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A series of secondary amine-thiourea catalysts derived from L-proline and chiral diamine were prepared
and first applied to the Michael addition of o,a-disubstituted aldehydes to trans-B-nitroalkenes. Moder-
ate yields (47-75%) and excellent enantioselectivities (up to 96% ee) were obtained for a variety of aryl
and heteroaryl nitroalkenes.

© 2010 Elsevier Ltd. All rights reserved.

Asymmetric organocatalysis has become a powerful tool for the
preparation of optically active compounds recently.!? The Michael
reaction is one of the most efficient carbon-carbon bond formation
reactions in organic chemistry, much recent attentions have fo-
cused on this organocatalytic reaction.> Many methods have been
developed for the direct asymmetric Michael addition of unmodi-
fied aldehydes and ketones with nitroalkenes to produce enantio-
merically enriched nitroalkanes.* There has been only a few
reports on the use of o,o-disubstituted aldehydes as donors for
asymmetric Michael reactions.’

Bifunctional activations, which simultaneously activate both
acceptors and donors, have recently emerged as an important
strategy in asymmetric small molecular catalysis. Generally, thio-
urea-based catalysts have been widely used due to their strong
activation of carbonyl and nitro groups through efficient double-
hydrogen-bonding interactions.® Secondary amine, typically repre-
sented by L-proline and its structural analogues, is a powerful tool
to activate aldehydes and ketones via enamine or imine transition
state.”® The secondary amine-thiourea catalysts 1a-1d synergisti-
cally combining chiral thiourea and chiral pyrrolidine with two
catalytic sites of chiral thiourea and r-prolic amide skeleton have
not drawn enough attentions except one analogous catalyst ap-
plied to catalyze the aldol reaction of acetophenone with aldehyde
in very low enantioselectivity.” We expected that these bifunc-
tional catalysts could be used to catalyze the asymmetric Michael
addition, and the reactivity and enantioselectivity may be en-
hanced by double activation, mutual stereo-compatibility, and chi-
ral recognition.

As a part of our everlasting interests in asymmetric synthe-
sis,'® herein we wish to report the first example of asymmetric
conjugate addition of a,a-disubstituted aldehyde to trans-p-nitro-
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alkenes promoted by these chiral thiourea-secondary amine
bifunctional catalysts. The strategies of the catalysts are illus-
trated in Figure 1.

Chiral catalysts 1a—-d were prepared via simple procedures.’ The
direct Michael reaction of isobutyraldehyde with trans-p-nitrosty-
rene was used as a model case to determine the asymmetric reaction
conditions and the results are summarized in Table 1. Moderate to
excellent enantioselectivities (55-91% ee) and moderate yields
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Figure 1. Secondary amine-thiourea catalysts.
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Table 1
Addition of isobutyraldehyde to trans-p-nitrostyrene catalyzed by thiourea 1a-d?*

Table 2
Effect of additives on the reaction®

(0]

% ~_NO, . o) ~NO, o}
w)}\H ) ©/\/ cat. (20 mol %) y NO, YLH . ©/\/ 1a (20 mol %) ’ NO,
solvent, rt additive
2 3a 4a 2 3a CH,Cly, rt 4a

Entry Catalyst Solvent Time (h) Yield® (%) ee“d (%) Entry Additive Time (h) Yield® (%) ee (%)

1 1a CH,Cl, 48 55 91 1 — 72 58 91

2 1b CH,Cl, 48 43 69 2 PhCOOH 72 50 82

3 1c CH,Cl, 48 49 89 3 AcOH 72 55 89

4 1d CH,Cl, 48 49 55 4 CF;COOH 72 49 82

5 1a Et,0 72 46 86 5 DIPEA 72 61 57

6 1a CHCl3 72 41 79 6 TEA 72 43 81

7 1a Cyclohexane 72 50 86 7 DMAP 72 52 80

8 1a n-Hexane 72 49 77 8 DABCO 72 41 81

9 1a Xylene 72 49 88
10 1a THF 72 45 77 @ Reactions were carried out with isobutyraldehyde (2, 0.40 mmol), nitrostyrene
11 1a MeOH 72 43 13 (3a, 0.20 mmol), addititve (0.04 mmol, 20 mol %), and the catalyst (1a, 0.04 mmol)
12 1a DMEF 72 47 _09 in CH,Cl, (0.5 mL) at rt.
13 1a DMSO 72 38 65 ® Isolated yields.
14 1a CH5CN 72 n.d. n.d
15 1a H,0 72 n.d. n.d.

9 Unless otherwise specified, all reactions were carried out with isobutyralde-
hyde (2, 0.40 mmol), trans-p-nitrostyrene (3a, 0.20 mmol), and the catalyst
(0.04 mmol) in the specified solvent (0.5 mL) at room temperature.

b Isolated yield after column chromatography.

¢ ee values were determined by HPLC with a Chiralpak-OD column.

4 The absolute configuration of the product was determined as R by comparing
with reported data.>

(49-55%) were achieved catalyzed by 1a-d (Table 1, entries 1-4) in
CH,Cl; atroom temperature. The enantioselectivity seems to be con-
trolled by the chiral linker unit and the compatibility of the two cat-
alytic chiral centers. The incompatible chiral centers in 1b and 1d
exert no synergic effects on the enantioselectivities. Catalyst 1a
afforded a higher enantioselectivity compared with 1b and 1d (Table
1, entries 1 vs 2-4).

A range of solvents was screened for the addition of isobutyral-
dehyde to trans-p-nitrostyrene catalyzed by 1a. The yields and
enantioselectivities were highly variable in different solvents. Polar
solvents such as CH3;OH, DMF, and DMSO showed negative effects
on the yields and enantioselectivities (Table 1, entries 11-13). Par-
ticularly, when the reaction was carried out in CH;CN and H,0, no
desired products were observed (Table 1, entries 14, 15). Less polar
solvents such as CH,Cl, and Et,0 gave moderate yields and good
enantioselectivities (Table 1, entries 1, 5). These results indicated
that CH,Cl, is a suitable candidate solvent for this reaction (Table
1, entry 1).

To improve the reaction rate, a series of acid and base additives
were also investigated and the results are listed in Table 2. How-
ever, no significant improvement in the results was observed.
Through extensive screening, the optimized reaction conditions
were found to be 20 mol % of catalyst 1a and CH,Cl, as solvent at
room temperature.

Under the optimized conditions, we also studied the generality
of this catalytic system with a variety of trans-p-nitroalkenes and
the results are listed in Table 3, and all the substituted B-nitrosty-
renes bearing either electron-donating substituents or electron-
withdrawing substituents on the aromatic ring gave the desired
Michael adducts in acceptable yields (47-75%) and high enantiose-
lectivities (up to 96% ee). More significantly, all the substituents in
para- (Table 3, entries 2-7), ortho- (Table 3, entry 8) and meta-posi-
tion (Table 3, entries 9 and 10) gave moderate yields and good
enantioselectivities.

Table 3
Asymmetric Michael addition of aldehyde to B-nitrostyrenes?®
i tfa@omol%) 3 1
+
R3j)J\H R1/\/N02 a (20 mol %) HJS(k/NC)?
R2 CH2C|2, rt R2 R3
2 3a-m 4a-m
Entry R, Rs R, Prodcut  Yield® (%) ee“d (%)
1 CH3 CHs3 CgHs 3a 4a 58 91
2 CH; CHs 4-FCgH,4 3b 4b 58 77
3 CH; CH; 4-CICgH, 3¢ 4c 51 86
4 CH3 CHs3 4-BrCgH,4 3d 4d 52 91
5 CH; CH; 4-NO,CeHs 3e  4e 47 90
6 CH; CH; 4-CH;CgHa 3f  4f 49 77
7 CH3 CHs3 4-CH30CgH, 3g  4g 56 85
8 CH; CHs3 2-CICgH4 3h 4h 75 91
9 CH; CH; 3-NO,CeH4 3i  4i 68 82
10 CH3 CH3 3-CH3CeH4 3 4j 55 86
11 CHs; CHs3 2-Thienyl 3k 4k 57 86
12 CH; CH; 2-Furyl 31 41 71 74
13 CH3 CH3 2-Naphthyl 3m 4m 60 96
14 CH,(CH;)sCH CgHs 3n 4n 51 80

# Reactions were carried out with aldehyde (2, 0.40 mmol), nitroalkenes (3a,
0.20 mmol), and the catalyst (0.04 mmol) in CH,Cl, (0.5 mL) at rt for 72 h.

b Isolated yields.

¢ ee values were determined via HPLC with a Chiralpak-OD column.

4 The absolute configuration of the product was determined as R by comparing
with reported data.®

Further extending the optimized protocol to heteroaromatic
nitroalkenes such as 2-furanyl-nitroethene and 2-thienyl-nitroeth-
ene, all the substrates gave good yields and enantioselectivities
(Table 3, entries 11 and 12). Significantly, 1-naphthyl-nitroethene
provided the highest enantioselectivity and acceptable yield (96%
ee, 60% yield; Table 3, entry 13). Cyclohexanecarbaldehyde was
also investigated and gave moderate yield (51%) and good enanti-
oselectivity (81% ee, Table 3, entry 14).

Based on the observed reactivity and experimental results, we
suggested a plausible bifunctional catalytic mechanism involving
hydrogen binding and enamine formation as shown in Figure 2.
A joint experimental-theoretical study showed that only one oxy-
gen atom of the nitro group was bonded to the thiourea moiety,
which could enhance the electrophilic property of nitroolefin. The
basic pyrrolidine group reacts with isobutyraldehyde to form an
activated enamine intermediate.
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Figure 2. Proposed transition state model.

In conclusion, we first successfully applied the secondary
amine-thiourea bifunctional catalysts with two catalytic sites of
chiral thiourea and L-prolic amide skeleton to catalyze the Michael
addition of isobutyraldehyde to nitroalkenes with good yields (up
to 75%) and excellent enantioselectivities (up to 96% ee) for a vari-
ety of aryl and heteroaryl nitroalkenes. Further studies of the new-
ly developed catalyst model and related catalysts in other catalytic
reactions are currently underway.

Acknowledgments

We are grateful for the financial support from National Natural
Science Foundation of China (20802075) and the Chinese Academy
of Sciences.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.tetlet.2010.03.039.

References and notes

1. Special issues on organocatalysis, see: (a) Dalko, P. I. Enantioselective
Organoctalysis; Wiley-VCH: Weinheim, 2007; (b) Berkessel, A. Asymmetric
Organocatalysis: From Biomimetic Concepts to Applications in Asymmetric
Synthesis; Wiley-VCH: Weinheim, 2005.

2. For selected reviews on organocatalysis, see: (a) Dalko, P. I.; Moisan, L. Angew.
Chem., Int. Ed. 2004, 43, 5138-5175; (b) Dondoni, A.; Massi, A. Angew. Chem.,
Int. Ed. 2008, 47, 4638-4660.

3. For recent reviews of asymmetric Michael addition reactions, see: (a) Krause,
N.; Hoffmann-Roder, A. Synthesis 2001, 171-196; (b) Berner, O. M.; Tedeschi, L.;

10.

11.

2805

Enders, D. Eur. J. Org. Chem. 2002, 1877-1894; (c) Sibi, M. P.; Manyem, S.
Tetrahedron 2000, 56, 8033-8061; (d) Christoffers, J.; Baro, A. Angew. Chem., Int.
Ed. 2003, 42, 1688-1690.

. Asymmetric Michael additions of aldehydes and ketones to nitroolefins, see: (a)

List, B.; Pojarliev, P.; Martin, H. J. Org. Lett. 2001, 3, 2423-2425; (b) Betancort, J.
M., ; Barbas, C. F,, Ill Org. Lett. 2001, 3, 3737-3740; (c) Alexakis, A.; Andrey, O.
Org. Lett. 2003, 5, 3611-3614; (d) Ishii, T.; Fujioka, S.; Sekiguchi, Y.; Kotsuki, H.
J. Am. Chem. Soc. 2004, 126, 9558-9559; (e) Hayashi, Y.; Gotoh, H.; Hayashi, T.;
Shoji, M. Angew. Chem., Int. Ed. 2005, 44, 4212-4215; (f) Xu, Y.; Zou, W.;
Sunden, H.; Ibrahem, I.; Cordova, A. Adv. Synth. Catal. 2006, 348, 418-424; (g)
Luo, S.; Mi, X.; Zhang, L.; Liu, S.; Xu, H.; Cheng, J.-P. Angew. Chem., Int. Ed. 2006,
45, 3093-3097; (h) Palomo, C.; Vera, S.; Mielgo, A.; Gomez-Bengoa, E. Angew.
Chem., Int. Ed. 2006, 45, 5984-5987; (i) Mosse, S.; Laars, M.; Kriis, K.; Kanger, T.;
Alexakis, A. Org. Lett. 2006, 8, 2559-2562; (j) Pansare, S. V.; Pandya, K. J. Am.
Chem. Soc. 2006, 128, 9624-9625; (k) Cao, C.-L.; Ye, M.-C.; Sun, X.-L.; Tang, Y.
Org. Lett. 2006, 8, 2901-2904; (1) Reyes, E.; Vicario, ]. L.; Badia, D.; Carrillo, L.
Org. Lett. 2006, 8, 6135-6138; (m) Xu, Y.; Cordova, A. Chem. Commun. 2006,
460-462; (n) Mandal, T.; Zhao, C.-G. Tetrahedron Lett. 2007, 48, 5803-5806; (0)
Gu, L.-q.; Zhao, G. Adv. Synth. Catal. 2007, 349, 1629-1632; (p) Ni, B.; Zhang, Q.;
Headley, A. D. Green Chem. 2007, 9, 737-739; (q) Chi, Y.; Guo, L.; Kopf, N. A.;
Gellman, S. H. J. Am. Chem. Soc. 2008, 130, 5608-5609; (r) Wiesner, M.; Revell, J.
D.; Wennemers, H. Angew. Chem., Int. Ed. 2008, 47, 1871-1874; (s) Garcia-
Garcia, P.; Ladepeche, A.; Halder, R.; List, B. Angew. Chem., Int. Ed. 2008, 47,
4719-4721; (t) Enders, D.; Wang, C.; Bats, ]. W. Angew. Chem., Int. Ed. 2008, 47,
7539-7542; (u) Wiesner, M.; Revell, J. D.; Tonazzi, S.; Wennemers, H. J. Am.
Chem. Soc. 2008, 130, 5610-5611.

. (a) Zhang, X. J.; Liu, S. P.; Li, X. M.; Yan, M.; Albert, S. C.; Chan Chem. Commun.

2009, 833-835; (b) Zhang, X. J.; Liu, S. P.; Lao, J. H.; Du, G. J.; Yan, M.; Albert, S.
C.; Chan Tetrahedron: Asymmetry 2009, 1451-1458; (c) Chang, C.; Li, S. H.;
Reddy, R. J.; Chen, K. M. Adv. Synth. Catal. 2009, 351, 1273-1278; (d) Rigby, C. L.;
Dixon, D. J. Chem. Commun. 2008, 3798-3800; (e) Liu, T. Y.; Long, J.; Li, B. J.;
Jiang, L,; Li, R;; Wy, Y.; Ding, L. S.; Chen, Y. C. Org. Biomol. Chem. 2006, 4, 2097-
2099; (f) Li, H.; Song, J.; Liu, X.; Deng, L. J. Am. Chem. Soc. 2005, 127, 8948-8949;
(g) Bella, M.; Jorgensen, K. A. J. Am. Chem. Soc. 2004, 126, 5672-5673; for
reviews of catalytic enantioselective construction of all carbon quaternary
chiral centers, see: (h) Christoffers, J.; Baro, A. Angew. Chem., Int. Ed. 2003, 42,
1688-1690; (i) Christoffers, ].; Mann, A. Angew. Chem., Int. Ed. 2001, 40, 4591-
4597; (j) Corey, E. ].; Guzman-Perez, A. Angew. Chem., Int. Ed. 1998, 37, 388-
401; (k) Fuji, K. Chem. Rev. 1993, 93, 2037-2066.

. (a) Taylor, M. S.; Jacobsen, E. N. Angew. Chem., Int. Ed. 2006, 45, 1520-1543; (b)

Doyle, A. G.; Jacobsen, E. N. Chem. Rev. 2007, 107, 5713-5743.

. For a review on asymmetric enamine catalysis, see: (a) List, B. Acc. Chem. Res.

2004, 37, 548-557; (b) Mukherjee, S.; Yang, J. W.; Hoffmann, S.; List, B. Chem.
Rev. 2007, 107, 5471-5569.

. For a review on asymmetric iminium ion catalysis, see: (a) Lelais, G.;

MacMillan, D. W. C. Aldrichim. Acta 2006, 39, 79-87; (b) Erkkilv, A.;
Majander, L.; Pihko, P. M. Chem. Rev. 2007, 107, 5416-5570.

. Mei, K.; Zhang, S. L.; He, S. T.; Li, P.; Jin, M.; Xue, F.; Luo, G. S.; Zhang, H. Y.; Song,

L. R.; Duan, W. H.; Wang, W. Tetrahedron Lett. 2008, 49, 2681-2684.

(a) Chen, Y. Z.; Lin, H.; Xu, X. Y.; Xia, S. W.; Wang, L. X. Adv. Synth. Catal. 2008,
350, 426-430; (b) Chen, Y. Z,; Xu, ]. G.; Xu, X. Y.; Xia, Y.; Lin, H.; Xia, S. W.;
Wang, L. X. Tetrahedron: Asymmetry 2007, 18, 2537-2540.

Galzerano, P.; Bencivenni, G.; Pesciaioli, F.; Mazzanti, A.; Giannichi, B.; Sambri,
L.; Bartoli, G.; Melchiorre, P. Chem. Eur. J. 2009, 15, 7846-7849.


http://dx.doi.org/10.1016/j.tetlet.2010.03.039

	Highly asymmetric Michael additions of α,α-disub
	Acknowledgments
	Supplementary data
	References and notes


