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Abstract: Lipase B from Candida antarctica (CAL-B)
catalyzes the slow, but highly enantioselective
(E�200), ring-opening alcoholysis of two bicyclic
and two 4-aryl-substituted �-lactams. Surprisingly, the
rate of the reaction varies with the nature of the
alcohols and was fastest with either enantiomer of 2-
octanol. A 0.5-g scale reaction with 2-octanol as the
nucleophile in diisopropyl ether at 60 �C yielded the
unreacted �-lactam in 39 ± 46% yield (maximum yield
is 50%) with � 96% ee. The product �-amino acid
esters reacted further by polymerization (not isolated
or characterized) or by hydrolysis due to small
amounts of water in the reaction mixture yielding �-
amino acids (7 ± 11% yield, � 96% ee). The favored
enantiomer of all four �-lactams had similar 3-D
orientation of substituents, as did most previously

reported �-lactams and �-lactones in similar ring-
opening reactions. Computer modeling of the ring
opening of 4-phenylazetidin-2-one suggests that the
reaction proceeds via an unusual substrate-assisted
transition state, where the substrate alcohol bridges
between the catalytic histidine and the nitrogen of the
�-lactam. Computer modeling also suggested that the
molecular basis for the high enantioselectivity is a
severe steric clash between Ile189 in CAL-B and the
phenyl substituent on the slow-reacting enantiomer of
the �-lactam.

Keywords: �-amino acids; Candida antarctica; enan-
tioselectivity; enzyme catalysis; �-lactam ring open-
ing; lipase B; molecular modeling

Introduction

�-Lactams, key structures in �-lactam antibiotics, are
also important synthetic intermediates for �-amino
acids,[1] short peptide segments,[2] natural products,[3]

and heterocycles.[4] For this reason, many researchers
are searching for good enantioselective routes to �-
lactams.[5] Although lipase-catalyzed reactions are often
a good enantioselective route to many chiral intermedi-
ates,[6] lipases and esterases do not usually catalyze the
ring opening of the �-lactams. In contrast, �-lactams and
�-lactones inhibit serine hydrolases by forming a stable
acyl-enzyme intermediate. The natural protein target of
�-lactam antibiotics is the serine in transpeptidase and
possibly other penicillin-binding proteins, which cata-
lyze the last step in bacterial cell wall biosynthesis.
Similarly, medicinal chemists used �-lactams as mech-
anism-based inhibitors of serine proteases[7] and �-
lactones asmechanism-based inhibitors of lipases,which
also have a nucleophilic serine.[8]

However, researchers can use lipase-catalyzed enan-
tioselective reactions with pendant groups to resolve �-
lactams. For example, lipase fromPseudomonas cepacia

catalyzes the highly enantioselective acylation of theN-
hydroxymethylated �-lactams even though the reaction
site (the hydroxy group) is far from the stereocenter,
Eq. (1).[9,10] In a related approach, Achilles et al. re-
solved �-lactams by chymotrypsin-catalyzed hydrolysis
of the ester in a pendant N-CH2COOEt group.[11]

�1�

In spite the ability of �-lactams to inhibit some serine
hydrolases, three groups reported lipase- or esterase-
catalyzed ring opening of �-lactams. Jones and Page
reported the ring opening of the �-lactam in benzylpe-
nicillin catalyzed by pig liver esterase.[12] Sih×s group
reported the enantioselective ring opening of an N-
benzoyllactam catalyzed by lipase from Pseudomonas
cepacia.[13] The N-benzoyl group is unusual in that it
even further activates the strained �-lactam ring by
increasing the leaving groupability of the nitrogen of the
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�-lactam. Adam et al. recently reported the direct ring
opening of �-methylene-�-lactams by lipase B from
Candida antarctica. The reactions were slow, but highly
enantioselective (E usually� 100).[14] This �-lactam ring
is unusual due to the �-methylene group, which
increases ring strain, flattens the conformation of the
ring and withdraws electrons from the carbonyl group.
Although most esterases and lipases do not cleave �-

lactams, �-lactamases do cleave them efficiently using
either a zinc hydrolase mechanism (class B �-lactamas-
es) or modified serine hydrolase mechanisms (class A,
C, and D �-lactamases). Even though both serine
esterases/lipases and serine �-lactamases have a serine
as the nucleophile, their protein folds and catalytic
machinery differ.[15] Two �-lactamases showed no enan-
tioselectivity in the hydrolysis of an N-benzoyl-�-
lactam.[18]

In this paper, we report a similar enantioselective ring
opening of �-lactams, but for the unstrained normal �-
lactams: the bicyclic (� )-1 and (� )-2 and 4-aryl-
substituted �-lactams (� )-3 and (� )-4, Scheme 1.
Ring opening yields the ring-opened �-amino acids
1a ± 4a and unreacted �-lactam enantiomers 1 ± 4.
Change of nucleophiles, alcohols, causes dramatic
changes in reaction rate. We used modeling to propose
a possible transition state for this unusual reaction and
propose a molecular basis for the enantioselectivity.

Results

CAL-B-Catalyzed Ring Opening of �-Lactams

1,2-Dipolar cycloaddition of chlorosulfonyl isocyanate
to 1,3- and 1,4-cyclohexadiene, styrene, and 4-methyl-
styrene yielded the bicyclic �-lactams (� )-1 and (� )-2
and the 4-aryl-substituted �-lactams (� )-3 and (� )-4,
Scheme 2.[16] Initial screening of commercial lipases,

esterases and proteases for their ability to catalyze
hydrolysis of (� )-1 revealed several that catalyzed the
hydrolysis, but with low enantioselectivity.[17] The most
promising hydrolase was lipase B from Candida antarc-
tica (Novozym 435, CAL-B) since it was slightly
enantioselective (E� 5, Table 1, row 1). For four
bicyclic �-lactams similar to (� )-1 and (� )-2, changing
the solvent fromwater to diisopropyl ether dramatically
increased the enantioselectivity (E�200), but the re-
actions were very slow.[18]

However, upon changing fromahydrolysis reaction to
an alcoholysis reaction, we could increase the reaction
rate depending on the nature of the alcohol. Although
ethanol as the nucleophile showed only 2% conversion
under the standard reaction conditions, replacing etha-
nol with longer chain alcohols (heptanol and dodecanol
[rows 3 and 4]), 2,2,2-trichloroethanol (row 5) or tert-
butyl alcohol (row 6) increased the conversion to 14 ±
31%whilemaintaining high enantioselectivity (E� 45).
Some secondary alcohols [2-octanol and 1-phenyl-1-
ethanol (rows 8 and 9)] showed even higher conversions
(20 ± 34%) while maintaining high enantioselectivity
(E� 40). However, reactions with isopropyl alcohol
(row 7) showed only 3% conversion under these
conditions. Two halogenated secondary alcohols (rows
10 and 11) showed low enantioselectivity (E� 1), while
no reaction occurred with phenol (row 12). We con-
cluded that 2-octanol showed the best combination of
enantioselectivity and reaction rate (row 8). Later
experiments in diisopropyl ether as the solvent showed
that either enantiomer 2-octanol gave the same con-
version and enantioselectivity as racemic 2-octanol
(rows 16 ± 18). Consistent with the important role of
the alcohol on the reaction rate, the reaction rate
decreased if the reaction mixture contained less alcohol
(data not shown.).
Next we optimized the solvent. The CAL-B-catalyzed

alcoholysis of (� )-1 with 2-octanol was very slow when
toluene was replaced by acetonitrile, tetrahydrofuran or
dichloromethane (1 ± 2%conversion after 24 h; data not
shown), but the conversion was marginally higher in
diisopropyl ether (row 8 vs. 13) andwe chose to continue

Scheme 1. Enantioselective ring opening of �-lactams yields a
�-amino acid and unreacted �-lactam. The initial product
may be the �-amino acid ester, but this ester hydrolyzes to
the acid under the reaction conditions. The structures show
the fast reacting enantiomers.

Scheme 2. Synthesis of racemic �-lactams.
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our studies in diisopropyl ether. Although Parker et al.
reported faster CAL-B-catalyzed ring opening of 4-
substitued oxazol-5(4H)-ones upon addition of triethyl-
amine,[19] in our reaction adding triethylamine had little
effect on conversion (rows 13 and 14).
Finally, we optimized the temperature of the reaction.

CAL-B catalyzed alcoholysis of (� )-1 with racemic 2-
octanol at 35 ± 50 �C was slower and much less enantio-
selective (Table 2, rows 1 ± 4) than at 55 ± 75 �C. The

enantioselectivity dropped again at 80 �C and we chose
60 �C as the optimum temperature. Ring opening of the
other �-lactams (� )-2 ± (� )-4 also showed excellent
enantioselectivity under these conditions.
Preparative-scale resolution (0.5 gram) of 1 ± 4 yield-

ed the unreacted �-lactams in 39 ± 46% yield (maximum
yield is 50% for a resolution) with 96 ± 99% ee, Table 3.
We used a higher ratio of lipase to substrate in the
preparative-scale resolution (50 mg cm�3 vs. 10 ± 20 mg

Table 1. Conversion and enantioselectivity of CAL-B-catalyzed ring opening of (� )-1.[a]

Row CAL-B (mg cm�3) Solvent: R×OH (15 : 1, v/v) Time (h) Conv. (%) ees[b] (%) eep[c] (%) E

1 20 H2O 72 36[d] 32 57 5
2 20 Toluene:CH3CH2OH 44 2 2 � 95 � 40
3 20 Toluene:CH3(CH2)6OH 44 14 16 � 95 � 46
4 20 Toluene:CH3(CH2)11OH 44 31 43 � 95 � 60
5 20 Toluene:Cl3CCH2OH 44 16 18 � 95 � 47
6 20 Toluene:(CH3)3COH 46 14 16 � 95 � 45
7 20 Toluene:(CH3)2CHOH 48 3 3 � 95 � 40
8 20 Toluene:CH3(CH2)5CH(CH3)OH 44 34 48 � 95 � 63
9 20 Toluene:C6H5CH(CH3)OH 46 20 24 � 95 � 49
10 20 Toluene:(ClCH2)2CHOH 44 5 1 19 � 1
11 20 Toluene:(BrCH2)(CH3CH2)CHOH 44 36 Rac Rac 1
12 20 Toluene:C6H5OH 44 No reaction
13 20 i-Pr2O:CH3(CH2)5CH(CH3)OH 44 36 53 � 95 � 66
14 30 i-Pr2O:CH3(CH2)5CH(CH3)OH�Et3N 43 39 71 � 95 � 73
15 10 i-Pr2O:CH3(CH2)5CH(CH3)OH 43 15 17 � 95 � 46
16 10 i-Pr2O:CH3(CH2)5CH(CH3)OH 40[e] 28 36 � 95 � 56
17 10 i-Pr2O:(� )-CH3(CH2)5CH(CH3)OH 40[e] 28 37 � 95 � 56
18 10 i-Pr2O:(�)-CH3(CH2)5CH(CH3)OH 40[e] 28 37 � 95 � 56

[a] 0.05 M substrate (approx. 15 mg in 2 cm3), 60 �C.
[b] ees is the enantiomeric excess of the unreacted starting �-lactam. It was measured by gas chromatography on a Chiralsil Dex

CB column.
[c] eep is the enantiomeric excess of the products. This was not measured, but calculated from the conversion and the

enantiomeric purity of the remaining starting material, which were measured by gas chromatography.
[d] Determined by 1H NMR.
[e] At 70 �C.

Table 2. Optimum temperatures for the CAL-B-catalyzed ring opening of (� )-1 ± (� )-4 by racemic 2-octanol.[a]

Row Compound Temp. (�C) ees (%) eep (%) conv. (%) E

1 (� )-1 7 ± 8 No reaction
2 (� )-1 35 5 � 48 � 9 � 3
3 (� )-1 40 7 � 55 � 11 � 4
4 (� )-1 50 18 � 72 � 20 � 7
5 (� )-1 55 20 � 99 17 � 200
6 (� )-1 60 40 � 99 29 � 200
7 (� )-1 70 67 � 99 40 � 200
8 (� )-1 75 72 � 99 42 � 200
9 (� )-1 80 88 � 70 � 56 � 16
10 (� )-2 60 82 � 95 46 � 100
11 (� )-3 60 96 � 95 50 � 154
12 (� )-4 60 83 � 95 47 � 102

[a] Conversion (conv) and enantiomeric excess of the starting �-lactam (ees) were measured by GC after 24 h. The
enantiomeric excess of the products (eep) was calculated from these values. 30 mg cm�3 enzyme, substrate concentration:
0.05 M, in 2-octanol : i-Pr2O (1 : 15, v/v).
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cm�3 for the small-scale reactions) to increase the
conversion to 50% in 20 ± 48 h. We did not isolate any
�-amino acid octyl esters because they further poly-
merized (polymer not characterized) or hydrolyzed to
the �-amino acids under the reaction conditions. We
isolated the�-amino acidswith high enantiomeric purity
(96 ± 99% ee), but low yield (7 ± 11%). The small
amounts of water needed for the hydrolysis may have
come fromeither the enzymepreparation or the solvent.
The absolute configurations of the fast-reacting

enantiomers were (1R,6S) for 1 and 2 and (R) for 3
and 4 as shown in Scheme 1. We established these
configurations by comparing the specific rotations of the
slow-reacting enantiomers with those reported in the
literature, Table 3 and Experimental Section. The fast-
reacting enantiomers have a similar shape in all four
cases. The substituent at the stereocenter next to the
nitrogen (position 6 for 1 and 2, position 4 for 3 and 4)
points down in Scheme 1 in all four cases, even though
the sequence priority rules yield a 6S configuration for 1
and 2 and a 4R configuration for 3 and 4.

Molecular Modeling

To rationalize the reactivity and high enantioselectivity
of CAL-B toward these �-lactams and the critical role of
the alcohol, we used computer modeling of the ring-
opening step for �-lactam 3. The lipase-catalyzed
reaction of �-lactams presumably proceeds in two
stages, Scheme 3. First, ring opening of the �-lactam
forms an acyl enzyme intermediate and second, deacy-
lation of the enzyme yields the product ester. (This ester
may undergo subsequent polymerization or hydrolysis
by small amounts of water in the reaction medium.
Indeed, we isolated the hydrolysis product in low yield

as discussed above.) The first step involves the �-
lactams, while the second step involves themore flexible
�-amino acyl group. Since the less flexible �-lactams
would be more difficult to accommodate in the active
site, we hypothesized that enantioselectivity originates
in the ring-opening step and focused our computer
modeling on this step.
First, we identified a catalytically productive confor-

mation of (R)-3, the fast reacting enantiomer. We
modeled a phosphonate as an analogue of the tetrahe-
dral intermediate that results upon attack of the active
site serine at the carbonyl of �-lactam. We define a
catalytically productive conformation as one that main-
tains all the key hydrogen bonds required for catalysis
(see below) and avoids severe steric clashes with the
enzyme. It was difficult to find a catalytically productive
conformation for the fast reacting enantiomer of 3.
The tetrahedral intermediate for hydrolysis of (R)-

(�)-3 (fast enantiomer) is relatively rigid and can adopt
only two conformations,which differ in the pucker of the
four-membered ring, Scheme 4. (Although the �-lactam
ring is flat, upon formation of the tetrahedral inter-
mediate, the ring adopts one of two puckered butterfly
conformations.) Neither conformation contained all of

Table 3. Preparative-scale CAL-B-catalyzed ring opening[a] of (� )-1 ± (� )-4.

Time (h) Conv. (%) E �-Lactam recovered (1 ± 4) �-Amino acid produced (1a ± 4a)

Yield (%) Isomer ee[b] (%) [�]25D Yield (%) Isomer ee[c] (%) [�]25D

(� )-1 44 50 � 200 39 1S,6R 99 � 161[d] 11 1R,2S 97 � 120[e]

(� )-2 47 50 � 200 42 1S,6R 99 � 29[f] 9 1R,2S 99 � 39[g]

(� )-3 20 50 � 200 46 S 99 � 139[h] 11 R 96 � 6.8[i]

(� )-4 48 50 � 200 40 S 96 � 121.9[j] 7 R 98 � 8[k]

[a] 0.5 g substrate, 4.0 g immobilized CAL-B, 80 cm3 2-octanol:i-Pr2O (1 : 15, v/v) at 60 �C.
[b] According to GC.
[c] According to HPLC.
[d] c� 0.29; CHCl3.
[e] c� 0.27; H2O.
[f] c� 0.26; CHCl3.
[g] c� 0.5; H2O.
[h] c� 0.19; EtOH.
[i] c� 0.45; H2O.
[j] c� 0.5; EtOH.
[k] c� 0.1; H2O.

Scheme 3. The CAL-B catalyzed transesterification of �-
lactams with alcohols proceeds in two steps: ring opening of
the �-lactam followed by deacylation of the acyl enzyme
intermediate.
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the key hydrogen bonds, Table 4. For conformation 1,
the hydrogen bond between the N�HofGln106 and the
phosphonyl oxygen was weak or missing. The N�O
distance is 3.36 ä, beyond the limit for a hydrogen bond
of � 3.2 ä. More importantly, the phenyl substituent
encountered severe steric strain with Ile285. Because of
the missing hydrogen bond and the severe steric clash,
conformation 1 cannot be catalytically productive.
Conformation 2 is also unlikely to be catalytically

productive because the hydrogen bond betweenHis 224
N� ±Hand the�-lactamnitrogen isweakormissing. The
calculated N�Ndistance is 3.37 ä, also beyond the limit
of � 3.2 ä. Without this hydrogen bond, the leaving
group would be the highly basic RNH�, which is
chemically very unlikely. However, conformation 2 fits
well in the active site of CAL-B and did not encounter
any steric clashes.
However, upon adding the co-substrate 2-octanol to

the conformation-2 model, we did find a catalytically
productive conformation. The 2-octanol formed a
hydrogen-bond bridge between the His 224 N� ±H and
the �-lactam nitrogen and restored the missing hydro-

genbond (not shown).Onehydrogenbondof this bridge
was weak (3.25 ä), Table 4. This hydrogen bond
strengthened (to 3.00 ä), when the proton is transferred
from the 2-octanol (leaving the alkoxide) to the �-
lactam nitrogen creating a protonated amine, Figure 1c.
This transfer of a proton strengthened the hydrogen
bond because it created complementary charges at each
end of the hydrogen bond. Either the alcohol-bridged
structure or the alkoxide-bridged structure could be the
catalytically productive conformation of the fast-react-
ing enantiomer of 3. This complex is an example of
substrate-assisted catalysis.
Rationalizing the observed enantioselectivity was

straightforward since the slow-reacting enantiomer,
(S)-3, encountered severe steric clashes in both con-
formations. In conformation 1, the phenyl substituent of
the �-lactam clashed with Ile189 and Leu278 (on the
lower left side of the binding pocket in Figure 1), while
in conformation 2, it clashes with Ile189 and Val190
(structure shown in Figure 1b). Energy minimization of
either structure distorted the phenyl group to a non-
planar geometry. On the other hand, the fast-reacting

Table 4. Key hydrogen bonds in possible catalytically productive models of the CAL-B-catalyzed ring opening of the fast
reacting enantiomer �-lactam (R)-(�)-3.

Hydrogen
bonds[a]

H-bond distance,
ä (angle)[b]

Comments

Conformation 1 a
b
c
d
e

3.02 (1300)
3.19 (1460)
3.36 (1480)
2.73 (1570)
2.74 (1630)

H-bond −c× is weak or missing. Shows severe steric strain between
Ile285 and phenyl substituent of the �-lactam. Unlikely to be a
catalytically productive structure.

Conformation 2 a
b
c
d
e

2.81 (1270)
3.37 (1400)
2.79 (1440)
2.80 (1680)
2.74 (1750)

H-bond −b× is weak or missing.

Alcohol bridged a
b
c
d
e
f
g

2.82 (1250)
3.70 (1250)
2.82 (1470)
2.81 (1680)
2.75 (1710)
2.96 (1250)
3.25 (1360)

H-bond −b× is missing, but may not be needed because 2-octanol
forms a bridge of alternate hydrogen bonds, but H-bond −g× is weak.

Alkoxide-bridged
tautomer

a
b
c
d
e
f
g

2.81 (1260)
3.76 (1300)
2.77 (1390)
2.81 (1680)
2.74 (1730)
2.86 (1250)
3.00 (1450)

H-bond −b× is missing, but may not be needed because 2-octanol
forms a bridge of alternate hydrogen bonds. Bridging H-bonds −f×
and −g× are stronger because 2-octanol is deprotonated and the �-
lactam nitrogen is protonated.

[a] Scheme 4 defines the hydrogen bonds.
[b] Distance between non-hydrogen atoms (N�N, N�O or O�O). Distances of 2.7 ± 3.2 ä are consistent with a hydrogen bond.

Angle refers to the N�H�O or similar angle. For an ideal hydrogen bond, this angle is 180�, but angles of � 120� are
consistent with a hydrogen bond.
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Scheme 4. Line diagrams of possible catalytically productive
conformations for the ring opening of �-lactam (R)-(�)-3
(fast enantiomer) catalyzed by CAL-B showing the phos-
phonate analogues of the tetrahedral intermediates. a)
Conformation 1 orients the lactam amide towards His224.
Hydrogen bond −c× (red) between the main chain amide N�H
of Gln106 and the phosphonyl oxygen, which mimics the
oxyanion of the tetrahedral intermediate is weak or missing
in this structure. In addition, the phenyl group encounters
severe steric strain with Ile285 (not shown). b) Conformation
2 orients the amide away from His224. Hydrogen bond −b×
(red) between His 224 N� ±H and the �-lactam nitrogen is
weak or missing. c) The substrate alcohol forms a hydrogen-
bonded bridge (green) between His 224 N� ±H and the
lactam nitrogen of conformation 2. This structure shows the
alkoxide-bridged tautomer, but the alcohol-bridged structure
is the same except the hydrogen being transferred (green) is
on the oxygen of the alcohol. We propose that either the
alkoxide-bridged or the alcohol-bridged structures are the
catalytically productive conformations. (A sixth key hydro-
gen bond present in all structures is between His 224 N� ±H
and the carboxylate of Asp264. For clarity, neither this
hydrogen bond nor Asp264 are shown in the line diagrams.)

Figure 1. Proposed tetrahedral intermediate analogues of the
enantiomers of �-lactam 3. CAL-B is shown in space-filling
representation, except for Ile189, which is shown as stick
representations. The tetrahedral intermediate analogue for
the �-lactam is shown in stick representation as is the 2-
octanol in part a. a) The proposed productive conformation
for the fast-reacting enantiomer, (R)-3, corresponds to
structure c in Scheme 4. The phenyl ring points upward and
toward the reader and makes good hydrophobic interactions
with Ile189, Ala141, Thr138. b) We did not identify any
catalytically productive structures for the slow-reacting
enantiomer, (S)-3. The picture shows a non-energy mini-
mized structure of the slow enantiomer in an orientation
similar to that in part a. Upon energy minimization, the
phenyl ring distorts to an unrealistic non-planar geometry
due to severe steric clash with the side chains of Val190 and
Ile189.
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enantiomer fits well in conformation 2 as discussed
above and in Figure 1a. The phenyl ring makes favor-
able hydrophobic contacts to Ile189 (3.3 ä between
carbon atoms), Ala141 (4.0 ä) and Thr138 (3.4 ä).

Discussion

CAL-B catalyzes the highly enantioselective (E� 200)
ring opening of unactivated bicyclic and 4-aryl-substi-
tuted �-lactams in diisopropyl ether at 60 �C. Adding 2-
octanol to this reaction increased both the enantiose-
lectivity and reaction rate. We previously resolved the
same �-lactams using Pseudomonas cepacia lipase-
catalyzed butyrylation of the N-hydroxymethyl deriva-
tives.[10] Both preparative methods show high enantio-
selectivity and favor the same enantiomer. The CAL-B-
catalyzed direct ring opening avoids the addition and
removal of the N-hydroxymethyl group, but requires
more enzyme because it is slower. Also a disadvantage
was the low yield (7 ± 11%) of the ring-opened products,
the �-amino acids 1a ± 4a. We also recently reported
CAL-B-catalyzed direct ring opening of similar �-
lactams by hydrolysis,[18] but these reactions are five to
ten times slower than alcoholysis.
Our experimental results and computer modeling

suggest that this ring opening of �-lactams 1 ± 4 proceeds
through an unusual substrate-assisted transition state,
which involves a hydrogen-bondbridge.Other research-
ers also reported substrate-assisted catalysis in subtilisin
and even in the same lipase CAL-B. Carter et al.[20]

removed the catalytic histidine (His64) in subtilisin
BPN� by site-directed mutagenesis. The mutant had 105-
fold lower activity toward normal substrates, but only
ten-fold lower activity with a histidine-containing sub-
strate. Apparently the histidine in the substrate restores
the missing hydrogen bond. In another example, Mag-
nusson et al.[21] increased the enantioselectivity of CAL-
B through substrate-assisted catalysis. The side chain
hydroxy of Thr40 makes a key hydrogen bond in the
transition state. Mutation from Thr40 to Val decreased
the reaction rate dramatically. However, for ethyl 2-
hydroxypropanoate, which contained a pendant hy-
droxy group, the mutant showed increased enantiose-
lectivity (E� 1.6 to E� 22). Presumably, only one
enantiomer can restore the key hydrogen bond.
Since CAL-B also catalyzed the hydrolysis of �-

lactams,[18] a water molecule can also serve as a hydro-
gen-bond bridge. There are several well-characterized
examples of proton transfer via water bridges in
proteins[22] including a suggested bridging water in a
class A �-lactamase[23] and in penicillin G acylase.[24] In
our case the long-chain alcohols such as octanol and
dodecanol were more effective than water or short-
chain alcohols like ethanol presumably because the
longer chain alcohols bind to the active site more
strongly due to their higher hydrophobicity. Kobayashi

and coworkers also noted that addition of long-chain
alcohols (1-octanol in his case) increased the rate of ring
opening polymerization of �-butyrolactone (4-methyl-
oxetan-2-one).[25] Their increased rate may also be due
to a similar alcohol-assisted catalysis.
AlthoughCAL-B shows high enantioselectivity in the

acylationof 2-octanol and in the hydrolysis of esters of 2-
octanol, it showed no enantioselectivity toward 2-
octanol in the ring opening of �-lactams. Racemic or
either enantiomer of 2-octanol gave indistinguishable
rates of reaction. Initially, this result was surprising, but
the molecular modeling suggests a rationalization. In its
hydrogen-bond-bridging role, 2-octanol does not bind in
the same location as it does when it undergoes acylation
or hydrolysis of its esters. In this new location, both
enantiomers fit.
The favored enantiomer in the CAL-B-catalyzed ring

opening of other �-lactams and the related �-lactones
usually has a similar three-dimensional shape to the four
�-lactams in this paper, Scheme 5. As discussed above,
steric strain of the substituent with thewalls of the active
site pocket account for the enantioselectivity. The
enantioselectivity is lowest for the methyl-substituted
compound presumably because the smaller steric stain
caused by small methyl group. The isopropyl-substitut-
ed �-lactam is either an exception or a misassignment of
the absolute configuration.[26]

Although the alcohol portion of �- and �-lactones is a
secondary alcohol, the secondary alcohol rule cannot be
used here because the stereocenter lies in a different
position, Scheme 5. Indeed the molecular basis for
enantioselectivity is likely different in the two cases:
steric strain in the acyl binding pocket for �-lactones and
�-lactams, and fit of the medium substituent in the
stereospecificity pocket of the alcohols binding site for
secondary alcohols.[27] Esterases and lipases cleave
lactones much slower than the corresponding acyclic
esters, but a different class of enzymes, lactonases,[28]

efficiently cleaves lactones.

Experimental Section

General

Esterase, lipase and protease were from Fluka, Sigma, while
chemicals were from Aldrich. Solvents were of the highest
analytical grade. CAL-B immobilized on a macroporous
poly(acrylic) beads (Novozym 435) was from Novozymes A/S
(Denmark). 1H NMR spectra were run at 400 MHz in CDCl3
unless otherwise noted. Chemical shift values, �, are in ppm.
The �-lactams (� )-1 ± (� )-4 were prepared by 1,2-dipolar
cycloaddition of chlorosulfonyl isocyanate to the correspond-
ing cyclohexadiene, styrene and 4-methylstyrene.[10e,16]
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Initial Screening

Amixture of enzyme (10 mg) and racemic �-lactam (10 mg) in
potassium phosphate buffer (100 mM, pH 7, 1 cm3) was stirred
for 7 days at 25 �C. The conversion was estimated by TLC
analysis (CHCl3:MeOH:AcOH:H2O� 70 :20 :8 :2). Before
50% conversion, unreacted �-lactam was extracted with ethyl
acetate (3 cm3). The ee of the unreacted �-lactam was
determined by gas chromatography.

Typical Small-Scale Experiment

Amixture of racemic �-lactam (0.05 M solution) in an organic
solvent (2 cm3), Novozyme 435 (10 ± 75 mg cm�3), alcohol

(65 �L cm�3) and n-decane as an internal standard (1 �L) was
stirred magnetically at the selected temperature. The progress
of the reaction was followed by gas chromatography on a
Chromopak Chiralsil-Dex CB column (25 m	 0.25 mm, Rar-
itan, NJ). The enantiomeric purity of the remaining starting
material was measured directly and the conversion was
measured by comparison to the internal standard n-decane.
The enantiomeric purity of the products (ring-opened �-amino
acid derivatives) was calculated from the enantiomeric purity
of the starting material and the conversion.[29] The enantio-
meric purity of the isolated �-amino acids was determined by
HPLC on a reversed-phased (C18) column after derivatization
of the sample with (1S,2S)-1,3-diacetoxy-1-(4-nitrophenyl)-2-
propyl isothiocyanate (DANI).[30]

Preparative-Scale Resolution of 7-
Azabicyclo[4.2.0]oct-4-en-8-one (� )-1
Racemic 1 (0.500 g, 4.06 mmol) was dissolved in diisopropyl
ether (80 cm3). CAL-B (4 g, 50 mg cm�3) and 2-octanol
(5.3 cm3) were added and the mixture was shaken in an
incubator shaker at 60 �C for 44 h. The reaction was stopped by
filtering off the enzyme at 50% conversion (ee 1� 99%). The
solvent was evaporated and the residue was chromatographed
on silica eluted with ethyl acetate:hexane (7 :3) yielding
unreacted (1S,6R)-1 {0.19 g, 39%; [�]25D : � 161 (c 0.29;
CHCl3); mp 111 ± 113 �C (recrystallized from diisopropyl
ether); ee 99%}. 1H NMR: �� 1.63 ± 2.11 (4H, m, 2CH2), 3.51
(1H, m, H-1), 4.01 ± 4.04 (1H, m, H-6), 5.93 ± 6.14 (2H, m,
CHCH), 5.94 (1H, bs, NH). Anal. calcd. for C7H9NO: C 68.27,
H 7.37, N 11.37; found: C 67.99, H 7.34, N 11.28.

The filtered enzyme was washed with distilled water (5	
10 cm3), and the water was evaporated, yielding the crystalline
�-amino acid (1R,2S)-1a {65 mg, 11%; [�]25D : � 120 (c 0.27;
H2O); mp 236 ± 238 �C (recrystallized from water); lit.[10b] mp
220 ± 221 �C; ee� 97%}. 1H NMR (D2O): �� 1.83 ± 2.17 (4H,
m, 2CH2), 2.72 ± 2.76 (1H, m, H-1) 3.99 ± 4.01 (1H, m, H-2)
5.72 ± 6.13 (2H,m,CHCH).Anal. calcd. forC7H11NO2:C 59.56,
H 7.85, N 9.92; found: C 59.44, H 7.80, N 9.79.

Preparative-Scale Resolution of 7-
Azabicyclo[4.2.0]oct-3-en-8-one (� )-2
With the procedure described above, the ring opening of
racemic 2 (0.500 g, 4.06 mmol) with 2-octanol (5.3 cm3) in
diisopropyl ether (80 cm3) in the presence of CAL-B (4 g,
50 mg cm�3) at 60 �C for 47 h afforded unreacted (1S,6R)-2
{0.2 g, 42%; [�]25D : � 29 (c 0.26; CHCl3); mp 152 ± 153 �C
(recrystallized from diisopropyl ether); ee� 99%}. 1H NMR:
�� 1.58 ± 2.11 (4H, m, 2CH2), 3.51 (1H, m, H-1), 4.01 ± 4.04
(1H, m, H-6), 5.93 ± 6.15 (2H, m, CHCH), 6.01 (1H, bs, NH).
Anal. calcd. for C7H9NO: C 68.27, H 7.37, N 11.37; found: C
68.12, H 7.33, N 11.37. Amino acid (1R,2S)-2a {55 mg, 9%;
[�]25D : � 39 (c 0.5, H2O); lit.[10b] [�]25D : � 36.2 (c 0.5, H2O); mp
233 ± 235 �C (recrystallized from water/acetone); lit.[10b] mp
224 ± 225 �C; ee� 99%}. 1H NMR (D2O): �� 2.23 ± 2.51 (4H,
m, 2CH2), 2.74 ± 2.78 (1H, m, H-1) 3.76 ± 3.79 (1H, m, H-2),
5.63 ± 5.83 (2H,m,CHCH).Anal. calcd. forC7H11NO2:C 59.56,
H 7.85, N 9.92; found: C 59.51, H 7.69, N 9.89.

Scheme 5. Enantiopreference of CAL-B in the ring opening
of �-lactams and �-lactones. a) Examples of enantioselective
CAL-B-catalyzed ring opening of �-lactams and �-lactones.
The structures show the fast reacting enantiomer. All but one
example have the substituent pointing back. An asterisk
marks the exception. b) Generalized structure for the fast
reacting enantiomer. The secondary alcohol rule cannot be
used for lactones because the stereocenter lies in a different
position. Acyclic esters adopt a syn conformation along the
carbonyl C ± alcohol ±O-bond. The crystal structure of tran-
sition state analogues bound to lipases suggest that this
conformation persists in the active site. On the other hand,
the lactone ring forces an anti conformation along the
carbonyl C ± alcohol ±O-bond, which places the stereocenter
in a different part of the enzyme. In particular, the lactone
stereocenter appears to lie entirely within the ��pocket of the
alcohol-binding crevice. Indeed, many of the lactone exam-
ples in this section do not follow the secondary alcohol rule.
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Preparative-Scale Resolution of 4-Phenyl-2-
azetidinone (� )-3
With the procedure described above, the ring opening of
racemic 3 (0.500 g, 3.39 mmol) with 2-octanol (4.6 cm3) in
diisopropyl ether (70 cm3) in the presence of CAL-B (3.5 g,
50 mg cm�3) at 60 �C for 20 h afforded unreacted (S)-3 {0.23 g,
46%; [�]25D : � 139 (c 0.19; EtOH); mp 114 �C (recrystallized
from diisopropyl ether); ee� 99%}; 1H NMR: �� 2.85 ± 2.89
(1H, dd, J� 2, 14.8 Hz,CHAH)3.41 ± 3.47 (1H, ddd, J� 2.4; 5.2;
7.6 Hz, CHBH), 4.71 ± 4.73 (1H, dd, J� 2.5; 5.3 Hz, CH), 6.27
(1H, bs, NH) 7.26 ± 7.40 (5H, m, Ph). Anal. calcd. for C9H9NO:
C 73.45, H 6.16, N 9.52; found: C 73.23, H 6.41, N, 9.62.and the
amino acid (R)-3a {59 mg, 11%; [�]25D : � 6.8 (c 0.45,H2O); lit.[31]

for (R)-�-phenyl-�-alanine [�]25D : � 6.5 (c 0.9; H2O); mp 233 ±
235 �C (recrystallized fromwater/acetone); lit.[18] mp for (R)-�-
phenyl-�-alanine 221 ± 223 �C; ee� 96%}; 1H NMR (D2O):
�� 2.84 ± 2.91 (2H, m, CH2), 4.65 ± 4.66 (1H, m, CHNH2),
7.46 ± 7.50 (5H, m, Ph). Anal. calcd. for C9H11NO2: C 65.44, H
6.71, N 8.48; found: C 65.23, H 6.72, N 8.33.

Preparative-Scale Resolution of 4-(p-Tolyl)-2-
azetidinone (� )-4
With the procedure described above, the ring opening of
racemic 4 (0.500 g, 3.1 mmol) with 2-octanol (4 cm3) in
diisopropyl ether (60 cm3) in the presence of CAL-B (3 g,
50 mg cm�3) at 60 �C for 48 h afforded unreacted (S)-4 {0.2 g,
40%; [�]25D : � 121.9 (c 0.5; EtOH); mp 56 �C (recrystallized
from diisopropyl ether); ee 96%}; 1H NMR: �� 2.35 (3H, s,
CH3) 2.83 ± 2.88 (1H, dd, J� 1.7; 14.8 Hz, CHAH), 3.39 ± 3.44
(1H, ddd, J� 2.4; 5.2; 7.6 Hz, CHBH), 4.68 ± 4.69 (1H, dd, J�
2.3; 5.2 Hz, CH), 6.12 (1H, bs, NH), 7.17 ± 7.27 (4H, m, Ph).
Anal. calcd. for C10H11NO: C 74.51, H 6.88, N 8.69; found: C
74.62, H 6.89, N 8.66 and the amino acid (R)-4a {39 mg, 7%;
[�]25D : � 8 (c 0.1, H2O); mp 241 ± 243 �C (recrystallized from
water/acetone); ee� 98%}; 1H NMR: �� 2.35 (3H, s, CH3)
2.82 ± 2.89 (2H,m,CH2) 4.60 ± 4.64 (1H,m,CHNH2) 7.31 ± 7.37
(4H, m, Ph). Anal. calcd. for C10H13NO2: C 67.02, H 7.31, N
7.82; found: C 66.89, H 7.22, N 7.77.

Computer Modeling of Transition State Analogues in
CAL-B

All modeling was done with Discover, version 2.9.7 (Accelrys,
SanDiego, CA) using theAMBER[32] force field. Results were
displayed using Insight II version 95.0 (Accelrys). The starting
structure was the X-ray crystal structure of CAL-B containing
a covalently linked phosphonate inhibitor (Protein Data
Bank[33] file 1lbs). Using the biopolymer module of Insight II,
hydrogen atoms were added to correspond to pH 7.0. Histi-
dines were uncharged, aspartates and glutamates were neg-
atively charged and arginines and lysines were positively
charged. The catalytic histidine (His224) was protonated. The
phosphonate group, which covalently linked to Ser105 in the
X-ray structure, was replaced by a phosphonate analogue of �-
lactam 3.

Energy minimization proceeded in four stages. First, 100
iterations of steepest descent algorithm, all protein atoms
constrainedwith a force constant of 10 kcal mol�1 ä�2; second,
500 iterations of conjugate gradients algorithm with the same

constraints; and third, 500 iterations of conjugate gradients
algorithm with only the backbone constrained by a
10 kcal mol�1 ä�2 force constant. For the fourth stage, mini-
mization was continued using conjugate gradients algorithm
without any constraints until the rms derivatives reached less
than 0.005 kcal mol�1 ä�1. Crystallographic water molecules
were included in all minimizations. Water molecules and the
substrate were not constrained through any of the minimiza-
tion cycles.
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