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ABSTRACT

An effective organocatalytic asymmetric aldol reaction of acetone to �,γ-unsaturated r-keto ester has been developed. In the presence of 5
mol % of 9-amino (9-deoxy)-epicinchona alkaloid and 10 mol % of 4-nitrobenzoic acid, the aldol adducts containing a chiral tertiary alcohol
moiety were obtained in excellent yields and enantioselectivities.

Asymmetric aldol reaction has been successful and captured
considerable attention as one of the most powerful synthetic
tools for the carbon-carbon bond-forming reaction.1 This
method provides a beneficial route to access chiral �-hydroxy
carbonyl compounds which are versatile synthetic motifs for
biologically active natural products and pharmaceutically
attractive intermediates.2 In particular, the application of an
R-keto ester3 as an electrophilic partner has recently become
the focus of research leading to products bearing a chiral
quaternary carbon center which comprises several functional
groups (e.g., hydroxy, ester, etc.) that are synthetically

useful.4 In addition to the role of a Michael acceptor,5 �,γ-
unsaturated R-keto ester has also been applied in the hetero-
Diels-Alder reaction to afford remarkable results.6

Yet, there are still only a few examples of the catalytic
asymmetric aldol reaction of �,γ-unsaturated R-keto ester.7

Highly attractive and inexpensive acetone has been broadly
used in the aldolization of aldehyde to afford chiral �-hy-
droxy carbonyl compounds with excellent results.8 In fact,
the asymmetric reaction between unsaturated R-keto ester
and ketone remains sporadically studied as this protocol is
highly challenging. It should be noted that only two examples
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of the catalytic asymmetric aldol reaction of acetone and �,γ-
unsaturated R-keto ester were reported with no more than
45% ee.7,9

Herein, we report a highly efficient and enantioseletive
aldol reaction of acetone and �,γ-unsaturated R-keto ester
for constructing a chiral quaternary carbon center. This
protocol offers the aldol adducts containing hydroxy,
carbon-carbon double bond, ester, and carbonyl functional
groups in a single molecule.

In the past few years, the primary amine has emerged as
a powerful organocatalyst to afford impressive results in the
asymmetric reactions,10 and an exciting development has also
been achieved in the field of organocatalytic aldol reaction
when the primary amine is employed as catalyst.11,12 The
potential of modified cinchona alkaloids as efficient and
enantioselective organocatalysts for asymmetric synthesis has

been demonstrated.13 As one of the typical primary amino
catalysts, 9-animo (9-deoxy)-epicinchona alkaloids have been
successfully applied in the asymmetric reactions,14 and it
turned out that the acid cocatalyst significantly influenced
both the reactivity and enantioselectivity of the reaction.

Therefore, we initially investigated the aldolization of
acetone to methyl 2-oxo-4-phenylbut-3-enoate (3a) catalyzed
by 9-amino (9-deoxy)-epicinchona alkaloids (1) and acid
additives 2. The representative results were compiled in Table
1. When 9-amino (9-deoxy)-epiquinine (1a) was used as a
catalyst without acidic additive, poor results were obtained
(7% yield and 51% ee) (Table 1, entry 1). A remarkable
enhancement was achieved when an acidic additive, 3-hy-
droxy-2-naphthoic acid (2a), was introduced into the reaction
system (Table 1, entry 2). In the presence of 2a, a variety of
9-amino (9-deoxy)-epicinchona alkaloids (1b-1d) catalyzed
the aldol reaction of acetone to 3a. To our delight, all the
aldolizations proceeded well to afford adducts with good
enantioselectivities (Table 1, entries 3-5). In particular, 1c
gave the best product enantioselectivity among ligands
screened (Table 1, entry 4).

Having identified the best catalyst (1c), optimization of
reaction conditions was investigated. The screening of acid
additives was first carried out. All attempted aldol reactions
of acetone to 3a were efficiently catalyzed by 1c with the
association of 2, to provide the aldol adducts in good to
excellent yields and good ee (except acetic acid (2b) and
trifluoroacetic acid (2c)) (Table 1, entries 6-12). The best
results, 99% product yield, and 86% ee were obtained in
the presence of 1c and 4-nitrobenzoic acid (2e) (Table 1,
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entry 9). Amino acids as acid additives could also be applied
into this reaction system, while the configuration of amino

acid essentially had no effect on the asymmetric induction
to the desired aldol product (Table 1, entries 10-12).

The effect of solvent for the aldolization of acetone and
3a was also surveyed. As shown in Table 1, the reaction
media had a little effect on the yield and enantioselectivity.
CH2Cl2 solvent gave the aldol adducts in 98% yield with
87% ee (Table 1, entry 13). Similar results were obtained in
CHCl3 (Table 1, entry 14). Up to 91% ee with 89% yield
was obtained in toluene (Table 1, entry 15). It should be
noted that EtOAc, Et2O, and THF provided a high level of
enantioselectivities (>90% yields and ee) (Table 1, entries
16-18), and the best results (99% of yield and 93% ee) were
obtained in THF (Table 1, entry 18).

A further study was carried out with a different amount
of 2e and solvent (Table 1, entries 19-26). After detailed
screening, 1c (20 mol %) together with 2e (40 mol %)
enabled the efficient formation of aldol adduct in 97% yield
and 93% ee, in 0.4 mL of THF after 7 h (Table 1, entry 25).
Lowering the catalyst loading could still afford satisfactory
results after an extended reaction time. For example, 81%
product yield with 94% ee could be obtained when 1c (5
mol %) and 2e (10 mol %) were used in 0.4 mL of THF
after 11 h (Table 1, entry 27). Importantly, the yield could
be increased up to 98% with 92% ee when the reaction was
performed in 0.2 mL of THF (Table 1, entry 28). When the
catalyst loading was reduced to 1 mol %, the reaction resulted
in 69% yield. However, the enantioselectivity still remained
up to 92% (Table 1, entry 29).

Under the optimal reaction conditions, the aldolizations
of acetone to a variety of �,γ-unsaturated R-keto esters were
surveyed, and the results were presented in Table 2. In
general, the ester group slightly affected the yields and ee
as a result of steric hindrance. In the presence of 1c and 2e,
all the �,γ-unsaturated R-keto esters 3a-n reacted smoothly
with acetone to afford the corresponding aldol adducts 4a-n
in excellent yields and ee (Table 2, entries 1-3). Particularly
noteworthy was that the aldolization of more sterically
congested 3c also resulted in good yield and enantioselec-
tivity (83% yield and 92% ee) (Table 2, entry 3). No
significant electronic effect on the aromatic moiety was
observed. The electron-withdrawing (Table 2, entries 4-9,
12-16) and electron-donating substituents (Table 2, entries
10-11, 17-18) could be introduced into the aromatic ring,
with only a small effect on the yield and asymmetric
induction. Thus, substituted aromatic �,γ-unsaturated R-keto
esters 3f-o reacted efficiently, and the aldol adducts 4f-o
were formed in more than 90% of both yields and ee (Table
2, entries 6-15). The adduct 4p was formed in excellent
yield with a slightly dropped ee (Table 2, entry 16). The
heteroaromatic �,γ-unsaturated R-keto ester 3s was found
to be compatible under these reaction conditions and was
successfully transformed to aldol adduct with 91% yield and
91% ee (Table 2, entry 19).

When the primary amine catalyst 1c was changed to 1d,
the absolute configuration of the aldol adduct was reversed
(Table 2, entries 20 and 21). These results indicated that the
chirality transfer to product is originally from the chiral
amine.

Table 1. Screening of Catalyst and Reaction Conditions for
Aldolization between Acetone and 3aa

entry 1 additives solvent yield (%)b ee (%)c

1 1a - MeCN 7 51
2 1a 2a MeCN 99 69
3 1b 2a MeCN 90 80
4 1c 2a MeCN 93 84
5 1d 2a MeCN 99 82
6 1c AcOH, 2b MeCN 34 82
7 1c TFA, 2c MeCN 54 86
8 1c Me3CCO2H, 2d MeCN 87 80
9 1c 2e MeCN 99 86
10 1c 2f MeCN 96 81
11 1c 2g MeCN 97 82
12 1c 2h MeCN 85 80
13 1c 2e CH2Cl2 98 87
14 1c 2e CHCl3 92 88
15 1c 2e toluene 89 91
16 1c 2e EtOAc 94 91
17 1c 2e Et2O 90 90
18 1c 2e THF 99 93
19 1c 2e (20 mol %) THF 94 90
20 1c 2e (60 mol %) THF 98 92
21 1c 2e (80 mol %) THF 97 92
22d 1c 2e THF 83 92
23e 1c 2e THF 89 92
24f 1c 2e THF 95 92
25g 1c 2e THF 97 93
26h 1c 2e THF 89 93
27i 1c 2e THF 81 94
28j 1c 2e THF 98 92
29k 1c 2e THF 69 92

a Unless otherwise noted, all the reactions were carried out at -10 °C for
11 h, 3a (0.1 mmol), acetone (0.2 mL), 1 (20 mol %), and 2 (40 mol %) in
solvent (0.3 mL). b Isolated product. c Determined by chiral HPLC analysis.
d 1c (10 mol %), 2e (20 mol %) in THF (0.1 mL) for 4 h. e 1c (10 mol %), 2e
(20 mol %) in THF (0.2 mL) for 4 h. f 1c (10 mol %), 2e (20 mol %) in THF
(0.3 mL) for 7 h. g 1c (10 mol %), 2e (20 mol %) in THF (0.4 mL) for 7 h.
h 1c (10 mol %), 2e (20 mol %) in THF (0.5 mL) for 11 h. i 1c (5 mol %), 2e
(10 mol %) in THF (0.4 mL). j 1c (5 mol %), 2e (10 mol %) in THF (0.2 mL).
k 1c (1 mol %), 2e (2 mol %) in THF (0.2 mL) for 28 h.
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To exploit the potential of the current catalyst system, the
reaction was scaled up to 1 mmol of the starting material.
The corresponding products could be obtained in constant
yields of 91-94% without a deleterious effect on the
enantioselectivities (Table 2, entries 22 and 23).

Apart from acetone, we have also attempted to explore
our 1c/2e system to other ketones. Preliminary studies
showed that cyclohexanone afforded moderate yield with dr
) 82:18 (95% ee of major product). 2-Butanone furnished
a mixture of regioselective products with moderate to good
ee.15

The absolute configuration of 4n, based on a 1c-catalyzed
aldol reaction, was found to be S-configuration, as unam-
biguously determined by single-crystal X-ray crystallography
(Scheme 1).

In conclusion, we have developed a new organocatalytic
methodology for the asymmetric aldol reaction of acetone
to �,γ-unsaturated R-keto ester in the presence of 9-amino
(9-deoxy)-epicinchona alkaloid and acidic additives. This
highly enantioselective protocol gives a chiral quaternary
carbon center together with tertiary alcohol, alkenyl motif,
ester, and carbonyl functional group. A wide spectrum of
�,γ-unsaturated R-keto esters reacts smoothly with acetone
to afford the corresponding aldol adducts in excellent yields
and ee. Particularly noteworthy is that the product enanti-
oselectivities obtained by this catalytic system represent the
highest level achieved so far in this type of aldol reaction.
We anticipate that this protocol would be of high potential
in preparing optically active six-membered ring organic
molecules with functionality.
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Table 2. Aldol Reaction between Acetone and 3a

entry R1 R2

time
(h) product

yield
(%)b

ee
(%)c

1 Ph (3a) Me 11 4a 98 92
2 Ph (3b) Et 11 4b 92 92
3 Ph (3c) i-Pr 12 4c 83 92
4 2-ClPh (3d) Et 11 4d 86 85
5 2-BrPh (3e) Et 11 4e 91 86
6 3-ClPh (3f) Et 11 4f 95 92
7 3-BrPh (3g) Et 11 4g 99 92
8 3-NO2Ph (3h) Me 11 4h 98 94
9 3-NO2Ph (3i) Et 11 4i 94 93
10 3-MePh (3j) Et 12 4j 91 91
11 3-MeOPh (3k) Et 11 4k 98 92
12 4-FPh (3l) Et 11 4l 97 92
13 4-ClPh (3m) Et 11 4m 97 92
14 4-BrPh (3n) Et 11 4n 98 92
15 4-NO2Ph (3o) Me 11 4o 98 93
16 4-NO2Ph (3p) Et 11 4p 98 87
17 4-MePh (3q) Et 11 4q 88 92
18 4-MeOPh (3r) Et 11 4r 56 92
19 5-Me-2-thienyl (3s) Et 14 4s 91 91
20d Ph (3a) Me 11 4t 60 -90
21d 3-BrPh (3g) Et 11 4u 73 -90
22e 4-ClPh (3m) Et 11 4m 91 92
23e 4-BrPh (3n) Et 11 4n 94 92

a Unless otherwise noted, all the reactions were carried out at -10 °C
for 11 h, 3 (0.1 mmol), acetone (0.2 mL), 1c (5 mol %), and 2e (10 mol %)
in THF (0.3 mL). b Isolated product. c Determined by chiral HPLC analysis.
d 1d was used as catalyst. e In 1.0 mmol scale: 3 (1.0 mmol), acetone (2.0
mL), 1c (5 mol %), 2e (10 mol %), THF (2.0 mL).

Scheme 1. X-ray Structure of Aldol Adduct 4n
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