[image: Frontiers Logo]Catalytic hydrogenation of alkyne with planar tetracoordinate carbon in CAl3MgH2¯ system

ORIGINAL RESEARCH
published: 31 October 2025
doi: 10.3389/fchem.2025.1672968
[image: image2]
Catalytic hydrogenation of alkyne with planar tetracoordinate carbon in CAl3MgH2¯ system
Abdul Hamid Malhan1 and Krishnan Thirumoorthy1,2*
1Department of Chemistry, School of Advanced Sciences, Vellore Institute of Technology, Vellore, Tamil Nadu, India, 2School of Computer Science and Engineering, Vellore Institute of Technology, Vellore, Tamil Nadu, India
Edited by:
Eugeny Alexandrov, Samara State Medical University, Russia
Reviewed by:
María Eugenia Castro, Meritorious Autonomous University of Puebla, Mexico
Hossein Mohammadi-Manesh, Yazd University, Iran
*Correspondence:
 Krishnan Thirumoorthy, thirumoorthy.krishnan@vit.ac.in, kthirumoorthy@gmail.com
Received: 25 July 2025
Accepted: 20 October 2025
Published: 31 October 2025
Citation:
Malhan AH and Thirumoorthy K (2025) Catalytic hydrogenation of alkyne with planar tetracoordinate carbon in CAl3MgH2¯ system. Front. Chem. 13:1672968. doi: 10.3389/fchem.2025.1672968
The present work reports the catalytic function of the planar tetracoordinate carbon (ptC) molecule, CAl3MgH2¯, for the first time. The hydrogenation of alkyne and alkene using CAl3MgH2¯ as a catalyst has been computationally examined through density functional theory calculations. Various quantum chemical tools are employed to analyze the reaction pathways systematically. The study also highlights that the reaction is favourable in the gas phase as compared to the solvent phase, suggesting the practical feasibility of using the CAl3MgH2− catalyst in the industry. Intrinsic reaction coordinate analysis confirms that the transition states are truly connected to the local minima. Furthermore, natural atomic charges and elongated bond lengths confirm the heterolytic cleavage of H2. Non-covalent interaction analysis illustrates the significant role of van der Waals interactions in coordinating reactants and stabilizing products. This study highlights the potential of the ptC molecule CAl3MgH2− as a catalyst for hydrogenation reactions, eventually opening up new avenues for planar hypercoordinate and main-group metal-based catalysts.
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INTRODUCTION
The research on developing an environmentally friendly catalyst for organic transformations is currently a highly active area of focus. One of the most essential and valuable transformations in organic synthesis over the past century has been the hydrogenation of multiple C-C bonds with the addition of H2, and this transformation has widespread applications in various industries ranging from pharmaceuticals to petrochemicals, food, and agriculture (Cano et al., 2021; de Vries and Elsevier, 2007; Johnson et al., 2007; Meijer et al., 2022; Weissermel and Arpe, 2008). Transition metals such as Ru, Rh, Pd, and Ir have traditionally been the most commonly used catalysts in industrial hydrogenation of unsaturated hydrocarbons due to their efficiency in substrate activation and reaction acceleration as demonstrated by the well-known Wilkinson, Schrock-Osborn, Lindlar, and Crabtree catalysts (Crabtree, 1979; Cui and Burgess, 2005; Lindlar, 1952; Nahra and Cazin, 2021; Osborn et al., 1966; Schrock and Osborn, 1976; Zhou, 2016). Despite the indispensable role of transition metal catalysts in hydrogenation transformations, their high cost and, in some cases, the toxicity of transition-metal compounds have prompted the search for alternative, greener, and cost-effective catalysts. Consequently, main-group metals, which are abundant on the earth and environmentally friendly, have gained increasing interest in recent years as a promising approach for future chemistry in industrial applications (Harder, 2012; Hill et al., 2016; Magre et al., 2022; Revunova and Nikonov, 2015; Roy et al., 2021; Yao et al., 2020).
Among these, the main group metal, magnesium, is one of the most abundant metals in the Earth’s crust. Despite its abundance, the application of magnesium-based catalysts for organic reactions is still relatively unexplored (Magre et al., 2022). In 2010, Bonyhady et al. reported the first structurally characterized Mg-hydride complexes (Bonyhady et al., 2010), and since then, many efforts have been made to fully understand magnesium chemistry. The application of magnesium-based catalysts has been demonstrated in various reactions, including hydroamination (Dunne et al., 2010; Zhang et al., 2012), hydrosilylation (Garcia et al., 2019a; 2019b; Rauch et al., 2017), hydroboration (Arrowsmith et al., 2012; Magre et al., 2019; Mukherjee et al., 2014; Szewczyk et al., 2019), hydrogenation (Liang et al., 2022), and dehydrocoupling (Liptrot et al., 2014; Ried et al., 2019; Wirtz et al., 2022). The magnesium-based catalyst has demonstrated a major role in various asymmetric reactions (Wang et al., 2024; Yang et al., 2019), including asymmetric hydroboration (Falconnet et al., 2019), asymmetric hydroalkylation (Ye et al., 2025), and asymmetric thia-Michael addition (Jaszczewska-Adamczak et al., 2024). Utilizing main-group metal compounds as catalysts presents a challenge due to their limited ability to activate H2 bonds and high reactivity, resulting in unpredictable side reactions. As a result, developing a stable main-group metal complex with enhanced catalytic activity is crucial in addressing this issue. Alternatively, the use of planar hypercoordinate main group elements with demonstrated stability could offer a potential solution.
Considerably, researchers have taken a keen interest in the study of planar tetracoordinate carbon (ptC) and its applications since its discovery in 1968 by H. J. Monkhorst (Monkhorst, 1968). Over the years, ptC has seen significant theoretical and experimental advancements and has also been applied to planar hypercoordination in main group elements (Das et al., 2023; Inostroza et al., 2023; Leyva-Parra et al., 2021; Sun et al., 2020; 2022; Wang et al., 2023; Yang et al., 2015; Zhang et al., 2021). Experimental identification and theoretical confirmation of various aluminum-carbon ptC clusters, such as CAl42–, CAl4¯, and C2Al5¯ as global minimum energy structures have been achieved (Li et al., 1999; 2000; Tsuruoka et al., 2018; Zhang et al., 2023). Furthermore, experimental identification of C2Al4¯ and C5Al5¯ clusters containing ptC has been realized following their theoretical establishment (Naumkin, 2008; Wu et al., 2011; Zhang et al., 2021; 2023). In 2017, Xu et al. reported the hydrogenated global minimum ptC of CAl4H0/– experimentally and theoretically (Xu et al., 2017). The above-discussed ptC molecules are experimentally identified by generating clusters in the gas phase utilizing a laser vaporization source, followed by their isolation through time-of-flight mass spectrometry, and analysis of their electronic structure via anion photoelectron spectroscopy. The spectral features observed and their comparison with quantum chemical calculations provide direct evidence for the existence of ptC systems.
Similarly, hydrogenated planar systems of CAlnBemHxq (n + m = 5, q = 0, ±1, x = q + m – 1), Al2C4H2, Si2C5H2 and CBe2H5¯ were also reported (Jin et al., 2024; Malhan et al., 2022; Thirumoorthy et al., 2020; Zhao et al., 2018). Other molecular systems involving magnesium, such as CAl4Mg0/– and BAl4Mg−/0/+ with ptC and planar tetracoordinate boron as their global minimum structure, were also theoretically reported (Job et al., 2021; Khatun et al., 2021). These planar clusters promise potential applications in electronics, optoelectronics, and photovoltaics (Yang et al., 2015). In 2023, it was demonstrated that planar hypercoordinate systems of CSi2Li2, CBe5Li5+, and CS3Li3+ have reversible hydrogen storage properties with high gravimetric densities (Sarmah et al., 2023) due to their unique planar electronic structures and the presence of electropositive metal centers. In 2025, Zhang et al. (Zhang et al., 2025) reported the computational investigation of ptC catalysts, specifically C2B2Me2 and C2B2tBu2, within thermodynamically stable AuI complexes. Their study explored the catalytic activity of these complexes in allylic acetate rearrangement. It was demonstrated that the ptC catalyst (C2B2Me2)AuI exhibits a significantly lower energy barrier for the allylic acetate rearrangement compared to traditional N-heterocyclic carbene–AuI systems, indicating a more favorable reaction both thermodynamically and kinetically. This enhanced performance is attributed to the unique electronic structure of the ptC, which provides a more advantageous electronic environment for the Au center throughout the catalytic cycle. Furthermore, the planarity and electron delocalization inherent to the ptC are not merely passive features, but actively contribute to the catalytic process, resulting in increased activity.
Motivated by these significant advancements, in 2024, our research group theoretically reported a global minimum ptC of the CAl3MgH2¯ system (Malhan and Thirumoorthy, 2024). The delocalization of electron density stabilizes this structure, and the presence of aromaticity in the system was theoretically characterized and confirmed by using various quantum chemical tools. This ptC system was designed using earth-abundant main group elements such as carbon, aluminum, magnesium, and hydrogen. All atoms in the CAl3MgH2¯ molecule participated in the delocalization of electron density except the terminal hydrogen attached to magnesium, which was also found to be hydridic. This discovery led us to explore the potential of using the CAl3MgH2¯ as a catalyst, thereby expanding the application of ptCs in hydrogenation reactions.
So far, despite the lack of well-established laboratory methods for synthesizing ptC, exploring and examining ptC structures could lead to the uncovering and creation of novel materials with exceptional chemical and physical properties. Given the extensive research in ptC chemistry, it is anticipated that potential methods for synthesizing ptC will emerge in the future. Consequently, the significance of the ptC molecule CAl3MgH2¯, which has demonstrated stability, is mainly elevated, especially in its use as a catalyst, particularly in hydrogenation reactions.
In the present work, the catalytic function of the ptC molecule is reported for the first time. The research is focused on the hydrogenation of multiple C-C bonds using CAl3MgH2¯ as a catalyst. The reaction involves heterolytic cleavage of the H2 molecule as reported elsewhere (Aireddy and Ding, 2022; Fiorio et al., 2023; Zeng and Li, 2010). This CAl3MgH2¯ catalyst is effective for alkyne, producing alkene. It also facilitates the hydrogenation of alkenes to alkanes under similar conditions. Significantly, a detailed reaction mechanism has been proposed for the catalytic process of hydrogenation of alkyne and alkene using CAl3MgH2¯ catalyst based on quantum chemical studies.
COMPUTATIONAL METHODOLOGY
Density Functional Theory (DFT) was employed to investigate the hydrogenation of alkyne and alkene. All DFT calculations were carried out using the ωB97XD/6–311++G (2d,2p) (Chai and Head-Gordon, 2008; Clark et al., 1983; Krishnan et al., 1980) level of theory. The ωB97XD functional incorporates empirical dispersion corrections, which are particularly important for reactions involving significant dispersion interactions. Furthermore, the 6–311++G (2d,2p) basis set includes polarization and diffuse functions, which are essential for reactions such as hydrogenation, where changes in electron density and chemical bonding are significant. All optimized structures underwent harmonic vibrational frequency calculations at ωB97XD/6–311++G (2d,2p) level of theory to confirm whether they represent minima or transition states on the potential energy surface. The identification of transition states was achieved through the Berny algorithm implemented in the Gaussian 16 package (Schlegel, 1982). This requests optimization to a transition state rather than a local minimum. The Berny algorithm identifies a transition state using a quasi-Newton approach to approximate the Hessian matrix (second derivative). It locates a stationary point on the potential energy surface, characterized by its Hessian, which has exactly one negative eigenvalue corresponding to the reaction coordinate. The optimization process is adjusted to ensure the Hessian retains this single negative eigenvalue throughout the search. Subsequently, the algorithm progresses uphill direction to the first-order saddle point (transition state), which is maximum in one direction and minimum in all other directions. The solvent effect of toluene on the quantum chemical system was employed using the self-consistent reaction field (SCRF) method with the polarizable continuum model (PCM) to account for the solvation effects implicitly (Scalmani and Frisch, 2010; Tomasi et al., 2005). This technique implicitly accounts for the solvent by surrounding the solute with a reaction field, treating the surrounding solvent molecules as a continuous medium. The SCRF method considers the electrostatic interactions between the solute and the solvent, influencing the solute’s electronic structure and energy levels. This approach facilitates practical calculations by significantly reducing computational costs while effectively balancing computational efficiency. Following the optimization of the molecular geometry within the PCM solvation environment, a frequency calculation was performed on the optimized solvated structure incorporating a pressure of 5 bar. The specified pressure effect is taken into account during the subsequent statistical thermochemical analysis, where it influences the Gibbs free energy by adjusting the translational entropy component in accordance with the ideal gas law. Various quantum chemical tools were utilized to thoroughly characterize the chemical bonding features and reaction pathways of the hydrogenation of alkyne and alkene. Intrinsic reaction coordinate (Gonzalez and Schlegel, 1989) (IRC) calculations were performed to determine the minimum energy reaction pathway from the optimized transition state structures. Furthermore, natural population analysis (Reed et al., 1985) was executed to obtain natural atomic charges using the Gaussian 16 program (Frisch et al., 2016). Additionally, non-covalent interaction (NCI) analysis was carried out using the Multiwfn 3.8 software (Lu and Chen, 2012). All calculations were conducted at the ωB97XD/6–311++G (2d,2p) level of theory using the Gaussian 16 package (Frisch et al., 2016).
RESULTS AND DISCUSSION
The investigation of the hydrogenation of 2-butyne and 2-butene employing CAl3MgH2¯ as a catalyst is shown in Figure 1a, and the proposed mechanism is illustrated in Figure 1b. In this mechanism, the 2-butyne first coordinates with the magnesium center to form reactant state A. Subsequently, the 2-butyne inserts into the Mg–H bond, leading to an Mg–C bond in B. Then, H2 is added to the Mg–C bond to produce the desired product 2-butene, and the catalyst is regenerated.
[image: Diagram illustrating a catalytic hydrogenation process. (a) shows the hydrogenation of 2-butyne and 2-butene to alkane using molecular hydrogen and CAl₃MgH₂⁻ catalyst. (b) details the catalytic cycle, featuring intermediate steps with structures labeled A and B, involving hydrogen addition and bonding with the CAl₃MgH₂⁻ catalyst.]FIGURE 1 | (a) Hydrogenation of 2-butyne and 2-butene using CAl3MgH2¯ catalyst. (b) Proposed mechanism for hydrogenation of 2-butyne using CAl3MgH2¯ catalyst.The CAl3MgH2¯ catalyst was meticulously analyzed using various quantum chemical tools, confirming its planar and stable nature, previously reported as a global minimum structure (Malhan and Thirumoorthy, 2024). Figure 2 illustrates the structure of CAl3MgH2¯ along with bond lengths and natural atomic charges. The natural atomic charges from the natural population analysis of bridging and terminal hydride are −0.40 |e| and −0.71 |e|, respectively. The bridging hydride exhibits lower hydridic properties than the terminal hydride and is overlapped with two aluminum atoms, making it challenging for the bridging hydrogen to partake in reactions. On the other hand, the terminal hydride, attached to magnesium with a higher hydridic nature, is more readily available to engage in reactions.
[image: A 3D molecular structure diagram showing CAl₃MgH₂⁻ on the left with labeled elements: aluminum (Al), magnesium (Mg), carbon (C), and hydrogen (H). Bond lengths are marked in red. The right diagram shows the natural atomic charges in numerical values.]FIGURE 2 | CAl3MgH2¯ with bond lengths (Å) on the left side, and natural atomic charges (|e|) on the right side at ωB97XD/6–311++G (2d,2p) level of theory.The Gibbs free energy profile for the hydrogenation of 2-butyne employing the CAl3MgH2¯ catalyst is given in Figure 3, calculated at the ωB97XD/6–311++G (2d,2p) level of theory, including the PCM solvation of toluene at room temperature (298.15 K) and 5 bar pressure through thermochemical calculations. Additionally, the zero-point corrected energy profile is given in Supplementary Figure S1, the ZPVE corrections, and the number of imaginary frequencies of all the optimized structures of the stationary points involved in the reaction pathway of hydrogenation of 2-butyne using the CAl3MgH2¯ catalyst at the ωB97XD/6–311++G (2d,2p) level of theory in the PCM solvation of toluene are listed in Supplementary Table S1. The transition states, TS1 and TS2, exhibit one imaginary frequency each, confirming that they are first-order saddle points along the reaction pathway. In contrast, structures A, B, C, and D have zero imaginary frequencies, indicating that they are minimum energy structures along the reaction pathway. The reaction commences with the coordination of 2-butyne to the magnesium center of the CAl3MgH2¯ catalyst, forming reactant state A. Subsequently, 2-butyne inserts into the Mg–H bond with an energy barrier of 25.67 kcal/mol, resulting in a stable intermediate B in an exothermic step (−21.46 kcal/mol). Following this, in the second step, H2 is added to the Mg–C bond, leading to the cleavage of H2 in a heterolytic manner via a “four-center” transition state with an energy barrier of 25.04 kcal/mol, leading to the desired product 2-butene and the regenerated catalyst in D in an exothermic step (−11.98 kcal/mol).
[image: Reaction energy profile showing a two-step reaction mechanism. The y-axis represents ΔG in kilocalories per mole, while the x-axis represents the reaction coordinate. The transition states TS1 and TS2 have energy barriers of 25.67 and 25.04 kilocalories per mole, respectively. Steps 1 and 2 indicate significant changes in energy, with intermediate B showing a decrease of 21.46 kilocalories per mole, and final product D showing a stabilization at -11.98 kilocalories per mole.]FIGURE 3 | Gibbs free energy profile in kcal/mol of hydrogenation of 2-butyne in the PCM solvation of toluene using CAl3MgH2¯ catalyst. The reaction proceeds via two transition states with activation barriers of 25.67 kcal/mol for TS1 and 25.04 kcal/mol for TS2. All energies are calculated at ωB97XD/6–311++G (2d,2p) level of theory.The identification of transition states was achieved through the Berny algorithm implemented in the Gaussian 16 package, with a specific focus on the hydrogenation of 2-butyne using CAl3MgH2¯. To verify the predicted reaction mechanism of hydrogenation of 2-butyne using CAl3MgH2¯ catalyst, the IRC calculations were conducted as shown in Figure 4. IRC calculation is employed to explore the minimum energy pathways of chemical reactions. It determines the path a system follows from a transition state to connecting the local minima, which corresponds to a stable reactant or product. This process is crucial for understanding the dynamics of chemical reactions, providing an extensive overview of how reactants are systematically converted into products. Both transition state structures, TS1 and TS2, were subjected to IRC calculations, which demonstrate that the transition states are truly connected to the reactants and products. This provides strong validation that the calculated reaction pathway is a minimum energy pathway.
[image: Two graphs depicting intrinsic reaction coordinates and total energy in Hartree. The left graph shows Step 1 with a curve from point A to a peak at TS1, then falling to point B. The right graph shows Step 2 with a curve from point C to a peak at TS2, then descending to point D. Both graphs have energy on the vertical axis and reaction coordinate on the horizontal axis.]FIGURE 4 | IRC pathway for hydrogenation of 2-butyne in the PCM solvation of toluene using CAl3MgH2¯ catalyst. Both transition states are truly connected to their adjacent local minima. IRC calculations are performed at ωB97XD/6–311++G (2d,2p) level of theory. (IRC video is provided in Supplementary Material).The optimized geometries of the stationary points involved in the reaction pathway, including bond lengths, of the hydrogenation of 2-butyne using CAl3MgH2¯ catalyst are presented in Figure 5, accompanied by the corresponding natural atomic charges from natural population analysis as given in Table 1. In reactant state A, the Mg–H1 distance measures 1.75 Å, and the natural atomic charges on Mg and H1 are 1.60 |e| and −0.74 |e|, respectively, indicating the hydridic nature of H1. As 2-butyne approaches the magnesium in TS1, the Mg–H1 bond distance elongates to 1.80 Å, facilitating 2-butyne insertion. In intermediate B, H1 migrates from Mg to carbon (C2), resulting in the loss of its hydridic nature, as evidenced by the natural atomic charges of 0.17 |e| and the formation of a Mg–C1 bond with a distance of 2.11 Å. Moreover, the increase in the C1–C2 bond distance from 1.20 Å to 1.34 Å validates that the triple bond is reduced to a double bond. The natural atomic charges on C1 (−0.62 |e|) indicate that the C1 atom now acts as a Lewis base after bonding to magnesium (1.68|e|). The planar configuration of intermediate B allows the H2 molecule to approach from the same side, as in C, which leads to the syn-addition of H2, resulting in the cis-product. In TS2, as the H2 molecule approaches the magnesium, the Mg–C1 bond elongates to 2.24 Å. The natural atomic charges on Mg (1.73 |e|) indicate its role as a Lewis acid and on C1 (−0.59 |e|) as a Lewis base. These Lewis acid-base pairs engage in a heterolytic dissociation of H2 molecules, breaking them down into proton−hydride pairs, which enhance the overall efficiency of the hydrogenation reaction by facilitating the transfer of protons (H+) and hydride ions (H−) to the reactants, thereby promoting the formation of new chemical bonds (Aireddy and Ding, 2022). The natural atomic charges of H2 (−0.35 |e|) and H3 (0.09 |e|) in TS2, coupled with the elongation of the H2–H3 bond, confirm the heterolytic cleavage of the H2–H3 bond. Moreover, the bonds Mg−H2 and C1−H3 are being formed, while Mg–C1 and H2–H3 bonds are being broken via a “four-center” transition state in TS2. Finally, the desired product, 2-butene, and the catalyst are regenerated in D.
[image: Illustrates energy minimized structures A, B, C, D, TS1, and TS2. Bond lengths are labeled in red, showing the distances between atoms.]FIGURE 5 | Calculated bond lengths in Å for optimized structures of all the stationary points involved in the reaction pathway of hydrogenation of 2-butyne in the PCM solvation of toluene using CAl3MgH2¯ catalyst at ωB97XD/6–311++G (2d,2p) level of theory. The elongation of the Mg–H1 bond in TS1 confirms the transfer of H1. In TS2, the elongation of H2 confirms its cleavage.TABLE 1 | Natural atomic charges (|e|) on atoms involved in the reaction pathway of hydrogenation of 2-butyne in the PCM solvation of toluene using CAl3MgH2¯ catalyst calculated at ωB97XD/6–311++G (2d,2p) level of theory (Labels are followed as given in Figure 5).	Structure labels	Mg	C1	C2	H1	H2	H3
	A	1.60	−0.05	−0.06	−0.74	-	-
	TS1	1.72	−0.41	−0.04	−0.48	-	-
	B	1.68	−0.62	−0.27	0.17	-	-
	TS2	1.73	−0.59	−0.21	0.17	−0.35	0.09
	D	1.59	−0.23	−0.23	0.21	−0.74	0.22


The NCI analysis was conducted using converged Self-Consistent Field (SCF) calculations with cutoff values of 0.5 to gain insights into the type of interactions that happen during the hydrogenation of 2-butyne using the CAl3MgH2¯ catalyst. This involved generating 3D isosurfaces and 2D reduced density gradient (RDG) graphs for all the stationary points along the reaction pathway, as illustrated in Figure 6. This figure specifically highlights the interactions associated with bond breaking and formation. For a comprehensive view, the complete 3D isosurfaces and their corresponding RDG graphs are given in Supplementary Figure S2. The atom labels used here follow as shown in Figure 5. The natural bonding orbital analysis was conducted to understand the orbital interactions that lead to bond formation. The results of this analysis are presented in Supplementary Table S2. It serves to complement the NCI studies through the decomposition of the Wiberg bond order within the framework of natural atomic orbitals. In reactant state A, the green patches represent van der Waals interactions, indicating coordination between the reactants for initiating the reaction process. Upon entering transition state TS1, the blue patches observed between the C2 and H1 atoms indicate a strong attraction stemming from the orbital interaction between 2py (C2)–1s (H1), exhibiting a contribution of 0.11 (see Supplementary Table S2). These interactions play a crucial role in facilitating bond formation between C2–H1, followed by the formation of the bond between Mg–C1, which leads to the formation of intermediate B. In reactant state C, the H2 molecule exhibits van der Waals interactions with the C1–C2 double bond, which leads to the TS2. In TS2, the bonding occurs between C1–H3 (2pz (C1)–1s (H3) contributing 0.19) due to significant orbital interactions. Simultaneously, bond formation takes place between Mg–H2, which is indicated by the blue patches. This process leads to the regeneration of the catalyst and ultimately results in the formation of the desired product in state D. Additionally, in state D, the presence of green patches between the catalyst and 2-butene suggests that the product complex is stabilized through van der Waals interactions.
[image: NCI analysis: 3D isosurfaces labeled A, B, C, TS1, TS2, and D are shown alongside their corresponding scatterplots. These plots display colored data points on a graph with axes labeled for Sign (λ2)ρ in atomic units. The graph highlights regions of attraction and repulsion, indicated by color gradients from blue to red, corresponding to strong attraction, van der Waals interaction, and strong repulsion. A color guide at the bottom associates colors with interaction types, emphasizing hydrogen bonds and steric interactions.]FIGURE 6 | Non-covalent interaction, 3D isosurfaces (on left) and 2D-RDG graphs (on right) for the specific interactions associated with bond breaking and formation involved in the reaction pathway of hydrogenation of 2-butyne in the PCM solvation of toluene using CAl3MgH2¯ catalyst at ωB97XD/6–311++G (2d,2p) level of theory. The reaction initiates with van der Waals interactions (green isosurface) that bring the reactants together in the initial complex. As the system approaches the transition state, these evolve into strong, electrostatic interactions (blue isosurface), which are critical for product formation. Isosurfaces are colored as: strong attraction (blue), van der Waals interaction (green), and repulsive interaction (red). The complete 3D isosurfaces and their corresponding RDG graphs are given in Supplementary Figure S2.In 2022, Liang et al. conducted both experimental and theoretical studies on the hydrogenation of 2-butyne using a magnesium pincer complex as a catalyst (Liang et al., 2022). The CAl3MgH2¯ may exhibit a similar mechanism to the experimentally reported magnesium pincer catalyst (Liang et al., 2022). Thus, we re-optimized the energy profile of the σ-bond metathesis pathway (similar to the proposed mechanism in the present work, as shown in Figure 1). The Gibbs free energy profile for the hydrogenation of 2-butyne by using the magnesium pincer catalyst is given in Supplementary Figure S3, calculated at the ωB97XD/6–311++G (2d,2p) level of theory, including the PCM solvation of toluene at room temperature (298.15 K) and 5 bar pressure through thermochemical calculations. Additionally, the zero-point corrected energy profile is given in Supplementary Figure S4, the ZPVE corrections, and the number of imaginary frequencies of all the optimized structures of the stationary points involved in the reaction pathway of hydrogenation of 2-butyne using the magnesium pincer catalyst at the ωB97XD/6–311++G (2d,2p) level of theory are listed in Supplementary Table S3. The transition states, TS1 and TS2, exhibit one imaginary frequency each, confirming that they are first-order saddle points along the reaction pathway. In contrast, structures A, B, C, and D have zero imaginary frequencies, indicating that they are minima along the reaction pathway.
This investigation was conducted to establish a comparative analysis with the present study, as the findings indicate that the reaction mechanism involved in the hydrogenation of 2-butyne utilizing a magnesium pincer catalyst is similar to that observed when employing the CAl3MgH2¯ catalyst. The solvent effect of toluene at room temperature with 5 bar pressure for thermochemical calculation was incorporated into the current study to closely replicate the conditions utilized in the experimental investigation of the magnesium pincer catalyst. This approach aims to enable more accurate comparative analyses. To illustrate this, Figure 7 compares the Gibbs free energy profile for the hydrogenation of 2-butyne between the CAl3MgH2¯ and magnesium pincer catalyst, and their energy differences are given in Supplementary Table S4. Additionally, the comparison with the zero-point corrected energy profile is given in Supplementary Figure S5. The energies of transition states TS1 and TS2 using the CAl3MgH2¯ catalyst are higher than those using the magnesium pincer catalyst by 10.48 kcal/mol and 6.21 kcal/mol.
[image: Reaction energy profile comparing CAl₃MgH₂⁻ and Mg-pincer catalysts. The y-axis is labeled ΔG (kcal/mol), and the x-axis is the reaction coordinate. Two pathways with transition states (TS1 and TS2) are shown: blue for the CAl₃MgH₂⁻ catalyst and red for the Mg-pincer catalyst. Each energy levels are mentioned. The inset displays molecular structures.]FIGURE 7 | Comparison of Gibbs free energy profile in kcal/mol for hydrogenation of 2-butyne in the PCM solvation of toluene between CAl3MgH2¯ and magnesium pincer catalyst at ωB97XD/6–311++G (2d,2p) level of theory.The hydrogenation of 2-butyne using CAl3MgH2¯ has been extensively investigated, both in PCM solvation of toluene and in the gas phase. The comparison of their Gibbs free energy profiles is illustrated in Figure 8. Additionally, the comparison with the zero-point corrected energy profile is given in Supplementary Figure S6. The IRC pathway in the gas phase is given in Supplementary Figure S7, which confirms that the transition states are truly connected to their adjacent local minima. In the gas phase, the transition states TS1 and TS2 are found to be energetically favorable, with energy levels lower by 2.14 kcal/mol and 0.94 kcal/mol, respectively, than in the solvent phase. The Zero-point corrected energies and ΔG values provided in Table 2 for comparison between the gas and the solvent phase of toluene further confirm that the gas phase offers a reduced activation barrier for the reaction. Moreover, the CAl3MgH2¯ catalyst demonstrated exceptional catalytic efficiency under gas phase conditions than the solution phase, indicating its promising applications in industrial settings. The optimized geometries involved in the reaction pathway detailing essential bond lengths are displayed in Supplementary Figure S8, and their corresponding natural atomic charges are provided in Supplementary Table S5, offering insights into electron distribution during the reaction. Furthermore, the NCI analysis is given in Supplementary Figure S9, which specifically highlights the interactions associated with bond breaking and formation. For a comprehensive view, the complete 3D isosurfaces and their corresponding RDG graphs are given in Supplementary Figure S10. In reactant state C, with toluene as the solvent, the H2 molecule exhibits van der Waals interactions with the C1–C2 double bond, likely attributable to solvent-induced polarization. Conversely, in the gas phase, H2 predominantly interacts through van der Waals forces with the Mg atom (see Supplementary Figure S11). This underscores the significant impact of the environment on molecular interactions in computational investigations.
[image: Reaction energy diagram illustrating two steps, with ΔG in kilocalories per mole on the y-axis and reaction coordinate on the x-axis. Transition states TS1 and TS2 are marked with energy barriers for “with toluene” and“ in gas phase.” Molecular structures are shown at each step, labeled A, B, C, TS1, TS2, and D. Steps 1 and 2 are indicated with arrows.]FIGURE 8 | Gibbs free energy profile comparison in kcal/mol for hydrogenation of 2-butyne using CAl3MgH2¯ catalyst in PCM solvation of toluene and gas phase. The lower activation barrier in the gas phase favors the reaction kinetically compared to the solvent phase. All energies are calculated at ωB97XD/6–311++G (2d,2p) level of theory.TABLE 2 | Comparison between ΔG, ΔE + ZPVE, and ΔE energies in kcal/mol for hydrogenation of 2-butyne in both gas phase and in PCM solvation of toluene using CAl3MgH2¯ catalyst. The lower activation barrier in the gas phase favors the reaction kinetically compared to the solvent phase. All energies are calculated at ωB97XD/6–311++G (2d,2p) level of theory.	Structure labels	ΔG (kcal/mol)	ΔE + ZPVE (kcal/mol)	ΔE (kcal/mol)
	Solvent	Gas	Solvent	Gas	Solvent	Gas
	A	0.00	0.00	0.00	0.00	0.00	0.00
	TS1	25.67	23.53	24.03	22.84	23.91	23.03
	B	−21.46	−23.97	−22.72	−24.03	−26.67	−27.42
	C	0.00	0.00	0.00	0.00	0.00	0.00
	TS2	25.04	24.09	23.34	22.46	22.78	21.90
	D	−11.99	−11.42	−14.18	−13.11	−17.76	−16.75


It is also investigated whether the CAl3MgH2¯ catalyst used in the hydrogenation of 2-butyne is also suitable for the further hydrogenation of 2-butene. Interestingly, the CAl3MgH2¯ catalyst demonstrated promising catalytic efficiency under similar conditions for the hydrogenation of 2-butene, as evidenced by its Gibbs free energy profile in Figure 9. Additionally, the zero-point corrected energy profile is given in Supplementary Figure S12. The IRC pathway is given in Supplementary Figure S13, which confirms that the transition states are truly connected to their adjacent local minima. Its optimized geometries involved in the reaction pathway, including bond lengths, are displayed in Supplementary Figure S14, and the corresponding natural atomic charges are provided in Supplementary Table S6. This observation suggests that the mechanism for the hydrogenation of 2-butene is similar to that for the hydrogenation of 2-butyne using the CAl3MgH2¯ catalyst.
[image: Reaction energy diagram showing two reaction steps along the reaction coordinate. The first transition state (TS1) has an energy of 24.84 kilocalories per mole. The second transition state (TS2) has an energy of 26.61, and the product (D) has an energy of -17.19. Molecular structures are shown at each state.]FIGURE 9 | Gibbs free energy profile in kcal/mol of hydrogenation of 2-butene in the PCM solvation of toluene using CAl3MgH2¯ catalyst. The reaction proceeds via two transition states with activation barriers of 24.84 kcal/mol for TS1 and 26.61 kcal/mol for TS2. All energies are calculated at ωB97XD/6–311++G (2d,2p) level of theory.In the previous study, the stability of CAl3MgH2¯ (Malhan and Thirumoorthy, 2024) was computationally characterized and confirmed using various quantum chemical tools. These tools indicated that the stability arises from the delocalization of electron density and the presence of double aromaticity within system. A similar structure, CAl4H¯ (Xu et al., 2017), has already been identified experimentally. By substituting one aluminum atom with an isoelectronic Mg–H unit in CAl4H¯, there exists a promising opportunity for the experimental identification of CAl3MgH2¯. Although several ptC have been reported experimentally in the gas phase, well-established laboratory methods for synthesizing ptC are currently lacking. Given the extensive research in the chemistry of ptC, it is expected that potential methods for its synthesis will emerge in the future.
CONCLUSION
In summary, the hydrogenation of an alkyne using the CAl3MgH2¯ catalyst has been thoroughly investigated through computational calculations. In this reaction, first, the alkyne inserts into the Mg–H bond, followed by the cleavage of H2 in a heterolytic manner, leading to hydrogenation and the regeneration of the catalyst. The comparison of the CAl3MgH2¯ catalyst with the magnesium pincer catalyst indicated that the transition states are higher with the CAl3MgH2¯ catalyst. The comparison between the PCM solvation of toluene and the gas phase using the CAl3MgH2¯ catalyst indicated that the reaction can proceed even under milder conditions. The reaction pathway is also confirmed to be a minimum energy pathway, as evidenced by IRC calculations. Natural atomic charges from natural population analysis confirmed that H2 bond activation is facilitated by the Lewis acid-Lewis base (Mgδ+–Cδ−) mechanism. NCI analysis alongside natural atomic orbital demonstrated that van der Waals interactions play a significant role in coordinating reactants and stabilizing products. Furthermore, NCI studies indicated that bond formation and breaking occur simultaneously in the transition state structures, which are also supported by natural bonding orbital analysis. It was also discovered that the CAl3MgH2¯ catalyst could also hydrogenate the alkene under similar conditions and through a similar mechanism. It was observed that the planar configuration of intermediate B allows the H2 molecule to approach from the same side, leading to the syn-addition of H2, resulting in the cis-product. Moreover, this study highlights that the ptC molecule CAl3MgH2¯, is not only an intriguing rule-breaking structure but could also catalyze hydrogenation reactions, potentially opening up new avenues for future chemistry in industrial applications. It is believed that the mechanistic insights revealed here for the hydrogenation of alkyne and alkene using the CAl3MgH2¯ catalyst will assist experimentalists in designing more effective main-group metal-based catalysts for hydrogenation reactions.
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