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The aldol process constitutes one of the most fundamental
bond constructions in organic synthesis.! Therefore, the devel-
opment of chiral catalysts that promote asymmetricaldol reactions
ina highly stereocontrolled fashion has attracted much attention.?
In the course of studies on the asymmetric catalysis of the
Mukaiyama aldol reaction (the Lewis acid-promoted carbonyl
addition of silyl enol ethers of ketones),? we made the unanticipated
observation that aldol products were obtained exclusively as the
silyl enol ether (ene-type product)* form by the catalysis of a
chiral binaphthol-derived titanium dichloride (BINOL~Ti, 1)
(Scheme I).5 The stereochemical and mechanistic features of
the ene-type aldol reaction are the subject of this communication,

The reaction was carried out by adding the trimethylsilyl enol
ether 2 of ketone and glyoxylate ester 3 at 0 °C to a dichlo-
romethane solution containing 5 mol % of the chiral titanium
dichloride 1, prepared from (R)-binaphthol and diisopropoxyti-
tanium dichloride as previously reported.® The reaction was
completed within 30 min as determined by TLC monitoring.?
Careful hydrolytic workup® with saturated sodium bicarbonate
at 0 °C afforded the aldol product as the trimethylsilyl enol ether
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Table I. BINOL-Ti (1)-Catalyzed Aldol Reactions of Ketone Silyl
Enol Ethers with Glyoxylates®

yield % ee*
entry silyl ethers R} (%) synfanti® (Z)/(E)® (config)
OSiMe, ¢
1 W Bu 63 99/1 99/1 9 QR)
2 Me S8 98/2 94/6 99 (R)
OSiMe,”
3 Me S4 98/2 96/4 9R)
N oS
4 \/t’tza“ Me 73 73/21 84/16 TIR)
58 Me 44 S6/44
H t
6 /?:M”B“ Me 71 >99 (R)
7 Bu 73 >99 (R)
OSiMe
8 /\/& * Bu 67 95/5 >99(R)
9h Bu 72 79/21

2 Conditions as in text. ® The isomeric ratio wasdetermined by analysis
of 300-MHz 'H NMR spectra. ¢ The values correspond to the major
isomers. 4 (E)/(Z) = 14/86. ¢ (E)/(Z) = 13/21./(E)/(Z) = 10/90.
£ Cl,Ti(OPhBr-p), was used instead of 1. * Me;Al was used.

form 4. Flash column chromatography gave the silyl enol ether
product 4 as the sole stereoisomer.®10 The enantiomeric purity
of the product was determined to be almost perfect (99% ee) by
IH NMR (300 MHz) spectral analysis of the (S)-(-)- and (R)-
(+)-MTPA ester derivatives of the 8-hydroxy ketone obtained
on hydrolysis of 4 (Table I, entry 1).1!
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This asymmetric catalytic aldol reaction is characterized by
the exclusive ene regioselectivity and unique stereoselectivity.
The (Z) (namely, trans)-silyl enol ether is formed with high
stereoselectivity (entries 1-3 and 8).41212 The syn-diastereomer
is formed with high selectivity from either isomer of the starting
trimethylsilyl enol ethers (entries 1-3).!14 This syn-selectivity is
analogous to that observed in the alkylaluminum triflate-promoted
glyoxylate ene reaction with trans- and cis-2-butene.!’> This
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diastereomer (see ref 1b).

(13) The formation of ene-type adducts has been reported in the reaction
of silyl enol ether with CH;=0-Me;Al complex: Snider, B. B.; Phillips, G.
B. J. Org. Chem. 1983, 48, 2789. For the use of methylaluminum bis(2,6-
diphenylphenoxide) instead of Me;Al, see: Maruoka, K.; Concepcion, A. B.;
Hirayama, N.; Yamamoto, H. J. Am. Chem. Soc. 1990, 112, 7422,

(14) The syn-stereochemistry of the 8-hydroxy ketones was established by
13C NMR analysis through comparison with the gnri-diastereomer; the
3-methyland C-2 and C-3 on the syn-isomer absorb further upfield than those
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suggests that the present reaction also proceeds through mon-
odentate complex A via cyclic transition states (Scheme II).%.15

*
L'nTi“ O"-;]‘:iL n
) /U\?‘.
o)
H
HJ\cozR3 OR?
A B

Thus, the decrease in syn-diastereoselectivity with the more bulky
tert-butyldimethylsilyl ether (entry 4) would be due todeveloping
1,3-diaxial repulsion with the axial ester moiety in the (2)-ax-
transition state. The more Lewis acidic titanium bis(p-bro-
mophenoxide) gave a 1:1 diastereomer mixture (entry 5). The
anti-diastereomer might be formed via the bidentate complex
B.4a.l1s

In summary, we have discovered that the Mukaiyama aldol
reactions of ketone silyl enol ethers with glyoxylate esters catalyzed
by titanium complex 1 afford ene-type products with control of
absolute and relative stereochemistry. The formation of ene-
type products is also observed with a-benzyloxy aldehydes.!6 The
ene process has not been previously considered as a possible
mechanism in the Mukaiyama aldol reactions. This mechanism
provides, however, another rationale for the syn-diastereoselection
irrespective of the starting silyl ether geometry.1? Further studies
along these lines are now underway in our laboratory.

Acknowledgment. Weare grateful toProfessor Barry B. Snider
of Brandeis University for his comments and useful discussions.

Supplementary Material Available: Typical experimental
procedure for the aldol reactions, physical data for the silyl enol
ether products, and 1H NMR data for the MTPA esters of
B-hydroxy ketones (7 pages). Ordering information is given on
any current masthead page.

ng; Mikami, K.; Loh, T.-P.; Nakai, T. Tetrahedron Lett. 1988, 29, 6305.
16

BuMe,Si0  OH BuMe,SiIO  OH

r/ 0Bn b OBn
35% yield 57% yield
90% syn 98% Z
85% ee 92% ee

(17) Noyori et al. have proposed an acyclic extended transition state to
explain the formation of the syn-diastereomer from either silyl enol ether
isomer in their TMSOT{-catalyzed aldol reactions with acetals: (a) Murata,
S.; Suzuki, M.; Noyori, R. J. Am. Chem. Soc. 1980, 102, 3248. (b) Noyori,
R.; Murata, S.; Suzuki, M. Tetrahedron 1981, 37, 3899.



