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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 al the stereocenter of substrates.

One proposed mIe 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 NH2CHRR'. 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: (8)-(-)-4-acetoxy-2-cyclohexen

l-one and esters of(R)...lactic acid.

Using a similar approach, we designed a synthetic scheme for the

preparation ofhoth enantiomers of a usefui C2-symmetric synthon. The key step is

an acylation reaction catalyzed by lipase from Candida rugosa. (IR,4R) ... and

(IS,2S)-bicyclo[2.2.1 ]heptan-2,S-diones were obtained with high optical purity.
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Résumé

Les chimistes organiciens ont besoin de nombreuses données pour les aider

à trouver l'enzyme qu'ils recherchent.

Nous avons proposé et validé des règles emptnques qui permettent de

prédire, à partir du substrat, la stéréochimie du produit obtenu lors de réactions

catalysées par les hydrolases. Ces règles, mises au point grâce à nos résultats et à

ceux de la littérature, sont basées sur la différence de taille des substituants portés

par le carbone asymétrique du substrat. Une des règles que nous proposons permet

de déterminer l'énantioséléctivité de l'estérase du cholestérol et de lipases issues

de Pseudomonas cepacia et Candida rugosa, vis-à-vis d'alcools secondaires et de

leurs esters correspondants.

Selon le même principe, nous pouvons prédire l'énantiospécificité des

subtilisines pour des amines isostériques primaires du type H2NCHRR'. Nous

avons révisé les connaissances concernant l'énantioséléctivité des lipases vis-à-vis

des amines primaires et des subtilisines vis-à-vis des alcools secondaires. Les

lipases et les subtilisines font preuve d'énantioséléctivité opposée envers à 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 règle similaire nous a également permis de prédire l' énantioséléctivité

d'une lipase issue de Pseudomonas cepacia vis-à-vis des alcools primaires. Cette

règle 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 l'énantiomère majoritairement obtenu est opposée à celle

observée pour les alcools secondaires. Des expériences réalisées sur des substrats

ayant 2 centres asymétriques et des études de modélisation moléculaire suggèrent

que toutes les classes d'alcools se fixent dans la même région du site actif de

l'enzyme.
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Nous avons proposé une méthode permettant d'augmenter

l'énantioséléctivité des lipases et des estérases pour les alcools secondaires. Cette

technique, basée sur l'augmentation de la différence de taille des substituants

portés par le carbone asymétrique, a été appliquée avec succès à la préparation de

2 synthons chiraux recherchés : le (S)-4-acétoxy-2-cyclohex-l-one et les esters de

l'acide (R)-Iactique.

En utilisant une approche similaire, nous avons proposé un schèma

synthétique pour la préparation des 2 énantiomères d'un synthon important, de

symétrie C2• L'étape clefest une réaction d'acylation catalysée par une lipase issue

de Candida rogosa.. Les composés (IR, 4R) et (15, 2S)-bicyclo [2.2.l]heptan-2,5

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

Cbapter 1

General Introduction

1.1 The importance of bydrolases in tbe cbiral 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, theÎr 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. 1

For example, in the phannaceutical 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 cirog, is 28 times more effective than

the R enantiomer and 3 rimes more effective than the racemate.2
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~2H

MeO~
(s)-(+)-naproxen

In 1997, at least 50% of the top selling pharmaceutical drugs were single

enantiomers,3 and the number, for synthetically-derived drugs, is expected to reach

750/0 by the year 2000.4 In addition to the development of new optically active

drugs, Many drugs that have already been approved and marketed in their racemic

fonn 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 DOW being developed as

the enantiomerically-pure, (2R,3R), threo-isomer, in arder to minimize the side

effects of insomnia and appetite suppression.3

(2R.3R)-methylphenidate

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 concem. 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

2



•

•

•

Chapter 1

enzymes in the preparation of optically-pure compounds.S
•
6

•
7 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 substtate 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 RasMol v2.6 and coordinates from the POB data files
(accession code 4Iip).8

3
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Figure 1.Z. Chemoenzymatic preparation of an important intennediate in the synthesis oftaxol.

•

C-13 side chain moiety of taxai

99.8 %ee

NaOH

+
Lipase

+

Hydrolases are a class of enzymes that catalyze the cleavage or fonnation

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

ail belong to the family of hydrolases. Lipases, whose natural substrates, lipids,

possess a chiral alcohol group, are the most cornmonly 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, et at 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 of3-hydroxy..4-phenyl-p-Iactam, Figure 1.2.

o
Ph)lNH 0

Ph~OH
ÔH

•

•
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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]oct-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. 1O

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

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

reduced the production costs for bath isomers of a-phenethyl alcohol by 750/0,

using an enzyme-catalyzed resolution method.3

• lipase trom =CbHO
H

Pseudomonas fluorescens :
• 0 ~

0:
H

(-)-carbovir

+

RCOq tt

o=ÇP
H

\
\

(+)-brefeldin

•
Figure 1.3. Two useful single-enantiomer chiral drugs cao he obtained via the lipase-catalyzed
resolution of a hydroxylactone.
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The use ofenzymes 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 faet that the great number of

enzymes available is overwhelming, making the task of ehoosing an appropriate

enzyme seem, at first, rather daunting. ln order to malee enzymes more appealing

to chemists, predictive models and mies have been developed to faeilitate the

selection of an enzyme for a given substrate and transformation. These models

and mies are based on the study of hydrolase substrates and non-substrates as weil

as the binding sites, the specifie areas on or within enzymes to which a substrate is

bound as it undergoes catalytic reaetion.

This thesis deseribes the development of rules used to predict the

stereochemical outeome 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.

6



•
Chapter 1

1.2 Enantioselective reactioDs

The types of selectivities that enzymes exhibit are chemoselectivity, regio

and diastereoselectivity, and enantioselectivity. Enantioselectivityll 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

transfonnation of a meso or prochiral substrate ioto a chiral product (Figure

1.4b,c).

a OCOR OH

• A A + RC02HR1 R2 R, R2
Hydrolase

•
ÇCOR ÇCOR

~ ",.-.....R1 R2 R1 R2

b

CX
aCOR

OCOR
meso

c
ROCe OCOR

XR1 R2

prochiral

Hydrolase CXOH

-~---_. OCOR + RC02H

chiral

Hydrolase • HQXOCOR +---=------- RC02H
R1 R2

chiral

•
Figure 1.4. (a) Hydrolytic kinetic resolution (RI different from R2). (b) Hydrolytic asymmetric
synthesis starting from a mesa molecule. (c:) Hydrolytic asymmetric synthesis starting from a
prochiral molecule.

• Although most of the discussions throughout this thesis refer to the kinetic resolutiilD ofchiral substrates
the same reasonings, proposais, etc. can be applied to asymmetric syntheses.

7
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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. ft is a measure of the

enantioselectivity of the enzyme. For example, an E of 1 means that the hydrolase

transforms each enantiomer in al: 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 resolutioDS

Since the substrate in a kinetic resolution is racemic, one couId 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 500/0

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

trom steady state Michaelis-Menton kinetics for irreversible reactions. I2 ln a

kinetic resolution, two enantiomeric substrates, A and 8, compete for the active

site of the enzyme, E, as follows:

8
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Chapter 1

The enzyme turnover number, ~ab denotes the maximum number of

substrate molecules that one active site transfonns into product per unit time. The

Michaelis constant, KM, 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

•
and

When ~at is slow then KM is a binding constant:

(1.1 )

and (1.2)

Then, by substitution,

and ( 1.3)

•
The ratio of the initial rates defines the enantiomeric ratio

(1.4)

9
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If a substrate is racemic, [A] and [B] are initially present ln equal amounts,

therefore they cancel out. Integration yields

( 1.5)

•

•

where [Ao] and [Bo] are the initial amounts of each enantiomer, and [A] and [B]

are the amounts of unreacted substrate. 'A' is the faster-reacting enantiomer.

~allK.M 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 sho\vn above in equation 1.5, the enantiomeric ratio

or enantïoselectivity, 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 reactïon.

During a kinetic resolution, the optical purity of both the product and the

substrate vary as the reaction proceeds. Sih et al. 13 derived formulas that relate

enantiomeric excess to the extent of conversion. The substrate concentration

values, A, Ao, B, and 8o, in equation 1.5, were substituted by the extent of

conversion, c, and the enantiomeric excess of either the product, eCp, or of the

unreacted substrate, ees. These values are more easily measured experimentally

than kcal and KM. Since,

A+B
c = 1- (1.6)

Ao + Bo

and

/0
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then, by substitution ofequations (1.6) and (1.7) into equation (1.5),

and

E= In((1- c)(I- ees)]

I~ (1 - c)(1+ees)]

E =~l - cO Hep)l
ln(1- c(1- eep ) ]

(1.8)

(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.

(1.10)

•

Due to the logarithmic nature of these equations, high values of E (i.e.

E>SO) are much more difficult·to measure accurately than lower Evalues.

It is convenient to graphically illustrate the dependence of the ees and eep

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

II
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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. ft 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.

10050

% conversion

o
o~500------4I__----_f

b
100 .....-----~-~~~~

10050

0/0 conversion

o.....------t--,---....
o

a
100 ~=====:::-------,

•
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 ofpercent 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

thennodynamic 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 solvent14
, 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.

R'OH

Hydrolase
•

acyt donor (RCOOR')
solvant

•

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 constant15
• When

such reactions are reversible, the optical purity ofboth the product and the residual

substrate is lowered as the reaction proceeds. In order to avoid these undesirable

complications, irreversible conditions must he forced upon an enzyme-catalyzed

acylation reaction. There are two methods of accomplishing this: 1) use an excess

13
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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 he used as

for the irreversible hydrolysis reactions. ft must be kept in mind, however, that in

practice irreversible conditions are only mimicked under approximately 400/0

conversion. 16

o
R10H + A Hydrolase

R2 OR3
(R,S)

•

(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 alcohol.

Figure 1.7. The reversibility ofhydrolase-catalyzed acyl-transfer reactions leads to a decrease in
the optical purity of the rernaining substrate. The Rand S configurations are assigned arbitrarily.

ROH +

(R,S)

o Il Hydrolase 0
)lo~~-""'· RO~

(R)

+ ROH +

(5)

unreactive ketone
(acetone)

•
Figure 1.8. The use of i-propenyl acetate as acyl donor results in the formation of an unstable
enol which tautomerizes to an unreactive ketone, thus rnaking the reaction irreversible. The Rand
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.

NH2 Lipase
NHCOR ~H2

A A +• /'.R1 R2 acyl donor R1 R2 R1 R2

(R,S) (R) (5)

'"

no alcoholysis of the amide

Figure 1.9. Acylations ofamines catalyzed by lipases are considered to he irreversible reactions.

One important aspect of kinetic resolutions is that optical purity can be

enhanced by a process known as recycling. 13 This involves the chemical re

esterification or hydrolysis, in the case of an acyl-transfer, of the product isolated

from a tirst 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 ta enhance optical purity.5.6
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Asymmetric syntheses

An asymmetric synthesis is the transfonnation of a mesa or prochiral

starting material (Figure 1.4b,c). The preference that the enantiomer shows for

one enantiotopic group over the other detennines the selectivity of the reaction.

The enantiomeric ratio is given by equation 1.11. 17

1 + ee
E=---

1 • ee
(1.11)

•

•

Since the substrate fits into the active site ln 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 ail 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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_-----Â-----_ _-----À-----_( ,r \

more reactive

\

(X
0COR

OCOR

achiral

fast~ (X0H ~ow
~ OCOR-----

major chiralprodud (X0H
more reactive OH

( achiral

C
XOCOR~

OH

•

•

minor chiral
product

Figure 1.10. Asyrnmetric synthesis starting from a mesa compound. The minor producl from the
firsl 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
opticaI purity of the major mono-ester product.

Selectivity at mo stereocenters

The 5electivity of a lipase towards a substrate with two stereocenters 15

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

employed in the quantitative detennination of both the diastereoselectivity and the

selectivity at each stereocenter for such substrates.
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1.3 Structure and reactioD mecbanism

The hydrolases of primary foeus in this thesis are lipase from Candida

rugosa (CRL),18a lipase from Pseudomonas cepacia (PCl),I8b 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 ofserine hydrolases.

Structure of lipases and esterases

The X-ray structures of many senne 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 becorne apparent that although the

amino acid sequence of ail lipases and esterases is very different, they ail have an

astonishing similarity in their three-dirnensional structurel 9. Ail lipases and

esterases that have been studied have a series of p-strands and a-helices that are

folded in a similar manner, see Figure 1.11 for an example.20 This fold is called

the a/~ hydrolase fold. 21 It is comprised ofa central ~-sheet, fonned by a series of

eight predominantly parallel ~-strands, that is flanked on either side by a-helices.

The ~-sheet has the usual left-handed twist found in proteins. Each enzyme has

unique extrusions from this core structure. Figure 1.12 shows the basic pattern of

the a/~ 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 eatalytic triad residues, serine, histidine, and aspartic acid or glutamic acid,

are in the same order in the amino acid sequence of aIl 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 a/P fold. The catalytic triad is situated at the

C-tenninal edge of the p-sheet. The nucleophilic serine is always situated at the

elbow of a sharp tum 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 tirst amine acid after a

reverse tum 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 intennediate

fonned during catalysis) is also situated in approximately the same place in ail the

serine esterases: in a tum between strand 3 and helix A. The geometry of the

catalytic triad is maintained by an extensive hydrogen bonding network.

This specifie arrangement of the catalytic machinery and the alp 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 aleohol binding site is made up of two prineiple regions: a large

hydrophobie pocket and a medium-sized poeket that is more polar in character. At

least partiaily as a result of this, lipases exhibit in a common enantiopreference

towards secondary aleohols. 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-dimeosional structure and

differences in their iodividual eleetronic character. It is these differences that

reoder 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.
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helicallid

subtilisin Carfsberg

•
Figure 1.11. Ribbon diagrams of the three-dimensional structures of lipase from Pseudomonas
cepacia (a) and subtilisin Carlsberg (b) showing the typical a/p hydrolase and alp subtilase
folds. respectively. The catalytic triad residues are coloueed as follows: Ser, orange; His, bIue;
Asp, red. If the page is tumed 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 POB data files (accession codes for peL and subtilisin Carlsberg are 4lip and 2sbc•
respectively).8
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a
cxI~ hydrolase fold

b

alJ3 subtilase fold

•

Figure 1.12. Schematic drawing of the a/J3 hydrolase <a) and a/J3 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 pel has additional Cl-helices and J3-strands
and subtilisin Carlsberg has additional a-helices.

Whereas esterases exhibit DonnaI 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.22 This

"interfacial activation" is probably the result of a change in the confonnation 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.23 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 sorne

lipases, the oxyanion hole is fonned when this lid is opened. This lid does not

seem to play a role in determining the enantioselectivity of lipases.24

Structure of subtilisin

The amino acid sequence and X-ray structure of subtilisin, a serine protease

possessing esterase activity, has also been detennined.2S The core secondary

structures of subtilisin are folded in what is known as the alp subtilase fold,26 that

is, it is not an a/~ hydrolase, Figure 1.11b. This fold consists of a p-sheet

comprised of five parallel ~"strands flanked by four a ..helices, two a-helices on

either side of the plane fonned by the ~-sheet, Figure 1.12b. An interesting

feature of subtilisin is that one of the a-~-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 p-sheet as the other two catalytic residues, serine and aspartic acid.

Unlike the alp hydrolases, the catalytic residues are not located on the loops

joining the a-helices and ~-strands but rather within the secondary structures

themselves. Histidine and serine are located on the first tum 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 triad 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 peL are 2STI and 2lip respectively.8

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 images21
, Figure 1.13.

Catalytic mecbaoism

The mechanism for serine hydrolases has been weil established. 12
.27.28 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 (Tdl). Lipases

attack on the Re face of esters and Si face of amides (the priority of the groups

changes).29 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 pKa of the

serine hydroxyl moiety, making it more available for attack. As the tetrahedral

intennediate is being fonned, 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.29
.
30 The negatively

charged Asp(Glu) residue stabilizes the positively eharged 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 fonning two hydrogen bonds with the negatively eharged carbonyl

oxygene Breakdown of the tetrahedral intennediate (Tdl) releases the alcohol (or

amine) leaving group, with His donating its proton to the leaving group, and

results in the formation of the aeyl-enzyme intennediate.

The attack of a nueleophile on the aeyl-enzyme results in the formation of a

second tetrahedral intermediate (Td2) and in the subsequent release of the acyl

grQUp. 1f the nucleophile is water as in the case of a hydrolysis reaction, an aeid is

released. During the formation of the second tetrahedral, His is again protonated

and when the Td2 breaks down, the His proton is transferred back ta Ser,

regenerating the free enzyme.

Kinetic studies have indicated that it is the breakdown of the tirst

tetrahedral intennediate that is the rate determining step in the overall reaction of

hydrolyses.31 In section 1.S, we will discuss how it is this step that determines the

enantioseleetivity of the hydrolase towards alcohols.
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Figure 1.14. Catalytic mechanism for serine hydrolases. In sorne hydrolases Asp is replaced by
Glu and the oxyanion stabilizing residues may differ.
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The kineties and mechanism of the reverse reaetion, aeylation of an alcohol

or amine, have also been examined. 16
,32,33 In this case, the aeyl-enzyme is fonned

by the attack of catalytie serine residue on the acylating agent. In the second step,

the chiral alcohol (or amine) nueleophile attaeks the carbonyl carbon of the

aeylated serine, forming the second tetrahedral intennediate. The breakdown of

this tetrahedral intennediate, also thought to be rate detennining, results in the

release of the ester (or amide) product.
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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 ail of the following

substrates: secondary alcohols, primary aleohols, and primary amines

The following descriptions show the similarity between the binding sites of

hydrolases. A close-up pieture 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;8a a fungal lipase,

have been obtained for both the open-lid34 and closed-lid35 fonns as weIl as with

bound inhibitors.29
•
36 CRL consists of a 538 amino acid sequence and weighs

approximately 63 kDa.37

The X-ray crystal structure of CRL eovalently bound to a transition state

analogue, mimicking the eleavage of a secondary alcohol ester, provided an

insight into the important structural and electronie elements of the lipase's active

site. The aetive site ean be simply described as a hydrophobie cavity in the

lipase's surfaee. The ereviee is oval in shape, measuring approximately 7 A x 12

A. Within this eavity is a large "poeket", open to the solvent, lined with

hydrophobie side ehains and a medium-sized pocket lined with both polar and

hydrophobie groups. The medium poeket faces the floor of the erevice where the

eatalytie triad, Ser209-His449-Glu341, is situated. The "oxyanion hole" consists

of the Gly123 Gly 124, Ala210 residues. The aeyl chain of the ester binds

partiaily in a tunnel projecting towards the center of the protein. This tunnel,

unusual among hydrolases, allows the binding of a chain containing up ta 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 l8b (PCl, lipase P, P

30, PS, lPl-80, LPl-200S, SAM-II), Pseudomonas fluorescens38 (PFl, lipase

YS, AK, AKG), and Pseudomonas glumae (Chromobacterium viscosunl39
) ,

Pseudomonas sp. (lipase AK-IO). 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 ago40
, it is only very recently that an X-ray structure has been obtained for

PCl41. PCl~ which consists of a 320 amino acid sequence42 and weighs about 33

kDa, was found to measure approximately 30 Ax 40 Ax 50 A. When the helical

lid is open, a large hydrophobie surface, surrounding a deep active site cleft, is

exposed. The active site serine is loeated in the center of the eleft. The opening of

the cleft is oval-shaped, measuring 10 A x 2S A across, whereas the cresent

shaped bottom of the eleft measures about 4 Aacross. The cleft is approximately

1S Adeep. The catalytic triad is consists of SerS7, His286, and Asp264 residues

and the oxyanion hole is formed by the Gln88 and Leu17 residues.

Three binding sites were observed in the crystal structure of PCl

eomplexed with a glyeerol derivative transition-state analogue.30 The aeyl-ehain

binding eleft is a welI-defined hydrophobie groove measuring approximately 8 A

x 10 Â. There is a large binding poeket that has a small hydrophilie region at the

bottom of the eleft and a larger hydrophobie region towards the surface of the

enzyme. There is also a smaller poeket that is less hydrophobie.
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Lipase B from Candida anttlrctica

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.43
•
44 CAL-B is a fungaI enzyme

that consists of a 318 amine acid sequence and weighs 33 kOa. Its overall

dimensions are approximately 30A x 40A x soA.

The catalytic triad, consisting ofSerlOS, His224, and Asp1S7, is situated at

the bottom of a deep, narrow substrate binding site. The oxyanion stabilizing

residues, Glnl06 and Thr40, are thought to form three stabilizing hydrogen bonds

ta the tetrahedral intennediate. 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 weil as three hydrophobie

regions towards the surface of the enzyme.

Although there is a short a-helix Dear the enttance ta the binding site, there

is no indication that it acts as a Iid 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 weil 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-salt

dependence places cholesterol esterase between lipases and other esterases. It can

act both upon water-soluble substrates and hydrophobie 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.45 solved the structure of the native

dimer and its complex with a bile salt, while Chen et al.46 solved the structure for

a mutant monomer. Since the mutation (removal ofN-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 alp hydrolase rold consisting of II ~-strands flanked by 15 a

helices. The catalytic triad, consisting of Asp320, His435, and Ser194, is located

Dear the center of the molecule. Ala195, Glyl07, and Alal08 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 A2
. 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 round in lipases that blacks

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 ~-strands. This loop (residues 64-80) does not

block the entTance 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 ofCE 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 hydrophobie 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-terminaI

residues. They suggested that this was due to the conformational flexibility of the

C-tenninal region. Instead, Wang et al. found that the active site was partially

blocked by a short non-helicalloop (residues 116-124) whose confonnation 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 proposaIs are vastly different, they are both similar to lipase

activation in that a smail 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-tenninal 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. SUbtiiisin Carlsberg

has one less residue (274 amino acids) than subtilisin BrN' (275 amino acids) and

differs at 84 residues.2S 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 alp structure that is quite different from the a/~

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 ~-sheet. The amide moeity of Asn 155

and the main-chain nitrogen atom of the catalytic serine fonn the oxyanion hole.

The SI site is analogous to the acyl binding site of lipases and esterases and

the St' site is analogous to the site in which the alcohol substituents bind.
47

The S.

site is more neutral than hydrophobie and shows a preference for large aromatic

moieties.48
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1.5 Dow 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 ta discover whether hydrolases

differentiate between enantiomers by 'recognizing' the difference in size of the

substituents, difference in their electronic characteristics, or whether it is sorne

other structural feature of the substrate or lipase that determines enantioselectivity.

The examination of hydrolase crystal structures with bound transition-state

analogues as weil as molecular modeling studies have been extremely useful for

gaining infonnation about the shape, size, and electronic character of the catalytic

machinery and binding site.·

Secondary alcohols

lmportantly, as described in Chapter 2, alllipases and esterase studied thus

far, have a common enantiopreference towards secondary alcohols, although they

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

• Il must he noted that aU of the following studies were carried out after the work described in Chapters 2.
When the empirical substrate mIe was proposed, no X-ray structures were available for the lipases
coosidered here. Funhennorc, the research descnbed 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 hydrophobie 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 enantiorner to the other? Several

research groups have proposed molecular level explanations for the

enantioseleetivity of lipases toward seeondary alcohols. Ali of the researehers

referred to below agree that the preferred enantiomer of secondary alcohols bind

with the larger substituent in the large hydrophobie poeket and the medium

substituent in the smaller more hydrophilic poeket, of the active site. They do not

agree on where the substituents of the less favored enantiomer bind. Their

proposais and rationalizations for how and why lipases make 'mistakes', by

reacting with the disfavored enantiomer, differ. The tirst four proposais (Cygler et

al., Nishizawa, et al., Erna et al., and Nakamura, et 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 hydrophobie pocket and point out towards

the surface of the enzyme. The following two proposais (Uppenberg et al., Rottiei

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 beeausc 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 ofCRL, 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 ail have a medium-sized binding poeket (red) that is situated
close to the bonom of the active site and a large poeket (green) that extends further out towards
the surface of the enzyme. The medium poeket is lined with both hydrophilic and hydrophobic
amino acid residues. These residues always include the one before the eatalytic serine. the one
after the catalytic histidine, and one next to the oxyanion-stabilizing residues. The large poeket is
lined predominantly with hydrophobie 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 biad. CAL-B bas a very deep
and narrow binding site, with the medium poeket 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 trom the following
POB files: llpm (CRL), 4lip (PCL), llbs (CAL-B), laql (CE).8
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Cygler et al.29 obtained data on the structural and electronic characteristies

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 te!rahedral intermediate formed during hydrolysis of

seeondary 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 ease of the favored enantiomer, the larger side of the menthyl

ring, containing an isopropyl moiety, binds in the large hydrophobie poeket of

CRL and the smaller side binds in the smaller less hydrophobie poeket, Figure

1.16. A hydrogen bond is formed between the NE2 atom of the eatalytie histidine

and both the aleoholic oxygen of the substrate and the nucleophilie oxygen of the

serine residue, Figure 1.17. This hydrogen bond network stabilizes the tetrahedral

intermediate and faeilitates deprotonation of the serine and protonation of the

aleoholleaving group. The position of the disfavored enantiomer in the aetive site

is sueh that although its large substituent still binds within the hydrophobie poeket,

the isopropyl moiety is direeted 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 aleohol 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 eRL with the covalently-bound, fast-reacting enantiomer of the
phosphonate inhibitor. The isopropyl moiety binds in the large poeket and the methyl group
binds in the medium poeket. This figure was created using RasMol v2.6 and PDB file Ilpm.g
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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 shghtly
different orientation of the large group within the hydrophobic poeket, 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 pel..

catalyzed hydrolyses of secondary alcohol esters.31 They found that the apparent

KM values were identical for several different substrates but that the kcat 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 oxygena

Nakamura et al.49 and Erna et al. 32 carried out kinetic studies on the reverse

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 Vmax rather than KM' However their mechanistic interpretations

differ, as discussed below.

Using a combination of kinetic studies and energy calculations, Erna et al.

proposed that enantiomer differentiation is dependent solely on the relative

stability of the transition states of each enantiomer, white 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

theory50, 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 oxygena 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 couId be completely

ignored then the degree of stereoselectivity of ail lipases should be the same~ this

is obviously not the case.

large substituent remains in same position

il il
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H
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O

/ R
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Figure 1.18. Simplified schematic representation of the proposaI given by Erna et al. The view
along bond a for the favored and disfavored enantiomers is shown. Bonds b and e are gauche in
both cases and the large substituent points outward. For the disfavored enantiomer. repulsive
interactions oecur 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 a/.49 suggested that large aromatic substituents are 'anchored'

in a large poeket close to the catalytie site. That is, the large pocket of pel is lined

with phenyl rings and bas 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 aeylation. It is suggested that an aromatie large

substituent of the disfavored enantiomer is also subjected to the 'anchoring

effeet' .51 That leaves the option of either the hydroxyl group binding easily in the

medium poeket, in an unreaetive position, or being situated at the catalytic

position, Figure 1.19. In the latter position, however, the medium substituent is

forced into the sterieally eonstrieted poeket meant for the hydrogen atom. The

lower enantioseleetivity that is observed for substrates having a flexible alkyl

chain as the large substituent is aeeounted for by the fact that they are not

subjected to the 'anchor effeet'. The laek of an aromatie group inereases the

freedom of movement of the large substituent within its pocket. The unfavorable

stene interactions of the medium group within the small poeket can be therefore

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

favored enantiomer binding modes of disfavored enantiomers

•

Figure 1.19. Nakamura et 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 enantioseleetivity on non-sterie interactions within the

large poeket ofpeL has also been observed from substrate sereening studies. For

example, Honig et al.52 found that in the case of a heterocycle sueh as 3-
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hydroxytetrahydrofuran acetate, which, other than for the presence of the ring

oxygen is symmetrieal, the preferred produet has an R configuration. This

observation led them to suggest that the heteroatom must interaet electrostatically

within the large poeket. Carrea et al. suggested that the degree of

enantioseleetivity can be dependent on Tt-Tt interactions between a phenyl group

on the substrate and an amine acid moiety in the binding site.53 Rotticei et al.54

found that the addition of a halagen atom to the large side of aliphatie seeondary

alcohols greatly increased the enantioselectivity of Candida antarctica lipase B

(CAL·8), whereas addition of the halogen ta the smaller side resulted in a

decrease.

The following two proposais foeus on the notion that enantiodiserimination

is based on the preference for a given orientation of the substrate substituents

within the binding site.

Uppenberg et al.44 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 ioto 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 goveming enantioselectivity.

sterie hindrance

Figure 1.20. Binding modes 1 and fi for secondary alcohols. Mode fi bas unfavorable sterie
interactions.•

-0 H
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Mode 1binding
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Mode Il binding
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This study, as weil as later experiments combining substrate screening with

molecular modeling that were carried out by sorne of the same researchers

(Rotticci et al. ss and Orrenius et al.5~, indicated that size restrictions of the

binding pockets are important. ft was suggested that there are two modes of

binding for the substrates, Mode 1 and Mode II, Figure 1.20. Favored enantiomers

bind as in Mode l, with the medium substituent in the medium sized pocket. The

disfavored enantiomer must bind as in Mode Il 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 1 binding. However, as the

large group is increased in size, accommodation within the medium pocket

becomes more difficult; the enantioselectivity is enhanced because Mode Il

binding is less likely. They also suggested that unfavorable electrostatic

interactions cao 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 fi binding

less likely because of both unfavorable types of interactions within the medium

poeket.

Zuegg et al.24 analyzed the low energy conformations of both enantiomers

of secondary alcohols within the active site ofboth peL and CRL. They proposed

that enantiomer differentiation is based on the size of the substituents. Secondary

alcohols exhibit what they cali 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, eausing

unfavorable steric interactions. The two possible orientations for the substrate are

the same as proposed by Rotticci et al. and Orrenius et al., above.
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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 alcobols

As described in Chapter 3, PCl prefers the opposite enantiomer of primary

alcohols. We give a proposai for this opposite enantiopreference based on studies

carried out with substrates having two stereoeenters. Three independent groups of

researchers have perfonned crystallographie and molecular modeling analyses

using PCl. Their proposais for the moleeular basis by whieh pel differentiates

between enantiomers of primary aleohols and rationalizations for its opposite

preference for primary and secondary aleohols are diseussed below.

Zuegg et al.24 proposed that the favored enantiomer of secondary alcohols

and primary alcohols bind in approximately the same manner: the larger

substituent at the stereoeenter in a large hydrophobie poeket and the medium

substituent in a smaller more hydrophilie poeket, Figure 1.21. They suggest that

the preferred primary alcohol is opposite to the preferred seeondary aleohol

beeause of the extra carbon between the stereoeenter and the alcohol hydroxyl

group. This is in agreement with the researeh deseribed in Chapter 3. Primary

alcohols exhibit l-alignment. That is, the large substituents bind in the same
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poeket for both enantiomers. For the disfavored enantiomer, this forces the

hydrogen atom into the hydrophilie poeket and the medium substituent out of the

pocket towards the solvent. In this proposai, these unfavorable binding modes are

the basis for enantiodifferentiation.

In the previously diseussed studies eondueted by Nishizawa et al.,3! it was

also suggested that both substituents ofprimary and seeondary aleohols bind in the

same regions of the active site of peL. They proposed that the enantioselectivities

for primary aleohols are lower than for secondary aleohols beeause the medium

substituent is further away from the stereocenter and therefore does not disrupt

hydrogen bonding to the catalytie histidine to the same extent. This results in less

of a difference between the transition state reaetivities of the two enantiomers.

Tuomi and Kazlauskas57 proposed that primary and seeondary alcohols

bind in different regions of peL, as a result of moleeular modeling of transition

state analogues. The seeondary alcohols bind as described above, but the large

substituents of primary alcohols bind in an "altemateU hydrophobie poeket that is

fairly far removed from the hydrophobie poeket that binds large substituents of

seeondary aleohols, Figure 1.22. In addition to moleeular modeling, kinetie

studies \vere performed. They studied two different primary aleohol substrates,

one with an oxygen attaehed to the stereoeenter and one without. This was done

in an attempt to diseover why, as will be diseussed later, an existing mIe can

prediet the enantiopreferenee of peL towards primary alcohols without an oxygen

at the stereoeenter, but it cannot be applied to those with an oxygen. In the ease of

the substrate laeking an oxygen at the stereoeenter, the favored enantiomer has a

lower KM than the disfavored one, but the kcat values are approximately the same.

Moleeular modeling shows that the favored enantiomer has better hydrophobie

contacts: the medium substituent of the disfavored enantiomer is situated outside

the medium poeket, Figure 1.23.
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Figure 1.22. The active site of pel without (left) and with (right) an emhedded 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 altemate hydrophobie pocket. In the
right hand pieture, the colours have heen omitted for clarity. The viewing angle of the two
pictures is slightly different.
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Figure 1.23. (a) The preferred orientation of a secondary alcohol substrate. (b) Proposed
orientations for eaeh enantiomer of a primary alcohol substrate with an oxygen at the
stereocenter. (c) Proposed orientations for eaeh enantiomer of a primary aleohol lacking an
oxygen at the stereocenter: the disfavored enantiomer forms a hydrogen bond to tyrosine. The
large substituent of primary alcohols binds in an altemate hydrophobie poeket that does not
correspond ta the hydrophobie poeket for the large substituents of secondary alcohols. The
medium substituents bind in the same poeket for both elasses of aleohols.
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peL prefers the opposite enantiomer of the substrate having an oxygen at

the stereocenter.58 The kinetie studies showed that both kcat and KM are greater for

the preferred enantiomer. Moleeular modeling showed that the disfavored

enantiomer has better binding: both substituents are in their respective poekets

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 'altemate'

hydrophobie poeket, Figure 1.23. Although the hydrophobie contacts of the

favored enantiomer are poorer, the differenee in kcat is mueh greater than the

differenee in KM, as a result the favored enantiomer reacts faster. It is suggested

that the lower kcat of the disfavored enantiomer is due to the hydrogen bond to the

tyrosine residue; it is possible that the reverse reaetion is promoted due to the

tighter binding of the substrate. [n ail of the above binding modes, the

catalytically essential hydrogen bonds were maintained. In this proposai, both ~at

and KM are important in determining enantiopreferenee.

Lang et al.3o identified three poekets within the substrate binding site of

peL by examining its crystal structure with a eovalently-bound triaeylglycerol

analogue. The three binding sites were defined as follows: HA, the acyl binding

poeket; HH, a large hydrophobie poeket with a small hydrophilie region; and HB,

a smal1er slightly hydrophobie poeket.- 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-reaeting, S, enantiomer would bind

in eomparison. It was observed that the sn-2 moiety of the fast-reaeting

enantiomer binds in the HH poeket and forms a hydrogen bond between the

carbonyl oxygen and the 0., of a Thr residue. However, the sn-3 moiety of the

slow enantiomer is bound in this poeket. Sinee the environment near the

stereocenter of the two substituents is different, unfavorable sterie interactions

• Il appears that the HH pocket corresponds to the altemate hydrophobie poeket ofTuomi 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

proposai, the two substituents switch places and one binding mode is preferred. ft

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 poeket

R..nantlomer

HApoeket HB poeket

extra carbon
disrupts H·bond

HApocket

HH poeket

•

Figure 1.24. A stabilizing hydrogen bond is formed when the sn-2 moiety of the preferred, R.
enantiomer binds in the RH pocket. ln the case of the S enantiomer, it is the sn-3 moiety that
binds in the HH pocket: ils 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 aIl agree that the

large substituent remains in same position for both enantiomers of a primary

alcohoI. Zuegg et 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 alcohoI 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 POB file Isbc.8

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. S9 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.48 However since these

inhibitors mimic amino acids, it is the SI 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 proposaIs have been made, there is still oot any

one clear answer to the question of how enantiodifferentiation occurs and what

detennines 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

explanatioo 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

ln recent years chemists have attempted to make enzymes more accessible

and alluring for the production of optically pure materials by developing mies 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

fol1owing mies were proposed before X-ray structures became available, they are

still very valuable to the organic chemist. So much so, that mies and models have

even been developed after crystal structures have been solved.

One of the first roles available was developed by Prelog to predict the

enantioselectivity of yeast-catalyzed reductions of ketones60
. This mie is based

solely on the size of the substituents at the stereocenter and is reliable enough to

use for the detennination of absolute configurations61
• After the first few rules for

hydrolases were proposed about ten years ago, a plethora of mies and models have

been developed as a result of extensive screening studies and molecular modeling

studies.

The primary objective of the work described in this thesis was to develop

general models for predicting the stereochemicaI outcome of hydrolase-catalyzed

reactions; specificaIly, 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 ndes or models: substrate mies

and box-type rnodels. Substrate mies illustrate which substituent characteristics

are preferred by hydrolases. Sorne 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 specifie

to one particular hydrolase. The following review of proposed rules and models is

divided into five categories: substrate mIes and active site models for secondary

alcohols, substrate mies and active site models for primary alcohols, and substrate

roles for primary amines.·

Secondary alcobols: Predictive substrate rules

Among the first substrate rules to be proposed were detailed and specifie to

one enzyme and one class of substrate. Xie el al. proposed two mies that predict

the favored enantiomer in PCL-catalyzed hydrolyses of cyclic and bicyclic

systems.62 The tirst is a three-site model specifically for cyclic or bicyclic diols63

and the second i5 a stereomodel using a Newman projection of cyclic or bicyclic

systems64 (Figure 1.26).

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

resolutions of bicyclic secondary alcohols. 65 This model, which i5 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.66

• The reader may wish to consult Figures 1.15 and 1.25 while reading this sectio~ to compare the mIes and
models with the substrate binding sites of the hydrolases.
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Figure 1.26. a) Three-site model for pel. The hydrophobic site is for cyclic ring systems and
the binding site is for an alcoxycarbonyl or acetate group. b) Stereomodel for peL. Binding
occurs in the right-hand volume when the Newman projection of the substrate is drawn wtth the
acetate upwards.

The refined mathematical substrate model gives a representation as to

which areas of the substrate are sterically favored, as weil 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 sterically

disfavored. When ail 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 defmed as
follows: A: reaction site (must he endo). B: bridge (may contain hetero atoms). S. and SI: allti
and syn substituents (may be an ester, ether, or acetal group). Sll: uo-substituent (may be large).
Sa: endo-suhstituent (must he very small). 7t: 7t-site (7t-electron in this site enhance
enantioselectivity). The mathematical model gives more detailed space and electrostatic
restrictions.
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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 raceroic pair (or which alcohol moiety of a meso or

prochiral diol) will react preferentially.

Figure 1.28. Simple predictive substrate mies for secondary alcohols.

•
Rule A: Lipases

H OH

0~
Rule B: Subtilisin

•

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 painting 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 Hoe is the one that will react preferentially. A

similar was tirst proposed by Ziffer et a/.67 ta predict the enantiopreference of

lipase from Rhizomucor nigricans in the hydrolysis of a variety 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 mie has been shown to hold true for at least 8 other

hydrolases.68
•
69 In the case of CRL, the mie can ooly he 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 "Mn 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. Exl, et al. 70

concluded that CRL accepts larger flat substrates (to a Iimit of9.2 À) than pel (to

a limit of 7.1 À) but generally with lower enantioselectivities. From a detailed

substrate analysis with PCl, Theil et al.'1 detennined 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 ofan aryl ring (Figure 1.29). Kim and

Chon 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 hydrophobie ring.

OH CH3

ACO~O~

E=27 V

OH
ACO~OYil

E>100 ~CH3

• Figure 1.29. The enantioselectivity ofPCL differs for ortho and para substituted substrates.
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In Chapter 4 we review how the protease, subtilisin73, prefers the

enantiomer opposite to the one favored by Iipases.74 Therefore, a predictive rule

opposite to Rule A is applicable for subtilisins (Rule B, Figure 1.28). This mie

was found to be 85% accurate in predicting the stereochemical outcome of

reactions with secondary alcohols and their esters.

Secondary alcobols: 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 roles described above,. however

they include more detailed size restrictions. Each model is al50 specifie to one

given hydrolase.

At about the same time that the large/medium rule described in Chapter 2

(mie A) was published, a two-dimensional box..type mode1 was developed for

lipase AK (model C, Figure 1.30) from Pseudomonas fluorescens. 75 The first step

in using this model is ta fit the hydroxyl functionality of the substrate into the

catalytic site (the OH pointing out from the page). The next step is to detennine

which enantiomer best fits into the active site model. If any part of a molecule

goes beyond the boundaries of the model, it is not a suhstrate. 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 v;scosum

(Pseudomonas glumae)76

A similar model was proposed ta predict the enantiopreference of lipase

YS77 from Pseudomonas fluorescens (model D, Figure 1.30). It is used in exactly

the same wayas 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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poeket on the right and a smaller poeket on the left. ft was proposed that the right

hand poeket is more polar beeause the lipase showed high enantioseleetivity for

substrates having a phenyl moiety with small polar substituents.

The same type of model was also proposed for Lipase QL78 from

Alca/igenes sp. (model E, Figure 1.30).To use this model one must place the

hydroxyl group into the eatalytic site; the stereoeenter hydrogen into the Hs site

(small hydrophobie site); and the two substituents into the HL site (large

hydrophobie site). HL has a large poeket (HLr) on the right and a small poeket

(Hu) 00 the left.

HLr is more polar in character. Both HLr and Hu are wider than the poekets of

lipase AK and lipase YS. Agaio, the enaotiomer with the best fit is predieted to

react prefereotially.

•

•

Mode. C: Lipase AK \.0A\~ S.8 A
2.8A~t3.6A rrT13.1 Ar---- l' S.I A

2.3 AL !
2.oA

Model 0: Lipase YS 2.8 A

"<Ar, ~ HA
,....f 1 l

___----If

Mode. E: Lipase al r Catillytic site

-2:AW~1
[ ->7.0~- rA

Figure 1.30. Lipase active site models for secondary alcohols.

r-Ifl------
1 ~c
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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.79 This research was a continuation of the previously

deseribed work carried out by Theil et al. 71 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).

Aeeording to this model, the two hydrophobie poekets are very different in shape.

One has a spherieal shape and the other is a long tube with a limited diameter.

The fonner poeket aceommodates bulky groups sueh as phenyl, phenoxymethyl,

and substituted aryl derivatives, wherease the latter binding site aceepts ooly

stretehed substituents such as aeetoxymethyl and (n- hexadeeanoyloxy)methyl.

Therefore, it was suggested that it is not only size that determines

enantioseleetivity but also shape.

caralytic serine
situated behind

nA
8

9.5 A

3A

7.5 A

Figure 1.31. Madel F: active sile Madel for peL.
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Grabuleda80, et al. canied 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 hydrophobie poeket (HL)

and a smaller tunnel-shaped less hydrophobie poeket (Hs), Model G, Figure 1.32.

The hydroxyl group binds in the HH poeket, pointing outwards toward the front of

the pocket. Both models are essentially the same, however the dimensions of

Model Fare greater overall.

7A
Figure 1.32. Model G: Active site model for pel

;

i 88A

35A

~~.. ~::uA

1: ~.lA ~

1
C-

1

--,1'--'5' ~ "r:-1.r-17-A-------:-·-~1
18 1 3.7 A , 1 :

, [ 15A 1 1 .

~! .

J~~ ! H;H!ij..! ~ .
19~~;! ",

"JI 08 A

•
Jones et a/81 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).82 The boundaries of the original Model have since been slightly

modified83 and it is the final Model which is shown in figure 1.33 (model H).

•

6.2A

47A

3.1 A

Figure 1.33. Model H: active site model for PLE.
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As can be seen in Figure 1.34, ail 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.

MEDIUM

mIe A

modelC

modelD

modelE

modelG

modelF

modelH

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 alcobols: Predictive substrate rules

There are fewer examples of hydrolases·catalyzed transformations

involviog 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 reHable.

Chapter 3 describes how the empirical mIe for secondary alcohols (Rule A,

Figure 1.28) was extended to ~.branched primary alcohols. This rule (rule l,

Figure 1.35) is opposite to the secondary alcohol rule; that is, the CH20H points

ioto 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 is 89% accurate.

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

Jones et al.84 have recently shown that subtilisin shows an

enantiopreference opposite to lipases for ~-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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HO

H \

e~
RuieJ RuieK

Figure 1.36. Rules to predict the enantiopreference of subtilisin Bacillus fenlus towards ~
branched primary alcohols (Rule 1) and y-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. [n fact, rule Land

rule M, Figure 1.37, are essentially mirror images. This contradiction of rules has

often been referred to as the 'PPL dilemma'.

• Rule L:

~C9
è

pnmary

Rule M:

hydrophilic sile calalr
e

sile hydrophobie sile redrawn

H-site

RuieN:

catalytie siteX H

hydrcphilie' hydrophobie

pnmaryor
seccndary

primary or secondary

•
Figure 1.37. Rules to predict the enantiopreference of PPL towards primary and secondary
alcohols.
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The mie proposed by Hultin and Jones85 is shown in Figure 1.37, Rule L.

The acyl site corresponds to the catalytie site. The LH pocket accepts sterically

demanding substituents that are essentially hydrophobie in eharacter. The Sp

poeket is mueh smaller, aecepting polar substituents no bigger than an

aeetoxymethyl group. The Sp site will also aceept small non-polar substituents

such as a methyl group.

The mie proposed by Ehrler and Seebach86 does not inelude any size factor.

This mie, Rule M, is simply applied by eomparing the relative hydrophobicities of

the substituents at the stereocenter. The mie 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 mies are redra\vn as shown in Figure 1.37, one can easily see that

they are basically enantiomeric. Wimmer87 attempted to clariCy the problem by

comparing the successfulness of A-model and B-model of role N with both Rule L

and Rule M, in predicting the preferred enantiomer. Wimmer specified that these

rules are ta be applied by eomparing the polarity of the portion of the substituents

that is in the immediate vicinity of the stereoeenter. 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 suecessful.

Although Rules M and N are for secondary alcohols as weil as primary

alcohols, it has been suggested that pure PPL has no activity towards secondary

alcohol esters and that it is contaminants within eTUde 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

aleohols catalyzed by lipase YS (model D, Figure 1.30) was also found to apply to

reactions with primary aieohois. 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.

2.8 A

1.6 Arï ~ 5.4A

, r--- 1 1

___~r
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.89. This model is very

specifie ta a certain group of substrates, namely, a,a-disubstituted 1,2-diols, a

group ofprimary aleohols having a tertiary OH at the stereoeenter. This model is

shown in figure 1.39, model O. The R (reaction) poeket is the catalytic site for the

primary hydroxyl group (this hydroxyl must point into the page, away from the

reader). The tertiary hydroxyl 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)

poeket. Substituents positioned in the F poeket must not be aliphatic, in order to

obtain a good fit. Phenyl substituents must not be substituted in the para position,

beeause they become too large for the S poeket.
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R

[l

.~
S

•

Figure 1.39. Model 0: for predicting the enantiopreference of lipase AK.G towards a.a
disubstituted 1,2-diols

A box-type active site mode1 has also been proposed for lipase from

Rhizopus delemar90
• This model, Madel P, Figure 1.40, is specifically for

derivatives of meso-bis(acetoxymethyl)cyclopeotane (mesa 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 ioto the box, for

hydrolysis ta occur.

~I
slde view top view with substrate

•
Figure 1.40. Model P: for predicting the enantiopreference of lipase trom Rhizopus delemar
towards mesa 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 1.41.91 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 sorne other polar group. Site B

and D are hydrophobie pockets. Site B is more structurally and sterically selective

than site D. Apolar chains prefer site B if they fit, especially if they have sorne

farm of unsaturation. It is a crude model with no indication as to the dimensions

of the pockets, therefore it is difficult to apply. Guanti et al. state that the validity

of this model must be confinned by additional research.

R-~I,t··..... _-.... H
-,

l§

.r------..,. , OAe:
, ,.. -/ ... ~-

site A (catalytie site)

/

''------:-:--'---,""'site 0
)o--~:---'l (hydrophobie.

: minar starie interactions)

/
site C (hydrophilie, hydrogen bond)

site B
(hydrophobie. Tt-interactions)

'"•
Figure 1.41. Model Q: Box-type mode1 for PPL. The alkenyl substituent of 1,3
diacetoxypropanes binds in site B when it has a trans configuration because of favorable 1t

interactions, as shown. The cis-alkenyl substituents must bind in site 0 because the position of
the R group is such that unfavorable stene 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 shawn, see

Chapter 4, ta account for the enantiopreference of Lipase B from Candida

antartica (CAL_B)92, Pseudomonas aaeruginosa (PAL), and Pseudomonas

cepacia (peL) towards primary amines of the type NH2CHRR'. Subtilisin shows

the same opposite enantiopreference for primary amines as it showed for
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secondary alcohols. Therefore mIes R and Sare useful for predicting the

stereochemical outcome of reactions with primary amines, Figure 1.42.

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 ofpredicting 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 ofhydrolases through the modification

of reaction conditions, alteration of the substrate, and mutation of the hydrolase

itself: Significant irnprovements have been observed in ail three cases, but no

general method has been established. Unless otherwise noted, the following

discussion is limited to studies involving hydrolyses and acylations of prirnary 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 sorne rules and rationalizations, the variation in enantioselectivity

remains, for the most part, unpredictable.

Sa/vent

The influence of solvent on hydrolase-catalyzed transfonnations has been

extensively investigated over the past decade.93 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

solvent.5,93c The one drawback of this 'medium engineering' is that hydrolase

activity is often greatly reduced in organic solvents as compared to reactions

carried out in water.94
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An example of the need to optimize the solvent for a given reaetion is given

in Chapter 5. The enantioselectivity of a lipase-catalyzed esterifieation of a

bicyclie alcohol increased >100 fold upon changing the solvent from chloroform

to toluene.

Researchers have attempted to correlate the physieochemical characteristics

of solvents with the selectivity of hydrolases.93c 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. 95 No correlation with hydrophobicity (log P) was observed, nor was

any correlation found when subtilisin was replaced by porcine pancreatic lipase.

In this study, a 20..fold increase in enantioselectivity was observed upon changing

the solvent from aeetonitrile to dioxane, in the transesterification of I-phenyl

ethanol with vinyl butyrate. The effeet of solvent on the selectivity of subtilisin

Carlsberg, a protease from Aspergillus oryzae, and a lipase from Pseudonlonas sp.

towards prochiral primary alcohols was examined in a later study.96 A correlation

between proehiral seleetivity and solvent hydrophobieity was observed. In this

case, the influence of solvent dipole moment was ruled out by eondueting

reactions in two isomeric solvents having different polarities but the same

hydrophobieity; similar proehiral seleetivities were obtained. It was suggested

substrates having a large hydrophobie substituent bind more tightly within the

hydrolase's hydrophobie poeket in the presence ofhydrophilie solvents, leading to

a more stereoseleetive reaetion. That is, changes in selectivity are based on

changes in the solvation of the substrate. They also found that a hydrophobie

additive in the reaction medium eompeted for binding in the hydrophobie poeket,

resulting in deereased selectivity.
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An inversion of enantioselectivity was observed for lipase from

Pseudomonas cepacia97 upon variation of the solvent, but no correlation was

found between the enantioselectivity and the hydrophobicity of the solvent.

Carrea and co-workers, as weil 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 ofsolvents.93c

Enantioselectivity varied greatly with respect to solvent in the resolution of

amines catalyzed by lipase Pseudomonas cepacia and a lipase from Candida

antarctica.98 However, there was no relationship between the degree of

enantioselectivity and the log P or dielectric constant of the solvent.

Recently, Ke et a/.99 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 confinned.

log (kcalKM)pro-S 1(~alIKM)pro-R ] = log (y' pro-sir' pro-R) + const [1.12]

y'pro-S and y' pro-R 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 detennined. Very good correlation was found for cross-linked

crystals of chymotrypsin and subtilisin, but not for their lyophilized or precipitated

fonns. ft was proposed that this is due to the fact that while the confonnation 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 experiments100 showed that the solvent dependency of the

prochiral selectivity is dominated by the OcealKM)pro.R term (for their substrates,

where R is the favored product) and that both kcat and KM 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.59 found that this method was unsuccessful when applied to

their substrates. They studied the enantioselectivity of bath cross-linked

crystalline and Iyophilized 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 proposai that the selectivity of hydrolases ln

organic solvents is dependent solely on the energetics of substrate solvation, two

other hypotheses have been put forth. ft has been suggested that selectivity could

be affected by solvent Molecules bound within the active site. IO
I.I02.103 These

solvent molecules could disturb the normal binding mode of the substrate through

stenc and electrostatic interactions, thus influencing the selectivity. Another

suggestion is that variation in solvent leads to changes in the conformation of the

enzyme. 104.105 This, in tum, 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 ta 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 hydrophobie solvent.6
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However, Hansen et al. 106 found that the enantioselectivity of a hydrolysis,

catalyzed by lipase B from Candida antarctica, couId be raised ten-fold by the

addition of approximately 20% tert-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 ofco-solvents exist. 107

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. 5,6.108

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 thennodynamics of enzyme-catalyzed

reactions. 108 Using the mathematical model,

ln E =- MGt/ (RT) =MSt/ R - MHt / (RT)

the enantioselectivity could be optimized once the MHt and MS: are known.

The temperature at which there is no enantioselectivity (E = 1) is defined as

Trac=MHt/ MSt . Theoretical1y, at temperatures below Trac, the MHt tenn

dominates and enantioselectivity should increase with decreasing temperature
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whereas at temperatures above Trac, the MS: dominates and enantioselectivity

should increase with increasing temperature. [n addition, if MH t is the major

contributing factor of MGt for the desired reaction, then high selectivies will he

obtained at the lowest temperatures. On the other hand if MS: is the larger tenn,

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 confinned by Sakai et al. 109
,

\vho studied the effects of temperature on the lipase-catalyzed transesterifications

ofa 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

effeet of temperature on enantioselectivity. Both an increase and a decrease in

enantioselectivity was observed with an increase in temperature, for subtilisin

catalyzed reactions."O 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.6.7.111 The ionization state of an enzyme ean 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

he 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.S.6,93c
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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

sterie bulk and electronic eharacteristics. Therefore, variation in substrate

structure can significantly influence enantioselectivity. The empiricai mIe

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 sterie 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.s For example, both Rotticci et a/. 112 and Adam

et al. IlJ inereased the enantiomeric ratio of lipase-cataIyzed esterifications of

secondary aleohols, by adding sterie bulk using a trimethylsilyl protecting group.

In addition Rotticci et al., gradually inereased 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. ft has been shown that an increase in the acyl chain length in

hydrolytic reactions involving the resolution of aicohois cao 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. 114 Variation of the

aeyl donor in transesterification reactions in organic solvent ean greatly influence

the degree of enantioselectivity. This was observed in the research described in

Chapter 5. Another method that has been used to enhance enantioseleetivity is

the "bichiral method".115 This involves the resolution of a racemic aleohol

protected by a chiral acyl group1
16.
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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

modifications7.117, site-directed mutagenesis 11
8

, and directed evolutioo. 119

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 ofhydrolase-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 confinned 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 sorne of the earliest work

in the field ofpredictive enzyme rules.

Reproduced with pennission from The Journal of 0rxanic Chemistry, Vol. 56, Romas J.
Kazlauskas, Alexandra N. E. Weissflocb, Aviva T. Rappaport, and Louis A. Cuccia, ··A Rule Ta
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 bas been refonnatted in accordance with the Thesis Preparation
Guidelines. A photocopy of the published version is included in the appendices.
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A Rule To Predict Wbicb Enantiomer of a Secondary A1cobol Reacts

Faster in Reactions Catalyzed by Cbolesterol Esterase, Lipase from

Pseudomonas cepacia, and Lipase from Candida rugosa. l

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 mie based on the sizes of the substituents at

the stereocenter. This mie 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 mie. 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-l

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
3

and C(O)OCH
3

, are similar in size. To improve the enantioselectivity, the methyl

ester was replaced by a t-butyl ester. The acetate group of the t-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-l ,4-diacetoxycyclohex-2-ene, a mesa substrate where the two

substituents CH
2
CH

2
and CH=CH, are similar in size. To improve

enantioselectivity, the size of the CH=CH substituent was increased by addition of

Brr 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 CrOipyridine.
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Introduction

Microorganism- and enzyme-catalyzed syntheses and resolutions are among the

best methods for the preparation of enantiomerically-pure compounds.2

Enantioselective hydrolyses and transesterifications are especial1y useful because

theyare efficient, cao 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;3 thus, the appropriate

enzyme is usually chosen by screening.

ln order to streamline screening, substrate models have been developed using

substrate selecnvity data. Sorne models attempt ta define the shape and

hydrophobie character of the active site and are used to predict which new

substrates will be transformed by the enzyme and whether the reaction \vill be

enantioseleetive. In most cases, this type of model is only accurate for substrates

that are similar to those already tested. For example, a model for PLE4 prediets its

seleetivity with a,~-substituted carboxylic acids,5 and a model for CRL predicts its

selectivity for bicyclo[2.2.l ]heptanols and bicyclo[2.2.2]octanols.6 In sorne cases,

more general models which define the sizes ofhydrophobic pockets near the active

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

of substrates.7

a

•
Figure 1. (a) Prelog's rule predicts that the yeast Cu/varia /unata preferentially adds H2 to the
front side ofketones having the shape indicated. (b) An extension ofPreIog's rule to hydrolases.
For esters of secondary alcohols, the enantiomer shown reacts faster with CE, PCl and CRL than
the other enantiomer.
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The simplest models for enzyme selectivity, more accurately referred to as mies,

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 mie is Prelog's role which predicts the enantioselectivity of the reduction of

ketones by the yeast Cu/varia /unata based on the size of the two substituents al

the carbonyl, Figure 1.8 The advantage of this rule is that it applies to a wide range

of substrates, but the disadvantage is that there are exceptions ta this mie.

Nevertheless, this rule is sufficiently reliable to be used for the detennination of

absolute configurations9 and has been used to redesign substrates in order to

improve the enantioselectivity.lO

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. Il This rule has been used to detennine the absolute

configuration of secondary alcohols. 12 However, this microorganism has not been

used for large-scale synthesis.

Similar rules have been proposed for two commercially-available lipases:

Mucor meihei 13 (MMl) and Arthrobacter. 14 It is not yet clear how useful these

mies will be because they are based on ooly 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. 's

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 of64 substrates for pel, and SI out ofSS cyclic substrates for CRL and has an

aceuraey of~93%. This rule is the tirst attempt to prediet the enantioseleetivity of

CE. For PCL, this role is similar ta the "two-site Moder' for eyelic substrates,14

88



•

•

•

Chapter 2

but the evidence presented in this paper shows that this mie accounts for the

enantioselectivity of acyclic secondary alcohols as weil. For CRL, this rule is the

first general rule and complements the model for bicyclic substrates.6

Besides correlating a large amount ofexperimental 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 he

more efficiently resolved than secondary alcohols having substituents which are

similar in size. This hypothesis was used to design the preparations of

enantiomerically-pure t-butyllactate and (8)-(-)-4-acetoxy-2-cyclohexen-I-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,16 a-N-hydroxy-amino acids,1 7

chiral enolates,18 and chiral auxiliaries for an enantioselective Diels-Alder reac

tion. 19 Polylactides containing interpenetrating networks of poly-(R)-lactide and

poly-(S)-lactide are stronger than those containing racemic chains.20

Although enantiomerically-pure (S)-(+)-Iactic acid is readily available, the un

natural enantiomer, (R)-(-), remains expensive. Enantiomerically-pure (R)-Iactic

acid can be prepared by D-Iactate dehydrogenase-catalyzed reduction of

pyruvate,21 fermentation, or microbial destruction of the S enantiomer.22 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.23

The second example is an enantioselective synthesis of (S)-(-)-4-acetoxy-2

cyclohexen-I-one, a new compound that should also be useful for synthesis. The

analogous (4S)-t-butyldimethylsiloxy derivative has been prepared in six steps

from quinic acid24 and has been used for the synthesis of the cholesterol lowering
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drugs ML 236A and compactin.25 The procedure described below for the acetate

derivative is simpler. Since the analogous cyclopentenone - 4-acetoxy-2-cyclo

penten-I-one - has been widely used in synthesis,26 the six-membered analog

should also find Many uses.
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Results

A Survey of Enantioselectivity for Esters of Secondary Alcobols. 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.27 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 mie in Figure lb. CE showed no

enantioselectivity toward 40, but for the other fourteen examples the mie correctly

predicts which enantiomer reacts faster. The overall accuracy of the mie for CE is

14 of 15 substrates or 93%; the single exception, the t-butyl ester of lactyl acetate,

\vill be introduced and discussed below.

Enantioselectivity data for peL was gathered from the literature, Table 2. This

list includes aIl secondary alcohols prepared using lipase P from Amano

Phannaceutical. Reactions using other lipases from Pseudomonas (e.g. AK, K-I0

or SAM-II) are not included. Patent literature is also not included. The reaction

conditions used for the examples listed in Table 2 include both hydrolyses in

aqueous solution as weil 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 mie in Figure 1 correctly predicts the

fast-reacting enantiomer. The single exception, indicated by '(ent)' in the

enantioselectivity column, was one of five substrates \vhich showed low

enantioselectivity, ES 3. Thus, for PCL the mie predicts which enantiomer reacts

faster with 98% accuracy.
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Cbart 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 Ratel' Convenion Enantiomeric Excess E
(onits/me) (%) (%)b EDantiospecificity

1 Ph 0.31 43 69 8.8 c

1 n-C
6
H

13
0.36 46 35 2.6 d

1 (CH:):CH=C(CHl ):
0.50 46 45 4.3 e

1 Ph 0.12 34 6.2 4.61

18 0.02 2.9g

19 0.56 29 65 6.3 d

30 CH3 0.32 50 94 >100 h. 1

30 OAc 0.20 44 56 101

30 OH 0.59 48 59 6.S1

31 CH] 0.59 53 46 4.4h. k

34 0.21 44 96 >100 d

39 cis 0.04 14/

39 crans 0.07 37/

40 0.60 50 0 1

46 37 m

•

•

a. For hydrolysis of the corresponding acetate ester unless otherwise noted. Unit =~mol of ester hydrolyzedlmm. b
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-(S)-valine-(S)-a-phenylethylarmde column (ChromopaJo.
C, The product alcohol showed [a]o (obsd) =+40.50 (c 1.2, hexane) indicating the R configuration: lit. (S)-(-), Klyne.

W.~ Buckingham. 1. At/as o[Stereochemistry, Chapman and Hall: London 1974, p. 26. d. Absolute configuration was
determaned by comparison to an authentic sample. e. The product alcohol showed [alo (obsd) = -5.)0 (c 2.2, hexane)

mdicatmg the R configuration: lit. S-(+), (a)o = +16.1 0 (neat): Jacques. J.~ Gros, C.; Bourcier, S. Abso/ule

Configurations 0[6000 Selected Compounds wilh One Asymmetric Carbon Alom Stungan: G. Thieme. 1977; Levene,

P. A.; Haller. H. L. J Biol. Chem. 1929, 83. 177-183. f The producl alcohol showed a positive rotation (hexane)

indicating the R configuration: lit. (S). [a]o = -390 (neal): Macleod, R.; Welch, F. J.~ Mosher, H. S.1. Am. Chem.

Soc. 1960, 82, 876-880. g. Kazlauskas. R. J. 1. Am. Chem. Soc. 1989, Ill, 4953-4959. h. The enantiomeric purity
was determined by formation of the Mosher's ester and integration of the 1H-NMR signais for the ring CH) groups;

Dale, 1. A.; Dull. D. L.; Mosher. H. S. J Drg. Chem. 1969.34.2543-2549. i. The product alcohol showed [aID (obsd)
~ -S.7° (c 1.2, CH2C12) indicating the R configuration: lil. R-(-), Beard. c.; Ojerassi. C.; Ellion. T.; Tao, R. C. C. J
Am. Chem. Soc. 1962,84,874-875. j. Hydrolysis was caried out in aqueous solution saturated with sodium chloride.

The %ee refers to unreacted sraning rnaterial and was determined by HPLC of the benzoate derivative on a Chiralpak

OT (Daicel. New York); Caron, G.; Kazlauskas, R. 1., unpublished results. le. The product aicohol showed raID
(obsd) =-340 (c 1.6, hexane) indicating the Rconfiguration: lit. R-(-). Beard. C.; Djerassi. c.; Ellion. T.~ Tao, R. C. C.

1. Am. Chem. Soc. 1962. 84. 874-875. /. As the butyrate ester at 0-5 oC: Pawlak, J. L.; Berchtold. G. A. J Org

Chem. 1987,52, 1765-1771. m. Liu, Y.-e.; Chen, c.-S. TelrahedronLell. 1989,30,1617-1620.
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• Table 2. Enantiospecificity of Lipase trom Pseudomonas Cepacia (Amano P) for Esters of

Secondary Alcohols.

struc R E rer struc R E rer

1 Ph, CH~Ph >50 a 12 Pb~ CHl~ CH1CHlh 23 - >50 k
1 n-CtlH13, n-C 1O"11 -12 a 13 CH(CH]>-1-(2,6-dithiane) >SO /
1 CH2CN 29 b 13 syn-CH(Ar)(SAr') >SO m

1 CH~COOEt -8 c 21 cis-COOE~ Oac >50 n
trans-COOE~ OAc

1 1-(2,6-dithiane), >50 d 21 trans-N
l

>SO 0

1-(2,S-dithiolane),

C"~-I-(2.6-dithiane).

CH~-1-(2,5-dithiolane)

1 CH~-1-(2,6-dioxane) 2 d 23 >SO h
2 Ph >50 a 24 >SO p

2 CH(N])C~H5 (threo. erythro) >50 e 25 C=o. C=CH:, HC=CH >SO n

3 CH(N3)CH~CH2CHl (erythro) >SO e 25 1-(2,5-dioxolane) 3 n

4 CH~Nl 2 e 26 C=o.C=CH~, >50 q

1-(2.S -dioxolane)

.- CH~OSO~Ar 25 f 27 >50 r

S syn-CH(Cl)CH~COOEt 50 g 30 COOEt, OAc. CN. CtlH5
>50 n. o. s

6 p-CtlH..OPh >SO h 30 OH 17• 6 Ph, CH~CHlh. CH=CHPh 18 - >50 b 31 OAc 8 n

8 Ph.3,4-(MeO)1CbH] >SO 31 COOEt >SO n

8 CH:OSO~Ar 24 f 33 OAc >SO Il

9 2-naphthyl,4-BrC
b
H.. >50 45 17 v

4-MeOC
6
H"

9 1-(3-bromo-S-isoxazolyl) 20 j 47 OAc n

10 Ph >50 e 47 CO:Me >50 n

10 n-C
6
H

13
2 (ent) e 48 COlMe,OAc >SO n

•

a. Bianchi, O.; Cesti, P.; Battistel. E. J. Org. Chem. 1988. 53, 5531-5534; esteritication wlth propionic anhydride in
benzene; Nishio, T.; Kamimura, M.; Murara., M.; Terao, Y.; Achiwa, K. J. Biochem. Tokyo 1989, 105, 5110-5112;
esterification with vinyl acetate, neat solution. b. Itoh, T.; Tagaki. Y. Chem. Lelt. 1989, 1505-1506; hydrolysls of P
methylthio- or p-phenylthioacetyl ester. c. Sugai, T.; Ohra., H. Agric. Biol. Chem. 1989,53, 2009-2010; esterification
with vinyl butanoate, 65 oC. d. Bianchi, O.; Cesti, P.; Golini, P. Tetrahedron 1989, 45, 869-876. e. Foclsche, E.;

Hickel, A.; Hanig, H.; Seufer-Wassenhal, P. J. Org. Chem. 1990,55, 1749·1753; hydrolysis of butyrates. f Chen, C
S.; Liu, Y.-c. Tetrahedron Leu. 1989, 30, 7165-7168; transesterification of the butyrate in hexane. g. Tsuboi, S.;
Sakamolo, 1.; Sakai, T.; Utaka, M. Chem. Leu. 1989. 1427-1428. h. Hirohara, H.; Mitsuda. S.; Ando, E.; Komaki, R.

10 Biocatalysis in Organic Synthesis, Tramper, J.; van der Plas. H. c.; Linko, P., Eds. Elsevier. Amsterdam, 1985, 119·

134. i. Hiritake, J.; Inagaki, M.; Nishioka, T.; Oda, J. J. Org. Chem. 1988, 53, 6130-6133; esterification with t

propenyl acetatc in i-propyl ether. j. Di Aminica. M.; De Micheli, c.; Carrea, G.; Spezia, S. J. Org Chem. 1989,5-1.

2646-2650; esteritication with trifluoroethyl octanoate in 9:1 hexanelbenzene. k. Yamazaki, T.; Ichikawa, S.;

Kitazume, T. J. Chem.. Soc. Chem. Commun. 1989. 253-255. 1. Suemune, H.; Mizuhara, Y.; Akita, H.; Oishi, T.;

Sakai, K. Chem. Pharm. Bull. 1987,35,3112-3118. m. 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. n. Xie, Z.-F.;

Suemune, H.; Sakai, K. J. Chem. Soc.• Chem. Commun. 1987, 838-839; Xie, Z.-f.; Suemune. H.; Nakamura, 1.; Sakai,
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K. Chem. Phar11l. Bull. 1987,35,44544459; Xie, Z.-F.; Nakamura, 1.; Suemune, H.: Sakai, K. J. Chem. Soc.• Chem.

Commun. 1988, 966·967. o. Hônig, H.; Seufer-Wasserthal, P.; FülOp, F. J Chem. Soc.. Perlcin Trans. 1 1989, 2341
2345; hydrolysis of butyrate ester. p. Washausen, P.; Grehe, H.; Kieslich, K.; Winterfeldt. E. Tetrahedron Lell. 1989,

30. 3777-3778. q. Xie, Z-F.; Suemune. H.; Sakai, K. Tetrhedron:Asymmetry 1990, l, 395-402. r. Klempier. N.;
Faber. K.; Griengl. H. Synrhesis, 1989,933-934. s. Schwartz, A.; Madan, P.; Whitesell. 1. K.; La~Tence, R. M. Org.
Synrh. 1990.69, 1-9. 1. Caron. G.; Kazlauskas, R. 1., unpublished results. u. Suemune, H.; Hizuka, M.; Kamashita. T.;
Sakai, K. Chem. Pharm. Bul/. 1989, 37, 1379-1381. v. Hoshino, O.; Itoh, K.; Umezawa, B.; Akita, H.; Oishi, T.
Tetrahedron Letl. 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,28 nor were

examples from patents. The reaction conditions again include both hydrolyses in

aqueous solution as weil as transesterifications and esterifications in organic

solvents.

For acyclic substrates of CRL the mIe 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 proportion is

close to that expected for random guesses. A large fraction of the acyclic

substrates (12 of 31) showed low enantioselectivity, E S 3. Thus. the rule is not

useful for acyclic substrates of CRL. Generalizations about this mIe given below

do not include acyclic substrates of CRL, but do include acyclic substrates of CE

and peL.

For cyc1ic substrates of CRL the mie reliably predicts which enantiomer reacts

faster. These substrates include secondary alcohols in four- to eight-membered

rings as weIl as secondary alcohols in bicyclic substrates. The mie predicts

correctly for 51 of the S5 substrates where CRL was enantioselective, an accuracy

of 93%. Three exceptions, indicated by '(ent)' as before, were among the thirteen

cyclic substrates which showed Iow enantioselectivity, E S 3; one exception, 22,

showed moderate enantioselectivity, E = 8.29
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• Table 3. Enantiospecificity of Lipase from Candida Rugosa for Acetates of Secondary Alcohols.

strue R E rel struc R E rer

1 C2Hs 34 a 33 N) >50 0

1 n-C/l1J
1.6 b 34 -10 - >50 q,s

1 2-furyl 5 c 35 >50 q
1 CH2(OCH)2 2.5 d 36 27 q
2 CH(N3)CzHs 12 e 37 trans 1 t

(threo, erythro)

3 erythro- 18 e 37 cis 25

CH(N3)CH2CH2CH)
4 CH2N) 2 (ent) e 38 1.2
6 Ph 8 (ent) f 39 cis. trans 6 u

6 p-C6H"OPh 12 (ent) g 40 3.4 d

7 CH
2
S-p-tolyl 1.3 (ent) h 41 H,CH) >50 v

8 Ph 2 f 42 H 2 v

10 Ph 13 e 42 CH) 26 v

10 n-Cf)H
1J

2 e 43 >50 v

10 t-C"H9
>50 (ent) e 44 >50 v

Il CH=CHPh (E. Z) >50 (ent) 45 20 w

Il CH=CH(CHz)sCH3 -16 (ent) i 48 N) 30 0

(E. Z)

• 12 Ph 6 j 49 2.5 x

12 CH2Ph, CH:!CH:!Ph -3 (ent) j SO cis. trans >50 x

13 Ph >50 (ent) f SI >50 0

13 anli-CH(CH
3
)-3-indolyl 3 -40 k 52 CH! Il Y

14 CH
2
S-p-tolyl (syn. anti) 1.3 (ent) h 52 CHCOOR', CHOCH:lh 3-10 y

15 CH!S-p-tolyl (syn. anti) 1.2·2.1 h 53 CH! 35 Y
(ent)

16 Ph >50 (ent) [ 53 CHC0
2
Me, C(OMe)! -10 y

17 CFPhCH
3

(syn. anti) 6.5 h 53 0 >50 y

18 17 m 54 >50 y

19 >40 n 5S CH! 22 Y
20 1.2 (ent) n 5S 0 >50 y

21 trans-NJ 1.4 ° 56 1 Y
22 8 (ent) f 57 1.4 (ent) y

27 >50 p S8 1.5 y

30 CH), C2H s' i-C)H7, >50 q S9 4 y

t-C"H9

30 CN, N0
2

, N) 40 - >50 0 60 1.8 Y
30 OAc,OH 2, 1 (ent) r 61 >10 --
31 CH), i-C)H7

24 q 62 10 aa

32 20 ° 63 H,CH) 15 bb

• Q. Cambou, B.; Klibanov, A. M. Biolednol. Bioengineer. 1984, 26, 1449-1454. h. Gerlach, D.; Missel, c.;
Schreier, P. Z Lebensm. Unlers. Forsd. 1988, 186, 315-318; esterifieation with n-Cll H23COOH in heprane. c.
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Drueckhammer, D. G.; Barbas, C. F., III; Nozaki, K.; Wong, C.-H. 1. Drg. Chem. 1988,53, 1607-1611. d. Wang, Y.

F.; Lalonde, 1. J.; Momongan, M.; Bergbreiter. D. E.; Wong, C.-H. 1. Am. Chem. Soc. 1986, //0, 7200-7205;
acetylation with vinyl acetate. e. Foelsche, E.; Hickel, A.; H6nig, H.; Seufer-Wasserthal, P. J. Drg. Chem. 1990,55.

1749-1753; hydrolysis of butyrates. f Bevinakatti, H. S.; Banerji, A. A.; Newadkar, R. V.1. Drg. Chem. 1989,54,

2453-2455; Bevinakatti, H. S.; Newadkar, R. V. Biolechno/. Lell. 1989, Il, 785-788; transesterification with n

butanol in i-propyl ether. g. Hirohara, H.; Mitsuda, S.; Ando, E.; Komaki, R. in Biocala/ysis in Organic Sylllhesis.

Tramper, J.; van der Plas, H. C.; Linko, P., Eds. Elsevier. Amsterdam, 1985, 119-134. h. Bucciarelli. M.; Fomi, A.;

Moretti, 1.; Prati, F.; Torre, G.; Resnati, G.; Bravo, P. Terrahedron, 1989,45, 7505-7514. i. Kitazume, T.; Lin, J. T.;

Yamazaki, T. 1. Fluorine Chem. 1989,43, 177-187. j. Yamazaki, T; Ichikawa, S.; Kitazume, T. 1. Chem. Soc.

Chem. Commun. 1989,253-255. k. Akita, H.; Enoki, Y.; Yamada. H.; Oishi, T. C/rem. Pharm. Bull. 1989.37,2876

2878; hydrolysis in water-saturated benzene, enzyme was immobilized on Celite. 1. Chen, c.-S.; LIU. Y.-c.

Telra/redron Lell. 1989, 30, 7165-7168; transesterification of the butyrate ester in hexane. m. Cotterill, 1. c.; Finch.
H.; Reynolds, D. P.; Roberts, S. M.; Rzepa, H. S.; Shon, K. M.; Slawin, A. M. Z.; Wallis, C. 1.; WillIams. D. 1. J
Clrem. Soc.. Chem. Commun. 1988,470-472. n. Cotterill, 1. c.; MacFarlane, E. L. A.; Roberts, S. M.; J Chem. Soc.

Perkin Trans / 1988,3387-3389. o. HOnig, H.; Seufer-Wasserthal. P.; FülOp, F. 1. C/rem. Soc.. Perkin Trans. / 1989.

2341-2345; Faber, K.; Hônig, H.; Seufer-Wassenhal, P. Telra/redron Lell. 1988, 29, 1903-1904; hydrolysis of

butyrate ester. p. Klempier, N.; Faber, K.; Griengl, H. Synl/resis, 1989, 933-934. q. Legrand, G.; Secchi, M.; Buono,

G.; Baratti, 1.; Triantaphylides, C. Telra/redron Lell. 1985,26, 1857-1860; esterification in hexane or heptane with n

Cil H23COOH. r. Caron, G.; Kazlauskas, R. J., unpublished results. s. Koshino, S.; Sonomoto, K.; Tanaka, A.;

Fukui, S. 1. Biotechno/. 1985, 1, 47-57, esterification with S-phenylpentanoic acid in water-saturated isooctane. 1

Oritani. T.; Yamashita, K. Agric. Biol. C/rem. 1980,44,2637-2642. u. Pawlak,1. L.; Berc.ltold, G. A. J. O'g. Cire",

1987, 51, 1765-1771; hydrolysis of butyrate ester. v. Dumonier, L.; Van der Eycken, 1.; Vandewalle. M.

TelraJredron Len 1989, 30,3201-3204. w. Hoshino, O.; (toh, K.; Umezawa, B.; Akita, H.; Oishi, T. Tetrahed,on

Lell. 1988, 29, 567-568; hydrolysis in water-saturated isooctane. x. Pearson, A.J.; Lai, Y.-S.; Lu, W.; Pinkerton.

A.A.; 1. Org. Chem. 1989. 54, 3882-3893. y. Eichberger, G.; Penn, G.; Faber, K.; Griengl, H. Telrahedron Lell.

1986.27,2843-2844; Oberhauser, T.; Bodenteich, M.; Faber, K.; Penn, G.; Griengl, H. Telra/redron, 1987,43,3931

3944; Saf, R.; Faber, K.; Penn, G.; Griengl, H. Tetra/redron 1988, 44, 389-392; Konigsberger, K; Faber, K.;

Marschner, C.; Penn, G.; Baumgartner, P.; Griengl, H. Telrahedron, 1989,45,673-680. =. Sonomoto, K.; Tanaka, A.

Ann. N. Y. Acad. Sei. 1988,542,235-239; esterification with S-phenylpentanoic acid in water-saturated isooctanc. aa

Hirose, Y.; Anzai, M.; Saitoh. M.; Naemura, K.; Chikamatsu, H. C/rem. Letl. 1989, 1939-1942. bb. Nacrnura. K.;

Matsumura, T.; Komatsu, M.; Hirose, Y.; Chikamatsu, H.; 1. C/rem. Soc.. C/rem. 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 usefuI.

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.

Scbeme J. Kinetic Resolution of Esters of Lady. Acetate

OAc OH ÇAc

~OR_--.. /Y0R + /y0R
(±) 0 0 0

R S

Kinetic resolution of lactate esters. To resolve lactate esters we increased the

size of the ester group until we round a substrate that was hydrolyzed with high

enantioselectivity, Scheme 1, Table 4. lactyl acetate, R = H, was not a substrate

for the three enzymes tested: activity <0.002 units/mg. The methyl 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 detennination 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 t-butyl ester of lactyl

acetate, R = t-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 reversai 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 peL is consistent with the rule; indeed

another lipase from Pseudomonas sp. (lipase K-I0 trom Amano) has been
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reported to show excellent enantioselectivity when R = t-butyl.23 Thus, increasing

the size of the R group in Scheme 1 resulted in a substrate which was more

efficiently resolved.

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

methyl ester ten-butyl ester

enzyme rate'l %Cb %eeC (RJS)d rate'l %CIS %eeC (R/S)d Ee

CE 0.18 42 8 R 0.06 32 21 S 3
CRL 0.30 49 32 R 0.01 40 26 R 4.4

PCl 0.01 40 24 R 0.35 50 89 R 51
peI! 0.35 47 >98 R >200

a. Initial activity of the enzyme in units/mg solid. Unit = }olmol of ester hydrolyzedlmin. b. The conversion refers to
the amount of staning material consumed. This value was determined by 1H-NMR aller extraction of the reaction
mixture with ethyl ether. c. Enantiomeric excess of the recovered staning rnaterial was determined by 1H-NMR in the
presence of Eu(hfc)). d. The absolute configuration of the preferred enantiomer was detennined from the rotation of
the recovered starting material; (RH-). ho, 5.; Kasaï. M.; Zïffer. H.; 5ilvenon. J. V. Cano 1. Chem. 1987. 65.574-582.

e. Enantiospecificity, see ref. 27 for details. f Hydrolysis of esters of lactyl butyrate. g. Enantiomeric excess of the
product.

A preparative-scale resolution of t-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 pel to >200. Hydrolysis

of racemic t-butyl ester of lactyl butyrate (50 g) yielded the unnatural enantiomer,

(R)-(+)-t-butyllactate (6.4 g), with >98% ee after distillation.

Enantioselective syntbesis of (S)-(-)-4-acetoxy-2-cyclobexen-l-one, 70. The

five-membered 4-acetoxy-2-cyclopenten-l-one is a useful chiral starting material

that can he prepared by an enzyme-catalyzed hydrolysis.30 Acetylcholinesterase

selectively hydrolyzes the R acetate in cis-l,4-diacetoxy-2-cyclopentene and the

resulting olefinic alcohol is oxidized to the enone. An attempt ta 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 II, Table 5).

Scbeme U. Enzyme·Catalyzed Hydrolysis of 64 Showed Poor Enantioselectivity

~
OAc

64

:::.~+~
OAc OH

65 ent - 65

Table S. Enantioselective Hydrolysis of Cis-l A-diacetoxycyclohexane Derivatives.

• enzyme a substrate rate b product o/.ee c

CE 64 0.6 65 32
CRL 64 4.1 d ent-65 41

PCl 64 0.03 ent-65 72
PlE 64 18.2 d 65 62
ACE 64 18 65 + ent-65 0
MMl 64 0.0004 ent·65 14

CE (±)-66 3.9 (+)-67, (-)-68 >97.>97
CRL (±)-66 0.4 d (+)-67, (-)-68 >97.>97
PLE (±)-66 4.2 d (+)-67, (-)-68 >97,>97
PCl (±)-66 0.002 (+)-67, 68 + diol 14 e

ACE (±)-66 0.57 (+)-67, (-)-68 + diol! 85 et >95 g

MML (±)-66 0.00005 (+)-67,68 + diol h 87 e

•

a. ACE = acerylcholinesterase from electric eel. MML = lipase (rom Muc?r meihei. b. Initial actl ... iry of the enzyme ln

unitslmg solid. Unit "" ~mol of ester hydrolyzedlmin. c. Determined by H-NMR in the presence of Eu(hfc)ç For the
hydrolysis of (±)-66, the enantiomeric purity was determined for both 67 and 68 after separation by flash

1
chromatography. The H-NMR signais for the acetyl methyl group of the (wo enantiomers of67 or of 68 are separated
by 0.4 ppm 10 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 delected as shown by a deliberate addition of racemate to an
enantiomerically pure sample. d. In unitslmg protein. e. for 67. f. The ratio of isolated 68: 67: diol was approximately
l: 4: 8 after 0.9 equivalents oi base had been consumed. g. for 68. h. After 0.7 equivalents of base had been
consumed. the major product was dio!. Only traces of68 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
2
CHOAc and CH=CH - differ in size and

can he distinguished by the enzyme; however, in the cyclohexene case, the sub

stituents - CH=CH and CH2CH2 - are too similar in size to he distinguished by the

enzyme. Ta increase the selectivity, bromine was added across the double bond of

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

Scheme DI. Preparation of 70 via the Dibromide Derivative

OH

OAc <xBr9::: Br
CAc OAc 0

Q
1. Zn yBr2 CAc CRL (+) - 67 2. cr03o'PY

• • •
CAc OH

• CAc <xBr <x:: CAc

64 Br (-) - 70

OAc CAc
(:t) - 66 (-) - 68

The highest yields for the addition of bromine to 64 were obtained using

reaction conditions that favor free radical intermediates (CS2, -78 oC, hv).

Addition of bromine under conditions which favor ionic intennediates (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 ofbromine ta 64 yielded the trans-dibromide, 66, identified from coupling

constant of 9.3 Hz for the IH_NMR signais for the hydrogens at CHar (c; 4.36,

4.27) indicating an axial-axial arrangement.31 For the cis-dibromide a coupling

constant of 2-3 Hz would be expected. This trans addition of bromine converted

64, a meso compound, ioto 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 IH-NMR in the presence of Eu(hfc)3'

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 role.

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 smail amount of68, and a small

amount of diol. Several other enzymes were also screened as possible catalysts,

Table 5. MML and ACE
4

showed results similar to PCL. Formation of these

products can he accounted for by the different reactions of the two enantiomers of

66 as shown in Scheme IV. For (IS, 4R)-66, removal of the R acetate is predicted

by the rule. This acetate is also the more chemically reactive one because il is

oriented trans to the adjacent bromine. Hydrolysis occurs as predicted and yields

(+)-67. For the other enantiomer, (IR, 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 mie 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 mie in Figure 1 is too simple to include such effects.

Scbeme IV. Hydrolysis of Racemic 66 Catalyzed by pel

•

~...ar

yar
OAc

15,4R-66

<3:::
CAc

1R. 45 - 66

PCl ..

PCl •

~,..,ar

yar
OAc

(+)·67

OAc OH

cf:: + cf::
OH CAc

(.) - 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 ofoxidation either gave lower yields

(MnO!, 62%) or gave side products (Swem, PCClNaOAc, DMSO/Ac
2
0,

DMSO/Ac
2
0/py/Cf)COOH).

The enantiomeric purity of 70 was 98% as shown by IH and 19F_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.32 For the racemic sample, the diastereomers could be distinguished by

I H-NMR (two well-separated multiplets for the proton at the carbinol carbon

centered at Ô 6.85) or by 19F_NMR (two multiplets centered at Ô -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 material derived

fram racemic 70 confinned 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 (5')-(-) using the exiton chirality method.33 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
31

and the product alcohol

was treated with benzoyl chloride. The circular dichroism spectnlm of the

resulting benzoate showed a split Cotton effect, negative at 227 nm (~E = -5.7)

and positive at 192 nm (~E = +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 cyclopentenoneJ4 and a

substituted cyclohexenone.3s

Scheme V. PreparatIOn of Derivative of 70

• ~
OAc

(-) -70
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Discussion

The major advantage of this mie 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 mie is that it does not account for subtIeties in

the seleetivities of these enzymes. For example, it does not rationalize why only

PCl and not the other two enzymes showed increased enantioselectivity for the t~

butyl ester of lactyl acetate as compared ta the methyl ester. The rule also does not

predict the effeet of additional stereocenters, for example, the cis vs. trans oriented

bromine at Cl of 66. The sensitivity of PCl ta 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.

[n 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.
3

Due ta this tlexibility 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 solvenf6 or with dextromethorphan.37

A second reason to use a general role 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,38 thus it is likely that the commercial

enzymes are a mixture of isozymes. The enantioselectivities of isozymes of PLE

were similar, but not identical;39 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 roles and models is that even when the X-ray crystal

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..ao

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-4S

hydrogen of NADH catalyzed by lactate dehydrogenase (>10
8

: 1) is difficult to

explain from the known crystal structure.41 These rules and models May be used,

along with X-ray crystal structures and molecular modelling, to detennine which

interactions are most important in detennining 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-I0, 0.05 units/mg solid using olive oil) were

purchased from Amano International Enzyme Co., Troy, VI. Activated Mn0
2

(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% HCl, 2 x 95% ethanol, 1 x

anhydrous ethyl ether. Elemental analyses were done by Guelph Laboratories, ON.

Enzyme-catalyzed bydrolyses. 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 hydrolyses where CE was used as the

catalyst. The rate of consumption of sodium hydroxide over the first 50/0 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 rimes 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 detennined.
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Determination of Enantiomeric Purity by Gas Chromatography. Alcohol (4

J,LL), isopropyl isocyanate (300 JJL), and Methylene chloride (300 fJL) 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 ehromatography using an XE-60-(S)-valine-(S)-a-phenylethylamide capillary

eolumn.

Determination of Enantiomeric Purity by I H_NMR. A 5 mg sample of the ester

was dissolved in 0.5 mL ofCOCl
3

in an NMR tube and the \H-NMR spectrum was

obtained uSlng a Varian XL-200 NMR spectrometer. Solid [3-

heptafluoropropylhy-droxymethylene)-(+)-camphorato]europium(III), Eu(hfc)3'

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 ofalcohol in pyridine. Solid alcohols \vere dissolved in a mixture

ofethyl ether and pyridine. Acetylation was complete after 10 min to 2 h as shown

by TLC. The reaction mixture was washed twice with 100/0 sodium bicarbonate

and once with water. If only one layer formed upon washing, the product Ylas

extraeted 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;u but substituting

toluene for benzene. A mixture of raeemie lactic acid (120 ml of 850/0 purity, 1.1

mol), glacial acetic acid (640 ml, 11.2 mol), toluene (80 mL), and concd sulfurie

acid (0.40 mL) was refluxed with the continuous removal of distillate with a Dean

Stark trap until a IH_NMR spectra of the distillate showed that no more water was

present. Approximately 1 L of solution was removed during 40 h; acetic aeid
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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 oC (0.2

torr) [lit:B bp 127 oC (11 torr)]; IH•NMR (COCI
3

, 200 MHz) ô 10.6 (s, 1),5.10

(q, 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 MmDl) in dry ethyl ether (100 mL) containing (±)-2-acetoxypropionyl chloride-w

(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 oC (-4 torr) [lit:~5 bp 64 oC (9.8 torr)]; \H

NMR (neat, 60 MHz) cS 4.8 (q, 1, J = 7 Hz), 3.5 (s, 3), 1.8 (s, 3), 1.2 (d, 3, J = 7

Hz).

(±)-t-Butyl ester of lactyl acetate. A two phase mixture of (±)-Iactyl 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 bottIe 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 fonned. The bottle was chilied 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 coocd sodium hydroxide solution. The

resulting solution was extracted with ethyl ether (3 x 500 mL). The combined

ether extracts were dried over anhydrous potassium carbonate and filtered ioto 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 (860/0): bp 95-100 oC (-1 torr); tH NMR (COCI
3

, 200
13

MHz) ô 4.64 (q, l, J = 7.1 Hz), 1.84 (s, 3), 1.21 (s, 9), 1.18 (d, 3, J = 7.1 Hz); C-

NMR (COCI3, 75.4 MHz) a 169.4, 169.3 (C=O), 81.0 (C(CH3)3)' 68.5 (CH), 27.3

(C(CH3)3)' 20.0 (CH3C=O), 16.3 (CH3CH).

(±)-t-Butyl ester of lactyl butyrate. Butyryl ehloride (244 mL, 2.36 mol) was

added dropwise to stirred lactie aeid (125 g of 85% purity, 1.18 mol). After

addition was complete, the mixture was stirred ovemight at room temperature. A

IH_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 ofthis 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 (360/0): bp 94 oC (-2 torr); 1H-NMR

(COCI
3
, 200 MHz) ô 4.95 (q, l, J = 7 Hz), 2.35 (t, 2, J = 7 Hz), 1.68 (ro, 2), 1.45 (5

13
+ d, 9 + 3), 0.95 (t, 3, J = 7 Hz); C-NMR (COCI3, 75.4 MHz) ô 173.6, 170.7

(C=O), 82.2 (C(CH3»)), 69.2 (CH), 36.1 (OC(O)CH2), 28.1 (C(CH3)3)' 18.5

(OC(O)CH2CH
2
), 17.1 (CH

3
CH), 13.8 (CH

2
CH2CH

3
).

(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 extraets were

dried over Magnesium sulfate and concentrated by rotary evaporation to yield an

oil, 42 g. Oistillation yielded (R)-(+)-t-butyl lactate, 6.4 g (38% of theoretical

yield): bp 51-54 oC (4 torr), [lit.46 bp 46-47 oC (9 torr)]; oil which solidifies, mp
• 45 20 1

35-37.5 oC; [a]o = +7.98 (c 1.7 CH2CI2), [hl. [al 0 = +9.48 (neal, 1 = 1)]; H-

NMR (COCI
3
, 200 MHz) Ô4.62 (q, l, J= 7 Hz), 2.9 (s, br), 1.49 (s, 9), 1.38 (d, 3, J
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13
= 7 Hz); C-NMR (CDCI3, 75.4 MHz) Ô 175.8 (C=Q), 82.6 (C(CH3)3)' 67.2

(CH), 28.2 (CCCH3)3)' 20.7 (CH
3
CH); >98% ee by IH_NMR with Eu(hfc)3 on the

acetyl derivative. The limit of detection was detennined by deliberate addition of

racemic t-butyl ester of lactyl acetate to the NMR tube.

cis-I,4-Diacetoxy-2-cyclobexene, 64, was prepared using Backvall's method47

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

Büchner funnel prior to extraction with pentane to minimize the fonnation of an

emulsion.

(±)-Ia, 4a-Diacetoxy-2p, 3a-dibromocyclobex8ne, 66. A solution of 64 (5.0 g,

25 mmol) in CS
2

(120 ml) was cooled ta -78 oC 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
2

in CS
2

(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 matenal, however longer reaction time did

not result in its disappearance. The reaction mixture was diluted with cold

chloroform (-20 oC, 700 mL) and subsequently washed with satd aq Na2S0
3

(2 x

70 mL), water (70 mL), and brine (2 x 80 mL). The reaction mixture must remain

cold until after the tirst washing with Na
2
SO]" The organic phase was dried over

Magnesium sulfate and concentrated by rotary evaporation. Recrystallizarion

(ether/hexanes) yielded white crystals, 7.35 g (81%): mp 71.5-72 oC; Rr = 0.3 (4:1
[

hexanes/ethyl acetate); H-NMR (COC1
3
, 200 MHz) ô 5.32 (m,l, H4); 5.01 (ddd,

l, Hl); 4.36 (dd, 1, J1.l = 9.0 Hz, J2J = 9.3 Hz, H2); 4.27 (dd, 1, J 3,4 = 2.7 Hz H3);

2.15 (s, 3, CH
3
); 2.11 (s,3, CH3); 2.20-2.00 and 1.70-1.85 (2m, 4, H5, H5', H6,

[3
H6'). C-NMR (COCI3, 75.4 MHz) Ô 169.7, 169.6 (C=O); 73.9, 70.7 (CHOAc);

54.1 (CHBr); 26.1, 25.3 (CH
2
); 21.0, 20.9 (CH

3
). IR (Nujol mull) 1751, 1731,
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-1 +
1257, 1231, 1024 cm. MS (CI, NH3) mlz 374 (M+NH

4
, 46%); exact mass

373.96018 (CloHISBr2N04 requîres 373.96026, 2 ppm error). Anal. Calcd. for

CIOHI4Br204: C, 33.55; H, 3.94. Found: C, 33.14; H, 3.84.

(IS)-(+)-la- acetoxy-2a, 3~-dibromo-4a-hydroxycyclobexaDe, (+)-67, and

(IS)-(-)-1a-acetoxy-2~, 3a-dibromo-4a-bydroxycyclohexane, (-)-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 nunol) 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 CH2Clibexanes (35: 65 v/v) yielded co

crystalline diastereomers 67 and 68, 18.7 g (82%): mp 97-104 oC. A sample of the

diastereomers was separated by flash chromatography (4: 1 hexanes/ethyl acetate).
1

(+)-67: mp 125.5 oC; Rf = 0.34 (3:2 hexanes/ethyl acetate); >97% ee by H·NMR

with Eu(hfc»)" [a]o = +141° (c 1.6, CH
2
CI

2
); IH_NMR (COCI3, 200 MHz): Ô 5.31

(m, l, Hl); 4.29 (dd, l, J2.3 = 10.8 Hz, J3,4 = 8.4 Hz, H3); 4.19 (dd, l, J1.2 = 2.6 Hz,

H2); 3.79 (m,l, H4); 2.66 (br, l, OH); 2.15 (s, 3, OAc); 1.97-2.17 (m, 2, H5, H6);

1.65-1.88 (m, 2, H5' and H6'). 13C_NMR (COCI3, 75.4 MHz) cS 169.6 (C=O); 74.4

(COAc); 71.6 (COH); 63.0 (CHBrCHOH); 54.6 (CHBrCHOAc); 27.0, 26.6
-1

(CH2); 20.9 (CH3). IR (Nujol mull) 3409 (br), 1728, 1260, 1072 cm Anal. Calcd.

for CSH12Br203: C, 30.41; H, 3.83. Found: C, 30.03; H, 3.54. (-)-68: mp 122 oC;

Rr= 0.48 (3:2 hexanes/ethyl acetate); >970/0 ee by IH-NMR with Eu(hfc)r [a]o =-
1

1250 (c 1.6, CH
2
CI

2
); H-NMR (CnCI

3
, 200 MHz): Ô 4. 97 (ddd, l, Hl); 4.37 (dd,

l, J
2
.3 = 10.1 Hz, J1.2 = 8.4 Hz, H2); 4.29 (dd, 1, 13,4 = 2.0 Hz, H3); 4.15 (ddd, 1,
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H4); 2.45 (br, l, OH); 2.07-2.22 (m, l, H5); 2.11 (s, 3, OAc); 1.88-2.02 (m, 2, H6

and H6'); 1.58-1.81 (m, l, H5'). 13C_NMR (CnCI
3
, 75.4 MHz) 169.8 (C=O); 74.6

(COAc); 69.5 (COH); 61.6 (CHBrCOH); 54.8 (CHBrCOAc); 27.6, 24.8 (CH2);

21.0 (CH
3
). IR (Nujol mull) 3429(br), 1717,1257,1034 cm,l, Anal. Calcd. for

CSHI2Br20J: C, 30.41; H, 3.83. Found: C, 30.29; H, 3.52.

(1S)-(-)-cis-I-Acetoxy-4-bydroxy-2-c)'clobexene, 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%):~8

Vacuum distillation gave 6.0 g (62%): bp 75-77 oC (0.05 torr); Rf = 0.26 (3: 2
1

hexanes/ethyl acetate); [a]o = -1000 (c 1.3, CH
2
CI

2
); H-NMR (CnCI

3
, 200 MHz)

ô 5.98 (dd, 1, J1.2 =2.8 Hz, J2.J = 10.1 Hz, H2); 5.80 (dd, l, J3A =3.4 Hz, H3); 5.19

(m,l, Hl); 4.18 (m, l, H4); 2.15 (br, 1, OH); 2.06 (s, 3, CH
3
); 1.70-1.96 (m, 4, H5,

H5', H6, H6'). I3C-NMR (CnCI
3

, 75.4 MHz) a 170.7 (C=O); 134.8, 127.8

(CH=CH); 67.2 (COAc); 65.3 (COR); 28.1 (CH
2
COAc); 24.9 (eH

2
COH); 21.2

-1
(CH

3
). IR (oeat) 3372(br), 3415(br), 1736, 1245, 1037 cm MS (CI, NUJ) m/z

+
174 (M+NH

4
' 63%); exact mass 174.11306 (C

S
HI6NOJ requires 174.11302, 0.2

ppm error).

(S)-(-)-4-acetoxy-2-eyclobexene-l-one, (-)-78. Chromium trioxide (16.3 g, 163

mmol) was added to a stirred solution of dry pyridine (26.3 mL, 326 mmol) in dry
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methylene chloride (380 mL) under nitrogen. After thirty min of stirring al room

temperature, the olefinic alcohol 69 (4.24 g, 27.1 mmol) in dry Methylene chloride

(10 mL) was added ta 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 altemating portions of ethyl ether and satd aq

sodium bicarbonate (2 x 150 mL, 1 x 250 ml each). Ali 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%). Rf = 0.41 (3: 2 hexanes/ethyl acetate); [a]D = -137°(c 1.6,
1

CH:!CI
2
); H-NMR (COCI

3, 200 MHz) Ô 6.85 (ddd, 1, J2•3 = 10.3 Hz, J3.4 = 2.8 Hz,

J
3
•
5
= -1.4 Hz, H3); 6.06 (ddd, 1, J2•4 = -1.9 Hz, J2•6 = -0.9 Hz, H2); 5.57(dddd, 1, J~.5

= 4.8 Hz, J4.5' = 8.7 Hz, H4); 2.23-2.70 and 1.99-2.19 (2m's, 3 + 1, H5, H5', H6,
13

H6'); 2.12 (s, 3, CH
3
). C-NMR(COCI3, 75.4 MHz) Ô 197.7 (C=O); 170.2

(OCOCH
3
); 147.5 (CHCOAc); 130.8 (CHC=O); 67.7 (COAc); 34.9 (CH

2
C=O);

·1
28.6 (CH

2
COAc); 20.9 (CH). IR (neat) 1741, 1686, 1372, 1236, 1037 cm . MS

+ +
(CI, NH) m1z 172 (M+NH

4
' 100%), 155 (M+H , 10%); exact mass 155.07075

(CsHlIO) 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 nunol) 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 ISO 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%): Rf = 0.07 (3: 2 hexanes/ethyl acetate). This alcohol

was treated with Mosher's acid chloride using a standard procedure.49 The

resulting ester was purified by column chromatography on silica gel eluted with

9: 1 hexanes/ethyl aeetate; Rf = 0.41 (3: 2 hexanes/ethyl acetate). A racemie

sample of70 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 automatieally 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 5 mL), and

brine (2 x 5 mL). The extracts were combined, dried over Magnesium sulfate, and

concentrated by rotary evaporation yielding 169 mg (77%); Rf = 0.07 (3:2

hexanes/ethyl acetate). Without further purification of the alcohol, the benzoate

derivative was prepared. Benzoyl chloride (340 J,LL, 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 rime TLC analysis

showed no remaining alcohol. The reaction mixture was added to a separatory

funnel containing 0.5 M "28°4 (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)

yîelded the benzoate as an oil, 184 mg (58%): Rf = 0.46 (3:2 hexanes/ethyl
1

acetate); [a]D = -1970 (c 1.9, CH2CI2); H-NMR (CDCI3, 200 MHz) Ô 7.41·8.09

(m, 5, aromatic); 6.98 (ddd, 1, J
2

.3 = 10.3 Hz, J
3
.4 = 2.8 Hz, J

3
•
5

= -1.3 Hz, H3); 6.11

(ddd, l, J2.4 = -1.9 Hz, J2•6 = -0.8 Hz); 5.82 (m, l, H4); 2.40-2.77 and 2.15-2.34

(2m's, 3+1, H5, H5', H6, H6'). 13C-NMR(CDCI
3
, 75.4 MHz) ô 197.8 (C=O);

165.7 (OCOCH3); 147.6 (CHCOAc); 133.4 (P-CH); 131.0 (CHC=O); 129.7,

128.5 (0- and rn-CH); 129.5 (CCOOR); 68.2 (COAc); 35.0 (CH
2
C=O); 28.8

-1 -1 -1 ·1
(CH2COAc). UV (CH30H): 228 nm (E 14200 M cm ), 271 nm (E 554 M cm ),

·1
IR (neat), 3050, 2960. 1722, 1683, 1452, 1270, 1113, 710 cm . MS (CI, NH

3
) mJz

217 (M+H~, 100%); exact mass 217.08646 (C
13

H
13

0
3

requîres 217.08647, 0.0 ppm

error). The CD spectrum was obtained using a 4.4 x 10-
5

M solution of the

benzoate in CH
3
0H in a 0.1 cm cell using a Jaseo sooe spectropolarimeter. A

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

Following the success of the empirical rule for secondary alcohols

described in the previous chapter, we endeavoured to detennine whether this role

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 ~echniques .

Reproduced with pennission from The Journal of 0rxanic Chemistry, Vol. 60, Alexandra N.
E. Weissfloch and Romas J. Kazlauskas, uEnantiopreference 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 Pseudomonlls cepac;a 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 S4 of 61 examples). This mie 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 -eH
2
0H of primary alcohols point in opposite directions. We

suggest, however, that this opposite orientation does not irnply 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 confonnation 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 cepacia~

(pel, Amano lipase P) established a simple rule that predicts its

enantiopreference toward secondary alcohols, Figure 1a.
3
.4.5.6 This rule predicts

whieh enantiomer reaets 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 nlgosa,3 lipase from Pseudomonas Sp.,1 lipase

from P. aentginosa,8 Rhizomucor miehei,9 lipase from Arthrobacter Sp.,IO porcine

. l' Il • h 1 1 3 1.1. Il 1 fpancreatlc .pase, pancreatlc e 0 estera esterase, JYlucor esterase, cu tures 0

Rhizopus nigricans/
2

and cultures of B. subtilus var. Niger.
13

This mie 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 inereasing

h d'f~ .. fth b . 3.5.14tel lerence ln slze 0 e two su stltuents.

Recent X-ray crystal structures of transition state analogs bound to lipase

from Candida rogosa showed that this rule is a good description of the alcohol

binding pocket.
15

This lipase eontains a large hydrophobie binding pocket that

binds the larger substituent of a secondary alcohol and a smaller poeket that binds

the medium substituent. Conserved structural elements create this binding crevice,

especially the poeket 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 role based on the size of the substituents to account for the

enantiopreference of lipase from Pseudomonas sp. toward two primary alcohols
16

and Carrea et al. 17 used a similar role to account for the enantiopreference of PCL

toward nine primary alcohols. However, Xie et al. 18 proposed an enantiomeric role

for the enantiopreference of PCL toward two primary alcohols without an oxygen

at the stereocenter and another mie based on two primary alcohols with an oxygen

at the stereocenter.
19

Researchers encountered similar difficulties with porcine

pancreatic lipase (PPL) and aiso proposed enantiomeric roles.
20

secondary alcohols primary alcohols
(no 0 al stereocenter)

Figure l. Empirical rules that surnrnarize 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], whîle 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 pel shows an opposite enantiopreference toward primary and secondary
alcohols.

•
a

•

In this paper, we exanune the reported enantiopreference of peL and

propose an empiricai rule that summarizes its enantiopreference toward primary

alcohols. Although the role is opposite ta 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 peL toward

primary aicohois 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 alcobols. 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 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 -eH
2
0H

points ioto 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 ooly primary alcohols with a tertiary

stereocenter, that is, R
1
R

2
CHCH

2
0H. The list further includes ooly reactions

catalyzed by PCl from Amano (P, P30, PS, lPl-SO, lPl-200S) and SAM-2 from

Fluka,2 and only those substrates for which the enantiomeric ratio
21

, E, was >2. The

list includes esterifications and transesterifications of primary alcohols as weil as

hydrolyses of esters of primary alcohols.

The role 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 role 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 300/0 of the

substrates (16 of the 54) showed excellent enantioselectivities of E >50. The five

exceptions to the empirical role are 4-methyl-l, 3-propanediol (structure 1 where R

= CH
2
0H), two aziridines, structure 9, and two cyclohexenone derivatives,

structure 18. In spite of these exceptions, the empirical mie is reliable for most

primary alcohols without an oxygen at the stereocenter. The role in Figure 1b is

similar to the role proposed by Xie et al.
18

for two primary alcohols. Although our

role is opposite to the one suggested by Carrea et al.,11 we excluded their examples

because they ail 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.a

truc truc re

1 CH
2
CH

2
CH] 5.9 C S CH2(CH2)2CH] 7.3 C

1 CHz(CH2)2CH] 8.7 C 6 24-CI-C H -10 s, 1 6 ]

1 CHz(CH1)"CH] 5.7 C 6 N-Cbz-piperid-4-yl -7
1 CHz(CHl)6CH] 9.9. >20 c,d 6 NHC(O)-I-naphthyl -25 u
1 CHlCHzCH(CH])z Il C 6 CH

l
CH(OEt)2 >50 v

1 rrans-CHzCH=CHCH) 13 C 6 (CHz)]CHMe(CHz)Ji-Pr 13 w
1 CHzCH=CHz 9.7 c 7 3,4-OCH O-C H >-50 x

2 6)

1 CHlh 20 e 7 3,4-(MeO) -C H >-50 xz 6 .l

1 CHz(2-thiophene) >24->50 f 7 3.4.5-(MeO) -C H 20 x
) 6 1

1 CHzCHzSPh 21 g 7 4-Ph-C H >-50 x
6 "

1 CHzCHlSOlh 21 g 7 Ph >30 ->50 j.x.y
1 CHlOC(O)Pr -28 h 7 I-naphthyl 13. > -50 x.y
1 NHC(O)OEt 8.6 8 Il =
1 CHzOH 4 (ent) j 9 C(O)OCHlh -40 (ent) aa

1 CHzOAc 21 - >50 le. l, m 9 tosyl >-50 (ent) aa

1 CH,CH,OH -4 n 10 5 bb

1 CH~CH~OCHlh -20 n Il -13 cc
1 CHlO-TBDMS >50 m 12 >50 dd.t!t!

• 1 CH.O-TBDPS >50 k,m 13 -4 dd
1 CH

2
0 CHlh 12 - 35 m 14 -3 ff

1 CH
2
OC(O)Ph 9 - 3S m IS 14 gg

1 CH CH(CH )eH OH >-50 j 16 4 hh
2 ) 1

:% 2->40 0 17 >50 ii
3 4-MeO-C6H" 7.5 - 40 P 18 CH) 14 (ent) ii

4 Ph 3.3 q 18 CHZOCH) >50 (ent) ii

5 CHzOAc -16 r 19 >50 jj

5 NHC(O)OEt 8.9 20 -2 kk

•

aAil reactions refer to the hydrolysis of the acetate ester in aqueous solution al room temperature, using lipase from
Pseudomonas cepacia as defined in reference 2, unless otherwise noted. When another ester was hydrolyzed. it is
idenlified; when the alcohol was esterified, the acylating reagent is identified. Only examples that give E >2 are Iisted.
The structures are shown in Chart t. bE, the cnantioselectivity, is calculaled as in reference [21 J. except in the case of
asymmetric syntheses where il is the ratio of the preferred cnantiomer to the lcast preferred enantiomer. CVinyl acetate:
Barth, S.; Effenberger. F. Tetrahedron: Asymmetry 1993. 4. 823-833. dVinyl acetate , PFL (Fluka): Ferraboschi. P.;
Grisenti, P. Manzocchi, A.; Santaniello, E.1. Chem. Soc., Perlcin Trans. 11992, 1159-1 161. evinyl acetate: Delinck.
D. L.; Margolin. A. L. Tetrahedron Leu. 1990,31, 6797-6798.fVinyl acetate: Nordin. O.; Hedenstrom. E.; Hogberg.
H. E. Tetrahedron: Asymmelry 1994, 5, 785-788. Bracher, F.; Papke, T. Tetrahedron: Asymmelry 1994.5, 1653-1656.
gyinyl acetate. PFl (Fluka): Ferraboschi. P.; Grisenti. P.; Manzocchi, A.; Santaniello, E. J Org. Chem. 1990. 55.
6214-6216. hButyrate: Wirz, B.; Schmid, R.; Walther. W. Biocatalysis 1990, 3, 159-167. iFrancalanci. f.; Cesti. P.:
Cabri. W.; Bianchi, D.; Martinengo, T.; Foà, M.1. 0'1. Chem. 1987.52, S079-S082.JVinyl acetate : Tsuji. K.; Terao.
Y.; Achiwa, K. Tetrahedron Len. 1989, JO, 6189-6192. kvinyl acetatc, PFL (Fluka): Santanielto. E.; Ferraboschi. P.;
Grisenti, P. Telrahedron Lett. 1990. JI. 5657-5660. TBDPS == tert.butyldiphenylsilyI.IXie, Z.-F.; Suemune. H.; Sakai•
K. Telrahedron: Asymmetry 1993,4, 973-980. mVinyl acetate, PFl (Fluka): Grisenti, P.; Ferraboschi. P.; Manzocchi.
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A.~ Santaniello. E. Tetrahedron 1991.48,3827-3834. nVinyl acetate. PFL (Fluka): Grisenti. P.; Ferraboschi, P.; Casali,
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. 1991, 40, 1989-1992. Plsopropenyl acetate:

Akita, H; Umezawa, 1.; N07..aWa, M.; Nagumo, S. Tetrahedron: Asymmetry 1993. 4, 757-760. Qlsopropeny1 acetale:

Akita, H.; Nozawa, M.; Umezawa, 1.; Nagumo, S. Biocata/ysis 1994. 9, 79-87. rGaucher, A.; Ollivier, J.; Marguerite.
1.; Paugam. R.; SalaOn, 1. Cano J. Chem. 1994, ,12, 1312-1327. SElhyl acetate: Bianchi, D.; Cesti, P.; Spezia, S.;

Garavaglia, c.; Mirenna, L J. Agric. Food Chem. 1991, J9, 197-201. tpFL (Fluka): Guanli, G.; 8anft, L; Brusco, S.;

Narisano, E. Tetrahedron: Asymmetry 1994, 5, 537-540. UVinyl butyrale: Terradas, F.; Teston-Henry, M.; Fitzpatrick,

P. A.; Klibanov, A. M. J Am. Chem. Soc. 1993, IIJ, 390-396. "Vinyl acetatc: Ohsawa, K.; Shiozawa, T.; Achiwa, K.;

Temo, Y. Chem. Pharm. Bull. 1993,4/,1906-1909. W'fakabe, K.; 5awada, H.; Satani, T.; Yamada, T.; Katagiri, T.;

Yeda, H. Bioorg. Med. Chem. Leu. 1993, J, 157-160. .tvinyl ac:etale: Hah, T.; Chika. J.; Takagi, Y.; Nishiyama, 5. J
Org. Chem. 1993, 58, 5717-5723. >'Vinyl ac:etalc: Atsuumi. S.; Nakano, M.; Koike, Y.; Tanaka, 5.; Ohkubo, M.;

Yonezawa, T.; Funabashi, H.; Hashimoto, 1.; Morishima, H. Tetrahedron Letr. 1990, J/, 1601-1604. :Chloroacetate:

Guevel, R.; Paquette. L. A. Tetrahedron: Asymmetry 1993,4,947-956. aaTransestcrification with n-butanol: Fuji, K.,

Kawabata, T.; Kiryu, Y.; Sugiura. Y.; Taga, T.; Miwa, Y. Tetrahedron Leu. 1990, JI, 6663-6666. bbVinyl acetate:

Burgess, K.; Ho, K.-K. J Org. Chenr. 1991, 57, 5931-5936. cc Harvey, 1.; Crout, D. H. G. Tetrahedron: Asymmetry
1993. 4,807-812. ddTanaka, M.; Yoshioka. M.; Sakai, K. Tetrahedron: Asymmetry 1993, 4, 981-996. eepFL (Fluka):

Mohar. B.; Stimac, A.; Kobe, 1. Tetrahedron: Asymmetry 1994. 5, 863-878. ffPFL (Fluka): Mekrami, M.; Sicsic, S.

Tetrahedron: Asymmetry 1991, J, 431-436. Kgfn phosphate butTer containing 20% DMSO: Kawanami. Y.; Monya, H.~

Goto, Y. Clrenr. Leu. 1994, 116[-1162; vinyl acetate: Sibi, M. P.; Lu, 1. Tetrahedron Letr. 1994, 3J, 4915-4918.

hhSakano, K.; Yokohama, S.; Hayakawa, 1.; Atarashi, S.; Kadoys~ S. tfgric. Bio/. Chem. 1987,5/. 1265-1270. iiVinyl

acetale: Miyaoka, H.; Sagawa, 5.; Inoue, T;. Nagaoka. H.; Yamada, Y. Chem. Pharm. Bull. 1994.42,405-407. iiPatel.
R. N.; Liu, M.; Banerjee, A.; Szarka, L. 1. App/. Microbio/. Biotechno/. 1992, 37, [80-183. kkVinyl 3cetate: Murat3.

M.; Ikoma. S.; Achiwa, K. Clrem. Pharm. Bull. 1990,38,2329-2331 .

Cbart l, Structures for Table 1 and Figure 4
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Table 2 and Chart 2 summarize the reported enantioselectivities of peL

toward primary alcohols that have an oxygen at the stereocenter. AlI 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

mie is not reliable for this group of substrates. The empirical mie 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
3
)

from the tally because both substituents are similar in size. Approximately 30% of

the substrates (8 of 27) showed excellent enantioselectivities (E >50); a11 of these

are exceptions to the empirical mie. Thus, the ernpirical 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 prirnary alcohols without an oxygen at the stereocenter.

Twenty-seven examples fit the mie 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 peL, 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

HO'....... HO,: rN1Ph HO, HO,

HO~OR ACO~N.......) HO~0'O ('0

21 22 23 ~ 24°-{
0

HO, HO, HO') H0'1 HO.......

~O AcQ""""",("0 O~ ~~ ("0
0-,(

z:b OJ-N'R J-N
R R R a 'R

25 27 28 29

HO, H0'1 HO....... H0'1 HO,

s~o ((t (lAt ('0 <-o~
I~ 0'(rR ? 0,>R

AcQ ~O-J
30 31 32 33 34

Table 2. Enantioselectivity of Lipase from Pseudomonas cepacia toward Primary Alcohols with

• an Oxygen at the Stereocenter.a

Struc RorAr El' rer Struc RorAr Eb rer

21 CH] -6 (ent) c 27 CH(CH): 31 - >50 (ent) i. m

21 CH:CH) -20 (ent) c 28 Br 6 - >50 (ent) n.o.p
21 CHlh -20 - 28 (ent) c, d 28 OCH) 14 (ent) 0

22 >50 (ent) e 28 OCHlh 4 (ent) 0

23 4 f 28 CH:OH 8 (ent) 0

24 15 g 29 CH) 3 o.p
25 CH] 4-9 h, i.j 29 Ph 41 (ent) o.p
25 CH

2
CH] 2-6 i.j 30 1-(5-fluorocytosine) 12 q

25 Ph 3-8 i,j. k 31 -50 (ent) r

25 -(CH:)5- 3 J 32 Ph 5 - >50 (ent) s
25 CH(CH3)2 23 32 4-0Me-C6" .. 21 - >50 (ent) s
25 CHlh 9 33 H 8 - 16 (ent) t. u
26 >50 (ent) 1 33 OCH] 28 (ent)

27 C(CH])] >50 (ent) m 34 3 (ent) v

•
aAil reactions cefer to the hydrolysis of the acetate ester in aqueous solution al 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 Chan 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. CVinyl acetate or phenyl acetate: Terao.
Y.; Murata, M.; Achiwa, K.; Nishio, T.; Akamtsu. M.; Kamimura, M. Tetrahedron Lert. 1988, 29, 5 173-5176~ vinyl
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acetate: Murata, M.; Terao, Y.; Achiwa, K.; Nishio, T.; Seto, K. Chem. Pharm. Bull. 1989, J7, 2670-2672. dBreitgoff,
D.; Laumen, K.; Schneider, M. P.1. Chem. Soc., Chem. Commun. 1986, 1523-1524; vinyl stearate: Baba, N.; Yoneda,

K.; Tahara, S.; lwasa, 1.; Kaneko, T.; Matsuo, M. 1. Chem. Soc., Chem. Commun. 1990, 1281-1282; vinyl stearate:
Baba, N.; Tahara, S.; Yoneda, K.; lwasa, J. Chem. Express 1991, 6, 423-426; Wi~ B.; Schmid, R.; Foricher, 1.

Tetrahedron: Asymmetry 1992, J, 137-142. e-rransesteritication with n-propanol as nucleophile: Bianchi, D.; Bosent,
A.; Cesti, P.; Golini, P. Tetrahedron Lett. 1992, JJ, 3231-3234. [Vinyl acetate: Theil, F.; Weidner, J.; Ballschuh, S.;
Kunath, A.; Schick, H. 1. Org. Chem. 1994, 59, 388-393. gpallavicini, M.; Valoti, E.; Villa, L.; Piccolo, O. J Org.

Chenr. 1994, 59, 1751-1754. hBenzoate hydrolysis in 2S% DMSO: Bosetti, A.; Bianchi, D.; Cesti, P.; Golini. P.
Biocata/ysis 1994, 9, il-n. iSuccinic anhydride: Terao, Y.; Tsuji, K.; Murata. M.; Achiwa, K.; Nishio, T.; Watanabe,
N.; Seto, K. Chem. Pharm. 8u/l. 1989, J7, 16S3-165S.JButanoate: Panali, V.; Melbye, A. G.; Alvik, T.; Anthonsen. T.
Tetrahedron: Asymmetry 1992, J, 65-72. kBellemare, M.-1.; Kazlauskas, R. J., unpublished results. 'In a

water/isopropyl ether emulsion: Gais, H.-1.; Hemmerle, H.; Kossek, S. Synthesis 1992. 169-173. mAcetic anhydride:
Bianchi, D.; Cesti, P.; Battistel, E.1. Org. Chem. 1988, 5J, 5531-5534. nTrifluoroethyl butanoate: Secundo, F.; Riva,

S.; Carrea, G. Tetrahedron: Asymmetry 1992, 3, 267-280. °Butyrate: Carrea, G.; De Amici, M.; De Micheli, C.
Liverani, P.; Camielli, M.; Riva, S. Tetrahedron: Asymmetry 1993,4, 1063-1072. PButyrate: De Amici. M.; Magn, P;

De Micheli, C; Catcni, F.; Bovara, R.; Carrea, G.; Riva, S.; Casalonc, G. 1. Org. Chem. 1992. 57. 2825-2829
qButyrate: Hoong, L. K.; Strange, L. E.; Lioua, D. c.; Koszalka, G. W.; Burns, 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:
Hcrrad6n, B. Tetrahedron: Asymmetry 1992, J, 209-212; J. O"g. Chem. 1994,59,2891-2893; Hcrrad6n, B.; Valvcrde,

S. Tetrahedron: Asymmetry 1994,5, 1479-ISOO. 'Acetic anhydride: Ennis, M. D.; Old, D. W. Tetrahedron Letr. 1992,

33. 6283-6286. These authors also resolved a similar compound, flesinoxan, but its absolute configuration was
tentativelyassigned: Tetrahedron Lell. 1992,33,6287-6290. UVinyl acetate: MauleOn, D.; Lobato, C; Carganico. G. J
Neterocyc/ic Chem. 1994, JI, 57-59. l-Tsukube. H.; Betchaku, A.; Hiyama. Y.; Itoh. T. J Chem. Soc., Chem. Commun.

1992,1751-1752; 1. Org. Chem. 1994,59, iOI4-7018. Wc chose the enantiomer shown because a CH2 is larger [han
an oxygen.

Do the Medium and Large Substituents of Primary and Secondary Alcobols

Bind to the Same Regions of peL? We propose two hypotheses to explain how

PCl eao have an opposite enantioprefereoee for primary and seeondary aleohols,

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

seeondary aleohols. The CH
2
0H group must point to the baek to plaee the oxygen

in a position similar to that for secondary aleohols. Thus, the opposite

enantiopreferenee for primary and secondary aleohols would stem from

aeeommodating the extra CH2 in primary aleohols as a kink between the °and the

stereoeenter.

Hypothesis 2 proposes that the substituents of primary and seeondary

aleohols bind ta different regions ofPCL. In partieular, bath the large and medium

substituents of primary aleohols bind in the l poeket, while a hydrogen binds in

the M poeket. Aecording ta this hypothesis, PCL accommodates the added CH2 in
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a primary aleohol as a turn that places the stereocenter of primary alcohols into the

L pocket. Stereoselectivity within the L poeket would detennine the

enantioselectivity of peL toward primary alcohols. Vanmiddlesworth and Sih22

proposed that stereoselectivity within the L pocket of a reductase in yeast can

influence the diastereoselectivity of reduction reactions.

a

Hypothesis 1
CH2 adds a kink

Hypothesis 2
stereocenter binds

in the L pocket

b lJ-selectivity

OH OH~

~ ~ ~
~L L

a-selectivity

•
c OH

~
Ph

3e.
E =54

OH

~
Ph

3S.
a-selectivity > 32
~-selectivity= 1.4

OH

Y
Ph

37a
E =2.3

•

3\yYy
38b Ph 35b Ph 37b Ph

E =80 a-selectivity> 55 E =16
l3-selectïvity =1.8

Figure 2. Orientation of the medium and large substituents of primary alcohols in the active site
of PCl. (a) Iwo possible orientations of the medium and large substituents can account for the
opposite enantiopreference of PCL toward primary and secondary alcohols. In hypothesis l, PCl
accommodates the extra CH2 group in a primary alcohols as a kink between the stereocenter and
the oxygen. The CH2 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 tum that places bath the medium and large substituents into the L
pocket. According to this hypothesis, enantioselectivity toward primary alcohols cornes from
details within the L poeket. (b) Measuring the stereoselectivity of the L pocket using a substrate
with two stereocenters. Hypothesis 2 prediets that stereoseleetivity within the l poeket (~
selectivity) will he similar to the enantioseleetivity of peL toward the corresponding primary
alcohol. Hypothesis 1 predicts no relationship between the two selectivities. (c) For two
examples, the stereoselectivity within the L poeket was lower than the enantioselectivity for the
corresponding primary alcohols. These experimental results favor hypothesis 1. Experimental
data for the selectivities are in Seheme 1 and Table 3.
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To distinguish between these two hypotheses, we measured the

stereoselectivity of the L poeket in PCL and compared it to the enantioseleetivity

of PCl toward primary aleohols, Figure 2b. Hypothesis 1 predicts no relationship

between the stereoseleetivity of the L poeket and the enantioseleetivity of PCl

toward primary aleohols. Hypothesis 2 predicts that the stereoseleetivity within the

L pocket is the same as the enantioselectivity of PCl toward primary alcohols. As

detailed below, we found that the stereoseleetivity of the L poeket of pel was

signifieantly lower that the enantioselectivity of peL toward primary alcohols,

thus, we favor hypothesis 1.

To measure the stereoseleetivity of the l poeket in PCl, we measured the

stereoselectivity of PCL toward aeetates of 35a and 3Sb, Scheme 1. Binding these

secondary alcohols to pel as suggested by the rule in Figure la places the p

stereocenter into the L poeket.23 Thus, the stereoselectivity of PCL toward the p

stereocenter of3Sa and 35b corresponds to the stereoseleetivity of the l poeket.

Seheme 1 summarizes the experimental results for the PCl-eatalyzed

hydrolysis of the aeetate esters of 3Sa and 35b. We prepared aieohols 3Sa and 35b

and their acetates as mixtures of diastereomers following literature procedures.

After hydrolysis, we detennined the relative amounts of eaeh isomer using gas

chromatography of the (S)-acetyl laetic acid derivatives for 358 and of the free

alcohols for 3Sb. To identify the diastereomers, we prepared authentic samples of

pure erythro-35a, and threo-35b using Iiterature procedures. We confinned this

assignment for 3Sb by comparing the IH_NMR spectrum of the mixture to the IH_

NMR ofa known (4: 1) mixture oferythro- and threo-35b.
24

The absolute configurations of the preferred erythro- and threo-3Sa were

(2R, 3R) and (2R, 351, respectively, based on the negative rotations of the tosyl

derivatives. The preferred enantiomer of threo-3Sb was (2R, 3S), by chemical

correlation to the ketone derivative, (3S)-3-methyl-4-phenyl-2-butanone. The mIe
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for secondary alcohols, Figure 1a, predicted the favored configuration at the

secondary alcohol for ail three of these substrates.
23

On this basis, \ve assigned the

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

Scheme 1

(i:)-1: 1 erythroJthreo

(t)-1: 1.45 eF)1hrollhreo

•

OAc

~
Ph

OAc

"Y
Ph

PCl--.
23% conv

PCl •
12% alf'IV

OH OH OH OH

~ + /-y" + ~'1 +~.'
Ph Ph Ph Ph

(R,5)-35a (5,S)-35a (R.R}-35a (S,R)-35a

Cl >32 Cl >100
1 i 1 i

54.1% 1.8% 43.8% 0.24%
1 r

~ =1.4

OH OH OH OH

~+ ~ +'1'" +~ ..
Ph Ph Ph Ph

(R.S)-35b (S.S)-35b (R,R)-35b (S.R)-35b

Cl >68 Cl >55

71.1% <0.8% 28.9% <0.8%
1 1

~ =1.8

To calculate the u- and ~-selectivities, the stereoselectivities at the a and ~

stereocenters, we used the approach developed by Sih to measure the

enantioselectivity of an enzyme.
25

Equation 1 relates the selectivity of the enzyme

to experimentally measured quantities: Ao and B0 are the initial amounts of each

isomer in the starting material and A and 8 are the amounts remaining after

hydrolysis.

ln(A/Ao)
Selectivity = ~-,;.,j

In(BI Bo)
(1)

•

We calculated the a-selectivity either from the relative amounts of the (2R,

3S) and (2S, 351 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, u> 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 mie. These results suggest that the 35a-
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acetate and the 35b-acetate bound to PCL in the same manner as other secondary

alcohols and that the p-stereocenters bound in the L poeket.

We calculated the ~-seleetivity from the selectivity between the favored 2R

isomers, (2R, 351 and (2R, 3R), to be p = 1.4 for 35a and ~ = 1.8 for 35b. We did

not ealculate the p-selectivity from the pair of minor isomers because these

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

p-stereocenter in the L poeket.

To interpret these results, we also measured the enantioselectivity of peL

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
2
Ph, Table 1),

Table 3. As expected, peL favored the (R)-enantiomer of secondary alcohols 36a

and 36b with high selectivity, E = S4 and 80, respectively. Aiso 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 37a26 and E = 20 for 37b

(Table 1, structure 1 where R =CH2Ph).

A summary of these selectivities, Figure 2e, shows a low seleetivity in the L

poeket of peL (1.4 and 1.8),27 while the enantioselectivity toward primary alcohols

ean he 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 aleohol 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
2
-kink between the stereocenter and the

oxygen causes the reverse orientation of the OH and the CH
2
0H in Figure 1.

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

Pseudonronas cepacia.

Structure

J6a
36b
37a
37b
38
39
40
41
42
43
44

V/oconv

34
14
44
40
47
43
49
46
41
85

V/eee
(product-oH)

96b

38d

79f
7lh

60d (SM)i
63/

12d (SMY
34d

23K(SMY
84q

abs. conDg.
(produd-om

R
RC
Se
gg
Ri

S(SM~
Rm

IS. 2R (SM)n
IR, 2So

IR, 2S (SM)/'

nd
r

E

54a
80
2.3
16
10
9
7

1.4

2.0
2.4
12

•

•

aBianchi. D.; Cesti. P.; Battistel. E.1. Org. Chem. 1988,53. 5531-5534. Nishio, T.; Kamimura,M.; Murata,
M.; Terao, Y.; Achiwa, K.1. Biochem. Tokyo 1989. J05. 510-512: Esterification with acetic anhydride in
organic solvent. bDetennined by GC of the (51-acetyl lactate derivative using a av-1701 column. C[a lD =
-17.8 (l.8. CHCI3) (lit. (R)-(-): Hayashi, T.; Okamoto. Y.; Kabeta, K.; Hagihara. T.; Kumada. M. 1. Org.
Chem. 1984, 49, 4224-4226). dDetermined by GC using a Chiraldex G-TA column. e[alo =-10.4 (neat)
(lit. (R)-(-) and (51-(+): Bianchi. D; Cesti, P.; Battistel, E. 1. Org. Chem. 1988. 53, 5531-5534. Bernstein.
H.; Whitemore. C. J. Am. Chem. Soc. 19J9, 6/, 1326). foetennined by GC of the trifluoroacetate
derivative using a Chiraldex G-TA column. me product from the PCl-catalyzed esterification of J7a was
identified as the (51-enantiomer (Delinck, D. l.; Margolin, A. L. Tetrahedron Letr. 1990, 3/, 6797-6798).
hOetennined by HPLC using a Chiralcel 00 column. i[alD = -12.1 (0.43, C6H6), [a]o = -19.1 (0.43,
CHCI3) (lit. (R)-(-): Menicagli, R.; Piccolo, O.; lardicCÎ, L.; Wis, M. L. Tetrahedron 1979,35, 1301-1306.
Sonne~ P. E.; Heath, R. R. J. Chromatogr. 1985,32/, 127-136).JOetennined for the unreacted acetyl ester.
kOetermined by comparison of the gas chromatogram (Chiraldex G-TA) of the unreacted acetyl ester with
that of the acetyl ester of (51-(+)-39 obtained from authentic (5)-(+)-2-amino-l-butanol. lDetermined by 1H
NMR of the acetyl ester derivative in the presence of (+)-Eu(hfc)3. mDetermined by comparison of the 1H
NMR spectrum (in the presence of (+)-Eu(hfc)3) of the acetyl ester of the product with that of the acetyl
ester of (5)-(+)-40 obtained from authentic (S)-(+)-2-amino-l-butanol. nDetennined 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. O[a]o = -9.04 (3.54, CHeI3) (lit. (lR,2S)-{ -): Aider,
U.; Breitgoff, D.; Klein, P.; Laume~ K. E.; Schneider, M. P. Tetrahedron Lett. 1989, 3D, 1793-1796.
Laume~ K.; Schneider, M. Terahedron Len. 1985. 26. 2073-2076). PDetermined by comparison of the 1H
NMR specttum (in the presence of (+)-Eu(hfc)3) of cis-(IR,2S)-I-acetoxymethyl-2
benzoyloxymethy1cyclohexane, obtained by benzoylation of monoacetate (IR,2S)-42, to the specttum of
the remaining starting material. The preferred product is therefore cis-(1R;.2S}-I-benzoyloxymethyl-2
hydroxymethylcyclohexane. lfDetermined 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
2

of

primary alcohols as a kink cornes 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-I-phenylpropane. In spite of their

opposite configurations, the fast-reacting enantiomers overlay more closely at the

reaction center, especial1y 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. Dther researchers have aIso noted a reversaI in

enantiopreference when a CH
2

group is insened between the stereocenter and the

oxygen of other alcohols. For example, the enantiopreference of the Katsuki

Sharpless epoxidation reverses for allylic and homoallylic alcohols. 28

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.
1s

For this reason the

alcohol oxygen must adopt a similar position in both structures. Furthermore,

modelling suggests that the --eH
2
OH of a primary alcohol would disrupt the

orientation of the catalytic histidine if it pointed in the same direction as the -OH

ofa secondary alcohol.
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Figure 3. Overlay of the minimized structures of the fast-reacting (5)- 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-l
phenylpropane, (crosshatched carbons). AIl 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 Sïze of the Large Substituent.

The empirical rule suggests that peL 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.
3
, 5. 14 However, we demonstrate below that this

strategy was rarely successful for primary alcohols.
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The tirst group are primary alcohols without an oxygen at the stereocenter,

Figure 4a and Table 3. The tirst example, 37a vs. 38, showed reversed

enantioselectivity when we increase the size of the large substituent. PCl

catalyzed hydrolysis of the acetate ester of37a, 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 reversai, the enantioselectivity decreased by a factor of23.

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 of9. 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 raceroic cis-l

acetoxymethyl-2-(hydroxymethyl)cyclohexane, 41-acetate, showed low enantio

selectivity, E = 1.4, in favor of the (IR, 2S)-enantiomer of the substrate, which is

opposite to the one predicted by the empirical rule. Increasing the size of the

CH
2
0H substituent to CH

2
0Ac (42-acetate) or CH20Bz (43-acetate) increased the

enantioselectivity to E = 2 and E = 2.4. The favored enantiomer for the products,

cis-I-(acetoxymethyl)-2-(hydroxymethyl)cyclohexane and cis-I-[(benzoyloxy)

methyl]-2-(hydroxymethyl)cyclohexane, was (IR, 2S), as predicted by the

empirical ruie. Taking into account the reversaI, the enantioselectivity increased by

modest factors of2.8 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 fast example showed a reversai 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 cornes from the literature. (b) Two exarnples where the
primary alcohol has an oxygen at the stereocenter. The ftrSt example showed a modest decrease
in enantioselectivity, the second example, taken from the literature, showed only small changes
in enantioselectivity~ except where R = CH(CH

3
)2"
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The last example in Figure 4a cornes from the Iiterature and represents a

dramatic increase in enantioselectivity. Tsuji et al. 29 reported a low

enantioselectivity for the esterification of alcohol 1 where R = CH
2
0H, E = 4 in

favor of the pro-R hydroxyl group. The empirical mIe predicts the opposite

enantiopreference (M = CH3, L = CH20H). When Tsuji et al. replaced the methyl

with a larger substituent, CH
2
Ph (compound 7 where Ar = Ph in Table 1), the

enantioselectivity increased to E >30. Since the CH
2
0H is now the medium

substituent and CH2Ph is the large substituent, the enantiopreference DOW agrees

with the empirical role. üther workers also reported increased enantioselectivity

when they replaced the methyl by five other CH
2
-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
2
Ph)

showed an enantioselectivity of 20-24 (see Table 2). When we increased the size

of the substituent to R = CHPh2 (acetyl ester of 44), the enantioselectivity

decreased by a factor of 2 to E = 12, Table 3. The second example in Figure 4b

cornes from the literature. The enantioselectivity of PCL toward the glycerol

acetal, substnlcture 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. aiso noted that

changes in the size of the substituent did not correlate with changes in

enantioselectivity for substructures 28 and 29.
l7

Ta summarize the effect on enantioselectivity of increasing the difference in

the size of the substituents, we found no consistent behavior. (nereasing the

difference in size May increase, decrease or have no effect on enantioselectivity.

We believe the tlexibility 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 al50

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. 30 This

stabilization May change the favored orientation along the C( 1)-C(2) bond and

thereby change the enantiopreference.

L

HOlIl·III1H

~
enantiomer 1

••condary alcohol.
enantiopreferenœ set by
size of substituents

L H

~
prIm~.lcohol.

HO H enantiopreferenœ set by
(1) size of the substituents and

M (2) relative energies of the two conformations

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 bath 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. T0

distinguish between enantiomers of primary alcohols, pel 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 ofPCl.
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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 othetvlise 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

(I ...Naphthyl)-I ...propanol was prepared from I-napthylacetic acid as described by

Sonnet and Heath.
31

N,O-Diacetyl-2-amino-l-butanol, 39, was prepared by a

known method.
32

(±)-threo/erytl.ro-3-Pbenyl-2-butanol, 35a, was prepared by the nucleophilic

addition of methyl magnesium iodide to 2-phenylpropionaldehyde, as described by

Overberger et al.
33

The IH NMR of the product agreed with that reported

previously.34 A portion of the product (1 g) was purified by medium pressure

chromatography (200 g silica gel, 60% pentane/37% chlorofonnl3% ethyl acetate,

2.1 min/20 mL fraction). Pure threo alcohol (66.7 mg) and pure erythro alcohol

(50.3 mg) were obtained, as weil as mixed fractions. Mixed fractions were

combined to fonn a sample (-400 mg) of 50/50 threo/erythro. The threo and

erythro isomers can be separated by tic when eluted three times with 60o~

pentane/37% chlorofonn/3% ethyl acetate: on a 7.5 cm plate, Rf= 0.49 (threo) and

Rf= 0.40 (erythro). The diastereomers were identified by comparison of the Ris

and 1H NMR of the mixture to that of the pure erythro alcohol prepared as

described below.

(±)--erythro-3-Phenyl-2-butanol, (±)-erythro-35a, was prepared by reaction of

phenyllithium with trans-2,3-epoxybutane according to a literature procedure.35

The only change in the procedure was the use of a stock solution of phenyllithium

(1.8 M in 70: 30 cyc1ohexane/ether) instead of preparing the reageot in situ. This

method was not used for large scale preparation due to low yields (34%). Rf= 0.40
1

(60% pentane/37% chlorofonn/3% ethyl acetate). H NMR (Cne1
3

, 250 MHz) Ô
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7.17-7.35 (m, 5), 3.88 (apparent quintet, 1, J
app

- 6.2 Hz), 2.73 (apparent quintet, 1,

Japp - 6.7 Hz), 1.55 (br s, 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 ovemight at ambient temperature. The reaction mixture was then diluted

with ethyl acetate, washed with water and brine, and the organic extracts dried

(MgSOJ and evaporated to afford the pure acetyl ester.

(±)-threo-2-Acetoxy-3-phenylbutane, Acetyl Ester of threo-3Sa has been

previously prepared.
36

IH NMR (COCI
3

, 200 MHz) cS 7.18-7.34 (m, 5, aromatic),

5.09 (apparent quintet, 1, J = 7 Hz), 2.93 (apparent quintet, l, J = 7 Hz), 1.92
app app

(s, 3), 1.28 (cl, 3, JH4•H3 =7.3 Hz), 1.16 (d, 3, J HI •H2 =6.6 Hz).

(±)-erythro-2-Acetoxy-3-phenylbutaoe, Acetyl Ester of erythro-3Sa has been

previously prepared.
36

IH NMR (COCI
3

, 200 MHz) ô 7.16-7.34 (m, 5), 5.03 (dq, l,

J
H

., Hl = 6.2 Hz), 2.85 (apparent quintet, 1, J = 7.3 Hz), 2.06 (s, 3), 1.28 (d, 3,•• app

J H4•H3 = 7.3 Hz), 1.05 (d, 3, J HI •
H2

=6.2 Hz).

(±)-threo/erythro-J-Methyl-4-phenyl-2-butanol, (±)-threo/erythro-3Sb, was

prepared in three steps following a literature procedure.33,37 Reduction of a

methyl-trans-cinnamaldehyde with lithium aluminum hydride yielded 3-phenyl-2

methyl-I-propanol, (±)-37b. Swem oxidation followed by the addition of methyl

magnesium iodide yielded (±)-threo/erythro-3Sb. Rf= 0.26 (4: 1 cyclohexane/ethyl

acetate). The 1H NMR of this diasteromeric mixture agrees with that reported in

th 1· 38e Iterature.

(±)-threo-3-Metbyl-4-phenyl-2-butanol, (±)-threo-35b.
39

A solution of benzyl

bromide (2.5 mL, 21.0 mmol) in ether (15 mL) was slowly added to magnesium

tumings (1 g, 41.1 mmol) under nitrogen. The reaction tlask 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 NH4CI. Water was added and the slurry was filtered ioto a

separatory funnel, rinsing with ethyl acetate. The filtrate was washed with 0.5 N

Hel, saturated aqueous NaHC03, HzO, and brine, dried over Na2S0-l' filtered, and

evaporated in vacuo. Purification by flash column chromatography (9: 1

pentane/ethyl acetate) yielded the threo alcohol (125 mg, 8%): tH NMR (COC1
3

,

200 MHz) cS 7.17-7.33 (m, 5), 3.70 (br apparent quintet, 1, J -- 6 Hz), 2.88 (dd, 1,
app

2 Z
JH-l.H-l' = 13.3 Hz, J H4-H3 = 4.8 Hz), 2.35 (dd, l, J H4-H4,= 13.3 Hz, J H4'.H3 = 9.3 Hz),

1.83 (m, 1), 1.37 (br s, 1), 1.21 (d, 3, JH1 -Hl = 6.3 Hz), 0.83 (d, 3, JH3-eH
3

-3 = 6.8 Hz).

(±)-threo/erythro-2-Acetoxy-3-methyl-4-pbenylbutane, Acetyl Ester of (±)

threo/erythro-3Sb has been previously prepared.-l
O

IH NMR (COCI), 250 MHz)

(resonances of the two diastereomers overlap except for the DAc and CH)-3

resonances) cS 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, JH1 .HZ = 6.3 Hz), 0.88 (d, 3,

JCHr3.H3 = 6.9 Hz), 0.83 (d, 3, JCH3-3.H3 = 6.8 Hz).

(±)-threo-2-Acetoxy-3-methyl-4-pbenylbutaoe, Acetyl Ester of (±)-threo-3Sb

has been previously prepared:~o 'H NMR (CDeI
3
, 250 MHz) cS 7,12-7.29 (m, 5),

,
4.82 (apparent quintet, 1, J H2•H1 = 6.3 Hz, JH2•H3 = 6.3 Hz), 2.80 (dd, 1, -JH4•H4• = ..

2
13.4 Hz, )H4.H3 =4.7 Hz), 2.28 (dd, 1, J H4'.H4 = -13.4 Hz, J H-l'.H3 = 9.6 Hz), 2.01 (s,

3), 1.89-2.10 (m, 1), 1.20 (d, 3, JHl.H2 = 6.3 Hz), 0.81 (d, 3, JCH3-3.H3 = 6.8 Hz).

(±)-2-Pbtbalimido-l-butanol, 40, was prepared using a standard method for the

protection of amino acids.-l
1

Phthalic anhydride (1.5 g, 10.1 mmol) and

triethylamine (0.6 ml, 4.2 mmol) were added to a solution of (±)-2-amino-l

butanol (500 mg, 5.6 mmol) in toluene (10 ml) in a reaction vessel equipped with

a condenser and Dean-Stark trap. After refluxing ovemight, 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 NaHC0
3

(2 x 50 mL), H20 (50 ml), and brine (50 mL), and drled 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-l

butanol as an oil (723 mg, 59%): Rf= 0.20 (7: 3 pentane/ethyi acetate); tH NMR

(CnCI3, 200 MHz) ô 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 Hz).

l-Acetoxy-2-pbtbalimidobutane, Acetyl Ester of 40. tH NMR (CnCI
3
, 200

MHz) ô 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

(Ct4HlS04N requires 261.1001, -0.8 ppm error).

cis-l-Acetoxymetbyl-2-benzoyloxymethylcyclohexane, Acetyl Ester of 43. 4

dimethylaminopyridine (5.4 mg, 0.044 nunol) and benzoic acid (108 mg, 0.88

mmol) were added to a solution of cis-I-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 HCI, saturated aqueous NaHCO
J

,

H20, and brine, dried over N~SO4' filtered, and evaporated in vaCllO. The crude

product was purified by flash column chromatography (gradient from 9: 1 to 1: 1

pentanelethyl acetate), yieiding cis-l-acetoxymethyI-2-benzoyloxymethylcyclo

hexane as an ail (68 mg, 53%): Rf= 0.68 (7: 3 pentane/ethyl acetate); l H NMR

(CnCI
3
, 200 MHz) ô 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

(Ct,H2204 requires 290.1518, ·2.4 ppm error).

146



•

•

•

Chapter 3

2-0-Dipbenylmethylglycerol Diacetate, Acetyl Ester of 44. (

Butyldimethylsilylchloride (lOg, 66mmol) was slowly added to a stirred solution

of 1,3-dihydroxyacetone dimer (3 g, 17 nunol) and imidazole (9 g, 133 mmol) in

dimethylfonnamide (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 "20 (800 ml) and

extracted with ethyl ether (2 x 700 ml). Each ether extract was washed with H20

(2 x 800 mL) and dried over MgS0
4

• The combined ether extracts were filtered

and evaporated in vacuo, yielding 1,3-di(t-butyldimethylsiloxy)acetone as a c1ear

colourless oil, 10.45 g (98%): I H NMR (CDCl), 200 MHz) ô 4.41 (s, 4). 0.91 (5,

18), 0.08 (s, 12). Sodium borohydride (237 mg, 6.26 mmol) was added to a stirred

solution of the 1,3-di(t-butyldimethylsilyloxy)acetone (2 g, 6.28 nunol) in dry

methanol (40 ml) at 4 Oc under nitrogen. After stirring for 30 min, the reaction

mixture was quenched with 5% aqueous CH]COOH (15 mL) and H20 (150 mL).

The mixture was extracted with ethyl acetate (800 ml) and the organic phase was

washed with 50/0 aqueous CH)COOH (2 x 200 ml), saturated aqueous NaHC03 (2

x 250 ml), H
2
0 (200 ml), and brine (300 ml), and dried over MgS04• 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). Diphenyldiazomethane.a2 (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 ovemight, additional

diphenyldiazomethane (150 mg, 0.77 mmo1) was added and the mixture was again

retluxed ovemight. 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-(t-butyldimethylsilyl)-2-0

diphenylmethyl-glycerol. (340 mg, 90%): Rf= 0.65 (9: 1 hexane/ethylacetate). IH
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NMR (COCI3, 200 MHz) Ô 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)-2-0

diphenylmethyl 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 aeetate (90

mL),washed with H20 (2 x 5 mL) and brine (2 x 40 mL), and dried over MgSO~.

Evaporation of the solvent yielded the erude 1,3-diol (156 mg): Rf = 0.18 (1: 1

hexane/ethyl acetate). Anhydrous sodium carbonate (84 mg, 0.80 mmol), 4

dimethylaminopyridine (3.3 mg, 0.027 mmol), and acetie anhydride (0.075 ml,

0.80 mmol) were added to a solution of the erude 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
2
0 (4 x 10 mL) and

brine (2 x 10 mL), dried over MgS0
4

, and evaporated in vacuo. The crude residue

was purified by flash column chromatography (9: 1 hexane/ethyl aeetate), 2-0

diphenylmethylglycerol diacetate as an oil (70 mg, 77% over two steps). Rf= 0.37
1

(7: 3 hexanes/ethyl acetate). H NMR (CnCI
3
, 200 MHz) Ô 7.22-7.38 (m,ID), 5.61

(s, 1),4.21 (m, 4, J
AB

= 16.5 Hz), 3.86 (m, l, JAX = 11.6 Hz, J
BX

= 5.1 Hz), 2.02 (s,

6). Exact mass 342.1471 (C2oH220S 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 NaHC0
3
, water, and brine, dried over

Na
2
S0

4
, and concentrated in vacuo. The starting esters and product alcohols were

separated by flash chromatography.
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PCL-Catalyzed Hydrolysis of (±)-threo,erythro-2-Acetoxy-3-pbenyl-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 ofthreo/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

centrifuga,tion. The ethereal extracts were dried over Na
2
SO-4 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 (±)-I-Acetoxy-2-pbenylpropane, Acetyl Ester of

37a. Test tubes containing (±)-I-acetoxy-2-phenylpropane (20 mg, 0.112 mmol),

ether (O. 1mL), sodium phosphate buffer (0.5 mL, 0.1 M, pH 7), peL (2 mg) were

shaken in an incubator at 29-32 oC. 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.

TriOuoroacetyl Esters.
43

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 Cbromatograpby 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 0 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 NaHC0
3
,

H20, and brine, and dried over Na
2
S04• 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.soAJ ee). «S)-acetyllactyl)-4-phenyl-2-butanol:

OV-1701 column, 150 oC, 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 oC at 3 OC/min, a = 1.03, 22.0 min (2R, 3S), 22.6 min (28, 3R).

erythro-«S)-acetyllactyl)-3-phenyl-2-butanol: SE30 column, 10 min at 160 oC then

gradient from 160-220 oC at 3 OC/min, a = 1.02, 22.8 min (2R, 3R), 23.3 min (2S,

3S).

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 oC, a = 1.03, 36.0 (5'), 37.0

min (R). 2-phenylpropanol: 90 oC, a = 1.06, 39.3 min (S), 41.6 min (R). 2-methyl

3-phenylpropanol: 90 oC, a = 1.01, 46.4 min (S), 47.3 min (R). I-trifluoroacetoxy

2-methyl-3-phenylpropane: 70 oC, a = 1.03, 49.9 min (R), 51.2 min (S). erythro-3

methyl-4-phenyl-2-butanol: 100 oC, a = 1.02, 28.9 min (28, 3S), 29.6 min (2R,

3R). threo-3-methyl-4-phenyl-2-butanol: 100 oC, a = 1.02, 31.6 min (2S, 3R), 32.4

min (2R, 3S). threo and erythro-2-acetoxy-3-methyl-4-phenylbutane: 100 oC, 37.5

min (2S, 35'), 38.3 min (28, 3R), 40.5 min (2R, 3S and 2R, 3R). N,O·diacetyl-2

amino-l-butanol: 120 oC, a = 1.03,33.9 min (S), 34.9 min (R) .
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En8ntiomeric 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)-(+)-camphoratol
europium(III), (+)-Eu(hfc)3' was added portion-wise until baseline separation of

the acetate signais 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 detennined. (2) The alcohol was treated

with Mosher's acid chloride using a standard procedure~s and the resulting ester
1

was analyzed by 500 MHz H NMR spectroscopy.

Enantiomeric Purity. OPLC Using 8 Chiral Stationary Phase. A sample of the

alcohol and acetyl ester dissolved in the eluting solvent was analyzed by HPLC

uSlng a Chiralcel 00 column. 2-( I-Naphthyl)-I-propanol (99:

hexane/isopropanol, 0.5 ml/min, a = 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]o = -14.8 (5.64,

benzene), lit.
36

(R.R): [a]o = -17.41. Threo tosylate: [a]o = -12.05 (4.73, benzene),

lil.
36

(R.S): [a]o = -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 O°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 MgSO4' The erude product obtained upon

evaporation of the solvent was purified on a preparative tic plate (95: 5
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pentane/ethyl acetate), Rf = 0.26. The ketone obtained was identified as the S

enantiomer, [a]o +4.9 (c 4.1, ethanol), lit.
46

S-(+), therefore since the starting

matenal was the acetyl ester of threo-35b, the preferred product is the (2R, 351

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, 351

lsomer.
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Appendix 1

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 QAc OAc QAc

Açh ~... ~ .. lph.' ,," ,~

Ph Ph

A B C D

percent ofeach isomer
in starting material: 29.6 29.6 20.4 20.4

percent of each isomer

• in remaining startiog material
after hydrolysis: 21.2 29.5 17.0 20.3

p-selectivity = Io(AJAo) / In(C/Co) =10(21.2/29.6) / ln(17.0/20.4) = 1.8

a-selectivity = In(AJAa) / 1n(D1D0 ) = 10(21.2/29.6) /10(20.3/20.4) = 68
or
a-selectivity = In(C/Co) / 1n(B1B0 ) = 1n(17.0/20.4) / 10(29.5/29.6) = 54

diastereosectivity = In[(A + B)/(Ac + Bo)] / 1o[(C + D)/(Co+ Do)]
= 10[(21.2 + 29.5)/(29.6 + 29.6)] / 10[(17.0 + 20.3) / (20.4 + 20.4)]
= 1.7

•
158



•

•

•

Chapter 4

Cbapter4

Since ail lipases and esterases that had been studied thus far showed the

same enantiopreference towards secondary alcohols and isosteric primary amines·

of the type NH2CHRR', it was obviously ofgreat 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 Klibanovt 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 ofsecondary 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 ofhydrolases.

Reprinted from The Journal of Molecular Catalysis B: Eazymatic, Vol. 3, Romas J.
Kazlauskas and Alexandra N. E. Weissfloch, UA 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 bas 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. Biorechno/. Techn. 1996, /0,335.
t a) Fitzpatrick, P. A.; Khbanov, A. M. J. Am. Chem. Soc. 1991, /13,3166. b) Fitzpatrick, P. A.; RiDge, D.;
Khbanov, A. M Biotechno/. Bioeng.I992, 40, 735. c) Noritomi, H.; Almarsson, O.; Barletta, G. L.;
Klibanov, A. M. Biotechno/. Bioeng.I996, 51,95.
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A Strueture-Based Rationalization of the Enantiopreferenee of

Subtilisin toward Secondary Alcohols and Isosterie Primary Amines.

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

Abstraet: Lipases favor one enantiomer of secondary alcohols (HOCHRR') and

isosteric primary amines (NH
2
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. Previausly, 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 bath

hydrolases, the protein fold, as it assembles the catalytic machinery, also creates a

restricted poeket 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 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 enantiopreference

toward secondary alcohols.
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Introduction

Synthetic chemists often use proteases and lipases as enantio- and

regioselective reagents. t
•
2 To simplify the use of these reagents, chemists

developed mies, or generalizations, about their selectivity. For example, many

researchers proposed roles to predict which enantiomer of a secondary alcohol

reacts faster in lipase- and esterase-catalyzed reactions. A simple role, Figure 1,

looks only at the relative sizes of the substituents, but some mies also include

polarity or specifie 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 et al. suggested

that a similar mie can also account for the enantiopreference of a lipase toward the

isosteric primary amines of the type NH
2
CHRR' .3

lipases subtilisin

•

Figure 1. Empirical rules that predict the enantiopreferences of lipases and subtilisins toward
secondary aicohois and primary amines of the type NH2CHRR'. (a> Lipases favor the enantiomer

\Vith the shape shawn where L is a large substituent such as phenyi and M is a medium
substituent such as methyl. This rule applies to ail 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 bas an opposite enantiopreference to
lipases. Fitzpatrick and Klibanov proposed the rule shown for five secondary alcohols. These and
ather examples to support the rule for subtilisin are collected in Figures 3, 4. and 5.

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 mie in Figure 1. It
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contained a large hydrophobie 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 poeket for the medium

substituent. The catalytic His residue made a hydrogen bond to the menthol

oxygen of the fast-reaeting enantiomer, but could not reaeh this oxygen in the

slow-reacting enantiomer because the oxygen pointed away from the His residue.

Cyger et al. proposed that this laek of a hydrogen bond aecounted 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 ail fold similarly.S This

protein fold, named the a/p...hydrolase fold, arranges the catalytic machinery

similarly in aIl lipases and esterases. This similarity aIlowed 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 ail 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 miTror image of that in a/~-hydrolases.5 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 Iipases.6 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 seleletivity, we show how the

enantioselection meehanism proposed for lipases can also aceount for the

enantiopreferenee ofsubtilisin.
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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

most popular7
•
8

,9.10.11,12 , although lipase from Pseudomonas cepacia (PCL)12, and

lipase from Pseudomonas aeruginosa {PAL)13 also show high enantioselectivity.

Figure 2 omits several efficiently-resolved amines because the authors did not

establish their absolute configurations12. Smidt et al. 3 proposed extending the

secondary alcohol role to primary amines for CAL-B and indeed ail of the amines

in Figure 2 fit this role. Thus, as with secondary alcohols, the role in Figure 1a

reliably predicts which enantiomer of primary amines reacts faster in lipase

catalyzed reactions.

• B
Et

n-~H7

C~C~e2

n-CSH11

n-CeH13

C-CeH11

Ph
4-MeCeH4

4-CICeH4

C~C~Ph

1-naphthy1

NH2

~R
e

1 - 8
>100

>100

3 - >100
18 - >100

>100
10 - >100

>100
>100

38
24 - >100

!WH
CAL-B, PAl
CAL-B, PAl

PAl
CAl-B

CAL-B, PAL
PAL

CAL-B. PAl
CAl-B
CAL-B
PAl

CAL-B, PAl

N~

66
PAl, E>100

&
PAl, E >100

NH2

&COOEI

as: PCl. E >100,
CAl-B, E=6

trans: PCl, E =12

NH2

6 C00E1

as: PCl, E =53,
CAl-B, E= 51

trans: Pel, E >100

NH26_C00E1

as: PCl. E =6.
CAl-B, E=29

ttans: Pel, E =87

•
Figure 2. Enantiopreference of lipases toward primary amines of the type NH2CHRR'. 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 trifluoroethy1 acetate or trifluoroethyl chloroacetate;
PAL: acylation using lipase from Pseudomonas aeruginosa. AlI twenty two examples fit the mie
in Figure la. For references, see lext.
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Enantiopreference of subtilisin toward secondary alcobols and primary

amines. Figure 3 summarizes the stereoselectivity of subtilisin toward alcohols

and amines. For the thirteen secondary alcohols 6.14.15.16.17-20, eleven follow the rule

in Figure 1b, two do not (3-quinuclidoI 18 and one of the two reactive hydroxyls in

the inositol derivative I
~, giving an overall accuracy of 850/0. 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 1,4

diacetoxy-2-cyclohexene2o are similar in size so this substrate was excluded from

the tally.

For primary amines, ail thirteen examples2
1.22.23 fit the mie 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 mIes 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 bath subtilisin and lipases. In ail four cases, lipases and subtilisin showed an

opposite enantioselectivity. In the cyclohexanols the opposite selectivity refers to

similar molecules22
•
24

, white 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 l8
• For meso-I,4-diacetoxy-2-cyclohexene, subtilisin and most

lipases catalyzed hydrolysis of opposite acetates, although the enantioselectivity is

low and the substituents have similar sizes l9
. Figure 4 omils two examples. First,

subtilisin and CRL showed an opposite enantioselectivity toward (±)-a

methylbenzylamine in the reaction with (±)-ethyl 2-chloropropionate25
• The sense

of enantiopreference was as predicted in Figure l, 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 ... C1
3
CC(OAc)OMe, but the absolute

configuration was not established26
•

a OH E -s, 1: 1~

R~ exception~ ~

~B
Ha., ".OH

~~BEt .9 1

n-C4H9 28 00 OHCH2CH2CH=CMe2 E = 11 exception

n-CeH13 100
n-C10H21 >100

Ph E = 4 - 36 li2-naphthyl 58 a OH

OAc~ E = 2~)l
ACo"'!7OH QE-2

o Et

Ph~CI 0-\ Ça
vs!VR =6.8 8Z0,....\-S

QAc 0

•
b NH2

~O~ HOn Ho'e5
2

R~
B E '7

1Ph 19
HO : NH2

1-naphthyl MaO ~ OH E =18
>50

CH2CH2Ph 33 E>50 E >SO

n-CsH11 6
CH2-3-indolyl >50 aS cP

2

CH2CHMe2 S NH2

C-CeH11 23 Ph~CONH2
E = 16

E =26 E > 20

•

Figure 3. Enantiopreference of subtilisins (Carlsberg or BPN') toward secondary alcohols and
isosteric primary amines. (a) Fast-reacting enantiomer in the acylation of the alcohol or in the
hydrolysis of the corresponding ester. Sorne researchers estirnated the enantioselectivity by
measuring the initial rate ofreaction of the two enantiomers separately. In these cases, the relative
rates, vIvR' are given. For examples without an Evalue, there was insufficient information to

calculate it. Eleven of the thirteen alcohols fit the ruIe for an overall accuracy of 85%. The two
exceptions ta the role are marked 'exception'. (b) Fast-reacting enantiomer ofprimary amines of
the type NH

2
CHRR' in acylation with trifluoroethyl butyrate or alkoxycarbonylation with diallyl

carbonate. Ail thirteen examples fit the rule in Figure lb.
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• a subtilisin CRl
E = 18 E=45

JJ U
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exception\) *OH *OH If exception
HO.. 5 ...OH HO., 5 ,..OH

1 3
o OH HO 0do enanliomers ob

d
OA ~ subtilisin, E-2QC PLE,E-3

CAc<:=: PCl, E ,,5; CRL, CVL,
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•

•

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 al the
(S)-stereocenter, while in a similar Molecule, CRL catalyzed the enanlioselective hydrolysis of
the butyrate ester of the (R)-alcohol. (b) Subtilisin catalyzed the hydrolysis of the 2R propionate.
while lipases catalyzed hydrolysis of the 2S propionate. (~) Sublilisin catalyzed the acetylalion of
the 5-0H in one enantiomer of the protected myo-inositol, while PPl, lipase from Pseudomonas
sp. (Sigma), and cholesterol esterase (CE) catalyzed the acetylation of the 5-08 in the other
enantiomer. Subtilisin and CE also catalyzed acetylation of the 6-08. (d) Subtilisin and PLE
favored hydrolysis of the acetoxy group at the (R)-stereocenter, while five lipases favored
hydrolysis of the acetoxy group al the (S)-stereocenter. The rules in Figure 1 predict the reaction
in a, b and the 5-0H in c. The substituents in d are too similar in size to make predictions. The
acetylation of the 6-0H in ~ is an exception to the rules. Abbreviations: lipase from Candida
rugosa, CRL; lipase from Pseudomonas cepacia, PCl; lipase from Chromobacterium viscosum,
CYL; lipase from two different Pseudomonas species, lipase AI( and lipase K-IO; 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 5a27
, anhydro-sugar

derivative, Figure 5b28
, steroids, Figure 5C29

, and quinic acid derivatives, Figure

5d30
•

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 SI binding site31
) 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.
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U U

N3"~'" =/~..N3
){) Q -: lj.l

AcO ".../ ,O.... QAc

subtilisin
d CVL, peL, HLl

m~)or JJ
U minor OH

OH U HO~ .OH

0 ..0H 4'5 . 5

HO"'~ ",
BnOOC OH HO tOOMe

CVL

JJ
OH

subtilisin

U
H

b
PPL, CVL

U

.1iO..~OH...OH
= 6 7 .H.'

N 0yR

o

subtilisin
a U

OH

HO ..r;h
HO&N)

H \--.1
0-

R~O

•
Figure S. Four examples of opposite regioselectivity of lipases and subtilisin (a) Subtihsin
favored acylation of the 6-position of l-O-acylcastanospermine by as much as >20:1, while
lipases porcine pancreatic lipase (PPL) and lipase from Chromobaclerium viscosum (CYL)
favored acylation of the 7-position by as much as 10: 1. (b) Subtilisin catalyzed acylation of only
the 17-0H in Sa-androstane-3J3,17J3-diol, while CVL catalyzed the acylation of only the 3-0H.
(c) Subtilisin catalyzed hydrolysis of the acetate at the 2-position, while lipase from Candida
rugosa (CRL) catalyzed hydrolysis al the 4-position. (d) Lipase from Pseudomonas cepacia
(PCl), lipase from Humicola Ianuginosa (HLL), and CYL catalyzed acylation of only the 4-0H
of benzyl quinate with trifluoroethyl butanoate, while subtilisin catalyzed the acylation methyl
quinate at both S-oH and 4-0H (1.8:1).

•
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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-Hts
of Asn 155 and Ser 221) and a portion of the proposed substrate binding site. The acyl chain
binds in the region marked SI. The alcohol binding site bas 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 AJa 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 0&. (c) 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 32 using entries Isbc and lcrl from the Brookhaven protein data bank33

•
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Opposite chirality of the catalytic machinery in lipases and subtilisin. X-ray

structures of lipases show a serine protease-Iike catalytic machinery consisting of

a Ser-His-Asp triad and an oxyanion holes. However, the chirality of the catalytic

machinery is opposite in serine proteases and lipases. For example, Figure 6

compares the structures of subtilisin Carlsberg34 and lipase from Candida

nlgosa35. Because of this difference, lipases and subtilisin attack the opposite faces

of the carbonyl and form enantiomeric tetrahedral intennediates.36 Consistent with

this notion, Bjorkling et al. 37 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 suhtilisin Carlsherg, but other subtilisin-like serine proteases

(subtilases) have similar structures38 and should show a similar enantiopreference.

One disadvantage of subtilisin is that its enantioselectivity is often lo\ver

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 proposaI for the molecular basis of enantiopreference

considered ooly which face of the carbonyl was attacked39
, that is, only the

absolute configuration of the catalytic machinery. They stated that 'the reactivity

of specifie 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 proposai does not explain why lipases

differ in the degree of enantioselectivity toward the same substrate. Neither the

face of anack nor the relative solvent accessibility changes in these cases.

In contrast, our proposai for the molecular basis of the enantiopreference of

lipases and subtilisin focuses on the protein fold. This rold both sets the absolute

configuration of the catalytic machinery and creates a restricted poeket for one

substituent in the substrate. Both the a/~-hydrolase rold for lipases and the
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subtilase rold 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 proposais differ in their extrapolation to other serine hydrolases.

Derewenda and Wei' s proposai predicts that ail serine proteases will have the

same enantiopreference because the absolute configuration of their catalytic

machinery is the same. On the other hand, our proposai cannot extrapolate to other

serine hydrolases because they have different protein folds. Other protein folds

may create a different pocket or none at ail. For example, trypsin-like serine

proteases, such as chymotrypsin, may have the same, an opposite, or no

enantiopreference. Currently, there not enough infonnation about the

enantioselectivity of chymotrypsin or other serine hydrolases toward secondary

alcohols or isosteric primary amines to test these predictions.
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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.

(C)

° '02
Il ~( l "'\ CH

/'-OMe ('0'1 3
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Chapter S

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 ofchiral Molecules.

The goal of this project was to prepare both enantiomers of a useful Cr

symmetric synthon bicyclo[2.2.1 ]heptan-2,5-dione in optically pure fonn and in

large quantities. To our knowledge, ooly 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 diane

precursor. The first method had not been tested and the second method had given

poor results 1
• We chose the third approach.

Esters of the dione precursor, endo-2-norbomenol, had been resolved by

CRL, but not with sufficiently high enantioselectivity (E = 15)2. However, the ester

of its derivative, 5,6-epoxy-endo-norboman-2-ol, was known to be resolved with

high enantioselectivity (E - 100) by hydrolysis catalyzed by lipase trom Candida

rogosa.2.3 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 mie for secondary alcohols; the difference in size of

the substituents is increased when the epoxide is fonned trom the olefin.

1 a) Naemura, K.; Takahashi, N.; Ida, H.; Tanaka, S. Chem. Letr. 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.
J Eichberger. G.; Penn, G.; Faber, K.; Griengl, H. Tetrahedron Lett 1986, 27, 2843-2844.
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preferred enantiomer of lipases
olefm E=15 epoxide E-IOO

•

•

Based on this, the synthetic scheme proposed involved the resolution the

epoxy norbomanyl ester, fol1owed 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 Phannacologiques et Toxicologiques, URA 400 at the Université René

Descart~ in Paris, France.

Reprinted from Bioorganic & Medicinal Cbemistry, Vol. 2. Alexandra N. E. Weissfloch and
Robert Azerad, uChemoenzymatic Access to Enantiomeric Bicyclo[2.2.1 ]Heptan-2,5-Diones".
493-500. Copyright 1994, with pennission from Elsevier Science Ltd.

Note: The text of this article has been refonnaned in accordance with the Thesis Preparation
Guidelines. A photocopy of the published version is included in the appendices.
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Chemoenzymatie Aceess to Enantiomeric Bicyclo(2.2.1)Beptan

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

(IS,4S)-bicyclo[2.2.1 ]heptan-2,5-diones 1 of high enantiomeric purity, starting

from a standard mixture of (±)-endo- and exo-2-acetoxy-5-norbomene.
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1ntroduc:tioD

Scbeme 1

o=é""h - H02C~C02H
o 0 OH OH

3

(±)-Bicyclo[2.2.l]heptan-2,S-dione 1, which is readily obtained by the

addition of fonnic acid to norbomadiene, followed by Jones oxidation of the

resulting difonnate 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

anti-3,5-dihydroxy-heptan-l,7-dicarboxylic acid 3,3 a C2-symmetric synthon

possessing two chiral centers, which has been used in the preparation of the lactone

rings of avennectins or milbemycins (Scheme 1). 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 paper4 does, however,

describe an asymmetric bis-hydrosilylation of norbomadiene which leads to one of

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

•

We herein report the synthesis of diones of high enantiomeric purity,

starting from a commercial mixture of norbomenol acetates, which involves very

fe",· steps, the key one being an enzymatic resolution method.

•
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Results and Discussion

Our first attempts, whieh involved the direct enzymatic resolution of mono

and diesters derived from the racemie diol mixture obtained by the formylation of

norbomadiene,1 were unsuccessful, in agreement with known structural models

elaborated for the hydrolysis of such bicyclic esters catalyzed by lipase from

Candida rugosa (= Candida cylindracea)s and recent results obtained with other

enzymes.6
-
8 An enzymatic hydrolysis of endo-2-norbomenyl esters,9.IO having an

enantioselectivity coefficient (E)II of about 15, was not enantioselective enough to

be of preparative use. Moreover, the recovery of the exceedingly volatile

products 10 was difficult and the subsequent fonnylation of the norbomenyl ester

was, to our surprise, unsuccessful.

For these reasons, we tumed to another strategy for the introduction of the

second oxygen atom using previously described reactions, the exo-epoxidation of

an endo-2-hydroxy-S-norbomene derivative followed by a regioselective reductive

opening of the epoxide ring to give an endo,exo-2,S-norbomanedioI. 12 We were

also aware that the enzymatic resolution of a 5,6-epoxy-endo-norboman-2-yl

ester,IO carried out on an analytical scale, was highly effective (E-I00) and thus

appeared particularly adapted to our purpose.

Analytical Enzymatic Hydrolyses and Transesterifications. Epoxidation of the

commercial 2-acetoxy-5-norbomene (a mixture of racemic endo- and exo-isomers,

approximately 8:2) employing magnesium monoperoxyphthalate hexahydrate 13 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 uDcbaOied, 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 S 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 series5 and

confirmed by comparison of the optical rotation of the resulting epoxyalcohol with

the epoxidation product of the previously described, corresponding

( IR,2R,4R)-endo-norbomenoI.9
•
lo

O,z,bO-COR °zQH + od[
4a: R =CH3 X· a-COR

4b: R = (CH2)2-CH3
CRL

(2R)-5 (2S)-4b• •

Scbeme Il

•

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 S as a substrate in an anhydrous organic solvent. 14 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 chlorofonn (entry 4) produced a dramatic

effeet on the rate and enantioselectivity of the esterifieation reaction.

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

Acylating agent (moU mol Tune % E
of substralel Solvent (hours) conversion valuesb

1 "Â.oJJ (2) Toluene 66 30 50-90

2 o jJ (3) Toluene 3 46 75
~o

3 0Jl. (4) Toluene 66 47 200-500~o

4 0Jl. (4) CHC13 216 14 12
~o'

0 0

5 ,AoA (1) Toluene 120 IS 1.3

0 0

6 ~o~ (l) Toluene 1.5 40 3.6

7 Tributyrin (used as solvent) 66 37 12

ATo 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 30oe.
bcalculated from %conversion, determined by GC of the reaction mixture (Dbwax column.
160°C) or from enantiomeric excesses of substrate and product. 11 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 ofbenzoate esters on a Chiralpak AD column (see Experimental Section).
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0d=r
OH

(25) ·5

+

mother Iiquors

j 1'0H.
2. oxidation

O~O

crystallization

(2R) ·4.

CRL 1Toluene O· L-_. \Z1-.A
i-propenyl acetate OAc

O~AC
(:t:) ·4a

Preparative Aspects. Under the best conditions (entry 3), starting from 3 g of

(±)-epoxy alcohol S, it was possible to obtain, in a two-stage operation,9 1.6 g

(40%) of (2R)-epoxyacetate 48 (96% e.e.) and 1.2 g (40%) of (2S)-epoxyalcohol S

(>98% e.e.). Each product was then reduced with lithium aluminum hydride in

terahydrofuranl2 (65-75% yield) and the crystallizedls endo,exo-2,5-norbornane

diols were submitted to pyridinium dichromate or Swern oxidation,16 affording the

enantiomeric (IS,4S)- and (IR,4R)-bicyclo[2.2.1 ]heptan-2,5-diones (about 700/0

yield) in high optical purity (~ 96% e.e.).

~ OAc MMPP/EtOH 0 L OAc
~ .~

endo 1axo (8:2)

•

•

(1R.4R) ·1

• Schemem

1 LlAlH.' THF 1

HO~ Ho-.,...h
OH f-J.-.(

l poe or Swem l OHobcoxidation 02:Q

o
(15.45) ·1
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An integrated process, which includes the recycling of unused (±}-exo- and

endo-2-acetoxy-5,6-epoxynorbomanes present in the mother Iiquors of the

epoxyacetate recrystallization, has been designed: mild alkaline hydrolysis,

followed by oxidation to epoxynorbomanone and reduction with sodium

borohydride in methanol 1o will afford exclusively (~ 95°1'0) the endo-epoxynorbor

nanol 5, which could again be used in the enzymatic transesteriflcation procedure.

The entire synthetic process, described in Scheme III, is currently being conducted

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

General. Melting points are uncorrected. 1H and 13C_NMR spectra were recorded

on a WM250 Bruker spectrometer at 250 and 62.9 MHz respectively. The residual

protons in COCI] or pyridine-ds were used as reference peaks, with assigned 7.25

and 8.71 ppm chemical shifts, respectively. Signal assignment was aided by 20 IH

homonuclear shift correlated (COSY 45) spectra and 13C distortionless enhanced

polarization (OEPT 135) experiments. Optical rotations were measured in 1 dm or

O. 1 dm ceUs using a Perkin Elmer 241 spectropolarimeter. Gas chromatography

was perfonned on Varian 3700 or Shimadzu G-8A instruments equipped with

tlame ionization detectors and Shimadzu C-R3A or C-R6A integrating recorders.

av-1701 (Flexibond™, 0.20 mm x 15 m, Pierce Chem. Co.) or Durabondwax

(0.32 mm x 30 m, J&W Scientific, Ine.) 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 detennine optical purities. Mass

spectrometric analyses (MS) were carried out by electronic impact (El) 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 60F254 precoated

glass plates were used for thin layer chromatography. High pressure liquid

chromatography was perfonned 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-epoxynorbomanes (Figure 1) and bicyclo[2.2.1 ]heptan-2,5-diones
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(Figure 2) were determined directly by Ge on a Chiraldex G-TA30 capillary• column at 110°C. Enantiomeric excesses of 2-endo-hydroxy-5,6-epoxy-

norbomanes were detennined by GC of their acetate or trifluoroacetate esters on

the same column at 110 or 90°C, respectively. In sorne 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).

...,"..
A B

.;,

lt")

"-- ,....,. ~.,.. -lfJ .

• -,~

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

•
Preparation of acetyl esters for Ge 8nalysis. 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 triOuoroacetyl esters for Ge 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 ofnitrogen and the residue was analyzed without further purification.
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Figure 1. Ge analytical separation of enantiomeric bicyclo[2.2.1 ]heptan-2,S-diones on
Chiraldex G-TA (see Experimental Section): A, racemic mixture; 8, 15,4S; C, lR,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 dich1oromethane, cooled in an ice-water bath. After
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stirring for 30 min, the reaction mixture was wanned ta 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.

(:i:)-2-endo-acetoxy-S,6-epoxynorbornane (48). A solution of magneslum

monoperoxyphthalate hexahydrate (375 g, 0.76 mol) in water (2.6 L) was added to

(±)-2-endo/exo-acetoxy-5-norbomene (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 pans. 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 tirst 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°tfo endo-isomer by GC). Rf 0.25

(cyclohexane-ethyl acetate, 8:2). Mp 53.5-54°C (lit. 12
: 53-54°C). HRMS for

C9H120 3, cale. 168.078642, found 168.078657. MS (El): 168(1), 150(1) [M-H20]+,

140(3),138(3),126(9) [M-CH2COr, 108(10),97(11),82(81),43(100).

IH NMR (CnCI3, 250 MHz), ô ppm, J Hz: 5.04 (IH, ddd, J2-3uo = 8.8, JI-2= 4.4,

J2-3endo= 3, H-2), 3.33 (IH, br.d, JS-6= 3.6, H-6), 3.23 (IH, br.d, J 5-6= 3.6, H-5), 2.75

(IH, dm, J1-2= 4.4, H-l), 2.49 (IH, dm, J4-3exo= 4.4, H-4), 2.07 (IH, ddd, J 3exo-Jendo=

13.5, J2-3uo= 8.8, J3exo-4= 4.4, H-3 ao), 2.02 (3H, s, CH3CO), 1.34 (IH, dm, J7-7·=
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10.2, H-7), 1.07 (IH, dm, J3exo.3endo= 13.5, J2.3endo= 3, H-3 endo), 0.78 (IH, dm,

J7-7'= 10.2, H-7').

13C NMR (CDCI3, 62.9 MHz), Ô ppm: 170.28 (CO), 75.97 (CH, C-2), 50.36, 47.66

(CH, C-S and C-6), 39.99, 36.44 (CH, C-l and C-4), 32.56, 24.26 (CH2, C-3 and

C-7), 20.45 (CH3).

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

containing 35% endo-isomer.

(±)-2-endo-butyroxy-S,6-epoxynorbornane (4b). To a solution of

(±)-2-endo-butyroxy-5-norbomene (900 mg, 5 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), 200/0 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%). Rf 0.38

(cyclohexane-ethyl acetate, 8:2). MS (El): 168(2) [M-COr, 140(5)

[M-CH2CH2COr, 125(4) [M-CH3CH2CH2COr, 107(5),97(8),81(81),71(100).

IH NMR (CDCh, 250 MHz), Ô ppm, J Hz: 5.01 (IH, ddd, J 2•3exo= 9, J t•2= 4,

J 2-Jendo= 3, H-2), 3.32 (lH, br.d, Js.o= 3.6, H-6), 3.23 (IH, br.d, JS.fJ= 3.6, H-5), 2.75

(1 H, dm, J t-2= 4, H-l), 2.49 (1 H, dm, J4-3e:co= 4, H-4), 2.25 (2H, t, J = 7.3, CH2CO),

2.07 (lH, ddd, JJexo-3endo= 13.2, J2-Jexo= 9, JJexo~= 4, H-3 exa), 1.62 (2H, sextet, J =

7.3, CH2CH), 1.33 (IH, dm, J 7•7·= 10.2, H-7), 1.06 (IH, dm, J 3e:co-Jendo= 13-2,

J2-3endo= 3, H-3 endo), 0.93 (3R, 1, J = 7.3, CH3CH2), 0.79 (IH, br.d, J 7•7·= 10.2,

H-7').
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Enzymatic bydrolysis and resolution of (±)-2-endo-butyroxy-S,6

epoxynorborn8ne (4b). To (±)-2-endo-butyroxy-S,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-ethyl acetate, 6:4 to 1: 1) yielded pure alcohol (2R)-S (83

mg, 33%), [a]o21 + 42.4° (c 1.2, CHC1)} (lit. 10: + 46.5°), 96% e.e., and ester

(2S}-4b (232 mg, 60%). The isolated butyrate was resubmined 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)-S

(16.2 mg, 6%), and butyrate (2S)-4b (179 mg, 46%), [a]o21 -13.8° (c 3.9, CHel)

(lit. lO
: - 13.4°), >99% c.e.

(±)-2-endo-bydroxy...S,6-epoxyoorbor08ne (5). To a solution of (±)-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%). Rf 0.23 (pentane-ethyl acetate, 5:5). Mp

190-192°C, sealed tube (lit.: 160-162°C,12 170-172°C1o
). HRMS for C7H100 2, cale.

126.068078, found 126.068107. MS (El): 126(1), 125(1.5), 107(2.5), 95(4),

81(100).

IH NMR (CnCI3, 250 MHz), Ô ppm, J Hz: 4.38 (IH, fi, H-2), 3.44 (IH, br.d, J5-6=

3.7, H-6), 3.27 (IH, br.d, 15-6= 3.7, H-5), 2.60 (lH, fi, H-l), 2.45 (lH, M, H-4),

1.99 (IH, ddd, J3exo-3endo= 13.2, J 2-3exo= 9, J 3exo-4= 4, H-3 exo), 1.55 (IH, br.s, OH),

1.27 (IH, dm,17_7·= 10.2, H-7), 1.00 (lH, dt, J3e:co-3endo= 13.2, J2-3endo= 3, H-3 endo),

0.74 (1 H, br.d, 17-7,= 10.2, H-7').

lJC NMR (CnCI3, 62.9 MHz), Ô ppm: 74.13 (CH, C-2), 51.47, 48.98 (CH, C-S and

C-6), 42.36,37.33 (CH, C-I and C-4), 35.08,25.15 (CH2, C-3 and C-7).

Preparative enzymatic resolution of (:t:)-2-endo-hydroxy-5,6-epoxynorbornane

(5). Isopropenyl acetate (10.3 ml, 93.5 mmol) was added to (±)

2-endo-5,6-epoxy-norbomane (3 g, 23.8 nunol) 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 Iiquid chromatography (200 g silica gel, Merck

60H, cyclohexane-ethyl acetatel: 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 gt 77 % e.e.) and the acetate (1.59 g, 40%, 95.5 % e.e.)t [a]o21 +

7.4° (c 1, CHCh). 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]o21 -46.70 (c 0.85, CHeI3), and the acetate

product (0.44 g, 60% e.e.).

Reduction of 2-eIJdo-acetoxy-S,6-epoxynorbornane (4a) to 2,S-dibydroxy

norbon8ne. 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 ln a coId water bath and

2-endo-acetoxy-5,6-epoxynorbomane( 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 Iiquid

chromatography (200g silica, dichloromethane-isopropanol, 9: 1) of the residue

obtained from evaporation of the mother liquor yielded additonal pure diol (272

mg, 23%). Rf 0.16 (dichloromethane-methanol, 9:1). Mp 180-182°C (sealed

tube). [a]o21 + 2.80 (c 2.34, MeOH), [als'8 +2.9°, [als46 + 3.2°, [a]436 + 4.2°.

HRMS for C7H120 2, calc.128.083728, found 128.083713. MS (El): 128(2) [Mr,

110(19) (M-H20]+, 95(33), 81(24),66(100).
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IH NMR (pyridine-ds, 250 MHz), Ô ppm, J Hz: 6.04 (lH, d, J = 3.3, endo-OH on

C-2), 5.99 (lH, d, J = 3.3, exo-OH on C-5), 4.38 (IH, m, J2-Juo= 10, J2-3=J2-OH=

3.3,J2_I= 1.3, H-2), 4.22 (lH, m, H-S), 2.92 (IH, ddd,J6endo-6uo= 13, J6endo-5= 7, J=

2, H-6 endo), 2.40 (lH, br.t, W 1l2= 10, H-I), 2.33 (IH, br.d, J = 5, H-4), 2.06-1.93

(2H, m, J = 5, H-3exo and H-7), 1.63 (IH, dm, J6uo-6endo= 13, H-6 exo), 1.31 (IH,

br.d,J7•7,= 10, H-7'), LOI (lH, dt,J3uo-Jendo= 13,J2-Jendo=3.3, H-3 endo).

lJe NMR (CDCI3, 62.9 MHz), Ô ppm: 73.70, 70.62 (CH, C-2 and C-S), 44.40,

41.21 (CH, C-I and C-4), 34.31, 33.03, 32.26 (CH2, C-3, C-6, and C-7).

Reduction of 2-endo-bydroxy-5,6-epoxynorborn8ne (5) to 2,S-dibydroxy

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]o 21 - 4. 1° (c 2.25, MeOH), [aJs78 - 4.2°, [aJs46 - 4.5°, [a]436 - 5.6°.

Oxidation of 2,5-dibydroxynorborn8ne to en8ntiomeric bieyclo(2.2.llbeptan

2,5-diones (1).

(i) pyridinium dichromate oxidation. Diol (706 mg, 5.51 mmol) was dissolved in

N,N-dimethylfonnamide (100 mL), pyridinium dichromate (7.05 g, 18.7 MmDl)

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 HCI (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 ofdione (73%, 95% pure by GC).
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(li) 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 stining for 30 min, 2,S-dihydroxynorbomane (300 mg,

2.34 mmol) in dichloromethane (4 ml) and dimethylsulfoxide (0.6 mL) was added

dropwise. After stining for 3 hours, triethylamine (3 mL, 21.8 mmol) was slowly

added. The reaction mixture was allowed ta warm to room temperature, then

stirred for an additional hour. Water (10 mL) was added dropwise, the reaction

mixture was diluted with diehloromethane and the organic phase was washed with

0.5 N HCl, aqueous saturated sodium bicarbonate, and brine. The solvent was

evaporated in vacuo yielding 200 mg of pure dione (70%). MS (El): 124(100)

[Mf", 95(21), 82(23), 67(87).

lH NMR (COCl), 250 MHz), ô ppm, J Hz: 2.97 (2H, m, X signal of an ABX

system, H-l and H-4), 2.36 (2H, dm, A signal of an ABX system, JAB = 19, H..3

exo and H-6 exo), 2.13 (2H, dm, B signal of an ABX system, JAB = 19, H-3 endo

and H-6 endo), 2.08 (2H, m, H-7 and H-7').

!JC NMR (COCI3, 62.9 MHz), Ô ppm: 212.04 (CO, C-2 and C-S), 48.48 (CH, Cool

and C-4), 38.80 (CH2, C-6 and C-3), 36.27 (CH2, C-7).

(IS, 4S)-1: mp 140-141°C. [a]o21 -4.5° (e 2.44, EtOH), [a]S7S -4.5°, [a]S46 -4.5°,

[a].B6 +26.6°, [ah63 + 187°; e.e. = 99%. HRMS for C7Hs0 2, calc. 124.052408,

found 124.052383.

(IR, 4R)-I: mp 139-140°C. [a]o21 +5.0° (c 2.0, EtOH), [a]S78 +5.0°, [a]S46 +4.0°,

[a].B6 -25.5°, [ah63 -179.5°; e.e. = 96%. HRMS for C7Hg0 2, cale. 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 ioto the do~ain 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 mies or

models that summarize earHer results serve as good guidelines and help organic

chemists identify the substrate features that are important for good

enantioselectivity.

We have proposed simple empirical substrate mies that predict the

enantiopreference of various hydrolases towards alcohols and primary amines.

These mies 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:

Primary alcohols:

Primary amines:

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

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

CAL-D, PAL, pel: correct for 18/18 substrates
Subtilisin: correct for 13/13 substrates
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Many box-type models exist that are specifie 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 characteristies of the substituents. Similarly to the

empirieal substrate mies, they ail have a larger side and a smaller side. Although

the box-type models provide more information, the simple empirical substrate

roles 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: beeause of the extra carbon

atom between the stereocenter and the alcohol oxygen, the opposite enantiomer

must bind to aHow the primary alcohol oxygen to be placed in a similar position ta

the secondary alcohol oxygen in the active site. This proposaI was made before

the availability of a tbree-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 proposai in this work agrees with one and

disagrees with the other. Perhaps a comparison of X-ray structures with

eovalently-bound transition state analogues of primary and secondary alcohols will

give a definitive answer.

In Chapter 4, we aecounted for the opposite enantioseleetivity of lipases and

subtilisins towards seeondary alcohols and primary amines. The proposaI is based

on the faet 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

transfonnations 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 cao 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 aIl 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. It 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 rimes

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 ta the mie for lipases. We also

reviewed the enantiopreference of lipases towards primary amines and of

subtilisin towards secondary alcohols, in order to detennine the reliability of

previously proposed nlles. In addition, we show that subtilisin has a

regioselectivity towards secondary alcohols that is opposite to that of lipases.

• We gtve a structure-based rationalization to explain the opposite

enantiopreference of lipases and subtilisin towards secondary alcohols and
. .

pnmary amInes.
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• We developed a method by which to improve the enantioselectivity of

hydrolases, on the basis of the role 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-l-one. Other researchers have since used this method

successfully.l

• To our knowledge, we prepared the tirst sample of enantiomerically-pure (S)

(-)-4-acetoxy-2-cyclohexene-l-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.2

• Ta our knowledge, we carried out the tirst synthesis of optically-pure (1 R,4R)

and (lS,2S)-bicyclo[2.2.1]heptan...2,5-diones, useful Crsymmetric synthons.

This was accomplished by an efficient chemoenzymatic route that involves a

lipase-catalyzed transesterification step.

• 1 feel that my overall contribution to knowledge is that 1 have participated in

research has helped to make hydrolases less intimidating and more

approachable ta synthetic chemists, as weIl as having helped to increase our

understanding of the process by which enzymes distinguish between

enantiomers.

1 See section 1.7 of the general introduction for references.
:! a) Witschel, M. C.; Bestmann, H. J. Tetrahedron Lett. 1995,36,3325-3328. b) BackvalI, J.-E.; Gatti. R.;
Sc~ H. E. Synrhesis 1993, 343-348. c) Gatti, R. G. P.; Larsson, A. L. E.; Backvall, J.-E. J. Chem. Soc..
Perkin Trans. 1 1997,577-584. d) Larsson, A. L. E.; Gatti, R. G. P.; Backvall, J.-E. J. Chem. Soc.. Perkin
Trans. 11997,2873-2877.
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• Glossary of Symbols and Abbreviations

A angstrom

[a]o specifie rotation at the sodium D line wavelength

Ac acetyl

ACE acetylcholinesterase

anal analytical

app apparent

Ar aryl

bp boiling point

br broad (spectralline width)

Bz benzyl

c centi (10-2)

• c conversion

c concentration (for rotation)

C Candida

oC degrees Celcius

CAL·B lipase B from Candida antart/ca

calcd (cale) calculated

CO circular dichroism

CE cholesterol esterase

CI ehemical ionization

conv conversIon

COSY two·dimensional nuclear magnetic resonance correlation

spectroscopy

CRL lipase from Candida rugosa

• CYL lipase from Chromobacterium viscosum
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• d doublet (NMR)

d deci (10.1
)

Ô chemical shift

Da Dalton

DEPT distortionless enhancement by polarization transfer

dm doublet of multiplet (NMR)

DMAP 4-dimethylaminopyridine

DMSO dimethyl sulfoxide

E enantiomeric ratio

E enzyme

El electron ionization

ee enantiomeric excess

ent enantiomer

• eq equation

equiv / eq equivalent(s)

EtOH ethanol

FAB fast atom bombardment

g gram(s)

GC gas chromatography

h hour(s)

hfc 3-(heptafluoropropylhydroxymethylene)-d-camphorato

HLL lipase from Humico/a /anuginosa

HPLC high preformance liquid chromatography

HRMS high resolution mass spectrometry

Hz hertz

Izv light• IR infrared spectroscopy
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• J coupling constant (NMR)

k kilo (103
)

KM Michaelis-Menten constant

~3t enzyme turnover number

L large

L liter(s)

1 length

Le liquid chromatography

lit literature

m meter(s)

m mil1i (10.3)

m multiplet (NMR)

"' Meta

• ~ micro (10-6)

M medium

M molar

M Mucor

MeOH Methanol

min minute(s)

MML lipase from Mucor meihei

mol mole(s)

mp melting point

MS mass spectrometry

nl/Z mass-to-charge ratio

n nana (10-')

• N normal
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• na not available

nd not detennined

NMR nuclear magnetic resonance

% percent

0 ortho

DAc acetate

p para

P Pseudomonas

p product

PAL lipase from Pseudomonas aeroginosa

PCC pyridinium chlorochromate

PCL Pseudomonas cepacia

PDB Protein Databank• pH negative logarithm (base 10) of the hydrogen ion

concentration

Ph phenyl

pKa negative logarithm ofequilibrium constant for association

PLE porcine liver esterase

ppm parts per million

PPL porcine pancreatic lipase

py pyridine

q quartet (NMR)

R substituent

Rf retention factor

ref reference

• s singlet (NMR)
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• S small

s substrate

satd saturated

sec second(s)

SM starting material

sp species

struc structure

t triplet (NMR)

Td tetrahedral intermediate

THF tetrahydrofuran

TLC thin layer chromatography

UV ultraviolet spectroscopy

v/v volume to volume ratio

•

•
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"We are at the heart ofa labyrinth and we can find our way

while becoming labyrinths ourselves. ..

Salvador Dà/i
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2656 RepriDted from The Joarul of OrlaJÙc ChelllÏlUy, 1991, VoL 56-

COPY1'Ïl'ht (5) 1991 by the Americu Chemica! Society ad repriDced by pel'lDÙlÎOD of the copyricht OWllep.

A Rule To Prediet Which EnaDtiomer of a Seconduy Aleohol Reaets Faster
in Reactions Catalyzed by Cholesterol Esterase, Lipase from PseudollJolJss

cepacia, and Lipase from Candida rugoss 1

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

McGill Uniuenlty, Department of Chemutry. 801 Sherbrooke St. W.. Montréal. Québec H3A 2K6. Canada

Reeeived Decober 2. 1990

The enantioselectivity of the titIe enzymes for more than 130 esters of sKondary alcohols is correlated by a
ruJe based on the sizes of the substituent! at the stereocenter. This ruJe prediets which enantiomer ai a racemic
secondary alCilhol reaets faster for Loi of 15 subatrates of cholesterol esterue 'CE). 63 of 64 sub8trates of lipase
from P!eudomanas cepacia (peL), and 51 of 55 cyclic substrates of lipase from Candida rugosa (CRL). The
enantioselectivity of CRL for acycHe secondary alcohola is not reliably predieted by this role. This role implies
that the most efficiently resolved substrates are tbœe having substituents whieh differ significantly in size. This
hypothesîs was used ta design syntheses of two chiral synthons: esters of IR)-lactic l1cid and (S)-(-)-4.acet
oxy·Z-cyclohexen-l-one.10. As predieted. the acetaC8 group of the methyl ester ai laetyl acetate was hydrolyzed
by PCL with low enantioselectivity because the t'NO substituents, CH] and CCO)OCH]. are similar in sue. Ta
improve the enantioeelectivity, the methyl ester wu replaced by a terc-but;'1 ester. The ace ta te group of the
'erc-butyl ester of lactyi acetate was hyàrolyzed with high enantioseleetivity lE > SOl. Enantiomerically pure
lRH+l-terr-butyl lactate (>98% ee. 6.4 g) wu prepared by kinetic resolution. For the second example. low
enantioselectivity lE < ;]) wu observed in the hydrolysill of cÙI-L.4-diacecoxycyclohex-2-ene. a mesa substrate
where the two substituenta, CH'lCH'l and CH-eH. are similar in sue. Ta improve enantioselecthity. the sue
of the CH--CH substituent was increased by addition of Brz. The new substrl1te was hydrolyzed wüh high
enantiœelei:tivity lE> 65) usÎDg either CE or CRL. Enantiomeriailly pure 10 198% ee) was obtained alter removal
of the bromines with zinc and oxiàation with Cr03ipyridine.

•

•

Mieroorganism- and enzyme-cataLyzed syntheses and
resolutions are among the best methods Îor the preparation
of enantiomerieally pure compounds.2 Enantioselective
hydrolyses and transesterwcations are especially usetul
because they are efficient, can be eatried out on a large
seale. and apply ta a wide range of substrates. Uniortu
naœly, there is little X·ray stnletural information available
for the esterases and lipases that are used for these prep
arations;3 thus. the appropriate enzyme is usuaily chœen
by sereening.

In order ta sueamiine saeening, substrate models have
been developed using substrate selectivity data. Some
models attempt ta derme the shape and hydropbobie
charaeter of the aetÏ\'e site and are used to prediet wbich
new substrates will be transformed by the enzyme and
whetber the reaction will be enanti08elective. ln m08t
cases, this type of mode! is only aecurate for substrates that
are similar to those already tested. For example. a madel
for PLE" predicts its selectivity with a,,B·substituted car·
boxylie acids.S and a model for CRL prediets its selectivity

(l) Candida l'UllUC wu pmiouaiy cluIified u ClUldida. cyündraC'4
and many worUn là1l UN the aIder Dame (CctClIo,u. ofF~I Ytcut.l.
l7th ed.: American Type Culture Collection: WuhiDcton. 1987l. Lipae
from Ps.udomD1I4I CfpaCÜJ ia Amano Li..- P. PS. or P3O. The microbe
from whiclt chia enzyme ÎI prepared wu previoUlly cluaified lia P,eu·
donwl1lU fùwruCtlU. but now ha beeIl redMaüiect • P. cepaciG (Amano
Ptwmaceuuw Co.. Nqaya. Japan. peraonal communication). This
paper wu pneented in put at the Chemicallnac1lUte of Caud& Con
greu. Halifax. NS. July 1990. Abeuaet 881 and the American Chemical
SocietY National M..ùnI. WaahiqtoD. OC. AUIUR 1990. Abetz'llet aRG
226.

(2) ReceDt revieon: Wq. C.·H. Science 1989.244. 110&5-U52. Sih.
C. J.; Wu. S.-H. Top. Sc.NOdtIm. 1.'.19, 63-t25. Grmada. P. Chim.
Oui 198t. 7. !HS.

(3) F"ust hith resoluc1oD :l-fay c:rynalltruetura oi li..-: Brady, 1..;
BrzozoWlki. A. M.: DerewmcIJ. Z. 5.; Dod!on. E.; Dodaon. G.; ToUey. 5.;
Turbnburr. J. P.; ChriatianIen. L.: Hup-Jenaen. El.; NorUov. L; Thim.
L.; Menee, U. NCIlun 1HO. 343. 767-770. W'm.lder. F. K..; D'Atcy. A.;
Humziker. W. NCIlun 1110.343. nt-on...

(4) Abbnviatiolll (or anzym_ UMd ia thiI papu: ACE. ac:ecyl
cboÜD.1enM (rom electric ed; CE. bovine c:holelcerol .cerue; CRI..
lipae from Candide rtllOIG; MML, IIp... !rom .Vw:or fMiMi; PCL,
Amano P • lipale from P,.ud4mo1llU cepaciG; PLB. porcine livv .t.,....

for bicyc1o[2.2.1Iheptanols and bicycIo[2.2.~]actanols.ô ln
some cases. mare generol modeIs whicb defme the sizes of
hydrophobie pockets near the active site ha"'e been de
veioped. These am be used ta prediet reactivity for a wider
range of substrates.~

The simplest models for enzyme selectivity, more ac
curately referred to as rnles. prediet ooly whicb enantiomer
reaets faster. usually based on either the size or hydre
phobicity of the substituents at the stereocenter. The
earliest example of such a rule is Prelog's mie which
predices the enanti08electivity of the reduetion of ketones
by the yeast Culvaria lunata based on the size of the two
substituents at the carbonyl (Figure 1).8 The advantage
of this ruIe is that it applies to a wider range of substrate5,
but the disadvantage is that there are exceptions to chis
rule. Nevertheless, this rule is suifieiently reliable ta be
used for the determination of absolute configurations9 and
has been u.sed to redesign substrates in order to improve
the enantiaselectivity.lo

A rule simllar to Prelog's rule bas been proposed for a
hydrolysis catalyzed by a yeast. For 47 esters of racemie
$econdary aleohals. a rule based on the sizes of the sub·
stituents at the stereocenter predieta which enantiomer is
hydrolyzed faster in cultures of the yeast Rhizopus ni
grigans. ll This rule bas been used ta determine the ab-

(5) Mohr. P.: W..pe-Sareevic. N.; Tamm. C.; Gawronsu. 1\.; Ga.·
ronski. J. K. Helu. Chim. Acta 1'83.66. :!SOl-25l1.

(6) Oberhauser. Th.; Faber. K..: GrieDJl, H. rltt~dran 198t. -15.
1679-1682.

en For uample. Toone. E. J.; Werm. M. J.; Jan.. J. B. ,J• ..tm. Chem.
Soc. 1HO. 112. 494&-l952.

(8) Preloc. V. l'un AppL CMM. 1914.9.119-130. Thil rul. bu aJao
beeD utended te redUctiODI car.a.lyud by ba.ker'. yeat. SacchaI'omycti
cwreuilfia••

(9) Fiaud. J. C. la St.ncxh«mütry. Frur.d4rMntaY end M.thod.r:
Kqlll. H. B.• Ed.. Georp Thieme: Stuttprt. 1977; VoL 2. pp 95-126.

(10) Review: VmMiddIelworth. P.; Sïh.. C. J. BiocCltaly,u 1MT, l,
n7-l27.

(11) Ziffer, H.; Kawai. K.; Kasaï. ){.; !muta. Mo; Frw.ioe, C. J. 0,.,.
C/um. 1_ 48. 3017-302L Kuai. Mo; Kawai. K.: Imuta. Mo; Ziff'er. H.
J. 0". CMm. It1C. "9.675-679. Cbartoo. Mo; Uer. H. J.o,.,. C/wm.
l"7, 52. 2400-2403..

0022-3263/91/1956-2656$02.50/0 :c 1991 American Chemical Society
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Prediction of Which Enantiomer React5 Faster

Filun 1. (a, Prelog's ruJe predietB that the yeast Culuaria lunata
preferentially adds~ co the front side of keta.. baving the shape
indic--ed. Cb) An extension of Prelog's role co hydrolases. For
esters of secondary alcohol.s, the enantiomer shawn reacts faster
with CE. peL. and CRL than the other enantiomer.

solute contiguration of secondary alcohols.12 However. this
microorganism has not been used. for large scale synthesis.

Similar rules have been proposed for two commercially
available lipases: Mucor meihei13 (MML) and .4.rthro
bacter.~· It is not yet clear how usefu1 these rules will be
becnuse they are based on only six substrates for the .'4ucor
enzyme and only two substrates for the :\rthrobacter en
zyme. A "twD-!ite model" that bas been reœnùy propœed
for cyclic substrates of PeL also appears similar te the rule
discussed berein.15

This paper proposes a rule based on the sizes of the
substituents (or three hydrolases (Figure 1). This mle is
supported by 14 out of 15 substrates for CE. 63 out of 64
substrates for PCL. and 51 out of 55 cyclic substr3tes for
CRL and has an accuracy of ~93%. This mle is the rlrSt
attempt ta prediet the enantioselectivity of CI:' For PCL.
this mle is similar to the "two-site model" for cyclic sub
strates. l • but the evidence presented in this paper 9hows
that this rule accounts for the enantioselectivity of acyeHe
secondary alcohol! as weIl. For CRL. this mle is the flCSt
general rule and complements the model for bicycüc sub
strates.!!

Besides correlating a large amount of experimental data.
this rule aIso suggests a strategy for improving the effi
ciency of resolutions catalyzed by these enzymes: sec
ondary alcohols having substituents whieh differ signifi
candy in size should be more efficient1v resolved than
:iecondary aJcohoIs having substituents w"hich are similar
in size. This hypothesîs wu used to design the prepara
tions of enantiomericslly pure terr-butyl lactate and
(5)-(- )-4-acetoxy-2-cydohexen-l-one.

Lactate esters are used as chiral st&ning materials and
chiral auxiliaries. For example. lactate esters were used
in the preparation of (S)-2·arylpropionic acids. a class of
nonsteroidal antiintlammatory drop.t8 a-N-hydrozy amino
acids,17 chiral enolates.18 and chiral auxiliaries for an en
anti08elective Diels-Alder reaction. l9 Polylactides con
taining interpeneuating networlœ of poly-(R)-laetïde and
poly-(Sl-laetide are suonger than those containing racemic
chains.20

(12) [10. 5.; Kuai. M.: liffer. H.; Sllverton. J. V. Cano J. C/um. 1981.
65, 57-H82.

(13) Robena. S. Mo PhiL Tra,.,. R. Soc. LaM. B IH•• 324. 557-587.
(l") Umemura. T.; Hirohara. H. ln Biol:ataly.u in. Agriculturei Bio

ttl:hnoloty: Whir.kll'. J. R.. Sonnee. P. E.. Eda.: American Chemical
Society: Wuhil\itOn. OC. 1989: Cbapter 26.

(15) Xie. l.-F.; SlIlIDune. H.; Sakai. K. Tecrah«tiron: A.symlMtl'Jl
1,.. 1. 395-402. A simiJar mode! bal a1Io Men propoNd (or lipue
SAM-n.• PmuioIf'lOlllU ensyme froID AmaDo p~utical <Wumen.
K. E.. Ph.D. rn-rtaUon. UDiwnrtlt-GH WuppertbaL Weet Germany.
1987) end (or PHudomonœ AIt lipue iD haaae (Buzw-. K.; JeJUIÏDP.
L. D. J. Am. Ch,m. Soc. 1"'. 112. 1434-74361.

(16) Lanea. R. D.; Corley, E. G.; Davis. P.; Reider. P. J.; GrabowUi.
E. J. J. J. Am. Ch~m. SOI:. 1111. III, 7~76S1.

(17) Kolua. T.: Miller. M. J. J. 0". Ch,na. Itl7.52. 4978-1984.
flS) Seet.:h. 0.: lmwinblried. ft.; Weber. T. In Mothm Syruh,fÏc

M,thodI; Sc:âdo1d. R.. Ed.; SpriDpraVerlq: Beriin.1986. GreiDer. A.;
OrtholeDd. J.-Y. r,trahftbooll uU. 1110,31.2135-2138.

(19) Hertmann.. H.: Htily. A. F. A.; Sarator. K.; Weeaun. J.: HeJm
chen. G. Anl-w. CIavrL. IIll. Ed. EIIfI. 1_.28. 1143-11tS.

(20) MlUdocb. J. ft.; Looatia. G. L US PaleDt 4719246, 1988; CINna.
AbltJ'. 1_ 108. 132811y.
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Although enantiomerically pure (s)-(+)-lactic acid îs
readily available. the unnatural enantiomer. (R}-(-), re
mains expensive. Enantiomerically pure (R)-lactic acid can
he prepared by o-lactate dehydrogenase catalyzed reduc
tion of pyruvate.21 fermentatioD. or microbial destruction
of the S enantiomer.2: The resolution of lactate e!ters
usmg peL described in this paper yields material of bigh
enantiomeric purity and is in~nsive and simple te carry
out. An enzym~atalyzed resolution of lactate esters bas
been reponed previously using an enzyme from a similar
microorganism.~

The second example is an enantioselective synthesis of
(SH-l-&-acetoxy·2-cyclohexen-l-one. a new compound that
should also be useful for synthesis. The analogous
(4S)-tert-butyldimethylsiloxy derivative bas been prepared
in six steps (rom quinic acid74 and bas been used for the
synthesis of the cholesterol-lowering drugs ML 236A and
compactin.l5 The procedure described below for the
acetate derivative is simpler. Sînce the analogous cyclo
pentenone. 4-acetoxy-2-cyclopenten-l-one. bas been widely
used in synthesis.:!S the six-membered analog should also
find Many uses.

ResuJts

A Suney or EDantioselectivity Cor Esters of Sec
oadary Alcohols. Pancreatic CE cataJyzed the hydrolysis
of the acetates of the secondary alcohols listed in Table
l The measured values of enantiomeric elcess and per
cent conversion were used to calcu1ate the enantioselec
tivity. E. wbich indicates the degree to wtUch the enzyme
prefers one enantiomer over the other.zr Severa! examples
from the üterature are aIso included in Table 1. Chut 1
indicates the structure of the fast-reaeting enantiomer.
The chan and tables are arranged 50 that the larger group
is always on the right side as predicted by the mle in
Figure lb. CE showed no enantioselectivity toward .a0. but
for the other 14 examples the rule correctIy prediets which
enantiomer ft!aets raster. The overall accuracy of the rule
for CE is 14 of 15 substrates or 93 %; the single exception.
the terr-butyl ester of laetyl acetate. will be introduced and
discussed below.

Enantioseleetivity data for peL was gathered from the
literature (Table II). This list includes all secondary
alcohols prepared U8ing Lipase P t'rom Amano Pharma
ceutical. Reactions using other lipases !rom Pseudomonas
(e.g. AK. K-lO, or SA..\I-[I) are not included. Patent lit·
erature is also not iDcluded. The reaction conditions used
for the examples listed in Table il include bath hydrolyses
in aqueous solution as weIl as transesterifications and
esterifications in organic solvents. The 9truetures of the
substrates in Table fi 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 l correctly prediets the fast-reaeting enantiomer.
The single exception. indicated by "(ent)" in the enan
tioselectivity column. was ODe of five substrates which

(21) Wonc. C.·K; Dru.càhammer. D. G.; Snen. H. Mo J. Am. Chem.
Soc. 1911.107,4028-1031.

(22) For eumple: Kobayuhi, T.; Tanaka.~ Bio. Inti. 1181.5.800
806: Ch~na. Abacr. lt1'. 110. 93506x.

(231 Scilimaci, A; NIOOi. T. K.; Sih. C. J. TctraJwdron UU. 1188.29.
wn-2930.

(2"1 Audia. J. E.; Boiavert. L.; Pluen. .~ 0.; Vil1aIobot. A.; DllDÎlh
elaky. S. J. J. 0,.,. CINna. 198', 54, 37~37.w.

(25) OU1ilUlÜY. S. J.; Simaa_u, B. J. Am. CMna. Soc. 1!8'. lII.
~2604.

(26) Harre. ~; Raddatz. P.; WI1eata. R.-: WiDcerfeldt. E. .4n6Cw.
CM7YL. IIll. EeL EIIIL 118Z. 21. 4SO-&92.

(27) Chen. C.-5.; Fujimoco. Y.; Girdaulw. G.; Sm. C. J. J. •-tIn. Cn.m.
Soc. IMZ, 104, 1294-7299.
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• Tùle L IaudoteJ.cdYit7 of Bo.m. PucNada ChaletlUe1 Et&eraM (or Aeeca. of Secoaduy Al__la

initial:acr .IWJQomIric: ac.. E.
muc:uue a- (UDiti/me> œnV!l (~) (",)t 'lWlciCll8Jecâ'rity

1 Ph 0.31 "3 69 8.a-
t ".CeH13 0.38 46 3S 2.8'
1 (CH~tCH-e(CH,)1 0.50 46 ~ ".S-
2 Ph 0.12 34 6.2 ~.6f

21 0.02 2.9'
29 O~6 29 ~ 6~

30 CH! Q.32 ~ 94 >l~

se OAc 0.20 44 56 lOt
30 OH 0.59 -'8 59 6.8'
U CH, 0~9 53 46 ..........
34 0.21 44 ge >l~

39 cil 0.0.6 14'
39 traDI 0.07 37'
40 0.60 50 0 1
3 37"

Chut L Scnctllna for Tabla {-ID

• For Ilydrmyaia of th. correlpoaCÜDlac:ewa .tIr'~ oÙW'WÏII no~ Unit· .l&!Dol oi enll' hydrolyzed/min. t1'he 'DUltiomerïc
purity of the produe:t aldol wu dtClnDiaed by dlrivatiziq with iIoproyl iIocymate and MparaciD( the 'D8ntiomul by Clpillary Ge Uliq
ID XE-aO-<S)·vaüD..(S)-o-phlaylltbyiuDidt eoluma (Chtomopù). cne produet aJcohol aho-.d [CIID (obicil • +40~' (~ 1~ hu.aa8)
iadicaÜllr the R calU!cuntiou: lit. S-{-), Klyn•• W.: Suekinlb.m, J. Atla of Stenoch.miluy, Chapman and Hall: Londcm. 1974: p 28.
&Abaolut8 COafilura'tiOD ... d.wmiDld by compariJoa ta ID AlJÙ1IDtic sample. -The prodw:t a1cohol sha_ raID (obld) • -5.3' (c~
bisant) ïndiCicinc th. R canfituradoa: lit. S-{+l. (Clio • +1111' (DIACl: Jacquel. J.: Groe. C.: BoUlcier. S. Ab$olut. ConfiluratiGn of 6000
S.kcred CompowuU wich OM My'!'lMtl'ie CGl"ban Atom; G. Thieme: Stunpn, 1977. Lnen.. P.•"-; Hallar. H. L. J. BioL Cham. 1921.83.
117-183. 'Thl praciw:t a1cohol showed a poIitive rotation (huanl) iDdieadDc the R contilU'Uiaa: lit. S, [aiD • -39' (Deat): MacLeod. ft;
We1ch. F. J.;~. H. S. J. Am. Chm&. Soc. 1HO. 82. 876-380. 'Kalaualw. R. J. J. Am. Ch.1f&. Soc. 1989. 111. 4953-4969. "'lb.
aantiameric purity wu detatmiDtci by formation of :he MOIhtr's .ter IDd incqratian of th. lH~ 4ipa1I ror the riDe CH, 1fOUpe:
Dale. J. A.: Dull. D. L.i Moeher. H. S. J. 0,.,. CMm. IH9.34. 2543-2549. IThI produet alcaho1 showed raic (obld) • -8.7· (c 1.2. CH,Clt)
iDdicatinr th. R coDlÏsuraaan: lit. R·H. B.ard. c.: Ojtnlli. C.; EUiocc. T.: Tao. R. C. C. J. Am. Clum. Soc. 1912. 84.874-375. JHydrolYlÎl
wu earild out in aqueous lOiution utulaCtd with sodium chioridL The ~ .. mm co un:ea~ swtiq ma~ria1cd wu dtwmined by
HPLC oC the btnzoata duivacivi on & Chiralpù OT (Daicel. New York): Canm. G.: KazlaUlJw. R. J•• unpubllahld raulCi. 'Tbl produe:t
a1cohol Jhow.ci [aiD (oblCi) • -34- (c La. heuDe) indicalÎDl the R c:olU1curaUon: Ut. R-(-). Beard. C.; Djeruai. C.: ElUou. T.i Tao. R. C. C.
J . •o\m. Ch~m. Soc. t912. 84.874-875. lAi th. butyraCl.ter le H -C: PawlU. J. L.; Serchtold. G. A. J. 0,.,. Cham. 1981.52.176&-1171•
.. Liu. Y.•c.: Chia. C.-5. T,rrah,dton Lac:. 1989.30. l817-t820.

•

•

OH OH OH

...A.R~R~R
t 2 3

OH OH OH

CI0R MaXlCAR YR
FU t3 FU

abowed ln mudOlll1ec:civity, E S 3. Thua.!or PeL the
raie pndie:tl which IIIaIlUomer reactI rater witb. 98"
accunq.

EDaDciOlelectivity dar.a far CRI. .. a1Io peur.l tram
the Iiteracure (Table III). Th. CandidIJ Iiat iDclwia
raulta UIiDI ezyme titber tram Sipaa Chemical Co. or



Table n. Iaaad_Jectivity ol Li.... tn. l'Nu..... c.IMcM (AmaDo P) for E.ten ol SecoacIarJ Alea"'l.

o
Il
p
n
n
q
r
n. o. s
t
II

II
U

IJ
Il

"Il

>50
>50
>50
>60
3
>50
>50
>50
li
8
>50
>50
li
1
>50
>50
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OAc
C02Me
C02Me.OAc

c-o. C-eH'lt HC-eH
l·{2.5-<üoKo1ane~

c-o. C-e~ 1·(2.5-dioxolaDe)

COOEt, OAc, CN. CJfa
OH
OAc
COOEt
OAc

Prediction of Wbich Enetiomer Reaets rater

structure R • E rel structure R • E Nf
Pb. CHtPb >50 li 12 Ph. CH~h. CH2CH1Ph 23 ta >50 •
n-CtHu. n-C!oHn -12 a 13 CH{CH~·I·{2.6-dithiane) >50 1
CHI CN 29 b 13 syn-CH(Ar) (SAr') >50 m
CH,COOEt -8 c 21 cis·COOEt. OAc; tl"lllU·COOEt. >50 Il

1-(2.6-dithiane), I-(2.s.dithiolane>, >50 d OAc
CHrH2,6-dithiane~. :n tratu-N,
CHr 1-(2.s.dithiolanel :!3

1 CHrl(2,6-diosane) 2 d %-l
2 Ph >50 Il 25
2 CH(N,)CtHs (threo. erytluo) >50 e 25
3 CH(N:S>CHIC~CHs (erythro) >50 ~ 26
.. CH.,N, 2 e 'l7
• CH,OSO,Ar 25 f 30
5 Qn·CH{CnCH'lCOOEt 50 1 30
6 p.CeH.OPb >50 Il 31
6 Ph. CH2CH,Fb. CH-eHPh 18 ta >50 b 31
8 Ph. 3.4-<MeO)lCeHs >50 l 33
8 CH10SO,Ar 24 ( 45
9 2·oaphthyl. 4-BrCeH.. 4-MeOC~ >50 l "7
9 H3-bromo-5-isouzolyl) 20 j "7

10 Pb >50 CI .ca
10 n·CeHu 2 (ent) CI

·BiIDcbi. D.; Cem. P.; BaUiltal. E. J. 0,.,. Chem. 1'88.53. 5S31-5M4. EaterificatiOD witb propioDic &Dhydride in bemene: Niahio. T.;
Kamimura. M; Munca. M.; Tuao. V.; Achi... K. J. Bi«h,m. ToJryo 1'81, l~, 510-512. EaterificatioD with viDyllmace, nut lO1uuou.
"lob. T.; Tapki, Y. Chem. Lett. II•• 150~I506. HydrolYlii ol3-methyltbio- or d-pbenylthioaœtylester. "Surai. T.; Ohta. H. Agne. BioL
Ch,m. 19BI. 53. 2009-2010. Eeterification witb vinyl butanOite. 65 ·C. 4 Biancbi. D.; Cesti. P.; Golini, P. Tetral&edl'(Jn 198•• 45. ~876.
'Foe1Jch•• E.; HickeJ, A.; HOnït. H.; Seufer·WauerthaJ. P. J. Or,. Chem. 1910, 55. 174~1753. Hydrolysis ot butYrates. 'Chen. C.-S.; Liu.
Y.OC. Tetrahedl'Oll L,tt. 1••• 30. 7165-1168. Trantateriflcadon ot the butyraC8 in heune. 'T!uboi. S.; Sabmoto. J.; SaJW. T.; Utùa, M.
C~m. utt. 19BI.10427-1428. 'Hirohara. H.; Mitauda. S.; Ando. E.; Komaki. R. In BiocGtaly.i.s in Orgaflic Synth,,,,; TnuDper. J.. VlIIl der
Plu. H. C.• Lin.io, P.• Eda.: Elaevier: AlDlterdam. 1986; pp 119-134. •Hiritùe. J.; Inapki. M.; S-..hiou. T.; Oda. J. J. 0,.,. Chena. 1t88.53.
6130-6133. Esterification with aoprapel1yl acetate ÏIOpropyl ether. JDi Aminica. M.; De MjcbeJi. C.; Carrea. G.; Spezia. S. J. 0,.,. Chem.
1119. 54. 2646-26M. Eateriflcation witb trifluoroethyl octanOite in 9:1 heun./henzen.. •Yamazaki, T.; Ichikawa. 5.; Kituume. T. J.
C~na. Soc•• Chem. Commun. 1989.253-265. rSuemune. H.; Mizuhan. V.: Akita. H.; Oiahi. T.; Sakai. K. Chem. Ph4nn. Bull. 1'87,36.
3112-3118...Akita. H.; Enoki, Y.; Yamada. H.; Oiahi. T. Chem. Phorm. Bull. 1989. 3i, 28i6-28i8. HydrolYlÎl in water...am.ted benziDI.
enzyme wu immobiUzed on Celice. Il Xi•• Z.·F.; Suemuae. H.: Sakai. K. J. Chem. Soc•• CMm. Camnwn. tIl1.838-839. Xie. Z.-F.; Suemune.
H.: Nùamura. I.; Sakai. K. Chena. Phonn. Bull. 1987.35• .u54-W59. Xie. Z.·F.; Nakamura. L: Suemun.. H.; Sakai. K. J. Chena. Soc•• Chem.
COIMIUn. 1988, 966-96i. 'Hôni,. H.; Seufer·Wa.uerthal. P.; FOlôp, F. J. Chent. Soc•• Perllin TNJIU. 1 1989, 2341-2345. HydrolYlia ot
butyrate ..ter. PWuhaUHn. P.; Grtbe. H.; Ki..1ich. K.; Winterleldt. E. Tefran.dl'On Letr. 1989.30. 3T77-3778. 'Xie. Z-F.; Suemune. H.;
Sakai. K. Tetrhedron: A6ymmlltl')' 1990.1. 3~2. 'Klempier, N.; Faber. K.; Gnene!. H. Synthai.s 198'.933-934. 'Schwartz., A.; Madan.
P.; Whitesell. J. K.; Lawrence. R. M. 0,.,. Synth. 1990,69.1-9. rCaron. G.; Kazlauakas. R. J.• unpubliahed reauJtI. "Suemun., H.; Hizuka.
M.; Kamuhica. T.: Sakai. K. Chem. Phann. Buil. 198t.37, 1379-1381. ~ HOIhino. O.: Itoh. K.: UlI1eza.... B.: Akita. H.; Oi&hi. T. TetraM
dron ~tt. 1988, 29. 56i-Q68.

•

•

•

!rom Meito Sanl)'o (Lipase MY or OF·360); bowever. ex
amples where the absolute conflfUlation of the produet
is unc:ertaiD were not included.2I nor were eumples !rom
patenta. The reaction conditions &gain iDcJude both hy
drolYM8 in aqueoua solution 81 well 81 tranaesterificatiODl
and eaterificationa in orpnic solvents.

For acyclic subatrates of CRL the rule in Fieme 1 does
not reliably predict wbich enantiOlllu reae:tB faster. Only
for about half. 14 of the 31 acyclic subatrates. ia the
t'aIt-reactin( enantiomer predicted correetly; thi.s pro
portion ÏI close to that apected for random guesaes. A
luge fraction of the acyclic 5ubstrate8 (12 of 31) showed
low enutiœelectivity. E s 3. ThUi. the rule is DOt uaeful
for acycJic aubltrates of CRL. Generalizations about this
ruIe Iiven be10w do PlOt iDclude acyclic subetrates of CRL.
but do include acyclic subatrates of CE and PCL

For cyclic submatea of CRL the rule reliably predict8
which enantiomer reacta faster. Tbese subltratea include
seamdary alœhols iD four- to eight.mem.bered riDp la weIl
u secondary aIcohols in bicyclic subetrates. The rule
predieta correct1y for 51 of the 55 !Iubatrates where CRL
wu enantiaeelective. aD acc:uracy of 93". Three acep
tioDl, indicated by -Cent)- .. belon...re amOlli the 13
cyclic subltrates which showed 10. enantioae1ectivity, E

Sehe•• J. Kbletic RnoluuOD of Eacen of wctyl AceUle

OAc OH OAc

..A..,.OR_~OR • ~OR

(dg ,,0 .0
~ 3; one exception. 22. showed moderate enantiœelectivity,
E • 8.29

Th~ the nùe predicta which enantiomer of a seccndary
alcohol reaeta futer (or ~93% of bath the cyclic and
acyclic subatrates of CE and PCL and the cyclic substrates
of CRI.. None of the substrates tbat react contrary to the
rule show enantiOleiectivity grester than eight and
therefore none of the exceptions are synthetically useiu1.

This generalization implies tbat a substrate having
subatituenta which differ silDificant1y in size should he
resoived with higher enantioeelectivity than a subltrate
where the two subetituenta are simllar in size. The data
in Tables I-m 5unesta that thia generalization is valid;



Icructure R E rel mucture R E rel
Tabl. m IaudCIM1ectmtY of Lipae froID Cadi. rlflDN for Acetate8 01 SecaaÙIY Alcobola

1 C:Hs 34 (J 33 N~ >50 a
1 ll-CeHu 1.8 b 3<1 -10 ta >50 q••
1 2·furyl 5 c 35 >60 q
1 CH~OCH,), 2.5 d 31 'l:I q
:! CH(N,)C,H, (threo. erythro) 12 , 31 tnlD8 l t
3 erythr~CH(N~CHtCHICH3 18 f 31 cil 25 l
.& CH,N~ 2 (ent) , 38 1.2 t
• Ph 8 (ent) f 3' cis. tram 6 u
• p-C.H.0Ph 12 (lat) 1.&0 3.4 d
1 CH,S-p-tolyl 1.3 (ent) Ir. 41 H. CH, >50 Il

8 Ph 2 f C H 2 Il

10 Ph 13 t oU CH, 26 u
10 ...·CJfI3 2 e oU >50 Il

10 :-e.H, >50 (ent) e« >50 Il

11 CH-eHPh (E. Z') >00 (ent) i" 20 lU

11 CH-eH(CHs,).CH,(E. Z) -18 (ent) i '" N, 30 a
12 Ph 6 j.&9 2.5 %

12 C~Ph. CHtCH,Ph -3 (eat) j 50 cis. trlUIa >50 %

13 Pb >50 (ent) 1 51 >50 a
13 lWi·CH(CH,)-3-indolyl 3-40 la 52 CH, 11 Y
loi CH,5·p-tolyl (Iya. un) 1.3 (eat) Ir. S2 CHCOOR'. CHOCHtPh 3-10 y
15 CH~p-tolyl (syn. and) 1.:!-2.1 (eat) h 53 CH.. 3~ y
11 Pb >50 (ent) l 53 CHCO'!Me. C(OMe), -10 y
11 CFPhCH. (aya• .mu) 6.5 la 53 0 >50 y
18 17 m U >50 y
l' >40" 51 CH, 22 Y
20 1.2 (ent) " 55 0 >50 y
%l cran.t.N1 l.~ a 58 1 Y
:: 8 (ent) f 51 1." (end y
Z7 >50 p 58 l.5 Y
30 CH!! C'1H•• i·C,HT• :-C.Ht >50 q 59 .. Y
30 C:'<l. NO'b N, 40 ta >50 0 SO 1.8 y
30 OAc. OH 2. 1 (ent),. 81 >10 :
31 CH" i·C3H.. 24 q 82 10 /JG
32 20 0 83 H. CH, 15 bb

·C...bou. 5.; Klibaaov. Â.. Mo Bioc~chtaoL Bio,",. 1984.26. 1449-1454. ~Geriach. D.: MiaHL C.: Schreier. P. Z. Lfb~m. Uncfrs. Fonck.
1988. 186. 31~318. E8teritlcatian \Vith ...·CuHuCOOH iD hepcane. f Druecklwamlr. D. G.: Barbu. C. F.• III: Nozaki. K.: Won,. C.·H. J.
0,.,. Ch,m. 1988.53. 1607-1611. 4Wan,. Y.·F.: Lalande. J. J.; Momonpn. M,: Bersbreitar. D. E.: Woq. C.-H. J. Am. Ch,n'&. Soc. 1988. 110.
:200-720~. AcetylatioD with vinyl aetltate. 'FoeJIche. E.; Hicke1. A.; HÔ!1ÏI. H.; Seuler-Wuaerthal. P. J. O~g. Ch,m. 1990.55, 1749-1753.
Hydrol)'lÎl of butyratel. 'Bevinakacti. H. 5.: Buerji. A. Â..: ~e.adkar. R. V. J. O~,. CM,". 1'89.54. 2453-2455. Bevinabtti. Ho S.;
Newadkar. a V. Biotlchraol. L.tt. 1981. 11.785-788. TraaaescerificatiOD with l·buWlOl in iIopropyl ether. 'H.itohara. fi.: MiClUda, S.;
.~do. &;- Komaki. R. In BiocacalYJÏI jn OrIente Synmaù; Tramper. J•• van dlr Plu. Ho C.• Unko. P.• EdI.; Elaevier: Amitlrdam. 1985;
119-134• .\Bucduelli. M,; Fomi. A.; Moretti. 1; Prad. F.; Torre. G.; Retnati. G.; Bravo. P. TCrraMdnm 1989.45.7505-7514. 1 Kitazume. T.;
Lin. J. T.; Yamazaki. T. J. FruoriM Ch,n'&. 1989.43. 1jj'-18'i. JYamuaid. T.; Ichibwa. S.; Kitazume. T. J. Ch,m. Soc•• Ch,m. COIl'lmUIL

191t. 2~3-255. •A!:ÎU. H.: EDea. Y.; Yamada. H.; Oiahi. T. ChfM. Phann. Bull. 1989. 37. 2876-2878. HydrolyaÏl in 'III*-utu.rated
benzenl. IDzyme wu immobiliJed on C.Ute. IChen, C.eS.; Liu. Y.·e. Tetrall,dro" Lect. 1989. 30. 716S-7168. 1'ranIliterificacion of the
butyrate _cet in heuae. 4IICotterill. L C.; Fineh. Ho; Reyaoldl. O. P.: Robtrtl. S. M.; Rzepa. H. S.: Shon. K. Mo; A. M. z.: Wallia, C. J.:
Wi11Wu. D. J. J. Ch.m. Soc.• Ch.m. Commun. 1988. "700-472. "Cotwi11. r. C.; Macfarlane. E. L. A.; RobiN. S. Mo J. CM,"- Soc., Perlùn
T1'UI1I.11188. 3387-3389. 4IH~Dir. Ho; S.ul.~W ....rthal. P.; FQ16p. F. J. CMm. Soc.,Pultin Trapu. 1 1"9. 2341-2346. Faber. K.; Hama.
H.; Seutlr·WIIHtthaJ. P. Tttrah.cCÙ'o" Let:. 1988. 29. 1903-1904. Hydrolym ol butYrate _tet. "Klempilr. N.; Faber. K.; GrilagI. H.
Synthc.ÏI 1989.933-934. fLqraad, G.; Secchi. ~: Buene. G.; Baratti. J.; l·riazuaphyüdes. C. T.U'tJMdron Lett. 1981.26. 1867-1860.
EaWific:atioa in l1uaDt or b.eptaDl with lI-CuH,aCOOH. "Cuon. G.; KazlaUlku. R. J.• unpubliahed rtIUlti. • KOIhino. S.; Sonomoto. K.;
Tuaka. A.; Fukui. S. J. Biotm&noL 1985.2.47-57. EauriftcadoD \With S-pheayipeatanoic .cid in wac.Naturated iIooctan•• fOritani. T.;
Ylm&lhita. K. Alric. BioL Ch,m. lue• .u, 2837-2642. "Pawlak. J. L.; BerchtoJd. G. Â.. J. 0,.,. Ch,m. 1981.52.1766-1771. Hydrolysia of
butyrau liter. -Oumortilr. L.; Vu dlr Eyck.a. J.; Vaad••al1e. M. TftraMdro" L~ct. 1989. JO. 3201-3204. -HOIhino. 0.: Itoh. I{.; Um..
zan. B.; Akita. H.; Oïabi. T T.t1'tJMdron L,tt. 1188.29. 56'i'-M8. Hydrolysil in 'IIIw·ucunced ÎIooc:taDe. • Peanon. A. J .. Lai. Y.eS.; Lu.
W.; Pinkenoa. A. A. J. 0,.,. CMtrl. 198'.54,3882-3893. 7Eichberpr. G.: PenD. G.; Faber. K.; Grieqi. H. Tmah,dl'Orl wct. 1_.27.
2843-2844. OberhaUlll. T.; Bodenteich. Mo; Faber. K.: PIDD. G.; GrienIi. H. T.crahldl'On 1181.43.3931-2944. Sai. R.; Faber. K.; PIIIUI, G.;
GritDl1. H. T,trahfdro" 1188•.u. ~392. Kanipberpr. K.; Faber. K.; Manchntr. C.; PIDD. G.: BaumprtDtr. P.; Grienaf, H. Tetralafttron
1981. 45. 873-680. •Soaomoto. K.: Taaa1ca. A. Ann. N. Y. ""cad. Sei. 1tu. 542. 236-239. Eiterification ..th S-phenylputanoic add iD
"W-..uuattd ÎIOCICC&D8. -HiraM. y.; Anzai. Mo; Saicoh. k; NMlDUla, K.; CbibmaCiU. Ho CMm. LItt. 118•• 19.1942. "Numura, K.;
MaClUIDUlIo T.; KomaCiu. Mo; HiraM. Y.; CbiklmaCIU. Ho J. CMm. Soc•• CJ&.M. Commun. 1988. ~241.

bonftr, it ia difIicu1t te e.t tbiI hypochesia quantitatively. conversioD. Aceurate determ.inatioD of the enantiCMlec-
Neverthelesa, 'Re uaed thia bypotbesil to redesip sub- tivity wu complicated by competing hydrolYlÏl of the
Krata tbat couJd be effic:iently resolVllCi by tbeIe enzymes. methyl ester which accounted for 55-80'" of the diaap-

lDaedc IleIoladoD of Lactate E...n. To reeolve pearance of the stanÎn( material. The tert-butyl ester of
lactate esters ft iDc:reIHd the size of the ester IfOUP until lactyl acetate, R al tert-butyl. still showed 10. enantiaee-
'Re found a 5Ubatlate that wu hydrolyzed with hiih ID- lectivity with CE and CRI.. but !hom escellent 1IW1-
IDtiOll1lCtivity (Sc:heme 1, Table M. Lactyl acetate, ft tiaIe1ectivity with PeL. E > 50. The Iack of any ÏDc:reIIiI
• H, wu net a suhltrate for the three enzym. tested: in enantiolelec:tivity for CRI. ia not surpriling becaœe the
activity <0.002 unitl/mg. The methyl ester of lactyl rule ia Dot reliable for acyc1ic submates of CRL. Th.
ICIttate, R • CH3t wu bydrolyzed with the R eDaDtiomlr unupected result wa chat the eDaDtiOH1ectivity of CE
NKtiDg luter. but with very 10. enanâoleIectivity: th. W8I oppoeite of that predicted by the ruJe. The reaIOD for
rem.jnjnr startÎDI material showed <32.. ft at -46" tbiI revmal ÏI DOt Immm; tbiI ÎI the fim submate of CE

•

•

•
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T.bl. IV. BaudOMleedvity of tbe HydraJ'... of Elcen of LatyJ Aeatace
methyl .cer tert·butyl .Iet

enzyme race- ~ C' lJt w (RIS)~ race- .,. C' ~ w CRIS)· E-•
Prediction of Which Enantiomer Reaet& Faster J. Or,. Chem.• Vol. 56. No. 8, 1991 2861

CE 0.18 42 8 R 0.06 32 21 S 3
CRL 0.30 49 32 R 0.01 .w 26 R 4.-&
PCL O.~)l .w 24 R 0.35 50 89 R 51
PCU 0.35 47 >98' R >200

-Initial Ktivity ol the enzyme in UDiCi/ClI soUd. Unita· ..mol oC.cu bydrolyzed/ min. eThe conversion mers ta the lIDount olstlrtiDa
ID4t1riaJ coDlwued. nu. value .... detennined by IH NMR aftIr uuaction ol th. reAClion aùnure with ethyl ether. ' Enantiomtrïc ese..
oC th. recovered atutinc materia1 wu determined by IH NMR in the pretence oi Eu(hfch. 4The abIolute confllUlatiOI1 oi th. pret.rred
eaantiom.t wu determined !rom th. rocation of th. recov.red startinI macerial; R·H. Ita. 5.; Kaai. Mo; Ziffer. H.: Silverton. J. V. Call. J.
Chem. 1981,65,574-582. -Enantioaelec:tivity. tee ref'n (or d.raila. IHydrolYlÏJ oi esters of I.etyl butyrate. , Enantiomeric uce. oC th.
produc:t.

~
OAc

U

•

•

Sch... Il. Eazyme.C.tal'... 8)clnIYI. 01 84 Showld
Poor EaaadONlecdvity

== 6 e5
OAc OH
1. en! • U

that doel Dot fit the rule in Figure 1. Even with chis
esception. the accuracy of the ruJe remains high: 14/15
substrates.93%. The mcrease in enantiœelectivity with
PCL ÏI consistent with the NIe; indeed another lipase from
Pseudomonas sp. (lipase K·I0 from Amano) bas been re
ported ta show exceUent enantioselectivity wben R =
ten·butyl.23 ThUl. increasing the size of the R group in
Scheme 1resulted in a subetrate wbich W8I more efficiently
resolved.

A preparative-sca1e resolotion of ten-butyllaetate wu
ca.rried out using the butyrate instead of the acetate to
simplify separation of the produet alcohol and unreacted
butyrate by fraetional distillation. This change from
acetate ta butyrate aIso resuJted in a further increase in
enantioselectivity of pel to >200. HydrolytlÎS of racemic
ten·butyl ester of lactyl butyrate (50 g) yielded the un·
natural enantiomer, (R)-(+).-ten·butyllaetate (6.4 g). with
>98% ee alter distillation.

EDulioeelective SYllabai. of (S)·(-)·...Aeetosy-2
cyclobeseD·l·oae (70). The five-membered 4-acetosy
2.qrclopenlen·leane is a useful chi:al starting material tbat
cau he prepared by an enzymtH"'1ta1yzed hydrolysis.30

Acetylcholineeteraae se.iective1y bydrolyzes the R acetate
iD ci.!.1.4-diacetoxy·2-cyclopentene and the resulting ole
nnie alcohol is oxidized ta the 8aone. AD attempt ta
prepue the correBpondiDg si%·membered compound by an
analogoUi enzyme-catalyzed syntbesis WII8 Dot successful
because the acetate was removed with onJy low 10 mod
erate aelectivity (0-72" N, SchelDe n, Table V).

The ruJe lugeata a pœaible reuoD (or thia difficulty.
In the c:yefopeatene cue. the substituent. at the
stereocenter-CH2CHOAc and CH=-CH-dilfer in size
and can he diatiDcuiahed by the eazyme; however, in the
cyclohesene cue, the subltituelltl-CH-eH and
~-antœ eimiJar in aize ta he diItiquiabed by the
euzyme. To inc:rease the aelectivity, bromine na added
acr* the double bond of M 10 increue the clifference in
size ot the sublltituenta (Scheme III).

The hiP-t yie1da for the addition of bromine to " were
obtained UIÏDI reaetioD conditions that Cayor free radical
intenDediates (CS:, -78 oC. h.). Addition of bromine

(30) Deudorff. D. ft.; Xaubewa. A. Jo; Md_Idn. D. 5.; ClIDtY. C.
L. T.C1'lIMd1oIt lArc. 1-' n. 1255-l256. W Y.-F.; Cha. C.-8.:
Girda.... G.: Sib. C. J. J. Am. ChaL Soc. 101, ~3888.

Tahl. v. Eaud..Iecd". a,clnl,.ia of
ch·l,"'DJace&oQcyclohnaM Dert".d"..

enzym~ lubluate ra~ produet ~ W

CE 64 0.6 65 32
CRL 64 4.1~ ent-31 oU
PeL 64 0.03 ent-M 72
PLE 64 18.24' 65 62
ACE 84 18 65 + ent-31 0
MML U 0.0004 ent.f5 1"
CE (:i:)·66 3.9 (+)·61. (-)-48 >97. >97
CRL (=)-C, 0..• (+)·61. H.a >97, >97
PLE (=)·16 -&.2l' (+)-C1. H-U >97. >97
PCL (:i:)-66 0.002 (+)·61.68 + diol 1-&'
ACE (=)-16 0.57 (~)·67. (-).a + mol' 86,' >95'
MM!. (:i:)·H 0.00005 (+)-67,68 + diol- 87'

- ACE • acetylchoUnllIterue {rom el.etric ee1. MML • lip...
trom Mucor 'Meh.i. • Initial aetivity oC th. enzyme in unica/me
saUd. Unit· l'Ulol of ester bydrolyzed/min. ~Decermined by IH
NMR in the presence of EUc1U'C)3' For the bydrolysill of (z).... the
enantiomeric putity wu d.termiDed for both 61 and 61 aCter 1Ip
sration by tluh c:hromacocraphy. The lH NMR sipals (or the
ac:etyl methyl croup oi th. two enantiomen of 61 or of 18 an lep
arated by 0.-& ppm in the preaence oC approsimately 1.5 equiv oC
Eu(hfc)s. With thia escellent IIparation even 1.5 mol ~ oC the
other enantiomer ean be deteeted u shawn by a dellberate .ddi·
tian of racemate te an enantiomerically pure sample. .. In UDiti/
mr protein. -For 67. 'The ratio of iaolated U:eT:diol wu .p
promutaly [:4:8 alter 0.9 equiv of bue had been CODlumed. ' For
68. - After 0.7 equiv oC bue had been coDlumed. the major prad·
uct wu diol Orny tlaCII of 18 Wete obeerved.

Scheme m. Prepandoll ol 10 via ch. Dibrulllide
Dert"ad..

CAc fr: &: 0

~ -!L- ~,& C~ .;r;. ~ ~. ~
.. 'Car 'Car H ·70

t&J·II (.) ...

under conditions which favor ionic intemJ.ediates (polar
so1veDta, àark) resaltedin a mixture olproduets which may
bave resulted from intraDloIecular attack of III acetate on
the bromonium ion intermediate. The addition ofbromine
to U yielded the traDl-dibromide, 61. identified from
coupliDc cODltallt of 9.3 Hz for the tH NMR sipals for
the hydrogena at CHBr (a 4.36, 4.27), iDdicatinl aD ai·
al-uial arnmpment.31 For the cis-dibromide a coupq

(31) Cooper. J_ w. SPfttrœeo~ TtcAniqua for 0rJanic ClNmilCI;
wne,: s.. York. 1980; p 81.



2162 J. 0". Ch~m., Vol. 56, No. 8, 1991

&:.~~~:
H ·17 (-)- Il

•

•

•

sc....... IV. BydnlYlie of Jlac.lD.Îc SI C.&a1yzed by PCL

OAc OH

~':~ <x:1: OAc

1S••R • Il ,.) .17

OAc

ct:~
IR,4·.

coDltaDt of2-3 Hz wouJd be upected. This tran8 addition
oC bromine converted. U. a mesa compound. into a pair
of enantiomers. (:)·66. The rule predieta selective by·
drolYlia of the R aœtate in bath enantiomers yielding the
t'Ml enantiomerical1y pure diaatereomers: 61 and 68. Note
that the two R aceta~ tbat are predieted to he bydrolyud
are diaatereotopic: one R acecate ÏI cis ta an adjacent
bromine whereas the other R acetate il trans.

With CE. CRL. or PLE as catalYltl. the hydrolysis of
(:)..66 l10wed and stopped alter half of the acetates had
been hydrolyzed. Analysîl of the reactiOD mixture by TLC
abowed no remaining starting materiaJ. equal amounta of
61 and 68. and traœs of diol whim resulted from hydrolysis
of both acetates. The two produets were enantiomerically
pure u shawn by IH NMR in the presence oC EU(hf'C)3
(Table V), The opposite sigD of rotation of {+)·61 and
(-)..88 ia presumably cauaed by the differing orientation
of the adjacent bromine. Tbus. for these three enzymes
the hydrolyaia of (:)-66 proœeded 81 predicted by the rule.

Wben PeL wu uaed 81 the catal)'at. the reaction did not
slow appreciably alter half of the acetates had been by·
drolyzed. The produet8 iaolated !rom a naetion stopped
alter ba1f of the acetates had been hydrolyzed were un..
reaeted ltartiDg material. (+)-61 baving low enantiomeric
exceu. a amall amount of 68. and a small amount of dioL
Several other enzymes were aJao screened as pouible
cat.a1ysta, Table V. MML and ACE4 ahowed resuJta similar
ta PCL. Formation of these produetl can he accounted
for by the different reaetions of the two enantiomers of
SI u shawn in Scheme IV. For (lS,4R)-66, remova! of
the R Acetate ia predieted by the ruJe. This acetate is aJso
the more chemically reaetive one becaWle it is oriented
trIDI ta the adjacent bromine. Hydrolyaia occun u pre
dieted and yields {+)..S1. For the other enantiomer,
(lR,oiS}-66. removal of the R acetate is a1ao predieted by
the rule; howlver, this acetace ia the leu chemically re
active one becaWlt it ÎI oriente<! cia ta the adjacent bro
mine. Hydrolysis of both acetates ÏI oblerved= hydrolyais
of the R acetate yields (-)·68. hydrolysia of the S acetate
yielda (-)..67. This lut produet accoUDta (or the low en·
antiomeric escesa of the iaoIated 67. Hydrolysis of bath
acetar. yie1da the dioL Thua. the rule only pmly aCCOUDa
for the PCL-catalyzed hydrolyaia of (:1:)..66 due to the
differences in chemical reactivity of the acetates cauaed
by the differiDg orientation of the adjacent bromiDe. The
NIe in Figure l ÎI too simple to include such effecta.

Of the tbree enzym. wbich Ihowed acel1ent aeJectivity,
CRL wu chœen for the preparative-tcale reaetion becaUle
it ÎI th. le. apeDlÏve on a UDit bais. HydrolyaÎl of 26
1 of (z)'" catalyzed by CRL yielded 20 1 of enantiom·
trica1ly pure (+)..67 lDCl (-)-68 iD 82.. yieId 81~
diutereomen. Ta complete the synthelil of 70, the bm.
miDes were removed UliDr zinc dUit (82-90" yield) and
the resulting olefinic alcohol wu ozidized ta the enone,
70, with chromium triozide/pyridine (84" yie1d). Other

KazlaUikaa et al.

ScheJM V. PnDUadoD of D.ri••tt..- ol 10

000

~~Q ~~ ~A
o

methods of oxidation either gave lower yie1dl (Mn02J 62~)
or gave side producta (Swem, PCC/NaOAc, DMSO/Af10.
DMSO1A~O/pyICF3COOHl.

The &nantiomeric purity of 70 W88 98~ 88 shawn by lH
and 1'F NMR oC the Moeher's ester derivative. ThiJI de
rivative WIll prepared by removal of the acetyl group either
by CRL-catalyzed or base-promoted hydrolysia followed
by reaetion with the &cid ch10ride as shown in Scheme V.
As a control. a racemic sample of 70 wu aJso hydrolyzed
Uling CRL and derivatized with the Moaber's acid chio
ride.32 For the racemic sample, the diastereomers could
he distinguished by lH NMR (two well·separated multi..
pleta for the proton at the carbinol carbon centered at 0
6.85) or by 19f NMR (two multiplea. ceDœred at ô -71.95).
The ester derived from enantiomerically pure 10 showed
- l ~ of the minor diastereomer by either method corre
sponding ta 98~ H. Deliberate addition of material de
rived !rom raœmic 10 confirmed that the small peab were
due ta the other diastereomer.

DetermiDadoD 01 the A_lute ConftpntioD 0170.
The absolute configuration of 10 wu estabÜJhed to be
(S).(-) uaing the exiton chirality method.33 The acetyl
group of 70 was replaœd with a benzoyl group 88 shown
in Scheme V. The acetyl group wu removed by an en
zyme-catalyzed hydrolysis31 and the produet alcohol wu
treated with benzoyl chloride. The circu1ar dichroiam
spectrUm of the 1'eftulting benzoate abowld a split Cotton
effect, negative at 227 am (At = -5.7) and positive at 192
nul (~f = +4.0). This spütting indicate8 a left..banded
serew senae becween the benzoate and the eDone chro
mophores, i.e. S. This uailnment oC abeolute comaguration
is consistent with the espe:ted enantioeelectivity o( the
three enzymes and with previoUi auipmeDta for a cy
clopeDteDone34 and a substituted cycJohesenone.J5

DiICU.lioD

The major advantqe of thia rule ia ita simplicity. It ia
straightforward ta use and conelates a large amoUDt of
esperimental data becauae it appües ta a wide rance of
subltrates. It further sugesta a strategy for improving the
efficiency of resolutions: ta increaae the difference in size
of the aubatituenta at the atereoceDter. Two testa of tbU
strategy were successful becauae an efficieDtly resolved
substratelenzyme combination wu found for bath eum
pies. The strategy of adding a large group to one aide of
a molecule resulted in a subatrate that W88 efficieDtly
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resolved by a leut one of the enzymes. Thua, screening
a lubsuate with a large croup as ODe of the substituents
at the stereocenter appean to he more reliable than
screening a subttrate baving subetituentl of similar size
at the stereocenter.

The major disadvantage of this Me ÏI that it does Dot
aa:ount for subtJeties in the se1ectivities of these enzymes.
For eumpJe. it does DOt rationaJize why only PCL and Dot
the other two enzymes showed increased enantioeelectivity
for the tert-butyl ester of lactyl ac:etate u compared tD the
methyl ester. The nde aJso does not predict the affect of
additional stereocenters, for uamp!e. the cil VI uana or
iented bromine at Ct of 66. The senmtivity of PCL to this
orientation rendered thia enzyme UDluitable for the
preparation of 10. whereu the other two enzymes which
were not sensitive to thia orientation 'Nere suitable.

In spite of thia diudvantage. a genera1 rule lUth 18 that
propœed in Figure 1 may he the m08t reuonable way to
describe the active site of these enzymes. Structural data
1IU1lesta that large conformational changea are required
before the subatrate can bind to the active site iD pan
creatic lipue and lipase from Mucor meihei.3 Due to thia
tlezibility it may neYer he pouible ta define an enet size
and shape for the substrate bindin, region of lipases he
cause this region may change for each substrate. Con
siltent with this notion are reports that the enantioselec
tivity and conformation of CRL change upon treatment
with bile salt and organic solventJi or with denrome
thorphan.37

A second reuon to uae a ceneral rule is that these en
zymes may DOt he homoleneous. Sequencing of the gene
for CRL showed severai nonidentical DNA sequences
which code for this enzyme,3I thus it ia ükeJy that the
commerciaJ enzymes are a mixture of isozymea. The en
antiOHlectivities of isozym. of PLE 9It!re similar. but not
identical...1I a limilar situation may hoId for the isozymes
of eRL. This beterogeneity May frustrate attempts ta
precisely derme the size and shape of the active site, thua
a generai rule may he the mQ8t accurate way of describing
the commercial catalyst.

A third reuon for using rules and models is that Iven
wben the X-ray crystal structure of an enzyme il m09lll.
modela are often UMd ta predict enantioeeIectivity because
they are simpler to UN. For eumple, a bigh resolution
X-ray cryatal structure bas been determine<! for alcobol
dehydrocenue from horse livet, yet a cubic space model
ia Ulual1y uaed ta predict itl enantioeelectivity.40 Further,
it remains difficu1t ta predict which binding interactions
are moet important in an enzylDHUbttrate complu, thUi
it may remain difficult ta predict enantioeelectivity for an
untested sub8trace even when the X-ray crystal structure
Î8 1m09lll. For nample, the origin of the high selectivity
for traDlfer of the pm-4S hydrogen of NADH catalyzed
by lactate dehydrogenue (>10':1) ÏI difficult to ezplain
!rom the Imown crystal structure.41 These rules and
models may he used, alODg with X-ray crystal structures
and molecular modeliDg. ta deterrniDe which interactioDl
Ile mOlt important in determ.ininl the enantiOlllectivity
of theae enzymel.

(31) Wu. s..1I.: Guo. z.-W.; Sïb. C. J. J. Am. CIl..... Soc. 1". 112.
le.l"

(37) Guo, z.-W.; Sm. c. J. J. Am. CIMm. Soc. IMt.lIl.~l.
(38) Kawcudd. y.; Hoada. If.; Taïcuchi-Moriaura. J.; I..ui. S.

NIIfIIn 1••341,186-188.
(:il) t..m. L. P. K.; Bran. C. Mo; lM J... Il: Lym. L.; TOODe, 2. Jo;

1--. J. a J. Am. CIt.aIfL. Soc. 1_ 110•......lL
(<te» J.... J. B. J..,.,., L J. Ca. J. CM",- 1_80. 1l~28.
(41) LaReau. R. D.; ADdInoa. V. B. J. BioL CIM1fL 1... .,.
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EKperillleatal Seeûoa
Geaenl. Cbolelt.eroJ....(~.0.2 UDÎt8/1DI1OIid .vith

0.1 Mcholesterol aœtate iD ethyl ether • 8Ub1tn1ta) ..purœ-t
from Genzyme Corp.. &Iton. MA. LipIBB!rom C. rufOIG (1..1754.
0.2 uniCl/mr saUd UliDlolive où). porcine Iiver 8Sterlle Œ-3128,
240 WlÏCI/mr protem Uling echyl butyrate), and acetyl dloUn
eet.erIIIe (electric ee!. C.:3389, 28 unitl/mr soüd .vith aœtyl cboliDe)
were purchaled !rom Sigma Chemical Co.. St Louis, MO. LiIMM
from P. cepaci4 (lipue P30. 0.06 unîtl/ma !aUd UIÏD( oUve oU)
and lipase (rom M. meihei (lipae MAP-I0, 0.05 uniCl/ma solid
usine olive où) were purc:h8Ied !rom Amano IntemaùaDal !azyme
Co•• Troy. VI. Activated Mn02 (Aldrich) wu heated st 120 oC
(or 24 b before UH. Zinc dUit (60 ,) w.. activated by ltirriDc
(or 1 min with 2~ aqueoUi Hel The dUit.,. colJec:ted by
vacuum flltratioa and wuhed with 120 mL of the rollowinr: 1
x 2% HCI.2 x 95~ ethanol. 1 x aDhydroUi echyl ether. El..
mental analYMS wen doue by Guelph Laboratori-. ON.

..,....cataly..BydnlYItL A rapidly sUmd suspenaion
oC substrate (l lDmol) in phœpbate builer (10 mM. la mL)
concaininl enzyme (0.2-50 111I) wu maiatained at pH 7.0 by
automatic titration with NaOH (0.1 N) Ulm, a Radiomerer RTS
822 pHstat. Cryatalline subatrates were fnt diuolved in ethyl
ether (l0 mL). Sodium taurocholate (30 me) w.. added ta hy
drolyses .bere CE wu UIed u the catalyse. Tbe rate of con
sumption of sodium bydro.ide over th. first 5~ of the reaction
.a UJed to calculate the initial rata Uated in Tabla 1. IV, and
V. The reac:tion wu stopped aCter the COI1lWDptlon of bue
indicated~% conversion and the minure WIll emac:ted (our
times with ethyl acetate. Tbe combined e:ltnlctl wlle waabed
with saturated aqueoua sodium bicarbonate. w.ter. and brine.
dried over mqnesium sulfate. and conctatrated. The ltartiq
ester and alcohol wen separated by fluh chromatoeraphy, and
the enantiomeric purity 'NU determined.

DeterminatioD of EaudoIHric Partty by Gu CIan..
tocnplly. A/cobol (4 ~L). isopropyl Î.sOC}'llD4te (300 ~). and
dichJoromethane (300 .&d.) wen beaceci at 100 ClC (or 1.5 h in a
tilbtly sealed IJau vial. The completen... o( th. reaetion w..
checked by TLC. Solvent and oc... reagent 'lien evaporated
in a aueam of nitropn. and the residue wu diluted ta l mL with
dichloromethane IUld analyzed bypl chromatoeraPhy uaiq an
XE-ôO-{s)-valine-(S)·a-phenylechylamide capillary column.

DetermilladoD of budolllBric Parity b,. LB NMlL A
s.mc sampi. of the elter wu diMolved in 0.5 mL of CDCls Ùl u
NMR tube. and the 1H NMR specuum wu obtained UIÏDI a
VariaD XL-200 NMR spectrometer. SaUd tria((3-beptafluo~

propylhydroKylDethyfene)-(+)-camphoratojeuropium(fiI). Eu
(hec)s. wu added in four portions. and the spectra wen obtained.
A total of mon thL'l 1.3 equiv of sbift rupnt wa edded 10 each
sample.

Acecyl E8ten. Two to tbne equivaleaf.8 of acetyl eh10ride
wu added dropwiae to a sti:red solution of alcobol in pyridine.
Solid alcohols WIn diuolved in a mixture o( echyl ether and
pyridine. Acetylation wu complete lifter 10 min ta 2h. ÙIOWD
by TtC. The n.c:tion minure WIll wuhed twice with 1011
!IOdi1UD bicarbonate and once Wh.... lionly 0De!ayer (or!Md
upon wubinr. the product WII atnM:tId ioto ether. The orpDic
layer wa dried with mapesium sulfate ud concencnred by
roWy evaporatÎOn. The eIWS W8le purified eitber by diRiDatioa
or by fIuh chromatopaphy.

(:J:)-Lldyl.... 'NIl pflPll'lld UIing a Iiteratun procedure,•
but IUhltituting toluene for bemene. Am.isNre of racemic 1ICtic
acid (120 mL ofMil PUlÎtY. 1.1 mol). ldacial acetic: acid (640 mL.
11.2 mo1). toluene (80 mL). and CODai lulfuric acid (0.40 mL) _
refluzed with th. CODtinUOUI nmoval of diItillate with a Dean
Stark cnp until a lH NMR spec:Ua of the diItüJate ahowed tbat
no more waret ... PrellDL Approsima&e1y 1 L ollOluâoD. ...
reD1O\1ed durinr 40 h; acetic aeid (-600 mL) Md tolu_ (-100
mL) were periodka1lyadded ta the reactioIl ta rep_ wbat..
removed. Tbe radiOD misture wu neutnliled with lOdium
acetate (1.6 r) and diJti1led undll vacuum yieldiDc., (58115):
bp .37 ·C (0.2 Torr) [lita bp 127·C (11 Torr)J; lH NMR

(42) PilIcbioat. B. Mo; IAactL J. Il;r.... c. H.J. AM. C........ Soc.
1_66........

(43) W"1Ddhob. Mo. !cL TMM~ Indft. 9dl Id.. M8rck • Co.lDc.:
NuuJ.y, 1976; p 10.
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(CDeIs• 200 MHz) cl 10.6 (l, U, 5.10 (q. l, J • 7.1 Hz). 2.14 <l,
3), 1.53 (d, 3, J • 7.1 Hz).

(::I:).MeeJayl Elter of Lactyl Acetate. A sUipeDliol1 of p~
tulium methozide (3.8 ,. S4 lDIDol) iD dry ethyl ether (100 mL)
coataiDinl (a)·2·8C8fœYplQpioDyl chloride46 (7.3 r. 50 mmol) ...
stirred tor 72 b. The reac:ûon miRure wu wahed mce with
saturaeed lOdium bicarbonate 1011JtiOD. the OfluUC layer ••
coDected. md the aqUIOUl phue wu enracted with ether (2 x
:.m mL). The cambiaed orpDK: layus WIN dried with anhydnu
mqnllium lulfate. conceatnted by rotary evaporation. and
dîlà1led. 1ÏVÛlI1.8 , (22.. ): bp 60-64 ·C (-4 Torr) [lit.te bp
64 ·C"(9.8 Torr»): LB NMR (neat, 60 MHz) cl4.S (q, l, J. 7 Hz).
3.5 (.. 3), 1.S (l, 3). 1.2 <d, 3, J • 7 112).

(~)-tnf·Batyl .ur of LaetyJ Acetate. A tw~phue

mistule of (a).lactyl .mate (66 1. 0.5 mon. Iiquified isobuty1eDe
(120 ml. 1.5 mo!). ethylether (85 mL), and conc:d sulfuric acid
(of ml) in a 500-mL pNIIUle bottie wu sealed with a rubber
I~pper wind HCUnly lib the cork of a champqne bottIe IDd
sûrred (or 7 b aC room temperature UI1til a lialle phale formed.
1'he botde.. cbilIed iD an ice-uJt water bath or dry iaHlœcone
bath and opened. and the contentl wen .Io_ly added ta a sato
urated phOiphate buffer (300 mL, pH 7). The pH of the buffer
wu maintained between 7 and 8 tluoucholJt the addition with
a conc:d sodium hyrolide IOlutioD. The combiDed ether emacta
ftre dried over anhydroua potaIIium carbonate and filtered inta
a fOWId·bouamed flak that had been wuhed with a sodium
hycbœide solution aDd riued with water tG el1lUr8 the removal
oC trace lcid. Tbe ether and elClU iIobutylene were evaporated
und.r vacuum and th. reaultiDg cleu. slightly yelIow oil 'Vu
distüled livingSlg (86~): bp 95-100·C (-1 Torr); lH NMR
(CDCI,. 200 MHz) 64.&4 (q. l, J. 7.1 Hz), 1.84 (s. 3), 1.21 (s,
9). 1.18 (d. 3, J • 7.1 Hz); 13C NMR (CDCls, 75." MHz) a169.4.
189.3 (C-Q). S1.0 <CICHsJsl. 88.5 (CH), 27.3 (C(CHsJ~. 20.0
(CH,C-O). 18.3 (CHsCH).

(a)-Ieft·Batyl Eàer of LadyJ Batynte. Butyryl chlorid.
(244 mL, 2.36 mol) wu added dropwiae te Itirred laetic: acid (125
1 oC 85~ purity. 1.18 mol). Arter addition w. complece, th•
misture waltirred ovemi&ht at room temperature. A IH NMR
spectrum o( the reaction m.inure iDdicated no remainin,lactic
acid. Es*- butyryl chIorid. and butyric: acid were removed by
vacuum diItillation le.vinr c:rude laetyl butyrate, 156 1 (82.. ).
A portion ol thiI material (125 ,.0.78 mol) wu treated with
iIobucylene (l87 mL. 2.34 mol) • dllCribed above tor the aeew.e
derivatiw. Diltillation yitlded 51 1 (36"): bp 94·C (-2 Torr);
IH NMR (COCI,. 200 MHz) a4.95 (q, 1. J • 7 Hz). 2.35 (t. 2, J
• 7 Hz). 1.68 (m, 2). 1.45 (s + ci. 9 + 3), 0.96 Ct, 3, J • 7 Hz): 13(:
NMR (COCI" 75.4 MHz) Il 173.6. 170.7 (C-o). 82.2 (C(CHslsl,
69.2 (CHl. 36.1 (OC(O)~, 28.1 (C<CH,)~, 18.5 (OC(O)~,
17.1 (CH,CHl. 13.8 (~H2CH,).

(JI)-(+)·"".Batyl Lactate. A lIuapenaîol1 ofraœmic tert·
bucylllter of1actyl butyrate (riO ,. 0.23 mol) iD pbOlpbate buff.r
(.wc> mL. 0.1 M. pH 7.0) concaininc PCL (1.0 ,) wu stirred at
room tempencure. The pH wu maiDtained becween 8.9 and 7.1
by autamatic addition or NaOH (0.5 M). After 22 b. 215 mL o(
bile b.t beIIl addId. indimtinr 4711 COImIIioa. The lUIPIftIÏOD
..u.turIf.Id with lOdium chlorida lIId estrKted with etbyi ecber
(4 x 750 mL). The combiDld estnctI were dried CMr IIJ8IDIIÏUID
sultate aad concentrlud by rotary eqporation to yield ID aiL
42,. Diltillation yieldld (R)·(+)·t.n·butyllactace, 6.4, (38"
of th8oncica1 yiald): bp 51-5o&·C (.. Torr). (liL" bp oIH7 ·C
(9 Torr»): oü wbich IOlidifi-. mp 35-37.5 oC; [aiD • +7.98 (c 1.7
CHtClt) [Ut." [O]-D • +9.48 (DMt, l- 1}); IH NMR (CDCl3t 200
MHz) cS 4.62 (q. 1. J. 7 Hz), 2.9 <.. br). 1.49 (S, 9). 1.38 (d. 3, J
• 7 Hz); lJC NMR (CDCls• 75.4 MHz) cS 175.8 (<<>-0),82.8 (C·
(CHs),). 67.2 (Cm, 28.2 (C{CH,),). 20.7 (CH.CH); >98.... by
lH NMR witb Eu(hfe), on the acetyl derivative. Th.limit o(
deteetion 'QI determined by deliberate addition of racemic
tm·butyl.ter of lKtyl ....ce CO the NMR tube.

a.·l.4-DIaeelay·Z-e1do...., 14, .. prepued uaiDI
8IckvaJl'. JDetbodfF with the CoUowinI chaDpL The ac:eâc: &cid

(4t) Maaacb, A. R. ./. CIw.. Soc. .... 19~193O.
(45) Rabbaw. c. B.t Dbœ. M. 8 • ./. AIfI. a..... Soc•••, 12.

191~l922.

(41) Woad,c.&;Sucb,J. B.;s.:.t.P•./. OaLSoe.l_l92t-l938.
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solution wu b.ate<i to diuoJve the palladium diaeetate, then
cooled prior ta the addition o( the otber reqentl. After the
reaetion completed. the IOlution wu filtered ÙlfoUIh WhatllWl
no. 41 paper on • BQc:bner funnel prior ta atraction with PIIItIDe
to minimize the formation of an emulsion.

(:t)·la..ao-DlacecoQ·Z8.3cMUbrolllOCyelobeUlle..... A
!OlutiOD of fW <5.0 " 25 mmoll in C~ (120 mL) QI c:ooled ta -78
·C in ID Ketoneldry ici bath and imIdiated with a PhiJIipe UiO-W
retlector t100d lamp placed 35 cm (rom the ruction mïnure. A
solution of Brz iD Cs, (3.9 M. 8.8 mL. 34 mmol) wu added ta the
stimd~ m.izture iD one portion. After 50 min. TtC sàowed
the p.....nce of a smaU amoUJlt 0( staniDI materia!; however,
lonpr reaction time did not relwt iD itl diuppeuuce. The
reaQon misture wu diJuteci witb co1d cbloroCorm (-20 ·C, 700
mL) and subsequel1t1y wuhed with saturated aqueoua Na,SO,
(2 x ïO mL). "'ater (70 mL). and brine (2 x 80 mL). The rtICCion
mistun must remain cold UJlW ailer the first wuhiDc '"th
NstS03' Tbe oflanîc phue wu drild over mqDllium lulface
and CODceDtl'aEed by rotary evaporatioD. RecryataUizatioD (eth·
er/beunMj yieJded white crystala. 7.J5g (81.,): mp 71.5-72 oC;
R, =- 0.3 (4:1 heun_/ethyl ac:etate): IH NMR (CDCl3t 200 MHz)
cl 5.32 (m, l, H4). 5.01 (ddd, l, HU. 4.36 (dd, 1. J u • 9.0 Hz. Ju
• 9.3 Hz, H2). 4.27 (dd. l, J,.. • 2.7 Hz. H3). 2.15 <a, 3. CH,).
2.11 (1, 3, CHs>. 2.2G-2.00 and L7~1.85 (2 Dl, 4. H5. H5', H8, H6'):
L3C NMR (Cncl!. 75.0& MHz) 6 169.7. 169.6 (C-Q); 73.9,70.7
(CHOAc), 54.1 (CHBr), 26.1. 25.3 (CHZ>. 21.0, 20.9 (CHs); IR
<Nujol mull) 1751. 1731.1257,1231.1024 cm:1; MS (Cl. SHs) ml'
374 (M + NH.+. "6); aaet DW11373.96018 (CtJI~rtNO. requa.
373.96028. 2 ppm error). Anal. Calai for C1oHl.Br'lO.: C. 33.55:
H,3.94. Found: C, 33.14: H,3.84.

(IS ).(+) ·lCl-Acetosy.Za,38·dJbromo·"a·llydroQcyclo
baue, (+)·67.ud (lS)·(-)·la.AceCOQ·Z3,3cMlibroJllOo4a.
bydnsycycJo....... (-)-68. Upae!rom C. !U601G (15 a) ...
tcfded tG ••Cirnd mi.sture of dibramo diacetate. (:t)." (26 1. 73
mmo1), IqUIOUI pboephate buffer (260 mL. 0.1 Mo pH 7.00). and
ethyl eth.r (l0 mL). Aliquotl of. 0.5 M NaOH solution Win
added u required co lDaintain the pH of the misture between
6.95 and 7.05. ACter 3 days • cocal of 1 equiv (73 lI1IDol) al bue
bad been added. Tbe mmure wu dtne:ted with .thyl .cetace
(4 x 750 mL). and the combined enrac:tl were wuhed with
IIlturated aqueouslOdium bic:arbonate (600 mL). and brine (600
aù.). The ol'lanîc pbue wu dried oVlr mapesium sulface and
CODcentrated by rotary evaporation. Recr)oIt.allizatioD of the crude
raidue mm 115 mL oC C~Clz/heUlles (35:65 vIv) yie1ded
cocrystalline dïuweomen 67 and 68.18.7, (82"): mp 97-104
oC. A sampi. ol the diutenomen wu Hparated by flash
chromatoerapby (~1 buaneajethyl acetate). (+)·61: mp 125.6
oC; R, • 0.34 (3:2 baan_/ethyl .c.tate); >97~ ee by IH NMR
with Eu(hlcl:l; (CI)O • +141° (c 1.6. C~Clt>; IH NMR (CDCI!t
200 MHz) a5.31 (m. 1, HU. 4.29 (dei. 1. Ju • 10.8 Hz, JSA • 8.4
Hz. H3), 4.19 (dd. l, J u • 2.6 Hz. H2), 3.79 (m. l, H4l. 2.66 (br.
1, OH). 2.15 (1,3. OAc).l.97-2.17 (m. 2, H5, H6).1.66-1.88 (m,
2, H5' lIId H6'); ue NMR (CDC1a, 75." MHz) a169.6 (e-o), 7"4
(COAc), 71.6 (COHl. 63.0 (CHBrCHOH). 54.6 (CHBrCHOAc),
27.0. 26.6 (~. 20.9 (CHs,): IR (Nujol mull) 3409 (br). 1728, 1260,
1072 cm-t • AIW. Calc:d (or CJluBr~~ C, 30.41; If. 3.83. Found:
C, 30.03; If. 3.54. (-).68: mp L22 ·C; Rf· 0.4& (3:2 ~jlÙ1yl
acetate); >97~ Il by lH NMR with Eu(hfc),; (a]o • -12511 (c
L6,~: lH NMR (CDCl!t 200 MHz) 04.97 (ddd. 1. Hl), -&.37
(dd. l, Ju a 10.1 Hz. JJ.2 • 8.4 fU. H2). 4.29 (dd, l, JtA • 2.0
Hz. H3). 4.15 (ddd,l, H4), 2.~ (br. 1. 08), 2.07-2.22 (m.l. 85).
2.11 (1,3. OAc). 1.88-2.02 (m., 2. H8and H6'), 1.~1.S1 (m. l,
H5'); 13(: mm (CDCI!t 75.-l MHz) &169.8 (C-o). 74.6 (COAc).
69.5 (COH),61.6 (CHBrCOH), 54.8 (CHBrCOAc). Z1.6, 24.8 (CH,).
21.0 (CH,): IR (Nujol Mun) 3429 (br). 1717.1257, 1034 c:m.ol. ADI1..
Caled (or CttHlZBr20,: C, JO.41: H, 3.83. Found: C. 30.29; ft
3.52-

(lS)-(-)·_-l-Acecozy....llyclrny·Z-eycJo........ I9. Ac
civatld zinc: d...t (31" "'0 mmol) .. Idded ta • minure of tt.
dihromid. 67 and Il (19.4 " 61.4 mmol) diMolved iD abloluta
.tbaooJ (300 mL). The IUlpeJllÏOIl .. hM_ ad aJ10Md tG
refluz lor 10 miD. Alter c:ooliDI ol the misture iD a cold ..ter

(47) 8kba1J. JAL; S,.u6ID. S. E.; NCII'dhIrr. R. E. J. Ort. ChaL
1'" 49• .e19-4631.
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Predie:tion of Which Enantiomer Reacta ruter

bath. pyridiDe (30 mL) ..addId. The mistun wu filtend. ad
the filtrate .... conœntrated by rotary eqporatÎOlL The _idue
wu œ.olved in ethyl aœtate (120 mL) lDd WIIhed with saturated
.queoualOdium bie:uboaate (2 x 120 mL) and brine (120 ml).
The ethyl aœtate solution wu dried ovv ID8IDfIÏUZD sulfate and
concentrated by rotary ev.poration, yi'1dmr • u,ht yeUDw ail,
7.9 r (82").- Vacuum diatillation rave 6.0, (62~): bp 75-77
·C (0.05 Torr); Rt • 0.28 (3:2 baaaII/ethyl ....cate): [«)D • -100
(c 1.3, C~CIV; H NMR (CDCI" 200 MHz) 8 5.98 (dd, 1. JI.: •
2.& Hz. Ju • 10.1 Hz, H2). 5.80 (dei. 1. J:J.4 • 3.4 Hz. H3). 5.19
(m. 1, Hl). ".lS (m, 1. H4). 2.15 (br, 1. OH), 2.06 (1, 3. CHsl,
1.70-1.96 (m. 4. H5, H5'. H8. HS'); l3C mm (CDCls, 75.4 MJb)
d 170.7 (0-0), 134.8.127.8 (CH-eHl, 67.2 (COAc), 66.3 (COHl.
28.1 (~OAc), 24.9 (~OHl. 21.2 (CHsl: IR (nMt) 3372 (br),
3415 (br). 1736, 1245, 1037 cm·': MS (Cl, NHs> ml: 174 (M +
NH.., 83~):euct D1U1174.11306 (CJ!leNOs requ.ir8174.U302,
0.2 ppm errar).

(S)·(-)....·Aeeto~·2-eyclohn:.D·l-o ••• (-)·10. Chromium
crioside (16.3 g, 163 mmol) wu added to al1:irnd IOlutioD of dry
pyridine (26.3 mL. 326 mmol) in dry methyleDe chIoride (380 ml)
under nitroeen. Alter 30 min oC stiniDl at room temperature.
the olefmic alcohol 69 (4.24 C, 27.1 mmoJ) in dry methylene
chloride (lO mL) 'NU added to the dark reddiah·brown solution.
A black tarry subatance precipitated alter a fe. minutes. The
Oak WII atoppered with a dr.IiIII tube, mi the misture ..sûmd
for 24 b. The methylene ch10ride solution .. deamted. and th.
n!lIÏdue wu enracted with a1tematinl portioDl oC ethyl ether 8Dd
saturated aquecUi sodium bicarbonate (2 X 150 mL. 1 x 250 mL
,.ch). A11 eJtrae:tl were combined with the methylene chIoride
solution and shaken. The aqueoUi phan wu removed and u·
traeted once with ethyl ether (1000 mL). The arpnic utractl
WIle wuhed with saturated aqueoua sodium bicarbonate <4 x
250 mL). 2~ su1lurie acid (4 x 2~ mL), saturated sodium bit
carbonate (200 mL). and brine (2 x 200 mL). The resu1tinc
orpnic phalt wu dried over mqneBiumdate and coac:entrated
by rotary eVlporaûoD yie1dinc an oil. 3.52 g (84"): Rf· 0.41 (3:
2 beunllI/ethyl &Cetate): [aID. -137- (c 1.6,~: lH NMR
(eDeIs• 200 MHz) cS 6.85 (ddd, 1. J~ • 10.3 Hz. J'J,t • 2.8 Hz.
Ju • -1.4 Hz. H3), 6.06 (ddd. 1, Joz.f • -L.9 Hz. Ju a ~.9 Hz.
H2), 5.57 (dddd. l, Jf,I • ".& Hz. Ju • 8.7 Hz. H4), 2.28-2.70
and 1.99-2.19 (2 zn. 3 + 1, H5. H5', H6. H8'), 2.12 (s. 3. CHsl; 13(:
NMR (CDCt" 75.4 MHz) cS 197.7 (C-Q), 170.2 (OCOCHsl, 147.5
(CHCOAc), 130.8 (CHC-C». 67.7 (COAc), 34.9 (~e-o), 28.6
(CH~OAc), 20.9 (CHsl; IR (nat) 17·n, 1686.1372. 1236. 1037
<:m·l . MS (Cl. NHsl ml: 172 (M + NH.·. 100), 155 CM + H·.
10); euet mali 155.07075 (CtlfuO, reqUÎlelI55.07082, 0.4 pJJm
error).

EDulio_ric Purity of 70. Acetylcbolinelt.eraM (4 ma) wu
added te a sûmd suspension ofacetosy ketone 70 (322 EDI. 2.09
mmol) iD aqueoUi phOlJJhata buller (20 mL. 10 mM. pH 1.13).
The pH wa aWnt&Lned ae 7.13 by automatic addition 01 NaOH
<0.10 N). After 27 b only O.• mmol oC'" had been conaumecf.
thUi addltional .nzyme (CRL, 300 ml) w. added. Alter ID
additioaal "1 b a total ol2.1 mmol of bille bad been added. Tbe
reaction mÎ2tUn •• eJtnIl:tId with ethylacetate (3 x 150 mL),
and the combiaed enractl nre Wllhed WÎth llturated aqueoua
bic:arboaate (20 mL), water (20 mL). md briDe (2 x 20 mL). The
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orpnic phaM..dried over lDoIII*Îum su1far.e and amceutrated
by rotary lYaporation yie1diac crude aJcohoL ISO me (84~): Rf
z 0.07 (3:2 buanes/ethyl aattate). Thil alcobol.. tnated 'Rith
Moeher's acid chloride usine a standard procedure.- The ri
suitiDg ester wu purifild by column chromatoeraphy on lilica
gel eluted 'Rich 9:1 heunllI/echyl aceute; Rf • 0.41 (3:2 ha·
anes/ethyl acetate). A racemic sample of 70 wu aJJo treaUld iD
the same marmer.

AIIIoI.... Coaftpndoa of 70. Aœtyl cbolinelt.erue (3.6 ma.
0.57 unita) wu added ta a stirred mixture oC acetoxy ketone 70
(300 mg, 1.96 mmol) and aqUIOUS PbJJbate buffet (20 mL. lO
mM. pH 7). Aliquotl ol a 0.107 N NaOH aolution wen added
automatically to maintain th. pH of the minure at 7.01. Due
to the slow rate oCthe hydrolysia. a .... aDlOUDt. (700 ma) ofCRI.
W8I added in three portions over a period of 6 daYL The reac:tion
wu stopped at 93" conversion. The reaetion minute wu es·
traeted 'Rich ethylaceuta (3 x 200 mL). Each oqanic emaet
.... wubed with saturated aqueoua sodium bicarbonate (5 mL).
water (2 x 5 mL), and brine (2 x 5 mL). Tbe utraetl wete
combined. dried over mqnesium suJtate. and concentrated by
rotary evaporation. yielding 169 me (7ill'); RI • 0.07 (3:2 hes·
anes/etbyl acetate). Without !unher purificatlon of the alcohoL
the beD2Dllte derivative 'QI pnpared. Semoyl chIoride (340 ,L
2.92 mmol) wu added to li eolutioll ofaIc:obo! (164 me 1.46 mmol)
in pyridine (3 ml. 37 mmol). The mixture wu stirred at room
temperatunl for 70 miD at which time TLC anal)'lÎl showld no
femaining alcohoL Tbe re.etion misture wu added to a lIeJ)8l·

atory funnel containing 0.5 M~. (74 mL) and ethyl ether (50
ml). Mer vïgorous ahakinr. additional ethyl ether (150 mL) wu
added. The aqueoua pbue wu diacanied, and the orpnic pbue
wu wuhed 'Rith S8turated aqueouslOCÜum bicarbonate (20 mL)
and brine (2 x 20 mL), dried over mqnelium sulfate. and con·
ccntrated by rotary .vaporation. Purification by f1aah chroma
tography (85:15 heUl1H/ethyl ac:etate) yielded the benzoate u
an ail. 184 mg (58"): Rf· 0.46 (3:2 haanes/etbyl acetate); (aiD
.-1970 (c 1.9. CH%C~: lH NMR <CDCI" 200 lW{z) 67.41-8.09
(m. 5. aromatic). 6.98 <ddd. 1, Ju • 10.3 Hz. Jtf • 2.8 Hz. Ju
• -1.3 Hz. H3). 6.11 (ddd. 1, J'L' • -1.9 Hz. Ju • ~.8 Hz), 5.82
(m, 1. H4l, 2.4tr2.77 and 2.15-2.34 (2 m. 3 + 1. H5. H5'. H6, H61;
ue NMR (CDCl" 75.4 MHz) 61!n.8 <0-0),165.7 (OCOPb), 147.6
(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 <CH2C-o), 28.8
(CH~COBz); UV (CH30H) 228 nm (f 14200 M·l cm·L) , 271 Dm
(t 554 ~l cm-l); IR (neat) 3050, 29Q), 1722. 1683.1452, 1270. 1113.
710 c:m.l ; MS (CI. NHv ml: 217 (M + H·, 100): exact mua
217.08646 (CUH130 3 rectuirel217.08647. 0.0 ppm error). The CD
spec:uum wu obtained usina a ".4 x 10-' M solution of the
benzoate iD CH30H in a O.l-an cell uaiDl a JASCO 500C spec·
tropolarimeter. A total of 105C8Jll ..n made €rom 250 to l86
Dm.

AclmowledlJll8ll&. We thank Profesaor O. A. Mamer
for the determinatioD of bigh resolution Œ18SI spectra,
Profeuor S. J. Daniahefsky for painting out the potential
usefulnesa of 70, and NSERC and FCAR Québec for fi·
naDcial support.

(.9) Dû. J. A.; DWl. D. L.; Maùler. H. S. J. 0,.,. Clum. 1.'.34.
2543-2549. GuivildaJaky, P. N.; Bittmaa. R. J. Ort, Cla.m. 1"'.54,
.c637-4642.
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Enantiopreterence of Lipase from PBeudomonaa cepacia toward
Primary A1cobols
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We propose an empirical nùe that predictl whic:h enantiomer of a primary alcohol reacta faster ÏJ:l
reaetiol1l eatalyzed by lipue from PseudomoMS ctpacitJ CPCL). Thil rule, based on the sue ofthe
subetituent8 at the ltereoœnter, shows an 89., reliability (correct Cor s.- of 61 eumples). nu.
rule is not reliable for primary alcaholl that have an oxygen atom attached to the stereoc:enter; 'Ile
excluded these alc:ohols from the tally above. Surpriaingly, the sense of enantiopreferenœ of peL
toward primary alcohols Î8 opposite ta itl enailtiopreference toward secondary alcohols. That is,
the OH oC aecondary alcohols and the CHzOH of primary alcohols point in opposite directions. We
sugpst. however, that thia opposite orientation does not imply a different position ofthe 8ubstituenta
ÏJ:l the active site orthe lipase. Inatead. PCL accommodatea the extra CH2 in primary alcohols 81

a kink between the atereoc:enter and the oxyren which allows a similar position of the alcohol
oxygen in both. We tried to increue the enantioselectivity of peL wward primary alcohols by
inc:reasing the difYerenc:e in the siR of the substituentB but did not find a consistent increase in
enantioselectivity. We sugest that high enantioselectivity toward primary alcohols requires not
only a significant differenœ in the size of the lubstituenta, but also control of the conformation
along the C(1)-C(2) bond.

8951
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Introducdon

Orpnic chemiata have embraœd lipases and esteraseI
al enantioaeJective catalyltl (or synthetic applic:atioDl
because they combine broad substrate lpecificity with
hirb enantioaelectivity.l One c:urrent loai of oI'l8DÏc
chemistB i. to map the spec:üicity oftheae enzymea. Thil
mapPÎDI identiliet bath effic:iently reaolved lubatratu
and the structural features important for their enantie).
recosnition. allowing c:hemim to more rationally deaip
resolutioDl.

PrevioQl m.PPinl oC the specificity of lipue &om
P.RIlomontU cepaci42 <PCL, Amano Lipaae Pl esta~

liahed a simple ruJe that predietl ita enantïopreCerence
toward secoDdary alcoho.. Ficure iL3-f Thia rule
predietl which enantiomer reactl Cater buecI on the
lize. of the substituent. at the ItereoeeDter. The lBIDe
rule holdl for tG other hydroluea whose Ipecific:iUa
have been mapped: lipue (rom CandidG ruf08a,llipue
!rom P.r.ultJmoll4l Ip.,1 lipue froID P. ~"'fÏ1VJIG,'

RAizt:Jmucor trWh.ei,t lipale froID Artl&robat:tu Ip.,IO por
cine pancreatic lipue,l1 pancreatic cholesterol eJterue,J
Mucor eaterue. ll cultures ofRJUzopru nigrictJ"',12 and
eultures ofB.•ubtilUII var. NiI".IJ nu. ruJe auaeltl

• AbItrut publiJbed in AdllClftoœACSAbaradI. Seplember 15. 1996.
(l) Rtview: Fabu. ft BiDl1'rULI/OmuJliDfU in CJrpnie C1wmilt", 2nd

Id; Sprinpr.Veriq. New York. 1995.
(2) Amano Pbarmaœuticala Co. .us MYeraJ cWferent t)Pes oCtipue

rralD P. œ~ÎG: lipue PS. Upaa P. IJIL.8O. LPL-200s. and SA,M.u.
AlI or tbete types come from the ume microorpnisrn bat tWfar iD &he
purification _thocl and the typa of1tabi1iaen UlM. Lipue P or PS
il the inetu.u;aJ pd- which colltaiJuli cliatomaœaaa .nb. dab"U.
usd CaClz• LPl,8() and LPL-200S .. diqnœtie "ad. &bat ClDD&ain
alyeine. SAM·U cli6en (rom Iipue P 01' PS only in the parificatioa
DMthoci. Tbit 9Jle ia abo .old by l'hab Wlder the name of'lipeM &am
PMwiDtrIGf/IIU flllt1t'Uœ1U. SAM·2-"UR tbia~wu oa1)'
....tJy l"IC1uaihd. up~œpalio. W. chuk Dr. Ycùihiko
~ (Amaba Pbarmaœuticùa Co.)"uplainiactbae cM'1ftDCIIL

(3) KaJalllku. R. J.: Wtiaflodll. A. N. E.; Rappapoft.A. T.; Cucc:ia.
L. A. J. Cbw. OMm. 1.1. 56, 2856-2685.

(4) Xie. Z..F.; Suemune. H.; Sakai. ILT~~
1110. 1.315-402. Revi.-: Xie. z..,.T~~ 1111.
2.733-750.

(5) Kim. ... Jo; Chai, Y. IL ri. Qrw. c.vm. 1-'57.1805-1607.
(S) LaWDolll. Il Pb.D. 'rusiI. BUGH.Wup,.nal.1981.

a

FilUJ"e 1. Empiric:a1 ruJes that summariu the enantiopref.
erence oC P. ctpccia lipase (PeL) toward chiral alc:ohols. (a)
Shape oC the favored enantiomer ofsecondary alc:obols. M rep
reaentl a medium lubstituent, e.'. C~. whUe L repreaentl a
larp lubstituent. e.,.• Pb. lb) Shape oCthe favored enantiomer
or primary aJcohoJ.. 1'biJ rule ror primary aJcohoJ. il reliabJe
only when the 8te~ter Jaclts an oxygen .tom. Note that
PeL Ibo.... an opposite erwlûopretennœ toward primary and
leCOodaly alcoholl.

that theae hydrolue. dï.tiDguiJh between enantiomen
ba. on the size of the substituenta. CoDBiatent with
tJU. augeetiOll, reeearchen have increaaed the enanU
OIelec:tivity oC lipue-catalyzed reactions oC sec:ondary
alcohols by ÎDCI'eUÎDI the diff'erence in siR o( the two
IUb.tituenta.3.5.14

Recent X-ray cryltal structure. of t1"llDJÎtiOD ltate
analop bound to lipase from Candida rugosa showed
that thia rule is a good description ofthe alc:abol biDding

(7) Amano lipaM AI(; BW'J"I. K.; Jenninp. L. D. ri. Am. CMM.
5«. 1811. 113. 6129-6139; Amano lipase YS: Na.mura. K. Ida. H.;
Fulcuda. R. Bull. CM",. S«. Jpn. 1991. 66. 573-577. The AmaDO
lipue cataJog IUqesu tbat bath artheae Upuu come hm the wne
m.ic:roorpniIrD.

(8) Kirll. M. J.: Cha. ft. ri. CJwm. 5«.• CMm. Comnu.n. 1882.1411
1413.
(9)~. S. M. PhiL Tru"" R. Soe. lAnd. B 1881. 324. 5;7

58'1.
(10) UrDUura. T.; Hirohan. H. 1ft Bi«otGlyail in ~/jlllU'01

B~Whftabr. J. IL. Sonnotc. P. E., Eda.; Americu Cbem.ica1
~ Wubiaceon. De. 1989; pp 371-384.

(U) J..-a. A. J. M,.IOUDàr. A. J. H.; ZwanenburI. 8. Tdr'GM
droA 1111. 41. 1646-7662.

(12) Zi&r. H.. Kawai. K.. Kuai. M.. Imuca. M..; Frouaiœ. C. ri. 0,..
CIwm. I.a. 48. 3011-3021.

(13) Mari. K.; Abo, H. TdraMrl10ll 1•• 36. 91-96-
Cl") Gapta. A. IL; 1Culau.ùu. R. J. TdrcMdron:~ 1••

4.879-888.
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pocket. IS Thia lipase containa a large hydrophobie bind
ing pocket that bindl the 1811er aubstituent of a lecond
ary alcohol and a smaller pocket that binds the medium
substituent. Conserved structural elementl create thia
binding crevice, eapecially the poclc.et for the medium
substituent. For thia reason, other lipasei probably
contain similar alcohol bindinl situ.

SeveraJ group. have tried ta extend this nùe for
secondary alcohols ta include primary alcohols, but theae
efforts have been only partially successful. Naemura et
al. wed a rule based on the size of the lubstituenu to
acmunt for the enantïoprefereDœ oflipase from P,eudomo
NU &p. toward two primary alcohola." and Carrea tt al. 11

used a similar rule ta account for the enantiopreference
of PeL toward aine primary alcohols. However, Xie tt
al. 11 propased an enantiomeric rule for the enantiopref
erence of PeL toward two primary alcohoi. without an
oxygen at the stereoœnter and another ruJe based on two
primary alcohols with an oxygen at the stereocenter.11

Researchen encountered similar difficulties with porcine
pancreatic lipase (PPL) and also proposed enantiomeric
rules.Zl

In this paper, we examine the reported enantiopref
erence of PCL and propose an empirica1 rule that
summarizes its enantiopreference toward primary alco
hala. Althougb the rule is opposite to the one for secon
dary alcohols, we suggest that the large and medium
substituents adopt a similar position in bath. We also
attemp~ unsucœssfuDy, ta increase the enantiose1ectivity
of PCL toward primary alcohola by increasing the dü
(erence in size orthe two 8ubstituenta at the stereoœnter.

..ait. ad Diaeuuioll

EnBDtiopreference of PCL toward Primary AI·
cobolL FoUowin( the suggestion of Xie et al.,tl we
divided the primary alcohols iDte those with an oxygen
at the stereocenter and those witbout an oxygen at the
stereoœnter. Table l and Chart 1 summarize the
reported enantioaelectivities of PeL toward primBry
alcohola th.t lact an oxygen at the ltereocenter. The
enantiomen .bown in Chart 1 are those predieted tG
react faster by the empirica1 ruJe in Figure lb: the CHr
OH pointa into the pare and the larger 8ubstituent liea
on the righl The notation 'entf in Table 1 maru tho..
eumplu wbere PCL f.vored the enantiomer oppolÎte tG
the one predieted. 'nùa liJt ineludea ouly primary al~
hol. with a tertiary ltereocenter. that il, RIR2CHCHr
OH. The liIt further iDcludes only reaction. c:atalyzed
by PeL from Amano <P, P30, PS, LPL-80. LPL-200S) and
SAM-2 !rom Fluka,2 and only those 5ubstrates for which
the enantiomeric ratio,ZI E, wu :>2. The list includes
esterifications and transesterifications of prim8J')' alc:o
hols 88 wen as hydrolyses of esters of primary alcohols.

(15) Cycler. M.: Grochullki. P.; KIItlaUlUs. R. J.; Schrac. J. D.;
& ..thinier. F.; Rubin. B.; Sernqi. A. N.; Gupta, A. ft J. Am. C1wft.
Soc. 1914. 116.3180-3186.

(16) Na.mura. fit; Fukuda. R.; Taka.huhi. N.; JConiahi. M.; Hiroae.
Y.; Tolle. Y. Tnrail.ftirora: Al)'mlMtlY 1193. 4. 911-918.

()7) Cana. G.; De Amic. M.; De Micheli. C.: Li~i. P.; CamieUi.
M.; Riva. S.T~ Alym1M~ lin. 4. 1063-1012-

(]8) Xi.. Z.·F.; Suemune. H.; Sùai. le. TetraMdror&: Al,mm.wy
1_. 4. 973-980. Eariier reporta (Me ref'erence 41 &am thia I"JUp
iudicace tbat PFL ~ Amano Iipue P.

Cl9) Onl)' twQ orthe thne eumpIM Iuppol1ed thillugestiœ. 'nie
orililM! Nf.race for the third eumple. ltnKtUre JI in reCunce 18.
indicatad that PCL pmen the enantiomer oppcllite tG the one draWIJ.
Other reeun:ben a1Jo DOtId diftiC1dtiel in mandïn. the nde ror
eecandary a1cllIholJ co prima". alcoboiJ. FuraboIdû, P.; Cuati. 5.;
Decrandi. 5.; Gn.nti. P.; Santaniello. E. BiDœI4l1fd J". JO. 279
288.

WeiuOoch and Kazlausk..

The rule iD Figure lb predicte the ablOlute configura
tion ofthe favered enantiomer for "9 out of50& .ubltratea,
91~ acc:urac:y. We will diseus. seven more aamplel in
thil paper. live of which follow the rule rivinl an
aecuracy of 54 out oC 61 or 89C1l. The exemples include
ac:yclic. c:yclic, and bicyclic alcohols with a wide range oC
funetional group. in the substituent!. Approximately
30% of the lubstratet (16 of the s.&) showed excellent
enantioselectivities ofE > 50. The five exceptions ta the
empirical rule are 2-methyl-l.3-propanediol (structure 1
where ft :: CHzOH), two aziridines, structure 9, and two
cyc:lobexenoDe derivatives. structure 18. In spite of these
exceptions. the empirical rule ÎI reliable for malt primary
alc:ohols without an oxygen at the atereocenter. The rule
in Figure lb ÎI similar ta the rule proposed br Xie et al.Il
for two primary alcohols. Although our rule i! opposite
to the one suggested by Carrea et al.,11 we excluded their
examples because they all contaiDed an ozygen at the
stereoc8JJter.

Table 2 and Chatt 2 summarize the reported enanti·
oselectivitiea of PeL toward primary alcoboll that have
an oxygen at the stereocenter. AIl struetures show the
enantiomer predicted ta react faster. while the Dotation
-(ent)- marks the exceptions in Table 2. The large
number of exceptions shows that the empirical ru.1e ia
not rellabIe for this group of lIubstntel. Tbe empirica1
rule predicta the enantiopreferenœ for oDly 10 of the 27
examplea, corresponding to 37% accuracy which is similar
to that expected by chance. We excluded lubstrate 25
CR =CHû &am the taIly becauae bath lubetïtuentl are
simiJar iD size. Approximately 3~ orthe sub&tratel (8
of 27) showed excellent enantioselectivitiea CE > 50); ail
of these are exceptions ta the empiric:al rule. 111111, the
empiricaJ rule in Figure lb i. not reliable wben the
primary alcohola bave ID oxygen at the stereoœnter. An
opposite ruJe would he slightly more rellable. but lti11
ooly • slight improvement over gueslling.

A lIimiIar division of primary alcohola iDto two group.,
tbose with and witbout oxygena 8t the atereoœDter, may
also retQlve the dilemma ofenantiameric rut.. in the eue
of PPL. Our preliminary survey round 41 eumplel of
PPL-catalyzed resolutiona of primU)' alcoholl without an
oxygen at the ltereocenter. Twenty-seveD eumples fit
the rule iD Ficure lb and four did Dot; we excludecl ten
aubatratel because the sizes ofthe aublltituent8 were too
.îmüar. ThUi. the reliability wu 27131 or 87'1- (or tho..
with IUblltituent& that cWrered iD Iize. 'nùI desree of
re1iability ia Iimilar ta that (or PeL We alto found 10
examplea of PPL-c:atalyzed resolutioDi of primary a1~
hols whieh bave an oxygen at the stereocenter. 'Three
examples fit the rute and six did not; we ezcluded ODe
substrate. Thus. as \Vith PeL, the ruJe il Dot rellable
Cor prim8l)' alcohols that bave an oxygen at the stereo
center.

Do the Medium ...d Laree Substituent. of Pri·
ma.ry ad Secondary Alcobola Bbul to the Same
RePons ofPCL? We propose t'Wo hypothe.ea tG explain
bow PCL cau have an opposite enantiopreference for
primary and secondary alcohols, Figure 2a. Hypothelil
1 proposes that the large and medium substituenu ol
primary alcobola biDd in the same L and li poeketB u

(20) !brier. J.; Seebach. D.~. AllA. CMm. 1... !71-388;
WiIlUller, Z. Tft1'aMdroft 111I, 39.8431-8436. HultiD. P. G.; Jonea.
J. 8. T.,ro/wdroft Üft. 11ll2.33. 1399-1402. GIWlti. G.; Bad. 1..;
NuiJaDo. E. J. ar.. CMm. 1JI2.57, 1540-1554.

(21) Cha. c..s.; FufdMlo, Y.; Girdauku. o.; Sih. C. J. J. Am. CAcm.
Soc.•-. 104. 72!M-7299
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• Table 1. Enantloeelectivity of LI,... tram P.udolrldraa eqGCÙJ toward Primary Alcobol8 wtthoat aD
Ozy,eD at the StereoeeDte...

structure RorAr r ref atructure RorAr F> rer
1 CH,cH.,cH3 5.9 c 5 CH2<CH2hCK. 7.3 c
1 CH~CHIM:tb 8.7 c • 2.4·Cl~ -10 •
1 CH~CH'HC~ 5.7 c 8 N-Cbz·piperid-4.yl -7 t
1 CHt«CHtllClh 9.9. >20 c.d • NHCCO)'l·n.ptlthyl -25 w
1 CH,<:HtCHeCHd2 11 t: • CH,cHeOEll, >50 u
1 l1UlU-CH:zCH-eHCH3 13 t: • (CH2~CHMf(CHm;.Pr 13 /Il

1 CH2CH-eHCHt 9.7 c '1 3.4·OCHtO-CJL >-50 %

1 CHtPh 20 r '1 3.4.{MeO~ >-50 %

1 CHt«2·thïophene) >24->50 f '1 3.4.5-\MeOh-C.Ht 20 %
1 CH.,cH,sPh 21 , '1 4.Ph·~ >-50 %
1 CH.,cHJ8OtPh 21 , '1 Ph >30->5() j,z"
1 CH2O(:(O)Pr ...28 la '1 1.n.phthyl 13. >~50 %.,
1 NHCCOlOEt 8.6 i 8 11 z
1 CHaOH .. lent) j 8 CeOlOCH,Pb -40 (ent) QG

1 CHtOAe 2->50 .-m 8 tœyl >-50ient) QG

1 CH,<:H,OH -4 Il 10 5 bb
1 CH.,cH,ocH,Pb -20 Il 11 -13 ct:
1 CHaO·TBDMS >5() m 11 >50 dd,ft
1 CHtO·TBDPS >50 A,m 13 -4 dd
1 CHtOCH,Pb 12-35 m 14 -3 If
1 CH:rOQO)Ph 9-35 m 11 14 16
1 CHzCHeCH,,>CHzOH :> ...so j l' .. hJa
2 2->40 0 11 >50 Ü
3 4-MeO-CaH4 7.5-40 p 18 C~ 14 (eDt) Ü
4 Ph 3.3 q 18 CH2OC~ >50 (ml) Ü
5 CHtOAe -16 ,. 1. >50 jj
S NlfC(OlOEt 8.9 i 10 -2 U

•
• Al! rucûonl rerer tG the hydrolysil of the ac:etate ester in aqueoUI IOlution at room temperature. USln' lip.se mm PsrudDmolllU

œp«Ï4 u defined in reference 2, unJesa othenrile noteci. When &nocher .ter wu hydrolyzed. it ÎI identified; _ben the a1œhol wu
esterified, the Icylacinl realent il identified. Only eumplea that live E > 2 are 1iIted. The .tructura are .bOWD ÏD Chut 1. 6 E, the
enantioaelectivit)', ia calculateci al in refereoce 21. ezcept in th. cue of &lymmetric syntbeses .heN it il the ratio or the prefened
enUltiomv tg the leut prefernd enantiomar. t Vmyl Acetate: Barth, S.; Efrenberpr, P. T,cTVMdron.: ÂI)'~ 1_, 4, 823-833.
• Vmyl lcetate, PFL eFlu.kar. PerraboJchi. P.; GrileDtl. P. Manzocchi, ...; SantaD.ieUo, E. .J. CAem. Soc•• Pt".i" TJuu. 1 1982, 1159
1161. , Vinyl acetate: Delinc:k, D. L.; MaJ'lOlin. A. L TltrahtcUo" ult. 1890,31,6797-6798. 'V'myl ac:etate: NordiD, O.: Hed.ftlt.rCœ,
E.; H~iberc. H. E. TtC1"tJMdrort: Âf)'mmtt" 1194,5.785-788. Bracher. F.; P.plle. T.T.t~ ~try 1", 5, 16S3-1~6 .
• VlDylacetate. PFL (Flllka): Ferraboschi. P.; Griaeotl. P.: Manzoechi. A.; Santaniello, E. J. 0,.,. CVln. 1990.55,6214-6216. " Butyrate:
WIn. B.; Sehmid. R.: Walther. W. Bioaltalysü 1980.3. U59-167. 1 Fruealanci, F.; eau. P.; Cabri. W.; Bianchi. D.; Manine0Ka, T.; Fol.,
M. J. arr. Clatln. 118'1.52. 5079-5082.J Vmyl aœtate: Tluji. 1(.: Teno. Y.; Adùwa. K. T.tro.h.«Jn:J,. Lm. 1881,30,6189-6192. t Vmyl
acetate. PFL cFlukal: SantanieUo, E.: Ferraboaehi, P.; Grilenti, P. T,t1'fÙlcd1t)1l lAit. 1_.31. 5657-5ê60.1'SDPS - œr«tyldipbenyLlilyl.
1 Xie. I.·F.; SUetDWle, H.; Sakai. ft T.craJa.rdrort: Al)'lnlrWtl')' 1893.4.973-980.· VLDyllCltate. PPL <Flua): GMati, P.; FerraboldU.
P.; Manzoa:hi, A.; Santaniello, E. TfCrahtdron 1891.48. 3827-3834. • VlDyl Acetate. PFL cFlubl: Grilenti, P.; FeJTaboIc:hi. P.; Cuati.
S.; Santaniello, E. TcC1"cJJwdfOrt: ~mnwt,., lItS. 4.991-1006. • Ethyl .ceta": Biuchi, D.; CeIù. P.; Goliai, P.; Spezia. 5.; FUippiD1. L.:
G....varU•• C.; MÎftona. L. J. A6rit:. Faod CMm. 1812.40. 1989-1992. , IJoprapenyl aœtate: Akita. R: Umeuwa, 1.; Nœawa. M.; Nacumo.
S. TmaIactbort: Alymmdl')' 111S. 4.757-760. 'IlOpropeoylICltate: Akita. IL: Hou... M.; Umaawa. L; Nacumo. S. Biocatalyr'" 1....
9, 79-87. •G.ucher. A.; Ollivier. J.; Mlf'lUerite. J.; PauI.m, R.: SaI.un. J. Coll. J. Clt.tm. UMM. 12. 1312-1327. r Eth" ae:ttate; Biuchi,
D.; Cesti. P.; 5pai&. S.; Garav....ia. C.; Minan.. L.J.~. Food CMIn. 1"1,39,197-201.' PFLmub): Guuti. Go; Banft. L.; Bruaca,
5.: NariIano, E. Tetraltcdron: A.,mmttr:Y 1114,5.537-540.· Vmyl butyrate: Terraclu. F.; T-.on·Bemy, M.; Ft~trict. P. A.; KlibaDov,
A. M. J. Am. C/um. Soc. lns. 115.390-396. • Vmyllcetate: Obu••• K.; SNOU••• T.; Acbi... tt; Teno. Y. CMnL ftGmt. Bull. 1.,
41. 1906-1909.· Takabe. K.; Sa.ada. H.; SaLani, T.; Yazud•• T.; Katqi.ri. T.i Yod.. H. BiDa,.,. Mid. Cl&cm. Lm. 111I.3. 157-USO.
• ViDylacetate: ltoh. T.; Chüra. J.; Tùqi. Y.i Hilhiyama, S. J. 0". CM"'- 118S. 58. 5717-5723.' Vmyl ac:etate: Acauumi, 5.; NÙaJlO.
M.: Kawe. Y.; Tmaka. S.; Ohkubo. M.; Yoaezawa. T.; FuDabaW. H.; Huhimot.o, J.; MoNhima. R. T,traJ&ttlroll Ltt:L 1180.31.1601
1604. • ChJOraacetlte: Gunel. 1.: Paquet&e. L. IL. T.traMdron: Alymnv'" 111S. 4,947-958. • Tlu.aeat.eriftcation witb l·butanoè "'Vi.
K.; Kawabata. T.; lWyu. Y.; Su,iura. V.; T.... T.; Mi... Y. Trt1'GMdron lAit. 1110,31.6663-6666... VlDyl acetatc Burpu, K.; Ho.
K..K,. J. OrB, CMm. 1_.57,5931-5936. Ir Raney,I.; Crout, D. H. G. TccrahtGrDn: AIymmc~ 1".4.807-812. M TaDab. M.; YOIhioka.
M.; Sakai. K. Td1'aMdrort: AlymIrWtr:Y lm. 4. 981-996. • PFL (Fluka): Mohal', D.; Stimac, A.; Kabe. J. Td'f'Q/wdron: M,m1Mtl')' 1184,
5, 863-878. fi PFL <Flua): Mekrami. M.; Sic:sic. S. T.t~n: A.ymmd1)t ll1t. 3. 431-436. • ln phoapha&e buft'II' C:ODtaiDinI 2Q4IJ
DMSO: Kawarwni. Y.; Morly.. H.; Ooto. Y. C/um. Left. 1814.1161-1162; viDylaœtlte: Sibi. M. P.; La. J.T~~LItt. 1..... 35.
4915-4918... SaJuno. K.; Yokohllm.. 9.; Hayakawa. l; Ataruhi, 5.; !Cadoy., S. A6ric. Biol. CIaDn. 188'1,51. 1265-1270. li Vmyllc:etata;
Miy.oka. H.; Sap..... S.; (noue.- T;. N.,.oka. H.; Yamada. Y. C1&em. P1uum. BuU. 1994,42,405-407. 6 Pate!. R. N.; Liu. M.; Bane!iee.
A.; Surlta. L. J. Appl. MicrobioL Biot«hllDl. 1992.37. 180-183. A.t VInyl.œtate: Mura~PL; Ikoma, 5.; AchiWI. K. CAma. Phamt. BIJl.
Ina, 38, 2329-2331.

•
the subltituentl of secondary alcohola. The CH20H
group muat point te the back ta place the OZJren in a
position Iimilar te that for secondary alcahola. Thuit the
opposite enantiopreference for primary anel IeCOndary
aleoboÙl woulclltem from accommoclatïDc the extra CHz
iD primary a1cobola u a kiDk betweeD the 0 anel the
stereocellter.

Hypotheais 2proposa that the IUbstitueDU oCprimary
aDfI aeconcWy alcoholl bincl ta difrerat rqioDi of PeL.
In particu1art bath the larp anel medium IUbstituenti
of primary alccholl bind iD the L pocket. while a hy

dro,en binda in the M pocket. According to tbia hypoth
esiat PCL aa:ommodat.el the added CH2 in a priJnary
a1cohol u a turn that placea the ltereoœnter of priJnary
alcobo18 iDte the L pocbt. Stereose1ectivity witbiD the
L pocket woulel determiDe the eDalltioteIectivity oC PCL
teward primary a1cobola. Vanmiddlenarth lDd Sih~

propoeecl that ItereoRlectivity withïn the L pocket al •
recluetaae iD yeut CIID iDfluenc:e the dïutereoselectivity
of nductioll reactiou.

To cIimDpi.Ih between these two hypothelel, we
meuund the ItereoeeIec:tivity of the L pocket in PCL
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Chan 1. StructUI'M far Table 1 ud P1rure ..
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and compared it to the enantioselect:ivity ofPCL toward
primary alcohola, Figure 2b. Hypothelia 1 predic:t8 no
relationahip between the stereoselectivity orthe L pocket
and the elWltiole1ectivity of PeL tawan! primary aleo
hala. HypltheaiJ 2 predietl that the ltereoselectivity
within the L pocket i. the same u tbe-enantioselectivity
of PeL toward primary alcohoI.. A. detal1ed be1ow, we
round that the stereo8electivity of the L pocket of PeL
wu lignificaDtly lower that the eDaDtioaelectivity oCPCL
toward primary alcoholJ; thu., 'fie favor hypotheaia 1.

Ta meaaure the stereolelectivity of the L pocket iD
PeL, we meaaured the ltereoselectivity of PCL toward
aeetatu ol sa. and 3Ib, Scheme 1. BiDdîng the.
secondary alcobola to PCL u augeltecl by the rule in
Ficure la place. the ~·ltereoCenterinto the L pocket.Z3

Thua, the ltereo.electivity of PCL towud the p..stereo
center of" md 3Sb c:orreçondt tG the stereoaelectivity
of the L pocIut.

Scheme laumm&rizel the aperimental ruultl for the
PCL-catalyzed bydrolysia orthe Acetate eeten o(aa. and
SA. We prepared aleobola 35. and 3Gb and their
Acetates aB mixtures oCdiutereomen foDowinc literature
procedurea. After hydrolyJia, we determined the relative
amounts ofeach ÎIOmer Wling pa chromatograpby ofthe
(S).acetyl lactic .cid derivativea for 35. and oC the Cree
alcohol. for 311». Ta identify the diaatereomel'l, we
prepared authentic samplel oC pure U)'thr0-3S., and
tAno-3Sb U8ÎDf Iiterature pnJCedures. We eonfirmecl thi8
aasignment Cor 35b by comparing the IH·NMR apectrum
oC the mizture ta the IH·NMR of a Dawn (4:1> mixture
of O7ItJuoo. and threo-35b."

(22) Vanmidd1awarlh, F.; Sih. C. J. BioaIIGl,.w 1817.1. 117-127;
.. alto ShiIb. W. 1.; Sih. C. J.T~~ 1181. 4.
1259-128.

(23) Our earu.r lW'Ve1 CNl'ertnce 3>.... chat thia NIe abowt •
98. N1iabWty (A al tw mbltntel) !or PCL-ca1.l1,. reactioDa 0(
Mœndary aIcoboIa.

(24) GIIIUDiD. R. 8.; Hab. S. A.; Bell. 1.. T.; Wdt, W.; Miaù. s.
A.;SabiJI. T.A.;SobieraJ. D. Tdra1l«ltvftUu.I",.Jl. 5303-5308.
w. thank Dr. GumWl (ar lenCÜDC lUI & CIDpy oCbia lH·NMR.pICCnlaL
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The abaolute conficuratioM of the pre(erred..~th",.
and thno-SS. were (2R,3R) and (2R.3S>, rapective1y.
buecl 011 the Degative rotatiODl of the tosyl derivativea.
The preferred enantiomer of thrro·35b w•• (28,3S>, ..
determined by chemieaJ comlation to the ketone deriva..
tive, (3S)..3·methyl..f-pheDyl-2·butanone. The ruIe for
~ndary alcohol., Figure la, predictecl the favored
conficuration at the secondary aleohol for all three or
tbese 8ubstratel.J3 On thiI bui., we usigned the
(2R,3R) configuration ta the favored enantiomer for
trythro-SSb.

Ta caIcuJate the n· and ~seJectivitiea,the ltereoselec..
tivities at the a. and P atereocenten, we used the
appraach developed by Sm ta measure the enantioeelec·
tivity of an enzyme.25 Equation 1 relates the selectivity
orthe enzyme to experimentally measured quantities: A.
and B. are the initial amounts of each isomer in the
sta.rting material and A and B are the amounta remain·
ing after hydrolysia.

.. InWAo>
selectiVlty - m{BIB

o
> (1)

We caJculated the a.-selectivity either from the relative
amounta orthe <2R.3S> and <2S,3S) ïaomen, Cl > 32 for
35a, Cl> 68 for 35b, or Crom the relative amounta orthe
(2R,3R) and {2S.3R> isomen, Cl >100 (or 35., (l > 55 for
36b. The a.-selectivity wu high for each pair of iaomen,
and the (avored enantiomer wu the one predicted by the
aecondary alcohol ruJe. These reauIt. augut that the
31a-acetate and the 35b-acetate bound to PeL in the
same muner 81 other aecondary ialcobols md that the
p..ltereoc:enten bound in the L pocket.

We calcuJated the ~selectivity from the selectivity
betweeo the ravoreci 2R isomera, (2R,3S) and (2R.3R),
ta he P= 1.4 {or 3S. and 11 =1.8 for 3Sb. We did Dot
eaIcuIate the ~selectivity!romthe pair ofminor iJomen
becauae theae -UU:Orrect- seconduy alcohola may bind
te PCL iD. • manner that doea not place the ft-stereocenter
in the L pocket.

To iDterpret thue reIUltl, we allO meaaured the
eDUltiole1ectivity ofPeL towud the correapondinc tee·
ouciary alcahola S8a and 38b, and the c:orruponCÜl1l
primary alcoboll 31. ad S'tb (S'lb il the ume u 1
when R =CH2Pb, Table U. Table 3. M ezpec:ted, PeL
r.vored the (R).enantiomer oCIeCOftcWy alcobola 38a and
... with high lIelectivity, E = 50& aDd 80, respectivel,.
Allo u upected, PeL ravored the (S).enqtiomer of
primary alcoholJ 37. and S7b. The enantioaelectivity
wu 10w toward 31., E = 2.3, and moderate toward l'lb,
E =16. Theae enantioaelectivitill are coDliltent with
those meaaured previoualy by othen {or the correspond..
inc eaterific:ation reaction, E = 1.3 for S1.- and E =20
for 37b (Table 1, structure 1 where R = CH,Ph).

A aummary of theae .electivities, Ficure 2c, shows a
10" aelectivity in the L pock.et of PeL (1.4 and 1.8),27

l'A V,.tK,. [Al

;; • Vr'K. x [BI

(28) BiaDcbi. Do; Cesti. P.; Battist.el. E. J. 0"6. CM",- 1188.53.
5531-5Q4.



Table 2. EnanüoHlectlvtty Dl UpaH frolll Pe.UdomDlIIU œpacia to.ard PrimaI')' AJeobol. witb .ft (byPIi at th.
Stereoeea&e,..

stn1eture Ror Ar E" re( structure Ror Ar r re(

21 Cfb -6 (ent.) c 27 CHeCfbl2 31->50 (entl i,m
21 CH2CH3 -20 Cent) c 21 Br 6->50 (ent) It-p
21 CHaPh -20-28 (enU c.d 21 OCliJ 14 (ent) 0

21 >50 (ent) , 21 OCH=Ph 4 (tnt) 0

2S • f 28 CH20H 8 (ent) 0

24 15 1 ZI CRs 3 o.p
:za CfiJ .-9 h-j 21 Ph 41 (ent) o. p
:za CH2CH~ 2-6 ij SO l-<S.nuorocytolinel 12 q
:za Ph 3-8 i-' SI -50 (enU ,.
:za -(CH~)I- 3 j 32 Ph 5-" 50 (Int) ,
:za CHeCH:.l2 23 i 32 4·0Me-CtK. 21->50 Cent) ,
21 CH2Ph 9 i SS H 8-16 (enU t.1l
21 "50 (ent) 1 S3 OC~ 28 (ent) t
2'7 C(CH.Jh >50 (ent) m St 3 lent) 0

• AlI reaetions "fer t.o the hydrolysia or the aœtate eater iD aqueoua solution at roam temperalure, u1inl üpue &am Ps,udomoltlU
œpacÙJ aa defined in rererenœ 2. unleu otherwile noc.ed. Wben another liter wu hydrolyzed. Il i. identified; when the alcobol wu
esterified, the acylatinr reqent ÎI identifted. Qn1y eumplea th.t rive E > 2 are lilted. The atrueturea are Ihown in Chatt 2. • E, the
enantioeelect.ivity, ~ ealcu1ated al in ref'erence 21. atept iD the Clie ormem compounda ..beN lt ia L'le ratio orthe r.vored te unravored
enantiomers. C Vinyl acetate or phenyl aeetale: Terao, Y.; Munta, M.i Aehiwa, K.i Niahïo, T.i Akamtlu, M.; Kamimura. M. T,tr'aJwdI'Oll
Leu. 1888.29,5173-5176; vinyllœtate: Murata, M.; Terao. Y.; AdUwa. K.; N~hio, T.; Seca, K. CMm. Pham&. Bull. 1888,37,2670
2672. t BreitQOff, D.; Laumen. K.; Schneider, M. P. J. CM"'. Soc•• Chem. Com17Ul1l. 19.,1523-1524; vïnylatearat.e: Baba, N.; YODecI..
K.; Taban, S~ Iwu., J.; Kanelm. T.; MatlUo, M. J. CM1PI. Soc., CMm. CommUil. 1890, 1281-1282; vinylltearate: Baba, N.; Taban, S.;
Yoneda, K.; Iwua. J. CMm. Ezprat 1991,6,423-.26; Win. B.; Schmid, R.; Farieher. J. T,traMtll'On: Alymmcfl':)ll982, 3, 137-142.
r Transaterificaüon with l·propanol u nucJeophile: Bianchi, D.; Sotetti, 1\.; Cesti, P.; Golini. P. T,,~droltLeu. 1992,33,3231-3234.
fVmyl.œtate: Theil. F.; Weidner, J.; BallKhuh. S.; Kunath. A.; Sebiek, H. J. 0,.,. CMm. 1994,59,388-393.' PaJlavieini, Moi VaJoti.
E.; Villa, L.; Piccolo, O. J. 0". CMm. 1994.59, 1751-1754.· Benzoate hydrolysil iD 25" DMSO: BOletti, A.; Bianchi. D.; Cesti. P.;
Golini, P. Biocatlllysi81994, 9, 71-77. ' Succinie anhydride: Teno, Y.; Tauji, K.; Mur.ta, M.; Achï.a, K.; Nilhio, T.; Watanabe,N.; Seto.
K. Chlm. Phlum. Bull. 1989,37, 1653-1655.1 Butanoate: Putali. V.; Melby... A. G.; Alvik. T.; Anthonaen. T. TttfdMd1on: AI)t/ftIMtry
1992,3, 65-72. • Belleman. M.~.; Kazlawlltu, R. J .. unpubliahed raulta. ' In a waterraopropyl ether emulaioa: Gail, H.-J.; Hemmerle.
H.; Kouelt. S. Synthaw 1892, 169-173. • Aœtic anhydride: Bianchi, D.; Celti, P.; Sattiatel, E. J. 0,.,. Che",. 1888, 53, 5531-5534.
.. Trinuoroethyl butanoata: Sec:undo. F.; Riva. 5.; Canu. G. T.'1'Gn.drot&: AlymfMt,., 1992,3,287-280.· Butyrate: Carraa, G.; De
Amic:i. M.; De Michell. C.; Liverui. P.: Camielli. M.; Riva. S. T't~l'Dll: A.tytrllMtry lItS, 4, 1063-1072. ~ Butyrate: De Amid, M.;
Malri. P.; De Miche1i. C.; Cac.eni. F.; Bovara. R.; Carru, G.; Riva, S.; Cualone, G. J. 0,.... CMm. 1892,57. 282S-2S29.' Butyrate:
Hoonr, L. K.; StraDlt. L. E.; tioUA. D. C.: Koaa.lka, G. W.; BUIU, C. L.; Schinui, R. r. J. 0,.,. CMm. 1192,57,'5563-5565. ' Xie. Z..F.;
Suemuae, H.; Sabi, K. T.traJ&edroll: A.tymlMtry lItS, 4, 913-980. • Vinyl aeetate: Herrad6n. B. T,troAtdroll: ...4.Iymnw1l)' 1812,3,
209-212; J. 0,.. CMm. UMM, 59, 2891-2893; Hernd6n. B.; Va)vtrde. S. Tdru.Iudron: Â.ly7nmffry 1194.5, 1"79-1500. 1 Acetic: anhydride:
Ennis. Mo D.; Old, D. W. T,tJ"tJlaalron Len. 1992,33,6283-6286. 1beH authon allO raolved alimila!' compound, OuinOUD. but ica
.bIolute conrarunuon wu teDt.atively UlilDed: T,traMdroll lAn. lm, 33, 6287-6290... VlDyl aœtate: Maule6n. D.; Lobar.o, C.;
Carpnieo, G. J. H.œlTJC'yel. CM1Jl. UMN. 31. 57-59. "TIUkube, H.: Betchaku. 1\.; Hiyama. Y.; hab. T. J. Chtm. Soc•• CMm. CoIMWIl.

1112. 1751-1752; J. 0,.,. CIwrL. 1194.59.701.-7018. We chose the enantiamer ahoWD becaue a CHa ia larter t.han an œypIL

•

•

•

Enantioprererence of PeL toward Primary Alcohol.

HO, HO, HO...... HO......
1 1 i i

o~ ~~
1

SAoof:.°)-N '-<o 27 A 2I R a R 30R

HO')

«l
N;O 31

wbile the enantiOle1ectivity toward primary alcobala caD
be either low or moderate (2.3 ad 16). Thil cüft'ereDt
Ielectivity ÏI iDconailtent with hypothem 2 Bd thu
Cavon hypothesia 1. Howner, we cami. that the
addition al. meth)'llJ'Oup at the Cl carbon ma)' iDhibit
optimal biDdinr of the -Primuy alcohol portion- with-

J. 0,... Cht!m., VoL 60, No. Zl, 1995 8881

iD the Jarge pocket and theref'ore yield aD incorrect
me.lure of the aeJectivity of the L pocket. With thia
caution in miDd, our ..ulu nevertheleu ravar hypoth
esia 1. Thua, we propose that the medium and larp
aub8Ûtuent oC primary alcohola biDd iD the lame Mad
L poc:keta u the IUbltîtuenti of. leCOodary alcohol The
CHrkink between the ltereocenter and the ozypn
cauaea the revene orientation of the OH aDd the CHr
OH in Firme 1.

Further support for the notion that PeL accommo
date. the extra CHzof primary alcobol. u a kiDk comu
from an overla)' of mode1s of primary and seœndary
alcohola, Figure 3. We overlaid miDimized structures of
the fut- and slow-reaetïDg enantiOUlera of. pri.mary
alcohol acetate, (S). and (R)-2-methyJ-3-phenylpropyl
acetate, onlo the fut-reacting enantiomer or the corre
sponding secondary alcohol acetate, CR>-2-aœtozy-l
phenylpropane. In 'Pite of their opposite configura
tiODa, the faat-reactiDe enmtiomen overJay more cloaeJy
st the reactioD center, especiaDy at the alcohol oxygen
and st the carbon)'l group oC the ester. This overlay
eupport8 the notion tbat the medium and larp IUbstit
uenta oC bath primary aDd aec:ondary alcohola c:m billd

(27) Buœ ct al. (0WId tbat tM PCI,calalyzecl acety_tioa fi( the
leCDDdaIy a1aJhD1 cR).N-beDZaJl-3.~ metb1l __~
biP IeJectivtty (or &he anti _cur ClbnD, A.; Bueui, Se: Deriai. Ce;
PoWni. G. P.; RolUpoli.1l; ZaDiraIO. V. Ttfl'ah.fdrull 1.dt. 1-'.36,
9288-9292). nua diUta~edivity abcnn &hat. iD tome .... PCL
eu aM bich ~"eeti'rity. N~ the 6 ..lec&ivity Cor the
llimplerIUU~ IUchu" and _ illaw.
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OH QH OH QH

~+"Y +~,.+~,.
Ph Ph PI\ Pli

(A.S)-Ub (S.S)-35b (R,R;-35b (S.R)·35b

~>68 ~>55

7,'".. <0.8% ~ <0.8%
1 !

Weissfloch llIld ItazJauekq

Sebeme 1
OAc OH QH OH QH

~ ~~. ~."" .... +~••••
Ph 23% conv Ph Pft Pi' p"

(a).1: , .~oMlflO (R.Si-35a (S,5)-35. (R.R)-& (S.R~5.

<&>32 œ>IOO

504.T% 1.", 43,'" 0.24%, ,

suggesta that the CH20H of a primary alcohol wouJd
disrupt the orientation of the eatalytic biBtidiDe if it
pointed mthe same direction as the OH oC a secondary
alcohol.

IfI.Cnasi1&l Enantiosekctiuity by lru:nasitlf tM Size of
tM Large Substituent. The empirical Me suggesta that
peL uses the lIizea of the substituentl ta· di5tinguish
bet,ween enantiomera. Researchera miebt enhance enan
tioselectivity by iDcreasini the difTerenœ in size of the
lubatituentl. Indeed, thi. strategy wu 5UcceaafuJ for
IeCOndary alcoholt.3.5·14 However, we demaJ1ltrate belo.
that W. strategy wu rarely succeuful for primary
aleohol••

The first eroup are primary alc:ohola without an ozypn
at the ltereocenter, Figure 4a and Table 3. The tint
examp1e, 37. VI 38, showed reveraed eDaDtioselectivity
when we ÎDc:reue the lize orthe larce IUbetituent. PeL
catalyzed hydroly.ïs of the aœtate ester of 3"1., 2-ph~
Dylpropyl acetate CL = Ph, M = CIIa>. showed 10w
enantioseJectivity, E = 2.3. favori.nc the enantiomer
predieted by the empirical rule. RepllCinr the phenyl
witb the 1arIer Daphtbyl lJ'Oup iD 31 increued the
enantialelectivity to E = 10, but .. reveraed the
enantiopreferenc:e. Takinc mm account the revenal, the
eDlUltialeJectivity decreued by • factor oC 23.

The Dut aample .howed • 1liCht decreue in enan·
tiOle1ectivity when we iDc:reued the me of the larp
lubstituent. PCLeataJyzed hydreJ'" of th. acetate
ester of 39 showed &Il eDantioae1ectirity oC9. !epl.cine
the acety1 pratective poup with the Iarpr phthalimido
P'Qup (compound 40) decreued the enmtiaseleetivity br
a factor al 1.3 ta E =7. For bath 39 aDd ..0, PeL favored
the enantiomer predicted by the empirical nlle.

The third example ahowed a modest iDcrease in enan
tioaelectivity when we increaaed the liJe oC ODe lubstitu·
eut.. PCLœtalyzed hydrolyaiJ of raœmie cù-l-acetoxym.
ethyl-2-{bydraxymethyl)cyclohexane.. 41-acetate, showed
10w enutioaelectivity. E = 1.4, iD fa\'Qr' of the (1R.2SJ.
eDantiomer of the .uhetrate, which Woppolite ta th.
one predieted by the empirica1 nùe. lDa'euiDc the si.ze
of the CHaOH IUbltitwmt ta CHzQAc: (eacetate) or
CHaOBz CQ.acetate) mcreued the matioeeJectivity tD
E = 2 and E = 2.4. 'l1le (avond eDaIltiomer Car the
productl, c:ü.l-(acetœymethyl).2.(hJdrœymethyl>cyclo
heuDe azul c:iI-l-(beazoylozy)metbyl)-2-(hydroxymetb.
yl)cyclohenne. wu (tR.2S), U predïc:c.clby the empirica1
rule. TUine mto accouDt the revena1. the enanti~

OH

Y
Ph

17,
E.2.3

OH

~
Ph

35a
ll·.ledlvly > 32
p·aeltctiviy.l."

C OH

~
Ph

31.
E.54

Hypolhuis2
sttrlOCtnltr bindl

in !hl L pocJcet

b ~'SlMdlvity

OH OH~

~ * y~L. L

cl-lileclivity

OH OH OH

~~ ~~ ~h
E.8O (l·.elediltly> 55 E. 18

~·..ltdNity • 1.'

Fleure 2. Orientation of the medium and lirae subetituen&.l
of primat)' aleohola iD the active lite oC PeL. (a) Two possible
orientations orthe medium and Iarp lubatituents cm account
(or the oppolite eDaDtioprefel"lDC8 oCPCL toward primary aad
seconda.ry alcohols. In hypothelil 1. PeL Iccommodata the
utra CHa lI'Oup iD primaly alCDhola u a kick between the
atereocent.er I11d the oxypn. The CHa IJ"OUp poinCi inco the
plane of the paper ta place the CIZ)'IIn iD a pœitionlimiJar CO
chat in MCDndary aJcohols. ID hypotbeail2. PeL accommodatel
the extra CHall'Oup in primary alcohols u a turIl chat placel
both the medium and Iarp Iubltituenta !Dto the L packeL
Acœrdinc to tbiI hypothesï.l. IDADtioIelec:t.ivity toward pri
mal)' "cahola coma from detaill within tha L pocket. (1))
MeuuriD, the .tenoaelectivity oC the L pocket Ulm, a
lubatrate with two ltenoeeD&en. HypothaiJ 2 pndictl that
ICereoH1eetiYity withiD U. L podœt (p-le1ectivity) will be
aimilar ta the eDaD&iOHlectivity or PeL toward the corn
IPOrufiDa pri.awy alcohol. Hypothail 1 predictl DO relation
ahip betweera the two aelediviti.. (c) For two eumplea, the
st.ereolelectivity withiD th. L poc:bt wu lowv than the
enantiollelectivity (or the corrupondin. primary alcohola.
These experimeaca1 raultl rayor bypotbeail 1. Experimental
data for the selectivitiea are iD Scheme 1 and Table 3.

(28) RoIIiter. B. E.; Sbarp_1L 8.J. arr. CMnL 1..... 41.370'7
3111.

iD the 88IDe M and L pocketa, yet .how opposite enan·
tiopreference. Othe!' researd1en have al. nated a
reversai in enantioprefereace when a CHz IJ'OUP i.
inserted between the atereoœDter and the ozypn ofother
alcahala. For example. the enantiopreference of the
Katauki-Shuplea. epcmidatiOll reversa for a1lylic and
hamoallylic a1coholJ.·

Thil npJanatioD ia allO ClDDaiIteDt with the structure
orthe active lite ofUp...ad tbeïr Ukel)' mechenj'm.
Belearchen believe that the bilticliDe of the catalytic
triad protonatea the OZ)'pIl orthe 1ea9ÜII aJcahoI.11 For
thia naIOll the alcobol cmft8D mUlt adopt a limilar
poaitioll in both muewr-. Furthermon. mocIeliq

•

•

•
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Firure 3. Overl.y of the miDimized strueturea of the Cast·
ruetïog CS}- and Ilow-reactinl (R>-enantiomera oC the primary
alcobol aeetate. 2·methyl-3-phenylpropyl acetate (gray car·
bozw) onto the fut·reaetiDi (R}-enantiomer of the secondary
alcohol acetate. 2·.cetDxy.l-pheDylpropane <crosahatc:hed car·
bonsl. AlI oxygeo atoms are speck1ed. ID .pite of the opposite
configuration. the (S).primary alcohol acetate rnimics the
shape of (R).secondary alc:ohol Acetate beUer than does the
<R).primary alcohol aœtate. Note the closer overlap of the
alc:ohol oxygena and th~ carbonyl groupa of the acetate•.
Modela were minimized aad overlaid Uling Chem 3·D. Hydro
gen .toms are hiddeo for darity.

reported increased enantioaelectivity when they replaœd
the methyl by five other CHz-aryl grcup., Bee Table 1.
nu. lut example ia the only one where inc:reasiDg the
size of the substituent dramatically increased the enan
tioselectivity.

For primary alœbob that eontain an oxygen st the
stereocenter. caeasinlthe lize orthe large substituent
al80 did not caDlistently increue the enantioaelectivity.
Figure 4b. The hydrolysia of the diacetate of 21 CR =
CH2Ph) ahowed an eaantioselectivity 0(20-24 (aee Table
2). When we ÎDc:reued the aize oC the substituent ta R
= CHPh2 (ac:etyl ester of 44). the enantioHlec:tivity
deuessed by a factor of 2 ta E =12. Table 3. The second
eumple iD Ficure 4b CDmel from the Iiterature. The
enantioselectivity of PeL toward the glycerol acetal.
.ubstnJe:ture 25, chaDpd Uttle BI researchen replaœcl
the melhyl with ethyL. phenyl. benzyl. or 1 cyclohuyl
acetal; E ranpd from 3 t.o 9. Table 2. AD iIopropyl
aubltituent iDcreued enantiotelectivity. E = 23. Carra
ft al. allO noteei tbat cbaqu iD the Iize orthe substituent
did not carrelate with changea in enantioHlec:tivity for
subltrUc:tureI 28 and ••17

fo summarize the ef!'eet on enantioselectivity of in
cressing the dif!'erenœ iD. the size orthe substituenta. we
round no consistent behavior. Inereasing the difTerence
in Bize may increase. decreaae. or have no efrec:t aD
enantioselectivity. We believe the aexibility of primary
alcohols acc:ountl for thele observation&. Flexibillty
aJong the C(1)-C(2) bond &Dow. both enantiomen oC
primary alcohola to adopt conformatioDi with simiIar
positions oC the larp ad medium substituentl. Figure
s. For ODe enutiomer. a partially edipsed orientation
alonc the C(l)-C(2) bond orienta the larp IUbstituent
upward and the medium substituent downward. For the
other enantiomer. a stagered orientation alonc the
C(1)-C(2) bond alIo orienta the 1arp IUbltitueDt upward
and the medium substituent dawnwri To cJimnauish
between enantiomen ofprimary ùcoho1l. PCL must not
only diatiquiJh betweeu the larp and medium subltit.

slow primary aJcohof
overllidon

last seccndary .leohOi

d .l. ....,z.l.~
()()

O.83A T 1

fast prtmIry alODf'd
overt.id an

lut seeondary IlalhOI

Enantiopreference or peL toward Primary Alcobol.

Table S. Hydrolywt. al Ac:etatea of PrimaI')' Del
Secondary Alcoboll C.tal)'Z8CI Il)' Upue tra.

P,~"domonaaœpaeiG

(29) Tauji. Il; T--. y.; Achi... K.T~ uer. 1_. 30.
6189-8192.

'II te abs canfi,
.l.ruetun ~ cany <product-OHl (product·OH) E

S6a R~·

31b :w 96' Re 80
S'7. 14 3~ sa 2.3
S1b 44 7ry sr 16
sa 40 71' Il' 10
SI 47 6()lI ISMY S CSM)' 9
40 43 63' Il- 7
41 49 U- (SMY lS.2R (SM:r 1.4
42 46 344 LR.2S- 2.0
43 41 231(SM~ 1R.2S CSM, 2.4
... 85 84' nd~ 12

• Bianchi. D.; Cesti. P.; B.tultel. E. J. 0,.,. Chtm. 1988.53.
S531-5534. NislUo. T.; Kamimura. M.; Munta, M.; Teno, Y.;
Achiwa. K J. Bioc~m. TQ~ 1_.105,510-512: Eteariftcaûon
\Vith sceûc anhydride iD ol'laDie IOlvent. • Oetermined by Ge af
the (S~.cet)'ll.etltederivative usin, a OV·l701 c:olumn. f [0.10
III -17.8 <1.8, CHCh> (lit. (R).{-): HaYllh1. T.; Okamoto. Y.;
Kabtta. K; H'eihara. T.; Kumada. M. J. 0,.,. CJwr&. 1884. 49.
4224-4226). ~ Determined by Ge usine a Chiraldez G-TA colwnn.
• {a.iD • -10.4 (nut) <Ilt. (R).(-) and (S}o(+): Bianchi. 0; Cati.
P.; Batûstel. E. J. 0". C1wn.. 1988.53. 5531-553-4. Bematein.
H.; Whitemore. C. J. Am. Chm&. Soc. 1_.61. 1326}. 'Oetermined
by OC oC the triltuoro.cetato deMv.ûve UlÎnr 1 Chir.ldex G-TA
column.' The produet. from the fCL.catalyzed uteriftcation of37.
wu idenûfied u the (S>-enantiomer (Delindc. D. L.; MUBoün. A
L TùraMdronutt. 1990.31.6797-6798).11 DetormiDed by HPLC
tuil1l1 Chitalc:el 00 column. •{alD:t -12.1 (0.43. c.H.). [am •
-19.1 (0.43. CH~) CUL (8).(-): MenicqU. R.; Piccolo. O.;
Lardicci. L; WII. M. L. T,t1'GJaMirwa UnI.3S. 1301-1306. Sonnet.
P. E.; Heath. R. R. J. CAro~. lua. 321. 127-136),J Deter·
miDed for the \lJU'Ucted .cetyl MW. • Detennined by compari·
1011 of' the ru chromltotram CCbiraldez G-TA) of the unreaeteel
acetyl ester with thar. oC the acetyl ut.er oC CS>-<+J.38 obtaiDed
from lutheDtic (8).(+>-2·amino-l·buWlOl. 'OetmDined by lH
NMR orthe aettyl ester derivative in the Jlraence off+)-EuChC~>S.

III Detenzùned by campariaon or the IH NMR .pectrum (in the
praence of (+ ~Eu(hte>s)or the acely! liter oC the produrt with
&bar. of the 'Cl)'1 ester of ($}(+>--tO obtained. tram luthentic CS>
{+~2·lmino-1·butanol" DetermiDeci by eompariJCln oC the lU
chromar.oeram IChiralda G-TA> oC the uueaeted acet)'later with
that oCmonoacetate 410btaineci (rom the PCL<at.alyzed hydroly;
lia of the diatetate. • [(lJo - -9.04 (3.54. CHCQ) (lit. <lR.2SX-):
Aider. U.; Bnitpff'. D.; Klein. P.; 1.aWDeD. K. E.; Schneider. M.
P. TeùaMdt'otlLttL.l",30.179S-1796. Lauma.K.;SchDeider.
M. T.ra1a«lron uu. 1881. 26. 2073-2076). ~ Dtt.enniDed by
compan.oD of the lH NMR .pectrum (iD the pnleoce o( (+>
Eu(b(e),) or ciao(1R.2S).I..(acetœymethyl~2-{(belWlyloxy)meth·
yl]eyclobexue. obC&iDed by benaoylltion of monoamate(1R~
41. to the IpICU'UlD oC the remaiDiq ltaJ"tiDI material. The
pnterred praduet i. thenCon da..(1R,2Sl-1.{(belUClyloxy)meth·
ylJ-2~ydrosymethyl)eyeloheuœ. 'DetenniDed. by lH NMR
or the Moabu liter. ' The abtolute confiluntioa wu not deter·
miDed.

lectivity ÎDereasecl by modelt raeton of 2.8 and 3.4,
respectively.

The last eumple in Figure 4a cames from the litera·
ture and representl a dramatic iDcrease in enantioselec·
tivity. Tsuji d cU.· reported a low enantioselectivity for
the esterification of alcoholl where R =CHaOS, E = 4,
iD faver orthe pnrR hydrozyl group. The empirical rule
predicta the opposite enantiopreferenœ CM =CH:!, L ~

CHzOH). When Tauji 6 al. replaœd the methyl with •
JArIel IlUbstituent.CH~ (compound '1 where Ar = Ph
ÎIl Table 1), the eIW1tioaeJectivity iDcrealeCl t.o E > 30.
S"mœ the CH~H • DOW the meclium aubttituent and
CH:rPh ia the larp substituent. the eDantïopreferenœ
DOW asreea with the empirical rule. Otber worken abo

•

•

•
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(30) Wolfe. S. Ace CMm.. Ra. lm. S. 102-111.
(31lSonnet, P. E.; Heath. R R.J. CJarom.aIIwr. 1111.321. 127-136.

b HO) Ph ,",0)

Ph~O""""'OAc c=:::> Ph)...O"""""OAc
21 WNte RaCH2Ph ...

:-20,28 e.12

enanticmer 2

Weissnoch and KazlaUlIr..

eeconcfuy Ifcollote
.Mntiopt.'.rtnCI Il' by
Illt of subttltulflCl

L

OlnT"1Ii

prlm.ry .Ico"ol.
tnantlop,.f.renoe sel bV
(1) slze or !t'I. suCSUlutnts and
(2) r.IaUve .M'Vie' o. the IWO conrormallont.

FilUre 5. Discrimination between enantiomen of primary
aJc:ohols il more dimcult than diacrimination bet.ween enan.
tiomen ofseeondary alcohols. Flexibüity al0Rl the C:(1}-C<2)
bond of primary alcohols aHows both en8DUornen ta adopt
conformations with simiJar orientations oC medium and larp
lubstituenta. For example. enantiomer 1 adopta an upward
orientation of the large iubstituent and a downward orienta.
tion of the medium substituent in the eclipsed conformation.
Enantiomer 2 adopta a similar orientation in the .lanered
conl'ormation. Ta distinguish between enantiomers oCprimary
alcahols. PeL must distinguiah between dift'erent confonna.
tions aIong the C(l)-C(2l bond in addition ta diltiDguishinl
beLween the sub!ltituents. The conformations .bove are only
aD example. We do not iDow the comormatioD a( prim.ary
aJcobols in the active site oC PCL

(±J.threo/e1)'thl"O..:J.Pbenyl·2-but8Dol. 35.. wu preparei
by the nucleophilic: addition of methyl macnesium iadide &0
2·phenylpropionaldehyde. u deacribed by Overberpr et al.JI

The IH NMR of the product agreed with tbat reported
previou.I)".S4 A portion of the product. (1 1) IlIU purified by
medium pressure chramatagraphy (200 , .illee lei. soc.
peDtanel37~ chloroforml3~ ethyl Acetate. 2.1 min/20 mL
fraction). Pure threo aJc:ohol <66.7 ml) and pure erythro
alcohol <50.3 mg) were obtainecl. u weil u mixed !ractiOfti.
Mized fraction. were combined ta Conn a aample (-400 JIll)
of 50150 threo'erythro. The thn!o and erythro iaomen can he
aeparatad by TLC wheD eluted three times W'ith 6K pentaD6'
37'1 ch1oroforml3lll ethyl Acetate: on a 7.5 cm plate. R,=0.•9
<threo) and Rr = 0.40 (erythro). The diutefeOmers were
idelltified by comparilcm of the R;I and 'H NMR orthe mixture
to that or the pure erythro "cohol prepared u described below.

(:t).erytlaro-a.PbeDyl-2-butuoJ. (±)-erytlaro-Sla. ....
prepared by reaetion of phenyllithium witb traJu.u-.posybu.
tane accordin, ta a Uterature procedure.SI 'lb, ODIy chaDp
in the procedure WII the use of. stock aolutioD of phenyle
lithium (1.8 M in 70: 30 c:ydahexanetether) inltead oC prepu'
inc the reagent in. .Ît". nu. method waa not UJed for larp
scale preparation due tg ]ow yieldA C3.'II). R, = D.40 (~
pentanel37~ c:hloroforml3~ ethylacetate). tH NMR (CDC1~.

250 MHz) 67.17-7.35 lm. 5). 3.88 (apparent quiDtet. 1, JI"
- 6.2 Hz), 2.73 (aPP&m1t quintet., l, J ... - 6.7 Hz). 1.55 (br ••
1), 1.32 and 1.08 (two d. 3 + 3. J =6.6 Hz and J =5.8 Hz).

Acetyl Elten. Aœâe anhydride (1.5 equiv), DMAP <0.05
eqWv), and anhydrous sodium carbonate n.5 equiv) were
added to a stirred solution ofalcobol in e1h,1 Acetate ovemilht
• ambient temperature. 'nie reacûoD mixture wu tben

(32) Be'rinakaUi. H. 5.; New.dUr. R. V.T~~
1•• 1. 583-586.

C33} Overberpr. C. G.; Pnn:e. E. M.; Tannv. D. J. Am. C1IaL Sac.
1... BO. 1781-1765.

(SC) Jo.... P. R.; GoUet. E. J.; Kauffman, W. J. J. arr. CVm. lm.
•• 3311-3315. Kin~·.C.A.;1'homk)n. W. I.J. OI7.CMm.l-'
.JI. 1000-1004.

(35) Smiuman. E. E.: Pud.mik. T. L. J.II«L C1IaL 1171.16. 14
16.
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'ilUre 4. Changes in the enantioselectivity ofPCLcatalyzed
hydrolyses u the size of one substituent wu incre.ued. la)
Four examples where the primary alcohol does not have an
oxyren at the stereocenter. The tint example showed a
reversai in enantioselectivity, the second a smal} decrease. the
third • small increase. and the fourth • Jarp merease. Data
far the fttst. three examples are in Table 3; the fourth comel
from the literature. (h) Two exampll!l where the primary
alc:ohol bu an oxygeD at the ltereocenter. The ftrst eumple
Ihowed • D'ladat decrease in enantioselectivity. the second
example. talcen from the liter&wre••howed only smalI chaDen
in enantioselectivity. exœpt where R =CH(C~~.

uentl but aI.o di.criminate between the two poaible
reactive conformation.. nu. uplanation may alJo ex
plain why we needed tG exc1ude primary alcohol. with
an oxygeD at the stereocenter. The GXYlell at the
ltereocenter stabilizes a gauche orientation orthe osypn
at the stereocenter and the aIcohol oxygen due to the
gauche eft"ect.]Q This stabilization may change the ra
vored orientation along the C( 1)-C(2) bond and th~by
change the enantiopre{erence.

EzperimeDtal SectioD

General Lipase fiom P. œpacitJ CPS30 and LPL-200S} wu
purthasec:l from Amano Intematiooal Eœyme Co. (Troy, VI).
Unlea otherwise noteel. orpnic ltarÜDI materiala were
purdwed Crom Aldrich Chemic:al Co. 4-Phenyl-2-butADol wu
purchued !rom JaDIIeD Chimica and ciI·2,3-epozybutane from.
LanCU1er. 2·(l-N.phtbyl).1-propanol wu prepared from
l·napthylacetie acid u deteribed by &Janet and Heath.11 N,O·
Diaœtyl-2-ammo-l.butanol. al. wu prepand by • DoWll
methocL2I

•

•

•
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Enantioprererence of PCL taward Primat)' Alcohola

diJuted with ethyl Acetate and washed with ...ater and brine,
and the organie extracta wcre dried (M,SO.) and evaporated
ta atrord the pure acetyl elter.

(±)-tlano-2·Aeetoxy.3.phenylbutane. Acet)'l Eater of
Ihno-SSa has been previoully prepartd.- IH NMR (COCb.
200 MHzl ~ 7.18-7.31 (m, 5. aromaûc:), 5.09 <apparentquintet.
1. J.., =7 Hz), 2.93 (apparent quintet. 1, J." =7 Hz), 1.92
ta. 3). 1.28 (d, 3. JH4.H3 = 7.3 Hz). 1.16 (d. 3, JHl.H2 = 6.6 Hz).

(±).."thro-2-Aeetoxy-s.phenylbutane, Acetyl Elter of
e",thro-35a hu been previausly prepared.)I lH N'MR (CDCb,
200 MHz) 6 7.16-7.:W (m. 5), 5.03 Cdq. 1. JHUI =6.2 Hz),
2.85 (apparent quintet.1, J." = 7.3 Hz). 2.06 (1.3), 1.28 (d, 3.
JH4JQ =7.3 Hz). 1.05 (d, 3, JNLH2 =6.2 lU).

(:t:)-thno/el')'thro·3·Methyl"·pbenyl·2-butanol. (±)
llareolel')'thro.JSb. wu prepared in three ltepl (aUowinr a
literature procedure.J.1..11 Reduction oC Q·methyl·tl'UIII-cinna·
maldehyde with lithium aluminum hydride yielded 3·phenyl·
2·methyl·l·propanol. (::1-37b. Swem oxidation followed by the
additioft of methyl magnesium iodide yielded (±'t-thrrol
~1)'thr0-3Sb. Rf = 0.26 (":1 c:yclohexanelethyl Acetate). 'l1le
IH NMR of this diasteromeric l'IÙXtW'e qreea with that
reported iD the literature.-

(±)-I#u0e0-3.Metbyl+pbenyl.2-butaDol. (±)-threo-3Sb.
A IOlution ofbenzyl bromide (2.5 mL. 21.0 mmol) in ether (15
mL) wu alowl)' Bdded ta magnesium tuminp (1 r...1.1 mmol)
under nitrolen. The ruetion nuit wa. kept in an ice bath
until complete addition, and then the reaction mixture wu
stirrecl at room temperature for 1 b. The naalt was again
cooled. and cis.2,~poxybutane(0.8 mL. 9.2 mmol) in ether
(5 mL) wu added dropwi.e. Alter complete addition, the
mixture was refluxed for 2 h. Exc:eu Grignard wu quenched
by the carefuJ addition o(saturated NH..Cl. Waterw.. added.
and the slurry wu ftltered into. aeparatary f'unDel. rinsiDr
with ethyl acetate. The tiltnte wu waahed with 0.5 N HCI.
aaturated aqueou. NaHCOl, HzO. and brine. dried over Na%"
50., raltered, and evaporated in l1QCuo. Purification by fluh
colu.am chromatoeraphy (9:1 pentanflethylaœtate) yieldee! the
threo alc:ohol (125 mr. 8~1: aH NMR (CDCb. 200 MHz) c5
7.11-7.33 (m. 5),3.70 (br apparent quintet. l, J.. - 6 Hz).
2.88 (dd. 1. zJH._N4· = 13.3 fh. JK4-IQ =4.8 lb). 2.35 (dd. l,
2JH.-1k == 13.3 HI.JH6·-IQ = 9.3 Hzl, 1.83 (m. 1), 1.37 (br •• 1),
1.21 (d, 3, JH1-ta = 6.3 Hz). 0.83 (d. 3. Jta-alr' =6.8 Hz).

(±).'lareo/."Y'laro.2.Acetozy-a·metbyl"'-pheQ)'lbu·
&aile. Acetyl Eater ot (::).'hreole",'hro-35b. has been
previously prepand.4lI IH mm (CDC~ 250 MHz) (ruonanc:ea
orthe two diastereomers averlap exœpt for the OAc: and~3
ruonancesl6 1.09-7.33 (m. 10),4.76-4.95 (m, 2). 2.72-2.89
(m. 2). 2.20-2.43 Cm. 2). 1.82-2.06 (m. 2). 2.05 (1. 3) 2.03 CI.
3), 1.22 (d. 6, JH1J12 == 6.3 Hz). 0.88 <d, 3.J~ :: 6.9 Hz).
0.83 (d. 3, J~JD =6.8 Hz).

(±).IAreo-:t.Acetozy-a.aaethyl....pbeDylbutaD~Aeetyl
Ener of (:HArwo-3A, hu been previously prepancltO IH
mm (CDCb. 250 MHz) 67.12-7.29 (m. 5). ".82 tapparent
quiDtet. 1. JH2.HI =6.3 Hz. JIWU =6.3 Hz). 2.80 (dd, 1, zJH4.....
=-13.4 Hz. JH.Ja =4.7 Hz). 2.28 (dd. 1. zJHC·.H. =-13.4 Hz.
JH.·JD = 9.6 Hz), 2.01 (s. 3), 1.89-2.10 (m, 1), 1.20 (d, 3. JH1JG

= 6.3 Hz), 0.81 (d. 3. Jac,.aJU = 6.8 Hz).
(±)-2-Phthalimido-l·butallol. "0, wu prepared Ulm, a

ltandard method for the protection ofamine adda.4a Phthalic
anhydride (1.5 g. 10.1 mmol> and triethylamine (0.6 mL. ~.2
mmol) 'tiere added taa solution o«±l-2·amino-1-butanol (500
ml. 5.6 mmol) in toluene UO mL) iD a reae:tion veueJ equipped
with a condenaer and Dean-Stark trap. After reOwtinr aver
night. the reaction mixture wu cooled ta room temperature

(36) Cram. D. J. ,J. Am. C'cm. 5«. lsal, 74. 2129-2137.
(37) ".,en.A. I.;Walkup.IlD.T~" IM&.41.5089-5106.

Maruolca. ~: ltoh. T.; Sakuni. Mo; NOIIOUtita. Il; YamuDO&o. ft. J.
Am.. CAcm. Sœ. 1_ 110, 3588-3597.

(38) CrudaJ1. J. Il; Clark. A. C. J. 0,.,. CMm. lm. 37,~
4242-

(31) nu. rac:tiOD wu out1ined iD a DOte by DùmoœnID. J. P.; Todd.
W. p.; SimPlOfto T. IL; Goulcl L Il J. AnI. ChaL Sac. 1.,112, 2482
24&1..

(40) CaJoaae. J.; Picbat. L. BulL Soc. CIaim. Fr. UWI.16.117-185.
(41) Be.. A. K.; G,..r. F.; PriCll. C. C. J. arr. Cüm. 1151.23.

1335-1338.
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and extraeted twiœ with ethylacetate (30 + 20 mL). 'nJe com
bined orrame exuactl were wuhed with lAt'oU'IIteci aqueoua
NaHCOJ (2 )C 50 ml). H,o <50 mL). and brine (50 mLl and
dried over anhydroui NaSO.. The cnJde relidue obtained
upon evaporation orthe Boivent wu purifiee! by fluh eolunul
ehromatography (7:3 pentane/eth)'l aeetate) yielding 2·phthaJ·
imido-l·butanol al an oil (723 mr. 59~): R, =0.20 (7:3
pentane/ethyl aeetate); IR NMR (CDCI:" 200 MHz) 6 7.79
7.90 (m. 2), 7.68-7.79 (m. 2),4.29 (m. 1). ".08 (m.ll, 3.89 Cm.
1), 2.73 (br d, 1>, 1.92 (apparent deeatet, 2). 0.94 (t, 3. J =7.4
Hz).

1·AcetoXY-2·phtbalimidobutaDe, Acetyl E.ter of40. 1H
NMR (CDCIa. 200 MHz) d 7.79-7.90 (m, 2). 7.68-7.79 <m. 2).
4.31-4.58 (overlappillf m. 31. 1.11-2.22 (overlappiq m. 2),
1.91 CI. 3), 0.92 (t, 3. J =7.4 Hz). Exact mua 261.0999
(C..H"O.N requira 261.1001, -0.8 ppm enor).
~u·l·(Aeetosymetbyl)·2·[(benzoylosy)methyllcyelo

hezane, Acetyl E.ter or43. 4.(dimethylamino}pytidine (5."
mr. 0.0," mmo1) and benzoic acid (l08 ml. 0.88 mmo1) were
addad tG a solution ofcu·l.(acetoxymethyl)'2-<bydroxymethyl).
cyelohexane (83 mg, 0.44 mmol) iD dic:hloromethane (5 mL).
The mixture wu cooled in a c:old water bath. and dicyc:lobexy
lcarbodümide (100 mg. 0.48 mmol) wu added. Aller ltirrinr
at room temperature (or 3 days. the 101vent wu removed by
rotary evaporation. The residue. taken up in ethyl ether. wu
filtered. and the filtrate was wuhec! with 0.5 N Ret. satunted
aqueous NaHC~. HaO. and brine, dried over NaaSO., 61t.ered.
and evaporated in. uacuo. The uude product wu puritied by
naah c:olumn c:hromatography (rradient from 9:1 co 1:1 pen
tane/ethyl lcetate), yieldinc cia-1.(ac:etaxymethyl)-2-{(bemoy
loxy)methyl1cyclohexane u an ail (68 mr. ~): R, = 0.68 (7:3
pentane/ethyl acetete); aH NMR (CDC4. 200 MHz)" 7.98
8.08 (m, 2). 7.38- 7.62 (m, 3).4.31 and 4.14 (two d. 2 .,. 2. J a

7.1 Hz), 2.06-2.32 (m. 2). 1.99 (1.3),1.33-1.72 (m, 8). Euct
mua 290.1511 (C I1Hz:aO. requirea 290.1618. -2.4 ppm errar).

2-O-<Dipbeny1lllethyl)liYcel'Ol Dtacetate. Aœl)'1 &ter
of 44. tcn.Butyldlmethyllilyl ehJoride (l0 r. 66 mmo1) wu
slowly added tG a ltirred IOlutioD of l,3-ctihydrozyac:etone
dîmer (3 r. 17 mmol) and imidazole (9 r. 133 mmaJ) iD
dimethylformamide (22 mL) UDder nitI"tJpD. ~m.iztw'e wu
c:ooled in a cold water bath until the initial esothermic reaetion
wu over. Alter ltirrinr at room temperatunt Cor 3 Il. the
reaclion mixture wu poured mto Hs<> (800 mL) ud extrac:ted
with ethyl ether (2 x 700 mL>. Eacb ether emact wu wubecI
with HzO (2 li: 800 mL) and dried over MaSO.. Tbe combined
ether estraetl wete ftltered and evaporateel in PCICIIG. yieldiq
l,3-bia(tcn.butyldimethylliloxy)acetone u a cleu' colorleu OÜ.
10.45 r (9841): lH NMR (CDCla, 200 MHz) 6 4.41 CI, .). 0.91
(1. 18). 0.08 (l, 12). Sodium borohydride (237 ma. 8.26 mmoI>
wu added tG a ltirnd solution of the 1,3-bUCtcn·butyldim
ethyllilyloxylllc:etoDe (2 r. 6.28 IDZDOi) iD dry lDetbaDol (40 mL)
at" ·C under nitropD. Alter Itin"ÏDl (or 30 miD, the reaetiOll
mixture wu quencbed wtth 5" aqueoua CILCOOH (15 mL)
and HzO (150 mL). The mixture wu extnded with eth)'1
Acetate (800 mL). and the orpnic pbue wu wubed with 5"
aqueoUi ClLCOOH (2 JI: 200 mL). uturated aqueoUi NaHCOa
(2 JI: 250 mL). H20 (200 mL), and briDe (300 mL) and dried
over MrSO.. Tbe 101vent wu evaporated to yield the aJc:ohol
u a dear eolorlua oil. 1.98 r (98.5'1l>: Rf=0.38 (9:1 bex.anel
ethyl Acetate). Dipbeo)'ldiazomethane42 (333 ml. 1.11 mmoI>
wu added tG a Itirred solution of the alcobol (250 ma. 0.78
mmo1> in dry acetonitrile (10 mL). Aller retlUZÎDf avemilbt.
additional diphenyldiazomethane (150 me. 0.77 mmol> wu
addecl and the mixture wu apin ref1mecl averzülht. 'nie
radian mixture wu c:oolecl in a reCriaentor for 3 h. Md the
filtrate obbined lifter filtration of the ruu1ÜD1 white precipi.
tale wu concentrated Ùl LiGClW. The c:rude oU .AI purified
by fluh colWDA chromat.oenpb)' (98:2 heuMletbyl acetate),
yieldiDc 1.3-di.o-<tur-buty]dimethyllÜ)'I).2~dipbmylmetb.

yl)clyceral (:uo me. 90$): Rf Z 0.65 (9: 1 haanelech1l
acetate). lB NMR (CDCb. 200 MIb) cS 7.21-1.39 (m, 10).5.77
(•• 1). 3.~9-3.18 Cm. 5).0.81 {I. 18).0.01 (" 12). Tecrabuty
lammonium fluoride (1 NiD TIfF. 0.80 mL. 0.80 mmol) wu

(42) MilNIr. J. B. J. cn.. CMm. 1'51,204, 560-58t.
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added to a l&irred IOlution of the pure 1.:kIi.().(~I1·butyldi

methylsilyl).2'()o{diphenylmethyl}gIYC'eroI <130 mr. 0.27 mmol)
in THF (3 mL). After stimnc (or 1 h at room temperature,
the readion mixture wu extraeted with ethyl acetate (90 mL).
wahed with H~ (2 x 5 mL) and brine (2 li( 40 mL). and dried
over MgSO.. Evaporation oC the solvent yielded the aude 1,3·
diol 056 met: Rr = 0.18 (1: 1 hexanelethyl acetate). Anhy·
droUi sodium carbonate (84 DII. 0.80 mmo1). ~dimethylamino).
pyridine {S.3 me. 0.027 mmon. and acetie anhydride (0.075
mL. 0.80 mmol> were added tG a solution of the crude diol (150
mg) in ethyl acetate (2 mL). The mixture w.. atirred at room
Lemperature (or 18 h and then enncted with ethyl Acetate
(50 mL). The orpnîc: ph... wu wuhed with H20 (4 li( 10
mL) and brine (2 l( 10 mL), dried over McSO., and evaporated
in uaL'IlO. The crude residue wu purified by nuh column
chromaùlgraphy (9:1 hex.net/ethyl Acetate) to a1f'ord 2.0·
Cdiphenylmethyllc1ycerol di.cetate u an ail (70 ml. 7711I Oo,lfr

two atepa). Rr =0.31 (7:3 hennes/ethyl Acetate). tH NMR
(CDCb,2oo MHz) 67.22-7.38 (m, 10).5.61 (1,1).4.21 Cm, 4,
Jd = 16.5 Hz), 3.86 (m. 1. JAJ( =11.6 Hz, Jil :; S.l Hz), 2.02
(1,6). Exact mua 342.1471 (CtoH:aO. requires 342.1467, 1.1
ppm error).

General Proceclun roI' PCL-Cata1yzed ByclrolYIeL A
rapid1yatirred suspension of .ubstrate diuolvecf in a sm.1I
amount ofether and phosphate buft'er (10 mM. pH 7) c:ontain·
in, lipase from P. etpcJCÏ4 wu maiDtained at pH 7.0 by
automatic ûtration with NaOa (0.1 N) using a Radiometer
RTS 822 pHatat. 'nie reaction wal stopped at the deaired
conversion, and the mizture wu extraeted once with 9:1 ether!
ethanol and three timu with ether. The combined orpnie
extrae:ta we.re wuhed with aaturaced aqueam NaHCOs, water,
and brin., dried ovv Na2S0•• and concentrateel i4 lIGCUO. 'The
Itartiq eatan and produet a1cohola were Hparated by nub
cbromafDlr1lphy.

PCL-Calal)'Rd IIyclrolyaia of (:)'''''l''fO.-'7tIiro-I-Ac
etosy-3-pbeDylbuWae. Acetyl BRer of 31.. M a pHatat
wu DOt ava.ilable Cor thia bydrolytia ~on, a seria oC 2S
mI,Erlenmeyer Oulu CODtaÎJlÎDI 2·acetozy.3·phenylbutane
<l6 mg. 0.083 mmol. a racemic: 1:1 mixture o( threaIerythro
iIomers). ethyl ether (0.3 mL), todium phosphate bu1!'er (7 mL.
0.1 M, pH 7). and üpue from P. œpœiG (40 me) Wete shabD
in an incubator at 29-32 ·C. After 2-3 h. the contenta oC one
Oaak were tnnaf'erred to a test tube and excraeted with ether
(5 le 2 mL), mixiDi with a vortu mixer. Peni.tent emu1aioDi
were broken by centriCuption. The ethereaJ eZU'acta wen
dried over Na2S0•• fUtered. and then anaJyzecI by OC tD
de&enniDe the convenion. 'lbe atrac:t wu then eoncentrated
to 2 mL. 'nle acetyllae:tate derivative ...... lub8equent1y made
to determine the optica1 md diutereameric puritiu oC the
produet "cobol. by lU c:bromaCDp'aphy.

PCL-Ca&aJJ-cl~ of (:)-l·Ace&o.,·l-pbeDJI
propaae, AcetJl EGer oI37L Tut tuba contaiDirll (:t;l
l.aœtozy·2-pheDylpropane (20 11II, 0.112 _ail. ether (Ol mL).
lOdium phosphate bder (0.5 mL, 0.1 M, pH 7), ud PeL (2
me) wen ahabD iD aD iDcubator at 29-32 ·C. At variOUl time
intervall, the entire contenta oC ODe tut tube 'lien extrac:ted
with ether (4 x 2 mL) UliD, a vonea mixer to rnix the two
phueJ. PeniJtent emubionl were broken by centrifugation.
11le combined ether em-aetl were analyzed by OC.

TrUluol'CNlcet,1 Eaten.Q Trifluoroaœtic anhydride (0.2
mL) wu added to a 101ution of alcobol (1-5 !DI) in dichlo
romethane (0.5 mL). Eaterific:atioD wu complete after 30 min
and solvent and Uceli racine wen evaponted in a Itrum
or nitropn. Tbe l"tIidue wu d.islOlveci iD etbyl ether for
analyaia b,pl ehromaf.olraphy.

ElWltloaerie Paril7. Gu Chro....&op'apby ofAcetJl
Lactate Derivadwa.~ (S).O·Acetyn.ctic acid ehIoride (4
dropa) wu adcled tD the alcobol (10-15 me> diuolved iD
anhyclraua ether (2 mL). The lIÛStm'e wu cooled iD a c:old

(43) Anutranc. D. W.; oran. H. L. J. C1aroIftlllllF. 1110, $02.
154-151.

(oMl GiIIaiI, J.; Jaaaa. G.; Baillon. D.: AI8nd, R. J. 0rpM1UL
C1wm. 1_. 361. &Ii-13. MoIedl. A.: Geuut. M.; Gutnther. c.;
Deav, W.; SiDpr. G. J. Hp Ra. C1ttoIllGlilF..~. 0:ImnuuL
lU7, 10,67-70.

Weillf1oc:h ad Kazlaulkaa

wa"'r bath (5 ·Cl. and pyridine (3 dropsl wu addecL n.e
mùcture wu stitred (or 10-45 nUn and then slirred at roolll
temperature for 1-3 h. The reaction mixture ...... w8lhtd
three timel wiOl 0.5 :\ Hel, twic:e with IalW'at.ecl aqueoua
NaHC03• HtO, and brine, and dried over Na-aSO.. Thil
ethereallOlution or(S).().acetyllactoyl esters "'U anal~edby
GC uling an SE30 or OV·1701 eapillary column. The enan.
tiomeric: excess valuta obtained were c:orrected ta Iccount ror
the optical purity o( the dcrivati~inl agent (97.6" te).
«S).O·Acely1l8~yl)..4·phenyl·2·butanol:QV·l701 colwuZl,
150 ·C, Cl =1.06. 21.0 min (R), 22.2 min CS). threo·<CS).(J.
AcetyUaetoyl)-3.phenyl·2-butanol: SE30 ealumn. 10 min It 160
·C then gradient from 16O-220·C at 3 ·Omm. Cl ~ 1.03,22.0
min (2R,3S). 22.6 min 12S.3R). e".thl"'D·«Sl-O·AcetyUae:toyh.
3·phenyl.2·butanol: SE30 eolumn, 10 min at 160 ·C then
lf'ldient (rom 160-220 ·C at 3 ·CJmin, Cl = 1.02, 22.8 min
(2R,3.:~). 23.3 min (2S.35l.

EnSfttiomerie Purity. Ga. Cbromatofl'apby UliDla
CIùra1 Station&ry Pbue. The aleohol, acetyl ealer. or
trinuorolcetyl ester wu dissolved in ether or ethyl acetate
and analyud by CC ulinr a Chiraldex G-TA30 capilIary
c:olumn (A.t«. [nc., Whippany, NJ). 1·Acetaxy·2.phenyl.
propane: 90 -C, Cl = 1.03. 36.0 CS>, 37.0 min (Rl. 2.Phen
yipropanol: 90 ·C. a. ~ 1.06, 39.3 min (S), 41.6 min <Hl.
2·Methyl·3-phenylpropano(; 90 ·C, a. = LOI, 46.4 min (5). 4'.3
min CR). 1-<Tri1luol'Oaœtoxy)-2.methy13·phenyl·propane: 70
·C, Cl =1.03, 49.9 min cR). 51.2 min (S). ,rylhro-3.meth)i.
,",phenyl·2·butal101: 100 ·C, a. = 1.02, 28.9 min (2S,3S), 29.6
min (2R,3R>. thno-3-methyl·-e-phenyl·2-butano); 100 ·C, Cl
:::; 1.02. 31.6 min (2S.3R), 32.4 min (2R,3S>. thl'fO· ad
erythro-2·ac:e~.3-melhyl-&.phenylbutane:100 -C, 37.5 min
(25,3S>. 38.3 miD (2S',3R), 40.5 min (2R,3S and 2R,3R1.
N,O.Diac:etyl·2·amino-l·butanol: 120 ·C. a. =1.03, 33.9 min
(S), 34.9 min CR).

EDaDtiollleric Purity. 'B·NMJL. (1) The raeemic ac:etyl
uler wu disaolved in an NMR tube. and the IR ND
spectrum wu obtaiDed usm'I 200 MHz apectrometer. Solld
t:riI((3-(heptafJuoropropyllbydroxymethyleneJ.(+kamphOl'ùDJ.
europiumem>, (+).Euthfcll. wu Idded portionwile untiJ t..
line separation or the acetate lignals wu obtained. The
number oC equivaleDtI of shill. reapnt Decesaary to obtaiD
baJe.line separation of peab wu then added tg the lample
(or which the eaantiomeric purity wu CO be determiDed. (2l
The alcohol wu trear.ed with M08her'1 lcid c:h1oride usine a
ltaDdarcl proœclure" at2d the re.sultiDi uter wu analyzed by
500 MHz tH NMR lpectrOIcopy.

EDlDtiolDerte Purit,. RPLC UliDla CIûral 8tadoD
U)' PhaM. A. ample of the alc:ohol and acetyl ester diuolved
iD the elutinr IOlveut .... analyzed by HPLC UlÎDC a CbinJcel
OD colwnn. 2.(l.Napbchyll-1·propanol (99; 1 baan8l1.~
penol. 0.6 mUmiD, Cl :li: 1.26, 18.4 miD (S>. 23.2 min CR>.

AblOlute Coaftpntiona. 3Ia: Tbe COSy} derivativea of
the aeparated threo ed erythro alcohola were pnpand u
pnvioUlly d-=ribed ud their optical rotuy powen were
compared tG Ut.eratu:re .-luel. Erythro tol)'late: [ala:a -14.8
(5.64, benzeDe), lit.· cR,R): ((lm:ll: -17.41. Tbno toIylace:
(alo :a -12.05 (4.73, beD%ene). Ut.· CR,S): (ah>:lI: -16.89.

3Sb: Tbe "cohol obWnecf from the PCL<ata1yzed hydroly·
Iii of thno-2·acetozy-3-methyl-4-phenylbutane wu ozidized
u foUowl. Jones reapnt (-0.1 mL) wu Idded dropwiJe tg
the alcobol U8 ml) in acetone (5 mL> at 0 ·C UDtil the oranp
color penistecL After sûrrinc ror 30 min. 2-propanol wu
.dded until the mizture wu creen. After an additioDal 10
min, sodium bydrol:ide (1 M) wu added until pH 7 wu
reacbed. The mixture wu filtered and the 101veDt wu
evaporated in VGCIIO from the filtrat.e. 'nle residue wu
ctiaaolved in et.byl acetate. wuhed twice wiU! both ..ter and
briDe, and dried over MaSO.. 11le crude produet obtaiDed
upon evaporatioD orthe JOlyent wu purified 0Il a pnpuative
TLC plate (95:5 peatuelethylacetace). Rr= 0.2&. 'nie btane
obtained wu iden~edu the S enantiomer. [alD +4.9 (c 4.1,

(otS) n.Jt. J. A.; DuU. D. L.; Mœber. H. S. J. ar,. C1wm. 1••U.
2543-2541. Gaivilda1ùy. P. N.; Bittman. R. J. ~. OeIL 1_.SI.
4637-.t642. Ward. D. E.;RbIe. C.IL T~lAtt.l.l,.1:l.7165
7186.
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ethanol), 1it." 50(+), thereCore linee the starting material wu
the acetyl ester of threo-38b, the preCerred product i. the
(2R.3S) iJ(Jmer. By comparison oC the OC chromatogram
(Chiraldex·GTA 30) of the praduet obtained fnIm hydrolYIÎI
oCthe thrco ester ta the chromatognlm orthe produeta obtained
(rom the hydralysis of the racemic threolerythra mixture, it
WB' determined thet the preferred produet of the latter
hydrolysis was also the C2R.3S> isomer.
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Abstract

Lipases favor one enantiomer of secondary alcobols (H~) and isosteric primary amines (NH:CHRR'). while
subtilisin favors the omer enantiorner. In both cases. simple rules based on the SlZe of the substituents al me stereccenter
prediet which enlUltiomer reacts faster. Thus. lipases and subtilisin are a pair of complementary enantioselective reagents for
organic syntbesis. The success of these mies suggests mat these hydrolases distinguish between emmtiomer primarily by the
size of me substituents. Previously. wc proposed a molecular mechanism for the enantiopreference of lipases based on the
X-ray crystal sauetUre of transition staœ anaJogs bound tO a lipase. Hen: wc suggest chat a similar mcchanism c:m aiso
:u:count faf the opposite enantioprefcrence of subtilisin. The cacalytÏc machinery (caralytic ttiad 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 cara1ytic machiDery. aise creaœs a restric-.ed pocket for one substituent in the substr:lte ('M' Of medium-sizecl>.
However. the caWytic His residue lies on opposite sides of this poc.ket in the twa bydrolases. Wc propose tbat
enantioselectien arises from (1) the Umiœd size of tbis pocket. (2) iU1d a required bydrogen bond berween the c:1&Llytic His
and the oxygen or nitrogen of the aicohol or amine. This mechanism for enantioselection differs from that proposed by
Derewenda and Wei who focussed 00 which Ql'bonyl face in the ester or amide is attaeked. Lipases and subtilisin indeed
attaek "pposite faces. but we propose that dUs difference does not set the enantiopreference toward sccondary a1cobols.

KqNords: Lipase; Subtilisin: Enantioselectivity; Secondarv :lIcohol.s; Primary amines: ~odel.s: Regioseiectivity; Cl/~-Hydroia.se: 5ubtilase

1381-117/97/S1'.00 Copyright C 1997 Elsevier Science B.V. AU opus resctVcd.
PlI S 1381-1117(96)00040-9•

1. Introduction

Synthetic chemists often use proteases and
lipases as enantio- and regioselective reagents
[1.21. Ta simplify the use of these reagents,
chemists developed ruJes, or generalizatioDS,
about their selectivity. For example, many ce
searchers proposed Nies to plediet which enan
tiomer of a secondary alcohol reacts faster in
lipase- and esœrase-catalyzed reactions. A sim-

• Conespcmding aumar.

pie rule, Fig. 1. looks ooly 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
gest mat lipases discriminate between enan
tiomers 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 cbemical modifications that
increase the difference in size olten result in
increased enantioselectivity. Recently, Smidt et
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.~-8~-8
lipases

G!~èà
suetiiisin

Fig. 1. Empirica.l rules thal prediet the eDantiopreferences of
lipases and sublilisins toward secondary aJcohois and primary
amines of the type NH:OIRR'. (a) Lipases favor the euantiomer
with the shape shawn where Lisa large substituent 5ucb as
phenyi and Misa medium substituent such as methyl. This rufe
applies ta all lipases and estmlses whose substrate speci.ficity ha...
been mapped: thirteen lipases for secondnry alcohols and three
lipases for amines. Fig. 2 summarizes the amines tested. (b)
Subtilisin bas an opposite cnantiaprefercnce to lipases. Fitzpatrick
and Klibanov proposed the rule shawn for five secondary alco
hols. Tbese and othe: examples to support the rule for subtilisin
are collected in Fig. 3Fig. 4Fig. S.

ai. ~uggested that a sunilar rule can aIso 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
a1cohol binding site resembled the rule in Fig. 1.
It contained a large hydrophobie binding site
open to the solvent for the large substituent and
a restricted region for the medium-sized sub
stituent. Importantly. the catalytic 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 siow-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 linIe
similarity in amino acid sequence. they aIl foid
similarly [5]. This protein foid. named the

a/fj-hydrolase foieL arranges the catalytic ma
chinery similarly in aIl 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 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 alcohoi binding pocket.

Subtilisin. an alkaline serine protease, con
tains catalytic machinery that is the approximate
mirror image of that in a/~-hydrolases [51.
Fitzpatrick and KIibanov 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 enanno
preference of subtilisin opposite to the one for
lipases [6]. In this paper. we review the enantio
preference of subtilisin toward secondary alco
haIs and isosteric primary amines and confrrm
that ils enantiopreference is opposite to that of
lipases and esterases. In addiùon. we show that
lipases and subtilisin aIso have opposite regiose
lectivity. To raùonaIize this opposite selectivity.
we show how the enantioselection mechanism
proposed for lipases can aIso account for the
enantiopreference of subtilisin.

2. Results

2.1. Enanliopreference of lipases roward pri
mary amines

Researchers ooly recently resolved amines
using lipases and have examined the subsmlte
specificity of only three lipases, Fig. 2. Lipase
B from Candida antarcrica (CAL-B) i5 the
most popular [7-12). although lipase from
Pseudomonas cepacia (PCL) [121. and lipase
from Pseudomonas aeruginosa (PAL) [13] also
show high enantioselectivity. Fig. 2 omits sev
era! efficiently-resolved amines because the au
mors did not establish their absolute configura
tions [12]. Smidt et al. [3] proposed extending
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[21-23] fit the rule in Fig. lb. To resoive these
amines researchers used subtilisin ta catalyze
the acylation with trifluoroetbyl 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 pri
mary amines. However, the favored enantiomer
is opposite of the one favored by lipases.

Ta 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
aIl four cases, lipases and subtilisin showed an
opposite enantioselectivity. In the cyclohexanols

Ph~:
VSfV~. 6.8

Fig. 3. Enantioprefercnce of subtilisins (Carlsbcrg or BPN') to

ward secondary iLlcohoi.s and isosteric primary amanes. Ca) Fast·re
acting enantiomer in the acylation of the alcohol or in lhe hydroly
sis of the com:spoading ester. Some rescarchcrs estimated the:
eaantiosclec:tivlty by measuring the initial r:ue of reac:tion of the
two enantiomcrs scparately. ID thesc cases. the rdative r3tCS,

us;' UR' are given. For e.umples without an Evalue, therc was
insufficient information to caIeulate it Eleven of the thirtcca
alcohols fit the rulc for an ovcr.lll a.ccur:lCY of 85%. The !wo
exceptions ta the ruie arc markcd ·cxception·. (b) Fast-reacting
enantiomer of primary amines of the [)'pC NHzCHRR' in acyla
tion with trifluoroethyl butyraIc or alkoxycarbonylation witb dial
Iyl carbonalC. Ali thirteen cxamplcs fit the ruic in Fig. lb.

the secondary alcohol rule to primary amines
for CAL-B and indeed all of the amines in Fig.
2 fit this mIe. Thus. as with secondary alcohols,
the rule in Fig. la reliably predicts which enan
tiomer of primary amines reacts faster in
lipase-catalyzed reactions.

2.2. Enanliopreference of subtilisin toward sec
onda'1' alcohois and primary amines

Fig. 2. Enantioprefcrcnc:e of lipases toward primary amines of the
type NH:~. Lipases favorcd acylation of the enantiomcr
shawn or bydrolysis of the c:orresponding amide. CAL-B: acyla
lion or hydrolysis using lipase B from Candida antarcrica; PCl:
acylation using lipase from Ps~omonQS ctpacia with either
[rifluoroethyl ace~ or trifluoroelhyl clùoroac:etate: PAL: acyla
tion using lipase from P.s~udol'fforuJS aeruginosa. AU twenty two
examples fit the rule in Fig. la. For rcfercnces. sec lext

Fig. 3 summarizes the stereoselectivity of
subtilisin toward alcohols and amines. For the
thirteen secondary alcohols [6,14-20], eieven
follow the rule in Fig. 1b. [Wo do not (3
quinuclidol [18] and one of the [Wo reactive
hydroxyls in the inositol derivative [19]). giving
overall accuracy of 85%. A possible rationaliza
tian for the 3-quinuclidol exception is that s01
vation of the nitt"ogen increases the effective
size of that substituent. Bath substituents in the
1.4-diacetoxy-2-cyclohexene [20] are similar in
size sa this substrate was excluded from the
tally.

For primary amines, ail thineen examples

•

•
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• subtllisin
e.18

U

~·O
PPl (E • 73) or Ps. IP.

C sUOblisin lipase (SiRtn8. E -10) d
e 5 ij. sum!Uain. E -2

- ~ ~Ce. E -2 QCC: PL: e-3
exception~ H H fi exceQtion •

HO.... .."OH HO'... .."OH 1

AJGXOH HO~6 OAcc= PCI.:- E -5: CRL CVL PStU 0 onanllomors 0 '0....... AK. K·l0. E -3

Fig. 4. Four examples of opposite eaantioselcctivity of lipases and 5UbtiliSin in the same or similar molecules. (a) Subtilisin catalyzed lbe
a11yloxycarbonylation of the amino group at the (S)..srereocenter. while in a similar molecule. CRL catalyzed the cnantioseJectivc bydrolysis
of the butyrate cster of the (R).a1cobol. (b) Subtilisin caWyzed the hycirolysis of the 1R propion:l1e. while lipases eatalyzcd hydrolysis of
the 25 propionar.e. (c) Subtilisin cala1yud the acetylation of the 5·0H in one enaaùomer of the proteeted mya.inosiIOI. while PPL lipase
from Pseudomoru:s sp. (Sigma), and cholesterol esterase (CE> e:atalyzed the acetylation of the 5"()H in the Olher enantîomcr. Subtifuin aad
CE also car.alyud acerylation of the 6-0H. (d) Subtilisin and PtE favored bydrolysis of the acetoxy group al the (R )..StereOCCDter. while
fivc lipases favorcd hydrolysis of the acelOXY group lU the (S).stereoecntcr. The ruJes in Fig. l prcdict the reactiOD in a. b and the S-OH in c.
The substiluents in d are 100 similar in sile 10 mate predictions. The acetylatioD of the 6-0H ln c is an exception 10 the ruJes. Abbreviations:
lipase from Candida rugosa. CRL~ lipase from PSt!udomonas c~pacia. PCl~ lipase from Chromobacr~rium r:ïscosum. CVL; lipase from IWO

differeDl Ps~udomoNJS species. lipa.~ AK and lipase K·I0: pig Iiver csteraSe. PI..E~ pig pancreatic lipase. PPl.

• subtilisin
PPL. CYL b

U
OH

,.tIo....Qê....OH
-= 6 ...•H

N 0'w""R
U Il

o HO

subtilisin

U
OH

CYL

Jj
OH

major

subtilisin
dsubtilisin

U
c CRL

U
N3x2"~AC A0tcO .,.N3'. =.' 4

4 0 _.' 2
AcO ..../ '0" OAc

•

Fig. S. Four c:nmples of opposite regiosclcctivity of lipases and subtilisin. (a) Subtilisin favored ac:ylatiOD of the 6-positioD of
l-O·acylcastanosperminc by as mucb ilS > 20: 1. while lipases porcine pancr=Wc lipase (PPL) and lipase from ChromobaCknlUl'l viscoSJUrl
(CYL) favored acylation of the 7-position by as mucb as 10:1. (b) 5ubtilisin cataIyzed acylation of only the 17·0H in Sa-androstane
31t17tHfioL while CVL cata1yzcd the acylation of only the 3-0fl (c) Subtilisin car.aJyzcd hydrolysis of the aceta.te Olt the 2-position. while
lipase from Candida rugosa (CRL> calalyzcd l1ydrolysis at the 4.position. (d) Lipase from Pseudomonas upacùJ (PCL), lipase from
Humicola lanuginosa Un,L>, and CVL cala1yze:d acylation of only the 4-0H of bcnzyl quinate wiÙl trifluoroethyl butanoate. while subtilisin
caW)'Ud the acylatioQ merhyl quiIwc al bath 5'()H and .$..OH 0.8: 0.
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• the opposite selectivity refers to similar
molecules [22.24J, 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-l.4-diacetoxy-2-cyclohexene, subtilisin
and Most lipases catalyzed hydrolysis of oppo
site acetates, aithough the enantioselectivity is
low and the substituents bave similar sizes [19].
Fig. 4 omits [wo examples. First. subtilisin and
CRL showed an opposite enantioselectivity to
ward (± )-a-methylbenzylamine in the reaction
with (± )-ethyl 2-chloropropionate [25]. The
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-

69

ity in the hydrolysis of chloral acetyl methyl
acetal - CI 3CC(OAc)OMe. but the absolute
configuration was not established [26].

This opposite stereoselectivity also extends to
the regioselectivity of lipases and subtilisin.
Subtilisin and lipase showed opposite regiose
lectivity toward the secondary alcohol positions
in castanospennine. Fig. 5a [271. anhydro-sugar
derivative. Fig. 5b (28], steroids, Fig. Sc [29],
and quinic acid derivatïves, 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 l

binding site [31D dominates the structural selec
tivity, while the a1cohol binding site is shallow
compared to the alcohol binding site in lipases.
For synthetic applications. subtilisin usually

•
R

C o~.o
;:'(S)-aJecnal

H M

1 e
R. o. ~NHe ><1.... ::H..Nr=<
o l/ a H" 64.' • lS
~ 5er221

H M 1UbII'''n

•

Fig, 6. StrUCtUreS of subtilisin ûlsbcrg and lipase from Candida rugosa. (a) X-ray crystal StrUctUre of subtilisin showing the caWytic
machinery (Su 121. His 64. Asp 32. and the S'-R's of A.m 155 and Su un and a panion of the proposcd substr:lle binding sile. The acyl
chain binds in the region marked SI. The aJcohol binding sile bas not been identified by X-ray c:rystallograpby. but the most likely region
for the alc:ohoi hinding is saggested above. (b) X·ray crystal structure of thc open form of lipase from Can.diJtz rugasa showing the catalytic
machi.aery (Su 209. His 449. Glu 341. and the N-H's of Aja 110 and Gly 123) and lbe proposed alcohol binding sile. The (wo regions of
aJcohol binding site were identified by X·ray crystallography of menthol derivatives bound in the :!Clive site (4). (c and dl Proposed
structures of the teuahedral intermediates the hydrolysis of the favored sccondary :l1cohol esterS. The orientation is similar ta chal of the
crystal strUctures above. Diagrams in a and b were drawn using Rasmac v2.6 [32) using enttÏes lsbc and IcrI !rom the Brookhaven protein
data bank [33].
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shows higber enantioselectivity toward chiral
acids tban 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 hale [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 [35J. Because of this difference.
lipases and subtilisin anack the opposite faces
of the carbonyi and form enantiomeric tetrahe
dral intermediates 1. Consistent with tbis notion.
Bjorkling et aI. [37] found that opposite enan
tiomers of ethyl p-nitrophenyl hexylphospho
nate. which has the stereocenter at the pbospho
rus, inhibited lipases and chymon-ypsin (The
catalytic machinery of chymonypsiù and subtil
isin are superimposable.) However. the opposite
face of attack can not explain why the hydro
lases have an opposite enantiopreference toward
stereocenters fanher from the reaction center.
such as the stereocenters in secondary alcohols
and isosteric primary amines.

1 Lipases anack the Rt face of an ester. wbile subtilisin attacks
the Si face of an ester. According te Hamon's nomenclature. the
face Wltb the clockwise ranking of the thrce substituents is the
Rt-fKC; the counten:loclewise ranking gives the Si·face. For
example. the Si-face of me:thyl acetate below is tumed toward the:
reader. To rank the substituents. the carbon-oxygen double bond
is replaced by a single bond and a pbantom carbon atom 'CC)" is
added ta the oxygen.. The ester oxygen ranks highcr than the
carbonyJ oxygen because the ester oxygen is attaehed [0 a real
carbon atom. Unfortunately. rescarcber.; bave sometimes named
the faces of esters incorrect1y. Note that replaciDg the OMe with
NHMe gives me opposite designabon for tbe face [36].

(C)

o \,2
~Me~~'C~

3 ,

S~ace

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 o-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 he·
havior may simplify the use of these catalyst for
synthesis and make it more rational. The experi
mental results cited in tbis 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 he possible. either by protein
engineering or directed evolution ta increase the
enantioselectivity of subtilisin.

Derewenda and Wei' s proposaI 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 specifie esters of secondary alco
haIs should be easily predicted fram the relative
solvent accessibilities of the re and si faces of
the respective enantiomerst'. However. neither
they nor others showed that the (WO faces differ
in their solvent accessibility. In addition. their
proposai does not explain why lipases differ in
the degree of enantioselecùvity toward the same
substrate. Neither the face of anack nor the
relative solvent accessibility changes in these
cases.

In contrast, our proposai for the molecular
basis of the enantiopreference of lipases and
subtilisin focuses on the protein foId. This foid
both sets the absolute configuration of the cal
alytic machinery and creates a restricted poeket
for one substituent in the substrate. Bath the
Cl/~-hydrolase fald for lipases and the subtilase
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foid for subtilisin create such a pocke~ but the
opposite absolute configuration of the catalytic
machinery places the catalytic His on opposite
sicles of this pocket. For tbis reason serine pro
teases and lipases requires opposite chirality in
the alcohoi for efficient catalysis. Differences in
the detailed shape of this poeket explain the
different enantioselectivity of different lipases
toward the same substrate.

The [wo proposaJs differ in theil' extrapola
tion ta other serine hydrolases. Derewenda and
Wei' s proposaJ 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
proposai cannat extrapolate to other serine hy
drolases because they have different protein
folds. Other protein falds May creates a differ
ent poeket or none at ail. 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.
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Abltract-A pracâcal mtegnœd proce... combining ID enzymaâe raolatioa lIep \Vida a fe. chemic:al CfaDltamwïoDJ. il
ducribed (or the syacheail of (1R.4R).. and (lS.4S)-bicyclo(2.2.1]bepua-2J-dioaes 1 of bïlb ealDâomeric purity, sraniDl tram
a ltaadud mixtUre of (±)-erulo- and UO-2-ieelOxy-5-norbomeae.

•

IIItrodactioD

<t)..Bicyclo[2.2.1]bepran..2.5-dione 1. wbicb is readily
obcaiDed by 'be addition of fonnie ac:id ta norbomadiene,
followed by Iones audation of the resulting difomwe
esters. 1 bas been used as a rigid template for the
eJaboraâon of a dipbospmne ügand 2.2 Dione 1 is &Iso me
sautiDg owerial for the preparation of ami-3.5-dihydroxy
beptan·l.7-dicarboxyüc acid 3.3 a Cz-symmettic syntbœ
possessiDg (WO cbiral ceorers. wbich bas beeD used in the
preparation of the lactone rings of avermectiDs or
milbemycins (Scheme n. ID vicw of this. il would be of
peau use co bave a simple prepamive access ta die pore
dioDe eDaDtiomers wbid1. ta our present Imowledge. does
Dot yet cxist. A teceDt paper" does, bowever. describc an
u}llUDeUic bis-bydrosüylation of norbomadicDe which
Ieads to one of die eorrespondiDg UO,t.to-.diol diacetale
eD8Dtiomers wim bigh opdcaI purity.

Wc berein repon the syutl1csis of diones of bigh
enantiomerie purity, startiDg froID a COIDIDadal mixtUre of
oorbomenol acerates, wbidl iDvolves very few stepS. the
tey one being an enzymaâc resolucion method.

Rualts lad Dllca".oD

Our first anemp~. wbidl iDvolved the direct enzymad.c
resoludon of mono- and diesœrs derived !rom me racemic

diol mixture obtained by tbe formylatioD of
norbomadiene.L were UDSUCcess!u1. iD agreement witb
Imown sttuetural models e1aborated for the bydrolysis of
sucb bicycüc esœrs catalyzed by lipase from Ca1UJida
rugosa (= candida cylindracta)5 and receat resulcs obauned
wim omer enzymes.~ An eozymadc bydrolysis of t7tdo
2oooorbomenyl esten.9.10 bavÎDg ID enaDûoselcctivity
coefficient (E)u of about 15, wu DOt enantiose1ec:tive
enougll ta be of prepamtive use. Moreover, me n:covery of
me exceeding1y volatile produas10 wu difficuJt and tbe
subsequeDt fonnylaâon of the norbomenyl ester wu. co
our surpIise, UDSUCc:essful

For Ùlese re8Soa5. we tmned ta lDomer SU'8œgy for me
introduction of me second oxygeD atom using previously
desaibed rcactiODS, the l!XO..epoxidaâOD of ID tndo·2
bydroxy·S·norbomene derivative foUowed by a
rqioseJective reduetive openiDs of tbe epoxide nnllO give
aD tndo.uo-2.5-nOlbomaDedioL12 We were aIso aware duit
the enzymaâc resolutioD ofa 5,6-epoxy-t1ldo-uorbomao.2
yi esœr,10 carried out on ID analytica1 scale. wu bigbly
etrective (E - 100) aod tbus appeared paniaJJady adapœd ID
OUI' purpose.

AMlyrical tn:ymDtic hydrolysa tIIUl tTfJllStst,rijîaIIioru

EpoxidatioD of me c0llUDertial2-aœtoxy-S..oorbomeDe (a
mixture of raœmic tNJo.. and uo-isœlers. approximaœly
8:2) employing lDIgDCSiUDl mœoperoxypblbalaœ bexa.

• ScIa_L

lCeywordJ: Eazymaâc: bydrolyris; trlDHlterifieaâaD: Candid4
""'0'4 üpue; II)'IIlIUlric syatbca.
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hydmte13 in elbaDol-waœr afforded. iD bigh yie1d. the aude
epoxide wbicb. upon crystaIlization. yieldcd d1e pure etuio
epoxyacewe isomer 4a (about SO ~ minimal yie1d). As
pœviously desc:n"bed.10 this ester WU recovered "OCbpR8M
when submiaed ta hydrolysis widl lipase !rom C. rugosa.
evcn for prolonged incubation tilDes. Converse1y. the
com:sponding butyric ester 4b. prepared by miJd aIkaliDe
hydrolysis of 4. followed by esœrific:ation with butyric
anbydride. was a goad subsUaœ for the same enzyme and
wu casily resolved (E ... 92) on a 400 mg-scale. affordiDg
(2R)-epoxyaJcoboJ 5 and (2S)-epoxyester 4b of high
opàcal purity (Scbeme m. AbsoJuœ configurations were
aaribuœd âom the Icnown sœreoseJectivity of lipase from
C. rugosa in tbis series5 and confilmed by comparison of
the optical rotation of the resulàDg epoxyalcohol widl the
epoxidation product of tbe previously deseribed.
correspondïng (lR.2R .4R)-endo-norbomenoI.Q.IO

Howcvcr, the necd for a prelimiDary excbaDge of me ester
group could he e1jmjnarM by workiDg widl me same lipase
iD a uansesterification reaction. usiDg the racemic aJcobol
5 as a subsuaœ iD an anhydrous organic soJvenl l4 A
pœümiDary screeniDg for a convenieot acyl group douar in
various organic solvents wu effectee1. me principal results
of wbid1 are given iD Table 1. The mast strikiDg outeome
is tbaL UDexpecœdly, aœtyl doDars (enlrics 1. 3. 4 and S)
are effective donatiDg reagents. altbougb tbey are
sysrematically less effective wn butyryl donors.
Moreover. tbe euanôoselectivities measured usiDg vinyl or
isopropenyl acetaœ were higher or comparable tO tbose
measured usiDg vinyl butyrate (entry 2). In conaast. other
donors sudl as anhydrides (enuies 5 and 6) or esterS (eDtry
7). result in lower enantioselectivities. In me case of
isopropenyl acetate. me replacement of toluene by
cbJœoform (enuy 4) ~ced a dramatic effect on the rate
and enantioseIectivity of die esterification reactîon.

•

•

ScIIem.D.

T"'I. 1. E!wwaselecuve cswificaUolll of (±~2oft1dD.bydrozy·5.6-cpœY1lorbcnuoby bpue froID C. "'I0S4 in me preMllCII of various &cyl
doaoa and JOlvt:DtI.

Myliling aaem (moVmol Tame fil E
ofmbJuaœl Solveac (hours) coaversion valu.esb

1 ~o;J (2) ToIueDc 66 30 »90

2 ~3 (3) ToIœne 3 46 75
0

3 o~ (4) Tolœœ~~, 66 47 200-500

4 o~ {4}~o· CHC, 216 14 12

0 0
5 ~o~ (1) ToJuene 120 15 1.3

0 0

6 ~o~ (1) Tolueœ 1.5 40 3.6

7 T'ribUl)'liD <usai as solvcm) 66 37 12

'Ta die mbluuc (50 me) ill ubydrau IClvellt (S ml) _ae added .. A lDOIccWar sievea (SO lUI). acyl douar, aad Iipac Crom C. ""om (10-20 lUI).
n. JUIPCILIÎClIII weR iDcubazed widllbMiq Il 30 GC.
bcaJc:WIIed from 'collveniall, dIIermiJlId by OC r:â Zhe radÏCIl mimn (DBwa co1UIDL 160 OC) CI' from eumiomaic eaceau of substnre ..cl
product.ll LU were cieœmIiucl àtbcr by Geol_ ar~ lIIIn 011 • QDIdez Ci-TA 30 CIpiD.,. columD (110 CIe) or by HPLC of
beœaMe ClIUrI Oll • Cbiralpack AD calumll (..~1UalScctioa).
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(Juder the best conditions (enU'y 3), startiDg (rom 3 g of
(±)-epoxy alcobol 5, it was possible ta obtain. in a two
SIlle operation.9 1.6 g (40 %) of (2R)-epoxyacewe 4b
(96 % e.e.) and 1.2 g (40 %) of (2S)-epoxya!cohol 5 (> 98
" t.t.). Eacb product wu men reduced witb lithium
aluminum bydride in tetrabydrofuran12 (65-75 % yidd) aDd
rbe crystallized15 tndo,t.:to-2.S-norbomanediols were
submiued to pyridinium d.idJromare or Swem oxidalion,16
affording the enant:omeric (15.4S)- and (IR ,4R)
ticyclo(2.2.1]heptall-2S-diones (about 70 % yie1d) in bigh
optica1 purity (~ 96 % e.t.).

An integrated proœss. wbicb includes the recycliDg of
uoused (±)-e.ro- and tndo-2-aœroxy-S.6-epoxynorbomaDes
present in the motber liquors of the epoxyacclate
recrystallization. has been designed: mild alkaline
bydrolysis. followed by oudation ta epoxynorbomanone
and reduction with sodium borobydride in metbaDoI10 will

495

afford excJusively (~95 %) the endo-epoxynorbomaDol5.
wbicb could again he used in the enzymatic
nnsesœritication procedure. The entire synthctic process.
described iD Scbeme nI. is currently being condu~ on a
mBltignm scale in our laboratory. and will he reporœd iD
duec:cane.

Experlmeatal SectioD

Me1tiDg points are UDcorrected. 1H and 13C-NMR specua
weœ recœded cm aWM2S0 Bruker specttœœœr al 2SO and
62.9 MHz n:spectively. The residual prolans in CDCl3 or
pyridine~ were used u refereoce peaks. wim assigned 7.25
and 8.71 ppm chemical sbifts. respectively. Signal
usignmeDt was aided by 2D lH homonuclear shift
correlaled (COSY 45) spectta and 13C dislonionless
enbanc:ot polari2ation (DEPr 135) experiments. Optical

~DM·~
(........ (.... fit

1 ~mP !
.vb

CH
.o)y

l -..::- lca<

~~
ff"-' -1(f"") .. t

...,- (1:1)
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roratioDS \\Iere measured in 1 dm or 0.1 dm cells usiDg a
PertiD Elmer 241 specuopolarimeœr. Gas cbmmarograpby
wu performed on VariaD 3700 or Shimadzu G-BA
ÏDStnJZDeI1fS equipped widl t1ame icmizaliOD deœaon and
Shïmadzu C·R3A or C·R6A inlegraling recordas. OV
1701 (FlexiboDd™, 0.20 mm x 15 Ill. Pierce Cbem. Co)
or Durabondwax (0.32 mm x 30 ID. l&:.W Scientifie, IDe.)
capillary columns were rouÙDCly employed 10 memilOr
enzyme reactioDS, whereas a ChitaJdex G·TA capilJary
colUlllll (0.25 mm x 30 m. Astee) was used ta deœrmiDe
optical purities. Mus spectrOmetrie analyses (MS) were
camed out by elecuooic impact (El) on a Hewlett Pacbrd
5972 OC-MS inSUUJIlenL Higb resolution mass speetra
(HRMS) were supplicd by UDiveniœ P. et M. Curie
(Paris). F1asb column cbrOlllalOgrapby was cmied out
usiDg Merck 60 silica gel (230-400 mesb). Merck 6OF254
preeoated glass plates were used for ibiD layer
cbromaUJgrapby. High pressure Uquid chromalOgrapby was
performed usÎllg " Chromaœm 380 pUIDp, equipped widl a
Pye-Unicam LC-UV detcctor, a Shimadzu C·R3A
iDœgratiDg recorder, and a Cbiralpaa AD cohJDIn (0.46 x
25 cm, Daicel Chem. fad.). Upase from Candida
cylindracea (C. rugosa. E.C.3.1.1.3) was purchased !rom
Sigma Chemical Co. (5 t Louis, USA).

Enantiomeric excesses of 2·e lido -acetoxy-5,6
epoxynorbomaDcs (Figuœ 1) and bicydo(2.2.1Jhepcan-2,S
diODes (Figure 2) weœ derermin~ directiy by Ge aD a
Chiraldex G-TA30 eapillary column at 110 oC.
EDantiomeric excesscs of 2·endo-hydroxy-5,6
epoxynorbomanes were derermïned by Ge of tbeir acerare
or trifluoroaœwe esœrs ou the same column al 110 or 90
oC, respectivcly. In some cases. enantiomeric exœsses of
2-endo-bydroxy-S.6oepoxyDOlbomaDes wcre detemliDed by
HPLC of meir beDzoyl esters on a Chiralpak AD column
with beuDe-isopropanol (9S:5) as SOlVeDl (Oow rate: 0.5
mLImin, deteaion al 250 nm).

Preparation of acetyl esters for Ge analysis: to the alcohol
(- la mg) dissolved in ethyl acetaœ was added 4
dimetbylamiDopyridiDe (0.05 eq.). sodium carbonaœ (1.5
cq.), and aceûc aahydride (1.5 eq.). The mixture was stimd
for 18 il. men wamed with waœr and briDe. The organie
pbase was dried over anhydrous sodium sulfate. f1ltered.
evaporated in vacuo. and analyzed without furtber
purification.
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il.... 1. GC aaa1ytic:alaplrl&ioD of CllUUomcric bicyclo(2.2.1}beplu-2.5-dio... OD Chinldu Q.TA (.ce EzperimeDW SediOD): A. racemic
nua.n: B, lS.4S: C. lR.4R.
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Preparation of ttifluoroacetyl esters for Ge analysis: ID die
alcobol (l-S mg) iD dich10r0metbane (0.5 ml) wu added
Uitluoroaœtic anhydride (0.2 mL). After stirriDg Cm 30
min. the solvcnt and exc:ess anbydride were evaporaœd
under a saeam of nïtrogen and me residue was analyzed
wiIhout funber purification.

Prcparation of benzoyl esters for HPLC analysis:
Dicyc:1ohc:xylcarbodümide (1.1 cq.) wu added ro amixDlre
of 4-dimelbylamiDopyridine (0.1 eq.), benzoic acid (2 eq.)
and alcohol in didlloromedlaDe, cooled iD an ice·waœr
balb. After stiJring for 30 min. me re&CÙon mWure wu
wanncd to room œmperawre and sUrreel for 30 b.
Dicydohexylurea wa removed by tlllllliœ and me filIrm
wu wasDcd twice with 1 N Hel. saturated sodium
bicarbonaœ. water and briDe. 1be orpDic pbIIc wu dried
over anhydrous sadium su1fale. fiUaallllld evapormecl ÎI&
vacuo. The residuc wu aDalyzed widlout furtber
pariticadon.

A solution of magDesium monoperoxypbthalate
beubydrare (375 g, 0.76 mol) in waœr (2.6 L) wu added
tO (±)-2-tndo!uo-aceroxy·S-norbomene (99 g, 0.630 mol)
iD Ibsolute ctbaDol (2 L). l'be mixture wu stilred al mom
temperaIUR for 3 days. Ethanol, aloag wim a portion of
WIller. wu eveporaœd in VllCUO and lbe resjdœ (1.2 L) wa
dividecl iota [WO pans. Eadl portiOD was exncœd with
ether Cl L), wasbed wim aqucous saturaœd sodium
bicarboDaœ (3 x 300 ml), 20 ~ aquc:ous sodium bisulfite
(2 x 300 mL). war.er (300 ml). and briDe (SOO mL), aDd
dDed over sodium sulIaœ. The two aqueom p-.es obIaiDcd
after tbe ftrst ether exttaaiOD were combined. extrae:œd
apiD witb ether (1 L), lIDd wasbed as above. Evaporuion
of die solveDt !rom die combiDed etbereal pbases yielded a
lDWure of die tXl) aDd trrdo isomers u a sliptly ye1Iow
oil (80.9 g, 70 '*'). nree c:ryscallizaliODS from etber
!leUDe yielded tJle ,lido isomer (54.3 g, 50 "", :> 99 ~
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tndo·isomer by 00. Rf 0.25 (cydoJlexaDe~thyl acewe,
8:2). Mp 53.S-54 oC (tiL l2: 53-54 OC). HRMS for
C~1203. cale. 168.078642. found 168.078657. MS (EI):
168(1), 150(1) [M·H20]+, 140(3). 138(3), 126(9) (M.
CH~O]+, 108(10),97(11),82(81).43(100).

1H NMR (CDCl3' 250 MHz). 0 ppm. J Hz: 5.04 (lH. ddd.
JZ-3UD = 8.8. Jl-2 = 4.4. h-3atiD :z 3. H-2). 3.33 (lR.
br.ci. JS-f, = 3.6. H-6). 3.23 (IH. br.do J5-6 = 3.6. H-S).
2.75 (lH. dm. Jl-2 =4.4. H-l), 2.49 OH. dm. J4-3uo =
4.4. H-4). 2.07 (tH. ddd. J3UD-3" =13.5. J2-3CftJ =8.8.
ha0-4 = 4.4. H-3 t:co). 2.02 (3H. s. CH3CO). 1.34 (tH,
dm. 17-7' =10.2. H·7), 1.07 (IH, dm. J3ao-3atJo =13.5.
h-3adD= 3. H-3 tndo), 0.78 (la dm. h_7'S 10.2. H-7ï.

13C NMR (CDCI3. 62.9 MHz), 8 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-l and C-4), 32.56. 24.26 (CH2' C-3 and C
7). 20.45 (CH]).

The mother liquOl'S were eoncentrated in vacuo. yielding a
yeüow oü (25.7 g) conraiDiDg 35 % tndo-isomer.

(:t)-2-endo-buryroxy·5.6~poxynorbo1'7lQM (41)

To a solution of (±).2~ndo·butyrOxy-S.norbomene (900
mg, S mmol) in etbanol (l5 mL) wu added magnesium
monoperoxyphthalaœ bexahydrate (3 g, 6.06 mmoJ)
dissolved in warer (20 ml). The mixture wu stin'ed al
room temperature for 48 b. The solvenlS were evaporated
in vacuo and me residue dissolved iD edler (100 ml). The
etbercal solution was wasbed widl aqucous samrated
sodium bicarbonate (2 x 50 mL). 20 % aqueous sodium
bisulfite (6 x 50 mL), samraœd sodium bicatboDafe (2 x 50
ml). water, and brine, dried over sodium sulfaœ. and
evaporated. The aude produet was purified by flash
ch.romatography (bexaue-edlyl acetaœ, 9S:5 co 9:1).
yieldiDg me epoxyesœr as a colorless oil (819 mg, 83 %).
Re 0.38 (cyclohexane~dlyl aœraœ, 8:2). MS (EI): 168(2)
[M-CQ]·. 140(5) [M-CHzCH2CO]+, 125(4) (M
CH3CH2CH2CO]+, 107(S). 97(8), 81(81). 71(100).

1H NMR (COQ], 250 MHz), ô ppm. J Hz: 5.01 (lH. ddd.
h-3aD =9. J1-2 =4, h-3etdo =3, H-2), 3.32 (UL br.ci.
J5-6 ~ 3.6. H-6), 3.23 (Ul bul. J~ = 3.6, H·S), 2.75
(IH, dm, J1-2 =4, H-]), 2.49 (lH. dm. J4-3CftJ =4, H4),
2.25 (2!l t. J =7.3. CH2CO), 2.07 (tH. ddd. J3..-3-*, •

13.2. J1.-3CftJ =9, J3~=4, H·3 ua). 1.62 (2H. sexEet.
J. 7.3. CH2CH]), 1.33 (IH. dm. J7_,.- 10.2. H·7). 1.06
(lH. dm. J3ao-3mdD = 13.2. 12-3" z 3. H-3 endo), 0.93
(3H. t. J = 7.3. CH]CHz). 0.79 (lH. br.cl. 1,-7'. 10.2. H
7ï.

Enr:ymaric hydrolysis and rtsolutiOIl of (:t)·2-endo
butyrory-5.6~pozynorbornIZM (4)

To (±)-2~Ifdo-butyl'Oxy·5,6-epoxynOlbomane 4b (388 mg,
1.98 mmol) dissolved in 0.1 M. pH 7 sodium phospbaœ
buffer-acetone (9:1. 150 mL), was added Hp. Cmm C.
"'80sa (39 mg). The mixture wu orbiœIly sbalœn al 27 oC

for 3 h (39 90 conversion). The reaction mixture was
sawraœd wid1 sodium chIoridc and ethyl aœtaœ (100 ml)
wu addcd. Afœr stirring vigorously for 5 min. me phases
were separar.cd and the aqueous layer was extraeted again
wim etbyl acewe (6 x 100 ml). The combined organic
exlnet5 were washed wim aqueous saturclœd sodium
bicarbonate and brine. dried over anbydrous sodium su1faIe
and evaporar,ed in vacuo. Purification of the aude product
by flash chromalogmphy (hexane-ethyl acerare. 6:4 (D 1:1)
yie1ded pure a1cobol (2R)-5 (83 mg, 33 %), [a]D21 + 42.4
° (c 1.2. CHaû (Ut la: + 46.5 0). 96 % t.t.• and ester
(2S)-4b (232 mg. 60 %). The isolated butyrate was
resubmiaed to bydrolysis UDder tbe same conditions. ACter
6 h (57 90 total conversion). the reaction mixture was
worted op as before. Purification of the crude produet
yie1ded alcobol (2R)-5 (16.2 mg, 6 %). and butyrate (2S).
4b (179 mg, 46 %). [a]D21 - 13.8 0 (c 3.9, CHC1l) (lit
la: _ 13.4 0), > 99 % f.t.

(:tJ-2-endo-hydro:cy.5,6-tp0xynDrbomtlll/! (5)

To a solution of (±)-tndo.2-acecoxy-5.6-epoxynorbornane
(48.7 g. 0.29 mol) in elhanol (4()() ml). cooled in a cold
waœr bath. wu slowly addcd 2 N sodium bydroxide (17S
ml, 0.348 ma!). The mixture was stirred for 85 min. after
wbich time tbe reaction was quenched widl gJacial aœtie
acid (3.3 ml. 0.06 mol). Ethanol and wacer were removed
by rolatory evaporation and tbe residue was extracted wim
etbyl a.cewe (1.4 L). The organie phase was washed wim
0.5 N Hel 000 ml), samrated aqueous sodium
bicarboIwe (200 mL), and brine (2 x 200 mL). dried over
anhydrous sodium sulfate. and evaporated in vacuo te yield
a pale yenow saUd (35.1 g, 96 %). The aude produet was
aystallized from edlyl acetlte-bexane ta give me pure
epoxy alcohol as wbite crystals (25.3 g, 70 %). The
remainiDg produet was purified by flash dlromamgrapby
(penl3De~ylaceœte. 5=5 to 3:7) yielding additioDa! pure
epoxy alc:ohol (4.4 g. 11 %). Rf 0.23 (pentane-etbyl
aœwc. 5:5). Mp 190-192 oC. sea1ed wbe (fit: 160-162
°C,IZ 170-172 °C IO). HRMS for C7H 1002. cale.
126.068078. round 126.068107. MS (El) = 126(1),
125(1.5). 107(2.5).95(4). 81(100).

1H NMR (CDC139 250 MHz), S ppm. J Hz: 4.38 (lH. zn.
H·2). 3.44 (1H. br.ci. J5-(, = 3.7. H-6), 3.27 OH. br.ci. J~
=3.7. H·5), 2.60 (tH. m. H-l). 2.45 (lH. m. H-4), 1.99
(1H. ddd, J3uo-3",. = 13.2. J.z-3D11 z 9. hUD-t =4. H-3
uo). 1.55 (IH. br.s, Dm. 1.27 (1H. dm. 1,-7' = 10.2. H
7). 1.00 (tH. dt. huo-3mtiD =13.2. h-30tdtJ =3. H-3
endo), 0.74 (IH. br.do 17-1'=10.2. H·7').

13C NMR (CDC13. 62.9 MHz). Ôppm: i4.13 (CH. C-2).
51.47. 48.98 (OI. CaS and C-6). 42.36. 37.33 (CH, Cal
and C-4), 35.08. 25.1S (CH2. C-3 and C-7).

Prtparativt tnzymœic rtSOIUliorc Of (:tJ-2-endo-hydro:cy
5.6-eporyn.orbo~ (5)

tsopropenyl accUle (10.3 ml. 93.5 mmol) was added te
C±) 2-~lldo·5,6-epoxynorbornane (3 g. 23.8 mmol)
dissolved in toloene (340 mL). Upase fmm C. rugosa (1
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g) wu added and the flast wu orbiailly sbaken al 30 oC.
Atœr 14 h an additional 700 mg of lipase wu addcd and
aftrr moUler 8 b. 550 mg of lipase wu added. AftI:r a total
of 25 b. the reaction was 5blpped by filtration of the
IDiXture wough glass fiber paper. The product and
remaining substrate were separated by medium pressure
liquid cbromatography (200 g silia gel, Merck 6OH.
c:yclobexane-ethyl aceratel:1. followed by cyc1oheuDe
etbyl aceEale 2:8 once the first alcohol fraction was
cteœeted). The solvent was evaporaœd rD yield the alcollol
(1.84 g, 77 %e.e.) and the aceraœ (1..59 gt 40 %, 95.5 %
t.t.), (aJo 21 + 7.4 ° (c l, CHC1]). The alcollol was
resobmitted [0 esterificatiOD under the same conditions
usÏDg 4 g lipase. l'be reaction was stopped as before afœr a
coral of 20 h (corresponding to a S8 % total conversion).
Purification by nash column cluomatography
(cyclohexaue-cthyl acetate. 1:1) yie1ded the remain.ing
aicohol substrate (l.2 g, 40 %, > 98 % tot.). (a]o21-46.7 °
(c 0.85. CHCl]). and the acetare produet (0.44 g, 60 %
t.t.).

Rtducrioll of2-endo-acttory·5.6-epoxynorbornane (4IIj ro
2,S.œhydroxynorborTlllM

Dry tetrahydrofman (80 ml) wu added dropwi5e te lidlium
aluminum hydride (2.4 gt 56.7 mmol) under niuogen.
Alter complete addition. the suspension was rc1luxed for
1.25 b. Afœr COOÜDg me mixture rD room tempaatUJe, the
Oask wu placed in a cold waœr bath and 2-endo-acetoxy
S,6-epoxynorbomanol (1.52 g, 9.04 mmol) in
tenhydrofuran (6 mL) was addc:d dropwise. The droppiDg
fmmel wu rinsed wim tecrahydrofman (5 mL) and the
mixture wu beaœd co a reflux for 3.7S h. The tlask 'lias
cooled in an ice·warcr bath and wata' wu carefully added
dropwise (2.4 ml). fonowed by aqucous IS % w/w sodium
hydroxide (2.4 mL) and rmally waler (7.2 mL). The
mixture was stim:d for 20 m.iD and men filte:ed. riDsing
wim œU'3bydrofuraD ad edlyl acerab:. The tiluaœ was drial
over anbydrous sodium sulfaœ and evaporatioD of the
solvcnt yielded a wbite solid Reaystallitatio !rom cmer
diclllorometbaDe yielded the pure diol as white crystals
(614 mg, S3 %). Medium pressure liquid cbroma1ography
(200 g silica. dich10r0metllane-isopropanoL 9:1) of me
residue obtained !rom evaporadon of the mother tiquor
yie1ded additiooal pure dial (272 mg, 23 %). Rf 0.16
(didl1oromcd1anrMnethaDol. 9:1). Mp 180-182 oC (sealed
tube). [a]D21 + 2.8 0 (c 2.34, MeOH), [exb78 + 2.9 0.

[ab46 + 3.2 0. [(1]436 + 4.2 0. HRMS for C1Ht202,
ca1c.128.083728. fOUDd 128.083713. MS (EI): 128(2)
(M]+, 110(19) (M-RlO]+. 95(33), 81(24).66(100).

LH NMR (pyridiDe~. 250 MHz), 5 ppm. J Hz: 6.04 (lH.
d, J= 3.3, endo.()H on C-2), 5.99 (lH. do):: 3.3. uo-oH
on C-5), 4.38 OH, m. h-3G1:1:: 10. h-3 =J2.QH • 3.3, J2
1=1.3. H-2). 4.22 (tH. ID. R-S), 2.92 (lH. ddd. J6DuiD
6acJ. 13, J6a4D-~=7. J. 2. H-6 eNio), 2.40 (tH. br.t,
wIn- 10, H-l), 2.33 (tH. br.cL Ja 5. H4). 2.06-1.93
(2H. Dl. J:: 5. R-3QD and H-7), 1.63 (ut dm.J~
= 13, H-6 ua). 1.31 (1H. br.d, J7_T. 10. H-7'), 1.01 (lH.
dl.J3~3" ai: 13. J2_-' a 3.3, H-3 ,lido).
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13C NMR (CDC13, 62.9 MHz). a ppm: 73.70, 70.62
(CH. C-2 and C-S), 44.40, 41.21 (CH. C-l and C4).
34.31.33.03. 32.26 (CH2. C-3. C-6. and C-7).

Rtducrion of2-endo-hydrozy-5.6-epoxynorbornane (5) ro
2.5-di1rydrozyrrorbo1'1f/lM

The above procedure 'lias used for the redoction of the
epoxy alcohol (1.17g, 9.27 mmol) witb the exception that
only 4 eq. of lithium aluminum bydride were uscd.
Rcaystallization yielded me diol as wbite aystals (35S
mg. 30 %) and chromatograpby of the mother tiquor
yielded additioDal pure diol (411 mg, 34 %). [a]o21 _ 4.1 a

(c 2.25, McOH), ((11578 - 4.2 0. (a]S46 - 4.5 0. (a]436 
S.6°.

Oxidation of 2.5-dihydroxynorbornant ro t1UUlriomeric
bicyc/O{2.2.1IhtprDll-2,5-dioMs (1 )

(i) Pyridinium dichromart oXidalion. Diol (706 mg. 5.51
mmol) was dissolved in N,N-dimethylformamide 000
ml). pyridiniom dichromaœ (7.05 g, 18.7 mmol) was
added and me mixture was stirred under nitrogen for 3 h.
Aqueous sanuaœd sodium bicarbonar.e 000 ml) was added
[0 me reaction mixture and it 'lias sbakcn vigorously.
DidlloromethaDe (300 mL) 'lias added and the organic
pbase wu waslled with aqueous saturated sodium
bicarbonaœ (4 x 100 mL), 0.5 N Ha (100 ml), saturaœd
sodium bicarbooate (100 mL), water (2 x 200 ml). and
briDe (200 ml), 3Dd dried OVe!' sodium sulfate. The soiveDt
was evaporaœd in vacuo yielding 501 mg of dione (73 %.
9S % pure by 00.

(ü) Swem O:zidi:uioll. Freshly distillcd oxalyl chloride (0.45
mL. 4.8 mmol) in dry dicblommedlane (8 ml) was addcd
dmpwise rD a solution of dry dimetbylsulfoxide (0.83 mL.
109 mmol) in dry did110r0metbane (S mL), tmder nitrogen
at -78 oC. After stirring for 30 min. 2.5
dihydroxynorbomane (300 mg, 2.34 mmol) in
did110r0metbaDe (4 ml) and dîmetbylsulfoxide (0.6 mL)
was added dropwise. Alter stirrillg for 3 b. trietbylamiDe (3
mL. 21.8 mmol) was slowly added. The reactïon mixture
wu allowed ta wann to room œmperawre. men stirred for
an additiœa1 hour. WaJJ:r (10 mL) was addcd dropwise. Elle
reaœon mixture was dlluted wim d.ichloromethane and me
organic pbase was wasbed widl 0.5 N Ha. aqueoos
salUdled sodium bicarbonaœ. and briDe. The solvent was
evapcnœd in vacuo yjelding 200 mg of pure diane (70 %l.
MS (EI): 124(100) [Ml+. 9S(21). 82(23), 67(87).

IH NMR (CDQ3' 250 MHz), ô ppm. J Hz: 2.97 (2H. al.
X signal of an ABX system. H-l ad H-4). 2.36 (2H. dm.
A signal of an ABX system. JAB = 19. H-3 em and H--6
ua). 2.13 C2H. dm. B signal of a ABX system. JAB = 19.
H-3 t1Ido ad H-6 endo), 2.08 C2H. m. H-7 aDd H-7').

13C NMR (CDC13, 62.9 MHz). Ô ppm: 212.04 (CO. C-2
and C-S), 48.48 (CH. C-l and C4), 38.80 (CHl, C-6 and
C-3), 36.27 (CHl. C-7).
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(lS.4S)-I: mp 140-141 oC. [aIo:!1 - 4.5 ° (c 2.44,
E10H). [ab78 - 4.5 0, [a1546 - 2.9 0. [a]436 • 26.6 0.

[a1363 + 187 0; t.t. • 99 %. HRMS for C1HS02, calc.
124.052408. fOUDd 124.OS2383.

(1R.4R)-I: mp 139-140 oC. [a]021 + 5.0 ° (c 2.0.
EtOH), [ab7' + 5.0 0, [a]s46 + 4.0 0. [a]436 - 25.5 0,

[a1363 - 179.5 0; t.t. =96 %. HRMS for C1HSOl,
calc.124.0S2408. found 124.052383.
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