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Optically active lactones are valuable intermediates in
asymmetric synthesis. In particular, 6-substituted ε-cap-
rolactones are especially useful, and several methods for
producing these compounds have been explored. These
include the chromatographic separation of diastereomeric
precursors,1 Baeyer-Villiger oxidations of optically-
enriched 2-substituted cyclohexanones,2,3 the use of es-
terases to enantioselectively hydrolyze the racemic
lactones,4-6 and the development of metal complexes that
perform enantioselective Baeyer-Villiger oxidations on
the corresponding substituted cyclohexanones.7,8 Unfor-
tunately, these methods are either experimentally cum-
bersome or afford lactones with only modest enantiose-
lectivities.
Since racemic 2-alkyl-substituted cyclohexanones are

readily available, a Baeyer-Villiger oxidation that ef-
fected a kinetic resolution of these ketones would be an
attractive strategy (Scheme 1). Enzymes that perform
enantioselective Baeyer-Villiger oxidations with broad
substrate specificities have been isolated from several
microbial species including Cylindrocarpon destructans,9
Pseudomonas putida,10-12 and Acinetobacter.13 Here, we
describe an experimentally simple method for producing
6-substituted ε-caprolactones in high optical purities
using whole cells of “oxidizing yeast”sa strain of bakers’
yeast that has been engineered to express Acinetobacter
sp. NCIB 9871 cyclohexanone monooxygenase.14

Our expectation that the Acinetobactermonooxygenase
would provide a kinetic resolution of 2-alkyl-substituted
cyclohexanones was based on the earlier work of Furst-
oss15,16 and Schwab, who demonstrated that 2-methyl-
cyclohexanone was oxidized by the enzyme to the corre-
sponding lactone with modest enantioselectivity.17
Interestingly, despite the large number of ketones that
have been tested as substrates for this enzyme, simple
2-substituted cyclohexanones have not been systemati-
cally investigated, and only a single example (2-methyl-
cyclohexanone) has been reported.17 Reasoning that
larger substituents at the 2-position might lead to greater
enantioselectivities, we tested a number of racemic
cyclohexanones as substrates for this enzyme, and our
results are summarized in Table 1.18-20 All of the
reactions were performed by the engineered bakers’ yeast
using the previously-described procedure.14,21 Because
several of these substrates were insoluble in the aqueous
growth medium, stoichiometric amounts of â-cyclodextrin
were included in the reaction mixture.22 Chiral-phase
GC provided the enantiomeric compositions of both the
ketone and lactone during the course of the reaction. As
noted previously,14 ketone reduction was only a minor
side reaction. In addition, the olefin functionality was
inert in the yeast-mediated oxidation of 1f. For prepara-
tive purposes, the reactions were terminated shortly after
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50% conversion and the lactone and the remaining ketone
were isolated by silica gel chromatography. In all cases,
the “normal” Baeyer-Villiger regioisomer was obtained
and the (S)-ketone was the more reactive enantiomer.23
The absolute configurations of the products were deter-
mined by comparing the optical rotations of the ketones
or the corresponding lactones to literature values.4-6,19,20

In general, the optical purities of both the lactones and
the remaining ketones were extremely high, making this
method attractive for preparative purposes. The enan-
tioselectivity can be quantitatively described by E, the
ratio of the second-order rate constants for the conversion
of the substrate enantiomers to the two-product enanti-
omers, a ratio that is independent of enzyme concentra-
tion or mass transport phenomena (Figure 1).24 For a
kinetic resolution to be preparatively useful, E should
be >30. In the case of cyclohexanone monooxygenase,
all but one of the E values were g200, which represents
essentially complete enantioselectivity. For this reason,
it was possible to isolate both the remaining ketone and
the lactone in very high optical purities from a single
reaction. The sole exception was the E value of 10 for
2-methylcyclohexanone. Presumably, the steric size of
the substituent is insufficient to completely enforce the
stereochemical imperative in this case. Because the
nonenzymatic Baeyer-Villiger oxidation proceeds with
retention of stereochemistry, the optically pure ketones
obtained from the biotransformations can be converted
to the corresponding lactones by peracid oxidation. Thus,
both lactone enantiomers can be produced from the
racemic ketone. For example, racemic 1b was converted
by our “designer yeast” into (R)-1b (94% ee, 69% yield)
and (S)-2b (98% ee, 79% yield). The recovered ketone
was then oxidized by m-CPBA to afford (R)-2b in 55%
overall yield and 94% ee.
This work provides a useful example of the very high

enantioselectivities that can be achieved by applying
enzyme catalysis to organic synthesis. Furthermore, by
expressing the enzyme in bakers’ yeast, we have created
a simple reagent that can be used by chemists with no
training in biochemistry or microbiology. This approach

eliminates the need to isolate the enzyme and sidesteps
problems associated with overmetabolism of the lactone
products. Yeast-mediated reactions are environmentally
compatible and do not product toxic byproducts, making
them ideal for large-scale applications.
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Table 1. Kinetic Resolutions of Racemic 2-Alkylcyclohexanones by Whole Cells of Bakers’ Yeast That Express
Cyclohexanone Monooxygenase

Figure 1. Yeast-mediated Baeyer-Villiger oxidation of 1b.
The reaction mixture contained 10 mM ketone and 0.20 g of
washed yeast cells in 100 mL of growth medium. The mixture
was shaken at 200 rpm (30 °C) and sampled periodically.
Chiral-phase GC analysis was used to determine the enan-
tiomeric excess values for the remaining ketone and the
lactone product. To determine the value of E , the enantiomeric
excess of the remaining starting ketone as a function of
fractional conversion was fit to an equation derived from the
model of Sih with E as the only adjustable parameter. The
calculated line (E ) 200) is superimposed on the data to show
the quality of the fit.
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