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The conjugate addition of a-substituted b-ketoesters to a,b-
unsaturated ketones represents a highly versatile strategy for
the creation of all-carbon quaternary stereocenters, because
of the accessibility of a wide range of these Michael donors
and acceptors and the proven wide utility of the 1,4-adducts.
The successful coupling of the strategic power of this C�C
bond formation process with an operationally simple protocol
for efficient and reliable enantioselective/diastereoselective
control will lead to a direct and exceptionally versatile
approach for the stereocontrolled construction of all-carbon
quaternary stereocenters.[1] Consequently, this task has cap-
tured the attention of synthetic chemists since Wynberg&s
seminal report on the cinchona alkaloid-catalyzed addition of
cyclic b-ketoesters to methyl vinyl ketone (MVK), which is
the first documented catalytic enantioselective conjugate
addition.[2–8] In spite of the numerous great strides made since
then in catalytic asymmetric synthesis,[9] this task remains a
formidable challenge of undiminished synthetic significance.
A breakthrough in the development of a highly enantio-

selective catalytic conjugate addition of a-substituted b-
ketoesters to vinyl ketones was reported by Shibasaki and
co-workers in 1994.[4a] A bifunctional chiral La–Na–binol
complex (binol= 2,2’-dihydroxy-1,1’-binaphthyl) allowed the
addition of cyclic and acyclic a-substituted b-ketoesters to

MVK to proceed in 62–91% ee. More recently, Sodeoka and
co-workers reported a Pd–binap complex (binap= 2,2’-bis-
(diphenylphosphanyl)-1,1’-binaphthyl) that afforded 86–
93% ee for the conjugate addition of a-substituted b-ketoest-
ers to methyl and ethyl vinyl ketones.[5] These chiral metal-
complex-mediated reactions, which demonstrated substantial
scope with respect to ketoester donors, gave greater than
90% ee only with MVK as the Michael acceptor. While
representing remarkable progress, these results also under-
score the importance as well as the challenge of the develop-
ment of an operationally simple and efficient enantioselective
catalytic conjugate addition of broad substrate scope for both
a-substituted b-ketoesters and a,b-unsaturated ketones.
Herein, we report the first efficient and general conjugate

addition of a-substituted b-ketoesters to a,b-unsaturated
ketones catalyzed by a chiral organic catalyst. The reaction
affords excellent enantioselectivity, diastereoselectivity, and
yield, not only for a wide variety of a-substituted b-ketoesters
but also, importantly, for a wide range of a,b-unsaturated
ketones. Furthermore, the high stereoselectivity is often
achieved at or near room temperature in air with as little as
1.0 mol% of the chiral organic catalyst.
Although 6’-hydroxy cinchona alkaloids 1 (Scheme 1)

were shown to be efficient bifunctional chiral organic

catalysts for the conjugate addition of various carbon
nucleophiles to nitroalkenes and vinyl sulfones,[10] our initial
attempts to apply 1 to promote the enantioselective addition
of a-substituted b-ketoesters 2 to vinyl ketones 3 were
unsuccessful. The reaction of ketoester 2A and MVK (3a)
with catalysts 1a–c in toluene went to completion at room
temperature after 0.5–2 h, but the 1,4-adduct 4Aawas formed
in only moderate enantioselectivity (Table 1, entries 1–3).
The enantioselectivity could be improved by performing the
reaction in either dichloromethane or diethyl ether[11] and by
decreasing the reaction temperature. However, even at
�78 8C, the enantioselectivity did not reach a synthetically
useful level (Table 1, entry 6).
We then investigated the effect of modifying the ester

group[12] of ketoesters 2 on the enantioselectivity. The
conjugate addition of tert-butyl ketoester 2B to 3a with
QD-1b and Q-1b proceeded to completion in 30 min and 1 h,
respectively. Significantly, these reactions occurred in a highly
enantioselective fashion even at room temperature (Table 1,
entries 7 and 8). The enantioselectivity could be further
increased with catalyst 1c, generating the 1,4-adduct 4Ba in
up to 97% ee (Table 1, entry 10). A rapid, complete, and
highly enantioselective conjugate addition could even be

Scheme 1. Structures of the 6’-hydroxy cinchona alkaloid catalysts 1
used.
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secured with a catalyst loading of
only 1.0 mol% (Table 1, entry 11).
As shown by a preparative-scale
reaction that employed 24 mg of
catalyst QD-1c (see Experimental
Section), gram quantities of the
chiral 1,4-adduct 4Ba could be
produced within 3 h in high optical
purity. Furthermore, QD-1c could
be easily recovered in high yield.
Thus, this gram-scale reaction con-
sumed only 1.0 mg of the 6’-hy-
droxy cinchona alkaloid.
We subsequently investigated

the scope of the reaction. The
addition of cyclic aromatic b-
ketoesters 2B–D to methyl, ethyl,
and aryl vinyl ketones (3a–d) pro-
ceeded rapidly to completion in
excellent enantioselectivity and
93–100% yield (Table 2, entries 1–
5). Similarly, high enantioselectiv-
ity and yield could also be obtained
with 2E, an aliphatic ketoester
(Table 2, entry 6). However, rela-
tive to the addition of 2B to 3a, the
reaction rate decreased noticeably
for the addition of 2E to 3a
(Table 2, entry 6 versus entry 1).
Guided by the hypothesis that the
significantly decreased acidity of
the a proton of 2E relative to that
of 2B could be the cause of the
dramatically reduced rate, we
attempted the addition of 2F, an

aliphatic ketoester bearing a strong electron-withdrawing
hexafluoroisopropyl ester group, to 3a. Gratifyingly, the
reaction with 10 mol% of Q-1c and QD-1c proceeded to
completion in 30 min to afford the 1,4-adduct 4Fa with 96 and
95% ee, respectively, and excellent yields (Table 2, entry 7).
Again, both the enantioselectivity and yield remained high
when the catalyst loading was reduced to 1.0 mol% (Table 2,
entry 8). The addition reactions of the six-membered cyclic
ketoester 2G and the acyclic ketoester 2H to 3a with 1c as
catalyst were also found to be highly enantioselective
(Table 2, entries 9 and 10).
Our study establishes a rapid, clean, and highly enantio-

selective conjugated addition of a wide range of substrates
that include cyclic and acyclic b-ketoesters as donors and vinyl
ketones bearing alkyl and aryl substituents of varying steric
and electronic properties as acceptors. The ability of 1c to
afford consistently excellent enantioselectivity for various
vinyl ketones is particularly noteworthy, as excellent enantio-
selectivity (> 90% ee), to our knowledge, had not been
achieved for catalytic conjugate additions of a-substituted
ketoesters to vinyl ketones other than 3a.
We next explored the possibility of using 1 to promote a

conjugate addition of ketoesters 2 to b-substituted enones.
The achievement of high enantioselectivity and diastereose-

Table 1: Conjugate addition of ketoesters 2A and 2B to MVK (3a).[a,b]

Entry Ketoester Catalyst Solvent T [8C] t [h] ee [%][c]

1 2A QD-1a toluene 23 1 40
2 2A QD-1b toluene 23 0.5 59
3 2A QD-1c toluene 23 2 58
4 2A QD-1b Et2O 23 0.5 64
5 2A QD-1b CH2Cl2 23 0.5 66
6 2A QD-1b CH2Cl2 �78 12 80
7 2B QD-1b CH2Cl2 23 0.5 91
8 2B Q-1b CH2Cl2 23 1 92
9 2B QD-1c CH2Cl2 23 1 94

10 2B Q-1c CH2Cl2 23 1 97
11 2B Q-1c[d] CH2Cl2 23 3 96

[a] Unless otherwise specified, the reaction was run with 2 (0.5m in the
indicated solvent) and 3 (2.5 equiv) in the presence of 1 (10 mol%).
[b] All the reactions went to completion at the indicated time.
[c] Determined by HPLC analysis. [d] 1.0 mol% of the catalyst was used.

Table 2: Asymmetric conjugate addition of a-substituted b-ketoesters to vinyl ketones with bifunctional
cinchona alkaloid catalyst 1c.[a]

Entry Ketoester Vinyl ketone Catalyst loading [mol%] T [8C] t [h] Yield [%][b] ee [%][c]

1 2B 3a 1 23 3 96(100) 96[d](97[e])
2 2B 3b 1 23 5 94 94
3 2C 3a 1 23 5 98(99) 96(96)
4 2B 3c 10 �24 0.5 94(94) 96(93)
5[f ] 2D 3d 10 �27 8 94(93) 96(93)
6 2E 3a 10 23 84 95 96[g]

7 2F 3a 10 23 0.5 93(90) 96(95)
8 2F 3a 1 23 24 92 94
9 2G 3a 10 23 24 89(86) 98(96)

10 2H 3a 10 �24 20 82(85[h]) 90(90)

[a] Unless otherwise specified, the reaction was performed by treatment of 2 (0.3 mmol) with 3
(0.75 mmol, 2.5 equiv) and the catalyst in CH2Cl2 (0.6 mL). The data in parentheses are for the
enantiomer obtained with QD-1c instead of Q-1c. [b] Yield of isolated product. [c] Determined by HPLC
analysis. [d] The absolute configuration was determined to be R ; see Supporting Information for details.
[e] The reaction was performed based on gram scale of 2B (1.16 g, 5.0 mmol); see Experimental Section
and Supporting Information for details. [f ] The reaction was started with a solution of 2 (0.2 mmol) and
1c (0.02 mmol, 10 mol%) in CH2Cl2 (0.4 mL), then a solution of 3 (0.5 mmol, 2.5 equiv) in CH2Cl2
(0.4 mL) was added at 0.07 mLh�1. [g] The absolute configuration was determined to be S ; see
Supporting Information for details. [h] The reaction was run for 40 h.
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lectivity for such a conjugate addition, which involves a
sterically highly hindered Michael donor and a sterically
hindered and electronically relatively weak Michael acceptor,
has proven to be a significant challenge. In spite of its
synthetic potential for the direct enantioselective creation of
adjacent all-carbon quaternary and tertiary stereocenters, to
our knowledge there were only three examples of conjugate
additions of trisubstituted carbon nucleophiles to b-substi-
tuted enones in synthetically useful stereoselectivity. All three
literature examples, reported by Sodeoka[5] and Jacobsen,[7]

used a trans-acyclic enone as the Michael acceptor and were
promoted by chiral metal complexes.
Table 3 summarizes the results obtained for the conjugate

addition of ketoesters 2 to b-substituted enones 5a–c
catalyzed by cinchona alkaloids 1b and 1c. High enantiose-
lectivity and diastereoselectivity as well as excellent yields
could be attained for conjugate additions with both five- and
six-membered cyclic enones (Table 3, entries 1–3). To the best

of our knowledge, these represent the first examples of a
highly enantioselective and diastereoselective catalytic con-
jugate addition of a trisubstituted carbon nucleophile to a
cyclic enone. Remarkably, excellent enantioselectivity and
useful diastereoselectivity could also be attained with the
trans-acyclic enone 5c. Relative to the conjugate additions
with vinyl ketones 3, these reactions require a longer reaction
time and higher catalyst loading (Table 3, entry 4). Impor-
tantly, the reaction can be conveniently performed at room
temperature and the catalysts are easily recyclable in greater
than 95% yield.[13]

In conclusion, we have demonstrated the feasibility of
using a chiral organic catalyst to mediate a highly efficient and
general conjugate addition of a-substituted b-ketoesters to
a,b-unsaturated ketones. By giving high stereoselectivity with
easily accessible catalysts under operationally simple condi-

tions for a wide range of a-substituted b-ketoesters as well as
an unprecedented wide range of enones, the current reaction
represents an advance of both conceptual and synthetic
significance for the development of catalytic asymmetric
conjugate additions. Investigations are currently under way to
fully define the scope and understand the mechanism of the
reaction.

Experimental Section
Preparative-scale synthesis of tert-butyl 1-oxo-2-(3-oxobutyl)-2-
indancarboxylate 4Ba : a,b-Unsaturated ketone 3a (1.02 mL,
12.5 mmol) was added dropwise to a solution of QD-1c (24.0 mg,
0.05 mmol) and b-ketoester 2B (1.16 g, 5.0 mmol) in CH2Cl2
(10.0 mL) at room temperature. The resulting clear solution was
stirred at room temperature for 3 h, when 2B was completely
consumed as indicated by TLC analysis. The reaction mixture was
concentrated under vacuum and subjected to chromatography (SiO2,
hexanes/EtOAc 10:1) to give the desired 1,4-adduct 4Ba as a colorless

oil (1.51 g, > 99% yield, 97% ee). The enantiomeric
excess was determined by HPLC (Daicel Chiralcel OJ,
hexanes/isopropyl alcohol (90:10), 1.00 mLmin�1, l=
220 nm, tr (major)= 27.9 min, tr (minor)= 33.8 min).
1H NMR (400 MHz, CDCl3): d= 7.76 (d, J= 8.0 Hz,
1H), 7.62 (td, J= 7.2 Hz, 1.2 Hz, 1H), 7.47 (d, J=
8.0 Hz, 1H), 7.40 (t, J= 7.2 Hz, 1H), 3.61 (d, J=
17.2 Hz, 1H), 3.01 (d, J= 17.2 Hz, 1H), 2.68–2.47 (m,
2H), 2.21–2.16 (m, 2H), 2.13 (s, 3H), 1.39 ppm (s, 9H);
13C NMR (100 MHz, CDCl3): d= 207.6, 202.7, 170.1,
152.6, 135.2, 127.7, 126.3, 124.6, 81.9, 59.8, 38.8, 37.9,
29.8, 28.3, 27.2 ppm; IR (CHCl3): ñ= 2978, 2932, 1733,
1715, 1607, 1368, 1153 cm�1.

After the 1,4-adduct was collected, the column was
washed with methanol to allow the recovery of QD-1c
in NMR spectroscopically pure form (23 mg, 96%).
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