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The aldol reaction constitutes one of the most fundamental 
bond construction processes in organic synthesis.1 Therefore, 
the detailed understanding of the reaction mechanisms of aldol 
processes2 and asymmetric catalysis thereof3 has attracted much 
attention. The ketene silyl acetals (KSAs) of esters and thioesters 
can be used as storable (thio)ester enolate equivalents in the 
aldol-type processes and eventually provide /3-hydroxy esters, a 
class of compounds of synthetic and biological importance. The 
"silatropic ene pathway",4 in other words, direct silyl transfer 
from the KSA to the aldehyde, may be involved as a possible 
mechanism in the aldol-type reaction.5 Herein, we report the 
silatropic ene approach to the asymmetric catalysis of the aldol-
type reaction with KSA by a chiral binaphthol-derived titanium 
dichloride (BINOL-TiCh, 1) (Scheme 1), an efficient asymmetric 
catalyst for the "prototropic" glyoxylate ene reaction.6 

The reaction was carried out by adding the thioester-derived 
KSA 2 and aldehyde 3 at 0 0C to a solution of the chiral titanium 
dichloride 1 (5 mol %), prepared from (/?)-binaphthol and 
diisopropoxytitanium dichloride.6b The reaction proceeded 
smoothly as determined by TLC monitoring. Careful hydrolytic 
workup with pH 7 buffer at 0 0C followed by flash column 
chromatography afforded the trimethylsilyl ether of the aldol 
product 4. The enantiomeric purity of the product was determined 

(1) Reviews: (a) Mukaiyama, T. Org. React. 1982, 28, 203. (b) Evans, D. 
A.; Nelson, J. V.; Taber, T. R. Top. Stereochem. 1982,13, 1. (c) Heathcock, 
C. H. In Asymmetric Synthesis; Morrison, J. D., Ed.; Academic Press: New 
York, 1984; Vol. 3, Chapter 2. (d) Masamune, S.; Choy, W.; Peterson, J.; 
Sita, L. R. Angew. Chem., Int. Ed. Engl. 1986,24,1. (e) Paterson, I.; Goodman, 
J. M.; Lister, M. A.; Schumann, R. C; McClure, C. K.; Norcross, R. D. 
Tetrahedron 1990, 46, 4663. 

(2) (a) Li, Y.; Paddon-Row, M. N.; Houk, K. N. J. Org. Chem. 1990, 55, 
481. (b) Bernardi, A.; Capelli, A. M.; Gennari, C ; Goodman, J. M.; Paterson, 
I. J. Org. Chem. 1990, 55, 3576. (c) Denmark, S. E.; Henke, B. R. J. Am. 
Chem. Soc. 1991, /75,2177. 

(3) (a) Kobayashi, S.; Uchiro, H.; Fujishita, Y.; Shiina, L; Mukaiyama, 
T. J. Am. Chem. Soc. 1991, 113, 4247. (b) Parmee, E. R.; Tempkin, O.; 
Masamune, S.; Abiko, A. J. Am. Chem. Soc. 1991, 113, 9365. (c) Furuta, 
K.; Maruyama, T.; Yamamoto, H. J. Am. Chem. Soc. 1991, 113, 1041. (d) 
Corey, E. J.; Cywin, C. L.; Roper, T. D. Tetrahedron Lett. 1992, 33, 6907. 
(e) Kiyooka, S.; Kaneko, Y.; Kume, K. Tetrahedron Lett. 1992, 33, 4927. 

(4) Comprehensive reviews on ene reactions: (a) Mikami, K.; Shimizu, M. 
Chem. Rev. 1992,92,1021. (b) Snider, B. B. Comprehensive Organic Synthesis; 
Pergamon: London, 1991; Vols. 2 and 5. (c) Fujita, Y.; Suzuki, S.; Kanehira, 
K. J. Synth. Org. Chem. Jpn. 1983,41,1152. (d) Taber, D. F. Intramolecular 
Diels-Alder and Alder Ene Reactions; Springer-Verlag: Berlin, 1984. (e) 
Oppolzer, W.; Snieckus, V. Angew. Chem., Int. Ed. Engl. 1978, 17. 476. (f) 
Conia, J. M.; Le Perchec, P. Synthesis 1975, 1. (g) Hoffmann, H. M. R. 
Angew. Chem., Int. Ed. Engl. 1969, 8, 556. 

(5) Recently, Myers reported a silicon-directed aldol condensation of KSA 
without catalysis, which has implications for the pericyclic mechanism: Myers, 
A. G.; Widdowson, K. L. J. Am. Chem. Soc. 1990,113, 9672. Myers, A. G.; 
Widdowson, K. L.; Kukkola, P. J. J. Am. Chem. Soc. 1992,114,2765. Myers, 
A. G.; Kephart, S. E.; Chen, H. J. Am. Chem. Soc. 1992,114, 7922. Also see: 
Denmark, S. E.; Griedel, B. D.; Coe, D. M. J. Org. Chem. 1993, 58, 988. 
Group-transfer mechanism has also been reported for the Michael addition 
of KSA: Webster, O. W.; Hertler, W.; R.; Sogah, D. Y.; Farnham, W. B.; 
RajanBabu, T. V. J. Am. Chem. Soc. 1983, 105, 5706. RajanBabu, T. V. J. 
Org. Chem. 1984, 49, 2083. 

(6) (a) Mikami, K.; Terada, M.; Nakai, T. J. Am. Chem. Soc. 1989, 111, 
1940. (b) Mikami, K.; Terada, M.; Nakai, T. J. Am. Chem. Soc. 1990,112, 
3949. (c) The prototropic ene reaction with ketone silyl enol ethers: Mikami, 
K.; Matsukawa, S. J. Am. Chem. Soc. 1993, 115, 7039. 

Scheme 1 

OSiMe3 

2 

O 

H ^ R 2 

3 

Table 1. Asymmetric Silatropic 
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" Conditions as in text. * Determined byanalysisofSOO-MHz'HNMR 
spectra of the (S)-(-)- and (/?)-(+)-MTPA ester derivatives and/or HPLC 
analysis.c The reaction was quite sluggish. d (S)-I was used as the catalyst. 
' Run at -20 0C. f Due to the priority of groups attached to the chiral 
carbon. 

by chiral H P L C (Daicel chiral OB column) analysis of the 
/3-hydroxy thioesters obtained on protodesilylation of 4 and/or 
1 H N M R (300 MHz) analysis of the (S)- ( - ) - and ( /?)-(+)-MTPA 
ester derivatives of the /3-hydroxy thioesters (Table I ) . 7 

Significantly, a range of structurally flexible /3-hydroxy 
thioesters was obtained in high enantiomeric purity (Table 1). 
Enantiofacial selectivity was enhanced in the nonpolar solvent, 
toluene, compared to the more polar dichloromethane, propi-
onitrile, and nitroethane solvents which have been used previously 

(7) The absolute stereochemistry of the product can be determined by the 
modified Mosher method: Kusumi, T.; Ohtani, I.; Inouye, Y.; Kakisawa, H. 
Tetrahedron Lett. 1988, 29, 4731. Trost, B. M.; Belletire, J. L.; Godelski, S.; 
McDougal, P. G.; Balkovec, J. M.; Baldwin, J. J.; Christy, M. E.; Ponticello, 
G. S.; Varga, S. L.; Springer, J. P. J. Org. Chem. 1986,51, 2370. Dale, J. A.; 
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the glyoxylate ene reaction;6 (J?)-1 provides the (2R) products. 
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* The isomeric ratio was determined by analysis of 300-MHz' H NMR 
spectra. b The values correspond to the major diastereomer. 

in the asymmetric catalytic aldol-type reaction with silyl enol 
ethers of thioesters,3a esters,3b'e and ketones3c'd (entries 1 vs 2-4, 
6us7,and 11 vs 12). A higher enantiomeric excess was obtained 
with ferf-butylthio-KSA than with the ethylthio counterpart 
(entries 10 vs 11). Benzyloxy product (3S)-4a thus obtained 
with (S)-I in 96% ee (entry 5) is a building block for synthesis 
of the lactone portion of coenzyme A reductase inhibitors 
mevinolin and compactin.8 Chloro and amino compounds (3R)-
4b and -4c obtained in 91% ee and 88% ee, respectively (entries 
6 and 9), are useful intermediates for the synthesis of carnitine 
59 and GABOB 6.10 

Bu1S 

O OH O OH O OH 

AA^OBn R 1 S ^ A ^ X . 0 J U ^ ' NR, 

4b: R1= Bu', X = C I 

4c : R1 = Et, X = NHBoc 

5 :R = Me 
6 : R = H 

A silatropic ene mechanism requires a cyclic transition state, 
which has implications for the relative stereochemistry of the 
reaction (Table 2). An acyclic antiperiplanar transition-state 
model (A) has been widely used to explain the formation of the 
syn-diastereomer, irrespective of the geometry of silyl enol ethers 
of (thio)esters and ketones.'' The syn-diastereomer was mainly 
formed from the (£)-isomer of KSA 2' (R1 = Et) (entries 1 and 
2n). However, the changeover of diastereoselection from syn to 
anti with (Z)-KSA (entries 4-6) is inconsistent with the extended 
transition-state structures (A). When the diastereoselectivity 
depends on the geometry of KSA, the Zimmerman-Traxler 
"pericyclic" transition states (B and C)13 are much more likely. 
Thus, the E to syn and Z to anti diastereoselectivity can be 
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We have further established that the reaction proceeds via 
"intramolecular" silyl transfer by the crossover experiment with 
l-(fert-butylthio)-l-(trimethylsiloxy)ethyleneandl-(ethylthio)-
l-(dimethylethylsiloxy)ethylene (R3 = Et) (Scheme 2). The 55: 
45 mixture of the products 7 and 8 was obtained in 75% combined 
yield. Significantly, no crossover was observed by 1H NMR and 
capillary GLC (PEG 2OM, 25 m) analyses of the product mixture 
through comparison with the other possible isomers 9 and 10 
independently prepared14 (see the supplementary material). By 
contrast, use of 'erf-butyldimethylsiloxy acetal (R3 = Bu') leads 
to considerable contamination (ca. 20%) of the /3-trimethylsiloxy 
ethyl thioester (R3 = Me) because of the low migratory aptitude 
of the bulky silyl group. 

In summary, we have proposed the silatropic ene mechanism 
as a guiding principle for the asymetric catalysis of aldol-type 
reactions with KSA. Further studies along these lines, including 
theoretical calculations on the silatropic ene transition states, are 
now underway in our laboratory. 
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