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The carbon–carbon bond formation plays a central role in the
synthesis of organic compounds. Most organic reactions for
carbon–carbon bond formation are polar, involving formation
of a covalent bond between an electrophile (acceptor a) with
a nucleophile (donor d). The umpolung strategy, switching the
polarity of functional groups, is an interesting approach for
organic synthesis.[1] A typical example of an umpolung
reaction is the N-heterocyclic carbene (NHC)-catalyzed
transformation of an aldehyde to an acyl anion (a1 to d1; for
the numbering see Scheme 1).[2, 3] Thus NHC-catalyzed addi-
tions of aldehydes to carbonyl compounds (benzoin reac-
tion)[4] and Michael acceptors (Stetter reaction)[5] have
received wide attention. The NHC-catalyzed addition of
aldehydes to imines (aza-benzoin reaction) has also been
developed, resulting in highly useful a-amino ketones.[6] The
first enantioselective aza-benzoin reaction of an aryl aldehyde
was reported by Miller and co-workers in 2005,[7] and very
recently the reaction of aliphatic aldehydes was report by
Rovis and DiRocco.[8] Herein, we wish to report the
enantioselective aza-benzoin reaction of enals with activated
ketimines.

In the last decade, the NHC-catalyzed extended umpo-
lung of functionalized aldehydes was extremely successful.[3d,9]

In 2004, Bode and co-workers and Glorius and Burstein
independently reported a pioneering NHC-catalyzed [3+2]
cycloaddition of enals with aldehydes, in which the a3 to d3

umpolung was realized with homoenolate I as the key
intermediate (Scheme 1a).[10] Consequently, the NHC-cata-
lyzed generation of a homoenolate from an enal has been
widely applied for a variety of reactions.[11] Enolate II could
also be generated by proton shifts and thus react in a C2
addition (Scheme 1b).[12] Very recently, the oxidative g-
addition of enals was also reported by Chi and co-workers.[13]

In these reports, the normal C1 addition is circumvented
possibly owing to the hindrance of the C1-position by the
bulky R’ group in the catalyst. Considering the wide

application of the a1 to d1 umpolung, we envision that the
normal C1 addition is also possible for enals when an NHC
with less bulky substituent is employed. Recently, an elegant
Stetter reaction of enals with nitroalkenes was reported by
Rovis and DiRocco, using catechol as the critical additive.[14]

Chi and co-workers reported a Stetter reaction of enals with
modified chalcones.[15] Herein, we demonstrate that the aza-
benzoin reaction of enals through C1 addition is also feasible
when appropriate catalyst and reaction conditions are
employed.

Initially, the reaction of cinnamic aldehyde 1 a with
trifluoromethyl ketimine 2a was investigated under the
catalysis of various NHCs derived from l-pyroglutamic acid
(Table 1).[4b, 16] It was found that NHC A1 with a bulky tert-
butyldimethylsilyl (TBS) group afforded only a trace of the
aza-benzoin product 3a, and the corresponding extended
umpolung product via the intermediate of a homoenolate or
enolate was not observed (Table 1, entry 1). Gratifyingly, the
desired product 3a could be obtained in 41 % yield with 81%
ee when NHC A2 with a free hydroxy group was employed
(Table 1, entry 2).[17] The removal of the silyl group could
reduce the hindrance to C1 in the Breslow intermediate, and
more importantly, the possible H-bonding between the
hydroxy group and the ketimine could enhance the reactivity
and enantioselectivity. To further take advantage of H-
bonding, NHC B1 with an a,a-bis[3,5-di(trifluoromethyl)-
phenyl]hydroxy substituent was tested, which afforded the
desired product 3a in 71% yield with 93 % ee (Table 1,
entry 3). In contrast, NHC B2 with the bulky N-2-isopropyl-
phenyl substituent showed no catalytic activity (Table 1,
entry 4). NHCs with an N-benzyl group feature more
flexibility and have been demonstrated to be superior over
NHCs with an N-aryl group for the Stetter reaction of
aldehydes by Enders and co-workers.[18] NHC B3 was thus

Scheme 1. Reported NHC-catalyzed reactions of enals.
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prepared and further improved the enantioselectivity
(Table 1, entry 5). Solvent screening revealed that reactions
worked in several other solvents but with varying yields
(Table 1, entry 6–9). The reaction at 30 8C afforded a better
yield and enantioselectivity compared to that at 40 8C
(Table 1, entry 10),[19] while the reaction at 0 8C showed no
improvement and required a longer reaction time (Table 1,
entry 11).

With the optimized reaction conditions in hand, the scope
of the enals has been briefly investigated (Scheme 2).
Cinnamic aldehydes with electron-withdrawing (4-ClC6H4)
and electron-donating substituents (4-MeC6H4, 4-MeOC6H4)
all gave the aza-benzoin product 3b–3d in good yields with
high enantioselectivities. meta- (3-MeOC6H4) and ortho-
substituents (2-ClC6H4, 2-BrC6H4, or 2-MeOC6H4) were also
tolerated in the reaction without apparent change of yield and
enantioselectivity (3 e–h). The reaction of (E)-3-(furan-2-
yl)acrylaldehyde gave the desired product 3 i in 68% yield
with 90% ee. Notably, b-alkylenals also worked well in the
reaction albeit in somewhat decreased yield (3j–l), and the
amount of base has to be reduced to decrease the possible side
reaction. Furthermore, the use of both b-aryl and b-alkyl
ynals resulted in decreased yields, but high enantioselectiv-
ities were kept under the current reaction conditions (3m and
3n).[20] Substituted aryltrifluoromethyl ketimines (Ar = 4-
MeC6H4, 4-ClC6H4) reacted as well as the parent one (3o,p).

To further explore the scope of the reaction, several other
activated ketimines were tested (Scheme 3). The scope of the
reaction with iminoester 4a was found to be similar to that of

the reaction with trifluoromethylketimine. All enals with b-
aryl, b-heteroaryl, or b-alkyl groups gave the desired aza-
benzoin products (5a–g) in good yields with high enantiose-
lectivities. Furthermore, the reaction of iminonitrile 4b
afforded the desired product 5h in 73% yield with 84% ee.

Table 1: Optimization of reaction conditions.

Entry Catalyst[a] Solvent Yield [%][b] ee [%][c]

1 A1 CH2Cl2 trace /
2 A2 CH2Cl2 41 81
3 B1 CH2Cl2 71 93
4 B2 CH2Cl2 trace /
5 B3 CH2Cl2 70 94
6 B3 THF 26 64
7 B3 dioxane 22 84
8 B3 Et2O 62 94
9 B3 toluene 31 93
10[d] B3 CH2Cl2 77 96
11[e] B3 CH2Cl2 71 93

[a] NHCs A–B were freshly generated from the corresponding azolium
salts in the presence of Cs2CO3 at room temperature for 30 min and used
immediately. Boc = tert-butoxycarbonyl. [b] Yields of isolated products.
[c] Determined by HPLC on a chiral column. [d] The reaction was carried
out at 30 8C for 12 h. [e] The reaction was carried out at 0 8C for 24 h.

Scheme 2. Reaction with trifluoromethyl ketimines 2.

Scheme 3. Reaction with iminoester 4a or iminonitrile 4b.
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The structure of (�)-3b was unambiguously established
by X-ray analysis of its crystal (Figure S1 in the Supporting
Information).[21]

The aza-benzoin reaction products obtained from enals
feature a highly functionalized structure and can be used in
many chemical transformations (Scheme 4). The Boc protect-

ing group could be easily removed by HCl in 1,4-dioxane to
give the a-amino-a’,b’-unsaturated ketone 6a in 83 % yield
with 97% ee (Scheme 4a). Pd/C catalyzed reduction with
hydrogen gave the a-amino-a-trifluoromethyl ketone 7a in
78% yield with 92% ee (Scheme 4b). Remarkably, the
corresponding g,d-unsaturated-b-hydroxy amine 8a could be
obtained in 73 % yield with 95% ee and exclusive diastereo-
selectivity (d.r.> 20:1) by reduction with LiBH4

(Scheme 4c).[22]

In summary, an enantioselective NHC-catalzyed aza-
benzoin reaction of enals and activated ketimines was
developed. The possible competing reaction through the
corresponding homoenolate or enolate has not been observed
by using NHC catalysts with a free hydroxy group and
a sterically appropriate substituent. Further investigations on
the mechanism and related reactions are underway.
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