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ABSTRACT

The recyclable chiral 2-aminobenzimidazole-derived organocatalyst 1f efficiently promotes the room temperature asymmetric conjugate addition
of 1,3-diketones, β-ketoesters, and malonates to maleimide and N-substituted maleimides, affording the corresponding Michael adducts in
excellent yields and enantioselectivities even at gram scale.

In recent years, organocatalytic enantioselective conju-
gate addition reactions have been subjected to intensive
investigations,1 enals, enones, and nitroolefins generally
being used as Michael acceptors. In sharp contrast,

maleimides have been used to a lesser extent as elec-
trophiles,2�4 despite the broad synthetic and biological
utilities of chiral R-branched succinimides.5 Furthermore,
the nature of the substituent on the N atom of the
maleimide has been shown to be a critical parameter for
the stereochemical outcome of the process. In particular,
the development of a general and highly enantioselective
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organocatalyst for the asymmetric conjugate addition to
maleimide still remains a challenging goal.6

The utility of chiral 2-aminobenzimidazoles as organo-
catalysts has been recently disclosed by our group7 and
others8 showing the benefits from2-aminobenzimidazole’s
characteristic dual hydrogen-bonding catalysis.9 Thus, 1b,
in which the distance between hydrogen atoms Ha and Hb

is in between the reported distances for the thiourea10 and
squarimide-derived organocatalysts,11 is a very active and
general catalyst for the enantioselective addition of mal-
onates, β-ketoesters, and 1,3-diketones to nitroalkenes in
the presence ofTFAas cocatalyst.7Herein, we describe the
use of chiral 2-aminobenzimidazoles to promote the asym-
metric conjugate addition of 1,3-dicarbonyl compounds to
maleimides.
Initially, the challenging maleimide Michael acceptor

(0.15 mmol) was chosen to study the conjugate addition
of acetylacetone (0.3 mmol) in toluene at 30 �C using
10mol%of chiral 2-aminobenzimidazole organocatalysts
1 (Figure 1) in the presence of TFA (10 mol %) as
cocatalyst (Table 1).

Regarding catalyst study, C2-symmetric catalyst 1f

proved to be the most promising and afforded the 1,4-
adduct 2a in an excellent isolated yield (94%) and enan-
tioselectivity (97% ee) (Table 1, entries 1�6). A similar
level of enantioselection (95% ee) was observed when the
preformed bench-stable salt 1f 3TFA was used as catalyst
(entry 7). Further optimization confirmed toluene for
optimal selectivity (Table 1, entries 8�11). The use of
hydrogen-bond accepting solvents such as H2O orMeOH

led to a drastic decrease in stereoselectivity, especiallyH2O
that afforded racemic 2a (entry 11). Finally, a significant
decrease in the enantioselectivity of the reaction (51% ee)
was observed in the absence of TFA (Table 1, entry 12), a
result that evidenced the higher ability of the protonated
catalyst for hydrogen-bonding activation.
The synthetic utility of the catalytic approach was con-

firmed by a gram-scale experiment (5 mmol of maleimide),
which gave optically pure (>99% ee) 2a in 81% yield after
filtration of the crude reactionmixture (Table 1, entry 13).12

The reaction could be also performed at rt undermicrowave
irradiation conditions, affording succinimide 2a in a mod-
erate conversion and 90% ee in only 1 h (entry 14).
Under the optimized reaction conditions (Table 1, entry

6), the generality of the conjugate addition reaction with
respect to the nucleophile and the maleimide acceptor was
investigated. The conjugate addition of acetylacetone to dif-
ferent N-alkyl- and N-aryl maleimides afforded compounds
2b�2e in good yields and excellent enantioselectivities

Figure 1. Hydrogen bond donor catalysts.

Table 1. Enantioselective Conjugate Addition of Acetylacetone
to Maleimide Catalyzed by Catalysts 1a

entry 1 (mol %)

cocatalyst

(mol %) solvent

conversion

(%)b ee (%)c

1 1a (10) TFA (10) toluene 42 41

2 1b (10) TFA (10) toluene >99 15

3 1c (10) TFA (10) toluene 90 13

4 1d (10) TFA (10) toluene <5

5 1e (10) TFA (10) toluene 89 11

6 1f (10) TFA (10) toluene >99 (94) 97

7 1f 3TFA (10)d toluene 99 95

8 1f (10) TFA (10) benzene >99 90

9 1f (10) TFA (10) xylene >99 44

10 1f (10) TFA (10) MeOH 68 55

11 1f (10) TFA (10) H2O >99 0

12 1f (10) toluene >99 51

13 1f (10) TFA (10) toluenee >99 (81)f >99

14 1f (10) TFA (10) tolueneg 45 90

aReaction conditions: acetylacetone (0.3 mmol), maleimide (0.15
mmol), 1 (10 mol %, 0.015 mmol, 0.05 M), TFA (10 mol %, 0.015
mmol), solvent (0.3 mL), 30 �C, 24 h. bDetermined by 1HNMR on the
crude reaction mixture. In brackets: isolated yield after flash chromato-
graphy. cChiral HPLC [OD-H, hexane/i-PrOH: 85/15, 1 mL/min].
dCarried out with 10 mol % of preformed bench stable salt 1f•TFA.
eReaction conditions: acetylacetone (10 mmol), maleimide (5 mmol), 1f
(10 mol %, 0.5 mmol, 0.05 M), TFA (10 mol %, 0.5 mmol), toluene
(10 mL), 30 �C, 20 h. f Isolated yield of 2a after filtration of the crude
reaction mixture. gReaction performed under MW irradiation condi-
tions (40 W, 25 �C, 1 h).
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(Table 2, entries 1�5). All of the studied substrates
afforded levels of enantioselectivity similar to that of
maleimide (95�97% ee).
The reaction was also applicable to R-substituted

3-methylpentane-2,4-dione, which afforded, after addition
to N-phenylmaleimide, compound 2f in 50% yield and
91% ee (Table 2, entry 6).
The addition of 2-acetylcyclopentanone toN-phenylma-

leimide afforded compound 2g in 93% yield as a 93:7
mixture of diastereomers, both of them obtained with very
high enantioselectivity (entry 7). The protocol also proved
tobe effective for cyclic andacyclicβ-ketoesters, the expected
products being formed in high yields, good diastereoselec-
tivity, and very high ee’s (Table 2, entries 8 and 9). The
synthesis of compounds 2g and 2h was especially interest-
ing, since it evidenced the ability of the catalytic system to
synthesize adjacent quaternary/tertiary stereogenic centers
with excellent enantioselectivities.

When dimethyl malonate was reacted with maleimide,
compound 2j was obtained in an 81% ee and a very low
23% isolated yield (Table 2, entry 10). This was probably
due to the lower acidity of the nucleophile compared to
that of 1,3-diketones and β-ketoesters, thus requiring a
catalyst with an stronger basic character. This was con-
firmed by performing the reaction in the absence of TFA,
which afforded compound 2j in a 78%eeand ahigher 74%
isolated yield (entry 11). With respect to yield, a similar
tendency was observed in the reaction with N-methyl
maleimide (Table 2, entries 12 and 13), and compound
2kwas quantitatively obtained in 99% ee in the absence of
TFA (entry13).
The absolute configuration of compound 2e, generated

by the 1f-catalyzed conjugate addition of acetylacetone to
N-(4-bromophenyl)maleimide, was assigned to be S by
X-ray crystallography analysis (Figure 2).13 The same
crystal used for X-ray crystallography was analyzed by
chiral HPLC, which confirmed the presence of themajor S
enantiomer in 97% ee. Since products 2 are generally solid
substances, this also demonstrated that it is possible to
obtain a single stereoisomer in essentially enantiomerically
pure form after a single crystallization.14

After the preparation of compound 2e, we also studied
the recyclability of organocatalyst 1f and were pleased to
demonstrate that 1f 3TFA could be easily recovered (99%)
from the crude reaction mixture just by washing with i-
PrOH (see Supporting Information) (Scheme 1). The
recovered 1f 3TFA was employed in a second run of the
reaction, affording 2e in 99% yield and 93% ee.

In light of the performed experiments, we tentatively
propose the transition state model shown in Figure 3 for

the conjugate addition of acetylacetone tomaleimide in the

presence of TFA as cocatalyst. The neutral portion of the

Table 2. Enantioselective Conjugate Addition of 1,3-Dicarbo-
nyl Compounds to Maleimides Catalyzed by 1f

a Isolated yield after flash chromatography. bChiral HPLC [OD-H,
hexane/i- PrOH: 85/15, 1 mL/min]. cChiral HPLC [AD-H, hexane/i-
PrOH: 90/10, 1 mL/min]. dReaction performed in the absence of TFA.
e Isolated yield of pure compound after washing of the crude reaction
mixture with i-PrOH. fdr: 93/7. gChiral HPLC [IA, hexane/i-PrOH: 90/
10, 1 mL/min]. h dr: 76/24. iChiral HPLC [IA, hexane/i-PrOH: 95/5,
1 mL/min]. j dr: 87/13. kChiral HPLC [AD-H, hexane/i-PrOH: 95/5,
1 mL/min]. lChiral HPLC [AD-H, hexane/i- PrOH: 85/15, 1 mL/min].

Figure 2. X-ray structure for compound 2e.

(13) Compound 2e, obtained in 98% yield and 96% ee, was crystal-
lized from a CH2Cl2 solution to give fine colorless crystals of a single
enantiomer with the configuration shown in Figure 2. Crystal data for
2e: CCDC 846922.

(14) Compounds 2g (89%, dr 100/0, ee 99%) and 2d (87%, ee 99%)
could be also obtained in a gram-scale experiment using, respectively,
5 mol % and 2 mol % of catalyst by just filtering off from the reaction
media.



Org. Lett., Vol. 13, No. 22, 2011 6109

catalyst deprotonates the nucleophile that performs a si
face attack to the maleimide electrophile, which is acti-
vated by the protonated benzimidazole moiety via single
hydrogen bonding interaction with the carbonyl group
(Figure 3). In this structure, the activation of themaleimide
is achieved by a singleNHbond, and twootherNHgroups
bind the nucleophile.15

In summary, we have designed a recyclable chiral
2-aminobenzimidazole catalyst 1f, which catalyzes the

direct conjugate addition of different 1,3-dicarbonyl
compounds to maleimide and N-substituted malei-
mides to give the corresponding Michael adducts with
very high enantiocontrol. Further studies are in pro-
gress to study by computational methods the H-bond
network between catalyst, nucleophile, and maleimide
responsible for the observed reactivity/enantioselectiv-
ity and to explore the scope of organocatalyst 1f in
other catalytic asymmetric reactions.
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Scheme 1. Recyclability and Reuse of Benzimidazole-Derived
Catalyst 1f

Figure 3. Plausible transition state for the 1f-catalyzed conju-
gate addition in the presence of 1equiv of TFA.
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