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N-Heterocyclic carbene (NHC) organocatalysis has been developed as an important approach in modern organic synthesis. Versatile activation modes
within NHC organocatalysis have been established with countless transformations being realized in both efficient and selective fashion. We would like to
provide an overview on the key progresses achieved within this field in the past two decades. Since numerous excellent reviews have been documented
within this area, we will mainly focus on the scientific development of this research field based on the basic reaction modes and typical reaction interme-
diates.
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1. Introduction

Since Bertrand!¥l and Arduengol? et al. successfully isolated and
characterized the free carbene in 1991, N-heterocyclic carbene
(NHC) has opened a new chapter in organic chemistry. The impact
of strong o-electron-donating properties allows for very strong
NHC-metal bond formations and prevents decomposition of the
catalyst. The most prominent examples are the second and third
generations of the Grubbs’ olefin metathesis catalysts.3] On the
other hand, NHCs are also playing important roles in nucleophilic
organocatalysis. Metal-free catalytic processes are interesting
approaches because of their facile reaction processes, excellent
selectivities, environmental friendliness and versatile activation
modes. This review provides a concise overview of N-heterocyclic
carbenes in organic catalysis and highlights the extensive applica-
tions of the basic activation modes and reaction intermediates.

1.1. General structures of N-heterocyclic carbenes

N-Heterocyclic carbenes (abbreviated as NHCs or carbenes)
are defined as heterocyclic species containing a carbene carbon
and at least one a-nitrogen atom in the ring structure.l®] As a typ-
ical structural property, all carbenes are neutral and have bivalent
carbon atoms with electron sextet. Within these criteria, there are
many different classes of carbene compounds with various sub-
stitution patterns, ring sizes and degrees of heteroatom stabiliza-
tions. Typical subclasses of NHCs are presented in Scheme 1. With
a wide variety of catalysts reported, several methods have been
described for their synthesis and the synthesis of pre-carbenes
has been reviewed in previous reports.[!

Scheme 1 Structures of typical NHCs. Ad = Adamantyl; Mes = Mesityl;
tBu = tert-Butyl; iPr = Isopropyl.
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1.2. General properties of N-heterocycliccarbenes

The bivalent carbon atom with a six-electron valence shell had
been considered as highly reactive intermediates and rendered
free carbenes inherently unstable in organic transformations.
Much effort has been devoted into the isolation of stable car-
benes. In 1988, Bertrand and coworkers reported the preparation
of the first isolable carbene!l stabilized by favorable interactions
with adjacent phosphorus and silicon substituents (Scheme 2).
But the real breakthrough facilitating forays into catalytic applica-
tions came from Arduengo et al. with isolation of “free” IAd[?! (see
Scheme 1).

Scheme 2 Phosphinocarbene reported by Bertrand group
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Inspired by Arduengo’s initial report, a variety of stable NHCs
have been synthesized.l®l In 1995, Enders, Teles and coworkers
reported the synthesis of the crystalline triazolin-5-ylidene car-
bene starting from the triazole precursor (Scheme 3).17 It is worth
mentioning that the compound of triazolin-5-ylidene was the first
commercially available carbene.

Scheme 3 The first commercially stable carbene
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Based on the results of these investigations, dramatic progress
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has been achieved in understanding NHCs’ intrinsic properties. In
2014, Glorius and coworkers summarized the general properties
of the NHC catalysts (Scheme 4).18

Scheme 4 General properties of NHCs.
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The o-electron-withdrawing and m-electron-donating effects
of the nitrogen atoms contribute to the stabilization of the singlet
carbene structure. Besides, the carbene carbon C2 is in a singlet
state configuration, leaving the p,; orbital of the C2 center empty.
This allows the adjacent nitrogen atoms to stabilize the carbene
by donating m-electrons into the vacant pr orbital, while lowering
the energy of the occupied o-orbital simultaneously by exerting o-
electron withdrawing effects on the carbene center. The stable
carbene benefits from aromaticity. Different aromaticframeworks
of the carbene catalysts affect their electronic properties. More-
over, the different groups attached to the nitrogen atoms adjacent
to the CZ centers offer additional stabilization, although this effect
is inferior to the electronic stabilization provided by the nitrogen
atoms. The bulky substituents of NHCs also help to introduce chi-
ral induction.

1.3. Major applications of NHCs in organocatalysis

During the past 20 years, we have witnessed tremendous de-
velopment in the field of NHC organocatalysis. The story can be
ascribed to Ukai's demonstration that thiazolium salts catalyzed
the benzoin reaction® and Breslow’s determination of its mecha-
nism in 1958.1191 |n 1966, Sheehan and Hunneman have carried
out the benzoin reaction in enantioselective fashion using chiral
thiazolium pre-NHC catalysts.[!2] Since then, NHC organocatalysis
has emerged as a powerful strategy in organic synthesis. Many
carbonyl componds can be activated by NHC organic catalysts,
such as aldehydes, esters, ketones, anhydrides and acyl halides.
Typical reaction intermediates generated from the NHC catalysts
are summarized in Scheme 5. The acyl anion intermediate (Bres-
low intermediate) can tautomerize to homoenolate and enolate
intermediates via proton transfer processes. It can also be con-
verted to the acyl azolium intermediate under oxidative condi-
tions.

2. Activation of Aldehydes for Access to
Breslow and Homoenolate Intermediates

Aldehydes are one of the most frequently used reaction sub-
strates in NHC organocatalysis. Various aldehyde activation
modes have been developed with NHCs used as the main reaction
catalysts. Significant efforts have also been made to disclose the
reaction mechanisms involved in the aldehyde activations ena-
bled by NHC organic catalysts.

2.1. Characterization of the Breslow intermediate

One of the mostly investigated reactions catalyzed by NHCs

Scheme 5 NHC-bounded reactive intermediates, potential precursors
and typical coupling partners
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was the benzoin reaction. The benzoin reaction involves an initial
attack of the NHC onto an aldehyde carbonyl carbon, and the
conversion of an electrophile to a nucleophile. This process was
exemplified as “Umpolung”, a concept first reported by Wittig in
195112 and later popularized by Seebach.[*3! The widely accepted
reaction mechanism of the benzoin reaction was proposed by
Breslow in 1958 (Scheme 6).11% |n this mechanism, the thiazolium
salt is deprotonated to form a “free” carbene 61, which then at-
tacks the carbonyl group of an aldehyde and gives the interme-
diate 6ll. The intermediate 61l undergoes a 1,2-proton shift to
generate the Breslow intermediate 6ll1l, which then attacks an-
other aldehyde and gives the alkoxide intermediate 6lV. Finally, a
proton transfer in the intermediate 61V affords the benzoin prod-
uct and the carbene catalyst is regenerated for additional catalytic
cycles.

The Breslow intermediate has been involved in a lot of reac-
tions. Some of the Breslow intermediates bearing crowed struc-
tures and related derivatives have been isolated and character-
ized.[14



Scheme 6 Mechanism of the benzoin reaction proposed by Breslow
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In 2012, Rovis’ group reported some stable and isolable ana-
logues of the Breslow intermediate derived from chiral triazolyli-
dene carbenes (Scheme 7).I151 The reactions of the NHC pre-
catalyst with iminium salts in the presence of base give the aza-
Breslow intermediates in 68% and 77% vyields, respectively. In this
article, NMR characterization and X-ray crystal structures were
presented.

Scheme 7 Synthesis of aza-Breslow analogues
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Besides, Rovis et al. have reported the oxidation potentials
and UV-Vis spectra of the aza-Breslow intermediates.!!5] According
to their calculations, classical Breslow intermediate preferred Z-
geometry, however, solid-state analysis showed a preference for
the E-enertriamine geometry. It is worth mentioning that 'H NMR
showed a mixture of four compounds. The authors hypothesized
that two enetriamine geometries were presented along with C—N
bond rotamers.

2.2. Progresses in the benzoin and Stetter reactions

Homo-benzoin reaction implies the benzoin reaction between
two molecules of the same aldehyde.[1¢! Several efficient and se-
lective catalysts have been prepared and utilized for this trans-
formation. Progresses in this area have been summarized in pre-
vious reviews.['7] The results of some excellent examples in homo-
benzoin reactions are listed in Scheme 8. It has been shown that
the development of NHC catalysts bearing novel chiral scaffolds is
critical to the enantioselectivities of the homo-benzoin reac-
tions.[18]

The cross-benzoin reaction involves two different aldehydes or
aldehydes with electrophilic carbonyl substrates. One of the sem-
inal intermolecular cross-benzoin reactions of two aldehydes was
carried out by Cookson and Lane in 1976119 and was followed by
Stetter and Dambkes.[20] Even though four different products were
afforded in this intermolecular reaction, it was shown that the

chemoselectivity is viable in this catalytic system. After that, many
research groups have investigated the cross-benzoin reactions of
different aldehydes, notably by Inoue, Connon, Glorius, Yang and
Gravel et al.[?11 One of the interesting results has been reported by
Yang and coworkers, with an intermolecular cross benzoin of ar-
omatic aldehyde with aliphatic aldehyde described in their
work.[22l The chemoselectivities in the Yang’s report could be ef-
fectively controlled by the different NHC catalysts (Scheme 9).

Scheme 8 NHCs used for asymmetric benzoin reaction

o
)OL _ NHC )JYPh
PH H a
OH

Ph

. Ph
N , Ph
Ny co NN o N-N*

N ph B DS e

N N 4

O_& O\hPh

o]

\/Kt—Bu

66% vield 86% ee 65% vield, 83%
Enders, 1996 Leeper 1998

0O 0
O 43
SN NN

BA o @’ o BN

95% yield, 85% ee
You, 2008

. Q et

4
17% yield, 90% ee

Ph Waser, 2010

62% yield, 92% ee
Enders, 2002

q/ N=CyFs

Ph— BF.
P?\OH

90% yield, > 99% ee
Connon, 2009

&%

N
| P
N~ 93% yield, 55% ee

Ranfinski, 2014

Scheme 9 Cross benzoin reaction reported by Yang
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The first intramolecular cross-benzoin reaction was reported
by Suzuki and coworkers in 2003.123] The use of ketones as the
cross-benzoin reaction partner has inspired scientists to further
investigate the stereoselective cross-benzoin reactions (Scheme
10).

Scheme 10 The first intramolecular crossed benzoin condensation be-
tween aldehyde and ketone reported by Suzuki
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Subsequently, the groups of Enders, Suzuki and You inde-
pendently reported the asymmetric intramolecular cross-benzoin



N-Heterocyclic Carbene Organocatalysis

reactions in good to excellent yields and ee values.[24

In 2009, Ema and coworkers reported the first asymmetric
desymmetrization of cyclic 1,3-diketones affording bicyclictertiary
alcohols through an intramolecular cross-benzoin reaction.[?5] In
2014, Johnson'’s group disclosed an intermolecular benzoin trans-
formation through the dynamic kinetic resolution (DKR) of B-
stereogenic o-keto esters with two stereocenters formed.[26]
Meanwhile, the first intramolecular cross-benzoin reaction
through DKR process enabled by NHC was reported in 2016 by the
Fang’s group (Scheme 11).1271 A variety of tetralone derivatives
bearing two contiguous stereocenters and multiple functionalities
were afforded in moderate to excellent yields with high levels of
stereoselectivities.

Scheme 11 Intramolecular cross-benzoin reaction enabled by dynamic
kinetic resolution
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A cooperative catalytic Michael addition-intramolecular ben-
zoin cascade reaction of functionalized cyclopentanones was de-
veloped in 2009 by Rovis and coworkers (Scheme 12).128 The chi-
ral secondary amine catalyzed Michael addition of aliphatic alde-
hydes generated the intramolecular benzoin substrate. Then the
carbene catalyst could promote the diastereoselective intramo-
lecular cross-benzoin reaction to give the desired products.
Noteworthy, the azolium salt is an achiral molecular in this cas-
cade sequence and this cascade reaction constitutes a fine exam-
ple of symbiotic dual-catalysis. Noteworthy, the enamine and NHC
dual-catalytic reactions were also independently reported by
Enders, Melchiorre and Chen et al.129]

Scheme 12 Secondary amine and NHCs catalyzed cascade reaction re-
ported by Rovis
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Aza-benzoin reactions have been achieved through the cou-
pling of aldehydes and aza-electrophiles. Imines possessing elec-
tron-withdrawing N-substituents constitute the most commonly
used aza-electrophile. The aza-benzoin reaction was first reported
by Lépez-Calahorra in 1988. The progress in this field is summa-
rized in Scheme 13.139

In 2014, Gravel and coworkers reported the aza-benzoin reac-
tion of aldehydes and phosphinoylimines, with a new bis(amino)-
cyclopropenylidene (BAC) used as the NHC catalyst (Scheme
14).31 The carbene catalyst used in this work is different from the
conventional thiazolium and triazolium salt derived NHC catalysts.
However, the attempts to the enantioselective version of this
reaction using chiral BAC carbenes were unsuccessful.

Scheme 13 Aza-benzoin reactions to access a-amino ketones
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Scheme 14 Aza-benzoin reaction catalyzed by BAC-carbene

H Bpn,
o il

a 0o, EGN NEt, O BPhy

lL e BAC precursor " NH

1 * Ts._NH ?
R H BAC (20 mol%) R

R. Cs;C05 (1.0 equiv.) 2
8 CH,CN, 1t 16 h  up o 92% yield

In the early 1970s, Stetter and coworkers discovered the con-
jugate additions of aldehydes to Michael acceptors employing
thiazolium salts as the catalysts.!32] Since then, the catalytic 1,4-
additions of aldehydes to acceptors bearing activated double
bonds were named as Stetter reactions. Ciganek reported the
intramolecular Stetter reaction in 1995.133! In the next year, Enders
and coworkers disclosed the first enantioselective intramolecular
Stetter reaction using chiral triazolium salt-derived NHC catalysts
(Scheme 15), with the corresponding products afforded in mod-
erate yields with up to 74% ee values.34

Scheme 15 Intramolecular Stetter reaction
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Following these pioneering reports, several research groups
investigated more efficient and selective catalysts for this trans-
formation. The progresses in the area of NHC-catalyzed Stetter
reactions have been summarized in previous reviews. Some ex-
amples of the highly enantioselective intramolecular Stetter reac-
tions were presented below (Scheme 16).33!

The intermolecular Stetter reactions have been powerful
strategies in the synthesis of complex molecules. Since the first
report by Stetter in the 1970s, new coupling partners have been
extensively explored. The first asymmetric intermolecular Stetter
reaction was studied by Enders and coworkers in 1990s describing
the reaction of n-butanal with chalcone catalyzed by the chiral
thiazolium salt (Scheme 17).136]

In 2008, an enantioselective intermolecular Stetter reaction
was demonstrated by Enders and coworkers (Scheme 18).371 The
reaction was catalyzed by the triazolium salt and afforded the



Scheme 16 Highly enantioselective intramolecular Stetter reaction
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Scheme 17 The first asymmetric intermolecular Stetter reaction
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desired products in good to excellent yields and moderate enan-
tioselectivities.

Meanwhile, scientists have expanded the scope of the Mi-
chael acceptors to arylsulfonyl-indoles, vinyl sulfones, vinylphos-
phonates, nitroalkenes and so on. Some examples of highly enan-
tioselective intermolecular Stetter reaction with different Michael
acceptors were listed below (Scheme 19).138]

A one-pot cascade multi-catalytic process was developed by
Hamada and coworkers in 2006, describing a Pd-catalyzed allylic
amination and thiazolium salt catalyzed Stetter reaction cas-
cade.? Functionalized dihydroquinolines were afforded as the
final products in this protocol. This work inspired the future re-
search in the carbene catalyzed complicated Stetter reactions
associated with another catalyst.

The intermolecular Stetter reaction was disclosed by Hong et
al. in 2010. Substituted arylaldehydes were coupled with Michael
acceptors and then went through intramolecular aldol reactions
to generate complex products from simple starting materials. NHC
and secondary amine were used as the co-operative catalysts in
this cascade process (Scheme 20).[40!

In 2010, Rovis’ group reported a dual catalytic one-pot asym-
metric Michael/Stetter reaction (Scheme 21). The cascade process
constituted an amine-mediated Michael addition and a carbene

Scheme 19 Enantioselective intermolecular Stetter reaction with various
Michael acceptors
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Scheme 20 Stetter-Michael addition cascade reaction
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Scheme 21 Enantioselective synthesis of benzofuranones
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promoted intramolecular Stetter reaction.*!l Five years later,
Sunoj and coworkers studied the reaction mechanism and gave
explanations on the origin of the chirality induction through DFT
calculations.42]

A Stetter reaction promoted by co-operative NHC and thiou-
rea catalysts was disclosed by Liu in 2016. They described the
direct intermolecular Stetter reaction of aromatic aldehydes with
nitroolefines (Scheme 22a).[43

Recently, an NHC catalytic approach for rapid asymmetric ac-
cess to spirocyclic molecules was disclosed by Chi and coworkers
(Scheme 22b).144 The cascade reaction involves an intermolecular
Stetter reaction catalyzed by NHC and followed by an intramolec-
ular aldol reaction. The Stetter reaction is also a desymmetrization
process, through which the configuration of remote carbon ste-
reocenter is controlled by the chiral NHC catalyst. Interestingly,
both NHC and thiourea cocatalyst are essential in this catalytic
reaction, and no product was formed without the presence of the
thiourea cocatalyst.

2.3. Hydroacylation of alkenes and alkynes

Breslow intermediate can also react with electron neutral al-
kenes and alkynes. In 2006, She, Pan and coworkers first reported
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the NHC-catalyzed intramolecular hydroacylation reaction of alkyl
tosylates. Enol ethers were generated in situ with elimination of
the tosyl group under basic conditions (Scheme 23).1451 After an
intramolecular Stetter reaction, the cyclized pyranone product
could be afforded in a good yield in excellent regio-selective fash-
ion.

Scheme 22 NHC and thiourea cooperative catalysis

a) NHU and thiourea cocatalyzed intermolecular Stetter reaction by Liu
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Scheme 23 NHC-catalyzed intramolecular hydroacylation reaction
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In 2010, Glorius and co-workers reported an NHC-catalyzed
hydroacylation—Stetter cascade reaction. The intramolecular hy-
droacylation reaction of the aldehydes and the terminal alkynes
gave the cyclized chromanone intermediates bearing terminal
alkene groups. Then, the chromanone intermediates underwent
intermolecular Stetter reactions with aromatic aldehydes to give
the final products in good to excellent yields (Scheme 24).[46]

Recently, Liu and coworkers developed an intramolecular hy-
droacylation—Stetter cascade reaction for the synthesis of
bisbenzopyrones (Scheme 25).[47] The reaction proceeds through
the intramolecular hydroacylation of one aldehyde with alkyne

Scheme 24 NHC-catalyzed hydroacylation—Stetter cascade reaction
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Scheme 25 Intramolecular hydroacylation—Stetter reaction
Cat. ( 20 mol%)
KCOy (40 mal%)

CHO
L
Q dioxane, 80°C, 2 h
—_— = R
K,o
@‘R cat. y={ <o,

QHC S\}N‘Mes

40-92% vyield
up to 3:1 dr

followed by intramolecular Stetter reaction to obtain the desired
product. Symmetrical and unsymmetrical substitutions on the
alkynyl bisbenzaldehyde were well tolerated.

Arynes are active electrophilic species that can react with
Breslow intermediates. In 2010, Glorius and coworkers reported
the NHC-catalyzed intermolecular hydroacylation reaction of ar-
ynes (Scheme 26).148 The arynes were generated from 2-trimeth-
ylsilyaryl triflate in the presence 2.0 equiv each of KF and 18-
crown-6. A broad scope of aldehydes and aryne precursors
worked well in this process and the desired products were af-
forded in good to excellent yields.

Scheme 26 Hydroacylation of arynes
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In 2009, Glorius and coworkers described the NHC-catalyzed
intramolecular hydroacylation reaction of unactivated C-C double
bonds.[*%] Two years later, the same group disclosed the asym-
metric hydroacylation of unactivated alkenes with NHC catalysis
(Scheme 27).14%01 A broad scope of chromanone derived products
bearing quaternary stereocenters were obtained in excellent
yields and enantioselectivities. DFT studies of the reaction mech-
anism suggested that the C—C and C—H bond formations took
place in a concerted reaction pathway.

Scheme 27 Enantioselective hydroacylation of alkenes
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In 2011, Glorius and coworkers reported the NHC-catalyzed



intermolecular hydroacylation of aldehydes and cyclopropenes.[59]
Subsequently, the enantio- and diastereoselective intermolecular
hydroacylation of cyclopropenes with arylaldehydes was reported
by the same group. An electron-rich chiral triazolium salt was
found to be an effective chiral catalyst for this transformation
(Scheme 28).[500]

Scheme 28 NHC-catalyzed hydroacylation of cyclopropenes
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In 2016, Glorius and coworkers reported the organocatalyzed
enantioselective dearomatization of benzofurans and benzothio-
phenes via direct hydroacylation of unactivated C-C double bond.
DFT calculations and experimental studies both suggested that
the mechanisms of the hydroacylation of benzofurans and ben-
zothiophenes are different. Benzofurans reacted in a concerted,
highly enantioselective pathway and benzothiophenes reacted
through a stepwise reaction mechanism (Scheme 29).511

Scheme 29 Hydroacylation of benzofurans and benzothiophenes
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2.4. Annulation reactions of homoenolate intermediates

The groups of Glorius and Bode independently reported that
the enals could react as homoenolate precursors in the presence
of NHC catalysts in 2004. In both cases, the commerciallyavailable
IMes salt and strong bases (DBU or tBuOK) were used and the a3-
d3 umpolung was realized through crossing the conjugated a,B-
unsaturated Breslow intermediate (Scheme 30). The disubsti-
tuted y-butyrolactones were generated in moderate to good
yields.[52]

Scheme 30 First homoenolate activation reported by glorius and bode
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In the postulated reaction mechanism (Scheme 31), the a,B-
unsaturated aldehyde is attacked by the in situ formed car- bene
31l. The Breslow intermediate 31l then tautomerizes to the
conjugated homoenolate 31II', and then attacks the other alde-

hyde or ketone as a d3-nuclephile to form the alcoholate 31lIl. The
tautomerization of 31lll gives the acylimidazolium intermediate
311V, which goes through an intramolecular cycloaddition to af-
ford the desired y-butyrolactone product and release the catalyst.

Scheme 31 Proposed mechanism for homoenolate activation
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Highly reactive ketones such as trifluoromethyl ketones, a-
ketoesters, 1,2-diketones, isatins and tropone were also suitable
electrophiles in this type of reaction. But only limited examples of
the enantioselective formation of lactones have been reported.[53!
An excellent example has been reported by Ye and coworkers
when they used a hydroxyl-containing NHC as the catalyst in the
synthesis of isatin derived chiral lactones in highly diastereo- and
enantioselective fashion (Scheme 32a).154! Recently, an asymmet-
ric homoenolate cross-annulation of enals and aldehydes with
high enantioselectivity was disclosed (Scheme 32b).[5] The reac-
tion proceeds in a highly chemoselective manner. The conjugated
Breslow intermediates were preferably generated from enals ra-
ther than simple aldehydes, enabling the homoenolate addition of
enals in preference to competing acyl anion-mediatedreactions.

Scheme 32 Highly diastereo- and enantioselective NHC-catalyzed [3+2]
annulation of enals

a) NHC catalyzed [3+2] annulation of enals and isatins by Ye
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b) NHC catalyzed [3+2] annulation of enals and aldehydes by Narumi
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The diastereoselective synthesis of y-lactams from N-sulfonyl
aldimines and ketimines was also reported. He and Bode first
reported this transformation in 2005 through the homoenolate
addition of enals to imines (Scheme 33). The reaction tolerates a
broad scope of aromatic enals and aryl imines to generate y-
lactams in good yields and moderate to good diastereoselectivi-
ties.[56]

Scheidt and coworkers reported that azomethine ylides are
capable coupling partners for the NHC-catalyzed homoenolate
activation process. A formal [3+3] reaction was disclosed to pre-
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pare pyridazinones as the final products. In 2008, the same group
showed that diazenes are competent electrophiles for NHC-cata-
lyzed homoenolate reactions to afford pyrazolidinones. Bode et al.
subsequently disclosed a highly diastereo- and enantioselective
reaction for the synthesis of B-lactam products via 1,4-addition to
a,B-unsaturated N-sulfonyl ketimines. In the same year, Bode’s
group successfully used cylic sulfonylketimines to react with aryl
or aliphatic enals in this reaction. In 2012, NHC-catalyzed annula-
tion reaction of isatin N-Boc ketimines and enals was developed
by Chi and coworkers (Scheme 34).157]

Scheme 33 Cycloaddition of homoenolate and sulfonylimines
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Scheme 34 Nitrogen heterocycles formation via homoenolate annulation
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In addition to heterocycle synthesis, the NHC-generated ho-
moenolate intermediates have also been used in the synthesis of
five-membered carbocycles. Nair and coworkers first disclosed
this transformation in 2006, with enals and chalcones used as the
reaction partners.58] Shortly after this seminal report, Bode’s
group disclosed an enantioselective cyclopentene formation reac-
tion (Scheme 35).159 After that, Scheidt, Glorius and coworkers
also contribute to the development of this transformation with
various catalytic approaches.[6%

Scheme 35 Synthesis of cyclopentenes
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2.5. Non-annulation reactions of homoenolate intermedi-
ates

NHC-catalyzed homoenolate reactions are not limited to an-
nulation reactions. Scheidt and Bode first reported the non-an-
nulative processes independently in 2005.161 In 2008, Scheidt and

colleagues demonstrated that the nucleophilic addition of N-Mes
triazolium-derived homoenolates to nitrones could be performed

with high enantioselectivity. The unstable heterocyclic-hydroxy-
amino ester products were easy to be broken with sodium meth-
oxide (Scheme 36). In this reaction, aliphatic and aryl enals were

tolerated, but the nitrone moiety only tolerated aryl substituents

at the carbon and nitrogen atoms.[62]

Scheme 36 Synthesis of y-hydroxyamino esters via homoenolate by
Scheidt
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In 2009, Nair’s group reported the NHC-promoted homoeno-
late addition to nitroalkenes to obtained &-nitro esters.[®31 A short
time later, the groups of Liu and Rovis reported the enantioselec-
tive synthesis of &-nitro esters in 2012 and 2013, respectively
(Scheme 37). In this type of reactions, a variety of nitrostyrene
derivatives were coupled with aryl and aliphatic enals.[64

Scheme 37 Synthesis of enantioselective 6-nitro esters via homoenolate
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In early 2005, Scheidt and coworkers first disclosed the pro-
tonation of the NHC-bounded homoenolate intermediate in the
presence of phenol and alcohol to form the corresponding satu-
rated ester (Scheme 38).165]

Scheme 38 Protonation of homoenolate by Scheidt.
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In the field of DKR reactions, Wang and coworkers have re-
ported the asymmetric o-acylation of 6-hydroxypyranones
through B-protonated esterification with enals catalyzed by a chi-
ral NHC (Scheme 39).[66]



Scheme 39 NHC-catalyzed DKR of 6-hydroxypyranones via homoenolate
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In 2019, Ye and coworkers reported the NHC-catalyzed B-ad-
dition reactions of enals with oxindole-derived 5-alkenylisoxazoles.
3,3-Disubstituted oxindole products bearing contiguous all-carbon
quaternary and tertiary stereocenters were obtained in good
yields with moderate to excellent diastereoselectivities and excel-
lent enantioselectivities (Scheme 40).[67]

Scheme 40 NHC-catalyzed B-addition of enal to alkylenyloxindoles
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2.6. Cooperative catalysis with NHC-bounded homoenolate
intermediates

Cooperative catalysis using NHCs with other catalysts has be-
come a widespread and powerful strategy for improving the reac-
tion yields and selectivities. In 2010, Scheidt and coworkers dis-
closed the first NHC and Lewis acid cooperative catalysis for ac-
cess to substituted cyclopentanes.(®8] Shortly after that, the same
group disclosed a number of NHC/Lewis acid cooperative catalytic
systems for the addition of homoenolate to electrophiles using
the same N-substituent triazolium salt pre-catalyst (Scheme 41).[69

Scheme 41 NHC/Lewis cooperative catalysis via homoenolate by Scheidt
and colleagues
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Brdnsted acids can be particularly useful in carbonyl activa-
tion. Rovis’ group reported that by using a weak benzoate salt as
the base to deprotonate the azolium salt, the conjugate acid could
in turn activate the imine electrophile for homoenolate addition
(Scheme 42).1701

Scheme 42 NHC/Brénsted acid cooperative catalysis
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In 2015, Scheidt and coworkers disclosed the cooperative
NHC/H-bond donor (HBD) activation for an enantioselective B-
protonation reaction of a,B-unsaturated aldehydes (Scheme 43).
This cooperative catalytic system could improve both of the reac-
tion yield and stereoselectivity when compared with the single
NHC-catalyzed processes.[7!

Scheme 43 Enantioselective B-protonation via NHC/HBD cooperative
catalysis strategy
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Glorius has demonstrated in 2016 that transition-metal catal-
ysis can be combined with NHC organocatalysis in cooperative
fashion (Scheme 44). Asymmetric induction can be realized
through the cooperative activation by a chiral NHC with palladium
co-catalyst.[72]

Scheme 44 NHC/palladium cooperative catalysis
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In 2017, Huang reported a highly enantioselective B-protona-
tion of enals with mercaptans via synergistic NHC/amine/copper
catalysis. The close correlationship between the product stere-
oselectivity and the sulfurphilcity of the metals has inspired an
organocatalytic proton-shuttling approach for the highly stere-
oselsac]tive protonation of homoenolate intermediates (Scheme
45).

Scheme 45 Enantioselective B-protonation via a proton shuttling strategy
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3. Activation of Ketenes and Aldehydes for
Access to Enolate, Dienolate, and a,B-Unsat-
urated Acylazolium Intermediates

Ketenes are compounds with adjacent carbon-carbon and
carbon-oxygen double bonds. They are also suitable reactive sub-
strates that could be activated by NHC organic catalysts.

3.1. Activation of ketenes for access to enolate intermediates

Ye, Smith and coworkers have pioneered the NHC-catalyzed
cycloaddition reactions of ketenes with various electrophiles. Ye's
group demonstrated that NHCs could catalyze the reaction of
pheny(ethyl)ketene with N-Boc imine to give the corresponding B-
lactam in good yield. Meanwhile, they successfully showed that
chiral NHCs derived from L-pyroglutamic acid could promote the
reactions of various ketenes with N-substituted imines with good
enantioselectivities (Scheme 46a).[74] Almost at the same time,
Smith’s group also independently reported the NHC-catalyzed
[2+2] cycloaddition of N-tosylimines and disubstituted ketenes
(Scheme 46b).[75]

Scheme 46 Chiral NHC-catalyzed Staudinger reaction of ketenes with
imines

a) NHC catalyzed Staudinger reaction of ketenes with imines by Ye
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In the postulated mechanism (Scheme 47), the free NHC 471
attacks the ketene to give a reactive zwitterion intermediate 47II.
This intermediate has a structure bearing an enolate and an az-
olium cation as a potential leaving group. The addition of enolate
471 to the imine gives adduct 47IIl. Cyclization of intermediate
47111 affords the desired product of B-lactam and regenerates the
NHC catalyst.

Shortly after the seminal reports, Ye and coworkers success-
fully developed the asymmetric [2+2] cycloaddition of ketenes.
Some examples are shown in Scheme 48.[76]

Scheme 47 Proposed mechanism for chiral NHC-catalyzed Staudinger
reaction of ketens and imines
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Scheme 48 [2+2] cycloaddition of ketenes reported by Ye
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In 2011, Ye and coworkers reported the NHC-catalyzed [2+2]
cycloaddition of ketenes with N-sulfinylanilines. Cycloadducts
were afforded in good yields with excellent enantioselectivities. It
is noteworthy that both enantiomers of the products have been
obtained by choosing different NHC catalysts (Scheme 49).177]

Scheme 49 Enantioselective formal [2+2] cycloaddition of ketenes and
N-sulfinylanilines via NHCs catalysis.
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The enantioselective [2+2] cycloaddition of ketenes to 4-nitro-
phenyl isothiocyanate promoted by NHC catalysts was also re-
ported. It is interesting to note that the [2+2+2] cycloadduct was
obtained when benzoyl isothiocyanate was used to react with the
ketene substrate (Scheme 50).[78]

Scheme 50 [2+2] and [2+2+2] cycloaddition of ketenes
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The [4+2] cycloaddition reactions of ketenes are efficient ap-
proaches for the synthesis of six-membered heterocycles. In 2008,
Ye and coworkers found that the NHC-catalyzed [4+2] cycloaddi-
tion reaction of disubstituted ketenes with enones gave the cor-
responding &-lactones. After this report, Ye and coworkers further

developed the NHC-catalyzed [4+2] cycloaddition reaction
(Scheme 51).179
Scheme 51 [4+2] cycloaddition of ketenes
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3.2. Activation of ketenes for access to dienolate interme-
diates

Ye and coworkers also proved that dienolates could be gener-
ated when vinylketenes were employed in the NHC-catalyzed
reactions instead of alkyl- or aryl-substituted ketenes. Vinylke-
tenes are not stable, but can be generated in situ from a,B-un-
saturated acyl chlorides in the presence of bases. In 2011, Ye and
coworkers successfully disclosed the NHC-catalyzed [4+2] annula-
tion of unsaturated acyl chlorides with trifluoromethyl ketones. In
this work, isatins could also be used as electrophiles for the reac-
tion and gave the spirocyclic oxindole-6-lactones in moderate
yields and excellent enantioselectivities (Scheme 52).180

Scheme 52 NHC-catalyzed cyclization of unsaturated acyl chlorides and
ketones
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In the postulated mechanism (Scheme 53), the catalytic cycle
of this NHC-catalyzed reaction was initiated by the addition of the
free NHC 531 to the in situ generated vinyl ketene 53Il. The dieno-
late intermediate 5311l was afforded and reacted with ketones in a
hetero-Diels-Alder reaction pathway and afforded a cyclized in-
termediate 531V, which could lead to the dihydropyranone prod-
uct after elimination of the NHC catalyst.

Scheme 53 Possible catalytic cycle
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The NHCs were also found to be efficient catalysts for the [4+2]
annulation of a,B-unsaturated acyl chlorides with azodicarbox-
ylates or 3-alkylideneoxindoles. However, low enantioselectivities
were observed in these cases. Therefore, cinchona alkaloids were
used in order to achieve good enantioselectivities in these reac-
tions.[81]

3.3. Activation of aldehydes for access to enolate interme-
diates

Ketenes, enals, a-functionalized aldehydes and activated es-
ters are the most commonly used azolium enolate precursors. This
section focuses on the generation of azolium enolates by using
aldehydes as the reaction substrates.

In 2005, Rovis and coworkers reported a highly enantioselec-
tive esterification reaction involving NHC-bound azolium enolate
intermediates. The redox esterification of a,a-dichloro aldehydes
catalyzed chiral NHCs gave the corresponding a-halo esters in
moderate to good yields and high ee values (Scheme 54).[82] Vora
and Rovis subsequently extended this chemistry to the enanti-
oselective hydrogenation of halo aldehydes. In 2010, they report-
ed the synthesis of a-chloro and a-fluoro carboxylic acids through
a mild biphasic redox process. (83!

Cat. (10 mol%)
KH (10 mol%) o &
OH 18-C-6 (50 mol%)

L R2
I
_additive (1.2 equiv.) R‘\I)LO 2

Scheme 54 Enantioselective synthesis of a-chloro esters
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In 2006, Bode and coworkers reported the first example ofthe
NHC-catalyzed generation of a highly reactive dienophile that
participated in LUMOgiene-controlled Diels-Alder cyclization with
a,B-unsaturated imines under mild conditions (Scheme 55).[84]

Scheme 55 NHC-catalyzed highly enantioselective Diels-Alder reactions
between azadienes and enolates
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In the postulated mechanism (Scheme 56), the a,B-unsatu-
rated aldehyde was attacked by the in situ formed carbene 56l.
The Breslow intermediate 561l then tautomerized to the conju-
gated homoenolate 56lI', which then underwent a proton transfer
process to generate the enolate intermediate 56lll. The enolate
5611l could then react with the a,B-unsaturated imine substrate
through a formal [4 + 2] reaction to afford the intermediate 561V,
which could afford the desired product after elimination of the
NHC catalyst.

Scheme 56 Proposed mechanism for NHC-mediated enolate generation
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The catalytic generation of the chiral enolate equivalent from
a,B-unsaturated aldehydes with chiral NHC catalysts can make the
highly enantioselective hetero-Diels-Alder reactions possible. The
reactions proceeded under mild conditions with both aliphatic
and aromatic substituted enals used as substrates. Synthetically
valuable products could be afforded in excellent yields with out-
standing stereoselectivities (Scheme 57).18%]

Scheme 57 Enolates generated from a,B-unsaturated aldehydes
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The highly enantioselective [5+2] annulation of enals with vi-
nylethylene carbonates through a cooperative NHC/Pd catalytic
process was reported by Glorius in 2018. Recently, our group dis-
closed that the ynamide substrate could be activated by a gold
catalyst to form unsaturated ketimine intermediate. The unsatu-
rated ketimine intermediate could subsequently react with enals
(via azolium enolate intermediate generated with NHC) effectively
to form bicyclic lactam products with excellent diastereo-and en-
antio-selectivities (Scheme 58).[86]

The generation of the chiral enolate intermediates via NHC-
catalyzed intramolecular redox reactions of a-haloaldehydes was
disclosed by Bode’s group in 2006.1871 In 2013, Enders and

colleagues demonstrated an interesting formal [3+2] cycloaddition
of NHC-bound azolium enolates with 2-nitrovinylindoles. Chiral
azolium enolates were generated in situ from a-chloro aldehydes
and chiral NHC precursors (Scheme 59). 88l

Scheme 58 Highly enantioselective annulation of enolate intermediate

a) selective enolate addition by Glorius and coworkers.
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Scheme 59 Formal [3+2] annulation of a-chloroaldehydes with nitrovi-
nylindoles
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In 2012, Rovis and coworkers reported that simple aliphatic
aldehydes could serve as enolate precursors for the highly enan-
tioselective synthesis of lactones and lactams through oxidative
NHC organocatalytic reactions. Reaction of the aliphatic aldehyde
with an NHC catalyst gave the Breslow intermediate, which could
be oxidized and deprotonated to give the enolate intermediate.
Finally, [4+2] cycloaddition would afford a six-membered ring
product (Scheme 60). After this seminal report, Chi, Wang, Ren
and coworkers further developed this method with a variety of
functional molecules used as the reaction substrates. 8!

Scheme 60 Hetero-Diels-Alder reactions through oxidative enolate for-
mation
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3.4. Activation of aldehydes for access to dienolate inter-
mediates

Recently, the azolium dienolate intermediates generated by
NHCs have been employed in asymmetric synthesis. a,B-Unsatu-
rated aldehydes can be utilized to generate the azolium dienolate
intermediate with NHC catalysts. In 2012, our group reported the
NHC-catalyzed azolium dienolates activation reaction of enals in
the presence of quinone oxidant (DQ; Scheme 61).[90]

Scheme 61 NHC-catalyzed oxidative [4+2] cycloaddition of enals and
trifluoromethyl ketones
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In the postulated mechanism (Scheme 62), we employed B-
methyl enals as precursors of azolium dienolates to react with
ketones. The addition of the NHC catalyst 621 to the enal substrate
gave the Breslow intermediate 62Il, which was then oxidized by
DQ to afford the a,B-unsaturated acyl azolium intermediate 62III.
The latter then delivers 621V by the y-deprotonation of 62lll in the
presence of a base. To achieve high enantioselectivities of the
corresponding lactones, the Lewis acid cocatalysts, Sc(OTf)s and
Mg(OTf),, were used. It was proposed that the Lewis acid played
an important role in connecting the trifluoromethyl ketones with
the dienolate intermediates.

Scheme 62 NHC-catalyzed oxidative [4+2] cycloaddition via dienolate
intermediate
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The NHC-catalyzed oxidative azolium dienolate activation
strategy could be applied in a variety of cycloaddition reactions.
Typical examples involving NHC-catalyzed azolium dienolates by
employing the oxidative y-functionalization of enals are shown in
Scheme 63.0°1

In 2013, Chi and coworkers reported that the heteroaryl alde-
hydes containing an indole, benzofuran or benzothiophene moie-
ty also worked well in this process (Scheme 64). NHC-catalyzed
oxidative activation of 2-methylindole-3-carboxaldehyde gener-
ated NHC-bound 0-QDM azolium dienolates as a key intermediate.
This intermediate then underwent a formal [4+2] cycloaddition

Scheme 63 NHC-catalyzed oxidative cycloaddition of enals via dienolate
intermediate
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Scheme 64 NHC-catalyzed oxidative [4+2] cycloaddition via ortho-
quinodimethanes intermediate
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with a trifluoromethyl ketone or isatin to form a polycyclic lactone,
which contains a quaternary spirocyclic chiral carbon center. The
a-branched aryl aldehydes were employed as suitable substrates
and gave the corresponding products in moderate to good yields
and high enantioselectivities.!92]

Glorius and Rovis independently demonstrated that a leaving
group at the ortho-benzylic position of aromatic aldehydes facili-
tated the formation the 0-QDM intermediates, which acted as a
diene for a [4+2] cycloaddition with activated ketones. Moreover,
Rovis and coworkers successfully developed a highly enantioselec-
tive version of this transformation by using a cooperative NHC and
Brénsted acid catalytic strategy (Scheme 65).193!

Scheme 65 Enantioselective [4+2] cycloaddition of 2-(bromomethyl)-
benzaldehyde with ketones
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The generation of the acyl azolium dienolate by introducing
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various leaving groups has also been developed. Typical examples
are listed below (Scheme 66).[94

Scheme 66 NHC-bounded dienolate generated from precursors of alde-
hydes introducing a leaving group
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Our group has utilized the NHC-mediated azolium dienolate
intermediates to construct multisubstituted benzene derivatives
(Scheme 67). We construct the benzene core through a car- bene-
catalyzed formal [3+3] reaction.[®5]

Scheme 67 Synthesis of multi-substituted benzenes
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3.5. Activation of aldehydes for access to a,B-unsaturated
acyl azolium intermediates

In 2006, Zeitler reported the first redox isomerization of al-
kynyl aldehydes to the a,B-unsaturated acyl azolium intermedi-
ate.%l In the past decade, the a,B-unsaturated acyl azolium has
been extensively reported. In 2007, Scheidt and coworkers re-
ported the use of MnO; as the external oxidant for the conversa-
tion of a,B-unsaturated aldehydes to the a,B-unsaturated acyl
azolium.!®”l The organic oxidants of azobenzene and diphenoqui-
none oxidant (DQ) were developed by Connon and Studer, re-
spectively.[98]

Lupton and coworkers reported the first annulation of the
a,B-unsaturated acyl azolium in 2009.1% Subsequently, numerous
annulations via a,B-unsaturated acyl azolium were reported. The
cycloaddition reactions of the a,B-unsaturated acyl azoliums with
the enolates of 1,3-dicarbonyls have been extensively developed.
Efforts have been devoted into the development of new methods
for acyl azolium generation from various starting materials
(Scheme 68).1100]

In 2010, Bode and coworkers reported the enantioselective
synthesis of pyranones through the reaction of kojic acid deriva-
tives with the a,B-unsaturated acyl azolium intermediate gener-
ated from the redox isomerization of ynals (Scheme 69).[101]

You and coworkers have shown that naphthols and electron-
rich phenols could also be used as the bis-nucleophiles for the
enantioselective synthesis of dihydropyranones. A novel chiral
NHC[IEZr]ecataIyst has been developed in this report (Scheme
70).

Scheme 68 [3+3] annulations via a,B-unsaturated acyl azolium
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Scheme 69 Enantioselective claisenrearrangement catalyzed by NHCs
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Scheme 70 Enantioselective [3+3] annulations reported by You
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Lu, Xu and coworkers have disclosed that the istain-derived 2-
bromoenals could also be used as the a,B-unsaturated acyl az-
olium precursors. Specifically, Xu’s group have reported that isa-
tin-derived enals could give the desired products bearing quater-
nary chiral carbon centers in excellent enantioselectivities under
oxidative conditions (Scheme 71).1103]

In 2012, Studer and coworkers reported the NHC-catalyzed
synthesis of cyclopropyl carboxylic acid esters from enals, sulfur
ylides and alcohols (Scheme 72).[104]

The annulation of the a,B-unsaturated acyl azolium with
enamines was reported by Bode and coworkers. Dihydropyridi-
nonﬁgs\]/vere afforded as the final products in this process (Scheme
73).



Scheme 71 Formal [3+3] annulation of isatin-derived enals with dicar-
bonyl compounds
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Scheme 72 Studer’s *2+1+ annulation with sulfur ylides
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After this seminal report, various enamine substrates were
subsequently explored as the reactants in the [3+3] annulation
reactions. Typical examples are shown in Scheme 74.[106]

Scheme 74 [3+3] annulation of a,B-unsaturated acyl azolium and
enamine substrates
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Recently, Ye and coworkers reported an NHC-catalyzed DKR
reaction of enamines through a [3+3] annulation with bromoenals.
Meanwhile, a kinetic resolution of a,o-disubstituted imines was
also developed for the enantioselective construction of dihydro-
pyridone products (Scheme 75).[107]

Scheme 75 [3+3] annulation of enamines and enals via dynamic kinetic
resolution
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In addition to the *3+3+ annulation of a,B-unsaturated acyl az-
olium intermediates, the [3+2] annulation was also widely studied.
In 2014, Ye and coworkers demonstrated that the a,B-unsaturated
acyl azolium could react with N-sulfonyl-a-aminoketones to afford
lactams.[108] A related strategy was reported via a-bromoenals by
the same group in 2016 (Scheme 76).[109]

Scheme 76 Ye's *3+2+ annulations with aminoketones
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In 2016, Chi and coworkers reported the addition of nucleo-
philic nitrogen atoms of hydrazide to the catalytically generated
a,B-unsaturated acyl azolium intermediates (Scheme 77). The
reaction installed a nitrogen atom at the B-carbon atom of an enal
and afforded a pyrazolidinone adduct with a good yield and ex-
cellent enantioselectivity.[110]

Scheme 77 Enantioselective nucleophilic B-carbon amiation of enals by
carbene catalyzed formal [3+2] reactions
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Fang and coworkers reported an all-carbon annulation reac-
tion of a,B-unsaturated acyl azolium and dienolate. a-Bromoenals
and a-benzoyloxy ketones were used as the reaction substrates
(Scheme 78a).1111] Subsequently, the same group reported that
1,5-diketones could also work well in this intermolecular [2+4]
annulation (Scheme 78b).[112]

The group of Yel'13] and Wang(!14l independently reported the
NHC-catalyzed synthesis of polysubstituted benzenes from the
reaction of a-cyanoenones and the a,B-unsaturated acyl azolium
(Scheme 79).

Recently, our group have developed a chemo- and enantio-
selective strategy for access to dihydroquinoline molecules. a-
Bromoenals are selectively activated by NHC catalysts through
[2+4] annulations in the presence of 2-aminobenzaldehydes
(Scheme 80).[115]
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Scheme 78 Fang’s enantioselective [2+4] annulation reactions
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Scheme 79 [2+4] annulations to prepare substituted benzenes
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Scheme 80 NHC-catalyzed chemoselective reactions of enals and
a-aminobenzaldehydes for access to chiral dihydroquinolines
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An NHC-catalyzed domino sequence via a,B-unsaturated acyl
azolium intermediates has been developed. Several newly devel-
oped Michael/aldol domino reactions for the asymmetric synthe-
sis of functional molecules are summarized in Scheme 81.[116]

4. Activation of Carboxylic Esters for Access
to Homoenolate, Enolate, Dienolate, and o,3-
Unsaturated Acylazolium Intermediates

Compared to aldehyde and ketene substrates, carboxylic acids
and their derivatives such as esters are readily available and easy
to synthesize. NHC-bounded enolate, homoenolate, dienolate
and a,B-unsaturated azolium intermediates can be generated
from NHC and carboxylic ester substrates.

4.1. Activation of esters for access to enolateintermediates

In 2012, Chi and coworkers developed the first NHC-catalyzed
generation of enolate intermediates from stable a-aryl carboxylic
esters, which could undergo enantioselective reactions with a,B-
unsaturated imines to produce cyclic 8-lactams in good to

Scheme 81 Domino reactions involving a,B-unsaturated acyl azolium
intermediates
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high yields and excellent stereoselectivities (Scheme 82).1117] |n
this transformation the a-carbon of the carboxylic ester was acti-
vated as a nucleophilic reactive site. As illustrated in Scheme 83,
the catalytic reaction goes through the nucleophilic addition of
NHC to the ester substrate directly rather than an in-situ forma-
tion of ketene intermediates. First, carboxylic ester with a good
leaving group (OAr, Ar = 4-NO,C¢H4) is attacked by the NHC cata-
lyst and an azolium intermediate (Il) was formed with an in-
creased acidic a-C-H bond. Then the a-carbon was deprotonated
by an additional base to form the enolate intermediate (lll). The
enolate intermediate then reacts with the o,B-unsaturated imine
via a Michael addition and cyclization process to produce the lac-
tam product.

Scheme 82 NHC-catalyzed a-aryl carboxylic ester activation
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In addition to a-aryl substituted carboxylic esters, a-alkyl sub-
stituted carboxylic esters could also generate enolate intermedi-
ates under strong basic conditions. In 2013, Chi and coworkers
described an NHC-catalyzed [2+4] cycloaddition of a-alkyl substi-
tuted carboxylic esters with a,B-unsaturated imine substrates
(Scheme 84).1128] The amino alcohol derived triazolium salt was
used as the NHC pre-catalysts with DBU used as the base in this



Scheme 83 Enolate intermediate generated from carboxylic ester
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Scheme 84 NHC-catalyzed a-alkyl carboxylic ester activation
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reaction. The lactam products could be obtained in good yields
with excellent diastereo- and enantio-selectivities (> 96% ee).

In 2013, Chi and coworkers reported the NHC-catalyzed gen-
eration of enolate intermediate from the simple acetic acid es-
ter.119 The smallest enolate intermediate readily underwent
highly enantioselective reactions with unsaturated ketones or
imines under strong basic conditions. a-Unsubstituted 6-lactone
or lactam products that are difficult to make from other methods
were smoothly synthesized with very high enantioselectivities
(Scheme 85).

Scheme 85 NHC-catalyzed acetic ester activation
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In 2016, Chi and co-authors reported a carbene-catalyzed dy-
namic kinetic resolution of a,a-disubstituted carboxylic esters via
enolate activation process. A broad range of chiral disubstituted
propionic acid esters were prepared in excellent yields and enan-
tioselectivities (up to 99% yield and 99 : 1 er) (Scheme 86).[120]

Derivatives of propionic acids bearing stereogenic a-carbon cen-
ters are widely used as non-steroidal anti-inflammatory drugs
(NSAIDs), such as ibuprofen and naproxen. This method provides
efficient approaches to make this kind of bioactive molecules,
especially in enantiomerically pure forms.

Scheme 86 NHC-catalyzed DKR via enolate intermediate

Cat. 20 mol%
CHy oH 150 mol% Cs,CO0y CH;
R-’J“‘ _OAr 1 CHCly, 4 AMS, RT, 24 h F{_J.\ _OCHPh,
*  Ph” P N
=) © { +N-Mes
_ N - 75-99% yield
Ar = 4-NO;CgHy Cat. Z BF, 90:10-98:2 er
Selected examples Fh
CH4
CH, ‘t-._v,OCHPhp Ph
- M,l. _-OCHPh; 0 OCHPh,
a 1 J
8 w__QCHPh,
H,C H
88%, 95:5 er =19:1 dr, 78%, 90:10 er 87%, 95:5 er
e Gt PhO (]:Hg OCHPh
10~ A
.-’!"“V'OCHP'“Z _..\;\_,—T‘\\(’OCHPNz T :
O Jl\ e o S
B 93%, 973
99%, 96:4 er 75%, 98:2 er il
3 . enaprofen ester
flurbinprofen ester ibuprofen ester
CH, o) CH,
. _ocHph, A 1 ocwHen,
Ty CH, PR Y
o PN L ocHeh, s o
[
§ i A ]
= MeQ™ Rl

95%, 93:7 er
ketoprofen ester

85%, 96:4 er
ndoprofen ester

86%. 97:3 er
naproxen ester

There are two possible reaction pathways for this transfor-
mation. Control experiments and DFT calculations have been car-
ried out to get insights into the reaction mechanism. A plausible
reaction mechanism is shown in Scheme 87. Initially, the chiral
carbene catalyst reacts with the ester substrate (in racemic form)
to give a mixture of two diastereomeric acyl azolium intermedi-
ates (871 and 87I’). These two intermediates exhibit different re-
activities with alcohol substrates. In this transformation, the acyl
azolium 871 isomerized to the acyl azolium 871l through enoliza-
tion enabled by carbene catalysts. Then the acyl azolium 871’
could react with the alcohol substrates and realized the dynamic
kinetic resolution of the ester substrates.

Scheme 87 Proposed dynamic kinetic resolution (DKR) pathway
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Most of the carboxylic acids are stable and readily available.
Carboxylic acids are critical synthetic starting materials for esters
preparation. Therefore, the direct use of carboxylic acids as start-
ing materials via in-situ activation strategies in NHC-catalyzed
reactions is very interesting and attractive. In 2014, Scheidt and
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coworkers developed the first NHC catalytic generation of enolate
intermediates directly from the carboxylic acids (Scheme 88).1121]
In this reaction, CDI was used as an acid activating reagent and
the carboxylic acid could be efficiently converted to an activated
amide intermediate. Chiral NHC catalyst reacts with the active
amide to form the enolate intermediate in the presence of excess
amount of strong bases. Then chiral enolate intermediate reacts
with the electrophilic aza-o-quinone methide in situ formed from
aminobenzyl chloride. Finally, the chiral dihydroquinolone product
could be obtained with a good yield and er value (Scheme 89).

Scheme 88 NHC-catalyzed a-activation of carboxylic acid
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Scheme 89 Proposed mechanism for NHC-catalyzed o-activation of
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4.2. Activation of esters for access to homoenolate inter-
mediates

In 2013, Chi and coworkers reported the first catalytic activa-
tion of the B-carbons of saturated esters as nucleophiles through
NHC organocatalysis.[*22l Under basic conditions, the B-C-H of the
NHC-bounded enolate intermediate could be further deproto-
nated to form the homoenolate intermediate (Scheme 90). This
catalytic activation mode of the B-carbons of saturated esters has

inspired the development of new and useful reactions and syn-
thetic strategies.

Scheme 90 Postulated pathway for ester B-carbon activation
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The catalytically generated nucleophilic B-carbons could par-
ticipate in enantioselective reactions with various electrophilic
substrates. For example, enantioenriched lactams/lactones could
be obtained via [3+2] cycloaddition reactions between the satu-
rated carboxylic esters and corresponding hydrazines/trifluoroke-
tones. Chiral cyclopentanes could be afforded from reactions with
ot,B-[tljzr;]saturated ketones through cascade process (Scheme
91).

Scheme 91 NHC-catalyzed esters B-carbon activation
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One year later, Chi and coworkers reported another transfor-
mation through NHC-catalyzed B-carbon activation of ester sub-
strates. Multicyclic oxoquinoline-type heterocyclic products could
be obtained through a cascade reaction between saturated esters
and amino enones in good yields and high ee values (Scheme
92).123

The postulated reaction mechanism was shown in Scheme 93.
First, chiral NHC catalyst reacts with saturated carboxylic esters to
form acyl azolium intermediate. Then, homoenolate intermediate
could be generated from the enolate intermediate via deprotona-
tion under basic condition. Finally, the target products could be
formed from reaction of the homoenolate intermediate and
enones via Michael addition/isomerization/aldol reaction/dehy-
dration cascade processes (Scheme 93).

In 2016, Xu and coworkers described a formal [3+2] annula-
tion reaction of saturated carboxylic esters with isatins by using a
chiral NHC catalyst and HOBT (1-hydroxybenzotriazole) co-cata-
lyst.[124] In this reaction, the spirooxindole lactone products bear-
ing two vicinal stereogenic centers were obtained in good yields
(up to 92% yield) and excellent diastereoselectivities (>20 : 1 dr)
and enantioselectivities (up to 98% ee) (Scheme 94). Without
HOBT, both the diastereo- and enantioselectivities decreased. The



Scheme 92 Cascade reaction in NHC-catalyzed esters carbon activation
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Scheme 93 Mechanism for NHC-catalyzed esters B-carbon activation
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author proposed that HOBt could help to enhance both of the
diastereo- and enantioselectivities via hydrogen bonding interac-
tions.

In these two reports, aryl substituents are generally required
at the B-positions of the saturated ester substrates. In 2014, Chi
and coworkers developed the first NHC-catalyzed B-carbon func-
tionalization of carboxylic anhydrides.[125] The aliphatic carboxylic
anhydrides are used for the NHC-catalyzed B-activation of the
alkyl substituted B-carbons. A variety of electrophiles (such as
chalcons, isatins, etc.) could be used as substrates to react with
the B-carbons of aliphatic anhydrides and afforded the corre-
sponding products in good yields and er values (Scheme 95).

Scheme 94 NHC-catalyzed B-carbon functionalization of esters and isa-
tins
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Scheme 95 NHC-catalyzed B-activation of aliphatic anhydrides
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In addition to the B-carbon activation of carboxylic esters and
anhydrides, NHC-catalyzed nucleophilic B-carbon activation of
carboxylic acids is also developed. In 2015, Chi and coworkers
reported a nucleophilic B-carbon activation of propionic acid by
using EDCI as the dehydrating reagent.[126] Nucleophilic B-carbon
of the in situ generated propionic anhydride reacts with electron-
deficient ketones to obtain corresponding lactone products in
good vyields and enantioselectivities (Scheme 96). Almost at the
same time, Yao and coworkers described the B-activation of car-
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boxylic acids bearing B-aryl or alkyl substituents by using HATU (1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridi-
nium 3-oxide hexafluorophosphate) as the acid activating reagent
and produced the spirocyclic oxindole products in very good yields
and stereoselectivities (Scheme 97).[127]

Scheme 96 NHC-catalyzed B-carbon functionalization of propionic acid
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Scheme 97 NHC-catalyzed B-carbon activation of saturated acid
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4.3. Activation of esters for access to a,B-unsaturated acyl
azolium intermediates

a,B-Unsaturated carboxylic ester is another precursor for the
generation of a,B-unsaturated acyl azolium. In 2013, Chi and
coworkers reported the first carbene catalyzed formal [3+3] an-
nulation reactions of a,B-unsaturated carboxylic esters with keti-
mines (Scheme 98).[128] The reaction showed very good tolerance
to various substituents on both of the ester and imine substrates.
The steric hindered substrates of B,B-disubstituted o,B-unsatu-
rated carboxylic esters also worked well in this transformation.
The desired chiral lactam products were smoothly afforded in
good to excellent yields and excellent enantioselectivities (up to
93% yield and 99% ee).

The proposed reaction mechanism is shown in Scheme 99.
Free NHC catalyst reacts with o,B-unsaturated carboxylic esters to
form o,B-unsaturated acyl azolium as the key intermediate. Then
1,4-addition happens between this intermediate and nucleophilic
enamide that isomerized from ketimine. Finally, the nucleophilic N
atom of enamide attacks the acyl azolium to form the productand
releases the NHC catalyst.

The NHC-catalyzed B-LUMO activation of a,B-unsaturated
carboxylic esters could also be used in the preparation of various
multi-cyclic lactone molecules (Scheme 100).11291 Under the opti-
mal condition, this reaction could afford the desired multi-cyclic
lactone products via a one-pot cascade approach. The functional
group tolerance of both of the esters and the enones was good

Scheme 98 NHC-catalyzed B-LUMO activation of carboxylic ester
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Scheme 99 Proposed mechanism for NHC-catalyzed B-LUMO activation
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Scheme 100 NHC-catalyzed cascade reaction via B-LUMO activation
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and the chiral cyclic lactone products were generally afforded in



moderate to good yields and enantioselectivities (up to 99% yield,
99:1er).

In 2017, Chi and coworkers reported the first NHC-catalyzed
LUMO activation of a,B-unsaturated alkyne esters for access to
functional pyridines.[!30] The pyridine derivatives could be effec-
tively synthesized in moderate to good yields. In this reaction, a
new unsaturated acyl azolium intermediate bearing a carbon-
carbon triple bond was involved (Scheme 101).

Scheme 101 NHC-catalyzed LUMO activation of a,B-unsaturated alkyne
esters
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It has been shown that the NHC-bounded enolate and ho-
moenolate intermediates could be generated from saturated car-
boxylic esters. The a,B-unsaturated acyl azolium intermediates
can also be generated from saturated carboxylic esters under
oxidative conditions. In 2017, Chi and coworkers developed the
formal [3+3] annulation reaction of saturated carboxylic esters
and ketimines or 1,3-diketones via oxidative NHC catalysis
(Scheme 102).1311 |n this report, the direct electrophilic B-sp3
carbon activation of saturated esters has been realized under
oxidative conditions.

In 2015, Zhong, Yang and coworkers reported an NHC-cata-
lyzed enantioselective [3+3] annulation reaction of 3,3-disub-
stituted a,B-unsaturated NHPI esters and N-Ts ketimines (Scheme
103).1132] The desired dihydropyridinone products bearing all car-
bon quaternary stereogenic centers could be obtained in good
yields and excellent enantioselectivities (most >99% ee). This
methodology demonstrated that NHPI esters are promising reac-
tants in NHC organocatalysis.

In addition, the a,B-unsaturated acyl azolium intermediates
can also be generated from stable carboxylic acids. In 2014, Ye and
coworkers described several cycloaddition reactions between a,f-
unsaturated carboxylic acids and various nucleophilic sub-
strates.!133] In this transformation, PivCl was first used as activating
reagent to form mixed anhydride in situ. Then the mixed anhy-
dride could be activated by NHC catalyst to form the electrophilic
a,B-unsaturated acyl azolium intermediates (Scheme 104).

4.4. Activation of esters for access to dienolate intermedi-
ates

The y-carbon activations of a,B-unsaturated esters by NHC
catalysts are also well developed. In 2013, Chi and coworkers

Scheme 102 NHC-catalyzed B-LUMO activation of saturated esters
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Scheme 103 NHC-catalyzed B-LUMO activation of NHPI esters

(0]
o) Cat. (10 mol%)
Ts
RSN { R? o N RNTR
o} < Q) R

o wNBN-Mes 51789 yield

o] mostly =99% ee
BF,

Selected examples

69% vyield, >09% ee 66% yield, >09% ee 63% yield, 97% ee

developed the first NHC-catalyzed y-carbon activation of a,B-un-
saturated esters.[134] Addition of the NHC catalyst to the a,B-un-
saturated carboxylic ester gives acyl azolium intermediate.
Deprotonation of the a,B-unsaturated acyl azolium intermediate
leads to the dienolate intermediate (vinylogous enolate interme-
diate). This dienolate intermediate reacts with electrophilic hy-
drazone to afford &-lactam products in good yields and enanti-
oselectivities (Scheme 105). These lactam products can be easily
transformed to optically enriched pipecolic acid derivatives.

In 2016, Xu and coworkers reported an NHC-catalyzed formal
[4+2] annulation reaction of 2-methyl-heteroarene-3-carboxylic
esters with isatinderived ketimines.!13%! Optical heteroarene-fused
6-lactams bearing quaternary stereogenic centers could be af-
forded in moderate to good yields and excellent enantioselectivi-
ties through this method (Scheme 106). A postulated catalytic
cycle is depicted in Scheme 107. Free NHC catalyst reacts with
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Scheme 104 NHC-catalyzed B-LUMO activation of carboxylic acids
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N-Boc-2-methyl-indole-3-carboxylic ester to form acyl azolium
intermediate. Then deprotonation of the indole benzylic sp3-
carbon with DBU affords indole-2,3-quinodimethane interme-
diate. This key intermediate behaves as a 1,4-dipolarophile, which
undergoes a Mannich-type addition with isatin-derived ketimine
followed by lactamization to furnish the &-lactam product and
regenerate the NHC catalyst.

In 2015, Yao and coworkers described an NHC-catalyzed highly
enantioselective formal *4+2+ annulation reaction of a,B-unsatu-
rated esters of N-hydroxybenzotriazole (HOBt) bearing y-H with
isatin derivatives.!'36] This protocol could give spirocyclic oxin-
dole-dihydropyranones in good yields with high enantioselectivi-
ties (Scheme 108). The use of HOBt esters as substrates has dra-
matically extended the scope of ester substrates in NHC catalysis.

NHC-bounded dienolate intermediate can also be generated
from ao,B-unsaturated carboxylic acid through activation of in situ
formed anhydride. For example, in 2016 Ye and coworkers re-
ported an NHC-catalyzed *4+2+ annulation reaction of a,B-unsatu-

Scheme 106 NHC-catalyzed benzylic carbon activation
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Scheme 108 NHC-catalyzed y-carbon activation of HOBt esters
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rated carboxylic acid with active imines such as hydrazones and
isatin-derived ketimines.[!37] Dihydropyridinone and spirocyclic
oxindolodihydropyridinone products were obtained in moderate
to good yields and excellent enantioselectivities (up to 91% yield,
up to 99 : 1 er). In this reaction, the dienolate key intermediate is
generated from a,B-unsaturated carboxylic acids via in situ formed
mixed anhydrides (Scheme 109).

In 2019, Lu, Du and coworkers described an NHC-catalyzed in
situ activation of 3-arylbut-2-enoic acids for the enantioselective
y-addition to 2-aryl-3H-indol-3-ones via dienolate pathway.[138] |n
this reaction, peptide coupling reagent pyBOP was used as a new
activation reagent. This protocol offers a rapid and efficient path-
way for the synthesis of tricyclic indolin-3-ones bearing quater-



nary carbon centers (Scheme 110).

Scheme 109 NHC-catalyzed y-carbon activation of unsaturated acids
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Scheme 110 NHC-catalyzed y-carbon activation of unsaturated acids

Cat. {10 mol%), Et,0 0 g

pyBOP (1.8 equiv), . N R'
Cs,CO; (3equiv), 4 AMS, it R/~ N LI
S 4T Ny
AN/ I
o}
Iam) 36-87% yield
N2 N=NC s6:44-991 er

In 2015, Yao and coworkers reported the first NHC-catalyzed
y-carbon activation of saturated carboxylic acid under oxidative
conditions.!39]  Using HATU as an activation reagent, the
anhydride of saturated carboxylic acid was first generated in situ.
Then car- bene catalyst reacts with anhydride to form o,B-
unsaturated acyl azolium intermediate in the present of an
oxidant. Further depro- tonation of the a,B-unsaturated acyl
azolium intermediate gave the dienolate intermediate for the
following cycloaddition reac- tions. A plausible reaction pathway
is illustrated in Scheme 111.

5. Single-Electron-Transfer Activations and
Radical Intermediates

Single-electron-transfer radical reactions have attracted much
attention in the current organic chemistry. They have also played
significant roles in the NHC organocatalytic reactions. Recently,
NHC-catalyzed radical reactions have exhibited powerful capaci-
ties in the preparation of new functional molecules.

5.1. Inspiration from bioorganic chemistry

In bioorganic chemistry, one of the basic chemical reactions in
living systems is the catalytic acylation of CoASH. Thiamine pyro-
phosphate (vitamin B1, abbreviated as TPP) is the critical co-
enzyme that catalyzes the oxidative decarboxylation reaction of
pyruvate anion and transforms it to the acylation reagent to react
with CoASH.I01 |n 2001, Fontecilla-Camps and coworkers
reported the crystal structure of the free radical intermediate of
pyruvate ferredoxin oxidoreductase (abbreviated as [Fe,S ]?* or
PFOR) and demonstrated that the CoAS-Ac synthesis by PFOR
proceeded via SET processes (Scheme 112).[141]

The catalytic reactivity of the TPP molecule is provided by the
thiazolium motif in its chemical structure. The thiazolium motif
could be deprotonated to generate the free carbene catalyst 1121,
which could react with pyruvate to form intermediate 112II.
Decarboxylation of intermediate 1121 affords the Breslow

Scheme 111 NHC-catalyzed B-carbon functionalization of esters and
isatins
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intermediate 112Ill, which could then be oxidized by [Fe S ]**
through two SET procedures (via radical intermediate 112IV) to
afford the acyl azolium intermediate 112V. Intermediate 112V
could be used as the efficient acylation reagent and reacts with
CoASH to give CoAS-Ac, and releases the carbene catalyst for ad-
ditional chemical and biological transformations.

The detailed reaction mechanisms of the NHC-catalyzed SET
transformations have been extensively studied. Rehbein and
coworkers have re-evaluated the benzoin reactions and the formal
hydroacylation reactions of alkynes and found that radical inter-
mediates are involved in these NHC catalytic reactions.[142] |n
2019, Bertrand and Martin demonstrated the fate of several NHC-
cata- lyzed transformation in the presence of mild oxidants, and it
had been assumed that Breslow intermediates could undergo a
single
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electron transfer below —1.0 V versus Fc/Fc*. Moreover, the rele-
vant electrochemical surrogates of these paramagnetic species
have been experimentally isolated.[143]

5.2. Pioneering SET reactions in NHC organocatalysis

Inspired by the natural oxidative decarboxylation process, the
biomimetic oxidation of the Breslow intermediates through radi-
cal pathways was then intensively studied using various oxidants.
In 2008, Studer and coworkers described an NHC-catalyzed oxida-
tive esterification of aldehydes using TEMPO as the single electron
oxidant to mimic the PFOR in living systems.[144 As illustrated in
Scheme 113, the Breslow intermediate 113Il could be oxidized by
TEMPO to afford the radical cation 113lIll and the anion of TEMPO~.
Deprotonation of the radical cation 11311l by TEMPO- generated
the electro-neutral radical intermediate 1131V and TEMPOH. Then
intermediate 1131V could be further oxidized by the TEMPO radi-
cal to form the acyl azolium intermediate 113V and TEMPO-. Fi-
nally, TEMPO- could attack the acyl azolium 113V to generate the
acylation product and releases the NHC catalyst for further cata-
lytic cycles. Both aromatic and aliphatic aldehydes worked well in
this transformation (Scheme 113).

Scheme 113 Biomimetic oxidants of aldehydes
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5.3. SET reactions with oxidants in NHC organocatalysis

In 2014, Chi and coworkers developed the NHC-catalyzed re-
ductive B,B-coupling reaction of nitroalkenes through SET radical
pathways.[145] In this process, nitroalkenes have proven to be
effective oxidants. Nitroalkenes could oxidize the Breslow inter-
mediates to generate the corresponding radical cation 1141 and
radical anion 114ll. Radical anion 114l could react with another
nitroalkene to form the radical anion 1141V, which was then re-
duced by radical intermediate 114lll to afford the B,B-coupling
product. The acylation product generated from intermediate
114V and methanol is the major side product (Scheme 114).

4-Nitrobenzyl compounds could serve as efficient electron
acceptors to selectively oxidize nucleophiles and generate radical
intermediates. Electron-rich Breslow intermediates could be oxi-
dized by 4-nitrobenzyl compounds via SET process. In 2016, Chi
and coworkers reported the NHC-catalyzed benzylation reaction
of electrophiles with 4-nitrobenzyl bromide via SET process.!146]
Various electrophiles such as ketoesters, isatins and cyclic imines
worked well in this transformation and afforded the desired
products in good vyields. One year later, nitroalkenes were also

found as effective electrophiles in this SET process.l4”] In these
reactions, the nitro group on the benzyl bromide is crucial for the
SET reaction processes (Scheme 115).

Scheme 114 Reductive B,B-coupling reaction of nitroalkenes
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In addition to aromatic aldehyde, Breslow intermediates de-
rived from a,B-unsaturated aldehydes have also played critical
roles in the NHC-catalyzed SET reactions. In 2014, Rovis’[148] and
Chi’sl*49l groups independently reported the NHC-catalyzed
asymmetric B-hydroxylation reaction of a,B-unsaturated alde-
hydes using nitroarene derivatives as the key oxidants via SET
processes. In 2019, Chi and coworkers further developed a new
class of chiral oxidants for this process. With these chiral oxidants,
highly enantioselective B-hydroxylation products of enals are real-
ized by using a simple achiral NHC catalyst (Scheme 116).[150

Scheme 116 NHC-catalyzed B-hydroxylation of a,B-unsaturated aldehydes
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In 2015, Rovis and coworkers disclosed another example of
NHC-catalyzed SET reactions.[!51 3,4-Diary substituted cyclopen-
tanones could be obtained from enals in high enantioselectivities
through NHC catalytic radical processes. As illustrated in Scheme
117, radical intermediate 1171l could be generated through oxi-
dation of the Breslow intermediate 1171 by 4-nitropyridine N-
oxide. Then the intermediate 11711 could attack another Bres- low
intermediate 1171 to form a new radical cation 117IV. Radical
cation 1171V could undergo an SET process to form acyl azolium
117V. The cyclopentanone intermediate 117VI was then afforded
through the intramolecular attack by the enolate azolium. Cyclo-
pentanone intermediate 117VI was then hydrolyzed by water to
give the B-ketoacid 117VII. Finally, decarboxylation of the unsta-
ble B-ketoacid led to the formation of the 3,4-diphenylcyclo-
pentanone as the final product (Scheme 117).

Scheme 117 Synthesis of 3,4-diaryl cyclopentanones through nhc-cata-
lyzed SET reaction
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For NHC-catalyzed SET reactions, the identification of a suita-
ble oxidant that can selectively oxidize the Breslow intermediates
is critical. Structurally simple and inexpensive oxidants are always
welcome for this kind of transformations. Polyhalides have been
found as suitable oxidants that can be used in a variety of NHC-
catalyzed SET reactions. In 2016, Sun and coworkers dis- closed an
NHC-catalyzed y-dihalomethylenation reaction of enals through
an intermolecular C—C bond formation with CBr4 used as the sole
oxidant (Scheme 118a).1%52 |n 2017, Chi and coworkers reported
several NHC-catalyzed annulation reactions of aldehydes using
hexachloroethane (C,Clg) as the oxidant. Hexachloroethane is
readily available, inexpensive and efficient oxidant for a variety of
synthetic transformations in NHC catalysis. These reactions are
believed to go through two steps of SET procedures (Scheme
118b).1153]

In 2017, Ye and coworkers developed an NHC-catalyzed oxi-

dative [3+2] annulation of dioxindoles and enals for access to
oxindole-y-lactones in good yields with excellent diastereo- and
enantioselectivities.!'>4 The reaction proceeds via a radical cross
coupling process. Nitrobenzene is an SET oxidant that can oxidize
Breslow intermediate and enolate intermediate to free radical.
Both radicals from enolate and homoenolate intermediates were
observed by EPR spectra (Scheme 119)

Scheme 118 Polyhalides as new SET oxidants in NHC organocatalysis
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Scheme 119 NHC-catalyzed cross coupling of homoenolate and enolate
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5.4. NHC-catalyzed decarboxylative alkylation of aldehydes
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In 2019, Ohmiya, Nagao and coworkers have made significant
contributions in the area of NHC mediated radical reactions. They
demonstrated that NHCs could promote the decarboxylative cou-
pling reaction of aryl aldehydes and tertiary or secondary alkyl
carboxylic acid-derived redox-active esters and gave aryl alkyl
ketones as the final products.[*>5] The postulated reaction mecha-
nism is depicted in Scheme 120. The NHC catalyst could react with
aldehyde to generate the Breslow intermediate 120I1l. Deprotona-
tion of the enol OH of the Breslow intermediate by a base gener-
ates a highly reductive enolate ion pair 120l11l. With the assistance
of the counterion (M*), the single electron transfer between the
enolate 12011l and the redox-active ester provides a ketyl radical
1201V and an alkyl radical 120V. Finally, the radical-radical cou-
pling between these two intermediates afforded the desired ke-
tone product and regenerate the NHC catalyst.

Several months later, Ohmiya, Nagao and coworkers reported
that NHCs could also catalyze the vicinal alkylacylation of styrenes,
acylates and acrylonitrile. Simple aldehydes and tertiary alkyl
carboxylic acid derived redox-active esters were used as the reac-
tants to produce the functionalized ketone compounds. The reac-
tion proceeds via a radical addition and radical-radical coupling
relay process.[1>6] The author proposed that the reaction involves
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radical formations that were similar to their previous report
(Scheme 121).

Scheme 120 NHC-catalyzed decarboxylative alkylation of aldehydes
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Scheme 121 NHC-catalyzed radical relay enabling vicinal alkylacylation of
alkenes
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Very recently, two groups simultaneously reported the NHC-
catalyzed multicomponent acylfluoromethylation reactions of
alkenes in the presence of aldehydes and electrophilic fluoro-
alkyl reagents through SET processes.[571 These protocols allow
the rapid access to functionalized fluoroketones from readily
available starting materials under mild conditions. Fluorine rea-
gents such as Togni reagent, difluoroalkyl bromides or iodides
have served as the radical initiators (Scheme 122).

5.5. SET reactions through cooperative NHC/photoredox
catalysis

Photo-induced organic radical reactions are one class of the
most significant synthetic approaches in the modern organic syn-
thesis. In 2012, Rovis and coworkers reported the first example

Scheme 122 NHC-catalyzed radical acylfluoroalkylation of alkenes
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of NHC/photo-cocatalyzed umpolung addition of aldehydes to the
in situ generated iminiums. In this protocol, NHC-mediated radical
intermediate was not involved.[!38] |In 2019, Ye and coworkers
described the first y- and g-alkylation of enals through SET radical
processes under the dual catalysis of a photoredox catalyst and
NHC.[15%1 The proposed reaction mechanism is shown in Scheme
123. The alkyl radical 1231V is generated from alkyl halide through
photocatalytic processes and could react with the dienolate in-
termediate 123Il. The homoenolate radical intermediate 123lil
could be afforded through the radical addition reaction between
12311 and 123IV. SET oxidation of the intermediate 123lll by the
oxidized photocatalyst led to intermediate 123V, which could then
react with MeOH to generate the desired product and release the
NHC catalyst.

Scheme 123 Visible-light-driven NHC-catalyzed alkylation
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In early 2020, Ye and coworkers established the photo/NHC
cocatalyzed ring-opening carbon-carbon bond cleavage of cyclo-
propyl enal (Scheme 124). The y-carbons of the enal substrates

Scheme 124 Photo/NHC co-catalyzed ring opening
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could be alkylated by alkyl halides via an SET pathway.[16% The
reaction mechanism is similar to their previous report depicted in
Scheme 123.

Recently, Hopkinson and coworkers developed a NHC-cata-
lyzed photoenolization/Diels-Alder reaction of acid fluorides and
trifluoroacetophenones. Based on control experiments and TD-
DFT calculations, the authors proposed the reaction mecha- nism
as shown in Scheme 125.[161] The free carbene catalyst could react
with the acyl fluoride to generate the o-toluoyl azolium in-
termediate 125l. This intermediate is then activated by UVA irra-
diation to afford the triplet excited state 125I1l. A swift 1,5-HAT
from the o-benzylic position to the carbonyl oxygen atom gave
rise to the triplet dienol bi-radical 125lll, which was in resonance
with the 0-QDM 125IV. The 0-QDM 1251V could react with the
trifluoroacetophenones through a concerted Diels-Alder reaction
or a stepwise addition process to afford the final lactone product.

Scheme 125 Visible-light-driven NHC-catalyzed Diels-Alder reaction
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6. Activation of Michael Acceptors, Styrenes
and Imines

Besides carbonyl compounds, electron-deficient Michael ac-
ceptors, styrenens and imines could also be activated by NHC
organic catalysts. In 2006, Fu and coworkers first disclosed the
conjugate addition of the NHCs to Michael acceptors. NHC cata-
lysts first reacted with Michael acceptors to generate formal de-
oxy-Breslow intermediates, which transform the normally elec-
trophilic B-carbons to nucleophiles for additional intramoleculer
77% yield cyclization reactions (Scheme 126).1162

In 2007, Ye and coworkers reported an NHC-catalyzed Morita—
Baylis—Hillman (MBH) reaction. Both of the five and six-mem-
bered enones worked well in this transformation and gave the
desired products in good yields (Scheme 127).1183] In 2013, Ye
group disclosed another MBH reaction of nitrostyrenes with azo
dicarboxylates. The reaction tolerates a broad scope of arylnitro-
styrenes to generate the desired products in good yields (Scheme
128).1164

In 2011, Scheidt and coworkers demonstrated an NHC-cata-
lyzed umpolung of vinyl sulfones. Rearrangement took place after

the addition reaction of the NHC catalyst and the vinyl disulfone
substrates. Then the activated disulfone intermediates could un-
dergo a cycloaddition reaction with nitrones to give isoxazolines
as the final products in excellent yields as single diastereomers
(Scheme 129).[165]

Scheme 126 Umpolung of Michael acceptors
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Scheme 127 NHC-catalyzed Morita-Baylis-Hillman reaction
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Scheme 128 MBH reaction of nitrostyrenes and diazo dicarboxylates
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Scheme 129 NHC-catalyzed umpolung of vinyl sulfones

Cat. (20 mol%),

" o NaOtBu { 20 mol%) R a
L SOAF - oo N
A 1 A
m . : DCM, 40 °C, 4 A MS =S0sA0
A SO.Ar ME\_ - AL
=N BF, SOLAr
SN EN-
Me™ " Mes 60-94% yield
Cat.
Bn Ph. Ph.
"N-O N-O N9
J =S0,Ph ~ —S0;Ph T
PR Y CeHaMeoa*" L pre
S0.Ph S0,Ph Ts
86% yield 63% yield
=20:1 dr =20:1 dr

In 2011, the groups of Matsuoka and Glorius independently
developed the tail-to-tail dimerization of acrylates with NHC or-
ganocatalysis (Scheme 130).1166]

In 2017, Biju and coworkers developed an NHC-catalyzed um-
polung of imines via aza-Breslow intermediates. The aza-Breslow
intermediate underwent an intramolecular aza-Stetter reaction to
generate the indole derivatives in excellent yields (Scheme
131).167

Very recently, Biju and coworkers reported the NHC-catalyzed
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umpolung of diimines for the enantioselective synthesis of dihy-
droquinoxalines (Scheme 132).1168] The reaction proceeded via
aza-Breslow intermediates, with the OH groups existed in the
substrates stabilizing the reactive intermediates via intermolecular
hydrogen bonding interactions.

Scheme 130 NHC-catalyzed dimerization of acrylates
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Scheme 132 NHC-catalyzed asymmetric umpolung of imines
Cat. (10 mal%), HO
. ) R
N K,CO4 (.1-0 ewuiv), N O
DMF, 0 “C-rt, 24 h
1
N 07N =N
HO N~z HO

BF.

29-98% yield

Cat. 56:44-99:1 er

7. Conclusions and Perspectives

The past 20 years have witnessed prosperous development in
NHC organocatalysis. Classical activation modes with NHC cata-
lysts have been well established and widely used in the modern
organic synthesis. Numerous functional molecules, with both
significant bio-active and synthetic utilities, have been efficiently
prepared through NHC catalytic reactions in both racemic and
enantioselective fashion. Compared with the classical activation
modes including the umpolung of aldehydes and the electron pair
transformations of enals, the activation of carboxylic esters and
the radical reactions with NHC catalysts have been relatively less
developed. Challenges still exist within these activation strategies.
For example, the umpolung of the carboxylic acid carbonyl car-

bons has yet been realized. Asymmetric radical reactions with
NHC organocatalysis are still rare. Therefore, new catalytic strate-
gies are needed to seek for solutions to various challenges within
this field. Cooperative catalytic reactions and new NHC catalyst
development might be promising approaches in future investiga-
tions.
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