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Introduction

N-heterocyclic carbenes (NHCs) are by far the most
studied members of the family of nucleophilic carbenes.[1,2]

They are generally known as excellent ligands for metal-based
catalysis, but there is also increasing interest in the role of
nucleophilic carbenes as organocatalysts. Metal-free cata-
lyzed processes are interesting alternatives to classical organic
transformations since they are often more economical and
environmentally friendly. In this article, we give a compre-
hensive overview of the numerous applications of imidazolyl-
idene, imidazolinylidene, triazolylidene, and thiazolylidene in
organocatalysis (Figure 1).

1. Condensation Reactions

The benzoin condensation cata-
lyzed by azolium salts has been widely
studied. Catalytic, synthetic, and
mechanistic aspects of this reaction

have been examined.[3] Numerous reactions that can also be
considered condensations can be catalyzed by N-heterocyclic
carbenes (NHCs). Because of their relevance to C�C bond
formation and because of the ubiquity—and wide diversity—
of carbonyl compounds, these reactions have attracted much
attention. Furthermore, the creation of a stereogenic center
during the course of the reaction has further challenged the
design of asymmetric catalysts. Some excellent reviews,
mainly focused on the benzoin condensation, have already
appeared in the literature;[3,4] therefore, we will review here
only the latest advances.

1.1. Benzoin Condensation

The benzoin condensation reaction has attracted much
attention for several decades notably because of its use in C�
C bond formation. It was shown early on by Ugai et al. that
naturally occurring thiamin (1) catalyzes the self-condensa-
tion of benzaldehyde (2) to produce benzoin (3)
(Scheme 1).[5,6] While several mechanistic proposals were still
being debated,[7] Breslow[8] proposed in his 1958 ground-
breaking paper that the C2 conjugate base of the thiazolium
ring in thiamin (I) acts as a nucleophile and activates the
carbonyl for subsequent condensation, leading to IV. Base-
promoted isomerization then affordsV, which produces 3 and
regenerates catalyst I.[8,9] In addition to the formation of a
new C�C bond, the benzoin condensation features the
creation of a stereogenic center in 3. It then naturally, as
early as 1966, became a benchmark reaction to evaluate the
potential of chiral heterazolium salts. A wide variety of

Organocatalyzed reactions represent an attractive alternative to
metal-catalyzed processes notably because of their lower cost and
benign environmental impact in comparison to organometallic catal-
ysis. In this context, N-heterocyclic carbenes (NHCs) have been
studied for their ability to promote primarily the benzoin condensa-
tion. Lately, dramatic progress in understanding their intrinsic prop-
erties and in their synthesis have made them available to organic
chemists. This has resulted in a tremendous increase of their scope and
in a true explosion of the number of papers reporting NHC-catalyzed
reactions. Here, we highlight the ever-increasing number of reactions
that can be promoted by N-heterocyclic carbenes.

Figure 1. General structures of nucleophilic carbenes.
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thiazolium, imidazolium, and triazolium salts presenting great
structural diversity have been developed over the years, and

this has resulted in constant improve-
ments in yield and selectivity.[3] Going
beyond the usual focus on central chir-
ality, Bach et al. recently demonstrated
that axially chiral N-arylthiazoliums such
as 4 catalyze the benzoin condensation
and the Stetter reaction.[10] Even though
the yields and ee values are low (up to

40–50% ee) compared to those of other systems, it was shown
that axial chirality is a viable approach in this reaction.

Surprisingly, while numerous catalytic systems have been
developed in the last fifty years for intermolecular acyloin
condensation, the first intramolecular version appeared only
in 2003. Suzuki and co-workers disclosed the facile synthesis
of functionalized preanthraquinones 7 catalyzed by thiazo-

lium bromide 5 in the presence of DBU (1,8-diazabicyclo-
[5.4.0]undec-7-ene) (Scheme 2).[11] Noteworthy, the viability
of ketones as benzoin-type condensation partners opened
new fields of investigation for stereoselective reactions.
Subsequently, the groups led by Enders and Suzuki inde-
pendently reported asymmetric intramolecular cross-benzoin
reactions[12] in which they achieved good to high yields and
enantioselecitivities of a-hydroxyketones 8. Representative
examples are shown in Scheme 3. It is worth noting that once
again the triazolium scaffold proved superior to the thiazo-
lium framework for asymmetric induction.

Finally, it should also be mentioned that the benzoin
condensation can be promoted by a large palette of NHCs
ranging from chiral rotaxane[13] to extremely simple and
commercially available organic ionic liquids such as [bmim]Br
(butylmethylimidazolium bromide) and [emim]Br (ethyl-
methylimidazolium bromide).[14]

1.2. The Stetter Reaction

The benzoin condensation was extended to Michael
acceptors in the early 1970s,[15] and this is now a versatile
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Scheme 1. Breslow mechanism for the benzoin condensation catalyzed
by 1.

Scheme 2. Intramolecular cross-benzoin condensation of ketones and
aldehydes.
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method for the preparation of 1,4-diketones mostly, but also
of 4-ketoesters and 4-ketonitriles (Scheme 4).[16] Commonly
known as the Stetter reaction, this process was first reported
to be catalyzed by cyanide, although azolium salts[17] are more
efficient with aliphatic aldehydes.

The importance of the Stetter reaction products as
valuable precursors in the synthesis of cyclopentanone
derivatives[18] and heterocycles[19] explains its now very
common use in total synthesis,[20] in solid-phase organic
synthesis,[21] and in the preparation of extended heterocyclic
systems.[22] Interestingly, one-pot multicomponent reactions
have also been developed, allowing for straightforward
preparation of highly substituted products from simple
starting materials. The four-component synthesis of pyrrole
derivatives reported by M@ller and co-workers is an elegant
example.[23] Chalcones 13, formed from electron-poor aryl

halides and aryl propargyl alcohols in a coupling/isomer-
ization sequence,[24] can be transformed in a one-pot sequence
first to the corresponding 1,4-diketones 14 and then to pyrrole
derivatives 15 (Scheme 5).[25]

The intramolecular version of the Stetter reaction[26] was
first rendered asymmetric by Enders et al.[3,27,28] Chiral
triazolium salt 16 catalyzed the formation of 1,4-ketoesters
in good yield and moderate selectivity (Figure 2). Better
asymmetric induction was later achieved by Rovis et al. with
triazolium salts 17 and 18 in which the chiral group is fused to
a second ring.[29] These compounds have notably catalyzed the
cyclization of aliphatic aldehydes and the formation of
quaternary stereocenters.[30] Thiazolium-containing peptides
19 have also been used in this reaction, although only with
moderate enantioselectivity.[31]

Scheme 3. Asymmetric intramolecular cross-benzoin condensation of ketones and aldehydes. TBS= tert-butyldimethylsilyl, TIPS= triisopropylsilyl.

Scheme 4. The Stetter reaction. Scheme 5. One-pot four-component synthesis of pyrrole derivatives.
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The scope of the Stetter reaction was further expanded by
the use of in situ generated acylimines as acceptors.[32] The
cross-condensation of a variety of aldehydes and arylsulfonyl
amides efficiently yielded the corresponding a-amido ketones
20, even starting from a,b-unsaturated aldehydes that did not
undergo homocondensation [Eq. (1)].

On the other hand, the formation of self-condensation or
benzoin by-products from highly reactive aldehydes can be
prevented by employing other carbonyl anion precursors such
as a-keto carboxylates or acylsilanes. First reported with
unsaturated ketones and esters,[33] the sila-Stetter reaction can
also be applied to N-diarylphosphinoylimines to directly
prepare the corresponding a-amino ketones.[34] In these
transformations, after the initial attack of the carbene to the
carbonyl function, a 1,2-silyl migration (Brook rearrange-
ment[35]) is proposed to lead to the formation of the acyl anion
equivalent. Desilylation of this intermediate by an alcohol
would then afford the conventional umpoled species VI
(Scheme 6). From keto carboxylates,[36] decarboxylation of
the initial adduct VII would produce the same intermediate.

This methodology has also been applied successfully to
the preparation of highly substituted heterocycles. Notably,
1,4-diketones have been transformed in situ to their corre-
sponding pyrroles[37] under standard conditions or to furans[38]

upon addition of acid (Scheme 7).

1.3. Generation of Homoenolates

A novel aspect of NHC-catalyzed reactions is their use to
generate homoenolates from a,b-unsaturated aldehydes
(Scheme 8) leading to unprecedented reaction outcomes
(Scheme 9).[39]

The research groups led by Glorius[40] and Bode[41]

reported independently the formation of g-butyrolactones
21 from conjugated enals and aromatic aldehydes
(Scheme 9). Both groups highlighted the necessity for care-
fully adjusting the steric bulk of the NHC. Thiazolium

Figure 2. Selected catalysts for the asymmetric Stetter reaction.

Scheme 6. Generation of acyl anion equivalents.

Scheme 7. One-pot synthesis of heterocycles. TsOH= toluenesulfonic
acid.

Scheme 8. NHC-promoted generation of homoenolates.
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precursors, in which only one side of the ring is substituted,
provided only trace amounts of benzoin condensation while
imidazolium salts, properly sterically encumbered, resulted in
selective formation of the desired lactones. IMes, flanked with
mesityl groups, was found to be an excellent catalyst, unlike
ICy (unreactive) and IPr (unselective), and produced cis
lactones in high yields and selectivity (Figure 3). Glorius and

co-workers, who lately expanded the scope of this trans-
formation,[42] have shown the feasibility of an enantioselective
version of this reaction using 28 but reached only 25% ee.

Subsequent to this first report, Bode et al. reported the
use of a different electrophile to trap the homoenolate.
Following the same reaction pathway, N-sulfonylimines read-
ily react with the homoenolate–NHC adduct to produce, after
expulsion of the carbene moiety, cis g-lactams 22
(Scheme 9).[43] The authors eventually showed the critical
choice of the protecting group on the imine. N-alkyl and N-
aryl imines were found unreactive, while N-phosphinoyl
imine reacted stoichiometrically with the organocatalyst.

Interestingly, the homoenolate can be trapped by a
proton, leading to the formation of an activated carboxylate
that further reacts with a nucleophile to produce compounds
of type 24. Scheidt and Chan reported that alcohols could be
used in this context (Scheme 9).[44] Bode and Sohn later
observed that the choice of the base was critical in this type of
reactions.[45] It was notably shown that diisopropylethylamine
(DIPEA) led to saturated esters 24 while KOtBu afforded g-
butyrolactones 23.

In 2006, Bode and co-workers extended the use of NHC-
generated homoenolates to the Diels–Alder reaction.[46] In
their mechanistic proposal, the homoenolate undergoes a
proton transfer to generate a triazolium enolate, which
further serves as dienophile in an azadiene Diels–Alder
reaction with a,b-unsaturated imines. The optimization
studies for this synthesis of dihydropyridinones proved
critical, since the two reactants are very similar. While
homoenolates formed from imidazoliums were reluctant to
protonate, triazolium salts were found more efficient but with
a tendency to react primarily with the enimine instead of the
enal. Extensive optimization showed that a more activated
enal, bearing an ester function trans to the aldehyde, in
conjugation with a bulky triazolium was mandatory to avoid
formation of g-lactams 22 (Scheme 9) and produces in high
yields the desired dihydropyridinones 27 (Scheme 10). It is
noteworthy that the authors, concomitant with their findings,
rapidly developed an asymmetric version of the reaction that
proved extremely efficient (99% ee for most of the sub-
strates). Interestingly, a-chloroaldehyde 30 could participate
as well in the Diels–Alder reaction, owing to its propensity to
undergo enolate formation in the presence of NHC,[47] and led
to compound 27h.

Very recently, two contributions have widened the scope
of NHC-generated homoenolates. Glorius et al. had previ-

Scheme 9. Applications of NHC-generated homoenolates. PG=protecting group.

Figure 3. Imidazolium-derived catalysts.
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ously described that ketones failed to participate in the
cyclization process leading to lactones, with the exception of
a,a,a-trifluoroacetophenone.[40] Nair et al. then envisaged the
possible participation of an activated carbonyl such as a
vicinal dione and showed that imidazole carbenes catalyze the
spiro-annulation of 1,2-cyclohexanedione with a wide array of
cinnamaldehydes.[48] Although the reaction is limited to 1,2-
cyclohexanedione and substituted cinnamaldehydes, this is
one of the few[49] straightforward routes to spiro g-butyrolac-
tone 25 (Scheme 9).

Subsequently, Nair and co-workers reported the use of
activated a,b-unsaturated ketones.[50] Their first intention was
to involve an activated C=C bond present in the homoenolate
acceptor to ultimately produce highly substituted acylcyclo-
pentanones 31 (Scheme 11). Amazingly, in lieu of the
expected ketones they observed the formation of trisubsti-

tuted cyclopentenes 26. To
rationalize this result, they
proposed a catalytic cycle in-
volving the formation of an
NHC-stabilized enolate fol-
lowed by b lactonization and
decarboxylation. The higher
complexity possible with this
synthetic method was high-
lighted by the reaction of
thienylidene tetralone, which
produced cyclopentene 26d
which has the double bond
adjacent to the point of ring
fusion. The latter example
bodes well for the future of
NHC-catalyzed reactions in
total syntheses of biologically
active compounds.[51]

In addition to a,b-unsatu-
rated aldehydes, Fu et al. re-
cently reported that a,b-un-
saturated esters could be suit-

able precursors for the generation of homoenolates.[52] In this
case, the mechanism for the umpolung of the b carbon of the
esters was proposed to proceed through addition of the
carbene at the position b to the unsaturated ester (Scheme 12,

VIII). Base-catalyzed tautomerization, which is supported by
deuterium-scrambling experiments, would result in a formal
negative charge at the b position, affording the umpoled
intermediate IX. Intramolecular ring-closing followed by
base-promoted b elimination would then produce cyclized
a,b-unsaturated esters 32 and regenerate the NHC. The scope
of the reaction, which is efficient with chloride, bromide, or
tosylate as leaving group, is shown in Scheme 13. During
optimization studies, the authors observed that the reaction
could be performed with triazolium salts but not with their
imidazolium or thiazolium counterparts. It is noteworthy that
the use of phosphines proved inefficient, in sharp contrast to
their ability to catalyze the intramolecular alkylation of
unsaturated ketones (although at the a position).[53]

Scheme 10. NHC-catalyzed azadiene Diels–Alder reactions.

Scheme 11. NHC-catalyzed synthesis of cyclopentenes from enals and
enones.

Scheme 12. Proposed mechanism for the NHC-catalyzed intramolecu-
lar b alkylation of a,b-unsaturated esters.
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2. Transesterification and Acylation Reactions

In 2002, the research groups led by Nolan[54] and
Hedrick[55] simultaneously reported efficient protocols for
NHC-catalyzed transesterification reactions.[56] Functional-
group tolerance, selectivity, and low catalyst loading are the
advantages of this approach.[57] Soon, the scope of the
reaction was extended to secondary alcohols[58] and phospho-
rus esters.[59] It is noteworthy that the high efficiency of NHCs
as transesterification catalysts, along with their relative
nontoxicity, led to their use in the polymerization of cyclic
ester monomers (see Section 3.1 for further discussion).

A related transformation, the amidation of unactivated
esters by amino alcohols, has been reported to proceed
smoothly in the presence of free IMes (Scheme 14).[60]

Interestingly, in preliminary mechanistic investigations the
authors isolated and characterized for the first time hydrogen-
bonded carbene–alcohol complexes 33 and 34. After the
initial transesterification, a rapid O!N acyl-transfer reaction
would lead to the expected amide. This novel mode of
catalysis, also supported by theoretical calculations,[61] opens
new possibilities for NHCs in organocatalysis.

NHCs also promoted the reaction of benzoins or benzal-
dehydes with acrylates to yield g-butyrolactones.[62] In this
tandem reaction, it remains unclear whether the reaction
product arises from a transesterification followed by a
Michael addition or from a tandem Michael addition/lacto-
nization [Eq. (2)].

Suzuki and co-workers extended these methods to the
kinetic resolution of racemic alcohols using chiral NHCs,
albeit with low selectivities.[63] Maruoka et al. later showed,
with similar ligands, that the use of hindered acylating agents
is crucial to reach good selectivity [Eq. (3)].[64]

3. Ring-Opening Reactions

3.1. Ring-Opening Polymerization

Ring-opening polymerization (ROP) of cyclic esters is a
particularly convenient method for the synthesis of polyes-
ters. These versatile polymers are widely used as fibers,
plastics, and coatings and, more recently, as biodegradable
surgical sutures and in compounding medicines for the
controlled release of drugs.[65] Their applications as biomate-
rials raised concerns about the removal of contaminant metal
bound to the chain end.

Metal-free approaches to polyesters based on tertiary
amines or phosphines[66] were followed by the use of N-

Scheme 13. NHC-catalyzed intramolecular b alkylation of Michael ac-
ceptors. E=electron-withdrawing group.

Scheme 14. Amidation of esters with amino alcohols.
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heterocyclic carbenes as catalysts for the polymerization of
lactides and lactones.[67] In the presence of an alcohol as
initiator and an NHC as catalyst, copolymers, macromono-
mers, and functional oligomers were obtained as narrowly
dispersed products.[68] Whereas steric hindrance lowered the
carbene activity towards ROP, it was mandatory in order to
attain stereoselective polymerizations.[69] In addition, ionic
liquids can act as phase-segregated precatalysts allowing for
fast and repetitive polymerizations (Scheme 15). The authors

proposed an NHC activation of the monomer similar to the
benzoin condensation, followed by addition of an alcohol to
form a ring-opened adduct from which polymerization
continues, releasing the carbene. However, a “catalytic
anionic” reaction[70] cannot be completely ruled out as a
possible propagation route.

To avoid the presence of a strong base in the reaction
mixture, active carbene catalysts can be thermally generated
from silver complexes[71] or neutral haloalkane adducts[72]

instead of from NHC salts. When these adducts are derived
from alcohols, they play a dual role: catalyst and initiator
(Figure 4).[73] While imidazolidines can deliver carbene at
room temperature, alkoxytriazolines dissociate at 90 8C. The
reversibility of this process has been exploited for an on-
demand living polymerization of lactide: an active or dormant
form of the catalyst can be formed depending on the reaction
temperature.[74]

Additionally, titanium and yttrium alkoxy-NHC com-
plexes have been reported to act as bifunctional catalysts that
use both Lewis acid and base functionalities to initiate
ROP.[75] As shown in Scheme 16, an initiating nucleophilic

attack on the metal-coordinated monomer by the labilized
carbene would be followed by coordination insertion poly-
merization of the rest of the lactide monomer. In an earlier
report on zinc-catalyzed polymerization, the catalytic contri-
bution of a small amount of free carbene had already been
suggested.[76]

3.2. Ring-Opening Reactions of Three-Membered Rings

In contrast to other electrophiles, particularly aldehydes,
epoxides and aziridines have been scarcely examined in
NHC-catalyzed transformations. In 2001, an early report from
Nguyen et al. mentioned NHCs as promoters for the ring-
opening alkylation of meso epoxides by trialkylaluminium
complexes.[77] Interestingly, but confusingly, the authors
reported that NHC 35, imidazolium salts 36, a well-defined
NHC trialkylaluminium complex 37, and Wanzlick-type
olefins 38 catalyzed the transformation shown in Scheme 17.
The role of the NHC, or of its analogues, remains unclear.

In 2006, Wu and co-workers established that NHCs are
efficient catalysts for the ring-opening of aziridines by
silylated nucleophiles.[78] TMS�N3, TMS�I, and TMS�Cl

Scheme 15. Biphasic NHC-catalyzed polymerization.

Figure 4. Adducts for ROP. Mes=mesityl.

Scheme 16. Titanium(IV)-catalyzed polymerization.

Scheme 17. NHC-catalyzed ring opening of meso epoxides.
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(TMS= trimethylsilyl) in the presence of IMes afforded anti
a-chloro- and a-iodoamines in high yields. To rationalize their
results, the authors proposed the formation of a pentavalent
silicon species, [(IMes)SiMe3X], allowing for a more facile
departure of the nucleophilic X� . Unfortunately, no catalytic
cycle was proposed, and the regeneration of the free NHC
was not mentioned.

Very recently, an unexpected reaction of aziridines and
aldehydes in the presence of a carbene organocatalyst and air
was reported.[79] In their attempts to produce b-aminoketone,
Chen and co-workers observed the formation of 39, the
product of the formal ring-opening of the aziridine by the
carboxylate of the oxidized aldehydes (Scheme 18). It was
noticed that when performed under anaerobic conditions, the
reaction led mainly to the benzoin condensation product. A
plausible catalytic cycle proposed by Chen and co-workers is
depicted in Scheme 18. After a rather classical pathway
leading to XII, they envisaged the formation of enol ether
XIII which would react with molecular oxygen. Then, a
bimolecular process between XIII and XIV would afford
alkoxide XV followed by formation of the carbonyl bond and
release of free IMes.

The scope of the reaction was investigated, and it proved
highly tolerant to a wide range of chemical functionalities.
Furthermore, when monosubstituted aziridines were used,
the ring-opening occurred regioselectively at the less hin-
dered carbon.

4. 1,2-Addition Reactions

The addition of a nucleophilic carbene to an aldehyde
leads to the formation of an oxo anion, which is the precursor
of the azolium enol widely used in catalysis as a nucleophile
for C�C bond formation (as seen above). Under proper
reaction conditions one can envisage trapping this alkoxide
with an electrophile and further functionalizing the azolium–
ether adduct with a nucleophile (Scheme 19).

Along these lines, Song and co-workers reported the
NHC-catalyzed trifluoromethylation of carbonyl com-

pounds.[80] In their study, alcohols 40 were obtained in high
yields after hydrolysis upon workup. This transformation was
compatible with a wide range of functional groups and could
be applied to enolizable aldehydes and to ketones in good
yields. The same group then reported the closely related
cyanosilylation of carbonyl compounds leading to 41 with as
low as 0.01 mol% of catalyst (Scheme 20).[81] As in reports on
cyanosilylation catalyzed by amine N-oxides,[82] it was pro-
posed that the NHC activates TMS�CN by forming a
pentavalent silicon center, therefore enhancing the nucleo-
philicity of the cyanide anion for addition onto the carbonyl
group (Scheme 19, path B).

Subsequently, two contributions by Suzuki, Sato et al.,
and Maruoka et al. independently reported the use of TMS�
CN as efficient E-Nu adduct for 1,2-additions to carbonyl
compounds.[83] While Maruoka et al. obtained cyanohydrin
silylethers 41, the group led by Suzuki and Sato hydrolyzed
the reaction product in situ to yield unprotected cyanohydrins
42 (Scheme 20). Overall, the two catalytic systems have
similar efficiency; both display a wide reaction scope, includ-
ing reactions with enals and enones (41 f and 42b), which are

Scheme 18. Proposed mechanism for the formation of compounds 39.

Scheme 19. NHC-catalyzed 1,2-addition reactions and proposed acti-
vated intermediates.
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otherwise known to undergo condensation re-
actions. Noteworthy, Maruoka and co-workers
could use hindered silyl cyanide (41g) and apply
their methodology to a-esters (41a and 41e)
and imines (42c). On the other hand, Suzuki and
Sato developed an asymmetric version of this
reaction, albeit with poor selectivity (22% ee).

Another cyanide anion donor proved effi-
cient under NHC catalysis. In 2006, Kondo and
Aoyama reported the use of IMes for the 1,2-
addition of diethyl cyanophosphonate onto
aldehydes.[84] The reaction, leading to cyanohy-
drins phosphoryl ethers 43 (Scheme 19), typi-
cally occurred in high yields but proved incompatible with
ketones.

5. Miscellaneous Reactions

Another type of carbonyl compound that has found
application in NHC-catalyzed transformations contains the
isocyanate function. Louie and co-workers reported that SIPr
catalyzes the cyclotrimerization of isocyanates affording
isocyanurates 44 [Eq. (4)].[85] The reaction occurred smoothly

in excellent yields and was shown to be highly dependent on
the nature of the NHC. Notably, in the case of cyclohexyli-
socyanate, IPr was inefficient and most NHCs afforded the
dimer 45 as major product. Only SIPr yielded selectively the
cyclotrimerized product in 95% yield. Even though the
reason for such behavior is still unclear, a catalytic cycle

accounting for both the formation of the
dimer and of the trimer is proposed in
Scheme 21.[86]

a-Haloaldehydes can be converted into
acylating agents by an NHC-promoted
internal redox reaction.[87] In this trans-
formation, the presence of a leaving group
in b position in the acyl anion equivalent is
proposed to lead to an acyl azolium inter-
mediate after tautomerization. Capture of
the activated carboxylate with an appropri-
ate nucleophile would complete the cata-
lytic cycle (Scheme 22). Similarly, 2,2-di-
chloroaldehydes react with phenols in the
presence of triazolinylidene carbenes to

form a-chloroesters in good yield and enantioselectivity.[88]

Furthermore, epoxyaldehydes[89] and formylcyclopropanes[90]

can be used for the stereoselective synthesis of functionalized
esters and thioesters. A somewhat related internal redox
process leading to activated carboxylates has been described
by Zeitler using conjugated ynals.[91] The NHC-acyl adduct
was trapped by an alcohol producing a,b-unsaturated esters.

Analogous acyl azolium species have been evoked in the
hydroacylation of activated ketones.[92] In this case, a hydride
equivalent would be transferred to the ketone, and the
resulting alcohol would undergo acylation with the acyl
triazolium intermediate (Scheme 23). While this transforma-
tion proceeded smoothly at room temperature in dichloro-

Scheme 20. Representative scope of NHC-catalyzed cyanosilylation.

Scheme 21. Proposed mechanism for the cyclodimerization and cyclotrimerization of
isocyanates.

Scheme 22. Internal redox reaction of a-haloaldehydes.
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methane, the reaction could be stopped after the reduction
step when a protic solvent was used.

NHCs have also been reported to promote the rearrange-
ment of O-acyl carbonates 46 to their corresponding C-
acylated isomers 47.[93] Initial nucleophilic attack by the
carbene on the carbonate would generate an acyl-transfer
intermediate XVI as well as an enolate XVII (Scheme 24).
Regioselective C-acylation of the latter would lead to the
reaction product, regenerating the catalyst.

Finally, nucleophilic benzoacylation of fluorobenzenes
with electron-withdrawing groups can be achieved by the
catalytic action of a carbene.[94] Even if the yields are
moderate, this reaction cannot be achieved by means of a
classic Friedel–Crafts reaction for example [Eq. (5); EWG=

electron-withdrawing group]. Moreover, chloroarenes are
inert under these reaction conditions.

6. Conclusions

The use of N-heterocyclic carbenes in organocatalysis,
first limited to benzoin-type reactions, has witnessed a true
explosion of scope in the last few years. The ever-growing
interest in NHCs leads us to believe that some of the current
drawbacks (lack of other electrophiles besides aldehydes,
high catalyst loading, ease of manipulation, etc.) will be
solved in the very near future. Furthermore, new types of
reactions (1,2-additions, opening of small rings, O2 function-
alization) are being developed rapidly and should point to
new areas of exploration. This, in addition to enantioselective
possibilities, definitely elevates the NHCs from laboratory
curiosities to true, useful catalytic tools. The future is bright
for applications of NHCs in organic chemistry.
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