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Acetate aldol reactions of chiral oxocarbenium ions
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Abstract—Chiral oxocarbenium ions have been exploited to carry out highly diastereoselective and enantioselective acetate aldol
addition reactions. The chiral auxiliary has been optimized to give the product with good diastereoselectivity.
� 2005 Elsevier Ltd. All rights reserved.
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Aldol addition reactions have greatly influenced asym-
metric carbon–carbon bond formation reactions and
are one of the most powerful tools for constructing b-
hydroxy carbonyl compounds.1 Several diastereoselec-
tive and enantioselective aldol reactions have been
developed and successfully applied for the synthesis of
biologically important compounds.2 Chiral auxiliary
based aldol reactions are useful for the preparation of
single isomers of b-hydroxy carbonyl derivatives and
represent perhaps the most important breakthrough to
date in this area.3 However, most of the chiral auxiliaries
that perform well in diastereoselective propionate aldol
reactions often perform poorly in acetate aldol reactions
with only a few exceptions.4 Some chiral catalysts and
indirect methods have also been developed to carry
out acetate aldol reactions.5 Oxocarbenium ions gener-
ated from chiral acyclic acetals bearing chiral auxiliaries
have been investigated by various groups for the Hos-
omi–Sakurai reaction.6 However, their utility in other
reactions has not been explored in detail.7 As part of
our efforts to understand and optimize diastereoselective
addition reactions in systems with weak 1,3-allylic
strain,8 we herein report an efficient method for carrying
out highly diastereoselective and enantioselective acetate
aldol addition reactions using chiral oxocarbenium ions.

A mixture of the trimethylsilyl ether of 1-phenylethyl
alcohol 1 and hydrocinnamaldehyde 2 was treated with
1-trimethylsilyloxystyrene 3, at �78 �C, in toluene using
10 mol % of trimethylsilyltrifluoromethanesulfonate
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(TMSOTf) as catalyst following Marko�s protocol as
used for allylation reactions.9 To our disappointment,
the product formed was not the expected b-alkoxy
ketone 4 but the b-hydroxy ketone 5, which was presum-
ably formed by direct aldol reaction between silyl enol
ether 3 and hydrocinnamaldehyde 2.10 This result indi-
cated that the silyl enol ether 3 reacted preferentially
with the aldehyde 2 to give aldol product 5 rather than
with silyl ether 1 to give mixed acetal 6, the expected pre-
cursor of 4, presumably due to the higher reactivity of
silyl enol ether 3 as compared to silyl ether 1 (Fig. 1).

From this result, we realized that in order to develop an
oxocarbenium ion bearing a chiral auxiliary for enantio-
facial addition of silyl enol ethers to give aldol products
we needed to prepare mixed acetals before attempting
the aldol reaction. To check this, the ester of 1-phenyl-
ethyl alcohol and hydrocinnamic acid 7 was treated with
DIBAL-H at �78 �C and the resulting aluminate was
treated in situ with TMSOTf and pyridine11 at �78 �C
to give mixed acetal 6 (Scheme 1), which was quickly
passed through a short silica gel column, pretreated with
0.1% triethylamine in hexane. To our delight, treatment
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of mixed acetal 6 with 1-trimethylsilyloxy styrene 3 in
the presence of 10 mol % of TMSOTf in CH2Cl2 at
0 �C gave the desired product 4 in 80% yield but with
very poor diastereoselectivity (1.2:1). Changing the sol-
vent to toluene improved the diastereoselectivity to
1.8:1, which was further improved to 2.7:1 when the
reaction was carried out at �78 �C in toluene. Based
on our previous studies on the Hosomi–Sakurai reac-
tion,8a we investigated the effect on the diastereoselecti-
vity of the product formed by substituting the phenyl
group with a substituted phenyl group and changing
the stereogenic methyl to higher homologues. The
results are compiled in Table 1.

For the phenyl series (Ar = Ph) the diastereoselectivity
increased on changing the alkyl group from methyl to
ethyl and further to an isopropyl group (Table 1, entries
1–6). For the o-toluyl series (Ar = 2-CH3–C6H4) the dia-
stereoselectivity increased as the alkyl group was chan-
ged from methyl to ethyl. However, for R = i-Pr a
decrease in the diastereoselectivity was observed (Table
1, entries 7–9). ortho-Substituted aryl groups gave better
diastereoselectivity over para-substituted compounds
(Table 1, compare entries 7 and 10 with 11 and 12).
The best diastereoselectivity was obtained with the silyl
acetal having Ar = 2-CH3–C6H4 and R = Et.12 The con-
Table 1. Reaction of various mixed acetals 9 with silyl enol ether 3a

O

TMSO

Ar

R

Ph

Ph

OTMS

TMSOTf

Ph

Ph

9

3
R

Entry Ar R Solvent

1 C6H5 Me DCM

2 C6H5 Et DCM

3 C6H5 i-Pr DCM

4 C6H5 Me Toluene

5 C6H5 Et Toluene

6 C6H5 i-Pr Toluene

7 2-CH3–C6H4 Me Toluene

8 2-CH3–C6H4 Et Toluene

9 2-CH3–C6H4 i-Pr Toluene

10 2-Cl–C6H4 Me Toluene

11 4-CH3–C6H4 Me Toluene

12 4-Cl–C6H4 Me Toluene

a All reactions were carried out at �78 �C under a nitrogen atmosphere.
b Diastereomeric ratio was determined by 300 MHz 1H NMR analysis.
figuration of the major diastereomer in these reactions
was assigned according to the model proposed by us
for allylation reactions (Scheme 2).8a

In order to confirm further the configuration of the new-
ly generated stereogenic center, compound 10 was trea-
ted with freshly prepared iodotrimethylsilane to give
alcohol 14 (Scheme 3).14 The configuration of 14 was
determined to be S by comparing the optical rotation
value ½a�25

D +17.1 (c 2.8, CHCl3) with that of the litera-
ture15 {½a�25

D +10.0 (c 2.8, CHCl3), for 50% optically pure
product}, thus supporting our model for the prediction
of diastereoselectivity involving oxocarbenium ions.8a

After optimizing the diastereoselectivity, aldol reactions
with other substrates using silyloxystyrene 3 and ketene
acetal 16 were investigated. The results are compiled in
Table 2. The diastereoselectivity was consistently high
for aliphatic substrates and was poor in the case of the
aryl substrate investigated (Table 2, entry 4). The lower
O Ar

R
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O Ar

R

O

Ph

Ph

10 11

RS R R

Major Minor

Diastereomeric ratio of

b-alkoxy ketones 10:11b

Isolated yield (%)

68:32 89

74:26 88

82:18 86

73:27 80

84:16 83

93:7 79

83:17 80

95:5 88

93:7 81

82:18 80

71:29 80

70:30 84



Table 2. Reaction of acetal 15 with enol ether 3 and ketene acetal 16a

Minor
3, X = Ph
16, X = OPh

15

R' O

TMSO Et Me
X

OTMS

TMSOTf

17

R' O

Et Me

O

X

18

R' O

Et Me

O

X

R R RRS

Major

Entry R 0 Nucleophile Diastereomeric ratio of

b-alkoxy ketones/estersb 17:18

Isolated yield (%)

1 CH3CH2 3 96:4 89

2 CH3 3 97:3 90

3 PhCH2 3 91:9 84

4 Ph 3 60:40 74

5 Ph(CH2)2 16 91:9 90

6 CH3CH2 16 95:5 87

7 CH3 16 98:2 86

a All reactions were carried out at �78 �C under a nitrogen atmosphere.
b Diastereomeric ratio was determined by 300 MHz 1H NMR analysis.
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diastereoselectivity observed for R = Ph is in tune with
the results obtained for the Hosomi–Sakurai reaction,6

which could be the result of E/Z isomerization of the
oxocarbenium ion intermediate due to conjugation with
the phenyl group.16

In conclusion, this study establishes that oxocarbenium
ion intermediates can be exploited to carry out highly
diastereoselective and enantioselective acetate aldol
addition reactions in a predictable manner. This method
can be used for the synthesis of complex molecules.
Acknowledgements

S.T. is thankful to DST, New Delhi for the financial
support of this project and S.K. is thankful to CSIR,
New Delhi for a research fellowship.
References and notes

1. (a) Heathcock, C. H. The Aldol Reaction: Group I and
Group II Enolates. In Comprehensive Organic Synthesis:
Additions to C–X p-Bonds Part 2; Trost, B. M., Fleming,
I., Heathcock, C. H., Eds.; Pergamon: New York, 1991;
Vol. 2, pp 181–238, Chapter 1.6; (b) Kim, B. M.; Williams,
S. F.; Masamune, S. The Aldol Reaction: Group III
Enolates. In Comprehensive Organic Synthesis: Additions
to C–X p-Bonds Part 2; Trost, B. M., Fleming, I.,
Heathcock, C. H., Eds.; Pergamon: New York, 1991;
Vol. 2, pp 239–275, Chapter 1.7; (c) Paterson, I. The Aldol
Reaction: Transition Metal Enolates. In Comprehensive
Organic Synthesis: Additions to C–X p-Bonds Part 2;
Trost, B. M., Fleming, I., Heathcock, C. H., Eds.;
Pergamon: New York, 1991; Vol. 2, pp 301–319, Chapter
1.9; (d) Caine, D. In Comprehensive Organic Synthesis:
Carbon–Carbon r-Bond formation; Trost, B. M., Fleming,
I., Heathcock, C. H., Eds.; Pergamon: New York, 1991;
Vol. 3, pp 1–63, Chapter 1.1.

2. (a) Singer, R. A.; Carreira, E. M. Tetrahedron Lett. 1997,
38, 927; (b) Evans, D. A.; Carter, P. H.; Carreira, E. M.;
Chabrette, A. B.; Prunet, J. A.; Lautens, M. J. Am.
Chem. Soc. 1999, 121, 7540; (c) Zhu, B.; Panek, J. S.
Org. Lett. 2000, 2, 2575; (d) Paterson, I.; Temal-Laı̈b, T.
Org. Lett. 2002, 4, 2473; (e) Ashley, E. R.; Cruz, E. G.;
Toltz, B. M. J. Am. Chem. Soc. 2003, 125, 15000; (f)
Terauchi, T.; Sato, I.; Shoji, W.; Tsukada, T.; Tsunoda,
T.; Kanoh, N.; Nakata, M. Tetrahedron Lett. 2003, 44,
7741.

3. Seyden-Penne, J. Chiral Auxiliaries and Ligands in Asym-
metric Synthesis; Wiley: New York, 1995.

4. (a) Braun, M. Angew. Chem., Int. Ed. Engl. 1987, 26, 24;
(b) Braun, M.; Graf, S. Org. Synth. 1998, 9, 947; (c) Saito,
S.; Hatanaka, K.; Kano, T.; Yamamoto, H. Angew.
Chem., Int. Ed. 1998, 37, 3378.

5. (a) Nelson, S. G. Tetrahedron: Asymmetry 1998, 9, 357; (b)
Machajewski, T. D.; Wong, C.-H. Angew. Chem., Int. Ed.
2000, 39, 1352; (c) Palomo, C.; Oiarbide, M.; Garcı́a, J. M.
Chem. Soc. Rev. 2004, 33, 65.

6. (a) Sakurai, H.; Sasaki, K.; Hayashi, J.; Hosomi, A. J.
Org. Chem. 1984, 49, 2808; (b) Imwinkelreid, R.; Seebach,
D. Angew. Chem., Int. Ed. Engl. 1985, 24, 765; (c)
Mukaiyama, T.; Oshima, M.; Miyoshi, M. Chem. Lett.
1987, 1121; (d) Tietze, L. F.; Dolle, A.; Schiemann, K.
Angew. Chem., Int. Ed. Engl. 1992, 31, 1372; (e) Huckins,
J. R.; Rychnovsky, S. D. J. Org. Chem. 2003, 68,
10135.

7. (a) Linderman, R. J.; Anklekar, T. V. J. Org. Chem. 1992,
57, 5078; (b) Linderman, R. J.; Chen, K. J. Org. Chem.
1996, 61, 2441; (c) Linderman, R. J.; Chen, S. Tetrahedron
Lett. 1996, 37, 3819.

8. (a) Manju, K.; Trehan, S. Chem. Commun. 1999, 1929; (b)
Nancy; Ghosh, S.; Singh, N.; Nanda, G. K.; Venugopa-
lan, P.; Bharatam, P. V.; Trehan, S. Chem. Commun. 2003,
1420; (c) Singh, N.; Anand, R. D.; Trehan, S. Tetrahedron
Lett. 2004, 45, 2911.
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