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Abstract: A type of C,-symmetrical bisprolinamide
has been developed for the asymmetric aldol reac-
tion between acetone and a-keto esters, which fur-
nishes the chiral tertiary alcohols in high yields (up
to 99 %) with high enantioselectivities (up to 94 %
ee). Aliphatic, heteroaromatic and aromatic a-keto
esters including those with electron-donating or
electron-withdrawing group substituents were found
to be suitable substrates in the presence of bisprolin-
amide 2a (15 mol%) and AcOH (150 mol %) with
reaction times of no more than 16 h. This process is
easily manipulated with readily available reagents.
The geometry of catalyst 2a was fully optimized at
the B3LYP/6-31G(d) level with all electron calcula-
tions. Based on the experimental investigations and
DFT calculations of catalyst 2a, a possible transition
state A has been proposed to explain the origin of
the activation and asymmetric inductivity.

Keywords: aldol reaction; bisprolinamide; DFT; a-
keto esters; organocatalysts

Because the aldol reaction is one of the most power-
ful reactions in constructing carbon-carbon bonds for
B-hydroxy carbonyl compounds,!' great attention has
been paid to its asymmetric versions.>” In contrast to
the previously reported organocatalyzed direct aldoli-
zation, to the best of our knowledge, chiral tertiary al-
cohols which are key medical intermediates,® were
rarely reported.”’ Therefore, the aldol reaction of -
keto esters with acetone would be significant. In our
previous studies, ligand 1a only complexed with Ti(O-
i-Pr), to dually catalyze the asymmetric cyanosilyla-
tion of aldehydes and ketones.!"”” For aldol reaction,
the same two amino units of 1a could be expected to
respectively activate acetone via an active enamine
and a-keto esters via a hydrogen bonding interaction
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as a bifunctional organocatalyst. Herein, we report on
bifunctional organocatalysts for the highly reactive
and enantioselective aldol reaction between acetone
and a-keto esters.

Initially, the aldolization of methyl phenylglyoxy-
late and acetone was selected as model reaction and
the catalytic activities of organocatalysts (1a, b and
2a-c) (Figure 1) were evaluated, with the results sum-
marized in Table 1. L-Proline derivative 1la with the

Y-HN NH-Y
e}
O -
2a: Y= </\‘
X = 7z, NH
1a: X= . o

0
1h: X= W

2c: Y=

Figure 1. Catalysts evaluated in this study.

backbone of (R,R)-1,2-diphenylethylenediamine was
superior to that with the (R,R)-1,2-diaminocyclohex-
ane structure (Table 1, entries 1 and 2). L-Piperidine-
2-carboxylic acid derivative 2b or L-2-amino-2-phenyl-
acetic acid derivative 2¢ which contain a primary
amine gave complete failure or inferior results
(Table 1, entries 4 and 5), and p-proline derivative 2a
gave the aldol adduct in good yield with moderate
enantioselectivity (Table 1, entry 3). The substitution
of ethyl or cyclopentyl for the methyl ester group of
the substrate produced lower enantioselectivity
(Table 1, entries 6 and 7). The good enantioselectivity

Tl WWILEY

() interScience’

¥

2665



COMMUNICATIONS

Fei Wang et al.

Table 1. Asymmetric aldol reaction of acetone with phenyl-
glyoxylate esters under indicated conditions.

)?\ . j)\ cat. (20mol %) O OH
Ph” "COOR

— *,
12h COOR
Ph

Entry®® Catalyst R Yield ee

[°Cl %] [%]
1 1a Me 0 91 32
2 1b Me 0 90 28
3 2a Me 0 92 53
4 2b Me 0 trace n.d.l
5 2¢ Me 0 41 62
6 2a Et 0 82 35
7 2a Cyclopentyl 0 75 38
8 2a Me =20 91 75

[l All reactions were run on a 0.1-mmol scale of phenyl-
glyoxylate ester in 0.2 mL acetone.

) Isolated yield.

[l Determined by HPLC analysis.

[ Not determined.

of 75% ee was obtained by decreasing the tempera-
ture from 0 to —20°C without any loss of the yield in
12 h (Table 1, entry 8). Systematic screening studies
including various additives, reaction temperature and
catalyst loading established that organocatalyst 2a (15
mol % ) with the combined use of AcOH (150 mol %)
at —20°C enabled the efficient formation of the prod-
uct in 92% yield with 93% ee in 16 h (Table 2,
entry 1).

Table 2. Catalyst 2a-promoted asymmetric aldol reaction of
acetone with a-keto esters under optimum conditions.

o )O,\ 2a (15 mol %) j\j;
)j\ R”™ COOMe AcOH, -20 °C > L COOMe
3 4
Entry® R t[h] Yield [%]® ee[%]
1 Ph (3a) 16 92 93 ()
2 3-CH,CH, (3b) 16 99 94
3 4-CH,C¢H, (3¢) 2 9 94
4 2-CH,OC(H, (3d) 16 90 64
5 4-CH,OCH, (3¢) 16 82 92
6 3-FC4H, (3f) 12 9 80
7 2-Thiophenyl (3g) 16 86 80 ($)
8 1-Naphthyl 3h) 16 82 70
9 2-Naphthyl (3i) 12 9% 92
10 Cyclohexyl (3j) 12 92 93

[l All reactions were run on a 0.1-mmol scale of o-keto
esters in 0.2 mL acetone.

] Isolated yield.

[l Determined by HPLC analysis.

[ The absolute configurations were established as S by
comparison of the literature (see ref.l’).
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Under the optimal conditions, the substrate gener-
ality was investigated. As shown in Table 2, the aldol
reactions proceeded smoothly to generate aldol ad-
ducts with chiral tertiary alcohols in high yields (up to
99%) with high enantioselectivities (up to 94% ee).
The wuse of aromatic rings with neutral groups
(Table 2, entry 1), electron-donating groups (Table 2,
entries 2-5) or with-drawing groups (Table 2, entry 6)
was well tolerated in the reactions. The reaction of a
heteroaromatic ring compound proceeded in good
yield and enantioselectivity (Table 2, entry 7). The
fused ring compounds provided good yields and asym-
metric inductivities. Probably owing to steric hin-
drance, both the reactivity and enantioselectivity of a-
keto esters with a naphthyl on the a-position were in-
ferior to those on the P-position (Table 2, entry 8
versus entry 9). In addition, the use of aliphatic rings
also showed execellent yield and enantioselectivity
(Table 2, entry 10). When using cyclohexone, 3-penta-
none or 2-butanone as a donor, only poor yields were
obtained.

The aldolization of substrate 3a with acetone in the
presence of 5, half of the C,-symmetric structure, pro-
duced 4a in 32% yield with poor enantioselectivity
(Scheme 1), which revealed that the cooperation of

ﬁ\ :
O,\\ H/\Ph
NH
OH
j\ . )OL 5 (15 mol %) /loj\/*\\
—»
Ph” “COOMe ACOH (9 L) Phcoovvle
3a -20°C, 16 h 4a
32% yield
11% ee

Scheme 1.

the two spread amino units played a crucial role in af-
fording the excellent yield and asymmetric inductivity.
Using the Gaussian program package, the geometry
of catalyst 2a was optimized at the B3LYP/6-31G(d)
level (Figure 2). The modelling calculation showed
that the two phenyl rings of the diamine moiety are
bent forwards and backwards, and the two pyrrole
units are bent upwards and downwards, respectively,
which facilitated conjugate addition between the acti-
vated donor and acceptor in two planarities. On the
basis of the observed absolute configuration of
methyl 2-hydroxy-4-oxo-2-penylpentanoate (Table 2,
entry 1), a possible transition state A has been pro-
posed (Figure 3). The interaction between acetone
and a pyrrole unit gives the active enamine. Mean-
while the a-keto ester is activated by hydrogen bond-
ing via oxides coordinating to the hydrogens on the
amide and the protonated amine groups. The Re face
of the methyl phenylglyoxylate is much more accessi-
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Figure 2. Optimized geometry of catalyst 2a at the B3LYP/
6-31G(d) level.

Re-favored
A B

Si-disfavored

Figure 3. Proposed transition state (A or B) for the catalytic
asymmetric aldol reaction.

ble to the enamine than the Si face, since the interac-
tion of the Si face and the active enamine will strong-
ly increase the repulsion between phenyl subunits as
in transition state B.

In conclusion, we have developed a bifunctional or-
ganocatalyst for the asymmetric aldol reaction. Ali-
phatic, heteroaromatic, and aromatic o-keto esters
were converted well in excellent yields (up to 99 %)
with high enantioselectivities (up to 94 % ee). The op-
timal organocatalyst 2a only requires a simple two-
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step synthesis to give an excellent yield from commer-
cially available materials. This contribution provides a
simple and practical synthetic strategy for the direct
formation of chiral tertiary alcohols from the ketones.
DFT investigations have also been employed to pro-
vide some important information for a proposal of
the transition state. Further efforts should be devoted
to the optimization of the catalyst to enhance enantio-
selectivity and reactivity, and clarify the mechanism
of the reaction.

Experimental Section

Materials and Methods

All the catalytic manipulations were carried out under air in
a closed system. The 'H NMR spectra were recorded on a
Bruker instrument (400 MHz). Chemical shifts are reported
in ppm from tetramethylsilane with the solvent resonance as
the internal standard (CDCl;, 6="7.26). Data are reported
as follows: chemical shift, multiplicity (s=singlet, d=dou-
blet, t=triplet, m =multiplet), coupling constants (Hz), inte-
gration, and assignment. *C NMR data were collected on a
Bruker instrument (100 MHz) with complete proton decou-
pling. Chemical shifts are reported in ppm from the tetrame-
thylsilane with the solvent resonance as internal standard
(CDCls, 6="77.0). HR-MS were recorded on a Bruker Dal-
tonics Data Analysis system. Enantiomer ratios were deter-
mined by chiral HPLC analysis on Daicel Chiralcel AD in
comparison with the authentic racemates. Commercial grade
reagents were used without further purification. Optical ro-
tations were measured on a Rudolph Research analytical in-
strument with a sodium lamp and are reported as follows:
[a]f5(c=g/100 mL, solvent).

General Procedure for the Direct Aldol Reaction

Aldol reactions were carried out in test tubes with magnetic
stirring and no special precautions were taken to exclude
water or air from the reaction vessel. Acetone was purified
by the usual methods. a-Keto esters were prepared accord-
ing to literature procedures.!! A series of C,-symmetrical
bisprolinamide organocatalysts (1a, b and 2a—c) were pre-
pared according to the methods reported in the literature'”l.

To a stirred solution of catalyst 2a (6.1 mg, 0.015 mmol) in
anhydrous acetone (0.2 mL) was added the methyl phenyl-
glyoxylate (15.0 uL, 0.1 mmol) at —20°C, followed by
AcOH (9 pL, 0.15 mmol). The resulting mixture was stirred
at —20°C for 12-16 h. The mixture was purified by flash
chromatography by using EtOAc/PE (1:4) as the eluent to
afford 4a as a white solid; yield: 20.4 mg (92 % yield, 93 %
ee).

Acknowledgements
We thank the National Natural Science Foundation of China

(No. 20732003) for financial support. We also thank Sichuan
University Analytic & Testing Center for NMR analysis.

asc.wiley-vch.de 2667


http://asc.wiley-vch.de

COMMUNICATIONS

Fei Wang et al.

References

(1]

2668

a) Modern Aldol Reactions, (Ed.: R. Mahrwald),
Wiley-VCH, Weinheim, 2004, Vols. 1 and 2; b) H.
Groger, E. M. Vogl, M. Shibasaki, Chem. Eur. J. 1998,
4, 1137-1141; ¢) T.D. Machajewski, C.-H. Wong,
Angew. Chem. Int. Ed. 2000, 39, 1352-1375; d) S. E.
Denmark, R. A. Stavenger, Acc. Chem. Res. 2000, 33,
432-440; e) C. Palomo, M. Oiarbide, J. M. Garcia,
Chem. Soc. Rev. 2004, 33, 65-75.

a) B. List, R. A. Lerner, C. F. Barbas II1, J. Am. Chem.
Soc. 2000, 122, 2395-2396; b) W. Notz, B. List, J. Am.
Chem. Soc. 2000, 122, 7386—-7387; c) B. List, P. Pojar-
liev, C. Castello, Org. Lett. 2001, 3, 573-575; d) S. Z.
Luo, H. Xu, J. Y. Li, L. Zhang, J. P. Cheng, J. Am.
Chem. Soc. 2007, 129, 3074-3075; e) A. Cérdova, W.
Notz, C. F. Barbas III, Chem. Commun. 2002, 3024—
3025; f) K. Sakthivel, W. Notz, T. Bui, C. F. Barbas III,
J. Am. Chem. Soc. 2001, 123, 5260-5267; g) A. Cérdo-
va, W. Notz, C. F. Barbas 111, J. Org. Chem. 2002, 67,
301-303; h) B. List, Acc. Chem. Res. 2004, 37, 548—
557; 1) B. List, L. Hoang, H. J. Martin, Proc. Natl. Acad.
Sci. USA 2004, 101, 5839-5843; j) W. Notz, F. Tanaka,
C. F. 1II. Barbas, Acc. Chem. Res. 2004, 37, 580-591;
k) D.D. Steiner, N. Mase, C.F. Barbas III, Angew.
Chem. Int. Ed. 2005, 44, 3706-3710; 1) S. Bahmanyar,
K.N. Houk, J Am. Chem. Soc. 2001, 123, 12911-
12912; m) L. Hoang, S. Bahmanyar, K. N. Houk, B.
List, J. Am. Chem. Soc. 2003, 125, 16—-17.

a) N. Halland, A. Braunton, S. Bachmann, M. Marigo,
K. A. Jgrgensen, J. Am. Chem. Soc. 2004, 126, 4790—
4791; b) N. Kumaragurubaran, K. Juhl, W. Zhuang, A.
Bogevig, K. A. Jgrgensen, J. Am. Chem. Soc. 2002, 124,
6254-6255; c) M. Marigo, D. Fielenbach, A. Braunton,
A. Kjoerdgaard, K. A. Jgrgensen, Angew. Chem. Int.
Ed. 2005, 44, 3703-3706; d) M. Marigo, T. C. Wabnitz,
D. Fielenbach, K. A. Jgrgensen, Angew. Chem. Int. Ed.
2005, 44, 794-797.

a) Z. Tang, F. Jiang, L. T. Yu, X. Cui, L. Z. Gong, A. Q.
Mi, Y. Z. Jiang, Y. D. Wu, J. Am. Chem. Soc. 2003, 125,
5262-5263; b) Z. Tang, F. Jiang, X. Cui, L. Z. Gong,
A.Q. Mi, Y. Z. Jiang, Y. D. Wu, Proc. Natl. Acad. Sci.
USA 2004, 101, 5755-5760; c) Z. Tang, Z.H. Yang,
X.H. Chen, L.F. Cun, A.Q. Mi, Y.Z. Jiang, L.Z.
Gong, J Am. Chem. Soc. 2005, 127, 9285-9289;
d) X. H. Chen, S. W. Luo, Z. Tang, L. F. Cun, A. Q. Mi,

(10]

(11]

Y. Z. Jiang, L. Z. Gong, Chem. Eur. J. 2007, 13, 689—
701.

Y. Xiong, F. Wang, X. Huang, Y. H. Wen, X. M. Feng,
Chem. Eur. J. 2007, 13, 829-833.

a)J.R. Chen, H.H. Lu, X.Y. Li, L. Cheng, J. Wan,
W.J. Xiao, Org. Lett. 2005, 7, 4543-4545; b) S. Saman-
ta, J. Liu, R. Dodda, C. G. Zhao, Org. Lett. 2005, 7,
5321-5323.

a) A. B. Northrup, I. K. Mangion, F. Hettche, D. W. C.
MacMillan, Angew. Chem. Int. Ed. 2004, 43, 2152-
2154; b) R. Ian Storer, D. W. C. MacMillan, Tetrahe-
dron 2004, 60, 7705-7714; c¢) A. B. Northrup, D. W. C.
MacMillan, Science 2004, 305, 1752-1755; d) H. Torii,
M. Nakadai, K. Ishihara, S. Saito, H. Yamamoto,
Angew. Chem. Int. Ed. 2004, 43, 1983-1986; e) S. Saito,
H. Yamamoto, Acc. Chem. Res. 2004, 37, 570-579.

a) P. T. Grover, N. N. Bhongle, S. A. Wald, C. H. Sena-
nayake, J. Org. Chem. 2000, 65, 6283—-6287; b) S. Masu-
moto, M. Suzuki, M. Kanai, M. Shibasaki, Tetrahedron
Lett. 2002, 43, 8647-8651; c) C. H. Senanayake, K.
Fang, P. Grover, R.P. Bakale, C.P. Vandenbossche,
S. A. Wald, Tetrahedron Lett. 1999, 40, 819-822; d) S.
Masumoto, M. Suzuki, M. Kanai, M. Shibasaki, Tetra-
hedron 2004, 60, 10497-10504; e) P. Gupta, R. A. Fer-
nandes, P. Kumar, Tetrahedron Lett. 2003, 44, 4231—
4232,

a) A. Bogevig, N. Kumaragurubaran, K. A. Jgrgensen,
Chem. Commun. 2002, 620-621; b) O. Tokuda, T.
Kano, W. G. Gao, L. Ikemolo, K. Maruoka. Org. Lett.
2005, 7, 5103-5105; c) Z. Tang, L.F. Cun, X. Cui,
A.Q. Mi, Y. Z. Jiang, L. Z. Gong, Org. Lett. 2006, 8,
1263-1266; d) N. Mase, F. Tanaka, C.F. Barbas III,
Angew. Chem. Int. Ed. 2004, 43, 2420-2423; e) W.
Wang, H. Li, J. Wang, Tetrahedron Lett. 2005, 46, 5077 -
5079.

a) Y. Xiong, X. Huang, S. H. Gou, J. L. Huang, Y. H.
Wen, X. M. Feng, Adv. Synth. Catal. 2006, 348, 538-
544;b) Y. L. Liu, X. H. Liu, J. G. Xin, X. M. Feng, Syn-
lett 2006, 7, 1085-1089.

a) X. Creary, J. Org. Chem. 1987, 52, 5026-5030;
b) T. D. Nelson, C. R. LeBlond, D. E. Frantz, L. Matty,
J. V. Mitten, D. G. Weaver, J. C. Moore, J. M. Kim, R.
Boyd, P. Y. Kim, K. Gbewonyo, M. Brower, M. Sturr,
K. Mclaughlin, D. R. McMasters, M. H. Kress, J. M.
McNamara, U. H. Dolling, J. Org. Chem. 2004, 69,
3620-3627.

asc.wiley-vch.de

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Synth. Catal. 2007, 349, 2665 -2668


http://asc.wiley-vch.de

