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Abstract This paper repofts kinetic parameters (K., fto,) for reduction of approximately 20 a-keto acids by t--lactate dehydrogenase
(I--LDH; EC 1.1.1.27) from 5 sources (porcine heart, rabbit muscle, chicken liver, bovine heart,lobster tail). The I-LDH-catalyzd
reduction reaction of four substrates representative of the range of act ivi t ies observed has been carr ied out on a preparative
scale using rabbit muscle l-LDH, and absolute configurations and values of enantiomeric excess (ee) of the products have
been determined: 2-hydroxybutanoic acid, ee)99Vo, S: 2-hydroxypentanoic acid, ee >99%, S; cyclopropaneglycol ic acid, ee
>99%, S; 3-phenyllactic acid, ee )99%, S. This enzyme-catalyzed reduction provides a practical method for preparing l-25-g
quanti t ies of a range of 2-hydroxy acids with high ee. To i l lustrate the value of these compounds as chiral synthons,
(S)-2-hydroxybutanoic acid was converted to (S)- l-butene oxide having )98Vc ee on a 6-9 scale.

Transformations based on enzymatic catalysis2-5 are providing
an increasingly valuable component of the methodology of en-
antioselective synthesis. Some enzymes Ifor example. porcine
pancreatic l ipase (EC 3.1.1.3),u porcine l iver esterase (EC 3.l . l . l ) ,7
and horse liver alcohol dehydrogenase (EC L 1 .I .1)E] used in recent
synthetic applications have broad substrate specificity but show
variable enantioselectivity; others [for example, fumarase (EC
4.2.1 .2) ,e  g lycero l  k inase (EC 2.1.1 .30) , r0  and g lycero l  dehy-
rogenase (EC 1.1.1 .6) r r Ihave h igh enant iose lect iv i ty  but  nar row
substrate specificity. Only a few enzymes [for example. acylase
I ,  (EC 3.5.1 .14) ] ' t  s imul taneous ly  possess broad subst ra te  spe-
cificity and high enantioselectivity. This paper explores the utility
in organic synthesis of an enzyme I l- lactate dehydrogenase, L-
LDH (EC I1 .1 .27) l  that ,  we be l ieve,  be longs in  th is  th i rd  cat -
egory.
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l -Lactate dehydrogenase is commercial ly avai lable and inex-
pensive ( less than $10 per 1000 units). Although this enzyme has
an air-sensit ive thiol group. i t  has satisfactory stabi l i ty i f  immo-
b i l ized and protected against  autoox idat ion.  L-LDH cata lyzes
the reduct ion o f  pvruvate to  l - lac ta te  bv NADH in  v ivo wi th
ebso lu te  cn rn t i ospec i f i c i t r . r l  I t  accep ts  2 -oxo  ac ids  o the r  t han
p\ruvate.ra but its enantioselectivity' in these reactions has not been
estab l ished.  The ut i l i t l  o f  th is  enzyme as a cata lys t  in  organic
synthesis has not been sr-stematical ly examined. We have pre-
viously'  used t--LDH in the mult igram scale synthesis of t--B-
chlorolactic acid having >97% ee.l5 This work convinced us that
L-LDH was indeed an eff icient catalyst that should be useful in
the enantioselective reduction of unnatural 2-oxo acids and en-
couraged us to examine the substrate specificity and stereospec-
ificity of several commercially available L-lactate dehydrogenases.

The objectives of this work were to explore the range of sub-
strates accepted by l-LDH at a rate useful in organic synthesis,
to establ ish the absolute configuration and enantiomeric excess
of representative products. to determine if there are any significant
dif ferences in specif ici ty among the enzymes from dif ferent
sources,  and to  i l lus t ra te  pract ica l  synthet ic  procedures us ing
L- lac ta te  dehy 'drogenase.

Homochi ra l  2-hydroxy ac ids are va luable  ch i ra l  synthons. r6
Procedures currently avai lable for their preparations include
chemical methods, I rl e fermentation,20 and enzymatic catalysis.2l'31
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Few of the chemical methods yield products having high values
of ee; fermentation methods (almost certainly ut i l iz ing lactate
dehydrogenase in vivo) can give good values ofee20 but suffer from
low concentrations of product and difficult isolation. Enzymatic
methods are relatively straightforward for this application.

L-Lactate dehydrogenase is found in al l  higher organisms. I t
is a tetramer with a molecular weight of ca. 140000.22 The amino
acid sequences23 and crystal structures2a of several lactate de-
hydrogenases have been determined, and the mechanism of i ts
catalysis has been partially defined.25 The tetrameric assembly
is composed of subunits whose composition correlates with the
tissue in which it is found.13 The homogeneous isoenzymes from
animal heart have H-type subunits (H+), whereas those from
animal muscle have M-type subunits (M+). The other, hetero-
geneous, isoenzymes have a mixture of both subunits (H:M, HrMr,
HM,). The isoenzymes have been reported to show significant
differences in substrate selectivity and in their sensitivity to
substrate or product inhibit ion.t3 H-type enzymes have higher
activity toward a wider range of substrates and are more sensitive
to substrate or product inhibit ion than M-type enzymes.l3 Both
types of homogeneous enzymes were tested in this work

L-Lactate dehydrogenase has several characteristics useful for
synthetic appl icat ion, I t  has a high specif ic act ivi ty (400-1500
units/mg) and is readily immobilized. The equilibrium constant
of the l-LDH-catalyzed reaction of pyruvate greatly favors the
reduct ion;2u K*= 10rr  M-r  (eq 1;  K ' *= 104) .  The suppor t ing

O  H O H
l l  -  \ /

ar .AaooH + NADH *  , *  - r \  cn3^coon + NAD+
L - L D H

( 1 )

techniques for the synthetic use of l-LDH, including immobil i-
zation2T and in situ regeneration of NADH,28 are well developed.

Results

Kinetics Analysis. Five t--lactate dehydrogenases (from rabbit
muscle, porcine heart, bovine heart, chicken liver, and lobster tail)
were surveyed with several 2-oxo acids in 30 mM phosphate buffer
at pH 7.2 and 25 "C in the direct ion of reduction (Table I).
Figure I shows representative kinetic data. The relative values
of ko, of bovine heart enzyme cited from the studies of others were
obtained, with the exception of fluoropyruvate, by using the re-
activity of the substrate measured at a single concentration (1.7
o r  3 .3  mM) .

Substrate Specificity. The most important observation from
Table I is that a variety of compounds are substrates for I--LDH.
Because I--LDH is inexpensive, even substrates showing reactivity
as low as 0.lVa that of pyruvate can be considered for practi-
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Figure l. Eadie Hofstee plots for reduction of several 2-oxo acids bv
NADH catalyzed b)'L-lactate dehydrogenase from porcine heart. The
compounds were pyruvate (O), 2-oxopentanoate (a), fluoropvruvate (r).

and chloropyruvate (O).
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Scheme I.  l -LDH-Catalyzed Synthesis of (S)-2-Hydroxy' Acids
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cal-scale (> I g) reactions using this enzyme. We note that the
three enzymes from animal heart and l iver-enzymes that are
similar in kinetic behavior-general ly show higher act ivi ty and
higher affinity toward the whole range of substrates tested than
does the enzyme from rabbit muscle. The enzyme from lobster
tail is similar to the enzymes from heart and liver in activity and
to the enzyme from rabbit muscle in aff ini ty. With increasing
size of the substrate side chain, the value of Kn,, increases and the
values of K.", and k" rf K^ decrease. Glyoxylic acid has a much
larger value of K. than expected based on i ts size, probably
because it exists predominantly as its hydrate in aqueous solution.
The range of substrates fal ls conveniently into three categories
on the basis of k"u, and K. (Figure 2). Synthetic reactions are

R
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T.ble t. Kineric Paremcrcrs (x:., mM; &-r, min-'; ,t.,/,(., M-'min-') for L-Lactate Dchydtogcnascs from Different Sourccs (pH 7.2,25 oC) (Valucs

Rclativc io That fo. Reduction of Pyruvate to L-Lactate)'

rabbit muscle procine heart bovine heart chicken l iver lobster tail

compd &.r,K^
K" rl

K. kru, K^ K. kr^,k " ,K_K"u,K^
Ku,l
K^

K" rl
K.

K*rl
K.

K. tl
K^

I  H  I 8 D
2  CHr  0 .25
3 CH]CH 2 

'7 .4
4  CH3CH2CH2 5 .3
5  CH3(CH2)2CH2 3 .7
6 CH3(CH2)3CH2
7 (CH2)2CH 9.7
8  (CH3)2CH
9 (CH3)2CHCH2

lo  cH3cH2cH(cH: )
l l  FCH2 0 .89
12 c lcH2 4.0 '
f  3 BrCH2 4.0 '
t4  HOCH2 l .o
15  HSCH2 0 .6
16  HOCH2CH2 4 .8b
t7 cH3cocH2 3.9
18 cH3scH2cH2 5.4
19 cuHs
20 c6H5cH2 6.5
2l  p-HOC6H5CH2
22 o-NO2C6HsCH2
23 indole-3-CH2
24 2-furvl

60, |  3.2
100 100 0.09
50 2 0 .6

I  0 .05  1 .9
l  0 .07  r . 9
0.03
4  0 .1  2 .5
0.04 3.9

<0.01 3.6
<0.01 5.2
80 22 0.08
40, 3 0.5
50. 3 2.4

120 30 0.2
20 8 0.4
25b I 0.7
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0
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I

0 . 7 d

0 . 1
0 . 1

6 0 2
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40 45
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9 0 3

170  80
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I
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3 . 5  1  l 0
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40 0.5  55
0 .09  r . 0  4
0.03 |. ' ' t  7
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0.4
0.03
0 .01
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1 0 . 8 3

4.9 3
0
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I

80"
0.05 r 00
0.0y 6v
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3.u 2r

0 .y
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0.4"
0.01./
0 .01
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"Thc sp€cific activities for reduction of py.uvate (unirs p€r milligrarn of enzym€) in l0 mM phosphni€ buffer (pH 7.2, 25 'C) are 160, 250, 270, 365, and
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Tibte lI. Summary of the L-LDH-catalyzed Reductions of 2-Oxo Acids to 2-Hydroxy Acids IRCH(OH)COoH]

conditions

run no. products (R)
substrate, L-LDH,

mmol uni ts ACO
FDH, NAD,
units mmol

formate.
mmol time, days yield, Vc ee,a vo

I
2
3
+

5

cH3cH2 (25)
cH3cH2 (25)
cH3cH2cHz Q6)
(cH2)2cH2 (27)
PhcH2 (28)

.s

.s

.s

.s
s

100 400 40
1 5 0  b  h
3 0 b h
3 0 b h
1 5  b  b

0.s0
0.75
0 .  r 5
0 .20
0 .  r 0

l l 7
1 7 0
3 5

l ;

4 . 8
A 1

J  _ t . ,

3 . 7
8 .0

99
96
97
94
96

>99
>99
> 9 9
> 9 9
>99

oAC, absolute configuration; ee, enantiomeric excess. DThe enzymes recovered
the fifth run possessed 60Vo of the initial activities.

usually run in concentrated ( i .e.,  2."^) condit ions, and rates are
determined by k"ur.

Syntheses of (S)-2-Hydroxy Acids Usutg L-LDH. As substrates
for illustrative practical-scale syntheses, we selected 2-oxobutanoic
acid (3), 2-oxopentanoic acid (4), cyclopropaneglyoxylic acid (7),
and phenylpyruvic acid (20). Rabbit muscle r--lactate de-
hydrogenase was chosen as the catalyst, and formate/formate
dehydrogenase as the NADH-regenerating system (Scheme I).
These 2-oxo acids represent the full range of reactivity reported.
The enzymes (I--LDH, FDH) were immobilized in polyacrylamide
(PAN) gel. All reactions were carried out by a similar procedure.
A l-equiv aliquot of substrate was allowed to react with
0.005-0.007 equiv of NADH in the presence of a slight excess
of formate. The solution was kept in the presence of I mM
mercaptoethanol, and air was excluded from it. The progress of
reaction was followed by observing the amount of HCI solution
required to keep the solution between pH7.4 and7.6: typical data
are summarized in Figure 3. The reaction was stopped when the
theoretical amount of HCI solution had been added, the en-
zyme-containing gels were removed, the aqueous solution was
concentrated and acidified, and the products were extracted with
ether. The products were almost pure on the basis of their rH

NMR spectra and did not require further purification. The
enzymes recovered from the first run were reused for the next
reaction. This recycling was repeated 5 times to prepare 4 different
products in 2-25-9 quantities. The enzymes recovered after five
cycles still possessed more than half of the initial activities. The
results from these syntheses are summarized in Table II. The
yields ranged from 94 to 997o.

l rom the previous run were reused. The enzymes recovered f rom

1 5 0 200

Time (h)

Figure 3. Reaction progression for the t--LDH-catalyzed reductions of
2-oxo acids (RCOCOOH) to (S)-2-hydroxy acids (RCHOHCOOH):
(O) R = CH3CH2, run l ;  (a)  R = CHTCH2CH2, run 3;  ( r )  (CHr)rCH,
run 4;  (O) R = C6H5CH2, run 5.

Determination of Absolute Configuration and Enantiomeric

Purity. We assigned the absolute configuration of the enzy-

matically reduced products (25-28) on the basis of the analysis

of rH NMR spectra of the (R)-(+)-MTPA derivatives.2e'30 We

s
.9
o
q)

o
o

1 0 0

,



2962 J. Am. Chem. Soc.,

o
- c "

ocH3

Vol .  I10,  No.  9 .  1988

Scheme I I .  Svnthesis of  ( .S)-1-Butene Oxideo
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Figure 4. rH NMR spectra (300 MHz) at 3.2-4.0 ppm of the ester
methyl and methoxy of the (R)-(+)-MTPA derivatives: (A) enz-vmicalh
reduced (S)-2-hydroxybutanoic acid; (B) (R,S)-2-hydroxybutanoic acid;
(C) base l ine detai l  of A; (D) C, with lVo B: (E) C, with 2Vc B: (F) C.
with 337o B.

correlated the 'H NMR chemical shifts for one to three char-
acteristic protons of each MTPA derivative with its configuration
based on the correlation scheme described by Yamaguchi.2e These
correlations suggest that all of the enzymatically reduced products
have an S configuration (Table II), as expected from the specificity
of r-- lactate dehydrogenase for (S)-2-lactate.

We determined the values of ee by careful ly adding 1-33% of
the MTPA ester of the racemic 2-hydroxy acid to the MTPA ester
of the enzymatical ly reduced product (Figure 4). With careful
cal ibrat ion, we were able to detect the impurity of the minor
enantiomer in quanti t ies as low as 0.5%.

Synthesis of (S)- l-Butene Oxide. As an i l lustrat ion of the
potential ut i l i ty of the 2-hydroxy acids as chiral synthons, we
synthesized (S)-1-butene oxide (32) chemically in three steps from
(S)-2-hydroxybutanoic acid (Scheme II). The overall yield was
557c based on 2-oxobutanoic acid. The optical puri ty of the
epoxide was determined by tH NMR spectroscopy in the presence
of Eu(hfc)3 (Figure 5). With careful calibration, we could detect
l%a enantiomeric impurity. We conclude that 32 has )98% ee.

Discussion

Range of Substrate Useful in Organic Synthesis. Among the
kinetic parameters, the relative value of k*, provides the best basis
for the determination of substrate utility in organic synthesis. The
value of k.., limits the fastest possible rate of reaction with a
substrate showing low activity; provided that K. is not too large,
i t  thus l imits the practical scale of the reaction. The range of
values of k.., observed in this work is approximately l0a. On the
basis of experience with the compounds in Table il, we found that
i t  is practical to carry out mult igram (l-5-g) syntheses in con-

(29) Yamaguchi, S. ln Asymmetric Synthesis; Morrison, J. D., Ed.; Ac-
ademic: New York, 1983; Chapter 7. Yasuhara, F.; Yamaguchi, S. Tetra-
hedron Lett. 1980. 21.2827.

(30) Dale,  J.  A. ;  Mosher,  H.  S.  J.  Am. Chem. Soc.1973,95,512.  Barth,
G.; Voeter, W.; Mosher, H. S.; Bunnenberg, E.; Djerassi, C. J. Am. Chem.
Soc.  1970, 92,1875. Dale,  J.  A. ;  Dul l ,  D.  L. ;  Mosher,  H.  S.  J.  Org.  Chem.
1969. 34.3543.
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Figure 5. tH NMR spectra of the ring protons in the presence of Eu-
(hfc)3: (A) (S)-1-butene epoxide; (B) racemic 1-butene oxide; (C) base
l ine detai l  of A; (D) A with 2Vc B: (E) A with 3Vo B; (F) A with 4Vo B.
Each NMR sample was prepared by mixing 60 ptL of Eu(hfc), (100
mg/mL CDCI3) .  0 .5  mL of  CDCI3,  and l0  pL of  epox ide.

venient laboratory-scale reactions using substrates having re-
activities as low as 0.1-1Vo that of pyruvate (Figure 2). We believe
that this scale can be increased to more than l0 g without difficulty
by extending the reaction time or reusing the recovered enzymes.
We conclude that the substrates having reactivi ty ) l}Vo that of
pyruvate can be used for )50-g-scale preparations; the substrates
having reactivity between I and l)Vo that of pyruvate can be
reduced on )10-g scale; the substrates having reactivi ty 0.|- lVo
that of pyruvate can be reduced without major difficulty on a
mult igram scale.

Enantioselectivity. Although t--lactate dehydrogenase generates
only l-lactate in the direction of reduction, the enantioselectivity
of I-LDH toward other substrates had not been established. Only
one unnatural substrate, 3-chloropyruvate, has been shown to be
reduced in an t--LDH-catalyzed reaction with high enantiose-
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lect ivi ty (>97Vo ee).rs On the basis of the results described in
Table II, we conclude that I-LDH is highly enantioselective for
substrates other than pyruvate. We believe that I--LDH will prove

highly enantioselective toward the whole range of unnatural
substrates l isted in Table L

Synthetic Procedures. The practicality of operation of t--
LDH-catalyzed reductions is determined by the stability and cost
of enzymes, the efficiency of the NADH-regenerating system, the
stability and yield of products, the ease with which products can
be isolated, the simplicity of analytical methods used to follow
the progress of reaction, and related matters. The enzymes used
as catalysts in this work are rabbit muscle t--lactate dehydrogenase
and yeast formate dehydrogenase. Al l  are readi ly immobil ized
in polyacrylamide gel (PAN), and I--LDH can also be used en-
cloled in a membrane (membrane-enclosed enzymatic catalysis,3r
MEEC). The MEEC technique is more convenient than covalent
immobil izat ion and is especial ly useful when a large quanti ty of
enzyme is required. We bel ieve that the MEEC technique wil l
be the method of choice for syntheses using relatively unreactive
substrates and requir ing large amounts of I-LDH. PAN-im-
mobilized r--LDH will be the better choice for large-scale syntheses
using highly reactive substrates and a small amount of enzymes
and requir ing recycl ing of the enzymes.

The progress of a reaction carr ied out using I--LDH can be
conveniently followed titrimetrically by observing the amount of
HCI solution added to keep the pH of the reaction mixture neutral.
The enzymatically reduced products are stable under the reaction
conditions and can be isolated in almost pure form and in excellent
yield by simple extraction with ether. Formate dehydrogenase
is expensive, but the co6t can be reduced by recycling the recovered
enzymes. The reactant and product (COz) used in the NADH-
regenerating system do not complicate the workup of the reaction'
We bel ieve that synthetic procedures using I--LDH are
straightforward, practical, and economical.

Experimental Section

General Procedures. L-Lactate dehydrogenases (porcine heart. bovine
heart.  chicken l iver. rabbit muscle, lobster tai i ;  EC 1.1.1.27) were ob-
tained as crystal l ine suspensions in ammonium sulfate solut ion or as
lyophilized powders from Sigma. Formate dehydrogenase (yeast: 1.2'1.2)
was obtained in lyophilized form from Boeringer Mannheim. The en-
zymes in lyophilized form were used as received and those in ammonium
sulfate solution centrifuged before use. All enzymes used for kinetic
measurements were dissolved in 30 mM phosphate buffer solution. En-
zymes used as catalysts in synthesis were immobilized in PAN-1000 as
described elsewhere.2T Biochemicals were obtained from Sigma and used
as received. (R)-(+)-MTPA-Cl I from (R)-(*)-methoxy(tr i f luoro-
methyl)phenylacetic acid],30 chloropyruvic acid,r5 cyclopropaneglyoxylic
acid potassium salt,32 and 4-hydroxy-2-oxobutanoic acid33 were prepared
as described. 2,4-Dioxovaleric acid in aqueous solution was prepared b1'
hydrolysis of its ethyl ester (Aldrich). 3-Methyl-2-oxopentanoic acid,
4-methyl-2-oxopentanoic acid sodium salt, (p-hydroxyphenyl)pyruvic
acid, a-oxo-2-furanacetic acid, and 3-indolepyruvic acid were obtained
from Aldrich. 3-Mercaptopyruvic acid was obtained from Fluka. Other
2-oxo acids were obtained from Sigma. Chemicals were reagent grade
and used without further purification unless otherwise indicated. Water
was distilled twice, the second time from glass. Chemical shifts in the
tH NMR spectra were referenced to TMS or solvent peaks and those in
the r3C NMR spectra to DSS or solvent peaks. IR spectra were recorded
from thin films or Nujol mulls. Optical rotations were measured on a
Perkin-Elmer 242 polarimeter. Centrifugations were performed in a
Sorvall RC-5B refrigerated superspeed centrifuge or an Eppendorf Model
5414 centr i fuge. Control of pH was accomplished with an LKB peris-
taltic pump and Chemtrix pH controller. Boiling points were uncor-
rected.

Kinetic Measurements. The activities of t--lactate dehydrogenases were
measured in the direction of reduction in the presence of NADH in 30
mM phosphate buffer (pH 7 .2) at 25 oC by following the decrease in UV
absorbance at 340 nm. The enzymes, NADH, and substrates were
dissolved in 30 mM phosphate buffer (pH 7.2) before use. The assay'
solut ion contained, at pH 7.2, 30 mM phosphate, 0.2 mM NADH,

(31) Bednarski ,  M. D. ;Chenaul t ,  H.  K. ;Simon, E.  S. ;  Whi tesides.  G. M
J. Am. Chem. Soc. 19t7, 109, 1283.

(32) Basnak, I.; Farkas, J.; Coll. Czech. Chem. Commun.1975,40.1038
(33) Lane, R.  S. ;  Dekker,  E.  E.  Biochemistry f969,8,2958.
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various concentration of substrates, and various amount of enzl'nrcs The

concentrat ion of  substrates increased f rom 0.2 to 8 K' ,  and the amount

of  enzymes u 'as increased by a factor  of  1000 in going f rom pvruvate to

poor substrates.  The k inet ic  parameters were obtained f rorn Eadie-

Hofstee plots.  The act iv i t ies of  formate dehl 'drogenases \ \ 'cre n leasured

rn  the  d i rec t i on  o f  ox ida t ion  a t  pH 7 .5  and  25  oC by  fo l l ou rng  the

increase in UV absorbance at  340 nm. The assav solut ion contained 80

m M  T r i s .  1 5 0  m M  f o r m a t e . 0 . 7  m M  N A D .  a n d  a b o u t  0 . 0 2  u n i t s r m I

of  enzyme. The immobi l ized enz-n-mes \ \ 'erc assayed under the same

condi t ions as for  the soluble enzymes.
l-LDH-Catalyzed Synthesis of (S)-2-Hydroxv Acids' \\ 'e pcrformed

f ive react ions wi th rec.v-c led enzymes to prepare iour d i f fercnt  products

on  a  l 5 -150-mmol  sca le .
(S)-2-Hydroxybutanoic Acid (25).  Run 1.  , {  -10(}-mi-  aqueous so}u-

t i on  con ta in ing  2 -oxobu ty r i c  ac rd  (3 ;  l 0 l  mmo l ) .  sod iun r  i o rmate  ( l l 7

mmol ) .  mercap tc le thano l  (0 .5  mmol ) ,  and  l - r r s  (2  5  mn lo l  )  u 'as  t rans -

ferred to a l - l -  threc-necked f lask equipped u ' i th a magnet ic st i r r ing hrr .

three septa.  and a Fisher penci l  combinat ion electr , ' lc lc  connccted to a

Chemt r i r  pH  con t ro l l e r .  The  so lu t i on  \ \ ' as  ad jus tcd  to  pH ?  5  w i th

concen t ra ted  KOH so lu t i on .  NAD (0 . -5  mmol )  and  a  100- rnL  aqusous

suspension of  immobi l ized i  -LDH (400 uni ts)  and FDH (40 unrts)  were

introduced into the flask. A bubbler and a nitrogen supply wcre attached

with needles through septa to the f lask.  An I lClsolut ion (2.56 \ )  p laced

in  a  50 -mL bure t  was  connec ted  (by 'a  s i l r con  tube  th rough  a  sep tum to

the f lask)  v ia a per ista l t ic  pump. which wa: remor.elv contro l led by thc

pH contro l ler  The f lask *as checked for  a t ight  scal .  and thcn ni t rogcn

uas  bubb lcd  rh rough  thc  so lu t i on  io r ,10  n t i n  to  degas  r t .  The  so lu t i on

u ,as  ma in ta ined  undc r  p r rs i t i ve  n i t rogen  p ressure .  The  so lu t i on  u 'as  kep l

a t  pH 7 .4 -7 .6  b1  the  con t ro l l ed  add i t i on  o f  I56  N  HCi  The  reac t ton

was fo l lowed b1'  observing the amount o l  HCI solut ion rdded The

react ion was stopped when 39.5 mL of  2.56 N HCI had been added ( '1. t t

days).  The enzyme-containtng gel  part ic les were isolated by centr i fu-

gat ion,  washed twice wi th degassed dist i l led water.  resuspended in cold

degassed water contain ing 2 mM mercaptoethanol .  and assayed b; '  the

UV method. The combined washes (400 mL) were acid i f ied to pH 2 0

w i th  6  N  HCI  and  ex t rac ted  con t inuous ly  u i th  d ie th l l e the r  fo r  4  days .

The ethereal  phase was dr ied over anhydrous l r {gSO. and conccntrated

by rotary evaporat ion to g ive an oi l l ' res idue that  sol id i f ied af ter  fur ther

dry ing in vacuo to y- ie ld a whi te sol id.  The sol id u 'as dr ied at  0.5 Torr

fo r  l 0  h  to  f  i e ld  10 . ;1g  (100  n rmo i .  99%)  o f  3 -hy 'd rox1 'bu tano ic  ac id :  mp

5 4 . 5 - 5 5 . 5  o C  d e c  ( l i r  r a  n r n  - < 5 -  5 5 . 5  o C ) :  
[ a ] : 3 u  + l .  i 5 o  ( c  8 . 1  3 "  C  F { C l . ) :

I R  ( \ u 1 o l )  r ' . " ,  3 ! 0 ( l  1 6 5 0  i b r ) .  l l 3 3 ( s ) ,  ! 0 0 0 ( m ) .  I 1 3 0 ( w ) .  1 0 6 0 ( u ) .
7 9 0 ( \ \  ) ,  7 - l 0 t u  )  c m  .  t l  \ \ { R  ( C D C l r )  6  6 . 7 2  { b r .  ' a r i a b l c .  a n d  e x -

c h a n g e a b l e  r v i t h  D . O .  I  O H ) .  J : 4  ( d d .  I  H ) ,  1 . 8 8  ( n r .  I  H ) ,  I  7 - - i  ( n r .

1  H ) .  1 . 0 0  ( r .  J  =  l  1 2 . l l z .  3  H ) :  r r c  \ M R  ( C D C I 3 )  a  l 7 9 ' , r .  ; 1 . 4 . 2 7 . 3 .

8 .9 ;  MS.  n le  105 .05492  (ca lcd  f i , r r  C ,1HsO,^  l 0 -s  05s  16 ) .

Run 2.  The second run $as performed on : r  ls0-minol  scale ru i th thc

enzymes recovered f rom the f i rs t  run.  The st i r r t ing nratcr ia ls tncluded

150  mmol  o f  2 -oxobu tano ic  ac id .  170  mmol  o f  sod rum i ' . r rn i r ' 1e .0  r l

mmo l  o f  NAD.  0 .75  mmol  o f  mercap toe thano l .  and  - t  r5  n rn r , r i  o f  T r j '

The overal l  procedure.  except for  the workup.  ivac lo l ioued as dcscr ibcd

in  run  t .  The  reac t ion  was  s topped  when  59 .8  mL o i  2 . ,56  \  I {C l  had

been added (4.2 da1's) .  The mother l iquor obtained af ter  the removal  of

the enzyme-contain ing gel  part ic les was concentrated by rot i l r ) '  evapo-

ration in vacuo to 80 mL. acidified to pH 2 u'ith 6 \ HCl. and extracted

4 times with 170-mL portions of ether. The ethcreal la"'-er was dried over

anhydrous MgSOa and evaporated to g ive the crude whi te product .

Further drying for 24 h in vacuo provided almost pure white solids (15'02

g ,144  mmol ,  967n) :  mp  and  spec t roscop ic  da ta  were  ind is t i ngu ishab le

from those descr ibed in run L
(S)-2-Hydroxypentanoic Acid (26).  Run 3.  The svnthcsis of  26 uas

performed on a 30-mmol scale using the procedure for  run 2.  The

s ta r t i ng  mate r ia l s  compr i sed  30  mmol  o f  sod rum 2 -oxopen tanoa te  (4 ) .

35  mmol  o f  sod ium fo rmate .0 .2  mmol  o f  NAD,  l . -5  mmo l  o f  
' I r i s .0 .3

mmol  o f  mercap toe thano l ,  and  l . l 4  N  HCI  fo r  t i t ra t l on .  Thc  reac t . r cn

was stopped when 26.7 mL of  l . l4  N HCI had been added (3 da1's)  The
products obtained as u 'h i te sol ids weighed 3.2 ' l  g (28 mmol.S! ' i \ ' .  r t tp

-SZ .g -SS.S  oC ( l i t . 14  mp 34  oC fo r  racemic  mate r ia l ) :  rH  NMR (CDCl , i

6  6 . 9 2 ( b r  s ,  2  O H ) .  4 . 2 6  ( q .  J  =  4 t l z ,  I  t I ) .  1 . 7 8  a n d  1 . 6 8  ( n i d .  2  l l r .

t . 4 6  ( m . 2  H ) . 0 . S 3  ( 1 .  J  =  I  H z . 3  H ) :  \ ' t S .  m l e  1 1 q . 0 7 0 7 5  ( c a l c d  f o r

c s H r o o l ,  i l 9  0 7 0 8 1 ) .
( .S)-Cyclopropaneglvcol ic  {c id (27).  Run 4.  The s1'nthesis of  27 was

performed on a 30-mm9l scalc using the procedurc f , t r  run 3 crcept  that

potassium cyclooropanegl ; -oxy ' late 7 was thc star t ing materta l  
' f  

hc re-

ac t ion  u 'as  s topped  when  26 . ' 4  m l -  o f  l . l 4  \  H (  l had  been  added  t l . l
days).  The products obtained as rvhi te sol ids rveighcd -1.35 g (29 mmol.

9 7 V c ) .  m p  9 ? - 9 8 . 5  o C ;  r H  N N t R  ( C D C I , )  6  5 . 6  ( b r  s . 2 . 2  O i i i .  - l . S i

(34) Buckingham. J.,  Ed. Dict ionarv' o,f  orqontt ( t tntpoundl. 5th ec

C h a p m a n  a n d  H a l l :  N e w  Y o r k .  1 9 8 2 :  V o l  3 .
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Table III. rH NMR Chemical Shifts (ppm) for Three Characteristic
Protons f rom (R)-(+)-MTPA Der ivat ives

IRCH(O-MTPA)COOCH3I of  2-Hydroxy Acids

acids ACo CH3OOC CH3O CH3CH2

cHrcH2cH(oH)cooH

c HrcH2cH2cH(oH)cooH

(cH2)2cHCH(OH)COOH
c6H.cH2cH(oH)cooH

THF mixture (1:1,  60 mL) was s lowly added to hydrolyze the unreacted
h),dr ides.  The heterogeneous mixture was st i r red unt i l  no more gas
evolut ion occurred and poured into cold,  saturated,  aqueous Na2CO,
solut ion (100 mL).  The organic layer was separated and the aqueous
layer extracted 4 t imes wi th 100-mL port ions of  THF. The combined
organic phase was dr ied over anhydrous MgSOo and evaporated.  The
residue was dist i l led at  reduced pressure (9 Torr)  to obtain d io l  29 (11.7
g , 9 l v a ) :  b p 9 4 - 9 6  o C  

f l i t . 3 s  b p  9 0 - 9 5  o C  ( 6  T o r r ) ] ;  [ o ] " o  - 1 5 . 3 5 o  ( c
2 .6 ,  E IOH)u i t .3s  [a ]22p  -12 .81"  ( c  2 .6 .  E IOH) l ; IR  (nea t )  z . ^ *  3330  (s ) ,
2 9 6 0  ( s ) , 2 9 2 0  ( s ) , 2 8 7 0  ( s ) ,  1 4 6 0  ( s ) .  I  1 2 0  ( s ) ,  1 0 5 0  ( s ) , 9 8 0  ( s ) , 9 1 0
( m ) , 8 5 5  ( m )  c m - r ;  I H  N M R  ( C D C l , ) d  3 . 6 1  ( m , 2  H ) , 3 . 4 1  ( m ,  I  H ) ,
2 . 7 4  ( b r  s ,  2  O H ) ,  1 . 4 4  ( m ,  2  H ) ,  0 . 9 3  ( t .  J  =  1 . 5  H z , 3  H ) ;  ' ' C  N M R
(cDC13)  6  13 .4 ,  65 .8 ,  26 .0 ,  9 .7 .

A three-necked, 100-mL, round-bottonred flask fitted with a magnetic
stirring bar, dropping funnel, and reflux condcnser u'as charged with the
d io l  29  (11 .5  g ,  128  mmol ) .  The  f l ask  uas  coo led  to  - l -5  oC in  an
ice-ethanol  bath.  A solut ion of  30% HBr-AcOH (97 mL, 345 mmol)
was added from the dropping funnel at -l--s oC or,er 30 min. The yellow
homogeneous mixture was st i r red at  -15 oC lor  I  h and then at  room
temp€rature for 1.5 h. The solution was poured into ice-water (200 mL)
and neutra l ized immediately wi th sol id Na2COr (92 g) .  A yel low oi l
separated to the bottom. The heterogeneous mirture u'as extracted once
with a 200-mL port ion and twice wi th 100-mL port ions of  ether.  The
combined ethereal  phase was washed twice wi th aqueous NaHCO3 so-
lution and once with brine, dried over anhydrous MgSOa, and evaporated.
The yellow, oily residue was disti l led at reduced pressure (9 Torr) to
ob ta in  co lo r less  p roduc t  3 l  (22 .3  g ,  l l 6  mmo l .  91 ry .1 .  [The  

]H  NMR
spectrum indicated that the product contained 7Vc 1-acetoxy-2-bromo-
bu tane  (30 ) l :  bp  68 -70  oC 

[ i t . 35  bp  85 -86  "C  (25  Tor r ) ] ;  [ o ] t t o
-23 .16c  (c  4 .14 ,  e the r )  [ i t . 35  [a ]23p  -21 .2o  (c  3 .54 ,  e the r ) l ;  IR  (nea t )
u ^  * 2 9 7 0  ( s ) , 2 9 2 0  ( m ) ,  2 8 8 0  ( m ) ,  1 7 4 0  ( s ) ,  l a 6 0  ( m ) ,  1 4 3 0  ( m ) ,  1 3 7 0
( s ) ,  1 2 3 0  ( s ) ,  l l 7 0  ( m ) .  1 0 2 0  ( s ) , 9 6 0  ( m )  c m r ;  r H  N M R  ( C D C I 3 )  6
4 . 9 1  ( q ,  J  =  5 . 9  H z ,  I  H ) , 3 . 4 5  ( d d d , 2 H ) , 2 . 0 1  ( s , 3  H ) ,  1 . 6 9  ( m , 2  H ) ,
0 . 9 0  ( t ,  J  = ' 7 . 4 5  H z , 3  H ) ;  r r C  N M R  ( C D C I 3 )  6  1 7 0 . 3 , 7 3 . 5 , 3 3 . 5 , 2 5 . 5 ,
2 0 . 8 . 9 . 2 .

To a three-necked, 250-mL, round-bottomed flask equipped with a
magnetic sitrring bar. pressure-equalizing dropping funnel, and l0-cm
Vigreux column connected to an efficiently cooled condenser and receiver
was added compound 3l  (22.1 g,  I  l5  mmol)  in dry 1-pentanol  (20 mL)
followed by the slow addition of potassium pentylate ( l. i 8 N, 97.1 mL,
I l5 mmol) from the dropping funnel with stirring at room temperature
over 30 min. A white precipitate of potassium bromide formed. After
the addi t ion was complete,  the f lask was warmed in an oi l  bath at  ca.
140-150  oC to  a t ta in  d i s t i l l a t i on .  Co lo r less  f rac t i ons  in  the  range  o f
-59 -62  oC u 'e re  co l l ec ted  to  g i ve  32  (5 .86  g ,81 .2  mmol ,  T l%)  ( to  d i s t i l l
o l f  onl l  the desired product  and ensure >90% yie ld,  the Vigreux column
should be cooled f requent ly wi th a hair  dryer dur ing dist i l la t ion):  bp
5942 "C l l i t . rs  bp 62-63 "C);  [* ] t 'o  - l  I  .2o (c 4.9,  d ioxane) [ i t .36 [cy]r6D
-12 .25"  ( c  6 ,  d ioxane) l :  rH  NMR (CDCl3 )  6  2 .8 '7  (m,  I  H ) ,  2 .72  (dd ,
1 H ) , 2 . 4 5  ( d d ,  I  H ) ,  1 . 5 3  ( d q , 2  H ) , 0 . 9 8  ( t , . /  =  7 . 5 0 H 2 , 3  H ) ;  ' 3 C

N M R  ( C D C I 3 )  6  5 3 . 1 0 ,  4 6 . 4 , 2 5 . 3 , 9 . 4 1 .

(35) Mori, K.; Sasakr, M.; Tamada, S.; Sugaro, T.; Masuda, S. Tetrahe-
dron 1979.35.  1601.

(36) Schmidt, U.;Talbiersky, J.; Bartkowiak, F.; Wild, J. Angew. Chem.,
Int .  Ed.  Engl .1980, 19,198.
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3.63 0.87
3.55 0.99
3 .63  0 .84
3 .55  0 .92
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3 . 3  r

'  AC, absolute configuration.

( d ,  " l  
=  7  H z ,  I  H ) ,  1 . 1 7  ( m ,  I  H ) , 0 . 5 7  a n d  0 . 4 6  ( m d ,  4  H ) ; ' 3 C  N M R

(CD3COCD3)  6  175 .8 ,  72 .6 ,15 .3 ,  2 .0 ,  1 .9 ;  MS,  m le  117 .054 '78  (ca lcd
f o r  C 5 H 5 O 3 ,  I 1 7 . 0 5 5  l 6 ) .

(S)-3-Phenyllactic Acid (28). Run 5. The synthesis of 2t was per-
formed on a l5-mmol scale using the procedure for run 2. The starting
materials comprised l5 mmol of phenylpyruvic acid, 19 mmol of sodium
formate,0.1 mmol of  NAD, 1,5 mmol of  Tr is ,  and 0.3 mmol of  mer-
captoethanol .  The react ion was stopped when 13.3 mL of  1.14 N HCI
had been added (8 days). The products obtained as white solids weighed
2 .43  g  (14 .6  mmot ,96Vo) :  mp124-125oC ( l i t . 3amp 124-125  oC) ;  'H

NMR (CDCI3 )  6  "1 .26  (m,  5  H) ,  5 .23  (b r  s ,  2  OH) ,  4 .4  (dd ,  I  H ) ,  3 .18
(dd ,  I  H ) ,2 .97  (dd ,  I  H ) ;  MS,  m le  167 .07137  (ca lcd  fo r  CeH1sO3,
1 6 7 . 0 7 8 1 ) ,

(R )-(+)-MTPA Derivatives of 2-Hydroxy Acids. The MTPA deriv-
atives were synthesized as described elsewhere.30 The 2-hydroxy acids
were methylated with diazomethane in ether to the corresponding methyl
esters, which were treated with (S)-(+)-MTPA-Cl in CCla-benzene in
the presence of 3-(dimethylamino)propylamine to obtain the corre-
sponding MTPA derivatives. tH NMR chemical shifts for some char-
acteristic protons are summarized in Table IIL

Determination of Enantiomeric Excess by tH NMR Spectroscopy.
(S)-2-Hydroxy Acids. For calibration, five samples were prepared by
mixing 0.5 mL of  CDCI3 and 15 pL of  one of  the fo l lowing:  ( l )  the
MTPA derivative of 25: (2) the MTPA derivative of racemic 25; (3) l,
with lVo of 2; (4) l, with 2Vo of 2; (5) 1, with 33Vo of 2. The minor
enantiomer could be detected at 0.5Va of the major enantiomer. The
enantiomeric excess was determined on the basis of the difference in
chemical  shi i t  for  methoxl  protons.

(S)-l-Butene Oxide. For calibration, five samples were prepared by
mix ing  60  pL  o f  Eu(h fc )3  (100  mg/mL CDCI3 ) ,  0 .5  m l  o f  CDC|3 ,  and
l0 pL of  one of  the fo l lowing:  ( l )  32 only;  (2)  racemic 32 only ' ;  (3)  l .
with 2Vo of 2; (3) l, with 4Va of 2; G) l, with 6Vo of 2. One percent of
the minor enantiomer could be detected.

(S)-l-Butene Oxide (32). An oven-dried 300-mL three-necked
round-bottomed flask fitted with a silicon stopper, magnetic stirring bar,
dropping funnel, and reflux condenser was cooled to room temperature
under n i t rogen. Compound 25 (15 g,144 mmol) ,  f rom run 2,  was dis-
solved in dry THF (80 mL) and transferred into the flask with a long
cannula under nitrogen. The flask then was cooled to 0 oC in an ice-
ethanol  bath.  The borane solut ion in THF (1 M,260 mL) was placed
in the dropping funnel and added dropwise over 2 h. The mixture was
allowed to stir under nitrogen at room temperature for 20 h. A water-
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