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Figure 1. Pyrrolidine–pyrazole.
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An effective protocol for the stereoselective Michael addition of aldehydes to nitroolefins using
pyrrolidine–pyrazole as an organocatalyst is described. The catalytic cycle was found to be productive
in terms of yield and selectivity, when performed under solvent-free reaction conditions and employing
15 mol % of catalyst and 10 mol % of benzoic acid at room temperature.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Organocatalysis has emerged as a powerful synthetic tool for
the stereoselective construction of chiral building blocks. Over
the past few decades, asymmetric organocatalysis has witnessed
a wide range of advances while various types of mechanistic per-
spectives have been introduced by different groups to establish
the outcome of organocatalytic asymmetric transformations.1

Due to these advances, asymmetric organocatalysis has been rec-
ognized as a competent and powerful new catalytic approach. A
large number of small organic molecules with diverse structural
features have been developed and employed as organocatalysts
for various asymmetric transformations with various levels of suc-
cess.1,2 In particular, proline and proline derivatives have emerged
as simple and useful elements in the organocatalyst toolbox. To
reflect this, a large number of pyrrolidine based organocatalytic
protocols are present in the literature.2,3 Among the wide range
of organic transformations, the exploration of asymmetric Michael
reaction has been the focus of many research groups, as it results in
the formation of functionalized products with multiple stereogenic
centers in a single step.3–5 In particular, c-nitrocarbonyls, which
result from the Michael additions of carbonyls to nitroolefins, are
more prominent as they serve as versatile templates for the con-
struction of various bioactive compounds.5,6 Although many
organocatalysts are known to be highly efficient for Michael addi-
tions of carbonyl compounds to nitroolefins, only some of them are
effective for Michael reactions of aldehydes and nitroolefins.7

Therefore, an investigation into alternative catalytic protocols for
this transformation is highly desirable. In a continuation of our
research interest on organocatalysis,8 we recently reported that
pyrrolidine–pyrazole 1 (Fig. 1) is an efficient catalyst for asymmet-
ric Michael reactions of ketones and a,a-disubstituted aldehydes
to nitroolefins via an enamine mechanism under additive mediated
solvent-free reaction conditions.8e,h Inspired by these studies, we
decided to investigate the catalytic performance of this pyrroli-
dine–pyrazole towards the Michael addition of aldehydes to nitro-
olefins. Since these substrates have a correlation to those reported
earlier, a similar catalytic cycle could be expected to operate dur-
ing the reaction course. The chiral pyrrolidine ring activates alde-
hydes towards enamine formation, while the pyrazole appendage
serves as the stereoregulator.9,10 With these objectives, the use of
pyrrolidine–pyrazole 1 as an effective organocatalyst for the asym-
metric Michael reaction of aldehydes to nitroolefins under solvent-
free conditions at room temperature is reported.
2. Results and discussion

The catalytic performance of pyrrolidine–pyrazole 1 for asym-
metric Michael additions of aldehydes to nitroolefins was evalu-
ated by setting up a model reaction with propaldehyde 2a as the
donor substrate and nitrostyrene 3a as the acceptor as shown in
Scheme 1. Initially, solvent screening experiments were conducted
by performing the model reaction simultaneously in various sol-
vents using 20 mol % of the catalyst at room temperature and the
results are summarized in Table 1. As evident from the survey,
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Table 3
Effect of temperature and catalyst loadinga

Entry Catalyst 
(mol%)

Time 
(h)

Yieldb

(%)

(syn/anti)c eed

(%)

1

2

4

48

20

36

87

93

75

94:6

93:7

91:9

90

91

85

20

10

15

3 48 83 91:9 8715

Temp.

(oC)

0

0

RT
5 48 62 9:1 815 RT

RT

a Reaction conditions: propaldehyde (5 mmol), nitrostyrene
(1 mmol), PhCOOH (10 mol %).

b Isolated yields.
c Determined by 1H NMR of crude product.
d Determined by chiral HPLC.

Table 1
Screening of solvents using 1a

Entry Solvent Time (h) Yieldb (%) (syn/anti)c eed(%)

1

2

4

5

6

7

24

36

36

24

36

24

66

74

77

79

69

71

75:25

8:2

82:18

85:15

8:2

85:15

DMF

Dioxan

CHCl3

CH3CN

Toluene

CH2Cl2

8 24 81 9:1Neat

3 24 73 8:2Hexane

54

65

61

75

60

71

83

69

9

10

11

24

24

24

76

75

72

88:12

85:15

85:15

EtOH

MeOH

THF

12 36 61 7:2H2O

74

66

69

73

a Reaction conditions: propaldehyde (5 mmol), nitrostyrene
(1 mmol), solvent (0.5 mL), catalyst (20 mol %).

b Isolated yields.
c Determined by 1H NMR of crude product.
d Determined by chiral HPLC.
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Scheme 1. Michael addition of propaldehyde to nitrostyrene.
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the Michael reaction proceeded well in all solvents irrespective of
their polar/non-polar nature to afford the product c-nitroaldehyde
4a in good yield and stereoselectivity (Table 1, entries 1–12). How-
ever, solvent-free conditions were found to be more effective in
terms of yield (81%), diastereoselectivity (syn/anti 9:1) and enanti-
oselectivity (83% ee) among the conditions screened and was
adopted for further studies. Encouraged by these initial results,
we next conducted additive screening experiments with the aim
of improving the catalytic activity. It has been well documented
that the presence of an acid additive can enhance catalytic effi-
ciency by acceleration of the enamine formation. In anticipation,
we examined the effect of various acid additives under solvent-free
conditions using 20 mol % of catalyst and 5 mol % of additive at
room temperature and the results are summarized in Table 2. Ben-
zoic acid turned out to be the most efficient additive in combina-
tion with catalyst 1 (Table 2, entries 1–6). The effect of loading
was tested using 10 and 15 mol % of benzoic acid (Table 2, entries
7 and 8, respectively). As evident from Table 2, the use of 10 mol %
of benzoic acid found to be the best value and subsequent experi-
ments were carried out using 10 mol % of benzoic acid in combina-
tion with catalyst 1.
Table 2
Screening of additivesa

Entry additive Time (h) Yieldb(%) eed(%)

1
2

4
5
6
7

24
24

24
24
24
20

86
71

76
79
87
94

85
70

78
80
87
92

TFA

PhCOOH
PhCOOH

PhOH

CSA

HCOOH

8 20 94 92PhCOOH

3 24 65 69pTSA

(mol%)

5
5

5
5
5
10
15

5

(syn/anti)c

9:1
7:3

85:15
8:2
9:1
93:7
94:6

8:2

a Reaction conditions: propaldehyde (5 mmol), nitrostyrene
(1 mmol), catalyst 1 (20 mol %), neat, rt.

b Isolated yields.
c Determined by 1H NMR of crude product.
d Determined by chiral HPLC.
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As part of our screening studies, we conducted experiments on
catalyst loading and temperature conditions to establish the opti-
mal reaction conditions. As shown in Table 3, the reaction per-
formed at room temperature with 15:10 mol % catalyst/additive
ratio under solvent-free conditions was found to be more operative
and effective in overall terms (Table 3, entry 2), while reactions
conducted under other conditions suffered either from long reac-
tion times or a loss of yield with no considerable improvement
in stereoselectivities (Table 3, entries 1, 3, 4 and 5).
With the optimal reaction conditions in hand, we next studied
the generality of this transformation using a series of aldehydes
and nitroolefins in different combinations. As shown in Tables 4
and 5, all substrate combinations involving variations in nitroole-
fins 3b–j reacted smoothly with propaldehyde 2a (Table 4, entries
1–9) and other aldehydes 2b–f (Table 5, entries 1–9) under the
optimized reaction conditions and the corresponding Michael
products 4b–j and 4k–s were obtained in good yields and with
high levels of diastereoselectivities and enantioselectivities,
regardless of the nature of the substitution pattern in the nitroole-
fins. However, reactions involving branched aldehydes (Table 5,
entries 5 and 9) or nitroolefins with electron donating substituents
(Table 4, entries 4 and 5) were found to be slightly inferior in
overall productivity. Overall, the catalytic performance of pyrroli-
dine–pyrazole catalyst for the conjugate addition of aldehydes to
nitroolefins was found to be effective and was in good agreement
with those reported in the literature.7

The transition state7,9,10 model, that was proposed8h for the
asymmetric Michael reaction of a,a-disubstituted aldehydes to
nitroolefins (Fig. 2) was used to rationalize the absolute stereo-
chemical outcome of this transformation. The pyrrolidine ring of
the catalyst activates the aldehyde towards enamine formation,
while the pyrazole template serves as an efficient stereo-control
element, by providing stereo-facial shielding and coordinating
with the nitroolefin through the benzoic acid via H-bonding inter-
action. This results in a compact transition state, wherein the
nucleophilic enamine attacks the nitroolefin from Si face and leads
to the formation of the desired products with high diastereoselec-
tivities and enantioselectivities.

3. Conclusions

In conclusion, we have demonstrated the application of pyrrol-
idine–pyrazole 1 as an effective organocatalyst for enantioselective
Michael additions of aldehydes to nitroolefins. The catalytic cycle
was effective with 15 mol % of catalyst in combination with
10 mol % of benzoic acid. The resulting adducts were obtained in
high yields and with high stereoselectivities under solvent-free
reaction conditions at room temperature. Investigations into the
catalytic activity of the pyrrolidine–pyrazole as an organocatalyst
(2014), http://dx.doi.org/10.1016/j.tetasy.2014.07.005
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Table 4
Enintioselective Michael addition of propaldehyde to nitroolefinsa

1 (15 mol%)
PhCOOH (10 mol%)

neat, rt

2a 3b-j 4b-j

Ar
NO2H

O

H

O

NO2

Ar

Entry Time (h) Yieldb (%) eed(%)Product

1

H

O

NO2

2

3

4

5

6

7

8

9

91

93

94

89

86

92

90

91

90

4b 20

20

20

24

24

24

24

24

24

89

92

90

86

84

91

90

88

90

H

O

NO2

Cl

H

O

NO2

Br

H

O

NO2

OMe

H

O

NO2

H

O

NO2

H

O

NO2

N

H

O

NO2

O

H

O

NO2

S

4c

4d

4e

4f

4g

4h

4i

4j

OMe

F

(syn/anti)c

91:9

93:7

91:9

85:15

88:12

92:8

90:10

91:9

90:10

a Reaction conditions: Propaldehyde (5 mmol), nitroolefin (1 mmol).
b Isolated yields.
c Determined by 1H NMR of crude product.
d Determined by chiral HPLC.
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Table 5
Enintioselective Michael addition of different aldehyde nitroolefinsa

H

O 1 (15 mol%)
PhCOOH (10 mol%)

neat, rt

2b-f 3a,d,e,j 4k-s

Ar
NO2

H

O

NO2

Ar

R R

Entry Time (h) Yieldb (%) eed(%)Product

1

H

O

NO 2

2

3

4

5

6

7

8

9

93

95

95

92

87

96

90

91

84

4k 20

20

20

20

36

20

24

24

36

92

94

93

90

83

94

90

91

80

H

O

NO 2

H

O

NO 2

H

O

NO 2

H

O

NO 2

H

O

NO 2

H

O

NO 2

H

O

NO 2

S

H

O

NO 2

S

4l

4m

4n

4o

4p

4q

4r

4s

Et

n-Pr

i-Pr

n-Pr

n-Pr

n-Pr

i-Pr

n-Pent

n-Bu

Br

OMe

(syn/anti)c

93:7

95:5

96:4

92:8

88:12

96:4

91:9

92:8

85:15

a Reaction conditions: aldehyde (5 mmol), nitroolefin (1 mmol).
b Isolated yields.
c Determined by 1H NMR of crude product.
d Determined by chiral HPLC.
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Figure 2. Proposed transition state.
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for other transformations are currently in progress in our
laboratory.

4. Experimental

4.1. General

All solvents and reagents were purified by standard techniques.
Crude products were purified by column chromatography on silica
gel of 60–120 mesh. IR spectra were recorded on a Perkin–Elmer
683 spectrometer. Optical rotations were obtained on a Jasco Dip
360 digital polarimeter. 1H and 13C NMR spectra were recorded
in CDCl3 solution on a Varian Gemini 200 and Brucker Avance
300. Chemical shifts are reported in parts per million with respect
to internal TMS. Coupling constants (J) are quoted in Hz. Mass
spectra were obtained on an Agilent Technologies LC/MSD Trap
SL. Chiral HPLC analysis was carried out on chiral pak OD-H, IC
or IA columns using a mixture of isopropanol and hexanes as the
eluent.

4.1.1. General procedure for the Michael addition reaction
To a mixture of catalyst 1 (15 mol %), and aldehyde (5 mmol)

was added PhCOOH (10 mol %) and stirred for 20 min at room tem-
perature. Next, nitroolefin (1 mmol) was added to the resulting
mixture and stirred for the appropriate time (Tables 4 and 5) at
room temperature. After completion of the reaction (monitored
by TLC), the mixture was purified by silica-gel column chromatog-
raphy to afford the desired product. The relative and absolute con-
figuration of the products were determined by comparison of 1H
NMR, 13C NMR and specific rotation values with those reported
in the literature.7

Acknowledgements

T.P.K. thank DST New Delhi for INSPIRE Faculty Award (IFA12-
CH-30), and Dr. J.S. Yadav and Dr. S. Chandrasekhar for valuable
discussions and support.

References

1. (a) Berkessel, A.; Groger, H. Asymmetric Organocatalysis; Wiley-VCH:
Weinheim, Germany, 2005; (b) Dalko, P. I. Enantioselective Organocatalysis;
Wiley-VCH: Weinheim, Germany, 2007; (c) Akiyama, T.; Itoh, J.; Fuchibe, K.
Adv. Synth. Catal. 2006, 348, 999–1010; (d) Perlmutter, P. Conjugate Addition
Reactions in Organic Synthesis; Pergamon: Oxford, 1992; (e) Sakthivel, K.; Notz,
W.; Buli, T.; Barbas, C. F., III J. Am. Chem. Soc. 2001, 123, 5260–5267; (f) List, B.;
Pojarliev, P.; Martin, H. J. Org. Lett. 2001, 3, 2423–2425; (g) Tokoroyama, T. Eur.
J. Org. Chem. 2010, 2009–2016; (h) Dondoni, A.; Massi, A. Angew. Chem. 2008,
120, 4716–4739. Angew. Chem., Int. Ed. 2008, 47, 4638–4660; (i) Trost, B. M.;
Brindle, C. S. Chem. Soc. Rev. 2010, 39, 1600–1632.

2. (a) Melchiorre, P.; Marigo, M.; Carlone, A.; Bartoli, G. Angew. Chem., Int. Ed.
2008, 47, 6138–6171; (b) Yu, X.; Wang, W. Org. Biomol. Chem. 2008, 6, 2037–
2046; (c) Bertelsen, S.; Jorgensen, K. A. Chem. Soc. Rev. 2009, 38, 2178–2189; (d)
Seayad, J.; List, B. Org. Biomol. Chem. 2005, 3, 719–724; (e) Vicario, J. L.; Badia,
D.; Carrillo, L. Synthesis 2007, 2065–2092; (f) Zhang, Y.; Wang, W. Catal. Sci.
Please cite this article in press as: Kumar, T. P. Tetrahedron: Asymmetry
Technol. 2012, 2, 42–53; (g) Aleman, J.; Cabrera, S. Chem. Soc. Rev. 2013, 42,
774–793; (h) Scheffler, U.; Mahrwald, R. Chem. Eur. J. 2013, 19, 14346–14396.

3. For recent reviews on asymmetric Michael additions see: (a) Krause, N.;
Hoffmann-Roder, A. Synthesis 2001, 171–196; (b) Berner, O. M.; Tedeschi, L.;
Enders, D. Eur. J. Org. Chem. 2002, 1877–1894; (c) Christoffers, J.; Baro, A.
Angew. Chem., Int. Ed. 2003, 42, 1688–1690; (d) Notz, W.; Tanaka, F.; Barbas, C.
F., III Acc. Chem. Res. 2004, 37, 580–591; (e) Ballini, R.; Bosica, G.; Fiorini, D.;
Palmieri, A.; Petrini, M. Chem. Rev. 2005, 105, 933–972; (f) Tsogoeva, S. B. Eur. J.
Org. Chem. 2007, 1701–1716; (g) Sulzer-Mosse, S.; Alexakis, A. Chem. Commun.
2007, 3123–3135; (h) Krkkila, A.; Majander, I.; Pihko, P. M. Chem. Rev. 2007,
107, 5416–5470; (i) Mukherjee, S.; Yang, J. W.; Hoffmann, S.; List, B. Chem. Rev.
2007, 107, 5471–5569; (j) Davie, E. A. C.; Mennen, S. M.; Xu, Y.; Miller, S. J.
Chem. Rev. 2007, 107, 5759–5812; (k) Almasi, D.; Alonso, D. A.; Gomez-Bengoa,
E.; Negel, Y.; Najera, C. Eur. J. Org. Chem. 2007, 2328–2343; (l) Enders, D.; Wang,
C.; Liebich, J. X. Chem. Eur. J. 2009, 15, 11058–11076.

4. (a) Alexakis, A.; Bernardinelli, G. Org. Lett. 2002, 4, 3611–3614; (b) Enders, D.;
Seki, A. Synlett 2002, 26–28; (c) Li, H. M.; Wang, Y.; Tang, L.; Deng, L. J. Am.
Chem. Soc. 2004, 126, 9906–9907; (d) Mase, N.; Thayumanavan, R.; Tanaka, F.;
Barbas, C. F., III Org. Lett. 2004, 6, 2527–2530; (e) Luo, S.; Xu, H.; Mi, X.; Li, J.;
Zheng, X.; Cheng, J. P. J. Org. Chem. 2006, 71, 9244–9247; (f) Alza, E.; Cambeiro,
X. C.; Jimeno, C.; Pericas, M. A. Org. Lett. 2007, 9, 3717–3720; (g) Cobb, A. J. A.;
Longbottom, D. A.; Shaw, D. M.; Ley, S. V. Chem. Commun. 2004, 1808–1809; (h)
Cobb, A. J. A.; Longbottom, D. A.; Shaw, D. M.; Gold, J. B.; Ley, S. V. Org. Biomol.
Chem. 2005, 3, 84–96; (i) Cao, C. L.; Ye, M. C.; Sun, X. L.; Tang, Y. Org. Lett. 2006,
8, 2901–2904; (j) Tsogoeva, S. B.; Wei, S. Chem. Commun. 2006, 1451–1453; (k)
Wei, S.; Yalaov, D. A.; Tsogoeva, S. B.; Schmatz, S. Catal. Today 2007, 121, 151–
157; (l) Wang, J.; Li, H.; Lou, B.; Zu, L. S.; Guo, H.; Wang, W. Chem. Eur. J. 2006,
12, 4321–4332; (m) Zu, L.; Wang, J.; Li, H.; Wang, W. Org. Lett. 2006, 8, 3077–
3079; (n) Wang, J.; Li, H.; Zu, L. S.; Wang, W. Adv. Synth. Catal. 2006, 348, 425–
428; (o) Ni, B.; Zhang, Q.; Headley, A. D. Tetrahedron Lett. 2008, 49, 1249–1252;
(p) Xu, D. Z.; Shi, S.; Wang, Y. Eur. J. Org. Chem. 2009, 4848–4853; (q) Luo, S.; Mi,
X.; Zhang, L.; Liu, S.; Xu, H.; Cheng, J. P. Angew. Chem., Int. Ed. 2006, 45, 3093–
3097; (r) Luo, S.; Mi, X.; Zhang, L.; Liu, S.; Xu, H.; Cheng, J. P. Chem. Commun.
2006, 3687–3689; (s) Xu, D. Q.; Luo, S. P.; Wang, Y. F.; Xia, A. B.; Yue, H. D.;
Wang, L. P.; Xu, Z. Y. Chem. Commun. 2007, 4393–4395; (t) Li, H. M.; Wang, Y.;
Tang, L.; Wu, F. H.; Liu, X. F.; Guo, C. Y.; Foxman, B. M.; Deng, L. Angew. Chem.,
Int. Ed. 2005, 44, 105–108; (u) Okino, T.; Hoashi, Y.; Furukawa, T.; Xu, N. X.;
Takemoto, Y. J. Am. Chem. Soc. 2005, 127, 119–125.

5. (a) McCooey, S. H.; Connon, S. J. Angew. Chem., Int. Ed. 2005, 44, 6367–6370; (b)
Vakulya, B.; Varga, S.; Csampai, A.; Soos, T. Org. Lett. 2005, 7, 1967–1969; (c)
Mosse, S.; Alexakis, A. Org. Lett. 2005, 7, 4361–4364; (d) Chi, Y. G.; Gellman, S.
H. Org. Lett. 2005, 7, 4253–4256; (e) Hayashi, Y.; Gotho, H.; Hayashi, T.; Shoji,
M. Angew. Chem., Int. Ed. 2005, 44, 4212–4215; (f) Luo, S. Z.; Mi, L. X.; Zhang, L.;
Liu, S.; Xu, H.; Cheng, J. P. Angew. Chem., Int. Ed. 2006, 45, 3093–3097; (g)
Pansare, S. V.; Pandya, K. J. Am. Chem. Soc. 2006, 128, 9624–9625; (h) Mase, N.;
Watanabe, K.; Yoda, H.; Takabe, K.; Tanaka, F.; Barbas, C. F., III J. Am. Chem. Soc.
2006, 128, 4966–4967; (i) Reyes, E.; Vicario, J. L.; Badia, D.; Carrillo, L. Org. Lett.
2006, 8, 6135–6138; (j) Vishnumaya; Singh, V. K. Org. Lett. 2007, 9, 1117–1119;
(k) Clarke, M. L.; Fuentes, J. A. Angew. Chem., Int. Ed. 2007, 46, 930–933; (l) Chen,
H. B.; Wang, Y.; Wei, S. Y.; Sun, J. Tetrahedron: Asymmetry 2007, 18, 1308–1312;
(m) Zhu, S. L.; Yu, S. Y.; Ma, D. W. Angew. Chem., Int. Ed. 2008, 47, 545–548; (n)
Ban, S. R.; Du, D. M.; Liu, H.; Yang, W. Eur. J. Org. Chem. 2010, 5160–5164; (o) Lu,
D. F.; Gong, Y. F.; Wang, W. Z. Adv. Synth. Catal. 2010, 352, 644–650; (p) Yang,
W.; Du, D. M. Adv. Synth. Catal. 2011, 353, 1241–1246.

6. (a) Ikeda, S.; Shibuya, M.; Kanoh, N.; Iwabuchi, Y. Org. Lett. 2009, 11, 1833–
1836; (b) Pansare, S. V.; Lingampally, R.; Kirby, R. L. Org. Lett. 2010, 12, 556–
559; (c) Ma, H.; Liu, K.; Zhang, F. G.; Zhu, C. L.; Nie, J.; Ma, J. A. J. Org. Chem. 2010,
75, 1402–1409; (d) Nakamura, A.; Lectard, S.; Hashizume, D.; Hamashima, Y.;
Sodeoka, M. J. Am. Chem. Soc. 2010, 132, 4036–4037; (e) Hong, B. C.; Kotame, P.;
Tsai, C. W.; Liao, J. H. Org. Lett. 2010, 12, 776–779; (f) Krayer, M.; Ptaszek, M.;
Kim, H. J.; Meneely, K. R.; Fan, D.; Secor, K.; Lindsey, J. S. J. Org. Chem. 2010, 75,
1016–1039.

7. (a) Betancort, J. M.; Barbas, C. F., III Org. Lett. 2001, 3, 3737–3740; (b) Hayashi,
Y.; Gotoh, H.; Hayashi, T.; Shoji, M. Angew. Chem., Int. Ed. 2005, 44, 4212–4215;
(c) Ishii, T.; Fujioka, S.; Sekiguchi, Y.; Kotsuki, H. J. Am. Chem. Soc. 2004, 126,
9558–9559; (d) Alexakis, A.; Andrey, O. Org. Lett. 2002, 4, 3611–3614; (e)
Andrey, O.; Alexakis, A.; Bernardinelli, G. Org. Lett. 2003, 5, 2559–2561; (f)
Andrey, O.; Alexakis, A.; Tomassini, A.; Bernardinelli, G. Adv. Synth. Catal. 2004,
346, 1147–1168; (g) Wang, W.; Wang, J.; Li, H. Angew. Chem., Int. Ed. 2005, 44,
1369–1371; (h) Palomo Claudio, C.; Silvia, V.; Mielgo, A.; Gomez Bengoa, E.
Angew. Chem., Int. Ed. 2006, 45, 5984–5987; (i) Zhu, S.; Yu, S.; Ma, D. Angew.
Chem., Int. Ed. 2008, 47, 545–548; (j) Wang, J.; Li, H.; Lou, B.; Zu, L.; Guo, H.;
Wang, W. Chem. Eur. J. 2006, 12, 4321–4332; (k) Husmann, R.; Jorres, M.; Raabe,
G.; Bolm, C. Chem. Eur. J. 2010, 16, 12549–12552; (l) Barros, M. T.; Phillips, A. M.
F. Eur. J. Org. Chem. 2007, 178–185; (m) Wu, J.; Ni, B.; Headley, A. D. Org. Lett.
2009, 11, 3354–3356; (n) Zheng, Z.; Perkins, B. L.; Ni, B. J. Am. Chem. Soc. 2010,
132, 50–51; (o) Bures, J.; Armstrong, A.; Blackmond, D. G. J. Am. Chem. Soc. 2011,
133, 8822–8825; (p) Zhao, L.; Shen, J.; Liu, D.; Liu, Y.; Wanbin Zhang, W. Org.
Biomol. Chem. 2012, 10, 2840–2846.

8. (a) Chandrasekhar, S.; Mallikarjun, K.; Reddy, G. P. K.; Rao, K. V.; Jagdeesh, B.
Chem. Commun. 2009, 4985–4987; (b) Chandrasekhar, S.; Tiwari, B.; Parida, B.
B.; Rajireddy, C. Tetrahedron: Asymmetry 2008, 19, 495–499; (c) Chandrasekhar,
(2014), http://dx.doi.org/10.1016/j.tetasy.2014.07.005

http://refhub.elsevier.com/S0957-4166(14)00310-3/h0005
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0005
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0010
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0010
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0015
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0015
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0020
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0020
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0025
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0025
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0030
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0030
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0035
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0035
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0520
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0520
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0045
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0045
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0050
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0050
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0055
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0055
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0060
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0065
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0065
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0070
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0070
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0075
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0075
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0080
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0080
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0085
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0525
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0525
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0095
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0095
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0100
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0100
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0105
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0105
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0110
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0110
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0115
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0115
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0120
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0120
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0125
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0125
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0130
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0130
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0135
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0135
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0140
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0140
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0145
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0145
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0155
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0160
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0160
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0170
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0170
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0175
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0175
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0180
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0180
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0185
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0185
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0190
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0190
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0195
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0195
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0195
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0200
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0200
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0205
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0210
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0210
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0210
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0215
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0215
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0220
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0220
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0225
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0225
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0240
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0245
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0250
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0250
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0250
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0255
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0255
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0260
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0260
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0265
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0265
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0265
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0270
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0270
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0275
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0280
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0280
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0285
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0285
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0290
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0290
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0295
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0295
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0300
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0300
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0305
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0305
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0310
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0310
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0310
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0315
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0315
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0320
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0325
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0330
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0330
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0335
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0340
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0340
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0345
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0345
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0350
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0350
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0355
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0355
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0360
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0360
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0365
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0365
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0370
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0370
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0375
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0375
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0380
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0380
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0380
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0385
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0390
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0390
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0395
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0395
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0400
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0405
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0405
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0410
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0410
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0410
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0415
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0415
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0420
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0420
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0425
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0425
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0430
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0430
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0435
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0435
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0440
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0440
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0445
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0445
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0450
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0450
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0455
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0455
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0460
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0460
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0465
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0465
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0470
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0470
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0475
http://dx.doi.org/10.1016/j.tetasy.2014.07.005


6 T. P. Kumar / Tetrahedron: Asymmetry xxx (2014) xxx–xxx
S.; Johny, K.; Rajireddy, Ch. Tetrahedron: Asymmetry 2009, 20, 1742–1745; (d)
Chandrasekhar, S.; Kumar, T. P.; Haribabu, K.; Rajireddy, Ch. Tetrahedron:
Asymmetry 2010, 21, 2372–2375; (e) Chandrasekhar, S.; Kumar, T. P.; Haribabu,
K.; Rajireddy, Ch.; Kumar, C. R. Tetrahedron: Asymmetry 2011, 22, 697–702; (f)
Kumar, T. P.; Vavle, N. C.; Patro, V.; Haribabu, K. Tetrahedron: Asymmetry 2014,
25, 457–461; (g) Kumar, T. P.; Balaji, S. V. Tetrahedron: Asymmetry 2014, 25,
Please cite this article in press as: Kumar, T. P. Tetrahedron: Asymmetry
473–477; (h) Kumar, T. P.; Haribabu, K. Tetrahedron: Asymmetry 2014
(accepted).

9. Yoon, T. P.; Jacobsen, E. N. Science 2003, 299, 1691–1693.
10. (a) Seebach, D.; Golinski, J. Helv. Chem. Acta 1981, 64, 1413–1423; (b)

Betancort, J. M.; Sakthivel, K.; Thayumanavan, R.; Tanaka, F.; Barbas, C. F., III
Synthesis 2004, 1509–1521.
(2014), http://dx.doi.org/10.1016/j.tetasy.2014.07.005

http://refhub.elsevier.com/S0957-4166(14)00310-3/h0475
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0480
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0480
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0480
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0485
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0485
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0490
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0490
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0490
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0495
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0495
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0505
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0510
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0515
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0515
http://refhub.elsevier.com/S0957-4166(14)00310-3/h0515
http://dx.doi.org/10.1016/j.tetasy.2014.07.005

	Asymmetric Michael addition of aldehydes to nitroolefins catalyzed by a pyrrolidine–pyrazole
	1 Introduction
	2 Results and discussion
	3 Conclusions
	4 Experimental
	4.1 General
	4.1.1 General procedure for the Michael addition reaction


	Acknowledgements
	References


