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Abstract: The enantioselective Michael addition reaction of malo-
nates to α,β-unsaturated ketones is efficiently promoted by a com-
bined dual-catalyst system composed of chiral thiourea and
4-pyrrolidinopyridine (PPY) in toluene. The expected Michael ad-
ducts with cyclic and acyclic enones are obtained in excellent yields
and with excellent enantioselectivities.
Key words: asymmetric Michael addition, malonates, α,β-unsatu-
rated ketones, chiral thiourea, 4-pyrrolidinopyridine (PPY)

The Michael addition reaction is widely recognized as one
of the most important carbon–carbon bond-forming reac-
tions in organic synthesis.1 In the case of malonates, due
to the presence of two electron-withdrawing esters, the
corresponding conjugate bases are readily accessible un-
der relatively mild conditions and are frequently used as
nucleophilic donors in the Michael addition reaction. In
addition, the asymmetric Michael adducts of malonates to
α,β-unsaturated ketones can serve as convenient chiral
building blocks, particularly for the construction of bio-
logically interesting natural products.2 As a result, consid-
erable attention has been given to the development of
catalytic asymmetric transformations, and recent efforts
in this area have been directed toward the development of
asymmetric organocatalysis.3

In our laboratory, we have been working to develop a new
method for Michael addition reactions using 4-dimethyl-
aminopyridine (DMAP) and related organocatalysts.4 As
an extension of this work, we expected that the coopera-
tive use of chiral thiourea and aminopyridine catalysts
should be more effective for the asymmetric Michael ad-
dition reaction of malonates with α,β-unsaturated ketones.
Although there have been reports of related work using
cinchona alkaloid based bifunctional thiourea catalysts,5
we have been interested in the use of a much simpler
dual-catalyst system composed of chiral thioureas and
4-pyrrolidinopyridine (PPY) as a hydrogen-bonding
activator6 and a nucleophilic base.7 We describe here the
realization of this expectation.
First, we examined the reaction of 2-cyclohexen-1-one
(1a) with diethyl malonate (2a) in the presence of several
thiourea organocatalysts with or without PPY in toluene at

room temperature as a model system.8 The results are
summarized in Table 1; catalysts A–F are shown in Figure
1.9

As expected, cyclohexanediamine catalyst A itself gave
poor results even in the presence of PPY (Table 1, entries
1 and 2). Interestingly, the addition of thiourea B to these
systems dramatically improved the chemical yields, albeit
giving low enantioselectivities (Table 1, entries 3 and 4).
Subsequently, we found that the trans-1,2-cyclohexane-
diamine-thiourea conjugate catalyst C10 exhibited high
catalytic activity, and product 3a was formed with the best
yield and enantioselectivity when the reaction was con-

Table 1 The Asymmetric Michael Addition Reaction of 2-Cyclo-
hexen-1-one (1a) with Diethyl Malonate (2a): Optimizationa

Entry Catalyst (10 mol%) Time (h) Yield (%)b ee (%)c

1d A 24 51 60

2d A + PPY 24 52 54

3 A + B 10 94 13

4d A + B + PPY 16 99 16

5 C 24 80 96

6 C + PPY 24 95 98

7 D + PPY 24 94 –98

8 E 24 trace –

9 E + PPY 24 trace –

10 F 24 0 –

11 F + PPY 24 trace –

a Reaction conditions: 1a (1.0 mmol), 2a (1.5 equiv), toluene 
(1.0 mL), r.t.
b Isolated yield.
c Determined by chiral HPLC using Chiralcel OD-H (hexane–
i-PrOH = 99:1).
d Conditions: 2 equiv of 1a were used.

catalyst

toluene, r.t.

3a

EtO2C CO2Et

O O

CO2Et

CO2Et1a 2a

+

SYNLETT 2012, 23, 2554–2558
Advanced online publication: 21.09.20120 9 3 6 - 5 2 1 4 1 4 3 7 - 2 0 9 6
DOI: 10.1055/s-0032-1317317; Art ID: ST-2012-U0675-L
© Georg Thieme Verlag  Stuttgart · New York

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.

 



LETTER Michael Addition Reaction of Malonates to α,β-Unsaturated Ketones 2555

© Georg Thieme Verlag  Stuttgart · New York Synlett 2012, 23, 2554–2558

ducted in the presence of PPY as a co-catalyst (Table 1,
entries 5 and 6). The replacement of the chiral core
(1R,2R)-cyclohexanediamine with its (1S,2S)-antipode
(catalyst D) caused a complete reversal of the configura-
tion of the product,11 which indicates that the chiral motif
of the 1,2-cyclohexanediamine skeleton plays a crucial
role in determining the stereochemical outcome (Table 1,
entry 7). In addition, we confirmed that the presence of a
free primary amine moiety in catalyst C (or D) was essen-
tial, since the dimethylamine homologue E12 and bisthio-
urea F13 showed no catalytic activity (Table 1, entries 8–
11).
Based on the absolute configuration of the Michael adduct
3a11 and the important role of the free primary amine
functionality of catalyst C, we propose the following
mechanism to account for the present asymmetric Mi-
chael addition reaction (Scheme 1).
Due to the high efficiency observed in this dual-catalyst
system composed of chiral thiourea C and PPY, we be-
lieve that 2a would be activated by a thiourea moiety
through double hydrogen bonding, thus enhancing the
acidity of 2a (pKa = 14.2 in DMSO)14 and facilitating pro-
ton abstraction by PPY (pKa = ca. 9.6 for the conjugate
acid in H2O, from the resemblance to DMAP).15 Catalyst
C would then interact with 1a to form the activated ket-
iminium cation intermediate F, which could enable the
nucleophilic attack of the malonate ion from the Re face
with respect to the double bond as in an intramolecular
approach. Next, the generated enamine intermediate G
undergoes hydrolysis to release the product 3a and cata-
lyst C.

With the optimized reaction conditions in hand, we then
investigated the general scope of this chemistry by using
various α,β-unsaturated ketones as substrates. In all of
these examples, the reactions without using PPY as a co-
catalyst are shown for comparison (Table 2).9,16,17

First, we found that di-tert-butyl malonate (2b) reacted
quite slowly with 1a compared to the diethyl congener 2a
in the presence of catalyst C and PPY, and gave 3b in 86%
yield with 98% ee after 120 hours, while the same reaction
using catalyst C alone resulted in only 19% yield of 3b
even after one week (Table 2, entries 1 and 2). A very sim-
ilar behavior was observed for other Michael donors such
as alkyl- or aryl-substituted malonates 2c–e, and the de-
sired adducts bearing a quaternary carbon center at the do-
nor site were obtained in high yields with excellent
enantioselectivities (Table 2, entries 3–8). For the slug-
gish reactions, all attempts to suppress the formation of
the Rauhut–Currier-type adduct 4 (Figure 2)18 failed (Ta-
ble 2, entries 1, 3, 7, and 8).19

Figure 2

The reaction of 4,4-disubstituted cyclohexenone 1b with
2a proceeded without any difficulty under the catalysis of
catalyst C and PPY to afford sterically congested 3f (Ta-
ble 2, entries 9 and 10). Cyclopentenone (1c) and cyclo-
heptenone (1d) smoothly underwent the desired Michael

Figure 1
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addition reaction to give the corresponding adducts 3g and
3h in high efficiency (Table 2, entries 11–14). Finally, we
found that the reaction was also successful for acyclic
enone substrates such as 1e and 1f, and the corresponding

adducts 3i and 3j were obtained in high yields and with
high enantioselectivities, whereas the sole use of catalyst
C gave somewhat better results (Table 2, entries 15–18).

Table 2 The Asymmetric Michael Addition Reaction of α,β-Unsaturated Enones 1 with Malonates 2a

Entry Acceptor 1 Donor 2 Product 3b Catalyst Time (h) Yield (%)c ee (%)d

1
2 1a

2b

3b

C
C + PPY

168
120

19e,f

86
93
98

3
4 1a

2c

3c

C
C + PPY

168
52

16f,g

84
99
99

5
6 1a

2d
3d

C
C + PPY

69
52

47f

99
99
99

7h

8h 1a

2e

3e

C
C + PPY

168
53

15f,i

47j
99
98

9
10

1b

2a

3f

C
C + PPY

93
48

64f

91
90
96

11h

12h

1c
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C
C + PPY
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In summary, we have developed a new combined dual-
catalyst system composed of chiral thiourea catalyst C
and PPY in toluene for the asymmetric Michael addition
reaction of malonates with α,β-unsaturated ketones to ob-
tain the desired products in high chemical yields with high
enantioselectivities. This method is particularly useful for
constructing complex molecules bearing sterically con-
gested stereogenic centers. Further studies on the applica-
tion of this method to natural product synthesis are now in
progress in our laboratory.20
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