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A general enzymatic asymmetric synthesis of L-a-amino acids has been developed. This method
entails the use of the Pseudomonas cepacia lipase (P-30) to catalyze the enantioselective methanolysis
of a variety of 4-substituted 2-phenyloxazolin-5-one derivatives in a nonpolar organic solvent to
furnish optically-active N-benzoyl-L-a-amino acid methyl esters (ee = 66-98%), which in turn is
subjected to a protease-catalyzed kinetic resolution yielding enantiomerically-pure N-benzoyl-L-a-
amino acids. This synergistic coupling of two enzymes allows the ready preparation of L-a-amino
acids of high enantiopurity in yields greater than 50%, an inherent advantage over conventional
resolution procedures. Two proteases were found to catalyze the enantioselective hydrolysis of a
variety of 4-substituted 2-phenylthiazolin-5-one derivatives to give N-(thiobenzoyl)-L-a-amino acids

of high optical purity.

Optically-active natural and unnatural o-amino acids
are important precursors for the synthesis of pharma-
ceuticals, agrochemicals, and food ingredients.! They also
have been amply utilized in synthetic studies as chiral
auxiliaries, reagents, and catalysts for asymmetric syn-
theses.?2 Because of their widespread use,  intensive
research efforts have been directed toward the develop-
ment of new and improved stereoselective syntheses of
a-amino acids.? Of particular interest are catalytic meth-
ods that possess high degrees of enantioselective control.

A wide variety of asymmetric syntheses have been
developed for the preparation of optically-active a-amino
acids. However, the diverse nature of the side chains of
a-amino acids restricts the applicability of every method
thus far developed. Consequently, the development of
new and more versatile methodology for their syntheses
continues to be a challenging topic to the organic chemist.

The 5(4H)-oxazolones have been extensively investi-
gated because of their transient formation, which accounts
for much of the racemization occurring during peptide
synthesis.* In contrast, little attention has thus far been
paid to the study of the possibilities of asymmetric
induction during ring opening of 5(4H)-oxazolones by
chiral nucleophiles.?

The enantioselective hydrolysis of 5(4H)-oxazolone
derivatives, catalyzed by proteolytic enzymes and car-
boxyesterase, had been investigated by several groups.®
However, as the rates of enzyme-catalyzed ring opening
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are not considerably faster than the rates of competing
nonenzymatic hydrolysis, the reactions were conducted
in dilute solution with stoichiometric amounts of enzyme
and products of modest optical purity were obtained.

In a preliminary paper,” we disclosed our results on the
lipase-catalyzed enantioselective hydrolysis of a series of
4-substituted 2-phenyloxazolin-5-ones to furnish optically-
active N-benzoyl-a-amino acids. Since then, we have
explored further the scope of this biocatalytic methodology.
We now report our strategy and progress directed at the
development of lipase-catalyzed enantioselective ring
clevage of 5(4H)-oxazolones and 5(4H)-thiazolones into a
general procedure for the preparation of optically-active
L-a-amino acids.

Results

Enantioselective Hydrolysis of 4-Substituted 2-Phe-
nyloxazolin-5-ones in Aqueous Medium. Inourearlier
work,” we discovered two lipases that are uniquely suited
for catalyzing the enantioselective cleavage of 4-benzyl-
2-phenyloxzazolin-5-one (1). Thelipase of Aspergillus niger
(AP) catalyzed highly enantioselective hydrolysis of (£)-1
into (R)-2 (ee = >99%) in aqueous phosphate buffer, pH
7.4, whereas porcine pancreatic lipase (PL) has an opposite
preferred chirality in converting (+)-1 into (S)-2 (ee =
>99%).

(5)-2, e = 99%
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(R)-2, ee = 99%

These results show that under the conditions of enzy-
matic catalyses, the rate of equilibration (k;sc) of the two

(7) Gu, R. L,; Lee, L. S.; Sih, C. J. Tetrahedron Lett. 1992, 33, 1953-
1956.
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Table I. Lipase-Catalyzed Asymmetric Hydrolysis of
4-Substituted 2-Phenyloxazolin-5-ones

D Lipase /ﬁ\ H R,
NN© 0.2M Phosphate buffer, ~ Ph N)Y oH
Y pH 7.5, 25 E H o
Ph
®
R group enzyme time (h) [a]p (CHCl,c=1) ee(%)
p-CH30Ph PL 46 -10.4 52
AP 46 +11.0 57
PL 24 -12.7 60
[o:U\CH,_ AP 2 +17.0 85

PL 144 -0.61
AP 144 +1.8

PL 21 -107.5 85

CH—
p-CHsPhCH,-  PL 24 -13.1 61
AP 24 +11.9 57

PL 30 9.3 55

[ AP 30 +2.4 20

CH—

CHy~ PL 24 -1.8 43

I AP 24 +3.7 57
PhCH,CH, PL 48 -5.0 33
AP 48 -3.6 30

configurationally unstable 5(4H)-oxazolone antipodes is
sufficiently rapid and the rate of enzyme-catalyzed ring
opening (key;) occurs at a substantially faster rate than
the rate of nonenzymatic cleavage (Bchem) [Rrac = Renz >
Echem]. Using these two lipases, we then examined their

o a -1—r°w=« Y—f”@/wm

OTTTE e 0"

abilities in catalyzing the asymmetric hydrolysis of other
2-phenyloxazolin-5-ones, modified at C-4, with a view to
determining the versatility of this methodology. Inthese
experiments, the enzymatic transformations were allowed
to proceed to completion, for some residual oxazolone may
be hydrolyzed during the workup procedure resulting in
the lowering of the optical purity of the N-benzoyl-a-amino
acids. While both enzymes retained their chiral preference
on all the substrates studied, the reaction rate and the
degree of enantioselectivity varied markedly depending
on the C-4 substituents (Table I). For substrates with
moderate size C-4 side chains, the lipase-catalyzed ring-
opening reactions proceeded with good to moderate
enantioselectivity. However, the reaction rate decreased
for substrates having bulky C-4 substituents (e.g., R =
isopropyl). Conversely, good reaction rates were attained
with substrates possessing small appendages at C-4 (e.g.,
R = CHj;), but the enantioselectivity of ring cleavage was
poor because, in the absence of severe steric interactions,
the carbonyl group is more susceptible to nonenzymatic
hydrolysis. Unfortunately, the enantioselectivity of the
lipase-catalyzed ring cleavages of all the substrates exam-
ined was not as high as that for (x)-1.
Enantioselective Methanolysis of 5(4 H)-Oxazolone
Derivatives in Organic Solvents. Because the 5(4H)-
oxazolones are relatively unstable in aqueous media,
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Table II. Lipase P-30 Catalyzed Enantioselective
Methanolysis of 4-Substituted 2-Phenyloxazolin-5-ones
0

R,
q———f Lipase P-30, 5 equiv. MeOH_ )‘L
NYO +-BuOMe, 50°C

Ph
@

amt of [alp
H:0 time (CHCl;, yield ee
R; (equiv) (h) c=1) (%) (%) conf

Me;CH 5 130 +30.9 47 77 S
Me:CHCH; 5 72 +18.6 85 90 S
0 72 +16.1 82 78 S

MeSCH:CH; 5 48 +26.0 31 82
CH— 0 114 +24.8 56 71 )

5 91  +400 83 49

0 86 +61.9 90 75

p-CHsPhCH; 5 84 +59.2 78 63

0 156 +72.0 86 66

Ph 5 84 +71.7 46 75
PhCH, 5 35 +73.0 80 78 S
0 22 +62.0 93 69 S

PhCH;CH; 5 42 +41.0 61 93

PhCH,CH;CH, 5 72 +33.7 76 956

0 72 +24.9 91 84

especially when the C-4 substituent is small in size (e.g.,
R = CHj;), Bevinakatti et al.? investigated the lipase-
catalyzed enantioselective cleavage of 2-phenyl-4-meth-
yloxazolin-5-one in anhydrous diisopropyl ether using
n-butanol as the nucleophile. The best lipase was that of
Mucor miehei which catalyzed the solvolysis of 2-phenyl-
4-methyloxazolin-5-one into (S)-butyl-N-benzoylalanine
in 45% yield, but unfortunately, the optical purity of the
product was only modest (57% ee).

Asthe Pseudomonas lipases (AK, K-10, P-30) have been
successfully employed for a variety of enantioselective
transformations in aqueous and nonaqueous media,? we
decided to investigate the possible use of these bacterial
lipases in nonaqueous media for the enantioselective
cleavage of 5(4H)-oxazolone derivatives. Thus, a variety
of 4-substituted 2-phenyl-oxazolin-5-one derivatives were
first exposed to the P-30 lipase in tert-butyl methyl ether
at 50 °C in the presence of 5 equiv of methanol with or
without 5 equiv of water. Ingeneral, the reaction rate was
somewhat faster in the presence of 5 equiv of water, but
nonenzymatic hydrolysis also occurred under these con-
ditions resulting in a lowering of the product yield in most
cases. The enantioselectivity ranged from 66 to 95% ee
and appeared to improve as the C-4 substituent increased
in size. The (S)-preferred chirality of the P-30 lipase
toward the oxazolones was deduced by comparing the
optical rotations of several of the products to those of
known N-benzoyl-L-a-amino acid methyl esters. We next
examined the enantioselective properties of the three
Pseudomonas lipases on several other 2-phenyloxazolin-
5-ones, and the results are shown in Table III. It is
interesting to note that all three lipases behaved similarly
toward the two substrates (entries 8 and 4, Table III), but
their actions toward 4-(p-hydroxyphenyl)-2-phenyloxazo-
lin-5-one were very different. Only the AK lipase catalyzed
the methanolysis of this substrate with good enantiose-
lectivity (75% ee), whereas lipases P-30 and K-10 catalyzed

(8) (a) Bevinakatti, H. S.; Newadkar, R. V.; Banerji, A. A. J. Chem.
Soc., Chem. Commun. 1990, 1091-1092. (b) Bevinakatti, H. S.; Banerji,
A, A; Newadkar, R. V.; Mokashi, A. A. Tetrahedron Asymmetry 1992,
3, 1505-1508.

(9) Xie, Z. F. Tetrahedron Asymimetry 1991, 2, 733-750.
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Table IIl. Asymmetric Methanolysis of 4-Substituted
2-Phenyloxazolin-5-ones Catalyzed by Bacterial Lipases

R‘\ (0 H, R
4 Lipase , 5 equiv. MeOH /ﬁ\ WP oM
N0 t-BuOMe, 50° C Ph N
2 H &

Ph
(%) S

time yield [alp ee
R lipase th) (%) (CHCly) (%) conf.
Me AK 69 176 0.6 R
AK (5 equiv of Hy0) 15 46 +50 18 S
P-30 23 91 -36 59 R
P-30 (5equivof H,0) 38 39 +18 50 S
K-10 69 80 -22 13 R
K-10 (5 equivof H;0) 86 50 -39 15 R
p-OHPh AK 76 52 +726 75 S
P-30 112 32 +1777 18 8
K-10 88 22 +4.8 5 8
p-OHPhCH; AK 16 39 +520 61 S
P-30 66 40 +60.1 71¢ S
K-10 97 57 +585 69 S
PhCH.,SCH, AK 15 69 -63 79 S
P-30 23 64 -64 80 S
K-10 23 61 -96 90 S

@ The ee value is determined as the p-methoxyphenyl derivative.

Table IV. Enzymatic Enantioselective Methanolysis of
2-Substituted 4-Benzyloxazolin-5-ones

o . Ph
PhH . . ,
4 L , . @
ipase , S equiv.MeOH )1 3 OMe
+-BuOMe, 50° C R, N
H o]

2

R,
Ry  enzyme time(h) [a]l (CHCls,c =1) yield (%) ee (%)
p-CIPh  P-30 23 +74.9 73 75
K-10 72 +74.8 78 76
CF; P-30 73 +30.9 31 39
AK 88 +28.7 58 30
CH; P-30 24 +18.4 52 20

the solvolysis of this substrate slowly with poor enantio-
selectivity. Forthesubstrate 4-methyl-2-phenyloxazolin-
5-one, it is interesting to note that in the presence of 5
equiv of water both lipases P-30 and AK preferentially
catalyzed the methanolysis of the (S)-enantiomer. How-
ever, in the absence of exogenous water, the enzymes
changed their preferred chirality to (R) suggesting a
significant change in enzyme conformation in different
microenvironments. On the other hand, the lipase K-10
retained its (R)-stereochemical preference in either envi-
ronment. These results demonstrate the dissimilarity of
the stereochemical behavior of these bacterial lipases.

In an attempt to further enhance the enantioselectivity
of these enzymes, we decided to change the substituent
atthe C-2 position. For this purpose, we synthesized three
substrates and exposed them to the action of the bacterial
lipases (Table IV). Unfortunately, no improvement in
enantioselectivity was observed. While the enantioselec-
tivity of the 2-(4-chlorophenyl)oxazolin-5-one is very
similar to that of 2-phenyloxazolin-5-one, the enantiose-
lectivity for the methanolysis of 2-methyl- and 2-(trifluo-
romethyl)oxazolin-5-one were relatively low for the lipases.
However, the (S)-preferred chirality for all the lipases was
retained (Table IV).

Kinetic Resolution of N-Benzoylamino Acid Methyl
Esters. While the Pseudomonas lipases possess broad
substrate specificities, their enantioselectivities toward
various 5(4H)-oxazolone derivatives varied from 66 t0 95 %
ee, depending on the C-4 substituent. In our estimation,
it would be difficult to find a single enzyme that could
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catalyze the cleavage of all 5(4H)-oxazolones with a high
degree of enantioselectivity (e.g.,>95% ee). Consequently,
we felt that it would be more convenient to couple the
asymmetric solvolysis to a second enzymatic kinetic
resolution step to prepare N-benzoyl-L-a-amino acids of
high optical purity.

With this objective in mind, our next task was to find
a suitable enzyme that has high enantioselectivity in
cleaving the methyl ester of BC, the product of the lipase-

Rl}_ (o] H, Hl.,/(ﬂ\
; OCH / OH
N 5 Enzyme 1 R 3 Enzyme 2 Ry
Y HN._ _Ph HN
ph hig il
A B.C D

catalyzed asymmetric cleavage of 5(4H)-oxazolones (A).
Although the P-30 lipase is capable of catalyzing the
cleavage of the methyl ester of BC in aqueous medium,
the reaction rate was too low to be of use. Hence, we
turned our attention to the use of proteases for this kinetic
resolution. The results in Table V clearly show that two
proteases were uniquely suited to catalyze this hydrolytic
reaction with a high degree of enantioselectivity (E =
>100). Both small and larger amino acid side chains (R;)
were accommodated by the commercially available en-
zymes, prozyme 6 and protease N. This finding allows
one to couple the two reactions for the preparation of
virtually any amino acid, natural or unnatural, in high
enantiomeric excess and in greater than 50% yield.
Enzymatic Asymmetric Cleavage of 5(4 H)-Thiaz-
olin-5-ones. Coletti-Previero et al.1 first examined the
enzymatic cleavage of 5(4H)-thiazolin-5-one using the
enzyme chymotrypsin. Although these investigators
claimed that the hydrolysis was enantioselective, unfor-
tunately, the optical purity of the product was not given.
This observation aroused our interest in reexamining the
enzymatic asymmetric hydrolysis of 5(4H)-thiazolin-5-
ones. Our initial experiment was conducted in 0.2 M
phosphate buffer, pH 6.8, using several 4-substituted
2-phenylthiazolin-5-ones as model substrates. Theresults
in Table VI show that the reaction rates were very slow,
even though a stoichiometric quantity of chymotrypsin
was used. After 8 days, the yield of the products for two
of the substrates were less than 30% and the products
were found to be racemic. While chymotrypsin cleaved
4-benzyl-2-phenylthiazolin-5-one with a moderate degree
of enantioselectivity, the reaction rate was very slow. On
the other hand, for 4-[(methylthio)ethyl]-2-phenylthia-
zolin-5-one, the rate of enzymatic hydrolysis was consid-
erably faster, and the optical purity of the product was
found to be greater than 90% ee. We then examined a
variety of proteases with a view to finding one that is more
suitable for catalyzing the asymmetric hydrolysis of
4-substituted 2-phenylthiazolin-5-ones. From our initial
experiments, it appears that the most suitable enzymes
arethe proteases, prozyme 6 and 2A and N. We, therefore,
examined the asymmetric hydrolyses of a variety of
4-substituted 2-phenylthiazolin-5-ones using these pro-
teases. The results in Table VII show that both enzymes
(prozyme 6 and protease 2A) have an (S)-stereochemical
preference on all substrates examined. The reaction rate
was slow but may be improved by the addition of 10%
CH;CN to the medium; the optical purity of the product

(10) Coletti-Previero, M. A.; Kraicsovits, F.; Previero, A. FEBS Lett.
1978, 37, 93-96.
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Table V. Protease-Catalyzed Kinetic Resolution of N-Benzoylamino Acid Methyl Esters
H H, H
OCH, Protesse /'(ﬂ\ OH o OCH,3
Ran, e Phosphste buffer Ml om Y Mplom
pH=68
Y Y
® ®)
substrate (rem) product
Ry enzyme time (h) yield (%) ee (%) yield (%) ee (%) convsn (%) E
Me prozyme 6 6 42 95 43 85 52 45
protease N 6 43 95 40 95 50 >100
Me:CH prozyme 6 6 41 95 43 95 50 >100
protease N 6 42 95 39 95 50 >100
PhCH, prozyme 6 30 31 100 44 100 50 >100
protease N 21 43 100 37 100 50 >100
Table VI. Asymmetric Hydrolysis of 4-Substituted product. However, in some cases, the rate of racemization

2-Phenylthiazolin-5-ones Catalyzed by a-Chymotrypsin

R 0
. H, ,R
4 o~chymotrypsin - /ﬂ\ ‘, oH
NY 0.2M phosphate buffer Ph N
2 pH 7.5;25°C H 0
Ph
[«] (MeOH,
R time (h) c=1) yield (%) ee(%) conf.
Me 192 12 racemic
MeSCH:CH: 60 +48.2 97 94 S
PhCH; 192 +141.4 32 80 S
H>NCOCH; 48 30 racemic

was excellent. Since N-(benzoylthio)amino acid esters
racemize under strong acidic conditions, they may be first
converted into the corresponding N-benzoyl derivatives
without racemization using Boudet’s method!! and then
cleaved.!’

In an attempt to further improve the enzymatic reaction
rate, we prepared several 4-substituted 2-methylthiazolin-
5-one derivatives to determine whether the smaller sub-
stituent at C-2 is beneficial or not. The results in Table
VIII show that indeed the reaction rate was markedly
improved but the enantioselectivity of ring cleavage was
not as high as in the 2-phenyl series. In all cases, the
enzymes retained an (S)-stereochemical preference.

Discussion

For the past 2 years, our efforts have been devoted to
the development of a general enzymatic asymmetric
synthesis of a-amino acids. To date, most of the L-a-
amino acids are prepared by fermentation or by enzymatic
kinetic resolution processes.!? As far as enzymatic asym-
metric syntheses are concerned, most of these are tailored
for a particular a-amino acid, the exception being the
asymmetric hydrolysis of hydantoins using bacterial
enzymes.!? Although several types of hydantoinases have
been discovered, their substrate specificities are only
moderately relaxed. Tedious screening is often required
to find a suitable hydantoinase for a particular transfor-
mation.

The hydantoins are interesting substrates for asym-
metric induction studies. Depending on the substituent,
the C-4 proton may undergo ready enolization so that in
principle 100% of the substrate is convertible into the

(11) Boudet, R. Bull. Soc. Chim. Fr. 1951, 846-853.

(12) Schmidt-Kastner, G.; Egerer, P. In Biotechnology; Relm, H. J.,
Reed, G., Eds.; Verlag Chemie: Weinheimer, Deerfield Beach, FL, Basel,
1984; Vol. 6A, pp 387-421.

(13) Syldatk, C.; Laufer, A.; Miiller, R.; Hoke, H. Adv. Biochem. Eng.
1990, 41, 29-75.

of different hydantoins may differ by at least 3 orders of
magnitude, and aracemase is often required to bring about
this equilibration.!4 Although several types of D- and
L-hydantoinases are known, these processes have not
attained the versatility suitable for industrial utilization
except the processes for the preparation of D-phenylglycine
and D-hydroxyphenylglycine.!?

Initially, we looked into the possibility of utilizing
commercially available lipases to asymmetrically cleave
several hydantoins (R = propyl, Ph) in aqueous and
nonaqueous media. Unfortunately, none of the lipases
tested were capable of catalyzing this ring-opening reac-
tion, a finding that is consistent with the general notion
that lipases are sluggish toward the cleavage of amide
bonds. For this reason, we turned our attention to the use
of 5(4H)-oxazolones as substrate for lipase-catalyzed
asymmetric induction. Our results clearly demonstrate
the feasibility of conducting asymmetric hydrolysis of
5(4H)-oxazolones in aqueous buffer at pH 7.6, but the
enantioselectivity of the enzyme-catalyzed ring opening
depends markedly on the size of the C-4 substituent. By
far the best substrate was when the C-4 substituent was
benzyl for both lipases, AP and PL, to furnish D- and L-N-
benzoylphenylalanine of high enantiomeric purity, re-
spectively.

The bacterial lipases have very broad substrate spec-
ificities, and moreover, the Pseudomonas lipases, such as
AK and P-30, are remarkably stable in nonpolar organic
solvents when the water content is low. However, a layer
of core water (2-3%) is needed to maintain the structural
integrity and catalytically active conformation(s) of li-
pases.!® Since our objective has been the development of
a general asymmetric synthesis of natural and unnatural
a-amino acids, it seemed fitting to take advantage of the
unique properties of the Pseudomonas P-30 lipase by
conducting the asymmetric cleavage of oxazolones in
organic solvents. In such a microenvironment, nonenzy-
matic hydrolysis proceeds very slowly but the rate of
enolization of the C-4 proton is sufficiently rapid® so that
100% of the substrate is convertible into product. When
water was used as the nucleophile in nonaqueous medium,
the rate of ring fission was too slow to be useful. However,
the chemoselectivity and reaction rate of the lipase-
catalyzed reaction in nonaqueous media can often be

(14) Bommarius, A. S.; Kottenhahn, M.; Klenk, H.; Drauz, K. In
Microbial Reagentsin Organic Synthesis; Servi, S.,Ed. NATO ASI Series;
Kluwer Academic: Dordrecht/Boston/London, 1992; Vol. 381, pp 161~
174.

(16) Zaks, A.; Klibanov, A. M. J. Biol. Chem. 1988, 263, 3194-3201.



3256 J. Org. Chem., Vol. 58, No. 12, 1993

Crich et al.

Table VII. Enantioselective Hydrolysis of 4-Substituted 2-Phenylthiazolin-5-ones Catalyzed by Proteases

R 0
4 Protease /ﬁ\
N 0.2M phosphate buffer /g(
2 pH75;25°C
Ph
R enzyme cosolvent, CHsCN (v/v) time (h) [a] MeOH, ¢ =1) yield (%) ee (%) conf.

Me prozyme 6 0 7 ~0 67 90
protease 2A 0 96 -1 25 >95 S
Me;CH prozyme 6 10% 120 +21.3 39 94 S
0 120 +36.7 49 94 S
protease 2A 10% 156 +13.0 14 81 S
0 156 +15.7 29 98 S
Me:CHCH, prozyme 6 10% 88 +57.9 78 97 S
0 120 +58.1 59 96 S
protease 2A 10% 115 +47.1 61 95 S
0 192 +41.1 49 96 S
MeSCH:CH, prozyme 6 10% 12 +54.3 94 98 S
0 48 +51.6 91 94 S
protease 2A 10% 24 +48.4 90 96 S
0 60 +50.4 91 96 S
MeCH;CH:CH. prozyme 6 10% 41 +34.2 86 99 S
0 144 +34.6 85 93 S
protease 2A 10% 110 +38.3 67 98 S
0 240 +25.3 36 90 S
PhCH, prozyme 6 0 192 +100 30 78 S
H;NCOCH; prozyme 6 0 17 +60.5 98 57 S

Table VIII. Asymmetric Hydrolysis of 4-Substituted
2-Methylthiazolin-5-ones Catalyzed by Proteases

R o $ H R
4N Protease )J\ }g]/OH
0.2M phosphate buffer Me N
Y pH7.5;25°C H o
Me
cosolvent, [a]

CH3sCN time (CHCl;, yield ee
R enzyme w/v) ) c=1) &%) %)

Me prozyme 6 10% 19 -1.5 50 58
protease N 10% 19 -1.1 37 47

MeCH prozyme 6 10% 19 ~Q 79 0
protease 2A 10% 19 +32 72 24

Me.CHCH; prozyme6 10% 4 +09 90 82
0 45 +0.8 92 77

protease 2A 0 45 +08 84 67

0 45 +09 90 83

PhCH. 10% 6 +1505 84 72
prozyme6 10% DMF 6 +1336 90 66

0 22 +1258 98 64

protease N 0 47 +1124 87 60

protease 2A 0 78 +1068 76 53

altered by the use of different nucleophiles.'® We have
found that when methanol was used as the nucleophile
methanolysis of oxazolones proceeded at a useful rate to
furnish methyl esters of N-benzoyl-L-a-amino acids. The
optical purity of the products ranged from 66 to 98% ee.

As the likelihood of finding a single enzyme to accom-
plish the enantioselective cleavage of all different types
of oxazolones with high degrees of enantiocontrol appeared
rather remote, we decided to use an alternative strategy

H,,
PhCH, oH
HN._ _Ph
. ® o
buffer

lyield m 82%, ee > 95%:

8 ®) O
e

(16) Brieva, R.; Crich, J. Z.; Sih, C. J. J. Org. Chem. 1993, 58, 1068-
1075.

to overcome this problem. While the substrate specificity
of the Pseudomonas lipases, such as P-30, is broad, the
enantioselectivity in most cases needs to be improved.
This may be readily achieved by the use of a second enzyme
to effect a kinetic resolution of the enriched product. We
have found two proteases that are capable of catalyzing
the enantioselective hydrolysis of the methyl ester (BC)
with E values of >100, leading to enantiopure L-N-benzoyl-
a-amino acids (D). Inturn, the N-benzoyl function may
be chemically cleaved without racemization under acidic
conditions (6 N HC]).!”

This type of synergistic coupling of an enantioselective
reaction (B, > kj) with a subsequent kinetic resolution
(k3 > ky) leads to a marked enhancement in the enanti-
omeric purity. This concept has been extensively em-
ployed in enzymatic and non-enzymatic asymmetric
syntheses.!8

M/’B'\kz‘
A D
&c—/k“l

The relationship between the enantiomeric excess of
the product of lipase-catalyzed methanolysis, ee, = (B —
C)/(B + C), and the enantiomeric purity of the final
N-benzoyl-L-a-amino acids and the E value of the protease
(E = 100) is governed by the following equation,!® where
c is the extent of conversion of protease-catalyzed methyl
ester hydrolysis. A plot of this equation gives a useful

[-GR)] =[G o

theoretical curve (Figure 1), which relates the variables

Lipase P-30: k; >k,

Prozyme 6; ky>>k,

(17) Dunn, M. S,; Stoddard, M. P.; Rubin, L. B.; Bovie, R. C. J. Biol.
Chem. 1948, 151, 241—258

(18) (a) Wang, Y. F.; Chen, C. S.; Girdaukas, G.; Sih, C. J. J. Am.
Chem. Soc. 1984, 106, 3695—3696. (b) Dokuzokié, Z.; Roberts, N. K.;
Sawyer, J. F.; Whelan, J.; Bosnich, B. J. Am. Chem. Soc. 1988, 108, 2034—
2039. (c) Schreiber, S. L.; Schreiber, T. S.; Smith, D. B. J. Am. Chem.
Soc. 1987, 109, 1525-1589.

(19) Chen, C. 8,; Fyujimoto, Y.; Girdaukas, G.; Sih, C. J. J. Am. Chem.
Soc. 1982, 104, 7294-7299.



Asymmetric Synthesis of a-Amino Acids

™o 100 -
o E
o
| S 1
w 3
@ 80
o
S
M :
= 60
o 3
o—
b ]
g 40 3
o
o
-‘E ]
g 207
& 3
e3]
N 0 FFrrrrrer LARARARM LARSARARAN LARARARRAM T 1

0 20 40 60 80 100
% Conversion

Figure 1. Plot relating the initial percent enantiomeric excess
(ee,), the percent conversion (c), and the final enantiomeric excess
(ee’), fixed at 98 % for the enzyme with an enantiomeric ratio (E)
0f 100. The figure was computer generated from eq 1 by equating
¢ and ee, to a function of x for values 0 < x < 1, with ee’ fixed
at 0.98; ¢ = [100(1 — x)(1 — x1%)]/(100 — 99x - x1%); and ee, = (98
- 99x + x19)/(100 - 99x — x1%9),

ee, and ¢ for fixed values of ee’ (set at 98%) and E = 100.
For example, let us assume that the product of lipase-
catalyzed solvolysis of oxazolone affords an antipodal
mixture with an ee, of 0.70, which is then subjected to
enantioselective hydrolysis by a protease (E = 100). To
secure the N-benzoyl-L-a-amino acid with an ee’ of 298%,
it is necessary to stop the reaction when ¢ < 0.856.
Equation 1 is general, and plots may be obtained to relate
different values of ee,, ee’, E, and ¢. This synergistic
deployment of two enzymes allows the ready preparation
of virtually all L-a¢-amino acids of high enantiopurity in
yields greater than 50%, which is an inherent advantage
over conventional resolution procedures.

As far as the asymmetric hydrolysis of thiazolin-5-ones
is concerned, the two proteases, prozyme 6 and 2A, are
uniquely suited for this transformation. These enzymes
are superior to chymotrypsin in terms of reaction rates
and enantioselectivity on most 4-substituted 2-phenyl-
thiazolin-5-ones, especially those bearing small C-4 sub-
stituents such as 4-methyl-2-phenylthiazolin-5-one (Table
VII). Hence, this finding nicely complements the P-30
lipase-catalyzed asymmetric solvolysis of 4-substituted
2-phenyloxazolin-5-ones, which prefers larger C-4 sub-
stituents.

Experimental Section

Materials. The following lipases were purchased from the
Amano Co.: Pseudomonas cepacia (P-30), Pseudomonas sp. (AK
and K-10), and A. niger (AP). Porcine pancreatic lipase
(Fermlipase PL) was a product of Genencor. Proteases prozyme
6, N, and 2A were purchased from the Amano Co. a-Chymot-
rypsin was a product of Sigma Chemical Co. All other chemicals
and solvents were of the highest quality grade available and were
purchased from Aldrich Chemical Co. or Sigma Chemical Co.

The substrates, 5(4H)-oxazolin-5-one® and 5(4H)-thiazolin-
5-one derivatives,?! were synthesized by standard methods.

(20) (a) Lohmer, R.; Steglich, W. Chem. Ber. 1980, 113, 3706-3715.
(b) Weygand, F.; Steglich, W.; Tanner, H. Liebigs Ann. Chem. 1962, 658,
128-150. (c) Carter, H. E. Org. React. 1946, 3, 198-239.

(21) (a) Kjaer, A. Acta Chem. Scand. 1950, 4,1347-1350. (b) Stolowitz,
M. L.; Paape, B. A; Dixit, V. M. Anal. Biochem. 1989, 181, 113-119. (c)
Barrett, G. C.; Khokhar, A. R. J. Chem. Soc. C 1969, 1117-1119.
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Thin-layer chromatography (TLC) was performed on glass
plates coated with a 0.25-mm layer of silica gel. Flash column
chromatography was performed with silica gel (40 um). All
solvents were glass distilled prior to use. All combined organic
extracts were dried over MgSO,, filtered, and evaporated to
dryness under reduced pressure. For the determination of
enantiomeric excess (ee), the methyl ester group was analyzed
by 'H NMR (CDCl;) in the presence of the chiral shift reagent,
Eu(hfc)s. All products (amino acids) were first converted into
their methyl esters and then analyzed as above. The absolute
configurations of the N-benzoyl-L-amino acid methyl esters and
N-benzoyl-L-amino acids obtained from the enzymatic reactions
were established by comparison of their optical rotations to the
corresponding known derivatives prepared from L-amino acids.
All yields reported herein are isolated yields.

Enantioselective Hydrolysis of 4-Substituted a-Pheny-
loxazolin-5-ones in Aqueous Buffer. General Procedure.
To a suspension of either lipase (AP) or lipase (PL) (50 mg) in
2 mL of 0.2 M phosphate buffer, pH 7.5, was added 50 mg of a
4-substituted 2-phenyloxazolin-5-one. The reaction mixture was
stirred with a magnetic stirrer for the indicated times at 25 °C
until the reaction was complete. After acidification of the mixture
(2 N HCl), the contents were extracted exhaustively with ethyl
acetate three times. The residue was chromatographed over a
silica gel column (1 X 10 ¢cm), and the column was eluted with
a solvent mixture consisting of CHCls-methanol (98:2 to 95:5)
to yield the product, N-benzoylamino acids. The results are
tabulated in Table I.

Enantioselective Methanolysis of 5(4H)-Oxazolone De-
rivatives in Organic Solvent. General Procedure. To a
solution of 50 mg of racemic substrate in 2 mL of tert-butyl
methyl ether containing 5 equiv of methanol (in some cases 5
equiv water was present) was added 50 mg of a crude lipase. The
mixture was incubated at 50 °C until complete conversion was
achieved. The progress of the reaction was monitored by TLC
using the solvent system ethyl acetate—hexanes (this solvent ratio
varies depending on R; and Ry, e.g., R value is 0.60 for
N-benzoylphenylalanine methyl ester using 1:1 ethyl acetate/
hexanes as the mobile phase). The crude lipase was separated
from the reaction mixture by filtration and then washed with
ethyl acetate. The product was purified by silica gel flash
chromatography (e.g., 4:1 hexanes/ethyl acetate for N-benzoy-
lamino acid methyl ester, this ratio varies with different Ry).

The results of the enantioselective methanolyses are summa-
rized in Tables II-IV.

Kinetic Resolution of N-Benzoylamino Acid Methyl
Esters. General Procedure, To 50 mg of a (x)-N-benzoy-
lamino acid methyl ester, suspended in 4 mL of 0.2 M phosphate
buffer (pH 6.8), was added 50 mg of a crude protease (prozyme
6 or protease N), and the mixture was stirred vigorously with a
magneticstirrer at 25 °C until approximately 50 % of the substrate
was transformed into product (monitored by TLC). Thereaction
was terminated by the addition of saturated NaHCO; and
extracted with ethyl acetate (3 X 20 mL). Evaporation of the
organic extract to dryness afforded the remaining N-benzoyl-
D-amino acid methyl ester. The aqueous phase was acidified to
pH 2 with 3 N HCl and extracted with ethyl acetate (3 X 20 mL).
The organic extract was evaporated to yield the product
N-benzoyl-L-a-amino acid. The results are tabulated in Table
V.

Enantioselective Solvolysis Followed by Kinetic Reso-
lution Procedure. The reaction mixture contained 250 mg of
(#£)-4-benzyl-2-phenyloxazolin-5-one and 250 mg of crude lipase
P-30 in 20 mL of tert-butyl methyl ether. The mixture was
incubated at 50 °C for 48 h. The lipase P-30 was separated from
the reaction mixture by filtration and washed with ethyl acetate.
The combined organic layer was concentrated to dryness under
reduced pressure to yield 280 mg of N-benzoyl-L-phenylalanine
methyl ester (99% yield; 65% ee).

A suspension of 280 mg of the above residue and 280 mg of
crude prozyme 6 in 20 mL of 0.2 M phosphate buffer (pH 6.8)
was stirred vigorously at room temperature for 43h. Thereaction
mixture was terminated by the addition of saturated NaHCOj3
solution and then extracted with ethyl acetate (3 X 30 mL).
Concentration of the combined organic layers gave the remaining
substrate, 43 mg (15.3%). The aqueous phase was acidified to
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pH 2 with 3 N HCl and extracted with ethyl acetate (3 X 30 mL).
The combined organic layers were concentrated to dryness to
give 220 mg of N-benzoyl-L-phenylalanine (82%) (ee > 95%),
82.1%, [a)®*p = -30° (¢ 1.0, MeOH).

Enantioselective Hydrolysis of (%)-4-Benzyl-2-phenyl-
thiazolin-5-one in Aqueous Buffer. To 52 mg of racemic (+)-
4-benzyl-2-phenylthiazolin-5-one (0.2 mM) suspended in 4 mL
of 0.2 M phosphate buffer (pH 6.8) was added 52 mg of a crude
enzyme (for a-chymotrypsin, 10 mg was added), and the mixture
was stirred vigorously with magnetic stirrer at 25 °C for the time
indicated in Table VI. The reaction was terminated by the
addition of saturated NaHCOj; and the mixture was then
extracted with ethyl acetate (3 X 20 mL) to remove the remaining
substrate. The aqueous layer was acidified to pH 2 with 3 N HCI
and extracted with ethyl acetate (3 X 20 mL). The residue
consisted of (+)-N-(thiobenzoyl)-L-phenylalanine. The results
are shown in Table VI.

The absolute configuration of the product was established by
comparison of their optical rotations to those known for
N-(thiobenzoyl)-L-a-amino acid derivatives, prepared by the
method of Kjaer.?s

Crich et al.

Enzymatic Asymmetric Cleavage of 5(4H)-Thiozolin-5-
ones in Aqueous Buffer. General Procedure. To a suspen-
sion consisting of 40 mg of substrate in 2 mL of 0.2 M sodium
phosphate buffer (pH 6.8) was added 40 mg of a crude protease.
The reaction mixture was stirred vigorously at room temperature
to complete conversion, monitored by TLC using the solvent
system ethyl acetate—hexanes (1:1). When acetonitrile (10%)
was used, only 1.8 mL of 0.2 M sodium phosphate buffer and 0.2
mL of acetonitrile wereadded. Theisolation and characterization
procedures are the same as described above. The results are
shown in Tables VII and VIII.
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