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Abstract: Pseudomonas cepacialipase orCandida antarticalipase B catalyzes the enantioselective aminolysis of a
racemic 2-isoxazolylacetate alkyl ester, isobutyl 2-[3-(4-cyanophenyl)-4,5-dihydro-5-isoxazolyl]acetate, by 3-amino-N-
(butoxycarbonyl)-L-alanine methyl ester, mono(4-methylbenzenesulfonate) to produce the corresponding amide, (R)-
methyl-3-[[[3-(4-cyanophenyl)-4,5-dihydro-5-isoxazolyl]acetyl]amino]-N-(butoxycarbonyl)-L-alanine, which is an inter-
mediate in the preparation of an isoxazoline-based platelet glycoprotein IIb/IIIa antagonist.
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Résumé: La lipase dePseudomonas cepaciaou la lipase B deCandida antarticacatalyse l’aminolyse énantiosélective
d’un ester 2-isoxazolylylacétate d’alkyle, le 2-[3-(4-cyanophényl)-4,5-dihydro-5-isoxazolyl]acétate d’isobutyle, par le
mono(4-méthylbenzènesulfonate) de l’ester méthylique du 3-amino-N-(butoxycarbonyl)-L-alanine pour conduire à la for-
mation de l’amide correspondant, la (R)-méthyl-3-[[[3-(4-cyanophényl)-4,5-dihydro-5-isoxazolyl]acétyl]amino]-N-(bu-
toxycarbonyl)-L-alanine, un intermédiaire dans la préparation d’un antagoniste IIb/IIIa glycoprotéinique des plaquettes à
base d’isoxazoline.

Mots clés: aminolyse énantiosélective, lipase dePseudomonas cepacia, lipase B deCandida antartica.
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Introduction

A variety of enzymes catalyze the enantioselective
ammoniolysis or aminolysis of racemic esters. Several li-
pases have been used for the enantioselective ammoniolysis
of free amino acid esters (1), andCandida antarticalipase B
(CAL B) catalyzed the kinetic resolution of a racemic ester
via ammoniolysis (2).D-Aminopeptidase (3), thiolsubtilisin
(4), and papain (5) each catalyzed the aminolysis ofa-amino
acid esters to produce the corresponding chirala-amino acid
amides.

The lipase-catalyzed enantioselective aminolysis of racemic
esters to produce chiral amides has been reviewed (6).
Aminolysis of racemic 2-methyloctanoate by (R)-1-phenyl-
ethylamine in the presence of CAL B produced (R)-2-
methyloctanoic-(R)-1-phenylethylamide in 30–40% dia-
stereomeric excess (de) at ca. 100% conversion (7). Resolu-
tion of chiral amines by reaction with an isoalkyl ester in the
presence of CAL B produced the corresponding chiral
amides in high enantiomeric excess (8). A systematic study
of the enzymatic aminolysis of racemic 2-methyl butyrate by
benzylamine found that CAL B and the lipases from

Rhizopus niveusand porcine pancreas were highly enantio-
selective (84–87% ee), whileCandida rugosaand Pseudo-
monas cepacialipases were neither highly active nor
enantioselective (15% ee and 12% ee, respectively) (9).
CAL B (Novo SP435) catalyzed the enantioselective amino-
lysis of racemic 3-hydroxyesters (10), or racemic 2-alkyl-
esters or 2-haloesters (11), by aliphatic amines, where the
degree of enantioselectivity was dependent on the substrate
and nucleophile. For the enzymatic aminolysis of dimethyl
3-hydroxyglutarate by aliphatic and aromatic amines (12),
CAL B yielded enantiopure monoamidation products in very
high yield, while no amidation products were observed in
the presence of lipases fromCandida cylindraceaand
P. cepaciaunder identical reaction conditions.

An enantioselective enzymatic aminolysis of a racemic 2-
isoxazolylacetate alkyl ester has now been employed to
produce an intermediate in the preparation of roxifiban ((R)-
methyl-3-[[[3-[4-(aminoiminomethyl)phenyl]-4,5-dihydro-5-
isoxazolyl]acetyl]amino]-N-(butoxycarbonyl)-L-alanine mono-
acetate (Scheme 1)), a non-peptide platelet glycoprotein
IIb/IIIa antagonist that has antithrombotic activity (13, 14).
The aminolysis reaction produces the desired product with
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high selectivity and de, despite the presence of a second
alkyl ester functionality on both the reacting amine and the
product amide.

Results and discussion

The 2-isoxazolylacetate alkyl ester intermediate (R)-methyl-
3-[[[3-(4-cyanophenyl)-4,5-dihydro-5-isoxazolyl]acetyl]amino]-
N-(butoxycarbonyl)-L-alanine ((R,S)-1) is currently synthe-
sized in two steps (Scheme 2) (13b). Racemic isobutyl 2-[3-
(4-cyanophenyl)-4,5-dihydro-5-isoxazolyl]acetate ((R/S)-2)
is first converted into the chiral acid (R)-2-[3-(4-
cyanophenyl)-4,5-dihydro-5-isoxazolyl]acetic acid ((R)-3) in
an aqueous reaction mixture usingP. cepacia (formerly
Pseudomonas sp.) lipase (15), leaving the chiralisobutyl
ester (S)-2 unreacted. After isolation, (R)-3 is reacted
with thionyl chloride and diamine (S)-4 (3-amino- N-
(butoxycarbonyl)-L-alanine methyl ester, mono(4-methyl-
benzenesulfonate)), followed by the addition of diiso-
propylethylamine (DIEA) to produce (R,S)-1. In a separate
step, recovered (S)-2 is racemized for recycle by a catalytic
amount of potassiumtert-butoxide in toluene. This sequence
of reactions provides (R)-3 in 70% yield (after one recycle)
from racemate (R/S)-2, and (R)-3 is subsequently converted
to (R,S)-1 in 82% yield.

As an alternative to the two-step procedure described
above, the lipase-catalyzed aminolysis of racemic (R/S)-2 by
diamine (S)-4 to directly produce (R,S)-1 was examined
(Scheme 3). Several potential by-product-forming reactions
which could have resulted in yield loss or a decrease in de of
(R,S)-1 included: (i) nonenzymatic aminolysis of (R/S)-2 by
(S)-4; (ii ) enzymatic hydrolysis of (R/S)-2 to (R)-3 (if water
is present in the organic solvent); (iii ) enzymatic hydrolysis
of the product (R,S)-1 (if water is present in the organic sol-
vent); (iv) enzyme-catalyzed aminolysis of (S)-4 by an addi-
tional equivalent of (S)-4; or (v) enzymatic or nonenzymatic
aminolysis of the product (R,S)-1 to produce an aminated
by-product. Regioselective aminolysis of non-chiral diesters
catalyzed by PS30 lipase has been reported, where
regioselectivity was attributed to a preference for aminolysis
of ab-alkoxy ester relative to the remaining ester functional-
ity (16).

The free amine of (S)-4 was unstable, and readily
dimerized and trimerized in both aqueous solution and in or-
ganic solvents in the absence of lipase. As ap-toluene-
sulfonate salt, (S)-4 was stable in organic solvents, and it
was first demonstrated that in the presence or absence of
P. cepacialipase (Amano PS30) or CAL B there was no sig-
nificant change in concentration of (S)-4 in diisopropyl ether
(DIPE), methyl-tert-butyl ether (MTBE), heptane, dioxane,
or toluene after 24 h at 25°C. In aqueous solution, a signifi-
cant (>75%) decomposition of thep-toluenesulfonate salt of
(S)-4 occurred at 25°C in 0.40 M sodium phosphate buffer

(pH 8.0) after 24 h, whereas the salt was stable for at least
18 h in aqueous 5 mM methanesulfonic acid (pH 2.5).

Prior to use in aminolysis reactions, a solution of
30–60 mg mL–1 of lipase in 0.10 M sodium phosphate buffer
was adjusted to pH 8.0, and then lyophilized to obtain a
“dry” enzyme catalyst. This catalyst was subsequently used
in aminolysis reactions to produce (R,S)-1, where 52 mM
(R/S)-2 and from 37.5 to 100 mM (S)-4 were reacted with
the dried lipase in DIPE, MTBE, heptane, toluene, or
acetonitrile, at temperatures of from 24– 40°C. Initially, the
resulting product mixtures contained significant amounts of
the ester hydrolysis product (R)-3 as the sole reaction by-
product, indicating that water was available in the reaction
mixtures, possibly originating from the solvent, enzyme
preparation, and (or) starting materials. None of the other
potential reaction by-products described above occurred in
significant amounts (<1%). Drying the solvents over acti-
vated molecular sieves prior to use improved selectivity to
(R,S)-1 over (R)-3, and the inclusion of 10–35 mg mL–1 of
powdered, activated molecular sieves in the reaction mixture
(17) further improved selectivity to (R,S)-1.

Table 1 lists the conversion of (R/S)-2, selectivity to (R,S)-
1 (vs. hydrolysis to produce (R)-3), and the corresponding
de of (R,S)-1 (where there was significant conversion) ob-
tained using lyophilized PS30 lipase in dry DIPE, MTBE,
heptane, toluene, or acetonitrile. There was no significant
conversion of (R/S)-2 in the absence of lipase under the re-
ported reaction conditions. With lipase present, there was
very little conversion of starting material in toluene or
acetonitrile relative to the other solvents, and the reaction
rate was considerably slower in heptane relative to MTBE or
DIPE. The solubilities of (R/S)-2, (R,S)-1, and reaction by-
products were low in all of these solvents, and reactions
were run as heterogeneous mixtures (18). Following the
progress of a reaction by sampling the heterogeneous mix-
ture over time gave inconsistent results, so measurements of
selectivity and de vs. conversion of (R/S)-2 were performed
by setting up a series of identical reactions, then working up
individual reactions for analysis at predetermined times.

The de and selectivity for production of (R,S)-1 at conver-
sions of (R/S)-2 between 20 and 55% in either DIPE or
MTBE are depicted in Fig. 1. The selectivity to (R,S)-1 in
DIPE averaged ca. 95% at conversions of up to 45%,
whereas in MTBE the selectivity was only ca. 90% at con-
versions of up to 52%. The de of (R,S)-1 at a given conver-
sion was similar in either solvent; for MTBE, the de
decreased from 86 to 78% as conversion increased from 27
to 46%, and in DIPE, the de decreased from 86 to 74% as
the conversion increased from 23 to 44%.

CAL B (19) also produced the desired diastereomer (R,S)-
1 in high de (Table 2), whileC. antartica lipase A (CAL A)
had the opposite enantioselectivity for (R/S)-2 (producing
(S,S)-1 instead of (R,S)-1), demonstrating that not all en-
zymes capable of catalyzing the aminolysis of (R,S)-1 by
(S)-4 produce the desired diastereomer. Although the de ob-
tained using CAL B was moderately higher than that ob-
tained with PS30 lipase in the same solvent (ca. 8% higher
de at 35% conversion), the selectivity to the aminolysis
product relative to hydrolysis product was significantly
lower (81 vs. 89% at 35% conversion); all attempts to im-
prove selectivity by removal of additional water from the
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individual components of the reaction mixture, or from the
reaction mixture itself, were unsuccessful.Pseudomonas
fluorescenslipase (Fluka or Amano AK) gave no significant
conversion of (R/S)-2 to (R,S)-1 under these same reaction
conditions.

The PS30 or CAL B lipase-catalyzed aminolysis of
racemic (R/S)-2 by (S)-4 to directly produce (R,S)-1 has sev-
eral advantages when compared to the two-step, resolution
and aminolysis method. The reaction proceeds with signifi-
cant enantioselectivity, reduces the number of process steps,
eliminates several costly reagents, generates less waste, and
permits facile product recovery. The heterogeneous product
mixture can be diluted with additional solvent, which will
dissolve (R,S)-1 and unreacted (R)-2 and (S)-2, and leave
unreacted (S)-4 (as thep-toluenesulfonate salt), molecular
sieves, and the enzyme as filterable solids. The product
(R,S)-1 can then be isolated by column chromatography, se-
lective precipitation, or fractional crystallization. Unreacted
(R)-2 and (S)-2 can be recovered and racemized (13b) and
this racemate recycled in a second enzymatic aminolysis re-
action, thereby increasing the overall yield of (R,S)-1 pro-
duced, and decreasing the amount of waste. (R,S)-1 was
produced in 78– 86% de, which corresponds to a yield of the
desired diastereomer of 89–93%, respectively, (based on to-

tal (R,S)-1 and (S,S)-1 produced); the subsequent separation
of these two diastereomers is readily performed by
recrystallization, and produces the desired diastereomer in
very high purity. Further improvement in de might be ob-
tained by examining the dependence of enantioselectivity on
the choice of alkyl ester substituent of (R/S)-2.

Experimental section

Starting materials ((R/S)-2 and (S)-4) and products ((R,S)-
1, (S,S)-1, (S)-2, (R)-3, and (S)-3) for the enzymatic
aminolysis reactions were prepared and characterized ac-
cording to published procedures (13b), or obtained from
commercial sources. Enzymes were obtained from Amano,
Sigma, Fluka, or Roche Molecular Biochemicals, and were
used as received without further purification. Relative spe-
cific activities of commercial enzyme preparations were de-
termined by measuring the rate of hydrolysis ofp-
nitrophenyl acetate (PNPA) (20).

HPLC analysis of reaction components
Analysis of mixtures of (R/S)-2, (R,S)-1, and (S,S)-1, and

(R)-3 and (S)-3 (without separation of enantiomers or
diastereomers) were performed by HPLC using UV detec-
tion at 260 nm on an Eclipse XDB-C8 column (4.6 ×
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250 mm) at 40°C and a flow rate of 1.0 mL min–1, using a
gradient of two eluents: mobile phase A (0.1%
trifluoroacetic acid – 0.1% triethylamine in distilled de-
ionized water), mobile phase B (0.1% trifluoroacetic acid in
THF (unstabilized)). The mobile phase gradient employed

was: t = 0 min, 85% A, 15% B;t = 10 min, 85% A, 15% B;
t = 32 min, 50% A, 50% B;t = 40 min, 50% A, 50% B;t =
42 min, 85% A, 15% B;t = 52 min, 85% A, 15% B.

Chiral HPLC analysis of (R)-2 and (S)-2, and (R)-3 and
(S)-3, was performed using UV detection at 280 nm on a
Daicel Chiralcel OJ column (4.6 × 250 mm) at 38°C and a
flow rate of 0.90 mL min–1 of 0.25% trifluoroacetic acid in
81% hexane – 19% ethanol.

Chiral HPLC analysis of (R,S)-1 and (S,S)-1 was per-
formed using UV detection at 280 nm on two Daicel
Chiralcel OJ columns (4.6 × 250 mm) in series at 40°C and
a flow rate of 0.75 mL min–1 of 80% heptane – 20% ethanol.
The production of (R,S)-1 and (S,S)-1 as aminolysis reaction
products was confirmed by preparing authentic samples of
(R,S)-1, (S,S)-1, (S,R)-1, and (R,R)-1, separating all four
diastereomers by chiral HPLC, and comparing product re-
tention times with the authentic standards.

Lipase-catalyzed aminolysis of racemic isobutyl 2-[3-(4-
cyanophenyl)-4,5-dihydro-5-isoxazolyl]acetate ((R/S)-2)
by 3-amino-N-(butoxycarbonyl)-L-alanine methyl ester,
mono(4-methylbenzenesulfonate) ((S)-4)

In a typical procedure, a series of 4 mL glass vials were
charged with 30–60 mg of lipase and 1.0 mL of 100 mM
NaH2PO4 (pH 8.0, adjusted with 50% aq NaOH), and the re-
sulting solution was frozen and lyophilized. To each vial was
then added 15 mg of (S)-4 (38.3 mM), 15.0 mg of (R,S)-2
(52.3 mM), 10–35 mg of powdered, activated3 Å molecular
sieves, 1.0 mL of diisopropyl ether (dried over activated 3 Å
molecular sieves), and a magnetic stir bar. The vials were
capped and the reaction mixtures stirred at 24–40°C for
18–48 h.

After the desired reaction time, the individual reactions
were prepared for analysis by cooling the product mixtures
to 24°C and then evaporating the solvent by flowing a
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Fig. 1. Selectivity and de for the conversion of (R/S)-2 to (R,S)-1
using P. cepacialipase (PS30) in DIPE or MTBE: selectivity
(DIPE (j), MTBE (d)); de (DIPE (Q), MTBE (s)). Reaction
conditions: (a) DIPE, 40°C, 3 Å sieves (20 mg mL–1), 30 mg
lyophilized PS30 mL–1; (b) MTBE, 40°C, 3 Å sieves
(20–25 mg mL–1), 60 mg lyophilized PS30 mL–1.

Enzyme

(R/S)-2
Conversion
(%)

(R,S)-1, (S,S)-1
Selectivity (%) (R,S)-1:(S,S)-1

de (R,S)-1
(%)

de (S,S)-1
(%)

CAL A 35 86 12:88 — 76
CAL B 31 81 96:4 92 —

Note: Reaction conditions: 24 h, 24°C, 3 Å sieves (20 mg mL–1), 30 mg lyophilized CAL A
or CAL B mL–1.

Table 2. Enantioselective amination of (R/S)-2 by (S)-4 in MTBE using C. antartica
lipase A or B (CAL A or CAL B).

Solvent
Time
(h)

(R/S)-2
Conversion
(%)

(R,S)-1, (S,S)-1
Selectivity (%)a (R,S)-1:(S,S)-1

de (R,S)-1
(%)

DIPEb 24 23 95 93:7 86
MTBEc 24 24 95 91:9 82
Heptaneb 72 24 90 86:14 72
Tolueneb 72 4 — — —
Acetonitrileb 72 3 — — —

aSelectivity = 100([(R,S)-1 + (S,S)-1]/[(R,S)-1 + (S,S)-1 + (R)-3 + (S)-3]).
bReaction conditions: 40°C, 3 Å sieves (20 mg mL–1), 30 mg lyophilized PS30 mL–1.
cReaction conditions: 24°C, 3 Å sieves (25 mg mL–1), 30 mg lyophilized PS30 mL–1.

Table 1. Enantioselective amination of (R/S)-2 by (S)-4 using P. cepacialipase in
different organic solvents.
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stream of dry nitrogen over the product mixture. The result-
ing solid was mixed with: (i) 18.0 mL of a 1:1 (v/v) mixture
of tetrahydrofuran and 0.1% (v/v) acetic acid in distilled,
deionized water (adjusted to pH 2.0 with 6.0 N HCl);
(ii ) 2.0 mL of 30 mMp-toluamide (HPLC external standard)
in a 1:1 (v/v) mixture of tetrahydrofuran and 0.1% (v/v) ace-
tic acid in distilled, deionized water (adjusted to pH 2.0 with
6.0 N HCl); and (iii ) 0.108 mL of 6.0 N HCl. A 1 mL sam-
ple of the resulting mixture (mixture A) was centrifuged to
remove undissolved solids, and the supernatant analyzed for
(R/S)-2, (R,S)-1, and (R/S)-3 by HPLC.

A second 2.0 mL sample of mixture A was evaporated to
dryness under vacuum, then 1 mL of ethanol was added to
the resulting solid and the suspension heated at 50°C for
1.0 min. The resulting suspension was filtered (0.45mm) and
analyzed by chiral HPLC for (R)-2 and (S)-2, (R,S)-1 and
(S,S)-1, and (R)-3 and (S)-3.
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