
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/276118732

ChemInform Abstract: Recent Advances in the N‐Heterocyclic Carbene

(NHC)‐Organocatalyzed Stetter Reaction and Related Chemistry

Article  in  Synthesis · April 2015

DOI: 10.1055/s-0034-1378692

CITATIONS

130
READS

1,005

3 authors, including:

Some of the authors of this publication are also working on these related projects:

Micellar catalysis View project

Benzene Fused Oligo-BODIPYs View project

Santhi Vardhan Reddy

University of Texas Southwestern Medical Center

25 PUBLICATIONS   1,730 CITATIONS   

SEE PROFILE

Atanu Patra

Justus-Liebig-Universität Gießen

18 PUBLICATIONS   628 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Atanu Patra on 12 May 2015.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/276118732_ChemInform_Abstract_Recent_Advances_in_the_N-Heterocyclic_Carbene_NHC-Organocatalyzed_Stetter_Reaction_and_Related_Chemistry?enrichId=rgreq-fe7f0dd119223c5f28ef6f1c9d8408ab-XXX&enrichSource=Y292ZXJQYWdlOzI3NjExODczMjtBUzoyMjgyNjY3OTk3OTIxMzNAMTQzMTQzNDQ1NDQ3MQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/276118732_ChemInform_Abstract_Recent_Advances_in_the_N-Heterocyclic_Carbene_NHC-Organocatalyzed_Stetter_Reaction_and_Related_Chemistry?enrichId=rgreq-fe7f0dd119223c5f28ef6f1c9d8408ab-XXX&enrichSource=Y292ZXJQYWdlOzI3NjExODczMjtBUzoyMjgyNjY3OTk3OTIxMzNAMTQzMTQzNDQ1NDQ3MQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Micellar-catalysis-2?enrichId=rgreq-fe7f0dd119223c5f28ef6f1c9d8408ab-XXX&enrichSource=Y292ZXJQYWdlOzI3NjExODczMjtBUzoyMjgyNjY3OTk3OTIxMzNAMTQzMTQzNDQ1NDQ3MQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Benzene-Fused-Oligo-BODIPYs?enrichId=rgreq-fe7f0dd119223c5f28ef6f1c9d8408ab-XXX&enrichSource=Y292ZXJQYWdlOzI3NjExODczMjtBUzoyMjgyNjY3OTk3OTIxMzNAMTQzMTQzNDQ1NDQ3MQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-fe7f0dd119223c5f28ef6f1c9d8408ab-XXX&enrichSource=Y292ZXJQYWdlOzI3NjExODczMjtBUzoyMjgyNjY3OTk3OTIxMzNAMTQzMTQzNDQ1NDQ3MQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Santhi-Reddy-2?enrichId=rgreq-fe7f0dd119223c5f28ef6f1c9d8408ab-XXX&enrichSource=Y292ZXJQYWdlOzI3NjExODczMjtBUzoyMjgyNjY3OTk3OTIxMzNAMTQzMTQzNDQ1NDQ3MQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Santhi-Reddy-2?enrichId=rgreq-fe7f0dd119223c5f28ef6f1c9d8408ab-XXX&enrichSource=Y292ZXJQYWdlOzI3NjExODczMjtBUzoyMjgyNjY3OTk3OTIxMzNAMTQzMTQzNDQ1NDQ3MQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University-of-Texas-Southwestern-Medical-Center?enrichId=rgreq-fe7f0dd119223c5f28ef6f1c9d8408ab-XXX&enrichSource=Y292ZXJQYWdlOzI3NjExODczMjtBUzoyMjgyNjY3OTk3OTIxMzNAMTQzMTQzNDQ1NDQ3MQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Santhi-Reddy-2?enrichId=rgreq-fe7f0dd119223c5f28ef6f1c9d8408ab-XXX&enrichSource=Y292ZXJQYWdlOzI3NjExODczMjtBUzoyMjgyNjY3OTk3OTIxMzNAMTQzMTQzNDQ1NDQ3MQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Atanu-Patra-3?enrichId=rgreq-fe7f0dd119223c5f28ef6f1c9d8408ab-XXX&enrichSource=Y292ZXJQYWdlOzI3NjExODczMjtBUzoyMjgyNjY3OTk3OTIxMzNAMTQzMTQzNDQ1NDQ3MQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Atanu-Patra-3?enrichId=rgreq-fe7f0dd119223c5f28ef6f1c9d8408ab-XXX&enrichSource=Y292ZXJQYWdlOzI3NjExODczMjtBUzoyMjgyNjY3OTk3OTIxMzNAMTQzMTQzNDQ1NDQ3MQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Justus-Liebig-Universitaet-Giessen?enrichId=rgreq-fe7f0dd119223c5f28ef6f1c9d8408ab-XXX&enrichSource=Y292ZXJQYWdlOzI3NjExODczMjtBUzoyMjgyNjY3OTk3OTIxMzNAMTQzMTQzNDQ1NDQ3MQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Atanu-Patra-3?enrichId=rgreq-fe7f0dd119223c5f28ef6f1c9d8408ab-XXX&enrichSource=Y292ZXJQYWdlOzI3NjExODczMjtBUzoyMjgyNjY3OTk3OTIxMzNAMTQzMTQzNDQ1NDQ3MQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Atanu-Patra-3?enrichId=rgreq-fe7f0dd119223c5f28ef6f1c9d8408ab-XXX&enrichSource=Y292ZXJQYWdlOzI3NjExODczMjtBUzoyMjgyNjY3OTk3OTIxMzNAMTQzMTQzNDQ1NDQ3MQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf


1357

S. R. Yetra et al. ReviewSyn  thesis

SYNTHESIS0 0 3 9 - 7 8 8 1 1 4 3 7 - 2 1 0 X
© Georg Thieme Verlag  Stuttgart · New York
2015, 47, 1357–1378
review

to
ry

. C
op

yr
ig

ht
ed

 m
at

er
ia

l.
Recent Advances in the N-Heterocyclic Carbene (NHC)-Organo-
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Abstract Recent developments in the N-heterocyclic carbene (NHC)-
catalyzed umpolung of aldehydes followed by their interception with
activated carbon–carbon double bonds, namely the Stetter reaction,
are presented. Advances in the inter- and intramolecular versions of this
reaction, enantioselective transformations as well as the use of unacti-
vated olefins in this type of reaction are discussed.
1 Introduction
2 Proposed Mechanism of the Stetter Reaction
3 Intramolecular Stetter Reactions
4 Intermolecular Stetter Reactions
5 Hydroacylation Reactions
6 Applications in Total Synthesis
7 Conclusion

Key words N-heterocyclic carbenes, Stetter reaction, organocatalysis,
umpolung, asymmetric catalysis

1 Introduction

The Stetter reaction constitutes the cyanide ion or N-
heterocyclic carbene (NHC)-catalyzed umpolung of alde-
hydes followed by their interception with electrophilic car-
bon–carbon double bonds (Michael acceptors).1,2 The reac-
tion results in the formation of 1,4-bifunctional compounds
such as γ-diketones, γ-ketonitriles, and γ-keto esters, thus
creating an unnatural functional group distance, which is
not easy to construct using conventional methods (Scheme
1).3 Another reaction that takes advantage of the umpolung
of aldehydes is the benzoin reaction, where the nucleophil-
ic Breslow intermediate adds to the carbonyl group of alde-
hydes or ketones in an intermolecular or intramolecular
fashion.2m,4

The cyanide ion catalyzed reaction between aldehydes
and Michael acceptors such as α,β-unsaturated carboxylic
esters, ketones, and nitriles proceeding via umpolung strat-
egy was first developed by Stetter and Schreckenberg in
1973.5 In 1976, Stetter developed the thiazolium-catalyzed,
highly selective conjugate addition method to cross-couple

Scheme 1  NHC-catalyzed Stetter reaction and benzoin condensation
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a wide variety of (hetero)aromatic and aliphatic aldehydes
with an array of Michael acceptors, and in most cases these
reactions proceeded in an intermolecular fashion.1 Howev-
er, the existence of an NHC was supported by the experi-
ments of Wanzlick,6a and the role of an NHC as the catalyti-
cally active species was validated by the isolation and char-
acterization of first stable crystalline NHC by Arduengo and
co-workers in 1991.6b The Stetter reaction proceeds via the
generation of a nucleophilic acyl anion equivalent (enami-
nol intermediate commonly known as the Breslow inter-
mediate),7a which on reaction with the Michael acceptor re-
sults in the formation of the 1,4-bifunctional compound. It
may be noted in this context that the indirect evidence for
the existence of the Breslow intermediate was suggested as
early as 2003 by Nair and co-workers, who isolated the pro-
tected Breslow intermediate,8a and direct evidence was pro-
vided by Berkessel and co-workers by NMR spectroscopy
and X-ray diffraction.8b,c

The Stetter reaction can be catalyzed by a broad range of
carbenes derived from thiazolium salts and triazolium salts
(usually applicable in the enantioselective Stetter reaction).
Most often, α,β-unsaturated ketones are used as the
Michael acceptors. Notably, the use of prochiral Michael ac-
ceptors can furnish two new stereocenters in this reaction.
Moreover, the 1,4-diketones are precursors for the synthe-
sis of valuable heterocycles such as furans, pyrroles, and
thiophenes, and also synthons for the synthesis of natural
products. A recent class of transformations utilizing the
umpolung of aldehydes is the hydroacylation reaction,
where the acyl anion equivalent undergoes addition to an
unactivated carbon–carbon multiple bond.9

The purpose of this review is to highlight the recent de-
velopments in NHC-catalyzed Stetter reactions and related
umpolung processes reported in the last five years. The re-
actions uncovered before 2009 have already been the sub-
ject of excellent reviews, and hence not attempted herein.3
Since the focus is on Stetter reactions, recent advances in
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benzoin reactions and reactions proceeding via NHC-bound
enolate and homoenolate intermediates are not included in
this review.

2 Proposed Mechanism of the Stetter Reac-
tion

Breslow demonstrated the mechanism of the benzoin
reaction catalyzed by a thiazolium salt or a cyanide anion,
proceeding via the key enaminol intermediate (called the
Breslow intermediate).7 Interestingly, in most cases, the
benzoin reaction is found to be reversible. The mechanism
of the Stetter reaction is similar to that of the benzoin reac-
tion, the difference being the irreversible nature of the
Stetter reaction as well as the addition of Breslow interme-
diate to Michael acceptors. According to the proposed
mechanism for the NHC-catalyzed Stetter reaction (Scheme
2), the free carbene 2 is generated from the azolium precur-
sor 1 upon treatment with base. The carbene 2 adds to the
aldehyde, generating the nucleophilic Breslow intermediate
4, by way of tetrahedral intermediate 3. Up until the gener-
ation of 4, the steps are considered to be reversible. It
should be noted in this context that Rovis and co-workers
reported in 2011 that the proton transfer from the tetrahe-
dral intermediate 3 to Breslow intermediate 4 is the first ir-
reversible step in the triazolinylidine carbene catalyzed
asymmetric intramolecular Stetter reaction.10 The Breslow
intermediate 4 then undergoes an irreversible addition to
the Michael acceptor, generating the intermediate 5, which
on proton transfer and subsequent release of free carbene
affords the desired Stetter product 6. The implementation
of chiral NHCs in this process can result in asymmetric
transformations leading to the enantioselective synthesis of
1,4-bifunctional compounds.

Scheme 2  Proposed mechanism of the Stetter reaction

The Rovis research group studied the mechanism of the
intramolecular Stetter reaction in detail.11 Although a step-
wise mechanism for the addition of Breslow intermediate
to the Michael acceptor was proposed, they also considered
the possibility of Breslow intermediate addition to Michael
acceptors in a concerted pathway, analogous to the reverse-
Cope elimination. Moreover, based on DFT calculations,
Hawkes and Yates demonstrated that the addition of
Breslow intermediate to the Michael acceptor is a two-step
process in which the carbon–carbon coupling is the rate-
determining step, and is followed by the final proton trans-
fer.12 In addition, the Breslow intermediate was found to
play a critical role in controlling the stereochemistry of the
product in the asymmetric Stetter reaction.

3 Intramolecular Stetter Reactions

The NHC-catalyzed intramolecular Stetter reaction was
developed by Ciganek in 1995.13 The NHC derived from the
thiazolium salt 1a catalyzed the intramolecular cyclization
of 2-formylaryloxy crotonates 7 and 2-formylaryloxy acry-
lates afforded benzannulated pyranones and furanones, re-
spectively (Scheme 3). The reaction was found to take place
in the absence of base, and in N,N-dimethylformamide un-
der reflux conditions. The successful demonstration of this
reaction provided the foundation for the rational design of
various chiral NHC precursors, which enabled the develop-
ment of the enantioselective Stetter reaction. In 1996,
Enders and co-workers demonstrated the first asymmetric
intramolecular Stetter reaction utilizing the NHC derived
from chiral triazolium salt 1b.14 Various aromatic aldehydes
7, which are connected to the Michael acceptor through a
tether (usually the oxygen tether) underwent NHC-cata-
lyzed cyclization reactions, affording several 4-chroma-
nones in moderate yield (44–73%) and enantioselectivity
(41–74% ee). For the development of new NHC precatalysts
and for comparing their catalytic activities, the cyclization
of salicylaldehyde-derived substrate 7 to chromanone 8 has
become a standard reaction.

A highly enantioselective intramolecular Stetter reac-
tion of substrates like 7 using the aminoindanol-derived
chiral triazolium salt 1c was developed by Rovis and co-
workers in 2002.15 Subsequently, Rovis and co-workers de-
veloped the aminoindanol-derived pentafluoroaryl-substi-
tuted chiral triazolium salt 1d and phenylalanine-derived
triazolium salt 1h.16 The chiral carbenes derived from 1d
and 1h are found to be the most efficient catalysts for the
intramolecular Stetter reaction, furnishing the target prod-
ucts in reasonable yields and with excellent enantiomeric
excess.11,16 Moreover, Bach and co-workers developed the
axially chiral thiazolium salt 1e with an N-aryl substituent,
which afforded the Stetter adduct 8 in up to 75% yield and
50% ee.17 Thiazolium salts 1f and 1g based on a peptide
backbone were developed by Miller and co-workers for the
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intramolecular Stetter reaction.18 You and co-workers re-
ported the chiral triazolium salt 1i, synthesized from readi-
ly available diphenyl ethylenediamine (DPEN), which can
furnish the chromanone derivative 8 in excellent yields and
up to 97% ee.19 In addition, they developed the chiral tri-
azolium salt 1j, derived from the inexpensive D-camphor,
for the enantioselective intramolecular Stetter reaction.20

Very recently, the intramolecular Stetter reaction of salicyl-
aldehyde derivative 7 to chromanone 8 was demonstrated
by using the bis(hydroxyaryl)diamide-containing chiral thi-
azolium salt 1k (by Shibasaki and co-workers),21 and using
β-pinene-derived chiral triazolium salt 1l (by Rafińsky and
co-workers).22 It may be noted in this context that C2-sym-
metric chiral cyclophane dihydroimidazolium salts for use
in the intramolecular Stetter reaction were developed by
Zhang and co-workers to afford the chromanones in moder-
ate yields and enantiomeric excess.23

Recently, Smith and co-workers investigated the role of
the N-aryl substituent of triazolium-derived NHCs in the
Stetter reaction and benzoin condensation. A series of tet-
rahedral intermediates (the hydroxybenzylammonium
salts) 8 derived from the addition of NHCs on aldehyde 7a

were isolated, and it was found that the generation of 8 was
reversible under the reaction conditions and that the for-
mation of the Stetter adduct 9a from 8 was a slow process
(Scheme 4).24 Moreover, the pentafluoroaryl-substituted
triazolium precatalysts showed superior reactivity in the
intramolecular Stetter reaction using triethylamine as the
base.

Scheme 4  Isolation of aldehyde–NHC adducts in the Stetter reaction 
(Smith et al.)

The NHC-catalyzed desymmetrization of cyclohexadi-
enones via the intramolecular Stetter reaction was demon-
strated by Liu and Rovis in 2006. A wide variety of tethered
cyclohexadienone carboxaldehydes underwent efficient cy-

Scheme 3  Catalysts developed for the intramolecular Stetter reaction
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clization leading to the formation of hydrobenzofurans 10
containing up to three contiguous stereocenters (Scheme
5).25 The carbene generated from the 4-methoxyaryl-sub-
stituted triazolium salt 1c was found to be the best catalyst
for this intramolecular Stetter reaction. The analogous de-
symmetrization reaction of cyclohexadienone derivatives
11 using the camphor-derived triazolium salt 1j leading to
the formation of the tricyclic compound 12 in moderate to
good yield and good enantioselectivity was developed by Jia
and You (Scheme 6).26 In the case of α-substituted cyclo-
hexadienones, the carbene generated from 1d, the amino-
indanol-derived chiral triazolium salt bearing a pentafluo-
rophenyl group, resulted in a diastereoselective and enan-
tioselective intramolecular Stetter reaction leading to the
formation of the tricyclic products in excellent yields (up to
96% yield) and enantiomeric excess (up to 99% ee).26b They
also applied this method for the enantioselective construc-
tion of tricyclic carbocycles possessing a quaternary stereo-
center by the desymmetrization of cyclohexadienones us-
ing the camphor-derived NHC precatalyst 1j.27

Scheme 5  Desymmetrization of cyclohexadienones via intramolecular 
Stetter reaction

Scheme 6  Desymmetrization of cyclohexadienones via intramolecular 
Stetter reaction

A one-pot, multicatalytic asymmetric Michael–intramo-
lecular Stetter reaction between salicylaldehydes 13 and
electrophilic alkynes was reported by Rovis and co-work-
ers. The Michael reaction was catalyzed by bases such as
DABCO or quinuclidine while chiral NHCs catalyzed the
Stetter reaction (Scheme 7).28 Activated internal alkynes
and electrophilic allenes were used as the Michael accep-
tors in this reaction, furnishing benzofuranone products 14
in moderate to good yields and excellent enantiomeric ex-
cess. Notably, this one-pot Michael–Stetter strategy was
found to be superior to the two-step procedure in terms of
enantioselectivity.

Scheme 7  One-pot Michael–Stetter strategy

The enantioselective intramolecular Stetter reaction of
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was recently demonstrated by Orellana and Rovis. The ami-
noindanol-derived chiral NHC afforded the spirofuranone
16 up to 80% yield and 99% ee.29 Moreover, this methodolo-
gy was extended to the synthesis of the spirocyclic core of
the antibiotic FD-838 (Scheme 8). Recently, a tandem pro-
cess involving a photoisomerization followed by intramo-
lecular Stetter reaction was uncovered by Lathrop and
Rovis. The UV irradiation of the aldehyde derivative 17 in
the presence of the chiral triazolium salt 1m and sodium
acetate resulted in the formation of the spirocyclic furanone
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18 in 62% yield and 95% ee (Scheme 9).30 The  UV irradiation
enables the isomerization of the olefin to the geometry
necessary for the Stetter reaction. In addition, this protocol
was applied to the total synthesis of (–)-cephalimycin A.

4 Intermolecular Stetter Reactions

Although the first report on the intermolecular Stetter
reaction appeared in 1976, the enantioselective intermo-
lecular Stetter reaction remained as a challenge until re-
cently. The catalyst development as well as reaction proce-
dures for the enantioselective intramolecular Stetter reac-
tion was well established relative to those of the
intermolecular reaction. Moreover, the Michael acceptors
with a β-substitution usually showed lower reactivity in
the intermolecular Stetter reaction.

The first enantioselective intermolecular Stetter reac-
tion was reported by Enders and co-workers. The reaction
of n-butanal with chalcone was catalyzed by the carbene
generated from the chiral thiazolium salt 1n. The desired
1,4-diketone 19 was isolated in 30% yield and 40% ee
(Scheme 10).31

In 2008, Enders and co-workers demonstrated the en-
antioselective intermolecular Stetter reaction of (hetero)ar-
omatic aldehydes with chalcones, and the reaction was cat-
alyzed by the NHC derived from triazolium salt 1o. The re-
action afforded the 1,4-diketones 20 in moderate to good
yields and with moderate to good enantioselectivity values
(Scheme 11).32a Notably, the enantiomeric excess of the
products could be improved up to 99% ee by recrystalliza-
tion. The key to success for the high levels of selectivity us-
ing 1o was the presence of the N-benzyl substituent, which
sheds light on the impact of the N-substituent on the activ-
ity of triazolium-based NHC precatalysts in the intermolec-
ular Stetter reaction. Subsequently, the Enders research
group demonstrated the enantioselective intermolecular
Stetter reaction of heteroaromatic aldehydes with β-aryl
arylidenemalonates as Michael acceptors using NHC precat-
alyst 1o.32b The ketomalonate products were obtained in
84–98% yield and up to 87% ee.

Scheme 11  Asymmetric intermolecular Stetter reaction of aldehydes 
with chalcones

Independent investigations by Rovis and co-workers re-
sulted in the asymmetric intermolecular Stetter reaction
between morpholine-derived glyoxamide derivative 21 as
the aldehyde component and alkylidenemalonate 22 as the
Michael acceptor. Various β-alkyl-substituted alkylidene-
malonates were well tolerated under the reaction condi-
tions, affording the desired Stetter products 23 in good
yields with high enantioselectivity in the presence of the
phenylalanine-derived NHC catalyst 1p (Scheme 12).33 No-
tably, a drawback of this method was that alkylidene
malonate with two ester groups (tert-butyl ester) reduced
the opportunity for further functionalization. In order to
overcome the limitation with the Michael acceptor, the
Rovis research group subsequently developed the highly
enantioselective and diastereoselective intermolecular
Stetter reaction of the glyoxamide 21 and β-alkyl alkylidene
ketoamides 24 (Scheme 13).34 In the presence of NHC pre-
catalyst 1p, the reaction of 21 and 24 afforded the 1,4-di-

Scheme 9  Photoisomerization–Stetter reaction cascade
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carbonyl compounds 25 in good to excellent yields. It is
noteworthy that the 1,4-dicarbonyl compounds synthe-
sized using this method are suitable candidates for further
functionalization to synthetically valuable compounds in
organic synthesis. Later, a related intermolecular Stetter re-
action strategy was reported by Johnson and co-workers,
who used ethyl glyoxylate as the aldehyde component and
benzylidene malonates/enones as the Michael acceptors.35

In the former case, the Stetter adduct, the β-aryl α-keto es-
ter, was subjected to dynamic kinetic resolution via asym-
metric transfer hydrogenation using a ruthenium(II) cata-
lyst to afford trisubstituted γ-butyrolactones.35a

As part of their efforts to develop a general and broad-
scope enantioselective intermolecular Stetter reaction, the
Rovis research group used nitroalkenes 26 as feasible
Michael acceptors with a new chiral NHC pre-catalyst, 1q.
By exploiting the stereoelectronic as well as steric effects
induced by the fluoro and isopropyl substituents in 1q, a
facile and efficient intermolecular enantioselective Stetter
reaction of nitroalkenes and heteroaromatic aldehydes was
developed (Scheme 14).36 It is noteworthy, however, that
the use of heteroaromatic aldehyde was essential for high
levels of selectivity and reactivity. Additionally, Rovis, Houk
and co-workers used quantum mechanical investigations to
gain insight into the role of the fluorine atom in 1q on reac-
tivity and selectivity.37 These studies showed that the pre-
ferred conformation of the salt 1q is controlled by stereo-
electronic effects. Furthermore, generation of the acyl an-

ion equivalent from the heteroaromatic aldehyde and 1q
results in the exo conformation of the pyrrolidine ring of 1q,
and the favored transition state is stabilized by the interac-
tion between the developing negative charge on the nitro
group of 26 and the developed positive charge on 1q.

Scheme 14  Asymmetric intermolecular Stetter reaction of heteroaro-
matic aldehydes with nitroalkenes

The scope of the asymmetric intermolecular Stetter re-
action was further expanded by DiRocco and Rovis by em-
ploying α,β-unsaturated aldehydes as aldehyde compo-
nents. The reaction of enals with β-nitrostyrenes was cata-
lyzed by the fluorinated triazolium salt 1q, and the

Scheme 12  Asymmetric intermolecular Stetter reaction of glyoxam-
ides with alkylidenemalonates
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presence of catechol as the bifunctional Brønsted acid was
found to be crucial for achieving the reactivity and selectiv-
ity (Scheme 15).38 In addition, the presence of catechol al-
lowed the reaction to be carried out under low catalyst
loadings without affecting the reactivity. Under the reac-
tion conditions, products derived from the homoenolate re-
activity were not observed.2i,n Moreover, Houk, Rovis and
co-workers demonstrated the intermolecular Stetter reac-
tion by using enolizable aldehydes as the coupling partner
for β-nitrostyrenes.39 A wide variety of aliphatic aldehydes
and β-aryl nitrostyrenes were well tolerated under these
reaction conditions using the chiral triazolium salt 1r as
catalyst (Scheme 16). Interestingly, the trans fluorinated
geometry in the pyrrolidine ring of 1r was essential for high
reactivity and selectivity. Additionally, the NHC-catalyzed
acyl anion addition to the anomeric carbon of 2-nitroglucal
leading to the formation of β-selective C-glycosides 27 in
good yields was reported by Liu and co-workers. The thi-
azolium salt 1a was optimal for this reaction (Scheme 17).40

However, when the reaction was performed using cesium
carbonate as the base, the nitro-eliminated C-glycosides
were obtained.

Scheme 15  Asymmetric intermolecular Stetter reaction of α,β-unsat-
urated aldehydes with β-nitrostyrenes

In 2011, Glorius and co-workers developed the synthe-
sis of enantioenriched α-amino acid derivatives by an inter-
molecular Stetter reaction using N-acylamido acrylate 28 as
the Michael acceptor. Notably, in this reaction, the two im-
portant pathways, the carbon–carbon bond-forming event
between the Breslow intermediate and the Michael accep-
tor as well as enantioselective protonation, were efficiently
combined. Several aldehydes reacted with the dehydroami-
no ester 28 in the presence of the NHC generated from L-
phenylalaninol-derived triazolium salt 1s, affording the α-
amino acid derivatives 29 in high yield and enantiomeric
excess (Scheme 18).41

Scheme 16  Asymmetric intermolecular Stetter reaction of enolizable 
aldehydes with β-nitrostyrenes

In addition to traditional stepwise addition of the nu-
cleophilic Breslow intermediate to Michael acceptor 28 as
shown in intermediate 30 (the approach of the Michael ac-
ceptor 28 from the bottom face in an anti fashion, which is
likely supported by a hydrogen bond between the enol hy-
drogen and the carbonyl oxygen of the Michael acceptor),
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Glorius and co-workers proposed a concerted mechanism
proceeding through a cyclic five-membered transition state
31 to shed light on the mode of asymmetric induction (Fig-
ure 1). Moreover, Kuniyil and Sunoj recently investigated
the origin of stereoselectivity and the role of potassium
tert-butoxide in this reaction using DFT calculations and
suggested that tert-butanol played a role in the intermolec-
ular protonation event.42 In addition, the computed enan-
tiomeric excess values are in agreement with the experi-
mental results.

Figure 1  Stepwise and concerted pathways in the enantioselective in-
termolecular Stetter reaction involving N-acylamido acrylate

The synthetic utility of the fluorinated triazolium salt
1q developed by the Rovis group was further demonstrated
by Gravel and co-workers who used β,γ-unsaturated α-keto
esters 32 as Michael acceptors in the asymmetric intermo-
lecular Stetter reaction (Scheme 19). The reaction furnished
1,2,5-tricarbonyl compounds 33 in high yields and enantio-
meric excess.43 Various (hetero)aromatic aldehydes under-
went smooth Stetter reaction, and the resultant products
were amenable to a variety of synthetic manipulations.
Moreover, the enantioselective Stetter reaction of α.β-un-
saturated aldehydes with α-acyl chalcones 34 was recently
uncovered by Chi and co-workers. The carbene generated
from the sterically demanding aminoindanol-derived tri-

azolium salt 1t catalyzed the selective acyl anion addition
to modified chalcones to afford the triketones 35 in good
yields and excellent enantiomeric excess (Scheme 20).44

Notably, various β-alkyl, β-aryl, and β,β-disubstituted enals
worked well under these reaction conditions. It is import-
ant to note that under slightly different reaction conditions,
the same reagents and catalyst afforded the Diels–Alder ad-
ducts by the [4+2] cycloaddition of the NHC-bound enolate
generated from enal and 1t with the modified chalcones.45

Scheme 20  Asymmetric intermolecular Stetter reaction of α,β-unsat-
urated aldehydes with modified chalcones

α,β-Unsaturated esters were considered to be moder-
ately poor electrophiles and weak Michael acceptors in NHC
catalysis. In 2012, Glorius and co-workers reported the
asymmetric intermolecular Stetter reaction using simple
acrylates 36 resulting in the formation of α-chiral γ-keto es-
ters 37 (Scheme 21).46 The carbene generated from the
slightly electron-rich 2,6-dimethoxyaryl-substituted tri-
azolium salt 1u was found to be efficient for catalyzing this
transformation. A wide variety of (hetero)aromatic and ali-
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Scheme 19  Asymmetric intermolecular Stetter reaction using β,γ-unsaturated α-keto esters as Michael acceptors
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phatic aldehydes, and several acrylates, underwent smooth
Stetter reaction under the optimized reaction conditions.

Scheme 21  Asymmetric intermolecular Stetter reaction using α,β-un-
saturated esters

The NHC-catalyzed reaction of aldehydes with vinylsul-
fone as Michael acceptor was known by Stetter as early as
1978. Interestingly, the product was not the expected γ-
keto sulfone, but instead a 1:1 mixture of symmetric 1,4-
diketone and γ-disulfone.47 In 2012, Biju and co-workers re-
ported the highly selective and efficient NHC-catalyzed in-
termolecular Stetter reaction of aldehydes with α,β-unsatu-
rated sulfones for the synthesis of γ-keto sulfones 38 in
moderate to excellent yields (Scheme 22).48 The carbene
generated from the thiazolium salt 1v was efficient in cata-
lyzing this transformation. Mechanistic studies indicated
that the reaction proceeds via the generation of benzoin as
the intermediate in this reaction, and the nucleophilic
Breslow intermediate can add to the vinylsulfone in a step-
wise manner or in a concerted pathway. Very recently, Biju
and co-workers demonstrated the synthetic utility of vinyl-
phosphonates as Michael acceptors in the intermolecular
Stetter reaction. This atom-economic and practical NHC-
catalyzed transformation afforded the γ-ketophosphonates
39 in moderate to good yields (Scheme 23).49 The carbene
generated from the imidazolium salt 1w was efficient for
this cross-coupling reaction. This method for the synthesis
of γ-ketophosphonates can be considered as an alternative
to the well-known method for accessing these compounds
via the phospha-Michael reaction. It may be noted in this
context that the enantioselective intramolecular Stetter re-
action of vinylphosphonates and vinylphosphine oxides has
been uncovered by Cullen and Rovis.16d

The synthetic utility of acetaldehyde as a biomimetic
acyl anion source in the intermolecular Stetter reaction was
developed by Ryu, Yang and co-workers. The enantioselec-
tive Stetter reaction using acetaldehyde and chalcones cata-
lyzed by the carbene generated from 1d resulted in the for-
mation of the 1,4-diketone 40 in moderate enantioselectiv-
ity (Scheme 24).50 Moreover, the use of butane-2,3-dione

(biacetyl) as an effective, bench-stable, and inexpensive al-
ternative surrogate of acetaldehyde for acyl anion genera-
tion was developed by Massi and co-workers. The reaction
was catalyzed by the carbene generated from thiazolium
salt 1a and proceeded under classical heating as well as mi-
crowave heating (Scheme 25).51 Several acyclic and cyclic
1,2-diones have been used for acyl anion generation. The
Stetter reaction of biacetyl and chalcones using thiazolium
salt precatalysts that are immobilized on silica and mono-
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lithic polystyrene was reported by Dambruoso, Massi and
co-workers.52 In a related context, the utility of diaryl 1,2-
diones for the generation of benzoyl-protected Breslow in-
termediate followed by Stetter-type reaction using β-un-
substituted enone as Michael acceptor was elaborates by
Takaki and co-workers. The NHC-catalyzed umpolung of
benzils were observed for the first time, and the double
acylation afforded the triketones 41 in high yields using 1v
as the NHC precatalyst (Scheme 26).53

The application of biomass-based carbohydrates as for-
mal formaldehyde equivalents to generate acyl anion inter-
mediates in the Stetter reaction was disclosed by Chi and
co-workers. This one-carbon nucleophile generated from
the carbene derived from 1x added to various chalcones
and led to the formation of β-formyl ketones 42 in good

yields under microwave conditions (Scheme 27).54 The re-
action involves the NHC-catalyzed carbon–carbon bond
cleavage of carbohydrates via a retro-benzoin type reaction
to generate the acyl anion intermediates. The noteworthy
features of this reaction include the renewable nature of
carbohydrates, the first application of formaldehyde-
derived acyl anions, and the easy access to β-formyl ketones.

Scheme 27  Use of carbohydrates as formaldehyde equivalents in the 
Stetter reaction

Recently, the carbene generated from the bis(amino)cy-
clopropenium salt 1y was used by Wilde and Gravel in the
intermolecular Stetter reaction between aldehydes and
chalcones. The relatively unhindered precatalyst 1y was
found to be superior to the commonly used azolium salts in
this reaction. One advantage of using 1y as carbene precur-
sor is that the reaction does not proceed via the intermedia-
cy of benzoin products. Various electronically different al-
dehydes were well tolerated in this reaction, affording the
1,4-diketones in high yields (Scheme 28).55 They also used
the chiral bis(amino)cyclopropenium salt derived carbenes
for the enantioselective Stetter reaction and observed the
desired products in up to 36% ee.

Scheme 25  Use of biacetyl for acyl anion generation in the Stetter re-
action
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Müller and co-workers recently uncovered an enantio-
selective enzymatic Stetter reaction. The thiamine diphos-
phate dependent enzyme PigD catalyzed the intermolecu-
lar enantioselective Stetter reaction of pyruvates with vari-
ous enones (Scheme 29).56 The PigD decarboxylates the
pyruvate and the resulting two-carbon acyl anion equiva-
lent can add to the enone in a Michael fashion to afford the
desired product.

Scheme 29  Enzymatic intermolecular Stetter reaction

The intermolecular Stetter reaction can be combined
with other carbon-carbon bond-forming processes in a cas-
cade pathway. In 2009, Sánchez-Larios and Gravel reported
the domino Stetter–Michael reaction cascade for the diaste-
reoselective synthesis of indanes. The carbene generated
from the thiazolium salt 1z was responsible for the inter-
molecular Stetter reaction of the aldehyde and the dienone
43. The initial Stetter reaction was followed by an intramo-
lecular Michael reaction to form the indane derivative 44
(Scheme 30).57 Moreover, Ye and co-workers disclosed a
cascade reaction comprising a Stetter and aldol sequence
for the diastereoselective synthesis of 4-hydroxytetralones.
The carbene generated from 1a catalyzed the reaction of 2-
phthalaldehyde and the Michael acceptor, which was fol-
lowed by an intramolecular aldol reaction to afford the 4-

hydroxytetralones 45 in good yields and trans selectivity
(Scheme 31).58 Interestingly, with 1,2-diactivated Michael
acceptors, the NHC-catalyzed cascade reaction using 2-
phthalaldehyde afforded 2,2-disubstituted 3-hydroxyin-
danones by way of a formal [4+1] annulation.59

Hong and co-workers realized the sequential NHC-cata-
lyzed Stetter reaction between aromatic aldehydes and ni-
troalkenes followed by a chiral secondary amine catalyzed
Michael–aldol condensation cascade leading to the synthe-
sis of functionalized cyclopentenes in good yields and ex-
cellent enantiomeric excess. The carbene generated from
the thiazolium salt 1a catalyzed the Stetter reaction, and
the chiral proline derivative 46 catalyzed the Michael–aldol
condensation sequence (Scheme 32).60 Overall, the protocol
represents an organocatalytic formal [1+2+2] annulation
reaction for the simple and direct stereoselective construc-
tion of fully functionalized cyclopentenes. Interestingly,
when the reaction was carried out using heteroaromatic al-
dehydes such as picolinaldehyde, the reaction followed a
sequential Stetter and Michael–aldol reaction leading to the
synthesis of fully substituted cyclopentanols.61

5 Hydroacylation Reactions

By definition, the Stetter reaction represents the umpol-
ung of aldehydes followed by the nucleophilic addition of
the generated acyl anion equivalents to activated carbon–
carbon multiple bonds (electron-poor). Similar polarity re-
versal of aldehydes using NHCs, and the interception of the
resultant Breslow intermediate to other electrophiles such
as aldehydes, ketones (benzoin reaction), and imines (aza-
benzoin reaction), has been well demonstrated. Further-
more, in 2011, the umpolung concept of electrophiles was
extended to Michael acceptors such as methacrylates.62

However, the umpolung of aldehydes followed by the addi-
tion across unactivated carbon–carbon multiple bonds,
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namely the NHC-catalyzed hydroacylation reaction, was
underexplored until recently (Scheme 33).8 On the other
hand, transition-metal-catalyzed hydroacylation reactions
to unactivated carbon–carbon bonds are well studied.63

Scheme 33  Hydroacylation of unactivated olefins

The NHC-catalyzed nucleophilic addition reaction of
acyl anion equivalents to enol ethers taking place in an in-
tramolecular fashion catalyzed by the carbene generated
from commercially available thiazolium salt 1aa was dis-
closed by She and co-workers. The reaction resulted in the
formation of benzofuranones 47 in high yields (Scheme
34).64 The authors proposed a mechanism involving the ad-
dition of the Breslow intermediate to the carbon–carbon
double bond of the enol ether; however, it was unclear
whether the addition proceeded via a concerted pathway or
involved an oxonium intermediate.

In 2009, Glorius and co-workers demonstrated an un-
precedented intramolecular NHC-catalyzed hydroacylation
of unactivated alkenes. The carbene generated from thi-
azolium salt 1v catalyzed the intramolecular cyclization of
2-allyloxy benzaldehydes 48 to form the corresponding
chromanones 49 (Scheme 35).65 This reaction was the first
transition-metal-free NHC-organocatalyzed intramolecular
hydroacylation of unactivated carbon–carbon double
bonds. This unique hydroacylation strategy was applicable
to a broad range of substrates, and in all cases, the desired
chromanone was formed in moderate to good yields. More-

over, this methodology was applicable to the synthesis of
chromanones containing all-carbon quaternary centers.

The proposed mechanism of the NHC-catalyzed hy-
droacylation reaction is shown in Scheme 36. The addition
of the carbene generated from 1v to aldehyde 48 generates
the nucleophilic Breslow intermediate 50. The acyl anion
equivalent 50 could add to the unactivated olefin via a con-
certed transition state 51 to generate the zwitterionic tetra-
hedral intermediate 52. The release of the carbene from in-
termediate 52 leads to the desired product 49. Interestingly,
the transition state 51 resembles the Conia-ene type transi-
tion state with regard to the polarity of the participating
olefins, and the reverse-Cope type elimination in terms of
the five-membered transition state. Notably, the likelihood
of addition of Breslow intermediates to electrophilic car-
bon–carbon double bonds in the Stetter reaction in a con-
certed manner similar to the reverse-Cope elimination was
previously suggested by Rovis and co-workers.11 Moreover,
DFT calculations were carried out by Grimme, Glorius and
co-workers to shed light on the essential step of the reac-
tion (namely, whether the proton migration or the carbon–
carbon bond formation occurs first). These studies indicat-
ed a concerted but highly asynchronous transition state in

Scheme 32  Sequential Stetter and Michael–aldol condensation cas-
cade
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the intramolecular hydroacylation of unactivated olefins.66

Additionally, the electron localization function (ELF) analy-
sis in carbon–carbon bond formation in NHC-catalyzed hy-
droacylation reactions was carried out by Domingo and co-
workers. These studies showed that the NHC-catalyzed hy-
droacylation reactions are completely different from the in-
tramolecular Stetter reaction, which is triggered by a polar
Michael addition.67

Scheme 36  Proposed mechanism for the hydroacylation of unactivat-
ed olefins

Glorius and co-workers applied this methodology to the
enantioselective construction of chromanones possessing
all-carbon quaternary stereocenters. The NHC generated
from the chiral triazolium salt 1ab showed high levels of re-
activity and selectivity, affording the chiral chromamones
53 in 99% ee in most of the cases (Scheme 37).66 The ob-
served high enantioselectivity was in accordance with the
proposed concerted mechanism. The reaction worked well
with a variety of electron-releasing and electron-withdraw-
ing substituents on 2-allyloxy benzaldehyde derivatives.

Subsequently, Glorius and co-workers developed the
first intermolecular hydroacylation of cyclopropenes,
which are electron-neutral olefins. The reaction of aromatic
aldehydes with cyclopropenes under mild conditions using
the carbene generated from triazolium salt 1ac afforded the
acyl cyclopropanes 54 in excellent diastereoselectivity and
good yields (Scheme 38).68 Mechanistic experiments
demonstrated that the product formation takes place via a

concerted syn hydroacylation mechanism. DFT calculations
carried out by Ajitha and Suresh on the hydroacylation of
cyclopentenes determined the role of base in promoting the
proton-transfer step leading to the generation of the
Breslow intermediate.69

Scheme 38  NHC-catalyzed hydroacylation of cyclopropenes

Recently, Glorius and co-workers developed new chiral
ortho,ortho′-disubstituted electron-rich triazolium salts,
and demonstrated their utility in enantioselective and dias-
tereoselective hydroacylations of cyclopropenes. The carbe-
ne derived from the triazolium salt 1ad allowed the simul-
taneous enhancement of reactivity as well as selectivity in
the intermolecular addition to electron-neutral olefins.70

Moreover, 1ad showed superior reactivity and selectivity
compared to other commonly used chiral triazolium salts.
The reaction afforded acyl cyclopropanes 55 in moderate to
good yields and good enantiomeric excess (Scheme 39).

The intermolecular hydroacylation of electron-neutral
olefins is considered to be a long-standing challenge in or-
ganocatalysis. More recently, Glorius and co-workers ad-
dressed this issue and uncovered the first NHC-catalyzed
intermolecular hydroacylation of styrenes, which are
among the most important bulk chemicals. The reaction af-
forded a mixture of linear and branched hydroacylated
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products in good yields (Scheme 40).71 The carbene gener-
ated from the relatively electron-rich triazolium salt 1ae
was the best catalyst for this transformation. The Breslow
intermediate generated from aldehydes and NHCs can add
to styrenes in three possible ways leading to the formation
of the different regioisomeric products.

Scheme 40  NHC-catalyzed intermolecular hydroacylation of styrenes

Recently, an intramolecular vinylogous version of the
Stetter reaction was reported by Law and McErlean. The
NHC-catalyzed intramolecular 1,6-addition of aldehyde 56
bearing an α,β,γ,δ-unsaturated carbonyl moiety afforded
diverse chromanones 57 in good yields (Scheme 41).72 This
reaction can also be visualized as an intramolecular hy-
droacylation reaction. Thiazolium (1a)- or triazolium (1af)-
derived carbenes showed better reactivity than the imidaz-

olium salts. An enantioselective version of this reaction us-
ing the NHC derived from 1d afforded the target products
in up to 96% ee.

Scheme 41  NHC-catalyzed vinylogous Stetter reaction

Moreover, the NHC-catalyzed intramolecular SN2′ reac-
tion of aldehydes with allylic electrophiles leading to the
formation of α,β-unsaturated chromanones 58 was devel-
oped by Chen, Zhou and co-workers. Mechanistic studies
showed that this reaction does not proceed by way of an
addition–elimination mechanism, but proceeds through an
SN2′ pathway. The carbene generated from the thiazolium
salt 1v showed good reactivity in this intramolecular cy-
clization reaction (Scheme 42).73

Very recently, the NHC-catalyzed hydroacylation of alle-
nyl aldehydes 59 leading to the synthesis of chromones 60
was disclosed by Alcaide, Almendros and co-workers. The
NHC generated from the imidazolium salt 1w was used un-
der the optimized conditions (Scheme 43).74 It may be not-
ed in this context that a cascade reaction comprised of a
tertiary amine catalyzed N-allylation of indole 2-carboxal-
dehydes followed by the NHC-catalyzed hydroacylation of
the resultant homoallylic amines for the synthesis of pyrro-
loindolones was reported by Xu and co-workers.75

Scheme 39  NHC-catalyzed asymmetric hydroacylation of cyclopro-
penes
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Scheme 43  NHC-catalyzed hydroacylation of allenyl aldehydes

The NHC-catalyzed hydroacylation reactions are not
limited to carbon–carbon double bonds. In 2010, Glorius
and co-workers developed the intramolecular hydroacyla-
tion of unactivated triple bonds. Reaction of the unactivat-
ed internal alkynes 61 with the carbene generated from 1v
resulted in the efficient formation of benzylidene chroma-
nones 62, possessing a synthetically important exocyclic
olefin, as a single isomer (Scheme 44).76 Variations in the
electron-releasing and electron-withdrawing groups on
both aromatic rings of 61 were well tolerated, and the reac-
tion was also applied for the synthesis of quinolin-4-ones. It
may be mentioned in this context that related NHC-cata-
lyzed intramolecular hydroacylation reactions of alkynal
phosphonates leading to the synthesis of chromone phos-
phonates was reported more recently by Shi and co-work-
ers.77

In a further development, the NHC-catalyzed hydroacy-
lation reaction of terminal alkynes was combined with a
second NHC-catalyzed Stetter reaction in a cascade process.
Reaction of the 2-propargyloxy aldehydes 61 with a differ-
ent coupling aldehyde catalyzed by the carbene generated
from 1v resulted in the synthesis of chromanones 63 with a
1,4-diketone motif in good to excellent yields (Scheme
45).76 The generation of the carbene using a mild base was a

key factor for this reaction. Notably, these reactions pro-
ceeded with a high level of selectivity and required low cat-
alyst loading (5 mol%). In addition, this methodology was
applied to the synthesis of a benzopyranopyrrole derivative
by a hydroacylation–Stetter cascade followed by reaction
with an aniline derivative in a one-pot operation.

Scheme 45  NHC-catalyzed hydroacylation–Stetter cascade

Subsequently, Glorius and co-workers found that the
NHC-catalyzed hydroacylation–Stetter cascade was indeed
very sensitive to the base used and the reaction tempera-
ture. When the reaction was carried out using DBU as the
base at 80 °C, the chromanone product 63 underwent a ret-
ro-Michael addition to generate the phenol 64, which on
1,3-H shift followed by intramolecular oxa-Michael reac-
tion afforded the 2,2-disubstituted benzofuranone deriva-
tive 65 (Scheme 46).78 Overall, the reaction can be consid-
ered as an NHC- and base-catalyzed intramolecular hy-
droacylation–Stetter–rearrangement cascade to the
synthesis of benzofuranones. Independently, Zeitler and co-
workers demonstrated a closely relatec reaction using the
carbene generated from 1v under analogous reaction con-
ditions. They used a one-pot, two-step protocol for the syn-
thesis of benzofuranones (Scheme 47).79

Scheme 42  NHC-catalyzed intramolecular acylation of allyl electro-
philes
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Scheme 44  NHC-catalyzed hydroacylation of unactivated internal 
alkynes
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Scheme 47  One-pot NHC- and base-catalyzed hydroacylation–
Stetter–rearrangement cascade

In the context of the intermolecular hydroacylation of
triple bonds, Biju and Glorius recently disclosed the NHC-
catalyzed hydroacylation of arynes.80 This reaction rep-
resents the NHC-catalyzed formal insertion of arynes into
the Cformyl–H bond of aldehydes, and reveals the rare toler-
ance of nucleophilic carbenes toward electrophilic arynes.
Notably, arynes are highly electrophilic and reactive inter-
mediates, used for the synthesis of a variety of disubstitut-
ed benzene derivatives.81 The NHC-catalyzed aryne hy-
droacylation worked well with a wide variety of aldehydes.
The aryne was generated in situ from 2-trimethylsilylaryl
triflate 66 using two equivalents each of potassium fluoride
and 18-crown-6, and the carbene was generated from 1v by
deprotonation using potassium tert-butoxide. The reaction
furnished several aryl ketones 67 in moderate to excellent

yield (Scheme 48).80 This method can be considered as a
transition-metal-free synthetic strategy to access a wide
range of aryl ketones, and the chemoselectivity observed in
this process is noteworthy.

Scheme 48  NHC-catalyzed intermolecular hydroacylation of arynes

The NHC-catalyzed intramolecular hydroacylation of
activated carbon–carbon triple bonds was developed by Liu
and co-workers. The carbene generated from the thiazoli-
um salt 1a was efficient for the cyclization of salicylalde-
hyde-derived alkynes 68 resulting in the synthesis of phar-
maceutically important chromone derivatives 69 (Scheme
49).82 The reaction worked well with various oxygen-
tethered salicylaldehyde derivatives. It may be noted in this
context that NHC-catalyzed intramolecular cross-coupling
reaction of aldehydes with nitriles for the synthesis of 3-
aminochromones was developed by the same research
group in 2010.83

6 Applications in Total Synthesis

Owing to the versatility and the unique nature of induc-
ing umpolung on aldehydes, NHC-catalyzed reactions have
emerged as a powerful technique for the synthesis of com-
plex molecules.84 This is partly due to the recent develop-
ments in NHC-catalyzed Stetter reactions. Until recently,
complex molecule syntheses using NHC catalysis were rare,
owing to the limited substrate scope of many of the NHC-
catalyzed reactions. However, in the last two decades, this
field has evolved to become one of the important methods
for transition-metal-free construction of carbon–carbon

Scheme 46  NHC- and base-catalyzed hydroacylation–Stetter–
rearrangement cascade
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bonds. In this section, recent applications of the Stetter re-
action in the construction of natural products and complex
molecules are summarized.

In 1975, Stetter and Kuhlmann disclosed the total syn-
theses of cis-jasmon (70) and dihydrojasmon (71) using
NHC catalysis.85 The carbene generated from the thiazolium
salt 1z was used for the Stetter reaction between methyl vi-
nyl ketone and an aliphatic aldehyde; this was followed by
an aldol condensation to afford the natural products 70 and
71 (Scheme 50). This reaction appears to be the first
demonstration of the Stetter reaction used in natural prod-
uct synthesis.

Scheme 50  Total syntheses of cis-jasmon and dihydrojasmon

In 1979, Trost and co-workers developed the synthesis
of the natural product hirsutic acid C (76), which is a tricy-
clic sesquiterpene having antibiotic and antitumor activity.
The key step in the synthesis is an intramolecular Setter re-

action. The aldehyde precursor for the Stetter reaction 73
was synthesized in 10 steps starting from cyano compound
72. Treatment of the aldehyde 73 with an excess of the thi-
azolium salt 1ag and triethylamine furnished the tricyclic
ketone 74 in 67% yield (Scheme 51).86 Compound 74 was
converted into γ-lactone 75, in four steps, using the reduc-
tion, γ-lactonization, ozonolysis, reduction sequence. An-
other four-step sequence from 75 afforded hirsutic acid in a
total of 19 steps with an overall yield of 3.4%.

Scheme 51  Total synthesis of hirsutic acid incorporating an intramo-
lecular Stetter reaction

Roth and co-workers disclosed the synthesis of atorvas-
tatin calcium (80), which is a drug marketed under the
trade name Lupitor. Lupitor is used to control the cholester-
ol levels in the blood. The key step in its synthesis is the in-
termolecular Stetter reaction between 4-fluorobenzalde-
hyde and the Michael acceptor 77. The reaction worked
well in the presence of the carbene generated from thiazoli-
um salt 1z to afford the 1,4-diketone 78 in 80% yield
(Scheme 52).87 The Paal–Knorr reaction of the 1,4-diketone
78 with heptanoate amine 79 afforded atorvastatin.

Scheme 49  NHC-catalyzed intramolecular hydroacylation of activated 
alkynes
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Scheme 52  Synthesis of atorvastatin using an intermolecular Stetter 
reaction
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Another natural product synthesis accomplished using
NHC catalysis as an important step is that of roseophilin
(84), which contains an azofulvene moiety that is conjugat-
ed to pyrrolylfuran and an ansa macrocycle. A 12-step for-
mal synthesis of roseophilin followed by an enantioselec-
tive variant was demonstrated by Harrington and Tius.88

The key step in the synthesis of 84 is a Nazarov cyclization
reaction leading to the cyclopentenone 81. Reaction of 81
with hept-6-enal using the NHC generated from thiazolium
salt 1a and triethylamine as base furnished the Stetter ad-
duct 82 as a trans-isomer (Scheme 53). Ring-opening me-
tathesis of 82, followed by selective reduction of the olefin
and Paal–Knorr cyclization resulted in the formation of the
enantiopure roseophilin core 83. Alkylation of a difuryl
compound under basic conditions with 83 completed the
synthesis of roseophilin.

Scheme 53  Synthesis of roseophilin

In 2001, Galopin achieved a short synthesis of (±)-trans-
sabinene hydrate (87), which is an important flavor found
in various essential oils from mint and other herbs. The in-
termolecular Stetter reaction of isovaleraldehyde and
methyl vinyl ketone catalyzed by the carbene generated
from 1a afforded the 1,4-diketone 85 in 82% yield (Scheme
54).89 Aldol cyclization of 85 promoted by base furnished
the cyclopentenone 86. Cyclopropanation under Corey–
Chaychovsky conditions followed by reduction afforded the
(±)-trans-sabinene hydrate in 28% overall yield.

A stereoselective synthesis of two 3,5-dialkyl-substitut-
ed indolizidine alkaloids, namely (+)-monomorine I (90a),
and (3R,5S,9S)-3-ethyl-5-methylindolizidine (90b), where
the first step was an intermolecular Stetter reaction, was
reported by Randl and Blechert. The Stetter reaction be-
tween norbornene carboxaldehyde and vinyl ketone afford-
ed the expected 1,4-diketone 88 in excellent yield (Scheme
55).90 A retro Diels–Alder of 88 followed by intermolecular
cross-metathesis with carbobenzyloxy-protected (S)-pent-
en-2-amine afforded the carbamate 89 in good yield. The

reductive amination of 89 readily furnished the natural
products 90a and 90b in good yields.

In 2004, Grée and co-workers achieved the synthesis of
haloperidol (92), which is a widely used antipsychotic drug,
using an intermolecular Stetter reaction as the key step. The
cross-coupling of 4-fluorobenzaldehyde and methyl acry-
late was carried out using the carbene generated from 1a in
the presence of the room-temperature ionic liquid
[bmim][BF4] to afford the 1,4-dicarbonyl compound 91 in
60% yield (Scheme 56).91 Compound 91 was converted into
haloperidol (92) in four steps through protection of the ke-
tone, reduction of the ester to an aldehyde (using DIBAL-H),
reductive amination using commercially available piperidi-
nol, and finally a deprotection sequence.

Nicolaou and co-workers reported the formal synthesis
of (±)-platensimycin (97), where the key steps involved an
intramolecular Stetter reaction and a tin-promoted radical
cyclization. The intramolecular Stetter reaction of the bro-
mide using the carbene generated from triazolium salt 1af
readily afforded the cyclohexanone 94 in 64% yield and ex-
cellent diastereoselectivity (Scheme 57).92a The tetracyclic
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Scheme 54  Synthesis of (±)-trans-sabinene hydrate

N S
Bn

OHCl

Et3N,EtOH
Galopin89

1a (1–5 mol%)
O

OO

H O

+

82%
85

OHO
S

MeH2C

OMe

1.

2. LiAlH4

71%

(±)-trans-sabinene hydrate (87) 86

NaOH 70%

Scheme 55  Synthesis of indolizidine alkaloids

N S
Et

OHCl

Et3N, 65 °C, 18 h
Blechert et al.90

1ah (5 mol%)

O

O

RO
H

O

R
+

N

R

H

85% (R = n-Bu)
87% (R = Et)

O

NHCbz

R

O

2 steps

H2, Pd/C

89

(+)-monomorine I (90a) R = n-Bu 
indolizidine (90b), R = Et

88

75% (R = n-Bu)
62% (R = Et)
© Georg Thieme Verlag  Stuttgart · New York — Synthesis 2015, 47, 1357–1378



1376

S. R. Yetra et al. ReviewSyn  thesis

D
ow

nl
oa

de
d 

by
: I

P
-P

ro
xy

 N
at

io
na

l C
he

m
ic

al
 L

ab
, N

at
io

na
l C

he
m

ic
al

 L
ab

or
at

or
y.

 C
op

yr
ig

ht
ed

 m
at

er
ia

l.
compound 95 was accessible from 94 in four steps follow-
ing a protection of the carbonyl as its dithiane and oxida-
tion of the free ketone followed by tin-mediated radical cy-
clization. In three steps, 95 was converted into the core
structure 96 of (±)-platensimycin.92b

Scheme 57  Formal synthesis (±)-platensimycin

The enantioselective formal synthesis of (–)-englerin A
(101) was achieved by Theodorakis and co-workers using a
rhodium(II)-catalyzed [4+3]-cycloaddition reaction and an
intermolecular Stetter reaction as the key steps. The rhodi-
um(II)-catalyzed [4+3]-cycloaddition reaction of diazo ester
98 with 2-isopropyl-5-methylfuran afforded the enone 99
in three steps. Protection of the secondary alcohol in 99 fol-
lowed by intermolecular Stetter reaction using the carbene
generated from 1a furnished 1,4-diketone 100 in 75% yield
for the two steps (Scheme 58).93 The diketone 100 can be
converted into (–)-englerin A following known procedures.

Very recently, the synthesis of piperodione and its ana-
logues was accomplished by Csuk and co-workers, who
used an intermolecular Stetter reaction as a key step. The

reaction of enone 102 with aldehyde 103 was carried out in
the presence of thiazolium salt 1a under microwave condi-
tions to afford piperodione (104; n = 3) in 92% yield
(Scheme 59).94 Two piperodione analogues were similarly
synthesized.

Scheme 59  Synthesis of piperodione and analogues

7 Conclusion

In the last two decades, NHCs have evolved from being
just a laboratory curiosity to being valuable synthetic tools
in chemistry in general, and catalysis in particular. One of
the most important modes of action of NHCs in organoca-
talysis is the umpolung of aldehydes. This review summa-
rized the recent advances in NHC-catalyzed Stetter reac-
tions and Stetter-type reactions. Recent developments in
intramolecular as well as intermolecular Stetter reactions,
various enantioselective reactions, and hydroacylation re-
actions were discussed. It is expected that the summary of
recent advances in this field highlighted herein will inspire
the development of a wide range of new applications of
NHCs in catalysis, especially those of an asymmetric nature.

The intermolecular Stetter reaction continues to be a
challenging reaction. We believe that the future studies in
this area will be devoted to the intermolecular Stetter reac-
tion using challenging β,β-disubstituted Michael acceptors
for the construction of all-carbon quaternary stereocenters
with perfect control of stereochemistry. Moreover, in the
area of NHC-catalyzed hydroacylation reactions, the inter-

Scheme 56  Synthesis of haloperidol
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molecular version is presently limited to styrenes and cy-
clopropenes. Future studies in this area will undoubtedly be
dedicated to developing innovative and general intermolec-
ular hydroacylation reactions of olefins, as well as enantio-
selective variants. Moreover, future research and focus in
this area will result in more and more synthetic strategies
for the construction of biologically interesting scaffolds,
and will greatly add to the arsenal of NHC-catalysis applica-
tions in the total synthesis of complex molecules.
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