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This paper compares several routes to enantiomerically
enriched l-butene oxide (1) in which resolution is achieved
by using an enzymatic reaction (Scheme I). This research
had two objectives: to enumerate several general strategies
that can be followed in practical, enzvme-based routes to
enantiomerically enriched epoxides and to compare the
utility of these routes in the particular case of compound
1. In general, we restrict our account to reactions that
proceed with high values of enantiomeric excess (ee) and
that have the potential for preparing 50-g quantities of
product. Enantiomerically enriched epoxides are useful
synthons in chiral synthesis. General routes are now
available to only epoxy alcohols and analogues of these
substances.2'3

All reactions were conducted on scales that generated
1-5 g of I as product. The chemical yields reported in
Scheme I are oueroll yields for conversion of the substrate
for the enzymatic reaction to 1; these yields are not op-
timized. We established the optical purity of I by 1H
NMR analysis in the presence of Eu(hfc)r.a With careful
calibration, this method can detect a 1To enantiomeric
impuri ty ( i .e. ,  98% ee).

Acylase I (EC 3.5.1.14) is commercially available,
inexpensive, and stable. It hydrolyzes a range of N-
acyl-a-amino acids with high (>99% ee) enantioselectivity.s
Both enantiomers are easily recovered, and the reaction
can be run virtually to completion. In resolutions of 2-
aminobutanoic acid, the reaction stops spontaneously after
hydrolysis of the S enantiomer is complete, and losses of
material occur entirely in the recovery and purification of
product. Conversion of the 2-amino acid via the corre-
sponding 2-chloro acid and chlorohydrin to the epoxide
preserves chirality well.6

(1) Supported by the National Institutes of Health, Grant GM-3036?,
and Naval Air Systems Command, MDA g03-86-M-0b0b.

Lipase (porcine pancreas, EC 3.1.1.3) and cholesterol
esterase (CE, EC 3.1.1.13) are broad-specificity enzymes
showing substrate-dependent enantioselectivity.3'7 For the
hydrolysis of 2-bromobutyl butyrate, without extensive
optimization, the best ee was obtained with CE and was
80% at 7i Vo c<>nversion of the racemic starting material.
Although this number could, in principle, be improved by
carrying the reaction to higher conversion, and probably
also by varying temperature and pH, we have not done so
since alternative procedures seemed preferable. We note,
however, that high values of ee can be obtained in kinetic
resolutions of other halohydrins (e.g. 2-bromopropyl bu-
tyrate: >98% ee at 60To conversion) and that this method
provides a good route to certain optically active epoxides.

t  -Lactate dehydrogenase (L-LDH, EC 1.1.1.27) and
o-lactate dehydrogenase (D-LDH, EC 1.1.1.28) are both
highly enantioselective.8 The r, enzyme accepts a broad
range of small and medium-size unhindered a-keto acids;
the n enzyme is more restrictive toward its substrates.e
The LDH enzynes are interesting in asymmetric slmthesis
because they comprise one of the few systems in which
enzymes catalyzing reactions having opposite enantiose-
lectivities are both commercially available. Unfortunately,
the range of products available by this method in both o
and I forms is limited by the range of substrates accepted
by both enzymes. The LDH-catalyzed reactions (coupled
with formate/formate dehydrogenase (FDH) for in situ
regeneration of NADHIO) can be run to completion with
high enantioselectivities (>99Vo ee) and good isolated
yields (84-9980).

(2)  Sharpless,  K.  B.  Chem. Br.  1986,22,38-44.
(3) Ladner, W. E.; Whitesides, G. M. J. Am. Chem. Soc. 1g84, 106,

7250-7251.
(4) Chiral shift reagents: Fraser, P. R. In Asymmetric Synthesis;

Morrison, J. D., Ed.; Academic: New York, 1983; Vol. 1, pp 173-196.
(5) Birnbaum, S. M.; Levintow, L.; Kingsley, R.B.; Greenstein, J. P.

J.  Bio l .  Chem.1952,194,455-470. Greenstein,  J.P.  Methods Enzymol.
1957.3.  554-570.

(6) Fu, S. C.; Birnbaum, S. M.; Greenstein, J. P. J. Am. Chem. Soc.
1954,76,6054-€058. Koppenhoeffer, B.; Weber, R.; Schurig, V. Synthesis
1982, 316-318.

(7) Lavagre, J.; Verrier, J.; Baratti, J. Biotech. Bioeng. 1982,24,
2175-2188.
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powder, grade I),  CFI (porcine pancreas, lyophil ized powder),
r,-LDH (rabbit muscle, crystalline suspension in 2.1 M (NH1)2S04,
type II), I)-LDII (l,actohacillus lei chmannli, crystalline suspension
in l l .2 M (NH{)2SOa), and GIyDH (Cellulornonos sp., lyophil ized
powder). FDH (yeast, Iyophil ized powder) frorn Boehringer
Mannheim was used without further purification. tr-Bromobutyryl
bromide came from Fluka. Butyryl chloride came from Aldrich.
1-HydroxSr-2-butanone from BASF was distilled three times before
use. All other chemicals and biochemicals came from Sigma and
were used without further puri f icat ion.

Water was distilled twice, the second time from a Corning AG-lb
glass still. Argon (welding grade) was used without further pu-
r i f icat ion. THF was freshly dist i l led from Na/benzophenone.

lH NMR spectra were recorded on Bruker AM-300 and AM-250
instruments with peaks rei'erenced to MenSi (CDCl.r, acetone-d6)
or DSS (D2O). A Chemtrix 45AR pH control ler equipped with
an LKB 2120 peristaltic pump afforded pH control of certain
reactions.

Enzyme Assays. Acylase I was assayed with racemic N-
acetyl-2-aminobuty'ric acid (40 mM) in 0.1 M potassium phosphate
buffer, pH 7.5, 40 'C. The rate of release of free amino acid was
determined by removing aliquots, precipitating the protein by
adding an equal volume of L4% HCIO4, and al lowing a port ion
of each acidified aliquot to react with ninhydrin.la l- and o-lactate
dehydrogenases were assayed with 2-oxobutanoic acid following
the literature method.rs Glycerol dehydrogenase and formate
dehydrogenase were assayed by known procedures.16 Enzymes
immobilized on PAN gel were assayed by using a procedure
analogous to that for the soluble enzyrnes except that the cuvettes
were inverted every 10 s to keep the gel suspended.lT One unit

(14) Rosen, H.  Arch.  Biochem. Biophys.  1957,67,10-15.
(15) Methods of EnzS'matic Analltsis, 3rd ed.; Bergmeyer, H. fJ.,

Bergmeyer.  J. ,  Grassl ,  M.,  Eds. ;  Ver lag Chemie:  Weinheim, Germany,
1983; Vol. 2, pp 232-233.

(16) Methods of  Enzymat ic Anal l 'sr .s,  3rd ed. ;  Bergmeyer,  H.  LI . ,
Bergmeyer.  J. ,  Grassl ,  M.,  Eds. ;  Ver lag Chemie:  Weinheim, Germany,
1983; Vol .  2,  pp 21l i -215 (g lycerol  dehydrogenase),  183-184 ( formate
dehydrogenase).
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" Since this react ion is a kinetic resolut ion, the maximum theoretical yield ol '  or)e en r n l  i '  mer is 50 o/. .  b2 N HCl, 100'C,2h(90%) '6N

HCl. NaNOr, 10.C (70%). dBH3.THF (90%). "xoH. :10 .25 "c {75%). r( ' ;Hr|oK. c,H,,OH. room temperature ( l l :}%). rtsH:r.THF,
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Glycerol dehydrogenase (GIyDH, EC 1.1.1.6) reduces
1-hydroxy-2-butanone and a number of small a-keto al-
cohols with good enantioselectivity (94-98% ee).tl It also
requires in situ NADH regeneration.

A number of other enzymes are also, in principle, ap-
plicable to the synthesis of enantiomerically enriched ep-
oxides. Epoxide hydratase (EC 4.2.L.64)r2 and various
oxidative enzymes13 are particularly interesting. These
enzymes operate, however, with variable degrees of enan-
tioselectivity. Further, none is commercially available, and
the oxidative enzymes are too difficult to manipulate for
routine laboratory use in synthesis.

We conclude that enzymatic catalysis offers a number
of practical routes for the preparation of epoxides with high
enantiomeric purit ies. For the synthesis of 1, methods
based on LDH have the advantage of high enantiomeric
purity and good chemical yield. Methods based on acylase
I have advantages of low cost of enzyme and starting
material and of operational simplicity. For other epoxides,
the best route will depend upon the substance being syn-
thesized. Acylase I accepts hindered side chains and has
very high enantioselectivity; lipases are active with
water-insoluble substrates; routes based on LDH or GIyDH
may be favored if starting materials are padicularly readily
available.

Experimental Section
Materials and Methods. Enzymes from Sigma were used

without I'urther purification: acylase I (porcine kidney, lyophilized

'>-"'GIyDH
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of enz5rme refers to that amount of enzyme which produces 1 pmol
min.l  of product under assay condit ions.

Determination of Enantiomeric Excesses. Enantiomeric
excesses of (f i )-  and (S)-2-aminobutanoic acids were determined
by 'H NN{R analys is  o f  the (+) -MTPA amic lesrs  o f  the cor re-
sponding amino acid methyl esters.re (, lal ibrat ion showed that
a 0.5% diastereomeric impuritS' could be detected. ' fhe enan-
t iomeric excesses of (R)- and (S)-2-h1'clroxybutanoic acids were
l ikewise measured by tH NMR anaiysis of the O-(+)-MTPA
derivativesls of the corresp<lnding hvdnrxy acid methy' l  esters.20
tH NMR analysis of (R)-2-bromobutyl butyrate and of (R)- and
(S)-l-butene oxides in the presence of Flu(hfc)"4 determined their
enantiomeric excesses. In the case of 1-butene oxide. calibration
showed that a 1% enantiomeric impurit .y could be det.ected.

Resolut ion of 2-Aminobutanoic Acid. N-Acetyl-2-amino-
butanoic  ac id  [29 g ,0 .20 mol ,  mp 132-133 oC ( l i t .2 l  mp 1112 o( ' ) ] ,

obtained by reaction of acetyl chloride with 2-aminobutanoic acid,5
was combined with 250 mL of H2O, 100 rnl,  of 2 N LiOH, and
272 mg (2 mmol) of KH2POa in a 1-L, round-bottomed flask with
a stir bar. Additional solid LiOH adjusted the pH of the solution
to pH 7.6. An al iquot was removed and acidif ied with arr equai
volume of 14% HCIO4. After the precipitated protein had settled
or been removed by centr i fugation, a port ion of the al iquot was
reacted with ninhydrinL{ to measure the concentrat ion o{ ' f ' ree
amino acid. Acylase I (46 mg, 800 U) was added to the reaction.
During the f irst few hours, addit ion of 'sol id LiOH maintained
the pH ati .6. Periodic assays for free amino acid measured the
progress of the reaction. AfLer 24 h, hydrolysis was 50% complete.
After 48 h, ac}'lase I had retained 70% of its original activity; no
further hydroly'sis past 50% conversion occurred.

The reaction was acidif ied to pH 2.5 with concentrated HCI
and concentrated under reduced pressure to half '  i ts volume.
Flocculated protein was removed by filtration, and the solution
was acidi l ' ied to pH 1.? with concentrated HCl. Continuuus
extraction of the solut ion (EtOAc, 3.5 days) fol lowed by drying
(MgSOr) and removal of solvent from the EtOAc fractions vielded
a solid residue, which was dissolved in acetone, filtered, stripped
of solvent, and ther-r redissolved in acetone until no further LiCl
precipitated upon solution in acetone. Removal of acetone under
reduced pressure gave (R)-N-acetyl-2-aminobutanoic acid (10 g,
69% of theoretical):  tH NMR (acetone-d6) 6 0.93 (t ,J = 7.4H2,
3  H ,  ̂ y -CH3) ,  1 .63 -1 .90  (m ,2  H ,  CH2) ,  1 .93  ( s ,3  H ,  CH,TCO) ,4 .37
(m, 1 H, CH),7.28 (br, 1 H, NH);IR (KBr) 3360 (NH), 1720 (C:O
acid), 1600 (C:O amide) cm-r.

(R)-N-Acetyl-2-aminobutanoic acid (10 g) was hydrolyzed by
refluxing in 2 N HCI (200 mL) for 2 h. The solut,ion was cooled
and evaporated under reduced pressure. Twice, water was added
to the residue and evaporated again under reduced pressure to
remove HCl. Recrystailization of the dried residue from H2O gave
(R)-2-aminobutanoic acid (6.4 g,90Vo): )997o ee; [a]p22 -21.0"
(c 4,6 N HCI) ( l i t .22 [aln23 -20.7" (c 4,6 N HCI));  lH NMR (D2O)
6 0.97 (L ,  J  =  i .5  Hz,3 H,  CH3) ,  1 .89 (m,  2H,  CH),3 .70 ( t ,  . /  =
5.8  Hz,  1  H,  CH).

The acidic aqueous layer left from the continuous extraction
was adjusted to pH 6.0 with solid LiOH. Concentration of the
solution under reduced pressure and addition of EtOH precipi-
tated the amino acid. Recrystallization of the precipitation from
H2O gave (S)-2-butanoic acid (8.1 g, 79%): ee )99Vo; Iol22 +20.8o
(c  4 ,6  N HCI)  ( l i t .22 [a1o23 +20.6o (c  4 ,6  N HCI) ) ;  the 1H NMR
spectrum agreed with that of the rR antipode.

Conversion of (R)- and (S)-2-Aminobutanoic Acids to (R)-
and (S)-2-Chlorobutanoic Acids. (R)-2-Aminobutanoic acid
(10 g, 97 mmol) and 120 mL of 6 N HCI were combined in a
500-mL, round-bottomed flask with a thermometer and stir bar.
NaNO2 (10.5 g, 152 mmol) was added over a 3-h period to the
vigorously stined and chilled (-10 to -5'C) solution. The reaction
was kept at -10 oC overnight and then extracted with 3 x 120

(17) Pol lak,  A. ;Blumenfeld,  H. ;Wax, M.;Baughn, R.  L. ;Whitesides,
G. M. J. Am. Chem. Soc. 1980, 102,6324-6336.

(18) Dale, J. A.; Mosher, H. S. J. Am. Chem. Soc. 1973, 95, 512-5L9.
(19) Uhle,  F.  C. ;  Harr is ,  L.  S.  J.  Am. Chem. Soc.  1956, 78,381-384.
(20) Methyl esters formed by reaction with CH2N2.
(21) Rao, K.  R. ;  Birnbaum, S.  M.;  Kingsley,  R.  B. ;  Greenstein,  J.  P.

J.  Bio l .  Chem.1952, 198,507-524.
(22) Greenstein,  J.  P. ;  Gi lbert ,  J .  B. ;  Fodor,P.  J.  J .  Bio l .  Chem.1950,

182,45t-456.

Notes

mL ol ether. The ethereal extracts were washed with H2O, dried
(( laCl2), and evaporated under reduced pressure to give 8.3 g
00%) of (r?)-2-chlorobutanoic acid: bp a6-50 'C (0.25 torr) ilit.z3
bp  99 -101  oC  ( i 6  t o r r ) l ;  tH  NMR (CDCI3 )  6  1 .05  l t , J  =  i . 3Hz ,
: l  H,  CH r ) .  2 .02 (m,  2  H,  CH2) ,  4 .26 (dd.  J  =  5 .8 ,  7  .6  Hz,  I  H,  CH);
IR (neat )  :1500 2500 (OH),  1720 (C:O)  cm ' .

(S)-2-Aminobutanoic acid was converted to (S)-2-chlorobutanoic
ac id  (70% )  in  a  s imi lar  manner .

Conversion of (,R)- and (S)-2-Chlorobutanoic Acids to (,R)-
and (S)-2-Chloro-l-butanol. BH3.THF2a reduced the crude R
and S chloro acids to the corresponding chlorohydrins (90%): tH

N M R  ( C D C ] . r )  6 1 . 0 2  ( t , J  = 7 . 4 H 2 , 3  H ,  C H I ) ,  1 . 6 1  1 . 8 8  ( m , 2
H ,  CH3CH) ,2 .34  (b r  s ,  I  H ,  OH) ,3 .58 -3 .77  (m ,3  H ,  CH2O.  CH) ,
in  agreement  wi th  l i t .25;  IR (neat )  3370 (br ,  OH) cm-r .

Conversion of (I l )-  and (S)-2-Chloro-l-butanol to (S)- and
(l?)- l-Butene C)xide.6 Finely, 'ground, dry KOH (6.8 g, 122 mmol)
was added s lowly  to  the ch i l led ( -30 "C)  (R)-ch lorohydr in  (6 .6
g, 61 rnmol). KCI precipitated. After the addit ion of KOH,
(S)-1-hutene oxide was dist i l led from the reaction through a
short-path distillation head to give i).3 g (75% ) of product: 96%
ee; bp 59 S1 oC; rH NI\{R (CDCIJ 6 0.98 (t ,  J = i .5H2,3 H, CH.r).
1 . 5 5  ( m , 2  H ,  C H T C H 2 ) , 2 . 4 5  ( m ,  I  H )  a n d  2 . 7 1  ( m ,  1 H )  ( C H 2 O ) ,
2 . 8 7  ( m .  1  H .  C H ) .

Similar reaction of the (S)-chkrrohydrin gave (R)-1-butene oxide
(i5% yield,9STo ee).

Cholesterol Esterase Catalyzed Hydrolysis of 2-Bromo-
butyl Butyrate. 2-Bromobutyl butyrate (30.9 g, 138 mmol),
obtained by the l i thium aluminum hydride reduction26 of 2-
bromobutyryl bromide and subsequent esteri f icat ion of 2-
bromo-1-butanol with butyryl chloride,2? was mixed with 40 mL
of 0.05 N{ pot,assium phosphate buffer, pH 7.0, and 40 mL of HrO
in a 250-mL three-neck round-bottomed f lask equipped with a
stir  bar and pH electrode. Addit ion of 5 N NaOH adjusted the
pH to 7.0. CE (0.15 g in 1 mL of buffer) was added. Addit ion
of 5 N NaOH using a pH control ler kept the reaction at pH 7.0;
the volume of base used indicated the extent of reaction. After
27 mL of base had been added (777o conversion), the reaction
was poured into 400 mL of ether. The layers were separated, and
the aqueous layer was extracted with 4 x 100 mL of ether. The
combined ethereal layers were evaporated under reduced pressure.
The residue was dissolved in 250 mL of pentane and washed with
8 X 211 mL of iSVo aqueous MeOH to remove the alcohol. The
organic laver was dried over Na2SOa, and the pentane was
evaporated under reduced pressure. Kugelrohr distillation of the
residual oil gave (R)-2-bromobutyl butyrate (6.1 g, 84% yeld based
on i iTo conversion): 80Vo ee; bp 44-47 'C (0.20 torr).

Conversion of (R)-2-Bromobutyl Butyrate to (S)-l-Butene
Oxide. (E)-2-Bromobutyl butyrate (3.0 g, 80% ee) and 6 mL of
freshly dist i l led 1-pentanol were combined in a 100 mL round-
bottomed flask equipped with a dropping funnel and Vigreaux
column leading to a condenser and receiving flask. The condenser
was connected to a circulating cold bath set at 0 oC, and the
receiving flask was cooled in an ice-EtOH bath. A 1.2 M solution
of  C5H11OK in  l -pentanol  (11.2 mL,  13.5 mmol)  was added
dropwise to the mixture. After the solution had stirred for ap-
proximately 15 min, i t  was heated in an oi l  bath. When the
temperature of the oil bath reached 170 oC, the epoxide began
distilling. Its yield was 0.32 g (.33%): 76To ee; bp 56-58 oC; the
lH NMR spectrum (CDCI3) agreed with that of 1 obtained from
2-chloro- 1-butanol.

(-R)- and (S)-2-Hydroxybutanoic Acids. To a 1-L, three-
neck round-bottomed flask equipped with a stir bar, pH electrode,
and septa were transferred 2-oxobutanoic acid (15.3 g, 150 mmol),
sodium formate (11.7 g, 170 mmol), 2-mercaptoethanol (50 rr l ,
0.75 mmol), and Tris-HCl (0.45 g, 3.8 mmol) in 300-400 mL of
H2O. Concentrated NaOH adjusted the pH to 7.5. The solution
was degassed by bubbling Ar through it for 15 min. NAD (0.75

(23) Reeve, W.; Steckel, T. F. Can. J. Chem. 1980, 58, 2784-2788.
(24) Yoon, N.M.; Pak, C. S.; Brown, H. C.; Krishnamurthy, S.; Stocky,

T. P. J. Org. Chem.1973, 38, 2786-2792.
(25) Nakajima, T.; Nakamoto, Y.; Suga, S. BuLl. Chem. Soc. Jpn.1975,

'r8, 960-965.
(26) Ficket t ,  W.;  Garner,  H.  K. ;  Lucas,  H.  J.  J .  Am. Chem. Soc.  1951,

73, 5063-5067. St.ewart, C. A.; Vanderwerf, C. A. J. Am. Chem. Soc. 1954,
76,7259-1264.

(27 )  Sonn tag ,  N .  O .Y .  Chem.  f i eo .  1953 ,  52 ,231  ' 116 .



mmol) was added. Then, L- or D-LDH (150-400 U) and FDH
(40-50 U) immobilized on PAN gelt? were added as a suspension
in 10O-200 mL of degassed H2O. The flask was capped with septa,
and Ar bubbled through the solut ion. HCI (2.56 N) added by a
pH controller maintained the reaction near pH 7.5. The reaction
progress was followed b5' measuring the volume of HCI consumed'
Within 5 days the reaction was complete. The enzl'rne containing
gel was isolated by centrifugation and washed with degassed H2O.
The aqueous layers were combined and concentrated by rotary
evaporation to 70-80 m[,, acidified to pH 2.0 with 6 N HCl, and
extracted with 4 x 1?0 mL of ether. The ethereal layers were
combined, dried over MgSO4, and evaporated under reduced
pressure to give (S)-2-hydroxybutanoic acid (r--LDH used) (15.0
g,957a)  [>99% ee;  mp 54.5-55.5 oC dec ( l i t .28 mp 52.7-53.5 'C) ;

[o]o" +?.15o (c 8.13, CHCI3) ( l i t .28 [a]o16 +6.4o (c 11.03, CHCI3));
lH NMR (CDCI3)  6  1 .00 ( t ,  J  =  7 .4H2,3 H,  CH3) ,  1 .75 and 1.88
(m,  1  H each,  CH2)  ,4 .24 (dd,  J  =  4 .5 ,6 .9  Hz,  1  H,  CH),  6 .72 (br ,

OH); IR (Nujol) 3500-2650 (OH), 1730 (C:O) c-- ' l  or (R)-2-

hydroxybutanoic acid (o-LDH used) (13.9 g, 89%) l>99% eer mp
53-55 oc dec; [ . ]n'o -5.6o (c 3.?1, cHcl3)l ;  the lH NMR and IR
spectra were in agreement with those for the S enantiomer.

Conversion of (,8)- and (S)-2-Hvdroxybutanoic Acids to
(R)- and (S)-Butane-1,2-diol.  BH3'THF2a reduced the R and
S hydroxy acids to (R)-butane-1,2-diol (9.7 g,81%) lbp 122-125
'c (30 torr);  [*]o" +12.6" (c 3.23, EIOH); lH NMR (CDCI:r) 6
0 .90  ( t ,  J  =  7 .5H2 ,3  H ,  CH3) ,  1 .41  (m ,2  H ,  CH3CH2) ,  3 .3?  (m .

1 H,  CH),3 .58 (m,2 H,  CH2O),3.67 (br  s ,  2  H,  2  x  OH);  IR (neat )

3350 (br, OH), 1045 (C-O) cm-rl  and (S)-butane-1,2-diol (11.7 g'
9 t%) [bp 9a-96 'c  (9  tor r ) ;  ln ]n '2  -15.35o (c  2 .60,  EtOH) l ; the
lH NMR and IR spectra were in agreement with those of the R
enantiomer. Analytical data for both enantiomers agreed with
the literature values.2e

Conversion of (.R)- and (S)-Butane-1,2-diol to (-R)- and
(S)-2-Acetoxy-1-bromobutane. Reaction of the diols with 30%
HBr-AcOHD's gave (R)-2-acetoxy-1-bromobutane (17.3 g, 82%)

[bp 87-91 'C (21 torr);  [o]o2t +17.8o (c 2.73, ether); lH NMR
(CDCI3) 6 0.90 (: t ,  J = 7.4 Hz, 3 H, CH3CH2), 1.69 (m, 2 H.
CHyCH),2.07 (s ,  3  H,  CH3CO),  3 .45 (m,  2  H,  CH2O),4.91 (m,

1 H, CH); IR (neat) 1?35 (C:O) cm-l1 and (S)-2-acetoxy-1-
bromobutane (22.3 g,9lTo) [bp 68-70'C (9 torr);  [ . ]n" -23.16"

(c 4.14, ether)]; lH NMR and IR spectra were in agreement with
those for the R enantiomer. Analy'tical data for both enantiomers
agreed with the literature values.2e'3o lH NMR spectroscopy
indicated that the products contained approximately 7% l-
ac etoxy -2-b rom ob utane.

Conversion of (,R)- and (S)-Z-Acetoxy-l-bromobutane to
(,R)- and (S)-l-Butene Oxide. Treatment of (R)- and (S)-2-
Acetoxybromobutanes (5 M in dry l-pentanol) with 1 equiv of

2 6 1  I

1 .18 M CbHr lOK in  l -pentanol  (added over  30-60 min a t  0 'C)
followed by distillation of the product through a 15-cm Vigreaux
column equipped with a condenser cooled to -10 "C gaye (R)-1-

butene o* id"  6 .2  g ,8 l%) l>98% ee;  bp 59-62 oC;  [o ]n22 +14.80
(c  1 .18,  e ther)  ( l i t .2e 1a l , - ,21 +13.6"  (c  1 .135,  e ther) ) ;  tH NMR
spectrum in agreement with that of 1 obtained from 2-chloro-1-
butanoll  and (S)-1-butene oxide (5.86 g,7lTo) [>98% ee;bp 5W2
oC;  

[ . ]22n -12.00o (c  4 .90,  d ioxane)  ( l i t .31 [ . t ]16r ,  -12.25 (c  6 ,  d i -
oxane)); lH NMR spectrum in agreement with that for the S
enant iomer l .

Enzymatic Preparation of (.R)-Butane-1,2-diol.  A three-
necked, 500-mL, round-bottomed f lask was charged with am-
monium formate (11.78 g,60 mmol), 1-hydroxy-2-butanone (4.56

g, 50 mmol), Tris-HCl (47 mg, 0.5 mmol), and 50 mL of water.
The pH was adjusted to 7.5 with 1 N KOH. The flask rvas sealed
with septa and f i t ted with an Ar inlet and outlet,  a pH probe,

and an inlet for 2.1 N HCl. The solution was degassed b1- bubbling,
Ar through i t  for t  h and NAD (0.15 mmol) was added. FDFi
(67 tf)  and GDH (100 U) immobil ized on PAN gell7 rvere added
as a suspension in 50 mt, of H2O. A pH control ler maintained
the pH at i .7  *  0 .1  bv adding 2.1  N HCI :  Ar  bubblec i  thro t rgh
the reaction. After 14 davs, the enzyme-containing gels were
removed by centrifugation (51 U of FDH and 44 U of (iDH were
recovered). The aqueous portion was continuously extrac'ted with
ether for 3 davs. sat,uratecl with K2COr. and extracted with i l  x
100 m[ ,  o f  e ther .  Concent ra t ion o f  the e therea l  por t ions a f ter
dn' ing over K'COq vielded a pale yel low l iqtr id (3.5 g). Dist i l lat ion
through a short-path column [122-125 

oC (l ]0 torr) l  vielded the
dio l  (2 .84 g,64% ) .  ident i f ied by 'H NMR spect roscopr ' .

Conversion of (,R )-Butane-1,2-diol to (R)-l-Butene Oxide.
(f t)-Butane-1,2-diol ( from the GDH-catal l 'zed reaction) rvas
converted to (R)-1-butene oxide by the same two-step method
used with butane-1,2-diol from the LDH-catalyzed reactions. The
y ie ld  was 3.90 g ATVc f rom the d io l ) :  >98% ee;  [a lp2r  +13 '380

k 1.225,  e ther) .
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