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Abstract

To help organic chemists use enzymes as synthetic reagents, guidelines are
needed to help them choose an appropriate enzyme.

We proposed reliable empirical substrate rules that predict the
stereochemical outcome of reactions catalyzed by hydrolases. These rules,
developed through a combination of substrate screening and literature surveys, are
based on the difference in size of the substituents at the stereocenter of substrates.
One proposed rule predicts the enantiopreference of cholesterol esterase, lipase
from Pseudomonas cepacia, and lipase from Candida rugosa towards secondary
alcohols and their esters.

A similar rule is proposed to predict the enantiopreference of subtilisins
towards isosteric primary amines of the type NH,CHRR’. The enantiopreference
of lipases towards primary amines and of subtilisins toward secondary alcohols is
reviewed. Lipases and subtilisins have opposing enantiopreferences towards both
secondary alcohols and primary amines. We also observed that the regioselectivity
of subtilisin is opposite to that of lipases. We offer a rationalization to explain
these opposing selectivities, based on known crystal structures of lipases and
subtilisin.

A similar rule is also found to predict the enantiopreference of lipase from
Pseudomonas cepacia towards primary alcohols; this rule excludes substrates
having an oxygen atom directly attached to the stereocenter. The favored
enantiomer of primary alcohols is opposite to the favored enantiomer of secondary
alcohols. Experiments conducted on substrates with two stereocenters and
molecular modeling studies suggest that both classes of alcohols bind in the same
regions of the active site.

We proposed a method to enhance enantioselectivity of lipases and
esterases towards secondary alcohols. This technique, based on increasing the

difference in size of the substituents at the stereocenter, was successfully applied
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to the preparation of two useful chiral synthons: (S5)-(-)-4-acetoxy-2-cyclohexen-
1-one and esters of (R)-lactic acid.

Using a similar approach, we designed a synthetic scheme for the
preparation of both enantiomers of a useful C,-symmetric synthon. The key step is
an acylation reaction catalyzed by lipase from Candida rugosa. (1R,4R)- and

(15,28)-bicyclo[2.2.1]heptan-2,5-diones were obtained with high optical purity.



Résumé

Les chimistes organiciens ont besoin de nombreuses données pour les aider
a trouver I’enzyme qu’ils recherchent.

Nous avons proposé et validé des régles empiriques qui permettent de
prédire, a partir du substrat, la stéréochimie du produit obtenu lors de réactions
catalysées par les hydrolases. Ces régles, mises au point griace a nos résultats et a
ceux de la littérature, sont basées sur la différence de taille des substituants portés
par le carbone asymétrique du substrat. Une des régles que nous proposons permet
de déterminer I’énantioséléctivité de 1’estérase du cholestérol et de lipases issues
de Pseudomonas cepacia et Candida rugosa, vis-a-vis d’alcools secondaires et de
leurs esters correspondants.

Selon le méme principe, nous pouvons prédire I’énantiospécificité des
subtilisines pour des amines isostériques primaires du type H,NCHRR’. Nous
avons révisé les connaissances concernant I’énantioséléctivité des lipases vis-a-vis
des amines primaires et des subtilisines vis-a-vis des alcools secondaires. Les
lipases et les subtilisines font preuve d’énantioséléctivité opposée envers a la fois
les alcools secondaires et les amines primaires. Nous avons également observé que
leur régioséléctivité est différente. La connaissance de leurs structures cristallines
respectives nous a permis d’expliquer ces différences de sélectivités.

Une régle similaire nous a également permis de prédire I’ énantioséléctivité
d’une lipase issue de Pseudomonas cepacia vis-a-vis des alcools primaires. Cette
régle n’est pas valable pour des substrats ayant un atome d’oxygéne lié
directement au carbone asymétrique. Dans le cas des alcools primaires, la
configuration absolue de ’énantiomére majoritairement obtenu est opposée a celle
observée pour les alcools secondaires. Des expériences réalisées sur des substrats
ayant 2 centres asymétriques et des études de modélisation moléculaire suggérent

que toutes les classes d’alcools se fixent dans la méme région du site actif de

I’enzyme.
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Nous avons propos¢ une méthode permettant d’augmenter
I’énantioséléctivité des lipases et des estérases pour les alcools secondaires. Cette
technique, basée sur I’augmentation de la différence de taille des substituants
portés par le carbone asymétrique, a été appliquée avec succés a la préparation de
2 synthons chiraux recherchés : le (S)-4-acétoxy-2-cyclohex-1-one et les esters de
I’acide (R)-lactique.

En utilisant une approche similaire, nous avons proposé un schéma
synthétique pour la préparation des 2 énantiomeéres d’un synthon important, de
symétrie C,. L’ étape clef est une réaction d’acylation catalysée par une lipase issue
de Candida rugosa.. Les composés (1R, 4R) et (18, 25)-bicyclo [2.2.1]heptan-2,5-

dione ont été obtenus avec une pureté optique elevée.
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Chapter 1

General Introduction

1.1 The importance of hydrolases in the chiral world

The synthesis of optically pure compounds has been one of the most
challenging tasks of chemists for many decades. Enantiomers are molecules that
are non-superimposable mirror images. A mixture that contains equal amounts of
each enantiomer is called a racemate or racemic mixture. Enantiomers have the
same physical properties, other than their ability to rotate plane polarized light in
different directions, and their chemical properties are identical except when they
interact with a chiral environment. For this reason, their separation is difficult
and often involves long and complicated processes. However, the importance of
obtaining optically pure compounds has been demonstrated repeatedly, especially
in the pharmaceutical and agrochemical industries.'

For example, in the pharmaceutical industry, it is necessary to assess the
bioactivity of each enantiomer of a chiral compound separately; one enantiomer
may have the desired biological activity while the other may be inactive or have a
different activity. This minimizes the possibility of undesirable or dangerous side
effects that may be caused by one of the enantiomers but not the other. If one of
the enantiomers is inactive, chemical pollution of the body may result from the
ingestion of more drug than is necessary. For example, the S enantiomer of
naproxen, a non-steroidal anti-inflammatory drug, is 28 times more effective than

the R enantiomer and 3 times more effective than the racemate.’
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CO,H

Neen

(S)(+)-naproxen

In 1997, at least 50% of the top selling pharmaceutical drugs were single-
enantiomers,” and the number, for synthetically-derived drugs, is expected to reach
75% by the year 2000.* In addition to the development of new optically active
drugs, many drugs that have already been approved and marketed in their racemic
form are being redeveloped for marketing as single isomers. For example, Ritalin,
a drug used for children with attention deficit disorder, has been marketed as the
racemic threo-diastereoisomer of methylphenidate. It is now being developed as
the enantiomerically-pure, (2R,3R), threo-isomer, in order to minimize the side

effects of insomnia and appetite suppression.’

i 1.COxCHy
CgHs
NHp"Cr

(2R, 3R)-methyiphenidate

One factor that must be considered is the severe environmental chemical
pollution can result from the production of enantiomerically-pure material. This,
in itself, can become a health concern. Therefore, in endeavoring to find cost-
effective methods of manufacturing optically-pure compounds, researchers must
consider any potential harmful effects to the environment.

Great advances have been made in the domain of biocatalysis over the past

decade and, as a result, chemists have become more aware of the usefulness of
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enzymes in the preparation of optically-pure compounds.”®’ Enzyme catalysis has
proven to be a good solution to the problem of efficiency and environmental
acceptability. As a result, enzymes have found many applications in academic
research and in industry, including the food, surfactant, agricultural, and
pharmaceutical industries.

Enzymes are globular proteins having an active center that is capable of
catalysis, Figure 1.1. One of the most important features of enzymes is that they
have the intrinsic ability of chiral recognition. That is, they are capable of
stereoselectively catalyzing chemical reactions, producing optically active

products.

Figure 1.1. The crystal structure of lipase from Pseudomonas cepacia shows the globular shape
of enzymes. The catalytic triad residues are situated at the bottom of the substrate binding site.
Serine is shown in orange, histidine in blue, and the speck of red corresponds to the aspartic acid
residue. This figure was created using RasMo! v2.6 and coordinates from the PDB data files
(accession code 4lip).s
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Hydrolases are a class of enzymes that catalyze the cleavage or formation
of esters, amides, lactones, lactams, epoxides, nitriles, anhydrides, and glycosides.
There are over 600 hydrolases identified, of which at least 125 are commercially
available. They are one of the most widely used types of enzymes due to the fact
that they do not require the use of expensive and sensitive cofactors. Hydrolases
are also highly stable and can be used under mild and unusual conditions,
consequently, they are easy to manipulate. They often show a high tolerance for
varying substrate structure and yet maintain high enantioselectivity. Finally, many
hydrolases are inexpensive and readily available. Lipases, esterases, and proteases
all belong to the family of hydrolases. Lipases, whose natural substrates, lipids,
possess a chiral alcohol group, are the most commonly used. Two of their main
advantages are that they are highly stable in organic solvents and there are a large
number of them available.

The work of Sih, ef al’ illustrates the usefulness of hydrolases in synthetic
organic chemistry. They prepared an important intermediate in the synthesis of
taxol, a potent antitumor drug, with high optical purity using a simple
chemoenzymatic process. The key step in this process was the lipase-catalyzed

hydrolysis of the acetyl ester of 3-hydroxy-4-phenyl-p-lactam, Figure 1.2.

OAc. _.Ph OAc. .Ph P']

— NaOH Ph F:JH 0
/J;A‘F Ph/\)LOH

Ph Lipase L
+ —_ + C-13 side chain moiety of taxol
99.8 9
OAc_ Ph HO_ Ph 8 %ee

Ph Ph

Figure 1.2. Chemoenzymatic preparation of an important intermediate in the synthesis of taxol.
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Another example is given in Figure 1.3. The lipase-catalyzed resolution of

a useful

chiral synthon, 4-endo-hydroxy-2-oxabicyclo[3.3.0]Joct-7-en-3-one,

afforded both enantiomers with high optical purity. This resolution allowed for

the efficient synthesis of two important chiral compounds: (-)-carbovir, an anti-

HIV agent, was synthesized from the (-)-hydroxylactone and (+)-brefeldin A, an

anti-fungal agent, was obtained from the other enantiomer.'®

In addition the use of enzyme catalysis has often considerably cut the cost

of producing enantiomerically-pure intermediates. For example, Baust-Timpson

reduced the production costs for both isomers of a-phenethyl alcohol by 75%,

using an enzyme-catalyzed resolution method.’

RCOO H

0]
0
H

lipase from HQ H RCOO-.,_ H
Pseudomonas fluorescens : :
0~ 0%

H H

0
OH
N H:
NH A
Ho ¢ r(, NP0
NN NH, HQ . /\/0\)—
{-)-carbovir (+)-brefeldin

Figure 1.3. Two useful single-enantiomer chiral drugs can be obtained via the lipase-catalyzed
resolution of a hydroxylactone.
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The use of enzymes as tools in organic synthesis is becoming more popular,
however, despite their many advantages, many chemists are still somewhat
reluctant to use them. This is in part due to the fact that the great number of
enzymes available is overwhelming, making the task of choosing an appropriate
enzyme seem, at first, rather daunting. In order to make enzymes more appealing
to chemists, predictive models and rules have been developed to facilitate the
selection of an enzyme for a given substrate and transformation. These models
and rules are based on the study of hydrolase substrates and non-substrates as well
as the binding sites, the specific areas on or within enzymes to which a substrate is
bound as it undergoes catalytic reaction.

This thesis describes the development of rules used to predict the
stereochemical outcome of transformations of alcohols and amines by various
hydrolases. A method to enhance the selectivity of hydrolases was developed,
based on one of these rules. The value of these rules is demonstrated by their

application in the preparation of several useful chiral synthons.
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1.2 Enantioselective reactions

The types of selectivities that enzymes exhibit are chemoselectivity, regio-
and diastereoselectivity, and enantioselectivity. Enantioselectivity'' is the type of
selectivity most studied in this thesis, although the other selectivities are also
examined to a lesser extent.

The chiral environment of the active site allows for hydrolases to conduct
enantioselective reactions. There are two major categories of enantioselective
reactions catalyzed by hydrolases: kinetic resolutions and asymmetric syntheses."
A kinetic resolution is the selective transformation of only one enantiomer of a
racemic substrate (Figure 1.4a). An asymmetric synthesis involves the
transformation of a meso or prochiral substrate into a chiral product (Figure
1.4b,c).

a OCOR OH
Ry R R R, 7 RCOH
Hydroiase
OCOR OCOR
R R, Ry R,
b OCOR OH
Hydrol
CI ydrolase CI +  RCOM
OCOR OCOR
meso chiral
c
ROCO OCOR Hydrol HO, OCOR
ydrolase )\ + RCOM
R4 Ry Ry R2
prochiral chiral

Figure 1.4. (a) Hydrolytic kinetic resolution (R, different from R;). (b) Hydrolytic asymmetric
synthesis starting from a meso molecule. (¢) Hydrolytic asymmetric synthesis starting from a
prochiral molecule.

* Although most of the discussions throughout this thesis refer to the kinetic resolution of chiral substrates
the same reasonings, proposals, etc. can be applied to asymmetric syntheses.
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If a hydrolase’s enantioselection process was always perfect, only one
optically pure product would ever be obtained, however, hydrolases make errors.
The ability of a hydrolase to discriminate between one enantiomer of a given
substrate and the other, in a kinetic resolution, can be measured quantitatively.
This quantity is defined as E, the enantiomeric ratio. It is a measure of the
enantioselectivity of the enzyme. For example, an E of 1 means that the hydrolase
transforms each enantiomer in a 1:1 ratio, giving a racemic product; the enzyme
does not have a preference for either enantiomer. An E of 50, on the other hand,
means that the hydrolase reacts with the enantiomers in a 50:1 ratio, yielding a
product with high optical purity. In the case of asymmetric syntheses, the
competition is between enantiotopic groups of a given substrate rather than

between enantiomers.

Kinetic resolutions

Since the substrate in a kinetic resolution is racemic, one could theoretically
obtain the optically pure product with a maximum yield of 50% and, in addition,
the other enantiomer could be isolated as the residual substrate, also in a 50%
yield (see Figure 1.4a). However, since hydrolases make mistakes in
enantiodiscrimination, the enantioselectivity varies for each hydrolase and for each
substrate, and consequently differs for each reaction.

The enantiomeric ratio can be expressed by mathematical formulas derived
from steady state Michaelis-Menton kinetics for irreversible reactions.'> In a
kinetic resolution, two enantiomeric substrates, A and B, compete for the active

site of the enzyme, E, as follows:
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E+A EA _h-__%_ E+P
E+B e pp (s E+Q

The enzyme turnover number, k., denotes the maximum number of
substrate molecules that one active site transforms into product per unit time. The
Michaelis constant, Ky, represents the substrate concentration at half the

maximum reaction rate.

The initial rates of formation of the enantiomeric products P and Q are

defined as

A d|B
vy = 51-5—] =k[EA]  and vy = 48] _ k.o [EB| (L.1)

t dt

When k,,, is slow then Ky is a binding constant:
( M) [EA] and (KM) [EB] (1'2)
Then, by substitution,
( ) ElfA] wmd ve=[S=][ElE] 0
Ku/g

The ratio of the initial rates defines the enantiomeric ratio

oL (i) ]
ve d[Bl/i =( /KM)B[B] .
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If a substrate is racemic, [A] and [B] are initially present in equal amounts,

therefore they cancel out. Integration yields

E= m _ (ku»"””'"M )A

=— = (1.5)
mL[B]"[Bolj ( cx’-!'KM)B

where [Aq] and [By] are the initial amounts of each enantiomer, and [A] and [B]
are the amounts of unreacted substrate. ‘A’ is the faster-reacting enantiomer.
k.a/Kuy is an apparent second order rate constant that includes a kinetic constant
associated with substrate binding. It relates the reaction rate to the concentration
of unbound enzyme. This second order rate constant is known as the specificity
constant and it is used to examine the efficiency and selectivity of an enzyme for a
given substrate. Therefore, as shown above in equation 1.5, the enantiomeric ratio
or enantioselectivity, E, is the ratio of the specificity constants for each
enantiomer. A high E results from sufficiently different specificity constants for
each enantiomer in a given reaction.

During a kinetic resolution, the optical purity of both the product and the
substrate vary as the reaction proceeds. Sih et al.'’ derived formulas that relate
enantiomeric excess to the extent of conversion. The substrate concentration
values, A, Aq, B, and By, in equation 1.5, were substituted by the extent of
conversion, ¢, and the enantiomeric excess of either the product, ee,, or of the
unreacted substrate, ee;. These values are more easily measured experimentally

than k., and Ky. Since,

A+B

c:l____—__
Ay + By

(1.6)

and

10
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A+ +
B and eep=P Q
P-Q

(1.7)

then, by substitution of equations (1.6) and (1.7) into equation (1.5),

- ln[(l—c)(l—ees)] (18)
In[(1-c)(1+ee,)]

and

. In[1 - c(1+¢e,)]
ln[l—c(l-eep)]

(1.9)

Equations 1.8 and 1.9 can be combined to give equation 1.10. The latter equation
does not require the percent conversion of the reaction. Experimentally,
enantiomeric excesses can be measured more accurately than the extent of the

reaction, so equation 1.10 is often more accurate.

— -

1-ee,

Eo _l+(égs_ eép)_ (1.10)

lvee, ]
1+ (eeq eep)

Due to the logarithmic nature of these equations, high values of E (i.e.
E>50) are much more difficult'to measure accurately than lower E values.

It is convenient to graphically illustrate the dependence of the ee; and ee,
on the %conversion, Figure 1.5. These graphs show that, for a given E, the optical

purity of the product decreases as the reaction proceeds, whereas the optical purity

11
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of the remaining substrate increases. Thus, using these graphs, a chemist can
decide at what point a given reaction should be stopped in order to obtain optimal
enantiomeric purity of both the product and the remaining starting material. For
example, a chemist could stop a hydrolytic reaction at less than 50% conversion to
isolate the product when it is at its highest optical purity. Hydrolysis of the
remaining substrate can then be continued to over 50% conversion, in order to
reach its optimum optical purity. Thus both isomers are obtained with high
enantiomeric excess. It must be noted, however, that in the case of a reaction for
which the E is low, only the substrate can be obtained with high enantiomeric
excess, albeit with low yield. Obviously, the higher the E, the better.

On account of the dependence of optical purity on the extent of reaction, it
is necessary to compare the enantiomeric ratios of two kinetic resolution reactions
as opposed to their enantiomeric excesses. Except in one particular case, see

Section 1.7, E is constant for a given reaction.

a b
100 100 —=
E =100

E=10
E=3$§

eep 50 T ees 50 =+

0 t 0 }
0 50 100 0 50 100
% conversion % conversion

Figure 1.5. Graphical representations of the dependence of optical purity on the extent of
conversion. (a) enantiomeric excess of the product as a function of percent conversion. (b)
enantiomeric excess of the remaining substrate as a function of percent conversion.
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The above equations and graphs apply to irreversible reactions. An
enzyme-catalyzed hydrolysis reaction is considered to be irreversible because, as
dictated by the law of mass action, the great excess of water shifts the
thermodynamic equilibrium of the reaction to the right. In addition, ionization of
the leaving carboxylic acid in water, at pH 7, also drives the reaction, see Figure
1.4.

However, for a many reasons, it is often more desirable to conduct the
reverse reaction, i.e. a kinetic resolution involving the acylation of an alcohol in an
organic solvent', Figure 1.6. Among the advantages of non-aqueous enzyme
catalysis is improved enantioselectivity, increased solubility and stability of
substrates, and simple recovery of the enzyme by filtration. Unfortunately, the
low concentrations of acyl donor available in these esterification or acyl-transfer
reactions shift the thermodynamic equilibrium such that the reactions become

reversible, Figure 1.7.

OH OCOR
+ R'OH
R™ Ry R Ry
Hydrolase R
acyl donor (RCOOR')
OH solvent OH
R R, R R,

Figure 1.6. Hydrolase-catalyzed esterification (R’=H) and acyl-transfer (R'=alkyl, aryl, etc.).

Kinetic analyses of a reversible system are more complicated and as a result
the calculation of E requires the inclusion of the equilibrium constant'>. When
such reactions are reversible, the optical purity of both the product and the residual
substrate is lowered as the reaction proceeds. In order to avoid these undesirable
complications, irreversible conditions must be forced upon an enzyme-catalyzed

acylation reaction. There are two methods of accomplishing this: 1) use an excess
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of the acyl donor and 2) use a special acyl donor that ensures irreversible
conditions. Figure 1.8 shows an example of the latter method. Under these quasi-
irreversible conditions, the same equations for the calculation of E can be used as
for the irreversible hydrolysis reactions. It must be kept in mind, however, that in
practice irreversible conditions are only mimicked under approximately 40%

conversion.'®

o) o)

ROH + ]| Hydrolase JU + ROH + ROH
Ry~ “OR; Ry0” "R,

(R.S) (R) (S)

- -

The product, having the preferred stereochemistry
for the hydrolase, can easily bind to the active site.
The R alcohol is regenerated, lowering the optical

purity of the remaining substrate, the S aicohol.

Figure 1.7. The reversibility of hydrolase-catalyzed acyl-transfer reactions leads to a decrease in
the optical purity of the remaining substrate. The R and S configurations are assigned arbitrarily.

)
ROH + io /“\ Hydrolase - )J\ + ROH + HOJ\ }

(R.S) (R) (S

o

unreactive ketone
{acetone)

Figure 1.8. The use of i-propeny!l acetate as acyl donor results in the formation of an unstable
enol which tautomerizes to an unreactive ketone, thus making the reaction irreversible. The R and
S configurations are assigned arbitrarily.
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Lipase-catalyzed acylations of amines have also been conducted, Figure
1.9. In this case, reversibility is not a problem, because under these conditions
lipases do not hydrolyze amide bonds, due to their greater stability. However, care

must still be taken in choosing the acylating agent, to avoid chemical acylation.

)N\Hz Lipase NHCOR NH,
Ry R, acyl donor R{ "R, R{” "R,
(R.S) R) (S)

~_

no alcoholysis of the amide

Figure 1.9. Acylations of amines catalyzed by lipases are considered to be irreversible reactions.

One important aspect of kinetic resolutions is that optical purity can be
enhanced by a process known as recycling."’ This involves the chemical re-
esterification or hydrolysis, in the case of an acyl-transfer, of the product isolated
from a first hydrolase-catalyzed reaction. This regenerated non-racemic substrate
is re-submitted to hydrolysis by the hydrolase, resulting in a product with
increased optical purity. The disadvantage is that the chemical yield is lowered
during this process. This is just one example of the many ways hydrolase-

catalyzed kinetic resolutions can be manipulated to enhance optical purity.>®
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Asymmetric syntheses

An asymmetric synthesis is the transformation of a meso or prochiral
starting material (Figure 1.4b,c). The preference that the enantiomer shows for
one enantiotopic group over the other determines the selectivity of the reaction.

The enantiomeric ratio is given by equation 1.11."7

1 +ee

E (1.11)

] - ee

Since the substrate fits into the active site in an optimal position before
transformation of the reactive group occurs, theoretically one should be able to
obtain quantitative conversion to a single chiral product, if the reaction is
continued until all the substrate is consumed. However, in reality a second
reaction may occur, Figure 1.10.

In the first step, the enantiomeric excess of the product is independent of
the extent of conversion, as there is no competition between enantiomers. The
optical purity is solely dependent on the ability of the enzyme to discriminate
between the enantiotopic groups. If the reaction proceeds to the second step, a
kinetic resolution occurs with the product, lowering the yield. If this secondary
reaction does occur, equation 1.11 no longer holds. Nevertheless, since the
secondary reaction often occurs with the minor enantiomer, the optical purity of
the desired product is often increased, Figure 1.10. One disadvantage of
asymmetric syntheses, as opposed to kinetic resolutions, is that only one
enantiomer is accessible. However, the other enantiomer can be obtained if the
reverse reaction is conducted, although the reverse reaction may not give the same

results in terms of activity and selectivity.
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asymmetric synthesis kinetic resolution

A A

4 N\

CI slow
more reactive / \

major chiral
(IOCOR product CIOH
OCOR more reactive OH
achiral achiral
\ OCOR /
slow CI Tast
minor chiral
product

Figure 1.10. Asymmetric synthesis starting from a meso compound. The minor product from the
first step of a hydrolase-catalyzed hydrolysis of a meso diester reacts more quickly in the second
step. The total amount of the minor enantiomer is decreased, resulting in an increase in the

optical punty of the major mono-ester product.

Selectivity at two stereocenters

The selectivity of a lipase towards a substrate with two stereocenters is

examined in Chapter 3. The appendix of Chapter 3 describes the calculations

employed in the quantitative determination of both the diastereoselectivity and the

selectivity at each stereocenter for such substrates.
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1.3 Structure and reaction mechanism

The hydrolases of primary focus in this thesis are lipase from Candida
rugosa (CRL),'™ lipase from Pseudomonas cepacia (PCL),'®™ pancreatic
cholesterol esterase (CE), and subtilisin. Subtilisin is a serine protease, whereas
lipases and esterases are serine esterases. Serine proteases and serine esterases

belong to the family of serine hydrolases.

Structure of lipases and esterases

The X-ray structures of many serine esterases, including the three
mentioned above, have now been solved, however none of these three-dimensional
structures were known when the research described in this thesis was begun. As
X-ray structures have become available, it has become apparent that although the
amino acid sequence of all lipases and esterases is very different, they all have an
astonishing similarity in their three-dimensional structure'”. All lipases and
esterases that have been studied have a series of B-strands and a-helices that are
folded in a similar manner, see Figure 1.11 for an example.”® This fold is called
the /B hydrolase fold.?' It is comprised of a central B-sheet, formed by a series of
eight predominantly parallel -strands, that is flanked on either side by a-helices.
The B-sheet has the usual left-handed twist found in proteins. Each enzyme has
unique extrustons from this core structure. Figure 1.12 shows the basic pattern of
the o/ hydrolase fold.

The catalytic machinery located within the active site of hydrolases is
made up of the “catalytic triad” residues and the “oxyanion-stabilizing™ residues.
The catalytic triad residues, serine, histidine, and aspartic acid or glutamic acid,
are in the same order in the amino acid sequence of all esterases and lipases.

Consequently, they have the same orientation in the three-dimensional structure of
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each enzyme because of the common o/ fold. The catalytic triad is situated at the
C-terminal edge of the B-sheet. The nucleophilic serine is always situated at the
elbow of a sharp turn of the loop between strand 5 and helix C, the acid, asp or
glu, is in a loop following strand 7, and histidine is the first amino acid after a
reverse turn following strand 8. In a few lipases, the catalytic acid does occur
elsewhere (e.g. human pancreatic lipase). The “oxyanion hole”, containing the
oxyanion stabilizing residues (residues that stabilize a transition-state intermediate
formed during catalysis) is also situated in approximately the same place in all the
serine esterases: in a turn between strand 3 and helix A. The geometry of the
catalytic triad is maintained by an extensive hydrogen bonding network.

This specific arrangement of the catalytic machinery and the o/p folds
provides a chiral environment within the active site and, therefore, the selective
embedding of a substrate. Due to the common structural framework of serine
esterases, the binding sites have conserved elements. For instance, studies suggest
that the secondary alcohol binding site is made up of two principle regions: a large
hydrophobic pocket and a medium-sized pocket that is more polar in character. At
least partially as a result of this, lipases exhibit in a common enantiopreference
towards secondary alcohols. This will be discussed in detail in the following
sections.

However, the uniqueness of each enzymes’ amino acid sequence leads to
differences in the details of their refined three-dimensional structure and
differences in their individual electronic character. It is these differences that
render each enzyme unique in its ability to bind various substrates and
differentiate between isomers of a particular substrate. The detailed structure of
each individual lipase and esterase and the method by which they distinguish

between enantiomers is discussed in the following sections.

19



Chapter 1

helical lid

Lipase from
Pseudomonas cepacia

subtilisin Carisberg

Figure 1.11. Ribbon diagrams of the three-dimensional structures of lipase from Pseudomonas
cepacia (a) and subtilisin Carlsberg (b) showing the typical /B hydrolase and o/ subtilase
folds, respectively. The catalytic triad residues are coloured as follows: Ser, orange; His, blue;
Asp, red. If the page is turned sideways to the left, the diagrams have the same orientation as the
schematic drawings in Figure 1.12. This figure was created using RasMol v2.6 and coordinates
from the PDB data files (accession codes for PCL and subtilisin Carlsberg are 4lip and 2sbc,
respectively).®
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HNSIG o/p hydrolase fold

|
j o/B subtilase fold

HOQC,

Figure 1.12. Schematic drawing of the o/3 hydrolase (a) and a/B subtilase (b) folds showing the
relative position of the catalytic site residues and the oxyanion hole residues. The double slashes
correspond to places were there may be extrusions that are unique to each hydrolase. For
example, a comparison with Figure 1.11 shows that PCL has additional a-helices and B-strands
and subtilisin Carisberg has additional a-helices.

Whereas esterases exhibit normal Michaelis-Menton kinetics, acting upon
water-soluble substrates, the catalytic activity of most lipases sharply increases
when in contact with lipid-soluble substrates at a lipid/water interface.”* This

“interfacial activation” is probably the result of a change in the conformation of
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the lipase upon lipid contact. Three-dimensional crystal structures show that the
active sites of most lipases are completely buried under an a-helical “lid” situated
on the surface of the enzymes, see Figure 1.11a.2 When these lipases are in the
aqueous phase, this lid is closed, limiting access to the active site. When the
lipases come into contact with the lipid phase, the lid opens, making the catalytic
machinery and binding site available to the lipid-soluble substrate. In some
lipases, the oxyanion hole is formed when this lid is opened. This lid does not

seem to play a role in determining the enantioselectivity of lipases.?*

Structure of subtilisin

The amino acid sequence and X-ray structure of subtilisin, a serine protease
possessing esterase activity, has also been determined.”® The core secondary
structures of subtilisin are folded in what is known as the /P subtilase fold,* that
is, it is not an o/p hydrolase, Figure 1.11b. This fold consists of a B-sheet
comprised of five parallel B-strands flanked by four a-helices, two a-helices on
either side of the plane formed by the B-sheet, Figure 1.12b. An interesting
feature of subtilisin is that one of the a-B-a motifs in this region is left-handed
rather than the usual right-handed. This is necessary to place the catalytic
histidine within the active site. Histidine is on helix B and must be on the same
side of the B-sheet as the other two catalytic residues, serine and aspartic acid.
Unlike the o/ hydrolases, the catalytic residues are not located on the loops
jotning the a-helices and B-strands but rather within the secondary structures
themselves. Histidine and serine are located on the first turn of helix B and helix
E, respectively. Aspartic acid is found within strand 1 and asparagine which
forms part of the oxyanion hole, along with the main chain nitrogen atom of the

catalytic serine, is on the very tip of the carboxy end of strand 5.
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Figure 1.13. The active sites of subtilisins and lipases are approximate mirror images: the
catalytic serine is on the opposite side of the plane formed by the imidazole ring of the catalytic
histidine. A) The catalytic triad of subtilisin BPN'. B) The catalytic triad of lipase from
Pseudomonas cepacia. The catalytic tniad is viewed from the substrate binding site, in both cases.
This figure was created using RasMol version 2.6 and coordinates from the PDB data files
(accession codes for subtilisin BPN’ and PCL are 2ST! and 2lip respectively.?

Although the catalytic triad residues are the same as those found in serine
esterases, the serine nucleophile lies on the opposite side of the plane formed by
the imidazole ring of the histidine residue. Therefore, the three-dimensional
orientations of the catalytic machinery (including the oxyanion hole) in serine

esterases and serine proteases are approximately the mirror imagt:sz ', Figure 1.13.

Catalytic mechanism

The mechanism for serine hydrolases has been well established.'*?”?® The
mechanism (Figure 1.14) involves the nucleophilic attack of the serine hydroxyl
group on the carbonyl carbon of an ester (or amide) of the non-covalently bound
substrate, resulting in the formation of a tetrahedral intermediate (T41). Lipases
attack on the Re face of esters and Si face of amides (the priority of the groups

changes).”” Subtilisin attacks on the Si face of esters and Re face of amides.
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Through hydrogen bonding, the His residue functions to reduce the pK, of the
serine hydroxyl moiety, making it more available for attack. As the tetrahedral
intermediate is being formed, the serine hydroxyl proton is transferred to the His
residue. However, it is thought that the proton remains hydrogen bonded to both
the serine oxygen and the substrate oxygen atom of the tetrahedral intermediate,
serving to facilitate bond cleavage and leaving group departure.’**° The negatively
charged Asp(Glu) residue stabilizes the positively charged imidazole ring. Several
residues known as the oxyanion stabilizing residues are also present within the
active site. These residues serve to stabilize the oxyanion of the tetrahedral
intermediate by forming two hydrogen bonds with the negatively charged carbonyl
oxygen. Breakdown of the tetrahedral intermediate (T41) releases the alcohol (or
amine) leaving group, with His donating its proton to the leaving group, and
results in the formation of the acyl-enzyme intermediate.

The attack of a nucleophile on the acyl-enzyme results in the formation of a
second tetrahedral intermediate (T42) and in the subsequent release of the acyl
group. If the nucleophile is water as in the case of a hydrolysis reaction, an acid is
released. During the formation of the second tetrahedral, His is again protonated
and when the T42 breaks down, the His proton is transferred back to Ser,
regenerating the free enzyme.

Kinetic studies have indicated that it is the breakdown of the first
tetrahedral intermediate that is the rate determining step in the overall reaction of
hydrolyses.”' In section 1.5, we will discuss how it is this step that determines the

enantioselectivity of the hydrolase towards alcohols.
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Figure 1.14. Catalytic mechanism for serine hydrolases. In some hydrolases Asp is replaced by

Glu and the oxyanion stabilizing residues may differ.
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The kinetics and mechanism of the reverse reaction, acylation of an alcohol
or amine, have also been examined.'®*>’ In this case, the acyl-enzyme is formed
by the attack of catalytic serine residue on the acylating agent. In the second step,
the chiral alcohol (or amine) nucleophile attacks the carbonyl carbon of the
acylated serine, forming the second tetrahedral intermediate. The breakdown of
this tetrahedral intermediate, also thought to be rate determining, results in the

release of the ester (or amide) product.

26



Chapter 1

1.4 Principal structural elements of selected hydrolases

The following is a description of five synthetically useful hydrolases that
are focussed on in this thesis. These hydrolases have been used in the kinetic
resolutions or asymmetric syntheses involving one or all of the following
substrates: secondary alcohols, primary alcohols, and primary amines

The following descriptions show the similarity between the binding sites of
hydrolases. A close-up picture of the substrate binding sites referred to below is

shown in the following section (section 1.5).

Lipase from Candida Rugosa

X-ray crystal structures for lipase from Candida rugosa,'™ a fungal lipase,
have been obtained for both the open-lid** and closed-lid* forms as well as with
bound inhibitors.”*® CRL consists of a 538 amino acid sequence and weighs
approximately 63 kDa.”’

The X-ray crystal structure of CRL covalently bound to a transition state
analogue, mimicking the cleavage of a secondary alcohol ester, provided an
insight into the important structural and electronic elements of the lipase’s active
site. The active site can be simply described as a hydrophobic cavity in the
lipase’s surface. The crevice is oval in shape, measuring approximately 7 A x 12
A. Within this cavity is a large “pocket”, open to the solvent, lined with
hydrophobic side chains and a medium-sized pocket lined with both polar and
hydrophobic groups. The medium pocket faces the floor of the crevice where the
catalytic triad, Ser209-His449-Glu341, is situated. The “oxyanion hole” consists
of the Glyl23 Gly 124, Ala210 residues. The acyl chain of the ester binds
partially in a tunnel projecting towards the center of the protein. This tunnel,

unusual among hydrolases, allows the binding of a chain containing up to 18
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carbon atoms. There is a well-defined lid that covers the active site when the

lipase is in an inactive conformation.

Pseudomonas lipases

Many different lipases have been isolated from the Pseudomonas family of
bacterial microorganisms: lipases from Pseudomanas cepacia'®® (PCL, lipase P, P-
30, PS, LPL-80, LPL-200S, SAM-II), Pseudomonas ﬂuon:::rcen.s'38 (PFL, lipase
YS, AK, AKG), and Pseudomonas glumae (Chromobacterium viscosum™),
Pseudomonas sp. (lipase AK-10). Of these lipases, PCL is the one most focussed
upon in this thesis.

Although the X-ray structure of Pseudomonas glumae was reported several
years ago“o, it is only very recently that an X-ray structure has been obtained for
PCL*'. PCL, which consists of a 320 amino acid sequence* and weighs about 33
kDa, was found to measure approximately 30 A x 40 A x 50 A. When the helical
lid 1s open, a large hydrophobic surface, surrounding a deep active site cleft, is
exposed. The active site serine is located in the center of the cleft. The opening of
the cleft is oval-shaped, measuring 10 A x 25 A across, whereas the cresent-
shaped bottom of the cleft measures about 4 A across. The cleft is approximately
15 A deep. The catalytic triad is consists of Ser87, His286, and Asp264 residues
and the oxyanion hole is formed by the GIn88 and Leul7 residues.

Three binding sites were observed in the crystal structure of PCL
complexed with a glycerol derivative transition-state analogue.’® The acyl-chain
binding cleft is a well-defined hydrophobic groove measuring approximately 8 A
x 10 A. There is a large binding pocket that has a small hydrophilic region at the
bottom of the cleft and a larger hydrophobic region towards the surface of the
enzyme. There is also a smaller pocket that is less hydrophobic.
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Lipase B from Candida antarctica

The three-dimensional crystal structure of Lipase B from Candida
antarctica (CAL-B) was determined by Uppenberg et al. both with and without a
covalently bound inhibitor within the active site.** CAL-B is a fungal enzyme
that consists of a 318 amino acid sequence and weighs 33 kDa. Its overall
dimensions are approximately 30A x 40A x S0A.

The catalytic triad, consisting of Ser105, His224, and Asp!87, is situated at
the bottom of a deep, narrow substrate binding site. The oxyanion stabilizing
residues, GIn106 and Thr40, are thought to form three stabilizing hydrogen bonds
to the tetrahedral intermediate. Two hydrophobic side chains protrude slightly
into the binding side separating it into two ‘channels’: one for the alcohol side of
the substrate and the other for the acyl portion. There is a medium pocket towards
the floor of the alcohol side of the binding pocket as well as three hydrophobic
regions towards the surface of the enzyme.

Although there is a short a-helix near the entrance to the binding site, there
is no indication that it acts as a lid by blocking the site when no substrate is
present. CAL-B does not display the interfacial activation that is typical for many

lipases.

Cholesterol esterase
Cholesterol esterase, also known as bile-salt activated lipase, is secreted by
the pancreas of vertebrates as well as from the milk of various mammals.
Cholesterol esterase, unlike lipases, which require a water-organic
interface, requires the presence of bile-salts for activation. This bile-sait
dependence places cholesterol esterase between lipases and other esterases. It can

act both upon water-soluble substrates and hydrophobic substrates.
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The crystal structure of bovine pancreatic cholesterol esterase, one of the
most commonly used and studied esterases, has recently been solved by two
independent research groups. Wang et al.*® solved the structure of the native
dimer and its complex with a bile salt, while Chen et al.*® solved the structure for
a mutant monomer . Since the mutation (removal of N-linked glycosylation sites)
occurred far from the active site, the properties of the mutant strain were the same
as for the native esterase.

Bovine pancreatic cholesterol esterase is similar to CRL. It is made up of
579 amino acid residues and weighs approximately 63 kDa. The protein core has
a typical lipase o/p hydrolase fold consisting of 11 B-strands flanked by 15 a-
helices. The catalytic triad, consisting of Asp320, His435, and Ser194, is located
near the center of the molecule. Alal95, Gly107, and Ala108 are thought to be the
oxyanion stabilizing residues. The active site is located in a large, deep
hydrophobic pocket with a surface area of 504 A%. As with CRL there seems to
be a tunnel-shaped pocket for acyl-chain binding.

The environment around the active site is different from lipases.
Cholesterol esterase lacks the amphipathic, helical lid found in lipases that blocks
the entrance to the active site binding pocket in the inactive lipase conformation.
Instead, in the position that corresponds to the lid of lipases, is a short truncated
loop made up of two anti-parallel B-strands. This loop (residues 64-80) does not
block the entrance to the active site and is too rigid to change conformation. It is
therefore unlikely to play any role in the activation of CE. Instead, two different
modes for the activation of CE were proposed.

Chen et al. examined an inactive conformation of CE. They found that the
last six C-terminal amino acids of the enzyme were located within the active site
pocket, physically hindering substrate binding and diverting the putative oxyanion

binding site from the catalytic serine. They suggest that displacement of the C-
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terminal plug is mediated either by bile-salt binding at either of two bile-salt
binding sites present or simply by substrate binding. Displacement of the C-
terminus exposes the hydrophobic binding site and permits the oxyanion hole to
attain the position required for catalysis. The protein is then in its active
conformation.

Wang et al. examined a conformation of CE that had been activated by bile
salts. They were unable to interpret any electron density for the last 32 C-terminal
residues. They suggested that this was due to the conformational flexibility of the
C-terminal region. Instead, Wang et al. found that the active site was partially
blocked by a short non-helical loop (residues 116-124) whose conformation seems
to be dependent on bile-salt binding. They described the presence of two bile-salt
binding sites, one proximal to the active site and the other distal. The loop blocks
the entrance to the active site when bile-salt is absent. It appears that when bile-
salt binds in the site closest to the active site, the loop moves out of the way,
allowing sufficient space for the substrate to enter the binding pocket. The
position of the oxyanion hole does not alter and remains correctly formed for
catalysis in both conformations. Wang et al. concluded that both the distal bile-
salt binding site and the C-terminal region are unrelated to the catalytic process.

Although these proposals are vastly different, they are both similar to lipase
activation in that a small portion of the protein must move to allow substrate
binding. In one case it is a short loop that blocks the active site and in the other it

is the C-terminal region.

Subtilisin
Subtilisins are serine proteases that are produced by various species of
bacilli. They are commonly used in laundry detergents to aid in stain removal.

Subtilisins have been extensively studied because of their commercial value.
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Subtilisin BPN’ from Bacillus amyloliquefaciens and subtilisin Carlsberg from
Bacillus licheniformis are probably the most frequently used. Subtilisin Carlsberg
has one less residue (274 amino acids) than subtilisin BPN’ (275 amino acids) and
differs at 84 residues.”” The information given below is valid for both of these
subtilisins.

Subtilisin consists of a single polypeptide chain that, as discussed in the
previous section, is folded into an a/f structure that is quite different from the o/
hydrolase fold of lipases and esterases. It is an essentially spherical molecule that
measures approximately 42 A in diameter and weighs about 27 kDa. The catalytic
triad, situated at the bottom of a large, open, shallow groove in the protein’s
surface, is comprised of Ser221, His64, and Asp32 residues. They are situated
outside of the carboxy ends of the central B-sheet. The amide moeity of Asnl55
and the main-chain nitrogen atom of the catalytic serine form the oxyanion hole.

The S, site is analogous to the acyl binding site of lipases and esterases and
the S’ site is analogous to the site in which the alcohol substituents bind.’ The S,
site is more neutral than hydrophobic and shows a preference for large aromatic

TR |
moieties. 8
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1.5 How do hydrolases discriminate between enantiomers?

The detailed study of substrate and active site characteristics has led to an
insight into the molecular basis by which hydrolases distinguish between
enantiomers of a substrate. One of the main objectives of this work is to give
researchers clues as to how enantioselectivity can be improved.

Many of these studies have been conducted with primary and secondary
alcohols and their analogues. Chiral primary and secondary alcohols,
unsymmetrical by nature, often have two substituents that are substantially
different in size and electronic character. Lipases, esterases, and subtilisin have
binding pockets that also differ in size, shape and electronic character, as shown in
Figure 1.15. Researchers have attempted to discover whether hydrolases
differentiate between enantiomers by ‘recognizing’ the difference in size of the
substituents, difference in their electronic characteristics, or whether it is some
other structural feature of the substrate or lipase that determines enantioselectivity.
The examination of hydrolase crystal structures with bound transition-state
analogues as well as molecular modeling studies have been extremely useful for
gaining information about the shape, size, and electronic character of the catalytic

machinery and binding site.

Secondary alcohols
[mportantly, as described in Chapter 2, all lipases and esterase studied thus
far, have a common enantiopreference towards secondary alcohols, although they

exhibit differing grades of enantioselectivity. It is suggested that this common

* It must be noted that all of the following studies were carried out after the work described in Chapters 2.
When the empirical substrate rule was proposed, no X-ray structures were available for the lipases
considered here. Furthermore, the research described in Chapter 3 was carried out before an X-ray
structure was available for PCL.
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enantiopreference is due to the common characteristics of the alcohol substrate
binding sites: the presence of a large hydrophobic pocket and a smaller more
hydrophilic pocket, figure 1.15. It is these pockets that are referred to in the
following discussion.

But why do these enzymes prefer one enantiomer to the other? Several
research groups have proposed molecular level explanations for the
enantioselectivity of lipases toward secondary alcohols. All of the researchers
referred to below agree that the preferred enantiomer of secondary alcohols bind
with the larger substituent in the large hydrophobic pocket and the medium
substituent in the smaller more hydrophilic pocket, of the active site. They do not
agree on where the substituents of the less favored enantiomer bind. Their
proposals and rationalizations for how and why lipases make ‘mistakes’, by
reacting with the disfavored enantiomer, differ. The first four proposals (Cygler et
al., Nishizawa, et al, Ema et al., and Nakamura, er al.) agree that
enantiodiscrimination stems from differences in the reactivity of the two
enantiomers in the transition state. They also agree that the large substituent of
both enantiomers must bind in the large hydrophobic pocket and point out towards
the surface of the enzyme. The following two proposals (Uppenberg et al., Rottici
et al., Orrenius et al., and Zuegg, et al.) agree that enantiodiscrimination stems
from the preferential binding mode of one enantiomer of the substrate.” One
enantiomer is disfavored because it must orient its substituents in such a way as to
cause unfavorable interactions within the binding pockets. That is, the large and

medium substituents switch places.

* This does not imply that enantiodiscrimination is necessarily based on differences in the binding
constants.
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Figure 1.15. A close-up view of the substrate binding sites of CRL, PCL, CAL-B, CE. The view
is straight in, towards the active site. Our interpretation of the three-dimensional crystal
structures shows that these enzymes all have a medium-sized binding pocket (red) that is situated
close to the bottom of the active site and a large pocket (green) that extends further out towards
the surface of the enzyme. The medium pocket is lined with both hydrophilic and hydrophobic
amino acid residues. These residues always include the one before the catalytic serine, the one
after the catalytic histidine, and one next to the oxyanion-stabilizing residues. The large pocket is
lined predominantly with hydrophobic residues. CRL has a deep, spacious tube-like binding site
with a narrow tunnel for the acyl moiety. The binding site of PCL is relatively wide towards the
surface but becomes narrow and crescent-shaped near the catalytic triad. CAL-B has a very deep
and narrow binding site, with the medium pocket being barely accessible to the solvent. CE has
the most solvent-accesible binding site. It is shallow and wide with a deep narrow gorge for the
acyl moiety. These pictures were created using RasMol v2.6 and coordinates from the following
PDB files: 1ipm (CRL), 4lip (PCL), 1lbs (CAL-B), laql (CE).*
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Cygler ez al.?”’ obtained data on the structural and electronic characteristics
of lipase from Candida rugosa by studying the crystal structure of the lipase with
a phosphonate derivative of menthol covalently bound to the active site. This
derivative mimics the first tetrahedral intermediate formed during hydrolysis of
secondary alcohol esters. Individual crystal structures, for each enantiomer of the
menthol derivative bound to the active site, were solved. From this, they were
able to propose a method by which the lipase distinguishes between the two
enantiomers. In the case of the favored enantiomer, the larger side of the menthyl
ring, containing an isopropyl moiety, binds in the large hydrophobic pocket of
CRL and the smaller side binds in the smaller less hydrophobic pocket, Figure
1.16. A hydrogen bond is formed between the Ne2 atom of the catalytic histidine
and both the alcoholic oxygen of the substrate and the nucleophilic oxygen of the
serine residue, Figure 1.17. This hydrogen bond network stabilizes the tetrahedral
intermediate and facilitates deprotonation of the serine and protonation of the
alcohol leaving group. The position of the disfavored enantiomer in the active site
is such that although its large substituent stili binds within the hydrophobic pocket,
the isopropyl moiety is directed towards the catalytic histidine. The orientation of
the histidine imidazole ring is distorted, permitting only the hydrogen bond to the
serine residue to form, Figure 1.17. The stability of the tetrahedral intermediate is
decreased and protonation of the leaving alcohol is hampered, delaying release of
the alcohol product or resulting in the reformation of the starting material. Thus

one enantiomer is preferentially hydrolyzed.
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Figure 1.16. Active site of CRL with the covalently-bound, fast-reacting enantiomer of the
phosphonate inhibitor. The isopropyl moiety binds in the large pocket and the methyl group
binds in the medium pocket. This figure was created using RasMol v2.6 and PDB file 1lpm.*
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Figure 1.17. Schematic representation of both enantiomers of the menthol inhibitor bound to
CRL. The alcohol oxygens of the two enantiomers point in different directions. The slightly
different orientation of the large group within the hydrophobic pocket, disrupts the catalytically
essential hydrogen bond in the case of the disfavored enantiomer.
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Nishizawa et al. came to a similar conclusion from kinetic studies of PCL-
catalyzed hydrolyses of secondary alcohol esters.’’ They found that the apparent
Ky values were identical for several different substrates but that the k., values
were substantially different. It was suggested that enantiodifferentiation is a result
of one enantiomer reacting faster than the other, and that the two enantiomers
bind to the same extent. Nishizawa et al. proposed that the large substituent of
both enantiomers binds tightly to the same site and but that the smaller substituent
of the slow reacting enantiomer orients itself in such a way as to hinder hydrogen
bond formation between His and the alcoholic oxygen.

132 carried out kinetic studies on the reverse

Nakamura et al.*’ and Ema et a
reaction, acylation of secondary alcohols, catalyzed by lipases from Pseudomonas
cepacia and Rhizomucor miehei, respectively. Both groups proposed that the
enantioselectivity of lipases towards secondary alcohols originates from a
differences in V,,, rather than Ky. However their mechanistic interpretations
differ, as discussed below.

Using a combination of kinetic studies and energy calculations, Ema et al.
proposed that enantiomer differentiation is dependent solely on the relative
stability of the transition states of each enantiomer, while ignoring any influence
that the size, shape, and electronic characteristics of the substrate may have. The
transition states considered correspond to the breakdown of the second tetrahedral
intermediate, resulting in the release of the acylated alcohol. In the transition
state, the bond between the alcoholic oxygen and the chiral carbon of the substrate
have a gauche conformation with respect to the bond connecting the nucleophilic
serine to the carbonyl carbon of the ester. According to the stereoelectronic
theoryso, this is necessary for the efficient cleavage of the ester C-O bond. When

the fast-reacting enantiomer adopts this conformation, the large substituent is

directed towards the solvent and the proton attached to the stereocenter is syn with
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the carbonyl oxygen, Figure 1.18. When the slow enantiomer adopts a gauche
conformation, the large substituent must be situated in the same way to avoid
disturbance of the ‘triangular wall’ formed by the catalytic Ser and His residues
and an adjacent His residue. The medium substituent is then forced into a position
that causes repulsive non-bonding interactions with the carbonyl oxygen. Rotation
of various dihedral angles to reduce steric strain, leads to a destabilization of the
transition state and a disturbance of the catalytic histidine and the hydrogen-
bonding network. The transition state of the disfavored enantiomer is therefore at
a higher energy level. One disadvantage of this theory is that it does not take into
account the size and shape of the binding site; only a few residues in the active site
are considered. If chiral recognition at the binding step could be completely
ignored then the degree of stereoselectivity of all lipases should be the same; this

is obviously not the case.

large substituent remains in same position

Ser-O H L

R [ Do M

favored disfavored

Figure 1.18. Simplified schematic representation of the proposal given by Ema et a/. The view
along bond a for the favored and disfavored enantiomers is shown. Bonds b and ¢ are gauche in
both cases and the large substituent points outward. For the disfavored enantiomer, repulsive
interactions occur between the carbonyl oxygen and the medium substituent. Note that this is not
a transition state model of the enzyme-substrate complex, but rather a simple view of the relative
positions of pertinent groups.

Nakamura et al.*’ suggested that large aromatic substituents are ‘anchored’
in a large pocket close to the catalytic site. That is, the large pocket of PCL is lined

with phenyl rings and has a special affinity for an aromatic substituent. In the case
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of the favored enantiomer, the medium substituent and the hydrogen atom attached
to the stereocenter are bound in their respective pockets, and the hydroxyl group is
positioned correctly for acylation. It is suggested that an aromatic large
substituent of the disfavored enantiomer is also subjected to the ‘anchoring
effect’.’’ That leaves the option of either the hydroxyl group binding easily in the
medium pocket, in an unreactive position, or being situated at the catalytic
position, Figure 1.19. In the latter position, however, the medium substituent is
forced into the sterically constricted pocket meant for the hydrogen atom. The
lower enantioselectivity that is observed for substrates having a flexible alkyl
chain as the large substituent is accounted for by the fact that they are not
subjected to the ‘anchor effect’. The lack of an aromatic group increases the
freedom of movement of the large substituent within its pocket. The unfavorable

steric interactions of the medium group within the small pocket can be therefore

be alleviated, allowing the disfavored enantiomer to become a better substrate.

unreactive sterically hindered

ﬂ {
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favored enantiomer binding mades of disfavored enantiomers

Figure 1.19. Nakamura er al. proposed that the large aromatic group of both the favored and
disfavored enantiomers is anchored in the large pocket. Two binding modes of the disfavored
enantiomer are possible, but only one is catalytically viable.

This dependence of enantioselectivity on non-steric interactions within the

large pocket of PCL has also been observed from substrate screening studies. For

example, Honig et al.’* found that in the case of a heterocycle such as 3-
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hydroxytetrahydrofuran acetate, which, other than for the presence of the ring
oxygen is symmetrical, the preferred product has an R configuration. This
observation led them to suggest that the heteroatom must interact electrostatically
within the large pocket. Carrea et al. suggested that the degree of
enantioselectivity can be dependent on n—n interactions between a phenyl group
on the substrate and an amino acid moiety in the binding site.”® Rotticci er al.**
found that the addition of a halogen atom to the large side of aliphatic secondary
alcohols greatly increased the enantioselectivity of Candida antarctica lipase B
(CAL-B), whereas addition of the halogen to the smaller side resulted in a
decrease.

The following two proposals focus on the notion that enantiodiscrimination
is based on the preference for a given orientation of the substrate substituents
within the binding site.

Uppenberg et al** carried out crystallographic studies with an achiral
covalently-bound inhibitor and molecular modeling studies with chiral substrates,
using CAL-B. The tetrahedral intermediates of two different secondary alcohol
substrates were embedded into the active site. The presence of the hydrogen bond
between the catalytic His and the alcoholic oxygen was observed for the favored
enantiomers of both substrates. Interestingly, however, it was also present for the
disfavored enantiomer of one of the substrates. This led them to the assumption

that there must also be other factors governing enantioselectivity.

steric hindrance
A N 2]
SNDERND
Mode | binding Mode Il binding

of favored enantiomer of disfavored enantiomer

Figure 1.20. Binding modes I and II for secondary alcohols. Mode II has unfavorable steric
interactions.
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This study, as well as later experiments combining substrate screening with
molecular modeling that were carried out by some of the same researchers
(Rotticci et al. 3 and Orrenius et al.“), indicated that size restrictions of the
binding pockets are important. It was suggested that there are two modes of
binding for the substrates, Mode I and Mode II, Figure 1.20. Favored enantiomers
bind as in Mode I, with the medium substituent in the medium sized pocket. The
disfavored enantiomer must bind as in Mode II to be catalytically productive. In
this latter mode, the large substituent is placed in the sterically restricted medium
pocket. When the large substituent is not very big, it can fit more easily into the
medium pocket, lowering the preference for Mode I binding. However, as the
large group is increased in size, accommodation within the medium pocket
becomes more difficult; the enantioselectivity is enhanced because Mode II
binding is less lkely. They also suggested that unfavorable electrostatic
interactions can occur in the medium pocket if a halogenated substituent is
present, as discussed above. The presence of a halogen atom on the large
substituent, probably increases the enantioselectivity by making Mode I binding
less likely because of both unfavorable types of interactions within the medium
pocket.

Zuegg et al.’* analyzed the low energy conformations of both enantiomers
of secondary alcohols within the active site of both PCL and CRL. They proposed
that enantiomer differentiation is based on the size of the substituents. Secondary
alcohols exhibit what they call H-alignment, Figure 1.21a. The hydrogen atom at
the stereocenter of both enantiomers binds in the same site. The large substituent
of one enantiomer is then forced to bind in the medium pocket, causing
unfavorable steric interactions. The two possible orientations for the substrate are

the same as proposed by Rotticci et al. and Orrenius ef al., above.
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hydrogen binds in same position
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Figure 1.21. Secondary alcohols, (a), exhibit H-alignment, whereas primary alcohols, (b),
exhibit L-alignment. The large and medium substituents of both classes of alcohols bind in the
same respective sites.

Primary alcohols

As described in Chapter 3, PCL prefers the opposite enantiomer of primary
alcohols. We give a proposal for this opposite enantiopreference based on studies
carried out with substrates having two stereocenters. Three independent groups of
researchers have performed crystallographic and molecuiar modeling analyses
using PCL. Their proposals for the molecular basis by which PCL differentiates
between enantiomers of primary alcohols and rationalizations for its opposite
preference for primary and secondary alcohols are discussed below.

Zuegg et al.** proposed that the favored enantiomer of secondary alcohols
and primary alcohols bind in approximately the same manner: the larger
substituent at the stereocenter in a large hydrophobic pocket and the medium
substituent in a smaller more hydrophilic pocket, Figure 1.21. They suggest that
the preferred primary alcohol is opposite to the preferred secondary alcohol
because of the extra carbon between the stereocenter and the alcohol hydroxyl
group. This is in agreement with the research described in Chapter 3. Primary

alcohols exhibit L-alignment. That is, the large substituents bind in the same
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pocket for both enantiomers. For the disfavored enantiomer, this forces the
hydrogen atom into the hydrophilic pocket and the medium substituent out of the
pocket towards the solvent. In this proposal, these unfavorable binding modes are
the basis for enantiodifferentiation.

In the previously discussed studies conducted by Nishizawa er al.,’' it was
also suggested that both substituents of primary and secondary alcohols bind in the
same regions of the active site of PCL. They proposed that the enantioselectivities
for primary alcohols are lower than for secondary alcohols because the medium
substituent is further away from the stereocenter and therefore does not disrupt
hydrogen bonding to the catalytic histidine to the same extent. This results in less
of a difference between the transition state reactivities of the two enantiomers.

Tuomi and Kazlauskas®” proposed that primary and secondary alcohols
bind in different regions of PCL, as a result of molecular modeling of transition
state analogues. The secondary alcohols bind as described above, but the large
substituents of primary alcohols bind in an “alternate” hydrophobic pocket that is
fairly far removed from the hydrophobic pocket that binds large substituents of
secondary alcohols, Figure 1.22. In addition to molecular modeling, kinetic
studies were performed. They studied two different primary alcohol substrates,
one with an oxygen attached to the stereocenter and one without. This was done
in an attempt to discover why, as will be discussed later, an existing rule can
predict the enantiopreference of PCL towards primary alcohols without an oxygen
at the stereocenter, but it cannot be applied to those with an oxygen. In the case of
the substrate lacking an oxygen at the stereocenter, the favored enantiomer has a
lower Ky than the disfavored one, but the k., values are approximately the same.
Molecular modeling shows that the favored enantiomer has better hydrophobic
contacts: the medium substituent of the disfavored enantiomer is situated outside

the medium pocket, Figure 1.23.
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Figure 1.22. The active site of PCL without (left) and with (right) an embedded primary alcohol
phosphonate transition state analogue. According to Tuomi and Kazlauskas the large substituent
of primary alcohols, in this case a phenyl group, binds in an alternate hydrophobic pocket. In the
right hand picture, the colours have been omitted for clarity. The viewing angle of the two
pictures 1s slightly different.
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Figure 1.23. (a) The preferred orientation of a secondary alcohol substrate. (b) Proposed
orientations for each enantiomer of a primary alcohol substrate with an oxygen at the
stereocenter. (c) Proposed orientations for each enantiomer of a primary alcohol lacking an
oxygen at the stereocenter: the disfavored enantiomer forms a hydrogen bond to tyrosine. The
large substituent of primary alcohols binds in an alternate hydrophobic pocket that does not
correspond to the hydrophobic pocket for the large substituents of secondary alcohols. The
medium substituents bind in the same pocket for both classes of alcohols.
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PCL prefers the opposite enantiomer of the substrate having an oxygen at
the stereocenter.”® The kinetic studies showed that both k.. and Ky are greater for
the preferred enantiomer. Molecular modeling showed that the disfavored
enantiomer has better binding: both substituents are in their respective pockets
and, in addition, there is a hydrogen bond between the phenoxy oxygen of the
substrate and the phenol hydroxyl moiety of a tyrosine residue in the ‘alternate’
hydrophobic pocket, Figure 1.23. Although the hydrophobic contacts of the
favored enantiomer are poorer, the difference in k., is much greater than the
difference in Ky, as a result the favored enantiomer reacts faster. It is suggested
that the lower k,, of the disfavored enantiomer is due to the hydrogen bond to the
tyrosine residue; it is possible that the reverse reaction is promoted due to the
tighter binding of the substrate. In all of the above binding modes, the
catalytically essential hydrogen bonds were maintained. In this proposal, both k,
and Ky are important in determining enantiopreference.

Lang er al.’® identified three pockets within the substrate binding site of
PCL by examining its crystal structure with a covalently-bound tnacylglycerol
analogue. The three binding sites were defined as follows: HA, the acyl binding
pocket; HH, a large hydrophobic pocket with a small hydrophilic region; and HB,
a smaller slightly hydrophobic pocket.” The crystal structure was obtained with
only the faster-reacting, R, enantiomer of the inhibitor. Molecular modeling
studies were done to determine how the slower-reacting, S, enantiomer would bind
in comparison. It was observed that the sn-2 moiety of the fast-reacting
enantiomer binds in the HH pocket and forms a hydrogen bond between the
carbonyl oxygen and the O, of a Thr residue. However, the sn-3 moiety of the
slow enantiomer is bound in this pocket. Since the environment near the

stereocenter of the two substituents is different, unfavorable steric interactions

* It appears that the HH pocket corresponds to the alternate hydrophobic pocket of Tuomi and Kazlauskas.
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occur for the S enantiomer, instead of the stabilizing hydrogen bond. It is
suggested the presence of these unfavorable interactions might account for the
preferential reaction of the R enantiomer. The interactions of the HB pocket with
the inhibitor are fewer and weaker and therefore of less consequence. In this
proposal, the two substituents switch places and one binding mode is preferred. It
is rationalized that the size and nature of the portion of the substituents that is

close to the stereocenter is of great importance in the discrimination of

enantiomers.
HB pocket HA pocket HB pocket HA pocket
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Figure 1.24. A stabilizing hydrogen bond is formed when the sn-2 moiety of the preferred, R,
enantiomer binds in the HH pocket. In the case of the S enantiomer, it is the sn-3 moiety that
binds in the HH pocket: its structure does not allow for hydrogen bonding to the Trp residue.

To summarize the studies done with primary alcohols, Tuomi and
Kazlauskas disagree with Zuegg et al. and Nishizawa et al. on how primary
alcohols bind as compared to secondary alcohols, however they all agree that the
large substituent remains in same position for both enantiomers of a primary
alcohol. Zuegg er al. and Lang et al. suggest that differences in binding are of

primary importance in enantiodiscrimination. Nishizawa et al. suggest that it is
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differences in reactivities of the transition state. However, Tuomi and Kazlauskas

propose that both factors influence enantiopreference.

Subtilisin

As will be discussed in the following section, subtilisin favors the opposite
enantiomer of secondary alcohol substrates as compared to lipases and esterases.
In Chapter 4, we propose that this is due to the fact that the catalytic histidine is on

the opposite side of the binding pockets, as shown in Figure 1.25.

Figure 1.25. A comparison of this figure with Figure 1.15 shows how the catalytic histidine of
subtilisin is on the opposite side of the binding pockets, in comparison to its position in lipases
and esterases. This figure was created with RasMol v2.6 and PDB file Isbc.’

Although fewer studies have been conducted with subtilisin, to determine
how it distinguishes between enantiomers, it seems as though rationales similar to
those for lipases can be applied. Colombo et al.*® modeled two secondary alcohol
substrates within the active site of subtilisin Carlsberg. The same hydrogen bond
network between the catalytic His residue, the alcohol oxygen of the substrate, and
the nucleophilic Ser oxygen was found to be present for the favored enantiomer

but not for the disfavored one. In addition, a favorable stacking arrangement was
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observed between the imidazole ring of the catalytic His and the phenyl ring of the
fast-reacting enantiomer.

Crystal structures of subtilisin with boronic acid based transition-state
analogues bound to the active site, have been studied.”® However since these
inhibitors mimic amino acids, it is the S, subsite, corresponding to the acyl
binding site of lipases and esterases, that was probed. This study is beyond the
scope of this thesis.

Although many different proposals have been made, there is still not any
one clear answer to the question of how enantiodifferentiation occurs and what
determines the level of enantioselectivity. It would seem as though there is a fine
balance between the many structural and electronic characteristics of both the
substrates and the hydrolases. In addition, it is possible that there is a different
explanation for different substrates and different enzymes. In spite of this, a
reliable prediction of the stereochemical outcome of many hydrolase-catalyzed

reactions is possible.
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1.6 Predicting enzyme selectivity

In recent years chemists have attempted to make enzymes more accessible
and alluring for the production of optically pure materials by developing rules that
predict the enantioselective outcome of enzyme-catalyzed reactions. As there are
a great number of hydrolases available, reliable rules and models greatly simplify
the screening process involved in choosing the most appropriate hydrolase for a
given transformation.

Despite the vast amount of information that has recently become available a
a result of crystal structure analysis, in practice it is still difficult to use this data to
predict the enantiopreference of a hydrolase. Therefore, although most of the
following rules were proposed before X-ray structures became available, they are
still very valuable to the organic chemist. So much so, that rules and models have
even been developed after crystal structures have been solved.

One of the first rules available was developed by Prelog to predict the
enantioselectivity of yeast-catalyzed reductions of ketones®’. This rule is based
solely on the size of the substituents at the stereocenter and is reliable enough to
use for the determination of absolute configurations®'. After the first few rules for
hydrolases were proposed about ten years ago, a plethora of rules and models have
been developed as a result of extensive screening studies and moiecular modeling
studies.

The primary objective of the work described in this thesis was to develop
general models for predicting the stereochemical outcome of hydrolase-catalyzed
reactions; specifically, the hydrolysis of esters and esterification of primary and
secondary alcohols. The application of these rules led us to propose a method to
increase enantioselectivity as well as allowing us to prepare several optically-pure

useful chiral synthons.
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There are two basic categories of predictive rules or models: substrate rules
and box-type models. Substrate rules illustrate which substituent characteristics
are preferred by hydrolases. Some are detailed and apply only to a single class of
substrates with a particular enzyme, and therefore have a limited degree of
usefulness. Others are very general and apply to a vast variety of substrates and
several hydrolases. The box-type models, either two- or three-dimensional,
attempt to map the active site. These models tend to give more detail about the
shape, size, hydrophobicity, and electronic character of the hydrolase binding site.
However, they are often harder to apply to a given substrate and are more specific
to one particular hydrolase. The following review of proposed rules and models is
divided into five categories: substrate rules and active site models for secondary
alcohols, substrate rules and active site models for primary alcohols, and substrate

rules for primary amines.”

Secondary alcohols: Predictive substrate rules

Among the first substrate rules to be proposed were detailed and specific to
one enzyme and one class of substrate. Xie et al. proposed two rules that predict
the favored enantiomer in PCL-catalyzed hydrolyses of cyclic and bicyclic
systems.®? The first is a three-site model specifically for cyclic or bicyclic diols®
and the second is a stereomodel using a Newman projection of cyclic or bicyclic
systems“ (Figure 1.26).

Oberhauser et al. proposed a detailed substrate model for CRL-catalyzed

resolutions of bicyclic secondary alcohols. *

This model, which is restricted to
bicyclo[2.2.1]heptanols and bicyclo[2.2.2]octanols, is shown in Figure 1.24. This
model has recently been refined by Faber et al., using comparative molecular field
analyses, to include to quantitative estimations of the enantioselectivity of CRL

towards this group of substrates.*

* The reader may wish to consult Figures 1.15 and 1.25 while reading this section, to compare the rules and
models with the substrate binding sites of the hydrolases.

31



Chapter |

a hydrophobic site b ‘l\
H
240

catalytic site binding site

Figure 1.26. a) Three-site model for PCL. The hydrophobic site is for cyclic ring systems and
the binding site is for an alcoxycarbonyl or acetate group. b) Stereomodel for PCL. Binding
occurs in the right-hand volume when the Newman projection of the substrate is drawn with the
acetate upwards.

The refined mathematical substrate model gives a representation as to
which areas of the substrate are sterically favored, as well as which areas are
favored for a negative charge and which for a positive charge. For example, the
top of the bridge atom is an area that is favored for a negative charge but stencally
disfavored. When all the structural and electronic requirements of the substrate
are met, a good enantioselectivity is predicted with the preferred product being the

enantiomer shown in Figure 1.27.

Figure 1.27. Model for bicyclic substrates of CRL. The sites and substituents are defined as
follows: A: reaction site (must be endo). B: bridge (may contain hetero atoms). S, and S;: anti
and syn substituents (may be an ester, ether, or acetal group). S,: exo-substituent (may be large).
S.: endo-substituent (must be very small). n: n-site (n-electron in this site enhance
enantioselectivity). The mathematical model gives more detailed space and electrostatic
restrictions.

52



Chapter 1

The development of a more simple rule that predicts the stereochemical
outcome for hydrolase-catalyzed reactions with secondary alcohols and their esters
is detailed in Chapter 2. This is a very general qualitative rule (Rule A, Figure
1.28) which is based on the difference in size of the substituents at the stereocenter
of the substrate. It is not an attempt to map the active site but rather simply a rule
to predict which substrate of a racemic pair (or which alcohol moiety of a meso or

prochiral diol) will react preferentially.

Rule A: Lipases Rule B: Subtilisin

Figure 1.28. Simple predictive substrate rules for secondary alcohols.

The great advantage of this rule is its generality and simplicity to apply.
One must simply draw the substrate in question such that the alcohol (or ester)
group is pointing out of the page towards the reader as shown in Figure 1.28. A
line is then drawn down the middle of the molecule and the enantiomer with the
large group on the right side of the line is the one that will react preferentially. A
similar was first proposed by Ziffer et al.®’ to predict the enantiopreference of
lipase from Rhizomucor nigricans in the hydrolysis of a vanety of cyclic and
aromatic secondary alcohol esters. Through extensive literature surveys and
substrate screenings we found that this rule also predicts the enantiopreference of
three other hydrolases, namely cholesterol esterase (CE), lipase from Candida
rugosa (CRL), and lipase from Pseudomonas cepacia (PCL), see Chapter 2. In
addition, the same or similar rule has been shown to hold true for at least 8 other

68,69

hydrolases. In the case of CRL, the rule can only be applied to cyclic
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substrates. This rule has been found to be extremely reliable; at least 93%
accurate. The validity of this rule was confirmed by the crystallographic analysis
of CRL which, as described in the previous sections, shows the presence of a large
and a medium pockets in the active site. Thus, the active site resembles the rule.

Although this rule is very reliable, a certain amount of discretion must be
used when applying the rules. For instance, a long unbranched alkyl chain is
acceptable in the “M” position probably because the chain can fold and point out
towards the solvent, therefore only occupying a small volume of space within the
binding site.

Additional substrate mappings carried out with several lipases resulted in
more details about the spatial constraints required for a substrate. ExI, et al.”
concluded that CRL accepts larger flat substrates (to a limit of 9.2 A) than PCL (to
a limit of 7.1 A) but generally with lower enantioselectivities. From a detailed
substrate analysis with PCL, Theil et al.”' determined that the good substrates have
a long and flat or unbranched substituent, whereas poor substrates are sterically
crowded close to the stereocenter. In addition, enantioselectivity was found to be
highly dependent on the substitution pattern of an aryl ring (Figure 1.29). Kim and
Cho’® found that lipoprotein lipase from Pseudomonas aeruginosa prefers
substrates whose smaller group is linear and up to three carbons long and whose

larger substituent is nonlinear and preferably contains a hydrophobic ring.

OH CHs

OH
ACO\/k/O AcO\/'\/O\@\
E=27 E > 100 CH

Figure 1.29. The enantioselectivity of PCL differs for ortho and para substituted substrates.
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In Chapter 4 we review how the protease, subtilisin”, prefers the
enantiomer opposite to the one favored by lipases.”* Therefore, a predictive rule
opposite to Rule A is applicable for subtilisins (Rule B, Figure 1.28). This rule
was found to be 85% accurate in predicting the stereochemical outcome of

reactions with secondary alcohols and their esters.

Secondary alcohols: Active site models.

The next generation of models that were developed to predict hydrolase
enantiopreference are the two-dimensional box type. These active-site models are
also based on the size of groups at the stereocenter of secondary alcohol
substrates. They are not as simple to use as the rules described above,. however
they include more detailed size restrictions. Each model is also specific to one
given hydrolase.

At about the same time that the large/medium rule described in Chapter 2
(rule A) was published, a two-dimensional box-type model was developed for
lipase AK (model C, Figure 1.30) from Pseudomonas fluorescens.” The first step
in using this model is to fit the hydroxyl functionality of the substrate into the
catalytic site (the OH pointing out from the page). The next step is to determine
which enantiomer best fits into the active site model. If any part of a molecule
goes beyond the boundanes of the model, it is not a substrate. The enantiomer
with the best fit is predicted to be the major product. This model was based
primarily on reactions with unsaturated alcohols. This model was also used to
explain experimental observations for PCL and Chromobacterium viscosum
(Pseudomonas glumae)™

A similar model was proposed to predict the enantiopreference of lipase
YS”’ from Pseudomonas fluorescens (model D, Figure 1.30). It is used in exactly
the same way as the one proposed for lipase AK. This model was developed by
studying a large variety of substrates: acyclic, cyclic, and bicyclic secondary and

primary alcohols. The top perspective of the model shows that there is a large
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pocket on the right and a smaller pocket on the left. It was proposed that the right-
hand pocket is more polar because the lipase showed high enantioselectivity for
substrates having a phenyl moiety with small polar substituents.

The same type of model was also proposed for Lipase QL™ from
Alcaligenes sp. (model E, Figure 1.30).To use this model one must place the
hydroxyl group into the catalytic site; the stereocenter hydrogen into the Hg site
(small hydrophobic site); and the two substituents into the H_ site (large
hydrophobic site). H; has a large pocket (Hi;) on the right and a small pocket
(Hp)) on the left.

H., is more polar in character. Both H;, and Hy, are wider than the pockets of
lipase AK and lipase YS. Again, the enantiomer with the best fit is predicted to

react preferentially.

1.0A
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Model C: Lipase AK

Model D: Lipase YS 2.8 A
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Figure 1.30. Lipase active site models for secondary alcohols.
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Very recently, through a combination of substrate mapping and molecular
modeling, two three-dimensional active site models were independently proposed
for PCL. Both models were proposed prior to knowledge of its crystal structure.

Lemke et al. investigated the enantioselectivity of PCL towards 3-
(aryloxy)propan-2-ols.”” This research was a continuation of the previously
described work carried out by Theil ez al.”' A comparison of the experimentally
obtained enantiomeric ratios with a superposition of the low-energy conformers of
both substrates and non-substrates led them to the propose Model F (Figure 1.31).
According to this model, the two hydrophobic pockets are very different in shape.
One has a spherical shape and the other is a long tube with a limited diameter.
The former pocket accommodates bulky groups such as phenyl, phenoxymethyl,
and substituted aryl derivatives, wherease the latter binding site accepts only
stretched substituents such as acetoxymethyl and (n- hexadecanoyloxy)methyl.
Therefore, it was suggested that it is not only size that determines

enantioselectivity but also shape.

catalytic serine

situated behind ‘\ 115 A 95 A
13A 4.5A
8 /3A
d 6A 4.5A
6A
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55 A 3
754
H3
“3: CH;

Figure 1.31. Model F: active site model for PCL.
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Grabuledaso, et al. carried out similar computational studies on a wide
variety of secondary alcohol substrates. They also came to the conclusion that
there are two different shaped binding pockets: a large hydrophobic pocket (H,)
and a smaller tunnel-shaped less hydrophobic pocket (Hs), Model G, Figure 1.32.
The hydroxyl group binds in the Hy pocket, pointing outwards toward the front of
the pocket. Both models are essentially the same, however the dimensions of

Model F are greater overall.
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Figure 1.32. Model G: Active site model for PCL

Jones et al®' developed a detailed box-type model of the active site of
porcine liver esterase (PLE). Although this model was based on reactions with
esters of racemic acids (carboxylic esters), it has been successfully applied to
PLE-catalyzed hydrolyses of racemic diacetates of bicyclic compounds (2°
alcohols).® The boundaries of the original model have since been slightly

modified® and it is the final model which is shown in figure 1.33 (model H).

6.2A

Figure 1.33. Model H: active site model for PLE.
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As can be seen in Figure 1.34, all the above box-type models have one side that is
larger than the other and therefore they resemble the empirical substrate rule, Rule

A, in this manner.

model F

Figure 1.34. A comparison of the box-type models for secondary alcohols shows that their
overall shape is similar to substrate rule A. The models have been simplified and redrawn such

that the alcohol binding site, represented by the black circle, is pointing upwards and out of the
page.
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Primary alcohols: Predictive substrate rules

There are fewer examples of hydrolases-catalyzed transformations
involving primary alcohols because enantioselectivities tend to be lower than for
secondary alcohols. For this reason, fewer rules and models have been developed
and they are generally less reliable.

Chapter 3 describes how the empirical rule for secondary alcohols (Rule A,
Figure 1.28) was extended to B-branched primary alcohols. This rule (rule I,
Figure 1.35) is opposite to the secondary alcohol rule; that is, the CH;OH points
into the page, away from the reader when the large substituent is on the right and
the medium substituent is on the left. It applies solely to PCL and only reliably
predicts which enantiomer of a substrate will react preferentially when the
substrate does not have an oxygen attached directly to the stereocenter. In such

cases, the rule 1s 89% accurate.

Figure 1.35. Simple rule to predict the enantiopreference of PCL towards primary alcohols.

Jones er al® have recently shown that subtilisin shows an
enantiopreference opposite to lipases for B-branched primary alcohols. This rule,
Rule J, Figure 1.36, is also opposite to the predictive rule for subtilisin towards
secondary alcohols, Rule B, Figure 1.28. They also found that the
enantiopreference was reversed, once again, for subtilisin-catalyzed reactions with

y-branched primary alcohols, Rule K.

* This rule was based on only one example with low selectivity.
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Rule J Rule K

Figure 1.36. Rules to predict the enantiopreference of subtilisin Bacillus lentus towards (-
branched primary alcohols (Rule J) and 7-branched primary alcohols (Rule K).

Several rules have been proposed to predict the stereochemical outcome of
reactions catalyzed by PPL. However, due to many discrepancies, none of the
rules are reliable enough to be useful to the organic chemist. In fact, rule L and
rule M, Figure 1.37, are essentially mirror images. This contradiction of rules has

often been referred to as the ‘PPL dilemma’.

Rule L:
@ @ redrawn acyl
c.‘ H
H

= B primary
large hydrophobic™  “smail polar
Rute M: catalytic site
redrawn
hydrophilic site hydrophobic site catalytic site H primary or
= o secondary
hydrophilic hydraphobic
H-site
RuleN:
H cy+-O
acyko\< & \<H primary or secondary
apolar*” polar poiar™’ apolar
A-model B8-model

Figure 1.37. Rules to predict the enantiopreference of PPL towards primary and secondary
alcohols.
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The rule proposed by Hultin and Jones® is shown in Figure 1.37, Rule L.
The acyl site corresponds to the catalytic site. The Ly pocket accepts sterically
demanding substituents that are essentially hydrophobic in character. The Sp
pocket is much smaller, accepting polar substituents no bigger than an
acetoxymethyl group. The Sp site will also accept small non-polar substituents
such as a methyl group.

The rule proposed by Ehrler and Seebach® does not include any size factor.
This rule, Rule M, is simply applied by comparing the relative hydrophobicities of
the substituents at the stereocenter. The rule is drawn as a Fisher projection with
the catalytic site for esters of primary or secondary alcohols at the top and the
stereocenter hydrogen at the bottom. The preferred enantiomer then has a
hydrophobic group on the right and a hydrophilic group on the left.

When the rules are redrawn as shown in Figure 1.37, one can easily see that
they are basically enantiomeric. Wimmer®’ attempted to clarify the problem by
comparing the successfulness of A-model and B-model of rule N with both Rule L
and Rule M, in predicting the preferred enantiomer. Wimmer specified that these
rules are to be applied by comparing the polarity of the portion of the substituents
that is in the immediate vicinity of the stereocenter. He also stated that the relative
size of substituents is of lesser importance than the polarity. Wimmer deduced
that although the A-model was more reliable, neither was completely successful.

Although Rules M and N are for secondary alcohols as well as primary
alcohols, it has been suggested that pure PPL has no activity towards secondary
alcohol esters and that it is contaminants within crude PPL that are responsible for

hydrolysis.85 88
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Primary alcohols: Active site models.

The box-type model that was proposed for reactions with secondary
alcohols catalyzed by lipase YS (model D, Figure 1.30) was also found to apply to
reactions with primary alcohols. It must be noted that none of the primary
alcohols screened contained an oxygen at the stereocenter. Figure 1.35 shows how
primary alcohols are placed within this model. By comparing Figures 1.30 and
1.38, it can be seen that this model also predicts that the opposite enantiomer is

preferred for primary alcohols.

.....

Figure 1.38. Model D for lipase YS applied to primary alcohols.

A two-dimensional box-type active site model has been proposed to predict
the enantioselectivity of lipase AKG from Pseudomonas sp.%. This model is very
specific to a certain group of substrates, namely, a,a-disubstituted 1,2-diols, a
group of primary alcohols having a tertiary OH at the stereocenter. This model is
shown in figure 1.39, model O. The R (reaction) pocket is the catalytic site for the
primary hydroxyl group (this hydroxyl must point into the page, away from the
reader). The tertiary hydroxyi group points out of the page, towards the reader.
The F (flat) pocket accepts only flat, nearly planar, side chains (e.g. allyl group) in
an extended conformation. Phenyl substituents can be positioned in the S (small)
pocket. Substituents positioned in the F pocket must not be aliphatic, in order to
obtain a good fit. Phenyl substituents must not be substituted in the para position,

because they become too large for the S pocket.

63



Chapter |

F F

Figure 1.39. Model O: for predicting the enantiopreference of lipase AKG towards a.a-
disubstituted 1,2-diols

A box-type active site model has also been proposed for lipase from

Rhizopus delemar”. This model, Model P, Figure 1.40, is specifically for

derivatives of meso-bis(acetoxymethyl)cyclopentane (meso diacetates of primary

alcohols). Both the top view and the side view of the model are shown. The

. nucleophilic serine residue is positioned at the “S”. The acetyl function of a
substrate must be positioned here when the substrate is fitted into the box, for

hydrolysis to occur.

f

k/_i

side view top view with substrate

e A )

Figure 1.40. Model P: for predicting the enantiopreference of lipase from Rhizopus delemar
towards meso diacetates of primary alcohols.
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Guanti et al. proposed a box-type active site model for PPL catalyzed
reactions of primary alcohols, Model Q, Figure 1.41.”' It was developed primarily
for 2-substituted 1,3-diacetoxypropanes. According to this model, the active site
is comprised of four pockets. Site A is the catalytic site and site C is a hydrophilic
site that accepts the non-reacting acetoxy group or some other polar group. Site B
and D are hydrophobic pockets. Site B is more structurally and sterically selective
than site D. Apolar chains prefer site B if they fit, especially if they have some
form of unsaturation. It is a crude model with no indication as to the dimensions
of the pockets, therefore it is difficult to apply. Guanti ez al. state that the validity

of this model must be confirmed by additional research.

————_ site A(catalytic site) —
site B : - ~
{(hydrophobic, n-interactions) | : /
! ‘ OAc:
------ 4 ' -- / EREEN
. R— ‘ .
o P i ~ o N "(LH
- » site D —— ,
: (hydrophobic, OAc .
: minor steric interactions)
coofeanaane 17 S N M 4

site C (hydrophilic, hydrogen bond)

Figure 1.41. Model Q: Box-type model for PPL. The alkenyl substituent of 1,3
diacetoxypropanes binds in site B when it has a ¢rans configuration because of favorable n-
interactions, as shown. The cis-alkenyl substituents must bind in site D because the position of
the R group is such that unfavorable steric interactions occur in site B. Hence the opposite
enantiomer is preferred.

Primary amines: predictive substrate rules.

The general rule for secondary alcohols (rule A) has been shown, see
Chapter 4, to account for the enantiopreference of Lipase B from Candida
antartica (CAL-B)”, Pseudomonas aaeruginosa (PAL), and Pseudomonas
cepacia (PCL) towards primary amines of the type NH,CHRR’. Subtilisin shows

the same opposite enantiopreference for primary amines as it showed for
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. secondary alcohols. Therefore rules R and S are useful for predicting the

stereochemical outcome of reactions with primary amines, Figure 1.42.

@ Q 59
Rule R: Lipases Rule S: Subtilisin

Figure 1.42. Rules to predict the enantiopreference of lipases and subtilisin towards primary
amines.

As discussed in Section 1.5, researchers have used molecular modeling of
substrates within active sites in an attempt to rationalize the enantiopreference and
degree of enantioselectivity of hydrolases. However, as this area of research is

. still in its infancy, this method is difficult to use. Although the above rules and
models are a simplistic view of hydrolase selectivity, in practice they provide a

relatively easy means of predicting hydrolase enantiopreference.
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1.7 Increasing hydrolase enantioselectivity

A number of methods have been found to alter the reaction rates,
specificity, and selectivity of enzymes. In particular, an entire area of research is
devoted to improving the enantioselectivity of hydrolases through the modification
of reaction conditions, alteration of the substrate, and mutation of the hydrolase
itself. Significant improvements have been observed in all three cases, but no
general method has been established. Unless otherwise noted, the following
discussion is limited to studies involving hydrolyses and acylations of primary and

secondary alcohols.

Modification of reaction conditions

Modifications of reaction conditions such as solvent, and temperature
have led to surprisingly good improvements in hydrolase selectivity. Although
there are some rules and rationalizations, the variation in enantioselectivity

remains, for the most part, unpredictable.

Solvent

The influence of solvent on hydrolase-catalyzed transformations has been
extensively investigated over the past decade.” There is no doubt that the nature
of solvents influences enantioselectivity, however our understanding of the
enzyme-substrate-solvent interactions involved is still rather limited. One distinct
advantage of conducting reactions in organic solvent is that the enantioselectivity
can often be increased, decreased, and even reversed by simply changing the

9
solvent.>>*

The one drawback of this ‘medium engineering’ is that hydrolase
activity is often greatly reduced in organic solvents as compared to reactions

. . 94
carried out in water.

67



Chapter |

An example of the need to optimize the solvent for a given reaction is given
in Chapter 5. The enantioselectivity of a lipase-catalyzed esterification of a
bicyclic alcohol increased >100 fold upon changing the solvent from chloroform
to toluene.

Researchers have attempted to correlate the physicochemical characteristics
of solvents with the selectivity of hydrolases.”® In one study, Fitzpatrick and
Klibanov found a correlation between the enantioselectivity of subtilisin Carlsberg
towards secondary alcohols and both the dielectric constant and dipole moment of
the solvent. ” No correlation with hydrophobicity (log P) was observed, nor was
any correlation found when subtilisin was replaced by porcine pancreatic lipase.
[n this study, a 20-fold increase in enantioselectivity was observed upon changing
the solvent from acetonitrile to dioxane, in the transesterification of 1-phenyl
ethanol with vinyl butyrate. The effect of solvent on the selectivity of subtilisin
Carlsberg, a protease from Aspergillus oryzae, and a lipase from Pseudomonas sp.
towards prochiral primary alcohols was examined in a later study.” A correlation
between prochiral selectivity and solvent hydrophobicity was observed. In this
case, the influence of solvent dipole moment was ruled out by conducting
reactions in two isomeric solvents having different polarities but the same
hydrophobicity; similar prochiral selectivities were obtained. It was suggested
substrates having a large hydrophobic substituent bind more tightly within the
hydrolase’s hydrophobic pocket in the presence of hydrophilic solvents, leading to
a more stereoselective reaction. That is, changes in selectivity are based on
changes in the solvation of the substrate. They also found that a hydrophobic
additive in the reaction medium competed for binding in the hydrophobic pocket,

resulting in decreased selectivity.
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An inversion of enantioselectivity was observed for lipase from
Pseudomonas cepacia® upon variation of the solvent, but no correlation was
found between the enantioselectivity and the hydrophobicity of the solvent.

Carrea and co-workers, as well as several other groups, have found a
complete lack of correlation between the enantioselectivity of several lipases,
towards primary alcohols and secondary alcohols, and the physicochemical
characteristics of solvents.**

Enantioselectivity varied greatly with respect to solvent in the resolution of

amines catalyzed by lipase Pseudomonas cepacia and a lipase from Candida

.9
antarctica. 8

However, there was no relationship between the degree of
enantioselectivity and the log P or dielectric constant of the solvent.

Recently, Ke er al.”® suggested that prochiral selectivity can be correlated
with the relative solvation energies of the pro-R and pro-S binding modes of the
substrate in the transition state. They found that prochiral selectivity in various

organic solvents can be quantitatively predicted using equation 1.12. This

equation was derived by theoretical means and experimentally confirmed.

log [(kcat/KM)pro-S/ (kcat/KM)pro-R ] = log (Y’pro-S/'Y’pro-R) + const [1-12]

Y’ pro-s and Y’ pro-¢ are defined as the activity coefficients of the desolvated fragment
of the substrate in the pro-S and pro-R enzyme bound transition states,
respectively. These values are calculated by first conducting modeling studies to
determine which part of the bound molecule is not accessible to the solvent. The
activity coefficient of a model molecule that resembles the unsolvated portion of
the substrate is then determined. Very good correlation was found for cross-linked
crystals of chymotrypsin and subtilisin, but not for their lyophilized or precipitated

forms. It was proposed that this is due to the fact that while the conformation of
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the enzymes in their crystallized forms does not change as the solvent is varied,
experiments indicated that reversible conformational changes do occur for the
other forms. Later experiments'®® showed that the solvent dependency of the
prochiral selectivity is dominated by the (k.o/Km)pro-z term (for their substrates,
where R is the favored product) and that both k., and Ky are equally involved. It
was also found that the activity of the enzyme was not decreased in the solvents
for which selectivity was increased. These experiments were only carried out on
one type of substrate, prochiral primary diols having a benzyl or substituted benzyl
group at the stereocenter.

Colombo et al.*®

found that this method was unsuccessful when applied to
their substrates. They studied the enantioselectivity of both cross-linked
crystalline and lyophilized subtilisin towards two very different chiral secondary
alcohols. They found no correlation between the enantiomeric ratio and the ratio
of the activity coefficients for the unsolvated portions of the substrate.

In addition to Ke et al.’s proposal that the selectivity of hydrolases in
organic solvents is dependent solely on the energetics of substrate solvation, two
other hypotheses have been put forth. It has been suggested that selectivity could
be affected by solvent molecules bound within the active site.'”"'**'% These
solvent molecules could disturb the normal binding mode of the substrate through
steric and electrostatic interactions, thus influencing the selectivity. Another
suggestion is that variation in solvent leads to changes in the conformation of the
enzyme.'®'% This, in turn, would lead to changes in enzyme-substrate interactions
that could affect selectivity.

Significant increases in enantioselectivity have also been observed upon the
addition of an organic co-solvent to hydrolytic reactions. Generally, it seems that

esterases and proteases favor the addition of a water-miscible hydrophilic solvent,

whereas lipases favor the addition of a water-immiscible hydrophobic solvent.®
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However, Hansen et al.' found that the enantioselectivity of a hydrolysis,
catalyzed by lipase B from Candida antarctica, could be raised ten-fold by the
addition of approximately 20% fert-butanol or acetone. In this case the lipase’s
performance is improved by the addition of a hydrophilic water-miscible co-
solvent. Many more examples of the use of co-solvents exist.'”’

Secundo et al. observed an increase in enantioselectivity as a function of
substrate conversion for the PCL-catalyzed transesterification of sulcatol with
vinyl acetate, in chlorinated solvents. This interesting phenomenon did not occur
in non-chlorinated solvents, nor did it occur for other substrates studied. This is
just another example that emphasizes the complex nature of enzyme-substrate-

solvent interactions.

Temperature

Researchers have also improved enantioselectivity by either increasing or
decreasing the temperature of a given reaction. >%'%

The difference between the free energies of activation of one enantiomer
and another, directly related to the enantiomeric ratio, is temperature dependent.
Therefore, a rationalization of temperature effects has been proposed using

theoretically derived equations based on the thermodynamics of enzyme-catalyzed

reactions.'® Using the mathematical model,
In E = - AAG¥ (RT) = AAS*/ R - AAH*/ (RT)

the enantioselectivity could be optimized once the AAH* and AAS* are known.
The temperature at which there is no enantioselectivity (E = 1) is defined as
T...=AAHY/ AAS®. Theoretically, at temperatures below T, the AAH* term

dominates and enantioselectivity should increase with decreasing temperature
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whereas at temperatures above Ty, the AAS* dominates and enantioselectivity
should increase with increasing temperature. In addition, if AAH* is the major
contributing factor of AAG* for the desired reaction, then high selectivies will be
obtained at the lowest temperatures. On the other hand if AAS® is the larger term,
then the best selectivity will be obtained at the highest temperatures. Obviously,
the temperature extremes are limited by the stability of the enzyme and substrate.

The validity of this mathematical model was confirmed by Sakai er al.'®,
who studied the effects of temperature on the lipase-catalyzed transesterifications
of a series of primary and secondary alcohols: the highest enantiomeric ratios were
observed at temperatures as low as -40°C.

The method by which an enzyme is prepared was found to influence the
effect of temperature on enantioselectivity. Both an increase and a decrease in
enantioselectivity was observed with an increase in temperature, for subtilisin
catalyzed reactions.''®  This was dependent upon the method used for the

preparation of the enzyme.

Other reaction parameters
It is thought that pH should influence the enantioselectivity of enzyme-

catalyzed hydrolyses.®™"!

The ionization state of an enzyme can easily be
changed by varying the pH of its environment. The conformation of the enzyme
would be altered and, as a result, substrate enantioselectivity would theoretically
be modified. Surprisingly, however, very little research has been done in this
domain and no useful conclusions have been made.

The water activity, related to the amount of water that is bound to an
enzyme in a given reaction medium, has also been observed to influence both

activity and enantioselectivity.>5%*
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Substrate modification

As discussed previously, the ability of hydrolases to distinguish between
enantiomers is very dependent on the structural elements of the substrate, such as
steric bulk and electronic characteristics. Therefore, variation in substrate
structure can significantly influence enantioselectivity. The empirical rule
proposed in Chapter 2 for secondary alcohols (Rule A) was successfully used to
redesign substrates. The enantioselectivity of hydrolases, towards poorly resolved
substrates, can be enhanced by increasing the difference in size between the two
substituents at the stereocenter. The steric bulk of the ‘large’ substituent can be
increased by the introduction of a group that can easily be substituted or removed.
Two such examples are described in Chapter 2. A number of other researchers
have used this method succesfully.5 For example, both Rotticci ez al.''? and Adam

et al.'’?

increased the enantiomeric ratio of lipase-catalyzed esterifications of
secondary alcohols, by adding steric bulk using a trimethylsilyl protecting group.
In addition Rotticci er al., gradually increased the size of the large substituent and,
other than for one exception, observed an enhancement in enantioselectivity.

The acyl portion of a substrate can also be altered to improve
enantioselectivity. It has been shown that an increase in the acyl chain length in
hydrolytic reactions involving the resolution of alcohols can increase
enantioselectivity. However, one study showed that for CRL, there is a minimum
in selectivity when an acyl carbon chain length of 6 is used.''* Variation of the
acyl donor in transesterification reactions in organic solvent can greatly influence
the degree of enantioselectivity. This was observed in the research described in
Chapter 5.  Another method that has been used to enhance enantioselectivity is

the “bichiral method”.!"””  This involves the resolution of a racemic alcohol

protected by a chiral acyl group'"°.
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Enzyme modification
A lot of research is being done in the modification of enzymes by various

techniques to increase the enantioselective potential. These include chemical

57,117 18

, site-directed mutagenesis''®, and directed evolution. '"

modification

However a detailed review of these methods goes beyond the scope of this thesis.
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Chapter 2

When the work for this thesis was started, organic chemists were just
beginning to realize the synthetic utility of hydrolases for the generation of chiral
molecules. Very little research had as yet been done in this field and there was a
great need for guidelines to help chemists select an appropriate lipase for a given
transformation. In particular, simple means of predicting the stereochemical
outcome of hydrolase-catalyzed transformations were imperative.

This chapter presents the elaboration of a simple, reliable rule that predicts
the enantiopreference of three serine esterases in transformations involving
secondary alcohols and their esters.

First, the rule was proposed on the basis of data accumulated from an
exhaustive literature survey of reactions catalyzed by Cholesterol esterase (CE),
lipase from Pseudomonas cepacia (PCL), and lipase from Candida rugosa (CRL).
The validity of the proposed was then confirmed by additional experiments.

A strategy for improving the enantioselectivity for a given secondary alcohol
substrate was developed and proven to be successful through the study of
enantioselective reactions involving two sets of secondary alcohol substrates and
their derivatives.

This paper has been highly quoted and describes some of the earliest work

in the field of predictive enzyme rules.

Reproduced with permission from The Journal of Organic Chemistry, Vol. 56, Romas J.
Kazlauskas, Alexandra N. E. Weissfloch, Aviva T. Rappaport, and Louis A. Cuccia, “A Rule To
Predict Which Enantiomer of a Secondary Alcohol Reacts Faster in Reactions Catalyzed by
Cholesterol Esterase, Lipase from Pseudomonas cepacia, and Lipase from Candida rugosa”,
2656-2665. Copyright 1991 American Chemical Society.

Note: The text of this article has been reformatted in accordance with the Thesis Preparation
Guidelines. A photocopy of the published version is included in the appendices.
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Chapter 2

A Rule To Predict Which Enantiomer of a Secondary Alcohol Reacts
Faster in Reactions Catalyzed by Cholesterol Esterase, Lipase from
Pseudomonas cepacia, and Lipase from Candida rugosa.'

Romas J. Kazlauskas,* Alexandra N. E. Weissfloch, Aviva T. Rappaport, and
Louis A. Cuccia

Abstract: The enantioselectivity of the title enzymes for more than 130 esters of
secondary alcohols is correlated by a rule based on the sizes of the substituents at
the stereocenter. This rule predicts which enantiomer of a racemic secondary
alcohol reacts faster for 14 of 15 substrates of cholesterol esterase (CE), 63 of 64
substrates of lipase from Pseudomonas cepacia (PCL), and 51 of 55 cyclic
substrates of lipase from Candida rugosa (CRL). The enantioselectivity of CRL
for acyclic secondary alcohols is not reliably predicted by this rule. This rule
implies that the most efficiently resolved substrates are those having substituents
which differ significantly in size. This hypothesis was used to design syntheses of
two chiral synthons: esters of (R)-lactic acid and (S)-(-)-4-acetoxy-2-cyclohexen-1-
one, 70. As predicted, the acetate group of the methyl ester of lactyl acetate was
hydrolyzed by PCL with low enantioselectivity because the two substituents, CH,
and C(O)OCH,, are similar in size. To improve the enantioselectivity, the methyl
ester was replaced by a ¢-butyl ester. The acetate group of the ¢-butyl ester of lactyl
acetate was hydrolyzed with high enantioselectivity (E > 50). Enantiomerically-
pure (R)-(+)-t-butyl lactate (>98% ee, 6.4 g) was prepared by kinetic resolution.
For the second example, low enantioselectivity (E < 3) was observed in the
hydrolysis of cis-1,4-diacetoxycyclohex-2-ene, a meso substrate where the two
substituents CH,CH, and CH=CH, are similar in size. = To improve
enantioselectivity, the size of the CH=CH substituent was increased by addition of
Br,. The new substrate was hydrolyzed with high enantioselectivity (E > 65) using
either CE or CRL. Enantiomerically-pure 70 (98% ee) was obtained after removal

of the bromines with zinc and oxidation with CrO,/pyridine.
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Chapter 2
Introduction

Microorganism- and enzyme-catalyzed syntheses and resolutions are among the
best methods for the preparation of enantiomerically-pure compounds.’
Enantioselective hydrolyses and transesterifications are especially useful because
they are efficient, can be carried out on a large scale, and apply to a wide range of
substrates. Unfortunately, there is little X-ray structural information available for
the esterases and lipases that are used for these preparations;’ thus, the appropriate
enzyme is usually chosen by screening.

In order to streamline screening, substrate models have been developed using
substrate selectivity data. Some models attempt to define the shape and
hydrophobic character of the active site and are used to predict which new
substrates will be transformed by the enzyme and whether the reaction will be
enantioselective. In most cases, this type of model is only accurate for substrates
that are similar to those already tested. For example, a model for PLE* predicts its
selectivity with o,B-substituted carboxylic acids,’ and a model for CRL predicts its
selectivity for bicyclo[2.2.1]heptanols and bicyclo[2.2.2]octanols.® In some cases,
more general models which define the sizes of hydrophobic pockets near the active

site have been developed. These can be used to predict reactivity for a wider range

4D @O

Figure 1. (a) Prelog's rule predicts that the yeast Culvaria lunata preferentially adds H, to the
front side of ketones having the shape indicated. (b) An extension of Prelog's rule to hydrolases.
For esters of secondary alcohols, the enantiomer shown reacts faster with CE, PCL and CRL than
the other enantiomer.

of substrates.’

b
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The simplest models for enzyme selectivity, more accurately referred to as rules,
predict only which enantiomer reacts faster usually based on either the size or
hydrophobicity of the substituents at the stereocenter. The earliest example of a
such a rule is Prelog's rule which predicts the enantioselectivity of the reduction of
ketones by the yeast Culvaria lunata based on the size of the two substituents at
the carbonyl, Figure 1.* The advantage of this rule is that it applies to a wide range
of substrates, but the disadvantage is that there are exceptions to this rule.
Nevertheless, this rule is sufficiently reliable to be used for the determination of
absolute configurations’ and has been used to redesign substrates in order to
improve the enantioselectivity.'’

A rule similar to Prelog's rule has been proposed for a hydrolase. For 47 esters
of racemic secondary alcohols, a rule based on the sizes of the substituents at the
stereocenter predicts which enantiomer is hydrolyzed faster in cultures of the yeast
Rhizopus nigrigans.'"" This rule has been used to determine the absolute
configuration of secondary alcohols.'? However, this microorganism has not been
used for large-scale synthesis.

Similar rules have been proposed for two commercially-available lipases:
Mucor meihei '* (MML) and Arthrobacter.'* 1t is not yet clear how useful these
rules will be because they are based on only six substrates for the Mucor enzyme
and only two substrates for the Artthrobacter enzyme. A "two-site model” that has
been recently proposed for cyclic substrates of PCL also appears similar to the rule
discussed herein."

This paper proposes a rule based on the sizes of the substituents for three
hydrolases, Figure 1. This rule is supported by 14 out of 15 substrates for CE, 63
out of 64 substrates for PCL, and 51 out of 55 cyclic substrates for CRL and has an
accuracy of >93%. This rule is the first attempt to predict the enantioselectivity of

CE. For PCL, this rule is similar to the "two-site model" for cyclic substrates,!4
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but the evidence presented in this paper shows that this rule accounts for the
enantioselectivity of acyclic secondary alcohols as well. For CRL, this rule is the
first general rule and complements the model for bicyclic substrates.6

Besides correlating a large amount of experimental data, this rule also suggests a
strategy for improving the efficiency of resolutions catalyzed by these enzymes:
secondary alcohols having substituents which differ significantly in size should be
more efficiently resolved than secondary alcohols having substituents which are
similar in size. This hypothesis was used to design the preparations of
enantiomerically-pure r-butyl lactate and (S)-(-)-4-acetoxy-2-cyclohexen-1-one.

Lactate esters are used as chiral starting materials and chiral auxiliaries. For
example, lactate esters were used in the preparation of (S)-2-arylpropionic acids, a
class of non-steroidal anti-inflammatory drugs,'® a-N-hydroxy-amino acids,"’
chiral enolates,'® and chiral auxiliaries for an enantioselective Diels-Alder reac-
tion.'” Polylactides containing interpenetrating networks of poly-(R)-lactide and
poly-(S)-lactide are stronger than those containing racemic chains.*

Although enantiomerically-pure (S)-(+)-lactic acid is readily available, the un-
natural enantiomer, (R)-(-), remains expensive. Enantiomerically-pure (R)-lactic
acid can be prepared by D-lactate dehydrogenase-catalyzed reduction of
pyruvate,’! fermentation, or microbial destruction of the S enantiomer.” The
resolution of lactate esters using PCL described in this paper yields material of
high enantiomeric purity and is inexpensive and simple to carry out. An enzyme-
catalyzed resolution of lactate esters has been reported previously using an enzyme
from a similar microorganism.”

The second example is an enantioselective synthesis of (§)-(-)-4-acetoxy-2-
cyclohexen-1-one, a new compound that should also be useful for synthesis. The
analogous (45)-t-butyldimethylsiloxy derivative has been prepared in six steps

from quinic acid®* and has been used for the synthesis of the cholesterol lowering
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drugs ML 236A and compactin.”® The procedure described below for the acetate
derivative is simpler. Since the analogous cyclopentenone - 4-acetoxy-2-cyclo-
penten-1-one - has been widely used in synthesis,”® the six-membered analog

should also find many uses.
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Results

A Survey of Enantioselectivity for Esters of Secondary Alcohols. Pancreatic
CE catalyzed the hydrolysis of the acetates of the secondary alcohols listed in
Table 1. The measured values of enantiomeric excess and % conversion were
used to calculate the enantioselectivity, E, which indicates the degree to which the
enzyme prefers one enantiomer over the other.”” Several examples from the
literature are also included in Table 1. Chart 1 indicates the structure of the fast-
reacting enantiomer. The chart and tables are arranged so that the larger group is
always on the right side as predicted by the rule in Figure 1b. CE showed no
enantioselectivity toward 40, but for the other fourteen examples the rule correctly
predicts which enantiomer reacts faster. The overall accuracy of the rule for CE is
14 of 15 substrates or 93%; the single exception, the ¢-butyi ester of lactyl acetate,
will be introduced and discussed below.

Enantioselectivity data for PCL was gathered from the literature, Table 2. This
list includes all secondary alcohols prepared using lipase P from Amano
Pharmaceutical. Reactions using other lipases from Pseudomonas (e.g. AK, K-10
or SAM-II) are not included. Patent literature is also not included. The reaction
conditions used for the examples listed in Table 2 incilude both hydrolyses in
aqueous solution as well as transesterifications and esterifications in organic
solvents. The structures of the substrates in Table 2 include acyclic secondary
alcohols and cyclic secondary alcohols in rings ranging from four- to seven-
membered. For 63 of the 64 substrates, the rule in Figure 1 correctly predicts the
fast-reacting enantiomer. The single exception, indicated by '(ent)’ in the
enantioselectivity column, was one of five substrates which showed low
enantioselectivity, E < 3. Thus, for PCL the rule predicts which enantiomer reacts

faster with 98% accuracy.
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Chart 1. Structures for Tables 1-3
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Table 1. Enantiospecificity of Bovine Pancreatic Cholesterol Esterase for Acetates of Secondary

. Alcohols.

Struc R Initial Rate? Conversion Enantiomeric Excess E
(units/mg) (%) (%)? Enantiospecificity
1 Ph 0.31 43 69 8.8°¢
1 nCH, 0.36 46 35 2.64
1 (CH),CH=C(CH), 0.50 46 45 43¢€
2 Ph 0.12 34 6.2 46f
28 0.02 - - 298
29 0.56 29 65 6.34
30 CH3 0.32 50 94 >100 . ¢
30 OAc 0.20 44 56 10/
30 OH 0.59 48 59 6.8/
31 CH, 0.59 53 46 44h k
34 0.21 44 96 >1004
39 cis 0.04 - - 14/
39  trans 0.07 - - 37!
40 0.60 50 0 1
46 - - - 7m
. a. For hydrolysis of the corresponding acetate ester unless otherwise noted. Unit = umol of ester hydrolyzed/min. 6.

The enantiomenc purity of the product alcohol was determined by derivatizing with isopropyl isocyanate and
separating the enantiomers by capillary GC using an XE-60-(5)-valine-(S)-a-phenylcthylamide column (Chromopak).
¢. The product alcohol showed [at]p (obsd) = +40.5° (¢ 1.2, hexane) indicating the R configuration: lit. ($)-(-), Klyne,
W.. Buckingham, J. Atlas of Stereochemistry, Chapman and Hall: London 1974, p. 26. 4. Absolute configuration was
determined by comparison to an authentic sample. e. The product alcohol showed [a]p (obsd) = -5.3° (c 2.2, hexane)
indicating the R configuration: lit. S-(+), [a]p = +16.1° (neat): Jacques, J.; Gros, C.; Bourcier, S. Absolute
Configurations of 6000 Selected Compounds with One Asymmetric Carbon Atom Stuttgart: G. Thieme, 1977; Levene,
P. A.; Haller, H. L. J. Biol. Chem. 1929, 83, 177-183. f. The product alcohol showed a positive rotation (hexane)
indicating the R configuration: lit. (S), [a]p = -39° (neat): MacLecd, R.; Welch, F. J.; Mosher, H. S. /. Am. Chem.
Soc. 1960, 82, 876-880. g Kazlauskas, R. J. J. Am. Chem. Soc. 1989, 11/, 4953-4959. h. The enantiomeric purity
was determined by formation of the Mosher's ester and integration of the [H-NMR signals for the ring CH3 groups;
Dale, J. A.; Dull, D. L.; Mosher, H. S. J. Org. Chem. 1969, 34, 2543-2549. i. The product alcohol showed [a]p (obsd)
= .8.79 (¢ 1.2, CH3Cl3) indicating the R configuration: lit. R-(-), Beard, C.; Djerassi, C.; Elliott, T.; Tao,R. C. C. J
Am. Chem. Soc. 1962, 84, 874-875. j. Hydrolysis was caried out in aqueous solution saturated with sedium chlonde.
The %ee refers to unreacted starting material and was determined by HPLC of the benzoate derivative on a Chiralpak
OT (Daicel, New York); Caron, G.; Kazlauskas, R. J., unpublished results. 4 The product alcohol showed [a]p
(obsd) = -349 (¢ 1.6, hexane) indicating the R configuration: lit. R-(-), Beard, C.; Djerassi, C.; Elliott, T.; Tao,R. C. C.
J. Am. Chem. Soc. 1962, 84, 874-875. I  As the butyrate ester at 0-5 °C: Pawlak, J. L.; Berchtold, G. A. J Org
Chem. 1987, 52, 1765-1771. m. Liu, Y.-C.; Chen, C.-S. Tetrahedron Lett. 1989, 30, 1617-1620.
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Table 2. Enantiospecificity of Lipase from Pseudomonas Cepacia (Amano P) for Esters of
Secondary Alcohols.

struc R E ref | struc R E ref
1 Ph, CH.Ph >50 a 12 Ph, CH,Ph, CH,CH Ph 23 ->50 k
1 n-CH ,n-C H, ~12 a 13 CH(CH,)-1-(2,6-dithiane) >50 l
1 CH,CN 29 b 13 syn-CH(Ar)SAr) >50 m
1 CH,COOEt ~8 ¢ 21  cis-COOEt, Oac >50 n
trans-COOEt, OAc
1 1-(2,6-dithiane), >50 d 21 trans-N, >50 o
1-(2,5-dithiolane),
CH,-1-(2,6-dithiane),
CH,-1-(2,5-dithiolane)
| CH_-1-(2,6-dioxane) 2 d 23 >50 h
2 Ph >50 a 24 >50 p
2 CH(N,)CH, (threo, erythro) >50 e 2§  C=0,C=CH, HC=CH >50 n
3 CH(N,)CH,CH,CH, (erythro) >50 e 25 1-(2,5-dioxolane) 3 n
4 CHN, 2 e 26 C=0,C=CH, >50 q
1-(2,5-dioxolane)
4 CH,080,Ar 25 S/ 27 >50 r
5  syn-CH(CI)CH,COOEt 50 g 30 COOEt, OAc, CN, CH, >50 n, 0.
6 p-C QH .OPh >50 h 30 OH 17 t
. 6 Ph,CHCHPh CH=CHPh  18->50 b | 31 OAc 8 "
8 Ph, 3.4-(MeO),C H, >50 i 31 COOEt >50 n
8 CH,0SOAr 24 f 33 OAc >50 u
9 2-naphthyl, 4-BrC H, >50 i 45 17 v
4-MeOC H,
9 1-(3-bromo-5-isoxazolyl) 20 J 47 OAc 1 n
10 Ph >50 e 47 COMe >30
10 n-CH, 2 (ent) e 48 CO:Mc, OAc >50 n

a. Bianchi, D.; Cesti, P.; Battistel, E. J. Org. Chem. 1988, 33, 5531-5534; esterification with propionic anhydride in
benzene; Nishio, T.; Kamimura, M.; Murata, M.; Terao, Y.; Achiwa, K. /. Biochem. Tokyo 1989, /05, 5110-5112;
esterification with vinyl acetate, neat solution. b. [toh, T.; Tagaki, Y. Chem. Lett. 1989, 1505-1506; hydrolysis of -
methylthio- or B-phenylthioacetyl ester. c. Sugai, T.; Ohta, H. Agric. Biol. Chem. 1989, 53, 2009-2010; esterification
with vinyl butanoate, 65 °C. d. Bianchi, D.; Cesti, P.; Golini, P. Tetrahedron 1989, 45, 869-876. e. Foelsche, E.;
Hickel, A.; Honig, H.; Seufer-Wasserthal, P. /. Org. Chem. 1990, 55, 1749-1753; hydrolysis of butyrates. /. Chen, C.-
S.. Liu, Y.-C. Tetrahedron Lett. 1989, 30, 7165-7168; transesterification of the butyrate in hexane. g Tsuboi, S.;
Sakamoto, J.; Sakai, T.; Utaka, M. Chem. Lett. 1989, 1427-1428. h. Hirohara, H.; Mitsuda, S.; Ando, E.; Komaki, R.
in Biocatalysis in Organic Synthesis, Tramper, J.; van der Plas, H. C_; Linko, P., Eds. Elsevier: Amsterdam, 1985, 119-
134. (. Hirtake, §.; Inagaki, M.; Nishioka, T.; Oda, J. J. Org. Chem. 1988, 53, 6130-6133; esterification with i-
propenyl acetatc in i-propyl ether. j. Di Aminica, M.; De Micheli, C.; Carrea, G.; Spezia, S. J. Org. Chem. 1989, 54,
2646-2650; esterification with trifluoroethyl octanoate in 9:1 hexane/benzene. k. Yamazaki, T.. [chikawa, S.:
Kitazume, T. J. Chem., Soc. Chem. Commun. 1989, 253-255. [. Suemune, H.; Mizuhara, Y.; Akita, H.; Qishi, T.;
Sakai, K. Chem. Pharm. Buil. 1987, 35, 3112-3118. m. Akita, H.; Encki, Y.; Yamada, H.; Oishi, T. Chem. Pharm.
Bull. 1989, 37, 2876-2878; hydrolysis in water-saturated benzene, enzyme was immobilized on Celite. n. Xie, Z.-F.;
Suemune, H.; Sakat, K. J. Chem. Soc., Chem. Commun. 1987, 838-839; Xie, Z.-F.; Suemune, H.; Nakamura, I.; Sakai,
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K. Chem. Pharm. Bull. 1987, 35, 4454-4459; Xie, Z.-F.; Nakamura, |.; Suemune, H.: Sakai, K. J. Chem. Soc., Chem.
Commun. 1988, 966-967. o. Honig, H.; Seufer-Wasserthal, P.; Fillép, F. J. Chem. Soc.. Perkin Trans. | 1989, 2341-
2345; hydrolysis of butyrate ester. p. Washausen, P.; Grebe, H.; Kieslich, K.; Winterfeldt, E. Tetrahedron Letr. 1989,
30, 3777-3778. q. Xie, Z-F.; Suemune, H.; Sakai, K. Tetrhedron:Asymmetry 1990, /, 395-402. r. Klempier, N.;
Faber, K.; Griengl, H. Synthesis, 1989, 933-934. 5. Schwartz, A.; Madan, P.; Whitesell, J. K.; Lawrence, R. M. Org.
Synth. 1990, 69, 1-9. 1. Caron, G.; Kazlauskas, R. J., unpublished results. u. Suemune, H.; Hizuka, M.; Kamashita, T ;
Sakai, K. Chem. Pharm. Bull. 1989, 37, 1379-1381. v. Hoshino, O.; Itoh, K.; Umezawa, B.; Akita, H.; Qishi, T.
Tetrahedron Lett. 1989, 29, 567-568.

Enantioselectivity data for CRL was also gathered from the literature, Table 3.
The Candida list includes results using enzyme either from Sigma Chemical Co. or
from Meito Sangyo (Lipase MY or OF-360); however examples where the
absolute configuration of the product is uncertain were not included,”® nor were
examples from patents. The reaction conditions again include both hydrolyses in
aqueous solution as well as transesterifications and esterifications in organic
solvents.

For acyclic substrates of CRL the rule in Figure | does not reliably predict
which enantiomer reacts faster. Only for about half - 14 of the 31 acyclic
substrates - is the fast-reacting enantiomer predicted correctly; this proportion is
close to that expected for random guesses. A large fraction of the acyclic
substrates (12 of 31) showed low enantioselectivity, E < 3. Thus, the rule is not
useful for acyclic substrates of CRL. Generalizations about this rule given below
do not include acyclic substrates of CRL, but do include acyclic substrates of CE
and PCL.

For cyclic substrates of CRL the rule reliably predicts which enantiomer reacts
faster. These substrates include secondary alcohols in four- to eight-membered
rings as well as secondary alcohols in bicyclic substrates. The rule predicts
correctly for 51 of the 55 substrates where CRL was enantioselective, an accuracy
of 93%. Three exceptions, indicated by '(ent)' as before, were among the thirteen
cyclic substrates which showed low enantioselectivity, E < 3; one exception, 22,

showed moderate enantioselectivity, E = 8.2
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Chapter 2

struc R E ref | struc R E ref
1 CH; 34 a 33 N, >50 0
1 nCH, 1.6 b 34 ~10->50 g
I 2-furyl 5 c 35 >50 q
1 CH/(OCH), 2.5 d 36 27 q
2 CH(N))C H, 12 e 37 trans 1 [
(threo, erythro)
3 erythro- 18 e 37 s 25 t
CH(N)CH,CH,CH,
4 CHN, 2 (ent) e 38 1.2 i
6 Ph 8 (ent) f 39 cis, trans 6 u
6 p-CHOPh 12 (ent) g 40 34 d
7  CH,S-p-tolyl 1.3 (ent) h 41 H,CH, >50 v
8 Ph 2 S/ 42 H 2 v
10 Ph 13 e 42 CH, 26 v
10 n-CH, 2 e 43 >50 v
10 +CH, >50 (ent) e 44 >50 v
11 CH=CHPh (E, 2) >50 (ent) i 45 20 W
11 CH=CH(CH,).CH, ~16 (ent) i 48 N, 30 0
(E. 2)
12 Ph 6 J 49 2.5 X
12 CH,Ph, CH,CH,Ph ~3 (ent) J S0 cis, trans >50 x
13 Ph >50 (ent) f 51 >50 0
13 anti-CH(CH,)-3-indolyl 3-40 k §2 CH, 11 y
14 CH,S-p-tolyl (syn, anti) 1.3 (ent) h 52 CHCOOR', CHOCH,Ph 3-10 v
15 CH,S-p-tolyl (syn, anti) 1.2-2.1 h 53 CH, 35 ¥
(ent)
16 Ph >50 (ent) l 53 CHCOMe, C(OMe), ~10 %
17 CFPhCH, (syn, anti) 6.5 h 53 O >50 ¥
18 17 m 54 >50 y
19 >40 n §5 CH, 22 V
20 1.2 (ent) n 55 O >50 y
21 trans-N, 1.4 0 56 1 v
22 8 (ent) f 57 .4 (ent) v
27 >50 P 58 1.5 v
30 CH,CH,i-CH, >50 q 59 4 ¥
-CH,
30 CN,NO,N, 40 - >50 o 60 1.8 y
30 OAc,OH 2, 1 (ent) r 61 >10 z
31 CH,i-CH, 24 q 62 10 aa
32 20 0 63 H,CH, 15 bb

a. Cambou, B.; Klibanov, A. M. Biotechnol. Bioengineer. 1984, 26, 1449-1454. b. Gerlach, D.; Missel, C.;
Schreier, P. Z Lebensm. Unters. Forsch. 1988, 186, 315-318; esterification with n-C{|H23COOH in heptane. c.
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Drueckhammer, D. G.; Barbas, C. F., III; Nozaki, K., Wong, C.-H. J. Org. Chem. 1988, 53, 1607-1611. 4. Wang, Y .-
F.; Lalonde, J. J.; Momongan, M.; Bergbreiter, D. E.; Wong, C.-H. J Am. Chem. Soc. 1986, //0, 7200-7205;
acetylation with vinyl acetate. e. Foelsche, E.; Hickel, A.; Hanig, H.; Seufer-Wasserthal, P. J. Org. Chem. 1990, 55,
1749-1753; hydrolysis of butyrates. f. Bevinakatti, H. S.; Banerji, A. A.; Newadkar, R. V. J. Org. Chem. 1989, 54,
2453-2455; Bevinakatti, H. S.; Newadkar, R. V. Biotechnol. Letr. 1989, /[, 785-788; transesterification with n-
butanol in i-propy! ether. g. Hirohara, H.; Mitsuda, S.; Ando, E.; Komaki, R. in Biocatalysis in Organic Synthesis,
Tramper, J.; van der Plas, H. C.; Linko, P., Eds. Elsevier: Amsterdam, 1988, 119-134. A. Bucciareili, M.; Foni, A ;
Moretti, [.; Prati, F.; Torre, G.; Resnati, G.; Bravo, P. Tetrahedron, 1989, 45, 7505-7514. i. Kitazume, T.; Lin, J. T.;
Yamazaki, T. J Fluorine Chem. 1989, 43, 177-187. j. Yamazaki, T; Ichikawa, S.; Kitazume, T. J. Chem. Soc.
Chem. Commun. 1989, 253-255. k. Akita, H.; Enoki, Y.; Yamada, H.; Oishi, T. Chem. Pharm. Bull. 1989, 37, 2876-
2878; hydrolysis in water-saturated benzene, enzyme was immobilized on Celite. [ Chen, C.-S.; L, Y.-C.
Tetrahedron Lett. 1989, 30, 7165-7168; transesterification of the butyrate ester in hexane. m. Conerill, I. C.; Finch,
H.; Reynolds, D. P.; Roberts, S. M.; Rzepa, H. S.; Short, K. M.; Slawin, A. M. Z.; Wallis, C. J.; Williams, D. §. J
Chem. Soc., Chem. Commun. 1988, 470-472. n. Cotterill, [. C.; MacFarlane, E. L. A.; Roberts, S. M.; J Chem. Soc..
Perkin Trans | 1988, 3387-3389. o. Honig, H., Seufer-Wasserthal, P.; Fulop, F. J. Chem. Soc., Perkin Trans. | 1989,
2341-2345; Faber, K.; Honig, H., Seufer-Wasserthal, P. Tetrahedron Leu. 1988, 29, 1903-1904; hydrolysis of
butyrate ester. p. Klempier, N.; Faber, K.; Griengl, H. Synthesis, 1989, 933-934. q. Legrand, G.; Secchi, M.; Buono,
G.; Baratti, J.; Triantaphylides, C. Tetrahedron Let. 1988, 26, 1857-1860; esterification in hexane or heptane with n-
Cj1H23COOH. r. Caron, G.; Kazlauskas, R. J., unpublished results. s. Koshino, S.; Sonomoto, K.; Tanaka, A.;
Fukui, S. J. Biotechnol. 1988, 2, 47-57, esterification with S-phenylpentanoic acid in water-saturated isooctane. ¢
Oritani, T.; Yamashita, K. Agric. Biol. Chem. 1980, 44, 2637-2642. u. Pawlak, J. L.; Bercatold, G. A. J. Org. Chem.
1987, 52, 1765-1771; hydrolysis of butyrate ester. v. Dumortier, L.; Van der Eycken, J.; Vandewalle, M.
Tetrahedron Let. 1989, 30, 3201-3204. w. Hoshino, O.; Itoh, K.; Umezawa, B.; Akita, H.; Oishi. T. Tetrahedron
Letr. 1988, 29, 567-568; hydrolysis in water-saturated isooctane. x. Pearson, A.J; Lai, Y.-S.; Lu, W.; Pinkerton,
A.A.. J Org Chem. 1989, 54, 3882-3893. y. Eichberger, G.; Penn, G.; Faber, K.; Griengl, H. Tetrahedron Leu.
1986, 27, 2843-2844; Oberhauser, T.; Bodenteich, M.; Faber, K.; Penn, G.; Griengl, H. Tetrahedron, 1987, 43, 3931-
3944; Saf, R.; Faber, K.; Penn, G.; Griengl, H. Tetrahedron 1988, 44, 389-392; Konigsberger, K; Faber, K.;
Marschner, C.; Penn, G.; Baumgartner, P.; Griengl, H. Tetrahedron, 1989, 45, 673-680. =. Sonomoto, K. Tanaka, A.
Ann. N. Y. Acad. Sci. 1988, 542, 235-239; esterification with 5-phenylpentanoic acid in water-saturated isooctane. aa.
Hirose, Y.; Anzai, M.; Saitoh, M.; Naemura, K.; Chikamatsu, H. Chem. Letr. 1989, 1939-1942. bb. Naemura. K..
Matsumura, T.. Komatsu, M.; Hirose, Y.; Chikamatsu, H.; J. Chem. Soc., Chem. Commun. 1988, 239-241.

Thus, the rule predicts which enantiomer of a secondary alcohol reacts faster for
>93% of both the cyclic and acyclic substrates of CE and PCL and the cyclic
substrates of CRL. None of the substrates that reacts contrary to the rule shows
enantioselectivity greater than eight and therefore none of the exceptions are
synthetically useful.

This generalization implies that a substrate having substituents which differ
significantly in size should be resolved with higher enantioselectivity than a
substrate where the two substituents are similar in size. The data in Tables 1-3

suggests that this generalization is valid; however, it is difficult to test this
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hypothesis quantitatively. Nevertheless, we used this hypothesis to redesign
substrates that could be efficiently resolved by these enzymes.

Scheme I. Kinetic Resolution of Esters of Lactyl Acetate

OAc OH QAc
o) 0 o)
*) R s

Kinetic resolution of lactate esters. To resolve lactate esters we increased the
size of the ester group until we found a substrate that was hydrolyzed with high
enantioselectivity, Scheme I, Table 4. Lactyl acetate, R = H, was not a substrate
for the three enzymes tested: activity <0.002 units/mg. The methy! ester of lactyl
acetate, R = CH3, was hydrolyzed with the R enantiomer reacting faster, but with
very low enantioselectivity: the remaining starting material showed <32% ee at
~45% conversion.  Accurate determination of the enantioselectivity was
complicated by competing hydrolysis of the methyl ester which accounted for 55-
80% of the disappearance of the starting material. The r-butyl ester of lactyl
acetate, R = r-butyl, still showed low enantioselectivity with CE and CRL, but
showed excellent enantioselectivity with PCL, E > 50. The lack of any increase in
enantioselectivity for CRL is not surprising because the rule is not reliable for
acyclic substrates of CRL. The unexpected result was that the enantioselectivity of
CE was opposite of that predicted by the rule. The reason for this reversal is not
known; this is the first substrate of CE that does not fit the rule in Figure 1. Even
with this exception, the accuracy of the rule remains high: 14/15 substrates, 93%.
The increase in enantioselectivity with PCL is consistent with the rule; indeed

another lipase from Pseudomonas sp. (lipase K-10 from Amano) has been
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reported to show excellent enantioselectivity when R = t-butyl.2 Thus, increasing

the size of the R group in Scheme [ resulted in a substrate which was more

efficiently resolved.

Table 4. Enantiospecificity of the Hydrolysis of Esters of Lactyl Acetate

methyl ester tert-butyl ester
enzyme  rate? %CP  %ee¢ (RIS rate?  %CO  %ee€ (RIS E®
CE 0.18 42 8 R 006 32 21 S 3
CRL 030 49 32 R 001 40 26 R 44
PCL 001 40 24 R 035 50 89 R 51
pcLf 035 47  >98 R >200

a. Initial activity of the enzyme in units/mg solid. Unit = umol of ester hydrolyzed/min. b. The conversion refers to
the amount of starting material consumed. This value was determined by !H-NMR after extraction of the reaction
mixture with ethyl ether. c. Enantiomeric excess of the recovered starting material was determined by TH-NMR in the
presence of Eu(hfc);. d. The absolute configuration of the preferred enantiomer was determined from the rotation of
the recovered starting material; (R)-(-), Ito, S.; Kasai, M.; Ziffer, H.; Silverton, J. V. Can. J. Chem. 1987, 65, 574-582.
e. Enantiospecificity, see ref. 27 for details. /- Hydrolysis of esters of lactyl butyrate. g Enantiomeric excess of the
product.

A preparative-scale resolution of r-butyl lactate was carried out using the
butyrate instead of the acetate to simplify separation of the product alcohol and
unreacted butyrate by fractional distillation. This change from acetate to butyrate
also resulted in a further increase in enantioselectivity of PCL to >200. Hydrolysis
of racemic z-butyl ester of lactyl butyrate (50 g) yielded the unnatural enantiomer,
(R)-(+)-t-butyl lactate (6.4 g), with >98% ee after distillation.

Enantioselective synthesis of (S)-(-)-4-acetoxy-2-cyclohexen-1-one, 70. The
five-membered 4-acetoxy-2-cyclopenten-1-one is a useful chiral starting material
that can be prepared by an enzyme-catalyzed hydrolysis.” Acetylcholinesterase
selectively hydrolyzes the R acetate in cis-1,4-diacetoxy-2-cyclopentene and the

resulting olefinic alcohol is oxidized to the enone. An attempt to prepare the
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corresponding six-membered compound by an analogous enzyme-catalyzed
synthesis was not successful because the acetate was removed with only low to

moderate selectivity (0-72% ee, Scheme I1, Table 5).

Scheme I1. Enzyme-Catalyzed Hydrolysis of 64 Showed Poor Enantioselectivity

OAc
esterase
or llpase

OAc

64 ent 85

Table §. Enantioselective Hydrolysis of Cis-1,4-diacetoxycyclohexane Derivatives.

enzyme ¢ substrate rate b product Yoee €

CE 64 0.6 65 32
CRL 64 414 ent-65 41
PCL 64 0.03 ent-65 72
PLE 64 1824 65 62
ACE 64 18 65 + ent-65 0
MML 64 0.0004 ent-65% 14
CE (+)-66 39 (+)-67, (-)-68 >97, >97
CRL (+)-66 04d (+)-67, (-)-68 >97, >97
PLE (+)-66 42d (+)-67, (-)-68 >97, >97
PCL ()-66 0.002 (+)-67, 68 + diol 14 €
ACE (+)-66 0.57 (+)-67, (-)-68 + diol/  85¢,>958

MML (+)-66 0.00005 (+)-67, 68 + diol / g7¢

a. ACE = acetyicholinesterase from electric eel, MML = lipase from Mucar methei. b. [nitial acuvity of the enzyme in
units’mg solid. Unit = umol of ester hydrolyzed/min. c¢. Determined by H-NMR in the presence of Eu(hfc) For the
hydrolysis of (_)-66lthe enantiomeric purity was determined for both 67 and 68 after separation by flash
chromatography. The H-NMR signals for the acetyl methy! group of the two enantiomers of 67 or of 68 are separated
by 0.4 ppm in the presence of approximately one and a half equivalents of Eu(hfc),. With this excellent separation
even 1.5 mol% of the other enantiomer can be detected as shown by a deliberate addition of racemate to an
enantiomericaily pure sample. 4. In units/mg protein. e. For 67. f. The ratio of isolated 68: 67: diol was approximately
I: 4: 8 after 0.9 equivalents of base had been consumed. g. For 68. &. After 0.7 equivalents of base had been
consumed, the major product was diol. Only traces of 68 were observed.
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The rule suggests a possible reason for this difficulty. In the cyclopentene case,
the substituents at the stereocenter - CH,CHOAc¢ and CH=CH - differ in size and
can be distinguished by the enzyme; however, in the cyclohexene case, the sub-
stituents - CH=CH and CH,CH, - are too similar in size to be distinguished by the
enzyme. To increase the selectivity, bromine was added across the double bond of

64 to increase the difference in size of the substituents, Scheme III.

Scheme III. Preparation of 70 via the Dibromide Derivative

OH
~Br
Br
OAC e OAC 1 zn O
Br, OAc CRL (+)-67 2. CrO4/py
————— —e. ———————
QAc
OAc ~Br OAc
64 Br ¢-)-70
OAc OAc
(+)- 68 (-)-68

The highest yields for the addition of bromine to 64 were obtained using
reaction conditions that favor free radical intermediates (CS,, -78 ©OC, hv).
Addition of bromine under conditions which favor ionic intermediates (polar
solvents, dark) resulted in a mixture of products which may have resulted from
intramolecular attack of an acetate on the bromonium ion intermediate. The
addition of bromine to 64 yielded the trans-dibromide, 66, identified from coupling
constant of 9.3 Hz for the 'H-NMR signals for the hydrogens at CHBr (8 4.36,
4.27) indicating an axial-axial arrangement.”! For the cis-dibromide a coupling
constant of 2-3 Hz would be expected. This trans addition of bromine converted

64, a meso compound, into a pair of enantiomers, (+)-66. The rule predicts
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selective hydrolysis of the R acetate in both enantiomers yielding the two
enantiomerically-pure diastereomers: 67 and 68. Note that the two R acetates that
are predicted to be hydrolyzed are diastereotopic: one R acetate is cis to an adjacent
bromine whereas the other R acetate is trans.

With CE, CRL, or PLE as catalysts, the hydrolysis of (+)-66 slowed and stopped
after half of the acetates had been hydrolyzed. Analysis of the reaction mixture by
TLC showed no remaining starting material, equal amounts of 67 and 68, and
traces of diol which resulted from hydrolysis of both acetates. The two products
were enantiomerically pure as shown by 'H-NMR in the presence of Eu(hfc),,
Table 5. The opposite sign of rotation of (+)-67 and (-)-68 is presumably caused
by the differing orientation of the adjacent bromine. Thus, for these three enzymes
the hydrolysis of (+)-66 proceeded as predicted by the rule.

When PCL was used as the catalyst, the reaction did not slow appreciably after
half of the acetates had been hydrolyzed. The products isolated from a reaction
stopped after half of the acetates had been hydrolyzed were unreacted starting
material, (+)-67 having low enantiomeric excess, a small amount of 68, and a small
amount of diol. Several other enzymes were also screened as possible catalysts,
Table 5. MML and ACE' showed results similar to PCL. Formation of these
products can be accounted for by the different reactions of the two enantiomers of
66 as shown in Scheme IV. For (1S, 4R)-66, removal of the R acetate is predicted
by the rule. This acetate is also the more chemically reactive one because it is
oriented trans to the adjacent bromine. Hydrolysis occurs as predicted and yields
(+)-67. For the other enantiomer, (1R, 45)-66, removal of the R acetate is also
predicted by the rule; however, this acetate is the less chemically reactive one
because it is oriented cis to the adjacent bromine. Hydrolysis of both acetates is
observed: hydrolysis of the R acetate yields (-)-68, hydrolysis of the S acetate

yields (-)-67. This last product accounts for the low enantiomeric excess of the
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isolated 67. Hydrolysis of both acetates yields the diol. Thus, the rule only partly
accounts for the PCL-catalyzed hydrolysis of (+)-66 due to the differences in
chemical reactivity of the acetates caused by the differing orientation of the

adjacent bromine. The rule in Figure 1 is too simple to include such effects.

Scheme IV. Hydrolysis of Racemic 66 Catalyzed by PCL

OAc

OAc
1S,4R - 66

OAc

OAc OH OAc
1R, 4S - 66 (-)- 67 (-)-68

Of the three enzymes which showed excellent selectivity, CRL was chosen for
the preparative-scale reaction because it is the least expensive on a unit basis.
Hydrolysis of 26 g of (+)-66 catalyzed by CRL yielded 20 g of enantiomerically-
pure (+)-67 and (-)-68 in 82% yield as co-crystalline diastereomers. To complete
the synthesis of 70, the bromines were removed using zinc dust (82-90% yield) and
the resulting olefinic alcohol was oxidized to the enone, 70, with chromium
trioxide/pyridine (84% yield). Other methods of oxidation either gave lower yields
(MnO,, 62%) or gave side products (Swern, PCC/NaOAc, DMSO/Ac,0,
DMSO0/Ac,O/py/CF ,COOH).

The enantiomeric purity of 70 was 98% as shown by 'H and "F-NMR of the
Mosher'’s ester derivative. This derivative was prepared by removal of the acetyl

group either by CRL-catalyzed or base-promoted hydrolysis followed by reaction
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with the acid chloride as shown in Scheme V. As a control, a racemic sample of
70 was also hydrolyzed using CRL and derivatized with the Mosher's acid
chloride.’> For the racemic sample, the diastereomers could be distinguished by
'"H-NMR (two well-separated multiplets for the proton at the carbinol carbon
centered at 8 6.85) or by “F.NMR (two multiplets centered at d -71.95). The ester
derived from enantiomerically-pure 70 showed ~1% of the minor diastereomer by
either method corresponding to 98% ee. Deliberate addition of matenal derived
from racemic 70 confirmed that the small peaks were due to the other

diastereomer.

Determination of the absolute configuration of 70. The absolute configuration
of 70 was established to be (S)-(-) using the exiton chirality method.*® The acetyl
group of 70 was replaced with a benzoyl group as shown in Scheme V. The acetyl
group was removed by an enzyme-catalyzed hydrolysis“ and the product alcohol
was treated with benzoyl chloride. The circular dichroism spectrum of the
resulting benzoate showed a split Cotton effect, negative at 227 nm (Ag = -5.7)
and positive at 192 nm (Ae = +4.0). This splitting indicates a left-handed screw
sense between the benzoate and the enone chromophores, i.e. S. This assignment
of absolute configuration is consistent with the expected enantioselectivity of the
three enzymes and with previous assignments for a cyclopentenone® and a

substituted cyclohexenone.*

Scheme V. Preparation of Derivative of 70

0 o)
CRL RCOC! @
——a e
OTR
o)

OAc OH
()-70
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Discussion

The major advantage of this rule is its simplicity. It is straightforward to use
and correlates a large amount of experimental data because it applies to a wide
range of substrates. It further suggests a strategy for improving the efficiency of
resolutions: to increase the difference in size of the substituents at the stereocenter.
Two tests of this strategy were successful because an efficiently resolved
substrate/enzyme combination was found for both examples. The strategy of
adding a large group to one side of a molecule resulted in a substrate that was
efficiently resolved by a least one of the enzymes. Thus, screening a substrate with
a large group as one of the substituents at the stereocenter appears to be more
reliable than screening a substrate having substituents of similar size at the
stereocenter.

The major disadvantage of this rule is that it does not account for subtleties in
the selectivities of these enzymes. For example, it does not rationalize why only
PCL and not the other two enzymes showed increased enantioselectivity for the ¢-
butyl ester of lactyl acetate as compared to the methyl ester. The rule also does not
predict the effect of additional stereocenters, for example, the cis vs. trans oriented
bromine at C, of 66. The sensitivity of PCL to this orientation rendered this
enzyme unsuitable for the preparation of 70, whereas the other two enzymes which
were not sensitive to this orientation were suitable.

In spite of this disadvantage, a general rule such as that proposed in Figure 1
may be the most reasonable way to describe the active site of these enzymes.
Structural data suggests that large conformational changes are required before the
substrate can bind to the active site in pancreatic lipase and lipase from Mucor
meihei. Due to this flexibility it may never be possible to define an exact size and

shape for the substrate binding region of lipases because this region may change
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for each substrate.  Consistent with this notion are reports that the
enantioselectivity and conformation of CRL change upon treatment with bile salt
and organic solvent®® or with dextromethorphan.’’

A second reason to use a general rule is that these enzymes may not be
homogeneous. Sequencing of the gene for CRL showed several non-identical
DNA sequences which code for this enzyme,’® thus it is likely that the commercial
enzymes are a mixture of isozymes. The enantioselectivities of isozymes of PLE
were similar, but not identical;** a similar situation may hold for the isozymes of
CRL. This heterogeneity may frustrate attempts to precisely define the size and
shape of the active site, thus a general rule may be the most accurate way of
describing the commercial catalyst.

A third reason for using rules and models is that even when the X-ray crystai
structure of an enzyme is known, models are often used to predict
enantioselectivity because they are simpler to use. For example, a high resolution
X-ray crystal structure has been determined for alcohol dehydrogenase from horse
liver, yet a cubic space model is usually used to predict its enantioselectivity.*
Further, it remains difficult to predict which binding interactions are most
important in an enzyme-substrate complex, thus it may remain difficult to predict
enantioselectivity for an untested substrate even when the X-ray crystal structure is
known. For example, the origin of the high selectivity for transfer of the pro-4§
hydrogen of NADH catalyzed by lactate dehydrogenase (>108:l) is difficult to

explain from the known crystal structure.'

These rules and models may be used,
along with X-ray crystal structures and molecular modelling, to determine which
interactions are most important in determining the the enantioselectivity of these

enzymes.
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Experimental Section

General. Cholesterol esterase (bovine, 0.2 units/mg solid with 0.1 M cholesterol
acetate in ethyl ether as substrate) was purchased from Genzyme Corp., Boston,
MA. Lipase from Candida rugosa (L-1754, 0.2 units/mg solid using olive oil),
porcine liver esterase (E-3126, 240 units/mg protein using ethyl butyrate) and
acetyl cholinesterase (electric eel, C-3389, 28 units/mg solid with acetyl choline)
were purchased from Sigma Chemical Co., St. Louis, MO. Lipase from
Pseudomonas cepacia (lipase P30, 0.06 units/mg solid using olive oil) and lipase
from Mucor meihei (lipase MAP-10, 0.05 units/mg solid using olive oil) were
purchased from Amano International Enzyme Co., Troy, VI. Activated MnQ,
(Aldrich) was heated at 120°C for 24 h before use. Zinc dust (60 g) was activated
by stirring for 1 min with 2% aq HCI. The dust was collected by vacuum filtration
and washed with 120 mL of the following: 1 x 2% HCI, 2 x 95% ethanol, 1 x
anhydrous ethyl ether. Elemental analyses were done by Guelph Laboratories, ON.
Enzyme-catalyzed hydrolyses. A rapidly-stirred suspension of substrate (I
mmol) in phosphate buffer (10 mM, 10 mL) containing enzyme (0.2-50 mg) was
maintained at pH 7.0 by automatic titration with NaOH (0.1 N) using a Radiometer
RTS 822 pHstat. Crystalline substrates were first dissolved in ethyl ether (10 mL).
Sodium taurocholate (30 mg) was added to hydrolyses where CE was used as the
catalyst. The rate of consumption of sodium hydroxide over the first 5% of the
reaction was used to calculate the initial rates listed in Tables 1, 4, and 5. The
reaction was stopped after the consumption of base indicated 20-50% conversion
and the mixture was extracted four times with ethyl acetate. The combined
extracts were washed with satd aq sodium bicarbonate, water, and brine, dried over
magnesium sulfate and concentrated. The starting ester and alcohol were separated

by flash chromatography and the enantiomeric purity was determined.
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Determination of Enantiomeric Purity by Gas Chromatography. Alcohol (4
uL), isopropyl isocyanate (300 uL), and methylene chloride (300 ul.) were heated
at 100°C for 1.5 h in a tightly sealed glass vial. The completeness of the reaction
was checked by TLC. Solvent and excess reagent were evaporated in a stream of
nitrogen, the residue was diluted to 1 mL with dichloromethane and analyzed by
gas chromatography using an XE-60-(S)-valine-(S)-a-phenylethylamide capillary
column.

Determination of Enantiomeric Purity by 'H-NMR. A5 mg sample of the ester
was dissolved in 0.5 mL of CDCI, in an NMR tube and the 'H-NMR spectrum was
obtained using a Varian XL-200 NMR spectrometer. Solid [3-
heptafluoropropylhy-droxymethylene)-(+)-camphorato]europium(Ill),  Eu(hfc),,
was added in four portions and the spectra were obtained. A total of more than 1.3
equivalents of shift reagent was added to each sample.

Acetyl esters. Two to three equivalents of acetyl chloride were added dropwise to
a stirred solution of alcohol in pyridine. Solid alcohols were dissolved in a mixture
of ethyl ether and pyridine. Acetylation was complete after 10 min to 2 h as shown
by TLC. The reaction mixture was washed twice with 10% sodium bicarbonate
and once with water. If only one layer formed upon washing, the product was
extracted into ether. The organic layer was dried with magnesium sulfate and
concentrated by rotary evaporation. The esters were purified either by distillation
or by flash chromatography.

(+)-Lactyl acetate was prepared using a literature procedure,* but substituting
toluene for benzene. A mixture of racemic lactic acid (120 mL of 85% purity, 1.1
mol), glacial acetic acid (640 mL, 11.2 mol), toluene (80 mL), and concd sulfuric
acid (0.40 mL) was refluxed with the continuous removal of distillate with a Dean
Stark trap until a '"H-NMR spectra of the distillate showed that no more water was

present. Approximately 1 L of solution was removed during 40 h; acetic acid
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(~600 mL) and toluene (~100 mL) were periodically added to the reaction to
replace what was removed. The reaction mixture was neutralized with sodium
acetate (1.6 g) and distilled under vacuum yielding 86 g (59%): bp 35-37 °C (0.2
torr) {lit* bp 127 °C (11 torr)] ; 'H-NMR (CDCl,, 200 MHz) 3 10.6 (s, 1), 5.10
(9, 1,J=7.1 Hz), 2.14 (s, 3), 1.53 (d, 3,J=7.1 Hz).

(+)-Methyl ester of lactyl acetate. A suspension of potassium methoxide (3.8 g,
54 mmol) in dry ethyl! ether (100 mL) containing (+)-2-acetoxypropionyl chloride™
(7.3 g, 50 mmol) was stirred for 72 h. The reaction mixture was washed twice with
satd sodium bicarbonate solution, the organic layer was collected, and the aqueous
phase was extracted with ether (2 x 200 mL). The combined organic layers were
dried with anhydrous magnesium sulfate, concentrated by rotary evaporation, and
distilled giving 1.6 g (22%): bp 60-64 °C (~4 torr) [lit.** bp 64 °C (9.8 torr)]; 'H-
NMR (neat, 60 MHz) 6 4.8 (q, 1,J =7 Hz),3.5 (s, 3), 1.8 (s,3),1.2(d, 3,1 =7
Hz).

(+)-1-Butyl ester of lactyl acetate. A two phase mixture of (+)-lactyl acetate (66 g;
0.5 mol), liquified isobutylene (120 mL, 1.5 mol), ethyl ether (85 mL), and concd
sulfuric acid (4 mL) in a 500 mL pressure bottle was sealed with a rubber stopper
wired securely like the cork of a champagne bottle and stirred for 7 h at room
temperature until a single phase formed. The bottle was chilled in an ice-salt water
bath or dry ice-acetone bath, opened and the contents were slowly added to a satd
phosphate buffer (300 mL, pH 7). The pH of the buffer was maintained between 7
and 8 throughout the addition with a concd sodium hydroxide solution. The
resulting solution was extracted with ethyi ether (3 x 500 mL). The combined
ether extracts were dried over anhydrous potassium carbonate and filtered into a
round bottomed flask that had been washed with a sodium hydroxide solution and
rinsed with water to ensure the removal of trace acid. The ether and excess

isobutylene were evaporated under vacuum and the resulting clear, slightly yellow
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oil was distilled giving 81 g (86%): bp 95-100 °C (~1 torr); '"H NMR (CDCl,, 200
MHz) 8 4.64 (q, 1, J=7.1 Hz), 1.84 (s, 3), 1.21 (s, 9), 1.18 (d, 3, J = 7.1 Hz); "C-
NMR (CDCl,, 75.4 MHz) 6 169.4, 169.3 (C=0), 81.0 (C(CH,),), 68.5 (CH), 27.3
(C(CH,),), 20.0 (CH,C=0), 16.3 (CH,CH).

(+)-2-Butyl ester of lactyl butyrate. Butyryl chloride (244 mL, 2.36 mol) was
added dropwise to stirred lactic acid (125 g of 85% purity, 1.18 mol). After
addition was complete, the mixture was stirred overnight at room temperature. A
'"H-NMR spectrum of the reaction mixture indicated no remaining lactic acid.
Excess butyryl chloride and butyric acid were removed by vacuum distillation
leaving crude lactyl butyrate, 156 g (82%). A portion of this material (125 g, 0.78
mol) was treated with isobutylene (187 mL, 2.34 mol) as described above for the
acetate derivative. Distillation yielded 51 g (36%): bp 94 ©C (~2 torr); 'H-NMR
(CDCl,, 200 MHz) 6 4.95 (q, 1,J =7 Hz), 2.35 (1, 2,J = 7 Hz), 1.68 (m, 2), 1.45 (s
+d,9 + 3),095(t,3,] =7 Hz), C-NMR (CDCl,, 75.4 MHz) & 173.6, 170.7
(C=0), 82.2 (C(CH,),), 69.2 (CH), 36.1 (OC(O)CH,), 28.1 (C(CH,),), 18.5
(OC(O)CH,CH,), 17.1 (CH,CH), 13.8 (CH,CH,CH,).

(R)-(+)-t-Butyl lactate. A suspension of racemic t-butyl ester of lactyl butyrate
(50 g, 0.23 mol) in phosphate buffer (400 mL, 0.1 M, pH 7.0) containing PCL (1.0
g) was stirred at room temperature. The pH was maintained between 6.9 and 7.1
by automatic addition of NaOH (0.5 M). After 22 h, 215 mL of base had been
added indicating 47% conversion. The suspension was saturated with sodium
chloride and extracted with ethyl ether (4 x 750 mL). The combined extracts were
dried over magnesium sulfate and concentrated by rotary evaporation to yield an
oil, 42 g. Distillation yielded (R)-(+)-r-butyl lactate, 6.4 g (38% of theoretical
yield): bp 51-54 OC (4 torr), [lit." bp 46-47 oC (9 torr)]; oil which solidifies, mp
35-37.5 9C; [a], = +7.98 (c 1.7 CH2CI2), [lit.” [0]”, = +9.48 (neat, 1 = 1)]; 'H-
NMR (CDCl,, 200 MHz) 6 4.62 (q, 1,J =7 Hz), 2.9 (s, br), 1.49 (5, 9), 1.38 (d, 3,J
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= 7 Hz); "C-NMR (CDCl,, 75.4 MHz) § 175.8 (C=0), 82.6 (C(CH,),), 67.2
(CH), 28.2 (C(CH,),), 20.7 (CH,CH); >98% ee by '"H-NMR with Eu(hfc), on the
acetyl derivative. The limit of detection was determined by deliberate addition of
racemic r-butyl ester of lactyl acetate to the NMR tube.
cis-1,4-Diacetoxy-2-cyclohexene, 64, was prepared using Bickvall's method*
with the following changes. The acetic acid solution was heated to dissolve the
palladium diacetate, then cooled prior to the addition of the other reagents. After
the reaction completed, the solution was filtered through Whatman #41 paper on a
Biichner funnel prior to extraction with pentane to minimize the formation of an
emulsion.

(¥)-1a, 4a-Diacetoxy-2p, 3a-dibromocyclohexane, 66. A solution of 64 (5.0 g,
25 mmol) in CS, (120 mL) was cooled to -78 °C in an acetone/dry ice bath and
irradiated with a Phillips 150 watt reflector flood lamp placed 35 cm from the
reaction mixture. A solution of Br, in CS, (3.9 M, 8.8 mL, 34 mmol) was added to
the stirred reaction mixture in one portion. After 50 min, TLC showed the
presence of a small amount of starting material, however longer reaction time did
not result in its disappearance. The reaction mixture was diluted with cold
chloroform (-20 °C, 700 mL) and subsequently washed with satd aq Na,SO, (2 x
70 mL), water (70 mL), and brine (2 x 80 mL). The reaction mixture must remain
cold until after the first washing with Na,SO,. The organic phase was dried over
magnesium sulfate and concentrated by rotary evaporation. Recrystallization
(ether/hexanes) yielded white crystals, 7.35 g (81%): mp 71.5-72 °C; R.= 0.3 (4:1
hexanes/ethyl acetate); 'H-NMR (CDCl,, 200 MHz) 8 5.32 (m, 1, H4); 5.01 (ddd,
1, H1); 436 (dd, 1,J,,=9.0 Hz, J,, = 9.3 Hz, H2); 4.27 (dd, 1, J,, =2.7 Hz H3);
2.15 (s, 3, CH,); 2.11 (s, 3, CH,); 2.20-2.00 and 1.70-1.85 (2m, 4, H5, HS', He6,
H6'). “C-NMR (CDCl,, 75.4 MHz) 6 169.7, 169.6 (C=0), 73.9, 70.7 (CHOACc);
54.1 (CHBr); 26.1, 25.3 (CH,); 21.0, 20.9 (CH,). IR (Nujol mull) 1751, 1731,
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1257, 1231, 1024 cm’. MS (CI, NH,) m/z 374 (M+NH;, 46%); exact mass
373.96018 (C, H,,Br,NO, requires 373.96026, 2 ppm error). Anal. Calcd. for
CH,Br,0.:C,33.55 H, 3.94. Found: C, 33.14; H, 3.84.

(18)-(+)-1a- acetoxy-2a, 3f-dibromo-4a-hydroxycyclohexane, (+)-67, and
(18)-(-)-1a-acetoxy-23, 3a-dibromo-4a-hydroxycyclohexane, (-)-68. Lipase
from Candida rugosa (15 g) was added to a stirred mixture of dibromodiacetate,
(#)-66 (26 g, 73 mmol), aq phosphate buffer (260 mL, 0.1 M, pH 7.00), and ethyl
ether (10 mL). Aliquots of a 0.5 M NaOH solution were added as required to
maintain the pH of the mixture between 6.95 and 7.05. After three days a total of 1
equivalent (73 mmol) of base had been added. The mixture was extracted with
ethyl acetate (4 x 750 mL) and the combined extracts were washed with satd aq
sodium bicarbonate (600 mL), and brine (600 mL). The organic phase was dried
over magnesium sulfate and concentrated by rotary evaporation. Recrystallization
of the crude residue from 115 mL of CH,Cl,/hexanes (35: 65 v/v) yielded co-
crystalline diastereomers 67 and 68, 18.7 g (82%): mp 97-104 °C. A sample of the
diastereomers was separated by flash chromatography (4:1 hexanes/ethyl acetate).
(+)-67: mp 125.5 °C; R. = 0.34 (3:2 hexanes/ethyl acetate), >97% ee by 'H-NMR
with Eu(hfc),. [a], = +141° (c 1.6, CH,CL); '"H-NMR (CDCl,, 200 MHz): & 5.31
(m, 1, H1); 429 (dd, 1,J,,=10.8 Hz, J, , = 8.4 Hz, H3);4.19 (dd, 1, J,, = 2.6 Hz,
H2); 3.79 (m, 1, H4); 2.66 (br, 1, OH); 2.15 (s, 3, OAc); 1.97-2.17 (m, 2, HS, H6),
1.65-1.88 (m, 2, HS' and H6'). 'C-NMR (CDCl,, 75.4 MHz) & 169.6 (C=0); 74.4
(COAc); 71.6 (COH); 63.0 (CHBrCHOH); 54.6 (CHBrCHOACc); 27.0, 26.6
(CH,); 20.9 (CH,). IR (Nujol mull) 3409 (br), 1728, 1260, 1072 cm" Anal. Calcd.
for C,H,Br,O;: C, 30.41; H, 3.83. Found: C, 30.03; H, 3.54. (-)-68: mp 122 °C;
R, = 0.48 (3:2 hexanes/ethyl acetate); >97% ee by '"H-NMR with Eu(hfc),. [a], =-
125° (¢ 1.6, CH,CL,); '"H-NMR (CDCl,, 200 MHz): 3 4. 97 (ddd, 1, H1); 4.37 (dd,
1,J,,=10.1 Hz, J , = 8.4 Hz, H2); 429 (dd4, 1, J,, = 2.0 Hz, H3); 4.15 (ddd, 1,

b 23 bl 12
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H4); 2.45 (br, 1, OH); 2.07-2.22 (m, 1, HS); 2.11 (s, 3, OAc); 1.88-2.02 (m, 2, H6
and H6'); 1.58-1.81 (m, 1, HS"). "C-NMR (CDCl,, 75.4 MHz) 169.8 (C=0); 74.6
(COAc); 69.5 (COH); 61.6 (CHBrCOH); 54.8 (CHBrCOAc); 27.6, 24.8 (CH,);
21.0 (CH,). IR (Nujol mull) 3429(br), 1717, 1257, 1034 cm’. Anal. Caled. for
C8H128r203: C, 30.41; H, 3.83. Found: C, 30.29; H, 3.52.

(15)-(-)-cis-1-Acetoxy-4-hydroxy-2-cyclohexene, 69. Activated zinc dust (31 g,
470 mmol) was added to a mixture of the dibromides 67 and 68 (19.4 g, 61.4
mmol) dissolved in absolute ethanol (300 mL). The suspension was heated and
allowed to reflux for 10 min. After cooling of the mixture in a cold water bath,
pyridine (30 mL) was added. The mixture was filtered and the filtrate was
concentrated by rotary evaporation. The residue was dissolved in ethyl acetate
(120 mL) and washed with satd aq sodium bicarbonate (2 x 120 mL), and brine
(120 mL). The ethyl acetate solution was dried over magnesium sulfate and
concentrated by rotary evaporation, yielding a light yellow oil, 7.9 g (82%).**
Vacuum distillation gave 6.0 g (62%): bp 75-77 °C (0.05 torr); R,.= 0.26 (3: 2
hexanes/ethyl acetate); [a], = -100° (¢ 1.3, CH,CL,), 'H-NMR (CDCl,, 200 MHz)
8598 (dd, 1, ,=2.8 Hz,J,, = 10.1 Hz, H2);, 5.80 (dd, 1, J, , = 3.4 Hz, H3); 5.19
(m, 1, H1); 4.18 (m, 1, H4); 2.15 (br, 1, OH); 2.06 (s, 3, CH,); 1.70-1.96 (m, 4, HS,
HS', H6, H6). C-NMR (CDCL, 754 MHz) & 170.7 (C=0); 134.8, 12738
(CH=CH); 67.2 (COAc); 65.3 (COH); 28.1 (CH,COAc); 24.9 (CH,COH), 21.2
(CH,). IR (neat) 3372(br), 3415(br), 1736, 1245, 1037 cm’ MS (CI, NH,) m/z
174 (M+NH:, 63%); exact mass 174.11306 (C.H NO, requires 174.11302, 0.2

16

ppm error).

(5)-(-)-4-acetoxy-2-cyclohexene-1-one, (-)-70. Chromium trioxide (16.3 g, 163
mmol) was added to a stirred solution of dry pyridine (26.3 mL, 326 mmol) in dry

113



Chapter 2

methylene chloride (380 mL) under nitrogen. Afier thirty min of stirring at room
temperature, the olefinic alcohol 69 (4.24 g, 27.1 mmol) in dry methylene chloride
(10 mL) was added to the dark reddish-brown solution. A black tarry substance
precipitated after a few minutes. The flask was stoppered with a drying tube and
the mixture was stirred for 24 h. The methylene chloride solution was decanted
and the residue was extracted with alternating portions of ethyl ether and satd aq
sodium bicarbonate (2 x 150 mL, 1 x 250 mL each). All extracts were combined
with the methylene chloride solution and shaken. The aqueous phase was removed
and extracted once with ethyl ether (1000 mL). The organic extracts were washed
with satd aq sodium bicarbonate (4 x 250 mL), 2% sulfuric acid (4 x 250 mL), satd
sodium bicarbonate (200 mL) and brine (2 x 200 mL). The resulting organic phase
was dried over magnesium sulfate and concentrated by rotary evaporation yielding
an oil, 3.52 g (84%). R, = 0.41 (3: 2 hexanes/ethyl acetate); [a], = -137°(c 1.6,
CH,CL,); '"H-NMR (CDCl,, 200 MHz) 5 6.85 (ddd, 1,J,, =103 Hz, J,, = 2.8 Hz,

23 Y34

J,,=-1.4 Hz, H3); 6.06 (ddd, 1, J,, = -1.9 Hz, J,, = -0.9 Hz, H2); 5.57(dddd, 1, J,,

726

= 4.8 Hz, J,, = 8.7 Hz, H4); 2.28-2.70 and 1.99-2.19 (2m's, 3 + 1, H5, HS', H6,
H6"; 2.12 (s, 3, CH,). l:‘C-NMR(CDCIJ, 75.4 MHz) & 197.7 (C=0), 170.2
(OCOCH,); 147.5 (CHCOAC); 130.8 (CHC=0); 67.7 (COAc), 34.9 (CH,C=0);
28.6 (CH,COAc); 20.9 (CH,). IR (neat) 1741, 1686, 1372, 1236, 1037 cm’. MS
(Cl1, NH,) m/z 172 (M+NH;, 100%), 155 (M+H’, 10%); exact mass 155.07075
(C.H,,0, requires 155.07082, 0.4 ppm error).

Enantiomeric Purity of 70. Acetylcholinesterase (4 mg) was added to a stirred
suspension of acetoxyketone 70 (322 mg, 2.09 mmol) in aq phosphate buffer (20
mL, 10 mM, pH 7.13). The pH was maintained at 7.13 by automatic addition of
NaOH (0.10 N). After 27 h only 0.4 mmol of base had been consumed, thus
additional enzyme (CRL, 300 mg) was added. After an additional 41 h a total of

2.1 mmol of base had been added. The reaction mixture was extracted with ethyl
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acetate (3 x 150 mL) and the combined extracts were washed with satd aq sodium
bicarbonate (20 mL), water (20 mL), and brine (2 x 20 mL). The organic phase
was dried over magnesium sulfate and concentrated by rotary evaporation yielding
crude alcohol, 150 mg (64%): R. = 0.07 (3: 2 hexanes/ethyl acetate). This alcohol
was treated with Mosher's acid chloride using a standard procedure.*® The
resulting ester was purified by column chromatography on silica gel eluted with
9:1 hexanes/ethyl acetate; R, = 0.41 (3: 2 hexanes/ethyl acetate). A racemic
sample of 70 was also treated in the same manner.

Absolute configuration of 70. Acetylcholinesterase (3.6 mg, 0.57 units) was
added to a stirred mixture of acetoxy ketone, 70 (300 mg, 1.95 mmol) and aq phos-
phate buffer (20 mL, 10 mM, pH 7). Aliquots of a 0.107 N NaOH solution were
added automatically to maintain the pH of the mixture at 7.01. Due to the slow
rate of the hydrolysis, a large amount (700 mg) of CRL was added in three portions
over a period of 6 days. The reaction was stopped at 93% conversion. The
reaction mixture was extracted with ethyl acetate (3 x 200 mL). Each organic
extract was washed with satd aq sodium bicarbonate (5 mL), water (2 x S mL), and
brine (2 x 5 mL). The extracts were combined, dried over magnesium sulfate, and
concentrated by rotary evaporation yielding 169 mg (77%), R, = 0.07 (3:2
hexanes/ethyl acetate). Without further purification of the alcohol, the benzoate
derivative was prepared. Benzoyl chloride (340 uL, 2.92 mmol) was added to a
solution of alcohol (164 mg, 1.46 mmol) in pyridine (3 mL, 37 mmol). The
mixture was stirred at room temperature for 70 min at which time TLC analysis
showed no remaining alcohol. The reaction mixture was added to a separatory
funnel containing 0.5 M H,SO, (74 mL) and ethyl ether (50 mL). After vigorous
shaking, additional ethyl ether (150 mL) was added. The aqueous phase was
discarded and the organic phase was washed with satd aq sodium bicarbonate (20

mL), brine (2 x 20 mL), dried over magnesium sulfate, and concentrated by rotary
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evaporation. Purification by flash chromatography (85:15 hexanes/ethyl acetate)
yielded the benzoate as an oil, 184 mg (58%): R. = 0.46 (3:2 hexanes/ethyl
acetate); [a], = -197° (c 1.9, CH,CL,); 'H-NMR (CDCl,, 200 MHz) & 7.41-8.09
(m, 5, aromatic); 6.98 (ddd, 1, J,;=103Hz,J,, =28 Hz,J, . = -1.3 Hz, H3); 6.11
(ddd, 1, J,, = -1.9 Hz, J,, = -0.8 Hz); 5.82 (m, 1, H4); 2.40-2.77 and 2.15-2.34
(2m's, 3+1, HS, HS', H6, HE'). C-NMR(CDCL, 75.4 MHz) & 197.8 (C=0);
165.7 (OCOCH;); 147.6 (CHCOACc); 133.4 (p-CH); 131.0 (CHC=0); 129.7,
128.5 (o- and m-CH); 129.5 (CCOOR); 68.2 (COAc); 35.0 (CH,C=0), 28.8
(CH,COAc). UV (CH,OH): 228 nm (g 14200 M" cm’), 271 nm (€ 554 M" cm"),
IR (neat), 3050, 2960. 1722, 1683, 1452, 1270, 1113, 710 cm” . MS (ClI, NH,) m/z
217 (M+H', 100%); exact mass 217.08646 (C,;H,,0, requires 217.08647, 0.0 ppm
error). The CD spectrum was obtained using a 4.4 x 10° M solution of the

benzoate in CH,OH in a 0.1 cm cell using a Jasco 500C spectropolarimeter. A

total of 10 scans were made from 250 to 185 nm.
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Chapter 3

Following the success of the empirical rule for secondary alcohols
described in the previous chapter, we endeavoured to determine whether this rule
could be extended to include primary alcohol substrates. We chose to use lipase
from Pseudomonas cepacia as the biocatalyst for this project because initial
surveys showed that it was the most promising of the serine esterases for reactions
involving primary alcohols.

This chapter describes how a similar but opposite rule is valid for primary
alcohols. A reason for this opposite enantiopreference is suggested, using both

experimental and molecular modeling techniques.

Reproduced with permission from The Journal of Organic Chemistry, Vol. 60, Alexandra N.
E. Weissfloch and Romas J. Kazlauskas, “Enantiopreference of Lipase from Pseudomonas
cepacia toward Primary Alcohols”, 6959-6969. Copyright 1995 American Chemical Society.

Note: The text of this article has been reformatted in accordance with the Thesis Preparation
Guidelines. A photocopy of the published version is included in the appendices.
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Enantiopreference of Lipase from Pseudomonas cepacia toward
Primary Alcohols.

Alexandra N. E. Weissfloch and Romas J. Kazlauskas*

Abstract: We propose an empirical rule that predicts which enantiomer of a
primary alcohol reacts faster in reactions catalyzed by lipase from Pseudomonas
cepacia (PCL). This rule, based on the size of the substituents at the stereocenter,
shows an 89% reliability (correct for 54 of 61 examples). This rule is not reliable
for primary alcohols that have an oxygen atom attached to the stereocenter; we
excluded these alcohols from the tally above. Surprisingly, the sense of
enantiopreference of PCL toward primary alcohols is opposite to its
enantiopreference toward secondary alcohols. That is, the -OH of secondary
alcohols and the -CH,OH of primary alcohols point in opposite directions. We
suggest, however, that this opposite orientation does not imply a different position
of the substituents in the active site of the lipase. Instead, PCL accommodates the
extra CH, in primary alcohols as a kink between the stereocenter and the oxygen
which allows a similar position of the alcohol oxygen in both. We tried to increase
the enantioselectivity of PCL toward primary alcohols by increasing the difference
in the size of the substituents, but did not find a consistent increase in
enantioselectivity. We suggest that high enantioselectivity toward primary alcohols
requires not only a significant difference in the size of the substituents, but also

control of the conformation along the C(1)-C(2) bond.
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Introduction

Organic chemists have embraced lipases and esterases as enantioselective
catalysts for synthetic applications because they combine broad substrate
specificity with high enantioselectivity.l One current goal of organic chemists is to
map the specificity of these enzymes. This mapping identifies both efficiently
resolved substrates and the structural features important for their
enantiorecognition, allowing chemists to more rationally design resolutions.

Previous mapping of the specificity of lipase from Pseudomonas cepaciaZ
(PCL, Amano Lipase P) established a simple rule that predicts its
enantiopreference toward secondary alcohols, Figure 12" This rule predicts
which enantiomer reacts faster based on the sizes of the substituents at the
stereocenter. The same rule holds for ten other hydrolases whose specificities have
been mapped: lipase from Candida rugosa,3 lipase from Pseudomonas sp.,7 lipase
from P. aerugz'no.m,8 Rhizomucor miehei,9 lipase from Arthrobacter sp.,IO porcine
pancreatic Iipase,“ pancreatic cholesterol esterasef Mucor esterase,ll cultures of
Rhizopus m’gricans,12 and cultures of B. subtilus var. Niger.13 This rule suggests
that these hydrolases distinguish between enantiomers based on the size of the
substituents. Consistent with this suggestion, researchers have increased the
enantioselectivity of lipase-catalyzed reactions of secondary alcohols by increasing
the difference in size of the two substituents.”” "

Recent X-ray crystal structures of transition state analogs bound to lipase
from Candida rugosa showed that this rule is a good description of the alcohol
binding pocket.” This lipase contains a large hydrophobic binding pocket that
binds the larger substituent of a secondary alcohol and a smaller pocket that binds
the medium substituent. Conserved structural elements create this binding crevice,
especially the pocket for the medium substituent. For this reason, other lipases

probably contain similar alcohol binding sites.
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Several groups have tried to extend this rule for secondary alcohols to
include primary alcohols, but these efforts have been only partially successful.
Naemura et al. used a rule based on the size of the substituents to account for the
enantiopreference of lipase from Pseudomonas sp. toward two primary alcohols'®
and Carrea et al. ' used a similar rule to account for the enantiopreference of PCL
toward nine primary alcohols. However, Xie et al" proposed an enantiomeric rule
for the enantiopreference of PCL toward two primary alcohols without an oxygen
at the stereocenter and another rule based on two primary alcohols with an oxygen
at the stereocenter. Researchers encountered similar difficulties with porcine

pancreatic lipase (PPL) and also proposed enantiomeric rules.”

a Ho |, b "o\

secondary alcohols primary alcohols
(no O at stereocenter)

Figure 1. Empirical rules that summarize the enantiopreference of P. cepacia lipase (PCL)
toward chiral alcohols. (a) Shape of the favored enantiomer of secondary alcohols. M represents
a medium substituent, e.g. CH,, while L represents a large substituent, e.g., Ph. (b) Shape of the

favored enantiomer of primary alcohols. This rule is reliable only when the stereocenter lacks an
oxygen atom. Note that PCL shows an opposite enantiopreference toward primary and secondary
alcohols.

In this paper, we examine the reported enantiopreference of PCL and
propose an empirical rule that summarizes its enantiopreference toward primary
alcohols. Although the rule is opposite to the one for secondary alcohols, we
suggest that the large and medium substituents adopt a similar position in both. We
also attempt, unsuccessfully, to increase the enantioselectivity of PCL toward
primary alcohols by increasing the difference in size of the two substituents at the

stereocenter.
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Results and Discussion

Enantiopreference of PCL toward primary alcohols. Following the suggestion
of Xie et al.,18 we divided the primary alcohols into those with an oxygen at the
stereocenter and those without an oxygen at the stereocenter. Table 1 and Chart |
summarize the reported enantioselectivities of PCL toward primary alcohols that
lack an oxygen at the stereocenter. The enantiomers shown in Chart 1 are those
predicted to react faster by the empirical rule in Figure 1b: the -CH,OH
points into the page and the larger substituent lies on the right. The notation ‘(ent)’
in the Table marks those examples where PCL favored the enantiomer opposite to
the one predicted. This list includes only primary alcohols with a tertiary
stereocenter, that is, R[R2CHCHZOH. The list further includes only reactions
catalyzed by PCL from Amano (P, P30, PS, LPL-80, LPL-200S) and SAM-2 from
Fluka,2 and only those substrates for which the enantiomeric ratiou, E, was >2. The
list includes esterifications and transesterifications of primary alcohols as well as
hydrolyses of esters of primary alcohols.

The rule in Figure 1b predicts the absolute configuration of the favored
enantiomer for 49 out of 54 substrates, 91% accuracy. We will discuss seven more
examples in this paper, five of which follow the rule giving an accuracy of 54 out
of 61 or 89%. The examples include acyclic, cyclic, and bicyclic alcohols with a
wide range of functional groups in the substituents. Approximately 30% of the
substrates (16 of the 54) showed excellent enantioselectivities of E >50. The five
exceptions to the empirical rule are 4-methyl-1, 3-propanediol (structure 1 where R
= CH,OH), two aziridines, structure 9, and two cyclohexenone derivatives,
structure 18. In spite of these exceptions, the empirical rule is reliable for most
primary alcohols without an oxygen at the stereocenter. The rule in Figure 1b is
similar to the rule proposed by Xie et al.”® for two primary alcohols. Although our
rule is opposite to the one suggested by Carrea et al.,” we excluded their examples

because they all contained an oxygen at the stereocenter.
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Table 1. Enantioselectivity of Lipase from Pseudomonas cepacia toward Primary Alcohols

without an Oxygen at the Stereocenter.9

Struc RorAr ED rel [Struc RorAr ED refl

1 CHCH,CH, 5.9 ¢ § CH/(CH,)CH, 73 c

1 CH(CH), CH 8.7 c 6 24-CL-CH ~10 s

1 CH,CH,), CH 5.7 c 6 N-Cbz-piperid-4-yl ~7 '

1 CH/CH), CH 99,520 ¢d | 6 NHC(O)-I-naphthyl ~25 u

1 CHCH CH(CH ), 1 c 6 CH,CH(OE), >50 v

1 trans-CH CH=CHCH 13 c 6 (CH BK CHMe(CH ),-Pr 13 w
1 CH,CH=CH, 9.7 c 7 34-0CH O-CH >~50 x

1 CHPh 20 e 7 3 4-(Mc0)z-C6H’ >~50 x

I CH,(2-thiophene) >4->50  f | 7 345(Me0)-CH 20 x

I CHCH,SPh 21 g 7 4Ph-CH, >~50 x

1 CHCH,SOPh 21 g 7 Ph >30->50 jxy
1 CH,0C(O)Pr ~28 h 7  l-naphthyl 13,>~50 xy
1 NHC(O)OEt 8.6 i 8 1 z

1 CHOH 4 (ent) i 9 C(O)OCH Ph ~40(ent)  aa
1 CHOAc 20->50 kim| 9 tosyl >~50(ent) aa
1 CH.CHOH ~4 n | 10 5 bb
1 CH.CH.OCH Ph ~20 n 1 ~13 ce
1 CHO-TBDMS >50 m | 12 >50 dd, ee
1 CH ‘O-TBDPS >50 km| 13 ~4 dd
1 CH.OCH.Ph 12-35 m | 14 -3 7
1 CH.OC(O)Ph 9-35 m | 18 14 gg
I CHCH(CH)CHOH >-50 i | 16 4 hh
2 2->40 o | 17 >50 i
3 4-MeO-CH, 7.5-40 p | 18 CH 14 (ent) ii
4 Ph 33 q 18 CHIOCHJ >50 (ent) i
5§ CHOAc ~16 ro| 19 >50 i
5 NHC(O)OEt 8.9 i 20 -2 kk

BAll reactions refer to the hydrolysis of the acetate ester in aqueous solution at room temperature, using lipase from
Pseudomonas cepacia as defined in reference 2, unless otherwise noted. When another ester was hydrolyzed, it is
identified; when the alcohol was esterified, the acylating reagent is identified. Only examples that give E >2 are listed.
The structures are shown in Chart 1. 8, the cnantioselectivity, is calculated as in reference [21], except in the case of
asymmetric syntheses where it is the ratio of the preferred enantiomer to the least preferred enantiomer. €Vinyl acetate:
Barth, S.; Effenberger, F. Tetrahedron: Asymmetry 1993, 4, 823-833. dVinyl acetate , PFL (Fluka): Ferraboschi, P

Grisenti, P. Manzocchi, A.; Santaniello, E. J. Chem. Soc., Perkin Trans. | 1992, 1159-1161. €Vinyl acetate: Delinck,
D. L.; Margolin, A. L. Tetrahedron Leut. 1990, 31/, 6797-6798./ Vinyl acetate: Nordin, O.; Hedenstrom, E.; Hogberg,
H. E. Tetrahedron: Asymmetry 1994, 5, 785-788. Bracher, F.; Papke, T. Tetrahedron: Asymmetry 1994, 5, 1653-1656.
8Vinyl acetate, PFL (Fluka): Ferraboschi, P.; Grisenti, P.; Manzocchi, A.; Santaniello, E. J Org. Chem. 1999, 55,
6214-6216. "Butymte: Wirz, B.; Schmid, R.; Walther, W. Biocatalysis 1990, 3, 159-167. ‘Francalanci, F.; Cest, P.:
Cabri, W_; Bianchi, D.; Martinengo, T.; Foa, M. J. Org. Chem. 1987, 52, 5079-5082./Vinyl acetate : Tsuji, K.; Terao,
Y.; Achiwa, K. Tetrahedron Len1. 1989, 30, 6189-6192. ky inyl acetate, PFL (Fluka): Santaniello, E.; Ferraboschi, P

Grisenti, P. Tetrahedron Lent. 1990, 31, 5657-5660. TBDPS = terr-butyldiphenylsilyl. IXie, Z.-F.; Suemune, H.; Sakai,
K. Tetrahedron: Asymmetry 1993, 4, 973-980. ™Vinyl acetate, PFL (Fluka): Grisenti, P.; Ferraboschi, P.; Manzocchi,

127



Chapter 3

A.; Santanicllo, E. Tetrahedron 1992, 48, 3827-3834. "Vinyl acetate, PFL (Fluka): Grisenti, P.; Ferraboschi, P.; Casati,
S.; Santaniello, E. Tetrahedron: Asymmetry 1993, 4, 997-1006. Ethyl acetate: Bianchi, D.; Cesti, P.; Golini, P
Spezia, S.; Filippini, L.; Garavaglia, C.; Mirenna, L. J. Agric. Food Chem. 1992, 40, 1989-1992. Plsopropenyl acetate:
Akita, H; Umezawa, 1.; Nozawa, M.; Nagumo, S. Tetrahedron: Asymmetry 1993, 4, 757-760. 91sopropenyl acetate:
Akita, H.; Nozawa, M.; Umezawa, I.; Nagumo, S. Biocatalysis 1994, 9, 79-87. "Gaucher, A.; Ollivier, J.; Marguerite,
J.; Paugam, R.; Salain, J. Can. J. Chem. 1994, 72, 1312-1327. SEthyl acetate: Bianchi, D.; Cesti, P.; Spezia, S..
Garavaglia, C.; Mirenna, L. J. Agric. Food Chem. 1991, 39, 197-201. !PFL (Fluka): Guanti, G.; Banfi, L.; Brusco, S.;
Narisano, E. Tetrahedron: Asymmetry 1994, 5, 537-540. “Viny| butyrate: Terradas, F.; Teston-Henry, M.; Fitzpatrick,
P. A.; Klibanov, A. M. J. Am. Chem. Soc. 1993, /15, 390-396. “"Viny! acetate: Ohsawa, K.; Shiozawa, T.; Achiwa, K.;
Terao, Y. Chem. Pharm. Bull. 1993, 41, 1906-1909. WTakabe, K.; Sawada, H.; Satani, T.; Yamada, T.; Katagiri, T;
Yoda, H. Bicorg. Med. Chem. Len. 1993, 3, 157-160. *Vinyl acetate: Itoh, T.; Chika, J.; Takagi, Y. Nishiyama, S. J.
Org. Chem. 1993, 58, 5717-5723. ¥Vinyl acetate: Atsuumi, S.; Nakano, M.; Koike, Y.; Tanaka, S.; Ohkubo, M.;
Yonezawa, T.; Funabashi, H.; Hashimoto, J.; Morishima, H. Tetrahedron Lett. 1990, 3/, 1601-1604. “Chloroacetate:
Guevel, R.; Paquette, L. A. Tetrahedron: Asymmetry 1993, 4, 947-956. 99Transesterification with n-butanol: Fuji, K.,
Kawabata, T.; Kiryu, Y.; Sugiura, Y.; Taga, T.; Miwa, Y. Tetrahedron Let. 1990, 31, 6663-6666. beiny] acetate:
Burgess, K.; Ho, K.-K. J. Org. Chem. 1992, 57, 5931-5936. €€ Harvey, 1.; Crout, D. H. G. Tetrahedron: Asymmetry
1993, 4, 807-812. %dTanaka, M.; Yoshioka, M.; Sakai, K. Tetrahedron: Asymmetry 1993, 4, 981-996. €°PFL (Fluka):
Mohar, B.; Stimac, A.; Kobe, J. Tetrahedron: Asymmetry 1994, 5, 863-878. JPFL (Fluka): Mekrami, M.; Sicsic, S.
Tetrahedron: Asymmetry 1992, 3, 431-436. 88In phosphate buffer containing 20% DMSO: Kawanami, Y.; Monya, H.;
Goto, Y. Chem. Lett. 1994, 1161-1162; vinyl acetate: Sibi, M. P.; Lu, J. Tetrahedron Lert. 1994, 35, 4915-4918.
hhsakano, K.; Yokohama, S.; Hayakawa, L; Atarashi, S.; Kadoys, S. Agric. Biol. Chem. 1987, 51, 1265-1270. *Vinyl
acetate: Miyaoka, H.; Sagawa, S.; [noue, T:. Nagaoka, H.; Yamada, Y. Chem. Pharm. Bull. 1994, 42, 405-407. UPatel,
R. N.; Liu, M.; Banerjee, A.; Szarka, L. J. Appl. Microbiol. Biotechnol. 1992, 37, 180-183. "/‘Vinyl acetate: Murata,
M.; Ikoma, S.; Achiwa, K. Chem. Pharm. Bull. 1990, 38, 2329-2331.

Chart 1. Structures for Table 1 and Figure 4
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Table 2 and Chart 2 summarize the reported enantioselectivities of PCL
toward primary alcohols that have an oxygen at the stereocenter. All structures
show the enantiomer predicted to react faster, while the notation ‘(ent)’ marks the
exceptions in the Table. The large number of exceptions shows that the empirical
rule is not reliable for this group of substrates. The empirical rule predicts the
enantiopreference for only 10 of the 27 examples, corresponding to 37% accuracy
which is similar to that expected by chance. We excluded substrate 25 (R = CH,)
from the tally because both substituents are similar in size. Approximately 30% of
the substrates (8 of 27) showed excellent enantioselectivities (E >50); all of these
are exceptions to the empirical rule. Thus, the empirical rule in Figure lb is not
reliable when the primary alcohols have an oxygen at the stereocenter. An opposite
rule would be slightly more reliable, but still only a slight improvement over
guessing.

A similar division of primary alcohols into two groups, those with and
without oxygens at the stereocenter, may also resolve the dilemma of enantiomeric
rules in the case of PPL. Our preliminary survey found 41 examples of PPL-
catalyzed resolutions of primary alcohols without an oxygen at the stereocenter.
Twenty-seven examples fit the rule in Figure 1b, four did not; we excluded ten
substrates because the sizes of the substituents were too similar. Thus, the
reliability was 27/31 or 87% for those with substituents that differed in size. This
degree of reliability is similar to that for PCL. We also found 10 examples of PPL-
catalyzed resolutions of primary alcohols which have an oxygen at the
stereocenter. Three examples fit the rule, six did not; we excluded one substrate.
Thus, as with PCL, the rule is not reliable for primary alcohols that have an oxygen

at the stereocenter.
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Chart 2. Structures for Table 2 and Figure 4

HOHO\E HO\ O,Ph Ho\§ Ho\g
~"Sor Ao N Ho -0 o
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Table 2. Enantioselectivity of Lipase from Pseudomonas cepacia toward Primary Alcohols with

an Oxygen at the Stereocenter.9

. Strue Ror Ar Eb ref | Struc Ror Ar Eb ref
21 CH, ~6 (ent) c 27 CH(CH)), 31->50(ent) im
21 CHCH, ~20 (ent) c 28 Br 6->50(ent) n.o0.p
21 CHpPh ~20-28(ent) ¢ d | 28 OCH, 14 (ent) 0
22 >50 (ent) e 28 OCH.,Ph 4 (ent) 0
23 4 f 28 CHOH 8 (ent) 0
24 15 g 29 CH, 3 0.p
2s CH, 4-9 hij| 29 Ph 41 (ent) 0.p
2§ CHCH, 2-6 ij 30 1-(5-fluorocytosine) 12 q
25 Ph 3.8 ij. k 31 ~50 (ent) r
2§ -(CH),- 3 J 32 Ph 5 ->50 (ent) 5
25 CH(CH3)2 23 i 32 4-OMe-CH, 21 - >50 (ent) s
2s CHPh 9 i 33 H 8 - 16 (ent) tu
26 >50 (ent) [ 33 OCH, 28 (ent) t
27 C(CH), >50 (ent) m k| 3 (ent) v

4All reactions refer to the hydrolysis of the acetate ester in aqueous solution at room temperature, using lipase from
Pseudomonas cepacia as defined in reference 2, unless otherwise noted. When another ester was hydrolyzed, it is
identified; when the alcohol was esterified, the acylating reagent is identified. Only examples that give E >2 are listed.
The structures are shown in Chart 2. bE. the enantioselectivity, is calculated as in reference 21, except in the case of
. meso compounds where it is the ratio of the favored to unfavored enantiomers. “Vinyl acetate or phenyl acetate: Terao.
Y.; Murata, M.; Achiwa, K.; Nishio, T.; Akamtsu, M.; Kamimura, M. Tetrahedron Lert. 1988, 29, 5173-5176. vinyl
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acetate: Murata, M.; Terao, Y.; Achiwa, K.; Nishio, T.; Seto, K. Chem. Pharm. Bull. 1989, 37, 2670-2672. dBrcilgoff.
D.; Laumen, K.; Schneider, M. P. J. Chem. Soc., Chem. Commun. 1986, 1523-1524; viny! stearate: Baba, N.; Yoneda,
K.; Tahara, S.; Iwasa, J.; Kaneko, T.; Matsuo, M. J. Chem. Soc., Chem. Commun. 1990, 1281-1282; vinyl stearate:
Baba, N.; Tahara, S.; Yoneda, K.; Iwasa, J. Chem. Express 1991, 6, 423-426; Wirz, B.; Schmid, R.; Foricher, J.
Tetrahedron: Asymmetry 1992, 3, 137-142. €Transesterification with n-propanol as nucleophile: Bianchi, D.; Bosetti,
A.; Cesti, P.; Golini, P. Tetrahedron Lent. 1992, 33, 3231-3234. fVinyl acetate: Theil, F.; Weidner, J.; Ballschuh, S.;
Kunath, A.; Schick, H. J. Org. Chem. 1994, 59, 388-393. &Pallavicini, M.; Valoti, E.; Villa, L.; Piccolo, O. J Org.
Chem. 1994, 59, 1751-1754. "Benzoate hydrolysis in 25% DMSO: Bosetti, A.; Bianchi, D.; Cesti, P.; Golimi, P.
Biocatalysis 1994, 9, 71-77. {Succinic anhydride: Terao, Y.; Tsuji, K.; Murata, M.; Achiwa, K.; Nishio, T.; Watanabe,
N.. Seto, K. Chem. Pharm. Bull. 1989, 37, 1653-1655./Butanoate: Panali, V.; Melbye, A. G.; Alvik, T.; Anthonsen, T.
Tetrahedron: Asymmetry 1992, 3, 65-72. kBellemare, M.-J.; Kazlauskas, R. J., unpublished results. /In a
water/isopropyl ether emulsion: Gais, H.-J.; Hemmerle, H.; Kossek, S. Synrhesis 1992, 169-173. M™Acetic anhydride:
Bianchi, D.; Cesti, P.; Battistel, E. J. Org. Chem. 1988, 53, 5531-5534. "Trifluoroethyl butanoate: Secundo, F.; Riva,
S.; Carrea, G. Tetrahedron: Asymmetry 1992, 3, 267-280. Butyrate: Carrea, G.; De Amici, M.; De Micheli, C.;
Liverani, P.; Carnielli, M.; Riva, S. Tetrahedron: Asymmetry 1993, 4, 1063-1072. PButyrate: De Amici, M.; Magn, P.;
De Micheli, C.; Cateni, F.; Bovara, R.; Carrea, G.; Riva, S.; Casalone, G. J Org. Chem. 1992, 57, 2825-2829.
9Butyrate: Hoong, L. K.; Strange, L. E.; Liotta, D. C.; Koszalka, G. W.; Bums, C. L.; Schinazi, R. F. J Org. Chem.
1992, 57, 5563-5565. Xie, Z.-F.; Suemune, H.; Sakai, K. Tetrahedron: Asymmetry 1993, 4, 973-980. SVinyl acetate:
Herradén, B. Tetrahedron: Asymmetry 1992, 3, 209-212; J. Org. Chem. 1994, 59, 2891-2893; Herradén, B.; Valverde,
S. Tetrahedron: Asymmetry 1994, 5, 1479-1500. 'Acetic anhydride: Ennis, M. D.; Old, D. W. Tetrahedron Le1. 1992,
33, 6283-6286. These authors also resolved a similar compound, flesinoxan, but its absolute configuration was
tentatively assigned: Tetrahedron Lest. 1992, 33, 6287-6290. “Vinyl acetate: Mauleén, D.; Lobato, C.; Carganico, G. J
Heterocyclic Chem. 1994, 31, 57-59. YTsukube, H.; Betchaku, A.; Hiyama, Y.; ltoh, T. J. Chem. Soc., Chem. Commun.
1992, 1751-1752; J. Org. Chem. 1994, 59, 7014-7018. We chose the enantiomer shown because a CHj is larger than
an oxygen.

Do the Medium and Large Substituents of Primary and Secondary Alcohols
Bind to the Same Regions of PCL? We propose two hypotheses to explain how
PCL can have an opposite enantiopreference for primary and secondary alcohols,
Figure 2a. Hypothesis 1 proposes that the large and medium substituents of
primary alcohols bind in the same L and M pockets as the substituents of
secondary alcohols. The CH,OH group must point to the back to place the oxygen
in a position similar to that for secondary alcohols. Thus, the opposite
enantiopreference for primary and secondary alcohols would stem from
accommodating the extra CH, in primary alcohols as a kink between the O and the
stereocenter.

Hypothesis 2 proposes that the substituents of primary and secondary
alcohols bind to different regions of PCL. In particular, both the large and medium

substituents of primary alcohols bind in the L pocket, while a hydrogen binds in
the M pocket. According to this hypothesis, PCL accommodates the added CH, in
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a primary alcohol as a turn that places the stereocenter of primary alcohols into the
L pocket.  Stereoselectivity within the L pocket would determine the
enantioselectivity of PCL toward primary alcohols. Vanmiddlesworth and Sih*
proposed that stereoselectivity within the L pocket of a reductase in yeast can

influence the diastereoselectivity of reduction reactions.

a :0\ HO H
Y Gy
L
Hypothesis 1 Hypothesis 2
CH; adds a kink stereocenter binds
in the L pocket
b B-selectivity
oH o o}
]
fL\/J‘ y -
a-selectivity
c OH OH OH
Ph Ph Ph
36a 352 7a

E=54 a-selectiviy>32 E=23
B-selectivity = 1.4

3éb Ph 35b P k¥{.] Ph

E=80 a-selectivity>55 E=16
B-selectivity = 1.8

Figure 2. Orientation of the medium and large substituents of primary alcohols in the active site
of PCL. (a) Two possible orientations of the medium and large substituents can account for the
opposite enantiopreference of PCL toward primary and secondary alcohols. In hypothesis [, PCL
accommodates the extra CH? group in a primary alcohols as a kink between the stereocenter and
the oxygen. The CH) group points into the plane of the paper to place the oxygen in a position
similar to that in secondary alcohols. In hypothesis 2, PCL accommodates the extra CH2 group
in a primary alcohols as a turn that places both the medium and large substituents into the L
pocket. According to this hypothesis, enantioselectivity toward primary alcohols comes from
details within the L pocket. (b) Measuring the stereoselectivity of the L pocket using a substrate
with two stereocenters. Hypothesis 2 predicts that stereoselectivity within the L pocket (-
selectivity) will be similar to the enantioselectivity of PCL toward the corresponding primary
alcohol. Hypothesis | predicts no relationship between the two selectivities. (¢) For two
examples, the stereoselectivity within the L pocket was lower than the enantioselectivity for the
corresponding primary alcohols. These experimental results favor hypothesis 1. Experimental
data for the selectivities are in Scheme 1 and Table 3.
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To distinguish between these two hypotheses, we measured the
stereoselectivity of the L pocket in PCL and compared it to the enantioselectivity
of PCL toward primary alcohols, Figure 2b. Hypothesis 1 predicts no relationship
between the stereoselectivity of the L pocket and the enantioselectivity of PCL
toward primary alcohols. Hypothesis 2 predicts that the stereoselectivity within the
L pocket is the same as the enantioselectivity of PCL toward primary alcohols. As
detailed below, we found that the stereoselectivity of the L pocket of PCL was
significantly lower that the enantioselectivity of PCL toward primary alcohols,
thus, we favor hypothesis 1.

To measure the stereoselectivity of the L pocket in PCL, we measured the
stereoselectivity of PCL toward acetates of 35a and 35b, Scheme 1. Binding these
secondary alcohols to PCL as suggested by the rule in Figure la places the (-
stereocenter into the L pocket.23 Thus, the stereoselectivity of PCL toward the p-
stereocenter of 35a and 35b corresponds to the stereoselectivity of the L pocket.

Scheme 1 summarizes the experimental results for the PCL-catalyzed
hydrolysis of the acetate esters of 35a and 35b. We prepared alcohols 35a and 35b
and their acetates as mixtures of diastercomers following literature procedures.
After hydrolysis, we determined the relative amounts of each isomer using gas
chromatography of the (S)-acetyl lactic acid derivatives for 35a and of the free
alcohols for 35b. To identify the diastereomers, we prepared authentic samples of
pure erythro-35a, and threo-35b using literature procedures. We confirmed this
assignment for 35b by comparing the '"H-NMR spectrum of the mixture to the 'H-
NMR of a known (4: 1) mixture of erythro- and threo-35b.”*

The absolute configurations of the preferred erythro- and threo-35a were
(2R, 3R) and (2R, 39), respectively, based on the negative rotations of the tosyl
derivatives. The preferred enantiomer of threo-35b was (2R, 3S), by chemical

correlation to the ketone derivative, (3S5)-3-methyl-4-phenyl-2-butanone. The rule
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for secondary alcohols, Figure la, predicted the favored configuration at the
secondary alcohol for all three of these substrates.” On this basis, we assigned the

(2R, 3R) configuration to the favored enantiomer for erythro-35b.

Scheme 1
OAc OH OH OH OH
. A A A
Ph  23% conv Ph Ph P /\Ph
(£11: 1 erythrofthreo (R.S)}35a (S.5)}35a (R.R)}-35a (S.R)35a
a >32 a >100

—— ——————
54.1% 1.8% 43.8% 0.24%
{ ]

B=14
OAc PCL OH QH OH OH
— + + RN 0
12% conv )T /'\L
Ph Ph /\(Ph Ph /\Lph
(£)-1: 1.45 erythrofthreo (R,S)-35b (S.S)-35b (R,R)}-35b (S.R)}3%
a >68 a >55

——— [
1% <0.8% 289%  <0.8%
p=1.8

To calculate the - and B-selectivities, the stereoselectivities at the o and
stereocenters, we used the approach developed by Sih to measure the
enantioselectivity of an enzyme.zs Equation 1 relates the selectivity of the enzyme
to experimentally measured quantities: A and B_ are the initial amounts of each
isomer in the starting material and A and B are the amounts remaining after
hydrolysis.

In(A/ A,

Selectivity = - (B[B )
0

o

We calculated the a-selectivity either from the relative amounts of the (2R,
3S) and (28, 3S) isomers, o > 32 for 35a, a > 68 for 35b, or from the relative
amounts of the (2R, 3R) and (25, 3R) isomers, a >100 for 35a, a > 55 for 35b. The
a-selectivity was high for each pair of isomers and the favored enantiomer was the

one predicted by the secondary alcohol rule. These results suggest that the 35a-
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acetate and the 3Sb-acetate bound to PCL in the same manner as other secondary
alcohols and that the B-stereocenters bound in the L pocket.

We calculated the B-selectivity from the selectivity between the favored 2R
isomers, (2R, 3S) and (2R, 3R), to be p = 1.4 for 35a and p = 1.8 for 35b. We did
not calculate the B-selectivity from the pair of minor isomers because these

'incorrect’ secondary alcohols may bind to PCL in a manner that does not place the

B-stereocenter in the L pocket.
To interpret these results, we also measured the enantioselectivity of PCL

toward the corresponding secondary alcohols, 36a and 36b, and the corresponding

primary alcohols, 37a and 37b (37b is the same as 1 where R = CH,Ph, Table 1),

Table 3. As expected, PCL favored the (R)-enantiomer of secondary alcohols 36a
and 36b with high selectivity, E = 54 and 80, respectively. Also as expected, PCL
favored the (S)-enantiomer of primary alcohols 37a and 37b. The
enantioselectivity was low toward 37a, E = 2.3, and moderate toward 37b, E = 16.
These enantioselectivities are consistent with those measured previously by others

for the corresponding esterification reaction, E = 1.3 for 372’ and E = 20 for 37b
(Table 1, structure 1 where R = CH,Ph).

A summary of these selectivities, Figure 2c, shows a low selectivity in the L
pocket of PCL (1.4 and 1.8),27 while the enantioselectivity toward primary alcohols
can be either low or moderate (2.3 and 16). This different selectivity is inconsistent
with hypothesis 2 and thus favors hypothesis 1. However, we caution that the
addition of a methyl group at the a carbon may inhibit optimal binding of the
‘primary alcohol portion’ within the large pocket and therefore yield an incorrect
measure of the selectivity of the L pocket. With this caution in mind, our results
nevertheless favor hypothesis 1. Thus, we propose that the medium and large

substituent of primary alcohols bind in the same M and L pockets as the sub-
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stituents of a secondary alcohol. The CH,-kink between the stereocenter and the

oxygen causes the reverse orientation of the OH and the CH,OH in Figure 1.

Table 3. Hydrolysis of Acetates of Primary and Secondary Alcohols Catalyzed by Lipase from
Pseudomonas cepacia.

Structure Yoconvy ~Yeee abs, config. E
(product-OH) (product-OH)

Joa R 544
36b 4 962 RE 80
37a 14 38d se 23
37 44 —2of g 16
38 40 71h Ri 10
39 47 604 (SMY S (SMk 9
40 43 63! RM 7
41 49 129 (SMy 1S, 2R (SM)" 1.4
42 46 344 IR, 28° 2.0
43 4l 238(SMY IR, 28 (SMYP 24
44 85 849 ndr 12

9Bianchi, D.; Cesti, P.; Battistel, E. /. Org. Chem. 1988, 53. 5531-5534. Nishio, T.; Kamimura,M.; Murata,
M.; Terao, Y.; Achiwa, K. J. Biochem. Tokyo 1989, 105, 510-512: Esterification with acetic anhydride in
organic solvent. bDetermined by GC of the (S)-acetyl lactate derivative using 3 OV-1701 column. ¢[a]p =
-17.8 (1.8, CHCl3) (lit. (R)-(-): Hayashi, T.; Okamoto, Y.; Kabeta, K.; Hagthara, T.; Kumada, M. /. Org.
Chem. 1984, 49, 4224-4226). 9Determined by GC using a Chiraldex G-TA column. é[a]p = -10.4 (neat)
(lit. (R)~(-) and (S)-(+): Bianchi, D; Cesti, P.; Battistel, E. J. Org. Chem. 1988, 53, 5531-5534. Bemstein,
H.; Whitemore, C. J. Am. Chem. Soc. 1939, 61, 1326). /Determined by GC of the trifluoroacetate
derivative using a Chiraldex G-TA column. £The product from the PCL-catalyzed esterification of 37a was
identified as the (S)-enantiomer (Delinck, D. L.; Margolin, A. L. Tetrahedron Lett. 1990, 3/, 6797-6798).
hDetermined by HPLC using a Chiralcel OD column. ‘[a]p = -12.1 (0.43, C¢Hg), [a]D = -19.1 (0.43,
CHCl3) (lit. (R)~(-): Menicagli, R.; Piccolo, O.; Lardicci, L.; Wis, M. L. Tetrahedron 1979, 35, 1301-1306.
Sonnet, P. E.; Heath, R. R. J. Chromatogr. 1988, 321, 127-136)./Determined for the unreacted acetyl ester.
kDetermined by comparison of the gas chromatogram (Chiraldex G-TA) of the unreacted acetyl ester with
that of the acetyl ester of (S)-(+)-39 obtained from authentic (S)-(+)-2-amino-1-butanol. IDetermined by Iy
NMR of the acetyl ester derivative in the presence of (+)-Eu(hfc)3. ™Determined by comparison of the Iy
NMR spectrum (in the presence of (+)-Eu(hfc)3) of the acetyl ester of the product with that of the aceryl
ester of (5)-(+)-40 obtained from authentic (S)-(+)-2-amino-1-butanol. ?Determined by comparison of the
gas chromatogram (Chiraldex G-TA) of the unreacted acetyl ester with that of monoacetate 42 obtained
from the PCL- catalyzed hydrolysis of the diacetate. 2[a]p = -9.04 (3.54, CHCl3) (lit. (1R,25)-(-): Alder,
U.; Breitgoff, D.; Klein, P.; Laumen, K. E.; Schneider, M. P. Tetrahedron Letr. 1989, 30, 1793-1796.
Laumen, K.; Schneider, M. Terahedron Lett. 1988, 26, 2073-2076). PDetermined by comparison of the Iy
NMR spectrum (in the presence of (+)-Eu(hfc)3) of cis-(1R2S)-1-acetoxymethyl-2-
benzoyloxymethylcyclohexane, obtained by benzoylation of monoacetate (1R,25)-42, to the spectrum of
the remaining starting material. The preferred product is therefore cis-(1R.2S)-1-benzoyloxymethyl-2-
hydroxymethylcyclohexane. ¥Determined by 1H NMR of the Mosher ester. ' The absolute configuration
was not determined.
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Further support for the notion that PCL accommodates the extra CH, of

primary alcohols as a kink comes from an overlay of models of primary and
secondary alcohols, Figure 3. We overlaid minimized structures of the fast- and
slow-reacting enantiomers of a primary alcohol acetate, (S)- and (R)-2-methyl-3-
phenylpropyl acetate, onto the fast-reacting enantiomer of the corresponding
secondary alcohol acetate, (R)-2-acetoxy-1-phenylpropane. In spite of their
opposite configurations, the fast-reacting enantiomers overlay more closely at the
reaction center, especially at the alcohol oxygen and at the carbonyl group of the
ester. This overlay supports the notion that the medium and large substituents of
both primary and secondary alcohols can bind in the same M and L pockets, yet
show opposite enantiopreference. Other researchers have also noted a reversal in
enantiopreference when a CH, group is inserted between the stereocenter and the
oxygen of other alcohols. For example, the enantiopreference of the Katsuki-
Sharpless epoxidation reverses for allylic and homoallylic alcohols. *

This explanation is also consistent with the structure of the active site of
lipases and their likely mechanism. Researchers believe that the histidine of the
catalytic triad protonates the oxygen of the leaving alcohol.” For this reason the
alcohol oxygen must adopt a similar position in both structures. Furthermore,
modelling suggests that the -CH OH of a primary alcohol would disrupt the
orientation of the catalytic histidine if it pointed in the same direction as the ~OH

of a secondary alcohol.
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fast primary alcohol slow primary alcohol
overlaid on overlaid on
fast secondary alcohol fast secondary aicohol

Figure 3. Overlay of the minimized structures of the fast-reacting (S)- and slow-reacting (R)-
enantiomers of the primary alcohol acetate, 2-methyl-3-phenylpropyl acetate, (white/gray
carbons) onto the fast-reacting (R)-enantiomer of the secondary alcohol acetate, 2-acetoxy-1-
phenylpropane, {crosshatched carbons). All oxygen atoms are speckled. In spite of the opposite
configuration, the (S)-primary alcohol acetate mimics the shape of (R)-secondary alcohol acetate
better than does the (R)-primary alcohol acetate. Note the closer overlap of the alcohol oxygens
and the carbonyl groups of the acetates. Models were minimized and overlaid using Chem 3-D.
Hydrogen atoms are hidden for clarity.

Increasing Enantioselectivity by Increasing the Size of the Large Substituent.
The empirical rule suggests that PCL uses the sizes of the substituents to
distinguish between enantiomers. Researchers might enhance enantioselectivity by
increasing the difference in size of the substituents. Indeed, this strategy was
successful for secondary alcohols.™ > " However, we demonstrate below that this

strategy was rarely successful for primary alcohols.
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The first group are primary alcohols without an oxygen at the stereocenter,
Figure 4a and Table 3. The first example, 37a vs. 38, showed reversed
enantioselectivity when we increase the size of the large substituent. PCL-
catalyzed hydrolysis of the acetate ester of 37a, 2-phenylpropyl acetate, (L = Ph, M
= CH,) showed low enantioselectivity, E = 2.3, favoring the enantiomer predicted
by the empirical rule. Replacing the phenyl with the larger naphthyl group in 38
increased the enantioselectivity to E = 10, but also reversed the enantiopreference.
Taking into account the reversal, the enantioselectivity decreased by a factor of 23.

The next example showed a slight decrease in enantioselectivity when we
increased the size of the large substituent. PCL-catalyzed hydrolysis of the acetate
ester of 39 showed an enantioselectivity of 9. Replacing the acetyl protective group
with the larger phthalimido group (compound 40) decreased the enantioselectivity
by a factor of 1.3 to E = 7. For both 39 and 40, PCL favored the enantiomer
predicted by the empirical rule.

The third example showed a modest increase in enantioselectivity when we
increased the size of one substituent. PCL-catalyzed hydrolysis of racemic cis-1-
acetoxymethyl-2-(hydroxymethyl)cyclohexane, 41-acetate, showed low enantio-
selectivity, E = 1.4, in favor of the (1R, 2S)-enantiomer of the substrate, which is
opposite to the one predicted by the empirical rule. Increasing the size of the
CH,OH substituent to CH,OAc (42-acetate) or CH,OBz (43-acetate) increased the
enantioselectivity to E = 2 and E = 2.4. The favored enantiomer for the products,
cis-1-(acetoxymethyl)-2-(hydroxymethyl)cyclohexane and cis-1-[(benzoyloxy)-
methyl]-2-(hydroxymethyl)cyclohexane, was (1R, 2S), as predicted by the
empirical rule. Taking into account the reversal, the enantioselectivity increased by

modest factors of 2.8 and 3.4, respectively.
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Figure 4. Changes in the enantioselectivity of PCL-catalyzed hydrolyses as the size of one
substituents was increased. (a) Four examples where the primary alcohol does not have an
oxygen at the stereocenter. The first example showed a reversal in enantioselectivity, the second
a small decrease, the third a small increase, and the fourth large increase. Data for the first three
examples are in Table 3; the fourth comes from the literature. (b) Two examples where the
primary alcohol has an oxygen at the stereocenter. The first example showed a modest decrease
in enantioselectivity, the second example, taken from the literature, showed only small changes
in enantioselectivity, except where R = CH(CHJ)’.
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The last example in Figure 4a comes from the literature and represents a
dramatic increase in enantioselectivity. Tsuji et al” reported a low
enantioselectivity for the esterification of alcohol 1 where R = CHOH, E =4 in
favor of the pro-R hydroxyl group. The empirical rule predicts the opposite
enantiopreference (M = CH,, L = CH,OH). When Tsuji et al. replaced the methyl
with a larger substituent, CHzPh (compound 7 where Ar = Ph in Table 1), the
enantioselectivity increased to E >30. Since the CH,OH is now the medium
substituent and CH,Ph is the large substituent, the enantiopreference now agrees
with the empirical rule. Other workers also reported increased enantioselectivity
when they replaced the methyl by five other CH,-aryl groups, see Table 1. This last
example is the only one where increasing the size of the substituent dramatically
increased the enantioselectivity.

For primary alcohols that contain an oxygen at the stereocenter, increasing
the size of the large substituent also did not consistently increase the

enantioselectivity, Figure 4b. The hydrolysis of the diacetate of 21 (R = CH,Ph)

showed an enantioselectivity of 20-24 (see Table 2). When we increased the size
of the substituent to R = CHPh, (acetyl ester of 44), the enantioselectivity
decreased by a factor of 2 to E = 12, Table 3. The second example in Figure 4b
comes from the literature. The enantioselectivity of PCL toward the glycerol
acetal, substructure 25, changed little as researchers replaced the methyl with ethyl,
phenyl, benzyl, or a cyclohexyl acetal; E ranged from 3 to 9, Table 2. An isopropyl
substituent increased enantioselectivity, E = 23. Carrea et al. also noted that
changes in the size of the substituent did not correlate with changes in
enantioselectivity for substructures 28 and 29."

To summarize the effect on enantioselectivity of increasing the difference in
the size of the substituents, we found no consistent behavior. Increasing the
difference in size may increase, decrease or have no effect on enantioselectivity.

We believe the flexibility of primary alcohols accounts for these observations.
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Flexibility along the C(1)-C(2) bond allows both enantiomers of primary alcohols
to adopt conformations with similar positions of the large and medium substituents,
Figure 5. For one enantiomer, a partially eclipsed orientation along the C(1)-C(2)
bond orients the large substituent upward and the medium substituent downward.
For the other enantiomer, a staggered orientation along the C(1)-C(2) bond also
orients the large substituent upward and the medium substituent downward. To
distinguish between enantiomers of primary alcohols, PCL must not only
distinguish between the large and medium substituents, but also discriminate
between the two possible reactive conformations. This explanation may also
explain why we needed to exclude primary alcohols with an oxygen at the
stereocenter. The oxygen at the stereocenter stabilizes a gauche orientation of the
oxygen at the stereocenter and the alcohol oxygen due to the gauche effect.”’ This
stabilization may change the favored orientation along the C(1)-C(2) bond and

thereby change the enantiopreference.

enantiopreference set by

L
HOW “_x_'" WK secondary alcohols
size of substituents

M
LH L H
primary alcohols
HO HO H enantiopreference set by
H M (1) size of the substituents and
H M 4 | (2) relative energies of the two conformations
enantiomer 1 enantiomer 2

Figure S. Discrimination between enantiomers of primary alcohols is more difficult than
discrimination between enantiomers of secondary alcohols. Flexibility along the C(1)-C(2) bond
of primary alcohols allows both enantiomers to adopt conformations with similar orientations of
medium and large substituents. For example, enantiomer 1 adopts an upward orientation of the
large substituent and a downward orientation of the medium substituent in the eclipsed
conformation. Enantiomer 2 adopts a similar orientation in the staggered conformation. To
distinguish between enantiomers of primary alcohols, PCL must distinguish between different
conformations along the C(1)-C(2) bond in addition to distinguishing between the substituents.
The conformation above is only an example. We do not know the conformation of primary
alcohols in the active site of PCL.
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Experimental Section

General. Lipase from Pseudomonas cepacia (PS30 and LPL-200S) was purchased
from Amano International Enzyme Co. (Troy, VI). Unless otherwise noted, organic
starting materials were purchased from Aldrich Chemical Co. 4-Phenyl-2-butanol
was purchased from Janssen Chimica and cis-2,3-epoxybutane from Lancaster. 2-
(1-Naphthyl)- 1-propanol was prepared from 1-napthylacetic acid as described by
Sonnet and Heath.” N,O-Diacetyl-2-amino-1-butanol, 39, was prepared by a
known method.”

(x)-threo/erythro-3-Phenyl-2-butanol, 35a, was prepared by the nucleophilic
addition of methyl magnesium iodide to 2-phenylpropionaldehyde, as described by
Overberger et al”> The 'H NMR of the product agreed with that reported
previously.“ A portion of the product (1 g) was purified by medium pressure
chromatography (200 g silica gel, 60% pentane/37% chloroform/3% ethyl acetate,
2.1 min/20 mL fraction). Pure threo alcohol (66.7 mg) and pure erythro alcohol
(50.3 mg) were obtained, as well as mixed fractions. Mixed fractions were
combined to form a sample (~400 mg) of 50/50 threo/erythro. The threo and

erythro isomers can be separated by tlc when eluted three times with 60%

pentane/37% chloroform/3% ethyl acetate: on a 7.5 cm plate, Rf= 0.49 (threo) and
Rf= 0.4C (erythro). The diastercomers were identified by comparison of the Rf's
and |H NMR of the mixture to that of the pure erythro alcohol prepared as
described below.

(x)-erythro-3-Phenyl-2-butanol, (x)-erythro-35a, was prepared by reaction of
phenyllithium with trans-2,3-epoxybutane according to a literature plrocedure.35
The only change in the procedure was the use of a stock solution of phenyllithium

(1.8 M in 70: 30 cyclohexane/ether) instead of preparing the reagent in situ. This
method was not used for large scale preparation due to low yields (34%). Rf= 0.40

(60% pentane/37% chloroform/3% ethyl acetate). 'H NMR (CDCl,, 250 MHz) 6
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7.17-7.35 (m, 5), 3.88 (apparent quintet, 1, Japp ~ 6.2 Hz), 2.73 (apparent quintet, 1,
J o ~ 67 Hz), 1.55 (brs, 1), 1.32 and 1.08 (two d,3 +3,J/=6.6 Hzand /= 5.8
Hz).

Acetyl Esters. Acetic anhydride (1.5 equiv), DMAP (0.05 equiv) and anhydrous
sodium carbonate (1.5 equiv) were added to a stirred solution of alcohol in ethyl
acetate overnight at ambient temperature. The reaction mixture was then diluted
with ethyl acetate, washed with water and brine, and the organic extracts dried
(MgSO0,) and evaporated to afford the pure acetyl ester.
(x)-threo-2-Acetoxy-3-phenylbutane, Acetyl Ester of rhreo-35a has been
previously prepared.” 'H NMR (CDCI,, 200 MHz) & 7.18-7.34 (m, 5, aromatic),
5.09 (apparent quintet, 1, Japp = 7 Hz), 2.93 (apparent quintet, 1, Japp =7 Hz), 1.92
(s,3),1.28(d,3,J,,,,=7.3 Hz), 1.16 (4, 3, J,,, ,,, = 6.6 H2).
(x)-erythro-2-Acetoxy-3-phenylbutane, Acetyl Ester of erythro-35a has been
previously prepared.”* 'H NMR (CDCl,, 200 MHz) 8 7.16-7.34 (m, 5), 5.03 (dq, 1,

J = 6.2 Hz), 2.85 (apparent quintet, 1, anp = 7.3 Hz), 2.06 (s, 3), 1.28 (d, 3,

H2.HI
Joun=7-3Hz),1.05(d, 3 =6.2 Hz).

H4.H3 ' JHI \H2

(x)-threo/erythro-3-Methyl-4-phenyl-2-butanol, (x)-threo/erythro-35b, was
prepared in three steps following a literature procedure.na37 Reduction of a-
methyl-trans-cinnamaldehyde with lithium aluminum hydride yielded 3-phenyl-2-
methyl-1-propanol, (£)-37b. Swern oxidation followed by the addition of methyl
magnesium iodide yielded (+)-threo/erythro-35b. Rf=0.26 (4: 1 cyclohexane/ethyl
acetate). The 'H NMR of this diasteromeric mixture agrees with that reported in
the literature.”

(x)-threo-3-Methyl-4-phenyl-2-butanol, (t)-rhreo-:!Sb.39 A solution of benzyl
bromide (2.5 mL, 21.0 mmol) in ether (15 mL) was slowly added to magnesium
turnings (1 g, 41.1 mmol) under nitrogen. The reaction flask was kept in an ice

bath until complete addition and then the reaction mixture was stirred at room
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temperature for 1 h. The flask was again cooled and cis-2,3-epoxybutane (0.8 mL,
9.2 mmol) in ether (5 mL) was added dropwise. After complete addition, the
mixture was refluxed for 2 h. Excess Grignard was quenched by the careful

addition of saturated NH,Cl. Water was added and the slurry was filtered into a

separatory funnel, rinsing with ethyl acetate. The filtrate was washed with 0.5 N
HCl, saturated aqueous NaHCO,, H,0, and brine, dried over Na,SO,, filtered, and

evaporated in vacuo. Purification by flash column chromatography (9: 1
pentane/ethyl acetate) yielded the threo alcohol (125 mg, 8%): 'H NMR (CDCl,,
200 MHz) 6 7.17-7.33 (m, 5), 3.70 (br apparent quintet, 1, Japp ~ 6 Hz), 2.88 (dd, 1,

2 2
o= 133 Hz, J,, .= 4.8 H2),2.35(dd, 1, J,, .= 13.3 Hz, J,,.,.,= 9.3 Hz),
1.83 (m, 1), 1.37 (brs, 1), 121 (d, 3, Jy, ,, = 63 Hz), 0.83 (4, 3, ;o ,= 6.8 H2).

(x)-threo/erythro-2-Acetoxy-3-methyl-4-phenylbutane, Acetyl Ester of (z)-
threo/erythro-35b has been previously proz:pared.‘0 'H NMR (CDCl,, 250 MHz)

(resonances of the two diastereomers overlap except for the OAc and CH,-3

resonances) 8 7.09-7.33 (m, 10), 4.76-4.95 (m, 2), 2.72-2.89 (m, 2), 2.20-2.43 (m,
2), 1.82-2.05 (m, 2), 2.05 (s, 3) 2.03 (s, 3), 1.22 (d, 6, J,;, ,,, = 6.3 Hz), 0.88 (d, 3,

Jenyssmy= 69 H2), 0.83 (4,3 = 6.8 Hz).

’JCH3-3.H3
(x)-threo-2-Acetoxy-3-methyl-4-phenylbutane, Acetyl Ester of (x)-threo-35b

has been previously prepared.40 'H NMR (CDCl,, 250 MHz) & 7.12-7.29 (m, 5),
4.82 (apparent quintet, 1, J.. =63 Hz, J.,..= 6.3 Hz), 2.80 (dd, 1, °J

H4.He

? “H2,H1 7 “H2,H3
13.4 Hz, J,,,,,, = 4.7 Hz), 2.28 (dd, 1, Jy, = 134 Hz, J,,,, = 9.6 H2), 2.01 (s,
3),1.89-2.10 (m, 1), 1.20 (d, 3, J;, ;= 6.3 H2), 0.81 (d, 3,/ ;= 6.8 Ha).

(£)-2-Phthalimido-1-butanol, 40, was prepared using a standard method for the
protection of amino acids.’ Phthalic anhydride (1.5 g, 10.1 mmol) and
tricthylamine (0.6 mL, 4.2 mmol) were added to a solution of (£)-2-amino-1-
butanol (500 mg, 5.6 mmol) in toluene (10 mL) in a reaction vessel equipped with

a condenser and Dean-Stark trap. After refluxing overnight, the reaction mixture
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was cooled to room temperature and extracted twice with ethyl acetate (30 + 20
mL). The combined organic extracts were washed with saturated aqueous NaHCO,

(2 x 50 mL), H,0 (50 mL), and brine (50 mL), and dried over anhydrous NaSO,.
The crude residue obtained upon evaporation of the solvent was purified by flash

column chromatography (7: 3 pentane/ethyl acetate) yielding 2-phthalimido-1-
butanol as an oil (723 mg, 59%): Rf= 0.20 (7: 3 pentane/ethyl acetate); 'H NMR

(CDCl,, 200 MHz) 6 7.79-7.90 (m, 2), 7.68-7.79 (m, 2), 4.29 (m, 1), 4.08 (m, 1),
3.89(m, 1), 2.73 (br d, 1), 1.92 (apparent decatet, 2), 0.94 (t, 3, /= 7.4 Hz).
1-Acetoxy-2-phthalimidobutane, Acetyl Ester of 40. 'H NMR (CDCL,, 200
MHz) § 7.79-7.90 (m, 2), 7.68-7.79 (m, 2), 4.31-4.58 (overlapping m, 3), 1.71-2.22
(overlapping m, 2), 1.97 (s, 3), 0.92 (t, 3, J = 7.4 Hz). Exact mass 261.0999
(C,H,,O N requires 261.1001, -0.8 ppm error).
cis-1-Acetoxymethyl-2-benzoyloxymethyicyclohexane, Acetyl Ester of 43. 4-
dimethylaminopyridine (5.4 mg, 0.044 mmol) and benzoic acid (108 mg, 0.88
mmol) were added to a solution of cis-l-acetoxymethyl-2-
hydroxymethylcyclohexane (83 mg, 0.44 mmol) in dichloromethane (5 mL). The
mixture was cooled in a cold water bath and dicyclohexylcarbodiimide (100 mg,
0.48 mmol) was added. After stirring at room temperature for 3 days, the solvent

was removed by rotary evaporation. The residue, taken up in ethyl ether, was

filtered and the filtrate was washed with 0.5 N HCl, saturated aqueous NaHCO,,
H,0, and brine, dried over Na,SO,, filtered, and evaporated in vacuo. The crude
product was purified by flash column chromatography (gradient from 9: 1 to 1: 1
pentane/ethyl acetate), yielding cis-1-acetoxymethyl-2-benzoyloxymethylcyclo-
hexane as an oil (68 mg, 53%): Rf = 0.68 (7: 3 pentane/ethyl acetate); 'H NMR
(CDCl,, 200 MHz) & 7.98-8.08 (m, 2), 7.38- 7.62 (m, 3), 4.31 and 4.14 (two d, 2 +

2,J=1.1 Hz), 2.06-2.32 (m, 2), 1.99 (s, 3), 1.33-1.72 (m, 8). Exact mass 290.1511
(C,H,,0, requires 290.1518, -2.4 ppm error).
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2-0O-Diphenylmethylglycerol  Diacetate, Acetyl Ester of 44. -
Butyldimethylsilylchloride (10 g, 66mmol) was slowly added to a stirred solution
of 1,3-dihydroxyacetone dimer (3 g, 17 mmol) and imidazole (9 g, 133 mmol) in
dimethylformamide (22 mL) under nitrogen. The mixture was cooled in a cold

water bath until the initial exothermic reaction was over. After stirring at room

temperature for 3 h, the reaction mixture was poured into H,O (800 mL) and
extracted with ethyl ether (2 x 700 mL). Each ether extract was washed with H,O
(2 x 800 mL) and dried over MgSO,. The combined ether extracts were filtered
and evaporated in vacuo, yielding 1,3-di(z-butyldimethylsiloxy)acetone as a clear
colourless oil, 10.45 g (98%): 'H NMR (CDCl,, 200 MHz) & 4.41 (s, 4), 0.91 (s,
18), 0.08 (s, 12). Sodium borohydride (237 mg, 6.26 mmol) was added to a stirred
solution of the 1,3-di(s-butyldimethylsilyloxy)acetone (2 g, 6.28 mmol) in dry
methanol (40 mL) at 4 °C under nitrogen. After stirring for 30 min, the reaction
mixture was quenched with 5% aqueous CH,COOH (15 mL) and H,O (150 mL).
The mixture was extracted with ethyl acetate (800 mL) and the organic phase was
washed with 5% aqueous CH,COOH (2 x 200 mL), saturated aqueous NaHCO, (2
x 250 mL), H,0 (200 mL), and brine (300 mL), and dried over MgSO,. The
solvent was evaporated to yield the alcohol as a clear colourless oil, 1.98 g
(98.5%): Rf= 0.38 (9: 1 hexane/ethyl acetate). Diphenyldiazornethane42 (333 mg,
1.71 mmol) was added to a stirred solution of the alcohol (250 mg, 0.78 mmol) in
dry acetonitrile (10 mL). After refluxing overnight, additional
diphenyldiazomethane (150 mg, 0.77 mmol) was added and the mixture was again
refluxed overnight. The reaction mixture was cooled in a refrigerator for 3 h and
the filtrate obtained after filtration of the resulting white precipitate was
concentrated in vacuo. The crude oil was purified by flash column chromatography
(98: 2 hexane/ethylacetate), yielding 1,3-di-O-(z-butyldimethyisilyl)-2-O-
diphenylmethyl-glycerol. (340 mg, 90%): Rf = 0.65 (9: 1 hexane/ethylacetate). 'H
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NMR (CDCl,, 200 MHz) & 7.21-7.39 (m, 10), 5.77 (s, 1), 3.49-3.78 (m, 5), 0.87 (s,
18), 0.01 (s, 12). Tetrabutylammonium fluoride (1 N in THF, 0.80 mL, 0.80 mmol)
was added to a stirred solution of the pure 1,3-di-O-(t-butyldimethylsilyl)-2-O-
diphenyimethyl glycerol (130 mg, 0.27 mmol) in THF (3 mL). After stirring for 1

h at room temperature, the reaction mixture was extracted with ethyl acetate (90
mL),washed with H,O (2 x 5 mL) and brine (2 x 40 mL), and dried over MgSO,.

Evaporation of the solvent yielded the crude 1,3-diol (156 mg): Rf = 0.18 (1: |
hexane/ethyl acetate). Anhydrous sodium carbonate (84 mg, 0.80 mmol), 4-
dimethylaminopyridine (3.3 mg, 0.027 mmol), and acetic anhydride (0.075 mL,
0.80 mmol) were added to a solution of the crude diol (150 mg) in ethyl acetate (2

mL). The mixture was stirred at room temperature for 18 h and then extracted with

ethyl acetate (50 mL). The organic phase was washed with H,O (4 x 10 mL) and
brine (2 x 10 mL), dried over MgSO,, and evaporated in vacuo. The crude residue
was purified by flash column chromatography (9: 1 hexane/ethyl acetate), 2-O-
diphenylmethylglycerol diacetate as an oil (70 mg, 77% over two steps). Rf = 0.37
(7: 3 hexanes/ethyl acetate). 'H NMR (CDCl,, 200 MHz) 6 7.22-7.38 (m, 10), 5.61
(s, 1),421 (m, 4,J,,=16.5 Hz), 3.86 (m, 1, J,, = 11.6 Hz, J,, = 5.1 Hz), 2.02 (s,
6). Exact mass 342.1471 (C, H, O, requires 342.1467, 1.1 ppm error).

General Procedure for PCL-Catalyzed Hydrolyses. A rapidly stirred suspension
of substrate dissolved in a small amount of ether and phosphate buffer (10 mM, pH
7) containing lipase from Pseudomonas cepacia was maintained at pH 7.0 by
automatic titration with NaOH (0.1 N) using a Radiometer RTS 822 pHstat. The
reaction was stopped at the desired conversion and the mixture was extracted once

with 9: 1 ether/ethanol and three times with ether. The combined organic extracts

were washed with saturated aqueous NaHCOs, water, and brine, dried over

Na,SO,, and concentrated in vacuo. The starting esters and product alcohols were

separated by flash chromatography.
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PCL-Catalyzed Hydrolysis of (x)-threo,erythro-2-Acetoxy-3-phenyl-butane,
Acetyl Ester of 35a. As a pHstat was not available for this hydrolysis reaction, a
series of 25 mL-Erlenmeyer flasks containing 2-acetoxy-3-phenylbutane (16 mg,
0.083 mmol, a racemic 1: 1 mixture of threo/erythro isomers), ethyl ether (0.3 mL),
sodium phosphate buffer, (7 mL, 0.1 M, pH 7) and lipase from Pseudomonas
cepacia (40 mg) were shaken in an incubator at 29-32°C. After 2-3 hrs, the
contents of one flask were transferred to a test tube and extracted with ether (5 x 2
mL), mixing with a vortex mixer. Persistent emulsions were broken by
centrifugation. The ethereal extracts were dried over Na,SO, and filtered, then
analyzed by GC to determine the conversion. The extract was then concentrated to
2 mL. The acetyl lactate derivative was subsequently made to determine the optical
and diastereomeric purities of the product alcohols by gas chromatography.
PCL-Catalyzed Hydrolyses of (+)-1-Acetoxy-2-phenylpropane, Acetyl Ester of
37a. Test tubes containing (£)-l-acetoxy-2-phenylpropane (20 mg, 0.112 mmol),
ether (0. 1 mL), sodium phosphate buffer (0.5 mL, 0.1 M, pH 7), PCL (2 mg) were
shaken in an incubator at 29-32 °C. At various time intervals, the entire contents of
one test tube were extracted with ether (4 x 2 mL) using a vortex mixer to mix the
two phases. Persistent emulsions were broken by centrifugation. The combined
ether extracts were analyzed by GC.

Trifluoroacetyl Esters.” Trifluoroacetic anhydride (0.2 mL) was added to a
solution of alcohol (1-5 mg) in dichloromethane (0.5 mL). Esterification was
complete after 30 min and solvent and excess reagent were evaporated in a stream
of nitrogen. The residue was dissolved in ethyl ether for analysis by gas

chromatography.

Enantiomeric Purity. Gas Chromatography of Acetyl Lactate Derivatives."'

(S)-Acetyl lactic acid chloride (4 drops) was added to the alcohol (10-15 mg)
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dissolved in anhydrous ether (2 mL). The mixture was cooled in a cold water bath
(5 °C) and pyridine (3 drops) was added. The mixture was stirred for 10-45

minutes and then stirred at room temperature for 1-3 hours. The reaction mixture

was washed three times with 0.5 N HCI, twice with saturated aqueous NaHCO,,
H,O, and brine, and dried over Na,SO,. This ethereal solution of (S)-O-acetyl
lactyl esters was analyzed by GC using an SE30 or OV-1701 capillary column. The
enantiomeric excess values obtained were corrected to account for the optical
purity of the derivatizing agent (97.5% ee). ((S)-acetyllactyl)-4-phenyl-2-butanol:
OV-1701 column, 150 °C, a = 1.06, 21.0 min (R), 22.2 min (S). threo-((S)-
acetyllactyl)-3-phenyl-2-butanol: SE30 column, 10 min at 160°C then gradient
from 160-220 °C at 3 °C/min, a = 1.03, 22.0 min (2R, 38), 22.6 min (25, 3R).
erythro-((S)-acetyllactyl)-3-phenyl-2-butanol: SE30 column, 10 min at 160 °C then
gradient from 160-220 °C at 3 °C/min, a = 1.02, 22.8 min (2R, 3R), 23.3 min (2§,
35).

Enantiomeric Purity. Gas Chromatography Using a Chiral Stationary Phase.
The alcohol, acetyl ester, or trifluoroacetyl ester was dissolved in ether or ethyl
acetate and analyzed by GC using a Chiraldex G-TA30 capillary column (Astec,
Inc., Whippany, NJ). l-acetoxy-2-phenylpropane: 90 °C, a = 1.03, 36.0 (S), 37.0
min (R). 2-phenylpropanol: 90 °C, a = 1.06, 39.3 min (S), 41.6 min (R). 2-methyl-
3-phenylpropanol: 90 °C, a = 1.01, 46.4 min (S), 47.3 min (R). 1-trifluoroacetoxy-
2-methyl-3-phenylpropane: 70 °C, a = 1.03, 49.9 min (R), 51.2 min (S). erythro-3-
methyl-4-phenyl-2-butanol: 100 °C, a = 1.02, 28.9 min (2§, 35), 29.6 min (2R,
3R). threo-3-methyl-4-phenyl-2-butanol: 100 °C, a = 1.02, 31.6 min (25, 3R), 32.4
min (2R, 35). threo and erythro-2-acetoxy-3-methyl-4-phenylbutane: 100 °C, 37.5
min (25, 35), 38.3 min (25, 3R), 40.5 min (2R, 3S and 2R, 3R). N,O-diacetyl-2-
amino-1-butanol: 120 °C, a = 1.03, 33.9 min (S), 34.9 min (R).
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Enantiomeric Purity. 'H-NMR. (1) The racemic acetyl ester was dissolved in an
NMR tube and the 1H NMR spectrum was obtained using a 200 MHz
spectrometer. Solid tris[(3-heptafluoropropylhydroxymethylene)-(+)-camphorato]-
europium(III), (+)-Eu(hfc),, was added portion-wise until baseline separation of
the acetate signals was obtined. The number of equivalents of shift reagent
necessary to obtain baseline separation of peaks was then added to the sample for
which the enantiomeric purity was to be determined. (2) The alcohol was treated
with Mosher's acid chloride using a standard procedureu and the resulting ester
was analyzed by 500 MHz '"H NMR spectroscopy.

Enantiomeric Purity. HPLC Using a Chiral Stationary Phase. A sample of the
alcohol and acetyl ester dissolved in the eluting solvent was analyzed by HPLC
using a Chiralcel OD column. 2-(1-Naphthyl)-1-propanol (99: 1
hexane/isopropanol, 0.5 mL/min, o = 1.26, 18.4 min (S), 23.2 min (R).

Absolute Configurations. 35a: The tosyl derivatives of the separated threo and

erythro alcohols were prepared as previously described and their optical rotary

powers were compared to literature values. Erythro tosylate: [a], = -14.8 (5.64,
benzene), lit.* (R.R): [a], = -17.41. Threo tosylate: [a], = -12.05 (4.73, benzene),
lit”® (R.9): [a], = -16.89.

35b: The alcohol obtained from the PCL-catalyzed hydrolysis of threo-2-acetoxy-
3-methyl-4-phenylbutane was oxidized as follows. Jones' reagent (~0.1 mL) was
added dropwise to the alcohol (18 mg) in acetone (5 mL) at 0°C until the orange
colour persisted. After stirring for 30 min, 2-propanol was added until the mixture
was green. After an additional 10 min, sodium hydroxide (1 M) was added until pH
7 was reached. The mixture was filtered and the solvent was evaporated in vacuo
from the filtrate. The residue was dissolved in ethyl acetate, washed twice with

both water and brine, and dried over MgSO,. The crude product obtained upon

evaporation of the solvent was purified on a preparative tlc plate (95: S
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pentane/ethyl acetate), Rf = 0.26. The ketone obtained was identified as the S
enantiomer, [a], +4.9 (c 4.1, ethanol), lit.* S-(+), therefore since the starting
material was the acetyl ester of threo-35b, the preferred product is the (2R, 35)
isomer. By comparison of the GC chromatogram (Chiraldex-GTA 30) of the
product obtained from hydrolysis of the threo ester to the chromatogram of the
products obtained from the hydrolysis of the racemic threo/erythro mixture, it was

determined that the preferred product of the latter hydrolysis was also the (2R, 35)

isomer.
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Appendix I

Shown is a sample calculation for the stereoselectivities at the a and P stereocenters for a
diastereomeric mixture of enantiomers: enantiomers A and B are diastereomers of C and
D.

OAc OAc OAc OAc

Ph /\LPh )\l\Ph /\(Ph
A B C D
percent of each isomer
in starting material: 29.6 29.6 20.4 204
percent of each isomer
in remaining starting material
after hydrolysis: 21.2 29.5 17.0 20.3

B-selectivity = In(A/A,) / In(C/C,) = In(21.2/29.6) / In(17.0/20.4) = 1.8

a-selectivity = In(A/A,) / In(D/D,) = In(21.2/29.6) / In(20.3/20.4) = 68
or
a-selectivity = In(C/C,) / In(B/B,) = In(17.0/20.4) / In(29.5/29.6) = 54

diastereosectivity = In[(A + B)/(A, + B,)] / In[(C + D)/(C, + D,)]

= In[(21.2 +29.5)/(29.6 + 29.6)] / In[(17.0 + 20.3) / (20.4 + 20.4)]
=1.7
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Chapter 4

Since all lipases and esterases that had been studied thus far showed the
same enantiopreference towards secondary alcohols and isosteric primary amines’
of the type NH,CHRR’, it was obviously of great interest to find an enzyme which
demonstrates an opposite enantiopreference. Consequently, both enantiomers of a
given molecule would be obtainable by simply choosing a different enzyme.

Fitzpatrick and Klibanov' proposed, on the basis of five examples, that the
serine protease, subtilisin, shows an enantiopreference opposite to that of lipases
toward secondary alcohols. In this chapter, we review the enantiopreference of
subtilisin towards secondary alcohols and confirm that subtilisin does indeed
prefer the opposite enantiomer of secondary alcohols. In addition, we investigated
the enantiopreference of subtilisin toward isosteric primary amines and found that
subtilisin also prefers the opposite enantiomer of primary amines. The
regioselectivities of lipases and subtilisin were also compared and found to be
opposite. We propose an explanation for the contrasting selectivities of lipases

and subtilisin based on the x-ray structures of the two types of hydrolases.

Reprinted from The Journal of Molecular Catalysis B: Enzymatic, Vol. 3, Romas J.
Kazlauskas and Alexandra N. E. Weissfloch, “A structure-based rationalization of the
enantiopreference of subtilisin toward secondary alcohols and isosteric primary amines”, 65-72.
Copyright 1997, with permission from Elsevier Science Ltd.

Note: The text of this article has been reformatted in accordance with the Thesis Preparation
Guidelines. A photocopy of the published version is included in the appendices.

° Smidt, H.; Fischer, A.; Fischer, P.; Schmid, R. D. Biotechnol. Techn. 1996, {0, 335.

' a) Fitzpatrick, P. A.; Klibanov, A. M. J. Am. Chem. Soc. 1991, /13, 3166. b) Fitzpatrick, P. A_; Ringe, D.;
Klibanov, A. M. Biotechnol. Bioeng. 1992, 40, 735. c) Noritomi, H.; Almarsson, O.; Barletta, G. L.;
Klibanov, A. M. Biotechnol. Bioeng. 1996, 51, 95.
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A Structure-Based Rationalization of the Enantiopreference of

Subtilisin toward Secondary Alcohols and Isosteric Primary Amines.
Romas J. Kazlauskas* and Alexandra N. E. Weissfloch

Abstract: Lipases favor one enantiomer of secondary alcohols (HOCHRR’) and
isosteric primary amines (NH,CHRR’), while subtilisin favors the other
enantiomer. In both cases, simple rules based on the size of the substituents at the
stereocenter predict which enantiomer reacts faster. Thus, lipases and subtilisin are
a pair of complementary enantioselective reagents for organic synthesis. The
success of these rules suggests that these hydrolases distinguish between
enantiomers primarily by the size of the substituents. Previously, we proposed a
molecular mechanism for the enantiopreference of lipases based on the X-ray
crystal structure of transition state analogs bound to a lipase. Here we suggest that
a similar mechanism can also account for the opposite enantiopreference of
subtilisin. The catalytic machinery (catalytic triad plus the oxyanion-stabilizing
residues) in lipases is approximately the mirror image of that in subtilisin. In both
hydrolases, the protein fold, as it assembles the catalytic machinery, also creates a
restricted pocket for one substituent in the substrate (‘M’ or medium-sized).
However, the catalytic His residue lies on opposite sides of this pocket in the two
hydrolases. We propose that enantioselection arises from 1) the limited size of this
pocket, 2) and a required hydrogen bond between the catalytic His and the oxygen
or nitrogen of the alcohol or amine. This mechanism for enantioselection differs
from that proposed by Derewenda and Wet who focussed on which carbonyl face
in the ester or amide is attacked. Lipases and subtilisin indeed attack opposite
faces, but we propose that this difference does not set the enantiopreference

toward secondary alcohols.
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Introduction

Synthetic chemists often use proteases and lipases as enantio- and
regioselective reagents.'” To simplify the use of these reagents, chemists
developed rules, or generalizations, about their selectivity. For example, many
researchers proposed rules to predict which enantiomer of a secondary alcohol
reacts faster in lipase- and esterase-catalyzed reactions. A simple rule, Figure 1,
looks only at the relative sizes of the substituents, but some rules also include
polarity or specific size restrictions for the two substituents. These rules have
helped chemists use lipases as synthetic reagents since they suggest that lipases
discriminate between enantiomers mostly by the sizes of the substituents. For
example, resolutions of secondary alcohols where both ‘L’ and ‘M’ have similar
sizes are rarely efficient, and chemical modifications that increase the difference in
size often result in increased enantioselectivity. Recently, Smidt er al. suggested

that a similar rule can also account for the enantiopreference of a lipase toward the
isosteric primary amines of the type NHZCHRR’.3

a on b on NH,
CHEY) (9 Ew

Figure 1. Empirical rules that predict the enantiopreferences of lipases and subtilisins toward
secondary alcohols and primary amines of the type NHRCHRR’. (a) Lipases favor the enantiomer
with the shape shown where L is a large substituent such as phenyl and M is a medium
substituent such as methyl. This rule applies to all lipases and esterases whose substrate
specificity has been mapped: thirteen lipases for secondary alcohols and three lipases for amines.
Figure 2 summarizes the amines tested. (b) Subtilisin has an opposite enantiopreference to
lipases. Fitzpatrick and Klibanov proposed the rule shown for five secondary alcohols. These and
other examples to support the rule for subtilisin are collected in Figures 3, 4, and S.

Using X-ray crystallography, Cygler et al. identified how the enantiomers
of menthol, a typical secondary alcohol, bind to lipase from Candida rugosa® in

the transition state. The alcohol binding site resembled the rule in Figure 1. It
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contained a large hydrophobic binding site open to the solvent for the large
substituent and a restricted region for the medium-sized substituent. Importantly,
the catalytic machinery (Ser-His-Glu triad and the oxyanion-stabilizing residues)
and the loops that orient this machimery created the pocket for the medium
substituent. The catalytic His residue made a hydrogen bond to the menthol
oxygen of the fast-reacting enantiomer, but could not reach this oxygen in the
slow-reacting enantiomer because the oxygen pointed away from the His residue.
Cyger et al. proposed that this lack of a hydrogen bond accounted for the slower
reaction.

The X-ray crystal structures of other lipases and esterases showed that, in
spite of little similiarity in amino acid sequence, they all fold similarly.’ This
protein fold, named the o/B-hydrolase fold, arranges the catalytic machinery
similarly in all lipases and esterases. This similarity allowed a simple
rationalization for why lipases and esterases show the same enantiopreference
toward secondary alcohols and isosteric primary amines: the similar catalytic
machinery restricts the size of the medium pocket in all lipases and esterases. In
addition, the catalytic His lies on the same side of the alcohol binding pocket .

Subtilisin, a alkaline serine protease, contains catalytic machinery that is the
approximate mirror image of that in o/B-hydrolases.’ Fitzpatrick and Klibanov
found that subtilisin favored the enantiomer opposite to the one favored by lipases.
On the basis of five secondary alcohols, they proposed a rule for the
enantiopreference of subtilisin opposite to the one for lipases.® In this paper, we
review the enantiopreference of subtilisin toward secondary alcohols and isosteric
primary amines and confirm that its enantiopreference is opposite to that of lipases
and esterases. In addition, we show that lipases and subtilisin also have opposite
regioselectivity. To rationalize this opposite selelctivity, we show how the
enantioselection mechanism proposed for lipases can also account for the

enantiopreference of subtilisin.
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Results

Enantiopreference of lipases toward primary amines. Researchers only
recently resolved amines using lipases and have examined the substrate specificity

of only three lipases, Figure 2. Lipase B from Candida antartica (CAL-B) is the

7.8,9,10,11,12

most popular , although lipase from Pseudomonas cepacia (PCL)"%, and

lipase from Pseudomonas aeruginosa (PAL)" also show high enantioselectivity.
Figure 2 omits several efficiently-resolved amines because the authors did not
establish their absolute configurations'?. Smidt et al.’ proposed extending the
secondary alcohol rule to primary amines for CAL-B and indeed all of the amines
in Figure 2 fit this rule. Thus, as with secondary alcohols, the rule in Figure la
reliably predicts which enantiomer of primary amines reacts faster in lipase-

catalyzed reactions.

NH; NH,

R E lipase /™
Et 1-8 CAL-B, PAL =
n-CaHy >100  CAL-B,PAL PAL, E >100
CH,CHMe,  >100 PAL

n-C5H1 1 3->100 CAL-B
nCgHyz  18->100 CAL-B, PAL
NH,

c-CgHq4 >100 PAL
Ph 10->100 CAL-B, PAL
4-MeCgH, >100 CAL-B

4CiCgH,  >100 CAL-B

PAL, E >100
CHCH,Ph 38 PAL
1-naphthyl 24 ->100 CAL-B, PAL
NHz NHZ NHZ

é’ Cooet O,cooe: Q.coos:

cis: PCL, E>100, cis. PCL, E=53, cis: PCL, E=6,
CAL-B,E=6 CAL-B, E=51 CAL-B,E=29
trans: PCL, E=12 trans: PCL, E >100 trans: PCL, E =87

Figure 2. Enantiopreference of lipases toward primary amines of the type NHpCHRR’. Lipases
favored acylation of the enantiomer shown or hydrolysis of the corresponding amide. CAL-B:
acylation or hydrolysis using lipase B from Candida antarctica; PCL: acylation using lipase
from Pseudomonas cepacia with either trifluoroethyl acetate or trifluoroethyl chloroacetate;
PAL.: acylation using lipase from Pseudomonas aeruginosa. All twenty two examples fit the rule
in Figure ia. For references, see text.
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Enantiopreference of subtilisin toward secondary alcohols and primary
amines. Figure 3 summarizes the stereoselectivity of subtilisin toward alcohols
and amines. For the thirteen secondary alcohols '*!3!6!720 qleven follow the rule
in Figure 1b, two do not (3-quinuclidol'® and one of the two reactive hydroxyls in
the inositol derivative'?), giving an overall accuracy of 85%. A possible
rationalization for the 3-quinuclidol exception is that solvation of the nitrogen
increases the effective size of that substituent. Both substituents in the 14-
diacetoxy-2-cyclohexene?® are similar in size so this substrate was excluded from
the tally.

For primary amines, all thirteen examples®"** fit the rule in Figure 1b. To
resolve these amines researchers used subtilisin to catalyze the acylation with
trifluoroethyl butyrate or the alkoxycarbonylation with diallyl carbonate. Thus,
simple rules based on the size of the substituents predict the enantiopreference of
subtilisin toward secondary alcohols and primary amines. However, the favored
enantiomer is opposite of the one favored by lipases.

To further emphasize the opposite enantiopreference of lipases and
subtilisins, Figure 4 compares four enantioselective reactions where researchers
tested both subtilisin and lipases. In all four cases, lipases and subtilisin showed an
opposite enantioselectivity. In the cyclohexanols the opposite selectivity refers to

similar molecules?%*

, while in the 1,3-oxathiolane and inositol derivatives it refers
to enantiomers. One of the subtilisin-catalyzed acylations in the inositol is an
exception to the rule'®. For meso-1,4-diacetoxy-2-cyclohexene, subtilisin and most
lipases catalyzed hydrolysis of opposite acetates, although the enantioselectivity is
low and the substituents have similar sizes'’. Figure 4 omits two examples. First,
subtilisin and CRL showed an opposite enantioselectivity toward (%)-a-

methylbenzylamine in the reaction with (£)-ethyl 2-chloropropionate. The sense

of enantiopreference was as predicted in Figure 1, but the additional stereocenter
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in the chloropropionate complicates the interpretation. Second, subtilisin and

lipases CRL, PPL, and CE showed high, but opposite, enantioselectivity in the
hydrolysis of chloral acetyl methyl acetal - CL,CC(OAc)OMe, but the absolute

configuration was not established?®.

a OH E~51:1
R exceptionQ) H
B v s
Et For [
n-C4H9 28 .
CHoCH,CH=CMe; E =11 0 exception
n-CgHq3 100
n-CqqH21 >100
Ph E=4-36 U
2-naphthyi 58
o] OH
OAc= =2 JI_ . (l\
T E-2 OB a0 (Y
Cl )w
Ph OL o
vs/vr = 6.8 B20. .S
OAc o)
b NH2 NH, NH, NH,
RJ\ MeOOC HO.. HO.. t
o 19 OH E=18
t-naphthyl  >50 MeO
CHoCHgPh 33 E>50 E >S50
n-C5H11 6

CHga-3-indolyl >50

NH2 NH2
CH;CHMe; 5 NH2
C-C5H11 23 Ph\)\CONHg
E=16 E=26 E>20

Figure 3. Enantiopreference of subtilisins (Carlsberg or BPN’) toward secondary alcohols and
1sosteric primary amines. (a) Fast-reacting enantiomer in the acylation of the alcohol or in the
hydrolysis of the corresponding ester. Some researchers estimated the enantioselectivity by
measuring the initial rate of reaction of the two enantiomers separately. In these cases, the relative
rates, v/v,, are given. For examples without an E value, there was insufficient information to

calculate it. Eleven of the thirteen alcohols fit the rule for an overall accuracy of 85%. The two
exceptions to the rule are marked 'exception’. (b) Fast-reacting enantiomer of primary amines of
the type NH,CHRR’ in acylation with trifluoroethyl butyrate or alkoxycarbonylation with diallyl

carbonate. All thirteen examples fit the rule in Figure 1b.
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RML, E = 11

a subtilisin CRL b subtilisin, fo) o
E=18 E=45 E=2 \\"JL ¢ PFL,LE=3
U U B g o ROLE=S
R s + other lipase
NH, OH
HO N3 o\_s _/O
- : BzO_.~ $—.,_oBz
s enantiomers i
PPL (E = 73) or Ps. sp.

c subfilisin lipase (Slﬂma. E ~10) d

- subtilisin, E ~2

& CE,E~2 QAc—= "'pI g E -3
exception\y OH ~ // exception -E
HO. .
0 OAc« PCL.E ~5; CRL, CVL,

60 enantiomers 0@ Ps. sp. lipases AK, K-10,
E-~3

Figure 4. Four examples of opposite enantioselectivity of lipases and subtilisin in the same or
similar molecules. (a) Subtilisin catalyzed the allyloxycarbonylation of the amino group at the
(S)-stereocenter, while in a similar molecule, CRL catalyzed the enantioselective hydrolysis of
the butyrate ester of the (R)-alcohol. (b) Subtilisin catalyzed the hydrolysis of the 2R propionate,
while lipases catalyzed hydrolysis of the 28 propionate. (¢) Subtilisin catalyzed the acetylation of
the 5-OH in one enantiomer of the protected myo-inositol, while PPL, lipase from Pseudomonas
sp. (Sigma), and cholesterol esterase (CE) catalyzed the acetylation of the 5-OH in the other
enantiomer. Subtilisin and CE also catalyzed acetylation of the 6-OH. (d) Subtilisin and PLE
favored hydrolysis of the acetoxy group at the (R)-stereocenter, while five lipases favored
hydrolysis of the acetoxy group at the (S)-stereocenter. The rules in Figure 1 predict the reaction
in a, b and the 5-OH in ¢. The substituents in d are too similar in size to make predictions. The
acetylation of the 6-OH in ¢ is an exception to the rules. Abbreviations: lipase from Candida
rugosa, CRL; lipase from Pseudomonas cepacia, PCL; lipase from Chromobacterium viscosum,
CVL; lipase from two different Pseudomonas species, lipase AK and lipase K-10; pig liver
esterase, PLE; pig pancreatic lipase, PPL.

This opposite stereoselectivity also extends to the regioselectivity of lipases
and subtilisin. Subtilisin and lipases showed opposite regioselectivity toward the
secondary alcohol positions in castanospermine, Figure 5a’’, anhydro-sugar
derivative, Figure 5b%, steroids, Figure 5¢%, and quinic acid derivatives, Figure
5d*.

Note that the stereoselectivity of subtilisin toward alcohols and amines is

often lower than that of lipases. For subtilisin, like other proteases, the binding of
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the acyl chain (the S, binding site’') dominates the structural selectivity, while the

alcohol binding site is shallow compared to the alcohol binding site in lipases. For
synthetic applications, subtilisin usually shows higher enantioselectivity toward

chiral acids than toward chiral amines and alcohols.

subtilisin subtilisin CVL

b |1 il

OH

PPL, CVL
U

H

HO H 17
OH
subtilisin CVL, PCL, HLL
c subtlllsm CRL d maior U ,
minor OH
OAc OAc H 1 1o o
N3 .OH s
4
HO -
""" Ohe Bn0OC OH WO COOMe

Figure §. Four examples of opposite regioselectivity of lipases and subtilisin (a) Subtilisin
favored acylation of the 6-position of 1-O-acylcastanospermine by as much as >20:1, while
lipases porcine pancreatic lipase (PPL) and lipase from Chromobacterium viscosum (CVL)
favored acylation of the 7-position by as much as 10:1. (b) Subtilisin catalyzed acylation of only
the 17-OH in Sa-androstane-3(3,17p3-diol, while CVL catalyzed the acylation of only the 3-OH.
(¢) Subtilisin catalyzed hydrolysis of the acetate at the 2-position, while lipase from Candida
rugosa (CRL) catalyzed hydrolysis at the 4-position. (d) Lipase from Pseudomonas cepacia
(PCL), lipase from Humicola lanuginosa (HLL), and CVL catalyzed acylation of only the 4-OH
of benzyl quinate with trifluoroethyl butanoate, while subtilisin catalyzed the acylation methyl
quinate at both 5-OH and 4-OH (1.8:1).
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R R
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X(S)—alcohol (R)-alcohol
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/\ Ser 221 Ser 209)\
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Figure 6. Structures of subtilisin Calsberg and lipase from Candida rugosa. (a) X-Ray crystal
structure of subtilisin showing the catalytic machinery (Ser 221, His 64, Asp 32, and the N-H's
of Asn 155 and Ser 221) and a portion of the proposed substrate binding site. The acyl chain
binds in the region marked Sl. The alcohol binding site has not been identified by X-ray
crystallography, but the most likely region for the alcohol binding is suggested above. (b) X-Ray
crystal structure of the open form of lipase from Candida rugosa showing the catalytic
machinery (Ser 209, His 449, Glu 341, and the N-H’s of Ala 210 and Gly 123) and the proposed
alcohol binding site. The two regions of the alcohol binding site were identified by X-ray
crystallography of menthol derivatives bound in the active site *. (¢) and (d) Proposed structures
of the tetrahedral intermediates in the hydrolysis of the favored secondary alcohol esters. The
orientation is similar to that of the crystal structures above. Diagrams in a and b were drawn using
Rasmac v2.6 ** using entries 1sbc and lcrl from the Brookhaven protein data bank™.
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Opposite chirality of the catalytic machinery in lipases and subtilisin. X-ray
structures of lipases show a serine protease-like catalytic machinery consisting of
a Ser-His-Asp triad and an oxyanion hole’. However, the chirality of the catalytic
machinery is opposite in serine proteases and lipases. For example, Figure 6
compares the structures of subtilisin Carlsberg® and lipase from Candida
rugosa®. Because of this difference, lipases and subtilisin attack the opposite faces
of the carbonyl and form enantiomeric tetrahedral intermediates.’® Consistent with
this notion, Bjorkling er al®’ found that opposite enantiomers of ethyl p-
nitrophenyl hexylphosphonate, which has the stereocenter at the phosphorus,
inhibited lipases and chymotrypsin (The catalytic machinery of chymotrypsin and
subtilisin are superimposable.) However, the opposite face of attack can not
explain why the hydrolases have an opposite enantiopreference toward
stereocenters farther from the reaction center, such as the stereocenters in

secondary alcohols and isosteric primary amines.
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Discussion

One criticism of enzymes as enantio- and regioselective catalysts is that
only one enantiomer of the enzyme is available. The obvious, but impractical,
solution is to create an enzyme from D-amino acids. However, this paper shows
that for lipase-catalyzed reactions of secondary alcohols and primary amines,
subtilisin is a readily-available catalyst with opposite enantio- and regioselectivity.
This complementary behavior may simplify the use of these catalysts for synthesis
and make it more rational. The experimental results cited in this paper are for
subtilisin BPN’ and subtilisin Carlsberg, but other subtilisin-like serine proteases
(subtilases) have similar structures’® and should show a similar enantiopreference.

One disadvantage of subtilisin is that its enantioselectivity is often lower
than that of lipases. It may be possible, either by protein engineering or directed
evolution to increase the enantioselectivity of subtilisin.

Derewenda and Wei’s proposal for the molecular basis of enantiopreference
considered only which face of the carbonyl was attackcd”, that is, only the
absolute configuration of the catalytic machinery. They stated that ‘the reactivity
of specific esters of secondary alcohols should be easily predicted from the
relative solvent accessibilities of the Re and Si faces of the respective
enantiomers’. However, neither they nor others showed that the two faces differ in
their solvent accessibility. In addition, their proposal does not explain why lipases
differ in the degree of enantioselectivity toward the same substrate. Neither the
face of attack nor the relative solvent accessibility changes in these cases.

In contrast, our proposal for the molecular basis of the enantiopreference of
lipases and subtilisin focuses on the protein fold. This fold both sets the absolute
configuration of the catalytic machinery and creates a restricted pocket for one
substituent in the substrate. Both the o/f-hydrolase fold for lipases and the
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subtilase fold for subtilisin create such a pocket, but the opposite absolute
configuration of the catalytic machinery places the catalytic His on opposite sides
of this pocket. For this reason serine proteases and lipases require opposite
chirality in the alcohol for efficient catalysis. Differences in the detailed shape of
this pocket explain the different enantioselectivity of different lipases toward the
same substrate.

The two proposals differ in their extrapolation to other serine hydrolases.
Derewenda and Wei’s proposal predicts that all serine proteases will have the
same enantiopreference because the absolute configuration of their catalytic
machinery is the same. On the other hand, our proposal cannot extrapolate to other
serine hydrolases because they have different protein folds. Other protein folds
may create a different pocket or none at all. For example, trypsin-like serine
proteases, such as chymotrypsin, may have the same, an opposite, or no
enantiopreference. Currently, there not enough information about the
enantioselectivity of chymotrypsin or other serine hydrolases toward secondary

alcohols or isosteric primary amines to test these predictions.

Acknowledgments

We thank the NSERC (Canada) for financial support and Prof. Rolf D.
Schmid and his group for their warm hospitality during RJK’s stay in Stuttgart
(1995-96). We also thank Professors K. Hult, K.-E. Jaeger and T. Norin for
preprints of their work and Dr. Mirek Cygler for helpful suggestions.
Acknowledgement is made to the donors of The Petroleum Research Fund,

administered by the ACS, for partial support of this research.

171



Chapter 4

References

8.
9.

. Faber, K. Biotransformations in Organic Chemistry, 2nd ed. Springer Verlag,

Berlin, 1995. Drauz, K. and Waldmann, H., Eds. Enzyme Catalysis in Organic
Synthesis, Vol. 1 & 2, VCH: Weinheim, 1995. Wong, C.-H. and Whitesides, G.
M., Enzymes in Synthetic Organic Chemistry; Pergamon: New York, 1994.
Kazlauskas, R. J.; Bornscheuer, U. T. Biotechnology, 2nd ed., Vol.8, submitted
for publication.

Smidt, H.; Fischer, A.; Fischer P.; Schmid, R. D. Biotechnol. Techn. 1996, /0,
335.

Cygler, M.; Grochulski, P.; Kazlauskas, R. J.; Schrag, J.; Bouthillier, F.;
Rubin, B.; Serreqi A. N.; Gupta, A. K. J. Am. Chem. Soc. 1994, 116, 3180.

. Ollis, D. L.; Cheah, E.; Cygler, M.; Dijkstra, B.; Frolow, F.; Franken, S. M.;

Harel, M.; Remington, S. J.; Silman, I.; Schrag, J.; Sussman, J. L.; Verschueren
K. H. G.; Goldman, A. Prot. Engineer. 1992, 5, 197. Dodson, G. G.; Lawson
D. M.; Winkler, F. K. Faraday Discuss. 1992, 93, 95.

Fitzpatrick, P. A.; Klibanov, A. M. J. Am. Chem. Soc. 1991, 113, 3166.
Fitzpatrick, P. A.; Ringe, D.; Klibanov, A. M. Biotechnol. Bioeng. 1992, 40,
735. Noritomi, H.; Almarsson, O.; Barletta G. L.; Klibanov, A. M. Biotechnol.
Bioeng. 1996, 51, 95.

Gotor, V.; Menendez, E.; Mouloungui, Z; Gaset, A. J. Chem. Soc., Perkin
Trans. 1, 1993, 2453.

Pozo, M.; Gotor, V. Tetrahedron 1993, 49, 4321.

Puertas, S.; Brieva, R.; Rebolledo F.; Gotor, V. Tetrahedron 1993, 49, 4007.

10. Reetz, M. T.; Dreisbach, C. Chimia 1994, 48, 570.
11.Ohmer, N.; Orrenius, C.; Mattson, A.; Norin T.; Hult, K. Enz. Microb. Tech.

1996 in press.

172



Chapter 4

12.Kanerva, L. T.; Csomos, P.; Sundholm, O.; Bernath, G.; Fulop, F.
Tetrahedron: Asymmetry 1996, 7, 1705. Examples from a patent on lipase-
catalyzed resolutions of amines are not included: Balkenhohl, F.; Hauer, B.;
Ladner W.; Pressler, U. Ger. Pat. DE 43 32738 (PTC WO 95/08636), Chem.
Abstr. 1993, 122. 289 035.

13.Jaeger, K.-E.; Liebeton, K.; Zonta, A.; Schimossek K.; Reetz, M. T. Appl.
Microbiol. Biotechnol. 1996, 43, in press.

14. Theil, F.; Schick, H.; Nedkov, P.; Boehme, M.; Haefner, B.; Schwarz, S. J.
Prakt. Chem. 1988, 330, 893.

15.Ottolina, G.; Bovara, R.; Riva S.; Carrea, G. Biotechnol. Lett. 1994, 16, 923.

16.Ottolina er al., reference 15, inadvertently omitted a note that subtilisin and
lipases favor opposite enantiomers of sulcatol. The rules in Figure 1 correctly
predict the favored enantiomer for both. G. Ottolina, personal communication,
1996.

17.Cousins, R. P. C.; Mahmoudian, M.; Youds, P. M. Tetrahedron: Asymmetry
1995, 6, 393.

18. Muchmore, D. C. U. S. Patent 5215918 (1993), Chem. Abstr. 1993, //9,
135038.

19. Rudolf, M. T.; Schultz, C. Liebigs Ann. Chem. 1996, 533.

20.Harris, K. J.; Gu, Q. M.; Shih, Y. E.; Girdaukas, G.; Sih, C. J. Tetrahedron
Lett. 1991, 32, 3941.

21.Kitaguchi, H.; Fitzpatrick, P. A.; Huber, J. E.; Klibanov, A. M. J. Am. Chem.
Soc. 1989, 111, 3094.

22.Gutman, A. L.; Meyer, E.; Kalerin, E.; Polyak, F.; Sterling, J. Biotechnol.
Bioeng. 1992, 40, 760.

173



Chapter 4

23.0rsat, B.; Alper, P. B.; Moree, W.; Mak, C.-P.; Wong, C.-H. J. Am. Chem.
Soc. 1996, /18, 712.

24, Faber, K.; Hoenig, H.; Seufer-Wasserthal, P. Tetrahedron Lett. 1988, 29, 1903.

25.Bneva, R.; Rebolledo, F.; Gotor, V. J. Chem. Soc., Chem. Commun.1990,
1386.

26.Chenevert, R.; Desjardins, M.; Gagnon, R. Chem. Lett. 1990 33.

27.Margolin, A. L.; Delinck, D. L.; Whalon, M. R. J. Am. Chem. Soc. 1990, /12,
2849.

28.Holla, E. W.; Sinnwell, V.; Klaffke, W. Synlert 1992, 413.

29.Riva, S.; Klibanov, A. M. J. Am. Chem. Soc. 1988, /10, 3291.

30. Danieli, B.; De Bellis, P.; Barzaghi, L.; Carrea, G.; Ottolina, G; Riva, S. Helv.
Chim. Acta 1992 75, 1297.

31.Schechter, J.; Berger, A. Biochem. Biophys. Res. Commun. 1967, 27, 157.

32.Sayle, R. A.; and Milner-White, E. J. Trends Biochem. Sci. 1998, 20, 374.

33.Peitsch, M. C.; Wells, T. N. C.; Stampf, D. R.; Sussman, J. L. Trends Biochem.
Sci. 1994, 19, 554.

34.Neidhart, D. J.; Petsko, G. A. Prot. Engineer. 1988, 2, 271.

35.Grochulski, P.; Li, Y.; Schrag, J. D.; Bouthillier, F.; Smith, P.; Harrison, D.;
Rubin, B.; Cygler, M. J. Biol. Chem. 1993, 268, 12843.

36. Lipases attack the Re face of an ester, while subtilisin attacks the Si face of an
ester. According to Hanson's nomenclature, the face with the clockwise
ranking of the three substituents is the Re-face; the counterclockwise ranking
gives the Si-face. For example, the Si-face of methyl acetate below is turned
toward the reader. To rank the substituents, the carbon-oxygen double bond is
replaced by a single bond and a phantom carbon atom ‘(C)’ is added to the

oxygen. The ester oxygen ranks higher than the carbonyl oxygen because the

174



Chapter 4

ester oxygen is attached to a real carbon atom. Unfortunately, researchers have
sometimes named the faces of esters incorrectly. Note that replacing the OMe

with NHMe gives the opposite designation for the face.
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Chapter §

In the previous chapters, we explored the enantiopreferences of lipases and
subtilisin with the goal of making them more approachable as reagents in the
domain of synthetic organic chemistry. The work described in this chapter gives
an example of the value of hydrolases in the preparation of chiral molecules.

The goal of this project was to prepare both enantiomers of a useful C,-
symmetric synthon bicyclo[2.2.1}heptan-2,5-dione in optically pure form and in
large quantities. To our knowledge, only the racemic dione had previously been
prepared.

There were three enzymatic approaches for making the enantiomerically
pure dione: 1) resolution of the dione; 2) resolution of a dione derivative such as
the diol or ketoalcohol; and, 3) resolution or asymmetric synthesis of a dione
precursor. The first method had not been tested and the second method had given
poor results'. We chose the third approach.

Esters of the dione precursor, endo-2-norbornenol, had been resolved by
CRL, but not with sufficiently high enantioselectivity (E = 15)°. However, the ester
of its derivative, 5,6-epoxy-endo-norbornan-2-ol, was known to be resolved with
high enantioselectivity (E ~ 100) by hydrolysis catalyzed by lipase from Candida
rugosa.’’ The preferred product in both cases is that predicted by the secondary
alcohol rule proposed in chapter 2. In addition, the increase in enantioselectivity
can be accounted for by the rule for secondary alcohols; the difference in size of

the substituents is increased when the epoxide is formed from the olefin.

' a) Naemura, K.; Takahashi, N.; Ida, H.; Tanaka, S. Chem. Lett. 1991, 657. b) Naemura, K.; Takahashi, N;
Tanaka, S.; Ida, H. J. Chem. Soc. Perkin Trans. 1 1992, 2337. c) Naemura, K.; Ida, H.; Fukuda, R. Bull.
Chem. Soc. Jpn. 1993, 66, 573.

? Oberhauser, Th.; Bodenteich, M.; Faber, K.; Penn, G.; Griengl, H. Tetrahedron 1987, 43, 3931-3944.

? Eichberger, G.; Penn, G.; Faber, K_; Griengl, H. Tetrahedron Lert 1986, 27, 2843-2844.
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preferred enantiomer of lipases
olefin E=15 epoxide E~100

Based on this, the synthetic scheme proposed involved the resolution the
epoxy norbornanyl ester, followed by a regioselective opening of the epoxide and
subsequent oxidation to give the dione.

The following research was primarily surpervised by Prof. R. Azerad and
the majority of the experiments were carried out in the Laboratoire de Chimie et
Biochimie Pharmacologiques et Toxicologiques, URA 400 at the Université Ren¢

Descarte in Pans, France.

Reprinted from Bioorganic & Medicinal Chemistry, Vol. 2, Alexandra N. E. Weissfloch and
Robert Azerad, “Chemoenzymatic Access to Enantiomeric Bicyclo[2.2.1]Heptan-2,5-Diones”,
493-500. Copyright 1994, with permission from Elsevier Science Ltd.

Note: The text of this article has been reformatted in accordance with the Thesis Preparation
Guidelines. A photocopy of the published version is included in the appendices.
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Chemoenzymatic Access to Enantiomeric Bicyclo{2.2.1]Heptan-

2,5-Diones.

Alexandra Weissfloch and Robert Azerad*

Abstract: A practical integrated process, combining an enzymatic resolution step
with a few chemical transformations, is described for the synthesis of (1R,4R)- and

(15,45)-bicyclo[2.2.1]heptan-2,5-diones 1 of high enantiomeric punty, starting

from a standard mixture of (x)-endo- and exo-2-acetoxy-5-norbornene.
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Introduction

(¥)-Bicyclo[2.2.1]heptan-2,5-dione 1, which is readily obtained by the
addition of formic acid to norbornadiene, followed by Jones oxidation of the
resulting diformate esters,' has been used as a rigid template for the elaboration of
a diphosphine ligand 2.> Dione 1 is also the starting material for the preparation of
anti-3,5-dihydroxy-heptan-1,7-dicarboxylic acid 3, a C,-symmetric synthon
possessing two chiral centers, which has been used in the preparation of the lactone
rings of avermectins or milbemycins (Scheme I). In view of this, it would be of
great use to have a simple preparative access to the pure dione enantiomers which,
to our present knowledge, does not yet exist. A recent paper' does, however,
describe an asymmetric bis-hydrosilylation of norbornadiene which leads to one of

the corresponding exo,exo-diol diacetate enantiomers, with high optical purity.

AFvath
Ph,P

2

Scheme I

(-]
Ab 1. HCO,H, 100°C %bo_4

1

I 0 —— HO,C =" “CO,H

OH OH
3

We herein report the synthesis of diones of high enantiomeric punty,
starting from a commercial mixture of norbornenol acetates, which involves very

few steps, the key one being an enzymatic resolution method.
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Results and Discussion

Our first attempts, which involved the direct enzymatic resolution of mono-
and diesters derived from the racemic diol mixture obtained by the formylation of
norbomadiene,' were unsuccessful, in agreement with known structural models
elaborated for the hydrolysis of such bicyclic esters catalyzed by lipase from
Candida rugosa (= Candida cylindracea)® and recent results obtained with other
enzymes.*® An enzymatic hydrolysis of endo-2-norborneny! esters,”'° having an
enantioselectivity coefficient (E)'' of about 15, was not enantioselective enough to
be of preparative use. Moreover, the recovery of the exceedingly volatile
products'® was difficult and the subsequent formylation of the norbornenyl ester
was, to our surprise, unsuccessful.

For these reasons, we turned to another strategy for the introduction of the
second oxygen atom using previously described reactions, the exo-epoxidation of
an endo-2-hydroxy-5-norbornene derivative followed by a regioselective reductive
opening of the epoxide ring to give an endo,exo-2,5-norbornanediol.'> We were
also aware that the enzymatic resolution of a 5,6-epoxy-endo-norbornan-2-yl
ester,'® carried out on an analytical scale, was highly effective (E~100) and thus

appeared particularly adapted to our purpose.

Analytical Enzymatic Hydrolyses and Transesterifications. Epoxidation of the
commercial 2-acetoxy-5-norbornene (a mixture of racemic endo- and exo-isomers,
approximately 8:2) employing magnesium monoperoxyphthalate hexahydrate'’ in
ethanol-water afforded, in high yield, the crude epoxide which, upon
crystallization, yielded the pure endo-epoxyacetate isomer 4a (about 50% minimal
yield). As previously described, this ester was recovered unchanged, when

submitted to hydrolysis with lipase from Candida rugosa, even for prolonged
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incubation times. Conversely, the corresponding butyric ester 4b, prepared by
mild alkaline hydrolysis of 4a followed by esterification with butyric anhydride,
was a good substrate for the same enzyme and was easily resolved (E ~ 92) on a
400 mg-scale, affording, (2R)-epoxyalcohol § and (2S)-epoxyester 4b of high
optical purity (Scheme II). Absolute configurations were attributed from the
known stereoselectivity of lipase from Candida rugosa in this series’ and
confirmed by comparison of the optical rotation of the resulting epoxyalcohol with
the epoxidation product of the previously described, corresponding

(1R,2R,4R)-endo-norbornenol.*'°

. by, - o

O-COR OH
d4a: R=CHy ——~ O-COR
CRL

4b: R = (CH;);-CH; (2R)-5 (2S)4b

Scheme I1

However, the need for a preliminary exchange of the ester group could be
eliminated by working with the same lipase in a transesterification reaction, using
the racemic alcohol § as a substrate in an anhydrous organic solvent.” A
preliminary screening for a convenient acyl group donor in various organic
solvents was effected, the principal results of which are given in Table 1. The
most striking outcome is that, unexpectedly, acetyl donors (entries 1, 3, 4 and 5)
are effective donating reagents, although they are systematically less effective than
butyryl donors. Moreover, the enantioselectivities measured using vinyl or
isopropenyl acetate were higher or comparable to those measured using vinyl
butyrate (entry 2). In contrast, other donors such as anhydrides (entries 5 and 6) or

esters (entry 7), result in lower enantioselectivities. In the case of isopropenyl
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acetate, the replacement of toluene by chloroform (entry 4) produced a dramatic

effect on the rate and enantioselectivity of the esterification reaction.

Table 1. Enantioselective esterification® of (+)-2-endo-hydroxy-5,6-norbornane by lipase from C.
rugosa in the presence of various acyl donors and solvents.

Acylating agent (mol/ mol Time % E
of substrate) Solvent (hours) conversion values®

—

/?\o J )  Toliene 66 30  50-90

0 J
2 /\/Ll\o 3) Toluene 3 46 75
o |
3 Ao /k 4) Toluene 66 47 200-500
o |
4 /I\Q J\ 4) CHCl, 216 14 12

o o
s AN ) Touene 1200 15 13

© o
/\/\,/‘\A (1) Toluene 1.5 40 3.6

7 Tributyrin (used as solvent) 66 37 12

(=)

‘To the substrate (50 mg) in anhydrous solvent (5 mL) were added 4 A molecular sieves (50 mg),
acyl donor, and lipase from C. rugosa (10-20 mg). The suspensions were incubated with shaking
at 30°C.

®calculated from %conversion, determined by GC of the reaction mixture (Dbwax column,
160°C) or from enantiomeric excesses of substrate and product." e.e’s were determined either by
GC of acetate or trifluoroacetate esters on a Chiraldex G-TA 30 capillary column (110°C) or by
HPLC of benzoate esters on a Chiralpak AD column (see Experimental Section).
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Preparative Aspects. Under the best conditions (entry 3), starting from 3 g of
(x)-epoxy alcohol 5, it was possible to obtain, in a two-stage operation,’ 1.6 g
(40%) of (2R)-epoxyacetate 4a (96% e.e.) and 1.2 g (40%) of (2S)-epoxyalcohol §
(>98% e.e.). Each product was then reduced with lithium aluminum hydnde in
terahydrofuran'? (65-75% yield) and the crystallized'® endo,exo-2,5-norbornane-
diols were submitted to pyridinium dichromate or Swern oxidation,'® affording the
enantiomeric (15,49)- and (1R,4R)-bicyclo[2.2.1]heptan-2,5-diones (about 70%
yield) in high optical purity (= 96% e.e.).

LbAOAc MMPP/EtOH O\Zb‘

endo / exo (8:2)
crystallization
mother liquors

1.0H
O\Zb 2. oxidation
OAc
(2)-4a O

l NaBH,/ MeOH
\Zb CRL / Toluene . O lb + 0 i
OH i-propenyl acetate OAc
OH

@®)-5 @

PDC or Swem
oxidation

(1R4R) - 1 {15.45) -1

Scheme III

183



Chapter 5

An integrated process, which includes the recycling of unused (+)-exo- and
endo-2-acetoxy-5,6-epoxynorbornanes present in the mother liquors of the
epoxyacetate recrystallization, has been designed: mild alkaline hydrolysis,
followed by oxidation to epoxynorbornanone and reduction with sodium
borohydride in methanol'® will afford exclusively (= 95%) the endo-epoxynorbor-
nanol §, which could again be used in the enzymatic transesterification procedure.
The entire synthetic process, described in Scheme III, is currently being conducted

on a multigram scale in our laboratory, and will be reported in due course.
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Experimental Section

General. Melting points are uncorrected. 'H and '*C-NMR spectra were recorded
on 2 WM250 Bruker spectrometer at 250 and 62.9 MHz respectively. The residual
protons in CDCI; or pyridine-ds were used as reference peaks, with assigned 7.25
and 8.71 ppm chemical shifts, respectively. Signal assignment was aided by 2D 'H
homonuclear shift correlated (COSY 45) spectra and '*C distortionless enhanced
polarization (DEPT 135) experiments. Optical rotations were measured in 1 dm or
0. 1 dm cells using a Perkin Elmer 241 spectropolarimeter. Gas chromatography
was performed on Varian 3700 or Shimadzu G-8A instruments equipped with
flame ionization detectors and Shimadzu C-R3A or C-R6A integrating recorders.
OV-1701 (Flexibond™, 0.20 mm x 15 m, Pierce Chem. Co.) or Durabondwax
(0.32 mm x 30 m, J&W Scientific, Inc.) capillary columns were routinely
employed to monitor enzyme reactions, whereas a Chiraldex G-TA capillary
column (0.25 mm x 30 m, Astec) was used to determine optical purities. Mass
spectrometric analyses (MS) were carried out by electronic tmpact (EI) on a
Hewlett Packard 5972 GC-MS instrument. High resolution mass spectra (HRMS)
were supplied by Université P. et M. Curie (Paris). Flash column chromatography
was carried out using Merck 60 silica gel (230-400 mesh). Merck 60F,, precoated
glass plates were used for thin layer chromatography. High pressure liquid
chromatography was performed using a Chromatem 380 pump, equipped with a
Pye-Unicam LC-UV detector, a Shimadzu C-R3A integrating recorder, and a
Chiralpack AD column (0.46 x 25 cm, Daicel Chem. Ind.). Lipase from Candida
cylindracea (C.rugosa, E.C.3.1.1.3) was purchased from Sigma Chemical Co. (St
Louis, USA).

Determination of enantiomeric excess. Enantiomeric excesses of 2-endo-

acetoxy-5,6-epoxynorbormnanes (Figure 1) and bicyclo[2.2.1]heptan-2,5-diones
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(Figure 2) were determined directly by GC on a Chiraldex G-TA30 capillary
column at 110°C.  Enantiomeric excesses of 2-endo-hydroxy-$5,6-epoxy-
norbornanes were determined by GC of their acetate or trifluoroacetate esters on
the same column at 110 or 90°C, respectively. In some cases, enantiomeric
excesses of 2-endo-hydroxy-5,6-epoxynorbornanes were determined by HPLC of
their benzoyl esters on a Chiralpak AD column with hexane-isopropanol (95:5) as

solvent (flow rate: 0.5 mL/min, detection at 250 nm).

16.352

>
16.038
-~

&£9.12%

I1.143

© oy
~ ~ :n

Figure 1. GC analytical separation of enantiomeric endo-2-hydroxy-5,6-epoxynorbornane esters
on Chiraldex G-TA (see Experimental Section): A, trifluoroacetyl esters; B, acetyl esters.

Preparation of acetyl esters for GC analysis. To the alcohol (~10 mg) dissolved

in ethyl acetate was added 4-dimethylaminopyridine (0.05 eq.), sodium carbonate
(1.5 eq.), and acetic anhydride (1.5 eq.). The mixture was stirred for 18 hours, then
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washed with water and brine. The organic phase was dried over anhydrous sodium
sulfate, filtered, evaporated in vacuo, and analyzed without further purification.

Preparation of trifluoroacetyl esters for GC analysis. To the alcohol (1-5 mg)
in dichloromethane (0.5 mL) was added trifluoroacetic anhydride (0.2 mL). After
stirring for 30 min, the solvent and excess anhydride were evaporated under a

stream of nitrogen and the residue was analyzed without further purification.

¢.023
9.2

8.063

9,343

5,333
§:48

Figure 2. GC analytical separation of enantiomeric bicyclo(2.2.1]heptan-2,5-diones on
Chiraldex G-TA (see Experimental Section): A, racemic mixture; B, 15,4S; C, IR, 4R.

Preparation of benzoyl esters for HPLC analysis. Dicyclohexylcarbodiimide

(1.1 eq.) was added to a mixture of 4-dimethylaminopyridine (0.1 eq.), benzoic

acid (2 eq.) and alcohol in dichloromethane, cooled in an ice-water bath. After
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stirring for 30 min, the reaction mixture was warmed to room temperature and
stirred for 30 h. Dicyclohexylurea was removed by filtration and the filtrate was
washed twice with 1 N HCI, saturated sodium bicarbonate, water and brine. The
organic phase was dried over anhydrous sodium sulfate, filtered and evaporated in

vacuo. The residue was analyzed without further purification.

(¥)-2-endo-acetoxy-5,6-epoxynorbornane (4a). A solution of magnesium
monoperoxyphthalate hexahydrate (375 g, 0.76 mol) in water (2.6 L) was added to
(x)-2-endol/exo-acetoxy-5-norbornene (99 g, 0.650 mol) in absolute ethanol (2 L).
The mixture was stirred at room temperature for 3 days. Ethanol, along with a
portion of water, was evaporated in vacuo and the residue (1.2 L) was divided into
two parts. Each portion was extracted with ether (1 L), washed with aqueous
saturated sodium bicarbonate (3 x 300 mL), 20% aqueous sodium bisulfite (2 x 300
mL), water (300 mL), and brine (500 mL), and dried over sodium sulfate. The two
aqueous phases obtained after the first ether extraction were combined, extracted
again with ether (1 L), and washed as above. Evaporation of the solvent from the
combined ethereal phases yielded a mixture of the exo and endo isomers as a
slightly yellow oil (80.9 g, 70%). Three crystallizations from ether-hexane yielded
the endo isomer (54.3 g, 50%, >99% endo-isomer by GC). R; 0.25
(cyclohexane-ethyl acetate, 8:2). Mp 53.5-54°C (lit.'*: 53-54°C). HRMS for
CyH,,0,, calc. 168.078642, found 168.078657. MS (EI): 168(1), 150(1) [M-H,0]",
140(3), 138(3), 126(9) [M-CH,CO]*, 108(10), 97(11), 82(81), 43(100).

'H NMR (CDCl,, 250 MHz), 8 ppm, J Hz: 5.04 (1H, ddd, J,.;.,, = 8.8, J.,= 4.4,
Ja3endo= 35 H-2), 3.33 (1H, br.d, J5 = 3.6, H-6), 3.23 (1H, br.d, J;,= 3.6, H-5), 2.75
(1H, dm, J, ,= 4.4, H-1), 2.49 (1H, dm, J ;.= 4.4, H-4), 2.07 (1H, ddd, J3.1p_3ens0=
13.5, Jy3000= 8.8, J30004= 4.4, H-3 exo0), 2.02 (3H, s, CH;CO), 1.34 (1H, dm, J,,=
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10.2, H-7), 1.07 (1H, dm, Js.rp-30na0= 13.5, J23ena0= 3, H-3 endo), 0.78 (1H, dm,
Jr2=10.2, H-7").

C NMR (CDCl;, 62.9 MHz), § ppm: 170.28 (CO), 75.97 (CH, C-2), 50.36, 47.66
(CH, C-5 and C-6), 39.99, 36.44 (CH, C-1 and C-4), 32.56, 24.26 (CH,, C-3 and
C-7), 20.45 (CH,).

The mother liquors were concentrated in vacuo, yielding a yellow oil (25.7 g)

containing 35% endo-isomer.

(x)-2-endo-butyroxy-5,6-epoxynorbornane (4b). To a solution of
(x)-2-endo-butyroxy-5-norbornene (900 mg, S mmol) in ethanol (15 mL) was
added magnesium monoperoxyphthalate hexahydrate (3 g, 6.06 mmol) dissolved in
water (20 mL). The mixture was stirred at room temperature for 48 hours. The
solvents were evaporated in vacuo and the residue dissolved in ether (100 mL).
The ethereal solution was washed with aqueous saturated sodium bicarbonate (2 x
50 mL), 20% aqueous sodium bisulfite (6 x 50 mL), saturated sodium bicarbonate
(2 x 50 mL), water, and brine, dried over sodium sulfate, and evaporated. The
crude product was purified by flash chromatography (hexane-ethyl acetate, 95:5 to
9: 1), yielding the epoxyester as a colorless oil (819 mg, 83%). R; 0.38
(cyclohexane-ethyl acetate, 8:2). MS (EI): 168(2) [M-COJ", 140(5)
[M-CH,CH,COJ", 125(4) [M-CH,CH,CH,COJ", 107(5), 97(8), 81(81), 71(100).

'H NMR (CDCl,;, 250 MHz), & ppm, J Hz: 5.01 (1H, ddd, J5;.,= 9, Ji..= 4,
2 3ento= 3, H-2), 3.32 (1H, br.d, Js= 3.6, H-6), 3.23 (1H, br.d, Jsc= 3.6, H-5), 2.75
(1H, dm, J, ,= 4, H-1), 2.49 (1H, dm, J,;..,= 4, H-4), 2.25 (2H, t, J = 7.3, CH,CO),
2.07 (1H, ddd, Jserp-3end0= 13-2, J23e6= 95 S1ex04= 4, H-3 ex0), 1.62 (2H, sextet, J =
7.3, CH,CH;), 133 (1H, dm, J,,= 10.2, H-7), 1.06 (1H, dm, J;.,3ens0= 13-2,
Jr3enac= 3, H-3 endo), 0.93 (3H, t, J = 7.3, CH.CH,), 0.79 (1H, br.d, J;,= 10.2,
H-7°).
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Enzymatic hydrolysis and resolution of (%)-2-endo-butyroxy-5,6-
epoxynorbornane (4b). To (x)-2-endo-butyroxy-5,6-epoxynorbornane 4b (388
mg, 1.98 mmol) dissolved in 0.1 M, pH 7 sodium phosphate buffer-acetone (9:1,
150 mL), was added lipase from C. rugosa (39 mg). The mixture was orbitally
shaken at 27°C for 3 h (39% conversion). The reaction mixture was saturated with
sodium chloride and ethyl acetate (100 mL) was added. After stirring vigorously
for 5 min, the phases were separated and the aqueous layer was extracted again
with ethyl acetate (6 x 100 mL). The combined organic extracts were washed with
aqueous saturated sodium bicarbonate and brine, dried over anhydrous sodium
sulfate and evaporated in vacuo. Purification of the crude product by flash
chromatography (hexane-cthyl acetate, 6:4 to 1:1) yielded pure alcohol (2R)-§ (83
mg, 33%), [a]p? + 42.4° (¢ 1.2, CHCl,) (Iit.'"%: + 46.5°), 96% e.e., and ester
(2S)-4b (232 mg, 60%). The isolated butyrate was resubmitted to hydrolysis under
the same conditions. After 6 h (57% total conversion), the reaction mixture was
worked up as before. Purification of the crude product yielded alcohol (2R)-§
(16.2 mg, 6%), and butyrate (2S)-4b (179 mg, 46%), [a],*' -13.8° (¢ 3.9, CHCI,)
(it.'%: - 13.4°), >99% e.e.

(£)-2-endo-hydroxy-5,6-epoxynorbornane (5). To a solution of (x)-endo-2-
acetoxy-5,6-epoxynorbornane (48.7 g, 0.29 moi) in ethanol (400 mL), cooled in a
cold water bath, was slowly added 2 N sodium hydroxide (175 mL, 0.348 mol).
The mixture was stirred for 85 min, after which time the reaction was quenched
with glacial acetic acid (3.3 mL, 0.06 mol). Ethanol and water were removed by
rotatory evaporation and the residue was extracted with ethyl acetate (1.4 L). The
organic phase was washed with 0.5 N HCI (100 mL), saturated aqueous sodium
bicarbonate (200 mL), and brine (2 x 200 mL), dried over anhydrous sodium
sulfate, and evaporated in vacuo to yield a pale yellow solid (35.1 g, 96%). The
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crude product was crystallized from ethyl acetate-hexane to give the pure
epoxyalcohol as white crystals (25.3 g, 70%). The remaining product was purified
by flash chromatography (pentane-ethyl acetate, 5:5 to 3:7) yielding additional
pure epoxy alcohol (4.4 g, 11%). R; 0.23 (pentane-cthyl acetate, 5:5). Mp
190-192°C, sealed tube (lit.: 160-162°C,'? 170-172°C'%). HRMS for C,H,,0,, calc.
126.068078, found 126.068107. MS (EI): 126(1), 125(1.5), 107(2.5), 95(4),
81(100).

'H NMR (CDCl;, 250 MHz), 8 ppm, J Hz: 4.38 (1H, m, H-2), 3.44 (1H, brd, J, =
3.7, H-6), 3.27 (1H, brd, Jss= 3.7, H-5), 2.60 (1H, m, H-1), 2.45 (1H, m, H-4),
1.99 (1H, ddd, J3e0-1end0= 13-2, V23e6= 95 S1er0s= 4, H-3 ex0), 1.55 (1H, br.s, OH),
1.27 (1H, dm, J;.,= 10.2, H-7), 1.00 (1H, dt, J;.1s-3en00= 13-2, J2.3end0= 3, H-3 endo),
0.74 (1H, br.d, J,.,=10.2, H-7").

B3C NMR (CDCl,, 62.9 MHz), 8 ppm: 74.13 (CH, C-2), 51.47, 48.98 (CH, C-5 and
C-6), 42.36, 37.33 (CH, C-1 and C-4), 35.08, 25.15 (CH,, C-3 and C-7).

Preparative enzymatic resolution of (+)-2-endo-hydroxy-5,6-epoxynorbornane
(5§). Isopropenyl acetate (10.3 mL, 93.5 mmol) was added to (%)-
2-endo-5,6-epoxy-norbornane (3 g, 23.8 mmol) dissolved in toluene (340 mL).
Lipase from C. rugosa (1 g) was added and the flask was orbitally shaken at 30°C.
After 14 h an additional 700 mg of lipase was added and after another 8 h, 550 mg
of lipase was added. After a total of 25 h, the reaction was stopped by filtration of
the mixture through glass fiber paper. The product and remaining substrate were
separated by medium pressure liquid chromatography (200 g silica gel, Merck
60H, cyclohexane-ethyl acetate 1:1, followed by cyclohexane-ethyl acetate 2:8
once the first alcohol fraction was detected). The solvent was evaporated to yield
the alcohol (1.84 g, 77 % e.e.) and the acetate (1.59 g, 40%, 95.5 % e.e.), {a]p®’ +

7.4° (¢ 1, CHCL;). The alcohol was resubmitted to esterification under the same
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conditions using 4 g lipase. The reaction was stopped as before after a total of 20 h
(corresponding to a 58 % total conversion). Purification by flash column
chromatography (cyclohexane-ethyl acetate, 1:1) yielded the remaining alcohol
substrate (1.2 g, 40%, >98% e.e.), [a]p?' -46.7° (c 0.85, CHCl,), and the acetate
product (0.44 g, 60% e.c.).

Reduction of 2-endo-acetoxy-5,6-epoxynorbornane (4a) to 2,5-dihydroxy-
norbonane. Dry tetrahydrofuran (80 mL) was added dropwise to lithium
aluminum hydride (2.4 g, 56.7 mmol) under nitrogen. After complete addition, the
suspension was refluxed for 1.25 h. After cooling the mixture to room
temperature, the flask was placed in a cold water bath and
2-endo-acetoxy-5,6-epoxynorbornane(1.52 g, 9.04 mmol) in tetrahydrofuran (6
mL) was added dropwise. The dropping funnel was rinsed with tetrahydrofuran (5
mL) and the mixture was heated to a reflux for 3.75 h. The flask was cooled in an
ice/water bath and water was carefully added dropwise (2.4 mL), followed by
aqueous 15% w/w sodium hydroxide (2.4 mL) and finally water (7.2 mL). The
mixture was stirred for 20 min and then filtered, rinsing with tetrahydrofuran and
ethyl acetate. The filtrate was dried over anhydrous sodium sulfate and evaporation
of the solvent yielded a white solid. Recrystallization from ether-dichloromethane
yielded the pure diol as white crystals (614 mg, 53%). Medium pressure liquid
chromatography (200g silica, dichloromethane-isopropanol, 9:1) of the residue
obtained from evaporation of the mother liquor yielded additonal pure diol (272
mg, 23%). R; 0.16 (dichloromethane-methanol, 9:1). Mp 180-182°C (sealed
tube). [a]p?! + 2.8° (c 2.34, MeOH), [a]ss +2.9°, [0t]sss + 3-2°, [@]azs + 4.2°.
HRMS for C;H,,0,, calc.128.083728, found 128.083713. MS (EI): 128(2) [MT,
110(19) [M-H,0]", 95(33), 81(24), 66(100).
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'H NMR (pyridine-ds, 250 MHz), 8 ppm, J Hz: 6.04 (1H, d, J = 3.3, endo-OH on
C-2), 5.99 (1H, d, J = 3.3, ex0-OH on C-5), 4.38 (1H, m, J;,.,= 10, Jy.5=/fo o=
3.3,J,,= 1.3, H-2), 4.22 (1H, m, H-5), 2.92 (1H, ddd, Jengo-cexoe= 13, Jsendo-s= 7»J =
2, H-6 endo), 2.40 (1H, br.t, w,= 10, H-1), 2.33 (1H, brd, J = 5, H-4), 2.06-1.93
(2H, m, J = §, H-3exo and H-7), 1.63 (1H, dm, Js..s-6enso= 13, H-6 exo), 1.31 (1H,
br.d, J;,= 10, H-7°), 1.01 (1H, dt, J3.1p300d= 13, J2.3endo= 3.3, H-3 endo).

BC NMR (CDCl,, 62.9 MHz), § ppm: 73.70, 70.62 (CH, C-2 and C-5), 44.40,
41.21 (CH, C-1 and C-4), 34.31, 33.03, 32.26 (CH,, C-3, C-6, and C-7).

Reduction of 2-endo-hydroxy-5,6-epoxynorbornane (5) to 2,5-dihydroxy-
norbornane. The above procedure was used for the reduction of the epoxy
alcohol (1.17g, 9.27 mmol) with the exception that only 4 eq. of lithium aluminum
hydride were used. Recrystallization yielded the diol as white crystals (355 mg,
30%) and chromatography of the mother liquor yielded additional pure diol (411
mg, 34%). [a]p ' - 4. 1° (¢ 2.25, MeOH), [a]sss - 4.2°, [0t]sq6 - 4.5°, [0)s36 - 5.6°.

Oxidation of 2,5-dihydroxynorbornane to enantiomeric bicyclo[2.2.1]heptan-
2,5-diones (1).

(i) pyridinium dichromate oxidation. Diol (706 mg, 5.51 mmol) was dissolved in
N,N-dimethylformamide (100 mL), pyridinium dichromate (7.05 g, 18.7 mmol)
was added and the mixture was stirred under nitrogen for 3 h. Aqueous saturated
sodium bicarbonate (100 mL) was added to the reaction mixture and it was shaken
vigorously. Dichloromethane (300 mL) was added and the organic phase was
washed with aqueous saturated sodium bicarbonate (4 x 100 mL), 0.5 N HCl (100
mL), saturated sodium bicarbonate (100 mL), water (2 x 200 mL), and brine (200
mL), and dried over sodium sulfate. The solvent was evaporated in vacuo yielding

501 mg of dione (73%, 95% pure by GC).
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(ii) Swern oxidation. Freshly distilled oxalyl chloride (0.45 mL, 4.8 mmol) in dry
dichloromethane (8 ml) was added dropwise to a solution of dry
dimethylsulfoxide (0.83 mL, 10.9 mmol) in dry dichloromethane (5 mL), under
nitrogen at -78°C. After stirring for 30 min, 2,5-dihydroxynorbornane (300 mg,
2.34 mmol) in dichloromethane (4 mL) and dimethylsulfoxide (0.6 mL) was added
dropwise. After stirring for 3 hours, triethylamine (3 mL, 21.8 mmol) was slowly
added. The reaction mixture was allowed to warm to room temperature, then
stirred for an additional hour. Water (10 mL) was added dropwise, the reaction
mixture was diluted with dichloromethane and the organic phase was washed with
0.5 N HCI, aqueous saturated sodium bicarbonate, and brine. The solvent was
evaporated in vacuo yielding 200 mg of pure dione (70%). MS (EI): 124(100)
[M]", 95(21), 82(23), 67(87).

'H NMR (CDCl,, 250 MHz), & ppm, J Hz: 2.97 (2H, m, X signal of an ABX
system, H-1 and H-4), 2.36 (2H, dm, A signal of an ABX system, J,g = 19, H-3
exo and H-6 exo), 2.13 (2H, dm, B signal of an ABX system, J,5 = 19, H-3 endo
and H-6 endo), 2.08 (2H, m, H-7 and H-7’).

SC NMR (CDCl,, 62.9 MHz), § ppm: 212.04 (CO, C-2 and C-5), 48.48 (CH, C-1
and C-4), 38.80 (CH,, C-6 and C-3), 36.27 (CH,, C-7).

(1S, 48)-1: mp 140-141°C. [a]p* —4.5° (c 2.44, EtOH), [a]s;5 —4.5°, [a]ss —4.5°,
[a)iz6 726.6°, [at);s; +187°; e.e. = 99%. HRMS for C,H;0,, calc. 124.052408,
found 124.052383.

(1R, 4R)-1: mp 139-140°C. [a]p*' +5.0° (¢ 2.0, EtOH), [a]s;s +5.0°, [at]sys +4.0°,
[0] 436 ~25.5°, [at]s63 —179.5°%; e.e. = 96%. HRMS for C;HO,, calc. 124.052408,
found 124.052383.
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Final Conclusions and Summary

The purpose of the work in this thesis was to shed light into the domain of
biocatalysis with the goal of helping organic chemists produce chiral materials
with greater efficiency and higher optical purity.

As there are over a hundred commercially available hydrolases, chemists
need help in choosing the best hydrolase for their problem. Empirical rules or
models that summarize earlier results serve as good guidelines and help organic
chemists identify the substrate features that arc important for good
enantioselectivity.

We have proposed simple empirical substrate rules that predict the
enantiopreference of various hydrolases towards alcohols and primary amines.
These rules are based solely on the relative size of the substituents at the
stereocenter of the substrate; one being larger than the other. Recent three-
dimensional crystal structures of the hydrolases support these rules because they
show the presence of both a large pocket and medium pocket in the substrate
binding site. Although these rules do not give a quantitative estimation of the
enantioselectivity, they reliably predict the absolute configuration of the favored

product. Their accuracy can be summarized as follows:

Secondary alcohols: CRL: correct for 51/55 cyclic substrates
PCL: correct for 63/64 substrates
CE: correct for 14/15 substrates
Subtilisin: correct for 11/13 substrates

Primary alcohols: PCL: correct for 54/61 substrates lacking an oxygen
atom directly attached to the stereocenter
PPL: correct for 27/31 substrates lacking an oxygen
atom directly attached to the stereocenter

Primary amines: CAL-B, PAL, PCL.: correct for 18/18 substrates
Subtilisin: correct for 13/13 substrates
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Many box-type models exist that are specific to a given enzyme. These too
focus largely on the size of the substituents, but they often give more details as to
the shape and polar or non-polar characteristics of the substituents. Similarly to the
empirical substrate rules, they all have a larger side and a smaller side. Although
the box-type models provide more information, the simple empirical substrate
rules still remain very useful because they are more general and very easy to apply.
For example, although there have been two detailed box-type models proposed for
PCL, these models are not the same and therefore are difficult for the organic
chemist to use.

PCL exhibits an opposite enantiopreference towards primary and
secondary alcohols. Based on studies carried out with substrates having two
stereocenters, we proposed that tne substituents of both primary and secondary
alcohols are positioned in the same way in the substrate binding site. The opposite
enantiopreference is accounted for by the following: because of the extra carbon
atom between the stereocenter and the alcohol oxygen, the opposite enantiomer
must bind to allow the primary alcohol oxygen to be placed in a similar position to
the secondary alcohol oxygen in the active site. This proposal was made before
the availability of a three-dimensional crystal structure of PCL. Although crystal
structures have since been obtained and molecular modeling studies carried out,
the two ensuing explanations for the opposite enantiopreference are contradictory
(see introduction, section 1.5). The proposal in this work agrees with one and
disagrees with the other. Perhaps a comparison of X-ray structures with
covalently-bound transition state analogues of primary and secondary alcohols will
give a definitive answer.

In Chapter 4, we accounted for the opposite enantioselectivity of lipases and
subtilisins towards secondary alcohols and primary amines. The proposal is based

on the fact that the active sites of these two classes of hydrolases are approximate
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mirror images: the large and medium substituents bind in the same respective
pockets but the opposite enantiomer must bind to be more catalytically productive.

Based on these rules, we developed a method to increase the
enantioselectivity of lipases towards secondary alcohols. This methodology
involves increasing the difference in size of the substituents at the stereocenter.
The lipase can then discriminate more easily between the two enantiomers. We
successfully applied this method to the preparation of useful chiral synthons with
high optical purity. Unfortunately, however, this method cannot be applied to
primary alcohols. It has not yet been tested on primary amines.

We have designed a synthetic scheme that combines a few chemical
transformations with a key enzymatic resolution step for the preparation of both
enantiomers of a useful bicyclic dione. During this work we observed an
interesting example of how a lipase’s activity can be vastly different in organic
solvent: CRL does not catalyze the hydrolysis of the given acetate but does
catalyze the reverse reaction, acetylation, in organic solvent. Despite all the
research conducted to study the effects of organic solvents on hydrolase, there is

still no clear explanation for this phenomenon.
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Contributions to Knowledge

¢ We proposed a very useful, simple, and reliable empirical rule that predicts the
enantioselectivity of three hydrolases towards secondary alcohols and their
esters. [t is based solely on the difference in size of the substituents at the
stereocenter. The utility of this rule has been proven by the numerous times
that it has been applied and quoted by other researchers (over 200 citations).

We feel as though it set the groundwork for further research in this field.

¢ We proposed a similar rule to predict the enantioselectivity of lipase from
Pseudomonas cepacia towards primary alcohols and their esters. It is very
reliable for primary alcohols that lack an oxygen at the stereocenter. We give a
possible explanation for the reason that Pseudomonas cepacia prefers the
opposite enantiomers of primary and secondary alcohols. This is based on both
experimental and computer modeling results. This work has also been quoted

many times, with over 43 citations.

¢ We have proposed a rule that predicts the enantiopreference of subtilisin
towards primary amines. This rule is opposite to the rule for lipases. We also
reviewed the enantiopreference of lipases towards primary amines and of
subtilisin towards secondary alcohols, in order to determine the reliability of
previously proposed rules. In addition, we show that subtilisin has a

regioselectivity towards secondary alcohols that is opposite to that of lipases.
¢ We give a structure-based rationalization to explain the opposite
enantiopreference of lipases and subtilisin towards secondary alcohols and

primary amines.
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¢ We developed a method by which to improve the enantioselectivity of
hydrolases, on the basis of the rule for secondary alcohols. It is applied by
simply increasing the difference in size of the two substituents at the
stereocenter. The method was successfully applied to the synthesis of two
useful chiral synthons, (R)-(+)-tert-butyl lactate and (S)-(-)-4-acetoxy-2-
cyclohexen-1-one. Other researchers have since used this method

successfully.'

¢ To our knowledge, we prepared the first sample of enantiomerically-pure (S)-
(-)-4-acetoxy-2-cyclohexene-1-one. This was done on a preparative scale. Our
method of preparing this chiral synthon has been employed by at least two
other groups of researchers for use as a precursor in the synthesis of several

optically-pure key intermediates.’

¢ To our knowledge, we carried out the first synthesis of optically-pure (1R,4R)-
and (15,25)-bicyclo[2.2.1]heptan-2,5-diones, useful C,-symmetric synthons.
This was accomplished by an efficient chemoenzymatic route that involves a

lipase-catalyzed transesterification step.

¢ [ feel that my overall contribution to knowledge is that I have participated in
rescarch has helped to make hydrolases less intimidating and more
approachable to synthetic chemists, as well as having helped to increase our
understanding of the process by which enzymes distinguish between

enantiomers.

! See section 1.7 of the general introduction for references.

? a) Witschel, M. C.; Bestmann, H. J. Tetrahedron Lett. 1995, 36, 3325-3328. b) Bickvall, J.-E.; Gatti, R.;
Schink, H. E. Synthesis 1993, 343-348. c¢) Gatti, R. G. P.; Larsson, A. L. E.; Bidckvall, J.-E. J. Chem. Soc.,

Perkin Trans. | 1997, 577-584. d) Larsson, A. L. E.; Gatti, R. G. P.; Bickvall, J.-E. J. Chem. Soc., Perkin

Trans. | 1997, 2873-2877.



Glossary of Symbols and Abbreviations

A
[a]p
Ac
ACE

anal

app

C

°C

CAL-B
calcd (calc)
CD

CE

CI

conv

COSY

CRL
CVL

angstrom

specific rotation at the sodium D line wavelength
acetyl

acetylcholinesterase

analytical

apparent

aryl

boiling point

broad (spectral line width)
benzyl

centi (10'2)

conversion

concentration (for rotation)
Candida

degrees Celcius

lipase B from Candida antartica
calculated

circular dichroism

cholesterol esterase

chemical ionization

conversion

two-dimensional nuclear magnetic resonance correlation
spectroscopy

lipase from Candida rugosa

lipase from Chromobacterium viscosum



Da
DEPT
dm
DMAP
DMSO

El

ee

ent

€q
equiv / eq
EtOH
FAB

g

GC

h

hfc
HLL
HPLC
HRMS
Hz

hv

IR

doublet (NMR)

deci (10™)

chemical shift

Dalton

distortionless enhancement by polarization transfer
doublet of multiplet (NMR)
4-dimethylaminopyridine
dimethy! sulfoxide
enantiomeric ratio

enzyme

electron ionization
enantiomeric excess
enantiomer

equation

equivalent(s)

ethanol

fast atom bombardment
gram(s)

gas chromatography

hour(s)

3-(heptafluoropropylhydroxymethylene)-d-camphorato

lipase from Humicola lanuginosa

high preformance liquid chromatography
high resolution mass spectrometry

hertz

light

infrared spectroscopy



LC

lit

MeOH
min
MML
mol
mp
MS

m/z

coupling constant (NMR)
kilo (10%)
Michaelis-Menten constant
enzyme turnover number
large

liter(s)

length

liquid chromatography
literature

meter(s)

milli (10

multiplet (NMR)

meta

micro (107)

medium
molar

Mucor

methanol

minute(s)

lipase from Mucor meihei
mole(s)

melting point

mass spectrometry
mass-to-charge ratio
nano (10°%)

normal




na
nd
NMR
%

OAc

PAL

PCC
PCL
PDB
pH

Ph

PLE

ppm
PPL

not available

not determined

nuclear magnetic resonance
percent

ortho

acetate

para

Pseudomonas

product

lipase from Pseudomonas aeruginosa

pyridinium chlorochromate

Pseudomonas cepacia

Protein Databank

negative logarithm (base 10) of the hydrogen ion
concentration

phenyl

negative logarithm of equilibrium constant for association
porcine liver esterase

parts per miilion

porcine pancreatic lipase

pyridine

quartet (NMR)

substituent

retention factor

reference

singlet (NMR)



satd

s€C

SM

sp
struc

THF
TLC

viv

small

substrate

saturated

second(s)

starting material
species

structure

triplet (NMR)
tetrahedral intermediate
tetrahydrofuran

thin layer chromatography
ultraviolet spectroscopy

volume to volume ratio
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“We are at the heart of a labyrinth and we can find our way

while becoming labyrinths ourselves.”

Salvador Dali



2656

Reprinted from The Journal of Organic Chemistry, 1991, Vol. 56.
Copyright © 1991 by tbc American Chemical Society and reprinted by permission of the copyright owner.

A Rule To Predict Which Enantiomer of a Secondary Alcohol Reacts Faster
in Reactions Catalyzed by Cholesterol Esterase, Lipase from Pseudomonas
cepacia, and Lipase from Candida rugosa'

Romas J. Kazlauskas,* Alexandra N. E. Weisstloch, Aviva T. Rappaport, and Louis A. Cuccia
McGill University, Department of Chemistry, 801 Sherbrooke St. W.. Montréal, Québec H3A 2K6, Canada

Received October 2, 1990

The enantioselectivity of the title enzymes for more than 130 esters of secondary alcohols is correlated by a
rule based on the sizes of the substituents at the stereocenter. This rule predicts which enantiomer of a racemic
secondary alcohol reacts faster for L4 of 15 substrates of cholesterol esterase (CE), 63 of 64 substrates of lipase
from Pseudomanras cepacia (PCL), and 51 of 55 cyclic substrates of lipase from Candida rugosa (CRL). The
enantioselectivity of CRL for acyclic secondary alcohols is not reliably predicted by this rule. This rule implies
that the most efficiently resolved substrates are those having substituents which differ significantly in size. This
hypothesis was used to design syntheses of two chiral synthons: esters of (R)-lactic acid and (S)-(~)-4-acet-
oxy-2-cyclohexen-1-one. 70. As predicted. the acetate group of the methyi ester of lactyl acetate was hydrolyzed
by PCL with low enantioselectivity because the two substituents, CH, and C(O)OCHj, are similar in size. To
improve the enantioselectivity, the methyl ester was replaced by a terc-butyl ester. The acetate group of the
terc-butyl ester of lactyl acetate was hydrolyzed with bigh enantioselectivity (E > 50). Enantiomericaily pure
(R)-{+)-terc-butyl lactate (>98% ee, 6.4 g) was prepared by kinetic resolution. For the second example, low
enantioselectivity (E < J) was observed in the hydrolysis of cis-1.4-diacetoxycyclohex-2-ene, a meso substrate
where the two substituents, CH,CH, and CH==CH, are similar in size. To improve enantiocselectivity, the size
of the CH==CH substituent was increased by addition of Br,. The new substrate was hydrolyzed with high
enantioselectivity (£ > 65) using either CE or CRL. Enantiomerically pure 70 (38% ee) was obtained after removal

of the hromines with zinc and oxidation with CrQ,, pyridine.

Microorganism- and enzyme-catalyzed syntheses and
resolutions are among the best methods for the preparation
of enantiomerically pure compounds.? Enantioselective
hydrolyses and transesterifications are especially useful
because they are efficient, can be carried out on a large
scale, and apply to a wide range of substrates. Unfortu-
nately, there is little X-ray structural information available
for the esterases and lipases that are used for these prep-
arations;? thus, the appropriate enzyme is usually chosen
by screening.

In order to streamiine screening, substrate models have
been developed using substrate selectivity data. Some
moadels attempt to define the shape and hydrophobic
character of the active site and are used to predict which
new substrates will be transformed by the enzyme and
whether the reaction will be enantioselective. In most
cases, this type of model is only accurate for substrates that
are similar to those already tested. For example. a model
for PLE* predicts its selectivity with a,3-substituted car-
boxylic acids,’ and a model for CRL predicts its selectivity

(1) Candida rugosa was previously classified as Candida cylindraces
many workers still use the older name (Catalogue of Fungi/ Yeasts,
L7th ed.; American Type Culture Collection: Washington, 1987). Lipase
from Pseudomonas cepacia is Amano Lipase P, PS, or P30. The microbe
from which this enzyme is prepared was previously classified as Pseu-
domonas fluorescens, but now has been reciassified as P. cepacia (Amano
Pharmaceuticai Co., Nagoya, Japan, personal communication). This
paper was presentad in part at the Chemical Institute of Canada Con-
gress, Halifax, NS, July 1990. Abstract 881 and the American Chemical
Socmy National Meeting, Washington, DC, August 1990, Abstract ORG

, C.-H. Science 1989, 244, 1145-1152. Sih,
C.J; Wu,S.-H. Tap. Ste m, 1989. 19, 63-125. Gramatica, P. Chim.
Oggi 1989, 7, 3-15.

{3) First high resolution z-tay cryml structures of lipases: Brady, L.;
Brzozowski, A.M.,Demnnch.l ; Dodson, E.; Dodson, G.; Talley, S.;
Turkenburg, J. P.; Christiansen, L. Huerensen.B..Vonkuv L.; Thim,
L.; Menge, U. "Natare 1990, 343, 767-770. Winkler, F. K.; D'Arcy, A;
Humziker, W. Nature 1990, 343, 771-774.

(4} Abbreviations for enzymes used in this psper: ACE, acetyl-
cholinesterase from electric eel; CE, hovine cholesterci eatarase; CRL,
lipase from Candida rugosa; MML, lipase from Mucor meihei; PCL,
AmoPthpm&um. d pacia; PLE, parcine liver est-

(2) Recent reviews:

0022-3263/91/1956-2656802.50/0

for bicyclo{2.2.1|heptanols and bicyclo[2.2.2]octanols. [n
some cases, more general models which define the sizes of
hydrophobic pockets near the active site have been de-
veioped. These can be used to predict reactivity for a wider
range of substrates.”

The simplest models for enzyme selectivity, more ac-
curately referred to as rules, predict only which enantiomer
reacts faster, usually based on either the size or hydro-
phabicity of the substituents at the stereocenter. The
earliest example of such a rule is Prelog's ruie which
predicts the enantioselectivity of the reduction of ketones
by the veast Culvaria lunata based on the size of the two
substituents at the carbonyl (Figure 1).* The advantage
of this rule is that it applies to a wider range of substrates,
but the disadvantage is that there are exceptions to this
tule. Nevertheless, this rule is sufficiently reliable to be
used for the determination of absolute configurations® and
has been used to redesign substrates in order to improve
the enantioselectivity.!

A rule similar to Prelog’s rule has been proposed for a
hydrolysis catalyzed by a yeast. For 47 esters of racemic
secondary alcohols, a rule based on the sizes of the sub-
stituents at the stereocenter predicts which enantiomer is
hydrolyzed faster in cultures of the yeast Rhizopus ni-
grigans.’' This rule has been used to determine the ab-

(3) Mohr, P.; Waespe-Sarcevic, N.; Tamm, C.: Gawranska, K.; Gaw-
ronaki. J. K. Helu. Chim. Acta 1983, 66, 2501-2511.

(6) Oberhauser, Th.; Faber. K.; Griengl, H. Tetrahedron 1989, 45,
1679~1682.

(7) For example, Toone. E. J.; Werth, M. J; Jones, J. B. J. Am. Chem.
Soc. 1990, 112, 49464952

(8) Prelog, V. Pure Appl. Chem. 1984, 9, 119~130. This rule has also
been extended to reductions catalyzed by baker's yeast, Saccharomyces
cerevisige.

(9) Fisud, J. C. In Stereochemistry: Fundamentails and Methods:
Kagan. H. B, Ed., George Thieme: Stuttgart, (1977; Vol. 2, pp 35-126.

7(10] Reviaw: Vunhbddlu'onh. P.; Sib, C. J. Biocatalysis 1987, 1,
117-127.

(11) Ziffer, H.; Kawai, K.; Kasai, M.; Imuta, M.; Froussios, C. J. Orx
Chem. 1983, 48, 3017-3021. Kasai, M.; Kawai. K.; Imuta, M_; Ziffer, H.
J. Org. Chemn. 1984, 49, 675-679. Charton. M.; Ziffer, H. J. Org. Chem.
1987, 52, 2400-2403.

© 1991 American Chemical Society



Prediction of Which Enantiomer Reacts Faster

c*\) CXQ

Figure 1. (a) Prelog's rule predicts that the yeast Culvaria lungta
preferentially adds H;, to the front side of ketones having the shape
indic~"ed. (b) An extension of Prelog’s rule to hydrolases. For
eaters of secondary alcohols, the enantiomer shown reacts faster
with CE, PCL, and CRL than the other enantiomer.

solute contiguration of secondary alcohols.? However, this
microorganism has not been used for large scale synthesis.

Similar rules have been proposed for two commercially
available lipases: Mucor meihei®® (MML) and Arthro-
bacter.'* It is not yet clear how useful these rules will be
because they are based on only six substrates for the Mucor
enzvme and only two substrates for the Arthrobacter en-
zyme. A “two-site model” that has been recently proposed
for cyclic substrates of PCL also appears similar to the rule
discussed herein.'®

This paper proposes a rule based on the sizes of the
substituents for three hydrolases (Figure 1). This rule is
supported by 14 out of 15 substrates for CE, 63 out of 64
substrates for PCL, and 51 out of 33 cyclic substrates for
CRL and has an accuracy of 293%. This rule is the first
attempt to predict the enantioselectivity of CE.. For PCL,
this rule is similar to the “two-site model” for cyclic sub-
strates,'* but the evidence presented in this paper shows
that this rule accounts for the enantioselectivity of acyclic
secondary alcohols as well. For CRL, this rule is the first
general rule and complements the model for bicyclic sub-
strates.?

Besides correlating a large amount of experimental data,
this rule also suggests a strategy for improving the effi-
ciency of resolutions catalyzed by these enzymes: sec-
ondary alcohols having substituents which differ signifi-
cantly in size should be more efficiently resolved than
secondary alcohols having substituents which are similar
in size. This hypothesis was used to design the prepara-
tions of enantiomerically pure terc-butyl lactate and
($)-(-)-4-acetoxy-2-cyclohexen-1-one.

Lactate esters are used as chiral starting materials and
chiral auxiliaries. For example, lactate esters were used
in the preparation of (S)-2-arylpropionic acids. a class of
nonsteroidal antiinflammatory drugs,'® a-N-hydroxy amino
acids.'? chiral enolates,'® and chiral auxiliaries for an en-
antioselective Diels-Alder reaction.!® Polylactides con-
taining interpenetrating networks of poly-(R)-lactide and
gly-(sglactide are stronger than those containing racemic

ains,

(;2) Ito, S.; Kasai, M. Ziffer, H.; Silverton, J. V. Can. J. Chem. 1987,
85, 574-582.

(13) Roberta, 8. M. Phil. Trans. R. Soc. Lond. B 1989, 324, 557-587.

(14) Umemura, T.; Hirchara, H. In Biocatalysis in Agriculturai Bio-
technology; Whitaker, J. R., Sonnet, P. £, Eda.; American Chemical
Scciety: Washington, DC, 1989; Chapter 26.

(15) Xie, Z-F.; Suemune, H.; Sakai, K. Tetrahedron: Asymmetry
1990, 7, 395-402. A similar model has also been proposed for lipase
SAM-11. a Preudomonas enzyme from Amano Pharmaceutical (Laumen.
K. E., Ph.D. Dissertation. Universitat-GH Wupperthai, West Germany,
1987) and for Preudomanas AK lipase in hexane (Burgess, K.; Jenninga,
L. D. J. Am. Chem. Soc. 1990, 112, 7434~1438).

(16) Larsen, R. D.; Corley, E. G.; Davis, P.; Reider, P. J.; Grabowski,
E.J. J. J. Am. Chem. Sac. 1989, !I1, 7650-7651.

(17) Kolasa, T.: Millee, M. J. J. Org. Chem. 1987, 52, 4973—4984.

{18) Seebach, D.; Imwinksiried. R.: Waber, T. In Modern Synthetic
Methods; Sdnﬂold. R., Ed.; Springer-Veriag: Berlin, 1966. Greiner, A.;
Qrtholand, J.-Y. Tetrahedron Lezt. 1990, 31, 2135-2138.

(19) Hartmann, H.; Hady, A. F. A.; Sarctor, K.; Weetinan, J.; Heim-
chen, G. Angew. Chem., Int. Ed. Engl. 1987, 26, 1143~1145.

(20) Murdaoch, J. R.; Loomis, G. L. U.S. Patent 4719246, 1988; Chem.
Abstr. 1988, 108, 132811y.
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Although enantiomerically pure (S)-(+)-lactic acid is
readily available, the unnatural enantiomer, (R}-(-), re-
mains expensive. Enantiomerically pure (R)-lactic acid can
be prepared by D-lactate dehydrogenase catalyzed reduc-
tion of pvruvate,” fermentation, or microbial destruction
of the S enantiomer.” The resolution of lactate esters
using PCL described in this paper yields material of high
enantiomeric purity and is inexpensive and simple to carry
out. An enzyme-catalyzed resolution of lactate esters has
been reported previously using an enzyme from a similar
microorganism.™

The second example is an enantioselective synthesis of
(S)-(-)-t-acetoxy-2-cyciohexen-1-one, a new compound that
should also be useful for synthesis. The analogous
(45)-tert-butyldimethylsiloxy derivative has been prepared
in six steps from quinic acid® and has been used for the
synthesis of the cholesterol-lowering drugs ML 236A and
compactin.®®* The procedure described below for the
acetate derivative is simpler. Since the analogous cyclo-
pentenone, {-acetoxy-2-cyclopenten-1-one, has been widely
used in svnthesis,® the six-membered analog should also
find many uses.

Results

A Survey of Enantioselectivity for Esters of Sec-
ondary Alcohols. Pancreatic CE catalyzed the hydrolysis
of the acetates of the secondary alcohols listed in Table
[. The measured values of enantiomeric excess and per-
cent conversion were used to calculate the enantioselec-
tivicy, E, which indicates the degree to which the enzyme
prefers one enantiomer over the other.”” Several examples
from the literature are also included in Table I. Chart [
indicates the structure of the fast-reacting enantiomer.
The chart and tables are arranged so that the larger group
is always on the right side as predicted by the rule in
Figure 1b. CE showed no enantioselectivity toward 40, but
for the other 14 examples the rule correctly predicts which
enantiomer reacts faster. The overall accuracy of the rule
for CE is 14 of 15 substrates or 93 % the single exception,
the tert-butyl ester of lactyl acetate, will be introduced and
discussed below.

Enantioselectivity data for PCL was gathered from the
literature (Table ). This list includes all secondary
alcohols prepared using lipase P from Amano Pharma-
ceutical. Reactions using other lipases from Pseudomanas
(e.g. AK, K-10, or SAM-II) are not included. Patent lit-
erature is also not included. The reaction conditions used
for the examples listed in Table II include both hydrolyses
in aqueous solution as well as transesterifications and
esterifications in organic solvents. The structures of the
substrates in Table II include acyclic secondary alcohols
and cyclic secondary alcohols in rings ranging from four-
to seven-membered. For 63 of the 64 substrates. the rule
in Figure 1 correctly predicts the fast-reacting enantiomer.
The single exception, indicated by “(ent)” in the enan-
tioselectivity column, was one of five substrates which

(21) Wong, C.-H.; Drusckhammer, D. G.; Sweers, H. M. J. Am. Chem.
Soc. 1988, 107, 4028—4031.

(22) For exampis: Kobayashi, T.; Tanska, M. Bio. /nd. 1988, 5, 300-
806; Chem. Abscr. 1989, 110, 93506x.

{23) Scilimati, A.; Ngooi, T. K.; Sih, C. J. Tetrahedron Lett. 1988, 29,
4927-2930.

(24) Audia, J. E.; Boisvert, L.; Patten, A. D.; Villalobos, A.; Danish-
efsky, S. J. J. Org. Chem. 1989, 54, 3738-3740

(25) Danishetaky, S. J.; Simoneau, B. J. Am. Chem. Soc. 1989, 111,
2598-2604.

(28) Harre, M.; Raddatz, P; Walenta, R Winterfeidt, E. Angew.
Chem., In:. Ed. Engl. 1982, 21, 480~492.

(27) Chan, C.-S.; Fujimoto, Y.; Girdaukas, G.; Sih, C. J. J. Am. Chem.
Soc. 1982, 104, 7294~7299.
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. Table . Ensantiosslsctivity of Bavine Pancreatic Cholesterol Esterase for Acetates of Secondary Alcohois
initial sate* enantiomeric excess E,
structure R= (unita/mg) convn (%) (%) enantioselectivity
1 Ph 031 43 49 8.8
1 n-CoHyy 0.38 46 35 2,
1 (CHy)sCH==C(CHy), 0.50 46 45 4.3
2 Ph 0.12 kI 6.2 4.6
8 0.02 - - 2.9¢
29 0.5 29 65 8.3¢
30 CH, 032 50 9% >100M
) OAc 0.20 44 58 1
0 OH 0.59 48 58 8.8
i CH, 0.59 53 48 440
u .21 “ 98 >100¢
39 cis 0.04 - - 14
k] trans 2.07 - - 37t
40 0.60 50 0 1
46 - - - ki

2For hydrolyuis of the corresponding acetats estar uniess otherwise noted. Unit = umol of estsr hydrolyzed/min. *The enantiomeric
purity of the product alcohol was determined by derivatizing with isoproyl isocyanats and separating the snanticmers by capillary GC using
an XE-60-(S)-valine-(9)-a-phenylathyiamide column (Chromopak). ¢The product alcohol showed [a}p (obed) = +40.5° (¢ 1.2, buun)
indicating the R configuration: lit. 3-(-), Klyne, W.; Buckingham, J. Atlas of Stereochemiscry; Chapman and Hall: Londen, 1974; p 28.
¢ Absolute configuration was detarmined by comparison to an suthentic myll. *The product alcohol showed [a]p (obsd) = ~5.3° (¢ 2.2,
bexane) indicating the R configuration: lit. S-{(+}, (alp = +18.1° (neat): Jacques, J.; Gres, C.; Bourcier, S. Absolute Configuration of 6000
Selected Compounds with One Asymmetric Carbon Atom; G. Thieme: Stuttgart, 1977, I.wano. P. A Haller, H. L. J. Biol. Chem. 1929, 83,
177-183. /The product alcohol showed a positive rotation (hexans) indicating the R configuration: lit. 3, [a]p = ~39° (neat): MacLeod, R.;
Welch, F. J.; Mosher, H. 8. J. Am. Chem. Soc. 1960, 82, §76~-380. ¢Kazlauskas, R. J. J. Am. Chem. Soc. 1989, 111, 4953-4959. *The
enantiomeric purity was determined by farmation of the Mosher’s ester and intagration of the 'H NMR aignals for the ring CH, groups:
Dale. J. A.; Dull, D. L.; Mosher, H. S. J. Org. Chem. 1969, 34, 2543-2549, ' The product aicahol showed {ajp (obsd) = -8.7° (c 1.2, CH,Cly)
indicating the R consiguradion: lit. 8-(~), Beard, C.; Djerassi, C.; Elliott. T.; Tao, R. C. C. J. Am. Chem. Soc. 1962, 84, 874-875. / Hydroiysia
wag caried out in aqueous soiution aaturated with sodium chloride. The % ee refers to unrescted starting materiai and was detarmined by
HPLC of the benzoate derivative oz a Chiralpaic OT (Daicel, New York): Caron, G.; Kaziauskas, R. J., unpublished results. *Thae product
scohol showed (ajp (cbsd) = -34° (¢ 1.8, hexans) indicating the R configuration: lit. R-(~), Beard, C.; Djerun. C.; Eltiote, T.; Tao. R. C. C.
J. Am. Chem. Soc. 1962, 84, 874-875. 'As the butyraws ester at 0-5 °C: Pawlak, J. L.; Berchtold. G. A.J Org. Chem. 1987, 52, 1768-1T71.
»Liu, Y.-C.: Chen, C.-S. Terrghedron Lec:. 1989, 30, 1817-1820.

. ‘ Chart I. Structures for Tables I-11I

CH oH oM oW OH CH oH CH oH OH CH

/:\g \);g /\/}R n.c‘)-c./‘Lnnc.H":LR uc):n F\*’n Cl\):n Bf\/:\n N1\_/1‘;: F,:’LR

11

oM oH OH oH

oM OH oH OH QK o

cx\%n wecoc R \»)\n V\,)‘n ason A pans L é\ b,n

F12 13 F14 F1s 18 17 z“\____/ "

ﬁﬁ(_ag%éo%@e egesles
oaBealenN ol e WieNese=Teosr
QKCC(Z”IIOOO”QQ’CQQ

aaéée L & &k,

ss 19 7& w? T

. showed low enantioselectivity, E < 3. Thus, for PCL the Enantioselactivity data for CRL was also gathered from
rule predicts which enantiomer reacts faster with 38% the literature (Table II). The Candids list includes
accuracy. resuits using enzyme sither from Sigma Chemical Co. or
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Table I1. Enantiosslectivity of Lipase from Pseudomonas cepacia (Amano P) for Esters of Secondary Alcohols

structure R= E ref structure R= E ref
1 Ph, CH,Ph >50 g 12 Ph, CH,Ph, CH,CH,Ph Ww>50 &
1 n-CqHy, n-CioHyy ~12 a 13 CH(CHy)-1-(2,8-dithiane) >30 !
1 CH,CN 29 b 13 syn-CH(Ar)(SAr) >50 m
1 CH,COOE: ~8 ¢ 21 ¢ts-COOEY, OAc; trans-COOEt, >50 n
1 1-(2,6-dithiane), 1-(2,5-dithiolane), >50 d OAc
CHy 1-(2,6-dithiane), 21 trans-Ny >50 0
CH;-1-(2,5-dithiolane) 3 >50 h
1 CH,1(2,6-dioxane) 2 d i >50 P
2 Ph >50 a s C=0, C=CH,, HC==CH >50 n
2 CH(N,)C,H, (threo, erythro) >50 e 25 1-{2.5-dioxolane) 3 n
3 CH(g;)CH,CH,CH, (erythro) >50 e 26 C=Q, C=CH,, 1.(2,5-dioxolane) >50 q
4 Ny 2 ¢ 27 >50 r
4 CH,080,Ar 25 f 30 COOE, OAc, CN, C¢H, >80 no0.s
5 syn-CH(C\CH,COOE: 50 g 30 OH 17 3
8 LOPh >50 h 3 OAc 8 n
[} Ph, CH,CH,Ph, CH=CHPh 18t0>50 b 3 COOEt >50 n
8 Ph, 3,4-(Me0),C4H, >50 i 3 OAc >50 u
8 CH,0S0,Ar % / 45 17 v
9 2-naphthyl, 4-BrC4H,, +-MeOCH, >80 i 7 OAc 1 n
9 1-(3-bromo-5-isoxazolyl) 20 J 47 CO:Me >50 n
10 Ph >80 e 43 CO;Me.QAc >50 n
10 R'CgHu 2 (ent) e

*Bianchi, D.; Cesti, P.; Battistel, E. J. Org. Chem, 1988, 53, 5531-5534. Esterification with propionic anhydride in benzene: Nishio, T.;
Kamimura, M.; Murata, M.; Terao, Y.; Achiws, K. J. Biochem. Tokyo 1989, 108, 510-512. Eaterification with vinyl acetate, neat solution.
1toh, T.; Tagaki, Y. Chem. Lets. 1989, 1505-1506. Hydrolyuis of 3-methyithio- or 8-phenylthicacetyl ester. <Sugai, T.: Ohta. H. Agric. Biol.
Chem. 1989, 53, 2009-2010. Esterification with vinyl butanoate, 65 °C. ¢Bianchi. D.; Cesti, P.; Golini, P. Tetrahedron 1989, 45, 869-876.
*Foelsche, E.; Hickel, A.; Honig, H.; Seufer-Wasserthal, P. J. Org. Chem. 1990, 55, 1749-1753. Hydroiysis of hutyrates. /Chen, C.-S.; Liu,
Y.-C. Tetrahedron Lett. 1989, 30, 7165-7168. Transesterification of the butyrate in hexane. #Tsuboi, S.; Sakamoto, J.; Sakai. T.; Utaks, M.
Chem. Lect. 1989, 1427-1428. *Hirohara, H.; Mitsuda, S.; Ando, E.; Komaki, R. In Biocatalysis in Organic Syntheses; Tramper, J., van der
Plas, H. C., Linko, P., Eds.; Elsevier: Amsterdam, 1985; pp 119-134. * Hiritake, J.; [nagaki, M.; Nishioka, T.; Oda, J. J. Org. Chem. 1988, 53,
6130-6133. Esterification with isopropenyl acetate isopropyl ether. /Di Aminica, M.; De Micheli, C.; Carrea. G.; Spezia, S. /. Org. Chem.
1989, 54. 2646-2650. Esterification with triflucroethyl octanoate in &1 hexane/henzene. *Yamazaki, T.; Idnkawl S.; Kitazume, T. J.
Chem. Soc., Chem. Commun. 1989, 253-255. ‘Suemune, H.; Mizuhara, Y.: Akita, H.; Oishi, T.; Sakai, K. Chem. Pharm. Bull. 1987, 35,
3112-3118. ™ Akita, H.; Enoki, Y.; Yamada, H.: Oishi, T. Chem. Pharm. Bull. 1989, 37, 2876-2878. Hydrolysis in water-saturated benzene,
enzyme was immobilized on Celite. * Xie, Z.-F.; Suemune, H.; Sakai, K. J. Chem. Soc., Chem. Commun. 1987, 838-839. Xie, Z.-F.; Suemune,
H.; Nakamura, L; Sakai, K. Chem. Pharm. Bull. 1987, 35, 4454~4459. Xie, Z.-F.; Nakamura, L; Suemune. H.; Sakai, K. J. Chem. Sac., Chem.
Commun. 1988, 966-967. °Honig, H.. Seufer-Wasserthal, P.; Faldp, F. J. Chem. Soc.. Perkin Trans. ! 1989, 2341-2345. Hydrolysis of
butyrate ester. ? Washausen, P.; Grabe, H.; Kieslich, K.; Winterfeldt, E. Tetrghedron Lect. 1989, 30, 3777-3778. *Xie, Z-F.; Suemune, H.;
Sakai, K. Tetrhedron: Asymmetry 1990, 1, 395402 "Klempier, N.; Faber, K.; Griengi, H. Synchesis 1989, 933~934. *Schwartz, A.; Madan,
P.; Whitesell, J. K.; Lawrence, R. M. Org. Synth. 1990, 69, 1-9. ‘Caron, G.; Kazlauskas, R. J., unpublished results. *Suemune, H.; Hizuka,
M.; Kamashita, T.; Sakai, K. Chem. Pharm. Buil 1989, 37, 1379-1381. *Hoshino. O.: Itoh, K.; Umezawa, B.; Akita, H.; Oishi, T. Tetrahe-

dron Lett. 1988, 29, 567-568.

from Meito Sangyo (Lipase MY or OF-360); however, ex-
amples where the absolute configuration of the product
is uncertain were not included,” nor were examples from
patents. The reaction conditions again include both hy-
droiyses in aqueous solution as well as transesterifications
and esterifications in organic solvents.

For acyclic substrates of CRL the rule in Figure 1 does
not reliably predict which enantiomer reacts faster. Only
for about half, 14 of the 31 acyclic substrates, is the
fast-reacting enantiomer predicted correctly; this pro-
portion is close to that expected for random guesses. A
large fraction of the acyclic substrates (12 of 31) showed
low enantioselectivity, £ < 3. Thus, the rule is not useful
for acyclic substrates of CRL. Generalizations about this
rule given below do not include acyclic substrates of CRL,
but do include acyelic substrates of CE and PCL.

For cyclic substrates of CRL the rule reliably predicts
which enantiomer reacts faster. These substrates include
secondary alcohols in four- to eight-membered rings as well
as secondary alcohols in bicyclic substrates. The rule
predicts correctly for 51 of the 55 substrates where CRL
was enantioselective, an accuracy of 93%. Three excep-
tions, indicated by “(ent)" as before, were among the 13
cyclic substrates which showed low enantioselectivity, £

(28) Chinevert, R.; D-mdm.M..GmR.Chcnun.l!ﬂ
33-34. Abramowicz, D. A..Kn-o.Cll. Bioengineer. 1909,
33, 146-158. 'm.ms Inonnt-l. K; Ogasawara, K J. Chtm.Soa
C’lum.Commun.l”.

Scheme [. Kinetic Resolution of Esters of Lactyl Acetate
OAc OH ?Ac
)),on )ﬁron - AN
(2 n® s°

[S: 3 ong exception, 22, showed moderate enantioselectivity,
= 8,

Thus, the rule predicts which enantiomer of a secondary
aicohol reacts faster for 293% of both the cyclic and
acyclic substrates of CE and PCL and the cyclic substrates
of CRL. None of the substrates that react contrary to the
rule show enantioselectivity greater than eight and
therefore none of the exceptions are synthetically useful.

This generalization implies that a substrate having
substituents which differ significantly in size should be
resolved with higher enantioselectivity than a substrate
where the two substituents are similar in size. The data
iz Tables I-III suggests that this generalization is valid;

(29) It was difficult to decide which side was larger for 37, 38, 58, and
62. Compounds 37 and 50 contain a amall substituent near the carbinol
carbon on one side and a larger substituent further away on the i
side. Compound 37 was drawn as shown azhitrarily. Far 50, the

scetoxy substituent is three carbons away from the carbinol carbon
umdndwbol-gmn&hnmcmumozf-aum
unsaturatad portion cydopropylpudnn were judged
to be smaller using modeis. Several other bicyelic
structures gppear symmetrical as drawn, but three-dimensional modela
dnﬂylhowmmtndombnm

ot
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Table 111. Enantioselectivity of Lipase from Candida rugosa for Acstates of Secondary Alcohols

structure R E ref strycture R E ref
1 C:H, 34 a 3 N; >50 a
1 n-CeHyy L8 b u ~10w>50 ¢,
L 2-furyl L ¢ 15 >50 q
1 CH,(OCHy), 25 d 3 27 q
2 CH(NyC, H, (threo, erythro) 12 ¢ 37 trans 1 ¢
3 erythro-CH(N,;)CH,CH,CH, 18 e ” cis 25 t
4 y 2 {ent) e 18 1.2 t
(1 Ph 8 (eat) f 19 cis, trans [ 4
¢ p-CH,0Ph 12 (ent) q 490 34 d
7 CH,S-p-tolyl 1.3 (ent) h 41 H, CH, >50 v
8 Ph 2 f 42 H 2 v
10 Ph 13 ¢ 42 CH, 26 v
10 nCyHys 2 e 4 >50 v
10 t-C,H, >50 (ent) e u >50 v
11 CH==CHPh (E, 2) >60 (ent) £ 43 20 w
11 CH=CH(CH,),CH4(E, 2 ~ 16 (ent) i 48 Ny 30 0
12 Ph ] J 49 25 z
12 CH,Ph, CH,CH,Ph ~3 (ent) j 50 cis, trans >50 z
I3 Ph >50 (ent) / 51 >80 0
13 anei-CH(CH,)-3-indolyl 3-40 A 52 CH, 11 y
4 CH,S-p-tolyl (syn, anti) 1.3 (ent) h 52 CHCOOR', CHOCH,Ph  3-10 ¥
15 CH4S-p-tolyl (syn, anti) 1.2-21 (ent) A 53 CH. 35 y
18 Ph >50 (ent) l 5 CHCO,Me, C(OMe), ~10 ¥
17 CFPhCH, (syn, anti) 6.5 h 53 0 >50 y
18 17 m 3 >50 y
19 >40 n 55 CH, 22 y
20 1.2 (ent) n 58 0 >50 y
21 trans-N, L4 o 58 1 y
2 § (ent) f 14 1.4 (ent) y
7 >50 p 58 ] ¥
30 CH,, CQHQ. i'C,H1, :'C‘H’ >60 q 59 4 y
10 CN, NO,, N, 40 to >60 0 60 1.8 y
30 QAc. OH 2, 1 (ent) r 61 >10 2
3 CH,, i-C;H; 24 q 62 10 aa
32 %0 0 83 H.CH, 15 bb

sCambou, B.; Klibanov, A. M. Biotechnol. Biceng. 1984, 26, 1449~1454. *Gerlach. D.; Missal. C.: Schreier, P. Z. Lebenam. Unters. Forsch.
1988, 186, 315-318. Esterification with n-C,;H,sCOOH in heptane. ¢Drueckhammer, D. G.; Barbas, C. F., [II: Nozaki, K.;: Wong, C.-H. /.
Org. Chem. 1988, 53, 1607~1611. ‘Wang, Y.-F.: Lalonde, J. J.; Momongan, M.; Bergbreiter, D. E.. Wong, C.-H. J. Am. Chem. Soc. 1988, 110,
7200-7205. Acetylation with vinyl acetate. *Foelsche. E.: Hickel, A.; Hanig, H.: Seufer-Wasserthal, P. J. Org. Chem. 1990, 33, 1748-1753.
Hydrolysis of butyrates. /Bevinakatti, H. S.; Banerji, A. A.; Newadkar, R. V. J. Org. Chem. 1989, 54, 2453-2455. Bevinakatti, H. S.;
Newadkar, R. V. Biotechnol. Lect. 1989, 11, 785-788. Transesterification with 1-butanol in isopropyl ether. ¢Hirohara, H.; Mitsuda, S.;
Ando, E.; Komaki, R. In Biocatalysis in Organic Synthesis; Tramper, J.. van der Plas, H. C, Linko, P., Eda.; Elsevier: Amsterdam. 1985;
119-134. *Bucciareili, M.; Forni, A.; Moretti, L; Prati, F.; Torre, G.; Resnat. G.: Bravo, P. Tetrahedron 1989, 45, 7505-7514. ‘ Kitazume. T.;
Lin, J. T.; Yamazaki. T. J. Fluorine Chem. 1989, 43, 177-187. /Yamazaki, T Ichikawa, S.; Kitazume, T. J. Chem. Soc., Chem. commun.
1989, 253~255. *Aita, H.; Enoki. Y.; Yamada, H.; Oishi, T. Chem. Pharm. Bull. 1989, 37, 2876-2878. Hydrolysis in water-saturated
benzene, enzyme was immobilized on Celite. ‘Chen, C.-S.; Liu. Y.-C. Tetrahedron Lece. 1989, 30, 7165~7168. Transesterification of the
butyrate ester in hexane. ™ Cotterill, I. C.; Pinch, H.; Reynolds, D. P.; Roberts, S. M_; Rzepa, H. S.; Short, K. M.; A. M. Z.; Wallis, C. J.;
Williams, D. J. J. Chem. Soc., Chem. Commun. 1988, 470-472. *Cotterill. L. C.; MacFarlane, E. L. A.; Roberts, 3. M. J. Chem. Soc., Perkin
Trans. ! 1988, 3387-3389. °Honig, H.; Seufer-Wasserthal, P.; Fiidp, F. J. Chem. Soc., Perin Trans. [ 1989, 2341-2345. Fabaer, K.; Hénig,
H.; Seufer-Wasserthal, P. Tetrahedron Lest. 1988, 29. 1903-1904. Hydrolysis of butyrate ester. ”Klempier, N.; Faber, K.; Griengl, H.
Synthesis 1989, 933-934. *Legrand, G.; Secchi, M.; Buono, G.; Baratti, J.; Triantaphylides. C. Tetrahedron Lece. 1985, 26, 1857-1860.
Esterification in hexane or heptans with n-C;;H4yCOOH. ’Caron, G.; Kazlauskas, R. J., unpublished results. *Koshino, S.: Sonomoto, K.;
Tanaka, A.; Fukui, S. J. Biocechnol. 1988, 2, 47-57. Esterification with 5-phenylpentancic acid in water-saturated isooctane. ‘Oritani, T.;
Yamashita, K. Agric. Biol. Chem. 1980, 44, 2637-2842. “Pawlak, J. L.; Berchtaid, G. A. J. Org. Chem. 1987, 52, 1765~1771. Hydrolysis of
butyrats ester. * Dumortier, L.; Van der Eycken, J.; Vandewalle, M. Tetrahedron Leze. 1989, 30, 3201-3204. * Hoshino, Q.: Itoh, K.; Ume-
2awa, B.; Akita, H.; Oishi, T Tetrahedran Lese. 1988, 29, 367-568. Hydrolysis in water-saturated isooctans. *Pearson, A. J.; Lai, Y.-S.; Lu,
W.; Pinkerton, A. A. J. Org. Chem. 1989, 54, 3882-3893. 7Eichberger, G.: Penn, G.; Faber, K.; Griengi, H. Tetrchedron Lett. 1986, 27,
2843-2844. Oberhauser, T.; Bodenteich, M.; Faber, K.; Penn, G.; Griengl, H. Tetrahedron 1987, 43, 3931-2944. Saf, R.; Faber, K.; Pesn, G.;
Griengl, H. Tetrahedron 1988, 44, 389-392. Kdnigsberger, K.; Faber, K.; Marschner, C.; Penn, G.: Baumgartner, P.; Griengi, H. Tetrahedron
1989, 45, 673-680. *Sonomoto, K.; Tansks, A. Ann. N. Y. Acad. Sci. 1988, 542, 235-239. Eatarification with 5-phenyipentancic acid in
water-saturated iscoctane. * Hirose, Y.; Anzai, M.; Saitoh, M.; Neemurs, K.; Chikamatsu, H. Chem. Lett. 1989, 1939-1942. *Naemurs, K.;
Matsumura, T.; Komatsu, M.; Hirose. Y.; Chikamatsu, H. J. Chem. Soc.. Chem. Commun. 1988, 239-241.

however, it is difficut tc test this hypothesis quantitatively.
Nevertheless, we used this hypothesis to redesign sub-
strates that could be efficiently resolved by these enzymes.

Kinetic Resolution of Lactate Esters. To rescive
lactate estars we increased the size of the ester group until
we found a substrate that was hydrolyzed with high en-
antioselectivity (Scheme I, Table IV). Lactyl acetate, R
= H, was not a substrate for the three enzymes tested:
activity <0.002 units/mg. The methyl ester of lactyl
scetate, R = CH;, was hydrolyzed with the R enantiomer
reacting faster, but with very low enanticselectivity: the
remaining starting material showed <32% ee at ~45%

conversion. Accurate determination of the enantioselec-
tivity was complicated by competing hydrolysis of the
methyl ester which accounted for 55-80% of the disap-
pearance of the starting material. The tert-butyl ester of
lactyl acetate, R = tert-butyl, still showed low enantiose-
lectivity with CE and CRL, but showed excellent enan-
tioselectivity with PCL, E > 50. The lack of any incresse
in enantioselectivity for CRL is not surprising because the
rule is not reliable for acyclic substrates of CRL. The
unexpected result was that the enantiocselectivity of CE
was opposite of that predicted by the rule. The reason for
this reversal is not known; this is the first substrate of CE
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Table 1V. Enantioselectivity of the Hydrolysis of Esters of Lactyl Acstate

methyl ester tert-butyl ester
enzyme rate* % C* % oo (R/S)® rate® % C° % oe° R/ S E*
CE 0.18 12 8 R 0.06 32 21 s 3
CRL 0.30 49 32 R 0.01 40 26 R 44
PCL 0.1 40 24 R 0.35 50 89 R 31
PCL/ 0.35 47 >984 R >200

*Initial sctivity of the enzyme in units/mg solid. Units = umol of ester hydrolyzed/min. *The conversion refers to the amount of starting
material consumed. This value was determined by 'H NMR after extraction of the raaction mixture with ethyl ether. ¢ Enantiomeric excess
of the recovered starting material was determined by 'H NMR in the presence of Eu(hfc);,. 4The absolute configuration of the preferred

enantiomer was determined from the rotation of the recovered mmu’

Chem. 1987, 65, 574~582. *Enantioselectivity, see ref 27 for details.
product.

Scheme II. Enzyme-Catalyzed Hydrolysis of 64 Showed
Poor Enantioselectivity

OAc QH OAc
———a -
e
QAc OAc OH
(L} [ 1] ont - 68

that does not fit the rule in Figure 1. Even with this
exception, the accuracy of the rule remains high: 14/15
subatrates, 93%. The increase in enantioselectivity with
PCL is consistent with the rule; indeed another lipase from
Pseudomonas sp. (lipase K-10 from Amano) has been re-
ported to show excellent enantioselectivity when R =
tert-butyl.® Thus, increasing the size of the R group in
Scheme I resulted in a substrate which was more efficiently
resolved.

A preparative-scale resolution of tert-butyl lactate was
carried out using the butyrate instead of the acetate to
simplify separation of the product alcohol and unreacted
butyrate by fractional distillation. This change from
acetate to butyrate also resulted in a further increase in
enantioselectivity of PCL to >200. Hydrolysis of racemic
tert-butyl ester of lactyl butyrate (50 g) yielded the un-
natural enantiomer, (R)-(+)-tere-butyl lactate (6.4 g), with
>98% ee after distillation.

Enantioselective Synthesis of (S)-(~)-4-Acetoxy-2-
cyclohexen-1-one (70). The five-membered 4-acetoxy-
2-cyclopenten-1-one is a useful chiral starting material that
can be prepared by an enzyme-catalyzed hydrolysis.®
Acetylcholinesterase seiectively hydrolyzes the R acetate
in cis-1,4-diacetoxy-2-cyclopentene and the resulting ole-
finic alcohol is oxidized to the enone. An attempt to
prepare the corresponding six-membered compound by an
analogous enzyme-catalyzed synthesis was not successful
because the acetate was removed with only low to mod-
erate seiectivity (0~72% ee, Scheme II, Table V).

The rule suggests a possible reason for this difficuity.
In the cyclopentene case, the substituents at the
stereocenter—CH,CHOAc and CH=CH—differ in size
and can be distinguished by the enzyme; however, in the
cyclohexene case, the substituents—CH==CH and
CH,CH,~are too similar in size to be distinguished by the
enzyme. To increase the selectivity, bromine was added
across the double bond of 84 to increase the difference in
size of the substituents (Scheme III).

The highest yields for the addition of bromine to 64 were
obtained using reaction conditions that favor free radical
intermediates (CS,, -78 °C, hv). Addition of bromine

material; R-(-), Ito, S.; Kasai, M.; Ziffer, H.; Silverton, J. V. Can. J.
Hydrolyuis of esters of llczyl butyrats. ¢Enantiomeric excess of the

Table V. Enantioselective Hydrolysis of
cis-1,4-Discetoxycyclobexans Derivatives

enzyme® substrate  rate® product Fo eef

CE 64 0.8 85 32

CRL 84 4.1¢ ent-85 41

PCL &4 0.03 ent-65 72

PLE 4 18.2¢ 85 62

ACE &4 18 48 + ent-65 0

MML 64 0.0004 ent-85 14

CE {£)-86 3.9 (+)-87, (-)-48 >97, >97
CRL (£)-66 0.4¢ (+)-87, (-)-68 >97, >97
PLE (£)-68 4.9 (+)-87, (-)-88 >97, >97
PCL (£)-66 0.002 (+)-67, 68 + diol 14

ACE (&)-86 0.57 (+)-67, (-)-68 + diol 85, >95
0.00005 (+)-67, 68 + diol* 87¢

¢*ACE = acetyicholinesterase from electric eel, MML = lipase
from Mucor meihei. °Initial activity of the enzyme in units/mg
solid. Unit = umol of eater hydroiyzed/min. ©Determined by 'H
NMR in the presence of Eu(hfc)y. For the hydroiysis of (£)-88, the
enantiomeric purity was determined for both 67 and 68 after sep-
aration by flash chromatography. The !H NMR signals for the
acetyl methyl group of the two enantiomers of 87 or of 68 are sep-
arated by 0.4 ppm in the presence of approsimately 1.5 equiv of
Eu(hfc)y. With this excellent separation even 1.5 mol % of the
other enantiomer can be detected as shown by a deliberats addi-
tion of racemate 1o an enantiomerically pure sampie. *In unita/
mg protein. *For 7. /The ratio of isolated 68:67:diol was ap-
proximately 1:4:8 after 0.9 equiv of base had been consumed. ¢For
68. *After 0.7 equiv of base had been consumed, the major prod-
uct was diol. Only traces of 68 were observed.

Scheme II1. Preparation of 70 via the Dibromide
Derivative

g 9

.z_mm.

ll“

under conditions which favor ionic intermediates (polar
solvents, dark) resuited in a mixture of products which may
have resulted from intramolecular attack of an acetate on
the bromonium ion intermediate. The addition of bromine
to 64 yielded the trans-dibromide, 66, identified from
coupling constant of 9.3 Hz for the 'H NMR signals for
the hydrogens at CHBr (5 4.36, 4.27), indicating an axi-
al-axial arrangement.! For the cis-dibromide a coupling

(31) Cooper, J. W. Spectroscopic Techniques for Organic Chemiats;
Wilsy: New York, 1980; p 81.
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Scheme IV. Hydrolysis of Racemic 66 Catalyzed by PCL

QAc OH
o’& PCL -’&
——
Be Be
QAc

1S.4R - 68 {¢) - 67
OAc OAc OH OH
e ol ¥ per B
— . —
Be - B )
Ac Ac
1R, 48 - 68 () - 67 ()-8

constant of 2-3 Hz would be expected. This trans addition
of bromine converted, 64, a meso compound, into a pair
of enantiomers, (+)-68. The rule predicts selective hy-
drolysis of the R acetate in both enantiomers yielding the
two enantiomerically pure diastereomers: 67 and 8. Note
that the two R acetates that are predicted to be hydrolyzed
are diastereotopic: one R acetate is cis to an adjacent
bromine whereas the other R acetate is trans.

With CE, CRL, or PLE as catalysts, the hydrolysis of
(+)-88 slowed and stopped after half of the acetates had
been hydrolyzed. Analysis of the reaction mixture by TLC
showed no remaining starting material, equal amounts of
67 and 68, and traces of diol which resuited from hydrolysis
of both acetates. The two products were enantiomerically
pure as shown by 'H NMR in the presence of Eu(hfc);
(Table V). The opposite sign of rotation of (+)-67 and
(~)-68 is presumably caused by the differing orientation
of the adjacent bromine. Thus, for these three enzymes
the hydrolysis of (x)-66 proceeded as predicted by the rule.

When PCL was used as the catalyst, the reaction did not
slow appreciably after half of the acetates had been hy-
drolyzed. The products isolated from a reaction stopped
after half of the acetates had been hydrolyzed were un-
reacted starting material, (+)-87 having low enantiomeric
excess, a smail amount of 68, and a small amount of diol.
Several other enzymes were also scteened as possible
catalysts, Table V. MML and ACE* showed resuits similar
to PCL. Formation of these products can be accounted
for by the different reactions of the two enantiomers of
68 as shown in Scheme IV. For (15,4R)-66, removal of
the R acetate is predicted by the rule. This acetate is also
the more chemically reactive one because it is oriented
trans to the adjacent bromine. Hydrolyais occurs as pre-
dicted and yields (+)-67. For the other enantiomer,
(1R,45)-66, removal of the R acetate is also predicted by
the rule; however, this acetate is the less chemicaily re-
active one because it is oriented cis to the adjacent bro-
mine. Hydrolysis of both acetates is observed: hydrolysis
of the R acetate yields (-)-68, hydrolysis of the S acetate
yields (-)-67. This last product accounts for the low en-
antiomeric excess of the isolated 67. Hydrolysis of both
acetates yields the diol. Thus, the rule only partly accounts
for the PCL-catalyzed hydrolysis of ()-66 due to the
differences in chemical reactivity of the acetates caused
by the differing orientation of the adjacent bromine. The
rule in Figure 1 is too simple to include such effecta.

Of the three enzymes which showed excellent selectivity,
CRL was chosen for the preparative-scale reaction because
it is the least expensive on a unit basis. Hydrolysis of 26
§ of (+)-68 catalyzed by CRL yielded 20 g of enantiom-
erically pure (+)-67 and (-)-68 in 82% vyield as cocrystalline
diastereomers. To compiete the synthesis of 70, the bro-
mines were removed using zinc dust (82-90% yxeld) and
the resulting olefinic alcohol was oxidized to the enone,
70, with chromium trioxide/pyridine (84% yield). Other
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Scheme V. Preparation of Derivatives of 70
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methods of oxidation either gave lower vields (MnO,, 62%)
or gave side products (Swern, PCC/NaOAc, DMSO/Ac,0,
DMSO/Ac,0/py/CF,COOH).

The enantiomeric purity of 70 was 98% as shown by 'H
and “F NMR of the Mosher's ester derivative. This de-
rivative was prepared by removal of the acetyl group either
by CRL-catalyzed or base-promoted hydrolysis foilowed
by reaction with the acid chloride as shown in Scheme V.
As a control, a racemic sample of 70 was also hydrolyzed
using CRL and derivatized with the Mosher's acid chlo-
ride.? For the racemic sample, the diastereomers could
be distinguished by 'H NMR (two well-separated muiti-
plets for the proton at the carbinol carbon centered at §
6.85) or by F NMR (two multiplets centered at 5 -71.95).
The ester derived from enantiomerically pure 70 showed
~1% of the minor diastereomer by either method corre-
sponding to 98% ee. Deliberate addition of material de-
rived from racemic 70 confirmed that the small peaks were
due to the other diastereomer.

Determination of the Absolute Configuration of 70.
The absolute configuration of 70 was established to be
(S)-(-) using the exiton chirality method.®® The acety!
group of 70 was replaced with a benzoyl group as shown
in Scheme V. The acetyl group was removed by an en-
zyme-catalyzed hydrolysis® and the product alcohol was
treated with benzoyl chloride. The circular dichroism
spectrum of the resuiting benzoate showed a split Cotton
effect, negative at 227 nm (A¢ = -5.7) and positive at 192
nm (de = +4,0). This splitting indicates a left-handed
screw sense between the benzoate and the encne chro-
mophores, ie.S. This assignment of absolute configuration
is consistent with the expe"ted enantxoselecnnty of the
three enzymes and with previous assignments for a cy-
clopentenone™ and a substituted cyclohexencne.®

Discussion

The major advantage of this tule is its simplicity. It is
straightforward to use and correlates a large amount of
experimental data because it applies to a wide range of
substrates. It further suggests a strategy for improving the
efficiency of resolutions: to increase the difference in size
of the substituents at the stereocenter. Two tests of this
strategy were successful because an efficiently resoived
substrate/enzyme combination was found for both exam-
ples. The strategy of adding a large group to one side of
a molecule resuited in a substrate that was efficiently

(m)muumchydmlyudnwmmm.mﬂutrm
ertheless, the bydroiysis was continued to compistion to assure that no
enhancement of enantiomeric purity occurred at this step. Consistant
with this notion, the Mosher's estar derived from

yzed preferred becsuse
ﬂdhlmwmawbyTLCdehr

(33) Hlndl. H.; Nakanishi, K. Cireular Dichroic Spectroscopy: Ex-
iton Couplml in Qrganic Sterecchamistry: Univensity Science Booka:

: (M)Tumh.TKumvm. T.; Miura, S. Kobaysshi, M.;
Ishimoto, S. Tetrahedron 1m.32.1713-ma
”(g;_xum..u Weiss, G.; Nakanishi, K. J. Am. Chem. Soc. 1973,
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resolved by a least one of the enzymes. Thus, screening
a substrate with a large group as one of the substituents
at the stereocenter appears to be more reliable than
screening a substrate having substituents of similar size
at the stereocenter.

The major disadvantage of thia rule is that it does not
account for subtleties in the selectivities of these enzymes.
For example, it does not rationalize why oniy PCL and not
the other two enzymes showed increased enantioselectivity
for the tert-butyl ester of lactyl acetate as compared to the
methyl ester. The rule also does not predict the effect of
additional stereocenters, for example, the cis va trans or-
iented bromine at C, of 66. The sensitivity of PCL to this
orientation rendered this enzyme unsuitable for the
preparation of 70, whereas the other two enzymes which
were not sensitive to this orientation were suitable.

In spite of this disadvantage, a general rule such as that
proposed in Figure 1 may be the most reasonable way to
describe the active site of these enzymes. Structural data
suggests that large conformational changes are required
before the substrate can bind to the active site in pan-
creatic lipase and lipase from Mucor meihei Due to this
flexibility it may never be posaible to define an exact size
and shape for the substrate binding region of lipases be-
cause this region may change for each substrate. Con-
sistent with this notion are reporta that the enantioselec-
tivity and conformation of CRL change upon treatment
with bile salt and organic solvent® or with dextrome-
thorphan.”?

A second reason to use a general rule is that these en-
zymes may not be homogeneous. Sequencing of the gene
for CRL showed several nonidentical DNA sequences
which code for this enzyme,®® thus it is likely that the
commercial enzymes are a mixture of isozymes. The en-
antioselectivities of isozymes of PLE were similar, but not
identical;® a similar situation may hold for the isozymes
of CRL. This heterogeneity may frustrate attempts to
precisely define the size and shape of the active site, thus
a general rule may be the most accurate way of describing
the commercial catalyst.

A third reason for using rules and models is that even
when the X-ray crystai structure of an enzyme is known,
models are often used to predict enantioselectivity because
they are simpier to use. For example, a high resolution
X-ray crystal structure has been determined for alcohol
dehydrogenase from horse liver, yet a cubic space model
is usually used to predict its enantioselectivity.® Further,
it remains difficult to predict which binding interactions
are most important in an enzyme-substrate compiex, thus
it may remain difficuit to predict enantioselectivity for an
untested substrate even when the X-ray crystal structure
is known. For example, the origin of the high selectivity
for transfer of the pro-4S hydrogen of NADH catalyzed
by lactate dehydrogenase (>10%1) is difficult to explain
from the known crystal structure.’X These rules and
models may be used, along with X-ray crystal structures
and molecular modeling, to determine which interactions
are most important in determining the enantioselectivity
of these enzymes.

(38) Wu, S.-H.; Guo, Z-W.; Sth, C. J. J. Am. Chem. Soc. 1999, 112,
1990-1986.

(37)600.2.-91 Sih, C. J. J. Am. Chem. Soc. 1989, 111, 6836-6B41.
Y.; Honda, H.; Taniguchi-Morimurs, J.; Iwasaki, S.
Natm 1989, 3‘1.1“'[06.
{39) Lam, L P. K.,an.C.M..DoJ-o.B“LmL.TmBJ
Jones, J. B. J. Am. Chem. Soc. 1988, 110, 4409-4411.
(40) Jones, J. B.thne.l.l Can..l Chem. 1982, 60, 19-28.
. (41) LlRllu. .; Anderson, V. B J. Biol. Chem. 1989, 264,
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Experimental Section

General. Cholesterol estarase (bovine, 0.2 units/mg solid with
0.1 M cholesterol acetate in ethy| ether as substrate) was purchased
from Genzyme Corp., Boaton, MA. Lipese from C. rugosa (L-1754,
0.2 units/mg solid using olive oil), porcine liver esterase (E-3128,
240 units/mg protein using ethyl butyrate), and acetyl cholin-
esterase (electric eel, C-3389, 28 units/mg solid with acetyl choline)
were purchased from Sigma Chemical Co., St. Louis, MO. Lipase
from P. cepacia (lipase P30, 0.06 units/mg solid using olive oil)
and lipase from M. meihei (lipase MAP-10, 0.05 units/mg solid
using olive oil) were purchased from Amano International Enzyme
Co., Troy, V1. Activated MnQ, (Aldrich) was heated at 120 °C
for 24 h before use. Zinc dust (60 g) was activated by stirring
for 1 min with 2% aqueous HCL. The dust was collected by
vacuum filtration and washed with 120 mL of the following: 1
x 2% HCI, 2 x 95% ethanol, 1 X anrhydrous ethyl ether. Ele-
mental analyses were done by Guelph Laboratories, ON.

Enzyme-Catalyzed Hydrolyses. A rapidly stirred suspension
of substrate (1 mmol) in phosphate buffer (10 mM, 10 mL)
containing enzyme (0.2-50 mg) was maintained at pH 7.0 by
automatic titration with NaOH (0.1 N) using a Radiometer RTS
822 pHstat. Crystalline substrates were first dissolved in ethyl
ether (10 mL). Sodium taurocholate (30 mg) was added to hy-
drolyses where CE was used as the catalyst. The rate of con-
sumption of sodium hydroxide over the first 5% of the reaction
was used to calculate the initial rates listed in Tables I, IV, and
V. The reaction was stopped after the consumption of base
indicated 20-50% conversion and the mixture was extracted four
times with ethyl acetate. The combined extracts were washed
with saturated aqueous sodium bicarbonate, water, and brine,
dried over magnesium sulfate, and concentrated. The starting
ester and alcohol were separated by flash chromatography, and
the enantiomeric purity was determined.

Determination of Enantiomeric Purity by Gas Chroma-
tography. Alcchol (4 uL), isopropyl isocyanate (300 L), and
dichloromethane (300 xL.) wezre heated at 100 °C for L5 hina
tightly sealed glass vial. The completeness of the reaction was
checked by TLC. Solvent and excess reagent were evaporated
in a stream of nitrogen, and the residue was diluted to 1 mL with
dichloromethane and analyzed by gas chromatography using an
XE-60-(S)-valine-(S)-a-phenylethylamide capillary column.

Determination of Enantiomeric Purity by 'H NMR. A
S-rog sample of the ester was dissolved in 0.5 mL of CDClyin an
NMR tube, and the ‘H NMR spectrum was obtained using &
Varian XL-200 NMR spectrometer. Solid tris((3-heptafluoro~
propylhydroxymethylene)-(+)-camphoratojeuropium(III), Eu-
(hfc)y, was added in four portions, and the spectra were obtained.
A total of more than 1.3 equiv of shift reagent was added to each
sample.

Acetyl Esters. Two to three equivalents of acetyl chloride
was added dropwise to a stirred solution of alcohol in pyridine.
Solid alcohols were dissolved in a mixture of ethyl ether and
pyridine. Acetylation was complete after 10 min to 2 h as shown
by TLC. The reaction mixture was washed twice with 10%
sodium bicarbonate and ance with water. [f only one layer formed
upon washing, the product was extracted into ether. The organic
layer was dried with magnesium sulfate and concentrated by
rotary evaporation. The esters were purified either by distillation
or by flash chromatography.

(%)-Lactyl acetats was prepared using a literature procedure,
but substituting toluene for benzene. A mixture of racemic lactic
acid (120 mL of 85% purity, 1.1 mal), giscial acetic acid (640 mL,
11.2 mol), taluene (80 mL), and concd sulfuric acid (0.40 mL) was
refluxed with the continuous removal of distillats with a Dean-
Stark trap until a 'H NMR spectra of the distillate showed that
no more water was present. Approximately 1 L of solution was
removed during 40 h; acetic acid (~600 mL) and toluene (~100
mL) wers periodically added to the reaction to replace what was
removed. The reaction mixture was neutralized with sodium
acetate (1.6 g) and distilled under vacuum yielding 36 g (5% ):
bp 35-37 *C (0.2 Torr) (lit.? bp 127 *C (11 Tarr)]; 'H NMR

l“(:.z)ﬁlnhlm-.&\l.,haal..l H.; Fishar, C. H. J. Am. Chem. Soc.
(43) Windhoiz, M., Ed. The Merch Indez, 9th od., Merck & Co. Inc.;
Nuttley, 1976; p 10.
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(CDCly, 200 MH2) 6 10.6 (s, 1), 5.10 (q, 1, J = 7.1 Hz), 2.14 (s,
3), 1.53(d, 3, J/ = 7.1 Ha).

(x)-Methyl Ester of Lactyl Acetate. A suspension of po-
tassium methoxide (3.8 g, 54 mmol) in dry ethyl ether (100 mL)
containing (+)-2-acetoxypropionyl chloride* (7.3 g, 50 mmol) was
stirred for 72 h. The reaction mixture was washed twice with
saturated sodium bicarbonate solution, the organic layer was
collected, and the aquecus phase was extracted with ether (2 x
200 mL). The combined organic lsyers were dried with anhydrous
magnesium suifate, concentrated by rotary evaporation, and
distilled, giving 1.8 g (22%): bp 60~64 °C (~4 Torr) [lit.* bp
64 °C'(9.8 Torr)]; 'H NMR (neat, 60 MHz) 4.8 (q, 1,/ = 7 Hz},
35(s, 3),1.8(s,3),12(d,3,J =7 H2).

(%)-tert-Butyl Ester of Lactyl Acetate. A two-phase
mixture of (x)-lactyl acetate (66 g, 0.5 mol), liquified iscbutylene
(120 mL, 1.5 mol), ethyl ether (85 mL), and coned sulfuric acid
(4 mL) in a 500-mL pressure bottle was sealed with a rubber
stopper wired securely like the cork of a champagne bottle and
stirred for 7 h at room temperature until a single phase formed.
The bottle was chilled in an ice-salt water bath or dry ice-acetone
bath and opened, and the contents were slowly added to a sat-
urated phosphate buffer (300 mL. pH 7). The pH of the buffer
was maintained between 7 and 8 throughout the addition with
a concd sodium hyroxide solution. The combined ether extracts
were dried over anhydrous potassium carbonate and filtered into
a round-bottomed flask that had been washed with a sodium
hydroxide solution and rinsed with water to ensure the removal
of trace acid. The ether and excess isobutylene were evaporated
under vacuum and the resulting clear, slightly yellow oil vas
distilled giving 81 g (836%): bp 95100 °C (~1 Torr); 'H NIMR
(CDCly, 200 MHz) § 4.84 (q, 1, J = 7.1 Hz), 1.84 (s, 3), 1.21 (s,
9), L.18 (d, 3, J = 7.1 Hz); '3C NMR (CDCl,, 75.4 MHz) 5 169.4,
169.3 (C=Q), 81.0 (C(CHy)y), 68.5 (CH), 27.3 (C(CHy)y), 20.0
(CH,C==0), 16.3 (CH,CH).

(£)-tere-Butyl Ester of Lactyl Butyrate. Butyryi chioride
(244 mL, 2.36 mol) was added dropwise to stirred lactic acid (125
g of 85% purity, 1.18 mol). After addition was complete, the
mixture was stirred overnight at room temperature. A'HNMR
spectrum of the reaction mixture indicated no remaining lactic
acid. Excesa butyryl chloride and butyric acid were removed by
vacuum distillation leaving crude lactyl butyrate, 156 g (82%).
A portion of this material (125 g, 0.78 mol) was treated with
isobutylene (187 mL, 2.34 mol) as described above for the acetate
derivative. Distillation vielded 51 g (36%): bp 94 °C (~2 Torr);
'H NMR (CDCl,, 200 MHz) 5 4.95(q, 1./ = 7 H2), 235 (t, 2, J
=7 Hz),1.68(m, 2),1.45(s +d, 9+ 3),0.95(t, 3,/ = 7 Hz); 3C
NMR (CDCly, 75.4 MHz) 3 173.6, 170.7 (C=0), 82.2 (C(CH,)y),
€3.2 (CH), 38.1 (OC(0)CH,), 28.1 (C(CH,)y), 18.5 (OC(O)CH,CH,),
17.1 (CH,CH), 13.8 (CH,CH,CH,).

(R)-(+)-tert-Butyl Lactate. A suspension of racemic tert-
butyl ester of lactyl butyrate (50 g, 0.23 mol) in phosphate buffer
(400 mL, 0.1 M, pH 7.0) containing PCL (1.0 g) was stirred at
room temperature. The pH was maintained between 6.9 and 7.1
by automatic addition of NaOH (0.5 M). After 22 h, 215 mL of
base had been added, indicating 47% conversion. The suspension
was saturatad with sodium chloride and extracted with ethyi ether
{4 X 750 mL). The combined extracts were dried over magnesium
sulfate and concentrated by rotary evaporation to yield an oil,
42 g. Distillation yieided (R)-(+)-tert-butyl lactate, 6.4 g (38%
of theoretical yield): bp 51-54 *C (4 Torr). (lit.* bp 4547 °C
(9 Torr)]; oil which solidifies, mp 35-37.5 °C; [a|p = +7.98 (c 1.7
CH,Cly) [lit.*® [a]®; = +9.48 (neat, [ = 1)]; 'H NMR (CDCl, 200
MHz) 5 462 (q, 1. J=7Hz).2.9 (s, br), 1.49 (s, 9),1.38 (d. 3, J
= 7 Hz); 3C NMR (CDCl,, 75.4 MHz) § 175.8 (C=0), 82.8 (C-
(CH;),). 67.2 (CH), 28.2 (C(CHy)y), 20.7 (CH,CH); >98% ee by

'H NMR with Eu(hfc} on the acetyl derivative. The limit of
detection was determined by deliberate addition of racemic
ter;.butyi eater of lactyl scetate to the NMR tube.
-1,4-Diacetoxy-2-cyclohezene, 84, was prepared using
Blckvllhnmhnd"’mthtb-{dlomn(ehm.-. The scetic acid

(44) Mattocks, A. R. J. Chem. Scc. 1964, 1918-1330
ml(glﬂlhhu C. E; Dizon, M. B. J. Am. Chem. Soc. 1968, 72,
(48) Wood, C. E; Such, J. E; Scaef, . J. Chem. Soc. 1926, 1928-1838.

Kazlauskas et al.

solution was heated to dissolve the palladium diacetats, then
cooled prior to the addition of the other reagents. After the
reaction completed, the solution was filtered through Whatman
no. 41 paper on a Bichner funnel prior to extraction with pentane
to minimize the formation of an emulsion.

(%)-1a,4a-Diacetoxy-28,3a-dibromocyclohexane, 68. A
solution of 84 (5.0 g, 25 mmol) in CS, (120 mL) was cocled to ~78
°C in an acetone/dry ice bath and irradiated with a Phillips 150-W
reflector flood lamp placed 35 cm from the reaction mixture. A
solution of Br, in CS, (3.9 M, 8.8 mL, 34 mmol) was added to the
stirred reaction mixture in ane portion. After 50 min, TLC showed
the presence of a small amount of starting material; however,
longer reaction time did aot result in its disappearance. The
reaction mixture was diluted with cold chloroform (~20 °C, 700
mL) and subsequently washed with saturated aqueous Ne,SO,
(2 x 70 mL), water (70 mL), and brine (2 X 80 mL). The reaction
mixture must remain cold until after the first mhm( with
Ne;S0O,. The organic phase was dried over magnesium sulfate
and concentrated by rotary evaporation. Recrystallization (eth-
er/hexanes) yielded white crystals, 7.35 g (81%): mp 71.5~T2 °C;
R, = 0.3 (4:1 hezanes/ethyl acetate); 'H NMR (CDCl,, 200 MHz)
§5.32 (m, 1, H4), 5.01 (ddd, 1, H1), 4.36 (dd, 1, J;; = 9.0 Hz, Jy5
= 9.3 Hz, H2), 4.27 (dd, 1, Jy = 2.7 Hz, H3), 2.15 (s, 3, CHy),
211 (s, 3, CHy), 2.20~2.00 and 1.70~1.85 (2 m, 4, H5, H5’, H6, H6");
B3C NMR (CDCly, 75.4 MHz) § 169.7, 169.6 (C=0); 73.9, 70.7
(CHOAc), 54.1 (CHBr), 26.1, 25.3 (CHy), 210, 20.9 (CH); IR
(Nujol mull) 1751, 1731, 1257, 1231, 1024 am™;; MS (C1, NHy m/z
374 (M + NH,", 46); exact mass 373.96018 (C,,H,,Br,NO, requires
373.96026, 2 ppm error). Anal. Caled for CyoH, Br,O,: C, 33.55;
H, 3.94. Found: C, 33.14; H, 3.84.

(18)-(+)-la-Acetoxy-2a,33-dibromoe-4a-hydroxycycio-
hexane, (+)-67, and (18)-(-)-1a-Acetoxy-23,3a-dibromo-d4a-
bydroxycyclohexane, (-)-68. Lipase from C. rugosa (15 g) was
added to a stirred mixture of dibromo diacetate, (x)-68 (26 g, 73
mmol), aqueous phosphate buffer (260 mL, 0.1 M, pH 7.00), and
ethyl ether (10 mL). Aliquots of 3 0.5 M NaOH solution were
added as required to maintain the pH of the mixture between
6.95 and 7.05. After 3 days a total of 1 equiv (73 mmol) of base
had been added. The mixture was extracted with ethyi acetate
(4 X 750 mL), and the combined sxtracts were washed with
saturated aqueous sodium bicarbonate (600 mL), and brine (600
ml.). The organic phase was dried over magnesium sulfats and
concentratad by rotary evaporation. Recrystallization of the crude
residue from 115 mL of CH,Cl,/hexanes (36:65 v/v) yielded
cocrystailine diastereomers 67 and 68, 18.7 g (82%): mp 97-104
°C. A sample of the diastereomers was separated by flash
chromatography (4:1 hexanes/ethyl acetate). (+)-67: mp 125.5
°C; R, = 0.34 (3:2 hexanes/ethyl acetate); >97% ee by '"H NMR
with Eu(hfe)y; [a]p = +141° (¢ L.6, CH,Cly); 'H NMR (CDCly,
200 MHz) 3 5.31 (m, 1, H1), .29 (dd, 1, Jy5 = 10.8 Hz, Jy, = 8.4
Hz, H3), 4.19(dd, 1, J\; = 2.6 Hz, H2), 3.79 (m, 1, H4}, 2.68 (br,
1, OH), 2.15 (s, 3, OAc), 1.97-2.17 (m, 2, H5, H6), 1.65-1.88 (m,
2, H5" and H6"; “C NMR (CDCly, 75.4 MHz) § 169.6 (C=0), 744
(COAc), 71.6 (COH), 63.0 (CHBrCHOH), 54.6 (CHBrCHOAc),
27.0, 26.6 (CHy), 20.9 (CHy); IR (Nujoi mull) 3409 (br), 1728, 1260,
1072 cmt. Anal Calcd for CeH2Br,Ox C, 30.41; H, 3.83. Found:
C,30.03; H, 3.54. (-)}-68: mp 122 °C; R, = 0.48 (3:2 hexanes/ethyl
acetate); >97% ee by ‘H NMR with Eu(hfc)y; [ajp = ~125° (c
16, CH,Cly); ‘H NMR (CDCly, 200 MH2) 6 4.97 (ddd, 1, H1), 4.37
(dd, I, Jo3 = 10.1 Hz, /5 = 8.4 Hz, H2), 4.29 (dd, 1, Jy, = 2.0
Hz, H3), 4.15 (ddd, 1, H4), 2.45 (br, 1, OH), 2.07-2.22 (m, 1, HS),
211 (s, 3, OAc), 1.88-2.02 (m, 2, HE and H§'), 1.58~1.81 (m, 1,
H5; *C NMR (CDCly, 75.4 MHz) § 169.8 (C=0), 74.6 (COAc),
69.5 (COH), 61.6 (CHBrCOH), 54.8 (CHBrCOAc), 27.6, 4.8 (CHy),
21.0 (CHy; [R (Nujol mull) 3429 (be), 1717, 1257, 1034 em™. Anal.
Calcd for CoH3Br;04: C, 30.41; H, 3.83. Found: C, 30.29; H,
352

(18)-(~)-cis-1-Acstoxy-4-hydroxy-2-cyclobaxene, 69. Ac-
tivated zinc dust (31 g, 470 mmol) was added to a mixture of the
dibromides 67 and 68 (19.4 g, 61.4 mmol) dissolved in absclute
ethancl (300 mL). The suspension was heated and allowed to
reflux for 10 min. After cooling of the mixture in a cold water

(Cﬂﬂkkvnll.-i B.,Bylﬂ&n.S.E. Nordberg, R. E. J. Ory. Chem.
1984, 49, 4619483
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bath, pyridine (30 mL) was added. The mixture was filtared, and
the filtrata was concentrated by rotary evaporation. The residue
was dissolved in ethyl acetate (120 mL) and washed with saturated
aqueoaus sodium hicarbonate (2 X 120 mL) and brine (120 mL).
The ethyl acetate solution was dried over magnesium suifate and
concentrated by rotary evaporation, yielding a light yellow oil,
7.9g (82%).% Vacuum distillation gave 6.0 g (62%): bp 75-77
°C (0.08 Torr); R{ = (.26 (3:2 hexanes/ethyl acetate); (a]p = ~100°
(¢ 1.3, CH,Cl,); '"H NMR (CDC),, 200 MHz) 5 5.98 (dd, 1, J;; =
2.8 Hz, J,; = 10.1 Hz, H2), 5.80 (dd. 1, Jy, = 3.4 Hz, H3), 5.19
(m, 1, H1), 4.18 (m, 1, H4), 2.15 (br, 1, OH), 2.08 (s, 3, CHy).
1.70-1.96 (m, 4, H5, H5’, H6, H6"; “*C NMR (CDCl,, 75.4 MHz2)
§170.7 (C==0), 134.8, 127.8 (CH==CH), 67.2 (COAc), 65.3 (COH),
28.1 (CH,COAc), 24.9 (CH,COH), 21.2 (CHy); IR (neat) 3372 (br),
3415 (ber), 1736, 1245, 1037 cm™'; MS (CI, NHy m/z 174 (M +
NH,*, 63%); exact mass 174.11306 (CoH sNO, requires 174,11302,
0.2 ppm error).

(S)-(-)-4-Acetoxy-2-cyclohexen-1-one, (-)-70. Chromium
trioxide (16.3 g, 163 mmol) was added to a stirred solution of dry
pyridine (26.3 mL, 326 mmol) in dry methylene chloride (380 mL)
under nitrogen. After 30 min of atirring at room temperature,
the olefinic alcohol 69 (4.24 g, 27.1 mmol) in dry methylene
chloride (10 mL) was added to the dark reddish-brown solution.
A black tarry subatance precipitated after a few minutes. The
flask was stoppered with a drying tube, and the mixture was stirred
for 24 h. The methylene chlotide solution was decanted, and the
reaidue was extracted with alternating portions of ethyl ether and
saturated aqueous sodium bicarbonate (2 x 150 mL, 1 X 250 mL
each). All extracts were combined with the methylene chioride
solution and shaken. The aqueous phase was removed and ex-
tracted once with ethyl sther (1000 mL). The organic extracts
were washed with saturated aqueous sodium bicarbonate (4 x
250 mL}, 2% sulfuric acid (4 X 250 mL), saturated sodium bi-
carbonate (200 mL), and brine (2 X 200 mL). The resulting
organic phase was dried over magnesium suifate and concentrated
by rotary evaporation yielding an cil, 3.52 g (84%): R, = 0.41 (3:
2 hexanes/ethyi acetate); [a]p = -137° (c 1.8, CH,Cly); 'H NMR
(CDCly, 200 MHz) & 6.85 (ddd. 1, Jo5 = 10.3 Hz, Jy = 2.8 Hz,
Jys = -1.4 Hz, H3), 6.06 (ddd. 1, J,, = -1.9 Hz, Jo5 = 0.9 Hz,
H2), 5.57 (dddd, 1, /5 = 4.8 Hz, J, & = 8.7 Hz, H4), 2.28-2.70
and 1.99-2.19 (2 m, 3 + 1, H5, H5, H6, Hé"), 2.12 (s, 3, CHy); 13C
NMR (CDCl,, 75.4 MHz) § 197.7 (C==0), 170.2 (QCOCHy), 147.5
(CHCOAC), 130.8 (CHC=Q), 67.7 (COAc), 34.9 (CH,C=0), 28.6
(CH,COAc), 20.9 (CHy); IR (neat) 1741, 1686, 1372, 1236, 1037
em-l. MS (CI, NHy m/z 172 (M + NH,*, 100), 155 (M + H*,
10); exact mass 155.07075 (CgH,;0, requires 155.07082, 0.4 ppm
error).

Enantiomeric Purity of 70. Acetyicholinesterase (4 mg) was
added to a stirred suspension of acetoxy ketone 70 (322 mg, 2.09
mmol)} in aqueous pticaphate buffer (20 mL, 10 mM, pH 7.13).
The pH was maintained at 7.13 by automatic addition of NaOH
(0.10 N). After 27 h only 0.4 mmol of base had been consumed,
thus additional enzyme (CRL, 300 mg) was added. After an
additional 41 h a total of 2.1 mmol of base had been added. The
reaction mixture was extracted with ethyl acetate (3 X 150 mL),
and the combined extracts were washed with saturated aqueous
bicarbonate (20 mL), water (20 mL), and brine (2 X 20 mL). The

(ﬁ)m:uurmuwndlmoulmpohrimpuﬁ%hym.
This crude material can aiso be used for the next step without distillation.
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by rotaty evaporation yielding crude alcohol, 150 mg (64%): R,
= 0.07 (3:2 hexanes/ethyl acetats). This alcohol was treated with
Mosher's acid chioride using a standard procedure.® The re-
sulting ester was purified by column chromatography on silica
gel eluted with 3:1 hexanes/ethyl acetate; R, = 0.41 (3:2 hex-
anes/ethyl acetats). A racemic sample of 70 was also treated in
the same manner.

Absolute Configuration of 70. Acetyl cholinesterase (3.6 mg,
0.57 units) was added to a stirred mixture of acetoxy ketone 70
(300 mg, 1.96 mmol) and aqueous phosphate buffer (20 mL, 10
mM, pH 7). Aliquots of a 0.107 N NaOH solution were added
automatically to maintain the pH of the mixture at 7.01. Due
to the slow rate of the hydrolysis, a large amount (700 mg) of CRL
was added in three portiona over a period of 6 days. The reaction
was stopped at 93% conversion. The reaction mixture was ex-
tracted with ethyl acetate (3 X 200 mL). Each organic extract
was washed with saturated aqueous sodium bicarbonate (5 mL),
water (2 X 5 m[,), and brine (2 X 3 mL). The extracts were
combined. dried over magnesium sulfate, and concentrated by
rotary evaporation, yielding 169 mg (77%); R, = 0.07 (3:2 hex-
anes/ethyl acetate). Without further purification of the alechol,
the benzoate derivative was prepared. Benzoyl chloride (340 uL.
2.92 mmol) was added to a soiution of alcohol (164 mg 1.46 mmol)
in pyridine (3 mL, 37 mmol). The mixture was stirred at room
temperature for 70 min at which time TLC analysis showed no
remaining alcohol. The reaction mixture was added to a separ-
atory funnel containing 0.5 M H,SO, (74 mL) and ethyl ether (50
mL). After vigorous shaking, additional ethyl ether (150 mL) was
added. The aqueous phase was discarded, and the organic phase
was washed with saturated aqueous sodium bicarbonate (20 mL)
and brine (2 % 20 mL), dried over magnesium sulfate, and con-
centrated by rotary evaporation. Purification by flash chroma-
tography (85:15 hexanea/ethyl acetate) yielded the benzoate as
an oil, 184 mg (58%): R, = 0.46 (3:2 hexanes/ethyl acetate); (ap
= -197° (¢ 1.9, CH,Cly); ‘H NMR (CDCly, 200 MHz) & 7.41-8.09
(m. 5, aromatic), 6.98 (ddd, 1, Jo; = 10.3 Hz, J;, = 2.8 Hz, J,,
= -1.3 Hz, H3), 6.11 (ddd, 1, /5, = -1.9 Hz, J, 4 = -0.8 Hz2), 5.82
(m, 1, H4), 240-2.77 and 2.15-2.34 (2 m, 3 + 1, H5, HY, H8, H6%;
BC NMR (CDCly, 75.4 MH2) § 197.8 (C=0), 165.7 (OCOPh), 147.8
(CHCOBz), 133.4 (p-CH), 131.0 (CHC=Q), 129.7, 128.5 (0- and
m-CH), 129.5 (CCOOR), 68.2 (COBz), 35.0 (CH,C==0), 28.8
(CH,COBz); UV (CH,0H) 228 nm (¢ 14200 M"* cm"!), 271 am
(¢554 M cm™); [R (neat) 3050, 2960, 1722, 1683, 1452, 1270, 1113,
710 em™; MS (CI, NHy) m/z 217 (M + H*, 100); exact mass
217.08646 (C3H,,0, requires 217.08647, 0.0 ppm error). The CD
spectrum was obtained using a 4.4 X 10 M solution of the
benzoate in CH,OH in a 0.1-cm cell using a JASCO 500C spec-
tropolarimeter. A total of 10 scans were made from 250 to 185
am.

Acknowledgment. We thank Professor 0. A. Mamer
for the determination of high resolution mass spectra,
Professor S. J. Danishefsky for pointing out the potential
usefulness of 70, and NSERC and FCAR Québec for fi-
nancial support.

(49) Dale, J. A.; Dull, D. L.; Mosher. H. S. J. Org. Chem. 1969, 34,
%73-46253. Guivisdalsky, P. N.; Bittrman, R. J. Org. Chem. 1989, 54,



J. Org. Chem, 1998, 60, 6959—6969

Enantiopreference of Lipase from Pseudomonas cepacia toward
Primary Alcohols

Alexandra N. E. Weissfloch and Romas J. Kazlauskas®
Department of Chemistry, McGill University, 801 Sherbrocke St. W., Montréal, Québec H3A 2K6, Canada

Received May 12, 1995

We propose an empirical rule that predicts which enantiomer of a primary aicohol reacts faster in
reactions catalyzed by lipase from Pseudomonas cepacia (PCL). This rule, based on the size of the
substituents at the stereocenter, shows an 89% reliability (correct for 54 of 61 examples). This
rule is not reliable for primary alcohols that have an oxygen atom attached to the stereocenter; we
excluded these alcohols from the tally above. Surprisingly, the sense of enantiopreference of PCL
toward primary alcohols is opposite to its enantiopreference toward secondary aleohols. That is,
the OH of secondary alcohols and the CH,OH of primary alcohols point in opposite directions. We
suggest, however, that this opposite orientation does not imply a different position of the substituents
in the active site of the lipase. Instead, PCL accommodates the extra CH; in primary alcohols as
a kink between the stereocenter and the oxygen which allows a similar position of the alcohol
oxygen in both. We tried to increase the enantioselectivity of PCL toward primary alcchols by
increasing the difference in the size of the substituents but did not find a consistent increase in
enantioselectivity. We suggest that high enantioselectivity toward primary alcchols requires not
only a significant difference in the size of the substituents, but also control of the conformation

along the C(1)—C(2) bond.

Introduction

Organic chemists have embraced lipases and esterases
as enantioselective catalysts for synthetic applications
because they combine broad substrate specificity with
high enantioselectivity.! One current goal of organic
chemists is to map the specificity of these enzymes. This
mapping identifies both efficiently resolved substrates
and the structural features important for their enantio-
recognition, allowing chemista to more rationally design
resolutions.

Previous mapping of the specificity of lipase from
Pseudomonas cepacie® (PCL, Amano Lipase P) estab-
lished a simple rule that predicts its enantiopreference
toward secondary alcohols, Figure 1a.3¢ This rule
predicts which enantiomer reacts faster based on the
sizes of the substituents at the stereocenter. The same
rule holds for ten other hydrolases whose specificities
have been mapped: lipase from Candida rugosa,® lipase
from Pseudomonas sp.’ lipase from P. aeruginosa,’
Rhizomucor miehei? lipase from Arthrobacter sp.,!° por-
cine pancreatic lipase,!! pancreatic cholesterol esterase,’
Mucor esterase,'! cultures of Rhizopus nigricans,'? and
cultures of B. subtilus var. Niger."® This rule suggests

® Abstract published in Advance ACS Abstructs, September 15, 1995.

(1) lbwevr Faber, K. Biotransformations in Organic Chemistry, 2nd
ed; Springer-Verlag, New York, 1995,

(2) Amano Pharmaceuticals Co. sells several different types of lipase
from P. cepacig: lipase PS, lipase P, LPL-80, LPL-200S, and SAM-II.
All of these types come from the same microorganism but differ in the
purification method and the types of stabilizers used. Lipase P or PS
is the industrial grade which containa diatomaceous esrth, dextran,
and CaCl,. LPL-80 and LPL-200S are diagnostic grades that contain
glycine. SAM-1I differs from lipase P or PS anly in the purification
method. This udnnldbyﬂnhnndu:hcnmdhpcuhm
Pseudomonas fluorescens, SAM;

uplumn‘thmdzﬂmm.
(3) Kazlauskas, R. J.. Weissfloch, A. N. E.; Rappaport, A. T.; Cuccia,

L AJ . Chem. 1991, 56, 2656—2688.
(4) Xie, Z.-F.; Smunn.l(. Sakai, K Tetrahedron: Asymmatry
;l?g.s I.Tg- Review: Xie, 2.-F. Tetrubedron: Asymmetry 1991,

(5) Kim, M. J; Choi, Y. K. J. Org. Chem. 1992, 57, 1605-1607.
(6) Laumen, K. Ph.D. Thesis, BUGH-Wuppertal, 1967.

a wo b %
e €Y)

secondary aloohols  primary aicohols
{no O at stereccentern

‘ Figure 1. Empirical rules that summarize the enantiopref-

erence of P. cepacia lipase (PCL) toward chiral aleohols. (a)
Shape of the favored enantiomer of secondary alcshols. M rep-
resents a medium substituent, e.g. CH,, while L represents a
large substituent, e.g., Ph. (b) Shape of the favored enantiomer
of primary alcohols. This rule for primary alcohols is reliable
only when the stereocenter lacks an oxygen atom. Note that
PCL shows an opposite enantiopreference toward primary and
secondary alcohols.

that these hydrolases distinguish between enantiomers
based on the size of the substituents. Consistent with
this suggestion, researchers have increased the enanti.
oselectivity of lipase-catalyzed reactions of secondary
alcohols by increasing the difference in size of the two
substituents. 3314

Recent X-ray crystal structures of transition state
analogs bound to lipase from Candida rugosa showed
that this rule is a good description of the alcohol binding

(7) Amano lipase AK: Burgess, K. Jenmnn. L D. J. Am. Chem.
Soc. 1991, /13, 6129-6139; Amano lipase YS: Naemura, K Ida, H.;
Fukuda, B. Bull. Chem. Soc. Jpn. 1998, 66, '5§73-577. The Amano
lipase catalog suggests that both of these lipases come from the same
microorganism.

(8) Kim, M. J.; Cho, H. J. Chem. Soc., Chem. Commun. 1982, 1411~
1413.

(9) Roberts, S. M. Phil. Truns. R. Soc. Lond. B 1988, 324, 577

587.

(10) Umenura, T.; Hirchars, H. In Biocotalysis in Agricultural
Bi a » Whitaker, DéIR..Snnne;.1P E.aé‘sdn : American Chemical
Socisty: nhm;wn. 1989; pp 371~

(11) Janssen, A J. M., Kunder, A J. H.; Zwanenburg, B. Tetrohe-
dron 1991, 67, 7645-7682.

(12) Ziffer, H., Kawai, K, Kasai, M., Imuta, M_; Froussics, C. J. Org.
Chem. 1983, 48, 3017-3021.

(13) Mori, I'L.Akao H. Tetrohedron 1980, 36, 91-96.

l%lq‘g:tl.&l{. ; Kazlauskas, R. J. Tetrahedron: Asymmetry 1983,
4,8

0022.3263/95/1960-6959$09.00/0 © 1995 American Chemical Society
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pocket.'* This lipase contains a large hydrophobic bind-
ing pocket that binds the larger substituent of a second-
ary alcohol and a smaller pocket that binds the medium
substituent. Conserved structural elements create this
binding crevice, eapecially the pocket for the medium
substituent. For this reason, other lipases probably
contain similar alcohol binding sites.

Several groups have tried to extend this rule for
secondary alcohols to include primary alcohols, but these
efforts have been only partially successful. Naemura et
al. used a rule based on the size of the substituents to
account for the enantiopreference of lipase from Pseudomo-
nas sp. toward two primary aleohols,'® and Carrea et al.??
used a similar rule to account for the enantiopreference
of PCL toward nine primary alcohols. However, Xie et
al.'* proposed an enantiomeric rule for the enantiopref-
erence of PCL toward two primary alcohols without an
oxygen at the stereocenter and another rule based on two
primary alcohols with an oxygen at the stereocenter.'®
Researchers encountered similar difficulties with porcine
pancreatic lipase (PPL) and also proposed enantiomeric
rules.®

In this paper, we examine the reported enantiopref-
erence of PCL and propose an empirical rule that
summarizes its enantiopreference toward primary alco-
hols. Although the rule is opposite to the one for secon-
dary alcohols, we suggest that the large and medium
substituents adopt a similar position in both. We also
attempt, unsuccessfully, to increase the enantioselectivity
of PCL toward primary alcohols by increasing the dif-
ference in size of the two substituents at the stereocenter.

Results and Discussion

Enantiopreference of PCL toward Primary Al-
cohols. Following the suggestion of Xie et al.,'t we
divided the primary alcohols into those with an oxygen
at the stereocenter and those without an oxygen at the
stereocenter. Table 1 and Chart 1 summarize the
reported enantioselectivities of PCL toward primary
alcohols that lack an oxygen at the stereocenter. The
enantiomers shown in Chart 1 are those predicted to
react faster by the empirical rule in Figure 1b: the CH;-
OH points into the page and the larger substituent lies
on the right. The notation “(ent)” in Table 1 marks those
examples where PCL favored the enantiomer opposite to
the one predicted. This list includes only primary alco-
hols with a tertiary stereccenter, that is, R'IR2CHCH,
OH. The list further includes only reactions catalyzed
by PCL from Amano (P, P30, PS, LPL-80, LPL-200S) and
SAM.-2 from Fluka,? and only those substrates for which
the enantiomeric ratio,?! E, was >2. The list includes
esterifications and transesterifications of primary alco-
hols as well as hydrolyses of esters of primary alcahols.

(15) Cygler. M.: Grochuiski, P.; Kazlauskas, R J.; Schrag. J. D.;
Bouthillier, F.; Rubin, B_; Serregi, A. N.; Gupta, A. K J. Am_ Cham.
Soc. 1994, 116, 3180-3186.

(16) Naemurs, K_; Fukuda, R.; Tekahashi, N.; Konishi, M.; Hirose,
Y.: Tobe, Y. Tetrahedron: Asymmetry 1993, 4, 911-918,

(17) Carrea, G.; De Amici, M.; De Micheli, C.; Liverani, P.; Carnielli,
M.; Riva, S. Tetrahedron: Asymmetry 1993, 4, 1063-1072.

(18) Xie, Z-F.; Suemune, H.; Saksi, K Tetrahedron: Asymmetry
1993, ¢, 973-980. Earlier reports (see reference 4) from this group
indicate that PFL is Amano lipase P.

(19) Only two of the three examples supported this suggestion. The
ariginal reference (or the third example, structure 21 in reference 18,
indicated that PCL prefers the enantiomer opposite to the one drawn.
QOther researchers also noted difficulties in extendin t!a rule for

secondary alcohols to primary alcohois. Ferraboschi, P.; Casati, S.;
Degnnch.s Grisenti, P_; Santaniello, E. Biocatalysis llﬂ 10,279~

Weissfloch and Kazlauskas

The rule in Figure 1b predicts the absolute configura.
tion of the favored enantiomer for 49 out of 54 subatrates,
91% accuracy. We will discuss seven mare examples in
this paper, five of which follow the rule giving an
accuracy of 54 out of 61 or 83%. The examples include
acyclie, cyclic, and bicyclic alcohols with a wide range of
functional groups in the substituents. Approximately
30% of the substrates (16 of the 54} showed excellent
enantioselectivities of £ > 50. The five exceptions to the
empirical rule are 2-methyl-1,3-propanediol (structure 1
where R = CH;0H), two aziridines, structure 9, and two
cyclohexenone derivatives, structure 18. In spite of these
exceptions, the empirical rule is reliable for most primary
alcohols without an oxygen at the stereocenter. The rule
in Figure 1b is similar to the rule proposed by Xie et al.'®
for two primary alcohols. Although our rule is opposite
to the one suggested by Carrea et al.,'’ we excluded their
examples because they all contained an oxygen at the
stereocenter.

Table 2 and Chart 2 summarize the reported enanti-
oselectivities of PCL toward primary alcohols that have
an oxygen at the stereocenter. All structures show the
enantiomer predicted to react faster, while the notation
“(ent)” marks the exceptions in Table 2. The large
number of exceptions shows that the empirical rule is
not reliable for this group of substrates. The empirical
rule predicts the enantiopreference for only 10 of the 27
examples, corresponding to 37% accuracy which is similar
to that expected by chance. We excluded substrate 25
(R = CH;) from the tally because both substituents are
similar in size. Approximately 30% of the substrates (8
of 27) showed excellent enantioselectivities (£ > 50); all
of these are exceptions to the empirical rule. Thus, the
empirical rule in Figure 1b is not reliable when the
primary alcohols have an oxygen at the stereocenter. An
opposite rule would be slightly more reliable, but still
only a slight improvement over guessing.

A similar division of primary alcohols into two groups,
those with and without oxygens at the stereocenter, may
also resolve the dilemma of enantiomeric rules in the case
of PPL. Our preliminary survey found 41 examples of
PPL-catalyzed resolutions of primary alcohols without an
oxygen at the stereocenter. Twenty-geven examples fit
the rule in Figure 1b and four did not; we excluded ten
substrates because the sizes of the substituents were too
similar. Thus, the reliability was 27/31 or 87% for those
with substituents that differed in size. This degree of
reliability is similar to that for PCL. We also found 10
examples of PPL-catalyzed resolutions of primary alco-
hols which have an oxygen at the stereocenter. Three
examples fit the rule and six did not; we excluded one
substrate. Thus, as with PCL, the rule is not reliable
for primary alcohols that have an oxygen at the stereo-
center.

Do the Medium and Large Substituents of Pri.
mary and Secondary Alcohols Bind to the Same
Regions of PCL? We propose two hypotheses to explain
how PCL can have an opposite enantiopreference for
primary and secondary alcohols, Figure 2a. Hypothesis
1 proposes that the large and medium substituents of
primary alcohols bind in the same L and M pockets as

120) Ehrler, J.; Seebach, D. Liebigs Ann. Chem. 1090, 379-388;
Wimmer, Z. Tetrohedron 1992, 39, 8431 -8436. Hultin, P. G.; Jones,
J. B. Tetrohedron Letz. 1992, 33, 1399-~1402. Guanti, G.; Banfl, L.;
Narisanc, E. J. Org. Chem. 1982, 57, 1540—1554.

(21) Chen, C.-S.; Fujimot, Y.; Girdaukas. G.; Sih, C.J.J. Am. Chem.
Soc. 1982, 104, T2 -7299
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,Table 1. Enantiosclectivity of Lipase from Pseudomonas cepacia toward Primary Alcohols withoat an

Enantiopreference of PCL toward Primary Alcohols

Oxygen at the Stereocentert
structure RorAr E* ref structure Ror Ar E ref
1 CH:CH;CH, 59 ¢ [ CH#{CH1:CH, 7.3 ¢
1 CHACH2)2CH, 8.7 ¢ [ 2.4-Clz-CeH, ~10 s
H CH:CH;)CH, 5.7 ¢ 8 N-Chz-piperid-4-yl ~7 ¢
1 CH#CH3)CHy 99,>20 ed [ ] NHC(O)1-naphthyl ~25 3
1 CH,CH,CH(CH;}h 1 ¢ [ ] CH;CHI(OEt) >50 v
1 trans-CH,CH=CHCH, 13 ¢ [ ] (CHynCHMe(CH2)u-Pr 13 w
1 CH;CH=CHCH, 9.7 ¢ 7 3,4-0CH;0-CiH, >~50 z
1 CHiPh 20 e 7 3,4-(MeO)-CeHy >~50 x
1 CHx«2-thiophene) >24->50 f ? 3.4.5-(MeOn-CeHy 20 x
1 CH,CH,SPh 1 i 7 4-Ph-CeH, >~50 z
1 CH:CH,S0;Ph 21 é 7 Ph >30~>50 Jjxy
1 CH,0C(O)Pr ~28 h 7 1-naphthyl 13, >-~5%0 zy
1 NHC(O)0EL 8.6 i 8 11 z
1 CHOH 4 (ent) J ] C(O)OCH:Ph ~40 (ent) aa
1 CH:0Ac 2->50 k-m ® syl >~50Q (ent) aa
1 CH.CH:0H ~4 n 10 5 bd
1 CH,CH,OCH;Ph ~20 n 11 ~13 e
1 CH,0-TBDMS >50 m 12 >50 dd.ee
1 CH,0-TBDPS >50 km 13 ~4 dd
1 CH.OCHPh 12-35 m 14 ~3 r
1 CH,0C(0)Ph 9-36 m 18 14 a8
1 CH:CH(CH,)CH:0H > 50 J 16 4 hh
2 2->40 [} 17 >50 i
3 4MeO-CeH, 1.5-40 P 18 CH,3 14 (ent) u
4 Ph 33 q 18 CH;0CH, >50 (ent) i
s CH:0Ae ~16 r 19 >50 b
5 NHC(OOEL 8.9 i 20 ~2 kk

@ All reactions refer to the hydrolysis of the acetate ester in aqueous solution at room tempersture, using lipase from Pseudomonas
cepacia as defined in reference 2, uniess otherwise noted. When ancther ester was hydrolyzed, it is identified; when the alcohol was
esterified, the acylating reagent is identified. Only examples that give £ > 2 are listed. The structures are shown in Chart 1. ° E, the
enanticselectivity, is calculated as in reference 21, except in the case of asymmetric syntheses where it is the ratio of the preferred
enantiomer to the least preferred enantiomer. ¢ Vinyl acetate: Barth, S.; Effenberger, F. Tetrohedron: 1988, 4, 823-833.
“ Vinyl acetate, PFL (Fluka): Ferraboschi, P.; Grisenti, P. Manzocchi, A.; Santaniello, E. J. CAem. Soc., Perkin Trans. ! 1892, 1159—
1161. * Vinyl acetate: Delinck, D. L.; Margolin, A. L. Tetrahedron Lett. 1880, 31, 6797-6798. / Vinyl acetate: Nordin, O.: Hedenstrom,
E.; Hogberg, H. E. Tetrahedron: luymmeuy 1994, 5, 785-788. Bracher, F.; Papke, T. Tetrahedron: Asymmetry 1984, 5, 1653-1656.
¢ Vinyl acetate, PFL (Fluka): Ferraboschi, P.; Grisenti, P.; Manzocchi, A.; Snnum'ello. E.J. Org. Chem. 1990, 55, 6214~6216. * Butyrate:
Wirz, B.; Schmid, R.; Walther, W. Biocatalysis 1990, 3, 159—-167. ' Francalanci, F.; Cesti, P.; Cabri, W.; Bianchi, D.; Martinengo, T.; Foa,
M. J. Org. Chem. 1987, 52, 5079-5082. / Vinyl acetate: Tsuji. K.. Terao, Y.; Achiwa, K Tetrahedron Lett. 1880, 30, 6189-6192. ¢ Vinyl
acetate, PFL (Fluka)» Santaniello, E.. Ferraboschi, P.; Grisenti, P. Tetrahedron Lett. 1990, 31, 5657-5660. TBDPS = tert-butyldiphenylsilyl.
! Xie, Z.-F.; Suemune, H.; Sakai, K. Tetrahedron: Asymmetry 1993, 4, 973-380. = Vinyl acetate, PFL (Fluka): Grisenti, P.; Ferraboschi,
P.: Manzocchi, A.; Slnumello. E. Tetrahedron 1992, 48, 3827-3834. * Vinyl acetate, PFL (Fluka: Grisenti, P; Fernhud‘u P.; Casati,
S.; Santaniello, E. Tetrahedron: Asymmetry 1993, 4, 997~1006. ¢ Ethyl acetate: Bianchi, D.; Cesti, P.; Golini, P.; Spezia. §.; Fnhppun. L.;
vath C.; Mirenna, L. J. Agric. Food Chem. 1992, 40, 1989-1892. # Isopropeny| acetate: Ahh.H.Umuwl.l Nozawa, M.; Nagumo,
S. Tetrahedron: Asymmetry 1983, 4, 757~760. * [sopropenyl acetate: Akita, H.; Nozawa, M.; Umezawa, |; ngumo S. Biocatalyzis 1994,
9, 79-87. " Gaucher, A.; Ollivier, J.; Marguerite, J.; Paugam, R.; Salain, J. Can. J. Chem. 1901 72, 1312-1327. * Ethyl acetate: Bianchi,
D.; Cesti, P.; Spetia, S.; Garsvaglia, C.; Mirenna, L. J. Agric. Food Chem. 1991, 39, 197-201. ! PFL (Fluka): Guanti, G.; Banfi, L.; Bruseo,
S.. Narisano, E. Tetrchedron: Asymmetry 1984, 5, 537-540. * Viny! butyrate: Terradas. F.; Teston-Henry, M.; Fitzpatrick, P. A.; Klibanov,
A M. J Am. Chem. Soc. 1998, 115, 390-396. * Vinyl acetate: Ohsawa, K ; Shiozawa, T.; Achiwa, K; Terao, Y. Chem. Pharm. Bull. 1993,
41, 1906-1909. * Takabe, K; Sawada, H.; Satani, T.; Yamada, T.; Katagiri, T.; Yoda, H. Bicorg. Med. Chem. Letz. 1989, 3, 157-160.
# Vinyl acetate: Itoh, T.; Chika, J.; Takagi, Y.; Nishiyama, S. J. Org. Chem. 1998, 58, 5717—-5723. 7 Vinyl acetate: Atsuumi, S.; Nakano,
M.; Koike, Y.; Tanaka, S.; Ohkubo, M.; Yonezawa, T.; Funabashi, H.; Hashimoto, J.; Morishima, H. Tetrahedron Lett. 1980, 31, 1601~
1604. * Chloroacetate: Gucvel R quuem L. A. Tetrahedron: Asymmetry 1998, ¢, 947-956. * Transesterification with 1-butanol: Fyji,
K.; Kawabata, T.; Kiryu, Y.; Sugiura, Y.; Taga, T.; Miwa, Y. Tetrahedron Lett. 1980, 31, 6663—-6666. ® Viny! acetata: Burgess, K; Ho,
K-K J.Org. Chem. 1992, 57 §931-5936. = Harvey, 1.; Crout, D. H. G. Tetrahedron: Asymmetry 1988, 4, 807-812. % Tanaks M.; Yoshioka,
M.; Sakai. K Tetrahedron: Asymmaetry 1998, 4, 981-996. * PFL (Fluka): Mohar, B.; Stimac, A.; Robe, J. Tetrahedron: Asymmetry 1994,
S, 863-878.  PFL (Fluka): Mekrami, M.; Sicsic, S. Tetrahedron: 1m. J. 431-436. ® In phosphate buffer containing 20%
DMSOQ: Kawanami, Y.; Moriya, H.; Goto, Y. Chem. Lett. 1994, 1161-1162; vinyl acetate: Sibi, M. P.; Lu, J. Tetrahedron Lett. 1994, 35,
4915-4918. ** Sakano, K.; Yokohama, S.; Hayakaws, [; Atarashi, S.; Kadoys, S. Agric. Biol. Chem. 1887, 51, 1265-1270C. © Vinyl acetate:
Miyaoka, H.; Sagawa, S;; Inoue, T;. Nagaoks, H.; Yamada, Y. Chem. Pharm. Bull. 1984, 42, 405-407. 2 Patel, R. N_; Lin, M.; Banerjee,
A.; Szarka, L. J. Appl. Microbiol. Biotechnol. 1892, 37, 180~183. ¥ Vinyl acetate: Murata, M.; [koma, S.; Achiwa, K Chem. Pharm. Bull.
1990, 38, 2329-2331.

the substituents of secondary alcohols. The CH,OH
group must point to the back to place the oxygen in a
position similar to that for secondary alcohols. Thus, the
opposite enantiopreference for primary and secondary
aleohols would stem from accommodating the extra CH;
in primary alcohols as a kink between the O and the
stereocenter.

Hypothesis 2 proposes that the substituents of primary
and secondary alcohols bind to different regions of PCL.
In particular, both the large and medium substituenta
of primary alcobols bind in the L pocket, while a hy

drogen binds in the M pocket. According to this hypoth-
esis, PCL accommodates the added CH; in a primary
alcohol as a turn that places the stereocenter of primary
alcohols into the L pocket. Stereoselectivity within the
L pocket would determine the enantioselectivity of PCL
toward primary alcobols. Vanmiddlesworth and Sih®
proposed that stereoselectivity within the L pocket of a
reductase in yeast can influence the diastereoselectivity
of reduction reactions.

To distinguish between these two hypatheses, we
measured the sterecselectivity of the L pocket in PCL
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Chart 1. Structures for Table 1 and Figure 4
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and compared it to the enantioselectivity of PCL toward
primary alcohols, Figure 2b. Hypathesis 1 predicts no
relationship between the stereoselectivity of the L pocket
and the enantioselectivity of PCL toward primary alco-
hols. Hypothesis 2 predicts that the sterecselectivity
within the L pocket is the same as the-enantioselectivity
of PCL toward primary alcohols. As detailed below, we
found that the stereoselectivity of the L pocket of PCL
was significantly lower that the enantioselectivity of PCL
toward primary alcohols; thus, we favor hypothesis 1.

To measure the stereoselectivity of the L pocket in
PCL, we measured the sterecselectivity of PCL toward
acetates of 35a and 35b, Scheme 1. Binding these
secondary alcohols to PCL as suggested by the rule in
Figure 1a places the S-stereocenter into the L pocket.®
Thus, the stereoselectivity of PCL toward the S-stereo-
center of 35a and 35b corresponds to the sterecselectivity
of the L pocket.

Scheme 1 summarizes the experimental resulta for the
PCL-catalyzed hydrolysis of the acetate esters of 35a and
85b. We prepared alcohols 35a and 35b and their
acetates as mixtures of diastereomers following literature
procedures. After hydrolysis, we determined the relative
amounts of each isomer using gas chromatography of the
(S)-acetyl lactic acid derivatives for 35a and of the free
alcohols for 35b. To identify the diastereomers, we
prepared authentic samples of pure erythro-35a, and
threo-35b using literature procedures. We confirmed this
assignment for 35b by comparing the 'H-NMR spectrum
of the mixture to the 'H-NMR of a known (4:1) mixture
of erythro- and threo-35b.

(22} Vanmiddlesworth, F.; Sih, C. J. Biocatalysis 1987, 1, 117-127;
;ozes;l?zgmh.w R.; Sih, C. J. Tetrchedron: Amnmmylm.l.

(23) Our earlier survey (reference 3) showsd that this rule shows a
98% reliability (63 of 64 substrates) for PCL-catalyzed reactions of
secondary alcohols.

(24) Gammill, R. B.; Nash, 8. A.; Bell, L. T.; Watt, W.; Mizsak, S.
A.; Scahill, T. A_; Sobieray, D. Tetrahedron Lett. 1990, 31, 5303-53086.
We thank Dr. Gammill ornndm;u:wpyufhu‘ﬂ-Mm
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The absolute configurations of the preferred erythro.
and threo-38a were (2R,3R) and (2R,3S), respectively,
based on the negative rotations of the tosyl derivatives,
The preferred enantiomer of threo-36b was (2R,35), as
determined by chemical correlation to the ketone deriva-
tive, (3S)>-3-methyl-4-phenyl-2-butanone. The rule for
secondary alcohols, Figure la, predicted the favored
configuration at the secondary alcchol for all three of
these substrates.® On this basis, we assigned the
(2R,3R) configuration to the favored enantiomer for
erythro-35b.

To calculate the a- and f-selectivities, the stereoselec-
tivities at the a and § stereocenters, we used the
approach developed by Sih to measure the enantioselec.
tivity of an enzyme.® Equation 1 relates the selectivity
of the enzyme to experimentally measured quantities: A,
and B, are the initial amounts of each isomer in the
starting material and A and B are the amounts remain-
ing after hydrolysis.

. _In(A/A)
selectivity = {1 B/B,)
We calculated the a-selectivity either from the relative
amounts of the (2R,38S) and (28,35) isomers, a > 32 for
35a, a > 68 for 35b, or from the relative amounts of the
(2R,3R) and (2S,3R) isomers, a >100 for 35a, a > 55 for
36b. The a-selectivity was high for each pair of isomers,
and the favored enantiomer was the one predicted by the
secondary alcohol rule. These results suggest that the
35a-acetate and the 35b-acetate bound to PCL in the
same manner as other secondary aleohols and that the
p-stereocenters bound in the L pocket.

We calculated the S-selectivity from the selectivity
between the favored 2R isomers, (2R,3S) and (2R,3R),
to be 8 = 1.4 for 35a and § = 1.8 for 35b. We did not
calculate the S-selectivity from the pair of minor isomers
because these “incorrect” secondary alcohols may bind
to PCL in a manner that does not place the S-stereocenter
in the L pocket.

To interpret these results, we also measured the
enantioselectivity of PCL toward the corresponding sec-
ondary alcohols 36a and 38b, and the corresponding
primary alcohols 37a and 37b (37b is the same as 1
where R = CH;Ph, Table 1), Table 3. As expected, PCL
favared the (R)>enantiomer of secondary alcohols 38a and
36b with high selectivity, E = 54 and 80, respectively.
Also as expected, PCL favored the (S)enantiomer of
primary alcohols 37a and 37b. The enantioselectivity
was low toward 37a, E = 2.3, and moderate toward 37b,
E = 16. These enantioselectivities are consistent with
those measured previously by others for the correspond-
ing esterification reaction, £ = 1.3 for 37a® and E = 20
for 37b (Table 1, structure 1 where R = CH;Ph).

A summary of these selectivities, Figure 2¢, shows a
low selectivity in the L pocket of PCL (1.4 and 1.8),%

(D

(25) According to this approach, the relative rate of reaction of two
eompeting substrates, vy/vy, depends on the concentration of the two
substrates, A and B, and on the ratio of the specificity constants,V/K,
for the two substratas. The ratio of the specificity coastants measures
the inharent selectivity of the enzyme for a pair of competing
mbmtnilnmuondlhequmyxddnq 1 in the text. See

'A A/K AL (AI
* Vs "

mmnmmn Cesti, P Battiswl, E. J. Org. Chem. 1988, 53,
l_.



Enantiopreference of PCL toward Primary Alcohols dJ. Org. Chem., Vol. 60, No. 21, 1995 6963

Table 2. Enantioselectivity of Lipsse from Preudomonas cepacia toward Primary Alcohols with sn Oxygen at the

Stereocenter®

structure Ror Ar e ref structure RorAr EY ref
21 CH; ~6 (ent) c 27 CH(CHax 31->50 (ent) im
21 CH.CH, ~20 (ent) ¢ 28 Br 6—>50 (ent) r-p
n CH;Ph ~20-28 (ent) cd 28 OCH; 14 (ent) 0
2 >50 (ent) e 28 OCH,Ph 4 (ent) °
23 4 ! 28 CH.0H 8 (ent) o
U 15 8 29 CH, 3 ap
25 CH, 4-9 h~j 29 Ph 41 (ent) 9.p
25 CH.CH;, 2-6 i 30 1-{5-fluarocytosine) 12 q
25 Ph 3-8 i—k 31 ~50 (ent) r
25 ~(CHg)s~ 3 j 33 Ph 5->50 (ent) '
28 CH(CH3) 23 i 32 4-OMe-CeH, 21->50 (ent) ]
25 CH;Ph 9 i 33 H 8~16 (ent) tu
28 >50 (ent) l 3 OCH;, 28 (ent) 3
27 C(CHih >50 {(ent) m M4 3tent) o

¢ All reactions refer to the hydrolysis of the acetste ester in aqueous solution at room temperature, using lipase from Pseudomonas
cepacia as defined in reference 2, unless otherwise noted. When another ester was hydrolyzed, it is identified; when the alcohol was
esterified, the acylating reagent is identified. Only examples that give E > 2 are listed. The structures are shown in Chart 2. ¥ E, the
enantioselectivity, is calculated as in reference 21, except in the case of meso compounds where it is the ratia of the favored to unfavored
enantiomers. © Vinyl acetate or phenyl acetate: Terao, Y.; Murata, M.; Achiwa, K.; Nishio, T.; Akamtsu, M.; Kamimura, M. Tetrohedron
Letz. 1988, 29, 5173-6176; vinyl acetate: Murata, M.; Terso. Y.; Achiwa, K.; Nishio, T.; Seto, K Chem. Pharm. Bull. 1988, 37, 2670~
2672. ¢ Breitgoff, D.; Laumen, K_; Schneider, M. P. J. Chem. Soc., Chem. Commun. 1988, 1523~1524; vinyl stearate: Baba, N.; Yoneda,
K.; Tahars, S.; Iwasa, J.; Kaneko, T.; Matsuo, M. J. Chem. Soc., Chem. Commun. 1880, 1281 -1282; vinyl stearate: Baba, N.; Tahars, S.;
Yoneds, K ; Iwasa, J. Chem. Express 1081, 6, 423-426; Wirz, B.; Schmid, R.; Foricher, J. Tetrohedron: Asymmetry 1892, 3, 137-142.
¢ Transesterification with 1-propanol as nucleophile: Bianchi, D.; Bosetti, A.; Cesti, P.; Golini, P. Tetrahedron Lett. 1892, 33, 3231-3234.
! Vinyl acetate: Theil, F.; Weidner, J.; Ballschuh, S.; Kunath, A.; Schick, H. J. Org. Chem. 1994, 59, 388-393. # Pallavicini, M.; Valoti,
E.; Villa, L.; Piccolo, O. J. Org. Chem. 1984, 59, 1751-1754. * Benzoate hydrolysis in 25% DMSO: Bosetti, A.; Bianchi, D.; Cesti, P.;
Golini, P. Biocatalysis 1994, 9, 71~77. * Suceinic anhydride: Terao, Y.; Tsyji, K.; Murata, M.; Achiwa, K ; Nishio, T.; Watanabe, N.; Seto,
K. Chem. Pharm. Bull. 1988, 37, 1653—1655. ’ Butanoate: Partali, V.; Melbye, A. G.; Alvik, T.; Anthonsen, T. Tetrahedron: Asymmetry
1892, 3, 65—-172. * Bellemare, M.l.; Kazlauskas, R. J., unpublished results. ! In a water/isopropyl ether amulsion: Gais, H.<J.; Hemmerle,
H.; Kossek, S. Synthesis 1992, 169-173. ® Acetic anhydride: Bianchi, D.; Ceati, P.; Battistel, E. J. Org. Chem. 1888, 53, 5531-5534.
* Trifluoroethyl butanoate: Secundo, F.; Riva, S.; Carrea, G. Tetrahedron: Asymmetry 1992, 3, 267-280. * Butyrate: Carrea, G.; De
Amici, M.; De Micheli, C.; Liverani, P.; Carnielli, M.; Riva, S. Tetrakedron: Asymmetry 1993, 4, 1060~1072. » Butyrate: De Amici, M.;
Magri, P.; De Micheli, C.; Cateni, F.; Bovara, R.; Carrea, G.; Riva, S.; Cassione, G. J. Org. Chem. 1882, 57, 2825-2829. ¢ Butyrate:
Hoong, L. K.; Strange, L. E,; Liotta, D. C.; Koszalka, G. W.; Burns, C. L.; Schinazi, R. F. J. Org. Chem. 1983, 57,5563-55635. * Xie, Z.-F.;
Suemune, H.; Sakai, K. Tetrahedron: Asymmetry 1983, 4, 973-980. * Viny! acetate: Herradén, B. Tetrahedron: Asymmetry 1992, 3,
209-212; J. Org. Chem. 1994, 589, 2891 ~2893; Herradén, B.: Valverde, S. Tetrahedron: Asymmaetry 1984, 5, 1479~1500. ¢ Acetic anhydride:
Ennis. M. D.; Old, D. W. Tetrahedron Lett. 1993, 33, 6283-6286. These authors aiso resolved a similar compound, flesinoxan, but its
absolute configuration was tentatively assigned: Tetrohedron Lett. 1993, 33, 6287-6290. * Vinyl acetate: Mauleén, D.; Lobato, C.;
ico, G. J. Heterocycl. Cher. 1894, 31, 57-59. * Tsukube, H.; Betchaku, A.; Hiyama, Y.; Itoh, T. J. Chem. Soc., Chem. Commun.

1993, 1751-1752; J. Org. Chem. 1984, 59, 7014~-7018. We chose the enantiomer shown because a CH; is larger than an oxygen.

Chart 2. Structures for Table 2 and Figure ¢
HO_ MO Ph HO_

% N°
i i |
2 2 3

in the large pocket and therefore yield an incorrect
measure of the selectivity of the L pocket. With this
caution in mind, our results nevertheless favor hypoth-
esis 1. Thus, we propose that the medium and large
substituent of primary alcohols bind in the same M and
L pockets as the substituents of a secondary alcohol. The

HO
3 i i CHi-kink between the stereocenter and the azygen
o (o AT causes the reverse orientation of the OH and the CH-
OH in Figure 1.
%

Oph znhr 2R 2R
HO MO HO HO
] i
0 0 0 oY
- ’r o)"w 0 "{ o
O B 2 Y Lo/ %

while the enantioselectivity toward primary alcohols can
be either low or moderste (2.3 and 16). This different
selectivity is inconsistent with hypothesis 2 and thus
favors hypothesis 1. However, we caution that the
addition of a methyl group at the a carbon may inhibit
optimal binding of the “primary alcohol partion® with-

Further support for the notion that PCL accommo-
dates the extra CH; of primary alcohols as a kink comes
from an overlay of models of primary and secondary
alcohols, Figure 3. We overlaid minimized structures of
the fast- and slow-reacting enantiomers of a primary
alcohol acetate, (S) and (R)-2-methyl-3-phenyipropyl
acetate, onto the fast-reacting enantiomer of the corre-
sponding secondary alcohol acetate, (R)-2-acetoxy-1-
phenylpropane. In spite of their opposite configura-
tions, the fast-reacting enantiomers overlay more closely
at the reaction center, eapecially at the alcohol oxygen
and at the carbonyl group of the ester. This overlay
supports the notion that the medium and large substit-
uents of both primary and secondary alcohols can bind

(27} Barco ¢ al. found that the PCL-catalyzed scetylstion of the

aleohal (R):-N-benzoyl-3-phenylisoserine methyl aster showed

high selectivity for the anti isomer (Bareo, A.; Benetti, S.; Derisi, C.;

Pollini, G. P.; Romagnoli, R.; Zanirato, V. Tetrghedron Lets. 1964,

9289-9292). This diastareoselectivity shows that, in some cases,

can show high J-selectivity. Nﬁuzlhn. the 4 -selectivity for
simpler structures such as 38a and 36b is low.

gle
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Hi
HO
Ol ®
L
Hypothesis 1 Hypothesis 2
CH, sdds a kink stereccenier binds
in the L pocket
b B-selactivity
OH OH HO
L L L
a-selectivity
c /OHH OH OH
Ph Ph Ph
38e 3Sa 7
E=54 a-seleciviy>32 E=23
B-selectivity = 1.4
OH OH OH

¢

36b Ph 5> Ph 14 ] Ph
€=80 a-selectvily>55 €18
B-selectivity = 1.8

Figure 2. Orientation of the medium and large substituents
of primary alcohols in the active site of PCL. (a) Two possible
orientations of the medium and large substituents can account
for the opposite enantiopreference of PCL toward primary snd
secondary alcohols. In hypothesis 1, PCL sccommodates the
extra CH; group in primary aleohols as a kink between the
stereocenter and the oxygen. The CH: group points into the
plane of the paper to place the axygen in a position similar to
that in secondary alcohols. In hypothesis 2, PCL accommodates
the extra CH; group in primary alcohols as a turn that places
both the medium and large substituents into the L pocket.
According to this hypothesis, enantiogelectivity toward pri-
mary alcohols comes from details within the L pocket. (b)
Measuring the stereoselectivity of the L pocket using a
substrate with two stereocenters. Hypothesis 2 predicts that
stereoselectivity within the L pocket (3-selectivity) will be
similar to the enantioselectivity of PCL toward the corre-
sponding primary aicohol. Hypothesis 1 predicts no relation-
thip between the two selectivities. (¢) For two exampies, the
stereoselectivity within the L pockst was lower than the
enantioselectivity for the corresponding primary alcohols.
These experimental resuits favor hypothesis 1. Experimental
data for the selectivities are in Scheme 1 and Table 3.

in the same M and L pockets, yet show oppasite enan-
tiopreference. Other researchers have alse noted a
reversal in enantiopreference when a CH; group is
inserted between the stereocenter and the axygen of other
alcohols. For example, the enantiopreference of the
Katsuki—-Sharpless epoxidation reverses for allylic and
homoallylic alcohols.®

This explanation is also consistent with the structure
of the active site of lipases and their likely mechanism.
Researchers belisve that the histidine of the catalytic
triad protonates the oxygen of the leaving alcohal.!* For
this reason the alcohol oxygen must adopt a similar
position in both structures. Furthermore, modeling

37{231 Roasiter, B. E.; Sharpless. K B.J. Ory. Chem. 1984, 49, 3707~
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Scheme 1
OAs OH QH ow oM
P, Ap. A A A
PR B%coav gy Ph M /\m
(a}1: 1 orythronree  (RLSF3Sa (S.5)-35a (RAMSa (SAMISe

a>32 a>100
frmr—— [r——
54.1% 1.8% Qs 024%
—— ]

fxtd
OAc PeL OH QH o ] QH
— s . ot e At
)T 12% conv A{ A[
Ph @ Ph /TPN Pn /\LPH
(2)-1: 1.45 erythrothreo (R,S)}35b (S.5)-35b (R.RMISD (S.R)-35b
a >68 a>55
fr——— [r———
NI1% <08% A9% 0%
— )
p=18

suggests that the CH;0H of a primary alcohol would
disrupt the orientation of the catalytic histidine if it
pointed in the same direction as the OH of a secondary
alcohol.

Increasing Enantioselectivity by Increasing the Size of
the Large Substituent. The empirical rule suggests that
PCL uses the sizes of the substituents to-distinguish
between enantiomers. Researchers might enhance enan-
tioselectivity by increasing the difference in size of the
substituents. Indeed, this strategy was successful for
secondary aicohols.3%1¢ However, we demonstrate below
that this strategy was rarely successful for primary
alcohols.

The first group are primary alcohols without an oxygen
at the stereocenter, Figure 4a and Table 3. The first
example, 37a vs 38, showed reversed enantioselectivity
when we increase the size of the large substituent. PCL-
catalyzed hydrolysis of the acetate ester of 37a, 2-phe-
nylpropyl acetate (L = Ph, M = CH,), showed low
enantioselectivity, E = 2.3, favoring the enantiomer
predicted by the empirical rule. Replacing the phenyl
with the larger naphthyl group in 38 increased the
enantioselectivity to £ = 10, but also reversed the
enantiopreference. Taking into account the reversal, the
enantioselectivity decreased by a factor of 23.

The next exampie showed a slight decrease in epan-
tioselectivity when we increased the size of the large
substituent. PCL-catalyzed hydrolymis of the acetate
ester of 39 showed an enantioselectivity of 9. Replacing
the acety! protective group with the larger phthalimido
group (compound 40) decreased the enantioselectivity by
a factor of 1.3 to £ = 7. For both 39 and 40, PCL favored
the enantiomer predicted by the empirical rule.

The third example showed a modest increase in enan-
tioselectivity when we increased the size of one substitu-
ent. PCL-catalyzed hydrolysis of racemic cis-1-acetoxym-
ethyl-2-(hydroxymethyl)cyclohexane, 41-acetate, showed
low enantioselectivity, E = 1.4, in favor of the (1R ,2S)-
enantiomer of the subsetrate, which is cpposite to the
one predicted by the empirical rule. Increasing the size
of the CH;OH substituent to CH;OAz (42-acetate) or
CH,0Bz (43-acetate) increased the enantioselectivity to
E =2 and E = 24. The favored enantiomer for the
products, cis-1-(acetoxymethyl)-2-(hydroxymethyl)cyclo-
hexane and cis-1-{(benzoyloxy)methyi}-2-(hydroxymeth-
ylcyclobexane, was (1R,2S), as predicted by the empirical
rule. Taking into account the reversal, the enantiose-
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Table 3. Hydrolysis of Acetates of Primary and
Secondary Alcohols Catalyzed by Lipase from

Pieudomonas cepacia
% ee abs config
structure % conv  {product-OH)  (product-OH) E
36a R 54
36b k) 96b Re 80
37 14 38 5 23
Ty “ 19 S 16
8 40 T14 R 10
39 47 604 (SMY S (SM» 9
40 43 63 Re 7
41 49 124 (SMy 1S.2R (SM»r 1.4
42 46 34 LR,28* 2.0
43 41 234(SMy 1R.2S (SMy 2.4
4“ 85 847 nd" 12

¢ Bianchi, D.; Cesti, P.; Batustel, E. J. Org. Chem. 1988, 53,
5531-5534. Nishio, T., Kamimura, M.; Murata, M.; Terao, Y.
Achiwa, K J. Biochem. Tokyo 1989, 105, 510-512: Esterification
with acetic anhydride in organic solvent. * Determined by GC of
the (S)acetyl lactate derivative using a OV-1701 column. ¢ [a]p
= —17.8 (1.8, CHCl;) (lit. (RM—) Hayashi, T.; Okamoto, Y,;
Kabeta, K ; Hagihara, T.; Kumada, M. J. Org. Chem. 1884, 49,
4224-4226). ¥ Determined by GC using a Chiraldex G-TA column.
*(ajp = -10.4 (neat) (lit. (RM(~) and (SH+). Bianchi, D; Cesti,
P.; Battistel, E. J. Org. Chem. 1988, 53, 5531-5834. Bernstein,
H.; Whitemore, C. J. Am. Chem. Soc. 1939, 61, 1326). / Determined
by GC of the triftuoroacetate derivative using a Chiraldex G-TA
column. # The product from the PCL-catalyzed esterification of 37a
was identified a3 the (S)-enantiomer (Delinck, D. L.; Margolin, A
L. Tetrohedron Letz. 1980, 31, 6797—-6798). * Determined by HPLC
using a Chiraleel OD column. '{alp = -12.1 (0.43, CeHy), [alp =
~19.1 (0.43, CHCly) (lit. (R){-): Menicagli, R.; Piccolo, O,
Lardiesi, L.; Wis, M. L. Tetrahedron 1079, 35, 1301~1306. Sonnet,
P. E; Heath, R R. J. Chromatogr. 1088, 321, 127-136)./ Deter-
mined for the unreacted acetyl ester. ! Determined by compari-
son of the gas chromatogram (Chiraldex G-TA) of the unreacted
acetyl ester with that of the acetyl ester of (S(+)-38 obtained
from authentic (S)(+)-2-amino-1-butancl. / Determined by 'H
NMR of the acetyl ester derivative in the presence of {+)-Eu(hfc)h.
= Determined by comparison of the 'H NMR spectrum (in the
presence of (++Eu(hfcly) of the acetyl ester of the product with
that of the actyl ester of (S)(+)40 obtained from authentic (S)
(++2-aminec-1-butancl. * Detarmined by comparison of the gas
chromatogram (Chiraldex G-TA) of the unreacted acety! ester with
that of monoacetate 42 obtained from the PCL-catalyzed hydroly-
sis of the diacetate. * [alp = —9.04 (3.54, CHCly) (lit. (1R, 28~}
Alder, U.; Breitgoff, D.; Klein, P.; Laumen, K E.; Schneider, M.
P. Tetrahedron Lett. 1988, 30, 1793~-1796. Laumen, K; Schneider,
M. Terahedron Lett. 1888, 26, 2073-2076). » Determined by
comparison of the !H NMR spectrum (in the presence of (+)
Euthfchy) of cis<{1R,25)-1-(acetoxymethyl)-2-{(benzoyioxymeth-
ylleyclohexane, obtained by benzoylation of monoscetate (1R.2S)-
42, to the spectrum of the remaining starting material. The
preferved product is therefore cis-(1R 28)-1.{(benzoyloxy)meth-
y1}2<(hydroxymethyllcyclohexane. ¢ Determined by 'H NMR
of the Mosher ester. " The absolute configuration was not deter-

lectivity increased by modest factors of 2.8 and 3.4,
respectively.

The last example in Figure 4a comes from the litera-
ture and represents a dramatic increase in enantioselec-
tivity. Tsuji et al.® reported a Jow enantioselectivity for
the esterification of alcohol 1 where R = CH;0H, E = 4,
in favor of the pro-R hydroxyl group. The empirical rule
predicts the opposite enantiopreference (M = CHy, L =
CH:0H). When Tsuji et al. replaced the methyl with a
Jarger substituent, CH,Ph (compound 7 where Ar = Ph
in Table 1), the enanticselectivity increased to £ > 30.
Since the CH,OH is now the medium substituent and
CH;Ph is the large substituent, the enantiopreference
now agrees with the empirical rule. Other workers also

(29) Tavji, K; Terms, Y.; Achiwa, K Tetrghedron Lett. 1989, 30,
6189-6192.
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fas! primary alcohol slow primary alkcohol
averlaid on overlaid on
tast secondary aicohol tast secondary aicohol

Figure 3. Overlay of the minimized structures of the fast-
reacting (S)- and slow-reacting (R}-enantiomers of the primary
alcobol acetate, 2-methyl-3-phenylpropyl acetate (gray car-
bons) onto the fast-reacting (R)-enantiomer of the secondary
alcohol acetate, 2-acetoxy-1-phenylpropane (crosshatched car-
bons). All oxygen atorns are speckled. In spite of the opposite
configuration, the (S)-primary alechol acetate mimics the
shape of (R)-secondary alcohol acetate better than does the
(R)-primary alcohol acetate. Note the closer overlap of the
aleohol oxygens and the carbonyl groups of the acetates.
Models were minimized and overlaid using Chem 3-D. Hydro-
gen atoms are hidden for clarity.

reported increased enantioselectivity when they replaced
the methy] by five other CHz-aryl groups, see Table 1.
This last example is the only one where increasing the
gsize of the substituent dramatically increased the enan-
tioselectivity.

For primary alcuhols that contain an oxygen at the
stereocenter, increasing the size of the large substituent
also did not consistently increase the enantioselectivity,
Figure 4b. The hydrolysis of the diacetate of 21 (R =
CH,Ph) showed an enantioselectivity of 2024 (see Table
2). When we increased the gize of the substituent to R
= CHPh; (acetyl ester of 44), the enantioselectivity
decreased by a factor nf 2 to E = 12, Table 3. The second
example in Figure 4b comes from the literature. The
enantioselectivity of PCL toward the glycerol acetal,
substructure 28, changed little as researchers replaced
the methyl with ethyl, phenyl, benzyl, or a cyclohexyl
acetal; E ranged from 3 to 9, Table 2. An isopropyl
substituent increased enantioselectivity, £ =23. Carrea
et al. also noted that changes in the size of the substituent
did not correlate with changes in enantioselectivity for
substructures 28 and 29."7

To summarize the effect on enantioselectivity of in-
creasing the difference in the gize of the substituents, we
found no consistent behavior. Increasing the difference
in size may increase, decrease, or have no effect on
enantioselectivity. We believe the flexibility of primary
alcohols accounts for these observations. Flexibility
along the C(1)-C(2) bond allows both enantiomers of
primary alcohols to adopt conformations with similar
positions of the large and medium substituents, Figure
5. For one enantiomer, a partially eclipsed arientation
along the C(1)-C(2) bond orients the large substituent
upward and the medium substituent downward. For the
other enantiomer, a staggered orientation along the
C(1)—-C(2) bond also crients the large substituent upward
and the medium substituent downward. To distinguish
between enantiomers of primary alcohols, PCL must not
only distinguish between the large and medium substit-
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Figure 4. Changes in the enantioselectivity of PCLcatalyzed
hydrolyses as the size of one substituent was increased. (a)
Four examples where the primary alcohol does not have an
oxygen at the stereocenter. The first example showed a
reversal in enantioselectivity, the second a small decrease, the
third a small increase, and the fourth a large increase. Data
for the first three examples are in Table 3; the fourth comes
from the literature. (b) Two examples where the primary
aleohol has an oxygen at the stereocenter. The first example
showed a modest decrease in enantioselectivity, the second
example, taken from the literature, showed only small changes
in enantioselectivity, except where R = CH(CHj).

uents but also discriminate between the two possible
reactive conformations. This explanation may also ex-
plain why we needed to exclude primary alcohols with
an oxygen at the stereocenter. The oxygen at the
stereocenter stabilizes a gauche orientation of the oxygen
at the stereocenter and the alcohol oxygen due to the
gauche effect% This stabilization may change the fa-
vored arientation along the C(1)-C(2) bond and thersby
change the enantiopreference.

Experimental Section

General. Lipase from P. cepacia (PS30 and LPL-200S) was
purchased from Amano International Eazyme Co. (Troy, VI).
Unless otherwise noted, organic ing materials were
purchased from Aldrich Chemical Co. 4-Phenyl-2-butancl was
purchased from Janssen Chimica and cis-2,3-epoxybutane from
Lancaster. 2<1-Naphthyl)-1-propanol was prepared from
1.napthylacetic acid as described by Sonnet and Heath.® N,0-
Diaeetyliz-amino-l-buunol, 39, was prepared by a known
method.

(30} Woife, S. Ace. Chem. Res. 1972, 5, 102-111.
(31) Sonnet, P. E.; Heath, R R. J. Chromatogr. 1988, 321, 127-136.
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Figure 5. Discrimination between enantiomers of primary
alcohols is more difficult than discrimination between enan-
tiomers of secondary alcohols. Flexibility along the C(1)-C(2)
bond of primary alcohols allows both enantiomers to adopt
conformations with similar orientations of medium and large
substituents. For example, enantiomer 1 adopts an upward
orientation of the large substituent and a downward orienta-
tion of the medium substituent in the eclipsed conformation,
Enantiomer 2 adopts a similar orientation in the staggered
conformation. To distinguish between enantiomers of primary
alcohols, PCL must distinguish between different conforma-
tions along the C(1)—C(2) bond in addition to distinguishing
between the substituents. The conformations above are only
an example. We do not know the conformation of primary
alcohols in the active site of PCL.

(x)-threo/erythro-3-Phenyl-2-butanol, 35a, was prepared
by the nucleophilic addition of methyl magnesium iodide to
2-phenylpropionaldehyde, as described by Overberger et ol ®
The 'H NMR of the product agreed with that reported
previously.3 A portion of the product (1 g) was purified by
medium pressure chromatography (200 g silica gel, 60%
pentane/37% chioroform/3% ethyl acetate, 2.1 min/20 mL
fraction). Pure threo alcohol (66.7 mg) and pure erythro
alcchol (50.3 mg) were obtained, as well as mixed fractions.
Mixed fractions were combined to form & sample (~400 mg)
of 50/50 threo/erythro. The threo and erythro isomers can be
separated by TLC when eiuted three times with 60% pentane/
37% chloroform/3% ethy! acetate: on a 7.5 cm plate, R, = 0.49
(threo) and R, = 0.40 (erythro). The diastereomers were
identified by comparison of the R/s and 'H NMR of the mixture
to that of the pure erythro alcohol prepared as described below.

(x)erythro-3-Phenyl-2-butanol, (+)-erythro-35a, was
prepared by reaction of phenyllithium with trons-2,3-epoxybu-
tane acrording to a literature procedure.3 The anly change
in the procedure was the use of a stock solution of phenyl-
lithium (1.8 M in 70: 30 cyclohexane/ether) instead of prepar-
ing the reagent in situ. This method was not used for large
scale preparation due to low yields (34%). R, = 0.40 (60%
pentane/37% chioroform/3% ethy! acetate). 'H NMR (CDCly,
250 MHz) & 7.17-7.35 (m, 5, 3.88 (apparent quintet, 1, Jop,
~ 6.2 Hz), 2.73 (apparent quintet, 1, J.y ~ 6.7 H2), 1.55 (brs,
1), 1.32 and 1.08 (two d, 3 + 3,J = 6.6 Hz and J = 5.8 Hz).

Acetyl Esters. Acetic anhydride (1.5 equiv), DMAP (0.05
equiv), and anhydrous sodium carbonate (1.5 equiv) were
added to a stirred solution of alcohol in ethyl acetate overnight
at ambient temperature. The reaction mixture was then

(32) Bevinakatti, H. S; Newadkar, R V. Tetrahedron: Asymmetry
1999, 1, 583586

{33} Overberger, C. G.; Pearce, E. M.; Tanner, D. J. An. Chem. Soc.
1988, 50, 1761-1765.

(34) Jones, P. R.; Goller. E. J.. Kauffman, W. J. J. Org. Chem. 1971,
f. 3311-3315. Kingsbury, C. A.; Thornton, W. B. J. Org. Chem. 1988,

1, 1000—1004.

w(SS} Smissman, E. E.;: Pazdernik, T. L. J. Med. Chem. 1973, 16, 14~
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diluted with ethyl acetate and washed with water and brine,
end the organic extracts were dried (MgSO,) and evaporated
to alford the pure acetyl ester.

(+)-threo-2-Acetoxy-3-phenylbutane, Acetyl Ester of
threo-35a has been previously prepared.® 'H NMR (CDCl,,
200 MHz) 4 7.18-17.34 (m, 5, aromatic), 5.09 (apparent guintat,
1, Jupe = 7 Hz), 2.93 (apparent quintet, 1, Jo,y = 7 Hz), 1.92
(s, 3), 1.28 (d, 3, Jyuna = 7.3 Hz), 1.16 (4, 3, Ju1 3 = 6.6 Hz).

(+)erythro-2-Acetoxy-3-phenylbutane, Acetyl Ester of
erythro-35a has been previously prepared.® 'H NMR (CDCl;,
200 MHz) 6 7.16-7.34 (m, 5), 5.03 (dg, 1, Juzs; = 6.2 H2),
2.85 (apparent quintet, 1, Jpe = 7.3 Hz), 2.06 (s, 3), 1.28(d, 3,
Jua = 7.3 Hz), 1.05 (d, 3, Juisa = 6.2 Hz).

(£)-threo/erythro-3-Methyl-4-phenyl-2-butanel, (+)-
threolerythro-35b, was prepared in three steps following a
literature procedure.¥’ Reduction of a-methyl-trans-cinna-
maldehyde with lithium aluminum hydride yielded 3-phenyl-
2-methyl-1-propanal, (£)-37b. Swern oxidation followed by the
addition of methyl magnesium iodide yielded (+)-threa/
erythro-38b. R, = 0.26 (4:1 cyclohexane/ethy! acetate). The
'H NMR of this diasteromeric mixture agrees with that
reported in the literature.®

(£)-#hreo-3-Methyl4-phenyl-2-butanol, (z)-threo-35b.*
A solution of benzyl bromide (2.5 mL, 21.0 mmol) in ether (15
mL) was slowly added to magnesium turnings (1 g, 41.1 mmal}
under nitrogen. The reaction flask was kept in an ice bath
until complete addition, and then the reaction mixture was
stirred at room temperature for 1 h. The flask was again
cooled, and cis-2,3-epoxybutane (0.8 mL, 9.2 mmol) in ether
(5 mL) was added dropwise. After compiete addition, the
mixture was refluxed for 2 h. Excess Grignard was quenched
by the careful addition of saturated NH,Cl. Water was added,
and the slurry was filtered into a separatory funnel, rinsing
with ethy! acetate. The filtrate was washed with 0.5 N HCI,
saturated aqueous NaHCO,, H20, and brine, dried over Nar
SQ,, filtered, and evaporated in vacuo. Purification by flash
column chromatography (9:1 pentane/ethyl acetate) yielded the
threo alcohol (125 mg, 8%): 'H NMR (CDCly, 200 MHz2) &
7.17-7.33 (m, 5), 3.70 (br apparent quintat, 1, J. ~ 6 Hz),
2.88 (dd, 1, */us-ne = 13.3 H2, Jue-wo = 4.8 H2), 2.35(dd, 1,
2 ve-ne = 13.3 H2, Jue-u3 = 9.3 Hz), 1.83 (m, 1), 1.37 (bras, 1),
1.21 (d, 3, Jui1-na = 6.3 Hz), 0.83 (d, 3, Juz—cny = 6.8 Hz).

(£)-threc/erythro.2-Acetoxy-3-methyl-4-phenylbu-
tane, Acetyl Ester of (=)-threo/erythro-35b, has been
previously prepared.¥ 'H NMR (CDCl;, 250 MHz) (resonances
of the two diastereomers overlap except for the OAc and CH,-3
resonances} 4 7.09-7.33 (m, 10), 4.76-4.95 (m, 2), 2.72-2.89
(m, 2), 2.20-2.43 (m, 2), 1.82-2.05 (m, 2), 2.05 (s, 3) 2.3 (s,
3), 1.22 d, 6, Jw1a = 6.3 Hz), 0.88 (d, 3, Jeuy,am = 6.9 Hz),
0.83(d, 3, Jeu,au0 = 6.8 H2).

(£ )-threo-2-Acetoxy-S-methyl4-phenylbutane, Acetyl
Ester of (£)-tAreo-35b, has been previously prepared.® ‘H
NMR (CDCl,, 250 MHz) 6 7.12-7.29 (m, 5), 4.82 {apparent
quintet, 1, Juz 1 = 6.3 Hz, Juzss = 6.3 Hz), 2.80 (dd, 1, *Jyene
= ~13.4 Hz, S = 4.7 H2), 2.28 (dd, 1, Wiene = ~13.4 Hz,
Juexo = 9.6 Hz), 2.01 (s, 3), 1.89-2.10 (m, 1), 1.20(d, 3, /132
= 6.3 Hz), 0.81 (d, 3, Jou,a00 = 6.8 Hz).

{£)-2-Phthalimido-1-butanol, 40, was prepared using a
standard method for the protection of amino acids.*' Phthalic
anhydride (1.5 g, 10.1 mmol) and triethylamine (0.6 mL. 4.2
mmol) were added to a selution of (+)-2-amino-1-butanol (500
mg, 5.6 mmol) in toluene (10 mL) in a reaction vessel equipped
with a condenser and Dean—Stark trap. After refluxing over-
night, the reaction mixture was cooled to room temperature

(36) Cram, D. J. J. Am. Chem. Soc. 1962, 74, 2128-2137.

(37) Meyers, A_L; Walkup, R D. Tetrakedron 1988, 41, 5089—-5108.
Maruoka, K.; ltoh, T.; Sakurai, M.; Nonoshita, K.; Yamamot, H. J.
Am. Cher. Soc. 1988, 110, 3586-3597.

(.;8) Crandall, J. K; Clark, A. C. J. Org. Chem. 1972, 37, 4236—
424
. (39) This rescticn was outlined in a note by Dinnocenso, J. P.; Todd,
W. P.; Simpeon, T. R; Gould, L. R. /. Am. Chem. Soc. 1990, /12, 2482~
2464.

(40) Colonge, J.; Pichat, L. Bull. Soc. Chim. Fr. 1949, 16, 177-185.
13:(’;1)153;. A K. Greer, F; Price, C. C. J. Org. Chem. 1988, 23,
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and extracted twice with ethyl acetate (30 + 20 mL). The com-
bined organic extracts were washed with saturated squeous
NaHCO, (2 x 50 mL), H;0 (50 mL), and brine (50 mL) and
dried over anhydrous NaSQO,. The crude residue obtained
upon evaporation of the soivent was purified by flash column
chromatography (7:3 pentane/ethyl acetate) yielding 2-phthal-
imido-1-butancl as an oil (723 mg, 59%)% R, = 0.20 (7:3
pentar.e/ethy! acetate); '"H NMR (CDCl,, 200 MHz) § 7.79-
7.90(m, 2), 7.68-7.79 (m, 2), 4.29 (m, 1), 4.08 (m, 1), 3.89 (m,
1), 2.73 (br d, 1), 1.92 (apparent decatet, 2),0.94(t, 3,J = 7.4
Haz).

1-Acetoxy-2-phthalimidobutane, Acetyl Ester of 40. 'H
NMR (CDCly, 200 MHz) & 7.79-7.90 (m, 2), 7.68~7.79 (m, 2),
4.31-4.58 (overlapping m, 3), 1.71-2.22 (overlapping m, 2),
1.97 (s, 3), 0.92 (¢, 3, J = 7.4 Hz). Exact mas 2610999
(C1H1504N requires 261.1001, ~0.8 ppm error).

cis-1-(Acetoxymethyl)-2-[(benzoyloxy)methyl]cyclo-
hexane, Acetyl Ester of 43. 4-(dimethylamino)pyridine (5.4
mg, 0.044 mmol) and benzoic acid (108 mg, 0.88 mmal) were
added to a solution of cis-1(acetoxymethyl)-2<hydraxymethyl)-
cyclohexane (83 mg, 0.44 mmol) in dichloromethane (5 mL).
The mixture was cooled in a cold water bath, and dicyclohexy-
lcarbodiimide (100 mg, 0.48 mmol) was added. After stirring
at room temperature for 3 days, the solvent was removed by
rotary evaporation. The residue, taken up in ethyl ether, was
filtered, and the filtrate was waghed with 0.5 N HC], satursted
aqueous NaHCO,, H;0, and brine, dried over N2 SO, filtered,
and evaporated in vacuo. The crude product was purified by
flash column chromatography (gradient from 9:1 to 1:1 pen.
tane/ethyl acetate), yieiding cis-1-{acetoxymethyl}2-{(benzoy-
loxy)methylicyclohexane as an oil (68 mg, 53%): R,;= 0.68(7:3
pentane/ethyl acetate); 'H NMR (CDCly, 200 MHz) 8 7.98-
8.08 (m, 2), 7.38- 7.62(m, 3), 4.31 and 4.14 (two d,2 + 2, J =
7.1 Hz), 2.06-2.32 (m, 2), 1.99 (s, 3), 1.33-1.72 (m, 8). Exact
mass 290.1511 (CiH 20, requires 290.1518, —2.4 ppm error).

2-0-(Diphenylmethyl)glycerol Diacetate, Acetyl Ester
of 44. tert-Butyldimethylsilyl chloride (10 g, 66 mmol) was
slowly added to a stirred solution of 1,3-dihydroxyacetone
dimer (3 g, 17 mmol) and imidazole (9 g, 133 mmol) in
dimethylformamide (22 mL) under nitrogen. The mixture was
cooled in a cold water bath until the initial exothermic reaction
was over. After stirring at room temperature for 3 h, the
reaction mixture was poured into H:O (800 mL) and extracted
with ethyl ether (2 x 700 mL). Each ether extract was washed
with HzO (2 x 800 mL) and dried over MgSQ,. The combined
ether extracts were filtered and evaporated in vacuo, yielding
1,3-bis(tert-butyldimethyisiloxylacetone as a clear eolorless oil,
10.45 g (98%): ‘H NMR (CDCl,, 200 MHz) é 4.41 (s, 4), 0.91
(s, 18), 0.08 (s, 12). Sodium borohydride (237 mg, 6.26 mmol)
was added to a stirred solution of the 1,3-bis(tert-butyldim-
ethyisilyloxylacetone (2 g, 6.28 mmol) in dry methanol (40 mL)
at 4 °C under nitrogen. After stirring for 30 min, the reaction
mixture was quenched with 5% aqueous CHyCOOH (15 mL)
and H,O (150 mL). The mixture was extracted with ethyl
acetate (800 mL), and the organic phase was washed with 5%
aqueous CH;COOH (2 x 200 mL), saturated squecus NaHCO,
(2 x 250 mL), H,0 (200 mL), and brine (300 mL) and dried
over MgSQ,. The solvent was evaporated to yield the alcohol
as a clear colorless oil, 1.98 g (98.5%): R, = 0.38 (9:1 hexane/
ethyl acetate). Diphenyldiazomethane*? (333 mg, 1.71 mmol)
was added to a stirred solution of the aleohol (250 mg, 0.78
mmol) in dry acetonitrile (10 mL). After refluxing overnight,
additional diphenyldiazomethane (150 mg, 0.77 mmo!) was
added and the mixture was again refluxed overnight. The
reaction mixture was cooled in a refrigerator for 3 b, and the
filtrate obtained after filtration of the resulting white preeipi.
tate was concentrated in vacuo. The crude cil was purified
by flash column chromatography (98:2 hexane/ethyl acetate),
yielding 1,3-di-O-(tert-butyldimethylsilyl»2-0-(diphenylmeth-
yliglyceral (340 mg, 90%): Ry = 0.65 (3: 1 hexane/ethyl
acetate). 'HNMR (CDCly, 200 MHz) § 7.21-7.39 (m, 10),5.77
(s, 1), 3.49-3.78 (m, 5), 0.87 (s, 18), 0.01 (s, 12). Tetrabuty-
lammonium fluoride (1 N in THF, 0.80 mL, 0.80 mmol) was

(42) Miller. J. B. J. Org. Chem. 1958, 24, 560—561.
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added to a stirred solution of the pure 1.3-di-O-(tert-butyldi
methylsilyl»2-0{dipheny!methyl)glycerol {130 mg, 0.27 mmol)
in THF (3 mL). After stirring for 1 h at room temperature,
the reaction mixture was extracted with ethyl acetate (90 mL),
washed with H;0(2 x 5 mL)and brine (2 x 40 mL), and dried
over MgSO,. Evaporation of the solvent yielded the crude 1,3-
diol (156 mg): R, = 0.18 (1: 1 hexane/ethy! acetate). Anhy-
drous sodium carbonate (84 mg, 0.80 mmol), 4<(dimethylamino)
pyridine (3.3 mg, 0.027 mmol), and acetic anhydride (0.0756
mL, 0.80 mmol) were added to a solution of the crude diol (150
mg) in ethyl acetate (2 mL). The mixture was stirred at room
temperature for 18 h and then extracted with ethyl acetate
(50 mL). The organic phase was washed with H;0 (4 x 10
mL) and brine (2 x 10 mL), dried over MgSQ,, and evaporated
in vacuo. The crude residue was purified by flash column
chromatography (9:1 hexane/ethyl acetate) to afford 2.0-
(diphenylmethyl)glycerol diacetate as an oil (70 mg, 77% over
two steps). Ry = 0.37 (7:3 hexanes/ethyl acetate). 'H NMR
(CDCl, 200 MHz) 6 7.22-7.38 (m, 10), 6.61 (s, 1), 4.21 (m, 4,
Jag =16.5 Hz), 3.86 (m, 1, Jax = 11.6 Hz, Jox = 5.1 Hz), 2.02
(s, 6). Exact mass 342.1471 (CnH2z0, requires 342.1467, 1.1
ppm error).

General Procedure for PCL-Catalyzed Hydrolyses. A
rapidly stirred suspension of substrate dissolved in & small
amount of ether and phosphate buffer (10 mM, pH 7) contain-
ing lipase from P. cepacic was maintained at pH 7.0 by
automatic titration with NaOH (0.1 N) using a Radiometer
RTS 822 pHatat. The reaction was stopped at the desired
conversion, and the mixture was extracted once with 9:1 ether/
ethanol and three times with ether. The combined organic
extracts were washed with saturated aqueous NaHCO,, water,
and brine, dried over Na;SO,, and concentrated iz vacuo. The
starting esters and product alcohols were separated by flash
chromatography.

PCL-Catalyzed Hydrolysis of (:)-threo.erythro-2-Ac-
etoxy-3-phenylbutane, Acety! Ester of 35a. As a pHstat
was not available for this hydrolysis reaction, a series of 25
ml-Erlenmeyer flasks containing 2-acetoxy-3-phenylbutane
(16 mg, 0.083 mmol, a racemic 1:1 mixture of threo/erythro
isomers), ethyl ether (0.3 mL), sodium phosphate buffer (7 m{,,
0.1 M, pH 7), and lipase from P. cepacia (40 mg) were shaken
in an incubator at 2932 °C. After 2-3 h, the contents of one
flask were transferred to a test tube and extracted with ether
(5 x 2 mL), mixing with a vortex mixer. Persistent emulsions
were broken by centrifugation. The ethereal extracts were
dried aver Na,SO,, flitered, and then analyzed by GC to
determine the conversion. The extract was then concentrated
to2mL. The acety! lactate derivative was subsequently made
to determine the optical and diastereomeric purities of the
product alcohols by gas chromatography.

PCL-Catalyzed Hydrolyses of (+)-1-Acetoxy-2-phenyl-
propane, Acetyl Eater of 37a. Test tubes containing (+)
}-acetoxy-2-phenyipropane (20 mg, 0.112 mmol), ether (0.l mL),
sodium phosphate buffer (0.5 mlL, 0.1 M, pH 7), and PCL (2
mg) were shaken in an incubator at 29-32°C. At various time
intervals, the entire contents of one test tube were extracted
with ether (4 x 2 mL) using a vortex mixer to mix the two
phases. Persistent emulsions were broken by centrifugation.
The combined ether extracta were analyzed by GC.

Trifluoroacetyl Esters.®® Trifluoroacetic anhydride (0.2
mL) was added to a solution of alcohol (1~5 mg} in dichio-
romethane (0.5 mL). Esterification was compiete after 30 min
and solvent and excess reagent were evaporated in & stream
of nitrogen. The residue was dissolved in ethyl ether for
analysis by gas chromatography.

Enantiomeric Purity. Gas Chromatograpby of Acetyl
Lactate Derivatives.” (S)-O-Acetyllactic acid chloride {4
drops) was added to the alcohol (10-15 mg) disscived in
anhydrous ether (2 mL). The mixture was cooled in a cold

\ é;:?mnmm D. W.; Jin, H. L. J. Chromatogr. 1990, 502,

(44) G;‘nuil. J.; Jacuen, G.; Buissen, D.; Azarad, R. J. Orgonomet.
Chem. 1969, 367, 85-93. Masandl, A.; Gessner, M.; Guenther, C.;
{):gr.g; gmg‘,g. G. J. High Ras. Chromatogr., Chromatogr. Commun.
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water bath (5 °C), and pyridine (3 drops) was added. The
mixture was stirred for 10-45 min and then stirred at room
temperature for 1~3 h. The reaction mixture was washed
three times with 0.5 N HCl, twice with saturated aqueoyg
NaHCO,, H:0, and brine, and dried over Na;SO. This
etherea! solution of (S3-O-acetyliactoyl esters was analyzed by
GC using an SE30 or OV-1701 capillary column. The enan.
tiomeric excess values obtained were corrected to account for
the optical purity of the derivatizing agent (97.5% ee).
((S)-0-Acetyllactoyl-4-phenyl-2-butanol: OV-1701 columa,
150 °C, a = 1.06, 21.0 min (R), 22.2 min (S). threo-((S)-0Q-
Acetyllactoyl)-3-pheny!l-2-butanol: SE30 column, 10 min at 160
*C then gradient from 160-220 °C at 3 *C/min, a = 1.03, 220
min (2R,3S), 22.6 min (25,3R). erythro-((S)-O-Acetyllactoyl
3-phenyl-2-butanol: SE30 column, 10 min at 160 °C then
gradient from 160-220 °C at 3 *C/min, a = 1.02, 22.8 min
(2R,33), 23.3 min (25.35).

Enantiomeric Purity. Gas Chromatography Using a
Chiral Stationary Phase. The elcohol, acetyl ester, or
trifluoroacety! ester was dissolved in ether or ethyl acetate
and analyzed by GC using a Chiraldex G-TA30 capillary
column (Astec, Inc., Whippany, NJ). 1-Acetoxy-2-phenyl-
propane: 90 °C, a = 1.03, 36.0 (S}, 37.0 min (R}. 2-Phen.
ylpropanol: 90 °C, a = 1.06, 39.3 min (8S), 41.6 min (R).
2-Methyl-3-phenylpropanol: 90 °C, a = 1.0}, 46.4 min (S), 47.3
min (R). 1«(Trifluoroacetoxy)-2-methyl3-phenyl-propane: 70
°C, a = 1.03, 49.9 min (R), 51.2 min (S). erythro-3-methyl-
4-phenyl-2-butanol: 100 °C, a = 1.02, 28.9 min (2S,35), 29.6
min (2R, 3R). threo-3-methyl-4-phenyl-2-butancl: 100 °C, a
= 1.02, 31.6 min (2S.3R), 32.4 min (2R,3S). threo- and
erythro-2.-acetoxy-3-methyl-4-phenylbutane: 100 °C, 37.5 min
(25,38), 38.3 min (25,3R), 40.5 min (2R,3S and 2R.3R).
N,O-Diacetyl-2-amino-1-butanol: 120 *C, @ = 1.03, 33.9 min
(S), 34.9 min (R).

Enantiomeric Purity. 'H-NMR. (1) The racemic acetyl
ester was dissolved in an NMR tube, and the 'H NMR
spectrum was obtained using a 200 MHz spectrometer. Solid
tris{[3-(heptafluoropropyt hydroxymethylene M+ ~camphorato}
europium(IIT}, (+)-Euthfch, was added portionwise until base-
line separation of the acetate signals was obtained. The
number of equivalents of shift reagent necessary to obtain
base-line separation of peaks was then added to the sample
for which the enantiomeric purity was to be determined. (2)
The alcohol was treated with Masher's acid chloride using a
standard procedure® and the resuiting ester was analyzed by
500 MHz 'H NMR spectroscopy.

Enantiomeric Purity. HPLC Using a Chiral Statiop-
ary Phase. A sampie of the alcohol and acety] ester dissolved
in the eluting solvent was analyzed by HPLC using 8 Chiralce!
OD column. 2-(1-Naphthyl)-1-propanol (89: 1 hexane/2-pro-
panol, 0.5 mL/min, a = 1.26, 18.4 min (S), 23.2 min (R).

Absolute Configurations. 38a: The tosy! derivatives of
the separsted threo and erythro aicohols were prepared as
previously described and their optical rotary powers were
compared to literature values. Erythro tosylate: (alp = -14.8
(5.64, benzene), lit.* (RR): [alp = ~17.41. Threo tosylate:
[alp = =12.05 (4.73, benzene), lit.® (R,S): [alp = ~16.89.

35b: The alcohol obtained from the PCL-catalyzed hydroly-
sis of threo-2-acetoxy-3-methyl-4-phenylbutane was oxidized
as follows. Jones resgent (~0.1 mL) was added dropwise to
the alcohol (18 mg) in acetone (5 mL) at 0 °C until the orange
color persisted. After stirring for 30 min, 2-propanol was
added until the mixture was After an additional 10
min, sodium bydroxide (1 M) was added until pH 7 was
reached. The mixture was filtered and the solvent was
evaporsted in vocuo from the filtrate. The residue was
disscived in ethy! acetate, washed twice with both water and
brine, and dried over MgSO,. The crude product obtained
upon evaporation of the solvent was purified on a preparative
TLC plate (95:5 pentane/ethyl acetate), R, = 0.26. The ketone
obtained was identified as the S enantiomer, [ah +4.9 (c 4.1,

{45) Dale, J. A-; Dull. D. L.; Mosher, H. S. J. Org. Chem. 1960, 34,
2543-2549. Guivisdaisky, P. N; Bittman, R J. Org. Chem. 1988, 54,
4637-4642. Ward, D. E: Rhee, C. K Tetruhsdron Lete. 1991, 32, 7165~

7166.
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ethanol), lit.*® S§-(+), therafore since the starting material was
the acetyl ester of threo-38b, the preferred product is the
(2R.3S) isomer. By comparison of the GC chromatogram
{Chiraldex-GTA 30) of the product obtained from hydrolysis
of the threo ester to the chromatogram of the producta obtained
from the hydrolysis of the racemic threo/erythro mixture, it
was determined that the preferred product of the latter
hydrolysis was also the (2R,3S) isomer.
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Abstract

Lipases favor one enantiomer of secondary alcobols (HOCHRR') and isosteric primary amines (NH.CHRR'), while
subtilisin favors the other enantiomer. In both cases, simple rules based on the size of the subsdtuents at the stereccenter
predict which enantiomer reacts rfaster. Thus, lipases and subtilisin are a pair of complementary enantioselective reagents for
organic synthesis. The success of these rules suggests that these hydrolases distinguish between enantiomer primarily by the
size of the substituents. Previously, we proposed a molecular mechanism for the enantiopreference of lipases based on the
X-ray crystal structure of transition state analogs bound to 3 lipase. Here we suggest that a similar mechanism can also
account for the opposite enantiopreference of subtlisin. The catalytic machinery (catalytic triad plus the oxyanjon-stabilizing
residues) in lipases is approximately the mirror image of thar in subtilisin. In both hydrolases, the protein fold, as it
assembles the catalytic machinery, also creates a restricted pocket for one substituent in the substrate (*M’ or medium-sized).
However, the catalytic His residue lies on opposite sides of this pocket in the two hydrolases. We propose that
enantioselection arises from (1) the limited size of this pecket, (2) and a required hydrogen bond between the cataiytic His
and the oxygen or nitrogen of the alcohol or amine. This mechanism for enantioselection differs from that proposed by
Derewenda and Wei who focussed on which carbonyl face in the ester or amide is attacked. Lipases and subtilisin indeed
attack opposite faces. but we propose that this difference does not set the enantioprefarence toward secondary alcohols.

Keywards: Lipase: Subtilisin; Enantioselectivity; Secondary aicohols; Primary amines: Models; Regioselectivity; a/3-Hydrolase: Subtilase

1. Introduction ple rule, Fig. 1, looks only at the relative sizes
of the substituents, but some rules also include
polarity or specific size restrictions for the two
substituents. These rules have helped chemists
use lipases as synthetic reagents since they sug-
about their selecdvity. For example, many re- gest that lipases discriminate between enan-

’ ’ : tiomers mostly by the sizes of the substituents.

searchers proposed rules to predict which enan- F I lugi
. . xamplie, tions of dary
tomer of a secondary alcohol reacts faster in w%i; bogelx:cs;;: ‘M :avs:cs?;ﬂax S?lzizh:rl:

lipase- and esterase-catalyzed reactions. A sim- rarely efficient, and chemical modifications that
increase the difference in size often result in
* Correspanding author. increased enantioselectivity. Recently, Smidt et

Synthetic chemists often use proteases and
lipases as enantio- and regioselective reagents
(1.2]. To simplify the use of these reagents,
chemists developed rules, or generalizations,

1381-117/97/$17.00 Copyright © 1997 Elsevier Science B.V. All rights resecved.
PII S1381-1177(96)00040-9
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lipases

b r NH;
I

Fig. 1. Empirical rules that predict the enantiopreferences of
lipases and subtilisins toward secondary alcohols and primary
amines of the 1ype NH,CHRR'. (a) Lipases favor the enantiomer
with the shape shown where L is a large substituent such as
phenyl and M is a medium substituent such as methyl. This rule
applies to all lipases and esterases whose substrate specificity has
been mapped: thirteen lipases for secondary alcohols and three
lipases for amines. Fig. 2 sutmmarizes the amines tested. (b)
Subtilisin has an opposite cnantiopreference to lipases. Fitzpatrick
and Klibanov proposed the rule shown for five secondary alco-
hols. These and other examples to support the rule for subtilisin
are collected in Fig. 3Fig. 4Fg. 5.

al. suggested that a similar rule can also account
for the enantiopreference of a lipase toward the
isosteric primary amines of the type NH.CHRR’
3]

Using X-ray crystallography, Cygler et al.
identified how the enantiomers of menthol, a
typical secondary alcohol, bind to lipase from
Candida rugosa [4] in the transition state. The
alcohol binding site resembled the rule in Fig. 1.
It contained a large hydrophobic binding site
open to the solvent for the large substituent and
a restricted region for the medium-sized sub-
stitent. Importantly. the catalvtic machinery
(Ser—His-Glu triad and the oxyanion-stabiliz-
ing residues) and the loops that orient this ma-
chinery created the pocket for the medium sub-
stituent. The catalytic His residue made a hy-
drogen bond to the menthol oxygen of the fast-
reacting enantiomer, but could not reach this
oxygen in the slow-reacting enantiomer because
the oxygen pointed away from the His residue.
Cyger et al. proposed that this lack of a hydro-
gen bond accounted for the slower reaction.

The X-ray crystal structures of other lipases
and esterases showed that, in spite of little
similarity in amino acid sequence, they all fold
similarty [5]. This protein fold, named the

a/B-hydrolase fold, arranges the catalytic ma-
chinery similarly in all lipases and esterases.
This similarity allowed a simple rationalization
for why lipases and esterases show the same
enantiopreference toward secondary aicohols
and isosteric primary amines: the similar cat-
alytic machinery restricts the size of the medium
pocket in all lipases and an esterases. In addi-
tion, the catalytic His lies on the same side of
the alcohol binding pocket.

Subtilisin, an alkaline serine protease, con-
tains catalytic machinery that is the approximate
mirror image of that in «/B-hydrolases [5].
Fitzpatrick and Klibanov found that subtilisin
favored the enantiomer opposite to the one fa-
vored by lipases. On the basis of five secondary
alcohols they proposed a rule for the enanuo-
preference of subtilisin opposite to the one for
lipases [6]. In this paper. we review the enantio-
preference of subtilisin toward secondary alco-
hols and isosteric primary amines and confirm
that its enantiopreference is opposite to that of
lipases and esterases. In addition. we show that
lipases and subtilisin also have opposite regiose-
lectivity. To rationalize this opposite selectivity,
we show how the enantioselection mechanism
proposed for lipases can also account for the
enantiopreference of subtilisin.

2. Results

2.1. Enantiopreference of lipases toward pri-
mary amines

Researchers only recently resolved amines
using lipases and have examined the substrate
specificity of only three lipases, Fig. 2. Lipase
B from Candida antarctica (CAL-B) is the
most popular [7-12}, although lipase from
Pseudomonas cepacia (PCL) [12], and lipase
from Pseudomonas aeruginosa (PAL) [13] also
show high enantioselectivity. Fig. 2 omits sev-
eral efficiently-resolved amines because the au-
thors did not establish their absolute configura-
tions [12]. Smidt et al. [3] proposed extending
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NH;
)\R NHz
£t 1-8 CAL-B PAL
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CHyCHMez >100 PAL PAL. E >100
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n-CeHyz 18->100 CAL-B, PAL NH,
oCaHyy >100 PAL
Ph 10 ->100 CAL-B, PAL ®
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trans: PCL, E£w=12 wansPCL, £>100 ansPCL. E =87
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Fig. 2. Enantiopreference of lipases toward primary amines of the
type NH,CHRR'. Lipases favored acylation of the enantiomer
shown or bydrolysis of the corresponding amide. CAL-B: acyla-
tion or hydrolysis using lipase B from Candida anzarctica; PCL:
acylation using lipase from Pseudomonas cepacia with either
trifluoroethyl acetate or wrifiuoroethyl chloroacetate; PAL: acyla-
tion using lipase from Pseudomonas aeruginosa. All twenty two
examples fit the rule in Fig. la. For references, see text.

the secondary alcohol rule to primary amines
for CAL-B and indeed all of the amines in Fig.
2 fit this rule. Thus. as with secondary alcohols,
the rule in Fig. 1a reliably predicts which enan-
tiomer of primary amines reacts faster in
lipase-catalyzed reactions.

2.2. Enaniiopreference of subtilisin toward sec-
ondary alcohols and primary amines

Fig. 3 summarizes the stereoselectivity of
subtilisin toward alcohols and amines. For the
thirteen secondary alcohols [6,14-20], eleven
follow the rule in Fig. 1b. two do not (3-
quinuclidol [18] and one of the two reactive
hydroxyls in the inositol derivative [19]), giving
overall accuracy of 85%. A possibie rauonahza—
tion for the 3-quinuclidol exception is that sol-
vation of the nitrogen increases the effective
size of that substituent. Both substituents in the
1,4-diacetoxy-2-cyciohexene [20] are similar in
size so this substrate was excluded from the
tally.

For primary amines, all thirteen exampies

[21-23] fit the rule in Fig. 1b. To resolve these
amines researchers used subtilisin to catalyze
the acylation with trifluoroethyl butyrate or the
alkoxycarbonylation with diallyl carbonate.
Thus, simple rules based on the size of the
substituents predict the enantiopreference of
subtlisin toward secondary alcohols and pri-
mary amines. However, the favored enantiomer
is opposite of the one favored by lipases.

To further emphasize the opposite enantio-
preference of lipases and subtilisins, Fig. 4 com-
pares four enantioselective reactions where re-
searchers tested both subtilisin and lipases. In
all four cases, lipases and subtilisin showed an
opposite enantioselectivity. In the cyclohexanols

a H E-5 1
BXCSDI]OH\&
Ly °”

Ba

£t 289 ¥
n-CqHy - ‘f “OH
CHCH,CHeCMe; E=1° R H
Cqkrg 100 ( \ S,
n-CgHga >1C0 ) AcO
on Ead-36 N\’
2-naghthyt 58 Ac o= N 0 'I 0
ﬁ/c N E-2 E=2 /\ p
Ph N ’ 0&
vg/ivg = 6.8 N~ DAc 820 ‘—5
axceplion
b NHz NHz NHp
A Mm% Ho..‘,/l\
| i .
8 -
Prn 19 ¥ i HO)\;/\NHI
1-naghthyt >50 MeQ N CH
CHaCHZPh 3? E>50 £>50
Can Q
CHy-3-indolyt >50 NH3 NH2 NHz
cHachme; s no. A
oCetiz 23 I : | /4 N/
NHZ \) A+ 4 \§)——'V

Ph CONH, E=18  Ex226  E>20
E=16

Fig. 3. Enantiopreference of subtilisins (Carlsberg or BPN') to-
ward secondary alcohols and isosteric primary armunes. (a) Fast-re-
acting enantiomer in the acylation of the alcohol or in the hydroly-
sis of the corresponding ester. Some researchers estimated the
enantioselectivity by measuring the initial rate of reaction of the
two enantiomers separately. In these cases, the relative rates,
vg / ug. are given. For examples without an £ value, there was
insufficient information to caiculate it Eleven of the thirteen
alcohols fit the rule for an overall accuracy of 85%. The two
exceptions to the rule are marked ‘exception’. (b) Fast-reacting
enantiomer of primary amines of the type NH,CHRR' in acyla-
tion with trifluorcethyl butyrate or alkoxycarbonylation with diail-
lyl carbonate. All thirteen examples fit the ruie in Fig. Ib,
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8  subtiisin  CRL b subtilisin, RML,E= 11
E=18 E=45 E=2 %Jk ,U\# PFL.E=3
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AR S « other lipase
o NHa H . /'} \iO
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PPL (E = 73) or Ps. sp.
[ i lipase {Sigma, £ -10) d
!ugtil: " subtiisin, E ~2
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exception) ¢ exception g
HC-.. SOH )
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60 anantiomars 06 Qhee= sp. lipases AK, K-10, E -3

Fig. 4. Four examples of opposite cnantioselectivity of lipases and subtilisin in the same or similar molecules. (a) Subtilisin catalyzed the
allyloxycarbonylation of the amino group at the (S)-stereocenter, while in a similar molecule, CRL catalyzed the enantioselective hydrolysis
of the butyrate ester of the (R)-alcohol. (b) Subtilisin catalyzed the hydrolysis of the 2R propionate, while [ipases catalyzed hydrolysis of
the 25 propionate. (c) Subtilisin catalyzed the acetylation of the 5-OH in one enantiomer of the protected myo-inositol, while PPL, lipase
from Pseudomoncs sp. (Sigma), and cholesterol esterase (CE) catalyzed the acetylation of the 5-OH in the other enantiomer. Subtilisin and
CE also catalyzed acetylation of the 6-OH. (d) Subtilisin and PLE favored hydrolysis of the acetoxy group at the (R)-siereocenter, while
five lipases favored hydrolysis of the acetoxy group at the (5)-siereocenter. The rules in Fig. | predict the reaction in a, b and the 5-OH in ¢.
The substituents in d are too similar in size to make predictions. The acetylation of the 6-OH in c is an exception to the rules. Abbreviations:
lipase from Candida rugosa, CRL; lipase from Pseudomonas cepacia, PCL. lipase from Chromobacterium viscosum. CVL; lipase from two
different Pseudomonas species, lipase AK and lipase K-10; pig liver esterase, PLE; pig pancreatic lipase, PPL.

subtilisin CvL

subtilisin
a PPL, CVL b U Y
OH

OH

OH
subtilisin oL PCL HLL
¢ d malor
minor
Na.. OH U
AcQ HO- @
BnOOC HO COOMe

Fig. 5. Four examples of opposite regioselecuvity of lipases and subtilisin. (a) Subtilisin favored acylation of the 6-position of
1-O-acyicastanospermine by as much as > 20: 1. while lipases porcine pancreatic lipase (PPL) and lipase from Chromobacterium viscosum
(CVL) favored acylation of the 7-position by as mucb as 10:1. (b) Subtilisin catalyzed acyiation of only the 17-OH in 5a-androstane-
3B.17B-diol, while CVL catalyzed the acyiation of only the 3-OH. (c) Subtilisin catalyzed hydrolysis of the acetate at the 2-position. while
lipase from Candida rugosa (CRL) catalyzed hydrolysis at the 4-position. (d) Lipase from Pseudomonas cepacia (PCL), lipase from
Humicola lanuginosa (HLL), and CVL catalyzed acylation of only the 4-OH of benzyl quinate with triflucroethyl butanoate, while subtilisin
catzlyzed the acylation methyl quinaie at both 5-OH and 4-OH (1.8:1).
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the opposite selectivity refers to similar
molecules [22,24], while in the 1,3-oxathiolane
and inositol derivatives it refers to enantiomers.
One of the subtilisin-catalyzed acylation in the
inositol is an exception to the rule [18]. For
meso-1,4-diacetoxy-2-cyclohexene, subtilisin
and most lipases catalyzed hydrolysis of oppo-
site acetates, aithough the enantioselectivity is
low and the substituents have similar sizes [19].
Fig. 4 omits two examples. First, subtilisin and
CRL showed an opposite enantioselectivity to-
ward ( + )-a-methylbenzylamine in the reaction
with (% )-ethyl 2-chloropropionate [25].

sense of enantiopreference was as predicted in
Fig. 1, but the additional stereocenter in the
chloropropionate complicates the interpretation.
Second, subtilisin and lipases CRL, PPL, and
CE showed high. but opposite, enantioselectiv-

ity in the hydrolysis of chioral acetyl methyl
acetal — Cl1,CC(OAc)OMe, but the absolute
configuration was not established [26].

This opposite stereoselectivity also extends to
the regioselectivity of lipases and subtilisin.
Subdlisin and lipase showed opposite regiose-
lectivity toward the secondary alcohol positions
in castanospermine, Fig. 5a [27], anhydro-sugar
derivative, Fig. 5b [28], steroids, Fig. 5c [29],
and quinic acid derivatives, Fig. 5d [30].

Note that the stereoselectivity of subtilisin
toward alcohols and amines is often lower than
that of lipases. For subtilisin. like other pro-
teases, the binding of the acyl chain (the S,
binding site [31]) dominates the structural selec-
tivity, while the alcohol binding site is shallow
compared to the alcohol binding site in lipases.
For synthetic applications, subtilisin usually

Fig. 6. Structures of subtilisin Calsberg and lipase from Candida rugosa. (a} X-ray crystal structure of subtilisin showing the catalytic
machinery (Ser 221, His 64. Asp 32, and the N-H's of Asn 155 and Ser 221) and a portion of the proposed substrate binding site. The acyl
chain binds in the region marked S1. The aicohol binding site has not been identified by X-ray crystallography, but the most likely region
for the aicohol binding is suggested above. {b) X-ray crystal structure of the open form of lipase from Candida rugosa showing the catalytic
machinery (Ser 209, His 449, Glu 341, and the N-H's of Ala 210 and Gly i23) and the proposed alcohol binding site. The two regions of
alcohol binding site were identified by X-ray crystallography of menthol derivatives bound in the active site [4]. (¢ and d) Proposed
structures of the tetrahedral intermediates the hydrolysis of the favored secondary alcohol esters. The orientation is similar to that of the
crystal structures above. Diagrams in a and b were drawn using Rasmac v2.6 [32] using entries Isbc and Icrl from the Brookhaven protein

data bank [33].
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shows higher enantioselectivity toward chiral
acids than toward chiral amines and alcohols.

2.3. Opposite chirality of the catalytic machin-
ery in lipases and subtilisin

X-ray structures of lipases show a serine
protease-like catalytic machinery consisting of a
Ser-His—Asp triad and an oxyanion hole [5].
However, the chirality of the catalytic machin-
ery is opposite in serine proteases and lipases.
For example, Fig. 6 compares the structures of
subtilisin Carlsberg [34] and lipase from Can-
dida rugosa [35]. Because of this difference,
lipases and subtilisin artack the opposite faces
of the carbony! and form enantiomeric tetrahe-
dral intermediates '. Consistent with this notion,
Bjorkling et al. [37] found that opposite enan-
tiomers of ethyl p-nitrophenyl hexylphospho-
nate, which has the stereocenter at the phospho-
rus, inhibited lipases and chymotrypsin (The
catalytic machinery of chymotrypsia and subtil-
isin are superimposable.) However, the opposite
face of attack can not explain why the hydro-
lases have an opposite enantiopreference toward
stereocenters farther from the reaction center,
such as the stereocenters in secondary alcohols
and isosteric primary amines.

; Lipases attack the Re face of an ester. while subtilisin attacks
the Si face of an ester. According to Hanson's nomenclature, the
face with the clockwise ranking of the three substituents is the
Re-face; the counterclockwise ranking gives the Si-face. For
example, the Si-face of methyl acetate below is tumed toward the
reader. To rank the substituents, the carbon—oxygen double bond
is replaced by a single bond and 2 phantom carbon atom '(C)’ is
added to the oxygen. The ester oxygen ranks higher than the
carbonyl oxygen because the ester oxygen is attached to a real
carbon atom. Unfortunately. researchers have sometimes named
the faces of esters incorrectly. Note that replacing the OMe with
NHMe gives the opposite designation for the face [36].

(%)

0 b2
Aoue DA
3 1

Sktace

3. Discussion

One criticism of enzymes as enantio- and
regioselective catalysts is that only one enan-
tiomer of the enzyme is available. The obvious,
but impractical, solution is to create an enzyme
from D-amino acids. However, this paper shows
that for lipase-catalyzed reactions of secondary
alcohols and primary amines, subtilisin is a
readily available catalyst with opposite enantio-
and regioselectivity. This complementary be-
havior may simplify the use of these catalyst for
synthesis and make it more rational. The experi-
mental results cited in this paper are for subtil-
isin BPN’ and subtilisin Carlsberg, but other
subtilisin-like serine proteases (subtilases) have
similar structures [38] and should show a similar
enantiopreference.

One disadvantage of subtilisin is that its
enantioselectivity is often lower than that of
lipases. It may be possible, either by protein
engineering or directed evolution to increase the
enantioselectivity of subtilisin.

Derewenda and Wei's proposal for the
molecular basis of enantiopreference considered
only which face of the carbonyl was attacked
[39], that is. only the absolute configuration of
the catalytic machinery. They stated that ‘‘the
reactivity of specific esters of secondary alco-
hols should be easily predicted from the relative
solvent accessibilities of the re and si faces of
the respective enantiomers’’. However, neither
they nor others showed that the two faces differ
in their solvent accessibility. In addition. their
proposal does not explain why lipases differ in
the degree of enantioselectivity toward the same
substrate. Neither the face of attack nor the
relative solvent accessibility changes in these
cases.

In contrast, our proposal for the molecular
basis of the enantiopreference of lipases and
subtilisin focuses on the protein fold. This fold
both sets the absolute configuration of the cat-
alytic machinery and creates a restricted pocket
for one substituent in the substrate. Both the
a/B-hydrolase fold for lipases and the subtilase
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fold for subtilisin create such a pocket, but the
opposite absolute configuration of the catalytic
machinery places the catalytic His on opposite
sides of this pocket. For this reason serine pro-
teases and lipases requires opposite chirality in
the alcohol for efficient catalysis. Differences in
the detailed shape of this pocket explain the
different enantioselectivity of different lipases
toward the same substrate.

The two proposals differ in their extrapola-
tion to other serine hydrolases. Derewenda and
Wei's proposal predicts that all serine proteases
will have the same enantiopreference because
the absolute configuration of their catalytic ma-
chinery is the same. On the other hand. our
proposal cannot extrapolate to other serine hy-
drolases because they have different protein
folds. Other protein folds may creates a differ-
ent pocket or none at all. For example, trypsin-
like serine proteases. such as chymotrypsin, may
have the same, opposite, or no enantioprefer-
ence. Currently. there is not enough information
about the enantioselectivity of chymotrypsin or
other serine hydrolases toward secondary alco-
hols or isosteric primary amines to test these
predictions.

Acknowledgements

We thank the NSERC (Canada) for financial
support and Professor Rolf D. Schmid and his
group for their warm hospitality during RJK's
stay in Stuttgart (1995-96). We also thank Pro-
fessor K. Hult, Professor K.-E. Jaeger and Pro-
fessor T. Norin for preprints of their work and
Dr. Mirek Cygler for helpful suggestions. Ac-
knowledgement is made to the donors of The
Petroleum Research Fund, administered by the
ACS, for partial support of this research.

References

[1] K. Faber, Biotransformations in Qrganic Chemistry; 2nd ed.
Springer Verlag, Berlin. 1995. K. Drauz and H. Waldmann,

Eds. Enzyme Catalysis in Organic Svathesis, Vols. 1 and 2,
VCH, Weinheim, 1995. C.-H. Wong and G. M. Whitcsides,
Enzymes in Synthetic Organic Chemistry, Pergamon, New
York, 1994.

(2] RJ. Kazlauskas and U.T. Bomscheuer, Biotechnology, 2nd
ed.. Vol. 8, submitted for publication.

{3] H: Smidt, A. Fischer, P. Fischer and R.D. Schmid, Biotech-
nol. Techn., 10 (1996) 335.

[4] M. Cygler, P. Grochuiski, R.J. Kazlauskas, J. Schrag, F.
Bouthillier, B. Rubin, A.N. Serreqi and A.K. Gupta, J. Am.
Chem. Soc.. 116 (1994) 3180.

{s] D.L. Ollis. E. Cheah, M. Cygler. B. Dijkstra. F. Frolow,
S.M. Franken, M. Harel, S.J. Remington, L Silmag. J. Schrag,
J.L. Sussman, K H.G. Verschueren and A. Goldman, Protein
Eng.. 5 (1992) 197: G.G. Dodson. D.M. Lawson and FK.
Winkler, Faraday Discuss.. 93 (1992) 95.

{6] P.A. Fizpatrick and AM. Kiibanov, J. Am. Chem. Sec., 113
(1991) 3166; P.A. Fitzpawick. D. Ringe and AM. Klibanov,
Biotechnol. Bioceng. 40 (1992) 735: H. Noritomi, . Almars-
son, G.L. Barletta and A.M. Klibanov, Biotechnol. Bioeng.
51 (1996) 95.

[7] V. Gotor, E. Menendez. Z. Mouloungui. and A. Gaset, J.
Chem. Soc.. Perkin Trans. 1, (1993) 2453,

(8] M. Pozo and V. Gotor. Tetrahedron, 49 (1993) $321.

[9] S. Puertas, R. Brieva, F. Rebolledo and V. Gotor, Tetrahe-
dron. 49 (1993) 4007.

f10] M.T. Reetz and C. Dreisbach, Chimia, 48 (1994) 570.

(11] N. Ohmer, C. Orremus. A. Mattson, T. Norin and K. Hult,
Enz. Microb. Tech.. 19 (1996) 328.

{12] L.T. Kanerva, P. Csomos. O. Sundholm. G. Bernath and F.
Fulop. Tetrahedron: Asymm.. 7 (1996) 1705. Examples from
a patent on lipase-catalyzed resolutions of amiges are not
included: F. Balkenhohl, B. Hauer, W. Ladner and U.
Pressler, Ger. Par. DE 43 32738 (PTC WO 95 /08636),
Chem. Abstr, 122 (1993) 289 035.

{13] K-E. Jacger, K. Liebeton, A. Zoma, K Schimossek and
M.T. Reecrz. Appl. Microbiol. Biotechnol., 45 (1996) in

press.

[14] F. Theil, H. Schick. P. Nedkov, M. Boechme, B. Haefner and
S. Schwarz.. J. Prakt. Chem., 330 (1988) 893,

(15] G. Ouolina. R. Bovara, S. Riva and G. Carrea, Biotechnol.
Len.. 16 (1994) 923,

[16] Ontolina et al. Ref. [15] inadvertantly ommitted a note that
subtilisin and lipases favor oppaosite enantiomers of sulcatol.
The rules in Fig. 1 correctly predict the favored enantiomer
for both. G. Otolina, personal communication. 1996.

[17] R.P.C. Cousins, M. Mahmoudian and P.M. Youds Tetahe-
dron: Asymm.. 6 (1995} 393.

[18] D.C. Muchmore. US Pat. 5215918 (1993), Chem. Abst., 119
(1993) 135038.

[19] M.T. Rudolf and C. Schuitz, Liebigs Ann. Chem.. (1996)
33.

{20] KJ. Harris, QM. Gu. Y.E. Shih, G. Girdaukas and CJ. Sih,
Tetrahedron Len.. 32 (1991) 3941.

[21] H. Kiaguchi. P.A. Fizpawick, JE. Huber and AM.
Klibanov. J. Am. Chem. Soc.. 111 (1989) 3094.

{22} AL. Gutman. E. Meyer, E. Kalerin, F. Polvak and J. Ster-
ling, Biotechnol. Bioeng.. 30 (1992) 760.



n R.J. Kazlauskas, AN.E Weissfloch / Journal of Molecular Casalysis B: Enzymaric 3 (1997) 65--72

(23] B. Orsat, P.B. Alper, W. Moree, C.-P. Mak and C.-H. Wong,
J. Am. Chem. Soc., 118 (1996) 712.

{24] K. Faber, H. Hoenig and P. Seufer-Wasserthal, Tetrahedron
Let., 29 (1988) 1903.

[25] R. Brieva, F. Rebolledo and V. Gotor, J. Chem. Soc., Chem.
Commum., (1990) 1386.

[26] R. Chenevert, M. Desjardins and R. Gagnon, Chem. Letrt
(1990) 33.

[27} AL. Margolin, DL. Delinck and MR. Whaion. J. Am.
Chem. Soc.. 112 (1990) 2849.

{28] E.W. Holla, V. Sinnwell and W. Klaffke, Synlett, (1992)
413.

[29] S. Riva and AM. Klibanov, J. Am. Chem. Soc., 110 (1988)
3291.

[30] B. Danieli, P. De Beliis, L. Barzaghi, G. Carrea, G. Otwolina
and S. Riva, Helv. Chim. Acta, 75 (1992) 1297.

[31] J. Schechter and Berger, A. Biochem. Biophys. Res. Com-
mun,, 27 (1967) 157.

[32] RA. Sayle and EJ. Milner-White, Trends Biochem. Sci., 20
(1995) 374.

[33] M.C. Peitsch, TN.C. Wells, D.R. Stampf and J.L. Sussman,
Trends Biochem. Sci., 19 (1994) §54.

{34] DJ. Neidhan and G.A. Petsko, Prowin Eng. 2 (1988) 271.

[35] P. Grochulski, Y. Li, J.D. Schrag, F. Beuthillier, P. Smith, D.
Harrison, B. Rubin and M. Cygler, J. Biol. Chem. 268
(1993) 12843.

{36] KR. Hanson, J. Am. Chem. Soc.. 88 (1966) 2731; Annu.
Rev. Biochem., 45 (1976) 307; E.L. Eliel and S.H. Wilea,
Stereochemistry of Organic Compounds, Wiley, New York,
1994.

{37] F. Bjorkling, A. Dahl, S. Patkar and M. Zundel, Bioorg,
Med. Chem., 2 (1994) 697.

[38] RJ. Siezen, WM. de Vos, J.A. Leunissen and B.W. Dijkstra,
Protein Eng., 4 (1991) 719.

[39] Z.S. Derewenda and Y. Wei, J. Am. Chem. Soc., 117 (1995)
2104.



@ Pergamon

Bioorganic & Medicinal Chemistry, Vol 2, No. 6,

0968-0896(94)E0044-3

Chemoenzymatic Access to Enantiomeric
Bicyclo{2.2.1]Heptan-2,5-Diones

Alexandra Weissfloch and Robert Azerad®
Laboratoire de Chimie et Biochimie Pharmacologiques et Toxicologiques, Unité associée au CNRS N° 400, Université
René Descartes, 45 rue des Sainss-Peres, 75270 - Paris Cedex 06, France

Abstract—A practical integrated process, combining an enzymatic resolution step with & few chemical wansformations, is
described for the synthesis of (1R.4R)- and (15,45)-bicyclo[2.2.1]heptan-2,5-diones 1 of high enantiomeric purity, starting from
a standard mixture of (+)-endo- and exo-2-acetoxy-S-norbornene.

Introduction

(+)-Bicyclo(2.2.1)heptan-2,5-dione 1, which is readily
obtained by the addition of formic acid to norbornadiene,
followed by Jones oxidation of the resulting diformate
esters,! has been used as a rigid template for the
elaboration of a diphosphine ligand 2.2 Dione 1 is also the
starting material for the preparation of gnti-3,5-dihydroxy-
heptan-1,7-dicarboxylic acid 3,3 a C;-symmetric synthon
possessing two chiral centers, which has been used in the
preparation of the lactone rings of avermectins or
milbemycins (Scheme I). In view of this, it would be of
great use to have a simple preparative access to the pure
dione enantiomers which, to our present knowledge, does
Dot yet exist. A recent paper* does, however, describe an
asymmetric bis-bydrosilylation of norbornadiene which
leads to one of the corresponding exc,exo-diol diacetate
enantiomers with high optical purity.

We berein report the synthesis of diomes of high
enantiomeric purity, starting from a commercial mixtmre of
norbornenol acetates, which involves very few steps, the
key one being an enzymatic resolution method.

Results and Discussion

Our first attempts, which involved the direct enzymatic
resolution of mono- and diesters derived from the racemic

0 t
1 1]
e —

Scheme [.

Keywords: Enzymatic bydrolysis; transesterification: Candida
rugosa lipase; ssymmetric synthon.
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diol mixture obtained by the formylation of
norbornadiene,! were unsuccessful, in agreement with
known structural models elaborated for the hydrolysis of
such bicyclic esters catalyzed by lipase from Candida
rugosa (= Candida cylindracea)® and recent resuits cbtained
with other enzymes.5$ An enzymatic hydrolysis of endo-
2-norbornenyl esters,% 10 having an enantioselectivity
coefficient (E)!! of about 15, was not enantioselective
encugh to be of preparative use. Moreover, the recovery of
the exceedingly volatile products!® was difficult and the
subsequent formylation of the norbornenyl ester was, to
our surprise, unsuccessful.

For these reasons, we turned to another swategy for the
introduction of the second oxygen atom using previously
described reactions, the exo-epoxidation of an endo-2-
hydroxy-5-norbornene derivative followed by a
regioselective reductive opening of the epoxide ring to give
an endo ex0-2.5-norbomanediol. 12 We were also aware that
the enzymatic resolution of a 5,6-¢poxy-endo-norboman-2-
yl ester, 1€ carried out on an analytical scale, was highly
effective (E ~ 100) and thus appeared particularly adapted to
our purpose.

Analytical enzymatic hydrolyses and transesterifications

Epoxidation of the commercial 2-acetoxy-5-norbornene (a
mixture of racemic endo- and exo-isomers, approximately
8:2) employing magnesium monoperoxyphthalate bexa-

g
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hydrate!3 in ethanol-water afforded. in high yield, the crude
epoxide which, upon crystallization, yielded the pure erdo-
epoxyacetate isomer da (about 50 % minimal vield). As
previously described, '€ this ester was recovered unchanged
when submitted to hydrolysis with lipase from C. rugosa,
even for prolonged incubation times. Conversely, the
corresponding butyric ester 4b, prepared by mild alkaline
hydrolysis of 4a followed by esterification with butyric
anhydride, was a good substrate for the same enzyme and
was easily resolved (£ ~ 92) on a 400 mg-scale, affording
(2R)-epoxyalcohol 5 and (2S)-epoxyester 4b of high
optical purity (Scheme II). Absolute configurations were
atributed from the known stereoselectivity of lipase from
C. rugosa in this series® and confirmed by comparison of
the optical rotation of the resulting epoxyaicohol with the
epoxidation product of the previously described.
corresponding (1R,2R.4R)-endo-norbornenol.’-10

However, the need for a preliminary exchange of the ester
group could be eliminated by working with the same lipase
in a transesterification reaction, using the racemic alcohoi
§ as a substrate in an anhydrous organic solvent.!4 A
preliminary screening for a convenient acyl group doner in
various organic solvents was effected, the principal resuits
of which are given in Table 1. The most striking outcome
is that, unexpectedly, acetyl donors (entries 1, 3, 4 and 5)
are effective donating reagents, aithough they are
systematically less effective than butyryl donors.
Moreover, the enantioselectivities measured using vinyl or
isopropenyl acetate were bigher or comparabie to those
measured using vinyl butyrate (entry 2). In coutrast, other
donors such as anhydrides (entries 5 and 6) or esters (entry
7, result in lower enantioselectivities. In the case of
isopropenyl acetate, the replacement of toluene by
chioroform (entry 4) produced a dramatic effect on the rate
and enantioselectivity of the esterification reaction.

oL ek

4D Re(OigyCH, ____CR
Scheme IL

(an)-8 (28) -4

Table 1. Enstuoselectve esterification® of (£)-2-endo-hydrosy-5.6-cpozynarbornane by lipase from C. rugosa in the presence of various acy!

donors and solvents.

Acyladng agenat (mol/ mol Time % E
of suhstrate) Solvent (hours) conversion valuest
1 /ﬂ\ﬂ @  Towene 66 30 509
Qo
2 i J @ Td 3 46 75
Usne
Mo
3 )ok ” 4 Toluene 66 47 200-500
o\
4 i J\ @  CHQ a6 14 12
/”\L 3
Q Q
s AN () Towee 120 IS 13

o 0
6 AN

Toluene 1.5 40 3.6

7 Tributyrin

(used as solvent) 66 37 12

*To the substrate (50 mg) in anhydrous soivest (5 mL) were added 4 A molecular sieves (SO mg), acyl donor, and lipase from C. rugosa (10-20 mg).

The suspensions were incubated with shaking at 30 °C. ]

Pealculated fom % conversion, determined by GC of the reaction mixture (DBwax columa. 160 °C) or from egaatiomenc excesses of substrate aad
Il ¢ o 3 were determined sither by GC of acetae or wifluoroacetats estats on & Chiraldex G-TA 30 capillary columa (110 °C) or by HPLC of
esters on a Chiraipack AD column (see Exparimental Section).
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Preparasive aspects

Under the best conditions (entry 3), starting from 3 g of
(2)-epoxy alcohol §, it was possible to obtain, in a two-
stage operation.’ 1.6 g (40 %) of (2R)-epoxyacetate 4b
96 % e.c.) and 1.2 g (40 %) of (25)-epoxyalcohol § (> 98
% e.e.). Each product was then reduced with lithium
aluminum hydride in tetrabydrofuran!2 (6575 % yield) and
the crystallized!$ endo,exo-2,5-norbornanediols were
submitted to pyridinium dichromate or Swem oxidation, !
affording the enantiomeric (15,45)- and (1R.4R)-
bicyclo[2.2.1]heptan-2,5-diones (about 70 % yield) in bigh
optical purity (2 96 % e.e.).

An integrated process, which includes the recycling of
unused (+)-exo- and endo-2-acetoxy-5.6-epoxynorbornanes
present in the mother liquors of the epoxyacetate
recrystallization, has been designed: mild alkaline
hydrolysis, followed by oxidation to epoxynorbornanone
and reduction with sodium borohydride in methanoli® will

afford exclusively (2 95 %) the endo-epoxynorbomanol 5,
which could again be used in the enzymatic
transesterification procedure. The entire synthetic process,
described in Scheme II1, is currently being conducted on a
multigram scale in our laboratory, and will be reported in
due course.

Experimental Section
General

Melting points are uncorrected. 'H and !3C-NMR spectra
were recorded on a WM250 Bruker spectrometer at 250 and
62.9 MHz respectively. The residual protons in CDCl; or
pyridine-ds were used as reference peaks, with assigned 7.25
and 8.71 ppm chemical shifts, respectively. Signal
assignment was aided by 2D !H homonuclear shift
correlated (COSY 45) spectra and !3C distortionless
enhanced polarization (DEPT 135) experiments. Optical

et/ ano (B:8)

MMPP / E10H
fb“’“ =

crystaliizsiion
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ro@tions were measured in 1 dm or 0.1 dm cells using a
Perkin Elmer 241 spectropolarimeter. Gas chromatography
was performed on Varian 3700 or Shimadzn G-8A
instruments equipped with flame ionization detectors and
Shimadzu C-R3A or C-R6A integrating recorders. OV-
1701 (Flexibond™, 0.20 mm x 15 m, Pierce Chem. Co)
or Durabondwax (0.32 mm x 30 m, J&W Scientific, Inc.)
capillary columns were routinely employed to monitor
enzyme reactions, whereas a Chiraldex G-TA capillary
colump (0.25 mm x 30 m, Astec) was used (o determine
optical purities. Mass spectrometric analyses (MS) were
carried out by clectronic impact (EJ) on a Hewlen Packard
5972 GC-MS insrument. High resolation mass spectra
(HRMS) were supplied by Université P. et M. Curie
(Paris). Flash column chromatography was carried out
using Merck 60 silica gel (230400 mesh). Merck 60F;s4
precoated glass plates were used for thin layer
chromatography. High pressure liquid chromatography was
performed using a Chromatem 380 pump, equipped with a
Pye-Unicam LC-UV detector, a Shimadzu C-R3A
integrating recorder, and a Chiralpack AD column (0.46 x
25 cm, Daicel Chem. ind.). Lipase from Candida
¢ylindracea (C. rugosa, E.C.3.1.1.3) was purchased from
Sigma Chemical Co. (St Louis, USA).

Determination of enargiomeric excess

Enantiomeric excesses of 2-endo-acetoxy-5,6-
epoxynorbornanes (Figure 1) and bicycio(2.2.1}heptan-2.5-
diones (Figure 2) were determined directly by GC on a
Chiraldex G-TA30 capillary column at 110 °C.
Enantiomeric excesses of 2-endo-hydroxy-35,6-
epoxynorbornanes were determined by GC of their acetate
or trifluoroacetate esters on the same column at 110 or 90
°C, respectively. In some cases, enantiomeric excesses of
2-endo-hydroxy-5,6-epoxynorbomanes were determined by
HPLC of their benzoyl esters on a Chiralpak AD column
with hexane-isopropanol (95:5) as solvent (flow rate: 0.5
mL/min, detection at 250 nm).

Preparation of acety! esters for GC analysis: to the aicohol
(~ 10 mg) dissolved in ethyl acetate was added 4-
dimethylaminopyridine (0.05 eq.), sodium carbonate (1.5
eq.), and acetic anhydride (1.5 eq.). The mixture was stirred
for 18 b, then washed with water and brine. The organic
phase was dried over anbydrous sodium sulfate. filtered,
evaporated in vacuo, and analyzed without further

purification.

16.32

~
-

- -
- ~

B
]

w analytical separation of enantiomeric endo-2-hydrexy-S,6-epoxynorbormane esters on Chiraldex G-TA (see Experimental Sectica): A,

| esters: B, acetyi esters.
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8.043

9.343

—

C 'S

Figare 2. GC asalytical sepasation of epantiomeric bicyclo{2.2.1Theptan-2.5-diones on Chirsidex G-TA (scc Experimental Section): A, racemic

mixnge: B, 15.45;C, IR4R.

Preparation of triflucroacetyl esters for GC analysis: (o the
alcohol (1-5 mg) in dichloromethane (0.5 mL) was added
triflucrcacetic anbydride (0.2 mL). After stirring for 30
min, the solvent and excess anhydride were evaporated
under a stream of nitrogen and the residue was analyzed
without further purification.

Preparation of benzoyl esters for HPLC analysis:
Dicyclohexyicarbodiimide (1.1 eq.) was added to a mixmure
of 4-dimethylaminopyridine (0.1 eq.), benzoic acid (2 eq.)
and alcohol in dichioromethane, cooled in an ice-water
bath. After stirring for 30 min, the reaction mixture was
warmed to room temperature and stirred for 30 b.
Dicyclohexyiurea was removed by filration and tbe filzate
was washed twice with 1 N HCl, samrated sodium
bicarbonate, water and brine. The organic phase was dried
over anhydrous sodium suifate, filtered and evaporated in
vgcuo. The residue was analyzed without further

purification.

(£)-2-endo-acezoxy-3,6-epoxynorbornane (4a)

A solution of magnesium monoperoxyphthalate
bexahydrate (375 g, 0.76 mol) in water (2.6 L) was added
t0 (£)-2-endo/exo-acetoxy-5-norbornene (39 g, 0.650 mol)
in absolute ethanol (2 L). The mixture was stirred at room
temperature for 3 days. Ethanol, along with a portion of
water, was evaporated in vacuo and the residue (1.2 L) was
divided into two parts. Each portion was extwracted with
ether (1 L), washed with aqueous saturated sodium
bicarbonate (3 x 300 mL), 20 % aqueous sodium bisulfite
(2 x 300 mL), water (300 mL), and brine (500 mL), and
after the first ether extraction were combined, extracted
again with ether (1 L), and washed as above. Evaporation
of the solvent from the combined ethereal phases yielded a
mixture of the exo and endo isomers as a slightly yellow
oil (80.9 g, 70 %). Three crystailizations from ether—
bexane yielded the endo isomer (54.3 g, 50 %, > 99 %
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endo-isomer by GC). R¢ 0.25 (cyclobexane-ethyl acetate,
8:2). Mp 53.5-54 °C (lit.!2: 53-54 °C). HRMS for
CgH 1203, calc. 168.078642, found 168.078657. MS (EI):
168(1), 150(1) [M-H20]*. 140(3), 138(3), 126(9) (M-
CH,CQJ*, 108(10), 97(11), 82(81), 43(100).

IH NMR (CDCl3, 250 MHz), 8 ppm. J Hz: 5.04 (1H, ddd,
J2-3e20= 8.8, J1_2 = 4.4, Ja_3endo = 3, H-2), 3.33 (1H,
br.d, Jeg = 3.6, H-6), 3.23 (IH, br.d. Js.4 = 3.6, H-5),
2.75 (1H, dm, J;_2 = 4.4, H-1), 2.49 (1H, dm, J4 300 =
4.4, H4), 2.07 (1H, ddd. J3¢x0-3endo = 13.5. J2-3ex0 = 8.8,
Jrgxos = 4.4, H-3 ex0), 2.02 (3H, s, CH3CO), 1.34 (1H,
dm, J7_.7 = 10.2, H-7), 1.07 (1H, dm, J3g0-3endo = 13.5,
J2-3endo = 3, H-3 endo), 0.78 (1H, dm, /7_7 = 102, H-7).

13C NMR (CDCly, 62.9 MHz), § ppm: 170.28 (CO),
75.97 (CH, C-2), 50.36, 47.66 (CH, C-5 and C-6), 39.99,
36.44 (CH, C-1 and C-4), 32.56, 2426 (CH, C-3 and C-
7, 20.45 (CHs).

The mother liquors were concentrated in vacuo, vielding a
yellow oil (25.7 g) containing 35 % endo-isomer.

(£)-2-endo-butyroxy-3.6-epoxynorbornane (4b)

To a solution of (+)-2-endo-butyroxy-5-norbornene (900
mg, 5 mmol) in ethanol (15 mL) was added magnesium
monoperoxyphthalate hexahydrate (3 g, 6.06 mmol)
dissoived in water (20 mL). The mixture was stirred at
room temperature for 48 h. The solvents were evaporated
in vacuo and the residye dissolved in ether (100 mL). The
cthereal soiution was washed with agueous saturated
sodium bicarbonate (2 x 50 mL), 20 % aqueous sodium
bisulfite (6 x 50 mL), samrated sodivm bicarbonate (2 x 50
mL), water, and brine, dried over sodium suifate, and
evaporated. The crude product was purified by flash
chromatography (hexane-ethyl acetate, 95:5 to 9:1),
yielding the epoxyester as a colorless oil (819 mg, 83 %).
R¢ 0.38 (cyclohexane-ethyl acetate, 8:2). MS (EI): 168(2)
[M-COJ*, 140(5) [(M-CH,CH,CO1}*, 125(4) M-
CH;CH;CH,COJ*, 107(5), 97(8), 81(81), 71(100).

'H NMR (CDCl;, 250 MHz), § ppm. J Hz: 5.01 (1H, ddd,
N2-3ex0= 9, Ji2 = 4, J2_3endo = 3, H-2), 3.32 (1H, brd,
Js6 = 3.6, H-6), 3.23 (1H, br.d, Js_s = 3.6, H-5), 2.7§
(1H, dm, J1_2= 4, H-1), 2.49 (1H, dm, J¢3exp = 4, H),
2.25(2H, v, 7= 7.3, CH»CO0), 2.07 (1H, ddd, J3c20-3endo ®
132, 121000 = 9, Jrem0.4 = 4, H-3 ex0), 1.62 (2H, sextet
J = 7.3, CH.CH3), 1.33 (1H, dm, Jo_7= 10.2, H-7), 1.06
(1H, dm, J3xp-3endo = 13.2, J2_30ndo = 3. H-3 endo), 0.93
(3H, v J = 1.3, CH3CH>p), 0.79 (1H, br.d, J7_7 = 102, H-
.

Enzymatic hydrolvsis and resolution of ()-2-endo-
butyroxy-5.6-epoxynorbornane (4b)

To (£)-2-endo-butyroxy-5,6-epoxynorbomane 4b (388 mg,
1.98 mmoi) dissolved in 0.1 M, pH 7 sodium phosphate
buffer-acetone (9:1, 150 ml.), was added lipase from C.
rugosa (39 mg). The mixture was orbitally shaken at 27 °C

for 3 h (3% % conversion). The reaction mixwre was
sarated with sodium chloride and ethyl acetate (100 mL)
was added. After stirring vigorously for 5 min, the phases
were separated and the aqueous layer was extracted again
with ethyl acetate (6 x 100 mL). The combined organic
extracts were washed with aqueous saturated sodium
bicarbonate and brine. dried over anhydrous sodium suifate
and evaporated in vacuo. Purification of the crude product
by flash chromatography (hexane—ethyl acetate, 6:4 o 1:1)
yielded pure alcohol (2R)-§ (83 mg, 33 %), [ajp2! + 424
° (¢ 1.2, CHCl3) (lit.!0: + 46.5 °), 96 % e.e., and ester
(25)-4b (232 mg, 60 %). The isolated butyrate was
resubmitted to hydrolysis under the same conditions. After
6 b (57 % total conversion), the reaction mixture was
worked up as before. Purification of the crude product
yielded alcobol (2R)-5 (16.2 mg, 6 %), and butyrate (25)-
4b (179 mg, 46 %), [a]p®! - 13.8 ° (¢ 3.9, CHCly) (it
10 _134°,>9 % ee.

(%)-2-endo-hydroxy-5,6-epoxyrorbornane (5)

To a solution of (+)-endo-2-acetoxy-3.6-epoxynorbornane
(48.7 g, 0.29 moi) in ethanol (400 mL), cooled in a cold
water bath, was slowly added 2 N sodium hydroxide (175
mi, 0.348 mol). The mixmre was stirred for 85 min, after
which time the reaction was quenched with glacial acetic
acid (3.3 mL, 0.06 mol). Ethanol and water were removed
by rotatory evaporation and the residue was extracted with
ethyl acetate (1.4 L). The organic phase was washed with
0.5 N HCl (100 mL), samrated aqueous sodium
bicarbonate (200 mL), and brine (2 x 200 mL), dried over
anhydrous sodium sulfate, and evaporated in vacuo to yield
a pale yellow solid (35.1 g, 96 %). The crude product was
crystallized from ethyl acetate~hexane to give the pure
epoxy alcohol as white crystais (25.3 g, 70 %). The
remaining product was purified by flash chromatography
(pentane-ethyl acetate. 5:5 to 3:7) yielding additional pure
epoxy alcobol (4.4 g, 11 %). R¢ 0.23 {pentane-cthyl
acetate, 5:5). Mp 190-192 °C, sealed tbe (lit.: 160-162
°C,12 170-172 °C!9). HRMS for C7H O3, calc.
126.068078, found 126.068107. MS (EI): 126(1),
125(1.5), 107(2.5), 95(4), 81(100).

'H NMR (CDCl3, 250 MHz), § ppm, J Hz: 4.38 (1H. m,
H-2), 3.44 (1H, br.d, Js_6=3.7, H-6), 3.27 (1H, br.d. Js¢
= 3.7, H-5), 2.60 (1H, m, H-1), 2.45 (1H, m, H4), 1.99
(1H, ddd, J1ero 3endo = 13.2. Jo3e0 £ 9, 30904 = 4, H-3
exo0), 1.55 (1H, br.s, OH), 1.27 (1H, dm, J1_r=10.2, H-
. 1.00 (1H, dt. J3exo-3endo = 13-2. Jo_3endo = 3. H-3
endo), 0.74 (1H, br.d, J_r=10.2, H-7).

13C NMR (CDCl3, 62.9 MHz), § ppm: 74.13 (CH. C-2),
51.47, 48.98 (CH, C-5 and C-6), 42.36. 37.33 (CH, C-1
and C4), 35.08, 25.15 (CH3, C-3 and C-7).

Preparative enzymatic resolution of (%+)-2-endo-hvdroxy-
S.6-epoxynorbornane (S)

Isopropeny! acetate (10.3 mL, 93.5 mmol) was added to
() 2-endo-5,6-epoxynorbornane (3 g, 23.8 mmol)
dissolved in toluene (340 mL). Lipase from C. rugosa (1
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g) was added and the flask was orbitally shaken at 30 °C.
After 14 h an additional 700 mg of lipase was added and
after another 8 b, 550 mg of lipase was added. After a total
of 25 h, the reaction was stopped by filtration of the
mixture through glass fiber paper. The product and
remaining substrate were separated by medium pressure
liquid chromatography (200 g silica gel, Merck 60H,
cyclohexane-ethyl acetate 1:1, followed by cyclohexane-
ethyl acetate 2:8 once the first alcohol fraction was
detected). The solvent was evaporated to yield the alcohol
(1.84 g, 77 % e.e.) and the acetate (1.59 g, 40 %, 95.5 %
e.e.) [alp! + 7.4 ° (c 1, CHCL;). The alcohol was
resubmitted to esterification under the same conditions
using 4 g lipase. The reaction was stopped as before after a
wtal of 20 h (corresponding to a 58 % total conversion).
Purification by flash column chromatography
(cyclohexane-ethyl acetate, 1:1) yielded the remaining
alcohol substrate (1.2 g, 40 %, > 98 % e.e.), [a]p?! -46.7°
(c 0.85, CHCl3), and the acetate product (0.44 g, 60 %
ee.).

Reduction of 2-endo-acetoxy-3.6-epoxynorbornane (4aj to
2,5-dihydroxynorbornane

Dry tetrahydrofuran (80 mL) was added dropwise to lithium
aluminum hydride (2.4 g, 56.7 mmol) under nitrogen.
Afier complete addition, the suspension was refluxed for
1.25 h. After cooling the mixture o room lemperature, the
flask was placed in a cold water bath and 2-endp-acetoxy-
5,6-epoxynorbornano! (1.52 g, 9.04 mmol) in
tetrahydrofuran (6 mL) was added dropwise. The dropping
funnel was rinsed with tetrahydrofuran (5 mL) and the
mixture was heated to a reflux for 3.75 h. The flask was
cooled in an ice-water bath and water was carefully added
dropwise (2.4 mL), followed by aqueous 15 % w/w sodium
bydroxide (2.4 mL) and finally water (7.2 mL). The
mixture was stirred for 20 min and then filtered, rinsing
with terahydrofuran and ethyl acetate. The filrate was dried
over anhydrous sodium suifate and evaporation of the
solvent yielded a white solid. Recrystallization from ether-
dichloromethane yielded the pure diol as white crystals
(614 mg, 53 %). Medium pressure liquid ckromatography
(200 g silica, dichloromethane-isopropanol, 9:1) of the
residue obtained from evaporation of the mother liquor
yielded additional pure diol (272 mg, 23 %). R¢ 0.16
(dnchloromethane—memanol 9:1). Mp 180-182 °C (sealed
tube). [alp?! + 2.8 ° (c 2.34, MeOH), (@]s7g + 2.9 °
[alses + 32 ° [a]q3s + 4.2 °. HRMS for C7H1202.
ulc.128.083728. found 128.083713. MS (EI): 128(2)
MI*, 110(19) IM-H201*, 95(33), 81(24), 66(100).

IH NMR (pyridine-ds, 250 MHz), & ppm. J Hz: 6.04 (1H.
d, J=3.3, endo-OH on C-2), 599 (1H, d, /= 3.3, ex0-OH
on C-5), 4.38 (1H, m, J2_30p = 10. J2_3 =/2.05 = 3.3, /2.

= 1.3, H-2), 4.22 (1H, m, H-5), 2.92 (1H. ddd. Jsengo-
6exo = 13, Jsendo-s = 7. J = 2, H-6 endo), 2.40 (1H, br.,
win = 10, H-1), 2.33 (1H. brd, /= 5, H4), 2.06-1.93
(2H, m. J =5, H-3,,, and H-7), 1.63 (1H, dm. Jso endo
=13, H-6 ex0), 1.31 (1H, br.d, J._7= 10, H-7), 1.01 (1H,
dt. J3go3endo = 13, J2_3endo = 3.3, H-3 endo).

13C NMR (CDCl3, 62.9 MHz), 8 ppm: 73.70, 70.62
(CH, C-2 and C-5), 44.40, 41.21 (CH. C-1 and C-4),
34.31, 33.03, 32.26 (CHy, C-3, C-6, and C-7).

Reduction of 2-endo-hydroxy-35,6-epoxynorbornane (5} to
2.5-dikydroxynorborrane

The above procedure was used for the reduction of the
epoxy alcohol (1.17g, 9.27 mmol) with the exception that
only 4 eq. of lithium aluminum hydride were used.
Recrystallization yielded the diol as white crystais (355
mg, 30 %) and chromatography of the mother liquor
yielded additional pure diol (411 mg, 34 %). ([a]p>’ - 4.1 °
(¢ 2.25, MeOH), [a]s7g - 4.2 °, [@]sa6 ~ 4.5 °, [alazs -
5.6°.

Oxidation of 2,5-dikvdroxynorbornane 1o enantiomeric
bicyclo(2.2.1]heptan-2,5-diones (1)

(i) Pyridinium dichromate oxidation. Diol (706 mg, 5.51
mmol) was dissolved in N,N-dimethy!formamide (100
mL), pyridinium dichromate (7.05 g, 18.7 mmoi) was
added and the mixture was stirred under nitrogen for 3 b.
Aqueous saturated sodium bicarbonate (100 mL) was added
to the reaction mixture and it was shaken vigorously.
Dichloromethane (300 mL) was added and the organic
phase was washed with aqueous saturated sodium
bicarbonate (4 x 100 mL), 0.5 N HCI (100 ml.), saturated
sodium bicarbonate (100 mL), water (2 x 200 mL), and
brine (200 mL), and dried over sodium sulfate. The soivent
was evaporated in vacuo Yyielding 501 mg of dione (73 %.
95 % pure by GC).

(ii) Swern oxidation. Freshly distilled oxalyl chioride (0.45
mL, 4.8 mmol) in dry dichloromethane (8 mL) was added
dropwise (0 a solution of dry dimethylsuifoxide (0.83 mL,
10.9 mmol) in dry dichloromethane (5 mL), under nitrogen
at -78 °C. After stirring for 30 min., 2,5-
dihydroxynorbornane (300 mg, 2.34 mmol) in
dichloromethane (4 mL) and dimethylsuifoxide (0.6 mL)
was added dropwise. After stirring for 3 b, triethylamine (3
mL, 21.8 mmol) was siowly added. The reaction mixture
was allowed to warm to room temperature, then stirred for
an additional hour. Water (10 mL) was added dropwise, the
reaction mixture was diluted with dichloromethane and the
organic phase was washed with 0.5 N HCl, aqueous
saturated sodium bicarbonate, and brine. The soivent was
evaporated in vacuo yielding 200 mg of pure dione (70 %).
MS (EI): 124(100) [M]*, 95(21), 82(23), 67(87).

IH NMR (CDCl3, 250 MHz), § ppm. J Hz: 2.97 (2H, m.
X signal of an ABX system, H-1 and H-4), 2.36 (2H. dm,
A signal of an ABX system, Jap = 19, H-3 exo and H-6
ex0), 2.13 (2H. dm. B signal of an ABX system, Jp = 19,
H-3 endo and H-6 endo), 2.08 (2H, m, H-7 and H-7).

13C NMR (CDCl;, 62.9 MHz), § ppm: 212.04 (CO, C-2
and C-5), 48.48 (CH, C-1 and C-4), 38.80 (CH,, C-6 and
C-3), 3627 (CH,, C-7.
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(15.45)-1: mp 140-141 °C. [alp3! - 4.5 ° (c 2.44,
EtOH), [a]s7g — 4.5 °, [@lsa6 - 2.9 °, [a@la3g + 26.6 °,
{a]igy + 187 % e.e. = 99 %. HRMS for C7HgO3, calc.
124.052408, found 124.052383.

(1R,4R)-1: mp 139-140 °C. [a)p?! + 5.0 ° (c 2.0,
EtOH), [a]s7s + 5.0 °, (@]s4s + 4.0 °, [@]q36 - 255 °,
[a)igy - 179.5 % e.e. = 96 %. HRMS for C7H3O3,
calc.124.052408, found 124.052383.
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