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ABSTRACT: Enoate reductases belonging to the Old Yellow Enzyme (OYE) family were employed to develop a biocatalysed
approach to methyl (S)-2-bromobutanoate, a key intermediate for the introduction of a particular stereogenic unit into the
molecular skeleton of a certain class of chiral drugs. Methyl (Z)-2-bromocrotonate afforded, respectively, (S)-2-bromobutanoic acid
(ee = 97%) and methyl (S)-2-bromobutanoate (ee = 97%) by baker’s yeast fermentation and by OYE1�3 biotransformations. The
bioreductions of other methyl 2-haloalkenoates were also considered. It was observed that the (Z)- and (E)-diastereoisomers of R-
bromo unsaturated esters afforded the same enantiomer of the corresponding reduced product.

’ INTRODUCTION

According to a very detailed analysis published recently inOrg.
Process Res. Dev.,1 the proportion of products manufactured using
biotechnology is expected to increase to ∼20% of global
chemicals in 2020 (i.e., about 1 order of magnitude increase
from today’s figures), as a consequence of the urgent need for the
development of sustainable manufacturing processes, along with
the reduction of greenhouse gas emission and waste output, and
the replacement of toxic or dangerous reagents. However,
biotechnology might disappoint these expectations in the phar-
maceutical area, because the time frame of drug development
makes the application of biocatalysed routes in the manufactur-
ing processes particularly demanding due to an inadequate
toolbox.2 It is thus necessary to devote efforts on optimising
biotechnological tools for the synthesis of higher-value products
in the life science area, such as enantiomerically pure intermedi-
ates and active pharmaceutical ingredients (APIs), and on
investigating the robustness of biocatalysed reactions.

Aiming to satisfying these needs, we devoted our attention to
study the stereoselective reduction of suitably substituted CdC
double bonds, a very useful synthetic transformation, which is
commonly employed in the development of manufacturing
processes and can be carried out by enzyme catalysis with the
use of enoate reductases.3 The corresponding reaction per-
formed by hydrogenation in the presence of chiral metal
complexes4 has been intensively investigated; several catalytic
systems have been optimised for variably substituted substrates,
and a rather rich pool of successful reactions have been identified.
There is still the necessity to study the enzymatic variant of this
reaction,5 in order to enlarge the structural class of unsaturated
compounds that can be submitted to bioreduction, to understand
the electronic and steric effects controlling the reaction, and to
implement the pool of biotransformations available for applica-
tions in the field of pharma drug development.6

Biocatalysed reductions of CdC double bonds have been
known for a long time; most of the work has been carried out by

baker’s yeast (BY) fermentation, avoiding the problem of cofac-
tor recycling.7 In the last years the process of cloning and
overexpressing enoate reductases, particularly those belonging
to the family of Old Yellow Enzymes (OYEs), has enriched the
panel of biocatalysts available for these reductions.8 However, the
development of preparative procedures to obtain target mol-
ecules is still lacking, with most of the investigations aimed to
characterise the activity of isolated enoate reductases on model
substrates.

Among OYE-catalysed bioreductions were first considered
those of CdCdouble bonds inR,β position to carboxylic groups,
which have received little attention until now. Unlike conjugated
enals and enones, R,β-unsaturated esters and acids are not
conventional substrates for enoate reductase biotransformations.
Nonetheless, their employment as starting materials can offer
interesting advantages, i.e. the inertness of the carboxylic moiety
towards bioreduction, and an increased configurational stability
of the stereogenic centre, eventually created in R-position to the
carboxylic group, compared with that of aldehydes and ketones.

Within the work devoted to the investigation of the limits and
the advantages of this kind of bioreduction,9 we envisaged
the possibility of employing the enantioselective reduction of
(Z)-methyl 2-bromo and 2-chlorocrotonates 1 and 2 bymeans of
BY fermentation and OYE1�310 biotransformations, in order to
optimise a new enzymatic approach to halobutanoic acids (S)-3
and (S)-4 and of the correspondingmethyl esters (S)-5 and (S)-6
(Scheme 1), which are useful stereogenic units to be incorpo-
rated into chiral APIs. The investigation was extended to (E)-1
and to the (Z) and (E)-stereoisomers of other R-bromoalkenoic
acid methyl esters, namely (Z)- and (E)-7, and (Z)- and (E)-8.
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’RESULT AND DISCUSSION

To our knowledge the only examples of baker’s yeast reduc-
tion of unsaturated esters were described by Utaka et al. in the
1980s.11 They employed as substrates a few methyl R-chloroalk-
enoates, showing R = alkyl (CH2CH3, CH2CH2CH3, CH-
(CH3)2) and chloroalkyl (CH2Cl, CHCl2, CCl3). They
established that the presence of the chlorine atom in the
R-position was essential to allow bioreduction, and that only
methyl esters could be transformed. All the investigated (Z)-un-
saturated chloro esters gave saturated (S)-chloro acids with high
enantiomeric excess (ee > 98%), whereas the (E)-stereoisomers
afforded (R)-chloro acids with lower ee values. Ester hydrolysis
was promoted as a side reaction in the fermentation medium. The
reaction was not considered further in the following years.

Recently, we submitted9 to OYE1�3-mediated reductions
some of the substrates described byUtaka et al., i.e. the (Z)-stereo-
isomers of compounds with R = CHCl2 and CCl3, and the
(E)- and (Z)-stereoisomers of that bearing R = CH(CH3)2. We
verified that in these conditions hydrolysis did not occur and that
the methyl esters were the actual substrates of the enzyme-
mediated reaction.

These data supported our idea to employ this reduction for the
optimisation of an enzymatic approach to enantiomerically pure
(S)-2-bromobutanoic acid ((S)-3) and to the corresponding
methyl ester (S)-5, which are useful key intermediates in the
synthesis of therapeutic agents for the treatment of non-insulin-
dependent type 2 diabetes mellitus (T2DM), such as compounds
(R)-9,18 (R)-10,19 and (R)-1120 (Chart 1). All these structures
share a typical stereogenic unit, highlighted in Chart 1, which is
introduced by nucleophilic displacement with configuration

inversion either on compound (S)-5,13a or on a suitable alkyl
(S)-trifluoromethanesulfonyloxybutanoate.14

(S)-3 and (S)-5 are not commercially available. Their synthesis
is rather challenging because of the configurational lability of the
stereogenic center in basic medium and of the reactivity of the
bromine atom. (S)-3 was obtained by deracemisation with chiral
auxiliaries21,22 or by Van Slyke reaction of (S)-2-aminobutanoic
acid.13a (S)-5 was prepared by treatment of the bromoacid with
(trimethylsilyl)diazomethane,13a or it was recovered as the un-
reacted enantiomer when racemic 5 was treated with haloalkane
dehalogenases.23 The development of a high yield, enantioselec-
tive preparation of (S)-3 and (S)-5 is thus relevant under the
practical point of view, because of the known usefulness of these
chiral intermediates. Their availability would avoid using triflate
derivatives, which are usually rather unstable and whose prepara-
tion requires the handling of hazardous triflic anhydride.

A 6:4 mixture of (E)- and (Z)-1 was obtained by addition of
bromine to methyl (E)-crotonate followed by dehydrohalo-
genation.13b The two stereoisomers could be separated by
column chromatography. Compound (Z)-1 was also obtained
in 82% diastereoisomeric excess (1H NMR) by reaction of
acetaldehyde with the bromophosphoylide prepared in situ by
reaction of NBS with methyl(triphenylphosphoranylidene)-
acetate according to a known procedure.24

(E)- and (Z)-1 were submitted separately to BY fermentation
andOYE1�3 biotransformations (Scheme 2), and the results are
reported in Table 1. Saturated acids were recovered from BY
fermentationmedium, and the corresponding methyl esters were
obtained in OYE-catalysed biotransformations. The conversion
curves are shown in Figures 1 and 2.

Unexpectedly, the reduction of both (Z)-1 and (E)-1 afforded
the same enantiomer, unlike what had been observed for
diastereoisomeric R-chloro-unsaturated methyl esters by Utaka
et al.11 The enantiomeric purity of acid (S)-3, obtained by BY
fermentation, and of methyl ester (S)-5, recovered from OYE
biotransformations, was higher when (Z)-1 was the starting
material.

We also tried to synthesise the two chloro derivatives (Z)- and
(E)-2, in order to make a comparison with the bromocrotonates,
but either by chlorine addition followed by basic dehy-
drohalogenation25 or by reaction of acetaldehyde with the
suitable chlorophosphoylide, we invariably obtained only (Z)-2
(de = 80% and 83%, respectively; 1H NMR). This compound
was purified by column chromatography and submitted to BY
fermentation and OYE1�3 biotransformations; the results are
reported in Table 1. The enantiomeric excess values of the
reduction products (S)-4 and (S)-6 were lower than those of
the corresponding bromo analogues.

Scheme 1. Substrates and products of bioreductions

Chart 1. Chiral APIs incorporating the stereogenic unit of (S)-5
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The substitution of the chlorine atomwith a bromine atom did
not prevent bioreduction: the biocatalysed reductions of (Z)-1
indeed resulted in better conversion values and higher enantios-
electivities than those achieved with (Z)-2. The same ee values
were observed when a sample of (Z)-1 with de = 82% was
submitted to bioreduction.

We then decided to prepare (E)- and (Z)-7, whose chloro
analogues had been submitted to BY fermentation by Utaka
et al.,11 and (E)- and (Z)-8, in order to further investigate the
stereochemical course of bioreductions involving bromo deriva-
tives. Compounds (Z)-7 and (Z)-8 were obtained in high

diastereoisomeric excess by Wittig reaction of butanal and
pentanal, respectively, with bromophosphoylide. The corre-
sponding (E)-diastereoisomers were prepared by bromine addi-
tion tomethyl 2-hexenoate andmethy-2-heptenoate, followed by
dehydrohalogenation and chromatographic purification. The re-
sults of the biocatalysed reductions, either by means of BY or of
isolated OYEs, are reported in Table 1. We invariably obtained
the same enantiomers of the corresponding saturated acids and
methyl esters by reduction of the two possible diastereoisomers
of the starting activated alkene. The enantiomeric excess values of
the saturated compounds prepared from (Z)-alkenes were higher

Table 1. Results of BY fermentations and OYE1�3 biotransformations

aConversion calculated by GC analysis of the crude mixture treated with CH2N2 solution after 72 h reaction time. bConversion calculated by GC
analysis of the crude mixture after 12 h reaction time. cCalculated by GC analysis on a stationary phase as methyl esters. d Second eluted peak in GC
analysis on a chiral stationary phase.

Scheme 2. Biocatalysed reduction of (E)- and (Z)-1 mediated by BY and OYE1�3
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than those of the derivatives obtained by conversion of the
(E)-diastereoisomers.

The chloro analogues of compounds (Z)- and (E)-7 had been
described by Utaka to afford the (S)- and (R)-enantiomers of the
corresponding saturated acid with ee > 98% and ee = 25%,
respectively, in moderate yields. On the contrary, (Z)- and (E)-7
were converted by BY fermentation into acid (S)-12 (ee = 96 and
65%) in quantitative yields, and by OYE1�3-mediated biotrans-
formations into methyl ester (S)-13 (ee = 94�96% and
60�91%) in good to excellent yields.

Similar results were obtained for (Z)- and (E)-8 (Table 1);
in this case we could not establish the absolute configuration
of saturated acid 14 and its methyl ester 15. We assigned them
(S)-configuration by analogy: the saturated methyl ester 15
obtained from either (Z)- or (E)-8 was the second eluting
enantiomer in the GC analysis of the racemic reference com-
pound on a chiral stationary phase, as in the case of all the other
(S)-methyl esters described in the paper.

’CONCLUSION

A very practical synthesis of enantioenriched (S)-3 and (S)-5,
and of the corresponding chloro derivatives (S)-4 and (S)-6 was
optimised starting by biocatalytic reduction of (Z)-1 and (Z)-2,
which can be easily obtained starting from either acetaldehyde or
methyl (E)-crotonate.

The bioreduction can be scaled up taking advantage of
conventional fermentation facilities for whole cell systems or
standard tank reactors for isolated enzymes.

The reactions can be performed in aqueous medium, and
saturated acids and esters are obtained in highly satisfactory yield
and enantiomeric purity. The stereogenic unit, which is needed
for the inclusion in the structural skeleton of relevant pharma-
ceutical ingredients, is prepared according to an enantioselective
reduction directly in the desired absolute configuration, avoiding
the waste of the unwanted enantiomer produced in resolution
approaches, and already bearing a suitable leaving group, i.e. the
bromine atom, for nucleophilic displacement.

We also highlighted that the substitution of a chlorine atom
with a bromine atom produces a different stereochemical out-
come; we are currently undertaking further studies to explain the
different behaviour of bromo and chloro analogues in biocata-
lysed reactions, by considering the mode of hydrogen addition
and the way in which the substrates are bound within the active
site of the enzyme.

The successful application of enzymatic processes in the
chemical industry depends mainly on cost and synthetic effi-
ciency competitiveness with the existing, and well-established,
chemical processes.

The potential of enzymatic transformations, for example of
CdC bioreductions, has to be investigated to find sustainable
synthetic and manufacturing methods to be offered in particular
to the chemists of the pharma area. The chemical complexity of
drugs and their strict stereochemical requisites need very selec-
tive and efficient catalysts, as indeed enzymes are.

’EXPERIMENTAL SECTION

General.TLC analyses were performed onMerck Kieselgel 60
F254 plates. All the chromatographic separations were carried
out on silica gel columns. The chemical shift scale of NMR
spectra was based on internal tetramethylsilane. J values are given
in hertz. GC/MS analyses were performed using a HP-5MS
column (30 m � 0.25 mm � 0.25 μm). The following
temperature program was employed: 60� (1 min)/6�/min/
150� (1 min)/12�/min/280� (5 min). The enantiomeric excess
values were determined by GC analysis of methyl esters 5, 6, 13,
and 15, using a DAcTBSil 3BetaCDX 0.25 μm � 0.25 mm� 25
m column (Mega, Italy), installed on a HP 6890 gas chromato-
graph, according to the following temperature programs:
(a) 50 �C (3 min)/5 �C min�1/180 �C (2 min)/30 �C

min�1/220 �C (10 min): (R)-5 tR = 9.14 min, (S)-5 tR =
10.12 min; (R)-6 tR = 7.66 min, (S)-6 tR = 9.70 min.

(b) 70 �C (1 min)/1 �C min�1/110 �C (2 min)/30 �C
min�1/220 �C (10 min); (R)-13 tR = 10.74 min, (S)-13
tR = 10.99 min.

(c) 45 �C/0.2 �C min�1/75 �C (2 min)/30 �C min�1/
220 �C (10 min); first enantiomer 15 tR = 90.39 min,
second enantiomer 15 tR = 91.30 min.

Optical rotations were measured on a Dr. Kernchen Propol
digital automatic polarimeter at 589 nm and are given in 10�1

deg cm2 g�1.
Strains and Enzymes. Baker’s yeast from Lesaffre Italia (code

number 30509) was employed. All the enzymes employed were
overexpressed in E. coli BL21 (DE3) strains harboring a specific
plasmid prepared according to standard molecular biology
techniques: pET30a-OYE1 from the original plasmid kindly
provided by Neil C. Bruce,20 pET30a-OYE2 and pET30a-
OYE3 from S. cerevisiae, and BY4741 and pKTS-GDH from B.
megaterium DSM509 (detailed steps reported in ref 21).

Figure 1. Progress curves for the bioconversion of (Z)-1 into (S)-5 by
isolated OYEs/GDH (OYE1 (9), OYE2 (b), OYE3 (2)). Experi-
mental conditions: 50 mM phosphate buffer pH 7.0, 5 mM substrate,
20 mM glucose, 0.1 mM NADP+, 40 μg/mL OYE, 4 U GDH, 1% v/v
DMSO, 30 �C, 160 rpm. Conversions were calculated by GC analysis.

Figure 2. Progress curves for the bioconversion of (Z)-1 into (S)-3 by
baker’s yeast. Experimental conditions: 25 mM substrate, 40 g/L
glucose, 100 g/L BY, 0.5% v/v EtOH, 30 �C, 160 rpm. Conversions
were calculated by GC analysis of the methyl ester.
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Overexpression of the Enzymes in E. coli BL21 (DE3). A 5-mL
culture in LB medium containing the appropriate antibiotic
(50 μg mL�1 kanamycin for pET-30a, 100 μg mL�1 ampicillin for
pKTS) was inoculated with a single colony from a fresh plate and
grownovernight at 37 �Cand220 rpm.This starter culturewas used
to inoculate a 200-mL culture, which was in turn grown overnight at
the same conditions and used to inoculate a 1.5 L culture. The latter
was shaken at 37 �C and 220 rpmuntil OD600 reached 0.4�0.5, and
then enzyme expression was induced by the addition of 0.1 mM
IPTG (50 ng mL�1 anhydrotetracycline was also added in the case
of the pKTS-GDH plasmid). After 5�6 h the cells were harvested
by centrifugation (5000g, 20 min, 4 �C), resuspended in 50 mL of
lysis buffer (20 mM phosphate buffer pH 7.0, 300 mM NaCl,
10 mM imidazole), and homogenized (Haskel high-pressure
homogenizer). The cell-free extract, after centrifugation (20000g,
20 min, 4 �C), was chromatographed on IMAC stationary phase
(Ni-Sepharose Fast Flow, GE Healthcare) with a mobile phase
composed of 20 mM phosphate buffer, pH 7.0, 300 mMNaCl, and
a 10�300mM imidazole gradient. Protein elutionwasmonitored at
280 nm; the fractions were collected according to the chromato-
gram and dialyzed twice against 1.0 L of 20 mM phosphate buffer,
pH 7.0 (12 h each, 4 �C), to remove imidazole and salts. Purified
protein aliquots were stored frozen at �80 �C.
General Procedure for the Preparation of Methyl (Z)-2-

Haloalkenoates. NBS or NCS (0.11 mol) was added portion-
wise under nitrogen atmosphere to a solution of methyl-
(triphenylphosphoranylidene)acetate (33.4 g, 0.10 mol) in
CH2Cl2 (300 mL) at �20 �C The mixture was stirred at
�20 �C for 1 h and then allowed to warm to rt. Acetaldehyde
(4.4 g, 0.10 mol) and K2CO3 (34.5 g, 0.25 mol) were added to
the mixture which was stirred for 16 h. The reaction mixture was
poured into 300 mL of water. The organic phase was dried over
Na2SO4, and the solvent was removed under reduced pressure to
give a solid, which was purified on silica gel column chromatog-
raphy using hexane/AcOEt (95:5), affording respectively (Z)-1,
(Z)-2, (Z)-7, and (Z)-8. The configuration of the double bond of
the two stereoisomers of compound 7 was assigned by analogy
with (Z)- and (E)-8 and on the basis of the fact that the chemical
shift of the vinyl proton in (Z)-R-halo-R,β-unsaturated esters is
higher than that of the (E)-stereoisomer.22

Data of (Z)-1: 12.1 g, 67%; 1H NMR23 (400 Hz, CDCl3)
δ 7.38 (q, J = 6.9, 1H, H�C(3)), 3.82 (s, 3H, COOCH3), 1.95
(d, J = 6.9, 3H, CH3);

13C NMR (100 MHz, CDCl3), δ 162.7,
141.4, 117.0, 53.0, 17.7; GC/MS: tR = 7.20 min, m/z 178 (M+,
100), 147 (92), 119 (55).
Data of (Z)-2: 8.5 g, 63%; 1H NMR24 (500 MHz, CDCl3)

δ = 7.15 (q, J = 6.9 Hz, H-(3)), 3.81 (s, 3H, COOCH3), 1.94 (d,
J = 6.9 Hz,CH3);

13C NMR (100 MHz, CDCl3), δ 162.9, 137.6,
125.5, 52.9, 14.9; GC/MS: tR = 5.51 min, m/z 134 (M+, 100),
119 (11), 103 (100).
Data of (Z)-7: 14.0 g, 68%;1H NMR (400 MHz, CDCl3)

δ = 7.29 (t, J = 7.2 Hz, H-(3)), 3.82 (s, 3H, COOCH3), 2.32 (2H,
q, J = 7.4 Hz, CH2(4)), 1.54 (2H, m, CH2(5)), 0.98 (t, J = 7.4 Hz,
CH3);

13C NMR (100MHz, CDCl3) δ 163.0, 146.3, 115.8, 53.1,
34.0, 20.9, 13.7; GC/MS: tR = 11.41 min,m/z 206 (M+, 30), 191
(22), 165 (100).
Data of (Z)-8: 13.4 g, 61%;1H NMR25 (400 MHz, CDCl3)

δ = 7.28 (t, J = 7.2 Hz, H-(3)), 3.80 (s, 3H, COOCH3), 2.32 (2H,
q, J = 7.3 Hz, CH2(4)), 1.50�1.30 (4H, m, CH2CH2), 0.93 (t, J =
7.0 Hz, CH3);

13C NMR (100 MHz, CDCl3) δ 163.0, 146.7,
115.6, 53.1, 31.8, 29.6, 22.3, 13.7; GC/MS: tR = 13.70 min, m/z
220 (M+, 14), 191 (43), 165 (100).

Procedures for Halogenation of Methyl 2-Alkenoates
Followed by Dehydrohalogenation. Procedure A (according
to ref 13b). Bromine (5 mL, 0.10 mol) was added dropwise to a
solution ofmethyl (E)-2-alkenoate (0.10mol) in heptane (30mL)
under nitrogen atmosphere, and the mixture was stirred at rt for 1
h. Then K2CO3 (20 g, 0.146 mol) and acetonitrile (60 mL) were
added, and the solution was heated at 60 �C. After 2 h the reaction
mixture was poured into 300 mL of water and extracted with
AcOEt (2� 150 mL). The organic phase was dried over Na2SO4,
and the solvent was removed under reduced pressure to give an oil
which was purified on silica gel column chromatography, eluting
with hexane, to afford the two possible diastereoisomers.
From methyl (E)-crotonate: (E)-5 (8.0 g, 45%) and (Z)-5

(5.2 g, 29%).
Data of (E)-5: 1H NMR23 (400 Hz, CDCl3) δ 6.78 (q, J = 7.5,

1H, H�C(3)), 3.82 (s, 3H, COOCH3), 2.05 (d, J = 7.5, 3H,
CH3);

13C NMR (100 MHz, CDCl3), δ = 163.1, 143.8, 111.3,
52.6, 17.3; GC/MS: tR = 6.66 min,m/z 178 (M+, 100), 147 (83),
119 (56).
From methyl (E)-2-hexenoate: (E)-7 (11.7 g, 57%) and (Z)-7

(3.7 g, 18%).
Data of (E)-7: 1HNMR (400MHz, CDCl3) δ= 6.67 (t, J = 7.7

Hz, H-(3)), 3.81 (s, 3H, COOCH3), 2.48 (2H, q, J = 7.4 Hz,
CH2(4)), 1.49 (2H, m, CH2(5)), 0.94 (t, J = 7.4 Hz, CH3);

13C
NMR (100 MHz, CDCl3) δ 163.3, 149.1, 110.5, 52.7, 33.3, 21.9,
13.6; GC/MS: tR = 10.49 min, m/z 206 (M+, 70), 191 (59), 165
(100).
Frommethyl (E)-2-heptenoate: (E)-8 (11.2 g, 51%) and (Z)-8

(3.3 g, 15%).
Data of (E)-8: 1H NMR26 (400 MHz, CDCl3) δ = 6.66 (t, J =

7.7 Hz, H-(3)), 3.80 (s, 3H, COOCH3), 2.49 (2H, q, J = 7.2 Hz,
CH2(4)), 1.50�1.30 (4H, m, CH2CH2), 0.90 (t, J = 7.2 Hz,
CH3);

13C NMR26 (100 MHz, CDCl3) δ 163.3, 149.1, 110.4,
52.6, 31.1, 30.9, 22.2, 13.7; GC/MS: tR = 12.77 min, m/z 220
(M+, 14), 191 (43), 165 (100).
Procedure B (according to ref 19). A 1.5 M solution of chlorine

in CH2Cl2 (67 mL, 0.10 mol) was added dropwise to a solution of
methyl (E)-crotonate (10 g, 0.10 mmol) in CH2Cl2 (30 mL), and
the mixture was stirred at rt for 1 h. Then triethylamine (0.50
mmol) was added, and the solution was stirred at rt for 2 h. The
reaction mixture was poured into 300 mL of water and extracted
with AcOEt (2 � 150 mL). The organic phase was dried over
Na2SO4 and the solvent removed under reduced pressure to give an
oil which was purified on silica gel column chromatography, eluting
with hexane, to afford (Z)-2 (7.8 g, 58%; de = 80%, 1H NMR).
Data of (E)-2: (read on the spectrum of (Z)-2 de = 80%): 1H

NMR (500MHz, CDCl3), δ = 6.5 (q, J = 7.6 Hz, H-(3)), 3.82 (s,
3H, COOCH3), 2.08 (d, J = 7.6 Hz,CH3); GC/MS: tR = 5.04
min, m/z 134 (M+, 100), 119 (13), 103 (87).
General Procedure for OYE-Mediated Bioreductions. The

unsaturatedR-haloester (5 μmol) dissolved inDMF (10 μL) was
added to a phosphate buffer solution (1.0 mL, 50 mM, pH 7.0)
containing glucose (20 μmol), NADP+ (0.1 mM), GDH (4 U),
and the required OYE (40 μgmL�1). Themixture was incubated
for 24 h in an orbital shaker (160 rpm, 30 �C). The solution was
extracted with AcOEt (2 � 250 μL), centrifuging after each
extraction (15000g, 1.5 min), and the combined organic solu-
tions were dried over anhydrous Na2SO4.
Methyl (S)-2-bromobutanoate ((S)-5): from OYE1 biore-

duction of (Z)-1: 0.150 g, 85%; ee = 97% (GC); [R]D
20 =�35.1

(c 1, CHCl3), lit.
27 for (R)-5 [R]D

20 = +37.9.1 (neat); 1H
NMR (400 Hz, CDCl3) δ 4.13 (t, J = 7.0, 1H, H�C(2)), 3.73
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(s, 3H,COOCH3), 2.05 (m,1H,H�C(3)), 2.01 (m,1H,H�C(3)),
0.98(t, J = 7.3, 3H, CH3);

13C NMR (100 MHz, CDCl3) δ
169.9, 52.6, 47.1, 28.2, 11.6; GC/MS: tR = 5.77 min, m/z 180
(M+, 1), 152 (100), 121 (31).
Methyl (S)-2-chlorobutanoate ((S)-6): from OYE1 bioreduc-

tion of (Z)-2: 0.098 g, 72%; 1HNMR (400Hz, CDCl3) δ 4.25 (dd,
J = 6.2 and 5.8, 1H, H�C(2)), 3.79 (s, 3H, COOCH3), 2.05 (m,
1H, H�C(3)), 1.95 (m, 1H, H�C(3)), 1.04 (t, J = 7.4, 3H, CH3);
13C NMR (100 MHz, CDCl3) δ 170.0, 58.5, 52.6, 28.2, 10.3; GC/
MS: tR = 4.49 min, m/z 136 (M+, 1), 108 (100), 101 (18).
Methyl esters 13 and 15 were not isolated from the crude

mixture of OYE-mediated bioreductions.
General Procedure for Baker’sYeast Fermentation. To a

stirred mixture of baker’s yeast (200 g) and D-glucose (80 g) in
tap water (2 L) at 30 �C was added dropwise a solution of
unsaturated R-halo methyl ester (0.05 mol) in ethanol (10 mL).
After 72 h, acetone (1 L) was added, followed by AcOEt/hexane
4:1 (750 mL). The mixture was filtered in a large Buchner funnel
through a thick Celite pad previously washed with acetone. The
two phases were then separated, and the aqueous phase was
extracted twice with an AcOEt/hexane mixture. The oily residue
obtained upon evaporation of the washed and dried organic
phase was chromatographed with increasing amounts of AcOEt
in hexane, to isolate the halo unsaturated acid.
(S)-2-Bromobutanoic acid ((S)-3): from BY fermentation of

(Z)-1: 3.9 g, 47%; ee = 97% (GC of the corresponding methyl
ester); [R]D20 = �31.9 (c 1.5, MeOH), lit.16 [R]D20 = �32.3
(c 2.50, MeOH); 1H NMR (400 Hz, CDCl3) δ 4.20 (t, J = 6.8,
1H, H�C(2)), 2.13 (m, 1H, H�C(3)), 2.08 (m, 1H, H�C(3));
1.06 (t, J = 7.3, 3H, CH3),

13C NMR28 (100 MHz, CDCl3) δ
173.4, 47.5, 28.3, 11.8; GC/MS as a methyl ester: tR = 5.77 min,
m/z 180 (M+, 1), 152 (100), 121 (31).
(S)-2-Chlorobutanoic acid ((S)-4): from BY fermentation of

(Z)-2: 1.83 g, 30%; ee = 85% (GC of the corresponding methyl
ester); [R]D

20 = �10.5(c 1.0, MeOH), lit.16 [R]D
20 = �8.9

(c 2.50, MeOH for (S)-4 with o.p. = 70%); 1H NMR (400 Hz,
CDCl3) δ 4.29 (t, J = 7.0, 1H, H�C(2)), 2.11 (m, 1H, H�C(3)),
2.06 (m, 1H, H�C(3)); 1.07 (t, J = 7.3, 3H, CH3),

13C NMR28

(100 MHz, CDCl3) δ 174.6, 58.5, 28.1, 10.2;GC/MS as a methyl
ester: tR = 4.49 min, m/z 136 (M+, 1), 108 (100), 101 (18).
(S)-2-Bromohexanoic acid ((S)-12): from BY fermentation of

(Z)-7: 4.6 g, 48%; ee = 96% (GC of the corresponding methyl
ester); [R]D20 =�21.9 (c 0.95, EtOH), lit.29 [R]D20 =�22.8 (c 1,
EtOH); 1HNMR30 (400 Hz, CDCl3) δ 4.25 (dd, J = 7.7 and 7.0,
1H, H�C(2)), 2.15�1.94 (m, 2H, CH2(3)), 1.52�1.30 (m, 4H,
CH2CH2); 0.93 (t, J = 7.3, 3H, CH3),

13C NMR (100 MHz,
CDCl3) δ 175.1, 45.6, 34.4, 29.3, 21.9, 13.7;GC/MS as a methyl
ester: tR 10.08 min, m/z 208 (M

+, 1), 152 (100), 129 (60).
2-Bromoheptanoic acid ((S)-14): from BY fermentation of

(Z)-8: 4.7 g, 45%; ee = 96% (GC of the corresponding methyl
ester); [R]D

20 = �10.5 (c 0.95, MeOH); 1H NMR (400 Hz,
CDCl3) δ 4.24 (t, J = 7.4, 1H, H�C(2)), 2.12�1.92 (m, 2H,
CH2(3)), 1.50�1.30 (m, 6H, CH2CH2CH2); 0.90 (t, J = 6.6, 3H,
CH3),

13C NMR (100 MHz, CDCl3) δ 174.9, 45.6, 34.6, 30.9,
22.2, 20.6, 13.7;GC/MS as a methyl ester: tR 12.40min,m/z 222
(M+, 1), 152 (100), 143 (63).
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