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The enantioselective construction of quaternary stereogenic
centers bonded to four carbon atoms by efficient asymmetric
methods is a great synthetic challenge, as the creation of such
complex fragments is complicated by steric factors.[1] Cur-
rently, despite the substantial progress that has been made in
the last few years, only a few catalytic asymmetric C�C bond-
forming strategies have proven to be useful for forming
quaternary carbon centers.[2] Among them, the catalytic
conjugate addition[3] of compounds with a prochiral trisub-
stituted nucleophilic carbon atom to b-substituted Michael
acceptors constitutes an effective approach for the asymmet-
ric construction of highly functionalized products with
adjacent quaternary and tertiary carbon centers. The stereo-
controlled, one-step synthesis of such important congested
motifs from simple precursors is a formidable synthetic
challenge, as the catalyst must provide high levels of
stereoselectivity in a sterically demanding C�C bond-forming
process.[4] To date, the acceptors employed in this powerful
type of strategy have been enones,[5] nitroalkenes,[6] and
unsaturated imides.[7] Expansion of the scope of such an
efficient strategy to other classes of Michael acceptors is a
useful and challenging objective.

Herein, we report the development of the first asymmetric
direct conjugate addition of 1,3-dicarbonyl compounds to
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maleimides promoted by natural cinchona alkaloids as chiral-
base catalysts.[8] The reaction affords highly functionalized
products with two adjacent stereogenic carbon atoms, one of
which is quaternary with only carbon-centered substituents
[Eq. (1)]. This organocatalytic[9] approach affords high levels

of both enantio- (up to 98% ee) and diastereoselectivity
(d.r.= up to > 98:2) with both cyclic and acyclic b-ketoesters
and with cyclic b-diketones. Furthermore, the strategy is
based on an operationally simple procedure in which
unmodified cheap and commercially available starting mate-
rials and catalysts are used.

The asymmetric conjugate addition of carbon-centered
nucleophiles to maleimides should provide a practical route
to synthetically and biologically important chiral a-substi-
tuted succinimides.[10] Therefore, it is surprising that, to our
knowledge, just one effective asymmetric strategy has been
described to date.[11] The feasibility of our organocatalytic
asymmetric approach was first tested bymixing methyl-2-oxo-
1-indanecarboxylate (1a) and maleimide (2a) in dichloro-
methane (0.5m) in the presence of a catalytic amount of a
cinchona alkaloid derivative (10 mol%); representative
results of the extensive screen of reaction conditions using
the alkaloids shown in Scheme 1 are listed in Table 1. The
natural cinchona alkaloid quinine (Q) proved to be the most
promising catalyst and afforded the 1,4-adduct with relatively
good diastereo- and enantioselectivity (Table 1, entry 2). The
synthetic cinchona alkaloid derivatives A and B, which are
broadly effective bifunctional organocatalysts for several
asymmetric C�C bond-forming reactions,[12] gave poor results
(Table 1, entries 3 and 4). The rigid phenolic quinidine
derivative b-isocupreidine (C; Scheme 1)[13] promoted the
conjugate addition with satisfactory selectivity (Table 1,
entry 5), but the results obtained when the reaction was
performed at �20 8C indicated a significant difference
between Q and C in terms of catalytic activity (Table 1,
entries 6/7 and 8/9).

Next, we identified the nature of the substituent on the
N atom of the maleimide as a critical parameter for the
stereochemical outcome of the process (Table 1, entries 8, 10,
and 11). The presence of a benzyl substituent had a dramatic
impact on the enantioselectivity and, more importantly, on
the diastereoselectivity: When the quinine-catalyzed reaction

was performed at �20 8C in CH2Cl2, the product was isolated
after 24 h in quantitative yield, with considerable preference
shown for one of the two possible diastereomers (d.r.= 94:6)
and with high enantioselectivity (92% ee ; Table 1, entry 11).
Importantly, the use of “pseudoenantiomeric” quinidine
(QD) allowed access to the opposite enantiomer of the 1,4-
adduct with similar selectivity (Table 1, entry 12). Further
optimization of the reaction conditions revealed that apolar
solvents favored optimal stereoselectivity (Table 1,
entries 11–14); CH2Cl2 was selected as the solvent of choice
for its ability to increase reactivity. The use of hydrogen-bond-
accepting solvents led to a drastic decrease in stereoselectivity
(Table 1, entries 15 and 16).

The result obtained by using benzoylquinine (BQ) as the
catalyst (Table 1, entry 17) clearly demonstrated that the
presence of the free hydroxy group on Q is essential for high
levels of reactivity and selectivity. This experimental evi-
dence, together with preliminary kinetic studies, which
established a first-order rate dependence on the catalyst,
nucleophile, and electrophile for the conjugate addition (see
the Supporting Information for details), is consistent with an
acid–base bifunctional mode of catalysis by quinine. Impor-
tantly, although the double-activation ability of natural
cinchona alkaloids was established 25 years ago by the
seminal studies of Hiemstra and Wynberg,[14] there have been
no previous reports of a very stereoselective (> 90% ee)
conjugate addition reaction catalyzed by these compounds.[15]

We then examined the generality of this new organo-
catalytic asymmetric strategy under the optimized reaction
conditions. Experiments that probe the range of possible 1,3-

Scheme 1. Alkaloid catalysts and 1,3-dicarbonyl compounds 1b–1 i
used in this study.
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dicarbonyl substrates are summar-
ized in Table 2. Both enantiomers
of the 1,4-adducts were synthesized
efficiently with high selectivity by
appropriate selection of the cata-
lyst (Q or QD). The cyclic b-
ketoesters 1b–d were all converted
into the corresponding 1,4-adducts
in good yields and with very high
levels of both diastereo- and enan-
tioselectivity (Table 2, entries 1–6).
The protocol also proved to be
effective for acyclic b-ketoesters;
the expected products were formed
with high selectivity, although
decreased reactivity was observed
(Table 2, entries 7 and 8). Interest-
ingly, we found that the size of the
ester group had a significant effect
on the stereoselectivity: the reac-
tion of the acyclic tert-butyl
ketoester 1g occurred in a highly
enantio- and diasteroselective
fashion even at room temperature
(92% ee, d.r.= 92:8; Table 2,

entry 9).[16] Outstanding results were obtained with b-dike-
tones (Table 2, entries 10–13), a particularly challenging class
of substrates, for which, to our knowledge, just two examples
of effective asymmetric organocatalytic conjugate addition
have been reported.[17]

As the conjugate addition products 4 are generally solid
substances, it is possible to obtain a single stereoisomer in
essentially enantiomerically pure form after a single crystal-
lization, as demonstrated for adducts 4c and 4d (Table 2,
entries 4 and 6).

The absolute configuration of compound 5, generated by
the quinine-catalyzed addition of 1g to N-(4-bromophenyl)-
maleimide [Eq. (2)], was assigned by X-ray crystallographic

analysis.[18] The relative configuration of 4d was determined
unequivocally by X-ray crystallographic analysis,[18] whereas
the relative configurations of 4b and 4h were assigned by
NMR spectroscopic analysis with extensive NOE interaction
studies (see the Supporting Information for details).

The synthetic utility of our organocatalytic approach was
evaluated by a gram-scale experiment (10 mmol), which gave

Table 1: Screening of reaction conditions for the organocatalytic asym-
metric conjugate addition of 1a to maleimides 2.[a]

Entry Catalyst R Solvent Conversion
[%][b]

3 d.r.[b] ee [%][c]

1 – H (2a) CH2Cl2 0 a – –
2 Q H (2a) CH2Cl2 >95 a 74:26 69/28
3 A H (2a) CH2Cl2 30 a 77:23 14/17
4 B H (2a) CH2Cl2 65 a 75:25 33/34[d]

5 C H (2a) CH2Cl2 75 a 65:35 62/45
6[e] Q H (2a) CH2Cl2 75 a 82:18 81/70
7[e] C H (2a) CH2Cl2 25 a 75:25 74/–
8[e] Q Ph (2b) CH2Cl2 >95 b 87:13 63/40
9[e] C Ph (2b) CH2Cl2 13 b 70:30 –/–

10[e] Q tBu(2c) CH2Cl2 15 c 95:5 –/–
11[e] Q Bn (2d) CH2Cl2 >95 (97)[f ] d 94:6 92/5
12[e] QD Bn (2d) CH2Cl2 >95 (95)[f ] d 94:6 87/4[d]

13[e] Q Bn (2d) toluene 80 d 95:5 92/6
14[e] Q Bn (2d) THF 56 d 95:5 90/5
15[g] Q Bn (2d) CH3CN >95 d 85:15 66/0
16[g] Q Bn (2d) MeOH >95 d 44:56 24/0
17 BQ Bn (2d) CH2Cl2 45 d 81:19 5/12

[a] The formulae of the catalysts can be found in Scheme 1. Experimental
conditions (0.2-mmol scale): The reactions were carried out open to the
air in undistilled solvent with a 1:1.2 ratio of 1a to 2. [b] Conversion and
d.r. were determined by 1H NMR spectroscopic analysis of the crude-
product mixture. [c] Determined by HPLC analysis on commercially
available chiral stationary phases; values for both diastereomers are
given. [d] The opposite enantiomer was obtained. [e] Reaction time:
24 h, reaction temperature: �20 8C. [f ] Number in parenthesis indicates
the yield of the isolated product 3d. [g] Reaction time: 16 h, reaction
temperature: �20 8C.

Table 2: Highly stereoselective conjugate addition of 1,3-dicarbonyl compounds 1 to 2d catalyzed by
natural cinchona alkaloids.[a]

Entry 1/4 Cat. (mol%)[b] T [8C] t [h] Yield [%][c] d.r.[d] ee [%][e]

1 b Q (10) �30 24 99 84:16 94
2 b QD (10) �60 40 99 87:13 98
3 c Q (10) �60 38 98 91:9 94
4 c QD (10) �60 38 99 90:10 95 (>99[f ])
5 d Q (15) �60 40 99 >98:2 89
6 d QD (15) �60 40 91 >98:2 93 (>99[f ])
7 e QD (20) �15 50 52 (55) 93:7 85
8 f QD (20) �15 88 63 (65) 77:23 85
9 g Q (20) RT 72 75 (78) 92:8 92

10 h Q (15) �30 24 72 (80) 92:8 82
11 h QD (15) �60 40 99 92:8 91
12 i Q (20) �15 48 55 (58) 95:5 82
13 i QD (20) �30 66 72 (75) 95:5 84

[a] The formulae of 1b–1 i can be found in Scheme 1. Experimental conditions (0.2-mmol scale): The
reactions were carried out open to the air in undistilled dichloromethane with a 1:1.2 ratio of 1 to 2d.
[b] The catalysts Q and QD gave opposite enantiomers of the product diastereomer. [c] Yield of the
isolated products 4. Numbers in parenthesis indicates reaction conversion, as determined by 1H NMR
spectroscopic analysis. [d] Determined by 1H NMR spectroscopic analysis of the crude-product mixture.
[e] Determined by HPLC analysis on commercially available chiral stationary phases; values for the
major diastereomer are given. For the ee values of minor diastereomers, see the Supporting
Information. [f ] After a single crystallization.
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4d in quantitative yield (Scheme 2). A single crystallization
from an EtOH/Et2O mixture afforded the optically pure
product. Subsequent highly stereo- and chemoselective
reduction of the keto group allowed access to compound
(�)-6, which has three consecutive stereogenic centers of
defined absolute configuration.[19]

In summary, we have developed an operationally simple
protocol that employs unmodified and commercially avail-
able materials and catalysts for the first asymmetric organo-
catalytic conjugate addition of 1,3-dicarbonyl compounds to
maleimides. The enantioselectivity of the reaction is the
highest reported to date for this class of Michael acceptors.
Natural cinchona alkaloids proved to be highly efficient
catalysts. They promoted the one-step construction of func-
tionalized products with two adjacent stereogenic carbon
atoms with very high diastereo- and enantioselectivity.
Investigations are currently underway toward a mechanistic
understanding of the process and fully defining its utility as a
synthetic tool in asymmetric synthesis.
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