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We report here selective Tsuji-Trost type allylation of Ugi adducts using a strategy based on the enhanced nucleophilicity of amide dianions. Ugi adducts derived from aromatic aldehydes were easily allylated at their peptidyl position with allyl acetate in the presence of palladium catalysts. These substitutions were compared to more classical transition metal free allylations using allyl bromides.
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INTRODUCTION

Since its discovery and even more after the 1980's, the Ugi reaction has fascinated chemists with the high diversity brought by its four components nature together with its impressive functional tolerance (Dömling and Ugi, 2000; Hulme and Gore, 2003; Orru and De Greef, 2003; Zhu and Bienaymé, 2005; Dömling, 2006; Dömling et al., 2012; Zhu et al., 2014; Boyarskiy et al., 2015; Váradi et al., 2016; Lei et al., 2018). Besides important efforts devoted to the preparation of libraries of heterocycles through cyclization of properly functionalized Ugi adducts (Tempest, 2005; Sunderhaus and Martin, 2009; Ivachtchenko et al., 2010; Orru and Ruijter, 2010a,b; Sadjadi and Heravi, 2011; Eckert, 2012; Sharma et al., 2015), a number of studies have focused on raising the diversity by letting Ugi adducts react in further intermolecular couplings (Elders et al., 2009; Brauch et al., 2010; Zarganes-Tzitzikas et al., 2015a,b; Kaur et al., 2016). In contrast with the previous intramolecular couplings, these strategies (such as the combination of MCRs) are much more sensitive to steric hindrance and require more attention in selecting the functionalities required for further couplings. For this reason, most transformations involving the peptidyl position of Ugi adducts are limited to intramolecular reactions (Bossio et al., 1997; Trifilenkov et al., 2007; Salcedo et al., 2008; El Kaïm et al., 2011; Tyagi et al., 2013; Zhang et al., 2013; Ben Abdessalem et al., 2015; Ghandi et al., 2015; Vachhani et al., 2015; Li et al., 2016). We recently proposed a dianionic amide strategy to raise the nucleophilic behavior of Ugi adducts derived from aromatic aldehydes and demonstrated the interest of this approach using bis-electrophilic derivatives prone to trap the dianions and form heterocycles (Scheme 1) (Zidan et al., 2017, 2018). Following the high yielding cyclizations observed in these studies, we decided to explore more thoroughly the synthetic potential of these dianions (Thompson, 1994; Langer and Freiberg, 2004) toward more simple electrophiles. We now wish to report further applications of this chemistry in Tsuji-Trost reactions as well as metal-free alkylations with bromide derivatives (Scheme 1).
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SCHEME 1. Reaction of Ugi amide dianion with mono and biselectrophiles.





RESULTS AND DISCUSSION

Following our interest in Tsuji-Trost reactions involving isocyanide based MCRs (Dos Santos and El Kaïm, 2014; Cordier et al., 2015; El Mamouni et al., 2016), we decided to explore the behavior of Ugi adducts dianions toward allyl acetate. Besides the efficiency and regioselectivity issues of the reaction of these dianions with π-allyl palladium complexes, such study might bring interesting pathways for further enantioselective approaches. For this study, Ugi adduct 1a was selected due to its good behavior in our previous studies with propargyl bromide and diiodomethane. It was prepared in 89% yield from 4-chloro-benzaldehyde, propylamine, acetic acid and tert-butylisocyanide (Table 1). When 1a was heated with allyl acetate in THF using 2.5 equivalents of potassium tert-butoxide together with a Pd(dba)2/PPh3 catalytical couple, we were delighted to observe a selective C-allylation of 1a giving 3a in 65% isolated yield after 2 h refluxing (entry 1, Table 1).



Table 1. Screening of various conditionsa.
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Different bases in various solvents were then evaluated using the same palladium/phosphine couple. The enhanced nucleophilicty of the 1,3-amide dianion toward the π-allyl palladium cationic complex was confirmed experimentally by comparing the use of 2.5 and 1.3 equiv of KHMDS (affording respectively 93 and 37% isolated yields: entries 4 and 5, Table 1). NaH in DMSO, gave the best conditions affording to our delight a nearly quantitative yield of 3a in only 1 h at room temperature (entry 9, Table 1). Further modifications of the catalyst using more complex phosphines led to longer reaction time and lower yields (entries 10–12, Table 1), while in absence of palladium source, no product was observed (entry 13, Table 1).

A set of Ugi adducts were then prepared in methanol and submitted to these optimized allylation conditions. The results are gathered in Scheme 2. As observed in our previous studies (Zidan et al., 2017, 2018), an aryl group tethering the peptidyl position is required for efficient allylation. Indeed, Ugi adduct 1j prepared from isovaleraldehyde failed to form the expected 3j probably due to the inability to form the dianionic intermediate with this less acidic substrate. Surprisingly, we didn't observe much correlation between yields and the electronic nature of the aldehyde as shown by the similar yields obtained with both 4-nitro or 4-methoxy substituted derivatives 3b and 3c. A much stronger effect of the substitution partner of the aromatic moiety was observed with 2-chloro substituted Ugi adduct 1h which failed to give any adduct under these conditions as observed with 1j. The same behavior was observed for the attempted synthesis of the fluoro analog 3i. This lack of reactivity can probably be explained by the steric hindrance brought by substituents at the ortho position preventing to reach the planar geometry required for benzylic anion stabilization. Initial trials on enantioselective allylations were rather deceiving. When triphenylphosphine was replaced by BINAP (5mol %) for the reaction of 1a with 2a, 3a could be formed rapidly in good yield (89%) but poor enantioselectivity (5%) whereas the use of Trost ligand (DACH-phenyl) failed to give any allylation reaction. A wider scope of chiral ligands as well as alternative solvents allowing lower temperatures will have to be evaluated to reach an enantioselective version. The reaction could not be extended to more substituted allylic acetate derivatives such as cinnamyl acetate. The latter failed to react with Ugi adduct 1a even under prolonged heating, leading only to saponification of the ester and isolation of cinnamyl alcohol.
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SCHEME 2. Scope of the Ugi/Tsuji-Trost cascade.



Submitting propargylamine-derived Ugi adduct 1s to the same reaction conditions didn't afford any allylated product but resulted in the clean formation of 2,3-dihydropyrrole 4 (Scheme 3), a reaction already reported by Miranda et al. (Polindara-García and Miranda, 2012). They could isolate the same dihydropyrrole 4 in 36% yield treating 1s with t-BuOK (2.5 equiv) in THF, while we could obtain 79% yield with our conditions. This selectivity was not very surprising when considering the respective intra and intermolecular properties of the two pathways. However, the ability to form enyne derivatives from Ugi adducts together with the interest of reversing a preferred selectivity were challenging enough to explore different set of conditions. Indeed, the dihydropyrrole formation probably involves a first isomerization into allene followed by further 5-endo-trig cyclization. This could leave some space for a previous intermolecular allylation if the lifetime of the dianion could be reduced by increasing the kinetic of the allylation step. Introducing the allyl acetate together with the palladium catalyst and the Ugi adduct in DMSO followed by the addition of the base resulted in a lower 54% yield of 4 together with a complex mixture of allylated products. We next explored the use of allyl bromide as a potential electrophilic species in the absence of palladium. When adding the latter to Ugi adduct 1s followed by NaH, we were delighted to observe the expected enyne 3s obtained in 58% isolated yield without any trace of dihydropyrrole (Scheme 3). This interesting control of the selectivity offers an attractive access to enyne derivatives for further cyclization studies.
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SCHEME 3. Allylation of Ugi propargyl adduct.



These conditions settled with allyl bromide proved useful as well for the reaction of other alkyl bromides and iodides as shown in Scheme 4. The lowest 30% yield of 6c obtained using 3-bromocyclohex-1-ene may be explained by the use of secondary halides together with the high steric hindrance around the peptidyl position of the Ugi adduct. In order to confirm further the importance of forming dianionic intermediates, the formation of 3a was attempted using allyl bromide in excess (1.5 equiv) but reducing the amount of sodium hydride to 0.9 equiv. In this case, only traces of allylated compound could be identified after 2 h at rt whereas the reaction was completed after the same time when using 2.5 equiv of sodium hydride. Interestingly, whereas under Tsuji-Trost type conditions we couldn't observe any allylation of both 2-chloro and 2-fluoro substituted derivatives 1h and 1i, the latter gave us a moderate 40% isolated yields of 3i when using just sodium hydride with allyl bromide.
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SCHEME 4. Scope of alkylating agents.



A further interest of the use of palladium free conditions may be found in the ability to carry the reaction starting directly from the four Ugi components. Indeed remaining isocyanides after the Ugi reaction are potentially inhibitor for most classical palladium catalyzed processes making thus one-pot processes difficult to achieve (El Kaim et al., 2008)1. After completion of the Ugi adduct, the methanol was evaporated under reduced pressure. The solvent was then replaced by DMSO. Addition of sodium hydride followed by allyl bromide afforded the final allylated Ugi adducts in good overall yields (Scheme 5).
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SCHEME 5. Cascade one pot reaction.



With this easy allylation of Ugi adducts in hand, we decided to take advantage of the diversity offered by the latter coupling to explore Ugi/allylation/Ring Closure Methathesis (RCM) strategies toward various nitrogen based heterocycles. The use of RCM as Ugi post-condensation has already demonstrated its power for the formation of 5, 6-membered heterocycles as well as macrocyclic derivatives (Banfi et al., 2003; Beck et al., 2003; Hebach and Kazmaier, 2003; Ribelin et al., 2007; Ku et al., 2011). However, the synthetic potential of these strategies is in a way limited by the need of introducing the two allylated moieties at an early stage which reduces the diversity offered by the two-step process. The late stage allylation we propose is highly versatile allowing to settle the strategy with a single alkenyl moiety in the starting components. Thus using allyl amine, we could easily prepare a library of piperidines with five points of diversity (Scheme 6).
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SCHEME 6. Ugi/allylation/RCM strategy.



This access to 3,4-dehydropiperidine derivatives 7 could be further enriched by a potential isomerization into cyclic enamines as demonstrated by the ruthenium hydride catalyzed conversion of 7a into 8 (Scheme 6). The versatility of the method can be pictured by the alternative choice of the alkenyl moiety on the acidic component such as in cinnamic acid offering now a very simple access to 3,4-dehydropiperidine-2-one 9 (Scheme 7).
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SCHEME 7. Ugi/allylation/MCR toward piperidones.





CONCLUSION

In summary, we have extended the potential of the Ugi reaction using 1,3-amide dianionic species as intermediates for efficient allylations at the peptidyl moiety of Ugi adducts. The procedure raises the diversity of Ugi adducts and offers unique opportunities for the preparation of nitrogen based heterocycles through association with ring closure metathesis (Supplementary Data Sheet 1). The power of the latter strategy has been demonstrated by the preparation of various piperidines which are important scaffolds for medicinal applications.
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FOOTNOTES

1However, one-pot processes may be envisioned if the remaining isocyanide is destroyed by an acidic hydrolysis prior palladium addition.
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A novel isocyanide-based multicomponent synthesis of alkyl aryl(indol-3-yl)acetimidates has been established. Starting from aryl(indol-3-yl)methylium tetrafluoroborates, aromatic isocyanides and alcohols, the imidates were obtained in moderate to very good yields. Consecutive four-component synthesis of the above mentioned imidates from N-alkylindoles, aromatic aldehydes, aromatic isocyanides and alcohols was also proposed. In addition, it was shown that in the presence of water, aryl(indol-3-yl)methylium tetrafluoroborates reacted with isocyanides to furnish aryl(indol-3-yl)acetamides.
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INTRODUCTION

Multicomponent reactions (MCRs) serve as a powerful and widely used instrument in organic synthesis (Shiri, 2012; Müller, 2014; Zarganes-Tzitzikas et al., 2015; Zhu et al., 2015; Levi and Müller, 2016). A special place among them is occupied by transformations with the participation of isocyanides, unique reagents where nucleophiles and electrophiles attack the same atom (for a book on isocyanides, see Nenajdenko, 2012; for selected reviews on isocyanide-based MCR, see Dömling and Ugi, 2000; Dömling, 2006; Sadjadi et al., 2016). Common reaction partners in MCR with isocyanides are iminium salts, carbonyl compounds (or oxocarbenium ions), and electron-deficient alkynes (Ugi, 1962; Banfi and Riva, 2005; De Moliner et al., 2011). Several examples of interaction between isocyanides and activated alkenes were reported (Saegusa et al., 1972; Person et al., 1980; Shaabani et al., 2002; Maltsev et al., 2006; Mironov et al., 2006; Jing et al., 2010; Soleimani and Zainali, 2011; Soleimani et al., 2011, 2013). Reactions of isocyanides with α,β-unsaturated imines or the corresponding iminium salts with the possibility of 1,4-addition are still rare (Marchand et al., 1999; Fontaine et al., 2009; Shimizu et al., 2009). Particularly, such imine and iminium salts were used in a formal [4+1] cycloaddition reaction with the formation of a pyrrole ring (Marchand et al., 1999; Fontaine et al., 2009; Kaur et al., 2016). In our opinion, the interaction of isocyanides with α,β-unsaturated imines could well-evolve into a novel multicomponent reaction.

Considering that the indole scaffold is privileged from medicinal chemistry point of view (Barreiro, 2016), we decided to use 3-arylidene-3H-indolium salts as simple vinylogues of iminium ions. Alkylideneindoleninium (3-alkylidene-3H-indolium) ions (I) can be formed as intermediates by cleaving the leaving group from the α-position (“benzylic”) of the substituent at the indole 3-position (Figure 1A) (For reviews, concerning generation and reactivity of alkylideneindolenine intermediates, see Enders et al., 2008; Shaikh et al., 2008; Palmieri et al., 2010; Wang et al., 2014; Zhuo et al., 2014; Jin et al., 2015; Palmieri and Petrini, 2016; Deb et al., 2017; Mei and Shi, 2017). Such intermediates are usually unstable and can react in situ with nucleophiles. This approach has been widely used in the syntheses of various indole derivatives (Enders et al., 2008; Shaikh et al., 2008; Palmieri et al., 2010; Wang et al., 2014; Zhuo et al., 2014; Jin et al., 2015; Palmieri and Petrini, 2016; Deb et al., 2017; Mei and Shi, 2017).
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FIGURE 1. In situ generation of alkylideneindoleninium intermediates (A) and synthesis of stable aryl(indol-3-yl)methylium salts (B).



Moreover, relatively stable 3-arylidene-3H-indolium (aryl(indol-3-yl)methylium) ions II were obtained by acid-catalyzed coupling of indoles and aryl aldehydes, and were isolated and characterized as o-benzenedisulfonimide salts (Figure 1B) (Barbero et al., 2012). The corresponding diarylmethanes were obtained by reduction of these salts (Barbero et al., 2012), and an organocatalytic addition of aliphatic aldehydes to such compounds was developed (Armenise et al., 2015). Recently, an efficient synthesis for a bench-stable aryl(indol-3-yl)methyl tetrafluoroborate has been proposed (Figure 1B) (Barbero et al., 2015; Follet et al., 2015). Lewis acidity of such obtained aryl(indol-3-yl)methylium ions and kinetics of their interaction with different nucleophiles, including allylsilanes, enol silyl ethers, triarylphosphines, pyridines, secondary amines, have been studied (Follet et al., 2015, 2016). It should also be mentioned that the vinylogous iminium character of salts II was confirmed by single-crystal X-ray diffraction analysis (Barbero et al., 2015; Follet et al., 2015).

To the best of our knowledge, reactions of alkylideneindolenines or the corresponding salts with isocyanides have not been published yet. Herein, we report the three-component reaction of 3-arylidenindolium salts with isocyanides and alcohols to form alkyl aryl(indol-3-yl)acetimidates.



RESULTS AND DISCUSSION

Starting salts 1a-f were obtained by alkylation of the corresponding indoles followed by reaction of N-benzylindoles 2a-c with aromatic aldehydes 3a-c under conditions similar to a previously published procedure (Figure 2) (Follet et al., 2015). Tetrafluoroborates 1a-f containing a benzyl group in the indole 1-position remained unchanged after being stored at room temperature for several weeks and turned out to be more stable than their methyl analogs, whose lability was observed previously (Follet et al., 2015). In solution salts 1a-f exist as a mixture of E- and Z-isomers (for copies of NMR spectra of obtained compounds, see Supplementary Material), what was also noted for 2-unsubstituted derivatives earlier (Follet et al., 2015).
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FIGURE 2. Synthesis of 3-arylidene-3H-indolium salts 1.



Next, the interaction of salt 1a with p-methoxyphenyl isocyanide (4a) in methanol (5a) was performed at room temperature. After treating the reaction mixture with sodium bicarbonate solution, the imidate 6a was isolated in moderate yield as a result of the expected three component interaction (Figure 3; Table 1, entry 1). This was stable upon chromatography on silica gel and further storage for several weeks. Unfortunately, our attempt to facilitate the reaction by heating was unsuccessful, due to significant tar formation (Table 1, entry 2). The addition of potassium carbonate as a base increased the yield (Table 1, entries 4, 7, 8), but led to the formation of ether 7, resulting from the two-component reaction with methanol. Sodium or cesium carbonate had nearly the same effect, while Et3N was less effective (Table 1, entries 3, 5, 6).
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FIGURE 3. Reaction optimisation for imidate 6a synthesis.





Table 1. Reaction optimisation for imidate 6a synthesis.
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The formation of methoxy derivative 7 was not observed when the reaction was carried out in acetonitrile with 4 equiv of methanol and 1.5 equiv. of K2CO3, (Table 1, entry 10). However, the highest yield of the target product 6a was achieved by using a mixture of equal amounts of methanol and acetonitrile as solvent (Table 1, entry 12).

In these optimized conditions, the reaction was showing significant progress by TLC during the first 3 h. After 6 h, the yield did not change substantially (Table 1, entries 11 and 12). It is worth noting that increasing the amount of isocyanide resulted in a drop of the yield (Table 1, entry 9 vs. 7), whereas, performing the reaction without the addition of isocyanide in the presence of a base led to the formation of two-component reaction product 7. Without the addition of base, this product was only formed in trace amounts (Table 1, entries 13, 14).

With the optimized conditions in hand, the interaction of salts 1a-f with isocyanides 4a-d and methanol was investigated (Figure 4; Table 2). Moreover, salts 1g-j containing a methyl group at the indole nitrogen atom, which were obtained by a previously described procedure (Follet et al., 2015), were also involved. Reactions of aromatic isocyanides 4a-c led to the corresponding imidates 6 in moderate to good yields. The best results were observed for salts derived from anisaldehyde (Table 2, entries 2, 5). Such results can be explained by stabilization of the 3-arylidene-3H-indolium salts 1b,h with the donor substituent (MeO) and, consequently, by reducing the rate of the starting compound degradation under the reaction conditions, in comparison with more electrophilic salts 1a,c,g,i. At the same time, the stronger electron-donating dimethylamino group notably reduced the electrophilicity of the substrate, which led to lowering the yield of the reaction product with isonitrile 4a (Table 2, entry 7) (for electrophilicity parameters of salts 1j-g, see Follet et al., 2015). Similarly, the presence of an electron-donating methoxy group at the indole 5-position slightly increased the yield of the corresponding imidate 6j (Table 2, entry 1 vs. entry 10). The presence of a bromine atom in the same position decreased the yield (Table 2, entry 8, 9).
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FIGURE 4. Synthesis of imidates 6.





Table 2. Synthesis of imidates 6.
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Among aromatic isocyanides, the best results were also achieved for isocyanide 4a containing an electron-donating methoxy group. Furthermore, the alcohol component of this MCR could be varied and the reaction was carried out in a mixture of acetonitrile with alcohols 5b,c (Table 2, entries 11-13).

It should be mentioned that, in case of the non-conjugated benzyl isocyanide 4d, it was not possible to isolate the corresponding imidate 6s. Within 12 h, the reaction did not show significant progress according to TLC. After work-up and purification by chromatography on silica gel, amide 8a was isolated in a low yield along with compound 7 (Table 2, entry 19). Apparently, the amide 8a was formed by hydrolysis of the corresponding imidate 6s.

Next, the possibility of imidate synthesis from the indole and the aldehyde by a sequential one-pot four-component process, without isolation of the corresponding 3-arylidene-3H-indolium salt, was investigated (Figure 5; Table 3). After acid-catalyzed condensation of the aldehyde with 1-alkylindole, an excess of K2CO3 and a solution of isocyanide in the appropriate alcohol were added to the reaction mixture. To our great satisfaction, target imidate 6 was obtained in moderate to good yields.
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FIGURE 5. Consecutive four-component synthesis of imidates 6.





Table 3. Consecutive four-component synthesis of imidates 6a.
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Then we decided to extend our three-component imidate synthesis with the aim to obtain amides 8 (Figure 6; Table 4). As it turned out, addition of 10 volume % of water to the reaction mixture delivered the desired amides. Moreover, under these conditions, the reaction with benzyl isocyanide 4d also proceeded very quickly. A white precipitate of the corresponding amide 8a appeared almost immediately after isocyanide 4d addition. The interaction with aromatic isocyanides 4a,c was slightly slower but also efficient (Table 4, entries 7 and 8). Thus, 8 examples of amides 8 were obtained in a moderate to good yields employing this procedure (Table 4).
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FIGURE 6. Synthesis of amides 8.





Table 4. Synthesis of amides 8a.
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Previously, low yields were observed in formation of imidates with the conjugate addition of alkyl isocyanides to methyl acrylate and acrylonitrile in methanol (Saegusa et al., 1971). Amides were reported to be formed in reaction of dicyanoethylenes with isocyanides (Soleimani et al., 2011). Based on these facts and on the reported reactivity of 3-arylidene-3H-indolium salts (Follet et al., 2015, 2016), as well as on our own experiments, we suggest the following pathway for the multicomponent transformation of 3-arylidene-3H-indolium salts (Figure 7). The conjugate nucleophilic addition of isocyanide to the vinylogous iminium ion 1 leads to nitrilium salt A, which is further attacked by the nucleophile. This could be an alcoholate ion (or the corresponding alcohol). As a result, the imidate 4 is formed. Therefore, the role of the base in this process is to generate a small concentration of alcoholate ion as a strong nucleophile and to bind the released HBF4.
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FIGURE 7. Proposed mechanism of imidates 6 and amides 8 formation.



The unsuccessful attempt of the three-component reaction with non-conjugated isocyanide 4d can be explained by the reversibility of the process and the lower stability of the corresponding imidate. In the case that water is present, the hydroxide ion acts as nucleophile leading to the imidic acid B, which is in equilibrium with the corresponding amide 8. This last step makes the entire sequence of reactions almost irreversible.



CONCLUSIONS

We have elaborated a three-component reaction of a 3-arylidene-3H-indolium salt, an aromatic isocyanide and an alcohol, leading to a series of alkyl aryl(indol-3-yl)acetimidates with yields up to 87%. We have also established a consecutive four-component synthesis of the above mentioned imidates from a N-alkylindole, an aromatic aldehyde, an aromatic isocyanide and an alcohol. By using aqueous acetonitrile-methanol media we have expanded our method for the synthesis of aryl(indol-3-yl)acetamides. These reactions present a new practical synthetic approach to a series of compounds possessing a privileged indole scaffold and then also extend isocyanide-based MCRs by using vinylogous iminium ions.



MATERIALS AND METHODS
 

General

Starting reagents were purchased from commercial sources and were used without any additional purification or were prepared according to literature procedures. 1H and 13C NMR spectra were acquired on a Jeol JNM-ECA 600 spectrometer (with operating frequencies of 600 and 150 MHz, respectively) at room temperature and referenced to the residual signals of the solvent. The solvents used for NMR were DMSO-d6 and CDCl3. Chemical shifts are reported in parts per million (δ/ppm). Coupling constants are reported in Hertz (J/Hz). The peak patterns are indicated as follows: s, singlet; d, doublet; t, triplet; q, quadruplet; m, multiplet; dd, doublet of doublets and br s, broad singlet. Infrared spectra were measured on an Infralum FT-801 FT/IR instrument. The wavelengths are reported in reciprocal centimeters (νmax /cm−1). Mass spectra were recorded with LCMS-8040 Triple quadrupole liquid chromatograph mass-spectrometer from Shimadzu (ESI) and Kratos MS-30 mass-spectrometer (EI, 70 eV). HRMS spectra were recorded on a Bruker MicrOTOF-Q II. Elemental analysis was performed on an Euro Vector EA-3000 elemental analyzer. The reaction progress was monitored by TLC and the spots were visualized under UV light (254 or 365 nm). Column chromatography was performed using silica gel (230–400 mesh). Melting points were determined on a SMP-10 apparatus and were uncorrected. Solvents were distilled and dried according to standard procedures.



Synthesis of Tetrafluoroborates 1a-f
 
1-Benzyl-3-(4-Methylbenzylidene)-3H-Indolium Tetrafluoroborate (1a); Typical Procedure

1H-Indole (5.00 g, 42.7 mmol) and benzyl chloride (7.30 ml, 63.4 mmol) were dissolved in 10 ml of dry DMSO and finely ground KOH (3.5 g, 62.5 mmol) was added at 0–5°C in one portion. The reaction mixture was stirred at r.t. for 3 h and then poured into 100 mL of cold water. The product was extracted with ether (2 × 50 mL). The combined organic layers were washed with water (50 mL), brine (30 mL) and dried over anhydrous Na2SO4, after which the solvent was removed in vacuo. The residue was purified by flash chromatography on short column of silica gel (EtOAc – hexane, 20:1) to afford 1-benzyl-3H-indole (2a) (8.6 g, 97%) as white crystals.

1-Benzyl-1H-indole (2a) (1.00 g, 4.82 mmol) and p-tolualdehyde (3a) (4.82 mmol) were dissolved in a mixture of dry CH2Cl2 (5 mL) and Et2O (5 mL). Then HBF4·OEt2 (1.00 ml, 7.35 mmol) was added dropwise at 0–5°C over a period of 2 min. The reaction mixture was allowed to warm to r.t. and stirred for 20 min. The resulting precipitate was filtered, washed thoroughly with Et2O (5 × 20 mL) to give 1-benzyl-3-(4-methylbenzylidene)-3H-indolium tetrafluoroborate.

Yield: 1.78 g (93%); bright orange solid; mp 201–203°C (dec.).

IR (film): 3438, 3127, 1736, 1621, 1587, 1527, 1447, 1369, 1299, 1257, 1186, 1100, 1073, 1048, 813, 761, 711 cm−1.

1H NMR (600 MHz, CDCl3+TFA; ~ 3:1 Z/E diastereomeric mixture): δ = 9.17 (s, 0.67 H), 8.91 (s, 0.33 H), 8.82 (s, 0.67 H), 8.71 (s, 0.33 H), 8.32 (d, J = 8.1 Hz, 0.33 H), 8.01 (d, J = 8.0 Hz, 0.67 H), 7.97 (d, J = 8.1 Hz, 0.67 H), 7.91–7.85 (m, 1.33 H), 7.65–7.52 (m, 3 H), 7.50–7.36 (m, 7 H), 5.70 (s, 1.33 H), 5.60 (s, 0.67 H), 2.54 (s, 1 H), 2.49 (s, 2 H).

13C NMR (150 MHz, CDCl3+TFA): δ = 165.3, 160.6, 159.7, 153.4, 150.6, 149.7, 141.6, 139.9, 134.8, 134.2, 131.7, 131.4, 131.0, 130.95, 130.90, 130.6, 130.1, 129.97, 129.94, 129.86, 129.7, 129.64, 129.60, 129.2, 128.5, 128.45, 128.3, 127.09, 127.07, 125.2, 124.1, 121.2, 115.1, 115, 54.7, 54.2, 22.5, 22.3.

HRMS (TOF ES+): m/z [M – [image: image]]+ calcd for C23H20N+: 310.1590; found: 310.1596.

1-Benzyl-3-(4-Methoxylbenzylidene)-3H-Indolium Tetrafluoroborate (1b)

Red solid; yield 1.97 g (99% from 1.00 g 1-benzyl-1H-indole (2a)); mp 214-216°C (dec.).

IR (film): 3130, 2956, 2917, 2847, 1736, 1581, 1556, 1520, 1441, 1370, 1281, 1262, 1173, 1098, 1062, 835, 760, 710, 587 cm−1.

1H NMR (600 MHz, CDCl3+TFA; ~ 2.3:1 Z/E diastereomeric mixture): δ = 9.06 (s, 0.7 H), 8.75 (s, 0.7 H), 8.72 (s, 0.3 H), 8.62 (s, 0.3 H), 8.37 – 8.32 (m, 0.3 H), 8.16 (d, J = 9.0 Hz, 0.6 H), 8.04 (d, J = 8.6 Hz, 1.4 H), 7.99 (d, J = 8.1 Hz, 0.7 H), 7.66 – 7.52 (m, 3 H), 7.48 – 7.34 (m, 5 H), 7.22 – 7.15 (m, 2 H), 5.68 (s, 1.4 H), 5.58 (s, 0.6 H), 4.04 (s, 0.9 H), 4.01 (s, 2.1 H).

13C NMR (150 MHz, CDCl3+TFA): δ = 169.2, 168.3, 164.5, 159.0, 158.6, 150.9, 142.4, 139.5, 138.7, 138.5, 131.9, 131.3, 130.1, 130.0, 129.97, 129.95, 129.90, 129.13, 129.10, 129.0, 128.9, 128.5, 128.1, 127.5, 127.0, 126.9, 125.3, 124.4, 123.7, 120.7, 117.2, 116.3, 114.8, 114.5, 56.6, 56.5, 54.4, 53.9.

HRMS (TOF ES+): m/z [M – [image: image]]+ calcd for C23H20NO+: 326.1539; found: 326.1550.

1-Benzyl-3-Benzylidene-3H-indolium Tetrafluoroborate (1c)

Bright orange solid; yield 1.64 g (89% from 1.00 g 1-benzyl-1H-indole (2a)); mp 163-165°C (dec.).

IR (film): 3416, 3115, 1619, 1605, 1587, 1568, 1531, 1447, 1370, 1296, 1253, 1192, 1099, 1050, 826, 759, 710, 678, 599, 570 cm−1.

1H NMR (600 MHz, CDCl3+TFA; ~ 1.7:1 Z/E diastereomeric mixture): δ = 9.15 (s, 0.63 H), 8.93 (s, 0.37 H), 8.90 (s, 0.63 H), 8.74 (s, 0.37 H), 8.29 (d, J = 7.7 Hz, 0.37 H), 8.04 (d, J = 7.7 Hz, 0.63 H), 8.02 (d, J = 8.0 Hz, 0.76 H), 7.92 (d, J = 7.7 Hz, 1.26 H), 7.80 – 7.72 (m, 1 H), 7.69 – 7.56 (m, 5 H), 7.48 – 7.36 (m, 5 H), 5.72 (s, 1.26 H), 5.62 (s, 0.76 H).

13C NMR (150 MHz, CDCl3+TFA): δ = 165.0, 161.4, 159.6, 154.5, 142.9, 140.4, 136.9, 136.4, 134.1, 133.72, 133.70, 133.4, 133.3, 131.03, 131.0, 130.7, 130.6, 130.5, 130.4, 130.3, 130.2, 130.1, 130.03, 130.0, 129.97, 128.7, 128.6, 125.4, 128.2, 125.1, 124.3, 121.6, 115.3, 115.2, 55.0, 54.5.

HRMS (TOF ES+): m/z [M – [image: image]]+ calcd for C22H18N+: 296.1434; found: 296.1441.

1-Benzyl-5-Bromo-3-(4-Methylbenzylidene)-3H-Indolium Tetrafluoroborate (1d)

Bright orange solid; yield 1.35 g (81% from 1.00 g 1-benzyl-5-bromo-1H-indole (2b)); mp 220-222°C (dec.).

IR (film): 3126, 1736, 1620, 1587, 1526, 1448, 1424, 1372, 1319, 1259, 1188, 1104, 1051, 802, 772, 743, 714, 653, 629 cm−1.

1H NMR (600 MHz, CDCl3+TFA; ~ 2.3:1 Z/E diastereomeric mixture): δ = 9.13 (s, 0.70 H), 8.85 (s, 0.70 H), 8.83 (s, 0.30 H), 8.76 (s, 0.30 H), 8.49 (d, J = 2.0 Hz, 0.30 H), 8.18 (d, J = 2.0 Hz, 0.70 H), 7.99 (d, J = 8.1 Hz, 0.60 H), 7.90 (d, J = 8.1 Hz, 1.40 H), 7.75 (dd, J = 8.7 Hz, 1.7 Hz, 0.30 H), 7.71 (dd, J = 8.7 Hz, 1.7 Hz, 0.70 H), 7.56 (d, J = 8.1 Hz, 0.60 H), 7.52 (d, J = 8.1 Hz, 1.70 H), 7.50 – 7.42 (m, 3.70 H), 7.42 – 7.36 (m, 2 H), 5.71 (s, 1.40 H), 5.62 (s, 0.60 H), 2.59 (s, 0.90 H), 2.54 (s, 2.10 H).

13C NMR (150 MHz, CDCl3+TFA): δ
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1a

TEC)

3

8888883

N
HOJ\/ 3 P-MCR

Residence time (min)

30
30
30
30
20
10
5

Conversion (°C)®

c

12
70
>99
>99
>99
>99 (944

#Conditions: reactions were cartied out using equimolar amounts (0.5 mmol) of isocyanide 1a, phenylglyoxal 2a and azidoacetic acid 3a in 2ml. of solvent.

bDetermined based on phenylglyoxal 2a and «-acyloxy ketone 4a as HPLC-UV/VIS peak area percent at 215 nm.

©No product was observed.
disolated yield in parentheses.
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Entry  MeOH[mL]  CHCly[mL]  R'CHpNHICI- 1[mg] (mmol)  RZCHO 2[mg] (mmol)  Acetic acid (3) [mg] (mmol) Yield [mg] (%)*

1 1.00 025 123 (0.50) of 1a 798 (0.62) of 2a 30.0 (0.50) 144 (60) of 5a
2° 1.00 025 121(0.54) of 1b 105.6 (0.51) of 2b 30.0 (0.50) 134 (56) of 5b
3 1.00 025 146 (0.60) of 1a 34.8(0.60) of 2 36.0 (0.60) 32.1(14)of 5
4 1.00 025 47.9(0.70) of ¢ 110(0.72) of 2a 42,0 0.70) 92.4(43) of 5d
5° 1.00 025 137 0.61) of 1b 34.8(0.60) of 2¢ 36.0 (0.60) 31.5(16) of Se.
6 1.25 050 480 (0.71) of 1c 144.4 (0.70) of 2b. 42,0 (0.70) 145 (57) of 5
7 1.00 025 786 (0.50) of 1d 79.1(059) of 2a 30.0 (0.50) 91.7 (42) of 5g
8° 1.00 025 118 (0.62) of 1b 78.1(0.50) of 2d 30.0 (0.50) 99.1(46) of 5h
9 075 050 142 (0.50) of 1e 78.1(0.51) of 2a 30.0 (0.50) 102 (40) of 5
100 1.00 1.00 119 (0.53) of 1b 117 (0.51) of 2¢ 30.0 (0.50) 160 (63) of 5

2solated yield after flash chromatography. ®Methyl ammonium chioride 1b was employed as a bishydrochloride and, therefore, the amount of triethylamine was doubled (0.14mL, 1.00
mmol). No triethylamine was added (1d was employed as the free base).





OPS/images/fchem-07-00717/fchem-07-00717-t002.jpg
Compound  Eg(MezNPh +/ Eoe® AG%,c  AGeer

Me2NPh) - V] [ev] [V
Eo(hydrocarbon/
hydrocarbon -)*
]

5a 274 3472 0.44 —087
5b 274 3.47% 039 -082
59 3.10 4.63° 0.37 —1.90
5h 3.10 463 033 -1.86
5i 285 3.56° 034 -1.08
5 285 3.56° 034 -1.08

%Determined from Eq(Me2NPh */MeaNPh) = 0.81V, and Eqfantiracene/antiracene =) =
—~1.93V, Eglnaphthalene/naphthalene ~) = ~2.29V, and Eofpyrene/pyrene =) = ~2.04V,
respectively. ®Calculated from excitation wavelength of 5a and 5b (rexc = 391 nm), 5g and
5h (kexc = 268nm), and 5iand 5j (xaxe = 348nm). *Calculated for dichioromethane with a
relative permittviy ¢ = 8.93. Donor-acceptor distances rpa taken from M2 calculations
of the conformers with syn-orientation of donor and acceptor (rpa(5a) = 3.69 A; roa(5b)
4.12 A; roa(5g) = 4.33 A; rpa(5h) = 4.87 A; roa(5i)
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Compound

5a0
5b*

Absorption Amax [nm] (¢ [Lmol~! cm~'])

268 (112,100), 317 (1,600), 335 (2,100), 352 (5,100), 371 (8.300), 891 (7.,700)
259 (128,600), 321 (2,300, 339 (3,200), 355 (5,600), 373 (7,800), 393 (6,600)
259 (110,200), 336 (2,800), 352 (6,800), 370 (10,500), 391 (9,800)
268 (21,000), 302 (2,600)
264 (14,500), 307 (1,100)
258 (123,800), 337 (2,500), 353 (5,200), 371 (7,700), 391 (6,900)
270 (24,000), 283 (sh), 295 (sh), 309 (sh), 316 (sh), 353 (200)
265 (19,000), 284 (sh), 296 (sh), 312 (sh), 316 (sh), 365 (sh)
258 (sh), 268 (40,600, 278 (48,000), 300 (sh), 317 (13,500), 331 (27,000), 347 (36,000), 377 (800)
250 (sh), 269 (35,600, 279 (43,400), 300 (sh), 317 (14,000), 331 (28,000), 348 (38,000), 377 (900)

aExcitation wavelength iexe = 391 nm. PExcitation wavelength exe = 268 nm. SExcitation wavelength i.exe = 348 nm.

Emission Amaxem [nM]

417, 444, 475, 561
423, 448, 568
418, 443, 471

353
356
420, 445, 475
337, 455
334, 472
383,397, 499
380, 395, 538
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Entry MeOH
(equiv.)

@ 80

o8 8

3 80

4@ 80

5 80

6 80

7

g

® 80

100 4

12 40

122 40

13° 80

14 8

@ 1.3 equiv. da.

b 2.0 equiv. 4a.

© 0 equiv. 4a.

Solvent

MeOH
MeOH
MeOH

MeOH

MeOH

MeOH

MeOH

MeOH

MeOH

MeCN

MeCN —
MeOH
(1:1)
MeCN -
MeOH
(1)
MeOH

MeOH

Base
(equiv)

NapCOg
(1.0
KGOz
(1.0
Cs2C03
(1.0
EtgN
(1.0
K2CO3
(1.5)
KoCO3
2.0
KaCO3
(1.5
KGO
(1.5
K003
(1.5

KCO3
.5

KaCOg
(15)

9 the yield of 7 is indicated in parentheses.

Temperature Time

o)

20
65
20

20

20

20

20

20

20

20

20

20

20

20

)

24h
3h
12h

12h

12h

12h

12h

12h

12h

12h

6h

12h

12h

24h

Yield
()4

30
25
45
(traces)
a7
(traces)

43
(traces)
36(18)
51(12)
48(15)
28

48

©1n

(traces)
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Entry Base (equiv) Solvent Temp (°C) Time (h) Yield (%)

o \L o
OAc Pd(doa); (5 mol%) NJKH
it

o

_Pohy (10moth) Cl
j< “ase, sovent \ﬁ
1 Temp, Time
3/

1 -BUOK(2.5) THF reflux 2 65
2 +-BUOK(2.5) DMF 70 12 70
3 KHMDS (2.5) THF reflux 1 9%
4 KHMDS (2.5) THF 50 1 %
5 KHMDS (1.3) THF 50 1 37
6 KHMDS (2.5) THF t 1 88
7 NaH (2.5) THF reflux 12 45
8 NaH (2.5) DMF 70 12 50
9 NaH (2.5) DMSO n 1 %
100 NaH (2.5) DMSO t 12 Traces
11° NaH (2.5) DMSO 1t 12 80
12¢ NaH (2.5) DMSO 1t 1 9
18° KHMDS (2.5) THE it 12 -

4Reaction conditions: 1a (0.5 mmol), 2 (0.75 mmol), Pd(dba) (0.025 mmol), and PPhs (0.05 mmol) in solvent (0.5 M).*Using Xantphos (5 mol%) instead of PPhg. ®Using Johnphos
(10 mol%) instead of PPhs. 9Using Pd(PPhs)s (5 mol%) instead of Pd(dba)s/PPhs. ®Reaction without Pd(dba), and PPhs. Bold font indicates the selected value for the optimization.
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\\_N" () W

Sl TSN @0 eauiv) [ ~
N ul (3% mol) 2
R DMF/MeOH (9:1) L
100 °C B
12h
6a-l 9a-l
Product?® Rt R2 Yield (%)
Ph piperidine 7
3,4-diOMePh piperidine 75
4-FPh piperidine 80
n-hexyl piperidine 70
Ph morpholine 63
3,4-diOMePh morpholine 73
4-FPh morpholine 80
n-hexyl morpholine 75
Ph diethylamine 73
3,4-diOMePh diethylamine 70
4-FPh diethylamine 78
ol n-hexyl diethylamine 75

2 1.0 equiv. alkyne 6a-1, 2.0 equiv. TMSNs, 3% mol Cul in MeOH/DMIF (9:1 v/v, 0.5M) at
100°Cfor 12 h.
b jsolated products.
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o RN

=
CuSO,"5H;0 (6% mol)
Na-ascorbate (20% mol)
placiikanadcadic
tertBUOHHO (1:1)

Product® R3 t(min)  Yield (%)P

19 O 0 8

1% & Oi 30 89

2 1.0 equiv. azide 20a-e, 5% mol CupSO;5H;0, 20% mol Na-ascorbate in HOftert-
BuOH (1:1 vy, 0.3M) at rt (US}) for 30-90 min.
b isolated products.
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mnumnns
0 o "
% 6a

Entry?  Solvent®  Additive TEC) t(h)  Yield (%)9
1 PhMe - 6580 12 13
2 PhMe NH Gl 6580 12 43
3 PhMe NH4CIe 65-804 15 57
4 PhMe TsOHe 65809 15 -
5 PhMe Sc(OTs! 65-80 12 42
6 PhMe Sc(oThH 65809 15 69
7 PhMe Yb(OTs" 65-809 15 62
1.0 equiv. 1, 1.0 equiv. 2a, 1.2 equiv. 3a, 1.4 equiv 4.
© 1.0 mL solvent.
© 1.4 equiv.
9 MW (100 W)
© 1.5 equiv.
/3.0 mol%.

9 isolated products.
Bkl vatee inicate e et condiione:
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e I

Sl (S

2ad () Se(OT, 3% mol

—_—
o M, e | \NI )
150 sal
65-80 °C
3ac
Product? R! R2 Yield (%)®
Ph piperidine 64
3,4-diOMePh piperidine 72
4-FPh piperidine 62
n-hexyl piperidine 64
Ph morpholine 69
3,4-diOMePh morpholine 66
4-FPh morpholine 66
n-hexyl morpholine 67
Ph diethylamine 59
3,4-diOMePh diethylamine 63
4-FPh diethylamine 64
6l n-hexyl diethylamine 66

@ Reactions performed with 1.0 equiv. propargylamine (1), 1.0 equiv. aldehyde 2a-d, 1.2 equi. isocyanide 3a-c, 1.4 equiv. maleic anhydride (4), 3 mol% Sc(OTfs, 1 mL Phie.
b jsolated products.
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Entry TMSN; (equiv) Cul (mol%) T (°C) t(h)  Yield (%)

1 10 3 100 12 48
2 15 3 100 12 69
3 20 3 100 12 77
4 20 5 100 18 75
5 20 3 100> 05 52
4 isolated products.

> MW (100 W).

Bold values indicate the best conditions.
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MIC (M)

E. coli S. aureus ATCC 20213 P aeruginosa PAO1
ATCC 25922
™P 1 043 13.78 > 11022
4a 16.13 > 6452 > 6452
b > 67.01 > 67.01 > 67.01
4c 117 18.71 > 74.85
4d 8.19 > 6550 > 6550
de 5.19 > 83.07 > 83.07
af 125 80.10 >80.10
4g 17.30 > 60.18 >60.18
4h 214 > 68.44 > 68.44
4i 1.02 65.50 > 6550
4 205 65.50 > 6550
5a > 45.60 > 45.60 > 45.60
5b > 56.66 > 56.66 > 56.66
6a 4.55 > 7275 > 7275
6 2.46 7873 > 7873

7a >54.29 >54.29 >54.29
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E. coli ATCC
25922

0.1
2.02
67.01
117
2.05
1.30
0.63
0.54
0.27
0.13
0.26

> 45.60
28.33
ST
0.31

= 54.29

S. aureus ATCC
29213

043
8.06
> 67.01
4.68
4.09
5.19
5.01
4.32
214
2.06
2.05
> 45.60
> 66.66
9.00
246
>~ 5429

P aeruginosa

PAO1

13.78
> 64.62
> 67.01
37.42
> 65.50
> 83.07
40.05
>69.18
34.22
32.76
32.75
> 45.60
> 56.66
>7275
78.73
=~ 54.29

MIC (M)

S. aureus
8125304770

0.431
4.03
67.01
4.68
4.09
1.298
0.63
2.16
1.07
0.51
1.02
> 45.60
28.331
227
123
>~ 549

S. aureus
8139265926

0.86
8.06
> 67.01
9.36
4.093
2.60
2.50
8.65
1.07
1.02
2.05
> 45.60
> 56.66
4.65
246
> 5429

S. aureus
8125255044

022
1.01
67.01
0.292
1.02
0.65
0.63
1.08
027
051
051
> 45.60
1417
114
0.62
=~ 5429

S. aureus
8124825998

0.43
4.08

> 67.00
117
4.09
1.30
1.25
4.32
1.07
1.02
1.02

> 45.60
56.66
4.56
2.46

> 54.29
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Entry?

© © N OO AN =

10
11

R

COpE
CO,E
COpE
CO,E
oN
CN
oN
CN
oN
oN
oN

R2

4a-d; 5a-g

@4a-d, 5a-g (0.2 mmol), DCM/TFA 1:1 (5 mL), rt.

bisolated yield.

R3

TFA/DCM (1:1)

rt., 30 min

CgHs
4-MeOCgHy
4-CiCgH,
4-CF3CeHa
CgHs
4-MeOCgHy
2,4,6-MeOCgH,
4-CiCgHy
4-CFaCgHy
CaHs
3-Pyridyl

Product

R’ NH,
NTN

. \/f /& .

N’LN :
H
8a-d; 9a-g
8a
8b
8c
8d
9a
9b

9c
9d
e
of

99

Yield (%)°

70
74
]
65
59
61
32
57
79
M
2
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Entry? R! Product Yield (%)°

7N
DCM/TFA (4:1)

Y
N _—
(/\,]\/}_R‘ rt, 10 min

Ta-g 10a; 10b; 10d
10e; 10g

1 4-MeOCgHy 10a 74
2 CghHs 10b 85
3 2,4,6-MeOCgH, - -

4 4-CICgHy 10d 82
5 4-CF3CoHy 10e 63
6 GaHs - -

7 3-Pyricyl 109 64

27a-g (0.15 mmol), DCM/TFA 4:1 (S mL), r.
bisolated yield.
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Entry? R1,R2 R3 R4 Product Yield (%)

1

-
| S>—NH.
2 4
RZ N R*-NC  zrcl, (10%)
H 5 R
PEG-400
R3-CHO .
55-75°C, 2-4 h
4a-f; 5a-i

R'=CO.Et; R?=H (1)

R'= R2=CN(2)

R'= R2=H (3)
1 CO2Et, H CgHs. t-octyl 4a 77 (62)°
2 COzEt, H 4-MeOCgHy t-octyl 4b 68
3 COREt, H 4-CICgHg t-octyl 4c 56
4 COEt, H 4-CFaCgHy t-octyl 4d 71
5 COREt, H CgHs t-butyl de 74
6 COEt, H CgHs. cyclohexyl af 59 (50)°
7 CN,CN CgHs t-octyl 5a 67 (42)°
8 CN,CN 4-MeOCgHg t-octyl 5b 65
9 CN,CN 2,4,6-MeOCgH2 t-octyl 5c 61
10 CN,CN 4-CICgHg t-octyl 5d 58
1 CN,CN 4-CF3CgHg t-octyl 5e 76
12 CN,CN CoHg t-octyl 5f 12 (5)°
13 CN,CN 3-Pyridyl t-octyl 59 79
14 CN, CN 4-ClCgHy t-butyl 5h 60 (54)°
15 CN,CN 4-CCgHg cyclohexyl 5i 47
16 HH 4-MeOCgHy t-octyl - 0(°

21, 2, 0r 3 (1.0 mmol), aldehyd (1.
bYield of isolated product.
Clsolated yield using the conditc

ns:

1 mmol) isocyanice (1.1 mmo), ZiCls (0.1 mmol, PEG-400 (1mL), 75°C, 4 h (entries 1-6, 16) or 55°C, 2h (entries 7-15).

ZrCly (10 mol%), n-BuOH (2mL), MW (140°C), 10 min.
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Entry? Catalyst (mol%)

N
[ H—NH,
N
H

3

1 ZtCly (10)

2 2Clg (10)
3 ZrCly (10)

4 21Cly (10)
5 ZnCl (10)
6 p-TSOH (10)
7 InCl3 (10)

8 2Cly 2)

9 InCl3 (2)
10 -

11 InCl3 (2)

12 InCls (2)

23 (0.5 mmol), p-anizaldehyde (0.55 mmo).
bYleld of isolated prodct.
The bold values represent the optimized conditions.

Solvent Temp (°C)
CHO

catalyst

+ _
solvent

MeO

PEG-400 75

n-BuOH 140

Toluene 110

EOH 80

EOH 80

EOH 80

EOH 80

EtOH 80

EtOH 80

EtOH 80

EtOH 100

n-BuOH 100

Heating method

Time (h)

/N < >
| OMe
(H\J\N

6a

Conventional
Mw

Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
Conventional
Mw

MW

16

16
16
16
16
16
16

30

Yield (%)°

31
22
16
24

53
40
61
78
60
75
59
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Entry? Catalyst (mol%) Solvent Temp (°C) Heating method Time Yield (%)°

N
H " catalyst /
+ a —— /N
solvent @\?—@*OMe

7a

1 InClg (2) EOH 80 Conventional 14h o

2 InCl3 (10) EtOH 80 Conventional 6h <5
3 InClg (10) EOH 140 MW 10min 14
4 p-TsOH (10) EtOH 140 Mw 10min 19
5 ZnClp (10) EtOH 140 MW 10min 13
6 ZrCly (10) EtOH 140 Mw 10min 22
7 2Cl (10) PEG-400 140 MW 10min 26
8 2rCl4 (10) n-BuOH 140 MW 10 min 40
9 2Cly (10) n-BuOH 140 Conventional 3h <5
10 ZiCly (5) n-BuOH 140 MW 10min 31
11 InClg (10) n-BuOH 140 MW 20min 2

26 (0.2 mmo), tert-octyl isocyanide (0.22 mmol.
bYleld of isolated prodct.
The bold values represent the optimized conditions.
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Entry? R!
N
[ H—NH,
N 3

5 EtOH
R'-CHO reflux, 2-4h

InCl3 (2 mol%)

4-MeOCgHy
CeHs
2,4,6-MeOCgHp
4-CiCgHy
4-CF3CgHy
CoHs

3-Pyricyl
4-MeOCgHy
4-MeOCgHy,

© ® N O O s WN =

23 (1.0 mmol), aldehyde (1.1 mmol), InCls (0.02 mmo}), EtOH (10mL), 2-4h (90°C); isocyanide (1.1 mmol), ZrCls (0.1 mmol), n-BuOH 2mL), 10 min (140°C).

bYjeld of isolated product.

R2

/N 1
IR
(’I:ll\/l\N

6a-i

toctyl
toctyl
toctyl
toctyl
toctyl
toctyl
toctyl
tbutyl
cyclohexyl

Product

R2-NC
ZrCl, (10 mol%)
-

n-BuOH, MW
140 °C, 10 min

7a
7
7c
7d
7e
7*

79
7h
7

4
g

Ta-i

Yield (%)®
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Entry? Catalyst (mol%)

Et0,C

2Cly (6)
2Cly (6)
21014 (10)
ZrCly (10)
21Cl4 (10)
ZiCly (10)
2ZrCly (10)
20Cly (6)
p-TsOH (10)

0 ZnClp (10)

© ® N0 s N =

Solvent

A e

N
\[ H—NH,
N
H

1

+

o

MeOH
EtOH
EtOH
EtOH
n-BuOH
PEG-400
PEG-400
PEG-400
PEG-400
PEG-400

Temp (°C) Heating method Time
catalyst N —
- vy N\
solvent N= N \ 7/
H
4a (X = CO4EL, Y = H)
4a'(X = H, Y = CO,EY)
ot - 14h
80 Conventional 14h
80 Conventional 14h
140 MW 10min
140 MW 10min
140 MW 10min
75 Conventional 4h
75 Conventional 6h
75 Gonventional 4h
75 Conventional 7h

1 (1.0 mmol), benzaldehyde (1.1 mmol), t-octyl isocyanide (1.1 mmol), solvent (2 mL: entries 1-6; 1 mL: entries 6-10).

bYield of isolated product.
©Starting materials were recovered.

The bold values represent the optimized conditions.

Yield (%)°

o
12¢
18°

62
31
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3a 4a
Entry Solvent Base Catalyst/Ligand Time(h) Yield 5a2 (%)
1 Dioxane  CspCOz  Pd(OAC)o/PPhg 8 86
2 CHsON  CspCO3  PdOAck/PPhy 8 21
3° EIOH  CspCO3  PdOAc/PPhy 8 O
4 Toluene  Cs,COz  PAOAp/PPh 8 6
5 DMF CspC03  PAOAck/PPh; 8 82
6 DMSO  CspCO3  PdOAc/PPhy 6 92
7 DMSO  CspCOs Pd(OAC)/- 15 @
8 DMSO  CspCOs PdCly 12 74
[ DMSO  CspCOs Pd(PPhg)s 12 6l
10 DMSO  CspCOs - 2 0
1" DMSO  KpCOg Pd(OAC)p/— 2 0
12 DMSO  NaOAc PA(OAC)p/— 2 20
13 DMSO  KO'Bu Pd(OAc)2/— 12 48
14 DMSO  DABCO PA(OAC)o/~ 2 5
15 DMSO  EtgN Pd(OAC)/— 12

AUsolated yields. Al reactions were carried out using 3a (1 mmol), 4a (1.1 mmol),
catalyst (5mol %), base (1 mmol), and solvent (2.0mL) and 80°C unless otherwise noted.
At reflux.
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@Al reactions were performed using 3 (1 mmol), 4 (1.1 mmol), Pd(OAC)z (5 mol%), CsCOz
(1 mmol), and 0.5mL of Hz0 in 4.5ml. of DMSO and 80°C.
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