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Enol ester epoxides can rearrange toR-acyloxy ketones or
aldehydes under acidic conditions.1,2 Both protic and Lewis acids
can catalyze this rearrangement.3 In a study of acid-catalyzed
rearrangements of enantiomerically enriched enol ester epoxides,
we found that this rearrangement operated through two distinct
pathways, one with retention of configuration and the other with
inversion (Scheme 1).3 Competition between the two pathways
depended on the nature of the acid catalyst. The discovery that
certain Lewis acids can catalyze the rearrangement in a stereospe-
cific fashion prompted us to explore the feasibility of kinetically
resolving a racemic enol ester epoxide using a chiral Lewis acid
catalyst (Scheme 2). Herein we report our preliminary studies in
this area.

Our studies started with racemic 1-benzoyloxy-1,2-epoxycy-
clohexane (1) as a test substrate (Scheme 3). Among many chiral
Lewis acids tested, a BINOL-Ti(OiPr)4 system4 was found to be
the most promising catalyst for the envisioned resolution. Treating
epoxide1 with 5 mol % [(R)-BINOL]2-Ti(OiPr)4 (3) in Et2O at 0
°C for 0.5 h led to a 52% conversion, as judged by1H NMR
assay of the crude reaction mixture. Analysis of the unreacted
epoxide and the rearranged product using chiral HPLC (Chiralcel
OD) revealed a 99% ee for the epoxide and an 89% ee for
2-benzoyloxycyclohexanone (2). Both the recovered epoxide and
the rearranged ketone were determined to be enriched in theR
isomer, revealing that theS isomer of epoxide1 had rearranged
to theR isomer of2. Therefore, the rearrangement occurred with
inversion of configuration.

Further studies showed that the ratio of ligand to metal was
important for both the reactivity and the selectivity. The best
results were obtained when 2 equiv or more of BINOL was used
per Ti. A solvent study showed that Et2O and CH2Cl2 provided
the best overall results. To test the effect of the ester group on
the reaction, a number of ester groups with different steric and

electronic properties were investigated. As shown in Table 1
(entries 1-10), good reactivity and selectivity were obtained in
all cases except for acetate (entry 10), suggesting that a wide
range of ester groups can be tolerated.
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Table 1. Kinetic Resolution of Enol Ester Epoxides Catalyzed by
[(R)-BINOL]2-Ti(OiPr)4a

a All reactions were carried out with substrate (0.5 mmol) and catalyst
(5 mol %) in solvent (2 mL) at 0°C unless otherwise noted.b The
conversion was determined by1H NMR of the crude reaction mixture
after workup.c Isolated yield.d The relative rate was calculated using
the equationkrel ) kf/ks ) ln[(1 - C)(1 - ee)]/ln[(1 - C)(1 + ee)],
whereC is the conversion and ee is the percent enantiomeric excess of
the recovered starting material.8 e 2.5 mol % catalyst used.f 10 mol
% catalyst used.g 20 mol % catalyst used. For entry 16, the reaction
was carried out at room temperature.h The conversion was calculated
by applying the ee’s of the recovered starting material and the product
to the following equation: ee(SM)/ee(product)) C/(1 - C). i Enan-
tioselectivity was determined by chiral HPLC (Chiralcel OD).j Enan-
tioselectivity was determined by chiral HPLC (Chiralpak AD).k Enan-
tioselectivity was determined by chiral HPLC (Chiralcel OJ).
l Enantioselectivity was determined by1H NMR shift analysis with
Eu(hfc)3. m The absolute configurations were assigned by comparing
the measured optical rotations with those of the epoxides obtained by
asymmetric epoxidation.9 n The absolute configurations were assigned
by comparing HPLC chromatograms with those of the enol ester
epoxide obtained by asymmetric epoxidation9 and theR-benzoyloxy
ketone obtained from a stereospecific rearrangement of the chiral enol
ester epoxide.3 o The absolute configurations were determined by
comparing the measured optical rotations with those of the authentic
samples prepared from commercially available (R,R)-1,2-trans-cyclo-
hexanediol.p The absolute configurations were assigned on the basis
of the epoxide configurations and the mechanistic deduction from the
transformations of Scheme 4.q The absolute configuration was deter-
mined by comparing the measured optical rotation with the reported
one.3
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Encouraged by the result obtained for the six-membered ring
epoxides (Table 1, entries 1-11), we prepared and investigated
a number of other enol ester epoxides to probe their behavior
under the current catalyst conditions. As shown in Table 1, this
resolution process could be extended to five-, seven-, and eight-
membered ring systems (Table 1, entries 12-14). In all these
cases, the recovered enol ester epoxides could be obtained with
high ee’s, and the pure epoxides could be isolated in reasonable
yields. Compared to the other ring systems, the eight-membered
system was substantially less reactive, requiring more catalyst
and a longer reaction time. In contrast to the cyclic epoxides, the
current catalyst system is not effective for acyclic epoxides (Table
1, entry 16).

As discussed above (Scheme 3), the rearrangements occurred
with inversion of configuration. As a result, the remaining epoxide
and the rearrangedR-acyloxy ketone had the same configuration
at C2. It was envisioned that the remaining epoxide might be
further converted into the rearrangedR-acyloxy ketone using an
achiral acid which would catalyze the rearrangement with
retention of configuration.3 This could then provide a high yield
(>50%) of enantiomerically enrichedR-acyloxy ketone. To test
this hypothesis,1 was again used as a substrate. After the
resolution reaction was quenched at the desired conversion, the
chiral catalyst was removed by a rapid filtration through a plug
of silica gel. The resulting mixture was subsequently treated with
10%p-TsOH at room temperature for 20 min,5 at which time the
epoxide was completely consumed, and the 2-benzoyloxycyclo-
hexanone was then isolated in 78% overall yield with 93% ee
(Scheme 4)! The ee could be further enhanced to>99% by a
single recrystallization from Et2O. As shown in Scheme 4, this
sequential process could also be extended to other substrates.The
oVerall result is that a racemic enol ester epoxide can be
completely conVerted into an enantiomerically enrichedR-acyloxy

ketone using a catalytic amount of a chiral Lewis acid, followed
by a catalytic amount of an achiral acid.6

In summary, we have shown that the kinetic resolution of
racemic enol ester epoxides using a chiral Lewis acid catalyst is
feasible. High resolution efficiency was obtained for a number
of cyclic systems. Both enantiomerically enriched enol ester
epoxides andR-acyloxy ketones could be obtained through this
resolution. By taking advantage of the mechanistic duality of the
acid-catalyzed enol ester epoxide rearrangement, a racemic enol
ester epoxide can be completely converted into an enantiomeri-
cally enrichedR-acyloxy ketone by sequential treatment with a
catalytic amount of a chiral Lewis acid and a catalytic amount of
an achiral acid.7 Future efforts will be devoted to further
understanding the difference between cyclic and acyclic epoxides
and searching for effective catalysts for acyclic systems.
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