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Baker’s yeast (Saccharomyces cerevisiae) has been used to reduce a series of alkyl esters derived
from pyruvate and benzoylformate. Both the yield and enantioselectivities of these reductions were
maximized when methyl esters were used, and the (R)-alcohols were isolated in all instances. Yeast-
mediated ester hydrolysis was a significant side reaction for products derived from long-chain
alcohols. In the case of ethyl benzoylformate, the addition of methyl vinyl ketone increased the
enantioselectivity of the reduction. These reductions were applied to two syntheses of the paclitaxel
C13 side chain [(2R,3S)-N-benzoyl-3-phenylisoserine]. In the first, a racemic R-keto-â-azido ester
was reduced by whole cells of Baker’s yeast to afford a diastereomeric mixture in which the desired
product predominated and could be isolated chromatographically. In the second, an easily
synthesized R-keto-â-lactam was reduced by yeast cells to afford the desired cis isomer as well as
the undesired trans diastereomer. Substituting a yeast strain deficient in fatty acid synthase in
this reduction suppressed formation of the trans diastereomer. These results suggest that a single
enzyme is responsible for both the D- and L-cis-alcohols resulting from reduction of the R-keto-â-
lactam. All of the yeast strains used in this project are available commercially, and these biocatalytic
reductions require only common laboratory equipment.

Introduction

Baker’s yeast (Saccharomyces cerevisiae) has been the
most popular whole-cell biocatalyst, particularly for
asymmetric reductions of carbonyl compounds.1-5 Reduc-
tions catalyzed by this organism tolerate a large diversity
of carbonyl substrates, and side reactions are rarely
observed. This broad substrate acceptance is due to the
presence of a number of reductase enzymes, several of
which have been isolated and characterized.6-17 Unfor-

tunately, some of these reductases possess overlapping
substrate specificities but with opposite enantioselectivi-
ties, which often diminishes the optical purities of the
alcohol products when a compound is accepted by mul-
tiple enzymes. Traditional approaches to overcoming
these problems have included variations in substrate
structure18 and concentration,19 the use of organic sol-
vents in place of water,20-24 heat treatment,25 and the
addition of exogenous modifiers.12,26-30 With the recent
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determination of the complete genome sequence of S.
cerevisiae,31 altering the enantioselectivities of whole-cell-
mediated reductions by genetic manipulation has become
a feasible goal. For example, we have already shown that
the catalytic repertoire of Baker’s yeast can be expanded
to include asymmetric Baeyer-Villiger oxidations by
creating a recombinant strain that expresses bacterial
cyclohexanone monooxygenase.32 The use of similar
techniques to improve the enantioselectivity of Baker’s
yeast reductions requires that the yeast enzymes cata-
lyzing the reactions be identified.

In this paper, we focus on Baker’s yeast-mediated
reductions of R-keto esters. While this class of compounds
has received relatively less attention than â-keto esters
and acids,33 the product R-hydroxy acids and esters are
equally valuable chiral building blocks, and several
routes to these compounds have been devised.34 Reduc-
tions of R-keto esters catalyzed by Baker’s yeast are
experimentally simple and avoid the yield limitations
associated with kinetic resolutions. The major drawback
is less-than-optimal stereoselectivity, the result of mul-
tiple reductase enzymes produced simultaneously by the
yeast. Three such enzymes have been isolated by Naka-
mura and co-workers,15 although other enzymes may be
important for specific substrates. Our goals in this study
were to investigate further the yeast-mediated reductions
of R-keto carbonyl compounds and apply this knowledge
to synthesize the paclitaxel side chain by reduction of
R-keto carbonyl compounds.35

Results and Discussion

Four pyruvate esters and four benzoylformate esters
bearing various alkoxy chains were synthesized and
reduced by Baker’s yeast (Scheme 1), and the results are
shown in Table 1. The (R)-alcohols were isolated in all
cases, although the enantiomeric purities depended
significantly on the length of the alkoxy chain. These
results stand in contrast to earlier reports that the (S)-
alcohols predominated.20-23 This discrepancy likely re-
sults from the very different reaction conditions used in

the present study and the existence of an enantioselective
yeast-mediated hydrolysis of (R)-lactate alkyl esters.23,36

For both 1 and 3, the best results were obtained from
the reductions of methyl esters, suggesting that these are
poor substrates for the yeast esterase(s). Consistent with
this notion, a high yield and optical purity were obtained
for ester 4b, which has been reported to be inert with
respect to Baker’s yeast-mediated hydrolysis.36

We explored two approaches to increasing the enan-
tioselectivities of R-keto ester reductions even further.
In the case of 3b, known inhibitors of yeast reductases
were included in the reaction mixture (Table 1).37 Methyl
vinyl ketone increased slightly both the yield and optical
purity of alcohol 4b, although the simultaneous presence
of methyl vinyl ketone and ethyl chloroacetate was toxic
to the yeast cells, and only starting material was recov-
ered. Two other yeast strains were also tested for the
reduction of 3a (Table 2). Strain ATCC 26403 is unable
to produce fatty acid synthase.38 Substitution of this
strain for commercial Baker’s yeast had little effect on
the enantioselectivity of the reduction, suggesting that
this enzyme is not responsible for the production of 4a.
Another laboratory yeast strain (INVSc1) was also used
for the reduction of 3a. While this strain possessed
markedly different enantioselectivities for reductions of
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Scheme 1

Table 1. Yeast Reductions of r-Keto Esters Using
Commercial Baker’s Yeast (Yeast:substrate ) 20:1 (by

weight); 30 °C, 24 h)

starting
material product

recovered
starting
material

product
yield (%)

eea

(%) byproduct(s)

1a 2a <2 36 92 none
1b 2b <2 38 90 none
1c 2c 41 24 48 n-C5H11OH, 7%
1d 2d 44 17 18 n-C8H17OH, 11%
3a 4a <2 91 98 none
3b 4b <2 68 82 none
3bb 4b <2 72 92 none
3bc 4b 90 <2 none
3c 4c 32 47 52 n-C5H11OH, 12%;

PhCH2OH, 8%
3e 4e 30 46 20 n-C12H25OH, 6%;

PhCH2OH, 5%
5 6 <2 64 >98 none
a All products possessed the (R)-configuration. b Methyl vinyl

ketone (126 mM) was included in the reaction mixture. c Methyl
vinyl ketone (126 mM) and ethyl chloroacetate (66 mM) were
included in the reaction mixture.

6604 J. Org. Chem., Vol. 64, No. 18, 1999 Kayser et al.



â-keto esters,39 these cells displayed nearly identical
behavior toward the reduction of 3a.

Since methyl R-keto esters were reduced by whole
Baker’s yeast cells to (R)-alcohols in high optical purities,
we applied this methodology to a short synthesis of the
paclitaxel C13 side chain [(2R,3S)-N-benzoyl-3-phenyl-
isoserine] (Scheme 2). This work builds on our earlier
route to this compound that featured a yeast-mediated
reduction of a chiral R-keto ester to generate the correct
stereochemistry at C2.40 In the present synthesis, we
attempted to use a Baker’s yeast-mediated reduction to
kinetically resolve racemic â-azido-R-keto ester 7, which
was converted to a separable diastereomeric mixture of
known (R)-alcohols 8a and 8b. Spectral data obtained for
materials prepared by this route were completely con-
sistent with literature data.41 The desired product 8a was
converted to the paclitaxel C13 side chain by the method
of Greene and co-workers.35f While this approach yielded
the desired target compound, the limited diastereoselec-
tivity observed for the enzymatic reduction of 7 was a
significant drawback.

We also explored a second route to the paclitaxel side
chain (Scheme 3). The activated â-lactam derivative of
(2R,3S)-N-benzoyl-3-phenylisoserine allows it to be di-
rectly coupled to readily available 10-deacetylbaccatin
III,42 and we anticipated that the rigid skeleton might
also improve the enantioselectivity of carbonyl reduction.
The key step in our approach is the Baker’s yeast-
mediated reduction of racemic R-keto-â-lactam 13, which
was assembled in two steps from readily available
starting materials in 77% overall yield by a modification
of the procedure of Cainelli et al.43 The ketone was
reduced by Baker’s yeast, and the compositions of the

reaction mixtures were determined as a function of time
(Table 3).44 When commercial Baker’s yeast was used for
the reduction of 13, the desired diastereomer 14 was the
major product, consistent with the results described
above for acyclic R-keto esters; however, significant
quantities of its enantiomer (ent-14) and trans-alcohol
15 were also formed (Figure 1). All of these are known
compounds.45 The level of ent-15, if formed, was below
our detection limits. The structure of 15, including its
absolute configuration, was further confirmed by X-ray
crystallography after its chromatographic separation
from the product mixture and derivitization as a p-
bromobenzoate ester.46

The reduction of racemic R-keto-â-lactam 13 allows for
a kinetic resolution, and in the case of commercial
Baker’s yeast, both substrate enantiomers were reduced
to alcohol products. While the enantiomers of 13 were
not resolved by chiral-phase HPLC, it was possible to
calculate its optical purity from the observed product
composition (Table 3). When these values were plotted
as a function of fractional conversion, the data clearly
did not fit the expected pattern for a kinetic resolution
catalyzed by a single enzyme,47 suggesting that more
than one enzyme was responsible for the three observed
products (14, ent-14, and 15). Substitution of the labora-
tory strain INVSc1 in place of commercial Baker’s yeast
improved the optical purity of 14; however, significant
quantities of the undesired trans-alcohol were also
formed by this strain (Table 3). Again, quantitative
analysis of the enantiomeric purity of the starting R-keto-
â-lactam during the course of the reaction was consistent
with more than one enzyme catalyzing the reduction of
13. By contrast, the use of fatty acid synthase-deficient
S. cerevisiae ATCC 26403 almost completely suppressed
formation of the undesired trans isomer 15 (Table 3).
Moreover, a quantitative analysis of the optical purity
of the starting material as a function of fractional
conversion was consistent with reduction by only a single
enzyme (enantioselectivity value 4; Figure 2). This sug-
gests that yeast fatty acid synthase is primarily respon-
sible for the production of trans isomer 15.

If a single enzyme is responsible for the formation of
both 14 and ent-14, it must be capable of producing both
a D- and an L-alcohol. This initially surprising lack of
enantioselectivity may be a consequence of the nearly
symmetrical structure of â-lactam 13. The calculated
structures of 14 and ent-14 can be overlaid on one
another so that the aromatic groups are nearly coincident
(Figure 3). The hydrides added during the enzymatic
reduction of 13 are within 0.5 Å and aligned nearly
parallel to one another, suggesting that a single enzyme
active site could accommodate production of both 14 and
ent-14, as suggested by our data. The identity of the
enzyme(s) responsible for the production of 14 and ent-
14 remains to be established, however.
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Table 2. Yeast Reductions of Methyl Benzoyl Formate
3a Catalyzed by Different S. cerevisiae Strains

yeast strain
reaction
time (h)

product
yield (%) eea (%)

commercial Baker’s yeast 24 91 >98
26403 36 46b >98
INVSc1 24 91 96

a The (R)-alcohol was isolated in all cases. b Significant quanti-
ties of yeast metabolites were also isolated from this reaction
mixture.

Scheme 2
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Conclusions

Taken together, our results show that yeast-mediated
reduction of R-keto carbonyl compounds provides a simple
route to optically active alcohols. In the case of the open-

chain R-keto esters, enzymatic reductions can provide
high enantioselectivity, although the levels of diastereo-
selectivity can be relatively modest, e.g., in the reduction
of 7 to 8. For an R-keto-â-lactam such as 13, the
commercially available laboratory strain INVSc1 pro-
vided the desired alcohol diastereomer 14 with the
highest optical purity (up to ca. 80% ee at 50% conver-
sion), although significant quantities of the trans dias-

Scheme 3

Table 3. Baker’s Yeast-Mediated Reductions of Racemic r-Keto-â-lactam 13

reaction
time (h)

starting
material
13a (%)

conversionb

(%)
ee (13)c

(%)

14
(3R,4S)

(%)

ent-14
(3S,4R)

(%)
ee (14)d

(%)

15
(3R,4R)

(%)

ent-15
(3S,4S)

(%)
ee (15)c

(%)

commercial yeast 3 61 39 18 25 5 67 9 <1 >89
9 43 57 26 34 9 58 14 <1 >93

20 13 87 38 46 16 48 25 <1 >96
72 <1 100 48 14 55 38 <1 >97

INVSc1 (laboratory strain) 3 77 23 14 17 2 79 4 <1 >75
6 71 29 21 22 2 83 5 <1 >80
9 47 53 62 41 4 82 8 <1 >88

20 21 79 1 47 15 52 17 <1 >94
72 5 95 60 49 14 56 32 <1 >97

26403 (FAS deficient) 21 81 17 10 13 4 53 <1 <1
46 61 39 31 29 8 57 2 <1 >50
68 53 48 46 36 9 60 3 <1 >67

119 47 53 53 39 10 59 4 <1 >75
96f <1 100 55 35 22 10 <1 >90

a Reaction compositions were obtained by integrations of HPLC peaks. b Calculated as (14 + ent-14 + 15 + ent-15)/(13 + 14 + ent-14
+ 15 + ent-15). c Calculated as ([14 + ent-15] - [15 + ent-14])/(100 - [14 + ent-14 + 15 + ent-15]). d Calculated as (14 - ent-14)/(14 +
ent-14) × 100. e Calculated as (15 - ent-15)/(15 + ent-15) × 100. f These data were obtained from a separate reaction that was allowed
to proceed to completion. This reaction required less time than the previous set.

Figure 1. Reduction of R-keto-â-lactam 13 by Baker’s yeast
strains. Compositions of the reaction mixtures and values of
fractional conversion were determined by HPLC analysis.
Commercial Baker’s yeast: b, 14; O, 15. S. cerevisiae IN-
VSc1: 9, 14; 0, 15. S. cerevisiae ATCC 26403: 2, 14; 4, 15.

Figure 2. Enantioselectivity of the reduction of 13 by fatty
acid synthase-deficient Baker’s yeast. Values for the enantio-
meric excess and fractional conversion were calculated from
the data in Table 3. The data were fit by nonlinear least-
squares methods to an equation derived from that of Sih and
co-workers in which the enantioselectivity was the only
adjustable parameter.44 The close correspondence between the
calculated and observed data is consistent with the production
of both 14 and ent-14 by a single enzyme.
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tereomer 15 were also formed. Interestingly, while
inactivation of the fatty acid synthase by genetic muta-
tion largely suppressed the formation of 15, it also
diminished the optical purity of the desired alcohol 14.
From a quantitative analysis of the data, it appears that
both 14 and ent-14 are products of a single reductase
enzyme with relatively low enantioselectivity that favors
(S)-13. In the presence of fatty acid synthase, however,
the apparent enantioselectivity of this enzyme is in-
creased because fatty acid synthase competes effectively
for the undesired (R)-13 and converts it to a different
diastereomer that can be removed by simple chromato-
graphic separation. This suggests that further genetic
manipulations of yeast reductases might lead to whole-
cell catalysts with greater enantio- and diastereoselec-
tivities for reductions of such compounds.

Experimental Section

Chemicals used were purchased from Aldrich Chemical Co.
All solvents and ethyl pyruvate were distilled immediately
prior to use. Melting points are uncorrected. Proton and carbon
NMR spectra were recorded from CDCl3 solutions unless
otherwise indicated. Optical rotations were measured from
CHCl3 solutions. Chiral-phase GC analyses were performed
using a chiral Cyclosilb column (0.25 mm × 30 m, film
thickness 0.25 µm). Chiral-phase HPLC analyses were per-
formed using a nonchiral Econosphere silica 5U column (4.6
× 250 mm) connected in series with a Chiracel OD-H column
(4.6 × 150 mm) using a gradient of petroleum ether: i-propanol
from 95:5 to 80:20 at 1% per min as the mobile phase.
Detection was accomplished by UV monitoring at 254 nm.

Commercial Baker’s yeast was obtained from a local bakery
in a vacuum-packed form, and these large blocks were divided
into 20 g portions and stored under argon at 4 °C. S. cerevisiae
strains INVSc1 and ATCC 26403 were obtained from Invit-
rogen, Corp. and the American Type Culture Collection,
respectively. For routine culturing, these strains were grown

on YPD medium (1% Bacto-Yeast Extract, 2% Bacto-Peptone,
2% glucose). For culturing ATCC 26403, the YPD medium was
supplemented with K2HPO4 (5 g/L), KH2PO4 (5 g/L), TWEEN
40 (10 g/L), myristic acid (70 mg/L), palmitic acid (70 mg/L),
and stearic acid (70 mg/L).

General Procedure for the Preparation of Benzoyl-
formate and Pyruvate Esters. To a stirred solution of R-keto
acid (30 mmol) in dry alcohol (150 mmol) at -10 °C (for methyl
and ethyl alcohols; 0 °C for pentyl alcohol; 10 °C for octyl and
dodecyl alcohols) was added freshly distilled thionyl chloride
(33 mmol) dropwise over a period of 15 min. The solution was
then brought to room temperature, and stirring was continued
for an additional 30 min. Excess thionyl chloride was removed
by rotary evaporation, and the esters were purified by distil-
lation.

General Procedure for the Reduction of r-Keto Esters
Using Commercial Baker’s Yeast. The ester (1.0 g) was
added with vigorous stirring to a suspension of dry yeast (20
g) in distilled water (800 mL) in a round-bottom flask whose
volume was at least twice the total volume of the reaction
mixture. Sucrose (20 g) was then added over a period of 1 h
(to minimize foaming). The reaction was allowed to proceed
at room temperature for 24 h. After this time, the reaction
mixture was centrifuged at 4000g for 15 min. Alternatively,
Celite was added to the reaction mixture suspension, and then
this was vacuum-filtered through no.1 filter paper. The
isolated supernatant (or filtrate) was saturated with NaCl,
acidified with 10% HCl, and extracted continuously with
dichloromethane for 16 h. The organic layer was dried over
MgSO4 and the solvent removed in vacuo to give a yellow
liquid. The composition of the crude product was established
by 1H NMR, followed by the addition of diazomethane to
determine whether any acids were present. Chromatography
on a short silica gel column using 10% ethyl acetate-hexanes
afforded pure reduction products. The enantiomeric excess
values were determined by optical rotation (sodium D-line, 25
°C, 2 dm path length, c ) 2 g/100 mL, CHCl3). For those
compounds where a literature value for the specific rotation
was unavailable, the ester was hydrolyzed by being stirred for
10 min in an aqueous solution containing 10% potassium
hydroxide and 5% zinc chloride. The solution was made slightly
acidic by the addition of 10% HCl and extracted with dichlo-
romethane. The organic layer was dried over MgSO4, filtered,
and evaporated. The residual acid was converted to the ester
with diazomethane, and the specific rotation was determined
for the methyl ester.

Yeast-Mediated Reductions in the Presence of Inhibi-
tors. The general procedure for yeast reductions described was
followed. Ethyl chloroacetate was added to the reaction
mixture at a final concentration of 66 mM, and methyl vinyl
ketone was used to a final concentration of 126 mM. The
reactions were worked up as usual, and the inhibitors were
removed during the final chromatographic separation.

General Procedure for Reductions Using Laboratory
Strains of S. cerevisiae. YPD medium (40 mL) was inocu-
lated with the appropriate S. cerevisiae strain, and the culture
was incubated at 30 °C in an orbital shaker for 24 h. A 100
mg portion of the ketone was added, and the reduction was
carried out at 30 °C. After complete consumption of the
substrate (as determined by HPLC), the cells were separated
by centrifugation at 3000g for 5 min, and then they were
washed once with water and once with EtOAc. The aqueous
layers were extracted with EtOAc, and the combined organic
layers were dried and evaporated. Products were isolated by
flash chromatography.

Methyl 2-Oxo-3-azido-3-phenylpropionate (7). Sodium
azide (3.801 g, 58.45 mmol) was added in a single portion to a
solution of methyl phenylglycidate (2.006 g, 11.26 mmol) in a
mixture of methanol (40 mL), water (5 mL), and dimethyl
formamide (8 mL). The mixture was warmed to 60 °C and
stirred vigorously for 46 h. The crude product was extracted
with ether, dried over MgSO4, and concentrated by rotary
evaporation, and then the mixture was chromatographed on
silica gel using EtOAc-hexanes (1:9) to afford 2.048 g of
methyl 2-hydroxy-3-azido-3-phenylpropionate as an oil (82%

Figure 3. Overlay of calculated structures for 14 and ent-14.
Both structures were sketched and energy-minimized using
the Tripos force field (Sybyl 6.4). Dummy atoms were created
in the centers of both aromatic rings, and these, along with
the C3 proton, were used for rigid-body superpositioning.
Atoms of 14 are shown in light gray, while those of ent-14 are
depicted in dark gray. The hydrides delivered by the reductase-
(s) are shown in black and indicated by an arrow. Note the
pseudosymmetry inherent in these structures.
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yield) whose spectral data were identical to those reported
previously.35f A portion (1.23 g, 10.5 mmol) of this material
was treated with Jones’ reagent (3 mL) in a 60 °C water bath
and stirred for 12 h. The reaction mixture was filtered,
neutralized with 10% sodium carbonate solution, and extracted
with diethyl ether. The organic layer was washed with brine
and dried over MgSO4, and the solvent was evaporated. The
crude material was purified by silica gel chromatography using
EtOAc-hexanes (1:9) to yield 0.402 g of the title compound
as a yellow oil (27% yield). IR (CHCl3): 2130, 1750, 1730, 1720
cm-1. 1H NMR (CDCl3): δ 3.75 (s, 3H), 6.16 (s, 1H), 7.11-
7.46 (m, 5H) ppm. 13C NMR (CDCl3): δ 51.5, 124.3-133.8,
159.5, 169.6 ppm. MS (EI, 70 eV): m/z 219 (M+, 2%), 192 (7%),
135 (8%).

Methyl (2R,3S)-2-Hydroxy-3-azido-3-phenylpropionate
(8a). Sucrose (20 g) was added slowly to a stirred suspension
of dry yeast (20 g) in water (400 mL). Once active fermentation
had begun, 7 (0.505 g, 2.29 mmol) was added. After 48 h, Celite
(5 g) was added, and then the mixture was filtered through
no. 1 filter paper. The crude product was isolated using the
general procedure described above to give 0.334 g (67% yield)
of a 7:3 ratio of (2R,3S)-8a and (2R,3R)-8b (as determined by
1H NMR analysis). The two diastereomers were separated by
spinning-plate chromatography on a 2 mm silica plate using
EtOAc-pentane (15:85) as the solvent. Spectral data were
consistent with those reported previously.41

3,3-Diethoxy-1-(4-methoxyphenyl)-4-phenyl-2-azetidi-
none (12). A solution of diisopropylamine (4.21 g, 41.6 mmol)
in 42 mL of dry THF under nitrogen was treated with n-BuLi
(41.6 mmol, 1.6 M hexanes solution) at -20 °C. After the
solution was warmed to 0 °C, stirring was continued for 15
min to complete formation of LDA. A solution of ketal 10 (6.65
g, 37.8 mmol) in 35 mL of dry THF was added at -70 ( 5 °C,
and the resulting reaction mixture was stirred for 2.5 h at this
temperature. After addition of a solution of 11 (4.00 g, 18.9
mmol) in 20 mL of dry THF, the solution was stirred for an
additional 1.5 h at -70 ( 5 °C, and then it was allowed to
warm slowly to room temperature. After stirring for an
additional 18 h at room temperature, the reaction mixture was
quenched with brine and extracted with Et2O. The combined
organic layers were washed with 2 M HCl, saturated NaHCO3,
and brine, then dried over MgSO4, and concentrated in vacuo.
Removal of all volatiles by Kugelrohr distillation enabled
recovery of some excess 10. The crude product was purified
by recrystallization from diisopropyl ether to afford 5.77 g of
the title compound as colorless crystals (89%, mp 98-99 °C).
1H NMR: δ 0.85 (t, J ) 7.0 Hz, 3H,), 1.30 (t, J ) 7.0 Hz, 3H),
3.10 (dq, J1 ) 7.0 Hz, J2 ) 9.6 Hz, 1H), 3.55 (dq, J1 ) 7.0 Hz,
J2 ) 9.6 Hz, 1H), 3.65 (s, 3H), 3.80 (dq, J1 ) 7.0 Hz, J2 ) 9.6
Hz), 4.00 (dq, J1 ) 7.0 Hz, J2 ) 9.6 Hz, 1H), 5.05 (s, 1H), 6.70
(d, J ) 9.2 Hz, 2H), 7.20 (d, J ) 9.2 Hz, 2H), 7.32-7.39 (m,
5H) ppm. 13C NMR: δ 14.7 (q), 15.2 (q), 55.4 (q), 59.8 (t), 60.7
(t), 69.4 (d), 107.9 (s), 114.2 (d), 119.0 (d), 128.0 and 128.5 (2d),
128.6 (d), 130.4 (s), 133.7 (s), 156.3 (s), 163.1 (s) ppm.

1-(4-Methoxyphenyl)-4-phenyl-azetidine-2,3-dione (13).
A suspension of 12 (0.492 g, 1.44 mmol) in 5 mL of water was
cooled to 5 °C and slowly treated with 20 mL of concentrated
H2SO4. After complete addition of the acid, 2 vol % of acetone
was added, and the suspension was stirred at the above
temperature. Another 20 vol % of acetone was added after 2
h, and stirring was continued until TLC analysis indicated
complete hydrolysis (usually 1-1.5 h). The suspension was
poured into ice/water and extracted with EtOAc. The combined
organic extracts were neutralized with saturated NaHCO3,
dried over MgSO4, and concentrated in vacuo to give 0.33 g of

the title compound as yellow crystals (85%, mp 124-126 °C).
1H NMR: δ 3.78 (s, 3H), 5.55 (s, 1H), 6.87 (d, J ) 8.8 Hz, 2H),
7.29-7.40 (m, 5H), 7.42 (d, J ) 8.8 Hz, 2H) ppm. 13C NMR: δ
55.5 (q), 74.9 (d), 114.8 (d), 119.8 (d), 126.4 and 129.4 (2d),
129.5, (d), 129.9 (s), 131.7 (s), 158.0 (s), 160.0 (s), 190.7 (s) ppm.

Reduction of 13 by S. cerevisiae ATCC 26403. A frozen
culture of ATCC 26403 containing 0.1 g of yeast cells was
thawed and added to 100 mL of YPD medium containing fatty
acids in a baffled 250 mL flask. The mixture was shaken at
30 °C for 30 min at 250 rpm on an orbital shaker, and then
solid 13 (270 mg, 1.0 mmol) was added. The mixture was
shaken at 30 °C at 250 rpm and sampled periodically for HPLC
analysis.48 When all of the starting material had been con-
sumed, the mixture was transferred to a 500 mL centrifuge
bottle. Solid NaCl was added to saturation followed by 60 mL
of EtOAc. After shaking, the mixture was centrifuged at 3000g
at 0 °C for 10 min. The supernatant was decanted carefully
from the cell pellet into a separatory funnel, and the aqueous
layer was removed and subsequently extracted with EtOAc
(2 × 60 mL). The combined organic layers were washed with
brine (75 mL), dried with anhydrous Na2SO4, and concentrated
in vacuo. The crude product was purified by silica gel chro-
matography using a gradient elution from hexanes to EtOAc-
hexanes (1:4) to afford 120 mg of 14 as beige crystals (45%
yield, mp 204-208 °C; lit.45 mp 198-201 °C). Spectral data
were consistent with those reported previously.45

trans-3-Hydroxy-1-(4-methoxyphenyl)-4-phenyl-2-azet-
indinone (15). The general procedure for Baker’s yeast-
mediated reductions of 13 was followed, and the crude products
from three separate reactions were combined to afford 304 mg
of a mixture containing 14, ent-14, and 15. Chromatography
on silica gel using petroleum ether-EtOAc (3:1) afforded 90
mg of 15 as colorless crystals (11% yield, mp 152-155 °C; lit.49

mp 155-156 °C). 1H NMR (DMSO-d6): δ 3.71 (s, 3H), 4.70 (d,
J ) 1.5 Hz, 1H), 4.87 (d, J ) 1.5 Hz, 1H), 6.69 (d, J ) 9.1 Hz,
2H), 7.13 (d, J ) 9.1 Hz, 2H), 7.29-7.36 (m, 5H) ppm. 13C NMR
(DMSO-d6): δ 55.3 (q), 65.7 (d), 76.7 (d), 114.2 (d), 119.0 (d),
126.1 (d), 129.8 (d), 128.7 (d), 130.1 (s), 136.0 (s), 156.4 (s),
166.8 (s) ppm.
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