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4-Trifluoromethanesulfonamidyl prolinol tert-butyldiphenylsilyl ether bifunctional organocatalyst 3a is a
highly efficient catalyst for the asymmetric Michael addition reactions of ketones and aldehydes to nitro-
styrenes, leading to syn-selective adducts with excellent yields (>99%), high diastereoselectivities (up to
99:1 dr) and excellent enantioselectivities (up to 99% ee). Control experiments suggested that the trans-
configuration relationship between the bulky group (–CH2OTBDPS) and the sulfonamido group at the 4-
position of the pyrrolidine ring was important to achieve high yield and stereoselectivity.

� 2009 Elsevier Ltd. All rights reserved.
As an important approach to synthetically usefulc-nitro carbonyl
compounds,1 the asymmetric Michael addition of carbonyl com-
pounds to nitroalkenes has been of great interest. In recent years, tre-
mendous efforts have been focused on the development of an
organocatalytic asymmetric version of the reaction.2–12 Among the
organocatalytic systems, pyrrolidine-based system was found to
be the most useful. Thus, it has been intensively studied and im-
proved, leading to many variations, such as chiral pyrrolidinyl tria-
zole,3 tetrazole,4 aminomethylpyrrolidine,5 2,2-bipyrrolidine,6

pyrrolidine-pyridine,7 pyrrolidine sulfonamide,8 pyrrolidine-thio-
urea,9 diphenylprolinol ethers or their derivatives,10 and others.11

Most of these systems share a common feature: a hydrogen-bond
donor substituent at the a-position of the pyrrolidine nitrogen atom,
which is believed to play a critical role in helping the catalytic reac-
tion to proceed. For example, Wang reported an excellent pyrroli-
dine-sulfonamide system for the asymmetric Michael addition
reactions of aldehydes and ketones. However, the drawback of the
system was high catalyst loading (10–20 mol %).8a–c Palomo made
some improvement, reporting that a hydrogen-bond donor at the
4-position of the pyrrolidine can help the catalytic reaction of alde-
hyde proceed with 5 mol % catalyst loading.11b Most recently, pri-
marily based on the concept of steric control, Ma developed an
even more effective catalytic system, in which the catalyst loading
was lowered to 0.5–2 mol %. Not only was the catalyst capable of
promoting the reaction of aldehydes,10e but also worked well even
for acetaldehyde, the ‘simplest’ nucleophile, as reported by List10f

and Hayashi10g independently. In the case of less reactive donors
such as ketones, development of new catalytic systems and
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improvement of the catalyst performance have also attracted more
and more attention recently since the pioneering work of List.2a

Although highly diastereo- and enantioselective conjugate additions
involving ketones were reported by the groups of Kotsuki,7 Tang,9a

Cheng,3a,11c,d and Singh,5g a relatively high catalyst loading, typically
10–20 mol %, was required to achieve good results. Therefore, design
and synthesis of highly efficient and readily tunable catalysts remain
a challenge for the asymmetric Michael addition of ketones to
nitroolefins.

Interested in developing an efficient chiral organocatalytic sys-
tem to achieve high yield and enantioselectivity in Michael addi-
tion, we developed pyrrolidine-based silyl ether 1 as an
organocatalyst for direct Michael addition reactions,12a in which
the enantioselectivity, controlled primarily by steric interactions.
Although a high level of both enantioselectivity (73–95% ee) and
diastereoselectivity (P20:1 dr) was achieved, the catalytic effi-
ciency was low (up to 20 mol % catalyst loading). In Palomo’s cat-
alytic system,11b the hydrogen-bond donor was a hydroxyl group
and the strength of the hydrogen bond between the hydroxyl pro-
ton and the nitro group was moderate. Inspired by his work, we be-
lieved that introduction of a hydrogen bond into TBDPS protected
prolinol system would enhance the catalytic efficiency and enanti-
oselectivity. We also believed that the selectivity could be further
enhanced by a stronger hydrogen-bond donor at the 4-position
of the catalyst 1. Thus, we designed and synthesized a series of no-
vel catalysts (2–6) that bear diverse proton donors at the 4-posi-
tion and –CH2OTBDPS group at the 2-position of the pyrrolidine
nitrogen atom (Fig. 1). As expected, these molecules were excellent
catalysts in the asymmetric Michael addition reactions of ketones
and aldehydes to nitroolefins. In this Letter, we disclose the preli-
minary results.
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Figure 1. Pyrrolidine-based chiral organocatalysts.
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We selected the Michael addition reaction of cyclohexanone 7a
and b-nitrostyrene 8a as the model reaction to examine the novel
catalysts (Table 1). Excellent enantioselectivity (97% ee) and dia-
stereoselectivity (96% dr) with a moderate yield (76%) were
achieved when the reaction was catalyzed by 2a (Table 1, entry
2). When 2b or 2c was used as the catalyst, the reactivity decreased
dramatically; giving only 25% or 46% in yield after 36 h, respec-
Table 1
Catalytic asymmetric Michael reaction of cyclohexanone (7a) to nitrostyrene (8a)
under various conditionsa

9a

O

+
NO2

Ph

O
NO2

Ph

hexane/0°C
cat.

7a 8a

Entry Cat. (%) Solvent Time (h) Yieldb (%) drc (syn:anti) eed (%)

1 1 (20) Hexane 35 34 98:2 93
2 2a (20) Hexane 36 76 98:2 97
3 2b (20) Hexane 36 25 98:2 93
4 2c (20) Hexane 36 41 97:3 92
5 3a (20) Hexane 36 >99 98:2 97
6 3b (20) Hexane 36 89 96:4 92
7 3c (20) Hexane 36 >99 97:3 95
8 4a (20) Hexane 36 >99 98:2 94
9 4b (20) Hexane 36 79 98:2 85

10 4c (20) Hexane 36 92 98:2 85
11 5 (20) Hexane 68 10 94:6 94
12 6 (20) Hexane 78 44 92:8 88
13 3a (5) Hexane 114 18 n.d 92

14e 3a (5) Hexane 47 97 98:2 96
15e 3a (5) Toluene 77 95 96:4 92
16e 3a (5) Ether 77 95 98:2 95
17e 3a (5) Benzene 77 98 96:4 93
18e 3a (5) CH2Cl2 77 94 95:5 95
19e 3a (5) THF 77 73 97:3 87
20e 3a (5) i-PrOH 100 Trace n.d n.d
21e 3a (5) CHCl3 77 92 95:5 90
22e 3a (5) CH3CN 72 >99 95:5 98
23e 3a (5) DMF 77 63 94:6 86
24e 3a (5) CH3OH 77 Trace n.d n.d

25e,f 3a (5) CH3CN 40 >99 94:6 96

a Unless specified, reactions conducted on a 0.25 mmol scale nitroolefin in sol-
vent (1 mL) with cyclohexanone (2.5 mmol) in the presence of catalyst.

b Isolated yield.
c Determined by 1H NMR spectroscopy.
d Determined by chiral HPLC analysis.
e 5 mol % of benzoic acid was added.
f Reaction at 10 �C.
tively. However, the diastereoselectivity in either case remained
essentially the same as that of the reaction catalyzed by 2a, while
enantioselectivity decreased slightly from 97% ee (2a) to 93% ee
(2b) and 92% ee (2c) (Table 1, entries 3 and 4). The decrease in
reactivity and enantioselectivity may be caused by the decrease
in the hydrogen bond donating ability of the thiourea hydrogen.
Hydrogen bond donating ability is closely linked to acidity, and is
governed by the electronic nature of the R group. In catalyst 2a,
with two electron-withdrawing groups (–CF3) on the phenyl ring,
both the hydrogen bond donating ability and the acidity of the
thiourea hydrogen were stronger than those in 2b or 2c, and thus
the catalytic reactivity of 2a is superior to that of 2b or 2c. We fur-
ther screened 4-sulfonamido (3, 4, and 6) and 4-hydroxyl (5) pro-
linol ethers (Table 1, entries 5–12) for catalytic performance. To
our delight, the catalytic activity was increased dramatically when
3a was used as the catalyst in comparison with 2a, affording over
99% yield without losing enantioselectivity (97% ee) and diastere-
oselectivity (96% dr) (Table 1, entries 2 and 5). As the acidity and
hydrogen bond donating ability of the sulfonamide proton in 3a
are much higher than those in 3b and 3c, the catalytic performance
of 3a is superior to that of 3b and 3c (Table 1, entries 6 and 7).
However, although the acidity of the sulfonamide proton in 3b is
higher than that in 3c, 3c is a better catalyst. We believe that the
steric hindrance caused by the bulkier toluene group makes the
sulfonamide proton less available in 3b (Table 1, entry 6), thus low-
ering the hydrogen bond donating ability of the proton.

We also prepared and screened analogues 4, in which the sul-
fonamide group is further away from the pyrrolidine ring by a
methylene group compared with that of 3. The results demon-
strated that catalysts 4a–c are inferior to the corresponding 3a–c
in catalytic performance (Table 1, entries 8–10). When the hydro-
gen-bond donor was a hydroxyl group, similar to the catalytic sys-
tem reported by Palomo,11b catalyst 5 showed very low activity but
high selectivity. Only 10% yield was obtained after 68 h (Table 1,
entry 11). We further investigated the influence of the 4-position
configuration of the catalyst on this reaction. The change of
trans-4-sulfonamido group (3a) to cis-4-sulfonamido group (6)
led to lower yield and decreased diastereoselectivity and enanti-
oselectivity (Table 1, entry 12). This indicated that the trans-4-sul-
fonamido group on the pyrrolidine ring is important not only for
good stereoselectivity, but also for high catalytic activity. In sum-
mary, these studies reveal that a strong hydrogen-bond donor at
the 4-position of pyrrolidine plays an important role toward stere-
oselectivity, and that sulfonamide group is superior to thiourea in
catalytic activity.

We then examined the influence of catalyst loading on the reac-
tion. Although a load of 5 mol % of catalyst 3a alone resulted in dra-
matic decrease in catalytic performance (Table 1, entry 13),
addition of benzoic acid boosted the catalytic performance by
accelerating the formation of the enamine intermediate between
the catalyst and the substrate. In fact, 5 mol % of catalyst 3a along
with 5 mol % of benzoic acid worked just as well as 20% of the same
catalyst used alone (Table 1, entries 5 and 14). A series of solvents
were also screened (Table 1, entries 14–24). Good yields and enan-
tiomeric excesses were obtained in nonpolar or less polar solvents
(Table 1, entries 14–18). The best result was achieved in CH3CN
(Table 1, entry 22). In contrast, the reaction proceeded sluggishly
in polar protic solvents such as iPrOH and CH3OH, only trace
amount of product was observed (Table 1, entries 20 and 24).
We also optimized the reaction temperature and found that reac-
tion ran at 0 �C to afford the highest yield and the best enantiose-
lectivity (Table 1, entries 22 and 25).

With the optimal conditions in hand, the scope of the reaction
was examined (Table 2).13 The results showed that the reaction
has broad applicabilities. In general, b-nitrostyrenes possessing
electron-withdrawing, electron-donating groups on their aromatic



Table 2
Catalytic asymmetric Michael reaction of cyclohexanone with various trans-b-
nitrostyrenesa

O

+
NO2

R

O
NO2

R3a (5 mol %)

CH3CN/0°C

PhCOOH (5mol %)

Entry R Time (h) Yieldb (%) drc (syn:anti) eed (%)

1 Ph 72 >99 95:5 98
2 4-NO2Ph 47 >99 92:8 98
3 4-FPh 96 >99 96:4 98
4 4-ClPh 66 >99 97:3 99
5 4-BrPh 72 98 96:4 99
6 2-NO2Ph 53 97 97:3 95
7 2-FPh 48 >99 99:1 97
8 2-ClPh 47 >99 99:1 99
9 2-BrPh 53 96 94:6 98

10 3-NO2Ph 72 >99 93:7 99
11 3-BrPh 72 99 95:5 97
12 2,4-Cl2Ph 29 94 97:3 98
13 4-MePh 67 >99 96:4 95
14 2-MePh 137 90 99:1 98
15 2-MeOPh 71 >99 99:1 94
16 3-MePh 95 >99 97:3 96
17 1-Naphthyl 161 87 99:1 98
18 2-Naphthyl 177 95 96:4 99
19 2-Thienyl 107 >99 93:7 99
20 2-Furyl 67 99 91:9 91

21e n-Bu 43 81 98:2 90

a Unless specified, reactions conducted on a 0.25 mmol scale nitroolefin in CH3CN
(1 mL) with cyclohexanone (2.5 mmol) in the presence of 5 mol % 3a and benzoic
acid.

b Isolated yield.
c Determined by 1H NMR spectroscopy.
d Determined by chiral HPLC analysis.
e 20 mol % catalyst loading and reaction performed at room temperature.
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ring and heteroaromatic substituents reacted efficiently (>99%
yield) with high diastereoselectivity (up to 98% de) and enantiose-
lectivity (up to 99% ee) for syn adduct (Table 2, entries 1–20). The
Table 3
Enantioselective addition of various ketones and aldehydes to nitroolefina

R1

O

+
NO2

Ph

3a

R2
PhCO

CH3CN/0°

Entry R1 R2 Time

1e,f

O

O R1

R2

15 h

2e,f –(C3H6)– 10 d
3e,f –(C5H10)– 8 d
4e,f CH3 H 42 h
5e CH3 OH 5.5 d
6 CH3 OTBS 5 d

7e,f CH3 CH3 4.8 d
8e,f Et CH3 9 d

9 H Et 66 h
10 H Pr 66 h
11 H C6H13 60 h

a Unless specified, reactions conducted on a 0.25 mmol scale nitroolefin in CH3CN (1 m
configuration was demonstrated in supporting information.

b Isolated yield.
c Determined by 1H NMR spectroscopy.
d Determined by chiral HPLC analysis.
e 20 mol % catalyst loading.
f Reaction performed at room temperature.
substitution patterns of b-nitrostyrenes had certain influences on
reactivity, diastereoselectivity, and enantioselectivity in some sub-
strates. For example, when the methyl group position of b-nitrosty-
rene was changed from para- to ortho-, the reaction time was
prolonged from 67 h to 137 h, the yield decreased from 99% to
90%, and the diastereoselectivity and enantioselectivity increased
from 92% de to 98% de and 95% ee to 98% ee, respectively (Table
2, entries 13 and 14). When the aliphatic trans-nitroolefin
CH3(CH2)3CH@CHNO2 was employed as substrate for the process,
good results (81% yield, 90% ee, and 96% dr) were obtained (Table
2, entry 21).

Aldehyde and other ketone substrates were investigated as well
(Table 3). The ring size of cyclic ketones strongly affects the reac-
tion rate (Table 3, entries 2 and 3). Cyclopentanone and cyclohep-
tanone were less reactive; however, good yields and moderate
selectivities were achieved with catalyst 3a. The results were much
better than those reported previously.8c,9a,14 With unsymmetrical
ketone substrates, the reaction took place at the more substituted
sites, presumably because the enamine intermediates formed un-
der thermodynamic control (Table 3, entries 5–7).

TBDMS protected a-hydroxyl acetone gave the product in 91%
yield, 94% ee, and 85:15 dr (Table 3, entry 6), while 2-butanone
gave 88% yield, 86% ee, and 94% dr (Table 3, entry 7). 3-Pentanone
afforded syn adduct with excellent enantio- (93% ee) and diastere-
oselectivity (Table 3, entry 8). To the best of our knowledge only
two reports detailing syn-selective catalytic systems have thus
far been found for the analogous transformation of more challeng-
ing acyclic ketone such as 3-pentanone with >90% ee.2k,8c Finally,
good enantioselectivity (75–80% ee) and diastereoselectivity (78–
90% dr) were obtained when aldehydes were used as donors (Table
3, entries 9–11).

The achievement of high stereoselectivity may be explained by
acyclic synclinal transition state model originally proposed by See-
bach and Golinski.15 As shown in Figure 2, for cyclohexanone, the
bulky group (–CH2OTBDPS) should effectively shield the si-face of
an enamine double bond, which would make nitrostyrene accep-
tors approach from the nonshielded side to give the observed ma-
jor enantiomer. The hydrogen bond between the sulfonamide
R1

R2

∗

O

∗ NO2

Ph

OH
C or rt

Yieldb (%) drc (syn:anti) eed (%)

98 99:1 71

88 57:43 80 (87)
80 90:10 49
>99 - 50
56 69:31 69 (0)
91 85:15 94
88 97:3 86
93 93:7 93
98 89:11 75
>99 90:10 80
>99 95:5 79

L) with ketone (2.5 mmol) in the presence of 5 mol % 3a and benzoic acid; absolute



N

N S

H

N O
O

TBDPSO

O

O

CF3

Figure 2. Proposed transition state model.

2366 C. Wang et al. / Tetrahedron Letters 50 (2009) 2363–2366
proton and the nitro group could activate the nitrostyrene
effectively.

In conclusion, we have designed and synthesized novel pyrrol-
idine-sulfonamide and -thiourea silylether based bifunctional
organocatalysts, and we have successfully applied these catalysts
to the asymmetric Michael addition reactions of ketones and alde-
hydes to nitroolefins. When 3a was used as the catalyst, 5 mol %
catalyst loading afforded not only quantitative yields (>99%) but
also exceptional stereoselectivities (up to 98% dr and 99% ee). We
have demonstrated that fine tuning of the strength of the hydrogen
bond could result in high performance catalysts, a strategy to de-
sign more effective organocatalysts for direct asymmetric Michael
reactions. Further investigation on the application of this organo-
catalyst is in progress.
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nitro-1-phenylethyl)cyclohexanone (Table 2, entry 1): >99% yield. mp 125–
126 �C; ½a�rt

D �26.1 (c 1.42, CHCl3). HPLC condition: chirlpak AD-H, 254 nm,
0.5 mL/min, hexane/i-PrOH = 90/10, t (major) = 25.90 min, t
(minor) = 21.61 min, ee = 98%, dr = 95:5.
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