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The addition of aliphatic aldehydes to b-nitrostyrene, catalyzed by proline-derived organocatalysts, pro-
ceeded well in various ionic liquids. Products were obtained in high yields and syn/anti diastereoselectiv-
ity. However, the enantioselectivity was only mediocre, even though some analogous reactions in organic
solvents were highly enantioselective. We also evaluated the temperature effect on the diastereoselectiv-
ity as well as on the enantioselectivity of the Michael addition.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The Michael addition of enolizable aldehydes to nitro olefins is
an important carbon–carbon bond forming reaction. Its asymmet-
ric variant, performed via enamine activation, is particularly
appealing because enantiomerically enriched nitrocarbonyl com-
pounds are valuable building blocks. A broad range of highly effi-
cient organocatalyzed 1,4-additions of various types of carbonyl
compounds have been described.1–3 However, the use of aldehydes
in this reaction is more challenging. The first report of a catalytic
asymmetric Michael reaction of aliphatic aldehydes with nitro ole-
fins was published by Barbas.4,5 The addition of isovaleraldehyde
to trans-b-nitrostyrene proceeded with high yields and diastere-
oselectivities, but with only moderate enantioselectivities when
different diamines were used as catalysts. In THF, the most effec-
tive catalyst was (S)-2-(morpholinomethyl)pyrrolidine (78% yield,
syn/anti 92/8, 72% ee). In contrast, reactions with L-proline and
its analogues provided only trace amounts of the product. Later,
several other diamine organocatalysts were reported. Alexakis
used N-isopropyl-2,20-bipyrrolidine (up to 99% yields, dr 95:5,
and enantioselectivities up to 85% ee).6,7 Chiral rigid 6-pyrroli-
dine-1-yl-1-aza-spiro[4,4]nonane was tested in the Michael
addition of isovaleraldehyde to b-nitrostyrene. The reaction
proceeded smoothly to give the adduct in 93% yield, but with poor
diastereoselectivity (syn/anti 58:42) and moderate enantioselectiv-
ity [47% ee (syn) and 62% ee (anti)].8 The utility of C2-symmetric
bipiperidine and bimorpholine derivatives as organocatalysts for
Michael addition of aldehydes to b-nitrostyrene was recently de-
scribed. N-Isopropylbipiperidine was found to be the most efficient
catalyst, affording products in high diastereo- (up to 94:6) as well
as enantioselectivities (up to 96%).9
ll rights reserved.
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Recently, also other types of organocatalysts have been intro-
duced for the Michael addition of aldehydes to nitroalkenes. Palo-
mo described highly enantioselective trans-4-hydroxyprolyla-
mides.10 The optimum results (yields up to 90%, syn/anti P99:1,
and ee P99%) were achieved when the reactions were carried
out in CH2Cl2 at 0 �C to rt with 5–10 mol % of the catalysts. Jacob-
sen et al.11 proved that chiral primary amine–thiourea catalysts
were highly effective in the Michael addition of a,a-disubstituted
aldehydes to nitro olefins in CH2Cl2/H2O reaction system. Additions
proceeded with 78–94% yields, syn/anti >50:1, and ee up to 99%.

Hayashi12 described a highly enantioselective Michael addition
of aldehydes to nitroolefins using diphenylprolinol silyl ethers as
the catalysts. The reaction in hexane afforded products in yields
of up to 85% with excellent diastereoselectivities (syn/anti up to
96:4) and enantioselectivities (99% ee). Silylation of prolinol dra-
matically improved the catalytic activity. On the other hand, the
use of proline as a catalyst again led to low yield and enantioselec-
tivity. Diphenylprolinol silyl ether and its derivatives were found
to be effective for the Michael addition of acetaldehyde to nitroal-
kenes as well as in other solvents, such as hexane, toluene, water,
THF, and acetonitrile.13,14 Recyclable dendritic catalysts derived
from diphenylprolinol were successfully used in the Michael addi-
tion of aldehydes to various nitrostyrenes in CCl4 (up to 81% yields,
syn/anti up to 95:5, up to 99% ee). The recovered catalysts could be
re-used at least five times with only a slight loss of activity.15

Ionic liquids often serve as convenient media for many organo-
catalytic reactions.16 In our laboratory, we have recently demon-
strated that ionic liquid, [bmim]PF6, was a suitable solvent for
the organocatalyzed Michael addition of carbonyl compounds to
nitroalkenes.17

L-Proline was found to be the best catalyst and
the reaction products were isolated in good yields (up to 91%)
and with medium to high diastereoselectivities (syn/anti up to
95:5), although enantioselectivities were only mediocre (up to
58% ee). On the other hand, an ionic liquid with dissolved organo-
catalyst can be re-used several times with only small adverse
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Table 1
Michael addition of isovaleraldehyde 8a to nitrostyrene 7

Entry Cat. Ionic liquid Yielda (%) drb (syn/anti) eec (%)

1 1 [bmim]BF4 85 98:2 38
2 1 [bmim]BF4

d 51 94:6 33
3 1 [emim]SO4Et 68 95:5 32
4 1 [bmim]CF3SO3 60 96:4 35
5 1 [bmim]SO4C8H17 72 97:3 47
6 1 [bmpyr]N(CN)2

g 81 95:5 35
7 2 [emim]SO4Et 80 92:8 38 (—)
8 2 [bmim]CF3SO3 68 95:5 36 (—)
9 2 [bmim]SO4C8H17 98 95:5 45

10 2 [bmpyr]N(CN)2
g 96 94:6 42

11 3 [bmim]BF4 38 96:4 14
12 3 [emim]SO4Et 45 98:2 28
13 3 [bmim]CF3SO3 72 95:5 46
14 3 [bmim]C8H17SO4 51 88:12 46
15 3 [bmpyr]N(CN)2

g 64 95:5 54
16 4 [bmim]BF4 68 95:5 32
17 4 [bmim]BF4

d 36 97:3 45
18 4 [bmim]BF4

e 47f 97:3 36
19 4 [emim]SO4Et 74 95:5 12
20 4 [emim]SO4Etd 45 96:4 8
21 4 [bmim]CF3SO3 64 86:14 40
22 4 [bmim]SO4C8H17 51 93:7 34
23 4 [bmpyr]N(CN) g 70 93:7 34
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effects on the reaction. L-Proline-derived N-toluenesulfonylcarbox-
amides also proved to be viable organocatalysts in the enantiose-
lective Michael addition of isovaleraldehyde to nitrostyrene in
various ionic liquids. The reaction rate and enantioselectivity were
strongly dependent on the ionic liquid. Changes in enantioselectiv-
ity were attributed to both the cation and the anion of the ionic
liquid.18

Several research groups have recently described an interesting
thermal effect in organocatalyzed reactions. Hayashi et al.19 ob-
served that L-proline-catalyzed a-aminoxylation of cyclohexanone
in CH3CN proceeded with the same enantioselectivity both at
�20 �C and rt. Similarly, Bräse20 determined that L-proline-cata-
lyzed a-amination of disubstituted aldehydes with azodicarboxy-
lates in CH3CN proceeded with high enantioselectivities both at
60 �C (84% ee) as well as at 80 �C (82% ee). Bolm21 studied a
three-component L-proline-catalyzed Mannich reaction in DMSO
under microwave irradiation and found that the temperature in-
crease from 45 to 75 �C did not affect the enantioselectivity of
the reaction (98% ee). Similar observations were made by Kappe22

for a two-component microwave Mannich reaction in DMSO.
Alexakis23 studied microwave organocatalytic aldol reactions in
DMSO catalyzed by L-proline and observed that temperature be-
tween rt and 35 �C did not change the ee of the product. Cordova24

described the organocatalyzed-Michael addition of diarylphos-
phines to cinnamic aldehyde in CHCl3, in which the ee of the prod-
uct went through a maximum at 4 �C and decreased when the
temperature increased and decreased from this point. Brimble25

made an extensive study of the aldol reaction in DMSO catalyzed
by (S)-5-(2-pyrrolidinyl)-1H-tetrazole and found that increasing
the temperature from rt to 35 �C or even to 50 �C led to only a small
decrease in the enantioselectivity (90% ee via 85% ee to 78% ee), but
yields raised considerably. Recently, Gong26 described organocata-
lytic three-component domino reaction in CHCl3 leading to enanti-
omerically enriched dihydropyridines which can be conveniently
performed at elevated temperatures. Raising temperature from
25 �C to 50 �C resulted in higher enantioselectivity of the reaction
from 19% to 82% ee. During our study of enantioselective aldol
reactions catalyzed by N-toluenesulfonyl-L-proline amides in ionic
liquids, we also noticed a non-typical temperature effect. Raising
the reaction temperature from 20 to 50 �C led to increased chemi-
cal yields and acceleration of the reactions, but without significant
effect on enantioselectivity.27

In this context, we decided to study the Michael addition of ali-
phatic aldehydes to b-nitrostyrene catalyzed by various easily
accessible organocatalysts in ionic liquids. Furthermore, we evalu-
ated the effect of temperature on diastereoselectivity and enanti-
oselectivity of this reaction.
2

24 5 [bmim]BF4 <5 60:40 nd
25 5 [bmim]CF3SO3 10f 94:6 nd
26 6 [bmim]BF4 47 71:29 8
27 6 [emim]SO4Et 21 75:25 53

a Isolated yields.
b Determined by 1H NMR spectra.
c Reported values refer to the syn isomer and were determined by chiral HPLC.
d Reactions were performed with 5 mol % of the catalyst.
e Reactions were performed with 2.5 mol % of the catalyst.
f Reactions proceeded for 48 h.
g 1-Butyl-1-methylpyrrolidinium dicyanamide.
2. Results and discussion

We started our investigation with six common, commercially
available or easily accessible, organocatalysts (Fig. 1).

To evaluate the influence of the reaction medium, we used five
common ionic liquids with different cations and anions. The results
of the Michael addition of isovaleraldehyde to b-nitrostyrene
(Scheme 1) are shown in Table 1. Based on our previous studies,18

1.5 equiv of aldehyde was enough for appropriate course of the
reaction. Additions catalyzed by L-proline 1, N-toluenesulfonyl-L-
proline amide 2, N-(4-nitrophenyl)sulfonyl-L-proline amide 3, and
(S)-5-(2-pyrrolidinyl)-1H-tetrazole 4 proceeded well while adduct
9a was isolated in moderate to excellent yields after 20–48 h at rt.
High syn/anti selectivities (up to 98:2) were observed, but enanti-
oselectivities were only moderate (up to 54% ee). Catalyst 2 affor-
ded product 9a with the opposite sense of asymmetric induction
compared to other catalysts, when used in [emim]SO4Et and
[bmim]CF3SO3 (Table 1, entries 7 and 8). This observation is prob-
ably due to an interaction of reaction intermediate with the cation
and anion of the ionic liquid.18,28

In organic solvents, such as THF, L-proline is ineffective in the
Michael addition of isovaleraldehyde to nitrostyrene4 as well as
in aziridination of a,b-unsaturated aldehydes in CHCl3.29 On the
other hand, in ionic liquids, L-proline is an active catalyst of the
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reaction. The likely reason is the better solubility of L-proline in io-
nic liquids than in less polar organic solvents.

All reactions proceeded with 15 mol % of the catalyst. Lower
catalyst loading did not affect the diastereoselectivity of the reac-
tion (Table 1, entries 2, 17, and 20). Interestingly, with catalyst 4
in [bmim]BF4 the reaction proceeded more selectively when
5 mol % catalyst loading was used. Product 9a was isolated with
45% ee instead of 32% (15 mol % of 4). Decreasing the catalyst load-
ing further to 2.5 mol % led to lower enantioselectivities (36% ee,
Table 1, entries 16, 17, and 18). Concentration of the reaction mix-
ture had no influence on the reaction course.

(S)-a,a-Diphenyl-2-pyrrolidinemethanol 5 and (S)-a,a-diphe-
nyl-2-pyrrolidinemethanol trimethylsilyl ether 6 are efficient cata-
lysts for the Michael addition of aldehydes to nitroalkanes in
organic solvents, such as hexane,12 dioxane,13 and CH3CN.14 We
found that catalysts 5 and 6 are considerably less effective in ionic
liquids. Catalyst 5 was inactive in [bmim]BF4 as well as in
[bmim]CF3SO3 when only small amounts of the adduct 9a were
isolated or detected by 1H NMR (Table 1, entries 24 and 25). Some-
what better results were achieved with catalyst 6 (Table 1, entries
26 and 27), which afforded product 9a in 47% yield in [bmim]BF4

and 21% yield in [emim]SO4Et, respectively. Diastereoselectivities
were very similar 71:29 ([bmim]BF4), and 75:25 ([emim]SO4Et),
although considerably lower than those of other catalysts. The
reaction medium had a strong influence on enantioselectivities
with this catalyst. Whilst in [bmim]BF4, product 9a was isolated
with 8% ee, in [emim]SO4Et it was isolated with 53% ee. Even more
interesting is the comparison with apolar organic solvents, such as
hexane, in which 99% ee was observed.12 A possible explanation for
this difference is the presence of trace amounts of imidazole in
these ionic liquids, which can serve as achiral catalyst thus
decreasing the enantioselectivity of the reaction.

L-Proline-catalyzed Michael additions of several other aliphatic
aldehydes 8b�d tob-nitrostyrene 7 in [bmim]BF4 (Scheme 2) behaved
similarly to the reaction of isovaleraldehyde 8a. Products 9b�d were
isolated in high yields (77�85%), excellent syn/anti ratio from 94:6
to 96:4 and moderate ee (19�38%). Results are given in Table 2.
Ph
NO2

R1

R2 [bmim]BF4
24 h, r.t.

+ NO2

O Ph

R1 R2

1
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O

Scheme 2.

Table 2
Michael addition of various aldehydes to nitrostyrene

R1 R2 Product Yielda (%) drb (syn/anti) eec (%)

H iPr 9a 85 96:4 38
H Me 9b 77 95:5 19
H Et 9c 80 94:6 20
Me Me 9d 78 — 30

a Isolated yields.
b Determined by 1H NMR spectra.
c Reported values refer to the syn isomer and were determined by chiral HPLC.
In the second part of our work, we studied the effect of temper-
ature on the organocatalyzed Michael addition of isovaleraldehyde
8a to b-nitrostyrene in ionic liquids. For comparison, experiments
were performed in DMSO. Results are shown in Table 3. Increasing
reaction temperature from 5 to 80 �C generally resulted in a de-
crease in diastereoselectivity of the reaction in ionic liquids as well
as in DMSO. While the syn/anti ratio was from 93:7 to 95:5 at 5 �C
and rt, it decreased to 67:33�80:20 at 80 �C. Similar observations
were made when the organocatalyzed Michael addition of alde-
hydes to nitrostyrene was performed in CHCl3,6,9 CH2Cl2,10 THF,7

hexane,12 and CCl4,15 respectively. On the other hand, enantiose-
lectivity of the addition was not reduced when the temperature in-
creased from 5 to 80 �C. Interestingly, the enantioselectivity of the
reaction went through a maximum at 60 �C. When 5-(2-pyrrolidi-
nyl)-1H-tetrazole 4 was used as the catalyst, the ee decreased from
42% (5 �C) to 32% (20 �C) and rose again to 40% ee at 60 and 80 �C.
Slight increase in the enantioselectivity was observed in all the
studied reactions when the reaction temperature was increased
from 20 to 80 �C.
3. Conclusion

In conclusion, we have confirmed that (a) the organocatalyzed
Michael addition of aldehydes to b-nitrostyrene in ionic liquids
proceeds at rt with high yields, excellent diastereoselectivities,
and moderate enantioselectivities; (b) L-proline is a more effective
catalyst in ionic liquids than in non-polar organic solvents; (c) (S)-
a,a-diphenyl-2-pyrrolidinemethanol 5 and its trimethylsilyl ether
6, which have been described as more effective L-proline catalysts
than in molecular organic solvents, were found to be less effective
in ionic liquids; (d) enantioselectivity of the Michael addition did
not decrease at higher temperatures. Studies toward deeper under-
standing of these effects are underway in our laboratory.
4. Experimental

4.1. General

Catalysts 2 and 3 were prepared according to the literature pro-
cedures.30 Ionic liquids were purchased from Merck and Solvent
Innovation. 1H NMR spectra were recorded at 300 MHz on a Varian
Gemini spectrometer in CDCl3 with TMS as an internal standard.
Optical rotations were measured on Perkin–Elmer 241 instrument.
Enantiomeric excesses were determined by HPLC on chiral col-
umns Daicel Chiralpak AD-H or Chiralcel OD-H, using hexane/
iPrOH as mobile phase and UV detection at 254 nm.

4.2. General experimental procedure for the Michael addition
of carbonyl compounds to nitrostyrene

Catalyst (0.15 mmol) was added to a solution of b-nitrostyrene
(1.00 mmol, 150 mg) in ionic liquid (1 mL). This mixture was stir-
red at rt for 10 min, then aldehyde (1.5 mmol) was added and
the reaction mixture was stirred at specified temperatures for
the time given in Tables 1–3 and monitored by TLC. The solution
was then extracted with tBuOMe (20 � 3 mL). The combined or-
ganic extracts were concentrated and the residue was purified by
column chromatography (SiO2, hexane/EtOAc 7:1). The enantio-
meric excess was determined by HPLC.

4.2.1. (2R,3S)-2-Isopropyl-4-nitro-3-phenylbutanal 9a4,15,27

[a]D = +16.5 (c 0.77, CHCl3, 30% ee); 1H NMR (300 MHz, CDCl3) d
9,93 (d, J = 2.7 Hz, 1H), 7.38�7.27 (m, 3H), 7.21�7.18 (m, 2H), 4.67
(dd, J = 12.5, 4.5 Hz, 1H), 4.58 (dd, J = 12.5, 10.0 Hz, 1H), 3.90 (ddd,
J = 10.0, 10.0, 4.20 Hz, 1H), 2.80�2.75 (m, 1H), 1.75�1.69 (m, 1H),
1.10 (d, J = 7.2 Hz, 3H), 0,89 (d, J = 7.2 Hz, 3H). Enantiomeric excess
was determined by HPLC (Chiralpak AD-H, iPrOH/hexane 70:30,
0.75 mL/min) tR(major) 7.1 min, tR(minor) 8.2 min.

4.2.2. (2R,3S)-2-Methyl-4-nitro-3-phenylbutanal 9b4

[a]D = +8.2 (c 1.0, CHCl3, 19% ee); 1H NMR (300 MHz, CDCl3) d
9,72 (d, J = 1.5 Hz, 1H), 7.38�7.29 (m, 3H), 7.18�7.15 (m, 2H),
4.80 (dd, J = 12.6, 5.0 Hz, 1H), 4.69 (dd, J = 12.6, 9.2 Hz, 1H), 3.81
(ddd, J = 9.2, 9.2, 5.0 Hz, 1H), 2.82�2.72 (m, 1H), 1.01 (d,



Table 3
Temperature effect on the Michael addition

Entry Catalyst Ionic liquid Temp. (�C) Yielda (%) drb (syn/anti) eec (%)

1 1 [bmim]BF4 5 64 96:4 40
2 1 [bmim]BF4 20 85 96:4 38
3 1 [bmim]BF4 30 90 95:5 40
4 1 [bmim]BF4 40 94 86:14 42
5 1 [bmim]BF4 50 96 83:17 40
6 1 [bmim]BF4 60 94 67:33 54
7 1 [bmim]BF4 70d 78 75:25 50
8 1 [bmim]BF4 80d 64 67:33 46
9 4 [bmim]BF4 5 55 94:6 42

10 4 [bmim]BF4 20 68 95:5 32
11 4 [bmim]BF4 40 85 91:9 34
12 4 [bmim]BF4 60 89 80:20 40
13 4 [bmim]BF4 80d 68 67:33 40
14 1 [emim]EtSO4 5 47 95:5 33
15 1 [emim]EtSO4 20 61 95:5 32
16 1 [emim]EtSO4 40 68 83:17 34
17 1 [emim]EtSO4 60 80 75:25 38
18 1 [emim]EtSO4 80d 62 75:25 38
19 1 DMSO 5 34 95:5 36
20 1 DMSO 20 55 93:7 36
21 1 DMSO 40 47 86:14 38
22 1 DMSO 60 36 80:20 40
23 1 DMSO 80d 51 80:20 40

a Isolated yields.
b Determined by 1H NMR spectra.
c Reported values refer to the syn isomer and were determined by chiral HPLC.
d Reactions proceeded for 2 h.
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J = 7.2 Hz, 3H). Enantiomeric excess was determined by HPLC (Chi-
ralcel OD-H, hexane/iPrOH 80:20, 1.0 mL/min) tR(major) 16.4 min,
tR(minor) 17.4 min.

4.2.3. (2R,3S)-2-Ethyl-4-nitro-3-phenylbutanal 9c4,15

[a]D = +6.8 (c 1.1, CHCl3, 20% ee); 1H NMR (300 MHz, CDCl3) d
9,75 (d, J = 2.7 Hz, 1H), 7.38�7.29 (m, 3H), 7.20�7.17 (m, 2H),
4.73 (dd, J = 12.8, 5.0 Hz, 1H), 4.63 (dd, J = 12.8, 9.5 Hz, 1H), 3.79
(ddd, J = 9.7, 9.7, 5.0 Hz, 1H), 2.72�2.64 (m, 1H), 1.53�1.49 (m
2H), 0.83 (t, J = 7.8 Hz, 3H). Enantiomeric excess was determined
by HPLC (Daicel Chiralpak AD-H, hexane/iPrOH 90:10, 1.0 mL/
min), tR(major) 8.4 min, tR(minor) 9.1 min.

4.2.4. (R)-2,2-Dimethyl-4-nitro-3-phenylbutanal 9d15

[a]D = +3.2 (c 1.0, CHCl3, 30% ee); 1H NMR (300 MHz, CDCl3) d
9.53 (s, 1H), 7.34�7.29 (m, 3H), 7.21�7.18 (m, 2H), 4.86 (dd,
J = 13.2, 11.4 Hz, 1H), 4.71 (dd, J = 13.2, 4.5 Hz, 1H), 3.78 (dd,
J = 11.4, 4.5 Hz, 1H), 1.14 (s, 3H), 1.01 (s, 3H). Enantiomeric excess
was determined by HPLC (Chiralcel OD-H, hexane/iPrOH 80:20,
1.0 mL/min), tR(major) 12.6 min, tR(minor) 17.3 min.
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