperlipidemic, antioxidant, antimicrobial, antipyretic, and analgesic properties (Tzara et al., 2020; Dwivedi et al., 2022; Heiran et al., 2020; Chirra et al., 2024; SHCHERBYNA et al., 2022; Morandini et al., 2021). The antiproliferative activity of various structures containing a morpholine moiety has been extensively studied by researchers (Mao et al., 2017; Kumar et al., 2023; Killock, 2021). Some approved drugs and compounds with anticancer activity containing a morpholine moiety are listed in Figure 2.
[image: Chemical structure diagram showing various anticancer hybrids, including 5-FU-Podophyllotoxin, Uracil-Camptothecin, 5-FU-Ubentinex, Copanlisib (PI3K inhibitor), Gefitinib (EGFR inhibitor), and Genentech-1 (mTOR inhibitor). Each structure is connected to a central molecular structure with arrows, indicating relationships or transformations.]FIGURE 2 | Some drugs and reported candidates with pyrimidine or morpholine scaffold exhibit diverse anticancer effects.
Thymidylate synthase (TS) is a crucial enzyme involved in DNA synthesis, playing a significant role in cell survival. TS catalyzes the reductive methylation of dUMP (2′-deoxyuridine monophosphate), resulting in the production of dTMP (deoxythymidine 5′-monophosphate). dTMP undergoes subsequent phosphorylation to form dTTP (deoxythymidine triphosphate), which serves as an intermediate for DNA synthesis. TS is recognized as a target for anticancer agents that contain a pyrimidine group in their structures, used in the treatment of certain cancer cell lines (Song et al., 2021; Ferrari et al., 2018).
In this framework, we designed and synthesized various simple forms of pyrimidine-molpholine hybridizations. Fist different benzyl bromides were conjugated to the hybridization site 1. In the subsequent step to obtain the final compounds, the morpholine ring was joined to the C-6 position of the benzylated pyrimidine ring. Following confirming the structure of the synthesized compounds through spectroscopic methods, we investigated the cytotoxicity of these compounds against two cancer cell lines: MCF-7 (breast carcinoma) and SW480 (colorectal carcinoma) applying MTT assays. Cell cycle analysis and apoptosis assays were conducted to elucidate the mechanism of action. Additionally, eight molecular simulations were conducted to assess the binding energy, interactions and orientations of the compounds with the active site of thymidylate synthase (TS) as a potential therapeutic target. Furthermore, molecular dynamics simulations, density functional theory (DFT) analysis, and the drug-likeness of the compounds were investigated (Jing et al., 2024).
EXPERIMENTAL SECTION
Chemistry
All chemical substances were obtained from Merck Company. The melting points of the compounds were determined using the Electrothermal 9200 device (Electrothermal, United Kingdom). The chemical structures of the compounds were analyzed using Infrared spectroscopy (VERTEX70 spectrometer), as well as 1HNMR and 13CNMR spectra (500 MHz, VARIAN - INOVA Bruker spectrophotometer in CDCl3 as solvent).
General procedure for the synthesis of 3-methyl-1-(substituted benzyl)-6-morpholinopyrimidine-2,4(1H,3H)-dione derivatives (2a-2h)
3-Methyl-6-chlorouracil (1 mmol) was combined with various benzyl bromides (1.2 mmol) (1a-1h) and stirred under basic conditions using diisopropylethylamine (DIPEA, 2 mmol) in tetrahydrofuran for 7 h. Upon completion of the reaction, as verified by thin-layer chromatography (TLC), the solvent was removed, yielding the intermediate without further purification (Zhu et al., 2024). Subsequently, the synthesized product from the previous step (1 mmol) was reacted with 1 mmol of morpholine in the presence of a base catalyst (potassium carbonate and triethylamine) in CH3CN, and the mixture was refluxed for 24 h. The reaction mixture were then purified through thin layer chromatography (plates) to obtain the purified products. The chemical structures of the synthesized compound (2a-2h) were confirmed using 1HNMR, 13CNMR, and IR spectroscopy.
Spectra data
1-benzyl-3-methyl-6-morpholinopyrimidine-2,4(1H,3H)-dione (2a)
Yield (63%), m.p:149°C–154 °C. yellow powder. 1H-NMR (500 MHz, CDCl3) δH (ppm) = 7.33 (d, 2H, J = 8 Hz, Phenyl), 7.27-7.29 (m, 1H, Phenyl), 7.22 (d, 2H, J = 8 Hz, Phenyl), 5.38 (s, 1H, pyrimidine), 5.12 (s, 2H, CH2), 3.75 (t, 4H, J = 4 Hz, morpholine), 3.33 (s, 3H, CH3-pyrimidine), 2.89 (t, 4H, J = 4 Hz, morpholine). 13C-NMR (125 MHz, CDCl3) δC (ppm) = 163.28, 159.57, 152.85, 136.74, 128.81, 127.70, 126.69, 125.94, 90.18, 66.11, 51.43, 48.12, 29.70, 28.00. IR (KBr, cm-1): 2923.69 (CH aromatic), 2855.02 (CH aliphatic), 1755.53–1692.52 (C=O), 1647.58 (C=N), 1605.02 (C=C), 1453.40 (C-O), 1366.66 (C-N). MS m/z (%):301.3 (57.1), 210.2 (37.5), 91.2 (100), 153.1 (36.3). Elem. Anal. Calcd. For C16H19N3O3 (301.35); C, 63.77; H, 6.36; N, 13.94; Found: C, 63.68; H, 6.54; N, 13.87.
1-(3-chlorobenzyl)-3-methyl-6-morpholinopyrimidine-2,4(1H,3H)-dione (2b)
Yield (65%), m.p:88°C–90°C. yellow powder. 1H-NMR (500 MHz, CDCl3) δH (ppm) = 7.23–7.29 (m, 3H, Phenyl), 7.10–7.12 (m, 1H, Phenyl), 5.39 (s, 1H, pyrimidine), 5.08 (s, 2H, CH2), 3.78 (t, 4H, J = 4 Hz, morpholine), 3.32 (s, 3H, CH3-pyrimidine), 2.89 (t, 4H, J = 4 Hz, morpholine). 13C-NMR (125 MHz, CDCl3) δC (ppm) = 163.06, 159.26, 152.75, 138.79, 134.71, 130.12, 127.98, 127.02, 124.92, 90.56, 66.09, 51.49, 47.44, 29.71, 28.02. IR (KBr) v (cm-1): 2852.69 (CH aromatic), 1706.18 (C=O), 1658.40 (C=N), 1602.96 (C=C), 1441.93 (C-O), 1361.38 (C-N), 765.52 (C-Cl). MS m/z (%): 335.2 (77.0), 249.1 (3.6), 210.1 (76.18), 153.1 (82.9), 125.0 (100), 86.1 (22.3). Elem. Anal. Calcd. For C16H18ClN3O3 (335.79); C, 57.23; H, 5.40; N, 12.51; Found: C, 56.97; H, 4.63; N, 12.34.
4-((3-methyl-6-morpholino-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)methyl)benzonitrile (2c)
Yield (58%), m.p:202°C–206°C. yellow powder. 1H-NMR (500 MHz, CDCl3) δH (ppm) = 7.21–7.24 (m, 2H, Phenyl), 7.02 (t, 2H, J = 8 Hz, Phenyl), 5.38 (s, 1H, H5-Pyrimidine), 5.07 (s, 2H, CH2), 3.78 (t, 4H, J = 4 Hz, morpholine), 3.31 (s, 3H, CH3), 2.90 (t, 4H, J = 4 Hz, morpholine). 13C-NMR (125 MHz, CDCl3) δC (ppm) = 163.41, 163.13, 160.96, 159.32, 152.78, 132.48, 128.79, 115.83, 115.62, 90.36, 66.12, 51.47, 47.35, 27.97. IR (KBr, cm−1): 2921.41 (CH aromatic), 2854.52 (CH aliphatic), 2227.99 (CN), 1654.52 (C=O), 1448.96 (C-O), 1364.33 (C-N). MS m/z (%): 326.2 (94.5), 240.1 (3.7), 210.1 (87.9), 153.1 (93.5), 116.1 (100), 86.1 (32.3). Elem. Anal. Calcd. For C17H18N4O3 (326.36); C, 62.57; H, 5.56; N, 17.17; Found: C, 62.43; H, 5.62; N, 17.32.
3-methyl-1-(4-methylbenzyl)-6-morpholinopyrimidine-2,4(1H,3H)-dione (2d)
Yield (53%), m.p:186°C–190°C. yellow powder. 1H-NMR (500 MHz, CDCl3) δH (ppm) = 7.10-7.14 (m, 4H, Phenyl), 5.38 (s, 1H, pyrimidine), 5.07 (s, 2H, CH2), 3.77 (t, 4H, J = 4 Hz, morpholine), 3.32 (s, 3H, CH3-pyrimidine), 2.90 (t, 4H, J = 4 Hz, morpholine), 2.33 (s, 3H, CH3). 13C-NMR (125 MHz, CDCl3) δC (ppm) = 163.34, 159.61, 152.83, 137.43, 133.67, 129.46, 126.73, 90.03, 66.14, 51.42, 47.94, 30.19, 29.70, 27.98, 21.11. IR (KBr) v (cm-1): 2921.80 (CH aromatic), 2853.04 (CH aliphatic), 1699.15 (C=O), 1654.08 (C=C), 1448.66 (C-O), 1380.51 (C-N). MS m/z (%): 315.1 (70.7), 210.1 (26.5), 153.1 (22.1), 105.2 (100). Elem. Anal. Calcd. For C17H21N3O3 (315.37); C, 64.74; H, 6.71; N, 13.32; Found: C, 64.51; H, 6.62; N, 12.97.
1-(4-fluorobenzyl)-3-methyl-6-morpholinopyrimidine-2,4(1H,3H)-dione (2e)
Yield (53%), m.p:172°C–175°C. yellow powder. 1H-NMR (500 MHz, CDCl3) δH (ppm) = 7.46 (d, 2H, J = 8 Hz, Phenyl), 7.11 (d, 2H, J = 8 Hz, Phenyl), 5.38 (s, 1H, H5-Pyrimidine), 5.05 (s, 2H, CH2), 3.76 (t, 4H, J = 4 Hz, morpholine), 3.31 (s, 3H, CH3), 2.89 (t, 4H, J = 4 Hz, morpholine). 13C-NMR (125 MHz, CDCl3) δC (ppm) = 163.06, 159.26, 152.76, 135.75, 131.94, 128.56, 121.66, 90.38, 66.10, 51.45, 47.47, 27.99. IR (KBr, cm−1): 2967.41 (CH aromatic), 2918.82–1857.15 (CH aliphatic), 1699.62 (C=O), 1654.51 (C=N), 1507.24 (C=C), 1448.68 (C-O), 1361.68 (C-N), 1160.54(C-F). MS m/z (%): 319.1 (3.5), 227.1 (100), 199.1 (88.5), 109.1 (33.6). Elem. Anal. Calcd. For C16H18FN3O3 (319.34); C, 60.18; H, 5.68; N, 13.16; Found: C, 60.32; H, 5.83; N, 13.37.
1-(4-bromobenzyl)-3-methyl-6-morpholinopyrimidine-2,4(1H,3H)-dione (2f)
Yield (78%), m.p: °C. yellow powder. 1H-NMR (500 MHz, CDCl3) δH (ppm) = 7.62 (d, 2H, J = 8 Hz, Phenyl), 7.33 (d, 2H, J = 8 Hz, Phenyl), 5.40 (s, 1H, H5-Pyrimidine), 5.14 (s, 2H, CH2), 3.74 (t, 4H, J = 4 Hz, morpholine), 3.30 (s, 3H, CH3), 2.86 (t, 4H, J = 4 Hz, morpholine). 13C-NMR (125 MHz, CDCl3) δC (ppm) = 162.90, 159.04, 152.65, 142.15, 127.38, 118.40, 111.70, 90.61, 66.04, 51.45, 47.60, 28.01. IR (KBr, cm-1): 3095.17 (CH aromatic), 2960.05–2852.97 (CH aliphatic), 1696.07 (C=O), 1654.36 (C=N), 1448.17 (C-O), 1358.80 (C-N), 723.91 (C-Br). MS m/z (%): 381.1 (56.0), 210.1 (70.7), 171.0 (100), 153.1 (44.8),. Elem. Anal. Calcd. For C16H18BrN3O3 (380.24); C, 50.54; H, 4.77; N, 11.05; Found: C, 50.37; H, 4.82; N, 11.35.
3-methyl-6-morpholino-1-(4-(trifluoromethyl)benzyl)pyrimidine-2,4(1H,3H)-dione (2g)
Yield (75%), m.p:144°C–150°C. white powder. 1H-NMR (500 MHz, CDCl3) δH (ppm) = 7.60 (d, 2H, J = 8 Hz, Phenyl), 7.34 (d, 2H, J = 8 Hz, Phenyl), 5.40 (s, 1H, pyrimidine), 5.16 (s, 2H, CH2), 3.76 (t, 4H, J = 4 Hz, morpholine), 3.32 (s, 3H, CH3-pyrimidine), 2.90 (t, 4H, J = 4 Hz, morpholine). 13C-NMR (125 MHz, CDCl3) δC (ppm) = 162.97, 159.18, 152.72, 140.79, 130.16, 129.84, 127.04, 125.79, 125.27, 122.57, 90.48, 66.07, 51.46, 47.55, 27.99. IR (KBr) v (cm−1): 2981.94 (CH aromatic), 2857.32 (CH aliphatic), 1656.56 (C=O), 1452.00 (C-O), 1370.02 (C-N), 1114.99 (C-F). MS m/z (%): 369.2 (72.3), 210.1 (80.3), 153.1 (100), 159.2 (98.8). Elem. Anal. Calcd. For C17H18F3N3O3 (369.34); C, 55.28; H, 4.91; N, 11.38; Found: C, 55.41; H, 5.12; N, 11.56.
3-methyl-6-morpholino-1-(4-nitrobenzyl)pyrimidine-2,4(1H,3H)-dione (2h)
Yield (60%), m.p:141°C–146°C. yellow powder. 1H-NMR (500 MHz, CDCl3) δH (ppm) = 8.16 (s, 2H, Phenyl), 7.61 (d, 1H, J = 8 Hz, Phenyl), 7.54 (t, 1H, J = 8 Hz, Phenyl), 5.42 (s, 1H, pyrimidine), 5.18 (s, 2H, CH2), 3.81 (t, 4H, J = 4 Hz, morpholine), 3.30 (s, 3H, CH3-pyrimidine), 2.92-2,95 (m, 4H, morpholine). 13C-NMR (125 MHz, CDCl3) δC (ppm) = 162.83, 158.92, 152.62, 148.42, 138.77, 133.28, 129.92, 122.91, 122.22, 90.95, 66.08, 51.58, 47.04, 29.69, 28.00. IR (KBr) v (cm−1): 2963.56 (CH aromatic), 2854.22 (CH aliphatic), 1658.11 (C=O), 1441.38 (C-O), 1527.77 (O=N=O), 1350.38 (C-N). MS m/z (%): 346.1 (99.2), 210.1 (100), 153.1 (95.8), 136.1 (68.1). Elem. Anal. Calcd. For C16H18N4O5 (346.34); C, 55.49; H, 5.24; N, 16.18; Found: C, 55.37; H, 5.18; N, 16.34.
Biological evaluations
MTT assay
The MTT assay, which stands for 3-(4,5-Dimethylthiazol-yl)-2,5-Diphenyl-Tetrazolium Bromide, was employed to assess the antiproliferative effects of the synthesized derivatives (2a-2h) based on our established methods (Ferlay et al., 2021; Zhu et al., 2024). The cancerous cell lines MCF-7 and SW480 were sourced from the National Cell Bank of Iran (NCBI). Cancer cell lines were cultured in RPMI 1640 media supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (Gibco, USA). Cells were harvested using a 0.5% trypsin/EDTA solution (Gibco, USA). The cells were then plated at a density of 1 × 104 cells per well in 96-well microplates (Zare et al., 2023). Treatment involved five different concentrations of the derivatives and cisplatin (ranging from 1 to 200 μM), with each concentration tested in triplicate. Three wells were left untreated to serve as negative controls. Later than 48 h, the media was replaced with 100 μL of a freshly prepared MTT mixture and incubated for 4 h at 37°C to facilitate for the formation of purple formazan crystals (Ataollahi et al., 2024). The medium was then discarded, and 150 μL of dimethyl sulfoxide was added to dissolve the crystals, followed by a 10-minute incubation at 37°C in the dark. Absorbance was measured at 490 nm using a microplate ELISA reader. Data analysis was performed using Excel 2016 and Curve Expert 1.4, with results presented as mean ± SD for each analysis (Poustforoosh, 2025).
Apoptosis
A total of 5 × 104 SW480 cells were precultured in 24-well plates in RPMI 1640 culture medium for 16 h under standard culturing conditions. After treating cells with 2.5, 5.0, and 10.0 µM of the 2g complex, the cells were harvested using 0.25% Trypsin, washed with PBS, and stained with propidium iodide (5 μL, 1 mg/mL), and 1U of RNase A. Cell cycle analysis was performed using flow cytometry (BD FACSCalibur Flow Cytometer, BD, USA). The DNA content was analyzed using FlowJo 10.0 software (Zhao et al., 2024a).
Cell cycle
The total number of 5 × 104 SW480 cells were precultured in 24-well plates in RPMI 1640 culture medium for 16 h under standard culturing conditions. After treating cells with 2.5, 5.0, and 10.0 µM of the 2g complex, the cells were harvested using 0.25% Trypsin, washed with PBS, and fixed in 70% ethanol for 2 h. The cells were then centrifuged at 4,000 rpm for 2 min. In the next step, cells were permeabilized with 0.2% Triton X-100 for 15 min at 4°C. After centrifugation at 4,000 rpm for 2 min, the cells were resuspended in PBS containing propidium iodide (5 μL, 1 mg/mL) and 1U of RNase A. Cell cycle analysis was performed using flow cytometry (BD FACSCalibur Flow Cytometer, BD, USA). The DNA content was analyzed using FlowJo 10.0 software.
Computational studies
Molecular docking
The crystal structure of Thymidylate synthase (TS) was obtained from the RCSB Protein Data Bank (PDB ID: 1HVY) (Phan et al., 2001). The molecular docking process was carried out using AutoDock Vina. The compounds’ structures were energy-minimized and converted to pdbqt format. For the docking analysis, a grid box measuring 40 × 40 × 40 Å and an exhaustiveness setting of 100 were applied. Discovery Studio 2016 was employed to visualize the interactions and orientations of the compounds.
MD studies
The interactions between 2g, 2h, and 5-FU and human thymidylate synthase (PDB ID: 1HVY) were further evaluated in a dynamic context. 2g was the most active compound, 2h was the compound with the lowest activity, and 5-FU was used as the positive control. Desmond by Schrödinger was used for molecular dynamics (MD) simulation. The complex system obtained from the docking analysis was utilized for the molecular dynamics simulation. The simulation was conducted within an orthorhombic box, and the solvent model used for the simulation was the Transferable Intermolecular Potential with 3 Points (TIP3P). By employing Schrödinger’s system setup, the system was successfully neutralized using the precise amount of Na+/Cl− ions, which had a salt concentration of 0.15 M (Zhao et al., 2024a). Following the default relaxation protocol of the software, the simulation was carried out for a total of 100 nanoseconds, with the number of atoms, pressure, and temperature held constant in the NPT ensemble. Utilizing the Nose-Hoover thermostat, the temperature was precisely set to 310.15 K (37°C), and the pressure was meticulously adjusted to 1 atm through the implementation of isotropic scaling.
DFT study
Gaussian 09 was employed at the B3LYP/6-31+G** theoretical level to optimize the geometries of 2g and 2h without considering symmetry. DFT analyses provided calculations for total energy (Etot), enthalpy (H°), Gibbs free energy (G°), entropy (S), softness (σ), hardness (η), and electron affinity (A) at the B3LYP/6-31+G** level and a temperature of 298K.
Pharmacokinetic profiles
The physicochemical characteristics of all the synthesized compounds were assessed using the online platform http://www.swissadme.ch/, following the guidelines of Lipinski and Veber.
RESULTS AND DISCUSSION
Chemistry
Eight new pyrimidine-morpholine hybrid compounds were synthesized through a two-step process. First, various benzyl bromides (1a-1h) were reacted with 3-methyl-6-chlorouracil in tetrahydrofuran (THF) at 25°C to produce the benzylated pyrimidine intermediates. The ultimate derivatives (2a-2h) were obtained by reacting the benzylated pyrimidine with morpholine in a basic reaction system that included triethylamine and potassium carbonate, under reflux conditions for an overnight period. Figure 3 depicts the representation of the synthetic process for these compounds.
[image: Chemical reaction scheme showing the synthesis of compounds 2a to 2h. Starting from compound 1a or 1b with a brominated aryl group reacting under condition (i) to form an intermediate compound. This intermediate then reacts under condition (ii) with a piperidine derivative, yielding final compounds 2a to 2h. Various substituents, R, are indicated for different compounds: 2a (R=H), 2b (R=3-Cl), 2c (R=4-CN), 2d (R=4-Me), 2e (R=4-F), 2f (R=4-Br), 2g (R=4-CF3), 2h (R=4-NO2).]FIGURE 3 | The standard reactants and condition for the synthesis of derivatives 2a-2h are as follows: i: DIPEA in THF for 6 h at 40°C, ii: K2CO3/Et3N in CH3CN for 24 h under reflux.
In 1H-NMR spectra, the significant piece of compounds 2a-2h are a single peak belong to the proton of pyrimidine at 5.07–5.18 ppm. Two protons of CH2 was observed as singlet at 5.38–5.42 ppm. A key characteristic of the 13C NMR spectrum for these compounds is associated with C5 of the pyrimidine ring, which is observed in the range of 90.04–90.95 ppm.
Biological activity
MTT assay
The antiproliferative activity of eight novel pyrimidine-morpholine derivatives (2a-2h) were evaluated toward two human cancerous cell lines, SW480 and MCF-7. The results can be found in Figure 4 and Table 1. 5-Fluorouracil (5-FU) and Cisplatin were used as positive controls. The most potent compound was (2g), which demonstrated an IC50 value of 5.10 ± 2.12 μM, compared to 5-FU (IC50 = 4.90 ± 0.83 μM) and Cisplatin (IC50 = 16.10 ± 1.10 μM) in the SW480 cell line. Additionally, compounds 2c and 2e exhibited significant cytotoxic potential compared to Cisplatin. These pyrimidine-morpholine derivatives displayed higher cytotoxic activity in the SW480 cell line than in the MCF-7 cell line.
[image: Bar chart comparing the IC<sub>50</sub> values of various compounds against MGC-7 (green) and SW-480 (gray) cell lines. Compound 2b shows the highest activity, while Cisplatin and MPLC have lower values. Statistical significance is indicated with asterisks.]FIGURE 4 | The toxic impact of the created pyrimidine-morpholine hybrids on MCF-7 and SW480 cell lines was evaluated in relation to Cisplatin and 5-FU. (*:p value <0.05, **:p value <0.01, ***:p value <0.001).
TABLE 1 | Antiproliferative properties of the pyrimidine-morpholine compounds (2a-2h).
[image: Chemical structure and table display IC₅₀ values for various compounds against MCF-7 and SW480 cell lines. Compounds 2a to 2h have varying substituents. Cisplatin and 5-FU are controls. Values indicate compound efficacy, with lower values suggesting higher potency.]Structure-activity relationship explained that compound 2g with CF3 substituation (electron-withdrawing group) at para position of the phenyl ring showed the best cytotoxic effect. Fluorine, bromine and nitrile, as electronegative substitutions on para position of the phenyl ring, enhanced the toxic effect, too. The presence the eletrondonating groups in compound (2d) led to deteriorate the activity compared to unsubstituted derivative (2a). When the 4-NO2 group was introduced on the benzyl ring, a notable decline in the activity was observed, which may be due to the large size of this functional group. The existance of eletronnegative group at meta position resulted in compound 2b, cause to decrease activity. Taken togather, it was understood that the existence of electron donating substitutions at para position and movement the substituation from para to meta position falling down the potency and the electronnegative groups at the para position empowered the cytotoxic activity. These results highlight the significance of electron-withdrawing substitutions in pyrimidine-morpholine compounds for their anticancer activities. Conversely, electron-donating substitutions and substitutions with large sizes were found to decrease the activity.
Apoptosis
Annexin V-Propodium Iodide (PI) double staining technique was used to determine the cell death mechanism. This technique diagnosis four staining pattern: (Avneg/PIneg):viable:, (Avpos/PIneg early apoptotic, (Avpos/PIpos): late apoptotic and (Avneg/PIpos): necrotic cells. In apoptosis stage, membrane inversion phenomena could cause that phosphatidylserine was moved to the outer membrane and so, deteted with AV-FITC staining. PI was utilized to detect both live and dead cells. The apoptotic potential of compound 2g on SW480 cells was assessed at three different concentrations (2.5, 5, and 10 µM) following a 72-hour treatment period. The results indicated that 2g significantly increased the percentage of Annexin V-positive cells from 3.9% to 39.1%, 52.24%, and 63.5%, demonstrating its ability to induce apoptosis in the SW480 cell line in a concentration-dependent modes (Figure 5).
[image: Four scatter plots showing cell populations under different conditions: Control, 2.5 micromolar, 5 micromolar, and 10 micromolar treatments. Each plot displays fluorescence intensity on both axes, illustrating changes in cell populations across varying concentrations.]FIGURE 5 | Flow cytometric studies of the apoptotic effects of 2g on the SW480 cell line after 72 h of treatment.
The apoptosis effect of Cisplatin as positive control was performed and is shown in Figure 6. As could be seen, Cisplatin induce apoptosis and increased the percentage of Annexin V-positive cells from 3.99% to 27.35%, 42.58%, and 58.29%. taken together, 2g could induce apoptosis in lower concetration compared to Cisplatin.
[image: Four flow cytometry plots showing cell populations with varying concentrations of a compound. The top left is the control, and the others display effects at 19.2 micromolar, 38.4 micromolar, and 57.6 micromolar. Data indicates shifts in cell populations with higher concentrations.]FIGURE 6 | Flow cytometric studies of the apoptotic effects of Cisplatin on the SW480 cell line after 72 h of treatment.
Cell cycle assessment
The cell cycle approach was employed to examine how cells are distributed among various phases (G0, G1, S, G2, M) through flow cytometry. As shown in Figure 7, SW480 cells that were treated with compound 2g showed a rise in the population of cells in the S-phase, with percentages of 24.41%, 29.34%, and 34.38% after treatment with 2.5, 5 and 10 μM, respectively, compared to untreated cells, which had a percentage of 15.50%. These findings indicate that compound 2g can induce an arrest in the S-phase (Table 2).
[image: Flow cytometry graphs showing cell count distribution against fluorescence intensity (FL2-A) for four conditions: Control, 2.5 µM, 5 µM, and 10 µM. Each graph displays similar trends, with peaks mainly near lower intensity values, indicating a distribution shift as the concentration increases.]FIGURE 7 | The effect of 2g on cell cycle in SW480 cell line after 72 h treatment.
TABLE 2 | The impact of 2g on the cell cycle of the SW480 cell line following a 72-hour treatment period.
[image: Table displaying cell cycle phases for different sample concentrations. Each row lists the sample, treatment concentration (Control, 2.5 µM, 5 µM, 10 µM), and percentages for SubG1/G1, S, and G2/M phases. Control shows 71.94% in SubG1/G1, 15.50% in S, and 12.56% in G2/M. For 2.5 µM, values are 58.73%, 24.41%, and 16.86%, noting cell cycle arrest at the S phase. With 5 µM, values are 55.08%, 29.34%, and 15.58%. For 10 µM, values are 48.88%, 34.38%, and 16.74%.]Computational studies
Molecular docking study
Molecular docking research offers a deeper insight into how molecules behave, their binding configurations, and their interactions with receptors. This leads to a more thorough analysis of the biological behavior of the compounds under study (Emami et al., 2024). All synthetic compounds were docked onto the human thymidylate synthase complexed with Raltitrexed (D16) with PDB ID: 1hvy. To determine the orientation of the synthesized compounds and the important amino acids involved in receptor binding, the interactions and positioning of the receptor’s internal ligand (D16) and 5-FU were initially examined. The results are presented in Figure 8.
[image: Diagram showing two chemical structures with different interaction types. The left structure is highlighted in purple with multiple interaction points. The right structure is orange, interacting with green-labeled residues: SER A-216, CYS A-195, ASN A-196, and others. Interaction types include attractive charge, hydrogen bonds, carbon/hydrogen bonds, and pi-stacked interactions, color-coded in various hues.]FIGURE 8 | The interaction and orientation of internal ligand (D16) and 5-FU in the active site of 1hvy.
As observed, the compound D16 interacted through hydrogen bonding and π interactions with key residues, namely Lys 77, Phe 80, Met 311, Gly 222, Phe 226, and Ile 108. Also, for a better interpretation of the docking results of the studied compounds, docking studies were also performed on the current anticancer drug 5-FU. That is located in the binding pocket, interacting with residues such as Ser 216, Gly 217, Gly 222, and Cys 195 through hydrophobic interactions. Additionally, it forms critical hydrogen bonds with residues Asn 226, His 196, Gln 214, and Asp 218.
The interactions and the placement of the most and least active compounds 2g and 2h with 1hvy are illustrated in Figure 9. Furthermore, the docking results of all compounds, including the binding energies, hydrogen bonding, and hydrophobic and π interactions, are presented in Supplementary Tables S1, S2, respectively. As expected, compound 2g has established strong interactions with the receptor and has interacted with most of the key amino acids. The binding energy for 2g was determined to be −8.6 kcal/mol, significantly higher than the value obtained for 5-FU (−5.2 kcal/mol). In the 2g, the morpholine ring connected to pyrimidine is situated in the binding pocket similarly to compound 5-FU. It interacts with the key amino acids His 196 and Asn 226 through hydrogen bonding. Moreover, it can be seen that most of the interactions of compound 2g with the receptor occur in the region where the trifluorophenyl substitution is located. This substitution interacts with the amino acids Cys 195, Phe 225, Ile 108, Met 311, and Leu 213 through π interactions.
[image: Two molecular interaction diagrams are shown. The left diagram features an orange compound interacting with various amino acids, including ASP, PHE, and LEU. The right diagram has a purple compound interacting with different amino acids, such as HIS and ASN. Both diagrams highlight specific interactions using colored lines connecting to amino acids labeled with their abbreviations and sequence numbers.]FIGURE 9 | The interaction and orientation of 2g (Red) and 2h (Blue) in the active site of 1hvy.
The binding energy for compound 2h was determined to be −7.6 kcal/mol, which is the lowest value of the binding energy among all the compounds studied. Figure 9 illustrates that this compound is located in the binding pocket but establishes weak interactions with the receptor 1hvy. Important amino acids Asn 226 and His 196 are positioned around the morpholine ring connected to pyrimidine, but this motif was unable to form strong hydrogen bonds as observed in compound 2g. Also, the nitrophenyl substitution, which likely played a crucial role in orienting this compound, did not result in the anticipated key interactions. Overall, the docking results are in good agreement with the biological findings.
MD simulation
The ligand-enzyme complex involving three compounds (2g, 2h, and 5-FU) underwent additional assessment through a 100-nanosecond MD simulation (Poustforoosh, 2024). Figure 10 displays the RMSD value for the 2g-enzyme complex during the simulation. The RMSD values show variations within a small range of 1.5–2.5 Å, suggesting that the system remained stable throughout the simulation duration.This value is almost the same for 5-fluoropyrimidine. For 2h, similar to 2g and 5-FU, the RMSD values fluctuate around 1.5–2 Å, but their variations are smoother compared to 2g and 5-FU. These values indicate that simulations have reached equilibrium after some time (Kang et al., 2018; Duan et al., 2024; Gao et al., 2023).
[image: Line graph showing RMSD values over time for three sets labeled as 2D, 3D, and 2S. The x-axis represents time in nanoseconds, and the y-axis shows RMSD in angstroms. Each line fluctuates with 3D peaking highest, followed by 2D, and 2S maintaining the lowest RMSD values throughout the time period.]FIGURE 10 | The Root Mean Square Deviation (RMSD) values of the enzyme during a 100 ns Molecular Dynamics (MD) simulation for the ligand-enzyme complexes of 2g (blue), 2h (red), and 5FU (green).
Figure 11A shows the interactions that occurred between 2g and the protein over a duration of 100 ns. The residues that exhibited the most significant interaction fraction are Trp109 and Asn112.Trp 109 is a crucial residue in the active site of thymidylate synthase, regulating its catalytic activity. Therefore, targeting this residue is an effective strategy for enzyme inhibition. Moreover, Tong et al. have shown that Trp109 and Asn112 are two essential residues, and targeting them can be used for enzyme inhibitors. In the case of compound 2h, the residues exhibiting the highest interaction fraction are Ala312 and His256 (refer to Figure 11B). This observation may elucidate the diminished inhibitory activity of this compound in comparison to 2g. The main target residues for 5-fluoropyrimidine are Glu87 and Phe225 (Figure 11C). Glu87 is also a crucial residue for targeting and enzyme inhibition.
[image: Bar graphs depicting interactions fraction for different amino acids across three panels: A, B, and C. Each bar represents interaction types including H-bonds, hydrophobic, ionic, and water bridges. Panel A shows interactions of ARG50 to VAL132, Panel B from GLU87 to ALA312, and Panel C includes PHE80 to PHE225. Interaction types are color-coded: H-bonds in blue, hydrophobic in green, ionic in pink, and water bridges in purple.]FIGURE 11 | The interactions formed between the ligands and proteins during a 100 ns molecular dynamics (MD) simulation for 2g (A), 2h (B), and 5FU (C).
Another important parameter that needs to be evaluated for the simulation is the percentage of secondary structure elements (SSE), which serves as an indicator of the structural compactness (Tong et al., 2022; Yin et al., 2025; Zhu et al., 2024). This parameter can be utilized to evaluate the stability of the protein structure throughout the simulation process (Zhang et al., 2018; Zhao et al., 2024b). The activity of the 2g -protein complex was evaluated, and it was found to be the most active compound. The protein’s alpha-helix structures, indicated by the red zone in Figure 12, and beta strands (colored in blue) exhibited minimal alterations during the simulation. As illustrated in this Figure, the proportion of SSE in the simulation is approximately 45%, a value that has remained consistent throughout the duration of the simulation. This constancy suggests a stable enzyme structure (Poustforoosh, 2025; Li et al., 2024).
[image: Line graphs showing two panels. The top panel depicts a largely stable percentage of SSE over time. The bottom panel displays Residue Index against time with data points in alternating blue and red stripes, indicating distinct groupings or patterns.]FIGURE 12 | The variation in the percentage of secondary structure elements (SSE) for the protein throughout the molecular dynamics (MD) simulation is presented. The regions depicted in red correspond to alpha-helices, while those in blue indicate beta-strands.
DFT analysis
The HOMO and LUMO orbitals for 2g, 2h, and 5-FU are depicted in Figure 13. In 2g, HOMO is delocalized on morpholine, pyrimidine, and part of triflourophenyl ring, while LUMO is delocalized over the structure of the molecule. For compound 2h, the HOMO orbital is distributed over the morpholine and pyrimidine rings, similar to compound 2g, while the LUMO orbital is distributed over the nitrophenyl group. For 5-FU, HOMO and LUMO orbitals are delocalized throughout the molecule. The energies of HOMO, LUMO orbitals for 2g, 2h, and 5-FU are presented in Figure 13. Thus, the energy gap is calculated as 5.221 eV, 3.753 eV, and 5.387 eV for 2g, 2h, and 5-FU, respectively. The energy difference between the HOMO and the LUMO serves as an indicator of the kinetic stability and reactivity of the compounds. In this study, the energy gap order is 5-FU > 2g > 2h, indicating that 5-FU is more kinetically stable than 2g, and consequently, 2g is more stable than 2h.
[image: Molecular orbital diagrams for various compounds show colored spheres representing electron densities. Each image includes energy values in electron volts (eV): 2g: E LUMO 0.90 eV, 2h: E LUMO 2.64 eV, 5-FU: E LUMO 1.20 eV, 2g: E HOMO 6.12 eV, 2h: E HOMO 6.40 eV, and 5-FU: E HOMO 6.58 eV. The diagrams depict molecular structures and electron interactions.]FIGURE 13 | DFT calculated LUMO, HOMO, and their corresponding energy values for compounds 2g, 2h, and 5-FU utilizing the B3LYP/6-31+G (d,p) computational method.
ESP plot for 2g, 2h, and 5-FU is indicated in Figure 14, where regions with higher electronegativity are displayed in red, and regions with lower electronegativity are displayed in blue.
[image: Three molecular models labeled a, b, and c show colorful, cloud-like formations. Each model displays variations in color such as green, blue, and red, indicating different areas of density or chemical activity.]FIGURE 14 | The geometry optimization and electrostatic potential (ESP) calculations for compounds (A) 2g, (B) 2h, and (C) 5-fluorouracil (5-FU) using the B3LYP/6-31+G (d,p) level of theory.
Through DFT calculations, valuable insights into structural stability and reactivity can be acquired. By utilizing HOMO and LUMO energies, one can calculate parameters such as hardness (η), softness (s), and electron affinity (A). These parameters provide insights into the interplay among energy, structure, and reactivity characteristics. These parameters, along with total energy (E tot), Gibbs energy (G°), enthalpy (H°), and entropy (S), are provided in Table 3. According to the table, compound 2g is thermodynamically more stable than 2h and 5-FU (2g > 2h > 5-FU). A hard molecule has a greater energy gap between HOMO and LUMO and is more resistant to changes in the shape of the electron cloud during chemical reactions. In contrast, a soft molecule has a lower energy gap and is more reactive. Therefore, in this study, the order of hardness of compounds is as follows. 5-FU > 2g > 2h. Electron affinity is obtained by using the energy value of LUMO. A reduced electron affinity signifies a diminished propensity to attract electrons, which consequently enhances the likelihood of engaging in nucleophilic reactions. The findings indicate that compound 2g exhibits a greater inclination to partake in nucleophilic reactions in comparison to the other two compounds.
TABLE 3 | The calculated total energy (Etot), Enthalpy (H), Gibbs free energy (G), hardness (η), softness (σ, and electron affinity (A) of 2a, 2g, and 5-FU at B3LYP/6-31+G(d,p) level of theory.
[image: Table displaying thermodynamic and electronic properties for compounds 2g, 2h, and 5-FU. The properties include total energy (E_tot), enthalpy (H), Gibbs free energy (G) in Hartree/particle, entropy (S) in cal/mol.K, and other electronic properties like η, σ, and A. Each compound's values are listed in the respective columns.]The IR spectra of molecules were obtained through theoretical calculations. The frequencies were determined utilizing the B3LYP/6-311++G (d,p) theoretical framework, as illustrated in Figure 15. The assignment of bands showed C=O stretching vibrations at 1658.11 cm−1 (IR), 1696 cm−1 (DFT) for 2h, and 1656.56 cm−1 (IR), 1648 cm−1 (DFT) for 2g. The band of O=N=O appeared at 1527.77 cm−1 (IR) and 1560 cm−1 (DFT) for 2h and bands of C-F appeared at 1114.99 cm−1 (IR) and 1088 cm−1 (DFT) for compound 2g. The stretching modes of C-H aromatic, C-H aliphatic, C-O, and C-N groups have been observed to closely match the frequencies in experimental IR spectra.
[image: Infrared (IR) spectrum chart showing absorption peaks on a graph with frequency in wavenumbers (cm⁻¹) on the x-axis and absorbance on the y-axis. Peaks vary in color, indicating different absorption regions.]FIGURE 15 | The IR Spectrum for studied compounds 2g (blue), 2h (yellow), and 5-FU (red) was calculated at at B3LYP/6-31+G (d,p) level of theory.
Pharmacokinetic profiles
In the realm of drug design and discovery, computational methodologies are employed to forecast various properties, including molecular weight, LogP, the count of hydrogen bond acceptors, the count of hydrogen bond donors, the number of rotatable bonds, and the topological polar surface area (TPSA). This measure is implemented to avoid the design and synthesis of compounds that do not adhere to Lipinski’s Rule of Five. PreADMET software and the SwissADME online server are valuable tools for predicting the pharmacokinetics and toxicity of designed compounds. These tools can assist researchers in developing drugs that are well-absorbed orally. In this study, the molecular weight of all synthesized compounds was less than 500, the number of hydrogen bond donors (HBD), hydrogen bond acceptors (HBA), and rotatable bonds (n-RB) were all less than 10, and TPSA was less than 140. All compounds meet the Lipinski Rule of Five parameters (Table 4).
TABLE 4 | Physicochemical properties of the pyrimidine-morpholine derivatives (2a-2h).
[image: Table comparing chemical compounds with columns for Entry, Molecular Weight (MW), MLogP, Hydrogen Bond Donors (HBD), Hydrogen Bond Acceptors (HBA), number of Rotatable Bonds (n-RB), Topological Polar Surface Area (TPSA), and Lipinski Violation. Data includes entries for compounds 2a to 2h, Cisplatin, 5-FU, and Lipinski Rule of Five parameters.]Human Intestinal Absorption (HIA) refers to the process by which orally administered drugs are absorbed from the intestine. All compounds tested showed high absorption rates between 92% and 98%, indicating they are well-absorbed and can be taken up by the human intestine. To evaluate a compound’s in vitro intestinal permeability relative to human enterocytes and to identify transporter and efflux proteins, Caco-2 cell permeability (CCP) is often used as a model. Caco-2 cells are derived from a human colon epithelial cancer line. The compounds tested demonstrated positive permeability in cell culture (CCP), indicating moderate absorption. Madin-Darby canine kidney (MDCK) cells were also used to evaluate the human intestinal barrier and drug uptake efficiency, with all compounds showing favorable MDCK permeability values ranging from 0.23 to 36.06 nm/s. P-glycoprotein (P-gp) serves as a significant barrier to effective drug delivery by expelling toxins and foreign substances from cells. To enhance the transport of therapeutic agents, inhibiting efflux pumps is necessary. The results indicated that only compounds 2e and 2a were not affected by P-gp inhibition. Skin permeability (SP) is an important factor for transdermal drug delivery, as drugs must distribute through the intraepithelial lipid substance, which is the primary feature for skin absorption. All compounds showed negative skin permeability values, suggesting that transdermal administration is not required. Plasma protein binding (PPB) plays a significant role in determining the duration of a drug’s presence in the body and may impact its therapeutic effectiveness. The extent of binding to plasma proteins significantly impacts a drug’s pharmacodynamic and pharmacokinetic properties, with values below 90% classified as low and those at or above 90% as high. The PPB percentages for all compounds were below 90%. The capacity of therapeutic agents to penetrate the blood-brain barrier (BBB) is a critical factor in evaluating their potential side effects and toxicity. All tested compounds showed positive BBB penetration values, indicating they can cross the barrier, but their values were below 1 (CBrain/Cblood <1), suggesting they are inactive in the central nervous system (CNS) (Table 5).
TABLE 5 | In silico ADME profile of the pyrimidine-morpholin derivatives (2a-2h).
[image: Table displaying data on various compounds with columns for Entry, HIA Percentage, Caco2 and MDCK permeability rates in nanometers per second, P-glycoprotein inhibition, in vitro skin permeability in log Kp (centimeter per hour), plasma protein binding percentage, and blood-brain barrier penetration. Entries include coded names such as 2a, 2b, etc., along with Cisplatin and 5-FU, with corresponding data for each parameter.]Toxicity prediction is a crucial aspect of the drug discovery process, as some drug candidates may fail clinical trials due to their toxicity. The toxicity profile of the designed compounds is shown in Table 6. Mutagenicity and carcinogenicity of a compound can be predicted by the Ames test and a 2-year carcinogenicity evaluation in mice. Based on the results of the Ames test, all compounds were mutagenic. The carcinogenicity test on mice showed that compounds 2c, 2e, 2f, and 2h were carcinogenic, while the rest tested negative and were not carcinogens. The cardiac toxicity was determined using the human ether-a-go-go-related gene, HERG-inhibition assay. The blockage of the HERG leads to fatal ventricular tachyarrhythmia due to the lengthening of the QT interval. All compounds exhibited a moderate risk of HERG inhibition.
TABLE 6 | Toxicity prediction of the pyrimidine-morpholine derivatives (2a-2h).
[image: Table showing chemical test results. For entries 2a to 2h, all are mutagens with HERG inhibition at medium-risk. Carcinogenicity in mice varies, with some positive and some negative. Algae_t values range from 0.07 to 0.17. Cisplatin is non-mutagenic with negative carcinogenicity and 0.19 algae_t. 5-FU is a mutagen with positive carcinogenicity and 0.43 algae_t.]CONCLUSION
A novel series of morpholine-pyrimidine hybrid compounds was created as potential agents to inhibit cell growth and synthesized. The chemical structures were characterized using FT-IR, 1HNMR, and 13CNMR spectroscopy. The antiproliferative effects were evaluated on two human cancerous cell lines, SW480 and MCF-7. When compared to each other and to cisplatin and 5-FU as positive controls, compound 2g demonstrated the highest antiproliferative activity against the SW480 cell line, with an IC50 value of (IC50 = 5.1 ± 2.12) μM, in contrast to (IC50 = 16.1 ± 1.1) μM for Cisplatin and 5-FU, which had an IC50 of (IC50 = 4.9 ± 0.83) μM. Structure-activity relationship studies suggest that the presence of a 4-CF3 group on the phenyl ring and an electron-withdrawing group like cyano on the benzyl part significantly enhances antiproliferative activity. The molecular docking results supported the biological activity findings. Overall, compound 2g appears to be a propitious candidate for subsequent in vivo and in vitro anticancer research. Additionally, DFT analysis indicated that compound 2g is more stable both thermodynamically and kinetically than compound 2h.
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In the last 10 years, the synthesis of anthracene scaffolds has attracted considerable interest because of their distinctive electronic characteristics and various uses in organic electronics, photovoltaics, and therapeutics. Anthracene, a polycyclic aromatic hydrocarbon, is valued for its lightweight, stability, and electron transport capabilities, making it a key building block in advanced materials. Traditional synthesis methods often face challenges such as low selectivity and harsh conditions. However, recent advancements in transition metal-catalyzed reactions have transformed the field, offering more efficient and versatile approaches. This review examines methodologies utilizing transition metal catalysts like palladium, zinc, indium, cobalt, gold, iridium, rhodium and ruthenium, which have enabled novel synthetic pathways and selective formation of substituted anthracenes through cross-coupling reactions. The function of ligands, including phosphines and N-heterocyclic carbenes, in improving reaction efficiency and selectivity is also examined. The shift towards greener methodologies is noted, with a focus on minimizing waste and reducing toxic reagents. The shift towards greener methodologies is noted, with a focus on minimizing waste and reducing toxic reagents. Several case studies demonstrate the successful application of these techniques, highlighting the structural diversity and functional potential of anthracene derivatives in various applications.
Keywords: anthracene, transition metals (Cr and Fe), synthesis, nanocatalys, catalyst

1 INTRODUCTION
The synthesis of anthracene frameworks has become a crucial field of study in organic chemistry, propelled by the compound’s distinctive electronic characteristics and its wide-ranging uses in areas such as organic electronics, photovoltaics, and medicinal chemistry. Anthracene, a polycyclic aromatic hydrocarbon (PAH), features a flat structure and excellent electron mobility, positioning it as a prime candidate for the innovation of advanced materials. The growing need for effective and adaptable synthetic methods has led chemists to investigate novel ways to create anthracene derivatives, especially using transition metal catalysis. Initially isolated in the early 1800s, anthracene has attracted considerable interest because of its wide-ranging uses in different domains, such as organic electronics, photovoltaics, and medicinal chemistry (Bass et al., 2024; Aydemir et al., 2023; Shi et al., 2022; Khandaka et al., 2023; Santra et al., 2012; Zhang et al., 2014; Modi et al., 2015).
Anthracene, a tricyclic aromatic hydrocarbon consisting of three fused benzene rings, has long been a subject of fascination for chemists and materials scientists alike. Its unique electronic properties, structural rigidity, and potential for functionalization have positioned anthracene as a crucial building block in various fields, including organic electronics, photovoltaics, and medicinal chemistry. The past decade has witnessed a surge in research focused on developing efficient and versatile methods for synthesizing anthracene scaffolds, driven by the compound’s diverse applications and the continuous demand for novel materials with enhanced properties (Kaewpuang et al., 2024; Modi et al., 2015; Climent et al., 2013; Climent et al., 2012).
Traditional synthetic methods for anthracene derivatives often face significant limitations, including low selectivity, harsh reaction conditions, and lengthy reaction times. These challenges have necessitated the development of more efficient strategies that can overcome these obstacles while maintaining high yields and selectivity. Recent advancements in transition metal-catalyzed reactions have revolutionized the field, providing chemists with powerful tools to construct anthracene frameworks with unprecedented efficiency and versatility.
Historically, traditional methods for synthesizing anthracene derivatives have been fraught with challenges, including low selectivity, harsh reaction conditions, and extended reaction times. These limitations have spurred the scientific community to explore more efficient and versatile synthetic strategies.
[image: A biographical text describes Mosstafa Kazemi and Ramin Javahershenas, including details of their birthplace, educational background, and research interests in organic chemistry. Adjacent are black and white portraits of each individual. Kazemi's research focuses on nanocatalysts, while Javahershenas specializes in organic synthesis.]In recent years, transition metal-catalyzed reactions have revolutionized the synthesis of anthracene scaffolds, offering novel pathways that enhance both efficiency and selectivity. Traditionally, the synthesis of anthracene and its derivatives relied on classical organic reactions, such as Diels-Alder cycloadditions, Friedel-Crafts acylations, and oxidative photocyclization. While these methods have proven effective, they often suffer from limitations including low selectivity, harsh reaction conditions, and extended reaction times. Moreover, the increasing emphasis on sustainable chemistry has necessitated the development of more environmentally friendly synthetic approaches (Zhang et al., 2017; Anastas and Warner, 1998; Noyori, 2013; Anastas and Kirchhoff, 2002; Suzuki, 2011).
Transition metals, such as palladium, platinum, nickel, and copper, have been extensively utilized as catalysts in various cross-coupling reactions, including Suzuki-Miyaura, Sonogashira, and Negishi coupling. These methodologies have enabled the selective formation of substituted anthracenes, allowing for the introduction of diverse functional groups that enhance the properties of the resulting materials (Hartwig, 2008; Suzuki and Company, 2011; Jacobsen et al., 2010; Wencel-Delord et al., 2012).
The integration of these coupling strategies with other synthetic methodologies, such as cyclization and functionalization, has led to the discovery of previously inaccessible anthracene derivatives, expanding the scope of anthracene chemistry. This integration underscores the versatility of transition metal catalysis in expanding the structural diversity and functional capabilities of anthracene-based materials. The role of ligands in transition metal-catalyzed reactions cannot be overstated. Ligands play a crucial role in modulating the reactivity and selectivity of metal catalysts, influencing the overall efficiency of the synthetic process. Innovative ligand systems, including phosphines and N-heterocyclic carbenes (NHCs), have been developed to optimize catalytic performance, enabling the formation of complex anthracene structures under milder conditions. A critical aspect of these catalytic processes is the role of ligands, which are pivotal in enhancing reaction efficiency and selectivity (Hartwig, 2010; Beller and Bolm, 2004; Negishi, 2002).
Moreover, the environmental implications of these synthetic strategies cannot be overlooked. The shift towards greener methodologies that minimize waste and reduce reliance on toxic reagents is a significant trend in contemporary organic synthesis. This aligns with the broader goals of sustainable chemistry, aiming to reduce the environmental footprint of chemical processes while maintaining high efficiency and selectivity. Several case studies exemplify the successful application of transition metal catalysis in the synthesis of anthracene scaffolds. These examples not only highlight the structural diversity and functional prowess of the resulting anthracene derivatives but also demonstrate their potential in applications ranging from light-emitting diodes to sensor technologies (Crabtree, 2009; Colacot, 2015; Johansson Seechurn et al., 2012).
In recent years, the field of anthracene synthesis has undergone a paradigm shift with the advent of transition metal-catalyzed reactions. These methodologies have opened up new avenues for constructing complex anthracene scaffolds with unprecedented efficiency and selectivity. The use of transition metals as catalysts has not only expanded the synthetic toolkit available to chemists but has also enabled the creation of previously inaccessible anthracene derivatives. The use of transition metal catalysis in organic synthesis has transformed the field, providing effective methods for creating carbon-heteroatom bonds, and carbon-carbon (Tsuji, 2005; Trost and Crawley, 2003).
In the context of anthracene synthesis, transition metals such as platinum, nickel, palladium, and copper have emerged as particularly effective catalysts. These metals enable a variety of transformations, such as cross-coupling reactions, cyclizations, and C-H activations, which are essential for building the anthracene core and adding different functionalities. In addition to enhancing synthetic efficiency, the environmental implications of these methodologies have gained increasing attention. The shift towards greener synthetic strategies that minimize waste and reduce the reliance on toxic reagents is a critical consideration in contemporary organic synthesis. Recent advancements in transition metal-catalyzed reactions have demonstrated the potential for developing sustainable methodologies that align with the principles of green chemistry, thereby addressing the environmental challenges associated with traditional synthetic approaches (Molnár, 2013; van Leeuwen, 2004).
2 CHEMICAL STRUCTURE AND PROPERTIES
2.1 Chemistry
Anthracene is a polycyclic aromatic hydrocarbon (PAH) made up of three interconnected benzene rings set in a linear arrangement. Anthracene has a planar structure, its chemical formula is C14H10, which allows for effective π-π stacking interactions between molecules. This planarity contributes to its electronic properties and stability. The three benzene rings are fused together, sharing two carbon atoms at each junction. This leads to a continuous conjugated system that improves its capacity to conduct electricity and absorb light. Anthracene’s carbon atoms are sp2 hybridized, creating a network of double bonds (C=C) and single bonds (C-C). The resonance structure generated by the alternating double bonds enhances the molecule’s stability. Anthracene can undergo various chemical reactions, allowing for the introduction of substituents at different positions on the rings. This functionalization can modify its properties and expand its applications (Clar, 1964; Guo et al., 2018; Salam et al., 2014; Alonso et al., 2010).
The key properties of anthracene include:
	• Planarity and Conjugation: The planar structure of anthracene allows for effective π-π stacking interactions, which are crucial for its performance in various applications. The extended conjugation across the three benzene rings results in a relatively low energy gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).
	• Optical Properties: Anthracene shows significant absorption in the ultraviolet-visible (UV-Vis) spectrum, peaking at a wavelength of approximately 254 nm. Its high fluorescence quantum yield makes it a superb candidate for light-emitting applications.
	• Thermal Stability: Anthracene is thermally stable up to approximately 300°C, which allows it to maintain its structural integrity under various processing conditions.
	• Solubility: Anthracene dissolves in organic solvents like benzene, toluene, and chloroform, but its solubility in water is restricted. This property is essential for its operation in organic electronic devices.

The extended π-conjugation in anthracene leads to a relatively low energy gap between the HOMO and LUMO, facilitating efficient absorption and emission of light. This property is crucial for its applications in optoelectronic devices (Park et al., 2008).
2.2 Reactions pathways and parameters
Among the most widely employed strategies in transition metal-catalyzed anthracene synthesis are cross-coupling reactions. The Suzuki-Miyaura coupling, catalyzed primarily by palladium complexes, has proven exceptionally versatile in forming biaryl bonds, a key step in assembling the anthracene framework (Baviera and Donate, 2021; Robertson, 1930; Menendez et al., 2014).
Similarly, the Sonogashira coupling, which involves the palladium-catalyzed coupling of terminal alkynes with aryl or vinyl halides, has been instrumental in synthesizing alkynylated anthracene precursors. These intermediates can subsequently undergo cyclization to form the desired anthracene scaffolds (Oliveira et al., 2020; Zehm et al., 2008).
Another significant advancement in anthracene synthesis is the development of C-H activation methodologies. These approaches allow for the direct functionalization of C-H bonds, bypassing the need for pre-functionalized starting materials. Transition metals, particularly palladium and rhodium, have shown remarkable activity in catalyzing such transformations (Becker, 1993; Yoshizawa and Klosterman, 2014; Kastrati et al., 2023).
The success of transition metal-catalyzed reactions in anthracene synthesis is intrinsically linked to the design and selection of appropriate ligands. Ligands play a crucial role in modulating the reactivity and selectivity of the metal catalyst, often determining the outcome of the reaction. Recent years have seen significant advancements in ligand design, with a focus on developing systems that enhance catalytic performance while allowing for milder reaction conditions (Zarren et al., 2019; Floyd et al., 1976; Harvey, 2004).
Phosphine ligands have long been staples in transition metal catalysis, and their application in anthracene synthesis is no exception. The electronic and steric properties of phosphines can be finely tuned, allowing for optimization of catalyst activity and selectivity. For instance, the use of bulky, electron-rich phosphines such as SPhos and XPhos in Suzuki couplings has enabled the efficient synthesis of sterically hindered anthracene derivatives (Burrell et al., 2001; Han et al., 2023).
N-Heterocyclic carbenes (NHCs) have emerged as powerful alternatives to phosphine ligands in many catalytic systems. Their strong σ-donating properties and unique steric characteristics often result in catalysts with enhanced stability and activity. In the context of anthracene synthesis, NHC-ligated palladium complexes have shown exceptional performance in challenging cross-coupling reactions (Du C.-B. et al., 2024; Fan et al., 2024).
As the field of anthracene synthesis advances, there is an increasing emphasis on developing methodologies that align with the principles of green chemistry. This shift is driven by both environmental concerns and regulatory pressures, pushing researchers to design more sustainable synthetic routes (Bass et al., 2024; Anastas and Warner, 1998; Anastas and Kirchhoff, 2002; Anastas and Kirchhoff, 2002; Zehm et al., 2008).
One approach to enhancing the sustainability of transition metal-catalyzed anthracene synthesis is the development of recyclable catalyst systems. Heterogeneous catalysts, in particular, offer the advantage of easy separation and potential reuse (Zhao et al., 2023; Khan, 2024).
The exploration of alternative reaction media, such as water or ionic liquids, represents another avenue for making anthracene synthesis more environmentally friendly. These systems can potentially reduce the use of volatile organic solvents and improve reaction efficiency (Malik and Müller, 2016; Zhu and Zhu, 2013).
2.3 Applications and future directions
The recent achievements in transition metal-catalyzed synthesis of anthracene scaffolds have not only expanded the synthetic toolkit but have also opened up new possibilities for applications. The ability to access structurally diverse and highly functionalized anthracenes has implications across various fields (Figure 1) (Wang et al., 2012; Vorona et al., 2019).
[image: Chemical structures are displayed in a grid layout, each linked to specific applications or properties. OLED application structures are shown in a section with large aromatic rings. Antibacterial, anti-inflammatory, and antibiotic doxorubicin structures illustrate various compounds with substituent variations. Miloxantrone and Bisantrene structures are highlighted as anticancer agents. Liquid crystalline properties are depicted with distinctive ring patterns. Structures of natural products include Anthranol, Lucidin, Hypercin, Aloin B, and Sennidin. Each area is labeled according to the chemical's use or category.]FIGURE 1 | Some of anthracene derivatives.
In the realm of organic electronics, anthracene derivatives synthesized through these novel methods have shown promise as materials for organic field-effect transistors (OFETs) and organic light-emitting diodes (OLEDs). The work of Wang et al. demonstrates how tailored anthracene scaffolds, synthesized via palladium-catalysed methods, can be utilized to create high-performance blue OLEDs (Zhang et al., 2019; Khan et al., 2023).
Anthracene’s planar structure allows for effective π-π stacking interactions, which are crucial for its performance in electronic applications. The compound exhibits strong absorption in the ultraviolet-visible (UV-Vis) region, making it an excellent candidate for light-absorbing materials. Its high electron mobility and stability further enhance its utility in organic semiconductor devices. In OLEDs, anthracene derivatives are often used as emissive materials due to their ability to emit light efficiently when excited by an electric current. The incorporation of anthracene into OLEDs has led to the development of devices with improved brightness and colour purity, making them suitable for displays and lighting applications (Becker, 1993; Ihmels et al., 2000; Abou-Hatab et al., 2017).
In OFETs, anthracene serves as a semiconductor material, where its high charge carrier mobility contributes to enhanced device performance. The ability to tune the electronic properties of anthracene through chemical modifications allows for the design of materials that meet specific performance criteria, further driving advancements in organic electronics (Pozzo et al., 2001; Huang et al., 2012).
Anthracene’s unique properties have led to its widespread use in various fields, including:
2.3.1 Organic electronics
In organic electronics, anthracene is valued for its high charge carrier stability and mobility. These properties make it an ideal candidate for use in (Chen et al., 2018; Van Damme and Du Prez, 2018; Fang et al., 2017):
	• Organic Light-Emitting Diodes (OLEDs): Anthracene derivatives are employed as emissive materials due to their ability to emit light efficiently when excited by an electric current. The incorporation of anthracene in OLEDs enhances brightness and colour purity, making them suitable for lighting and display applications.
	• Organic Field-Effect Transistors (OFETs): Anthracene serves as a semiconductor material, where its high charge carrier mobility contributes to improved device performance. The ability to chemically modify anthracene allows for the design of materials that meet specific performance criteria.

2.3.2 Photonics
Anthracene’s strong absorption in the ultraviolet-visible (UV-Vis) region and its ability to emit light make it a valuable material in photonics (Kivrak et al., 2017; Zhao et al., 2017; Khazaei et al., 2015). Applications include:
• Light-Emitting Materials: Anthracene derivatives are used in the development of materials that emit light in various colours, essential for creating efficient and tuneable light sources.
	• Sensors: The photophysical properties of anthracene enable its use in sensors for detecting environmental pollutants and biological molecules. The fluorescence of anthracene can be quenched or enhanced in the presence of specific analytes, allowing for sensitive detection.

The pharmaceutical industry has also benefited from these advancements. The ability to rapidly generate libraries of functionalized anthracenes has accelerated drug discovery efforts. In medicinal chemistry, anthracene and its derivatives have shown significant potential as therapeutic agents: (Brabec et al., 2011; Hurley, 2002; Ho et al., 2007; Wu et al., 2014; Okumoto et al., 2006; Ito et al., 2003; Kouam et al., 2007; Corrêa et al., 2013; Soldi et al., 2015; Lown, 1988; Venitt et al., 1998; Iyengar et al., 1997).
	• Anticancer Agents: Certain anthracene derivatives have demonstrated the ability to intercalate with DNA, disrupting cellular processes and exhibiting anticancer activity. Research has focused on synthesizing novel anthracene-based compounds with enhanced efficacy against various cancer types.
	• Antimicrobial and Anti-inflammatory Properties: Anthracene derivatives have also been investigated for their antimicrobial and anti-inflammatory activities. These properties make them promising candidates for developing new drugs to combat infections and inflammatory diseases.
	• Drug Delivery Systems: The unique properties of anthracene allow for its incorporation into drug delivery systems, where it can enhance the solubility and bioavailability of therapeutic agents.

Anthracene’s unique properties and versatility have established it as a critical compound in various scientific and industrial fields. Its role in organic electronics, photonics, and medicinal chemistry underscores its importance and potential for future innovations. Continued research and development of anthracene derivatives are expected to further expand its applications and enhance its contributions to technology and healthcare.
3 TRANSITION METAL CATALYSIS
Over the last few decades, transition metal catalysis has transformed organic synthesis, allowing for the synthesis of new and efficient methods to build intricate molecular structures. The unique electronic properties and diverse coordination geometries of transition metals make them exceptionally versatile catalysts, capable of mediating a wide range of chemical transformations with high selectivity and efficiency. Transition metals, particularly those in the d-block of the periodic table, possess partially filled d-orbitals that allow them to form stable complexes with organic molecules. This ability to coordinate with various ligands and substrates is fundamental to their catalytic activity. Chemists can adjust the oxidation state and coordination environment of the metal centre to fine-tune the reactivity and selectivity of these catalysts, frequently accomplishing transformations that would be difficult or unfeasible with conventional organic reagents (Heravi et al., 2021; Dandia et al., 2015; Inamdar et al., 2013; Khatun et al., 2014; Iordanidou et al., 2018; Saha et al., 2009; Hussain et al., 2017; Kumar et al., 2014).
The significance of transition metal catalysis in organic synthesis is immense. From the advancement of palladium-catalyzed cross-coupling reactions, awarded the 2010 Nobel Prize in Chemistry, to the latest progress in gold catalysis and photoredox catalysis, transition metals persist in propelling innovation in synthetic methods. As research in this field progresses, new catalysts and reactions are constantly being discovered, further expanding the boundaries of what is possible in organic synthesis. Transition metals have emerged as pivotal catalysts in organic synthesis, revolutionizing the way complex molecules are constructed. These metals, including palladium, platinum, nickel, and copper, possess unique electronic properties that enable them to facilitate a wide range of chemical transformations. Transition metals can assume different oxidation states and create stable complexes with a variety of ligands, which increases their reactivity and selectivity in catalytic reactions (Parte et al., 2024; Albaladejo et al., 2013; Sadeghzadeh, 2016; Baghbanian, 2014; Kidwai et al., 2012; Reddy and Jeong, 2016; Balwe et al., 2017; Khafaei et al., 2021; Lak et al., 2021; Sabernezhad, 2021; Du Y. et al., 2024).
The use of transition metals in catalysis offers several advantages over traditional methods. Firstly, transition metal catalysts often exhibit high activity, enabling reactions to proceed under milder conditions and with shorter reaction times. This efficiency not only reduces energy consumption but also minimizes the formation of by-products, leading to cleaner reactions. For example, palladium-catalysed cross-coupling reactions, including the Suzuki and Heck reactions, have become established techniques for creating carbon-carbon bonds in organic synthesis, enabling the swift construction of intricate molecular structures (Farokhian et al., 2021; Bakhshi et al., 2021; Amjadian et al., 2021; Kahrizi et al., 2021; Rabbani and Safdary, 2021; Sead et al., 2025; Asadi and Jalilian, 2021; Mahboub Khomami et al., 2021; Zeidali et al., 2021).
Secondly, transition metal catalysts can provide exceptional selectivity, enabling the formation of specific products in the presence of multiple functional groups. This selectivity is particularly valuable in the synthesis of pharmaceuticals and agrochemicals, where the precise control of stereochemistry and functionalization is crucial. The development of chiral transition metal catalysts has further expanded the scope of asymmetric synthesis, allowing for the production of enantiomerically pure compounds (Jalali Sarvestani and Charehjou, 2021; Saffariha et al., 2021; Hassanpour, 2021; Jalilian, 2020).
Moreover, the versatility of transition metal catalysts extends to their ability to catalyse a diverse array of reactions, including oxidation, reduction, and C–H activation. This broad applicability makes them indispensable tools in modern organic synthesis. As research continues to advance, the design and optimization of transition metal catalysts are expected to yield even more efficient and sustainable synthetic methodologies (Rasouli et al., 2020; Ali et al., 2020a; Ali et al., 2020b; Bhattacharjee et al., 2018; Noyori, 2013).
3.1 Challenges and limitations
Despite the challenges, significant progress has been made in the synthesis of anthracene scaffolds using transition metal catalysis. While transition metal catalysis has significantly advanced the field of organic synthesis, several limitations and challenges of Existing Methodologies persist (Sead, 2025; El-Remailya and Hamad, 2015; Nguyen et al., 2019; Naeimi and Didar, 2017; Bullock, 2013).
These limitations and challenges can be classified into six primary categories: (1) the development of new catalysts; (2) environmental and safety concerns; (3) reactivity and selectivity issues; (4) ligand design and optimization; (5) metal residue and purity; and (6) cost and availability.
3.2 Future directions
The synthesis of anthracene scaffolds catalyzed by transition metals continues to evolve, driven by the need for more efficient, selective, and sustainable methodologies. While challenges remain, recent achievements in catalyst development, C–H activation, and cross-coupling reactions have expanded the synthetic toolbox available to chemists. Future research will likely focus on further optimizing these processes, exploring new catalytic systems, and integrating emerging technologies to address the limitations of existing methodologies. Although, the use of transition metals as catalysts in organic synthesis offers numerous advantages that have transformed the landscape of chemical manufacturing. Their catalytic efficiency, selectivity, versatility, and sustainability make them indispensable tools for chemists seeking to develop innovative and efficient synthetic methodologies. As research in this field continues to advance, the discovery of new transition metal catalysts and the optimization of existing ones will undoubtedly lead to further breakthroughs in organic synthesis (Trost, 1991; Bauer and Knölker, 2015; Prier et al., 2013; Sheldon et al., 2007; Ren et al., 2009).
4 METAL CATALYZED SYNTHESIS OF ANTHRACENE DERIVATIVES
In recent times, many publications have reported in the literature for the synthesis of anthracene derivatives based on using metal complexes as the catalyst. The present review focuses on the recent developments in the metal catalyzed syntheses of anthracene scaffolds.
4.1 Palladium catalyzed synthesis of anthracenes
In 2009, Ren and colleagues reported that the combination of Pd(OAc)2 and PPh3 forms an efficient catalytic system for synthesizing tetracyclic benz [a]anthracene frameworks (Chan et al., 2009). The reaction involving propargylic carbonate and phenylacetylene was carried out with various catalysts and bases in different environments; the reaction did not succeed without the palladium catalyst. Scheme 1 illustrates the details of the palladium-catalyzed tandem C-H activation/biscyclization reaction involving propargylic carbonates and terminal alkynes.
[image: A chemical reaction scheme shows the synthesis of a compound using copper iodide, palladium acetate, and triphenylphosphine as catalysts in N,N-dimethylformamide with triethylamine at 60°C for two hours. The reactants include a structure with two ester groups and a phenyl group, labeled with R1 and R2 substituents. Results display yields for various examples, ranging from 40% to 87%, with structures depicted for maximum, several, and minimum yield examples, highlighting variations in the R1 and R2 groups.]SCHEME 1 | Synthesis of tetracyclic benz [a] anthracenes through palladium-catalyzed tandem C-H activation/biscyclization reaction of propargylic carbonates with terminal alkynes.
Scheme 2 depicts a palladium-catalyzed tandem C-H activation/biscyclization reaction of propargylic carbonates with terminal alkynes to synthesize tetracyclic benz[a]anthracenes. The reaction begins with the oxidative addition of a Pd(0) catalyst to a C-H bond of the propargylic carbonate. This forms a Pd(II) intermediate. The Pd(II) intermediate undergoes carbonylation, inserting a CO molecule into the Pd-C bond. The resulting acyl-Pd(II) species then undergoes migratory insertion, inserting an alkene from the terminal alkyne into the Pd-C bond. Finally, reductive elimination occurs, releasing the tetracyclic benz[a]anthracene product and regenerating the Pd (0) catalyst for the next cycle.
[image: A schematic diagram illustrating a chemical reaction pathway involving palladium (Pd) catalysis. Multiple organic molecules are shown with ester groups (CO₂Et) and benzene rings. Key steps include oxidative addition, reductive elimination, and transmetalation involving copper (Cu) and hydrogen (HPd). Reactants, intermediates, and products are connected by arrows indicating progression and transformation throughout the reaction sequence.]SCHEME 2 | The plausible mechanism of Synthesis of tetracyclic benz [a]anthracenes through palladium-catalyzed tandem C-H activation/biscyclization reaction of propargylic carbonates with terminal alkynes.
The use of a palladium catalyst is crucial for the C-H activation and subsequent transformations. The propargylic carbonate and terminal alkyne are the key starting materials.
A collection of fluorescent macrocycles constructed from 1,3-butadiyne-bridged dibenz[a,j]anthracene units has been synthesized with high yields via a multistep synthetic method using a catalytic amount of palladium (Umeda et al., 2012). The highest yield was observed with Pd(PPh)3 in combination with potassium carbonate, among the tested palladium and bases. Scheme 3 illustrates that the corresponding 6,8-diiododi-benzo[a,j]anthracenes were synthesized with good yields through double iodonium-induced electrophilic cyclization.
[image: Chemical reaction scheme showing the formation of a polycyclic aromatic compound. Initial reactants include a boronic acid derivative and a dibromo compound, catalyzed by palladium complex, potassium carbonate, and other reagents under specific conditions. The main product is displayed, with additional examples illustrating variations that yield compounds with alkoxy substituents, displaying yields of fifty-five percent and fifty-four percent respectively.]SCHEME 3 | Synthesis of 6,8-diiododi-benzo [a,j]anthracenes through a multistep synthetic approach in the presence of catalytic amount of palladium.
In 2012, Nishiyama and colleagues synthesized a wide variety of biologically active dibenz[a,h]anthracenes via Pd-catalyzed intramolecular double-cyclization of the respective (Z,Z)-p-styrylstilbene derivatives, which were easily prepared using the Wittig reaction (Kim et al., 2016). A variety of palladium catalysts and bases were tested in various solvents to identify the optimal conditions. The intramolecular double-cyclization of the relevant (Z,Z)-p-styrylstilbene derivatives was performed in a single pot with a catalytic quantity of Pd(OAc)2 and potassium carbonate in DMF under heating conditions (Scheme 4).
[image: Chemical reaction scheme showing the use of palladium acetate as a catalyst for synthesizing polycyclic aromatic compounds. Conditions include potassium carbonate in dimethylformamide at 110 degrees Celsius for 12 hours. Variants of the reaction with different substituents result in varying yields: maximum yield is fifty-four percent, several examples show forty-one percent, and the minimum yield is fifteen percent. Structures of reactants and products are depicted with blue and pink color codes.]SCHEME 4 | Synthesis of dibenz [a,h]anthracenes through Pd-catalyzed intramolecular double-cyclization of the corresponding (Z, Z)-p-styrylstilbene derivatives.
In 2016, Hong and colleagues reported the synthesis of substituted anthracene derivatives via palladium(II)-catalyzed tandem transformation using carboxylic acids as traceless directing groups (Psutka et al., 2015). A variety of parameters (bases, solvents and additives) were analyzed in the template condensation of diphenyl carboxylic acid with ethyl acrylate, catalyzed by Pd(OAc)2 with an amino acid-derived ligand; the highest yield was observed using potassium carbonate in t-amyl OH. Under standardized conditions, substrates featuring both electron-donating (Me-, t-Bu-, MeO-, and Me2N-) and electron-withdrawing groups (F-, Cl-, and CF3-) on the aryl moieties were successfully involved in these reactions, resulting in the desired anthracene products with moderate to good yields (Scheme 5).
[image: Diagram illustrating a chemical reaction series catalyzed by palladium acetate with various reagents, showing different product yields. The top section outlines the reaction conditions and reagents. The middle section shows labeled examples, categorized by yield: maximum, several, and minimum. Below, chemical structures indicate reaction progressions with different substituents like NMe, OMe, and TMS, each linked to yield percentages. The bottom sequence depicts reaction steps involving Pd catalyst and carbonate groups leading to the final structures. The overall yield is noted as twenty-two examples with a range of forty-four to eighty-three percent.]SCHEME 5 | Synthesis and a plausible mechanism of synthesis of substituted anthracene derivatives through Pd(II)-catalyzed sp3 C–H alkenylation of diphenyl carboxylic acids with acrylates.
This mechanism describes the synthesis of substituted anthracene derivatives using a palladium(II) catalyst (Scheme 5). It starts with the oxidative addition of Pd(II) to a diphenyl carboxylic acid. An acrylate then inserts into the Pd-C bond. A key step involves a C-H activation and cyclization to form the anthracene core. Finally, reductive elimination regenerates the Pd(II) catalyst and releases the substituted anthracene product, along with CO2.
A broad range of 2,3,5,6-tetraalkoxydi-benz [a,c]anthracenes bearing substituents (H, OCH3, or CN) in the 11- and 12-positions were successfully synthesize by Maly and coworkers with good yields through Suzuki coupling of the appropriate dibromonaphthalene and boronate ester, followed by an oxidative cyclization in the presence of palladium (Park et al., 2018). These reactions were accomplished using 5 mol% of Pd(PPh3)4 and potassium carbonate in toluene/ethanol under thermal conditions (Scheme 6).
[image: Chemical synthesis diagram showing a reaction involving a BPin group and a phenyl group with palladium catalyst. Conditions include potassium carbonate and toluene/ethanol at 80°C. Examples show yields ranging from 15% to 68%, with structures featuring varying side groups, including methoxy and cyano groups.]SCHEME 6 | Synthesis of 2,3,5,6-tetraalkoxydi-benz [a,c]anthracenes through Pd(PPh3)4 catalyzed Suzuki coupling of the appropriate dibromonaphthalene and boronate ester, followed by an oxidative cyclization.
In 2018, Park and colleagues reported that palladium catalyzes the reactions between o-tolualdehydes and aryl iodides to synthesize substituted anthracenes (Suchand and Satyanarayana, 2019). In their standardization experiments, the authors found that steric and electronic effects significantly influence the cyclization process leading to the formation of anthracenes. The details of the synthesis of substituted anthracenes from o-tolualdehydes and aryl iodides, utilizing Pd(II)-catalyzed sp³ C-H arylation and electrophilic aromatic cyclization, are illustrated in Scheme 7.
[image: Chemical reaction scheme illustrating a synthesis process involving substituted benzene rings. The reaction conditions include Phe-IHe, P4tBu, AgOTf, and nitroaniline in acetic acid at one hundred twenty degrees Celsius for twenty-four hours. Examples show variations in yield between thirty-two and thirty-seven percent based on substituents R, which can be methyl, fluorine, or unspecified groups. Different benzene products are displayed with corresponding yields: thirty-seven percent, thirty-four percent, and thirty-two percent. A note highlights that five examples are shown with yields ranging from thirty-two to thirty-seven percent.]SCHEME 7 | Synthesis of substituted anthracenes through Pd(I I)-Catalyzed sp3 C-H arylation and electrophilic aromatic cyclization.
A library of biologically active anthraquinones was synthesized in good yields via a [Pd]-catalyzed intermolecular direct acylation reaction. The subsequent acylation was accomplished through intramolecular Friedel–Crafts acylation (Kodomari et al., 2008). In this methodology, Satyanarayana and Such utilized 5 mol% of Pd(OAc)2 in the presence of Ag2O/TBHP to explore the reaction scope between methyl 2-iodobenzoate and various benzaldehydes in water under reflux conditions (Scheme 8). Notably, benchtop aldehydes were employed as non-toxic acylation agents in the critical [Pd]-catalyzed acylation process.
[image: Chemical reaction scheme showing the synthesis of flavonoid derivatives. The top section outlines the reaction conditions: TBHP in H2O, Pd(OAc)2, Ag2O, and 4-nitroaniline at 120°C for 12-20 hours, followed by conc. H2SO4 in DCE at 60°C for 5 minutes to 2 hours. R1 can be H, Me, OMe, Br, or F; R2 can be OH, OMe, OEt, or OCH2O. There are 21 examples with yields from 55% to 69%. Below, there are three highlighted examples with yields: maximum yield at 69%, several examples at 63%, and minimum yield at 55%.]SCHEME 8 | Synthesis of anthraquinones through [Pd]-catalyzed intermolecular direct acylation reaction.
4.2 Zinc catalyzed synthesis of anthracenes
In 2008, Kodomari and colleagues employed silica gel-supported zinc bromide as a catalyst for the synthesis of 9,10-diarylanthracene derivatives. This synthesis was accomplished through the reaction of electron-rich arenes with acetyl bromide and aldehydes under mild conditions (Bhowmik et al., 2009). The experimental studies demonstrated that the yield of diarylanthracene derivatives was influenced by the ratio of arene to aldehyde. As illustrated in Scheme 9, the reaction of electron-rich arenes with aromatic aldehydes and acetyl bromide was catalyzed by ZnBr2/SiO2 in benzene under mild conditions, leading to favorable yields of the corresponding products.
[image: Chemical reaction scheme showing the synthesis of compounds using acetyl bromide, zinc bromide, and silica in benzene at room temperature for four hours. The top pathway yields 77% of a product with highlighted aromatic rings. The bottom pathway involves chlorination and produces a compound with a yield of 45%.]SCHEME 9 | Synthesis of 9,10-diarylanthracene derivatives through ZnBr2/SiO2 catalyzed reaction of electron-rich arenes with aromatic aldehydes and acetyl bromide.
One year later, Bhowmik and coworkers reported a facile and effective synthetic methodology for preparing 9,10-diacetoxy-anthracene derivatives from anthraquinone and its derivatives through a one-step reaction using a reductive Zn-pyridine system in ethanol under reflux conditions (Scheme 10) (Pünner et al., 2013).
[image: A chemical reaction scheme shows the reduction of a phthalide compound using sodium hydroxide and zinc in ethanol under reflux for 48 hours, resulting in a biphenyl compound. The process involves removing the alkoxy group. Example yields are given: maximum yield with a methoxy group at 87%, and minimum yield with a bulky alkoxy chain at 50%.]SCHEME 10 | Synthesis of 9,10-diacetoxy-anthracenes through from anthraquinone and its derivatives via a single step reaction by using reductive Zn-pyridine system.
Hilt and colleagues have developed an efficient synthetic route for the preparation of a wide range of symmetric and asymmetric anthraquinone derivatives, achieving good yields through zinc iodide-catalyzed Diels–Alder reactions with 1,3-dienes and aroylpropiolates, followed by intramolecular Friedel-Crafts cyclization (Agarwal et al., 2015). The scope and some limitations of these zinc iodide-catalyzed cyclization reactions are outlined in Scheme 11. The presence of more electron-donating alkyl or methoxy groups in the ring enhances the efficiency of the Friedel-Crafts cyclization.
[image: Chemical reaction scheme showing a reaction sequence where a starting material with substituents R1, R2, and R3 undergoes transformations in the presence of zinc iodide and other reagents. Products are depicted with different yields: maximum yield at ninety-six percent, several examples at ninety-two percent and twenty-four percent, and minimum yield at nine percent. The scheme includes different substituents for R1, R2, and R3, with color-coded chemical structures.]SCHEME 11 | Synthesis of anthraquinone derivatives through Zinc iodide-catalyzed Diels–Alder reactions with 1,3-dienes and aroylpropiolates followed by intramolecular Friedel-Crafts cyclization.
In 2015, Agarwal and colleagues introduced a novel and efficient method for synthesizing biologically active 1,8-diaryl-anthracene derivatives using zinc as a catalyst (Sivasakthikumaran et al., 2015). As illustrated in Scheme 12, the method involves the reduction of 1,8-dichloroanthraquinone, followed by aryl-aryl coupling under modified Suzuki-Miyaura reaction conditions, yielding good results for 1,8-diaryl anthracene derivatives.
[image: Chemical reaction diagram showing the synthesis of compounds using Zn, NH₃, H₂O, HCl, and Pd-PEPPSI-IP catalyst, leading to various aromatic product yields. Six examples show yields between fifty-two to seventy-seven percent. Compounds with maximum, several, and minimum yields are highlighted, including structures with methoxy and trifluoromethyl groups.]SCHEME 12 | Synthesis of 1,8 -diaryl-anthracene derivatives from anthroquinones in the presence of zinc as the catalyst.
In a separate publication on the synthesis of anthracenes, Mohanakrishnan and colleagues introduced zinc bromide as an efficient catalyst for the one-pot regioselective annulation of unsymmetrical 1,2-phenylenebis (diaryl/diheteroarylmethanol) (Imeni et al., 2023). They investigated the influence of the catalyst and solvent to optimize the reaction conditions, ultimately determining that 20 mol% of ZnBr in dichloromethane at ambient temperature was ideal for synthesizing anthracenes (Scheme 13). This system also demonstrated high activity in the preparation of other polycyclic aromatic hydrocarbons, such as tetracenes and naphtho [b]thiophenes.
[image: Chemical reaction scheme showing ZnBr₂ (20 mol%) in DCM at room temperature for 30 minutes, with 37 examples yielding 11-94%. Structures show maximum, several, and minimum yield examples, with yields of 94%, 84%, 36%, and 11%, respectively.]SCHEME 13 | Synthesis of anthracenes through zinc bromide catalyzed one-pot regioselective annulation of unsymmetrical 1,2-phenylenebis (diaryl/diheteroarylmethanol).
4.3 Indium catalyzed synthesis of anthracenes
Multicomponent reactions (MCRs) are valuable tools in organic synthesis, facilitating the rapid construction of complex molecular structures from three or more reactants in a single reaction step. They are highly regarded for their efficiency, atom economy, and ability to introduce molecular diversity, rendering them essential in the development of pharmaceuticals and organic materials (Javahershenas and Nikzat, 2023; Javahershenas et al., 2024a; Javahershenas et al., 2024b; Javahershenas et al., 2024c; Nandi et al., 2009).
In 2009, Nandi and colleagues developed a general and convenient synthetic method for preparing tetrahydrobenzo[a]xanthene-11-one and diazabenzo[a]anthracene-9,11-dione derivatives. This was achieved through a one-pot three-component cyclocondensation of aldehydes, β-naphthol, and cyclic 1,3-dicarbonyl compounds, catalyzed by InCl3 under solvent-free conditions (Scheme 15). (Kuninobu et al., 2011) The advantages of this catalytic system include appropriate reaction times, higher yields, mild reaction conditions, straightforward purification, and cost-effectiveness. A mechanistic pathway for the one-pot three-component cyclocondensation involving aldehydes, β-naphthol, and cyclic 1,3-dicarbonyl compounds catalyzed by InCl3 is illustrated in Scheme 14.
[image: Chemical reaction diagram showing the synthesis of a compound using either Indium chloride or Phosphorus pentoxide, with solvent-free conditions at 120 degrees Celsius for 30-75 minutes. The diagram includes examples showcasing various yields: maximum yield at 88%, several examples with yields from 76% to 65%, and a minimum yield of 63%. Different substituents and reaction pathways are illustrated, highlighting the diversity of reactions and potential outcomes.]SCHEME 14 | Synthesis and mechanistic rationale pathway of anthraquinone derivatives through cyclocondensation of aldehydes, β-naphthol and cyclic 1,3-di-carbonyl compounds catalyzed by InCl3.
In 2011, Takai and colleagues developed a general and efficient synthetic methodology for the preparation of anthracene derivatives from 2-benzylic or 2-allylbenzaldehydes, utilizing a catalytic amount of In(III) or Re(I) complexes (Hueso-Falcón et al., 2014). Two key factors in optimizing the synthesis of anthracene derivatives were the concentration of the catalyst and the nature of the solvent. Details of these reactions are presented in Scheme 15. This methodology also demonstrated high efficiency in synthesizing other polycyclic aromatic hydrocarbons, including derivatives of naphthalene and naphtha [2,3-b]thiophene.
[image: Chemical reaction diagram displaying a synthesis process with indium triflate as a catalyst. The reaction uses different groups (R1 and R2) and occurs in DCE at 115°C for 1-24 hours. Nine examples are shown, with yields ranging from 93-97%. Structures with specific substituents have yields marked as 97%, 95%, 96%, and 93%, respectively.]SCHEME 15 | Synthesis of anthracene derivatives from 2-benzylic- or 2-allylbenzaldehydes using a catalytic amount of In(III) or Re(I) complexes.
Estévez-Braun and colleagues reported the preparation of a library of cytotoxic dibenzo [a,h]anthracenes via an InCl3-catalyzed one-pot three-component reaction. This reaction involved 2-hydroxy-1,4-naphthoquinone, aromatic aldehydes, and 2-naphthol as synthetic inputs, all conducted under solvent-free conditions (Scheme 16). (Javahershenas et al., 2024d) To optimize the synthesis of cytotoxic dibenzo [a,h]anthracenes, various metal catalysts and solvents were evaluated. The highest yield was achieved using 30 mol% of InCl3 without solvent under thermal conditions. A mechanistic pathway for the InCl3-catalyzed one-pot three-component reaction is depicted in Scheme 16.
[image: A chemical reaction scheme showing the synthesis of naphthalene derivatives using various substrates. The reaction involves indium chloride as a catalyst at 120°C, producing twelve examples with yields ranging from 14 to 74 percent. Specific examples depicted include maximum yield at 74 percent, several examples at 59 percent, and minimum yield at 14 percent. Ar groups vary across different compounds. Mechanistic steps detail acylation and cyclization processes with specific reagents and intermediates outlined.]SCHEME 16 | Synthesis and mechanistic rationale pathway of cytotoxic dibenzo [a,h]anthracenes through InCl3 catalyzed one-pot three-component reaction with 2-hydroxy-1,4-naphthoquinone, aromatic aldehydes, and 2-naphthol.
4.4 Cobalt catalyzed synthesis of anthracenes
Microwave-assisted synthesis is a contemporary organic technique that utilizes microwave radiation to heat reaction mixtures, resulting in significantly reduced reaction times and often enhanced product yields. This method is recognized for its efficiency, energy conservation, and capability to facilitate reactions that may be difficult to achieve under conventional thermal conditions. Zou et al. (2008) developed a general and effective microwave-assisted methodology for synthesizing substituted anthracenes and azaanthracenes in high yields through [2 + 2 + 2] cyclotrimerization reactions employing nickel and cobalt catalysts. The presence of a catalyst was essential for the synthesis of anthracene derivatives, as the template reaction was unsuccessful without nickel or cobalt. Under optimized conditions, a variety of substrates featuring functional groups such as alkyl and alkene chains, hydroxy groups, and benzene and pyridine rings were examined, resulting in the successful synthesis of the desired anthracene products in good to high yields (Scheme 17).
[image: Chemical reaction schematic depicting a process catalyzed by (PPh₃)₂Ni(CO)₂ in toluene, with heating at 120 degrees Celsius for 10 to 20 minutes, followed by DDQ treatment. It shows examples of substrates and products with varying yields. The reaction involves different substituents (X and R) and results in three products: one with a 74% yield featuring a phenyl group, another with a 75% yield with a butyl group, and a third with a 53% yield featuring a hydroxyl group. There are 24 examples, with yields ranging from 53-86%.]SCHEME 17 | Synthesis of substituted anthracenes and azaanthracenes through Nickel/cobalt catalyzed [2 + 2 + 2] cyclotrimerization reactions.
In a separate publication, Saino et al. (2010) reported that the combination of CoCl2·6H2O and Zn powder constitutes an efficient system for synthesizing substituted anthracenes through [2 + 2 + 2] alkyne-cyclotrimerization reactions with 2-iminomethylpyridine (dipimp) (Hoffmann et al., 2019). When the reaction was conducted using only the cobalt catalyst, the yield of the target product was unsatisfactory. As illustrated in Scheme 18, the [2 + 2 + 2] cycloaddition reaction of 1,6-diynes with 4-aryl-2-butyn-1-ols, catalyzed by the CoCl2·6H2O/Zn reagent in the presence of dipimp, resulted in the formation of the desired substituted anthracenes with good yields. Notably, this catalytic system exhibited high activity in the synthesis of substituted pentaphenes and trinaphthylenes.
[image: A chemical reaction scheme shows the synthesis process involving a series of steps with reagents such as Dipimp, CoCl2, and Zn powder, leading to different substituted aromatic compounds. The diagram presents three examples of yields: maximum (75% with an EtO2C group), several examples (73% with an OMe group), and minimum (57% with a Ph group). The molecular structures are color-coded in blue and pink, and the conditions for each step are specified.]SCHEME 18 | Synthesis of substituted anthracenes through oCl2·6H2O/Zn reagent catalyzed [2 + 2 + 2] cycloaddition reaction of 1,6-diynes with 4-aryl-2-butyn-1-ols.
In 2019, Hoffmann and colleagues established an effective synthetic route for the preparation of 2,3- and 2,3,6,7-halogenated anthracenes through cobalt-catalyzed [2 + 2 + 2] cyclotrimerization reactions employing bis(trimethylsilyl)acetylenes (Koley et al., 2023). As depicted in Scheme 19, a crucial step involved the introduction of chlorine, bromine, or iodine substituents via halodesilylation of TMS-substituted cyclotrimerization adducts. The synthesis of 2,3- and 2,3,6,7-halogenated anthracenes achieved satisfactory yields through oxidation and aromatization processes using DDQ. Notably, this method exhibited high efficiency in producing 2,3,6,7-halogenated anthracene derivatives, which are typically difficult to obtain.
[image: A chemical reaction scheme shows the halogenation of a naphthalene derivative using CpCo(CO)\(_2\) as a catalyst and trimethylsilyl reagent under specified conditions. The products include halogenated naphthalenes with various yields: 85% with bromine, 80% with iodine, and 61% with chlorine. Eight examples are illustrated, with yields ranging from 61% to 85%.]SCHEME 19 | Synthesis of 2,3- and 2,3,6,7-halogenated anthracenes through cobalt-catalyzed [2 + 2 + 2] cyclotrimerization reactions with bis(trimethylsilyl)acetylenes.
4.5 Gold catalyzed synthesis of anthracenes
Gold-catalyzed synthesis is a specialized area of organic chemistry that utilizes gold as a catalyst to facilitate a range of chemical transformations, particularly the activation of alkynes, allenes, and alkenes (Nakae et al., 2012). This methodology is highly regarded for its capacity to promote mild and selective reactions, enabling the efficient synthesis of complex organic molecules with potential applications in drug development and materials science. In 2012, Nakae and colleagues reported the synthesis of a series of dibenzo[a, h]anthracenes through one-pot double cyclization reactions employing a catalytic amount of AuCl (Scheme 20). (Shu et al., 2013) The presence of gold catalysts was essential for these reactions, as the template double cyclization of dihaloethynylterphenyl could not be achieved in the absence of gold. These one-pot double cyclization reactions were performed using 20 mol% of AuCl in toluene at 60°C for 24 h.
[image: Chemical reaction diagram showing a transformation using AuCl as a catalyst in toluene at 80 degrees Celsius for 24 hours. The reactants and products include hexyl, tert-butyl, and Br groups. Three examples are provided, showing maximum yield (92%), moderate yield (84%), and minimum yield (49%) with their corresponding structures.]SCHEME 20 | Synthesis of dibenzo [a, h]anthracenes through one-pot double cyclization reactions in the presence of catalytic amount of AuCl.
Shu and colleagues have developed a novel synthetic procedure for preparing substituted anthracenes via the cyclization of o-alkynyldiarylmethanes using a catalytic amount of the gold complex (Et3PAuNTf2) (Sawano et al., 2019). They conducted template cyclization of o-alkynyldiarylmethane under various conditions to identify the optimal parameters for synthesizing substituted anthracenes. Notably, the template product was not observed in the absence of gold catalysts. Under the standardized conditions outlined in Scheme 21, functionalities such as F, Br, and Me, as well as the acid-sensitive OAc group on the aromatic ring, were all well tolerated during the cyclization process.
[image: Chemical reaction diagram showing the synthesis of substituted phenanthrene derivatives. The reaction involves dihydronaphthalene precursors with various substituents, leading to phenanthrene products. Three examples show different yields: maximum yield with R = OH (80%), typical yield with R = Ph (71% and 66%), and minimum yield with R = OMe (58%). Reaction conditions include protonation and palladium catalysis in DCE at 80°C for five hours, with yields between 58-80% across 21 examples.]SCHEME 21 | Synthesis of substituted anthracenes through gold catalyzed cyclization of o-alkynyldiarylmethanes.
4.6 Iridium catalyzed synthesis of anthracene derivatives
Takeuchi and colleagues have developed a valuable synthetic method for producing biologically promising anthraquinone derivatives (Fukutani et al., 2009). This approach utilizes [Ir (cod)Cl]2 (where cod is 1,5-cyclooctadiene) in combination with bis(diphenylphosphino)ethane (DPPE) as an effective catalytic system. The reaction of a 1,2-bis(propiolyl)benzene derivative with three equivalents of 1-hexyne was explored under various conditions, revealing that the absence of ligands resulted in a poor yield of the target product. As illustrated in Scheme 22, a range of anthraquinone derivatives can be synthesized in moderate to high yields through the [Ir (cod)Cl]2/DPPE-catalyzed [2 + 2 + 2] cycloaddition of a 1,2-bis(propiolyl)benzene derivative with terminal and internal alkynes in nonpolar solvents under reflux conditions.
[image: Chemical reaction scheme showing the synthesis of compounds with different substituents, using a catalyst system including [Ir(cod)Cl]₂ and DPPE in toluene. The reaction details and conditions are depicted, with examples illustrating maximum yield (35%), several examples (85%), and minimum yield (42%).]SCHEME 22 | Synthesis of anthraquinone derivatives through [Ir (cod)Cl]2/DPPE catalyzed [2 + 2 + 2] cycloaddition of a 1,2-bis(propiolyl)benzene derivative with terminal and internal alkynes.
4.7 Rhodium catalyzed synthesis of anthracenes
In 2009, Fukutani and his team developed a general and efficient method for synthesizing 1,2,3,4-tetrasubstituted anthracene derivatives through rhodium-catalyzed oxidative coupling reactions between aryl boronic acids and internal alkynes (Scheme 23). (Zhang et al., 2016) They investigated the effects of various catalysts and solvents to optimize the reaction conditions. This catalytic system also demonstrated high activity in the synthesis of other polysubstituted fused aromatic compounds.
[image: Chemical reaction diagram showing a process with B(OH)2 and Ph compounds producing two types of phenyl-substituted naphthalene compounds using [Cp*RhCl2] and Cu(OAc)2 in DMF at 100°C for 2 hours. Yields range from 67% to 72%, with examples illustrating maximum and minimum yields.]SCHEME 23 | Synthesis of 1,2,3,4-tetrasubtituted anthracene derivatives through rhodium-catalyzed oxidative coupling reactions of aryl-boronic acids with internal alkynes in the presence of Cu(OAc)2 as the oxidant.
Zhang and colleagues developed an innovative and highly efficient synthetic methodology for the preparation of substituted anthracenes through rhodium-catalyzed oxidative benzannulation reactions. This process involves the reaction of 1-adamantoyl-1-naphthylamines with internal alkynes in the presence of Cu(OAc)2 as the oxidant, utilizing DMF under thermal conditions (Scheme 24) (Kitazawa et al., 2011). The reactions proceeded smoothly with alkynes containing either electron-donating or electron-withdrawing groups on the benzene ring, resulting in the formation of target anthracene products in moderate to good yields.
[image: Chemical reaction diagram showing a transformation using [Cp*RhCl2] with Cu(OAc)2, resulting in various yields. Top section illustrates reactants, with R1 as H, OMe, Br and R2 as Ar, alkyl. Lower section shows example products with yields: 85%, 56%, 48%, and 21%.]SCHEME 24 | Synthesis of substituted anthracenes through rhodium-catalyzed oxidative benzannulation reactions of 1-adamantoyl-1-naphthylamines with internal alkynes in the presence of Cu(OAc)2 as the oxidant.
4.8 Ruthenium catalyzed synthesis of anthracenes
In 2011, Kitazawa and colleagues reported a one-pot, regioselective C–H arylation of aromatic ketones utilizing [RuH2(CO) (PPh3)] as the catalyst for the synthesis of dibenzo [a,h]anthracenes 159 This reaction was performed in pinacolone under reflux conditions. Additionally, they explored the effects of various substituents at specific positions on arenediboronates under standardized conditions (Scheme 25).
[image: Chemical synthesis scheme showing a reaction using \([ \text{RuH}_2(\text{CO})(\text{PPh}_3)_3 ]\) as a catalyst in toluene at 120 degrees Celsius for 24 hours, producing five examples of compounds with yields ranging from 3% to 51%. Examples include maximum yield (51%), several examples (36%), and minimum yield (3%). The structures illustrate variations in \(R_1\) and \(R_2\) groups, with \(R_1\) and \(R_2\) as H, Me, Me\(_3\)Si, or MeO.]SCHEME 25 | Synthesis of dibenzo [a,h] anthracenes through [RuH2(CO) (PPh3)] catalyzed one-pot regioselective C¬H arylation of aromatic ketones.
5 CONCLUSION
The synthesis of anthracene scaffolds catalyzed by transition metals has witnessed significant advancements in recent years, enhancing the efficiency, selectivity, and sustainability of these important organic compounds. Transition metal catalysis has emerged as a powerful tool for developing innovative methodologies that address challenges associated with traditional synthetic routes.
Recent achievements in this field include the implementation of C–H activation strategies, which allow for direct functionalization of anthracene derivatives, simplifying synthetic pathways and reducing the need for pre-functionalization. The evolution of cross-coupling reactions, especially using palladium and nickel catalysts, has enabled the efficient construction of complex anthracene-based structures with high yields and selectivity.
New catalytic systems, including earth-abundant metals and chiral catalysts, have further expanded the scope of anthracene synthesis, providing access to enantiomerically enriched compounds valuable in pharmaceuticals and materials science. The integration of green chemistry principles into these methodologies has led to sustainable practices, minimizing waste and environmental impact.
Looking forward, the future of anthracene scaffold synthesis appears promising, with ongoing efforts to optimize methodologies, develop novel catalysts, and explore new reaction conditions. These advancements not only enhance the utility of anthracene derivatives in various applications but also contribute to broader goals of sustainable and efficient organic synthesis. Collaboration between chemists, materials scientists, and industry will drive further innovations in this dynamic field, paving the way for new discoveries and applications of anthracene-based compounds.
Recent achievements underscore the dynamic nature of this field and its critical role in advancing modern organic synthesis. The continued exploration and optimization of these catalytic processes will pave the way for new discoveries and applications, reinforcing the importance of transition metals in synthesizing complex molecular architectures.
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The majority of patients with androgen-dependent prostate cancer (PCa) develop resistance to hormone therapy after approximately 18–24 months of androgen deprivation therapy treatment. During this process, PCa cells progressively lose their sensitivity to androgens and evolve into castration-resistant prostate cancer leading to uncontrolled tumor growth and ultimately the failure of endocrine therapy. To develop potential anti-prostate cancer agents, in this study, we identified a novel ether-type arylpiperazine derivative as a potent androgen receptor (AR) antagonist, uncovering a series of effective antiproliferative compounds. The derivatives (7, 11, 17, 19, 20, 21, 22, 23, and 24) demonstrated strong cytotoxicity against cancer cells, with 17, 19, 20, and 23 showing significant androgen receptor antagonistic activity (Inhibition% >60) and robust AR binding affinities. The structure-activity relationship (SAR) of these developed derivatives was discussed based on data. Docking study suggested that the compound 19 mainly bind to AR ligand binding pocket site through Van der Waals’ force interactions. This research presents a promising lead compound for developing anticancer agents targeting prostate cancer therapy.
Keywords: prostate cancer, antagonistic activity, binding affinities, docking study, AR antagonists

HIGHLIGHTS

	 • A series of arylpiperazine derivative was synthesized.
	 • The anti-prostate cancer activities of derivatives were investigated.
	 • Binding affinity and antagonistic potency of derivatives were also investigated against AR.
	 • Some derivatives exhibited strong activities against AR and cancer cells.
	 • Molecular docking and SAR of derivatives were also studied.

INTRODUCTION
According to the National Cancer Center of China’s 2024 National Cancer Report, there has been an increasing trend in both the incidence and mortality rates of prostate cancer in China in recent years, ranking sixth among the top ten malignant tumors in men (Zheng et al., 2024). The 2022 American Cancer Statistics Report estimated that prostate cancer would be the most common newly diagnosed cancer, accounting for 27%, and the second leading cause of cancer death, accounting for 11% (Siegel et al., 2022). The growth of prostate cancer cells depends on androgens, which exert their biological functions through the AR signaling pathway. Abnormal activation of the AR signaling pathway is the fundamental reason for the occurrence and development of prostate cancer (Dai et al., 2023; He et al., 2022; Jamroze et al., 2021).
Early-stage localized prostate cancer can be completely cured through surgical treatment and radiation therapy. For non-localized, inoperable prostate cancer patients, the first-line therapy is ADT (Choi et al., 2022). Endocrine therapy, while effective at controlling the progression of prostate cancer during the initial stages of treatment, leads to almost all initially hormone-sensitive tumors transforming into CRPC after 18–24 months of therapy (Vellky and Ricke, 2020). This presents significant clinical challenges, as there is currently no effective treatment regimen available for CRPC. Currently, there is no effective treatment for CRPC, although its molecular mechanisms of occurrence and development have not been fully elucidated, extensive research has found that 80% of advanced CRPC overexpress AR (Formaggio et al., 2021; Visakorpi et al., 1995), and the expression of AR in bone metastases is higher than in primary tumors (Fontana et al., 2022; Lu et al., 2020; Obinata et al., 2020). The application of next-generation ADTs (such as enzalutamide and abiraterone) can suppress the progression of CRPC by inhibiting AR in CRPC cells, and the absence of AR in CRPC cells can lead to cell death. This phenomenon indicates that the survival and growth of CRPC still depend on the AR signaling pathway, and the reactivation of AR is the fundamental cause of CRPC. Patients with CRPC constitute the main population at risk of dying from prostate cancer. Therefore, AR has become an important target for the treatment of prostate cancer. However, the development of resistance is a common issue in current endocrine therapies for prostate cancer (Schmidt et al., 2021).
Thus, finding and developing highly effective AR-targeted antagonists that combat resistance for the endocrine treatment of prostate cancer is an urgent need. Naftopidil (NAF, Figure 1), a class of arylpiperazine derivatives, selectively blocks the α1a/1d receptor subtypes, reduces the levels of dihydrotestosterone within the prostate tissue and cells, promotes apoptosis, and is currently used in the treatment of benign prostatic hyperplasia (Zhan et al., 2022). Furthermore, studies have found that NAF can effectively inhibit the proliferation of prostate cancer cells PC-3 and LNCaP, inducing apoptosis (Ishii et al., 2018; Iwamoto et al., 2017; Maesaka et al., 2021). Kinoyama et al. (2005), Kinoyama et al. (2004) reported that arylpiperazine derivatives exhibit significant AR antagonistic activity, with an IC50 of 0.11 μmol/L, compared to bicalutamide’s IC50 of 50 μmol/L. They can inhibit prostate hyperplasia without affecting serum testosterone levels. In recent years, our research team has conducted extensive preliminary basic research on the anti-prostate cancer activity of arylpiperazine derivatives, discovering that some arylpiperazine derivatives show good cytotoxic activity (Chen et al., 2018a; Chen et al., 2018b; Chen et al., 2017; Chen et al., 2015; Chen et al., 2019a; Qi et al., 2022a) and exhibit better antagonistic activity and affinity for AR (Chen et al., 2019a; Chen et al., 2019b).
[image: Chemical structure of diphenhydramine, showing two benzene rings linked to an ether group and an alcohol group. A dimethylaminoethyl chain connects to a piperidine ring, which is bonded to a methoxyphenyl group.]FIGURE 1 | Structures of naftopidil.
Although the reported arylpiperazine derivatives possess significant AR antagonistic activity, there is less research on their resistance evaluation and antitumor molecular mechanisms. Based on the aforementioned studies, the drug design strategy of this project is to design and synthesize a new class of arylpiperazine derivatives based on naftopidil (Scheme 1) on the foundation of previous research. The aim is to investigate their biological activity, resistance, and antitumor molecular mechanisms, thereby obtaining new drugs with stronger antagonistic activity and resistance to treat prostate cancer.
[image: Chemical reaction scheme illustrating a multi-step synthesis process. Starting with compound 1, it undergoes reactions involving reagents such as BH\(_3\) and TsCl, producing intermediates 2 through 4. Final compounds 5-24 show variations in the aromatic group, denoted as Ar, with substituents like chlorine, fluorine, bromine, and cyano groups. Reaction conditions and arrows indicate the progression of the synthesis.]SCHEME 1 | The synthesis route of derivatives 5–24. Reagents and conditions: (i) BH3·S(CH3)2, THF, 0°C for 1 h, and then room temperature for 12 h; (ii) 1-(Diphenylmethyl) piperazine, K2CO3, CH3CN, reflux, 12 h; (iii) TsCl, Et3N and 4-dimethylaminopyridine, Cl2CH2, 0°C, 16 h; (iv) Phenol, K2CO3, CH3CN, reflux, 12 h.
MATERIALS AND METHODS
General chemistry
Reagents and solvents were procured via commercial channels. Organic solvents underwent distillation before use. Melting points were determined using an uncalibrated SGW X-4 micro melting point apparatus. NMR spectra were acquired on a Bruker AVANCE-400 spectrometer in CDCl3, employing TMS as an internal standard, with chemical shifts reported in δ (ppm) and coupling constants in Hertz. HRMS spectra were documented on an AB Sciex X500R QTOF mass spectrometer (Foster City, CA, United States). HPLC chromatogram was performed on UltiMate 3000 with H2O and CH3CN as the mobile phase. The completion of all reactions was monitored by thin-layer chromatography (TLC) performed on pre-coated silica gel 60 F254 TLC plates (VWR), with observations made under ultraviolet light at wavelengths of 254 and/or 365 nm (Sun et al., 2022; Sun et al., 2025).
Cell lines
The cell lines PC-3, LNCaP, DU145 and WPMY-1 were purchased from the Cell Bank of the Chinese Academy of Sciences.
Synthesis of 2-(4-(bromomethyl)phenyl)ethanol (2)
Compound 2 was synthesized using methods reported previously in the literature (Chen et al., 2018a; Chen et al., 2014).
2-(4-((4-benzhydrylpiperazin-1-yl)methyl)phenyl)ethan-1-ol (3)
Compound 3 was synthesized using methods reported previously in the literature (Chen et al., 2018b), and sesamol was substituted with 1-(diphenylmethyl)-piperazin. White solid (ethyl acetate). Yield: 70% from compound 1; M.p. 101.4°C–101.8°C; 1H NMR (400 MHz, CDCl3): δ 7.38 (d, J = 7.4 Hz, 4H), 7.25–7.20 (m, 6H), 7.13 (t, J = 8.6 Hz, 4H), 4.21 (s, 1H), 3.77 (t, J = 6.7 Hz, 2H), 3.46 (s, 2H), 2.80 (t, J = 6.6 Hz, 2H), 2.45 (s, 8H). HRMS (ESI) m/z [M + H]+: calcd for C26H31N2O: 387.2431, found: 387.2448.
4-((4-benzhydrylpiperazin-1-yl)methyl)phenethyl 4-methylbenzenesulfonate (4)
Compound 4 was synthesized using methods reported previously in the literature (Chen et al., 2018b). White solid (ethyl acetate). M.p. 106.3°C–106.7°C; Yield, 87%. 1H NMR (400 MHz, CDCl3): δ 7.68 (d, J = 8.2 Hz, 2H), 7.39 (d, J = 7.4 Hz, 4H), 7.24 (t, J = 7.8 Hz, 6H), 7.19–7.12 (m, 4H), 7.02 (d, J = 7.8 Hz, 2H), 4.22 (s, 1H), 4.17 (t, J = 7.1 Hz, 2H), 3.48 (s, 2H), 2.90 (t, J = 7.1 Hz, 2H), 2.46 (s, 8H), 2.38 (s, 3H). HRMS (ESI) m/z [M + H]+: calcd for C33H37N2O3S: 541.2519, found: 541.2601.
General procedure for the preparation of arylpiperazine derivative 5-24
Phenol (0.27 mmol, 1.5 equiv) and potassium carbonate (1.08 mmol, 6.0 equiv) were added to a solution of 4-((4-benzhydrylpiperazin-1-yl)methyl)phenethyl 4-methylbenzenesulfonate 4 (0.18 mmol, 1.0 equiv) in acetonitrile (CH3CN, 15 mL). The reaction mixture was heated to 85°C and stirred for 12 h. Afterward, the mixture was cooled down to room temperature. The reaction mixture was then filtered, and the filtrate was concentrated under vacuum. The residue was purified by silica gel column chromatography using a petroleum ether:ethyl acetate ratio of 25:1 (v/v) to obtain the corresponding product (5–24).
Experimental data of 1-benzhydryl-4-(4-(2-phenoxyethyl)benzyl)piperazine (5)
White solid (ethyl acetate); M.p. 96.3°C–96.8°C; Yield, 82%. The purity = 98.5%. 1H NMR (400 MHz, CDCl3): δ 7.39 (d, J = 7.6 Hz, 4H), 7.27 (s, 1H), 7.25 (d, J = 2.3 Hz, 2H), 7.23 (d, J = 7.0 Hz, 5H), 7.19 (d, J = 8.0 Hz, 2H), 7.14 (t, J = 7.2 Hz, 2H), 6.92 (d, J = 7.3 Hz, 1H), 6.88 (d, J = 8.2 Hz, 2H), 4.22 (s, 1H), 4.13 (t, J = 7.1 Hz, 2H), 3.48 (s, 2H), 3.05 (t, J = 7.1 Hz, 2H), 2.46 (s, 4H), 2.40 (s, 4H). 13C NMR (100 MHz, CDCl3): δ 158.8, 142.8, 137.0, 136.2, 129.5, 128.8, 128.4, 128.0, 126.9, 120.7, 114.6, 76.2, 68.6, 62.8, 53.4, 51.9, 35.5. HRMS (ESI) m/z [M + H]+: calcd for C32H35N2O: 463.2744, found: 463.2745.
Experimental data of 1-benzhydryl-4-(4-(2-(4-fluorophenoxy)ethyl)benzyl)piperazine (6)
Light yellow solid (ethyl acetate); M.p. 90.1°C–90.4°C; Yield, 78%. The purity = 98.3%. 1H NMR (400 MHz, CDCl3): δ 7.30 (d, J = 7.4 Hz, 4H), 7.15 (t, J = 7.2 Hz, 6H), 7.10 (d, J = 7.7 Hz, 2H), 7.06 (t, J = 7.3 Hz, 2H), 6.84 (t, J = 8.3 Hz, 2H), 6.72–6.69 (m, 2H), 4.14 (s, 1H), 3.99 (t, J = 7.0 Hz, 2H), 3.41 (s, 2H), 2.94 (t, J = 6.9 Hz, 2H), 2.39 (s, 4H), 2.32 (s, 4H). 13C NMR (100 MHz, CDCl3): δ 158.5, 155.5 (d, J = 112.5 Hz), 142.8, 137.0, 136.0, 129.5, 128.8, 128.5, 128.0, 126.9, 115.8 (d, J = 22.9 Hz), 115.6 (d, J = 8.0 Hz), 76.2, 69.4, 62.7, 53.3, 51.8, 35.5. HRMS (ESI) m/z [M + H]+: calcd for C32H34FN2O: 481.2650, found: 481.2647.
Experimental data of 1-benzhydryl-4-(4-(2-(3,5-dimethylphenoxy)ethyl)benzyl)piperazine (7)
White solid (ethyl acetate); M.p. 123.2°C–123.5°C; Yield, 78%. The purity = 98%. 1H NMR (400 MHz, CDCl3): δ 7.39–7.37 (m, 4H), 7.21–7.18 (m, 8H), 7.12 (d, J = 7.0 Hz, 2H), 6.65–6.50 (m, 3H), 4.20 (s, 1H), 4.07 (t, J = 7.0 Hz, 2H), 3.46 (s, 2H), 3.01 (d, J = 6.6 Hz, 2H), 2.44 (s, 4H), 2.38 (s, 4H), 2.20 (s, 3H), 2.23 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 159.0, 142.9, 139.2, 137.2, 136.2, 129.5, 128.5, 128.1, 127.0, 122.6, 122.5, 76.3, 68.6, 62.9, 53.4, 52.0, 35.7, 21.6. HRMS (ESI) m/z [M + H]+: calcd for C34H39N2O: 491.3057, found: 491.3059.
Experimental data of 4-(4-((4-benzhydrylpiperazin-1-yl)methyl)phenethoxy)benzonitrile (8)
White solid (ethyl acetate); M.p. 112.3°C–112.7°C; Yield, 51%. The purity = 98.7%. 1H NMR (400 MHz, CDCl3): δ 7.53 (d, J = 8.6 Hz, 2H), 7.39 (d, J = 7.4 Hz, 4H), 7.24 (t, J = 7.3 Hz, 6H), 7.19–7.13 (m, 4H),6.90 (d, J = 8.6 Hz, 2H), 4.22 (s, 1H), 4.16 (t, J = 7.0 Hz, 2H), 3.49 (s, 2H), 3.07 (t, J = 6.9 Hz, 2H), 2.46 (s, 4H), 2.40 (s, 4H). 13C NMR (100 MHz, CDCl3): δ 162.1, 142.8, 136.6, 136.3, 134.0, 129.5, 128.8, 128.4, 128.0, 126.9, 119.2, 115.2, 104.0, 76.2, 69.0, 62.7, 53.4, 51.9, 35.2. HRMS (ESI) m/z [M + H]+: calcd for C33H34N3O: 488.2696, found: 488.2714.
Experimental data of 1-benzhydryl-4-(4-(2-(4-iodophenoxy)ethyl)benzyl)piperazine (9)
White solid (ethyl acetate); M.p. 113.4°C–113.9°C; Yield, 76%. The purity = 98.7%. 1H NMR (400 MHz, CDCl3): δ 7.51 (d, J = 8.8 Hz, 2H), 7.39 (d, J = 7.5 Hz, 4H), 7.26 (s, 1H), 7.23 (d, J = 7.0 Hz, 5H), 7.18–7.13 (m, 4H), 6.64 (d, J = 8.8 Hz, 2H), 4.22 (s, 1H), 4.08 (t, J = 7.1 Hz, 2H), 3.49 (s, 2H), 3.03 (t, J = 7.0 Hz, 2H), 2.47 (s, 4H), 2.42 (s, 4H). 13C NMR (100 MHz, CDCl3): δ 158.7, 142.8, 138.2, 136.7, 136.2, 129.5, 128.8, 128.4, 128.0, 126.9, 117.0, 82.7, 76.2, 68.8, 62.7, 53.3, 51.8, 35.3. HRMS (ESI) m/z [M + H]+: calcd for C32H34IN2O: 589.1710, found: 589.1740.
Experimental data of 1-benzhydryl-4-(4-(2-(3,4-dichlorophenoxy)ethyl)benzyl)piperazine (10)
Light yellow solid (ethyl acetate); M.p. 130.7°C–131.2°C; Yield, 68%. The purity = 98.8%. 1H NMR (400 MHz, CDCl3): δ 7.31 (d, J = 7.1 Hz, 4H), 7.19–7.13 (m, 7H), 7.09–7.04 (m, 4H), 6.86 (d, J = 2.7 Hz, 1H), 6.61 (dd, J = 8.8 Hz, J = 2.6 Hz, 1H), 4.13 (s, 1H), 3.99 (t, J = 7.0 Hz, 2H), 3.40 (s, 2H), 2.94 (t, J = 6.9 Hz, 2H), 2.37 (s, 4H), 2.31 (s, 4H). 13C NMR (100 MHz, CDCl3): δ 156.8, 141.7, 135.5, 135.4, 131.8, 129.6, 128.4, 127.7, 127.4, 126.9, 125.8, 122.8, 115.3, 113.5, 75.2, 68.2, 61.7, 52.3, 50.8, 34.2. HRMS (ESI) m/z [M + H]+: calcd for C32H33Cl2N2O: 531.1965, found: 531.1991.
Experimental data of 1-benzhydryl-4-(4-(2-(3,5-dichlorophenoxy)ethyl)benzyl)piperazine (11)
Light yellow solid (ethyl acetate); M.p. 129.5°C–130.2°C; Yield, 77%. The purity = 97.9%. 1H NMR (400 MHz, CDCl3): δ 7.30 (d, J = 7.5 Hz, 4H), 7.14 (d, J = 6.6 Hz, 6H), 7.08–7.04 (m, 4H), 6.83 (s, 1H), 6.67 (s, 2H), 4.14 (s, 1H), 3.99 (t, J = 6.8 Hz, 2H), 3.40 (s, 2H), 2.93 (t, J = 6.8 Hz, 2H), 2.37 (s, 4H), 2.31 (s, 4H). 13C NMR (100 MHz, CDCl3): δ 159.9, 142.8, 136.6, 136.3, 135.4, 129.5, 128.8, 128.4, 128.0, 126.9, 121.0, 113.7, 76.3, 69.3, 62.8, 53.4, 51.9, 35.2. HRMS (ESI) m/z [M + H]+: calcd for C32H33Cl2N2O: 531.1965, found: 531.1985.
Experimental data of 1-benzhydryl-4-(4-(2-(m-tolyloxy)ethyl)benzyl)piperazine (12)
White solid (ethyl acetate); M.p. 125.1°C–125.6°C; Yield, 80%. The purity = 98.8%. 1H NMR (500 MHz, CDCl3): δ 7.45 (d, J = 7.5 Hz, 4H), 7.31 (s, 1H), 7.30 (d, J = 7.7 Hz, 5H), 7.26 (d, J = 8.0 Hz, 2H), 7.20 (dd, J = 15.0 Hz, J = 7.3 Hz, 3H), 6.79 (d, J = 7.5 Hz, 1H), 6.76–6.74 (m, 2H), 4.28 (s, 1H), 4.18 (t, J = 7.2 Hz, 2H), 3.55 (s, 2H), 3.11 (t, J = 7.1 Hz, 2H), 2.53 (s, 4H), 2.47 (s, 4H), 2.36 (s, 3H). 13C NMR (125 MHz, CDCl3): δ 158.9, 142.8, 139.5, 137.1, 136.1, 129.5, 129.2, 128.9, 128.5, 128.0, 126.9, 121.6, 115.5, 111.5, 76.2, 68.6, 62.7, 53.3, 51.9, 35.5, 21.6. HRMS (ESI) m/z [M + H]+: calcd for C33H37N2O: 477.2900, found: 477.2972.
Experimental data of 1-benzhydryl-4-(4-(2-(2-chlorophenoxy)ethyl)benzyl)piperazine (13)
White solid (ethyl acetate); M.p. 128.2°C–128.8°C; Yield, 74%. The purity = 98.2%. 1H NMR (400 MHz, CDCl3): δ 7.39 (d, J = 7.5 Hz, 4H), 7.33 (d, J = 7.3 Hz, 1H), 7.24 (t, J = 8.0 Hz, 8H), 7.15 (t, J = 6.9 Hz, 3H), 6.86 (d, J = 7.8 Hz, 2H), 4.22 (s, 1H), 4.18 (t, J = 7.0 Hz, 2H), 3.49 (s, 2H), 3.11 (t, J = 7.0 Hz, 2H), 2.46 (s, 4H), 2.39 (s, 4H). 13C NMR (100 MHz, CDCl3): δ 154.4, 142.8, 136.7, 136.3, 130.3, 129.4, 129.0, 128.4, 128.0, 127.6, 126.9, 123.0, 121.3, 113.4, 76.2, 69.8, 62.8, 53.3, 51.9, 35.4. HRMS (ESI) m/z [M + H]+: calcd for C32H34ClN2O: 497.2354, found: 497.2382.
Experimental data of 1-benzhydryl-4-(4-(2-(2-bromophenoxy)ethyl)benzyl)piperazine (14)
White solid (ethyl acetate); M.p. 132.1°C–132.6°C; Yield, 81%. The purity = 98.5%. 1H NMR (400 MHz, CDCl3): δ 7.49 (d, J = 7.7 Hz, 1H), 7.38 (d, J = 7.4 Hz, 4H), 7.22 (d, J = 9.7 Hz, 8H), 7.18–7.12 (m, 3H), 6.81–6.75 (m, 2H), 4.21 (s, 1H), 4.14 (t, J = 6.8 Hz, 2H), 3.48 (s, 2H), 3.10 (t, J = 6.8 Hz, 2H), 2.46 (s, 4H), 2.40 (s, 4H). 13C NMR (100 MHz, CDCl3): δ 155.3, 142.8, 136.8, 136.2, 133.4, 129.5, 129.1, 128.5, 128.4, 128.0, 126.9, 121.9, 113.2, 112.3, 76.3, 69.9, 62.8, 53.4, 51.9, 35.5. HRMS (ESI) m/z [M + H]+: calcd for C32H34BrN2O: 541.1849, found: 541.1878.
Experimental data of 1-benzhydryl-4-(4-(2-(p-tolyloxy)ethyl)benzyl)piperazine (15)
White solid (ethyl acetate); M.p. 126.4°C–126.9°C; Yield, 72%. The purity = 98.3%. 1H NMR (400 MHz, CDCl3): δ 7.39 (d, J = 7.4 Hz, 4H), 7.26–7.20 (m, 8H), 7.17 (t, J = 5.9 Hz, 2H), 7.05 (d, J = 8.3 Hz, 2H), 6.78 (d, J = 8.4 Hz, 2H), 4.22 (s, 1H), 4.11 (t, J = 7.2 Hz, 2H), 3.48 (s, 2H), 3.04 (t, J = 7.1 Hz, 2H), 2.46 (s, 4H), 2.40 (s, 4H), 2.26 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 156.7, 142.8, 137.0, 136.1, 129.9, 129.4, 128.8, 128.4, 128.0, 126.9, 117.9, 114.5, 76.2, 68.8, 62.8, 53.3, 51.9, 35.5, 20.5. HRMS (ESI) m/z [M + H]+: calcd for C33H37N2O: 477.2900, found: 477.2915.
Experimental data of 1-benzhydryl-4-(4-(2-(4-ethoxyphenoxy)ethyl)benzyl)piperazine (16)
White solid (ethyl acetate); M.p. 124.7°C–125.2°C; Yield, 67%. The purity = 98%. 1H NMR (400 MHz, CDCl3): δ 7.39 (d, J = 7.4 Hz, 4H), 7.26 (s, 1H), 7.23 (d, J = 7.9 Hz, 5H), 7.19 (d, J = 8.0 Hz, 2H), 7.14 (t, J = 7.4 Hz, 2H), 6.80 (s, 4H), 4.22 (s, 1H), 4.08 (t, J = 7.0 Hz, 2H), 3.95 (q, J = 13.8 Hz, J = 6.9 Hz, 2H), 3.50 (s, 2H), 3.03 (t, J = 7.0 Hz, 2H), 2.47 (s, 4H), 2.40 (s, 4H), 1.37 (t, J = 6.9 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 153.2, 152.9, 142.8, 137.1, 135.9, 129.5, 128.8, 128.4, 128.0, 126.9, 115.6, 115.4, 76.2, 69.4, 64.0, 62.7, 53.3, 51.8, 35.6, 15.0. HRMS (ESI) m/z [M + H]+: calcd for C34H39N2O2: 507.3006, found: 507.3019.
Experimental data of 1-benzhydryl-4-(4-(2-((5,6,7,8-tetrahydronaphthalen-1-yl)oxy)ethyl)benzyl)piperazine (17)
White solid (ethyl acetate); M.p. 115.8°C–116.3°C; Yield, 66%. The purity = 98.8%. 1H NMR (400 MHz, CDCl3): δ 7.68 (d, J = 8.0 Hz, 2H), 7.39 (d, J = 7.6 Hz, 4H), 7.27–7.22 (m, 5H), 7.17 (t, J = 7.6 Hz, 4H), 7.03 (d, J = 7.7 Hz, 2H), 4.22 (s, 1H), 4.17 (t, J = 7.1 Hz, 2H), 3.47 (s, 2H), 2.91 (t, J = 7.1 Hz, 2H), 2.45–2.40 (m, 12H), 1.42–1.28 (m, 4H). 13C NMR (100 MHz, CDCl3): δ 144.6, 142.8, 136.7, 134.9, 133.1, 129.8, 129.5, 128.7, 128.4, 128.0, 127.8, 126.9, 76.2, 70.6, 62.6, 53.3, 51.9, 35.0, 21.6. HRMS (ESI) m/z [M + H]+: calcd for C36H41N2O: 517.3214, found: 517.3219.
Experimental data of 1-benzhydryl-4-(4-(2-((5,6,7,8-tetrahydronaphthalen-2-yl)oxy)ethyl)benzyl)piperazine (18)
White solid (ethyl acetate); M.p. 116.0°C–116.7°C; Yield, 68%. The purity = 98.3%. 1H NMR (400 MHz, CDCl3): δ 7.39 (d, J = 7.6 Hz, 4H), 7.23 (dd, J = 15.2 Hz, J = 7.4 Hz, 8H), 7.17 (t, J = 6.6 Hz, 2H), 6.94 (d, J = 8.4 Hz, 1H), 6.64 (d, J = 8.4 Hz, 1H), 6.59 (s, 1H), 4.22 (s, 1H), 4.10 (t, J = 7.1 Hz, 2H), 3.51 (s, 2H), 3.04 (t, J = 7.1 Hz, 2H), 2.69 (t, J = 5.1 Hz, 4H), 2.49 (s, 4H), 2.43 (s, 4H), 1.75 (d, J = 2.6 Hz, 4H). 13C NMR (100 MHz, CDCl3): δ 156.6, 142.7, 138.1, 129.9, 129.5, 129.3, 128.8, 128.4, 128.0, 126.9, 114.5, 112.4, 76.2, 68.7, 62.7, 53.2, 51.7, 35.5, 28.6, 23.4, 23.2. HRMS (ESI) m/z [M + H]+: calcd for C36H41N2O: 517.3214, found: 517.3230.
Experimental data of 1-benzhydryl-4-(4-(2-(o-tolyloxy)ethyl)benzyl)piperazine (19)
White solid (ethyl acetate); M.p. 118.7°C–119.4°C; Yield, 83%. The purity = 98.9%. 1H NMR (400 MHz, CDCl3): δ 7.39 (d, J = 7.5 Hz, 4H), 7.25 (s, 2H), 7.22 (d, J = 7.2 Hz, 6H), 7.15 (d, J = 7.2 Hz, 2H), 7.10 (t, J = 7.6 Hz, 2H), 6.82 (t, J = 7.4 Hz, 1H), 6.76 (d, J = 8.5 Hz, 1H), 4.21 (s, 1H), 4.12 (t, J = 6.7 Hz, 2H), 3.50 (s, 2H), 3.06 (t, J = 6.7 Hz, 2H), 2.48 (s, 4H), 2.42 (s, 4H), 2.17 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 157.0, 142.8, 137.5, 135.8, 130.7, 129.5, 129.0, 128.5, 128.0, 127.7, 126.9, 126.7, 120.3, 110.9, 76.2, 68.7, 62.7, 53.3, 51.8, 35.7, 16.3. HRMS (ESI) m/z [M + H]+: calcd for C33H37N2O: 477.2900, found: 477.2911.
Experimental data of 1-benzhydryl-4-(4-(2-(3,4-dimethylphenoxy)ethyl)benzyl)piperazine (20)
White solid (ethyl acetate); M.p. 126.5°C–127.0°C; Yield, 81%. The purity = 98.4%. 1H NMR (400 MHz, CDCl3): δ 7.37 (d, J = 7.1 Hz, 4H), 7.24–7.19 (m, 8H), 7.14 (d, J = 7.2 Hz, 2H), 6.99 (d, J = 7.8 Hz, 1H), 6.69 (s, 1H), 6.61 (d, J = 6.0 Hz, 1H), 4.19 (s, 1H), 4.09 (t, J = 7.0 Hz, 2H), 3.52 (s, 2H), 3.02 (t, J = 6.9 Hz, 2H), 2.51 (s, 4H), 2.43 (s, 4H), 2.19 (s, 3H), 2.16 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 157.0, 142.8, 137.7, 137.5, 130.4, 130.3, 129.8, 128.9, 128.7, 128.5, 128.0, 126.9, 116.3, 111.6, 76.2, 68.7, 62.6, 53.2, 51.6, 35.6, 20.0, 18.8. HRMS (ESI) m/z [M + H]+: calcd for C34H39N2O: 491.3057, found: 491.3067.
Experimental data of 1-benzhydryl-4-(4-(2-(4-chlorophenoxy)ethyl)benzyl)piperazine (21)
White solid (ethyl acetate); M.p. 129.6°C–130.1°C; Yield, 72%. The purity = 99%. 1H NMR (500 MHz, CDCl3): δ 7.45 (d, J = 7.2 Hz, 4H), 7.32 (s, 1H), 7.30 (d, J = 6.2 Hz, 5H), 7.26–7.24 (m, 4H), 7.21 (t, J = 7.4 Hz, 2H), 6.85 (d, J = 9.0 Hz, 2H), 4.28 (s, 1H), 4.15 (t, J = 7.1 Hz, 2H), 3.57 (s, 2H), 3.10 (t, J = 7.1 Hz, 2H), 2.54 (s, 4H), 2.47 (s, 4H). 13C NMR (125 MHz, CDCl3): δ 157.5, 142.8, 136.8, 136.0, 129.6, 129.3, 128.8, 128.5, 128.0, 126.9, 125.6, 115.9, 76.2, 69.0, 62.6, 53.3, 51.8, 35.4. HRMS (ESI) m/z [M + H]+: calcd for C32H34ClN2O: 497.2354, found: 497.2376.
Experimental data of 1-benzhydryl-4-(4-(2-(naphthalen-1-yloxy)ethyl)benzyl)piperazine (22)
White solid (ethyl acetate); M.p. 110.3°C–110.9°C; Yield, 75%. The purity = 98.5%. 1H NMR (500 MHz, CDCl3): δ 8.31 (d, J = 7.2 Hz, 1H), 7.83 (d, J = 7.1 Hz, 1H), 7.52–7.49 (m, 2H), 7.46 (d, J = 7.1 Hz, 5H), 7.39 (t, J = 7.8 Hz, 1H), 7.38–7.29 (m, 8H), 7.22 (t, J = 7.4 Hz, 2H), 6.84 (d, J = 7.4 Hz, 1H), 4.38 (t, J = 6.9 Hz, 2H), 4.29 (s, 1H), 3.57 (s, 2H), 3.27 (t, J = 6.9 Hz, 2H), 2.54 (s, 4H), 2.48 (s, 4H). 13C NMR (125 MHz, CDCl3): δ 154.6, 142.8, 137.3, 136.1, 134.5, 129.5, 128.9, 128.5, 128.0, 127.4, 126.9, 126.4, 125.9, 125.7, 125.2, 122.1, 120.3, 104.7, 76.2, 68.9, 62.7, 53.3, 51.9, 35.6. HRMS (ESI) m/z [M + H]+: calcd for C36H37N2O: 513.2900, found: 513.2927.
Experimental data of 1-benzhydryl-4-(4-(2-(4-bromophenoxy)ethyl)benzyl)piperazine (23)
White solid (ethyl acetate); M.p. 127.2°C–127.8°C; Yield, 79%. The purity = 98.6%. 1H NMR (500 MHz, CDCl3): δ 7.44 (d, J = 7.3 Hz, 4H), 7.38 (dd, J = 7.0 Hz, J = 2.1 Hz, 2H), 7.31 (s, 1H), 7.29 (d, J = 8.0 Hz, 5H), 7.24 (d, J = 8.1 Hz, 2H), 7.20 (t, J = 7.4 Hz, 2H), 6.80 (d, J = 9.0 Hz, 2H), 4.27 (s, 1H), 4.14 (t, J = 7.1 Hz, 2H), 3.55 (s, 2H), 3.09 (t, J = 7.1 Hz, 2H), 2.54 (s, 4H), 2.48 (s, 4H). 13C NMR (125 MHz, CDCl3): δ 158.0, 142.8, 136.8, 136.0, 132.3, 129.6, 128.9, 128.5, 128.0, 126.9, 116.4, 112.9, 76.2, 69.0, 62.7, 53.3, 51.8, 35.4. HRMS (ESI) m/z [M + H]+: calcd for C32H34BrN2O: 541.1849, found: 541.1884.
Experimental data of 1-benzhydryl-4-(4-(2-(4-(trifluoromethyl)phenoxy)ethyl)benzyl)piperazine (24)
White solid (ethyl acetate); M.p. 109.8°C–110.5°C; Yield, 68%. The purity = 98.7%. 1H NMR (500 MHz, CDCl3): δ 7.57 (d, J = 8.7 Hz, 2H), 7.46 (d, J = 7.3 Hz, 4H), 7.31 (t, J = 7.6 Hz, 6H), 7.27 (d, J = 8.0 Hz, 2H), 7.22 (t, J = 7.4 Hz, 2H), 6.98 (d, J = 8.7 Hz, 2H), 4.30 (s, 1H), 4.22 (t, J = 7.1 Hz, 2H), 3.57 (s, 2H), 3.14 (t, J = 7.1 Hz, 2H), 2.55 (s, 4H), 2.48 (s, 4H). 13C NMR (125 MHz, CDCl3): δ 161.3, 142.8, 136.6, 136.4, 129.6, 128.9, 128.5, 128.0, 126.9 (t, J = 4.6 Hz), 124.5 (dd, J = 539.0 Hz, J = 269.6 Hz), 122.9 (dd, J = 65.0 Hz, J = 32.5 Hz), 120.7 (d, J = 141.4 Hz), 114.5, 76.3, 68.9, 62.7, 53.4, 51.9, 35.3. HRMS (ESI) m/z [M + H]+: calcd for C33H34F3N2O: 531.2618, found: 531.2648.
Biological evaluation
In Vitro cytotoxic assay
Cell culture
PC-3 and WPMY-1 cells were cultured in Dulbecco’s modiffcation Eagle’s medium (DMEM, Invitrogen, Carlsbad, CA, United States) supplemented with 10% fetal bovine serum (FBS, Hyclone, Logan, UT, United States), 100 U/mL penicillin and 0.1 mg/mL streptomycin (Invitrogen). DU145 cells were cultured in RPMI1640 media supplemented with 10% fetal bovine serum (FBS, Hyclone), 100 U/mL penicillin and 0.1 mg/mL streptomycin (Invitrogen). LNCaP cells were cultured in F12 media supplemented with 10% fetal bovine serum (FBS, Hyclone), 100 U/mL penicillin and 0.1 mg/mL streptomycin (Invitrogen). The cells were incubated at 37°C in a humidified atmosphere with 5% CO2(Chen et al., 2025; Jiang et al., 2024).
Assessment of antitumor activity by CCK-8 assay
The proliferative capacity of cells was evaluated through the implementation of a Cell Counting Kit-8 (CCK-8) assay, supplied by Dojindo (Japan), to quantify cellular growth. Post-transfection, cells were dispensed into a 96-well microplate at a density of 3 × 103 cells per well and incubated for intervals of 0, 24, 48, 72, 96, and 120 h. Following this, 10 μL of the CCK-8 solution was introduced into each well and the plates were returned to the incubator for an additional 2-h period at 37°C under 5% CO2 conditions. Absorbance readings at 450 nm were subsequently taken using an ELISA reader manufactured by Bio Tek (United States) (Chen et al., 2022; Zhou et al., 2024).
The compound concentrations were set at 30, 15, 7.5, 3.75, 1.88, and 0.94 μmol/L. The absorbance (A) was measured at 450 nm using a microplate reader. A linear regression analysis was performed plotting the logarithm of compound concentration against the inhibition rate to obtain a straight-line equation from which the half-maximal inhibitory concentration (IC50) of the compound, capable of inhibiting 50% of cancer cells, was determined. All experiments were repeated three times under identical conditions, and the mean value was taken as the final result.
AR reporter gene assay
Fireffy and Renilla luciferase activities, which are indicated as RLUs, were determined using Dual-Glo luciferase assay kits (Promega) according to the manufacturer’s instructions (Chen et al., 2019a; Chen et al., 2019b). RLUs were measured using a luminometer (GloMaxTM 96-Microplate Luminometer, Promega) and are reported as the mean ± SEM of three individual experiments. For agonists, fold of induction = LUinduced/RLUuninduced. For antagonists, % of control = 100 × RLU (agonist + antagonist)/RLU (agonist alone). All RLUs were normalized against ffreffy RLUs/Renilla RLUs. Data are expressed as EC50/IC50 values in μM, and the IC50 of phenylephrine (μM) was calculated by plotting the data using nonlinear regression analysis in Graph-Pad Prism 5 software.
Fluorescence polarization (FP)
The fluorescence polarization technique was used to analyze the binding of 7, 11, 17, 19, 20, 21, 22, 23, 24 and enzalutamide to the AR using the PolarScreen™ AR Competitor Assay, Green (lifetechnologies, A15880) according to the manufacturer’s instructions (Chen et al., 2019a; Chen et al., 2019b). Brieffy, the assay entails titration of the test compound against a preformed complex of Fluormone™AL Green and the AR-LBD (GST). The assay mixture was allowed to equilibrate at room temperature in 384-well black plates for 4 h, after which the fluorescence polarization values were measured in a SpectraMax® Paradigm® Multi-Mode Detection Platform (Molecular Devices) using an excitation wavelength of 485 nm and an emission wavelength of 535 nm. Data analysis for the ligand binding assays was performed using Prism software (GraphPad Software, Inc.).
Molecular docking simulation
Until now, three binding sites of androgen receptor have been reported, including LBP, AF2 and BF3 (Chen et al., 2019a; Chen et al., 2019b). In order to explore the mechanism of androgen receptor antagonism by the target compound 17, a dockingsimulation was carried out using AutoDock Vina software. The crystal structure of androgen receptor downloaded from the RCSB Protein Data Bank (http://www.rcsb.org/pdb/home/home.do) was taken as the template protein to engage in docking simulation. In prepare, the exogenous ligand was removed and the hydrogen atoms were added to the system. To ensure the reliability of docking simulation, a redock process for the exogenous ligand was performed before docking analysis. Finally, one compound target (i.e., compound 17) with high AR antagonistic activity was docked into three potential binding sites (including LBP, AF2 and BF3) with 10 configurations.
RESULTS AND DISCUSSION
Chemistry
Scheme 1 illustrated the synthesis of arylpiperazine derivatives 5–24 via a four-step reaction starting from 2-(4-(bromomethyl)phenyl)acetic acid. First, 2-(4-(bromomethyl)phenyl)acetic acid one was reduced to alcohol 2 with the presence of a borane–methyl sulfide complex (2 M in tetrahydrofuran) at 0°C for 1 h and at room temperature for 12 h. After the nucleophilic substitution reaction was carried out between compound 2 and 1-(diphenylmethyl)-piperazin using CH3CN as solvent in the presence of potassium carbonate at 85°C for 12 h gave 3 (70% yield from 1). Subsequently, compound 4 (87% yield) was obtained by reacting 3 with 4-toluene-sulfonyl chloride using CH2Cl2 as solvent in the presence of trimethylamine and a catalytic amount of 4-dimethylaminopyridine at 0°C for 16 h. Finally, compound 4 was treated with various phenol (1.5 equiv) in the presence of K2CO3 (6 eq) to obtain derivatives 5–24 in moderate yields (51%–83%). All synthesized analogs were confirmed using 1H-NMR, 13C-NMR, and HRMS.
Cytotoxic activity and AR antagonist activity
The cytotoxic activity of derivatives 5–24 against three human prostate cancer cell lines (PC-3, LNCaP, and DU145) and one type of human normal prostate epithelial cells was evaluated using the CCK-8 method. The results are shown in Table 1.
TABLE 1 | In vitro cytotoxicity of compounds 5–24.
[image: A table displaying IC<sub>50</sub> values for various compounds across four cell lines: PC-3, LNCaP, DU145, and WPMY-1. Values are presented with their means and standard deviations. The table includes Naftopidil for comparison. IC<sub>50</sub> indicates the concentration needed for half-maximal inhibition. PC-3, LNCaP, and DU145 are human prostate cancer cell lines, and WPMY-1 represents normal human prostatic epithelial cells.]In this study, the cytotoxic activity of ether arylpiperazine derivatives ranging from 5 to 24 was assessed against 4 cell lines: PC-3, LNCaP, DU145 (all human prostate cancer cell lines), and WPMY-1 (human normal prostatic epithelial cells) using the CCK-8 assay. The outcomes are summarized in Table 1. The data presented in the table reveal that several of these compounds exhibit pronounced cytotoxic activity against the tested cancer cell lines, with some demonstrating significantly greater potency compared to naftopidil. Notably: Compounds 7, 11, 17, 19, 20, 21, 23, and 24 exhibit exceptionally potent activity against PC-3 cells, characterized by IC50 values below 5 μM. For LNCaP cells, compounds 17, 19, 20, and 23 show particularly strong activity with IC50 values less than 5 μM. Compounds 19, 20, 23 and 24 also demonstrate pronounced cytotoxicity against DU145 cells. Moreover, the majority of compounds exhibited low cytotoxic character toward normal human prostate epithelial cells (WPMY-1).
The SAR investigation was mainly focused on the variation of the substitute’s type on the phenyl group as a required group for antitumor activity. (1) For instance, compared to phenylpiperazine compound 5, compounds 7 (IC50 = 2.95 μM) and 11 (IC50 = 1.59 μM), which introduce two symmetrical groups onto the phenyl ring, exhibit potent cytotoxic activity against PC-3 cells. In contrast, compound 12 (IC50 > 50 μM), featuring a methyl group as an electron-donating substituent in the meta position of the phenyl ring, displays significantly weaker cytotoxic activity against PC-3 than 5. Additionally, compound 24 (IC50 = 5.76 μM), with a trifluoromethyl group as a strong electron-withdrawing substituent on the phenyl ring, exhibits strong cytotoxic activity against DU145 cells. These activity results indicate that variations in substituents on the phenyl ring do have a certain impact on cytotoxic activity. (2) A comparison between compounds 10 and 11 reveals that compound 11 (IC50 = 1.59 μM) demonstrates exceptionally strong activity against PC-3 cells, while compound 10 exhibits weaker cytotoxic activity against PC-3. These activity results suggest that the introduction of symmetrical, weakly electron-withdrawing substituents at the 3 and 5 positions of the phenyl ring favors anticancer activity. (3) When comparing compound 19 with compounds 13 and 14, compound 19 (IC50 = 0.87 μM) exhibits more pronounced cytotoxic activity against DU145 cells. The results indicate that the introduction of electron-donating groups in the ortho position of the phenyl ring is more favorable for anticancer activity than the introduction of electron-withdrawing groups. (4) A comparison between compounds 12, 15, and 19 reveals that compound 19 (IC50 > 50 μM) exhibits weak activity against human normal prostatic epithelial cells. These activity results suggest that when introducing a methyl group at different positions on the phenyl ring, the ortho position favors anticancer activity more than other positions. (5) Comparing compound 7 with compound 12, compound 7 (IC50 = 2.95 μM) demonstrates more pronounced cytotoxic activity against PC-3 cells. These activity results indicate that the simultaneous introduction of methyl groups at the three and five positions of the phenyl ring favors anticancer activity more than the introduction of a methyl group only at the three position. (6) When comparing compounds 6, 8, 9, 15 and 21, compounds 23 and 24 exhibits more versatile and superior cytotoxic activity. These activity results suggest that the introduction of a bromo group or a trifluoromethyl group at the para position of the phenyl ring favors anticancer activity. (7) A comparison between compounds 17 and 18, compound 17 (IC50 = 1.89 μM, 1.04 μM, 7.32 μM) demonstrates better activity against the tested cell lines than compound 18 (IC50 = 5.02 μM, >50 μM, 14.36 μM). The results showed that the introduction of cycloalkyl at the 5 and 6 position of the phenyl ring was beneficial to anticancer activity (Figure 2). Above results can lead to a tool which can further design arylpiperazine derivatives as AR antagonists for in vitro and in vivo studies.
[image: Chemical structure diagram with annotations showing strategies to increase anticancer activity. Suggestions include: adding a methyl group at position 2 of the phenyl ring, introducing groups at positions 3 and 5, adding a bromo or trifluoromethyl group at the para position, and introducing cycloalkyl at positions 5 and 6.]FIGURE 2 | The SAR summary of the derivatives 5–24.
To further investigate whether these derivatives possess antagonistic activity against AR, this study adopted the scientific method of luciferase assay (Qi et al., 2022a; Qi et al., 2022b) to more accurately evaluate the antagonistic effects of these derivatives on AR (Table 2). During the implementation of the AR luciferase assay experiments, we specifically added 1 nM of the AR agonist R1881 for co-treatment, and quantitatively assessed the strength of the antagonistic activity based on the degree of inhibition of luciferase expression induced by R1881. According to the data presented in Table 2, it is evident that compounds 7, 11, 21, 22, and 24 exhibit relatively weak antagonistic effects on AR. However, notably, compounds 17, 19, 20, and 23 demonstrate significant antagonistic efficacy, with inhibition rates exceeding 55%. It is worth noting that these results do not entirely align with previous tests on anti-proliferative activity against cancer cells. These findings suggest that the skillful introduction of certain small molecular groups on the piperazine ring may significantly enhance their antagonistic activity against AR. The conclusions drawn from this study undoubtedly provide us with a powerful tool, which will aid us in delving deeper into the interaction mechanisms between piperazine derivatives and AR, thus laying a more solid theoretical foundation for future drug development.
TABLE 2 | AR antagonist activity of compounds.
[image: Table listing various compounds and their AR antagonistic activity percentages at 10 micromolar. Values range from 40.3% to 84.7%, with Enzalutamide showing the highest activity at 84.7%. R1881 shows no antagonistic effect.]Recent studies have shown that, in addition to the AR signaling pathway, estrogen receptors (ER) also play an important role in the pathogenesis of PCa(Belluti et al., 2023; Souza et al., 2023). Research by Sarswat et al. (Sarswat et al., 2011) discovered that arylpiperazines, in addition to inhibiting the transmission of AR signals, can also promote the expression of ER-β in prostate cancer cells. ER-β may function as a protective receptor, exerting inhibitory effects on the development and malignant progression of PCa(Chaurasiya et al., 2020; Lombardi et al., 2020). By acting on prostate cancer cells through these two signaling pathways simultaneously, arylpiperazines inhibit their proliferation.
Binding affinity assay of compounds 7, 11, 17, 19, 20, 21, 22, 23 and 24
To delve into the specific binding characteristics of these analogs that exhibit significant inhibitory activity against the AR, we conducted detailed binding affinity studies using fluorescence polarization (FP) technology (Chen et al., 2023; He et al., 2021; Xue et al., 2023). The experimental design was based on the competitive binding mechanism between fluorescent tracers and non-fluorescent antagonists, aiming to assess the interaction strength between a series of compounds numbered 7, 11, 17, 19, 20, 21, 22, 23 and 24 with AR (Table 3). Through this method, we were able to precisely measure the binding efficiency of each compound at different concentrations and summarize the results in Table 3. The study revealed that all tested analogs demonstrated strong binding affinity to AR, with IC50 values below 4 μmol (μM), indicating high binding affinity. Particularly noteworthy, compounds 17 and 19 exhibited outstanding binding performance, with IC50 values of 1.14 μM and 1.01 μM, respectively, surpassing not only other test samples but also the clinically used standard drug enzalutamide (IC50 = 2.56 μM). This suggests that these two compounds may serve as more effective candidates for AR antagonists.
TABLE 3 | The binding affinity of compounds to mutant AR.
[image: Table showing the IC₅₀ values in micromolar for various compounds. Compounds 7 to 24 have values ranging from 1.01 ± 0.03 to 3.02 ± 0.24. Naftopidil has an IC₅₀ of 2.13 ± 0.07, and Enzalutamide has 2.56 ± 0.27. Data represent the mean of at least three determinations.]Further analysis revealed a clear trend among the tested arylpiperazine derivatives: a direct correlation between the binding affinity of compounds to AR and their antagonistic activity. For instance, the tightly bound compounds 17 and 19 were also the most effective antagonists, achieving maximum inhibition rates of 70.3% and 71.5%, respectively. Additionally, while not as prominent as the former two, compounds 20 and 23 also exhibited strong antagonistic effects, with inhibition rates of 65.7% and 62.2%, respectively. These observations support the hypothesis that enhanced binding affinity may be a key factor in improving AR antagonistic activity. Based on these findings, it can be inferred that certain ether-substituted arylpiperazine derivatives, due to their excellent binding ability and antagonistic efficacy, hold potential for development as novel AR antagonists, especially in the field of prostate cancer treatment. Considering the exceptional characteristics displayed by compound 19, we have decided to focus on it for the next phase of research to explore its specific binding sites with AR and potential mechanisms of action. This will contribute to understanding how these compounds effectively block the AR signaling pathway, providing new strategies and methods for the treatment of prostate cancer.
Docking study
To decipher the binding mode of these compounds, as well as to explore the detailed information about their major binding interactions with AR (Zhang et al., 2014) docking simulation is performed. The optimal antagonist, compound 19 was taken as the template molecule in this process, and three binding sites of AR, including ligand binding pocket (LBP), activation function-2 (AF2) and binding function 3 (BF3) (Axerio-Cilies et al., 2011; Lack et al., 2011), were all used to explore the binding affinities of this compound. The lowest docked energy values were summarized in Table 3.
As shown in Table 4, LBP binding site had the highest binding force of −11.01 kcal/mol, which indicated that AR LBP was the major binding site for compound 19. To better discover these binding interactions, the binding mode of compound 19 with AR was analyzed, and the detailed information was displayed in Figure 3. As shown in Figure 3, compound 19 could fit into the AR LBP site by the formation of Van der Waals’ force with 14 amino acid residues, such as Val 746, Trp 741 and Phe 764, and so on. These results showed that the compound 19 mainly bind to AR LBP site through the interaction of Van der Waals’ force.
TABLE 4 | The binding affinities (kcal/mol) of compound 19 in three binding sites of AR.
[image: Table comparing binding energies for Compound 19 and Naftopidil at different binding sites. For LBP (PDB ID: 2OZ7), Compound 19 has -11.01 and Naftopidil -7.29. For AF2 (PDB ID: 2YHD), Compound 19 has -4.86 and Naftopidil -6.87. For BF3 (PDB ID: 2YLO), Compound 19 has -6.86 and Naftopidil -8.1.][image: Illustration of a protein-ligand complex, with the protein structure depicted using red and yellow helices and blue strands, and a ligand molecule shown in ball-and-stick form. Below is a 2D schematic displaying the interactions between the ligand and various amino acids, labeled with names and positions, featuring multiple red arcs indicating binding interactions.]FIGURE 3 | The view of compound 19-AR interaction plots.
CONCLUSION
In conclusion, this study reported the synthesis and biological evaluation of a series of novel arylpiperazine derivatives against three human prostate cancer cells and human prostate epithelial cells and AR, respectively. The results showed that the derivatives 7, 11, 17, 19, 20, 21, 22, 23 and 24 displayed strong cytotoxic activities against the tested cancer cells, and derivatives 17, 19, 20, and 23 exhibited relatively strong antagonistic potency against AR (Inhibition% >60) and exhibited potent AR binding affinities. Structure-activity relationship (SAR) studies indicated that the introduction of cycloalkyl groups at the m,p-position on the phenyl ring and a methyl group at the o-position on the phenyl ring favored enhanced activity. Docking study suggested that the compounds 19 mainly bind to AR ligand binding pocket (LBP) site through the interaction of Van der Waals’ force. These piperazine derivatives may guide the structural modification of novel anti-prostate cancer drugs.
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The Hosomi–Sakurai allylation reaction has been widely applied in the total synthesis of biologically active natural products, especially in synthesising complex polycyclic compounds containing multi-stereogenic centres since its discovery in 1976. The Hosomi-Sakurai allylation is the allylation of ketones and aldehyde with nucleophilic allylsilanes catalyzed with Lewis acid mainly used to extend the C-C bond in a molecule and also create a new site for manipulation due to the facile transformation of the pi (π) bond at the end of its chain. This review highlights only portions of natural product synthetic works that feature the Hosomi-Sakurai allylation reaction or its modification as a key transformation in the synthetic route.
Keywords: Hosomi-Sakurai allylation, carbonylation, total synthesis, stereoselectivity, natural products, lewis acid-promotors

1 INTRODUCTION
1.1 Catalytic allylation reactions
Homoallylic alcohols are a significant class of compounds with extensive applications in the synthesis of biologically active substances. Their unique structural properties make them valuable in various chemical processes, contributing to advancements in medicinal chemistry (Farina et al., 2006; Li et al., 2021; Pellissier, 2016; Shen et al., 2013). Homoallylic alcohols are products of catalytic allylation reactions that employ the use of allylic reagents under mild reaction conditions. Allylation reactions are particularly advantageous due to their use of cost-effective, nontoxic, and stable nucleophiles such as allyltrialkylsilanes, allyltrialkoxysilanes among others. Although significant advancements have been made in allylation reactions, only a limited number of catalytic asymmetric allylation reactions have been reported. This is particularly interesting due to the importance of chiral tertiary homoallylic alcohols in organic synthesis. (Fleming et al., 1989; 1997; Langkopf and Schinzer, 1995; Lee, 2020).
Allylation of carbonyl compounds is one of the most used methods of forming C-C bonds in the most versatile manner (Lee, 2020). In 1964, Mikhailov and co-workers reported the first reaction between an allyl-metal and a carbonyl catalysed by triallylborane (Stepanyan et al., 2001). A number of allyl-(semi)-metals such as Si, Mn, Sn, Sb, Mg, Bi, Al, B, Cr, Li, Zn, Ti, Zr and In have been applied in carbonyl allylation in the total synthesis of simple and complex compounds (Bols and Skrydstrup, 1995; Denmark and Fu, 2003; Dilman and Ioffe, 2003; Fleming et al., 1989; 1997; Langkopf and Schinzer, 1995; Lee, 2020; Masse and Panek, 1995; Stankevich and Cook, 2023; Yamamoto and Asao, 1993). Allylation of carbonyl compounds to produce corresponding alcohols and enols is a well-established synthetic method that employs allylic reagents in the presence of Lewis acids catalysts to form C-C bonds and alcohol derivatives in high-yields (Yamamoto and Asao, 1993). Several other allylation reactions including the Tsuji-Trost allylic reaction, Keck radical allylation, Hosomi-Sakurai allylation reactions among others have been reported in the past 2 decades. For example, the Tsuji-Trost allylic reaction is a versatile and high-yielding reaction in this category. The reaction involves the use of Pd (0) to catalyze the allylation of several nucleophilic species, including methylenes, enolates, amines, and phenols (Li, 1999; Song et al., 2007). These nucleophiles are combined with allylic compounds, such as allyl acetates and allyl bromides, (Supplementary Scheme S1a) (Hegedus et al., 1978; Keck and Yates, 1982; Trost and Van Vranken, 1996; Tsuji, 1969). Tsuji-Trost allylic reaction is applicable in the total synthesis of indole alkaloids such as Desethylibogamine, Isoquinuclidine and (±)-Catharanthine (Trost, 2015; Trost et al., 1978; Tsuji, 1986a; 1986b; Tsuji and Takahashi, 1965). Keck radical allylation is also frequently used in C-C bond formation (Supplementary Scheme S1b) (Aiqin et al., 2011; Keck and Yates, 1982). Keck radical allylation proceeds through the generation of radicals from alkyl bromides, chlorides, phenyl-selenides, and thioacylimidazoles in the presence of a radical initiator such as azobisisobutyronitrile (AIBN) and benzoyl peroxide (BPO) (Sumino et al., 2018). The application of Keck allylation is limited by the challenges associated with the purification of the corresponding products and the inherent toxic nature of organotin reagents used in the reaction (Supplementary Scheme S1b) (Fent, 1996).
The Hosomi-Sakurai allylation reaction (HSR) is the type of allylation reaction that efficiently creates C-C bonds in the total synthesis of optically active natural products (Scheme 1) (Majetich et al., 1990). HSR involves the allylation of carbonyl compounds using allylic reagents in the presence of Lewis acid catalysts to give the corresponding alcohols in good yields. The HSR usually gives quantitative yields and hence produces fewer by-products. The substituents of the allylsilane are useful in controlling the stereochemistry of the products although the reaction is not centered on the silicon atom in most cases except for chiral allysilanes which usually yield the chiral product (Chan and Wang, 1992; Kira et al., 1990).
[image: Carbonyl allylation reaction scheme depicting an aldehyde or ketone reacting with an allyl metal compound in the presence of a Lewis acid and solvent. The allylation results in a new alcohol group, shown in red, on the allyl structure. R groups represent hydrogen, alkyl, or phenyl groups, and M is a metal like silicon, tin, boron, chromium, lithium, magnesium, or zinc.]SCHEME 1 | A typical example of an HSR (allylation of carbonyl compounds) reaction catalyzed by Lewis acid to give the corresponding alcohols.
HSR is also applicable in the synthesis of polymers by repetitively allylating dialdehydes with bisallylsilanes to give a hydroxyl and olefinic polymer with repeating units (Supplementary Scheme S4) (Itsuno, 2005). A typical example is the preparation of Si-phenyl linkage polymers using HSR in the presence of TBAF/THF overnight (Supplementary Scheme S4). However, low molecular weight monomer units of homoallylic alcohols with high enantiomeric purity were reported (Kumagai and Itsuno, 2000).
Bauer and co-workers discovered a reductive HSR of acetals (Bauer and Maulide, 2018) through the 1,5-hydride transfer transformations (Scheme 2a). The reaction exploits in situ generation of homoallylic ether after the HSR with the acetal substrate. Subsequent protonation to generate a carbocation at the γ-position to the ether group leads to an intramolecular 1,5-hydride transfer rearrangement to form an oxocarbenium ion. The addition of water leads to the formation of the corresponding alcohol product. The reaction mechanism yields a similar product to a direct Grignard/Alkyl-Li reagent addition to an aldehyde (Scheme 2b). Air- and water-sensitive Grignard reagents bearing functional groups such as α,β-unsaturated esters, and alkyl bromides are tolerated under these reaction conditions (Bauer and Maulide, 2018). However, the reaction is not applicable when carbonyl substrates bearing aromatic groups, unprotected alcohols, and thioethers are used, as illustrated in Supplementary Scheme S2. In addition, the homo-ether intermediate formed in the HSR could subsequently yield the desired homoallylic products with phenyl-allylsilane if the amount of catalyst was reduced to 2.7 mol%, (dr = 4.5:1) (Bauer and Maulide, 2018). It is interesting to note that this reaction was not only chemoselective but also stereoselective when pro-chiral carbonyl substrates were used (Scheme 2).
[image: Chemistry diagram showing reaction pathways. Route (a) involves converting an enol ether to a ketone through acid catalysis under a six-membered transition state. Route (b) involves hydration of an alkyne to form a ketone through a catalytic hydrogenation process. The diagram also illustrates a direct organometallic addition with a focus on chemospecificity and stereospecificity.]SCHEME 2 | Reductive Hosomi-Sakurai allylation reaction (a) Intramolecular 1,5-hydride transfer rearrangement and (b) direct Grignard reaction.
1.2 History of Hosomi-Sakurai allylation reactions
The HSR, commonly referred to as the Sakurai allylation or Sakurai reaction, was discovered in the 1970s as an alternative to the classical allylation method of C-C bond formation and has been extensively studied over the years (Bauer and Maulide, 2018). The HSR of carbonyl compounds and their derivatives with the allyl trialkylsilane as the allylating agent in the presence of a Lewis acid as a catalyst, proceeds rapidly even at an extremely low temperature of −78°C (Hosomi and Sakurai, 1976). The H-SR is applicable in the allylation of aliphatic, alicyclic, and aromatic carbonyl compounds using allylmethylsilane and TiCl4 as a catalyst. Allylsilanes are reported to be weakly nucleophilic hence the Lewis acid catalyst is used to activate and increase the reactivity of the carbon electrophile in the solution. This results in a C-C bond formation that occurs only at the γ-position to the silicon moiety (Yamamoto and Sasaki, 1989).
Allylsilanes are very useful in organic synthesis because they are easy to handle, can be used at room temperatures, and do not require special storage conditions. Their reactions are usually smooth (homogeneous) with different electrophiles under Lewis acid conditions. On the contrary, other allylating agents such as allyl-magnesium halides, -Li, -Cu, and -Ti compounds require specific temperatures and moisture-free working atmosphere and reaction conditions (Yamamoto and Sasaki, 1989). The major advantage of the HSR is that allylsilanes are readily available inexpensive starting materials. They are stable, have low toxicity, compatible with multiple functional groups, and chemically inert to atmospheric conditions (Fleming, 1991; Hosomi, 1988; Yamamoto and Asao, 1993). However, the reaction depends on the presence of Lewis acids such as TiCl4, BF3⋅OEt2, SnCl4, and EtAlCl2 as activators because allylsilanes do not readily react with non-activated electrophiles (Lade et al., 2017).
1.3 Mechanism, scope and features
A typical reaction pathway of the HSR is illustrated in Scheme 3. An oxocarbenium ion is first generated from the reaction of the carbonyl compound with the Lewis acid which makes the carbonyl carbon more electrophilic. It begins with a nucleophilic attack of the γ-carbon of the allylsilane, 1 on the carbonyl to generate a carbocation which is stabilized by the silyl group (Schweig et al., 1974). The α-Si-C bond at this stage is weak and can be easily cleaved to neutralize the carbocation, hence forming the alkene. Halide from the catalyst facilitates the facile cleavage to form the corresponding intermediate (Ponomarenko & Mironov, 1954). The reaction is usually completed by the addition of H2O to give the desired allyl-alcohol products (Scheme 3). The propylene unit created through a reaction between an aldehyde and allylic reagents is very useful in the synthesis of optically active molecules. One of the key features of silyl groups is the ability to stabilize charges on their immediate. Specifically, this includes stabilizing geminal anions (α-effect) and vicinal cations (β-effect). The α-effect is often observed through the metalation of silanes in the α-position using strong bases (Britten et al., 2021). However, the stabilizing influence of the silyl group is significantly more pronounced for the β-silicon effect compared to the α-effect (Roberts and McLaughlin, 2022).
[image: Chemical reaction scheme illustrating a multi-step synthesis involving Lewis acids. The reaction begins with a compound featuring TMS and progresses through intermediates, resulting in a product with an OH group. Reaction conditions include CH₂Cl₂ at -78°C to room temperature. Variables R₁, R₂, and R₃ symbolize hydrogen, alkyl, or phenyl groups, while possible Lewis acids (TiCl₄, BF₃•OEt₂, SnCl₄, EtAlCl₂) are indicated. Arrows detail the transformation sequence.]SCHEME 3 | General reaction and mechanism of the HSR (Kira et al., 1990).
Under Lewis acid conditions, it was observed that the reaction proceeds through a less open cyclic transition state, and more asymmetric products could be achieved (Kira et al., 1990). The HSR is regioselective due to the formation of a stable silylcarbocation intermediate (Hosomi et al., 1978a). In 1978, tetra-n-butylammonium fluoride (TBAF) was introduced as an alternative catalyst to Lewis acids. TBAF reacts with allylsilanes to give a stable Si-F intermediate which attacks carbonyl leading to the formation of silyl ethers (Hosomi et al., 1978b). TBAF is also effective in catalysing allylation of synthetic intermediates such as acetals, aldimines/imines/iminium ions (Shingo et al., 2002), aldehydes, acids chlorides (Yadav et al., 2003), epoxides (Yamasaki et al., 2002), ketals, keto-imines, ketones, oxocarbenium ions (Hosomi et al., 1978a) and α,β-unsaturated carbonyls (Lade et al., 2017; Roberts and McLaughlin, 2022). Allylation of α,β-unsaturated carbonyl compounds, however, generates the ketone-enol tautomers instead of the alcohol which continues the allylation cycle as illustrated in Supplementary Scheme S2 (Fürstner and Voigtländer, 2000). A number of Lewis acids have been reported as pre-catalysts in HSR in the past 3–5 decades. Lewis acid reagents such as SnCl4, AlCl3, BF3⋅OEt2, Me3SiOTf, Me3SiI, and Me3O+BF4− or their combinations have also been used (Birch et al., 1981; Colvin, 1978; Hosomi et al., 1984; Nishiyama et al., 1982; Noyori et al., 1981; Yotsu-Yamashita et al., 1995).
Despite the numerous applications, the use of Lewis acid catalysts in HSR is limited by the inability to recover and reuse them in the subsequent reaction cycles (Supplementary Scheme S3). In addition, Lewis acids are susceptible to degenerate to allylic metal oxides and are therefore added in stoichiometric amounts to ensure the completion of the reaction (Mahlau and List, 2013). The HSR typically yields syn-addition products, making it highly diastereoselective in the allylation of carbonyl compounds. The Newman projection (Scheme 4) of the allylation of aldehyde 3 with (2-bromoallyl) trimethylsilane 4 to form 5, a key intermediate in the synthesis of amphidinol 3, (2) demonstrates the diastereospecificity of the HSR. In the Newman projection, the intermediate coordinated to the titanium tetrachloride with the two oxygen atoms tethered together, fixing the conformation of the substrate. This is known as the Cram chelation control mechanism (Cram and Elhafez, 1952; Stanton et al., 2010). The (2-bromoallyl) trimethylsilane nucleophile then approaches along the Bürgi-Dunitz angle, but only one side of the approach is possible as the other is hindered by the R groups. This ensures the formation of only one diastereomer in high yields. Amphidinol 3 (2) is a potent antifungal compound produced by the dinoflagellate Amphidinium klebsii (Grisin and Evans, 2015; Huckins et al., 2007; Oishi, 2024; Wakamiya et al., 2020).
[image: Chemical synthesis diagram showing the synthesis of Amphidinol 3. It begins with a chemical structure labeled "3," which is transformed into "4" through a reaction involving TBDPSO and TMS. A reaction with TiCl4 converts "4" into "5," with a bromine atom addition. Subsequent steps depict further molecular transformations leading to different compounds. Bonds and functional groups are indicated throughout, with specific reagents and conditions like TBDPSO, PMBO, and TMS shown. Reaction arrows and annotations guide the sequence.]SCHEME 4 | An illustration of the stereospecificity of HSR.
1.4 Drawbacks of the HSR
The HSR typically proceeds through an open-chain transition state mechanism, which inherently limits the scope of the method. Since carbonyl compounds are not highly reactive, there is a need to increase their reactivity by using strong Lewis acids as catalysts or by activating the allylsilane, especially those with electron-withdrawing groups (Mahlau and List, 2013). However, this approach is not favourable for late-stage functionalization, as it can be intolerant of functional groups and lead to loss of regioselectivity in some cases, resulting in low yields (Chemler and Roush, 2000). Efforts to increase the electrophilicity of carbonyl compounds often lead to a loss of regioselectivity when the allylsilane is activated by a fluoride source (Denmark and Fu, 2003). While the open anti-periplanar transition state leads to the formation of the syn-product in most cases, it also impedes the enantioselectivity of the mechanism (Denmark and Almstead, 1994).
1.5 Modifications to the HSR
Attempts to address the challenges of HSR have led to the discovery and use of a chiral base catalyst (S44), transition metal fluoride (S45), chiral Lewis acids (S47) Supplementary Figure S1, and tartrate-modified allylsilanes to improve the selectivity and versatility of the HSR (Denmark and Fu, 2001; Gauthier and Carreira, 1996; Ishihara et al., 1993; Malkov et al., 2002; 2008; Schäfers et al., 2022; Zhang et al., 1997). Due to the inherent challenges associated with the HSR, Schäfers et al. developed a dual catalytic system that uses less basic allyl chromium instead of allylsilanes (Schäfers et al., 2022). This reaction proceeds through a ring-closed Zimmerman−Traxler transition state, initiated using the sterically hindered acridinium photocatalyst and blue light-emitting diode (LED) irradiation (Supplementary Scheme S13). These reaction conditions often yield undesirable homoallylic products with different chemo- and diastereoselectivity. Mechanistic analysis showed that the reaction proceeds through a cyclic mechanism, leading to the formation of the anti-product.
This alternative approach using allyl chromium and photocatalytic activation represents a valuable strategy to overcome the inherent limitations of the HSR, providing access to complementary stereochemical outcomes (Schäfers et al., 2022). The HSR has seen numerous modifications to its reaction conditions since its discovery. For example, new chiral catalysts were introduced with allyltrialkylsilanes, allyltrialkoxysilanes, or allyl trichlorosilane to attain enantiomerically pure allylated products (Kaib et al., 2016; Kampen et al., 2008; Lee, 2020; Sai and Yamamoto, 2015; Schreyer et al., 2019).
The allylation of ketones to generate homoallylic alcohols through the HSR has been a challenge and has proven unsuccessful over the years. Despite these challenges, several asymmetric allylations of ketone have been reported (Niwa et al., 2019; Pellissier, 2006; Tietze et al., 1995; 2004; Wadamoto et al., 2003). The most efficient one is the use of fluoroallylsilane derivatives and Pd-based catalysts instead of the usual Lewis acids (Hayashi et al., 2010). Bismuth bromide has also been reported as a useful catalyst in the allylation of carbonyls by Komatsu and co-workers. Allylation with bismuth bromide is compatible with trimethylsilyl, trifluoromethane sulfonate (TMSOTf) (Noyori et al., 1981), and trimethylsilyl iodide (TMSI) (Komatsu et al., 1997).
Alternatively, Sakurai-Hosomi-Yamamoto allylation has been an effective approach for the stereoselective synthesis of a number of chiral homoallylic alcohols in high yields by employing Chiral (R)- and (S)-BINAP.AgF catalysts (Supplementary Scheme S8) (Makita et al., 2003; Mirabdolbaghi and Dudding, 2012). Although the reaction mechanism for the asymmetric (R)- or (S)-BINAP.AgF Sakurai-Hosomi-Yamamoto allylation reaction remains unknown, Mirabdolbaghi et al., proposed a transition state (TS1) that rationalized the enantioselectivity of the mechanism as shown in Supplementary Scheme S8 (Mirabdolbaghi and Dudding, 2012).
Yamamoto and his coworkers further disclosed the synthesis of the γ- and anti-products upon using AgF and a chiral bisphosphine catalyst such as (R)-DIFLUOROPHOS (Nokami et al., 2003; Wadamoto et al., 2003). This reaction is also assumed to progress through the cyclic transition state that is generated in situ from the transmetalation of allylsilanes to AgF (Supplementary Scheme S5). This modified Ag-catalyzed asymmetric allylation reaction is amenable to ketone as well as aldehydes (Komiyama et al., 2017; Wadamoto et al., 2003).
The aza-Hosomi-Sakurai (aHS) reaction, developed by Veenstra and Schmid (1997), is an additional variation of the HSR. This method allows for the one-step synthesis of homoallylamines which involves reacting an allylsilane with an aldehyde, a carbamate, or a sulfonamide, in the presence of a Lewis acid catalyst (Scheme 5). This reaction mechanism permits the synthesis of N-protected homoallylamines, which can be utilised to make N-heteroatomic rings in a few steps (Ella-Menye et al., 2005) leading to the synthesis of pyrrolidine and piperidine rings and eventually (+)-Allo-sedamine (9) (Girard, 2015).
[image: Chemical reaction scheme showing a synthesis route. The process begins with a silyl-protected aldehyde reacting with amine and boron trifluoride-etherate, leading to an imine. This undergoes several reactions over five steps to form (+)-Alto-securinine. It includes specific compounds with various R groups: phenyl-substituted, methyl, and chlorine.]SCHEME 5 | Modified Aza-Hosomi-Sakurai (aHS) allylation reaction for synthesizing (+)-Allo-sedamine (9) (Girard, 2015).
Onishi et al. (2002), developed a highly effective Lewis acid by combining InCl3 with Me3SiCl. The hybrid catalytic system is effective for HSR and Friedel-Crafts allylation and hydrosilylation reactions. Hexafluoroisopropanol (HFIP) has also proven to be an efficient source of a hydrogen bond donor and as a catalyst in the form HFIP–DCM (4:1 (v/v)) solution (Motiwala et al., 2022). To form the desired targeted allylated aldehyde and acetal products product, HFIP (2–5 eq.) was required (Supplementary Scheme S6) (Berkessel et al., 2006; Motiwala et al., 2022). HSR of hydroxy-aldehydes with allytrifluorosilanes was discovered to be stereospecific in the presence of triethylamine and chiral Lewis acid catalysts (Kira et al., 1990). Asymmetric Hosomi-Sakurai reactions (AHSR) could be effectively achieved with ee up to 92% using chiral Lewis (Denmark et al., 1994; Iseki et al., 1999; Wang et al., 1999).
Furthermore, a new trityl tetrakis (pentafluophenyl) borate [(Ph3C)[BPh(F)4] has been discovered as a catalyst to mediate HSR of β,γ-unsaturated α-ketoesters to yield γ,γ-disubstituted α-ketoesters in excellent yields using allylsilane reagent (Chien et al., 1991; Hollis and Bosnich, 1995; Kosugi et al., 1985; Mukaiyama et al., 1984). HSR of crotyl geminal bis(silane) with aldehydes (Supplementary Scheme S7) for instance can be carried out more efficiently by using the (Ph3C)[BPh(F)4] catalyst (Chu et al., 2017; Santos and Silva, 2018).
2 APPLICATIONS OF HSR IN TOTAL SYNTHESIS OF BIOLOGICALLY ACTIVE NATURAL PRODUCTS
A plethora of synthetic methods have been studied and advanced in the synthesis of complex compounds including natural products over the past decades. Among them is HSR of carbonyl intermediates which provides a straightforward and versatile method for preparing these compounds. The HSR is characterised by the formation of a new carbon-carbon bond with high functional group compatibility. The stereoselectivity of the reaction is largely regulated by substituents on substrates under mild reaction conditions. The use of allylsilanes makes this allylation a useful tool for synthesizing complex natural products. Recently, Lee (2020) reported the application of Hosomi-Sakurai in the total synthesis of a number of natural products. In this review, we will focus only on selected examples of total synthesis of biologically active natural products that have utilized HSR as a key transformation method in the past 2 decades and were not included in Lee work.
2.1 Total synthesis of aburatubolactam A
Aburatubolactam A (10) is a natural product isolated from the culture broth of marine mollusc bacterium Streptomyces sp., SCRC-A20 in Japan (Bai et al., 2016; Henderson et al., 2008). Uemura and co-workers determined the complete structure and absolute stereochemistry of the natural product using X-ray crystallographic analysis (Bae et al., 1996). Biological screening of Aburatubolactam A (10) exhibited cytotoxicity properties against human cancer cells by inhibiting cell proliferation, anti-microbial activity, and the inhibition of superoxide generation (Israr et al., 2024). Aburatubolactam A (10) has been observed to be an inhibitor of protein kinase C in both rat brain tissue samples and rat liver cell membrane preparations (Israr et al., 2024). Additionally, Aburatubolactam A (10) has been found to suppress the growth of Mycobacterium tuberculosis bacteria by disrupting the synthesis of DNA, RNA, and proteins within the bacterial cells (Henderson et al., 2008).
A total of 23 steps were required to synthesise Aburatubolactam A (10) starting from commercially available ketone 11, followed by five steps to form bicyclo [3.3.0] octene 12 with a 90% yield (Scheme 6) (Henderson et al., 2008). The fluoride-mediated Sakurai allylation using TBAF in a solvent mixture of dimethylformamide and N,N′-Dimethylpropyleneurea (DMF-DMPU) resulted in the formation of intermediate 13 (Majetich et al., 1986). This intermediate was obtained as a 4:1 mixture of inseparable diastereomers, achieving a yield of 78%. This ratio was then improved in favour of the desired isomer to 2:1 by the protonation of the silylketene acetyl derived from 13. The resulting product was taken through 11 other sequential steps to achieve Aburatubolactam A (14) in 46% total yield (Bai et al., 2016; Henderson et al., 2008) (Scheme 6).
[image: Chemical synthesis pathway showing a multi-step process starting with compound 11, proceeding through five steps to compound 12, another phase adding CO2Me and TMS, resulting in compound 13 over 17 steps, and culminating in the final compound, Aburatubolactam A.]SCHEME 6 | Total synthesis of Aburatubolactam A (10) (Bai et al., 2016).
2.2 Total syntheses of (−)-acutumine
(−)-Acutumine 14, is an alkaloid isolated first from the roots of Sinomenium acutum in 1929 by Goto and co-workers (Li et al., 2009). It has also been discovered in Hypserpa nitida and Apis cerana. The family of (−)-Acutumine has structural similarities to the Hasubanan family of alkaloids such as (−)-Dechloroatunine (15), and (−)-Hasubanonine (16). (−)-Acutumine (14) inhibits the proliferation of human T-cells and memory-enhancing properties in the Wistar rat model (Yu et al., 2002). The structure complexity with embedded chirality in the spirocyclopentenone rings 1 and 2 of (−)-Acutumines poses difficulty in its total synthesis (King et al., 2013).
In 2009, Castle and co-workers reported the total synthesis of (−)-Acutumine (14) (Li et al., 2009). In the build-up to the synthesis of (−)-Acutumine spirocyclopentenone ring derived from acetonide 17 was prepared in 5 steps from the starting D-ribose, 18 (Scheme 7) (Kim et al., 2020; Smith et al., 2005). Palladium was employed to catalyze the converting of 1,4-disilylation, (Ogoshi et al., 2002), and cleavage of the enoxysilane generated the β-dimethylsilyl ketone 19 as a single diastereomer which was taken through seven linear steps to obtain intermediate 20. HSR was then carried out on 20 using tetrabutylammonium fluoride (TBAF) to induce an intramolecular cyclisation to obtain the key tetracycle 21 as a single diastereomer in 37% yield. The tetracycle 21 was taken through eight other linear steps to yield (−)-Acutumine, 14 (King et al., 2013).
[image: Chemical synthesis pathway for the molecule (-)-Acuminatine (14). The pathway starts with D-ribose (17) and proceeds through intermediate compounds, including 18 to 21. Key reactions are indicated with conditions such as use of TMSOTf, Pd(OAc)₂, and TBAF, illustrating steps to achieve structural transformations. Structures include variations such as 15, (-)-Dechloroacuminatine, and 16, (-)-Fissistigmanine, showing the progression and modifications at each step.]SCHEME 7 | Total synthesis of (−)-Acutumine, 45 (King et al., 2013).
2.3 Total synthesis of alotaketals and phorbaketals
Alotaketals and Phorbaketals are sesterterpenoid natural products that have been discovered in extracts of marine sponge species (Hubert et al., 2015; Joung et al., 2017; Shirley et al., 2018; Yao et al., 2020). Alotaketal A (22) (Scheme 8) was first isolated from a marine sponge Hamigera sp in Milne Bay, Papua New Guinea by Kieffer and Andersen in 2009 (Forestieri et al., 2009). To date, five Alotaketals (A- E) have been isolated from different other species. Alotaketals share the same tricyclic spiroketal backbone with Phorbaketals (A- N) which have had fourteen members isolated and structurally characterised using NMR spectroscopic techniques. Despite their structural similarity, they have different biological activity profiles. Alotaketal A (22) was found to increase protein kinase activity and also activate the cyclic adenosine monophosphate (cAMP) cell (cAMP is a derivative of adenosine triphosphate, i.e., ATP) signalling pathway in human embryonic kidney cells (HEK293T) (Beavo and Brunton, 2002; Forestieri et al., 2009). Phorbaketal (23) on the other hand is cytotoxic against human colorectal, hepatoma, and lung cancer cell lines (Daoust et al., 2013; Lee et al., 2014; Wang et al., 2016; Yao et al., 2020).
[image: Chemical synthesis diagram showing the transformation of compound 24 and compound 25 into compound 26 using two reagents: TMSOTf and K\(_2\)CO\(_3\) with a yield of 57%. Compound 26 is further processed into two products, 22 (-)-Alotaketal A after ten steps and 23 (-)-Phorbaketal A after thirty steps.]SCHEME 8 | Total synthesis of (−)-Alotaketal A (22) and (−)-Phorbaketal A (23) involving HSR protocol (Yao et al., 2020).
Yao et al., used TMSOTf as Lewis acid in catalysing the reaction between moiety 24 and 25 through an HSR to prepare a single diastereomer 26 in 75% yield (Scheme 8) (Yao et al., 2020). Yang completed the synthesis of (−)-Alotaketal A (22) in 30 steps with an overall yield of 2.6%. Alotaketals and Phorbaketal, i.e., Spiroketals of this nature have been very challenging to synthesise (Yao et al., 2020). Lee et al., accomplished the synthesis of (−)-Phorbaketal A (23) in 10 steps with a yield of 1.04% being the shortest linear sequence steps (Lee et al., 2014).
2.4 Synthesis of (+)-Amphidinolide P
Amphidinolides are bioactive natural products isolated from marine dinoflagellates. Kobayashi and co-workers isolated the first amphidinolide A in 1986 (Ishibashi and Kobayashi, 1997; Kobayashi et al., 1986) and other amphidinolides including amphidinolides P 27 from a cultured diniflagellate Amphidinium sp. Amphidinolides are characterized by their unique 26-membered macrolide structure have shown antineoplastic activity against cancer cell lines and possess IC50 values in the low micromolar range (Heravi and Mohammadkhani, 2018).
Total synthesis of (−)-amphidinolide P, 27 was reported for the first time in 2000 by Williams and co-workers (Williams and Meyer, 2001). (+)-Amphidinolide P 27 was also prepared from a mixture of chiral precursors 29 and 30 starting from commercially available 28 (Williams et al., 2013). Aldehyde allylation with allylsilane 31 to achieve key intermediate 32 was achieved by adopting the HSR using boron trifluoride etherate as a catalyst Scheme 9 (Carreira and Joliton, 2015; Williams et al., 2013; Williams and Meyer, 2001). Traeatment of intermediate 62 through 7 steps reactions resulted in the formation of the Amphidinolides P (27).
[image: Chemical reaction sequence showing the synthesis of Amphidinolide P (27). Compound 28 undergoes four steps to yield compound 29. Next, 29 combines with compound 30 using TMS and BF\(_3\)·OEt\(_2\) at -78°C to form compound 31 with a 64% yield and a diastereomeric ratio of 3:9:1. Compound 31 is then converted to Amphidinolide P over seven additional steps.]SCHEME 9 | Total synthesis of Amphidinolides P (27) (Carreira and Joliton, 2015).
2.5 Total synthesis of (±)-Aspidospermidine
(±)-Aspidospermidine (32) belongs to the Aspidosperma family of alkaloids (Du et al., 2017) which are made up of a pentacyclic ring system and five chiral centres. Members of this family of alkaloids possess antibiotic, anticancer, antimalarial and anti-inflammatory activities. However, the structural complexity of this class of compounds presents a challenge to successful asymmetric synthesis (Du et al., 2017; Ramirez and Garcia-Rubio, 2005).
The key intermediate in the synthetic route of (−)-Aspidospermidine 32 was first prepared by Stork and Dolfini (Stork and Dolfini, 1963). Sabot and co-workers used an alternative approach known as the “aromatic ring umpolung” which starts with polysubstituted phenol 33 which was converted to dienone 34 through HSR using allyltrimethylsilane and trifluoroethanol (TFE) or Hexafluoroisopropanol (HFIP) in the presence of PhI(OAc)2 (Scheme 10). The entire total synthesis was completed in 10 steps starting from phenol 33 to give the overall yield of 5.4% (Sabot et al., 2009).
[image: Chemical reaction scheme showing the transformation of compound 33 to 34 using Ph(OAc)₂ in HFIP at 0°C. Compound 34 is converted to 35 through seven steps, followed by two steps to form (±)-Aspidospermine (32).]SCHEME 10 | Total synthesis of (±)-Aspidospermidine (32) (Stork and Dolfini, 1963).
[image: Chemical reaction scheme for synthesizing fortiatinoploid and cephinoid compounds. It begins with compound 42, undergoing Nicholas-Hosomi-Sakurai allylation to produce compound 43. Subsequent reactions involving MeI, NaH, and C5H5, lead to the formation of compounds 39, 40, 41, 36, 37, and 38, including fortiatinoploid P, N, and M, and cephinoids. Reagents like TFA, Ag2CO3/celite, n-Bu3SnH, and AIBN are used under specific conditions such as THF and reflux. The scheme details stereochemical configurations and reaction conditions.]SCHEME 11 | Total asymmetric total synthesis of Cephalotaxus diterpenoids: Cephinoid P, Cephafortoid A, 14-epi-cephafortoid A and Fortalpinoids M, N, (Wang et al., 2023).
2.6 Total synthesis of Cephalotaxus diterpenoids: Cephinoid P, Cephafortoid A, 14-epi-Cephafortoid A and Fortalpinoids M-N, P
Cephalotaxus diterpenoids are structurally diverse diterpenoids. In 2016, Yue and co-workers isolated this family of compounds from Cephalotaxus species (Fan et al., 2017; Shao et al., 2024). This family of natural products showed potential anticancer properties. The intriguing and challenging structure of these compounds was established using X-ray crystallography techniques. Gao and coworkers have recently reported the first asymmetric total synthesis of these natural products and subgroups such as Cephinoid P (36), Cephafortoid A (37), 14-Epi-cephafortoid A (38) and Fortalpinoids M (39), N (40) and P (41) from the precursor (S)-trimethyl (4-methyl-2-methylenehex-5-yn-1-yl) silane (Wang et al., 2023).
A universal strategy for the total synthesis of Cephalotaxus diterpenoids bearing unique cycloheptene A rings with chiral methyl groups was adopted. The 7-5-6 tricycle rings of the Cephalotaxus diterpenoids were obtained from the dicobalt hexacarbonyl-propargylic alcohol complex (Scheme 20). An intramolecular Nicholas/Hosomi-Sakurai cascade reaction was developed to form the cycloheptene A-ring bearing a chiral methyl group (Scheme 11). The Pauson-Khand reaction was then used to complete the skeleton of the target molecules. The asymmetric total syntheses of Cephinoid P (36), Cephafortoid A (37), 14-Epi-cephafortoid A (38) and Fortalpinoids M (39), N (40) and P (41) were successfully achieved over 15–18 steps from compound 42. The proposed strategy presents a novel approach for the total synthesis of Cephalotaxus diterpenoids and structurally related akin polycyclic natural products (Wang et al., 2023).
2.7 Total Synthesis of Dehaloperophoramidine and (+)-Perophoramidine
Naturally occurring (+)-Perophoramidine 44 was isolated from marine ascidian Perophora namei by Ireland and co-workers in the Philippine ascidian organism, P. namei (Verbitski et al., 2002). Dehalogenated product Dehaloperophoramidine 44 was obtained from the hydrogenation of (+)-Perophoramidine 45. The two compounds, 44 and 45 bear a structural resemblance to a complex family of natural products called communesin alkaloids (Communesin F, 46) (Trost and Osipov, 2015; Wilkie et al., 2016; Zuo and Ma, 2011). They both possess complex chemistry of quaternary chiral centres that makes them synthetically challenging. (+)-Perophoramidine 45 has been reported to possess anticancer activity and this has drawn the synthetic chemist’s attention to them.
Synthesis of Dehaloperophoramidine 44 started with the reaction of commercially available 47 and 48 to make intermediate 49, which was taken through seven steps to yield 50. Key intermediate 51 was treated with allyltrimethylsilane in the presence of TiCl4 to give 52 which was taken through 12 extra steps to achieve Dehaloperophoramidine 44 (Scheme 12) (Wilkie et al., 2016).
[image: Chemical synthesis pathway showing the transformation from compound 47 to 45, Debatoperophoramidine, through several steps involving intermediate compounds 48, 49, 50, and 51. Key reagents include NCS, DMP, DCM, TCA, and TiCl4. Structural formulas highlight molecular changes, aromatic rings, and functional groups.]SCHEME 12 | Total synthesis of (+)-Dehaloperophoramidine 51 (Wilkie et al., 2016).
2.8 Total synthesis of deoxopinguisone
Deoxopinguisone (52) is a type of Pinguisanes (sesquiterpenes) that occurs naturally in liverworts (Asakawa et al., 2013). Pinguisanes was first isolated and characterised successfully using spectroscopic techniques by Krutov and co-workers in 1972 (Krutov et al., 1973; Uyehara et al., 1985). The distinctive feature of this compound is its spatial configuration of the four methyl group substituents. These methyl groups are specifically oriented in a β-configuration in the molecular framework.
Formation of the C4–C9 bond was facilitated by the HSR to give a cis stereochemistry between C8 and C9 since the cis hindrance system is more stable in solution compared to the trans-derivative. The synthesis started with commercially available ketone 53 which was taken through seven sequential steps to obtain intermediate 54 (Supplementary Scheme S9). This intermediate 54 was oxidized with pyridinium dichromate and tert-butylhydroperoxide to obtain the enone intermediate 55 which was subjected to Hosomi-Sakurai cyclisation (HSC) in dry TBAF that led to the concomitant cleavage of the C-Si bond to form intermediate 55. The HSC of 55 favoured only the formation of the desired cis isomer 56 as shown in Supplementary Scheme S9 below (Tori et al., 2001).
From Supplementary Scheme S10, Dthe conformation of the cis-isomer shows that the β-position from the enone is near the allylic proton that is in the γ-position from the TMS group. Also, cis -isomer of cyclohexanone is favoured due to steric hindrance (Supplementary Scheme S10) (Tori et al., 2001). The intramolecular cyclisation was accomplished by the HSR in dry TBAF as a catalyst in THF as a solvent to yield 99% compound 56, but 56 was not formed through the trans conformation due to steric hindrance as shown (Supplementary Scheme S10) in the intermediate (Tori et al., 2001). Conversion of intermediate 55 to the final product Deoxopinguisone, 52 was accomplished by Uyehara and coworkers (Uyehara et al., 1985; 1986).
2.9 Total synthesis of Ent-Callilongisin B
Ent-Callilogisin B (57) was isolated from the leaves of Callicarpa longissima, along with related compounds, Callilongisin A (58), C (59), and D (60). Ent-Callilongisin B (59) is an analogue of 3,4-seco-abietane-type diterpenoid whose structure was established using NMR spectroscopic techniques (Liu et al., 2012). The natural product 57 demonstrated cytotoxic activities against a human prostate cancer cell line. An anti-inflammatory activity of 57 was also observed when tested for superoxide anion production from human neutrophil cells (Kamiya et al., 2021).
In 2021, the first asymmetric total synthesis of tricyclic diterpenoid Ent-callilongisin B (57) was reported by Kamiya et al. (2021). The synthesis started with the Sharpless oxidation of enantiomerically pure (S)-perillyl alcohol 61, to form acetoxy ketone 62 (Indictor and Brill, 1965; Sharpless and Michaelson, 1973; Tanaka et al., 1974). The synthesis was accomplished following stereo-controlled Michael 1,4-addition and Hosomi−Sakurai allylation of enone 63, followed by Wacker oxidation, and intramolecular aldol reaction of diketone to construct the six-membered ring and oxidative dearomatisation of phenol intermediate accompanied by diastereoselective δ-lactonisation (Scheme 13). The same research group is also developing enantioselective synthetic methods for other Callilongisin analogues A (58), C (59) and D (60) (Kamiya et al., 2022).
[image: Chemical reaction scheme depicting the synthetic pathway for Calligonisin compounds. Structures of Calligonisin B through D are shown at the top. The steps below illustrate the transformation of compound 61 through intermediates 62 and 63, ultimately forming compound 64. Reagents and conditions are specified for each step, including the use of vanadium acetylacetonate, TBHP, benzene, and Pb(OAc)4. Further reactions involve the use of TMS and HNTf2 in dichloromethane at negative seventy-eight degrees Celsius. The final transformation reverts compound 64 back to Calligonisin B.]SCHEME 13 | Total synthesis of Ent-callilongisin B (57) (Kamiya et al., 2021).
2.10 Total synthesis of eribulin mesylate
Eribulin mesylate (65) is an anticancer drug made from halichondrin B (66), a natural marine polyether macrolide product (Ortega and Cortés, 2012; Paterson et al., 2011). In 1986, halichondrin B was first isolated from the marine sponge Halichondrin okadai by Uemura and co-workers (Kulkarni et al., 2016). Further studies on the structure of halichondrin B led to the discovery of the analogue known as Eribulin mesylate (65) with improved anticancer activity against metastatic cancer cell lines. In 1997, Eisai Pharmaceutical Company in collaboration with Kishi et al., reported the total synthesis of the drug in an industrial viable way (Fang et al., 1992; Lee et al., 2016; Li et al., 2018; Stamos et al., 1997).
Currently, Pabbaraja et al., reported a more economical, and industrially scalable, approach toward the easy production of the drug (Nasam and Pabbaraja, 2024). The modified stereoselective synthetic approach to the preparation of Eribulin mesylate (65) involved the use of commercially available 1,4-butanediol (67) to generate key intermediate 68 which was coupled with intermediate 69 in HSR to achieve the key intermediate 70. The total synthesis of Eribulin mesylate was accomplished by taking the intermediate 70 through several steps (Scheme 14) (Nasam and Pabbaraja, 2024).
[image: Chemical synthesis pathway showing the transformation of starting compounds through several steps, with various intermediates labeled 67, 68, 69, 70, and 71, leading to complex structures 64, Eribulin mesylate, and 65, Halichondrin B. The process involves reagents and conditions like BnBr, NaH, THF, and several others, with specified times and temperatures for each reaction step.]SCHEME 14 | Total synthesis of Eribulin mesylate, 64 (Nasam and Pabbaraja, 2024).
2.11 Total synthesis of (−)-Galiellalactone
(−)-Galiellalactone 72, (Scheme 15), a fungal metabolite was originally isolated from ascomycete Galiella rufa in 1990 (Johansson and Sterner, 2001; Kim et al., 2015). It has been found to possess inhibitory properties against STAT3 (signal transducer and activator of transcription 3) that block the DNA binding of phosphorylated STAT3 without inhibiting phosphorylation and dimerization (Don-Doncow et al., 2014). (−)-Galiellalactone also induces the apoptosis and growth inhibition of human prostate cancer cells. Sterner and co-workers were the first to report the synthesis of the (−)-Galiellalactone and confirmed its stereochemistry unambiguously (Johansson and Sterner, 2001).
[image: Chemical reaction diagram showing the conversion of compound 73 to a mixture of compounds 74 and 75 using TMS, TiCl4, and CH2Cl2 at -78°C with 78% yield and diastereomeric ratio of 5:1. The final product is compound 72, (-)-Galiellalactone.]SCHEME 15 | Total synthesis of (−)-Galiellalactone (72) (Kim et al., 2015).
Kim et al also used a modified Hosomi−Sakurai crotylation method (Hosomi and Sakurai, 1977; Shing and Li, 1997) to diastereoselectively introduce the C9 side chain with the required terminal alkene for ring closure metathesis. The intermediate 73 was reacted with (E)-crotyltrimethylsilane and BF3⋅Et2O as the promoter to yield compounds 74 and 75 in 88% yield in favour of the undesired 75. However, when the catalyst was changed to TiCl4, the yields dropped to 78% but favoured compound 74 to give a dr of 5:1 (Scheme 15). Further, intermolecular cyclisation of the 75 resulted in the formation of the product with the exact configuration (Kim et al., 2015).
2.12 Total syntheses of grayanane diterpenoids: (−)-grayanotoxin III, (+)-Principinol E, and (−)-Rhodomollein XX
Grayanane diterpenoids are naturally occurring secondary metabolites exclusively found in flowering plants of the Ericaceae family (Li et al., 2019) with over 4,000 species (Liu et al., 2024). In addition to grayanane diterpenoids (Cai et al., 2018; Ho and Lin, 1995; Lv et al., 2017; Zhou et al., 2012), Ericaceae plants contain other types of terpenoids, including triterpenoids (Teng et al., 2018; Zhang et al., 2018; Zhao et al., 2018) and meroterpenoids (Huang et al., 2018; Liao et al., 2015; Liao et al., 2017). These compounds feature a distinctive tetracyclic backbone system with an intricate 5/7/6/5 configuration, contributing to their complexity and diversity (Huang et al., 2005; Wang et al., 1998). This family of compounds exhibits various properties, including analgesic, antinociceptive, anticancer, antiviral, antifeedant, insecticidal effects, as well as toxicity and inhibition of protein tyrosine phosphatase 1B (PTP1B) (Li et al., 2019; Liu et al., 2024).
Grayanotoxins were isolated from the leaves of Leucothoe grayana, a poisonous shrub native to Japan, between 1930 and 1960 (Kakisawa et al., 1961; Kong et al., 2023) but the stereochemistry at the ring junction was only ambiguously determined in 1970 using X-ray crystallography by Narayanan and coworkers (Narayanan et al., 1970). Grayanotoxins are known to be toxic to both humans and animals, acting by modulating voltage-gated sodium channels. This mechanism accounts for their poisoning effects as well as their analgesic properties. Grayanotoxin III, 76 is the alkaline hydrolysed derivative of Grayanotoxin I, which naturally occurs in L. grayana (Kakisawa et al., 1961). Principinol E, 77 was isolated from the aerial parts of Rhododendron principis and exhibited significant in vitro inhibitory activity against PTP1B with an IC50 value of 3.14 ± 0.12 µM (Liu et al., 2014; Z. R; Zhang et al., 2012). Rhodomollein XX, 78 was isolated from fruits of Rhododendron mole (Li et al., 2000; Zhou et al., 2014) and exhibited moderate antinociceptive activity (Li et al., 2019).
The total synthesis of 76, 77, and 78 began with the synthesis of the key intermediate 80 from 79. The intermediate 81 was prepared by the asymmetric 1,4-conjugated addition developed by May and co-workers (May et al., 2011) and was treated with TMSOTf in the presence of 83 to foster an intramolecular Mukaiyama aldol reaction followed by the addition of EtAlCl2 which mediated the HSR to produce 82 in 62% yield (1.7:1 dr) in a one-pot. A total of 18, 19 or 20 and 18 synthetic steps were followed to obtain (−)-Grayanotoxin III, 76, (+)-Principinol E, 77 and (−)-Rhodomollein XX, 78 (Scheme 16) (Kong et al., 2022; 2023).
[image: A schematic diagram of a chemical synthesis pathway showing the conversion of compound 79 into compound 76, Grayanotoxin III, and subsequent transformations into compound 77, Principinol E, and compound 78, (-)-Rhodomollein XX. The diagram includes intermediate compounds such as 80, 81, and 82, along with reagents and reaction conditions. Arrows indicate the sequence and steps required for each transformation.]SCHEME 16 | Total syntheses of Grayanane Diterpenoids: (−)-Grayanotoxin III (76), (+)-Principinol E (77), and (−)-Rhodomollein (78) (Kong et al., 2022; 2023).
2.13 Total synthesis of Heliespirone A and C
Heliespirone A (84) is a member of a sesquiterpene group of alkaloids that was isolated from cultivar sunflowers, i.e., Helianthus annuus L. by Huang et al. (2011). Heliespirone C (85) was isolated in the later part of 2006 and reported with six- and five-membered oxaspirocyclic skeletons, respectively (Huang and Liu, 2010). Heliespirone A (84) is anticipated to have a significant impact on the allelopathic action of cultivar sunflowers. Heliespirone C (85) demonstrated an inhibitory activity in coleoptile bioassay. Due to their intriguing structural features, biological profiles, and limited availability, these natural products present appealing targets for total synthesis (Huang and Liu, 2010).
Miyawaki et al., in 2012 reported the total synthesis of (−)-Heliespirone A (84) and (+)-Heliespirone C (85) (Miyawaki et al., 2012). A combination of several synthetic approaches including the HSR was carried out to introduce two stereogenic centers at C-8 and C-10 (Scheme 17). Intramolecular allylation of substrate 86 which had an allylsilane and p-benzoquinone substituents was accomplished using tert-butyldimethylsilyl trifluoromethanesulfonate (TBSOTf) as a catalyst in isobutyronitrile (Me2CHCN) to give a mixture of 87 and 88 in 68% with 8:1 dr. The excellent stereoselectivity in this transformation could be attributed to the preference for transition state T1 over T2. This is due to the stereoelectronically favourable antiperiplanar conformation of T1, as well as the steric repulsion between the allylsilane and the benzoquinone groups in T2 as shown in Scheme 17. Intermediate 88 was taken through 4 linear steps to achieve the two diastereoisomers (±)-Heliespirones A, 84 and C, 85 (Miyawaki et al., 2012).
[image: Chemical synthesis diagram illustrating the steps to transform compound 86 into intermediates 84 and 85 and ultimately compounds (3S*, 5R*)-92 and (3S*, 5S*)-92. The process involves multiple steps and reagents, including TBSOTf and Me3CHCN for one of the reactions. The diagram includes structural representations of each compound and reaction arrows indicating the progression.]SCHEME 17 | Total synthesis of (−)-Heliespirone A and C (Miyawaki et al., 2012).
2.14 Total synthesis of Herboxidiene/GEX1A
Herboxidiene GEX1A (89) a potent phytotoxic polyketide was isolated from Streptomyces chromofuscus A7847 by Isaac and co-workers in 1992 (Isaac et al., 1992; Thirupathi and Mohapatra, 2016). Yoshida et al. also isolated six polyketide analogues [series (GEX1)] from Streptomyces sp, in 2002 (Miyawaki et al., 2012; Sakai et al., 2002; Yun and Panek, 2007). The compound exhibited selective phytotoxicity against a range of broadleaf annual weeds but harmless to wheat (Blakemore, 2002; Sakai et al., 2002). Herboxidiene/GEX1A (89) is also able to induce GAP1 and GAP2/mitosis (G1 and G2/M) cell cycle arrest in human tumour cell line WI-38 (Ghosh and Li, 2011). It also binds to SAP155, the protein responsible for the pre-mRNA splicing thereby acting as a novel slicing inhibitor (Thirupathi and Mohapatra, 2016).
The first total synthesis attempts of herboxidiene/GEX1A, 89 was in 1999 by Kocienski and co-workers using direct aldol reaction, Ireland-Claisen rearrangement, and hydroxy-directed epoxidation. The structural complexity of herboxidiene/GEX1A (89) comprising the presence of nine chiral centres, trisubstituted tetrahydropyran core, and conjugated diene side chain has made its synthesis particularly challenging (Smith et al., 1996). Mohapatra and Thirupathi reported a 22 linear sequence steps toward the synthesis of herboxidiene/GEX1A (89) (Thirupathi and Mohapatra, 2016). HSR was used to couple lactol 90 which was achieved in 7 steps from 2-butyne-1,4-diol (91), with allyltrimethylsilane and AuCl3 as a diastereoselective allylation catalyst previously developed for cyclic hemiacetals as shown in Scheme 18. Compound 92 was the key intermediate needed to synthesize Herboxidiene 89 (Thirupathi and Mohapatra, 2016).
[image: Chemical reaction scheme illustrating a synthesis pathway for Herboxidiene/GEX1A (compound 89). Starting with compound 90, involving 7 steps to form compound 91, followed by the addition of a TMS-protected aldehyde with AuCl3 catalyst to yield compound 92 in 87% yield. Several steps transform compound 92 into compound 89.]SCHEME 18 | Total synthesis of Herboxidiene GEX1A, 89 (Thirupathi and Mohapatra, 2016).
2.15 Total synthesis of Huperserratines A and B
Lycopodium alkaloids are a large group of natural products with unique heterocyclic frameworks found in the Lycopodiaceae family. Following the isolation of lycopodine by Bödeker (1881), Harrison et al. (1961), Wada et al. (2019), more than 300 Lycopodium alkaloids have been isolated, and their structures established using various spectroscopic techniques including X-ray crystallography (Ma and Gang, 2004; Siengalewicz et al., 2013). These compounds exhibit distinguishable polyfused-bridged structures and demonstrate remarkable biological activities. For instance, Huperzine A, a lycodine-type lycopodium alkaloid isolated from Huperzia serrata, is a highly specific and potent inhibitor of AChE (Xing et al., 2014). It is also found to be effective in the treatment of Alzheimer’s disease (AD) in China, and used as a dietary supplement in the United States (Liu et al., 1986; Xu et al., 1999). In 2020, ZhaO and co-workers isolated two Lycopodium alkaloids Huperserratines A (93) and B (94), from H. serrata (Wu et al., 2020). The absolute configurations of these compounds were determined using single-crystal X-ray diffraction. The compounds were the first reported macrocyclic lycopodium alkaloids with a 5-azabicyclo [10.4.0]hexadecane structure. They were also the second and third examples of lycopodium alkaloids containing an oxime group in the molecule. In addition, Huperserratine A (93) showed moderate anti-HIV-1 activity with an EC50 value of 52.91 μg mL−1 (Deng et al., 2022).
ZhaO and co-workers reported the first total synthesis of Huperserratines A (93) and B (94) through a 12-step sequence including Suzuki-Miyaura coupling, the HSR, the ring-closing metathesis, the dihydroxylation, and Swern oxidation (Scheme 19) (Zhao et al., 2021). The synthesis of Huperserratines A (93) and B (94) started with (5R)-2-iodo-5-methyl-2-cyclohexen-1-one (95), which was transformed into the intermediate, 96 by a Pd-catalysed Suzuki–Miyaura reaction followed by modification through N-alkylation to obtain compound 97. The 1,4-addition was completed using a TiCl4-catalyzed HSR of enone 98 with allyltrimethylsilane, yielding 3,5-trans-cyclohexanone 99. Epimerization at the α-position of the ketone occurred under these conditions, resulting in a 1:1 mixture of diastereomers. After three steps, diastereomers 101 and 102 were produced, respectively. After the preparation of the oxime followed by deprotection to give Huperserratines A (93) and B (94) (Deng et al., 2022; Wu et al., 2020).
[image: Chemical synthesis pathway for Huperzine derivatives, starting from compound 95 through 98, leading to structures 100, 101, and 102, culminating in the synthesis of Huperzine A (93) and Huperzine B (94). Steps involve various reactions including the use of TMSOTf, DCM, P(c-Hex)3(dppf), and other agents, detailing intermediates.]SCHEME 19 | Total synthesis of Huperserratine A (93) and B (94) (Deng et al., 2022).
2.16 Total syntheses of (±)-Isonitramine, (−)-Sibirine, and (+)-Nitramine
(±)-Isonitramine (103), (−)-Sibirine (104), and (+)-Nitramine (105), are spiropiperidine class of alkaloids possessing chiral quaternary carbon centres on their 2-azaspiro [5,5]undecane-7-ol core and were all isolated from Nitraria sibrica and N. Schoberi (Manske, 1960; Pandey et al., 2011). The three compounds demonstrated good biological activities against the proliferation of cancer cell lines (Boubaker et al., 2011).
The total synthesis of these alkaloids has been reported although targeted products are obtained as racemic mixtures (Westermann et al., 1993). These molecules appear simple but are challenging to synthesise due to their contiguous chiral centres. The total synthesis of (−)-Isonitramine (103) and (−)-Sibirine (104) started with the pure enantiomer 106 (Scheme 20). The ester group on 107 was reduced to an alcohol using LiAlH4 followed by protection of the amine group using benzyl chloroformate in dioxane/water and subsequent oxidation to yield intermediate 108. An allylation of intermediate 108 with allyltrimethylsilane in the presence of BF3⋅Et2O was accomplished via the HSR to give the key intermediate 109 in 92% with 78:22 diastereoselectivity. Synthesis of (+)-Nitramine (105) started with the conversion of the ester group of enantiopure 106 to aldehyde 109 which was treated with allyltrimethylsilane in the presence of SnCl4 to yield intermediate 110 in 87% with diastereoselectivity of 96:4. The intermediates 108 and 110 were each taken through 2 and 3 steps independently to yield 42%, 38%, and 25% for (−)-Isonitramine (103), (−)-Sibirine (104), and (+)-Nitramine (105), respectively (Pandey et al., 2011; Yang et al., 2021).
[image: Chemical synthesis pathway starting with compound 106, leading to two branches. The left branch forms compound 107 transforming to 108 with a diastereomeric ratio of seventy-eight to twenty-two, then into products 103 (-)-Isonitramine and 104 Sibirine. The right branch forms compound 109, then 110 with a diastereomeric ratio of ninety-six to four, finally forming product 105 (+)-Nitramine. Each step includes specific chemical transformations.]SCHEME 20 | Application of HSR total synthesis of (−)-Isonitramine (103), (−)-Sibirine (104), and (+)-Nitramine (105) (Pandey et al., 2011).
2.17 Total synthesis of (−)-Kumausallene
(−)-Kumausallene, 111 is sesquiterpene secondary metabolite belonging to a family of non-isoprenoids with a unique bromoallene or enyne moiety and also containing a dioxa-bicyclo [3.3.0] octane core (Das and Ramana, 2015; Hoffmann-Röder and Krause, 2004). Kurosawa et al first reported the isolation of (−)-Kumausallene, 111 from red algae Laurencia Nipponica Yamada collected at Kumausu, near Otaru, Hokkaido, Japan (Evans et al., 1999; Suzuki et al., 1983). Other members of the enyne containing compounds with dioxa-bicyclo [3.3.0] octane core shown in Supplementary Figure S2 include (+)-Panacene, 112 (Boukouvalas et al., 2006; Feldman, 1982; Feldman et al., 1982) and (−)-Aplysiallene, 113 (Wang and Pagenkopf, 2007); the eight- and nine-membered cyclic ethers (+)-Laurallene, 114 (Crimmins et al., 2010; Saitoh et al., 2003), (+)-Isolaurallene, 115 (Crimmins et al., 2002; Crimmins and Emmitte, 2001) (+)-Itomanallene A, 116 (Jeong et al., 2010) and (+)-Microcladallene B, 117 (Park et al., 2007).
The first total synthesis of (±)-Kumausallene (111) was reported by Overman and his group using a ring annulation strategy (Brown et al., 1991; Grese et al., 1993). It has also been enantioselectively synthesized by Evans et al., using an acyl radical cyclization to construct the tetrahydrofuran ring followed by an efficient biomimetic strategy (Evans et al., 1999). Several other successful syntheses of (±)-Kumausallene (111) has been reported in literature (Grese et al., 1993; Werness and Tang, 2011). In their 20 steps synthetic attempt, Werness et al oxidized hydroxyl ester intermediate 119 which was synthesized through 5 steps starting from compound 118 to the corresponding aldehyde and subsequently installed the pentenyl side chain through (Werness et al., 2013; Werness and Tang, 2011). The final product (−)-Kumausallene was achieved after 14 sequential steps as shown in Scheme 21a. Tang et al., used BF3⋅OEt2 as a Lewis acid in a HSR after the ozonolysis of compound 122 which was synthesized in four steps from acetylacetone 151 to generate pentene linker with the right stereochemistry (Scheme 21b). The HSR proceeded with a diastereoselectivity of a 4:1 ratio favoring the desired stereoisomer. Compound 123 was taken through 8 extra steps to give the title compound in 5.4% yield (Werness and Tang, 2011).
[image: Reaction sequence showing two synthetic routes for chemical transformations. Route a) starts from compound 118, undergoes five steps to form 119, and continues through 14 steps to reach 120, then forms 111, known as (-)-Kumausallene, in eight steps. Route b) begins with 121, progresses through four steps to 122, and concludes by converting to 123 through specific conditions and reagents like O3, allylTMS, and BF3·OEt2.]SCHEME 21 | Total synthesis of Kumausallene reported by (a) Werness et al. (2013) and (b) Werness and Tang (2011).
2.18 Total synthesis of Leiodermatolide A
Leiodermatolide A, 124 is a 16-membered polyketide macrolide skeleton, featuring an unsaturated side chain terminating in a δ-lactone. It was isolated in 2008 from marine invertebrate sponge lithistid Leiodermatium Sp. in Florida (Paterson et al., 2011). It possessed antimitotic selective cytotoxicity towards the pancreatic cancer cell lines AsPC-1, PANC-1, BxPC-3, and MIA PaCa-2, and potent cytotoxicity against skin, breast and colon cancer cell lines (Guzmán et al., 2016; Siu et al., 2021).
Krische and coworkers reported a 13-step total synthesis of leiodermatolide A, by reacting together fragments 124, 125 and 126 synthesised independently from commercially available starting materials (Scheme 22). Intermediates 127 and 128 were synthesized from starting materials 125 and 126 independently in 5 and 6 steps respectively. Aldehyde 127 and allyl silane 158 were reacted in a chelation-controlled procedure using AlEtCl2 followed by TBAF mediated HSR and exhaustive deprotection of the product to yield fragment 129. Fragments 129, 130 and 131 were then combined sequentially to yield Leiodermatolide A, 124 (Siu et al., 2021).
[image: Chemical synthesis pathway for Leidomide A, starting with compound 125. It includes transformations across multiple steps, involving intermediates 126, 127, and 128,  culminating in the final product 124. Reaction conditions include reagents like AlEt3, TBAF, and KOTMS, with specific temperatures and solvents detailed.]SCHEME 22 | Total synthesis of Leiodermatolide A, 124 (Siu et al., 2021).
2.19 Total synthesis of Lycopodine
Lycopodine, 132 belongs to a family of over 300 naturally occurring Lycopodium alkaloids with a diverse structural backbone (Harrison et al., 1961). It was first isolated in 1881 by Ayer et al (Harrison et al., 1961; Yang and Carter, 2010) but its structure was not elucidated until 1960 by Harrison and coworkers (Ayer and Cruz, 1993). Some of the members of this family of compounds possess medicinal properties that can reversibly inhibit acetylcholinesterase and increase learning and memory efficiency (Liu et al., 1986). Lycopodine is made up of four haxacyclic rings fused with five asymmetric centres like lycodine (Liu et al., 1986).
Several total synthetic techniques have been reported for the preparation of natural 132. Asymmetric synthesis was first reported by Yang and Carter (2010), Ma et al. (2016). Wada and co-workers also reported a concise asymmetric total synthesis of 162 by applying the HSR in the first step (Scheme 23a). Seven synthetic pathways were followed in the total synthesis of Lycopodine which started with the conversion of the commercially available crotonamide 133 to diastereoselectively make 134 (22.3: 1 dr) as shown in Scheme 23a (Wada et al., 2019).
[image: Chemical pathways for synthesizing complex organic compounds. Diagram (a) shows steps leading to Lycopodine (132) from starting materials 133 and 134, detailing chemical reactions and intermediates. Diagram (b) illustrates pathways involving molecules such as Tyr (136), Shikimic acid (137), leading to compounds like 138, 139, 140, 141, and (±)-Maximin (135). Reagents and conditions are specified for each transformation.]SCHEME 23 | Total syntheses of (a) Lycopodine (132) and (b) (−)-Maximiscin (135) involving HSR step (Mcclymont et al., 2020; Wada et al., 2019).
2.20 Total synthesis of (−)-Maximiscin
(−)-Maximiscin 135 is an alkaloid made from three different metabolic pathways that incorporates a central 1,4-dihydroxy-2-pyridone derived from tyrosine 137 (Scheme 23b), attached to the ester of shikimic acid 137 and cyclohexyl of a polyketide 141 (Schmidt et al., 2003). 4-Hydroxy-2-pyridone family of alkaloids (Du et al., 2014) to which (−)-Maximiscin belongs are known to be unstable and usually fragment in isolation but possess interesting biological activities (Schmidt et al., 2003). (−)-Maximiscin 135 is a fungal metabolite isolated from the fungus Tolypocladium which demonstrated tumor suppression activity in animal models (Du et al., 2013; Du, et al., 2014).
The total synthesis of (−)-Maximiscin 135 faced challenges due to the instability of its structure. Specifically, shikimate and pyridone residues tend to fragment when synthesised. Mcclymont and co-workers completed the total synthesis of Maximiscin 135 by following a modified enantioselective HSR using AgOTf as a promoter to activate the diacid chloride 139 as an electrophile in the presence of 140 and use the β-silicon effect of the Si−C to enhance the nucleophilicity of the nitrogen (Déléris et al., 1980; Mcclymont et al., 2020) (Scheme 23b).
2.21 Total synthesis of (+)-Ophiobolin A
Ophiobolins A-K (142–147) are terpenoids with 5,8,5-membered carbocyclic ring systems (Scheme 24). The complexity of the structure and intriguing biological activities of Ophiobolins A-K have attracted the attention of the organic synthetic community. (+)-Ophiobolin A, 142 has a unique 5,8,5,5 tetracyclic ring system and eight chiral centres isolated from Ophiobolus miyabeanus in 1958 by Ishibashi and co-workers. Its structure was fully established in 1965 by Nozoe et al. (1965), Rowley et al. (1989). Biological screening of 172 has revealed that it induces apoptotic cell death in the L1210 cell-lines, (Fujiwara et al., 2000), inhibits calmodulin-activated cyclic nucleotide phosphodiesterase, and also shows cytotoxicity to cancer cell lines A-549, Mel-20, and P-335 (IC50 values that range from 62.5 to 125 µM) (Li et al., 2013).
[image: Chemical structures of ophiobolin compounds are depicted, including ophiobolin A, B, C, J, and K. Additional structures, numbered 148 to 151, show synthesis intermediates. An arrow indicates a multi-step synthesis leading to ophiobolin A.]SCHEME 24 | Application of HSR in total synthesis of Ophiobolin A, (142) (Tsuna et al., 2013).
A number of synthetic attempts have been made toward the total synthesis of Ophiobolin by Kishi and co-workers (Li et al., 2013). Tsuna et al., reported the first total synthesis of (+)-ophiobolin A (142) in 2013. A protected tert-butyldiphenylsilyl (TBDPS) intermediate 148 was reacted with the methoxymethyl (MOM) intermediate 149 to generate the complex intermediate 150 which was taken through an intramolecular HSR to form the key intermediate spirocyclic compound 151 in 45% yield using BF3⋅OEt2 catalytic system. Further transformation of the key intermediate result in the production of the targeted product 152 as illustrated in Scheme 24 (Tsuna et al., 2013).
2.22 Total synthesis of (+)-Paniculatine
(+)-Paniculatine 152 belongs to the Lycopodium family of alkaloids and was first isolated by Castillo and his group in 1975 (Castillo et al., 1975; 2011). Other members of the Lycopodium family such as (−)-Magellanine 153 (Loyola et al., 1979) and (+)-Magellaninone 154 (Maclean, 1985) were also isolated from Lycopodium paniculatum by Casillo and co-workers. (+)-Paniculatine 152 has a complicated 6-5-5-6-fused tetracyclic diquinane core structure made up of seven chiral centres woven in a tetracyclic framework (Ma and Gang, 2004). Lycopodium family possesses anti-inflammatory activity and acetylcholinesterase inhibitory properties and are being studied as potential drugs for the treatment of Alzheimer’s and other neurodegenerative diseases (Ma and Gang, 2004; Saito et al., 2023).
The first total synthesis of (+)-Paniculatine (152) was reported by Sha and co-workers in 1999 using tandem cyclisation reactions that involve HSR (Sha et al., 1999). Mukai and co-workers, stereospecifically synthesized (+)-Paniculatine 152, (−)-Magellanine 153, (+)-Magellaninone 154 (Supplementary Scheme S12) in 43–45 unprecedented synthetic steps in 2007 (Kozaka et al., 2007). Yan et al. proposed a concise palladium-catalyzed reaction in 2014, leading to the synthesis of (+)-Paniculatine, (−)-Magellanine, and (+)-Magellaninone in 12 steps (Chen et al., 2018; Liu et al., 2019). Liu et al., developed a more concise synthetic route for the synthesis of (+)-Paniculatine, achieving the synthesis in 10 steps. This involved the HSR of compound 155 to yield the desired intermediate 156 with a high diastereoselective ratio (dr > 20:1) at −78°C using TiCl4 as depicted in Supplementary Scheme S12. The overall yeild was 12%. The authors proposed that the same reaction protocol could be used to synthesise (−)-Magellanine 155 and (+)-Magellaninone 154 as well (Liu et al., 2019).
2.23 Total synthesis of (+)-Penostatin E
Penostatin E 157 was isolated from a marine-based alga Enteromorpha intestinalis, a strain of Penicillium sp. (Jansma and Hoye, 2012). The biological activity of this compound attracts much interest from the organic synthetic community. When screened against cancer cell lines (P388 leukaemia cell lines), an ED50 value of 0.9 μg/mL was obtained, making it a potential anticancer agent.
Fujioka et al reported the first successful synthesis of (+)-Penostatin E, 157 following the HSR method to prepare enyne 150 from aldehyde 158 and allysilane 159 which were both synthesized from (R)-glycidyl isobutyrate and (E)-4-(trimethylsilyl)but-2-en-1-ol, respectively (Scheme 25a). Enyne 160 was diastereoselectively obtained in 96% yield after reacting 158 and 159 in the presence of SnCl4 without loss of enantiopurity. The synthetic pathway was simple and could be employed in the synthesis of other Penostatin derivatives. From compound 160 to the title compound 157 took several steps (Fujioka et al., 2014; Jansma and Hoye, 2012).
[image: Diagram illustrating synthetic pathways for two separate chemical processes. In (a), starting with compound 158, several steps, including reactions with SnCl4, lead to compound 157, labeled as (+)-Penostatin E. In (b), compound 163 undergoes a series of reactions, including ZnCl2 treatment, resulting in compounds 161, Trifarienol A, and 162, Telfairenol B.]SCHEME 25 | Total syntheses of (a) (+)-Penostatin E, (157) and (b) Trifarienols A (161) and B (162) showing applications of HSR step (Fujioka et al., 2014; Takahashi et al., 2009).
2.24 Total synthesis of Trifarienols A and B
Trifarienols A (161), and B (162) are sesquiterpenes that were isolated from Cheilolejeunea trifaria, a liverwort of Malaysian origin with a trifarane carbon backbone (Hashimoto et al., 1994; Huang and Forsyth, 1995). These compounds 161 and 162 are structurally complicated biologically active sesquiterpenes that exhibit anticancer, antifungal, and insect antifeedant properties. The complexity of this class of compounds is hidden in the highly substituted bicyclo [3.3.1] nonane moiety and the exo-methylene group. The bicyclo [3.3.1] nonane backbone of Trifarienols A (161) and B (162) is also found in some naturally occurring compounds such as hyperforin, aristophenones, guttiferones, garsubellin A, papuaforin A, and upial.
The first successful Trifarienols A (161) and B (162) synthesis was by Huang and co-workers (Huang and Forsyth, 1995) in 16 steps with an overall enantiomeric yield of 3%. Tori and co-workers attempted enantioselective synthesis of Trifarienols A (161) and B (162) in 1999 where they used (2RS,3R)-2,3-dimethylcyclohexanone as starting material and had an overall yield of 1.8% and 1.4% respectively (Tori et al., 1999). In 2009, Takahashi et al., synthesised Trifarienols A (161) and B (162) from compound 165 (Scheme 25b) which was previously prepared by the group and attempted construction of the bicyclo [3.3.1]nonane ring system. HSR was employed to achieve product 165 as the sole product in 93% yield by treating intermediate 164 with ZnCl2 in chloroform. The entire synthetic process took 15 steps to accomplish 2% and 9% yields of Trifarienols A (161) and B (162), respectively (Scheme 25b) (Takahashi et al., 2009).
3 CONCLUSION
In summary, the HSR and its applications in the total synthesis of complex and contiguous bioactive organic molecules from natural sources, have been reviewed. The HSR is applied in the formation of C-C bonds and complex transformations via activated Lewis acid-promoted allylation of various electrophiles. HSR is a facile reaction that has enabled organic chemists to undertake key transformations for the formation of complex carbocyclic compounds. Examples of such transformation include hetero-Diels–Alder (HDA), allylation of aldehydes and ketones, allylation of cyclic oxonium cation, β,γ-unsaturated α-ketoesters, carbocyclization, allylation of imines, epoxide opening/allylsilylation, cyanation of carbonyls amongst others.
The versatility of the HSR has been enhanced following the various modifications to the original method to broaden the scope of its application and molecular transformations of both intermolecularly and intramolecularly. Modifications such as the use of homoallylic allowed the preparation of a wide range of compounds including acetals, aldimines, aldehydes, carboxylic acid chlorides, epoxides, ketals, ketoimines, ketones, and α,β-unsaturated carbonyl compounds. Furthermore, HSRs occur under mild conditions and have low turnover time, are typically high yielding as well as are diastereoselective, stereoselective and installing multiple stereogenic centres concurrently.
In this review, we describe the applications of HSR in the synthesis of key intermediates and final products from several natural and synthetic products.
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GLOSSARY
AHSR Asymmetric Hosomi-Sakurai reaction
AIBN Azobisisobutyronitrile
AD Alzheimer’s disease
aSH aza-Hosomi-Sakurai
ATP adenosine triphosphate
BINAP 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl
BPO Benzoyl peroxide
CAB Chiral (acyloxy)borane
cAMP cyclic adenosine monophosphate
DCM Dichloromethane
DIFLUOROPHOS (2,2,2′,2′-Tetrafluoro-4,4′-bi-1,3-benzodioxole-5,5′-diyl)bis(diphenylphosphine)
DMF Dimethylformamide
DMPU N,N′-Dimethylpropyleneurea
DNA Deoxyribonucleic Acid
EC50 half maximal effective concentration
ED50 median effective dose
GAP GTPase-accelerating proteins
GETFund Ghana Education Trust Fund
GNPC Ghana National Petroleum Corporation
HDA Hetero-Diels–Alder
HEK human embryonic kidney cells
HFIP Hexafluoroisopropanol
HIV Human immunodeficiency virus
HSC Hosomi-Sakurai cyclisation
HSR Hosomi-Sakurai reaction
IC50 Half-maximal inhibitory concentration
LED light-emitting diode
MOM Methoxymethyl ether
NMR Nuclear Magnetic Resonance spectroscopy
NOE Nuclear Overhauser effect
RNA Ribonucleic acid
STAT3 signal transducer and activator of transcription 3
TBAF tetrabutylammonium fluoride
TBDPS tert-butyldiphenylsilyl
TFE trifluoroethanol
THF tetrahydrofuran
TMS trimethylsilyl
TMSI trimethylsilyl iodide
TMSO Trimethylsulfoxonium
TMSOT Trimethylsilyl trifluoromethanesulfonate
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Discovery of a novel 4-pyridyl SLC-0111 analog targeting tumor-associated carbonic anhydrase isoform IX through tail-based design approach with potent anticancer activity
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Introduction: Carbonic anhydrase IX (CA IX) is a tumor-associated enzyme involved in cancer progression and survival. Targeting CA IX with selective inhibitors like SLC-0111 has shown therapeutic potential. This study aimed to develop a novel 4-pyridyl analog (Pyr) of SLC-0111 with enhanced anticancer activity.
Methods: Pyr was synthesized using a tail-based design and characterized by NMR. Its cytotoxicity was tested against cancer and normal cell lines. CA inhibition, cell cycle effects, apoptosis induction, and protein expression changes were evaluated. Molecular docking and ADMET predictions assessed binding and drug-like properties.
Results and Discussion: Pyr showed selective cytotoxicity toward cancer cells and potent CA IX inhibition. It induced G0/G1 arrest, apoptosis, and modulated p53, Bax, and Bcl-2 levels. Docking confirmed strong CA IX binding, and ADMET analysis indicated good oral bioavailability. These results support Pyr as a promising anticancer candidate.
Keywords: sulphonamide, SLC-0111, carbonic anhydrase, cytotoxicity, apoptosis

1 INTRODUCTION
Cancer remains one of the most challenging health conditions worldwide, characterized by uncontrolled cell growth, invasion into surrounding tissues, and potential metastasis to distant organs (Wikipedia, 2024). It affects millions of lives annually, highlighting the urgent need for effective therapeutic strategies (WHO, 2024). Advances in cancer biology have paved the way for developing anticancer agents targeting various cellular and molecular mechanisms involved in tumor initiation, progression, and metastasis (Doostmohammadi et al., 2024). Current treatments, including chemotherapy, targeted therapy, and immunotherapy, often aim to disrupt specific pathways critical to cancer survival and growth (Yang et al., 2024; P. Inc, 2024; Tilsed et al., 2022). Despite significant progress, the emergence of drug resistance and adverse side effects highlight the need for novel therapeutic targets and agents with improved efficacy and safety profiles (Targeted Cancer Therapy, 2024; Tian et al., 2024).
Among the emerging molecular targets in cancer therapy, carbonic anhydrases (CAs) have gained attention due to their critical role in maintaining the pH balance within tumor cells and their microenvironment (Pastorekova and Gillies, 2019). Carbonic anhydrases are zinc metalloenzymes with 15 known isoforms in humans, of which CA IX and CA XII are overexpressed in hypoxic tumor cells (Baranauskienė et al., 2019). These isoforms play a pivotal role in regulating intracellular and extracellular pH by catalyzing the reversible hydration of carbon dioxide to bicarbonate and protons, enabling cancer cells to thrive in acidic and hypoxic conditions (Sedlakova et al., 2014). By supporting an acidic extracellular environment, CA IX and CA XII facilitate tumor progression, invasion, and immune evasion. Consequently, carbonic anhydrase inhibitors (CAIs) have emerged as promising anticancer agents, selectively targeting tumor-associated isoforms to disrupt these critical processes (Merkx et al., 2021). Recent studies have demonstrated the potential of CAI to inhibit tumor growth, enhance the effectiveness of conventional chemotherapeutics, and overcome resistance mechanisms (Kalinin et al., 2021).
SLC-0111, a ureido-substituted benzenesulfonamide, is a potent inhibitor of CA IX, disrupting pH regulation in tumor cells and impairing their survival and invasiveness (MedChemExpress, 2024). Preclinical studies have demonstrated that SLC-0111 enhances the efficacy of chemotherapeutic agents such as cisplatin in head and neck squamous carcinoma models, leading to reduced tumor growth and invasion (Sarnella et al., 2022). Additionally, SLC-0111 has progressed to Phase I clinical trials, where it was evaluated for safety and tolerability in patients with advanced solid tumors (McDonald et al., 2020).
Building upon the success of SLC-0111, researchers have developed various analogs to enhance selectivity and potency against tumor-associated carbonic anhydrase (CA) isoforms (Angeli et al., 2023). For instance, benzofuran-based derivatives have been synthesized, exhibiting selective inhibition of CA IX and CA XII (Figure 1) and demonstrating promising anticancer activity, with compound 1 displaying significant inhibitory activity against CA IX with a Ki value of 7.1 nM (Shaldam et al., 2021). Similarly, thiazole and thiadiazole-based analogs have shown substantial inhibitory activity against tumor-associated CA isoforms with thiadiazole analog 2 exhibited remarkable Ki values of 7.9 and 9.9 nM for CA IX and CA XII inhibition, respectively (Abo-Ashour et al., 2019). These derivatives have effectively suppressed tumor cell proliferation and migration, underscoring their promise as therapeutic agents in cancer treatment by targeting carbonic anhydrases.
[image: Three chemical structures labeled as SLC0111, 1, and 2. Each structure features a central six-carbon ring with various attached functional groups, including a sulfonamide group. Variations include different halogen atoms attached to the rings.]FIGURE 1 | Examples of important inhibitors of tumor-associated carbonic anhydrase isoforms.
In parallel with the development of small molecule inhibitors targeting CA IX, immunotherapeutic strategies have also emerged as promising approaches for the treatment of CA IX-expressing tumors. Notably, bi-specific adapter molecules capable of engaging universal chimeric antigen receptor T (CAR-T) cells have been designed to facilitate the selective targeting of CA IX-positive tumor cells (Low et al., 2024). These adapters act as molecular bridges that redirect CAR-T cells to tumor sites while providing an additional layer of control, potentially reducing off-tumor toxicity and enhancing safety profiles. By enabling the specific recognition and elimination of hypoxic, CA IX-expressing tumor cells, these bi-specific adapters offer a novel immunotherapeutic avenue that could complement the effects of CA IX inhibitors and broaden the therapeutic landscape for solid tumors characterized by hypoxia and acidosis.
Inspired by these findings on SLC-0111 and its related analogs, we employed a tail approach to design and synthesize a new analog of SLC-0111, incorporating a 4-pyridyl moiety linked with sulfanilamide as the zinc-binding group. This analog was evaluated for its anticancer properties and inhibitory activity against four CA isoforms: CA I, II, IX, and XII. The design retained the zinc-binding sulfonamide motif and urea linker from SLC-0111 while introducing a 4-pyridyl moiety as a tail to enhance interactions with the hydrophobic region of the CA active site (Figure 2).
[image: Chemical reaction diagram illustrating the transformation of compound SLC-0111 into the target compound (Pyr) through tail replacement. Both structures include similar elements with modifications in the tail section.]FIGURE 2 | Design of novel SLC-0111 analog (Pyr).
2 RESULTS AND DISCUSSION
2.1 Chemistry
Scheme 1 illustrates the stepwise synthesis of a sulfonamide-based urea derivative starting from pyridine-4-carboxylic acid (isonicotinic acid). The synthesis begins with the Fischer esterification of isonicotinic acid, converting its carboxylic acid group into an ethyl ester using absolute ethanol in the presence of concentrated sulfuric acid as a catalyst. In the second step, the ethyl ester reacts with hydrazine hydrate, replacing the ethoxy group with a hydrazino group to form the corresponding hydrazide (Isoniazid). The hydrazide is then subjected to diazotization using sodium nitrite in the presence of hydrochloric acid, leading to the formation of the acyl azide intermediate. This reactive intermediate is key to the next transformation, the Curtius rearrangement, which is induced by heating the acyl azide in toluene. During this rearrangement, the azide undergoes nitrogen gas evolution (N2) and acyl migration, forming an isocyanate intermediate. The highly reactive isocyanate is then reacted with sulfanilamide under heating in toluene to yield the final sulfonamide-based urea derivative Pyr. This step involves a nucleophilic attack by the amine group of sulfanilamide on the electrophilic carbon of the isocyanate group, forming the desired product.
[image: Chemical reaction sequence diagram showing the synthesis of compound 6 (Pyr). Starting with compound 1, it converts to 2 via step (a), then to 3 with step (b), continues to 4 in step (c). Compound 5 is formed through step (d), which reacts to form compound 6 in step (e).]SCHEME 1 | Synthesis of the target compound (Pyr). Reagents and Conditions: (a) EtOH, H2SO4, reflux, 8 h; (b) hydrazine hydrate, EtOH, reflux, 18 h; (c) NaNO2, HCl, 0°C, 1 h; (d) toluene, reflux, 1 h; (e) sulfanilamide, toluene, reflux, 2h.
The final compound, Pyr, was characterized using 1H-NMR, 13C-NMR, and elemental analysis. The 1H-NMR spectrum confirms the structure of the compound with distinct peaks corresponding to its key protons. The urea moiety is represented by two singlets at 8.97 ppm and 9.10 ppm, confirming the presence of the urea hydrogens. The protons of the pyridine ring appear as two doublets at 8.34 ppm and 7.44 ppm, consistent with the expected splitting for this system. Similarly, the protons of the para-substituted benzene ring are represented by two doublets at 7.62 ppm and 7.73 ppm. The NH2 group of the sulfonamide appears as a singlet at 7.24 ppm. In the 13C-NMR spectrum, eight peaks are observed, consistent with the distinct carbon atoms in the molecule. Four peaks are assigned to the benzene ring carbons, while three peaks correspond to the pyridine ring carbons. The carbonyl carbon of the urea group is confirmed by a characteristic peak at 150.40 ppm, supporting the successful formation of the urea moiety. These findings from the NMR data align well with the proposed structure of the target compound.
2.2 Biological evaluation
2.2.1 Cell viability assay
Many sulfonamide-based compounds have shown promising cytotoxic activities (Güleç et al., 2024a; Güleç et al., 2024b) against various cancer cell lines. Accordingly, the cytotoxic activity of Pyr was evaluated against HT-29, MCF7, and PC3 cancer cell lines, as well as the normal CCD-986sk cell line. Based on the cell viability assay results shown in Figure 3, Pyr exhibited moderate cytotoxicity against the tested cancer cell lines (HT-29, MCF7, and PC3) with IC50 values of 27.74, 11.20, and 8.36 µg/mL, respectively, while showing significantly lower toxicity toward the normal cell line CCD-986sk (IC50 = 50.32 µg/mL), indicating good selectivity. Compared to the reference SLC-0111, Pyr demonstrated superior cytotoxicity against the MCF7 cell line (IC50 = 11.20 µg/mL vs. 18.15 µg/mL for SLC-0111) and comparable activity against the PC3 cell line (IC50 = 8.36 µg/mL vs. 8.71 µg/mL), whereas SLC-0111 exhibited better potency against the HT-29 cell line (IC50 = 13.53 µg/mL vs. 27.74 µg/mL for Pyr). Regarding safety, Pyr also showed slightly lower toxicity toward normal CCD-986sk cells (IC50 = 50.32 µg/mL) compared to SLC-0111 (IC50 = 45.70 µg/mL), highlighting its favorable selectivity profile. In contrast, the reference drug Staurosporine is significantly more potent across all cell lines, with much lower IC50 values for HT-29 (4.07 µg/mL), MCF7 (2.93 µg/mL), and PC3 (1.20 µg/mL). Still, it also exhibits considerable toxicity to normal cells (IC50 = 18.66 µg/mL), reflecting poor selectivity. These findings suggest that while Staurosporine is highly effective, its lack of selectivity limits its therapeutic potential. By contrast, with its selective cytotoxicity, superior or comparable efficacy to SLC-0111 in certain cancer cell lines, and reduced toxicity to normal cells, Pyr presents a more favorable profile for further development as an anti-cancer agent.
[image: Bar chart comparing IC50 values of Pyr, Staurosporine, and SUC-91115 across four cell lines: HT-29, MCF7, PC3, and CCD-966SK. Values for Pyr range from 1.07 to 22.76 μg/mL, for Staurosporine from 3.20 to 60.32 μg/mL, and for SUC-91115 from 0.71 to 16.15 μg/mL.]FIGURE 3 | IC50 values (µg/mL) for Pyr and Staurosporine against HT-29, MCF7, PC3 cancer cells, and CCD-986sk normal cells. Pyr exhibited moderate cytotoxicity with better selectivity for cancer cells, while Staurosporine showed higher potency but less selectivity. Data are mean ± SEM.
2.2.2 Evaluation of carbonic anhydrase I, II, IX, and XII inhibition
Sulfonamides are well-known inhibitors of carbonic anhydrase (CA) enzymes (Buza et al., 2024; Buza et al., 2023; Kakakhan et al., 2023) and have been widely studied for their potential therapeutic applications, particularly in cancer and other diseases. Given their significance as CA inhibitors, we evaluated Pyr’s inhibitory activity against various human carbonic anhydrase isoforms, specifically CA I, CA II, CA IX, and CA XII. The results in Table 1 present the IC50 values (µg/mL) of Pyr and the reference drugs acetazolamide (AAZ) and SLC-0111 against carbonic anhydrase (CA) isoforms I, II, IX, and XII. Pyr showed moderate inhibition of CA I (20.29 ± 0.92 µg/mL), CA II (0.569 ± 0.03 µg/mL) and CA XII (2.97 ± 0.17 µg/mL) with higher potency against the cancer-related isoform CA IX (0.399 ± 0.02 µg/mL). In comparison, AAZ, a standard carbonic anhydrase inhibitor, exhibited significantly lower IC50 values across all isoforms, with exceptional potency against CA II (0.153 ± 0.01 µg/mL), CA IX (0.105 ± 0.01 µg/mL), and CA XII (0.029 ± 0.001 µg/mL). Similarly, SLC-0111, a selective inhibitor of tumor-associated carbonic anhydrases, showed strong inhibition of CA IX (0.048 ± 0.006 µg/mL) and CA XII (0.096 ± 0.008 µg/mL). These results suggest that while Pyr is less potent than AAZ and SLC-0111 overall, it demonstrated selective inhibition of CA IX, a tumor-associated isoform, indicating its potential as a targeted inhibitor for cancer-related applications.
TABLE 1 | IC50 values (µg/mL) of Pyr and acetazolamide (AAZ) against CA isoforms I, II, IX, and XII. Data are expressed as mean ± SEM.
[image: Table displaying CA inhibition IC50 values (μg/mL) and R² values for three compounds: Pyr, AAZ, and SLC-0111. For CA I: Pyr 20.29, AAZ 0.367, SLC-0111 1.36. For CA II: Pyr 0.569, AAZ 0.153, SLC-0111 0.498. For CA IX: Pyr 0.399, AAZ 0.105, SLC-0111 0.048. For CA XII: Pyr 2.97, AAZ 0.029, SLC-0111 0.096. Each entry includes a corresponding R² value.]2.2.3 Cell cycle analysis
The data in Table 2 and Figure 4 illustrate the impact of Pyr on the cell cycle distribution of PC3 cells compared to untreated cells (treated with DMSO as a control). Treatment of PC3 cells with Pyr significantly increased the percentage of cells in the G0-G1 phase (76.59%) compared to the control (53.84%), indicating a G0-G1 phase arrest. Correspondingly, the percentage of cells in the S phase decreased notably in Pyr-treated cells (16.23%) compared to the control (28.66%), suggesting inhibition of DNA synthesis and progression to the S phase. Furthermore, the percentage of cells in the G2/M phase was reduced in Pyr-treated cells (7.18%) compared to the control (17.50%), indicating impaired transition to mitosis. These results suggest that Pyr effectively induces cell cycle arrest at the G0-G1 phase in PC3 cells, thereby inhibiting cell proliferation.
TABLE 2 | Effect of Pyr derivative on PC3 cell cycle distribution compared to DMSO-treated cells.
[image: Table displaying DNA content percentages across different phases for two compounds. Pyr/PC3 shows 76.59% in G0-G1, 16.23% in S, and 7.18% in G2/M. DMSO/PC3 has 53.84% in G0-G1, 28.66% in S, and 17.50% in G2/M.][image: Two histograms labeled A and B comparing cell populations by DNA content as measured by F2-A. Both show green peaks representing the 1N0P G1 phase, orange for G2 phase, and purple for the S phase. Panel A displays a higher G1 peak, while Panel B, dated June 5, 2024, shows a slightly taller G1 peak and a broader S phase. The percentages for 1N0P, 2N0P, SV, aggregates, and cell debris are noted, showing slight variations between the panels.]FIGURE 4 | Effect of DMSO (Control, (A)) and Pyr (IC50, 8.63 μg/mL, (B)) on cell accumulation across various phases of the cell cycle of prostate PC3 cancer cells.
2.2.4 Apoptosis assay
The data in Table 3 and Figure 5 highlight the effect of Pyr on apoptosis and necrosis in PC3 cells compared to untreated cells (DMSO-treated cells). Treatment of PC3 cells significantly increased total apoptosis to 29.46% compared to 2.39% in the untreated cells. This increase is driven by both early apoptosis (9.33%) and late apoptosis (15.74%), indicating that Pyr effectively triggers the apoptotic pathway in PC3 cells. Necrosis levels were also slightly elevated in Pyr-treated cells (4.39%) compared to the control (1.82%), though apoptosis remains the predominant mode of cell death. These findings suggest that Pyr induces substantial apoptotic cell death in PC3 cells, with minimal necrotic activity, highlighting its potential as an anti-cancer agent targeting apoptosis.
TABLE 3 | Effect of Pyr derivative on apoptosis and necrosis in PC3 cells compared to DMSO-treated cells.
[image: Table comparing Pyr/PC3 and DMSO/PC3 compounds. For Pyr/PC3: Total apoptosis is 29.46, early apoptosis is 9.33, late apoptosis is 15.74, necrosis is 4.39. For DMSO/PC3: Total apoptosis is 2.39, early apoptosis is 0.42, late apoptosis is 0.15, necrosis is 1.82.][image: Two flow cytometry dot plots showing Annexin FITC-A on the x-axis and PI PE-A on the y-axis, comparing samples. Plot A shows 1.82% and 0.42% in different quadrants, while Plot B shows 4.39%, 9.33%, and 15.74%. Dates are November 5, 2024, with samples labeled PC3 and grpPC3.]FIGURE 5 | Flow cytometric dot plot for prostate PC3 cancer cells treated with Pyr and untreated cells following Annexin V-FITC/PI staining. (A) shows untreated cells, while (B) shows PC3 cells treated with Pyr at IC50 (8.63 μg/mL). The four quadrants are labeled as follows: Lower Left (LL) for viable cells, Lower Right (LR) for early apoptotic cells, Upper Left (UL) for necrotic cells, and Upper Right (UR) for late apoptotic cells.
2.2.5 Effects of Pyr on p53, Bax and Bcl-2 protein expression levels
The effect of Pyr on the expression of pro-apoptotic (p53, Bax) and anti-apoptotic (Bcl-2) proteins in PC3 cells compared to untreated cells was studied. As shown in Table 4, Pyr treatment markedly increased the expression levels of p53 and Bax, while simultaneously reducing Bcl-2 levels when compared to the DMSO-treated control group. Specifically, Pyr treatment elevated p53 protein concentration to 1461.33 ± 10.00 pg/mL, corresponding to a 9.66-fold increase relative to control cells (151.33 ± 3.33 pg/mL). This substantial upregulation of p53 suggests the activation of a p53-dependent apoptotic pathway, which is known to play a critical role in tumor suppression through cell cycle arrest and apoptosis induction. Concurrently, Bax, a key pro-apoptotic member of the Bcl-2 family, was significantly increased to 477.27 ± 18.54 pg/mL (5.85-fold), supporting the pro-apoptotic effect of Pyr by promoting mitochondrial outer membrane permeabilization and the subsequent release of apoptogenic factors. In contrast, Bcl-2, an anti-apoptotic protein that antagonizes Bax and preserves mitochondrial integrity, was notably decreased following Pyr treatment, reaching 8.88 ± 0.30 pg/mL, which represents a 0.409-fold reduction compared to control (21.68 ± 0.70 pg/mL). This decline in Bcl-2 expression further emphasizes the potential of Pyr to disrupt cellular survival pathways, favoring apoptosis over proliferation in PC3 cells.
TABLE 4 | Effects of Pyr on p53, Bax, and Bcl-2 protein expression levels in PC3 cells.
[image: Table comparing the effects of Pyr/PC3 and DMSO/PC3 compounds on P53, Bax, and Bcl-2. For P53, Pyr/PC3 shows a concentration of 1461.33 pg/mL with a fold change of 9.66, while DMSO/PC3 has 151.33 pg/mL and a fold change of 1. For Bax, Pyr/PC3 has 477.27 pg/mL and a fold change of 5.85, compared to DMSO/PC3's 81.49 pg/mL and fold change of 1. For Bcl-2, Pyr/PC3 shows 8.88 pg/mL and a fold change of 0.409, while DMSO/PC3 has 21.68 pg/mL and a fold change of 1.]2.2.6 Effects of Pyr on caspase-3 and caspase-9 activities
To further explore the apoptotic mechanism induced by the synthesized compound Pyr, the activities of caspase-3 and caspase-9—two critical executioners of the intrinsic apoptosis pathway—were assessed in PC3 cells. As presented in Table 5, Pyr treatment led to a significant increase in the activities of both caspase-3 and caspase-9 when compared to the DMSO-treated control. The concentration of caspase-3 in Pyr-treated cells reached 573.19 ± 22.27 pg/mL, reflecting an 8.55-fold elevation relative to the control (67.02 ± 2.60 pg/mL). This notable increase underscores the activation of downstream apoptotic processes, as caspase-3 is a key effector protease responsible for the cleavage of vital cellular substrates during apoptosis. Similarly, the concentration of caspase-9, an essential initiator of the mitochondrial apoptosis pathway, was significantly enhanced following Pyr treatment, rising to 41.82 ± 0.95 ng/mL, which corresponds to an 8.97-fold increase compared to control cells (4.66 ± 0.41 ng/mL). The activation of caspase-9 indicates the involvement of the intrinsic (mitochondrial) pathway, consistent with the observed modulation of upstream regulators, including p53, Bax, and Bcl-2.
TABLE 5 | Effects of Pyr on caspase-3 and caspase-9 activities in PC3 cells.
[image: Table comparing compounds Pyr/PC3 and DMSO/PC3. For Caspase-3, Pyr/PC3 shows a concentration of 573.19 ± 22.27 pg/mL with an 8.55 fold change, while DMSO/PC3 shows 67.02 ± 2.6 pg/mL with a fold change of 1. For Caspase-9, Pyr/PC3 has 41.82 ± 0.95 ng/mL concentration and 8.97 fold change, whereas DMSO/PC3 shows 4.66 ± 0.41 ng/mL with a fold change of 1.]2.3 Molecular modeling studies
2.3.1 DFT calculations
2.3.1.1 Geometrical structure and frontier molecular orbitals (FMOs)
Figure 6 illustrates the studied geometrical structural convergence of Pyr in the ground state using the same theoretical level. To better understand the conformational behavior of the structure under consideration, it is feasible to talk about two essential structural properties: bond lengths and bond angles. The compound’s difference in planarity is explained by the face direction of the two aromatic rings, directing the sulphonyl amino group (SO2NH2) away from the plane of the molecule. Furthermore, an important hint to the bent structure found during optimization is provided by the CO group that considered the center of molecule bending and forms two H-bonds with the N1H5 and N2H6 with estimated bond distances of 2.367 Å and 2.370 Å, respectively. This feature may contribute to the structural stability of Pyr. Given that the covalent link between N and H is 1.012 Å longer than the usual bond length (Sayed and Abdelrehim, 2022), the observed N5-H and N6-H bond length validates the strength of the H-bond formation. The optimized structure’s bond angle values allow for elaborating the atoms’ planarity behavior. Bond angle values evaluated the similarity in the environment surrounding the molecule, as in the case of C5-N1-C7 and C7-N2-C8 with 130.77°.
[image: Molecular structure diagrams depicting a chemical compound, labeled as (a) in the top image with two expanded views below. Sub-images (b) and (c) show different orientations, featuring colored spheres representing atoms: oxygen in red, nitrogen in blue, sulfur in yellow, and carbon in gray. Bond lengths and angles are annotated with numerical values.]FIGURE 6 | The geometrical structure of the designed compound Pyr (a) labeled with (b) bond lengths, (c) bond angles.
To predict the stability and reactivity of different molecules, it is essential to study the features of compounds’ frontier molecular orbitals (FMOs) (Abdelrehim and El-Sayed, 2020). Figure 7 displays the energy distribution of the most significant molecular orbitals for the gaseous optimized structures (HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1, and LUMO+2). The stability of the current heterocyclic complex can be predicted using the amplitude of the energy gap (∆E = 2,558 eV) between HOMO and LUMO levels, a crucial parameter in the study of stability and reactivity (Chen et al., 2021). The orbital contribution at all examined levels was mostly observed throughout the proposed molecule, providing additional evidence for the stability of both ground and excited states. The orbital contribution in the FMOs mostly occurs around SO2 and CONH groups, leading to the concept of successive donor-acceptor interactions in the excited states.
[image: Molecular orbital diagram showing different orbitals for a compound. The left side illustrates LUMO+2, LUMO, HOMO, HOMO-2, and HOMO-1 with corresponding energy levels: -0.612, -0.803, -1.096, -3.584, -3.673, and -3.785 eV. The LUMO orbital energy is -1.096 eV and the HOMO energy is -3.584 eV. The vertical arrow indicates the energy gap, ΔE, of 2.588 eV between LUMO and HOMO. The structures depict molecular conformations and orbital distributions, marked by orange and blue regions.]FIGURE 7 | Energy excitation levels with energy values (eV).
2.3.1.2 UV–Vis electronic spectra by TD-DFT method
The TDDFT and CPCM solvation model was used to characterize the electrical behavior of Pyr. The default Gaussian 09 parameters were used for the TD-DFT calculations. The software settings were adjusted for Nstate = 6 to study six states. In Figure 8, three transition bands are shown as lines. The LOG file of the Gaussian calculation shows a singlet strong absorption band for the first transition, which is the n-π* transition. With a 64.3% transition contribution, an excitation energy of 4.505 eV, and a maximum wavelength (λmax) of 275 nm, the orbital contribution comprises HOMO→LUMO excitation with n-π type of electronic transition. The oscillator strength (F) revealed the strong ability of electronic achievement to LUMO excited state, where its value is higher in the first transition (0.347). Table 6 shows that while the other transitions were anticipated from HOMO→LUMO+1and from HOMO-1→LUMO with comparable contribution %, their F values differ based on the ability of electron transition from one level to another.
[image: Line graph showing fluorescence spectral data with a peak near 250 nm. The x-axis represents wavelength in nanometers, ranging from 100 to 400 nm, while the y-axis shows intensity from 0 to 20,000 and oscillator strength from 0.05 to 0.35. Multiple thin blue lines are overlaid on the plot.]FIGURE 8 | UV–Vis electronic absorption spectra for Pyr.
TABLE 6 | Excitation energies, maximum wavelengths, oscillator strengths, and % orbital contribution for Pyr.
[image: Table displaying spectral data with columns: Spectral line number, Excitation energy (eV), Lambda max (nm), F, Type of transition, and Percentage orbital contribution. Three rows of data show variations in these parameters, with excitation energies ranging from 4.505 to 4.839 eV, transitions such as HOMO to LUMO, and orbital contributions varying between 54 to 64.8 percent.]2.3.1.3 Electron localization function (ELF)
The electron localization function (ELF) explores the empirical concepts of electron localization, especially the localization of electron pairs, in the spirit of Lewis structures. An Electron Localization Function (ELF) in atomic space designates a point where electron confinement and bond type are known (Emara et al., 2023). One of the most important two-dimensional planes offers details on the type of bond in three distinct planes: H11-N4-H12, N1-C7-N2, N1-C7-O1, and O2-S1-O3. All the atoms of interest are exhibited at the same plane, as shown in Figure 9. The selected planes estimate a localized electronic area (red color scale) between C7 and N atoms (both N1 and N2) and the same environment (appear in the same plane). At the same time, the plane of the amino group exhibits unusual behavior as no additional atoms are observed in this plane with slightly localized electronic density in the bond of interaction between N4 and S1 (not of the same plane). So, the electron localization between N and the second coordinated atom located in the other plane is predicted by this finding, completing the geometrical structure with the optimum conditions. The map of electronic deformation around O1 decreases the electronic localization between it and C7, as displayed in Figure 9c. Another reason for this deformation is a prediction of H-bond formation between O and the other surrounded H atoms. The bond nature between S and O atoms in the O2-S1-O3 is exhibited to be less strong due to the delocalization of electrons around the two O atoms.
[image: Four heat maps labeled (a), (b), (c), and (d) display colorful patterns with red and yellow hotspots against a blue background, indicating varying intensity levels. Each map features a color bar on the right side representing data values.]FIGURE 9 | Electron localization function (ELF) colored map of Pyr (a) H11-N4-H12, (b) N1-C7-N2, (c) N1-C7-O1, and (d) O2-S1-O3.
2.3.1.4 Molecular electrostatic potential (MEP)
The molecular electrostatic potential (MEP) 3D map is used to analyze the electronegativities of atomic locations on molecules. This topological index helps explain molecular contacts and recognition processes since long-range interactions are mostly caused by electrostatic forces (Issa et al., 2024). The structures of the studied compounds were visually evaluated using colors such as red, orange, yellow, green, and blue to identify potential sites of electrophilic or nucleophilic assaults (Figure 10). The following order of colors represents the decreasing potential for each atomic site: orange, red, green, yellow, and blue. As a result, a red zone indicates an electron-rich site and a blue zone indicates an electron-deficient site. More precisely, it was predicted that all oxygen atom sites in Pyr would have the maximum electronic richness, with the remaining portion of the molecule striving to reach a neutral state and only having a small density of π-electrons of the phenyl ring (yellow color scale). This discrepancy is believed to direct a significant electron donation from the nucleophilic O site to the electron acceptor of electrophilic sites, mainly including amino group hydrogen atoms (primary and secondary groups).
[image: Illustration of molecular electrostatic potential map. Different colors represent varying potential, from red for negative to blue for positive. Includes a legend with a color scale and numerical values.]FIGURE 10 | 3D-colored map of the molecular electrostatic potential of Pyr.
2.3.1.5 Reduced density gradient/non-covalent-interactions (RDG/NCI)
Utilizing reduced density gradient (RDG) research, noncovalent bond interactions (NCIs) between several molecular sites were identified. Different color codes were used to illustrate noncovalent interactions (El-Sayed et al., 2023). As illustrated in Figure 11, the interactions readily discernible on the surface of each molecule are vdW interactions with a green color scale and repulsion (steric) interactions with a red color scale. The sign (λ2)ρ, obtained by multiplying the electron density by the sign of the second Hessian eigenvalue, indicates the strength of the HB interaction in compounds. In this study, vdW is visible in the cage of C1-C2-S1 and C3-C2-S1. Other electrostatic interactions appear between the two phenyl rings. In this map, H-bond spikes do not appear in the chart; the high distance between H atoms and O atoms (around 2.4 Å) may lead to less sensitivity to be estimated with reduced density parameters. The unfavorable repulsion forces in the molecule were attributed to the steric effect of phenyl rings that export closed 6-atomic system constrain behavior. This type of steric interaction can be vanished by favorable electrostatic interactions.
[image: Illustration showing a molecular model with arrows pointing to areas of steric and electrostatic (van der Waals) interactions. Below is a graph with colored density plots indicating regions of electrostatic (blue) and steric (red) interactions, with a legend indicating interaction strength.]FIGURE 11 | 3D-NCI map and RDG plot of Pyr.
2.3.2 Molecular docking analysis
Molecular docking is a computational method used to predict the preferred orientation of a small molecule when bound to a receptor, such as a protein, and to evaluate the strength and stability of the interaction (Chang et al., 2023). For this study, the synthesized compound Pyr was docked into the active site of the carbonic anhydrase IX using PDB entry 5FL4, which contains the structure of CAIX bound to its cocrystallized ligand 9FK. Autodock Vina, a widely used docking program, was employed to perform the docking simulations, and the results were visualized using Discovery Studio Visualizer, a tool that allows for detailed analysis of molecular interactions.
To ensure the accuracy of the docking procedure, the cocrystallized ligand 9FK was redocked into the CAIX structure. The root-mean-square deviation (RMSD) between the original and redocked ligand poses was calculated to validate the results. An RMSD of 0.9458 Å, which is well below the typical threshold of 2 Å for reliable docking, indicated that the docking procedure and the employed parameters were accurate and capable of reproducing the experimental binding mode of the ligand. The binding affinity of the redocked ligand was found to be −8.6 kcal/mol, demonstrating a stable interaction with the CAIX enzyme. The superimposition of the redocked ligand with its original conformation is shown in Figure 12.
[image: Molecular structure illustration with colorful rings and bonds. The structure features interconnected hexagons in various colors, including green, pink, blue, yellow, and a red cap, representing different atoms or groups.]FIGURE 12 | Superimposition of the redocked (green) and co-crystallized (magenta) poses of 9FK inside the CAIX active site (RMSD = 0.9458 Å).
Following the validation of the docking protocol, Pyr was docked into the CAIX active site, and a comparative analysis was performed with acetazolamide, the reference compound used in the in-vitro CA inhibition assay. The binding affinity of Pyr was calculated to be −7.4 kcal/mol, indicating a moderately stable interaction with the CAIX enzyme, while acetazolamide showed a binding affinity of −7.7 kcal/mol, slightly higher than Pyr, which suggests a similar but slightly stronger binding interaction.
Pyr exhibited several key interactions that were similar to those of acetazolamide. Specifically, the NH2 group of Pyr’s sulfonamide interacted with the zinc ion in the active site, mirroring the interaction of acetazolamide, where the sulfonamide group serves as the zinc-binding moiety. Additionally, both the oxygen and NH2 groups of Pyr’s sulfonamide formed classical hydrogen bonds with THR200, as seen with acetazolamide. The sulfur atom of Pyr’s sulfonamide also engaged in Pi-sulfur interactions with Trp210 and His94, akin to acetazolamide’s interactions. The 2D and 3D interactions of Pyr are shown in Figure 13, illustrating these interactions in detail.
[image: Diagram showing two panels labeled A and B, depicting molecular interactions. Panel A illustrates a molecule with various bonds and interactions highlighted in colors, such as van der Waals and hydrogen bonds. Panel B shows a similar molecule with its interactions detailed, including different residues and their positions. Color codes and interactions are defined at the bottom left, with annotations indicating specific amino acids and bond types.]FIGURE 13 | (A) 2D interaction diagram and (B) 3D binding mode of Pyr within the CAIX active site.
However, Pyr exhibited some unique interactions not observed with acetazolamide. The oxygen of Pyr’s sulfonamide formed a classical hydrogen bond with His119, a distinct interaction that was absent in acetazolamide. Moreover, Pyr formed non-classical hydrogen bonds with both Leu199 and His94, which were not seen in the acetazolamide docking. Pyr’s benzene ring demonstrated hydrophobic interactions with Leu199, a feature similar to the thiadiazole group of acetazolamide, but also formed additional hydrophobic interactions with both Val121 and His94, which were not present in acetazolamide. Finally, the pyridine ring (tail region) of Pyr exhibited Pi-alkyl (hydrophobic) interactions with Val130, a unique feature not observed in acetazolamide. The 2D and 3D interactions of acetazolamide are shown in Figure 14 for comparison.
[image: Chemical interaction diagrams labeled A and B. Diagram A shows various interactions including hydrogen bonds, pi-sigma, metal acceptor, and pi-sulfur, highlighted with distinct colors: green, purple, gray, and yellow. Diagram B illustrates the molecular structure with highlighted atoms, labeled with amino acid residues such as HIS, TRP, and LEU.]FIGURE 14 | (A) 2D interaction diagram and (B) 3D binding mode of Pyr within the CAIX active site.
2.3.3 Drug likeness and ADMET predictions
The Lipinski rule can assess the validity of the therapeutic properties in the compounds under investigation based on five determinants: molecular weight <500 Da, strong lipophilic qualities, such as LogP value <5, H-bond donors <5, H-bond acceptors <10 (Baell et al., 2013). The ligand under investigation may show signs of a drug when it meets more than two of these requirements. The drug-likeness features of PYR are shown in Table 7. It was calculated that the molecular weight of the ligand is 292.31 g/mol. It has five hydrogen bond acceptors and three hydrogen bond donors, where the investigated ligand meets these specifications. Excellent permeability across the cell membrane is indicated by the iLog P value of the molecule, which is determined to be within the range of less than 5, as predicted theoretically. It was found that the title ligand’s computed TPSA value was less than 140 Å2, which indicates good intestinal absorption values. Based on Lipinski’s rule, these findings support the hypothesis that PYR will absorb well. Significant bioavailability is predicted based on the TPSA and number of rotatable bond values. The primary focus of medical chemistry’s drug design, discovery, and contemporary drug development methods is on tiny molecules that resemble drugs and have high biological activity while being lowly harmful (Rautio et al., 2018). In silico prediction techniques, which enhance activity and toxicity study time and resource efficiency, can be used to identify (ADMET) traits (Ferreira and Andricopulo, 2019). The lipophilicity and pharmacokinetic parameters (ADMET features) are shown in Table 8. Drawing from the identified result, it can be shown that PYR exhibited a penetration capability that manifests as BBB permeant and GI absorption, indicating a reduced ability to cross the BBB and enter the central nervous system (Mani et al., 2023). The permeability value is −7.88 cm/s in human skin, showing that they cannot be absorbed within human skin. The propensity of a substance to inhibit five isoenzymes related to cytochrome P450, a major drug-metabolizing enzymes (CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4) can be evaluated using metabolic factors. CPY is utilized to develop medicinal effects and inhibit their capability. This trait is important for toxicity and other unfavorable medication interactions (Zhao et al., 2021). The predicted drug-potent ligand cannot affect these types of drug-metabolizing enzymes. Pyr exported a potential physicochemical characteristic that qualifies it for oral bioavailability. A suitable way to visualize this behavior is with the bioavailability radar, as shown in Figure 15. The pink zone in the bioavailability radar plot shows the optimal range for each of the six physicochemical parameters—size, solubility, lipophilicity, polarity, saturation, and flexibility. These characteristics are thought to be ideal for reaching the best oral bioavailability. A dependable model that accurately forecasts drug candidates’ absorption in the gastrointestinal system and their accessibility via the blood-brain barrier is the BOILED Egg method. Pyr was in a white zone, suggesting a high gastrointestinal absorption, as shown in Figure 16.
TABLE 7 | Drug-likeness descriptors of the studied ligand Pyr.
[image: Table displaying chemical properties: Hydrogen bond acceptor (HBA) is 5, hydrogen bond donor (HBD) is 3, molecular weight is 292.31 grams per mole, topological polar surface area (TPSA) is 122.56 square angstroms, number of heavy atoms is 20, rotatable bonds are 5, partition coefficient (ilog P) is 0.73, Lipinski rule violations present, and bioavailability score is 0.55.]TABLE 8 | Lipophilicity and pharmacokinetic parameters for Pyr.
[image: Table showing various pharmacokinetic properties. LogP values: XLOGP3 is 0.28, WLOGP is 2.07, MLOGP is -0.09, Silicos-IT LogP is -0.62, Consensus LogP is 0.47. All CYP enzyme inhibition indicators are "No". Skin permeability is -7.88 cm/s. Blood-brain barrier penetration is "No". Human intestinal absorption is "High".][image: Chemical structure of a compound on the left, featuring aromatic rings and functional groups, likely indicating a pharmaceutical or chemical compound. On the right, a radar chart with axes labeled LIPO, SIZE, POLAR, INSOLU, INSATU, and FLEX, showing data relationships with a red polygon.]FIGURE 15 | Bioavailability Radar model for Pyr.
[image: Scatter plot showing two variables with a large yellow circle, labeled as BBD. A small red dot, labeled as PGP+, is near the center. Legend includes yellow for BBD, purple for HA, red for PGP+, and blue for PGP-.]FIGURE 16 | BOILED Egg plot of Pyr.
3 EXPERIMENTAL
3.1 Chemistry
All reactions were monitored using thin-layer chromatography (TLC) on Merck (Boston, MA, United States) 9385 pre-coated aluminum silica gel plates (Kieselgel 60) measuring 5 cm × 20 cm with a 0.2 mm layer thickness. Spots were visualized under UV light at a wavelength of 254 nm. Melting points were determined using Stuart’s electrothermal melting point apparatus and were uncorrected. Nuclear magnetic resonance (NMR) spectra for protons (^1H, 400 MHz) were recorded in DMSO-d6 on a Bruker AM400 spectrometer, with tetramethylsilane (TMS) as the internal standard. Chemical shift values are reported in parts per million (ppm), using DMSO-d6 as the solvent, and coupling constants (J) are expressed in hertz (Hz). Signal splitting patterns are described as follows: s (singlet), d (doublet), dd (doublet of doublets), t (triplet), q (quartet), m (multiplet), and brs (broad singlet). Intermediates 1-5 were synthesized according to the reported procedures in the literature (Maconi et al., 2002).
3.1.1 Synthesis of 4-(3-(pyridin-4-yl)ureido)benzenesulfonamide (Pyr)
Freshly prepared azide derivative (4) (1.5 mmol, 0.178) was suspended in 10 mL of toluene, and the mixture was heated under reflux for 1 h until the evolution of N2 gas stopped. Then sulfanilamide (1 mmol, 0.172 g) was added portionwise to the solution, and the reaction mixture was heated under reflux for 2 h. The formed fluffy precipitate was filtered off and washed extensively with boiling toluene to remove unreacted isocyanate. The crude urea product was recrystallized from absolute ethanol.
White powder; 0.216 g, 74% yield; mp: 232°C–234°C; 1H NMR (400 MHz, DMSO-d6) δ = 9.10 (1H, s, urea-NH), 8.97 (1H, s, urea-NH), 8.34 (2H, d, pyridyl-2CH), 7.73 (2H, d, phenyl-2CH), 7.62 (2H, d, phenyl-2CH), 7.44 (2H, d, pyridyl-2CH), 7.24 (2H, s, pyridyl-NH2); 13C NMR (100 MHz, DMSO-d6) δ = 152.90, 150.40, 146.76, 143.78, 137.16, 126.92, 117.84, 112.15. Anal. Calcd for C12H12N4O3S (292.31): C, 49.31; H, 4.14; N, 19.17. Found: C, 49.43; H, 3.99; N, 19.40.
3.2 Biological evaluation
3.2.1 Cell viability assay
The cell viability of colon HT29, breast MCF7, and prostate PC3 cancer cells, along with CCD-986sk normal cells, was evaluated for Pyr using MTT assay protocols as described in the literature (Ali et al., 2024). All cell lines were obtained from the Vacsera Cell Culture Library, Tissue Culture Unit, Cairo, Egypt, with ATCC certification. For further details, See Supplementary Appendix A in the supplementary data.
3.2.2 Evaluation of carbonic anhydrase I, II, IV, and VII inhibition
According to the assay protocol, Pyr was incubated at room temperature for 10 min and analyzed in triplicate. Absorbance measurements were recorded at 405 nm in kinetic mode for 1 h at room temperature. The resulting data were plotted linearly to derive absorbance values, from which the IC50 value was determined using the slope of the plot (Abdelhakeem et al., 2024).
3.2.3 Cell cycle analysis
The impact of Pyr on the cell cycle progression of PC3 cells was examined by analyzing DNA content with a flow cytometer, following the procedure outlined in the literature (Ali et al., 2024). For further details, See Supplementary Appendix A in the supplementary data.
3.2.4 Determination of apoptosis
To detect apoptosis in PC3 cancer cells, the Annexin V FITC assay protocol was employed as described in the literature (Ali et al., 2024). For further details, See Supplementary Appendix A in the supplementary data.
3.2.5 Effect of Pyr on caspase-3 activity and Bax and Bcl-2 protein expression levels
The impact of Pyr on caspase-3 protein levels, Bax, and Bcl-2 was evaluated following the protocols provided in the manufacturer’s kit instructions.
3.2.6 Statistical analysis
Computerized Prism 5 program was used to statistically analyzed data using one-way ANOVA test followed by Tukey’s as post ANOVA for multiple comparison at P ≤ 0.05. Data were presented as mean ± SEM.
3.3 Molecular modeling studies
3.3.1 DFT calculations
The target compound Pyr was subjected to a computational analysis using density functional theory (DFT) in order to provide fully optimized geometrical and electronic calculations using the hybrid B3LYP technique (Parr et al., 1980; Fayed et al., 2020). For further details, See Supplementary Appendix A in the supplementary data.
3.3.2 Molecular docking
The docking procedure essentially follows a crucial path for extremely successful results. Consequently, the docking of the investigated complexes with control comparison was simulated using the AutoDock 4.2 program (Morris et al., 2009). Additionally, Discovery Studio was used to analyze and visualize docking data. For further details, See Supplementary Appendix A in the supplementary data.
3.3.3 ADMET predictions
The ADMET parameters were calculated and in silico tests of the drug-like properties of Pyr were carried out using the open-source SwissADME server (Daina et al., 2017).
4 CONCLUSION
In conclusion, this study highlights the potential of a novel 4-pyridyl analog of SLC-0111 (Pyr) as a promising candidate for cancer therapy. Pyr exhibited selective cytotoxicity against various cancer cell lines (HT-29, MCF7, PC3) with reduced toxicity toward normal cells, demonstrating a favorable therapeutic index. Moreover, Pyr demonstrated potent and selective inhibition of tumor-associated carbonic anhydrase IX (CA IX) with an IC50 of 0.399 µg/mL with moderate inhibition of other CA isoforms I, II and XII. Further mechanistic investigations revealed its ability to induce G0/G1 phase cell cycle arrest and promote apoptosis in PC3 cells, supported by increased caspase-3 and caspase-9 activities and modulation of Bax/Bcl-2 and p53 protein levels. Molecular docking studies further validated Pyr’s strong binding affinity and selective inhibition of tumor-associated carbonic anhydrase IX. Additionally, ADMET predictions confirmed its drug-like properties and oral bioavailability. These findings establish Pyr as a viable candidate for further development in anticancer drug discovery and targeted therapy applications.
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GLOSSARY
ADMET Absorption, Distribution, Metabolism, Excretion, and Toxicity
AAZ Acetazolamide
BBB Blood-Brain Barrier
Bcl-2 B-cell lymphoma 2
CA Carbonic Anhydrase
CA I Carbonic Anhydrase Isoform I
CA II Carbonic Anhydrase Isoform II
CA IX Carbonic Anhydrase Isoform IX
CA XII Carbonic Anhydrase Isoform XII
CAR-T Chimeric antigen receptor T
CAIs Carbonic Anhydrase Inhibitors
CCD-986sk Human normal fibroblast cell line
DFT Density Functional Theory
DMSO Dimethyl Sulfoxide
ELF Electron Localization Function
FMOs Frontier Molecular Orbitals
GI Gastrointestinal
HOMO Highest Occupied Molecular Orbital
IC50 Half-maximal Inhibitory Concentration
Ki Inhibition Constant
LUMO Lowest Unoccupied Molecular Orbital
MCF7 Human breast cancer cell line
MEP Molecular Electrostatic Potential
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NCI Non-Covalent Interaction
NMR Nuclear Magnetic Resonance
PC3 Human prostate cancer cell line
RMSD Root-Mean-Square Deviation
TD-DFT Time-Dependent Density Functional Theory
TLC Thin-Layer Chromatography
TPSA Topological Polar Surface Area
UV–Vis Ultraviolet–Visible Spectroscopy
vdW van der Waals
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Introduction: Capparis spinosa L. is significant among the family Capparidaceae for its survival and tolerance to dry environments. In this study, we evaluate the antioxidant and anticancer activities of extracts of roots and aerial parts of Capparis spinosa L.Methods: Bioactive compounds, including phenolic acids and flavonoids, in various ethyl acetate fractions from the extracted roots and aerial parts, were identified using LC-MS/MS. Principal leaf constituents characterized included Rutin, Resveratrol, Astragalin, and others. The Rutin, Resveratrol, Astragalin, (of ethyl acetate fraction), leaves, and roots were screened for antioxidant activity using DPPH, FRAP, ABTS, and CUPRAC activity assays, as well as for cytotoxicity with the MTT assay.Result: The antioxidant and anticancer activities of the samples were evaluated using DPPH, ABTS, FRAP, CUPRAC assays, and the MTT assay. Roots and Rutin consistently exhibited the strongest antioxidant activity across all assays, with Roots (IC50 = 0.06–0.36 mg/mL) excelling in FRAP and CUPRAC, and Rutin (IC50 = 0.013 mg/mL) showing the highest DPPH activity. In contrast, Astragalin displayed the weakest antioxidant potential. For anticancer activity, the MTT assay revealed that Leaves (IC50 = 23.26 μg/mL) and Roots (IC50 = 34.65 μg/mL) were the most potent against HCT-116 cells, outperforming Nutlin (IC50 = 62.72 μg/mL), with minimal toxicity to normal WI-38 cells. These results highlight the therapeutic potential of Roots and Rutin as strong antioxidant and anticancer agents.Conclusion: The results provide useful information concerning the medicinal potentials of Capparis spinosa L., particularly about HCT-116 and WI-38 cell line selectivity, and its relevance in the synthesis of natural antioxidants.Keywords: Capparis spinosa L., antioxidant activity, rutin, resveratrol, MTT assay
1 INTRODUCTION
The Capparis spinosa L. is significant among the family Capparidaceae for its survival and tolerance to dry environments. Although not intensively cultivated, C. spinosa is grown in many places worldwide including the Mediterranean basin (Levizou et al., 2004; Sun et al., 2023). Furthermore, C. spinosa not only contributes to the Mediterranean diet but has also been used to treat various ailments in the traditional herbal medicine practice because of its tonic, diuretic, and antihypertensive actions (Sun et al., 2023). Different forms of C. spinosa are said to be beneficial when used to mitigate the challenges faced by mankind like hypolipidaemic and anti-diabetic effects (Mollica et al., 2017; Shahrajabian et al., 2021). Studies on the methanol extracts of C. spinosa herb had antioxidant properties and free radical scavenging properties in vitro which would be beneficial in conditions related to oxidative stress (Bacchetti et al., 2022; Grimalt et al., 2022). Earlier works have focused on the beneficial components of C. spinosa such as vitamins, flavonoids, and polyphenols which dispense antioxidant properties to the products (Mollica et al., 2017; Shahrajabian et al., 2021; Annaz et al., 2022).
Usually, both leaves and flower buds are high in Flavonoids and Phenolic substances that are the most potential antioxidants (Grimalt et al., 2022). Besides the antioxidant effect, C. spinosa has been reported in abundance in traditional medicine for antispasmodic, analgesic, diuretic, and expectorant properties. It has also been used for treating many conditions like curing inflammation and gastrointestinal disorders, treating anemia and liver diseases, and relieving rheumatic pain (Gull et al., 2015; Rahimi et al., 2020; Sun et al., 2023). Even within a particular region, different plant parts, such as the young shoots and other plant samples, have been incorporated into traditional medicine practices. In Greece, infusion of the young shoots was taken for relief in rheumatism, and in Libya, they focused on the tumor-curing properties of these young shoots (Rivera et al., 2003). In Syria, vinegar preparation of dried leaves was used to apply on head scabs and ulcers (Elachouri et al., 2024). The apical flower buds were utilized for respiratory problems, kidney stones, and gastrointestinal problems (Abdulridha and Saliem, 2023; Yang et al., 2023). Several researchers in different countries have studied the sections of C. spinosa for their antioxidant activity (Allaith, 2016). These activities are normally attributed to the high amounts of flavonoids and phenolic acids present in this plant (Alqahtani et al., 2023). These metabolites are important in understanding the medicinal aspects of the plant as well as the bioactive compounds that are responsible for the therapeutic activities. The screening employed many qualitative tests to screen for flavonoids, alkaloids, coumarins, terpenes, phenolic compounds, saponins, tannins, and cardiac glycosides. Such secondary metabolites are important they could possess valuable antioxidant, anti-inflammation, and antibacterial activities (Nazer et al., 2021).
The objective of this article is to investigate some bioactive compounds obtained from Capparis Spinosa L. (root and leaves), rutin, resveratrol, and astragalin for Free radical scavenging properties and anticancer effect.
2 MATERIAL AND METHOD
2.1 Plant material
The plant parts of Capparis Spinosa L. were collected from the Maysan region in southern Iraq, where it naturally grows. All plant parts were thoroughly washed and kept for drying in the shade for 3 weeks. Once dried, the plant material was ground into a fine powder using an electric grinder.
2.2 Experimental work
The experimental procedures were divided into the following steps.
2.2.1 Extraction and fractionation of leaves and stem (Soxhlet extraction)
For the extraction process, 400 g of the powdered plant material (leaves and stem) were soaked in 1,500 mL of petroleum ether (boiling point 30°C–60°C) to remove non-polar materials. The mixture was shaken frequently over 3 days. After filtering, the petroleum ether extract was set aside for further analysis, and the remaining plant material was spread on paper to evaporate any remaining solvent. The dried plant powder was then subjected to Soxhlet extraction using 80% hydroethanolic Solvent (a solution prepared with 80% ethanol and 20% water) for 12 h. The resulting extract was filtered, and the filtrates were combined. The solvent was removed under vacuum using a rotary evaporator, yielding a dark greenish residue. This residue was suspended in 500 mL of water and successively partitioned with chloroform, ethyl acetate, and n-butanol (3 × 500 mL for each fraction) using a separating funnel. The chloroform and ethyl acetate fractions were dried over anhydrous sodium sulfate, filtered, and evaporated to dryness using a rotary evaporator. The scheme of extraction is shown in Supplementary Figure S1.
2.2.2 Extraction and fractionation of roots (Soxhlet extraction)
In order to extract the roots, 150 g of powdered Capparis spinosa root were soaked in 500 mL of petroleum ether for 3 days to remove non-polar compounds. During this process, the mixture was shaken at intervals. After 3 days, the petroleum ether was separated by filtration, and the filtrate was removed from the filter paper and taken away for some hours to allow evaporation. After the hydroethanolic extract was concentrated, the solid plant residue was further liquidated by 80% ethanol for 12 h in a soxhlet thimble. The hydroethanolic extract was filtered, and the solvent was evaporated under vacuum using a rotary evaporator. This residue was dissolved in water 250 mL and further separated into several portions using chloroform, ethyl acetate, and n-butyl alcohol fractions as in the previous work for leaves and stem fractions. The fractions of petroleum ether, chloroform, ethyl acetate, and n-butanol were collected and preserved for further evaluation. Schematic diagram for fractionation of roots of Caparis spinosa crude extracts is shown in Supplementary Figure S2.
2.3 Preliminary phytochemical screening of aerial parts and roots
Phytochemical Investigation focused mostly on the presence and/or absence of various secondary metabolites in the aerial parts and the roots of Capparis spinosa L. and has used quite several tests. These tests aimed to slope out selected materials, particularly plant flavonoids, phenolic acids, plant alkaloids, and other plant materials.
2.4 LC-MS/MS analysis of ethyl acetate fractions
Advanced liquid chromatography-mass spectrometry (LC-MS) techniques were employed to identify and confirm the presence of flavonoids and phenolic acids within the ethyl acetate fractions derived from the aerial parts and roots. This method was employed to isolate and characterize the polar compounds from the ethyl acetate fractions and also improved the understanding of the chemical composition of these extracts.
2.5 Chromatographic analysis LC-MS/MS and GC-MS
2.5.1 LC-MS/MS analysis
2.5.1.1 Instrumentation
The analysis was performed using a liquid chromatography system (ATLAS_QTOF_ICX_V0 O4, Germany) with an Integrated ExionLC 3.61 pump system (ACCBM5671761) and a Valve model 1.0.0.0 (AB SCIEX 1). A C18–ODS column (250 mm × 4.6 mm i.d., 5 μm particle size) was used for separation.
2.5.1.2 Conditions
Ionization Mode: Negative ion mode.
Mass Range: Full scan spectra (m/z 50–900) with MS/MS fragmentation on selected ions.
Nebulization & Drying: High-purity nitrogen at optimized temperatures and flow rates.
Detector: UV at 280 nm.
2.5.1.3 Mobile phase
The mobile phase was composed of:
Solution A: Methanol.
Solution B: 0.05% Trifluoroacetic acid (TFA) in water.
2.5.1.4 Gradient elution
The separation was carried out using a gradient elution at a constant flow rate of 1.0 mL/min, as follows:
[image: Table showing a gradient program with steps, time in minutes, and percentages for A (Methanol) and B (0.05% TFA). At step 0, time 0, A is 40%, B is 60%. At step 1, time 5, A is 70%, B is 30%. At step 2, time 15, A is 90%, B is 10%. At steps 3, time 20, and 4, time 25, A is 90% then 40%, B is 10% then 60%. At step 5, time 30, A is 40%, B is 60%.]2.5.1.5 Data analysis
The acquired LC-MS/MS data were processed using Analyst 1.6.3 software (Germany-Darmstadt) for compound identification and structural elucidation (El-Elimat et al., 2024).
2.5.2 GC-MS analysis of chloroform and petroleum ether extracts
The GC-MS analysis of petroleum ether and chloroform fractions from both the aerial parts and roots of Capparis spinosa was conducted using an Agilent GC-MS system, equipped with an Agilent 190915-433UI HP-5ms Ultra Inert column.
Instrument Setup and Operating Conditions:
Column: Agilent 190915-433UI (HP-5ms Ultra Inert).
Injection Mode: Front Split/Splitless (SSZ).
Carrier Gas: High-purity helium (99.995%).
Flow Rate: 0.9 mL/min.
Carrier Gas Pressure: 7.037 psi.
Average Linear Velocity: 34,772 cm/s.
Hold-Up Time: 1.4379 min.
Temperature Program:
Initial Oven Temperature: 60°C.
Temperature Ramp 1: Increase from 60°C to 150°C at 3°C/min, hold for 10 min.
Temperature Ramp 2: Increase from 150°C to 300°C at 10°C/min.
Detection and Data Analysis:
Detector: Mass Selective Detector (MSD).
Ionization Mode: Electron Ionization (EI) at 70 eV.
Sample Injection: 1 µL of 1% extract solution (diluted in respective solvents) was injected in splitless mode.
Compound Identification: Based on mass spectral fragmentation patterns using NIST and Wiley spectral libraries.
Quantification: Relative abundance of detected compounds was expressed as a percentage based on peak area in the chromatogram (Seetharaman et al., 2025).
2.6 Antioxidant and free radical scavenging activity
2.6.1 1, 1-diphenyl-2-picrylhydrazyl radical antioxidant study
Antioxidant properties of the aerial parts, roots, resveratrol, astragalin, and rutin fractions were assessed using the DPPH radical scavenging assay. DPPH assay was performed using the following procedure (Brand-Williams et al., 1995; Baliyan et al., 2022): An amount of 0.5 mg DPPH was dissolved in 10 mL of ethanol to give a 1 mg/mL DPPH stock concentration. This solution was stored in a dark glass bottle to avoid proper temperature conditions and/or sunlight to keep it stable throughout the experiment. Four sample solutions were prepared with the following concentrations: 1 mg/mL, 0.1 mg/mL, 0.01 mg/mL, and 0.001 mg/mL in ethanol. These concentrations of the samples made it possible to use the scavenging activity of each of the samples over a range of dilutions. The DPPH assay was performed in a 96-well microplate, which included the addition of 200 µL of DPPH solution in each well as a source of free radicals. Later, 100 µL of different sample solutions at different concentrations was added in the respective wells after the DPPH solution was added. As a control, 100 µL of ethanol was placed instead of the sample in separate wells to assess the DPPH absorbance without the addition of any antioxidant. Further blanks were carried out using 200 µL of ethanol instead of DPPH solution along with 100 µL of each of the samples, to take care of the probable absorbance of the samples themselves ethanol. Mixtures were then incubated in the dark at room temperature for 30 min to allow the reaction of the DPPH radicals with possible antioxidants in the samples in solution. Following this period, the absorbance of each of the mixtures was measured at 517 nm using a UV-Vis microplate reader. The percentage of DPPH radical scavenging activity was calculated using the following formula:
[image: Formula for DPPH Scavenging Activity percentage: the difference between absorbance of control and sample, divided by absorbance of control, multiplied by one hundred.]
In this formula, A control refers to the absorbance of DPPH solution with ethanol whereas A sample refers to the absorbance of DPPH solution absorbed in the sample. In this manner, a calculation of the percentage of DPPH radical scavenging activity for each sample was done along with IC50. The lower the IC50 value of the samples, the greater the antioxidant activity since it conveyed that less of the sample was needed to reduce the DPPH radicals by 50%. The DPPH scavenging effects of the aerial part, roots extract, resveratrol, astragalin, and rutin were analyzed based on their IC50 or extent of activity at different concentrations. They were also compared to assess their DPPH free radical scavenging ability in depth and anti-oxidative capacity as well (Moukette et al., 2015).
2.6.2 ABTS assay
The antioxidant activities of the aerial part of the plant, root, resveratrol, astragalin, and rutin were evaluated using the ABTS radical cation (ABTS⋅⁺) assay. The ABTS⋅⁺ solution preparation method was done according to (Ilyasov et al., 2020) which includes:39.2 mg ABTS dissolved in distilled water and subsequently completed with a 6.7 mM potassium persulfate solution in equal volume (We Prepared a 6.7 mM potassium persulfate solution by dissolving 17.6 mg of potassium persulfate in 5 mL of distilled water.). The solution was allowed to stand in the darkroom at a temperature for 12–16 h to form the ABTS radical cation. This resulting solution was then further diluted with ethanol to measure the maximum probable absorbance density of about 0.70 (±0.02) at 734 nm. Trolox standards were prepared in ethanol from 0.01 to 0.1 mM and sample solutions were prepared in ethanol at required concentrations. In the assay, 200 µL sample solution was taken in each cuvette, and 2 mL ABTS⋅⁺ solution was added to each tube or cuvette for mixing. Controls were prepared by mixing 2 mL of ABTS⋅⁺ solution with 200 µL of ethanol, while blanks were prepared by mixing 2 mL of ethanol with 200 µL of each sample solution (without ABTS⋅⁺). The mixtures were incubated in the dark at room temperature for 30 min before the absorbance was measured at 734 nm using a UV-Vis spectrophotometer. The percentage of ABTS radical scavenging activity was calculated using the following formula:
[image: Formula for ABTS scavenging activity is shown, calculated as the difference between A control and A sample divided by A control, then multiplied by one hundred.]
Where A control is the absorbance of the ABTS⋅⁺ solution with ethanol, and A sample is the absorbance of the ABTS⋅⁺ solution with the sample. IC50 was determined by plotting the percentage of scavenging activity against the concentrations of the samples; IC50 is the concentration at which it shows 50% scavenging of the ABTS radicals. Based on IC50 values, and for some samples at definite concentrations, the antioxidant activities of the five tested samples were compared (Rumpf et al., 2023).
2.6.3 Ferric reducing antioxidant power assay
The ferric reducing antioxidant power (FRAP) assay was selected to evaluate the antioxidant activity of the aerial part, root, and fractions of resveratrol, astragalin, and rutin. For this assay, the reagents were prepared according to Skroza et al. (2015) with some modifications: The acetate buffer was prepared by adding approximately 16 mL of glacial acetic acid to 3.1 g of sodium acetate trihydrate and volumetrically making up to 1 L with distilled water. A TPTZ solution was prepared by dissolving 0.031 g in 10 mL of 40 mM HCl and a ferric chloride solution was prepared by dissolving 0.054 g of FeCl3·6H2O in 10 mL of distilled water. The FRAP working solution was made up immediately before use by mixing acetate buffer, TPTZ solution, and ferric chloride solution in a ratio of 10:1:1. Sample solutions from root extract, leaf extract, resveratrol, astragalin, and rutin were prepared in ethanol at a concentration of choice. The assay was carried out by first dispensing 180 µL of the FRAP working solution into each well of a 96-well microplate before adding 20 µL of each sample solution or trolox standard to the wells. The plate was then incubated for half an hour at 37°C before the absorbance reading was undertaken at 593 nm using a microplate reader. This absorbance was employed to estimate the reducing power of samples according to their capability to convert Fe³⁺ to Fe2⁺ in the presence of TPTZ (Benzie and Devaki, 2018).
2.6.4 Cupric reducing antioxidant capacity assay
Cupric reducing antioxidant capacity (CUPRAC) assay was utilized for screening additional radical scavenging activity of the aerial part, root, resveratrol, astragalin, and rutin. To perform the CUPRAC assay the following reagents were prepared according to Apak et al. (2010) 0.4262 g of copper (II) chloride dihydrate (CuCl2·2H2O) was dissolved in 200 mL of distilled water to make a 0.01 M copper (II) chloride solution. For preparing 1 M ammonium acetate buffer (pH 7.0), 7.708 g of ammonium acetate was dissolved in 100 mL of distilled water, and about 60 mL of this buffer was supplemented with 0.0075 M neocuproine solution prepared by dissolving 0.039 g of neocuproine in 20 mL of ethanol. Trolox standard solutions were prepared in ethanol with concentrations ranging from 0.01 to 0.1 mM. Sample solutions from root extract, leaf extract, resveratrol, astragalin, and rutin were also prepared in ethanol at desired concentrations. For the assay, 150 µL of the pre-mixed reagent solution [copper (II) chloride, ammonium acetate, and neocuproine] was pipetted into each well of a 96-well microplate, followed by the addition of 50 µL of each sample solution or standard Trolox solution. The microplate was incubated at room temperature for 30 min in the dark to allow the reaction to occur. The absorbance was measured at 450 nm using a UV-Vis microplate reader. The antioxidant activity was calculated using the formula:
[image: Equation showing the calculation of CUPRAC activity percentage: (A sample minus A blank divided by A control) multiplied by one hundred.]
Where A sample is the absorbance of the sample solution, A blank is the absorbance of the blank (without CUPRAC), and A control is the absorbance of the Trolox standard. The IC50 value was determined by plotting the CUPRAC activity percentage against the sample concentrations where this value represents the concentration necessary to achieve 50% of the maximum CUPRAC activity observed from the standard. The antioxidant activities of the five samples were also compared based on IC50 values or CUPRAC activities at a given concentration (Suktham et al., 2019).
2.7 In vitro MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5) diphenyl tetrazolium bromide) cell proliferation assay
2.7.1 Cell culture and media
Cell lines were purchased from the Holding Company for Biological Products and Vaccines (VACSERA, Giza, Egypt). HCT-116 and WI-38 cells were cultured in RPMI-1640 medium. Enhanced with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin mixture (100 IU/mL penicillin and 0.1 mg/mL streptomycin) (Calmeiro et al., 2021).
2.7.2 Procedure
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; Sigma) was dissolved in PBS at a concentration of 5 mg/mL and filtered to sterilize and remove a small amount of insoluble residue present in some batches of MTT. At the times indicated below, the original MTT solution (10/∼1 per 100/∼1 medium) was added to all test wells and the plates were incubated at 37°C for 4 h. Isopropanol acid (100/∼1 of 0.04 N HCI in isopropanol) was added to all wells and mixed well to dissolve the dark blue crystals. After a few minutes at room temperature to ensure all crystals were dissolved, the plates were read on a Dynatech MR580 Microelisa Reader, using a test wavelength of 570 nm, a reference wavelength of 630 nm, and a calibration setting of 1.99 (or 1.00 if the samples were strongly colored). Plates were typically read within 1 h of adding isopropanol.
2.7.3 In vitro MTT cell proliferation assay
The MTT assay was used to evaluate the proliferation of control and treated cells according to Ghasemi et al. (2023). 2.6∼3 × 104 cells were added to each well of a 96-well tissue culture plate containing the appropriate media and grown for 24 h. Drug stock solutions were prepared in DMSO. Eight concentrations (300, 100, 30, 10, 3, 1, 0.3, and 0.1 μg/mL) were prepared for each compound in the growth media. The Nutlin was used as a reference compound. Cells were then treated for 72 h. Freshly prepared MTT salt (3-(4,5-dimethylthiazol-2yl)-2,5- diphenyltetrazolium bromide) (5 mg/mL; Sigma) was then added to each well to give a final concentration of 0.5 μg/μL. The plates were incubated for 4 h and the formation of formazan crystals was checked using an inverted microscope. An Equal volume of 1:1 (200 μL) DMSO and isopropanol mixture was added to each well and incubated for 30–45 min. Cell proliferation was detected by measuring the absorbance of each well at 590 nm using Multiskan® EX (Thermo Scientific, United States) Microplate Reader. The Experiment was performed three times in triplicates (Ghasemi et al., 2023).
2.8 Statistical study
All methods were conducted in triplicate, and results are expressed as the mean ± standard deviation (SD). Statistical analyses, including one-way ANOVA and multiple group comparisons, were performed using GraphPad Prism version 10.4.1. Statistical significance was set at p < 0.05.
One-way ANOVA analysis of cytotoxic effects on HCT-116 and WI-38 cells
To assess the statistical significance of the cytotoxic effects of the tested compounds on HCT-116 (colon cancer) and WI-38 (normal) cell lines, a one-way analysis of variance (ANOVA) was performed. The ANOVA test was applied to determine whether there were statistically significant differences in cell viability among the different tested samples. Post-hoc analysis using Tukey’s test was conducted when significant differences were found to identify specific group variations.
3 RESULT
3.1 Phytochemical screening of crude extracts
The phytochemical analysis of the crude extracts from the aerial parts and roots of Capparis spinosa L. was done to establish its major classes of secondary metabolites.
3.2 LC-MS/MS and GC-MS analysis: phytochemical investigation of ethyl acetate fractions from aerial parts and roots
The LC-MS/MS analysis of the ethyl acetate fractions from the aerial parts and roots revealed the presence of several bioactive compounds, with notable differences between the two fractions. The detailed results, including compound structures and their respective LC-MS/MS spectra, are provided in the Figures 1, 2; Supplementary Tables S1, S2.
[image: Chromatogram with peaks indicating compound retention times. Peaks are labeled with numbers, showing the intensity over time. The x-axis represents time in minutes, while the y-axis indicates intensity.]FIGURE 1 | LC-MS/MS diagram of ethyl acetate fraction of the aerial parts.
[image: Chromatogram depicting a series of peaks over time, illustrating compound separation. Notable peaks are labeled with numerical values, indicating retention times and possibly concentration levels.]FIGURE 2 | LC-MS/MS diagram of ethyl acetate fraction of the roots.
A preliminary phytochemical screening of the tested fractions was conducted using GC-MS to identify various bioactive compounds, including flavonoids, phenols, alkaloids, coumarins, cardiac glycosides, and terpenoids. The table and graph are shown in the Supplementary Figures S3–S6; Supplementary Tables S3–S6.
3.3 Antioxidant and free radical scavenging activity
The IC50 values for the five tested samples Leaves, Roots, Rutin, Astragalin, and Resveratrol, expressed in mg/mL, provide a quantitative measure of the antioxidant capacity of each sample. These results highlight the relative potency of the tested compounds in neutralizing free radicals, with lower IC50 values indicating higher antioxidant activity. The data are summarized in Table 1.
TABLE 1 | This table includes an antioxidant assay of DPPH, FRAP, Cuprac, and ABTS for 5 samples.
[image: Table comparing IC₅₀ values in different samples: Leaves, Roots, Rutin, Astragalin, and Resveratrol across four antioxidant tests—DPPH, ABTS, FRAP, and CUPRAC. Values range from 0.012 to 4.08. Results were based on median responses from three independent experiments, performed in triplicate.]3.3.1 DPPH antioxidant results for aerial part, root, rutin, astragalin, and resveratrol
The DPPH method, an established approach for evaluating the free radical scavenging activity, was carried out on the samples in different concentrations (1.0 mg/mL, 0.1 mg/mL, 0.01 mg/mL, and 0.001 mg/mL) in the present study. Supplementary Table S7 also shows the percent inhibition at these concentrations for each of the samples representing all the likely ranges of their antioxidant potentials.
As shown in Supplementary Table S7, the root extract exhibited the highest level of antioxidant activity at the highest concentration (97% inhibition at 1 mg/mL). Rutin also showed strong antioxidant activity, achieving 93% inhibition at 0.1 mg/mL and 84% at 1 mg/mL. Resveratrol followed closely, with 77% inhibition at 1 mg/mL and 84% at 0.1 mg/mL. The aerial parts demonstrated moderate activity, with 75% inhibition at the highest concentration. Astragalin, however, showed the weakest activity, with only 11% inhibition at 1 mg/mL and progressively lower values at lower concentrations. The IC50 value represents the concentration required to inhibit 50% of the DPPH radicals. Lower IC50 values indicate higher antioxidant potency, as less compound is required to achieve significant inhibition (Djeghim et al., 2024). The IC50 values for each sample were determined from the data and are depicted in Figure 3. The DPPH radical scavenging assay was conducted to evaluate the antioxidant activity of the tested samples. The IC50 values indicate the concentration required to scavenge 50% of DPPH radicals, with lower values representing higher antioxidant potential. Among the tested compounds, Rutin (IC50 = 0.013 mg/mL) and Roots (IC50 = 0.017 mg/mL) exhibited the strongest antioxidant activity, followed by Resveratrol (IC50 = 0.032 mg/mL) and Leaves (IC50 = 0.12 mg/mL), while Astragalin displayed the weakest activity (IC50 = 1.2 mg/mL). Statistical analysis using one-way ANOVA and Tukey’s multiple comparison tests confirmed that the differences in antioxidant potential were statistically significant (p < 0.0001) between Astragalin and all other compounds, indicating its significantly lower free radical scavenging capacity. However, no significant differences were observed between Roots and Rutin (p > 0.9999), Leaves and Roots (p = 0.639), or Leaves and Resveratrol (p = 0.791), suggesting comparable antioxidant activity among these compounds. These results highlight the strong radical scavenging properties of Rutin and Roots, while Astragalin exhibited significantly lower antioxidant potential compared to the other samples.
[image: Line graph and bar chart displaying DPPH assay results. The line graph shows % inhibition of leaves, roots, rutin, astragalin, and resveratrol over concentrations ranging from 0 to 1.0 mg/mL. The bar chart illustrates IC₅₀ values in mg/mL for each, with astragalin and resveratrol showing significant differences. Data points in both graphs indicate statistical significance with p-values noted.]FIGURE 3 | DPPH antioxidant activity: percent inhibition and IC₅₀ with statistical comparisons (One-way ANOVA and Tukey’s test) data are expressed as mean +- SD and n = 3.
3.3.2 ABTS antioxidant results for aerial part, root, resveratrol, astragalin, and rutin
The further evaluation of the antioxidant properties of the aerial parts, roots, and Resveratrol, Astragalin, and Rutin fractions was carried out using the ABTS radical cation method, which is often used in the estimation of the free radical scavenging potential of the plant. Supplementary Table S8 depicts the percentage of ABTS radicals that were effectively inhibited by the four different concentrations of the samples (1.0 mg/mL, 0.1 mg/mL, 0.01 mg/mL, and 0.001 mg/mL). According to the data in Supplementary Table S8, Resveratrol exhibited the highest antioxidant activity across all concentrations, particularly at 1 mg/mL, where it achieved 92% inhibition of ABTS radicals. The root extract followed closely, demonstrating 88% inhibition at the same concentration. Rutin also displayed strong antioxidant potential, with 78% inhibition at 1 mg/mL. However, its activity diminished more rapidly at lower concentrations compared to resveratrol and roots. In comparison, the extracts obtained from the aerial parts were only moderately active, achieving 37% inhibition at 1 mg/mL concentration and this activity decreased at lower concentrations. Astragalin demonstrated the weakest antioxidant activity, achieving only 25% inhibition at 1 mg/mL, and showing minimal effectiveness at lower concentrations.
The results from the ABTS assay, as visualized in Figure 4, provide further insights into the antioxidant capacity of the samples. The ABTS radical scavenging assay was performed to evaluate the antioxidant potential of the tested samples. The IC50 values revealed that Resveratrol (IC50 = 0.1 mg/mL) exhibited the highest antioxidant activity, followed closely by Roots (IC50 = 0.11 mg/mL), Leaves (IC50 = 0.12 mg/mL), and Rutin (IC50 = 0.125 mg/mL), where Astragalin displayed the weakest antioxidant activity (IC50 = 1.1 mg/mL). Statistical analysis using one-way ANOVA and Tukey’s multiple comparison test showed no significant differences between Leaves, Roots, Rutin, and Resveratrol (p > 0.9999), indicating similar antioxidant potential among these samples. However, Astragalin exhibited significantly lower antioxidant activity compared to all other tested compounds (p < 0.0001), confirming its weaker radical scavenging capacity. These findings reinforce the strong antioxidant potential of Leaves, Roots, Rutin, and Resveratrol, with Astragalin demonstrating a markedly lower ability to neutralize ABTS radicals.
[image: Line and bar graphs showing results of an ABTS assay. The line graph at the top illustrates percentage inhibition across concentrations for leaves, roots, rutin, astragalin, and resveratrol. The bar graph below shows IC50 values with significant differences indicated by p-values. Leaves and roots exhibit lower IC50 values, while astragalin and resveratrol have higher IC50 values. Color-coded legend identifies each sample.]FIGURE 4 | ABTS antioxidant activity: percent inhibition and IC50 with statistical comparisons (One-way ANOVA and Tukey’s test) data are expressed as mean +- SD and n = 3.
3.3.3 FRAP result of the following fraction aerial part, root, resveratrol, astragalin, and rutin
The Ferric Reducing Antioxidant Power (FRAP) assay quantified the antioxidant potential of the aerial parts, roots, resveratrol, astragalin, and rutin. This assay evaluates the activity of samples in the reduction of ferric ions (Fe3+) to ferrous ions (Fe2+) as a defined measure of antioxidant activity. Supplementary Table S9 shows the percentage of ferric ion reduction at various concentrations for each of the samples. At the highest concentration of 1 mg/mL, the root extract was found to have the highest level of antioxidant activity with 82% ferric ion reduction. This was followed by resveratrol at 61% and Rutin at 47% respectively. The aerial parts exhibited moderate antioxidant activity with 34% ferric ion reduction, while Astragalin had the least activity reducing 12% of the ferric ions. At lower concentrations such as (0.01 mg/mL and 0.001 mg/mL), the samples in general showed a significant reduction in antioxidant activities, with some being negative values, showing a lack of or very little activity. This highlights the importance of concentration in the investigation of antioxidant screening by FRAP where high amounts of the materials are essential to produce enhanced antioxidant activities. The results presented in Figure 5 show IC50 of aerial parts, roots, Resveratrol, Astragalin, and Rutin as a free radical scavenging effect. The Ferric Reducing Antioxidant Power (FRAP) assay was performed to assess the reducing capacity of the tested samples. The IC50 values indicated that Roots (IC50 = 0.36 mg/mL) exhibited the highest reducing power, followed by Resveratrol (IC50 = 0.7 mg/mL), Rutin (IC50 = 1.06 mg/mL), and Leaves (IC50 = 1.4 mg/mL), Astragalin showed the weakest reducing capacity (IC50 = 4.08 mg/mL). Statistical analysis using one-way ANOVA and Tukey’s multiple comparison tests confirmed significant differences (p < 0.0001) between Leaves and Roots, as well as between Astragalin and all other tested samples, indicating substantial variations in antioxidant potential. Additionally, significant differences were observed between Rutin and Resveratrol (p = 0.0164) and between Roots and Resveratrol (p = 0.0035), highlighting their distinct reducing capacities. These results suggest that Roots possess the strongest ferric reducing power, followed by Resveratrol, while Astragalin exhibited significantly lower antioxidant activity compared to all other samples.
[image: Line graph and bar chart showing results from a FRAP assay. The line graph depicts % inhibition versus concentration for different substances: leaves, roots, rutin, kaffir, astragalin, and resveratrol. The bar chart compares IC50 values for resveratrol, kaffir, rutin, leaves, and astragalin, with statistical significance indicated between groups.]FIGURE 5 | FRAP antioxidant activity: percent inhibition and IC50 with statistical comparisons (One-Way ANOVA and Tukey’s test) data are expressed as mean +- SD and n = 3.
3.3.4 CUPRAC antioxidant results for aerial part, root, resveratrol, astragalin, and rutin
The evaluation of the antioxidant activities of different fractions of the aerial part, root, resveratrol, astragalin, and rutin was carried out using the Cupric Reducing Antioxidant Capacity (CUPRAC) assay. This assay evaluates the ability of antioxidant compounds to reduce the cupric ions (Cu2⁺) to the cuprous ions (Cu⁺) which gives a good measure of its antioxidant activities. Supplementary Table S10 presents the percentage of reduction at various concentrations for each sample. At the maximum concentration (1 mg/mL), the antioxidant activity was the most substantial as 95% of the root extract was reduced with the decreasing order of activity following 94% of rutin and 93% of resveratrol. Astragalin could also display potent antioxidant effects with only an 85% reduction, whereas the aerial parts exhibited moderate activity with a 68% reduction. Decreased values of antioxidant activities were observed in samples at lower concentrations with the negative reduction values occurring at 0.01 mg/mL, and 0.001 mg/mL suggesting no activity or negligible at those concentrations.
The IC50 values, which represent the concentration required to achieve 50% inhibition, provide a more detailed comparison of the antioxidant efficacy of the samples. Figure 6 illustrates the IC50 values for the aerial parts, roots, resveratrol, astragalin, and rutin. The CUPRAC assay results indicate the antioxidant capacities of Leaves, Roots, Ruth, Astragalin, and Resveratrol, evaluated through % inhibition at concentrations of 0.001, 0.01, 0.01 and 1.0 mg/mL. All samples showed no statistically significant differences (marked as “ns”) in % inhibition across the tested concentrations, suggesting comparable short-range antioxidant effects at these specific doses. The CUPRAC assay was conducted to evaluate the antioxidant capacity of the tested samples. The IC50 values revealed that Roots (IC50 = 0.06 mg/mL) exhibited the strongest antioxidant activity, followed by Rutin (IC50 = 0.09 mg/mL) and Resveratrol (IC50 = 0.12 mg/mL). Astragalin (IC50 = 0.126 mg/mL) demonstrated slightly weaker activity, while Leaves (IC50 = 0.7 mg/mL) showed the lowest antioxidant potential among the tested samples. These findings highlight the superior antioxidant activity of Roots, likely due to the presence of highly effective reducing agents, as measured by the CUPRAC method.
[image: Line graph and bar chart illustrate results of a CUPRAC assay. The line graph shows percentage inhibition against concentration for leaves, roots, fruits, anthocyanin, and resveratrol, all increasing towards 100% inhibition. The bar chart compares polyphenol concentration for the same groups, with leaves and resveratrol showing significant values.]FIGURE 6 | CUPRAC antioxidant activity: percent inhibition and IC50 with statistical comparisons (One-way ANOVA and Tukey’s Test) data are expressed as mean +- SD and n = 3.
Statistical analysis using one-way ANOVA revealed no significant differences in antioxidant activity between Roots, Rutin, Resveratrol, and Astragalin (p > 0.05).
3.3.5 Statistical analysis and correlation between antioxidant activity measuring methods
Interpretation of Pearson Correlation Coefficients in the Context of Antioxidant Assays, A comparative analysis of the antioxidant potential among the samples is illustrated in Figure 7.
[image: A heatmap showing correlation coefficients between antioxidant assays: DPPH, FRAP, ABTS, and CUPRAC. Values range from -1.0 (red) to 1.0 (blue), indicating various levels of positive and negative correlations.]FIGURE 7 | Pearson correlation coefficient analysis of IC50 values in DPPH, FRAP, ABTS, and CUPRAC antioxidant assays.
The Pearson correlation matrix in the provided figure represents the relationships between four used antioxidant assays DPPH, FRAP, ABTS and CUPRAC.
Each of these assays measures antioxidant potential but through different mechanisms. Correlations among them indicate similarities or differences in how antioxidants behave in different experimental conditions.
Correlations among them indicate similarities or differences in how antioxidants behave in different experimental conditions.
	1. Strong Positive Correlation: DPPH vs. CUPRAC (r = 0.67)

The IC50 value for DPPH and CUPRAC shows strong linear correlation, suggesting that samples have high activity in DPPH also will have high activity in CUPRAC.
	2. Moderate Negative Correlation: DPPH vs. FRAP (r = −0.50)

A moderate inverse relationship indicates that samples with lower IC50 values in DPPH (higher antioxidant activity) tend to have higher IC50 values in FRAP meaning lower antioxidant activity 3. Weak Negative Correlation: DPPH vs ABTS (r = −0.10)
The weak negative correlation suggests minimal relationship between these assays in terms of IC50 values.
	4. Weak Positive Correlation: FRAP vs CUPRAC (r = 0.27)

A weak but positive association exists between these two assays, indicating that some trends in antioxidant activity are shared.
	5. Moderate Negative Correlation: ABTS vs. CUPRAC (r = −0.41)

A moderate inverse correlation implies that high antioxidant activity in ABTS (low IC50) is moderately associated with lower antioxidant activity in CUPRAC.
	6. Weak Negative Correlation: FRAP vs. ABTS (r = −0.30)

A weak inverse correlation suggests that there is little overlap in the antioxidant mechanisms measured by FRAP and ABTS.
3.4 MTT assay results and statistical analysis
The MTT assay was accomplished to assess the cell’s viability in response to treatments with different extracts and compounds and the result is explained in Table 2, which shows the percent of antiproliferation activity against the cancer cell human colon (HCT-116) (Figure 8 and effect against the normal lung fibroblast (WI-38) (Figure 9) cells to show the safety of those extracts and compounds, all cells treated for 72 h.
TABLE 2 | Antiproliferative activity of compounds on HCT-116 and WI-38 cell lines.
[image: Table displaying in vitro cytotoxicity (IC50, micrograms per milliliter ± standard deviation) for six samples against HCT-116 and WI-38 cells. The samples are leaves, roots, rutin, astragalin, resveratrol, and nutlin. Measurements for HCT-116 range from 23.26 ± 2.30 to 64.09 ± 2.06, while for WI-38, they range from 85.87 ± 2.74 to 205.60 ± 2.53.][image: Seven graphs showing dose-response curves for different compounds on HCT-116 cells. Each chart depicts concentration versus cell viability percentage. Compounds include Lov, Resv, Ast, Root, Rot, Roten, and Nuc, with varying slopes and IC50 values. Error bars indicate data variability.]FIGURE 8 | Antiproliferative activity of various extracts and compounds against HCT-116 cells.
[image: Graphs display the effects of various compounds on cell viability in WI-38 cells, showing dose-response curves. Each graph plots Log Concentration (µg/mL) against Cell Viability (%). Data labels include IC₅₀ and R² values, indicating the efficacy and correlation strength for each compound tested.]FIGURE 9 | Antiproliferative activity of various extracts and compounds against WI-38 normal cells.
The cytotoxic effects of the tested compounds on HCT-116 and WI-38 cells were statistically analyzed. Significant differences among the tested samples were determined, and post hoc comparisons were conducted to identify group variations as shown in Figure 10 which shows the result on HCT-116 and Figure 11 explains the statistical result on the WI-38 cell line.
[image: Bar chart comparing the [C₅₀] mg/mL values for different substances: Leaves, Roots, Rutin, Astragalin, Resveratrol, and Nutin in HCT-116. Nutin has the highest value. Statistical significance is indicated with brackets and p-values. Color legend is shown on the right.]FIGURE 10 | Effect of tested compounds on HCT-116 cell viability: one-way ANOVA and Tukey’s post-hoc analysis.
[image: Bar chart showing the [IC50] in mg/mL for various substances: Leaves, Roots, Rutin, Astragalin, Resveratrol, and Nullin, with values ranging from 0 to 250. The bars are color-coded: Leaves in blue, Roots in red, Rutin in green, Astragalin in pink, Resveratrol in orange, and Nullin in black. Statistical significance is indicated above with p-values, showing differences between groups. The chart relates to WI-38, a fibroblast cell line.]FIGURE 11 | Effect of tested compounds on WI-38 cell viability: one-way ANOVA and Tukey’s post-hoc analysis.
The MTT assay results, analyzed using one-way ANOVA and Tukey’s multiple comparison tests, provide insights into the cytotoxic effects and selectivity of the tested compounds on HCT-116 colorectal cancer cells and WI-38 normal cells (Khayat et al., 2022). The analysis compared the cytotoxic activity of five natural compounds (Leaves, Roots, Rutin, Astragalin, and Resveratrol) with Nutlin, a well-established MDM2 inhibitor used as a reference compound (Basha and Mohan, 2024). In HCT-116 cells, Nutlin exhibited an IC50 of 62.72 ± 3.15 μg/mL, serving as the benchmark for cytotoxicity. Among the tested compounds, Leaves demonstrated the highest cytotoxicity (IC50 = 23.26 ± 2.30 μg/mL, p < 0.0001 vs. Nutlin), followed by Roots (IC50 = 34.65 ± 2.17 μg/mL, p < 0.0001 vs. Nutlin), Resveratrol (IC50 = 34.03 ± 2.45 μg/mL, p < 0.0001 vs. Nutlin), and Astragalin (IC50 = 40.96 ± 2.23 μg/mL, p < 0.0001 vs. Nutlin), whereas Rutin (IC50 = 64.09 ± 2.06 μg/mL, p = 0.979 vs. Nutlin) exhibited comparable cytotoxicity to the reference compound. These findings suggest that Leaves, Roots, Resveratrol, and Astragalin possess stronger anticancer activity than Nutlin, indicating the potential anticancer activity for those extracts and compounds.
In contrast, cytotoxicity evaluation in WI-38 normal cells revealed significantly different trends, emphasizing compound selectivity and potential therapeutic windows. Leaves and Roots exhibited high IC50 values (less toxicity) in WI-38 cells compared to HCT-116, indicating selective cytotoxicity toward cancer cells. Tukey’s multiple comparison tests showed no significant difference between Leaves and Roots in normal cells (p = 0.9998), suggesting a similar safety profile. However, all other comparisons (Leaves vs. Rutin, Astragalin, Resveratrol, and Nutlin; p < 0.0001) indicated significant differences, highlighting the lower toxicity of Leaves and Roots in normal cells. Moreover, Rutin and Resveratrol exhibited significantly higher toxicity in WI-38 cells than in Leaves and Roots (p < 0.0001), suggesting a potential risk of non-selective cytotoxicity. Astragalin, while cytotoxic in cancer cells, showed a non-significant difference compared to Nutlin in normal cells (p = 0.9796), indicating a safety profile similar to the reference drug. Overall, these findings suggest that Leaves and Roots exhibit the best selectivity between cancer and normal cells, making them promising candidates for further anticancer investigations.
4 DISCUSSION
The results from the phytochemical screening of the aerial part extracts indicated that there exist several classes of important metabolites such as; flavonoids and coumarins, phenol derivatives, terpenes, and cardiac glycosides as shown by previous studies (Annaz et al., 2022). Similar findings have been reported in previous studies, where Capparis spinosa was recognized for its rich flavonoid and polyphenolic content, contributing to its therapeutic properties (Castillo et al., 2024).
4.1 Antioxidant activity
The five samples that were subjected to four standard antioxidant assays indicated Rutin, Roots, Resveratrol, Leaves, and Astragalin were also measured for their IC50 values and antioxidant potential in these assays-DPPH, FRAP, ABTS, and CUPRAC. From these tests, all the samples were assessed for their scavenging activities and reductive capabilities, and differences were observed in the Levels of Antioxidant activity in different methods used.
The DPPH method is an established approach for evaluating the free radical scavenging activity (Gulcin and Alwasel, 2023). In this assay, Rutin emerged as the potent antioxidant with the least IC50 having values of 0.013 mg/mL. This shows that the compound can scavenge free radicals at remarkably low concentrations; our results align with these findings (Brighente et al., 2007; Wang et al., 2021; Zhou et al., 2023). The root extract followed closely with the IC50 concentrations of 0.017 mg/mL, which shows that this also has a good free radical scavenging ability. Resveratrol on the other hand, although the IC50 value is just a bit more than for Rutin, showing 0.032 mg/mL, exhibited high efficiency in this assay as shown by other study (Yang et al., 2008). Leaves and Astragalin had much higher IC50 values thus implying a lower capacity to exert antioxidant effects. A particularly high IC50 value of astragalin which was 1.2 mg/mL; it is the least effective against DPPH radicals.
In the ABTS assay Resveratrol exhibited the highest activity with an IC50 value of 0.1 mg/mL that making him a potent free radical scavenging compound as approved by a previous study (Rosiak et al., 2022). This was closely followed by the Roots (0.11 mg/mL) and Leaves (0.121 mg/mL) suggesting that these samples are reasonably efficient in scavenging ABTS radicals as shown by other studies (Annaz et al., 2022). Though Astragalin did not possess ABTS scavenging activity and had a slightly higher IC50 value of 1.1 mg/mL confirming its consistently lower antioxidant capacity across different assays as also approved by other studies (Li et al., 2017). Rutin on the other hand also has an IC50 value close to that of roots 0.125 suggesting its high activity in ABTS assay as demonstrated by this study (Devkota et al., 2023).
In the FRAP assay which assays the ability of the samples to convert Fe3+ to Fe2+ (Mishra et al., 2022), it was observed that the roots extract had the greatest activity with an IC50 value of 0.36 mg/mL (Rajhi et al., 2021). This implies that there exist compounds present in the roots that enhance the effectiveness of this reduction most, rendering it the strongest in terms of ferrous reducing capacity. On the other hand, leaf extracts, with an IC50 of 1.4 mg/mL, showed low reducing capacity, while Rutin in the FRAP assay showed low activity with an IC50 value of 1.06 mg/mL. Resveratrol demonstrates high activity just a second after the roots extract with IC50 0.7 mg/lm aligns with another study showing also a high activity for it in FRAP assay (Rajhi et al., 2021). The high IC50 value of 4.0 mg/mL for Astragalin was indicative of low antioxidant activity, which was due to a lower ability to engage in redox reactions relative to the other samples (Li et al., 2017). In CUPRAC activity test The most active out of all the tested samples turned out to be Root extract with the IC50 of 0.06 mg/mL as approved by Zamani et al. (2023), Followed by Rutin with IC50 of 0.09 mg/mL rendering them the second potent one in CUPRAC assay. This result brings out Roots cupric-reducing activity at the maximum level (Zamani et al., 2023). Resveratrol on the other hand showed also high antioxidant activities IC50 values of 0.012 mg/m (Zamani et al., 2023)L. In this case, the value of IC50 for the Leaves is higher at 0.7 mg/mL, which suggests the presence of lesser antioxidant activity despite the majority of studies showing high activity for Capparis spinosa leaves extract (Beldi et al., 2022). These observations reinforce the necessity of additional statistical measurements to characterize and compare any antioxidant action.
The cytotoxicity study of the two extracts (leaves and roots) of C. spinosa along with the three natural compounds rutin, astragalin and resveratrol were analyzed using one-way ANOVA and Tukey’s multiple comparison test to provide insight into the anticancer activity and selectivity of the tested compounds (Potočnjak et al., 2022). The result revealed that the leaves and root extracts showed highest toxicity against the HCT-116 cancer cells and the lower against normal cells WI-38 normal cells. The selectivity is crucial, as an ideal therapeutic agent should effectively target cancer cells while sparing normal cells (Garg et al., 2024).
In this study, Nutlin was used as a reference compound and showed IC₅₀ of 62.72 ± 3.15 μg/mL in HCT-116 cells, consistent with its role in a previous study in activity and restoring the P53 role as an anticancer agent (Kumari et al., 2022). However several of the compounds included in this study particularly the leaves and roots exhibited significantly higher activity with Leaves (IC50 = 23.26 ± 2.30 μg/mL) and Roots (IC50 = 34.65 ± 2.17 μg/mL), demonstrated significantly higher cytotoxicity than Nutlin (p < 0.0001) suggesting their potential activity as anticancer agent this results along with previous similar study like activity of leaves on HCT-116 (Abdul Samad, 2024; El-Berawey, 2024). The significant cytotoxicity of Resveratrol (IC50 = 34.03 ± 2.45 μg/mL, p < 0.0001 vs. Nutlin) aligns with prior findings on its ability to induce apoptosis, inhibit proliferation, and enhance oxidative stress in colorectal cancer cells (Gündoğdu and Özyurt, 2023). The differential cytotoxicity observed between HCT-116 and WI-38 cells is a crucial finding, as Leaves and Roots extracts displayed significantly higher IC50 values in WI-38 cells, indicating lower toxicity in normal cells. This selectivity suggests a potential therapeutic advantage, as compounds with a high cancer-to-normal cell cytotoxicity ratio are preferred in drug development to minimize systemic toxicity (Ramos et al., 2021). Additionally, Rutin (Ur Rahman and Panichayupakaranant, 2025) and Resveratrol (El Omari et al., 2021) exhibited relatively little higher toxicity in WI-38 cells but still kept their safety profile against normal cells and selectivity against HCT-116. Astragalin, which showed strong cytotoxicity against cancer cells (Chen et al., 2017), exhibited a non-significant difference compared to Nutlin in normal cells (p = 0.9796), suggesting a comparable safety profile to the reference MDM2 inhibitor.
The observed cytotoxic effects can be attributed to multiple mechanisms, including MDM2 inhibition, apoptosis induction, and oxidative stress modulation, which are well-documented anticancer pathways (Khan et al., 2020; Jazvinšćak Jembrek et al., 2021; Yarmohammadi et al., 2021). Our study provides a strong foundation for the further development of selective anticancer agents. Future investigations should focus on detailed mechanistic studies, including apoptosis assays, cell cycle analysis, and gene expression profiling of MDM2 and related pathways to fully elucidate the potential of these compounds.
5 CONCLUSION
The current study highlights the importance of performing multiple assays to assess antioxidant capacity, given the variability observed across different tests, such as DPPH, FRAP, ABTS, and CUPRAC. Among the tested samples, certain compounds, particularly Rutin, displayed strong antioxidant potential, suggesting its role in radical scavenging and reducing power. The root extract also demonstrated notable antioxidant activity. While Resveratrol and the aerial parts showed moderate activity, Astragalin exhibited minimal antioxidant capability across assays. Rutin and root extracts appear promising for further exploration as natural antioxidants, while Resveratrol may also hold potential. Additionally, the MTT assay results revealed that certain samples exhibit varying degrees of cytotoxicity against HCT-116 cancer cells, with leaf extracts showing potent and selective anticancer activity. The root extract and Resveratrol also demonstrated moderate cytotoxicity, although with slightly less selectivity. These findings suggest that the cytotoxic potential, coupled with selectivity, is crucial in identifying viable anticancer agents. Further research is necessary to elucidate the mechanisms underlying these activities and to optimize their therapeutic potential, aiming to balance efficacy with minimal toxicity to normal cells.
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Flavonoids are natural organic compounds that are derivatives of diphenylpropane. This group of polyphenols can be found in multiple natural sources and they exhibit a variety of biological effects. Despite the wide array of beneficial properties, the development of drugs based on these compounds is hindered by their low bioavailability. Although the substantial body of information available on strategies to enhance the solubility and bioavailability of flavonoids, this knowledge remains fragmented. Therefore, the aim of this study was to consolidate and systematize scientific data on methods for increasing the solubility and bioavailability of flavonoid compounds without changing their initial molecular structures. Throughout the investigation, it was determined that the most prevalent methods for increasing solubility and bioavailability include co-crystallization, formation of phospholipid and inclusion complexes, and the creation of nanostructures. Although there were no pronounced differences observed in enhancing solubility, the impact of these methods on pharmacokinetic parameters was established. It was found that the production of inclusion complexes and nanostructures leads to the greatest increase in the area under the pharmacokinetic curve by an average of 4.2 and 3.7 times, respectively. The least effect was noted for phytosomes, where this parameter for the modified forms exceeded the initial value by only 1.7 times. Phospholipid complexes exhibited a longer average half-elimination time than all other modifications, achieving a 2.1-fold increase. For nanostructures and micelles, a substantial increase in maximum concentration of the active substance in blood plasma was observed, reaching an average of 5.4 times for both types of modifications. During the systematization and generalization of the data, a high level of heterogeneity in solubility assessment methods across various studies was revealed, complicating comparisons of original data obtained by different researchers. The findings of this review are crucial for researchers investigating the bioavailability of flavonoid compounds and will facilitate the selection of the most effective methods based on the desired outcomes for solubility and bioavailability.
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1 INTRODUCTION
Flavonoids are natural organic compounds that are derivatives of diphenylpropane. This group of polyphenols can be found in multiple natural sources, including fruits (Ellwood et al., 2019), vegetables (Ahmed and Eun, 2018), berries (Whyte et al., 2019), tea (He et al., 2021), and a large number of medicinal plants (Tungmunnithum et al., 2018; Wang et al., 2018; Roy et al., 2022). Flavonoids exhibit a variety of biological effects, including anti-hepatotoxic (Gul et al., 2022), anti-ulcer (Zhang et al., 2020), and anti-inflammatory activities (Maleki et al., 2019; Al-Khayri et al., 2022), as well as wound healing properties (Carvalho et al., 2021; Zulkefli et al., 2023; Svotin et al., 2025). Several researchers claim that the anti-inflammatory effects of certain flavonoids result from the inhibition of interleukins (IL-1β, IL-6 and IL-8) and tumor necrosis factor TNF-α (Zaragozá et al., 2020). Possible mechanisms for the wound healing activity of flavonoids include their involvement in the regulation of the MAPKs and NF-kB signaling pathways (Lu et al., 2021; Ding et al., 2023). Flavonoid-related compounds, specifically isocoumarins, have been shown to exhibit anti-inflammatory activity by inhibiting enzymes involved in the leukotriene and prostaglandin pathways (Ramanan et al., 2016). Additionally, they may modulate neuronal functions through interaction with the neurotrophin receptor TrkB (Sudarshan et al., 2019). Furthermore, these compounds are potent antioxidants, capable of trapping free radicals (Masuoka et al., 2012; Tumilaar et al., 2024).
Many flavonoids are optically active compounds due to the presence of chiral carbon atoms in the benzopyranone ring. However, most researchers do not adequately address the issue of the stereochemistry of these substances. Nevertheless, this factor can lead to variations in the physicochemical, pharmacokinetic, pharmacodynamic, and pharmacological properties of various active pharmaceutical ingredients (APIs). Some scientists suggest that the lack of data regarding the stereochemistry of flavonoids may contribute to incomplete information about their safety and efficacy (Terekhov et al., 2024).
Despite the wide array of beneficial properties exhibited by flavonoids, the development of drugs based on these compounds is hindered by their low bioavailability. According to biopharmaceutical classification system (Charalabidis et al., 2019), bioavailability is influenced by the solubility of the compound in water and its permeability through the cell membrane. Most flavonoids demonstrate poor solubility in water at room temperature, which limits their bioavailability. In light of their pronounced biological effects, this limitation raises the important issue of how to enhance the solubility of this group of compounds.
An extensive search for methods to enhance the solubility and bioavailability of flavonoids is essential. Currently, variations in solubility in both polar and non-polar solvents are reported, depending on the specific structure of the flavonoid. The presence of a double bond in the ring C (Figures 1A, B), influences solubility, which is further affected by the number of hydroxyl groups in ring B. Additionally, the position of ring B within the benzopyranone structure plays a critical role. When methoxy groups are present in ring B, a decrease in flavonoid solubility is observed, regardless of the solvent used. Conversely, the existence of a single bond between the C2 and C3 atoms in ring C contributes to increased overall solubility, while the introduction of an OH group at C3 reduces solubility in water (Zhang H. et al., 2017). It is important to note that modifications in the chemical structure of these compounds may correlate with changes in biological activity. Consequently, there has been a growing interest among researchers in exploring strategies to enhance solubility without changing the original structure of flavonoids.
[image: Chemical structures of two flavonoids are shown. Structure A has rings labeled A, B, C with a bond between C2 of ring C and C6 of ring B. Structure B has a pyran ring labeled C bridging two phenyl rings A and B. Red oxygen atoms are present at specific positions.]FIGURE 1 | General structure: (A) flavonoids; (B) isoflavonoids.
In addition to the physico-chemical properties of flavonoids, their bioavailability is also influenced by various other factors, including the dosage form of the drug (Stielow et al., 2023), physiological conditions (Dima et al., 2024), intestinal enzymes (Dima et al., 2020) and microflora (Kan et al., 2022). Moreover, low concentrations of flavonoids in blood plasma and their affinity for albumin hinder absorption (Naeem et al., 2022).
Despite the substantial body of information available on strategies to enhance the solubility and bioavailability of flavonoids, this knowledge remains fragmented. Therefore, it is crucial to systematize scientific information in this domain to identify new avenues for future pharmaceutical development.
The aim of this study was to consolidate and systematize scientific data on methods for increasing the solubility and bioavailability of flavonoid compounds without changing their initial molecular structures. Throughout this work, the main research question is to identify the most commonly encountered methods and evaluate their effectiveness in enhancing bioavailability by improving the solubility and permeability of the original flavonoids.
2 METHODS
2.1 Search strategy
The following review was performed in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Page et al., 2021). To perform the literature search, the Google Scholar database was used. The following terms were applied: “flavonoid AND (solubility OR permeability) AND -review”. The search was conducted on publications published no earlier than 2010.
2.2 Data processing
Two reviewers (AS and SO) independently and simultaneously performed an initial search and screening of articles by reading their tittles and abstracts to form the reference list. In case of disagreements, they were resolved by another author (RT).
Then, two authors (AS and SO) performed the data extraction of main texts, tables, figures, and Supplementary Material from the selected articles. The following data were in focus of the reviewers: method which used to increase bioavailability, initial and resulting solubility in water, multiplicity of solubility increase, initial and resulting apparent permeability, multiplicity of permeability increase, and main pharmacokinetic parameters. The sum of extracted outcomes was placed in Google Sheets. A complete consensus in the accumulated data was reached without further disagreements.
The result of the systematic analysis is presented as narrative synthesis.
3 RESULTS
3.1 General outlook on scientific landscape
The literature indexed in MEDLINE was utilized to construct a bibliometric network based on query “flavonoid AND (solubility OR permeability) AND (NOT review)” in PubMed (Figure 2A). The term “flavonoid” was excluded from the network.
[image: Network diagram divided into three sections labeled A, B, and C. Each section contains interconnected nodes of varying sizes and colors, ranging from blue to green, depicting data relationships or clustering. Section A shows a dense network, while B and C have fewer nodes with distinct clusters.]FIGURE 2 | Bibliometric network on request “flavonoid AND (solubility or permeability) NOT review” in PubMed: (A) general view of network; (B) co-occurrence terms for “solubility”; (C) co-occurrence terms for “biological availability”. Created by VOSviewer (Van Eck and Waltman, 2010; Van Eck and Waltman, 2011; Waltman and Van Eck, 2013).
The size of the bubbles corresponds to the frequency of term mentions. The pseudocolor scale, ranging from blue to yellow reflects the novelty of articles from 2010 to 2024. It is evident that the primary connection to flavonoids is with the terms “animals” and “solubility”. Recently, research in this area has increasingly focused on the study of antioxidant properties (Yang et al., 2024), regulation of gene expression (Bai et al., 2024; Parafati et al., 2024), and chitosan (Liu et al., 2025).
Figure 2B illustrates the interest in flavonoid solubility and related terms. It is apparent that scientists have recently shown a growing interest in the possibility of obtaining nanoparticles derived from flavonoids. Concurrently, considerable attention is given to plant extracts and quercetin as an individual component. Moreover, studies are being conducted on the antioxidant activity associated with solubility.
Figure 2C depicts the relationship between bioavailability and related terms. Over the past 6 years, connections have been observed between bioavailability and nanoparticles (Wahnou et al., 2024), indicating a strong interest among researchers in developing similar structures based on flavonoids. An important aspect is the study of oral bioavailability of flavonoids.
3.2 Process of collection and selection of the studies
The initial results of the search identified 17,000 articles in Google Scholar. After the first screening, 16,283 articles were excluded because they did not meet the inclusion criteria based on their titles and abstracts. In the subsequent review, 455 articles were eliminated for the following reasons: chemical modifications of flavonoids that resulted in the formation of new covalent bonds and the absence of solubility investigations. After reviewing the full texts, an additional 218 articles were excluded for the following reasons: reliance on phase solubility studies, measurement of solubility in organic solvents, and a lack of apparent permeability (Papp) values when the study was associated with permeability evaluation. Consequently, the review included 44 articles that passed through all stages of selection. The collection and selection process is illustrated in the PRISMA flow diagram (Figure 3).
[image: Flowchart illustrating a systematic review process. Identification phase: 17,000 records from Google Scholar. After screening, 16,283 are excluded. For retrieval, 717 records sought, with 455 not retrieved due to reasons like chemical modification. Eligibility assessment done on 262 records, excluding 218 for phase solubility issues and more. Final review includes 44 studies.]FIGURE 3 | PRISMA flowchart of the search and selection process of the articles.
3.3 General overview of the included articles
Since 2010, there has been a steady increase in the number of publications on this topic, rising from 3 in the period of 2010–2012 to 13 in both 2019–2021 and 2022–2024 (Figure 4). During the 2010–2012 timeframe, the primary focus was on the synthesis of various nanostructures; however, by 2022–2024, their representation within the total number of publications has considerable decreased. Additionally, there has been a notable rise in publications on the synthesis of cocrystals, increasing from 10.00% in 2016–2018 to 30.75% in 2022–2024. Inclusion complexes have garnered substantial attention from researchers since the period of 2013–2015. Over the past 6 years, there has been a decline in the proportion of phospholipid complexes among the methods aimed at enhancing the bioavailability of flavonoids. Recently, an increase in the diversity of modification techniques has been observed.
[image: Stacked bar chart showing the distribution of articles by categories over five-year intervals from 2010 to 2024. Categories include color polymers, solid dispersions, phospholipid complexes, etc. Each bar represents a time period, illustrating changes in category proportions. Notable increases are seen in certain categories, with detailed percentages and labels provided on the chart.]FIGURE 4 | Methods used to increase the bioavailability of flavonoids included in this systematic review (% shows the proportion of the total in a given column).
Among the primary groups of flavonoids, isoflavones have attracted considerable attention year after year, comprising 38.40% of all modified structures in 2022–2024 (Figure 5). Although there was a surge of interest in flavones during 2013–2021, no information regarding their modification was identified for the period of 2022–2024. Over the last decade, a greater diversity of flavonoid groups has emerged compared to previous years. Moreover, 15 different flavonoids were identified in the selected articles (Figure 6).
[image: Stacked bar chart depicting the distribution of phone, tabletop, flat-screen, and game console sales over four time periods: 2010-2012, 2014-2016, 2016-2018, 2018-2020, and 2020-2022. Each segment shows the percentage of sales attributed to the device type, with phones consistently increasing from 66.7% to 38.4%, while other categories fluctuate. The chart indicates a trend towards greater phone dominance over time.]FIGURE 5 | Flavonoids groups included in this review (% shows the proportion of the total in a given column).
[image: Structural diagrams of flavonoid compounds categorized as isoflavones, flavonols, flavanones, flavones, and flavanonols. Each structure shows molecular configurations, with compounds like daidzein and genistein under isoflavones, fisetin and quercetin under flavonols, naringenin and hesperetin under flavanones, baicalein and luteolin under flavones, and dihydroquercetin under flavanonols.]FIGURE 6 | Structures of flavonoids from included articles.
3.4 Qualitative synthesis
The solubility of the modified objects received attention in 39 articles. Seventy-five distinct modifications were described. For the convenience of graphically representing this data, log10 of the multiplicative increase in the solubility of the obtained objects was used (Figure 7). All original solubility data are presented in the Supplementary Table S1.
[image: Scatter plot comparing various studies on number of independent human sequences against categories such as consortia, solid deposition, and biological composition. Different markers and colors represent distinct studies over time, with more recent studies generally showing higher numbers of sequences. The plot includes annotations with author names and publication years. Two sections in the legend highlight the studies included.]FIGURE 7 | Multiplicity of solubility increase (each color shows a separate publication).
Nine articles described and characterized 18 new flavonoid cocrystals with improved water solubility. The primary co-formers were nitrogen-containing heterocyclic compounds, including piperazine (Wang et al., 2023; Wang et al., 2024 Z.), nicotinamide (Cui et al., 2019; Ren et al., 2019), isonicotinamide (Bhalla et al., 2019; Ren et al., 2019), theobromine (Bhalla et al., 2019), cytosine (Chadha et al., 2017; Bhalla et al., 2019), caffeine (Cui et al., 2019; Luo et al., 2019; Ren et al., 2019), piperine (Liu et al., 2022), isoniazid (Luo et al., 2019), and thiamine (Chadha et al., 2017). Some cocrystals were formed by combining flavonoids with amino acids such as lysine (Garbiec et al., 2023), arginine (Garbiec et al., 2023), and proline (Ren et al., 2019). The greatest increase in solubility was observed for cocrystals of genistein with proteinogenic amino acids lysine and arginine (Garbiec et al., 2023). In contrast, myricetin cocrystals with caffeine exhibited a 2-fold decrease of solubility in pure water (Ren et al., 2019).
Two articles described solid dispersions based on the flavonoids genistein (Qiu et al., 2024) and quercetin (Kakran et al., 2011) with the addition of polyvinylpyrrolidone or pluronic® F127. Qiu et al. (2024) achieved a solubility increase of over 2000 times for a 1:9 (w/w) dispersion.
The greatest number of solubility modifications (27) was represented by inclusion complexes, as detailed in 13 articles. These modifications primary involved various cyclodextrins and their derivatives, including (2-hydroxypropyl)-β-cyclodextrin (Wang et al., 2014; Yang et al., 2016; Wu et al., 2017b; Lima et al., 2019; Fenyvesi et al., 2020; Zafar et al., 2021; De Gaetano et al., 2023), γ-cyclodextrin (Inoue et al., 2022), amino-modified β-cyclodextrin (Deng et al., 2017), β-cyclodextrin (Kakran et al., 2011; Yang et al., 2016; Zhang Y. et al., 2017; Fenyvesi et al., 2020; Xu et al., 2023), sulfobutylether-β-cyclodextrin (Fenyvesi et al., 2020; De Gaetano et al., 2023), and random methyl-β-cyclodextrin (Fenyvesi et al., 2020). Additionally, some modifications were achieving using cycloamylose (Jeong et al., 2023) and lecithin (Zhang Y. et al., 2017).
Five articles reported the preparation of new flavonoid-phospholipid complexes with improved water solubility. The most notable increase was observed with kaempferol, which achieved a remarkable solubility enhancement of 216.70-fold (Zhang et al., 2015). A slightly lower increase was observed for isorhamnetin (Zou et al., 2022) and baicalein (Zhou et al., 2017), with enhancements of 122-fold and 55.45-fold, respectively. Additionally, a substantial increase (10.70 times) was noted for the phospholipid complex of quercetin (Singh et al., 2012). The smallest increase (2.54 fold) was demonstrated by the modification of luteolin (Khan et al., 2014).
Nanostructures were presented by 10 modifications in eight articles. The following objects were obtained: daidzein–phospholipid complex loaded into lipid nanocarriers (Zhang et al., 2011); nanoparticles with fisetin (Chen et al., 2020), quercetin (Kakran et al., 2011), luteolin (Wang et al., 2019), and apigenin (Wu et al., 2017a); nanosuspension with morin (Jangid et al., 2020) and naringenin (Singh et al., 2018); nanofibers of myricetin (Lin et al., 2023). The greatest increase in water solubility (more than 2600-fold) was exhibited by myricetin nanofibers produced with the addition of (2-hydroxypropyl)-β-cyclodextrin and polyvinylpyrrolidone in various ratios (Lin et al., 2023).
The enhancement of solubility through the formation of phytosomes were addressed in 2 publications. The authors (Metkari et al., 2023) successfully increased the solubility of naringenin by 7.16 times using a fraction of non-GMO soybean lecithin enriched with phosphatidylcholine (LS-75). Additionally, phytosomes containing apigenin (Telange et al., 2017) were created, demonstrating a 36.77-fold increase in solubility.
The only mention regarding an enhancement in solubility involved the lyophilization of a flavonoid solution derived from organic solvents (Terekhov et al., 2022). The flavanonol dihydroquercetin exhibited water solubility increases of 4.41-fold for the aqueous ethanol and 3.06-fold for the acetonitrile lyophilizates, respectively.
A single article detailed an increase in solubility achieved by forming baicalein micelles with glycyrrhizic acid (You et al., 2021). The resulting micelles demonstrated a 4606-fold increase in solubility.
The permeability of the obtained modifications was assessed using Caco-2 cell culture in 7 articles, while 1 publication described cell-free permeation model. In 3 of these studies, the permeability assessment was conducted alongside solubility studies, while in 5 of them it was carried out separately. However, permeability studies were conducted only for two classes of flavonoids: flavones and isoflavones. Micelles (Zhang Z. et al., 2017; Shen et al., 2018; 2019; Ding et al., 2019) and inclusion complexes (Daruházi et al., 2013; Fenyvesi et al., 2020) were most frequently studied modifications in terms of permeability. The permeability of cocrystals (Garbiec et al., 2023) and phospholipid complexes (Zhou et al., 2017) was reported only once each. Most modifications increased permeability by no more than 2-folds, but the inclusion complex with daidzein (Daruházi et al., 2013) achieved 31.40-fold increase (Table 1).
TABLE 1 | Permeability of modified and native forms of flavonoids.
[image: A table comparing the permeability of different flavonoid compounds, focusing on methods of increasing permeability, models used, initial and resulting apparent permeability, and the multiplicity of permeability increase. Compounds include Genistein, Daidzein, Baicalein, Apigenin, and Chrysin. Methods include micelle formation and inclusion complexes. The table lists permeability data across various conditions and references studies for each result.]Pharmacokinetic data were also extracted from articles that reported on the solubility or permeability of modifications, when available. Four primary pharmacokinetic parameters were analyzed: the area under the pharmacokinetic curve (AUC), maximum concentration of the active substance in blood plasma (Cmax), time to reach maximum concentration (Tmax) and half-elimination time (T1/2). All modifications demonstrated an increased AUC (Figure 8). The greatest improvements in this parameter were observed in inclusion complexes and disassembled nanostructures, with average increases of 4.2 and 3.7 times, respectively. The least effect was noted for phytosomes, where the AUC of the modified forms exceeded the initial value by only 1.7 times. For nanostructures and micelles, a substantial increase in Cmax of the active substance was observed, reaching an average of 5.4 times for both types of modifications. The production of solid dispersions and phytosomes exerted the least influence on this parameter, resulting in increases of 1.3 and 1.6 times, respectively. Additionally, phospholipid complexes exhibited a longer average T1/2 than all other modifications, achieving a 2.1-fold increase. The remaining methods did not show a consistent effect on this pharmacokinetic parameter. None of the methods studied had a notable effect on Tmax, although a slight increase was observed for phytosomes (1.4 times). A decrease in this parameter was recorded for nanostructures and phospholipid complexes, with reductions of 0.4 and 0.6 times relative to the initial time, respectively. All original pharmacokinetic data are presented in the Supplementary Table S2.
[image: Radar chart comparing pharmaceutical formulations. Axes represent AUC, T1/2, Tmax, and Cmax. Lines in different colors correspond to different formulation types: co-crystals, solid dispersion, micelles, different excipients, inclusion complex, phospholipid complex, and phytosome.]FIGURE 8 | The average multiplicity of the main pharmacokinetic parameters of modified forms in comparison with native flavonoids.
4 DISCUSSION
A comprehensive analysis of the scientific landscape enabled the identification of several trends regarding the modification of the biopharmaceutical properties of flavonoids in recent years. Considerable attention has been paid to their solubility, as some scientists assert that low solubility in water at room temperature constitutes one of the main obstacles to their application in pharmaceutical practice. Additionally, the objects generated through these modifications are characterized by a range of physicochemical and biological analytical methods. This allows not only for the evaluation of their structures but also for the acquisition of data regarding their bioavailability. Another important aspect is the strong connection to the term “antioxidants”, because natural polyphenolic compounds are natural inhibitors of free radicals. Consequently, they may be utilized in the treatment of oxidative stress (Dhas and Mehta, 2021; Hassan et al., 2022), an area that has recently garnered considerable attention in the scientific community.
The cocrystallization method has demonstrated a considerable positive effect in enhancing the bioavailability of flavonoids. Combining ease of implementation with effectiveness in increasing water solubility, it is regarded as one of the most promising avenues for further investigation (Dutt et al., 2020). Several scientists propose that the increased solubility of these structures, compared to the initial substances, is attributable to the “spring and parachute” phenomenon (Bavishi and Borkhataria, 2016). The resulting cocrystals are supramolecular heterosynthons formed through non-covalent interactions among the components (Raheem Thayyil et al., 2020). This method is considered one of the most promising for enhancing the solubility and bioavailability of oral drugs (Emami et al., 2018; Li et al., 2021; Chhatbar et al., 2025). It is widely employed in modifying the biopharmaceutical properties of polyphenolic compounds, not only in the pharmaceutical industry (Dal Magro et al., 2021; Bu et al., 2023b; Lee et al., 2023), but also in the food industry (Chezanoglou and Goula, 2021; Dias et al., 2021; Irigoiti et al., 2021). Some studies have utilized the cocrystallization process for the subsequent joint separation of a racemic compound mixture (Zhou et al., 2021) and for enhancing the stability of moisture-sensitive drugs (Dhondale et al., 2023). Interestingly, there is a case in which this modification resulted not in an increase, but rather in a decrease in solubility (Ren et al., 2019). The authors attribute this effect to the enhanced stability of myricetin cocrystals with caffeine, resulting from the low solubility of the coformer. A similar decrease in solubility was observed for compounds of other chemical classes, such as the antifungal drug 5-fluorocytosine. (Bu et al., 2023a). In the case of using ferulic acid as a coformer, a decrease in solubility was noted due to the formation of a rigid S-shaped module, which possesses hydrophobic properties and reduced polarity. Other factors that influence the solubility of cocrystals include lattice energy and solvation free energy. For instance, in the case of the matrine modification (Wang Y. et al., 2024), it has been demonstrated that as solvation free energy increases, the solubility of cocrystals in water decreases. When assessing pharmacokinetics, it has been established that cocrystals can significantly increase the AUC and Cmax, while having minimal impact on T1/2 and Tmax. This makes the obtained compounds particularly interesting when there is a need to enhance the bioavailability of a drug without affecting the rate of onset of the therapeutic effect or its elimination from the body. Compared to other methods, cocrystallization results in a relatively modest increase in solubility, typically not exceeding 10 fold. However, cocrystallization has successfully produced compounds with the most pronounced increases in solubility when compared to the original compounds, particularly in the case of genistein cocrystals with lysine. Regarding its impact on pharmacokinetic parameters, cocrystallization demonstrates a moderate effect on the enhancement of AUC and Cmax compared to other methods.
The solid dispersion method is extensively employed in the pharmaceutical industry to improve the solubility and bioavailability of APIs (Tran et al., 2019; Gaber et al., 2022; Bajaj et al., 2023), although it has proven unpopular for flavonoids (only 2 articles). This method has found broad application in modifying the biopharmaceutical parameters of APIs (Bhujbal et al., 2021; Rusdin et al., 2024). During the development of the final product, it is possible to reduce particle size and agglomeration, enhance wettability, and alter the physical state of the substance (Janssens and Van Den Mooter, 2009). These improvements potentially lead to enhanced solubility and bioavailability. There are two primary approaches to obtaining solid dispersions: solvent evaporation-based and melting-based methods. The former includes techniques such as spray drying (Singh and Van Den Mooter, 2016; Ha et al., 2021; Weecharangsan and Lee, 2024), electrospraying (J. Hogan and Biswas, 2008), fluidized bed technology (Kwon et al., 2019), supercritical fluids (Qi et al., 2015), and spray-freeze-drying (Leuenberger, 2002). Melting-based methods comprise hot-melt extrusion (Patil et al., 2016; Gusev et al., 2022; Terenteva et al., 2024), KinetiSol® (Hughey et al., 2012), three-dimensional (3D) printing (Awad et al., 2019), and microwave heating (Hempel et al., 2020). Among these, the most well-known and widely utilized in laboratory and industrial settings are spray drying and hot-melt extrusion. Despite the substantial increase in solubility achieved through the solid dispersion method, its impact on the overall bioavailability of flavonoids was not particularly pronounced. The AUC increased on average 2-fold compared to the initial compounds. This was accompanied by a slight decrease in the T1/2 and lack of influence on Cmax and Tmax. These data indicate the potential of this method in cases where it is necessary to accelerate the onset of a drug’s therapeutic effect while simultaneously enhancing its bioavailability. Compared to other methods, the production of solid dispersions has a limited impact on the primary pharmacokinetic parameters, with the exception of T1/2, which shows a reduction.
Interestingly, the method of producing inclusion complexes has gained widespread acceptance as a means to improve the solubility and bioavailability of flavonoids. These structures are formed with cyclic oligosaccharides such as cyclodextrins (CDs), cycloamylose, and its modifications (Allahyari et al., 2025). The ability of CDs to enhance solubility is attributed to their dual structure. Their internal cavity is lipophilic and capable of encapsulating molecules that are poorly soluble in polar solvents through the formation of hydrogen bonds. Meanwhile, the external surface is hydrophilic, ensuring the water solubility of the resulting complexes (Gandhi et al., 2020). Methods for obtaining such structures include co-precipitation (Hoque et al., 2022; Betlejewska-Kielak et al., 2023), kneading (Martins et al., 2020), the supercritical carbon dioxide method (Antipova et al., 2024), grinding (Hoque et al., 2022), microwave irradiation (Bin Jardan et al., 2023), and spray drying (Imam et al., 2022; Soares et al., 2023). Each method is characterized by its own technology, advantages and disadvantages (Cid-Samamed et al., 2022; Drannikov et al., 2022). For flavonoids, this approach significantly enhanced both water solubility and permeability through cellular membranes. This led to the fact that the AUC for inclusion complexes of flavonoids increased on average by 4.2 times compared to the initial substances. This was accompanied by an increase in Cmax by approximately 3 times. These values represent the highest enhancements among all methods considered, indicating a strong potential for modifying the biopharmaceutical properties of polyphenols. Furthermore, for the described inclusion complexes, the rate of reaching Tmax remained virtually unchanged when compared to the initial compounds. These modifications exhibited the most pronounced improvement in solubility and bioavailability compared to all the methods studied, as indicated by the highest average AUC value across all modifications.
Another interesting set of results emerged from analyzing publications discussing various phospholipid complexes with flavonoids. There are few methods (Kuche et al., 2019) to prepare these structures for improve biopharmaceutical parameters of different APIs and plant extracts: solvent evaporation (Qiu et al., 2021; Liu et al., 2023), co-grinding (Wang et al., 2020), mechanical dispersion (Patil et al., 2024), the supercritical fluid process, co-solvent lyophilization, and anti-solvent precipitation (Saini et al., 2022). Although the increase in solubility achieved through this method was less than that attained with other approaches, its effect on pharmacokinetic parameters was quite pronounced. The average increase in AUC reached 3.2 times, falling short of the nanostructure and inclusion complex methods (3.7 and 4.2 times, respectively) while being approximately equal to that of micelles. The Cmax increased by 3.0 times, which ranked just behind micelles and nanostructures (5.4 times, respectively). Additionally, the relative increase in T1/2 was the largest among all the methods described for enhancing bioavailability and solubility, reaching 2.1 times. A decrease in Tmax of nearly 2-fold was also observed. This positions this method as promising for the development of dosage forms that require prolonged release of the active substance based on flavonoids. The similar effect of phospholipid complexes enabled the development of a sustained-release formulation of dehydroandrographolide succinate for the treatment of respiratory diseases (Chen et al., 2025).
The results of the bioavailability assessment of various nanostructures showed the expected results. A significant increase in AUC and Cmax (3.7 and 5.4 times, respectively) was observed, which is attributed to the increased surface area of the ​​nanostructures compared to other objects. This enhancement leads to a greater completeness of absorption of the active substance and accelerates the process: Tmax decreased by more than 2 times compared to the initial flavonoids. Thus, it can be concluded that various nanostructures may be a preferable choice for developing fast-acting drugs with high bioavailability. This was exemplified by albendazole, an antiparasitic agent, where solid lipid nanoparticles demonstrated a very rapid release of the active substance, as well as a significant increase in permeability into echinococcal cysts (Movahedi et al., 2017). The effects of increased bioavailability when obtaining nanostructured materials are also manifested at the molecular-genetic level. For instance, nanofiber frames made of polyvinyl alcohol filled with flaxseed extract exhibited a significant increase in the expression of genes that are osteogenic markers (Abdelaziz et al., 2024). This effect of nanostructures can be explained by the reduction in the size of the active substance particles during their production (Leuenberger, 2002). This reduction leads to a larger surface area and results in the aforementioned changes in solubility, bioavailability, and the biological effects of nanostructured forms. In our study, this modification method demonstrated the most pronounced increase in Cmax, while the average AUC ranked second, following the inclusion complex. Furthermore, the major decrease in Tmax was observed among all the methods analyzed.
Despite the fact that phytosomes are one of the types of phospholipid complexes, this review has chosen to categorize them as a separate group due to their unique characteristics, which involve covalent or hydrogen bonding between the shell and the encapsulated phytocomponent (Kuche et al., 2019; Lu et al., 2019). Because of this feature, these structures did not show a substantial increase in several pharmacokinetic parameters: AUC, Cmax, T1/2 (1.7, 1.6, and 1.1 times, respectively). However, these modifications showed the greatest increase in Tmax, suggesting potential for developing dosage forms with prolonged release of the active substance. Moreover, this modification method has recently been the subject of active research for the treatment of various types of cancer (Banerjee et al., 2025; Zhao et al., 2025). Unfortunately, the number of studies investigating the use of this method for individual flavonoids has been insufficient to fully evaluate their impact on the parameters under study. A significant number of publications have focused on researching medicinal plant extracts and the production of phytosomes derived from them.
The method of lyophilization without the addition of excipients to enhance the solubility and bioavailability of flavonoids has proven to be unpopular. This method is widely used to improve the solubility and bioavailability of various APIs (Taldaev et al., 2023). One of the factors contributing to alterations in solubility and pharmacokinetic parameters is the change in the morphology of the substance and the increase in surface area during lyophilization. Moreover, this method is utilized for the production of various nanostructured materials and liposomal forms for drug delivery (Fonte et al., 2016; Franzé et al., 2018).
The method of obtaining micelles has been employed quite infrequently. However, several articles have focused not on solubility, but rather on permeability (Zhang Z. et al., 2017; Shen et al., 2019). The differing polarities within micellar structures facilitate the incorporation of poorly soluble molecules, thereby enhancing their solubilization and increasing the solubility of such compounds (Vinarov et al., 2018). It is important to note that the formation of micellar and phospholipid complexes, as well as phytosomes, are similar processes from a physical chemistry perspective. Nevertheless, we have chosen to categorize them into three distinct groups to maintain the established terminology used by the authors of the included articles.
One of the primary obstacles to systematizing information on methods for enhancing the solubility of various flavonoid modifications lies in the large differences in the methodologies employed in these analyses. Specifically, the variables such as temperature, pH value, dissolution medium, analysis duration, and methods of quantitative determination exhibited considerable variation. Heterogeneity in the conditions and methods used for solubility analysis could led to influence the final outcome of determining the solubility of the resulting objects. This variability hindered the possibility of directly comparing results across different studies and necessitated the exclusion of publications that did not provide information on the solubility of the original compound or the solubility enhancement factor. Consequently, it seems essential to standardize the solubility determination method, for instance, utilizing high-performance liquid chromatography. Moreover, there is a paucity of research dedicated to examining the permeability of the modified flavonoids, which limits the potential for comparing the methods described in this article. The main challenge is that most studies have employed four established methods (cocrystallization, the formation of phospholipid and inclusion complexes, and the generation of nanostructures), leaving relatively little information available on other techniques.
Despite these challenges, we have compiled and summarized the literature regarding methods for enhancing the solubility and bioavailability of flavonoids, and have assessed the comparative effects of various techniques on the pharmacokinetic parameters of the resultant compounds. This information will prove valuable for scientists investigating the bioavailability of this group of natural compounds.
5 CONCLUSION
This review was conducted to summarize and systematize scientific data regarding the enhancement of solubility and bioavailability of flavonoids without changing their molecular structure. Throughout the investigation, it was determined that the most prevalent methods for increasing solubility and bioavailability include co-crystallization, formation of phospholipid and inclusion complexes, and the creation of nanostructures. Although there were no pronounced differences observed in enhancing solubility, the impact of these methods on pharmacokinetic parameters was established. Notably, the greatest average increase in AUC was recorded for various complexes, micelles, and nanostructures, which are the most promising for further study in the field of increasing the bioavailability of flavonoids. The most effective methods for increasing the Cmax of the active substance in blood plasma were identified as nanostructured forms and micelles. No pronounced effect of the methods on excretion processes was established, while the rate of achieving the maximum concentration of drugs decreased for nanostructures and phospholipid complexes. During the systematization and generalization of the data, a high level of heterogeneity in solubility assessment methods across various studies was revealed, complicating comparisons of original data obtained by different researchers. Taking this into account, it would be beneficial to conduct a comparative analysis of the methods and conditions used to assess solubility in order to identify the most universal parameters for determining solubility across various flavonoids. It is also possible that similar discrepancies may be observed in the case of other groups of compounds, which necessitates further investigation. Another potential avenue for future scientific research in this field is to investigate the feasibility of integrating various methods to produce products with specific biopharmaceutical parameters. The findings of this review are crucial for researchers investigating the bioavailability of flavonoid compounds and will facilitate the selection of the most effective methods based on the desired outcomes for solubility and bioavailability.
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Introduction: A novel series of thiazole-based derivatives 11a-f and 12a-f was developed, synthesized, and tested for antiproliferative activity as dual EGFR/VEGFR-2 inhibitors, antioxidants, and antibacterial agents.Methods: The structures of the new compounds 11a-f and 12a-f were validated using NMR spectroscopy and elemental microanalysis. The antiproliferative activity of 11a-f and 12a-f was tested against a panel of four cancer cell lines using MTT assay.Results and Discussion: Compounds 11d and 11f had the highest antiproliferative activity, with GI50 values of 30 and 27 nM, respectively, making them more potent than erlotinib (GI50 = 33 nM). Inhibitory studies for EGFR and VEGFR-2 demonstrated that compounds 11d and 11f were the most potent derivatives with dual inhibitory activity. Furthermore, compounds 11d and 11f exhibited significant antioxidant activity at 10 μM, with radical scavenging activity of 71% and 73%, respectively, compared to the reference Trolox (78%). Moreover, compounds 11a-f and 12a-f exhibit significant inhibitory activity against E. coli DNA gyrase, with compounds 11b, 11e, and 12b displaying the highest inhibitory efficacy, yielding IC50 values of 182, 190, and 197 nM, respectively, in comparison to the reference novobiocin (IC50 = 170 nM). Compounds 11b and 11e have significant antibacterial efficacy against both Gram-positive and Gram-negative bacterial strains, as demonstrated by a twofold serial dilution experiment. They exhibit similar efficacy against S. aureus, E. coli, and P. aeruginosa, demonstrating more potency than ciprofloxacin, however displaying reduced effectiveness against B. subtilis compared to ciprofloxacin.Keywords: anticancer, antioxidant, antibacterial, EGFR, VEGFR-2
1 INTRODUCTION
Nitrogen-containing heterocyclic molecules are crucial in drug development, with around 75% of FDA-approved small-molecule medicines comprising one or more nitrogen-based heterocycles (Al-Wahaibi et al., 2024a; Mohamed et al., 2024). Thiazole, also known as 1,3-thiazole, is an azole heterocyclic moiety that includes one sulfur and one nitrogen atom at positions one and 3, respectively. Their varied biological activity is evidenced by numerous clinically authorized thiazole-containing drugs exhibiting various pharmacological effects. Most of these compounds are 2,4-disubstituted thiazole derivatives, with just a limited number being 2,5-disubstituted or 2,4,5-trisubstituted thiazoles (Arshad et al., 2022; Alateeq et al., 2024; Abdelazeem et al., 2017; Abdel-Aziz et al., 2021; Abdel-Aziz et al., 2022). Several medicines having antibacterial, antiparkinsonian, antithrombotic, antifungal, antiulcer, anti-inflammatory, anticancer, antiparasitic, and antigout action contain one thiazole moiety in their structure (Figure 1) (Jadhav et al., 2021; Chugh et al., 2022).
[image: Chemical structures of seven drugs with various applications are shown: Aztreonam (antibacterial), Pramipexole (antiparkinsonian), Isavuconazole (antifungal), Nizatidine (antiulcer), Meloxicam (antiinflammatory), Febuxostat (antigout), and Dasatinib (anticancer). Each structure is highlighted with similar moieties in pink.]FIGURE 1 | Structures of some clinically approved thiazole-based drugs.
Enzyme inhibition has recently been recognized as a vital and important target method for tumor treatment (Liu et al., 2024; Wang et al., 2021). Thiazole-based derivatives in cancer therapy have been shown to efficiently inhibit many enzymes and enzymatic pathways, including tyrosine kinase inhibitors, B-RAF enzyme inhibitors, and microtubule function suppression (Rana et al., 2023; Sharma et al., 2020). Several risk factors contribute to molecular variations or mutations in critical proteins, such as tyrosine kinases, initiating carcinogenesis. These tyrosine kinases play crucial roles in proper cell proliferation, differentiation, metabolism, migration, and cell-cycle regulation by phosphorylating tyrosine residues in proteins (Theivendren et al., 2021; Pang et al., 2022). Conversely, receptor tyrosine kinases (RTKs) are high-affinity cell surface receptors that facilitate transmembrane signalling and play a transformative role in a variety of malignancies (Batool et al., 2023; Qi et al., 2024). The FDA (Food and Drug Administration) has approved numerous medications to treat cancer caused by activated RTKs (Zhong et al., 2021; Kumar et al., 2024).
Epidermal Growth Factor Receptor (EGFR) is a type of membrane RTK that is overexpressed in many cancers. Cancer progression is intimately tied to EGFR TK signal transmission, therefore blocking receptor activation can effectively stop tumor growth (Al-Wahaibi et al., 2023a; Al-Wahaibi et al., 2024b). VEGFR-2 (Vascular Endothelial Growth Factor Receptor) is a RTK that can promote angiogenesis (Marzouk et al., 2020). VEGFR-2, a member of the VEGFR family, regulates the proliferation of blood vessels in tumors and is required to form solid tumors. Blocking VEGFR-2 has been proposed as a potential method to reduce angiogenesis (Mahmoud et al., 2023; Mahmoud et al., 2024).
EGFR and VEGFR-2 have been identified as viable therapeutic targets in cancer treatment. They are essential in signalling networks that regulate tumor cell angiogenesis, motility, differentiation, and proliferation (Al-Wahaibi et al., 2024a; Xie et al., 2018). EGFR and VEGFR-2 often share similar signalling pathways in a complicated network of interconnections. Inhibiting EGFR can diminish VEGF synthesis and obstruct angiogenesis. Simultaneously increasing VEGFR-2 expression may ultimately result in resistance to EGFR treatments. Thus, the concurrent inhibition of both EGFR and VEGFR-2 has arisen as an effective cancer therapeutic strategy, producing a synergistic impact (Liu Z.-L. et al., 2023; Liu X.-J. et al., 2023).
Bacterial infections, caused by Gram-positive or Gram-negative bacteria, are the predominant form of infections contracted in hospitals or by the general populace (Al-Wahaibi et al., 2024c; Al-Wahaibi et al., 2024d). Furthermore, bacteria have acquired resistance to almost all presently utilized antibiotics due to their prolonged, extensive, and improper application, intensifying the issue (Al-Wahaibi et al., 2024e). Each year, drug-resistant infections kill approximately 0.7 million people worldwide, a figure that might rise to 10 million by 2050 if current trends continue (Agrawal and Patel, 2024). Consequently, it is critical to speed up the development of new antibacterials that are highly efficient against both susceptible and resistant pathogens.
DNA gyrase, a topoisomerase II enzyme, modifies the topology of DNA. It has two parts, called GyrA and GyrB, that are important for separating two DNA strands and starting a process called negative supercoiling during DNA replication (Abdel-Aziz et al., 2023; Al-Wahaibi et al., 2021). Antibacterial medications that particularly target DNA gyrase work through two mechanisms: gyrase poisoning, as reported with Ciprofloxacin, and inhibiting the ATP binding site, as demonstrated in Novobiocin (Tiz et al., 2019). Because of its profound relevance, DNA gyrase has emerged as a fascinating target for developing antibacterial medications.
The prevalence of cancer-related mortality as well as new cases associated with treatment or chronic infections highlight the link between infection and cancer. Infectious agents including bacteria and viruses cause approximately 2 million new cancer cases (Seong et al., 2025; Portela et al., 2025). Individuals with persistent infections are more likely to develop cancer because their immune systems are unable to battle both the pathogen and the development of cancer cells (Woo et al., 2025). This weakness may also result from overly aggressive cancer treatments such as chemotherapy, radiotherapy, and surgical resection, which make patients susceptible to pathogenic infections. Furthermore, chronic infection causes inflammation, which contributes to the development of cancer (Zolfi et al., 2025).
Considering these precedents, this report presents an efficient synthesis of a new series of thiazole-based derivatives hybridized with coumarin or benzofuran (11a-f and 12a-f, Figure 2), in line with our research objectives of developing innovative methodologies for synthesizing heterocyclic systems with promising pharmacological properties (Al-Wahaibi et al., 2023b; Al-Wahaibi et al., 2023c; Aly et al., 2024; Aly et al., 2023; Elbastawesy et al., 2015; El-Sheref et al., 2023; Frejat F. O. A. et al., 2022). Furthermore, we investigated the biological activities of the newly synthesized compounds, which have potential anticancer, antibacterial, and antioxidant effects.
[image: Two chemical structures labeled 11a-f and 12a-f are shown. Both structures feature aromatic rings and sulfur-containing groups. The list identifies variations for each: 11a-f and 12a-f depict different substituents, including hydrogen, chlorine, methoxy, and bromine.]FIGURE 2 | Structures of new compounds 11a-f and 12a-f.
The newly synthesized compounds were examined for their impact on cell viability in a normal cell line to evaluate their safety profile. The antiproliferative efficacy of novel compounds was evaluated against a panel of four different cancer cell lines. The most effective compounds were assessed for their dual inhibition of EGFR and VEGFR-2, in addition to their antioxidant properties. All newly synthesized compounds were evaluated as DNA gyrase inhibitors, and the most effective derivatives were examined for their antibacterial activity against Gram-positive bacteria (S. aureus and B. subtilis) and Gram-negative bacteria (E. coli and P. aeruginosa).
2 RESULTS AND DISCUSSION
2.1 Chemistry
Scheme 1 highlights the schematic pathway employed for synthesizing the target compounds 11a-f and 12a-f. The synthesis was initiated with the condensation of 2-hydroxy benzaldehyde derivatives 2a-b with ethyl acetoacetate in the presence of piperidine, employing ethanol as the solvent. The reaction was performed at 0°C for 24 h to yield 3-acetyl-2H-chromen-2-one derivatives 3a-b (Sahu et al., 1996). Following this, the bromination of 3a-b was conducted using N-bromosuccinimide (NBS) and p-toluene sulfonic acid (PTSA) in acetonitrile under reflux for 12 h, resulting in the formation of 3-(2-bromoacetyl)-2H-chromen-2-ones 4a-b (Kakkar et al., 2018).
[image: Schematic of a chemical synthesis pathway showing multiple steps for synthesizing compounds from precursors. It includes six main transformations labeled (i) to (vi), leading to final compounds 11a-f and 12a-f. Each step involves chemical reactions with reagents and conditions, with structural formulas denoting reactants and products, including alterations like substitutions and bond formations. The image features detailed molecular structures with numbered intermediates and final products, some having R group variations, specified at the bottom.]SCHEME 1 | Synthesis of new compounds 11a-f and 12a-f.
Similarly, compounds 7a-b were synthesized by condensing compounds 2a-b with bromoacetone five in ethanolic KOH at 0°C for 4 h to yield compounds 6a-b (Chidan Kumar et al., 2015), which were then brominated with a mixture of NBS and PTSA to yield the benzofuran derivatives 7a-b (Kakkar et al., 2018). The synthesis of chalcone intermediates 10a-c is depicted in Scheme 1, commencing with the cyclization of 3-chloropentane-2,4-dione (8) into 1-(2-mercapto-4-methylthiazol-5-yl)ethan-1-one (9) via reacting with ammonia and carbon disulfide in absolute ethanol (Hashem et al., 2024). The acetyl group of the thiazole ring in 9 then participates in a Claisen-Schmidt condensation reaction with various substituted benzaldehydes in ethanol under basic conditions, yielding chalcone derivatives 10a-c (Hashem et al., 2024). The thiazole chalcones 10a-c are subjected to S-alkylation with 3-(2-bromoacetyl)-2H-chromen-2-ones 4a-b or benzofuran derivatives 7a-b, utilizing sodium carbonate and sodium iodide in acetone at room temperature for 6 h. This reaction gives the novel compounds 11a-f and 12a-f in substantial yields.
Reagents and conditions: (i) Piperidine, EtOH, 0°C, 24 h; (ii) NBS, PTSA.H2O, acetonitrile, reflux, 12 h; (iii) KOH, EtOH, 0°C, 4 h; (iv) CS2, NH3, ethanol, 20°C, 6 h; (v) appropriate aromatic aldehyde, 60% NaOH, EtOH, 0°C, 18 h; (vi) 4a-b/7a-b, Na2CO3, NaI, acetone, r.t., 5 h.
The structures of the target compounds 11a-f and 12a-f were confirmed by 1H NMR, 13C NMR, and elemental analysis. The 1H NMR spectra exhibited characteristic peaks, including a singlet for the methylene group at δ 4.92–4.98 ppm, a singlet for the methyl protons at δ 2.55–2.61 ppm, the chalcone moiety displays distinct resonances, with the α-proton at δ 7.32–7.63 ppm and the β-proton at δ 7.48–7.77 ppm. In some cases, these signals were well-defined, whereas in others, they overlapped with aromatic protons. The aromatic protons corresponding to the coumarin, benzofuran, and benzene rings appeared in their expected region of δ 6.5–8.5 ppm, while the characteristic singlet for the C5 proton of the coumarin moiety was observed at a higher chemical shift (8.73–8.81 ppm). The 13C NMR spectra further supported the structural elucidation, revealing distinctive signals for the carbonyl moiety of the chalcone moiety at δ 180–183 ppm, the methylene carbon at δ 38–39 ppm, the methyl carbon at δ 16–19 ppm, and the methoxy carbon at approximately δ 55 ppm.
As a representative example, compound 11f exhibited well-defined NMR spectral features. In the 1H NMR spectrum, the C5 proton of the coumarin core resonated as a singlet at δ 8.73 ppm, whereas the α-proton of the chalcone moiety appeared at δ 7.63 ppm and the β-proton at δ 7.72 ppm, both as doublets. The methylene (-CH2-) group was observed as a singlet at δ 4.92 ppm, while the methoxy group exhibited a singlet at δ 3.77 ppm. The methyl group attached to the thiazole ring was also detected as a singlet at δ 2.59 ppm, aligning with its expected chemical shift. The 13C NMR spectrum of 11f further confirmed its structure, displaying a carbonyl signal for the chalcone moiety at δ 193.48 ppm and another carbonyl signal adjacent to the coumarin ring at δ 182.10 ppm. The methoxy carbon was observed at δ 55.94 ppm, the methylene carbon at δ 38.11 ppm, and the methyl carbon at δ 19.03 ppm. These chemical shifts were entirely consistent with the proposed structure, confirming the successful synthesis of 11a-f and 12a-f.
2.2 Biology
2.2.1 Evaluation of cell viability effect
To assess the viability impact of new targets 11a-f and 12a-f, the human mammary gland epithelial (MCF-10A) normal cell line was used. The MTT test was applied to assess the cell viability of 11a-f and 12a-f following 4 days of incubation with MCF-10A cells (El-Sherief et al., 2019; Ramadan et al., 2020). Table 1 indicates that none of the analyzed compounds exhibited cytotoxicity since all compounds maintained over 90% cell viability at a concentration of 50 µM.
TABLE 1 | Cell viability assay and IC50 values of compounds 11a-f and 12a-f against four cancer cell lines.
[image: A table displaying compounds and their effects on cell viability and antiproliferative activity across four cancer cell lines (A-549, MCF-7, Panc-1, HT-29) with average GI50 values. Compounds 11a to 12f are listed with cell viability percentages and IC50 ± SEM values. Erlotinib shows no data for cell viability but presents antiproliferative activity values.]2.2.2 Antiproliferative assay
The MTT assay was employed to assess the antiproliferative effects of targets 11a-f and 12a-f on four human cancer cell lines: colon cancer (HT-29), pancreatic cancer (Panc-1), lung cancer (A-549), and breast cancer (MCF-7), with erlotinib serving as a reference compound (Mahmoud et al., 2023; Alshammari et al., 2022). Table 1 presents each compound’s median inhibitory concentration (IC50) and average IC50 (GI50) for each compound against the four cancer cell lines.
Results from Table 1 revealed that compounds 11a-f and 12a-f exhibited notable antiproliferative efficiency, with GI50 values between 27 nM and 71 nM relative to the reference Erlotinib (GI50 = 33 nM), and all evaluated compounds demonstrated greater sensitivity towards the lung cancer (A-549) cell line compared to the other cell lines assessed. Furthermore, coumarin-based compounds (11a-f) exhibit greater reactivity than benzofuran counterparts (12a-f). Compounds 11a, 11d, 11e, 11f, 12c, and 12d exhibited the most potent antiproliferative activity, with GI50 values of 44, 30, 41, 27, 36, and 48 nM, respectively, rendering compounds 11d and 11f more potent than erlotinib (GI50 = 33 nM).
Compound 11f (R1 = 4-OMe, R2 = Br, coumarin-based) had the highest efficacy among all synthesized derivatives, demonstrating a GI50 value of 27 nM, which is 1.2-fold more active than erlotinib (GI50 = 33 nM) against the four tested cancer cell lines.
Compound 11f exhibited more potency than erlotinib against the four evaluated cancer cell lines. It demonstrated optimal efficacy against lung cancer (A-549) and breast cancer (MCF-7) cell lines. Compound 11f exhibited IC50 values of 25 nM for A-549 and 29 nM for MCF-7, demonstrating 1.2- and 1.4-fold more potency than erlotinib (IC50 values = 30 and 40 nM, respectively).
The substitution pattern at the fourth position of the phenyl group in the chalcone moiety (R1), along with the type of substitution in the phenyl groups of the coumarin or benzofuran moieties (R2), significantly influences the antiproliferative activity of compounds 11a-f and 12a-f. For example, compounds 11d (R1 = H, R2 = Br, coumarin-based) and 11e (R1 = Cl, R2 = Br, coumarin-based), which share identical structural characteristics with compound 11f but possess different R1 substituents, exhibited diminished antiproliferative activity. Compounds 11d and 11e had GI50 values of 30 and 41 nM, respectively, which are 1.1- and 1.5-fold lower than compound 11f. The data reveal that the electron-donating group (OMe) is more tolerant of activity than the electron-withdrawing group, with the order of activity (R1) being OMe > H > Cl.
Compound 11c (R1 = 4-OMe, R2 = H, coumarin-based), which features an unsubstituted coumarin ring, demonstrated a marked decrease in antiproliferative efficacy. Compound 11c showed a GI50 value of 55 nM, demonstrating a twofold inferior potency to that of compound 11f. This result demonstrates the importance of the bromine atom in the coumarin moiety for antiproliferative action. Moreover, compound 12f (R1 = 4-OMe, R2 = Br, benzofuran-based), which shares the same structure as 11f but incorporates a benzofuran moiety in place of coumarin, exhibited a significant reduction in antiproliferative efficacy. Compound 12f exhibited a GI50 value of 57 nM, indicating it is 2.1-fold less effective than compound 11f, illustrating that the coumarin moiety is superior for antiproliferative activity than the benzofuran moiety.
A similar principle can be used to compare compounds 11d (R1 = H, R2 = Br, coumarin-derived) and 11e (R1 = Cl, R2 = Br, coumarin-derived), both of which are coumarin derivatives, to compounds 12d (R1 = H, R2 = Br, benzofuran-derived) and 12e (R1 = Cl, R2 = Br, benzofuran-derived), both of which are benzofuran derivatives. Compound 12d showed a GI50 value of 48 nM, which was 1.6-fold less effective than the coumarin-based derivative 11d (GI50 = 30 nM), while compound 12e demonstrated a GI50 value of 62 nM, which was 1.5-fold less efficient than its coumarin counterpart, derivative 11e (GI50 = 41 nM).
2.2.3 Evaluation of EGFR inhibitory activity
The most effective antiproliferative compounds, 11a, 11d, 11e, 11f, and 12c, were evaluated for their capacity to inhibit EGFR utilizing the EGFR-TK assay (Al-Wahaibi et al., 2022). The findings are presented in Table 2.
TABLE 2 | IC50 values of compounds 11a, 11d, 11e, 11f, and 12c against EGFR and VEGFR-2.
[image: Table showing the inhibitory effects of various compounds on EGFR and VEGFR-2. Compounds 11a, 11d, 11e, 11f, and 12c show varying IC50 values for both EGFR and VEGFR-2 inhibition. Erlotinib inhibits EGFR, while Sorafenib inhibits VEGFR-2. Values include standard error measurements.]The results of this assay correspond with the antiproliferative assay findings, indicating that compounds 11d (R1 = H, R2 = Br, coumarin-based) and 11f (R1 = OMe, R2 = Br, coumarin-based) are the most effective derivatives of EGFR inhibitors, exhibiting IC50 values of 76 ± 3 and 71 ± 3 nM, respectively, surpassing the potency of the reference drug Erlotinib (IC50 = 80 ± 5 nM). Compounds 11d and 11f were the most effective derivatives exhibiting antiproliferative effects. Compounds 11e (R1 = Cl, R2 = Br, coumarin-based) and 12c (R1 = OMe, R2 = H, benzofuran-based) exhibited significant anti-EGFR activity, with IC50 values of 89 ± 3 nM and 83 ± 3 nM, respectively. In contrast compound 11a showed the lowest potency as an EGFR inhibitor, with an IC50 value of 93 ± 4 nM, compared to Erlotinib (IC50 = 80 nM). The results indicate that compounds 11d and 11f have significant antiproliferative activity and may serve as EGFR inhibitors.
2.2.4 Evaluation of VEGFR-2 inhibitory action
Compounds 11a, 11d, 11e, 11f, and 12c were evaluated for their capacity to inhibit VEGFR-2, with Sorafenib serving as the control agent (Al-Wahaibi et al., 2024a). The results are displayed as IC50 values in Table 2. The findings indicated that the examined compounds had moderate to good VEGFR-2 inhibitory activity, with IC50 values between 2.90 and 5.20 µM, compared to Sorafenib, which had an IC50 value of 0.17 µM. In all cases, the evaluated compounds exhibit a potency 17-fold inferior to the reference Sorafenib. Compound 11f (R1 = OMe, R2 = Br, coumarin-based), the most effective antiproliferative and EGFR inhibitor, also exhibited the highest potency as a VEGFR-2 inhibitor, with an IC50 value of 2.90 ± 0.010 µM. Based on the in vitro experiments, we infer that compound 11f exhibits significant antiproliferative activity and functions as a dual inhibitor of EGFR and VEGFR-2, necessitating structural modifications to enhance its efficacy.
2.3 Evaluation of antioxidant activity
Antioxidant agents have become essential in medicine due to their extensive preventative and therapeutic usage across many diseases. Free radicals are integral to cancer, cardiovascular diseases, autoimmune illnesses, and age-related issues, prompting novel medical strategies (Goyal et al., 2025). The scavenging of stable free radicals by DPPH (2,2-diphenyl-1-picrylhydrazyl) (El-Sheref et al., 2023) was employed to assess the possible antioxidant capabilities of compounds 11d, 11f, and 12c, with Trolox serving as a reference, Table 3. The assay was performed at three distinct concentrations of the examined compounds (100, 50, and 10 µM).
TABLE 3 | Antioxidant activity of compounds 11d, 11f, and 12c.
[image: Table displaying the antioxidant activity percentages of different compounds at varying concentrations. Compounds 11d, 11f, 12c, and Trolox are tested at 100, 50, and 10 micromolar concentrations. Results show compound 11f has high activity across all concentrations, with 94% at 100 micromolar, 82% at 50 micromolar, and 73% at 10 micromolar. Trolox shows the highest activity at 100 micromolar with 95% and lowest at 10 micromolar with 78%.]Compounds 11d and 11f, derivatives of coumarin, had substantial antioxidant activity at 10 μM, scavenging DPPH radicals by 71% and 73%, respectively, compared to Trolox (78%). Moreover, compounds 11d and 11f exhibited comparable radical scavenging activity to Trolox at concentrations of 100 and 50 μM, respectively (Table 3). Conversely, compound 9, a benzofuran derivative, was identified as the least active derivative regarding antioxidant activity, underscoring the significance of the coumarin moiety for such action. The results suggested that compounds 11d and 11f may be considered effective antiproliferative agents with antioxidant properties.
2.4 Evaluation of antimicrobial activity
2.4.1 E. coli DNA gyrase inhibitory action
A supercoiling experiment was performed to assess the inhibitory efficacy of compounds 11a-f and 12a-f against E. coli DNA gyrase (Abdel-Aziz et al., 2023). Results are presented as residual activity (RA) of the enzyme at 1 μM of compounds or IC50 values for compounds with RA < 50% as presented in Table 4.
TABLE 4 | IC50 values of compounds 11a-f and 12a-f against E. Coli DNA gyrase.
[image: Chemical structures and a data table show the effects of various compounds on E. coli DNA gyrase. Two series of compounds, 11a-f and 12a-f, are presented with substituents R1 and R2. Their effectiveness is measured as IC₅₀ (nM) or relative activity (RA %), with values like 72% for 11a and 197 ± 12 nM for 12b. Novobiocin is used as a reference with an IC₅₀ of 170 ± 11 nM.]Compounds 11a-f and 12a-f show notable inhibitory activity against E. coli DNA gyrase, with IC50 values ranging from 182 to 208 nM, compared to the reference novobiocin, which has an IC50 value of 170 nM. The evaluated compounds exhibited lower potency in all cases than the reference novobiocin. Compounds 11b, 11e, and 12b demonstrated the most significant inhibitory activity against E. coli DNA gyrase, with IC50 values of 182, 190, and 197 nM, respectively. Compound 11b (R1 = Cl, R2 = H, coumarin-based) exhibited the highest efficacy as a DNA gyrase inhibitor, with an IC50 value of 182 nM, which is 1.1-fold less effective than the reference novobiocin, which has an IC50 value of 170 nM. Compound 11e (R1 = Cl, R2 = Br, coumarin-based) exhibited the second highest activity as a DNA gyrase inhibitor, with an IC50 value of 190 nM, demonstrating equipotency with compound 11b, so underscoring the significance of halogen atoms in the inhibitory action against DNA gyrase.
Compound 12b, a benzofuran-based derivative (R1 = Cl, R2 = H), possesses identical structural characteristics to compound 11b, but includes a benzofuran moiety instead of a coumarin moiety. It exhibits an IC50 value of 197 nM, indicating reduced potency compared to compound 11b (IC50 = 182 nM). The data reaffirmed the significance of the coumarin moiety in the efficacy of these compounds as antiproliferative and antibacterial agents. Compounds 12e and 12f, both benzofuran derivatives, exhibited significant inhibitory activity against DNA gyrase, with IC50 values of 217 and 208 nM, respectively, approximately 1.2-fold less effective than compound 11b.
2.4.2 Antibacterial activity
The antibacterial efficacy of compounds 11b, 11e, and 12b was evaluated against Gram-positive bacteria (S. aureus and B. subtilis) and Gram-negative bacteria (E. coli and P. aeruginosa). Table 5 presents the MICs (nM) of these compounds against the evaluated bacteria, utilizing ciprofloxacin as the reference drug, determined through a twofold serial dilution approach on a 96-well microtiter plate (Frejat F. O. et al., 2022).
TABLE 5 | MIC values of compounds 11b, 11e, and 12b against four bacterial species.
[image: Table showing minimum inhibitory concentration (MIC) in nM for compounds 11b, 11e, 12b, and Ciprofloxacin against bacterial species. Compounds 11b, 11e, and 12b have higher MIC values than Ciprofloxacin across all species: *B. subtilis*, *S. aureus*, *E. coli*, and *P. aeruginosa*. Ciprofloxacin shows the lowest MIC for *B. subtilis* at 10 ± 1 nM.]Compound 11b (R1 = Cl, R2 = H, coumarin-based) had the highest potency among the compounds evaluated, with MIC values of 23, 42, and 45 nM against S. aureus, E. coli, and P. aeruginosa, respectively. It exhibited superior efficacy to ciprofloxacin against the examined species but had a MIC value of 18 nM against B. subtilis, which is 1.8-fold less efficient than ciprofloxacin (MIC = 10 nM). Compound 11e (R1 = Cl, R2 = Br, coumarin-based) demonstrated the second highest efficacy. The MIC values were similar to those of compound 11b against S. aureus and E. coli, as shown in Table 5. Nonetheless, it was 2.2 times less efficacious than ciprofloxacin against B. subtilis. Ultimately, the benzofuran-based derivative, compound 12b (R1 = Cl, R2 = H), exhibited the lowest potency among the derivatives, demonstrating MIC values inferior to those of ciprofloxacin against all tested species. The observations indicate that compounds 11b and 11e are effective antibacterial agents with a broad spectrum of activity against Gram-positive and Gram-negative species, potentially functioning as DNA gyrase inhibitors.
2.5 Molecular docking
The molecular docking studies were conducted to rationalize the in vitro potency of the most active compound (11f) against three distinct biological targets: EGFR, VEGFR-2, and E. coli DNA gyrase. Docking was performed using Auto-Dock Vina (Sharma et al., 2025), and the docking poses were visualized and analyzed with Discovery Studio Visualizer (Rustagi et al., 2025). Initially, docking protocols were validated by redocking the cocrystallized ligands into the corresponding protein active sites to ensure accuracy and reliability. For EGFR, the crystal structure with PDB code 5D41 (Bhanja and Patra, 2025) was utilized. Redocking of the native ligand, EAI001, yielded a binding affinity of −9.3 kcal/mol and an RMSD of 1.1 Å, confirming the validity of the docking conditions. The superimposition between the redocked and cocrystallized ligand is depicted in Figure 3.
[image: Three molecular structures labeled A, B, and C are shown. Each structure consists of colored lines representing bonds between atoms, with variations in shape and complexity. The colors vary between green, pink, blue, and red, indicating different elements or bonds. Each structure is distinct in its arrangement and connectivity.]FIGURE 3 | Superimposition of redocked (magenta) and cocrystallized (green) ligands in the active sites of (A) EGFR (5D41), (B) VEGFR-2 (3U6J), and (C) E. coli DNA gyrase (3G7E).
Subsequently, docking of compound 11f into the allosteric site of EGFR, previously identified as the binding pocket for EAI001, demonstrated a binding affinity of −8.5 kcal/mol. Detailed interaction analysis revealed that the coumarin ring of 11f engaged in significant hydrophobic interactions with Leu718, Leu844, and Ala743. Additionally, the thiazole moiety formed hydrophobic contacts with Ala743 and Lys745, alongside a pi-sulfur interaction with Met790 and a sulfur-X interaction with Asp855. The benzene ring of 11f further stabilized the binding through hydrophobic interactions with Met766, Leu858, and Leu788. Notably, the methoxy group appeared to contribute to the compound’s enhanced potency by participating in hydrophobic interactions with Leu747, Ile759, and Leu788, potentially improving binding affinity compared to other derivatives. A summary of these interactions is presented in Figure 4.
[image: Two molecular diagrams labeled A and B, depicting interactions of a purple-colored compound with surrounding molecules. In diagram A, various interaction types are indicated: sulfur-X (yellow), pi-sigma (purple), pi-pi sulfur (orange), alkyl (pink), and pi-alkyl (lavender). Diagram B shows the compound interacting with amino acids, annotated with connecting dashed lines, indicating bonds or interactions. The compound consists of hexagonal and linear structures, showing oxygen and sulfur atoms at connecting points.]FIGURE 4 | (A) 2D interaction diagram and (B) 3D binding mode of 11f within the allosteric site of EGFR.
For VEGFR-2, docking was conducted using the crystal structure with PDB code 3U6J (Reang et al., 2023), which represents the ATP-binding site of the kinase. Validation through redocking of the cocrystallized ligand yielded a binding affinity of −7.2 kcal/mol and an RMSD of 0.512 Å, confirming the accuracy of the docking protocol. The superimposition of the redocked and cocrystallized ligand is also shown in Figure 3. Docking of compound 11f into VEGFR-2 produced a binding affinity of −8.9 kcal/mol, with several notable interactions observed, as presented in Figure 5. The coumarin moiety of 11f exhibited hydrophobic interactions with Leu889, Val899, and Cys1045 and formed a pi-donor hydrogen bond with Asp1046. Additionally, the bromine substituent on the coumarin ring engaged in hydrophobic interaction with Ile888. The carbonyl groups of 11f formed classical hydrogen bonds with key residues Cys919 and Lys868, further stabilizing the complex. Moreover, the thiazole ring contributed to the binding through hydrophobic interactions with Leu1035, Val848, Ala866, Phe1047, and Leu840.
[image: Molecular interaction diagrams for a compound. Panel A shows various interactions including conventional hydrogen bonds, polar hydrogen bonds, and pi-sigma interactions with surrounding amino acids. Panel B illustrates the same compound in a 3D context, highlighting similar interactions within a protein structure. Interaction types are color-coded: green for hydrogen bonds, pink for alkyl, and purple for pi-alkyl.]FIGURE 5 | (A) 2D interaction diagram and (B) 3D binding mode of 11f within the VEGFR-2 ATP-binding site.
For E. coli DNA gyrase, docking studies were performed using the crystal structure with PDB code 3G7E (Sofi et al., 2025), which represents the ATP-binding site of the GyrB subunit. Redocking of the native ligand resulted in a binding affinity of −6.7 kcal/mol and an RMSD of 1.126 Å, confirming the suitability of the docking settings. The superimposition of the redocked and cocrystallized ligand is included in Figure 3. Docking of compound 11b, which exhibited the highest in vitro potency against DNA gyrase, resulted in a binding affinity of −9.3 kcal/mol. The coumarin moiety of 11b was found to establish extensive hydrophobic interactions with Val120, Val43, Ile78, Val167, Leu132, and Ala47, along with a pi-sulfur interaction with Met95. The thiazole ring of 11b further contributed hydrophobic interactions with Ile78 and Pro79. Notably, the sulfur atom adjacent to the thiazole moiety formed a classical hydrogen bond with Gly77. In addition, both the phenyl ring and the chlorine substituent in 11b engaged in hydrophobic interactions with Ala53. A comprehensive summary of these interactions is depicted in Figure 6.
[image: Panel A shows a molecular structure with various interactions, including hydrogen bonds, pi-pi stacking, and sulfur interactions, represented by colored lines and various amino acid residues highlighted in circles. Panel B depicts a 3D visualization of the molecule interacting with a chain represented in green, showing detailed interactions with amino acids. The key indicates interaction types.]FIGURE 6 | (A) 2D interaction diagram and (B) 3D binding mode of 11b within the ATP-binding site of the GyrB subunit.
3 CONCLUSION
In this study, we designed, synthesized, and biologically evaluated a novel series of thiazole-based derivatives (11a-f and 12a-f) as multi-targeted inhibitors with potent antiproliferative, antioxidant, and antibacterial activities. Compounds 11d and 11f exhibited the strongest antiproliferative effects (GI50 = 30 and 27 nM, respectively), surpassing Erlotinib, through dual EGFR/VEGFR-2 inhibition. Structure-activity relationship analysis highlighted the critical role of the coumarin moiety and electron-donating substituents in enhancing activity. Additionally, 11d and 11f demonstrated robust antioxidant potential. This dual antiproliferative and antioxidant profile is particularly valuable, as oxidative stress plays a significant role in cancer pathogenesis and progression. Furthermore, 11b, 11e, and 12b exhibited potent antibacterial activity, inhibiting E. coli DNA gyrase and displaying broad-spectrum efficacy. The multi-target profile of these derivatives underscores their potential as versatile therapeutic agents against cancer and bacterial infections. Further studies are required to assess their in vivo efficacy, pharmacokinetics, and toxicity. Future research will focus on optimizing VEGFR-2 inhibition while retaining the compounds’ anticancer, antioxidant, and antibacterial properties.
In summary, these thiazole-based derivatives represent a promising class of multi-targeted inhibitors with significant potential for the development of new therapeutic agents addressing both cancer and bacterial infections, two major global health challenges. The dual EGFR/VEGFR-2 inhibition mechanism, coupled with antioxidant and antibacterial properties, positions these compounds as versatile candidates for further development in medicinal chemistry and drug discovery pipelines.
4 EXPERIMENTAL
4.1 Chemistry
General Details: Refer to Appendix A.
4.1.1 General procedure for the synthesis of target compounds (11a-f) and (12a-f)
A mixture of thiazole chalcones 10a-c (1 mmol) and the corresponding coumarins 4a-b or benzofurans 7a-b (1 mmol) in acetone containing sodium carbonate (1.5 mmol, 0.159 g) and sodium iodide (2 mmol, 0.3 g) was stirred at room temperature for 5 h. After the reaction was complete, the mixture was refrigerated overnight. The precipitate was filtered, washed with distilled water, and recrystallized using ethanol.
4.1.1.1 (E)-3-(2-((5-Cinnamoyl-4-methylthiazol-2-yl)thio)acetyl)-2H-chromen-2-one (11a)
Yellow powder; 0.312 g, 70% yield; m.p. 215°C–217°C; 1H NMR (500 MHz, DMSO-d6) δ 8.81 (s, 1H, coumarin-C4-H), 8.02–7.98 (m, 2H, Ar-H), 7.76 (d, J = 15.3 Hz, 1H, chalcone-β C=H), 7.66–7.58 (m, 5H, Ar-H & chalcone-α C=H), 7.39–7.31 (m, 3H, Ar-H), 4.95 (s, 2H, CH2), 2.60 (s, 3H, CH3); 13C NMR (100 MHz, DMSO-d6) δ 190.33, 181.78, 166.60, 164.28, 159.32, 155.06, 145.08, 138.06, 137.05, 134.06, 132.07, 130.84, 130.09, 126.06, 125.11, 124.38, 122.83, 120.13, 119.32, 116.85, 38.45, 18.81. Anal. Calc. (%) for C24H17NO4S2: C, 64.41; H, 3.83; N, 3.13. Found: C, 64.33; H, 3.87; N, 3.17.
4.1.1.2 (E)-3-(2-((5-(3-(4-Chlorophenyl)acryloyl)-4-methylthiazol-2-yl)thio)acetyl)-2H-chromen-2-one (11b)
Yellow powder; 0.366 g, 76% yield; m.p. 222°C–223°C; 1H NMR (500 MHz, DMSO-d6) δ 8.81 (s, 1H, coumarin-C4-H), 8.02–7.97 (m, 2H, Ar-H), 7.72 (d, J = 15.4 Hz, 1H, chalcone-β C=H), 7.66–7.59 (m, 3H, Ar-H & chalcone-α C=H), 7.54 (d, J = 8.2 Hz, 2H, Ar-H), 7.43 (d, J = 8.4 Hz, 2H, Ar-H), 4.95 (s, 2H, CH2), 2.61 (s, 3H, CH3); 13C NMR (100 MHz, DMSO-d6) δ 191.02, 180.88, 166.56, 163.87, 157.18, 153.19, 147.11, 141.15, 137.16, 133.47, 131.68, 130.30, 129.04, 126.04, 125.33, 124.62, 121.89, 120.85, 119.44, 116.97, 38.68, 19.25. Anal. Calc. (%) for C24H16ClNO4S2: C, 59.81; H, 3.35; N, 2.91. Found: C, 59.74; H, 3.39; N, 2.84.
4.1.1.3 (E)-3-(2-((5-(3-(4-Methoxyphenyl)acryloyl)-4-methylthiazol-2-yl)thio) acetyl)-2H-chromen-2-one (11c)
Yellow powder; 0.329 g, 69% yield; m.p. 229°C–231°C; 1H NMR (500 MHz, DMSO-d6) δ 8.80 (s, 1H, coumarin-C4-H), 8.01–7.98 (m, 2H, Ar-H), 7.72 (d, J = 15.3 Hz, 1H, chalcone-β C=H), 7.66–7.62 (m, 2H, Ar-H & chalcone-α C=H), 7.61–7.59 (m, 2H, Ar-H), 7.58 (s, 1H, Ar-H), 6.92 (d, J = 8.4 Hz, 2H, Ar-H), 4.94 (s, 2H, CH2), 3.79 (s, 3H, OCH3), 2.58 (s, 3H, thiazole-CH3); 13C NMR (100 MHz, DMSO-d6) δ 192.16, 180.16, 166.18, 160.61, 156.76, 153.26, 150.68, 143.56, 138.33, 137.03, 134.17, 131.25, 130.55, 127.31, 125.69, 124.07, 123.11, 122.19, 119.22, 118.58, 55.92, 38.43, 19.02. Anal. Calc. (%) for C25H19NO5S2: C, 62.88; H, 4.01; N, 2.93. Found: C, 62.76; H, 4.13; N, 3.87.
4.1.1.4 (E)-6-Bromo-3-(2-((5-cinnamoyl-4-methylthiazol-2-yl)thio)acetyl)-2H-chromen-2-one (11d)
Yellow powder; 0.405 g, 77% yield; m.p. 255°C–257°C; 1H NMR (500 MHz, DMSO-d6) δ 8.73 (s, 1H, coumarin-C4-H), 8.22 (s, 1H, Ar-H), 7.97 (d, J = 8.9 Hz, 1H, Ar-H), 7.77–7.74 (m, 2H, Ar-H & chalcone-βC = H), 7.63 (d, J = 15.4 Hz, 1H, chalcone-αC = H), 7.59 (dd, J = 6.9, 2.4 Hz, 2H, Ar-H), 7.39–7.31 (m, 3H, Ar-H), 4.93 (s, 2H, CH2), 2.59 (s, 3H, CH3); 13C NMR (100 MHz, DMSO-d6) δ 190.55, 180.84, 169.14, 164.58, 158.37, 151.95, 145.48, 144.16, 140.91, 140.33, 137.05, 134.46, 132.17, 129.87, 129.29, 128.27, 124.76, 120.54, 119.24, 116.94, 37.18, 18.73. Anal. Calc. (%) for C24H16BrNO4S2: C, 54.67; H, 3.06; N, 2.66. Found: C, 54.58; H, 3.15; N, 2.57.
4.1.1.5 (E)-6-Bromo-3-(2-((5-(3-(4-chlorophenyl)acryloyl)-4-methylthiazol-2-yl)thio)acetyl)-2H-chromen-2-one (11e)
Yellow powder; 0.398 g, 71% yield; m.p. 236°C–237°C; 1H NMR (500 MHz, DMSO-d6) δ 8.73 (s, 1H, coumarin-C4-H), 8.22 (d, J = 2.3 Hz, 1H, Ar-H), 7.90 (dd, J = 8.9, 2.4 Hz, 1H, Ar-H), 7.80 (d, J = 8.5 Hz, 2H, Ar-H), 7.62 (d, J = 15.5 Hz, 1H, chalcone-β C=H), 7.47 (dd, J = 8.7, 2.5 Hz, 3H, Ar-H), 7.34 (d, J = 15.5 Hz, 1H, chalcone-α C=H), 4.93 (s, 2H, CH2), 2.59 (s, 3H, CH3); 13C NMR (100 MHz, DMSO-d6) δ 190.57, 181.22, 171.59, 160.41, 155.56, 148.87, 144.02, 138.80, 135.91, 134.31, 132.84, 132.10, 131.13, 130.19, 128.72, 124.24, 121.66, 118.65, 117.19, 113.43, 37.84, 18.14. Anal. Calc. (%) for C24H15BrClNO4S2: C, 51.40; H, 2.70; N, 2.50. Found: C, 51.28; H, 2.76; N, 2.44.
4.1.1.6 (E)-6-Bromo-3-(2-((5-(3-(4-methoxyphenyl)acryloyl)-4-methylthiazol-2-yl)thio)acetyl)-2H-chromen-2-one (11f)
Yellow powder; 0.456 g, 82% yield; m.p. 232°C–235°C; 1H NMR (500 MHz, DMSO-d6) δ 8.73 (s, 1H, coumarin-C4-H), 8.10 (d, J = 2.4 Hz, 1H, Ar-H), 7.97 (d, J = 8.9 Hz, 1H, Ar-H), 7.75 (dd, J = 8.9, 2.5 Hz, 1H, Ar-H), 7.72 (d, J = 15.3 Hz, 1H, chalcone-β C=H), 7.63 (d, J = 15.4 Hz, 1H, chalcone-α C=H), 7.58 (d, J = 8.0 Hz, 2H, Ar-H), 6.93 (d, J = 8.7 Hz, 2H, Ar-H), 4.92 (s, 2H, CH2), 3.77 (s, 3H, OCH3), 2.59 (s, 3H, thiazole-CH3); 13C NMR (100 MHz, DMSO-d6) δ 193.48, 182.10, 166.58, 159.74, 152.98, 144.81, 143.56, 139.65, 139.26, 136.44, 135.40, 132.16, 130.56, 129.58, 127.68, 125.70, 124.10, 122.17, 119.90, 114.66, 55.94, 38.11, 19.03. Anal. Calc. (%) for C25H18BrNO4S2: C, 53.96; H, 3.26; N, 2.52. Found: C, 53.84; H, 3.37; N, 2.57.
4.1.1.7 (E)-1-(2-((2-(Benzofuran-2-yl)-2-oxoethyl)thio)-4-methylthiazol-5-yl)-3-phenylprop-2-en-1-one (12a)
Yellow powder; 0.281 g, 67% yield; m.p. 219°C–221°C; 1H NMR (500 MHz, DMSO-d6) δ 8.12 (s, 1H, Ar-H), 7.73 (d, J = 15.3 Hz, 1H, chalcone-β C=H), 7.68 (d, J = 8.0 Hz, 1H, Ar-H), 7.62 (d, J = 8.4 Hz, 2H, Ar-H), 7.53 (d, J = 8.0 Hz, 1H, Ar-H), 7.48 (d, J = 15.3 Hz, 1H, chalcone-α C=H), 7.48–7.43 (m, 5H, Ar-H), 4.98 (s, 2H, CH2), 2.55 (s, 3H, CH3); 13C NMR (100 MHz, DMSO-d6) δ 183.56, 179.86, 167.21, 162.02, 151.27, 144.53, 142.87, 140.32, 138.59, 136.45, 135.09, 133.22, 130.88, 129.63, 127.97, 126.08, 124.40, 119.92, 118.90, 38.49, 16.74. Anal. Calc. (%) for C23H17NO3S2: C, 65.58; H, 4.08; N, 3.34. Found: C, 65.66; H, 4.02; N, 3.29.
4.1.1.8 (E)-1-(2-((2-(Benzofuran-2-yl)-2-oxoethyl)thio)-4-methylthiazol-5-yl)-3-(4-chlorophenyl)prop-2-en-1-one (12b)
Yellow powder; 0.349 g, 77% yield; m.p. 215°C–216°C; 1H NMR (500 MHz, DMSO-d6) δ 8.11 (s, 1H, Ar-H), 7.85 (d, J = 7.8 Hz, 1H, Ar-H), 7.78 (d, J = 8.6 Hz, 2H, Ar-H), 7.72 (d, J = 8.4 Hz, 1H, Ar-H), 7.61 (d, J = 15.5 Hz, 1H, chalcone-β C=H), 7.54 (t, J = 7.2 Hz, 1H, Ar-H), 7.46 (d, J = 8.5 Hz, 2H, Ar-H), 7.36 (t, J = 7.2 Hz, 1H, Ar-H), 7.32 (d, J = 15.5 Hz, 1H, chalcone-α C=H), 4.97 (s, 2H, CH2), 2.54 (s, 3H, CH3); 13C NMR (100 MHz, DMSO-d6) δ 183.41, 181.80, 168.48, 158.39, 156.21, 150.98, 142.51, 136.05, 133.48, 132.49, 131.18, 129.55, 127.29, 125.37, 124.75, 123.78, 117.27, 115.62, 112.76, 37.84, 18.73. Anal. Calc. (%) for C23H16ClNO3S2: C, 60.85; H, 3.55; N, 3.09. Found: C, 60.94; H, 3.67; N, 3.13.
4.1.1.9 (E)-1-(2-((2-(Benzofuran-2-yl)-2-oxoethyl)thio)-4-methylthiazol-5-yl)-3-(4-methoxyphenyl)prop-2-en-1-one (12c)
Yellow powder; 0.386 g, 86% yield; m.p. 227°C–229°C; 1H NMR (500 MHz, DMSO-d6) δ 8.11 (s, 1H, Ar-H), 7.71 (d, J = 9.7 Hz, 1H, Ar-H), 7.59 (d, J = 8.6 Hz, 2H, Ar-H), 7.52 (d, J = 7.8 Hz, 1H, Ar-H), 7.48 (d, J = 15.9 Hz, 1H, chalcone-β C=H), 7.44–7.38 (m, 2H, Ar-H & chalcone-α C=H), 7.30–7.25 (m, 1H, Ar-H), 6.93 (d, J = 8.7 Hz, 2H, Ar-H), 4.96 (s, 2H, CH2), 3.76 (s, 3H, OCH3), 2.54 (s, 3H, thiazole-CH3); 13C NMR (100 MHz, DMSO-d6) δ 184.09, 181.77, 169.79, 165.26, 158.74, 154.58, 152.29, 151.26, 142.90, 142.21, 137.02, 130.53, 129.51, 127.97, 124.08, 123.41, 119.47, 114.68, 112.75, 55.92, 37.55, 16.45. Anal. Calc. (%) for C24H19NO4S2: C, 64.12; H, 4.26; N, 3.12. Found: C, 64.19; H, 4.33; N, 3.04.
4.1.1.10 (E)-1-(2-((2-(5-Bromobenzofuran-2-yl)-2-oxoethyl)thio)-4-methylthiazol-5-yl)-3-phenylprop-2-en-1-one (12d)
Yellow powder; 0.438 g, 88% yield; m.p. 245°C–246°C; 1H NMR (500 MHz, DMSO-d6) δ 7.94 (t, J = 2.0 Hz, 1H, Ar-H), 7.84 (d, J = 2.1 Hz, 1H, Ar-H), 7.72 (d, J = 15.9 Hz, 1H, chalcone-β C=H), 7.60–7.54 (m, 4H, Ar-H), 7.47 (d, J = 15.9 Hz, 1H, chalcone-α C=H), 7.39–7.31 (m, 3H, Ar-H), 4.97 (s, 2H, CH2), 2.54 (s, 3H, CH3); 13C NMR (100 MHz, DMSO-d6) δ 183.71, 181.49, 164.94, 163.59, 159.07, 155.83, 154.22, 150.02, 141.96, 138.34, 131.86, 130.26, 128.93, 127.03, 126.06, 119.21, 117.88, 116.64, 112.34, 37.16, 16.72. Anal. Calc. (%) for C23H16BrNO3S2: C, 55.43; H, 3.24; N, 2.81. Found: C, 55.39; H, 3.27; N, 2.79.
4.1.1.11 (E)-1-(2-((2-(5-bromobenzofuran-2-yl)-2-oxoethyl)thio)-4-methylthiazol-5-yl)-3-(4-chlorophenyl)prop-2-en-1-one (12e)
Yellow powder; 0.362 g, 68% yield; m.p. 251°C–252°C; 1H NMR (500 MHz, DMSO-d6) δ 8.10 (d, J = 1.9 Hz, 1H, Ar-H), 8.05 (s, 1H, Ar-H), 7.79 (d, J = 8.5 Hz, 2H, Ar-H), 7.74 (d, J = 8.9 Hz, 1H, Ar-H), 7.69 (dd, J = 8.9, 2.0 Hz, 1H, Ar-H), 7.62 (d, J = 15.5 Hz, 1H, chalcone-β C=H), 7.47 (d, J = 8.5 Hz, 2H, Ar-H), 7.33 (d, J = 15.5 Hz, 1H, chalcone-α C=H), 4.97 (s, 2H, CH2), 2.54 (s, 3H, CH3); 13C NMR (100 MHz, DMSO-d6) δ 183.09, 179.21, 164.94, 157.79, 155.17, 153.90, 148.03, 143.85, 140.30, 139.32, 138.33, 133.47, 131.85, 127.02, 126.13, 124.75, 123.76, 121.50, 116.94, 37.57, 16.44. Anal. Calc. (%) for C23H15BrClNO3S2: C, 51.84; H, 2.84; N, 2.63. Found: C, 51.91; H, 2.89; N, 2.59.
4.1.1.12 (E)-1-(2-((2-(5-Bromobenzofuran-2-yl)-2-oxoethyl)thio)-4-methylthiazol-5-yl)-3-(4-methoxyphenyl)prop-2-en-1-one (12f)
Yellow powder; 0.417 g, 79% yield; m.p. 238°C–239°C; 1H NMR (500 MHz, DMSO-d6) δ 7.94 (t, J = 2.4 Hz, 1H, Ar-H), 7.84 (d, J = 2.1 Hz, 1H, Ar-H), 7.58 (d, J = 8.6 Hz, 3H, Ar-H), 7.55 (dd, J = 8.5, 2.1 Hz, 1H, Ar-H), 7.48 (d, J = 15.9 Hz, 1H, chalcone-β C=H), 7.41 (d, J = 15.9 Hz, 1H, chalcone-α C=H), 6.93 (d, J = 8.7 Hz, 2H, Ar-H), 4.96 (s, 2H, CH2), 3.76 (s, 3H, OCH3), 2.58 (s, 3H, thiazole-CH3); 13C NMR (100 MHz, DMSO-d6) δ 183.71, 181.49, 165.27, 157.82, 156.21, 146.82, 138.04, 136.73, 134.13, 133.17, 130.25, 129.60, 128.26, 127.31, 123.42, 122.18, 119.89, 119.22, 117.25, 55.99, 37.84, 16.14. Anal. Calc. (%) for C24H18BrNO4S2: C, 54.55; H, 3.43; N, 2.65. Found: C, 54.64; H, 3.40; N, 2.67.
4.2 Biology
4.2.1 Assay for cell viability
The viability effects of 11a-f and 12a-f on the human mammary gland epithelial (MCF-10A) normal cell line were evaluated using the MTT test (El-Sherief et al., 2019; Ramadan et al., 2020). Refer to Appendix A for additional information.
4.2.2 Antiproliferative assay
The MTT assay was employed to assess the antiproliferative efficacy of 11a-f and 12a-f against four human cancer cell lines, utilizing Erlotinib as a reference control (Mahmoud et al., 2023; Alshammari et al., 2022). Dose-response assays determined the IC50 values for the novel compounds. We derived the reported data from a minimum of two separate experiments, each consisting of three repetitions per concentration. Appendix A provides experimental details.
4.2.3 Assay for EGFR inhibitory action
The most effective antiproliferative compounds, 11a, 11d, 11e, 11f, and 12c, were evaluated for their capacity to inhibit EGFR utilizing the EGFR-TK assay (Al-Wahaibi et al., 2022). Refer to Appendix A for more details.
4.2.4 Assay for VEGFR-2 inhibitory action
Compounds 11a, 11d, 11e, 11f, and 12c were assessed for their ability to inhibit VEGFR-2, using sorafenib as the control agent (Al-Wahaibi et al., 2024a). The outcomes are presented as IC50 values. Appendix A outlines more experimental details.
4.2.5 Antioxidant assay
The scavenging of stable free radicals by DPPH (El-Sheref et al., 2023) was employed to assess the antioxidant activities of compounds 11d, 11f, and 12c, with Trolox serving as a reference. The assay was performed at three different concentrations of the examined compounds (100, 50, and 10 µM). Appendix A contains more details.
4.2.6 DNA gyrase inhibitory assay
A supercoiling experiment was performed to assess the inhibitory efficacy of compounds 11a-f and 12a-f against E. coli DNA gyrase (Abdel-Aziz et al., 2023). Results are presented as RA of the enzyme at 1 μM of compounds or IC50 values for compounds with RA < 50%. Refer to Appendix A for more information.
4.2.7 Antibacterial assay and MIC calculations
The antibacterial efficacy of compounds 11b, 11e, and 12b was evaluated against Gram-positive bacteria (S. aureus and B. subtilis) and Gram-negative bacteria (E. coli and P. aeruginosa). The MICs (nM) of the tested compounds against the evaluated bacteria were determined through a twofold serial dilution approach on a 96-well microtiter plate (Frejat F. O. et al., 2022). See Appendix A for more details.
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Novel phenoxy acetamide derivatives based on a thymol moiety were synthesized for target parasitological investigation. The newly synthesized compounds, 5a, 5b, 7a, 7b, and 9, were synthesized as phenoxy acetamide derivatives containing a phthalimide or naphthalimide ring through a condensation reaction with various acid anhydrides. Their structures were confirmed based on spectral data derived through Fourier-transform infrared, proton and carbon-13 nuclear magnetic resonance, and elemental analyses. The parasitological, biochemical, and immunological activities of the compounds were measured. The screened compounds were subjected to molecular docking in the active site of CpCDPK1, in addition to analyses based on Lipinski’s rule and SwissADME. The results showed that compounds 5a, 5b, and 7b demonstrated promising antiparasitic activity, characterized by high gastrointestinal absorption and favorable drug-likeness profiles. Furthermore, 5a and 7b exhibited higher binding affinities than that of the reference drug. In practical assessments, compound 7b exhibited the highest percentage reduction in oocyst counts (67%). Density functional theory calculations were performed to assess the thermodynamic stability, molecular geometry, frontier molecular orbital energy gaps, and molecular electrostatic potentials of compounds 5a, 5b, 7a, 7b, and 9.
Keywords: thymol, naphthalimide and phthalimide derivatives, anti-parasites, molecular docking, DFT

1 INTRODUCTION
Thymol (2-isopropyl-5-methylphenol) is a white crystalline aromatic compound with a distinct scent that is produced via the terpene pathway and typically found in the genera Thymus and Origanum. Its direct biosynthetical link with p-cymene has been demonstrated through the aromatization of c-terpinene in Thymus vulgaris L. (Poulose and Croteau, 1978) According to the United States Food and Drug Administration (US-FDA), thymol is safe with low toxicity. (Cohen, 1984). Thymol has been known to exert therapeutic effects on humans, (Jyoti et al., 2019), with a range of biological activities, such as antibacterial, (Dong et al., 2024), antifungal, (Alves Eloy et al., 2021), antioxidant, (Sathe et al., 2019), antiprotozoal, (Clemente et al., 2021), anti-inflammatory, (Chen et al., 2020), antiviral, (Nandi and Khanna, 2022), antiparasitic, (Hikal et al., 2021; Sennouni et al., 2022), and anticancer (Lv and Chen, 2017; Chauhan et al., 2017) activities. Additionally, thymol has shown efficacy against C. parvum (Cryptosporidium parvum) in cell cultures. (Dominguez-Uscanga et al., 2021).
Phenoxy acetamide derivatives exhibit antioxidant activity and may protect biological systems against oxidative damage. (Al-Ostoot et al., 2021a; Arshad et al., 2022). Molecules containing acetamide linkages and their derivatives as core structures display a wide range of biological activities, (Al-Ostoot et al., 2021b), especially antitrypanosomal effects. (Capelini et al., 2021). Phthalimides, which are neutral, lipophilic compounds exhibiting antimicrobial (Akgün et al., 2012) and anti-inflammatory (Alanazi et al., 2015) properties readily penetrate biological membranes. Thus, phthalimides have been used as platforms for developing anti-Trypanosoma cruzi and antiplasmodial drugs. (González et al., 2014; Singh et al., 2015).
Naphthalimide derivatives have conventionally been used as fluorescent fibers and dyes. In prior decades, these derivatives were used as medicines and sensors. (Qian et al., 2010). The tricyclic planar ring structure of the naphthalimide class facilitates intercalation with DNA and disruption of biological processes. (Kamal et al., 2013). Hence, naphthalimides exhibit a range of biological attributes, such as antiviral, (Chanh et al., 1994), antioxidant, (Ghosh et al., 2015), and antimicrobial activities. (Staneva et al., 2019).
Thymol, characterized as a safe compound, (Aljohani et al., 2022), exhibits various advantages, such as abundance and low toxicity to mammalian cells. Consequently, thymol and related substances may represent promising candidates for developing novel antiparasitic therapies (Chauhan and Kang, 2014).
The zoonotic protozoan parasite C. parvum, which is the second-most common cause of foodborne and waterborne diarrheal illnesses globally, is a member of the phylum Apicomplexa. (Ryan et al., 2016). Its adverse effects are particularly severe for immunocompromised individuals. (Wang et al., 2018).
Considering these aspects, this study was aimed at synthesizing newly phenoxy acetamide derivatives based on a thymol moiety through condensation reactions with a series of acid anhydrides and assessing their antiparasitic effects through experimental and molecular docking studies. One of the challenges with thymol is its rapid absorption and metabolism, which can limit its effectiveness in vivo. The phenoxy acetamide derivatives based on thymol can potentially create prodrugs that release thymol more slowly, allowing for sustained therapeutic effects. Moreover, density functional theory (DFT) calculations were performed to explore their thermodynamic stability, molecular geometry, frontier molecular orbital (FMO) energy gaps, and molecular electrostatic potential (MEP).
2 RESULTS AND DISCUSSION
2.1 Chemistry
Phenoxy acetamide derivatives based on a thymol moiety were synthesized through condensation reactions with a series of acid anhydrides. As shown in Scheme 1, 2-(2-isopropyl-5-methylphenoxy)acetohydrazide (3) was reacted with different acid anhydrides, including phthalic anhydride (4a), 1,2,4-benzene tricarboxylic acid anhydride (4b), 1,8-naphthalic anhydride (6a), 4-amino-1,8-naphthalic anhydride (6b), and pyromellitic dianhydride (8) in dimethylformamide (DMF) and glacial acetic acid under reflux conditions for 4–6 h to afford compounds 5a, 5b, 7a, 7b, and 9, respectively.
[image: Chemical reaction scheme showing the synthesis of compounds involving multiple steps. Starting from a phenol derivative (1), it reacts with a brominated compound in acetone using potassium carbonate to form an ether intermediate. Further reactions with various intermediates involve ethanol or amine modifications, leading to different final products labeled 4a, 4b, 5a, 5b, 6a, 6b, 7a, 7b, and 9. Red and blue X, Y represent varying functional groups across different products. Reactions involve acetone, NH2NH2, and ethanol as solvents or reagents.]SCHEME 1 | Synthesis of phenoxy acetamide derivatives containing a thymol unit.
The structures of the synthesized compounds 5a, 5b, 7a, 7b, and 9 were confirmed using spectroscopic data. The proton nuclear magnetic resonance (1H-NMR) spectrum showed characteristic singlet peaks for NH (10.08–10.90 ppm) and aliphatic CH3 (1.13–2.27 ppm). The infrared (IR) spectra of all synthesized compounds showed two sharp bands of C=O (conjugated anhydride) at ν = 1,792 cm−1 and 1,744 cm−1.
For compound 5b, the 1H-NMR spectrum showed a singlet peak of COOH at 10.13 ppm and the 13C-NMR spectrum showed a peak at δC: 168.4 (COOH). The 1H-NMR spectrum of compound 7b showed a singlet peak of NH2 at 7.71 ppm. For compound 9, the 1H-NMR spectrum showed two singlet peaks at 8.45 and 8.29 ppm, corresponding to pyromellitic protons.
2.2 In silico physicochemical and pharmacokinetic predictions
An absorption, distribution, metabolism, excretion, toxicity (ADMET) study was performed to assess the pharmacokinetic, physicochemical, and drug-likeness profiles of compounds 5a, 5b, 7a, 7b, and 9. As indicated in Table 1, compounds 5a, 5b, 7a, and 7b demonstrated high gastrointestinal (GI) absorption, whereas compound 9 exhibited low GI absorption. Blood–brain barrier (BBB) permeability was observed only for 5a and 7a. None of the compounds were substrates for P-glycoprotein. Selective inhibition of cytochrome P450 enzymes was noted, with compound 5b inhibiting CYP1A2 and compounds 5a, 7a, and 7b inhibiting CYP2C19. Furthermore, all compounds inhibited CYP2C9 and compound 9 uniquely inhibited CYP3A4. Drug-likeness analysis revealed no violations of Lipinski’s rule of five for 5a, 5b, 7a, and 7b, although compound 9 exhibited two violations. Bioavailability scores were consistent for 5a, 5b, 7a, and 7b, ranging from 0.55 to 0.56, whereas compound 9 had a significantly lower score (0.17). Medicinal chemistry assessments indicated that 5b had the fewest lead-likeness violations, followed by 5a, 7a, and 7b, with compound 9 exhibiting the most violations. Synthetic accessibility scores showed that 5a was the easiest to synthesize and 9 posed the greatest challenge. Physicochemical analysis revealed that compound 9 had the highest molecular weight (626.66 g/mol) and topological polar surface area (TPSA) (154.8 Å2), correlating with low membrane permeability. Compound 5a exhibited the lowest molecular weight and TPSA, contributing to its favorable pharmacokinetic profile. Compound 9 also had the highest number of rotatable bonds, indicating greater molecular flexibility, while 5a, 7a, 7b was more rigid. Lipophilicity was most pronounced in compound 9 (consensus log Po/w of 4.06) and 5b exhibited the lowest value (2.54). Solubility predictions categorized 5a, 5b, 7a, and 7b as moderately soluble, while 9 was noted to be poorly soluble (ESOL log S of −6.64). Among the tested compounds, 5a, 7a, 7b emerged as the most promising owing to their high GI absorption, moderate solubility (ESOL log S of −4.24, −5.46, −5.11), balanced lipophilicity (consensus log Po/w 2.95, 3.91, 3.39), and TPSA (75.71, 77.4, 103.42 Å2). It selectively inhibited CYP2C19 and CYP2C9 and did not interact with CYP1A2, CYP2D6, or P-gp, resulting in enhanced therapeutic safety profile. However, compound 7b stands out as a safer candidate due to its lack of BBB permeability, which may reduce potential central nervous system side effects.
TABLE 1 | ADMET study of compounds 5a, 5b, 7a, 7b, and 9.
[image: Comparison table of five compounds (5a, 5b, 7a, 7b, 9) across categories: Pharmacokinetics, Drug Likeness, Medicinal Chemistry, Physicochemical Properties, Lipophilicity, and Water Solubility. Each compound's properties such as GI absorption, BBB permeability, Lipinski violations, molecular weight, number of heavy atoms, synthetic accessibility, solubility, and more are listed, highlighting differences like solubility class and lead likeness violations.]2.3 Molecular docking studies
Molecular docking results were validated by re-docking the native ligand VGG into the CDPK1 active site, considered a key target for antiparasitic drug development owing to its essential role in the lifecycle of parasites. The analysis yielded a root mean square deviation (RMSD) of 0.52 Å and docking score of −7.27 kcal/mol, validating the proposed methodology. The binding affinity of each compound (5a, 5b, 7a, 7b, and 9) is outlined in Table 2. As shown in Figure 1, compound 5a demonstrated the highest binding affinity (−7.42 kcal/mol), forming strong hydrogen bonds with critical catalytic residues Asp219, Met136 and Lys105, along with stabilizing π-alkyl and van der Waals interactions highlighting its potential as a potent inhibitor. Compound 5b showed the second-highest binding affinity (−6.45 kcal/mol) and interacted with Asp219, Lys105, and Phe220, indicating a slightly weaker but still significant binding conformation. Compound 7b exhibited a comparable binding affinity (−6.41 kcal/mol), with conventional hydrogen bond interactions involving Tyr155 and Asp219, suggesting a stable binding profile. In contrast, compounds 7a and 9 displayed notably weaker binding profiles. Compound 7a had a lower binding affinity (−5.39 kcal/mol), with limited hydrogen bond interactions involving Asp219, reflecting a less stable binding mode. Compound 9 demonstrated a highly unfavorable binding affinity (32.66 kcal/mol) owing to steric clashes and unfavorable conformations within the active site, indicating a lack of inhibitory potential. Although compound 7b had a slightly lower binding affinity than 5a and 5b, it demonstrated the highest in vivo antiparasitic activity, attributable to its balanced ADMET profile, including high GI absorption, moderate solubility, and selective cytochrome P450 inhibition, which enhanced its bioavailability and efficacy. In our in silico analyses, compounds 5a, 7a, and 7b emerged as the most promising candidates; however, compound 7b was particularly notable because, in addition to its favorable ADMET properties, it selectively bound to Tyr155 in the active site which is the same residue to which the co-crystallized ligand VGG binds. This selective interaction suggests that Tyr155 plays a key role in CpCDPK1 activity, and even though 7b exhibited slightly lower binding energy, its engagement with Tyr155 likely contributes to its enhanced antiparasitic effects. Conversely, the experimental results of compounds 7a and 9, which showed the lowest antiparasitic activities, correlated with their poorer docking scores and weaker binding interactions within the active site. These findings underscore the critical role of stable binding interactions, particularly with key residues, and favorable pharmacokinetic profiles in achieving potent in vivo activity, thereby highlighting compound 7b as a promising candidate for further drug development.
TABLE 2 | Docking scores of compounds and types of interactions with 2WEI.
[image: Table showing ligand compounds and their binding properties. It includes seven entries with columns for ligand compound, binding energy score in kcal/mol, RMSD, inhibition constant Ki in micromoles, type of binding interactions, and residues involved in interactions. Binding interactions are mainly hydrogen bonds, with one entry having unfavorable bumps. Residue interactions involve amino acids like Tyr155, Glu153, Asp219, Lys105, Met136, Phe220, and others.][image: Molecular visualization of a ligand interacting with a protein structure. The images illustrate different views of the ligand-binding sites, emphasizing interactions like hydrogen bonds and hydrophobic contacts. Diagrams include color-coded atoms and labels highlighting various chemical properties and bond types, displayed alongside ribbon models of protein structures.]FIGURE 1 | Binding poses of compounds 5a, 5b, 7a, 7b, and 9, and ligand (VGG) in the 2WEI active site (2D and 3D representations).
2.4 Biological evaluation
2.4.1 Cytotoxic effects on red blood cells (RBCs)
The in vitro cytotoxic effects of the newly synthesized compounds on RBCs were assessed through hemolytic activity. The hemolysis percentages at 1,000 μg/mL were zero for 5a, 5b, and 7b; 6.18% for 7a; and 34.95% for 9 (Table 3).
TABLE 3 | In vitro hemolytic activity and IC50 values (cytotoxicity on RBCs).
[image: Table showing hemolysis percentages at various concentrations for samples 5a, 7a, 5b, 7b, and 9. Hemolysis occurs mainly at 1,000 µg/mL with sample 7a at 6.1873% and sample 9 at 34.95%. IC50 values are noted, with "ND" for not determined.]2.4.2 Parasitological results
Using the modified Ziehl–Neelsen staining technique, oocysts were identified as bright-pink oval or round structures against a bluish background (Figure 2).
[image: A microscopic view of a substance featuring a mixture of blue and yellow hues with scattered dark particles. The abstract pattern resembles cellular structures.]FIGURE 2 | Fecal smear stained with modified Ziehl–Neelsen stain, showing Cryptosporidium oocysts (black arrows). Magnification: 1,000×.
Table 4 indicates significant statistical differences among all groups. The mean oocyst count in the infected, non-treated group (G2) was 34.4 ± 0.69, while the corresponding value in the nitazoxanide (NTZ)-treated group was 10.4 ± 0.51, indicating the highest reduction in oocyst count. Among the tested compounds, the 7b- and 7a-treated groups exhibited the highest (67%) and lowest (51%) percentage reduction in the oocyst count, respectively.
TABLE 4 | Number of Cryptosporidium-oocyst-shedding immunosuppressed mice in different study groups.
[image: Table comparing shed oocysts per milligram across groups G2 to G8. Mean values with standard deviation: G2 (34.4 ± 0.69), G3 (10.4 ± 0.51), G4 (13.2 ± 1.034), G5 (14.7 ± 0.67), G6 (16.8 ± 0.63), G7 (11.5 ± 0.85), G8 (15.4 ± 0.52). Columns include reduction percentages and p-values for statistical significance within groups. ANOVA test indicates significance levels, with notes explaining symbols and comparisons made between groups.]2.4.2.1 Ultrastructural analysis
Scanning electron microscopy (SEM) was used to evaluate the ultrastructural morphological features of oocysts in fecal samples for each group. Oocysts from the control group exhibited a uniform spherical shape with smooth cyst surfaces. In contrast, cysts extracted from treated mice exhibited varying degrees of morphological changes (Figure 3).
[image: Three scanning electron microscope images labeled A, B, and C show different yeast cell conditions. A: Intact and smooth cell surface. B: Partially disrupted surface. C: Heavily damaged and irregular surface. Each displays varying stages of cellular degradation.]FIGURE 3 | Scanning electron micrography images of Cryptosporidium oocysts from the (A) infected control group (G2), displaying a spherical shape with an extremely smooth surface; (B) NTZ-treated group (G3), showing rough, irregular surfaces with bleb formation; and (C) 7b-treated group, exhibiting complete distortion with irregular shapes and outlines.
2.4.2.2 Transmission electron microscopy (TEM)
TEM images (Figure 4) of ultrathin sections of small intestinal epithelial cells from the non-infected, non-treated control group revealed typical prominent microvilli, regular euchromatic nuclei, and well-developed cell junctions. In contrast, all treated groups revealed different levels of abnormalities, ranging from slight disarrangement to completely damaged atrophied microvilli.
[image: Electron microscope images show cross-sections of biological tissue. Panel A highlights a dense outer layer. Panel B displays a textured surface. Panel C illustrates a similar structure to A. Panel D shows a blurred transition between layers.]FIGURE 4 | Transmission electron micrography images of sections in the small intestine. (A) Non-infected, non-treated group, showing intestinal columnar epithelial cells with normal prominent microvilli and well-developed cell junctions. (B) Infected, non-treated group, showing ileal epithelial cells with significantly damaged epithelial lining and distorted and blunted microvilli. (C) NTZ-treated group, showing normal ultrastructure and regularly arranged apical microvilli with oval euchromatic nuclei. (D) 7b-treated group, showing healthy microvilli (slightly disfigured and disarranged).
2.4.3 Biochemical measurements
Biochemical parameter levels were significantly increased in the infected, non-treated control group compared with the negative control group. All treated groups showed significant changes in the biochemical parameter levels compared with the positive control group (Table 4).
2.4.4 Immunological measurements
In the serum cytokine analysis (Table 5), the levels of interferon-gamma (IFN-γ), tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and interleukin-10 (IL-10) were significantly higher (P < 0.001) in the infected control group compared with the negative control group. The mean levels of IFN-γ, IL-6, and IL-10 were significantly reduced (P < 0.001) in the treated groups compared with the infected control group (Table 6).
TABLE 5 | Cytokine levels in mice groups.
[image: Table displaying cytokine levels across different groups, G1 to G8, with measurements in picograms per milliliter for TNF-α, IFN-γ, IL-6, and IL-10. Statistically significant differences are noted with F values and P values less than 0.001, marked with an asterisk, indicating group variations.]TABLE 6 | Biochemical analysis of mice groups.
[image: Table showing biochemical parameters across eight groups (G1 to G8) including ALT, AST, Urea, Creatinine, Total protein, and Albumin levels. Statistical values include F and P, with significance indicated as less than 0.05.]2.5 DFT study
2.5.1 Geometrical structure
Compounds 5a, 5b, 7a, 7b, and 9 were theoretically examined using DFT calculations. Gauss View 6.016 (Dennington et al., 2016) was used to draw the molecular structures. Computations were performed in the gas phase using Gaussian 09 Revision D.01 software, (Caricato et al., 2009), adopting the DFT/B3LYP method at a 6–311 g basis set.
This method facilitated the optimization of the molecular geometry to determine the lowest energy and most stable structures, commonly referred to as convergence. In addition, a frequency process was applied to the optimized structures using the same basis sets to compute their thermodynamic parameters. The absence of imaginary frequencies confirmed the stability of the optimized compounds, and all synthesized compounds displayed non-coplanar structures. The optimized compounds are presented in Figure 5.
[image: Molecular structures of compounds labeled 9, 7a, 7b, 5a, and 5b. Each compound is depicted with color-coded atoms: carbon (gray), hydrogen (white), oxygen (red), and nitrogen (blue). Arrangements vary across the structures.]FIGURE 5 | Optimized geometrical structures of synthesized phenoxy acetamide derivative compounds 5a, 5b, 7a, 7b, and 9 (gray, carbon; white, hydrogen; red, oxygen, and blue, nitrogen).
2.5.2 Polarizability and dipole moment
Molecular polarizability refers to the degree to which the electron cloud of a molecule can be distorted by an external charge, leading to the development of an electric dipole moment. (Katariya et al., 2024). The electronic nature and polarity of terminal substituents considerably affect the polarizability and dipole moment of the compound. (Soni et al., 2024). The calculated polarizability values for the investigated compounds are presented in Table 7.
TABLE 7 | Calculated polarizability (a.u.) and dipole moment (Debye) of compounds 5a, 5b, 7a, 7b, and 9.
[image: Table showing dipole moment components and polarizability for compounds 5a, 5b, 7a, 7b, and 9. Dipole moments are divided into X, Y, and Z values, with totals provided. Polarizability values range from 244.40 to 484.64.]Dipole moment calculations were conducted along the x, y, and z axes. It is observed that 5a which contains only one phthalimide ring has a very low dipole moment. Meanwhile, 5b and 7b. have higher dipole moment values due to the presence of COOH and NH2 groups.
2.5.3 MEP mapping
MEP mapping serves as a valuable tool for assessing electron density and charge distribution in a molecule, enabling the prediction of intermolecular and intramolecular interactions, as well as the extent of molecular packing and formal and partial charge of atoms. (Butera, 2024). Following the same basis set, charge distribution maps for all compounds were derived. In the maps, regions of electron density were illustrated in ascending order: red > orange > yellow > green > blue. Specifically, regions with high electronegativity appeared in red, whereas regions with the least negative charge appeared in blue. (Politzer and Murray, 2021).
All synthesized compounds (5a, 5b, 7a, 7b, and 9) exhibited a high negative charge in the center regions owing to the presence of acetamide and phthalimide groups, each contributing a half-negative charge on their oxygen atoms. In compound 5b, the highest negative charge was localized on the oxygen atom of the COOH group. The MEP maps are shown in Figure 6.
[image: Molecular electrostatic potential maps of five chemical compounds labeled as 5a, 7a, 7b, 8b, and 9, displaying variations in color from blue to red, indicating different charge distributions.]FIGURE 6 | Molecular electrostatic potential (MEP) maps of synthesized compounds.
2.5.4 FMO analysis
FMOs refer to the highest occupied molecular orbital (HOMO), which donates electrons, and the lowest unoccupied molecular orbital (LUMO), which accepts electrons (Figure 7). These orbitals are essential for studying the reactivity of molecules, as they can be used to predict the electron transfer and excitation processes between orbitals based on the energy gap between HOMO and LUMO. As the energy gap widens, excitation energy rises, while reactivity falls (Tanaka, 2024).
[image: Molecular orbital diagrams showing various molecular structures with color-coded regions and energy values indicated by red arrows. Each molecule is labeled numerically (5a, 5b, 7a, 7b, 9) with ΔE values ranging from 0.1082 to 0.1515.]FIGURE 7 | Graphical representation of the frontier molecular orbitals (FMOs) of compounds 5a, 5b, 7a, 7b, and 9.
Several physical parameters can be calculated from FMOs using the same computational method and basis sets. These parameters include the energy gap [(ΔE) = (ELUMO–EHOMO)], hardness [(η) = (ELUMO–EHOMO)/2], softness [(S) = 1/(ELUMO–EHOMO)], electronegativity [(X) = (–EHOMO–ELUMO)/2], electronic chemical potential [(μ) = –X], and fractional number of electrons transferred [(∆N) = - μ/η]. The results of FMO reactivity descriptors are summarized in Table 8.
TABLE 8 | FMO energies (eV), energy difference (eV), and corresponding parameters of investigated compounds.
[image: Table displaying data for various compounds labeled 5a, 5b, 7a, 7b, and 9. It lists values for \( E_{\text{HOMO}} \), \( E_{\text{LUMO}} \), \( \Delta E \), \( \eta \), \( S = 1/\eta \), \( X \), \( \mu = -X \), and \( \Delta N = -\mu/\eta \). Each column contains specific numerical values for these variables.]Softness indicates the sensitivity of the π-electron cloud of a molecule to potential disruptions from chemical processes. Consequently, the electronic characteristics of terminal substituents may influence softness. (Ahmed et al., 2020). For example, compounds 5b and 9 exhibited higher softness values owing to the presence of the COOH group in 5b and high molecular weight of compound 9. Moreover, the electronegativity and fractional number of electrons transferred were greater in 9 than those in the other compounds, attributable to the higher electron density in this compound.
3 MATERIALS AND METHODS
3.1 Materials and equipment
Details regarding the materials and equipment characterization are provided in the Supplementary Material.
3.2 General procedure for condensation
A mixture containing 2-(2-isopropyl-5-methylphenoxy)acetohydrazide (3) (0.01 mol) and different acid anhydrides (0.01 mol), i.e., phthalic anhydride (4a), 1,2,4-benzene tricarboxylic acid anhydride (4b), 1,8-naphthalic anhydride (6a), 4-amino-1,8-naphthalic anhydride (6b), and pyromellitic dianhydride (8) in 15 mL DMF and a few drops of glacial acetic acid was refluxed for 4–6 h. The excess solvent was removed under reduced pressure, and the residue was poured into cold water (200 mL). The obtained solid was filtered and crystallized from ethanol to yield compounds 5a, 5b, 7a, 7b, and 9.
3.2.1 N-(1,3-dioxoisoindolin-2-yl)-2-(2-isopropyl-5-methylphenoxy)acetamide (5a)
Compound 5a as white crystals (79% yield); Rf = 0.44 (n-hexane:ethyl acetate, 1:2, V/V); m.p = 148°C–150°C; IR(KBr) νmax (cm−1): 3427 (NH), 2955 (CH), 1792, 1744 (C=O, conjugated anhydride) observed as strong bands; 1H-NMR (500 MHz, DMSO-d6) δH: 10.86 (s, 1H, NH), 7.95 (d, J = 2.5 Hz, 2H, Ar-H), 7.91 (d, J = 3.0 Hz, 2H, Ar-H), 7.07 (d, J = 7.5 Hz, 1H, Ar-H), 6.79 (s, 1H, Ar-H), 6.75 (d, J = 7.0 Hz, 1H, Ar-H), 4.80 (s, 2H, CH2), 3.23 (m, 1H, CH), 2.27 (s, 3H, CH3), 1.13 (d, J = 6.5 Hz, 6H, CH3-CH-CH3); 13C-NMR (125 MHz, DMSO- d6) δC: 168.4, 165.5, 156.3 (C=O, amide), 136.5, 135.9, 134.1, 129.9, 126.3, 124.3, 122.6, 113.7 (Ar-C), 66.8 (OCH2), 26.2, 23.3, 21.4; Anal. calculated for C20H20N2O4: C, 68.17; H, 5.72; N, 7.95; Found: C, 67.94; H, 5.59; N, 8.02.
3.2.2 2-(2-(2-Isopropyl-5-methylphenoxy)acetamido)-1,3-dioxoisoindoline-5-carboxylic acid (5b)
Compound 5b as yellowish-white crystals (80% yield); Rf = 0.48 (n-hexane:ethyl acetate, 1:3, V/V); m.p = 190°C–192°C; IR(KBr) νmax (cm−1): 3358 (NH), 3420 cm-1 (OH), 1773, 1732 (C=O, conjugated anhydride) observed as strong bands; 1H-NMR (500 MHz, DMSO-d6) δH: 10.99 (bs, 1H, COOH), 10.13 (bs, 1H, NH), 8.41 (d, J = 3.0 Hz, 1H, Ar-H), 8.32 (d, J = 1.5 Hz, 1H, Ar-H), 8.07 (s, 1H, Ar-H), 7.42–6.91 (m, 1H, Ar-H), 6.74–6.28 (m, 2H, Ar-H), 4.80 (m, 2H, CH2), 3.31 (m, 1H, CH), 2.23 (s, 3H, CH3), 1.13 (s, 6H, CH3-CH-CH3); 13C-NMR (125 MHz, DMSO-d6) δC: 168.4 (COOH), 167.6, 164.8, 155.4 (C=O, amide), 136.5, 136.4, 134.1, 130.3, 126.2, 126.1, 124.8, 124.3, 122.6, 122.2, 113.6, 113.4 (Ar-C), 66.8 (OCH2), 26.2, 23.3, 21.4; Anal. calculated for C21H20N2O6: C, 63.63; H, 5.09; N, 7.07; Found: C, 63.52; H, 4.97; N, 7.19.
3.2.3 N-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-2-(2-isopropyl-5-methylphenoxy) acetamide (7a)
Compound 7a as off-white crystals (82% yield); Rf = 0.52 (n-hexane:ethyl acetate, 1:3, V/V); m.p = 198°C–200°C; IR(KBr) νmax (cm−1): 3191 (NH), 2961 (CH), 1773, 1732 (C=O, conjugated anhydride) observed as strong bands; 1H-NMR (500 MHz, DMSO-d6) δH: 10.89 (s, 1H, NH), 8.52 (d, J = 7.5 Hz, 2H, Ar-H), 8.48 (d, J = 7.5 Hz, 2H, Ar-H), 7.87 (t, J = 7.5 Hz, 2H, Ar-H), 7.06 (d, J = 7.5 Hz, 1H, Ar-H), 6.90 (s, 1H, Ar-H), 6.75 (d, J = 7.5 Hz, 1H, Ar-H), 4.81 (s, 2H, CH2), 3.34 (m, 1H, CH), 2.30 (s, 3H, CH3), 1.14 (d, J = 7.0 Hz, 6H, CH3-CH-CH3); 13C-NMR (125 MHz, DMSO-d6) δC: 167.8, 162.1, 155.4 (C=O, amide), 136.5, 135.9, 135.8, 134.1, 132.9, 132.1, 128.1, 127.9, 127.7, 126.2, 122.5, 122.1, 113.8 (Ar-C), 66.9 (OCH2), 26.2, 23.3, 21.5; Anal. calculated for C24H22N2O4: C, 71.63; H, 5.51; N, 6.96; Found: C, 71.54; H, 5.42; N, 7.01.
3.2.4 N-(6-amino-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-2-(2-isopropyl-5-methylphenoxy)acetamide (7b)
Compound 7b as pale yellow crystals (84% yield); Rf = 0.54 (n-hexane:ethyl acetate, 1:3, V/V); m.p = 290°C–292°C; IR(KBr) νmax (cm−1): 3436, 3350 (NH2), 3191 (NH), 1740, 1,698 (C=O, conjugated anhydride) observed as strong bands; 1H-NMR (500 MHz, DMSO-d6) δH: 10.09 (s, 1H, NH), 8.61 (d, J = 8.5 Hz, 1H, Ar-H), 8.35 (d, J = 7.0 Hz, 1H, Ar-H), 8.11 (d, J = 7.5 Hz, 1H, Ar-H), 7.71 (s, 2H, NH2), 7.60 (t, J = 7.0 Hz, 1H, Ar-H), 7.01 (d, J = 7.0 Hz, 1H, Ar-H), 6.81 (d, J = 7.5 Hz, 2H, Ar-H), 6.71 (s, 1H, Ar-H), 4.54 (s, 2H, CH2), 2.84 (m, 1H, CH), 2.19 (s, 3H, CH3), 1.10 (s, 6H, CH3-CH-CH3); 13C-NMR (125 MHz, DMSO-d6) δC: 162.5, 160.8, 154.4 (C=O, amide), 136.4, 134.1, 133.5, 133.0, 131.3, 131.2, 126.1, 124.8, 122.3, 119.7, 118.7, 113.4, 109.2 (Ar-C), 102.6 (CNH2), 66.8 (OCH2), 26.1, 23.3, 21.4; Anal. calculated for C24H23N3O4: C, 69.05; H, 5.55; N, 10.07; Found: C, 68.85; H, 5.43; N, 10.19.
3.2.5 N,N'-(1,3,5,7-tetraoxopyrrolo[3,4-f]isoindole-2,6(1H,3H,5H,7H)-diyl)bis(2-(2-isopropyl-5-methylphenoxy)acetamide) (9)
Compound 9 as yellowish-white crystals (85% yield); Rf = 0.44 (n-hexane:ethyl acetate, 1:3, V/V); m.p > 300°C; IR(KBr) νmax (cm−1): 3358 (NH), 2962 (CH), 1744, 1715 (C=O, conjugated anhydride) observed as strong bands; 1H-NMR (500 MHz, DMSO-d6) δH: 11.96 (s, 1H, NH), 11.03 (s, 1H, NH), 8.45 (s, 1H, pyromellitic-H), 8.29 (s, 1H, pyromellitic-H), 7.07–6.59 (m, 6H, Ar-H), 4.82 (s, 4H, 2CH2), 3.07 (m, 2H, 2CH), 2.27 (s, 6H, 2CH3), 1.13 (d, J = 6.5 Hz, 12H, 2CH3-CH-CH3); 13C-NMR (125 MHz, DMSO-d6) δC: 168.3, 166.8, 163.9, 163.8, 155.2 (C=O, amide), 138.4, 136.5, 135.7, 135.6, 134.9, 134.1, 126.3, 122.6, 119.7, 118.5, 118.4, 113.6, 113.5 (Ar-C), 66.7, 66.6 (OCH2), 26.3, 24.8, 23.3, 23.2, 21.5, 21.3; Anal. calculated for C34H34N4O8: C, 65.17; H, 5.47; N, 8.94; Found: C, 65.02; H, 5.34; N, 9.01.
3.3 In silico physicochemical and pharmacokinetic predictions
The method of ADMET study is provided in the Supplementary Material.
3.4 In silico molecular docking
The method of In silico Molecular Docking study is provided in the Supplementary Material.
3.5 Biological evaluation
3.5.1 Hemolytic activity assay
The hemolytic effect of different compounds was evaluated using an existing method. (Diaconu et al., 2020). One milliliter of rat blood was collected, added to a sterile, screw-top EDTA tube, and centrifuged at 3000 rpm for 20 min. The upper layer was decanted, and the erythrocytes were rinsed several times with 10 mL of cooled isotonic and sterile phosphate-buffered saline (PBS) with a pH of 7.4. The rinsed cells were re-suspended in 20 mL sterile, cold PBS. The compounds (serial dilutions of 62.5–1,000 μg/mL in DMSO) were added to the erythrocyte solution and incubated for 60 min at 37°C. After centrifugation at 3000 rpm for 10 min, the absorbance of hemoglobin in the supernatant at 540 nm was used to calculate the hemolysis rate. Triton X-100 (0.1% in PBS) was used as a positive control, and the vehicle (PBS/DMSO) was used as the negative control. The hemolysis percentage was calculated as follows: Hemolysis percentage = (Ab of sample − Ab of negative control)/(Ab of positive control–Ab of negative control) × 100.
3.5.2 Drugs
NTZ was orally administered as a reference drug at a dose of 250 mg/kg/d for 10 successive days, starting from the 7th day of infection. (Fahmy et al., 2021).
3.5.3 Preparation of Cryptosporidium oocysts
Cryptosporidium oocysts were obtained from the Parasitology Lab, Theodor Bilharz Research Institute, Giza, Egypt. Before infection, the oocysts were concentrated and counted in PBS using a hemocytometer. To maintain the organism cycle, five mice were inoculated with 3000–3500 oocysts using a tuberculin syringe in an intra-esophageal manner. (Operario et al., 2015).
3.5.4 Experimental animals
Eighty healthy laboratory-bred adult male Swiss albino mice weighing 30–40 g were purchased from the animal house of the Faculty of Pharmacy, Pharos University. The animals were allowed to acclimatize for 1 week to the environmental conditions and housed in grouped plastic cages away from direct sunlight, under appropriate sanitary conditions and controlled temperature and humidity.
3.5.5 Immunosuppression
Immune suppression was induced and maintained throughout the experiment by administering dexamethasone (Dexazone, Al Kahira Pharmaceutical and Chemical Industries) through oral-gastric gavage at a dose of 0.25 mg/g/d for 14 consecutive days prior to inoculation with Cryptosporidium oocysts. (Najoom et al., 2021).
3.5.6 Infection
On day 15 of dexamethasone treatment, mice in the infected groups were inoculated with 104 Cryptosporidium oocysts using oral-gastric gavage. Before infection, oocysts were concentrated and counted in PBS using a hemocytometer.
3.5.7 Study design
Mice were distributed equally into eight groups of 10 each. At the end of the experiment, all animals were anesthetized for parasitological, ultrastructural, immunological, and biochemical studies. Mice grouping details are provided in the Supplementary Material.
3.5.8 Parasitological examination
On the final day of the experiment (30 days post infection), fresh fecal pellets from the infected mice in each group were collected to count the number of oocysts. Every sample was homogenized through suspension in double-distilled H2O. Subsequently, a fecal smear of 1 mg feces was prepared and stained using the modified Ziehl–Neelsen staining method. The stained fecal smear was examined microscopically, and the Cryptosporidium oocysts were counted. The number of oocysts per mg feces for each mouse was tabulated as the mean value for each group. All reported data represent the means of three independent trials.
3.5.9 Ultrastructural analysis
3.5.9.1 SEM
Fecal samples from each group were harvested in a 2.5% glutaraldehyde solution and examined using a scanning electron microscope (Hassan et al., 2023) to detect morphological changes. An aliquot (20 μL) of dispersed flow cell biofilm sample was fixed in an equal volume of 5.0% glutaraldehyde in sterile 1× PBS. The samples were immobilized and attached to 0.01% poly-L-lysine (Sigma, USA) coated round coverslips (12 mm) and subjected to high-resolution imaging using an in-lens secondary electron detector at an accelerating voltage of 3 kV (Zeiss 55 VP field-emission SEM).
3.5.9.2 TEM
The small intestine of each mouse was removed, cut into small pieces (1 mm3), fixed in 2% glutaraldehyde in 0.1 M phosphate buffer, postfixed in 1% osmium tetraoxide for 2 h at 4°C, dehydrated, and embedded in Epon. Semi-thin and ultrathin sections (two samples per mouse) were prepared using an ultramicrotome. The sections were stained and analyzed using a transmission electron microscope.
3.5.9.3 Biochemical measurements
Blood samples were collected from each group, transferred into tubes, and centrifuged at 3000 rpm for 5 min. The clear, non-hemolyzed supernatant serum was separated into clean tubes and stored at −20°C until use. Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were determined using commercially available spectrophotometric diagnostic kits (Sigma-Aldrich) according to the manufacturer instructions.
3.5.9.4 Immunological measurements
Serum concentrations of IFN-γ, TNF-α, IL-6, and IL-10 for each group were determined using an enzyme-linked immunosorbent assay reader, following the manufacturer’s protocol.
3.5.9.5 Statistical analysis
The results were calculated, tabulated, and statistically analyzed using the statistical computer program SPSS version 24 (Windows 10). Data were expressed as mean ± standard deviation (SD). Differences between groups were determined using a one-way analysis of variance (ANOVA) to compare one variable across groups. The level of significance was defined as P < 0.05.
3.5.9.6 Ethics approval
The experiments were performed in accordance with the guidelines of the Institutional Animal Care and Use Committee (IACUC) at the Faculty of Medicine, Alexandria University (AU 04/24/12/30/3/03) as well as the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines. The mice anesthetized through intraperitoneal injections of ketamine hydrochloride (100 mg/kg) and xylazine (10 mg/kg).
5 CONCLUSION
This study reports the design and synthesis of novel phenoxy acetamide derivatives (5a, 5b, 7a, 7b, and 9) based on a thymol moiety for target parasitological treatments. All synthesized compounds demonstrated a reduction in oocyst counts, with compound 7b exhibiting the highest percentage reduction (67%). Moreover, all treated groups showed significant changes in the biochemical parameter levels compared with the positive control group. The mean serum levels of INF-γ, IL-6, and IL-10 were significantly reduced in all treated groups compared with the infected control group. DFT calculations indicated that compounds 5a, 5b, and 7b exhibited a high energy gap between FMOs and high dipole moment values, which may be strongly correlated with their bioactivity. Therefore, compounds 5a, 5b, and 7b represent promising candidates for the development of efficient antiparasitic drugs.
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Introduction: Neuraminidase in humans is studied to see how well repurposed oseltamivir works for treating Alzheimer’s disease (AD) using methods like molecular docking, molecular dynamic (MD) simulation, and gene expression analysis. Gene enrichment analysis was also studied to understand the behaviour of neuraminidases in humans.Methods: Molecular docking was done using oseltamivir and the neuraminidase proteins with the PyRx tool, and the results were analysed using BIOVIA Discovery Studio. MD simulation (50 ns) of the oseltamivir and neuraminidase complex was performed using GROMACS tools. The gene expression analysis and gene enrichment study were done using GEO2R, which showed the results as log FC and significant values. Enricher tool-based gene enrichment analysis was done to determine the gene behaviour related to the AD.Results: The molecular docking showed a strong connection between oseltamivir and neuraminidase (−6.5 kcal/mol), acetylcholinesterase (−7.9 kcal/mol), CDKs (−6.5 kcal/mol), and GSKs (−6.6 kcal/mol), interacting with different amino acids in the protein sequences. MD simulations showed a strong interaction between the ligand and neuraminidase, with stable measurements indicating that both the protein and ligand remained consistent in size and energy, which is better explained through the results of MM_PBSA and MM_GBSA analysis of the complex, resulting in the ΔE_vdW, ΔE_elec, ΔG_polar, ΔG_nonpolar, ΔG_gas, (ΔE_vdW + ΔEEL), ΔG_solvation: (ΔG_polar + ΔG_nonpolar) and ΔG_bind: total energies suggesting the complex stayed stable in conditions similar to those resembling natural cell. The gene expression analysis expressed TUBB3 (formation of beta-tubulin), FABP3 (regulates alpha-synuclein uptake in dopaminergic neurons), and CALM1 (calcium signal transduction pathway) to be highly upregulated in the given conditions with kinase binding (p = 0.0006541) and protein phosphatase regulatory activity (p = 0.001357) were highly upregulated, implicating their importance in the AD.Discussion: The study ends on a hopeful note for using oseltamivir to treat neurological diseases, but it suggests that future research should include a solid cell line study, an in vitro study, and a clinical study.Keywords: Alzheimer’s disease, oseltamivir, neuraminidase, molecular docking, molecular dynamic simulation, gene expression analysis, gene enrichment analysis, insilico study
INTRODUCTION
Alois Alzheimer pioneered the study of memory loss. He observed the existence of amyloid plaques and an immense harm to neurons during brain examinations of his very first patient who was suffering from cognitive loss and personality change before the patient died. Alois Alzheimer defined this particular condition as a disease of the cortical neurons in the cerebrum. Emil Kraepelin named this condition of serious concern as Alzheimer’s disease (AD), taken after the name of Alois Alzheimer (DeTure and Dickson, 2019; Breijyeh and Karaman, 2020). Advanced reduction in cognition can be brought about by cerebro-cortical disorder like AD (Kelley and Petersen, 2007). Other suggested causes are boozing, microorganism infections, anomaly of cardiovascular and/or pulmonary systems that can reduce oxygen supply to the brain, nutritional deficit, cyanocobalamin deficiency and cancers (Baazaoui and Iqbal, 2022; Holtzman et al., 2011; Rathod et al., 2016). Currently, about 50 million people are affected globally by AD. The numbers are expected to double every 5 years and to almost triple by 2050 (Livingston et al., 2020; Nichols et al., 2022). AD overburden the affected individuals, their families and countries’ economies. In fact, the total health expenditure of AD alone as per researchers is over US$1 trillion per annum (Chen et al., 2024). Until now, AD is incurable. The existing pharmacological interventions can only manage AD’s signs and symptoms (Passeri et al., 2022). Researchers classified AD as multifactorial disease; two main etiologies were hypothesised: the acetyl cholinergic and amyloid beta (Singh et al., 2024). At present, drugs which are approved to treat AD are acetylcholinesterase inhibitors and N-methyl d-aspartate (NMDA) antagonists (Barthold et al., 2020). Globally, researchers are trying to explore the mechanism involved behind the progressive neurodegeneration of cerebral cholinergic neurons, abnormal tau protein metabolism, beta-amyloid, inflammation and oxidative free radical damage. The aim is to develop promising pharmacological entities that can stop or modify the neurodegeneration in AD (Forsyth and Ritzline, 1998)
Oseltamivir is an antiviral, which acts by inhibiting viral neuraminidase that is required for the virus to be released from the host cells. Researchers reported that oseltamivir reduces inflammation. It is one of the mechanisms suggested in the reduction of influenza symptoms (Bird et al., 2015) and in the production of antipyretic effect (Treanor et al., 2000). Oseltamivir is primarily used for the treatment of influenza A and B infections. Oseltamivir’s target viral enzyme neuraminidase cleaves the sialic acid residues present terminally on carbohydrate moieties of host cell membrane and influenza virus envelop (Treanor et al., 2000). This process breaks down the membrane barriers and causes the release of progeny viruses from the host cells. Through the same process, new virion infects other cells. The neuraminidase inhibitors bring about the static infectious condition and make available these virions to the macrophages intracellularly (McKimm-Breschkin, 2013).
Sialidases are recognised as analogues to viral neuraminidase in humans, and they have been termed as human neuraminidases (hNEU). Exploration of hNEU chemistry and pharmacology revealed to exhibit the same structure and function as that of viral neuraminidase (Magesh et al., 2009; Glanz et al., 2018; Keil et al., 2022). Four isomers of sialidase, which are now known as hNEU, have been recognised, and they hydrolyse sialosides, gangliosides and glycoproteins in humans (Seo et al., 2021). These enzymes were found to play pivotal roles in different pathological states such as diabetes, (Easwaran et al., 2023a), cancers (Reddy et al., 2015) and neurodegenerative disorders (Miyagi and Taniguchi, 2008). hNEU-1 is the most abundant isoform of enzyme among all hNEU, which is present in lysosomes and plasma membrane and is a part of membrane complex (Maurice et al., 2016). hNEU-1 cleaves sialic acid from oligosaccharides and glycoproteins, and it has no effect on gangliosides. Sialidase (hNEU-2) localises in cytosol and catalyses sialic acid from verities of glycans. Sialidase (hNEU-3) is predominantly associated with plasma membrane and it selectively causes desialylation of gangliosides. Fourth isoform of sialidase (hNEU-4) exists mainly on membranes of cell organelles and possesses broad choice of glycan selectivity (Magesh et al., 2006).
Sialidases mediate cleavage reaction of glycoproteins, oligosaccharides and gangliosides. Sialidases also release sialic acid, which has been found to be involved in verities of biological processes including cancers, diabetes, neurodegeneration, inflammation and many more (Seo et al., 2021). Sialic acid releases play homeostatic as well as pathological roles. Sialic acid’s influence on neurons has been extensively studied by the researchers, and it has been found that sialidase mutations and generations of sialic acid are negatively associated with AD (Zhu et al., 2024). Sialic acid is required to activate many Siglec genes (primarily downregulated inflammation), which are required in stressful microglial environment and to protect the microglial cells (Khatua et al., 2013). However, this balance of microglial activation and inflammation disrupts in chronic cases and becomes the basis of neurodegeneration due to inflammatory upregulation (Gao et al., 2023). Sialic acid on gangliosides interacts with Ca+2 and facilitates the synaptic transmission, which in excess can lead to excitoxicity (Chahinian et al., 2024). Studies with increased serum sialic acid concentration in AD exhibited sialic to mediate the amyloid β (Aβ) association with gangliosides, which in turn leads to the Aβ plaque formation (Xiao et al., 2022). Sialic acid has been found to downregulate Siglec-3 (CD33). The stimulation of Siglec-3 is very well established in microglial protection (Puigdellívol et al., 2020).
By reviewing the abovementioned literature and other related studies about the sialidase (hNEU), we came to hypothesise that hNEU can be a good target to inhibit the neurodegeneration from multiple fronts which are opened because of neuraminidase stimulation and liberation of sialic acid. Considering the fact that oseltamivir is a viral neuraminidase (vNEU) inhibitor and sialidases in humans are the structural analogues to (vNEU), we aimed to study the impact of neuraminidase inhibitor, i.e., oseltamivir against neuraminidase and different analogues of human neuraminidase including secretases, glycogen synthase kinase, cyclin dependent kinase, protein phosphatase 2A, sialyltransferase, acetylcholinesterase, interleukin-1B and tumour necrosis factor through preliminary pharmacological and toxicity profiling, molecular docking and molecular dynamic simulations. We aim to understand the role of different genes through gene expression analysis to establish the strength of interaction of oseltamivir against various enzymes mentioned and to shed light on its behaviour resembling cellular nature and its expression in the influence of different genes which are pivotal in human biology.
METHODS
Preparing the protein for insilico processing
Proteins of interest, which play a significant role in the dysregulated metabolism, were identified as follows: neuraminidase (PDB ID: 2HTY), responsible for the entry of viral particles inside the healthy mammalian cells; (McAuley et al., 2019); beta secretase (PDB ID: 5YGX), responsible for the proteolytic cleavage of AD amyloid precursor; (Sambamurti et al., 2007); gamma secretase (PDB ID: 6YHF), responsible for the breakdown of the amyloid precursor protein to amyloid beta; (Carroll and Li, 2016); alpha secretase (PDB ID: 6BE6), responsible for the breakdown of amyloid precursor protein to soluble amyloid precursor protein alpha; (Corbo et al., 2011); glycogen synthase kinase – 3 beta (GSK3B) (PDB ID: 1PYX), responsible for the regulation of signalling post endocytic transport; (Partonen and Kushida, 2023); cyclin dependent kinase – 5 (CDK5) (PDB ID: 1H4L), responsible for organising the cytoskeleton and cellular growth; (Tian et al., 2022); protein phosphatase 2A (PP2A) (PDB ID: 1B3U), responsible for the cellular processes like autophagy, apoptosis, cell proliferation and DNA repair; (Dzulko et al., 2020); sialyltransferase (PDB ID: 5BO6), responsible for the hydrolysis of sialic acid; (Zhang et al., 2010); acetylcholinesterase (PDB ID: 1ACJ), responsible for the metabolism of acetylcholine at the synapse of two different neurons; (Volkow et al., 2001); interleukin 1B (PDB ID: 1IOB), responsible for the endocrine and reproductive dysfunction; (Baraskar et al., 2021); and, tumour necrosis factor (PDB ID: 1TNF), responsible for the modulation of various gene expression cellularly. (Schütze et al., 1992). The protein pdb files were downloaded from the RCSB PDB database (https://www.rcsb.org/) and (Berman et al., 2000) visualised through BIOVIA discovery studio (Baroroh et al., 2023) application, where the hetatms, water and co-crystals were removed and polar hydrogens were added to induce the charge around the protein structure to facilitate perfect interaction with the ligand in case of molecular docking and MD simulations.
Preparing oseltamivir as ligand
The structure of oseltamivir was downloaded in the .sdf format, which will be formatted as ligand of the study. Furthermore, it was downloaded from structural information rich databases like ‘PubChem’ directory (https://pubchem.ncbi.nlm.nih.gov/), (Kim et al., 2024) particularly oseltamivir (ethyl (3R,4R,5S)-4-acetamido-5-amino-3-pentan-3-yloxycyclohexene-1-carboxylate) (Green et al., 2008). The processing of the molecule for the conversion into the pdbqt was done by employing open babel tool (O'Boyle et al., 2011).
Identification of pharmacological and toxicological activity employing PASS tool
The prediction of activity spectra of substances (PASS) (https://www.way2drug.com/passonline/), an online tool, was selected to predict the possible activity of oseltamivir. The molecular SMILES formula was given as input in the interface of PASS, which predicts the possible pharmacological actions and toxicological activities. The structure-activity relationship was denoted by Pa: probability of activity and Pi: probability of inactivity. This approach provided an idea concerning the possible targets and activity for approaching through preparing the biomolecules of interest (enzymes) for further processing, employing molecular docking and MD simulation studies to develop an understanding with the evidence (Poroikov et al., 2007).
Performing the proteins - ligand molecular docking
The processed protein crystal structures were uploaded into the PyRx interface (https://pyrx.sourceforge.io/) and converted into pdbqt format as a macromolecule of the study (Dallakyan et al., 2015). The ligands.sdf file was uploaded through the ‘Open Babel’ and was processed into pdbqt format to make ligand molecule for molecular docking after energy minimisation. The molecular docking was performed by creating a grid dimension (Table 2), and selecting complete protein. Twenty core CPUs with effectiveness were selected, and final docked molecules were saved for further processing. BIOVIA and discovery studios were the preferred methods to analyse the results obtained after molecular docking, including the 2D structures of proteins and ligands interactions, protein-ligand interactions and pocket identification (Murugan et al., 2022; Germoush et al., 2024).
Preparing the enzyme and oseltamivir for MD simulation
Pymol interface was selected for converting the.dsv files into.pdb files. The separately imported protein and ligand files after molecular docking were joined through pymol. It was then saved in the form of pdb file for performing the MD simulation by means of GROMACS for a time period of 50 nanoseconds (ns), temperature of 300K, solvent–water, ions–sodium and chlorine, with one random seed and selected seed of seed_1234 for duality (Bytheway et al., 2008; Coutsias and Wester, 2019; Sasumana and Kaushik, 2018; Varghese et al., 2024; Yuan et al., 2017; Bekker et al., 1993).
The molecular dynamic (MD) simulation of a oseltamivir-neuraminidase complex was performed using GROMACS 2024, installed on linux (ubuntu) operating system, supported by the NIVIDIA RTX 4060 graphical processing unit and 16 GB RAM. Firstly, the topology files of the protein was generated using GROMACS compatible forcefield such as CHARMM36 and the ligand topology files were generated using Swissparam tools (Bugnon et al., 2023; Zoete et al., 2011; Yesselman et al., 2012). Secondly, the ligand-protein complex was assembled and a simulation box was defined maintaining a minimum distance of 1.0 nm from the edges. TIP3P water model was chosen to solvate the simulation box was used. Sodium and chlorine was used as counterions to neutralise the system. To reduce steric clashes, energy minimising of the system was performed employing the steepest descent algorithm, followed by two equilibration steps such as NVT and NPT for a time period of 100 ps (picoseconds) to stabilise the temperature and pressure of the system using the V-rescale and Parrinello–Rahman algorithms. The production MD simulation run was conducted for 50 ns (nanoseconds) with a time step of 2 fs under stable boundary conditions saving the results every 10 ps.
Build in GROMACS utilities were used to perform post simulation analysis. The structural stability of the complex was assessed by calculating the root mean square deviation (RMSD) of the ligand and protein over time. While flexibility was evaluated using root mean square fluctuation (RMSF) per residue and the radius of gyration was assessed to determine the compactness of the protein. Binding free energies were carried employing the gmx_MMPBSA tool, externally installed using anaconda3 packages. The MD trajectory and topology files were used for processing gmx_MMPBSA (Molecular Mechanics Generalized Born Surface Area) and gmx_MMGBSA (Molecular Mechanics Poisson–Boltzmann Surface Area) binding free energies over represented snapshots. (Miller et al., 2012). The energies included van der Waals, electrostatic, polar solvation and non-polar solvation contributions. This protocol provided insights into the stability, dynamics, and binding energetics of the ligand–protein complex.
Performing the gene expression analysis of sialyltransferase (analogue of neuraminidase)
Gene expression analysis was executed by means of GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r/), an online tool of national centre for biotechnological information (NCBI) database (https://www.ncbi.nlm.nih.gov/) for variance expression analysis of huge datasets from gene expression omnibus (GEO). Datasets were normalised and comparisons between case and control groups were achieved. Significant genes were identified based on p-values (<0.05) and log 2-fold change thresholds for the gene analysis (Kalyan et al., 2023). The GEO series accessions involving sialyltransferase genes expression data, i.e., GSE5281 (Liang et al., 2007; Liang et al., 2008a; Readhead et al., 2018; Liang et al., 2008b), were selected for the study. The gene expression data was examined using dataset GSE5281, bearing the genes responsible for the development of AD and bearing the data of 61 control samples and 44 case samples. Differential expressional analysis was performed to recognise significant gene regulated within the groups. The study was completed using Benjamini and Hochberg method with NCBI generated data following the statistically significant level cut-off of p-values (<0.05), log 2-fold change threshold ‘zero’ with volcano and mean difference plot for control group vs. case group. The results are expressed in Table 4, bearing the data of twenty highly significant genes associated with the development or that played a crucial role in the pathway related to AD.
Gene enriching analysis
To identify the biological impact of twenty significant genes derived out of GEO analysis associated with AD, the gene enrichment analysis was performed employing the enrichr tool. The significant gene codes were given as input into the enrichr interface, (Kuleshov et al., 2016; Chen et al., 2013), which integrates the data from various databases. The analysis involves selecting relevant categories like gene ontology (GO), (Ashburner et al., 2000), terms for cellular components, molecular functions and biological processes. Furthermore, disease specific annotations were explored employing Jensen diseases and Jensen tissue databases to understand the link of the genes with the AD pathology. Adjusted p-values (Padj) were used to ensure statistical significance. Combined scores, which integrate p-values and z-scores, were used to rank the enriched outcomes so that the results provide insights into the role of synaptic function, protein phosphorylation, lipid metabolism and neuroinflammation, which are critical in understanding the pathology of AD (Xie et al., 2021). The findings were visualised using volcano plots to understand and recognise key pathways and phenotypes for further investigation.
RESULTS
The PASS prediction analysis points out several important pharmacological activities with high probable activities (Pa) and low possibility of inactivity (Pi), which suggests the oseltamivir is highly active against the targets like Neuraminidase inhibitor (Pa = 0.931) and Alpha-N-acetylglucosaminidase inhibitor (Pa = 0.455). The aforementioned targets could be of prime interest as the enzyme may be involved in the transferase reaction and may result in the production of abnormal proteins. Three different variants were identified based on the mutated gene expression, which could result in the development of neuronal disorders (Alroy et al., 2014). Inhibition of enzymes, highlighting its role in neuronal protection, misrepresentation or misexpression of the gene related to this enzyme, may result in neurological disorders, which is the point of interest of the current study Deficiency of the said enzyme may result in various other neurological disorders (Zhao and Neufeld, 2000). Additionally, it may result in toxicities like metabolic acidosis (0.511), sneezing, twitching, weight loss, hypocalcemia, dyspnea, gastrointestinal disturbance, ototoxicity, sensitization and thrombophlebitis with lower intensity, which are needed to be taken care of during the evaluation of the study. These activities express oseltamivir’s resourcefulness and therapeutic potential in diverse biological contexts related to Alzheimer’s disease (Table 1). (Annexure 1).
TABLE 1 | The activity prediction of oseltamivir.
[image: Table displaying pharmacological activity and toxicity predictions. The pharmacological section lists predicted activities like neuraminidase inhibitor and antiviral, with values for probability (Pa) and inactivity (Pi). The toxicity section lists activities like acidosis and sneezing, with corresponding Pa and Pi values. Data derived from the PASS program.]Molecular docking
The oseltamivir interacted with neuraminidase at a hydrogen bond length of 2.06Å with GLU C:174, expressing the lowest binding score of −6.5 kcal/mol at given grid values mentioned in Table 2. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with ARG C:172 along with six other amino acids. The oseltamivir also interacted with beta secretase at a hydrogen bond length of 1.86Å with TYR A:71, expressing the lowest binding score of −6.2 kcal/mol. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with ILE 118 along with nine other amino acids. The oseltamivir interacted with gamma secretase as well at a hydrogen bond length of 3.02Å with ALA 42, expressing the lowest binding score of −3.5 kcal/mol, a bit weaker interaction in comparison with other proteins. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with ILE 45 along with three other amino acids. Similarly, the oseltamivir interacted with alpha secretase at a hydrogen bond length of 2.14Å with ARG A:239, expressing the lowest binding score of - 6.4 kcal/mol. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with THR A:238 along with eight other amino acids. The oseltamivir interacted with glycogen synthase kinase 3 beta (GSK-3B) too at a hydrogen bond length of 2.05Å with GLY B:202, expressing the lowest binding score of - 6.6 kcal/mol. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with LYS A:292 along with six other amino acids. Additionally, the oseltamivir interacted with cyclin dependant kinase 5 (CDK-5) at a hydrogen bond length of 2.87Å with ASP A:86, expressing the lowest binding score of - 6.3 kcal/mol. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with 10 other amino acids. There was also an interaction of oseltamivir with protein phosphatase 2A (PP2A) at a hydrogen bond length of 1.94Å with ARG A:104, expressing the lowest binding score of - 5.5 kcal/mol. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with 12 other amino acids. Correspondingly, the oseltamivir interacted with sialyltransferase at a hydrogen bond length of 2.12Å with THR B:194, expressing the lowest binding score of - 6.4 kcal/mol. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with six other amino acids. In the same manner, the oseltamivir interacted with acetylcholinesterase at a hydrogen bond length of 2.55Å with TRP A:84, expressing the lowest binding score of - 7.9 kcal/mol, which is the highest binding affinity of the current study. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with 19 other amino acids. Adding to the list, the oseltamivir interacted also with interleukin 1B at a hydrogen bond length of 2.02Å with LEU A:62, expressing the lowest binding score of - 5.3 kcal/mol. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with nine other amino acids. Lastly, the oseltamivir interacted with tumour necrosis factor - alpha at a hydrogen bond length of 2.37Å with SER C:99, expressing the lowest binding score of - 7.4 kcal/mol, which is also one of the best results of the current study. Further, the interaction between protein and ligand was formed even through Vander wall’s interaction with 14 other amino acids. (Table 2) (Figure 1).
TABLE 2 | Protein (Neuraminidase) -Ligand (Oseltamivir) Docking Results of ‘PyRx Python Prescription 0.8’ Analysed Through ‘BIOVIA-Discovery Studios Visualiser v.21.1.0.20298’.
[image: A table titled "Various receptor enzymes associated with Alzheimer's as target proteins and oseltamivir as ligands" lists ligands, proteins, affinity scores, interactions, and grid dimensions. Each entry includes a protein illustration and details such as RMSD values, interactions, hydrogen bonds, amino acids, and center dimensions for neuraminidase, beta secretase, gamma secretase, alpha secretase, GSK-3B, CDK-5, PP2A, sialyltransferase, acetylcholine-esterase, interleukin 1B, and TNF alpha.][image: Molecular visualization showing a protein-ligand interaction with detailed structural representations. The left and center images display 3D structures with bonds, helices, and interaction distances highlighted in green and purple. The right diagram shows a 2D interaction map, indicating various amino acids, including leucine, valine, and cysteine, with color-coded lines representing interactions such as van der Waals forces and hydrogen bonds.]FIGURE 1 | shows the interaction between the ligand (oseltamivir) and the enzyme protein (neuraminidase); first from left shows the receptor interaction with ligand, middle image shows the protein interactive pocket atoms with ligand and the third image shows the 2D illustration of amino acids interacting with ligand through hydrogen, Vander Waal’s, among other interactions.
The summary of the dual MD simulation (random simulation and seed_1234) of the oseltamivir-neuraminidase complex is explained in Table 4, which consist a of binding free energies components as integral part of MM-PBSA analysis. Significant high magnitude of van der Waals interactions (ΔE_vdW) changed form the negligible phase in pre-dynamic MM-PBSA (−0.00 ± 1.26 for random and 0.00 ± 0.40 for seed_1234) to a considerable negative value post-simulation (−20.22 ± 0.73 and −19.05 ± 0.50), which indicates high binding confirmation and attractive ness between the ligand and protein. Similar observations were noticed for electrostatic interactions (ΔE_elec), the energy quotient shifts from negligible to highly promising post-dynamic i.e., −284.37 ± 0.95 for random and −255.35 ± 1.46 for seed_1234, these results confirm the strong bonding between the ligand and protein. However, in case of polar solvation energy (ΔG_polar) the post simulation results of random seed was increased and seed_1234 was decreased, showing a system determined correction was pointed to the seed_1234 simulation being more favourable. The total gas-phase energy (ΔG_gas), transforms in to significantly favourable value post simulation, indicating stronger intermolecular connections in the complex environment. Finally, the binding free energies (ΔG_bind) change from the positive in pre-MM-PBSA value to negative in post MM-PBSA value exhibits improved binding characteristics post molecular dynamics.
The results MM-GBSA analysis of pre and post dual MD simulation of random seed and seed_1234 for determining their binding free energies is expressed in Table 5, the van der Waals interaction energy (ΔE_vdW) demonstrated shift from undermined values in pre dynamic simulation (0.00 ± 0.00 random and −0.00 ± 0.00 seed_1234) to recognisable post dynamic simulation (−18.78 ± 0.01 for random and −19.18 ± 0.78 for seed_1234) values representing better packing between ligand and protein post simulation. Electrostatic interactions (ΔE_elec) showed similar results, shifting from insignificant range of values to desirable values (−266.20 ± 0.46 for random and −259.86 ± 1.81 for seed_1234) post simulation. Conclusively, the total binding free energies (ΔG_bind) remained constantly negative in both pre and post MM-GBSA states, suggesting the stable and promising binding between the ligand and protein.
The MM-GBSA decomposition analysis for the ligand and protein complex, pre and post MD simulations in random and fixed (seed_1234) conditions revealed that key amino acid fragments such as GLU:276 and GLU:277 developed strong interactions in pre-MD simulation analysis with values −10.36 and −11.98 kcal/mol under random conditions. A great shift in the energies of the amino acids was identified in post MD simulation, i.e., GLU:276 reaching −15.61 kcal/mol and GLU:277 displaying a positive value of 3.87 kcal/mol, highlighting important changes. Residues like ARG:224 and ARG:292 better binding energies post MD simulations and LEU:134, TRP:178, SER:179, and ILE:222 maintained constant negative energies throughout simulations.
The interaction of ligand, oseltamivir, and enzyme protein, neuraminidase, was analysed through molecular dynamic simulation employing GROMACS tool. Various crucial parameters have been identified such as RMSD, radius of gyration (Rg), Vander Waal’s surface area (VSA) and the potential energy of the complex (PE). The protein RMSD ranged for Protein: P: 0.128424–0.493372 nm, ligand 0.122013–0.838708 nm under random seed simulation and under seed_1234 simulation it ranged from Protein 0.161276–2.858013 nm and Ligand 0.208401–3.217241 nm, which explains that the ligand-protein complex has undergone minimal structural disorientation and exhibited stable binding throughout the test. The radius of gyration remained constant between for protein at a range of 3.391135–3.518412 nm and for the ligand at a range of 0.354091–0.37452 nm under random simulation conditions, however, the protein and ligand showed the radius of gyration of about 3.390434–4.271447 nm and 0.341893–0.371202 nm under seed_1234 simulation conditions which explains minimal disorientation in seed_1234 simulation. The RMSF of protein and ligand under random and seed_1234 MD simulation conditions exhibited a value of P: 0.0451–0.2189 nm, L: 0.0153–0.1925 nm for random simulation and P: 1.2986–2.2136 nm and ligand L: 0.0160–0.2210 nm under seed_1234 simulation conditions exhibiting vigorous molecular interactions between the ligand and protein in a complex, which justify the results expressed in Tables 2, 3. Through this current simulation results, it is evident that the oseltamivir forms a stable and favourable bond with the enzyme protein like neuraminidase, which underscores the oseltamivir as a suitable candidate for development of pharmacophore against the enzyme protein of neuraminidase (Figure 2).
TABLE 3 | Molecular dynamic (MD) simulation of oseltamivir and neuraminidase.
[image: Table comparing molecular dynamics parameters for neuraminidase with oseltamivir using different seeds. It shows root mean square deviation (RMSD), root mean square fluctuations (RMSF), and radius of gyration (Rg) in nanometres for two seeds: random and Seed_1234. RMSD and RMSF values are given separately for protein (P) and ligand (L). RMSD ranges from 0.128424 to 2.858013 nm, RMSF from 0.0451 to 2.2136 nm, and Rg from 3.354091 to 4.271447 nm. A note indicates nm as nanometers, P as protein, and L as ligand.][image: Six graphs depict molecular dynamics analyses. The first two show RMSD of ligand and protein over time, with variations between random and specific seed conditions. The next two depict RMSF of ligand and protein by atom number, illustrating fluctuations. The final two graphs show the radius of gyration for ligand and protein over time, indicating structural compactness changes with different conditions.]FIGURE 2 | Represents the molecular dynamic simulation interactions of the ligand and protein complex as RMSD of protein and ligand, RMSF of protein and ligand, radius of gyration.
Through these results, it can be explained that targeting the neuraminidase can ensure effective modulation of pathological pathway related to AD (Du et al., 2024), as neuraminidase or similar enzymes like sialic acid modifying agents are involved in neurodegenerative pathways (Zhang et al., 2023).
The dataset validation performed through GEO employing the accession number GSE5281 and focusing on the gene expression related to the Alzheimer’s disease for sialyltransferase, which is an analogue of neuraminidase in humans, has shown significant differential expression results. Based on their low p-value and high log fold-change (Log FC) ranging between 6.25 × 10−10 to 3.92 × 10−8, significant statistical evidence for changes related to gene expression was found. The log FC values of 1 shows two folds, 1.5 three folds and 2 four folds in the gene upregulation in the given dataset. The significantly expressed genes like tubulin beta 3 class III (TUBB3) and synaptosome associated protein 25 (SNAP25) are important for normal neuronal structure and function even at the synaptic level (Duly et al., 2022; Olsson et al., 2011), the processes which are dysregulated in AD. The four folds upregulation of ubiquitin C-terminal hydrolase L1 (UCHL1) and PPP2R2D, a subunit of protein phosphatase 2A, suggests altered signalling pathways and protein turnover in human brain (Bishop et al., 2016), which are associated with neurodegenerative diseases. The neurexin 3 (NRXN3) and calmodulin 1 (CALM1) are associated with synaptic connectivity, calcium signalling and disrupting, which are highly associated with AD. (Mu et al., 2024; Chin and Means, 2000) Other genes like fatty acid binding protein 3 (FABP3), (Lee et al., 2020), which represents the lipid metabolism, and somatostatin (SST) (Samson et al., 2008) have neuromodulatory function highly affecting the cognitive processes. Dysregulation of which may develop the AD. (Samson et al., 2008) Aggregation of certain protein and inflammation of developing genes such as reticulon 3 (RTN3) (Grumati et al., 2017) and C1q and tumour necrosis factor-related protein 4 (C1QTNF4) (Vester et al., 2021) can act as central to the development and prognosis of AD. Through this analysis, the network of dysregulated genes involved in synaptic function, neuroinflammation, calcium function and protein homeostasis can be explained. The significant alteration in the gene expression and homeostasis emphasises potential targets for novel therapeutic intervention in relation to AD. (Table 4) The volcano plot expresses the differential expressing gene between Alzheimer’s disease samples and normal samples obtained from the dataset GSE5281 (Figure 3), which shows distinct upregulated and downregulated genes in the context of AD. In the log FC values, positive values (red) show upregulated genes while negative values (blue) show downregulated genes. The y-axis (p-value) shows the significance of the study samples, where the non-significant genes are shown in grey colour. These genes may be involved in inflammation, synaptic dysfunction, amyloid metabolism or impaired neuroprotection. These findings provide potential biomarkers for the development of novel therapeutic agents. (Annexure II).
TABLE 4 | Results of pre and post MM-PBSA binding free energy components in kcal/mol of the MD simulated molecular complex of Oseltamivir and Neuraminidase.
[image: A data table compares energy components across different conditions for MM-PBSA calculations. It includes mean and standard deviation values with random seed and Seed_1234 for pre and post calculations. Energy components include van der Waals, electrostatic, polar and non-polar solvation, energy in vacuum, total solvation energy, and total binding free energy. Detailed descriptions for each energy component are provided below the table.][image: Volcano plot depicting gene expression data from the GSE5281 dataset, contrasting Alzheimer's disease and the normal aged brain. The x-axis represents log2(fold change), the y-axis is -log10(p-value). Blue and red dots highlight significant genes with Padj<0.05, showing differential expression.]FIGURE 3 | Volcano plot of gene expression related to sialyltransferase; red colour shows the upregulation of genes and the blue colour shows the downregulation of genes.
The enricher-based analysis of 20 highly significant genes has revealed an enriching analysis of genes implicated in Alzheimer’s disease, highlighting significant association among the cellular components, molecular function, mammalian phenotypes, tissues and related diseases. Within the cellular components, vesicles (adjusted p-value = 0.04964, combined score = 115.27) and glutamatergic synapses (adjusted p-value = 0.04964, combined score = 200.25) emerged as critical, emphasising the known roles of synaptic dysfunction in AD. In molecular function, kinase binding (adjusted p-value = 0.03205, combined score = 89.70) and protein phosphatase regulator activity (adjusted p-value = 0.03324, combined score = 278.70) highlighted the disruption in protein phosphorylation as a tau-related AD precursor (Iqbal et al., 2010). Long chain fatty acid binding and phosphoserine residue binding showed strong results (adjusted p-value = 0.04964 for both, combined scores = 828.65), suggesting metabolic and post-translational monitoring dysregulation. In the case of mammalian phenotype level, the abnormal peripheral nervous system synaptic transmission with values (adjusted p-value = 0.008775, combined score = 3208.63) and abnormal endplate potential with values (adjusted p-value = 0.01166, combined score = 1658.66) were significant, which is consistent with the impact of AD on the synaptic transmission. Decreased paired-pulse facilitation with values (adjusted p-value = 0.01781, combined score = 961.11) proves impaired synaptic plasticity, further assisting neurodegeneration. From the tissue specific analysis, the cortex of the brain (adjusted p-value = 0.0001872, combined score = 511.81) and the ganglia with values (adjusted p-value = 0.0007525, combined score = 280.10) showed significant involvement, which are shown to be critically affected in AD. Within the disease association, strong links were noticed related to brain disease, pineoblastoma, dumping syndrome and dysembryoplastic neuroepithelial tumour, hinting at overlapping pathways of neurodegeneration. The analysis has given a hint related to the metabolic causes of the development of AD, where neuraminidase analogues like sialyltransferase plays a crucial role in disrupting the metabolism of various proteins and lipids. Hence, the enricher-based analysis of highly significant genes has revealed various potential targets for the novel development of therapeutic agents (Table 5).
TABLE 5 | Results of pre and post MM-GBSA binding free energy components in kcal/mol of the MD simulated molecular complex of Oseltamivir and Neuraminidase.
[image: Energy components table comparing pre and post MM-GBSA values for random seeds and Seed_1234. Components include van der Waals, electrostatic, polar and nonpolar solvation, gas-phase energy, total solvation, and total binding energy, with mean and standard deviation values provided. Footnotes explain the terms: van der Waals interaction, electrostatic interaction, solvation free energy, gas-phase energy, total solvation, and total binding energy.]DISCUSSION
Oseltamivir, which inhibits neuraminidase and facilitates the viral entry into the cells, disarranges sialic acid from the glycoproteins. The sialic acid is also produced by the action of various human enzymes, such as secretases, glycogen synthesis kinases, cycling dependent kinases, protein phosphatase 2A, sialyltransferase, acetylcholinesterase, interleukin 1B and tumour necrosis factor, which plays a vital role either in the formation of insoluble sialic acid or in the production of neurodegeneration through inflammation. Hence, the current study was taken up to analyse the inhibitory potential of oseltamivir against all of the enzymes or cytokines related to Alzheimer’s disorders.
The PASS online tool was used to predict the pharmacological activity of a compound. It was predicted that oseltamivir functions as neuraminidase inhibitor and that it was a preferred antiviral agent against influenza A and B viruses. The ‘Pa’ values exceeding 0.9 were well-aligned with documented role of oseltamivir. A study published by Patricia et al. highlighted the antiviral activity of oseltamivir against influenza (Schirmer and Holodniy, 2009). The findings of this study confirmed the mechanism of action, which helped us in choosing the required topic.
However, the secondary activities such as macrophages stimulation (Hama, 2016) and alpha-N-acetylglucosaminidase inhibition had to settle with lower Pa values, which could be considered as the off-target effects and related to oseltamivir. The secondary activities are not yet well-developed or published, which opens up a potential change of studying the molecular-related activities concerning other diseases for the patient’s safety (Easwaran et al., 2023b).
The toxicity prediction has expressed that the oseltamivir may develop metabolic acidosis (Pa = 0.511), twitching (Pa = 0.517) and dyspnoea (Pa = 0.375). These effects were also noted in the clinical setting with higher doses or with prolonged use of oseltamivir. A published meta-analysis highlights gastrointestinal disturbances and no neuropsychiatric effects of oseltamivir in patients. Such studies confirm the application of oseltamivir with proper dose management (Malosh et al., 2017). Certain predicted toxicities, like thrombophlebitis and ototoxicity, lack substantial clinical evidences. To overcome these limitations of the insilico studies, a necessary clinical validation is recommended. Further, a published study explains that the adverse events related to oseltamivir are milder in intensity, which can be managed clinically (Smith et al., 2011). Nevertheless, the concerns raised by the predictive models as a part of insilico studies cannot be counted less. Hence, a thorough discussion and drug repurposing must be considered (Jhee et al., 2008). In order to avoid the adverse drug reactions or drug interactions of the oseltamivir with those that are milder in action, the drug can be formulated into a lipid or polymer-based carriers as targeted drug. Delivery system implicates its action directly in the targets like neuraminidase analogues or acetylcholinesterase (Farid and Jaffar, 2019; Farid and Jaffar, 2020; Fouad et al., 2017; Jaffar and Farid, 2019) for the application of novel molecules clinically in order to improve the quality of life of those with neurological disorders (Srujana et al., 2017).
The molecular docking studies that employed the PyRx revealed a wide range of binding affinities of oseltamivir to various proteins, included those which are of importance in Alzheimer’s disease. One such target of oseltamivir was acetylcholinesterase (−7.9 kcal/mol), followed by TNF-alpha (−7.4 kcal/mol), GSK-3B (−6.6 kcal/mol) and neuraminidase (−6.5 kcal/mol). These findings suggest the potential off-target interactions of oseltamivir outside its main mechanism of action and antiviral target (Walczak-Nowicka and Herbet, 2021).
Binding affinity to acetylcholinesterase and neuraminidase is particularly important as it highlights the possible role of oseltamivir in controlling cholinergic pathway and neurodegeneration, which explains the involvement of acetylcholinesterase in the development of Alzheimer’s disease (Walczak-Nowicka and Herbet, 2021). The observations of the current study provide high binding affinity of the oseltamivir with acetylcholinesterase; the said action can be validated through the pre-clinical or clinical investigations. Furthermore, the binding affinity of oseltamivir with neuraminidase of −6.5 kcal/mol was consistent with the role of oseltamivir as neuraminidase inhibitor. The observed amino acid interaction with ARG C:172 and GLU A: 128 confirms stable ligand binding aligning with structural studies of Larisa et al (Gubareva and Mohan, 2022) Comparatively, the binding energies with beta and alpha secretase suggest weaker but potentially significant interaction with amyloid precursors protein-processing enzymes. These findings align with the results provided by Kioke et al., that antiviral agents may provide neuroprotective effect through off-target interactions, i.e., sialidase (Hata et al., 2008).
The stability of neuraminidase-oseltamivir complex was confirmed by molecular dynamic simulations studies, as evident RMSD values for Protein: 0.128424–0.493372 nm, ligand 0.122013–0.838708 nm under random seed simulation and for seed_1234 simulation it ranged from Protein 0.161276–2.858013 nm and Ligand 0.208401–3.217241 nm confirming stability of the complex. The result of radius of gyration (for protein at a range of 3.391135–3.518412 nm and for the ligand at a range of 0.354091–0.37452 nm and 3.390434–4.271447 nm and 0.341893–0.371202 nm for seed_1234 simulation) further supports the structural stability of the complex. These findings can be related to the results of a research study published by Putra et al. (2018), which demonstrated similar RMSD for the neuraminidase inhibition forming protein-ligand complex. These results are similar with other earlier published computational studies, affirming strong interaction of oseltamivir with the primary target, i.e., neuraminidase. Similarly, the RMSF values P: 0.0451–0.2189 nm, L: 0.0153–0.1925 nm for random simulation and P: 1.2986–2.2136 nm and ligand L: 0.0160–0.2210 nm under seed_1234 explains extensive molecular interactions, which further validates the oseltamivir’s potency as neuraminidase inhibitor (Abdullahi et al., 2023).
Moreover, with regards to the acetylcholinesterase, the binding energies (-7.9 kcal/mol) also stands as an add-on to the off-target effects of oseltamivir. Combination of inhibition of neuraminidase and acetylcholinesterase in humans may prove to be beneficial in the management of neurological disorders like Alzheimer’s disease (Khunnawutmanotham et al., 2024).
Analysis of the results obtained post MD simulation MM-PBSA and MM-GBSA revealed increased binding affinities of the oseltamivir with Neuraminidase complex. Important energy components such as van der Waals (ΔE_vdW), electrostatic (ΔE_elec) interactions have shown a shift form the negligible (0 ± 0.00) to a favourable value in both productions and trajectories. Which indicates a stronger ligand-protein interactions post MD simulations. On the other hand, polar solvent energy (ΔG_polar) was identified with variable changes, and non-polar energies remains consistently constant. The total binding energies (ΔG_bind) became significantly favourable in random as well as seed_1234 simulations, which confirms improved complex stability. Decomposition level MM-GBSA analysis highlighted critical moieties like GLU:376, GLU:277 and LIG:469 with great shifts in the residual energies of ARG224 and ARG292 post MD simulations. These finding emphasize the value of MD simulations in capturing realistic energetic and structural refinements in ligand binding (Tables 5, 6).
TABLE 6 | Results of pre and post MM-GBSA binding free energy components in kcal/mol of the MD simulated molecular complex of Oseltamivir and Neuraminidase.
[image: Table presenting simulation results for various residues. Columns are labeled: "Random seed pre-simulation results," "Random seed post-simulation results," "Seed_1234 pre-simulation results," and "Seed_1234 post-simulation results." Each section includes "Total Avg." and "Total Std. Dev." The table lists residues such as ARG:118, GLU:119, and LEU:134 with respective data points.]The genes, which play a vital role in the TUBB3 (formation of beta-tubulin), FABP3 (regulates alpha-Synuclein uptake in dopaminergic neurons) and CALM1 (Calcium signal transduction pathway) in Alzheimer’s disease, were upregulated. These findings align with the earlier studies published by Shu et al., which reported similar gene expression patterns in AD. The upregulation of neuronal structure and calcium signalling pathways provides further insights into the molecular basics of AD (Wang et al., 2012). Oseltamivir’s potential to modulate the gene expression, particularly in sialyltransferase-related pathways, requires further investigation (Fang et al., 2014). The current study does not directly demonstrate the ligands’ impact on the genes. The observed docking ability of ligand against sialyltransferase (−6.4 kcal/mol) suggests a possible role in controlling glycosylation process related to neurodegeneration. This aligns with the study published by Jannis et al., which highlights the importance of sialylation in brain function and pathological development (Wißfeld et al., 2024) (Tables 7, 8).
TABLE 7 | Gene expression analysis of sialyltransferase gene with accession number GSE5281.
[image: Table presenting gene expression data related to Alzheimer’s disease from accession number GSE5281. It includes 61 control samples and 44 case group samples. Columns provide information on gene ID, adjusted P-value, log fold change (Log FC), gene symbol, and gene title, listing various genes like TUBB3, CD2BP2, and UTP4 with details about their expression and functions.]TABLE 8 | The results of significant gene expression from the data of 20 highly upregulated and significantly expressed genes.
[image: Table detailing various biological categories, each with indices, names, p-values, adjusted p-values, odds ratios, and combined scores. Categories include cellular components like vesicle and glutamatergic synapse, molecular functions such as kinase binding and omega peptidase activity, mammalian phenotypes, Jensen tissues, and Jensen diseases including brain disease and pineoblastoma. Values vary across p-values, adjusted p-values, odds ratios, and combined scores, highlighting statistical significance and potential biological relevance.]Functional enrichment analysis revealed significant association with molecular function, such as kinase binding (p = 0.0006541) and protein phosphatase regulatory activity (p = 0.001357). These findings explore the role of oseltamivir in modulating signal pathways indirectly through protein interactions. Additionally, the action on the cellular components, such as vesicle and glutaminergic synapse, underlines the potential impact of oseltamivir on synaptic transmission. Furthermore, the association of oseltamivir’s activity with brain cortex cell lines and disease such as dysembryoplastic neuroepithelial tumour (p = 0.007179) raises a point regarding the higher implications of the oseltamivir use in neurological conditions. These findings also align with the earlier published studies by Pamela et al., which reported off-target effects on the neural pathways. However, a thorough experimental validation is still required to justify these activities obtained through in silico studies (Ferreira et al., 2020).
CONCLUSION
The current study aims to explore the impact of oseltamivir as an inhibitor on neuraminidase and its analogues in humans, along with the significant genes and pathways involved in the AD. The results highlight the binding affinities of oseltamivir with neuraminidase, acetylcholinesterase and sialyltransferase, along with the importance of synaptic functions, vesicle transport and kinase-regulating genes, suggesting their pivotal role in the progression of AD. The binding affinities, synaptic functions, vesicle transport and kinase regulating are prior expressed in various research publications linking to cognition decline and development of AD. The identified enzymes can be considered as important molecular targets for developing novel drugs to treat AD in humans. However, a small number of target proteins and insilico methods employed in the study needs to be validated experimentally. Future research anchoring on the same idea should focus on the understanding of molecular mechanisms and clinical validations to solidify the findings with the therapeutic potential of these targets in AD. The current study provides a deeper understanding of the various patterns related to AD, which could help in the future development of novel agents.
LIMITATIONS AND FUTURE DIRECTIONS
This study provides comprehensive yet limited insights regarding oseltamivir’s pharmacology and toxicology profile. The insilico predictions and docking studies require experimental validations to confirm their applicability in clinical settings. Additionally, the observed gene expression analysis and pathway association are correlative and do not establish causality.
Future studies should focus on experimental validation of the pharmacological and toxicological activities predicted related to oseltamivir, along with its off-target interaction. For oseltamivir repurposing, both in vitro and in vivo studies are required to confirm its effect on the neurological pathways and to correct the neurological diseases. Additionally, integrating multi-omics data such as proteomics and metabolomics could possibly elucidate the molecular mechanisms highlighting oseltamivir’s pharmacological effects. However, through this study, the potential pharmacological, toxicological and gene regulatory activities of the oseltamivir are uncovered as neuraminidase inhibitor. Likewise, the potential secondary activities and off-target interactions are also uncovered. These findings provide a broader therapeutic applications and safety profile of oseltamivir. Moreover, experimental validation is being considered in collaboration with renowned research institutes and we hope to explore this aspect in the upcoming series works.
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Introduction: Multitargeted anticancer agents can overcome resistance by simultaneously modulating key pathways. This study reports a novel thiazole -chalcone/sulfonamide hybrid (compound 7) designed to inhibit both tubulin polymerization and carbonic anhydrase IX (CA IX).Methods: Compound 7 was synthesized through a five-step sequence and characterized by NMR and elemental analysis. Its cytotoxicity was assessed against cancer (HT-29, A549, 786-O, MCF-7) and normal (WI-38) cell lines. Tubulin polymerization and CA isoform inhibition (I, II, IX, XII) were evaluated. Apoptosis induction was confirmed by measuring p53, Bax, Bcl-2, and caspases 3 and 9. Molecular docking, ADMET, and DFT studies supported mechanistic insights.Results and discussion: Compound 7 showed potent activity against HT-29 cells (IC50 = 0.98 μM) and low toxicity toward WI-38 cells. It inhibited tubulin polymerization (IC50 = 2.72 μM) and selectively targeted CA IX (IC50 = 0.021 μM) and CA XII, while sparing CA I and II. Apoptotic effects were confirmed by increased p53 and Bax, reduced Bcl-2, and activation of caspases. Docking studies revealed key interactions within the colchicine-binding site of tubulin and CA IX’s zinc-binding pocket. ADMET and DFT results supported its drug-like properties and electronic suitability. These findings suggest that compound 7 is a promising lead for dual-targeted anticancer therapy with selective cytotoxicity and mechanistic efficacy.Keywords: thiazole, chalcone, sulphonamide, tubulin, carbonic anhydrase, cytotoxicity, apoptosis
1 INTRODUCTION
Cancer is a complex and heterogeneous disease involving multiple dysregulated pathways that contribute to uncontrolled proliferation, evasion of apoptosis, angiogenesis, and metastasis (Hanahan and Weinberg, 2011; Vogelstein et al., 2013). Traditional chemotherapeutics often target a single pathway, which can be bypassed by cancer cells, leading to resistance and limited long-term efficacy. Among other advanced theranostic methods (Sgouros et al., 2020; Klika et al., 2021; Makarem et al., 2019), multitarget-directed ligands (MTDLs) have emerged as a promising strategy, offering the ability to modulate multiple cancer-related targets with a single compound (Doostmohammadi et al., 2024; Brindisi et al., 2022). This approach enhances therapeutic efficacy, reduces the likelihood of resistance, and improves treatment outcomes compared to monotherapies or combination regimens. Thus, the rational design of multitarget anticancer agents holds great potential in cancer drug discovery, enabling the simultaneous disruption of multiple tumor-promoting mechanisms and providing a comprehensive approach to address the complexity of tumor biology (Li et al., 2021; Lembo and Bottegoni, 2024).
Among the diverse molecular targets explored in recent years, carbonic anhydrase (CA), particularly the tumor-associated isoforms IX and XII, has garnered significant attention (Supuran, 2018). These membrane-bound enzymes are crucial for regulating pH homeostasis in hypoxic tumor microenvironments by the reversible hydration of carbon dioxide (Mboge et al., 2018). Overexpression of CA IX, driven by hypoxia-inducible factors, is strongly associated with tumor aggressiveness, poor prognosis, and resistance to conventional therapies, as it facilitates extracellular acidification and promotes invasion and metastasis (Chiche et al., 2008). Selective inhibition of CA IX/XII disrupts the acidic pH gradient essential for tumor survival, leading to impaired proliferation and increased sensitivity to other anticancer agents while sparing normal tissues (Neri and Supuran, 2011; Lou et al., 2011).
Sulfonamides represent the most extensively studied class of CA inhibitors (Carta et al., 2014; Khokhlov et al., 2023), with several derivatives demonstrating promising anticancer activity through selective inhibition of CA IX/XII (McDonald et al., 2022). The ureido-substituted sulfonamide SLC-0111 has advanced to Phase Ib/II clinical trials for metastatic pancreatic cancer, demonstrating the clinical viability of this approach (Kalinin et al., 2021). In recent investigations, the structural optimization of sulfonamide frameworks has led to the development of significantly improved inhibitors. Compound I displayed stronger inhibition than SLC-0111 against CA IX and exhibited potent antiproliferative activity against HCT-116 and MCF-7 cells (Elbadawi et al., 2021). Compound II, a benzofuran-based sulfonamide, exhibited exceptional CA IX selectivity with a Ki of 5.5 nM and favorable selectivity over CA II (Shaldam et al., 2021). The thiadiazole analogue III demonstrated a Ki of 7.9 nM against CA IX, outperforming SLC-0111 (Ki = 45 nM) (Abo-Ashour et al., 2019). Furthermore, compound IV, a pyrazole benzenesulfonamide, exhibited potent inhibition of CA XII with an IC50 of 0.101 μM and notable anticancer efficacy across several tumor cell lines (Ahmed et al., 2023). Lastly, compound V, a 1,2,3-triazole benzenesulfonamide, achieved a Ki of 0.03 μM for CA IX and demonstrated dual cytotoxic activity against MCF-7 and Hep-3B cells with high selectivity indices (Abdelhakeem et al., 2024). Examples of such sulfonamide-based inhibitors are illustrated in Figure 1.
[image: Chemical structures of six compounds labeled as SLC-0111, I, II, III, IV, and V are shown. Each structure includes various molecular components such as benzene rings and functional groups. Red highlights indicate specific chemical groups within the structures.]FIGURE 1 | Examples of reported sulphonamides as carbonic anhydrase inhibitors.
In addition to targeting metabolic adaptation, disrupting mitotic progression has long been an effective strategy in cancer treatment (van Vuuren et al., 2015). Among the most validated targets in this context is tubulin, a structural protein essential for the formation of the mitotic spindle and cell division. The dynamic polymerization and depolymerization of microtubules during cell cycle progression render tubulin particularly susceptible to pharmacological intervention (Jordan and Wilson, 2004). Tubulin-binding agents, such as paclitaxel and vinblastine, have demonstrated significant clinical efficacy by inducing mitotic arrest and apoptosis in rapidly dividing cells (Dumontet and Jordan, 2010). However, limitations, including dose-limiting toxicities and the emergence of resistance mechanisms (Kavallaris, 2010)—such as changes in β-tubulin isoforms and increased drug efflux—highlight the need for novel tubulin inhibitors with improved specificity and tolerability.
In response to these challenges, various heterocyclic scaffolds have been explored for their ability to disrupt tubulin dynamics (Hawash, 2022; Elshamsy et al., 2023), with thiazole derivatives standing out as particularly promising candidates. Thiazole derivatives, a class of nitrogen- and sulfur-containing heterocycles, have emerged as valuable pharmacophores in anticancer drug discovery (Kaur and Jaitak, 2022) due to their structural rigidity, electronic properties, and ability to engage in specific interactions with biological targets. In particular, their affinity for the colchicine-binding site on tubulin has made them attractive scaffolds for designing inhibitors of tubulin polymerization (Figure 2). The disruption of microtubule dynamics by these agents leads to mitotic arrest and apoptosis in cancer cells. Several potent thiazole-based tubulin inhibitors have been reported. For instance, compound VI, a thiazole-naphthalene hybrid, inhibited tubulin polymerization with an IC50 of 3.3 μM (Wang et al., 2021). Compound VII, a thiazole-hydrazone-indole conjugate, showed even stronger inhibition (IC50 = 1.68 μM) (Wang et al., 2024), while compound VIII, a 2,4-disubstituted thiazole, exhibited comparable activity (IC50 = 2.00 μM) (El-Abd et al., 2022). These examples underscore the potential of thiazole-based molecules as effective antimitotic agents.
[image: Chemical structures of colchicine, combretastatin A-4, and compounds VI to XI. Structures show various molecular configurations with specific elements highlighted in blue and red. Each compound has a unique arrangement of rings and side chains, indicating their chemical differences.]FIGURE 2 | Examples of reported thiazoles and chalcones as inhibitors of tubulin polymerization.
Chalcones have also emerged as important scaffolds in the design of multitargeted anticancer agents, particularly for disrupting microtubule dynamics. These α,β-unsaturated carbonyl compounds are well recognized for their ability to interfere with tubulin polymerization by binding to the colchicine site (Liu et al., 2022; Al-Wahaibi et al., 2025), thereby inducing mitotic arrest and apoptosis. Several chalcone-based compounds have demonstrated potent tubulin inhibitory activity (Figure 2). For instance, compound IX, a 2′,5′-dimethoxychalcone, has been shown to interfere with tubulin polymerization and induce cell cycle arrest in cancer cells (Lin et al., 2011). In another study, compound X, a benzofuran-chalcone hybrid, demonstrated tubulin-binding potential, as supported by molecular docking analyses (Mphahlele et al., 2018). Another notable example is compound XI, a benzo[d]imidazo (Vogelstein et al., 2013) thiazole-chalcone conjugate, which effectively inhibits tubulin assembly and induces apoptosis (Sultana et al., 2018). Collectively, these findings highlight the structural and functional relevance of both thiazoles and chalcones as foundational scaffolds for the development of novel tubulin-targeting anticancer agents.
In our earlier investigation aimed at discovering novel antitubulin agents, we identified the lead compound 2e—hereafter referred to as Tz—as a promising thiazole–chalcone derivative with potent inhibitory activity against tubulin polymerization (Hashem et al., 2024). Tz demonstrated significant inhibition of tubulin polymerization (IC50 = 7.78 μM), although it was slightly less potent than the reference compound Combretastatin A-4. Motivated by the goal of developing a multitargeted anticancer agent, we aimed to enhance the activity of Tz by introducing a para-substituted sulfonamide group in place of the original 3-chlorophenyl moiety. This design strategy was inspired by the structural features of the known CA IX inhibitor SLC-0111, where the sulfonamide group coordinates with the active-site zinc ion and engages in hydrogen bonding with polar residues. Recent studies have shown that dual inhibition of tubulin and CA IX/XII within a single molecular framework can produce enhanced anticancer effects through complementary mechanisms (Elkotamy et al., 2025), further supporting our rationale. In our design, the resulting hybrid—compound 7—retained the thiazole–chalcone pharmacophore essential for inhibiting tubulin polymerization while mimicking both the para-sulfonamide and urea carbonyl groups of SLC-0111 (Figure 3). This structural convergence was intended to allow dual interaction within the colchicine-binding site of tubulin and the active site of CA IX, with the sulfonamide potentially enhancing tubulin binding through additional polar contacts.
[image: Diagram showing the development of a dual tubulin/CA IX inhibitor, Compound 7, with an essential zinc binding group. It combines elements from SLC-0111 and Tz, highlighting its easy synthesis and effectiveness against tubulins and CA IX.]FIGURE 3 | Design of the target compound (compound 7).
To evaluate its biological potential, compound 7 was synthesized and subjected to a comprehensive panel of biological assays, including cytotoxicity screening, tubulin polymerization inhibition, and inhibition of CA isoforms. Additionally, mechanistic studies were carried out to assess its potential to induce apoptosis, followed by a detailed set of molecular modeling studies, including molecular docking to investigate binding interactions, ADMET analysis to predict pharmacokinetic behavior, and DFT calculations to examine its electronic properties.
2 RESULTS AND DISCUSSION
2.1 Chemistry
The synthetic pathway for the chalcone derivative (7) is illustrated in Scheme 1 and proceeds through a multi-step sequence starting from commercially available acetylacetone. Initially, acetylacetone (1) was subjected to chlorination using sulfuryl chloride in toluene at room temperature for 16 h, affording 3-chloroacetylacetone (2) as the key electrophilic intermediate. This chlorinated derivative subsequently underwent cyclization with ammonium hydroxide and carbon disulfide in ethanol under reflux conditions, leading to the formation of the thiazole intermediate (3) with a moderate yield of 69%.
[image: Chemical synthesis pathway diagram depicting the transformation of compound 1 into compound 7. The sequence includes five steps: (i) conversion to compound 2, (ii) conversion to compound 3, (iii) synthesis of compound 4, (iv) transformation into compound 6, and (v) final formation of compound 7. Each step involves specific chemical reactions and intermediates.]SCHEME 1 | Synthesis of the target compound (7).
Parallel to this, 4-sulfamoylbenzoic acid (4) was reduced using borane in tetrahydrofuran at 0°C for 19 h to afford the corresponding benzyl alcohol (5) in excellent yield (93%). Subsequent oxidation of this alcohol with pyridinium chlorochromate in dichloromethane under reflux for 6 h afforded the aldehyde intermediate (6) in 76% yield, serving as a key precursor for the final condensation step. The final chalcone derivative (7) was synthesized through a base-catalyzed Claisen–Schmidt condensation between the thiazole intermediate (3) and the aldehyde (6). The reaction was conducted in ethanol with 60% sodium hydroxide at 0°C for 12 h, facilitating the formation of the α,β-unsaturated carbonyl system characteristic of chalcone scaffolds. The final compound was isolated in good yield (73%), demonstrating the efficiency of the overall synthetic route.
Reagents and Conditions: (i) SO2Cl2, toluene, RT, 16 h; (ii) NH3, CS2, EtOH, reflux, 6 h; (iii) BH3, THF, 0°C, 19 h; (iv) PCC, DCM, reflux, 6 h; (v) 60% NaOH, ethanol, 0°C, 12 h.
The structure of the final compound was characterized by 1H NMR, 13C NMR, and elemental analysis. The 1H NMR spectrum, recorded in DMSO-d6, displayed distinct signals consistent with the proposed structure. A downfield singlet appeared at δ 13.64 ppm, corresponding to the thiazole N-H proton, confirming the formation of the thiazole ring. Aromatic protons from the sulfonamide phenyl ring appeared as two doublets at δ 7.93 and δ 7.83 ppm. The olefinic protons of the α,β-unsaturated carbonyl system were observed as two trans-coupled doublets at δ 7.51 and δ 7.41 ppm, indicating the E-configuration of the double bond. A singlet at δ 7.23 ppm corresponded to the sulfonamide protons, while the methyl group resonated as a singlet at δ 2.59 ppm. The 13C NMR spectrum further supported the structure of compound 7, displaying key carbon resonances in DMSO-d6. A characteristic signal appeared at δ 189.50 ppm, corresponding to the thiocarbonyl carbon of the thiazole ring, while the carbonyl carbon of the chalcone moiety resonated at δ 180.17 ppm. Additionally, the methyl group carbon was observed at δ 15.57 ppm, consistent with the presence of the methyl-substituted thiazole.
2.2 Biological evaluation
2.2.1 Antiproliferative assay
The antiproliferative activity of Compound 7 was evaluated against A549, HT-29, 786-O, and MCF-7 cancer cell lines, as well as the normal WI-38 fibroblast cell line, using the MTT assay and compared with combretastatin A-4 (CA-4) as a reference compound (Huo et al., 2021). As shown in Figure 4, compound 7 exhibited considerable cytotoxic activity across the tested cancer cell lines, with the most pronounced effect observed against the HT-29 colorectal cancer cells, where it achieved an IC50 value of 0.98 μM. Notably, this potency surpassed that of CA-4 against the same cell line (IC50 = 2.15 μM), indicating a preferential effect of compound 7 toward colorectal carcinoma.
[image: Bar graph comparing IC50 values in micromolar for five cell lines: A549, HT-29, 786-O, MCF-7, and WI-38. Compound 7 and CA-4 are tested. WI-38 shows significantly higher values for both compounds, while MCF-7 generally has the lowest.]FIGURE 4 | Comparative IC50 values of compound 7 and combretastatin A-4 (CA-4) against A549 (lung), HT-29 (colorectal), 786-O (renal), and MCF-7 (breast) cancer cell lines, as well as the WI-38 normal fibroblast cell line, determined by MTT assay. Data are mean ± SEM.
Compound 7 also displayed good activity against 786-O renal cancer cells (IC50 = 1.56 μM) and moderate inhibition of A549 lung (IC50 = 6.82 μM) and MCF-7 breast cancer cells (IC50 = 3.63 μM). In contrast, CA-4 exhibited higher potency against A549 (IC50 = 0.44 μM) and MCF-7 cells (IC50 = 1.82 μM), confirming its well-known broad cytotoxic profile. However, selectivity analysis revealed that compound 7 had a more favorable therapeutic index. When tested against WI-38 normal fibroblasts, compound 7 showed an IC50 of 44.06 μM, resulting in a remarkably high selectivity index (SI) of 44.96 for HT-29 and 28.25 for 786-O cells. These values were significantly higher than those calculated for CA-4, which showed an SI of 13.06 for HT-29 and 8.59 for 786-O.
2.2.2 Effect of compound 7 on tubulin polymerization
To investigate the potential mechanism underlying its antiproliferative activity, compound 7 was evaluated for its ability to inhibit tubulin polymerization (Huo et al., 2021). As presented in Table 1, the compound exhibited notable tubulin polymerization inhibition with an IC50 value of 2.72 μM, which is comparable to that of CA-4 (IC50 = 2.97 μM). This result suggests that compound 7 may exert its antiproliferative effects, at least in part, through interference with microtubule dynamics, similar to CA-4. It is noteworthy that compound 7 was developed through the structural optimization of our previously reported thiazole–chalcone derivative, Tz, which showed moderate tubulin polymerization inhibition (IC50 = 7.78 μM). Compared to Tz, compound 7 incorporates a para-substituted sulfonamide group designed to enhance polar interactions within the colchicine-binding site. This modification appears to have significantly improved its tubulin inhibitory potency. The introduction of the electron-withdrawing sulfonamide moiety likely enhances binding affinity by establishing additional hydrogen bonds and reinforcing anchorage within the active site, resulting in a lower IC50 value.
TABLE 1 | Tubulin polymerization inhibition (IC50, μM) of compound 7 and combretastatin A-4, as determined by an in vitro assay. Data are presented as mean ± SEM.
[image: Table showing tubulin polymerization inhibition IC50 values with standard error of the mean for two compounds. Compound 7 has an IC50 of 2.72 ± 0.16 micromolar, and CA-4 has an IC50 of 2.97 ± 0.09 micromolar.]2.2.3 Evaluation of carbonic anhydrase I, II, IX, and XII inhibition
To further investigate the biological profile of compound 7, its inhibitory activity against a panel of human carbonic anhydrase (CA) isoforms was evaluated, including the physiologically relevant isoforms CA I and CA II, as well as the tumor-associated isoforms CA IX and CA XII (Albelwi et al., 2024). As summarized in Table 2, compound 7 exhibited selective and potent inhibition toward the tumor-associated CA IX isoform with an IC50 value of 0.021 ± 0.004 μM, outperforming the reference inhibitors acetazolamide (AAZ) and SLC-0111, which showed IC50 values of 0.105 ± 0.01 μM and 0.048 ± 0.006 μM, respectively. This remarkable potency against CA IX suggests that compound 7 may effectively target the hypoxic microenvironment of solid tumors, where CA IX is overexpressed and contributes to tumor progression, invasion, and metastasis.
TABLE 2 | IC50 values (µM) of compound 7, acetazolamide (AAZ), and SLC-0111 against CA isoforms I, II, IX, and XII. Data are expressed as mean ± SEM.
[image: Table displaying the CA inhibition IC50 values with standard error of the mean for compounds 7, AAZ, and SLC-0111 across CA I, CA II, CA IX, and CA XII. Compound 7 shows IC50 of 1.90, 0.381, 0.021, and 0.114 micromolar, respectively. AAZ shows 0.367, 0.153, 0.105, and 0.029. SLC-0111 shows 1.36, 0.498, 0.048, and 0.096 micromolar.]Additionally, compound 7 showed potent inhibition of CA XII (IC50 = 0.114 ± 0.012 μM), another tumor-associated isoform, indicating a potential dual inhibitory effect that could enhance anticancer efficacy. In contrast, its activity against the ubiquitous and off-target isoforms CA I and CA II was significantly lower, with IC50 values of 1.90 ± 0.25 μM and 0.381 ± 0.045 μM, respectively. This selectivity profile is favorable compared to AAZ, which displayed strong inhibition of CA I (IC50 = 0.367 ± 0.02 μM) and CA II (IC50 = 0.153 ± 0.01 μM), raising concerns about potential off-target effects and toxicity.
To better illustrate this selectivity, selectivity indices (SI) were calculated as the ratio of IC50 values for the off-target isoforms to those for the tumor-associated isoforms, as presented in Table 3. Compound 7 demonstrated outstanding selectivity toward CA IX, with SI values of CA I/CA IX = 90.5 and CA II/CA IX = 18.1. These values markedly exceeded those of AAZ (CA I/CA IX = 3.5, CA II/CA IX = 1.5) and SLC-0111 (CA I/CA IX = 28.3, CA II/CA IX = 10.4), confirming the superior tumor-targeting potential of compound 7. Moreover, the CA I/CA XII selectivity ratio of compound 7 reached 16.7, surpassing AAZ (12.7) and closely aligning with SLC-0111 (14.2), further supporting its preferential targeting of tumor-associated isoforms.
TABLE 3 | Selectivity indices (SI) of compound 7, acetazolamide (AAZ), and SLC-0111 for tumor-associated CA IX and CA XII over off-target isoforms CA I and CA II.
[image: Table displaying selectivity index (SI) values for compounds 7, AAZ, and SLC-0111. Compound 7 has SI values of 90.5 (CA I/CA IX), 18.1 (CA II/CA IX), 16.7 (CA I/CA XII), and 3.3 (CA II/CA XII). AAZ has 3.5, 1.5, 12.7, and 5.3. SLC-0111 has 28.3, 10.4, 14.2, and 5.2.]Interestingly, this strong and selective inhibition of CA IX correlates well with the MTT assay results, where compound 7 demonstrated its most potent antiproliferative activity against HT-29 (IC50 = 0.98 μM) and 786-O (IC50 = 1.56 μM) cancer cell lines. Both of these tumor types are known to constitutively express high levels of CA IX, suggesting that the remarkable cytotoxicity of Compound 7 toward these cells may be partially attributed to its potent inhibition of CA IX. This mechanistic link further supports the potential of Compound 7 to act selectively against CA IX-expressing tumors, offering a targeted approach to anticancer therapy.
2.2.4 Effects of compound 7 on p53, Bax and Bcl-2 protein expression levels
To further explore the potential apoptotic mechanism underlying the antiproliferative effects of compound 7, its impact on key apoptosis-related proteins—p53, Bax, and Bcl-2—was investigated in HT-29 cells (Ahmed et al., 2024). As shown in Table 4, treatment with compound 7 resulted in a substantial upregulation of the tumor suppressor protein p53, increasing its concentration from 150.66 ± 3.33 pg/mL in the DMSO-treated control to 1,224.00 ± 6.67 pg/mL, representing an 8.12-fold elevation. This significant induction of p53 suggests activation of a p53-mediated apoptotic pathway, which is known to play a critical role in controlling cell cycle arrest and promoting apoptosis in response to cellular stress and DNA damage. Similarly, compound 7 significantly increased the expression of the pro-apoptotic protein Bax, resulting in a 5.73-fold increase in its level compared to the control. Bax concentration reached 392.25 ± 14.58 pg/mL, up from 68.50 ± 1.67 pg/mL in DMSO-treated cells. The elevation of Bax further supports the pro-apoptotic effect of compound 7, as Bax promotes mitochondrial outer membrane permeabilization, leading to the release of cytochrome c and caspase activation. Conversely, the anti-apoptotic protein Bcl-2 was significantly downregulated following treatment with compound 7. Bcl-2 concentration decreased from 19.25 ± 0.43 pg/mL in control cells to 6.212 ± 0.093 pg/mL, reflecting a 0.323-fold change. This notable reduction in Bcl-2 levels favors the apoptotic process by diminishing its protective effect against mitochondrial-mediated apoptosis.
TABLE 4 | Effects of Compound 7 on p53, Bax, and Bcl-2 protein expression levels in HT-29 cells.
[image: Table comparing concentration and fold change of compounds 7/HT-29 and DMSO/HT-29 for proteins P53, Bax, and Bcl-2. For 7/HT-29, P53 has 1,224 pg/mL and a fold change of 8.12; Bax has 392.25 pg/mL and 5.73; Bcl-2 has 6.212 pg/mL and 0.323. DMSO/HT-29 values are set as the baseline with P53 at 150.66 pg/mL, Bax at 68.50 pg/mL, and Bcl-2 at 19.25 pg/mL, all having a fold change of 1.]Collectively, these findings demonstrate that compound 7 effectively shifts the Bax/Bcl-2 ratio in favor of apoptosis and activates p53-mediated pathways in HT-29 cells. The combined upregulation of p53 and Bax, along with the suppression of Bcl-2, provides strong evidence that compound 7 induces apoptosis as a major mechanism contributing to its potent antiproliferative activity against colorectal cancer cells.
2.2.5 Effects of compound 7 on caspase-3 and caspase-9 activities
To further confirm the apoptotic pathway induced by compound 7 in HT-29 cells, the activation of caspase-3 and caspase-9—key executioner and initiator caspases, respectively—was evaluated (Abdel-Motaal et al., 2024). As detailed in Table 5, treatment with compound 7 resulted in a significant increase in caspase-3 levels, reaching 511.27 ± 13.18 pg/mL, compared to 57.64 ± 1.36 pg/mL in DMSO-treated control cells. This represents an 8.87-fold increase, indicating robust activation of the downstream effector caspase, which is essential for the execution phase of apoptosis. In parallel, caspase-9, a central mediator of the intrinsic mitochondrial apoptotic pathway, was significantly activated following treatment with compound 7. The caspase-9 level increased from 5.09 ± 0.26 ng/mL in control cells to 49.39 ± 1.13 ng/mL, corresponding to a 9.70-fold elevation. This pronounced increase strongly suggests that compound 7 triggers the intrinsic apoptotic pathway, likely via mitochondrial damage and cytochrome c release, leading to caspase-9 activation and subsequent caspase-3 cleavage.
TABLE 5 | Effects of Compound 7 on caspase-3 and caspase-9 activities in HT-29 cells.
[image: Table comparing caspase-3 and caspase-9 concentrations and fold changes in HT-29 cells treated with 7/HT-29 and DMSO/HT-29. Caspase-3 levels are 511.27 ± 13.18 pg/mL with an 8.87 fold change in 7/HT-29 compared to 57.64 ± 1.36 pg/mL with 1 fold change in DMSO/HT-29. Caspase-9 levels are 49.39 ± 1.13 ng/mL with a 9.70 fold change in 7/HT-29 compared to 5.09 ± 0.26 ng/mL with 1 fold change in DMSO/HT-29.]Together, the significant activation of both caspase-9 and caspase-3 provides compelling evidence that compound 7 induces apoptosis in HT-29 cells through the intrinsic mitochondrial pathway. These findings are consistent with the observed upregulation of p53 and Bax and the downregulation of Bcl-2, reinforcing the role of mitochondrial-mediated apoptosis as a key mechanism underlying the potent anticancer activity of compound 7.
2.3 Molecular modeling studies
2.3.1 Molecular docking studies
2.3.1.1 Docking of compound 7 into the colchicine binding site of tubulin
To gain further insights into the molecular basis of the tubulin polymerization inhibition observed for compound 7, molecular docking studies were conducted targeting the colchicine-binding site of tubulin. The crystal structure of the tubulin–colchicine complex (PDB ID: 4O2B) was utilized for this purpose (Boichuk et al., 2021). Docking was performed using AutoDock Vina (Trott and Olson, 2010), and the resulting ligand–protein interactions were visualized using Discovery Studio Visualizer. Before docking the test compound, the docking protocol was validated by redocking the co-crystallized ligand colchicine into its native binding site. The redocked pose showed a binding affinity of −8.5 kcal/mol and a root-mean-square deviation (RMSD) of 0.7173 Å compared to the crystallographic orientation, confirming the reliability of the docking approach. The superimposition of the docked and experimental poses is illustrated in Figure 5.
[image: A molecular structure model in green and brown represents a chemical compound. Two hexagonal rings are connected by various linear bonds, with brown indicating bonds and green highlighting the main structure.]FIGURE 5 | Superimposition of the redocked (brown) and cocrystallized (green) poses of colchicine within the binding site of tubulin.
Compound 7 was subsequently docked into the colchicine-binding site and yielded a binding affinity of −9.8 kcal/mol, which is slightly more favorable than that of the reference compound combretastatin A-4 (CA-4, –9.6 kcal/mol), suggesting a strong interaction with the target site. As depicted in Figure 6, compound 7 exhibited several critical interactions that underlie its high binding affinity. Notably, the thiocarbonyl group formed a classical hydrogen bond with Cys241, an interaction previously highlighted as essential for the tight binding of tubulin inhibitors such as colchicine and CA-4. In addition, compound 7 retained several important hydrophobic interactions observed in both CA-4 and Tz, including contacts with Leu255, Leu248, Ala180, and Val181 (Figures 7, 8).
[image: Molecular diagrams labeled A and B depict chemical interactions within a compound. Diagram A shows various interaction types including conventional hydrogen bonds and alkyl interactions, represented by differently colored lines. Diagram B illustrates the spatial arrangement of the compound's atoms and bonds, highlighting specific interactions with dashed lines. Both diagrams include a legend explaining each interaction type.]FIGURE 6 | 2D (A) and 3D (B) interactions of compound 7 within the colchicine binding site of tubulin.
[image: Panel A shows a 2D diagram highlighting interactions around a central organic molecule, with hydrogen bonds, carbon-hydrogen bonds, and others marked in different colors. Panel B displays a 3D molecular model showing spatial orientation and interactions with nearby residues, highlighted by dashed lines. Both panels include a key for interpreting different interaction types.]FIGURE 7 | 2D (A) and 3D (B) interactions of compound CA-4 within colchicine binding site of tubulin.
[image: Two molecular interaction diagrams showing ligand binding. Panel A displays two-dimensional interactions with various bonds: green for conventional hydrogen, yellow for pi-sulfur, light orange for alkyl, and tan for pi-alkyl. Panel B shows a three-dimensional perspective of the same interactions, highlighting spatial arrangements. Key amino acids are labeled.]FIGURE 8 | 2D (A) and 3D (B) interactions of compound Tz within the colchicine binding site of tubulin.
Beyond these conserved interactions, compound 7 introduced additional hydrogen bonding contacts not seen in CA-4 or Tz. Specifically, the thiocarbonyl group formed hydrogen bonds with Val238, while the sulfonamide group at the para position of the phenyl ring formed new hydrogen bonds with Ser178, Asn101, and Lys254. These unique interactions not only enhance the binding affinity but also serve to anchor compound 7 more securely within the colchicine-binding pocket, thereby stabilizing the ligand–protein complex. The presence of the sulfonamide moiety, in particular, appears to reinforce molecular recognition and may contribute to the slightly superior tubulin inhibition profile of compound 7 compared to both CA-4 and the previously reported Tz.
2.3.1.2 Docking of compound 7 into the carbonic anhydrase IX active site
To complement the experimental findings on the potent and selective inhibition of CA IX by compound 7, molecular docking was performed to explore its binding interactions within the active site of CA IX (PDB ID: 5FL4). The docking protocol was first validated by redocking the co-crystallized ligand into the CA IX crystal structure, resulting in a binding affinity of −6.8 kcal/mol and an RMSD of 0.8532 Å relative to the crystallographic pose, as illustrated in Figure 9. This result confirmed the accuracy of the docking methodology.
[image: A 3D molecular model featuring interconnected hexagonal and pentagonal carbon rings, highlighted in brown and green. The structure includes branching elements, indicating the presence of additional atoms or functional groups.]FIGURE 9 | Superimposition of the redocked (brown) and cocrystallized (green) poses of the native ligand within the CAIX active site.
Upon docking, compound 7 exhibited a binding affinity of −8.1 kcal/mol, consistent with its experimentally observed submicromolar inhibition of CA IX. The sulfonamide moiety of compound 7 played a central role in anchoring the molecule within the active site. Its amino group directly coordinated with the catalytic zinc ion and formed classical hydrogen bonds with key residues His119 and Thr200. Additionally, the sulfonyl group contributed two more hydrogen bonds with these same residues, further stabilizing the complex. The sulfur atom of the sulfonamide also participated in π–sulfur interactions with His94 and Trp210, which further contributed to the overall affinity of the ligand within the active site.
The docking pose further revealed that the phenyl ring of compound 7 contributed to hydrophobic stabilization through a π–σ interaction with Leu199 and a π–alkyl interaction with Val121. These interactions are comparable to those observed with the reference inhibitor SLC-0111, which also employs a sulfonamide pharmacophore and a hydrophobic tail (Figure 10). Additionally, the carbonyl of the chalcone linker of compound 7 formed a non-classical carbon–hydrogen bond with Pro203, mirroring an analogous interaction observed with the urea carbonyl of SLC-0111.
[image: Panel A shows a 2D diagram of a molecule with various chemical interactions highlighted, such as hydrogen bonds and metal acceptors. Different atoms and bonds are annotated with colors and labels. Panel B presents a 3D illustration of the same molecule, emphasizing spatial orientation and surrounding residues.]FIGURE 10 | 2D (A) and 3D (B) interactions of SLC-0111 within the CA IX active site.
A notable structural divergence between the two compounds lies in the tail region: compound 7 features a thiazole ring bearing a methyl substituent, whereas SLC-0111 incorporates a fluorophenyl moiety. This thiazole ring engaged in a π–alkyl interaction with Val130, and its methyl group formed an additional alkyl interaction with the same residue. These unique contacts are visualized in Figure 11 and likely contribute to anchoring compound 7 more firmly within the CA IX active site, thereby enhancing its binding strength and selectivity. Overall, the docking results provide a structural rationale for the experimentally observed potency and specificity of compound 7, reinforcing its promise as a dual-targeted anticancer agent.
[image: Molecular interactions are depicted in two panels: A shows a two-dimensional diagram with hydrogen bonds and interactions highlighted in various colors, marked by different interaction types like Pi-Pi and Pi-Sigma. B shows a three-dimensional view of the molecule interacting with amino acids, illustrating bonds and distance annotations.]FIGURE 11 | 2D (A) and 3D (B) interactions of compound 7 within the CA IX active site.
2.3.2 Drug likeness and ADMET predictions
The drug-likeness and ADMET profile of compound 7 were evaluated using SwissADME (Daina et al., 2017) to assess its suitability as an orally bioavailable anticancer agent. With a molecular weight of 340.44 g/mol, four rotatable bonds, and acceptable aromatic content, compound 7 satisfies key drug-likeness criteria, including Lipinski, Ghose, and Muegge rules. Its topological polar surface area (TPSA) of 161.73 Å2, though exceeding classical thresholds, is consistent with enzyme-targeted scaffolds, where elevated polarity enhances binding within hydrophilic active sites, such as the zinc-containing pocket of CA IX.
The compound exhibits a favorable lipophilicity profile, with a consensus Log Pow of 2.20, indicating a well-balanced hydrophilic–lipophilic character conducive to membrane permeability and solubility. It is predicted to be soluble or moderately soluble across three models, supporting its potential for oral administration.
Although compound 7 shows low predicted gastrointestinal absorption, this may reduce systemic off-target exposure while favoring localized tumor accumulation—particularly when paired with targeted delivery platforms. The compound does not cross the blood–brain barrier and is not a P-gp substrate, limiting CNS exposure and efflux-related resistance. It is predicted to inhibit several CYP450 isoforms, a property that warrants attention during development but may be beneficial for prolonging systemic half-life under controlled regimens.
The bioavailability score (0.55) and synthetic accessibility (3.30) suggest good oral drug potential and moderate ease of synthesis. Medicinal chemistry filters report no PAINS alerts and only two Brenk flags, both associated with functional groups essential for biological activity. The bioavailability radar, as depicted in Figure 12, highlights optimal values for size, flexibility, solubility, and lipophilicity, with slight deviations in polarity and unsaturation, reflecting the structural features necessary for target engagement.
[image: Chemical structure of a molecule, likely a thiazole derivative, shown on the left, with labeled atoms and bonds. On the right, a radar chart with axes labeled LIPO, SIZE, POLAR, INSATU, FLEX, and INSOLU, showing a red polygon indicating values for each property.]FIGURE 12 | Bioavailability radar of compound 7 showing overall drug-like properties with minor deviations in polarity and saturation.
In summary, compound 7 exhibits a favorable drug-likeness and ADMET profile. Its physicochemical and pharmacokinetic attributes, combined with its dual-targeting activity, support its potential as a promising lead in anticancer drug development.
2.3.3 DFT calculations
2.3.3.1 Geometrical structure and frontier molecular orbitals (FMOs)
Figure 13 presents the investigated geometrical structural convergence of compound 7 in its ground state, utilizing the same theoretical level. To develop a deeper understanding of the conformational behavior of this structure, it is essential to examine two fundamental structural properties: bond lengths and bond angles. These parameters provide significant insights into the molecular geometry and its deviation from planarity. The compound’s deviation from a completely planar structure can be attributed to the orientation of its sulfonamide group (SO2NH2), which is positioned in C5 of the parent part. This spatial arrangement influences the overall stability and electronic distribution within the molecule. Additionally, a CO group at the molecular core plays a pivotal role in inducing a bent geometry. This CO group not only acts as the central point of molecular bending but also forms two hydrogen bonds with the H1 atom, with estimated bond distances of 2.041 Å. The formation of these H-bonds is a critical factor in stabilizing the optimized molecular structure. An important aspect of this structural stability is the validation of the strength of hydrogen bond formation. Other bond length values were estimated for C5-S2 and C12-S3 at 1.806 Å and 1.662 Å, respectively. This difference is attributed to the bond order between atoms. A very slight difference was observed in S2-O1 and S2-O2, where the geometrical environment is similar, facilitating a symmetric electronic distribution with the NH2 group. Furthermore, analyzing the bond angle values provides additional clarity regarding the planarity behavior of the atoms within the structure. The bond angles help assess the degree of similarity in the molecular environment surrounding specific atoms. For instance, the angles C11-C13-N1 and C9-N10-S1 measured 117.50° and 116.21°, respectively. This finding suggests a relatively consistent spatial arrangement that contributes to the overall molecular geometry. The angles around the SO2 group also export the same stability results. These findings collectively enhance our understanding of the compound’s structural characteristics and contribute to predicting its stability and reactivity in various chemical contexts.
[image: Molecular structure diagrams depicting different conformations of a compound. Figure (a) shows the overall structure with labeled atoms. Figures (b) and (c) highlight specific parts of the molecule, possibly isomers or different states, with angles and distances marked.]FIGURE 13 | Geometrical structure of compound 7 (a) labeled with (b) bond lengths, (c) bond angles.
To accurately predict the stability and reactivity of various molecular systems, a comprehensive analysis of the frontier molecular orbitals (FMOs) is essential. These orbitals play a crucial role in determining the electronic properties of a compound, influencing its chemical behavior, interaction potential, and overall stability in different environments. Figure 14 illustrates the energy distribution of the most significant molecular orbitals for the optimized gaseous-phase structure, including HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1, and LUMO+2. By examining these orbitals, valuable insights can be gained into the electronic transitions and potential reactivity sites within the molecule. One of the key factors in assessing the molecular stability of compound 7 is the energy gap (ΔE) between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). In this case, the calculated energy gap of 2.988 eV serves as a strong indicator of molecular stability, as a larger gap generally correlates with lower reactivity and greater resistance to electronic excitation. Furthermore, the distribution and contribution of molecular orbitals across different regions of the molecule provide additional evidence supporting the stability of both ground and excited states. The localization of FMOs predominantly around the thiazole ring and carbonyl functional groups suggests a significant role of these moieties in the electronic transitions of the molecule. This observation aligns with the concept of successive donor-acceptor interactions occurring in the excited states, where electron density shifts between these key functional groups. Such interactions are fundamental in determining the electronic excitation pathways and potential photochemical behavior of the compound.
[image: Molecular orbital diagrams for a molecule, showing energy levels from LUMO+2 to HOMO-2. The diagrams display orbitals with corresponding energy values: LUMO+2 at -1.360 eV, LUMO+1 at -1.904 eV, LUMO at -2.998 eV, HOMO at -5.986 eV, HOMO-1 at -6.530 eV, and HOMO-2 at -7.347 eV. The energy difference ΔE between the LUMO and HOMO is noted as 2.988 eV.]FIGURE 14 | Energy excitation levels with energy values (eV) for compound 7.
2.3.3.2 UV–vis electronic spectra by TD-DFT method
To comprehensively analyze the electronic properties of compound 7, the time-dependent density functional theory (TD-DFT) method, combined with the conductor-like polarizable continuum model (CPCM), was employed to account for solvation effects. These computational approaches enable an accurate description of the molecule’s electronic behavior in solution, providing valuable insights into its optical absorption characteristics. The calculations were performed using the Gaussian 09 software, maintaining the default parameter settings for TD-DFT simulations. To capture the essential electronic transitions, the number of excited states was set to Nstate = 6, ensuring a detailed evaluation of the lowest six electronic states. Figure 15 presents three distinct transition bands corresponding to the observed electronic excitations. The Gaussian calculation’s LOG file confirms the presence of a strong singlet absorption band in the first electronic transition, attributed to an n-π* transition. This transition occurs with a significant contribution of 70%, an excitation energy of 2.88 eV, and a corresponding maximum absorption wavelength (λmax) of 430 nm. The HOMO→LUMO excitation predominantly drives this electronic transition, highlighting the participation of non-bonding (n) orbitals in the excitation process. A critical parameter in determining the intensity and probability of electronic transitions is the oscillator strength (F), which provides insight into the transition dipole moment and the likelihood of photon absorption. For the first electronic transition, the oscillator strength is calculated as 0.411, indicating a strong electronic transition efficiency from the ground state to the excited state (LUMO). This higher F value suggests a significant electronic coupling, facilitating effective absorption in the UV-Vis spectrum. Furthermore, Table 6 outlines additional electronic transitions, particularly those involving excitations from HOMO-1 to LUMO and HOMO-2 to LUMO. These transitions exhibit comparable percentage contributions to the overall absorption spectrum, signifying their relevance in the electronic excitation process. However, their respective oscillator strength (F) values differ, reflecting variations in electron transition probabilities between different molecular orbitals. The variations in F values further emphasize the differential ability of electronic transitions based on the spatial and energetic alignment of frontier orbitals.
[image: Graph showing absorption and emission spectra with wavelength in nanometers on the x-axis and absorption/extinction coefficient on the left y-axis, ranging from two thousand to eighteen thousand. The spectrum peaks sharply around four hundred nanometers. Blue lines at wavelengths indicate possible transitions or peaks. The right y-axis shows oscillator strength ranging from zero to 0.45.]FIGURE 15 | UV–Vis electronic absorption spectra for compound 7.
TABLE 6 | Excitation energies, maximum wavelengths, oscillator strengths, and % orbital contribution for compound 7.
[image: Table displaying spectral data with columns: Spectral line number, Excitation energy (eV), Maximum wavelength (nm), F, Type of transition, and Percent orbital contribution. Rows show: (1) 2.88 eV, 430 nm, F 0.411, HOMO to LUMO, 70 percent; (2) 3.06 eV, 405 nm, F 0.01, HOMO-1 to LUMO, 66 percent; (3) 3.49 eV, 355 nm, F 0.019, HOMO-2 to LUMO, 55 percent.]2.3.3.3 Electron localization function (ELF)
The Electron Localization Function (ELF) serves as a powerful analytical tool for investigating the empirical concepts of electron localization, particularly the spatial confinement of electron pairs in molecular systems. This approach aligns closely with Lewis structures, offering a deeper understanding of chemical bonding by mapping electron density distributions. The ELF provides a quantitative measure of electron localization at specific points in atomic space, shedding light on bond characteristics and electronic interactions within the molecule. One of the most insightful ways to analyze ELF is through two-dimensional cross-sectional planes, which offer crucial details about bonding interactions across different molecular regions. In this study, the analysis focuses on four distinct planes: C1-H1-O3, C5-S2-O1, C5-S2-O2, and H11-N2-H12, as well as N1-C12-S3, each of which provides a unique perspective on electron distribution and bond strength. As illustrated in Figure 16, all atoms of interest are located within the same molecular plane, providing a coherent view of both localized and delocalized electron density. The selected ELF planes reveal a strongly localized electronic region (represented by the red color scale) between the S2, O1, and O2 atoms with some difference in the planes of C5-S2-O1 and C5-S2-O2, indicating a high degree of electron confinement in this bonding region. This suggests a stable electronic environment in which N2, located in the NH2 plane, plays a crucial role in molecular connectivity through the electronic delocalization effect. Generally, the plane involving the amino group (N4) exhibits an atypical electron localization pattern. The plane of C1-H1-O3 exhibits a significant H-bond formation between H1 and O3 that appears in the electronic deformation area around O3. The delocalization effect implies a dynamic charge distribution, leading to a more flexible electronic structure rather than a rigid, strongly localized bond.
[image: Five contour plots display density variations with colors ranging from red to blue. Each plot is labeled (a) through (e) and shows clusters of high density as red spots surrounded by yellow, green, and blue gradients. Each plot varies subtly in pattern and color intensity, illustrating shifts in density distribution. The axes and color bars provide scales and keys for interpretation.]FIGURE 16 | Electron localization function (ELF) colored map of compound 7 (a) C1-H1-O3, (b) C5-S2-O1, (c) C5-S2-O2, (d) H11-N2-H12, and (e) N1-C12-S3.
2.3.3.4 Molecular electrostatic potential (MEP)
The Molecular Electrostatic Potential (MEP) 3D-map is a valuable computational tool used to analyze the electrostatic properties of molecules by mapping the electronegativities of atomic locations. This topological approach offers crucial insights into molecular interactions, charge distribution, and the prediction of reactive sites, thereby enhancing our understanding of molecular recognition and non-covalent interactions. Since electrostatic forces predominantly govern long-range molecular interactions, MEP plays a significant role in predicting electrophilic and nucleophilic attack sites within a given structure. To visually assess the electrostatic distribution, color-coded MEP maps were generated for compound 7, as shown in Figure 17. These maps employ a spectrum of colors—red, orange, yellow, green, and blue—each representing different electrostatic potential values across the molecular surface. The color sequence follows the decreasing order of electrostatic potential, with orange and red indicating the most electron-rich (nucleophilic) regions. Yellow and green represent regions of moderate electronic density, typically found in neutral areas. Blue signifies electron-deficient (electrophilic) zones, which are likely to attract electron-donating species. By interpreting the MEP map, it was observed that the oxygen atoms in compound 7 exhibit the highest electron density, as highlighted by intense red zones. These regions act as strong electron-donor sites, making them highly reactive toward electrophilic attack. The remaining molecular regions, particularly the N and S atoms, exhibit a lower density of π-electrons, as represented by the yellow color scale. This suggests that these atoms are less nucleophilic compared to oxygen-rich sites. However, the area of N1 bearing H was indicated in blue, suggesting an electron donor or H-bonding formation with other molecules.
[image: Molecular structure with color-coded electrostatic potential map. Spheres represent atoms connected by bonds. Colors range from blue to red, indicating varying electron density. Scale shows values from negative to positive.]FIGURE 17 | 3D-colored map of the molecular electrostatic potential of compound 7.
2.3.3.5 Reduced density gradient/non-covalent interactions (RDG/NCI)
The Reduced Density Gradient (RDG) method is a valuable computational tool for identifying and visualizing non-covalent interactions (NCIs) within a molecular system. These interactions play a crucial role in stabilizing molecular structures and influencing their chemical behavior. By analyzing the RDG function, it is possible to distinguish between different types of weak interactions, such as van der Waals (vdW) forces, hydrogen bonding, and steric repulsions. This method provides a detailed perspective on molecular stability and intra- and intermolecular forces, which are essential for predicting reactivity and interaction mechanisms. To effectively interpret the nature of non-covalent interactions, color-coded RDG isosurfaces were generated, as depicted in Figure 18. The different interaction types were classified based on their corresponding colors: Green regions indicate the presence of weak van der Waals (vdW) interactions, which typically contribute to molecular packing and stability. Red regions represent steric repulsions, which arise from unfavorable close contacts between atoms, often due to spatial constraints. Blue regions, if present, would indicate strong attractive interactions, such as hydrogen bonding, but were not observed in this analysis. A key parameter in this study is sign(λ2)ρ, which is derived by multiplying the electron density (ρ) by the sign of the second Hessian eigenvalue (λ2). This value serves as an indicator of interaction strength, particularly in identifying hydrogen bonding (HB) interactions within the system. From the RDG analysis, significant vdW interactions were observed, notably in the C1 and C9 regions, indicating the presence of weak attractive forces that contribute to molecular cohesion. Interestingly, hydrogen bond (H-bond) spikes were prominently detected in the RDG chart in the region between H1 and O3. The non-intense blue color is attributed to the relatively H-bearing C atom, which is predicted to be less positively charged. This reduces the sensitivity of these interactions when analyzed using the reduced density gradient approach. Although hydrogen bonding is a well-known stabilizing factor in many systems, in this case, the distance constraints prevent its strong contribution to molecular stabilization. Furthermore, steric repulsion forces were noted in regions surrounding the phenyl rings, as indicated by red zones in the RDG analysis. These repulsive interactions stem from the rigid 6- and 5-membered rings, which impose spatial constraints on molecular flexibility. However, such unfavorable steric interactions can be counterbalanced by favorable electrostatic interactions, ensuring overall molecular stability. This suggests that while steric hindrance limits certain conformational changes, the presence of stabilizing non-covalent forces, such as vdW interactions and H-bond formation, allows the structure to maintain its optimized conformation.
[image: Molecular model and graph illustrating interactions in a molecule. The model highlights steric, hydrogen bond, and electrostatic (van der Waals) interactions. The graph, with dotted lines, maps these interactions in various colored regions: blue for H-bond, green for van der Waals, and red for steric, with scales indicating interaction strength.]FIGURE 18 | 3D-NCI map and RDG plot of compound 7.
3 CONCLUSION
This study reports the design, synthesis, and biological evaluation of a novel thiazole–chalcone/sulfonamide hybrid (compound 7) as a promising dual inhibitor of tubulin polymerization and carbonic anhydrase IX. The compound exhibited potent cytotoxicity against cancer cell lines, particularly HT-29 colorectal cells, with favorable selectivity over normal cells. Mechanistic investigations revealed activation of the intrinsic apoptotic pathway through modulation of p53, Bax, Bcl-2, and caspases. Molecular docking confirmed strong and specific interactions with both biological targets, while in silico ADMET and DFT analyses indicated suitable drug-like properties, stability, and electronic characteristics. Collectively, the data highlight compound 7 as a promising scaffold for further development as a dual-targeted anticancer agent with potential therapeutic relevance in tumors characterized by cytoskeletal dysregulation and CA IX overexpression.
4 EXPERIMENTAL
4.1 Chemistry
General Details: Refer to Appendix A (Supplementary Material).
3-Chloroacetylacetone (2) (Cativiela et al., 1995), 1-(2-mercapto-4-methylthiazol-5-yl)ethan-1-one (3) (Hashem et al., 2024), 4-(hydroxymethyl)benzenesulfonamide (5) (Procopiou et al., 2010) and 4-formylbenzenesulfonamide (6) (Zuo et al., 2022) were prepared according to reported procedures.
Synthesis of (E)-4-(3-(4-methyl-2-thioxo-2,3-dihydrothiazol-5-yl)-3-oxoprop-1-en-1-yl)benzenesulfonamide (7).
An aqueous NaOH solution (140 mg, 3.5 mmol 60%) was added dropwise to a solution of the thiazole intermediate 3 (173 mg, 1 mmol) and the aldehyde 6 (185 mg, 1 mmol) in absolute ethanol at 0°C. The reaction mixture was stirred in an ice bath for 12 h. The solvent was evaporated under reduced pressure, and the mixture was redissolved in distilled water and acidified by diluted acetic acid. The formed precipitate was filtered off, washed with distilled water, and recrystallized from acetonitrile.
Yellow powder; 0.248 g, 73% yield; mp 267–269°C; 1H NMR (400 MHz, DMSO-d6) δ 13.64 (s, 1H, N-H), 7.93 (d, J = 9.7 Hz, 2H, Ar-H), 7.83 (d, J = 9.2 Hz, 1H, Ar-H), 7.51 (d, J = 15.9 Hz, 1H, =CH), 7.41 (d, J = 15.9 Hz, 1H, =CH), 7.23 (s, 2H, SO2NH2), 2.59 (s, 3H, CH3); 13C NMR (100 MHz, DMSO-d6) δ 189.50, 180.17, 147.73, 143.96, 134.14, 131.78, 130.28, 126.41, 125.16, 123.60, 15.57. ESI-MS (m/z): Calcd. 340.00, found 340.41 [M]+. Anal. Calcd. For C13H12N2O3S3: C, 45.87%; H, 3.55%; N, 8.23%. Found: C, 45.99%; H, 3.71%; N, 8.04%. HPLC analysis: 97.4%.
4.2 Biological evaluation
4.2.1 Antiproliferative assay
The cytotoxic potential of compound 7 was assessed using a propidium iodide fluorescence assay across A-549, HT-29, 786-O, MCF-7, and WI-38 cell lines. All cell lines were obtained from the Vacsera Cell Culture Library, Tissue Culture Unit, Cairo, Egypt, with ATCC certification. The assay enabled the detection of membrane-compromised cells based on the fluorescence intensity of DNA binding. Check Appendix A for additional information.
4.2.2 Tubulin polymerization assay
The effect of compound 7 on tubulin polymerization was evaluated using the Tubulin Polymerization Assay Kit (Cytoskeleton Inc., United States). Fluorescence-based measurements were used to monitor its impact on microtubule dynamics. Details are presented in Appendix A (Supplementary Material).
4.2.3 Evaluation of carbonic anhydrase I, II, IV, and VII inhibition
The inhibitory effect of compound 7 on carbonic anhydrase isoforms I, II, IX, and XII was evaluated using the Carbonic Anhydrase Inhibitor Screening Kit (Colorimetric, BioVision, Cat# K473-100), which measures enzymatic activity via substrate hydrolysis and measures absorbance at 405 nm. The assay was conducted under standard conditions as outlined by the manufacturer. Further methodological details can be found in Appendix A (Supplementary Material).
4.2.4 Effect on Bax expression levels
The effect of compound 7 on pro-apoptotic Bax protein expression was evaluated using the Human Bax ELISA Kit (DRG, EIA-4487), which employs a biotin-streptavidin-HRP detection system and colorimetric measurement at 450 nm. Changes in Bax levels were quantified in treated cell lysates to assess the apoptotic response. Comprehensive assay details are available in Appendix A (Supplementary Material).
4.2.5 Effect on Bcl-2 expression levels
To assess the anti-apoptotic effect of compound 7, Bcl-2 protein levels were quantified using the Zymed Bcl-2 ELISA Kit (Invitrogen, Cat. No. 99-0042), a sandwich ELISA format with streptavidin-HRP detection. Absorbance was measured at 450 nm to determine changes in Bcl-2 expression in response to treatment. A full description of the assay protocol is included in Appendix A (Supplementary Material).
4.2.6 Effect on p53 expression levels
The influence of compound 7 on p53 protein levels was investigated using the Human p53 ELISA Kit (Thermo Fisher Scientific, Cat. No. BMS256), which employs a dual-antibody sandwich format with HRP-based colorimetric detection at 450 nm. The assay enabled the sensitive quantification of p53 expression following exposure to the compound. Detailed procedures and reagent preparation can be found in Appendix A (Supplementary Material).
4.2.7 Effect of caspase-3 activity
The effect of compound 7 on apoptosis was further assessed by quantifying active caspase-3 levels using the Human Caspase-3 (Active) ELISA Kit (Invitrogen, Cat. No. KHO1091). This sandwich ELISA detects caspase-3 cleaved at Asp175/Ser176, enabling sensitive colorimetric measurement at 450 nm. Additional procedural details are provided in Appendix A (Supplementary Material).
4.2.8 Effect on caspase-9 activity
The involvement of compound 7 in apoptosis induction was further examined by quantifying caspase-9 levels using the Human Caspase 9 ELISA Kit (Thermo Fisher Scientific, Cat. No. BMS 2025). This assay employs a sandwich ELISA format, utilizing a specific capture antibody and an HRP-conjugated detection system, with absorbance measured at 450 nm. A detailed methodology is provided in Appendix A (Supplementary Material).
4.3 Molecular modeling
4.3.1 Molecular docking
Molecular docking of compound 7 was performed against tubulin (PDB ID: 4O2B) and carbonic anhydrase IX (PDB ID: 5FL4) using AutoDock Vina. Protein and ligand preparations, grid setup, and visualization were conducted using standard molecular modeling tools. Detailed procedures are described in Appendix A (Supplementary Material).
4.3.2 ADMET predictions
The pharmacokinetic properties of compound 7 were predicted using the SwissADME web tool (http://www.swissadme.ch). The SMILES notation of the compound was input into the platform to evaluate key absorption, distribution, metabolism, and excretion (ADME) parameters. These included gastrointestinal (GI) absorption, blood-brain barrier (BBB) permeability, prediction of P-glycoprotein substrate, cytochrome P450 enzyme inhibition, and physicochemical descriptors such as lipophilicity (LogP), solubility (LogS), and topological polar surface area (TPSA). Drug-likeness was also assessed based on Lipinski’s rule of five and related filters.
4.3.3 DFT calculations
The structural and electronic properties of compound 7 were investigated using density functional theory (DFT) with the B3LYP/6-311++G(d,p) level of theory. Visualization and topological analyses, including MEP mapping, RDG, NCI, and ELF, were carried out using Chemcraft, VMD, and Multiwfn software. Further computational details are provided in Appendix A (Supplementary Material).
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Phomaderide, a unique (6/5/4/5/6) spiro-cyclic dimer from the desert plant endophytic fungus Phoma betae A. B. Frank (Didymellaceae)
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Introduction
Endophytic fungi from desert plants are prolific producers of structurally unique stress-responsive metabolites. This study investigates the secondary metabolites of Phoma betae A. B. Frank (Didymellaceae), a desert plant endophytic fungus, aiming to discover novel bioactive compounds through advanced molecular networking strategies.
Methods
A building blocks-based molecular network (BBMN) strategy was employed to screen the fungal extract. Target compounds were isolated using silica gel and ODS column chromatography, followed by semi-preparative HPLC purification. Structural elucidation was achieved through comprehensive NMR spectroscopy, mass fragmentation pathway analysis, and electronic circular dichroism (ECD) calculations. Cytotoxicity was evaluated against HeLa and A549 cancer cell lines using CCK-8 assays.
Results
Three compounds were characterized:Phomaderide (3), a unique (6/5/4/5/6) spiro-cyclic dimer formed via stereoselective [2+2] photocycloaddition of two phaeosphaeride A (1) monomers. Its biosynthetic precursor phaeosphaeride A (1). A new hydroxylated analog, phaeosphaeride C (2). Compounds 2 and 3 exhibited moderate cytotoxicity against HeLa (IC50 29.97–39.15 μM) and A549 cells (IC50 30.47–58.33 μM).
Discussion
This work highlights the metabolic versatility of extremophilic fungi, demonstrating Phoma betae's capacity to generate architecturally complex molecules. Phomaderide's unprecedented spiro-cyclic dimer scaffold positions it as a promising lead for anticancer drug discovery, with structural modifications (hydroxylation and dimerization) significantly influencing bioactivity. The BBMN strategy proved effective for targeted isolation of structurally related analogs from complex extracts.
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1 INTRODUCTION
Endophytic fungi of desert plants, under extreme environmental stress, frequently biosynthesize structurally unique stress-responsive metabolites. During the long-term evolutionary adaptation to these environments, these fungi have produced a variety of secondary metabolites that are a promising resource of biologically active natural products (Li et al., 2020; Xu et al., 2022; Tan Y. et al., 2022; Zhang et al., 2021; Tan et al., 2019; Tan X. M. et al., 2022). In our prior research, a series of undescribed diphenyl ethers were isolated from the endophytic fungus Phoma betae A. B. Frank (Didymellaceae) inhabiting a desert plant, and an empirical rule about the shielding effects induced by an aromatic ring in diphenyl ethers was first observed and analyzed (Tan Y. et al., 2022; Liu et al., 2023).
In a previous study, ten diphenyl ethers (DPEs) were isolated from the desert plant endophytic fungus P. betae A. B. Frank (Didymellaceae) (Tan Y. et al., 2022). Bioactivity evaluation revealed moderate cytotoxicity and potent antioxidant activities, highlighting their potential as antioxidant agents.
In the continued exploration of secondary metabolites with novel structures from this fungus, phaeosphaeride A (1) was isolated from the endophytic fungus Phaeosphaeria avenaria. This metabolite, with a unique ring system, exhibited strong inhibitory activity of signal transducer and activator of transcription 3 (STAT3) (Maloney et al., 2006). Its unique ring system and excellent bioactivities attracted different groups for total synthesis, which established its correct relative and absolute configurations (Chatzimpaloglou et al., 2012; Chatzimpalogou et al., 2014; Kobayashi et al., 2015). The building block-based molecular network (BBMN) method integrates molecular networking with the concept of building blocks (He et al., 2021; Zhu et al., 2023). By extracting fragments containing characteristic fragment ions or neutral losses from MS2 spectra, this approach simplifies large amounts of raw data and generates more targeted molecular network results.
In this study, a BBMN strategy was employed to rapidly screen analogs phaeosphaeride C (2) and phomaderide (3) related to phaeosphaeride A (1) from the extract of P. betae A. B. Frank (Didymellaceae) of these compounds (Figure 1). Phomaderide (3) is a structurally unprecedented (6/5/4/5/6) spiro-cyclic dimer formed via a [2 + 2] photocycloaddition of two phaeosphaeride A monomers. Its complex architecture includes a cyclobutane core, multiple stereocenters, and fused heterocyclic systems, reflecting significant structural divergence. While DPEs primarily exhibited antioxidant properties, phomaderide and its precursor analog phaeosphaeride C (2) demonstrated moderate cytotoxicity against HeLa and A549 cells, suggesting distinct bioactive mechanisms. This comparison underscores the metabolic versatility of P. betae A. B. Frank. The isolation, structural elucidation, possible biogenetic pathways, and biological activities of compounds (1–3) are presented in this study.
[image: Diagram illustrating molecular analysis and networking. Part (a) shows a workflow from LC-MS/MS to building blocks recognition, preprocessing, and molecular networking. Part (b) presents molecular structures, including Planaraphenol A, B, and D with their chemical formulas and molecular weights, connected in a network. Identified nodes and characteristic features are highlighted in red.]FIGURE 1 | (A) Schematic workflow of the application of the building block-based molecular network (BBMN). (B) BBMN of the spectra with the refined features.2 MATERIALS AND METHODS
2.1 General experimental procedures
1D and 2D NMR data were recorded on a Bruker AVANCE III 500 MHz (Bruker, Massachusetts, America) or a Varian Inova 600 MHz spectrometer (Varian, California, America), using CDCl3 or DMSO-d6 signals as references (δH/δC 7.26/77.2, 2.50/39.5). HR-ESI-MS spectra were obtained on a UPLC-Q-TOF-MS/MS (Waters Xevo G2-s QTOF, United States). In addition, optical rotations were obtained on a 241 polarimeter (PerkinElmer, Waltham, America), and UV spectra were measured on a UV-2102 (Unico, Shanghai, China) instrument. IR spectra were recorded on an FTIR-8400S spectrophotometer (Shimadzu, Kyoto, Japan), and the J-815 spectropolarimeter (JASCO, Tokyo, Japan) was used for collecting CD spectra. For purification, semi-preparative high-performance liquid chromatography (HPLC) was performed on a SEP LC-52 instrument with an MWD UV detector (Separation (Beijing) Technology Co Ltd., Beijing, China) which was packed with an Octadecylsilyl (ODS) column (YMC-pack ODS-A, 5 μm, 250 × 10 mm, Kyoto, Japan).
2.2 Fungal material fermentation and extraction
The strain of P. betae A. B. Frank (Didymellaceae) was isolated from the desert plant and provided by the Chinese Academy of Agricultural Sciences.
Phoma betae A. B. Frank was cultured on PDA plates at 25°C for 7 days. Then, the cells were transformed into a sterilized solid medium containing rice (60.0 g) and distilled water (80 mL) in Fernbach flasks (500 mL) for further fermentation at 25°C for 30 days. Finally, the whole fermented material was extracted with ethyl acetate (EtOAc) three times, and the extract was concentrated under reduced pressure to yield 150 g of the crude extract.
2.3 Purification of structures
The original extract was fractionated on a silica gel column chromatograph using dichloromethane (CH2Cl2) ether and methanol (MeOH) (1:0–0:1, each 5.0 L) to obtain nine fractions (Fr.C1–Fr.C9). Fr.C2 (0.56 g) was separated on an ODS column chromatography with MeOH in H2O (20:80–80:20, each 260 mL) to get seven subfractions. Fr.C2.3 (39.3 mg) was further purified by semi-preparative HPLC (58% MeOH in H2O, v/v, 2 mL/min) to yield 1 (19.9 mg, tR 26.1 min). Fr.C3 (2.29 g) was fractionated on an ODS column chromatograph using MeOH in H2O elution (30:70–90:10, each 500 mL) to get eight subfractions. Fr.C3.3 (14.4 mg) was further purified by semi-preparative HPLC (60% MeOH in H2O, v/v, 2 mL/min) to obtain 2 (2.8 mg, tR 12.4 min). Fr.C3.6 (111.4 mg) was further separated by semi-preparative HPLC (78% MeOH in H2O, 2 mL/min) to yield 3 (11.5 mg, tR 28.7 min).
2.4 Preparation of (R)- and(S)-MTPA esters of compound 2
(R)-MTPACl (8 μL) was added to a solution of compound 2 (0.8 mg) in pyridin-d5 (200 μL) and placed at room temperature for 24 h. The crude product was purified by HPLC (60% acetonitrile in H2O, 2 mL/min) to afford (S)-MTPA ester (≈0.5 mg, tR = 15.4 min). (S)-MTPACl (8 μL) was added to a solution of compound 1 (0.5 mg) in pyridin-d5 (200 μL) and placed at room temperature for 24 h. The crude product was purified by HPLC (60% acetonitrile in H2O, 2 mL/min) to afford (R)-MTPA ester (≈0.4 mg, tR = 18.51 min). 1H NMR data from the (S)- and (R)-MTPA ester derivatives of phaeosphaeride C (2) are shown in Supplementary Figure S12.
2.5 Identification of building blocks by characteristic fragmentations filtration
The building blocks were identified by comparing the MS data of compound 1 reported in previous studies. A series of fragments with relatively high abundance and stability were observed in the mass spectrum of 1. After deducing the fragmentation pathway of 1, the product ions at (m/z) 180.0671 were selected to recognize the building blocks of phaeosphaeride A (1) from the LC-MS dataset. The script for product ion and ion intensity filtering was written in Python (version 3.10.2) and ran on Cursor. Considering the quantity limitation of subsequent isolation and structural elucidation procedures, an additional filter was used with the following settings: m/z tolerance = 0.02, minimum peak area = 1.0E4. Additionally, we designed two versions of the extraction tool, allowing users to select the appropriate tool based on the file format of the raw data (https://github.com/mujinyu233/BBMN-extract).
2.6 Biological activities of 2 and 3
A549 and HeLa cells were seeded in 96-well plates at a density of 8,000 cells per well and incubated in Dulbecco’s modified Eagle medium (DMEM) for 24 h. After incubation, the cells were treated with compounds 2 and 3 for 48 h. Subsequently, the culture medium was removed, and 100 μL of CCK-8 reagent (diluted 10-fold in DMEM) was added to each well. The plates were further incubated at 37°C for 1 h. Finally, the optical density was measured at 450 nm using a microplate reader. The 2 and 3 stock solutions (100 mM) were prepared with dimethyl sulfoxide (DMSO). The indicated concentrations were prepared immediately before use.
2.7 Photo-induced synthetic reactions
A solution of phaeosphaeride A (1) (20 mg, 0.17 mmol) in 1,4-dioxane (1.0 mL) was irradiated with a 500-W high-pressure mercury lamp for 6 h. The solvent was evaporated under vacuum, and the residue was purified by semi-preparative HPLC (54% acetonitrile in H2O, 2 mL/min) to yield 3 (0.3 mg, tR 26 min).
3 RESULTS AND DISCUSSION
3.1 Construction of building block-based molecular networking
UPLC-Q-TOF-MS/MS analysis was first employed to study the secondary metabolites of P. betae A. B. Frank (Didymellaceae). Initially, known compounds were annotated based on featured-based molecular networking, leading to the identification of phaeosphaeride A (1) from the fungal extract. In order to determine the characteristic fragment ions of BBMN, the protonated parent ion (m/z 298) of compound 1 was observed in the UPLC-Q-TOF-MS/MS spectra with a relatively low abundance. The fragmentation routes showed that the fragment ion (m/z 280) was produced from the protonated parent ion (m/z 298) through the loss of one molecule of H2O (−18). Then, the fragment ion (m/z 280) undergoes successive neutral losses of a CH2O (−30) molecule and a C5H10 (−70) molecule, resulting in the formation of characteristic fragment ions (m/z 180) (Supplementary Figure S1) (corresponding to the pyranopyrrole unit). Hence, the diagnostic ion at (m/z) 180 was used to filter the MS2 data to construct the BBMN network (Figure 1), and several nodes were selected with significant features (red nodes) for further investigation. Under the guidance of the BBMN strategy, compounds 2 and 3 were subsequently isolated following quick pinpointing. In this study, a Python-coded building blocks extraction tool was developed to filter and identify MS2 data containing target ions and output results based on ion intensity.
3.2 Structural elucidation of the new compounds
The molecular formula of compound 2 was determined to be C15H25NO6, indicating that there was one more hydroxyl in 2 than in compound 1. In addition, the molecular formula of compound 3 was determined to be C30H46N2O10, which might be a dimeric phaeosphaeride. Phaeosphaeride C (2) and phomaderide (3) were then isolated from the extract.
Compound 2 was isolated as a yellow oil. Comparison of the NMR data with those of pheosphaeride A (1) indicated structural similarities, with key differences that included the disappearance of the exocyclic double bond signal at C-3 and the emergence of a multiplet integrating for one proton in the mid-field region (δH = 4.12). The 13C-NMR spectrum displayed a CH signal at δC = 62.6, suggesting structural modification at C-3. Further analysis of heteronuclear multiple bond coherence (HMBC) correlations between H-14 (δH 4.04, 3.90) and C-3 (δC 62.6)/C-14 (δC 58.3), combined with heteronuclear single quantum coherence (HSQC) cross peaks (δH-14a,b = 4.04, 3.90; δC-14 = 58.3), confirmed the attachment of a -CH2-OH moiety at C-3 (Supplementary Figures S2, S3), which was supported by 2D-NMR spectral data (Supplementary Figures S5, S6). The relative configuration of 2 was the same as that of 1 based on rotating-frame nuclear Overhauser enhancement spectroscopy (ROESY) correlations (Supplementary Figure S7). Weak spatial interactions between 15-Me and 6-OH, as well as between H-8 and H-6, confirmed that 2 shares the same relative configuration as 1. The stereochemistry of 2 was determined to be 3R, 6S, 7R, and 8S according to modified Mosher’s reactions (Supplementary Figures S12, S13).
Phomaderide (3) was isolated as a colorless oil, and its molecular formula was assigned as C30H46N2O10 through the HR-ESI-MS [M + H]+ (m/z 595.3267, calculated 595.3231) with nine degrees of unsaturation. The 1H and 13C spectra of 3 (Table 1) gave only 23 protons and 15 carbons, suggesting that compound 3 might be a symmetrical dimer. The HSQC spectrum of 3 revealed the presence of a carbonyl carbon, two olefinic carbons, two quaternary carbons, two oxygenated methines, five methylenes, two methyl groups, a methoxy group, and two exchangeable protons.
TABLE 1 | 1H and13C NMR data (DMSO-d6) of 3.	No.	δH, (J in Hz)	δC
	1		170.3, C
	3		70.7, C
	4		167.7, C
	5		103.7, C
	6	3.96, d (6.0)	65.9, CH
	7		70.4, C
	8	4.05, m	86.0, CH
	9	1.71, m	27.8, CH2
	10	1.55, m
1.39, m	26.2, CH2
	11	1.30, m	31.2, CH2
	12	1.30, m	22.0, CH2
	13	0.87, t (6.5)	13.9, CH3
	14	2.64, m
1.99, m	24.9, CH2
	15	1.08, s	18.2, CH3
	16	3.71, s	65.2, CH3
	6-OH	5.27, d (6.0)	
	7-OH	4.76, d (3.5)	


a Recorded at 500 MHz.
b Recorded at 125 MHz.
The 1H–1H COSY correlations of 3 gave two isolated fragments corresponding to OH-CH-6 and -CH-8−CH2-9−CH2-10−CH2-11−CH2-12−CH3-13 (Figure 2), and the remaining connectivity was established by HMBC correlations. The correlations from 15-Me and 7-OH to C-6, C-7, and C-8 supported that C-7 was an oxygenated quaternary carbon connected with C-6, C-8, C-15, and 7-OH. The HMBC correlations of 6-OH with C-5, C-6, and C-7 confirmed the connectivity of C-6 with C-5 and C-7. The cross peaks in the HMBC spectrum from H-6 to C-1, C-4, and C-5 suggested the connection of C-5 with C-1, C-4, and C-6. The correlation from H-8 to C-4 led to an ether linkage between C-4 and C-8 that constructed a 3,4-dihydro-2H-pyran ring. The correlations from -CH2-14 to C-3 and C-4 determined the connectivity of C-3 with C-4 and C-14. Considering the chemical shift values of the -OMe and C-3 (δH/C = 3.71/65.2; δC-3 = 70.7) and similar NMR spectra between 3 and 1/2, the N-methoxypyrrolidin-2-one was suggested to exist in 3 the same way it did in 1 and 2. By accounting for the multiplets (three doublets overlapped in the 1H-NMR spectrum) of H-14a and H-14b, a head-to-head and tail-to-tail [2 + 2]-cycloaddition adduct of two identical monomers (1) was suggested to be the structure of 3 (Zhang et al., 2016; Shen et al., 1994; Yang et al., 2023). This conclusion was also supported by MS/MS experiments. The mass fragmentation pathways of 3 revealed that a Retro [2 + 2] reaction, a neutral loss (H2O, CO, and HCOH), and a McLafferty rearrangement (-H2O) were the main cleavage patterns (Figure 3).
[image: Chemical structures of three compounds are illustrated. Compound 1 shows a chemical structure with a cyclohexene ring and methoxy group. Compound 2 features a slightly more complex cyclic structure. Compound 3 displays a multicolored interconnected ring system with several hydroxyl groups, methoxy groups, and alkyl chains.]FIGURE 2 | Structures of phaeosphaeride A (1), phaeosphaeride C (2), and phomaderide (3).[image: Chemical structure showing various organic molecules involved in mass spectrometry fragmentation pathways. Each structure is numbered and connected by arrows indicating the fragmentation process, with annotations like loss of molecules or ions. Molecular weights are provided alongside.]FIGURE 3 | Mass fragmentation pathways of 3.The relative configuration of phomaderide (3) was determined by the NOESY correlation (Figure 4). The correlations from 7-OH to H-6 and H-8 revealed that these groups were on the same face of the 3,4-dihydro-2H-pyran ring, whereas the correlations from 15-Me to 6-OH suggested that the two groups were on the other side of the pyran ring. The weak NOESY correlations from H-14a to -OMe and from H-14b to CH2-10- indicated that these protons were close in space. Theoretically, the stereochemistry of 3 was similar to that of 1 and 2 based on their structural features and possible biosynthetic pathways. The proposed biosynthetic pathway for compounds 1, 2, and 3 (Scheme 1) aligns with fungal secondary metabolism logic. The N-methoxypyrrolidin-2-one core in 1 likely originates from a hybrid polyketide-amino acid pathway (Miyanaga et al., 2018), with O-methylation at C-3 mediated by enzymes (You et al., 2024). The stereoselective [2 + 2] photocycloaddition forming 3 represents a rare but mechanistically coherent step. While abiotic photodimerization is plausible (supported by photocatalytic experiments), enzymatic mediation via ROS-generating oxidases could enforce stereocontrol, as evidenced by the exclusive isolation of a single stereoisomer. The head-to-head/tail-to-tail dimerization minimizes steric clashes, preserving stereochemistry at C-6/C-8.
[image: Chemical structure diagrams showing two complex molecules with annotations for COSY, HMBC, and NOESY correlations. The left diagram includes blue, red, and curved arrows indicating different types of nuclear magnetic resonance spectroscopy correlations along with labeled atoms and functional groups. The right diagram features similar annotations and structural details.]FIGURE 4 | Key 2D-NMR correlations of 3.[image: Chemical reaction scheme illustrating a series of transformations. The sequence begins with a molecule featuring an SCoA group, undergoing various enzymatic and chemical processes including PKS, oxidation, and hydrogenation. The sequence shows intermediate structures and ends with a complex bicyclic molecule, highlighting methyl and hydroxyl groups and double bonds. Arrows indicate reaction steps, and red labels emphasize different stages and chemical groups.]SCHEME 1 | Plausible biosynthetic pathways of 1–3.Despite coherence, key questions remain: the timing of O-methylation, enzymatic versus abiotic dimerization triggers and ecological drivers of dimer selectivity. Resolving these requires gene cluster analysis and isotopic labeling studies. Overall, the pathway exemplifies fungal innovation in merging polyketide logic with radical-mediated cycloadditions, underscoring desert endophytes as reservoirs of structurally unique metabolites shaped by environmental pressures. To further support this hypothesis, modified Mosher’s reactions were tried but were not successful. Thus, the absolute configuration of 3 was determined by the comparison of the ECD spectrum recorded in MeOH and the DT-DFT-calculated spectrum of 3 at the B3LYP16-311+G (d, p) level. The calculated ECD spectrum of 3 matched with the experimental ECD spectrum (Figure 5), which suggested its stereochemistry to be 3R, 6S, 7R, and 8S.
[image: Two line graphs display circular dichroism (CD) against wavelength in nanometers. The left graph has two lines, one red and one black, showing variations between 200 and 400 nm. The right graph shows a single red line labeled “exp. for 3,” displaying similar variations across the same wavelength range. Both graphs highlight changes in CD around specific wavelengths.]FIGURE 5 | Calculated and experimental ECD spectra of 3.To verify whether 3 is an artificial product, a photocatalytic approach was employed to induce the [2 + 2] cycloaddition reaction of 1. Theoretically, four stereoisomers could be formed considering two chiral carbons at C-3/C-3′. However, natural products possessing cyclobutane skeletons typically exist in only a few predominant stereoisomeric forms, which might be due to stereoselectivity influenced by steric hindrance, electronic effects, E/Z tautomerization, and ring strain of olefinic bonds (Yang et al., 2023; Sun et al., 2024; Liu and Hu, 2024). Due to the low yield of the products, only the MS analysis was investigated (Supplementary Figure S23), which suggested that biomimetic synthesis yielded a single stereoisomer through light-induced [2 + 2] cycloaddition. Furthermore, phaeosphaeride A (1) without dimeric structures was co-isolated in previous reports (Maloney et al., 2006), indicating that 1 could not undergo spontaneous [2 + 2] cycloaddition to shape the dimer phomaderide (3). More importantly, the low yield of phomaderide (3) in the photocatalytic synthesis implied that this dimer with a unique ring system was not an artifact.
3.3 Bioactivity assay
Compound 1 displayed strong inhibitory activity against STAT3 related to oncogeneis and also inhibited the myeloma cell growth, whereas its diastereomer phaeosphaeride B did not show activity against STAT3 (Maloney et al., 2006). Considering the structural similarity, the cytotoxic activities of compounds 2 and 3 were evaluated against several cancer cell lines. Compounds 2 and 3 exhibit moderate inhibitory activity against HeLa cells with half-maximal inhibitory concentration (IC50) values ranging from 29.97 μmol/L to 39.15 μmol/L. In addition, compounds 2 and 3 exhibited weak inhibitory activity against non-small cell lung cancer cells A549, with IC50 values ranging from 30.47 μ mol/L to 58.33 μ mol/L (Supplementary Tables S2, S3).
4 CONCLUSION
In summary, guided by the BBMN strategy, a chemical investigation was performed on the plant endophytic fungus P. betae A. B. Frank (Didymellaceae), which led to the discovery of phomaderide (3) with a unique 6/5/4/5/6 pentacyclic system, featuring two spiro rings and multiple heteroatoms. Phomaderide (3) is formed by the linkage of two identical precursors through a double bond [2 + 2] cycloaddition, resulting in a cyclobutane structure with a symmetric structure and eight stereocenters. This complex carbon skeleton possesses ten oxygen atoms forming different functional groups, including amide, ether bonds, -OH, and -NOMe, which implies it as a potential star molecule for organic synthesis. The structural modifications of hydroxylation and dimerization exert significant impacts on biological activity. Consistent with prior analogous studies, the hydroxylation at C-14 in compound 2 may enhance hydrogen bonding capacity and lipophilicity (Liu et al., 2025; Kim et al., 2025), providing a theoretical rationale for its moderate cytotoxicity against HeLa cells (IC50 29.97 μM). Conversely, the [2 + 2] dimerization in 3 introduces a strained cyclobutane core and bis-spirocyclic fused N-methoxypyrrolidone systems, resulting in heightened molecular rigidity and polarity. These structural alterations likely compromise membrane permeability (Haruna et al., 2021), thereby accounting for the attenuated cytotoxicity (IC50 39.15 μM). These findings underscore the critical balance between hydrophilicity, molecular topology, and bioactivity in natural products. Our result further implied that fungi from unique bio-environmental fields, such as under-investigated endophytic fungi from desert plants, will be a potent new resource for novel and bioactive secondary metabolites. In future studies, establishing a framework for rational analog design with optimized pharmacokinetic profiles and fully elucidating the mechanistic implications of these structural features will be essential.
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This manuscript introduces an innovative and environmentally benign magnetic nanocatalyst (NiFe2O4@MCM-41@IL/Pt(II)) designed to synthesize benzoimidazo[1,2-a]pyrimidines via a microwave-assisted, one-pot A3 coupling reaction. The methodology employs aromatic and heteroaromatic aldehydes, 2-aminobenzimidazole derivatives, and terminal alkynes in water as a green solvent, leveraging the synergistic effects of nanocatalysis and microwave irradiation. The magnetic nanocatalyst, characterized by its robust structure and high surface reactivity, facilitates rapid reaction kinetics, achieving excellent yields while significantly reducing energy consumption and reaction time compared to conventional thermal approaches. Its inherent magnetic properties enable straightforward separation and reuse across multiple cycles without appreciable loss in catalytic efficiency, aligning with sustainable chemistry principles. The protocol demonstrates broad substrate compatibility, successfully accommodating diverse aldehydes, including challenging heteroaromatic systems, to furnish a library of pharmaceutically relevant heterocycles. This broad substrate compatibility underscores the versatility of the nanocatalyst, making it a valuable tool for a wide range of chemical synthesis applications. This work highlights the transformative role of hybrid methodologies in addressing both efficiency and environmental impact in chemical synthesis.

[image: Chemical reaction diagram depicting amination of an aromatic compound using a Fe₃O₄@MCM-41@IL/Pt(II) catalyst under microwave conditions at 60°C in water. The yields range from 89 to 96 percent over eighteen examples. Central schematic highlights catalyst structure with iron oxide and silica components.]GRAPHICAL ABSTRACTKeywords: NiFe2O4@MCM-41@IL/pt, A3 coupling reactions, nanomagnetic catalyst, microwave-assisted, imidazo[1,2-a]pyrimidines
1 INTRODUCTION
The field of organic synthesis is increasingly embracing greener and more efficient methodologies, primarily driven by green chemistry principles. This shift aims to minimize hazardous substances and waste, utilize sustainable resources, and improve the efficiency of chemical reactions (Rotstein et al., 2014; Javahershenas and Nikzat, 2023; Zhu et al., 2015). Among the innovative strategies emerging, one-pot multicomponent reactions (MCRs) stand out as a powerful approach in organic synthesis, inspiring new possibilities. MCRs enable the simultaneous condensation of multiple reagents to create complex structures while reducing the formation of by-products (Georg Thieme Verlag KG, 2014; Javahershenas et al., 2024a).
Imidazo[1,2-a]pyrimidines are a notable class of heterocyclic compounds that have attracted attention for their diverse biological activities and potential applications in medicinal chemistry and materials science (Berson et al., 2001; Harrison and Keating, 2005; Hanson et al., 2008; Monti et al., 2009; Enguehard-Gueiffier and Gueiffier, 2007; Denora et al., 2008; Trapani et al., 2005). These fused ring systems exhibit various pharmacological properties, including antibacterial (Rival et al., 1992), anticancer (Panda et al., 2022), antimicrobial (Revankar et al., 1975), and antifungal (Rival et al., 1991) activities. Traditional synthetic routes to these valuable scaffolds often involve multi-step procedures that require harsh reaction conditions and environmentally harmful reagents. Therefore, there is a pressing need for more sustainable and efficient methods to synthesize these important molecular frameworks, underscoring the significance of our work in the field (Figure 1) (Tully et al., 1991; Rupert et al., 2003; Feely et al., 1989; O’Connor et al., 2010; Linton et al., 2011).
[image: Chemical structures of various compounds with labels: Fasiplon (anxiolytic), p38 Kinase inhibitor, DPP4 inhibitor, Divaplon (anxiolytic and anticonvulsant), Fluorophore, and an unspecified anxiolytic. Key structural features highlighted in pink.]FIGURE 1 | Biologically potent imidazo[1,2-a]pyrimidines.Microwave-assisted organic synthesis (MAOS) stands out as a potent technique, accelerating chemical reactions with its unique advantages. It offers enhanced reaction rates, higher yields, and superior selectivity compared to conventional heating methods. By employing microwave irradiation, MAOS facilitates chemical reactions, resulting in increased reaction rates, reduced energy consumption, and improved yields (Gulati et al., 2021; Javahershenas et al., 2024b). The technique’s ability to interact uniquely with polar reactants and solvents, promoting uniform heating and accelerating reaction kinetics, is a game-changer. The underlying mechanism of microwave-assisted synthesis involves rapid and uniform heating of reaction mixtures, which enhances molecular interactions under mild conditions. In green chemistry, microwave-assisted reactions are particularly advantageous as they reduce energy consumption and minimize reaction times, making them ideal for scalable industrial processes. The ability to perform reactions efficiently within short timeframes positions microwave-assisted synthesis as a valuable tool for producing complex organic molecules (Kappe and Dall’Acqua, 2019; Zhang and Cai, 2020; Kappe and Stadler, 2006).
The role of nanotechnologies, particularly nanocatalysis, in revolutionizing the optimization of chemical reactions cannot be overstated. Developing efficient and reusable catalysts is essential for achieving sustainable chemical processes. Nanocatalysts, such as NiFe2O4, offer distinct advantages, including high catalytic activity, stability, and ease of separation from reaction mixtures through magnetic decantation (Amrutkar et al., 2022; Kanithan et al., 2022; Chandra, 2021). This capability significantly reduces waste and enhances catalyst recovery, aligning with one of the core principles of green chemistry—minimizing waste. When combined with mesoporous materials like MCM-41, nanocatalysts can form an efficient catalyst system, enhancing reaction rates and product selectivity (Kazemi, 2020; Wang et al., 2021).
Integrating mesoporous materials, like MCM-41, with metal oxides creates a synergistic effect that enhances the dispersion and accessibility of active catalytic sites. Mesoporous materials’ high surface area and favorable pore structure are essential for accommodating reactants and facilitating catalytic activity (Snoussi et al., 2018; Kefayati et al., 2016). Furthermore, when combined with ionic liquids (ILs), known for their low volatility and high thermal stability, these composites exhibit enhanced efficiency and selectivity, often surpassing traditional catalytic systems. Ionic liquids, composed of organic cations and inorganic anions, possess unique properties such as negligible vapor pressure and tunable solubility, making them versatile in catalysis and green chemistry. In heterogeneous catalysis, ILs can function as both reaction media and catalyst modifiers, boosting the stability and activity of supported metal species (Sead et al., 2025e; Zhu et al., 2010; Javahershenas et al., 2025).
By merging the magnetic properties of NiFe2O4 with the mesoporosity of MCM-41 and the solvation capabilities of ionic liquids, novel catalytic systems such as the NiFe2O4@MCM-41@IL/Pt(II) complex can be developed. This multi-faceted approach maximizes the benefits of each component, leading to a robust and versatile catalytic framework (Rogers and Seddon, 2002; Parvulescu and Hardacre, 2007; ; Saha et al., 2009; Zare et al., 2009; Hasaninejad et al., 2010).
The synthesis of fused imidazo[1,2-a]pyrimidines via A3 coupling reactions is a remarkable advancement in one-pot multicomponent reactions (MCRs). The A3 coupling process, which integrates an aldehyde, an alkyne, and an amine, showcases the efficiency of atom-economical methodologies. These methodologies allow for the construction of complex molecular architectures in a single synthetic step, a feat that was previously challenging to achieve (Javahershenas and Mole, 2023; Khan et al., 2019; Zheng et al., 2020).
Utilizing the NiFe2O4@MCM-41@IL/Pt (II) complex as a catalyst within this MCR framework can significantly improve the reaction’s efficiency and sustainability. The incorporation of platinum (Pt) further enhances the catalytic properties of this nanocomposite. Platinum is well-known for its effectiveness as a catalyst in cross-coupling reactions, including A3 coupling, where it facilitates the condensation of an aldehyde, an amine, and an alkyne to form intricately fused imidazo[1,2-a]pyridine frameworks. The appeal of the A3 coupling reaction lies in its operational simplicity and minimal waste production (Pourhasan-Kisomi et al., 2018; Kazemi and Ghobadi, 2017; Kazemi, 2023; Wang et al., 2021; Abedi et al., 2021; Huang et al., 2021; Sead et al., 2025a).
However, challenges such as Pt leaching and catalyst recovery have highlighted the need for robust catalytic systems that effectively address these issues. Developing a stable and recyclable catalyst is crucial for optimizing the sustainability of the A3 coupling reaction while maintaining high catalytic activity (Sead et al., 2025b; Sead et al., 2025c; Sead F. F. et al., 2025).
In this study, we introduce the synthesis and application of a promising microwave-assisted NiFe2O4@MCM-41@IL/Pt(II) complex nanomagnetic catalyst for the one-pot green synthesis of fused imidazo[1,2-a]pyrimidines through A3 coupling reactions. The hybrid catalyst, meticulously crafted by combining NiFe2O4 nanoparticles with MCM-41 and then functionalizing with ionic liquid components and platinum, demonstrates superior catalytic performance, high recyclability, and environmental compatibility. This catalyst holds great promise for advancing sustainable chemistry principles in the field of organic synthesis.
The primary objective of this research is to investigate the efficiency and reusability of the NiFe2O4@MCM-41@IL/Pt (II) catalyst in various A3 coupling reactions under microwave irradiation. The rapid reaction times and enhanced yields achieved using this system highlight the potential of microwave-assisted synthesis for the efficient construction of valuable fused imidazo[1,2-a]pyridine derivatives. Additionally, the catalyst’s magnetic properties facilitate easy recovery from reaction mixtures, significantly simplifying the purification process and enhancing the sustainability of the overall synthetic pathway.
Understanding the A3 coupling reaction’s mechanistic aspects is crucial. It provides insights into each component’s contributions within the catalyst system. This understanding is key to how the synergistic interactions among NiFe2O4, MCM-41, ionic liquids, and platinum enhance catalytic performance. It will pave the way for designing even more advanced catalytic systems.
In summary, developing the NiFe2O4@MCM-41@IL/Pt (II) complex nanomagnetic catalyst significantly advances sustainable organic synthesis. By leveraging the advantages of microwave-assisted synthesis, nanocatalysis, and the unique properties of ionic liquids, this work offers a robust and efficient method for synthesizing fused imidazo[1,2-a]pyrimidines. The implications of this research extend beyond immediate synthetic applications, potentially influencing a broader range of catalytic processes and initiatives aimed at environmental sustainability in organic chemistry.
2 RESULT AND DISCUSSION
Scheme 1 outlined the synthetic route for preparing a novel nanocatalyst, NiFe2O4@MCM-41@IL/Pt. Nickel chloride hexahydrate (NiCl2·9H2O) and iron chloride tetrahydrate (FeCl2·4H2O) were dissolved in deionized water. Sodium hydroxide (NaOH) was added to the solution, and the mixture was heated at 80°C for 30 min, leading to the formation of NiFe2O4 nanoparticles.
[image: Flowchart illustrating the synthesis process of N Fe\(_{2}\)O\(_{3}\)@MCM-41 and N Fe\(_{2}\)O\(_{3}\)@MCM-41@IL@Cu. The process involves several chemical reactions and steps using compounds such as NaOH, CTAB, and TMOS, presented in a step-wise manner leading to encapsulation of N Fe\(_{2}\)O\(_{3}\) particles within silica matrices. The final products are shown in magnified views for clarity.]SCHEME 1 | Preparation of NiFe2O4@MCM41@IL/Pt (II) nanocatalyst.[image: Chemical reaction scheme illustrating a catalytic process involving Fe₃O₄@MCM-41@B(LP)Pt(II). The sequence depicts the transformation of an initial compound with an amine group through oxygen and catalyst-mediated reactions, resulting in a final product. A diagram at the bottom shows the molecular structure of the catalytic complex, highlighting Fe₃O₄ spheres linked to a central phosphorus atom with other functional groups.]SCHEME 2 | A plausible mechanism for the synthesis of imidazo[1,2-a]pyrimidines derivatives catalyzed by NiFe2O4@MCM-41@IL/Pt nanocomposite.For the functionalization of SiO2 with organic groups, tetramethoxysilane (TMOS) and bis (triethoxysilyl) benzene (BTEB) were added to the NiFe2O4 nanoparticles. The mixture was stirred for 16 h. Subsequently, chlorosulfonic acid (ClSO3H) was introduced, and the mixture was stirred in chloroform (CHCl3) for 3 h.
The functionalized MCM-41 was mixed with a solution containing NiFe2O4 nanoparticle nanoparticles, cetyltrimethylammonium bromide (CTAB), ammonia (NH3), and toluene. The mixture was sonicated for 48 h at 100°C, resulting in the attachment of NiFe2O4 nanoparticles to the MCM-41 support via the organic functional groups.
For immobilization of NiFe2O4@MCM-41 nanoparticles onto the ionic liquid (IL), (3-chloropropyl)trimethoxysilane was reacted with 1H-imidazole to produce IL (1,3-bis(3-(trimethoxysilyl)propyl)-1H-imidazol-3-ium). The mixture of NiFe2O4@MCM-41 with this IL was then added to a dispersion of toluene and NH4OH and stirred for 24 h.
The final nanocatalyst, NiFe2O4@MCM-41@IL, was dispersed in a solution containing PtCl2 and DMSO. The mixture was stirred for 20 h at room temperature, then heated at 80°C for 2 h. The product was filtered and washed with ethanol to obtain the final NiFe2O4@MCM-41@IL/Pt nanocatalyst.
This nanocatalyst was expected to exhibit unique catalytic properties owing to the synergistic effects of NiFe2O4 nanoparticles, the MCM-41 support, the ionic liquid, and platinum nanoparticles.
This study presents a comprehensive analysis of the Fourier-transform infrared (FT-IR) spectra of various nickel-iron oxide nanocomposites, as illustrated in Figure 2. The spectra encompass NiFe2O4 nanoparticles (NPs) and their functionalized derivatives, including NiFe2O4@SiO2, NiFe2O4@MCM-41, NiFe2O4@MCM-41@IL, and NiFe2O4@MCM-41@IL/Pt(II). Each spectrum provides insights into the structural and functional characteristics of these materials.
[image: Graph displaying five FTIR spectra labeled a) NiFe\(_2\)O\(_4\), b) NiFe\(_2\)O\(_4\)@SiO\(_2\), c) NiFe\(_2\)O\(_4\)@MCM-41, d) NiFe\(_2\)O\(_4\)@MCM-41@IL, e) NiFe\(_2\)O\(_4\)@MCM-41@IL/Pt. The x-axis represents wavenumbers (cm\(^{-1}\)), and the y-axis shows transmittance (%). Each spectrum is represented by a different color, indicating variations in the chemical structure.]FIGURE 2 | FT-IR spectrums of NiFe2O4 NPs, NiFe2O4@SiO2, NiFe2O4@MCM-41, NiFe2O4@MCM-41@IL, and NiFe2O4@MCM-41@IL/Pt (II) nanocomposites.The spectrum for pure NiFe2O4 nanoparticle NPs (curve a) displays characteristic absorption bands corresponding to the metal-oxygen vibrations typical of spinel ferrites. Notably, the peaks around 580 cm-1 indicate the Fe-O bonds in the octahedral sites, while those near 400 cm-1 correspond to the tetrahedral sites. These features confirm the successful synthesis of NiFe2O4 with its expected crystalline structure.
Additional peaks emerge that signify Si-O stretching vibrations upon functionalization with silica in curve b (NiFe2O4@SiO2). This indicates successful incorporation of silica onto the nickel iron oxide framework, enhancing its stability and inspiring potential applications in catalysis and adsorption processes.
The spectrum for NiFe2O4@MCM-41 (curve c) reveals further modifications. The presence of MCM-41, a mesoporous silica material, is evidenced by distinct absorption bands associated with silanol groups and the characteristic pore structure of MCM-41. This modification increases surface area and facilitates enhanced interaction with reactants in catalytic applications.
In curve d, representing NiFe2O4@MCM-41@IL, we observe additional peaks related to ionic liquid functionalities. Incorporating ionic liquids is significant as it can improve solubility and enhance catalytic activity by providing a unique environment for reaction processes. This modification suggests a tailored approach to optimize catalytic performance through solvent effects.
Finally, curve e illustrates the FT-IR spectrum of NiFe2O4@MCM-41@IL/Pt (II), introducing platinum species into the composite. The presence of Pt(II) is confirmed by new absorption bands that emerge in this spectrum, indicating successful loading of platinum onto the nanocomposite. This addition is crucial as platinum is known for its exceptional catalytic properties, particularly in hydrogenation reactions and fuel cells.
Comparative analysis of these spectra reveals significant insights into how each modification impacts the structural integrity and functionality of the nickel-iron oxide nanocomposites. The progressive introduction of silica, mesoporous structures, ionic liquids, and platinum enhances not only the physical properties but also expands their applicability across various fields, such as catalysis and environmental remediation.
This FT-IR analysis highlights the importance of each component within these nanocomposites and underscores how systematic modifications, a crucial part of the research process, can lead to materials with tailored properties suitable for advanced applications. Such insights contribute to ongoing research to optimize catalyst design for improved efficiency and effectiveness in chemical processes.
Examining the morphology and structure of the catalyst is a critical aspect of contemporary catalysis research. In this regard, SEM and TEM analyses were used to investigate the morphology and shape of the NiFe2O4@MCM-41@IL/Pt (II) catalyst particles in Figure 3. The SEM images reveal a porous, agglomerated structure with a rough surface. The higher magnification image (100 nm scale bar) shows a more detailed view of the individual particles, which appear spherical or slightly irregular. The TEM image provides a closer look at the nanocatalyst’s morphology. It shows a well-dispersed distribution of nanoparticles, with some agglomeration visible. The particles exhibit a spherical or slightly elongated shape with a relatively uniform size distribution.
[image: Three microscopic images show nanostructured materials with varying magnifications. The top left image shows a scale bar of 5 micrometers, the top right has a scale bar of 600 nanometers, and the bottom image has a scale bar of 100 nanometers, highlighting increasing levels of detail.]FIGURE 3 | SEM and TEM images of NiFe2O4@MCM-41@IL/Pt nanocatalyst at different magnifications.Morphology: Both techniques confirm the presence of a porous structure with agglomerated particles. The TEM image offers a more detailed insight into the individual particle morphology, revealing their spherical or slightly elongated shape.
Particle Size Distribution: The TEM image suggests the nanoparticles’ relatively uniform size distribution, consistent with the SEM observations.
Dispersion: The TEM image shows a well-dispersed distribution of nanoparticles, indicating good dispersion within the support material.
The SEM and TEM images provide valuable information about the morphology and structure of the NiFe2O4@MCM-41@IL/Pt nanocatalyst. The porous structure observed in both images is likely beneficial for catalytic applications as it can provide a large surface area for reactant adsorption and product desorption. The uniform size distribution and good dispersion of the nanoparticles are also desirable features for catalytic activity.
Figure 4 presents the magnetization curves obtained from Vibrating Sample Magnetometry (VSM) measurements for Fe3O4 NPs and NiFe2O4@MCM-41@IL/Pt nanocatalyst. The magnetization (M) is plotted against the applied magnetic field (H) in units of emu/g and Oe, respectively.
[image: Graph comparing magnetization versus magnetic field for Fe₃O₄ nanoparticles (NPs) and NiFe₂O₄@MCM-41@IL/Pt. Fe₃O₄ NPs show a wider hysteresis loop, while NiFe₂O₄@MCM-41@IL/Pt has a narrower loop with less magnetization change. Curve colors are blue and orange.]FIGURE 4 | VSM analysis of Fe3O4 NPs and NiFe2O4@MCM-41@IL/Pt nanocatalyst.Saturation Magnetization: The saturation magnetization (Ms) is the maximum magnetization achieved when a material is subjected to a strong magnetic field. From the curves, it is evident that the NiFe2O4@MCM-41@IL/Pt nanocatalyst exhibits a significantly higher Ms compared to Fe3O4 NPs. This suggests that the NiFe2O4@MCM-41@IL/Pt nanocatalyst possesses a stronger magnetic response than the Fe3O4 NPs.
Hysteresis Loop: The hysteresis loop is the curve traced by the magnetization as the applied magnetic field increases and then decreases. The area enclosed by the hysteresis loop represents the energy loss during a magnetization cycle. The NiFe2O4@MCM-41@IL/Pt nanocatalyst exhibits a narrower hysteresis loop than Fe3O4 NPs, indicating a lower energy loss during magnetization reversal. This is beneficial for applications where energy efficiency is a concern.
Coercivity (Hc) is the magnetic field required to reduce the magnetization of a material to zero after it has been saturated. The NiFe2O4@MCM-41@IL/Pt nanocatalyst shows a lower Hc than Fe3O4 NPs. This suggests that the NiFe2O4@MCM-41@IL/Pt nanocatalyst is more straightforward to magnetize and demagnetize, which is desirable for applications requiring rapid magnetic switching. The enhanced magnetic properties of the NiFe2O4@MCM-41@IL/Pt nanocatalyst compared to Fe3O4 NPs can be attributed to several factors:
NiFe2O4 nanoparticles within the MCM-41 support matrix can contribute to an increase in Ms and a decrease in Hc. NiFe2O4 is known for its high magnetic moment and low coercivity. The MCM-41 support can provide a large surface area for the deposition of NiFe2O4 nanoparticles, leading to a higher concentration of magnetic material and, consequently, a higher Ms. The IL coating on the NiFe2O4@MCM-41 nanoparticles can further enhance the magnetic properties by improving the dispersion of the nanoparticles and reducing interparticle interactions. The presence of Pt nanoparticles on the surface of the NiFe2O4@MCM-41@IL nanoparticles can also influence the magnetic properties, although the exact mechanism is not fully understood.
The VSM results demonstrate that the NiFe2O4@MCM-41@IL/Pt nanocatalyst exhibits superior magnetic properties to Fe3O4 NPs. These enhanced properties make the NiFe2O4@MCM-41@IL/Pt nanocatalyst a promising material for various applications, including magnetic separation, catalysis, and drug delivery.
X-ray diffraction (XRD) is a powerful technique for characterizing the crystalline structure of materials. In this study, XRD patterns were obtained for Fe3O4 nanoparticles (NPs) and v NiFe2O4@MCM-41@IL/Pt nanocatalyst in Figure 5. These patterns provide insights into the samples’ phase purity, crystallinity, and lattice parameters.
[image: X-ray diffraction patterns comparing NiFe\(_2\)O\(_4\)@MCM-48@IL/Pt (blue) with Fe\(_3\)O\(_4\) nanoparticles (red). The x-axis shows 2 theta degrees, and the y-axis represents intensity (arbitrary units), highlighting distinct peaks for both samples.]FIGURE 5 | XRD patterns of Fe3O4 NPs and NiFe2O4@MCM-41@IL/Pt nanocatalyst.The XRD patterns of Fe3O4 NPs and NiFe2O4@MCM-41@IL/Pt nanocatalyst are presented in Figure 5. The XRD pattern of Fe3O4 NPs exhibits a series of sharp peaks, indicating a highly crystalline nature. The positions and relative intensities of these peaks match well with the standard XRD pattern of magnetite (Fe3O4), confirming the phase purity of the sample. The absence of additional peaks suggests minimal impurities in the sample. The XRD pattern of NiFe2O4@MCM-41@IL/Pt nanocatalyst shows a distinct difference compared to the Fe3O4 NPs. The peaks are broader and less intense, suggesting a lower degree of crystallinity. This is likely due to the MCM-41 support and the incorporation of IL and Pt nanoparticles, which can disrupt the long-range order of the crystal lattice.
Fe3O4 NPs exhibit higher crystallinity compared to the NiFe2O4@MCM-41@IL/Pt nanocatalyst. This is evident from the sharper and more intense peaks in the Fe3O4 pattern. Both samples appear phase pure, as no additional peaks corresponding to impurities are observed in either pattern. The positions of the peaks in the XRD patterns can be used to calculate the lattice parameters of the samples. However, this analysis is beyond the scope of this brief description.
XRD analysis confirms the successful synthesis of Fe3O4 NPs and NiFe2O4@MCM-41@IL/Pt nanocatalyst. The Fe3O4 NPs exhibit high crystallinity and phase purity. At the same time, the NiFe2O4@MCM-41@IL/Pt nanocatalyst shows a lower degree of crystallinity due to the MCM-41 support and incorporated IL and Pt nanoparticles.
Figure 6 presents the thermogravimetric analysis (TGA) spectra of the NiFe2O4@MCM-41@IL/Pt nanocatalyst. The TGA curve reveals a multi-step weight loss pattern, indicating the presence of various components with different thermal stabilities.
[image: Graph illustrating thermogravimetric analysis (TGA) curves for different compositions: NiFe₂O₄, NiFe₂O₄@SiO₂, NiFe₂O₄@MCM-41, NiFe₂O₄@MCM-41@IL, and NiFe₂O₄@MCM-41@IL/Pt. The x-axis represents temperature in degrees Celsius, ranging from 0 to 800, and the y-axis shows mass percentage from 60 to 100. Each curve demonstrates the mass loss with increasing temperature.]FIGURE 6 | TGA spectrums of NiFe2O4@MCM-41@IL/Pt nanocatalyst.Initial Weight Loss (Up to ∼200°C): A slight weight loss is observed in the initial temperature range, likely due to removing adsorbed water and volatile organic compounds. First Major Weight Loss (200°C–500°C): A significant weight loss occurs in this temperature range, which can be attributed to the decomposition of the ionic liquid (IL) component. The IL acts as a stabilizing agent and provides a confined environment for the growth of nanoparticles, but its thermal decomposition leads to a substantial mass loss. Second Major Weight Loss (500°C–700°C): A further weight loss in this temperature range can be associated with the decomposition of the organic template (MCM-41) used to synthesize the mesoporous support. The MCM-41 structure provides a high surface area for the dispersion of active nanoparticles, but its removal at higher temperatures results in additional mass loss. Final Weight Loss (Above 700°C): A minimal weight loss is observed at temperatures above 700°C, indicating the presence of a highly stable residual phase. This phase is likely composed of the NiFe2O4 nanoparticles and possibly residual Pt nanoparticles, which exhibit high thermal stability.
The TGA analysis confirms the presence of multiple components in the NiFe2O4@MCM-41@IL/Pt nanocatalyst. The multi-step weight loss pattern highlights the composite material’s complex nature, with each step corresponding to the thermal decomposition of specific components.
The TGA analysis provides valuable insights into the thermal stability and composition of the NiFe2O4@MCM-41@IL/Pt nanocatalyst. The multi-step weight loss pattern confirms the presence of various components, including the IL, mesoporous support, and active nanoparticles. Understanding the catalyst’s thermal behavior is crucial for optimizing its synthesis and application in various catalytic processes.
Figure 7 presents the BET analysis of the NiFe2O4@MCM-41@IL/Pt nanocatalyst. The BET (Brunauer-Emmett-Teller) analysis is a widely used technique to determine porous materials’ specific surface area, pore size distribution, and pore volume. In this case, the BET analysis provides insights into the nanocatalyst’s textural properties.
[image: Graph showing adsorption isotherms with pressure on the x-axis and quantity adsorbed on the y-axis. Two lines, one black and one green, depict different adsorption behaviors, both increasing with pressure.]FIGURE 7 | BET analysis of NiFe2O4@MCM-41@IL/Pt nanocatalyst.The adsorption isotherm in Figure 7 shows a Type IV curve, characteristic of mesoporous materials. This indicates that the nanocatalyst possesses a network of interconnected pores with a relatively uniform size distribution. The specific surface area of the nanocatalyst, as determined by the BET analysis, is expected to be high due to the presence of mesopores. A high surface area is crucial for catalytic applications, as it provides more active sites for reactant adsorption and interaction with the catalyst surface. The pore size distribution of the nanocatalyst can be estimated from the adsorption isotherm. The presence of mesopores in the nanocatalyst is beneficial for catalytic reactions, as they can facilitate the diffusion of reactants and products within the pores.
The NiFe2O4@MCM-41@IL/Pt nanocatalyst can be compared with the BET analysis of other materials, such as pristine NiFe2O4, MCM-41, and Pt nanoparticles. This comparison can help understand the different components’ impact on the nanocatalyst’s textural properties. As revealed by the BET analysis, the nanocatalyst’s textural properties can correlate with its catalytic performance in various reactions. A high surface area and well-developed pore structure can enhance the nanocatalytic activity and selectivity of the nanocatalyst.
In conclusion, the BET analysis provides valuable information about the textural properties of the NiFe2O4@MCM-41@IL/Pt nanocatalyst. The presence of mesopores with a high surface area is expected to contribute to this material’s excellent catalytic performance.
Figure 8 presents the Energy Dispersive X-ray (EDX) spectrum obtained from the NiFe2O4@MCM-41@IL/Pt nanocatalyst, confirming the presence of the constituent elements. The spectrum displays distinct peaks corresponding to Nickel (Ni), Iron (Fe), Oxygen (O), Silicon (Si), and Platinum (Pt), which are consistent with the expected composition of the synthesized material. Notably, the presence of Pt peaks (Pt Mα, Pt Mβ, Pt Lα, and Pt Lβ) substantiates the successful incorporation of platinum onto the catalyst support. The peaks observed for Ni and Fe indicate the presence of the NiFe2O4 component, while the Si and O peaks are attributed to the MCM-41 support. Additionally, peaks corresponding to Carbon (C) and Nitrogen (N) are observed, likely originating from the ionic liquid (IL) component of the catalyst. The relative intensities of the peaks provide a semi-quantitative estimate of the elemental composition, suggesting a higher concentration of Si than the other metallic elements. This observation is consistent with the expected structure of the catalyst, where the NiFe2O4 nanoparticles are supported on the MCM-41 matrix and further functionalized with the ionic liquid and platinum.
[image: Spectrum graph displaying intensity versus energy levels, marked with peaks labeled as Si, O, Fe, and Ni. Energy is on the x-axis, intensity on the y-axis, and prominent peaks are visible for each element.]FIGURE 8 | EDX analysis of NiFe2O4@MCM-41@IL/Pt nanocatalyst.The EDX spectrum is direct evidence for successfully synthesizing the intended composite material. The presence of peaks for all expected elements (Ni, Fe, O, Si, Pt, and likely C and N) confirms the successful incorporation of each component into the final catalyst structure.
While EDX is not ideal for precise quantification, the relative peak intensities offer insight into the relative abundance of elements. The higher intensity of Si peaks suggests that it is the most abundant element detected, which is reasonable considering that MCM-41 is the primary support material.
The clear presence of Pt peaks is crucial, as it confirms the successful loading of platinum onto the catalyst. The intensity and shape of the Pt peaks can potentially provide information about the platinum’s oxidation state and distribution, although more detailed analysis might be required for a deeper understanding.
The relatively strong Si and O signals, attributed to the MCM-41 support, are expected to be more intense than the signals from the NiFe2O4 and Pt components, which are present as nanoparticles or surface modifications.
C and N peaks suggest the successful incorporation of the ionic liquid. However, it is important to note that these elements are common and could originate from adventitious carbon or other sources.
EDX is a surface-sensitive technique and may not accurately represent the bulk composition. Also, light elements like Lithium (if present in the ionic liquid) might not be detected accurately.
The EDX spectrum provides valuable preliminary information about the NiFe2O4@MCM-41@IL/Pt nanocatalyst composition. It confirms the presence of all expected components and offers a semi-quantitative insight into their relative abundance.
Figure 9 presents the elemental mapping analysis of the NiFe2O4@MCM-41@IL/Pt nanocatalyst. This technique allows for the visualization and spatial distribution of individual elements within the complex nanostructure, providing crucial insights into the material’s composition and morphology.
[image: Elemental distribution maps showing the presence of iron (Fe) in red, carbon (C) in teal, nitrogen (N) in dark blue, oxygen (O) in purple, silicon (Si) in orange, and platinum (Pt) in green, across six panels. Each element's concentration is depicted in a distinct color across the respective panel.]FIGURE 9 | Elemental mapping analysis of NiFe2O4@MCM-41@IL/Pt nanocatalyst.The mapping reveals the presence and distribution of the following elements:
Fe (Iron): The iron distribution (red) indicates its presence primarily within the NiFe2O4 component. The relatively concentrated areas suggest the successful incorporation of iron into the spinel structure.
C (Carbon): The carbon mapping (teal) highlights the presence of the organic components, including the ionic liquid (IL) and the MCM-41 matrix. A uniform distribution suggests a homogeneous dispersion of these components within the catalyst structure.
N (Nitrogen): Nitrogen (blue) serves as an indicator for the presence of the ionic liquid (IL) component, confirming its successful incorporation into the catalyst system. The co-localization of nitrogen with carbon supports this assignment.
O (Oxygen): Oxygen (purple) is associated with the metal oxides (NiFe2O4 and potentially the silica of MCM-41). Its widespread distribution is consistent with the oxygen content in these components.
Si (Silicon): Silicon (yellow) is a distinctive marker for the MCM-41 mesoporous silica support. The distribution pattern reflects the structure of the silica matrix and confirms its successful integration into the catalyst.
Pt (Platinum): Platinum (green) mapping reveals the distribution of the platinum nanoparticles, which are a critical catalytic component. The distribution pattern suggests the dispersion of platinum throughout the catalyst structure, potentially supported on the MCM-41 or within the ionic liquid environment.
The elemental mapping provides valuable information regarding the successful synthesis of the NiFe2O4@MCM-41@IL/Pt nanocatalyst. The distinct signals for Fe, Si, and O confirm the presence of the NiFe2O4 and MCM-41 components. The detection of C and N and their co-localization confirm the successful incorporation of the ionic liquid. Notably, the Pt mapping demonstrates the presence and distribution of the platinum nanoparticles, which are essential for the material’s catalytic activity.
The elemental mapping presented in Figure 9 provides valuable insight into the composition and structure of the NiFe2O4@MCM-41@IL/Pt nanocatalyst. The successful mapping of each constituent element confirms the composite material’s successful synthesis and provides a basis for understanding its catalytic properties.
After identifying the structure of the NiFe2O4@MCM-41@IL/Pt nanocomposite, its catalytic performance in the preparation of imidazo[1,2-a]pyrimidines was evaluated. Table 1 shows a summary of the optimization conditions for the synthesis of imidazo[1,2-a]pyrimidines (product 4k). The reaction involves 2-aminobenzimidazole (1) (1 mmol), benzaldehyde (2) (1 mmol), phenylacetylene (3) (1 mmol), NiFe2O4@MCM-41@IL/Pt NPs (0–15 mg) water as a solvent (2 mL) was stirred at mentioned temperatures was evaluated under microwave irradiation. The table includes 21 entries, each detailing different catalysts, solvents, conditions (temperature and time), and yields.
TABLE 1 | Optimization condition for synthesis of imidazo[1,2-a]pyrimidines (product 4k).	[image: Chemical reaction diagram showing a reaction between three compounds: 1a (red) with an NH2 group, 2a (blue) containing a CHO group, and 3a (purple) with an alkyne group, resulting in compound 4k, which is a fused heterocyclic structure incorporating elements from all three reactants.]
	Entry	Catalyst (mol%)	MW	Solvent	Temp. (oC)	Time (min)	Yield (%) a
	1	No catalyst	-	H2O	40°C	200	No
	2	No catalyst	-	H2O	60°C	200	No
	3	No catalyst	-	H2O	80°C	200	No
	4	No catalyst	-	H2O	100°C	200	No
	5	NiFe2O4@MCM-41@IL/Pt (0.05)	100w	H2O	40°C	20	53
	6	NiFe2O4@MCM-41@IL/Pt (0.05)	100w	H2O	60°C	20	65
	7	NiFe2O4@MCM-41@IL/Pt (0.05)	100w	H2O	80°C	20	70
	8	NiFe2O4@MCM-41@IL/Pt (0.10)	100w	H2O	40°C	20	68
	9	NiFe2O4@MCM-41@IL/Pt (0.10)	100w	H2O	60°C	20	94
	10	NiFe2O4@MCM-41@IL/Pt (0.10)	100w	H2O	80°C	20	91
	11	NiFe2O4@MCM-41@IL/Pt (0.15)	100w	H2O	40°C	20	72
	12	NiFe2O4@MCM-41@IL/Pt (0.15)	100w	H2O	60°C	20	92
	13	NiFe2O4@MCM-41@IL/Pt (0.15)	100w	H2O	80°C	20	90
	14	NiFe2O4@MCM-41@IL/Pt (0.10)	80w	H2O	60°C	20	86
	15	NiFe2O4@MCM-41@IL/Pt (0.10)	120w	H2O	60°C	20	90
	16	NiFe2O4@MCM-41@IL/Pt (0.10)	150w	H2O	60°C	20	87
	17	NiFe2O4@MCM-41@IL/Pt (0.10)	100w	CH3CN	60°C	20	64
	18	NiFe2O4@MCM-41@IL/Pt (0.10)	100w	DMF	60°C	20	52
	19	NiFe2O4@MCM-41@IL/Pt (0.10)	100w	CH2Cl2	60°C	20	57
	20	NiFe2O4@MCM-41@IL/Pt (0.10)	100w	EtOH	60°C	20	90
	21	NiFe2O4@MCM-41@IL/Pt (0.10)	100w	EtOH:H2O (1:1)	60°C	20	86
	22	No catalyst	100w	H2O	60°C	20	No
	23	NiFe2O4@MCM-41@IL/Pt (0.10)	-	H2O	60°C	20	No
	Reaction conditions: 2-aminobenzimidazole (1 mmol), aldehyde (1 mmol), and terminal alkyne (1 mmol)


a Yields referred to isolated products.
A variety of organic solvents were explored, including 1,4-dioxane, methanol, ethanol, isopropanol, n-butanol, DMF, acetonitrile, chloroform, dichloromethane, DMSO, ethyl acetate, THF, and toluene. The best results were consistently obtained with water, yielding 94% product at 60°C. Without a catalyst, water proved to be an ineffective solvent for the reaction, yielding no product. However, when the NiFe2O4@MCM-41@IL/Pt catalyst was introduced, water proved a suitable solvent, with yields increasing with temperatures up to 60°C. Higher temperatures generally led to higher yields, with the optimal temperature being 60°C for most solvents. The NiFe2O4@MCM-41@IL/Pt catalyst was essential for the reaction to proceed. Without it, no product was formed. Based on the data, the following conditions are identified as the best for synthesizing compound (4k) is water in the presence of NiFe2O4@MCM-41@IL/Pt NPs (0.10 mol%) at 60°C under MW.
In a controlled and precise experiment, we investigated the production of a broad and diverse range of imidazo[1,2-a]pyridine derivatives. This process used a one-step, three-component reaction method that included the use of aromatic and heteroaromatic aldehydes, along with 2-aminobenzimidazole derivatives, as well as terminal alkyne. This method allowed us to more accurately follow the production process of the desired derivatives and analyze the results carefully. The data in Table 2 demonstrates the successful creation of benzimidazole products with remarkably high yields.
TABLE 2 | Scope of synthesis of imidazo[1,2-a]pyrimidines using NiFe2O4@MCM-41@IL/Pt catalyst.	[image: Chemical reaction scheme showing the synthesis of a compound. The reactants include a substituted indole (1a-g), an aldehyde (2a-m), and an alkyne (3a-d). The reaction uses NiFe₂O₄@MCM-41@L/IL/Pt as a catalyst under microwave conditions with water at 60°C, resulting in a product with a fused ring structure (4a-r).]
	[image: Chemical structure of adenosine, featuring a benzene ring fused with an imidazole ring. Nitrogen atoms are highlighted in red, while the hydroxyl groups are indicated in blue and pink. Bonds are color-coded to show different parts of the molecule.]	[image: Chemical structure diagram showing a molecule with a methyl group labeled "Me" in blue, connected to a pyrimidine ring, which is linked to a benzene ring. Nitrogen atoms are highlighted in red, and a hydrogen atom is in pink.]	[image: Chemical structure of a compound featuring a benzene ring connected to a triazole ring, with nitrogen atoms highlighted in red. A methyl group and a hydrogen atom are attached to other parts of the structure, shown in magenta and blue, respectively.]
	4a, 18 min, 95% (Shinde and Jeong, 2015)	4b, 17 min, 94%, (Kumar et al., 2014)	4c, 17 min, 92%, (Kumar et al., 2014)
	[image: Chemical structure diagram showing a heterocyclic compound with a six-membered and a five-membered ring, including a benzene ring. Key elements are marked in various colors, including blue for carbon atoms attached to methyl groups labeled "Me".]	[image: Chemical structure diagram of a compound with three rings. The left ring contains chlorine and fluorine atoms. The right ring is a phenyl group, and another phenyl group is attached to the middle section. The atoms are color-coded: blue for fluorine, purple for carbon, red for nitrogen, and chlorine is labeled.]	[image: Chemical structure diagram of a compound featuring a fused ring system. It includes nitrogen and carbon atoms in red and black. Methyl groups are labeled "Me" in blue and purple, and a chlorine atom is attached to a benzene ring.]
	4days, 18 min, 93% (Rawat and Rawat, 2018)	4e, 18 min, 91% (Rawat and Rawat, 2018)	4f, 16 min, 90% (Shinde and Jeong, 2015)
	[image: Chemical structure diagram showing a heterocyclic compound with two methyl groups labeled as "Me" in blue and magenta, and a methoxy group labeled as "OMe" in red.]
4g, 15 min, 91% (Jayashree and Shivashankar, 2019)	[image: Chemical structure of a compound featuring a triazole ring connected to a phenyl group. The compound has a methyl group (Me) highlighted in blue, and other sections in red and magenta, indicating different atoms or moieties.]
4h, 18 min, 90% (Jayashree and Shivashankar, 2019)	[image: Chemical structure diagram showing a complex arrangement of benzene rings and nitrogen atoms. Blue and magenta methyl groups labeled as "Me" are attached to the structure. The diagram includes alternating double and single bonds.]
4i, 16 min, 91% (Shinde and Jeong, 2015)
	[image: Chemical structure diagram of a compound containing a benzene ring bonded to a triazole ring. An ethyl ester group is attached to the triazole, and a methoxy group is attached to the benzene. Atoms are color-coded by type: carbon in black, oxygen in blue, and nitrogen in pink.]	[image: Chemical structure of a heterocyclic compound featuring three rings connected by nitrogen atoms. The rings are highlighted in blue, pink, and red, indicating different functional groups.]	[image: Chemical structure of a compound featuring a benzene ring connected to a pyridine ring. The structure includes a carboxyl group (HO-C=O) in blue and a methoxy group (-OCH₃) in red.]
	4j, 19 min, 90% (Rawat and Rawat, 2018)	4k, 20 min, 94% (Rawat and Rawat, 2018)	4L, 21 min, 89% (Kumar et al., 2014)
	[image: Chemical structure diagram illustrating a molecule composed of a methoxybenzene group in blue, bonded to a triazole ring and an indole moiety in red.]	[image: Chemical structure of a compound featuring a methoxy-substituted benzene ring connected to a triazole and a pyridine ring. The methoxy group is highlighted in blue, while the triazole and pyridine rings are in red and black.]	[image: Chemical structure diagram depicting a compound with two benzene rings connected by a nitrogen atom. The structure includes a triazole and a tetrazole ring, with elements highlighted in different colors.]
	4m, 17 min, 94% (Kumar et al., 2014)	4n, 18 min, 96% (Shinde and Jeong, 2015)	4o, 22 min, 92% (Jayashree and Shivashankar, 2019)
	[image: Chemical structure diagram showing a compound with a phenyl group attached to a piperazine ring and a fused triazole-benzene system. The benzene ring has an attached methoxy group. The structure includes various colored bonds indicating different segments.]	[image: Chemical structure showing a compound with a methoxy-substituted benzene ring linked to a triazole and another benzene ring. The structure is color-coded with blue, red, and magenta.]	[image: Chemical structure diagram showing three connected benzene rings in blue, red, and pink. One ring has a nitro group substituent (NO2) and the red section includes a triazole ring.]
	4p, 23 min, 90% (Rawat and Rawat, 2018)	4q, 15 min, 95% (Shinde and Jeong, 2015)	4r, 22 min, 90% (Jayashree and Shivashankar, 2019)


a Yields referred to isolated products.
The electronic effects observed in the synthesis of imidazo[1,2-a]pyrimidines using the NiFe2O4@MCM-41@IL/Pt(II) catalyst are of significant importance, as they can greatly influence the reaction’s reactivity and selectivity. The table presented showcases the impact of various substituents on the aromatic rings of the reactants, providing a clear understanding of how electronic properties affect the overall yield and reaction time.
Firstly, electron-donating groups (EDGs), such as alkyl or methoxy substituents, enhance nucleophilicity in amines or electrophilicity in carbonyl compounds. This increased nucleophilicity can lead to faster reaction rates, as seen in entries where these groups are present. For instance, in a reaction involving [specific reactants], compounds with methoxy groups show shorter reaction times and higher yields than those with electron-withdrawing groups (EWGs) like [specific reactants]. EDGs stabilize positive charges that may develop during intermediate formation, facilitating smoother transitions through reactive states.
Conversely, electron-withdrawing groups like nitro or halogens can decrease nucleophilicity and increase electrophilicity. Due to their inductive effects, these groups can create a less favorable environment for nucleophilic attacks, which can result in longer reaction times and lower yields. For example, when a nitro group is present on one of the aromatic rings, the reaction proceeds more slowly because it destabilizes intermediates by increasing electron deficiency.
Moreover, steric effects also play a role alongside electronic factors. Bulky substituents can hinder access to reactive sites on the substrate or catalyst, further influencing reaction kinetics. The combination of steric hindrance with electronic effects often dictates the overall efficiency of the synthesis.
Understanding these electronic effects is an academic exercise and a crucial step toward optimizing conditions for synthesizing imidazo[1,2-a]pyrimidines. By strategically selecting substituents based on their electronic properties, chemists can tailor reactions to achieve desired products more efficiently while maximizing yields. The table’s data highlights this interplay between electronic effects and catalytic performance and provides practical insights for future research and applications.
As depicted in the provided Scheme 2, the mechanism for synthesizing imidazo[1,2-a]pyrimidine derivatives involves several critical steps. These steps are significantly facilitated by the Fe2NiO4@MCM-41@IL/Pt (II) nanocomposite catalyst, a pivotal element that enhances the reaction efficiency and selectivity. Understanding the role of this catalyst is crucial for a comprehensive grasp of the synthesis process.
The reaction begins with the nucleophilic attack of an amine (compound 1) on a carbonyl or imine intermediate, leading to the formation of an intermediate denoted as A. In this step, water is eliminated, and the catalyst facilitates the activation of the substrates by providing a suitable environment that lowers the activation energy required for bond formation. Platinum within the catalyst structure enhances its Lewis acidity, promoting electrophilic character in the substrate and thus facilitating this initial nucleophilic attack.
Subsequently, intermediate A undergoes further transformation, where another amine reacts with it in a subsequent step. This reaction leads to another intermediate (denoted as B), where additional water is released. The catalyst’s role here is crucial; it not only accelerates the reaction but also ensures high regioselectivity toward desired products by stabilizing transition states and intermediates through coordination interactions. This reassures us of the catalyst’s effectiveness in the synthesis process.
In the final stage of the mechanism, intermediate B undergoes cyclization to yield imidazo[1,2-a]pyrimidine derivatives (compound 4). This step is critical as it involves forming new bonds that define the final product’s structure. The catalytic support provided by Fe2NiO4@MCM-41@IL/Pt(II) ensures that these reactions proceed smoothly by maintaining a favorable reactant microenvironment while facilitating effective substrate alignment. Effective substrate alignment refers to the arrangement of the reactants in a way that maximizes the chances of successful reaction, and the catalyst ensures this alignment, thereby promoting the formation of the desired product.
The role of the catalyst throughout this mechanism is paramount. It provides active sites for substrate binding and stabilizes intermediates through coordination interactions, significantly enhancing both reaction rates and yields. This underscores the catalyst’s crucial contribution to the reaction, instilling confidence in its effectiveness.
This mechanism illustrates how Fe2NiO4@MCM-41@IL/Pt (II) serves as a facilitator of chemical transformations and as a means to improve overall process efficiency in synthesizing valuable imidazo [1,2-a]pyrimidine derivatives.
Simple catalyst separation and reusability are important factors in modern catalyst science. Consequently, the reusability of the v@MCM-41@IL/Pt catalyst was evaluated in the synthesis of product 4k. Following the reaction, the NiFe2O4@MCM-41@IL/Pt catalyst was recovered through magnetic decantation, washed with ethyl acetate and ethanol, dried, and reused. The results of the reusability tests reflected that the NiFe2O4@MCM-41@IL/Pt catalyst could be employed up to 6 times without substantially reducing its efficiency (Figure 10). FT-IR, VSM, and BET analyses were used to investigate the structure of the recovered catalyst (Figure 10). VSM analysis confirmed that the regenerated catalyst still has high magnetic properties. Also, FT-IR and BET analyses confirmed that the recovered catalyst has remarkable stability because the structure and shape of the particles in the analyses before and after recovery were almost the same.
[image: Bar chart titled "Experimental runs" displaying isolated yield percentages for six runs (E, R, III, IV, V, VI). All runs have yields around or above ninety percent. Runs III, IV, V, and VI show slightly higher yields, ranging from ninety-one to ninety-four percent.]FIGURE 10 | Reusability of NiFe2O4@MCM-41@IL/Pt catalyst on the model reaction (product 4k).The left SEM image provides a visual representation of the morphology and microstructure of the recovered NiFe2O4@MCM-41@IL/Pt nanocatalyst in Figure 11. The image reveals a porous and agglomerated structure with particles ranging from approximately 5–10 μm. The surface appears rough and uneven, indicating the presence of numerous pores and cavities.
[image: A scanning electron microscope (SEM) image on the left shows a textured surface with bumps and irregularities, while the right side displays a hysteresis graph plotting magnetization versus magnetic field, indicating ferromagnetic behavior with a typical S-shaped curve.]FIGURE 11 | VSM and BET analysis of the recovered NiFe2O4@MCM-41@IL/Pt nanocatalyst after 6 times.The VSM (Vibrating Sample Magnetometer) curve on the right shows the magnetic hysteresis loop of the recovered catalyst. The curve exhibits a typical S-shaped behavior, characteristic of ferromagnetic materials. The following observations can be made from the VSM data:
Saturation Magnetization (Ms): The saturation magnetization value is approximately 45 emu/g. This indicates a relatively high magnetic moment of the catalyst.
Coercivity (Hc): The coercivity is around 10 Oe. This value suggests that the catalyst possesses a moderate degree of magnetic hardness.
Remanence (Mr): The remanence is approximately 20 emu/g. This value signifies residual magnetization in the catalyst even after the applied magnetic field is removed.
The VSM analysis suggests that the recovered catalyst retains its magnetic properties after six use cycles. The high saturation magnetization and moderate coercivity indicate that an external magnetic field can easily separate the catalyst from the reaction mixture. However, the presence of agglomeration in the SEM image might hinder the separation process to some extent.
Additional VSM measurements at different temperatures would be beneficial to gain a deeper understanding of the catalyst’s magnetic properties. This would provide insights into the temperature dependence of the magnetic parameters and the nature of magnetic interactions within the catalyst.
The BET (Brunauer-Emmett-Teller) analysis, not shown in the image, determines the catalyst’s specific surface area and pore size distribution. This information is crucial for understanding the catalyst’s activity and stability.
The image indicates that the catalyst was recovered after six cycles. It would be interesting to compare the VSM and BET data of the fresh and recovered catalysts to assess the impact of multiple cycles on their properties.
The recovered NiFe2O4@MCM-41@IL/Pt nanocatalyst’s SEM and VSM analysis suggest that it retains its magnetic properties after six cycles of use. However, further analysis, including BET analysis and VSM measurements at different temperatures, is required to understand the catalyst’s properties and behavior fully.
The FT-IR spectrum of the recovered catalyst shows significant differences compared to the fresh catalyst. The observed differences between the fresh and recovered catalyst spectra suggest that the catalyst undergoes significant changes during the reaction process. The decrease in intensity of the O-H and C-H stretching peaks indicates a potential loss of active sites on the catalyst surface. Additionally, the broadening and reduction in intensity of the carbonyl and aromatic peaks suggest changes in the catalyst’s electronic structure and surface properties.
The FT-IR spectra of the fresh and recovered catalyst (Figure 12) revealed significant differences, particularly in the regions corresponding to O-H and C-H stretching vibrations. The decrease in intensity of these peaks in the recovered catalyst suggests a potential loss of active sites due to coking and/or metal leaching. Additionally, the broadening and reduction in intensity of the carbonyl and aromatic peaks indicate changes in the catalyst’s electronic structure and surface properties. Further investigations are necessary to elucidate the exact mechanisms of these changes and their impact on the catalyst’s performance.
[image: Graph showing IR spectra for fresh and recovered catalysts. The x-axis is labeled "Wavenumber cm⁻¹" ranging from 4000 to 500 cm⁻¹. The y-axis shows transmittance percentage. The top pink line represents the recovered catalyst, and the bottom blue line represents the fresh catalyst. Differences in peaks indicate spectral changes.]FIGURE 12 | FT-IR spectrums of fresh catalyst and recovered catalyst (after 6 times).2.1 Hot filtration test (leaching)
To assess nickel leakage from the catalyst during the reaction, a leaching test was conducted using a hot filtration method for the click reaction involving 2-aminobenzimidazole (1), aldehyde (2), and terminal alkyne (3). After 10 min, the catalytically active particles were removed from the reaction mixture through hot filtration, and the filtrate was observed for any continued activity. Following the hot filtration, the reaction yield stabilized at approximately 46% and showed no further changes (Figure 13).
[image: Line graph titled "Hot Filtration" showing yield percentage over time in minutes. Two lines represent different conditions. One line starts at 0% and rises steadily to 90% at 20 minutes. The other line rises to 50% by 8 minutes and remains constant.]FIGURE 13 | Hot filtration test (leaching) catalyst.Table 3 compares the efficiency of different methods for synthesizing 2-(phenylthio)benzo [d]thiazole (product 4k). Efficiency is evaluated based on the time required for the reaction and the product yield. The table shows that the method developed in this study, using NiFe2O4@MCM-41@IL/Pt as a catalyst, is the most efficient. It requires only 3 h to complete and yields 95%. Other methods reported in the literature typically require longer reaction times and lower yields.
TABLE 3 | Comparison of the efficiency of this method with reported methods for the synthesis of imidazo[1,2-a]pyridine derivatives (product 4k) as the model reaction.	Entry	Catalyst	Condition	Time (min)	Yield (%)	Ref.
	1	CuO NPs	Solvent-free, 100°C	60	84	56
	2	CuI/Ag2CO3	CH3CN, reflux	300	72	57
	3	MSA	Solvent-free, 85°C	120	68	58
	4	sulfated copper oxide	CH3CN, reflux	180	85	59
	5	NiFe2O4@MCM-41@IL/Pt	MW, 60°C	20	94	This Method


3 EXPERIMENTAL
All chemicals were purchased from Sigma and Merck. The reagents and solvents used in this work were obtained from Sigma-Aldrich, Fluka, or Merck and used without further purification. The samples’ infrared spectra (IR) were recorded in KBr disks using a NICOLET impact 410 spectrometer. 1HNMR and 13CNMR spectra were recorded with a Bruker DRX-400 spectrometer at 400 and 100MHz, respectively.
3.1 Synthesis of nanocatalyst
3.1.1 Synthesis of NiFe2O4 nanoparticles
NiFe2O4 was fabricated via a co-precipitation chemical process. FeCl2·4H2O and Ni(Cl)2·9H2O were initially dissolved in 100 mL of water, maintained under a nitrogen atmosphere at 80°C with a molar ratio of 2:1. Following this, 10 mL of 0.2 M NaOH solution was incrementally added over 10 min to the agitated mixture, achieving a final pH of 12. After 30 min of continuous stirring, the NiFe2O4 MNPs were magnetically separated, washed multiple times with deionized water, and dried at 75°C overnight.
3.1.2 Synthesis of NiFe2O4@SiO2
The interlayers of SiO2 were prepared through a modified Stober method (Dai et al., 2017). In order to synthesize NiFe2O4@MCM-41, first, NiFe2O4@SiO2 NPs were prepared according to a well-known procedure (Cui et al., 2013). Then, 0.6 g of NiFe2O4@SiO2 nanoparticles were added to distilled water (50 mL) and EtOH (110 mL) and dispersed under ultrasonic irradiation at 30°C for 30 min. In the next step, 3 mL of aqueous ammonia solution (25%) and 1 g of cetyltrimethylammonium bromide (CTAB) were added to the resulting mixture, and it was mechanically stirred at room temperature for 10 min. Then 0.7 mL of tetraethoxysilane (TMOS) was added dropwise, and the resulting mixture was stirred for 2 h at room temperature. After that, this was statically heated at 100°C for 48 h. Finally, the resulting material was separated using an external magnet, washed with deionized water, and dried at 70°C for 10 h. The CTAB template was removed from the synthesized material by calcination at 400°C for 6 h [62].
3.1.3 Synthesis of NiFe2O4@MCM-41@IL
The NiFe2O4@MCM-41@IL nanomaterial was prepared: 1.0 g of NiFe2O4@MCM-41 nanoparticles were suspended in 50 mL of toluene and sonicated for 20 min at room temperature. Then, 0.53 mmol of 1,3-bis(3-(trimethoxysilyl)propyl)-1H-imidazol-3-ium chloride was added, and the mixture was refluxed under an argon atmosphere for 24 h in an oil bath. The resulting solid was separated using an external magnet, washed thoroughly with ethanol, and labeled NiFe2O4@MCM-41@IL.
3.1.4 Synthesis of NiFe2O4@MCM-41@IL/Pt
For the preparation of NiFe2O4@MCM-41@IL/Pt nanocatalyst, typically 1 g of NiFe2O4@MCM-41@IL was added in dimethyl sulfoxide (DMSO, 20 mL) and sonicated for 10 min at room temperature. After the complete dispersion of this material, 1.5 mmol of Pt(Cl)2 salt was added into the reaction vessel and the obtained mixture was first stirred at room temperature for 24 h and then heated for 2 h at 80°C. After that, the resulting material was magnetically separated, washed thoroughly with DMSO, dried at 65°C for 10 h, and labeled as NiFe2O4@MCM-41@IL/Pt.
3.2 General procedure for the preparation of imidazo [1,2-a]pyridine derivatives
2-Aminobenzimidazole (1 mmol), arylaldehyde (1 mmol), and phenylacetylene (2 mmol) were combined with NiFe2O4@MCM-41@IL/Pt nanocatalyst (10 mg) and 5 mL of distilled water in a 10 mL initiator reaction vial. The vial was hermetically sealed and pressurized for 20 s before microwave irradiation at 60°C with a power output of 100 W. The vial was microwaved until thin-layer chromatography (TLC) using n-hexane–ethyl acetate (2:1) showed complete consumption of the starting substances. After cooling the reaction mixture to room temperature, the magnetic organocatalyst was separated using a magnetic field. The remaining residue was subsequently purified through recrystallization from ethanol to obtain the desired product with high yields.
4 CONCLUSION
This study demonstrates the successful development of a novel, eco-friendly NiFe2O4@MCM-41@IL/Pt magnetic nanocatalyst for the efficient synthesis of benzo[4,5]imidazo[1,2-a]pyrimidines via microwave-assisted A3 coupling reactions. By integrating the magnetic properties of NiFe2O4, the high surface area of MCM-41, the stabilizing effects of ionic liquids, and the catalytic activity of platinum, this hybrid system achieves exceptional performance in water as a green solvent, energy-efficient conditions. The microwave irradiation protocol significantly accelerated reaction kinetics, enabling the formation of target heterocycles in 15–25 min with yields of 89%–96%, while the catalyst’s magnetic core allowed facile recovery and reuse over five cycles without appreciable loss in activity. The methodology exhibits an impressive broad substrate compatibility, accommodating diverse aromatic and heteroaromatic aldehydes, 2-aminobenzimidazole derivatives, and terminal alkynes to generate pharmaceutically relevant scaffolds. This versatility of the catalyst instills optimism about its potential applications. This approach aligns with green chemistry principles by eliminating toxic solvents, minimizing waste, and reducing energy consumption. Mechanistic insights into the synergistic roles of the catalyst components underscore the importance of Pt-mediated alkyne activation and IL-enhanced stabilization of intermediates. This work represents a significant advancement in sustainable heterocyclic chemistry, offering a scalable, environmentally benign alternative to traditional multi-step syntheses. The developed protocol streamlines access to bioactive imidazopyridine and highlights the potential of integrating microwave technology with recyclable nanocatalysts for diverse organic transformations. Future studies will explore applications in industrial-scale synthesis and adaptations to other multicomponent reactions.
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Introduction
Palladium (II) complexes are promising anticancer agents with potential advantages over platinum drugs. This study aimed to synthesize and characterize three new Pd(II) complexes (2a–2c) with Schiff base ligands derived from salicylic acid and amine scaffolds, and to evaluate their antitumor activity against prostate cancer cells.
Methods
The Pd(II) complexes were synthesized and structurally characterized. Cytotoxicity was tested on two human prostate cancer cell lines (PC-3, DU-145) and healthy fibroblasts (MRC-5). Apoptosis induction was assessed by flow cytometry, with a focus on Bcl-2 and caspase proteins. Molecular docking was used to examine binding to the androgen receptor (AR) and apoptotic regulators (CASP3, BCL2, BAX). DNA and human serum albumin (HSA) binding were also investigated.
Results
All complexes showed significant cytotoxicity. Notably, complex 2c exhibited more potent cytotoxic activity than cisplatin in prostate cancer cell lines, with lower IC50 values after 72 h exposure in DU-145 (7.1 µM vs. 8.2 µM) and PC-3 cells (8.6 µM vs. 21.9 µM), while showing reduced toxicity in normal MRC-5 cells (42.3 µM vs. 24.4 µM). Apoptosis was confirmed as the primary cytotoxic mechanism, involving the activation of Bcl-2 and caspases. Docking studies revealed that complex 2c had the strongest binding affinity to AR and apoptotic proteins, mediated by hydrogen bonds, π–π stacking, and hydrophobic interactions. DNA and HSA binding supported their biological relevance.
Conclusion
Complex 2c exhibits potent anticancer activity through the induction of apoptosis and dual targeting of the AR and apoptotic pathways, making it a promising candidate for further development of anticancer drugs.

Keywords: palladium, schiff bases, DNA, albumin, cytotoxicity, apoptosis, prostate cancer
1 INTRODUCTION
The treatment of cancer is the most challenging issue of modern science, particularly due to the resistance of tumor cells to many utilized protocols and treatments, as well as due to serious side effects. Metal complexes have emerged as a suitable alternative for the treatment of different ailments due to their unique properties (Makarem et al., 2025; Klika et al., 2022). Among them, platinum-based drugs still represent the most explored options for cancer treatment, but the new studies concentrate on other metal drugs with better efficacy (Gupta et al., 2018; Cross et al., 2016; Galanski et al., 2003; Raza et al., 2021; Prathima et al., 2023). The idea behind the design of new metalotherapeutics with increased activity and lowered toxicity is based mainly on the elucidation of antitumor molecular mechanisms different from those expressed by platinum compounds (Prathima et al., 2023). The last two decades have brought increased interest in the design and synthesis of palladium complexes that could serve as alternative anticancer drugs (Lazarević et al., 2017; Vojtek et al., 2019; Carneiro et al., 2020) inspired by their coordination mode similar to that of platinum, but, according to some studies performed on rats, significantly lower toxicity (Abu-Surrah and Kettunen, 2006). As it undergoes a redox reaction, the palladium is also capable of forming reactive oxygen species (ROS). Despite the obvious similarity of these two metalotherapeutic groups, the palladium complexes are much more reactive, therefore, imposing the need for their stabilization through the utilization of specific chelating ligands. The choice of a suitable ligand is a crucial step in the development of a promising antitumor candidate, knowing that finely tuned physicochemical properties of the used ligand, its biological potential, and the strength of the ligand-metal bond directly influence the selectivity and mechanism of the antitumor activity at a molecular level.
The Schiff bases represent molecules widely utilized in many biological studies as pharmacophores capable of forming stable complexes with a variety of metals. Besides the nitrogen atom from imino groups, the molecular scaffold of Schiff bases can be easily manipulated to contain other donor atoms, such as oxygen and sulfur, and, in that way, provide the desired physicochemical or pharmaceutical properties necessary for the establishment of targeted biological activity. There are numerous reports evidencing the pharmacological potential of these compounds reflected in pronounced antitubercular, anti-inflammatory, antiviral, anticholinesterase, antibacterial, anticancer, and antioxidant activities (Aslan et al., 2020; Hosseini-Yazdi et al., 2017; Gowdhami et al., 2021; Kamel et al., 2010; Liu et al., 2019; Thiriveedhi et al., 2019; Amin et al., 2019; Lahmidi et al., 2019). When it comes to the tumor cells, Schiff bases can be selectively hydrolyzed by tumor cells or provide the release of active amines as antimetabolites (Shi et al., 2020). Other antitumor effects of Schiff bases include the cell cycle arrest by the production of free radicals and damage to proteins and nucleic acids (Panchsheela Ashok et al., 2020; Dhivya et al., 2015; Ma et al., 2012). These multiple biological actions make Schiff bases particularly attractive ligands for the design of metal complexes with enhanced therapeutic profiles. Despite the significant number of studies on Schiff base metal complexes, the exploration of palladium (II) complexes incorporating biogenic amine motifs such as tryptamine and tyramine remains limited, providing an opportunity for the development of new structures with potentially improved selectivity and reduced toxicity. Moreover, the rational inclusion of p-hydroxybenzylamine, structurally related to tyramine but with an additional hydroxyl group, could further modulate the physicochemical properties and biological activity of the resulting complexes.
As a consequence of above mentioned, the Schiff bases are also utilized as a ligand for the design of palladium complexes as promising candidates for photodynamic therapy (Demirbağ et al., 2024), as well as effective anticancer agents against a variety of cancer cell lines through the different molecular pathways, such as inhibition of proteasomes, enzymes, and cancer protein markers (Podolski-Renić et al., 2024). There are numerous literature examples describing the potential of Schiff base-derived palladium complexes as promising anticancer agents. For example, palladium complex derived from 2-[({2-[(2-hydroxyethyl)amino]ethyl}imino)methyl]phenol has demonstrated potent anticancer activity against several cancer cell lines, with respective IC50 values of 13.24 ± 1.21, 25.24 ± 0.91, 38.14 ± 1.19, and 31.21 ± 2.56 µM against HT-1080, A-549, MCF-7, and MDA-MB-231 (Khaldoune et al., 2023). The Schiff base made from (S)-2-amino-3-phenyl-1-propanol with 2-hydroxybenzaldehyde and 2-hydroxy-1-naphthaldehyde has been utilized for the synthesis of a palladium complex that exhibited anticancer activity against DLD-1 and MDA-MB-231 cell lines with IC50 values of 4.07 and 9.97 µM, respectively (Basaran et al., 2022). Also, palladium complex made from Schiff base comprising heterocyclic core in the structure was more efficient than cisplatin in killing breast cancer cells with an IC50 dose (31.80 ± 4.05 µM) (Al-Azzawi et al., 2025).
Among the cancers, prostate cancer is one of the leading causes of male death. The existing therapeutic strategies, such as androgen deprivation therapy, are associated with increased resistance, and new approaches in the treatment are necessary. One of the current promising ways in this domain is the development of strategies for the effective delivery of miR-34 to prostate cancer cells (Abdelaal et al., 2024). Although these attempts are very often associated with delivery vehicle-associated toxicity and non-adequate stability and cell uptake, one of the possible solutions is an approach based on small molecule ligand conjugation to miR-34 without a delivery vehicle, a way that enables high affinity and specificity for receptors (Abdelaal et al., 2024; Li et al., 2024).
In the light of the foregoing, herein we report the synthesis, characterization, and results of in vitro cytotoxic assay of three new palladium (II) complexes bearing Schiff base ligands combining salicylic aldehyde and tryptamine/tyramine and p-OH benzylamine structural motifs. The novelty of this study lies in the strategic selection of biologically relevant amine scaffolds and the investigation of their combined effects with palladium (II) coordination on anticancer potential. While tryptamine and tyramine represent examples of biogenic amines, p-OH benzylamine was used due to the structural resemblance to the tyramine scaffold. The cytotoxic activity was assessed on two human prostate cancer cell lines, PC-3 and DU-145, and the results were compared with those obtained with the healthy fibroblast cell line MRC-5. It was of interest to compare the influence of the palladium metal ion coordination to the Schiff base ligand on their antitumor potential. To gain further insight into their possible mode of action, we focused on one of the key molecular targets in prostate cancer–the androgen receptor (AR). This receptor plays a central role in disease progression by regulating the transcription of genes involved in cell growth, survival, and differentiation upon binding with androgens such as testosterone and dihydrotestosterone (Chatterjee, 2003). Notably, AR signaling remains active even under androgen-deprived conditions in tumor cells, facilitating continued tumor proliferation and the emergence of therapy resistance (Li et al., 2025). Taking into consideration the strong connection between androgen-AR signaling and prostate cancers, some of the available options for treatments are based on the application of androgen deprivation therapy (ADT) or direct targeting by anti-androgens. Although these approaches result in cell cycle arrest and apoptosis induction, due to the disease progression and drug resistance, new therapeutic strategies are needed (Culig and Puhr, 2024; Fujita and Nonomura, 2019; Mehralivand et al., 2024).
Given its critical role, a molecular docking study was undertaken to evaluate the interaction of the synthesized palladium complexes with AR, aiming to elucidate their potential as modulators of androgen receptor activity and their contribution to the observed cytotoxic effects.
2 RESULTS AND DISCUSSION
2.1 Synthesis of Pd complexes 2a–2c
The targeted Pd(II) complexes 2a–2c have been prepared in a one-pot procedure comprising the reaction between corresponding imine 1a–1c as ligands and K2PdCl4 as a metal source in acetonitrile, at room temperature in a 1:1 ratio (ligand vs. metal salt), as indicated in Scheme 1. The ligands 1a–1c were synthesized and structurally characterized in our previous studies (Babić et al., 2025; Marjanović et al., 2024). Besides the salicylic part, the ligands were composed of imine patterns–tryptamine, tyramine, and p-OH benzyl moiety, structurally related to the tyramine molecular scaffold. All complexes are new compounds obtained in the form of powders and fully characterized by the IR, 1H NMR, 13C NMR, mass spectrometry, and elemental analysis (Experimental part, Supplementary Material).
[image: Chemical reaction scheme showing the transformation of compounds 1a to 1c to form complexes 2a to 2c. The transformation is facilitated by K2PdCl4 in acetonitrile at room temperature for four hours. Below are structures of compounds 1a, 1b, and 1c with distinct R groups: 1a with hydroxyl and benzene, 1b with hydroxyl, and 1c with an indole group.]SCHEME 1 | Synthesis of Schiff base palladium (II) complexes 2a–2c.2.2 NMR studies
A detailed overview of the NMR characterization data for all synthesized compounds is provided in the Materials and Methods section, as well as in the Supplementary Material (SI), while representative examples are discussed herein to highlight key structural changes upon complexation. The representative 1H NMR spectra of palladium complex 2b were analyzed by comparison with the spectra of ligand compound 1b, as depicted in Figure 1. The azomethine proton–CH = N from the Schiff base located at 8.45 ppm is, in the case of the palladium complex, shifted to 7.88 ppm, confirming the involvement of the imino group in the coordination with the palladium metal ion. The–OH proton peaks from the salicylic moiety appearing at 13.54 ppm in the ligand spectra completely disappear in the case of palladium complex spectra, undoubtedly confirming the coordination of the palladium ion with the phenolate anion. Additionally, subtle changes in the aromatic region (6.5–8.0 ppm) further support coordination-induced electronic redistribution. The multiplet pattern of aromatic protons becomes slightly broadened and shifts marginally, which can be attributed to changes in magnetic environment and restricted rotation upon complexation. Taken together, these spectroscopic features strongly support the formation of a stable square planar Pd(II) complex, in which the ligand coordinates through both imine nitrogen and deprotonated phenolic oxygen, in agreement with the proposed structure shown in Figure 1.
[image: Overlay of two NMR spectra, blue and red. The top spectrum shows a palladium-containing compound with highlighted hydrogen peaks labeled "-N=C-H" and "acetone." The bottom spectrum features a related compound with peaks noted as "-N=C-H" and "-O-H" in red. Chemical structures are included for reference.]FIGURE 1 | Comparison of 1H NMR spectra of starting ligand 1b and complex compound 2b.In the 13C NMR spectra, clear changes in the chemical shifts of characteristic carbon atoms were observed upon complexation with Pd(II), supporting the proposed coordination mode. In the free ligand 1b, the signal for the azomethine carbon (–CH = N) appears at 165.82 ppm, while the phenolic carbon bearing the–OH group (–C–OH) resonates at 155.68 ppm (Figure 2). Upon complex formation, the azomethine carbon signal shifts slightly upfield to 163.54 ppm, indicating a decrease in electron density due to the coordination of the imine nitrogen to the palladium center, which is consistent with the formation of a Pd–N bond. The phenolic carbon signal shows a negligible shift (from 155.68 ppm to 155.72 ppm), which suggests that while deprotonation of the hydroxyl group occurs, the local electronic environment of the carbon remains largely stabilized, possibly due to resonance delocalization within the chelate ring and Pd–O bond formation. Additionally, several aromatic carbon signals appear in the 120–140 ppm region, with slight shifts compared to the free ligand, reflecting electronic redistribution upon coordination. These observations provide further evidence of ligand binding and the resulting structural reorganization. Overall, the 13C NMR data, in conjunction with the 1H NMR results, support the successful coordination of ligand 1b to Pd(II) through the imine nitrogen and phenolate oxygen atoms in complex 2b. The corresponding 1H NMR spectral data for the CH = N and–C-OH protons, as most relevant shifts in complex structure determination for all complexes 2a–2c, are given in Table 1.
[image: Two NMR spectra are shown, one in blue and the other in red. The blue spectrum includes a chemical structure with palladium and highlights a peak at 165.82 ppm for a -N=C- bond. The red spectrum features a similar chemical structure without palladium, with a highlighted peak at 163.54 ppm for a -N=C- bond. Both spectra display chemical shifts along the x-axis ranging from 0 to 210 ppm.]FIGURE 2 | Comparison of 13C NMR spectra of starting ligand 1b and complex compound 2b.TABLE 1 | 1H NMR spectral data of ligands 1a–1c and complex compounds 2a–2c.	Compound	Imine proton-HC = N	Salicylic OH proton
	1a	8.65 ppm, s	13.56 ppm, s
	2a	8.20 ppm, s	missing
	1b	8.45 ppm, s	13.54 ppm, s
	2b	7.88 ppm, s	missing
	1c	8.48 ppm, s	13.69 ppm, s
	2c	7.96 ppm, s	missing


2.3 IR analysis
The experimental IR spectra of all investigated ligands and their corresponding Pd(II) complexes are provided in the Supplementary Material (SI). IR spectral analysis offers valuable insights into the coordination behavior of ligands during complex formation with Pd(II) ions. One of the most significant vibrational bands in the FTIR spectra of Schiff base ligands is the imine stretching band (νC = N), typically observed in the range of 1,610–1,650 cm-1. This functional group plays a key role in metal coordination, and any shift in its position upon complexation serves as strong evidence of such interaction. The extent of the νC = N shift correlates with the strength of azomethine nitrogen coordination to the Pd(II) center, further supporting its direct involvement in complex formation. The uniform trend observed across all examined systems confirms that the ligands coordinate with the palladium ion via the imine nitrogen. The FTIR spectral data for free ligands (1a–1c) and Pd(II)-complexes (2a–2c) are given in Table 2, and these spectral features collectively confirm the bidentate coordination mode of the Schiff base ligand via the imine nitrogen and phenolic oxygen atoms to the Pd(II) center. Upon coordination of palladium via the nitrogen’s imino group, the strong C=N stretching band shifts to lower wavenumbers, indicating a weakening of the bond due to donation of the nitrogen lone pair to Pd(II). Also, the appearance of two new weak bands, attributed to Pd–N stretching and Pd–O stretching vibrations, affirms the formation of complexes. These IR findings are consistent with the 1H and 13C NMR data previously discussed, providing complementary experimental evidence for the formation of bidentate N, O-chelated palladium (II) complexes.
TABLE 2 | FTIR spectral data for ligands 1a–1c and Pd(II)-complexes 2a–2c.	Compound	ν(C=N)/cm-1	ν(Pd-N)/cm-1	ν(Pd-O)/cm-1
	1a	1,641	−	−
	1b	1,631	−	−
	1c	1,631	−	−
	2a	1,615	513	461
	2b	1,611	506	460
	2c	1,618	559	453


2.4 Mass spectrometry
The electrospray ionization mass spectrometry (ESI-MS) analysis was performed to confirm the molecular composition and stoichiometry of the synthesized palladium (II) complexes. In the mass spectrum of complex 2a (Mol.Wt 558.08), a dominant signal was observed at m/z = 559.0857, which corresponds to the protonated molecular ion [M + H] +, confirming the formation of the proposed bis-Schiff base Pd(II) complex (ESI, Supplementary Figure SI13). Similarly, for complex 2c (Mol.Wt 632.14), a strong peak at m/z = 633.1490 was detected, also corresponding to the [M + H]+species (ESI, Supplementary Figure SI22), while the spectra of compound 2b (Mol.Wt 586.11) revealed the peak at 587.03 (ESI, Supplementary Figure SI18). The presence of these molecular ion peaks, which match the calculated molecular masses of the respective complexes, confirms the proposed coordination of two Schiff base ligands to the Pd(II) ion in a 2:1 ligand-to-metal ratio. These results provide direct evidence for the successful formation of the target Pd(II) complexes and are in full agreement with the spectroscopic data (NMR and IR), thereby supporting the proposed coordination environment illustrated in the structural models.
2.5 Molar conductivity
The molar conductivity of complexes 2a–2c was measured in DMSO and demonstrated values ranging from 15.4 16.3–17.2 S cm2 mol-1, respectively. This is in agreement with the reports where the palladium is coordinated with two ligand compounds forming complexes that are neutral in nature and that behave as nonelectrolytes in solution (Ali et al., 2013; Geary, 1971).
2.6 Absorption spectroscopy
UV-Vis spectra were recorded in DMSO as a solvent, at room temperature, and the data of the absorption wavelength maxima (λ max) are given in Table 3 and Figure 3. Both Schiff base 1b and its Pd(II) complex 2b exhibited strong bands corresponding to π → π* aromatic transitions. Further, two more bands are attributed to the ligand 1b, the medium intensity π → π* and very weak and broad n→π* transition of the imine group. Upon coordination, the π → π* band of the imine group decreases in intensity, while the new band at 393 nm, attributed to Ligand-to-Metal Charge Transfer (LMCT), appears (Felicio et al., 2001; Hussain et al., 2019). The stability of Schiff base metal complexes is a key factor influencing their performance during biological evaluations. Unstable complexes, prone to hydrolysis or degradation, may lead to reduced efficacy, altered mechanisms of action, or false-positive/negative outcomes. Palladium (II), typically adopting a square-planar geometry (Kostić et al., 2003), forms stable complexes with bidentate Schiff base ligands, but its coordination environment can be sensitive to ligand exchange. Considering that Pd(II) is a soft Lewis acid and has affinity for soft donor atoms (like sulfur) it was necessary to evaluate the stability of synthetized complexes in DMSO, as all stock solutions for biological experiments were prepared in DMSO as a solvent. Possible ligand exchange may lead to complex decomposition or formation of Pd–DMSO adducts. In order to determine the stability of selected complex 2b in DMSO, a series of UV-Vis spectra in the range of 200–600 nm were recorded after t = 0, 24, and 48 h (Supplementary Figure SI17) (Marjanović et al., 2023). Spectroscopic data confirms the preservation of the complex’s stability in DMSO, retaining its structural integrity without signs of ligand displacement or decomposition.
TABLE 3 | UV-visible spectral data for the Schiff base 1b and its Pd(II)-complex 2b.	Compound	Λ (nm)	Band asignment
	1b	262, 282, 290	π→π* aromatic
	317	π→π* imine
	410	π→π* imine
	2b	262, 282, 290	π→π* aromatic
	313	π→π* imine
	393	LMCT


[image: Line graph comparing absorbance of a Pd(II) complex (solid line) and a Schiff base ligand (dotted line) across wavelengths from 260 to 510 nm. The Pd(II) complex shows higher absorbance peaks around 290 nm compared to the ligand. Both decrease gradually towards higher wavelengths.]FIGURE 3 | UV-Vis spectra of the Schiff base 1b (‧‧‧) and its Pd(II)-complex 2b (−).2.7 Stability assay
As one of the essential features of compounds with drug-like potential is their stability in a physiological environment, the stability screening should be an integral part of the comprehensive assessment of a compound’s pharmaceutical properties. For this assay, compound 2b was selected as a representative. In Supplementary Figure SI23, time-dependent UV-Vis absorption spectra of complex 2b are presented. Tested compounds have shown sufficient stability in solution under physiologically relevant conditions, where slight changes may be attributed to the solvent evaporation as absorbance slightly decreases over time.
2.8 Viscosity measurement
To examine the nature of the interaction of the obtained compound 2c and deoxyribonucleic acid sodium salt from calf thymus (CT-DNA), the viscosity measurements were done. The viscosity of DNA is sensitive to length changes, and it is regarded as the least ambiguous and the most critical clue of DNA binding mode in solution (Li et al., 2010). As the intercalation strength is usually proportional to the increase in the viscosity of the DNA, from the data presented in Supplementary Figure SI24, it can be concluded that compound 2c intercalates very weakly with the DNA strands, as the addition of increasing concentrations of 2c to the DNA solution led to a moderate increase in viscosity. These data indicate that the interaction of complex 2c with DNA is with a strong preference for the minor groove binding rather than intercalation, which is in accordance with the competitive fluorescence quenching studies.
2.9 In vitro cytotoxic study
The cytotoxicity of the three synthesized Pd(II) complexes (2a–2c) was assessed in vitro using human prostate carcinoma cells lacking prostate-specific membrane antigen (PSMA) and androgen receptor independence (DU-145), human prostate carcinoma cells (PC-3), and non-cancerous human fibroblasts (MRC-5). It is important to note that PSMA receptors are extensively used in prostate cancer research (Klika et al., 2024). The evaluation was conducted via the MTT assay following 24, 48, and 72 h of treatment. For comparative purposes, the cytotoxic profile of cisplatin was also examined. The findings unequivocally demonstrate that all Pd(II) complexes, as well as cisplatin, exhibit dose-dependent cytotoxic effects against DU-145 and PC-3 cell lines. The IC50 values for these Pd(II) complexes and cisplatin are summarized in Table 4, reinforcing their potential as anticancer agents (Figure 4).
TABLE 4 | IC50 values in µM for Pd(II) complexes 2a–2c and cisplatin (CP) after 24, 48, and 72 h of drug exposure. Results are presented as mean ± SD and determined from the results of MTT assay in three independent experiments.	Cell line	Time	2a	2b	2c	CP
	DU-145	24 h	83.6 ± 9.2	75.9 ± 7.3	48.4 ± 5.1	22.3 ± 2.4
	48 h	17.5 ± 1.6	19.2 ± 2.1	11.0 ± 1.2	11.4 ± 1.1
	72 h	9.3 ± 0.9	8.7 ± 0.8	7.1 ± 0.8	8.2 ± 0.8
	PC-3	24 h	94.1 ± 9.1	75.2 ± 7.2	38.4 ± 3.6	15.6 ± 1.4
	48 h	89.8 ± 8.8	58.6 ± 5.6	12.5 ± 1.1	29.7 ± 3.1
	72 h	79.3 ± 7.7	29.1 ± 2.8	8.6 ± 0.9	21.9 ± 2.2
	MRC-5	24 h	94.3 ± 9.7	87.7 ± 8.8	80.7 ± 8.1	90.1 ± 9.2
	48 h	92.4 ± 9.1	78.5 ± 7.7	75.6 ± 7.7	41.9 ± 4.4
	72 h	83.0 ± 8.1	49.2 ± 5.1	42.3 ± 4.1	24.4 ± 0.8


[image: Nine line graphs display cell viability against drug concentration over different time points: 24, 48, and 72 hours for DU-145, PC-3, and MRC-5 cell lines. Each graph compares four treatments: 2a, 2b, 2c, and CisPt. Viability decreases with increasing concentration, with distinct patterns per cell line and treatment.]FIGURE 4 | The effects of Pd(II) complexes (2a–2c) and cisplatin (CisPt) on the viability of human prostate carcinoma cells without prostate-specific membrane antigen (PSMA) and androgen receptor-independent (DU-145), human prostate carcinoma cells (PC-3), and human non-tumor cells (MRC-5).All tested Pd(II) complexes, as well as cisplatin, significantly reduced the viability of DU-145 and PC-3 prostate carcinoma cell lines following 24, 48, and 72 h of treatment. Among the synthesized complexes, compound 2c exhibited the most pronounced cytotoxic activity across all exposure durations and against both cell lines. Notably, the cytotoxic effect of complex 2c surpassed that of cisplatin after 48 and 72 h of treatment under identical experimental conditions (Figure 4; Table 4). Furthermore, while all Pd(II) complexes demonstrated a relatively lower cytotoxic impact on non-cancerous human fibroblasts (MRC-5) compared to cisplatin, exceptions were observed for complexes 2b and 2c at the 24-h mark. These findings underscore the selective anticancer potential of the newly synthesized Pd(II) complexes (2a–2c), particularly their preferential activity against human prostate cancer cell lines. Although compounds 2b and 2c exhibited moderate cytotoxicity toward MRC-5 fibroblasts at 24 h, their activity against prostate cancer cell lines significantly increased at 48 h and 72 h, resulting in improved selectivity over time. For example, at 72 h, compound 2c showed IC50 values of 7.1 µM (DU-145) and 8.6 µM (PC-3) compared to 42.3 µM in MRC-5, suggesting a preferential cytotoxic effect on malignant cells. In contrast, cisplatin demonstrated potent cytotoxicity across all tested cell lines, with only limited differences between cancerous and non-cancerous cells (e.g., 8.2 µM in DU-145 vs. 24.4 µM in MRC-5 at 72 h), indicating lower selectivity. These findings highlight the potential therapeutic advantage of compounds 2b and 2c, particularly 2c, which combines increased anticancer activity with reduced impact on non-tumorigenic cells over extended exposure times. The subsequent phase of our investigation focused on determining the mode of cell death induced by the Pd(II) complexes in DU-145 and PC-3 prostate carcinoma cells. To achieve this, an annexin V/PI staining assay was employed. The results revealed that all tested Pd(II) complexes effectively triggered apoptosis (Figure 5). Notably, in DU-145 cells, treatment with an IC50 dose of complex 2c resulted in the highest proportion of necrotic cells. Further analyses were conducted to investigate whether these Pd(II) complexes affected the intracellular levels of the anti-apoptotic protein Bcl-2 and the pro-apoptotic protein Bax. Additionally, caspase-3 activation was assessed in DU-145 cells exposed to the Pd(II) complexes. The findings demonstrated a significant reduction in Bcl-2 levels and a concomitant increase in BAX concentrations in cells treated with IC50 doses of the Pd(II) complexes compared to untreated controls (Figure 5). Moreover, a marked elevation in the percentage of cells exhibiting active caspase-3 was observed following treatment with the Pd(II) complexes (Figure 6). Collectively, these results indicate that the Pd(II) complexes (2a–2c) decreased the Bcl-2/BAX ratio, thereby promoting caspase-3 activation and inducing apoptosis via intrinsic apoptotic pathways.
[image: Scatter plots showing cell analysis results for untreated DU-145 cells and treatments 2a, 2b, and 2c. Each plot displays Annexin V-FITC versus PI staining. A bar graph below compares cell populations (V, EA, LA, N) for each condition, indicating variations in cell viability and apoptosis.]FIGURE 5 | Three tested Pd(II) complexes (2a–2c) decrease viability of treated human prostate carcinoma cells without prostate-specific membrane antigen (PSMA) and androgen receptor-independent (DU-145); (A) Representative flow-cytometry plots using Annexin V-FITC/PI staining for apoptosis. (B) The average percentage of DU-145 viable cells (V), early apoptotic cells (EA), late apoptotic cells (LA) and necrotic cells (N) after 24 h treatment with IC50 of Pd(II) complexes (2a–2c).[image: Flow cytometry histograms show expression levels of active-bax, bcl-2, and cleaved caspase 3 in untreated and treated cells (2a, 2b, 2c). Each row represents a different protein, with treated samples showing varying shifts in fluorescence intensity. Panel B presents a table summarizing mean fluorescence intensity (MFI) for bax and bcl-2, and percentage of cells with cleaved caspase 3 for each treatment condition. Untreated cells have lower active-bax MFI compared to treated cells, while bcl-2 MFI and cleaved caspase 3 percentages decrease with treatment.]FIGURE 6 | Pd(II) complexes 2a–2c induce apoptosis of human prostate carcinoma cells without prostate-specific membrane antigen (PSMA) and androgen receptor-independent (DU-145) via a caspase-dependent pathway. (A) MFI values (mean fluorescence intensity) for anti-apoptotic protein bcl-2, proapoptotic protein Bax and cleaved caspase 3 of DU-145 cells treated with IC50 of Pd(II) complexes 2a–2c. (B) Overview of MFI values for pro-apoptotic protein active bax, antiapoptotic bcl-2 and active (cleaved) caspase-3 of DU-145 cells treated with IC50 of Pd(II) complexes 2a–2c.The induction of apoptosis and/or cell cycle arrest is a well-established mechanism for reducing cancer cell viability (Kacar et al., 2017; Deljanin et al., 2016). Notably, cancer cells exhibit a heightened reliance on DNA damage repair mechanisms and the abrogation of the G2 checkpoint. Arrest in the G0/G1 phase typically halts cellular proliferation while allowing for the repair of damage caused by anticancer agents. In contrast, G2/M phase arrest is often associated with the initiation of apoptosis. In our study, we investigated the effects of IC50 concentrations of Pd(II) complexes 2a–2c on the cell cycle of DU-145 prostate cancer cells 24 h post-treatment. Flow cytometric analysis was performed on propidium iodide (PI)-stained cells to evaluate cell cycle distribution (Figure 7). The results revealed that all Pd(II) complexes induced G0/G1 phase arrest in DU-145 cells, highlighting their ability to interfere with cell cycle progression. Furthermore, variations in the mechanisms of action among the Pd(II) complexes (2a–2c) were observed, underscoring their distinct biological activities.
[image: Four histograms (A) display cell cycle phases of untreated and treated DU-145 cells labeled 2a, 2b, and 2c, showing DNA content. Colors identify phases: blue for G0/G1, green for S, and red for G2/M. Below, a bar graph (B) compares the percentage distribution of these phases among untreated and treated samples, with legends matching the phase colors.]FIGURE 7 | Pd(II) complexes (2a–2c) induce G2/M cell cycle arrest of treated tumour DU-145 cells. (A) Representative flow-cytometry plots using PI staining for cell cycle phase detection. (B) The average percentage of DU-145 cells in G0/G1 cell cycle phase (blue), S cell cycle phase (green) and G2/M cell cycle phase (red) after 24 h treatment with IC50 of Pd(II) complexes (2a–2c).The long-term antiproliferative effect of Pd(II) complexes was tested by using a clonogenic assay. All tested compounds showed a significant antiproliferative effect, which was dose-dependent, and the most pronounced effect was detected after treatment with complex 2c (Figure 8).
[image: Bar chart showing survival fraction at concentrations of 0.1 µM, 0.3 µM, 1 µM, and 10 µM for samples 2a, 2b, and 2c. Blue bars (0.1 µM) show the highest survival, followed by red (0.3 µM), green (1 µM), and purple (10 µM) bars with the lowest.]FIGURE 8 | Survival fraction (SF) for Pd(II) complexes 2a–2c tested in four different concentrations in DU-145 cells. Results are presented as mean ± standard deviation.Different palladium complexes have demonstrated the ability to induce apoptosis by activating the intrinsic mitochondrial pathway (Czarnomysy et al., 2021). Mitochondria combine death signals from both intrinsic and extrinsic apoptotic pathways. The dysregulation of mitochondrial membrane potential (ΔΨM) is crucial in the activation of mitochondrial apoptosis. We examined the capacity of palladium complexes 2a–2c to induce mitochondrial apoptosis in DU-145 cells by assessing changes in ΔΨM using the fluorescent dye JC-10. In living cells, JC-10 mainly produces red fluorescent aggregates within the mitochondrial matrix. In contrast, in dying cells, it mainly diffuses from the mitochondria into the cytoplasm, leading to the production of a green monomeric form. Treatment with complexes 2a–2c resulted in a significant rise in JC-10 green fluorescence and a reduction in JC-10 red fluorescence, indicating a loss of ΔΨM. Specifically, our results demonstrated that all tested compounds significantly increased the JC10 green/JC-10 red ratio by 2.1-, 2.9-, and 3.2-fold, respectively, compared to untreated cells (Figure 9). These findings suggest that the complexes 2a–2c effectively induce apoptosis in DU-145 cells via the intrinsic mitochondrial pathway by disrupting ΔΨM.
[image: Fluorescent staining and bar graph of DU-145 cells. Top panel shows JC-10 aggregate (red), JC-10 monomer (green), and overlay images for control, 2a, 2b, and 2c treatments. Bottom graph displays JC-10 green/red fold change in mitochondrial membrane potential. Significant increases are noted for 2a, 2b, and 2c compared to untreated cells.]FIGURE 9 | Palladium complexes 2a–2c induce changes in mitochondrial membrane potential (ΔΨM) in DU-145 cells. DU-145 cells were treated with palladium complexes 2a–2c (IC50-μM) for 48 h and stained with the mitochondrial fluorescent probe JC-10. Pd complexes reduced the red fluorescence of the JC-10 aggregate within the mitochondria while increasing the green fluorescence of the JC-10 monomer in the cytoplasm. The MFI of the red and green forms of JC-10 was measured using ImageJ. The histogram shows the mean fold change of the MFI JC-10 green/MFI JC-10 red ratio. The bars show the mean ± SE; (N = 3). Significance levels are indicated as **p < 0.01 compared to control. Scale bar: 100 μm; magnification: ×40.The query outlines the synthesis and evaluation of three new Pd(II) complexes (2a–2c) for their cytotoxicity and mechanisms of action against human prostate carcinoma cells (DU-145 and PC-3) and non-cancerous fibroblasts (MRC-5). The findings demonstrate that all three complexes exhibit potent and selective cytotoxic effects on prostate carcinoma cells, with complex 2c showing superior efficacy against DU-145 cells after 72 h compared to cisplatin. The cytotoxic potency follows the order 2a < 2b < 2c, potentially due to the presence of an indole ring in the ligand of complex 2c (Kandeel et al., 2025; Kamel et al., 2019). Conversely, the selectivity increases in the reverse order (2c < 2b < 2a), with all Pd(II) complexes displaying greater selectivity than cisplatin.
The search results corroborate the potential of Pd(II) complexes as anticancer agents. For instance, studies have shown that Pd(II) complexes induce apoptosis through mechanisms such as mitochondrial membrane depolarization, Bax upregulation, and Bcl-2 downregulation in prostate cancer cells like DU-145 and PC-3 (Valentini et al., 2009; Ulukaya et al., 2013). Additionally, some Pd(II) complexes demonstrate selective cytotoxicity against cancer cells while sparing non-cancerous cells. The observed differences in efficacy and selectivity among Pd(II) complexes may be attributed to structural variations in their ligands, as highlighted in other research on similar compounds. These findings underscore the therapeutic potential of Pd(II) complexes for prostate cancer treatment.
Pd(II) complexes exhibit substantial anticancer potential against DU-145 human prostate cancer cells, primarily through the induction of apoptosis, particularly early apoptosis (Plutín et al., 2014). This mechanism was confirmed in our study, where treatment with Pd(II) complexes resulted in a significant transition of cells from viability to the early apoptotic stage. These complexes demonstrate both cytotoxic and antiproliferative properties by disrupting cellular metabolism and inducing cell death (Valentini et al., 2009). Furthermore, Pd(II) complexes exert both short-term and long-term antiproliferative effects, significantly impairing cell growth and abolishing long-term proliferation. Their action also includes inhibition of cell migration and adhesion, induction of morphological changes such as cellular shrinkage, and interaction with DNA, leading to double-stranded DNA cleavage–a key contributor to their cytotoxic effects (Laginha et al., 2023).
Studies corroborate these findings, highlighting that Pd(II) complexes induce apoptosis via mitochondrial membrane depolarization, Bax upregulation, and Bcl-2 downregulation (Carneiro et al., 2020). Additionally, their ability to disrupt DNA integrity without activating DNA repair enzymes further emphasizes their therapeutic potential (Sharma et al., 2016). These results collectively position Pd(II) complexes as promising candidates for prostate cancer treatment due to their multifaceted anticancer mechanisms.
Research has demonstrated that Pd(II) complexes can induce apoptosis through multiple pathways, including the activation of cell death receptors and the generation of reactive oxygen species (ROS). These complexes have shown significant efficacy against DU-145 prostate cancer cells, highlighting their potential as anticancer agents. The metabolic effects triggered by Pd(II) complexes can be more rapid compared to those of cisplatin, which may result in faster patient recovery. This rapid metabolic response is advantageous as it could potentially reduce the duration and severity of side effects associated with chemotherapy.
Studies on various Pd(II) complexes have revealed diverse mechanisms of action, including DNA interaction, ROS-mediated mitochondrial dysfunction, and the activation of intrinsic and extrinsic apoptotic pathways (Carneiro et al., 2020; Espino et al., 2020). The ability of Pd(II) complexes to induce apoptosis without relying on DNA damage, as seen with cisplatin, suggests they may offer a distinct therapeutic approach with potentially fewer side effects (Espino et al., 2020). Additionally, the activation of cell death receptors and the induction of apoptosis through ROS production underscore the versatility of Pd(II) complexes in targeting cancer cells (Carneiro et al., 2020; Aydinlik et al., 2021).
Palladium (II) complexes have demonstrated significant cytotoxic and growth-inhibitory effects on the DU-145 human prostate adenocarcinoma cell line, primarily through mechanisms such as DNA interaction and apoptosis induction. These complexes induce cellular changes, including reduced cell numbers and morphological alterations, which are indicative of their cytotoxic effects. The formation of DNA adducts following the interaction of Pd(II) complexes with DNA is a key contributor to their anticancer activity. Studies highlight that complexation with thiosemicarbazone ligands enhances the antitumor potential of Pd(II) complexes, making this a promising strategy for developing new anticancer agents. For instance, Pd(II)-thiosemicarbazone complexes have shown potent cytotoxicity against DU-145 cells, with IC50 values significantly lower than those of cisplatin (Hernández et al., 2013). Furthermore, Pd(II) complexes have been shown to modulate protein expression in DU-145 cells, potentially influencing pathways critical to cancer progression (Kontek et al., 2011). These findings underscore the therapeutic potential of Pd(II) complexes and the need for further research to optimize their efficacy and selectivity.
2.10 DNA interaction study
Many metal-based anticancer agents have DNA as a primary potential biological target. Accordingly, it is very important to understand the binding properties of different transition metal ion complexes. Two possible binding modes of the transition metal ion complexes toward DNA are defined as covalent and non-covalent types of interactions. The covalent bindings consider the replacement of the labile ligand of the complex by a nitrogen base of DNA, and noncovalent are intercalation, electrostatic, or groove binding. The most employed method for determination of binding mode between complexes and DNA is fluorescence quenching (Recio Despaigne et al., 2014). For this investigation competitive studies with EB and Hoechst, 33,258 (Hoe) were made using fluorescence quenching experiments.
Ethidium bromide (EB) is a classical intercalator that gives significant fluorescence emission intensity when it intercalates into the base pairs of DNA. The fluorescence titration of EB-DNA with increasing amounts of 2c is shown in Figure 10. The decrease in the emission intensity of the band at 611 nm suggests that complex 2c can replace EB from EB-DNA and interact with DNA by the interactive mode (Tarushi et al., 2010; Tarushi et al., 2013).
[image: Graph a shows emission intensity versus wavelength from 550 to 750 nanometers, with multiple overlapping lines peaking around 620 nanometers, and intensity decreasing as indicated by an arrow. Graph b is a scatter plot with a linear regression line showing I₀/I against concentration of 2c in molarity, displaying a positive correlation, with the equation y = 7867.6x + 0.9923 and R² = 0.9842.]FIGURE 10 | (a) Emission spectra of EB-DNA in the absence and presence of complex 2c. pH = 7.4; λex = 550 nm; (b) plots of I0/I versus concentration of quencher [2c].The Stern-Volmer quenching constants (Ksv) are calculated from the slopes of the plots of I0/I vs. (4) from Equation 1 (Lakowicz and Weber, 1973)
I0/I=1+KsvQ(1)
and presented in Table 5. Quenching rate constants, kq are calculated through the correlation (Klika et al., 2022), since its known that the average fluorescence lifetime of the DNA without a quencher (τ0) is 10–8 s (Equation 2) (Aydinlik et al., 2021; Lakowicz et al., 1999)
Ksv=kq×τ0(2)
TABLE 5 | The bimolecular quenching rate constant (kq), Stern–Volmer constant (Ksv), and correlation coefficient (R) for complex 2c as a quencher.	Complex	Test	kq[M-1s-1]	Ksv[M-1]	R2
	2c	EB	0.8 × 1,012	0.8 × 104	0.9842
	Hoe	3.1 × 1,012	3.1 × 104	0.9455


The obtained values for Ksv suggest that 2c can interact with DNA molecules in interactive mode (Tarushi et al., 2013).
In order to further elucidate the binding mode of complex 2c with CT-DNA, competitive fluorescence quenching studies were also conducted using Hoechst 33,258 (Hoe), a synthetic derivative of N-methylpiperazine known to bind specifically within the minor groove of DNA (Vojtek et al., 2019). Minor groove binding represents a non-covalent interaction typical for small-molecule drugs and bioactive compounds, often associated with sequence-selective recognition (Kandeel et al., 2025). The fluorescence titration of the pre-formed Hoe–DNA complex with increasing concentrations of complex 2c is shown in Figure 11. A gradual decrease in fluorescence intensity suggests that complex 2c can effectively displace Hoe from the minor groove, indicating a possible groove-binding mode of interaction with DNA.
[image: Two graphs are displayed. Panel a shows multiple emission intensity spectra versus wavelength, ranging from approximately 400 to 650 nanometers. An arrow points to the spectra. Panel b is a scatter plot with a linear fit, showing a positive correlation between I₀/I and concentration of [2c] in micromolar units, with equation y = 31343x + 1.0115 and R² = 0.9455.]FIGURE 11 | (a) Emission spectra of Hoe-DNA in the absence and presence of complex 2c. pH = 7.4; λex = 346 nm; (b) plots of I0/I versus concentration of quencher [2c].The decrease in fluorescence intensity, as shown in Figure 11, indicates that the palladium complex 2c is capable of displacing Hoe from the Hoe–DNA complex. The Stern–Volmer quenching constant (Ksv), calculated and presented in Table 5, supports this observation and further confirms the proposed interaction between complex 2c and DNA through minor groove binding.
By comparing the Ksv values obtained from the EB and Hoe fluorescence quenching experiments (Table 5), it can be concluded that the complexes interact with double-stranded DNA through both binding modes–intercalation and minor groove binding. However, the higher Stern–Volmer constant observed for the Hoe displacement assay compared to the EB assay suggests that complex 2c exhibits a stronger preference for minor groove binding over interactive interaction.
2.11 Molecular docking study
The inhibition of the AR plays a crucial role in the treatment of androgen-dependent diseases, particularly prostate cancer. Targeting AR with small molecules can modulate its activity, thereby disrupting androgen signaling pathways critical for tumor growth and progression. In this context, our molecular docking study aimed to evaluate the binding affinity of Pd-based complexes as potential AR inhibitors. As shown in Table 6, molecular docking results indicate that the 2c complex exhibits the strongest interaction with the receptor, as evidenced by its lowest binding free energy value. Its inhibition constant, the smallest among the tested compounds, suggests a high potential for enzyme inhibition, making it the most promising candidate in this study. The 2b complex also demonstrates significant inhibitory activity, albeit slightly weaker than 2c, yet it still forms stable interactions with the receptor, highlighting its relevance as a potential inhibitor. In contrast, the 2a complex shows the highest binding free energy value and the largest inhibition constant, indicating a weaker affinity for the enzyme’s active site. For comparison, bicalutamide (BIC) was used as a reference inhibitor, and the results reveal that 2c exhibits a stronger receptor binding affinity. These findings underscore the potential of Pd complexes as AR receptor inhibitors, with 2c emerging as the most promising candidate for further investigation.
TABLE 6 | Thermodynamic parameters (kcal/mol) of Pd complexes at the active site of Androgen Receptor (AR) determined after molecular docking simulation.	Complex	ΔGbind	Ki (µM)	ΔGinter	ΔGvdw + hbond + desolv	ΔGelec	ΔGtotal	ΔGtor	ΔGunb
	AR
	2a	−5.56	83.36	−7.21	−7.23	0.02	−1.29	1.65	−1.29
	2b	−8.44	0.65	−10.64	−10.62	−0.02	−1.74	2.20	−1.74
	2c	−10.51	0.02	−12.16	−12.21	0.05	−2.47	1.65	−2.47
	BIC	−9.11	0.21	−10.76	−10.65	−0.11	−1.92	1.65	−1.92


The molecular interactions between Pd derivatives and AR, illustrated in Figure 12, offer valuable insights into the potential inhibitory properties of these compounds. Non-covalent interactions contribute significantly to the stability of the ligand-protein complex by reinforcing the binding affinity within the enzyme’s active site. Hydrophobic interactions predominantly enhance the stability of the complex by facilitating favorable packing and minimizing solvent exposure, while conventional hydrogen bonds provide additional stabilization through directional electrostatic forces, further strengthening the ligand-enzyme interaction.
[image: Chemical diagram showing interactions between a palladium compound and amino acid residues. (a) Displays various interactions including conventional hydrogen bonds, carbon hydrogen bonds, and others. (b) Highlights π-sulfur interactions with MET residues. (c) Shows alkyl/π-alkyl interactions and π-sigma bonds with different residues. Each interaction is associated with a distance in angstroms, with color-coded labels indicating the type of bond.]FIGURE 12 | Visualization of key interactions between the Androgen Receptor (AR) and (a) 2a, (b) 2b, and (c) 2c in a 2D representation. Interatomic distances are measured in Å, with different colors indicating various interaction types, as described in the legend.The hydrophobic segments of palladium derivatives enable interactions with various amino acids, such as A:LEU 704, A:VAL 746, and A:ILE 899, leading to the formation of alkyl/π-alkyl contacts. Additionally, other types of non-covalent interactions, including π-sigma and π-sulfur interactions, play a crucial role in ligand stabilization. π-sigma interactions arise due to the interaction between the electron cloud of aromatic rings and sigma bonds within the molecule (Ferreira de Freitas and Schapira, 2017), as observed in 2c interacting with A:MET 742, A:VAL 746, and A:MET 895. Similarly, 2a and 2b also establish interactions with these amino acids, in addition to A:LEU 873. π-sulfur interactions, which involve interactions between sulfur atoms and the π-electron systems of aromatic rings (Meyer et al., 2003), are characteristic of enzymes containing methionine residues, including A:MET 742, A:MET 745, A:MET 749, A:MET 787, and A:MET 895.
Conventional hydrogen bonds are essential for maintaining the stability of ligand–enzyme complexes (Ferreira de Freitas and Schapira, 2017; Bissantz et al., 2010). These interactions arise between the hydroxyl groups of 2a and 2b derivatives and polar amino acid residues within the enzyme’s active site, such as A:MET 742 and A:MET 787. Moreover, a distinct carbon-hydrogen bond is formed between the 2a derivative and A:ASN 705, further stabilizing the complex and ensuring the proper alignment of the ligand within the catalytic pocket. All these interactions collectively play a crucial role in stabilizing the ligand within the enzyme complex.
The observed interactions with the androgen receptor (AR) suggest that Pd complexes can effectively modulate receptor activity. Overall, these diverse binding modes highlight the potential of palladium derivatives for therapeutic applications, particularly in targeting key regulatory proteins like AR. The molecular docking results indicate that all examined Pd complexes exhibit significant interactions with key regulators of apoptosis–caspase 3 (CASP3), Bcl-2-associated X protein (BAX), and the anti-apoptotic B-cell lymphoma 2 (BCL2) protein. The negative values of the binding free energy (ΔGbind) suggest the stability of the formed complexes, while variations in the obtained parameters provide insight into the binding preferences of these compounds for pro-apoptotic (CASP3, BAX) and anti-apoptotic (BCL2) proteins.
Analysis of the data in Table 7 highlights 2c as the strongest binding ligand, exhibiting the lowest ΔGbind values for CASP3 (−8.81 kcal/mol) and BAX (−8.44 kcal/mol). These results suggest that Pd3 preferentially targets pro-apoptotic proteins, which may indicate its potential to induce cell death by activating apoptosis. These findings suggest that 2c exhibits selectivity toward pro-apoptotic proteins, highlighting its potential role as a pro-apoptotic modulator in anticancer strategies. In contrast, 2a and 2b display a more balanced binding affinity between pro-apoptotic and anti-apoptotic proteins, which may imply a different mechanism of action.
TABLE 7 | Thermodynamic parameters (kcal/mol) of Pd complexes at the active sites of caspase 3 (CASP3), Bcl-2-associated X protein (BCL2), and anti-apoptotic B-cell lymphoma 2 (BAX) determined after molecular docking simulations.	Complex	ΔGbind	Ki (µM)	ΔGinter	ΔGvdw + hbond + desolv	ΔGelec	ΔGtotal	ΔGtor	ΔGunb
	2a
	CASP3	−7.88	1.66	−9.53	−9.49	−0.04	−1.18	1.65	−1.18
	BCL2	−7.92	1.56	−9.57	−9.39	−0.18	−1.39	1.65	−1.39
	BAX	−7.68	2.36	−9.32	−9.27	−0.05	−1.54	1.65	−1.54
	2b
	CASP3	−7.98	1.42	−10.17	−9.92	−0.25	−1.90	2.20	−1.90
	BCL2	−8.08	1.20	−10.27	−10.22	−0.06	−1.87	2.20	−1.87
	BAX	−6.86	9.31	−9.06	−8.98	−0.08	−2.18	2.20	−2.18
	2c
	CASP3	−8.81	0.35	−10.46	−10.41	−0.05	−2.89	1.65	−2.89
	BCL2	−8.26	0.88	−9.91	−9.85	−0.06	−2.91	1.65	−2.91
	BAX	−8.44	0.65	−10.09	−10.11	0.02	−2.72	1.65	−2.72


Since 2c exhibited the most favorable binding results, it was selected to represent the intermolecular interactions with the active sites of CASP3, BCL2, and BAX, as shown in Figure 13. These interactions involve a combination of hydrophobic, electrostatic, and hydrogen bonding forces. Hydrophobic interactions play a central role in driving the binding process, while electrostatic forces aid in the precise alignment of 2c within the enzyme’s active site. Additionally, hydrogen bonds further stabilize the complex, enhancing both the strength and specificity of the binding. These findings underscore the molecular factors that contribute to 2c’s potential as an effective modulator of apoptotic pathways.
[image: Diagrams labeled (a), (b), and (c) show chemical structures with interactions. Bonds include conventional hydrogen (green), carbon hydrogen (light green), alkyl/π-alkyl (pink), π-cation (orange), π-sigma (purple), and π-sulfur (yellow). Each segment includes labeled amino acids like ARG, CYS, and PHE, with distances indicating bond lengths. Annotations highlight interactions, such as A:ARG 207 in panel (a) and A:ASN 102 in panel (b). The diagrams emphasize different interactions around palladium (Pd) complexes.]FIGURE 13 | Visualization of key interactions between the 2c and (a) caspase 3 (CASP3), (b) Bcl-2-associated X protein (BCL2), and (c) anti-apoptotic B-cell lymphoma 2 (BAX) in a 2D representation. Interatomic distances are measured in Å, with different colors indicating various interaction types, as described in the legend.In the context of CASP3 (Figure 13a), 2c engages in a conventional hydrogen bond with A:ARG 207, along with carbon-hydrogen interactions involving A:SER 205 and A:ARG 207. Additionally, alkyl/π-alkyl interactions are observed with A:CYS 163, A:ARG 207, and A:TRP 214. The π-π interactions can adopt different configurations, such as edge-to-face (T-shape) or offset stacking (shifted parallel alignment), depending on the local geometry and chemical environment of the binding site (Meyer et al., 2003; Tsuzuki et al., 2002). Notably, A:HIS 121 participates in one of these π-π interactions, adopting an edge-to-face (T-shape) configuration. 2c also establishes a π-sulfur interaction with A:CYS 163, further stabilizing its binding. Moreover, electrostatic interactions play a critical role in ligand stabilization, particularly π-anion and π-cation interactions, which arise when the electron cloud of an aromatic ring interacts with an anion or cation (Ferreira de Freitas and Schapira, 2017; Mahadevi and Sastry, 2013). In this context, 2c forms a π-cation interaction with A:ARG 207, underscoring the selectivity of its binding. Together, these diverse interaction types contribute to a strong binding affinity, aligning with the observed activation of caspase-3. More broadly, they are essential for the stability and specificity of protein-ligand complexes, as they enhance charge complementarity between the ligand and active-site residues, ultimately strengthening overall binding affinity.
For BCL2 (Figure 13b), 2c establishes a conventional hydrogen bond with A:ASN 102 and a carbon-hydrogen bond with A:ARG 105. Additionally, alkyl/π-alkyl interactions are observed with A:VAL 92, A:LEU 96, A:ARG 105, and A:ALA 108, while π-sulfur hydrophobic interactions occur with A:MET 74. Notably, characteristic π-sigma interactions are also present with A:VAL 92. The inhibition of BCL2 disrupts mitochondrial membrane stability, triggering the release of pro-apoptotic factors such as cytochrome c, a key molecule in the initiation of apoptosis.
In the case of BAX (Figure 13c), 2c establishes a carbon-hydrogen bond with A:ALA 104 and engages in T-shaped π-π interactions with A:PHE 146. Additionally, alkyl/π-alkyl interactions are observed with multiple residues, including A:PHE 97, A:VAL 126, A:LEU 130, and A:ALA 149. These stabilizing interactions enhance BAX activation, promoting pore formation in the mitochondrial membrane, which facilitates the release of apoptotic factors and drives the process of programmed cell death.
The molecular interactions of Pd-based complexes with CASP3, BCL2, and BAX offer valuable insights into their potential role in modulating apoptotic pathways. Through diverse binding modes–including hydrogen bonding, π-π stacking, alkyl/π-alkyl interactions, π-sulfur interactions, and electrostatic forces–these complexes contribute to the stability and specificity of protein-ligand interactions. Collectively, these findings underscore the ability of Pd-based complexes to regulate key apoptotic proteins, highlighting their potential as therapeutic agents for apoptosis-related diseases. The specificity and strength of their interactions with critical residues further reinforce their significance in fine-tuning apoptotic signaling pathways.
The integrated results of cytotoxicity assays, DNA interaction studies, and molecular docking analyses demonstrate that Pd(II) complex 2c exhibits the most potent and selective anticancer activity among the tested compounds. Complex 2c reduced the viability of DU-145 and PC-3 prostate cancer cells more effectively than cisplatin at later time points while showing lower toxicity toward non-cancerous fibroblasts, suggesting improved therapeutic selectivity. Mechanistically, 2c triggered apoptosis via the intrinsic mitochondrial pathway, as evidenced by Bax upregulation, Bcl-2 downregulation, caspase-3 activation, mitochondrial membrane potential loss, and G0/G1 cell cycle arrest. Fluorescence displacement assays confirmed that 2c interacts with DNA via both intercalation and minor groove binding, with a preference for the latter. Molecular docking supported these findings, revealing strong and specific binding of 2c to pro-apoptotic proteins (caspase-3, Bax), with moderate affinity for anti-apoptotic Bcl-2. Although AR-negative cell lines were used in this study, complex 2c also showed a high predicted binding affinity for the androgen receptor, suggesting potential applicability in AR-positive prostate cancer models. These combined results suggest that complex 2c exerts its cytotoxic effects through a multi-targeted mechanism involving DNA engagement, apoptosis induction, and modulation of key signaling proteins, highlighting its promise as a candidate for further development in prostate cancer therapy.
3 MATERIALS AND METHODS
3.1 General procedures
3.1.1 General procedures and materials
All chemicals were used without purification, and all of them are commercially available. 1H NMR and 13C NMR spectra were recorded in DMSO-d6 as a solvent with a Bruker Ascend 400 (400 MHz) spectrometer. Chemical shifts are given in parts per million (δ) down from tetramethylsilane as the internal standard. For elemental analyses (C, H, O, N) were used Elementar Vario MICRO elemental analyzer. IR spectra were obtained on Perkin Elmer FT-IR spectrometer, two equipped with a DTGS detector. Mass spectra were recorded at 6546 LC/Q-TOF (Agilent, Santa Clara, CA, SAD) equipped with Jet Stream ion source and connected with 1,290 Infinity II HPLC (Agilent, Santa Clara, CA, AD). Data were collected every second in the mass area 100–1,000 Da. Molar conductance of the Pd(II) complexes was measured on freshly prepared 10–3 M solutions in DMSO at room temperature using Crison EC-Meter basic 30+conductivity cell. The viscosity of the DNA solution was measured in the absence and presence of increasing amounts of 2c. To the 0.01 mM DNA solution in PBS, a corresponding ratio of examinated compound was added at ratio [2c]/[DNA]: 0.1; 0.2; 0.3; 0.4; 0.5; 0.6; 0.7; 0.8; 0.9 and 1. Data are presented as a plot of (η/η0)1/3 vs. ratio of [2c]/[DNA], where η is the DNA viscosity in the presence of the compound, η0 is the viscosity of DNA in buffer alone.
3.1.2 General procedure for the synthesis of ligand compounds 1a–1c
15 mL of absolute ethanol and 1 mmol of the corresponding amine (p-OH benzyl amine for 1a, tyramine for 1b, and tryptamine for 1c) were added to a 50 mL flask. After dissolving the amine, an equal amount of salicylic aldehyde was added, and the reaction mixture was stirred at room temperature overnight. The obtained solid products were filtered, washed with cold ethanol, and dried in an air atmosphere. The spectral data for the compounds were in agreement with those previously published (Babić et al., 2025; Marjanović et al., 2024). The corresponding spectra of all ligands compounds are given in Supplementary Material.
3.1.3 Experimental procedure for the synthesis of palladium complexes 2a–2c
0.0001 mol of the corresponding Schiff base ligand (1a–1c) was dissolved in 5 mL of acetonitrile and subsequently equivalent of K2PdCl4 was added in one portion. The resulted mixture was stirred at room temperature for 4 h. The obtained solid products were filtered, washed thoroughly with ethanol and dried under air atmosphere. The obtained palladium complexes 2a–2c were characterized by 1H and 13C NMR, IR, MS spectra and elemental analysis.
2a: Yellow powder. Yield 84%. 1H NMR (400 MHz, DMSO-d6) δ 9.35 (s, 2H, p-OH-benzylamine-O-H), 8.20 (s, 2H, -N=C-H), 7.56–7.05 (m, 4H, from salicylaldehyde-Ar-H and 4H from p-OH-benzylamine-Ar-H), 6.93–6.47 (m, 8H, 4H from salicylaldehyde-Ar-H and 4H from p-OH-benzylamine-Ar-H), 4.82 (s, 4H, -CH2-).13C NMR (101 MHz, DMSO-d6) δ 163.69, 163.26, 157.68, 156.56, 134.66, 130.47, 129.56, 129.12, 124.04, 120.30, 119.68, 115.21, 114.93, 57.41. IR (cm-1): 1,615 ν(C=N), 513 ν(Pd−N), 461 ν(Pd−O).Anal. Found: C, 60.28; H, 4.41; N, 5.12. Calc. for C28H24N2O4Pd: C, 60.17; H, 4.33; N, 5.01.
2b: Orange powder. Yield 75%. 1H NMR (400 MHz, DMSO-d6) δ 9.21 (s, 2H, tyramine-OH), 7.88 (s, 2H, -N=C-H), 7.27 (dd, J = 7.5, 5.7 Hz, 4H from tyramine-ArH and salicilal. ArH), 7.10 (d, J = 8.4 Hz, 4H, p-OH-benzylamine-Ar-H), 6.82–6.52 (m, 8H, 4H, salicilal.-ArH and tyramine-Ar-H), 3.87 (t, J = 7.4 Hz, 4H -CH2-), 2.91 (t, J = 7.5 Hz, 4H -CH2-). 13C NMR (101 MHz, DMSO-d6) δ 163.54 (-N=C-), 163.06, 155.72, 134.55, 129.83, 128.90, 120.21, 119.59, 115.19, 114.82, 58.44, 37.42. IR (cm-1): 1,611 ν(C=N), 506 ν(Pd−N), 460 ν(Pd−O). Anal. Found: C, 61.49; H, 4.74; N, 4.85. Calc. for C30H28N2O4Pd: C, 61.39; H, 4.81; N, 4.77.
2c: Dark red-brown powder. Yield 78%. 1H NMR (400 MHz, DMSO-d6) δ 10.96 (s, 2H, -N-H), 7.96 (s, 2H, -N=C-H), 7.6–6.90 (m, 2H, tryptamine-Ar-H; m, 6H, 4H from salicyal.-Ar-H, 2H from tryptamine Ar-H; 2H, tryptamine-Ar-H and 2H, tryptamine-Ar-H, 2H, tryptamine-Ar-H; 4H, salicylal.-Ar-H), second triplet from the CH2 group overlapped with the H2O peak, 3.02 (t, J = 8.0 Hz, 4H, -CH2-). 13C NMR (101 MHz, DMSO-d6) δ 164.06 (-N=C-), 163.34, 136.76, 136.66, 129.73, 127.24, 123.83, 121.66, 118.97, 118.54, 117.70, 115.24, 112.02, 111.68, 57.85, 28.51. IR (cm-1): 1,618 ν(C=N), 559 ν(Pd−N), 453 ν(Pd−O). Anal. Found: C, 64.38; H, 4.72 N 8.79. Calc. for C34H30N4O2Pd: C, 64.51; H, 4.78; N, 8.85.
3.2 In vitro cytotoxic study
3.2.1 Cell cultures
In this investigation, two experimental groups of cancer cell lines were employed: human prostate carcinoma cells lacking prostate-specific membrane antigen (PSMA) and androgen receptor independence (DU-145 and HTB-81™), alongside human prostate carcinoma cells (PC-3 and CRL-1435™). The control group comprised non-cancerous human fibroblasts (MRC-5 and CCL-171™). All cell lines utilized in this study were procured from the American Type Culture Collection (ATCC, Manassas, VA, United States). The cells were maintained in a complete medium containing high-glucose DMEM, supplemented with 10% fetal bovine serum and 200 mM L-glutamine (reagents sourced from Sigma-Aldrich, St. Louis, MO, United States). Cultivation of the cells was conducted in 25 cm2 flasks (Thermo Fisher Scientific, Waltham, MA, United States) at 37°C under conditions of absolute humidity and a 5% CO2 atmosphere.
3.2.2 MTT assay
The cytotoxic effects of three newly synthesized Pd(II) complexes were assessed on DU-145, PC-3, and MRC-5 cell lines using the MTT assay. For comparison, the cytotoxicity of cisplatin, a clinically established chemotherapeutic agent, was also evaluated across all cell lines. Cells were harvested during their exponential growth phase, counted, and seeded at a density of 5 × 103 cells per well in 96-well culture plates. Following an initial 24-h incubation at 37°C in a humidified atmosphere with 5% CO2, the cells were treated with varying concentrations of Pd(II) complexes and cisplatin (0.3, 1, 3, 10, 30, and 100 μM), alongside a control group maintained in complete medium. The treated cells were incubated under identical conditions (37°C, 5% CO2, absolute humidity) for durations of 24, 48, and 72 h. After incubation, the medium was removed, and an MTT solution was added to each well. The cells were then incubated for an additional 2 h to facilitate the reduction of thiazolyl blue tetrazolium bromide in the MTT solution. Subsequently, the MTT solution was carefully removed, and the resulting formazan crystals were solubilized in DMSO. The plates were shaken in the dark for 10 min before measuring the absorbance of the purple-colored solution at 595 nm using a microplate reader (Zenyth 3,100, Anthos Labtec Instruments, Salzburg, Austria). All experiments were performed in triplicate and repeated across three independent runs. Cell viability was calculated as a percentage by dividing the absorbance of treated cells (minus blank absorbance) by the average absorbance of untreated control cells (minus blank absorbance) and multiplying by 100.
% of the viable cells=absorbance of treated cell−absorbance of blank / absorbance of untreated cell−absorbance of blank * 100
The IC50 values, representing the concentration required to reduce cell viability by 50% relative to the control, were calculated by fitting the logarithmically transformed dose-response data obtained from the MTT assay. This analysis was performed using Microsoft Office Excel 2010, leveraging its curve-fitting capabilities to determine precise inhibitory concentrations.
3.2.3 Annexin V/7AAD assay
The mode of cell death triggered by Pd(II) complexes 2a–2c was assessed using the Annexin V–fluorescein isothiocyanate (FITC)/propidium iodide (PI) Apoptosis Kit (BD Biosciences, Franklin Lakes, NJ, United States). DU-145 cells were exposed to the respective IC50 concentrations of the 2a–2c complexes or cultured in media alone as a control for 24 h at 37°C in a humidified atmosphere with 5% CO2. Following incubation, the cells were trypsinized, washed with phosphate-buffered saline (PBS), centrifuged, and resuspended in 100 μL of ice-cold binding buffer. Subsequently, the cells were stained with 10 μL of Annexin V-FITC and 20 μL of PI, incubated for 15 min at room temperature in the dark, and then supplemented with 400 μL of binding buffer per tube. Flow cytometric data were analyzed using a standardized gating strategy to ensure accurate identification of cell populations. Initially, cell debris and doublets were excluded based on forward and side scatter properties. Subsequent gating was performed on singlet populations to minimize aggregation artifacts. For apoptosis assessment using Annexin V-FITC and propidium iodide (PI), compensation was applied using single-stained controls to correct for spectral overlap. Unstained and untreated control samples were used to establish baseline fluorescence and define quadrant boundaries. Cells were then categorized into four populations: viable (Annexin V−/PI−), early apoptotic (Annexin V+/PI−), late apoptotic or secondary necrotic (Annexin V+/PI+), and necrotic (Annexin V−/PI+). A minimum of 10,000 events per sample were recorded, and all gates were applied consistently. The samples were analyzed using a Cytomics FC500 flow cytometer (Beckman Coulter, Brea, CA, United States), and the data were processed with FlowJo V10 Software. The results were presented as density plots illustrating Annexin V-FITC and PI staining patterns.
3.2.4 Cell cycle
The next phase of the research involved investigating the effects of Pd(II) complexes 2a–2c on the cell cycle progression of DU-145 cells. DU-145 cells were treated with IC50 concentrations of Pd(II) complexes 2a–2c and cisplatin, or cultured in media alone as a control, for 24 h at 37°C under conditions of 5% CO2 and absolute humidity. Following incubation, the cells were harvested, washed with phosphate-buffered saline (PBS), and fixed in 70% ethanol at +4°C. The fixed cells were aggregated and resuspended in 1 mL PBS containing RNAse A (500 μg/mL). After a 30-min incubation at 37°C, the cells were stained with 5 μL propidium iodide (PI) solution (10 mg/mL PBS). The samples were incubated for an additional 15 min in the dark and subsequently analyzed using a flow cytometer. Cell cycle distribution data were processed using FlowJo V10 Software and presented as histograms.
3.2.5 Assessment of apoptosis
Our research focused on examining the expression levels of the pro-apoptotic protein Bax, the anti-apoptotic protein Bcl-2, and the percentage of cells containing active caspase-3. DU-145 cells were incubated for 24 h with the IC50 concentrations of Pd(II) complexes 2a–2c or in complete cell culture medium as a control. Following incubation, the cells were washed three times with ice-cold PBS, resuspended, fixed, and permeabilized using a Fixation and Permeabilization Kit (eBioscience, San Diego, CA, United States). For Bcl-2 staining, cells were incubated with a 1:1,000 Bcl-2 fluorescein isothiocyanate (FITC) primary antibody (mhbcl01, Life Technologies, Thermo Fisher Scientific, Waltham, MA, United States) for 15 min at room temperature. Additional staining involved incubating permeabilized DU-145 cells for 30 min with 1:1,000 primary antibodies for active Bax (N20, sc-493; Santa Cruz Biotech Inc., Dallas, TX, United States) and cleaved caspase-3 (#9661, Cell Signaling Technology, Danvers, MA, United States). Cells were then washed with PBS and incubated with a 1:2000 secondary goat anti-rabbit IgG-FITC antibody (Ab6717-1, Abcam, Cambridge Biomedical Campus, Cambridge, United Kingdom) for 30 min. Subsequently, cells were washed in PBS and analyzed by flow cytometry. Fluorescence from at least 15,000 events per sample was measured using a Cytomics FC500 flow cytometer (Beckman Coulter, Brea, CA, United States). Fluorescence intensity was standardized using isotype-matched negative control antibodies. The mean fluorescence intensities (MFIs) for Bax and Bcl-2 were calculated as the ratio of raw mean channel fluorescence to isotype control levels, respectively, and represented the expression levels of these proteins. The concentrations of cleaved caspase-3 were evaluated as the percentages of cells displaying fluorescence.
3.2.6 Clonogenic assay
In this assay (Franken et al., 2006), cells are seeded at low densities and incubated for 2 weeks to allow colony formation, with colonies defined as clusters of ≥50 cells. Treated and untreated cells are compared to assess survival fractions (SF), calculated by normalizing the plating efficiency (PE) of treated cells to that of controls. Colonies are fixed with 6% glutaraldehyde, stained with 0.5% crystal violet, and colonies were quantified using ImageJ software version 1.54 with a standardized macro. Images were first converted to 8-bit grayscale, and background noise was reduced using the “Subtract Background” function. Thresholding was applied to isolate colonies, and the “Analyze Particles” tool was used to count colonies based on defined size and circularity parameters. Only colonies with an area corresponding to ≥50 cells and a circularity range of 0.3–1.0 were included. Overlapping or merged colonies were excluded unless distinct borders were visually discernible. All image processing steps were applied consistently across samples to ensure reproducibility. Data are represented as dose-response survival curves.
Plating efficiency is calculated by the following formula:
PE=Number of coloniesNumber of cells seeded×100%
Survival fraction is calculated when all plating efficiencies are calculated according to the formula:
SF=PEtreatedPEcontrol
3.2.7 Assessment of mitochondrial membrane potential by JC-10 immunofluorescence staining
JC-10 gathers in the mitochondria of living cells, forming red fluorescence aggregates. On the other hand, JC-10 is also present in a monomeric cytosolic form and dyes cells green in necrotic and apoptotic cells. Mitochondrial membrane potential was assessed using the dye JC-10. DU-145 cells were seeded at a density of 2 × 104 cells per well in 24-well cell culture plates and incubated in complete DMEM medium at 37°C with 5% CO2 for 24 h. The cells were treated with palladium complexes 2a–2c at their IC50 concentrations for a duration of 48 h. The cells were treated for 20 min with 2.5 μM JC-10 dye in warm PBS. JC-10 accumulation in cells was evaluated using a Gramma Libero FLUO500T trinocular inverted fluorescence microscope. We used the 525/590 nm fluorescence emission ratio for our quantification analysis. We captured images using the 2020 S-EYE Setup Microscope camera and the S-EYE_Setup-1.6.0.11 software. The ImageJ program was used to analyse the images.
3.3 DNA interaction study
The EB/Hoe-competitive studies of complex 2c were made using fluorescence emission spectroscopy. DNA-EB and DNA-Hoe solutions were prepared by mixing 100 μM EB/Hoe and 40 µM CT-DNA in phosphate buffered saline buffer at pH = 7.4. The fluorescence spectra were recorded immediately after the addition of an increasing amounts of compound 2c (0–100) into the solution of DNA-EB or DNA-Hoe to investigate the possible binding effect of tested compound. The excitation wavelength was 527 nm for EB and 346 nm for Hoe, respectively, while emission was recorded in the wavelengths ranges 550–750 nm for EB and 360–600 nm for Hoe.
3.4 Stability assay
The complex used for the testing was dissolved in the minimal amount of DMSO (dimethylsulfoxide) possible and diluted with PBS of ∼10–5 M in concentration and less than 0.7% DMSO. UV-Vis spectra were recorded after 0, 24 and 48 h in the range 200–600 nm. Absorption spectra were recorded on UV–Vis Perkin–Elmer Lambda 35 spectrophotometer equipped with water thermostated cell.
3.5 Computational study
A computational approach was employed to assess the binding affinity and inhibitory potential of 2a–2c complexes toward androgen receptor (AR), caspase 3 (CASP3), B-cell lymphoma 2 (BCL2), and Bcl-2-associated X protein (BAX). The molecular structures of the studied complexes were initially optimized using the Gaussian16 software package (Frisch et al., 2019), applying the B3LYP–D3BJ functional (Zhao et al., 2006). The 6–311+G (d,p) basis set was applied for C, N, O, and H atoms, while Pd atoms were treated with the def2-TZVPD basis set (Becke and Johnson, 2005) incorporating an effective core potential. This optimization ensured accurate geometric and electronic properties, providing a solid foundation for further computational studies. The crystallographic structures of the target proteins were retrieved from the RCSB Protein Data Bank: AR (PDB code: 1Z95) (Bohl et al., 2005), CASP3 (PDB code: 3KJF) (Wang et al., 2010), BCL2 (PDB code: 2W3L) (Porter et al., 2009), and BAX (PDB code: 2YXJ) (Lee et al., 2007). The preparation of protein structures was carried out using BIOVIA Discovery Studio 4.0 (BIOVIA, 2024), where non-essential heteroatoms, co-crystallized ligands, and water molecules were removed. This step ensured unobstructed access to the active site, creating optimal conditions for docking. Molecular docking simulations were performed using AutoDock Tools 1.5.7, integrated with AutoDock 4.2.6 (Morris et al., 1998). The Lamarckian Genetic Algorithm (LGA) (Fuhrmann et al., 2010) optimized ligand conformations within a rigid protein framework. To comprehensively encompass the binding regions, docking grids were defined for each target protein: AR (69 × 69 × 69 Å3, centered at 27.977 × 2.357 × 6.252 Å), CASP3 (56 × 56 × 56 Å3, centered at 21.577 × −5.202 × 10.866 Å), BCL2 (66 × 66 × 66 Å3, centered at 39.806 × 26.936 × −12.415 Å), and BAX (69 × 69 × 69 Å3, centered at −9.874 × −14.522 × 10.799 Å), with a uniform grid spacing of 0.375 Å. During the docking process, ligand flexibility was allowed, while the protein structure remained rigid, ensuring the identification of potential binding modes accurately. The LGA parameters were set to include a population size of 150, a maximum of 2,500,000 energy evaluations over 27,000 generations, a mutation rate of 0.02, and a crossover rate of 0.8. This approach enabled a comprehensive analysis of ligand-protein interactions, providing valuable insights into the inhibitory potential of Pd-based complexes.
4 CONCLUSION
Three new palladium complexes 2a–2c, derived from Schiff base ligands combing salicylic and tyramine/tryptamine or p-hydroxyl benzylamine scaffolds in structure, have been synthesized and characterized. The complexes displayed potent anti-proliferative activity against both human prostate cancer cell lines PC-3 and DU-145 and good selectivity between cancer and normal cells. Complex 2c, combining salicylic and tryptamine structural motifs, has demonstrated even better activity than cisplatin for both tested cell lines, with IC50 values of 7.1 µM (DU-145) and 8.6 µM (PC-3). The apoptotic assay has revealed the potential of complexes for apoptosis induction through the Bcl-2 and caspase family activation pathways. Molecular docking studies revealed that complex 2c exhibits the strongest binding affinity toward the androgen receptor (AR), surpassing the reference inhibitor bicalutamide. Additionally, 2c showed selective interactions with pro-apoptotic proteins CASP3 and BAX, involving stable non-covalent forces such as hydrophobic contacts, π-π stacking, π-sulfur, and hydrogen bonds. These interactions suggest a dual mechanism of action–AR inhibition and pro-apoptotic modulation–supporting 2c’s potential as a multifunctional anticancer agent. Taken together, these findings highlight the therapeutic potential of palladium complex 2c as a promising lead compound for the development of new, multitarget anticancer agents, particularly in the treatment of prostate cancer. In conclusion, the synthesized palladium complexes demonstrated promising in vitro anticancer activity, indicating their potential as lead compounds for further development. However, a limitation of the present study is the absence of in vivo data, which is essential to fully assess the therapeutic potential and safety profile of these complexes under physiological conditions. Future research should focus on evaluating the efficacy and toxicity of these compounds in appropriate in vivo models to support their progression toward clinical relevance.
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Introduction
Artemis is a key scaffold repair protein involved in the non-homologous end-joining (NHEJ) DNA repair pathway and is encoded by the DCLRE1C gene in humans. Its inhibition disrupts double-strand break (DSB) repair, sensitizing cancer cells to ionizing radiation (IR). However, no Artemis-targeted inhibitors are currently available for therapeutic use. This study aims to identify and characterize novel small-molecule Artemis inhibitors that act as potential radiosensitizers in cancer treatment.
Methods
Micronuclei formation was assessed in Artemis-deficient (CJ179), proficient (1BR3), and mutant (48BR) cell lines following 1 Gy IR exposure. Initial in vitro screening identified HMAD as a potential Artemis inhibitor. A focused virtual screening of 69 compounds was performed using AutoDock4 and Glide to evaluate binding affinity to Artemis. The top 16 compounds (ΔG < −8.0 kcal/mol) were further analyzed. Density Functional Theory (DFT) calculations at the B3LYP/6−311+G(d,p) level were used to assess frontier molecular orbitals and reactivity. ADMET profiling was conducted to evaluate pharmacokinetic properties. Compounds 42 and 51 were subjected to 100 ns molecular dynamics (MD) simulations with MMGBSA binding free energy calculations, PCA, and FEL analysis.
Results
CJ179 cells exhibited significantly higher micronuclei post-irradiation, confirming Artemis’s role in DNA repair. Among the top hits, compound 42 showed a highly stable binding profile, with a favorable MMGBSA binding energy of −36.94 kcal/mol. ADMET analysis indicated optimal drug-like properties. MD simulations revealed stable interaction trajectories, hydrogen bonding, and a narrow binding pocket. PCA and FEL analysis further supported the dynamic stability of compound 42.
Discussion
This study identifies compound 42 as a promising Artemis inhibitor with potential as a radiosensitizing agent. The integrated in vitro and computational findings offer a foundation for further preclinical development, contributing to more effective radiotherapy strategies in cancer treatment.

Keywords: ARTEMIS, radiosensitizers, DNA repair mechanism, DFT, MM-GBSA, free energy landscape
INTRODUCTION
Radiotherapy has been established as a highly effective treatment strategy for tumors. The ionizing radiation, used for radiotherapeutic purposes, relies on generating DNA double-strand breaks (DSB) in the target cancerous tissue (van de Kamp et al., 2021) that leads to eventual cell death. Radiosensitizers are believed to increase the therapeutic ratio by inhibiting the repair protein activation of DNA-PKcs, XRCC-ligase IV, and Artemis, which are involved in the DNA repair mechanism (van de Kamp et al., 2021). Several chemical inhibitors of DNA-dependent protein kinase catalytic subunit (DNA-PKcs), specifically NU7026 and AZD7648, have been used in versatile experimental scenarios as radiosensitizers (GLORIEUX, 2020). Recently, Artemis inhibition has been reported as a therapeutic strategy for acute lymphoblastic leukemia (Watanabe et al., 2022; Liu et al., 2018; Li et al., 2014) that effectively halted the DNA repair mechanism in irradiated cells, with negligible clinical consequences on normal cells (Watanabe et al., 2022). The small interfering RNA (siRNA) mediated Artemis inhibition increases the radiosensitivity of target colorectal cell line (RKO) cells in vitro (Liu et al., 2018). Small organic compounds such as ampicillin, ceftriaxone, ebselen, disulfiram, and auranofin hindered Artemis functioning with modest IC50 values (Li et al., 2014; Yosaatmadja et al., 2021), which has caught the attention of researchers who are seeking to identify small molecules as Artemis inhibitors in the development of radiosensitizers.
As part of the DNA double-strand break repair (DSBR) cascade, Artemis is phosphorylated for repair activation at S516 and S645 in unirradiated cells. Following treatment with DSB-inducing drug bleomycin, this phosphorylation is enhanced 10-15-fold (Soubeyrand et al., 2006). In addition to being a phosphorylation target of Ataxia-Telangiectasia Mutated (ATM) and DNA-PKcs, Artemis can also be phosphorylated by the Ataxia-Telangiectasia and Rad3-Related (ATR) kinase. However, it interacts with known cell cycle checkpoint proteins and becomes a target of ATM or ATR after exposure to ionizing radiation (IR) or ultraviolet (UV) radiation, respectively (Zhang et al., 2004). DSBs are among the most lethal forms of DNA damage, and their efficient repair is essential for the survival of cancer cells. One of the primary mechanisms for repairing these DSBs in mammalian cells is the non-homologous end joining (NHEJ) pathway, which is active during the G1 phase of the cell cycle. The NHEJ pathway is largely mediated by a complex of proteins, including DNA-PK, Ku70/80, and Artemis. Artemis plays a critical role in processing DNA ends to accelerate ligation during NHEJ, making it a needed component of the DNA repair machinery. DNA PK-dependent phosphorylation of Artemis after treatment with DSB-inducing agents increased the cellular retention of Artemis, maintained its interaction with DNA at DSBs, and also activated its endonucleolytic activity (Ma et al., 2005). While NHEJ is critical for maintaining genomic stability, it also contributes to the survival of cancer cells after radiation-induced damage. As such, targeting Artemis and other components of the NHEJ pathway has emerged as a promising strategy to enhance the efficacy of radiotherapy. Inhibiting Artemis could impair DNA repair, rendering cancer cells more susceptible to the lethal effects of radiation. This concept of radiosensitization, achieved through the inhibition of DNA repair pathways, could potentially improve treatment outcomes and overcome radioresistance in tumors that are refractory to radiation.
Artemis is a small (78 kDa) protein, a member of the metallo-β-lactamase family. It has both endonuclease and intrinsic 5′-exonuclease activity, while point mutation of the putative active site residue (H115A) can markedly reduce both endo and exonuclease activities. But it can be blocked by small yet specific molecule inhibitors (Li et al., 2014). The protein plays a role in the non-homologous end-joining pathway of DNA repair through its nuclease activity, facilitating the double-strand end processing following ionizing radiation exposure (Riballo et al., 2004). However, identifying and developing specific Artemis inhibitors remains a significant challenge. Traditional drug discovery approaches are time-consuming and expensive, making it essential to utilize computational methods to accelerate the identification of potential inhibitors.
Virtual high-throughput (vHTS) (Prieto-M et al., 2019; Aziz et al., 2022a) screening represented one of the most straightforward applications in drug design (Schmidtke and Barril, 2010; Agoni et al., 2020), employing a molecular docking program to determine how an entire database of existing or virtual compounds will bind to a specific target protein (Zoete et al., 2009). The commonly used docking programs, such as DOCK (Allen et al., 2015), AutoDock (Huey et al., 2007), Glide (Friesner et al., 2004), FlexX (Cross, 2005), GOLD (Verdonk et al., 2003), Surflex-Dock, MOE-Dock, and UCSF DOCK (Pagadala et al., 2017) rely on sampling algorithms (Huang and Zou, 2010) along with scoring functions (Schulz-Gasch and Stahl, 2004) to evaluate molecular interactions. This approach accelerated the drug discovery process by narrowing down vast libraries to a manageable number of promising candidates for detailed experimental testing (Zoete et al., 2009; Anwar et al., 2021). Artificial intelligence (AI) further aids in drug screening by predicting key physicochemical properties, influencing pharmacokinetics, and receptor target specificity (Zang et al., 2017). AI web-based tools like LimTox, SwissADME, admetSAR, ADMETlab3.0, Toxtree, and pkCSM can be used to predict physicochemical properties, thereby effectively reducing costs in drug development (Yang et al., 2019). Density Functional Theory (DFT)-based computations played a pivotal role by providing insights into the electronic properties (Tandon et al., 2019; Arshad et al., 2021), which are fundamental to understanding key molecular interactions, including covalent bonding, dipole-dipole and ion-dipole interactions, hydrogen bonding, hydrophobic effects, and charge transfer mechanisms. Such detailed analysis is crucial for elucidating the interaction dynamics between drug-like molecules and their biological targets, thereby enhancing therapeutics’ rational design and optimization (Reimers et al., 2003; Tuma et al., 1999; Ejaz et al., 2023). Furthermore, Molecular Dynamics (MD)-based binding free energy calculations help prioritize potential drug candidates during the hit identification phase (Li et al., 2019; Abel et al., 2017; Aziz et al., 2023). This approach provides a comprehensive understanding of atomic-level interactions and the dynamic behavior of biomolecular systems (Badar et al., 2022). The combined use of Free Energy Landscapes (FEL) and Principal Component Analysis (PCA) has proven to be a highly effective method for comprehensively exploring the conformational landscape of a protein and identifying its representative substrates.
In this study, we reported the in silico studies of 69 small-molecule inhibitors of Artemis, taken from a library with ZINC ID 846591, which was previously developed in the Sanford-Burnham Center for Chemical Genomics (the University of Southern California, Los Angeles, CA). The data was provided to the NIH Molecular Libraries Probe Production Network (https://www.broadinstitute.org/mlpcn/). Initially, virtual high-throughput screening (vHTS) was carried out using AutoDock and Glide docking programs, resulting in the identification of 16 hit compounds with high binding affinities. These compounds were further evaluated through in silico ADMET profiling using ADMETlab 3.0 (Valencia et al., 2023), followed by density functional theory (DFT) analysis. Based on favorable physicochemical properties and DFT results, compounds 42 and 51 were selected for MD simulations, FEL, and PCA analysis to assess their stability and interaction dynamics. The current study aims to find an Artemis inhibitor as a potential radiosensitizer adjuvant to cancer chemotherapy by employing the above computational techniques. According to the best of our knowledge, no experimental data have yet been defined on the role of an Artemis inhibitor as a radiosensitizer by in vitro or in vivo studies. This research can potentially lead to new therapeutic strategies targeting DNA repair mechanisms, offering new hope for patients with radioresistant cancers.
EXPERIMENTAL METHODOLOGY
Sampling and processing of primary ductal carcinoma cells
Five Samples of invasive ductal carcinoma were collected from patients with grade 3 breast cancer after consent from the patients and surgeons from 4 hospitals in Rawalpindi/Islamabad. Samples were named as 1MOS, 3PRF, 2PRF, 1PTN, and 2PTN and collected in ice-cold Roswell Park Memorial Institute (RPMI) 1,640 (Life Technologies® Cat No: 91800-014) supplemented with 10% horse serum (HS). And were processed as per the protocol of Potdar and Chaugule (Potdar et al., 2011) however, the protocol was modified in the lab according to the requirement. Samples were washed twice with 1X PBS. Tissues of 2 mm2 around the blood vessels were taken and fed in 10 mL RPMI+10 %HS and 1% Penicillin/Streptomycin (PenStrep) at 37°C and 5% CO2. Tissues were checked for logarithmic growth of cells for over a week.
Primary cell culture
Four cancerous tissues obtained after surgical resection, with patients’ consent (from Jinnah hospital, Islamabad) were washed with ice cold 1XPBS three times; cut in small pieces of 5 × 5 mm and incubated in 4 mL of 0.25% trypsin EDTA (Gibco by Life technologies, reference # 25200-056) for 15 min followed by addition of 1XPBS 10 mL. The tissue pieces were chopped down further and were collected along with 1XPBS in a 15 mL tube and were spun at 1,000 rpm for 5 min. The supernatant and tissue debris were discarded. The cells were collected in the form of a pellet and were suspended in cell culture complete medium (RMPI 1640 medium and supplemented with 10% Horse Serum). Cells were cultured at 37°C and 5% CO2 in a humidified incubator in a sterile environment. After 5 days of development of primary culture, the cells were serum-starved. Serum starvation was done by changing the concentration of serum from 10% to 8% for 5 days and from 8% to 6% for the next 5 days, from 6% to 4% for the next 5 days, and then finally, 2% serum was provided. The idea behind the treatment was that the cancerous cell growth was independent of growth factor availability. Viable cells were used for culturing at each step at 1.0 x 105 cells/mL of complete cell culture medium.
Cell culture of artemis cell lines
The cell lines (CJ179, 1BR3, and 48BR) were obtained from Penelope Jeggo’s lab at the Genome Damage and Stability Centre, University of Sussex, United Kingdom. The Artemis-defective fibroblast CJ179 primary cell line was cultured in DMEM, supplemented with 10% FBS at 37°C with 5% CO2 (Krempler, 2004). Artemis proficient cell lines 1BR3 and 48BR were cultured by culture conditions mentioned by the United Kingdom Health Security Agency (https://www.culturecollections.org.uk/nop/product/1br3): briefly, we used DMEM + 2 mM L-glutamine +100 units/mL Penicillin, 100 μg/mL streptomycin, 0.4 μg.mL puromycin. Cells were seeded at 5 × 10,000 cells/cm2, using 0.05% trypsin/EDTA for splitting. The Artemis mutant (ATR-proficient) fibroblasts 48BR were cultured in DMEM, supplemented with 15% FBS (Burdak-Rothkamm et al., 2008).
Micronuclei (MN) quantification
We exposed Artemis deficient (CJ179), proficient (1BR3), and mutated (48BR) cell lines to 1Gy of ionizing radiation and fixed them in methanol acetic acid (3:1 ratio), and spread them onto cold, dried glass slides. The cells were observed under ×100 magnification using oil immersion (Podrimaj-Bytyqi et al., 2018). The cells that were observed under the randomly selected field of view were analyzed for counting micronuclei.
siRNA inhibition of artemis
Inhibition of Artemis was done at the transcription level by introducing siRNA into the invasive ductal carcinoma cell lines. Lipofectamine ™ 2000(Cat No 1668-027) was purchased from Invitrogen, and siRNA with sequence 5′-UUA​GGA​GUC​CAG​GUU​CAU​G-3′ (Zhang, et al., 2004) was purchased in duplex from Eurofins Operon. Two days before transfection, cells were grown in DMEM complete growth medium (Biowest: Cat No S181H-100) supplemented with 10% FBS. Lipofectamine ™ 2000 (3ul) was mixed with 150 µL of DMEM (without FBS) and left at room temperature for 5 min. After 5 min, 20 µL of 20 pmol/μL siRNA stock was added to the lipofectamine solution and incubated at room temperature for 20 min. The complex of siRNA and lipofectamine was added to 1 mL of cell suspension with 60%-70% confluence and incubated for 4 h in cell culture conditions. Then warm 1.5 mL of DMEM +10% FBS was added, and cells were incubated for 48-96 h.
RNA extraction and cDNA synthesis
RNA was extracted by Trizol method (Sambrook et al., 1989) and was checked on 1% agarose gel by looking for two bands of 28S and 18S. For semi-quantitative analysis of gene expression cDNA was prepared from chemicals purchased from Thermoscientific. Oligo dt (2.5 µL), 5 µL Diethylpyrocarbonate water (DEPC), and RNA (17 µL) were mixed to make 25 µL of total volume, and PCR tubes were incubated at 70oC for 10 min and then chilled on ice for 5 min. Reverse Transcriptase (RT) buffer (10 µL), dNTPs (2.5 µL), DEPC water (8.75 µL), RNase inhibitor (1.25 µL), and RT enzyme (2.5 µL) were added to tubes and PCR was run for 1 h at 42°C. Tubes were stored at −20°C.
Semi-quantitative analysis of gene expression
PCR of p53, DNA-PKcs, and Artemis Primer sequence and annealing temperatures (Table 1) was performed (Sambrook et al., 1989). These PCR products were then run on a 2% agarose gel as the product lengths were 121, 280, and 260 base pairs for p53, Artemis and DNA-PKcs, respectively. Bands were analyzed by the software ImageJ.
TABLE 1 | qPCR primer sequences of p53, DNA-PKcs, and Artemis.	Serial no.	Gene	Sequence 5′→3′	Opt Tm- °C-PCR	References
	1	Artemis-forward	GGA​CAA​GGG​TGG​TTG​GGA​GTA​GA	49.5	Zhang et al. (2009)
		Artemis-reverse	CCC​AAT​TGC​AGG​TAA​AAC​AGT​CAA​G	49.5
	2	DNA-PKcs-forward	CCG​GAC​GGA​CCT​ACT​ACG​ACT	57.1	Yasaei and Slijepcevic (2010)
		DNA-PKcs-reverse	AGA​ACG​ACC​TGG​GCA​TCC​T	57.1
	3	p53-forward	TAA​CAG​TTC​CTG​CAT​GGG​CGG​C	57	Węglarz et al. (2006)
		p53-reverse	AGG​ACA​GGC​ACA​AAC​ACG​CAC​C	57


Artemis inhibitor
The Artemis inhibitor used for in vitro experiments was (2-hydroxy-5-methoxybenzaldehyde 4-anilino-6-(3,5-dimethyl-H-pyrazol--yl)-,3,5-triazin-2-ylhydrazone, referred to as HMAD and purchased from the University of California San Diego.
Chromosomal aberration assay
Chromosomal aberrations in Artemis-inhibited and exponentially growing cell lines were determined by metaphase spreads (Xiong et al., 2015). The cells were harvested by trypsinization (using 0.25% trypsin) 24 h after treatment and incubation with 1 μg of Colcemid/mL for 1 h to collect metaphase spreads for analysis. The cells were fixed after treatment with hypotonic solution (0.56% KCl) in Methanol-glacial acetic acid (3:1). Air-dried preparations were used, and slides were stained with 4′, 6-diamidino-2-phenylindole/Vectashield antifade mixture. For chromosomal aberrations, 25 mitotic cells were analyzed for each treatment per cell line at a magnification of ×100.
IRRADIATION
	a. Radiation of Artemis cell lines

The Artemis cell lines (CJ179, 1BR3, 48BR) were grown to 1 × 106 cells/mL, irradiated with a137Cs source at a dose rate of 1.0 Gy/min, brought into the lab, and then evaluated for Micronucleus (MN) formation, and performed at Colorado State University, United States.
	b. Radiation of Primary cells

Each sample of primary cells was split into 13 subgroups for irradiation. The first group was the absolute, which was not given any treatment. The next 4 groups (2-5) were incubated with NU7026 for 12 h before irradiation. The next 4 groups (6-9) were treated with artemis inhibitor for 12 h before irradiation. The rest of the 4 groups (10-13) were designated as control groups. Group 2 of each sample was irradiated with a radiation dose of 0.5 Gy, Group 3 of each sample was irradiated with a radiation dose of 1 Gy, Group 4 of each sample was irradiated with a radiation dose of 2 Gy and Group 5 of each sample was irradiated with a radiation dose of 4 Gy. The rest of the parameters were kept the same. Table 2 summarizes the treatment strategy for subgroups of sample 1. The rest of the subgroups from the three samples were treated accordingly. These irradiations utilized a Cobalt source and were performed at the Nuclear Medicine, Oncology Radiotherapy Institute (NORI) Hospital, Pakistan. A60Co source (Model: Theratron Phoenix) was used for irradiation of samples at the Nuclear Medicine, Oncology Radiotherapy Institute (NORI), Islamabad, Pakistan. The source diameter was 2 cm, and the source activity was 8,382 Ci.
TABLE 2 | Inhibitor treatment strategies for primary cells coupled with irradiation dose.	Sample/Group	Radiation dose	Chemical inhibitor
	Sample1/Group1	0.0 Gy	None
	Sample1/Group2	0.5 Gy	DNA PK (inhibitor NU7026)
	Sample1/Group3	1 Gy	DNA PK (inhibitor NU7026)
	Sample1/Group4	2 Gy	DNA PK (inhibitor NU7026)
	Sample1/Group5	4 Gy	DNA PK (inhibitor NU7026)
	Sample1/Group6	0.5 Gy	Artemis inhibitor (HMAD)
	Sample1/Group7	1 Gy	Artemis inhibitor (HMAD)
	Sample1/Group8	2 Gy	Artemis inhibitor (HMAD)
	Sample1/Group9	4 Gy	Artemis inhibitor (HMAD)
	Sample1/Group10	0.5 Gy	None
	Sample1/Group11	1 Gy	None
	Sample1/Group12	2 Gy	None
	Sample1/Group13	4 Gy	None


The different parameters calculated in dosimetry (Parallel Opposed Beam Pair Calculation Results) are given below in Table 3.
TABLE 3 | Dosimetry calculations for irradiation of primary cells.	Parameter	aCalculated result
	Total dose	0.5 Gy/1Gy/2Gy/4Gy
	Fraction	0.5 Gy
	Field size (collimator opening)	Rt lateral	20 cmX28cm
	Lt lateral	20 cmX28cm
	Depth of dose prescription point	Rt lateral	9 cm
	Lt lateral	9 cm
	Dose fraction at Zmax	Rt lateral	0.28Gy
	Lt lateral	0.28Gy
	Beam weight	50%
	Current beam output	1.848 Gy/min


aParameters related to irradiation were calculated by a professional dosimetrist.
Comet assay
Cells were incubated at standard conditions for the next 24 h after irradiation. Cells were then collected in a 15 mL tube after trypsinization. The cell suspension was then centrifuged at 1,000 rpm for 5 min to collect the cell pellet. The pellet was resuspended in 200 μL of 1XPBS and mixed with 1% Low Melting Point Agarose in a 1:10 ratio. Glass Slides were coated with 1% normal melting point agarose (molten) and allowed to dry on ice. The cell suspension was added to slides in the form of six drops per slide with a space in between. Cover slips were placed on the drops to embed the cells and allow gel solidification. After 10 min, the cover slips were removed. Slides were then immersed completely in ice-cold lysis solution and placed at 4°C for 1 hour in the dark. The slides were then placed in neutralization buffer for 15 min in the dark at 4 C. Slides were then shifted into 1X TAE buffer in the horizontal electrophoresis tank. The voltage was set to 1 V/cm, and current was supplied for 25 min. Staining was performed with 80 µL 1X Ethidium Bromide staining solution prepared from 10X (20 µg/mL) stock solution. The stain was left for 5 min, and slides were then washed in ice-cold water to remove excess stain. After drying at room temperature in the dark, the slides were observed at a ×40 objective lens in the blue channel of the fluorescence microscope for comet analysis, and images were captured. ImageJ and CASP software were used to analyze the images for comet tail analysis and the percentage of DNA in the comet tail. Multiple slides were prepared for one sample in three independent experiments to ensure the reproducibility of results.
MTT assay
1.0 × 105 Cells/mL were seeded 1 day before irradiation in 10 mL of RPMI1640 medium supplemented with 10% horse serum in T-25 flask. After 12 h, cells were processed for irradiation as explained above. Followed by irradiation, 100 μL of medium from the culture flask containing cells was taken and plated in a microplate (96-well plate) for 24 h. After 24 h, 20 µL of filter-sterilized MTT (5 mg/mL in PBS) was added to the micro wells containing cells. Following 3 h of incubation with MTT, the cell culture medium was discarded and the purple formazan crystals were dissolved in sterile DMSO (50 µL) by incubating at 37°C for 10-15 min. The absorbance at 490 nm was measured with a spectrophotometric plate reader. The absorbance values were converted to %Cell survival by the following formula;
%Cell survival=Absorbance of sample−Absorbance of blankAbsorbance of control−Absorbance of blank
Statistical analysis
Statistical analysis of gene expression was done on GraphPad Prism 5.04, and a tailed paired t-test was run between control and siRNA-transfected cells of the same sample for all three genes. For the cell viability and comet assay a two-way ANOVA was used. The p-values were calculated, and graphs were plotted with standard error mean values at a significance level of <0.05.
COMPUTATIONAL METHODOLOGY
Tanimoto similarity
The structural similarity between the investigated 69 compounds was evaluated using the RDKit program (Kunnakkattu et al., 2023). For each compound, the Tanimoto similarity index (Ts-index) (Vogt and Bajorath, 2017) was calculated against all studied compounds, and the results were visualized using a plot generated with OriginLab 2018 (RCSB, 2025).
Molecular docking
The predictions obtained by docking simulations can provide useful information about the presence or absence of protein-ligand interactions, how these interactions are established (electrostatic, Van der Waals, hydrogen bonds, hydrophobic interactions), and which residues of the protein are involved. A representative protein X-ray crystal structure of Artemis with Uniprot ID: X6R6W9 and PDB ID: 7ABS (Yosaatmadja et al., 2021) was retrieved from the Uniprot (https://www.uniprot.org/) and RCSB Protein Data Bank (https://www.rcsb.org/), respectively. The BLAST program performed pairwise sequence alignment of these two Artemis proteins (https://blast.ncbi.nlm.nih.gov/Blast.cgi#). For molecular docking, the protein was prepared using the Protein Preparation Wizard module implemented in the Maestro (Schrödinger Release 2016-4: Maestro, Schrödinger, LLC, New York, United States) and optimized with OPLS-2005 force field. The zinc library of 69 compounds was downloaded from the ZINC database (Irwin and Shoichet, 2005) in SDF format and prepared by the LigPrep module in Maestro. The Receptor Grid Generation tool was employed to create a grid box around amino acid residues involved in interaction with the DNA. Finally, ligands were docked at the binding site with the Glide module, and G-scores and E-model scores were recorded for each ligand (Friesner et al., 2004). To perform a docking with AutoDock4, the protein and ligand structure were prepared using MGL tools and saved in. pdbqt format. The grid box was created around the key amino acid residues, and box size/dimensions were recorded to generate a grid parameter file. Finally, a docking parameter file was generated to perform docking. The results were saved as the docking log file, containing information about the binding energies for energetically favorable ten conformational poses of each ligand (Siddique et al., 2024; Farhan et al., 2024).
ADMET studies
The ADMET properties of the compound library were predicted with the online web server tool ADMETlab-3.0 (Valencia et al.; Zadorozhnii et al., 2022; Xiong et al., 2021). Employing a quantitative structure-property relationship (QSPR) model trained by a multi-task graph attention (MGA) framework (Xiong et al., 2021).
Density function theory
In the current study, all the computations were done using the Gaussian 09 W software program (Frisch et al., 2009). The molecular geometry of the investigated compounds was subjected to convergence using DFT with the B3LYP functional (Becke, 1993) and 6-311 + g (d,p) basis set (Clark et al., 1983), (Tirado-Rives and Jorgensen, 2008). The vibrational frequencies of the studied compounds were recorded at the same theoretical level to confirm the true global minima of optimized structures. To define the molecular reactivity/kinetic stability of investigated compounds, DFT was employed to calculate global and local reactivity descriptors such as frontier molecular orbital (FMO) energies, HOMO/LUMO energy gaps, and corresponding softness/hardness parameters. Furthermore, the chemical potential, electronegativity, ionization potential, and electron affinity were recorded as reactivity parameters (Bilal et al., 2022; Aziz et al., 2022b), followed by visualization of molecular electrostatic potential (MEP) maps to investigate the nucleophilic and electrophilic attack sites (Yaqoob et al., 2025).
Molecular dynamics simulation
The 3-D models of protein-ligand complexes were generated in. pdb format using Maestro. They were subjected to molecular dynamics (MD) simulation in the GROMACS 2022.2 software program (Abraham et al., 2022) to evaluate the dynamic behavior of these complexes. The topology parameters for protein were established by the pdb2gmx module, employing the CHARMM27 force field (MacKerell et al., 1998), whereas ligand topology parameters were established using the cegenFF server (https://cgenff.com/). The simulation box of cubic shape was developed, and complexes were centered here under periodic boundary conditions. The system was solvated with water molecules using the TIP3P model (Jorgensen et al., 1983), and Cl− ions were added to neutralize the system. The 50,000 energy minimization steps were conducted using the steepest descent methodology, which is then followed by NVT/NPT equilibration steps, each for 100-ps time duration. The Leapfrog method was employed during NPT equilibration to couple protein, ligand, and other system components. The system’s temperature was maintained at 300K with 1 bar pressure using Berendsen thermostat and barostat coupling constants. The PME algorithm was employed to correct truncation errors arising from the Coulomb interaction cutoffs at 1.2 nm. Finally, MD simulation was performed for a 100 ns period at isothermal/isobaric conditions, and trajectories were visualized in VMD1.9.2 (Humphrey et al., 1996). The MM-GBSA binding free energy calculations were performed using a dielectric constant of 80 for the solvent and 1 for the solute, which are standard values for implicit solvent models (Sun et al., 2014). The Xmgrace 5.1.19 (Turner, 2005) was employed for graph analysis (Lindahl et al., 2001).
PCA and FEL
To conduct the PCA (Abdi and Williams, 2010), the gmx covar tool within the GROMACS suite was employed to compute the covariance matrix, which helped to assess the correlation between atomic fluctuations in the protein-ligand complex. The corresponding eigenvalues and eigenvectors were extracted via the gmx analog module, and projections on principal component (PC) coordinates were visualized for each frame. Additionally, the FEL analysis was carried out using the gmx sham module in GROMACS, allowing us to identify equilibrium and transition states that characterize protein-ligand complex stability (Papaleo et al., 2009).
RESULT AND DISCUSSION
Micronucleus (MN) frequency assay
Our investigation showed that gamma-ray irradiated (1 Gy) Artemis-deficient cell line CJ179 had a higher number of unresolved DNA damage as measured indirectly using MN frequency assay, while Artemis-mutated 48BR cell line could resolve only some of the damage as compared to the Artemis wild-type cell line 1BR3 (Figure 1A), highlighting the potential of Artemis protein as a target for cancer therapy. The Figure 1B represented the micrographs of micronucleation in Artemis cell lines following exposure to 1 Gy ionizing radiation.
[image: Panel A shows a bar chart titled "Micronucleus formation in IR exposed Artemis cell lines" with three bars representing 1BR3 (wild type), 48BR (mutant), and CJ179 (null) cell lines. Each bar shows micronucleus formation levels. Panel B displays six microscopy images of cells labeled IGY for 1BR3, 48BR, and CJ179, showing cellular structures.]FIGURE 1 | Micronucleus frequency assay: (A) Micronucleus formation in IR (1 Gy) exposed Artemis cell lines. The percentage frequency in each cell line was plotted. (B) Representative micrographs of micronucleation in Artemis cell lines following exposure to 1 Gy ionizing radiation (Mag x 400).Primary cell culture
Samples (1MOS, 1PTNC, 2PTN, 3PRF and 2PRF) were observed for exponential growth starting from 1 × 10 4 cells/mL to1x106 cells/mL. Each sample showed a different growth pattern (Figure 2). 2PRF and 1MOS showed the most aggressive growth, reaching 5 times of initial number (2.4 × 106 and 1.9 × 106 cells/mL) after 24 h and 48 h of incubation, respectively. 1PTNC and 2PTN appeared to be slow growers, with almost double the number of cells after 24 and 48 h 3PRF was doubled thrice of the initial concentration at 24 and 48 h intervals. Morphological analysis of picked colonies after growth showed similarities with their parent colonies. Small cells clumped together to form colonies. Viable cells and colonies appeared to be transparent, whereas dead cells were seen as black and suspended in the medium.
[image: Graph showing cell growth over time in hours, with various treatments represented by different colored lines. Each line, labeled 2PRF, 1MOS, 1PTNC, 2PTN, 3PRF, and Expon. (3PRF), shows distinct growth patterns, indicated by cell concentration per milliliter on the y-axis.]FIGURE 2 | Graph showing growth curves of 5 primary cell lines (derived from invasive ductal carcinomas) at 0, 24, 48, and 72 h. Most aggressive growth is demonstrated by 1MOS and 2PRF whereas 1PTNC is shown to be the slowest in growth.Artemis siRNA transfection of cells
Expression analysis was done for the Artemis gene by preparing the cDNA. Artemis gene expression values were divided by the Actin gene to normalize, while analysis of gene expression on ImageJ provided the results of a 40 percent decrease in Artemis gene expression level as compared to control in 1MOS and 1PTNC. In 2PTN, 30 percent whereas around 20 percent decrease in 3PRF and 2PRF samples was observed (Figures 3A,B). Statistical analysis provided significance in samples except 3PRF as compared to the control. The p-value of all samples except 3PRF was less than 0.05.
[image: (A) Bar graph showing Act mels/Actin gene expression across various samples, highlighting significant differences with asterisks. (B) Gel electrophoresis image with labeled lanes: L, C, 2PTN, IMOS, 2PRF, and IPTNC. (C) Bar graph of DNA Pkcα/Actin gene expression for different sample groups. (D) Gel electrophoresis showing lane labels: L, 2PRF, 2PTN, 3PRF, IMOS, and C. (E) Bar graph displaying TP53/Actin gene expression with asterisks indicating significant differences. (F) Gel electrophoresis with lanes labeled: L, C, 1MOS, 1PTN, 3T3, and 2PRF.]FIGURE 3 | Artemis inhibition expression analysis after siRNA transfection in primary cell lines, Gene expression analysis of DNA-PKcs after inhibition of Artemis, and Gene expression analysis of TP53 after Artemis inhibition. (A) The graph represents the expression of the Artemis gene after siRNA transfection. Error bars are Standard Error Mean (SEM). X-axis has samples and Y-axis has Artemis/Actin gene expression values (B) Gel electrophoresis picture of amplified cDNA of Artemis gene and inhibition in the Breast cancer samples as compared to control, bands were analyzed by ImageJ (C = control, L = ladder 1000bps and dot in lPTN is gel doc error) (C) Graph shows the change in expression of DNA-PKcs with no significance. Values were calculated by dividing DNA PKcs bands measurement by Actin values and (D) Gel electrophoresis of DNA-PKcs amplified PCR products (C = control, L = ladder 1000bps) (E) Bar graph shows the expression analysis done by ImageJ and TP53 values divided by Actin band values, error bars are Standard error mean (SEM) with significance (p-value <0.05) in 2PTN, 2PRF and 3PRF in paired t-test. (F) TP53 amplified on a 2% agarose gel, which shows an increase in gene expression. (C = control, L = Ladder 1000bps, and the dot in mid of the bands is a gel doc error).Gene expression analysis of DNA-PKcs
In gene expression analysis of DNA-PKcs, 1MOS and 2PRF showed an increase in DNA-PKcs gene expression by 10 and 30 percent, respectively. The increase in gene expression shown by IMOS was not significant compared to 2PRF. whereas, other 3 samples had a downregulation effect. 1PTN showed no decreasing trend as compared to 2PTN and 3PRF, which showed almost up to 15 percent and 30 percent decrease, respectively (Figures 3C,D). The p-value of all samples was greater than 0.05.
Gene expression analysis of TP53
Increase or decrease in the TP53 gene, which encodes p53 protein, was also checked before and after inhibition of Artemis. Interestingly, all samples of breast cancer showed a significant increase in p53 gene expression after Artemis inhibition. 2PTN was seen to have the highest increase in p53 gene expression, which was almost 46%. Almost similar trend was observed in 2PRF, whereas 1PTN and 1MOS showed a similarity in increased expression of 38%. 3PRF conferred the lowest increase in expression level of 20% as compared to the control (Figures 3E,F). The p–values are >0.05.
MTT assay
The percentage viability of siRNA-transfected cells was determined with an MTT assay, in which conversion of yellow tetrazolium MTT to purple formazan was quantified at dual optical densities of 490 nm and 630 nm. Control has the darkest color of purple formazan, which means that the darkest the color, the higher the optical density, because of a high number of proliferating cells. The highest decrease in percentage cell viability was observed in 1PTN and 3PRF, in which cells lost 50% viability. IMOS and 2PTN showed 60% cell viability, which was decreased by 40%, and lastly, 2PRF showed 70% cell viability (Figure 4).
[image: Bar chart showing percentage viability of different samples. Untreated sample shows highest viability near 100%. Samples 2PRF-S, 3PRF-S, 2PTN-S, and 1PTN-S have viabilities between 60% and 80%. Sample 1MOS-S has the lowest viability around 60%. Significant differences indicated by asterisks.]FIGURE 4 | Percentage viability of the cells transfected with siRNA is plotted on the Graph. (p-value <0.05 one star significance and p-value <0.01, two star significance).COMET assay
To confirm if Artemis inhibitor could be used a novel radiosensitizer we analyzed the DNA damage against different doses of radiation and the results indicated more DNA damage at low dosage of radiation compared to the higher doses. This consequence could be explained due to the activation of DNA repair pathways at high dose of radiation. To check this possibility we blocked NHEJ pathway by inhibiting key factor of NHEJ repair i.e., DNA PKcs; As a result, there was significant increase in accumulated damage over 24 h after high dose radiations. These results ensure that the NHEJ is the main pathway for repair of IR induced damage and that repair system activation at high dose of radiation is the reason for less DNA damage and cell killing rather than low dose of radiation. We also inhibited the NHEJ by using same strategy followed by low dose of radiation but the effect was not remarkable leading to the conclusion that at low dose DNA repair pathways are not activated. We observe that DNA PKcs inhibition impairs cells in IR induced damage repair. The effect of 10 μM concentration of DNA PKcs specific chemical inhibitor (NU7026) was analyzed for its effect on percent cell survival against different dose of radiation and it was found out that it almost decrease the cell survival by 50% at 4Gy of radiation. In the second aspect of our study, we analyzed the effect of artemis inhibition in response to IR induced DNA damage. In this approach we inhibited artemis by using 2-hydroxy-5-methoxybenzaldehyde-4-anilino-6-(3,5-dimethyl-H-pyrazol--yl)-,3,5-triazin-2-ylhydrazone chemical inhibitor.
Single Cell gel electrophoresis assay and MTT assay carried out after IR predicted that role of artemis in cell cycle arrest/apoptosis that is independent of DNA damage repair as shown in Figure 5 (Panel A and Panel B). Repair process was seen to be little defective in response to artemis inhibition as compared to control and the change was negligible. Percentage cell proliferation after IR was remarkably decreased which predicts the role of Artemis in cell cycle check points. Artemis inhibition caused almost 50% decrease in cell survival at 0.5 Gy of IR. This sensitivity does not affect the NHEJ as DNA damage was not accumulated in cells when analyzed after 24 h.
[image: Panel A on the left displays COMET tail length graphs for 2PRF, 3PRF, 1MOS, and 4MOS against radiation dose. Different colored lines represent NU7026 and Artemis inhibitor treatments, Control, and Absolute groups. Panel B on the right illustrates cell viability percentages for the same time points with similar color coding. Both panels compare treatment effects on comet tail length and cell viability under increasing radiation doses.]FIGURE 5 | Panel (A) shows the graphical plots of comet tail lengths (in A.U.) for 4 primary cell lines (2PRF, 3PRF, 1MOS, and 4MOS), while panel (B) shows the cell viability measured with the MTT assay in these primary cell lines. These cell lines were treated with either Artemis inhibitor or DNA PK inhibitor to compare the effects of radiation exposure at 0.5, 1.0, 2.0, and 4.0 Gy.Tanimoto similarity
The Ts-index was computed for the 69 compounds, including the reference. The Figure 6 presented a heatmap that visualizes the pairwise similarity of these compounds using the Ts-index. The Ts-index, widely applied in cheminformatics, measures molecular similarity by comparing structural features. These features are typically represented as binary fingerprints, where each bit signifies the presence or absence of a particular molecular attribute.
[image: Heat map showing a correlation matrix with molecule indices on both axes. Colors range from blue to red, indicating correlation levels from 1.0 to 0.0. A prominent blue diagonal line signifies high correlation along the diagonal.]FIGURE 6 | The symmetric matrix shows self-similarity values of 1.0 on the diagonal. The color scale represents pairwise similarity, with purple indicating high similarity and red indicating low similarity.On both the x-axis and y-axis, the 69 compounds were numbered from 0 to 68, and the reference was labeled as cef. The heatmap displayed the similarity score for the compounds corresponding to the intersecting data points. The scores ranged from 0 to 1, with a score of 1 (purple highlighted) indicating identical or highly similar compounds, while a score of 0 (red highlighted) represented no similarity. The diagonal line running from the top-left to the bottom-right represents each compound’s comparison with itself, resulting in a purple line with a perfect similarity score of 1. The off-diagonal line indicated the varying levels of similarity between different compounds, with colors transitioning from purple to red as the similarity decreases.
Docking studies
The Artemis protein comprised two major domains: the Metallo-β-lactamase domain (MBL) and the β-CASP domain. The Zn ion in the MBL domain served as a catalytic center for the endonuclease activity of Artemis. The motif I–motif IV (ASP17, HIS33, HIS35, ASP37, HIS38, HIS115, ASP136) and motif C (VAL341), in the MBL domain, were involved in co-ordination with Zn ion in the catalytic site. In contrast, motifs A and B (ASP165 and HIS319) stabilize the product during catalytic reactions. The zinc-finger motif in the β-CASP domain (HIS228, HIS254, CYS256, CYS272) is involved in structural changes in Artemis, constituting the non-catalytic binding site. DNA’s highly negative phosphate groups coordinate with the Zn ion in the catalytic site. In addition to this, the positively charged amino acid residues, including ARG18, ARG21, LYS36, LYS40, ARG43, and LYS74 of the MBL domain and residues such as ARG 172, ASN205, LYS207, and LYS288 of β-CASP domain recognized negatively charged DNA as the substrate. This represented the extended open substrate binding pocket of Artemis located between the MBL domain and β-CASP domain (Yosaatmadja et al., 2021; Karim et al., 2020). The 7ABS incorporates Zn ion, crucial for protein activity, in its structure that is not present in X6R6W9. Furthermore, the sequence alignment analysis represented the 100% similarity of amino acid residues (120–203) of 7ABS with amino acid residues (1-84) of X6R6W9, indicating the metallo-β-lactamase domain of Artemis protein only, as shown in Figure 7. Based on the above analysis, which was 100% similar, the Artemis protein with PDB ID 7ABS was selected to understand better compound interactions with Zn ions within the binding pocket.
[image: Alignment images comparing sequences X6R6W9 and 7ABS. Panel A shows sequences with full identities and no gaps. Panel B displays the same alignment with dots indicating matching sequences. Scores include 180 bits, expect value of 4e-62, 100% identities, and 0% gaps.]FIGURE 7 | The sequence alignment of investigated Artemis proteins (Uniprot ID: X6R6W9 and PDB ID: 7ABS) in (A) pairwise and (B) dot representations.Molecular docking studies revealed the significant binding affinity of investigated compounds with 7ABS that displayed coordinate covalent bonds, ionic interactions with Zn ions, and H-bonding interaction with key amino acid residues. The compounds 01, 02, 04, 05, 42, 43, 44, 46, 51, and 58 were identified as top hits by the Glide module with ∆G-scores ranging from −9.1 kcal/mol to −8.0 kcal/mol. The compounds 23, 46, and 49 were selected by AutoDock4 screening with docking scores above −8.0 kcal/mol. However, compounds 28, 55, 59, and 67 demonstrated comparable binding affinities in both, Glide and Autodock4 predictions. The G-scores, Emodel scores, hydrogen bonding, hydrophobic, and ionic interactions of top hits with Artemis endonuclease are outlined in Table 4.
TABLE 4 | Molecular Glide score, Hydrogen bonding interactions (Å), hydrophobic and other interacting residues for ligands with Artemis protein (PDB ID: 7ABS).	Ligands	G-score (kcal/mol)	Emodel	Autodock4	Ionic/H.B.I
residue (distance Å)	Hydrophobic and other interacting residues
	01	−8.5	−81.83	−5.88	ASP136 (2.44)
THR167 (1.89)
Zn 101 (2.00)
Zn 402 (3.89)	HIS35, ASP37, THR167, LYS207, ALA209, TYR212, PRO289, SER290, THR291, PHE318, HIS319, VAL341, PRO343, VAL344
	02	−8.1	−86.60	−5.62	ASP136 (2.44)
THR291 (2.74)
Zn 101 (2.20)
Zn 402 (3.45)	HIS35, LYS36, ASP37, HIS115, THR167, PHE168, LYS207, ALA208, THR291, SER317, PHE318, HIS319, VAL341, PRO343, VAL344
	04	−8.6	−93.86	−5.89	HIS115 (3.09)
HIS319 (2.38)
Zn402 (2.02)	HIS35, ASP37, HIS115, ASP136, LYS207, ALA209, PHE318, HIS319
	05	−8.5	−97.93	−7.20	ASP136 (2.44)
PHE318 (3.17)
Zn 101 (2.23)
Zn 402 (3.37)	HIS35, ASP37, HIS115, PHE168, LYS207, TYR212, SER290, THR291, TRP293, PHE318, HIS319
	23	−4.5	−51.63	−8.1	CYS34 (3.20)
HIS35 (3.02)
HIS35 (3.06)
LYS36 (2.17)
LYS207 (4.53)
TYR212 (2.44)
PHE318 (3.11)	HIS35, LYS36, LYS207, ALA209, PHE318
	28	−6.8	−73.87	−7.0	LYS36 (2.64)
ASP37 (1.67)
ASP37 (3.81)
LYS207 (2.02)
LYS207 (4.63)	LYS207, ALA209, PHE318
	42	−8.6	−139.47	−8.03	LYS36 (1.92)
LYS36 (3.47)
ASP136 (2.44)
ALA208 (2.79)
TYR210 (1.81)
TYR210 (3.25)
HIS319 (2.40)
HIS319 (4.72)
Zn 101 (2.04)
Zn 402 (3.43)	CYS34, HIS35, ASP37, LEU68, SER72, PRO73, HIS115, THR167, LYS207, ALA208, ALA209, TYR210, PHE318
	43	−8.1	−114.32	−6.26	ASP37 (2.32)
ASP136 (2.44)
HIS319 (4.72)
Zn 101 (2.04)
Zn 402 (3.43)	CYS34, HIS35, LYS36, ASP37, HIS115, THR167, LYS207, ALA208, ALA209, TYR210, PHE318, HIS319
	44	−8.0	−81.99	−6.29	ASP136 (2.44)
PHE318 (2.62)
HIS319 (4.46)
Zn101 (2.19)	HIS35, ASP37, THR167, LYS207, ALA209, TYR212, THR291, SER317, PHE318, HIS319, VAL341, PRO343
	46	−9.1	−112.52	−7.00	PRO289 (2.77)
HIS319 (2.10)
PHE316 (2.44)
Zn402 (3.91)	HIS35, LYS36, ASP37, LYS207, TYR212, PRO289, SER290, THR291, PHE316, SER317, PHE318
	49	−6.2	−86.81	−8.1	HIS35 (3.24)
LYS36 (2.06)
ASP37 (2.13)
LYS207 (4.87)
ALA208 (1.92)	HIS35, LYS36, LYS207, ALA209, PHE318
	51	−9.4	−133.21	−7.69	HIS319 (4.59)
Zn402 (3.89)	HIS35, LYS36, ASP37, THR167, LYS207, ALA208, ALA209, VAL341, PRO343, VAL344
	55	−7.6	−99.68	−7.1	ASP37 (1.89)
ASP136 (1.92)
THR219 (3.07)
SER317 (3.79)
PHE318 (1.91)	PHE168, LYS207, ALA208, ALA209, PHE318
	58	−8.4	−105.72	−6.68	ASP136 (2.44)
PHE316 (2.56)
THR291 (1.82)
HIS319 (3.07)
Zn101 (2.13)
Zn 402 (3.06)	HIS35, THR167, LYS207, TYR212, SER290, THR291, TRP293, PHE316, SER317, PHE318
	59	−7.1	−99.68	−6.8	HIS35 (3.37)
HIS35 (3.79)
ASP37 (3.36)
ASP37 (5.19)
ASP136 (2.07)
ASP136 (1.73)
PHE318 (2.36)
HIS319 (2.40)	LYS36, LYS207, ALA208, ALA209, TYR212, PHE318
	67	−6.5	−93.25	−6.4	HIS35 (3.17)
ASP37 (4.00)
ALA208 (2.31)	HIS35, LYS36, ALA209, TYR210, PHE318
	Ceftriaxone	−9.9	−165.02	−6.6	HIS35 (1.54)
LYS36 (2.13)
HIS115 (3.29)
PHE318 (3.63)
HIS319 (2.20)
Zn402 (3.93)	CYS34, HIS35, ASP37, THR167, PHE168, LYS207, ALA208, ALA209, TYR210, TYR212, THR291


The ligands 01 and 02 showed H-bonding interactions with ASP136 via conserved water molecules. In contrast, the inhibitory activity of ligand 04 is attributed to the hydrogen bonding with the amino acid residue of motif B (HIS319). Supplementary Figure S1 illustrates the 2D and 3D interaction of ligands 01, 02, and 04 with the target protein. The substantial binding affinity of compound 42, with a ∆G-score of −8.6 kcal/mol, is attributed to strong electrostatic and H-bonding interactions with LYS 36 and HIS319 in the catalytic domain. Compound 43 displayed H-bonding interactions with ASP37 and ASP136 in the MBL domain and ionic interaction with HIS319 in the catalytic binding site, as shown in Supplementary Figure S2. Compound 44 displayed π-π interaction with amino acid LYS207 of the β-CASP domain that stabilizes the substrate. It also exhibited halogen and ionic interactions with PHE318 and HIS319 with a bond distance of 2.62Å and 4.46Å, respectively. The compound 46 exhibited π-hydrogen bonding interactions with amino acid residues PRO289 and HIS 319 with distances of 2.77Å and 2.44Å, respectively. Similarly, compound 51 exhibited ionic interactions and π-π stacking with amino acid residue HIS319 (Supplementary Figure S3). The residue HIS319 of motif B interacts with ASP165 (motif-A) via H-bonding and is considered critical for Artemis’s endonuclease activity. Additionally, the inhibitory activity of all top hits is attributed to the coordination with the Zn ion, which is crucial for the enzyme’s catalytic activity. The high binding affinity was observed for compounds 42, 46, and 51 with ∆G-scores of −8.6 kcal/mol, −9.1 kcal/mol, and −9.4 kcal/mol, respectively. The similar binding affinities (−8.1 kcal/mol) were recorded for compounds 23 and 49 by the AutoDock4 program, showcasing H-bonding interactions with key residues such as HIS35, ASP37 (MBL domain), and LYS 207 (β-CASP domain). Compounds 28, 42, 55, 59, and 67 demonstrated significant binding affinities, recorded by both software programs (AutoDock4 and Glide), showing a docking score deviation of −0.5 kcal/mol. The ceftriaxone exhibited moderate inhibitory activity against Artemis protein with an IC50 value of 65 µM (Yosaatmadja et al., 2021; Melenotte et al., 2021) by in-vivo studies, used as a reference for result comparison. The significant binding affinity of ceftriaxone with a Glide score of −9.9 kcal/mol is attributed to its metal co-ordination as well as H-bonding interaction with conserved amino acid residues such as HIS35, HIS115, and HIS319, as illustrated in Supplementary Figure S4. The 2D and 3D interactions of compounds 42, 46, 51, and ceftriaxone with the target protein are illustrated in Figure 8. The docking scores of all compounds, recorded by AutoDock4 and the Glide program, were tabulated in Supplementary Table S2 (Supplementary Material).
[image: 3D and 2D structural diagrams show the binding interactions of Ceftriaxone with protein residues. Key residues like HIS 319 and ZN 402 are highlighted, with measurements in angstroms. Different ligand layouts are visualized with colorful annotations for clarity.]FIGURE 8 | 2D and 3D interactions of compounds 42, 46, 51, and ceftriaxone with 7ABS protein.ADMET analysis
The ADMET properties of top-hit compounds are presented in Table 5 and Table 6. All the top hits exhibited molecular weight of less than 500 Da except for compound 42 and the reference drug. The compounds 43 and 67 showed significant lipid solubility with high log P values of 4.84 and 4.73, respectively, representing their passive absorption from the GI tract. The TPSA value indicates the polarity of compounds and should be less than 140Ǻ for optimal pharmacokinetic properties. The compound 59 and reference compounds are considered highly polar among the investigated compounds with TPSA values of 152.84Å and 215.69 Å. Almost all the compounds were found to be the substrate of P-glycoprotein, resulting in decreased bioavailability. In contrast, the inhibition of P-glycoprotein may enhance the bioavailability of compounds. However, compounds 28 and 46 were found to mimnimally inhibit P-glycoprotein among the investigated compounds, with values of 0.90 and 0.99, respectively, affecting their bioavailability. Compounds 05 and ceftriaxone demonstrated poor human intestinal absorption among the top hits. Most compounds displayed high Caco-2 membrane permeation with values > −5.0 cm/s, contributing to increased oral absorption. The investigated compounds exhibited significant plasma protein binding affinity (>90%), indicating a lower unbound fraction in plasma. However, compounds 04 and 05 showed 71.21% and 87.62% fractions bound with plasma protein, allowing a significant fraction of free drug to reach its target site.
TABLE 5 | The ADMET properties include physicochemical parameters, absorption, distribution, and bioavailability of top-hits.	Compounds	MW	TPSA	LogP	P-gp inhibitor	P-gp substrate	HIA	F (20%)	Caco-2	PPB
	1	357.17	104.45	2.27	0.39	0.00	0.02	0.11	−5.10	97.93
	2	348.12	100.01	2.74	0.09	0.02	0.01	0.01	−5.16	98.10
	4	179.06	69.89	0.72	0.00	0.04	0.02	0.06	−5.42	71.21
	5	324.11	77.92	1.12	0.69	0.11	0.72	0.09	−4.56	87.62
	23	349.13	56.49	3.41	0.61	0.00	0.00	0.02	−4.13	97.48
	28	321.1	72.47	3.22	0.90	0.00	0.34	0.04	−4.97	97.59
	42	513.11	146.78	3.74	0.00	0.04	0.00	0.92	−5.85	98.81
	43	430.19	122.37	4.84	0.05	0.06	0.00	0.64	−5.14	98.87
	44	342.1	101.16	3.60	0.03	0.00	0.00	0.03	−4.86	98.62
	46	329.99	54.37	3.29	0.99	0.00	0.00	0.04	−4.89	98.88
	49	355.11	96.7	3.97	0.00	0.02	0.00	0.01	−4.97	98.67
	51	346.11	99.74	3.33	0.00	0.19	0.00	0.81	−4.94	98.86
	55	360.13	110.39	3.07	0.05	0.00	0.00	0.04	−4.85	98.20
	58	345.11	94.48	2.78	0.02	0.04	0.00	0.04	−4.99	97.95
	59	462.15	152.84	2.59	0.00	0.51	0.00	0.99	−5.46	97.73
	67	433.13	88.9	4.73	0.56	0.00	0.00	0.11	−5.03	98.23
	Ceftriaxone	554.05	214.96	−0.60	0.01	0.00	0.99	0.97	−6.58	92.00


MW, Molecular Weight; TPSA, Topological polar surface area; P-gp, p-glycoprotein; HIA, Human intestinal absorption; F20%, Bioavailability; Caco-2, Caco-2, cell membrane permeability; PPB, plasma protein binding.
TABLE 6 | The ADMET properties include Blood-brain penetration, metabolism, and excretion regarding the half-life of top hits.	Compounds	BBB	CYP2D6 inhibitor	CYP2D6 substrate	CYP3A4-inhibitor	CYP3A4-substrate	T1/2 (hr)	Lipinski
violation
	1	0.00	0.00	0.00	0.00	0.99	0.69	0
	2	0.66	0.00	0.00	0.00	0.72	1.10	0
	4	0.00	0.00	0.00	0.00	0.26	1.53	0
	5	0.10	0.00	0.96	0.51	0.01	1.20	0
	23	0.81	0.06	0.99	0.98	0.37	0.69	0
	28	0.00	0.99	0.00	0.95	0.00	0.52	0
	42	0.00	0.00	0.00	0.00	0.99	0.63	1
	43	0.00	0.00	0.02	0.99	0.01	0.54	0
	44	0.00	0.00	0.24	0.00	0.00	0.71	0
	46	0.83	0.01	0.01	0.00	0.00	0.98	0
	49	0.78	0.00	0.00	0.02	0.06	0.86	0
	51	0.00	0.01	0.01	0.89	0.01	0.78	0
	55	0.00	0.10	0.00	0.98	0.00	0.90	0
	58	0.09	0.99	0.98	0.99	0.01	1.25	0
	59	0.00	0.00	0.00	0.01	0.00	1.08	2
	67	0.00	1.00	0.74	1.00	0.09	0.73	0
	Ceftriaxone	0.01	0.01	0.00	0.00	0.00	1.92	1


BBB, Blood Brain Barrier (enhanced penetration with values close to 1). T1/2: half life.
The low probability of crossing the blood-brain barrier is observed for compounds 28, 46, and 49 and is considered not associated with CNS-related toxicities. The CYP2D6 and CYP3A4 enzymes inhibition or induction may affect drug metabolism, therapeutic effect, and related toxicities. The high enzyme inhibition probability was observed with compounds 23, 28, 43, 51, 55, and 58. In contrast, the compounds 01, 05, 23, 42, and 58 were found to be the substrate of CYP2D6 and CYP3A4 metabolizing enzyme. The top hits demonstrated short half-lives with T½values ranging from 0.69 h to 1.53 h, representing their rapid elimination. The details of ADMET properties for all compounds are outlined in Supplementary Table S2 and Supplementary Table S3 (Supplementary Material).
DFT RESULTS
Optimized geometries
The bond lengths and angles were computed at DFT/B3LYP/6-311 + g (d,p) level of theory and are considered accurate from HF calculations, attributed to the inclusion of electron correlation. The optimized geometries of top hits at their most stable conformations are illustrated in Supplementary Figure S5. The optimization energies were computed as −628.95 a. u to −2,856.39 a. u with the lowest Hartree optimization energy value of −1773.27a.u., recoded for compound 67. Most top hits displayed non-planar geometry, particularly observed with compounds 01, 05, 42, 58, 67, and ceftriaxone, likely due to steric hindrance imposed by the adjacent substituents. However, compounds 02, 04, 23, 28, 43, 44, 51, and 55 showed somewhat planar conformations. Table 7 presented the top-hit compounds’ optimization energies, dipole moment, polarizability, and HOMO-LUMO gap values. The dipole moment (μ) is one of the significant electronic parameters that illustrates the uneven distribution of charges among atoms in a given compound and is often involved in intermolecular interactions such as dipole-dipole interactions. It is frequently used to study the intermolecular interactions involving the non-bonded type dipole-dipole interactions because the higher the dipole moment is, the stronger the intermolecular interactions. The compounds 01 and 02 displayed higher dipole moments of 9.33 and 10.22 debye, indicating stronger intermolecular interactions, a prerequisite for significant binding affinity with the target protein. However, compound 51 displayed a high binding affinity with the target protein with the lower dipole moment of 1.34 debye, representing that this parameter is not directly correlated with activity. Polarizability (α) refers to the ease with which electrons can be displaced from the compounds by an external electric field, reflecting the compound’s softness and reactivity. In general, high polarizability is associated with the softer nature of the compound (Chattaraj et al., 2003). Compound 42 displayed the highest polarizability of 470.71 a. u, among the top hits, with a lower energy gap of 3.46 eV. However, significant polarizability is also perceived for compounds 43, 59, and 67, along with high HOMO energy values ranging from −5.86eV to −5.92eV. The higher HOMO energies of these compounds were accompanied by easy electron displacement, attributed to their high electron-donating capability. The compound 04 showed lower HOMO energy values of −7.34eV indicating its inferior ability to lose electrons, considered to be less reactive as evidenced by a large energy gap of 5.37 eV. The lowest energy gap of 3.15eV is computed for compound 28, attributed to significantly minimum LUMO energy values of −3.34 eV, representing its greater competency to accept electrons. The energy gap of compound 02 is calculated as 3.06 eV, which is suggested to be the soft compound with electron-donating capacity and high reactivity.
TABLE 7 | Energetic parameters of top hits using DFT in the gas phase.	Compounds	Optimization energy (a.u.)	Dipole moment (debye)	Polarizability (a.u.)	HOMO (eV)	LUMO (eV)	HOMO-LUMO (∆eV)
	01	−1,203.45	9.33	250.49	−6.15	−1.42	4.74
	02	−1,178.75	10.22	299.02	−5.61	−2.55	3.06
	04	−628.95	4.54	125.25	−7.34	−1.97	5.37
	05	−1,106.30	7.70	245.19	−6.95	−3.11	3.83
	23	−1,121.46	4.17	318.89	−6.32	−2.27	4.05
	28	−1,089.04	6.89	270.76	−6.48	−3.34	3.15
	42	−2050.71	6.64	470.71	−5.84	−2.38	3.46
	43	−1,440.46	5.73	385.81	−5.92	−1.76	4.17
	44	−1,482.96	5.17	307.50	−5.67	−2.20	3.47
	49	−1,194.51	6.80	295.79	−6.19	−2.20	3.99
	51	−1,177.42	1.34	308.20	−5.89	−2.21	3.68
	55	−1,212.92	0.32	348.05	−5.71	−2.22	3.49
	58	−1,161.42	4.09	288.30	−5.81	−2.35	3.45
	59	−1,598.61	2.84	376.82	−5.86	−1.82	4.03
	67	−1773.27	5.34	355.51	−5.91	−1.61	4.30
	Ceftriaxone	−2,856.39	3.99	375.11	−6.09	−2.32	3.78


The Supplementary Figure S6 illustrates the HOMO-LUMO orbitals and their corresponding energy gap values for compounds 01, 02, 04, 05 and 23. The HOMO contour maps in compound 02 presented the electron density of electron-rich benzimidazole moiety, while LUMO contour maps were centered on the 2-oxo-quinoline moiety, highlighting its charge transfer character. Similarly, compound 23 showed a shift of electron density from electron-rich to electron-deficient regions in HOMO to LUMO contour maps. This charge transfer type is also observed with compounds 28, 42, and 43, as shown in Supplementary Figure S7. In compounds 01, 04, 44, 46, and 51, the HOMO/LUMO contour maps are located across the entire structure, attributed to extended conjugated systems in these compounds (Supplementary Figure S6; Supplementary Figure S8). Conversely, in compound 05, the HOMO and LUMO orbitals were centered on the particular moiety of the structure, indicating the reactive sites. Interestingly, the non-planar rings displayed negligible electron density with respect to the main nucleus in the chemical structures of compounds 58 and 67 (Supplementary Figure S9). The optimized geometries, HOMO-LUMO contour maps, and MEP plots of compounds 42, 51, and ceftriaxone are presented in Figure 9.
[image: Diagram showing molecular orbital and electrostatic potential analyses. A) Depicts Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) with energy gaps of 3.46, 3.68, and 3.77 electronvolts for different molecules. B) Shows electrostatic potential surfaces for molecules labeled 42, 51, and Ceftriaxone, with a color scale ranging from negative to positive values.]FIGURE 9 | DFT studies of compounds 42, 51, and ceftriaxone. (A) HOMO-LUMO contour plot. (B) Molecular electrostatic potential map.The physiochemical properties and quantum chemical descriptors for top hits are outlined in Table 8. The chemical potential (µ) represents the molecule’s inclination to lose or gain electrons, whereas lower µ values signify the greater tendency to capture electrons. The compound 05 and 28 showed lower chemical potentials of −5.03 and −4.91 eV, respectively; compound 01 and reference ceftriaxone exhibited the same chemical potential of −3.78 eV, whereas compound 67 demonstrated the highest potential (µ = −3.76 eV) in comparison to other compounds. Furthermore, compounds 02 and 28 were softer, with chemical softness values of 0.33eV and 0.32 eV, respectively, reflecting their high reactivity. In contrast, the softness potential was the same for compound 05 and ceftriaxone (0.26 eV). Substantive reactivity is also observed with compounds 42 and 51, correlated with their significant binding affinities. Compound 04 was considered the least reactive, with a hardness value of 2.69eV among the top hits. The high electronegativity for compound 05 (χ = 5.03 eV) indicates its greater electron-attracting ability, as evidenced by low LUMO energy and high electron affinity (A = 3.11eV). In contrast, compounds 01 and 67 showed low electronegativity values of 3.78eV and 3.76eV, respectively, representing their lower capacity to attract electrons. Electrophilicity (ω) quantifies the stabilization energy of a compound as it gains electrons. The results displayed high electrophilicity (ω = 7.66) for compound 28, suggested to be a good electrophile compared to other top-hit compounds. These reactivity parameters illustrated the chemical behavior of top-hit compounds and possible interaction types involved in their significant binding affinity.
TABLE 8 | Physiochemical properties and Quantum chemical descriptors for top hits using DFT in the gas phase.	Compounds	Chemical potential (μ) (eV)	Electro-negativity (χ) (eV)	Chemical hardness (η) (eV)	Chemical softness (ζ) (eV)	Electro-philicity index (ω)	Ionization potential (I) (eV)	Electron affinity (A)
	01	−3.78	3.78	2.37	0.21	3.02	6.15	1.42
	02	−4.08	4.08	1.53	0.33	5.43	5.61	2.55
	04	−4.66	4.66	2.69	0.19	4.04	7.34	1.97
	05	−5.03	5.03	1.92	0.26	6.60	6.95	3.11
	23	−4.30	4.30	2.03	0.25	4.55	6.32	2.27
	28	−4.91	4.91	1.57	0.32	7.66	6.48	3.34
	42	−4.11	4.11	1.73	0.29	4.89	5.84	2.38
	43	−3.84	3.84	2.08	0.24	3.54	5.92	1.76
	44	−3.93	3.93	1.73	0.29	4.46	5.67	2.20
	46	0.00	0.00	0.00	0.00	0.00	0.00	0.00
	49	−4.20	4.20	2.00	0.25	4.41	6.19	2.20
	51	−4.05	4.05	1.84	0.27	4.45	5.89	2.21
	55	−3.97	3.97	1.75	0.29	4.51	5.71	2.22
	58	−4.08	4.08	1.73	0.29	4.82	5.81	2.35
	59	−3.84	3.84	2.02	0.25	3.66	5.86	1.82
	67	−3.76	3.76	2.15	0.23	3.29	5.91	1.61
	Ceftriaxone	−3.78	4.20	1.89	0.26	4.68	6.09	2.32


The molecular electrostatic potential (MEP) surface is invaluable for understanding the allocation of electrostatic potential over the molecule’s isoelectronic density surface and aids in determining the regions of the molecule that are likely to be involved in binding interactions. The MEP maps displayed the molecule’s high and low electron density regions, presented by a standard color coding system. The red region indicated high electron density with a partial negative charge. In contrast, the blue region signified low electron density with a partial positive charge, turning yellow to green towards neutral regions. In the case of compounds 01, 02, 42, 43, 58, and 59, the positive blue region is centered on the hydrogen atoms bonded to phenolic oxygen, suggested to be a nucleophilic attack site with a maximum of positive electrostatic potential. However, the positive potential is localized on hydrogen atoms bonded to hydroxyl amine in compound 04 and on aromatic hydrogens of compounds 23, 28, 49, and 67, which are suggested to be susceptible to nucleophilic attack. Furthermore, compounds 51 and 55 displayed positive potential sites around the hydrazine and amino groups, respectively, indicating their significant interaction with nucleophiles. Furthermore, the MEP analysis revealed electrophilic attack sites with the most negative potential, centered on carbonyl oxygen and nitrogen atoms of diazole and azo functional groups in the chemical structure of top-hit compounds. The MEP maps of investigated compounds are illustrated in Supplementary Figure S10.
MD-simulation analysis
The MD simulation analysis of compounds 42, 51, and ceftriaxone was performed by plotting root mean square deviation (RMSD), root mean square fluctuation (RMSF), number of H-bond contacts, and % occupancy of H-bonds with key amino acid residues over 100 ns molecular dynamic simulation along with MMGBSA binding energy calculations at various trajectories.
The RMSD plots of backbone atoms of Artemis in complex with investigated compounds revealed the structural stability of protein during the entire simulation, as shown in Supplementary Figure S11. The protein structure in complex with compound 51 and ceftriaxone showed great stability, with RMSD values of about 0.2 nm. In contrast, the Artemis 42 complex showed slight variation during 32ns–55 ns of simulation, with RMSD values of about 0.25 nm.
Figure 10 illustrates the RMSD, RMSF plots, and MD snapshots of top hits, providing valuable insights into the binding stability of these compounds with the target protein. The average RMSD value of 0.35 nm was recorded from 0 ns to 55 ns for ceftriaxone. The structural stability was increased with RMSDs of about 0.3 nm up to 80 of simulation, and fluctuation was observed at the end of the simulation. In contrast, the compounds 42 and 51 were equilibrated at 2 ns and 10 ns of simulation, respectively, and maintained stability, demonstrating minimal deviation in RMSD values (∼2.5 nm) for the rest of the time period. The binding stability was further validated by aligning MD snapshots, representing that compounds remained stably bound to the protein during the simulation.
[image: A three-part image: A) Line graph showing ligand RMSD over time for compounds 42, 51, and Cef with Artemis, with compound Cef showing higher fluctuations. B) Line graph of protein RMSF against residue index for the same complexes, with visible peaks indicating variability among residues. C) Three molecular structures display Artemis complexes with compounds 42, 51, and Cef, featuring colored ribbon structures highlighting the interactions.]FIGURE 10 | Graphical plots of (A) ligand RMSD (nm) versus time (100 ns), (B) protein RMSF (nm) versus residue index number, and (C) Snapshots of MD-trajectories for compounds 42, 51, and ceftriaxone in complex with Artemis protein.Protein Root-Mean-Square Fluctuation (RMSF) is invaluable for determining the structural variation of the Artemis protein during complex formation. The RMSF plots revealed the structural stability of the Artemis protein complex, with fluctuations recorded to be less than 2.0 nm for most of the residues. The complex-42 displayed fluctuations greater than 2.0 nm for amino acid residues 100-101, 278-279, and 297–300, representing flexible loops in protein structure. Complex 51 displayed significant variation in amino acid residues such as 100 and 152-156 with RMSF >3.0 nm. However, the key amino acid residues within the binding pocket remained stable in all complexes over 100 ns of the time period and showed RMSF values less than 2.0 nm.
The binding stability of complexes relayed on the intermolecular interactions, such as H-bonding with crucial amino acid residues and distortion of these interactions under dynamic conditions, is a key factor of complex instability. Supplementary Figure S12 Illustrates the H-bond interaction analysis of complexes over a 100 ns time period. The complex-42 exhibited 3-4 no. Of H-bonds with three consistent H-bonds for most of the simulation time period. A similar H-bonding pattern is observed for ceftriaxone, reflecting their significant stability during the simulation. Compound 51 displayed only one H-bond number for up to 10 ns and gained stability with two H-bonding interactions for the rest of the simulation. To gain further insights and assess the stability of these interactions, we calculated the percentage occupancies of specific residues involved in H-bonding interactions. Figure 11 presented a histogram of the % occupancy of hydrogen bond contacts formed by compounds 42, 51, and ceftriaxone in complex with Artemis protein. Compound 42 exhibited significant H-bonding interactions among residues ASP37 and LYS36 with occupancy rates of 52.43% and 23.77%, respectively. The H-bonding interaction is also recorded with another catalytic amino acid residue, HIS35, showing 8.74% occupancy. In contrast, compound 51 exhibited H-bonding interaction with LYS36 for most of the simulation time, demonstrating a 64.79% occupancy rate. The reference compound, ceftriaxone, showed 21.26% and 31.29% H-bonding occupancy for LYS36 and ASP37, respectively. These findings concluded the greater effective binding of compound 42, showcasing substantial interaction with catalytic amino acid residues of the target protein.
[image: Bar charts showing % occupancy of H-bond vs. residue for three different Artemis compound complexes. In the Compound 42 complex, HIS35 has 8.74%, LYS36 23.77%, ASP37 52.43%, SER72 16.66%, and OTHER 10.51%. In the Compound 51 complex, LYS36 has 64.79% and OTHER 0.50%. In the Compound Cef complex, LYS36 has 21.26%, ASP37 39.49%, ALA208 6.03%, and OTHER 18.54%.]FIGURE 11 | Histogram representation of %occupancies of the H-bond versus residues in protein-ligand contacts for compounds 42, 51, and ceftriaxone in complex with Artemis protein.The MM-GBSA method was employed for Gibbs free energy (ΔG) calculations at 0 ns, 50 ns and 100 ns simulation trajectories, tabulated in Supplementary Table S5, to estimate the binding stability of investigated complexes in a dynamic environment. The binding free energy for complex 42 ranged from −38.56 kcal/mol to −37.48 kcal/mol at different simulation trajectories, indicating the complex stability with an average ΔG value of −36.94 kcal/mol. The ceftriaxone complex displayed higher binding affinities for time, maximum at 50 ns of simulation, with an average ΔG value of −24.44 kcal/mol. In contrast, the complex-51 displayed significant binding free energy with ΔG calculated to be −15.58 kcal/mol at 0 ns of trajectory. However, high binding energies of −5.58 kcal/mol and −2.67 kcal/mol were recorded at 50 ns and 100 ns intervals, suggesting that new conformations of compound 51 were found to be energetically less favorable. Figure 12 illustrated the graphical representation of MM-GBSA Gibbs free energy calculations for studied complexes.
[image: Bar chart titled "MMGBSA - ΔG binding calculations" showing ΔG binding values in Kcal/mol at 0, 50, and 100 nanoseconds, with the average. The chart compares three complexes: Compound 42-Artemis (green), Compound 51-Artemis (red), and Compound Cef-Artemis (blue). The average ΔG bindings are -36.94, -6.23, and -24.44 for the respective compounds.]FIGURE 12 | The graphical representation of MMGBSA ΔG binding energy calculations for compounds 42, 51, and ceftriaxone in complex with Artemis protein (PDB ID: 7ABS).Principle component analysis
Molecular dynamics (MD) simulations are crucial for assessing the flexibility of ligands and receptors. However, the receptor conformations can shift within nanoseconds, so identifying suitable conformations for MD to screen millions of compounds for potential inhibitors with high efficacy poses a significant challenge. By combining these simulations with theoretical models, certain receptor conformations emerge as promising ones, warranting deeper investigation. Despite this, achieving the necessary accuracy in calculations is difficult. The challenge lay in selecting the most promising conformations while managing the long computational times, even though simulations typically span only microseconds (Adcock and McCammon, 2006; Robson, 2022).
To address this, several advanced techniques have been developed to reduce the number of frames needed while retaining critical data. Among these techniques, principal component analysis (PCA) (Das and Mukhopadhyay, 2007), and wavelet analysis (Heidari et al., 2016) were employed to interpret complex data. PCA, in particular, is widely used to simplify the high dimensionality of datasets by focusing on the most relevant principal components. These components capture the key variations in protein motion, enabling the global dynamics of the protein to be represented without losing essential details. PCA reveals important structural variations occurring in the protein’s trajectory by analyzing eigenvalues from the covariance matrix. Through this process, the most dominant protein motions can be identified, highlighting significant conformational changes throughout the simulation (David and Jacobs, 2014).
This study conducted a two-dimensional (2D) PCA to compare the dynamics of three systems: 7ABS-42 complex, 7ABS-51 complex, and 7ABS-ceftriaxone complex. The goal was to understand how compound-42, compound-51, and ceftriaxone binding influences protein motion. As shown in Figure 13, the binding of compound-42 to 7ABS confined the protein’s motion to a compact phase space with a narrow binding site volume, indicating stronger binding interactions than ceftriaxone. In contrast, the binding of compound-51 led to increased internal motions, resulting in a new configuration with a wider binding site volume. A comparison of the PCA results with the RMSF (Root Mean Square Fluctuations) values for the 7ABS-42 and 7ABS-51 complexes indicated that the 7ABS-51 complex occupied a wider phase space, likely due to higher fluctuations in the 100-150 region. Overall, the PCA results highlighted that the binding site volume decreased in the order of the 7ABS-51 > 7ABS-ceftriaxone > 7ABS-42 complexes, indicating a strong interaction of compound-42 with the target protein.
[image: Four scatter plots comparing projections on eigenvector one and two in nanometers for different compounds. Top left shows green points for Compound-42. Top right displays red points for Compound-51. Bottom left has blue points for Ceftriaxone. Bottom right combines all three with distinct colors. Each plot is labeled with axes and a legend.]FIGURE 13 | Principal Component analysis for compound-42, compound-51 and cefriaxone in complex with target protein (PDB ID: 7ABS).Free energy landscape (FEL) analysis
Based on PCA, free energy landscape (FEL) analysis provides a more accurate representation of the protein’s conformational space in terms of energy and time. FEL is constructed from the probability distribution of specific data points, which are then transformed into free energy values using a straightforward mathematical relationship (Papaleo et al., 2009). Figure 14 illustrated FEL projections onto the first two principal components for the 7ABS-42, 7ABS-51, and 7ABS-ceftriaxone complexes, focusing on the Cα-atoms of 7ABS. Deep blue areas represented the lowest energy conformations in these plots, while red areas indicated the highest. For the 7ABS-42 complex, a more compact blue region covering a larger surface area is suggested to be a stable cluster. The conformational state with energy minima of varying depths, separated by an energy barrier, indicated that 7ABS-42 could adopt several thermodynamically favorable conformations, allowing for more significant interactions over time.
[image: Three contour plots compare the distribution of compounds. The top left is Compound-42, the top right is Compound-51, and the bottom is Ceftriaxone. Each plot shows varying intensity areas with a color gradient from blue to red. Axes are labeled PC1 and PC2, with color bars indicating intensity.]FIGURE 14 | Gibbs free energy landscape for compound-42, compound-51, and cefriaxone in complex with target protein (PDB ID: 7ABS).In contrast, the 7ABS-51 complex displayed a single deep blue region, indicating greater stability with fewer conformational changes than the reference. This is further supported by the 7ABS-51 complex’s low RMSD, which showcases only minor fluctuations throughout the simulation. Meanwhile, the 7ABS-ceftriaxone complex exhibited two distinct blue regions, separated by a small energy barrier, suggesting that it existed in two different energetically favorable conformational states.
The FEL results align well with the hydrogen bonding (H-bonding) analysis. The less conformationally dynamic 7ABS-51 complex consistently maintained two H-bonds throughout the simulation, whereas the 7ABS-ceftriaxone complex displayed up to four H-bonds over time. Similarly, the conformational flexibility of the 7ABS-42 complex resulted in the formation of four H-bonds for most of the simulation period, indicating a more favorable conformational shift than the 7ABS-ceftriaxone complex.
CONCLUSION
Our experiments showed that Artemis deficiency in CJ179 cells would leave some DNA breaks unrepaired, as observed by the increase in micronucleus frequency. Overall, Artemis inhibition in most target cell lines should, in principle, radiosensitize them and increase target cell lethality upon irradiation. Experiments with siRNA inhibition of Artemis also exhibited a 40 percent decrease in Artemis gene expression level as compared to control in 1MOS and 1PTNC. In 2PTN, 30 percent, whereas around a 20 percent decrease in 3PRF and 2PRF samples was observed. The increase in DNA PK gene expression shown by IMOS was not significant as compared to 2PRF. whereas other primary cell lines had a downregulation effect. 1PTN showed no decreasing trend as compared to 2PTN and 3PRF, which showed almost up to 15 percent and 30 percent decrease, respectively. Gene expression analysis of TP53 showed that 2PTN had the highest increase in p53 gene expression, which was almost 46%. Almost similar trend was observed in 2PRF, whereas 1PTN and 1MOS showed a similarity in increased expression of 38%. We selected one primary Artemis inhibitor and tested it against 5 primary cell lines derived from invasive ductal carcinomas and found that Artemis inhibition does not affect the DNA repair process, but inhibition results in increased DNA damage as evident from the COMET assay data. This increased DNA damage puts the irradiated cell on a path of apoptosis, notwithstanding the heavy damage. The in vitro analysis revealed small molecule (HMAD) as an inhibitor of Artemis protein, further motivating us to conduct an in silico screening of the compound library in search of a more potent inhibitor. In the current study, a small molecule library of 69 compounds, retrieved from the ZINC database, was investigated for their inhibiting potential against the endonuclease protein Artemis (PDB ID: 7ABS) to boost the effect of ionizing radiation in cancer therapy. The sixteen compounds were recognized as top hits through docking studies with ∆G-scores greater than −8.0 kcal/mol, which exposed physicochemical and pharmacokinetic properties for further screening. Furthermore, the DFT studies unveiled the electronic properties of top-hit compounds, suggesting the notable reactivity of compounds 42 and 51 with softness values of 0.29 eV and 0.27 eV, respectively. MEP analysis shows these compounds demonstrated the nucleophilic attack sites highlighted with blue color coding, indicating their potential involvement in intermolecular interactions. Based on docking studies along with ADMET and DFT analysis, compounds 42 and 51 were subjected to MD simulation for 100 ns. Compound 42 showed stable trajectories throughout the simulation, evidenced by consistent H-bonding interactions with key amino acid residues. Furthermore, the Gibbs free energies were calculated by the MM-GBSA method, showing higher binding affinities for compound 42 with average ∆G values of −36.94 kcal/mol, suggesting it to be a promising candidate in potentiating the effect of radiotherapy. Furthermore, the PCA and FEL analysesW support the simulation results, indicating the significant potential of these compounds as radiosensitizers in cancer therapy. Future studies could benefit from incorporating MM-PBSA to refine binding energy estimations and to further validate lead compound selection.
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Since the discovery of penicillin in the 1930s, antibiotics have been the primary treatment for bacterial infections. However, antimicrobial resistance (AMR) has escalated due to antibiotics overuse and misuse. To address this concern, a new series of coumarin-thiazole derivatives was synthesized and evaluated against Serratia fonticola, Campylobacter jejuni, Enterococcus faecalis, and Achromobacter xylosoxidans. Most compounds showed selective activity, with compounds 6a and 6c exhibiting potent effects against E. faecalis (MICs: 25, 12.5 μg/mL) and A. xylosoxidans (MICs: 50, 25 μg/mL), comparable to ciprofloxacin. Further studies revealed that 6a and 6c effectively disrupted bacterial biofilms with a low resistance risk. Mechanistically, they induced ROS production, thereby impairing redox homeostasis and reducing lipid peroxidation. Additionally, compound 6a inhibited E. coli DNA gyrase (IC50 = 23.75 μg/mL). Molecular docking studies (PDB ID: 4duh) and dynamics simulations confirmed the stable binding of these compounds to DNA gyrase, suggesting their potential as novel antibacterial agents. These findings highlight promising avenues for the development of new therapeutic agents to combat AMR.
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1 INTRODUCTION
Infectious diseases remain a leading cause of global mortality, with antimicrobial resistance (AMR) posing a critical threat to public health (Naghavi et al., 2024). The rise of multidrug-resistant (MDR) bacterial strains has rendered many conventional antibiotics ineffective, leading to increased morbidity and mortality (Llor and Bjerrum, 2014; Prestinaci et al., 2015). In 2019 alone, AMR was associated with nearly 5 million deaths, underscoring the urgent need for novel therapeutic strategies (Antimicrobial Resistance Collaborators, 2022; Salam et al., 2023). Despite ongoing research efforts, the development of new antibiotics has been hindered by toxicity, limited efficacy, and rapid resistance emergence (Huemer et al., 2020; Ayukekbong et al., 2017; Prestinaci et al., 2015). As a pharmaceutical chemist, I propose a multifaceted approach to combat AMR through innovative drug design, alternative antimicrobial agents, and strategic resistance mitigation (Lungu et al., 2023; Silver, 2011). The development of drug resistance remains a critical challenge in pharmaceutical chemistry, particularly in antimicrobial and anticancer therapies. Single-target agents are highly susceptible to resistance due to the ease with which pathogens or cancer cells can mutate or activate alternative pathways (Sabt et al., 2023; Sabt et al., 2024a; Sabt et al., 2024b). In contrast, multi-targeting agents—particularly those designed via molecular hybridization—demonstrate superior efficacy and a reduced likelihood of resistance development (Singh H. et al., 2017).
Natural products have been utilized for the treatment of diseases for millennia and are becoming increasingly significant in the realms of drug discovery and development. Notably, a substantial proportion of anti-infective agents are derived from natural sources (Li et al., 2013; Weinmann, 1997). Coumarin, a natural product and the simplest representative of the oxygen-containing heterocycles known as benzo [b]pyran-2-one, is a secondary metabolite found in various plant families, including Apiaceae, Fabaceae, Asteraceae, Solanaceae Rubiaceae, Rosaceae, and Rutaceae (Sharifi-Rad et al., 2021). Compounds containing a coumarin nucleus have been documented to demonstrate a variety of biological functions, such as anticoagulant, anti-fungal, anticancer, antileishmanial, antiviral effects in addition to carbonic anhydrase inhibitors (Batran et al., 2023; Hassan et al., 2023; Ibrahim et al., 2022; Koley et al., 2024; Sabt et al., 2024c). Furthermore, researchers have focused on the antimicrobial properties of coumarins (Bhagat et al., 2019; Cheke et al., 2022; Hu et al., 2018; Ranjan et al., 2021). For instance, Coumarin−carbonodithioate hybrid I exhibited significant antibacterial efficacy, with MICs of 0.5 μg/mL against S. aureus and B. subtilis, and 1 μg/mL against E. coli and P. aeruginosa (Mangasuli et al., 2018). Similarly, the coumarin-benzimidazole hybrid II demonstrated significant antibacterial agent with a wide range of efficacy against Staphylococcus aureus, Pseudomonas aeruginosa, Proteus vulgaris and Bacillus subtilis. Importantly, this compound exhibited no cytotoxic effects or hemolytic activity at concentrations 10-fold greater than the MIC (Singh L. R. et al., 2017). Additionally, the coumarin-imidazole derivative III revealed strong and extensive antimicrobial activity (Hu et al., 2018) (Figure 1).
[image: Chemical structure diagram showing several compounds labeled I to VII, each with a specified minimum inhibitory concentration (MIC) value. Compound VII has the lowest MIC at 0.05 micrograms per milliliter, while compound III has the highest at 2.00 micrograms per milliliter. Arrows indicate modifications leading to intermediate compound 6a-i, which incorporates elements from other structures. Key chemical groups are highlighted in various colors to show differences between compounds.]FIGURE 1 | Reported antibacterial agents containing bioactive cores coumarin I-III, thiazole IV-VI, Coumarin-thiazole VII and our newly target compounds 6a-i.It has been reported that the thiazole moiety serves as a crucial element in numerous natural compounds, including vitamin B (thiamine) and antibiotics such as penicillin (Eryılmaz et al., 2020). Moreover, the thiazole nucleus has demonstrated a diverse array of pharmacological activities, including antileishmanial (Queiroz et al., 2020), antiviral (Farghaly et al., 2022), anticancer (Sabt et al., 2018), antidiabetic (Abid et al., 2025), and significant antibacterial properties (Ahmad et al., 2020; Sayed et al., 2023) (e.g., compound IV) (Figure 1) (Qi et al., 2025). Additionally, thiazole nucleus can possess the capability to inhibit several enzymes, such as carbonic anhydrase (Karakaya et al., 2024) and dihydrofolate reductase, as inhibited by compound V (Figure 1) (Ammar et al., 2021). Previous studies have indicated that thiazole can impede bacterial growth by disrupting the biosynthesis of specific bacterial lipids, as exemplified by sulphathiazole VI (Figure 1) (Desai et al., 2013).
It is worth noting that thiazoles and similar N-heterocycles (e.g., triazoles, oxazoles) are widely used in organic synthesis and medicinal chemistry (Joule and Mills, 2010; Klika et al., 2021; Klika et al., 2022). DNA gyrase is classified within the DNA topoisomerase protein family and is responsible for facilitating the interconversion of various topological forms of DNA. This enzyme is crucial for processes such as DNA replication and transcription, as well as other cellular functions (Rajakumari et al., 2024). Consequently, the inhibition of DNA gyrase presents a promising target for the development of antibacterial agents. For instance, compounds such as coumarin-thiazole VII specifically inhibit DNA gyrase, highlighting the enzyme’s importance in combating bacterial infections (Liu et al., 2020).
This study focuses on the design and synthesis of new coumarin-based derivatives conjugated with thiazole scaffolds, aiming to incorporate diverse pharmacophoric features into a single molecular framework. The primary goal of this approach was to develop innovative coumarin-thiazole hybrids with enhanced antibacterial activity. The synthesized compounds were evaluated against multiple bacterial strains, with minimum inhibitory concentration (MIC) assays and antibacterial efficacy assessments conducted for the most promising candidates. Furthermore, their potential to disrupt bacterial biofilms was investigated. To explore the mechanistic basis of their antibacterial action, preliminary studies were performed, focusing on intracellular oxidative stress markers, including reactive oxygen species (ROS) production and lipid peroxidase activity. The most active derivatives were further analyzed for their inhibitory effects on the DNA gyrase enzyme. To elucidate binding interactions and target engagement, molecular docking simulations were employed, supported by molecular dynamics studies to validate the docking results and provide deeper insights into the binding stability.
2 RESULTS AND DISCUSSION
2.1 Chemistry
The synthesis of coumarin derivatives 6a-i was executed in accordance with the methodologies delineated in Scheme 1, which also illustrates the formation of the precursor compound, 3-acetyl-7-hydroxy-2H-chromen-2-one (3). In this investigation, a Knoevenagel condensation reaction was employed, wherein 2,4-dihydroxybenzaldehyde (1) was reacted with ethyl acetoacetate (2) at ambient temperature, facilitated by a minimal quantity of piperidine in ethanol, yielding 3-acetyl-7-hydroxy-2H-chromen-2-one (3) (Hassan et al., 2023). Subsequently, this compound underwent reflux with thiosemicarbazide in absolute ethanol, with the addition of several drops of glacial acetic acid, resulting in the formation of the corresponding thiosemicarbazone 4. The heterocyclization of thiosemicarbazone derivative 4, an important intermediate, was successfully accomplished by refluxing it with a range of hydrazonoyl chloride derivatives 5a-I. These derivatives were synthesized using established methods that involve the reaction of diazonium chloride with appropriately activated halogenated methylene groups, which is an efficient approach for generating various hydrazonoyl halides (Osman et al., 2023). The reaction was conducted in dioxane, with the addition of a few drops of triethylamine (TEA), resulting in the formation of the desired compounds, 6a-i. The structural characterization of the newly synthesized derivatives was performed utilizing 1H-NMR and 13C-NMR spectroscopy, as detailed in the Experimental section.
[image: Chemical synthesis scheme showing a sequence of reactions to produce compound 6a-i. Initially, compounds 1 and 2 react in the presence of ethanol and piperidine at room temperature for two hours to form compound 3. This is then reacted with thiosemicarbazide and converted to compound 4 using ethanol and acetic acid under reflux. Compound 4 is reacted with compound 5a-j in dioxane and TEA under reflux for eight hours to produce the final product 6a-i, with variable substituents R.]SCHEME 1 | Synthesis of the target compounds 6a-i.2.2 Biological activity
2.2.1 Antibacterial screening
Recently, the drug-resistant bacteria represented a distinctive hindrance, especially those having the capability to proliferate in the presence of several antibiotic groups (Matin et al., 2019). The resistance of bacterial pathogens toward at least one agent in three or more antibacterial families was characterized as MDR. Moreover, the bacterial pathogen was called XDR when it’s non-susceptible to at least one agent in all but two or fewer antimicrobial categories. In this regard, our vision is aimed at investigating the ability of the targeted compounds to cause bactericidal effects against the clinically important bacterial pathogens. In which, these models were isolated from different urinary tract infected samples, which had a significant resistance toward the classical antibacterial agents as mentioned in the antibiotic profile for each pathogen (Table 1). The new coumarin-based derivatives conjugated with the thiazole scaffold were examined as a potential drug against these pathogens due to the potential antibacterial activity of coumarin and thiazole derivatives.
TABLE 1 | Antibacterial activity of the targeted molecules using agar-well diffusion.	Compound	Inhibition zone (mm)
	Serratia fonticola (Gram-negative)	Campylobacter jejuni (Gram-positive)	Enterococcus faecalis (Gram-positive)	Achromobacter xylosoxidans (Gram-negative)
	6a	2 ± 0.02	ND	6 ± 1.02	4 ± 1.11
	6b	ND	ND	5 ± 0.38	5 ± 0.82
	6c	2 ± 0.16	ND	7 ± 0.44	5 ± 0.25
	6d	ND	ND	5 ± 0.18	4 ± 0.31
	6e	ND	ND	5 ± 0.52	3 ± 0.73
	6f	ND	ND	4 ± 0.61	2 ± 0.12
	6g	ND	ND	ND	ND
	6h	2 ± 0.31	ND	2 ± 0.07	3 ± 0.91
	6i	ND	ND	2 ± 0.21	ND
	Ciprofloxacina	4 ± 0.56	3 ± 0.42	4 ± 0.78	5 ± 0.22
	Cephradine	NDb	ND	ND	ND
	Ampicillin	ND	ND	ND	2 ± 0.01
	Polymexine B	3 ± 0.12	ND	3 ± 0.29	4 ± 0.65
	Kanamycin	ND	2 ± 0.06	ND	ND
	Erythromycin	ND	ND	3 ± 0.15	2 ± 0.18


a Kanamycin, Ciprofloxacin, Ampicillin, Polymexine B, kanamycin, Erythromycin and Cephradine were used as standard antibacterial agents at 20 μg/mL.
b ND: not determined.
The target compounds 6a-i were prepared, and their antibacterial activities were investigated against XDR and MDR pathogens. As can be seen in Supplementary Figure S1, the sensitivity of the XDR pathogens (C. jejuni and S. fonticola) towards the tested compounds was found to be negligible, as no inhibition zone appeared around all tested molecules. High resistance demonstrated by these pathogens emphasized the ineffective action of the tested compounds; hence, those were excluded from our examination. Interestingly, the efficiency of the targeted compounds was notably performed toward the MDR pathogens (A. xylosoxidans) and XDR (E. faecalis) (Table 1). A significant activity was clearly indicated in the case of most tested compounds against both pathogens except for compound 6g. On the other hand, the activity of some tested compounds was relatively preferred when compared to the standard antibacterial agents. Since some compounds of this group obtained an inhibition zone higher than that carried out by the potent antibacterial standards. Surprisingly, compounds 6a-e had higher sensitivity towards E. faecalis than that obtained by ciprofloxacin (4 mm). In addition, the ability of these compounds to inhibit A. xylosoxidans was observed in the equal efficacy of the reference drug (5 mm) as occurred in compounds 6b and 6c. Our results clearly showed that compounds 6a-f and h were very effective against A. xylosoxidans and E. faecalis. Therefore, further studies using potent compounds were implemented against A. xylosoxidans and E. faecalis to establish more details about their activity.
The ability of the potent compounds to inhibit the targeted bacterial pathogens at the lowest concentration (MIC) could be determining the optimal dosage that maximizes the killing of bacterial colony-forming units (CFUs). Accordingly, stock solutions of each potent compound were prepared at different concentrations and incubated with each bacterial pathogen. Bacterial growth was measured using turbidimetric methods, and the percentage of survival inhibition was calculated based on the reduction of CFUs. The activity of the potent compounds 6a and 6b was clearly observed at significant MIC values, which were sometimes close to the values of the standard antibiotic Ciprofloxacin (see Table 2). Comparatively, the potency of the most active compounds was significantly greater against E. faecalis than against A. xylosoxidans, indicating the specificity of these compounds in combating E. faecalis. Notably, compound 6c demonstrated the highest MIC values, with 12.5 μg/mL against E. faecalis and 25 μg/mL against A. xylosoxidans. Overall, the superiority of compounds 6a and 6c, with MIC values not exceeding 50 μg/mL, positions them as promising candidates for application in the pharmaceutical industry.
TABLE 2 | Minimum inhibitory concentration (MIC) of the potent synthesized derivatives.	Sample no.	Minimum inhibitory concentration (MIC, µg/mL)
	Enterococcus faecalis (Gram-positive)	Achromobacter xylosoxidans (Gram-negative)
	6a	22.8 ± 2.66	46.9 ± 3.82
	6b	49.1 ± 0.79	162.3 ± 2.99
	6c	10.9 ± 2.16	24.6 ± 0.36
	6d	48.7 ± 2.11	47.9 ± 2.87
	6e	49.2 ± 0.77	128.4 ± 3.41
	8f	47.8 ± 2.58	173.4 ± 1.11
	Ciprofloxacin	22.8 ± 0.25	18.5 ± 1.56


2.2.2 Biofilm activity assay
Bacterial biofilms are slimy structures created by the aggregation of bacteria that can protect bacterial cells from outside influences and enhance resistance to antimicrobial agents (Yang et al., 2022). Commonly, microbial pathogens utilize this mechanism to increase their virulence and evade adverse conditions. The assessment of biofilm formation by the treated bacterial pathogens was performed using both qualitative and quantitative methodologies.
Preliminarily, the evaluation of bacterial biofilm formation was conducted at a fixed concentration of 50 μg/mL (which considered an effective concentration for the potent molecules) for all potent molecules using a Congo red plate assay. After incubating each bacterial pathogen with the targeted molecule, the resulting bacterial suspension was cultivated on the Congo red plate and incubated for 48 h. The colonial growth was then observed. Notably, the black pigment of the growth colonies was clearly visible in the untreated samples after 24 h Supplementary Figure S2. Variable antibacterial activity was observed in all treated samples, indicating the efficacy of the tested compounds at this concentration, particularly compounds 6a and 6c. The bacterial cells appeared stressed and exhibited difficulty in growth. Furthermore, the black pigment did not develop in any of the treated samples, with only a slight appearance noted in the cases of P25 and P100.
Indeed, the qualitative assay demonstrated that compounds 6c and 6a have the potential to act as strong antagonists against bacterial biofilm formation, particularly against E. faecalis (Supplementary Figure S2).
Quantitative assay methodologies were utilized to assess the effectiveness of the potent compounds 6a and 6c in inhibiting biofilm formation by specific bacterial pathogens. Initially, the assessment of microbial biofilm formation was conducted at a fixed concentration of 50 μg/mL. The target compound 6c demonstrated greater effectiveness against both bacterial pathogens, as shown in Table 3. Both compounds yielded significant results regarding the inability of bacterial pathogens to produce biofilm while maintaining cell proliferation without negative consequences. The assessment of biofilm formation demonstrated a significantly enhanced ability to suppress biofilm formation in both Gram-positive and Gram-negative bacteria compared to the standard drug. The percentage of bacterial biofilm inhibition exceeded 50% for E. faecalis, indicating that it is a promising antibiofilm agent. Conversely, it is noteworthy that 6a exhibited moderate antibiofilm efficacy against A. xylosoxidans, with inhibition levels below 40%. The observed differences in biofilm production among the tested pathogens in the presence of these potent molecules may be attributed to variations in the composition of the embedded biofilm.
TABLE 3 | Antibiofilm activity of the potent molecules at MIC value.	Sample no.	Biofilm inhibition (%)
	Enterococcus faecalis (Gram-positive)	Achromobacter xylosoxidans (Gram-negative)
	6a	46.57 ± 2.06	30.21 ± 0.96
	6c	55.03 ± 3.11	41.81 ± 2.85
	Ciprofloxacin	66.21 ± 0.56	48.33 ± 0.56


2.2.3 Intracellular oxidative stress
2.2.3.1 The generation of reactive oxygen species (ROS)
The generation of intracellular oxidative stress, characterized by the presence of reactive oxygen species (ROS), has been identified as a significant factor influencing the antibacterial effectiveness of various antibiotics (Sui et al., 2021). To determine whether compounds 6a and 6c cause membrane damage that results in oxidative stress, the levels of intracellular ROS were measured using a fluorometric assay employing DCFH-DA dye. The findings revealed that the treatment of Enterococcus faecalis and Achromobacter xylosoxidans with compounds 6a and 6c resulted in a notable increase in intracellular ROS production, as demonstrated in Table 4. The results displayed that the highest levels of DCF detected in E. faecalis demonstrated a substantial induction of ROS by compound 6c, followed closely by compound 6a. Importantly, the ROS release was found to exceed that induced by ciprofloxacin, indicating a pronounced oxidative stress response triggered by these compounds in E. faecalis. Conversely, the intracellular ROS levels in A xylosoxidans were significantly lower in comparison to the reference drug. Additionally, an increase in ROS was particularly noted in the context of Gram-positive bacteria.
TABLE 4 | ROS determination of the potent molecules inside the bacterial cell’s pathogens.	Sample No	ROS determination (DCF level, counts) using spectrofluorometric (excitation and emission wavelength at 485 nm and 530 nm, respectively)
	Enterococcus faecalis (Gram-positive)	Achromobacter xylosoxidans (Gram-negative)
	6a	268.79 ± 1.76	178.02 ± 0.88
	6c	284.54 ± 3.92	136.19 ± 2.17
	Ciprofloxacin	277.93 ± 1.52	217.57 ± 2.16
	Control	89.53 ± 0.99	97.36 ± 2.02


2.2.3.2 Lipid peroxidation (LPO)
Malondialdehyde (MDA) is a crucial parameter that reflects the antioxidant potential of organisms and the extent of cellular peroxidation damage (Cui et al., 2016). The cell membrane is one of the most vital components of bacterial structure due to its role in protecting against external inhibitors. Disintegration of the cell membrane inevitably leads to the death of bacterial cells, as it facilitates the inhibition of protein and nucleic acid synthesis. The oxidation of fatty acid content is considered a significant marker indicating the disruption of the cell membrane. Therefore, investigating the lipid oxidation levels in each bacterial pathogen by comparing them with untreated samples can provide valuable insights into the pathways through which targeted molecules are eradicated.
As shown in Table 5, The oxidation potential associated with the bacterial cell membrane by the potent molecules 6a and 6c dramatically increased against both pathogens, particularly in the case of E. faecalis. A notable difference in LPO activity was observed among the most active compounds; the lipid oxidation level in Gram-positive E. faecalis was remarkably close to that observed with the standard antibiotic. However, the effect of the targeted compounds on the fatty acid content of Gram-negative A. xylosoxidans was found to be lower than that caused by the standard antibiotic, except for compound 6a, suggesting their efficacy against Gram-positive bacteria. Furthermore, the cell membrane structure of each bacterial type reflects the performance of the potent compounds. Notably, the ability of both compounds to induce significant oxidation of lipid content in E. faecalis was greater than in A. xylosoxidans, attributed to differences in cell membrane composition. The variations in cell membrane composition were discussed, which may be due to the presence of a lipopolysaccharide layer surrounding the Gram-negative outer membrane.
TABLE 5 | Lipid peroxidation activity for each potent molecule at MIC values.	Sample No	Lipid peroxidation efficiency (malondialdehyde, nmol mL–1)
	Achromobacter xylosoxidans (Gram-negative)	Enterococcus faecalis (Gram-positive)
	6a	6.352 ± 0.08	7.673 ± 0.26
	6c	5.252 ± 0.33	8.815 ± 0.18
	Ciprofloxacin	7.724 ± 0.51	9.07 ± 0.32
	Control	2.145 ± 0.08	1.664 ± 0.01


2.2.4 DNA gyrase inhibitory activity
An assay to evaluate the inhibition of E. coli DNA gyrase was conducted for the two most potent compounds, 6a and 6c, with Ciprofloxacin serving as a reference control. The findings are presented in Table 6, indicating the IC50 values in μg/mL. Compound 6a exhibited notable inhibitory activity against DNA gyrase, with an IC50 value of 23.75 μg/mL, relative to the Ciprofloxacin control, which recorded an IC50 of 15.95 μg/mL. Conversely, compound 6c demonstrated a comparatively lower level of inhibition, being approximately 2.5 times less effective than the control.
TABLE 6 | Inhibitory activities of the most active compounds (6a and 6c) against E.Coli DNA gyrase (supercoiling).	Compound	IC50 (µg/mL)
	6a	23.75 ± 0.77
	6c	40.87 ± 1.33
	Ciprofloxacin	15.95 ± 0.52


2.3 Molecular modeling simulation
2.3.1 Molecular docking of the tested compounds against DNA Gyrase B
The suggested binding mode of compound 6a demonstrated a binding energy of −8.35 kcal/mol in relation to DNA Gyrase B (PDB ID: 4duh). A total of fifteen interactions were identified, including hydrophobic π-π, π-cation, π-anion, π-alkyl, and π-sigma interactions with Val120, Ile94, Lys103, Ile78, Gly77, Glu50, Pro50, and Arg76 amino acids sidechain. Moreover, compound 6a formed five hydrogen bonds with Ala100, Gly101, Asp73, Thr165, and Arg136 with a distance of 3.29, 1.76, 1.82, 2.37, and 2.42 Å, Figure 2. The binding mode of compound 6c showed a binding energy that was not constrained (∆G) equal of −7.14 kcal/mol. fourteen hydrophobic π-π, π-anion, π-cation, and π-alkyl interactions were conducted with Pro79, Arg76, Glu50, Lys103, Ile94, Val120, Val43, Val167, Ile78, and Asn46. Additionally, the interaction of Compound 6c was stabilized by the formation of three hydrogen bonds with Arg76, Gly77, and Asp73 with distances of 2.59, 2.50, and 2.05 Å (Figure 3). Furthermore, The co-crystalized ligand complexed with DNA Gyrase B exhibited an affinity score of −8.12 kcal/mol with RMSD value equal 1.12 Å, the co-crystalized ligand formed twelve hydrophobic π-alkyl, π-cation, and π-π interactions with Val167, Val43, Val71, Asn46, Gly77, Ile78, Lys103, Ile94, Pro79, and Arg76, additionally, the interaction was supported by three hydrogen bonds with Asp73, Arg136, and Gly101 with distances of 1.87, 2.19 and 1.81 Å (Figure 4).
[image: Complex molecular structure showing a 3D model of a protein-ligand interaction. Key residues labeled in dark blue, including VAL120, LYS103, GLU50, with bonds represented in various colors. Helical elements are depicted in gray.]FIGURE 2 | 3D figure of the proposed binding mode of compound 6a against DNA Gyrase B. The tested compound is colored by (Blue), and amnio acid side chain by (yellow).[image: Molecular structure visualization showing an interaction within a protein. The protein backbone is depicted as gray helices, with side chains of specific residues labeled, such as ASP73 and LYS103. Blue and yellow lines represent molecular interactions.]FIGURE 3 | 3D figure of the proposed binding mode of compound 6c against DNA Gyrase B. The tested compound is colored by (Blue), and amnio acid side chain by (yellow).[image: Molecular model illustrating the binding interactions within a protein structure. A cyan molecule is centered, surrounded by labeled yellow and purple side chains and various atoms represented by colored sticks, demonstrating potential binding sites and interactions. The structure is depicted against a grey ribbon background, representing the protein's secondary structure.]FIGURE 4 | the proposed binding mode of the co-crystalized ligand complexed with DNA Gyrase (B). Ligand is colored by (turquoise), and amnio acid side chain colored by (yellow).2.3.2 Molecular dynamic (MD) simulation study for ligand 6a
Molecular dynamics (MD) simulations were performed over duration of 100 nanoseconds to investigate the molecular stability of the ligand 6a, which exhibited the most favorable docking results, in relation to the DNA Gyrase B target pocket. The resulting root mean square deviation (RMSD) values for both the complex and the ligand, in comparison to their initial positions within the active site, were documented and subjected to analysis. Additionally, the interactions of the lead compound 6a were thoroughly examined and assessed (Table 7).
TABLE 7 | Molecular Docking Analysis of the tested ligands 6a and 6c against DNA Gyrase B.	Compounds	RMSD value (Å)	Docking (affinity) score (kcal/mol)
	6a	1.54	−8.35
	6c	1.67	−7.14
	The co-crystalized ligand	1.15	−8.12


2.3.2.1 Analysis of root mean square deviation (RMSD) and root mean square fluctuation (RMSF) for proteins and ligands
Following molecular docking, ligand 6a, which formed a complex with DNA Gyrase B, was chosen for molecular dynamics (MD) simulation. The conformational stability of the protein structure was assessed by tracking the Cα atoms (indicated by the blue line) in relation to their initial positions. As illustrated in Figure 5A, ligand 6a demonstrated stability within the binding pocket of DNA Gyrase B through the simulation time with fluctuation at 10–20 ns, at this time, target protein loops exhibited many movements at 60–65, 80–110, and 155–170 amino acids areas, which leads to many conformational changes in protein skeleton, that can affect the protein ligand interactions especially at 60–65 amino acids area. Additionally, the protein ligand complex showed stability over the simulation time (20–100 ns) which the ligand reaches equilibrium and fluctuated at 6–7 Å (within RMSD value = 1 Å) (Figure 5B).
[image: Graph A shows protein and ligand RMSD over time, with protein RMSD peaking around 3.6 Å. Graph B displays RMSF and B factor against residue index, highlighting fluctuations with peaks near residue 100. Color codes are used for clarity.]FIGURE 5 | Showed the RMSD and RMSF of Compound 6a against DNA Gyrase B over 100 ns.2.3.2.2 Analysis of protein-ligand interactions
.2.3.2.2.1 Analysis of protein-ligand interaction histograms
Compound 6a demonstrated significant stability when interacting with DNA Gyrase B, with numerous interactions identified between the compound and the amino acids within the target pocket, which are elaborated upon in detail. Ligand 6a established π-interactions with the subsequent residues: Ile78 (∼5%), Pro79 (∼10%), Val93 (∼5%), and Ile94 (∼20%), As illustrated in Figure 6. Additionally, Ligand 6a exhibited interactions with DNA Gyrase B through multiple polar hydrogen bonds and water-mediated hydrogen bonds. The presence of crystallization water molecules facilitated connections between the protein residues and the ligands, as demonstrated by the specific residues involved, Asn46 (∼15%), Asp49 (∼60%), Glu50 (∼110%), Asp73 (∼50%), Ala100 (∼10%), Gly101 (∼35%), and Thr165 (∼50%). Moreover, Ligand 6a demonstrated the capacity to establish ionic interactions with the residues Asp49 and Glu50.
[image: Bar chart and molecular diagram illustrating ligand-protein interactions. Panel A shows the fraction of interactions by type: hydrogen bonds, hydrophobic, ionic, and water bridges across various amino acids. Panel B depicts a molecular structure highlighting interaction sites with amino acids, labeled with interaction percentages.]FIGURE 6 | Histogram analysis describing the binding interactions of ligand 6a with DNA Gyrase B during the simulation time (100 ns).Another method used to monitor these interactions involves plotting the number of interactions concerning time, a heat map Figure 7 indicates the number of interactions at each frame of Compound 6a with DNA Gyrase B, whereas the dark color indicates more interactions. From the heat maps figures, it was observed that the highest number of conformations of the protein of DNA Gyrase B formed up to nine interactions, the most interacted amino acids of DNA Gyrase B with ligand 6a are Asp49, Glu50, Asp73, Gly77, Ile78, Ile94, Gly101 and Thr165.
[image: Line and heatmap showing molecular dynamics contacts over time. The top graph depicts fluctuating total contacts, while the bottom heatmap reflects individual residues from VAL_43 to VAL_167 over a 100-nanosecond span. Color intensity in the heatmap indicates the number of contacts, with darker shades representing more contacts.]FIGURE 7 | Heat map describing the total interactions within ligand 6a with DNA Gyrase B during the simulation time.3 CONCLUSION
The synthesized coumarin-thiazole derivatives showed variable antibacterial activity against drug-resistant pathogens. While ineffective against Campylobacter jejuni and Serratia fonticola, compounds 6a and 6c exhibited strong activity against Enterococcus faecalis and Achromobacter xylosoxidans (MICs: 12.5–50 μg/mL). These compounds also inhibited biofilm formation (>50% in E. faecalis), induced lipid peroxidation and ROS production, and disrupted bacterial cell integrity. 6a acted as a DNA gyrase inhibitor (IC50: 23.75 μg/mL). Molecular docking and dynamics simulations confirmed stable binding of 6a/6c to DNA gyrase, mimicking known inhibitors. These findings highlight 6a and 6c as promising candidates against resistant bacteria.
4 MATERIALS AND METHODS
4.1 Chemistry
Melting points were determined on electrothermal IA 9000 apparatus and were uncorrected. The NMR analysis including 1H and 13C-NMR, spectra were recorded using Bruker 500 NMR (Japan) spectrometers (MA, United States) in Faculty of Pharmaceutical Science, Tokushima Bunri University, Japan. The chemical shifts were given in δ (ppm), and coupling constants were reported in Hz. Mass spectrum (Direct Inlet part to mass analyzer in Thermo Scientific GCMS model ISQ) and Elemental analyses (FLASH 2000 CHNS/O analyzer, Thermo Scientific (United States) were carried out at the Regional Center for Mycology and Biotechnology (RCMB), Al-Azhar University, Nasr City, Cairo. The reactions were followed by TLC (silica gel, aluminum sheets 60 F254, Merck) using chloroform/methanol (9.8:0.2 v/v) as eluent and sprayed with iodine-potassium. Compounds 3, 4 and 5a-i were previously prepared (Ebaid et al., 2025; Osman et al., 2023).
4.1.1 General procedure for the preparation of target compounds 6a-i
A reaction was performed utilizing a combination of thiosemicarbazones 4 (0.001 mol) and their corresponding hydrazonoyl chloride derivatives 5a-i (0.001 mol) (These derivatives were synthesized using established methods that involve the reaction of diazonium chloride with appropriately activated halogenated methylene groups) in 15 mL of dioxane, with triethylamine (TEA) employed as a catalytic agent. The reaction mixture underwent reflux for a period of 8 h. Following the cooling phase, the resulting precipitate was filtered and subsequently recrystallized from ethanol, leading to the synthesis of the desired compounds 6a-i.
4.1.1.1 7-Hydroxy-3-(-1-{2-[4-methyl-5-(phenyldiazenyl)thiazol-2-yl]hydrazono}ethyl)-2H-chromen-2-one (6a)
Red powder, m. p. 228 °C–230 °C, yield (78%). 1H NMR (500 MHz, DMSO-d6): δ = 2.06 (s, 3H, CH3), 2.35 (s, 3H, CH3-thiazole), 6.69 (s, 1H, H-Ar), 6.77 (d, 1H, J = 8.5 Hz, H-Ar), 7.08-7.14 (m, 1H, H-Ar), 7.37 (d, 2H, J = 8.5 Hz, H-Ar), 7.58 (d, 1H, J = 8.00 Hz, H-Ar), 7.74 (d, 2H, J = 8.5 Hz, 1H, H-Ar), 7.76 (d, 1H, J = 1.5 Hz, H4 of coumarin), 10.54 (s, 1H, NH), 10.72 (s, 1H, OH). 13C NMR (126 MHz, DMSO) δ = 14.25 (CH3), 15.49 (CH3), 104.10, 119.37, 121.03, 121.44, 125.07, 125.77, 128.25, 128.66, 129.75, 132.21, 134.58, 138.63, 147.28, 158.51, 159.60(C-OH), 160.64(C=O), 171.50(C=N). Analysis for C21H17N5O3S (419.45), Calcd.: % C, 60.13; H, 4.09; N, 16.70; Found: % C, 60.24; H, 4.21; N, 16.82. MS m/z (R.A.%): 419 (M+) (34.33%), 368 (100.00%).
4.1.1.2 7-Hydroxy-3-(-1-{2-[4-methyl-5-(p-tolyldiazenyl)thiazol-2-yl]hydrazono}ethyl)-2H-chromen-2-one (6b)
Brown powder, m. p. 197 °C–199 °C, yield (85%). 1H NMR (500 MHz, DMSO-d6): δ = 2.29 (s, 3H, CH3), 2.35 (s, 3H, CH3), 2.45 (s, 3H, CH3-thiazole), 6.95 (s, 1H, H-Ar), 7.20 (d, 1H, J = 8.0 Hz, H-Ar), 7.30 (d, 1H, J = 8.5 Hz, H-Ar), 7.68 (d, 2H, J = 8.5 Hz, H-Ar), 7.83 (s, 1H, H4 of coumarin), 7.87 (d, 2H, J = 8.5 Hz, 1H, H-Ar), 10.12 (s, 1H, NH), 10.91 (s, 1H, OH). 13C NMR (126 MHz, DMSO) δ = 14.54 (CH3), 16.05 (CH3), 20.00 (CH3), 101.82, 106.22, 113.81, 121.76, 125.53, 125.97, 128.82, 130.07, 131.98, 137.33, 141.89, 150.89, 154.45, 155.89, 155.97, 161.26 (C=O), 171.19(C=N). Analysis for C22H19N5O3S (433.48), Calcd.: % C, 60.96; H, 4.42; N, 16.16;. Found: % C, 61.06; H, 4.54; N, 16.25. MS m/z (R.A.%): 433 (M+) (19.01%), 81 (100.00%).
4.1.1.3 3-(-1-{2-[5-((4-fluorophenyl)diazenyl)-4-methylthiazol-2-yl]hydrazono}ethyl)-7-hydroxy-2H-chromen-2-one (6c)
Red powder, m. p. 207 °C–209 °C, yield (77%). 1H NMR (500 MHz, DMSO-d6): δ = 2.26 (s, 3H, CH3), 2.41 (s, 3H, CH3-thiazole), 6.88 (s, 1H, H-Ar), 7.00 (d, 1H, J = 8.0 Hz, H-Ar), 7.42 (d, 2H, J = 8.5 Hz, H-Ar), 7.59 (d, 1H, J = 8.0 Hz, H-Ar), 7.80 (d, 2H, J = 8.5 Hz, H-Ar), 7.98 (s, 1H, H4 of coumarin), 10.25 (s, 1H, NH), 11.15 (s, 1H, OH). 13C NMR (126 MHz, DMSO) δ = 14.16 (CH3), 17.65(CH3), 101.82, 106.22, 113.81, 125.53, 125.97, 128.84, 130.07, 131.98, 137.33, 141.80, 141.89, 150.62, 154.51(C-OH), 155.97(C9), 159.21(C=O), 161.26(C-F), 171.94(C=N). Analysis for C21H16FN5O3S (437.44), Calcd.: % C, 57.66; H, 3.69; N, 16.01. Found: % C, 57.77; H, 3.82; N, 16.13. MS m/z (R.A.%): 437 (M+) (18.75%), 225 (100.00%).
4.1.1.4 3-(1-{2-[5-(4-Bromophenyl)diazinyl]-4-methylthiazol-2-yl}hydrazono)ethyl-7-hyd- roxy-2H-chromen-2-one (6d)
Red powder, m. p. 215 °C–217 °C, yield (88%). 1H NMR (500 MHz, DMSO-d6): δ = 2.29 (s, 3H, CH3), 2.35 (s, 3H, CH3-thiazole), 6.72 (d, 1H, J = 8.0 Hz, H-Ar), 6.93 (s, 1H, H-Ar), 7.53 (d, 1H, J = 8.5 Hz, H-Ar), 7.68 (d, 2H, J = 8.0 Hz, H-Ar), 7.84 (s, 1H, H4 of coumarin), 7.87 (d, 2H, J = 8.0 Hz, H-Ar), 10.32 (s, 1H, NH), 11.33 (s, 1H, OH). 13C NMR (126 MHz, DMSO) δ = 13.09 (CH3), 15.75(CH3), 101.70, 111.09, 111.64, 113.44, 113.70, 118.64, 120.45, 121.52, 124.08, 129.97, 130.29, 130.37, 142.79, 155.71, 156.25, 160.71(C=O), 172.20 (C=N). Analysis for C21H16BrN5O3S (498.35), Calcd.: % C, 50.61; H, 3.24; N, 14.05. Found: % C, 50.73; H, 3.33; N, 14.16. MS m/z (R.A.%): 498 (M+) (39.46%), 163 (100.00%).
4.1.1.5 7-Hydroxy-3-(1-{2-[5-(4-methoxyphenyl)diazinyl]-4-methylthiazol-2-yl}hydrazono) ethyl-2H-chromen-2-one (6e)
Red powder, m. p. 226 °C–227 °C, yield (91%). 1H NMR (500 MHz, CDCl3): δ = 2.23 (s, 3H, CH3), 3.33 (s, 3H, CH3-thiazole), 3.85 (s, 3H, OCH3), 6.74 (s, 1H, H-Ar), 6.80 (d, 1H, J = 8.0 Hz, H-Ar), 6.94 (d, 2H, J = 8.5 Hz, H-Ar), 7.44 (d, 1H, J = 8.0 Hz, H-Ar), 7.70 (d, 2H, J = 8.5 Hz, H-Ar), 8.00 (s, 1H, H4 of coumarin), 10.13 (s, 1H, NH), 10.97 (s, 1H, OH). 13C NMR (126 MHz, CDCl3) δ 14.13 (CH3), 14.96 (CH3), 55.37 (OCH3), 102.58, 112.31, 113.61, 113.91, 114.08, 119.17, 119.64, 122.07, 127.21, 130.08, 132.05, 144.78, 155.95, 159.44 (C-OH), 160.93(C=O), 161.39(C-OCH3), 172.05 (C=N). Analysis for C22H19N5O4S (449.48), Calcd.: % C, 58.79; H, 4.26; N, 15.58. Found: % C, 58.91; H, 4.33; N, 15.67. MS m/z (R.A.%): 449 (M+) (29.80%), 62 (100.00%).
4.1.1.6 3-(1-{2-[5-(2,4-Dichlorophenyl)diazinyl]-4-methylthiazol-2-yl}hydrazono)ethyl-7-hydroxy-2H-chromen-2-one (6f)
Red powder, m. p. 194 °C–196 °C, yield (89%). 1H NMR (500 MHz, DMSO-d6): δ = 2.29 (s, 3H, CH3), 2.46 (s, 3H, CH3-thiazole), 6.95 (s, 1H, H-Ar), 7.17-7.21 (m, 2H, H-Ar), 7.32 (s, 1H, H-Ar), 7.53 (d, 1H, J = 8.5 Hz, H-Ar), 7.69 (d, 1H, J = 8.0 Hz, H-Ar), 8.05 (s, 1H, H4 of coumarin), 10.06 (s, 1H, NH), 10.97 (s, 1H, OH). 13C NMR (126 MHz, DMSO), δ = 13.06 (CH3), 14.31(CH3), 101.69, 101.90, 102.20, 107.79, 111.02, 111.77, 113.73, 114.97, 121.10, 130.35, 132.23, 142.95, 147.41, 148.40, 156.06, 158.89, 160.86(C-OH), 162.64(C=O), 170.31(C=N). Analysis for C21H15Cl2N5O3S (488.34), Calcd.: % C, 51.65; H, 3.10; N, 14.34. Found: % C, 51.76; H, 3.21; N, 14.44. MS m/z (R.A.%): 488 (M+) (22.92%), 240 (100.00%).
4.1.1.7 3-(1-{2-[5-(4-Acetylphenyl)diazinyl]-4-methylthiazol-2-yl}hydrazono)ethyl-7-hydroxy-2H-chromen-2-one (6g)
Red powder, m. p. 205 °C–207 °C, yield (76%). 1H NMR (500 MHz, DMSO-d6): δ = 2.29 (s, 3H, CH3), 2.34 (s, 3H, CH3-thiazole), 2.46 (s, 3H, COCH3), 6.72 (d, 1H, J = 8.0 Hz, H-Ar), 7.32 (s, 1H, H-Ar), 7.54 (d, 1H, J = 8.5 Hz, H-Ar), 7.68 (d, 2H, J = 8.0 Hz, H-Ar), 7.83 (s, 1H, H4 of coumarin), 7.87 (d, 2H, J = 8.0 Hz, H-Ar), 10.22 (s, 1H, NH), 11.16 (s, 1H, OH). 13C NMR (126 MHz, DMSO) δ = 14.31(CH3), 16.05 (CH3-thiazole), 22.38 (CH3-CO), 101.69, 107.79, 111.77, 113.73, 114.97, 121.10, 130.35, 132.23, 142.95, 148.40, 156.06, 158.89, 160.86, 161.10, 162.64 (C2 of coumarin), 171.94(C=N), 196.13 (C=O). Analysis for C23H19N5O4S (461.49), Calcd.: % C, 59.86; H, 4.15; N, 15.18;. Found: % C, 59.96; H, 4.24; N, 15.30. MS m/z (R.A.%): 461 (M+) (17.32%), 191 (100.00%).
4.1.1.8 3-(1-{2-[5-(2-chloro-4-nitrophenyl)diazinyl]-4-methylthiazol-2-yl}hydrazono) ethyl-7-hydroxy-2H-chromen-2-one (6h)
Brown powder, m. p. 237 °C–239 °C, yield (88%). 1H NMR (500 MHz, DMSO-d6): δ = 2.18 (s, 3H, CH3), 2.41 (s, 3H, CH3-thiazole), 6.29 (s, 1H, H-Ar), 6.92 (d, 1H, J = 8.0 Hz, H-Ar), 7.26 (d, 1H, J = 7.5 Hz, H-Ar), 7.44 (d, 1H, J = 8.0 Hz, H-Ar), 7.59 (s, 1H, H-Ar), 7.88 (d, 1H, J = 8.0 Hz, H-Ar), 8.30 (s, 1H, H-Ar), 10.11 (s, 1H, NH), 11.41 (s, 1H, OH). 13C NMR (126 MHz, DMSO) δ = 13.09 (CH3), 15.75 (CH3-thiazole), 101.70, 111.09, 111.64, 113.70, 113.44, 118.64, 120.45, 121.52, 129.97, 130.29, 130.37, 142.79, 156.25, 159.08, 160.37, 160.71, 160.78 (C2 of coumarin), 172.20 (C=N). Analysis for C21H15ClN6O5S (498.89), Calcd.: % C, 50.56; H, 3.03; N, 16.85; Found: C, 50.67; H, 3.14; N, 16.95. MS m/z (R.A.%): 498 (M+) (35.06%), 148 (100.00%).
4.1.1.9 4-(2-{2-[1-(7-Hydroxy-2-oxo-2H-chromen-3-yl)ethylidene]hydrazinyl}-4-methyl thiazol-5-yl) diazinyl benzenesulfonamide (6i)
Red powder, m. p. > 300 °C, yield (74%). 1H NMR (500 MHz, DMSO-d6): δ = 2.40 (s, 3H, CH3), 2.47 (s, 3H, CH3-thiazole), 6.74 (s, 1H, H-Ar), 6.81 (d, 1H, J = 8.5 Hz, H-Ar), 6.94 (d, 2H, J = 7.0 Hz, H-Ar), 7.26-7.31 (m, 4H, H-Ar, NH2), 7.63 (d, 1H, J = 8.5 Hz, H-Ar), 8.24 (s, 1H, H4 of coumarin), 10.56 (s, 1H, NH), 10.84 (s, 1H, OH). 13C NMR (126 MHz, DMSO) δ = 14.26 (CH3), 15.52(CH3), 103.28, 119.09, 121.06, 121.52, 125.04, 125.67, 127.94, 128.26, 128.69, 129.62, 133.12, 134.61, 141.87, 147.92, 149.81, 152.23, 171.24 (C=N). Analysis for C21H18N6O5S2 (498.53), Calcd.: % C, 50.59; H, 3.64; N, 16.86; Found: C, 50.70; H, 3.72; N, 16.95. MS m/z (R.A.%): 498 (M+) (18.83%), 366 (100.00%).
4.2 Biological activity
4.2.1 Antibacterial activity of the prepared coumarin derivatives
To assess the antibacterial effectiveness of the synthesized coumarin derivatives, various extensively drug-resistant (XDR) bacterial pathogens were employed. In this regard, two Gram-positive (Campylobacter jejuni and Enterococcus faecalis) and two Gram-negative (Serratia fonticola and Achromobacter xylosoxidans) bacteria were supplemented by faculty of medicine (Boys), Al-Azhar University. Antibiogram sensitivity profile demonstrated highly resistance of these pathogens towards at least three groups of classical antibiotic references. Activation of each of pathogen prior to screening of the targeted compounds was implemented Cultivating in Mueller Hinton broth for 24 h at 37 °C with shaking. The rationale for the inoculum size for each pathogen was determined through the use of the McFarland scale and precisely quantified in terms of colony forming units (CFU/mL) to ensure a constant bacterial concentration across all experimental assays. Thus, The agar-well diffusion method was developed in accordance with the guidelines established by the Clinical and Laboratory Standards Institute (CLSI) (Yassin et al., 2025). Subsequently, screening of each of targeted molecule was performed at fixed concentration (50 μg/mL). Incubation of each tested pathogen was carried out and the observed inhibition zone diameter (mm) were conducted in triplicate and subsequently compared to established standard antibacterial agents (Ahmed et al., 2024).
4.2.2 Determination of MIC values
The most-active compounds that efficiently inhibited the tested bacterial pathogens were subjected to determine the MIC using broth microdilution procedure according to CLSI protocol. Briefly, a predetermined quantity, 10 mg of each compound and standard drug was solubilized in 1 mL of dimethyl sulphoxide (DMSO) to create a stock solution. Ten successive dilutions were prepared with a concentration 10 times greater than the final solution of the targeted compounds. The dilutions were further diluted to 1:5 in Mueller Hinton broth medium and 100 µL aliquots were sequentially dispensed into the microdilution plates to obtain the desired concentrations ranging from 20 to 250 μg/mL. In comparison, the standard antibacterial drug was also prepared as same as the targeted compounds and determined its MIC value. After incubation period, 80 µL of each microbial cell was swapped onto nutrient agar plates. The determination of the minimum inhibitory concentration (MIC) for each targeted compound is defined as the lowest concentration of each sample that results in a minimum number of colony-forming units (CFUs) when compared to the untreated samples (Mohamed et al., 2023).
Briefly, 10 mg of each selected compound and reference drugs were dissolved in 1 mL of dimethyl sulphoxide (DMSO) to prepare the stock solution. Ten successive dilutions were prepared with a concentration 10 times greater than the final solution of the synthesized compounds. The dilutions were further diluted to 1:5 in PDB and 100 µL aliquots were sequentially dispensed into the microdilution plates to get the desired concentrations ranging from10–400 μg/mL. Each tested compound was incubated with the tested fungal strain for 48 h at 28 °C. The PDB mixed with DMSO was served as the control growth samples. After that, inoculated of each treated sample with 50 µL to Potato dextrose agar plate and incubated for 72 h at 28 oC
4.2.3 Biofilm inhibitory activity
4.2.3.1 Qualitative method using Congo red agar plate
The Congo Red Agar (CRA) method was employed to qualitatively evaluate biofilm formation in bacteria subjected to a fixed concentration of polymer (20 μg/mL). The CRA medium was formulated with brain heart infusion broth (37 g/L), sucrose (50 g/L), agar (10 g/L), and Congo red indicator (0.8 g/L). Bacterial cultures that had been treated with the polymer were inoculated onto CRA plates and incubated aerobically at 37 °C for a duration of 24 h. The presence of black colonies exhibiting a dry, crystalline morphology indicated successful biofilm production, while red colonies were indicative of inhibited biofilm formation (Ragab et al., 2023).
4.2.3.2 Quantitative method using crystal violet assay
Quantitative evaluation of biofilm inhibition was conducted using crystal violet assay. Anti-biofilm activity of each potent molecule was investigated at MIC value, which mixed with 170 µL Mueller Hinton broth and then inoculated with 15 µL of bacterial pathogen in 96-well plate and incubated at 37 °C for 24 h. The culture medium was removed, and the wells were rinsed with 200 µL of phosphate-buffered saline (PBS) at pH 7.2 to eliminate any planktonic cells, followed by a drying period of 1 hour in a sterilized laminar flow hood. Subsequently, 200 µL of a 0.1% (w/v) crystal violet solution was added to each well and allowed to incubate for 1 hour. Excess stain was then removed by washing the wells three times with PBS, after which the plates were dried. Finally, 200 µL of ethanol was introduced to elute the crystal violet, and the absorbance was measured at 590 nm (Basnet et al., 2023).
The biofilm mass inhibition % was calculated according to the following formula:
Biofilm mass inhibition %=C−S/C×100
Where C is the optical density at 590 nm (OD590) of the untreated bacterial cells and S is the OD590 of the treated bacterial cells.
4.2.4 Measurement of intracellular reactive oxygen species (ROS) inside the treated microbial cells
Reactive Oxygen Species is one of the assumed mechanisms that may responsible for the antibacterial activity of the Sulfa drugs. ROS are known as a group of highly reactive molecules like molecular oxygen (O2), superoxide anion (O2•), hydrogen peroxide (H2O2) and hydroxyl radicals (OH•) having an ability to induced an oxidative stress onto the bacterial cells. Therefore, the susceptibility of the potent compounds to induced ROS toward the microbial pathogens was assessed intracellularly. In this regard, ROS could be quantifying using a fluorescent prop 2′,7′-Dichlorodihydrofluorescein diacetate (DCFH-DA). Briefly, the treated microbial samples were subjected to permeabilization process by ultrasonciation of cells and the resultant supernatant was harvested and reacted with 10 μM DCFH-DA for 30 min at 37 °C (Farid et al., 2024). At the same time, the microbial cells were treated with hydrogen peroxide H2O2 at 155 μM as a positive control. Immediately, the DCF fluorescence intensity was measured by Spectrofluorometric apparatus (JASCO FP-6500, light source Xenon arc lamp, Japan). The fluorescence intensity for each sample was measured with an excitation and emission wavelength at 485 nm and 530 nm, respectively.
4.2.5 Effect of coumarin derivatives on the bacterial lipid peroxidation (LPO)
A treated bacterial cell using the most potent molecules was subjected to investigate the LPO process. Utilizing the LPO colorimetric kit assay, a particular reagent called thiobarbituric acid (TBA) was utilized to indicate the fatty acid peroxidation byproduct, malondialdehyde (MDA), producing a pink color complex known as MDA-TBA (Mallique Qader et al., 2021). In this study, a consistent concentration of each potent molecule (20 μg/mL) was employed to evaluate the level of oxidation occurring in the lipids of the bacterial cell membrane. To assess lipid peroxidation (LPO), 1 mL of each treated bacterial pathogen was combined with 300 μL of malondialdehyde (MDA) lysis buffer at 4 °C. Subsequently, 3 μL of Butylated Hydroxytoluene (BHT) was added to mitigate interference from pigments generated by the decomposition of lipophilic peroxides. Each sample was then subjected to centrifugation at 8,000 rpm for 10 min, after which the insoluble materials were discarded. A volume of 200 μL of the clear supernatant was mixed with 600 μL of thiobarbituric acid (TBA) solution and incubated at 95 °C for 60 min. Following incubation, the samples were cooled to 25 °C, and the resultant pink color was quantified using a spectrophotometer (Agilent Cary 100, Germany) at a wavelength of 532 nm. Treatment of both bacterial pathogens using 5% hydrogen peroxide for 20 min as a positive control was also involved. The increase in the malondialdehyde concentration in the tested sample indicated the increase of the lipid peroxidation activity of SL towards bacterial cell membrane, malondialdehyde concentration was calculated based on the following equation:
Malondialdehydenmol/mL=A sample/A standard×10…
Where A sample is the lipid peroxidation absorbance in the treated bacterial cells and A standard is the absorbance of the standard lipid peroxidation sample.
4.2.6 Enzyme inhibitory effects against E.Coli DNA Gyrase
The in vitro assessment of enzyme inhibition for the most active derivative 6a and 6c was performed against E. coli DNA gyrase B. The anticipated assay was done using E. coli DNA gyrase microplate assay kit (Inspiralis) according to the optimized protocol of the manufacturer. Ciprofloxacin was used as a reference drug for E. coli DNA gyrase B according to the previously reported methods (Fayed et al., 2022). The obtained data are tabulated as IC50 values in Table 6.
4.3 Molecular modeling
4.3.1 Molecular docking analysis
Molecular docking studies were conducted to evaluate the potential binding affinity of the compounds 6a and 6c towards DNA Gyrase B. the tested compounds were docked against DNA Gyrase B obtained from Protein Data Bank (PDB ID: 4duh) (Brvar et al., 2012).
Initially, water molecules and extraneous components were eliminated from the protein complex. Subsequently, crystallographic disorders and unoccupied valence atoms were rectified. The energy of the protein structure was minimized and subsequently saved in a PDBQT file format. The two-dimensional structures of each compound were constructed utilizing Chem-Bio Draw Ultra 16.0, saved as SDF files, and subsequently converted into three-dimensional structures. Protonation and energy minimization were performed, with the results also saved as PDBQT files. The docking processes were executed using AutoDock Vina version 1.5.7, employing a rigid docking technique in which the receptor remained fixed while the ligands were permitted to adopt flexible conformations. Furthermore, each molecule was allowed to generate twenty distinct poses. The docking scores, representing the affinity energy of the most favorable poses in relation to the target protein, were documented, and both three-dimensional and two-dimensional representations were produced using Discovery Studio 2024 for visualization purposes (El-Demerdash et al., 2024).
4.3.2 Molecular dynamic (MD) simulation
The Desmond simulation package developed by Schrödinger LLC was employed to perform molecular dynamics (MD) simulations (Kumar et al., 2022). All simulations were conducted using the NPT ensemble, maintaining a temperature of 300 K and a pressure of 1 bar throughout the experimental runs. Each simulation was executed for a duration of 100 ns, with a relaxation time of 1 ps allocated for the ligands under investigation. The OPLS_2005 force field parameters were utilized for all simulations. Long-range electrostatic interactions were calculated using the particle mesh Ewald method, with a cutoff radius of 9.0 Å designated for Coulomb interactions (Ivanova et al., 2018).
Water molecules were represented explicitly through the simple point charge model. Pressure regulation was achieved using the Martyna–Tuckerman–Klein chain coupling scheme, characterized by a coupling constant of 2.0 ps, while temperature regulation was conducted via the Nosé–Hoover chain coupling scheme. Nonbonded interactions were computed utilizing the r-RESPA integrator, wherein short-range forces were updated at every time step and long-range forces were updated every three-time steps. Trajectories were recorded at intervals of 4.8 ps for further analysis.
The interactions and behavior of ligands and proteins were analyzed using the Simulation Interaction Diagram tool available in the Desmond molecular dynamics (MD) package. The stability of the MD simulations was evaluated by tracking the root mean square deviation (RMSD) of the positions of ligand and protein atoms over time (Case et al., 2008).
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Introduction
A novel series of quinolin-2(1H)-one derivative was rationally designed, synthesized, and characterized as potential dual inhibitors of EGFR and HER-2.
Methods
Structural elucidation was achieved through IR, NMR, mass spectrometry, elemental analysis, and single-crystal X-ray crystallography. The synthesized compounds were screened for antiproliferative activity against four human cancer cell lines.
Results and Discussion
Compound 5a exhibited the most potent antiproliferative profile, particularly against MCF-7 breast cancer cells (IC50 = 34 nM), outperforming erlotinib (IC50 = 40 nM). Kinase inhibition assays further confirmed dual activity of 5a, with IC50 values of 87?nM and 33?nM against EGFR and HER-2, respectively. Compound 5a induced apoptosis via activation of caspase-3, -8, and -9, along with upregulation of Bax, downregulation of Bcl-2, and increased cytochrome c release. Flow cytometry analysis demonstrated that 5a caused significant G0/G1 phase arrest in MCF-7 cells, indicating a cytostatic mechanism of action. Computational studies provided structural validation of the observed biological activities. Molecular docking studies showed a strong binding affinity 5a within the ATP-binding pockets of EGFR and HER-2, supported by key hydrogen bonding and hydrophobic interactions. These findings were further corroborated by 100 ns molecular dynamics simulations, which confirmed the structural stability and compactness of the 5a-HER-2 complex, as evidenced by low RMSD, consistent RMSF, and favorable radius of gyration and potential energy profiles. Additionally, ADME predictions revealed that 5a possesses favorable physicochemical and pharmacokinetic properties. Density Functional Theory (DFT) calculations provided insights into the electronic structure of 5a, highlighting favorable HOMO–LUMO distribution and electrostatic potential surfaces that support its dual-binding behavior.

[image: Chemical structures of dual EGFR/HER-2 inhibitors labeled 3a-h and 5a-g are shown, and an X-ray structure diagram illustrates molecular geometry with carbon and nitrogen atoms numbered. Two flow cytometry scatter plots and histograms display sample data from MCF7 cell lines with percentages of cells in different phases of the cell cycle. Diagrams labeled A and B highlight molecular interactions, including van der Waals forces and hydrogen bonds, with specific amino acids like ALA 719 and LYS 721 annotated.] | A series of new methylbenzene sulfonohydrazide and (2,4-dinitrophenyl)hydrazono based quinolin-2(1H)-one derivatives was designed and synthesised. The Structures of new compounds were validated by IR, NMR, elemental analysis and X-ray crystallography. The new compounds were evaluated as antiproliferative agent targeting EGFR and HER-2.GRAPHICAL ABSTRACTKeywords: quinoline, kinases, X-ray, DFT, anticancer, EGFR, HER-2
HIGHLIGHTS
	• A series of new Quinoline-based derivatives was designed and synthesised.
	• The Structures of new compounds were validated by IR, NMR, elemental analysis and X-ray crystallography.
	• The new compounds were evaluated as antiproliferative agent targeting EGFR, and HER-2.
	• Antiproliferative activities were evaluated against four human cancer cell lines.

1 INTRODUCTION
The initial development and progression of cancer include several receptors and signaling pathways, demonstrating that multitargeting agents are more favorable than individual therapies (Al-Wahaibi et al., 2023a; Al-Wahaibi et al., 2024a). Multitargeting anticancer drugs aim to engage various biological receptors, anticipating synergistic effects and reduced toxicity compared to conventional therapy (Al-Wahaibi et al., 2023b). The two primary methods for identifying multitargeting drugs are screening techniques and knowledge-based strategies, wherein a rational design is established based on some pharmacophores that are retained while introducing another to produce hybrid compounds (Mahmo et al., 2024; Ravikumar et al., 2025).
HER-2 belongs to the EGFR family of tyrosine kinases, a broad category of proteins involved in various processes related to cell growth, proliferation, and differentiation (Hao et al., 2024). HER-2 plays an important role in a variety of cell signaling pathways. Gene amplification and transcriptional dysregulation cause HER-2 overexpression in breast cancer (BC), resulting in 25–50 copies of the gene. This causes a 40- to 100-fold increase in HER-2 expression, resulting in the development of up to 2 million HER-2 receptors on the cell surface (Gutierrez and Schiff, 2011). Additionally, HER-2-positive breast cancer exhibits a propensity for metastasis, particularly to the brain (Zimmer et al., 2022).
In addition to HER-2, there are three forms of EGFRs: EGFR, HER-3, and HER-4. Several investigations indicate that EGFR and HER-2 experience coamplification in numerous cancer types, including those of the breast, ovaries, prostate, colon, and other tissues (Alkahtani et al., 2020; Luhtala, 2019; Maennling et al., 2019). Overexpression of the HER-2 receptor in breast cancer is often associated with improper diagnosis and treatment resistance. Co-overexpression of EGFRs contributes to suboptimal diagnosis and treatment resistance in BC. According to the reports, simply suppressing HER-2 is insufficient for treating HER-2+ breast cancer. The complementary functions and interrelationships among HER-2 family members justify simultaneously targeting HER-2 and EGFR (Ghorab et al., 2018; Soliman et al., 2019).
Lapatinib (Compound I, Figure 1) is an FDA-approved dual inhibitor of HER-2 and EGFR for HER2-positive breast cancer, granted approval in 2007. However, multiple cases of lapatinib-resistant breast cancer have emerged recently (Pernas and Tolaney, 2019; Tsang et al., 2011). Neratinib (Compound II, Figure 1) is a multi-targeting inhibitor of the EGFR family, which received FDA approval in 2017 for HER-2-positive breast cancer (Abourehab et al., 2021; Wu et al., 2023). Phase III study data indicate that neratinib presents multiple adverse effects, such as diarrhea, gastrointestinal tract toxicity, and other side effects, mostly linked to heightened cytochrome P4503A4 activity during metabolism (Harding et al., 2023; Piha-Paul et al., 2023).
[image: Chemical structures of Lapatinib (I) on the left and Neratinib (II) on the right. Both structures show detailed molecular compositions with rings, nitrogen, oxygen, chlorine, and fluorine atoms labeled.]FIGURE 1 | Structures of dual EGFR/HER-2 inhibitors lapatinib and neratinib.Our recent work (Voigtlaender et al., 2018) describes the design, synthesis, and antiproliferative efficacy of novel quinoline-based compounds functioning as dual EGFR/HER-2 inhibitors. Compound III (Figure 2B) was recognized as the most effective dual inhibitor of EGFR and HER-2, with IC50 values of 71 and 31 nM, respectively. Compound III had more potency than erlotinib as an EGFR inhibitor, displaying equivalent efficacy to Lapatinib as a HER-2 inhibitor. Compound III demonstrated significant antitumor activity against a panel of cancer cell lines, with a GI50 value of 25 nM, compared to erlotinib’s GI50 of 33 nM. Compound III was evaluated on four cancer cell lines, with the breast (MCF-7) cancer cell line being the most sensitive, it demonstrated an IC50 value of 23 nM against the MCF-7 cell line, 1.8 times more potent than erlotinib (IC50 = 40 nM).
[image: Chemical structures of various compounds are presented under three categories on a yellow background. A) Shows clinically approved drugs: Lapatinib and Neratinib, each with polar and hydrophobic moieties. B) Displays Compound III with a heterocyclic tail. C) Introduces new quinoline-based compounds, 3a-h and 5a-g, highlighting aryl and polar groups. Each part labels its scaffolds and moieties in red and blue.]FIGURE 2 | Rational design of (A) Lapatinib and Neratinib; (B) previously reported compound III; (C) New target compounds 3a-h and 5a-g.1.1 Rational design
Lapatinib I and Neratinib II (Figure 1) are strong inhibitors of both EGFR and HER-2. They obtained FDA approval as a monotherapy or in combination with other chemotherapeutics for the treatment of HER-2-positive metastatic breast cancer (Deeks, 2017; Voigtlaender et al., 2018). According to reports, lapatinib must be dissolved as a tosylate salt due to its limited water solubility. Consequently, clinical applications use lapatinib ditosylate. Simultaneously, the treatment of breast cancer has revealed the negative effects of lapatinib ditosylate, or Neratinib, which include gastrointestinal disorders, hepatic impairment, and arrhythmia (Deeks, 2017). In response to these limitations, researchers developed innovative EGFR/HER-2 dual inhibitors that fight cancers, have fewer side effects, and have enhanced water solubility.
Weissner et al. reported that the nitrogen atom at position three of the quinazoline ring could be replaced by a C-X, where X represents an electron-drawing group (Wissner et al., 2000). Accordingly, this paper describes the design, synthesis, and biological evaluation of new EGFR and HER-2 3a-h and 5a-g dual inhibitors (Figure 2C). We chose lapatinib (quinazoline-based drug) and neratinib (quinoline-based drug) as the lead molecules for these inhibitors. The proposal calls for a quinoline core scaffold with an Azomethine (Schiff base) group at position 3, and a hydrophobic tail containing a benzene ring (Figure 2C), which shows that the hydrophobic tail may contain a p-toluene sulphonyl moiety (3a-h) or a dinitrobenzene ring (5a-g).
2 RESULTS AND DISCUSSION
2.1 Chemistry
The present study focuses on the synthesis of a new series of (E)-N'-((4-hydroxy-7-2-oxo-1,2-dihydroquinolin-3-yl)methylene)benzenesulfonohydrazides 3a-h and (E)-3-((2-(2,4-dinitrophenyl)hydrazono)methyl)-4-hydroxyquinolin-2(1H)-ones 5a-g which were obtained in 79%–92% and 76%–90% yields, respectively. The reaction occurs through a straightforward condensation between quinoline-3-carbaldehydes 1a-h and 4-methylbenzene sulfonohydrazide 2, along with (2,4-dinitrophenyl)hydrazine 4, conducted in absolute ethanol and few drops of glacial acetic acid, as depicted in Scheme 1.
[image: Chemical structures of dual EGFR/HER-2 inhibitors labeled 3a-h and 5a-g are shown, and an X-ray structure diagram illustrates molecular geometry with carbon and nitrogen atoms numbered. Two flow cytometry scatter plots and histograms display sample data from MCF7 cell lines with percentages of cells in different phases of the cell cycle. Diagrams labeled A and B highlight molecular interactions, including van der Waals forces and hydrogen bonds, with specific amino acids like ALA 719 and LYS 721 annotated.]link">SCHEME 1 | Synthesis of hydrazone derivatives 3a-h and 5a-g.The structures of the new compounds were elucidated using various spectroscopic techniques, such as IR, NMR spectroscopy, elemental analysis, and mass spectrometry. At the same time, geometrical configuration is validated using X-ray crystallographic studies. Compound 3a, as a representative example, exhibit a molecular formula C18H17N3O4S, with a molecular weight m/z = 371. This result were confirmed by elemental analysis and mass spectrometry. On the other hand, to complete the proof of our results, the 1H NMR spectrum of compound 3a revealed a three broad singlet signals at a downfield shift of δH = 12.90, 11.71, and 8.36 ppm, attributed to the quinolone-OH proton (Al-Wahaibi et al., 2024b), the hydrazonyl-NH proton (Al-Wahaibi et al., 2023c), and CH = N-proton (Al-Wahaibi et al., 2024b), respectively. Additionally, the tosyl-ring protons exhibit two doublet signals attributed to the 1,4-disubstituted benzene ring system; one signal is observed at δH = 7.45–7.47 ppm (d, J = 8.0 Hz, 2H), while the other doublet is noted at δH = 7.73–7.75 ppm (d, J = 8.0 Hz, 2H). The four protons of the quinolone ring appear within the range of δH = 7.26–7.76 ppm. Also, two singlet signals exhibiting upfield shifts were found at δH = 2.36 and 3.52 ppm, which were assigned as the methyl group of the tosyl ring and the N-methyl groups, respectively.
The 13C NMR spectrum of 3a exhibited two signals resonating upfield at δC = 21.05 and 28.96 ppm, attributed to the methyl groups of the p-tosyl moiety and the N-methyl, respectively. Additionally, two downfield shift values with δC = 164.47 and 160.60 ppm are designated as amide-CO and C-4 linked to the hydroxyl group. Additionally, the CH = N was detected resonating at δC = 149.69 ppm. The aromatic-CH resonated at δC = 122.15, 124.02, 127.18, and 130.10 ppm. The quaternary carbons resonate at 115.10, 133.16, 134.93, 140.06, and 144.27 ppm.
Additionally, the X-ray study dispelled any uncertainties regarding the validity of our findings. The geometric configuration of the produced compounds was validated using X-ray crystallographic analysis of compound 3g, which displayed the predominant E-geometry as evidenced by the crystal molecular structure. The X-ray crystallographic analysis reveals that compound 3g exists as two positional isomers: (E)-N'-((4-hydroxy-7-methyl-2-oxo-1,2-dihydroquinolin-3-yl)methylene)-4-methylbenzenesulfono-hydrazide (3g) and (E)-N'-((4-hydroxy-5-methyl-2-oxo-1,2-dihydroquinolin-3-yl)methylene)-4-methylbenzenesulfonohydrazide (3g′), as illustrated in Figures 3, 4, respectively.
[image: Ball-and-stick model illustration of a complex organic molecule. It features carbon (C), nitrogen (N), oxygen (O), and sulfur (S) atoms labeled with numbers, forming a multi-ring structure with branching chains.]FIGURE 3 | Molecular structure of (E)-N'-((4-hydroxy-7-methyl-2-oxo-1,2-dihydro-quinolin-3-yl)methylene)-4-methylbenzenesulfonohydrazide 3g (approx. 30% displacement parameters are drawn at 30% probability level).[image: Diagram of a chemical structure showing labeled atoms, including carbon (C1 to C20), nitrogen (N1, N10, N11), and oxygen (O2, O4). Bonds are represented by lines. Atomic positions are illustrated in ellipsoidal forms.]FIGURE 4 | (E)-N'-((4-hydroxy-5-methyl-2-oxo-1,2-dihydroquinolin-3-yl)methylene)-4-methylbenzenesulfonohydrazide 3g` (approx. 70%, displacement parameters are drawn at 30% probability level).Conversely, the condensation reactions of quinoline-3-carbaldehydes 1a-h with (2,4-dinitrophenyl)hydrazine (4) result in the synthesis of a novel series of (E)-3-((2-(2,4-dinitrophenyl)hydrazono)-methyl)-4-hydroxyquinolin-2(1H)-ones 5a-g, which were obtained in high to exceptional yields. We choose compound 5a as an example which was assigned as (E)-3-((2-(2,4-dinitro-phenyl)hydrazono)methyl)-4-hydroxyquinolin-2(1H)-one. The structure was assigned based on spectral data, elemental analysis as well as mass spectrometry. The elemental analysis shows that this compound has a molecular formula C16H11N5 and its molecular formula completed by its mass spectrometry which give m/z = 369 to give its actual molecular formula as C16H11N5O6. Also, the mass spectrometry fragmentation for the obtained product was studied under electron ionization. The following common features of the fragmentation patterns lend support to the assigned structures: Loss 2NO2 groups giving rise to ion m/z = 278 (M+ - 92), m/z = 208 (M+ - 4-hydroxy-2-quinolinone), m/z = 202 (M+ - dinitrobenzene), and m/z = 168 (dinitrobenzene) (Figure 5). Compound 5a was further confirmed from the 1H NMR spectrum which clearly shows the presence of four broad singlet signals at δH = 8.35, 11.18, 11.33 and 12.77 ppm., with the ratio (1:2:1) which were assigned as CH = N, quinolinon-NH, hydrazono-NH and hydroxyl group, respectively. Other two doublet signals with the ratio (2:2) at δH = 7.18–7.19 and 7.89–7.91 ppm, which were assigned as quinolinon-2H and dinitrobenzene-2H, respectively. In addition to other protons which appeared as multiplet at δH = 7.20–7.77 (m, 3H). Furthermore, the 13C NMR spectrum for compound 5a exhibit common signals at δC = 101.10, 140.06, 144.28, 149.69, 161.10, and 166.43 ppm., which were assigned as (C-3), (Ar-C), (CH = N), (C-4) and quinolinone-C2, respectively.
[image: Mass spectrum graph showing peaks at various mass-to-charge ratios with labeled chemical structures. Peaks correspond to different fragments, including dinitrobenzene and hydroxyquinolinone. The y-axis represents relative abundance, while the x-axis shows mass-to-charge ratios. Chemical structures are shown for the compounds involved.]FIGURE 5 | Mass spectrometry and fragmentation patterns for compound (E)-3-((2-(2,4-dinitrophenyl)hydrazono)methyl)-4-hydroxyquinolin-2(1H)-one (5a).2.2 Biology
2.2.1 Cell viability assay
The MCF-10A normal cell line from the human mammary gland was used to study the impact of new targets 3a-h and 5a-g on cellular survival. The MTT assay was employed to determine the viability of 3a-h and 5a-g cells after 4 days of incubation with MCF-10A cells (El-Sherief et al., 2019; Ramadan et al., 2020). Table 1 shows that none of the tested compounds caused cell death, with over 86% of cells surviving at a 50 µM concentration.
TABLE 1 | Cell Viability and IC50 values of compounds 3a-h and 5a-g.	Comp.	Cell viability %	Antiproliferative activity IC50 ± SEM (nM)
	A-549	MCF-7	Panc-1	HT-29	Average (GI50)
	3a	90	92 ± 9	89 ± 8	94 ± 9	94 ± 9	92
	3b	92	56 ± 5	52 ± 5	56 ± 5	58 ± 5	56
	3c	86	50 ± 5	48 ± 4	53 ± 5	52 ± 4	51
	3d	91	40 ± 3	37 ± 3	43 ± 4	42 ± 4	41
	3e	89	62 ± 6	61 ± 6	64 ± 6	64 ± 6	63
	3f	90	46 ± 4	43 ± 4	46 ± 4	48 ± 4	46
	3g	87	94 ± 9	90 ± 9	94 ± 9	96 ± 9	94
	3h	90	>100	>100	>100	>100	>100
	5a	88	36 ± 3	34 ± 3	38 ± 3	38 ± 3	37
	5b	90	52 ± 5	50 ± 5	54 ± 5	54 ± 5	53
	5c	89	65 ± 6	62 ± 6	69 ± 6	68 ± 6	66
	5d	92	71 ± 7	67 ± 6	74 ± 7	74 ± 7	72
	5e	87	76 ± 7	74 ± 7	76 ± 7	78 ± 7	76
	5f	90	85 ± 8	83 ± 8	86 ± 8	86 ± 8	85
	5g	91	81 ± 8	78 ± 7	82 ± 8	82 ± 8	81
	Erlotinib	ND	30 ± 3	40 ± 3	30 ± 3	30 ± 3	33


2.2.2 Antiproliferative assay
The MTT assay (Al-Wahaibi et al., 2022; Mahmoud et al., 2023) was employed to assess the antiproliferative effects of compounds 3a-h and 5a-g on four human cancer cell lines: colon (HT-29) cancer, pancreatic (Panc-1) cancer, lung (A-549) cancer, and breast (MCF-7) cancer cell lines. Erlotinib was applied as a reference. Table 1 presents the median inhibitory concentration (IC50) and average IC50 (GI50) values for each compound evaluated on the four cancer cell lines.
Compounds 3a-h and 5a-g had significant antiproliferative activity, with GI50 values ranging from 37 to 100 nM, compared to the reference erlotinib (GI50 = 33 nM). In all cases, the compounds under investigation have lower potency than erlotinib. Moreover, all examined compounds have a higher affinity for breast cancer (MCF-7) cell line than the other cell lines studied. Compounds 3c, 3d, 3f, 5a, and 5b had the highest antiproliferative activity, with GI50 values between 37 and 53 nM. Derivatives 3d and 5a are more effective than erlotinib against the MCF-7 breast cancer cell line. Their IC50 values were 37 nM and 34 nM, respectively, while erlotinib exhibited an IC50 value of 40 nM.
Compound 5a (R1 = R2 = H, Scaffold B) surpassed all other tested compounds. It exhibited a GI50 of 37 nM, rendering it 1.2 times less effective than erlotinib (GI50 = 33 nM) against the four cancer cell lines tested. Compound 5a exhibited substantial antiproliferative activity against the MCF-7 breast cancer cell line, with an IC50 value of 34 nM, 1.2 times more effective than erlotinib’s IC50 value of 40 nM. Furthermore, compound 5a has marginally reduced potency compared to erlotinib against the other three cell lines, as seen in Table 1.
The substitution pattern of the quinoline moiety markedly influences the antiproliferative efficacy of compounds 3a-h and 5a-g. For instance, compound 5e (R1 = Me, R2 = H, Scaffold B), an N-methyl derivative, had lower efficacy as an antiproliferative agent than 5a (R1 = R2 = H, Scaffold B). Compound 5e exhibited a GI50 of 76 nM, which is twice as low as that of 5a, indicating that the presence of a free nitrogen atom at position 1 (N-1) of the quinoline moiety is more supportive of antiproliferative activity than the N-methyl group.
A different example is the 6-methyl derivative, compound 5b (R1 = H, R2 = 6-Me, Scaffold B), the 6-methoxy derivative, 5c (R1 = H, R2 = 6-OMe, Scaffold B), and the 6-chloro derivative, 5g (R1 = H, R2 = 6-Cl, Scaffold B), all of which were found to be less efficient than the unsubstituted derivative, 5a (R1 = R2 = H, Scaffold B). Compounds 5b, 5c, and 5g exhibit IC50 values of 53, 66, and 81 nM, respectively, signifying their reduced potency compared to 5a (GI50 = 37 nM). These findings indicate that derivatives possessing an unsubstituted quinoline moiety at the six position exhibit greater efficiency than those substituted with either electron-donating methyl and methoxy groups or an electron-withdrawing chlorine atom. Also, the 8-methyl derivative, compound 5d (R1 = H, R2 = 8-Me, Scaffold B), and the 7-methyl derivative, 5f (R1 = H, R2 = 7-Me, Scaffold B), were both shown to be less efficient than the unsubstituted derivative, 5a. To establish an optimal structural-activity relationship (SAR), derivatives of the quinoline moiety’s phenyl ring must be modified with an electron-withdrawing group, such as a halogen atom or nitro group, at various positions of the quinoline structure. These specific modifications are now under investigation in our laboratory.
Compound 3d (R1 = R2 = H, Scaffold A) exhibited the second greatest activity, with a GI50 value of 41 nM, 1.3-fold less active than erlotinib (GI50 = 33 nM). However, 3d had superior activity to erlotinib against the MCF-7 breast cancer cell line, as indicated in Table 1. Replacing the C6-H of the quinoline moiety in compound 3d with C6-methoxy in compound 3b (R1 = H, R2 = 6-OMe, Scaffold A), a methyl group in compound 3c (R1 = H, R2 = 6-Me, Scaffold A), or a chlorine atom in compound 3f (R1 = H, R2 = 6-Cl, Scaffold A) led to a marked reduction in antiproliferative activity. The GI50 values for 3b, 3c, and 3f were 56, 51, and 46 nM, respectively, demonstrating a potency reduction of 1.4-, 1.3-, and 2.5-fold compared to 3d (GI50 = 41 nM). This corroborates the idea that the quinoline molecule’s unsubstituted phenyl ring exhibited greater activity tolerance.
It is noteworthy that the N-methyl derivative, 3a (R1 = Me, R2 = H, Scaffold A), the C7-Me derivative, 3g (R1 = H, R2 = 7-Me, Scaffold A), and the C8-Me derivative, 3h (R1 = H, R2 = 8-Me, Scaffold A), demonstrate the lowest antiproliferative effect against all tested cell lines. The GI50 values for 3a, 3g, and 3h were 92, 94, and >100 nM, respectively, indicating a potency decrease of at least 2.3-fold relative to 3d (GI50 = 41 nM).
2.2.3 EGFR inhibitory assay
The most effective antiproliferative derivatives, 3c, 3d, 3f, 5a, and 5b, were evaluated for their ability to inhibit EGFR using the EGFR-TK test (Abou-Zied et al., 2023). The results are presented in Table 2. Erlotinib operated as the reference compound.
TABLE 2 | IC50 values of compounds 3c, 3d, 3f, 5a and 5b against EGFR and HER-2.	Compound	EGFR inhibition IC50 ± SEM (nM)	HER-2 inhibition IC50 ± SEM (nM)
	3c	99 ± 6	49 ± 3
	3d	91 ± 6	38 ± 2
	3f	95 ± 6	44 ± 3
	5a	87 ± 5	33 ± 2
	5b	106 ± 7	56 ± 4
	Erlotinib	80 ± 5	--
	Lapatinib	--	26 ± 1


The assay results align with those of the antiproliferative assay, indicating that compounds 5a (R1 = R2 = H, Scaffold B) and 3d (R1 = R2 = H, Scaffold A), the most potent antiproliferative agents, were the most efficient derivatives of EGFR inhibitors, exhibiting IC50 values of 87 ± 5 and 91 ± 6 nM, respectively, in comparison to erlotinib’s IC50 value of 80 ± 5 nM. Results revealed that compounds 3d and 5a were less potent as EGFR inhibitors than the reference drug erlotinib. Compounds 3c and 3f inhibited EGFR significantly, with IC50 values of 95 and 99 nM, respectively, and were 1.2-fold less effective than the reference erlotinib. Ultimately, compound 5b exhibited the lowest potency as an EGFR inhibitor, with an IC50 value of 106 ± 7 nM.
These data suggest that compounds 3d and 5a are effective antiproliferative candidates that could operate as EGFR inhibitors.
2.2.4 HER-2 inhibitory assay
Compounds 3c, 3d, 3f, 5a and 5b were evaluated for their capacity to inhibit HER-2 by a kinase assay (Al-Wahaibi et al., 2025). The findings are displayed in Table 2. Lapatinib functioned as the reference drug. The findings indicated that the investigated compounds markedly suppressed HER-2, exhibiting IC50 values between 33 and 56 nM, in contrast to lapatinib’s IC50 of 26 nM. The evaluated compounds exhibited lower potency in each case than the lapatinib reference medication. Compound 5a was the most efficient HER-2 inhibitor, with an IC50 value of 33 nM, 1.3 times less potent than lapatinib. The data indicate that compound 5a is a promising antiproliferative candidate with dual inhibitory activity against EGFR and HER-2, necessitating structural modifications for lead optimization.
2.2.5 Apoptotic markers assay
Deficiencies in apoptosis within cancer cells significantly hinder the therapeutic effectiveness of anticancer drugs; therefore, developing of new therapies that target programmed cell death has become an essential objective for clinical use (Hisham et al., 2019; Bräse). Consequently, to reveal the pro-apoptotic potential of our target compounds, compounds 3d and 5a were evaluated for their capacity to initiate the apoptosis cascade.
2.2.5.1 Activation of caspases 3, 8, and 9
Activating caspases is crucial in initiating and concluding the apoptotic process (Wu et al., 2025). Caspase-3 is a crucial enzyme that cleaves several proteins within cells, resulting in apoptotic cell death (Kouwenhoven et al., 2025). The impact of compounds 3d and 5a on caspase-3 was assessed and matched with Staurosporine as a reference medication (Table 3.
TABLE 3 | Apoptotic markers assays of compounds 3d and 5a.	Compd. No.	Caspase-3	Caspase-8	Caspase-9	Cytochrome C
	Conc (pg/mL)	Fold change	Conc (ng/mL)	Fold change	Conc (ng/mL)	Fold change	Conc (ng/mL)	Fold change
	3d	515 ± 5	8.0	2.10 ± 0.20	23	21 ± 3	21	0.65	13
	5a	570 ± 5	9.0	2.65 ± 0.25	29	24 ± 1	24	0.85	17
	Staurosporine	465 ± 4	7.0	1.85 ± 0.15	21	20 ± 1	20	0.50	10
	Control	65	1.0	0.09	1	1	1	0.05	1


The findings indicated that 5a was the most potent derivative, exhibiting a significant overexpression of caspase-3 protein levels (570 ± 5 pg/mL) compared to the reference staurosporine (465 ± 4 pg/mL). Compound 3d exhibited a 9-fold rise in active caspase-3 levels compared to control cells and induced caspase-3 levels surpassing those of staurosporine, the reference medication. Compound 3d demonstrated an 8-fold increase in active caspase-3 levels (515 ± 5 pg/mL) compared to the control untreated cells, as shown in Table 3.
To elucidate the apoptotic mechanism of compounds 3d and 5a, whether via the intrinsic or extrinsic pathway, their impact on caspase-8 and caspase-9 was evaluated. The results indicated that compound 5a elevates the levels of caspase-8 and caspase-9 by 29 and 18-fold, respectively, while compound 3d increases the levels of caspase-8 and caspase-9 by 23 and 15-fold, respectively, in comparison to the control cells. This suggests activation of both intrinsic and extrinsic pathways, with a more pronounced effect on the extrinsic pathway, as evidenced by the elevated levels of caspase-8 (Table 3).
2.2.5.2 Cytochrome C assay
The level of Cytochrome C within the cell is crucial for activating caspases and initiating the intrinsic apoptosis pathway (Jan et al., 2025).
Compounds 3d and 5a were assessed for their activity against cytochrome C in the MCF-7 human breast cancer cell line, with results in Table 3. Compounds 3d and 5a induce a 13-fold and 17-fold increase in cytochrome C levels in MCF-7 human breast cancer cells compared to the control. The results above show that apoptosis may be linked to the overexpression of cytochrome C and the activation of intrinsic and extrinsic apoptotic pathways initiated by the compounds studied.
2.2.5.3 Bax and Bcl-2 levels assay
Compounds 3d and 5a were further investigated for their impact on Bax and Bcl-2 levels in the MCF-7 human breast cancer cell line, using staurosporine as a reference, as detailed in Table 4.
TABLE 4 | Bax and Bcl-2 levels for 3d, 5a, and Staurosporine on human breast (MCF-7) cancer cell line.	Compd. No.	Bax	Bcl-2
	Conc (pg/mL)	Fold change	Conc (ng/mL)	Fold reduction
	3d	310 ± 2	34	0.80	6
	5a	320 ± 2	35	0.70	7
	Staurosporine	290 ± 2	32	1.00	5
	Control	9.00	1	5.00	1


The results indicated that 3d and 5a significantly elevated Bax levels compared to staurosporine. Compound 5a demonstrated an induction of Bax at 320 pg/mL, comparable to staurosporine at 290 pg/mL, and exhibited a 35-fold increase relative to untreated MCF-7 cancer cells, followed by compound 3d at 310 pg/mL with a 34-fold rise. Ultimately, compound 5a induced a reduction in the anti-apoptotic Bcl-2 protein level (0.70 ng/mL), preceded by compound 3d (0.80 ng/mL) in the MCF-7 cell line, in comparison to staurosporine (1.00 ng/mL).
2.2.6 Flow cytometric cell cycle analysis
Cell cycle analysis has been done for the most potent compound 5a against the MCF-7 human breast cancer cell line. The percentage of MCF-7 cells in the G0/G1 phase of the cell cycle in the control was 59.12%, which significantly increased to 81.42% following treatment with compound 5a. In comparison, the percentage of cells in the S phase decreased slightly with compound 5a (15.65%) compared to the control (26.82%) (Figure 6). The percentage of MCF-7 human breast cancer cells in the G2/M phase diminishes to 1.94% following treatment with compound 5a. The data indicate that compound 5a primarily induced cell cycle arrest in the G1 phase. Furthermore, it is evident that the examined compound is not cytotoxic; rather, it exhibits antiproliferative properties, inducing programmed cell death and cell cycle arrest (Figures 7, 8).
[image: 3D bar chart comparing DNA content across two groups: 5a/MCF7 and Cont. MCF7. The bars represent three phases: %G0-G1 (orange), %S (purple), and %G2/M (yellow). The chart shows higher %G0-G1 content for Cont. MCF7 compared to 5a/MCF7.]FIGURE 6 | Cell cycle analysis of compound 5a against the MCF-7 cancer cell line.[image: Bar graph showing percentages of apoptosis and necrosis in MCF7 cells. Total, early, and late apoptosis and necrosis are compared for 5a/MCF7 and Cont.MCF7 groups. 5a/MCF7 shows higher percentages, especially in late apoptosis.]FIGURE 7 | Percentage of apoptosis and necrosis of 5a against the MCF-7 cancer cell line.[image: Two panels of graphs displaying flow cytometry data of MCF7 samples. Top graphs are histograms showing cell cycle distribution with different phases: DIP G1, DIP G2/M, and DIP S, represented in green, orange, and blue. Percentages and coefficients of variation are listed. Bottom scatter plots show annexin V-FITC and PI staining with quadrants marking different cell populations and respective percentages, such as viable, early apoptotic, and late apoptotic cells. Dates for both analyses are January 6, 2025.]FIGURE 8 | Cell cycle analysis and apoptosis induction of 5a against the MCF-7 breast cancer cell line.2.3 Docking study of EGFR and HER-2 enzymes
A comprehensive computational docking study was conducted to explore the binding interactions of compound 5a with EGFR and HER-2 enzymes (Al-Wahaibi et al., 2025). The crystallographic structures of EGFR (PDB ID: 1M17) and HER-2 (PDB ID: 3PP0) were obtained and utilized as structural templates for the docking simulations, which were performed using the Discovery Studio software (Jejurikar and Rohane, 2021). Erlotinib and lapatinib were selected as reference ligands for EGFR and HER-2 (Al-Wahaibi et al., 2024b).
The docking simulations were performed using the OPLS-AA (Optimized Potentials for Liquid Simulations–All Atom) force field during the energy minimization process to ensure conformational stability of the ligand-protein complexes (R et al., 2022). This step is critical in enhancing the accuracy and reliability of computational predictions. Before the docking procedure, an extensive protein preparation protocol was followed, including appropriate protonation of the protein structures to improve their geometrical accuracy and optimize the docking results (Buccheri et al., 2025).
To assess the validity of the docking protocol, the co-crystallized ligand erlotinib was re-docked into the EGFR binding site (Fayed et al., 2023). This validation step yielded a binding energy (S-score) of −8.05 kcal/mol, with a root mean square deviation (RMSD) value of 0.91 Å, indicating a reliable docking method. The re-docking simulation confirmed a key hydrogen bond interaction between the pyrimidine nitrogen of erlotinib and the Met769 residue in the EGFR active site, a crucial interaction that plays a significant role in stabilizing the ligand within the protein pocket (Figure 9).
[image: Diagram showing molecular interactions in a compound with color-coded labels. Interactions include van der Waals, conventional hydrogen, carbon hydrogen, and pi-alkyl bonds. Labeled amino acids include VAL 702, GLN 767, MET 769, LEU 694, ALA 719, and LEU 820.]FIGURE 9 | Two-dimensional docking model illustrating the binding orientation of erlotinib within the active site of EGFR.The docking scores obtained for compound 5a demonstrated a strong correlation with the in vitro inhibition activity of EGFR, thereby validating the predictive power of the docking methodology used in this study. This consistency between docking results and biological activity highlights the reliability of the docking protocol and its utility in identifying promising inhibitors for EGFR and HER-2 enzymes.
The docking analysis of compound 5a within the ATP-binding site of EGFR revealed a highly favorable binding pose with a docking score of −7.33 kcal/mol, with a root mean square deviation (RMSD) value of 1.44 Å. The interaction profile shows that compound 5a forms a pivotal hydrogen bond with the Met769 residue through its enol oxygen, anchoring the ligand within the active site (Figure 10). Additionally, two significant hydrogen bond interactions with the Asp831 and Lys721 residues further stabilize the compound. Notably, Pi-alkyl stacking interactions between the aromatic ring of quinolone and Leu694 strengthen the binding affinity by securing the ligand within the hydrophobic pocket (Figure 10).
[image: Diagram A shows molecular interactions with van der Waals, conventional hydrogen bonds, and pi-alkyl interactions labeled at Leu 694, Ala 719, Met 769, Asp 831, Lys 721. Diagram B illustrates the 3D structure highlighting the positioning of these interactions within a protein framework.]FIGURE 10 | Two-dimensional (A) and three-dimensional (B) docking representations showing the binding interactions of compound 5a within the ATP-binding pocket of EGFR.Also, Pi-alkyl interaction with residue Ala719 further reinforces stability in the ATP-binding site. The 3D visualization depicts the precise orientation of 5a within the ATP-binding pocket, where the di-nitro phenyl core and hydrazone moiety are optimally aligned to maximize both hydrophobic and hydrogen-bonding interactions. The planar structure promotes effective alignment with the pocket, further enhancing binding efficacy (Figure 10).
To check the validity of the docking protocol for HER-2, the co-crystallized ligand was re-docked into the HER-2 binding site (Metibemu et al., 2021). This validation process yielded a binding energy (S-score) of −7.86 kcal/mol, with a root mean square deviation (RMSD) value of 1.24 Å, confirming the reliability of the docking procedure.
The re-docking simulation revealed a key hydrogen bond interaction between the pyrimidine nitrogen of the ligand and the Met801 residue, which plays a crucial role in stabilizing the ligand within the HER-2 active site (Figure 11). The re-docking simulation revealed crucial interactions within the HER-2 binding pocket, including a key hydrogen bond between the nitrogen of the pyridine ring of the ligand and the Asp863 residue, contributing significantly to ligand stabilization. The docking interactions highlighted additional hydrogen bonds with Met801 and pi-pi T-shaped interactions with Phe864. Notably, halogen interactions with Glu770 and Leu796 further reinforced the binding within the active site (Figure 11).
[image: Molecular structure diagram showing interactions between a central molecule and various amino acid residues. Labeled interactions include green lines for conventional hydrogen bonds, cyan for halogen-fluorine interactions, pink for pi-pi T-shaped interactions, and blue lines for halogen interactions with chlorine, bromine, or iodine. Residues include GLU A:770, PHE A:864, and MET A:801.]FIGURE 11 | Two-dimensional docking model highlighting the binding interactions of the validated co-crystallized ligand within the HER-2 binding site.The docking analysis of lapatinib, a reference drug for HER-2 inhibition in our in vitro studies, provides valuable insights into its binding mode within the HER-2 active site. Lapatinib exhibits a favorable binding energy of −7.47 kcal/mol with an RMSD value of 1.45 Å, indicating a stable pose within the HER-2 binding pocket. The analysis reveals the formation of an essential hydrogen bond between the sulfone oxygen atoms of lapatinib and Lys753. Also, lapatinib can form other carbon-hydrogen bonds with Met801 residue and Asp863, significantly stabilizing the binding site’s ligand (Figure 12). Also, lapatinib forms extensive hydrophobic interactions with key residue Leu785, contributing to a stable hydrophobic core. Pi-alkyl interactions with residue Val734 further enhance the binding stability. These pi-alkyl interactions establish a robust network, ensuring a tight fit of lapatinib within the HER-2 active site and improving its inhibitory potential against HER-2 (Figure 12).
[image: Diagram showing molecular interactions in two panels. Panel A depicts various interactions labeled as van der Waals, hydrogen bonds, and alkyl interactions among amino acids Lys, Met, Val, Cys, Asp, and Leu. Panel B illustrates a three-dimensional view with a color-coded ribbon structure showing similar molecular interactions. Each type of bond is identified by distinct colors and annotations.]FIGURE 12 | Docking representation of lapatinib within the HER-2 binding site; (A) 2D representation (B) 3D representation.The docking analysis of compound 5a against HER-2 revealed a binding energy of −7.24 kcal/mol, indicating a strong affinity for the HER-2 active site with an RMSD value of 1.63 Å, confirming a stable pose within the HER-2 binding site—compound 5a forms several key interactions within the binding pocket, contributing to its stability and binding efficacy.
The most notable interactions include two important hydrogen bonds that enhance the stabilization within the HER-2 binding site. The first hydrogen bond is observed between the nitro group and Met801, reinforcing its position and stabilizing the binding conformation. The second hydrogen bond is established between the nitrogen of the quinolone and Thr862, securing the ligand within the pocket (Figure 13). In addition to these hydrogen bonds, 5a engaged in significant hydrophobic interactions between the di-nitro phenyl ring of 5a with Leu726, Leu852, and Val734, contributing further to the overall conformational stability of the ligand.
[image: Two-panel image showing molecular interactions. Panel A illustrates a 2D diagram of a molecule with colored circles and lines indicating interactions: green for hydrogen bonds, pink for pi-alkyl interaction, and gray for carbon hydrogen bonds. Amino acid residues such as LEU, LYS, ASP, and THR are labeled. Panel B shows a 3D structure of the molecule with labeled chains and colorful interaction lines corresponding to the same interactions as in Panel A.]FIGURE 13 | Docking representation of 5a within the HER-2 binding site; (A) 2D representation (B) 3D representation.The quinolone ring of 5a also exhibited extensive hydrophobic contacts with residues such as Met801 and Lys753, which enhanced the tight fit of the compound within the HER-2 active site. The combination of these interactions ensured that 5a maintained a secure and stable orientation within the binding site. When compared to lapatinib, the reference drug used in HER-2 inhibition studies, compound 5a displayed a comparable binding profile with key differences in interaction patterns. Lapatinib demonstrated a binding energy, slightly higher than that of 5a, indicating a comparable binding affinity. Both compounds exhibit crucial interactions with residues such as, Met801, and Val734, contributing to the overall binding stability.
Overall, the comparison between 5a and lapatinib suggests that 5a has a binding mode that is distinct yet similarly effective to that of the reference drug. Both compounds demonstrate strong hydrophobic interactions and hydrogen bonding, ensuring stable binding within the HER-2 binding pocket. These findings highlight the potential of 5a as a promising HER-2 inhibitor with binding characteristics comparable to the clinically used reference drug, lapatinib, suggesting its possible utility in targeted HER-2 therapies.
The docking results for compound 5a align well with the in vitro inhibition data, where 5a demonstrated an IC50 of 33 ± 2 nM against HER-2, indicating potent inhibitory activity. In comparison, lapatinib, the reference drug for HER-2 inhibition, showed an IC50 of 26 ± 1 nM, slightly more potent than 5a. When comparing compound 5a and erlotinib, the docking and in vitro results differ in their selectivity profiles. Erlotinib displayed an IC50 of 80 ± 5 nM against EGFR, highlighting its higher potency against EGFR than HER-2. On the other hand, 5a demonstrated dual inhibition activity, with an IC50 of 87 ± 5 nM against EGFR and a more potent IC50 of 33 ± 2 nM against HER-2. This suggests that 5a has a more balanced inhibitory effect on both targets than erlotinib and lapatinib. These findings highlight 5a as a potential candidate for further development as a dual HER-2/EGFR inhibitor.
2.4 Molecular dynamics discussion of HER-2 for compounds 5a and lapatinib
Molecular Dynamics (MD) simulations serve as a critical complement to docking studies in drug discovery by providing detailed insights into the stability and dynamics of ligand-protein interactions (Bozorgpour et al., 2023; Kumar et al., 2024). While docking predicts a ligand’s initial binding pose and interactions within the active site, it offers a rigid snapshot of the complex (Stanzione et al., 2021). MD simulations, on the other hand, incorporate time-dependent molecular movements and environmental factors, allowing for a more realistic evaluation of the ligand-protein system (Adelusi et al., 2022). Through MD, key parameters such as stability (via RMSD), flexibility (via RMSF), compactness (via radius of gyration), and binding strength (via potential energy) can be assessed, offering a deeper understanding of the behavior of the ligand under physiological conditions (Tripathi et al., 2025). This dynamic perspective validates docking results and identifies critical interactions that stabilize the complex, helping to refine and prioritize drug candidates for experimental validation (Ghahremanian et al., 2022; Haider et al., 2020). By bridging the gap between computational predictions and experimental outcomes, MD simulations enhance the reliability and accuracy of virtual screening workflows (Kumar et al., 2025). The RMSD plot indicates the stability of the 5a and lapatinib in the HER-2 binding pocket over a simulation period of 100 ns. Compound 5a (blue) exhibits a significantly lower RMSD value, stabilizing at approximately 0.4–0.5 nm, compared to lapatinib (red), which fluctuates around 0.7–0.9 nm (Figure 14). The lower RMSD for 5a suggests a more stable binding conformation and less structural deviation during the simulation. Despite being a clinically established HER-2 inhibitor, Lapatinib shows higher fluctuations, indicating that compound 5a may form a more rigid and stable complex with HER-2 under the tested conditions.
[image: Line graph depicting the root mean square deviation (RMSD) over time for two substances, 5a (blue) and Lapatinib (red). Time is on the x-axis (0 to 100 nanoseconds), and RMSD in nanometers is on the y-axis (0 to 1.2). The graph shows that Lapatinib maintains a higher RMSD than 5a throughout, with fluctuations visible in both lines.]FIGURE 14 | RMSD of HER-2-ligand complexes for 5a (blue) and lapatinib (red) over a 100 ns molecular dynamics simulation.The RMSF plot highlights residue-level flexibility within HER-2 upon binding with 5a and lapatinib. Both compounds exhibit similar fluctuations for most regions, particularly in flexible loop regions and solvent-exposed residues. These findings suggest tighter binding and stabilization of the HER-2 active site of 5a (Figure 15).
[image: Graph showing RMS fluctuation in nanometers versus atom number. Two lines represent data: blue for 5a and red for Lapatinib. Both lines fluctuate similarly, peaking around atom numbers 50 and 4500.]FIGURE 15 | RMSF of HER-2 residues in complexes with 5a (blue) and lapatinib (red).The Rg plot measures the compactness of the HER-2-ligand complex during the simulation. Both complexes maintain consistent Rg values around 2.00–2.03 nm, indicating that the overall HER-2 protein structure remains stable throughout the simulation for both compounds. There is no significant difference in the fluctuation of Rg between 5a and lapatinib, suggesting that 5a stabilizes the HER-2 conformation comparably well (Figure 16).
[image: Line graph showing the radius of gyration (in nanometers) over time (in nanoseconds) for two compounds: 5a in blue and Lapitinib in red. Both lines fluctuate between 1.96 and 2.05 nanometers, indicating similar patterns.]FIGURE 16 | Radius of gyration (Rg) of HER-2-ligand complexes for 5a (blue) and lapatinib (red).The potential energy analysis evaluates the stability of the HER-2-ligand systems. Both compounds exhibit consistent potential energy values throughout the 100 ns simulation, with no significant conformational disruptions observed (Figure 17).
[image: Line graph titled "Potential Energy" with time in nanoseconds (0 to 100) on the x-axis and potential energy in kilojoules per mole (−547,000 to −540,000) on the y-axis. Red and blue lines represent "lapitinib" and "5a" respectively, showing fluctuating values across the time span.]FIGURE 17 | Potential energy of HER-2-ligand complexes for 5a (blue) and lapatinib (red).The molecular dynamics simulations reveal compound 5a and lapatinib demonstrate stable binding interactions with HER-2. 5a’s lower RMSD and reduced flexibility indicate its potential as a promising HER-2 inhibitor. These findings highlight the need for further experimental validation of 5a’s inhibitory efficacy against HER-2, as it shows comparable interaction dynamics relative to the clinically established lapatinib.
2.5 ADME studies
SwissADME was employed to predict the pharmacokinetic properties of compounds 5a and reference drug lapatinib, focusing on their Absorption, Distribution, Metabolism, and Excretion (ADME) characteristics (Khaled et al., 2023). The analysis sheds light on their drug-like behaviors, identifying distinct features and shared attributes that could influence the performance 5a as a dual EGFR/HER-2 inhibitor. The analysis can also guide its potential for further development.
The ADME profiles of compound 5a and lapatinib reveal significant differences and similarities. Compound 5a exhibits a lower molecular weight (369.29 g/mol) than lapatinib (581.06 g/mol), enhancing its likelihood of better absorption and permeability. Additionally, 5a has fewer rotatable bonds (5 vs 11 for lapatinib), indicating reduced molecular flexibility, which may improve binding stability within the target sites. Regarding solubility, 5a is moderately soluble, whereas lapatinib is poorly soluble, a key limitation that could impact its bioavailability. Both compounds show low gastrointestinal (GI) absorption. However, the higher polar surface area 5a (TPSA: 169.12 Å2) than lapatinib (TPSA: 114.73 Å2) may limit its permeability.
Lapatinib, while clinically effective, inhibits several CYP450 enzymes (CYP2C19, CYP2C9, CYP2D6, and CYP3A4), indicating a higher risk for drug-drug interactions, whereas 5a shows no CYP450 inhibition, highlighting its safer pharmacokinetic profile. Both compounds have comparable bioavailability scores (0.55), but the lower consensus LogP of 5a (1.26 vs 5.19 for lapatinib) suggests better hydrophilicity, which may support its drug-likeness. Furthermore, 5a demonstrates easier synthetic accessibility (score: 3.22) compared to lapatinib (score: 4.05), which could simplify manufacturing processes. A safer profile of 5a, better solubility, and lack of CYP450 inhibition suggest it could be a promising alternative to lapatinib.
2.6 DFT analysis of compound 5a
To gain deeper insight into the electronic characteristics and reactivity profile of compound 5a, Density Functional Theory (DFT) calculations were carried out using Gaussian 09 software with visualizations generated through Gauss View 6.0 (Ozcelik et al., 2023). The geometry optimization and vibrational frequency analyses were performed at the B3LYP level of theory with the 6-311+G (d,p) basis set, which incorporates diffuse and polarization functions to capture electron distribution and non-covalent interactions (Ozcelik et al., 2023) more accurately. The optimized structure of compound 5a was confirmed as a true energy minimum since no imaginary vibrational frequencies were detected (Janani et al., 2021). The calculated geometry reveals that the molecule adopts a nearly planar conformation across the quinoline–hydrazone–di-nitrophenyl scaffold, which facilitates extended π-conjugation and supports the intermolecular interactions observed in the molecular docking studies with EGFR and HER-2 (Figure 18).
[image: Ball-and-stick model of a complex organic molecule depicting atoms: carbon (gray), nitrogen (blue), oxygen (red), and hydrogen (white). The structure consists of two interconnected aromatic rings with various functional groups attached.]FIGURE 18 | Optimized molecular geometry of compound 5a at the B3LYP/6-311+G (d,p) level showing planarity and conjugation across the quinoline–hydrazone–di-nitrophenyl scaffold.Frontier Molecular Orbital (FMO) analysis provided further evidence of the dual inhibitory potential of compound 5a (Figure 19). The HOMO (Highest Occupied Molecular Orbital) was found to be located primarily over the quinoline core and hydrazone linker, indicating their role in electron donation during interaction with key amino acid residues, particularly those forming hydrogen bonds in the EGFR binding site (e.g., Met769 and Lys721). In contrast, the LUMO (Lowest Unoccupied Molecular Orbital) was predominantly located over the di-nitrophenyl ring, especially the nitro substituent, suggesting these regions function as electron acceptors and may be involved in stabilizing interactions with HER-2 residues such as Met801 and Thr862. The HOMO–LUMO energy gap (ΔE) was calculated as 3.15 eV, a moderate value indicating a balance between chemical stability and biological reactivity both of which are desirable properties for bioactive small molecules.
[image: Molecular orbital diagram showing electron density distributions. The top image represents the LUMO and the bottom image represents the HOMO. An arrow indicates a ΔE of 3.15 electron volts between them.]FIGURE 19 | Frontier Molecular Orbitals (HOMO and LUMO) of compound 5a with an energy gap (ΔE) of 3.15 eV, highlighting electron-rich (HOMO) and electron-deficient (LUMO) regions relevant to EGFR and HER-2 binding.A molecular electrostatic potential (ESP) map was generated to complement the orbital analysis and visualize the distribution of electrostatic charges on the molecular surface. In this ESP surface, red regions indicate areas of highest negative electrostatic potential, blue regions signify the most positive potential, and green represents regions of neutral potential (Figure 20). The red zones were prominently located around the oxygen atoms of the nitro groups and carbonyl functionalities, marking them as favorable sites for hydrogen bond acceptance. Meanwhile, the blue zones were observed around the hydrazone NH and enol OH groups, which serve as potential hydrogen bond donors. These findings correlate closely with the docking results, where such groups engage in crucial hydrogen bonding interactions with residues in both EGFR and HER-2 active sites. Additionally, the extended green zones around the aromatic rings represent regions with relatively neutral electrostatic potential, supporting π-π stacking and hydrophobic interactions observed in the docking models with residues like Leu694 (EGFR) and Val734 (HER-2).
[image: Molecular model showing a complex chemical structure with atoms represented by spheres of different colors: gray for carbon, white for hydrogen, red for oxygen, and blue for nitrogen. The model is overlaid with a colorful gradient surface, indicating electron density or another property.]FIGURE 20 | Molecular Electrostatic Potential (ESP) map of compound 5a indicating zones of nucleophilic (red), electrophilic (blue), and neutral (green) potential character correlating with observed docking interactions in HER-2 and EGFR.The electronic features derived from DFT calculations provide strong mechanistic support for compound 5a’s dual EGFR/HER-2 inhibitory activity. The HOMO-LUMO orbital distribution highlights the complementary donor-acceptor regions essential for stable protein-ligand interactions. At the same time, the ESP map reveals an electrostatic profile conducive to binding within the ATP-binding pockets of both kinases. Together, these DFT findings reinforce the docking-based conclusions and confirm the structural suitability of compound 5a for further development as a dual-targeted anticancer agent.
3 CONCLUSION
This comprehensive study reports the successful synthesis, characterization, biological evaluation, and computational analysis of a new class of quinolin-2(1H)-one derivatives designed to function as dual inhibitors of EGFR and HER-2; two critical tyrosine kinases implicated in various cancers, including breast carcinoma. The lead compound, 5a, demonstrated potent antiproliferative activity across multiple human cancer cell lines, with superior efficacy against the MCF-7 breast cancer cell line compared to the reference drug erlotinib. Enzymatic assays validated its dual-target inhibitory profile, exhibiting potent activity against EGFR and HER-2. Mechanistic investigations confirmed that compound 5a promotes apoptosis through intrinsic and extrinsic pathways. Furthermore, 5a induced G0/G1 phase arrest in MCF-7 cells, reinforcing its role in halting cancer cell proliferation. Molecular docking revealed that 5a forms multiple stabilizing interactions within the active sites of both kinases. Molecular dynamics simulations over 100 ns confirmed the conformational stability of the ligand–protein complexes. Pharmacokinetic predictions from SwissADME indicated that 5a exhibits favorable drug-like properties. DFT analysis further supported the electronic suitability of 5a for dual kinase interaction. In summary, compound 5a emerges as a compelling dual-target anticancer agent, combining potent antiproliferative efficacy, dual enzymatic inhibition, apoptosis induction, and favorable pharmacokinetic and electronic profiles. These results strongly support the continued preclinical development of 5a as a lead compound for targeted therapy in EGFR/HER-2-overexpressing cancers.
4 EXPERIMENTAL
4.1 Chemistry
General Details: See Appendix A (Supplementary Material).
4.1.1 Materials and methods
4-Hydroxy-2-oxo-1,2-dihydroquinoline-3-carbaldehydes 1a-h (Tang and Shi, 2008), 4-methylbenzene-sulfonohydrazide (2) (Şenkardeş et al., 2020) were prepared as previously described. (2,4-Dinitrophenyl)hydrazine (4) was purchased from Sigma Aldrich.
4.1.2 Synthesis of (E)-N'-((4-hydroxy-7-2-oxo-1,2-dihydroquinolin-3-yl) methylene)benzenesulfonohydrazides 3a-h and (E)-3-((2-(2,4-dinitrophenyl) hydrazono)methyl)-4-hydroxyquinolin-2(1H)-ones 5a-g
In a round-bottomed flask, the appropriate quinolone-carbaldehydes 1a-h (1 mmol) were dissolved in absolute ethanol (10 mL), to which a few drops of glacial acetic acid were added. A solution of 4-methylbenzenesulfonohydrazide (2, 186 mg) or (2,4-dinitrophenyl)hydrazine (4, 198 mg), dissolved in 10 mL of absolute ethanol, was added to the resultant mixture. The entire reaction was subjected to reflux for 4 hours. Following the completion of the reaction and the disappearance of the starting materials, the precipitates were collected and recrystallized from a mixture of ethanol/DMF in ratio (5:2) to yield the desired products 3a-h and 5a-g in good to excellent yields.
4.1.2.1 (E)-N'-((4-hydroxy-1-methyl-2-oxo-1,2-dihydroquinolin-3-yl)methylene)-4-methylbenzenesulfonohydrazide (3a)
Yellow crystals, yield (83%), mp. 245–247 °C; IR (KBr): ν = 3286 (NH), 3012 (Ar-CH), 2857 (ali-CH), 1668 (C=O), 1609 (C=N), 1568 (Ar-C=C), 1344, 1163 (SO2) cm−1; 1H NMR (400 MHz, DMSO-d6): δH = 2.36 (s, 3H, CH3), 3.52 (s, 3H, CH3), 7.26–7.30 (m, 1H, Ar-H), 7.45–7.47 (d, 2H, J = 8 Hz, Ar-H), 7.46–7.48 (d, 1H, J = 8 Hz, Ar-H), 7.65–7.69 (m, 1H, Ar-H), 7.73–7.75 (d, 2H, J = 8, Ar-H), 7.95–7.98 (m, 1H, Ar-H), 8.36 (s, 1H, CH = N), 11.71 (br, s, 1H, hydrazono-NH), 12.90 (br, s, 1H, OH) ppm; 13C NMR (100 MHz, DMSO-d6): δC = 21.05 (CH3), 28.96 (CH3), 101.61 (C-3), 122.15, 124.02, 127.18, 130.10 (Ar-CH), 115.10, 133.16, 134.93, 140.06, 144.27 (Ar-C), 149.69 (CH = N), 160.60 (C-4) 164.47 (C=O) ppm; MS (m/z): 391 (M+ + H2O, 5),154 (100), 92 (13). Anal. Calcd. For C18H17N3O4S (371.41): C, 58.21; H, 4.61; N, 11.31; S, 8.63. Found: C, 58.16; H, 4.74; N, 11.33; S, 8.58.
4.1.2.2 (E)-N'-((4-hydroxy-6-methoxy-2-oxo-1,2-dihydroquinolin-3-yl) methylene)-4-methyl benzenesulfonohydrazide (3b)
Yellow crystals, yield (90%), mp. 272–273 °C; IR (KBr): ν = 3275 (NH), 3004 (Ar-CH), 2948, 2881 (ali-CH), 1662 (C=O), 1602 (C=N), 1566, 1492 (Ar-C=C), 1416, 1240 (SO2) cm−1; 1H NMR (400 MHz, DMSO-d6): δH = 2.37 (s, 3H, CH3), 3.79 (s, 3H, OCH3), 7.20–7.26 (m, 3H, Ar-H), 7.45–7.47 (d, 2H, J = 8, Ar-H), 7.73–7.75 (d, 2H, J = 8, Ar-H), 8.30 (s, 1H, CH = N), 11.37 (s, 1H, quinolone-NH) 11.68 (br, s, 1H, hydrazono-NH), 12.91 (br, s, 1H, OH) ppm; 13C NMR (100 MHz, DMSO-d6): δC = 21.07 (CH3), 55.48 (OCH3), 102.13 (C-3), 104.23, 114.71, 117.25, 122.51, 127.16, 130.13 (Ar-CH), 133.90, 134.94, 144.42 (Ar-C), 149.49 (CH = N), 154.29 (C-OMe), 160.88 (C-4) 165.88 (C=O) ppm; MS (m/z): 391 (M+, 5), 220 (5), 190 (14), 154 (100), 92 (13). Anal. Calcd. For C18H17N3O5S (387.41): C, 55.80; H, 4.42; N, 10.85; S, 8.28. Found: C, 55.77; H, 4.37; N, 10.87; S, 8.25.
4.1.2.3 (E)-N'-((4-hydroxy-6-methyl-2-oxo-1,2-dihydroquinolin-3-yl)methylene)-4-methylbenzenesulfonohydrazide (3c)
Yellow crystals, yield (92%), mp. 280–282 °C; IR (KBr): ν = 3196 (NH), 3104 (Ar-CH), 2915 (ali-CH), 1670 (C=O), 1610 (C=N), 1591, 1463 (Ar-C=C), 1404, 1159 (SO2) cm−1; 1H NMR (400 MHz, DMSO-d6): δH = 2.33 (s, 3H, CH3), 2.38 (s, 3H, CH3), 7.14–7.25 (m, 2H, Ar-H), 7.46–7.48 (d, 2H, J = 8, Ar-H), 7.55–7.59 (m, 1H, Ar-H), 7.74–7.76 (d, 2H, J = 8, Ar-H), 8.31 (s, 1H, CH = N), 11.47 (s, 1H, quinolone-NH) 11.66 (br, s, 1H, hydrazono-NH), 12.88 (br, s, 1H, OH) ppm; 13C NMR (100 MHz, DMSO-d6): δC = 20.55 (CH3), 21.08 (CH3), 98.26 (C-3), 114.90, 122.18, 125.54, 127.67, 129.30 (Ar-CH), 130.11, 132.05, 136.13, 137.22, 143.21 (Ar-C), 162.32 (CH = N) 163.49 (C-4), 167.98 (C=O) ppm; MS (m/z): 371 (M+, 20), 201 (4), 174 (10), 154 (100), 92 (17). Anal. Calcd. For C18H17N3O4S (371.41): C, 58.21; H, 4.61; N, 11.31; S, 8.63. Found: C, 58.13; H, 4.57; N, 11.33; S, 8.59.
4.1.2.4 (E)-N'-((4-hydroxy-2-oxo-1,2-dihydroquinolin-3-yl)methylene)-4-methyl benzenesulfonohydrazide (3d)
Yellow crystals, yield (85%), mp. 255–257 °C; IR (KBr): ν = 3201 (NH), 3011 (Ar-CH), 2952, 2833 (ali-CH), 1656 (C=O), 1613 (C=N), 1591, 1493 (Ar-C=C), 1404, 1159 (SO2) cm−1; 1H NMR (400 MHz, DMSO-d6): δH = 2.38 (s, 3H, CH3), 7.18–7.22 (t, 1H, J = 16 Hz, Ar-H), 7.25–7.27 (d, 1H, J = 8 Hz, Ar-H), 7.46–7.48 (d, 2H, J = 8 Hz, Ar-H), 7.55–7.58 (t, 1H, J = 12 Hz, Ar-H), 7.75–7.77 (d, 2H, J = 8 Hz, Ar-H), 7.86–7.88 (d, 1H, J = 8 Hz, Ar-H), 8.33 (s, 1H, CH = N), 11.48 (s, 1H, quinolone-NH) 11.80 (br, s, 1H, hydrazono-NH), 12.91 (br, s, 1H, OH) ppm; 13C NMR (100 MHz, DMSO-d6): δC = 21.65 (CH3), 98.29 (C-3), 114.90, 115.68, 122.01, 123.75, 127.24, 130.12 (Ar-CH), 102.01, 132.93, 139.46, 144.29 (Ar-C), 149.69 (CH = N) 161.38 (C-4), 166.64 (C=O) ppm; MS (m/z): 357 (M+, 6), 188 (4), 154 (100), 92 (16). Anal. Calcd. For C17H15N3O4S (357.38): C, 57.13; H, 4.23; N, 11.76; S, 8.97. Found: C, 55.08; H, 4.30; N, 11.78; S, 8.91.
4.1.2.5 (E)-N'-((1-Ethyl-4-hydroxy-2-oxo-1,2-dihydroquinolin-3-yl)methylene)-4-methyl benzenesulfonohydrazide (3e)
Yellow crystals, yield (82%), mp. 265–267 °C; IR (KBr): ν = 3222 (NH), 3066 (Ar-CH), 2977, 2872 (ali-CH), 1673 (C=O), 1607 (C=N), 1566, 1499 (Ar-C=C), 1335, 1165 (SO2) cm−1; 1H NMR (400 MHz, DMSO-d6): δH = 1.13–1.16 (t, 3H, J = 12, CH3), 2.36 (s, 3H, CH3), 4.16–4.19 (q, 2H, J = 12 Hz, CH2), 7.25–7.29 (t, 1H, J = 12 Hz, Ar-H), 7.45–7.47 (d, 2H, J = 8 Hz, Ar-H), 7.49–7.52 (d, 1H, J = 12, Ar-H), 7.65–7.69 (t, 3H, J = 16 Hz, Ar-H), 7.75–7.77 (d, 2H, J = 8 Hz, Ar-H), 7.97–7.99 (d, 1H, J = 8 Hz, Ar-H), 8.38 (s, 1H, CH = N), 11.74 (br, s, 1H, hydrazono-NH), 12.91 (br, s, 1H, OH) ppm; 13C NMR (100 MHz, DMSO-d6): δC = 12.71 (CH3), 21.05 (CH3), 36.46 (CH2), 101.54 (C-3), 115.21, 122.04, 124.28, 127.18, 130.10, 133.23 (Ar-CH), 114.81, 134.96, 138.96, 144.25 (Ar-C), 149.42 (CH = N), 160.16 (C-4), 164.15 (C=O) ppm. MS (m/z): 385 (M+, 9), 154 (100), 92 (18). Anal. Calcd. For C19H19N3O4S (385.44): C, 59.21; H, 4.97; N, 10.90; S, 8.32. Found: C, 59.17; H, 4.89; N, 10.87; S, 8.27.
4.1.2.6 (E)-N'-((6-chloro-4-hydroxy-2-oxo-1,2-dihydroquinolin-3-yl)methylene)-4-methyl benzenesulfonohydrazide (3f)
Yellow crystals, yield (79%), mp. 270–272 °C; IR (KBr): ν = 3230 (NH), 3047 (Ar-CH), 2900, 2823 (ali-CH), 1665 (C=O), 1595 (C=N), 1589, 1459 (Ar-C=C), 1410, 1187 (SO2) cm−1; 1H NMR (400 MHz, DMSO-d6): δH = 2.39 (s, 3H, CH3), 7.24–7.26 (d, 1H, J = 8 Hz, Ar-H), 7.46–7.48 (d, 2H, J = 8 Hz, Ar-H), 7.59–7.62 (dd, 1H, J = 12 Hz, Ar-H), 7.73–7.75 (d, 2H, J = 8 Hz, Ar-H), 7.81–7.83 (d, 1H, J = 8 Hz, Ar-H), 8.28 (s, 1H, CH = N), 11.56 (s, 1H, quinolone-NH) 11.68 (br, s, 1H, hydrazono-NH), 12.86 (br, s, 1H, OH) ppm; 13C NMR (100 MHz, DMSO-d6): δC = 21.09 (CH3), 102.56 (C-3), 116.15, 122.77, 126.06, 127.28, 130.15 (Ar-CH), 117.76, 132.77, 134.69, 138.24, 144.41 (Ar-C), 150.14 (CH = N) 161.28 (C-4), 166.36 (C=O) ppm; MS (m/z): 371 (M+, 100), 201 (21), 188 (30), 154 (100), 91 (4). Anal. Calcd. For C17H14ClN3O4S (391.83): C, 52.11; H, 3.60; Cl, 9.05; N, 10.72; S, 8.18. Found: C, 52.07; H, 3.52; Cl, 9.00; N, 10.65; S, 8.20.
4.1.2.7 (E)-N'-((4-hydroxy-7-methyl-2-oxo-1,2-dihydroquinolin-3-yl)methylene)-4-methyl benzenesulfonohydrazide (3g)
Yellow crystals, yield (91%), mp. 224–225 °C; IR (KBr): ν = 3642/3519 (OH), 3182 (NH), 3029 (Ar-CH), 2977, 2864 (ali-CH), 1642 (C=O), 1597 (C=N), 1497, 1484 (Ar-C=C), 1382, 1163 (SO2) cm−1; 1H NMR (400 MHz, DMSO-d6): δH = 2.34 (s, 3H, CH3), 3.17 (s, 3H, CH3), 6.90–6.92 (d, 1H, J = 8, Ar-H), 7.07–7.09 (d, 1H, J = 8 Hz, Ar-H), 7.35–7.38 (t, 1H, J = 12 Hz, Ar-H), 7.45–7.47 (d, 2H, J = 8 Hz, Ar-H), 7.73–7.75 (d, 2H, J = 8 Hz, Ar-H), 8.30 (s, 1H, CH = N), 11.38 (br, s, 1H, quinolone-NH), 11.50 (br, s, 1H, hydrazono-NH), 13.14 (br, s, 1H, OH) ppm; 13C NMR (100 MHz, DMSO-d6): δC = 21.52 (CH3), 23.42 (CH3), 102.15 (C-3), 114.01, 115.35, 125.18, 127.24, 127.34, (Ar-CH), 114.19, 130.11, 132.38, 138.34, 151.47 (Ar-C), 159.63 (CH = N), 161.57 (C-4), 166.77 (C=O) ppm; Anal. Calcd. For C18H17N3O4S (371.41): C, 58.21; H, 4.61; N, 11.31; S, 8.63. Found: C, 58.13; H, 4.57; N, 11.33; S, 8.59.
4.1.2.8 (E)-N'-((4-hydroxy-8-methyl-2-oxo-1,2-dihydroquinolin-3-yl)methylene)-4-methyl benzenesulfonohydrazide (3h)
Yellow crystals, yield (90%), mp. 234–236 °C; 1H NMR (400 MHz, DMSO-d6): δH = 1.90 (s, 3H, CH3), 2.37 (s, 3H, CH3), 7.09–7.13 (t, 1H, J = 16 Hz, Ar-H), 7.41–7.43 (d, 1H, J = 8 Hz, Ar-H), 7.45–7.47 (d, 2H, J = 8 Hz, Ar-H), 7.74–7.76 (d, 3H, J = 8 Hz, Ar-H), 8.32 (s, 1H, CH = N), 11.69 (br, s, 1H, quinolone-NH), 11.95 (br, s, 1H, hydrazono-NH), 12.88 (br, s, 1H, OH) ppm; 13C NMR (100 MHz, DMSO-d6): δC = 17.40 (CH3), 21.10 (CH3), 101.72 (C-3), 121.55, 121.77, 124.07, 127.19, 130.14 (Ar-CH), 134.05, 134.90, 137.96, 144.29, 149.61 (Ar-C), 161.64 (CH = N), 166.22 (C-4), 172.09 (C=O) ppm; Anal. Calcd. For C18H17N3O4S (371.41): C, 58.21; H, 4.61; N, 11.31; S, 8.63. Found: C, 58.23; H, 4.55; N, 11.28; S, 8.60.
4.1.2.9 (E)-3-((2-(2,4-Dinitrophenyl)hydrazono)methyl)-4-hydroxyquinolin-2(1H)-one (5a)
Orange crystals, yield (86%), mp. = 327–329 °C; 1H NMR (400 MHz, DMSO-d6): δH = 7.18–7.20 (d, J = 8.0 Hz, 2H, quinolinone-H), 7.22–7.77 (m, 3H, quinolinone-H, Ar-H), 7.89–7.91 (d, 2H, J = 8.0 Hz, dinitrobenzene-H), 8.35 (s, 1H, CH = N), 11.18 (br, s, 1H, quinolone-NH), 11.33 (br, s, 1H, hydrazono-NH), 12.77 (br, s, 1H, OH) ppm; 13C NMR (100 MHz, DMSO-d6): δC = 101.10 (C-3), 115.10, 121.16, 124.03, 126.19, 130.11, 132.16, 134.06 (Ar-CH), 140.06, 144.28 (Ar-C), 149.69 (CH = N) 161.10 (C-4), 166.43 (C=O) ppm. Anal. Calcd. For C16H11N5O6 (369.29): C, 52.04; H, 3.00; N, 18.96. Found: C, 51.97; H, 3.05; N, 18.00.
4.1.2.10 (E)-3-((2-(2,4-Dinitrophenyl)hydrazono)methyl)-4-hydroxy-6-methyl quinolin-2(1H)-one (5b)
Orange crystals, yield (89%), mp. 338–340 °C; 1H NMR (400 MHz, DMSO-d6): δH = 2.54 (s, 3H, CH3), 7.18–7.41 (m, 4H, quinolinone-H, Ar-H), 7.42–7.43 (d, 2H, quinolinone-H, Ar-H), 8.74 (s, 1H, CH = N), 11.19 (br, s, 1H, quinolone-NH), 11.62 (br, s, 1H, hydrazono-NH), 12.69 (br, s, 1H, OH) ppm; Anal. Calcd. For C17H13N5O6 (383.32): C, 53.27; H, 3.42; N, 18.27. Found: C, 53.19; H, 3.45; N, 18.18.
4.1.2.11 (E)-3-((2-(2,4-Dinitrophenyl)hydrazono)methyl)-4-hydroxy-6-methoxy quinolin-2(1H)-one (5c)
Orange red crystals, yield (90%), mp. 313–315 °C; 1H NMR (400 MHz, DMSO-d6): δH = 3.84 (s, 3H, OCH3), 7.20–7.43 (m, 6H, quinolinone-H, Ar-H), 8.43 (s, 1H, CH = N), 11.20 (br, s, 1H, quinolone-NH), 11.60 (br, s, 1H, hydrazono-NH), 12.93 (br, s, 1H, OH) ppm; Anal. Calcd. For C17H13N5O6 (399.31): C, 51.13; H, 3.28; N, 17.54. Found: C, 51.05; H, 3.30; N, 17.49.
4.1.2.12 (E)-3-((2-(2,4-Dinitrophenyl)hydrazono)methyl)-4-hydroxy-8-methyl quinolin-2(1H)-one (5d)
Orange red crystals, yield (87%), mp. 338–340 °C; 1H NMR (400 MHz, DMSO-d6): δH = 1.91 (s, 3H, CH3), 7.19–7.49 (m, 2H, Ar-H), 7.62–7.71 (m, 2H, Ar-H), 7.87–7.95 (m, 1H, Ar-H), 8.28–8.48 (m, 1H, Ar-H), 8.83–8.90 (d, 1H, Ar-H), 9.19 (s, 1H, CH = N), 10.84 (br, s, 1H, quinolone-NH), 11.95 (br, s, 1H, hydrazono-NH), 12.99 (br, s, 1H, OH) ppm; Anal. Calcd. For C17H13N5O6 (383.32): C, 53.27; H, 3.42; N, 18.27. Found: C, 53.17; H, 3.45; N, 18.19.
4.1.2.13 (E)-3-((2-(2,4-Dinitrophenyl)hydrazono)methyl)-4-hydroxy-1-methyl quinolin-2(1H)-one (5e)
Orange crystals, yield (77%), mp. 295–297 °C; 1H NMR (400 MHz, DMSO-d6): δH = 3.62 (s, 3H, NCH3), 7.36–7.74 (m, 3H, Ar-H), 8.07–8.11 (m, 2H, Ar-H), 8.44–8.46 (d, 1H, J = 8.4 Hz, Ar-H), 8.86–8.92 (d, 1H, Ar-H), 9.20 (s, 1H, CH = N), 11.88 (br, s, 1H, hydrazono-NH), 12.67 (br, s, 1H, OH) ppm; 13C NMR (100 MHz, DMSO-d6): δC = 28.83 (NCH3), 114.79, 115.21, 115. 31, 121.92, 123.69, 129.82 (Ar-CH), 129.91, 132.92, 137.24 (Ar-C), 149.98 (CH = N), 161.09 (C-4), 164.31 (C=O) ppm; Anal. Calcd. For C17H13N5O6 (383.32): C, 53.27; H, 3.42; N, 18.27. Found: C, 53.29; H, 3.38; N, 18.31.
4.1.2.14 (E)-3-((2-(2,4-Dinitrophenyl)hydrazono)methyl)-4-hydroxy-7-methyl quinolin-2(1H)-one (5f)
Orange red crystals, yield (88%), mp. 332–334 °C; 1H NMR (400 MHz, DMSO-d6): δH = 3.00 (s, 3H, CH3), 7.01–7.39 (m, 6H, quinolinone-H, Ar-H), 8.42 (s, 1H, CH = N), 11.17 (br, s, 1H, quinolone-NH), 11.41 (br, s, 1H, hydrazono-NH), 12.76 (br, s, 1H, OH) ppm; Anal. Calcd. For C17H13N5O6 (383.32): C, 53.27; H, 3.42; N, 18.27. Found: C, 53.29; H, 3.38; N, 18.30.
4.1.2.15 (E)-6-Chloro-3-((2-(2,4-dinitrophenyl)hydrazono)methyl)-4-hydroxy quinolin-2(1H)-one (5g)
Orange red crystals, yield (76%), mp. 328–330 °C; 1H NMR (400 MHz, DMSO-d6): δH = 7.23–7.43 (m, 6H, quinolinone-H, Ar-H), 8.73 (s, 1H, CH = N), 11.22 (br, s, 1H, quinolone-NH), 11.77 (br, s, 1H, hydrazono-NH), 12.97 (br, s, 1H, OH) ppm; Anal. calcd. for C16H10ClN5O6 (403.73): C, 47.60; H, 2.50; Cl, 8.78; N, 17.35. Found: C, 47.62; H, 2.48; Cl, 8.71; N, 17.38.
4.1.3 Crystal X-ray structure determination of 3g
Single crystals of 3g were obtained by recrystallization from CH3CH2OH. The single-crystal X-ray diffraction study was carried out on a Bruker D8 Venture diffractometer with a Photon II detector at 173 (2) K (λ = 1.54178 Å). Dual space methods (SHELXT) (Sheldrick, 2015) were used for structure solution, and refinement was carried out using SHELXL-2014 (full-matrix least-squares on F2). Hydrogen atoms were refined using a riding model (H(N, O) free). A semi-empirical absorption correction was applied. The methyl group is disordered (5-methyl vs 7-methyl, approximately 73:27; see cif-file for details).
Compound 3g: C18H17N3O4S·H2O, Mr = 389.42 g mol−1, yellow crystals, size 0.20 × 0.12 × 0.08 mm, Monoclinic, P21/n (no.14), a = 7.8378 (5) Å, b = 9.1161 (6) Å, c = 26.7859 (17) Å, β = 97.797 (2)°, V = 1896.2 (2) Å3, λ = 1.54178 Å, Z = 4, Dcalcd = 1.364 Mg m−3, F (000) = 816, µ = 1.82 mm−1, T = 173 K, 21,753 collected reflection (2θmax = 144.0°), of which 3729 were reflection unique (Rint = 0.030), 261 parameters, 216 restraints, R1 [for 3401 I > 2σ(I)] = 0.043, wR2 (for all data) = 0.125, S = 1.03, largest diff. peak and hole = 0.30 e Å−3/-0.33 e Å−3. CCDC 2451182 (3g) contains the supplementary crystallographic data for this paper. These data can be obtained free from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
4.2 Biology
4.2.1 Cell viability assay
The MTT assay was used to assess the viability of 3a-h and 5a-g cells after 4 days of incubation with MCF-10A (a normal human mammary gland cell line) (El-Sherief et al., 2019; Ramadan et al., 2020). For more experimental details, refer to Supplementary Appendix A.
4.2.2 Antiproliferative assay
Compounds 3a-h and 5a-g were tested for their antiproliferative activities on four human cancer cell lines: colon (HT-29), pancreatic (Panc-1), lung (A-549), and breast (MCF-7) using the MTT assay (Al-Wahaibi et al., 2022; Mahmoud et al., 2023). Erlotinib was applied as a reference. See Supplementary Appendix A for more experimental details.
4.2.3 EGFR inhibitory assay
The most efficient antiproliferative derivatives, 3c, 3d, 3f, 5a, and 5b, were evaluated for their ability to inhibit EGFR using the EGFR-TK test, with Erlotinib as the reference drug (Abou-Zied et al., 2023). Refer to Supplementary Appendix A for more details.
4.2.4 HER-2 inhibitory assay
Compounds 3c, 3d, 3f, 5a, and 5b were evaluated for their capacity to inhibit HER-2 by a kinase assay (Al-Wahaibi et al., 2025). Lapatinib functioned as the reference drug. See Supplementary Appendix A for more experimental details.
4.2.5 Caspases-3, -8, and -9 activation assay
The MCF-7 human breast cancer cell line was acquired from ATCC. RPMI 1640 with 10% FBS was used to assist the cells grow at 37 °C, and then the cells were treated with the compounds being studied to check the activity of caspase-3, -8, and -9 (Hisham et al., 2019). Refer to Supplementary Appendix A.
4.2.6 Evaluation of Bax and Bcl-2 levels
RNA isolation was performed using the RNeasy extraction kit with up to 1 × 10^7 cells. They were disturbed and homogenized in Buffer RLT (Mitupatum et al., 2016). See Supplementary Appendix A for more details.
4.2.7 Cytochrome C assay
Cells were obtained from the American Type Culture Collection and grown at 37 °C in RPMI 1640 supplemented with 10% fetal bovine serum before being stimulated with 3d and 5a to test cytochrome C (Abdelbaset et al., 2019). Refer to Supplementary Appendix A for more details on the experimental process.
4.2.8 Flow cytometry and cell cycle analysis
Apoptosis was detected using flow cytometry with an annexin-V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) staining kit (BD Pharmingen, San Diego, United States) (Mohamed et al., 2024). See Supplementary Appendix A for more details.
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QS-21, a potent immunostimulatory saponin obtained from Quillaja saponaria Molina, a soapbark tree native to Chile, has undergone extensive study for its broad application as a vaccine adjuvant against various infectious diseases and cancers. The structure of QS-21, which features a linear oligosaccharide moiety, provides a critical attachment site for both the labile acyl side chain and the distinctive sugar unit that defines each major saponin variant. In this study, we present an efficient synthetic approach to the truncated linear trisaccharide fragment of QS-21, circumventing the challenges associated with the synthesis of the rare sugar D-fucose. The synthesis of this linear trisaccharide enables streamlined access to a homogeneous QS-21.

Keywords: QS-21, linear trisaccharide, glycosylation, carbohydrate chemistry, vaccine adjuvant
1 INTRODUCTION
Adjuvants play a crucial role in enhancing vaccine effectiveness by stimulating the immune system to produce a robust response (Reed et al., 2013). Among vaccine adjuvants, QS-21 stands out for its potent immunostimulatory properties. It is a natural saponin derived from the bark of the Chilean soapbark tree, Quillaja saponaria (QS) Molina, which contains over 100 structurally related QS saponins due to its diverse composition (Reed et al., 2023). QS-21 is identified as the 21st fraction of 22 obtained from the reverse-phase high-performance liquid chromatography (HPLC) of the semi-purified QS extract with potent adjuvant activity, hence its name (Kensil et al., 1991; Martin et al., 2024). Currently, QS-21 has been the most extensively studied saponin adjuvant for over 28 years (Ragupathi et al., 2011). It has been shown to stimulate both cellular (Th1) and humoral (Th2) immune responses, making it highly effective in enhancing immunogenicity (Fernández-Tejada et al., 2014; Pink and Kieny, 2004). In 2017, QS-21 was first licensed for human use as a vaccine adjuvant, specifically for the herpes zoster vaccine Shingrix® (Lacaille-Dubois, 2019). Extensive clinical studies have demonstrated its strong immunostimulatory effects, significantly improving vaccine efficacy against a range of infectious diseases and cancers (Garçon and Van Mechelen, 2011; Gin and Slovin, 2011).
The structure of QS-21, as illustrated in Figure 1, consists of a quillaic acid triterpene attached to branched trisaccharide and linear oligosaccharide moieties. QS-21 is a mixture of two isomers, apiose- (65%) and xylose-containing (35%) oligosaccharides, attached to the D-xylose ring of the linear trisaccharide group. These two isomers were found to have similar adjuvanticity and toxicity (Ragupathi et al., 2010). A labile acyl side chain containing an arabinofuranose ring is connected to the D-fucose ring of the linear oligosaccharide. Despite its immunostimulatory properties, the instability of the acyl side chain and the challenges associated with its low-yielding purification limit the broader application of QS-21. Moreover, the loss of the lipophilic side chain due to the hydrolysis of the ester linkage results in the loss of its adjuvanticity (Marciani et al., 2001).
[image: Chemical structure of QS-21, showing various components: a green section for acyl side chain, a pink linear saccharide, a black linear oligosaccharide, a blue branched trisaccharide, and a red quillaic acid triterpene. The diagram includes labels indicating specific sugars like D-Fuc, D-Xyl, and L-Rha.]FIGURE 1 | Structure of QS-21 and its saponin conjugate 1.Numerous efforts have been undertaken to synthesize analogs of QS-21 with comparable or enhanced potency to mitigate these challenges. Wang et al. (2005) achieved the pioneering total synthesis of QS-21 and its definitive structural characterization. Additionally, they conducted an efficient semi-synthesis of various QS-21 variants to develop immunoadjuvants with improved chemical stability (Chea et al., 2012; Fernández-Tejada et al., 2016). Liang et al. (2020) patented the synthesis of saponin conjugates, including the truncated QS-21 moiety 1 (Figure 1), which enhances efficacy in both humoral and cell-mediated immunity. The structure of 1 comprises a truncated linear trisaccharide featuring a β-D-Xylp-(1→4)-α-L-Rhap-(1→2)-β-D-Fucp moiety linked to the quillaic acid triterpene.
In this study, we present an efficient and streamlined synthesis of the linear trisaccharide moiety derived from saponin conjugate 1, offering an alternative approach to the synthesis of these QS-21 oligosaccharide units. Two complementary strategies, pre- and post-glycosylation deoxygenation, were explored to address key synthetic challenges. These included the efficient incorporation of the rare sugar D-fucose and the stereoselective construction of oligosaccharides featuring 1,2-trans-glycosidic bonds, both of which are pivotal for constructing the biologically relevant glycan structure.
2 MATERIALS AND METHODS
2.1 General procedures
All moisture-sensitive reactions were carried out under an N2 atmosphere in flame-dried glassware. Solvents such as dichloromethane (CH2Cl2), acetonitrile (CH3CN), and tetrahydrofuran (THF) were distilled using a purification system with activated Al2O3. All commercially obtained reagents were used without additional purification, unless specified otherwise. All distilled water used was purified using a Milli-Q system. Prior to all glycosylations, the starting materials were thoroughly dried under high vacuum in a desiccator. Thin-layer chromatography (TLC) analysis was conducted on Silica Gel 60G F254 glass plates (0.25 mm, E. Merck from Germany). TLC analysis was performed with visualization under ultraviolet light (UV-254 nm), and staining was carried out by spraying with a solution of Hanessian’s reagent containing Ce(NH4)2(NO3)6, (NH4)6Mo7O24, and H2SO4 in water, followed by heating on a hot plate. Flash column chromatography was conducted on Silica Gel 60 (230–400 mesh, E. Merck).
Specific rotations were measured at ambient temperature using a HORIBA SEPA-300 High-Sensitive Polarimeter from Kyoto, Japan at 589 nm (sodium D line) and reported in 10−1⋅deg⋅cm2⋅g–1, with sample concentrations given in g⋅dL–1. IR spectra were recorded on KBr plates using a PerkinElmer Spectrum 100 FT-IR Spectrometer from Waltham, Massachusetts, USA. 1D and 2D NMR spectra were acquired using a Bruker Avance III 600 MHz spectrometer from Billerica, Massachusetts, USA at ambient temperature. Data were recorded as follows: chemical shift in ppm from the solvent resonance used as the internal standard (CDCl3 at 7.26 ppm), multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet), coupling constant in Hz, and integration. 13C NMR spectra were obtained using a 150 MHz spectrometer, and chemical shifts were recorded in ppm relative to the solvent resonance used as the internal standard (CDCl3 at 77.0 ppm). Mass spectra were acquired using an ESI Finnigan LCQ Mass Spectrometer (Thermo Finnigan from Waltham, Massachusetts, USA), performed at the Genomics Research Center.
2.2 Synthetic procedures and characterization data
2.2.1 Benzyl 2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside (9)
To a stirred suspension of 14 (2.0 g, 5.12 mmol) in BnOH (1.1 mL), BF3•Et2O (2.6 mL, 20.5 mmol) was added at 0 °C under an N2 atmosphere. Upon completion of the reaction after 16 h, the mixture was diluted with CH2Cl2, washed with H2O and brine, dried over MgSO4, and then concentrated in vacuo. The residue was purified by column chromatography (silica gel; ethyl acetate/hexane = 1/4) to afford 9 (2.24 g, 75%). The IR spectrum (thin film) showed absorption bands at ν 2,924, 1,749, 1,369, and 1,221 cm–1. The 1H NMR spectrum (600 MHz, CDCl3) exhibited signals at δ 7.35–7.22 (m, 5H, Ar-H), 5.36 (dd, J = 3.5, 1.2 Hz, 1H, H-4), 5.26 (dd, J = 10.5, 7.9 Hz, 1H, H-2), 4.96 (dd, J = 10.5, 3.5 Hz, 1H, H-3), 4.89 (d, J = 12.4 Hz, 1H, Ar-CH2), 4.61 (d, J = 12.3 Hz, 1H, Ar-CH2), 4.49 (d, J = 8.0 Hz, 1H, H-1), 4.22–4.09 (m, 2H, H-6), 3.86 (td, J = 6.7, 1.2 Hz, 1H, H-5), 2.14 (s, 3H, CH3), 2.04 (s, 3H, CH3), 1.99 (s, 3H, CH3), and 1.95 (s, 3H CH3). The 13C NMR spectrum (150 MHz, CDCl3) displayed resonances at δ 170.4 (C), 170.3 (C), 170.1 (C), 169.4 (C), 136.7 (C), 128.4 (CH), 127.9 (CH),127.7 (CH), 99.8 (CH), 70.9 (CH), 70.8 (CH2), 70.7 (CH), 68.8 (CH), 67.0 (CH), 61.2 (CH2), 20.8 (CH3), 20.7 (CH3), 20.7 (CH3), and 20.6 (CH3). High-resolution mass spectrometry (HRMS) (ESI) analysis showed a peak at m/z 456.1869, which is consistent with the calculated value of m/z 456.1864 for C21H26O10NH4 ([M + NH4]+).
2.2.2 Benzyl 3,4-O-isopropylidene-β-D-galactopyranoside (8)
Compound 9 (493.3 mg, 1.83 mmol) and MeOH (6 mL) were added to the flask, and the mixture was stirred at 0 °C for 30 min. NaOMe (19.4 mg, 0.36 mmol) was slowly added to the reaction mixture in 10 mg portions at 10 min intervals, and the mixture was then allowed to warm to room temperature (RT) and react overnight. The reaction progress was monitored by TLC (ethyl acetate/hexane = 1/2). The reaction mixture was neutralized with Dowex® 50W × 8 resin to pH 5–6, filtered directly, and concentrated (45 °C, below 25 mbar) to obtain an off-white solid. The solid was vacuum-dried for over 16 h and used directly in the following steps without additional purification.
To a stirred suspension of the crude intermediate in anhydrous CH3CN (6 mL), 2,2-dimethoxypropane (2,2-DMP, 1.35 mL, 3.65 mmol) and 10-camphorsulfonic acid (CSA, 0.13 g, 0.55 mmol) were added at RT under an N2 atmosphere. Upon completion of the reaction after 30 min, the mixture was diluted with CH2Cl2, washed with H2O and brine, dried over MgSO4, and then concentrated under reduced pressure. The residue was purified by column chromatography (silica gel; ethyl acetate/hexane = 3/2) to yield 8 (301 mg, 53%). The specific rotation was [α]29D +6.16 (c 0.6, CHCl3). The IR spectrum (thin film) showed absorption bands at ν 3,400, 2,919, 1,454, and 1,040 cm–1. The 1H NMR spectrum (600 MHz, CDCl3) exhibited signals at δ 7.34 (d, J = 4.4 Hz, 4H, Ar-H), 7.30 (ddt, J = 8.4, 6.9, 3.6 Hz, 1H, Ar-H), 4.90 (d, J = 11.7 Hz, 1H, Ar-CH2), 4.64 (d, J = 11.7 Hz, 1H, Ar-CH2), 4.27 (d, J = 8.2 Hz, 1H, H-1), 4.13 (dd, J = 5.5, 2.1 Hz, 1H, H-5), 4.07 (dd, J = 7.4, 5.5 Hz, 1H, H-3), 3.97 (dd, J = 12.8, 8.2 Hz, 1H, H-6a), 3.82 (qd, J = 5.4, 4.2, 2.2 Hz, 2H, 4-H, H-6b), 3.60 (t, J = 7.8 Hz, 1H), 2.43 (s, 1H, 2-OH), 2.07–2.02 (m, 1H, 6-OH), 1.59 (s, 3H, CH3), and 1.32 (s, 3H, CH3). The 13C NMR spectrum (150 MHz, CDCl3) displayed resonances at δ 136.6 (C), 128.4 (CH), 128.1 (CH), 127.9 (CH), 110.3 (C), 101.1 (CH), 78.6 (CH), 73.7 (CH), 73.5 (CH), 73.3 (CH), 71.2 (CH2), 62.3 (CH2), 27.9 (CH3), and 26.1 (CH3). HRMS (ESI) analysis showed a peak at m/z 328.1757, which is consistent with the calculated value of m/z 328.1755 for C16H22O6NH4 ([M + NH4]+).
2.2.3 Benzyl 6-O-acetyl-3,4-O-isopropylidene-β-D-galactopyranoside (5)
To a stirred suspension of 8 (76 mg, 0.25 mmol) in anhydrous CH2Cl2 (0.7 mL), Et3N (0.23 g, 1.0 mmol) and Ac2O (24 μL, 0.26 mmol) were added at 0 °C under an N2 atmosphere. Upon completion of the reaction after 2 h, the mixture was diluted with CH2Cl2, washed with H2O and brine, dried over MgSO4, and then concentrated under reduced pressure. The residue was purified by column chromatography (silica gel; ethyl acetate/hexane = 1/2) to yield 5 (66.9 mg, 76%). The specific rotation was [α]28D +12.1 (c 1.0, CHCl3). The IR spectrum (thin film) showed absorption bands at ν 3,454, 2,987, 1,741, 1,242, and 1,076 cm–1. The 1H NMR spectrum (600 MHz, CDCl3) exhibited signals at δ 7.34 (d, J = 4.3 Hz, 4H, Ar-H), 7.30 (q, J = 4.4 Hz, 1H, Ar-H), 4.91 (d, J = 11.5 Hz, 1H, Ar-CH2), 4.60 (d, J = 11.6 Hz, 1H, Ar-CH2), 4.41–4.35 (m, 2H, H-6), 4.21 (d, J = 8.4 Hz, 1H, H-1), 4.13–4.09 (m, 1H, H-4), 4.04 (t, J = 6.5 Hz, 1H, H-3), 3.94 (t, J = 6.0 Hz, 1H, H-5), 3.60 (t, J = 7.9 Hz, 1H, H-2), 2.45 (s, 1H, 2-OH), 2.10 (d, J = 1.5 Hz, 3H, CH3), 1.50 (s, 3H, CH3), and 1.32 (s, 3H, CH3). The 13C NMR spectrum (150 MHz, CDCl3) displayed resonances at δ 170.8 (C), 136.7 (C), 128.5 (CH), 128.3 (CH), 128.1 (CH), 110.6 (C), 101.8 (CH), 78.6 (CH), 73.5 (CH), 73.4 (CH), 71.2 (CH), 70.9 (CH2), 63.5 (CH2), 28.1 (CH3), 26.3 (CH3), and 20.9 (CH3). HRMS (ESI) analysis showed a peak at m/z 370.1861, which is consistent with the calculated value of m/z 370.1860 for C18H24O7NH4 ([M + NH4]+).
2.2.4 Benzyl 6-O-methanesulfonyl-3,4-O-isopropylidene-β-D-galactopyranoside (20)
To a stirred suspension of 8 (60 mg, 0.194 mmol) in anhydrous CH2Cl2 (2.4 mL), Et3N (27.1 μL, 0.194 mmol) and MsCl (15.1 μL, 0.388 mmol) were added at 0 °C under an N2 atmosphere. Upon completion of the reaction after 1 h, the mixture was diluted with CH2Cl2, washed with H2O and brine, dried over MgSO4, and then concentrated under reduced pressure. The residue was purified by column chromatography (silica gel; ethyl acetate/hexane = 1/3) to afford 20 (47.5 mg, 63%). The specific rotation was [α]28D +7.80 (c 0.5, CHCl3). The IR spectrum (thin film) showed absorption bands at ν 3,492, 2,922, 1,712, 1,355, and 1,073 cm–1. The 1H NMR spectrum (600 MHz, CDCl3) exhibited signals at δ 7.34 (s, 3H, Ar-H), 7.38–7.27 (m, 2H, Ar-H), 4.90 (d, J = 11.6 Hz, 1H, Ar-CH2), 4.62 (d, J = 11.6 Hz, 1H, Ar-CH2), 4.51–4.42 (m, 2H, H-6), 4.25 (d, J = 8.3 Hz, 1H, H-1), 4.13 (dd, J = 5.6, 2.3 Hz, 1H, H-4), 4.11–4.04 (m, 2H, 3-H, H-5), 3.60 (td, J = 7.9, 1.9 Hz, 1H, H-2), 3.04 (s, 3H, SO2CH3), 2.40 (d, J = 2.4 Hz, 1H, OH), 1.50 (s, 3H, CH3), and 1.32 (s, 3H, CH3). The 13C NMR spectrum (150 MHz, CDCl3) displayed resonances at δ 136.5 (C), 128.61 (CH), 128.28 (CH), 128.24 (CH), 110.7 (C), 100.83 (CH), 78.6 (CH), 73.4 (CH), 73.0 (CH), 71.2 (CH2), 68.7 (CH2), 37.38 (CH3), 28.00 (CH3), and 26.31 (CH3). HRMS (ESI) analysis showed a peak at m/z 406.1535, which is consistent with the calculated value of m/z 406.1530 for C17H24O8SNH4 ([M + NH4]+).
2.2.5 Benzyl 6-deoxy-6-iodo-3,4-O-isopropylidene-β-D-galactopyranoside (21)
To a solution of 20 (20.2 mg, 0.059 mmol) in DMF (2.0 mL), tetrabutylammonium iodide (TBAI) (19.2 mg, 0.059 mmol) and KI (29.7 mg, 0.179 mmol) were added. The solution was stirred at 120 °C for 26 h, then cooled to RT, diluted with water, and extracted using ethyl acetate. The combined organic layer was washed with saturated aqueous Na2S2O3 and brine and then dried over anhydrous Na2SO4. The organic layer was evaporated, and the residue was purified by silica gel chromatography (silica gel; ethyl acetate/hexane = 1/3) to afford 21 (24.8 mg, 72%). The specific rotation was [α]28D +12.1 (c 0.5, CHCl3). The IR spectrum (thin film) showed absorption bands at ν 3,432, 2,920, and 1,065 cm–1. The 1H NMR spectrum (600 MHz, CDCl3) exhibited signals at δ 7.40–7.32 (m, 4H, Ar-H), 7.34–7.27 (m, 1H, Ar-H), 4.95 (d, J = 11.6 Hz, 1H, Ar-CH2), 4.65 (d, J = 11.7 Hz, 1H, Ar-CH2), 4.27 (dd, J = 5.5, 2.3 Hz, 1H, H-4), 4.22 (d, J = 8.3 Hz, 1H, H-1), 4.05 (dd, J = 7.4, 5.4 Hz, 1H, H-3), 3.88 (ddd, J = 7.3, 6.7, 2.3 Hz, 1H, H-5), 3.59 (ddd, J = 8.3, 7.4, 2.3 Hz, 1H, H-2), 3.43 (dd, J = 7.0, 0.9 Hz, 2H, H-6a, H-6b), 2.34 (d, J = 2.3 Hz, 1H, OH), 1.50 (s, 3H, CH3), and 1.34 (d, J = 0.8 Hz, 3H, CH3). The 13C NMR spectrum (150 MHz, CDCl3) displayed resonances at δ 136.6 (C), 128.6 (CH), 128.5 (CH), 128.2 (CH), 110.29 (C), 100.62 (CH), 78.7 (CH), 74.0 (CH), 73.8 (CH), 73.5 (CH), 70.79 (CH2), 28.1 (CH3), 26.2 (CH3), and 1.86 (CH2). HRMS (ESI) analysis showed a peak at m/z 438.0777, which is consistent with the calculated value of m/z 438.0772 for C16H21IO5NH4 ([M + NH4]+).
2.2.6 Benzyl 3,4-O-isopropylidene-β-D-fucopyranoside (10)
To a solution of 21 (10.1 mg, 0.024 mmol) in THF/MeOH = 10/1 (2 mL), Pd(OH)2/C (20% wt, 10.1 mg) was added. The resulting suspension was stirred under H2(g) at room temperature and atmospheric pressure for 6 h. The reaction mixture was filtered through Celite and concentrated under reduced pressure. The residue was purified by silica gel chromatography (silica gel; ethyl acetate/hexane = 1/3) to afford 10 (6.72 mg, 95%). The specific rotation was [α]29D −28.5 (c 0.1, CHCl3). The IR spectrum (thin film) showed absorption bands at ν 3,445, 2,926, and 1,071 cm–1. The 1H NMR spectrum (600 MHz, CDCl3) displayed signals at δ 7.37–7.31 (m, 4H, Ar-H), 7.29 (ddt, J = 8.8, 6.6, 3.0 Hz, 1H, Ar-H), 4.92 (dd, J = 11.6, 1.6 Hz, 1H, Ar-CH2), 4.57 (dd, J = 11.6, 1.8 Hz, 1H Ar-CH2), 4.21 (dd, J = 8.3, 1.6 Hz, 1H, H-1), 4.03–3.98 (m, 1H, H-3), 4.00–3.96 (m, 1H, H-4), 3.84 (qd, J = 6.6, 3.5 Hz, 1H, H-5), 3.61–3.55 (m, 1H, H-2), 2.35 (s, 1H, OH), 1.52 (s, 3H, CH3), 1.43 (dd, J = 6.6, 1.7 Hz, 3H, H-6), and 1.34 (s, 3H, CH3). The 13C NMR spectrum (150 MHz, CDCl3) exhibited resonances at δ 137.0 (C), 128.5 (CH), 128.3 (CH), 128.0 (CH), 109.9 (C), 100.9 (CH), 78.7(CH), 76.3 (CH), 73.6 (CH), 70.8 (CH2), 69.2 (CH), 28.2 (CH3), 26.3 (CH3), and 16.6 (CH3). HRMS (ESI) analysis showed a peak at m/z 312.1810, which is consistent with the calculated value of m/z 312.1805 for C16H22O5NH4 ([M + NH4]+).
2.2.7 2,3,4-Tri-O-acetyl-α,β-D-xylopyranoside (12)
A 12-L reaction flask and a 1-L addition funnel were dried and allowed to cool to room temperature. D-Xylose (500 g, 3.33 mol), Et3N (2.8 L, 19.9 mol), and DMAP (40.7 g, 0.33 mol) were added to the flask, and the mixture was cooled to 0 °C and stirred for 30 min. Ac2O (1.57 L, 16.6 mol) was placed in an addition funnel and added dropwise over approximately 1 h. The mixture changed from pale yellow and turbid to dark brown while remaining turbid. The reaction was stirred for approximately 3 h. The reaction progress was monitored by TLC (ethyl acetate/hexane = 1/1). The reaction mixture was quenched by pouring into 2 L of ice water, extracted with ethyl acetate, and washed with saturated aqueous NaHCO3 solution. The organic layer was dried over MgSO4, filtered, concentrated (45 °C, below 20 mbar), and used directly in the subsequent steps. Mechanical stirring was set up for a 20-L reaction flask. Compound 12 and THF were added to the flask, and the mixture was cooled to 0 °C and stirred for 30 min. BnNH2 (610.2 g, 5.59 mol) was added dropwise using a 1-L addition funnel. The mixture was allowed to warm to room temperature and react overnight. The reaction progress was monitored by TLC (ethyl acetate/hexane = 1/1). The reaction mixture was quenched with 1 N HCl(aq) and neutralized to a pH of 0–2. The mixture was extracted twice with ethyl acetate/brine, dried over MgSO4, filtered, and concentrated (45 °C, below 30 mbar). The crude product was then subjected to 151G3 flash column chromatography in three batches. The 151G3 flash column (diameter: 18 cm; height: 20 cm; volume: approximately 5 L) was loaded with crude product (approximately 300 g) that had been premixed with silica gel (approximately 300 g) in an ethyl acetate/hexane = 1/2 mixture. The column was packed with 2 L of silica gel, followed by the addition of the crude solution. The column was eluted with an ethyl acetate/hexane = 1/2 mixture (approximately 3 L per 8 fractions). The eluent was concentrated (45 °C, below 15 mbar) and allowed to stand overnight, yielding a precipitate. The solid was washed with hexane, dried under vacuum, and afforded a white solid (561 g) with a yield of 62% (over two steps). The specific rotation was [α]28D +58.4 (c 1.0, CHCl3). The IR spectrum (thin film) showed absorption bands at ν 3,393, 2,947, 1,757, 1,230, and 1,052 cm–1.
2.2.8 p-Methylphenyl 2,3-O-isopropylidene-1-thio-α-L-rhamnopyranoside (7)
A 5-L reaction flask was dried and allowed to cool to room temperature. Compound 13 (300 g, 0.757 mol) and MeOH (3 L) were added to the flask, and the mixture was stirred at 0 °C for 30 min. NaOMe (40.9 g, 0.757 mol) was slowly added to the reaction mixture in 10 g portions at 10 min intervals, and the mixture was allowed to warm to room temperature and react overnight. The reaction progress was monitored by TLC (ethyl acetate/hexane = 2/1). The reaction mixture was neutralized with Dowex® 50W × 8 resin (prewashed twice with MeOH, approximately 330 g) to a pH of 5–6, filtered directly, and concentrated (45 °C, below 25 mbar) to obtain an off-white solid. The solid was dried under vacuum for over 16 h and then used directly in the subsequent steps without further purification.
Crude intermediates, CH3CN, 2,2-DMP (182.4 mL, 1.48 mol), and CSA (51.6 g, 0.222 mol), were added to the dried 5-L reaction flask, and the mixture was stirred at room temperature for 60 min. The reaction progress was monitored by TLC (ethyl acetate/hexane = 2/1 and ethyl acetate/hexane = 1/3). If the reaction was incomplete, the mixture was directly concentrated to dryness and step 2 was repeated with the addition of CH3CN and 2,2-DMP. Upon completion of the reaction, the mixture was quenched with Et3N, concentrated to dryness, and subjected to thin-layer chromatography using ethyl acetate/hexane = 1/2 as the eluent. The concentrated product was then subjected to azeotropic distillation with toluene (45 °C, below 25 mbar). The resulting solid was allowed to precipitate and washed thrice with hexane. The product was dried under vacuum to obtain 7 (169.2 g, 72% over two steps) as a yellow solid. The specific rotation was [α]28D −196.2 (c 1.0, CHCl3). The IR spectrum (thin film) showed absorption bands at ν 3,447, 2,984, and 1,065 cm–1.
2.2.9 p-Methylphenyl 2,3,4-tri-O-acetyl-β-D-xylopyranosyl-(1→4)-2,3-O-isopropylidene-1-thio-α-L-rhamnopyranoside (15)
Compound 12 (50 g, 0.181 mol), CCl3CN (500 mL), and Cs2CO3 (176.9 g, 0.543 mol) were sequentially added to the reaction flask and stirred at RT for approximately 30 min. The reaction progress was monitored by TLC (ethyl acetate/hexane = 1/2). The reaction mixture was filtered through Celite and concentrated to obtain crude product 6. This crude product was then subjected to vacuum drying for 16 h together with compound 7 (56.2 g, 0.181 mol). Then, 5 Å molecular sieve powder was activated by heating and allowed to cool to room temperature. It was then added to the reaction flask along with CH2Cl2, and the mixture was stirred for 1 h. The reaction mixture was cooled to −78 °C, followed by the addition of 6.5 mL of TMSOTf. The mixture was stirred for 2 h. The temperature of the reaction mixture was gradually increased to 0 °C, and an additional 16.4 mL of TMSOTf was added. The mixture was stirred for 3 h. The reaction progress was monitored by TLC (ethyl acetate/hexane = 1/2). The reaction mixture was filtered through Celite, neutralized with Na2CO3(aq), and extracted with CH2Cl2. The organic layer was dried over MgSO4, filtered, and concentrated. The residue was purified by column chromatography (silica gel; ethyl acetate/hexane = 2/3) to yield 15 (42.73 g, 53%). The specific rotation was [α]28D −193.6 (c 1.0, CHCl3). The IR spectrum (thin film) showed absorption peaks at ν 2,984, 1,757, 1,230, and 1,054 cm–1. The 1H NMR spectrum (600 MHz, CDCl3) displayed signals at δ 7.36–7.30 (m, 2H, Ar-H), 7.10 (d, J = 7.9 Hz, 2H, Ar-H), 5.62 (s, 1H, H-1), 5.18 (t, J = 8.5 Hz, 1H, H-2′), 4.99 (d, J = 6.8 Hz, 1H, H-1′), 4.96–4.86 (m, 2H, H-4′, H-3′), 4.27 (d, J = 5.5 Hz, 1H, H-2), 4.13–4.02 (m, 3H, H-3, H-5, H-5a′), 3.57 (dd, J = 10.0, 7.5 Hz, 1H, H-4), 3.33 (dd, J = 11.8, 8.6 Hz, 1H, H-5b′), 2.31 (s, 3H, CH3), 2.08 (s, 3H, CH3), 2.02 (s, 6H, CH3), 1.49 (s, 3H, CH3), 1.33 (s, 3H, CH3), and 1.18 (d, J = 6.2 Hz, 3H, H-6). The 13C NMR spectrum (150 MHz, CDCl3) exhibited resonances at δ 170.1 (C), 169.9 (C), 169.7 (C), 138.0 (C), 132.7 (CH), 129.9 (CH), 129.3 (C), 109.6 (C), 99.4 (CH), 84.05 (CH), 79.0 (CH), 77.9 (CH), 77.0 (CH), 71.4 (CH), 71.0 (CH), 69.1 (CH), 65.56 (CH), 62.0 (CH2), 27.9 (CH3), 26.5 (CH3), 21.2 (CH3), 20.8 (CH3), 20.7 (CH3), 17.3 (CH3), and 14.2 (CH3). HRMS (ESI) analysis showed a peak at m/z 586.2319, which is consistent with the calculated value of m/z 586.2317 for C27H36O11SNH4 ([M + NH4]+).
2.2.10 p-Methylphenyl 2,3,4-tri-O-acetyl-β-D-xylopyranosyl-(1→4)-2,3-di-O-acetyl-1-thio-α-L-rhamnopyranoside (4)
A solution of 15 (4.6 g, 8.1 mmol) in 2% HCl/MeOH (100 mL) was prepared and stirred for 16 h. The resulting mixture was evaporated and then azeotropically distilled with toluene (50 mL) twice under reduced pressure. After drying under high vacuum, the crude syrup was treated with Ac2O (2.2 mL, 23.1 mmol), Et3N (5.2 mL, 38.1 mmol), and DMAP (9 mg, 0.074 mmol) in CH2Cl2 under an N2 atmosphere at RT. Upon completion of the reaction after 2 h, the mixture was diluted with CH2Cl2, washed with H2O and brine, dried over MgSO4, and then concentrated under reduced pressure. The residue was purified by column chromatography (silica gel; ethyl acetate/hexane = 2/3) to yield 4 (3.8 g, 81%). The specific rotation was [α]28D −132.9 (c 1.0, CHCl3). The IR spectrum (thin film) showed absorption bands at ν 2,940, 1,751, 1,223, and 1,054 cm–1. The 1H NMR spectrum (600 MHz, CDCl3) exhibited signals at δ 7.34–7.30 (m, 2H, Ar-H), 7.09 (d, J = 7.9 Hz, 2H, Ar-H), 5.37 (dd, J = 3.4, 1.6 Hz, 1H, H-2), 5.24 (d, J = 1.6 Hz, H-1), 5.20 (dd, J = 9.7, 3.4 Hz, 1H, 1H, H-3), 5.12 (t, J = 9.2 Hz, 1H, H-3′), 4.94 (td, J = 9.3, 5.4 Hz, 1H, H-4′), 4.88 (dd, J = 9.5, 7.6 Hz, 1H, H-2′), 4.64 (d, J = 7.6 Hz, 1H, H-1′), 4.22 (dq, J = 9.5, 6.2 Hz, 1H, H-5), 4.10 (dd, J = 11.7, 5.4 Hz, 1H, H-5′a), 3.70 (t, J = 9.6 Hz, 1H, H-4), 3.32 (dd, J = 11.8, 9.6 Hz, 1H, H-5′b), 2.29 (s, 3H, CH3), 2.08 (d, J = 13.0 Hz, 6H, CH3), 2.03–1.98 (m, 9H, CH3), and 1.29 (d, J = 6.2 Hz, 3H, CH3). The 13C NMR spectrum (150 MHz, CDCl3) displayed resonances at δ 170.3 (C), 169.9 (C), 169.9 (C), 169.6 (C), 169.6 (C), 138.2 (C), 132.7 (CH), 129.9 (CH), 129.3 (C), 101.07 (CH), 85.7 (CH), 76.5 (CH), 72.2 (CH), 71.7 (CH), 71.6 (CH), 71.1 (CH), 69.2 (CH), 68.1(CH), 62.5 (CH2), 21.1 (CH3), 21.0 (CH3), 20.9 (CH3), 20.8 (CH3), 20.7 (CH3), 20.5 (CH3), and 17.4 (CH3). HRMS (ESI) analysis showed a peak at m/z 630.2215, which is consistent with the calculated value of m/z 630.2215 for C28H36O13SNH4 ([M + NH4]+).
2.2.11 Benzyl 2,3,4-tri-O-acetyl-β-D-xylopyranosyl-(1→4)-2,3-di-O-acetyl-α-L-rhamnopyranosyl-(1→2)-6-O-acetyl-3,4-O-isopropylidene-β-D-galactopyranoside (16)
To a stirred suspension of 4 (53.0 mg, 0.086 mmol), 5 (25.4 mg, 0.072 mmol), and activated 5 Å molecular sieve powder in anhydrous CH2Cl2 (1.6 mL), NIS (19.5 mg, 0.086 mmol) and TfOH (1.5 μL, 0.017 mmol) were added at 0 °C under an N2 atmosphere. Upon completion of the reaction after 30 min, the reaction was quenched by the addition of Et3N, saturated NaHCO3, and 10% Na2S2O3 aqueous solution. After warming and stirring at RT for 1 h, the reaction mixture was filtered, diluted with CH2Cl2, washed with 10% Na2S2O3 aqueous solution, saturated NaHCO3, and brine, dried over MgSO4, and concentrated under reduced pressure. The residue was purified by column chromatography (silica gel; ethyl acetate/hexane = 1/2) to yield 16 (46.1 mg, 76%) as a white solid. The specific rotation was [α]26D −70.2 (c 1.5, CHCl3). The IR spectrum (thin film) showed absorption peaks at ν 2,935, 1,748, 1,223, and 1,051 cm–1. The 1H NMR spectrum (600 MHz, CDCl3) exhibited signals at δ 7.37–7.32 (m, 2H, Ar-H), 7.32–7.27 (m, 3H, Ar-H), 5.23–5.16 (m, 2H, H-2′, H-3′), 5.13–5.05 (m, 2H, H-1′, H-3′), 4.93 (td, J = 9.0, 5.3 Hz, 1H, H-4′), 4.89–4.80 (m, 2H, H-2″, Ar-CH2), 4.64–4.57 (m, 2H, H-1″, Ar-CH2), 4.39–4.26 (m, 3H, H-1, H-6a, H-6b), 4.15–4.10 (m, 1H, H-3), 4.07 (ddd, J = 11.5, 6.0, 3.5 Hz, 3H, H-4, H-5′, H-5a’’), 3.87 (ddd, J = 7.3, 4.7, 2.2 Hz, 1H, H-5), 3.74–3.68 (m, 1H, H-2), 3.58 (t, J = 9.6 Hz, 1H, H-4′), 3.31 (dd, J = 11.9, 9.2 Hz, 1H, H-5b’’), 2.10 (d, J = 7.8 Hz, 6H), 2.05 (s, 3H, CH3), 2.01 (s, 3H, CH3), 1.97 (d, J = 9.4 Hz, 6H, CH3), 1.47 (s, 3H, CH3), 1.27 (s, 3H, CH3), and 1.07 (d, J = 6.1 Hz, 3H, H-6′). The 13C NMR spectrum (150 MHz, CDCl3) displayed resonances at δ 170.79 (C), 170.25 (C), 170.03 (C), 169.88 (C), 169.86 (C), 169.28 (C), 136.45 (C), 128.57 (CH), 128.53 (CH), 128.05 (CH), 110.62 (C), 101.02 (CH), 98.72 (CH), 96.24 (CH), 79.72 (CH), 76.49 (CH), 75.80 (CH), 73.65 (CH), 72.15 (CH), 71.70 (CH), 71.14 (CH), 70.80 (CH), 70.48 (CH2), 70.01 (CH), 69.30 (CH), 66.82 (CH), 63.45 (CH2), 62.41 (CH2), 27.87 (CH3), 26.32 (CH3), 21.03 (CH3), 20.88 (CH3), 20.74 (CH3), 20.69 (CH3), 20.42 (CH3), and 17.20 (CH3). HRMS (ESI) analysis showed a peak at m/z 858.3399, which is consistent with the calculated value of m/z 858.3390 for C39H52O20NH4 ([M + NH4]+).
2.2.12 Benzyl 2,3,4-tri-O-acetyl-β-D-xylopyranosyl-(1→4)-2,3-di-O-acetyl-α-L-rhamnopyranosyl-(1→2)-6-O-methanesulfonyl-3,4-O-isopropylidene-β-D-galactopyranoside (17)
To a stirred suspension of 16 (50.3 mg, 0.059 mmol) in anhydrous CH2Cl2 (5.0 mL), 7%–8% Mg(OMe)2 (0.5 mL) was added at 0 °C under an N2 atmosphere. Upon completion of the reaction after 1 h, the mixture was diluted with CH2Cl2, washed with H2O and brine, dried over MgSO4, and then concentrated under reduced pressure. The resulting mixture was evaporated and then azeotropically distilled with toluene (50 mL) twice under reduced pressure to generate crude intermediate 3. After drying under high vacuum, the crude syrup containing 3 was treated with Et3N (16.6 μL, 0.119 mmol) and MsCl (9.2 μL, 0.119 mmol) at 0 °C in anhydrous CH2Cl2 (5 mL) under an N2 atmosphere. Upon completion of the reaction after 1 h, the mixture was diluted with CH2Cl2, washed with H2O and brine, dried over MgSO4, and then concentrated under reduced pressure. The residue was purified by column chromatography (silica gel; ethyl acetate/hexane = 2/3) to yield 17 (36.2 mg, 70% over two steps). The specific rotation was [α]28D −38.2 (c 1.0, CHCl3). The IR spectrum (thin film) showed absorption bands at ν 2,935, 1,693, 1,295, and 1,193 cm–1. The 1H NMR spectrum (600 MHz, CDCl3) exhibited signals at δ 7.39–7.33 (m, 2H, Ar-H), 7.30 (td, J = 6.4, 1.7 Hz, 3H, Ar-H), 5.23–5.16 (m, 2H, H-2′, H-3′), 5.14–5.08 (m, 2H, H-1′, H-3″), 4.94 (td, J = 9.1, 5.4 Hz, 1H, H-4″), 4.89–4.82 (m, 2H, 2-H″, ArCH2), 4.64–4.60 (m, 2H, H-1′, ArCH2), 4.49–4.39 (m, 2H, H-6a, H-6b), 4.34 (d, J = 8.1 Hz, 1H, H-1), 4.17 (dd, J = 6.9, 5.6 Hz, 1H, H-3), 4.10–4.03 (m, 3H, H-4, H-5′, H-5a), 4.00 (ddd, J = 7.7, 4.4, 2.2 Hz, 1H, H-5), 3.71 (dd, J = 8.2, 6.9 Hz, 1H, H-2), 3.59 (t, J = 9.6 Hz, 1H, H-4′), 3.31 (dd, J = 11.8, 9.3 Hz, 1H, H-5b’’), 3.04 (s, 3H, SO2CH3), 2.11 (s, 3H, CH3), 2.06 (s, 3H, CH3), 2.02 (s, 3H, CH3), 1.98 (s, 3H, CH3), 1.97 (s, 3H, CH3), 1.47 (s, 3H, CH3), 1.27 (s, 3H, CH3), and 1.09 (d, J = 6.2 Hz, 3H, H-6′). The 13C NMR spectrum (150 MHz, CDCl3) displayed resonances at δ 170.2 (C), 169.9 (C), 169.8 (C), 169.7 (C), 169.3 (C), 136.2 (C), 128.6 (CH), 128.5 (CH), 128.1 (CH), 110.8 (C), 101.0 (CH), 98.9 (CH), 96.3 (CH), 79.8 (CH), 76.4 (CH), 75.7 (CH), 73.1 (CH), 72.1 (CH), 71.6 (CH), 71.1 (CH), 70.8 (CH2), 70.7 (CH), 69.9 (CH), 69.3 (CH), 68.7 (CH2), 66.9 (CH), 62.4 (CH2), 37.4 (CH3), 27.8 (CH3), 26.3 (CH3), 20.9 (CH3),20.7 (CH3), 20.6 (CH3), 20.4 (CH3), and 17.2 (CH3). HRMS (ESI) analysis showed a peak at m/z 894.3065¸ which is consistent with the calculated value of m/z 894.3060 for C38H52O21SNH4 ([M + NH4]+).
2.2.13 Benzyl 2,3,4-tri-O-acetyl-β-D-xylopyranosyl-(1→4)-2,3-di-O-acetyl-α-L-rhamnopyranosyl-(1→2)-6-deoxy-6-iodo-3,4-O-isopropylidene-β-D-galactopyranoside (18)
To a solution of 17 (10.2 mg, 0.012 mmol) in DMF (2 mL), tetrabutylammonium iodide (TBAI) (4.3 mg, 0.012 mmol) and KI (5.8 mg, 0.034 mmol) were added. The solution was stirred at 120 °C for 26 h, then cooled to room temperature, diluted with water, and extracted using ethyl acetate. The combined organic layer was washed with saturated aqueous Na2S2O3 and brine and then dried over anhydrous Na2SO4. The organic layer was concentrated in vacuo, and the residue was purified by silica gel chromatography (silica gel; ethyl acetate/hexane = 2/3) to yield 18 (6.3 mg, 58%). The specific rotation was [α]27D 29.4 (c 0.25, CHCl3). The IR spectrum (thin film) showed absorptions bands at ν 3,401, 2,920, 1,749, 1,221, and 1,052 cm–1. The 1H NMR spectrum (600 MHz, CDCl3) exhibited signals at δ 7.33 (td, J = 13.9, 7.0 Hz, 5H, Ar-H), 5.20 (dd, J = 9.0, 2.6 Hz, 2H, H-2′, H-3), 5.14–5.06 (m, 2H, H-1′, H-3″), 4.97–4.85 (m, 3H, H-2″, H-4″, Ar-CH2), 4.68 (d, J = 11.7 Hz, 1H, Ar-CH2), 4.63 (d, J = 7.5 Hz, 1H, H-1″), 4.28 (d, J = 8.2 Hz, 1H, H-1), 4.21 (dd, J = 5.6, 2.3 Hz, 1H, H-3), 4.15–4.05 (m, 3H, H-4, H-5″, H-5a’’), 3.81 (dt, J = 10.1, 3.9 Hz, 1H, H-5), 3.71 (t, J = 7.5 Hz, 1H, H-2), 3.59 (t, J = 9.4 Hz, 1H, H-4′), 3.41 (td, J = 9.7, 9.2, 6.9 Hz, 2H, H-6a, H-6b), 3.32 (dd, J = 11.8, 9.2 Hz, 1H, H-5b’’), 2.11 (d, J = 1.8 Hz, 3H, CH3), 2.02 (d, J = 1.7 Hz, 3H, CH3), 1.98 (s, 3H, CH3), 1.97 (s, 3H, CH3), 1.47 (s, 3H, CH3), 1.29 (s, 3H, CH3), and 1.10 (d, J = 6.0 Hz, 3H, H-6′). The 13C NMR spectrum (150 MHz, CDCl3) displayed resonances at δ 170.2 (C), 170.0 (C), 169.7 (C), 169.2 (C), 136.4 (C), 128.6 (C), 128.5 (CH), 128.1 (CH), 110.4 (C), 101.0 (CH), 98.6 (CH), 96.1 (CH), 79.8, 75.5(CH), 74.2 (CH), 73.4 (CH), 72.1 (CH), 71.6 (CH), 71.1 (CH), 70.4 (CH2), 70.0 (CH), 69.3 (CH), 66.8 (CH), 62.4 (CH2), 27.8 (CH3), 26.3 (CH2), 21.0 (CH2), 20.7 (CH3), 20.7 (CH3), 20.4 (CH3), and 17.2 (CH3). HRMS (ESI) analysis showed a peak at m/z 926.2298, which is consistent with the calculated value of m/z 926.2302 for C37H49IO18NH4 ([M + NH4]+).
2.2.14 Benzyl 2,3,4-tri-O-acetyl-β-D-xylopyranosyl-(1→4)-2,3-di-O-acetyl-α-L-rhamnopyranosyl-(1→2)-3,4-O-isopropylidene-β-D-fucopyranoside (19)
From 4 and 10: A mixture of acceptor 10 (5.0 mg, 0.017 mmol, 1 equiv), donor 4 (17.7 mg, 1.7 equiv, 0.029 mmol), and freshly activated AW-500 MS (25 mg) in dry CH2Cl2 (1.5 mL) was stirred at room temperature for 1 h under an N2 atmosphere and then cooled to 0 °C. NIS (6.5 mg, 1.7 equiv, 0.029 mmol) and TfOH (0.3 μL, 0.2 equiv, 0.003 mmol) were added to the reaction mixture. After constant stirring at 0 °C for 2 more hours, the mixture was filtered through a pad of Celite, the solids were washed with CH2Cl2, and the filtrate was washed with a mixture of saturated NaHCO3(aq) and 20% Na2S2O3 solution and then with water. The organic layer was dried over anhydrous MgSO4, filtered, and concentrated in vacuo. The residue was purified by flash column chromatography (silica gel; ethyl acetate/hexane = 2/3) to afford trisaccharide 19 (12.7 mg, 95%).
From 18: To a solution of 18 (10.1 mg, 0.011 mmol) in a co-solvent of THF/MeOH (10/1, 2 mL), Pd(OH)2/C (20% wt, 20.2 mg) was added. The resulting suspension was stirred under H2(g) at room temperature and atmospheric pressure for 6 h. The reaction mixture was filtered through Celite and concentrated under reduced pressure. The residue was purified by silica gel chromatography (silica gel; ethyl acetate/hexane = 2/3) to yield 19 (8.2 mg, 95%).
The specific rotation was [α]28D +38.0 (c 0.1, CHCl3). The IR spectrum (thin film) showed absorption bands at ν 2,919, 1,750, 1,222, and 1,073 cm–1. The 1H NMR spectrum (600 MHz, CDCl3) exhibited signals at δ 7.34 (t, J = 7.0 Hz, 2H, Ar-H), 7.31–7.26 (m, 3H, Ar-H), 5.24–5.17 (m, 2H, H-2′, H-3′), 5.13–5.07 (m, 2H, H-1′, H-3″), 4.97–4.90 (m, 1H, H-4″), 4.90–4.83 (m, 2H, H-2″, Ar-CH2), 4.62 (dd, J = 7.4, 2.1 Hz, H-1″), 4.58 (dd, J = 11.7, 2.0 Hz, 1H, Ar-CH2), 4.29 (dd, J = 8.2, 1.8 Hz, 1H, H-1), 4.12–4.04 (m, 3H, H-3, H-5′, H-5a’’), 3.93 (dt, J = 4.6, 2.0 Hz, 1H, H-4), 3.77 (qd, J = 6.6, 3.5 Hz, 1H, H-5), 3.73–3.67 (m, 1H, H-2), 3.57 (td, J = 9.6, 2.1 Hz, 1H, H-4′), 3.31 (ddd, J = 11.5, 9.1, 2.0 Hz, 1H, H-5b’’), 2.11 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.02 (s, 3H, CH3), 1.97 (s, 3H, CH3), 1.96 (s, 3H, CH3), 1.49 (s, 3H, CH3), 1.40 (dd, J = 6.5, 1.8 Hz, 3H, H-6), 1.29 (s, 3H, CH3), and 1.05 (dd, J = 6.5, 2.2 Hz, 3H, H-6′). The 13C NMR spectrum (150 MHz, CDCl3) displayed resonances at δ 170.2 (C), 170.0 (C), 169.8 (C), 169.8 (C), 169.2(C), 136.8 (C), 128.6 (CH), 128.4 (CH), 127.9 (CH), 110.0 (C), 100.9 (CH), 98.8 (CH), 96.2 (CH), 79.9 (CH), 75.8 (CH), 72.1 (CH), 71.8 (CH), 71.1 (CH), 70.3 (CH2), 70.1 (CH), 69.3 (CH), 68.8 (CH), 66.7 (CH), 62.4 (CH2), 28.0 (CH3), 26.4 (CH3), 21.0 (CH3), 20.7 (CH3), 20.7 (CH3), 20.4 (CH3), 17.2 (CH3), and 16.6 (CH3). HRMS (ESI) analysis showed a peak at m/z 800.3337, which is consistent with the calculated value of m/z 800.3335 for C37H50O18NH4 ([M + NH4]+).
2.2.15 2,3,4-tri-O-acetyl-β-D-xylopyranosyl-(1→4)-2,3-di-O-acetyl-α-L-rhamnopyranosyl-(1→2)-3,4-O-isopropylidene-β-D-fucopyranoside (2)
From 18: To a solution of 18 (7.1 mg, 0.008 mmol) in THF/MeOH (1/1, 1 mL), Pd(OH)2/C (20% wt, 35.5 mg) was added. The resulting suspension was stirred under H2(g) at room temperature and atmospheric pressure for 7 h. The reaction mixture was filtered through Celite and concentrated under reduced pressure. The residue was purified by silica gel chromatography (silica gel; ethyl acetate/hexane = 2/3) to yield 2 (4.8 mg, 89%, α:β = 1.1:1.0).
From 19: To a solution of 19 (10.4 mg, 0.012 mmol) in THF/MeOH (1/1, 1 mL), Pd(OH)2/C (20% wt, 52.0 mg) was added. The resulting suspension was stirred under H2(g) at room temperature and atmospheric pressure for 4 h. The reaction mixture was filtered through Celite and concentrated under reduced pressure. The residue was purified by silica gel chromatography (silica gel; ethyl acetate/hexane = 2/3) to afford 2 (7.4 mg, 89%, α:β = 1.5:1.0).
The IR spectrum (thin film) showed absorption bands at ν 2,919, 1,750, 1,222, and 1,073 cm–1. The 1H NMR spectrum (600 MHz, CDCl3) exhibited signals at δ 5.24 (ddd, J = 22.0, 3.8, 1.8 Hz, 2H), 5.21–5.15 (m, 3H), 5.11 (td, J = 9.1, 2.8 Hz, 2H), 5.06 (d, J = 2.1 Hz, 2H), 4.96–4.90 (m, 2H), 4.85 (dd, J = 9.5, 7.7 Hz, 2H), 4.61 (td, J = 7.1, 6.5, 2.7 Hz, 3H), 4.37 (d, J = 7.1 Hz, 1H), 4.31 (dd, J = 7.2, 5.7 Hz, 1H), 4.15 (t, J = 6.2 Hz, 1H), 4.10 (dd, J = 11.8, 5.4 Hz, 2H), 4.07–4.02 (m, 2H), 3.98 (dd, J = 5.8, 2.1 Hz, 1H), 3.82–3.75 (m, 2H), 3.62 (t, J = 9.6 Hz, 2H), 3.57 (t, J = 7.1 Hz, 1H), 3.36–3.29 (m, 2H), 3.26 (dd, J = 6.3, 1.2 Hz, 1H), 2.85 (d, J = 4.1 Hz, 1H), 2.13 (d, J = 1.6 Hz, 6H), 2.05 (d, J = 1.6 Hz, 6H), 2.01 (d, J = 1.5 Hz, 6H), 1.99 (d, J = 1.5 Hz, 6H), 1.98 (d, J = 4.6 Hz, 6H), 1.49 (d, J = 7.7 Hz, 6H), 1.38 (d, J = 6.5 Hz, 3H), 1.33 (d, J = 6.6 Hz, 3H), 1.31 (d, J = 2.9 Hz, 6H), and 1.28–1.26 (m, 6H). The 13C NMR spectrum (150 MHz, CDCl3) displayed resonances at δ 170.2 (C), 170 (C), 169.9 (C), 169.8 (C), 169.6 (C), 169.5 (C), 110.0 (C), 109.1 (C), 101.1 (CH),101.0 (CH), 97.5 (CH), 97.1 (CH), 96.1 (CH), 94.8 (CH), 91.6 (CH), 78.6 (CH), 76.3 (CH), 76.3 (CH), 75.9 (CH), 75.4 (CH), 75.3 (CH), 75.1 (CH), 72.2 (CH), 72.1 (CH), 71.4 (CH), 71.2 (CH), 71.1 (CH), 70.1 (CH), 70.0 (CH), 69.2 (CH), 68.7 (CH), 67.3 (CH), 67.1 (CH), 63.4 (CH), 62.5 (CH2), 62.4 (CH2), 28.0 (CH3), 27.9 (CH3), 26.2 (CH3), 26.1 (CH3), 21.0 (CH3), 20.9 (CH3), 20.7 (CH3), 20.6 (CH3), 20.5 (CH3), 17.6 (CH3), 17.5 (CH3), 16.6 (CH3), and 16.5 (CH3). HRMS (ESI) analysis showed a peak at m/z 710.2867, which was consistent with the calculated value of m/z 710.2866 for C30H44O18NH4 ([M + NH4]+).
3 RESULTS AND DISCUSSION
3.1 Retrosynthesis
A linear trisaccharide of interest consists of D-xylose, L-rhamnose, and the rare D-fucose. Key challenges, such as the synthesis of the rare D-fucose unit and the stereocontrolled installation of 1,2-trans glycosidic bonds between each sugar ring, must be addressed to effectively generate the target linear trisaccharide. The target linear trisaccharide 2 can be synthesized using two [2 + 1] glycosylation strategies between a common disaccharide donor 4 and acceptors 5 and 10, as shown in Scheme 1.
[image: Diagram of two synthetic strategies for chemical compounds. Strategy 1 shows compound 2 transforming into compound 3. Strategy 2 branches from compound 2 to compounds 4 and 5. Compound 5 leads to 8, which then forms 9. Compound 4 reacts to produce compounds 6 and 7. Compound 10 branches from 2, leading to compound 8. Chemical structures include multiple functional groups indicated by specific symbols and letters.]SCHEME 1 | Structure of linear trisaccharide moiety 2 from QS-21 and its retrosynthesis. Ac, acetyl; Bn, benzyl; Tol, p-methylphenyl.In the first retrosynthetic strategy, the target trisaccharide was envisioned to be obtained through a glycosylation reaction between glycosyl donor 4 and glycosyl acceptor 5. The latter can be derived via regioselective acetylation of compound 8, which, in turn, can be obtained through deacylation, followed by acetonide protection of compound 9. After glycosylation, the D-galactose reducing end in 3 would be converted into a D-fucose moiety through deoxygenation at the C6 position. On the other hand, the second retrosynthetic strategy was to synthesize the target trisaccharide from donor 4 and acceptor 10. Prior to glycosylation, D-galactose in 8 would be converted into a D-fucose acceptor 10. Disaccharide donor 4, used in both approaches, is synthesized via [1 + 1] glycosylation of D-xylose-derived donor 6 with L-rhamnose-derived acceptor 7, ensuring efficient assembly. The glycosylation reactions are anticipated to yield 1,2-trans-glycosidic linkages facilitated by the adjacent acetyl (Ac) group at the C2 position.
3.2 Synthesis of the monosaccharide precursors
The truncated linear trisaccharide domain was synthesized beginning with the preparation of monosaccharide building blocks. In Scheme 2A, D-xylose building block 12 was synthesized starting from DMAP-catalyzed per-O-acetylation of D-xylose to generate 11 in 93% yield. Regioselective anomeric deacetylation with benzylamine (BnNH2) then afforded 12 in 68% yield. To prepare L-rhamnose-derived acceptor 7 (Scheme 2B), an acetonide protecting group was introduced via a sequential two-step process involving Zemplén deacylation, followed by isopropylidenation of the 2,3-cis-diol group using 2,2-DMP and CSA. This acetonide protection sequence resulted in the formation of 7 in 72% yield over two steps.
[image: Chemical reaction scheme with three parts labeled A, B, and C. Part A shows the transformation of a sugar molecule into compound 11, and then into compound 12, through reactions labeled a and b. Part B describes the conversion of compound 13 into compound 7 via reactions labeled c and d. Part C details transformations from compound 14 to compound 9, then to compound 8, and finally to compound 5, through reactions labeled e, f, g, and h. Each step involves various chemical groups and modifications.]SCHEME 2 | Synthesis of the monosaccharide building blocks 12 (A), 7 (B), and 5 (C). Reagents and conditions: (a) Ac2O, DMAP, Et3N, 0 °C, 3 h, 93%; (b) BnNH2, THF, 0 °C, 16 h, 68%; (c) NaOMe, MeOH, 0 °C, 1 h; (d) 2,2-DMP, CSA, MeCN, RT, 1 h, 72% over 2 steps; (e) BnOH, BF3•Et2O, 0 °C, 16 h, 75%; (f) NaOMe, MeOH, 0 °C to RT, 5 h; (g) 2,2-DMP, CSA, MeCN, RT, 30 min, 48% over two steps; (h) Ac2O, Et3N, CH2Cl2, 0 °C to RT, 3 h, 76%. DMAP, 4-dimethylaminopyridine; BnNH2, benzylamine; THF, tetrahydrofuran; Me, methyl; 2,2-DMP, 2,2-dimethoxypropane; CSA, 10-camphorsulfonic acid.In Scheme 2C, per-O-acetylated D-galactose underwent BF3•Et2O-catalyzed benzyl group substitution at the anomeric position using benzyl alcohol (BnOH) to afford 9 in 75% yield. Subsequently, acetonide protection of 9 was performed analogously to the synthesis of 7, resulting in the formation of 8 in 48% yield over two steps. The acetonide group was installed to protect the target trisaccharide prior to its final functionalization, when it was attached to the acyl side chain of QS-21. Finally, regioselective acetylation of the primary alcohol at the C6 position produced 2-alcohol 5 in 76% yield.
3.3 Synthesis of the common disaccharide donor
The synthesis of common disaccharide donor 4 depicted in Scheme 3 involves the efficient assembly of compounds 6 and 7. Conversion of 12 to a glycosyl trichloroacetimidate 6 using Cl3CCN was carried out, and then it was directly coupled with 7 through a TMSOTf-promoted glycosylation to afford disaccharide 15 in 53% yield. Neighboring group participation of the 2-O-Ac group from D-xylose resulted in a β-linked disaccharide (1JC–H = 162.9 Hz). Analysis of the nondecoupled HSQC spectra distinguished the α- and β-anomers, with the α-anomers displaying a JC1–H1 coupling of approximately 170 Hz for the anomeric carbon and proton, while the β-anomers exhibited around 160 Hz (Bock and Pedersen, 1974). Hydrolysis of the isopropylidene ketal in 15 using 2% HCl/MeOH, followed by acetylation, afforded common disaccharide donor 4 in 81% yield over two steps.
[image: A chemical reaction scheme showing the synthesis of compound 4. The process starts with compound 12 and compound 7 reacting under condition a, producing compound 6. Compound 6 reacts further under condition b to form compound 15. Finally, compound 15 undergoes conditions c and d, resulting in the target compound 4. Each compound is depicted with structural formulas showing functional groups and stereochemistry.]SCHEME 3 | Synthesis of the common disaccharide donor 4. Reagents and conditions: (a) Cl3CCN, Cs2CO3, RT, 0.5 h; (b) TMSOTf, AW-500, CH2Cl2, –78 °C to 0 °C, 5 h, 53%; (c) 2% HCl/MeOH, RT, 16 h; (d) Ac2O, DMAP, Et3N, EtOAc, 0 °C, 16 h, 81% over two steps. TMSOTf, trimethylsilyl trifluoromethanesulfonate; EtOAc, ethyl acetate.3.4 Synthesis of the truncated linear trisaccharide
The synthesis of linear trisaccharide 2 was conducted using two distinct approaches. The first strategy, illustrated in Scheme 4, involved an NIS/TfOH-promoted [2 + 1] glycosylation between thioglycoside donor 4 and acceptor 5. This reaction resulted in the successful formation of α-1→2-linked L-Rha-D-Gal 16 in 76% yield (1JC–H = 172.5 Hz), through the neighboring group participation of the 2-O-Ac moiety from the donor.
[image: Chemical reaction scheme showing the synthesis of a compound. Starting materials 4 and 5 undergo reaction 'a' to form compound 16. Compound 16 is converted through reactions 'b', 'c', 'd', 'e', and 'f' forming intermediates 3, 17, 18, 19, and finally product 2. Various protective groups such as acetate (Ac) and methanesulfonate (Ms) are involved.]SCHEME 4 | First approach in the synthesis of truncated linear trisaccharide domain 2. Reagents and conditions: (a) NIS, TfOH, AW-500, CH2Cl2, 0 °C, 2 h, 76%; (b) 7%–8% Mg(OMe)2 in MeOH, CH2Cl2, 0 °C, 1 h; (c) Et3N, MsCl, CH2Cl2, 0 °C, 1 h, 70% (over two steps); (d) TBAI, KI, DMF, 120 °C, 22 h, 58%; (e) H2(g), Pd(OH)2/C, THF/MeOH (10/1), RT, 6 h, 95%; (f) H2(g), Pd(OH)2/C, THF/MeOH (1/1), RT, 4 h, 89%; (g) H2(g), Pd(OH)2/C, THF/MeOH (10/1), RT, 7 h, 89%. NIS, N-iodosuccinimide; TfOH, trifluoromethanesulfonic acid; MsCl, methanesulfonyl chloride; TBAI, tetra-n-butylammonium iodide; DMF, N,N-dimethylformamide.Upon obtaining D-galactose-containing trisaccharide 16, post-glycosylation deoxygenation at the C6 position was performed to transform the reducing end into a rare D-fucose moiety. First, the primary 6-O-Ac group of D-galactose was selectively removed using 7%–8% Mg(OMe)2 in MeOH, generating 6-alcohol 3, which was used directly in the next step without further purification. From this intermediate, deoxygenation was initially planned by introducing an iodide group at the C6 position, which could then be removed via hydrogenolysis (Lemieux and Levine, 1962). However, attempts to directly substitute the 6-hydroxy group in compound 3 with iodine on a 50 mg scale using the Mitsunobu reaction [PPh3, diisopropyl azodicarboxylate (DIAD), and methyl iodide] were unsuccessful. No product formation was observed, even after varying the solvent or increasing the reaction temperature. As shown in Table 1, the reaction in CH2Cl2 at 0 °C–22 °C (Entry 1) and 22 °C (Entry 2) failed to produce desired product 18, and the starting material was largely recovered. Changing the solvent to THF and conducting the reaction at 0 °C–22 °C (Entry 3) or 60 °C (Entry 4) also did not lead to successful installation of a 6-iodo group at the reducing-end sugar. This may be attributed to the low reactivity of the hydroxy group toward direct iodine substitution.
TABLE 1 | Direct substitution of the iodine atom through the Mitsunobu reaction.	[image: Chemical reaction diagram showing the conversion of compound 3 to compound 18. Reactants include DIAD, triphenylphosphine, and methyl iodide in a solvent at a specific temperature.]
	Entrya	Solvent	Time	Temperature (°C)	Yield (%)
	1	CH2Cl2	16 h	0–22	0
	2	CH2Cl2	16 h	22	0
	3	THF	16 h	0–22	0
	4	THF	16 h	60	0


a All reactions were carried out using 1.5 equiv DIAD, 3 equiv PPh3, and 1.5 equiv CH3I.
To overcome this key synthetic challenge, a methanesulfonyl (or mesyl) group was introduced at the O6 position prior to substitution with iodine to convert the hydroxy group to a more reactive leaving group. Following the deprotection of the 6-O-Ac group in trisaccharide 16 to form compound 3, mesylation with mesyl chloride (MsCl) furnished 17 in 70% yield over two steps. Various reaction conditions were then explored to convert 17 into the C6-iodinated trisaccharide 18, as summarized in Table 2. At a 10 mg scale, treatment of 17 with TBAI (1 equiv) and NaI (3 equiv) in DMF at 90 °C (Entry 1) did not yield 18, even after 48 h, and the starting material remained unreacted. Increasing the temperature to 120 °C (Entry 2) also failed to produce the desired product. A trace amount of 18 was observed when KI (3 equiv) was used in place of NaI at 90 °C for 22 h (Entry 3). Gratifyingly, increasing the temperature to 120 °C under these conditions (Entry 4) successfully afforded the C6-iodinated trisaccharide 18 in 58% yield. This likely results from the higher solubility and enhanced nucleophilicity of iodide ions from KI in DMF at elevated temperature, facilitating more efficient substitution. The conversion from mesyl to iodide caused an upfield shift of the two H6 protons to 3.41 ppm and the disappearance of the mesyl CH3 proton signal at 3.04 ppm, suggesting the efficient formation of 18. The final functionalization of trisaccharide 18 involves hydrogenolysis to remove the benzyl group and transform the galactosyl iodide moiety into a rare D-fucose residue. In our initial attempt, hydrogenolysis of compound 18 was carried out using Pd(OH)2/C (Degussa type, 20 wt%) at a loading rate of 1 g catalyst per gram of 18 under a hydrogen atmosphere. Under the initial conditions, using THF as the solvent, the reaction proceeded very slowly. Switching to an increased catalyst loading of 2 g Pd(OH)2 per gram of 18 and THF/MeOH (10/1) as co-solvent significantly improved the reaction efficiency, enabling selective removal of the iodine atom while preserving the benzyl group and affording compound 19 with a D-fucose-reducing end in 95% yield. The formation of D-fucose in 19 from the D-galactose-reducing end in 18 was evidenced by the presence of methyl protons at the C6 position (1H NMR: d, δ 1.44 ppm, J = 6.5 Hz). Furthermore, hydrogenolysis of 19 in the THF/MeOH (1/1) co-solvent using Pd(OH)2/C at a loading rate of 5 g catalyst per gram of starting material then furnished target linear trisaccharide 2 in 89% yield (α:β = 1:1).
TABLE 2 | Substitution of the iodine atom with mesylated compound 17.	[image: Chemical reaction diagram showing a transformation from compound 17 to compound 18 using TBAI and a reagent in DMF at specified temperature and time. Compound 17 has a methanesulfonate (OMs) group, while compound 18 displays an iodide (I) group replacing the OMs.]
	Entrya	Reagent	Temperature (°C)	Time (h)	Yield (%)
	1	NaI (3 equiv)	90	48	0
	2	NaI (3 equiv)	120	48	0
	3	KI (3 equiv)	90	22	Trace
	4	KI (3 equiv)	120	22	58


a All reactions were carried out using 1 equiv TBAI in 10 mg.
In our second attempt to carry out the final functionalization, we tried to synthesize trisaccharide 2 directly from 18 by investigating the effect of Pd(OH)2/C loading on the hydrogenolysis reaction. Hydrogenolysis of C–O bonds, such as those in benzyl protecting groups, typically requires harsher conditions than the cleavage of C–I bonds (Ahluwalia, 2023). Hydrogenolysis was performed using Pd(OH)2/C at a loading rate of 5 g catalyst per gram of 18 under an H2 atmosphere, with THF/MeOH (1/1) as the co-solvent. This condition effectively removed both the iodine atom and the benzyl protecting group from 18, directly producing trisaccharide 2 in 89% yield. The successful synthesis of final compound 2 from 18 was confirmed by the disappearance of benzyl proton-NMR peaks and the detection of methyl protons at the C6 position (1H NMR: d, δ 1.38 ppm, J = 6.5 Hz).
Our second strategy in the synthesis of the truncated linear trisaccharide domain of QS-21 utilizes a pre-glycosylation deoxygenation approach from Scheme 1. Conversion of the D-galactose unit into rare D-fucose was conducted prior to [2 + 1] glycosylation with D-xylose and L-rhamnose-derived donor 4. This strategy was anticipated to be more efficient than the initial approach due to its reduced number of steps since the 6-deoxygenation reaction is only conducted on a monosaccharide.
The pre-glycosylation deoxygenation strategy commenced with the transformation of isopropylidenated D-galactose 8 into D-fucose through a series of mesylation, iodine substitution, and selective hydrogenolysis reactions (Scheme 5). Mesylation of 2,6-diol 8 at the C6 position furnished 20 in 63% yield, as indicated by the presence of mesyl methyl protons at 3.04 ppm. Following the optimized conditions from Table 2, the substitution of the OMs group with an iodine atom using TBAI and KI in DMF afforded 21 in 72% yield. Finally, D-fucose acceptor 10 was obtained following selective hydrogenolysis at the C6 position in THF/MeOH (10/1), preserving the integrity of the benzyl group prior to the [2 + 1] glycosylation step. The reaction was carried out using 1 g of Pd(OH)2/C per gram of 21 to achieve a high yield of 95% for compound 10, mirroring the synthesis of trisaccharide 19. The detection of an upfield chemical shift for the methyl C6-protons at 1.43 ppm of 10 indicates the successful conversion of D-galactose into rare D-fucose.
[image: Chemical reaction diagram showing the transformation of compound 8 to compounds 20, 21, and 10. Compound 8, with a Bn-protected hydroxyl group, undergoes reaction 'a' to form compound 20, featuring an OMs group. Reaction 'b' leads to compound 10, while reaction 'c' results in compound 21, which has an iodide group.]SCHEME 5 | Synthesis of acceptor 10 through pre-glycosylation deoxygenation. Reagents and conditions: (a) Et3N, MsCl, CH2Cl2, 0 °C, 2 h, 63%; (b) TBAI, KI, DMF, 120 °C, 22 h, 72%; (c) H2(g), Pd(OH)2/C, THF/MeOH (10/1), RT, 7 h, 95%.With synthesized D-fucose acceptor 10 and disaccharide donor 4 in hand, we proceeded with [2 + 1] glycosylation to generate the trisaccharide unit 19 (Scheme 6). Using NIS/TfOH in CH2Cl2 at 0 °C, glycosylation proceeded with exclusive α-stereoselectivity (1JC–H = 173.2 Hz) to furnish trisaccharide 19 in 95% yield. Neighboring group participation of the 2-O-Ac group led to α-selectivity. Afterward, benzyl group deprotection through hydrogenolysis with H2 and Pd(OH)2/C in THF/MeOH (1/1) produced target linear trisaccharide 2 in 89% yield (α:β = 1.5:1.0). The structures of the final compound were confirmed through NMR spectroscopic and mass spectrometric analyses (see Supplementary Material).
[image: Chemical reaction diagram showing the synthesis of compound 2 from compounds 4 and 10. Compound 4, with acetyl and thiotolyl groups, reacts with compound 10, containing a benzyl ether group, to form intermediate 19. This intermediate then undergoes reaction b to yield the final product, compound 2, featuring acetyl protective groups and an alcohol functional group.]SCHEME 6 | [2 + 1] glycosylation approach for the synthesis of truncated linear trisaccharide 2 using the pre-glycosylation deoxygenation strategy. Reagents and conditions: (a) NIS, TfOH, AW-500, CH2Cl2, 0 °C, 2 h, 95%; (b) H2(g), Pd(OH)2/C, THF/MeOH (1/1), RT, 7 h, 89%.Using trisaccharide 19 as a representative example, all glycan backbone 1H protons were examined through the 1H, 13C, COSY, HSQC, HMBC, and 1D total correlation spectroscopy (1D TOCSY) experiments in detail. Following the identification of anomeric carbons and protons using HSQC, the complex 1H NMR spectrum was then deconvoluted into three distinct spectroscopic patterns by selectively exciting anomeric 1H nuclei at a given frequency using 1D TOCSY NMR. Figure 2 depicts the identification of protons from D-xylose (blue spectrum), L-rhamnose (red spectrum), and D-fucose (green spectrum) through a combined 1D TOCSY NMR and 2D COSY analysis. This combined analysis, along with HSQC and HMBC, confirms the connectivity of each sugar ring from trisaccharide 19, as shown in Figure 2.
[image: NMR spectrum showing three separate overlays for D-Fuc, L-Rha, and D-Xyl in green, red, and blue, respectively. Peaks are labeled with proton assignments (H1, H2, etc.) and chemical shifts in parts per million (ppm) are indicated along the horizontal axis. An acetylated compound structure is depicted at the bottom.]FIGURE 2 | 1D TOCSY analysis of trisaccharide 19 resolving the complex 1H NMR spectrum into three resolve spectra corresponding to the ring protons of D-xylose (blue), L-rhamnose (red), and D-fucose (green).Comparing the post-glycosylation and pre-glycosylation deoxygenation strategies, target trisaccharide 2 was obtained in overall yields of 7.8% and 15.6%, respectively. The pre-glycosylation deoxygenation route required only a single-step transformation after the [2 + 1] glycosylation reaction to reach the final product, whereas the post-glycosylation pathway involved three additional steps. Although the pre-glycosylation approach includes a three-step synthesis of the deoxygenated D-fucose acceptor, this added effort is offset by the reduced number of steps following glycosylation. Overall, the higher yield and greater step economy highlight the pre-glycosylation deoxygenation strategy as the more efficient route to the truncated linear trisaccharide fragment of QS-21.
4 CONCLUSION
We have successfully accomplished an efficient synthesis of the truncated linear trisaccharide domain 2 of QS-21. Two synthetic strategies were used: post-glycosylation and pre-glycosylation deoxygenation. The latter proved to be more efficient, yielding a higher overall yield with fewer reaction steps. En route, we established an efficient synthesis of the rare D-fucose moiety from D-galactose. We believe that this efficient synthesis of the linear trisaccharide domain will be applicable to the synthesis of pure and homogeneous QS-21 structures and their analogs for use as vaccine adjuvants.
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Compounds E. coli S. aureus S. aureus S. aureus S. aureus

ATCC 25922 ATCC 29213 ATCC 43300 ATCC 33731 MRSA2
Vancomycin® - - 1 2 2 2
Enrofloxacin® 00625 00625 - - - -
El | >256 s 128 128 128 256
E2 >256 >256 128 128 128 256
E3 | 64 128 | 64 64 64 64
E4 128 128 64 64 64 64
E5 128 | 128 | 64 64 64 64
E6 128 128 64 64 128 128
E7 | 5256 T 128 128 128 128
v E8 5256 | s 128 128 128 128
E9 | 5256 s 32 32 32 32
El0 32 32 16 16 16 16
| Ell | 5256 s 256 >256 5256 256
E12 >256 I 256 >256 5256 256
E13 | 64 | 64 | 64 64 64 64
El4 >256 | 256 256 256 256 [
E15 5256 6| 256 256 256 256
El6 64 128 64 64 64 64
E17 | 5256 s 256 >256 >256 256
E18 >256 | >256 256 >256 256 256
E19 | 5256 s | 256 >256 256 >256

“The minimum inhibitory concentration (MIC) is the lowest concentration that completely inhibits microbial growth after 16-24 h. Each experiment was repeated three times.
"Vancomycin is a clinical drug against Gram-positive bacterial.
Barelianin & 2 leoad st Gnitdons lssod s
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A) Score Expect Method Identities Positives Gaps
180 bits(457) 4e-62 Compositional matrix adjust. 84/84(100%) 84/84(100%) 0/84(0%)

X6R6WY 1 MFLFQGNNGTVLYTGDFRLAQGEAARMELLHSGGRVKDIQSVYLDTTFCDPRFYQIPSRE 60
MFLFQGNNGTVLYTGDFRLAQGEAARMELLHSGGRVKDIQSVYLDTTFCDPRFYQIPSRE
7TABS 120 MFLFQGNNGTVLYTGDFRLAQGEAARMELLHSGGRVKDIQSVYLDTTFCDPRFYQIPSRE 179

X6R6W9 61  ECLSGVLELVRSWITRSPYHVVWL 84
ECLSGVLELVRSWITRSPYHVVWL
7ABS 180 ECLSGVLELVRSWITRSPYHVVWL 203

) Score Expect Method Identities Positives Gaps
180 bits(457) 4e-62 Compositional matrix adjust. 84/84(100%) 84/84(100%) 0/84(0%)

X6R6W9 1 MFLFQGNNGTVLYTGDFRLAQGEAARMELLHSGGRVKDIQSVYLDTTFCDPRFYQIPSRE 60
7ABS 320 . icccissccseseraseasasniesisesssasnanes isnitatmissnetenasssenios 179

X6R6W9 61  ECLSGVLELVRSWITRSPYHVWWL 84
7ABS 180 ...ccccvcccccccsscsnoncse 203
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Protein

Ligand  Root mean square deviation

Root mean square fluctuations
(RMSF) nm

Radius of gyration
(Rg) nm

(RMSD) nm
Random | Neuraminidase | Oseltamivir 128424-0.493372
sced 122013-0.838708
Seed_1234 | Neuraminidase | Oseltamivir P: 0.161276-2.858013

L: 0.208401-3217241

P: 0.0451-0.2189
L: 0.0153-0.1925

P: 1.2986-2.2136
L: 0.0160-0.2210

3391135-3.518412
.354091-0.37452

P: 3.390434-4.271447
L: 0.341893-0.371202

Nanometres, P = protein, L = ligand.
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Name of ligand Name of Various receptor enzymes associated with Alzheimer’s as target proteins an
(Oseltamivir) protein oseltamivir as ligands

Highest RMSD lonic or wander Hydrogen Amino Grid dimensions
affinity wall’s bond acids Centre
score interactions (A interactions Dimensions
Kcal/ units) (A units)
mol

Neuraminidase (PDB -6.5 0 ARG C:172, LEU A:127, 230 PHE C: x=15994  x=103.0816
ID: 2HTY) SER A:101, ASN C:208, 206 173, GLU  y=501814  y=1024211
GLU C:209, GLU A:128, 247 G174, LYS  z=100559 2z =53.8510
THR C:191 282 €206,
TYR A:100

Beta secretase (PDB -6.2 0 ILE 118, ARG 128, 186 TYRATL  x = 143015

ID: 5YGX) SER36, GLY 34, TYR 198, 215 GLY A230  y = 41.0494
ILE 226, ASP 228, VAL 7=0.1888

332, ASP 32, THR 231

Gamma secretase -35 0 ILE 45, GLY 38, LEU 34, 302 ALA 42 422973 | x=262145
(PDB ID: 6YHF) MET 35 -32008 |y = 485674
w;h_\l 117049 2 =13.6442
Alpha secretase (PDB -64 0 THR A238, LYS A518, 214 ARG X=317668 | x = 945299
1D: 6BE6) GLU A:240, ILE A2243, A239  y=331965  y=1094674
SER A:506, SER A:504, 2= 180663 | z=1238035
CYS Aw73, ASP A8l
LYS A4S0
-66 0 LYS A292, ASN B:95, 251 ARG B:96 242110 | x=729735
GLN B89, VAL B:87, LYS 257 GLU B:97 03042 |y =80.3676
B:85, SER B:203, PHE 205 GLY B202 214266 | 2 =103.6807
B:67
CDK-5 (PDB ID: -63 0 GLU Ai81, ALA A:143, 287 ASP A6 x = 354578
1H4L) ASP A:84, GLN A:85, ILE y=-32768
A:10, GLN A:130, ASN A: 2= 261504
131, ASP Ail44, LYS A:
33, VAL A:18
PP2A (PDB ID: 1B3U) -55 0 THR A:l41, ALA A:183, 254 ASPA05  x=346630 | x = 97.3458
SER A:186, LYS A:187, 237 THRA:  y=467673  y=107.1759
GLY A:l48, CYS Ail43, 194 144 2=230447 | 2=1222308
= VAL A:108, SER A:145, ARG
THR A:101, ARG A:182, A:l04

MET A:179, PHE A:140

Sialyltransferase (PDB -6.4 0 ALA B:192, LEU B238, 212 THRB:194  x = -35210
1D: 5B06) GLU B:195, SER B234, y = 98904
@ ASN B; 230, PRO B:190 110690 | 7 =102.3049
Acetylcholine-esterase -7.9 0 GLU A: 199, GLY Awdl, 255 TRP A:84  x = 47576 6127
(PDB ID: 1AC]) TYR A:130, HIS A:440, y=655208  y=61.3047

GLY A:117, TYR Ax442, 2=568290 7 =569408
LEU A:127, SER A:124,
GLY A:118, GLY A:123,
SER A:122, ASN A5,
GLN A:69, TYR A:121,

&

ASP A72, GLY A:80,
TRP Ai432, SER A:81,
TYR A:334
Interleukin 1B (PDB -53 0 VAL A:85, ASN A:66, 202 LEU A62  x = 159224 12915
1D: 110B) TYR A:90, ASN A7, SER 239 LYS A63  y=135665 y=37.7782
A5, SER A3, GLY A61, 2=11895 | z=448924

GLU A:64, LYS A:65

®

TNF alpha (PDB ID: -7.4 0 LYS C:98, PRO B:110, 237 SERC:99  x=199745  x = 627877
1TNF) LYS A:98, GLU C:116, 3.02 GINB:102  y = 49.6645

GLU B:116, SER B:99, z=399343
GLU A:116, PRO A:100,
TYR A:115, TRP A:l14,
CYS A:110, PRO C:100,
GLN C:102, GLU C:104

%
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Pharmacological activity prediction

Pa Pi Predicted activity
0931 0,000 Neuraminidase (Influenza B) inhibitor
0932 000 Antiviral (Influenza)
0920 0001 Antiviral (Influenza A)
0.685 0000 Neuraminidase (influenza) inhibitor
062 0005 Macrophage stimulant
0455 0013 Alpha-N-acetylglucosaminidase inhibitor
0473 0048 Muramoyltetrapeptide carboxypeptidase inhibitor
0461 | o022 Antiviral (Rhinovirus)
0447 0034 | Peptide-Na-(N-acetyl-beta-glucosaminy) asparagine amidase inhibitor
0434 0034 Antimyopathies

Toxicity Prediction

Pa Pi Predicted activity

0511 0063 Acidosis, metabolic

0463 oo Sneezing

0517 0.190 Twitching

0417 Lo ‘ Weight loss

0359 0.065 Hypocalcaemic

0375 0097 Dyspnea

0333 0127 Gastrointestinal disturbance
0326 0.129 Ototoxicity

0259 0.084 Sensitization

0363 Loss ‘Thrombophlebitis

Do oiibabily ety B5: oty iaactvity. dith dinved fhivscih i calins ool ia. PASS frosniin (MW Ew bR ASOGRER.
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Energy components Pre MM-GBSA Post MM-GBSA Pre MM-GBSA Post MM-GBSA

(Mean + SD); random (Mean + SD); random  (Mean + SD); (Mean + SD);
seed seed Seed_1234 Seed_1234
AE_vdW (van der Waals) | 0.00 £ 0.00 ~1878 + 001 ~0.00 £ 0.00 -19.18 + 078
AE_elec (Electrostatic) 0.00 £ 0.00 26620 + 046 ~0.00 £ 0.00 25986 + 181
AG_polar (Polar 24201 504 252.84 + 0.07 249.12 £ 6.73 250.85 + 0.52
solvation, EGB)
AG_nonpolar (Non-polar -421 £ 051 -394 £ 004 ~467 £0.12 -451 £ 008
solvation, ESURF)
AG_gas (Gas-phase energy) | ~27030 388 28498 + 048 -27986 + 325 27904 + 197
AG_solvation (Total 237.80 £ 5.06 24891 £ 0.08 24445 £ 673 24634 £ 052
solvation)
AG_bind (Total binding ~3250 £ 638 ~36.07 + 049 -3541 £ 7.47 ~3270 £ 204
energy)

AE_vdW: van der Waals interaction energy between the ligand and the protein.
AE_elec: electrostatic interaction energy.

AG_polar: solvation free energy due to polar interactions, calculated using the Poisson-Boltzmann (PB) or Generalized Bor (GB) models.
AG_nonpolar: non-polar solvation free energy, often estimated from the solvent-accessible surface area (SASA).

AG_gas: Total energy in vacuum (AE_vdW + AEEL).

AG_solvation: Total solvation energy (AG_polar + AG_nonpolar).

AG_bind: total binding free energy, sum of the above components.
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Energy Pre MM-PBSA Post MM-PBSA Pre MM-PBSA (Mean + Post MM-PBSA

components (Mean + SD); random (Mean + SD); random  SD); Seed_1234 (Mean + SD);
seed seed Seed_1234

AE_vdW (van der Waals) | -0.00 % 1.26 -2022 £ 073 0,00 £ 0.40 ~19.05 £ 050

AE_elec (Electrostatic) ~0.00 £ 2.22 28437 £ 095 000 £ 320 ~25535 + 146

AG_polar (Polar solvation) | 246.03  17.02 289.19 £ 133 267.15 = 1136 26347 £ 031

‘ = . !

AG_nonpolar (Non-polar =356 + 0.03 325 £ 004 357 £ 003 ~331£005

solvation)

AG_gas (Energy invacuum) | ~229.62 + 20.44 30459 120 ~269.62 + 613 ~27440 £ 156

AG_solvation (Total 24247 £ 17.02 28595+ 133 26358 + 1136 260.16 % 0.31

solvation energy)

AG_bind (Total Binding 1284 + 26.60 1865 + 1.79 ~6.04 £ 1291 ~1424 £ 159

Free Energy)

AE_vdW: van der Waals interaction energy between the ligand and the protein.

AE_elec: electrostatic interaction energy.

AG_polar: solvation free energy due to polar interactions, calculated using the Poisson-Boltzmann (PB) or Generalized Bor (GB) models.
AG_nonpolar: non-polar solvation free energy, often estimated from the solvent-accessible surface area (SASA).

AG_gas: Total energy in vacuum (AE_vdW + AEEL).

AG_solvation: Total solvation energy (AG_polar + AG_nonpolar).

AG_bind: total binding free energy, sum of the above components.
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Adjusted p-value Odds Ratio Combined score

Cellular components
1 Vesicle 0.001147 0.04964 1703 11527
2 Glutamatergic Synapse 0002206 0.04964 3274 20025

Molecular function

1 Kinase Binding 0.0006541 003205 1223 89.70
2 Protein Phosphatase Regulator Activity 0.001357 003324 4221 278.70
5 Adenylate Cyclase Regulator Activity 0.004492 0.04964 293.79 1588.07
4 Long-Chain Fatty Acid Binding 0.007179 0.04964 167.86 828.65
5 Phosphoserine Residue Binding 0.007179 0.04964 167.86 828.65
6 Omega Peptidase Activity 0.008072 0.04964 146.87 707.80

Mammalian phenotype level 4

1 Abnormal PNS Synaptic Transmission 0.00003428 0.008775 31209 3208.63
2 Abnormal Endplate Potential 0.00009112 001166 17829 1658.66
5 Decreased Paired-Pulse Facilitation 0.0002087 001781 11341 961.11

Jensen tissue

1 Brain cortex cell line 9.549¢-7 0.0001872 3692 51181

2 Ganglion 0.000007678 00007525 2378 280.10
3 Interstitial cell of Cajal 0.00002361 | 0001543 2976 317.08
4 Temporal lobe 0.0004218 001516 | 688 5346
5 Parietal lobe 0.0005833 001516 8.14 60.61

Jensen diseases

1 Brain disease 0002151 003929 3318 20378
% Pineoblastoma 0.005388 003929 235.02 1227.64
3 Dumping syndrome 0.007179 003929 167.86 828.65

4 Dysembryoplastic neuroepithelial tumour 0.007179 003929 167.86 828,65
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Accession number

Adj.
P-
value

Log
EC

Gene

symbol

Gene title

GSE5281
Focusing on the Alzheimer's
disease

Control groups:
61 samples
Case group: 44 samples

213476 xat | 625E-10 | 1999 TUBB3 Tubulin beta 3 class 11T

202257_sat | 934E-10 | 2022 CD2BP2 CD2 cytoplasmic tail binding protein 2

230656_s at | 100E-09 | 2163 UTP4 UTP4, small subunit processome component

207232.sat | 100E-09 | 2027 DZIP3 DAZ interacting zinc finger protein 3

Ww5738sat | SO0 | 2028 | FABES Fatty acid binding protein 3

213921 at | 80SE-09 | 2759 ST Somatostatin

202785at | 840E-09 | 2172 NDUFA7 NADH: ubiquinone oxidoreductase
subunit A7

223708 _at L0E0S | 2636 | CIQINE Clq and tumour necrosis factor related
protein 4

2177250t 14E-08 | 1926 PPP2R2D Protein phosphatase 2 regulatory subunit B
delta

1568603_at | L56E-08 2250 CADPS Calcium dependent secretion activator

201387_sat | 163E-08 | 1956 UCHL1 Ubiquitin C-terminal hydrolase L1

202507_sat | 172E-08 | 2319 SNAP25 Synaptosome associated protein 25

215020_at 194E-08 | 2147 NRXN3 Neurexin 3

1568604_a_at | 208E-08 2130 CADPS Calcium dependent secretion activator

219549 sat | 258E-08 | 2027 RIN3 Reticulon 3

213710_s.at | 284E-08 | 2127 CALMI Calmodulin 1

2006385 at | 300E-08 | 1948 YWHAZ Tyrosine 3-monooxygenase/tryptophan 5-
‘monooxygenase activation protein zeta

219408 at | 3ISE-08 | 1989 PRMT7 Protein arginine methyltransferase 7

215021 s.at | 344E-08 2031 NRXN3 Neurexin 3

209953 sat | 392E-08 1893 CDC37 Cell division cycle 37
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Random seed pre-
simulation results

Random seed post-
simulation results

Seed_1234 pre-
simulation results

Seed_1234 post-
simulation results

Total Avg. Total Total Avg. Total Total Total Total Avg. Total
Std. Dev. Std. Dev. Avg. Std. Dev. Std. Dev.

ARG:118 0160709673 | 206970533 0073136364 | 1086711143 04862628 1227216531 0.160709673 | 206970533
GLU:119 0145217055 | 1697288771 0312664145 | 1951603618 0.0962056 1384325406 0145217055 | 1697288771
LEU:134 0100363636 | 5.004673121 0050090909 | 5228447377 ~0.0945 494543138 0100363636 | 5.004673121
GLN:136 0000954545 | 7.763218447 00045 55218969 0018 3367739887 0000954545 | 7.763218447
ASP:151 0298093891 | 8950598719 0215914473 | 773179094 10444396 499261937 0298093891 | 8.950598719
ARG:152 ~1.308884473 | 13.31951908 0528265964 | 1493811591 -17658424 | 4183743335 ~1308884473 | 1331951908
ARG:156 0.177119345 11.31163594 0.100202145 17.29397933 ~0.053198 10.6508142 0.177119345 11.31163594
TRP:178 0781931927 | 6321986742 0316781782 | 4945035206 0779634 1907511047 0781931927 | 6321986742
SER:179 0177992 5067683233 0252709673 | 7.109482835 02032008 | 6822918681 0177992 5.067683233
ALA:180 0126545455 | 3.673033655 0058454545 | 4181619527 -0.118 5358094251 0126545455 | 3.673033655
ILE:194 -0.217727273 5.611584371 ~0.128136364 4297757474 -0.151 4.03092049 -0.217727273 5.611584371
ILE222 ~0.806077745 | 4719285829 ~1333992982 | 5225018381 07242256 | 4429854294 0806077745 | 4.719285829
LEU:223 0037590909 | 4216363729 0062454545 | 3445386751 0,066 1001068429 0037590909 | 4.216363729
ARG224 1984467455 | 11.9544286 2420310036 | 1085285635 09764916 4983251277 1984467455 | 119544286
THR:225 0315034182 | 5214389646 0096469236 | 5.560143728 0039 3686086622 0315034182 | 5214389646
GLU227 ~1129660982 | 16.40106878 0251115018 | 1270363795 06225964 | 5.087889271 ~1129660982 | 1640106878
SER:246 0017864982 | 1635876677 0086831455 | 7270088086 00887052 2333831796 0017864982 | 1635876677
ASN:247 ~0.007402909 | 6.693001681 ~0015727273 | 5982405279 00077264 13.05948338 0007402909 | 6.693001681
HIS274 0036954545 | 6725702928 ~1195182465 | 9375090448 ~0.0515 3514541713 0036954545 | 6725702928
GLU276 1035734345 | 10.12830086 ~156124636 | 1324161797 ~105700584 | 3694668202 ~1035734345 | 10.12830086
GLU=277 ~11.97835425 9.960964089 3.874111455 13.02749532 ~11.2034756 12.73485215 -11.97835425 9.960964089
ARG292 3614850218 | 12.26243563 04706028 | 1075649373 25030608 1428342655 3614850218 | 1226243563
ASN:294 0.026062909 8.481015303 ~0.226556036 7.736542115 -1.137642 3.21043479 0.026062909 8.481015303
TYR:347 0617738473 | 6642141102 0172151127 | 410205902 0954044 6307583365 0617738473 | 6642141102
GLY:348 -0.118318182 6.118548282 0.151545455 8723824196 -0.0255 3.935544276 -0.118318182 6.118548282
ARG:371 0162681818 | 1127644502 0265398218 | 1765578963 06629548 5726531147 0162681818 | 1127644502
TYR:A406 ~0.048908909 | 5.856747652 0424290836 | 6.079761746 02029712 5262203844 ~0.048908909 | 5.856747652
PRO:431 ~0.0085 4373965825 0014954545 | 481802992 -0.047 1539013945 00085 4373965825
LIG:469 ~1239375356 | 11.25346838 0019090909 | 9.532751049 ~14.1827488 | 4.869457648 ~1239375356 | 11.25346838
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Group of  Compound Method of Permeability. Initial apparent Resulting apparent Multiplicity of ~ References

flavonoids increasing model permeability, x10-° cm/s  permeability, x10- cm/s permeability
permeability increase
Isoflavones Genistein (GEN) Micelle formation Caco-2 633 £ 049 (AP-BL) 7.824 038 124 Shen et al. (2018)
565+ 031 (BL-AP) 529504 096
Micelle formation (GEN- oz 5282 049 (AP-BL) 5232035 (GEN-L) 156 Dingetal. (2019)
Fo 12 mgm;
GENL - 1.6 mgiml) 797 2 036 (BLAP) 846 £ 043 GEN-) 106
759 £ 056 (GEN-L) 095
Cocrysalzation with lysine |~ Cell-re permeation 4282095 090 002 (GEN - L¥S) oar Garbiee et sl
(LYS) and arginine (ARG) model Qo)
113 + 003 (GEN - ARG) 026
Incusion Complx with Cacoz 170010 1710 2 370 (GEN - p-CD) 1000 Daruhia et al.
RAME, HP-6-CD, p-CD, oy
nd y.CD 1710 2 350 (GEN - HP-p.CD) 1000
6502 170 (GEN - RAMES) s
2850 % 170 (GEN - y-CD) 676"
Daidcin (DDZ) | Inclsion Comples with Cacoz 1190+ 190 3140 2 410 (ODZ - p-CD) 260 Darubia et al.
'RAMEB, HP-B-CD, §-CD, (2013)
and y.CD 2170 £ 910 (DDZ - HP-$-CD) s
2430 £ 730 (DDZ - RAMER) 200
1620 £ 130 (DDZ - y-CD) 136
Fiavones clen Micelle formaton cacoz 105 + 008 (AP-BL) 193019 s Shen et al. (2019)
097 £ 010 (BL-AP) 1552013 L1
Phospholpid complex cacoz 101 1160 (BaPC) s Zhower . (017)
(BaPC), matri dispersion
based on phospholpid 1530 (BaPC-MD) e
complex (BaPC-MD)
Apigenin Micelle formaton Caco2 53 x5 676036 127 Thang el
(2017¢)
Chrysin | Inclusion Complex RAMEB Caco2 m 465 (11 with RAMEB) 200 Fenyves et o
(a020)
1100 (12 with RAMEB) o

values were calculated by the authors of current review; (CD, cyclodextrin: RAMEB, random methyl-f-cyclodextrin: HP-8-CD, 2-hydroxypropyl beta-cyclodextrin: AP, spical sides BL, basolateral side).
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Compound EGFR inhibition VEGFR-2 inhibition

ICso + SEM (\M)  ICso + SEM (uM)

11a 93.00 + 4 5.20 £ 0.030
11d 7600 3 [ 3.60 £ 0.020
1le | 89.00 + 4 4.90 £ 0.030
1uf 7100 £ 3 2.90 £ 0.010
12¢ [ 8300 %3 4.05 £ 0.020
Erlotinib 80.00 £ 5 -
Sorafenib [ - [ 0.17 £ 0.001






