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ABSTRACT

An efficient approach for the enantioselective Michael additions of �-alkyl-�-keto esters to �-substituted r,�-unsaturated ketones has been
developed. The Michael products could be obtained in good to excellent yields (75-98%) with excellent diastereoselectivities (up to >99:1 dr)
and enantioselectivities (up to 96% ee) and could easily be transformed into a synthetically useful hexahydrophenanthrene structure under
mild conditions in good yield.

Of those common methods for construction of valuable
compounds in modern organic synthesis, the Michael addi-
tion has been the most fascinating and powerful one,1 whose
product might also be a key intermediate for further
transformations such as the Robinson annulation reaction
affording a variety of substituted cyclohexenones.2 Therefore,
the asymmetric version has been increasingly attractive to
most scientists either in natural product preparations or in
enantioselective organic synthetic methodologies.3 The past

few decades have witnessed a tremendous development of
various efficient methodologies for asymmetric synthesis
involving enzyme catalysis, organometallic catalysis, and
more recently, organic catalysis.4 Among those powerful
approaches for enantioselective catalysis, the asymmetric
organocatalytic synthesis has been one of the most outstand-
ing methods mainly due to its high efficiency, low toxicity,
and ready availability.5 Up until now, great efforts have been
made in this field, and remarkable progress has been achieved
in both aldehyde and ketone activations through certain
catalytic modes such as iminium, enamine, and SOMO
activation.6 Nevertheless, compared with the magnificent
achievements in asymmetric aldehyde activation,7 the or-
gano-catalytic Michael addition involving R,�-unsaturated
ketone, whose reactivity is generally weak, remains a

(1) For the very recent reviews of Michael addition, see: (a) Sato, K.;
Tarui, A.; Omote, M.; Ando, A.; Kumadaki, I. Synthesis 2010, 1865. (b)
Amslinger, S. Chem. Med. Chem. 2010, 5, 351. (c) Dalpozzo, R.; Bartoli,
G.; Sambri, L.; Melchiorre, P. Chem. ReV. 2010, 110, 3501.

(2) For limited reviews of Robinson annulation, see: (a) Jarvo, E. R.;
Miller, S. J. Tetrahedron 2002, 58, 2481. (b) Simon, C.; Constantieux, T.;
Rodriguez, J. Eur. J. Org. Chem. 2004, 4957.
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challenging task, and the control of stereoselectivity is
another formidable issue for this transformation. Moreover,
the formation of an all-carbon chiral center and a simulta-
neous construction of a vicinal chiral tertiary carbon center

with complete stereocontrol would certainly add to those
difficulties greatly.8 During the past couple of years, R-alkyl-
�-keto esters have been applied frequently in such transfor-
mations with a variety of conjugate electrophilic Michael
acceptors to conquer those difficulties involving both organic
and organometallic catalysts,9 and of course, a number of
investigations of the Michael addition of �-keto esters with
different vinyl ketones had also been implemented.

For example, Hermann and Wynberg reported a seminal
work on the enantioselective conjugate additions of �-keto
esters to methyl vinyl ketone using natural cinchona alkaloid
as catalyst,10 and the highly enantioselective conjugate
addition reaction of �-keto esters with methyl vinyl ketone
had been disclosed by Sasai and Shibasaki.11 Moreover, there
were also excellent reports employing chiral organometallic
catalysts such as scandium(III) catalysts,12 palladium cata-
lysts,13 and ruthenium catalysts,14 as well as the phase
transfer catalysis reported by Maruoka and co-workers.15

More recently, an efficient cinchona alkaloid catalyst which
has been developed by Deng and co-workers also represented
an outstanding work in this transformation.16

Although the asymmetric conjugate addition of �-keto esters
to methyl vinyl ketone catalyzed by a variety of chiral Lewis
base, Lewis acid, Brønsted base, and Brønsted acid has been
reported, asymmetric conjugate addition of R-alkyl-�-keto esters
to �-substitutedR,�-unsaturated ketones still remains a challenge
due to the above-mentioned difficulties and is definitely worthy

(3) For recent books, see: (a) Berkessel, A.; Gröger, H. Asymmetric
Organocatalysis; Wiley-VCH: Weinheim, Germany, 2004. (b) Dalko, P. I.
EnantioselectiVe Organocatalysis; Wiley-VCH: Weinheim, Germany, 2007.
(c) Jacobsen, E. N.; Pfaltz, A.; Yamamoto, H. ComprehensiVe Asymmetric
Catalysis; Springer: Berlin, 1999. For recent reviews of asymmetric Michael
addition reactions, see: (d) Krause, N.; Hoffmann-Röer, A. Synthesis 2001,
2, 171. (e) Dalko, P. I.; Moisan, L. Angew. Chem., Int. Ed. 2001, 40, 3726.
(f) Berner, O. M.; Tedeschi, L.; Enders, D. Eur. J. Org. Chem. 2002, 1877.
(g) Christoffers, J.; Baro, A. Angew. Chem., Int. Ed. 2003, 42, 1688. (h)
Fagnou, K.; Lautens, M. Chem. ReV. 2003, 103, 169. (i) Dalko, P. I.; Moisan,
L. Angew. Chem., Int. Ed. 2004, 43, 5138. (j) Houk, K. N.; List, B. Acc.
Chem. Res. 2004, 37, 487. (k) Ballini, R.; Bosica, G.; Fiorini, D.; Palmieri,
A.; Petrini, M. Chem. ReV. 2005, 105, 933. (l) List, B. Chem. Commun.
2006, 819. (m) Taylor, M. S.; Jacobsen, E. N. Angew. Chem., Int. Ed. 2006,
45, 1520. (n) Connon, S. J. Chem.sEur. J. 2006, 12, 5418. (o) Tsogoeva,
S. B. Eur. J. Org. Chem. 2007, 1701. (p) Almasi, D.; Alonso, D. A.; Nájera,
C. Tetrahedron: Asymmetry 2007, 18, 299. (q) Almaşi, D.; Alonso, D. A.;
Nájera, C. Tetrahedron: Asymmetry 2007, 18, 299. (r) Melchiorre, P.;
Marigao, M.; Carlone, A.; Bartoli, G. Angew. Chem., Int. Ed. 2008, 47,
6138. (s) Bartoli, G.; Melchiorre, P. Synlett 2008, 1759. (t) Chen, Y.-C.
Synlett 2008, 1919. (u) Bertelsen, S.; Jørgensen, K. A. Chem. Soc. ReV.
2009, 38, 2178. (v) Xu, L.-W.; Luo, J.; Lu, Y. Chem. Commun. 2009, 1807.
Selected examples: (w) Kim, H.; Yen, C.; Preston, P.; Chin, J. Org. Lett.
2006, 8, 5239. (x) Bartoli, G.; Bosco, M.; Carlone, A.; Pesciaioli, F.; Sambri,
L.; Melchiorre, P. Org. Lett. 2007, 9, 1403. (y) Lu, X.; Deng, L. Angew.
Chem., Int. Ed. 2008, 47, 7710. (z) Reisinger, C. M.; Wang, X.; List, B.
Angew. Chem., Int. Ed. 2008, 47, 8112.

(4) Reviews on organocatalysis: (a) Dalko, P. I.; Moisan, L. Angew.
Chem., Int. Ed. 2001, 40, 3726. (b) Dalko, P. I.; Moisan, L. Angew. Chem.,
Int. Ed. 2004, 43, 5138. (c) Seayad, J.; List, B. Org. Biomol. Chem. 2005,
3, 719. (d) Takemoto, Y. Org. Biomol. Chem. 2005, 3, 4299. (e) Hayashi,
Y. J. Synth. Org. Chem. Jpn. 2005, 63, 464. (f) Taylor, M. S.; Jacobsen,
E. N. Angew. Chem. Int. Ed. 2006, 45, 1520. (g) Marcelli, T.; van
Maarseveen, J. H.; Hiemstra, H. Angew. Chem., Int. Ed. 2006, 45, 7496.
(h) Palomo, C.; Mielgo, A. Angew. Chem., Int. Ed. 2006, 45, 7876. (i) List,
B. Chem. Commun. 2006, 819. (j) Marigo, M.; Jøgensen, K. A. Chem.
Commun. 2006, 2001. (k) Connon, S. J. Chem.-Eur. J. 2006, 12, 5418. (l)
Doyle, A. G.; Jacobsen, E. N. Chem. ReV. 2007, 107, 5713. (m) Gaunt,
M. J.; Johnsson, C. C. C.; McNally, A.; Vo, N. T. Drug DiscoVery Today
2007, 12, 8. (n) Dondoni, A.; Massi, A. Angew. Chem., Int. Ed. 2008, 47,
4638. (o) Connon, S. J. Synlett 2009, 354. (p) Marcelli, T.; Hiemstra, H.
Synthesis 2010, 8, 1229.

(5) For general reviews of organocatalysis, see: (a) Melchiorre, P.;
Marigo, M.; Carlone, A.; Bartoli, G. Angew. Chem., Int. Ed. 2008, 47, 6138.
(b) Seayad, J.; List, B. Org. Biomol. Chem. 2005, 3, 719. (c) Gaunt, M. J.;
Johansson, C. C. C.; McNally, A.; Vo, N. T. Drug DiscoVery Today 2007,
2, 8.
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Jacobsen, C. B.; Holub, N.; Paixao, M. W.; Jørgensen, K. A. Angew. Chem.,
Int. Ed. 2010, 49, 2668. (b) Nunez, M. G.; Garcia, P.; Moro, R. F.; Diez,
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2010, 1, 1. (d) Bertelsen, S.; Jørgensen, K. A. Chem. Soc. ReV. 2009, 38,
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(h) Trost, B. M.; Brindle, C. Chem. Soc. ReV. 2010, 39, 1600.
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Chem., Int. Ed. 2007, 46, 1101. (d) de Figueiredo, R. M.; Christmann, M.
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Figueiredo, R. M.; Fröhlich, R.; Christmann, M. Angew. Chem., Int. Ed.
2008, 47, 1450. (m) Barbas, C. F., III Angew. Chem., Int. Ed. 2008, 47, 42.
(n) Carpenter, J.; Northrup, A. B.; Chug, M.; Wiener, J. J. M.; Kim, S.-G.;
MacMillan, D. W. C. Angew. Chem., Int. Ed. 2008, 47, 3568. (o) Dondoni,
A.; Massi, M. Angew. Chem., Int. Ed. 2008, 47, 4638. (p) Franzén, J.;
Fischer, A. Angew. Chem., Int. Ed. 2009, 48, 787. (q) Ishikawa, H.; Suzuki,
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of our best effort to overcome those barriers. Herein, we report
our new development of the enantioselective Michael addition
of R-alkyl-�-keto esters to �-substituted R,�-unsaturated ketones
under multifunctional catalysis with excellent diastereo- and
enantioselectivities, and the products could also be easily
transformed into synthetically useful chiral cyclohexenones
through the Robinson annulation.

The reaction of 8a and 9a was first investigated as the
model reaction, and optimizations of catalyst and solvent were
carried out, whose representative results were shown in Table
1. A variety of chiral primary amine catalysts were tested in

this transformation, and a high diastereoselectivity of 90/10 was
obtained when (1R,2R)-diaminocyclohexane 1 was used as

catalyst, but with very low enantioselectivity of 22% (Table 1,
entry 1). However, moderate enantioselectivity of 47% and
diastereoselectivity of 68/32 were obtained using (1R,2R)-
diphenylethylene-1,2-diamine 2 as catalyst (entry 2). Increas-
ingly, when 9-amino (9-deoxy) epiquinine 3 was used as
catalyst, 87/13 dr and 77% ee were achieved (entry 3). Acidic
additives, such as trifluoroacetic acid, decreased both diastereo-
and enantioselectivity (entry 4). To our great delight, when
multifunctional catalysts were used, both the diastereo- and
enantioselectivity improved (entries 5-8). After a series of
attempts, catalyst 4 was found to be the best one. Examination
of solvent effects found that toluene, ethyl acetate, acetonitrile,
and THF were all good solvents for this Michael reaction
(entries 9-18). Finally, the result proved best when using
catalyst 4 in toluene with a concentration of 1.0 M based on
8a at ambient temperature (entry 19).

Under the optimized conditions, we next explored the
scope of the asymmetric Michael addition of R-alkyl-�-keto
esters to �-substituted R,�-unsaturated ketones. Experimental
data showed that the reaction proceeded very well with a
variety of alkyl vinyl ketones, and the substituents on the
R-alkyl-�-keto esters had little effect on the results. All these
Michael products were obtained in good to excellent yields
and high diastereoselectivities with excellent ee values (Table

Table 2. Expanding the Scope of the Asymmetric Michael
Additions of R-Alkyl-�-keto Esters to �-Substituted
R,�-Unsaturated Ketonesa

entry R1 R2 R3 R4 yield %b drc ee %d,e

1 Me n-Pr Me H 95, 10a 98:2 94
2 Me Me Me H 82, 10b 99:1 95
3 Me n-Bu Me H 86, 10c 98:2 96
4 Me n-Pen Me H 97, 10d 98:2 91
5 Me n-Hex Me H 97, 10e 98:2 96
6 Me Me Et H 95, 10f 99:1 95
7 Me n-Hex Et H 93, 10g 98:2 93
8 Et Me Me H 95, 10h 99:1 96
9 n-Bu Me Me H 80, 10i 98:2 95
10 Me n-Pen Me 7-OMe 92, 10j 98:2 92
11 Me n-Bu Me 7-OMe 82, 10k 98:2 97
12 Me Me Me 6-OMe 92, 10l 97:3 93
13 Me n-Hex Me 6-OMe 90, 10m 98:2 93
14 Me n-Bu Me 6-Br 85, 10n 97:3 93
15 Me n-Pr Me 6-Br 87, 10o 98:2 92
16 Me n-Pen Me 6-Cl 92, 10p 98:2 87
17 Et Me Me 6-Cl 93, 10q >99:1 95
18 Me i-Bu Me H 75, 10r >99:1 86
19 Me (CH2)2Ph Me H 95, 10s >99:1 91
20 Et Me Me 6-Br 89, 10t >99:1 93
21 n-Bu Me Me 6-Cl 75, 10u >99:1 92
22f Ph Me Me H 85, 10v 77:23 15 (82)
23 -(CH2)3- Me Me 98, 10w 57:43 65 (82)
24 -(CH2)4- Me Me 90, 10x 60:40 94 (92)

a All reactions were carried out using 1.0 equiv of 8 (0.50 mmol, 1.0 M),
2.0 equiv of 9, and 0.10 equiv of 4. b Isolated yield of both diastereoisomers.
c Diastereoselectivity was determined by 1H NMR of the crude reaction mixture.
d Enantiomeric excess of the major diastereoisomer, determined by chiral HPLC.
e The value in parentheses was enantiomeric excess of the minor diastereoi-
somer, determined by chiral HPLC. f 30 mol % of 4 was used.

Table 1. Primary Screening Resultsa

entry cat. solvent conv %b drc ee %d

1 1 DCM 65 90:10 22
2 2 DCM 6 68:32 47
3 3 DCM 5 87:13 -77
4e 3 DCM 15 77:33 51
5 4 DCM 88 99:1 90
6 5 DCM 76 97:3 92
7 6 DCM 41 95:5 86
8 7 DCM 38 84:16 90
9 4 toluene 93 97:3 91
10 4 EtOAc 97 94:6 91
11 4 CH3CN 90 84:16 90
12 4 DMF 60 86:14 86
13 4 DMSO 52 37:63 75
14 4 CHCl3 92 96:4 85
15 4 MTBE 96 96:4 86
16 4 THF 85 94:6 94
17 4 Et2O 97 97:3 85
18 4 MeOH 73 92:8 51
19f 4 toluene 95g 98:2 93
a All reactions were carried out using 1.0 equiv of 8a (0.10 mmol, 0.5

M), 2.0 equiv of 9a, and 0.10 equiv of catalyst. b Conversion was determined
by GC. c Diastereoselectivity was determined by 1H NMR of the crude
reaction mixture. d Enantiomeric excess of the major diastereoisomer,
determined by chiral HPLC. e With 10 mol % of CF3CO2H as additive.
f The reaction was carried out using 1.0 M of 8a. g Isolated yield of the
final product.
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2, entries 1-21). Notably, several cyclic vinyl ketones also
participate well in this reaction, and the products could be
gathered as a mixture of two diastereoisomers in excellent
yields with moderate to excellent enantiomeric excesses,
albeit with generally moderate diastereoselectivities (entries
23-24). However, only a moderate ee value could be
observed when benzylideneacetone was employed as the
electrophilic reagent, and the corresponding product was
collected as a mixture of two diastereoismers with a 77:23
ratio in 85% yield (entry 22). What’s more, no reactions
occurred when the more bulky Michael acceptors such as
chalcones were used as the electrophilic reactant.

The absolute configuration of the Michael product 10t was
determined by single-crystal X-ray analysis.17 This result
prompted us to assume a possible process for the asymmetric
Michael addition based on our previous works,18 as sum-
marized in Scheme 1.

Having successfully extended the scope of the Michael
addition with a wide range of substrates, we also were eager

to apply this approach in some useful synthetic transforma-
tions. As shown in Scheme 2, a Robinson annulation could

easily be promoted by use of sodium in methanol,19 and the
corresponding hexahydrophenanthrene derivative could be
obtained in 75% yield as a white solid.

In conclusion, we have developed an efficient approach
for the enantioselective Michael additions of R-alkyl-�-keto
esters to �-substituted R,�-unsaturated ketones with excellent
diastereo- and enantioselectivities, and the product could
easily be transformed into synthetically useful hexahydro-
phenanthrene structure under mild conditions in good yield.
Further applications of this methodology are currently well
under way and will be published soon.
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Scheme 1. Assuming Process of the Asymmetric Michael
Addition

Scheme 2. Robinson Annulation of 10a
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