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Abstract 

This thesis work is divided in to two parts, Part A and Part B. Part A deals with chemoselective 

transformations catalyzed by nucleophilic carbenes and Part B deals on the organic 

transformations under oxidative N-heterocyclic carbene (NHC) catalysis.  

PART A: Chemoselective transformations catalyzed by nucleophilic carbenes 

Part A is divided in to three chapters. 

Chapter 1: General introduction on the N-heterocyclic carbene (NHC) catalysis: 

This chapter covers a concise review about the history, the modes of activation of N-heterocyclic 

carbenes toward carbonyl groups and applications of N-heterocyclic carbenes in organocatalysis. 

Scheme 1 portrays the different modes of activation of NHC toward various carbonyl 

compounds. 

 

Scheme 1: Different modes of activation of NHC toward various carbonyl compounds 

Chapter 2: Chemoselective synthesis of trifluoromethylated acyloins using NHC as an 

organocatalyst: 

Although NHC catalyzed intermolecular homodimerization of aldehydes is well documented in 

the literature, intermolecular crossed acyloin condensation still remains as a challenge because of 

the mismatch between the reactivity of aldehyde and the coupling partner. Choosing a right 

coupling partner is crucial in the crossed acyloin condensation, otherwise the reaction would lead 
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to four different acyloins including two homodimerized products. A very few successful reports 

are available in the literature for the intermolecular crossed acyloin condensation in which the 

coupling partner was aldehyde or ketone. But so far, no reports are available using hemiacetals 

as an “aldehyde equivalent” (as a coupling partner) in intermolecular crossed acyloin 

condensation. This chapter deals with N-heterocyclic carbene (NHC) catalyzed a highly 

chemoselective intermolecular crossed acyloin reaction of various aldehydes with 

trifluoroacetaldehyde ethyl hemiacetal (as a coupling partner) leading to trifluoromethylated 

acyloins. Trifluoroacetaldehyde ethyl hemiacetal is relatively stable and commercially available 

(as 90% aq. solution). Moreover, this particular hemiacetal introduces trifluoromethyl group in 

the acyloin product, which could be easily transformed to pharmaceutically important 

trifluoromethyl containing heterocycles or drugs. The substrate scope for this reaction was 

evaluated using a wide range of aromatic aldehydes, and almost in all cases, the required 

trifluoromethyl containing acyloins were obtained in good to excellent yields with >95:5 high 

chemoselectivity (Scheme 2).  

 

Scheme 2: NHC catalyzed intermolecular crossed acyloin condensation 

To show the synthetic utility of this methodology, one of the crossed acyloin product was 

converted into trifluoromethyl containing quinoxoline (Scheme 3). 

 

Scheme 3: Synthesis of trifluoromethyl containing quinoxoline derivative 
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An enantioselective version of the intermolecular crossed acyloin reaction between p-

chlorobenzaldehyde and trifluoroacetaldehyde ethyl hemiacetal was also performed in the 

presence of a few chiral NHCs as a catalyst under various reaction conditions. In one of the 

reaction conditions, the crossed acyloin product was obtained with the maximum of 30% ee. 

 

Chapter 3: Bis(amino)cyclopropenylidene (BAC) catalyzed chemoselective synthesis of α,α'-

diarylated ketones: 

This chapter describes a brief introduction about the synthesis, stability, reactivity and 

applications of bis(amino)cyclopropenylidenes (BACs) in organometallic chemistry4 as well as 

in organocatalysis. It has been realized that the NHCs based on a heterocyclic core such as 

thiazole, triazole, imidazole etc. are dominating in organocatalysis due to their unmatched 

nucleophilicity and high stability. On the other hand, bis(amino)cyclopropenylidene, which is a 

smallest aromatic compound with an inherent carbene center, was found to be a promising non-

heterocyclic based candidate in terms of reactivity towards metals and carbonyl compounds. 

Though bis(amino)cyclopropenylidenes have been widely explored as a ligand in organometallic 

chemistry,4 only a few reports are available in the literature on the application of 

bis(amino)cyclopropenylidenes as organocatalyst. This chapter also describes a mild and 

efficient method for the synthesis of α,α'-diarylated ketones via intermolecular 1,6-conjugate 

addition of aromatic aldehydes to p-quinone methides (p-QMs) using 

bis(amino)cyclopropenylidene as an organocatalyst. The versatility of this protocol has been 

portrayed using a wide range of aromatic and heteroaromatic  aldehydes as well as p-QMs, and 

in all the cases, the corresponding α,α'-diarylated ketones were obtained in moderate to good 

yields under the optimized reaction conditions (Scheme 4). A plausible mechanism has also been 

proposed for this transformation. 
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Scheme 4: Bis(amino)cyclopropenylidene catalyzed synthesis of α,α'-diarylated ketones 

PART B: Organic transformations under oxidative N-heterocyclic carbene 

catalysis 

Part B is divided in to three chapters. 

Chapter 1: General introduction on the oxidative N-heterocyclic carbene (NHC) catalysis: 

Chapter 1 covers a general introduction about the oxidative N-heterocyclic carbene catalysis, a 

sub-area of N-heterocyclic carbene (NHC), which is emerging as one of the dominant methods 

for the construction of carbon–heteroatom (C–O, C–N) bonds. A few NHC catalyzed oxidative 

transformations is shown in scheme 5. 

 

Scheme 5: A few NHC-catalyzed oxidative transformations 
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Chapter 2: Aerobic oxidation reactions under oxidative NHC catalysis 

Chapter 2 is sub-divided in to two parts. 

(a) Tetraphenylphosphonium bromide as a phenyl source for the synthesis of phenyl esters 

under oxidative NHC catalysis: 

This part deals with the synthesis of aromatic esters from aromatic aldehydes using Ph4PBr as a 

phenyl source through oxidative NHC catalysis. Although Ph4PBr has been utilized as a phenyl 

source for Pd-catalyzed coupling reactions, it has not been explored in esterification reactions. 

The optimization was carried out between p-chlorobenzaldehyde and Ph4PBr using different 

NHCs under different reaction conditions, and the NHC derived from SIPr.HCl (A) was found to 

be the best catalyst for this transformation (Scheme 6). The substrate scope and the mechanism 

for this reaction are discussed in detail. 

 

Scheme 6: Synthesis of phenyl esters under oxidative NHC catalysis 

(b) Synthesis of trimethylsilylmethyl esters under oxidative NHC catalysis: 

The synthesis of trimethylsilyl methyl esters starting from aromatic aldehydes and chloromethyl 

trimethylsilane under aerobic oxidative NHC catalysis has been described in this part. Out of 

many NHCs screened, the one derived from SIMes.HCl (A) was found to be the best. A wide 

range of aromatic aldehydes have been converted to their corresponding trimethylsilyl methyl 

esters in moderate yields under the reaction conditions (Scheme 7). 
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Scheme 7: Synthesis of trimethylsilyl methyl esters under oxidative NHC catalysis 

 

Chapter 3: Combining oxidative NHC catalysis with click chemistry to access 1,2,3-triazole 

derivatives: 

This chapter deals with the one-pot synthesis of 1,2,3-triazole derivatives by merging oxidative 

NHC catalysis with click chemistry. Before exploring the one-pot process for the synthesis of 

1,2,3-triazoles, it was necessary to optimize the first step, i.e. propargyl ester formation. Thus, 

the esterification reaction was optimized under aerobic conditions and the substrate scope was 

evaluated using a wide range of aldehydes and propargyl bromides (Scheme 8). 

 

Scheme 8: NHC catalyzed oxidative esterification of aldehydes with propargyl bromides 

 

This protocol was then elaborated for the one pot synthesis of 1,2,3-triazole derivatives by 

combining with copper catalyzed click chemistry. This one-pot method was found to be versatile 

as a wide range of 1,2,3-triazole derivatives have been generated in good yields (Scheme 9).  
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Scheme 9: One-pot synthesis of 1,2,3-triazole derivatives 
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Chapter 1 

General introduction on the N-heterocyclic carbene 

(NHC) catalysis 

 

1.1. Introduction 

Carbenes are neutral species that feature a divalent carbon atom with six valence electrons, two 

of which are in non-bonding orbitals. These non-bonding pair of electrons can be either spin 

paired (singlet 1a) or have parallel spins in different orbitals (triplet 1b), depending on the 

electronic structure of the carbene (Figure 1). Nucleophilic heterocyclic carbene, often referred 

as N-heterocyclic carbene (NHC), is a special class of carbenes, in which the carbene center is 

directly attached to one or two heteroatoms. Most of the well-studied NHCs are based on five-

membered heterocycles derived from imidazolium or thiazolium or triazolium salts. The 

computational and X-ray analysis suggest that the N-heterocyclic carbenes (NHCs) are singlet 

carbenes as the non-bonding pair of electrons of the carbene carbon occupies a sigma orbital (sp2 

hybridized orbital) with spin paired.1 The stability of these singlet carbenes is influenced by 

electronic as well as steric factors. The non-bonding lone pair of electrons present in the 

heteroatom pushes the electron density towards the empty p orbital of the carbene carbon (π-

donation) and at the same time the electronegative heteroatom(s) pulls the electron density from 

the carbene center through the sigma bond (σ-withdrawal). This push-pull effect is the major 

factor responsible for the stability of NHCs. The steric bulk from the substituents (alkyl or aryl) 

present on the adjacent nitrogen atom(s) to the carbene carbon provides the kinetic stability to 

the carbene carbon. A combination of these two factors is responsible for the overall stability of 

N-heterocyclic carbenes.1 Indeed, the donation of lone pair of electrons from both nitrogen atoms 
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into the empty Pz orbital of carbene carbon is so strong, so the NHC 1c can also be effectively 

described by its Zwitterionic resonance structure (Figure 2). 

 

Figure 1. Electronic states accessible to carbene species 

 

Figure 2. Alternative Zwiterionic resonance structures of N-heterocyclic carbene 

Many different types of NHCs have been prepared including with a number of them are isolable 

in stable form and storable for a long time under inert conditions. In fact, some of the 

imidazolium and imidazolinium based NHCs are commercially available. In most of the reported 

cases, the NHC is generated in-situ during the reaction by the treatment of a base with the NHC 

precursors, usually imidazolium or triazolium salts. Some of the NHC precursors based on 

different heterocyclic core (2a–2f) are shown in Figure 3. 

 

Figure 3 

Owing to the exceptional electronic properties such as strong σ-donating ability and weak π-

accepting character, NHCs have been well explored as non-labile ligands in the area of 

organometallic chemistry.2,3 It has been realized that those unique electronic properties of NHC 

also help in improving the thermal stability of their metal complexes. As a result, till date, a wide 
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range of NHC-metal complexes has been prepared and their properties/applications have been 

well studied. Some of the most studied NHC-metal complexes3 (3a–3d) are shown in figure 4. 

Figure 4 

1.2. Synthesis of NHC precursors 

A great interest has been made in the development of NHCs derived from five-membered 

heterocycles such as imidazolium or imidazolidinium or triazolium salts. Some of the literature 

reports for the synthesis of various NHC precursors are discussed below. 

(a). Synthesis of symmetrical imidazolium based NHC precursors 

The most common one-pot method for the synthesis of symmetrical imidazolium salts (4d) 

involves the condensation of glyoxal (4a), primary amine 4b and formaldehyde (4c) in the 

presence of aqueous HCl. Another method is also available in literature for the synthesis of 

symmetrical NHC precursor 4g via cyclisation of diimine 4e with ethoxy methyl chloride (4f) 

(Scheme 1).4 

 

Scheme 1 
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(b). Synthesis of imidazolidinium based NHC precursor 

Smith and co-workers reported the synthesis of symmetrical imidazolidinium core containing 

NHC precursor 5b by following a modified procedure reported by Arduengo et al.5 which 

basically involves the reaction between N,N'-bis(2,6-diisopropyl phenyl amino)ethane (5a) and 

triethylorthoformate in the presence of NH4Cl at elevated temperature (Scheme 2).6 

 

Scheme 2 

(c). Synthesis of unsymmetrical NHC precursor 

The research groups of Breslow7 and Yamamoto8 independently developed a simple two step 

method for the synthesis of unsymmetrical imidazole-based NHC precursors 6c.  

 

Scheme 3 

The synthetic sequence involved mono alkylation of imidazole (6a) with suitable electrophile 

followed by treating with second electrophile to afford corresponding imidazole-based NHC 

precursor 6c (Scheme 3). 

(d). Synthesis of bicyclic triazole based NHC precursor 

Smith and co-workers reported a one-pot protocol for the synthesis of triazole core based NHC 

precursor.6 In this procedure, a mixture of 2-pyrrolidinone (7a) and trimethyloxonium tetrafluoro 

borate in DCM was stirred to form iminium ether salt in-situ, which was treated with phenyl 

hydrazine followed by cyclization with triethylorthoformate to provide the triazolium based 

NHC precursor 7b (Scheme 4). 
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Scheme 4 

(e). Other imidazole based NHC precursors 

 

Scheme 5 

Several methods have been developed by many research groups for the synthesis of imidazole-

based NHC precursors (8b–8f) through the reactions of formamidines 8a with various 

appropriate electrophiles, which are shown in scheme 5.9 

1.3. NHCs in organocatalysis 

Apart from serving as ligands in organometallic chemistry, the catalytic activity of NHCs has 

also been explored in a wide range of organic transformations.1c As a result, in the past two 

decades, NHC catalyzed transformations have become one of the major sub-areas of 

organocatalysis. Due to the ability to activate carbonyl compounds through diverse activation 

modes, NHCs have been employed as catalyst for the development of many new chemical 

transformations. Some of the activation modes of NHCs are shown in scheme 6.  
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Scheme 6 

1.4. Literature review on NHC catalyzed transformations 

A few of the N-heterocyclic carbene catalyzed transformations are discussed in this section. 

1.4.1. Benzoin reaction 

Since the first isolation of stable N-heterocyclic carbenes (NHCs) independently by Arduengo10a 

and Bertrand research groups,10b a great interest has been developed among scientists to 

understand the nature and reactivity of NHCs in the innovation of new chemical transformations. 

In 1943, Ugai et al. discovered that the classical benzoin condensation11a was catalyzed by 

thiamine (10b) in the presence of base. However, unfortunately, the mechanism was not well 

understood at that time. Later, Breslow proposed mechanism11b for this transformation which 

involves acyl anion equivalent (10f) and is analogous to the cyanide catalyzed benzoin 

condensation12 (Scheme 7). 

 

Scheme 7 
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The Breslow mechanism, which is the most accepted mechanism for this transformation till date, 

involves the abstraction of the acidic proton from thiamine (10b) by a base to generate the 

nucleophilic carbene 10d, which reacts with aldehyde 10a followed by proton migration 

produces Breslow intermediate (10f). The Breslow intermediate and its analogue were recently 

isolated and characterized by X-ray and NMR analysis by Berkessel and Rovis groups,13 

respectively. Nucleophilic attack of Breslow intermediate (10f) to another aldehyde produces 

another tetrahedral intermediate 10g, which then decomposes to α-hydroxy ketone 10c with the 

expulsion of carbene 10d. The catalytic cycle of the benzoin condensation is shown in scheme 8.  

 

Scheme 8 

The first enantioselective benzoin reaction was reported by Sheehan’s group in 1966.14a A chiral 

thiazolium based NHC precursor 11a was used to induce chirality in benzoin, and eventually the 

benzoin (11b) was obtained in a maximum of 22% ee (Scheme 9). 
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Scheme 9 

A few years later, the same research group developed another thiazolium based NHC catalyst for 

this transformation and, in this case, the ee was improved to the maximum of 55%, although the 

chemical yield of the benzoin was very low (only 6%).14b After this seminal contribution by 

Sheehan’s group, several other research groups, modified the catalyst to improve the yield as 

well as the enantioselectivity of the homo-benzoin products to some extent.15 The real 

breakthrough in the asymmetric benzoin reaction was realized after Enders group demonstrated 

the utility of chiral triazole based NHCs in this reaction.16 The chiral non-racemic triazolium salt 

12a was found to be the best catalyst for this reaction and the corresponding benzoin (12b) was 

obtained in 66% yield with 75% ee (Scheme 10). This discovery laid the foundation for the 

development of chiral triazolium based NHCs for transformations such as homo-benzoin 

reaction, cross-acyloin/benzoin reactions, etc.17–19 

 

Scheme 10 

Connon and co-workers demonstrated an asymmetric benzoin reaction of aryl aldehydes 13a 

using a triazolium salt 13b, which contains a free hydroxyl substituent, as a precatalyst.20 They 

also proposed that the hydroxyl group helps in improving the enantioselectivity to a great extent 

(Scheme 11).  
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Scheme 11 

Sakaguchi and co-workers developed a facile one-pot procedure to access the benzils from 

aldehydes through NHC catalysis.21 This one-pot method was found to be a versatile method to 

generate various benzils 14c from aldehydes 14a under the optimized reaction conditions. This 

reaction proceeds via an initial benzoin condensation in the presence of catalytic amount of NHC 

derived from benzimidazolium salt 14b and DBU at 0 °C, followed by heating the reaction 

mixture at 70 °C in the presence of DBU, and EtOAc as solvent under air atmosphere, and the 

corresponding 1,2-diketones 14c were obtained in good yields (Scheme 12). 

 

Scheme 12 

1.4.2. Stetter reaction 

In late 1970s, Stetter and co-workers succeeded in transferring the concept of thiazolium 

catalyzed acyl anion equivalent addition to an acceptor bearing an activated double bond 15b, 

resulting in 1,4-bifunctional molecules 15d (Scheme 13).22  

 

Scheme 13 
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Scheme 14 

A possible mechanism has also been proposed for this transformation, which was very close to 

that of the benzoin reaction. Initially, the carbene 15e reacts with the aldehyde 15a and generates 

the Breslow intermediate (15g), which then undergoes a 1,4-addition into a Michael acceptor 

15b to generate the 1,4-dicarbonyl compound 15d (Scheme 14). 

The first asymmetric Stetter reaction was investigated by Enders group using a chiral NHC 

derived from the corresponding thiazolium salt.23 Consequently, much efforts has been made for 

both intramolecular24 as well as intermolecular25 Stetter reactions using a variety of achiral/chiral 

NHCs by employing various Michael acceptors such as α,β-unsaturated ketones, α,β-unsaturated 

esters, etc. A few NHC catalyzed intermolecular Stetter reactions are discussed in this section. 

You’s group reported the intermolecular Stetter reaction between aldehydes and aryl sulfonyl-

indoles using a thiazolium based NHC 15c as a catalyst.26 The reaction proceeds via in-situ 

formation of α,β-unsaturated iminium ion from aryl sulfonyl-indoles 16b, which eventually act 
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as the Michael acceptor. The 1,4-umpolung addition of aldehyde 16a to the iminium ion resulted 

the corresponding indole derivatives 16c in good yields (Scheme 15). 

 

Scheme 15 

Recently, Glorius and co-workers developed an NHC 17c catalyzed highly enantioselective 

intermolecular Stetter reaction between aryl aldehydes 17a and methyl 2-acetamido acrylate 

17b.27 The corresponding unnatural α-amino acid derivatives 17d were obtained in good yields 

with excellent enantioselectivity (Scheme 16). 

 

Scheme 16 

Biju and co-workers have shown the scope of intermolecular Stetter reaction with other Michael 

acceptors such as vinyl sulfones and vinyl phosphonates. Using vinyl sulfones 18b as Michael 

acceptors, variety of β-sulphonyl ketones 18d could be accessed through 1,4-addition of 

umpolung of aldehydes employing the right choice of the NHC precursor 18c and base.28a Biju’s 

group also developed a method to access keto phosphonate derivatives 18h through Michael 

reaction aldehydes 18e with vinyl phosphonates 18f (Scheme 17).28b 
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Scheme 17 

Another interesting application of NHC catalysis in carbohydrate chemistry has been reported by 

Liu group which deals the reaction of aldehydes 19a with 2-nitroglucal 19b as a Michael 

acceptor.29 It was found that the amine bases led to the formation of aldehyde addition products 

19c, whereas the use of carbonate bases resulted in the corresponding enone products 19d via 

elimination of nitrous acid (Scheme 18). 

 

Scheme 18 

Very recently, Takaki and co-workers have reported the Stetter reaction, in which benzils were 

employed as aldehyde equivalents (donors).30 Thiazole-based NHC 18c was found to be the best 

catalyst for the 1,2-double acylation of enones 20b with aromatic 1,2-diketones 20a (Scheme 

19). 

 

Scheme 19 
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Chi and co-workers have described the NHC catalyzed 1,4-hydroformylation of enones through 

the activation of carbohydrate to form formaldehyde acylanion equivalents.31 This reaction 

proceeds through an initial addition of NHC to the carbohydrate to generate formaldehyde 

acylanion equivalents, which then undergoes 1,4-addition to the chalcone 21b to generate the 

1,4-dicarbonyl product 21d (Scheme 20).   

 

Scheme 20 

1.4.3. Aza-Benzoin reaction 

Imines are also found to be competent coupling partners in intermolecular cross-benzoin 

condensation, leading to formation of valuable α-amino ketone derivatives. In 2001, Murry, 

Frantz, and co-workers reported the first NHC catalyzed Aza-benzoin reaction between 

aldehydes 22a and N-acylimines.32 These N-acylimines were generated in-situ from aryl sulfonyl 

amides 22b. The proposed mechanism was analogous to that of the benzoin reaction via in-situ 

generation of the Breslow intermediate followed by attack on the N-acylimine acceptor (Scheme 

21). 

 

Scheme 21 

Another NHC 21c catalyzed addition of acylsilanes (as aldehyde equivalent) to imines has been 

developed independently by the groups of Mattson and Scheidt.33 Under NHC catalyzed 

conditions, various N-phosphinylated amino ketones 23c were synthesized from the reaction of 

acylsilanes 23a with N-phosphinylated amines 23b (Scheme 22). 
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Scheme 22 

Miller and co-workers have demonstrated an asymmetric variant of the Aza-benzoin reaction. 

The NHC derived from chiral peptidic thiazolium salt 24c was found to be the best catalyst in the 

presence of pentamethyl piperidine (PEMP) as a base for the reaction between various aldehydes 

24a and aryl sulfonyl amides 24b, and the corresponding products 24d were obtained in good 

yields and good enantioselectivities (Scheme 23).34 

 

Scheme 23 

You and co-workers have successfully shown the coupling of aldehydes with unactivated imines. 

The cross-coupling reaction was carried out between aldehydes 25a and imines 25b using 

thiazolium salt 15c as a precatalyst, and the α-keto amines 25c were formed in good yields 

(Scheme 24).35 

 

Scheme 24 

Enders and coworkers expanded the cross Aza-benzoin reaction using trifluoromethyl ketimine 

as a coupling partner. By employing an achiral triazolium salt 7b as a precatalyst, various 

heteroaromatic aldehydes 26a combined with trifluoromethyl ketimines 26b to form the aza-

benzoin products 26c in moderate to good yields (Scheme 25).36 
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Scheme 25 

DiRocco and Rovis described the enantioselective reaction of aliphatic aldehydes 27a with N-

Boc imines 27b.37 They found that the both straight-chain, as well as branched aliphatic 

aldehydes, gave the corresponding products 27d with a high degree of stereo control (Scheme 

26). 

 

Scheme 26 

Recently, Rovis group developed the aza-benzoin reaction between aliphatic aldehydes 28a and 

N-phenyl tetrahydro isoquinoline derivatives 28b by combining the NHC catalysis with photo-

redox catalysis.38 Photo-redox catalysis was used to generate highly reactive iminium ion as an 

electrophile in-situ from tertiary amine. The acylated products 28d were obtained in moderate to 

good yields with high enantioselectivities (Scheme 27). 

 

Scheme 27 

Ye and co-workers have reported NHC catalyzed enantioselective cross coupling of enals with 

trifluoromethyl ketones and imines.39 The chiral NHC derived from triazolium salt 29c was 

found to be effective for the reaction between various α,β-unsaturated aldehydes 29a and 

electron withdrawing groups containing imines 29b, and the α-aminoacid derivatives 29d were 

obtained in good yields with excellent enantioselectivity (Scheme 28). 
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Scheme 28 

1.4.4. NHC derived homoenolate 

It is well documented in the literature that when NHC (30b) reacts with an α,β-unsaturated 

aldehyde 30a, a conjugated intermediate, which is often called as homoenolate 31b, will be 

generated. The conjugation of the system allows the transfer of the nucleophilic properties of the 

Breslow intermediate to the β-position, thus generating a dipole type system (Scheme 29). 

 

Scheme 29 

The research groups Glorius and Bode independently, for the first time, implemented the concept 

of NHC-catalyzed generation of homoenolate equivalents for the synthesis of γ-lactones through 

annulation reaction between enals (α,β-unsaturated aldehyde) and aryl aldehydes. After these 

seminal contributions, many other research groups have successfully applied the homoenolate 

chemistry in redox reactions, and some of those transformations will be discussed in this section. 

Bode’s and Glorius’ protocol involves the coupling of a variety of aryl enals 32a with aryl 

aldehydes 32b using IMes.HCl (18g) as a NHC precursor, and the γ-lactones 32c were obtained 

in moderate to good yields with good diastereoselectivity (Scheme 30).40a,b 

 

Scheme 30 
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Scheme 31 

The postulated reaction mechanism proceeds via the formation of homoenolate equivalent, which 

then adds to the aldehyde to generate an acyl azolium intermediate 32g. The intramolecular 

nucleophilic attack of the alkoxide anion to the acyl azolium intermediate forms the γ-lactone 

product 32c and liberates the carbene catalyst (Scheme 31). 

Glorius’ group has extended this methodology for the synthesis of trifluoromethyl group 

containing γ-lactones (33d & 33e) from enals 33a and trifluoromethyl ketones 33b. His group 

has also developed an enantioselective version of this transformation using a chiral NHC 33c.40c 

However, the diastereoselectivity and enantioselectivity of the γ-lactones 33d and 33e were very 

poor (Scheme 32). 

 

Scheme 32 
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In 2005, Bode has demonstrated the utility of homoenolate chemistry for the synthesis of 

nitrogen-containing heterocycles. Under NHC catalyzed conditions, various γ-lactams 34c were 

prepared through the [3+2]-cycloaddition of enals 34a with imines 34b.41 The 

diastereoselectivity in this reaction was found to be moderate to good depending on the 

substituents (dr from 1.7:1 to 10:1). However, the scope of the N-substituted imine 34b was 

limited only to a 4-methoxy phenyl sulfonamide (Scheme 33). 

 

Scheme 33 

Another interesting cyclopentannulation methodology was developed by Nair and co-workers 

employing the homoenolate concept.42 In this case, IMes.HCl (18g) was used as a precursor and 

under the basic conditions, the homoenolate derived from NHC and enal 35a reacted smoothly 

with chalcones 35b in a highly chemoselective manner and produced 1,3,4-trisubstituted 

cyclopentenes 35c in good yields (Scheme 34). 

 

Scheme 34 

Shortly after the report of Nair’s group, Bode and co-workers reported an enantioselective 

version of the cyclopentannulation reaction of enals with 4-oxoenoates using chiral triazolium 

salt 36c as a precatalyst.43  

 

Scheme 35 
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Surprisingly, in contrast to Nair’s observation, only cis-substituted cyclopentenes 36d were 

obtained with excellent diastereomeric as well as enantiomeric ratios (Scheme 35). 

The homoenolate annulation protocol has also been extended to cyclic sulfonyl ketimines 37b by 

Bode’s group.44 Triazole-based NHC 37c was used for this purpose and they could access fused 

γ-lactams 37d in good yields with moderate diastereoselectivity (1:1 to >20:1) (Scheme 36). 

 

Scheme 36 

Scheidt and co-workers utilized the conjugated NHC catalyzed umpolung reaction for the 

synthesis of enantiomerically pure γ-amino acid derivatives.45 This reaction proceeds via the 

homoenolate addition to the nitrones 38b followed by intramolecular cyclization to form 38d, 

which then undergoes alcoholysis to generate the γ-amino acid derivatives 38e (Scheme 37). 

 

Scheme 37 

Ying and co-workers demonstrated that even nitroso compounds 39b could act as electrophiles 

in the NHC catalyzed redox reactions.46 This transformation was employed for the synthesis of 

isoxazolidinone derivatives 39d which could be further elaborated to the synthesis of β-amino 

esters 39e upon treatment of product 39d with methanol and acid. A wide range of β-amino acid 

esters 39e were obtained in moderate to good yields (Scheme 38). 
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Scheme 38 

Rovis and co-workers reported a co-operative NHC/Brønsted acid catalytic system for the 

synthesis of γ-lactams through cyclization of enals with aza-dienes.47 A variety of enals 40a and 

aza-dienes 40b derived from α,β-unsaturated aldehydes were reacted in the presence of chiral 

triazole salt 40c as NHC precursor, base 40d, and the corresponding trans-γ-lactams 40e were 

obtained in good yields with excellent enantioselectivity (Scheme 39). 

 

Scheme 39 

A different strategy has been employed by Scheidt group for an achiral NHC 18g catalyzed 

enantioselective dimerization of cinnamaldehyde (41a) to γ-lactone 41c using Ti-based external 

chiral Lewis acid 41b.48 The diastereoselectivity of cis:trans 41c was found to be 20:1 and the 

enantioselectivity of the cis-product was up to the maximum of 60% ee (Scheme 40). 

 

Scheme 40 
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Another method has been developed by Ye and co-workers for an enantioselective formal [3 + 4] 

annulation of enals 42a with o-quinone methides 42b through triazole-based NHC 42c 

catalysis.49 Using this method, a variety of 7-membered fused lactones 42d were obtained with 

modest to excellent diastereo- and enantioselectivities (Scheme 41). 

 

Scheme 41 

Functionalization of nonreactive β-carbon of a saturated ester: 

Recently, Chi and co-workers have shown that it is possible to generate the homoenolate 

equivalents from the saturated esters as well. Their group developed NHC catalyzed coupling of 

electron-deficient saturated esters with bis-aryl ketones to get substituted cyclopentene 

products.50 By employing a triazole based chiral NHC 43c, various saturated esters 43a were 

treated with bis-aryl ketones 43b, and the corresponding cyclopentene products 43d were 

obtained in moderate to good yields with good diastereo- and enantioselectivities (Scheme 42). 

 

Scheme 42 

This methodology has also been elaborated to CF3/aryl ketones 44b and hydrazones 44f as 

electrophiles to furnish γ-lactones (44c & 44d) and γ-lactams 44g respectively, with moderate to 

good diastereoselectivities and excellent enantioselectivities (Scheme 43). 
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Scheme 43 

1.4.5. Hydroacylation of double and triple bonds 

The acylanion addition reaction has not only been explored with enones but also with 

unactivated alkynes or olefins as electrophiles. After the initial findings by She and Pan,51 

Glorius and co-workers developed NHC (18c) catalyzed intramolecular hydroacylation of 

unactivated alkynes 45a to access α,β-unsaturated ketones 45b with exocyclic alkene in good 

yields (Scheme 44).52  

 

Scheme 44 

A similar protocol has been developed by Zeitler and co-workers for the synthesis of 

benzofuranones 46c through an one-pot cascade process, by combining the NHC catalysis with 

simple base catalysis.53 The reaction sequence involves hydroacylation/Stetter reaction followed 

by a retro-Michael, 1,3-H shift and finally oxa-Michael cascade rearrangement promoted by 

DBU (Scheme 45). 
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Scheme 45 

In addition to the intramolecular hydroacylation, the intermolecular version has also been 

developed by Glorius and co-workers.54 His group demonstrated the NHC 18c catalyzed 

coupling of aldehydes 47a with arynes derived from their precursors 47b leading to 

corresponding ketones 47c (Scheme 46). 

 

Scheme 46 

Later, Glorius’ group also reported a chiral triazolium based NHC 17c catalyzed enantioselective 

intramolecular hydroacylation of tethered styrenes 48a, resulting in the chromonone products 

48b in good yields with excellent selectivity (Scheme 47).55 

 

Scheme 47 

Shortly thereafter, achiral triazole-based NHC 37c catalyzed hydroacylation of cyclopropenes 

49c has been reported by Glorius and co-workers.56 This protocol has been further elaborated to 

an enantioselective version as well. Using a chiral triazolium based NHC 49f, the expected 

cyclopropyl ketones 49g were obtained in excellent enantioselectivities (Scheme 48). 
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Scheme 48 

1.4.6. Umpolung of Michael Acceptors 

The conjugate addition of the NHC to Michael acceptors has also been reported to result in β- 

functionalization. In 2006, Fu and co-workers demonstrated an intramolecular Heck-type 

cyclization with alkyl halides 50a through NHC catalysis 50b (Scheme 49).57 The proposed 

mechanism proceeds through an initial addition of NHC to Michael acceptor 50a to generate a 

formal deoxy-Breslow intermediate, followed by intramolecular alkylation then removal of the 

proton to generate the carbene and product 50c (Scheme 50). 

 

Scheme 49 
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Scheme 50 

Scheidt and co-workers utilized vinyl sulfones 51b as a Michael acceptor to generate deoxy-

Breslow intermediate followed by cyclization with nitrones 51a to give isoxazolines 51d.58 

Interestingly, only one diastereomer was generated (measured by 1H NMR) under the employed 

reaction conditions (Scheme 51). 

 

Scheme 51 

The dimerization of acrylates 52a under NHC 52b catalyzed conditions has been reported 

independently by Matsuoka and Glorius (Scheme 52).59 After these seminal contributions, 

several methodologies have been developed for the β-coupling of acrylates to form dimers, 

trimers, and tetramers. This reactivity has also been exploited in polymerization reactions.60 
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Scheme 52 
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Chapter 2 

Chemoselective synthesis of trifluoromethylated 

acyloins using NHC as an organocatalyst 

 

2.1. Introduction 

Although the distinctive reactivity of N-heterocyclic carbenes (NHCs) has been well investigated 

for the intermolecular homo-dimerization of aldehydes (Benzoin and acyloin condensation), the 

intermolecular cross-benzoin/acyloin condensations remain challenging due to a mismatch 

between the reactivity of aldehyde and the coupling partner (usually another aldehyde or 

aldehyde equivalent). Choosing a right coupling partner is a crucial task in the crossed acyloin 

reaction; otherwise, the reaction would lead to four different acyloins including two homo-

dimerized products (Scheme 1). 

 

Scheme 1 

In order to execute the cross-benzoin/acyloin reaction chemoselectively, the coupling partner 

must be chosen in such a way that it must not react with the NHC, and at the same time, its 

reactivity towards Breslow intermediate must be more than that of the aldehyde. Based on this 

concept, many successful reports have been appeared in the literature for the intramolecular 

benzoin reactions as well as the intra/intermolecular Stetter reactions. But, only a few reports are 

available in the literature for the intermolecular crossed acyloin type reactions between 

aldehydes and different aldehydes or ketones or α-ketoesters (including enantioselective 
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reactions) to give their corresponding crossed acyloins chemoselectively. Some of the 

intermolecular crossed acyloin type reactions are discussed as follows. 

The first intermolecular crossed acyloin condensation was reported by the Stetter group in 1977.1 

The reaction was performed between two dissimilar aldehydes by employing thiazolium salt 1c 

as a carbene precursor and Et3N as a base. In this case, both the heterodimerized products 1d and 

1e were obtained in major products along with homoacyloin products as minor products. 

However, when one of the aldehydes was used in excess, one of the dissymmetric acyloins was 

obtained in major quantities (Scheme 2). 

 

Scheme 2 

A few years later, Inoue’s group reported a cross coupling reaction between aliphatic or aromatic 

aldehydes 2a and paraformaldehyde (2b) leading to α-hydroxy ketones 2d using an NHC derived 

from 3-ethylbenzo-thiazolium bromide (2c) in the presence of Et3N (Scheme 3).2 

 

Scheme 3 

Recently, Glorius group developed a competent approach for highly chemoselective 

hydroxymethylation of aldehydes through NHC catalysis.3  

 

Scheme 4 
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The reactions were performed between various aldehydes 3a and paraformaldehyde 3b in the 

presence of NHC derived from a thiazolium salt 3c, and in all those cases, the corresponding 2-

hydroxymethyl ketone derivatives 3d were obtained in moderate to good yields (Scheme 4). 

Müller and co-workers demonstrated the first asymmetric cross-benzoin reaction through 

enzymatic cross-coupling of aromatic aldehydes using ThDP-dependent benzaldehyde lyase 

(BAL) as catalyst.4 The cross-coupling reaction between non-ortho substituted aromatic 

aldehydes 4a and ortho substituted aromatic aldehydes 4b was explored by taking advantage of 

the aldehydes donor-acceptor behavior. The ortho substituted aromatic aldehydes were chosen as 

acceptors by taking advantage of their inability to form symmetrical benzoins. A series of 

experiments were carried out by combining identified selective donors with selective acceptors 

using BAL catalyst, and the mixed benzoin 4c was obtained with the high level of 

enantioselectivity (Scheme 5). 

 

Scheme 5 

Another intermolecular cross-benzoin condensation reaction was developed by Glorius and co-

workers using a new NHC derived from thiazolium salt 5c.5a The cross-benzoin reactions of 

various non-ortho-substituted aromatic aldehydes 5a with various ortho-substituted aromatic 

aldehydes 5b were explored and the corresponding unsymmetrically substituted benzoins were 

formed chemoselectively 5d in moderate to good yields (in most of the cases). The formation of 

homodimerized product was also observed in small quantities along with the formation of 

unsymmetrically substituted benzoin product in some of the examples (Scheme 6). 

 

Scheme 6 
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The investigation for the origin of chemoselectivity was reported by the research groups of Smith 

and O' Donoghue through kinetic analysis.5b It is evident from the kinetic analysis data that the 

nucleophilic addition into benzaldehydes bearing a 2-heteroatom substituent is particularly faster 

as compared to the nucleophilic addition into the non-ortho-substituted aromatic aldehydes. But, 

the origin of this phenomenon is unclear. 

Another interesting methodology was reported by Yang’s group, who showed that the choice of 

NHC is the crucial factor for switching the regioselectivity in crossed acyloin condensation 

between aromatic aldehydes 6a with acetaldehyde (6b).6 They found that thiazolium based NHC 

6c prefers aromatic aldehydes and forms the corresponding Breslow intermediate, which then 

reacts with acetaldehyde to give the product 6e. On the other hand, triazolium based NHC 6d 

preferentially reacts with acetaldehyde and generates another Breslow intermediate, which then 

reacts with aromatic aldehydes to generate the cross benzoin product 6f (Scheme 7). 

 

 Scheme 7  

In 2014, Gravel and co-workers developed a highly chemoselective cross-benzoin reaction 

between aromatic 7a and aliphatic 7b aldehydes using a NHC derived from piperidinone based 

triazolium salt 7c.7 They found that this particular NHC prefers aliphatic aldehydes over 

aromatic aldehydes, and the cross acyloin/benzoin products 7d were obtained in excellent yield 

and selectivity (Scheme 8). 

 

Scheme 8 
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Enders group reported NHC catalyzed the chemoselective cross-benzoin reaction of aromatic 

aldehydes 8a with trifluoromethyl ketones 8b.8a Using this protocol a wide range of α-hydroxyl 

α-trifluoromethyl ketones bearing quaternary center 8d were obtained in good to excellent yields 

with high level of chemoselectivity (Scheme 9). 

 

Scheme 9 

In addition, to that Enders group also developed an asymmetric cross-benzoin-type reaction 

between heteroaromatic aldehydes 9a and trifluoromethyl ketones 9b using a new chiral NHC 

derived from triazolium salt 9c.8b Various heteroaromatic aldehydes were treated with different 

aromatic trifluoromethyl ketones by employing chiral triazolium salt as a precatalyst 9c and the 

corresponding α-hydroxyl-α-trifluoromethyl ketones 9d were obtained in good to excellent 

yields and moderate to good enantioselectivities (Scheme 10). 

 

       Scheme 10 

Recently, the groups of Connon and Zeitler jointly disclosed a highly chemoselective crossed 

acyloin condensation between various aldehydes and α-ketoesters through NHC catalysis.9a A 

wide range of aliphatic aldehydes 10a were treated with various α-keto esters 10b by employing 

triazolium salt 6d as a carbene precursor and the corresponding crossed acyloins containing a 

quaternary stereo centre 10c were obtained in good to excellent yields with a high level of 

chemoselectivity (Scheme 11). 

 

Scheme 11 
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An enantioselective version of the above mentioned methodology was reported by Gravel and 

co-workers employing a chiral NHC 11c.9b The reaction worked very well and the cross-benzoin 

products 11d were obtained in excellent yields and enantioselectivity (Scheme 12). 

 

Scheme 12 

 

2.2. Results and discussion 

The literature reports clearly reveal that there are only a few successful reports available for the 

highly chemoselective crossed acyloin/benzoin reactions. While working on the similar NHC 

catalyzed transformations, we envisioned that the chemoselectivity could be enhanced if an 

“aldehyde equivalent” is used as a coupling partner instead of another aldehyde in intermolecular 

crossed acyloin/benzoin condensation. Since “hemiacetal” is considered to be the best aldehyde 

equivalent, we thought to explore this reactive compound as a coupling partner. However, the 

main problem is that most of the hemiacetals are not stable and can’t be isolated. Surprisingly, 

CF3CH(OH)OEt, a hemiacetal of trifluoroacetaldehyde, is found to be relatively stable and 

commercially available (as 90% aq. solution). Another advantage of this particular hemiacetal is 

that, it installs the trifluoromethyl group in the cross-acyloin product, which could be easily 

converted to biologically important trifluoromethyl containing heterocycles or drugs.10 A few of 

the trifluoromethyl group containing biologically active compounds are shown in fig. 1. 

 

Figure 1 
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Although CF3CH(OH)OEt was used as an aldehyde equivalent in some of the transformations,11 

surprisingly so far, it was not explored in intermolecular cross-acyloin condensation. 

The optimization studies were carried out using p-chlorobenzaldehyde (13a) and a variety of 

NHC precursors (8c, 13g–13j) under different reaction conditions (Table 1). Initially, we carried 

out an experiment using 13g as a catalyst (entry 1) and the anticipated crossed acyloin adduct 

13c was formed only in 7% yield. Indeed, this result was encouraging because the crossed 

acyloin product 13c was formed in a chemoselective manner, albeit the yield was quite low. 

Screening of other NHCs 13i & 13j didn’t give promising results as a considerable amount of 

13d was obtained and/or the yield of 13c was low (entries 3 & 4). Intriguingly, when the reaction 

was performed using NHC 8c as a precatalyst and DBU as a base, the desired crossed acyloin 

13c was obtained in 90% yield with high chemoselectivity (entry 5). Further optimization studies 

were performed using 8c as a precatalyst by altering base or solvent (entries 6–12). But in all 

those cases, the yield of desired product was inferior when compared to entry 5. A noteworthy 

observation was that the other possible products 13e and 13f were not formed under the reaction 

conditions. The acyloins 13e and 13f are possible only if trifluoroacetaldehyde is produced 

during the reaction. To have a better understanding of this observation, an experiment was 

carried out in which CF3CH(OH)OEt was subjected to self-acyloin condensation using 8c as a 

precatalyst followed by esterification with p-nitro benzoyl chloride (14a) under basic conditions 

(Scheme 13).  

Interestingly, in this case, the acyloin ester 14b was not observed; instead, the acetal ester 14c 

was isolated in 55% yield. This experiment suggests that CF3CH(OH)OEt doesn’t decompose to  

trifluoroacetaldehyde under the reaction conditions, which also explains why 13e & 13f were not 

observed in any of the reaction conditions tried (Table 1).12  

 

 

Scheme 13 
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Table 1. Optimization Studiesa  

 

Entry Catalyst Base Solvent Time [h] 13c:13db Yield 13c [%]c 

1 13g DBU THF 24 > 95:5 7 

2 13h DBU THF 15 -- 0 

3 13i DBU THF 15 73:27 22 

4 13j DBU THF 24 > 95:5 33 

5 8c DBU THF 4 > 95:5 90 

6 8c KtOBu THF 6 > 95:5 68 

7 8c Cs2CO3 THF 6 > 95:5 76 

8 8c Et3N THF 8 > 95:5 62 

9 8c DBU DCM 26 > 95:5 40 

10 8c DBU DME 10 > 95:5 80 

11 8c DBU DMF 10 > 95:5 82 

12 8c DBU 1,4-dioxane 12 > 95:5 82 

aReaction conditions: 0.15 M of 13a in solvent; Use of 2.0 equivalents of 13b with respect to 13a was found to be 

optimal; bRatio determined by 1H-NMR analysis of the crude mixture after work-up; cIsolated yield; rt = 23–26 ºC. 

  

Having optimized conditions in hand (entry 5, Table 1), we shifted our attention in evaluating the 

substrate scope. As shown in scheme 14, a wide range of aromatic aldehydes (15a–15z & 15aa–

15ag) were treated with CF3CH(OH)OEt under standard reaction condition. In all the cases, the 

expected crossed acyloin adducts were obtained in moderate to good yields with high levels of 

chemoselectivity (> 95:5). A general observation was that the yields of products (16b–16d) in 

the cases of electron rich aldehydes were found to be a bit inferior when compared to that of 

electron poor aldehydes (16e–16i). Interestingly, in the cases of halo-and dihalo-substituted aryl 

aldehydes (15k–15s), the desired acyloin products (16k–16s) were obtained in good yields. Even 

highly hindered aldehydes such as ortho-bromo substituted aromatic aldehydes (15t–15v)  
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Scheme 14. Substrate Scopea 

 

                                                                                Chemoselectivity (16:17) = > 95:5b                                                                

     
aYields reported are isolated yields; bRatio determined by 1H NMR analysis of the crude mixture after work-up; rt 

23–26 ºC. 



 

41 

 

underwent smooth conversion to the corresponding products (16t–16v) in good yields. This 

methodology also worked very well for hetero-aromatic aldehydes as well (Examples 16x–16z 

and 16aa). In the case of aliphatic aldehydes such as phenylacetaldehyde (15af) and 

hydrocinnamaldehyde (15ag) complex mixtures were obtained. But, cinnamaldehyde was 

efficiently converted to the acyloin 16w in 66% yield. 

We also tried to elaborate this methodology to other cyclic hemiacetals (such as carbohydrate 

derivative 18a and lactol 18b) as well as acyclic acetals 18c (Figure 2). Unfortunately, none of 

them reacted with 13a under standard reaction conditions to give the crossed acyloin products. In 

all those cases, only benzoin 13d was observed.  

 

Figure 2 

It is obvious from the outcome of the reaction that the Breslow intermediate reacts with 

CF3CH(OH)OEt chemoselectively to deliver the crossed acyloin product. To understand the 

reaction in detail, a few experiments were performed. 

In a typical crossover experiment (Scheme 15), benzoin (17a) was treated with excess of 13b 

under the standard reaction condition and the reaction was monitored by 1H NMR spectroscopy, 

but the crossed acyloin product 13c was not detected even after two days. This experiment 

clearly indicates that benzoin (17a) didn’t undergo retro-benzoin reaction under the reaction 

condition. This result also suggests that the formation of 17a is irreversible. 

 

Scheme 15 

In another experiment, the standard reaction (Table 1, entry 5) was monitored by 1H NMR 

spectroscopy. In this case, the formation of product 13c was observed prior (within 5 minutes) to 

the formation of 13d. The above experiments clearly show that the chemoselectivity outcome of 

the reaction is controlled by kinetic factors.  
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To demonstrate the synthetic utility of the products, one of the trifluoromethyl containing 

crossed acyloin products 13c was refluxed with a bit excess of o-phenylenediamine (19a) in 

acetic acid and the CF3-containing quinoxoline 19b was obtained in 65% yield (Scheme 16).13 

 

 

Scheme 16 

 

 

Enantioselective intermolecular cross-acyloin condensation between aromatic aldehyde and 

trifluoroacetaldehyde ethyl hemiacetal 

An enantioselective cross-acyloin reaction was performed between p-chlorobenzaldehyde (13a) 

and trifluoroacetaldehyde ethyl hemiacetal (13b) using chiral NHCs 20a and 20b under different 

reaction conditions. A few of the conditions are shown in table 2. Initially, reactions were carried 

using chiral NHC 20a under different reaction conditions (entry 1–3). Unfortunately, only the 

racemic products were obtained in all the cases. A few reactions also tried using chiral NHC 20b 

under different reaction conditions. Using NHC 20b, DBU as a base, two reactions were carried 

out in THF and DCM at 0 °C, and the racemic mixture was observed in both the cases (entry 4 & 

5). Interestingly, when the reaction was carried out using NHC 20b, DBU as a base in THF at rt, 

the product was obtained in 30% ee (entry 6). Using NHC 20b, few more reactions were also 

performed by altering base and solvent at rt (entry 7 & 8). But unfortunately, none of the cases 

gave the enantioselectivity. Since we didn’t get the high level of enantioselectivity, we didn’t 

precede further.  
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Table 2. Optimization Studiesa 

 

aReaction conditions: 0.14 M of 13a in solvent; rt = 23–26 ºC. bConversion was observed by TLC; cee was 

determined by HPLC. 

 

2.3. Conclusion 

In conclusion, a highly chemoselective crossed acyloin condensation of aromatic aldehydes with 

CF3CH(OH)OEt was developed through NHC catalysis. In almost all the cases, the 

trifluoromethylated crossed acyloins were obtained in moderate to good yields with high 

chemoselectivity under the mild reaction conditions. This methodology was also tried to 

elaborate to an asymmetric version using chiral NHCs. Unfortunately, the corresponding crossed 

acyloin product was observed with max 30% ee.  

 

 

 

Entrya Catalyst Base Solvent Temp (oC) Conv (%)b ee (%)c 

1 20a DBU THF 0 50 0 

2 20a DBU DCM rt 50 0 

3 20a iPr2NEt THF rt 40 0 

4 20b DBU THF 0 50 0 

5 20b DBU DCM 0 40 0 

6 20b DBU THF rt 60 30 

7 20b iPr2NEt THF rt 40 0 

8 20b DBU 1,4-dioxane rt 50 0 
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2.4. Experimental sections 

General Information 

Most of the reagents and starting materials used were purchased from commercial sources and 

used as such. NHC precursors (13j, 8c) were prepared according to the literature procedure.14 

Chiral NHC precursors (20a & 20b) were purchased from commercial sources and used as such. 

1H, 13C and 19F (proton decoupled) spectra were recorded in CDCl3 (400, 100 and 376 MHz 

respectively) on Brucker FT-NMR spectrometer. Chemical shifts () values are reported in parts 

per million relative to TMS and the coupling constants (J) are reported in Hz. Trifluoromethyl 

benzene was used as internal standard for 19F spectra. High-resolution mass spectra were 

recorded on Waters Q-TOF Premier-HAB213 spectrometer. FT IR spectra were recorded on a 

Brucker FT-IR spectrometer equipped with a PIKE MIRacle ATR. Thin layer chromatography 

was performed on Merck silica gel 60 F254 TLC plates. Column chromatography was carried out 

through silica gel (100-200 mesh) using EtOAc/hexane as an eluent. Water HPLC system was 

used to determine the enantiomeric excess. Optical rotations were recorded on a Rudolph 

APIII/2W. 

 

General procedure for the NHC catalyzed intermolecular crossed acyloin condensation of 

aromatic aldehydes with trifluoroacetaldehyde ethyl hemiacetal                                                     

1,8-Diazabicyclo[5.4.0]undec-7-ene (10 mg, 0.066 mmol) was added to a suspension of NHC 8c 

(6 mg, 0.022 mmol), aldehyde (0.22 mmol) and trifluoroacetaldehyde ethyl hemiacetal (13b) 

(90% aq. solution, 57 μL, 0.44 mmol) in dry THF (1.5 mL) at room temperature (23–26 ºC) and 

the resulting suspension was stirred at the same temperature until most of the aldehyde was 

consumed (by TLC). The solvent was removed under reduced pressure and the residue was 

purified through silica gel column using 5% EtOAc/Hexane mixture as an eluent.  

Characterization data of compounds (13c, 16a–16z & 16aa–16ae): 

1-(4-chlorophenyl)-3,3,3-trifluoro-2-hydroxypropan-1-one (13c):15  

White solid; Yield 90% (47.2 mg); m.p. 7678 °C; FT IR (ATR) 3442, 1686 

cm-1; 1H NMR (400 MHz, CDCl3),  7.93 (d, J = 8.6 Hz, 2H), 7.52 (d, J = 8.6 
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Hz, 2H), 5.425.35 (m, 1H), 4.29 (d, J = 8.2 Hz, 1H [OH]); 13C NMR (100 MHz, CDCl3),  

192.1, 142.3, 131.7, 130.9, 129.6, 122.3 (q, 1JC-F  = 282.6 Hz), 71.1 (q, 2JC-F = 30.6 Hz); 19F NMR 

(376 MHz, CDCl3),   −73.81. 

3,3,3-trifluoro-2-hydroxy-1-phenylpropan-1-one (16a):16  

White solid; Yield 54% (24.0 mg); m.p. 8284 °C; FT IR (ATR) 3368, 1683 cm-1; 

1H NMR (400 MHz, CDCl3),  7.99 (d, J = 7.4 Hz, 2H), 7.737.69 (m, 1H), 

7.587.53 (m, 2H), 5.465.39 (m, 1H), 4.28 (d, J = 8.3 Hz, 1H [OH]); 13C NMR 

(100 MHz, CDCl3),  193.2, 135.5, 133.5, 129.6, 129.1, 122.5 (q, 1JC-F = 282.4 Hz), 71.1 (q, 2JC-F 

= 31.2 Hz); 19F NMR (376 MHz, CDCl3),   −73.83; HRMS (ESI): m/z calcd for C9H6F3O2 

[M−H]+: 203.0320; found: 203.0325. 

1-(4-ethylphenyl)-3,3,3-trifluoro-2-hydroxypropan-1-one (16b): 

White solid; Yield 50% (25.5 mg); m.p. 6668 °C; FT IR (ATR) 3446, 1676 

cm-1; 1H NMR (400 MHz, CDCl3),  7.91 (d, J = 8.3 Hz, 2H), 7.36 (d, J = 8.3 

Hz, 2H), 5.435.36 (m, 1H), 4.31 (brd, J = 8.1 Hz, 1H [OH]), 2.75 (q, J = 7.6 

Hz, 2H), 1.28 (t, J = 7.6 Hz, 3H); 13C NMR (100 MHz, CDCl3),  192.5, 153.1, 131.2, 129.9, 

128.7, 122.6 (q, 1JC-F = 284.4 Hz), 70.9 (q, 2JC-F = 31.4 Hz), 29.3, 15.1; 19F NMR (376 MHz, 

CDCl3),   −73.94; HRMS (ESI): m/z calcd for C11H12F3O2 [M+H]+: 233.0789; found: 233.0782. 

3,3,3-trifluoro-2-hydroxy-1-(m-tolyl)propan-1-one (16c):  

Semi solid; Yield 63% (30.0 mg); FT IR (ATR) 3442, 1686 cm-1; 1H NMR (400 

MHz, CDCl3),  7.79 (s, 1H), 7.787.74 (m, 1H), 7.537.49 (m, 1H), 7.43 (t, J = 

7.6 Hz, 1H), 5.445.38 (m, 1H), 4.28 (brd, J = 8.0 Hz, 1H [OH]), 2.45 (s, 3H); 

13C NMR (100 MHz, CDCl3),  193.3, 139.2, 136.3, 133.5, 130.0, 129.0, 126.9, 122.5 (q, 1JC-F = 

282.9 Hz), 71.1 (q, 2JC-F = 31.1 Hz), 21.5; 19F NMR (376 MHz, CDCl3),   −73.87; HRMS (ESI): 

m/z calcd for C10H10F3O2 [M+H]+: 219.0633; found: 219.0635. 

1-[4-(tert-butyl)phenyl]-3,3,3-trifluoro-2-hydroxypropan-1-one (16d): 

Yellow oil; Yield 52% (29.5 mg); FT IR (ATR) 3446, 1683 cm-1; 1H NMR 

(400 MHz, CDCl3),  7.93 (d, J = 8.4 Hz, 2H), 7.55 (d, J = 8.4 Hz, 2H), 

5.435.38 (m, 1H), 4.30 (d, J = 6.2 Hz, 1H [OH]), 1.36 (s, 9H); 13C NMR 
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(100 MHz, CDCl3),  192.5, 159.7, 130.8, 129.7, 126.2, 122.5 (q, 1JC-F = 282.7 Hz), 70.9 (q, 2JC-F 

= 31.3 Hz), 35.6, 31.1; 19F NMR (376 MHz, CDCl3),   −73.90; HRMS (ESI): m/z calcd for 

C13H16F3O2 [M+H]+: 261.1102; found: 261.1098. 

Methyl 4-(3,3,3-trifluoro-2-hydroxypropanoyl)benzoate (16e): 

White solid; Yield 73% (42.0 mg); m.p. 8587 °C; FT IR (ATR) 3481, 1724, 

1693 cm-1; 1H NMR (400 MHz, CDCl3),  8.20 (d, J = 8.7 Hz, 2H), 8.04 (d, 

J = 8.7 Hz, 2H), 5.485.41 (m, 1H), 4.21 (d, J = 8.4 Hz, 1H [OH]), 3.97 (s, 

3H); 13C NMR (100 MHz, CDCl3),  193.1, 165.8, 136.6, 135.9, 130.2, 129.5, 122.3 (q, 1JC-F = 

282.8 Hz), 71.5 (q, 2JC-F = 31.3 Hz), 52.9; 19F NMR (376 MHz, CDCl3),   −73.68; HRMS (ESI): 

m/z calcd for C11H8F3O4 [M−H]+: 261.0375; found: 261.0359. 

3,3,3-trifluoro-1-[4-(trifluoromethyl)phenyl]-2-hydroxypropan-1-one (16f):  

White solid; Yield 72% (43.0 mg); m.p. 5860 °C; FT IR (ATR) 3310, 1697 

cm-1; 1H NMR (400 MHz, CDCl3),  8.10 (d, J = 8.3 Hz, 2H), 7.82 (d, J = 8.3 

Hz, 2H), 5.475.41 (m, 1H), 4.20 (brd, J = 7.4 Hz, 1H [OH]); 13C NMR (100 

MHz, CDCl3),  192.8, 136.5 (q, 2JC-F = 32.8 Hz), 136.2, 129.9, 126.2 (q, 3JC-F = 3.7 Hz), 123.3 

(q, 1JC-F = 271.2 Hz), 122.3 (q, 1JC-F = 282.1 Hz), 71.6 (q, 2JC-F = 31.4 Hz); 19F NMR (376 MHz, 

CDCl3),   −63.45, −73.62; HRMS (ESI): m/z calcd for C10H5F6O2 [M−H]+: 271.0194; found: 

271.0187. 

3,3,3-trifluoro-2-hydroxy-1-(3-nitrophenyl)propan-1-one (16g):                                          

Pale yellow oil; Yield 74% (40.4 mg); FT IR (ATR) 3453, 1699, 1532 cm-1; 1H 

NMR (400 MHz, CDCl3),  8.818.80 (m, 1H), 8.54 (ddd, J = 8.2, 2.2, 1.0 Hz, 

1H), 8.32 (d, J = 8.0 Hz, 1H), 7.79 (t, J = 8.0 Hz, 1H), 5.52 (q, J = 6.6 Hz, 1H), 

4.20 (brs, 1H [OH]); 13C NMR (100 MHz, CDCl3),  191.9, 148.7, 134.9, 134.8, 130.6, 129.4, 

124.4, 122.2 (q, 1JC-F = 281.3 Hz), 71.74 (q, 2JC-F = 30.6 Hz); 19F NMR (376 MHz, CDCl3),   

−73.61; HRMS (ESI): m/z calcd for C9H5F3NO4 [M−H]+: 248.0171; found: 248.0163. 

3,3,3-trifluoro-1-[3-(trifluoromethyl)phenyl]-2-hydroxypropan-1-one (16h): 

Yellow oil; Yield 70% (41.6 mg); FT IR (ATR) 3453, 1697 cm-1; 1H NMR (400 

MHz, CDCl3),  8.24 (s, 1H), 8.16 (d, J = 7.9 Hz, 1H), 7.96 (d, J = 7.9 Hz, 1H), 

7.72 (t, J = 7.9 Hz, 1H), 5.485.41 (m, 1H), 4.24 (d, J = 8.4 Hz, 1H [OH]); 13C 

NMR (100 MHz, CDCl3),  192.4, 134.0, 132.65132.63 (m), 132.0 (q, 2JC-F = 33.5 Hz), 131.74 
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(q, 3JC-F = 3.5 Hz), 129.9, 126.4 (q, 2JC-F = 3.8 Hz), 123.4 (q, 1JC-F = 271.3 Hz), 122.3 (q, 1JC-F = 

282.2 Hz), 71.5 (q, 2JC-F = 31.4 Hz); 19F NMR (376 MHz, CDCl3),   −63.03, −73.69; HRMS 

(ESI): m/z calcd for C10H5F6O2 [M−H]+: 271.0194; found: 271.0189. 

4-(3,3,3-trifluoro-2-hydroxypropanoyl)benzonitrile (16i): 

White solid; Yield 73% (36.6 mg); m.p. 8284 °C; FT IR (ATR) 3436, 2237, 

1699 cm-1; 1H NMR (400 MHz, CDCl3),  8.08 (d, J = 8.4 Hz, 2H), 7.877.85 

(m, 2H), 5.455.38 (m, 1H), 4.13 (d, J = 8.4 Hz, 1H [OH]); 13C NMR (100 

MHz, CDCl3),  192.6, 136.4, 132.9, 129.9, 122.2 (q, 1JC-F = 282.9 Hz), 118.6, 117.4, 71.7 (q, 

2JC-F = 31.4 Hz); 19F NMR (376 MHz, CDCl3),   −73.56; HRMS (ESI): m/z calcd for 

C10H5F3NO2 [M−H]+: 228.0272; found: 228.0282. 

3,3,3-trifluoro-2-hydroxy-1-[4-(trifluoromethoxy)phenyl]propan-1-one (16j): 

White solid; Yield 74% (46.9 mg); m.p. 5052 °C; FT IR (ATR) 3311, 1695 

cm-1; 1H NMR (400 MHz, CDCl3),  8.06 (d, J = 8.8 Hz, 2H), 7.397.36 

(m, 2H), 5.435.36 (m, 1H), 4.22 (d, J = 8.4 Hz, 1H [OH]); 13C NMR (100 

MHz, CDCl3),  191.8 (q, 3JC-F = 1.5 Hz) , 154.35154.30 (m), 132.8, 131.4, 122.4 (q, 1JC-F = 

281.7 Hz), 120.3 (q, 1JC-F = 257.4 Hz), 120.59120.56 (m), 71.2 (q, 2JC-F = 31.3 Hz); 19F NMR 

(376 MHz, CDCl3),   −57.59, −73.82; HRMS (ESI): m/z calcd for C10H5F6O3 [M−H]+: 

287.0143; found: 287.0140. 

1-(2-chlorophenyl)-3,3,3-trifluoro-2-hydroxypropan-1-one (16k):  

Colorless oil; Yield 70% (36.5 mg); FT IR (ATR) 3446, 1709 cm-1; 1H NMR 

(400 MHz, CDCl3),  7.557.48 (m, 3H), 7.437.39 (m, 1H), 5.585.51 (m, 

1H), 4.17 (d, J = 7.4 Hz, 1H [OH]); 13C NMR (100 MHz, CDCl3),  195.7, 

134.9, 133.9, 132.1, 131.1, 130.2, 127.4, 122.3 (q, 1JC-F = 282.1 Hz), 74.2 (q, 2JC-F = 31.2 Hz); 

19F NMR (376 MHz, CDCl3),   −73.71; HRMS (ESI): m/z calcd for C9H5ClF3O2 [M−H]+: 

236.9930; found: 236.9929. 

1-(3-chlorophenyl)-3,3,3-trifluoro-2-hydroxypropan-1-one (16l):15 

Orange solid; Yield 80% (42.0 mg); m.p. 5254 °C; FT IR (ATR) 3449, 1691 

cm-1; 1H NMR (400 MHz, CDCl3),  7.96 (t, J = 1.8 Hz, 1H), 7.84 (d, J = 7.8 

Hz, 1H), 7.67 (ddd, J = 8.0, 2.2, 1.0 Hz, 1H), 7.50 (t, J = 7.8 Hz, 1H), 

5.425.35 (m, 1H), 4.23 (d, J = 8.4 Hz, 1H [OH]); 13C NMR (100 MHz, CDCl3),  192.4, 135.6, 
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135.3, 135.0, 130.4, 129.4, 127.6, 122.3 (q, 1JC-F = 282.5 Hz), 71.3 (q, 2JC-F = 31.3 Hz); 19F NMR 

(376 MHz, CDCl3),   −73.75; HRMS (ESI): m/z calcd for C9H5ClF3O2 [M−H]+: 236.9930; 

found: 236.9921. 

1-(3,4-dichlorophenyl)-3,3,3-trifluoro-2-hydroxypropan-1-one (16m): 

White solid; Yield 69% (41.4 mg); m.p. 5355 °C; FT IR (ATR) 3298, 1694 

cm-1; 1H  NMR (400 MHz, CDCl3),  8.08 (d, J = 2.1 Hz, 1H), 7.817.78 (m, 

1H), 7.64 (d, J = 8.2 Hz, 1H), 5.385.31 (m, 1H), 4.15 (d, J = 8.4 Hz, 1H 

[OH]); 13C NMR (100 MHz, CDCl3),  191.5, 140.5, 134.3, 132.9, 131.3, 128.4, 128.4, 122.2 (q, 

1JC-F = 282.8 Hz), 71.38 (q, 2JC-F = 31.4 Hz); 19F NMR (376 MHz, CDCl3),   −73.74; HRMS 

(ESI): m/z calcd for C9H4Cl2F3O2 [M−H]+: 270.9540; found: 270.9542. 

1-(2,4-dichlorophenyl)-3,3,3-trifluoro-2-hydroxypropan-1-one (16n): 

Yellow solid; Yield 78% (46.8 mg); m.p. 5254 °C; FT IR (ATR) 3280, 1699 

cm-1; 1H NMR (400 MHz, CDCl3),  7.52 (d, J = 1.9 Hz, 1H), 7.47 (d, J = 8.4 

Hz, 1H), 7.39 (dd, J = 8.4, 1.9 Hz, 1H), 5.52 (q, J = 7.0 Hz, 1H), 4.18 (brs, 1H 

[OH]); 13C NMR (100 MHz, CDCl3),  194.6, 139.9, 133.2, 133.1, 131.3, 131.1, 127.9, 122.3 (q, 

1JC-F = 282.5 Hz), 74.2 (q, 2JC-F = 30.8 Hz); 19F NMR (376 MHz, CDCl3),   −73.68; HRMS 

(ESI): m/z calcd for C9H4Cl2F3O2 [M−H]+: 270.9540; found: 270.9545. 

1-(3,5-dichlorophenyl)-3,3,3-trifluoro-2-hydroxypropan-1-one (16o): 

Colorless oil; Yield 62% (37.2 mg); m.p. 5759 °C; FTIR (ATR) 3460, 1698 

cm-1; 1H NMR (400 MHz, CDCl3),  7.817.84 (d, J = 2.0 Hz, 2H), 7.68 (t, J = 

2.0 Hz, 1H), 5.385.28 (m, 1H), 4.12 (d, J = 8.4 Hz, 1H); 13C NMR (100 MHz, 

CDCl3),  191.6, 136.4, 135.8, 135.0, 127.8, 122.2 (q, J = 282.8 Hz), 71.6 (q, J = 31.6 Hz); 19F 

NMR (376 MHz, CDCl3),  −73.65; HRMS (ESI): m/z calcd for C9H4Cl2F3O2 [M−H]+: 

270.9540; found: 270.9542. 

3,3,3-trifluoro-1-(2-fluorophenyl)-2-hydroxypropan-1-one (16p): 

White solid; Yield 74% (36.0 mg); m.p. 6163 °C; FT IR (ATR) 3447, 1682 cm-

1; 1H NMR (400 MHz, CDCl3),  7.947.89 (m, 1H), 7.707.64 (m, 1H), 

7.347.30 (m, 1H), 7.267.19 (m, 1H), 5.515.44 (m, 1H), 4.24 (dd, J = 8.2, 1.3 

Hz, 1H [OH]); 13C NMR (100 MHz, CDCl3),  191.75191.67 (m), 162.4 (d, 1JC-F = 249.5 Hz), 

137.1 (d, 4JC-F = 9.4 Hz), 131.3 (d, 6JC-F = 1.5 Hz), 125.2 (d, 5JC-F = 3.0 Hz), 122.5 (q, 1JC-F = 



 

49 

 

283.2 Hz), 122.3 (d, 3JC-F = 12.7 Hz), 117.0 (d, 2JC-F = 23.6 Hz), 74.7 (qd, 2JC-F = 30.6, 11.1 Hz); 

19F NMR (376 MHz, CDCl3),   −74.77 (d, JF-F = 7.1 Hz), −108.87 (q, JF-F = 7.4 Hz); HRMS 

(ESI): m/z calcd for C9H5F4O2 [M−H]+: 221.0226; found: 221.0223. 

3,3,3-trifluoro-1-(3-fluorophenyl)-2-hydroxypropan-1-one (16q): 

Yellow solid; Yield 68% (33.0 mg); m.p. 6668 °C; FT IR (ATR) 3452, 1692 

cm-1; 1H NMR (400 MHz, CDCl3),  7.76 (d, J = 7.8 Hz, 1H), 7.707.66 (m, 

1H), 7.577.52 (m, 1H), 7.437.38 (m, 1H), 5.415.34 (m, 1H), 4.20 (d, J = 8.4 

Hz, 1H [OH]); 13C NMR (100 MHz, CDCl3),  192.4, 162.9 (d, 1JC-F = 247.7 Hz), 135.4 (d, JC-F 

= 7.0 Hz), 130.9 (d, JC-F = 7.3 Hz), 125.4 (d, JC-F = 1.7 Hz), 122.6 (q, JC-F = 22.5 Hz), 122.3 (q, 

1JC-F = 281.6 Hz), 116.2 (d, JC-F = 22.5 Hz), 71.4 (q, 2JC-F = 31.6 Hz); 19F NMR (376 MHz, 

CDCl3),   −73.76, −110.40; HRMS (ESI): m/z calcd for C9H5F4O2 [M−H]+: 221.0226; found: 

221.0220. 

3,3,3-trifluoro-1-(4-fluorophenyl)-2-hydroxypropan-1-one (16r): 

Pale yellow solid; Yield 65% (31.8 mg); m.p. 5254 °C; FTIR (ATR) 3445, 

1687 cm-1; 1H NMR (400 MHz, CDCl3),  8.098.00 (m, 2H), 7.297.19 (m, 

2H), 5.425.34 (m, 1H), 4.27 (d, J = 8.4 Hz, 1H); 13C NMR (100 MHz, 

CDCl3),  191.6, 167.2 (d, J = 256.3 Hz), 132.5 (d, J = 10.9 Hz), 129.9 (d, J = 4.3 Hz), 122.42 

(q, J = 280.8 Hz), 116.6 (d, J = 21.6 Hz), 71.1 (q, J = 30.4 Hz); 19F NMR (376 MHz, CDCl3),  

−73.89, −100.35; HRMS (ESI): m/z: calcd for C9H5F4O2 [M−H]+: 221.0226; found: 221.0222. 

1-(4-Bromophenyl)-3,3,3-trifluoro-2-hydroxypropan-1-one (16s):15  

White solid; Yield 85% (52.9 mg); m.p. 8587 °C; FT IR (ATR) 3327, 1678   

cm-1; 1H NMR (400 MHz, CDCl3),  7.85 (d, J = 8.7 Hz, 2H), 7.70 (d, J =        

8.7 Hz, 2H), 5.37 (q, J = 6.6 Hz, 1H), 4.25 (brs, 1H [OH]);  13C NMR (100 

MHz, CDCl3),  192.3, 132.6, 132.1, 131.2, 130.9, 122.3 (q, 1JC-F = 282.3 Hz), 71.2 (q, 2JC-F = 

31.4 Hz); 19F NMR (376 MHz, CDCl3),   −73.80; HRMS (ESI): m/z calcd for C9H5BrF3O2 

[M−H]+: 280.9425; found: 280.9428. 

1-(2-bromophenyl)-3,3,3-trifluoro-2-hydroxypropan-1-one (16t): 

Orange semi solid; Yield 68% (42.2 mg); FT IR (ATR) 3439, 1709 cm-1; 1H 

NMR (400 MHz, CDCl3),  7.717.68 (m, 1H), 7.467.41 (m, 3H), 5.545.45 

(m, 1H), 4.15 (brd, J = 5.8 Hz, 1H [OH]); 13C NMR (100 MHz, CDCl3),  
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196.6, 137.0, 134.4, 133.7, 130.0, 127.8, 122.3 (q, 1JC-F = 282.5 Hz), 119.9, 73.9 (q, 2JC-F = 31.0 

Hz); 19F NMR (376 MHz, CDCl3),   −73.38; HRMS (ESI): m/z calcd for C9H5BrF3O2 [M−H]+: 

280.9425; found: 280.9428. 

1-(6-bromobenzo[d][1,3]dioxol-5-yl)-3,3,3-trifluoro-2-hydroxypropan-1-one (16u):  

Pale yellow solid: Yield 67% (48.2 mg); FTIR (ATR) 3432, 1704 cm-1; m.p. 

(8284 °C); 1H NMR (400 MHz, CDCl3),  7.11 (s, 1H), 6.94 (s, 1H), 6.11 (q, J 

= 1.3 Hz, 2H), 5.575.47 (m, 1H), 4.15 (d, J = 7.6 Hz, 1H),  13C NMR (100 

MHz, CDCl3),  194.7, 152.0, 147.8, 129.7, 122.4 (q, J = 282.8 Hz), 114.6, 113.6, 109.9, 103.1, 

73.4 (q, J = 30.7 Hz); 19F NMR (376 MHz, CDCl3),  −73.66; HRMS (ESI): m/z calcd for 

C10H5BrF3O4 [M−H]+: 324.9323; found: 324.9314. 

1-(3-bromo-4-methylphenyl)-3,3,3-trifluoro-2-hydroxypropan-1-one (16v): 

Yellow oil; Yield 72% (47.0 mg); FT IR (ATR) 3436, 1703 cm-1; 1H NMR 

(400 MHz, CDCl3),  7.53 (brs, 1H), 7.37 (d, J = 7.9 Hz, 1H), 7.267.23 (m, 

1H), 5.555.48 (m, 1H), 4.17 (brd, J = 7.4 Hz, 1H [OH]), 2.41 (s, 3H); 13C 

NMR (100 MHz, CDCl3),  195.6, 145.3, 135.2, 133.7, 130.3, 128.5, 122.4 (q, 1JC-F = 282.8 Hz), 

120.3, 73.5 (q, 2JC-F = 30.5 Hz), 21.4; 19F NMR (376 MHz, CDCl3),   −73.53; HRMS (ESI): m/z 

calcd for C10H9BrF3O2 [M+H]+: 296.9738; found: 296.9739. 

(E)-5,5,5-trifluoro-4-hydroxy-1-phenylpent-1-en-3-one (16w): 

Pale yellow solid; Yield 66% (33.4 mg); m.p. 8587 °C; FT IR (ATR) 3398, 

1689 cm-1; 1H NMR (400 MHz, CDCl3),  7.91 (d, J = 15.8 Hz, 1H), 

7.657.59 (m, 2H), 7.517.42 (m, 3H), 6.99 (dd, J = 15.8, 1.0 Hz, 1H), 

4.824.70 (m, 1H [OH]), 4.25 (d, J = 6.6 Hz, 1H); 13C NMR (100 MHz, CDCl3),  190.8 (q, 3JC-

F = 1.5 Hz), 148.0, 133.6, 132.2, 129.4, 129.3, 122.8 (q, 1JC-F = 281.5 Hz), 119.94119.86 (m), 

74.1 (q, 2JC-F = 30.9 Hz); 19F NMR (376 MHz, CDCl3),   −74.07; HRMS (ESI): m/z calcd for 

C11H8F3O2 [M−H]+: 229.0476; found: 229.0481. 

3,3,3-trifluoro-2-hydroxy-1-(thiophen-2-yl)propan-1-one (16x):16 

Yellow solid; Yield 74% (34.2 mg); m.p. 107109 °C; FT IR (ATR) 3353, 1655 

cm-1; 1H NMR (400 MHz, CDCl3),  7.89 (dd, J = 4.9, 1.1 Hz, 1H), 7.877.86 

(m, 1H), 7.267.24 (m, 1H), 5.235.17 (m, 1H), 4.16 (brd, J = 8.3 Hz, 1H 

[OH]); 13C NMR (100 MHz, CDCl3),  184.7 (q, 3JC-F = 1.5 Hz), 139.7, 137.7, 135.68135.62 
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(m), 129.0, 122.4 (q, 1JC-F = 282.8 Hz), 72.1 (q, 2JC-F = 30.4 Hz); 19F NMR (376 MHz, CDCl3),  

−74.52. 

1-(3-bromothiophen-2-yl)-3,3,3-trifluoro-2-hydroxypropan-1-one (16y): 

Pale yellow oil; Yield 80% (50.8 mg); FT IR (ATR) 3440, 1655, 3110 cm-1; 1H 

NMR (400 MHz, CDCl3),  7.73 (d, J = 5.2 Hz, 1H), 7.20 (d, J = 5.2 Hz, 1H), 

5.735.66 (m, 1H), 4.20 (d, J = 9.2 Hz, 1H [OH]); 13C NMR (100 MHz, 

CDCl3),  185.3, 135.6, 134.5, 134.3, 122.4 (q, 1JC-F = 284.3 Hz), 118.3, 72.2 (q, 2JC-F = 30.7 

Hz); 19F NMR (376 MHz, CDCl3),   −74.25; HRMS (ESI): m/z calcd for C7H3BrF3O2S [M−H]+: 

286.8989; found: 286.8973. 

3,3,3-trifluoro-1-(furan-2yl)-2-hydroxypropan-1-one (16z): 

White solid; Yield 60% (25.6 mg); m.p. 140142 °C; FT IR (ATR) 3399, 1674  

cm-1; 1H NMR (400 MHz, CDCl3),  7.77 (dd, J = 1.6, 0.6 Hz, 1H), 7.48 (d, J = 

3.7 Hz, 1H), 6.69 (dd, J = 3.7, 1.6 Hz, 1H), 5.245.17 (m, 1H), 4.07 (d, J = 8.8 

Hz, 1H [OH]); 13C NMR (100 MHz, CDCl3),  180.4, 150.0, 149.2, 122.5 (q, 1JC-F = 282.5 Hz), 

122.0, 113.5, 71.4 (q, 2JC-F = 32.0 Hz); 19F NMR (376 MHz, CDCl3),   −74.89; HRMS (ESI): 

m/z calcd for C7H4F3O3 [M−H]+: 193.0113; found: 193.0107. 

3,3,3-trifluoro-2-hydroxy-1-(pyridin-3-yl)propan-1-one (16aa):15 

White solid; Yield 74% (33.4 mg); m.p. 120122 °C; FT IR (ATR) 3016, 1705 

cm˗1; 1H NMR (400 MHz, CDCl3),  9.20 (d, J = 2.2 Hz, 1H), 8.90 (dd, J = 4.8, 

1.7 Hz, 1H), 8.28 (dt, J = 8.0, 2.2 Hz, 1H), 7.54 (ddd, J = 8.0, 4.8, 0.9 Hz, 1H), 

5.41 (q, J = 6.6 Hz, 1H), 4.23 (d, J = 1.7 Hz, 1H [OH]); 13C NMR (100 MHz, CDCl3),  192.5 

(q, 3JC-F = 1.4 Hz), 155.3, 150.5, 136.8, 129.4, 124.1, 122.3 (q, 1JC-F = 282.1 Hz), 71.8 (q, 2JC-F = 

31.3 Hz); 19F NMR (376 MHz, CDCl3),   −73.72; HRMS (ESI): m/z calcd for C8H5F3NO2 

[M−H]+: 204.0272; found: 204.0263. 

1-[(1,1'-biphenyl)-4-yl]-3,3,3-trifluoro-2-hydroxypropan-1-one (16ab): 

White solid; Yield 76% (46.8 mg); m.p. 136138 °C; FT IR (ATR) 3379, 1685 

cm-1; 1H  NMR (400 MHz, CDCl3),  8.07 (d, J = 8.3 Hz, 2H), 7.77 (d, J = 8.3 

Hz, 2H), 7.667.63 (m, 2H), 7.527.42 (m, 3H), 5.495.42 (m, 1H), 4.32 (d, J 
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= 8.3 Hz, 1H [OH]); 13C NMR (100 MHz, CDCl3),  192.6, 148.3, 139.3, 132.0, 130.3, 129.3, 

129.0, 127.7, 127.5, 122.5 (q, 1JC-F = 283.7 Hz), 71.09 (q, 2JC-F = 31.5 Hz); 19F NMR (376 MHz, 

CDCl3),   −73.81; HRMS (ESI): m/z calcd for C15H10F3O2 [M−H]+: 279.0633; found: 279.0632. 

3,3,3-trifluoro-2-hydroxy-1-(4-(phenylthio)propan-1-one (16ac): 

White solid; Yield 84% (57.5 mg); m.p. 135137 °C; FT IR (ATR) 3432, 

1668 cm-1; 1H NMR (400 MHz, CDCl3),  7.82 (d, J = 8.6 Hz, 2H), 

7.577.55 (m, 2H), 7.487.44 (m, 3H), 7.19 (d, J = 8.6 Hz, 2H), 5.365.29 

(m, 1H), 4.28 (dd, J = 8.3, 1.8 Hz, 1H [OH]); 13C NMR (100 MHz, CDCl3),  191.7, 149.6, 

135.1, 130.3, 130.1, 130.0, 130.0, 129.8, 126.5, 122.5 (q, 1JC-F = 282.9 Hz), 70.8 (q, 2JC-F = 31.3 

Hz); 19F NMR (376 MHz, CDCl3),   −73.95; HRMS (ESI): m/z calcd for C15H10F3O2S [M−H]+: 

311.0354; found: 311.0355. 

3,3,3-trifluoro-2-hydroxy-1-(4-(phenylethynyl)phenyl)propan-1-one (16ad): 

Pale yellow solid; Yield 80% (53.5 mg); m.p. 137139 °C; FT IR (ATR) 

3458, 1680, 2226 cm-1; 1H NMR (400 MHz, CDCl3),  7.97 (d, J = 8.6 Hz, 

2H), 7.68 (d, J = 8.6 Hz, 2H), 7.597.54 (m, 2H), 7.427.36 (m, 3H), 

5.455.38 (m, 1H), 4.27 (d, J = 8.4 Hz, 1H [OH]); 13C NMR (100 MHz, CDCl3),  192.3, 132.3, 

132.1, 132.0, 130.8, 129.6, 129.3, 128.7, 122.4 (q, 1JC-F = 282.8 Hz), 122.4, 94.7, 88.3, 71.1 (q, 

2JC-F = 31.1 Hz); 19F NMR (376 MHz, CDCl3),   −73.81; HRMS (ESI): m/z calcd for 

C17H10F3O2 [M−H]+: 303.0633; found: 303.0630. 

1-(2-azidophenyl)-3,3,3-trifluoro-2-hydroxypropan-1-one (16ae): 

Pale yellow solid; Yield 65% (35.0 mg); m.p. 9092 °C; FT IR (ATR) 3441, 

2129, 1687 cm-1; 1H NMR (400 MHz, CDCl3),  7.717.69 (m, 1H), 7.667.62        

(m, 1H), 7.297.24 (m, 2H), 5.895.83 (m, 1H), 4.23 (brd, J = 6.7 Hz, 1H 

[OH]); 13C NMR (100 MHz, CDCl3),  194.55194.50 (m), 140.0, 135.1, 131.4, 126.9, 125.3, 

122.6 (q, 1JC-F = 282.9 Hz), 119.2, 74.4 (q, 2JC-F = 29.9 Hz); 19F NMR (376 MHz, CDCl3),   

−74.22; HRMS (ESI): m/z calcd for C9H5F3NO2 [M−H−N2]
+: 216.0272; found 216.0271.  

Synthesis of 2-(4-chlorophenyl)-3-(trifluoromethyl) quinoxoline (19b):17 

To a mixture of 1-(4-chlorophenyl)-3,3,3-trifluoro-2-hydroxypropan-1-one 13c (30 mg, 0.13 

mmol) and o-phenylenediamine 19a (21 mg, 0.19 mmol) was added AcOH (1.0 ml). After 
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refluxing the resultant mixture for 8 h, AcOH was removed under vacum and residue was 

purified through silica gel column using 5% EtOAc/Hexane mixture as an eluent to afford 

quinoxoline (19b).  

White solid: Yield 65% (44.0 mg); m.p. 146148 °C; FT IR (ATR) 1185, 

1130, 1070 cm-1; 1H NMR (400 MHz, CDCl3),  8.298.27 (m, 1H), 

8.228.20 (m, 1H), 8.007.89 (m, 2H), 7.59 (d, J = 8.5 Hz, 2H), 7.51 (d, J = 

8.5 Hz, 2H); 13C NMR (100 MHz, CDCl3),  151.6, 142.7, 141.2 (q, 2JC-F = 34.3 Hz), 139.6, 

136.1, 135.9, 133.0, 131.6, 130.47130.42 (m), 129.9, 129.5, 128.8, 121.5 (q, 1JC-F = 274.7 Hz); 

19F NMR (376 MHz, CDCl3),   −61.65; HRMS (ESI): m/z calcd for C15H9ClF3N2 [M+H]+: 

309.0406; found: 309.0404. 

Procedure for the chiral NHC catalyzed intermolecular crossed acyloin condensation of p-

chlorobenzaldehyde with trifluoroacetaldehyde ethyl hemiacetal                                                      

1,8-Diazabicyclo[5.4.0]undec-7-ene (6 mg, 0.042 mmol) was added to a suspension of chiral 

NHC 20a or 20b (6.5 mg, 0.014 mmol), p-chlorobenzaldehyde 13a (20 mg, 0.14 mmol) and 

trifluoroacetaldehyde ethyl hemiacetal 13b (90% aq. solution, 56 μL, 0.42 mmol) in dry THF 

(1.0 mL) at room temperature (23–26 ºC) and the resulting suspension was stirred at indicated 

temperature and time. After completion of the reaction, the solvent was removed under reduced 

pressure and extracted with EtOAc and water, and the resulting organic layer was removed under 

reduced pressure. Then the residue was dissolved in 9:1 n-Hexane/2-Propanol (HPLC grade 

solvent), and filtered. 20 μL of sample was injected in HPLC system, 9:1 n-hexane/2-propanol 

(1.0 mL/min) mixture was eluted through CHIRALPAK® IA Column, and 30% ee was observed. 

τmin = 8.5 (major), 9.1 (minor). Optical rotation: [α]D
23 = +6.6 (c 0.07, CHCl3), at 589 nm for a 

sample with 30% ee.  
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Spectra of compounds (13c, 16a–16z, 16aa–16ae & 19b) 

1H, 13C NMR Spectra of 13c 
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1H, 13C NMR Spectra of 16a 
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1H, 13C NMR Spectra of 16b 
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1H, 13C NMR Spectra of 16c 
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1H, 13C NMR Spectra of 16d 
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1H, 13C NMR Spectra of 16e 
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1H, 13C NMR Spectra of 16f 
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1H, 13C NMR Spectra of 16g 
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1H, 13C NMR Spectra of 16h 
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1H, 13C NMR Spectra of 16i 
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1H, 13C NMR Spectra of 16j 
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1H, 13C NMR Spectra of 16k 
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1H, 13C NMR Spectra of 16l 
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1H, 13C NMR Spectra of 16m 
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1H, 13C NMR Spectra of 16n 
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1H, 13C NMR Spectra of 16o 
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1H, 13C NMR Spectra of 16p 
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1H, 13C NMR Spectra of 16q 
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1H, 13C NMR Spectra of 16r 
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1H, 13C NMR Spectra of 16s 
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1H, 13C NMR Spectra of 16t 
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1H, 13C NMR Spectra of 16u 
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1H, 13C NMR Spectra of 16v 
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1H, 13C NMR Spectra of 16w 
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1H, 13C NMR Spectra of 16x 
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1H, 13C NMR Spectra of 16y 
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1H, 13C NMR Spectra of 16z 
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1H, 13C NMR Spectra of 16aa 
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1H, 13C NMR Spectra of 16ab 
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1H, 13C NMR Spectra of 16ac 
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1H, 13C NMR Spectra of 16ad 
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1H, 13C NMR Spectra of 16ae 
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1H, 13C NMR Spectra of 19b 
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19F NMR Spectra of 13c 

 

 

 

19F NMR Spectra of 16a 
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19F NMR Spectra of 16b 

 

 

 

 

 

 

 

 

 

 

 

19F NMR Spectra of 16c 
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19F NMR Spectra of 16d 

 

 

 

19F NMR Spectra of 16e 
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19F NMR Spectra of 16f 

 

 

19F NMR Spectra of 16g 
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19F NMR Spectra of 16h 

 

 

19F NMR Spectra of 16i 
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19F NMR Spectra of 16j 

 

 

 

19F NMR Spectra of 16k 
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19F NMR Spectra of 16l 

 

 

 

19F NMR Spectra of 16m 
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19F NMR Spectra of 16n 

 

 

19F NMR Spectra of 16o 

 

 

 



 

95 

 

19F NMR Spectra of 16p 

 

 

19F NMR Spectra of 16q 
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19F NMR Spectra of 16r 

 

 

 

19F NMR Spectra of 16s 
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19F NMR Spectra of 16t 

 

 

19F NMR Spectra of 16u 
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19F NMR Spectra of 16v 

 

 

 

 

19F NMR Spectra of 16w 
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19F NMR Spectra of 16x 

 

19F NMR Spectra of 16y 
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19F NMR Spectra of 16z 

 

 

19F NMR Spectra of 16aa 
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19F NMR Spectra of 16ab 

 

 

 

19F NMR Spectra of 16ac 
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19F NMR Spectra of 16ad 

 

 

 

19F NMR Spectra of 16ae 
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19F NMR Spectra of 19b 
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Spectra for racemic compound (13c) 
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Spectra of sample with 30% ee (20a & 20b) 
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Chapter 3 

Bis(amino)cyclopropenylidene (BAC) catalyzed 

chemoselective synthesis of α,α-diarylated ketones 

3.1. Introduction on bis(amino)cyclopropenylidene (BAC) 

It has been realized that the NHCs based on a heterocyclic core such as thiazole, triazole, 

imidazole, etc. are dominating in organocatalysis due to their unmatched nucleophilicity1 as well 

as high stability.2 On the other hand, the scope of non-heterocyclic based carbenes for the 

umpolung type activation of carbonyl compounds is very limited although their organometallic 

complexes are well studied.3 However, bis(amino)cyclopropenylidenes (BACs), another type of 

nucleophilic carbenes derived from cyclopropenium salts, were found to be a promising non-

heterocyclic based candidate in terms of reactivity towards metals as well as carbonyl 

compounds. Unlike N-heterocyclic carbenes, BACs do not require a heteroatom(s) adjacent to 

the electron-deficient carbene carbon center to confer stability. Indeed, the stability of these 

cyclopropenylidenes could be attributed to the push-pull effect of the two amino substituents that 

were attached to the ring.4 Another important factor that contributes to the stability of the 

carbenes is the σ-aromaticity of the cyclopropene ring.4 Although the synthesis and structural 

properties of bis(amino)cyclopropenylidene salts have been exploited in 1970s by Weiss and 

Yoshida groups5 independently, their applications have been realized very recently, particularly 

in organometallic chemistry.6 Figure 1 illustrates the general structures of N-heterocyclic carbene 

1a and bis(amino)cyclopropenylidene 1b. 

 

Figure 1 
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3.2. Literature review on BAC 

In a seminal report, Bertrand and co-workers demonstrated the first isolation of 

bis(diisopropylamino)cyclopropenylidene (2a).7 This particular BAC 2a was found to be highly 

air-sensitive and possessed a reasonable thermal stability. BAC 2a was thoroughly characterized 

by NMR techniques and X-ray analysis. A general comparison between BAC 2a and NHC 2b is 

shown in figure 2.  

 

Figure 2 

Bis(diisopropylamino)cyclopropenylidene (3b) was isolated by the reaction of an equimolar 

mixture of bis(diisopropylamino)cyclopropenylidene tetraphenylborate salt (3a) and KN(SiMe3)2 

in dry Et2O at −78 °C, and the resulting free carbene 3b was isolated in 20% yield (Scheme 1). 

 

Scheme 1 

After the successful isolation of BAC by Bertrand’s group, several reports appeared in the 

literature on the application of BAC as a ligand in organometallic chemistry. Wass and co-

workers reported the synthesis of 2,3-diphenylcyclopropenylidene supported palladium complex 

4b, and its applications in Heck and Suzuki coupling reactions.8  

 

Scheme 2 
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This Pd-complex 4b was readily prepared by the reaction of 1,1-dichoro-2,3-

diphenylcyclopropene (4a) and [Pd(PPh3)4] in toluene at rt, and the desired complex 4b was 

obtained in 70% yield (Scheme 2). Then the catalytic activity of Pd-complex 4b was examined in 

cross-coupling reaction of n-butyl acrylate (5a) with various aryl halides 5b in the presence of 

NaOAc as a base at high temperature (145 °C), and a quantitative conversion of corresponding 

starting material 5b was observed in most of the cases (Scheme 3). 

 

Scheme 3 

The catalytic activity of this Pd-BAC complex 4b has also been explored in Suzuki coupling 

reaction of phenyl boronic acid 6a with various aryl halides 6b in the presence of K2CO3 as a 

base at high temperature (130 °C). In most of the cases, quantitative conversion of corresponding 

starting materials was observed (Scheme 4). 

 

Scheme 4 

Recently, Alcarazo and co-workers demonstrated the synthesis and structural characterization of 

cyclopropenylidene stabilized S (II), Se (II) and Te (II) mono (7c–7e) and dications (7f–7k), by 

gentle heating of suspensions containing 1-chloro-2,3-bis(diisopropylamino)cyclopropenium 

salts 7a or 7b with PhEMe3 and E(SiMe3)2 (E = S, Se, Te). The corresponding mono cations (7c–

7e), the dications (7f–7k) were obtained in moderate to good yields (Scheme 5).9 
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Scheme 5 

The first example of CuCl(BAC) 8b complex (BAC = bis(diisopropylamino)cyclopropenylid-

ene) was reported by Cazin and co-workers.10 The synthesis of the BAC–CuI complex 8b was 

achieved by the reaction of cyclopropenium chloride 8a with Cu2O in CH3CN under microwave 

heating (80 °C) conditions (Scheme 6). 

 

Scheme 6 

Then the catalytic activity of this complex has been evaluated in 1,2,3-triazole formation via the 

[3+2]-cycloaddition of azides with alkynes. A variety of alkynes (9b) were treated with various 

azides (9a) using the catalytic amount of [CuCl(BAC)] complex 8b under a solvent free 

condition at rt, and the corresponding 1,2,3-triazole derivatives 9c were obtained in good to 

excellent yields (Scheme 7). 

 

Scheme 7 
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Scheme 8 

Apart from the catalytic applications, this metal complex has also been utilized for the synthesis 

of other metal-cyclopropenylidene complexes such as Au, Pd, Ir and Rh BAC complexes (10a–

10d) via transmetallation reaction. Interestingly, in all those cases, the transmetallation reaction 

occurred quantitatively and selectively (Scheme 8). 

Tamm and co-workers demonstrated the synthesis and isolation of the chiral bis[bis(R-1-

phenylethyl)amino]cyclopropenylidene as well as its dicarbene-silver complex 11b, which was 

prepared by the treatment of the chiral cyclopropenylium salt 11a with Ag2O in the presence of 

catalytic amount of Me4BF4 in CH2Cl2 (Scheme 9).11 

 

Scheme 9 
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Bis[bis(R-1-phenylethyl)amino]cyclopropenylidene (11a) has also been employed as an 

organocatalyst for an enantioselective benzoin reaction. However, the product benzoin (11c) was 

formed only with 18% ee (Scheme 10). The authors have explained that the low 

enantioselectivity was probably due to the rapid rotation of the chiral amino groups.  

 

Scheme 10 

Recently, Gravel and co-workers described bis(amino)cyclopropenylidiene salt 12c as a 

precatalyst for a highly chemo-selective intermolecular Stetter reaction.12 Interestingly, in those 

cases, the formation of benzoin products were not observed during the course of the reactions, 

which was in contrast to analogous reactions using thiazolium and triazolium salts as precatalysts 

(Scheme 11). 

 

Scheme 11 

This protocol was elaborated to enantioselective Stetter reaction between furfural (13a) and 

chalcone 13b using a chiral precatalyst 13c. In this case, although the chemical yield of the 

Stetter product was excellent, the enantioselectivity of the product was only 36% (Scheme 12). 

 

Scheme 12 

Gravel’s group also reported bis(amino)cyclopropenylidene catalyzed aza-benzoin reaction 

between aldehydes and imines.13 When the reaction was carried out between various aromatic 

aldehydes 14a and phosphinoyl imines 14b using 12c as a precatalyst, the aza-benzoin products 
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14c were obtained in a highly chemoselective manner. Interestingly, in any of these cases, the 

homobenzoin product was not observed (Scheme 13). 

 

Scheme 13 

Apart from these three reports, no other reports are available in the literature for the application 

of bis(amino)cyclopropenylidenes in organocatalysis.  

3.3. Results and discussion 

While working on NHC catalyzed chemo-selective transformations,14 we became interested in 

developing an efficient method for the synthesis of α,α'-diarylated ketones using BAC as a 

catalyst via intermolecular 1,6-conjugate addition of aldehydes to p-quinone methides (p-QMs). 

The α-arylated and α,α'-diarylated ketones are very useful building blocks for many biologically 

important natural and unnatural compounds.15 The most popular approach to access α-arylated 

and α,α'-diarylated carbonyl compounds involves transition metal catalyzed cross coupling 

reaction between an enolizable carbonyl compound and a suitable aryl coupling partner.16 A few 

metal free coupling reactions were also reported for the synthesis of α-arylated carbonyl 

compounds.17 Glorius and co-workers reported an efficient method for the synthesis of α,α'-

diarylated carbonyl compounds through NHC catalyzed cross coupling between aromatic 

aldehydes and activated alkyl halides.18 Recently, Mayr and co-workers reported kinetic studies 

involving the reaction of NHCs with p-quinone methides to characterize the relative 

nucleophilicities of NHCs.19 The groups of Scheidt20 and Ye21 independently reported the 

synthesis of enantio-enriched benzo-fused lactones through chiral NHC catalyzed 1,4-addition of 

homo enolates to o-quinone methides. Recently, McErlean and co-workers reported NHC 

catalyzed intramolecular vinylogous Stetter reaction of aldehydes with 1,6-acceptors.22 However, 

the synthesis of α,α'-diarylated ketones via 1,6-conjugate addition of aldehydes to p-quinone 
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methides23 using NHC or bis-(amino)cyclopropenylidene as a catalyst remains unprecedented, 

which triggered us to investigate this transformation in detail. 

Optimization studies were carried out using p-chlorobenzaldehyde (15a) and p-quinone methide 

15b under various conditions (Table 1). Our initial attempts using conventional imidazolinium 

(15e–16g) as well as triazolium (15h & 15i) based NHC precatalysts didn’t give encouraging 

results as the expected product 15c was not obtained in any of the cases (entries 1–5). 

Interestingly, even homo-benzoin product 15d was not observed in all those cases. Since the 

reaction between NHC and p-QM to form an adduct has already been reported,19 we presume 

that NHC prefers to react with 15b over 15a, so the NHC is probably not available to react with 

15a to generate either the desired product 15c or the homo-benzoin product 15d during the 

reaction. However, surprisingly, when the reaction was carried out using thiazolium salts such as 

15j or 15k as a precatalyst, the expected product 15c was obtained in 10% and 73% yields, 

respectively, after 36 h (entry 6 & 7). Interestingly, when 12c was used as a precatalyst in DMF, 

15c was obtained in 90% yield in 3 h (entry 8). This result clearly indicates that the carbene 

derived from 12c prefers to react with 15a over 15b. 

Another possibility is that the reaction between 12c and 15b could be reversible under the 

reaction conditions. Further optimization experiments were performed using different bases 

(entries 9–11) and also in different solvents (entries 12–15). But in all these experiments, the 

yield of 15c was found to be lower when compared to entry 8. Gratifyingly, when the reaction 

was carried out with 20 mol % of 12c and 20 mol % of DBU in DMF, the product 15c was 

isolated in 98% yield in 1.5 h (entry 16). Careful monitoring of the standard reaction in DMSO-

d6 by 1H NMR spectroscopy revealed that the homo-benzoin product 15d was observed in small 

quantities along with 15c (ratio 15a:15d:15c = 1:0.3:1.5) within five minutes after addition of all 

the reagents and the catalyst precursor 12c. But, interestingly, the concentration of 15d was 

decreasing as the reaction progressed and we couldn’t detect even trace amounts of 15d after 

completion of the reaction. This observation clearly suggests that the formation of 15d is 

reversible under the standard reaction condition.24 The observation of benzoin and retro-benzoin 

reactivity with this catalyst is in contrast to observations by Gravel and co-workers,12,13 however 

the reaction conditions were different in their case. The reversible formation of 15d was further 

confirmed by a crossover experiment, in which the homo-benzoin 15d (as an aldehyde 
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equivalent) was treated with 2.3 equivalents of 15b under standard conditions. In this case, as 

expected, 15d was converted into 15c in 70% yield in 1.5 h (Scheme 14). 

Table 1. Optimization Studiesa 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aReaction conditions: 0.16 M of 15a in solvent; Use of 1.05 equiv of 15b was found to be optimal; bIsolated yield; 

c20 mol % of 12c and 20 mol % of DBU were used; rt = 25–28 °C; DBU = 1,8 diazabicyclo[5.4.0]undec-7-ene. 

Entry Catalyst Base Solvent Time [h] Yield 15c [%]b 

1 15e DBU DMF 24 0 

2 15f DBU DMF 24 0 

3 15g DBU DMF 24 0 

4 15h DBU DMF 24 0 

5 15i DBU DMF 24 0 

6 15j DBU DMF 36 10 

7 15k DBU DMF 36 73 

8 12c DBU DMF 3 90 

9 12c Cs2CO3 DMF 6 40 

10 12c iPr2NEt DMF 18 0 

11 12c KOtBu DMF 12 22 

12 12c DBU PhMe 48 42 

13 12c DBU THF 24 60 

14 12c DBU DMSO 3 60 

15 12c DBU 1,4-dioxane 48 37 

16c 12c DBU DMF 1.5 98 
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Scheme 14 

Then, the substrate scope of this transformation was examined using p-quinone methide 15b and 

a wide range of aromatic as well as heteroaromatic aldehydes (16a–16p) (Scheme 15) under the 

optimal conditions (entry 16, Table 1). As represented in scheme 2, this methodology worked 

well for electron poor aromatic aldehydes (16a–16e), and the desired α,α'-diarylated ketones 

(17a–17e) were obtained in moderate to good yields (60–85%) in short reaction times.  

However, in the cases of election rich aldehydes, such as 4-tert-butylbenzaldehyde (16f) and 4-

ethylbenzaldehyde (16g), the reaction was sluggish and the products (17f & 17g) were obtained 

in lower yields. Surprisingly, 4-phenylmercapto benzaldehyde (16h) gave the corresponding 

α,α'-diarylated ketone (17h) in 77% yield. This methodology was further elaborated to 

heteroaromatic aldehydes (16i–16l) and in all those cases; the expected products (17i–17l) were 

isolated in good yields. Under the standard conditions, 4-bromobenzaldehyde (16m) and 4-

alkynyl benzaldehyde (16n) underwent smooth transformation to their corresponding α,α'-

diarylated ketones 17m and 17n in 82 and 92% yields, respectively. Unfortunately, in the cases 

of aliphatic aldehydes, such as hydrocinnamaldehyde (16o) and 2-phenyl acetaldehyde (16p), 

only decomposition of the reaction mixture was observed.  

The substrate scope of this methodology was also extended using various p-quinone methides 

(18a–18n), derived from electron rich as well as electron poor aromatic aldehydes, and the 

results are summarized in scheme 16. The reaction worked pretty well in the cases of p-QMs 

derived from electron rich aromatic aldehydes (18a–18d) and the desired products (19a–19d) 

were obtained in reasonably good yields. In the case of p-QM derived from moderately electron 

poor aromatic aldehyde, such as 2-fluorobenzaldehyde (18e), the α,α'-diarylated ketone 19e was 

obtained in 73% isolated yield. Similarly, o-bromo substituted p-QM 18f also underwent smooth 

conversion to the corresponding product 19f in 60% yield. Pleasingly, in the cases of p-QMs 

derived from benzaldehyde (18g) and other aryl-substituted benzaldehydes (18h & 18i), the 

corresponding α,α'-diarylated ketones (19g–19i) were obtained in good yields (82–88%).  



 

118 

 

Scheme 15. Substrate Scopea 

 

aReaction conditions: 0.16 M of aldehyde 16 in solvent. rt = 25–28 °C. 

 

The product 19j was isolated in 76% yield under the standard condition when 18j was used as a 

substrate. In the case of p-QM derived from electron deficient aldehyde such as 18k, the reaction 

was sluggish and the product 19k was obtained only in 20% yield. Unfortunately, no product 

(19l) was observed in the case of p-QM derived from 4-nitrobenzaldehyde (18l).  
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Scheme 16. Substrate Scopea 

 

aReaction conditions: 0.16 M of 15a in solvent; b1,2-dichloroethane was used as a solvent. rt = 25–28 °C. 

 

The substrate scope for this transformation was also elaborated with p-QMs derived from other 

phenols such as 2,6-dimethylphenol (18m) and 2,6-diisopropylphenol (18n). In both cases, the 

expected products 19m and 19n were obtained in 20 and 25% yields, respectively, after 36 h. 

Based on the outcome of this transformation, a plausible mechanism has been proposed (Scheme 

17). In the initial step, DBU abstracts the acidic proton from 12c and generates the carbene 20a, 

which reacts with aldehyde to produce an intermediate 20b, which is similar to the Breslow 

intermediate.25 Intermediate 20b then reacts with p-QM 20c to form another intermediate 20d, 

which decomposes to the product 20e with the expulsion of carbene 20a. 
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Scheme 17 

3.4. Conclusion 

In conclusion, we have demonstrated the scope of bis(amino)cyclopropenylidene as an 

organocatalyst for the synthesis of α,α'-diarylated ketones through the extended conjugate 

addition of umpolung of aromatic aldehydes to p-quinone methides. The versatility of this 

protocol has been portrayed using a wide range of aromatic and heteroaromatic aldehydes as well 

as p-QMs. 

3.5. Experimental Sections 

General Information 

All reactions were carried out under argon atmosphere employing flame-dried glass wares. Most 

of the reagents and starting materials used were purchased from commercial sources and used as 

such. Bis(amino)cyclopropenylidene (BAC) precursor (12c)12 and NHC precursors (15e–15j)26 

were prepared according to the literature procedure. All para-quinone methides used in this 

transformation were prepared by following a literature procedure.23h,23j Dry N,N'-dimethyl 

formamide (DMF) was stored under argon over activated 4 Å molecular sieves and used after 

degasification using argon. 1H, 13C and 19F (proton decoupled) spectra were recorded in CDCl3 

on Brucker FT-NMR spectrometer (400, 100 and 376 MHz respectively). Chemical shifts () 

values are reported in parts per million relative to tetramethylsilane by using residual solvent 

signal (CHCl3) as reference (7.26 ppm) and the coupling constants (J) are reported in Hz. 

Trifluoromethyl benzene was used as internal standard for 19F spectra. High-resolution mass 
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spectra were recorded on Waters Q-TOF Premier-HAB213 spectrometer. FT-IR spectra were 

recorded on a Brucker FT-IR spectrometer equipped with a PIKE MIRacle ATR. Melting points 

were measured on Stuart melting point apparatus and are uncorrected. Thin layer 

chromatography was performed on Merck silica gel 60 F254 TLC plates. Column 

chromatography was carried out through silica gel (100-200 mesh) using EtOAc/hexane as an 

eluent. 

General procedure for bis(amino)cyclopropenylidene-catalyzed 1,6-conjugate addition of 

aldehydes to para-quinone methides 

1,8-Diazabicyclo[5.4.0]undec-7-ene (2.5 μL, 0.016 mmol) was added to a suspension of  BAC 

precursor 12c (8 mg, 0.016 mmol), aldehyde (0.078 mmol, 1.0 equiv.) and para-quinone methide 

(0.082 mmol, 1.05 equiv.) in dry DMF (0.5 mL) under argon atmosphere at room temperature 

and the resulting suspension was stirred until most of the aldehyde was consumed. The reaction 

mixture was then acidified with aqueous HCl (2.0 N) and extracted with dichloro methane (3x10 

mL). The combined organic layers were washed with water, brine solution, dried over anhydrous 

Na2SO4 and filtered. The filtrate was concentrated under vacuo and the residue was purified 

through silica gel column using <5% EtOAc/hexane mixture as an eluent. 

Characterization of compounds (15c, 17a–17p & 19a–19n): 

1-(4-chlorophenyl)-2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(4-methoxyphenyl)ethanone 

(15c): 

Yellow soild; Yield 98% (35.6 mg); m.p. 148150 °C; FT IR (ATR) 3630, 

2958, 2922, 2853, 1673 cm-1; 1H NMR (400 MHz, CDCl3),  7.94 (d, J = 8.6 

Hz, 2H), 7.38 (d, J = 8.6 Hz, 2H), 7.19 (d, J = 8.7 Hz, 2H), 7.03 (s, 2H), 6.87 (d, J = 8.7 Hz, 2H), 

5.82 (s, 1H), 5.14 (s, 1H), 3.78 (s, 3H), 1.39 (s, 18H); 13C NMR (100 MHz, CDCl3),  198.0, 

158.7, 153.0, 139.2, 136.0, 135.6, 131.6, 130.5, 130.2, 129.5, 128.9, 125.8, 114.2, 58.7, 55.3, 

34.5, 30.4; HRMS (ESI): m/z calcd for C29H32ClO3 [M−H]+: 463.2040; found: 463.2050. 

4-[2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(4-methoxyphenyl)acetyl] benzonitrile (17a): 

Yellow solid; Yield 80% (28.4 mg); m.p. 152154 °C; FT IR (ATR) 3626, 

2954, 2921, 2853, 2226, 1692 cm-1; 1H NMR (400 MHz, CDCl3),  8.05 (d, 

J = 8.7 Hz, 2H), 7.70 (d, J = 8.6 Hz, 2H), 7.17 (d, J = 8.7 Hz, 2H), 7.00 (s, 
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2H), 6.87 (d, J = 8.8 Hz, 2H), 5.80 (s, 1H), 5.16 (s, 1H), 3.78 (s, 3H), 1.38 (s, 18H); 13C NMR 

(100 MHz, CDCl3),  197.9, 158.9, 153.2, 140.4, 136.2, 132.5, 130.9, 130.2, 129.4, 128.9, 125.8, 

118.1, 116.0, 114.4, 59.2, 55.4, 34.5, 30.4; HRMS (ESI): m/z calcd for C30H32NO3 [M−H]+: 

454.2382; found: 454.2386. 

Methyl{4-[2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(4-methoxyphenyl)acetyl]}benzoate 

(17b): 

Yellow solid; Yield 75% (28.6 mg); m.p. 170172 °C; FT IR (ATR) 3617, 

2952, 2922, 2853, 1720, 1683 cm-1; 1H NMR (400 MHz, CDCl3),  

8.078.01 (m, 4H), 7.20 (d, J = 8.7 Hz, 2H), 7.03 (s, 2H), 6.86 (d, J = 8.7 Hz, 2H), 5.86 (s, 1H), 

5.14 (s, 1H), 3.92 (s, 3H), 3.78 (s, 3H), 1.38 (s, 18H); 13C NMR (100 MHz, CDCl3),  198.8, 

166.4, 158.8, 153.1, 140.7, 136.1, 133.6, 131.4, 130.2, 129.9, 129.4, 128.9, 125.8, 114.3, 59.1, 

55.4, 52.6, 34.5, 30.4; HRMS (ESI): m/z calcd for C31H37O5 [M+H]+: 489.2641; found: 

489.2630. 

2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(4-methoxyphenyl)-1-[4(trifluoromethyl)phenyl] 

ethanone (17c): 

Yellow solid; Yield 80% (31.1 mg); m.p. 146148 °C; FT IR (ATR) 3622, 

2955, 2920, 2852,1679 cm-1; 1H NMR (400 MHz, CDCl3),  8.08 (d, J = 8.2 

Hz, 2H), 7.67 (d, J = 8.2 Hz, 2H), 7.20 (d, J = 8.7 Hz, 2H), 7.03 (s, 2H), 6.87 (d, J = 8.8 Hz, 2H), 

5.85 (s, 1H), 5.16 (s, 1H), 3.78 (s, 3H), 1.39 (s, 18H); 13C NMR (100 MHz, CDCl3),  198.3, 

158.8, 153.1, 140.1140.0 (m), 136.2, 134.08 (q, JC-F = 32.2 Hz), 131.2, 130.2, 129.3, 129.2, 

125.8, 125.78125.66 (m), 123.7 (q, JC-F = 271.1 Hz), 114.3, 59.1, 55.4, 34.5, 30.4; 19F NMR 

(376 MHz, CDCl3),   −63.10; HRMS (ESI): m/z calcd for C30H32F3O3 [M−H]+: 497.2304; 

found: 497.2315. 

2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(4-methoxyphenyl)-1-[3-(trifluoromethyl)phenyl] 

ethanone (17d): 

Yellow solid; Yield 85% (33.1 mg); m.p. 128130°C; FT IR (ATR) 3637, 2957, 

2921, 2854, 1681 cm-1; 1H NMR (400 MHz, CDCl3),  8.25 (s, 1H), 8.16 (d, J = 

7.8 Hz, 1H), 7.74 (d, J = 7.8 Hz, 1H), 7.54 (t, J = 7.8 Hz, 1H), 7.22 (d, J = 8.7 Hz, 2H), 7.06 (s, 

2H), 6.88 (d, J = 8.7 Hz, 2H), 5.85 (s, 1H), 5.16 (s, 1H), 3.79 (s, 3H), 1.39 (s, 18H); 13C NMR 

(100 MHz, CDCl3),  197.8, 158.8, 153.2, 137.8, 136.3, 132.2132.1 (m), 131.2, 131.1 (q, JC-F = 
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32.6 Hz), 130.2, 129.3, 129.3129.2 (m), 129.1, 126.0125.9 (m), 125.9, 123.8 (q, JC-F = 271.6 

Hz), 114.3, 59.0, 55.4, 34.5, 30.4; 19F NMR (376 MHz, CDCl3),   −62.83; HRMS (ESI): m/z 

calcd for C30H32F3O3 [M−H]+: 497.2304; found: 497.2313. 

2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(4-methoxyphenyl)-1-[4-(trifluoromethoxy)phenyl] 

ethanone (17e): 

Yellow solid; Yield 60% (24.1 mg); m.p. 128130 °C;FT IR (ATR) 3606, 

2954, 2922, 2853, 1681 cm-1; 1H NMR (400 MHz, CDCl3),  8.04 (d, J = 9.0 

Hz, 2H), 7.247.21 (m, 2H), 7.19 (d, J = 8.7 Hz, 2H), 7.02 (s, 2H), 6.87 (d, J = 8.8 Hz, 2H), 5.82 

(s, 1H), 5.14 (s, 1H), 3.78 (s, 3H), 1.38 (s, 18H); 13C NMR (100 MHz, CDCl3),  197.7, 158.8, 

153.1, 152.42152.37 (m), 136.1, 135.5, 131.5, 131.1, 130.2, 129.5, 125.8, 120.4, 120.4 (q, JC-F 

= 257.2 Hz), 114.3, 58.8, 55.4, 34.5, 30.4; 19F NMR (376 MHz, CDCl3),   −57.56; HRMS 

(ESI): m/z calcd for C30H32F3O4 [M−H]+: 513.2253; found: 513.2236. 

1-[4-(tert-butyl)phenyl]-2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(4-methoxyphenyl) 

ethanone (17f): 

Yellow solid; Yield 30% (11.4 mg); m.p. 152154 °C; FT IR (ATR) 3633, 

2999, 2968, 2870, 1677 cm-1; 1H NMR (400 MHz, CDCl3),  7.96 (d, J = 8.5 

Hz, 2H), 7.43 (d, J = 8.5 Hz, 2H), 7.23 (d, J = 8.7 Hz, 2H), 7.05 (s, 2H), 6.85 (d, J = 8.7 Hz, 2H), 

5.89 (s, 1H), 5.11 (s, 1H), 3.78 (s, 3H), 1.39 (s, 18H), 1.31 (s, 9H); 13C NMR (100 MHz, CDCl3), 

 198.8, 158.6, 156.5, 152.9, 135.8, 134.7, 132.1, 130.2, 130.1, 129.0, 125.9, 125.6, 114.2, 58.4, 

55.3, 35.2, 34.5, 31.2, 30.4; HRMS (ESI): m/z calcd for C33H41O3 [M−H]+: 485.3056; found: 

485.3071.  

2-(3,5-di-tert-butyl-4-hydroxyphenyl)-1-(4-ethylphenyl)-2-(4-methoxyphenyl)ethanone 

(17g): 

Yellow solid; Yield 25% (8.9 mg); m.p. 126128 °C; FT IR (ATR) 3636, 

2956, 2911, 2872, 1679 cm-1; 1H NMR (400 MHz, CDCl3),  7.94 (d, J = 8.4 

Hz, 2H), 7.247.21 (m, 4H), 7.05 (s, 2H), 6.85 (d, J = 8.8 Hz, 2H), 5.88 (s, 1H), 5.11 (s, 1H), 

3.77 (s, 3H), 2.67 (q, J = 7.6 Hz, 2H), 1.38 (s, 18H), 1.23 (t, J = 7.6 Hz, 3H); 13C NMR (100 

MHz, CDCl3),  198.8, 158.6, 152.9, 149.8, 135.8, 135.0, 132.1, 130.2, 130.1, 129.3, 128.2, 

125.9, 114.1, 58.4, 55.4, 34.5, 30.4, 29.0, 15.3; HRMS (ESI): m/z calcd for C31H37O3 [M−H]+: 

457.2743; found: 457.2751.  
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2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(4-methoxyphenyl)-1-[4-(phenylthio)phenyl] 

ethanone (17h): 

Yellow solid; Yield 77% (32.4 mg); m.p. 158160 °C; FT IR (ATR) 3630, 

2954, 2918, 2871, 1677 cm-1; 1H NMR (400 MHz, CDCl3),  7.87 (d, J = 8.6 

Hz, 2H), 7.497.46 (m, 2H), 7.407.37 (m, 3H), 7.18 (d, J = 8.7 Hz, 2H), 7.14 (d, J = 8.6 Hz, 

2H), 7.01 (s, 2H), 6.84 (d, J = 8.7 Hz, 2H), 5.80 (s, 1H), 5.11 (s, 1H), 3.77 (s, 3H), 1.38 (s, 18H); 

13C NMR (100 MHz, CDCl3),  198.2, 158.6, 152.9, 144.7, 135.9, 134.5, 134.1, 132.1, 131.9, 

130.2, 129.9, 129.8, 129.6, 128.9, 127.4, 125.8, 114.2, 58.4, 55.3, 34.5, 30.4; HRMS (ESI): m/z 

calcd for C35H37SO3 [M−H]+: 537.2463; found: 537.2467.  

2-(3,5-di-tert-butyl-4-hydroxyphenyl)-1-(furan-2-yl)-2-(4-methoxyphenyl)ethanone (17i): 

Yellow solid; Yield 80% (26.2 mg); m.p. 150152 °C; FT IR (ATR) 3593, 2953, 

2921, 2853, 1675 cm-1; 1H NMR (400 MHz, CDCl3),  7.567.55 (m, 1H), 7.29 

(d, J = 8.7 Hz, 2H), 7.24 (d, J = 3.6 Hz, 1H), 7.15 (s, 2H), 6.87 (d, J = 8.7 Hz, 

2H), 6.49 (dd, J = 3.6, 1.7 Hz, 1H), 5.74 (s, 1H), 5.16 (s, 1H), 3.78 (s, 3H), 1.41 (s, 18H); 13C 

NMR (100 MHz, CDCl3),  188.2, 158.7, 153.0, 152.8, 146.6, 135.9, 131.4, 130.2, 129.3, 125.8, 

118.2, 114.0, 112.4, 58.0, 55.3, 34.5, 30.4; HRMS (ESI): m/z calcd for C27H31O4 [M−H]+: 

419.2222; found: 419.2207. 

2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(4-methoxyphenyl)-1-(pyridin-2-yl)ethanone (17j): 

Yellow solid; Yield 80% (26.9 mg); m.p. 128130 °C; FT IR (ATR) 3633, 

2954, 2922, 2854, 1695 cm-1; 1H NMR (400 MHz, CDCl3),  8.68 (ddd, J = 4.8, 

1.7, 0.9 Hz, 1H), 8.07 (dt, J = 7.9, 1.0 Hz, 1H), 7.79 (td, J = 7.6, 1.7 Hz, 1H), 

7.41 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 7.33 (d, J = 8.6 Hz, 2H), 7.19 (s, 2H), 6.83 (d, J = 8.8 Hz, 

2H), 6.78 (s, 1H), 5.09 (s, 1H), 3.76 (s, 3H), 1.39 (s, 18H); 13C NMR (100 MHz, CDCl3),  

200.5, 158.5, 153.6, 152.8, 149.0, 137.0, 135.7, 132.0, 130.5, 129.9, 127.0, 126.2, 123.1, 114.0, 

55.3, 54.7, 34.5, 30.5; HRMS (ESI): m/z calcd for C28H32NO3 [M−H]+: 430.2382; found: 

430.2373. 

2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(4-methoxyphenyl)-1-(pyridin-3-yl)ethanone (17k): 

Yellow solid; Yield 74% (24.9 mg); m.p. 157159 °C; FT IR (ATR) 3624, 2954, 

2920, 2853, 1668 cm-1; 1H NMR (400 MHz, CDCl3),  9.20 (d, J = 1.5 Hz, 1H), 

8.70 (dd, J = 4.6, 1.2 Hz,1H), 8.25 (dt, J = 8.0, 1.8 Hz, 1H), 7.37 (dd, J = 8.0, 
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4.8 Hz, 1H), 7.20 (d, J = 8.7 Hz, 2H), 7.04 (s, 2H), 6.87 (d, J = 8.7 Hz, 2H), 5.82 (s, 1H), 5.17 (s, 

1H), 3.78 (s, 3H), 1.39 (s, 18H); 13C NMR (100 MHz, CDCl3),  198.0, 158.8, 153.2, 153.1, 

150.5, 136.4, 136.2, 132.6, 131.0, 130.2, 129.0, 125.8, 123.7, 114.3, 59.2, 55.4, 34.5, 30.4; 

HRMS (ESI): m/z calcd for C28H34NO3 [M+H]+: 432.2539; found: 432.2542. 

2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(4-methoxyphenyl)-1-(thiophen-2-yl)ethanone (17l): 

Yellow solid; Yield 60% (20.4 mg); m.p. 126128 °C; FT IR (ATR) 3593, 2954, 

2915, 2870, 1661 cm-1; 1H NMR (400 MHz, CDCl3),  7.76 (dd, J = 3.8, 1.0 Hz, 

1H), 7.59 (dd, J = 4.9, 1.0 Hz, 1H), 7.287.26 (m, 2H), 7.11 (s, 2H), 7.08 (dd, J 

= 4.9, 3.8 Hz, 1H), 6.86 (d, J = 8.7 Hz, 2H), 5.71 (s, 1H), 5.14 (s, 1H), 3.78 (s, 3H), 1.39 (s, 

18H); 13C NMR (100 MHz, CDCl3),  192.0, 158.7, 153.0, 144.6, 135.9, 133.9, 132.7, 131.8, 

130.1, 129.6, 128.2, 125.8, 114.1, 59.8, 55.4, 34.5, 30.4; HRMS (ESI): m/z calcd for C27H31SO3 

[M−H]+: 435.1994; found: 435.1974. 

1-(4-bromophenyl)-2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(4-methoxyphenyl)ethanone 

(17m): 

Yellow solid; Yield 82% (32.6 mg); m.p. 156158 °C; FT IR (ATR) 3625, 

2853, 2921, 2852, 1673 cm-1; 1H NMR (400 MHz, CDCl3),  7.86 (d, J = 8.6 

Hz, 2H), 7.54 (d, J = 8.6 Hz, 2H), 7.19 (d, J = 8.7 Hz, 2H), 7.02 (s, 2H), 6.86 (d, J = 8.7 Hz, 2H), 

5.81 (s, 1H), 5.14 (s, 1H), 3.78 (s, 3H), 1.39 (s, 18H); 13C NMR (100 MHz, CDCl3),  198.2, 

158.7, 153.0, 136.0, 135.9, 131.9, 131.5, 130.6, 130.2, 129.5, 128.0, 125.8, 114.2, 58.7, 55.4, 

34.5, 30.4; HRMS (ESI): m/z calcd for C29H34BrO3 [M+H]+: 509.1691; found: 509.1703. 

2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(4-methoxyphenyl)-1-[4-(phenylethynyl)phenyl] 

ethanone (17n): 

Yellow solid; Yield 92% (38.1 mg); m.p. 122124 °C; FT IR (ATR) 3630, 

2953, 2922, 2853, 2213, 1668 cm-1; 1H NMR (400 MHz, CDCl3),  7.98 (d, 

J = 8.6 Hz, 2H), 7.567.52 (m, 4H), 7.387.35 (m, 3H), 7.21 (d, J = 8.7 Hz, 2H), 7.05 (s, 2H), 

6.87 (d, J = 8.7 Hz, 2H), 5.87 (s, 1H), 5.13 (s, 1H), 3.78 (s, 3H), 1.39 (s, 18H); 13C NMR (100 

MHz, CDCl3),  198.5, 158.7, 153.0, 136.4, 136.0, 131.9, 131.8, 131.7, 130.2, 129.7, 129.0, 

128.9, 128.6, 127.9, 125.9, 122.8, 114.2, 92.7, 88.8, 58.7, 55.4, 34.5, 30.4; HRMS (ESI): m/z 

calcd for C37H37O3 [M−H]+: 529.2743; found: 529.2726. 
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1-(4-chlorophenyl)-2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(4-ethylphenyl)ethanone (19a): 

Yellow solid; Yield 78% (28.2 mg); m.p.168170 °C; FT IR (ATR) 3636, 

2955, 2922, 2853, 1671 cm-1; 1H NMR (400 MHz, CDCl3),  7.94 (d, J = 8.7 

Hz, 2H), 7.37 (d, J = 8.7 Hz, 2H), 7.207.14 (m, 4H), 7.05 (s, 2H), 5.83 (s, 

1H), 5.13 (s, 1H), 2.61 (q, J = 7.6 Hz, 2H), 1.38 (s, 18H), 1.21 (t, J = 7.6 Hz, 3H); 13C NMR (100 

MHz, CDCl3),  197.9, 153.1, 143.1, 139.2, 136.7, 136.0, 135.6, 130.5, 129.4, 129.0, 128.9, 

128.3, 125.9, 59.2, 34.5, 30.4, 28.6, 15.5; HRMS (ESI): m/z calcd for C30H36ClO2 [M+H]+: 

463.2404; found: 463.2394. 

2-[4-(tert-butyl)phenyl]-1-(4-chlorophenyl)-2-(3,5-di-tert-butyl-4-hydroxyphenyl)ethanone 

(19b): 

Yellow solid; Yield 74% (28.4 mg); m.p.170172 °C; FT IR (ATR) 3637, 

2953, 2921, 2852, 1660 cm-1; 1H NMR (400 MHz, CDCl3),  7.94 (d, J = 8.7 

Hz, 2H), 7.38 (d, J = 8.7 Hz, 2H), 7.33 (d, J = 8.5 Hz, 2H), 7.20 (d, J = 8.3 Hz, 2H), 7.07 (s, 2H), 

5.83 (s, 1H), 5.14 (s, 1H), 1.39 (s, 18H), 1.29 (s, 9H); 13C NMR (100 MHz, CDCl3),  197.9, 

153.1, 149.9, 139.3, 136.5, 136.1, 135.7, 130.5, 129.3, 129.0, 128.7, 125.9, 125.7, 59.1, 34.6, 

34.5, 31.5, 30.4; HRMS (ESI): m/z calcd for C32H38ClO2 [M−H]+: 489.2560; found: 489.2548. 

1-(4-chlorophenyl)-2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(3,5-dimethoxyphenyl)ethanone 

(19c): 

Yellow solid; Yield 75% (29.0 mg); m.p.118120 °C; FT IR (ATR) 3628, 

2956, 2918, 2872, 1681cm-1; 1H NMR (400 MHz, CDCl3),  7.94 (d, J = 8.6 

Hz, 2H), 7.38 (d, J = 8.6 Hz, 2H), 7.06 (s, 2H), 6.44 (d, J = 2.2 Hz, 2H), 6.34 (t, J = 2.2 Hz, 1H), 

5.77 (s, 1H), 5.15 (s, 1H), 3.74 (s, 6H), 1.39 (s, 18H); 13C NMR (100 MHz, CDCl3),  197.4, 

161.0, 153.2, 141.6, 139.4, 136.0, 135.5, 130.5, 129.0, 128.8, 125.9, 107.3, 99.1, 59.7, 55.4, 34.5, 

30.4; HRMS (ESI): m/z calcd for C30H34ClO4 [M−H]+: 493.2146; found: 493.2162. 

1-(4-chlorophenyl)-2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(2,3-dimethoxyphenyl) 

ethanone (19d): 

Yellow solid; Yield 72% (27.8 mg); m.p.120122 °C; FT IR (ATR) 3636, 

2954, 2921, 2853, 1682 cm-1; 1H NMR (400 MHz, CDCl3),  7.97 (d, J = 8.7 

Hz, 2H), 7.37 (d, J = 8.7 Hz, 2H), 7.09 (s, 2H), 6.97 (t, J = 8.0 Hz, 1H), 6.84 (dd, J = 8.2, 1.4 Hz, 

1H), 6.60 (dd, J = 7.8, 1.4 Hz, 1H), 6.23 (s, 1H), 5.14 (s, 1H), 3.85 (s, 3H), 3.67 (s, 3H), 1.39 (s, 
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18H); 13C NMR (100 MHz, CDCl3),  198.1, 153.1, 152.6, 146.0, 139.1, 136.1, 135.6, 134.6, 

130.3, 128.9, 127.9, 126.5, 123.9, 121.5, 111.6, 60.5, 55.9, 53.0, 34.5, 30.5; HRMS (ESI): m/z 

calcd for C30H34ClO4 [M−H]+: 493.2146; found: 493.2158. 

1-(4-chlorophenyl)-2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(2-fluorophenyl)ethanone (19e): 

Yellow solid; Yield 73% (25.8 mg); m.p.163165 °C; FT IR (ATR) 3624, 

2953, 2921, 2853, 1687 cm-1; 1H NMR (400 MHz, CDCl3),  7.94 (d, J = 8.6 

Hz, 2H), 7.38 (d, J = 8.6 Hz, 2H), 7.267.21 (m, 1H), 7.107.03 (m, 5H), 

6.13 (s, 1H), 5.19 (s, 1H), 1.39 (s, 18H); 13C NMR (100 MHz, CDCl3),  196.9, 160.3 (d, JC-F = 

243.7 Hz), 153.4, 139.4, 136.5, 135.2, 130.6 (d, JC-F = 3.8 Hz), 130.4, 129.0, 128.9 (d, JC-F = 8.2 

Hz), 127.4 (d, JC-F = 14.6 Hz), 126.9, 126.2, 124.3 (d, JC-F = 3.7 Hz), 115.3 (d, JC-F = 22.3 Hz), 

52.0 (d, JC-F = 2.7 Hz), 34.5, 30.4; 19F NMR (376 MHz, CDCl3),   −116.75; HRMS (ESI): m/z 

calcd for C28H29ClFO2 [M−H]+: 451.1840; found: 451.1828. 

2-(2-bromophenyl)-1-(4-chlorophenyl)-2-(3,5-di-tert-butyl-4-hydroxyphenyl)ethanone (19f): 

Yellow solid; Yield 60% (24.1 mg); m.p. 156158°C; FT IR (ATR) 3623, 

2953, 2921, 2869, 1677 cm-1; 1H NMR (400 MHz, CDCl3),  7.96 (d, J = 8.7 

Hz, 2H), 7.58 (dd, J = 7.9, 1.3 Hz, 1H), 7.39 (d, J = 8.7 Hz, 2H), 7.23 (dd, J = 

7.6, 1.3 Hz, 1H), 7.13 (td, J = 7.7, 1.8 Hz, 1H), 7.05 (s, 2H), 7.03 (dd, J = 7.8, 1.7 Hz, 1H), 6.26 

(s, 1H), 5.20 (s, 1H), 1.39 (s, 18H); 13C NMR (100 MHz, CDCl3),  197.0, 153.4, 139.9, 139.3, 

136.5, 135.5, 132.9, 131.1, 130.4, 129.0, 128.8, 127.7, 126.9, 126.4, 125.0, 59.1, 34.5, 30.4; 

HRMS (ESI): m/z calcd for C28H29BrClO2 [M−H]+: 511.1039; found: 511.1043. 

1-(4-chlorophenyl)-2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-phenyl ethanone (19g): 

Yellow solid; Yield 82% (27.8 mg); m.p. 166168 °C; FT IR (ATR) 3622, 

2953, 2921, 2853, 1683 cm-1; 1H NMR (400 MHz, CDCl3),  7.94 (d, J = 8.6 

Hz, 2H), 7.38 (d, J = 8.6 Hz, 2H), 7.347.31 (m, 2H), 7.287.23 (m, 3H), 

7.04 (s, 2H), 5.87 (s, 1H), 5.15 (s, 1H), 1.38 (s, 18H); 13C NMR (100 MHz, CDCl3),  197.7, 

153.1, 139.5, 139.3, 136.1, 135.6, 130.5, 129.2, 129.1, 129.0, 128.8, 127.2, 125.9, 59.5, 34.5, 

30.4; HRMS (ESI): m/z calcd for C28H30ClO2 [M−H]+: 433.1934; found: 433.1922. 
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2-[(1,1'-biphenyl)-4-yl]-1-(4-chlorophenyl)-2-(3,5-di-tert-butyl-4-hydroxyphenyl)ethanone 

(19h): 

Yellow solid; Yield 88% (35.1 mg); m.p. 168170 °C; FT IR (ATR) 3615, 

2954, 2921, 2852, 1689 cm-1; 1H NMR (400 MHz, CDCl3),  7.97 (d, J = 8.7 

Hz, 2H), 7.587.54 (m, 4H), 7.447.38 (m, 4H), 7.367.31 (m, 3H), 7.09 (s, 2H), 5.91 (s, 1H), 

5.16 (s, 1H), 1.40 (s, 18H); 13C NMR (100 MHz, CDCl3),  197.7, 153.2, 140.9, 140.0, 139.4, 

138.7, 136.2, 135.6, 130.5, 129.5, 129.1, 129.0, 128.9, 127.5, 127.4, 127.2, 125.9, 59.2, 34.5, 

30.4; HRMS (ESI): m/z calcd for C34H34ClO2 [M−H]+: 509.2247; found: 509.2233. 

1-(4-chlorophenyl)-2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(naphthalen-1-yl)ethanone 

(19i): 

Yellow solid; Yield 84% (31.8 mg); m.p. 125127 °C; FT IR (ATR) 3633, 

2954, 2918, 2850, 1686 cm-1; 1H NMR (400 MHz, CDCl3),  8.007.87 (m, 

4H), 7.78 (d, J = 8.2 Hz, 1H), 7.527.48 (m, 2H), 7.417.34 (m, 3H), 7.16 (d, J = 7.0 Hz, 1H), 

7.07 (s, 2H), 6.56 (s, 1H), 5.16 (s, 1H), 1.37 (s, 18H); 13C NMR (100 MHz, CDCl3),  197.7, 

153.2, 139.4, 136.1, 135.9, 135.3, 134.3, 131.5, 130.4, 129.3, 129.1, 128.1, 127.8, 127.1, 126.8, 

126.5, 125.8, 125.6, 123.2, 56.0, 34.5, 30.4; HRMS (ESI): m/z calcd for C32H32ClO2 [M−H]+: 

483.2091; found: 483.2084. 

1-(4-chlorophenyl)-2-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-[4-(phenylethynyl)phenyl] 

ethanone (19j): 

Yellow solid; Yield 76% (31.7 mg); m.p. 180182 °C; FT IR (ATR) 3628, 

2954, 2921, 2852, 1681 cm-1; 1H NMR (400 MHz, CDCl3),  7.93 (d, J = 

8.6 Hz, 2H), 7.527.48 (m, 4H), 7.39 (d, J = 8.6 Hz, 2H), 7.347.32 (m, 3H), 7.267.24 (m, 2H), 

7.02 (s, 2H), 5.87 (s, 1H), 5.17 (s, 1H), 1.39 (s, 18H); 13C NMR (100 MHz, CDCl3),  197.5, 

153.2, 139.8, 139.5, 136.2, 135.4, 132.1, 131.7, 130.5, 129.2, 129.1, 128.8, 128.5, 128.4, 125.9, 

123.3, 122.2, 89.8, 89.3, 59.3, 34.5, 30.4; HRMS (ESI): m/z calcd for C36H34ClO2 [M−H]+: 

533.2247; found: 533.2262. 

Methyl{4-[2-(4-chlorophenyl)-1-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-oxoethyl]}benzoate 

(19k): 

Yellow solid; Yield 20% (7.7 mg); m.p. 164166 °C; FT IR (ATR) 3616, 

2956, 2921, 2853, 1710, 1688 cm-1; 1H NMR (400 MHz, CDCl3),  7.99 (d, J 
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= 8.5 Hz, 2H), 7.92 (d, J = 8.7 Hz, 2H), 7.38 (d, J = 8.7 Hz, 2H), 7.33 (d, J = 8.2 Hz, 2H), 7.02 

(s, 2H), 5.91 (s, 1H), 5.17 (s, 1H), 3.89 (s, 3H), 1.38 (s, 18H); 13C NMR (100 MHz, CDCl3),  

197.2, 167.0, 153.3, 144.9, 139.7, 136.4, 135.3, 130.5, 130.1, 129.3, 129.1, 129.0, 128.5, 125.8, 

59.4, 52.3, 34.5, 30.4; HRMS (ESI): m/z calcd for C30H32ClO4 [M−H]+: 491.1989; found: 

491.1997. 

1-(4-chlorophenyl)-2-(4-hydroxy-3,5-dimethylphenyl)-2-phenylethanone (19m): 

Yellow color semi solid; Yield 20% (5.5 mg); FT IR (ATR) 3459, 2953, 2919, 

2850, 1677 cm-1; 1H NMR (400 MHz, CDCl3),  7.93 (d, J = 8.6 Hz, 2H), 

7.37 (d, J = 8.6 Hz, 2H), 7.347.30 (m, 2H), 7.257.21 (m, 3H), 6.86 (s, 2H), 

5.83 (s, 1H), 4.59 (s, 1H), 2.19 (s, 6H); 13C NMR (100 MHz, CDCl3),  197.6, 151.6, 139.5, 

139.4, 135.2, 130.5, 130.2, 129.3, 129.1, 129.0, 128.8, 127.2, 123.6, 59.0, 16.2; HRMS (ESI): 

m/z calcd for C22H18ClO2 [M−H]+: 349.0995; found: 349.0990. 

1-(4-chlorophenyl)-2-(4-hydroxy-3,5-diisopropylphenyl)-2-phenylethanone (19n): 

Yellow solid; Yield 25% (7.9 mg); m.p. 138140 °C; FT IR (ATR) 3503, 

2960, 2926, 2868, 1679 cm-1; 1H NMR (400 MHz, CDCl3),  7.93 (d, J = 8.6 

Hz, 2H), 7.37 (d, J = 8.6 Hz, 2H), 7.347.30 (m, 2H), 7.247.22 (m, 3H), 6.92 

(s, 2H), 5.88 (s, 1H), 4.75 (s, 1H), 3.09 (sept, J = 6.9 Hz, 2H), 1.22 (d, J = 6.9 Hz, 2H), 1.19 (d, J 

= 6.9 Hz, 2H); 13C NMR (100 MHz, CDCl3),  197.7, 149.4, 139.5, 139.3, 135.5, 134.1, 130.5, 

130.3, 129.1, 129.0, 128.8, 127.2, 124.5, 59.5, 27.5, 22.8, 22.75; HRMS (ESI): m/z calcd for 

C26H28ClO2 [M+H]+: 407.1778; found: 407.1784. 
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Spectra of compounds (15c, 17a–17p & 19a–19n) 

1H, 13C NMR Spectra of 15c 
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1H, 13C NMR Spectra of 17a 
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1H, 13C NMR Spectra of 17b 
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1H, 13C NMR Spectra of 17c 
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19F NMR Spectra of 17c 
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1H, 13C NMR Spectra of 17d 
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19F NMR Spectra of 17d 
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1H, 13C NMR Spectra of 17e 
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19F NMR Spectra of 17e 
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1H, 13C NMR Spectra of 17f 
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1H, 13C NMR Spectra of 17g 
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1H, 13C NMR Spectra of 17h 
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1H, 13C NMR Spectra of 17i 
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1H, 13C NMR Spectra of 17j 
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1H, 13C NMR Spectra of 17k 
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1H, 13C NMR Spectra of 17l 
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1H, 13C NMR Spectra of 17m 
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1H, 13C NMR Spectra of 17n 
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1H, 13C NMR Spectra of 19a 
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1H, 13C NMR Spectra of 19b 
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1H, 13C NMR Spectra of 19c 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

151 

 

1H, 13C NMR Spectra of 19d 

 

 

 

 



 

152 

 

1H, 13C NMR Spectra of 19e 
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19F NMR Spectra of 19e 
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1H, 13C NMR Spectra of 19f 
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1H, 13C NMR Spectra of 19g 
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1H, 13C NMR Spectra of 19h 
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1H, 13C NMR Spectra of 19i 
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1H, 13C NMR Spectra of 19j 
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1H, 13C NMR Spectra of 19k 
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1H, 13C NMR Spectra of 19m 
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1H, 13C NMR Spectra of 19n 
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Chapter 1 
 

General introduction on the oxidative N-heterocyclic 

carbene catalysis  

1.1. Introduction 

Over the past decade, much efforts have been devoted to the development of oxidative NHC 

catalysis, an interesting sub-area of NHC catalysis for the construction of carbon–heteroatom 

bonds (C-O, C-N), where NHC was used in combination with external oxidants. Many 

interesting and important protocols have been developed by employing a variety of NHCs in the 

presence of various oxidation agents (Scheme 1).1a  

 

Scheme 1 

These oxidative NHC-catalyzed reactions generally proceed via an initial formation of Breslow 

intermediate III from NHC I and aldehyde II followed by oxidation. These oxidation reactions 

can either occur in two different path ways. Path A involves oxidation via transfer of two 

electrons from Breslow intermediate to the oxidant IV resulting in the formation of an 

electrophilic acyl azoliumion intermediate V, which can react with nucleophiles with the 

elimination of azolium ion. Whereas Path B involves oxidation via oxygen atom transfer from 

the oxidant VI, generally molecular oxygen, to the Breslow intermediate resulting zwitterionic 

peroxide intermediate VII or azolium carboxylate species VIII, which then react with suitable 

electrophiles. Many fundamental oxidation reactions have been reported through oxidative NHC 

catalysis, which are believed to follow either one of the mechanistic path ways as shown in 

scheme 2. 
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Scheme 2 

1.2. Literature review 

This remarkable oxidative NHC catalysis has been successfully applied in fundamental 

transformations such as esterification, acid formation, lactone formation, and lactam formation, 

etc. Some of the NHC catalyzed oxidative transformations are discussed below. 

1.2.1. Construction of C-O bond through oxidative NHC catalysis 

In 1997, Miyashita and co-workers reported the oxidative arylation with aromatic aldehydes with 

aliphatic alcohols through NHC catalysis.1b By employing the 1,3-dimethyl benzimidazolium 

iodide (2c) as NHC precursor and p-nitroaniline as an external oxidant, various aldehydes (2a) 

were treated with different aliphatic alcohols (2b), and the corresponding alkyl esters 2d were 

obtained in good yields (Scheme 3). 
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Scheme 3 

Synthesis of carboxylates of 1,2-amino alcohols from aziridines 3a and aldehydes 3b through 

oxidative NHC 3c catalysis has been reported by Chen and co-workers in 2006.2 This oxidative 

method afforded the carboxylates of 1,2-amino alcohols 3d in moderate to good yields (Scheme 

4). 

 

Scheme 4 

A direct method was developed by Connon and co-workers for the oxidative esterification of 

aldehydes (4a) with primary and secondary alcohols (4b) using 3-benzyl thiazolium bromide 4c 

as a NHC precursor.3 In this case, azobenzene was used as an external oxidant. This method 

allowed to access alkyl esters (4d) in moderate to good yields (Scheme 5). 

 

Scheme 5 

In 2008, Scheidt and co-workers reported NHC catalyzed oxidative method for the conversion of 

aliphatic aldehydes (5a) to esters (5d).4 Manganese (IV) oxides was used as an oxidant. In this 

case, the corresponding aliphatic esters 5d were obtained in good to excellent yields within short 

reaction times (Scheme 6). 
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Scheme 6 

Later the Goswami and co-workers reported a modified procedure for the synthesis of esters 

containing heterocyclic core starting from hetero aromatic aldehydes (6a) and alcohols (6b).5 A 

wide range of hetero aromatic aldehydes, particularly electron withdrawing hetero aromatic 

aldehydes, were converted to their corresponding esters (6d) in high yield (Scheme 7). 

 

Scheme 7 

Scheidt and co-workers extended the oxidative NHC catalysis for the one-pot oxidative 

esterification of benzylic alcohols with other alcohols to synthesize benzoate esters 7d (Scheme 

8).6 Initially, MnO2 oxidizes the benzyl alcohol 7a into benzaldehyde, which then undergoes 

usual oxidative esterification reaction with another alcohol 7b. 

 

Scheme 8 

In 2011, Liu and co-workers described the esterification of various aromatic and α,β-unsaturated 

aldehydes with cinnamyl bromides or benzyl halides through oxidative NHC catalysis.7 A wide 

range of aldehydes 8a were treated with various cinnamyl bromides 8b or benzyl halides 8b in 

the presence of 1,3-dibenzyl benzimidazolium chloride (8c) serves as NHC precursor, in 

combination with K2CO3/DBU as bases, and air as an oxidant (Scheme 9). 
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Scheme 9 

Bode and co-workers developed a protocol for the conversion of various aldehydes to their 

corresponding acids under aerobic oxidative NHC conditions. IMes.HCl 3c was used as 

precatalyst for this purpose.8 Aromatic aldehydes 9a were converted to corresponding acids 9b in 

reasonable isolated yields, where as cinnamaldehyde was converted to cinnamic acid in 

quantitative yield. However, this protocol did not work well in the cases of aliphatic and 

sterically hindered aldehydes, as the respected acids were obtained in lower yields under the 

optimized reaction conditions (Scheme 10). 

 

Scheme 10 

Recently, Hui and co-workers reported an alternative method for a direct oxidative esterification 

of various aldehydes 10a with various alkyl halides (or tosylates) 10b in the presence of NHC 

derived from 1,3-dimesityl imidazolium chloride (3c) under oxygen atmosphere (Scheme 11).9 

 

Scheme 11 

When the reaction was performed between 4-nitrobenzaldehyde (10d) and (S)-tetrahydrofuran-3-

yl-4-methylbenzenesulfonate 10e as starting materials, the product (R)-tetrahydrofuran-3-yl-4-

nitrobenzoate 10f was obtained in 80% yield with more than 99% ee under the optimized 

reaction conditions. This experiment clearly suggested that the oxidative esterification of the 

aldehyde with alkyl 4-methylbenzenesulfonate was a typical SN
2 reaction under the NHC-

catalyzed reaction conditions (Scheme 12). 
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Scheme 12 

A novel organocatalytic oxidative process was developed by Sudalai and co-workers for the 

synthesis of α-acyloxy ketones.10 A variety of aromatic aldehydes 11a was treated with various 

olefins 11b in the presence of thiazolium salt 11c as an NHC precursor in combination with 

NBS/DMSO/O2 as oxidants. In this case, the corresponding α-acyloxy ketones 11d were 

obtained in good to excellent yields (Scheme 13). 

 

Scheme 13 

Rose and Zeitler efficiently applied oxidative NHC method for the synthesis of lactones 12c 

through intramolecular oxidative cyclization.11 A variety of benzodioxepinones 12c were 

synthesized in good yields by using NHC derived from 3-mesitylthiazolium perchlorate (12b) 

and azobenzene as an oxidant in THF (Scheme 14). 

 

Scheme 14 

Studer group demonstrated a novel method for the synthesis of various dihydropyranones (13d) 

from cinnamaldehydes (13a) and 1,3-dicarbonyl compounds 13b through oxidative NHC 

catalysis.12 A variety of substituted cinnamaldehydes were treated with 1,3-dicarbonyl 

compounds in the presence of triazolium based NHC 7c and quinone derivative 13c as an 

oxidant in combination with DBU (Scheme 15). 
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Scheme 15 

A regio and stereoselective method for the synthesis of isocoumarins and/or phthalides through 

oxidative cyclization of 2-alkynylbenzaldehydes has been reported by Youn and co-workers 

through oxidative NHC catalysis.13 Depending on the substituents in the alkyne portion 14a, the 

products phthalides (14d) and/or isocoumarins (14c) were obtained in moderate to excellent 

yields with good regioselectivities (Scheme 16). 

 

Scheme 16 

Very recently, Studer and co-workers have developed an oxidative method for the synthesis of 

highly substituted β-lactones from enals and β-diketones or β-ketoesters or malonates.14 

Reactions were carried out between enals 15a with β-diketones or malonates 15b bearing a β-

oxyalkyl substituent at the α-position under oxidative conditions employing the chiral triazolium 

based NHC 15c as a precatalyst, and quinone derivative as an oxidant, the corresponding β-

lactones 15d were obtained with excellent diastereo- and enantioselectivities (Scheme 17). 
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Scheme 17 

γ-Functionalization of Enals through oxidative NHC catalysis: 

An interesting report was published by Chi and co-workers who demonstrated the γ-

functionalization of α,β-unsaturated aldehydes through oxidative NHC catalysis for the first 

time.15 An enantioselective γ-addition of enals to activated ketones was developed by combining 

NHC/Lewis acid co-operative catalysis under oxidative conditions. A variety of α,β-unsaturated 

aldehydes 16a bearing methyl substitution at β-position were treated with various ketones (16b) 

in the presence of chiral NHC 16c derived from triazolium salt, Sc(OTf)3/Mg(OTf)2 as Lewis 

acids, 13c as an oxidant, and the corresponding α,β-unsaturated γ-lactones 16d were obtained in 

good yields with high ee values (Scheme 18). 

 

Scheme 18 

1.2.2. Construction of C-N bond through oxidative NHC catalysis 

Oxidative NHC catalysis has also been applied to the construction of C-N bonds. A few of the 

reports are described in this section. 
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Studer and co-workers disclosed a highly efficient one-pot amidation of aldehydes through NHC 

catalyzed oxidative esterification followed by amidation.16 Both aromatic and unsaturated 

aldehydes (17a) have been converted to their corresponding amides (17c) in moderate to 

excellent yields under the optimized reaction conditions. This oxidative NHC process has also 

been successfully applied for the azidation of aromatic aldehydes with trimethylsilylazide under 

the similar reaction conditions (Scheme 19). 

 

Scheme 19 

In another report, Rovis and co-workers demonstrated a novel protocol for the asymmetric 

oxidative hetero Diels-alder reactions of aliphatic aldehydes with α,β unsaturated ketimines 

through NHC catalysis.17  

 

Scheme 20 

Simple aliphatic aldehydes 18a were treated with α,β unsaturated ketimines 18b by employing 

the chiral NHC 18c derived from triazolium salt and a chiral oxidant 18d. In this case, the 

corresponding trans-lactams 18e were obtained with high enantioselectivities (Scheme 20). 

Very recently, Maheswari and co-workers reported NHC catalyzed oxidative amidation of 

aromatic aldehydes with primary and secondary amines.18 Various aromatic aldehydes 19a were 
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treated with amines (both 1o and 2o) 19b in the presence of NHC 19c using NBS as an oxidant 

and the corresponding amides 19d were obtained in moderate to good yields (Scheme 21). 

 

Scheme 21 
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Chapter 2 

 

2. Aerobic oxidation reactions under oxidative NHC 

catalysis 

 

This chapter is sub-divided into two parts; (a) and (b). 

 

(a) Tetraphenylphosphonium bromide as a phenyl source for the 

synthesis of phenyl esters under oxidative NHC catalysis 

 

(b) Synthesis of trimethylsilylmethyl esters under oxidative NHC 

catalysis  
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(a) Tetraphenylphosphonium bromide as a phenyl source for the 

synthesis of phenyl esters under oxidative NHC catalysis 

2.1. Introduction 

Tetraphenylphosphonium salts have gained momentous attention due to their wide range of 

applications as ion-pair extractants for the extraction of heavy metals,1 herbicides,2 ionic liquids,3 

conducting materials4 and as phase transfer catalysts.5 Some of the tetraphenylphosphonium salts 

have been used as molecular probes for imaging tumors.6 Apart from these applications, 

tetraphenylphosphonium bromide has also been used as an additive in few metal catalyzed cross-

coupling reactions.7 However, only a few reports are available in the literature, where 

tetraphenylphosphonium salts were used as a phenyl transfer reagents. Yamamoto and co-

workers reported arylation of electron deficient olefins with Ph4PCl through Palladium catalysis.8 

Recently, Chang’s group described that tetraphenylphosphonium salts could be effectively used 

as a phenyl source for Palladium catalyzed Heck, Suzuki-Miyura and Sonagashira coupling 

reactions.9 Surprisingly, apart from the above mentioned reports, tetraphenylphosphonium salts 

have not been utilized a phenyl source in any other organic transformations.   

2.2. Results and discussion 

Recently, the research groups of Wu’s and Gois reported independently the synthesis of aryl 

esters from aromatic aldehydes and aryl boronic acids which involve Pd and Fe-NHC complexes 

as catalyst respectively.10 Our group reported an efficient and metal-free method for the direct 

synthesis of aryl esters from aromatic aldehydes and aryl boronic acids under oxidative N-

heterocyclic carbene catalysis.11 1,3-bis(2,6-diisopropylphenyl)imidazolinium chloride was 

found to be the better precatalyst for this transformations.  

While developing an organocatalytic method for the preparation of aryl esters, we came across a 

few alternative aryl sources, especially phenyl transfer agents, which include 

tetraphenylphosphonium salts. Since Ph4PBr is commercially available and has not been utilized 

for esterification reactions so far, we decided to study it as a phenyl source in the oxidative 

esterification reaction.  
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The optimization studies were carried out with 4-chlorobenzaldehyde as a model substrate and 

Ph4PBr as a phenyl source. A variety of NHC precursors (4–8) were screened for this oxidative 

esterification reaction under different conditions (Table 1). All these reactions were carried out 

under aerobic conditions. Our initial attempt in the optimization studies using NHC precursor 4 

was disappointing, as the anticipated product 3 was not observed even after 24 h (entry 1, Table 

1). However, when the experiment was executed using 5 as a catalyst, the expected ester 3 was 

obtained in 20% yield (entry 2).  

Table 1. Optimization Studiesa 

 

Entry NHC Base Solvent Time [h] Yield [%]b 

1 4 Cs2CO3 1,4 dioxane 24 0 

2 5 Cs2CO3 1,4 dioxane 26 20 

3 6 Cs2CO3 1,4 dioxane 4 67 

4 7 Cs2CO3 1,4 dioxane 36 56 

5 8 Cs2CO3 1,4 dioxane 24 Trace 

6 6 K2CO3 1,4 dioxane 36 23 

7 6 iPr2NEt 1,4 dioxane 24 0 

8 6 KOtBu 1,4 dioxane 24 Trace 

9 6 Cs2CO3 Toluene 14 44 

10 6 Cs2CO3 THF 4 56 

12 6 Cs2CO3 DME 5 33 

13 6 Cs2CO3 DCM 30 24 

aReaction conditions: 1:2 = 1.3:1 equivalents in 0.15 M solvent; bIsolated yield of 3. rt = 32–35°C. 
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Encouraged by this result, we performed the optimization studies with a few more NHC 

precursors and different bases, and the results are compiled in Table 1. Out of few conditions 

tried, the best was found as indicated in entry 3 (Table 1). NHC precursor 6 was used as a 

catalyst, and the phenyl ester 3 was obtained in 67% yield after 4 h at rt. 

After having found an appropriate reaction condition, we focused our attention on the scope of 

this transformation. Consequently, a variety of aromatic aldehydes (9a–9o) were subjected to the  

oxidative esterification reaction with Ph4PBr under optimized conditions, and the results are 

collected in scheme 1. In most of the cases, the required esters were obtained in moderate yields. 

Halogenated aromatic aldehydes such as 4-bromobenzaldehyde and 4-fluorobenzaldehyde gave 

the corresponding esters (10a and 10b) in 47 and 55% yields, respectively. In the case of 

benzaldehyde (9c), phenyl benzoate (10c) was obtained in 41% yield after 14 h. Electron-poor 

aromatic aldehydes such as 4-formylbenzonitrile (9d) and 3-nitrobenzaldehyde (9f) gave the 

esters 10d and 10f in 33 and 32% yields, respectively. The yield of the ester 10e is slightly better 

in the case of methyl 4-formylbenzoate. This methodology worked relatively better in the cases 

of electron-rich aromatic aldehydes (10g, 10j and 10k). 4-(Trifluoromethyl)-benzaldehyde (9h) 

was also converted to the product 10h in 55% yield. In the case of alkyl- and aryl-substituted 

benzaldehydes such as 4-ethylbenzaldehyde (9i) and 4-phenylbenzaldehyde (9n), the reaction 

was very slow, and the esters 10i and 10n were obtained in 38 and 39% yields, respectively after 

48h. A few heteroaromatic aldehydes, such as furfural (9l) and thiophene-2-carboxaldehyde 

(9m) provided the corresponding esters 10l and 10m in 48 and 50% yields, respectively. 3-

Fluorobenzaldehyde (9o) gave the corresponding ester 10o in 40% yield in 5h. Aliphatic 

aldehydes, such as dihydrocinnamaldehyde and cyclohexane carboxaldehyde failed to give the 

desired products; instead, the starting materials were decomposed, since the reaction medium 

was highly basic. Almost in all the cases, a considerable amount of the corresponding acid was 

also formed along with ester. This could be due to the competitive oxidation of aldehydes to 

acids under oxidative NHC catalyzed conditions.12 It is also known that Ph4PBr decomposes 

under strong basic conditions.13 These are probably the reasons why lower yields were obtained 

in most of the cases.  
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Scheme 1. Substrate Scopea 

 

aReaction conditions: 9:2 = 1.3:1 equivalents; 0.15 M of 2 in 1,4-dioxane; rt = 32–35 °C. 

 

At this stage, our attention was shifted towards understanding the mechanism of this reaction. 

Careful monitoring of the reaction between 4-chlorobenzaldehyde and Ph4PBr under the standard 

conditions revealed that triphenylphosphine oxide (Ph3PO) and 4-chlorobenzoic acid were the 

by-products. Since 4-chlorobenzoic acid was observed in the reaction, we initially thought the 

reaction proceeds via acid, which then reacts with Ph4PBr under basic conditions to give the 

product and Ph3PO. To confirm this, an experiment was performed by treating 4-chlorobenzoic 
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acid with Ph4PBr in 1,4-dioxane using 3.0 equiv. of Cs2CO3 as a base. However, the phenyl ester 

3 was not observed even after 24 h at room temperature. This clearly indicates that the reaction 

does not proceed via the acid intermediate. Another possible intermediate for this reaction could 

be PhOH, which might be formed by the decomposition of Ph4PBr under oxidative conditions. 

Although PhOH formation was not observed (by TLC) in our experiments, we carried out an 

experiment, in which Ph4PBr was exposed to NHC and air (O2) in 1,4-dioxane under basic 

condition. However, PhOH was not detected even after stirring the reaction mixture for a 

prolonged period at room temperature. It is evident from the above mentioned experiments that 

the reaction involves neither PhCOOH nor PhOH as an intermediate. Based on these 

observations, we propose a concerted mechanism, which is depicted in the scheme 2. 

 

Scheme 2 

We presume that the Breslow intermediate (11), formed by the reaction of PhCHO (9c) with 

NHC, reacts with O2 and Ph4PBr in a concerted manner to give intermediate 12, which 

decomposes readily to intermediate 13 with the expulsion of Ph3PO. On deprotonation, 

intermediate 13 releases the product along with NHC. 
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(b) Synthesis of trimethylsilylmethyl esters under oxidative NHC 

catalysis  

Epoxides are very versatile building blocks in the synthesis of pharmaceutically important 

compounds as well as in natural products.14 Although there are many methods available in the 

literature for the synthesis of epoxides,15 including enantioselective epoxidation reactions,16 only 

a handful reports are available in the literature for the direct synthesis of epoxides from 

aldehydes and (chloromethyl)trimethylsilane using CsF as a silyl activator.17 However, these 

methods required sensitive reagents and harsh reaction conditions. We became interested in 

developing an efficient organocatalytic method for the direct synthesis of epoxides 14c from 

aldehydes 14a and (chloromethyl) trimethylsilane (14b) using NHC as an organo catalyst 

(Scheme 3). 

 

Scheme 3 

Since the activation of silicon compounds by N-heterocyclic carbenes has been already well 

documented in the literature,18 we envisioned NHC could activate the chloromethyltrimethyl- 

silane to form a hypervalent silicon species 14d. The intermediate 14d then may react with the 

aldehyde to generate another intermediate 14e, which may subsequently undergo nucleophilic 

substitution to deliver the epoxide 14c (Scheme 4). 

 

Scheme 4 

Optimization studies were carried out using p-chlorobenzaldehyde (1) and (chloromethyl) 

trimethylsilane (15) under different reaction conditions employing different NHCs. 

Unfortunately, none of the cases gave the desired product; instead homo-benzoin was observed 
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in some of the cases. The reaction conditions tried are disclosed in Table 2. Interestingly, when 

the reaction was carried out using NHC 18 in the presence of DBU under reaction conditions 

(entry 5), a new spot was observed on TLC, which was found to be the ester 19. The ester 

product 19, which was isolated in 10% yield, is possible only if oxygen is present in the system. 

To conform it, a reaction was carried out under an open atmosphere using NHC 6 under same 

reaction conditions (entry 6). In this case, the yield of the ester 19 was increased to 20%.  

Table 2. Optimization Studiesa 

 

            aReaction conditions: 0.3 M of 1 in solvent; bhomo-benzoin was isolated; c19 was isolated; NR = no reaction. 

 

Since silicon-containing compounds were found to be versatile synthons in many organic 

transformations as well as in the synthesis of natural products,19 we have decided to explore this 

oxidative esterification method, which would be useful in the synthesis of a variety of 

trimethylsilylmethyl esters. 

The optimization studies were carried out using different NHC precursors under different 

reaction conditions. All reactions were carried out in an open atmosphere to make sure that 

sufficient oxygen is available for the oxidation reaction (Table 3). When reactions were 

Entry NHC Base Solvent Temp (oC) Time [h] Yield of 19 [%]c 

1 17 DBU THF rt/N2 12 NR 

2 6 DBU THF rt/N2 12 NR 

3 18 DBU Toluene 60/N2 6 NR 

4 6 DBU Toluene 60/N2 6 10b 

5 18 DBU THF rt/N2 12 10 

6 18 DBU THF rt/air 12 20 
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performed using NHCs 5, 7, and 8 at room temperature under air conditions, the ester 19 was 

obtained in lower yield (entries 1–3). But interestingly, when a reaction was performed at 60 ºC 

in the presence of NHC precursor 7, ester 19 was obtained in 60% yield (entry 4). By 

maintaining the temperature (60 ºC), another reaction was carried out under oxygen (O2 balloon) 

atmosphere using NHC 7. In this case, the yield of the ester 19 was improved to 75% (entry 5). 

Further optimization studies were carried out using different NHCs (entries 6–8), bases (entries 

9–11) and also in different solvents (entries 12 & 13). But in all those cases, ester 19 was 

obtained in low yield when compared to entry 5.  

Table 3. Optimization Studiesa 

 

 

 

 

 

 

 

 

 

 

 

aReaction conditions: 0.3 M of 1 in the solvent; b19 was isolated; NR = no reaction. 

 

Entry NHC Base Solvent Temp (ºC) Time [h] Yield of 19 [%]b 

1 5 DBU THF rt/air 12 20 

2 8 DBU THF rt/air 12 12 

3 7 DBU THF rt/air 12 30 

4 7 DBU THF 60/air 8 60 

5 7 DBU THF 60/(O2) 6 75 

6 18 DBU THF 60/(O2) 12 39 

7 5 DBU THF 60/(O2) 12 60 

8 8 DBU THF 60/(O2) 12 20 

9 7 iPr2NEt THF 60/(O2) 12 10 

10 

11 

12 

13 

7 

7 

7 

7 

Cs2CO3 

K2CO3 

DBU 

DBU 

THF  

THF  

ACN 

     Toluene 

60/(O2) 

60/(O2) 

60/(O2) 

60/(O2) 

12 

12 

12 

12 

  NR 

  NR 

 29 

 40 
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Having the optimized condition (entry 5) in hand, a variety of aldehydes was subjected to 

standard condition and the results are summarized in scheme 5. It is evident from scheme 5 that a 

variety of trimethylsilylmethyl benzoate derivatives could be easily accessed from various 

aldehydes in moderate yields (in most of the cases). Benzaldehyde (20a) and 4-phenyl 

benzaldehydes (20b) underwent smooth conversion and the corresponding esters 21a & 21b 

were obtained in 45% and 50% yields, respectively. Electron withdrawing group containing 

aldehydes such as 20c and 20d gave better yields, as compared to electron donating group 

containing aldehyde 20e. Thiophene 2-carboxaldehyde (20f) was also converted to its 

corresponding ester 21f in 43% yield. In the case of cinnamaldehyde (20g), the product 21g was 

obtained in 43% yield under the reaction conditions. Unfortunately, in most of the examples, the 

required esters were obtained in moderate yields.  

Scheme 5. Substrate Scopea 

 

aReaction conditions: 0.3 M of 20 in solvent, and yields reported are isolated yields. 
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2.3. Conclusions 

(1) We have developed an alternative method for the direct synthesis of phenyl esters from 

aromatic aldehydes and Ph4PBr under oxidative NHC catalysis. Although the yield of the esters 

was moderate in most of the cases, Ph4PBr was investigated, for the first time, as a phenyl source 

in this methodology. 

(2) An alternative method was also developed for the direct synthesis of trimethylsilylmethyl 

esters from aldehydes and chloromethyltrimethylsilane through oxidative NHC catalysis. 

Although moderate yields were obtained in some of the cases, we believe that this methodology 

would be useful to access the variety of trimethylsilylmethyl esters. 

 

2.4. Experimental sections 

General information 

Most of the reagents and starting materials used were purchased from commercial sources and 

used as such. NHC precursors (5–7, 17 & 18) were prepared according to the literature 

procedure.20 1H, 13C spectra were recorded in CDCl3 on Brucker FT-NMR spectrometer (400, 

100 and 376 MHz respectively). Chemical shifts () values are reported in parts per million 

relative to tetramethylsilane by using residual solvent signal (CHCl3) as reference (7.26 ppm) 

and the coupling constants (J) are reported in Hz. High-resolution mass spectra (HRMS) for 

compounds (19 & 21a–21g) were recorded on Waters Q-TOF Premier-HAB213 spectrometer. 

FT-IR spectra for compounds (3 & 10a–10o) were recorded on a Perkin-Elmer FT IR 

spectrometer using KBr and are reported in cm-1. FT IR spectra for compounds (19 & 21a–21g) 

were recorded on a Brucker FT IR spectrometer equipped with a PIKE MIRacle ATR. Melting 

points for all compounds were measured on Stuart melting point apparatus and are uncorrected. 

Thin layer chromatography was performed on Merck silica gel 60 F254 TLC plates. Column 

chromatography was carried out through silica gel (100-200 mesh) using hexane/EtOAc as an 

eluent. 
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General experimental procedure for the oxidative esterification of aromatic aldehydes with 

Ph4PBr 

Aromatic aldehyde (0.37 mmol) was added to a suspension of tetraphenylphosponium bromide 

(2) (0.29 mmol), 6 (0.029 mmol) and cesium carbonate (0.86 mmol) in 1,4-dioxane (2 ml) at 

room temperature (32–35 ºC). After completion of the reaction, the reaction mass was filtered, 

washed with EtOAc (10 ml) and dried over anhydrous Na2SO4. The solvent was removed under 

reduced pressure, and the residue was purified through silica gel column using hexane/EtOAc 

(5%) as an eluent to give the pure ester.  

Characterization data of products (3 & 10a–10o): 

Phenyl 4-chlorobenzoate (3):11 

White solid; Yield 67% (45.2 mg); m.p. 104106 °C; FT IR (KBr): 1732 cm-

1; 1H NMR (400 MHz, CDCl3),  8.15 (d, J = 8.7 Hz, 2H), 7.49 (d, J = 8.7 

Hz, 2H), 7.477.42 (m, 2H), 7.317.27 (m, 1H), 7.237.19 (m, 2H); 13C 

NMR (100 MHz, CDCl3),  164.5, 150.9, 140.3, 131.7, 129.7, 129.1, 128.2, 126.2, 121.8. 

Phenyl 4-bromobenzoate (10a):11  

White solid; Yield 47% (37.8 mg); m.p. 117118 °C; FT IR (KBr): 1731 

cm-1; 1H NMR (400 MHz, CDCl3),  8.07 (d, J = 8.6 Hz, 2H), 7.66 (d, J = 

8.6 Hz, 2H), 7.467.41 (m, 2H), 7.317.27 (m, 1H), 7.227.20 (m, 2H); 

13C NMR (100 MHz, CDCl3),  164.7, 150.9, 132.1, 131.8, 129.7, 129.0, 128.6, 126.2, 121.8. 

Phenyl 4-fluorobenzoate (10b):10b  

White solid; Yield 55% (34.5 mg); m.p. 6365 °C; FT IR (KBr): 1734 cm-

1; 1H NMR (400 MHz, CDCl3),  8.268.21 (m, 2H), 7.467.41 (m, 2H), 

7.307.26 (m, 1H), 7.227.16 (m, 4H); 13C NMR (100 MHz, CDCl3),  

166.3 (d, J = 250.5 Hz), 164.4, 151.0, 132.9 (d, J = 9.4 Hz), 129.7, 128.9, 126.0 (d, J = 19.2 Hz), 

121.8, 115.9 (d, J = 21.8 Hz). 

Phenyl benzoate (10c):11  

White solid; Yield 41% (23.6 mg); m.p. 6668 °C; FT IR (KBr): 1731 cm-1; 

1H NMR (400 MHz, CDCl3),  8.248.21 (m, 2H), 7.677.63 (m, 1H), 

7.547.51 (m, 2H), 7.477.42 (m, 2H), 7.317.27 (m, 1H), 7.247.21 (m, 
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2H); 13C NMR (100 MHz, CDCl3),  165.3, 151.1, 133.7, 130.3, 129.7, 129.6, 128.7, 126.0, 

121.9.  

Phenyl 4-cyanobenzoate (10d):11  

White solid; Yield 33% (21.4 mg); m.p. 9496 °C; FT IR (KBr): 1742, 

2365 cm-1; 1H NMR (400 MHz, CDCl3),  8.31 (d, J = 8.7 Hz, 2H), 7.83 

(d, J = 8.7 Hz, 2H), 7.487.44 (m, 2H), 7.337.29 (m, 1H), 7.247.20 (m, 

2H); 13C NMR (100 MHz, CDCl3),  163.7, 150.7, 133.6, 132.6, 130.8, 129.8, 126.5, 121.6, 

118.0, 117.6. 

Methyl phenyl terephthalate (10e):11  

White solid; Yield 43% (32.0 mg); m.p. 106108 °C; FT IR (KBr): 1734 cm-

1; 1H NMR (400 MHz, CDCl3),  8.27 (d, J = 8.6 Hz, 2H), 8.18 (d, J = 8.6 

Hz, 2H), 7.477.42 (m, 2H), 7.327.28 (m, 1H), 7.247.21 (m, 2H), 4.0 (s, 

3H); 13C NMR (100 MHz, CDCl3),  166.4, 164.6, 150.9, 134.6, 133.5, 130.3, 129.9, 129.7, 

126.3, 121.7, 52.7. 

Phenyl 3-nitrobenzoate (10f):21 

Pale yellow solid; Yield 32% (22.6 mg); m.p. 156158 °C; FT IR (KBr): 1728, 

2923 cm-1; 1H NMR (400 MHz, CDCl3),  9.059.04 (m, 1H), 8.558.49 (m, 

2H), 7.767.72 (m, 1H), 7.497.44 (m, 2H), 7.347.3 (m, 1H), 7.267.22 (m, 

2H); 13C NMR (100 MHz, CDCl3),  163.1, 150.6, 148.5, 135.9, 131.5, 130.3, 129.8, 128.1, 

126.6, 125.3, 121.6. 

Phenyl benzo[d][dioxole-5-carboxylate (10g):11 

White solid; Yield 58% (40.7 mg); m.p. 8082 °C; FT IR (KBr): 1715 cm-1; 

1H NMR (400 MHz, CDCl3),  7.83 (dd, J = 8.2, 1.7 Hz, 1H), 7.62 (d, J = 

1.7, 1H), 7.457.40 (m, 2H), 7.297.24 (m, 1H), 7.217.18 (m, 2H), 6.91 (d, 

J = 8.1 Hz, 1H), 6.08 (s, 2H); 13C NMR (100 MHz, CDCl3),  164.7, 152.3, 151.1, 148.1, 129.6, 

126.4, 126.0, 123.6, 121.9, 110.1, 108.3, 102.1. 

Phenyl 4-(trifluoromethyl)benzoate (10h):21 

Pale yellow solid; Yield 55% (42.5 mg); m.p. 8183 °C; FT IR (KBr): 1733 

cm-1; 1H NMR (400 MHz, CDCl3),  8.33 (d, J = 8.04 Hz, 2H), 7.79 (d, J = 
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8.12 Hz, 2H), 7.487.43 (m, 2H), 7.337.29 (m, 1H), 7.257.21 (m, 2H); 13C NMR (100 MHz, 

CDCl3),  164.2, 150.8, 135.2 (q, J = 32.9 Hz), 133.0 (q, J = 1.4 Hz), 130.7, 129.8, 126.4, 125.8 

(q, J = 3.66 Hz), 123.7 (q, J = 270.6 Hz), 121.7. 

Phenyl 4-ethylbenzoate (10i):11  

White solid; Yield 38% (24.9 mg); m.p. 6263 °C; FT IR (KBr): 1726 cm-1; 

1H NMR (400 MHz, CDCl3),  8.13 (d, J = 8.1 Hz, 2H), 7.457.41 (m, 2H), 

7.34 (d, J = 8.0 Hz, 2H), 7.297.26 (m, 1H), 7.22 (d, J = 8.0 Hz, 2H), 2.75 

(q, J = 7.6 Hz, 2H), 1.29 (t, J = 7.6 Hz, 3H); 13C NMR (100 MHz, CDCl3),  165.4, 151.2, 150.7, 

130.5, 129.6, 128.2, 127.2, 125.9, 121.9, 29.2, 15.4. 

Phenyl 4(tert-butyl)benzoate (10j):22 

White solid; Yield 48% (35.4 mg); m.p. 142146 °C; FT IR (KBr): 1729 

cm-1; 1H NMR (400 MHz, CDCl3),  8.18 (d, J = 8.4 Hz, 2H), 7.57 (d, J = 

8.4 Hz, 2H), 7.497.45 (m, 2H), 7.337.24 (m, 3H), 1.41 (s, 9H); 13C NMR 

(100 MHz, CDCl3),  165.3, 157.5, 151.2, 130.2, 129.6, 126.9, 125.9, 125.7, 121.9, 35.3, 31.3. 

Phenyl 4-methoxybenzoate (10k):11  

White solid; Yield 43% (28.5 mg); m.p. 7577 °C; FT IR (KBr): 1727 cm-1; 

1H NMR (400 MHz, CDCl3),  8.14 (d, J = 8.8 Hz, 2H), 7.427.39 (m, 2H), 

7.267.22 (m, 1H), 7.207.18 (m, 2H), 6.97 (d, J = 8.8 Hz, 2H), 3.88 (s, 

3H); 13C NMR (100 MHz, CDCl3),  165.9, 164.0, 151.2, 132.4, 129.6, 125.9, 122.0, 121.9, 

114.0, 55.7. 

Phenyl furan-2-carboxylate (10l):11  

White solid; Yield 48% (26.2 mg); m.p. 5456 °C; FT IR (KBr): 1736 cm-1; 1H 

NMR (400 MHz, CDCl3),  7.68 (dd, J = 1.7, 0.8, 1H), 7.457.40 (m, 2H), 7.39 

(dd, J = 3.5, 0.8 Hz, 1H), 7.307.25 (m, 1H), 7.237.20 (m, 2H), 7.60 (dd, J = 

3.5, 1.8 Hz, 1H); 13C NMR (100 MHz, CDCl3),  157.1, 150.3, 147.3, 144.2, 129.7, 126.2, 121.8, 

119.6, 112.3. 

Phenyl thiophene-2-carboxylate (10m):11  

Semi solid; Yield 50% (29.6 mg); FT IR (KBr): 1738 cm-1; 1H NMR (400 MHz, 

CDCl3),  7.99 (dd, J = 3.8, 1.3 Hz, 1H), 7.67 (dd, J = 5.0, 1.3 Hz, 1H), 
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7.457.40 (m, 2H), 7.307.25 (m, 1H), 7.247.21 (m, 2H), 7.18 (dd, J = 5.0, 3.8 Hz, 1H); 13C 

NMR (100 MHz, CDCl3),  160.7, 150.7, 134.8, 133.6, 133.1, 129.6, 128.2, 126.1, 121.8. 

Phenyl [1,1’-biphenyl]-4-carboxylate (10n):11  

White solid; Yield 39% (31.0 mg); m.p. 158160 °C; FT IR (KBr): 1731 cm-1; 

1H NMR (400 MHz, CDCl3),  8.28 (d, J = 8.2 Hz, 2H), 7.74 (d, J = 8.2 Hz, 

2H), 7.67 (d, J = 7.7 Hz, 2H), 7.527.41 (m, 5H), 7.317.24 (m, 3H); 13C 

NMR (100 MHz, CDCl3),  165.2, 151.2, 146.5, 140.0, 130.9, 129.7, 129.1, 128.5, 128.4, 127.5, 

127.4, 126.0, 121.9. 

Phenyl 3-fluorobenzoate (10o):11  

White solid; Yield 40% (25.1 mg); m.p. 5859 °C; FT IR (KBr): 1736 cm-1; 

1H NMR (400 MHz, CDCl3),  8.028.00 (m, 1H), 7.917.87 (m, 1H), 

7.377.27 (m, 2H), 7.237.20 (m, 2H), 7.537.42 (m, 3H); 13C NMR (100 

MHz, CDCl3),  164.1 (d, J = 25.4), 161.5, 150.9, 131.9 (d, J = 3.8 Hz), 130.4 (d, J = 7.8 Hz), 

129.7, 126.3, 126.1 (d, J = 3.1 Hz), 121.7, 120.9 (d, J = 21.2 Hz), 117.2 (d, J = 22.9 Hz). 

General procedure for the synthesis of trimethylsilylmethyl esters (19 & 21a–21g) through 

oxidative NHC catalysis               

1,8-Diazabicyclo[5.4.0]undec-7-ene (98 mg, 0.65 mmol) was added to a suspension of  NHC 

precursor 7 (0.043 mmol, 0.1 equiv), aldehyde (0.43 mmol, 1.0 equiv) and (chloromethyl)- 

trimethylsilane (0.85 mmol, 2.0 equiv) in dry THF (1.5 mL) under oxygen ballon atmosphere at 

room temperature and the resulting suspension was stirred at 60 ºC in the presence of oxygen 

balloon until most of the aldehyde was consumed (TLC). After completion of the reaction, the 

reaction mixture was cooled to rt then the solvent was removed carefully under rotavac (water 

bath at 40 ºC, vacuum at 250 mbar). The residue was purified through silica gel column using 

hexane as an eluent. 

Characterization data of compounds (19 & 21a–21g): 

(trimethylsilyl)methyl 4-chlorobenzoate (19): 

Colorless liquid; Yield 75% (78.3 mg); FT IR (ATR) 1719 cm-1; 1H NMR 

(400 MHz, CDCl3),  7.95 (d, J = 8.4 Hz, 2H), 7.40 (d, J = 8.4 Hz, 2H), 

4.00 (s, 2H), 0.14 (s, 9H); 13C NMR (100 MHz, CDCl3),  166.6, 139.2, 
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131.0, 129.2, 128.8, 58.6, −2.9; HRMS (ESI): m/z calcd for C10H12ClO2Si [M−CH3]
+: 227.0295; 

found: 227.0300. 

(trimethylsilyl)methyl benzoate (21a): 

Colorless liquid; Yield 45% (40.3 mg); FT IR (ATR) 1722 cm-1; 1H NMR (400 

MHz, CDCl3),  8.048.02 (m, 2H), 7.577.53 (m, 1H), 7.467.42 (m, 2H), 

4.01 (s, 2H), 0.15 (s, 9H); 13C NMR (100 MHz, CDCl3),  167.6, 132.8, 130.8, 

129.6, 128.5, 58.3, −2.8; HRMS (ESI): m/z calcd for C11H17O2Si [M+H]+: 209.0998; found: 

209.0998. 

(trimethylsilyl)methyl (1,1'-biphenyl)-4-carboxylate (21b): 

Colorless liquid; Yield 50% (61.2 mg); FT IR (ATR) 1718 cm-1; 1H NMR 

(400 MHz, CDCl3),  8.10 (d, J = 8.7 Hz, 2H), 7.677.62 (m, 4H), 

7.497.45 (m, 2H), 7.40 (t, J = 7.4 Hz, 1H), 4.04 (s, 2H), 0.17 (s, 9H); 13C 

NMR (100 MHz, CDCl3),  167.4, 145.6, 140.2, 130.1, 129.5, 129.1, 128.2, 127.4, 127.2, 58.4, 

−2.8; HRMS (ESI): m/z calcd for C17H20O2SiNa [M+Na]+: 307.1130; found: 307.1129. 

(trimethylsilyl)methyl 4-nitrobenzoate (21c): 

White solid; Yield 37% (40.3 mg); m.p. 6870 °C; FT IR (ATR) 1735, 

1533 cm-1; 1H NMR (400 MHz, CDCl3),  8.29 (d, J = 8.4 Hz, 2H), 8.18 (d, 

J = 8.5 Hz, 2H), 4.08 (s, 2H), 0.16 (s, 9H); 13C NMR (100 MHz, CDCl3),  

165.6, 150.5, 136.1, 130.7, 123.7, 59.5, −2.8; HRMS (ESI): m/z calcd for C11H15NO4SiNa 

[M+Na]+: 276.0668; found: 276.0661. 

Methyl[(trimethylsilyl)methyl] terephthalate (21d): 

White solid; Yield 55% (63.0 mg); m.p. 7880 °C; FT IR (ATR) 1719, 

1708 cm-1; 1H NMR (400 MHz, CDCl3),  8.118.06 (m, 4H), 4.04 (s, 

2H), 3.94 (s, 3H), 0.15 (s, 9H); 13C NMR (100 MHz, CDCl3),  166.7, 

166.5, 134.5, 133.8, 129.7, 129.6, 58.9, 52.6, −2.8; HRMS (ESI): m/z calcd for C12H15O4Si 

[M−CH3]
+: 251.0740; found: 251.0740. 

(trimethylsilyl)methyl benzo[d][1,3]dioxole-5-carboxylate (21e): 

Colorless liquid; Yield 28% (30.4 mg); FT IR (ATR) 1712 cm-1; 1H NMR 

(400 MHz, CDCl3),  7.63 (dd, J = 8.3, 1.8 Hz, 1H), 7.44 (d, J = 2.0 Hz, 1H), 

6.83 (d, J = 8.3 Hz, 1H), 6.03 (s, 2H), 3.96 (s, 2H), 0.13 (s, 9H); 13C NMR 
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(100 MHz, CDCl3),  166.9, 151.5, 147.8, 125.3, 124.8, 109.5, 108.1, 101.8, 58.2, −2.9; HRMS 

(ESI): m/z calcd for C12H17O4Si [M+H]+: 253.0896; found: 253.0903. 

(trimethylsilyl)methyl thiophene-2-carboxylate (21f): 

Colorless liquid; Yield 43% (39.6 mg); FT IR (ATR) 1719 cm-1; 1H NMR (400 

MHz, CDCl3),  7.78 (dd, J = 3.8, 1.3 Hz, 1H), 7.53 (dd, J = 5.0 1.2 Hz, 1H), 

7.1 (dd, J = 5.0, 3.7 Hz, 1H), 4.0 (s, 2H), 0.14 (s, 9H); 13C NMR (100 MHz, 

CDCl3),  163.2, 134.3, 133.2, 132.1, 127.8, 58.5, −2.9; HRMS (ESI): m/z calcd for C8H11O2SSi 

[M−CH3]
+: 199.0249; found: 199.0244. 

 (trimethylsilyl)methyl cinnamate (21g): 

Colorless liquid; Yield 43% (43.3 mg); FT IR (ATR) 1711, 1638 cm-1; 1H 

NMR (400 MHz, CDCl3),  7.67 (d, J = 16.0 Hz, 1H), 7.547.52 (m, 2H), 

7.387.37 (m, 3H), 6.46 (d, J = 16.0 Hz, 1H), 3.91 (s, 2H), 0.12 (s, 9H); 

13C NMR (100 MHz, CDCl3),  168.0, 144.4, 134.6, 130.3, 129.0, 128.2, 118.4, 58.0, −2.9; 

HRMS (ESI): m/z calcd for C12H15O2Si [M−CH3]
+: 219.0841; found: 219.0807. 
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Spectra of compounds (19 & 21a–21g) 

1H, 13C NMR Spectra of 19 
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1H, 13C NMR Spectra of 21a 
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1H, 13C NMR Spectra of 21b 
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1H, 13C NMR Spectra of 21c 
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1H, 13C NMR Spectra of 21d 
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1H, 13C NMR Spectra of 21e 
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1H, 13C NMR Spectra of 21f 
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1H, 13C NMR Spectra of 21g 
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Chapter 3 
 

Combining oxidative NHC catalysis with the click 

chemistry to access 1,2,3-triazole derivatives  

 

3.1. Introduction 

In 2001, Sharpless was first introduced the term “click chemistry” to describe reactions defined 

by a set of stringent criteria: ‘‘The reaction must be modular, wide in scope, give very high 

yields, generate only inoffensive by-products that can be removed by non-chromatographic 

methods, and be stereospecific (but not necessarily enantioselective). The required process 

characteristics include simple reaction conditions, readily available starting materials and 

reagents, the use of no solvents or a solvent that is benign (such as water) or easily removed, and 

simple product isolation.’’1a To date, Huisgen cycloaddition (1,3-Dipolar cycloaddition) reaction 

between an azide and alkyne was one of the reactions to fulfill the above criteria, many known 

reactions e.g. Diels-Alder reactions, dipolar cycloaddition reactions, nucleophilic addition and 

substitution reactions fulfill these criteria to some extent. Although Huisgen discovered [3+2]-

cycloaddition reaction in the 1960s, it didn’t attract much attention at that time, because the 

reaction required high temperature and pressure.1b At the beginning of the 20th century, Sharpless 

and Meldal developed a mild and efficient copper (I) catalyzed 1,3-dipolar cycloaddition 

reaction between alkynes and azides to afford 1,2,3-triazoles in high regioselectivity.2 The [3+2]-

cycloaddition reaction between a terminal alkyne 1a and an azide 1b is schematically 

represented in scheme 1. 
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Scheme 1 

After the discovery, the click chemistry has been widely exploited in the synthesis of 

biologically active and pharmaceutically important compounds apart from the synthesis of 1,2,3-

triazoles.3 A few of the 1,2,3-triazoles containing medicinally active compounds3 (2a–2f) are 

shown in figure 1.  

 

Figure 1 

3.2. Results and Discussion 

Since the 1,2,3-triazole derivatives are considered to be an important compounds, we became 

interested to develop a mild and efficient one-pot method for the direct conversion of aldehydes 

to 1,2,3-triazole derivatives by combining oxidative NHC catalysis with click chemistry. 
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Recently, we developed a mild and an efficient organocatalytic route for the esterification of 

aromatic aldehydes to aryl esters by using aryl boronic acids through oxidative NHC catalysis.4 

Although aryl esters were obtained in excellent yields, this method was not able to access 

aliphatic esters because aliphatic boronic acids didn’t react with the aldehydes under the reaction 

conditions. So, we became interested to develop a competent method for the synthesis of 

aliphatic esters, particularly propargyl esters 3b, because these esters could be derivatized in a 

straightforward manner to afford worthwhile compounds 3c by using ‘click’ chemistry (Scheme 

2).5 

 

Scheme 2 

Before exploring the one-pot process for the synthesis of 1,2,3-triazoles, we considered it 

necessary to optimize the first step, that is, the formation of the propargyl ester. Thus, we 

performed optimization studies for the first step by using para-chlorobenzaldehyde (4) and 

propargyl bromide (5) under oxidative NHC-catalyzed conditions. All of the reactions were 

conducted in an open atmosphere to ensure that sufficient oxygen is available for the oxidation 

reaction to take place. The results of the optimization studies are shown in Table 1. 

A variety of NHCs (7a–7e) was used for this transformation. After careful screening, NHC 7d 

was found to be the best catalyst and the conditions shown in Table 1, entry 4 was found to be 

the best conditions for this transformation. Next, because this particular oxidative esterification is 

not yet appeared in the literature, we examined the scope of this reaction with a variety of 

aldehydes, and the results are summarized in scheme 3. 

Scheme 3 shows that range of propargyl esters of aromatic acids could be easily accessed using 

this method in good yields. Electron-poor aldehydes (8d–8f) reacted at faster rates than electron-

rich aldehydes 8h and benzaldehyde (8c). To our surprise, and in contrast to the literature report, 

cinnamaldehyde gave its corresponding propargyl ester 9i in 72% yield under the standard 

conditions. Of course, the reaction condition was slightly different in the reported case.6 This 

methodology also worked efficiently in the case of aliphatic aldehydes, such as  
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Table 1. Optimization Studiesa 

 

 

 

 

 

 

aReaction conditions: 0.1 M of 4 in solvent; rt = 32–35 ºC; bIsolated yield; NR = No Reaction. 

 

hydrocinnamaldehyde (8j) and cyclohexane carboxaldehyde (8k), and the corresponding esters 

8j and 8k were obtained in moderate yields. The scope of the reaction was extended to internal  

 (9l–9n) and secondary propargyl bromides 9o by treating with benzaldehyde as a model 

substrate. In all those cases, the required propargyl esters (9l–9o) were isolated in satisfactory 

yields.  

 

 

Entrya NHC Base Solvent Time [h] Yield of 6 [%]b 

1 7a DBU THF 24 <5 

2 7b DBU THF 24 12 

3 7c DBU THF 24 40 

4 7d DBU THF 3 82 

5 7e DBU THF 24 10 

6 7d Li2CO3 THF 15 NR 

7 7d Cs2CO3 THF 14 10 

8 7d Et3N THF 24 5 

9 7d DBU Toluene 15 67 

10 7d DBU MeCN 15 28 

11 7d DBU DME 15 60 

12 7d DBU DMF 15 10 

13 7d DBU DCE 15 25 

14 7d DBU 1,4-dioxane 15 54 



 

208 

 

Scheme 3. Substrate scope in oxidative esterification reaction of aldehydes with propargyl 

bromidea 

 

  aReaction conditions: 0.1 M of R-CHO in THF, rt = 32–35 °C.  

 

Encouraged by the outcomes in propargyl ester formation, we shifted our attention towards 

developing a one-pot protocol for the synthesis of 1,2,3-triazole derivatives7 from aldehydes by 

combining the oxidative NHC catalysis with copper-catalyzed ‘click’ chemistry.  

The standardization experiments were carried out using benzyl azide and a copper catalyst, 

which were added straight away to the reaction mixture after the first step was complete (by 

TLC), and the results are summarized in Table 2. It is evident from the optimization studies that 

the required 1,2,3-triazole derivative was formed in all the reaction conditions tried (Table 2). 
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But, the yield of 10 was highest when 2 equivalents of azide and 20 mol % of cuprous oxide 

were used (entry 5) and, thus picked as a standard condition. No product was observed without a 

copper catalyst. 

Table 2. Optimization Studies of one-pot reaction 

 

aReaction conditions: 0.1 M of 4 in THF, rt = 32–35 ºC. bIsolated yield of 10 over 2 steps. cWater was 

added along with copper catalyst. dCuI (20 mol %) was used instead of Cu2O. eCuSO4.5H2O (10 mol %) 

and sodium ascorbate (20 mol %) were used instead of Cu2O. 

 

This optimized condition was investigated for making a wide range of substituted 1,2,3-triazoles 

employing a variety of aromatic aldehydes and azides (Scheme 4). The scope of this one-pot 

methodology has been realized, as shown in scheme 4, and 1,2,3-triazole derivatives were 

obtained in moderate to good yields in a regio-selective manner. Electron poor aldehydes (11d, 

11e and 11g), except p-nitrobenzaldehyde (11f), were transformed to the desired products at 

relatively faster rate than electron rich aldehydes (11h–11j).  

This method was also effective in converting few hetero-aromatic aldehydes to their 

corresponding 1,2,3-triazole derivatives 12k and 12l in moderate yields. Not only with benzyl 

azide, was this method found to be equally effective for aromatic as well as other azides 

(Examples 12q–12x).  

 

Entrya 
Equiv. of 

Azide 
Solvent 

Time [h] 

[steps 1+2] 

Yield 

[%]b 

1c 1.3 THF+H2O (1 mL) 3 + 10 49 

2c 1.5 THF+H2O (1 mL) 3 + 6 55 

3c 2 THF+H2O (1 mL) 3 + 3 60 

4 1.5 THF 3 + 16 65 

5 2 THF 3 + 12 78 

6d 2 THF 3 + 24 65 

7e 2 THF 3 + 10 44 
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Scheme 4. Substrate Scope of One-Pot reactiona 

           

 

aReaction conditions: 0.1 M of Ar-CHO in THF, rt = 32–35 °C. 
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Since NHC catalyzed oxidation of aldehydes to their respective acids is precedented in the 

literature,8 we anticipated that the first step in our methodology proceeds through the initial 

formation of acid followed by alkylation with propargyl bromide. 

To confirm this, few experiments were performed. In one of the experiments, p-

chlorobenzaldehyde (4) was treated with the catalytic amount of 7d and DBU (1.5 equiv) under 

open air, and the product p-chlorobenzoic acid was isolated in 80% yield within 3 h. In another 

experiment, p-chlorobenzoic acid was reacted with propargyl bromide (5) (1.5 equiv) in the 

presence of DBU (1.5 equiv), and the propargyl ester 6 was formed almost in quantitative yield 

in 5 h. Based on these experimental observations, we strongly believe that the reaction proceeds 

through oxidation of aldehyde to acid followed by propargylation. 

Another interesting point was observed during the standardization of this methodology. As  

shown  in scheme 3, benzaldehyde was converted to its propargyl ester 9c in 60% yield. At the 

same time, under the one-pot reaction conditions, benzaldehyde gave the 1,2,3-triazole derivative 

12a in 60% over all yield. This clearly implies that the triazole formation step is almost 

quantitative in this case. But, when the propargyl ester 9c was directly treated with cuprous oxide 

and benzyl  azide  without 7d, the product 12a was obtained only in 60% yield even after 28 h 

(Scheme 5). The reaction rate and the yield of 12a were increased by the addition of 15 mol % of 

7d to the reaction mixture  (Scheme 5). Based on these observations, we presume that NHC also 

influences the triazole formation step probably by forming a complex with copper catalyst, 

thereby increasing its catalytic activity.9 

 

 

 

aReaction conditions: 0.1 M of 9c in THF, rt = 32–35 °C. 

Scheme 5 
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3.3. Conclusion 

In conclusion, a one-pot method was developed for the synthesis of 1,2,3-triazole derivatives by 

combining the oxidative NHC catalysis with ‘click’ chemistry. This methodology could be 

utilized for the synthesis of a diverse range of 1,2,3-triazole derivatives under mild reaction 

conditions starting from aldehydes. Since one-pot synthesis is an integral part of sustainable 

chemistry, we believe, the methodology would find some applications in near future.  

3.4. Experimental sections 

General information 

Most of the reagents and starting materials used were purchased from commercial sources and 

used as such. NHC precursor 7e was prepared according to the literature procedure.10 All the 

organic azides used in this methodology were prepared following a literature procedure.11 1H and 

13C spectra were recorded in CDCl3 on 400 MHz Brucker FT-NMR spectrometer. Chemical 

shifts values are reported in parts per million relative to TMS. High resolution mass spectra were 

recorded on Waters Q-TOF Premier-HAB213 spectrometer. FT-IR spectra were recorded on a 

Brucker FT-IR spectrometer equipped with a PIKE MIRacle ATR. Thin layer chromatography 

was performed on Merck silica gel 60 F254 TLC plates using EtOAc/Hexane as an eluent. 

Column chromatography was carried out through silica gel (100-200 mesh). 

General procedure for the NHC catalyzed aerobic oxidation of aryl aldehydes with 

propargyl bromides 

Aldehyde (0.6 mmol) was added to a suspension of NHC 7d (0.09 mmol) and DBU (0.9 mmol) 

in THF (6 mL) at room temperature (32–35 ºC) and stirred for half an hour. Propargyl bromide 

(5) (80% solution in toluene, 0.9 mmol) was added to the reaction mixture in a drop-wise 

manner, and the resulting suspension was stirred until most of the aldehyde was consumed (by 

TLC). The reaction mass was then filtered, washed with EtOAc (10 mL) and dried over 

anhydrous Na2SO4. The solvent was removed under reduced pressure, and the residue was 

purified through silica gel column using EtOAc/Hexane mixture as an eluent. 
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Characterization data of compounds (6 & 9a–9o): 

Prop-2-yn-1-yl-4-chloro benzoate (6):12 

Colorless oil; Yield 82% (95.8 mg); FT IR (ATR) 3299 (≡CH), 2131 

(C≡C), 1722 (C=O) cm-1; 1H NMR (400 MHz, CDCl3),  8.00 (d, J = 8.72 

Hz, 2H), 7.42 (d, J = 8.72 Hz, 2H), 4.92 (d, J =2.48 Hz, 2H), 2.53 (t, J = 

2.48 Hz, 1H); 13C NMR (100 MHz, CDCl3),  165.0, 139.9, 131.2, 128.8, 127.8, 77.5, 75.2, 52.7. 

Prop-2-yn-1-yl-4-bromo benzoate (9a):13      

Colorless oil; Yield 85% (121.9 mg); FT IR (ATR) 3297 (≡CH), 2130 

(C≡C), 1721 (C=O) cm-1; 1H NMR (400 MHz, CDCl3),  7.93 (d, J  = 8.72 

Hz, 2H), 7.59 (d, J = 8.72 Hz, 2H), 4.92 (d, J = 2.48 Hz, 2H), 2.53 (t, J = 

2.48 Hz, 1H); 13C NMR (100 MHz, CDCl3),  165.1, 131.8, 131.3, 128.6, 128.3, 77.5, 75.3, 52.7.  

Prop-2-yn-1-yl-4-Phenyl benzoate (9b): 

White solid; Yield 72% (102.1 mg); m.p. 106-107 ºC; FT IR (ATR) 3250 

(≡CH), 2121 (C≡C), 1713 (C=O) cm-1; 1H NMR (400 MHz, CDCl3),  

8.14 (d, J = 8.60 Hz, 2H), 7.68 (d, J = 8.60 Hz, 2H), 7.64–7.61 (m, 2H), 

7.50–7.45 (m, 2H), 7.43 –7.38 (m, 1H), 4.95 (d, J = 2.48 Hz, 2H), 2.54 (t, J = 2.48 Hz, 1H); 13C 

NMR (100 MHz, CDCl3),  165.7, 146.1, 139.9, 130.4, 129.0, 128.3, 128.1, 127.3, 127.1, 77.8, 

75.0, 52.5; HRMS (ESI); m/z calcd for C16H13O2 [M+H]+: 237.0915; found: 237.0916. 

Prop-2-yn1-yl benzoate (9c):12 

Colorless oil; Yield 60% (57.7 mg); FT IR (ATR) 3296 (≡CH), 2130 (C≡C), 

1720 (C=O) cm-1; 1H NMR (400 MHz, CDCl3),  8.09–8.06 (m, 2H), 7.61–

7.56 (m, 1H), 7.48–7.43 (m, 2H), 4.93 (d, J = 2.44 Hz, 2H), 2.52 (t, J = 2.48 

Hz, 1H); 13C NMR (100 MHz, CDCl3),  165.8, 133.4, 129.8, 129.4, 128.5, 77.7, 75.0, 52.5.  

Prop-2-yn-1-yl-4-cyano benzoate (9d):13 

White solid; Yield 75% (83.3 mg); m.p. 96–97 ºC; FT IR (ATR) 3267 

(≡CH), 2360 (C≡N), 2230 (C≡C), 1728 (C=O) cm-1; 1H NMR (400 MHz, 

CDCl3),  8.18 (d, J  = 8.72 Hz, 2H), 7.76 (d, J = 8.72 Hz, 2H), 4.96 (d, J 

= 2.48 Hz, 2H), 2.55 (t, J = 2.48 Hz, 1H); 13C NMR (100 MHz, CDCl3),  164.2, 133.2, 132.3, 

130.3, 117.9, 116.8, 77.2, 75.7, 53.2.  
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Methyl prop-2-yn-1-yl terephthalate (9e):14 

White solid; Yield 75% (104.5 mg); m.p. 88–89 ºC; FT IR (ATR) 3248 

(≡CH), 2130 (C≡C), 1720 (C=O) cm-1
; 

1H NMR (400 MHz, CDCl3),  

8.08–8.03 (m, 4H), 4.88 (d, J = 2.48 Hz, 2H), 3.95 (s, 3H), 2.48 (t, J = 

2.48 Hz, 1H); 13C NMR (100 MHz, CDCl3),  166.2, 165.0, 134.3, 133.1, 129.8, 129.6, 77.2, 

75.4, 52.9, 52.5;  

Prop-2-yn-1-yl-4-nitro benzoate (9f):12 

Pale yellow solid; Yield 60% (73.9 mg); m.p. 96–97 ºC; FT IR (ATR) 3288 

(≡CH), 2132 (C≡C), 1720 (C=O)  1608, 1523 cm-1; 1H NMR (400 MHz, 

CDCl3),  8.31 (d, J = 9.04 Hz, 2H), 8.23 (d, J = 9.04 Hz, 2H), 4.97 (d, J = 

2.48 Hz, 2H), 2.56 (t, J = 2.48 Hz, 1H); 13C NMR (100 MHz, CDCl3),  164.0, 150.8, 134.7, 

131.0, 123.7, 77.4, 75.8, 53.3. 

Prop-2- yn-1-yl-4-trifluoro methoxy benzoate (9g):15 

Colorless oil; Yield 71% (104.0 mg); FT IR (ATR) 3306 (≡CH), 2132 

(C≡C), 1727 (C=O), cm-1; 1H NMR (400 MHz, CDCl3),  8.14–8.10 (m, 

2H), 7.29–7.26 (m, 2H), 4.93 (d, J = 2.48 Hz, 2H), 2.53 (t, J = 2.48 Hz, 

1H); 13C NMR (100 MHz, CDCl3),  164.6, 152.9 (d, JC-F = 2.0 Hz), 131.9, 127.8, 120.3 (q, JC-F 

= 257 Hz), 120.3, 77.4, 75.3, 52.7. 

Prop-2-yn-1-yl-3,4-methylene dioxy benzoate (9h): 

Off white solid; Yield 60% (73.5 mg); m.p. 59–60 ºC; FT IR (ATR) 3245 

(≡CH), 2128 (C≡C), 1708 (C=O) cm-1; 1H NMR (400 MHz, CDCl3),  7.68 

(dd, J  = 8.20, 1.68 Hz, 1H), 7.48 (d, J  = 1.68  Hz, 1H), 6.84 (d, J = 8.20 Hz, 

1H), 6.04 (s, 2H), 4.88 (d, J = 2.44 Hz, 2H), 2.52 (t, J = 2.45 Hz, 1H); 13C NMR (100 MHz, 

CDCl3),  165.2, 152.0, 147.8, 125.8, 123.3, 109.7, 108.1, 101.9, 77.8, 75.0, 52.4; HRMS (ESI): 

m/z calcd for C11H9O4
 [M + H]+: 205.0501; found: 205.0504. 

Prop-2-yn-1-yl cinnamate (9i):12 

Colorless oil; Yield 72% (80.5 mg); FT IR (ATR) 3293 (≡CH), 2129 

(C≡C), 1712 (C=O) cm-1; 1H NMR (400 MHz, CDCl3),  7.75 (d, J = 16.0 

Hz, 1H), 7.55–7.51 (m, 2H), 7.41-7.38 (m, 3H), 6.47 (d, J = 16.0 Hz, 1H), 
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4.82 (d, J = 2.48 Hz, 2H), 2.52 (t, J = 2.48 Hz, 1H); 13C NMR (100 MHz, CDCl3),  166.1, 

146.0, 134.2, 130.6, 129.0, 128.2, 117.0, 77.8, 74.9, 52.1. 

Prop-2-yn-1-yl 3-phenylpropanoate (9j):12 

Colorless oil; Yield 56% (63.2 mg); FT IR (ATR) 3288 (≡CH), 2126 

(C≡C), 1740 (C=O) cm-1; 1H NMR (400 MHz, CDCl3),  7.32–7.28 (m, 

2H), 7.23–7.20 (m, 3H), 4.69 (d, J = 2.48 Hz, 2H), 2.98 (t, J = 7.56 Hz, 

2H), 2.69 (t, J = 7.56 Hz, 2H), 2.48 (t, J = 2.48 Hz, 1H); 13C NMR (100 MHz, CDCl3),  172.2, 

140.3, 128.7, 128.4, 126.5, 77.8, 75.0, 52.1, 35.7, 30.9. 

Prop-2-yn-1-yl cyclohexanecarboxylate (9k):16 

Colorless oil; Yield 48% (47.9 mg); FT IR (ATR) 3292 (≡CH), 2131 (C≡C), 

1736 (C=O) cm-1; 1H NMR (400 MHz, CDCl3),  4.66 (d, J = 2.48, 2H), 2.45 

(t, J = 2.48 Hz, 1H), 2.38–2.31 (m, 1H), 1.93–1.25 (m, 10H); 13C NMR (100 

MHz, CDCl3),  175.4, 78.1, 74.8, 51.8, 43.0, 29.0, 25.8, 25.5. 

But-2-yn-1-yl benzoate (9l):17 

Colorless oil; Yield 78% (81.5 mg); FT IR (ATR) 2240 (C≡C), 1721 (C=O) 

cm-1; 1H NMR (400 MHz, CDCl3),  8.09–8.06 (m, 2H), 7.59–7.55 (m, 1H), 

7.47–7.42 (m, 2H), 4.89 (q, J = 2.44 Hz, 2H), 1.88 (t, J = 2.44 Hz, 3H); 13C 

NMR (100 MHz, CDCl3),  166.1, 133.3, 129.9, 129.8, 128.5, 83.4, 73.4, 53.4, 3.8.  

Pent-2-yn-1-yl benzoate (9m):18 

Colorless oil; Yield 82% (92.6 mg); FT IR (ATR) 2242 (C≡C), 1721 

(C=O) cm-1; 1H NMR (400 MHz, CDCl3),  8.09–8.06 (m, 2H), 7.59–

7.54 (m, 1H), 7.46–7.42 (m, 2H), 4.91 (t, J = 2.20 Hz, 2H), 2.26 (qt, J = 

7.54, 2.20 Hz, 2H), 1.15 (t, J = 7.54 Hz, 3H); 13C NMR (100 MHz, CDCl3),  166.1, 133.2, 

130.2, 129.9, 128.5, 89.1, 73.5, 53.4, 13.7, 12.6.  

3-Phenylprop-2-yn-1-yl benzoate (9n):19 

Colorless oil; Yield 60% (85.1 mg); FT IR (ATR) 2130 (C≡C), 1722 

(C=O) cm-1; 1H NMR (400 MHz, CDCl3),  8.13–8.10 (m, 2H), 7.60–7.56 

(m, 2H), 7.50–7.44 (m, 5H), 7.34–7.33 (m, 1H), 5.17 (s, 2H); 13C NMR 

(100 MHz, CDCl3),  166.1, 133.4, 132.1, 130.0, 129.9, 128.9, 128.6, 128.4, 122.3, 86.7, 83.2, 

53.5. 
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4-Phenylbut-3-yn-2-yl benzoate (9o):19 

Colorless oil; Yield 58% (87.1 mg); FT IR (ATR) 2229 (C≡C), 1722 

(C=O) cm-1; 1H NMR (400 MHz, CDCl3),  8.13–8.10 (m, 2H), 7.60–7.56 

(m, 1H), 7.49–7.44 (m, 4H), 7.33–7.29 (m, 3H), 5.95 (q, J = 6.68 Hz, 1H), 

1.73 (d, J = 6.68 Hz, 3H); 13C NMR (100 MHz, CDCl3),  165.7, 133.3, 132.0, 130.1, 129.9, 

128.7, 128.5, 128.4, 127.8, 87.6, 84.9, 61.5, 21.8. 

General procedure for the NHC catalyzed one-pot synthesis of 1,2,3-triazole derivatives 

(12a–12x) 

 Aromatic aldehyde (0.6 mmol) was added to a suspension of NHC 7d (0.09 mmol) and DBU 

(0.9 mmol) in THF (6 mL) at room temperature (32–35 ºC) and stirred for half an hour. 

Propargyl bromide (5) (80% solution in toluene, 0.9 mmol) was added in a dropwise manner and 

the resulting suspension was stirred until most of the aldehyde was consumed (by TLC). Cuprous 

oxide (0.12 mmol) and azide (1.2 mmol) were added in the same reaction mass and the stirring 

was continued until most of the propargyl ester, which was formed in the first step, was 

consumed. The reaction mass was then filtered, washed with EtOAc (10 mL) and dried over 

anhydrous Na2SO4. The solvent was removed under reduced pressure and the residue was 

purified through silica gel column using EtOAc/Hexane mixture as an eluent. 

Characterization of compounds (10 & 12a–12x) 

(1-benzyl-1H-1,2,3-triazol-4-yl)methyl-4-chlorobenzoate (10):  

Pale yellow solid; Yield 78% (153.4 mg); m.p. 114–115 ºC; FT IR 

(ATR) 1719 cm-1; 1H NMR (400 MHz, CDCl3),  7.95 (d, J = 8.64 Hz, 

2H), 7.60 (s, 1H), 7.40–7.35 (m, 5H), 7.31–7.27 (m, 2H), 5.53 (s, 2H), 

5.43 (s, 2H); 13C NMR (100 MHz, CDCl3),  165.6, 143.1, 139.7, 134.3, 131.2, 129.2, 128.9, 

128.8, 128.2, 128.1, 123.9, 58.2, 54.3; HRMS (ESI): m/z calcd for C17H14ClN3O2 [M+Na]+: 

350.0673; found: 350.0678. 

(1-benzyl-1H-1,2,3-triazol-4-yl)methyl benzoate (12a):20 

White solid; Yield 60% (105.6 mg); m.p. 122–123 ºC; FT IR (ATR) 

1710 cm-1; 1H NMR (400 MHz, CDCl3),  8.02 (dd, J = 8.48, 1.40 Hz, 

2H), 7.61 (s, 1H), 7.57–7.53 (m, 1H), 7.43–7.34 (m, 5H), 7.31–7.27 (m, 2H), 5.53 (s, 2H), 5.44 
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(s, 2H); 13C NMR (100 MHz, CDCl3),  166.5, 143.4, 134.4, 133.2, 129.8, 129.7, 129.2, 128.9, 

128.4, 128.2, 123.9, 58.1, 54.3. 

(1-benzyl-1H-1,2,3-triazol-4-yl)methyl[1,1'-biphenyl]-4-carboxylate (12b): 

Golden yellow solid; Yield 60% (133.0 mg); m.p. 153–154 ºC; FT IR  

(ATR) 1714 cm-1; 1H NMR (400 MHz, CDCl3),  8.11 (d, J = 8.56 Hz, 

2H), 7.66 (d, J = 8.59 Hz, 2H), 7.65–7.62 (m, 3H), 7.51–7.46 (m, 2H), 

7.44–7.37 (m, 4H), 7.35–7.30 (m, 2H), 5.56 (s, 2H), 5.50 (s, 2H); 13C NMR (100 MHz, CDCl3), 

 166.4, 145.9, 143.4, 139.9, 134.4, 130.3, 129.2, 129.0, 128.9, 128.4, 128.2, 128.2, 127.3, 127.1, 

123.9, 58.1, 54.3; HRMS (ESI); m/z calcd for C23H20N3O2 [M+H]+: 370.1555; found: 370.1551. 

(1-benzyl-1H-1,2,3-triazol-4-yl)methyl-4-bromobenzoate (12c):  

White solid; Yield 80% (178.7 mg); m.p. 114–115 ºC; FT IR (ATR) 

1730 cm-1; 1H NMR (400 MHz, CDCl3),  7.87 (d, J = 8.64 Hz, 2H), 

7.60 (s, 1H), 7.55 (d, J = 8.64 Hz, 2H), 7.41–7.36 (m, 3H), 7.30–7.27 

(m, 2H), 5.53 (s, 2H), 5.43 (s, 2H); 13C NMR (100 MHz, CDCl3),  165.8, 143.0, 134.3, 131.8, 

131.3, 129.2, 128.9, 128.6, 128.4, 128.2, 123.9, 58.2, 54.3; HRMS (ESI); m/z calcd for 

C17H15BrN3O2
 [M+H]+: 372.0347; found: 372.0343. 

(1-benzyl-1H-1,2,3-triazol-4-yl)methyl 4-cyanobenzoate (12d): 

Pale orange solid; Yield 62% (118.4 mg); m.p. 131–132 ºC; FT IR 

(ATR) 2231, 1719 cm-1; 1H NMR (400 MHz, CDCl3),  8.12 (d, J = 

8.60 Hz, 2H), 7.71 (d, J = 8.60 Hz, 2H), 7.60 (s, 1H), 7.41–7.35 (m, 

3H), 7.32–7.265 (m, 2H), 5.53 (s, 2H), 5.46 (s, 2H); 13C NMR (100 MHz, CDCl3),  164.8, 

142.6, 134.2, 133.5, 132.2, 130.3, 129.2, 129.0, 128.2, 124.0, 118.0, 116.6, 58.6, 54.3; HRMS 

(ESI): m/z calcd for C18H15N4O2
 [M+H]+: 319.1195; found: 319.1197. 

(1-benzyl-1H-1,2,3-triazol-4-yl)methyl methyl terephthalate (12e): 

Off white solid; Yield 70% (147.6 mg); m.p. 140–141 ºC; FT IR 

(ATR) 2231, 1716 cm-1; 1H NMR (400 MHz, CDCl3),  8.08 (s, 4H), 

7.62 (s, 1H), 7.40–7.36 (m, 3H), 7.30–7.28 (m, 2H), 5.54 (s, 2H), 

5.46 (s, 2H), 3.94 (s, 3H); 13C NMR (100 MHz, CDCl3),  166.2, 165.7, 142.9, 134.3, 134.1, 

133.5, 129.8, 129.6, 129.2, 128.9, 128.2, 124.0, 58.4, 54.3, 52.5; HRMS (ESI): m/z calcd for 

C18H17N3O4 [M+H]+: 352.1297; found: 352.1299. 
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(1-benzyl-1H-1,2,3-triazol-4-yl)methyl 4-nitrobenzoate (12f):  

Pale yellow solid; Yield 57% (115.7 mg); m.p. 140–141 ºC; FT IR 

(ATR) 1719, 1519, 1347 cm-1; 1H NMR (400 MHz, CDCl3),  7.88 

(d, J = 8.64 Hz, 2H), 7.60 (s, 1H), 7.55 (d, J = 8.68 Hz, 2H), 7.41–

7.34 (m, 3H), 7.31–7.27 (m, 2H), 5.53 (s, 2H), 5.43 (s, 2H); 13C NMR (100 MHz, CDCl3),  

164.6, 150.7, 135.1, 134.2, 130.9, 129.2, 129.0, 128.2, 123.6, 77.3, 58.8, 54.6, 54.4; HRMS 

(ESI): m/z calcd for C17H15N4O4 [M+H]+: 339.1093; found: 339.1092. 

(1-benzyl-1H-1,2,3-triazol-4-yl)methyl-4-(trifluoromethoxy)benzoate (12g):  

Pale yellow solid; Yield 70% (158.5 mg); m.p. 110–111 ºC; FT IR 

(ATR) 1719 cm-1; 1H NMR (400 MHz, CDCl3),  8.06 (d, J = 8.96 

Hz, 2H), 7.60 (s, 1H), 7.41–7.34 (m, 3H), 7.31–7.23 (m, 4H), 5.53 

(s, 2H) 5.44 (s, 2H); 13C NMR (100 MHz, CDCl3),  165.3, 152.8, 143.0, 134.3, 131.8, 129.3, 

129.2, 128.9, 128.2, 128.1, 123.9, 120.3, 58.3, 54.3; HRMS (ESI): m/z calcd for C18H15F3N3O3
 

[M+H]+: 378.1065; found: 378.1067. 

(1-benzyl-1H-1,2,3-triazol-4-yl)methyl 4-ethylbenzoate (12h):  

Pale yellow solid; Yield 54% (104.1 mg); m.p. 98–99 ºC; FT IR 

(ATR) 1702 cm-1; 1H NMR (400 MHz, CDCl3),  7.93 (d, J = 8.32 

Hz, 2H), 7.60 (s, 1H), 7.40–7.35 (m, 3H), 7.30–7.26 (m, 2H), 7.23 (d, 

J = 8.32 Hz, 2H), 5.52 (s, 2H), 5.43 (s, 2H), 2.68 (q, J = 7.64 Hz, 2H), 1.23 (t, J = 7.64 Hz, 3H); 

13C NMR (100 MHz, CDCl3),  166.5, 150.2, 143.5, 134.4, 129.9, 129.2, 128.9, 128.2, 127.9, 

127.2, 123.8, 57.9, 54.3, 29.0, 15.2; HRMS (ESI): m/z calcd for C18H16N3O4
 [M+H]+: 322.1555; 

found: 322.1552. 

(1-benzyl-1H-1,2,3-triazol-4-yl)methyl 4-(tert-butyl) benzoate (12i):  

Pale yellow solid; Yield 59% (123.7 mg); m.p. 98–99 ºC; FT IR 

(ATR) 1708 cm-1; 1H NMR (400 MHz, CDCl3),  7.95 (d, J = 8.64 

Hz, 2H), 7.60 (s, 1H), 7.43 (d, J = 8.64 Hz, 2H), 7.40–7.35 (m, 3H), 

7.29–7.26 (m, 2H), 5.52 (s, 2H), 5.43 (s, 2H), 1.32 (s, 9H); 13C NMR (100 MHz, CDCl3),  

166.5, 156.9, 143.5, 134.4, 129.6, 129.2, 128.9, 128.2, 126.9, 125.4, 123.8, 57.9, 54.3, 35.1, 

31.1; HRMS (ESI): m/z calcd for C21H24N3O2
 [M+H]+: 350.1868; found: 350.1862. 
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(1-benzyl-1H-1,2,3-triazol-4-yl)methylbenzo[d][1,3]dioxole-5-carboxylate (12j):  

Off white solid; Yield 60% (121.4 mg); m.p. 148–149 ºC; FT IR 

(ATR) 1711 cm-1; 1H NMR (400 MHz, CDCl3),  7.63 (dd, J = 8.20, 

1.72 Hz, 1H), 7.59 (s, 1H), 7.44 (d, J = 1.68 Hz, 1H), 7.41–7.35 (m, 

3H), 7.30–7.27 (m, 2H), 6.81 (d, J = 8.12 Hz, 1H), 6.02 (s, 2H), 5.52 (s, 2H), 5.40 (s, 2H); 13C 

NMR (100 MHz, CDCl3),  165.8, 151.8, 147.7, 143.4, 134.4, 129.2, 128.9, 128.2, 125.7, 123.8, 

123.7, 109.6, 108.0, 101.8, 58.0, 54.3; HRMS (ESI): m/z calcd for C18H16N3O4
 [M+H]+: 

338.1141; found: 338.1142. 

(1-benzyl-1H-1,2,3-triazol-4-yl)methyl thiophene-2-carboxylate (12k):  

Off white solid; Yield 48% (86.2 mg); m.p. 85–86 ºC; FT IR (ATR) 

1707 cm-1; 1H NMR (400 MHz, CDCl3),  7.78 (dd, J = 3.78, 1.24 Hz, 

1H), 7.61 (s, 1H), 7.55 (dd, J = 5.0, 1.24 Hz, 1H), 7.40–7.34 (m, 3H), 

7.30–7.26 (m, 2H), 7.07 (dd, J = 5.0, 3.80 Hz, 1H), 5.52 (s, 2H), 5.41 (s, 2H); 13C NMR (100 

MHz, CDCl3),  162.1, 143.2, 134.4, 133.9, 133.2, 132.9, 129.2, 128.9, 128.2, 127.8, 124.0, 

58.2, 54.3; HRMS (ESI): m/z calcd for C15H14N3O2S
 [M+H]+: 300.0806; found: 300.0804. 

(1-benzyl-1H-1,2,3-triazol-4-yl)methyl furan-2-carboxylate (12l): 

Pale brown solid; Yield 48% (81.6 mg); m.p. 84–85 ºC; FT IR (ATR) 

1702 cm-1; 1H NMR (400 MHz, CDCl3),  7.62 (s, 1H), 7.55 (s, 1H), 

7.39–7.34 (m, 3H), 7.28–7.26 (m, 2H), 7.17–7.16 (m, 1H), 6.48–6.47 

(m, 1H), 5.51 (s, 2H), 5.40 (s, 2H); 13C NMR (100 MHz, CDCl3),  158.5, 146.7, 144.1, 143.0, 

134.3, 129.2, 128.9, 128.2, 124.1, 118.6, 111.9, 57.9, 54.3; HRMS (ESI): m/z calcd for 

C15H14N3O3
 [M+H]+: 284.1035; found: 284.1034. 

(1-benzyl-1H-1,2,3-triazol-4-yl)methyl cinnamate (12m): 

White solid; Yield 65% (124.6 mg); m.p. 123–124 ºC; FT IR (ATR)  

1715 cm-1; 1H NMR (400 MHz, CDCl3),  7.69 (d, J = 16.00 Hz, 

1H), 7.58 (s, 1H), 7.52–7.47 (m, 2H), 7.41–7.35 (m, 6H), 7.30–7.27 

(m, 2H), 6.42 (d, J = 16.04 Hz, 1H), 5.53 (s, 2H), 5.33 (s, 2H); 13C NMR (100 MHz, CDCl3),  

166.8, 145.6, 134.4, 134.2, 130.5, 129.2, 128.9, 128.9, 128.2, 128.2, 123.7, 117.5, 77.2, 57.7, 

54.3; HRMS (ESI): m/z calcd for C19H18N3O2
 [M+H]+: 320.1399; found: 320.1399. 
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(1-benzyl-1H-1,2,3-triazol-4-yl)methyl 3-chlorobenzoate (12n):  

Pale orange solid; Yield 78% (153.4 mg); m.p. 104–105 ºC; FT IR 

(ATR) 1721 cm-1; 1H NMR (400 MHz, CDCl3),  7.99 (t, J = 1.84 Hz, 

1H), 7.91–7.89 (m, 1H), 7.60 (s, 1H), 7.51 (ddd, J = 8.0, 2.20, 1.84 

Hz, 1H), 7.40–7.26 (m, 6H), 5.53 (s, 2H), 5.44 (s, 2H); 13C NMR (100 MHz, CDCl3),  165.3, 

143.0, 134.6, 134.3, 133.2, 131.4, 129.8, 129.7, 129.2, 128.9, 128.2, 127.9, 123.9, 58.4, 54.3; 

HRMS (ESI): m/z calcd for C17H15ClN3O2
 [M+H]+: 328.0853; found: 328.0855. 

(1-benzyl-1H-1,2,3-triazol-4-yl)methyl 3-fluorobenzoate (12o):  

White solid; Yield 73% (136.4 mg); m.p. 126-127 ºC; FT IR (ATR)  

1716 cm-1; 1H NMR (400 MHz, CDCl3),  7.83–7.80 (m, 1H), 7.71–

7.68 (m, 1H), 7.60 (s, 1H), 7.42–7.35 (m, 4H), 7.31–7.22 (m, 3H), 5.53 

(s,  2H), 5.45 (s, 2H); 13C NMR (100 MHz, CDCl3),  165.3–161.2 (d, JC-F = 407 Hz), 163.7, 

143.0, 134.3, 131.9 (d, JC-F = 8 Hz), 130.1 (d, JC-F = 7 Hz), 129.2, 128.9, 128.2, 125.5 (d, JC-F = 3 

Hz), 123.9, 120.3 (d, JC-F = 21 Hz) , 116.6 (d, JC-F = 24 Hz), 58.4, 54.3; HRMS (ESI): m/z calcd 

for C17H15ClN3O2 [M+H]+: 328.0853; found: 328.0855. 

(1-benzyl-1H-1,2,3-triazol-4-yl)methyl 2-fluorobenzoate (12p):  

Pale yellow oil; Yield 62% (115.8 mg); FT IR (ATR) 1717 cm-1; 1H 

NMR (400 MHz, CDCl3),  7.94–7.90 (m, 1H), 7.63 (s, 1H), 7.54–7.48 

(m, 1H), 7.40–7.26 (m, 5H), 7.20–7.09 (m, 2H), 5.53 (s, 2H), 5.45 (s, 

2H); 13C NMR (100 MHz, CDCl3),  164.0 (d, JC-F = 3 Hz), 163.4–160.8 (d, JC-F = 318 Hz), 

143.2, 134.9 (d, JC-F = 9 Hz), 134.4, 132.2, 129.2, 128.9, 128.2, 124.0, 123.9 (d, JC-F = 7 Hz), 

118.2, 117.0 (d, JC-F = 22 Hz), 58.4, 54.3; HRMS (ESI): m/z calcd for C17H15FN3O2 [M+H]+: 

312.1148; found: 312.1146. 

(1-(4-methoxybenzyl)-1H-1,2,3-triazol-4-yl)methyl-4-chlorobenzoate (12q): 

Off white solid; Yield 55% (118.1 mg); m.p. 119–120 ºC; FT IR 

(ATR) 1716 cm-1; 1H NMR (400 MHz, CDCl3),  7.96 (d, J = 8.60 

Hz, 2H), 7.56 (s, 1H), 7.38 (d, J = 8.60 Hz, 2H), 7.24 (d, J = 8.64 Hz, 

2H), 6.89 (d, J = 8.64 Hz, 2H), 5.46 (s, 2H), 5.41 (s, 2H), 3.80 (s, 

3H); 13C NMR (100 MHz, CDCl3),  165.6, 160.0, 143.0, 139.7, 131.2, 129.8, 128.7, 128.2, 

126.3, 123.7, 114.5, 58.2, 55.4, 53.9; HRMS (ESI): m/z calcd for C17H15ClN3O3 [M+H]+: 

358.0958; found: 358.0965. 
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(1-(4-methylbenzyl)-1H-1,2,3-triazol-4-yl)methyl-4-chlorobenzoate (12r): 

Pale yellow solid; Yield 67% (137.4 mg); m.p. 110–111 ºC; FT IR 

(ATR) 1719 cm-1; 1H NMR (400 MHz, CDCl3),  7.95 (d, J = 8.64 

Hz, 2H), 7.57 (s, 1H), 7.38 (d, J = 8.64 Hz, 2H), 7.18 (s, 4H), 5.48 

(s, 2H), 5.42 (s, 2H) 2.35 (s, 3H); 13C NMR (100 MHz, CDCl3),  165.6, 143.0, 139.7, 138.9, 

131.3, 131.2, 129.9, 128.7, 128.3, 128.2, 123.8, 58.2, 54.1, 21.2; HRMS (ESI): m/z calcd for 

C17H15ClN3O2 [M+H]+: 342.1009; found: 342.1008. 

(1-(4-(methoxycarbonyl)benzyl)-1H-1,2,3-triazol-4-yl)methyl 4-chlorobenzoate (12s):  

Off white solid; Yield 82% (189.8 mg); m.p. 175–176 ºC; FT IR 

(ATR) 1723, 1709 cm-1; 1H NMR (400 MHz, CDCl3),  8.03 (d, J 

= 8.38 Hz, 2H), 7.94 (d, J = 8.68 Hz, 2H), 7.64 (s, 1H), 7.39 (d, J = 

8.68 Hz, 2H), 7.32 (d, J = 8.42 Hz, 2H), 5.58 (s, 2H), 5.44 (s, 2H), 

3.91 (s, 3H); 13C NMR (100 MHz, CDCl3),  166.4, 165.6, 143.4, 139.8, 139.1, 131.2, 130.7, 

130.4, 128.8, 128.1, 127.9, 124.1, 58.2, 53.8, 52.4; HRMS (ESI): m/z calcd for C19H17ClN3O4
 

[M+H]+: 386.0907; found: 386.0901. 

(1-(4-(trifluoromethoxy)benzyl)-1H-1,2,3-triazol-4-yl)methyl 4-chlorobenzoate (12t): 

Pale brown solid; Yield 80% (197.6 mg); m.p. 155–156 ºC; FT IR 

(ATR) 1712 cm-1; 1H NMR (400 MHz, CDCl3),  7.95 (d, J = 

8.68 Hz, 2H), 7.64 (s, 1H), 7.39 (d, J = 8.72 Hz, 2H), 7.32 (d, J = 

8.72 Hz, 2H), 7.23–7.21 (m, 2H) 5.53 (s, 2H) 5.44 (s, 2H); 13C NMR (100 MHz, CDCl3),  

165.6, 149.5, 143.3, 139.8, 133.0, 131.1, 129.7, 128.8, 128.1, 124.0, 121.6, 119.1, 58.1, 53.4; 

HRMS (ESI): m/z calcd for C18H14ClF3N3O3 [M+H]+: 412.0676; found: 412.0678. 

(1-(4-methoxyphenyl)-1H-1,2,3-triazol-4-yl)methyl-4-chlorobenzoate (12u): 

Pale yellow solid; Yield 52% (107.3 mg); m.p. 132–133 ºC; FT 

IR (ATR) 1714 cm-1; 1H NMR (400 MHz, CDCl3),  8.04 (s, 1H), 

8.00 (d, J = 8.72 Hz, 2H), 7.65 (d, J = 9.08 Hz, 2H), 7.41 (d, J = 

8.72 Hz, 2H), 7.02 (d, J = 9.08 Hz, 2H), 5.54 (s, 2H), 3.87 (s, 3H); 13CNMR (100 MHz, CDCl3), 

 165.7, 160.0, 143.2, 139.8, 131.2, 128.8, 128.2, 122.5, 122.3, 114.8, 77.2, 58.2, 55.7; HRMS 

(ESI): m/z calcd for C17H15ClN3O3 [M+H]+: 344.0802; found: 344.0808. 
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(1-(p-tolyl)-1H-1,2,3-triazol-4-yl)methyl- 4-chlorobenzoate (12v): 

Pale brown solid; Yield 69% (135.7 mg); m.p. 73–74 ºC; FT IR 

(ATR) 1708 cm-1; 1H NMR (400 MHz, CDCl3),  8.09 (s, 1H), 

7.98 (d, J = 8.68 Hz, 2H), 7.60 (d, J = 8.44 Hz, 2H), 7.39 (d, J = 

8.68 Hz, 2H), 7.30 (d, J = 8.08 Hz, 2H), 5.53 (s, 2H), 2.41 (s, 3H); 13C NMR (100 MHz, CDCl3), 

 165.7, 139.8, 139.2, 134.6, 131.2, 130.3, 129.3, 128.8, 128.2, 122.4, 120.6, 58.2, 21.1; HRMS 

(ESI): m/z calcd for C17H15ClN3O2 [M+H]+: 328.0853; found: 328.0850. 

(1-mesityl-1H-1,2,3-triazol-4-yl)methyl-4-chlorobenzoate (12w):  

Pale yellow solid; Yield 65% (138.8 mg); m.p. 132–133 ºC; FT IR 

(ATR) 1730 cm-1; 1H NMR (400 MHz, CDCl3),  8.00 (d, J = 8.68 

Hz, 2H), 7.74 (s, 1H), 7.40 (d,  J = 8.68 Hz, 2H), 6.98 (s, 2H), 5.56 

(s, 2H), 2.34 (s, 3H), 1.94 (s, 6H); 13C NMR (100 MHz, CDCl3),  165.6, 142.5, 140.2, 139.7, 

135.0, 133.2, 131.2, 129.1, 128.8, 128.2, 125.9, 58.4, 21.1, 17.3; HRMS (ESI): m/z calcd for 

C19H19ClN3O2 [M+H]+: 356.1166; found: 356.1162. 

(1-phenyl-1H-1,2,3-triazol-4-yl)methyl-4-chlorobenzoate (12x): 

Pale brown solid; Yield 60% (112.9 mg); m.p. 84–85 ºC; FT IR 

(ATR) 1718 cm-1; 1H NMR (400 MHz, CDCl3),  8.14 (s, 1H), 7.98 

(d, J = 8.72 Hz, 2H), 7.74–7.72 (m, 2H), 7.54–7.49 (m, 2H), 7.46–

7.42 (m, 1H), 7.44 (d, J = 8.72 Hz, 2H), 5.54 (s, 2H); 13C NMR (100 MHz, CDCl3),  165.7, 

143.4, 139.8, 131.2, 129.8, 129.3, 129.0, 128.8, 128.1, 122.4, 120.6, 58.2; HRMS (ESI): m/z 

calcd for C16H13ClN3O2 [M+H]+: 314.0696; found: 314.0693. 
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Spectra of compounds (10 & 12a–12x) 

1H, 13C NMR Spectra of 10 
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1H, 13C NMR Spectra of 12a 
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1H, 13C NMR Spectra of 12b 
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1H, 13C NMR Spectra of 12c 
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1H, 13C NMR Spectra of 12d 
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1H, 13C NMR Spectra of 12e 
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1H, 13C NMR Spectra of 12f 
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1H, 13C NMR Spectra of 12g 
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1H, 13C NMR Spectra of 12h 
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1H, 13C NMR Spectra of 12i 
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1H, 13C NMR Spectra of 12j 
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1H, 13C NMR Spectra of 12k 
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1H, 13C NMR Spectra of 12l 
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1H, 13C NMR Spectra of 12m 
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1H, 13C NMR Spectra of 12n 
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1H, 13C NMR Spectra of 12o 
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1H, 13C NMR Spectra of 12p 
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1H, 13C NMR Spectra of 12q 
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1H, 13C NMR Spectra of 12r 
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1H, 13C NMR Spectra of 12s 
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1H, 13C NMR Spectra of 12t 
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1H, 13C NMR Spectra of 12u 
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1H, 13C NMR Spectra of 12v 
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1H, 13C NMR Spectra of 12w 
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1H, 13C NMR Spectra of 12x 
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