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1. INTRODUCTION

The seminal independent reports of stable carbenes by Bertrand1 and Arduengo2 are rightly 

judged to have stimulated broad interest in their properties and their reactivity.3 The impact 

of neutral 2-electron donor ligands for transition metals that are distinct in their electronic 

properties and steric demand to the broadly used phosphines and imines have relegated 

carbenes to a special place in transition metal catalysis.4 These ligands are dominated by the 

imidazolylidene framework with Grubbs’ second generation metathesis catalyst a gold 

standard example.5 Today, carbenes as ligands on transition metals are ubiquitous spanning 

the entire periodic table and impacting a plethora of transformations.6

On the other hand, imidazolylidene carbenes are a minor player in organocatalysis using 

stable carbenes. The genesis of reactivity in this field can be ascribed to Ukai’s 

demonstration that thiazolium salts catalyze the benzoin reaction7 and Breslow’s subsequent 

determination of its mechanism.8 Indeed, the evolution of umpolung catalysis dates back to 

the original discovery of the cyanide-catalyzed benzoin reaction in 1832.9

Sheehan’s efforts at rendering the benzoin reaction enantioselective focused on a chiral 

thiazolium precatalyst, and date to 1966,10 the same year that Noyori described a chiral 

ligand on Cu for enantioselective cyclopropanation.11 Following the key insight advanced by 
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Breslow that the azolium salts are acidic at the C-H bond and a weak base can deprotonate 

it, each of these early reports depicted the active catalyst as the ylide, but this is largely a 

semantic argument. These catalysts are stable carbenes, generated in situ from the azolium 

salt and base.

Today, organocatalysis using stable carbenes is dominated not by thiazolylidene or 

imidazolylidene carbenes, but triazolylidene carbenes. These were first described in 1995 in 

a seminal report by the groups of Enders at Aachen and Teles at BASF.12 The sporadic effort 

at chiral azolium salts for the benzoin reaction turned abruptly from the thiazolium to the 

triazolium scaffold following this seminal report.

Since then, several groups reported chiral variants of the triazolylidene carbene eventually 

leading to the development of chiral bicyclic triazolylidene scaffolds by Knight and 

Leeper,13 which drastically improved the achievable stereoselectivity in a variety of NHC-

catalyzed reactions. These reports culminated with the introduction of the aminoindanol-

derived scaffold in 200214 that has proven to be broadly efficacious and dominates the field. 

From its beginning in the catalysis of the benzoin reaction, these catalysts have been 

investigated in many different transformations, and major advancements in umpolung 

catalysis are summarized in Figure 1. The field has periodically been reviewed, with the 

most recent such comprehensive review appearing in this journal in 2007.15 This review will 

thus focus on developments since the last review with the caveat that seminal contributions 

are acknowledged.

2. SYNTHESIS AND PROPERTIES OF N-HETEROCYCLIC CARBENES

2.1 Structures of N-Heterocyclic Carbenes

As a result of the proliferation of nucleophilic carbenes in transition metal catalysis and 

organocatalysis, many different types of carbenes have been synthesized. As mentioned 

earlier, the advent of NHC organocatalysis was dominated by thiazolium-based carbenes, 

and as the field matured, imidazolium and triazolium scaffolds have also become popular. 

We have compiled a list of chiral azolium pre-catalysts in Figure 2 to demonstrate the 

immense diversity of catalysts used (counter-ions are omitted for clarity). In addition to the 

vast number of chiral catalysts reported, many achiral azoliums have been prepared. These 

can be found in Figure 3.

2.2 Synthesis of Azolium-Based Carbene Precursors

With a wide variety of catalysts reported, several methods have been described for their 

synthesis. The synthesis of azoliums as pre-carbenes has been recently reviewed in this 

journal.16 This section will focus on the carbene precursors found most often in 

organocatalyzed processes (thiazol-, imidazol-, imidazolin-, and triazolium). For 

thiazoliums, condensation of an α-chloroketone with an N-substituted thioformamide has 

been demonstrated.17 Thiazoliums have also been prepared from their corresponding 

thiazolin-2-thione when treated with hydrogen peroxide under acidic conditions (Scheme 

1).18
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The synthesis of imidazoliums and imidazoliniums adheres to two broad strategies: 

annulation by introduction of the backbone onto an aminal, or cyclization of a diamine or 

diimine with a one-carbon component. The annulation of an aminal or derivative was the 

original method used by Arduengo to synthesize the first characterizable carbene.2 Since 

then, a variety of methods have been reported to increase the structural diversity of NHCs. 

These preparations usually use formamidines as the diamine component, summarized in 

Scheme 2.19 Imidazoliums may also be prepared by alkylation of the parent heterocycle.20

The most widely used approach for the synthesis of imidazolium and imidazolinium salts is 

the introduction of the pre-carbenic carbon in the cyclization step. Using this strategy, 

imidazoliums have been generated from a variety of 1,1-biselectrophiles, including 

diiodomethane,21 Weiss’ reagent,22 chloromethyl ethers,23 and chloromethyl pivalates24 

(Scheme 3). In a similar vein, cyclization of formaldehyde onto a diamine, followed by 

oxidation has also been demonstrated.25

The synthesis of imidazoliniums can be achieved by cyclization with trialkylorthoformates26 

or formaldehyde27 (coupled with oxidation) onto a diamine (Scheme 4). Another strategy is 

the intramolecular cyclization of formamides.28

While there are a variety of methods to prepare thiazolium and imidazolium scaffolds, fewer 

methods are usually employed to generate triazolium-based precatalysts. First introduced by 

Enders and Teles in 1995,12 triazolium salts for catalysis can be prepared using a 5-step 

procedure starting from an aroyl chloride (Scheme 5).29 A similar strategy for the 

preparation of aliphatic substituted triazolium salts has also been reported.30

Leeper first introduced chiral bicyclic triazolium salts in 1998, using a three-step sequence 

from the chiral morpholinone or γ-lactam.13 Enders showed utilized this procedure to 

synthesize triazolium salts with an oxygen in the backbone starting from oxazolidinones.31 

Rovis synthesized a variety of chiral and achiral amino-acid and amino-indanol based 

triazolium scaffolds32 using a simpler three step sequence starting with chiral lactams or 2-

pyrrolidinone (Scheme 6).33 As can be seen by the enormous number of catalysts from 

Figures 2 and 3, this method is reliable and competent for a wide variety of lactams.

Bode used a similar strategy to synthesize chiral triazolium A4. Problems with the stability 

of mesityl-hydrazine led these workers to instead condense the hydrochloride salt with free-

based hydrazide 1 (Scheme 7). This strategy is more convenient when using less stable, 

electron-rich aryl hydrazines.34

2.3 pKa Measurements of N-Heterocyclic Carbenes

Since many NHC catalyzed reactions generate the active carbene in situ by deprotonation of 

the corresponding azolium, a discussion of the acidity of these pre-catalysts is important.35 

For ease of reference, reported computational and experimental pKa values in DMSO and 

H2O are summarized in 1. Among the most common organocatalysts, imidazoliums36 are 

generally the least acidic (pKa ~ 20–24 in water), while thiazoliums37 and triazoliums are 

more acidic (pKa ~ 16–19 in water), mirroring the trends found in the parent azoles. The 

most studied motifs relevant to organocatalysts are imidazoliums and imidazoliniums, and 
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several important trends are apparent. 1,3-Dimethylimidazolium has a pKa of 22.0 in 

DMSO, similar to the value found in water (pKa = 23.0 in H2O).38,39 Substituting a methyl 

group for longer aliphatic chains (e.g. Ethyl, nButyl, nOctyl) has little effect on the acidity; 

however, an increase in pKa (~ 0.5 pKa units) occurs when a tbutyl substituent is present. 

Intriguingly, this effect appears additive; di-t-butylimidazolium (G13) gives a pKa of 23.2 

(1.2 pKa units higher than the dimethyl analogue). This trend is also present when the pKa’s 

are determined in water. The effect of the N-aryl substituent was also found to have a 

significant impact on the acidity of triazoliums.40 Achiral catalyst G18 with a phenyl 

substituent is one pKa unit less acidic than the analogous azolium G19 bearing a 

pentafluorophenyl substituent. The popular pyrrolidinone based scaffolds also appear to be 

slightly more acidic than the morpholinone based NHCs (e.g. B2 versus A11). While 

substituents on the azolium can have a drastic impact on the acidity, the counterion appears 

to have only a negligible effect.41 Choice of solvent likely determines the importance of 

counterion.38

2.4 Lewis Basicity and Nucleophilicity of N-Heterocyclic Carbenes

Although studies on the reactivity of NHCs in organocatalysis (vide infra) and fundamental 

studies on their impact as ligands on metals35 have vastly increased our understanding of 

NHCs, few reports have been directed toward the intrinsic reactivity of NHCs. Elegant work 

by Mayr experimentally evaluated the nucleophilicity of different carbenes with reference 

electrophiles (Scheme 8).42 Importantly, Mayr determined that the intrinsic nucleophilicity 

of imidazolinylidine is 3 orders of magnitude greater than that of triazolinylidine. Mayr also 

has calculated the Lewis basicity of these species which parallels that of its nucleophilicity 

(calculated Methyl Cation Affinities [MCAs]: 2: 712.2 kJ/mol; 3: 767.2 kJ/mol; 4: 768.9 kJ/

mol). Importantly, the weakest of these is still more than 100 kJ/mol more Lewis basic than 

prototypical Lewis bases such as PPh3, DBU and DMAP.

3. UMPOLUNG ACYL-ANION CATALYSIS

3.1 Characterization of the Breslow Intermediate

Early on, one of the most studied reactions employing NHCs as organocatalysts was the 

benzoin reaction. The observed benzoin product requires the conversion of the aldehyde 

carbon from an electrophile to a nucleophile. The newly generated nucleophile or acyl-anion 

equivalent can then couple with another equivalent of aldehyde to give the observed product. 

This inversion of reactivity (in contrast to the more common polar reactivity) has since 

become known as umpolung, a concept first described by Wittig in 1951 and later 

popularized by Seebach.43

Many research groups have experimentally and computationally investigated the mechanism 

of the NHC-catalyzed benzoin reaction and it is widely believed to begin with initial 

addition of the NHC to an aldehyde followed by proton transfer to give neutral enaminol 5 
(Scheme 9).44 This neutral species or acyl-anion equivalent 5 was first proposed by Breslow 

and has since become known as the Breslow intermediate.8 This key intermediate has been 

exploited in a number of other reactions (vide infra); as a result, the isolation and 

characterization of the Breslow intermediate has been a widely sought after goal.
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Early work by Jordan investigated alkyl-thiazolium species closely related to the postulated 

Breslow intermediate.45 More recently, cyclic aza-Breslow intermediates were synthesized 

by Douthwaite and co-workers.46 While this work provided insight into these species, little 

structural information could be gleaned. The keto tautomer of the Breslow intermediate (6) 

was reported by Berkessel and Teles, and postulated to be a catalyst deactivation pathway; 

however, attempts to trap the Breslow intermediate with silylating agents met with failure 

(Scheme 10).

Rovis reported stable, catalytically relevant nitrogen analogues of the triazolylidene derived 

Breslow intermediate.47 The reaction of azolium A9 with iminiums 7 or 8 in the presence of 

base gives the corresponding aza-Breslow intermediates 9 and 10 in 68 and 77% yield, 

respectively. Oxidation potentials and UV-Vis spectra were collected, in addition to NMR 

characterization and X-ray crystal structures, revealing 9 has a reduction potential of −0.17 

V vs SCE, while 10 has a reduction potential of −0.49 V. Solid state analysis showed a 

preference for the E-enetriamine geometry, despite calculations showing a preferred Z-

geometry for the putative Breslow intermediate itself.44c,48 In addition, 1H NMR showed a 

mixture of 4 compounds, likely arising from the two enetriamine geometries being present, 

along with C-N bond rotamers (Scheme 11).

Importantly, mixing catalytic amounts of 9 with a substrate for the intermolecular Stetter 

reaction in the presence of acetic acid delivers the expected Stetter product in 99% yield and 

97% ee confirming the catalytic relevance of this type of intermediate in carbene 

organocatalysis (Scheme 12). The acid is proposed to protonate the enetriamine followed by 

release of carbene and generation of the iminium, the microscopic reverse of the pathway 

described in Scheme 11 above.

Mayr isolated O-methylated Breslow intermediates with several azolylidenes and 

investigated the nucleophilicity of these species with benzhydrilium ions.49 The authors 

found a Z-enolate geometry is favored by 2:1 for the thiazole-derived intermediates, while 

the triazole based Breslow prefers the E-geometry (E:Z = 10:1). The nucleophilicity of these 

compounds was then compared using benzhydrilium ion 11 as the reference electrophile. 

The thiazolylidene enol ether 13 reacted at a similar rate to the imidazolylidene enol ether 

14. Interestingly, the triazolylidene enol ether 15 and benzothiazolylidene enol ether 12 
reacted much slower compared to the other two olefins studied (Scheme 13).

Berkessel and Teles successfully characterized Breslow intermediates derived from 

imidazolinylidenes and aromatic aldehydes.50 As predicted, the authors determined the 

aldehydic proton is the source of the enol proton in the Breslow intermediate. Mixing one 

eqivalent of deutero-benzaldehyde with NHC 16 generates the corresponding tetrahedral 

intermediate, which then undergoes proton transfer to form the deuterated Breslow 

intermediate (Scheme 14).

The equilibrium between the Breslow intermediate and the free carbene and the reversibility 

of its formation was demonstrated by crossover experiments with enaminol 17, in 

equilibrium with free carbene (4) and benzaldehyde. When mixed with more electrophilic 

aldehyde 18, rapid formation of enaminol 19 is observed. Interestingly, in spite of the greater 
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stability of 19 relative to 17, the sole benzoin adducts are those accessed from enaminol 17 
(cross-benzoin product 20 is the major product along with trace amounts of homo-benzoin 

product 21). The other possible products 22 and 23 are not observed, suggesting full 

reversibility between 17 and 19 as well as a lower barrier for the benzoin addition involving 

18 (Scheme 15).

Other studies carried out on the formation of the Breslow intermediate were aimed at 

investigating the influence of the N-aryl substituent on reactivity. At issue is the origin of 

selectivity for benzoin and Stetter type reactions (c.f. section 3) displayed by 

pentafluorophenyl substituted trazoliums (e.g. B10, B13) and the rate acceleration noted for 

the reactions of α-reducible aldehydes (annulations, oxidations, redox reactions; c.f. sections 

4 and 5) when N-mesityl triazoliums are employed (e.g. A4, A12). Bode investigated the 

impact on catalysis of N-mesityl triazolylidene NHCs.51 Through control experiments and 

kinetic studies, he proposed that the formation of the Breslow intermediate is reversible 

when sterically small N-arylsubstituents are present on the NHC, while bulkier N-aryl 

groups on the NHC lead to irreversible formation of the Breslow intermediate. Thus, the 

rate-limiting step in these processes could change from Breslow intermediate formation (in 

the case of pentafluorophenyl substituents) to the reaction of the Breslow intermediate with 

an electrophile (in the case of mesityl substituents) leading to the observed rate increase with 

the mesityl-derived NHCs with certain reactions (Figure 4). Smith and O’Donoghue carried 

out similar studies using the intramolecular Stetter reaction as the model reaction.52 In this 

study, the authors found that the formation of the initial NHC-aldehyde adduct is reversible 

regardless of which aryl substituent is used followed by relatively slow formation of the 

Stetter products. However, a large rate increase is observed when 2,6-electron withdrawing 

groups are on the aryl ring.

3.2 The Benzoin Reaction

3.2.1 Enantioselective Benzoin Reactions—One of the most investigated reactions 

employing NHC catalysts is the benzoin reaction. Originally discovered by Wöhler and 

Liebig in 1832 using cyanide as the catalyst,9 the reaction was later shown by Ukai with 

thiazolium catalysts in the presence of base.7 After these initial reports, several research 

groups began investigating more efficient and selective catalysts for this biomimetic 

transformation53; the work up to 2007 is nicely summarized in previous reviews.15,54 

Despite this, many challenges remained; here we will focus on the advances made since 

then. As a result of the success of this reaction, it has become a benchmark reaction for the 

application of new NHC manifolds, and several groups continue to evaluate new scaffolds in 

this way (Scheme 16).55

Connon and Zeitler have reported the most efficacious conditions for the enantioselective 

benzoin reaction to date.56 Using just 4 mol% of triazolium precatalyst B11, they effected 

the homo-coupling of benzaldehyde in 90% yield and >99% ee. The catalytic efficiency of 

B11 has been attributed to the incorporation of an H-bonding group, which helps control the 

selectivity. A variety of other aryl aldehydes also participate with high levels of 

stereocontrol, although with less consistent results (Scheme 17).
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3.2.2 Cross Aldehyde-Aldehyde Benzoin Reactions—The cross-benzoin reaction 

has also been studied, allowing access to a wider variety of products. Cookson first 

demonstrated the intramolecular cross-coupling of two aldehydes in 1976.57 This work 

highlighted a lack of chemo-selectivity for the two aldehydes, which plagues many of the 

cross-benzoin reactions reported to date. Thus, when two products can result from an 

intramolecular cross-benzoin reaction, a 1:1 product ratio is observed. In the intermolecular 

reaction, four different products can result; however, it is possible to control the product ratio 

by increasing the equivalents of one aldehyde, as originally demonstrated by Stetter.58 Since 

these seminal reports, many groups have investigated the cross-coupling of aldehydes.59 

Connon and Zeitler found that by using triazolium precatalyst G19 product selectivites for 

the aliphatic, aromatic cross-benzoin reaction could be biased to synthetically useful 

amounts (63 – 70% yield with branched aliphatic aldehydes and 4-halo benzaldehydes).57a 

Glorius demonstrated the selective coupling of aromatic aldehyde with 2-substituted 

benzaldehyde derivatives relying on steric hindrance to drive product selectivity.57b

Yang noted an interesting difference in reactivity between thiazolium G5 and triazolium 

G19; the thiazolylidene favors Breslow intermediate formation with the aromatic aldehyde 

and subsequent reaction with the aliphatic aldehyde (up to 98:2 product selectivity), whereas 

the triazolylidene preferentially forms the Breslow intermediate with the aliphatic aldehyde, 

followed by reaction with the aromatic aldehyde (up to 11:89 product selectivity).60

A conceptually different approach was recently advanced by Gravel who addressed the 

cross-benzoin problem by catalyst design. Gravel engineered a catalytic system that 

selectively forms the cross-benzoin products between aliphatic aldehydes and aryl 

aldehydes.61 Remarkably, the catalyst selectively forms the Breslow intermediate with the 

aliphatic aldehyde, and then adds to the aromatic aldehyde, obviating the need for a large 

excess of one aldehyde. Furthermore, using related chiral triazolium A20, Gravel effected the 

reaction in a promising 40% ee. Aside from enzymatic catalysts,62 this is one of two 

examples of an enantioselective intermolecular cross-benzoin reaction between two 

aldehydes (Scheme 19). The other example was reported by Yang but used a large excess of 

the aliphatic aldehyde (10 equiv, delivering cross-benzoin adduct in 41% yield and 60% 

ee).58a While very important precedents, they showcase the need for further catalyst 

development to address this problem.

The coupling of aldehydes with formaldehyde has proven more selective. Inoue first 

demonstrated this reaction in 1985 using paraformaldehyde and aryl aldehydes.63 This 

reaction could also be effected with enzymes.64 Glorius developed catalyst G24 to increase 

the utility of this reaction.65 These conditions afford the desired hydroxyketone in good 

yields across a broad substrate scope (Scheme 20).

3.2.3 Cross Aldehyde-Ketone Benzoin Reactions—Suzuki reported the 

intramolecular hetero-coupling of aldehydes and ketones in 2003, synthesizing 

preanthraquinones in high yields.66 Ema and Sakai examined the synthesis of bicyclic 

tertiary alcohols, where both bridgehead carbons contain a stereogenic center. Initially, 

asymmetric induction was modest; however, tuning the catalyst and conditions increased the 

yield and enantioselectivity across a broad range of aldehydes (Scheme 21).67
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Vadde and Vasam employed a thiazolium salt for the synthesis of naphthalenones from o-

phthalaldehydes via an intramolecular cross aldehyde-ketone benzoin reaction.68 This 

protocol is tolerant of a broad range of electron withdrawing or donating groups on the aryl 

ketone, as well as differing substitution patterns, delivering the naphthalenone in high yields 

(75 – 94%). In a similar method, You employed a camphor-derived triazolium catalyst (A22) 

to the synthesis of dihydroisoquinolones (Scheme 22).69

A Michael addition – intramolecular benzoin cascade reaction strategy was developed by 

Rovis to synthesize highly functionalized cyclopentanones with high enantioselectivity.70 

Two approaches were pursued relying on iminium catalysis with enals or enamine catalysis 

with aliphatic aldehydes to generate the intramolecular benzoin substrate. In the case of the 

iminium cascade, the reaction proceeds via initial generation of α,β-unsaturated iminium 25 
from the enal and secondary amine catalyst 24. After conjugate addition of the diketone to 

25, protonation and hydrolysis affords aldehyde 26 with concomitant release of 24. The 

carbene then catalyzes the diastereoselective intramolecular benzoin reaction to give the 

observed products (Scheme 23). In the case of the enamine cascade reaction, the secondary 

amine catalyst reacts with the aliphatic aldehyde generating enamine 29, which then adds to 

the activated Michael acceptor 28. Hydrolysis of this intermediate gives aldehyde 30, which 

then undergoes NHC-catalyzed intramolecular benzoin reaction to form the observed 

cyclopentanol products (Scheme 24). Interestingly, chiral precatalyst A3 is required in order 

to generate the products with high diastereoselectivity. Using achiral precatalyst G19 in this 

reaction gives the product in 89% yield and 96% ee, but in only 5:1 dr, while the opposite 

antipode of precatalyst (ent-A3) affords the product in 59% yield, 93% ee, and 4:1 dr. Enders 

used iminium catalysis with α-oxo-sulfones to generate cyclopentanones bearing three 

contiguous stereocenters.71

In addition to research on the intramolecular cross aldehyde-ketone benzoin reaction, the 

intermolecular variant has also been investigated. Although it does not involve carbenes as 

catalysts, Johnson demonstrated acyl silanes are competent acyl-anion precursors in the 

cross aldehyde-ketone benzoin reaction using lanthanum tricyanide as the catalyst.72 This 

allowed access to a wide variety of silyl protected benzoin adducts in generally good yields. 

Demir investigated the use of acyl-phosphonates as acyl-anion precursors in the cross 

aldehyde-ketone benzoin reaction.73 These reactions work well when using trifluoromethyl 

ketones as the acceptor. Cyclohexanone affords the product in 54% yield (Scheme 25).

Enders further investigated these acceptors using an achiral triazolium NHC precursor.74 

This protocol couples aryl aldehydes with aryl-trifluoromethyl ketones in high yield (64 – 

99%), and with high chemoselectivity. Although initial attempts at using a chiral triazolium 

were hindered by low chemoselectivity between homo-benzoin and the desired cross 

product, Enders and coworkers were able to overcome this issue with chiral triazolium B15 

(Scheme 26).75

Connon and Zeitler examined α-ketoester acceptors in the direct intermolecular cross-

benzoin reaction.76 With an achiral triazolium catalyst the reaction proved remarkably 

general across aliphatic and aryl aldehydes, as well as tolerating substitution on the α-

ketoester. In addition, the authors provided one example of an enantioselective reaction, 
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delivering product in 48% yield and 76% ee. Using chiral catalyst A20, Gravel was 

successful in expanding the scope of the enantioselective protocol, although aliphatic α-

ketoesters do not participate under these reaction conditions.77 However, aliphatic aldehydes 

react smoothly to give the tertiary alcohol in good yields, with excellent stereocontrol (77 – 

93% ee) (Scheme 27).

3.2.4 Cross Aldehyde-Imine Benzoin Reactions—Murry and Frantz first reported the 

coupling of the Breslow intermediate to imines.78 You, subsequently, demonstrated the 

cross-aza-benzoin reaction of aryl-aldehydes with aryl imines to give α-amino ketone 

products using thiazolium G3.79 The reaction works well with several different aryl groups 

(Scheme 28).

Enders reported the first cross-aza-benzoin reaction of furfural derivatives with 

trifluoromethyl ketimines in moderate to good yields (32 – 87%), using an achiral triazolium 

pre-catalyst.80 Ye demonstrated the coupling of enals with trifluoromethyl ketones with 

excellent enantioselectivity, using chiral triazolium B23.81 Interestingly, these conditions 

tolerated other electron withdrawing groups on the imine (Scheme 29).

Rovis and DiRocco effected the enantioselective reaction of aliphatic aldehydes with N-Boc 

imines.82 Straight-chain aliphatic aldehydes give the products in good yields with a high 

degree of stereocontrol. Branched aliphatic aldehydes participate with excellent 

enantioselectivity, but deliver the product in lower yields (Scheme 30).

Rovis reported an interesting cross-aza-benzoin reaction using photocatalysis to generate an 

iminium electrophile as the acceptor. Surprisingly, the reaction was tolerant of oxygen, and 

the scope of the reaction was carried out without any special precautions to avoid ambient 

oxygen (Scheme 31).

3.3 The Stetter Reaction

3.3.1 Intramolecular Stetter Reactions—Ciganek reported the first general 

intramolecular Stetter reaction in 1995,83,84 nearly 20 years after Stetter’s contributions to 

the intermolecular reaction. The enantioselective intramolecular Stetter reaction, first 

reported by Enders,12 has been the object of much research in recent years and progress in 

this field has been prevsiouly reviewed (Scheme 32).85

There has also been a large amount of work since 2007, many expanding the scope of the 

reaction or using the process for synthesis of biologically relevant compounds. The Rovis 

group was successful varying the heteroatom linker of the popular chromanone scaffold, as 

well as the Michael acceptors86, including vinylphosphonates, vinylphosphine oxides,87 and 

alkynyl phosphonates88 (Scheme 33). McErlean has further demonstrated that the reaction 

provides rapid access to fused pyrans.89

The NHC catalyzed coupling of aldehydes to alkynes was reported, giving chromene 

products.90 This was also used in an intramolecular/intermolecular Stetter cascade reaction 

giving 1,4-dicarbonyl species, which are easily converted into their corresponding pyrroles 

through a Paal-Knorr synthesis.91 Significantly, McErlean expanded the reaction to include 
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1,6-acceptors in a formal vinylogous Stetter reaction.92 Using achiral precatalyst G19, he 

effected the reaction with several different tethered, electron-poor dienes (Scheme 34).

As a result of the success of the Stetter reaction involving salicylaldehyde-derived substrates, 

it has become a benchmark reaction for many new carbene catalysts. Zeitler immobilized 

thiazolium, imidazolium, and triazolium precursors on polyethylene glycol beads, and tested 

their catalytic efficiency in the intramolecular Stetter and redox esterification reactions.93 

Similarly, Hara synthesized thiazolium catalysts with perfluorinated side chains to aid in 

purification and recovery of the carbene catalyst.94 Both of these catalysts showed similar 

reactivity to their previously reported counterparts in the intramolecular Stetter reaction. The 

use of alkyl-thiazolium ionic liquids has also been demonstrated in catalyzing the 

intramolecular Stetter reaction in the presence of 15 mol% Et3N.95 These ionic liquids 

provide Stetter products with short reaction times and high yields when microwave 

irradiation is used. Chiral catalysts have also been reported and tested in the enantioselective 

intramolecular Stetter reaction. You reported camphor-derived triazolium scaffolds (e.g. 

A22) that catalyze the reaction in high yields and with excellent stereocontrol.96 These 

authors also reported imidazolium and triazolium catalysts based on (1R,2R)-(+)-diphenyl 

ethylenediamine (e.g. A19),97 which perform well in this reaction, albeit with less consistent 

results. The synthesis of chiral triazolium scaffolds incorporating a pyridine as the N-aryl 

substituent has also been demonstrated (e.g. B20).98 A β-pinene-derived triazolium catalyst 

A23, reported by Rafinski, has also proven efficient for the intramolecular Stetter reaction 

(Scheme 35).99

3.3.2 Intermolecular Stetter Reactions—The intermolecular reaction has been useful 

in the synthesis of many organic precursors. While the reaction was extensively studied with 

achiral catalysts by Stetter in the 1970’s, new coupling partners have been reported since. 

You demonstrated the coupling of aryl aldehydes with arylsulfonyl-indoles.100 The reaction 

proceeds via initial expulsion of tosylate by the enamine, generating the corresponding α,β-

unsaturated iminium ion, which acts as the Michael acceptor for the intermolecular Stetter 

reaction. A broad range of aryl aldehydes perform well, but aliphatic aldehydes deliver the 

products in lower yield. Substitution at various positions of the indole were also tolerated; 

however, N-methyl substituted indole gives no reaction (Scheme 36). Interestingly, the 

enantioselective reaction was attempted, giving the product with low conversion (14 – 36%), 

but with high levels of enantioselectivity (90 – 97% ee). Biju expanded the scope of Michael 

acceptors further to include vinyl-sulfones and phosphonates (Scheme 37).101

Another interesting application is the reaction between heteroaromatic aldehydes and 2-

nitroglucal.102 Two products are observed, which could each be isolated in good yield by 

judicious selection of the reaction conditions (Scheme 38). The use of amine bases leads to 

the Stetter reaction, while an excess of stronger carbonate bases results in elimination of 

nitrous acid, forming the corresponding enone.

Along with new acceptors, new donor partners have also been investigated. Massi reported 

the use of alkyl α-diketones as acetaldehyde donors in the Stetter reaction with chalcones 

(Scheme 39).103 Miyashita originally demonstrated this strategy using catalytic Bu4NCN to 

effect the double acylation of Michael acceptors. Acrylonitrile, as well as vinyl ketones and 
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vinyl esters are competent in the reaction affording 1,4-diketones in modest to good yields 

(37–93%).104

In a similar vein, the double acylation of aryl-vinyl ketones has also been accomplished 

using thiazolium catalyst G24.105 This reaction is proposed to proceed through addition of 

the NHC to the diketone, giving tetrahedral intermediate 33. The acyl group then transfers to 

the alkoxide forming the O-acylated Breslow intermediate (34), which then adds to the 

enone forming enolate 35. The acyl-group then transfers to the α-carbon of the arylketone, 

to generate the observed product, and regenerate the active catalyst (Scheme 40).

Chi reported the catalytic activation of carbohydrates with thiazoliums, generating 

formaldehyde acyl-anion equivalents, which then could couple with chalcones.106 This 

reaction proceeds through initial retro-formoin of the carbohydrate, followed by an 

intermolecular Stetter reaction (Scheme 41).

The synthesis of 1,4-dicarbonyls via intermolecular Stetter reaction coupled with a Paal-

Knorr synthesis has been the object of several reports. The ease of generating furans, 

pyrroles, and thiophenes has been demonstrated from several research groups, and much of 

the literature in this area has been previously reviewed.15 This strategy has recently been 

employed to generate 2,3-diaryl furans (Scheme 42).107 A similar transformation could be 

effected with malononitrile and two different aromatic aldehydes giving the same type of 

products.108 This presumably follows the same reaction pathway after an in situ 
Knoevenagel reaction has occurred between the more electrophilic aldehyde and 

malononitrile.

The intermolecular Stetter reaction has also been coupled with Michael and Aldol reactions 

to generate complex products from simple starting materials. This strategy has been applied 

to a two-step protocol for the synthesis of highly substituted cyclopentenes and 

cyclopentanols (Scheme 43).109 Different substitution patterns control the outcome of this 

reaction. Thus, when aryl aldehydes are used in the Stetter reaction, the subsequent Michael-

aldol sequence preferentially forms the cyclopentene product. However, when 

heteroaromatic aldehydes are used, the cyclopentanol product forms.

One-pot intermolecular Stetter reactions coupled with intramolecular Michael or aldol 

reactions have also been developed. These reactions trap the enolate, formed after conjugate 

addition of the Breslow intermediate to the Michael acceptor, with either an aldehyde or 

exogenous Michael acceptor (Scheme 44).

This reactivity was first demonstrated by Gravel, exploiting an intermolecular Stetter 

reaction, followed by a diastereoselective, intramolecular Michael reaction, furnishing 

indane products.110 The reaction works well when electron-deficient aryl-aldehydes are 

used, but still delivers product when aliphatic or electron-rich aryl-aldehydes are used 

(Scheme 45). Gravel also expanded this to spiroindanes (Scheme 46).111

Ye further exploited a Stetter-aldol sequence to generate 4-hydroxytetralones 

diastereoselectively (Scheme 47).112 Aliphatic or aromatic vinyl ketones performed well; 
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however, disubstituted Michael acceptors were found to be less reactive. Ye expanded the 

utility of this approach to generate highly substituted indanones (Scheme 48).113

3.3.3 Enantioselective Intermolecular Stetter Reactions—Despite the impressive 

works devoted to the achiral intermolecular reaction and the enantioselective intramolecular 

version, the enantioselective intermolecular Stetter reaction remained elusive for many 

years. Enders first attempted this in 1989, coupling n-butanal with chalcone to deliver the 

corresponding 1,4-diketone in a modest 30% ee and 29% yield with a chiral thiazolium 

precatalyst. The ee could be improved slightly to 39% ee using thiazolium precatalyst F4, 

although at the expense of yield (4%).114 However, it was not until 2008 that Enders and 

Rovis reported the first major advances in this arena. Enders described the coupling of aryl 

aldehydes with chalcones,115 and later arylidene malonates,116 in good yields with 

promising enantioselectivity (up to 78% ee). The coupling of acetaldehyde to chalcones was 

also demonstrated, albeit with somewhat diminished enantioselectivity.117 Concurrently with 

Enders’ work, Rovis demonstrated the Stetter reaction between glyoxamides and alkylidene 

malonates in good yield with excellent levels of stereocontrol, which was immediately 

followed with a diastereoselective example using alkylidene ketoamides (Scheme 49), with 

the second stereocenter insulated against epimerization by allylic 1,3-strain.118

Shortly after, Rovis demonstrated the efficient coupling of hetero-aromatic aldehydes to 

nitroalkenes.119 Interestingly, fluorinated catalyst B13 gives an increase in yield and 

selectivity, compared to the des-fluoro analogue (B12) or the trans-fluoro analogue (22% 

yield, 88% ee) (Scheme 50). The origin of fluorine’s effect on the catalyst was later studied 

computationally. These studies indicate the cis-fluorine increases attractive interactions 

between the developing positive charge of the Breslow intermediate and the developing 

negative charge on the nitroalkene.120

Fluorinated catalyst B13 was used again to expand the reaction to enals and nitroalkenes by 

Rovis.121 The use of catechol as an additive greatly improved the reactivity, allowing for 

lower catalyst loadings (as low as 0.1 mol%). The increase in reactivity is postulated to arise 

from catechol assisting in the proton transfer forming the Breslow intermediate, previously 

demonstrated to be the rate determining step in the intramolecular reaction.122 Kinetic 

isotope measurements with deutero-aldehyde or deutero-catechol support this argument 

(Scheme 51). Gravel further demonstrated that fluorinated catalyst B13 was effective in the 

intermolecular Stetter using alkylidine α-ketoester substrates as acceptors.123

Continuing this work, aliphatic aldehydes were demonstrated as competent coupling 

partners with nitro-olefins, although trans-fluorinated catalyst B19 proved more efficient than 

the cis-analogue (15% yield, 74% ee) or the des-fluoro catalyst (16% yield, 74% ee).124 The 

surprising fluorine effect, in this case, was again found computationally to result from 

electrostatic interaction between the catalyst and nitroalkene (Scheme 52).

Chi demonstrated the use of enal coupling partners with modified chalcones in good yield 

and enantioselectivity.125 Glorius effected an enantioselective intermolecular Stetter reaction 

with aryl-aldehydes and methyl-2-acetamidoacrylate, also providing a single example of an 

aliphatic aldehyde participating in the reaction (Scheme 53).126 Unfortunately, attempts to 
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use other 2-acetamidoacrylates were unsuccessful, instead, completely inhibiting 

reactivity.127 Rather than an enantioselective addition of the acyl-anion to the Michael 

acceptor, this approach relies on asymmetric protonation of the corresponding enolate, 

formed after conjugate addition of the Breslow intermediate to the Michael acceptor.

Elegant work by Glorius expanded the scope of Michael acceptors, using 2-substituted 

acrylates containing no other activating groups.127 There was a single example of a β-

substituted acrylate (Z-methyloct-2-enoate) used in this reaction, with diminished, yet 

promising, selectivity and reactivity (59% yield, 80% ee). This represents the only reported 

example of an NHC catalyst effecting an enantioselective intermolecular Stetter reaction 

with β-substituted, unactivated Michael acceptors (Scheme 54).

3.4 Hydroacylation of Double and Triple Bonds

While the Stetter reaction couples aldehydes to Michael acceptors, acyl-anion reactivity has 

been extended to electron neutral olefins. She and Pan first demonstrated this reactivity 

using tethered alkyl tosylates.128 Interestingly, the authors found the selectivity changes 

when their native substrate 36 is substituted with a phenyl group (37) (Scheme 55).

These authors later found the reaction works with enol ethers, formed by elimination of the 

tosyl group.129 Based on deuterium labeling studies, the authors proposed the following 

mechanism: after addition of the NHC to the aldehyde and subsequent proton transfer, the 

Breslow intermediate (38) adds to the enol ether, while the enol ether deprotonates the 

hydroxyl group of 38, generating tetrahedral intermediate 39. Collapse of 39 releases the 

observed product (40) and regenerates active catalyst (Scheme 56).

After these seminal reports, Glorius reported that the reaction is capable of coupling 

aldehydes with alkynes in good yields using thiazolium catalyst G24. When terminal alkynes 

are used, the resulting chromanone proved a suitable substrate for an intermolecular Stetter 

reaction with aromatic aldehydes (Scheme 57).130

In the presence of a different base and under slightly higher temperatures, Glorius found that 

the reaction delivers benzofuranone products, rather than the expected chromanone.131 He 

proposes this product arises from a retro-Michael reaction, giving the corresponding enone, 

which then isomerizes to diketone 41. This can then undergo Michael addition with the 

phenol moiety to generate the observed benzofuranone product (Scheme 58). Zeitler also 

reported a similar strategy using almost identical conditions to those shown in Scheme 57 to 

give a mixture of the chromanone and benzofuranone products. Treatment of the crude 

mixture with DBU and further heating converts the chromanone product to the desried 

benzofuranone.132

In an elegant piece of work, Glorius described the enantioselective hydroacylation of 

tethered styrenes, using chiral triazolium A12, generating the chromanone products in good 

yield and with excellent selectivity (Scheme 59).133 DFT studies of this reaction were 

conducted and suggest the C-C bond formation, O-H deprotonation is concerted.
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The mechanism of this and related transformations (vide infra) was the subject of some 

debate with the central issue being whether the C-C bond forming step is concerted or 

stepwise. DFT studies133 indicate the C-C bond forming reaction occurs in a single step, and 

it has been suggested the reaction is reminiscent of a Conia-ene reaction. It has also been 

suggested the reaction could take place by a reverse-Cope elimination type pathway, from a 

resonance form of the Breslow intermediate (Figure 5),134 a mechanism first proposed to 

account for the high diastereoselectivity in the intramolecular enantioselective Stetter 

reaction on trisubstituted Michael acceptors.135 Computational studies by Domingo support 

a two stage, single step mechanism for C-C bond formation in the intermolecular 

reaction.136 He proposes initial hydrogen atom transfer from the hydroxyl group of the 

Breslow intermediate to the terminal alkene carbon, followed by barrierless recombination 

of the pseudodiradical species to form the C-C bond.

The intermolecular reaction has also been reported. Glorius showed the efficient coupling of 

aryl aldehydes to arynes was possible using achiral thiazolium catalyst G24.137 Shortly after, 

the coupling of cyclopropenes was also demonstrated, using achiral triazolium G20 with aryl 

aldehyde coupling partners (Scheme 60).34b

The enantioselective intermolecular hydroacylation of cyclopropenes was demonstrated.138 

Although the achiral mesityl catalyst G20 was efficient at mediating the racemic reaction, 

using chiral mesityl catalysts delivered the expected cyclopropanes in low yields, but with 

promising enantioselectivity. In order to increase the efficiency of this reaction, Glorius 

designed chiral catalyst A17, bearing a dimethoxy phenyl ring, which vastly increased the 

yield of the desired product, and proved beneficial to selectivity as well (Scheme 61).

Recently, Glorius demonstrated the reaction with less activated styrenes, using achiral 

dimethoxyphenyl triazolium G27.139 The linear product is favored over the possible 

branched product, but to varying degrees. Some substrates, especially electron-rich ones, 

selectively form the branched product (Scheme 62).

4. CATALYSIS INVOLVING EXTENDED BRESLOW INTERMEDIATES

As seen above, α,β-unsaturated aldehydes are often competent coupling partners in 

prototypical acyl anion reactivity such as the Stetter reaction, but they also have other unique 

reactivity compared to aryl or aliphatic aldehydes. The typically electrophilic β-carbon of 

the enal can become nucleophilic, as a result of the conjugated alkene, and react in an a3 to 

d3 umpolung, generating β-functionalized carbonyl compounds. The mechanism for this 

type of transformation is shown in Scheme 63. The free carbene first adds in a 1,2-fashion to 

an enal to form tetrahedral intermediate 42, which undergoes a proton transfer to generate 

the extended Breslow intermediate 43, typically referred to as the homoenolate equivalent. 

This homoenolate equivalent is in resonance with carbanion 44, where negative charge is 

localized three atoms away from the azolium, demonstrating the origin of the nucleophilicity 

of that carbon. The carbanion can then add to an electrophile to give enol azolium 45, which 

can then tautomerize to acylazolium 46. Nucleophilic substitution of 46 then generates the 

product 47 and regenerates the NHC catalyst.
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Walia, Rao, and Singh first reported this type of umpolung reactivity in the context of a 

cyanide-catalyzed transformation in 1964.140 It was found that α,β-unsaturated aldimines 

are transformed to the corresponding saturated amide in the presence of a catalytic amount 

of cyanide in water. A subsequent report showed that enals afford the corresponding 

saturated methyl esters when treated with a catalytic amount of cyanide in methanol 

(Scheme 64).141

The cyanide-catalyzed formation of saturated esters is believed to follow a similar path as 

the NHC catalyzed a3 to d3 umpolung shown in Scheme 63. Cyanide initially adds to the 

aldehyde forming tetrahedral intermediate 48, which then undergoes proton transfer to form 

carbanion 49. This is in resonance with carbanion 50 that can be protonated to generate enol 

51, which then tautomerizes to acyl cyanide 52. Methanol addition to 52 releases methyl β-

phenylpropionate 53 and the active cyanide catalyst (Scheme 65).

This type of reactivity lay dormant until 40 years later when Bode142 and Glorius143 

independently reported the NHC-catalyzed variant of the homoenolate reaction in 2004. 

Since these seminal reports, the field of NHC-catalyzed homoenolate reactivity has 

blossomed, leading to a plethora of methods to synthesize useful molecules from simple enal 

starting materials.

4.1 Annulation Reactions

4.1.1 Oxygen Heterocycle Synthesis—Glorius143 and Bode142 reported the first 

examples of NHC catalyzed homoenolate reactivity in the context of an annulation reaction 

between enals and aryl aldehydes affording γ-lactone products. Diarylimidazolium 

precatalysts proved most efficient while thiazolium salts give undesired benzoin side 

products. This reaction is generally accepted to proceed via initial generation of extended 

Breslow intermediate 54 from the carbene and enal, which can then add [1,2] across the aryl 

aldehyde giving enol azolium 55. Tautomerization of 55 gives acylazolium 56, which then 

cyclizes to deliver the γ-lactone product and liberate the catalyst (Scheme 66).

Using this methodology, Bode showed a variety of aryl and propargyl enals are competent 

coupling parners with aryl aldehydes, forming the desired γ-lactone products 57 in moderate 

to good yields (41 to 87%) and moderate diastereoselectivity (3:1 to 5:1 dr) (Scheme 67).

Glorius’ protocol allows for the coupling of aryl enals with benzaldehyde derivatives to form 

γ-lactones in similar yields (32 to 70%) and diastereoselectivity (3:1 to 4:1 dr). This 

protocol also incorporated aryl-trifluoromethyl ketone substrates, providing yields from 74 

to 92% and diastereoselectivity from 2:1 to 3:1 (Scheme 68). Glorius further demonstrated 

the use of chiral triazolium C2 delivers products 58a and 58b in 12 and 25% ee, respectively 

(Scheme 69).

Scheidt and Cohen used a different strategy to render this reaction asymmetric, relying on a 

chiral Lewis acid in the presence of an achiral NHC.144 Cinnamaldehyde undergoes 

dimerization to γ-lactone products in 60% yield, 20:1 dr, and 60% ee in the presence of 

Taddol-based titanium complex 59, imidazolium precalyst G7, and DBU (Scheme 70).
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Scheidt subsequently reported an enantioselective homoenolate addition to acyl 

phosphonates to generate γ-lactone 60.145 In a collaboration with the Cheong group, 

computer modeling led to the identification of chiral NHC D7 as the optimal catalyst for the 

reaction. When catalyst D7 and MTBD (7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene) were 

used experimentally, the products form in good yields (54 to 93%) and enantioselectivity (78 

– 91% ee), but with modest diastereoselectivity (up to 3:1 dr) (Scheme 71).

In 2006, Nair and coworkers reported the homoenolate addition of enals to 1,2-dicarbonyl 

compounds to synthesize γ-lactones.146 Cyclohexanedione 61 and isatins 62 are competent 

electrophiles for this process, as well as electron-rich or electron-deficient enals. Yields for 

the spiro-cyclohexanone products range from 60–74% while spiro-oxindole γ-lactones are 

formed in 85–98% yield. Unfortunately, the diastereoselectivity remained low (1:1) (Scheme 

72). The scope of this methodology was later expanded to include diaryl diones.147 Since 

this report several other methods have been reported rendering this reaction asymmetric.148 

Most notably, Scheidt coupled cinnamaldehyde derivatives with isatins in 70 – 93% yield, 

1.6:1 – 20:1 dr, and 86 – 99% ee.149 The authors further provided one example of an 

aliphatic enal (trans-butenal) participating in the reaction to give the product in 76% yield, 

>20:1 dr, and 78% ee using chiral triazolium A14.

In 2008, You showed that glyoxylate derivatives 63 are also capable of undergoing the 

annulation reaction.150 A variety of chiral NHC catalysts were investigated and NHC ent-
A15 was shown to provide the best enantioselectivity, giving up to 78% ee for the trans 
isomer, although the diastereoselectivity remained low (1.5:1 dr). This could be improved 

with chiral catalyst ent-A4 (up to 5:1 dr), but leads to an erosion of enantioselectivity 

(Scheme 73).

Glorius reported the use of sterically hindered β,β-disubstituted enals in a dual catalytic 

NHC/Brønsted acid manifold to generate spirocyclic lactones 64.151 The reaction tolerates 

aliphatic, aryl and dienyl enals, as well as a variety of substitution patterns on the isatin 

component. Interestingly, the authors found employing a Brønsted acid in the reaction 

increases both the yield and diastereoselectivity, a strategy that had been previously 

demonstrated beneficial to imine annulations by Rovis152 (vida infra). Glorius proposes the 

acid prearranges the transition state via a hydrogen bonding network while simultaneously 

activating the isatin (Scheme 74).

Larger ring sizes can also be generated using NHC-catalyzed homoenolate processes. Ye 

reported an enantioselective formal [3+4] annulation between enals and o-quinone methides 

in 2013.153 While both aryl and aliphatic enals participate in the reaction, the scope was 

limited to dioxolane-fused o-quinone methides bearing an aryl substituent off the exo-olefin. 

This protocol addresses the potential [3+2] side reaction by taking advantage of the driving 

force of rearomatization from the [3+4] reaction. Yields range from 79 – 97%, 

diastereoselectivity is modest to excellent (3:1 to >20:1 dr), and enantioselectivity is high 

(81–98% ee) (Scheme 75).

Nair also discovered an NHC-catalyzed annulation of enals and tropone.154 Termed an [8+3] 

annulation, the reaction likely proceeds by conjugate addition to the more electrophilic 
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position followed by cyclization of the resultant alkoxide. The reaction affords the fused δ-

lactone 65 in 39–62% yield (Scheme 76).

4.1.2 Nitrogen Heterocycle Synthesis—The homoenolate intermediate has also been 

exploited in a number of cases to generate nitrogen containing heterocycles. Bode and He 

first demonstrated this reactivity in 2005 with the homoenolate addition of enals to 

imines.155 The reaction tolerates a broad scope of aromatic enals and aryl imines 66 to 

generate γ-lactams in good yields (5 – 73%) and modest to good diastereoselectivity (1.7:1 

to 10:1 dr) (Scheme 77). However, the scope of the imine N-substituent was limited to a 4-

methoxyphenylsulfonamide. When replaced with a more common tosyl substituent, the 

carbene irreversibly adds to the imine deactivating the catalyst.

Later work by Bode overcame some of the issues associated with the acyclic 

sulfonylketimines by instead using a cyclic variant.156 Aryl and aliphatic enals are tolerated 

in the reaction, as well as a wide variety of saccharin-derived ketimines bearing both aryl 

and aliphatic groups; yields of 67 range from 55–95% with diastereoselectivity varying from 

1:1 to >20:1 dr. Remarkably aryl-enals require just 0.5 mol% of catalyst for quantitative 

yield at room temperature (Scheme 78).

The large enhancement in reactivity was attributed to an alternative reaction mechanism 

where hydrogen bonding between the sulfonyl oxygen and the hydroxyl group of the initial 

carbene-aldehyde adduct form a prearranged transition state 68. From this transition state, an 

ene-like reaction can occur, presumably facilitating proton transfer from the formal acyl-

proton to the imine nitrogen with concomitant C-C bond formation generating enol azolium 

69. Tautomerization to the acylazolium is followed by intramolecular trapping with nitrogen 

to furnish γ-lactam 67 (Scheme 79). However, a more traditional homoenolate pathway 

proceeding via an open transition state cannot be discounted. The authors’ also demonstrated 

the reaction with chiral NHC A15, giving product in an encouraging 91% yield, 73% ee, and 

6:1 dr (Scheme 80).

Bode also demonstrated the homoenolate is capable of effecting a 1,4-addition to α,β-

unsaturated N-sulfonyl ketimines to generate cyclopentane fused β-lactams 70.157 This 

reaction is notable because it favors β-lactam formation, despite competing enal 

dimerization and hetero Diels-Alder pathways. The scope is broad including both aryl and 

aliphatic enals, but requires the use of diaryl N-sulfonyl ketimines. Yields are moderate to 

excellent (45–94%), diastereoselectivity is good to excellent (5:1 to >20:1), and 

enantioselectivity is uniformly high (88–99% ee) (Scheme 81).

Bode proposed this reaction proceeds via a cross aza-benzoin/oxy-Cope rearrangement 

cascade where the Breslow intermediate adds to the ketimine, followed by an oxy-Cope 

rearrangement to furnish enolate 71. This enolate then adds to the imine via a Mannich 

reaction and the nitrogen anion cyclizes on the acyl azolium, liberating catalyst and 

producing the β-lactam product (Scheme 84). However, it is possible that the homoenolate 

72 adds 1,4 to the ketimine directly furnishing intermediate 71a under a more traditional 

NHC-homoenolate pathway (Scheme 82).
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Scheidt and Chan showed that diazenes are competent electrophiles for the NHC-generated 

homoenolate to afford pyrazolidinones.158 Electron rich or deficient aryl as well as aliphatic 

enals are tolerated, yet the diazene component is limited to electron rich aromatic 

substituents. The reaction was rendered asymmetric with the use of chiral NHC A15 

providing pyrazolidinone 73 in 61% yield and 90% ee (Scheme 83).

Scheidt further demonstrated N-acyl hydrazones are competent coupling partners for the 

homoenolate in a cooperative Lewis acid/NHC manifold.159 It is proposed that the 

Mg(OtBu)2 coordinates to the acyl oxygen and hydrazone nitrogen, activating the acyl 

hydrazone toward nucleophilic addition. The addition of Mg(OtBu)2 also allowed for lower 

catalyst loading. Using 5 mol % triazolium ent-A7 in the presence of 15 mol % 1,5,7-

triazabicyclo[4.4.0]dec-5-ene (TBD), the authors’ demonstrated aliphatic and aryl enals 

deliver γ-lactam products in 61–85% yield, 85–97% ee, and 5:1 up to >20:1 dr (Scheme 84).

Rovis and co-workers developed a cooperative Brønsted acid/NHC catalytic system to 

generate γ-lactams from enals and aza-dienes.152 It is proposed that a small amount of weak 

base 74 deprotonates triazolium salt B22 to form the free carbene, which then adds to the 

enal generating the extended Breslow intermediate. The conjugate acid of 74 then protonates 

aza-diene 75, making it more electrophilic (Scheme 85). Evidence for this mode of 

activation was provided by the observation of asymmetric induction when a chiral 

carboxylate base was used in the presence of an achiral NHC catalyst. Interestingly, this 

methodology delivers the trans γ-lactam in contrast to the products formed by the methods 

of Bode and Scheidt.

Scheidt and Chan reported azomethine ylides are capable coupling partners for the NHC-

generated homoenolate in a formal [3+3] to provide pyridazinones 76.160 A variety of 

electron-rich, aliphatic, and dienyl enals participate in the reaction. The imine tolerates 

electron rich and electron poor substituents, but enolizable and 2-substituted aryl imines do 

not participate. The reaction proceeds with good yields and excellent diastereoselectivity in 

all cases. The high diastereoselectivity is attributed to a hydrogen bond between the Breslow 

intermediate 77 and azomethine ylide 78 which preorganizes the transition state for a syn-

addition (Scheme 86).

In a related [3+3] annulation, Scheidt showed nitrones readily react with the homoenolate to 

generate heterocyclic lactones.161 The NHC-generated homoenolate intercepts the nitrone 

and then tautomerizes to the acylazolium. Intramolecular addition of the nitrone to the 

acylazolium then generates lactone 79, which undergoes alcoholysis to generate linear ester 

80. This reaction efficiently delivers product in 69–80% yield, 81–93% ee, and 20:1 dr. 

Aliphatic and aryl enals are tolerated, but the nitrone moiety is limited to aryl substitution at 

carbon and nitrogen (Scheme 87).

Nitroso compounds have also been shown to be viable acceptors in homoenolate processes. 

Ying first demonstrated this reactivity in 2008 with an isoxazolidinone synthesis via the 

coupling of enals and nitrosobenzene.162 The reaction is believed to proceed via an NHC-

generated homoenolate equivalent adding to the nitrogen of nitrosobenzene to give 
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intermediate 81, which then tautomerizes to acylazolium 82. Interception of 82 by the 

alkoxide affords the isoxazolidinone product 83 (Scheme 88).

The oxazolidinone product could be further elaborated to the β-amino ester upon treatment 

with methanol and acid. The β-amino ester is isolated in yields ranging from 30–85%. 

Aromatic enals are efficient coupling partners, while aliphatic aldehydes participate in 

slightly diminished yields (Scheme 89). Recently, Takemoto used this same catalyst to 

synthesize 3,3-disubstituted indolin-2-thiones from a tethered enal and isothiocyanate in 43 

– 78% yield.163

In a fascinating extension of this reactivity, nitroso compounds were shown to couple with 

the homoenolate equivalent via a formal [4+3] annulation.164 Mechanistically, this reaction 

is thought to proceed in the same manner as the [3+2] isoxazolidinone formation above, but 

then undergoes 1,2-Bamberger-type rearrangement to furnish the 7-membered lactone 84 
(Scheme 90). Electron-rich and electron-deficient aryl and heteroaryl enals are tolerated in 

the reaction (45 – 81% yield), but the nitroso coupling partner is limited to 1-methyl-4-

nitrosobenzene (Scheme 91).

Siddiqui reported an interesting cascade reaction in 2013, synthesizing 1,3-diazapane 

derivatives 85 via a three-component coupling of enals, aryl aldehydes, and ureas.165 The 

reaction is proposed to proceed by initial condensation of the aryl aldehyde with the urea to 

form intermediate 86, which then couples to the NHC-generated homoenolate to furnish 87. 

After proton transfer and tautomerization, the distal urea nitrogen can cyclize onto the 

acylazolium, generating the 1,3-diazapane product 88 (Scheme 92). The scope of this 

reaction proved tolerant of a variety of aryl enals, aryl aldehydes, and ureas (including 

thioureas). Yields range from 65–91% and diastereoeselectivity is generally excellent 

(>20:1) (Scheme 93).

4.1.3 Carbocycle Synthesis—Im addition to heterocycle synthesis, the NHC-generated 

homoenolate has also been utilized in the generation of five-membered carbocycles. Nair 

first introduced this reactivity in 2006, coupling enals with chalcones to furnish 1,3,4-

trisubstituted cyclopentenes.166 The accepted mechanism for this transformation begins with 

formation of the extended Breslow intermediate followed by a 1,4 addition of the 

homoenolate to the chalcone furnishing intermediate 89. Tautomerization of 89 leads to 

ketone 90, which then undergoes an aldol reaction with the enol-azolium to provide alkoxide 

91. Cyclization of the alkoxide onto the acylazolium liberates the active catalyst and 

furnishes β-lactone 92, which decarboxylates to provide the observed cylopentene product 

(93) (Scheme 94).

A variety of aryl enals and chalcones are competent partners in this reaction with generally 

good yields (55 to 88%) and excellent diastereoselectivity; only the trans diastereomer is 

observed in all cases. Importantly, aliphatic substitution is tolerated on each partner (Scheme 

95).

Interestingly, Nair also demonstrated the acylazolium can be intercepted by an external 

alcohol to give cyclic ester 94 or straight chain ester 95.167 The yields in this reaction range 
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from 57–69%, with products obtained as single diastereomers, in product ratios from 2:1 to 

5:1 (94:95). However, the scope of this reaction is limted to aryl enals and bis-aryl enones 

(Scheme 96).

The reaction of dialkylidine ketones with enals has also been demonstrated, generating 

cyclopentanone and cyclopentene products.168 The origin of product selectivity is believed 

to arise from C-acylation of the acylazolium leading to the cyclopentanone product (Scheme 

97), while the cyclopentene product results from an intramolecular aldol / decarboxylation 

pathway (vide supra). The product selectivity appears to be substrate controlled, but 

generally gives a distribution of up to 2:1, favoring the cyclopentene product (Scheme 98).

Shortly after Nair’s seminal report,166 Bode reported an enantioselective cyclopentene 

forming reaction, coupling enals to 4-oxoenoates.169 Bode’s reaction is notable because it 

provides the cis-diastereomer, in contrast to the methodology reported by Nair which 

delivers the trans product. The authors propose the reaction proceeds via an intermolecular 

cross aldehyde-ketone benzoin reaction followed by an NHC-promoted oxy-Cope 

rearrangement (Scheme 99).

Similar to Bode’s work, Scheidt and co-workers demonstrated that selective formation of the 

cis-cyclopentene isomer, from the same starting materials as in Nair’s reaction, can be 

achieved using titanium isopropoxide as a Lewis acid co-catalyst with a chiral NHC, but the 

reaction delivers enantiomeric product from the same antipode of aminoindanol catalyst.170 

The authors argue that pre-organization of the s-cis transition state 99 via coordination of the 

enal and chalcone oxygens to the Lewis acid is operative (Scheme 101).

In 2011, Scheidt illustrated that cinnamaldehyde derivatives and α-ketoesters participate in 

an NHC/Lewis acid annulation to form cyclopentanols 100.171 These products are obtained 

in good yields (52–85%), moderate to excellent diastereoselectivity (5:1 to 20:1 dr), and 

excellent enantioselectivity (91–99% ee) (Scheme 102).

The mechanistic nuances in this reaction have been the subject of some debate. It is possible 

this reaction proceeds via initial 1,4-addition of the homoenolate to the chalcone providing 

direct access to intermediate 98 (Scheme 100), as argued by Scheidt.170 However, when 

chalcones are subjected to the same conditions as the 4-oxoenoates, the trans-cyclopentene 

forms selectively with diminished enantioselectivity (55% ee – not shown), while the cis-

cyclopentene forms in 99% ee.169 Bode argues that the differential stereochemical outcomes 

between 4-oxoenoates and chalcones, coupled with the diminished levels of 

enantioselectivity in the trans-product suggest the benzoin-oxy-Cope pathway is operative 

for the 4-oxoenoates. Furthermore, it is postulated that oxoenoates prefer to react through an 

s-cis conformation 101 whereas chalcones prefer to react through an s-trans conformation 

102, providing stereochemical divergence (Figure 6).

Recently, Nair and co-workers employed tethered enal/chalcone substrates in the 

cyclopentene reaction to generate cyclopentene-fused macrocycles 103.172 This 

methodology allows for the formation of 10, 11, 12, and 13 membered macrocycles. Yields 

are moderate to good with excellent diastereoselectivity across all substrates (Scheme 103).
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Glorius demonstrated an NHC-catalyzed carbocyclic annulation reaction furnishing 

spirocycles 104 from aurones and aza-aurones in a formal [3+2] annulation.173 This is 

believed to follow initial conjugate addition of the homoenolate to the Michael acceptor. The 

resultant enol azolium tautomerizes to the acylazolium, and after cyclization of the pendant 

enolate liberates free carbene and furnishes the desired product (Scheme 104).

This protocol is tolerant of aryl and aliphatic enals, as well as aza-aurones bearing a variety 

of substitution patterns on the aryl ring and the β-carbon of the Michael acceptor. The yields 

in this transformation range from 42 to 83%, diastereoselectivity is generally good (3:1 to 

>20:1 dr), and enantioelectivity ranges from 88 to 94 % ee (Scheme 105).

4.2 Non-Annulative Processes

4.2.1 β–Functionalization of Enals—NHC-catalyzed homoenolate reactions are not 

limited to annulative processes. In 2005, Scheidt and Bode independently reported the first 

β-functionalization of enals that did not result in an annulation, demonstrating enals can 

undergo β-protonation to generate an acylazolium.174,175 In 2009, Nair and co-workers 

demonstrated the NHC-generated homoenolate addition to nitroalkenes to furnish δ-

nitroesters.176 Mechanistically, the reaction is believed to proceed via 1,4-addition of the 

extended Breslow intermediate to the nitroalkene. The resultant nitronate 105 is protonated 

and the enol azolium tautomerizes to form acylazolium 106. The acylazolium is then 

intercepted by methanol to furnish product and liberate catalyst (Scheme 106). A variety of 

aryl enals and nitrostyrene derivatives readily participate in the reaction with yields ranging 

from 40–70% and diastereoselectivity ranging from 3:1 to 15:1 in favor of the anti isomer 

(Scheme 107).

Liu and Rovis reported enantioselective variations of this reaction in 2012 and 2013, 

respectively.177 Liu and co-workers found chiral NHC ent-A7 provides product in 48–86 % 

yield, 81–99 % ee, and 4:1 to 12:1 dr favoring the anti isomer.177a A variety of nitrostyrene 

derivatives, including nitro dienes and nitroenynes, were coupled with aryl and aliphatic 

enals (Scheme 108).

Rovis’ protocol, which tolerates aliphatic and aryl nitroalkenes as well as aryl enals, is 

unique in that it provides access to the syn isomer, directly contrasting the work of Nair and 

Liu where the anti isomer forms selectively.177b Rovis also reported a one-pot protocol for 

the synthesis of δ-lactams via a reductive workup of the δ-nitroester (Scheme 109).

The dichotomy in diastereoselectivity between Liu and Rovis is proposed to arise from an 

inversion in Breslow intermediate geometry. Thus, while Liu and Rovis use pseudo-

enantiomeric catalysts, C-C bond formation occurs from the same enantiotopic face of the 

enal. An inversion in Breslow intermediate geometry would allow a simple explanation of 

this stereochemical anomaly. Further, it is proposed that Liu’s reaction proceeds via an open-

transition state 107 to afford the anti diastereomer, while Rovis’ method proceeds through a 

closed transition state 108 giving the syn product (Scheme 110).
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4.3 Alternate Access to Homoenolate Reactivity

In 2009, Bode reported that α-hydroxy enones are efficient bench-stable surrogates of enals 

for NHC-catalyzed homoenolate additions to various electrophiles.178 A limitation is that 

the increased steric demand of these substrates inhibits their use with bulky chiral catalysts. 

In 2013, Chi and co-workers demonstrated that saturated esters are potential homoenolate 

precursors.179 This reactivity is notable because it functionalizes a traditionally non-reactive 

β-carbon of a saturated ester. The reaction is proposed to proceed by initial addition of the 

carbene to the electron deficient aryl ester generating acylazolium 109, which then 

tautomerizes to enolate azolium 110. This intermediate can then undergo a proton transfer 

from the β-carbon to the enolate oxygen furnishing extended Breslow intermediate 111 
(Scheme 111).

Using this methodology, cyclopentene products form in 8–76% yield, 5:1 to 17:1 dr, and 82–

96% ee. Aliphatic and aryl esters are tolerated as the homoenolate precursor and bis-aryl 

enones are used for the Michael acceptor. γ-Lactones may be synthesized using this 

methodology by coupling CF3/aryl ketones with hydrocinnamates to furnish products in 29–

80% yield, 68–92% ee, and 1.3:1 to 4.5:1 dr. This method was also used to synthesize 

nitrogen heterocycles. γ-Lactams are formed in 55–76% yield, 90–96% ee, and 4:1 to 7:1 dr 

(Scheme 112).

4.4 Single-Electron Pathways

In 2008, Studer reported the first example of the Breslow intermediate undergoing a single 

electron oxidation, demonstrating the NHC-catalyzed TEMPO oxidation of aldehydes to 

esters (cf. section 5.1.3).180 Enals, on the other hand, offer the potential to oxidize the β-

position leading to β-oxidized carbonyls. Rovis discovered a single electron oxidation of the 

Breslow intermediate, reporting the β-hydroxylation of enals using electron-deficient 

nitroarene oxidants.181 Aryl and aliphatic enals were found capable of engaging in an 

oxygen atom transfer from an aryl-nitro group to the β-position of an enal in the presence 

triazolylidenes. Mechanistically, it is believed the Breslow intermediate transfers a single 

electron to the nitroarene to generate Breslow derived radical cation 112 and nitroarene 

centered radical anion 113. A resonance structure exists which places the radical on the 

oxygen of the nitro group. This oxygen centered radical can then combine at the β-position 

of the enal to generate 114, which can then collapse to expel nitroso compound 115. The 

subsequent acylazolium is then intercepted with methanol to provide the β-hydroxy ester 

116 and regenerate the carbene catalyst. The major side-product of the reaction is the two-

electron oxidation of the Breslow intermediate to the unsaturated acylazolium. It is 

hypothesized this product forms via deprotonation of the hydroxyl group on intermediate 

112, followed by a second single electron oxidation (Scheme 113).

Aliphatic enals are competent in this reaction providing the desired product in generally 

good yields, while aryl enals participate with lower yields. Overall, the β-hydroxylation 

products are isolated in 20–74% yield, with enantioselectivity ranging from 63–92% ee. This 

protocol is tolerant of protected amines as well as ether functional groups. Tri-substituted 

enals are also competent, albeit with diminished yield and selectivity (40%, 63% ee) 

(Scheme 114).
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Isolation of nitroso derivatives from the reaction medium implicate the nitro-group as the 

source of oxygen in this reaction. As a result of the puzzling reactivity, Rovis and White 

performed several mechanistic studies. A stereochemical convergence was noted when either 

the cis or trans enal was subjected to the reaction conditions at different temperatures. At 

room temperature, the cis enal gives the opposite enantiomer of product as when the trans 
enal is employed. However, at 65 °C, both the cis and trans enals give the same enantiomer 

of product. The use of stoichiometric catalyst with the cis enal at 65 °C gives nearly the 

same result as the catalytic reaction, suggesting thermal isomerization of the cis enal does 

not outcompete the productive carbene catalyzed process (Scheme 115).

Concurrently, Chi reported a related strategy for the dimerization of nitroalkenes,182 wherein 

it is proposed the nitroalkene acts a single electron oxidant to generate radical anion 117 and 

Breslow centered radical cation 118. At this time, the Breslow radical undergoes a 

deprotonation to generate neutral radical 119. The nitroalkene derived radical anion couples 

with another equivalent of nitroalkene to generate radical anion 120. Radical anion 120 
abstracts a second single electron from neutral Breslow radical and accepts two protons to 

furnish product and to generate acylazolium 121. The acyl azolium is then intercepted by 

methanol to regenerate catalyst and liberate ester product (Scheme 116). This mechanistic 

proposal is supported by EPR analysis of the nitroalkene centered radical anion.

Electron-rich and electron-poor aryl and aliphatic nitroalkenes undergo the dimerization 

with yields ranging from 33–92% and dr ranging from 2:1 to 9:1. β,β-disubstituted 

nitroalkenes also participate in this reaction. Aryl aldehydes are required as the electron 

donor in this reaction (Scheme 117).

5. CATALYSIS INVOLVING ACYLAZOLIUM INTERMEDIATES

5.1 Reactions of α,β-Unsaturated Acylazoliums

In addition to umpolung chemistry, NHCs have also been shown as competent catalysts in a 

variety of non-umpolung processes. Notably, NHC-bound acylazolium and azolium enolate 

intermediates have attracted considerable attention over the last decade.183 As in the case of 

NHC catalyzed umpolung reactions, the origins of α,β-unsaturated acylazoliums is 

biomimetic. In a set of cleverly designed experiments, Townsend and co-workers showed a 

thiamine diphosphate (ThDP, vitamin B1)-derived α,β-unsaturated acylazolium ion 123 is an 

intermediate in the biosynthesis of clavulanic acid (122), a potent β-lactamase inhibitor 

(Scheme 118).184

The most commonly used method to access NHC-derived α,β-unsaturated acylazolium 

intermediates (e.g. 124) relies on internal redox activation of α-oxidizable aldehydes (e.g. 

ynals 125 and α-bromoenals 126) with N-heterocyclic carbenes (Scheme 119, method 

A).185,186 Alternative methods include the addition of nucleophilic carbenes to α,β-

unsaturated acyl fluorides 127,187a,b esters 128,187a,c in situ generated mixed anhydrides 

(method B),187d and α,β-unsaturated aldehydes 129 in conjunction with an external oxidant 

(method C).188, 180
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5.1.1 Generation From Ynals and α,β-Unsaturated Acyl Fluorides—In 2006, 

Zeitler reported the NHC catalyzed generation of α,β-unsaturated acylazoliums, converting 

ynals 125 to α,β-unsaturated esters 130 (Scheme 120).185a The reaction tolerates aryl and 

aliphatic ynals as well as a range of primary alcohols, though secondary alcohols give lower 

yields.

The proposed mechanism for this transformation is shown in Scheme 121. N-heterocyclic 

carbene 3 first adds to the carbonyl of ynal 125 forming the corresponding tetrahedral 

intermediate, which can then tautomerize to the unsaturated Breslow intermediate 131. 

Protonation of 131 affords the allenol, which tautomerizes rapidly into the α,β-unsaturated 

acylazolium ion 132. Interception of 132 by an alcohol gives the desired α,β-unsaturated 

ester.

Scheidt and co-workers reported a similar methodology for the NHC-promoted synthesis of 

α,β-unsaturated esters 133 from ynals 125 (Scheme 122).185b,c As noted previously by 

Zeitler, the choice of catalyst had a pronounced effect on the yield and stereoselectivity of 

the reaction. A combination of imidazolium salt G7 with a bulky proton source (BHT = 2,6-

di-tert-butyl-4-methylphenol) is optimal.

In addition to their susceptibility towards interception by alcohols in a direct 1,2-fashion, 

α,β-unsaturated acylazoliums can also undergo 1,4-addition of enolic carbon-based 

nucleophiles. Lupton187a,b and Bode185d independently reported the first examples of these 

“Claisen-type” reactions. Lupton and co-workers propose a carbene-induced fragmentation 

of α,β-unsaturated enol esters to the corresponding acylazolium/enolate ion pair with 

subsequent recombination forming 2,3-dihydropyranones (Scheme 123). Aromatic, 

heteroaromatic, and aliphatic α,β-unsaturated esters all react smoothly to give the 

corresponding dihydropyranones. β-Disubstituted acylazoliums are good substrates as well, 

allowing for an efficient construction of quaternary carbon centers. Lupton and co-workers 

were also successful in accessing similar reactivity from a combination of α,β-unsaturated 

acyl fluorides and TMS enol ethers (Scheme 124).

The authors proposed a mechanism similar to the one previously proposed for enol esters 

(Scheme 125). Carbene 16 initially intercepts the acyl fluoride liberating a fluoride ion and 

generating α,β-unsaturated acylazolium species 134. Desilylation of the TMS enol ether by 

the fluoride ion forms enolate 135, which then undergoes 1,4-addition to 134 affording 

azolium enolate 136. Subsequent tautomerization of 136 gives acylazolium 137, which 

undergoes lactonization to furnish the observed dihydropyranone product and regenerate the 

the carbene catalyst. The same authors later expanded their methodology to silylated dienol 

ethers (Scheme 126).189 The formal all-carbon [4+2] cycloaddition with α,β-unsaturated 

acyl fluorides produced 1,3-cyclohexadienes in high yield with excellent diastereocontrol (dr 

>20:1) using NHC 138 as the catalyst.

In 2013, Lupton and co-workers reported an interesting NHC-catalyzed Ireland-Coates-

Claisen rearrangement of α,β-unsaturated acyl fluorides with silylated push-pull 

cyclopropanes. These reactions provide rapid access to highly functionalized β-lactones with 

exquisite stereoselectivity (>20:1 dr in all cases) (Scheme 127).190a Electron-rich and 
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electron-poor α,β-unsaturated acyl fluorides are tolerated, giving the desired lactones in 

good yields (41–93%).

Careful mechanistic studies performed by Lupton et al., including observation of a 

secondary kinetic isotopic effect at the β-position, culminated in a reasonable picture of the 

reaction mechanism (Scheme 128). Addition of the free carbene 3 to α,β-unsaturated acyl 

fluoride forms the corresponding α,β-unsaturated acylazolium. Desilylation and retro-aldol 

of the silylated cyclopropane produces bifunctional enolate 139, which then intercepts the 

acylazolium forming hemiacetal 140. After turnover-limiting Ireland-Coates-Claisen 

rearrangement, the resultant alkoxide (141) then undergoes aldol cyclization and 

lactonization to afford the desired product and regenerate 3.

Shortly after the achiral reaction appeared, an enantioselective variant was reported using 

chiral triazolium A21.190b The authors found N-aryl triazolylidenes deliver the desired 

product in lower yield and diminished ee compared to the analogous N-alkyl triazolylidenes. 

A variety of aliphatic and aryl-substituted cinnamyl fluorides are competent coupling 

partners. However, the use of electron deficient aryl-substituted cinammyl fluorides deliver 

the product with lower ee. Thus, the 2,6-dimethoxyphenol lactones (142 and 143) invariably 

form in higher ee. The electronic nature of the aryl ester also displayed an impact on 

enantioselectivity (Scheme 129).

In 2010, Bode and co-workers described a similar transformation, proposing a Claisen 

rearrangement as the key step.185d Using chiral precatalyst A4, the authors efficiently 

coupled ynals to enolic C-nucleophiles such as Kojic acids with good enantioselectivity 

(Scheme 130). Aliphatic and aryl ynals are both competent in the reaction, and aliphatic 

groups on the Kojic acid component are tolerated. The authors probed the effect of the 

counterion of the triazolium precatalyst, and found that more basic counterions like Cl− and 

AcO− were sufficient to generate the free carbene to some extent without any added base.

A possible catalytic cycle describing this transformation is depicted in Scheme 131. Based 

on kinetic studies, the authors propose initial formation of the Breslow intermediate 

followed by protonation to give α,β-unsaturated acylazolium 144. Enol 145 then undergoes 

initial reversible 1,2-addition to 144, forming a kinetically important hemiacetal 

intermediate 146. The latter is poised for a [3,3]-sigmatropic Coates-Claisen rearrangement 

resulting, after tautomerization and lactonization, in the desired dihydropyranone 

(methanolysis occurs on workup). However, with this data, the authors could not exclude a 

1,4-addition pathway.

The origin of reactivity and high stereoinduction in these annulations of α,β-unsaturated 

acylazoliums with enolic nucleophiles was studied computationally and experimentally by 

Mayr and Studer.191 Kinetic studies were employed to elucidate the inherent electrophilicity 

of α,β-unsaturated acylazoliums. Combining this knowledge with high-level DFT 

calculations, the authors suggest that enol and enamine nucleophiles 147 react with 

imidazolylidene-derived α,β-unsaturated acylazoliums (148) by means of a 1,4-Michael-

type addition reaction via a contact ion pair (Scheme 132, path A). On the other hand, DFT 

computations from Schoenebeck and Bode with a triazolylidene-derived acylazolium (149) 
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suggest a two-step mechanism beginning with 1,2-addition followed by [3,3]-sigmatropic 

rearrangement as the key C-C bond formation step (Scheme 132, path B).185e,192 In this 

mechanism, the nucleophile reversibly pre-associates with 149 to form a kinetically 

competent hemiacetal intermediate (as in Scheme 131). However, a loose ion pair between 

the nucleophile and the electrophile, as suggested by Mayr and Studer, could not be 

excluded. Lupton and co-workers observed 1,2-addition byproducts in their reaction and 

concluded the Coates-Claisen mechanism may be operative with certain substrate classes. 

This was later demonstrated by a cross-over experiment.187a

Xiao and co-workers developed a synthetically useful version of the “Claisen-type” reaction 

between ynals and 1,3-dicarbonyl compounds, allowing for the mild construction of 3,4-

dihydropyranones in moderate-to-good yields (Scheme 133).185g,h Notably, the use of non-

symmetric 1,3-diketones, such as 1-phenylbutane-1,3-dione, selectively provide a single 

regioisomer of product.

Moreover, when employing the enantiopure aminoindanol-derived triazolium salt precatalyst 

A4, the desired 3,4-dihydropyranones were obtained in good yields (34–87%) and up to 98% 

ee for a variety of substrates (aryl and aliphatic, Scheme 134).185h The authors note the 

importance of adding 4 Å molecular sieves to the reaction mixture. Presumably, the 

intermediate α,β-unsaturated acylazolium species is highly sensitive to residual moisture. 

Curiously, the use of a base was not necessary to generate the active carbene species, as 

previously demonstrated by Bode et al.185d

In 2012, Du, Lu and co-workers published the synthesis of chiral spirooxindole 4H-pyran-2-

one derivatives by the reaction of oxindoles with ynals.193 The authors successfully explored 

different substitution patterns on both the ynal and oxindole components (Scheme 135). The 

reaction gives moderate-to-high yields (40–93%) and good diastereoselectivity (up to >95:5 

dr). Interestingly, N-unprotected oxindoles afford similar results.

The isomeric indolin-3-ones were employed by the same research group as nucleophilic 

reaction partners in an annulation with α,β-unsaturated acylazolium ions (Scheme 136).194 

The reaction tolerates a variety of aryl-substituted ynals and gives the desired tricyclic indole 

products in moderate-to-good yields (19–91%), although Knoevenagel side products were 

also observed in most cases.

Alexakis and co-workers prepared highly functionalized 5,6-fused bicyclic acetals by an 

NHC-catalyzed reaction between ynals and α-cyano-1,4-diketones (Scheme 137).195 Under 

these conditions, a wide range of substrates gives the product in good yields (61–90%) and 

modest-to-good diastereoselectivity (up to 20:1 dr).

Combining all of the available experimental data, the authors proposed the following 

reaction mechanism for the annulation between α-cyano-1,4-diketones and ynals. Initially, 

an NHC-promoted internal redox converts ynal into the α,β-unsaturated acylazolium. In 

parallel, the α-cyano-1,4-diketone undergoes a double keto-enol tautomerization to give the 

nucleophilic bis-enol 150, which then adds 1,4 to the acylazolium through its most 

nucleophilic (less conjugated) carbon atom, giving intermediate 151 after tautomerization. A 

reversible 1,2-addition of the enol oxygen on to the second carbonyl group leads to cyclic 
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hemiacetal 152, which can now readily cyclize to the observed 5,6-fused bicyclic acetal 

(Scheme 138).

5.1.2 Generation from α-Bromoenals and α,β-Unsaturated Esters—Ye and co-

workers expanded the arsenal of α,β-unsaturated acylazolium precursors with the 

introduction of α-bromoenals.186a These bench-stable reagents were successfully coupled 

with 1,3-dicarbonyl compounds to afford 3,4-dihydropyranones in excellent isolated yields, 

using achiral imidazolium salt precatalyst G7 (Scheme 139).

The transformation was rendered enantioselective when enantiopure triazolium salt 

precatalysts B7 and B23 were employed (Scheme 140). Furthermore, both enantiomers of the 

product could be obtained by choosing N-heterocyclic carbenes with the same absolute 

configuration but different stereodirecting substituents, under the optimized reaction 

conditions. It is interesting to note that a triazolylidene-derived carbene devoid of an N-aryl 

substituent was used to promote a highly stereoselective “Claisen-type” reaction.186a

In 2014, Enders reported an enantioselective version of the reaction developed previously by 

Du and Lu193 between indolin-3-ones and α,β-unsaturated acylazolium intermediates 

(Scheme 141).196 The authors subjected α-bromoenals to indolinones in the presence of the 

chiral aminoindanol-derived triazolium A4 to afford dihydropyranoindol-2-ones in 

moderate-to-good yields (60–72%) and excellent ee values (up to 98% ee). Electron-

donating or -withdrawing groups on the aromatic ring of the α-bromoenal component are 

well tolerated, as well as heteroaromatic rings. Disappointingly, alkyl-substituted α-

bromoenals are not suitable precursors of α,β-unsaturated acylazoliums. In a related 

reaction, Hui coupled α-bromoenals with chalcone derivatives to give tetrahydroquinolines 

in 93 – 98% yield, >25:1 dr, and 90 – 99% ee. Aliphatic substituents are tolerated on either 

coupling partner maintaining the excellent stereoselectivity, but in lower yields.197

The reaction between an α,β-unsaturated aldehyde with another enolizable aldehyde under 

NHC catalysis can result in eight possible products (four benzoin products, two Stetter 

products, and two γ-butyrolactones resulting from homoenolate reactivity). Very recently, 

Biju and co-workers achieved a chemoselective NHC-catalyzed reaction between two 

different aldehydes (Scheme 142).186c The highly enolic phenylacetaldehyde derivatives 

were reacted with α,β-unsaturated acylazoliums, generated in situ from α-bromoenal and 

chiral triazolium carbene precursor A4, resulting in formation of 2-unsubstituted 3,4-

dihydropyranones in good yields (41–96%) and very high enantioselectivity (87–99% ee).

Phenylacetaldehyde derivatives with electron-releasing and -withdrawing groups on the 

aromatic ring underwent smooth annulation reaction with α-bromoenal-derived α,β-

unsaturated acylazoliums. Moreover, heteroaromatic acetaldehyde derivatives turned out to 

be competent substrates as well. Additionally, this reaction is not limited to aromatic 

acetaldehyde derivatives and tolerates alkenyl-substituted acetaldehydes. Looking at the α-

bromoenal component, it was noted that aromatic, alkenyl as well as alkyl groups are all 

tolerated.

Flanigan et al. Page 27

Chem Rev. Author manuscript; available in PMC 2016 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



As discussed in Section 4.3, carbenes add to activated esters. Very recently, Chi and co-

workers reported an organocatalytic activation of α,β-unsaturated esters for enantioselective 

reaction with imines.187c The key step involves the addition of the NHC catalyst to the ester 

substrate to form an electrophilic α,β-unsaturated acylazolium intermediate (Scheme 143).

Both electron-donating and -withdrawing substituents at the para-position of the phenyl 

group on the α,β-unsaturated ester are well tolerated. Among the arylimines examined, 

replacement of the methyl group with another alkyl substituent (ethyl, n-butyl, or homoallyl) 

invariably led to effective formation of product. In all cases, the desired dihydropyridinones 

were obtained in good-to-excellent yields (51–83%) and with very high ee values (91–99% 

ee). β,β-Disubstituted unsaturated esters are also tolerated in this reaction when less 

sterically hindered triazolium precatalyst A12 is employed. Products are formed in moderate-

to-good yields (62–79%) and high enantioselectivity (up to 94% ee) (Scheme 144).

The authors propose that a 1,2-addition of free carbene 153 to the α,β-unsaturated ester 

leads to formation of the corresponding acylazolium intermediate. Concurrently, the imine 

isomerizes to nucleophilic enamide 154. As proposed by Bode and co-workers,185d 

formation of the key C-C bond likely occurs through initial 1,2-addition of 154 to the 

acylazolium, followed by a concerted Claisen rearrangement to give intermediate 155. The 

enamine nitrogen can then cyclize onto the acylazolium affording the desired product and 

regenerating 153 (Scheme 145).

In 2014, Wang, Ye and co-workers disclosed a highly enantioselective synthesis of γ-

butyrolactams employing α-aminoketones as 1,2-bis(nucleophiles) and α,β-unsaturated 

carboxylic acids as acylazolium precursors (Scheme 146).187d When employing the chiral 

aminoindanol-derived NHC precursor A4 bearing an N-mesityl group, the desired γ-

butyrolactams are obtained in moderate-to-good yields (52–73%), moderate 

diastereoselectivity (3:1 to 12:1 dr), and very high enantioselectivity (88–97% ee). A wide 

variety of substituents on the aryl rings of both reaction components are tolerated in this 

reaction.

The NHC-catalyzed [3+2] cyclocondensation of α,β-unsaturated carboxylic acids and α-

aminoketones was then extended by the same authors to the [3+3] annulation with 

sulfamate-derived cyclic imines, affording chiral dihydropyridinones (Scheme 147).187d The 

optimized conditions for the [3+2] annulation also work well for the [3+3] reaction with 

cyclic imines, leading to the desired tricyclic dihydropyridinones in high yields (57–86%) 

and exquisite enantioselectivity (95–98% ee).

Finally, sultam-derived cyclic imines were also investigated as potential substrates for the 

[3+3] cyclocondensation with α,β-unsaturated acid-derived acylazoliums (Scheme 148). As 

expected, a range of α,β-unsaturated carboxylic acids react well to give the desired tricyclic 

cycloadducts in good yields (52–90%) and with high enantioselectivity (77–98% ee). In 

addition, the reaction of β,β-disubstituted as well as α,β-disubstituted α,β-unsaturated acids 

afford products with multiple stereogenic centers and with high diastereo- and 

enantioselectivity.
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The postulated mechanism of the reaction is depicted in Scheme 149. The addition of the 

free carbene to the mixed anhydride 156 (formed in situ by the reaction between α,β-

unsaturated acid and pivaloyl chloride) drives the formation of the α,β-unsaturated 

acylazolium intermediate. Michael addition of α-amino ketone to the acylazolium affords 

adduct 157 which, upon tautomerization, undergoes intramolecular lactamization to give the 

observed product and regenerate the NHC catalyst.

5.1.3 Oxidative Methods for α,β-Unsaturated Acylazolium Generation—As 

shown by the recent work of Lupton and co-workers, efficient generation of α,β-unsaturated 

acylazoliums from precursors at the ester oxidation state (e.g. 159) require alkyl substituted 

N-heterocyclic carbenes (Scheme 150). It is important to note many of the reactions 

involving α,β-unsaturated acylazolium intermediates generated from precursors at the 

aldehyde oxidation state 158 employ aryl substituted N-heterocyclic carbenes (e.g. 16). This 

divergence in chemoselectivity can be correlated to the electronic density of the free 

carbenes. The latter property can be traced back to the Tolman Electronic Parameter (TEP) 

and the 13C chemical shift of the carbenic carbon atom. The combination of NHC catalysis 

with organic or inorganic oxidants has been recently reviewed by Studer.198

Oxidative NHC-catalyzed transformations of aldehydic substrates are also inherently 

biomimetic in origin.199 Thus, the thiamine pyrophosphate (TPP)-dependent enzyme 

pyruvate ferredoxin oxidoreductase (PFOR) catalyzes the oxidative decarboxylation of 

pyruvate 161 to form acetyl-CoA 162 and CO2 (Scheme 151). This anaerobic 

decarboxylation reaction is a reversible process and the electrons produced are transferred to 

ferredoxin via Fe4S4 clusters. The key step of this biological transformation involves single-

electron transfer from the Breslow intermediate to Fe4S4 cluster, leading to formation of a 

postulated radical cation 163.

From a historical perspective, similar to the discovery of the benzoin reaction, the initial 

findings for redox NHC activation of α,β-unsaturated aldehydes was made with cyanide-

catalyzed transformations.188i,j,k,203,204 In 1873, Wallach and co-workers reported the redox 

neutral, cyanide-promoted conversion of chloral 164 to dichloroacetic acid 165 in water 

(Scheme 152).200 Kötz and co-workers first proposed a mechanistic rationale for this 

reaction in 1913.201 Upon initial formation of cyanohydrin 166, two distinct reaction 

intermediates were postulated. The nucleophilic enol intermediate 167 might arise from 

elimination of HCl. Although, the oxirane intermediate 168 could arise from cyanohydrin 

166 by intramolecular nucleophilic displacement of the chloride ion. Intermediates 167 and 

168 are then converted to the acyl cyanide 169, which is subsequently hydrolyzed to 165.

Corey and co-workers have shown that the cyanide ion catalyzes the oxidation of allylic or 

benzylic alcohols to esters, when carried out in presence of stoichiometric MnO2 as oxidant 

(Scheme 153).188g The reaction was proposed to take place via cyanohydrin 170 that is 

oxidized to the acyl cyanide 171. This last species then acts as an activated carboxylate 

towards nucleophilic interception by MeOH solvent. In 1977, Castells reported the oxidation 

of aryl aldehydes to the corresponding methyl esters with thiazolium salts and nitrobenzene 

oxidants.202
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Scheidt and co-workers disclosed a similar NHC-catalyzed protocol for the oxidation of 

allylic and benzylic alcohols188e employing MnO2 as a mild oxidant (Scheme 154). A 

variety of activated alcohols were smoothly oxidized to the respective α,β-unsaturated esters 

in good-to-excellent yields (65–93%). Electron-rich alcohols, such as 4-methoxybenzyl 

alcohol, show no reactivity in this system. Finally, the authors attempted a desymmetrization 

of meso-diol employing a chiral triazolium catalyst. An encouraging 80% ee was obtained 

under the optimized conditions.188e

One year later, Studer and co-workers reported an oxidative NHC-catalyzed process where 

TEMPO was employed as the stoichiometric oxidant.188f Both electron-rich and electron-

poor benzaldehyde derivatives are oxidized to the corresponding esters in excellent yields 

(91–96%). Enals and aliphatic aldehydes are also tolerated by this reaction, albeit in slightly 

lower yields, likely owing to a fundamental difference in the mechanism relative to that 

when using MnO2 (Scheme 155).

In 2010, Studer and co-workers were the first to propose that an in situ oxidation of the 

tetrahedral intermediate 172 to the corresponding α,β-unsaturated acylazolium species (173) 

could be accomplished with mild organic oxidant 174.188a According to the authors, under 

optimal conditions, this reaction is faster than the proton transfer that would lead to the 

extended Breslow intermediate 175 (Scheme 156). This methodology is complementary to 

the use of α,β-unsaturated acyl fluorides or ynals in the NHC-catalyzed 3,4-

dihydropyranone synthesis (Scheme 121, vide supra). In their study, Studer and co-workers 

employed 1,3-dicarbonyl compounds as the enolic, nucleophilic coupling partner (Scheme 

157).

You and co-workers reported the first enantioselective oxidative NHC-catalyzed annulation 

between enals and 1,3-dicarbonyl compounds (Scheme 158).188b A broad substrate scope 

was accesible in moderate-to-high yields (17–90%) and high enantioselectivity (up to 96% 

ee) with a camphor-derived triazolium salt A22 together with a catalytic amount of NaBF4.

Du, Lu and co-workers studied the NHC-catalyzed annulation of indolin-3-ones with 

oxidatively-generated α,β-unsaturated acylazolium intermediates (Scheme 159).193 The 

reaction conditions differed markedly from those employed by the same research group in 

their redox-neutral reaction between indolin-3-ones and ynals (vide supra).194 Thus, a 

triazolium-derived carbene G20 was employed in the former reaction, while an imidazolium-

derived carbene G7 was employed in the latter. Both reactions display comparable tolerance 

to substrate scope, albeit the oxidative protocol affords consistently higher yields.

Recently, Studer and co-workers described an enantioselective cyclopropanation reaction of 

α,β-unsaturated aldehydes using oxidative NHC catalysis (Scheme 160).203

In these reactions, NHC-catalyzed redox activation of α,β-unsaturated aldehydes is used for 

generation of the α,β-unsaturated acylazolium, which can then be intercepted by the sulfur 

ylide to form enolate 176. This intermediate can then cyclize to afford acylazolium 177, 

which reacts with alcohol to give the corresponding cyclopropanecarboxylic acid ester 

(Scheme 161). When using the chiral triazolium A4 as the carbene precursor, moderate-to-

good yields (40–74%), good-to-excellent diastereo- (up to 20:1 dr) and enantioselectivity 
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(up to 96% ee) are obtained. The authors observed that aryl groups bearing electron-

withdrawing substituents on the enal component afford products with higher 

enantioselectivity than those bearing electron-releasing groups.

In 2011, Studer and co-workers reported an organocascade reaction involving an oxidative 

NHC-catalyzed conjugate addition as a key step (Scheme 162).204 In this work, redox 

activation of enals was applied for the construction of the core structure of highly substituted 

indanes. Under optimized conditions, using chiral triazolium ent-A4 as the carbene 

precursor, keto-enals reacted with β-diketones in moderate-to-good yields (38–74%), high 

diastereo- (from 5.6:1 to > 98:2 dr) and exquisite enantioselectivity (> 99% ee in most cases) 

for a wide range of electronically distinct substrates.

The authors proposed a catalytic cycle for their redox NHC cascade (Scheme 163). The 

increase of initial selectivity by a subsequent second stereoselective reaction was proposed 

as the origin of the observed high enantioselectivity.205 Initial reaction of the keto-enal with 

the free carbene in the presence of oxidant 174 generates the reactive α,β-unsaturated 

acylazolium ion 178. This redox-activated Michael acceptor then undergoes conjugate 

addition by the β-diketone to form azolium enolate 179, which can then undergo 

intramolecular 1,4-addition yielding enolate 180. Subsequent O-acylation affords the desired 

indane and liberates the carbene catalyst.

The in situ generated α,β-unsaturated acylazoliums were successfully trapped with 

numerous other pronucleophiles including vinylogous amides.188c Bode described an aza 
variant of the “Claisen-type” reaction with α,β-unsaturated acylazolium ions (Scheme 164). 

A large number of unprotected, conjugated enamines containing cyano, ester and nitro 

groups cleanly afford 3,4-dihydropyridinones in good yields (58–99%) and high 

enantioselectivity (79–96% ee). A broad range of enals (aliphatic, alkenyl and aromatic), in 

conjunction with the chiral triazolium salt A4 and the mild organic oxidant 174, served as 

suitable α,β-unsaturated acylazolium precursors.

The authors employed α′-hydroxyenones as enal surrogates to expand the scope of this 

carbene-catalyzed aza-Claisen rearrangement (Scheme 165).178,206 A wide variety of 

aromatic and heteroaromatic substituents are tolerated as reaction partners for annulation 

with vinylogous amides. The product 3,4-dihydropyridinones are isolated in good-to-

excellent yields (59–99%). The increased steric hindrance of these substrates precludes the 

use of chiral NHCs, but smaller and achiral variants like G20 proved to be efficient catalysts. 

Mechanistically, the title reaction was proposed to occur via a “Claisen-like” mechanism, 

similar to the reaction between ynals and Kojic acids reported by the same research 

group.185d

One year later, the same research group employed cyclic N-sulfonylimines as the 

nucleophilic coupling partners for oxidatively-generated α,β-unsaturated acylazolium 

Michael acceptors.188d Cyclic N-sulfonylimines are known to be potent nucleophiles 

through enamine generation. Furthermore, contrary to the previously described N-

unprotected enamines, these nucleophiles are unable to give 1,2-addition products (Scheme 

166).
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The chiral N-mesityl substituted triazolium salt A4, used together with Hünig’s base, proved 

to be the optimal catalyst for these annulation reactions. Aromatic as well as aliphatic enals 

are competent precursors of α,β-unsaturated acylazolium ions. Interestingly, this catalyst 

system was the first that achieved highly enantio- and diastereoselective “Claisen-type” 

annulations of α- and β,β′-disubstituted enals. The high diastereoselectivity observed in 

these reactions is proposed to arise from substrate-directed protonation, rather than catalyst-

directed protonation.

In 2013, Chi and co-workers discovered that direct functionalization of β C(sp3)-H bonds in 

saturated aldehydes was possible using oxidative NHC catalysis (Scheme 167).207 For 

comparison, in the canonical oxidative NHC pathway, an enal first reacts with the free 

carbene to form an extended Breslow intermediate 181. The latter is then oxidized to the 

α,β-unsaturated acylazolium ion 182 with aid of a mild organic oxidant. Chi’s approach 

differs from the canonical pathway in that it relies on direct functionalization of the β 
C(sp3)-H bond of a saturated aldehyde substrate. In this scenario, following an initial 

oxidation of the saturated Breslow intermediate 183, the resultant NHC-bound saturated 

acylazolium ion 184 undergoes deprotonation of α-CH protons, leading to formation of an 

azolium enolate 185. An additional oxidative process then transforms the ester enolate 

intermediate to 182. Chi and co-workers reacted α,β-unsaturated acylazolium intermediates, 

generated oxidatively from saturated aldehydes, with enolic 1,3-dicarbonyl compounds to 

afford dihydropyranones (Scheme 168).

The scope of the reaction is limited to β-aryl-substituted propionaldehydes, but both 

electron-withdrawing and -releasing substituents are tolerated, and the products are obtained 

in moderate-to-good yields (53–98%). On the other hand, 1,3-dicarbonyl compounds with 

both aryl and alkyl substituents are tolerated. High enantiomeric excesses are observed in 

these reactions (up to 94% ee) when the chiral triazolium precatalyst A4 is used.

Two distinct mechanistic pathways were proposed to explain the oxidation of the NHC-

bound azolium enolate 185 to the α,β-unsaturated acylazolium intermediate 182 (Scheme 

169). The first pathway involves two consecutive single-electron transfer processes and 

passes through a radical cation intermediate 186. To probe this pathway, the authors carried 

out their reaction in presence of TEMPO. The yield and the enantioselectivity of product 

formation were not affected by the presence of TEMPO. However, in light of more recent 

work by Rovis and co-workers, showing that nitroarenes oxidize the Breslow intermediate 

by single-electron pathways and that radical recombination is faster than TEMPO trapping, 

it seems reasonable to conclude that a similar situation may be operative here.181 A second 

mechanistic scenario involving electron-pair transfer processes seems somewhat less likely.

5.2 Reactions Involving NHC-Bound Allenoate Intermediates

As shown previously, an NHC-bound allenoate intermediate was invoked as an intermediate 

in the synthesis of unsaturated esters (Scheme 123, vide supra); however, during the two 

years following the discovery of α,β-unsaturated acylazolium reactivity trapping this 

allenoate remained elusive (Scheme 170).
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Sun reported a breakthrough in this area in 2012 with the isomerization of ynals to 

allenoates by an NHC-catalyzed internal redox reaction (Scheme 171).208 Alkynyl 

aldehydes bearing a γ-leaving group 272 are used as the substrates, and a mesityl-

substituted thiazolium salt G27 is required for optimal reactivity.

The reaction works well with aryl and alkyl groups at the R1, R2 positions and good-to-

excellent yields of the product allenoates are obtained (73–89%). The use of the chiral N-

heterocyclic carbene precursor ent-A3 provides low enantioselectivity (up to 30% ee, 

Scheme 172).

The authors propose that the unsaturated Breslow intermediate 187 (formed by nucleophilic 

addition of carbene on to the ynal) expels the leaving group and leads to a cumulenol 

intermediate 188 (Scheme 173). This species then tautomerizes to allenoyl azolium 189, 

which is finally intercepted by a solvent molecule.

More recently, She and co-workers carried out a formal [3+2] annulation between ynals and 

β,γ-unsaturated α-ketoesters using a cooperative NHC/Lewis acid strategy (Scheme 

174).209 The reaction affords γ-butenolides as the sole products in moderate-to-good yields 

(27–80%).

In a rare occurence for an organocatalytic reaction, a saturated, imidazolinium-derived 

carbene precursor G9 proved to be the optimal catalyst structure. Additionally, the use of 

stoichiometric amounts of LiCl was crucial to obtain good conversions. Substrates with 

either electron-withdrawing or -donating groups on the aromatic ring are well tolerated. 

When the aryl group of the ester was changed to an alkenyl substituent, the yield of the 

[3+2] annulation decreased significantly. Unfortunately, replacing the aryl group with an 

alkyl chain gives no conversion. The authors also probed an enantioselective version of their 

formal [3+2] annulation strategy. Up to 53% ee was obtained with a commercially-available 

chiral NHC precursor A13.

The authors proposed a cooperative catalytic cycle to describe their transformation, where 

the NHC generates the nucleophilic allenoate intermediate 190, while the lithium cation acts 

as a Lewis acid and lowers the LUMO energy of the α-ketoester (Scheme 175). The lithium 

cation is proposed to pre-organize the transition state of reaction by bridging both reactants 

together.

Independently, Snyder and co-workers shed light on the potential application of the NHC-

bound allenoate reactivity in a diastereoselective cycloisomerization to the Securinega 
alkaloids.210 Their synthetic strategy was based on an intramolecular [3+2] annulation 

between an NHC-bound allenoate and a ketone, again using a cooperative NHC/Lewis acid 

strategy (Table 1). The N-protected tetrahydropyranone rac-191 was chosen as the model 

substrate. It was then established that the bicyclic triazolium chloride G15, 2 eq. of 

titanium(IV) isopropoxide and DBU were the best catalyst combination, affording the 

tricyclic γ-butenolide in 38% yield.

A further improvement in yield (up to 91%) was made when switching the solvent from 

methylene chloride to toluene, and introducing the tetrahydropyranone via slow addition 
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over 4 h. Snyder and co-workers then embarked on the synthesis of a natural product analog 

3-deshydroxy-secu’amamine A using their cooperative NHC/Lewis acid methodology.

A highly enantioselective annulation of NHC-bound allenoates and α-ketoesters was 

developed in 2014 by Scheidt and co-workers.211 The authors built on the results obtained 

earlier by She and likewise employed a cooperative NHC/Lewis acid catalytic system. 

Notably, it became rapidly apparent that chiral triazolium-based NHC catalysts were 

ineffective and the authors turned their attention towards C1-symmetric biaryl saturated-

imidazolium-derived NHCs, originally developed by the Hoveyda group.212 However, 

because the chiral carbene was not sufficient to induce high enantioselectivity by itself, a 

chiral counterion strategy for the lithium cation was chosen as a means to enhance the 

enantioselectivity (Scheme 176).

Following this paradigm, the [3+2] annulation of ynals and α-ketoesters was rendered highly 

enantioselective when combining the chiral C2-symmetric Brønsted acid 192 and the chiral 

C1-symmetric imidazolidinium precatalyst D8 (Scheme 177).

The reaction is tolerant of both electron-deficient and electron-rich aromatic ynals and α-

ketoesters. The desired γ-butenolides are isolated in good-to-excellent yields (62–92%) and 

with very high enantioselectivity (up to 92% ee). Of note, ortho-substituted aromatic ynals 

are not suitable substrates. Additionally, alkyl-substituted ynals and α-ketoesters were not 

described. Concurrently, Ma and co-workers, building on previous work,213 reported a 

highly enantioselective [3+2] annulation of β-bromoenals and N-protected isatins to furnish 

spirooxindole-butenolides, catalyzed by a N-heterocyclic carbene catalyst bearing a 

hydroxyl moiety B28 (Scheme 178).214

The reaction proceeds smoothly for a wide scope of N-substituted isatins bearing electron-

releasing or electron-withdrawing groups at 4-, 5-, 6-, and 7-positions. The spirooxindole-

butenolides are obtained in excellent yields (85–99%) and high enantioselectivity (88–92% 

ee). Electron-rich isatins undergo the reaction slowly and require extended reaction times. 

Additionally, the β-bromoenal component tolerates either electron-withdrawing or electron-

releasing groups at the para- or meta-positions of the benzene ring. Alkyl-substituted β-

bromoenals were not reported as substrates. The authors propose that the unsaturated 

Breslow intermediate 193 undergoes nucleophilic addition to the ketone moiety of the isatin 

(Scheme 179). A postulated transition structure for this step might involve a bifurcated 

hydrogen bond between the hydroxyl group of the carbene catalyst and the two carbonyl 

groups of the isatin substrate, guiding the approach of the homoenolate through its Si face. 

However, the involvement of the Cs+ ion as a Lewis acid could not be excluded.

5.3 Reactions Involving Saturated Acylazoliums and Azolium Enolates

5.3.1 Transesterification and Amidation Reactions from Esters—Saturated NHC-

bound acylazoliums are important reactive intermediates for carbene-promoted 

transesterification reactions, as well as precursors of azolium enolates that have a rich 

chemistry of their own (vide infra).215 Saturated acylazoliums were first proposed as 

intermediates in NHC-catalyzed transesterifications. Hedrick initially investigated N-

heterocyclic carbenes as catalysts for the polymerization of L-lactide.216 Soon afterwards, 
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independently and concurrently, the research groups of Nolan as well as Hedrick and 

Waymouth reported the NHC-catalyzed transesterification reaction of esters with simple 

alcohols.217 Nolan and co-workers used low catalyst loadings (0.5–5 mol%) of N-aryl or N-

alkyl imidazolium salts (G7 and G14, respectively) as precatalysts in the presence of 

molecular sieves to achieve uniformly high yields of transesterification products (93–100%). 

Hedrick and Waymouth used the free carbenes 3 and 195 to effect the transesterification 

equilibrium of benzoate esters, and showed that secondary alcohols are tolerated when the 

N-methyl-substituted imidazolylidene catalyst 195 is used (Scheme 180).

The initially proposed mechanism for these NHC-catalyzed transesterification reactions 

involved the formation of acylazolium intermediate 196.217 However, a follow-up study by 

Movassaghi implicated the NHC as a general base catalyst 197 (Scheme 181).217d

Hu and co-workers provided computational evidence in support of a Brønsted base mediated 

pathway.217e Two reaction pathways were inspected: one involving a neutral tetrahedral 

intermediate 198 and the other involving a zwitterionic tetrahedral intermediate 199 
(Scheme 182). It was shown that the NHC facilitates proton transfer from the incoming 

alcohol to the leaving group, without ionization of the tetrahedral intermediate. Furthermore, 

acyl substitution of the NHC into the ester carbonyl, leading to an acylazolium ion 200, was 

shown to be energetically unfavorable.

Movassaghi converted a range of aliphatic, aromatic esters and lactones to amides via NHC-

catalyzed ester amidations.217d The amine component of the reaction was limited to 1,2- or 

1,3-aminoalcohols (Scheme 183), presumably because of an internal O to N acyl shift after 

the initial transesterification. The chemical yields were moderate-to-high (16–100%) 

depending on the structure of the ester starting material.

In addition to its synthetic utility, these studies had a profound influence on the 

understanding of reaction mechanism of NHC-catalyzed transesterification reactions 

(Scheme 184). Based on characterization of the carbene-alcohol adduct 201 by NMR, the 

authors concluded that their reaction took place via Brønsted base-mediated pathway. More 

specifically, it was shown that the carbene catalyzes the reaction by partially deprotonating 

the alcohol and thus rendering it more nucleophilic. Nucleophilic addition on the ester 

generates the tetrahedral intermediate 202. Finally, elimination of the alcoholate leaving 

group then provides ester 203, which undergoes O → N acyl-transfer to provide the desired 

amide.

Suzuki218 and Maruoka219 independently developed NHC-catalyzed kinetic resolution of 

secondary alcohols. Suzuki and co-workers employed chiral, C2-symmetric imidazolium 

salts E1-4, 6 and vinyl acetate. Under the optimized conditions, moderate enantiomeric 

excess (up to 58% ee) was obtained in the first reported NHC-catalyzed kinetic resolution of 

chiral secondary alcohols (Scheme 185).

Maruoka reported an improved, highly enantioselective protocol for carbene-catalyzed 

kinetic resolution of secondary alcohols (Scheme 186). Thus, by employing a more 
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sterically demanding acylation agent, such as vinyl diphenyl acetate, the authors achieved far 

higher selectivity (s values up to 80).

α-Reducible aldehydes have also been shown to lead to acylazolium intermediates. To put 

this work in historical context, Wallach described the cyanide-catalyzed conversion of 

chloral to dichloracetic acid (Scheme 187, top). In 2004, the Bode and Rovis groups 

independently and concurrently reported a Wallach-type transformation with N-heterocyclic 

carbenes. Bode and co-workers described the thiazolium-catalyzed conversion of epoxy- and 

aziridinyl-aldehydes to β-hydroxy/amino esters (Scheme 187, middle).220 Rovis and co-

workers reported the triazolylidene-catalyzed conversion of α-haloaldehydes to aliphatic 

esters (Scheme 187, bottom).221 In both cases, the reducible functionality at the alpha-

position is eliminated and results in a net oxidation of the carbonyl group to the acid 

oxidation state, with a concomitant in situ formation of the acylazolium intermediate. 

Exogenous alcohol nucleophile results in catalyst turnover.

Since this seminal work, several other families of electrophiles or acyl partners have been 

developed. The nucleophilic partner is largely dominated by alcohols with amines being 

much more problematic (vide infra). The embedded reactivity has led to several reactions 

already described in other parts of this review (cf. for example, Sections 4.1, 4.2, 5.1 and 

5.2). In these cases an alpha-reducible aldehyde functionality is converted to an alpha-

reduced ester group under redox neutral conditions.222 In 2005, Scheidt and co-workers 

reported a related reaction where the saturated acylazolium ion, generated from α,β-

unsaturated aldehydes and benzimidazolium salt G1, is trapped by a nucleophilic alcohol.174 

A broad scope of the corresponding saturated esters is obtained by employing phenol as the 

proton source (Scheme 188). Later, Enders described a similar strategy for the synthesis of 

oxime esters and hydroxamic esters using triazolium catalyst G19.223

A postulated reaction mechanism is depicted in Scheme 189 below. The free carbene first 

adds to the carbonyl compound to generate the conjugated Breslow intermediate 205. This 

formal homoenolate equivalent is then protonated at the β-position, leading to formation of 

the azolium enol 206. After tautomerization of 206 to the saturated acylazolium 207, 

nucleophilic addition of the alcohol furnishes the desired product and regenerates the 

carbene catalyst.

Importantly, Bode showed that the chemical structures of the carbene precursor and the 

catalytic base had a profound effect on the outcome of NHC-promoted reaction with α,β-

unsaturated aldehydes.175 Thus, for imidazolium-type NHC precursors G7, higher loadings 

of a strong base, such as tBuOK, promote carbon-carbon bond formation via homoenolate 

reactivity and lead to enal dimerization (cf. Section 4.1). On the other hand, lower loadings 

of a weaker base such as diisopropylethylamine (DIPEA) favor β-protonation of the 

extended Breslow intermediate and the formation of a saturated acylazolium (Scheme 190). 

In contrast, when employing the bicyclic triazolium precatalyst G20 in combination with 

DIPEA as base, saturated acylazolium reactivity was observed exclusively.

In 2005, Rovis reported a highly enantioselective esterification reaction involving NHC-

bound azolium enolate inermediates (Scheme 191).224 The redox esterification of α,α-
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dichloroaldehydes in the presence of the chiral triazolium salt A3 provides the corresponding 

α-haloesters in moderate-to-good yields (65–86%) and high enantiomeric excesses (76–93% 

ee).

The key step in the catalytic cycle is the diastereoselective protonation of the NHC-bound 

azolium chloroenolate. Furthermore, two important additives were used in this reaction; 18-

crown-6 and 2,6-dibromo-4-methyl-phenol 208. Their role was to assure a homogeneous 

reaction mixture and suppress racemization of the product α-chloroaldehyde.

Rovis subsequently extended this chemistry to the enantioselective hydration of 

haloaldehydes.225 More specifically, α,α-dichloroaldehydes and α-fluoro enals are 

employed as precursors of saturated acylazolium intermediates that are subsequently 

intercepted by water (Scheme 192). Furthermore, the developed reaction allows for 

installation of an alpha-deuterium using D2O as the deuteron source.

Most of the above examples involve alcohols as nucleophiles. Amine nucleophiles were 

reported in two isolated cases: Rovis and co-workers showed that aniline participates with 

haloaldehyde,221 while Scheidt and co-workers illustrated an electron-deficient vinylogous 

carbamate as a partner for enals.174 When more typical amines are used as partners, amides 

are formed in trace amounts with imine formation and redox hydration both competitive. 

This problem is entirely circumvented if a peptide-coupling co-catalyst is used in the NHC 

catalyzed transformation, as shown by Rovis and co-workers in 2007 (Scheme 193).226 

HOAt, HOBt, C6F5OH among others may be used in co-catalytic amounts to enable the 

coupling of alpha-reducible aldehydes such as haloaldehydes, epoxyaldehydes, aziridinyl 

aldehydes and enals with a variety of aliphatic primary and secondary amines as well as 

anilines. Bode reported a conceptually related approach using imidazole as a partner and 

adding the amine moiety at the end of reaction.227

As a mechanistic probe, Rovis and co-workers showed that a chiral NHC catalyst induces 

asymmetry in the protonation event adjacent to the acyl moiety but is incapable of resolving 

racemic amines, implicating the achiral co-catalyst in the amidation event. An ingenious 

approach to resolving chiral, racemic amines was reported in 2011 by Bode and co-

workers.228 The optimized catalytic system was composed of an achiral, bicyclic triazolium 

precatalyst G20 and a chiral, aminoindanol-derived hydroxamic acid 209. These conditions 

were used to resolve a range of chiral, racemic cyclic amines bearing a stereogenic carbon α 
to the nitrogen atom (Scheme 194). The mesityl-substituted α′-hydroxyenone led to highest 

selectivity in the acylation reactions.

These optimized conditions were tested in the resolution of a range of α-substituted 

piperidines. All the reactions gave moderate-to-good selectivity factors (s-factor of ca. 8–

74). Additionally, substituted piperazines and morpholines were resolved with s-factors 

ranging from 11 to 23. Unexpectedly, tetrahydroisoquinolines were resolved with very high 

levels of selectivity (up to s = 74).

In this catalytic resolution of amines, two independent catalytic cycles work in concert, each 

with its own unique chemoselectivity. Thus, the free NHC adds to the α′-hydroxyenone, 

followed by a retro-benzoin reaction leading to the formation of an extended Breslow 
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intermediate 210. β-Protonation of the latter, followed by tautomerization affords the 

saturated acylazolium intermediate 211. A chiral N-acylating reagent 212 is then generated 

by the reaction between 211 and 209. The secondary amine is then acylated by 212 to 

generate the enantioenriched amide (Scheme 195).

5.3.2 [4+2] Cycloadditions of NHC-Bound Azolium Enolates—In 2006, Bode 

reported the first highly stereoselective [4+2] hetero-Diels-Alder reaction proceeding via a 

NHC-bound azolium enolate intermediate.242a A nucleophilic azolium enolate derived from 

4-oxo-2-butenoate undergoes cyclization with N-protected α,β-unsaturated imines to form 

dihydropyridinones in moderate-to-high yields (52–90%) and excellent enantioselectivity 

(97–99% ee). The catalytic reaction tolerates aromatic, heteroaromatic, and alkyl groups on 

the imine component (Scheme 196).

An attempt to rationalize the observed reactivity was made by the authors when they 

proposed a mechanism for their transformation (Scheme 197). The free carbene first adds to 

the carbonyl function of the 4-oxo-2-butenoate leading to formation of extended Breslow 

intermediate 213, which then undergoes intra- (or inter-)molecular proton transfer to afford 

the chiral azolium enolate 214. A concerted, albeit highly asynchronous transition structure 

was proposed for the [4+2] cycloaddition step. The resultant azolium-attached hemiaminal 

intermediate 215 then expels the free carbene with concomittant formation of the desired 

dihydropyridinone cycloaddition product. Rovis developed an important alternate access to 

these azolium enolates involving an oxidative protocol and utilizing aliphatic aldehydes as 

substrates.229 Very recently, Enders has generalized [4+2] cycloadditions to incorporate 

indolyl substrates.230

The addition of NHCs to ketenes, or related compounds, provides an approach to azolium 

enolates that is alternative to the methods involving rearrangements of acyl anion 

equivalents. Although the availability of the more reactive ketenes restricts their potential 

impact, clear advantages have emerged from this process.

Azolium enolates, generated in situ by nucleophilic addition of a N-heterocyclic carbene to 

an aryl(alkyl)-disubstituted ketene, were employed as dienophiles in [4+2] annulations with 

electron-deficient dienes. In 2008, Ye and co-workers demonstrated that ketenes react with 

enones to afford 2,3-dihydropyranones in moderate-to-good yields (57–93%), high 

diastereo-(15:1 to 99:1 dr) and enantioselectivity (84–92% ee) (Scheme 198).231

One year later, this type of reactivity was extended by the same research group to 

benzoyldiazenes in place of enones as the electrophiles (Scheme 199).232 Of note, the latter 

[4+2] cycloaddition reaction displays reactivity different to an analogous reaction catalyzed 

by DMAP, which afforded [2+2] annulation products under otherwise similar reaction 

conditions.233

In both of these transformations, a nucleophilic, NHC-bound azolium enolate is first formed 

by addition of the free carbene to the ketene. This step is then followed by annulation with 

the appropriate electrophile (enone or benzoyldiazene). Finally, elimination of the NHC 

catalyst affords the cycloannulated products. Interestingly, the sense of absolute induction 
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was inverted when the benzoyldiazene reaction was carried out with NHC precatalyst B14, 

which had the same absolute configuration but bore an unprotected alcohol function and a 

N-mesityl substituent. Recently, Enders has expanded this reactivity to include the 

annulation of (E)-2-strylbenzothiazoles and α-chloroaldehydes generating the products in 44 

– 97% yield, 4:1 to 9:1 dr, and 92 – 98% ee.234 Interestingly, the chemistry was also 

competent with N-(benzothiazolyl)imines as the coupling partner. generating benzothiazolo-

pyrimidinones in 34–78% yield, 4:1 – >20:1 dr, and 87–99% ee.235

5.3.3 [2+2] Cycloadditions of NHC-Bound Azolium Enolates—In 2008, Ye236 and 

Smith237 independently and concurrently described an interesting triazolylidene-catalyzed 

Staudinger-type [2+2] cycloaddition between ketenes and N-protected imines. Ye and co-

workers employed the bulky L-pyroglutamate-derived NHC precursor B6, in combination 

with aryl(alkyl)-disubstituted ketenes and N-Boc imines (Scheme 200). Smith and 

coworkers utilized diphenylketene with N-tosyl imines and aminoindanol-derived 

precatalyst ent-A1. Smith also found the rarely used imidazolinium precatalyst D6 was also 

efficacious. A wide range of electron-releasing or -withdrawing substituents on the aromatic 

rings of both the ketene and the imine reaction components is tolerated, providing the 

desired β-lactams in moderate-to-good yields (53–78%) and exquisite enantioselectivity 

under Ye’s conditions (91–99% ee).

The reaction mechanism was proposed to involve initial addition of the free carbene to the 

ketene, leading to formation of an NHC-bound azolium enolate intermediate 216 (Scheme 

201). This enolate then undergoes stepwise [2+2] annulation with the imine, giving 

intermediate 217 which, after release of the NHC catalyst, finally affords the desired β-

lactam product.

Since then, Ye and co-workers demonstrated that other electrophiles could react with in situ 
generated NHC-bound azolium enolates in related [2+2] cycloadditions.238 Thus, activated 

α-ketoaldehydes reacted with aryl(alkyl)-disubstituted ketenes to provide β-lactones in good 

yields (78–99%) and high diastereo-(4:1 to > 20:1 dr) and enantioselectivity (4–99% ee) 

(Scheme 202).

In addition, N-sulfinylanilines also proved competent substrates for [2+2] annulation with 

ketenes (Scheme 203). The reaction provides enantioenriched thiazetidinone oxides in high 

yields (73–96%) and enantioselectivity (16–99% ee).

5.3.4 [3+2] Cycloadditions of NHC-Bound Azolium Enolates—In 2010, an 

enantioselective formal [3+2] cycloaddition of NHC-bound azolium enolates and 

oxaziridines was described by Ye and co-workers. Aryl(alkyl)-disubstituted ketenes were 

used as precursors of azolium enolates (Scheme 204). A bifunctional NHC precatalyst B27 

bearing a free hydroxyl group was employed. Ketenes with a para-substituted aryl group 

(with both electron-withdrawing and -releasing substituents) and a meta-substituted aryl 

group provide the corresponding oxazolin-4-ones in good moderate-to-yields (38–78%) and 

high diastereo- and enantioselectivity (up to 15:1 dr and 95% ee).
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Interestingly, cycloaddition reactions catalyzed by NHC precursor B17 bearing a TMS-

protected hydroxyl group furnished the desired opposite enantiomer of product in 79–90% 

ee, albeit in somewhat lower chemical yields (36–65%). Mechanistically, the reaction is 

proposed to be initiated by nucleophilic addition of the free carbene to the ketene, which 

results in formation of the NHC-bound azolium enolate intermediate 218 (Scheme 205). 

Subsequent oxidation of 218 by the oxaziridine affords the zwitterionic intermediate 219 
together with a tosylimine. Epoxide opening followed by nucleophilic addition of the imine 

by the resultant alkoxide leads to the second zwitterionic intermediate 220. Finally, 

intramolecular lactamization of 220 affords the desired oxazolin-4-one and liberates the 

NHC catalyst.

Very recently, Enders and co-workers described an interesting formal [3+2] cycloaddition of 

NHC-bound azolium enolates with 2-nitrovinylindoles.239 Chiral azolium enolates were 

generated in situ from α-reducible chloroaldehydes and chiral triazolium salt A4 (Scheme 

206). The electron-withdrawing nitrovinyl group reverses the polarity at C3, leading to an 

umpolung of this three-carbon unit. The reaction proceeds smoothly for a variety of 2-

nitrovinylindole substrates bearing either electron-withdrawing or -releasing substituents. 

The corresponding tricyclic products are obtained in moderate-to-good yields (30–78%) and 

excellent diastereo- (>20:1 dr) and enantioselectivity (96–99% ee). Remarkably, a pyrrole 

derivative is also a suitable substrate and affords 1H-pyrrolizin-3(2H)-one in 35% yield and 

91% ee.

Regarding the mechanism of reaction, the free carbene performs a nucleophilic addition on 

α-chloroaldehyde leading to formation of the chlorinated Breslow intermediate 221 (Scheme 

207). Subsequent elimination of chloride leads to NHC-bound azolium enolate 222, which 

undergoes Michael addition to 2-nitrovinylindole. Finally, the catalytic cycle is completed 

by intramolecular lactamization of intermediate 223, affording the desired 1H-
pyrroloindol-3(2H)-one and liberating the carbene catalyst.

5.3.5 [2+2+2] Cycloadditions of NHC-Bound Azolium Enolates—Following the 

seminal reports by Louie and co-workers, who described the first NHC-catalyzed [2+2+2] 

annulation of isocyanates,240 Ye and co-workers reported that ketene reacts with either 

isothiocyanate or carbon disulfide under NHC catalysis to afford heterocycles (Scheme 208). 

This reaction represents the first enantioselective trimerization between dissimilar ketene 

equivalents.241 The cycloaddition reaction was tested between N-benzoyl isothiocyanate and 

various aryl(alkyl)-disubstituted ketenes. Both electron-releasing and -withdrawing 

substituents are tolerated on the aromatic ring. Furthermore, ketenes with methyl, n-propyl, 

and n-butyl groups work well and afford the desired [2+2+2] cycloadducts in good-to-

excellent yields (50–99%) and high levels of enantioinduction (61–97% ee).

The mechanism was proposed to involve a chemoselective addition of the NHC to the ketene 

giving azolium enolate 224 (Scheme 209). Subsequently, reaction of 224 with isothiocyanate 

provides intermediate 225, which is poised for nucleophilic addition on a second equivalent 

of ketene. Cyclization followed by elimination of the carbene catalyst finally furnishes 

cycloadduct.
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Interestingly, by simply changing the catalyst structure to B23 ketenes underwent a 

Staudinger-type [2+2] cycloaddition with para-nitrophenyl-protected isothiocyanates 

(Scheme 210). A variety of aryl(alkyl)ketenes were tested in the title reaction. Both, 

electron-withdrawing and - releasing substituents on the aromatic ring work well to give the 

corresponding 4-thioxo-2-azetidinones in good yields (62–85%) and very high 

enantioselectivity (92–97% ee). Moreover, ketenes with various alkyl groups (methyl, n-
propyl, and n-butyl) also worked well and afford the desired products with high yields and 

enantioselectivity. However, a ketene with a branched isopropyl substituent gave no 

cycloadduct. Mechanistically, formation of the observed β-lactam product can be explained 

by intramolecular lactamization of the acylazolium intermediate 225 prior to addition of the 

second equivalent of the ketene (cf. Scheme 109)

5.3.6 Electrophilic Trapping of Azolium Enolates Followed by Esterification—
In addition to NHC-promoted annulation reactions of ketenes with various electrophiles, the 

in situ generated azolium enolate intermediates can tautomerize to the corresponding 

saturated azolium enolates, which undergo esterification reactions.

Under appropriate reaction conditions, saturated NHC-bound acylazoliums undergo 

tautomerization to azolium enolates (Scheme 211). The reactivity of these two intermediates 

diverges markedly. Thus, while saturated acylazoliums undergo transesterification reactions 

(vide supra), in situ generated azolium enolates participate in hetero-Diels-Alder 

reactions.242 Importantly, there is mounting evidence that all three NHC-bound reactive 

intermediates (homoenolate equivalents, acylazoliums, and azolium enolates) are 

interconnected and can be generated from common starting meterials such as ketenes, α-

functionalized aldehydes, enals, and activated esters (cf. Sections 4.3, 5.3).183

In 2009, Ye243 and Smith244 independently disclosed chiral NHC-catalyzed enantioselective 

esterifications of ketenes (Schemes 212 and 214, respectively). In Ye’s reaction, aryl(alkyl)- 

disubstituted ketenes were reacted with benzhydrol in the presence of precatalyst B6 to 

afford chiral esters in low-to-moderate yields (24–75%) and moderate-to-high 

enantioselectivity (11–95% ee). Unfortunately, decent levels of enantioselectivity were 

obtainable when benzhydrol was used as a nucleophile.

Mechanistically speaking, nucleophilic addition of the NHC to the ketene leads to formation 

of azolium enolate 226 (Scheme 213). The latter species then undergoes enantioselective 

protonation with benzhydrol to give the corresponding acylazolium/alcoholate ion pair 227. 

Esterification by the resultant alkoxide then provides a zwitterionic tetrahedral intermediate 

228 that collapses to the ester product.

The NHC-promoted ketene esterification reactions by Smith and co-workers used a different 

alcohol (2-phenyl phenol) in combination with a slightly different triazolylidene precursor 

C3. These reactions occur with good yields (65–91%) and enantioselectivities (33–84% ee).

In 2010, Smith and co-workers demonstrated that the azolium enolate, formed in situ by the 

addition of a nucleophilic carbene to a ketene, could be trapped by other electrophiles 

instead of a proton. The authors were particularly interested in performing chlorinative 
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esterifications of ketenes (Scheme 215). To this end, aryl(alkyl)-disubstituted ketenes were 

converted to enantioenriched α-chloro esters with chlorinating reagent 229 and employing 

the chiral triazolylidene-type catalyst B6.245 The desired α-chloro esters were isolated in 

good-to-excellent yields (67–97%) and with low-to-moderate enantioselectivity (26–61% 

ee).

The authors proposed enantioselective chlorination of the NHC-bound azolium enolate 230 
leads to the acylazolium/pentachlorophenolate ion pair 231 (Scheme 216). Subsequent 

esterification then provides product and liberates the NHC catalyst.

In 2011, Wang and co-workers described an interesting NHC-initiated domino reaction of 

formylcyclopropanes and indolecarbaldehydes (Scheme 217).246,247 The benzimidazolium 

salt G1 gave the best result in terms of chemical yield. Unfortunately, the addition of 

imidazole, which is a commonly used nucleophilic co-catalyst in acylation reactions, failed 

to improve the reaction yield. Substrates with either electron-donating or -withdrawing 

substituents on the indole ring reacted with formylcyclopropyl 1,1-diesters to provide the 

products in low-to-moderate yields (14–62%). Interestingly, monoactivated 

formylcyclopropyl esters reacted successfully as well, albeit in lower yields.

Initial interception of the formylcyclopropane by the free carbene leads to formation of the 

Breslow intermediate 232 (Scheme 218). Subsequent NHC-promoted ring-opening of the 

cyclopropane ring affords azolium enolate 233 that reacts with indolecarbaldehyde to give 

the zwitterionic intermediate 234. Intramolecular proton transfer followed by lactamization 

through the indole nitrogen atom yields the hydroxy pyrrolo-indole and liberates the carbene 

catalyst. Subsequent carbene-independent dehydration then affords the desired product.

In 2014, Sun and co-workers reported an enantioselective, oxidative α-fluorination of 

aliphatic aldehydes under NHC catalysis.248 Accordingly, saturated aldehydes are converted 

to α-fluoroesters using NFSI as both the oxidant and the fluorine source (Scheme 219). 

Various aliphatic aldehydes react smoothly and afford the corresponding α-fluoroesters in 

moderate yields (52–75%) and with excellent enantioselectivity (87–95% ee). Various 

oxidizable functional groups such as an alkyne, pyridine and thiophene were also compatible 

with the strongly oxidizing reaction conditions.

In addition to saturated aldehydes, the authors also examined α-chloroaldehydes as azolium 

enolate precursors for their fluorination reaction (Scheme 220). In this case, only one 

equivalent of NFSI was sufficient because an external oxidant was no longer required. Under 

otherwise identical reaction conditions, comparable results in terms of yields and 

enantioselectivity of products were observed.

Furthermore, the catalytic enantioselective fluorination was extended to syntheses of α-

fluoro amides and thioesters (Scheme 221). Due to the intrinsic reluctance of acylazoliums 

to acylate amines and thiols (vide supra), a relay shuttle additive had to be introduced with 

pyrazole (236) proving optimal, allowing access to highly enantioenriched α-fluoro amides 

and thioesters in moderate-to-good yields (52–72% ee).
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5.3.7 Generation of Azolium Enolates from Saturated Esters—Very recently, Chi 

and co-workers reported a “backward” pathway for azolium enolate generation.249 In stark 

contrast to the “forward” process that starts from an enal (or other α-functionalized 

aldehydes) and proceeds to the azolium enolate, the reverse process starts from a stable 

carboxylic ester bearing a good leaving group OR2 (Scheme 222). The increased acidity of 

α C-H bonds of the saturated acylazolium intermediate would then lead to facile 

deprotonation and formation of the NHC-bound azolium enolate.

The authors exploited the nucleophilicity of saturated ester-derived azolium enolates in 

hetero-Diels-Alder cycloadditions with N-protected α,β-unsaturated imines (Scheme 223). 

The reaction proceeds well when aryl-substituted α,β-unsaturated imines and activated 

arylacetic esters are employed as reaction components. Electron-releasing or -withdrawing 

substituents are well tolerated on the aryl ring. In all cases, the product dihydropyridinones 

are generated in moderate-to-excellent yields (51–94%). High enantioselectivity is observed 

(60–99% ee) when enantiomerically pure triazolium B2 is used as precatalyst.

5.3.8 Reactions Involving Azolium Dienolates—In cases where a γ-proton is 

available on the α,β-unsaturated acylazolium intermediate (e.g. 236), its removal would lead 

to formation of a conjugated NHC-bound azolium enolate (or dienolate 237). The reactivity 

of this species mirrors its nucleophilic nature and contrasts sharply with reactivity patterns 

of “normal” NHC-bound azolium enolates 238. Thus, azolium dienolates can undergo 

electrophilic addition on either the α- or γ-positions (Scheme 224). In addition, 

catalytically-generated dienolates participate in formal [4+2] cycloaddition reactions.

In 2011, Ye reported the first access to catalytically-generated azolium dienolates involved 

the addition of a N-heterocyclic carbene to an α,β-unsaturated ketene.250 More specifically, 

the intermediate α,β-unsaturated ketenes are generated in situ from the corresponding α,β-

unsaturated acyl chlorides by dehydrohalogenation. These were reacted with trifluoromethyl 

ketones under NHC catalysis to afford chiral 6-trifluoromethyl-5,6-dihydropyran-2-ones 

(Scheme 225). The best results were obtained with the bicyclic triazolium precatalyst B27, 

cocatalytic amounts of Cs2CO3 and an excess of Et3N. Under these optimized conditions, 

acyl chlorides with aromatic rings bearing electron-withdrawing substituents afford the 

corresponding cycloadducts in good-to-excellent yields (76–94%) and with high 

enantioselectivity (72–93% ee). On the contrary, acyl chlorides with electron-donor-

substituted phenyl rings or electron-rich heteroaromatic rings gave the products with slightly 

decreased ee values (67–86% ee). It is also noteworthy that the reaction of an alkyl-

substituted acyl chloride delivers a single regioisomer of the corresponding cycloadduct in 

high yield (50%) but with moderate enantioselectivity (57% ee). Finally, the trifluoromethyl 

ketones used were limited to aromatic and heteroaromatic substrates exclusively.

The same authors later expanded their carbene-catalyzed methodology to isatins as the 

activated ketones (Scheme 226). It was found that the reaction conditions optimized for 

trifluoromethyl ketones were also applicable to isatins.251 Thus, a set of isatins with 

electron-withdrawing or - releasing substituents react well with α,β-unsaturated acyl 

chlorides to give spirocyclic oxindole-dihydropyranones in moderate-to-good yields (55–
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84%) and with good-to-high enantioselectivity 226 (71–95% ee). An N-benzyl protecting 

group proved equally effective, without loss of enantioselectivity.

The authors proposed a mechanistic scenario for their transformation (Scheme 227). The 

catalytic cycle is presumably initiated by 1,2-addition of the free carbene to the α,β-

unsaturated ketene 239, generated from the α,β-unsaturated chloride by the action of base. 

The resultant azolium dienolate intermediate 240 then undergoes nucleophilic addition on 

the activated ketone, regioselectively through its γ terminus. Lactonization of the transient 

alkoxide 241 finally furnishes the product spirocyclic dihydropyranone, while regenerating 

the carbene catalyst.

In 2012, Chi reported an oxidative NHC-catalyzed [4+2] cycloaddition of β,β′-disubstituted 

enals with trifluoromethyl ketones (Scheme 228).252 The reaction was proposed to take 

place via an oxidatively-generated, NHC-bound dienolate intermediate. The typical NHC-

mediated enal reactions involving homoenolate intermediates were suppressed by 

introducing an extra substituent at the enal β-carbon. Bis-quinone 174, previously explored 

in oxidations of Breslow intermediates, was found to be a good oxidant in this reaction as 

well. Phenyl rings with electon-withdrawing or -releasing substituents, heteroaromatic as 

well as alkenyl groups were all tolerated on the enal reaction partner. The reaction of alkyl-

substituted enals was not reported. On the other hand, trifluoromethyl ketones bearing an 

aromatic or heteroaromatic rings proved competent substrates as well. Encouragingly, 

replacing these aryl groups by an alkyl substituent also leads to effective [4+2] annulations. 

In all cases, the desired dihydroquinolones are isolated in moderate-to-good yields (52–

81%). In addition, very high enantioselectivity (up to 94% ee) is attained with chiral 

triazolium precatalyst A4 in conjunction with Sc/Mg-based Lewis acid cocatalyst. The ee 

values decrease when alkyl-substituted trifluoromethyl ketones are employed as substrates 

(60–80% ee).

The proposed mechanism involves the free carbene reacting with α,β-unsaturated aldehyde 

to afford an extended Breslow intermediate 242 (Scheme 229). Oxidation of the latter with 

bis-quinone 174 gives an α,β-unsaturated acylazolium ion 243. The key dienolate 

intermediate 244 likely comes from γ-deprotonation of the oxidatively-generated α,β-

unsaturated acylazolium 243. Dienolate 244 then performs nucleophilic addition to the 

trifluoromethyl ketone, affording the product dihydropyranone and regenerating the NHC 

catalyst. The Lewis acidic Sc(III) cocatalyst is likely involved in multipoint coordination, 

bringing the reactants together and organizing the transition structure.

Similar NHC-bound azolium dienolate intermediates were effectively generated in the 

absence of external oxidants by using α-bromoenals as precursors. Along these lines, Yao 

and co-workers reported an efficient synthesis of spirocyclic oxindole-dihydropyranones by 

reaction of tetrasubstituted α-bromoenals with isatins (Scheme 230).253 The best precatalyst 

proved to be the achiral N-mesityl-substituted imidazolium salt G7. When employed in THF 

as solvent and with addition of Cs2CO3 as base, the reaction tolerates both electron-

withdrawing and -releasing substituents on the isatin component.
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Electron-rich isatins require longer reaction times, but provide better isolated yields of 

products relative to their electron-poor counterparts. Moreover, different substituents on the 

N-atom of isatins influenced the yield markedly; when the methyl group is replaced with an 

allyl or benzyl group, the reaction yield decreases slightly. Dissappointingly, low 

enantiomeric excess (28% ee) and reduced chemical yield (42%) are obtained when a chiral 

NHC precatalyst is employed, under otherwise identical reaction conditions.

Accordingly, the bromo-Breslow intermediate 245, generated by addition of nucleophilic 

carbene to α-bromoenal, is proposed to undergo transformation to α,β-unsaturated 

acylazolium ion 246 through a3 to d3 umpolung followed by debromination (Scheme 231). 

Deprotonation at the γ-position then affords an NHC-bound azolium dienolate 247. Next, 

intermediate 247 adds to the isatin followed by intramolecular cyclization to deliver the 

target product, with concomitant release of carbene.

Lin, Sun and co-workers first reported an α-fluorination reaction of transiently-generated 

NHC-bound dienolates.254 The same authors have previously described an NHC-catalyzed 

redox reaction of ynals bearing a leaving group at the γ-position (vide supra).208 Their new 

strategy consisted in employing enals that bear a leaving group at the γ-position as 

precursors of dienolate intermediates (Scheme 232).

Enantioselective α-fluorinations were achieved by employing NFSI as the electrophilic 

fluorine source, in conjunction with the chiral triazolium precatalyst A4 (Scheme 233). 

Competing side reactions such as difluorination and protio-redox were successfully 

suppressed by using 1.05 equivalents of NFSI together with 2.0 equivalents of NaOAc. The 

authors also noted that the steric nature of the carbonate leaving group (OMe, OEt, or OtBu) 

had little effect on yield and enantioselectivity.

The NHC-catalyzed enantioselective α-fluorination proceeds in good yields (61–82%) for a 

range of aryl-substituted enals bearing a carbonate leaving group, with either electron-

releasing or -withdrawing substituents on the phenyl ring. The enantioselectivity is 

consistently high (85–92% ee). The reaction of alkyl-substituted enals takes place with 

comparatively high yields and enantioselectivity, albeit mixtures of E/Z isomers are obtained 

in these cases. Moreover, the presence of a trisubstituted carbon atom at the γ-position of the 

enal does not affect the reaction efficiency (67% yield, 77% ee). In sharp contrast, 

substitution at the α-position of the enal reduces the reaction efficiency significantly (5% 

yield after 48 h), even though the desired product containing a quaternary carbon center is 

isolated with a moderately high ee value (55% ee).

The authors proposed the following reaction mechanism (Scheme 234): the addition of the 

free carbene to an enal generates the extended Breslow intermediate 248. The latter then 

undergoes elimination of the carbonate leaving group followed by deprotonation to afford 

the NHC-bound dienolate intermediate 249. Subsequent C-F bond formation takes place 

selectively from the Re-face. Acyl substitution by methanol proceeds via a tetrahedral 

intermediate forms the desired fluorinated product and releases the NHC catalyst. On the 

basis of a series of NMR experiments, the authors propose that the free NHC reacts faster 

with the enal substrate than with NFSI, which explains catalyst turnover.
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Concurrently, Ye employed α,β-unsaturated aldehydes bearing a γ-leaving group as 

precursors of azolium dienolates for reaction with azodicarboxylates as electrophiles 

(Scheme 235).255 The yields of the resultant dihydropyridazinones are moderate-to-high 

(49–86%) for an entire range of enals bearing aromatic or alkenyl substituents. It is 

noteworthy that aliphatic enals also work well to give the desired annulation products in 

moderate yields. The reaction of various azodicarboxylates is also successful. Furthermore, 

the formal [4+2] hetero-Diels-Alder cycloaddition proceeds with excellent enantioselectivity 

(94–99% ee) when the chiral NHC precursor A4 is employed.

A possible catalytic cycle is depicted in Scheme 236 below. The addition of the in situ 
generated NHC to the enal gives the extended Breslow intermediate 250. The latter then 

collapses to azolium dienolate 251 by removal of the γ leaving group. Conjugate addition of 

the dienolate to azadicarboxylate affords α,β-unsaturated acylazolium 252, which finally 

cyclizes to give the dihydropyridazinone and regenerate the carbene catalyst.

6. LEWIS BASE CATALYSIS

6.1 Nucleophilic Catalysis

6.1.1 Morita-Baylis-Hillman and Rauhut-Currier Reactions—The Morita-Baylis-

Hillman reaction catalyzed by NHCs was first reported by Ye in 2007, coupling cyclic 

enones to aryl N-tosyl imines (Scheme 237).256 The enantioselective variant was also 

reported, coupling cyclopent-2-enone with N-tosylphenylmethanimine in up to 44% ee.257

Cross-over experiments with imine 253 and azolium adduct 254 gives a 1:1.3 mixture of 

255:256, implying the carbene adds to the tosyl-imine reversibly; however, formation of the 

MBH adduct is not reversible under the reaction conditions (Scheme 238).

Ye also demonstrated the MBH reaction of nitrostyrenes with azodicarboxylates using 

thiazolium precatalyst G19 in good yields (Scheme 239).258 A broad range of aryl-

nitrostyrenes are competent in the reaction; however, aliphatic nitroalkenes do not 

participate because of competitive polymerization.

In a similar reaction, Ye reported a [4+2] annulation of nitroalkenes and α,β–unsaturated 

ketones.259 The reaction is believed to proceed via a Rauhut-Currier type mechanism, where 

the nitroalkene-carbene adduct adds 1,4 to the enone, followed by displacement of the alkyl 

azolium by the enolate oxygen. Interestingly, the desired [4+2] cycloadduct is formed in 

only trace amounts when DABCO or PPh3 are used instead of thiazolium G30. Another 

interesting observation made during this work was the reversal of diastereoselectivity by 

varying the N-substituent of the thiazolium pre-catalyst. 2,4,6-trimethylphenyl precatalyst 

G30 gives 2,3-trans product (257) selectively, while the formation of the 2,3-cis product 

(cis-257) is favored by electron poor 3.5-bis(trifluoromethyl)phenyl thiazolium G29 (Scheme 

240).

Scheidt reported the NHC catalyzed Rauhut-Currier reaction, coupling 1,1-

bis(phenylsulfonyl)ethylene to α,β–unsaturated aldehydes.260
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Matsuoka further expanded this chemistry to include the dimerization of methacroleins in 

the presence of an alcohol (Scheme 242).261 Based on mass spectrometry experiments, the 

authors propose the reaction proceeds via initial conjugate addition of the carbene to the 

acrolein, followed by conjugate addition to another equivalent of acrolein. The catalyst is 

regenerated by methanol displacement of the azolium.

6.1.2 Umpolung of Michael Acceptors—The conjugate addition of the carbene to 

Michael acceptors has also been demonstrated to result in β-functionalization. This likely 

proceeds through a formal deoxy-Breslow intermediate, which transforms the normally 

electrophilic β-carbon to a nucleophile. This reactivity was first reported by Fu in 2006, who 

found it while exploring an intramolecular Heck reaction with alkyl tosylates (Scheme 

243).262

Scheidt reported a similar reaction using vinyl-sulfones, which rearrange after treatment 

with the NHC, and then undergo a cycloaddition with nitrones to give isoxazolines (Scheme 

244).263 Interestingly, only one diastereomer is generated (measured by 1H NMR) in the 

reaction.

Matsuoka and Glorius independently reported the tail-to-tail dimerization of acrylates with 

carbene catalysts (Scheme 245).264 Since these two important contributions, much work has 

been devoted to the β-coupling of acrylates to form dimers, trimers, and tetramers. This 

reactivity has also been exploited in polymerization catalysis.265

Matsuoka later expanded this chemistry to include the dimerization of methacrylonitrile in 

the presence of an alcohol.266 Matsuoka also noted an interesting reaction between 

previously generated deoxy-Breslow intermediates and isocyanates (Scheme 246).267 

Attempts at a one-step three component coupling were hindered by carbene addition to the 

isocyanate, leading to the formation of a urea side product. Later, Glorius demonstrated the 

selective tail-to-tail homo-coupling of electron-deficient styrenes (Scheme 247).268 Aside 

from dimerization reactions proceeding through deoxy Breslow intermediates, Nair 

demonstrated the reaction of unsaturated cinnamils to give vinyl fulvene derivatives rather 

than the expected lactone.269

In most of these reactions, to date, the most efficient catalytic systems are triaryl triazolium 

based. This is surprising, given that the triaryl triazolylidenes are not often used in other 

NHC-catalyzed reaction (bicyclic triazolium precatalysts are dominant - cf. figure 2) and 

that triazolylidenes are generally less nucleophilic than imidazolylidenes or thiazolylidenes. 

Mayr investigated the reactivity difference of several deoxy-Breslow intermediates through 

kinetic measurements with reference electrophiles.270 The nucleophilicity of a triazolylidene 

derived deoxy-Breslow interemediate was found to be intermediate compared to the more 

nucleophilic imidazolylidene deoxy-Breslow and the less nucleophilic imidazolinylidene 

variant. This data suggests the nucleophilicity of the deoxy-Breslow can not explain the 

preference for triazolium pre-catalysts in these reactions.

6.1.3 Activation of Boryl Groups—In 2009, Hoveyda and co-workers demonstrated that 

imidazole based carbenes are capable of catalyzing carbon-boron bond formation between 
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enones and bis(pinacolato)diboron to synthesize β-boron substituted ketones via a conjugate 

addition.271 It is believed that the free carbene coordinates to one boron atom of 

bis(pinacolato)diboron to generate activated species 258. This activated species then adds to 

the enone via a 1,4-addition to generate 259, which then undergoes a tautomerization to 

liberate carbene and boron-enolate 260. The boron-enolate generates ketone product 261 
upon aqueous workup. Marder and co-workers have characterized a crystal structure of 

intermediate 258 (Scheme 248).272

A crystal structure of intermediate 258 shown in Figure 7 clearly demonstrates the boron-

NHC interaction as the B-B bond distance increases by 0.039 Å as the NHC-bound boron 

atom undergoes pyraminalization from sp2 to sp3. Further, the distorted tetrahedral geometry 

of the NHC-bound boron atom is clearly visible in the crystal structure.

Hoveyda’s initial report on the NHC-catalyzed boron conjugate addition reaction showed 

that a variety of cyclic and acyclic ketones and esters are acceptable Michael acceptors. It 

was also shown that β,β-disubstituted Michael acceptors participate in the reaction to form 

quaternary substituted carbons. Yields are high (44 – >98 %) and diastereoselectivity ranges 

from 1.6:1 to 7.2:1 (Scheme 249).

In 2012, Hoveyda expanded the utility of NHC-catalyzed conjugate borylation by 

developing the enantioselective transformation and expanding the types of Michael 

acceptors that participate in the reaction.212g Initial attempts at an enantioselective reaction 

were met with limited conversion. It was hypothesized that this may be due to difficulties 

associated with the sterically demanding NHC coordinating to the bulky 

bis(pinacolato)diboron 262. The use of methanol as an additive provided a solution to this 

problem and the reaction was shown to proceed efficiently. It is proposed that methanol 

exchanges with the pinacol unit of the diboron to generate a more sterically accessible 

diboron unit 263, which may coordinate the carbene (Scheme 250).

A wide variety of Michael acceptors including enones, enals, enoates, and α,β-unsaturated 

amides are tolerated in the reaction. Of particular note is that enals, substrates that have been 

demonstrated extensively to undergo dimerization reactions in the presence of NHC-

catalysts (cf. sections 3.2, 3.3 and 4.2), are well tolerated in the reaction and undergo 

minimal undesired NHC catalyzed pathways. Yields in this reaction range from 43 to 94% 

and enantioselectivity ranges from 42 to 96% ee (Scheme 251).

6.1.4 Activation of Silyl and Stannyl Groups—Similar to the NHC-catalyzed boron 

conjugate addition, Hoveyda has developed an enantioselective NHC-catalyzed silicon 

conjugate addition.273 The reaction proceeds via activation of 

dimethylphenylsilylpinacolatoboron [Me2PhSi-B(pin)] 264 by an NHC catalyst to 

selectively transfer the silicon to the β-position of a Michael acceptor (Figure 8). The 

selectivity of the transfer arises from the high Lewis acidity of boron, which selectively 

coordinates the NHC, thus activating the silicon atom for transfer to the β-position.

In this reaction, cyclic enones, lactones, acyclic α,β-substituted ketones, esters, and 

aldehydes are tolerated as substrates to provide β-silylated products in up to 98% yield and 

Flanigan et al. Page 48

Chem Rev. Author manuscript; available in PMC 2016 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



70 – 96% ee (Scheme 252). Of note, enals perform well in this reaction, suggesting the NHC 

catalyst selectively interacts with the silicon-boron complex rather than the aldehyde, which 

would provide products arising from Breslow intermediate reactivity (cf. Section 3). A 

similar reaction was reported by Commeiras and Parrain activating 

tributyl(trimethylsilyl)stannane for the 1,2 addition or 1,4 addition of tributyl tin to 

aldehydes or enals.274 Aliphatic, heteroaromatic, and electron rich aryl aldehydes proceed in 

good yields (85–100%); however electron deficient aryl aldehydes are much less consistent 

(often resulting in no reaction). Acrolein and its derivatives also participate, generating the 

1,4-tin addition adduct as the only observable addition product, while β-substituted enals 

favored 1,2 addition.

6.2 Base Catalysis

N-Heterocyclic carbenes have also found a role as a general base for the activation of 

alcohols, amines, and 1,3-diketones. Scheidt and co-workers showed in 2010 that NHC 

catalysts are capable of activating alcohols for a 1,4-addition to enones to generate β-alkoxy 

ketones (Scheme 253).275 Aryl and alkyl ketones, as well as enoates participate in the 

reaction. A variety of primary and secondary alcohols are competent nucleophiles. The 

reaction is thought to proceed via activation of the alcohol by the NHC catalyst to form 

complex 265. This active complex then transfers the alcohol to the β-position of the enone 

and then subsequently transfers a proton to the α-position for a net hydroalkoxylation 

reaction (Scheme 254), similar to the role of NHCs in transesterification (cf. Section 5.3.1).

Zhang and Kang reported the aza-variant of the NHC-catalyzed conjugate addition in 

2011.276 Aryl and aliphatic amines readily yield product in the reaction and aryl as well as 

aliphatic substitution on the enone is acceptable (Scheme 255). Recently, NHC CO2 Adducts 

adducts were also shown as competent precatalysts for the Michael additions of thiols, 

diphenylphosphine oxide, diethylphosphonic acid, and 1,3-dicarbonyl compounds.277

In addition to conjugate additions of alcohols and amines, this type of reactivity has been 

extended to 1,3-dicarbonyls as the nucleophilic coupling partner as well as efficient catalysts 

for D-H exchange reactions on these substrates.278 In 2009, Rodriguez and Coquerel 

reported the synthesis of α-spirolactones and α-spirolactams through an olefin cross-

metathesis/NHC Michael addition cascade reaction.279 The first step involves installing an 

electron withdrawing group on an olefin tethered to the 1,3-dicarbonyl, followed by an 

NHC-catalyzed Michael-addition of 1,3-dicarbonyl compounds to the tethered Michael 

acceptor. Interestingly, a one pot procedure was developed where the crude reaction mixture 

from the cross-metathesis reaction could be directly treated with P(nBu)3 to decomplex the 

free carbene 16, which then catalyzes the subsequent Michael addition. The same group also 

demonstrated the intermolecular coupling of 1,3-dicarbonyls with vinyl electron-

withdrawing groups.280 Recently, Chen and Huang demonstrated the stereoselective 1,4-

addition of 1,3-dicarbonyl compounds to nitrostyrene derivatives.281 Mechanistically, the 

reaction is believed to proceed via complexation between the free carbene and the cyclic 

enol form of the 1,3-dicarbonyl 266, activating it. Then, the nitrostyrene approaches the 

complex and reacts via an ene-type mechanism. The high stereoselectivity of this reaction is 

attributed to the highly organized transition state 267 that is accessed via the carbene 
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coordination to the 1,3-dicarbonyl (Scheme 256). Further, a negative non-linear effect was 

observed, implying that two molecules of catalyst are involved in the transition state.

The authors note careful selection of reaction parameters allows for the proper pKa balance 

between carbene catalyst and substituted 1,3-dicarbonyl product. The reaction requires a fine 

balance of pKa to ensure that all of the reactive moieties are in their proper reactive form to 

proceed. It was found that a mixture of LHMDS and hexafluoroisopropanol (HFIP) provides 

optimal reactivity. A variety of electron-rich and electron-deficient nitrostyrenes are 

tolerated as Michael acceptors, with a single aliphatic nitroalkene included in the substrate 

scope. Symmetrical aliphatic and aryl 1,3-diketones work well in the reaction, and a variety 

of unsymmetrical 1,3-dicarbonyl species, including 1,3-diketones and β- α-ketoesters, work 

well, but because the products epimerize easily in basic conditions, diastereoselectivity is 

minimal (Scheme 257).

7. CONCLUSION

With the broad diversity of chemistry demonstrated in this review, it is clear N-heterocyclic 

carbenes have had a broad impact on the field of organic chemistry, often allowing for the 

mild construction of complex molecules from simple starting materials. As the number of 

reactivity manifolds has increased, so too has the popularity of these unique catalysts in the 

community, as evidenced by Figure 9 showing the number of publications appearing 

between 1970 and 2014 relating to heterocyclic carbenes.

Despite the appearance of several landmark papers hinting at the enormous potential of N-

heterocylic carbene catalysts, it was not until the year 2000 that a drastic increase in the field 

began. It is remarkable to think many of the advances presented came largely during the last 

15 years. A closer inspection of Figure 9 reveals that 8627 publications appeared between 

2000 and 2014 relating to heterocylic carbenes, in sharp contrast to 149 appearing between 

1970 and 1999.

Along with an increase in the number of reactivity manifolds presented, there has also been 

an increase in their use in an industrial setting and toward natural product syntheses.282 This 

review highlights the accomplishments made in this time-frame, but also points out the 

challenges still in need of a solution. The development of new transformations will no doubt 

continue to provide new challenges; nevertheless, designing more efficient N-heterocyclic 

carbenes that are more reactive and selective in the established reactivity remains a major 

focus.
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Figure 1. 
Evolution of Umpolung Catalysts
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Figure 2. 
Literature Examples of Chiral Carbene Precursors
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Figure 3. 
Literature Examples of Achiral Carbene Precursors
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Figure 4. 
Impact of N-substituent on Reversibility of Breslow Intermediate Formation
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Figure 5. 
Proposed Single Step Mechanisms for the Hydroacylation of Alkenes
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Figure 6. 
s-cis vs s-trans Transition States
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Figure 7. 
X-ray Crystal Structure of 258
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Figure 8. 
NHC Activation of Silicon-Boron Complex
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Figure 9. 
Histogram of Scifinder Search of “Heterocyclic Carbene” (January 2015)
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Scheme 1. 
Synthesis of Thiazolium Salts via Condensation of Thioformamide
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Scheme 2. 
Synthesis of Imidazoliums by Cyclization of the Backbone
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Scheme 3. 
Synthesis of Imidazoliums by One Carbon Annulation
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Scheme 4. 
Synthesis of Imidazoliniums by One Carbon Annulation
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Scheme 5. 
Preparation of Trisaryl-Triazolium Salts
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Scheme 6. 
Preparation of Bicyclic Triazolium Salts
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Scheme 7. 
Synthesis of Mesityl Substituted Triazolium Salts
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Scheme 8. 
Nucleophilicity of NHCs
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Scheme 9. 
Postulated Generation of Acyl-Anion Equivalents
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Scheme 10. 
Generation of Keto-tautomer
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Scheme 11. 
Synthesis and Properties of aza-Breslow Analogues
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Scheme 12. 
Aza-Breslow Catalyzed Intramolecular Stetter Reaction
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Scheme 13. 
Nucleophilicity of O-methylated Breslow intermediates
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Scheme 14. 
Formation of Breslow intermediates
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Scheme 15. 
Reversibility of Breslow Intermediate Formation
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Scheme 16. 
NHCs Tested in the Benzoin Reaction (2007–2014)
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Scheme 17. 
Highly Efficient Catalytic System for the enantioselective Benzoin Reaction
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Scheme 18. 
Yang’s Cross-Benzoin Reaction
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Scheme 19. 
Cross-Benzoin Reaction of Aliphatic and Aryl Aldehydes
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Scheme 20. 
Hydroxymethylation of Aldehydes
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Scheme 21. 
Synthesis of Bicyclic Tertiary Alcohols
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Scheme 22. 
Enantioselective Synthesis of Dihydroisoquinolones
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Scheme 23. 
Synthesis of Cyclopentanols via Dual Secondary Amine/NHC Catalysis
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Scheme 24. 
Synthesis of Cyclopentanols via Michael Addition/NHC Cascade Reaction

Flanigan et al. Page 103

Chem Rev. Author manuscript; available in PMC 2016 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 25. 
Acyl-Silanes and Phosphonates as Acylanion Equivalents
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Scheme 26. 
Enantioselective Cross-Benzoin Reaction with Trifluoromethyl Ketones
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Scheme 27. 
Enantioselective Coupling of Aliphatic Aldheydes with α-Arylketoesters
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Scheme 28. 
Cross-Aza-Benzoin Reaction
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Scheme 29. 
Cross-Aza-Benzoin Reaction with Ketimines
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Scheme 30. 
Cross Aza-Benzoin Reaction with N-Boc Imines

Flanigan et al. Page 109

Chem Rev. Author manuscript; available in PMC 2016 September 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 31. 
Dual Photocatalytic NHC Cross Aza-Benzoin Reaction
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Scheme 32. 
Seminal Intramolecular Stetter Reactions
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Scheme 33. 
Vinyl Phosphonates as Coupling Partners
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Scheme 34. 
McErlean’s Extended Stetter Reaction
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Scheme 212. 
Enantioselective Esterification of Ketenes
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Scheme 213. 
Possible Mechanism of NHC-Catalyzed Esterification of Ketenes
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Scheme 214. 
Enantioselective Esterification of Ketenes (Smith)
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Scheme 215. 
Enantioselective Chlorinative Esterification of Ketenes
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Scheme 216. 
Plausible Mechanism of Enantioselective Chlorination of Ketenes
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Scheme 217. 
NHC-Catalyzed Domino Reaction of Formylcyclopropane and Indolecarbaldehyde
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Scheme 218. 
Postulated Mechanism of the Domino Reaction
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Scheme 219. 
α-Fluorination of Saturated Aldehydes using NHC in Conjunction with NFSI
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Scheme 220. 
α-Fluorination of α-Chloroaldehydes
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Scheme 221. 
One-Pot Synthesis of α-Fluoro Amides and Thioesters
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Scheme 222. 
NHC-Mediated Activation of Saturated Esters
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Scheme 223. 
Enantioselective Hetero-Diels-Alder Reaction
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Scheme 224. 
Approaches to Azolium Enolates and Dienolates
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Scheme 225. 
Enantioselective [4+2] Annulation of α,β-Unsaturated Ketenes with Trifluoromethyl 

Ketones
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Scheme 226. 
Enantioselective [4+2] Annulation of α,β-Unsaturated Ketenes with Isatins
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Scheme 227. 
Proposed Catalytic Cycle for [4+2] Annulation of α,β-Unsaturated Ketenes and Activated 

Ketones
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Scheme 228. 
Enantioselctive Oxidative γ-Addition of Enals to Trifluoromethyl Ketones
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Scheme 229. 
Proposed Mechanism for Reaction of NHC-Bound Dienolate with a Carbonyl Compound
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Scheme 230. 
Annulation of α-Bromoenals with Isatins
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Scheme 231. 
A Proposed Mechanism for Reaction of α-Bromoenals with Isatins
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Scheme 232. 
α-Fluorination of NHC-Bound Dienolate Intermediate
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Scheme 233. 
Scope of the α-Fluorination Reaction of Dienolates
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Scheme 234. 
Proposed Mechanism for α-Fluorination of NHC-Bound Dienolates with NFSI
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Scheme 235. 
NHC-Catalyzed [4+2] Annulation of Oxidized Enals and Azodicarboxylates
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Scheme 236. 
Postulated Mechanism for the [4+2] Annulation of Azolium Dienolates and 

Azodicarboxylates
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Scheme 237. 
Enantioselective Morita-Baylis-Hillman reaction
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Scheme 238. 
Cross-over experiments for the MBH reaction
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Scheme 239. 
MBH Reaction of Nitroalkenes and Diazodicarboxylates
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Scheme 240. 
[4+2] Annulation of Nitroalkenes and Oxodienes
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Scheme 241. 
Rauhut-Currier Reactions of Enals
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Scheme 242. 
Dimerization of Methacroleins
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Scheme 243. 
β-Alkylation of Deoxy-Breslow Intermediates
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Scheme 244. 
Synthesis of Isoxazolines
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Scheme 245. 
Dimerization of Acrylates
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Scheme 246. 
Coupling of Deoxy-Breslow Intermediates and Isocyanates
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Scheme 247. 
Dimerization of styrenes
136% yield can be obtained using 20 mol% G23.
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Scheme 248. 
Mechanism of NHC Catalyzed β-Boron Addition
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Scheme 249. 
Hoveyda’s Initial NHC-Catalyzed Conjugate Boron Addition
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Scheme 250. 
Use of Methanol to Generate Less Hindered Diboron Reagent
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Scheme 251. 
Enantioselective Conjugate Boron Addition
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Scheme 252. 
NHC Catalyzed Conjugate Silicon Addition
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Scheme 253. 
Scope of NHC-Catalyzed Conjugate Addition of Alcohols to Enones
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Scheme 254. 
NHC-Catalyzed Conjugate Addition of Alcohol to Enone
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Scheme 255. 
Scope of the NHC-Catalyzed Aza-Conjugate Addition
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Scheme 256. 
Mechanism of NHC-Promoted Conjugate Addition of 1,3-Dicarbonyls
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Scheme 257. 
Scope of Conjugate 1,3-Dicarbonyl Addition
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Chart 1. 
Acidity of Azolium Based NHC Precursors*

*pKa values determined in H2O (DMSO) [computed]
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Flanigan et al. Page 338

Table 1

Initial Optimization of the NHC/Lewis Acid-Catalyzed Annulation

Entry Base (15 mol%) Lewis acid (eq.) Solvent Yield (%)

1 none Ti(OiPr)4 (2 eq.) CH2Cl2 37

2 none Ti(OiPr)4 (1 eq.) CH2Cl2 30

3 DBU Ti(OiPr)4 (2 eq.) CH2Cl2 38

4 DBU Ti(OiPr)4 (1 eq.) CH2Cl2 37

5 DBU none CH2Cl2 12
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