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ABSTRACT

The catalytic asymmetric Friedel−Crafts reaction of silyl enol ethers with fluoral proceeds under Mukaiyama-aldol conditions to give silyl enol
ether products. The sequential diastereoselective reactions of the resultant silyl enol ethers with electrophiles provide highly enantiopure
functionalized organofluorine compounds of material and pharmaceutical interest.

The Mukaiyama-aldol reaction of silyl enol ethers (A) is one
of the most important carbon-carbon bond-forming reactions
in organic synthesis (Scheme 1).1 Therefore, its application

to the asymmetric catalytic synthesis of aldols (C) has been
investigated in depth for the past decade.2 An asymmetric
catalytic Friedel-Crafts-type3 (F-C) reaction might proceed

under Mukaiyama-aldol conditions to give allylic alcohols
(B) (step 1), in which case sequential reactions of the silyl
enol ether products (B) with electrophiles (E+) could yield
more functionalized aldols (C′)4 possessing adjacent stereo-
genic centers at both theR andâ positions with high enantio-
and diastereoselectivity (step 2). We report herein the
asymmetric catalytic F-C reaction of silyl enol ethers, of
which the mechanism may be involved in the Mukaiyama-
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aldol reaction.5 Sequentially, diastereoselective reactions of
the F-C products with fluoral can thus produce highly
functionalized organofluorine compounds6 that are of mate-
rial7 and pharmaceutical8 interest.

The F-C reaction of silyl enol ethers was investigated
using a chiral binaphthol-derived titanium (BINOL-Ti)
complex (1)9 prepared from (R)-BINOL and Cl2Ti(OPri)2 in
the presence of MS 4 Å (Table 1). Importantly, the F-C
product (3a) rather than the usual aldol product (4a) was
obtained in the catalytic reaction oftert-butyldimethylsilyl

enol ether (2a) with fluoral (run 1). The F-C product (3a)
was easily separated from the usual aldol product (4a) by
simple flash chromatography. Notably, the enantiomeric
excess of the major product (Z)-3awas found to be excellent
(98% ee).10 In contrast, the reaction of trimethylsilyl enol
ether (2b) gave only the usual aldol-type product (4b) (run
2). The sterically bulky silyl and electron-withdrawing
trifluoromethyl substituents might be important for prevent-
ing inter- or intramolecular nucleophilic attack on the silyl
group in the zwitterion intermediate (D) where the aromatic
substituent stabilizes the benzylic carbenium ion (Scheme
2).11

Indeed, the use of sterically more demanding triisoprop-
ylsilyl enol ether (2c) led to the preferential (90% isolated
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Chem. Soc.1991,113, 2177. (e) Mikami, K.; Matsukawa, S.J. Am. Chem.
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(2R,3S), 64 min (2S,3R) foranti-4f. anti-4e: Daicel, CHIRALPAK AS,
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Table 1. Asymmetric Friedel-Crafts Reactions of Silyl Enol Ethers with Fluoral Catalyzed by BINOL-Ti Complex
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yield) formation of the F-C product (3c) in excellent yields
and enantioselectivity (run 3). Furthermore, the F-C product
was also obtained in the reaction with glyoxylate esters.
However, only the usual aldol product was detected in the
reaction with benzaldehyde. The reaction of silyl enol ethers
(2d,e,f)12 bearing a methyl substituent at theR position also
gave F-C products (3d,e,f) with similarly high enantio-
selectivity (runs 4-6).10 Under Mukaiyama-aldol conditions
catalyzed by the BINOL-Ti complex (Scheme 3), aliphatic

ketone-derived silyl enol ethers (R) R′CH2) yield the ene-
type homoallylic alcohol products (E).5e In sharp contrast,
the aromatic ketone-derived silyl enol ethers (R) Ar) now
yielded the allylic (F) rather than homoallylic alcohol
products.

The stereochemical assignment of the F-C products
(3a,d,e,f) deserves special comment. On the basis of the
chemical shifts of two types of allylic protons in the1H NMR
spectra, the major isomers of the F-C products (3) were
determined to beZ (Figure 1).13 The major isomer of the

F-C product (3c) was also determined to beZ on the basis
of similarities in their movement on TLC and the chemical
shift of hydroxyl proton in the1H NMR spectra. The absolute
configuration of (Z)-3ewas determined to beRby Mosher’s
method.14 Thus, the sense of asymmetric induction was the
same as that observed in BINOL-Ti-catalyzed asymmetric

reactions such as the carbonyl-ene15 reaction; the (R)-BINOL-
Ti catalyst produces an (R)-alcohol product.

The sequential diastereoselective reactions of the silyl enol
ether products were then examined with electrophiles
(Scheme 4). However, the epoxidation reactions of the

tetrasubstituted silyl enol ethers (3) involve two conflicting
allylic (A) strains (A(1,3) vs A(1,2)) (Figure 2).16,17 (Z)-Allylic

alcohols are generally reported to be epoxidized with high
syn(threo) selectivity due to the strong A(1,3) strain (Figure
2a). In cotrast,anti (erythro) selectivity is reported in the
large A(1,2) strain (Figure 2b). The oxidation reaction of the
F-C product by m-CPBA proceeded, however, highly
diastereoselectively and yielded thesyn-diastereomer in its
unprotected form.18
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heptene.
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Org. Magn. Res.1970,2, 351.
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(15) (a) Corey, E. J.; Barnes-Seeman, D.; Lee, T. W.; Goodman, S. N.
Tetrahedron Lett.1997,37, 6513. (b) Mikami, K.; Terada, M.; Nakai, T.
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Scheme 3

Figure 1. Chemical shifts in1H NMR spectra.

Scheme 4

Figure 2. Transition state of epoxidation bym-CPBA.
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The relative configulation of the diol product5 was
determined to besynby X-ray analysis of a single crystal
(Figure 3).19 The sterically highly demanding trifluoromethyl

substituent is located outside because of the larger A(1,3) strain
with either the sterically demanding silyl or aromatic groups
depending on the geometry. Likewise, the protodesilylation
reaction of the F-C product ((Z)-3e) was also highly

stereoselective to give theanti-diastereomer but in a similar
stereoselective manner to that shown inm-CPBA oxidation
(Scheme 4).20,21

In summary, we have reported the Friedel-Crafts-type
reaction of silyl enol ethers as a possible mechanism in the
Mukaiyama-aldol reaction. In addition, the sequential dia-
stereoselective reactions of the resultant silyl enol ether
products with electrophiles were shown to give highly
functionalized trifluoro aldols with high enantio- and dia-
stereoselectivity.

Supporting Information Available: Experimental details
and spectral data for (Z)-3a,c-f, syn-5 and anti-4e. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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1979,44, 4294.

(19) The single-crystal growth was carried out in a 1:1n-hexane/
dichloromethane mixed solvent at room temperature. X-ray crystallographic
analysis was performed with a Rigaku AFC7R diffractometer (graphite
monochromator, Mo KR radiation,λ ) 0.71069 Å). The structure was solved
by direct method (SIR92), expanded using Fourier techniques (DIRDIF94),
and full-matrix least-squares refinement (SHELXL-93). Crystal data for
C12H13F3O3, colorless, crystal dimensions 0.30× 0.20 × 0.10 mm,
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structure reported in this paper have been deposited with the Cambridge
Crystallographic Data Center as supplementary publication no. CCDC-
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(20) Theanti-diastereomer selectivity ofR-methyl-â-hydroxy ketone (4e)
was determined to be 96% by HPLC analysis (Daicel, CHIRALPAK AS,
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Figure 3. ORTEP drawing ofsyn-5.
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