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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 d e s  that predict the 

stereochemical outcome of reactions catalyzed by hydrolases. These niles, 

developed through a combination of substrate screening and literature surveys, are 

based on the difference in size of the substituents at the stereocenter of substrates. 

One proposed nile predicts the enantiopreference of cholesterol esterase, lipase 

fiom Pseudomonas cepacia, and lipase fiom Candida rugosa towards secondary 

alcohols and their esters. 

A similar rule is proposed to predict the enantiopreference of subtilisins 

towards isostenc 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 pt-imary 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 nile is also found to predict the enantiopreference of lipase fiom 

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 



to the preparation of two useful chiral synthons: (5)-(-)4acetoxy-2-cyclohexen- 

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

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

preparation of both enantiomers of a useful C2-syrnrnetric synthon. The key step is 

an acylation reaction catalyzed by lipase fiom Candida rugosa. (1R,4R)- and 

(1S,2S)-bicyclo[2.2. Ilheptan-2,s-diones were obtained with high optical purity. 



Les chimistes organiciens ont besoin de nombreuses domees pour les aider 

a trouver l'enzyme qu'ils recherchent. 

Nous avons proposé et validé des règles empiriques qui permettent de 

prédire, a 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 I'estérase du cholestérol et de lipases issues 

de Pseudomonas cepacia et Candida nrgosa. vis-à-vis d'alcools secondaires et de 

leurs esters correspondants. 

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

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

avons révisé les connaissances concernant I'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 régiosélectivité 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 1' énantioséléctivité 

d'une lipase issue de Pseudononus 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 a 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. 



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 a la préparation de 

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

1' acide (R)-lactique. 

En utilisant une approche similaire, nous avons proposé un schéma 

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

symétrie C2. L'étape clef est une réaction d'acylation catalysée par une lipase issue 

de Candida rugosa.. Les composés ( I R ,  4R) et (lS, 2s)-bicyclo [2.2. Ilheptan-23- 

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

Chapter 1 

General Introduction 

1.1 The importance of hydrolases in the chiral world 

The synthesis of optically pure compounds has been one of the most 

challenging tasks of chemists for many decades. Enantiomers are molecules that 

are non-superimposable mirror images. A mixture that contains equal arnounts of 

each enantiomer is called a racemate or racemic mixture. Enantiomers have the 

sarne physical properties, other than their ability to rotate plane polarized light in 

different directions, and their chemical propeties are identical except when they 

interact with a chiral environment. For this reason, their separation is difficult 

and ofien involves long and complicated processes. However, the importance of 

obtaining optically pure compounds has been demonstrated repeatedly, especially 

in the pharmaceutical and agrochemical industries.' 

For example, in the pharmaceutical indusv, it is necessary to assess the 

bioactivity of each enantiomer of a chiral compound separately; one enantiomer 

may have the desired bioiogical 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 dmg than is necessary. For example, the S enantiomer of 

naproxen, a non-steroidal anti-inflammatory h g ,  is 28 times more effective than 

the R enantiomer and 3 tirnes more effective than the ra~ernate.~ 
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In 1997, at least 50% of the top selling pharrnaceutical cûugs were single- 

enanti~rners,~ and the number, for synthetically-derived drugs, is expected to reach 

75% by the year 2000.' In addition to the development of new optically active 

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

form are being redeveloped for marketing as single isomers. For example, Ritalin, 

a dmg used for children with attention deficit disorder, has been marketed as the 

racemic threo-diastereoisomer of methylphenidate. It is now being developed as 

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

effects of insomnia and appetite suppression? 

One factor that must be considered is the severe environmental chemical 

pollution can result fiom the production of enantiomencally-pure material. This, 

in itself, can become a health concern. Therefore, in endeavoring to find cost- 

effective methods of manufachiring 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 usehlness of 
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enzymes in the preparation of optically-pure ~orn~ounds.~"*~ 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 

pharrnaceutical industries. 

Enzymes are globular proteins having an active center that is capable of 

catal ysis, 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 chernical reactions, producing optically active 

produc ts. 

Figure 1.1. The ciystal structure of lipase from Pseudornonas cepacia shows the globular shape 
of enzymes. The catalytic triad residues are situated at the bottom of the substrate binding site. 
Serine is shown in orange, histidine in blue, and the qxck of red corresponds to the aspartic acid 
residue. This figure was created using RasMol v2.6 and coordinates from the PDB data files 
(accession code 41ip)8 



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

of esters, amides, lactones, lactams, epoxides, nitriles, anhydrides, and glycosides. 

There are over 600 hydmlases 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 

al1 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 availabte. 

The work of Sih, et a? illustrates the usefulness of hydrolases in synthetic 

organic chemistry. They prepared an important intermediate in the synthesis of 

mol, a potent antitumor dnig, with high optical purity using a simple 

chemoenzymatic process. The key step in this process was the lipase-catalyzed 

hydrolysis of the acetyl ester of 3-hydroxy-4-phenyl-B-lacta~1, Figure 1.2. 

O 
OAc._ .Ph OAc,, .Ph 

pi pi NaOH PhKNH O * 

O F0 O r" P h d m  

Ph Ph OH Lipase 
+ * + C-13 side chah moiety of taxol 

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

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

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

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

HIV agent, was synthesized fiom the (-)-hydroxy lactone and (+)- bre feldin A, an 

anti-hngal agent, was obtained fiom the other enantiomer.1° 

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

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

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

using an enzyme-catalyzed resolution rneth~d.~ 

RCOO lipase from 
Pseudornonas fluorescens 

M 

Figure 13. Two useful single-enantiomer chiral drugs cm be obtained via the lipase-catalyzed 
resolution of a hydroxylactone. 



n i e  use of enzymes as tools in organic spthesis is becoming more popular, 

however, despite their many advantages, many chemists are still somewhat 

reluctant to use them. This is in part due to the fact that the great number of 

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

enzyme seem, at first, rather daunting. in order to make enzymes more appealing 

to chemists, predictive models and rules have been developed to facilitate the 

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

and tules are based on the study of hydrolase substrates and non-substrates as well 

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

bound as it undergoes catalytic reaction. 

This thesis describes the development of d e s  used to predict the 

stereochemical outcome of transformations of alcohols and amines by various 

hydrolases. A method to enhance the selectivity of hydrolases was developed, 

based on one of these rules. The value of these rules is demonstrated by their 

application in the preparation of several useful chiral synthons. 



1.2 Enantioselective reactions 

The types of selectivities that enzymes exhibit are chemoselectivity, regio- 

and diastereoselectivity, and enantioselectivity. ~nantioselectivit~" is the type of 

selectivity most studied in this thesis, although the other selechvities 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 asyrnmctric syntheses.' 

A kinetic resolution is the selective transformation of only one enantiomer of a 

racemic substrate (Figure 1.4a). An asymmetric synthesis involves the 

transformation of a mes0 or prochiral substrate into a chiral product (Figure 

Hv drolase 

f Y"""" Hydrolase 

mes0 chiral 

ROC0 OCOR Hydrolase HO OCOR 
X > 

R1 Rz 
X 

R1 R2 
prochiral chiral 

Figure 1.4. (a) Hydrolytic kinetic resolution (RI different 60m R,). (b) 
synthesis starting f?om a meso molecule. (c) Hydrolytic asymmeûic synthesis starting fiom a 
prochiral molecule. 

+ RC02H 

Ky drol ytic asymme tric 

Although most of the discussions throughout this thesis refer to the kinctic resolutim of chiral substrates 
the same reasonings, proposab, etc. can be applied to asymrnetric syntheses. 
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If a hydrolase's enantioselection process was always perfect, only one 

optically pure product would ever be obtained, however, hydrolases make errors. 

The ability of a hydrolase to discriminate between one enantiomer of a given 

substrate and the other, in a kinetic resolution, can be measured quantitatively. 

This quantity is defined as E, the enantiorneric ratio. It is a measure of the 

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

transforms each enantiomer in a 1: 1 ratio, giving a racemic product; the enzyme 

does not have a preference for either enantiomer. An E of 50, on the other hand, 

means that the hydrolase reacts with the enantiomers in a 50:1 ratio, yielding a 

product with high optical purity. In the case of asymmeûic syntheses, the 

cornpetition is between enantiotopic groups of a given substrate rather than 

between enantiomers. 

Kinetic resolutions 

Since the substrate in a kinetic resolution is racemic, one could theoretically 

obtain the optically pure product with a maximum yield of 50% and, in addition, 

the other enantiomer could be isolated as the residual substrate, also in a 50% 

yield (see Figure 1.4a). However, since hydrolases make mistakes in 

enantiodiscrimination, the enantioselectivity varies for each hydrolase and for each 

substrate, and consequentl y di ffers for each reaction. 

The enantiomeric ratio can be expressed by mathematical formulas derived 

fiom steady state Michaelis-Menton kinetics for irreversible reactions.I2 In a 

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

site of the enzyme, E, as follows: 



The enzyme turnover number, kat, denotes the maximum number of 

substrate molecules that one active site ûansforms 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 

- = ~, , [EA]  and - d 8 

- dl 
v B  - I1 dt = L~[EB] 

When kt is slow then KM is a binding constant: 

Then, by substitution, 

vA = (k) [E] [A] and vB = (h) [E] [B] 
A K~ B 

The ratio of the initial rates defines the enantiomeric ratio 



If a substrate is racemic, [A] and [BI are initially present in equal amounts, 

therefore they cancel out. Integration yields 

where [Ao] and [Bo] are the initial arnounts of each enantiomer, and [A] and [BI 

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

is an apparent second order rate constant that includes a kinetic constant 

associated with substrate binding. It relates the reaction rate to the concentration 

of unbound enzyme. This second order rate constant is known as the specificity 

constant and it is used to examine the efficiency and selectivity of an enzyme for a 

given substrate. Therefore, as shown above in equation 1.5, the enantiomeric ratio 

or enantioselectivity, E, is the ratio of the specificity constants for each 

enantiomer. A high E results from sufficiently di fferent speci ficity constants for 

each enantiomer in a given reaction. 

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

substrate Vary as the reaction proceeds. Sih et aL13 derived formulas that relate 

enantiomeric excess to the extent of conversion. The substrate concentration 

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

conversion, c, and the enantiomenc excess of either the product, e%, or of the 

unreacted substrate, ces. These values are more easily measured experirnentally 

than t, and KM. Since, 

and 
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ee, = 
A + B  

and - p + Q 
A - B - p - Q 

then, by substiîution of equations (1.6) and (1.7) into equation (1 3, 

and 

Equations 1.8 and 1.9 can be combined to give equation 1.10. The latter equation 

does not require the 

enantiomeric excesses 

reaction, so equation 1 

percent conversion of the reaction. Expenmentally, 

c m  be measured more accurately than the extent of the 

10 is ofien more accurate. 

1 - ee, 
. . . - - - -. - - '1 l+(ee, ee.1 

I + ee, 
- - -  -- 

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

D50) are much more difficult'to rneasure accurately than lower E values. 

It is convenient to graphically illustrate the dependence of the ee, and e% 

on the %conversion, Figure 1 S. These graphs show that, for a given E, the optical 

purity of the product decreases as the reaction proceeds, whereas the optical purity 
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of the remaining substrate increases. Thus, using these graphs, a chemist can 

decide at what point a given reaction should be stopped in order to obtain optimal 

enantiomeric purity of both the product and the remaining starting material. For 

example, a chemist could stop a hydrolytic reaction at less than 50% conversion to 

isolate the product when it is at its highest optical purity. Hydrolysis of the 

remaining substrate can then be continued to over 50% conversion, in order to 

reach its optimum optical purity. Thus both isomers are obtained with high 

enantiomeric excess. It  must be noted, however, that in the case of a reaction for 

which the E is low, only the substrate can be obtained with high enantiomeric 

excess, albeit with low yield. Obviously, the higher the E, the better. 

On account of the dependence of optical purity on the extent of reaction, it 

is necessary to compare the enantiomeric ratios of two kinetic resolution reactions 

as opposed to their enantiomeric excesses. Except in one particular case, see 

Section 1.7, E is constant for a given reaction. 

O 50 100 

% conversion 
O 50 100 

% conversion 

Figure 1.5. Graphical representations of the dependence of optical purit- on the extent of 
conversion. (a) enantiomeric excess of the product as a fùnction of percent conversion. (b) 
enantiomeric excess of the remaining substrate as a h c t i o n  of percent conversion. 
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The above equations and graphs apply to irreversible reactions. An 

enzyme-catalyzed hydrolysis reaction is considered to be irreversible because, as 

dictated by the law of mass action, the great excess of water shifts the 

thermodynamic equilibrium of the reaction to the nght. 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. Amnng 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 shifi the thermodynamic equilibrium such that the reactions become 

revenible, Figure 1.7. 

+ R'OH 

Hydrolase 

acyl donor (RCOOR') 
solven t 

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

Kinetic analyses of a reveeible 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 of both the product and the residual 

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

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

acylation reaction. There are two methods of accomplishing this: 1) use an excess 
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of the acyl donor and 2) use a special acyl donor that ensures irreversible 

conditions. Figure 1.8 shows an example of the latter method. Under these quasi- 

irreversible conditions, the same equations for the calculation of E can be used as 

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

practice irreversible conditions are only mimicked under approxirnately 40% 

conversion. l 6  

Hydrolase 

The product, having the preferred stereochemistry 
for the hydrolase, cm easily bind to the active site. 
The R alcohol is regenerated, lowenng the optical 
purity of the rernaining substrate, the S alcohol. 

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

JoA Hydmiase * 
O 

ROH + + ROH + 
RO 

unreactive ketone 
(acetone) 

Figure 1.8. The use of i-propenyl acetate as acyl donor results in the formation of an unstable 
en01 which tautomerizes to an unreactive ketone, thus rnaking the reaction irreversible. The R and 
S configurations are assigned arbi trarily . 



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. 

r2 Lipase r= OR 
NH2 + 

RI R2 acyl donor RI R2 R? R* 

no alcoholysis of the amide 

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

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

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

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

fiom a fint hydrolase-catalyzed reaction. This regenerated non-racemic substrate 

is re-submitted to hydrolysis by the hydroiase, resulting in a product with 

increased optical putity. The disadvantage is that the chemical yield is lowered 

dunng this process. This is just one example of the many ways hydrolase- 

catalyzed kinetic resolutions cm be manipulated to enhance optical p~rity.S.6 
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Asymmetric sya theses 

An asymmetric synthesis is the transformation of a mes0 or prochiral 

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

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

The enantiomeric ratio is given by equation 1.1 1 ." 

Since the substrate fits into the active site in an optimal position before 

transformation of the reactive group occurs, theoretically one should be able to 

obtain quantitative conversion to a single chiral product, if the reaction is 

continued until al1 the substrate is consumed. However, in reality a second 

reaction may occur, Figure 1.10. 

In the fint step, the enantiomeric excess of the product is independent of 

the extent of conversion, as there is no competition between enantiomen. 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 1.1 1 no longer holds. Nevertheless, since the 

secondary reaction often occurs with the minor enantiomer, the optical purity of 

the desired product is ofien 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 tenns of activity and selectivity. 
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asyrnmetric synthesis kinetic resolution 

more reactive 
\ OCOR 

h major chiral 
product 

more reactive 

minor chiral 
product 

Figure 1.10. Asymmetric synthesis starting from a mes0 compound. The minor product fiom the 
first step of a hydrolase-catalyzed hydrolysis of a mes0 diester reacts more quickly in the second 
step. The total amount of the minor enantiomer is decreased, resulting in an increase in the 
optical purity of the major mono-ester product. 

Selectivity at two stereocenters 

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

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

employed in the quantitative determination of both the diastereoselectivity and the 

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

The hydrolases of pnmary focus in this thesis are lipase from Candido 

rugosa (cRL),'" lipase fiom Pseudomonas cepacia (PCL),''~ pancreatic 

cholesterol esterase (CE), and subtilisin. Subtilisin is a senne protease, whereas 

lipases and esterases are serine estemes. Senne proteases and senne esterases 

belong to the family of serine 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 descnbed in this thesis was begun. As 

X-ray structures have become available, it has become apparent that although the 

amino acid sequence of al1 lipases and esterases is very different, they al1 have an 

astonishing similarity in their three-dimensional str~cture'~. Al1 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 1.1 1 for an example." This fold is called 

the a@ hydrolase fold." It is compnsed of a central B-sheet, fonned by a series of 

eight predorninantly parallel P-strands, that is flanked on either side by a-helices. 

The B-sheet has the usual lefi-handed twist found in proteins. Each enzyme has 

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

the a/p hydrolase fold. 

The catalytic machinery located within the active site of hydrolases is  

made up of the "catalytic triad" residues and the "oxyanion-stabilizing" residues. 

The catalytic triad residues, serine, histidine, and aspartic acid or glutamic acid, 

are in the same order in the amino acid sequence of al1 esterases and lipases. 

Consequently, they have the same orientation in the three-dimensional structure of 



each enzyme because of the cornmon a/B fold. The catalytic triad is situated at the 

C-teminal edge of the B-sheet. The nucleophilic serine is always situated at the 

elbow of a sharp him of the loop between strand 5 and helix C, the acid, asp or 

glu, is in a loop following strand 7, and histidine is the first arnino acid after a 

reverse mm following strand 8. In a few lipases, the catalytic acid does occur 

elsewhere (e.g. human pancreatic lipase). The "oxyanion hole", containing the 

oxyanion stabilizing residues (residues that stabilize a transition-state intermediate 

forrned during catalysis) is also situated in approximately the same place in al1 the 

senne esterases: in a turn between strand 3 and helix A. The geometry of the 

catalytic triad is maintained by an extensive hydrogen bonding network. 

This specific arrangement of the catalytic machinery and the a@ folds 

provides a chiral environment within the active site and, therefore, the selective 

embedding of a substrate. Due to the common structural framework of serine 

esterases, the binding sites have conserved elements. For instance, studies suggest 

that the secondary alcohol binding site is made up of two principle regions: a large 

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

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

towards secondary alcohols. This will be discussed in detail in the following 

sections. 

However, the uniqueness of each enzymes' amino acid sequence leads to 

differences in the details of their refined three-dimensional structure and 

differences in their individual electronic character. It is these differences that 

render each enzyme unique in its ability to bind various substrates and 

differentiate between isomers of a particular substrate. The detailed structure of 

each individual lipase and esterase and the method by which they distinguish 

between enantiomers is discussed in the following sections. 



Lipase from 
Pseudomonas cepacia 

subtilisin Carlsberg 

Figure 1.11. hbbon diagrams of the three-dimensional structures of lipase from Pseudomonas 
cepacia (a) and subtilisin Carlsberg @) showing the typical a@ hydrolase and a@ subtilase 
fol& respectively. The catalytic triad residues are co!oured as follows: Ser, orange; His, blue; 
Asp, red. If the page is tumed sideways to the le& the diagrams have the same orientation as the 
schematic drawings in Figure 1.12. This figure was created ushg RasMol v2.6 and coordinates 
fiom the PDB data files (accession codes for PCL and subtilisin Carlsberg are 41ip and 2sk, 
respec tivelY).' 
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Figure 1.12. Schematic ârawing of the a/p  hydrolase (a) and a@ subtiiase @) folds showng the 
relative position of the catalytic site residues and the oxyanion hoIe residues. The double slashes 
correspond to places were there may be extrusions that are unique to each hydrolase. For 
example, a cornparison with Figure 1.1 1 shows that PCL has additional a-helices and bstrands 
and subtilisin Carlsberg has additional a-helices. 

Whereas esterases exhibit normal Michaelis-Menton kinetics, acting upon 

water-soluble substrates, the catalytic activity of most lipases sharply increases 

when in contact with lipid-soluble substrates at a lipid/water interface.12 This 

"interfacial activation" is probably the result of a change in the conformation of 



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 1.1 la? When these lipases are in the 

aqueous phase, this lid is closed, limiting access to the active site. When the 

lipases corne into contact with the lipid phase, the lid opens, making the catalytic 

machinery and binding site available to the lipid-soluble substrate. In some 

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

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

Structure of  subtilisin 

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

possessing esterase activity, has also been determined." The core secondary 

structures of subtilisin are folded in what is known as the a / p  subtilase f ~ l d , ~ ~  that 

is, it is not an a / p  hydrolase, Figure 1 . l  lb. This fold consists of a P-sheet 

comprised of five parallel P-strands flanked by four a-helices, two a-helices on 

either side of the plane formed by the P-sheet, Figure 1.12b. An interesting 

feature of subtilisin is that one of the a-P-a motifs in this region is lefbhanded 

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, senne and aspartic acid. 

Unlike the a / p  hydrolases, the catalytic residues are not located on the loops 

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

themselves. Histidine and serine are located on the first turn of helix B and helix 

E, respectively. Aspartic acid is found within strand 1 and asparagine which 

forms part of the oxyanion hole, along with the main chain nitrogen atom of the 

catalytic senne, is on the very tip of the carboxy end of strand 5. 



Figure 1.13. The active sites of subtilisins and lipases are approximate misror images: the 
catalytic serine is on the opposite side of the plane fonned by the imidazole ring of the catalytic 
histidine. A) The catalytic tnad of subtilisin BPN'. B) The catalytic mad of lipase from 
Pseudomonas cepacia. The catalytic triad is viewed fiom the substrate binding site. in both cases. 
This figure was created using RasMol version 2.6 and coordinates fiom the PDB data files 
(accession codes for subtilisin BPN' and PCL are 2STl and 2lip respectively.' 

Although the catalytic triad residues are the same as those found in serine 

esterases, the serine nucleophile lies on the opposite side of the plane formed by 

the imidazole ring of the histidine residue. Therefore, the three-dimensional 

orientations of the catalytic machinery (including the oxyanion hole) in senne 

esterases and serine proteases are approximately the mirror images2', Figure 1.13. 

Catalytic mechanism 

The mechanism for serine hydrolases has been well established. 1227.28 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).2g Subtilisin attacks on the Si face of esters and Re face of amides. 
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Through hydrugen bonding, the His residue functions to reduce the pK, of the 

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

intermediate is being formed, the serine hydroxyl proton is transferred to the His 

residue. However, it is thought that the proton remains hydrogen bonded to both 

the senne oxygen and the substrate oxygen atom of the tetrahedral intermediate, 
29.30 serving to facilitate bond cleavage and leaving group departure. The negatively 

charged Asp(G1u) residue stabilizes the positively charged imidazole ring. Several 

residues known as the oxyanion stabilizing residues are also present within the 

active site. These residues serve to stabilize the oxyanion of the tetrahedral 

intermediate by forming two hydrogen bonds with the negatively charged carbonyl 

oxygen. Breakdown of the tetrahedral intermediate (Tdl) releases the alcohol (or 

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

results in the formation of the acyl-enzyme intennediate. 

The attack of a nucleophile on the acyl-enzyme results in the formation of a 

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

grr~up. I F  the nucleophile is water as in the case of a hydrolysis reaction, an acid is 

released. During the h a t i o n  of the second tetrahedral, His is again protonated 

and when the Td2 breaks dom,  the His proton is transferred back to Ser, 

regenerating the fiee enzyme. 

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

tetrahedral intermediate that is the rate detemining step in the overall reaction of 

hydrolyses." In section 1.5, we will discuss how it is this step that determines the 

enantioselectivity of the hydrolase towards alcohols. 



\ 
His O II 

non-covalentiy bound 
enzyme-substrate intemediate 

His 

\ 
His 

u 11 0;- --H. 
A ~ P  . 

H. 
NH bound acyl-enzyme intermediate 

\ 
His 

ser, 

Figure 1.14. Catalytic mechanism for serine hydrolases. in some hydrolases Asp is replaced by 
Glu and the oxyanion stabilizing residues may differ. 
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The kinetics and mechanism of the reverse reaction, acylation of an alcohol 

or amine, have also been examined. 16.32.33 In this case, the acyl-enzyme is fomed 

by the attack of catalytic senne residue on the acylating agent. In the second step, 

the chiral alcohol (or amine) nucleophile attacks the carbonyl carbon of the 

acylated serine, forming the second tetrahedral intemediate. The breakdown of 

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

release of the ester (or amide) product. 



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 

resoluhons or asymmetric syntheses involving one or al1 of the following 

substrates: secondary alcohols, primary alcohols, and ptimary amines 

The following descriptions show the similarity between the binding sites of 

hydrolases. A close-up picture of the substrate binding sites referred to below is 

shown in the following section (section 1 S). 

Lipase from Candida Rugosa 

X-ray crystal structures for lipase from Candida mgosa,'8a a fbngal lipase, 

have been obtained for both the open-lid" and closed-lid3' forms as well as with 
29.36 bound inhibitors. CRL consists of a 538 amino acid sequence and weighs 

approximately 63 

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

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

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

site. The active site can be simply described as a hydrophobic cavity in the 

lipase's surface. The crevice is oval in shape, measunng approxirnately 7 A x 12 

A. Within this cavity is a large "pocket", open to the solvent, lined with 

hydrophobic side chains and a medium-sized pocket lined with both polar and 

hydrophobic groups. The medium pocket faces the floor of the crevice where the 

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

of the GIy123 Gly 124, Ala2 10 residues. The acyl chain of the ester binds 

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

unusual among hydrolases, allows the binding of a chain containing up to 18 



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 fiom the Pseudomonas family of 

bacterial microorganisms: lipases fiom Pseudomanas cepialSb (PCL, lipase P, P- 

30, PS, LPL-80, LPL-ZOOS, SAM-II), Pseudomonas fluorescen~~~ (PFL, lipase 

YS, AK, AKG), and Pseudomonas glumae (Chromobacteriurn v i ~ c o s u n i ~ ~ ) ,  

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 

PCL". PCL. which consists of a 320 amino acid sequenced2 and weighs about 33 

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

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

exposed. The active site senne is located in the center of the cleft. The opening of 

the cleft is oval-shaped, measuring 10 A x 25 A across, whereas the cresent- 

shaped bonom of the clefi measures about 4 A across. The clefi is approximately 

1 5 A deep. The catalytic triad is consists of Ser87, His286, and Asp264 residues 

and the oxyanion hole is formed by the Gin88 and Leu17 residues. 

Three binding sites were observed in the crystal structure of PCL 

complexed with a glycerol derivative transition-state The acyl-chain 

binding cleft is a well-defined hydrophobic groove measuring approximately 8 A 

x 10 A. There is a large binding pocket that has a small hydrophilic region at the 

bonom of the cl& and a larger hydrophobic region towards the surface of the 

enzyme. There is also a smaller pocket that is less hydrophobic. 
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Lipase B from Candida antarctica 

The three-dimensional crystal structure of Lipase B from Candida 

antarctica (CAL-B) was detemined by Uppenberg et al. both with and without a 

43.44 covalently bound inhibitor within the active site. CAL-B is a fûngal enzyme 

that consists of a 3 18 amino acid sequence and weighs 33 kDa. Its overall 

dimensions are approximately 30A x 40A x 50A. 

The catalytic triad, consisting of Set 1 05, His224, and Asp 187, is situated at 

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

residues, Gln 106 and Thr40, are thought to form three stabilizing hydrogen bonds 

to the tetrahedral intermediate. Two hydrophobic side chains protmde slightly 

into the binding side separating it into two 'channels': one for the alcohol side of 

the substrate and the other for the acyl portion. There is a medium pocket towards 

the floor of the alcohol side of the binding pocket as well as three hydrophobic 

regions towards the surface of the enzyme. 

Although there is a shon a-helix near the entrance to the binding site, there 

is no indication that it acts as a lid by blocking the site when no substrate is 

present. CAL-B does not display the interfacial activation that is typical for many 

lipases. 

Cbolesterol esterase 

Cholesterol esterase, also known as bile-salt activated lipase, is secreted by 

the pancreas of vertebrates as well as fiom the milk of various mamrnals. 

Cholesterd 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 hydrophobic substrates. 
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The crystal structure of bovine pancreatic cholesterol esterase, one of the 

most commonly used and studied esterases, has recently been solved by wo 

independent research groups. Wang et al." solved the structure of the native 

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

a mutant monomer . Since the mutation (removal of N-linked glycosylation sites) 

occurred far fiom 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 D a .  The protein core has 

a typical lipase a/p hydrolase fold consisting of 11 B-strands flanked by 15 a- 

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

near the center of the molecule. Ala195, Gly 107, and Ala108 are thought to be the 

oxyanion stabilizing residues. The active site is located in a large, deep 

hydrophobie 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. 

Cholesteroi esterase lacks the arnphipathic, helical lid found in lipases that blocks 

the entrance to the active site binding pocket in the inactive lipase conformation. 

Instead, in the position that corresponds to the lid of lipases, is a short truncated 

loop made up of two anti-parallel P-strands. This loop (residues 64-80) does not 

block the entrance to the active site and is too rigid to change conformation. It is 

therefore unlikely to play any role in the activation of CE. Instead, two different 

modes for the activation of CE were proposed. 

Chen et al. examined an inactive conformation of CE. They found that the 

last six C-terminal amino acids of the enzyme were located within the active site 

pocket, physically hindering substrate binding and diverthg the putative oxyanion 

binding site fiom the catalytic serine. They suggest that displacement of the C- 



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 confomation of CE that had been activated by bile 

salts. They were unable to interpret any electron density for the last 32 C-terminal 

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

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

blocked by a short non-helical loop (residues 1 16-1 24) whose conformation seems 

to be dependent on bile-salt binding. They described the presence of two bile-salt 

binding sites, one proximal to the active site and the other distal. The loop blocks 

the entrance to the active site when bile-salt is absent. It appears that when bile- 

salt binds in the site closest to the active site, the loop moves out of the way, 

allowing sufticient space for the substrate to enter the binding pocket. The 

position of the oxyanion hole does not alter and rernains 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. 

A lthough these proposals are vastl y di fferent, they are both similar to lipase 

activation in that a small portion of the protein must move to allow substrate 

binding. In one case it is a short loop that blocks the active site and in the other it 

is the C-terminai region. 

Subtilisin 

Subtilisins are senne 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' fiom Bacillus amyloliquefaciens and subtilisin Carlsberg fiom 

Bacilfus lichenifomis are probabl y the most fiequent1 y used. Subtilisin Carlsberg 

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

differs at 84 re~idues.~' The information given below is valid for both of these 

subtilisins. 

Subtilisin consists of a single polypeptide chain that, as discussed in the 

previous section, is folded into an a/$ structure that is quite different fiom the a / p  

hydrolase fold of lipases and esterases. It is an essentially spherical molecule that 

measures approximately 42 A in diameter and weighs about 27 ma. The catalytic 

triad, situated at the bottom of a large, open, shallow groove in the protein's 

surface, is cornprised of Ser221, His64, and Asp32 residues. They are situated 

outside of the carboxy ends of the central B-sheet. The amide moeity of Asn 155 

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

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

the Si' site is analogous to the site in which the alcohol substituents bind." The SI 

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

moieties .J8 



Chapter l 

1.5 How do hydrolases discriminate between enantiomers? 

The detailed study of substrate and active site characteristics has led to an 

insight into the molecular basis by which hydrolases distinguish between 

enantiomen of a substrate. One of the main objectives of this work is to give 

researchers clues as to how enantioselectivity c m  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, ofien 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 1.1 5 .  Researchers have attempted to discover whether hydrolases 

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

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

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

The examination of hydrolase crystal structures with bound transition-state 

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

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

machinery and binding site.' 

Secondary alcohols 

tmportantly, as described in Chapter 2, al1 lipases and esterase studied thus 

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

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

' It must be noted that al l  of the following studies were camied out afin the work described in Chapters 2. 
When the empirical substrate d e  
considered here. Furthemore, the 
suucnire was available for PCL. 

was proposed, no X-ray structures were available for the lipases 
research descrïbed in Chapter 3 was carried out before an X-ray 
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enantiopreference is due to the comrnon characteristics of the alcohol substrate 

binding sites: the presence of a large hydrophobic pocket and a srnaller more 

hydrophilic pocket, figure 1.15. It is these pockets that are referred to in the 

following discussion. 

But why do these enzymes prefer one enantiomer to the other? Several 

research groups have proposed molecular level explanations for the 

enantioselectivity of lipases toward secondary alcohols. Al1 of the researchers 

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

with the larger substituent in the large hydrophobic pocket and the medium 

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

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

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

reacting with the disfavored enantiomer, differ. The first four proposals (CygIer et 

al., Nishizawa, et al., Ema et al., and Nakamura, et al.) agree that 

enantiodiscrimination stems fiom differences in the reactivity of the wo 

enantiomers in the transition state. They also agree that the large substituent of 

both enantiomers must bind in the large hydrophobic pocket and point out towards 

the surface of the enzyme. The following two proposals (Uppenberg et al., Rottici 

et al., Orrenius et al., and Zuegg, et al.) agree that enantiodiscrimination stems 

from the preferential binding mode of one enantiomer of the substrate.' One 

enantiomer is disfavored because it must orient its substituents in such a way as to 

cause unfavorable interactions within the binding pockets. That is, the large and 

medium substituents switch places. 

' This does not imply that enantiodiscrimination is necessarily based on differences in the binding 
constants. 



Figure 1.15. A close-up view of the substrate binding sites of CRL, PCL, CAL-B, CE. The view 
is straight in, towards the active site. Ou .  interpretation of the three-dimensional crystal 
structures shows that these enzymes al1 have a medium-sized binding pocket (red) that is situated 
close to the bottom of the active site and a large pocket (green) that extends M e r  out towards 
the surface of the enzyme. The medium pocket is lined with both hydrophilic and hydrophobic 
amino acid residues. These residues always include the one before the catalytx serine, the one 
after the catalyhc histidine, and one next to the oxyanion-stabilizing residues. The large pocket is 
lined predominantly with hydrophobic residues. CRL has a deep, spacious tube-like binding site 
with a narrow tunnel for the acyl moiety. The binding site of PCL is relatively wide towards the 
surface but becornes narrow and crescent-shaped near the catalybc triad. CAL-B has a very deep 
and narrow binding site, with the medium pocket k ing  barely accessible to the soivent. CE has 
the most solvent-accesible binding site. It is shallow and wide with a deep narrow gorge for the 
acyl moiety. These pichaes were created using RasMol v2.6 and coordinates from the following 
PDB files: 1 lpm (CRL), Ilip (PCL), 1 lbs (CAL-B), laql (CE).' 



Chapter I 

Cygler et aL2' obtained data on the stnichual and electronic characteïistics 

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 teMedm1 intemediate fonned during hydrolysis of 

secondary alcohol esters. Individual crystal structures, for each enantiomer of the 

menthol derivative bound to the active site, were solved. From this, they were 

able to propose a method by which the lipase distinguishes between the two 

enantiomers. In the case of the favored enantiomer, the larger side of the menthyl 

ring, containing an isopropyl moiety, binds in the large hydrophobic pocket of 

CRL and the smaller side binds in the smaller less hydrophobic pocket, Figure 

1.16. A hydrogen bond is fomed between the Nt22 atom of the catalytic histidine 

and both the alcoholic oxygen of the substrate and the nucleophilic oxygen of the 

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

intermediate and facilitates deprotonation of the serine and protonation of the 

alcohol leaving group. The position of the disfavored enantiomer in the active site 

is such that although its large substituent still binds within the hydrophobic pocket, 

the isopropyl moiety is directed towards the catalytic histidine. The orientation of 

the histidine imidazole ring is distorted, permitting only the hydrogen bond to the 

serine residue to form, Figure 1.17. The stability of the tetrahedral intennediate is 

decreased and protonation of the leaving alcohol is hampered, delaying release of 

the alcohol product or resulting in the reformation of the starting material. Thus 

one enantiomer is preferentially hydrolyzed. 
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Figure 1 .M. Active site of CRL with the covalently-bound, fast-reacting enantiomer of the 
phosphonate inhibitor. The isopropyl moiety binds in the large pocket and the methyl goup 
binds in the medium pocket. This figure was created using RasMol v2.6 and PDB file 11~rn.' 

1" 
His ~g 

favored disfavored 

disni p ted 

Figure 1.17. Schematic representation of both enantiomns of the menthol inhibitor bound to 
Cm. The alcohol oxygens of the two mantiomers poht in dif fant  directions. The slightly 
different orientation of the large group within the hydrophobie pocket, dimpts the catalytically 
essential hydrogen bond in the case of the disfavored enantiomer. 



Chapter 2 

Nishizawa et al. came to a similar conclusion fkom kinetic studies of PCL- 

catalyzed hydrolyses of secondary alcohol  ester^.^' They found that the apparent 

KM values were identical for several different substrates but that the ka, values 

were substantially different. It was suggested that enantiodifferentiation is a result 

of one enantiomer reacting faster than the other, and that the two enantiomer~ 

bind to the same extent. Nishizawa et al. proposed that the large substituent of 

both enantiornen binds tightly to the same site and but that the smaller substituent 

of the slow reacting enantiomer orients itself in such a way as to hinder hydrogen 

bond formation between His and the alcoholic oxygen. 

Nakamura et aLQ9 and Ema et canied out kinetic studies on the reverse 

reaction, acylation of secondary alcohols, catalyzed by lipases from Pseudomonas 

cepaciu and Rhizomucor miehei, respectively. Both groups proposed that the 

enantioselectivity of lipases towards secondary alcohols originates fiom a 

di fferences in V,, rather than Ku. However their mec hanistic interpretations 

differ, as discussed below. 

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

proposed that enantiomer differentiation is dependent solely on the relative 

stability of the transition states of each enantiomer, while ignoring any influence 

that the size, shape, and electronic characteristics of the substrate may have. The 

transition states considered correspond to the breakdown of the second tetrahedral 

intermediate, resulting in the release of the acylated alcohol. In the transition 

state, the bond between the alcoholic oxygen and the chiral carbon of the substrate 

have a gauche conformation with respect to the bond connecting the nucleophilic 

serine to the carbonyl carbon of the ester. According to the stereoelectronic 

theorYs*, 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 solvmt and the proton attached to the stereocenter is syn with 



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' fomied by the catalytic Ser and His residues 

and an adjacent His residue. The medium substituent is then forced into a position 

that causes repulsive non-bonding interactions with the carbonyl oxygen. Rotation 

of various dihedral angles to reduce steric strain, leads to a destabilization of the 

transition state and a disturbance of the catalytic histidine and the hydrogen- 

bonding network. The transition state of the disfavored enantiomer is therefore at 

a higher energy level. One disadvantage of this theory is that it does not take into 

account the size and shape of the binding site; only a few residues in the active site 

are considered. If chiral recognition at the binding step could be completely 

ignored then the degree of stereoselectivity of al1 lipases should be the same; this 

is obviously not the case. 

large substituent remains in same position 

favored disfavored 

Figure 1 .M. Simplified schematic representation of the proposal givm by Erna et al. The Mew 
along bond a for the favored and disfavored enantiomers is shown. Bonds b and c are gauche in 
both cases and the large substituent points outward. For the disfavored enantiomer, repulsive 
interactions occur between the carbonyl oxygen and the medium substituent. Note that this is not 
a transition state mode1 of the enzyme-substrate complex, but rather a simple view of the relative 
positions of pertinent groups. 

Nakamura et suggested that large aromatic substituents are 'anchored' 

in a large pocket close to the catalytic site. That is, the large pocket of PCL is lined 

with phenyl rings and has a special affinity for an aromatic substituent. In the case 



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 conectly for acylation. It is suggested that an aromatic large 

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

effect'?' That leaves the option of either the hydroxyl group binding easily in the 

medium pocket, in an unreactive position, or being situated at the catalytic 

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

forced into the sterically consticted pocket meant for the hydrogen atom. The 

lower enantioselectivity that is observed for substrates having a flexible alkyl 

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

subjected to the 'anchor effect'. The lack of an aromatic goup increases the 

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

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

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

unreactive sterically hindered 

arornatic 

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 enantioselectivity on non-steric interactions within the 

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

example, Honig et found that in the case of a heterocycle such as 3- 



hydroxytetrahydrohran acetate, which, other than for the presence of the ring 

oxygen is symrnetrical, the preferred product has an R configuration. This 

observation led them to suggest that the heteroatom must interact electrostatically 

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

enantioselectivity can be dependent on n-n interactions between a phenyl group 

on the substrate and an amino acid moiety in the binding site.s3 Rotticci et al." 

found that the addition of a halogen atom to the large side of aliphatic secondary 

alcohols greatly increased the enantioselectivity of Candida antarctica lipase B 

(CAL-B), whereas addition of the halogen to the smaller side resulted in a 

decrease. 

The following two proposals focus on the notion that enantiodiscrimination 

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

within the binding site. 

Uppenberg et al." canied out crystallographic studies with an achiral 

covalently-bound inhibitor and molecular modeling studies with chiral substrates, 

using CAL-B. The tetrahedral intermediates of two different secondary alcohol 

substrates were embedded into the active site. The presence of the hydrogen bond 

between the catalytic His and the alcoholic oxygen was observed for the favored 

enantiomers of both substrates. Interestingly, however, it was also present for the 

disfavored enantiomer of one of the substrates. This led them to the assumption 

that there must also be other factors governing enantioselectivity. 

steric hindrance 

Mode l binding Mode II binding 
of favored eriantiomer of disfavored enantiomer 

Figure 1.20. Binding modes 1 and II for secondary alcohols. Mode iI has unfavorable N n c  
interactions. 
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This study, as well as later experiments combining substrate screening with 

molecular rnodeling that were canied out by some of the same researchers 

(Rotticci et al. '' and Orrenius et al.'?, indicated that size restrictions of the 

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

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

bind as in Mode 1, with the medium substituent in the medium sized pocket. The 

disfavored enantiorner must bind as in Mode 11 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 dificult; the enantioselectivity is enhanced because Mode II 

binding is less likely. They also suggested that unfavorable electrostatic 

interactions can occur in the medium pocket if a halogenated substituent is 

present, as discussed above. The presence of a halogen atom on the large 

substituent, probabl y increases the enantioselectivi ty by making Mode II binding 

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

pocket. 

Zuegg et analyzed the low energy conformations of both enantiomers 

of secondary alcohols within the active site of both PCL and CRL. They proposed 

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

alcohols exhibit what they cal1 H-alignment, Figure 1.2 la. The hydrogen atom at 

the stereocenter of both enantiomers binds in the same site. The large substituent 

of one enantiorner is then forced to bind in the medium pocket, causing 

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

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



a b 
hydrogen binds in same position favored 

a -0 

favored large substituent binds in same positio 

Figure 1.2 1. Secondary alcohols, (a), exhibit H-alignment, whereas primary alcohols. (b), 
exhibit L-aIignment. The large and medium substituents of bath classes of alcohols bind in the 
same respective sites. 

Primary alcohols 

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

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

camed out with substrates having two stereocenters. Three independent groups of 

researchen have perfomed crystallographic and rnolecular modeling analyses 

using PCL. Their proposals for the rnolecular bais by which PCL differentiates 

between enantiomers of primary alcohols and rationalizations for its opposite 

preference for primary and secondary alcohols are discussed below. 

Zuegg et ai.*' proposed that the favored enantiomer of secondary alcohols 

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

substituent at the stereocenter in a large hydrophobic pocket and the medium 

substituent in a smaller more hydrophilic pocket, Figure 1.21. They suggest that 

the preferred primary alcohol is opposite to the preferred secondary alcohol 

because of the extra carbon between the stereocenter and the alcohol hydroxyl 

group. This is in agreement with the research described in Chapter 3. Primary 

alcohols exhibit L-alignrnent. That is, the large substituents bind in the same 



pocket for both enantiomers. For the disfavored enantiomer, this forces the 

hydrogen atom into the hydrophilic pocket and the medium substituent out of the 

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

the bais for enantiodi fferentiation. 

In the previously discussed studies conducted by Nishizawa et al.," it was 

also suggested that both substituents of p n m w  and secondary aicohols bind in the 

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

for primary alcohols are lower than for secondary alcohols because the medium 

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

hydrogen bonding to the catalytic histidine to the sarne extent. This results in less 

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

Tuomi and ~ a z l a u s k a s ~ ~  proposed that primary and secondary alcohols 

bind in different regions of PCL, as a result of molecular modeling of transition 

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

substituents of primary alcohols bind in an "altemate" hydrophobic pocket that is 

fairly far removed From the hydrophobic pocket that binds large substituents of 

secondary alcohols, Figure 1.22. In addition to molecular modeling, kinetic 

studies were perfonned. They studied two di fferent primary alcohol substrates, 

one with an oxygen attached to the stereocenter and one without. This was done 

in an attempt to discover why, as will be discussed later, an existing rule can 

predict the enantiopreference of PCL towards primary alcohols without an oxygen 

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

the substrate lacking an oxygen at the stereocenter, the favored enantiomer has a 

lower Ku than the disfavored one, but the 16, values are approximately the same. 

Molecular modeling shows that the favored enantiomer has better hydrophobic 

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

the medium pocket, Figure 1.23. 



Figure 1.22. The active site of PCL without (left) and with (right) an embedded primary alcohol 
phosphonate transition state analogue. According to Tuomi and Kazlauskas the Iarge substituent 
of primary alcohols, in this case a phenyl group, binds in an altemate hydrophobic pocket. In the 
nght hand picture, the colours have been omitted for clarity. The viewing angle of the two 
pictures is slightly different. 

HO Tyr k 3  
-O\ 
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(t) 0 Tyr 

favored favored 

Figure 1.23. (a) The preferred orientation of a secondary aIcohol substrate. @) Proposed 
orientations for each enantiomer of a primary alcohol substrate with an oxygen at the 
stereocenter. (c) Proposeci orientations for each enantiomer of a primary slcohol laciung an 
oxygen at the stereocmter: the disfavored enantiomer foms a hydrogen bond to tyrosine. The 
large substituent of primary alcohols binds in an altemate hydrophobic pocket that does not 
correspond to the hydrophobic pocket for the large substituents of secondary alcohols. The 
medium substituents bind in the same pocket for both classes of alcohols. 



PCL prefers the opposite enantiomer of the substrate having an oxygen at 

the stereo~enter.~' The kinetic studies showed that both 16, and KM are greater for 

the preferred enantiomer. Molecular modeling showed that the disfavored 

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

and, in addition, there is a hydrogen bond between the phenoxy oxygen of the 

substrate and the phenol hydroxyl moiety of a tyrosine residue in the 'altemate' 

hydrophobic pocket, Figure 1.23. Although the hydrophobic contacts of the 

favored enantiomer are poorer, the difference in ka, is much greater than the 

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

that the lower ha, of the disfavored enantiomer is due to the hydrogen bond to the 

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

tighter binding of the substrate. In al1 of the above binding modes, the 

catalytically essential hydrogen bonds were maintained. In this proposal, both h,, 
and Ku are important in determining enantiopreference. 

Lang et al.30 identified three pockets within the substrate binding site of 

PCL by examining its crystal structure with a covalently-bound rriacylglycerol 

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

pocket; HH, a large hydrophobic pocket with a small hydrophilic region; and HB, 

a smaller slightly hydrophobic pocket.' The crystal structure was obtained with 

only the faster-reacting, R, enantiomer of the inhibitor. Molecular modeling 

studies were done to determine how the slower-reacting, S, enantiomer would bind 

in comparison. It was observed that the sn-2 moiety of the fast-reacting 

enantiomer binds in the HH pocket and fonns a hydrogen bond between the 

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

slow enantiomer is bound in this pocket. Since the environment near the 

stereocenter of the two substituents is different, unfavorable steric interactions 

tt appears that the HH pocket corresponds to the alternate hydrophobic pocket of Tuorni and Kazlauskas. 

46 



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 enantiorner. The interactions of the HB pocket with 

the inhibitor are fewer and weaker and therefore of less consequence. In this 

proposal, the two substituents switch places and one binding mode is preferred. It 

is rationalized that the size and nature of the portion of the substituents that is 

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

enantiomers. 

HB pocket HA pocket HB pocket HA pocket 

HH pocket 
CsHt1 

, . 
I oJ., ' - o -~ i p  

extra carbon 
disnipts H-bond HH pocket 

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

To siimmarize 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 al1 agree that the 

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

alcohol. Zuegg et al. and Lang et al. suggest that differences in binding are of 

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

propose that both factors influence enantiopreference. 

Subtilisin 

As will be discussed in the following section, subtilisin favors the opposite 

enantiomer of secondary alcohol substrates as compared to lipases and esterases. 

In Chapter 4, we propose that this is due to the fact that the catalytic histidine is on 

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

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

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 cm be applied. Colombo et 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 stacbg arrangement was 



observed between the imidazole ring of the catalytic His and the phenyl ring of the 

fast-reacting enantiomer. 

Crystal structures of subtilisin with boronic acid based transition-state 

analogues bound to the active site, have been studied? However since these 

inhibitors mimic amino acids, it is the 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 proposals have been made, there is still not any 

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

determines the level of enantioselectivity. It would seem as though there is a fine 

balance between the many structural and electronic characteristics of both the 

substrates and the hydrolases. In addition, it is possible that there is a different 

explanation for different substrates and different enzymes. In spite of this, a 

reliable prediction of the stereochemical outcome of many hydrolase-catalyzed 

reactions is possible. 
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1.6 Predicting enzyme selectivity 

In recent years chemists have attempted to make enzymes more accessible 

and alluring for the production of optically pure materials by developing rules that 

predict the enantioselective outcome of enzyme-catalyzed reactions. As there are 

a great number of hydrolases available, reliable rules and models greatly simpliQ 

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 dificult to use this data to 

predict the enantiopreference of a hydrolase. There fore, although most of the 

following rules were proposed before X-ray structures became available, they are 

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

even been developed afier crystal structures have been solved. 

One of the fint rules available was developed by Prelog to predict the 

enantioselectivity of yeast-catalyzed reductions of ketones6'. This rule is based 

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

use for the determination of absolute configurations6'. After the first few rules for 

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

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

studies. 

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

genenl models for predicting the stereochemical outcome of hydrolase-catalyzed 

reactions; specifically, the hydrolysis of esters and esterification of primary and 

secondary alcohols. The application of these niles 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 niles or modets: substrate niles 

and box-type models. Substrate rules illustrate which substituent characteristics 

are preferred by hydrolases. Some are detailed and apply only to a single class of 

substrates with a particular enzyme, and therefore have a limited degree of 

usefulness. Others are very general and apply to a vast variety of substrates and 

several hydrolases. The box-type models, either two- or three-dimensional, 

attempt to map the active site. These models tend to give more detail about the 

shape, size, hydrophobicity, and electronic character of the hydrolase binding site. 

However, they are ofien harder to apply to a given substrate and are more specific 

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

divided into five categones: substrate rules and active site models for secondary 

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

rules for primary amines.' 

Secondary alcohols: Predictive substrate rules 

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

one enzyme and one class of substrate. Xie et al. proposed two rules that predict 

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

~ ~ s t e r n s . ~ ~  The first is a three-site model specifically for cyclic or bicyclic di01s~~ 

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

 stems^^ (Figure 1.26). 

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

resolutions of bicyclic secondary alcohols. 65 This model, which is restricted to 

bicyclo[2.2.1 Iheptanols 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 C M  

towards this group of s~bstra tes .~~ 

'The reader may wish to consult Figures 1. f 5 and 1 .Z while reading this section, to compare the rules and 
models with the substrate binding sites of the hydrolases. 
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Figure 1.26. a) Three-site mode1 for PCL. The hydrophobic site is for cyclic ring systems and 
the binding site is for an alcoxycarbonyl or acetate group. b) Stereomodel for PCL. Bmding 
occurs in the right-hand volume when the Newman projection of the substrate is ciraun with the 
acetate upwards. 

The refined mathematical substrate model gives a representation as to 

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

favored for a negative charge and which for a positive charge. For example, the 

top of the bridge atom is an area that is favored for a negative charge but sterically 

dis favored. When al1 the stmctural 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. Mode1 for bicyclic submates of CRL. The sites and substituents are defmed as 
follows: A: reaction site (mut  be endo). B: bridge (rnay contain hetero atoms). Sa and S,: anti 
and syn substituents (may be an ester, ether, or acetal group). S.: exo-substituent (may be large). 
S.: endo-substituent (must be very small). n: n-site (nslectron 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 mie (Rule A, Figure 

1.28) which is based on the difference in size of the substituents at the stereocenter 

of the substrate. It is not an attempt to map the active site but rather simply a rule 

to predict which substrate of a racemic pair (or which alcohol rnoiety of a meso or 

prochiral diol) will react preferentially. 

Rule A: Lipases Rule 8: Subtilisin 

Figure 1.28. Simple predictive substrate rules for secondary alcohols. 

The great advantage of this rule is its generality and simplicity to apply. 

One must simply draw the substrate in question such that the alcohol (or ester) 

group is pointing out of the page towards the reader as shown in Figure 1.28. A 

Iine is then drawn d o m  the middle of the molecule and the enantiomer with the 

large group on the right side of the line is the one that will reaci preferentially. A 

similar was first proposed by Ziffer et 01.6' to predict the enantiopreference of 

lipase fiorn Rhizomucor nigricans in the hydrolysis of a vanety of cyclic and 

aromatic secondary alcohol esters. Through extensive literature surveys and 

substrate screenings we found that this mie also predicts the enantiopreference of 

three other hydrolases, namely cholesterol esterase (CE), lipase fiom Candida 

rugosa (CRL), and lipase fiom Pseudomonas cepacia (PCL), see Chapter 2. In 

addition, the same or similar rule has been shown to hold true for at least 8 other 

hydrolases. In the case of CRL, the rule can only be applied to cyclic 



substrates. This mle 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 nile. 

Although this mle is very reliable, a certain amount of discretion must be 

used when applying the niles. For instance, a long unbranched alkyl chain is 

acceptable in the "M" position probably because the chain cm 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 consîraints required for a substrate. Exl, et al? 

concluded that CRL accepts larger flat substrates (to a limit of 9.2 A) than PCL (to 

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

substrate analysis with PCL, Theil et al." detemined that the good substrates have 

a long and flat or unbranched substituent, whereas poor substrates are sterically 

crowded close to the stereocenter. In addition, enantioselectivity was found to be 

highly dependent on the substitution pattern of an aryl ring (Figure 1.29). Kim and 

 ho'^ found that lipoprotein lipase fiom Pseudomonas aeruginosa prefers 

substrates whose smaller group is linear and up to three carbons long and whose 

larger substituent is nonlinear and preferably contains a hydrophobic ring. 

Figure 139. The enantioselectivity of PCL diffm for ortho and para substituted subsirates. 
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In Chapter 4 we review how the protease, s~btilisin'~, prefers the 

enantiomer opposite to the one favored by lipases.7J Therefore, a predictive mle 

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

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

reactions with secondary alcohols and their esters. 

Secondary alcohols: Active site models. 

The next generation of models that were developed to predict hydrolase 

enantiopreference are the two-dimensional box type. These active-site models are 

also based on the size of groups at the stereocenter of secondary alcohol 

substrates. They are not as simple to use as the rules described above,. however 

they include more detailed size restrictions. Each model is also specific to one 

given hydrolase. 

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

(nile A) was published, a two-dimensional box-type model was developed for 

lipase AK (model C, Figure 1.30) fiom ~seudomonasfluorescens.~~ The first step 

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

catalytic site (the OH pointing out fiom the page). The next step is to determine 

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

goes beyond the boundanes of the model, it is not a substrate. The enantiomer 

with the best fit is predicted to be the major product. This model was based 

primarily on reactions with unsaturated alcohols. This model was also used to 

explain experimental observations for PCL and Chromobacterium viscosum 

(Pseudomonas glurnae)76 

A similar model was proposed to predict the enantiopreference of lipase 

YS" h m  Pseudomonasfluorescens (model D, Figure 1.30). It is used in exactly 

the sarne way as the one proposed for lipase AK. This model was developed by 

studying a large variety of substrates: acyclic, cyclic, and bicyclic secondary and 

primary alcohols. The top perspective of the mode1 shows that there is a large 
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pocket on the right and a smaller pocket on the left. It was proposed that the right- 

hand pocket is more polar because the lipase showed high enantioselectivity for 

substrates having a phenyl moiety with small polar substituents. 

The sarne type of model was also proposed for Lipase QL'* fiom 

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

hydroxyl group into the catalytic site; the stereocenter hydrogen into the Hs site 

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

hydrophobic site). HL has a large pocket (FILr) on the right and a small pocket 

(HL,) on the lefi. 

HLr is more polar in character. Both HL, and HL, are wider than the pockets of 

lipase AK and lipase YS. Again, the enantiomer with the best fit is predicted to 

react preferentiall y. 

Model C: Lipase AK 

2.3 A 

2.0 A 

Model D: Lipase YS r m . ~ ,  2.8 A , p . - - -  
@ S.6 A 

Model E: Lipase QL d- 

Figure 130. Lipase active site models for secondary alcohols. 
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Very recently, through a combination of substrate mapping and molecular 

rnodeling, 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 

described work camed out by Theil et al.'' A cornparison of the experimentally 

obtained enantiorneric ratios with a superposition of the low-energy conformers of 

both substrates and non-substrates led them to the propose Model F (Figure 1.3 1). 

According to this model, the two hydrophobie pockets are very different in shape. 

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

The former pocket accommodates bulky groups such as phenyl, phenoxymethyl, 

and substituted aryl derivatives, wherease the latter binding site accepts only 

stretched substituents such as acetoxymethyl and (n- hexadecanoyloxy)methyl. 

Therefore, it was suggested 

enantioselectivity but also shape. 

catalync serine 
situated bchind 

that it is not only size that determines 

- 

Figure 1.31. Model F: active site model for PCL. 



~rabuleda", et al. carried out similar computational studies on a wide 

variety of secondary alcohol substrates. They ais0 came to the conclusion that 

there are two different shaped binding pockets: a large hydrophobic pocket (HL) 

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

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

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

Model F are greater overall. 

Figure 132. Model G: Active site mode1 for PCL 

Jones et al8' developed a detailed box-type rnodel 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 successfilly applied to 

PLE-catalyzed hydrolyses of racemic diacetates of bicyclic compounds (2' 

a~cohols ) .~~  The boundaries of the original rnodel have since been slightly 

modifieda3 and it is the final model which is s h o w  in figure 1.33 (model H). 

1.6 A 

Figure 1.33. Model H: active site mode1 for PLE. 
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As can be seen in Figure 1.34, al1 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. 

M 

d e  A 

d l  C 

d e l  D 

mode1 E 

mode1 G 

Figure 134. A cornparison of the box-type models for secondary alcohols shows that their 
overall shape is similar to substrate rule A. The models have be!en simplified and redrawn such 
that the alcohol binding site, represented by the black circle, is poînting upwards and out of the 
page. 
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Primary alcohols: Predictive substrate rules 

There are fewer exarnples of hydrolases-catalyzed transformations 

involving primary alcohols because enantioselectivities tend to be lower than for 

secondary alcohols. For this reason, fewer rules and models have been developed 

and they are generally less reliable. 

Chapter 3 describes how the empirical rule foc secondw alcohols (Rule A, 

Figure 1.28) was extended to B-branched primary alcohols. This rule (nile 1, 

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

into the page, away from the reader when the large substituent is on the right and 

the medium substituent is on the lefi. 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. 

\ 

Rule I 

Figure 135. Simple rule to predict the enantiopreference of PCL towards primary alcohols. 

Jones et have recently show that subtilisin shows an 

enantiopreference opposite to lipases for B-branched primary alcohols. This rule, 

Rule J, Figure 1.36, is also opposite to the predictive rule for subtilisin towards 

secondary alcohols, Rule B, Figure 1.28. They also found that the 

enantiopreference was reversed, once again, for subtilisin-catalyzed reactions with 

y-branched primary alcohols, Rule K.' 

' This rule was based on only one example with Iow selectivity. 
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Rule J Rule K 

Figure 1.36. Rules to predict the enantiopreference of subtilisin Bacillus lenius towards @ 
branched prirnary alcohols (Rule I) and -pbranched pnmary aicohols (Rule K). 

Several niles 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 usehl to the organic chemist. In fact, rule L and 

rule M, Figure 1.37, are essentially rnirror images. This contradiction of niles has 

often been referred to as the 'PPL dilemma'. 

redrawn ?' 

redrawn 

hydrophilic site t hydrophobie site = cataiytk site y H primary or - seamdary 
hydrophili& hydmphobic 

primary or secondary 

Figure 137.  Rules to predict the enantiopreference of PPL towards primary and secondary 
alcohols. 
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The rule proposed by Hultin and   on es" is shown in Figure 1.37, Rule L. 

The acyl site corresponds to the catalytic site. The LH pocket accepts stetically 

demanding substituents that are essentially hydrophobic in character. The SP 

pocket is much smaller, accepting polar substituents no bigger than an 

acetoxymethyl group. The Sp site will also accept small non-polar substituents 

such as a methyl group. 

The mle proposed by Ehrler and seebache6 does not include any size factor. 

This mle, Rule M, is simply applied by comparing the relative hydrophobicities of 

the substituents at the stereocenter. The rule is drawn as a Fisher projection with 

the catalytic site for esters of primary or secondary alcohols at the top and the 

stereocenter hydrogen at the bottom. The preferred enantiomer then has a 

hydrophobic group on the right and a hydrophilic goup on the lefi. 

When the niles are redrawn as show in Figure 1.37, one can easily see that 

they are basically enantiomeric. wimrnerS7 attempted to clarify the problem by 

comparing the successfùlness of A-mode1 and B-mode1 of rule N with both Rule L 

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

rules are to be applied by comparing the polarity of the portion of the substituents 

that is in the immediate vicinity of the stereocenter. He also stated that the relative 

size of substituents is of lesser importance than the polarity. Wimmer deduced 

that although the A-mode1 was more reliable, neither was completely successful. 

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

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

alcohol esters and that it is contarninants within cmde PPL that are responsible for 

h ydrol ysis. 85.88 



Primary alcohols: Active site models. 

The box-type model that was proposed for reactions with secondary 

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

reactions with primary alcohols. It must be noted that none of the primary 

alcohols screened contained an oxygen at the stereocenter. Figure 1.35 shows how 

primary alcohols are placed within this model. By comparing Figures 1.30 and 

1.38, it can be seen that this model also predicts that the opposite enantiomer is 

preferred for primary alcohols. 

2.8 A 

Figure 138. Mode1 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 Pseudomonns s ~ . ' ~ .  This rnodel is very 

specific to a certain group of substrates, namely, a,a-disubstituted 1,2-diols, a 

group of primary alcohols having a tertiary OH at the stereocenter. This rnodel is 

s h o w  in figure 1.39, model O. The R (reaction) pocket is the catalytic site for the 

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

reader). The tertiary hydroxyi group points out of the page, towards the reader. 

The F (flat) pocket accepts only flat, nearly plana, side chains (e.g. allyl group) in 

an extended conformation. Phenyl substituents can be positioned in the S (small) 

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

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

because they become too large for the S pocket. 



Figure 139. Model 0: for predicting the enantiopreference of lipase M G  towards a,a- 
disubstituted i ,2-diols 

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

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

denvatives of meso-bis(acetoxymethyl)cycIopentane (meso diacetates of primary 

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

nucleophilic serine residue is positioned at the 'Y'. The acetyl hnction of a 

substrate must be positioned here when the substrate is fitted into the box, for 

hydrolysis to occur. 
p p p p p p p p p p p p p p p - p - - - - - - - - - - - - -  

- - -  

side view top vicw with substrate 

Figure 1.40. Model P: for predicting the enantiopreference of lipase fiom Rhizopus delemar 
towards meso diacetates of primary alcohols. 
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Guanti et al. proposed a box-type active site model for PPL catalyzed 

reactions of pnmary alcohols, Model Q, Figure 1.41 ?* It was developed prirnarily 

for 2-substituted 1,3-diacetoxypropanes. According to this model, the active site 

is  compnsed of four pockets. Site A is the catalytic site and site C is a hydrophilic 

site that accepts the non-reacting acetoxy group or some other polar group. Site B 

and D are hydrophobic pockets. Site B is more stnictwally and sterically selective 

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

fonn of unsaturation. tt 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 confirmed by additional research. 

site 8 
v\ 

(hydrophobic. rr-interactions) i 

* . + - - - -  . 
: rninor steric interactions) . . 

b 

site C (hydrophilic, hydrogen bond) 

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 tram configuration because of favorable n- 
interactions, as shown. The ch-alkenyl substituents must bind in site D because the position of 
the R group is such that unfavorable steric interactions occur in site B. Hence the opposite 
enantiomer is pre fmed. 

Primary amines: predictive substrate rules. 

The genera! nile for secondary alcohols (rule A) has been shown, see 

Chapter 4, to account for the enantiopreference of Lipase B fiom Candida 

antahca (CAL-B)~*, Pseudomonas aaetuginosa (PAL), and Pseudomonas 

cepacia (PCL) towards pnmary amines of the type NH2CHRR'. Subtilisin shows 

the same opposite enantiopreference for pnmary amines as it showed for 



secondary alcohols. Therefore rules R and S are useful for predicting the 

stereochemical outcome of reactions with pnmary amines, Figure 1.42. 

Rule R: lipases Rule S: Subtilisin 

Figure 1.42. Rules to predict the enantioprefmnce of lipases and subtilisin towards pnmary 
amines. 

As discussed in Section 1.5, researchen 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 seiectivity, in practice they provide a 

relatively easy means of predicting hydrolase enantiopreference. 



1.7 Increasing hydrolase eoantioselectivity 

A number of methods have been found to alter the reaction rates, 

specificity, and selectivity of enzymes. In particular, an entire area of research is 

devoted to improving the enantioselectivity of hydrolases through the modification 

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

itself. Significant improvements have been observed in al1 three cases, but no 

general method has been estab lished. Unless otherwise noted, the following 

discussion is limited to studies involving hydrolyses and acylations of primary and 

secondary alcohols. 

Modification of reaction conditions 

Modifications of reaction conditions such as solvent, and temperature 

have led to surprisingly good improvements in hydrolase selectivity. Although 

there are some rules and rationalizations, the variation in enantioselectivity 

remains, for the most part, unpredictable. 

Solvent 

The influence of solvent on hydrolase-catalyzed transformations has been 

extensively investigated over the past d e ~ a d e . ~ ~  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 ofien be increased, decreased, and even revened by simply changing the 

solvent. 5.93~ The one drawback of this 'medium engineering' is that hydrolase 

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

camed out in ~ a t e r . 9 ~  



An example of the need to optimize the solvent for a given reaction is given 

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

bicyclic alcohol increased > 100 fold upon changing the solvent from chloro fom 

to toluene. 

Researchers have attempted to correlate the physicochemicai characteristics 

of solvents with the selectivity of hydrolases?3c 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 fiom acetonitrile to dioxane, in the transestenfication of 1 -phenyl 

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

Carlsberg, a protease fiom Aspergillus oryzue, and a lipase from Pseudontonas sp. 

towards prochiral primary alcohols was examined in a later sudy.% A correlation 

between prochiral selectivity and solvent hydrophobicity was observed. In this 

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

reactions in two isomeric solvents having different polarities but the same 

hydrophobicity; similar prochiral selectivities were obtained. It was suggested 

substrates having a large hydrophobic substituent bind more tightly within the 

hydrolase's hydrophobic pocket in the presence of hydrophilic solvents, leading to 

a more stereoselective reaction. That is, changes in selectivity are based on 

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

additive in the reaction medium competed for binding in the hydrophobic pocket, 

resulting in decreased selectivity. 
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An inversion of enantioselectivity was observed for lipase fiom 

Pseudomonas cepaclia9' upon variation of the solvent, but no correlation was 

found between the enantioselectiviry and the hydrophobicity of the solvent. 

Carrea and CO-workers, as well as several other groups, have found a 

complete lack of correlation between the enantioselectivity of several lipases, 

towards pnmary alcohols and secondary alcohols, and the physicochemical 

characteristics of sol vent^?^^ 
Enantioselectivity varied greatly with respect to solvent in the resolution of 

amines catalyzed by lipase Pseudomonas cepocia and a lipase fiom Candida 

a n t a r ~ t i c a . ~ ~  However, there was no relationship between the degree of 

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

Recentl y, Ke et suggested that prochiral selectivity can be correlated 

with the relative solvation energies of the pro-R and pro4 binding modes of the 

substrate in the transition state. They found that prochiral selectivity in various 

organic solvents can be quantitatively predicted using equation 1.12. This 

equation was derived by theoretical means and experimentally confirmed. 

and y'pro-R are defined as the activity coefficients of the desolvated fragment 

of the substrate in the pro4 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 mode1 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 

forms. It was proposed that this is due to the fact that while the conformation of 



the enzymes in their crystallized foms does not change as the solvent is varied, 

experiments indicated that reversible conformational changes do occur for the 

other foms. Later e ~ ~ e r i r n e n t s ' ~ ~  showed that the solvent dependency of the 

prochiral selectivity is dominated by the &ailKM)pm-R term (for their substrates, 

where R is the favored product) and that both kat 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 found that this method was unsuccessful when applied to 

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

crystalline and lyophilized subtilisin towards two very different chiral secondary 

alcohols. They found no correlation between the enantiomeric ratio and the ratio 

of the activity coefficients for the unsolvated portions of the substrate. 

In addition to Ke et al.'s proposal that the selectivity of hydrolases in 

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

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

be affected by solvent molecules bound within the active site. 101,102,103 These 

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

steric and electrostatic interactions, thus influencing the selectivity. Another 

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

enzyme. 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 to hydrolytic reactions. Generally, it seems that 

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

whereas lipases favor the addition of a water-immiscible hydrophobie solvent.6 



However, Hansen et a1.'06 found that the enantioselectivity of a hydrolysis, 

catalyzed by lipase B fiom Candida antarctico, could 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 of co-solvents exist.'07 

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 phenornenon 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 fiee energies of activation of one enantiomer 

and another, direct1 y related to the enantiomeric ratio, is temperature dependent. 

Therefore, a rationalization of temperature effects has been proposed using 

theoretically derived equations based on the thermodynamics of enzyme-catalyzed 

reaction~. '~~ Using the mathematical model, 

ln E = - MG? (RT) = MS? R - AAHZ/ (RT) 

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

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

T,=AAH:/ MS:. Theoretically, at temperatures below Tm, the AAH' tem 

dominates and enantioselectivity should increase with decreasing temperature 
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whereas at temperatures above T,, the AMt dominates and enantioselectivity 

should increase with increasing temperature. In addition, if MH: is the major 

contributing factor of MG: for the desired reaction, then high selectivies will be 

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

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 mathematicai mode1 was confirmed by Sakai et 

w ho studied the effec ts of temperature on the lipase-catalyzed transesterifications 

of a senes of primary and secondary alcohols: the highest enantiomeric ratios were 

observed at temperatures as low as -4Q°C. 

The method by which an enzyme is prepared was found to influence the 

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

enantioselectivity was observed with an increase in temperature, for subtilisin 

catalyzed reactions.'1° This was dependent upon the method used for the 

preparation of the enzyme. 

Other reaction parameters 

It is thought that pH should influence the enantioseiectivity of enzyme- 

catalyzed hydrolyses. 6.7.1 1 1  The ionization state of an enzyme can easily be 

changed by varying the pH of its environment. The conformation of the enzyme 

would be altered and, as a result, substrate enantioselectivity would theoreticaily 

be modified. Surprisingly, however, very little research has been done in this 

domain and no useful conclusions have been made. 

The water activity, related to the amount of water that is bound to an 

enzyme in a given reaction medium, has also been observed to influence both 

activity and enantioselectivity. 5,6,93c 
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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 

steric bulk and electronic characteristics. Therefore, variation in substrate 

structure can significantly influence enantioselectivity. The empirical rule 

proposed in Chapter 2 for secondary alcohols (Rule A) was successfully used to 

redesign substrates. The enantioselectivity of hydrolases, towards poorly resolved 

substrates, can be enhanced by increasing the difference in size between the two 

substituents at the stereocenter. The steric bulk of the 'large' substituent can be 

increased by the introduction of a group that can easily be substituted or removed. 

Two such examples are described in Chapter 2. A nurnber of other researchers 

have used this method succestÙlly.5 For example, both Rotticci et al.' '* and Adam 

et al. ' 1 3  increased the enantiomeric ratio of lipase-catalyzed esteri fications of 

secondary alcohols, by adding steric bulk using a üimethylsilyl protecting group. 

In addition Rotticci et al., gradually increased the size of the large substituent and, 

other than for one exception, observed an enhancement in enantioselectivity. 

The acyl portion of a substrate can also be altered to improve 

enantioselectivity. It has been shown that an increase in the acyl chain length in 

hydrolytic reactions involving the resoluhon of alcohols can increase 

enantioselectivity. However, one study showed that for CRL, there is a minimum 

in selectivity when an acyl carbon chah length of 6 is used.'I4 Variation of the 

acyl donor in transesterification reactions in organic solvent c m  greatly influence 

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

Chapter 5. Another method that has been used to enhance enantioselectivity is 
9,  Il5 the "bichiral method . This involves the resolution of a racemic alcohol 

protected by a chiral acyl goupl 16. 



Enzyme modification 

A lot of research is being done in the modification of enzymes by various 

techniques to increase the enantioselective potential. These include chernical 
57.1 17 modification , site-directed rnutagenesisl 18, and directed evolution. 1 I9 

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

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 particuiar, simple means of predicting the stereochemical 

outcome of hydrolase-catalyzed transformations were imperative. 

This chapter presents the elaboration of a simple, reliable rule that predicts 

the enantiopreference of three serine esterases in transformations involving 

secondary alcohols and their esters. 

First, the mle was proposed on the basis of data accumulated fiom an 

exhaustive literature survey of reactions catalyzed by Cholesterol esterase (CE), 

lipase from Pseudomonas cepocia (PCL), and lipase fiom Candida mgosa (CRL). 

The validity of the proposed was then confirrned by additional experiments. 

A strategy for improving the enantioselectivity for a given secondary alcohol 

substrate was developed and proven to be successfbl through the study of 

enantioselective reactions involving two sets of secondary alcohol substrates and 

their derivatives. 

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

in the field of predictive enzyme   les. 

Reproduced with pennission fiom The humai of Organic Chemistry, Vol. 56, Romas I. 
Kazlauskas, Alexandra N. E. Weissfloch, Aviva T. Rappaport, and Louis A. Cuccia, "A Rule To 
Predict Which Enantiomer of a Secondary Alcohol Reacts Faster in Reactions Catalyzed by 
C holesterol Es terase, Lipase fiom Pseudomonas cepacia, and Lipase from Candida rugosa". 
2656-2665. Copyright 199 1 American Chemical Society. 

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



Chapter 2 

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

Romas J. Kazlauskas,' Alexandra N. E. Weissfloch, Aviva T. Rappaport, and 

Louis A. Cuccia 

Abstract: The enantioselectivity of the title enzymes for more than 130 esters of 

secondary alcohols is correlated by a rule based on the sizes of the substituents at 

the stereocenter. This rule predicts which enantiomer of a racemic secondary 

alcohol reacts faster for 14 of 15 substrates of cholesterol esterase (CE), 63 of 64 

substrates of lipase fiom Pseudomonas cepaciu (PCL), and 51 of 55 cyclic 

substrates of lipase fiom Candida rugosu (CRL). The enantioselectivity of CRL 

for acyclic secondary alcohols is not reliably predicted by this rule. This rule 

implies that the most efficiently resolved substrates are those having substituents 

which differ significantly in size. This hypothesis was used to design syntheses of 

two chiral synthons: esters of (R)-lactic acid and (5')-(-)-4-acetoxy-2-cyclohexen- 1 - 
one, 70. As predicted, the acetate group of the rnethyl ester of lactyl acetate was 

hydrolyzed by PCL with low enantioselectivity because the two substituents, CH, 

and C(O)OCH,, are similar in size. To improve the enantioselectivity, the methyl 

ester was replaced by a t-butyl ester. The acetate group of the t-butyl ester of lactyl 

acetate was hydrol yzed with high enantioselectivity (E > 50). Enantiomericall y- 

pure (R)-(+)-t-butyl lactate (>98% ee, 6.4 g) was prepared by kinetic resolution. 

For the second exarnple, low enantioselectivity (E c 3) was observed in the 

hydrolysis of cis- l,4-diacetoxycyclohex-2-ene, a mes0 substrate where the two 

substituents CH,CH, and CH=CH, are similar in size. To improve 
C - 

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

Br,. The new substrate was hydrolyzed with high enantioselectivity (E > 65) using 

either CE or CRL. Enantiomerically-pure 70 (98% ee) was obtained after removal 

of the bromines with zinc and oxidaîion with Crûjpyridine. 



Chapter 2 

Introduction 

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

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

Enantioselective hydrolyses and transesterifications are especially useful because 

they are efficient, can be carried out on a large scale, and apply to a wide range of 

substrates. Unfortunately, there is little X-ray structural information available for 

the esterases and lipases that are used for these preparations;' thus, the appropriate 

enzyme is usually chosen by screening. 

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

substrate selectivity data. Some models attempt to define the shape and 

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

substrates will be transfomed by the enzyme and whether the reaction will be 

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

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

selectivity with a$-substituted carboxylic a ~ i d s , ~  and a model for CRL predicts its 

selectivity for bicyclo[2.2.1 Iheptanols and bicycl0[2.2.2]octanols.~ In some cases, 

more general models which define the sizes of hydrophobic pockets near the active 

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

of substrates.' 

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



The simplest models for enzyme selectivity, more accurately referred to as rules, 

predict only which enantiomer reacts faster usually based on either the size or 

hydrophobicity of the substituents at the stereocenter. The earliest example of a 

such a nile is Prelog's rule which predicts the enantioselectivity of the reduction of 

ketones by the yeast Culvaria lunata based on the size of the two substituents at 

the carbonyl, Figure 1 .8 The advantage of this nile is that it applies to a wide range 

of substrates, but the disadvantage is that there are exceptions to this rule. 

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

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

improve the enanti~selectivity.'' 

A rule similar to Preiog's mle has been proposed for a hydrolase. For 47 esten 

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 nigriguns." This rule has been used to determine the absolute 

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

used for large-scale synthesis. 

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

Mircor meihei l 3  (MML) and Arthr~bacter.'~ It is not yet clear how usefui these 

rules will be because they are based on only six substrates for the Mucor enzyme 

and only two substrates for the Artthrobacter enzyme. A "two-site model" that has 

been recently proposed for cyclic substrates of PCL also appears similar to the nile 

discussed herein. l5 

This paper proposes a rule based on the sizes of the substituents for three 

hydrolases, Figure 1. This rule is supported by 14 out of 15 substrates for CE, 63 

out of 64 substrates for PCL, and 5 1 out of 55 cyclic substrates for CRL and has an 

accuracy of 293%. This mle is the first attempt to predict the enantioselectivity of 

CE. For PCL, this mle is similar to the "two-site model" for cyclic substntes,l~ 



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

enantioselectivity of acyclic secondary alcohols as well. For CRL, this mle is the 

first general rule and complements the mode1 for bicyclic substrates.6 

Besides correlating a large amount of experimental data, this rule also suggests a 

strategy for improving the efficiency of resolutions catalyzed by these enzymes: 

secondary alcohols having substituents which differ significantly in size should be 

more efficiently resolved than secondary alcohols having substituents which are 

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

enantiomerically-pure t-butyl lactate and (5')-(-)-4-acetoxy-2-cyclohexen- 1 -one. 

Lactate esters are used as chiral starting materials and chiral auxiliaries. For 

example, lactate esters were used in the preparation of (9-2-arylpropionic acids, a 

class of non-steroidal anti-inflammatory dnigs,16 a-N-hydroxy-arnino acids,17 

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

tion.I9 Polylactides containing interpenetrating networks of poly-(R)-lactide and 

pol y-(9-Iactide are stronger than those containing racemic chaindO 

Although enantiomerically-pure (5')-(+)-lactic acid is readily available, the un- 

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

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

pyr~vate,~' fermentation, or microbial destruction of the S enantiomer." The 

resolution of lactate esters using PCL described in this paper yields material of 

high enantiomeric purity and is inexpensive and simple to cany out. An enzyme- 

catalyzed resolution of lactate esters has been reported previously using an enzyme 

from a similar rnicroorgani~m.~~ 

The second example is an enantioselective synthesis of (3-(-)-4-acetoxy-2- 

cyclohexen-1-one, a new compound that should also be useful for synthesis. The 

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

fiom quinic a ~ i d ~ ~  and has been used for the synthesis of the cholesterol lowering 
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dmgs ML 236A and compactin? The procedure described below for the acetate 

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

penten-1-one - has been widely used in synthe~is:~ the six-membered analog 

should also find many uses. 



Results 

A Suwey of Enantioselectivity for Esters of Secondary Alcohols. Pancreatic 

CE catalyzed the hydrolysis of the acetates of the secondary alcohols listed in 

Table 1. The measured values of enantiomeric excess and % conversion were 

used to calculate the enantioselectivity, E, which indicates the degree to which the 

enzyme prefers one enantiomer over the other." Several examples from the 

literature are also included in Table 1. Chart 1 indicates the structure of the fast- 

reacting enantiomer. The chart and tables are arranged so that the larger group is 

always on the right side as predicted by the mle in Figure Ib. CE showed no 

enantioselectivity toward 40, but for the other fourteen exarnples the rule correctly 

predicts which enanhomer reacts faster. The overall accuracy of the rule for CE is 

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

will be introduced and discussed below. 

Enantioselectivity data for PCL was gathered fiom the literature, Table 2. This 

list includes al1 secondary alcohols prepareà using lipase P fiom Amano 

Pharmaceutical. Reactions using other lipases fiom Pseudomonas (e.g. AK, K- 1 O 

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

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

aqueous solution as well as transesterificstions and esterifications in organic 

solvents. The structures of the substrates in Table 2 include acyclic secondary 

alcohols and cyclic secondary alcohols in rings ranging €rom four- to seven- 

membered. For 63 of the 64 substrates, the mle in Figure 1 correctly predicts the 

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

enantioselectivity column, was one of five substrates which showed low 

enantioselectivity, E 5 3. Thus, for PCL the rule predicts which enantiomer reacts 

faster with 98% accuracy. 
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Chart 1. Structures for Tables 1-3 



Table 1. Enantiospecificity of Bovine Pancreatic Cholesterol Esterase for Acetates of Secondary 

Alcohols. 

Struc R Initiai Rat@ Conversion Enantiomeric Excess E 
(uniwmg) (YO) (O,@ Eaantiospecificity 

CH3 
OAc 
OH 

CH, 

cis 
Crans 

- - -  

a. For hydrolysis of the corrcsponding acetate ester unless otherwise noted. Unit = ~ m o l  of ester hydrolyzcdfmin. 6. 
The enantiomenc purity of the product alcohol was determinal by derivatizing with isopropyl isocymate and 
sepanring the enantiomers by capillary GC using an XEdO-(S)-valine-(S)ix-phenylethy lamide column (Chromopak 1. 

c. The product alcohol showed [ u ] ~  (obsd) = +40S0 (c 1.2, hexane) indicating the R configuration: lit. (a-(-), Klyne. 
W.;  Buckingham, J. Rtfrr of Stereochemistry, Chaprnan and Hall: London 1974, p. 26. d. .4bsolute configuration was 
determined by cornparison to an authentic sample. c The product dcohol showed [ a j ~  (obsd) = -5J0 (c 2.2, hexane) 
indicatrng the R configuration: lit. S-(+), [ a j ~  = +16.1° (neat): Jacques, I.; Gros, C.; Bourcier, S. Absolufe 

Cottfigurafions 016000 Selecied Compounds with One Asymmerric Carbon Atom Stuttgart: G. ïhieme, 1977; Levene, 
P. A.; Haller, H. L. J. Biol. Chem. 1929, 83, 177-183. f: The product alcohol showed a positive rotation (hexane) 
indicating the R configuration: lit. (8, [ a ] ~  = -3g0 (neat): MacLeod, R.; Welch, F. S.; Mosher, H. S. J. Am. Chem. 
Soc. 1960.82, 876-880. g. Kazlauskas, R. J. J. Am. Chem. Soc. 1989, I l l .  4953-4959. h. The enantiomenc punty 
was dctemined by formation of the Moshds a n  and integration of the IH-NMR signals for the ring CH3 groups; 
Dale, J. A.; Dutl, D. L.; Mosher, H. S. J. Org. Chem. 1969,34,2543-2549. i. The product alcohol showed [ a ] ~  (obsd) 
= -8.7O (c 1.2, CH$32) indicating the R configuration: lit. R-(-), Beard, C.; Djerassi, C.; Ellion, T.; Tao, R. C. C. J 
Am. Chem. Soc. 1962,83, 874-875. j. Hydrolysis was caried out in aqueous solution saturated with sodium chloride. 
The %ee refers to unreacted swting material and was detcrmined by HPLC of the bcnzbate derivative on a Chimlpak 
OT (Daicel, New York); Caron, G.; Kazlawkas, R. 3.. unpublished results. k. The product alcohol showed [ a ] ~  
(obsd) = -34* (c 1.6, hexane) indicating the R configuration: lit. R-(a), Beard, C.; Djerassi, C.; EIlîon, T.; Tao, R. C. C. 
J. Am. Chem. Soc. 1962, 84, 874-875. 1. As the butyrate ester at 0-5 OC: Pawlak, S. L.; Berchtold, G. A. J Org 
Chem. 19a1,32, 1765-1771. m. Liu, Y.-C.; Chen, CA. Tetruhedron Lett. 1989.30, 16 17-1 620. 
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Table 2. Enantiospecificity of Lipase fkom Pseudmonas Cepacia ( h a n o  P) for Esters of 

Secondary Alcohols. 

struc R E ref 

Ph, CH2Ph >50 

n-cp , , .  n-C,,H,, -12 
CH,CN 29 
CH:COOE~ -8 

1 -(2,5-ditholane), 

CH,- 1 -(2,6-dithiane), 

CH:- 1 -(2,5-dithioliiiie) 

CH,- 1 -(2,6-dioxane) 2 
Ph >50 
CH(N3)C.H, (threo. erythro) >50 
CH(N, )CH,CH,CH, - - (eryrhro) >5O 

CH& 2 

CH,OSO,Ar 

r v n & ( ~ ~ ) ~ ~ , C ~ ~ ~ t  

p-CeH,OPh 

Ph, CH,CH,Ph, CH=CHPh 
Ph, ~.~-(MC&),C,H, 

CH,OSO,Ar 

2-niphth;l, 4-BrC,H, 
4-MeOC6H, 
1 -(3-bromo-5-isoxazolyl) 

Ph 

n - c P , 3  2 (ent) 

struc R E ref 

Ph, CH,Ph, CtI,CH,Ph 
m(aH,)- i -(z.i-dirh,ane) 

syn-CH( Ar)(S Ar') 
cis-COOEt, Oac 

pans-COOEt, OAc 

nom-N, 

COOEt OAc, (SN. CeH, 

OH 

OAc 
COOEt 

O Ac 

OAc 

C0,Me 

CO;M~, OAc 

a. Bianchi, D.; Cesti, P.; Battistel, E. J. Org. Chem. 1988, 53, 553 1-5534; esterification with ptopionic anhydride in 
benzene; Nishio, T.; Kamimura, M.; Murata, M.; Teno, Y.; Achiwa, K. J. Biochem. Tokyo 1989, 105, 5 1 10-5 1 12; 
esterification with vinyl acetate, neat solution. 6. iioh, T.; Tagaki, Y. Chem. Lett. 1989, 1505- 1506; hydrolysis of P- 
methylthio- or D-phenylthioacetyl ester. c. Sugai, T.; Ohta, H. .4gric. Biol. Chem. 1989, 53, 2009-2010; esterification 
with vinyl butanoate, 65 OC. d. Bianchi, D.; Cesti, P.; Golini, P. Tetrahedron 1989, 45, 869-876. e. Foelsche. E.; 
Hickel, A.; Hdnig, H.; Seufer-Wasserthal, P. J. Org. Chem. 1990.55. 1749-1753; hydrolysis of butyntes. fi Chen, C.- 

S.; Liu, Y.-C. Tetrahedron Leu. 1989, 30, 7165-7168; transesterification of the butyrate in hexane. g. Tsuboi, S.; 
Sakamoto, I.; Sakai, T.; Utaka, M. Chem. Lett. 1989, 1427-1428. h. Hirohan, H.; Mitsuda, S.; Ando, E.; Komaki, R. 
in Biocafai'ysis in Orgunic Synthesis, Tmper ,  I.; van der Plas, H. C.; Linko, P., Eds. Elsevier: Amsterdam, 1985. I 1 9- 
134. i. Hiritake, J.; Inagaki, M.; Nishioka, T.; Oda, J. J. Org. Chem. 1988, 53, 6130-6 133; esterification witb t -  

propenyl acetatc in i-propyl ether. j. Di Aminica, M.; De Micheli, C.; Carrca, G.; Spezia, S. J. Org. Chem. 1989, j4.  

26.16-2650; esterification with Ûifluoroethyl octanoatc in 9: 1 hexane/bcnzene. k. Y m a n k i .  T.; Ichikawa, S.; 
Kitanime, 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, 3 1 12-3 1 18. m. Akita, H.; Enoki, Y.; Yamada, H.; Oishi, T. Chem. Pharm. 
Bull. 1989, 3 7, 2876-2878; hydrolysis in water-saturatcd bcnzene, enzyme was immobilized on Celite. n. Xie, 2.-F.; 
Suemune, H.; Sakai, K. J. Chem. Soc.. Chem. Commun. 1987,838-839; Xie, 2.-F.; Suemune, Fi.; Nakamura, 1.; Sakai, 



K. Chem. Pham. Bull. 1987,35,4454-4459; Xie, 2.-F.; Nakamura, 1.; Sucmune, H.: Sakai, K. J. Chem. Soc.. Chem. 
Commun. 1988, 966-967. o. Htinig, H . ;  Seufcr-Wasserthal, P.; FülUp, F. J. Chem. Soc.. Perkin Tram. 1 1989, 2341 - 
2345; hydrolysis of butyrate ester. p. Washauscn, P.; Grebe, H.; Kicslich, K.; Winterfeldt, E. Terrahedron Lett. 1989, 
30, 3777-3778. q. Xie, 2-F.; Sucmune, H.; Sakai, K. Tetrhedron:Asymmetry 1990, 1, 395-402. r. Klcmpier, N.; 
Faber, K.; Griengl, H. Syrirhesis, 1989,933-934. S. Schwartz, A.; Madan, P.; Whitcstll, J. K.; Lawrence, R. M. Org. 
Synrh. 1990, 69, 1-9. t .  Caron, G.; Kazlawkas, R. J., unpublishcd results. u. Sumune, H.; Hizuka, M.; Kamashita, T.; 
Sakai, K. Chem. Pharm. Bull. 1989, 37, 1379-1381. v. Hoshino, O.; Itoh, K.; Umczawa, B.; Akita, H.; Oishi, T. 
Tetrahedron Let!. 1989,29,567-568. 

Enantioselectivity data for CRL was also gathered from the literature, Table 3. 

The Candida list includes results using enzyme either fiom Sigma Chernical Co. or 

from Meito Sangyo (Lipase MY or OF-360); however examples where the 

absolute configuration of the product is uncertain were not in~luded,'~ nor were 

examples fiom patents. The react ion conditions again include both hydrolyses in 

aqueous solution as well as transesterifications and esterifications in organic 

solvents. 

For acyclic substrates of C U  the rule in Figure I does not reliably predict 

which enantiomer reacts faster. Only for about half - 14 of the 3 1 acyclic 

substrates - is the fast-reacting enantiomer predicted correctly; this proportion is 

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

substrates (1 2 of 3 1) showed low enantioselectivity, E 5 3. Thus. the rule is not 

usehl for acyclic substrates of CRL. Generalizations about this rule given below 

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

and PCL. 

For cyclic substrates of C U  the rule reliably predicts which enantiomer reacts 

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

rings as well as secondary alcohols in bicyclic substrates. The nile predicts 

correctly for 51 of the 55 substrates where CRL was enantioselective, an accuracy 

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

cyclic substrates which showed low enantioselectivity, E 5 3; one exception, 22, 

showed moderate enantioselectivity, E = 8." 
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Table 3. Enantiospecificity of Lipase fiom Candida Rugosa for Acetates of Secondary Alcohols. 

erythro- 
CH(N,)CH,CH,CH, - - 
q N ,  
Ph 
p-C,H,OPh 
CH,S-p-tolyl 
Ph - 
Ph 

n - v  ,, 
r-C,H, 
CH=CHPh (E, 2) 
CH=CH(CHJ,CH, 
(El Z) 
Ph 
CH,Ph, CH,CH,Ph - - 
Ph ' 
anti-CH(CH,)-3-indolyl 
CH,S-p-tolyl (syn, anti) 
C H ; S - ~ - ~ O ~ ~ I  (syn. mti )  

Ph 
CFPhCH, (syn. anti) 

CH,, C2H5, i-C,H,, 
1-C,H, 
m, NO,, N, 
OAc, OH 
CH,, i-C,Hï 

34 
1.6 
5 

2.5 
12 

18 

2 (ent) 
8 (ent) 
12 (ent) 
1.3 (ent) 

2 
13 
2 

>50 (ent) 
>50 (ent) 
- 1 6 (ent) 

6 
-3 (ent) 
>50 (ent) 

3 -40 
1.3 (ent) 
1.2-2.1 
(ent) 

>50 (ent) 
6.5 
17 

>40 
1.2 (ent) 

1.4 
8 (en0 

>50 
>50 

40 - >50 
2, 1 (ent) 

24 
20 

- - 

struc R E ref 

33 N, 
34 
35 
36 
37 trans 

37 cis 

38 
39 cis, tram 
40 
41 H, CH, 
42 H 
42 CH, 
43 
44 
45 
48 N, 

49 
50 cis, trans 
51 
52 CH, 
52 CHCOOR', CHOCH,Ph 
53 CH, 

53 CHCO,Me, C(OMe), 
53 O 
54 
55 CH, 
55 O 
56 
57 
58 
59 

60 
61 
62 
63 H, CH, 

a. Carnbou, B.; Klibanov, A. M. Biorechnol. Bioengineer. 1984, 26, 1449-1454. 6. Gerlach, D.; Missel, C.; 
Schreier, P. Z Lebenrm. Unters. Forsch. 1988, 186, 3 15-3 18; estcrification with n-C 1 1 H23COOH in hepiane. c. 

96 

>50 
-10 - >50 

>50 
27 
1 

25 

1.2 
6 

3.3 
>50 

2 
26 

>50 
>50 
20 
30 

2.5 
>50 
>50 

I I  
3- 10 
35 

-10 
>50 
>50 
22 

>50 
1 

i .4 (ent) 
1.5 
4 

1.8 
>IO 
10 
15 



D~eckhammer, D. G.; Barbas, C. F., III; Nozaki, K.; Wong, C.-H. J. Org. Chem. 1988,53, 1607-1 6 1 1. J. Wang, Y.- 
F.; Lalonde, I. J.; Momongan, M.; Bergbrcitcr, D. E.; Wong, C . 4 .  J. Am. Chem. Soc. 1986, 110, 7200-7205; 
acetylation with vinyl acetatc. e. Foclschc, E.; Hickel, A.; Hbnig, H.; Seufer-Wassmhal, P. J. Org. Chem. 1990. 55. 
1749-1753; hydrolysis of butyrates. f: Bevinakatti, H. S.; Baneji, A. A.; Newadkar, R. V. J. Org. Chem. 1989, 54, 
2453-2455; Bevinakatti, H. S.; Newadkar, R V. Biotechnol. Letr. 1989, 1 1, 785-788; tramesteri fication with n- 
butanol in i-propyl ether. g. Hirohara, H.; Mitsuda, S.; Ando, E.; Kornaki, R in Biocaralysis in Orgunic Synrhesis. 
Trarnper, 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.; Rmati, G.; Bravo, P. Teirahedron, 1989, 45, 7505-75 14. i. Kitazurne, T.; Lin, 1. T.; 
Yamazaki, T. J. Fluorine Chem. 1989, 43, 177-187. j. Yamazaki, T; Ichikawa, S.; Kitanime, T. J. Chem. Soc. 
Chem. Commun. 1989,253-255. k. Akita, H.; Enoki, Y.; Yamada, H.; Oishi, T. Chem. Pham. Bull. 1989,37,2876- 
2878; hydrolysis in water-saturatecl benzene, enzyme was irnmobilized on Celitc. f. Chen, C.-S.; Liu, Y.-C. 
Tetrahedron Lert. 1989, JO, 71 65-7 168; transcsterification of the butyrate ester in hexme. m. Conerill, 1. C.; Finch. 
H.; Reynolds. D. P.; Roberts, S. M.; Rzepa, H. S.; Short, K. M.; Slawin, A. M. 2.; Wallis, C. J.; W i l t r m .  D. J .  J 
Chem. Soc.. Chem. Commun. 1988,570472. n. Conerill, 1. C.; MacFarlane, E. L. A.; Robe-, S. M.; J Chent. Soc. 
Perkin Trans 1 1988,3387-3389. o. HUnig, H.; Seufer-Wasscrthal, P.; Fiilop, F. J. Chem. Soc.. Perkin Trans. 1 1989, 
1341-2345; Faber, K.; HUnig, H.; Seufer-Wassirrthal. P. Tetrahedron Lett. 1988, 29, 1903-1904; hydrolysis of 
butyratc ester. p. Klempier, N.; Faber, K.; Griengl, H. Synthesk, 1989, 933-934. q. Legrand, G.; Secchi, M.; Buono, 
G.; Baratti, J.; Triantaphylides. C. Tetrahedron Leu. 1985,26, 1857-1860; esterification in hexane or heptane with n- 
Cl 1 ti23COOH. r. Caron, G.; Kadauskas, R. J., unpublishcd results. S. Koshino, S.; Sonomoto, K.; Tanaka, A.; 
Fukui, S. J. Biotechnol. 1985, 2,  47-57, estcrification with 5-phenylpcntanoic acid in water-satunted isooctane. r .  
Ontmi, T.; Yamashita, K. Agric. Biol. Chem. 1980.44,2637-2642. u. Pawlak, I. L.; Berc.itold, G. A. J.  Org. Chenr. 
1987. 52, 1765-1771; hydrolysis of butyrate ester. W. Dumortier. L.; Van der Eycken, J.; Vandewalle. M .  
Terrahedron Leu. 1989, JO. 3201-3204. W. Hoshino, 0.; Itoh. K.; Umaawa, B.; Akita, H.; Oishi, T. Tetrahedron 
Lett. 1988, 29. 567-568; hydrolysis in water-saturateci isooctanc. x. Pearson, A.1.; Lai, Y.-S.; Lu, W.; Pinkenon. 
A.A.; J. Org. Chem. 1989. 54, 3882-3893. y. Eichberger, G.; Penn, G.; Faber, K.; Griengl. H. Tetrahedron Letr. 
1986, 27, 2843-2844; Oberhauser, T.; Bodmieich, M.; Faber, K.; Penn, G.; Griengl, H. Tetrahedron, 1987, 43,393 1 - 
3944; Saf. R.; Faber, K.; Penn, G.; Griengl, H. Teirohedron 1988, 44, 389-392; Konigsberger, K; Fabcr. K.; 
Manchner, C.; Penn, Ci.; Baumgartner, P.; Griengl, H. Tetrahedron, 1909.45.673-680. z. Sonomoto, K.; Tanaka, A. 
Ann. N. Y. Acad. Sci. 1988,542,235-239; esterification with 5-phenylpentanoic acid in water-satunted isooctane. aa 
Hirose, Y.; Anzai, M.; Saiioh, M.; Naemura, K.; Chikamatsu, H .  Chem. Lett. 1989, 1939-1942. bb. Naemun. K.; 
Matsumura, T.; Kornatsu, M.; Hirose, Y.; Chikamatsu, H.; J. Chem. Soc., Chem. Cornniun. 1988, 239-241. 

Thus, the nile 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 mle shows 

enantioselectivity greater than eight and therefore none of the exceptions are 

synthetically usefùl. 

This generalization implies that a substrate having substituents which differ 

significantly in size should be resolved with higher enantioselectivity than a 

substrate where the two substituents are similar in size. The data in Tables 1-3 

suggests that this generalization is valid; however, it is difficult to test this 
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hypothesis quantitatively. Nevertheless, we used this hypothesis to redesign 

substrates that could be efficiently resolved by these enzymes. 

Scheme 1. Kiiietic Resolution of Esters of Lactyl Acetate 

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

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

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

for the three enzymes tested: activity c0.002 unitdmg. The methyl ester of lactyl 

acetate, R = CH3, was hydrolyzed with the R enantiorner reacting faster, but with 

very low enantioselectivity: the remaining starting material showed <32% ee at 

-45% conversion. Accurate determination of the enantioselectivity was 

complicated by cornpeting 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 d e  is not reliable for 

acyclic substrates of CRL. The unexpected result was that the enantioselectivity of 

CE was opposite of that predicted by the rule. The reason for this reversal is not 

known; this is the first substrate of CE that does not fit the rule in Figure 1. Even 

with this exception, the accuracy of the rule remains high: 14/15 substrates, 93%. 

The increase in enantioselectivity with PCL is consistent with the nile; indeed 

another lipase fiom Pseudmonas sp. (lipase K-10 fiom Amano) has been 



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 tert-buty 1 ester 

enzyme rat@ %cb %eeC (@ nt@ %a5 % c c    RI^ Ee 
CE 0.18 42 8 R 0.06 32 2 1 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 5 1 

a. Initial activity of the enzyme in unitsimg solid. Unit = wmol of  ester hydrolyzedlrnin. 6. The conversion refers ro 
the mount of staning material consumed. This value was dctermined by IH-NMR aAn extraction of the reaction 
mixture with ethyl ether. e. Enantiorneric exceu of the recovered starting material w u  detennined by IH-NMR in the 
presence of Eu(hfc)j. d. The absolute configuration of the prefened cnantiomer was detennined from the rotation of 
the recovered starting material; (R)-(-), ho, S.; Kasai, M.; Ziffcr, H.; Silvenon, J. V. Cm. J. Chem. 1987, 65, 574-582. 
e. Enantiospecificity, sec ref. 27 for details. f Hydrolysis of esters of lactyl butyrate. g. Enantiomenc cxcess of the 
product. 

A preparative-scale resolution of t-butyl lactate was camed out using the 

butyrate instead of the acetate to simplify separation of the product alcohol and 

unreacted butyrate by fiactional distillation. This change fiom acetate to butyrate 

also resulted in a further increase in enantioselectivity of PCL to >200. Hydrolysis 

of racemic r-butyl ester of lactyl butyrate (50 g) yielded the unnaniral enanhomer. 

(R)-(+)-t-butyl lactate (6.4 g), with 298% ee after distillation. 

Enantioselective syatbesis of (S)-(-)4-acetowy-2eyclohexen-1-0ne, 70. The 

five-membered 4-acetoxy-2-cyclopenten-1-one is a usefûl chiral starting material 

that can be prepared by an enzyme-catalyzed hydr~lysis.~' Acetylcholinesterase 

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

resulting oiefinic alcohol is oxidized to the enone. An attempt to prepare the 
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corresponding six-membered compound by an analogous enzyme-catalyzed 

synthesis was not successful because the acetate was removed with only low to 

moderate selechvity (0-72% ee, Scheme II, Table 5). 

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

64 65 ent - 65 

Table 5. Enantioselective Hydrolysis of Cis- 1,4-diacetoxycyclohexane Derivatives. 

enzyme a substrate rate product %ee 
CE 64 0.6 65 3 2 
CRL 64 4.1 ent-65 41 
PCL 64 0.03 cnt-65 72 
PLE 64 18.2 65 62 
ACE 64 18 65 + ent-65 O 
MML 64 0.0004 ent-65 14 

CE d+)-66 3.9 (+ka (-)-68 >97, >97 
CRL d+)-d6 0.4 ( + k a  (-)-68 >97, >97 
PLE d+)66 4.2 (+)a79 (-)-68 >97, >97 
PCL 0.002 (+)-67,68 + di01 14 
ACE el- 0.57 (1)-67, (+68 + diolf 85 >95 g 

MML d+)as 0.00005 (+)-67.68 + di01 87 

a. ACE = acetylcholinesterase from electric eel, MML = lipase from Mucor meihei. 6. Initial activity of the enzyme in 
uniiu'rng solid. Unit = m o l  of ester hydrolyred/min. e. Determineci by 'H-NMR in the presence of Eu(hfc),. For the 
hydrolysis of @)-66,, the enantiomeric purity was determined for both 67 and 68 after separation by flash 
chrornatography. The H-NMR signals for the acetyl methyl group of the nvo enantiomen of 67 or of 68 are separateci 
by 0.4 ppm in the presence of approximately one and a half cguivalents of Eufifc),. With this excellmt separation 
even 1.5 mol% of the other enamiorner can be detected as shown by a dcliberate addition of racernate to an 
enmtiomericdly pure ample. d. In unitshg protein. e. For 67. 5 The ratio of isolatcd 68: 67: di01 was approximately 
1: 4: 8 after 0.9 quivalents of base had been consumcd. g. For 68. h. Aftcr 0.7 equivalents of base had been 
consurned, the major product was diol. Only traces of 68 werc obscrved. 



The nile suggests a possible reason for this difficulty. In the cyclopentene case, 

the substituents at the stereocenter - CH,CHOAc and CH-CH - differ in size and 

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

stituent~ - CH=CH and CH,CH, - are too similar in size to be distinguished by the 

enzyme. To increase the selectivity, hromine was added across the double bond of 

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

Scheme LII. Preparation of 'lO via the Dibromide Derivative 

OAc 

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

reaction conditions that favor free radical intermediates (CS,, -78 OC,  hv). 

Addition of bromine under conditions which favor ionic intermediates (polar 

solvents, dark) resulted in a mixture of products which may have resulted fiom 

intramolecular attack of an acetate on the bromonium ion intemediate. The 

addition of bromine to 64 yielded the pans-dibromide, 66, identified fiom coupling 

constant of 9.3 Hz for the 'H-NMR signals for the hydrogens at CHBr (6 4.36, 

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

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

64, a mes0 compound, into a pair of enantiomers, ( w 6 .  The rule predicts 
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selective hydrolysis of the R acetate in both enantiorners yielding the two 

enantiornerically-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, C U ,  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 matenal, equal amounts of 67 and 68, and 

traces of di01 which resulted fiom hydrolysis of both acetates. The two products 

were enantiometically pure as show by IH-NMR in the presence of Eu(hfc),, 

Table 5. The opposite sign of rotation of (+)-67 and (-)-68 is presumably caused 

by the differing orientation of the adjacent bromine. Thus, for these three enzymes 

the hydrolysis of (2)-66 proceeded as predicted by the rule. 

When PCL was used as the catalyst, the reaction did not slow appreciably afier 

half of the acetates had been hydrolyzed. The products isolated fiom a reaction 

stopped after half of the acetates had been hydrolyzed were unreacted starting 

material, (+)-67 having low enantiomeric excess, a small amount of 68, and a small 

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

Table 5. MML and A C E ~  showed results similar to PCL. Formation of these 

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

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

by the mle. This acetate is also the more chemically reactive one because it is 

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

(+)-67. For the other enantiomer, ( IR ,  4s)-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 (9-68, hydrolysis of the S acetate 

yields (-)-67. This Iast product accounts for the low enantiomeric excess of the 



isolated 67. Hydrolysis of both acetates yields the diol. Thus, the rule only partly 

accounts for the PCL-catalyzed hydrolysis of (&)-66 due to the differences in 

chernical reactivity of the acetates caused by the differing orientation of the 

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

Scbeme IV. Hydrolysis of Racemic 66 Catalyzed by PCL 

OAc 
I R ,  4s - 66 

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 (?)O66 catalyzed by CRL yielded 20 g of enantiomerically- 

pure (+)O67 and (9-68 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 

trioxidelpyridine (84% yield). Other methods of oxidation either gave lower yields 

(MnO,, - 62%) or gave side products (Swem, PCCNaOAc, DMSO/Ac,O, - 
DMSO/Ac,O/py/CF,COOH). - 

The enantiomeric pur@ of 70 was 98% as shown by 'H and "F-NMR of the 

Mosher's ester derivative. This derivative was prepared by removal of the acetyl 

group either by CRL-catalyzed or base-promoted hydrolysis followed by reaction 
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with the acid chloride as shown in Scheme V. As a control, a racemic sample of 

70 was also hydrolyzed using CRL and derivatized with the Mosher's acid 

chloride." For the racemic sample, the diastereomers could be distinguished by 
1 
H-NMR (two well-separated multiplets for the proton at the carbinol carbon 

centered at 6 6.85) or by "F-NMR (two multiplets centered at 6 -7 1.95). 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 

from racemic 70 confirmed that the small peaks were due to the other 

dias tereomer. 

Determination of the absolute configuration of 70. The absolute configuration 

of 70 was established to be (a-(-) using the exiton chirality method.)' The acetyl 

group of 70 was replaced with a benzoyl group as shown in Scheme V. The acetyl 
3 1 

group was removed by an enzyme-catalyzed hydrolysis and the product alcohol 

was treated with benzoyl chloride. The circula dichroism spectrum of the 

resulting brnzoate showed a split Cotton effect, negative at 227 nm (A& = -5.7) 

and positive at 192 nm (Ag = +4.0). This splitting indicates a lefi-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 cyclopentenone3" and a 

substituted cycl~hexenone.~~ 

Scheme V. Prqaration of Derivative of ?O 
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Discussion 

The major advantage of this rule is its simplicity. It is straightforward to use 

and correlates a large arnount of experimental data because it applies to a wide 

range of substrates. It finthet 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 

substratelenzyme combination was found for both examples. The strategy of 

adding a large group to one side of a moiecule resulted in a substrate that was 

efficiently resolved by a least one of the enzymes. Thus, screening a substrate with 

a iarge group as one of the substituents at the stereocenter appears to be more 

reliable than screening a substrate having substituents of similar size at the 

stereocenter. 

The major disadvantage of this rule is that it does not account for subtleties in 

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

PCL and not the other two enzymes showed increased enantioselectivity for the t- 

butyl ester of lactyl acetate as cornpared to the methyl ester. The rule also does not 

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

bromine at C, - of 66. The sensitivity of PCL to this orientation rendered this 

enzyme unsuitable for the preparation of 70, whereas the other two enzymes which 

were not sensitive to this orientation were suitable. 

In spite of this disadvantage, a general rule such as that proposed in Figure 1 

may be the most reasonable way to describe the active site of these enzymes. 

Structural data suggests that large conformational changes are required before the 

substrate can bind to the active site in pancreatic lipase and lipase fiom Mucor 

nteihei.' Due to this flexibility it may never be possible to d e h e  an exact size and 

shape for the substrate binding region of lipases because this region may change 



for each substrate. Consistent with this notion are reports that the 

enantioselectivity and conformation of CRL change upon treatment with bile salt 

and organic so l~en t '~  or with dextromethorphan.'' 

A second reason to use a general rule is that these enzymes rnay not be 

hornogeneous. 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 iden t i~a l ;~~  a similar situation rnay hold for the isozymes of 

CRL. This heterogeneity rnay hstrate atternpts to precisely define the size and 

shape of the active site, thus a general rule rnay be the most accurate way of 

describing the commercial catalyst. 

A third reason for using rules and models is that even when the X-ray crystai 

structure of an enzyme is known, models are ofien used to predict 

enantioselectivity because they are simplet to use. For example, a high resolution 

X-ray crystal structure has been detemined for alcohol dehydrogenase fiom hone 

liver, yet a cubic space mode1 is usually used to predict its enantioselectivity."O 

Further, it remains difficult to predict which binding interactions are most 

important in an enzyme-substrate cornplex, thus it rnay remain difficult to predict 

enantioselectivity for an untested substrate even when the X-ray crystal structure is 

known. For example, the ongin of the high selectivity for transfer of the pro-4S 

hydrogen of NADH catalyzed by lactate dehydrogenase (> 1 08: 1) is di fficult to 

explain fiom the known crystal stnict~re.~' These rules and models rnay be used, 

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

interactions are most important in detennining the the enantioselectivity of these 

enzymes, 



Experimental Section 

General. Cholesterol esterase (bovine, 0.2 unitdmg solid with 0.1 M cholesterol 

acetate in ethyl ether as substrate) was purchased fiom Genzyrne Corp., Boston, 

MA. Lipase fiom Candido rugosa (L-1754, 0.2 unitdmg solid using olive oil), 

porcine liver esterase (E-3 126, 240 unitslrng protein using ethyl butyrate) and 

acetyl cholinesterase (electric eel, C-3389, 28 unitdmg solid with acetyl choline) 

were purchased from Sigma Chernical Co., St. Louis, MO. Lipase fiom 

Pseudomonas cepacia (lipase P30, 0.06 unitdmg solid using olive oil) and lipase 

fiom Mucor meihei (lipase MAP-IO, 0.05 unitdmg solid using olive oil) were 

purchased ftom Amano International Enzyme Co., Troy, VI. Activated MnO, - 
(Aldrich) was heated at 120°C for 24 h before use. Zinc dust (60 g) was activated 

by stimng for 1 min with 2% aq HCl. 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 hydrolyses. A rapidly-stined suspension of substrate ( 1  

mmol) in phosphate buffer (10 mM, 10 mi,) containing enzyme (0.2-50 mg) was 

maintained at pH 7.0 by automatic titration with NaOH (O. 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. nie  rate of consumption of sodium hydroxide over the first 5% of the 

reaction was used to calculate the initial rates listed in Tables 1, 4, and 5. The 

reaction was stopped after the consumption of base indicated 20-50% conversion 

and the mixture was extracted four tirnes with ethyl acetate. The combined 

extracts were washed with satd aq sodium bicarbonate, water, and bine, dried over 

magnesium sulfate and concentrated. The starting ester and alcohol were separated 

by flash chromatography and the enantiomeric purity was determined. 



Determination of Enantiomeric Purity by Gas Chromatography. Alcohol (4 

PL), isopropyl isocyanate (300 w), and methylene chloride (300 pL) 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 dichlorornethane and analyzed by 

gas chromatography using an XE-60-(S)-valine-(S)-a-phenylethylamide capillary 

column. 

Determination of Enantiomeric Purity by 'H-NMR. A 5 mg sample of the ester 

was dissolved in 0.5 rnL of CDC1, in an NMR tube and the 'H-NMR spectnirn was 

obtained using a Vanan XL-200 NMR spectrometer. Solid [3- 

heptafluoropropylhy-dr~~yfnethylene)-(+)-c~horato]europium(III), Eu(hfc),, 

was added in four portions and the spectra were obtained. A total of more than 1.3 

equivalents of shifi reagent was added to each sarnple. 

Acetyl esters. Two to three equivalents of acetyl chloride were added dropwise to 

a stirred solution of alcohol in pyridine. Solid alcohols were dissoived in a mixture 

of ethyl ether and pyridine. Acetylation was complete afier 10 min to 2 h as show 

by TLC. The reaction mixture was washed twice with 10% sodium bicarbonate 

and once with water. If only one layer fomed upon washing, the product was 

extracted into ether. The organic layer was dried with magnesium sulfate and 

concentrated by rotary evaporation. The esters were purified either by distillation 

or by flash chromatography. 

(2)-Lactyl acetate was prepared using a literature pr~cedure,"~ but substituting 

toluene for benzene. A mixture of racemic lactic acid (120 mL of 85% purity, 1.1 

mol), glacial acetic acid (640 rnL, 11.2 mol), toluene (80 mL), and concd sulfuric 

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

Stark trap until a 'H-NMR spectra of the distillate showed that no more water was 

present. Approximately 1 L of solution was removed during 40 h; acetic acid 



(-600 rnL) 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 3 5-3 7 O C  (0.2 
1 

tom) [lit? bp 127 O C  (11 torr)] ; H-NMR(CDCl,, 200 MHz)G 10.6 (s, l), 5.10 

(qy 1, J =  7.1 HZ), 2.14 (s, 3), 1.53 (d, 39 J =  7.1 HZ). 

(+Methyl ester of lactyl acetate. A suspension of potassium methoxide (3.8 g, 

54 mmol) in dry ethyl ether (LOO mL) containing (r)-2-acetoxypropionyl chlondeU 

(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 

dned with anhydrous magnesium sulfate, concentrated by rotary evaporation, and 

distilled giving 1.6 g (22%): bp 60-64 O C  (-4 torr) [lit..'' bp 64 O C  (9.8 torr)]; 'H- 

NMR (neat. 60 MHz) 6 4.8 (q, 1, J = 7 Hz), 3.5 (s, 3), 1.8 (s, 3), 1.2 (d, 3, J = 7 

Hz). 

(9-t-Butyl ester of lactyt acetate. A two phase mixture of (2)-lactyl acetate (66 g; 

0.5 mol), liquified isobutylene (120 mL, 1.5 mol), ethyl ether (85 mL), and concd 

sulhric acid (4 mL) in a 500 mL pressure bottle was sealed with a rubber stopper 

wired securely like the cork of a champagne bottle and stirred for 7 h at room 

temperature until a single phase formed. The bottle was chilled in an ice-sait water 

bath or dry ice-acetone bath, opened and the contents were slowly added to a satd 

phosphate buffer (300 rnL, pH 7). The pH of the buffer was maintained between 7 

and 8 throughout the addition with a concd sodium hydroxide solution. The 

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

ether extracts were dned over anhydrous potassium carbonate and filtered into a 

round bottomed flask th2t had been washed with a sodium hydroxide solution and 

rinsed with water to ensure the removai of trace acid. The ether and excess 

isobutylene were evaporated under vacuum and the resulting clear, slightly yellow 
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a oil was distilled giving 81 g (86%): bp 95-100 OC (-1 torr); 'H NMR (CDCI,, 200 
13 MHz)G4.64(q, 1,J=7.1  Hz), 1.84(~,3), 1.21 (s,9) ,  1.18(d,3,J=7.1 Hz); C- 

NMR (CDCI,, 75.4 MHz) S 169.4, 169.3 (C=O), 81.0 (C(CH3),), 68.5 (CH), 27.3 

(C(CH,),), 20.0 (CH,C=O), 16.3 (CH,CH). 

(2))tButyl ester of lactyl butyrate. Butyryl chloride (244 mL, 2.36 mol) was 

added dropwise to stirred lactic acid (125 g of 85% purity, 1.18 mol). AAer 

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

IH-NMR spectnim of the reaction mixture indicated no remaining lactic acid. 

Excess butyryl chloride and butyric acid were removed by vacuum distillation 

leaving crude lactyl butyrate, 156 g (82%). A portion of this material (125 g, 0.78 

mol) was treated with isobutylene (187 mL, 2.34 mol) as described above for the 

acetate derivative. Distillation yielded 5 1 g (36%): bp 94 OC (-2 torr); 'H-NMR 

(CDCI,, 200 MHz) 64.95 (q, 1, J =  7 Hz), 2.35 (t, 2, J = 7 Hz), 1.68 (m, 2), 1.45 (s 
13 

+ d, 9 + 3), 0.95 (t, 3, J = 7 Hz); C-NMR (CDCI,, 75.4 MHz) 8 173.6, 170.7 

(C=O), 82.2 (C(CH,),), 69.2 (CH), 36.1 (OC(O)CH,), 28.1 (C(CH,),), 18.5 

(OC(O)CH,CH,), 17.1 (CH,CH), 13.8 (CH,CH,CH,). 

(R)-(+)tButyl lactate. A suspension of racemic i-butyl ester of lactyl butyrate 

(50 g, 0.23 mol) in phosphate buffer (400 mL, 0.1 M, pH 7.0) containing PCL ( 1  .O 

g) was stirred at room temperature. The pH was maintained between 6.9 and 7.1 

by automatic addition of NaOH (0.5 M). AAer 22 h, 215 mi, of base had been 

added indicating 47% conversion. The suspension was saturated with sodium 

chloride and extracted with ethyl ether (4 x 750 mL). The combined extracts were 

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

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

yield): bp 51-54 OC (4 torr), [lit? bp 46-47 OC (9 torr)]; oil which solidifies, mp 

35-37.5 OC; [a], = +7.98 (c 1.7 CHzClz), [lit." [alzo, = +9.48 (neat, l = l)]; 'H- 

NMR (CDCI,, 200 MHz) 6 4.62 (q, l , J  = 7 Hz), 2.9 (s, br), 1.49 (s, 9), 1.38 (d, 3, J 



13 
= 7 Hz); C - m  (CDCI,, 75.4 MHz) G 175.8 (C=O), 82.6 (C(CH,),), 67.2 

(CH), 28.2 (C(CH,),), 20.7 (CH,CH); >98% ee by 'H-NMR with Eu(hfc), on the 

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

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

cis-1,4-Diacetory-2-eyelohexeae, 64, was prepared using Backvall's methodd7 

with the following changes. The acetic acid solution was heated to dissolve the 

palladium diacetate, then cooled pnor to the addition of the other reagents. After 

the reaction completed, the solution was filtered through Whamian #41 paper on a 

Büchner funnel pnor to extraction with pentane to minimize the formation of an 

exnulsion. 

(&)-la, 4a-Diacetoxy-2B, 3a-dibrornocyclohexane, 66. A solution of 64 (5.0 g, 

25 mmol) in CS, C (120 rnL) was cooled to -78 O C  in an acetoneldry ice bath and 

irradiated with a Phillips 150 watt reflector flood lamp placed 35 cm fiom the 

reaction mixture. A solution of Br, in CS, (3.9 M, 8.8 mL, 34 mmol) was added to 

the stirred reaction mixture in one portion. After 50 min, TLC showed the 

presence of a small amount of starting material, however longer reaction time did 

not result in its disappearance. The reaction mixture was diluted with cold 

c h l o r o h  (-20 OC, 700 rnL) and subsequently washed with satd aq Na@, C (2 x 

70 d), water (70 mi,), and brine (2 x 80 mL). The reaction mixture must remain 

cold untii after the first washing with Na2S0,. The organic phase was dried over 

magnesium sulfate and concentrated by rotary evaporation. Recrystallization 

(etherlhexanes) yielded white crystals, 7.35 g (8 1%): mp 71 5 7 2  O C ;  R, = 0.3 (4: 1 

hexaneslethyl acetate); 'H-NMR (CDCI,, 200 MHz) 6 5.32 (m, 1, H4); 5.0 1 (ddd, 

1, Hl); 4.36 (dd, 1, J = 9.0 Hz, J2J = 9.3 HZ, H2); 4.27 (dd, 1, Jjl = 2.7 Hz H3); 
1.2 

2.15 (s, 3, CH,); 2.11 (s, 3, CH,); 2.20-2.00 and 1.70-1.85 (Zm, 4, H5, HS', H6, 
13 

H6'). C-NMR (CDCI,, 75.4 MHz) G 169.7, 169.6 (Ca ) ;  73.9, 70.7 (CHOAc); 

54.1 (CHBr); 26.1, 25.3 (CH,); 2 1 .O, 20.9 (CH,). IR (Nujol mull) 175 1, 173 1, 
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0 1257, 123 1, 1024 cm-'. MS (CI, NH,) m/z 374 (M+NH,+, 46%); exact rnass 

373 .960 18 (C,,H,,Br,NO, - requires 373.96026, 2 ppm error). Anal. Calcd. for 

C,,H,,Br,O,: - C, 33.55; H, 3.94. Found: C, 33.14; H, 3.84. 

(1s)-(+)-la- acetory-2% 3f3dibromo-4a-hydronycyclohexane, (+)-67, and 

(lS)-{-)-la-acetoxy-2P, 3adibromo-4a-bydroxycyclohexane, (-)a& Lipase 

fiom Candida rugosa (15 g) was added to a stirred mixture of dibromodiacetate, 

(2)-66 (26 g, 73 rnmol), aq phosphate buffer (260 rnL, 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 rnrnol) 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 rnagnesium sulfate and concentrated by rotary evaporation. Recrystallization 

of the crude residue fiom 115 mL of CH,Cl,/hexanes - (35: 65 vlv] yielded CO- 

crystalline diastereomers 67 and 68, 18.7 g (82%): mp 97-104 O C .  A sample of the 

diastereomers was separated by flash chromatography (4: 1 hexanedethyl acetate). 

(+)-67: rnp 125.5 OC; R, = 0.34 (32 hexaneskthyl acetate); ~ 9 7 %  ee by 'H-NMR 

with Eu(hfc),. [a], = + 14 1 O (c 1.6, CH,CI,); 'H-NMR (CDCI,, 200 MHz): 6 5.3 1 

(m, 1,H1);4.29(dd, I , J2J=  10 .8H~,  J3,4=8*4H~,H3);4.19(dd, 1, J I I  =2.6Hz, 

H2); 3.79 (m, 1, H4); 2.66 (br, 1, OH); 2.15 (s, 3, OAc); 1.97-2.17 (m, 2, H5, H6); 

1.65- 1.88 (rn, 2, H5' and H6'). "c-NMR (CDCI,, 75.4 MHz) 6 169.6 (C=O); 74.4 

(COAc); 71.6 (COH); 63.0 (CHBrCHOH); 54.6 (CHBrCHOAc); 27.0, 26.6 

(CH,); 20.9 (CH,). IR (Nujol mull) 3409 Pr), 1728, 1260, 1072 cm-' Anal. Calcd. 

for C,H,,Br,O,: C, 30.41; H, 3.83. Found: C, 30.03; H, 3.54. (-)68: mp 122 O C ;  

R, = 0.48 (3:2 hexanedethyl acetate); >97% ee by 'H-NMR with Eu(hfc),. [a], = - 

125' (C 1.6, CYCI,); 'H-NMR (CDCI,, 200 MHz): 6 4.97 (ddd, 1, Hl); 4.37 (dd, 

@ 1, J,, = 10.1 Hz, JIJ  = 8.4 Hz, H2); 4.29 (dd, 1, J,, = 2.0 Hz, H3); 4.15 (ddd, 1, 



a H4); 2.45 (br, 1, OH); 2.07-2.22 (m, 1, H5); 2.1 1 (s, 3, OAcj; 1 -88-2.02 (m, 2, H6 

and H6'); 1.58- 1.8 1 (m, 1, HS'). 1 3 ~ - ~ ~  (CDCI,, 75.4 MHz) 169.8 (C=O); 74.6 

(COAc); 69.5 (COH); 61.6 (CHBrCOH); 54.8 (CHBrCOAc); 27.6, 24.8 (CH ) *  
2 ' 

2 1 .O (CH,). IR (Nujol mull) 3429(br), 17 17, 1257, 1034 cm". Anal. Calcd. for 

C,H,2Br,0,: - C, 30.41; H, 3.83. Found: C, 30.29; H, 3.52. 

(1S)-(-)-cis-l-Aceto~4-hydr0~-2-cycloexene, 69. Activated zinc dust (3 1 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 rnL) and washed with satd aq sodium bicarbonate (2 x 120 mL), and bnne 

(120 mL). The ethyl acetate solution was dried over magnesium sulfate and 

concenmted by rotary evaporation, yielding a light yellow oil, 7.9 g (82%)? 

Vacuum distillation gave 6.0 g (62%): bp 75-77 O C  (0.05 torr); R,= 0.26 (3: 2 

hexanes/ethyl acetate); [a], = - 1000 (c 1.3, CH2C12); ' H-NMR (CDCI,, 200 MHz) 

65.98(dd, 1 , J  12 =2.8Hz,J2,= 10.1 Hz,H2);5.80(dd, 1 ,J3 ,=3.4Hz,  H3); 5.19 

(m, 1, Hl); 4.18 (m, 1, H4); 2.15 (br, 1, OH); 2.06 (s, 3, CH,); 1.70-1.96 (m, 4, H5, 
13 HY, H6, H6'). C-NMR (CDCI,, 75.4 MHz) 8 170.7 (C=O); !34.8, 127.8 

(CH=CH); 67.2 (COAc); 65.3 (COH); 28.1 (CH,COAc); - 24.9 (CH,COH); 2 1.2 

(CH,). IR (neat) 3372(br), 3415(br), 1736, 1245, 1037 cm-' MS (CI, NH,) miz 

1 74 (M+NH,', 63%); exact mass ! 74.1 1306 (C,H ,,NO, requires 174.1 1 302, 0.2 

ppm error). 

(S)-(-)4acetory-2-eycloberene-1-0ne, (-)-70. Chromium trioxide ( 16.3 g, 1 63 

mmol) was added to a stirred solution of dry pyridine (26.3 mL, 326 mmol) in dry 



methylene chlonde (380 mi,) under nitrogen. Afier thirty min of stimng at room 

temperature, the olefinic alcohol69 (4.24 g, 27.1 mmol) in dry rnethylene chloide 

(10 mL) was added to the dark reddish-brown solution. A black tany substance 

precipitated afier a few minutes. The flask was stoppered with a drying tube and 

the mixture was stirred for 24 h. The methylene chloide 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). Al1 extracts were combined 

with the methylene chloride solution and shaken. The aqueous phase was removed 

and extracted once with ethyl ether (1000 mi,). 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 bine (2 x 200 mL). The resulting organic phase 

was dried over magnesium sulfate and concentrated by rotary evaporation yielding 

an oil, 3.52 g (84%). R, = 0.41 (3: 2 hexaneslethyl acetate); [a], = -137O(c 1.6, 

CH,Cl,); - - 'H-NMR (CDCI,, 200 MHz) G 6.85 (ddd, 1, J,,, = 10.3 Hz, J , ,  = 2.8 HZ, 

J,,,= -1.4 Hz, H3); 6.06 (ddd, 1, J , ,  = -1.9 Hz, J , ,  = -0.9 Hz, H2); 5.57(dddd, 1, J,,5 

= 4.8 Hz, J,,. = 8.7 Hz, H4); 2.28-2.70 and 1.99-2.19 (2m1s, 3 + 1, H5, HS, H6, 
L 3 

HU); 2.12 (s, 3, CH,). C-NMR(CDCI,, 75.4 MHz) S 197.7 (C=O); 170.2 

(OCOCH,); 147.5 (CHCOAc); 1 30.8 (CHC=O); 67.7 (COAc); 34.9 (CH,C=O); - 
28.6 (CH,COAc); 20.9 (CH,). IR (neat) 1741, 1686, 1372, 1236, 1037 cm". MS 

(CI, NH,) m/z 172 (M+NH,+, 100%), 155 (M+H+, 10%); exact rnass 155.07075 

(C,H, ,O, requires 1 5 5 .O7O82,0.4 ppm error). 

Enaotiomeric Purity of 70. Acetylcholinesterase (4 mg) was added to a stirred 

suspension of acetoxyketone 70 (322 mg, 2.09 mmol) in aq phosphate buffer (20 

mL, 10 mM, pH 7.13). The pH was maintained at 7.13 by automatic addition of 

NaOH (0.10 N). After 27 h only 0.4 mm01 of base had been consumed, thus 

additional enzyme (CRL, 300 mg) was added. Afier an additional 41 h a total of 

2.1 mm01 of base had been added. The reaction mixture was extracted with ethyl 



acetate (3 x 150 mL) and the combined extracts were washed with satd aq sodium 

bicarbonate (20 mL), water (20 mL), and bnne (2 x 20 mL). The organic phase 

was dried over magnesium sulfate and concentrated by rotary evaporation yielding 

crude alcohol, 150 mg (64%): R, = 0.07 (3: 2 hexanedethyl acetate). This alcohol 

was treated with Mosher's acid chioride using a standard proced~re .~~ The 

resulting ester was purified by colurnn chromatography on silica gel eluted with 

9:l hexanedethyl acetate; R, = 0.41 (3: 2 hexaneslethyl acetate). A racemic 

sample of 70 was also treated in the same manner. 

Absolute configuration of 70. Acetylcholinesterase (3.6 mg, 0.57 units) was 

added to a stirred mixture of acetoxy ketone, 70 (300 mg, 1.95 mmol) and aq phos- 

phate buffer (20 mL, 10 rnM, pH 7). Aliquots of a 0.107 N NaOH solution were 

added automatically to maintain the pH of the mixture at 7.01. Due to the slow 

rate of the hydrolysis, a large amount (700 mg) of CRL was added in three portions 

over a period of 6 days. The reaction was stopped at 93% conversion. The 

reaction mixture was extracted with ethyl acetate (3 x 200 mL). Each organic 

extract was washed with satd aq sodium bicarbonate (5 mL), water (2 x 5 mL), and 

bnne (2 x 5 mL). The extracts were combined, dried over magnesiurn sulfate, and 

concentrated by rotary evaporation yielding 169 mg (77%); R, = 0.07 ( 3 2  

hexanedethy 1 acetate). Without further purification of the alcohol, the benzoate 

derivative was prepared. Benzoyl chloride (340 pL, 2.92 mmol) was added to a 

solution of alcohol (163 mg, 1.46 rnmol) in pyridine (3 rnL, 37 mmol). The 

mixture was stirred at room temperature for 70 min at which time TLC analysis 

showed no remaining alcohol. The reaction mixture was added to a separatory 

funne1 containing 0.5 M H,SO, (74 mL) and ethyl ether (50 mL). Afier vigorous 

shaking, additional ethyl ether (150 rnL) 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), dned over magnesium sulfate, and concentrated by rotary 
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a evaporation. Purification by flash chromatography (85: 1 5 hexanedethy 1 acetate) 

yielded the benzoate as an oil, 184 mg (58%): R, = 0.46 (3:2 hexanedethyl 

acetate); [a], = - 197O (c 1 -9, CH2C12); 'H-NMR (CDCI,, 200 MHz) G 7.4 1-8 .O9 

(m, 5, arornatic); 6.98 (ddd, 1, JIJ = 10.3 Hz, J , ,  = 2.8 Hz, J , ,  = -1.3 Hz, H3); 6.1 I 

(ddd, 1, J, ,  = - 1.9 Hz, 4, = -0.8 Hz); 5.82 (m, 1, H4); 2.40-2.77 and 2.15-2.34 
13 (2mts, 3+1, H5, HS', H6, H6'). C-NMR(CDCl,, 75.4 MHz) 6 197.8 (C=O); 

1 65.7 (OCOCH3); 147.6 (CHCOAC); 133.4 @-CH); 13 1 .O (CHGO); 129.7, 

128.5 (O- and m-CH); 129.5 (CCOOR); 68.2 (COAc); 35.0 (CH,C=O); - 28.8 

(CH,COAc). LIV (CH,OH): 228 nrn (E 14200 M" cm"), 271 nm (E 554 M" cm"), 

IR (neat), 3050,2960. 1722, 1683, 1452, 1270, 1 1 13,7 10 cm". MS (CI, NH,) m/z 

2 17 (M+H+, 100%); exact mass 2 17.08646 (C, ,H,,O, reqtiires 2 l7.08647,O.O ppm 

error). The CD specmim was obtained using a 4.4 x IO-' M solution of the 

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

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

Chapter 3 

Following the success of the empirical mle for secondary alcohols 

describeci in the previous chapter, we endeavoured to determine whether this mle 

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 senne 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 rnolecular modeling techniques. 

Reproduced with permission fiom The Journai of Organic Cbeniistry, Vol. 60, Alexandra N. 
E. Weîssfloch and Romas J. Kazlauskas, "Enantiopreference of Lipase from Pseudomonos 
cepacia toward Rimary Alcohols", 695906969. Copyright 1995 Arnefican Chernical Society. 

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



Enan tiopreference of Lipase from Pseudomonas cepaciu 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 fiom Pseudomonas 

cepacia (PCL). This nile, based on the size of the substituents at the stereocenter, 

shows an 89% reliability (correct for 54 of 61 examples). This rule is not reliable 

for primary alcohols that have an oxygen atom attached to the stereocenter; we 

excluded these alcohols from the tally above. Surprisingly, the sense of 

enantiopreference of PCL toward pnmary alcohols is opposite to its 

enantiopreference toward secondary alcohols. That is, the -OH of secondary 

alcohols and the -CH,OH of primary alcohols point in opposite directions. We - 
suggest, however, that this opposite orientation does not imply a different position 

of the substituents in the active site of the lipase. Instead, PCL accommodates the 

extra CH, - in prirnary 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 site of the substituents, but did not find a consistent increase in 

enantioselectivity. We suggest that high enantioselectivity toward primary alcohols 

requires not only a significant difference in the size of the substituents, but also 

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



Introduction 

Organic chemists have embraced lipases and esterases as enantioselective 

catalysts for synthetic applications because they combine broad substrate 

specificity with high enantioselectivityl One current goal of organic chernists 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 specificiîy of lipase fiom Pseudomonas cepacia2 

(PCL, Amano Lipase P) established a simple nile that predicts its 
3,4,5,6 enantiopreference toward secondary alcohols, Figure la. This mle predicts 

which enantiomer reacts faster based on the sizes of the substituents at the 

stereocenter. The same mle holds for ten other hydrolases whose specificities have 
3 7 

been mapped: lipase fiom Candida ncgosa, lipase fiom Pseudornonus sp., lipase 
8 9 10 

from P. oeniginosa, Rhizomucor miehei, lipase from Arthrobacter sp., porcine 
1 1  3 I I  

pancreatic lipase, pancreatic cholesterol esterase, Mucor esterase, cultures of 
12 13 

Rhizopus nigricans, and cultures of B. subtilus var. Niger. This mle suggests 

that these hydrolases distinguish between enantiomers based on the size of the 

substituents. Consistent with this suggestion, researchers have increased the 

enantioselectivity of lipase-catalyzed reactions of secondary alcohols by increasing 
3.5.14 

the difference in size of the two substituents. 

Recent X-ray crystal structures of transition state analogs bound to lipase 

fkom Candida mgosa showed that this rule is a good description of the alcohol 

binding pocket.'5 This lipase contains a large hydrophobic binding pocket that 

binds the larger substituent of a secondary alcohol and a smaller pocket that binds 

the medium substituent. Conserved structural elements create this binding crevice, 

especially the pocket for the medium substituent. For this reason, other lipases 

probably contain similar alcohol binding sites. 
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Several groups have tried to extend this rule for secondary alcohols to 

include primary alcohols, but these efforts have been only partially successful. 

Naemura et al. used a mle based on the size of the substituents to account for the 

enantiopreference of lipase &om Pseudomonas sp. toward two primary alcohols16 

and Carrea et al." used a similar mle to account for the enantiopreference of PCL 
la 

toward nine primary alcohols. However, Xie et al. proposed an enantiomeric mle 

for the enantiopreference of PCL toward two primary alcohols without an oxygen 

at the stereocenter and another rule based on two primary alcohols with an oxygen 
19 

at the stereocenter. Researchers encountered similar difficulties with porcine 
20 

pancreatic lipase (PPL) and also proposed enantiomeric rules. 

secondary alcohols prirnary alcohols 
(no O at stereocenter) 

Figure 1. Empincal rules that summarize the enantiopreference of P. cepacia lipase (PCL) 
toward chiral alcohols. (a) Shape of the favored enantiomer of secondary alcohols. M represents 
a medium substituent, e.g. CH,, while L represents a large substituent, e.g., Ph. (b) Shape of the 
favored enantiomer of pnmary alcohols. This rule is reliable only when the stereocenter lacks an 
oxygen atom. Note that PCL shows an opposite enantiopreference toward prirnary and secondary 
alcohols. 

In this paper, we examine the reported enantiopreference of PCL and 

propose an empirical rule that summarizes its enantiopreference toward primary 

alcohols. Although the rule is opposite to the one for secondary alcohols, we 

suggest that the large and medium substituents adopt a similar position in both. We 

also attempt, unsuccessfûlly, to increase the enantioselectivity of PCL toward 

primary alcohols by increasing the difference in size of the two substituents at the 

s tereocenter. 



Results and Discussion 

Enantiopreference of PCL toward primary alcohols. Following the suggestion 

of Xie et al.,'8 we divided the primary alcohols into those with an oxygen at the 

stereocenter and those without an oxygen at the stereocenter. Table 1 and Chari 1 

surnmarize 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 Ib: the -CH,OH - 
points into the page and the larger substituent lies on the right. The notation '(ent)' 

in the Table marks those examples where PCL favored the enantiomer opposite to 

the one predicted. This list includes only primary alcohols with a tertiary 

stereocenter, that is, R'R~CHCH~OH. The list firrther includes only reactions 

catalyzed by PCL fiom Amano (P, P30, PS, LPL-80, LPL-ZOOS) and SAM-2 from 

 luk ka,' and only those substrates for which the enantiomeric ratio2', E, was >2. The 

iist includes esterifications and transesterifications of primary alcohols as well as 

hydrolyses of esten of primary alcohols. 

The rule in Figure lb predicts the absolute configuration of the favored 

enantiomer for 49 out of 54 substrates, 91% accuracy. We will discuss seven more 

examples in this paper, five of which follow the rule giving an accuracy of 54 out 

of 61 or 89%. The examples include acyclic, cyclic, and bicyclic alcohols with a 

wide range of functional groups in the substituents. Approximately 30% of the 

substrates (16 of the 54) showed excellent enantioselectivities of E >50. The five 

exceptions to the empirical mle are Qmethyl- l,3-propanediol (structure 1 where R 

= CH,OH), - two aziridines, structure 9, and two cyclohexenone derivatives, 

structure 18. In spite of these exceptions, the empirical mle is reliable for most 

primary alcohols without an oxygen at the stereocenter. The rule in Figure l b  is 

similar to the rule proposed by Xie et al.'' for two primary alcohols. Although our 
17 

mle is opposite to the one suggested by Carrea et al., we excluded their examples 

because they al1 contained an oxygen at the stereocenter. 
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Table 1. Enantioselectivity of Lipase fiom Pseudomonas cepacia toward Primary Alcohols 

without an Oxygen at the Stereocenter! 

Struc R or Ar E& ref 

5.9 
8.7 
5.7 
9.9, >20 
11 
13 
9.7 
20 
>24->50 
2 1 
2 f 
-28 
8.6 
4 (ent) 
21 - >50 
4 

-20 
>50 
>50 
12 - 35 
9 -  35 
> -50 
2 - >4O 
7.5 - 40 
3.3 
-16 
8.9 

Sbuc R or Ar E& ref 

C(O)OCH,Ph 
tosyl 

-- - 

7.3 
- 10 
-7 
-25 
>50 
13 

> -50 

> -50 
20 

> -50 

>30 ->50 
13, > -50 
11  
4 0  (ent) 
b50 (ent) 
5 
- 13 
>50 
-4 

-3 
14 
4 

>50 
14 (ent) 
>50 (ent) 
>50 
-2 

OAll reactions reier to the hydrolysis of the acetate m e r  in queous solution at room temperature, using lipase from 
Pseudomonas cepacia as defined in referencc 2, unless otherwise noted. When another ester was hydrolyzed, it is 
identified; when the alcohol was csterified, the acylating reagent is identified. Only examples that give E >Z are listed. 
The stnictures are shom in Chart 1. &E. the enantioxlcctivity, is calculami as in rcfcrence [21], exccpt in the c u c  of 
asymmetric syntheses where it is the ratio of the p r c f c d  enantiorner to the lcast prcfcrred enantiomer. Winyl acetate: 
Banh, S.: Effenberger, F. Tetrohedmn: Asymmetry l*M. 4, 823-833. d ~ i n y l  acctate . PFL (Fluka): Ferraboschi, P.; 
Grisenti, P. Marizocchi, A.; Santanicllo, E. 3. Chem. Soc.. Perkin Tram. 1 1992, 1 159- 1 16 1. %nyl acetate: Delinck. 
D. L.; Margolin. A. L. Tetrahedron Lert. 19M, 31. 6797-6798.f vinyl acctate: Nordin. O.: HedenstrOm E.; HOgbcrg. 
H. E. Tetrahedron: Asymmet~y 1994,5,785-788. Bracher, F.; Papke, T. Tetrahedron: Asymmefty 1994, 5, 1653- 1656, 
gVinyi acerrite, PFL (Fluka): Femboschi, P.; Grisenti, P.; Manzocchi, A.; Santaniello, E. J. Org. Chem. 1990, 55, 
62144216. h~utynte: Win, B.; Schmid. R; Walther, W. Biocatafysis 1990, 3, 159- 167. i~mcaianci, F.: Cesti, P.; 
Cabri, W.: Bianchi, D.; Mutinengo. T.; Foi, M. X Og. Chem. 1987.52, 5079-5082.hyl acetate : Tsuji. K.; Terao. 
Y.; Achiwa, K. Tetrahedron Len. 1989, 30. 61894192. b iny l  acetate. PFL (Fluka): Santaniello, E.; Ferraboschi. P.: 
Grisrnti, P. Tetrohedrm Leu. 1990, J I ,  56574660. TBDPS = tes-butyldiphmylsilyl. I ~ i e ,  2.-F.; Suemune, H.; Sakai. 
K. Tetrahedron: Asymmetry 1993, 4, 973-980. mVinyI acetate, PFL (Fluka): Grisenti, P.; Ferraboschi, P.; Manzocchi, 
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A.; Santaniello, E. Tetrahedron 1992,48,3827-3834. "Vinyl acctatc, PFL (Fluka): Grixnti, P.; Ferraboschi, P.; Casati, 
S.; Santanicllo, E. Tetrahedron: Asynimefry 1993, 4, 997-1006. OEthyl acctatc: Bianchi. D.; Cesti, P.; Golini, P.; 
Spezia, S.; Filippini, L.; Garavaglia, C.; Mircnna, L. J. Agric. Food Chem. 1992,40, 1989-1992. Plsopropenyl acetate: 
Akita, H; Umezawa, 1.; No7rawa, M.; Nagumo, S. Tetrahedron: Asymmetry 1993, 4, 757-760. qlsopropenyl acetate: 
Akita, H.; Nozawa, M.; Umaawa, 1.; Nagumo. S. Biocatalysis 1994, 9, 79-87. 'Gaucher, A.; Ollivier, J.; Marguerite. 
J.; Paugam. R.; Salaiin, J. Cm. J .  Chem. 1994, ?2, 13 12-1 327. SEthyl acctatc: Bianchi, D.; Cesti, P.; Spezia, S.; 
Garavaglia, C,; Mirenna, L. J. Agric. Food Chem. 1991,39, 197-201. lPFL (Fluka): Guanti, G.; Banfi, L.; Bnisco, S.; 
Narisano, E. Tetrahedron: Asymmefry 1994, 5, 537-540. UVinyl butyrate: Tmadas, F.; Teston-Henry, M.; Fitzpamck, 
P. A.; Klibanov, A. M. J. Am. Chem. Soc. 1993. 115,390-396. Wnyl acctate: Ohsawa, K.; Shiozawq T.; Achiwa, K.; 
Teno, Y. Chem. Pham. Bull. 1993, JI, 1906-1909. Yakabc, K.; Sawada, H.; Satani, T.; Yarnada, T.; Katagiri, T.; 
Y da, H.  Bioorg. Med. Chem. Lett. 1993, 3, 157- 160- "Vinyl acetate: Itoh, T.; Chika, J.; Takagi, Y .; Nishiyama, S. J. 
Org. Chem. 1993, 58, 5717-5723. winyl acctate: Atsuumi, S.; Nakano. M.; Koike, Y.; Tanaka, S.; Ohkubo. M.; 
Yonezawa, T.; Funabashi, H.; Hashimoto, J.; Morishirna, H. Tetrahedron Letr. 1990, 31, 160 1-1 604. =Chloroacetate: 
Guevel, R.; Paquette, L. A. Tetrahedron: Asymmetry 1 9 3 ,  4, 947-956. aaTransest~rification with n-butanol: Fuji. K., 
Kawabata, T.; Kiryu, Y.; Sugiura, Y.; Taga, T.; Miwa, Y. Tetrahedron Lett. 1990. J I ,  6663-6666. b b ~ i n y l  accetate: 
Burgess, K.; Ho, K.-K. J. Org. Chent. 1992, 57, 5931-5936. CC Harvey, 1.; Crout, D. H. G. Tetmhedron: Asymrnetry 
1993. 4. 807-8 12. dd~anaka. M.: Yoshioka M.; Sakai, K. Tetraledron: Asyrnrnetry 1993. 4, 981 -996. eePFL (Fluka): 
Mohu. B.; Stimac, A.; Kobe, J. T'mhrdron: Asymmetry 1994, 5, 863-878. ~ ~ P F L  (Fluka): Mekrami, M.; Sicsic, S. 
Terrahedrort: Asymnrerry 1992,3,43 1-436- a n  phosphate buffcr containing 200/o DMSO: Kawanami. Y .; Monya, H.; 
Goto, Y. Chem. Lett. 1994, 1 16 1 - 1 162; vinyl acetate: Sibi, M. P.; Lu, J. Tetrahedron Leu. 1994. 35, 49 1 5-49 1 8. 
hh~akano, K.; Yokohama, S.; Hayakawa 1.; A m h i ,  S.; Kadoys, S. Agric. Biol. Chem. 1987. JI .  1265-1270. Iivinyl 
acetate: Miyaoka, H.; Sagawa, S.; [noue, T;. Nagaoka, H.; Yamada, Y .  Chem. Pharm. Bull. 1994, 42, JO5 407. DPatel. 
R. N.; Liu, M.; Ban erjee, A.; Szarka, L. J. Appl. Microbiol. Bio,echnol. 1992, 37, 180-183. k ' i n y l  accwtc: M u n u .  
M.; Ikoma, S.; Achiwa, K. Chem. Pharm. Bull. 1990,38,2329-233 1 .  

Chart 1. Structures for Table 1 and Figure 4 

,a, @ ' O A C  @ ' O A C  

MOMO 
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Table 2 and Chart 2 summarize the reported enantioselectivities of PCL 

toward pt-imary alcohols that have an oxygen at the stereocenter. Al1 structures 

show the enantiorner predicted to react faster, while the notation '(ent)' marks the 

exceptions in the Table. The large number of exceptions shows that the empirical 

mle is not reliable for this group of substrates. The empirical rule predicts the 

enantiopreference for only 10 of the 27 examples, corresponding to 37% accuracy 

which is similar to that expected by chance. We excluded substrate 25 (R = CH,) 

fiom the tally because both substituents are similar in s ix .  Approximately 30% of 

the substrates (8 of 27) showed excellent enantioselectivities (E >50); al1 of these 

are exceptions to the empirical rule. Thus, the empirical rule in Figure lb  is not 

reliable when the primary alcohols have an oxygen at the stereocenter. An opposite 

rule would be slightly more reliable, but still only a slight improvement over 

guessing. 

A similar division of primary alcohols into two p u p s ,  those with and 

without oxygens at the stereocenter, may also resolve the dilemma of enantiomeric 

rules in the case of PPL. Our preliminary survey found 41 examples of PPL- 

catalyzed resolutions of primary alcohols without an oxygen at the stereocenter. 

Twenty-seven examples fit the rule in Figure lb, four did not; we excluded ten 

substrates because the sizes of the substituents were too similar. Thus, the 

reliability was 27/3 1 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 exarnples fit the rule, six did not; we excluded one substrate. 

Thus, as with PCL, the nile is not reliable for primary alcohols that have an oxygen 

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

Table 2. Enantioselectivity of Lipase Frorn Pseudornonm cepacia toward Pnmary Alcohols with 

an Oxygen at the Stereocenter? 

Struc R or Ar E~ ref 

-6 (ent) 
-20 (ent) 
-20 - 28 (ent) 
>50 (ent) 
4 
15 
4 - 9  
2-6 
3 - 8  

3 
23 
9 
>50 (ent) 
>50 (ent) 

.- -- - 

Struc R or Ar E~ t e l  

Br 
OCH, 
OCH,Ph 
CH,OH 
CH; 
Ph 
1 -(5-fluorocytosine) 

3 1 - >50 (ent) 
6 - >50 (ent) 
13 (ent) 
3 (ent) 
8 (ent) 
3 
4 1 (ent) 
12 
-50 (ent) 
5 - >50 (ent) 
2 1 - >50 (ent) 
8 - 16 (ent) 
28 (ent) 
3 (ent) 

=AI1 reactions refer to the hydrolysis of the acctafe ester in aqueous soiution at room temperature, using lipase from 
Pseudomonrrs cepacio as defined in ceference 2, unlcss othenivise noted. When another ester was hydrolyzed, it is 
identified; when the alcohol was esterifid, the acylating ragent is identified. Only examples that give E >2 are listed. 
The muenires are shom in Chart 2. 'E, the mantioxldnty,  is caicutated as in reference 21, exccpt in the case of 
meso compounds where it is the ratio of the favottd to unfavonxi enantiomen. %nyl acetate or phenyl acetate: Teno. 
Y.; Murata, M.; Achiwa, K.; Nishio, T.; Akamtsu, M.; Kamimura, M. Tetrahedron Lat. 1988, 29, 5173-5176; vinyl 
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acetate: Muata. M.; Terao, Y.; Achiwa, K.; Nishio, T.; Scto. K. Chem. Pham. Bull. 1989, 37,2670-2672. d~reitgoff, 
D.; Laumen, K.; Schneider, M. P. J. Chem. Soc.. Chem. Commun. 1986, 1523-1524; vinyl stearate: Baba, N.; Yoneda, 
K.; Tahara, S.; Iwasa, J.; Kaneko, T.; Matsuo, M. J. Chem. Soc., Chem. Commun. 1990, 1281 -1282; vinyl stearatc: 
Baba, N.; Tahara, S.; Yoneda, K.; Iwasa, J. Chem. fipress t991, 6, 423-426; Wirz, B.; Schmid, R.; Foricher, J. 
Terrahedron: Asymmetry 1992, 3, 137-142. eTransesterification with n-propanol as nucltophile: Bianchi, D.; Boseni. 
A.; Cesti, P.; Golini, P. Terrahahm Lett. 1992. 33, 3231-3234.fvinyl atm: Thcil, F.; Weidner, J.; Ballxhuh. S.; 
Kunath, A.; Schick, H. J. Org. Chem. 1994, 59, 388-393. âPallavicini, M.; Valoti, E.; Villa, L.; Piccolo, 0. J. Org 
Chent. 1994, 59. 1751-1 754. h~enzoate hydmlysis in 25% DMSO: Bosmi, A.; Bianchi, D.; Cesti, P.; Golini. P. 
Biocatalysis 1994, 9.71 -77. i~uccinic anhydride: Terao, Y.; Tsuji, K.; Muratta, M.; Achiwa, K.; Nishio. T.; Watanabe. 
N.; Seto, K. Chem. Pham. Bull. 1989.37, 1653-1655.J~utanoate: Panali, V.; Melbyc, A. G.; Aloik, T.; Anthonsen. T. 
Terrahedron: .Isymme»y 1992. 3, 65-72. kBellemare, M.-J.: Kazlauskas, R J., unpublished results. !ln a 
water/isopropyl ether emulsion: Gais, H.-J.; H m e r l e ,  H.; Kossek, S. Synrhesis 1 9 2 ,  169-173. m~ce t i c  anhydride: 
Bianchi, D.; Cesti, P.; Battistel, E. J. Org. Chem. 1988, 53, 553 1-5534. nTrifiuorocthyl butanoate: Secundo, F.; Riva, 
S.; Carrea, G. Tetrahedron: Asymmerry 1992, 3, 267-280. OButyrate: Canca, G.; De Amici, M.; De Micheli. C.. 
Liverani, P.; CarnieIli, M.; Riva, S. Tetrahedron: Asymmerry 1993.4, 1063-1072. PButynte: De Amici, M.; Magri. P.; 
Dc Micheli, C.; Cateni, F.; Bovara, R.; Carrea, G.; Riva, S.; CasaIone, G. J. Org. Chem. 1992, 57. 2825-2829. 
qButyrate: Hoong, L. K.; Snange, L. E.; Liona, D. C.; Koszalka, Ci. W.; Burns. C. L.; Schinazi, R. F. J Org. Chem. 
1992. 57. 5563-5565. %ie, Z.-F.; Suemune, H.; Sakai, K. Tetrahedron: Asymmetry 1993, 4, 973-980. SVinyl acetate: 
Henadon, B. Terrahedron: Asymmerry f 992,3,209-212; J. Org. Chem. 1994.59.2891 -2893; Henadon, B.; Valvcrde, 
S. Terrahedron: Asymmerry 1994, 5, 1479-1 500.  c ce tic anhydride: Ennis, M. D.; Old, D. W. Tetrahedron Letr. 1992, 
33, 6283-6286. These authors also resolved a similar compound, flcsinoxan, but its absolute configuration was 
tentatively assignal: Tetrahedron Letr. 1992,J3,6287-6290. UVinyl acetate: Maule6n. D.; Lobato, C.; Carganico, G. J. 
Hereroqclic Chem. 1994.31.5749. Tsukube, H.; Bctchaku, A.; Hiyarna, Y.; Itoh, T. J. Chem. Soc., Chem. Commun. 
1992, 175 1 - 1752; J. Org. Chem. 1994,59,7014-7018. We chose the enantiomcr show because a CH? is Iarger chan 
an oxygen. 

Do the Medium and Large Substituents of Primary and Secondary Alcohols 

Bind to the Same Regions of PCL? We propose two hypotheses to explain how 

PCL can have an opposite enantiopreference for primary and secondary alcohols, 

Figure 2a. Hypothesis 1 proposes that the large and medium substituents of 

primary alcohols bind in the same L and M pockets as the substituents of 

secondary alcohols. The CH,OH - group must point to the back to place the oxygen 

in a position similar to that for secondary alcohols. Thus, the opposite 

enantiopreference for primary and secondary alcohols would stem from 

accommodating the extra CH, in primary alcohols as a kink between the O and the 

stereocenter. 

Hypothesis 2 proposes that the substituents of primary and secondary 

alcohols bind to different regions of PCL. In pürticular, both the large and medium 

substituents of primary alcohols bind in the L pocket, while a hydrogen binds in 

the M pocket. According to this hypothesis, PCL accommodates the added CH, - in 



a primary alcohol as a tuni that places the stereocenter of primary alcohols into the 

L pocket. Stereoselectivity within the L pocket would determine the 

enantioselectivity of PCL toward primary alcohols. Vanmiddlesworth and ~ i h ~ ~  

proposed that stereoselectivity within the L pocket of a reductase in yeast can 

influence the diastereoselectivity of reduction reactions. 

a HO &Ca ;H93 
Hypothesis 1 Hypoîhesis 2 

CHL aâds a kink stereoœnter binds 
in the L pocket 

Ph Ph Ph 
36. 351 37a 

E = 54 a-selectivity > 32 E = 2.3 
p-selectivity = 1.4 

Figure 2. Orientation of the medium and large substinimts of primary alcohols in the active site 
of PCL. (a) Two possible orientations of the medium and large substituents can account for the 
opposite enantiopreference of PCL toward primary and secondary alcohols. in hypothesis 1, 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. ui hypothesis 2. PCL accommodates the extra CH2 group 
in a primary alcohols as a turn that places both the medium and large substituents into the L 
pocket. According to this hypothesis, enantioselectivity toward primary alcohols comes fiom 
details within the L pocket. (b) Measuring the stereoselectivity of the L pocket using a substrate 
with two stereocenten. Hypothesis 2 predicts that stereoselectivity within the L pocket (k 
selectivity) will be similar to the enantioselectivity of PCL toward the corresponding primary 
alcohol. Hypothesis 1 predicts no relationship between the two selectivities. (c) For two 
examples, the stereoselectivity within the L p k e t  was lower than the enantioselectivity for the 
comesponding primary alcohols. These experimental results favor hypothesis 1. Experimental 
data for the selectivities are in Scheme 1 and Table 3. 
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To distinguish between these two hypotheses, we measured the 

stereoselectivity of the L pocket in PCL and compared it to the enantioselectivity 

of PCL toward primary alcohols, Figure 2b. Hypothesis 1 predicts no relationship 

between the stereoselectivity of the L pocket and the enantioselectivity of PCL 

toward primary alcohols. Hypothesis 2 predicts that the stereoselectivity within the 

L pocket is the same as the enantioselectivity of PCL toward pnmary alcohols. As 

detailed below, we found that the stereoselectivity of the L pocket of PCL was 

significantly lower that the enantioselectivity of PCL toward primary alcohols, 

thus, we favor hypothesis 1. 

To measure the stereoselectivity of the L pocket in PCL, we measured the 

stereoselectivity of PCL toward acetates of 35a and 35b, Scheme 1. Binding these 

secondary alcohols to PCL as suggested by the nile in Figure la places the P- 
stereocenter into the L pocket.23 Thus, the stereoselectivity of PCL toward the P- 
stereocenter of 35a and 35b corresponds to the stereoselectivity of the L pocket. 

Scheme 1 summarizes the experimental results for the PCL-catalyzed 

hydrolysis of the acetate esten of 35a and 3%. We prepared alcohols 3Sa and 35b 

and their acetates as mixtures of diastereomen following literature procedures. 

Afier hydrolysis, we determined the relative amounts of each isomer using gas 

chromatography of the (S)-acetyl lactic acid derivatives for 35a and of the fiee 

aicohols for 35b. To identiQ the diastereomen, we prepared authentic samples of 

pure erythroœ35a, and threo-35b using literature procedures. We confirmed this 

assignment for 35b by cornparhg the 'H-NMR spectmm of the mixture to the 'H- 

NMR of a known (4: l )  mixture of erythro- and thre0-35b.'~ 

The absolute configurations of the prefened erythro- and tlireo-35a were 

(2R, 3R) and (2R, 3 9 ,  respectively, based on the negative rotations of the tosyl 

derivatives. The preferred enantiomer of threo45b was (2R, 3S), by chernical 

correlation to the ketone denvative, (3S)-3-methyl-4-phenyI-t-butanone. The rule 
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for secondary alcohols, Figure la, predicted the favored configuration at the 

secondary alcohol for al1 three of these s~bstrates.*~ On this basis, we assigned the 

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

Scheme 1 

PCL 
Ph 23% Conv 

PCt x - 

To calculate the a- and p-selectivities, the stereoselectivities at the a and p 

stereocenters, we used the approach developed by Sih to measure the 
25 

enantioselectivity of an enzyme. Equation 1 relates the selectivity of the enzyme 

to experimentally measured quantities: A. and Bo are the initial amounts of each 

isomer in the starting matenal and A and B are the arnounts remaining afier 

hydrolysis. 

We calculated the a-selectivity either fiom the relative amounts of the (2R,  

351 and (ZS, 3 9  isomers, a > 32 for 351, a > 68 for 35b, or from the relative 

amounts of the (2R,  3R)  and (2S, 3R) isomers, a >IO0 for 35a, a > 5 5  for 35b. The 

a-selectivity was high for each pair of isomers and the favored enantiomer was the 

one predicted by the secondary alcohol nile. These results suggest that the 35a- 



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 pocket. 

We calculated the B-selectivity fiom the selectivity between the favored 2R 

isomers, (2R, 3s) and (2R, 3 4 ,  to be P = 1.4 for 35a and P = 1.8 for 35b. We did 

not calculate the P-selectivity fiom the pair of minor isomers because these 

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

B-stereocenter in the L pocket. 

To interpret these results, we also measured the enantioselectivity of PCL 

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

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

Table 3. As expected, PCL favored the (R)-enantiomer of secondary alcohols 36a 

and 36b with high selectivity, E = 54 and 80, respectively. Also as expected, PCL 

favored the (S)-enantiomer of primary alcohols 37a and 37b. The 

enantioselectivity was low toward 378, 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 37aZ6 and E = 20 for 37b 

(Table 1, structure 1 where R = CH,Ph). 

A sumary  of these selectivities, Figure 2cl shows a low selectivity in the L 

pocket of PCL (1.4 and 1 .8),27 while the enantioselectivity toward pt-imary alcohols 

can be either low or moderate (2.3 and 16). This different selectivity is inconsistent 

with hypothesis 2 and thus favon hypothesis 1. However, we caution that the 

addition of a methyl group at the a carbon may inhibit optimal binding of the 

'primary alcohol portion' within the large pocket and therefore yield an incorrect 

measure of the selectivity of the L pocket. With this caution in mind, Our results 

nevertheless favor hypothesis 1. Thus, we propose that the medium and large 

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

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

Table 3. Hydrolysis of Acetates of Primary and Secondary Alcohols Catalyzed by Lipase fiom 
Psewdomonas cepacia. 

Structure %conv %~ee abs. contïg. E; 
(product-OH) (prduct-UH) 

36a R %a 

aBianchi, D.; Cesti, P.; Battistet, E. J. Org. Chem. 1988, 53. 553 1-5534. Nishio, T.; Kamimura,M.; Murata, 
M.; Terao, Y.; Achiwa, K. J .  Biochem. Tokyo 1989, 105, 5 t 0-5 12: Esterification with acetic anhydride in 
organic solvent. b~etermined by GC of Le  (9-acetyl lactate derivative using a OV- 1701 column. C [ a ) ~  = 
- 17.8 ( 1.8, CHClj) (lit. (R)-(-): Hayashi, T.; Okamoto, Y.; Kabeta, K.; Hagibara, T.; Kumada, M. J. Org. 
Chem. 1984, 49,42244226). d~etermjned by GC using a Chiraldcx G-TA c o l m .  e [ a ] ~  = -10.4 {neat) 
(lit. (R)-(-) and (S)-(+): Bianchi, D; Cesti, P.; Battistel, E. J. Org. Chem. 1988, 53, 5531-5534. Bernstein, 
H.; Whitemore, C. J. Am. Ckm. Soc. 1939, 61, 1326). h temi ined by GC of the trifluoroacetate 
derivative using a Chiraldex G-TA column. gThe product fiorn the PCL-catalyzed esterification of 371 was 
identified as the (5')-enantiomer (Delinck, D. L.; Margolin, A. L. Terrahedron Lett. 1990, 31, 6797-6798). 
h~etermined by WLC using a Chiralce1 OD coiunm. i[a]D = -12.1 (0.43, C6H6), [ a ] ~  = -19.1 (0.43, 
CHC13) (lit. (R)-(-): Menicagli, R.; Piccolo, O.; Lardicci, L.; Wis, M. L. Tetrahedron 1979, 35, 130 1 - 1306. 
Sonnet, P. E.; Heath, R. R J. Chromatogr. 1985, 321. 127- 136).jDetemiined for the urveacted acetyl ester. 
k~etermined by cornparison of the gas chmmatograrn (Chiraldex G-TA) of the unreacted acetyl ester with 
that of the acetyl ester of (9-(+)-39 obtained fiom authentic (S)-(+)-2-unino-1-butanol. i~etermined by l H 
NMR of the acetyl ester denvative in the presence of (+)-Eu(hfc)3. 'Determined by comparison of the I H  
NMR specûum (in the presence of (+)-Eu(hfc)j) of the acetyl ester of the product with that of the acetyt 
ester of (a-(+)A0 obtained from authentic (5')-(+)-2-amino- 1 -butanol. nDetennined b y 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]D = -9.04 (3.54, CHC13) (lit. (1R.W-(-): Alder, 
U.; Breitgoff, D.; Klein, P.; Laumen, K. E.; Schneider, M. P. Teirnhedron Lett. 1989, J O ,  1793-1796. 
Laumen, K.; Schneider, M. Terahedron Len. 1985.26,2073-2076). PDetemiioed by comparison of the l H 
NMR spectnun (in the presence of (+)-Eu(hfc)3) of cis-(1R.W-1-acetoxymethyl-2- 
benzoyloxymethylcyclohexane, obtained by beruoyiation of monoacetate (1R,2S)-42, to the spectrum of 
the remainùlg srarting material. The prefemd product is therefore cis-(1%2S)-1-beazoyloxymethyl-2- 
hydroxymethylcyclohexane. 4Detmnined by IH NMR of the Mosher ester. The absolute configuration 
was not determined. 
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Further support for the notion that PCL accommodates the extra CH, of 

primary alcohols as a kink cornes fiom 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, (9- and (R)-2-methyl-3- 

phenylpropyl acetate, ont0 the fast-reacting enantiomer of the corresponding 

secondary alcohol acetate, (R)-2-acetoxy- 1 -phenylpropane. In spite of their 

opposite configurations, the fast-reacting enantiomers overlay more closely at the 

reaction ceriter, especially at the alcohol oxygen and at the carbonyl group of the 

ester. This overlay supports the notion that the medium and large substituents of 

both pt-imary and secondary alcohols can bind in the same M and L pockets, yet 

show opposite enantiopreference. Other researchers have also noted a reversal in 

enantiopreference when a CH, group is inserted between the stereocenter and the 

oxygen of other alcohols. For example, the enantiopreference of the Katsuki- 
28 

Sharpless epoxidation reverses for allylic and homoallylic alcohols. 

This explanation is aiso consistent with the structure of the active site of 

lipases and their likely mechanism. Researchers believe that the histidine of the 

catalytic triad protomtes the oxygen of the leaving alcoho~.'~ For this reason the 

alcohol oxygen must adopt a similar position in both structures. Furthemore, 

rnodelling suggests that the -CH,OH of a primary alcohol would disrupt the 

orientation of the catalytic histidine if it pointed in the same direction as the -OH 

of a secondary alcohol. 
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fast primary alcohol slow prirnary alcohol 
overiaid on overiaid on 

fast secondary alcohol fast secondary alcohol 

Figure 3. Overlay of the minimized structures of the fast-reacting (9- and slow-reacting (R)- 
enantiomers of the primary alcohol acetate, 2-methyl-3-phenylpropyl acetate, (white/gray 
carbons) ont0 the fast-reacting (R)-enantiomer of the secondary alcohol acetate, 2-acetoxy- 1- 
phenylpropane, (crosshatched carbons). A11 oxygen atoms are speckled. In spite of the opposite 
configuration, the (S)-prirnary alcohol acetate mimics the shape of (R)-secondary alcohol acetate 
better than does the (R)-primary alcohol acetate. Note the closer overlap of the alcohol oxygens 
and the carbonyl groups of the acetates. Models were minimized and overlaid using Chem 3-D. 
Hydrogen atoms are hidden for clarity. 

Increasing Enantioselectivity by Increasing the Size of the Large Substituent. 

The empirical mle suggests that PCL uses the sizes of the substituents to 

distinguish between enantiomers. Researchers might enhance enantioselectivity by 

increasing the difference in size of the substituents. Indeed, this strategy was 
3, 5, 14 

successful for secondary alcohols. However, we demonstrate below that this 

strategy was rarely successful for primary alcohols. 
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The fint group are primary alcohols without an oxygen at the stereocenter, 

Figure 4a and Table 3. The first example, 37a vs. 38, showed reversed 

enantioselectivity when we increase the size of the large substituent. PCL- 

catalyzed hydrolysis of the acetate ester of 37a, 2-phenylpropyl acetate, (L = Ph, M 

= CH,) showed low enantioselectivity, E = 2.3, favonng the enantiomer predicted 

by the empirical d e .  Replacing the phenyl with the larger naphthyl group in 38 

increased the enantioselectivity to E = 10, but also reversed the enantiopreference. 

Taking into account the reversal, the enantioselectivity decreased by a factor of 23. 

The next exarnple showed a slight decrease in enantioselectivity when we 

increased the size of the large substituent. PCL-catalyzed hydrolysis of the acetate 

ester of 39 showed an enantioselectivity of 9. Replacing the acetyl protective group 

with the larger phthalimido group (compound 40) decreased the enantioselectivity 

by a factor of 1.3 to E = 7. For both 39 and 40, PCL favored the enantiomer 

predicted by the empirical rule. 

The third example showed a modest increase in enantioselectivity when wr  

increased the size of one substituent. PCL-catalyzed hydrolysis of racemic cis- 1- 

acetoxymethyl-2-(hydroxymethyl)cyclohexae, Il-acetate, showed low enantio- 

selectivity, E = 1.4, in favor of the ( I R ,  2s)-enantiomer of the substrate, which is 

opposite to the one predicted by the empirical rule. Increasing the size of the 

CH,OH - substituent to CH,OAc (42-acetate) or CH,OBz C (43-acetate) increased the 

enantioselectivity to E = 2 and E = 2.4. The favored enantiomer for the products, 

cis- 1 -(acetoxymethyl)-2-(hydroxymethy1)cyclohexe and cis- 1 -[(benzoy 1oxy)- 

methyll-2-(hydroxymethyl)cyclohexane, was (IR, 2 3 ,  as predicted by the 

empirical rule. Taking into account the reversal, the enantioselectivity increased by 

modest factors of 2.8 and 3.4, respectively. 
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HO-  - NHA= 
39 

E = 9  

HO, 

HO- 1=> 
1 where R = CH20H 

E = 4  

w 
42, R = Ac, E = 2 
43, R = Bz, E = 2.4 

7 where Ar = Ph 
E >30 

. .. 

-OAC i >  p h ~ O ~ ~ ~ ~  Ph O 
21 where R=CH2Ph 44 

E = 20-28 E=12  

" 0 -  HO\ 

CO G CO 05 O+R R 

25 where R = CH3 25 where R = CH2CH3, E = 2-6 
E = 6 9  Ph, E = 3-8 

CH2Ph, E = 9 
CH(CH3)2 , E = 23 
-(CH2)5-, E = 3 

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 stereocmter. The f ~ s t  example showed a reversal in enantioselectivity, the second 
a small decrease, the third a small increase, and the fourth large increase. Data for the first three 
examples are in Table 3; the fourth cornes fiom the literature. (b) Two examples where the 
primary alcohol has an oxygm at the stereocenter. The fvst example showed a modest decrease 
in enantioselectivity, the second example, taken fiom the literature, showed only mal1 changes 
in enantioseIectivity. except where R = CH(CH ) . 

3 2  



The last example in Figure 4a comes from the literature and represents a 
29 dramatic increase in enantioselectivity. Tsuji et al. reported a low 

enantioselectivity for the estenfication of alcohol 1 where R = CH,OH, E = 4 in 

favor of the pro-R hydroxyl group. The empirical nile predicts the opposite 

enantiopreference (M = CH3, L = CH,OH). When Tsuji et al. replaced the methyl 

with a larger substituent, CH,Ph (compound 7 where Ar = Ph in Table 1), the 

enantioselectivity increased to E >30. Since the CH,OH is now the medium 

substituent and CH,Ph - is the large substituent, the enantiopreference now agrees 

with the empincal rule. 0 t h  workers also reported increased enantioselectivity 

when they replaced the methyl by five other CH,-aryl groups, see Table 1. This last 

example is the only one where increasing the size of the substituent dramatically 

increased the enantioselectivity. 

For primary alcohols that contain an oxygen at the stereocenter, increasing 

the size of the large substituent also did not consistently increase the 

enantioselectivity, Figure 4b. The hydrolysis of the diacetate of 21 (R = CH,Ph) - 
showed an enantioselectivity of 20-24 (see Table 2). When we increased the size 

of the substituent to R = CHPh, - (acetyl ester of 44), the enantioselectivity 

decreased by a factor of 2 to E = 12, Table 3. The second example in Figure 4b 

comes from the literature. The enantioselectivity of PCL toward the glycerol 

aceuil, subsmicture 25, changed little as researchers replaced the methyl with ethyl, 

phenyl, benzyl, or a cyclohexyl acetal; E ranged from 3 to 9, Table 2. An isopropyl 

substituent increased enantioselectivity, E = 23. Carrea et al. also noted that 

changes in the size of the substituent did not correlate with changes in 

enantioselectivity for subsûuctures 28 and 29.'' 

To sumrnarize the effect on enantioselectivity of increasing the difference in 

the size of the substituents, we found no consistent behavior. Increasing the 

difference in size may increase, decrease or have no effect on enantioselectivity. 

We believe the flexibility of pnmary alcohols accounts for these observations. 



Flexibility dong 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 enantiorner, a partially eclipsed orientation along the C(1)-C(2) 

bond orients the large substituent upward and the medium substituent downward. 

For the other enantiorner, a staggered orientation along the C(1)-C(2) bond also 

orients the large substituent upward and the medium substituent downward. To 

distinguish between enantiomen 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 effe~t.~' This 

stabilization rnay change the favored orientation along the C(1)-C(2) bond and 

thereby change the enantiopreference. 

rrcondary alcohols 
H ~ w *  g * ~ i i ' ' H  enantiopreference set by i f  l 

1 1 1 size of substituents 

enantiomer 1 

1 H o q H  1 primary rlcohols 
enantiopreference set by 
(1) size of the substituents and 

f i l  (2) relative energies of the two conformations 

enantiomer 2 

Figure 5. 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 pnmary alcohols allows both enantiomers to adopt confonnations 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 confornation. To 
distinguish between enantiomers of primary alcohols, PCL must distinguish between different 
conformations aiong the C(1)-C(2) bond in addition to distinguishing between the substituents. 
The conformation above is only an example. We do not h o w  the conformation of primary 
alcohols in the active site of PCL. 



Experimental Section 

General. Lipase fiom Pseudomonas cepaciu (PS30 and LPL-ZOOS) was purchased 

fiom Amano International Enzyme Co. (Troy, VI). Unless otherwise noted, organic 

starting materials were purchased fiom Aldrich Chernical Co. 4-Phenyl-2-butanol 

was purchased from Janssen Chimica and cis-2,3-epoxybutane fiom Lancaster. 2- 

( 1 -Naphthyl)- 1 -propanol was prepared fiom 1 -napthylacetic acid as described by 

Sonnet and ~eath." NO-Diacetyl-2-amin0-I-butanol, 39, was prepared by a 

known rneth~d.~' 

(*)-chreo/erytI1r0-3-Phenyl-L-butanol, 3523, was prepared by the nucleophilic 

addition of methyl rnagnesium iodide to 2=phenylpropionaldehyde, as described by 

Overberger et aLJ3 The 'H NMR of the product agreed with that reported 
34 

previousiy. A portion of the product (1 g) was purified by medium pressure 

chromatography (200 g silica gel, 60% pentane/37% c hloroforml3% ethyl acetate, 

2.1 min/20 mL fraction). Pure threo alcohol (66.7 mg) and pure erythro alcohol 

(50.3 mg) were obtained, as well as mixed Grattions. Mixed fractions were 

combined to fom a sample (-400 mg) of 50150 threolerythro. The threo and 

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

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 compatison of the Rf s 

and IH NMR of the mixture to that of the pure erythro alcohol prepared as 

described below. 

(*)-e~tIiro-3-PhenyI-2-butanol, (î))-erythro-35a, was prepared by reaction of 

phenyllithiurn with trans-2,3-epoxybutane according to a literature p ~ e d u r e . ~ ~  

The only change in the procedure was the use of a stock solution of phenyllithium 

(1.8 M in 70: 30 cyclohexane/ether) instead of preparing the reagent in situ. This 

method was not used for large scale preparation due to low velds (34%). Rf= 0.40 

(60% pentane/37% chloroform/f% ethyl acetate). 'H NMR (CDCI,, 250 MHz) G 
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7.17-7.35 (m, 5) ,  3.88 (apparent quintet, 1, Japp - 6.2 Hz), 2.73 (apparent quintet, 1, 

J - 6.7 Hz), 1.55 (br s, l), 1.32 and 1.08 (two d, 3 + 3, J =  6.6 Hz and J =  5.8 
=PP 

Hz). 

Acetyl Esters. Acetic anhydride (1.5 equiv), DMAP (0.05 equiv) and anhydrous 

sodium carbonate (1.5 equiv) were added to a stirred solution of alcohol in ethyl 

acetate overnight at arnbient temperature. The reaction mixture was then diluted 

with ethyl acetate, washed with water and brine, and the organic extracts dried 

(MgSO,) and evaporated to afford the pure acetyl ester. 

(*)-threo-2-Acetoxy-3-phenylbutane, Acetyl Ester of threo-35a has been 
36 1 

previously prepared. H NMR (CDCI,, 200 MHz) G 7.1 8-7.34 (m, 5, aromatic), 

5.09 (apparent quintet, 1, Japp = 7 HZ), 2.93 (apparent quintet, 1, Japp = 7 HZ), 1.92 

(s, 3), 1.28 (d, 3, J H4,H3 =7 .3  HZ), 1.16(d, 3, JHIeHL=6.6 HZ). 

(*)-erythro-2-Acetoxy-3-pheaylbutaae, Acetyl Ester of eythro-35a has been 
36 1 

previously prepared. H NMR (CDCI,, 200 MHz) 8 7.16-7.34 (m, S ) ,  5.03 (dq, 1, 

J ~ 2 . ~  I = 6.2 Hz), 2.85 (apparent quintet, 1, Spp = 7.3 Hz), 2.06 (s, 3), 1.28 (d, 3, 

JH ,,,,, = 7.3 Hz), 1.05 (d, 3, J ,,,, = 6.2 Hz). 

(*)-threo/e~tkro-3-Methyl4pbenyl-2-banol, (i)-threo/erythro-3 Sb, was 
33 37 prepared in three steps following a literature procedure. 3 Reduction of a- 

methyl-îrans-ci~amaldehyde wi th lithium aluminum hydnde yielded 3 -pheny l-2- 

methyl-1-propanol, (î)-37b. Swem oxidation followed by the addition of methyl 

magnesium iodide yielded (*)-hreo/erythro-35b. Rf= 0.26 (4: 1 cyclohexane/ethyl 

acetate). The 'H NMR of this diasteromeric mixture agrees with that reported in 

the literanire.38 

(*)~hrro-3-Metby l-4-phenyl-2-butanol, (1)-thr&5b.'~ A solution of benzy 1 

bromide (2.5 mL, 2 1 .O mmol) in ether (1 5 rnL) was slowly added to magnesium 

tumings (1 g, 41.1 mmol) under nitrogen. The reaction flask was kept in an ice 

bath until complete addition and then the reaction mixture was stirred at room 



temperature for 1 h. The flask was again cooled and cis-2,3-epoxybutane (0.8 mL, 

9.2 mmol) in ether (5 rnL) was added dropwise. After complete addition, the 

mixture was refiuxed for 2 h. Excess Grignard was quenched by the carehl 

addition of saturated NH4Cl. Water was added and the slurry was filtered into a 

separatory funnel, rinsing with ethyl acetate. The filtrate was washed with 0.5 N 

HCI, saturated aqueous NaHCO,, H20, and bnne, dried over Na2S0,, filtered, and 

evaporated in vacuo. Purification by flash column chromatography (9: 1 
1 pentane/ethyl acetate) yielded the threo alcohol (125 mg, 8%): H NMR (CDCI,, 

200 MHz) 6 7.17-7.33 (rn, 5) ,  3.70 (br apparent quintet, 1, J - 6 Hz), 2.88 (dd, 1, 
aPP 

(*)-threo/etythro-2-Aretoxy-3-met hyl- Acetyl Ester o f  (*)- 

threo/erythrod5b has been previously prepared.M ' H NMR (CDCI,, 250 MHz) 

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

resonances) 6 7.09-7.33 (m, 1 O), 4.76-4.95 (m, 2), 2.72-2.89 (rn, 2), 2.20-2.43 (m, 

21, 1.82-2.05 (m, 2), 2-05 (s, 3) 2.03 (s, 3), 1-22 (d, 6, JH1,H,= 6.3 Hz), 0.88 (d, 3, 

JcH3-3,m = 609 Hz)9 (d9 3, JcH,-3,H3 = 6.8 Hz). 

(*)-threo-2-Acetory-j-methy1-4-pbenylbu t a ,  Acetyl Ester 

has been previously prepared.40 'ii NMR (CDCI,, 250 MHz) S 

4.82 (apparent quintet, 1, J = 6.3 Hz, J ,,,, = 6.3 Hz), 2.80 
. 

of (*)~hreo-35b 

7.12-7.29 (m, 5) ,  

13.4 Hz, jH4,", = 4.7 Hz), 2.28 (dd, 1 'J,,:, = 13.4 Hz, J,,:,, = 9.6 Hz), 2.0 1 (s, 

3), 1.89-2.10 (m, l), 1.20 (d, 3, J = 6.3 Hz), 0.81 (d, 3 , 4  ,,-, ,, = 6.8 Hz). 

(*)-2-Pbthalimido-1-butanol, 40, was prepared using a standard method for the 
41 

protection of amino acids. Phthalic anhydride (1.5 g, 10.1 mrnol) and 

triethylamine (0.6 rnL, 4.2 mmol) were added to a solution of (*)-2-amino-1- 

butanol(500 mg, 5.6 mmol) in toluene (10 mL) in a reaction vesse1 equipped with 

a condenser and Dean-Stark trap. AAer refluxing overnight, the reaction mixture 



was cooled to room temperature and extracted hKice with ethyl acetate (30 + 20 

mL). The combined organic extracts were washed with saturated aqueous NaHCO, 

(2 x 50 mL), H,O (50 mL), and bnne (50 mL), and dried over anhydrous NaSO,. 

The crude residue obtained upon evaporation of the solvent was purified by flash 

column chromatography (7: 3 pentane/ethyl acetate) yielding 2-phthalimido- 1- 

butanol as an oil (723 mg, 59%): R ! =  0.20 (7: 3 pentanelethyl acetate); 'H N M R  

(CDCI,, 200 MHz) G 7.79-7.90 (m, 2), 7.68-7.79 (m, 2), 4.29 (m, 1), 4.08 (m, l ) ,  

3.89 (m, 1 ), 2.73 (br d, 1), 1.92 (apparent decatet, 2), 0.94 (t, 3, J = 7.4 Hz). 

1-Acetoxy-2-phtbalimidobutane, Aeetyl Ester of 40. 'H NMR (CDCI,, 200 

MHz) G 7.79-7.90 (m, 2), 7.68-7.79 (m, 2), 4.3 1-4.58 (overlapping m, 3), 1.7 1-2.22 

(overlapping m, 2), 1.97 (s, 3), 0.92 (t, 3, J = 7.4 Hz). Exact mass 26 1 .O999 

(Cl ,H , $3,N requires 26 1.1 00 1, -0.8 ppm error). 

cis-l-Acetoxymethyl-2-benzoyloxymethylcyclohexane, Acetyl Ester of 43. 4- 

dimethylarninopyridine (5.4 mg, 0.044 rnmol) and benzoic acid (108 mg, 0.88 

mmol) were added to a solution of cis-1-acetoxymethyl-2- 

hydroxyrnethylcyclohexane (83 mg, 0.44 mrnol) in dichloromethane (5 mL). The 

mixture was cooled in a cold water bath and dicyclohexyIcarbodiirnide (100 mg, 

0.48 mrnol) was added. AAer stimng at room temperature for 3 days, the solvent 

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

filtered and the filtrate was washed with 0.5 N HCl, saturated aqueous NaHCO,, 

H,O, C and brine, dried over Na$O,, filtered, and evaporated in VUCUO. The cnide 

product was purified by flash column chromatography (gradient fiorn 9: 1 to 1: 1 

pentane/ethyl acetate), yielding cis- 1 -acetoxymethyl-2-benzoyloxymethy lcyclo- 

hexane as an oil (68 mg, 53%): Rf = 0.68 (7: 3 pentane/ethyl acetate); 'H NMR 

(CDCI,, 200 MHz) G 7.98-8.08 (m, 2), 7.38- 7.62 (m, 3), 4.3 1 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 290.1 5 1 1 

(Cl ,H,,O, requires 290.1 5 1 8, -2.4 ppm error). 
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2-O-Diphenylmethylglycerol Diacetate, Acetyl Ester of 44. t- 

Butyldimethylsilylchloride (10 g, 66mol )  was slowly added to a stirred solution 

of 1,3-dihydroxyacetone dimer (3 g, 17 mmol) and imidazole (9 g, 133 mrnol) in 

dimethylformamide (22 rnL) under nitrogen. The mixture was cooled in a cold 

water bath until the initial exothennic reaction was over. After stimng at room 

temperature for 3 h, the reaction mixture was poured into H,O (800 mL) and 

extracted with ethyl ether (2 x 700 rd). Each ether extract was washed with H,O - 
(2 x 800 mL) and dned over MgSO,. The combined ether extracts were filtered 

and evaporated Nt vacuo, yielding 1,3-di(t-butyldimethy1siloxy)acetone as a clear 
I 

colourless oil, 10.45 g (98%): H NMR (CDCI,, 200 MHz) S 4.41 (s, 4). 0.91 (s, 

18), 0.08 (s, 12). Sodium borohydride (237 mg, 6.26 mrnol) was added to a stirred 

solution of the 1,3-di(t-butyldimethy1silyloxy)acetone (2 g, 6.28 mmol) in dry 

methanol (40 mL) at 4 OC under nitrogen. Afier stirring for 30 min, the reaction 

mixture was quenched with 5% aqueous CH,COOH (15 mL) and H , 0  - (1  50 mL). 

The mixture was extracted with ethyl acetate (800 mL) and the organic phase was 

washed with 5% aqueous CH,COOH (2 x 200 mL), saturated aqueous NaHCO, (2 

x 250 mL), H,O (200 mL), and brine (300 mL), and dried over MgSO,. The 

solvent was evaporated to yield the alcohol as a clear colourless oil, 1.98 g 

(98.5%): Rf = 0.3 8 (9: 1 hexandethyl acetate). ~ i ~ h e n ~ l d i a z o r n e t h a n ~ ~  (33 3 mg, 

1.71 mmol) was added to a stirred solution of the alcohol (250 mg, 0.78 mmol) in 

dry acetonimle (10 mL). After refluxing ovemighi, additional 

diphenyldiazomethane (150 mg, 0.77 mrnol) was added and the mixture was again 

refluxed ovemight. The reaction mixture was cooled in a refiigerator for 3 h and 

the filtrate obtained after filtration of the resulting white precipitate was 

concentrated in vacuo. The crude oil was purified by fiash colurnn chromatography 

(98: 2 hexanelethylacetate), yielding 1,3-di-O-(t-butyldimethylsily1)-2-0- 

diphen ylmethyl-glycerol. (340 mg, 90%): Rf = 0.65 (9: 1 hexanekthy lacetate). ' H 



NMR (CDCI,, 200 MHz) G 7.2 1-7.39 (m, 10), 5.77 (s, l), 3.49-3.78 (m, S) ,  0.87 (s, 

1 8), 0.0 1 (s, 1 2). Tetrabutylammonium fluoride (1 N in THF, 0.80 mL, 0.80 mrnol) 

was added to a stirred solution of the pure 1,3-di-O-(t-butyldimethylsily1)-2-0- 

diphenylmethyl glycerol (130 mg, 0.27 mmol) in THF (3 mL). Afier stimng for I 

h at room ternperature, the reaction mixture was extracted with ethyl acetate (90 

mL),washed with H,O - (2 x 5 rnL) and brine (2 x 40 mL), and dried over MgSO,. 

Evaporation of the solvent yielded the crude 1,3-di01 (1 56 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 acetic anhydride (0.075 mL, 

0.80 mmol) were added to a solution of the crude di01 (150 mg) in ethyl acetate (2 

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

ethyl acetate (50 mL). The organic phase was washed with H,O - (4 x 10 mL) and 

bine (2 x 10 mL), dried over MgSO,, and evaporated in vacuo. The crude residue 

was purified by flash column chromatography (9: 1 hexane/ethyl acetate), 2-0- 

diphenylmethylglycerol diacetate as an oil(70 mg, 77% over two steps). Rf= 0.37 

(7: 3 hexanedethyl acetate). 'H NMR (CDCI,, 200 MHz) G 7.22-7.38 (m, 1 O), 5.6 1 

(s, 1),4.21 (m,4,JA,= 16.5 Hz), 3.86(m, 1, J,,= 11.6 Hz,&= 5.1 Hz), 2.02 (s, 

6). Exact mass 342.1 47 1 (C,H,,O, requires 342.1 467, 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 h m  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 ethedethanol and three times with ether. The combined organic extracts 

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

Na,S04, and coacentrated in vacuo. The starting esters and product alcohols were 

separated b y flash c hromatograph y. 
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PCL-Catalyzed Hydrolysis of (*)-threo,e~Airo-2-Acetoxy-3-phenyl-butane, 

Acetyl Ester of 35a. As a pHstat was not available for this hydrolysis reaction, a 

series of 25 ml-Erlenmeyer flasks containing 2-acetoxy-3-phenylbutane (16 mg, 

0.083 mmol, a racemic 1 : I mixture of threo/erythro isomea), ethyl ether (0.3 mL), 

sodium phosphate buffer, (7 mL, 0.1 M, pH 7) and lipase fiom Pseudomonas 

cepacia (40 mg) were shaken in an incubatot at 29-32OC. Afier 2-3 hrs, the 

contents of one flask were transferred to a test tube and extracted with ether (5 x 2 

mL), rnixing with a vortex mixer. Persistent emulsions were broken by 

centrifuga~ion. The ethereal extracts were dried over Na,SO, and filtered, then 

analyzed by GC to determine the conversion. The extract was then concentrated to 

2 mL. The acetyl lactate derivative was subsequently made to determine the optical 

and diastereomeric purities of the product alcohols by gas chromatography. 

PCL-Catalyzed Hydrolyses of (î)-1-Acetoxy-2-phenylpropane, Acetyl Ester of 

37a. Test tubes containing (*)-1-acetoxy-2-phenylpropane (20 mg, 0.1 12 mmol), 

ether (O. 1 mL), sodium phosphate buffer (0.5 mL, 0.1 M, pH 7), PCL (2 mg) were 

shaken in an incubator at 29-32 O C .  At various time intervals, the entire contents of 

one test tube were extracted with ether (4 x 2 mL) using a vortex mixer to mix the 

two phases. Persistent emulsions were broken by centrifugation. The combined 

ether extracts were analyzed by GC. 

Trifluoroacetyl ~ s t e r s . ~ )  Trifluoroacetic anhydride (0.2 mL) was added to a 

solution of alcohol (1-5 mg) in dichloromethane (0.5 mL). Esterification was 

complete afler 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 

chrornatography. 

Enantiomeric Purity. Cas Chromatography of Acetyl Lactate ~erivat ives .~  

(S)-Acetyl lactic acid chioride (4 drops) was added to the alcohol (10-15 mg) 



dissolved in anhydrous ether (2 mL). The mixture was cooled in a cold water bath 

(5 OC) 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 saturateci aqueous NaHCO,, 

H,O, and brine, and dried over Na,SO,. This ethereal solution of (S)-O-acetyl 

lactyl esters was analyzed by GC using an SE30 or OV- 170 1 capillary colurnn. The 

enantiomeric excess values obtained were corrected to account for the optical 

purity of the derivatizing agent (97.5% ee). ((S)-acetyllacty1)-4-phenyl-2-butanol: 

OV-1701 column, 150 O C ,  a = 1.06, 21.0 min (R), 22.2 min (S). threo-((S)- 

acety1lactyl)-3-phenyl-2-butanol: SE30 column, 10 min at 160°C then gradient 

fiorn 160-220 OC at 3 "C/min, a = 1.03, 22.0 min (2R, 3S), 22.6 min (2S, 3R). 

erythro-((S)-acetyllacty1)-3-phenyl-2-butanol: SE30 column, 10 min at 160 O C  then 

gradient fiom 160-220 OC at 3 OC/min, a = 1.02, 22.8 min (2R, 3R), 23.3 min (ZS, 

3s)- 

Enantiorneric Purity. Cas 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). 1-acetoxy-2-phenylpropane: 90 OC, a = 1.03, 36.0 (S), 37.0 

min (R). 2-phenylpropanol: 90 OC, a = 1.06, 39.3 min (9, 41.6 min (R). 2-rnethyl- 

3-phenylpropanol: 90 OC, a = 1.01,46.4 min (S), 47.3 min (R). 1-trifluoroacetoxy- 

2-methyl-3-phenylpropane: 70 OC, a = 1.03,49.9 min (R), 5 1.2 min (S). evthro-3- 

methyl-4-phenyl-2-butanol: 100 O C ,  a = 1.02, 28.9 min (2S, 3 9 ,  29.6 min (2R,  

3R). rhreo-3-methyl-4-phenyl-2-butanol: 100 OC, a = 1.02,3!.6 min (2S, 3R),32.4 

min (ZR, 3s). threo and erythro-2-acetoxy-3-rnethyl-4-phenylbutane: 100 OC, 37.5 

min (2S, 33 ,  38.3 min (2S, 3R), 40.5 min (2R, 3S and 2R, 3R). NO-diacetyl-2- 

amino-1-butanol: 120 OC, a = 1 .O3,33.9 min (S), 34.9 min (R). 
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Enantiomeric Purity. 'H-NMR (1)  The nicernic acetyl ester was dissolved in an 

NMR tube and the 1I-I NMR spectmm was obtained using a 200 MHz 

spectrometer. Solid tns[(3-heptafluoropropylhydroxymethylene)-(+)-cmphorato]- 

europium(III), (+)-Eu(hfc),, was added portion-wise until baseline separation of 

the acetate signals was obtined. The number of equivalents of shift reagent 

necessary to obtain baseline separation of peaks was then added to the sample for 

which the enantiomeric purity was to be deterrnined. (2) The alcohol was treated 

with Mosher's acid chloride using a standard procedur~5 and the resulting ester 

was analyzed by 500 MHz 'H NMR spectroscopy. 

Enantiomeric Purity. HPLC Using a Chiral Statioaary Phase. A sample of the 

alcohol and acetyl ester dissolved in the eluting solvent was analyzed by HPLC 

using a Chiralcel OD column. 2-(1-Naphthy1)-1-propanol (99: 1 

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 

powen were compared to literature values. Erythro tosylate: [a], = -14.8 (5.64, 

benzene), lit? (R, R): [alI, = - 17.4 1. T h o  tosylate: [a], = - i 2.05 (4.73, benzene), 
36 

lit. ( R . 3 :  [a], = -16.89. 

35b: The alcohol obtained from the PCL-catalyzed hydrolysis of threo-2-acetoxy- 

3-methyl-4phenylbutane was oxidized as follows. Jones' reagent (-0.1 mL) was 

added dropwise to the alcohol (18 mg) in acetone (5  mL) at 0°C until the orange 

colour penisted. AAer stimng 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 vocuo 

from the filtrate. The residue was dissolved in ethyl acetate, washed twice with 

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

evaporation of the solvent was purified on a preparative tlc plate (95: 5 
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pentane/ethyl acetate), Rf = 0.26. The ketone obtained was identified as the S 

enantiomer, [a], +4.9 (c 4.1, ethanol), l i t .  S-(+), therefore since the starting 

material was the acetyl ester of threoD35b, the preferred product is the (2R, 3s) 
isomer. By cornparison of the GC chromatogram (Chiraldex-GTA 30) of the 

product obtained fiom hydrolysis of the threo ester to the chromatogram of the 

products obtained fiom the hydrolysis of the racemic threolerythro mixture, it was 

determined that the preferred product of the latter hydrolysis was also the (2R,  3 s  

isomer. 
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Appendix I 

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

OAc OAc O Ac O Ac (̂ +%* ,--y 
Ph Ph Ph Ph 

percent of each isomer 
in starting material: 29.6 29.6 20.4 20.4 

percent of each isomer 
in remaining starting rnaterial 
after hydrolysis: 21.2 29.5 17.0 20.3 

a-selectivity = In(A/A.,,) / In@/D,) = ln(2 1.2/29.6) 1 In(20.3120.4) = 68 
or 
a-selectivity = ln(C/Co) / h(B/B0) = ln(17.0/20.4) / ln(29.5/29.6) = 54 

diastereosectivity = h[(A + B)/(& + Bo)] / h[(C + D)/(C, + DA] 
= ln[(21.2 + 29.5)/(29.6 + 29.6)] / h[(17.0 + 20.3) / (20.4 + 20.4)) 
= 1.7 



Chapter 4 

Chapter 4 

Since al1 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 of great interest to find an enzyme which 

demonstrates an opposite enantiopreference. Consequently, both enantiomers of a 

given molecule wodd be obtainable by simply choosing a different enzyme. 

Fitzpatrick and ~libanov' proposed, on the bais of five examples, that the 

serine protease, subtilisin, shows an enantiopreference opposite to that of lipases 

toward secondary alcohols. In this chapter, we review the enantiopreference of 

subtilisin towards secondary alcohols and confirm that subtilisin does indeed 

prefer the opposite enantiomer of secondary alcohols. In addition, we investigated 

the enantiopreference of subtilisin toward isosteric primary amines and found that 

subtilisin also prefers the opposite enantiomer of primary amines. The 

regioselectivities of lipases and subtilisin were also compared and found to be 

opposite. We propose an explanation for the contrasting selectivities of lipases 

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

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

Note: The text of ths article hss been refonnatted in accordance with the Thesis Preparation 
Guidelines. A photocopy of the published version is included in the appendices. 

' Smidt, H.; Fischer, A.; Fischer, P.; Schmid, R D. Biotechnol. Tech. 1996, 10,335. 
' a) Fitzpatrick, P. A.; Kiiibawv, A. M. I. Am. Chem. Soc. 1991,123.3 166. b) Fitzpatrick, P. A.; Ringe. D.; 
Uianov, A. M. Biotechnol. Bioeng. lm, 40,735. c )  Noritorni, H.; Almarsson, O.; Barletta, G. L.; 
Klibanov, A. M. Biotechnol. Bioeng. 1996,51,95. 
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A Structure-Based Rationalization of the Enantiopreference of 

Subtilisin toward Secondary Alcohols and Isosteric Primary Amines. 

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

Abstract: Lipases favor one enantiomer of secondas, alcohols (HOCHRR') and 

isosteric pnmary amines (NH,CHRR'), while subtilisin favors the other 

enantiomer. In both cases, simple rules based on the size of the substituents ai the 

stereocenter predict which enantiomer reacts faster. Thus, lipases and subtilisin are 

a pair of complementary enantioselective reagents for organic synthesis. The 

success of these rules suggests that these hydrolases distinguish between 

enantiomers primarily by the size of the substituents. Previously, we proposed a 

molecular mechanism for the enantiopreference of lipases based on the X-ray 

crystal structure of transition state analogs bound to a lipase. Here we suggest that 

a similar mechanism can also account for the opposite enantiopreference of 

subtilisin. The catalytic machinery (catalytic triad plus the oxyanion-stabilizing 

residues) in lipases is approximately the mirror image of that in subtilisin. In both 

hydrolases, the protein fold, as it assembles the catalytic machinery, also creates a 

restricted pocket for one substituent in the substrate ('M' or medium-sized). 

However, the catalytic His residue lies on opposite sides of this pocket in the two 

hydrolases. We propose that enantioselection arises from 1) the limited size of this 

pocket, 2) and a required hydrogen bond between the catalytic His and the oxygen 

or nitrogen of the alcohol or amine. This mechanism for enantioselection differs 

fiom 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.Iv2 To sirnplify the use of these reagents, chemists 

developed rules, or generalizations, about their selectivity. For example, many 

researchers proposed rules to predict which enantiomer of a secondary alcohol 

reacts faster in lipase- and esterase-catalyzed reactions. A simple rule, Figure 1, 

looks only at the relative sizes of the substituents, but some rules also include 

polarity or specific size restrictions for the two substituents. These mles 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 chernical modifications that increase the difference in 

size often result in increased enantioselectivity. Recently, Smidt et al. suggested 

that a similar mle can also account for the enantiopreference of a lipase toward the 

isosteric prïmary amines of the type NH,CHRR'.~ 

lipases subtilisin 

Figure 1. Empirical niles that predict the enantioprefemces of lipases and subtilisins toward 
secondary alcohols and primary amines of the type NH2CHRRY. (a) Lipases Bvor the enantiomer 
with the shape shown where L is a large substituent such as phenyl and M is a medium 
substituent such as methyl. This rule applies to al1 lipases and esterases whose substrate 
specificity has been rnapped: thirteen lipases for seconâary alcohols and three lipases for amines. 
Figure 2 summarizes the amines tested. @) Subtilisin has an oppoàte enantiopreference to 
lipases. Fitzpanick and Klibanov proposed the nile shown for five secondary alcohols. These and 
other examples to support the rule for subtilisin are collected in Figures 3,4, and S. 

Using X-ray crystallography, Cygler et al. identified how the enantiomers 

of menthol, a typical secondary alcohol, bind to lipase from Candida rugosa4 in 

the transition state. The alcohol binding site resembled the rule in Figure 1. It 



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 pocket for the medium 

substituent. The catalytic His residue made a hydrogen bond to the menthol 

oxygen of the fast-reacting enantiomer, but could not reach this oxygen in the 

slow-reacting enantiorner because the oxygen pointed away fiom the His residue. 

Cyger et al. proposed that this lack of a hydrogen bond accounted for the slower 

reaction . 
The X-ray crystal structures of other lipases and esterases showed that, in 

spite of little sirniliarity in amino acid sequence, they al1 fold ~ i m i l a r l ~ . ~  This 

protein fold, named the a/p-hydrolase fold, arranges the catalytic machinery 

similarly in al1 lipases and esterases. This similarity allowed a simple 

rationalization for why lipases and esterases show the same enantiopreference 

toward secondary alcohols and isosteric prirnary amines: the similar catalytic 

machinery testricts the size of the medium pocket in al1 lipases and esterases. In 

addition, the catalytic His lies on the same side of the alcohol binding pocket . 
Subtilisin, a alkaline senne protease, contains catalytic machinery that is the 

approxirnate mirror image of that in d~-hydrolases.5 Fitzpatrick and Klibanov 

found that subtilisin favored the enantiorner opposite to the one favored by lipases. 

On the basis of five secondary alcohols, they proposed a d e  for the 

enantiopreference of subtilisin opposite to the one for lipases? In this paper, we 

review the enantiopreference of subtilisin toward secondary alcohols and isosteric 

primary amines and confinn that its enantiopreference is opposite to that of lipases 

and esterases. In addition, we show that lipases and subtilisin also have opposite 

regioselectivity. To rationalize this opposite selelctivity, we show how the 

enantioselection mechanism proposed for lipases can also account for the 

enantiopreference of subtilisin. 



Results 

Enaotioprefereace 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 fiom Candida antartica (CAL-B) is the 

most popular 7,8,9,10,11,12 , although lipase from Pseudomonas cepacia (PCL)'~, and 

lipase fiom Pseudomonas aeruginosa (PAL)' also show high enantioselectivity . 

Figure 2 ornits several efficiently-resolved amines because the authors did not 

establish their absolute configurations12. Smidt et al.' proposed extending the 

secondary alcohol rule to primary amines for CAL-B and indeed al1 of the amines 

in Figure 2 fit this rule. Thus, as with seconcky alcohols, the rule in Figure la 

reliably predicts which enantiomer of primary amines reacts faster in lipase- 

catal yzed reac tions. 

CAL-8, PAL W 
CAL-0, PAL PAL, E >IO0 

PAL 
CAL-8 

CAL-0, PAL 
PAL 

CAL-8, PAL 
CAL-B 
CAL-B 
PAL 

CAL-8, PAL 

- - 

PAL, E >IO 

cis; PCL. E >IOO, cis: PCL, E =53, cis PCL. E =6, 
CAL-8, E = 6 CAM,  E = 51 CAL-8, E = 29 

trans: PCL, E = 12 trans: PCL, E ,100 trans: PCL, E = 87 

Figure 2. Enantiopreference of lipases toward primary amines of the type MI2CHRR'. Lipases 
favored acylation of the enantiomer shown or hydrolysis of the corresponding amide. CAL-B: 
acylation or hydrolysis using lipase B fiom Candida antarctica; PCL: acylation using lipase 
6om Pseudomonas cepacia with either üifluoroethyl acetate or trifluoroethyl chloroacetate; 
PAL: acylation using lipase from Pseudomonas aemginosa. Ail twenty two examples fit the rule 
in Figure la. For references, se+ text. 



Enaatiopreference of subtilisin toward secoiidary alcohols and primary 

amines. Figure 3 summarizes the stereoselectivity of subtilisin toward alcohols 

and amines. For the thirteen secondary alcohols 6,14,15,16,lf-20 , eleven follow the mle 

in Figure 1 b, two do not (3-quinuclidol'8 and one of the two reactive hydroxyls in 

the inositol derivative'?, giving an overall accuracy of 85%. A possible 

rationalization for the 3-quinuclidol exception is that solvation of the nitrogen 

increases the effective size of that substituent. Both substituents in the l , 4  

diacetoxy-2-cyclohexene20 are similar in size so this substrate was excluded from 

the tally . 
7 1.22.23 For primary amines, al1 thirieen examples' fit the rule in Figure 1 b. To 

resolve these amines researchers used subtilisin to catalyze the acylation with 

trifluoroethyl butyrate or the alkoxycarbonylation with diallyl carbonate. Thus, 

simple rules based on the size of the substituents predict the enantiopreference of 

subtilisin toward secondary alcohols and primary amines. However, the favored 

enantiomer is opposite of the one favored by lipases. 

To further emphasize the opposite enantiopreference of lipases and 

subtilisins, Figure 4 compares four enantioselective reactions where researchers 

tested both subtilisin and lipases. In all four cases, lipases and subtilisin showed an 

opposite enantioselectivity. In the cyclohexanols the opposite selectivity refers to 

22.24 similar molecules , while in the 1,3-oxathiolane and inositol derivatives it refen 

to enantiomers. One of the subtilisin-catalyzed acylations in the inositol is an 

exception to the rule''. For meso- l,4-diacetoxy-2-cyclohexene, subtilisin and most 

lipases catalyzed hydrolysis of opposite acetates, although the enantioselectivity is 

low and the substituents have similar sizes19. Figure 4 omits two examples. First, 

subtilisin and CRL showed an opposite enantioselectivity toward (+a- 

methylbenzylamine in the reaction with (*)-ethyi 2-chloropropionate25. The sense 

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

lipases CRL, PPL, and CE showed high, but opposite, enantioselectivity in the 

hydrolysis of chloral acetyl methyl acetal - Cl,CC(OAc)OMe, but the absolute 

configuration was not e~tabl i shed~~.  

exception 

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 correspondhg ester. Some researchm estimated the enantioselectivity by 
measuring the initial rate of reaction of the two enantiomen separately. In these cases, the relative 
rates, vdv,, are given. For exarnples without an E value, there was insufficient information to 
calcuIate it. Eleven of the thirteen alcohols fit the d e  for an overall accuracy of 85%. The No 
exceptions to the mle are marked 'exception'. @) Fast-reacting enantiomer of primary amines of 
the type NH,CHRR' in acylation with trifluoroethyl butyrate or alkoxycarbonylation with diallyl 
carbonate. kÜ1 thirteen examples fit the d e  in Figure Ib. 



a subtilisin CRL b subtilisin. RML. É = 11 
E=18 E=45  E = 2  $ 

U U 
O 

&O,...\- s 
enantiomers 

PPL (E = 73) or Ps. sp. 

subtilisin 
E -5 

excaption~ % ?H 

d 
subtilisin, E -2 

OAcC= PL€. E -3 A 

dAC PCL. E -5; CRL. CVL. 
Ps. sp. lipases AK, K-10. 
E -3 

Figure 4. Four examples of opposite enantioselectivity of lipases and subtilisin in the same or 
similar molecules. (a) Subtilisin catalyzed the aIlyloxycarbonylation of the amino group at the 
(9-stereocenter, whiIe in a sirnikir molecule, CRL catalyzed the enantioselective hydrolysis of 
the butyrate ester of the (R)-alcohol. (b) Subtilisin catalyzed the hydroIysis of the ZR propionate, 
while lipases catalyzed hydrolysis of the 2S propionate. (c) Subtilisin catalyzed the acetylation of 
the 5-OH in one enantiomer of the protected myo-inositol, while PPL. lipase From Pseudomonas 
sp. (Sigma). and cholesterol esterase (CE) catalyzed the acetylation of the 5-OH in the other 
enantiomer. Subtilisin and CE also catalyzed acetylation of the 6-OH. (d) Subtilisin and PLE 
favored hydrolysis of the acetoxy group at the (R)-stereocenter, while five lipases favored 
hydrolysis of the acetoxy group at the (3-stereocenter. The rules in Figure t predict the reaction 
in a, b and the 5-OH in c. The substituents in d are too similar in size to make predictions. The 
acetylation of the 6-OH in c is an exception to the rules. Abbreviations: lipase Crom Candida 
ncgosa, C RL; lipase fiom Pseudomonas cepacia, PCL; lipase from Chromo bacteriurn viscosum, 
CVL; lipase from two different Pseudomonas species, lipase AK and lipase K-10; pig liver 
esterase, PLE; pig pancreatic lipase, PPL. 

This opposite stereoselectivity also extends to the regioselectivity of lipases 

and subtilisin. Subtilisin and lipases showed opposite regioselectivity toward the 

secondary alcohol positions in castanospermine, Figure 5a2', anhydro-sugar 

derivative, Figure 5b2*, steroids, Figure SC", and quinic acid derivatives, Figure 

Note that the stereoselectivity of subtilisin toward alcohols and amines is 

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

alcohol binding site is shallow cornpared to the alcohol binding site in lipases. For 

synthetic applications, subtilisin usually shows higher enantioselectivity toward 

chiral acids than toward chiral amines and alcohols. 

subtilisin 

a U ,QI%" 
PPL, CVL 

U 

O 

subtilisin 

U 
QAc 

CRL 

O 
OAc 

subtilisin CVL 
b u 

subtilisin 
CVL, PCL, HLL 

U 

Figure 5. Four exarnples of opposite regioselectivity of lipases and subtilisin (a) Subtilisin 
favored acylation of the 6-position of 1-O-acylcastanospemine by as much as >20:1, while 
lipases porcine pancreatic lipase (PPL) and lipase fiom Chromobacterium viscosum (CVL) 
favored acylation of the Fposition by as much as 10: 1. (b) Subtilisin catalyzed acylation of only 
the 17-OH in Sa-androsbne-3P,17&diol, while CVL catalyzed the acylation of only the 3-OH. 
(c) Subtilisin catalyzed hydrolysis of the acetate at the 2-position, while lipase fiom Candida 
rugosa (CRL) catalyzed hydrolysis at the 4-position. (d) Lipase fiom Pseudornonas cepacia 
(PCL), lipase fiom Humicoku kanuginosa (HLL), and CVL catalyzed acylation of only the 4-OH 
of benzyl quinate with trifluorwthyl butanoate, while subtilisin catalyzed the acylation rnethyl 
quinate at both 5-OH and 4-OH (1.8: 1). 
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Ser221 

M subtilsin 
se'r 209 ,( 

lipase 
M 

Figure 6. Structures of subtilisin Calsberg and lipase tiom Candida mgosa. (a) X-Ray crystal 
structure of subtilisin showing the catalytic machinery (Sm 221, His 64, Asp 32, and the N-H's 
of Asn 155 and Ser 221) and a portion of the proposed substrate binding site. The acyl chain 
binds in the region marked SI. The aIcoho1 binding site has not k e n  identified by X-ray 
crystallography. but the most likely region for the alcohol binding is suggested above. (b) X-Ray 
crystal smicnire of the open fom of lipase âom Candida mgosa showing the cata lpc  
machnery (Ser 209, His 449, Glu 341, and the N-H's of N a  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 '. (c) and (d) Proposed structures 
of the tetrahedtal intermediates in the hyârolysis 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 lsbc and ln1 fiom the Brookhaven protein data bank)'. 



Opposite chirality of the catalytic machinery in lipases and subtilisin. X-ray 

structures of lipases show a serine protease-like catalyhc machinery consisting of 

a Ser-His-Asp triad and an oxyanion hole5. However, the chirality of the catalytic 

machinery is opposite in serine proteases and lipases. For example, Figure 6 

compares the structures of subtilisin ~ a r l s b e t ~ ' ~  and lipase fiom Candida 

r ~ ~ o s a ' ~ .  Because of this difference, lipases and subtilisin attack the opposite faces 

of the carbon y 1 and form enantiomenc tetrahedral inter me dia te^.'^ Consistent w ith 

this notion, Bjorkling et al3' found that opposite enantiomen of ethyl p- 

nitrophenyl hexylphosphonate, which has the stereocenter at the phosphorus, 

inhibited lipases and chymotrypsin (The catalpc 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 fiom the reaction center, such as the stereocenten in 

secondary alcohols and isosteric primary amines. 



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 fiom 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 simpliQ the use of these catalysts for synthesis 

and make it more rational. The expenmental results cited in this paper are for 

subtilisin BPN' and subtilisin Carlsberg, but other subtilisin-like senne proteases 

(subtilases) have similar and should show a sirnilar enantiopreference. 

One disadvantage of subtilisin is that its enantioselectivity is &en lower 

than that of lipases. It may be possible, either by protein engineering or directed 

evolution to increase the enantioselectivity of subtilisin. 

Derewenda and Wei's proposa1 for the molecular basis of enantiopreference 

considered only which face of the carbonyl was attackedjg, that is, only the 

absolute configuration of the catalytic machinery. They stated that 'the reactivity 

of specific esters of secondary alcohols should be easily predicted €rom 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 proposa1 does not explain why lipases 

differ in the degree of enantioselectivity toward the same substrate. Neither the 

face of attack nor the relative solvent accessibility changes in these cases. 

In contrat, our proposa1 for the molecular basis of the enantiopreference of 

lipases and subtilisin focuses on the protein fold. This fold both sets the absolute 

configuration of the catalytic machinery and creates a restricted pocket for one 

substituent in the substrate. Both the a/&hydrolase fold for lipases and the 



subtilase fold for subtilisin create such a pocket, but the opposite absolute 

configuration of the catalytic machinery places the catalytic His on opposite sides 

of this pocket. For this reason senne 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 senne hydrolases. 

Derewenda and Wei's proposa1 predicts that al1 serine proteases will have the 

same enantiopreference because the absolute configuration of their catalytic 

machinery is the same. On the other hand, our proposa1 cannot extrapolate to other 

serine hydrolases because they have different protein folds. Other protein folds 

may create a different pocket or none at all. For example, trypsin-like senne 

proteases, such as chyrnoûypsin, may have the same, an opposite, or no 

enantiopreference. Currently, there not enough information about the 

enantioselectivity of chymotrypsin or other serine hydrolases toward secondary 

alcohols or isosteric primary amines to test these predictions. 
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Chapter 5 

In the previous chapters, we explored the enantiopreferences of lipases and 

subtilisin with the goal of making hem more approachable as reagents in the 

dornain of synthetic organic chemistry. The work described in this chapter gives 

an example of the value of hydrolases in the preparation of chiral molecules. 

The goal of this project was to prepare both enantiomen of a useful Cz- 

symmetric synthon bicyclo[2.2.1] heptan-2,s-dione in optically pure form and in 

large quantities. To Our knowledge, only the racemic dione had previously been 

prepared. 

There were three enzymatic approaches for making the enantiomerically 

pure dione: 1 )  resolution of the dione; 2) resolution of a dione derivative such as 

the diol or ketoalcohol; and, 3) resolution or asyrnmetric synthesis of a dione 

precursor. The first method had not been tested and the second method had given 

poor results' . We chose the third approach. 

Esters of the dione precursor, endo-2-norbornenol, had been resolved by 

CRL, but not with sufficiently high enantioselectivity (E = 15)'. However, the ester 

of its derivative, S,6-epoxy-endo-norboman-2-ol, was known to be resolved with 

high enantioselectivity (E - 100) by hydrolysis catalyzed by lipase from Candida 

nrgo~a.?~~ The preferred product in both cases is that predicted by the secondary 

alcohol rule proposed in chapter 2. In addition, the increase in enantioselectivity 

can be accounted for by the rule for secondary alcohols; the difference in size of 

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

' a) Naernura, K.; Takahashi, N.; Ida, H.; Tanaka, S. Chem. Le#. 1991,657. b) Naemura, K.; Takahashi, N; 
Tanaka, S.; Ida, H. J. Chem. Soc- Perkin Tram. 1 1992,2337. c) Naemura, K.; Ida, H.; Fukuda, R. Bull. 
Chem. Soc. Jpn. 1993,66,573. 
' Oberhauser, Th.; Bodenteich, M.; Faber, K.; Pena G.; Griengl, H. Tetrahedron 1987,43,393 1-3944. 
' Eichberger, G.; Penn, G.; Faber, K; Griengl, H. Tetrahedron Len 1986,2 7,2843-2844. 
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preferred enantiomer of lipases -u 

olefm E=15 epoxide E- 100 

Based on this, the synthetic scheme proposed involved the resolution the 

epoxy norbomanyl ester, followed by a regioselective opening of the epoxide and 

subsequent oxidation to give the dione. 

The following research was primarily surpervised by Prof. R. Azerad and 

the majority of the expenments were camed out in the Laboratoire de Chimie et 

Biochimie Pharmacologiques et Toxicologiques, UU 400 at the Université René 

Descarte in Pans, France. 

Reprînted from Bioorganic & Medicinai Cbemistry, Vol. 2, Alexandra N. E. Weissfloch and 
Robert Azerad, "Chemoenzymatic Access to Enantiorn&c Bicyclo[2.2.l]Heptan-2,s-Diones". 
493-500. Copyright 1994, with permission from Elsevier Science Ltd. 

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



Chemoeazymatic Access to Enantiomeric Bicyclo(2.2.1~EIeptan- 

2,s-Diones. 

Alexandra Weissfloch and Robert Azerad* 

Abstract: A practical integrated process, combining an enzymatic resolution step 

with a few chernical transformations, is described for the synthesis of ( lR,4R)-  and 

( 1 S,4S)-bicyclo[2.2. I l  heptan-2,5-diones 1 of high enantiomeric purity, starting 

fiom a standard mixture of (+endo- and exo-2-acetoxy-5-norbomene. 
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Introduction 

(+Bicyclo[2.2.1]heptan-2,5-dione 1, which is readily obtained by the 

addition of formic acid to norbomadiene, followed by Jones oxidation of the 

resulting diformate esters,' has been used as a rigid template for the elaboration of 

a diphosphine ligand 2.l Dione 1 is also the starting material for the preparation of 

anti-3,5-dihydroxy-heptan- 1,7-dicarboxylic acid 3,' a C,-symmetric synthon 

possessing two chiral centen, 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-di01 diacetate enantiomers, with high optical purity. 

Scheme I 

We herein report the synthesis of diones of high enantiorneric purity, 

starting fiom a commercial mixture of norbornenol acetates, which involves very 

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

Our first attempts, which involved the direct enzymatic resolution of mono- 

and diesters derived from the racemic di01 mixture obtained by the fomylation of 

norbomadiene,' were unsuccessful, in agreement with known structural models 

elaborated for the hydrolysis of such bicyclic esters catalyzed by lipase from 

Candida rugosa (= Candida ~ylindracea)~ and recent results obtained with other 

An enzymatic hydrolysis of endo-2-norbomenyl e ~ t e r s , ~ * ' ~  having an 

cnantioselectivity coefficient (E)' ' of about 15, was not enantioselective enough to 

be of preparative use. Moreover, the recovery of the exceedingly volatile 

produ~ts '~ was difficult and the subsequent formylation 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-Snorbornene derivative followed by a regioselective reductive 

opening of the epoxide ring to give an endo,ex0-2,5-norbomanediol.'~ We were 

also aware that the enzymatic resolution of a $6-epoxy-endo-norboman-2-yl 

ester," camed out on an analytical scale, was highly effective (E-100) and thus 

appeared particularly adapted to Our purpose. 

Analytical Enzymatic Hydrolyses and Transesterifications. Epoxidation of the 

commercial 2-acetoxy-5-norbomene (a mixture of racemic endo- and exo-isomen, 

approximately 8:2) employing magnesium monoperoxyphthalate he~ahydrate'~ in 

ethanol-water afforded, in high yield, the cmde epoxide which, upon 

crystallization, yielded the pure endo-epoxyacetate isomer 4a (about 50% minimal 

yield). As previously described, this ester was recovered -, when 

submitted to hydrolysis with lipase fiom Candida rugosa. even for prolonged 
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incubation times. Conversely, the corresponding butyric ester 4b, prepared by 

mild alkaline hydrolysis of 4s 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 5 and (2s)-epoxyester 4b of high 

optical purity (Scheme II). Absolute configurations were attributed fiom the 

known stereoselectivity of lipase fiom Candida rugosa in this seriesS and 

confirmed by cornparison of the optical rotation of the resulting epoxyalcohol with 

the epoxidation product of the previously described, corresponding 

( 1 ~,2~,4~)-endo-norbomenol?*'~ 

4a: R = CH3 ++ O-COR 

4b: R = (CH2)2-CH3 CRL 
(2R)-s (2S)4b 

Scheme II 

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 5 as a substrate in an anhydrous organic solvent.'" A 

preliminary screening for a convenient acyl group donor in various organic 

solvents was effected, the principal results of which are given in Table 1. The 

most striking outcome is that, unexpectedly, acetyl donors (entries 1, 3, 4 and 5) 

are effective donating reagents, although they are systematically less effective than 

butyryl donon. Moreover, the enantioselectivities measured using vinyl or 

isopropenyl acetate were higher or comparable to those measured using vinyl 

butyrate (entry 2). In contrast, other donon such as anhydrides (entries 5 and 6) or 

esters (eotry 7), result in lower enantioselectivities. in the case of isopropenyl 



acetate, the replacement of toluene by chloroform (entry 4) produced a drarnatic 

effect on the rate and enantioselectivity of the esterification reaction. 

Table 1. Enantioselective esterificationl 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 T i e  % E 
of subsuate) Solvent (hours) conversion valuesb 

2 (3) Toluene 3 46 75 
r 

- . . - - - - - - - - - -- - -- 

4 (4, CHCI3 216 14 12 
n , 

5 Toluene 120 15 1.3 

7 Tributyrin (used as solvent) 66 37 12 

*To the substrate (50 mg) in anhydrous solvent (5 ml.) were added 4 A molecular sieves (50 mg), 
acyl donor, and lipase from C. mgosa (10-20 mg). The suspensions were incubated with shaking 
at 30°C. 
bcalculated from %conversion, detemined by GC of the reaction mixture @bwax column. 
160°C) or from enamiornerie excesxs of substrate and product." e.e's were detemined either by 
GC of acetate or trifluoroacetate esters on a Chiraldex G-TA 30 capillary column ( 1 1 O°C) or by 
HPLC of  benzoate esters on a Chiralpak AD column (see Experimmtal Section). 



Preparative Aspects. Under the best conditions (entry 3). starting fiom 3 g of 

(I)-epoxy alcohol 5, it was possible to obtain, in a two-stage operation: 1.6 g 

(40%) of (2R)-epoxyacetate 4a (96% e.e.) and 1.2 g (40%) of (25')-epoxyalcohol 5 

(>98% e.e.). Each product was then reduced with lithium aluminum hydride in 

terahydrofùrad2 (65975% yield) and the ~rystallized'~ endqexo-2,s-norbomane- 

diols were submitted to pyndinium dichromate or Swem oxidation,I6 affording the 

enantiomeric ( 1 S,4S)- and ( 1 R,4R)-bicyclo[2.2. Ilheptan-2,5-diones (about 70% 

yield) in high optical purity (2 96% e.e.). 

endo 1 exo (8:2) 
crystallization 

1 .OH' 
2. oxidation 

LiiIH4 1 THF I 
4 PDCorSwem 1 

oxidation 
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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 liquors of the 

epoxyacetate recrystallization, has been designed: mild alkaline hydrolysis, 

followed by oxidation to epoxynorbomanone and reduction with sodium 

borohydride in methanoll0 will afford exciusively (2 95%) the endo-epoxynorbor- 

nanol 5, which could again be used in the enzymatic transesterification procedure. 

The entire synthetic process, described in Scheme III, is currently being conducted 

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

General. Melting points are unconected. 'H and '3C-NMR spectra were recorded 

on a WM250 Bruker spectrometer at 250 and 62.9 MHz respectively. The residual 

protons in CDCl, or pyridine-d, were used as reference peaks, with assigned 7.25 

and 8.71 ppm chernical shifts, respectively. Signal assignrnent was aided by 2D 'H 

hornonuclear shift correlated (COSY 45) spectra and "C distortionless enhanced 

polarization (DEPT 13 5) experiments. Optical rotations were measured in 1 dm or 

0. 1 dm cells using a Perkin Elmer 241 spectropolarimeter. Gas chromatography 

was perforrned on Varian 3700 or Shimadm G-8A instruments equipped with 

tlame ionization detectors and Shimadm C-R3A or C-R6A integrating recorders. 

OV-1701 ( ~ l e x i b o n d ~ ~ ,  0.20 mm x 15 m, Pierce Chem. Co.) or Durabondwax 

(0.32 mm x 30 m, J&W Scientific, Inc.) capillary columns were routinely 

employed to monitor enzyme reactions, whereas a Chiraldex G-TA capillary 

column (0.25 mm x 30 m, Astec) was used to determine optical purities. Mass 

spectrometric analyses (MS) were camed out by electronic impact (EI) on a 

Hewlett Packard 5972 GC-MS instrument. High resolution mass spectra (HRMS) 

were supplied by Université P. et M. Curie (Pans). Flash column chromatography 

was camed out using Merck 60 silica gel (230-400 mesh). Merck 60F2, precoated 

glas  plates were used for thin layer chromatography. High pressure liquid 

chromatography was performed using a Chromatem 380 pump, equipped with a 

Pye-Unicam LC-UV detector, a Shimadzu C-R3A integrating recorder, and a 

Chiralpack AD column (0.46 x 25 cm, Daicel Chem. Ind.). Lipase fiom Candida 

cylidracea (C.mgosa, E.C.3.1 J.3) was purchased from Sigma Chernical Co. (St 

Louis, USA). 

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

acetoxy-5,6spoxynorbomanes (Figure 1 ) and bicyclo[2.2.1 ]heptan-2,S-diones 



(Figure 2) were determined directly by GC on a Chiraldex G-TA30 capillary 

column at 1 1 O°C. Enantiomeric excesses of 2-endo-hydroxy-5,6-epoxy- 

norbomanes were determined by GC of their acetate or trifluoroacetate esters on 

the same column at 110 or 90°C, respectively. In some cases, enantiomeric 

excesses of 2-endo-hydroxy-5,6-epoxporbommes were determined by HPLC of 

their benzoyl esters on a Chiralpak AD column with hexane-isopropanol (955) as 

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

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

Preparation of acetyl esters for CC analysis. To the alcohol (-10 mg) dissolved 

in ethyl acetate was added 4dimethylaminopyridine (0.05 eq.), sodium carbonate 

( 1 .5 eq.), and acetic anhydride (1.5 eq.). The mixture was stirred for 1 8 hours, then 



washed with water and brine. The organic phase was dried over anhydrous sodium 

sulfate, filtered, evaporated in vacito, and analyzed without fûtther purification. 

Preparation of trifluoroacetyl esters for GC analysis. To the alcohol (1-5 mg) 

in dichloromethane (0.5 mL) was added trifluoroacetic anhyâride (0.2 a). After 

stimng for 30 min, the solvent and excess anhydride were evaporated under a 

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

Figure 2. GC analytical separation of enantiomeric bicyclo[2.2.I]heptan-2,s-diones on 
Chiraldex G-TA (see Experimental Section): A, racemic mixture; B, 1S,4S; C, 1 R,4R. 

Preparation of benzoyl esters for HPLC analysis. Dicyclohexylcarbodiimide 

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

acid (2 eq.) and alcohol in dichloromethane, cooled in an ice-water bath. AAer 
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stimng for 30 min, the reaction mixture was wamed to room temperature and 

stined for 30 h. Dicyclohexylurea was removed by filtration and the filtrate was 

washed twice with 1 N HCl, saturated sodium bicarbonate, water and brine. The 

organic phase was dried over anhydrous sodium sulfate, filtered and evaporated in 

vacuo. The residue was analyzed without further purification. 

(*)-2-endu-acetoxy-5,69poxynorborii~ne (4a). A solution of magnesium 

monoperoxyphthalate hexahydrate (375 g, 0.76 mol) in water (2.6 L) was added to 

(*)-2-endolexo-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 parts. Each portion was extracted with ether (1 L), washed with aqueous 

saturated sodium bicarbonate (3 x 300 mL), 20% aqueous sodium bisulfite (2 x 300 

mL), water (300 mL), and brine (500 rnL), and dried over sodium sulfate. The two 

aqueous phases obtained afier the first ether extraction were combined, extracted 

again with ether (1  L), and washed as above. Evaporation of the solvent fiom the 

combined ethereal phases yielded a mixture of the exo and endo isomen as a 

slightly yellow oil(80.9 g, 70%). Three crystallizations fiom ether-hexane yielded 

the endo isomer (54.3 g, 50%, >99% endo-isomer by GC). R, 0.25 

(cyclohexane-ethyl acetate, 8:2). Mp 53.5-54OC (lit.'': 53-54OC). HRMS for 

C,HI2O3, calc. 168.078642, found 168.078657. MS (EI): 168(1), l5O(l) [M-H20]+, 

l40(3), 138(3), 126(9) [M-CH2CO]', 108(1 O), 97(1 l), 82(8 l), 43(100). 

'H NMR (CDCI,, 250 MHz), 6 ppm, J Hz: 5.04 (IH, ddd, Jz.,uo = 8.8, .JI.,= 4.4, 

J2-3cndo= 3, H-Z), 3.33 (lH, br.d, Js4= 3.6, H-6), 3.23 ( lH,  br.d, Jj4= 3.6, H-5), 2.75 

(lH, dm, J,.,= 4.4, H-1), 2.49 (IH, dm, J,,,= 4.4, H-4), 2.07 (IH, ddd, J,,,,,,,= 

13.5, 8.8, J3,04= 4.4, H-3 exo), 2.02 (3H, s, CH3CO), 1.34 (lH, dm, J,,.= 



10.2, H-7), 1-07 (IH, dm, J3m.3ed0= 13.5, J2.,,= 3, H-3 endo), 0.78 (IH,  dm, 

J7-71= 10.2, H-7'). 

"C NMR (CDCI,, 62.9 MHz), 6 ppm: 170.28 (CO), 75.97 (CH, C-2), 50.36, 47.66 

(CH, C-5 and C-6), 39.99, 36.44 (CH, C-1 and C-4), 32.56, 24.26 (CH2, C-3 and 

C-7), 20.45 (CH,). 

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

containing 3 5% endo-isomer. 

(*)-2endo-butyrory-S,69porynorbornane (4b). To a solution of 

(*)-2-endo-butyroxy-5-norbomene (900 mg, 5 mmol) in ethanol (1 5 mL) was 

added magnesiurn monoperoxyphthalate hexahydrate (3 g, 6.06 mmol) dissolved in 

water (20 mL). The mixture was stirred at room temperature for 48 hours. The 

solvents were evaporated in vacuo and the residue dissolved in ether (100 mL). 

The ethereal solution was washed with aqueous saturated sodium bicarbonate (2 x 

50 mL), 20% aqueous sodium bisulfite (6 x 50 mL), saturated sodium bicarbonate 

(2 x 50 mL), water, and brine, dried over sodium sulfate, and evaporated. The 

crude product was purified by flash chromatography (hexane-ethyl acetate, 9 5 5  to 

9: 1), yielding the epoxyester as a colorless oil (819 mg, 83%). R, 0.38 

(cyclohexane-ethyl acetate, 8:2). MS (EI): 1 68(2) [M-CO]', l4O(5) 

[M-CH2CH2CO]', l25(4) [M-CH3CH2CH2CO]', 107(5), 97(8), 81(8 1 ), 71(100). 

'H NMR (CDCI,, 250 MHz), 6 ppm, J Hz: 5.01 (lH, ddd, J2,,= 9, J,.,= 4, 

Jz.3end,= 3, H-2), 3.32 (lH, br.d, J', 3.6, H-6), 3.23 (lH, br.d, A,= 3.6, H-5), 2.75 

(lH,dm, J,,=4, H-1),2.49(1H,dm, J4,,=4,H-4),2.25 (2H, t, J =  7.3,CH2CO), 

2.07 (lH, ddd, J3,.3end0= 13.2, 9, JJeroj= 4, H-3 exo), 1.62 (2H, sextet, J = 

7.3, CH2CH3), 1.33 (IH, dm, J,,.= 10.2, H-7), 1.06 (lH, dm, J,,,,,,= 13-2, 

J2-3end0= 3, H-3 endo), 0.93 (3H, t, J = 7.3, CH2CH2), 0.79 (IH, br.d, J,.,*= 10.2, 

H-7'). 
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En ymat ic  hydrolysis and resolution of (*)-2sndo-butyrory-5,6- 

epoxynorbornane (4b). To (*)-2-endo-butyoxy-5,6-epoxynorbomane 4b (388 

mg, 1.98 m o l )  dissolved in 0.1 M, pH 7 sodium phosphate buffer-acetone (9: 1, 

150 mL), was added lipase h m  C. rugosa (39 mg). The mixture was orbitally 

shaken at 27OC for 3 h (39% conversion). The reaction mixture was saturated with 

sodium chloide and ethyl acetate (100 mL) was added. AAer stimng 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, dned over anhydrous sodium 

sulfate and evaporated in vacuo. Purification of the cmde product by flash 

chromatography (hexane-ethyl acetate, 6:4 to 1 : 1) yielded pure alcohol (2R)-5 (83 

mg, 33%), [a]," + 42.4' (c 1.2, CHCI,) (lit.": + 46S0), 96% e.e., and ester 

(2s)-4b (232 mg, 60%). The isolated butyrate was resubmitted to hydrolysis under 

the same conditions. After 6 h (57% total conversion), the reaction mixture was 

worked up as before. Purification of the crude product yielded alcohol (ZR)-5 

(16.2 mg, 6%), and butyrate (2s)-4b (179 mg, 46%), [a]:' 43.8' (c 3.9, CHCI,) 

(lit.": - 13.4'), >99% e.e. 

(+2-endo-bydroxy-5,6-epoxynorbornane (5). To a solution of (*)-endo-2- 

acetoxy-5,6-epoxynorbomane (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 HCl (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 



a cmde product was crystallized fkom ethyl acetate-hexane to give the pure 

epoxyalcohol as white crystals (25.3 g, 70%). The remaining product was puri fied 

by flash chromatography (pentane-ethyl acetate, 5: 5 to 3: 7) yielding additional 

pure epoxy alcohol (4.4 g, 11%). RI 0.23 bentane-ethyl acetate, 5 5 ) .  Mp 

190- 1 9Z0C, sealed tube (lit.: 160- 1 6Z0C,'* 170- 172°C"). HRMS for C7H1&, calc. 

126.068078, found 126.068 107. MS (El): 126(1), 125(1 S), 107(2.5), 95(4), 

8 l(100). 

'H NMR (CDCI,, 250 MHz), 6 ppm, JHz: 4.38 (IH, m, H-2), 3.44 (lH, br.d, J,,= 

3.7, H-6), 3.27 (lH, br.d, J',= 3.7, H-S), 2.60 (IH, rn, H-1), 2.45 (IH, m, H-4), 

1.99 (lH, ddd, JJmJeh= 13.2, JZjM= 9, J 3 , p  4, H-3 exo), 1.55 (IH, br.s, OH), 

1.27 (IH, dm, &= 10.2, H-7), 1.00 (lH, dt, J,,,,,,= 13.2, J'.je,do= 3, H-3 endo), 

0.74 (lH, br.d, J&= 10.2, H-7'). 

13C NMR (CDCI,, 62.9 MHz), 6 ppm: 74.13 (CH, C-2), 5 1.47,48.98 (CH, C-5 and 

C-6), 42.36,37.33 (CH, C-1 and C-4), 35.08,25.15 (CH2, C-3 and C-7). 

Preparative enymatic resolutioa of (*)-2-endo-hydroxy-5,6-epoxyoorbornane 

(5). lsopropenyl acetate (10.3 mL, 93.5 mrnol) was added to (*)- 

2-endo-5,6-epoxy-norbomane (3 g, 23.8 mmol) dissolved in toluene (340 mL). 

Lipase from C. rugosa (1 g) was added and the flask was orbitally shaken at 30°C. 

After 14 h an additional 700 mg of lipase was added and after another 8 h, 550 mg 

of lipase was added. After a total of 25 h, the reaction was stopped by filtration of 

the mixture through glass fiber paper. The product and remaining substrate were 

separated by medium pressure liquid chromatography (200 g silica gel, Merck 

60H, cyclohexane-ethyl acetate 1:1, followed by cyclohexane-ethyl acetate 2:s 

once the first alcohol fraction was detected). The solvent was evaporated to yield 

the alcohol (1 34 g, 77 % e.e.) and the acetate (1.59 g, 40%, 95.5 % ex.), [alD2' + 

7.4" (c 1, CHCS). The alcohol was resubmitted to esterification under the same 



conditions using 4 g lipase. The reaction was stopped as before affer 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],'' -46.7' (c 0.85, CHCI,), and the acetate 

product (0.44 g, 60% e.e.). 

Reductioa of 2-endo-acetoxy-5,6-epoqmorbornane (4a) to 2,S-dihydroxy- 

norbonane. Dry tetrahydrofuran (80 mL) was added dropwise to lithium 

aluminum hydride (2.4 g, 56.7 mmol) under nitrogen. After complete addition, the 

suspension was refluxed for 1.25 h. AAer cooling the mixture to room 

temperature, the flask was placed in a cold 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 carefùlly 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 fiom ether-dichloromethane 

yielded the pure di01 as white crystals (614 mg, 53%). Medium pressure liquid 

chromatography (200g silica, dichioromethane-isopropd, 9:l) of the residue 

obtained from evaporation of the mother liquor yielded additonal pure di01 (272 

mg, 23%). R, 0.16 (dichloromethane-methanol, 9: 1). Mp 180- 182°C (sealed 

tube). [a]$' + 2.8' (c 2.34, MeOH), [a],,, +2.9", [a],, + 3.2', [a],,, + 4.2". 

HRMS for C,H,,O,, calc. 128.083728, found 128.0837 13. MS (EI): 128(2) ml', 

1 lO(19) w-H20]', 95(33), 8 1(24), 66(100). 



'H NMR @*dine-d5, 250 MHz), 6 ppm, J Hz: 6.04 (IH, 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, Jz.iao= 10, J2.3'Jz.oH' 

3.3,J2-,= 1.3, H-2), 4.22 (1 H, m, H-S), 2.92 (lH, ddd, 13, J,,,.,= 7, J = 

2, H-6 endo), 2.40 (1H, br.t, w,,,= 10, H-1), 2.33 ( lH ,  br.d, J =  5, H-4), 2.06-1.93 

(ZH, m, J =  5, H3exo and H-7), 1.63 (lH, dm, J~o,,,d,= 13, H-6 exo), 1.31 (lH, 

br.d, J,.,.= 10, H-77, 1 .O 1 (1 H, dt, J3=.-)&= 13, JZ-3endo= 3.3, H-3 endo). 

I3c NMR (CDCl,, 62.9 MHz), S ppm: 73.70, 70.62 (CH, C-2 and C-5), 44.40, 

41.2 1 (CH, C-l and C-4), 34.3 1,33.03,32.26 (CH,, C-3, C-6, and C-7). 

Reductioo of 2-endo-hydrory-5,6-epoxynorbornane (5) to 2,bdihydroxy- 

norbornane. The above procedure was used for the reduction of the epoxy 

alcohol(l.l7g, 9.27 mmol) with the exception that only 4 eq. of lithium aluminum 

hydride were used. Recrystallization yielded the di01 as white crystals (355 mg, 

30%) and chromatography of the mother liquor yielded additional pure di01 (41 1 

mg, 34%). [a], ?' - 4. 1' (c 2.25, MeOH), [a],,8 - 4.2*, [a],,, - 4.S0, [a],,, - 5.6'. 

Oxidatioa of 2,S-âihydrorrynorbornaae to eaaitiomeric bicyclo(2.2.1 Ibeptan- 

2,s-diones (1). 

(i) pyridinium dichromote oxidation. Diol (706 mg, 5.5 1 mmot) was dissolved in 

N, N-dimethylfomarnide ( 100 mL), pyridinium dichromate (7.05 g, 1 8.7 mmol) 

was added and the mixture was stirred under nitrogen for 3 h. Aqueous saturated 

sodium bicarbonate (100 rnL) was added to the reaction mixture and it was shaken 

vigorously. DichIoromethane (300 mL) was added and the organic phase was 

washed with aqueous saturated sodium bicarbonate (4 x 100 mL), 0.5 N HCl(100 

mL), saturated sodium bicarbonate (100 mL), water (2 x 200 mL), and bnne (200 

mL), and dried over sodium sulfate. The solvent was evaporated in vactco yielding 

501 mg of dione (73%, 95% pure by GC). 



(ii) Swern oxidation. Freshly distilled oxalyl chionde (0.45 rnL, 4.8 m o l )  in dry 

dichloromethane (8 mL) was added dropwise to a solution of dry 

dimethylsulfoxide (0.83 rnL, 10.9 mmol) in dry dichloromethane (5 mL), under 

nitrogen at -78°C. AAer stimng for 30 min, 2,5-dihydroxynorbomane (300 mg, 

2.34 mmol) in dichloromethane (4 mL) and dimethylsulfoxide (0.6 mL) was added 

dropwise. After stimng for 3 hours, triethylamine (3 rnL, 21.8 mmol) was slowly 

added. The reaction mixture was allowed to warm to room temperature, then 

stirred for an additional hour. Water (10 rnL) was added dropwise, the reaction 

mixture was diluted with dichloromethane and the organic phase was washed with 

0.5 N HCl, aqueous saturated sodium bicarbonate, and bnne. The solvent was 

evaporated in vacuo yielding 200 mg of pure dione (70%). MS (EI): 124(100) 

[Ml', %(2 l), 82(23), 67(87). 

'H NMR (CDCI,, 250 MHz), 6 ppm, J Hz: 2.97 (2H, m, X signal of an ABX 

system, H-1 and H-4), 2.36 (2H, dm, A signal of an ABX system, 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 (ZH, m, H-7 and H-7'). 

I3C NMR (CDCI,, 62.9 MHz), 6 ppm: 212.04 (CO, C-2 and C-5), 48.48 (CH, C-1 

and C-4), 38.80 (CH,, C-6 and C-3), 36.27 (CH2, C-7). 

(1S, 4s)-1: mp 140-141°C. [alD2' -4.5' (c 2.44, EtOH), [a],,, -4S0, [a],,, 4.5". 

[a],,, +26.6', [a],,, + 187'; e.e. = 99%. HRMS for C7H802, calc. 124.052408, 

found 124.052383. 

(IR, 4R)-1: mp 139-140°C. [a]: +5.0° (c 2.0, EtOH), [al5,, +5.0°, [alw +4.0°, 

[a],, -25S0, [a],, -179.5"; e.e. = 96%. HRMS for C,H,02, calc. 124.052408, 

found 124.052383. 
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Final Conclusions and Summary 

The purpose of the work in this thesis was to shed light into the domain of 

biocatalysis with the goal of helping organic chemists produce chiral matenals 

with greater efficiency and higher optical purity. 

As there are over a hundred cornrnercially available hydrolases, chemists 

need help in choosing the best hydrolase for their problem. Empirical rules or 

models that summarize earlier results serve as good guidelines and help organic 

chemists identify the substrate features that are important for good 

enantioselectivity. 

We have proposed simple empirical substrate rules that predict the 

enantiopreference of various hydrolases towards alcohols and primary amines. 

These d e s  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 niles because they 

show the presence of both a large pocket and medium pocket in the substrate 

binding site. Although these rules do not give a quantitative estimation of the 

enantioselectivity, they reliably predict the absolute configuration of the favored 

product. Their accuracy can be summarized as follows: 

Secondary alcohols : CRL: correct for 5 1/55 cyclic substrates 
PCL: correct for 63/64 substrates 
CE: correct for 14/15 substrates 
Subtilisin: correct for 1 1 /13 substrates 

Primary alcohols: 

Primary amines: 

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-B, PAL, PCL: correct for 18/18 substrates 
Subtilisin: correct for 13/13 substrates 



Many box-type models exist that are specific to a given enzyme. These too 

focus largely on the size of the substituents, but they often give more details as to 

the shape and polar or non-polar characteristics of the substituents. Similarly to the 

empirical substrate rules, they al1 have a larger side and a smaller side. Although 

the box-type models provide more information, the simple empirical substrate 

rules still remain very useful because they are more general and very easy to apply. 

For example, although there have been nuo 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 enantiopre ference towards primary and 

secondary alcohols. Based on studies canied out with substrates having two 

stereocenters, we proposed that tne substituents of both primary and secondary 

alcohols are positioned in the same way in the substrate binding site. The opposite 

enantiopreference is accounted for by the following: because of the extra carbon 

atom between the stereocenter and the alcohol oxygen, the opposite enantiomer 

must bind to allow the p r i m q  alcohol oxygen to be placed in a sirnilar position to 

the secondary alcohol oxygen in the active site. This proposa1 was made before 

the availability of a three-dimensional crystal structure of PCL. Although crystal 

structures have since been obtained and molecular modeling studies camed out, 

the two ensuing expianations for the opposite enantiopreference are contradictory 

(see introduction, section 1.5). The proposa1 in this work agrees with one and 

disagrees with the other. Perhaps a cornparison of X-ray structures with 

covalently-bound transition state analogues of primary and secondary alcohols will 

give a definitive answer. 

In Chapter 4, we accounted for the opposite enantioselectivity of lipases and 

subtilisins towards secondary alcohols and primary amines. The proposal is based 

on the fact that the active sites of these two classes of hydrolases are approximate 



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 d e s ,  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. Unfominately, however, this method cannot be applied to 

primary alcohols. It has not yet been tested on primary amines. 

We have designed a synthetic scheme that combines a few chemical 

transformations with a key enzymatic resolution step for the preparation of both 

enantiomen of a usefui bicyclic dione. Dunng this work we observed an 

interesting example of how a lipase's activity can be vastly different in organic 

solvent: CRL does not catalyze the hydrolysis of the given acetate but does 

catalyze the reverse reaction, acetylation, in organic solvent. Despite al1 the 

research conducted to study the eflects of organic solvents on hydrolase, there is 

still no ciear explanation for this phenornenon. 



Contributions to Knowledge 

+ We proposed a very useful, simple, and reliabie 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 times 

that it has been applied and quoted by other researchers (over 200 citations). 

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

4 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 explmation for the rzason that Pseudomonas cepacia prefers the 

opposite enantiomers of primary and secondary alcohols. This is based on both 

experimental and computer modeiing results. This work has also been quoted 

many times, with over 43 citations. 

4 We have proposed a rule that predicts the enantiopreference of subtilisin 

towards primary amines. This rule is opposite to the rule for lipases. We also 

reviewed the enantiopreference of lipases towards primary amines and of 

subtilisin towards secondary alcohols, in order to detemine the reliability of 

previously proposed d e s .  In addition, we show that subtilisin has a 

regioselectivity towards secondary alcohols that is opposite to that of lipases. 

+ We give a structure-based rationalization to explain the opposite 

enantiopreference of lipases and subtilisin towards secondary alcohols and 

primary amines. 



4 We developed a method by which to improve the enantioselectivity of 

hydrolases, on the basis of the rule for secondary alcohols. It is applied by 

simply increasing the difference in size of the two substituents at the 

stereocenter. The method was successfully applied to the synthesis of two 

useful chiral synthons, (R)-(+)-tert-butyl lactate and (3-(-)-4-acetoxy-2- 

cyclohexen- 1 -one. Other researchers have since used this method 

successfully. ' 

To our knowledge, we prepared the first sample of enantiomerically-pure (5')- 

(-)-4-acetoxy-2-cyclohexene- 1 -one. This was done on a preparative scale. Our 

method of preparing this chiral synthon has been employed by at least two 

other groups of researchers for use as a precursor in the synthesis of several 

optically-pure key  intermediate^.^ 

+ To our knowledge, we carried out the first synthesis of optically-pure (lR,4R)- 

and (1S,2S)-bicyclo[2.2.l]heptan-2,5-diones, useful Cz-symmetric synthons. 

This was accomplished by an efficient chemoenzymatic route that involves a 

lipase-catalyzed transesterification step. 

+ I feel that my overall contribution to knowledge is that I have participated in 

research has helped to make hydrolases less intimidating and more 

approachable to synthetic chemists, as well as having helped to increase our 

understanding of the process by which enzymes distinguish between 

enantiomers. 

See section 1.7 of the general introduction for references. 
' a) Witschel, M. C.; Bestmann, H. I. Tetrahedron Lett. 1995,36,3325-3328. b) Bachall, J.-E.; Gatti, R.; 
Schlak, H. E. Synthesis 1993,343-348. c) Gatti, R G.  P.; Larsson, A. L. E.; BiickvalI, I.-E. J. Chem. Soc.. 
Perkin Trans. 1 1991,577-584. d )  Larsson, A. L. E.; Gatti, R G. P.; BackvaU, f.-E J. Chem. Soc.. Perkin 
Trans. 1 1997,2873-2877. 



Glossary of Symbols and Abbreviations 

A 

 ID 
Ac 

ACE 

anal 

C 

C 

OC 

C AL-B 

calcd (calc) 

CD 

CE 

CI 

conv 

COSY 

CRL 

CVL 

angs trom 

specific rotation at the sodium D line wavelength 

acety l 

acetylcholinesterase 

anal ytical 

apparent 

ary 1 

boiling point 

broad (spectral line width) 

benzyl 

centi (10-~) 

conversion 

concentration (for rotation) 

Candida 

degrees Celcius 

lipase B from Candida antartica 

calculated 

circular dichroism 

c holesterol esterase 

chernical ionization 

conversion 

two-dimensional nuclear magnetic resonance correlation 

spectroscopy 

lipase from Candida rugosa 

lipase fiom Chromobacterium viscosum 



d 

d 

6 

Da 

DEPT 

dm 

DMAP 

DMSO 

E 

E 

EI 

ent 

equiv I eq 

EtOH 

FAB 

fi! 

GC 

h 

h fc 

HLL 

HPLC 

HRMS 

Hz 

ll v 

IR 

doublet (NMR) 

deci (IO-') 

chernical shift 

Dalton 

distortionless enhancement by polarization transfer 

doublet of multiplet W R )  

4-dimethylaminopyridine 

dimethyl sulfoxide 

enantiomeric ratio 

enzyme 

electron ionization 

enantiorneric excess 

enantiomer 

equation 

equivalen t(s) 

ethanol 

fast atom bombardment 

gram(s) 

gas chromatography 

hour(s) 

3-(heptafluoropropylhydroxymethylene)-d-camphorato 

lipase fiom Humicola lanuginosa 

high prefonnance liquid chromatography 

high resolution mass spectromeûy 

hertz 

light 

infrared spectroscopy 



J 

k 

KM 

t t  

L 

L 

i 

LC 

lit 

MeOH 

min 

MML 

mol 

mP 

MS 

ndz 

n 

N 

coupling constant (NMR) 

kilo ( 1 0') 

Michaelis-Menten constant 

enzyme turnover number 

large 

ii ter(s) 

length 

liquid chromatography 

1 i terature 

meter(s) 

milli ( 1 0 3  

multiplet (NMR) 

meta 

micro ( 1 0 ~ )  

medium 

molar 

Mucor 

methanol 

m inute(s) 

lipase fiom Mucor meihei 

mole(s) 

melting point 

mass spectrometry 

mass-to-charge ratio 

nano ( i 0-4 



na 

nd 

NMR 

% 

P 

P 

P 

PAL 

PCC 

PCL 

PDB 

PH 

Ph 

P K ~  

PLE 

PPm 

PPL 

PY 

9 

R 

Rf 

ref 

not available 

not detennined 

nuclear magnetic resonance 

percent 

ortho 

acetate 

para 

Pseudomonas 

product 

lipase from Pseudomonas aemginosa 

pyridinium chlorochromate 

Pseudomoncls cepacia 

Protein Databank 

negative logarithrn (base 10) of the hydrogen ion 

concentration 

pheny 1 

negative logarithm of equilibrium constant for association 

porcine liver esterase 

parts per million 

porcine pancreatic lipase 

p yridine 

quartet (NMR) 

substituent 

retention factor 

reference 

singlet (NMR) 



satd 

sec 

Td 

THF 

TLC 

UV 

small 

substrate 

sanirated 

second(s) 

starting matenal 

spec ies 

structure 

triplet (NMR) 

tetrahedral intennediate 

tetrah ydro furan 

thin layer ciiromatography 

ultraviolet spectroscopy 

volume to volume ratio 
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" We are ut the heart of a labyrinth and we canfind our way 

while becoming labyrinths otrrselves. " 

Salvador Dali 
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2656 Reprintad fram The J o d . o f  Ocganic Chemisuy, 1991, VOL 56. 
Copyright O 1991 by the Amencan Cheuucd k l s t y  amd reprintcd by permuiian of the copyright oner .  
A Rule To Predict Which Enaatiomer of a Secondary Alcohol Reacts Faster 
in Reactions Cataly zeà by Cholesteroi Esterase, Lipase €rom Pseudomonas 

cepacia, and Lipase from Candida rugosa 

Romas J. Kadauskas,* .Uerandra N. E. Weissrloch, Aviva T. Rappaport, and Louis A. Cuccia 

.UcCill L'nioemty, Departmenr of Chemutry, $01 Sherbrooke Sc. W. .  .Ciontréal. Québec H3A 1K6, Carta& 

Receiued Ocrober 2, 1990 

The eaancioselectivity of t&e title enzymes for more thaa 130 esten oi secondary dcohoia is conelated by a 
d e  based on the sizes of the substinienrs a t  the srereoeenter. Thin rule predicts which enantiomer oi a racemic 
secondary aicohol reacts faster for L4 of 15 subsnaces of cholesterol csmraae (CE), 63 of 64 subsuaces of lipase 
frnm P.~eudomonas cepacia (PCL). and 51 of 55 cyciic subsmires of lipase from Candida rugosa ( C R U  The 
enantiosetectivity of CRL for ecycfic secondary aicohols is not reiiably predimed by this rule. This nile impiios 
that the most efficiendy resolved subscrates are chose having substituents which differ significantly in size. This 
hypothesis was used tu design syntheses of two chiral synthons: esters of IR)-lactic acid and (23-i-1-hcet- 
oxy-2-cyclohexen-1-one. 70. .4a pdcced. the acetate group of the methyi ester oi lactyi acetate was hydrolyzed 
by PCL with low enantioselectiviry because the two substituenrs, CH3 and C(0)OCH3, are similat in size. To 
impmve the enantiaaelecuvity, the methyi ester was replaced by a tert-bucyl ester. The acetate group of the 
rerr-butyl ester of lactyi acetace was hykolyzed wirh high enantioselectiviry ( E  > 50). Enantiomericaiiy pure 
iR)-(+)-terr-buryl Iaccate P98% ee. 6.4 g) was prepared by kinetic resalution. For the second exampie. Law 
enantiuselectivity tE < 3) was obsented in rhe hydrolysiri o i  ch- t.4-diacetoxyc).clohes-2-ene. a meso substrnte 
where the nvo substituenta, CH?CH2 and CH==CH, are sirnilar in size. To improve enenrioselectivity. the size 
of the CH==CH substituent was incrensed by addition of Br> The new subacrate was hydrolyzed wth high 
enantidectivity ( E  > 65) using either CE or CRL. Enantiomeridy pure 70 (98% ee) was obtained after removd 
of the bromines with zinc and oxidation with C&'pyridine. 

Microorganism- and enzyme-catalyzed syntheses and 
resolutions are arnong the best methods for the preparation 
of enantiomericaiiy pure compounds.? Enantiosetective 
hydrolyses and transesterirications are especiaily useid 
because they are efficient, can be carried out on a large 
scale, and apply to a wide range of subatrates. Unfortu- 
narely, there is finie ,Y-ray stnictural information available 
for the esterases and lipases that are used for these prep- 
a ra t ion~;~  thus. the appropriate enzyme is usuaiiy chmen 
by screening. 

In order ta sveamiine screening, su bstrate mode19 have 
been deveioped using substrate selectivity data. Some 
rnodets attempt to derme the shape and hydrophobic 
c h a c t e r  of the active site and are used to predict which 
new substrates wiii be transformed by the enzyme and 
whether the reaction will be enantiaselective. in moet 
cases, this type of rnodei is only accurate for subsaates that 
are similar to those already tested. For example. a model 
for P U J  prodicts i t s  seiectivity with a,$substituted cat- 
boxylic acids? and a model for CRL predins its selectivity 

(2) Rscsnr mvieirr: W C.-H. Science 1989,244.1~55-Il52 Sih, 
C J; W u  S.-K Top  ~ t e a  m tObS.f9,63-i!& Gramaua. P. ChUn. 
Oggi 1989. 7.9-15. 

(31 Fit  high ruolutioa x-ny eryitil structuras af li- Brady, k 
Brc~rorati. il .U; Da- 2 S.; Docison. E; Docima. G.; Taiiw. S.; 
Tiakuibwg, J. P.: L; H q p J a r e ~ ~ ~ .  8; Nonlroo, L; Thim. 
L; Menp. U. Nat=% 767-770. W&r. P. K: D'Amy. k 
~ u m ~ k ~ ,  W. .v~l(sr~ 1990. W. m-m. 

(4) A h b ~ r i o a r  for spryma wd in &u pipu: ACE, aœtyl- 
.lipiinacer8ae tram alaaric 4 CE, bovine chofrumi runw; CRL, 
Iiw h m  Candidu wora; MML, iipau P m  Muor  mrth.~: PCL, 
ADuaa P = Iipae fmm fieudamonor cepam; PL& pr&a liw wt- 
m. 

for bicycio[23 11 hepuuiols and bicyclo[2.Z2]octmoIs." In 
some cases, mate gened  models which defuie the sizes of 
hydrophobic packeta near the active sire have been de- 
veioped. These cm be used to predicr reactivity for a wider 
range of substrates.' 

The simplest models for enzyme selectivity, more ac- 
cunitely referred ta as rules, predim oniy which enantiomer 
reacts faster. usuaily based on either the size or hydro- 
phobicity of the substituents a t  the stereocenter. The 
earliest example of such a nile is Prelog's mie which 
predicts the enantioselemivity of the reduction of ketones 
by the yeast Culouria lunata bmed on the aize of the two 
substituents at  the carbonyl (Figure L).B The advantage 
of this d e  is that it applies to a wider range of substrates, 
but the disadvantage is that there are exceptions to this 
rule. Nevertheless, this d e  is suffkiendy reliable to be 
used for the determination of absolute configuiriUonsg and 
has been used to redesign substrates in otder to improve 
the enanti~selectivity.~ 

.4 mie simiiar to Prelog's rule has been propoeed for a 
hydrolysis cadyzed hy a yeast. For 47 esters of racernic 
secondary alcohols, a d e  based on the sues of the sub- 
satuenta at  the stereocenter predicts which enantiomer is 
hydrolyzed faster in cultures of the yeast Rhizopw ni- 
grigans.lt This mie hm been used to determine the ab- 

9 1991 American Chernical Society 



Prediction of Which Enantiorner Reacts Faster 

Figure 1. (a, Relcg's d e  predicai t hac  the yeast Culwrrci h t a  
prefenntially adds & UI the fmnt side of Letonea havuig the h p e  
indic--ed. (b) An extension of Prelog's mle to hydrolests. For 
esters of secondas. alcohols. the enantiomer shown reacoi faster 
with CE. PCL, and CRL chan the other enanriomer. 

solute corn-ignition of secondary alcohol~.~ However. this 
micrmrganism has not been used for lage scde synthesis. 

Similar rules have been proposed for two commercidy 
available lipases: Mucor meihei13 (M'ML) and Arthro- 
bacter.'. It is not yet dear how usetid th- rules wï i i  be 
beaiuse they are b d  an o n 1  six substrates for the .Mucor 
enzyme and only two substrates for the ..lrthrubacter en- 
zyme. A 'twwite moddw that has been recendy proposed 
for cyciic substrates of PCC also appem simiiar ta the d e  
discussed herein.lS 

This paper proposes a rule based on the sizes of the 
substituents for three hydrolases (Figure 1). This d e  is 
supported by 14 out of 13 substrates for CE, 63 out of 64 
substrates for PCL. and 51  out of 55 cyclic substrates for 
CRL and has an accuracy of 293 % . This d e  is the f i t  
attempt to ptedict the enantioselectivity of C L  For PCL, 
this rule is sirnilar to the 'two-site model" for cyclic sub- 
strates." but the evidence presented in this paper shows 
that this d e  acmunts for the enantioselectivity of acyclic 
secondary alcohols as well. For CRL, this mie is the fmt 
generai d e  and comptements the mode1 For bicydic s u b  
 strate^.^ 

Besides correlating a large amount of experimental data 
this mle also suggests a strategy for improving the effi- 
ciency of resolutions catalyzed by these enzymes: sec- 
ondary aIcohols having substituenu which differ signifi- 
cantly in size should be more efficiently resolved than 
àecondary alcohols having subetituents which are simiiar 
in size. This hypotheais was used to design the preparri- 
tions of enantiomericdIy pure terr-butyl lactate and 
(S)-(-)-4-acetoxy-2-cyc1ohexen~l-one. 

Lactate esters are used as chiral staning materiais and 
chiral auxiliaries. For example, iactate esten were used 
in the preparation of (S)-2-aryipropionic acids. a c i a s  of 
nonstemidal antiinflammatory u-iV-hydroxy amino 
acids,17 chiral e n o l a t e ~ , ~ ~  and chiral auxiliaries for an en- 
antioselective Dieis-Aider reaction.lm Poiylactides con- 
taining interpenetrating networks of poly-(RI-lsctide and 
poly-(57-lactide are sttonger than t h e  containhg racemic 
chains.m 

1121 Ito. S.: Kirai M.: Zittcr. H.: Silvemn, J. V. Can. J. Chm. 1987. 
65.571682 

(13) Robeni. S. ,M. Phil. Troni. R. Soc. L o d  B 1989.324.567-587. 
(14) Urnemura. T; Hihan, H. ln Biocatalyau in M c  Jtwoi Bla- 

cechnoloqy; Whiukar. J. R. Sonnet. P. E, W. Amuiun Chsmicai 
Society: Washington. DC. 1989; Cbipter 28. 

(15) Xie* 2-F.; Suunune, H.; i.LU, K. T e r m i r d o n :  ICrymmrtry 
l m .  1.39SO2. A aimilu modoi bar aLo ken pro& for iiprse 
SAM-& il'wdonronorcnrymr nom Amuro P h r r m r r u t i a l ~ ~  
K. E, P U .  Dirvutim. UnimrsititGH Wuppanhri. W n t  Cermrny, 
1987) and for A.ud4mom AK lipu in baPar (Brqc. K; Jeuahus, 
L D. J. Am Chim Soc. 1 S O .  122. 1434-7138). 

(16) Lmm, R D.; Corhy, E C.; DiwL. P; Reider. P. J.; Gnbowaki. 
E. J. J. J. Am. Chem Soc. 1989.I11.766ü-76Sf. 

(17) KoLu, TI ,'Hiler. .M. J.  J. Oq.  Chem Itb7.52 4978-4981. 
(18) S.rbich, D; imrinlukud fk Wekr. T. in M&m Syrirhetic 

Methodt: adld016 R Ed4 SpMlu-Ver* B d i a  1% Grsinu* A; 
Orthohd. J.-Y. Tenoheâmn k t .  lm. 31.21362138. 

(19) Hurminn. &; Huiy, A P. A; Suatar. K; Wironm. J.; Haim- 
chm. C. -W. Chun. Im. Ed EJV& 1% 26 1143-1145. 

(20) ~urdoh  J. R; h m k .  C. L US- p.tant 4 n 9 2 a  1968; C k m  
Ahm. lOB.132831y. 
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.Uthough enantiornericalIy pure (SI-(+)-Lactic acid is 
readily available, the unaatiual enantiomer, (Rb(-), re- 
mlùns expensive- Enantiomericaiiy pure (RI-lactic acid can 
be prepared by D-lactate dehydrogenase catalyzed reduc- 
tion of pyni~ate,~' fermentation, or miaobiai desmiction 
of the S enamiorner." The resolution of lactate esters 
using PCL described in thb paper yields material of high 
enantiomeric purity and is inespensive and simple to carry 
out. .b enzyme-catalyzed resoIution of lactate esters has 
been reponed previoÜsly using an enzyme from a similar 
microorgani~m.~ 

The second example is an enaatioselective synthesis of 
(S)-(-~-l-acetoxy-2-cqTIohesen-l-one. a new cornpound that 
shodd also be useful for synthesis. The analogous 
1423-tert- butyldimethylsiioxy derivative has b e n  preparéd 
in six steps from quinic acid?' and ha9 been used for the 
synthesis of the cholesterol-Iowering drugs ML 236A and 
c~mpacr in .~  The procedure described betow for the 
acetate derivative is simpler. Since the analogou cycle 
pentenone, 4-acetolry-2-cydopenten-lane, bas been widely 
used in synthesis," the sir-membered andog shodd &O 
find many uses. 

A Survey of Enantioaelectivity for Esters of Sec- 
oudPry Alcohois. Pancreatic CE catnlyzed the hydrolysis 
of the acetates of the secondary aicohols üsted in Table 
L The measured values of enantiomeric ercess and per- 
cent conversion were used to calculate the enantioeelec- 
tivity, Es which indicntes the degree to which the enzyme 
p r e h  one enantiomer over the ~ t h e r . ~  Seved exampies 
hom the iiterature are &O included in Table 1. Chart 1 
indicates the structure of the fast-reacting enantiomer. 
The chan and tables are arrangeci so that the iarger group 
is aiways on the right side as predicted by the d e  in 
Figure lb. CE showed no eaaatioaeleaivity toward 10, but 
for the other 14 esamples the rule correctly predicts which 
mantiomer reacts faster. The overail accuracy of the d e  
for CE is 14 of 15 substrates or 93 % ; the single exception, 
the r e m  butyl ester of lactyl acetate, wiii be introduced anci 
discussed beiow. 

Enantioselectivity data for PCL was gathered h m  the 
iiterature (Table II). This l i s  inciudes al1 secondary 
aicohols prepared using Lipase P from h a n o  Pharma- 
ceu t id  Reactions using other lipases h m  Pseudomanas 
ieg. .UV K-lG, or SAM-ii) are not inciuded. Patent lit- 
eratute is &O not inciuded. The reaction conditions useù 
for the examples iisted in Tabh if indude both hyciroiyses 
in aqueoua solution as weU as transesterifications and 
esterüTcations in organic solvents. The structures of the 
substrates in Table ii indude acyclic secondary alcohois 
and cyclic secondary alcohob in rings ranging from four- 
to seven-membered. For 63 of the ô4 substrates. the nile 
in Figure L corremly predicta the fast-mcting enanthmer. 
The single exception. indicated by '(ent)" in the enan- 
tioaekctivity mlumn, was one of five substrates which 

(211 W-, c.-K; ~nuclthammt, D. G; sAA H. M J ~ A -  CG 
Soc. 1985,I07, 402û-iû31. 

(221 For cumplr Kobryrihi, T; Tudra. .M. &. Ind. 1)88,5,80(t 
8Q6; Cheh Abicr. 1989.110. 935061. 

(23) Sdimci. k Nmi T. k Si. C. J. Ttnohrbon k t .  iW. 29. 
4827--930. 

(24) Au& J. E; Bouvut. L Pa#ae -4. DG Vilklobor. & DiaLh- 
W. S. J. J. Og. Chem 19(19,51,3'i36-37.M. 

(25) ûuiiihraky, S. J; Simanmu. B. J. Am. Chm. Soc. 19iJ9,II 2, 
25992604. 

(26) Ham, 5k RLddatt P; WJsot.. R: Wintufeidt, E .4nge1. 
Chem, Inr. Gd. EngL 1- a. -2 
(2'7) Chen, C-4; Fu juooto. Y.; C b u k r ,  C; Sih, C. J. J. .4m C h  

Q6C. 1982 rar.719C-7299. 
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1 Ph.CH#b >Ml u 12 
1 n - w u ,  n-Go& - 12 a 13 
1 CH&N 29 b 13 
1 CH&OOEt -8 c 21 
1 1-(2.&dithiuir), L-(2.S-dithiolane), >6û d 

CHr 1-(26=dithh~). 21 
CHrl-(25-dithialsne) P 

1 CHrl(Zûdioranrl 3 d 24 
2 Ph >O0 a 25 
2 CH(N&Hs (threo, srytbm) >50 e 25 
3 CHcN&H,C&CH, ( e r y c b )  >50 e 26 
4 CH,Nl 2 e 27 
4 CH20SO& 25 f 30 
5 Q~-CH(CI~CH,COOE~ 50 8 30 
6 P G W P ~  >50 h 31 
6 Ph. CH&H#h, CHICHPh lSto>50 b 31 
8 Ph. S.+(MGO)~C& >5O i 33 
8 CHIOSO+ 24 f JS 
9 2-mphthyi, +BK&, +M.isOCJZ >M) i 47 
9 l-(3-bmm0-5-WuroIyl) 29 1 47 

IO Ph >O0 e rB 
10 a-C& 2 (am)  e 

Ph, CH#b CHICHIPh 

COOEt. OAc, CN, C& 
OH 
OAc 
COOEt 
OAc 

'Birnchi, D.; C d ,  P.; Eettistd, E. J. Or#. Chem. 1¶88,53.5531-5b31. Eathrifiation aitâ propionic anhydride in knzrnw Nhhio. T.; 
Kamimura M.; Munu M.; Tmo, Y.; Aehian. K. J. Riocham. Tokyo 198#,105,510-612 EnSrification with vinyl iœute, nert rolutia. 
'Itob. T; T W .  Y. Chem. Lett. 1989.15OblSOg. Hydmlyau of &rnethyithi+ or d-phsnylthimcetyl mm. 'Siyai. T.; Ohtr. H. Agnc. BioL 
Chrm. 19U9,53 ,~2010 .  Eaurification with vinyl butanorte. 65 OC. 4Birnchi, D.; Cesti, P.; Gobi, P .  Te tdcdran 1989. U. 869-876. 
'Fœlsche, E.; Hickel, A.; Hbnig. H.; Sufer-Wauerthil. P. J. Org. Chem. lm, S. 174s1753. Hydmiysis of butyratm. !Cùen. C.S.; Liu. 
Y.<. Tetrahedmn Ltrt. 1983.30.7 W~?l68. Tmnmtsrification of thb butyrate in hexant. aTnuboi S.: Sakamoto, J.; 3- T.; Ut&, M. 
C h m .  k t .  19119. I4n-1428. Hirohua, H.; Mimuda. S.; Ando. E.; Komaki, R In Biocotalyri, in ûrgunic Synrhtaes: Tmxnper, J, van der 
Pkr, H. C.. Linko, P., &: Elrsviex Amstardam, 1986, pp 114-1 34. * Hiritaka, J.; Inagaki. M.; Niihioka T.; Odd J. J. O g .  Chem. l9dB, S. 
6130-6133. Estarification *th Uopmpnyi muta kpropyl ether. 1 Di Aminia. -34.; De Micbeii. C.; Carrea. G.; Spezin, S. J. Org. Chcm. 
1989.54. ?g48-2850. Eiterincatiort witb aifluarostbyl onraarta in QI hewe/beotsns. 'YamiuLi, T.; lciiikawa. S.; Kituumr, T. J. 
Chrm Soc., Chem. Commun. 1989, 253-255. 'Suamune. H.; Minthus. Y.: Akita. H.; Oiahi. T.: Sakai, K. Chem. P h  Bufi. 1987, 36, 
31 12-3118. Akitr, H.; Enoki, Y.; Yamoda. H.; Oishi. T. Chem. P h a m .  Bu& 1989.37,2876--878. Hydrolyrin in water-aanuatEd knrsnr. 
anynu w immobiüzeà M Ceiite. 'Xie. 2-P.; Sucmune. H.; Sakai. K. J. Chem. Soc., Chem. Conwnun. 1987,838-839. Xie. 2-F.; Susmuna, 
K.: Nakamura, I; S h i ,  K Chcm. Phann. Bull. 1987,35,J4M-U39. Xe.  2-F.; Nakamura, i.; Suemuna H.: Yalrai, K. 3. Chem. Soc., Chem 
fhnmun. 1988, 966-967. OHdnig. H.; Seufar-Wamnhal, P.; FOldp, P. J. Chem. Sac.. Perkin Tmnr. 1 1989, 23414S.  Hydrolyria of 
butynte oscar. PWas&ursn, P.; Crabe, H.; Kisriich, K.; Wintarfeldf E. Tetrohedmn Lett. 1989,30,377-3778. *?Se. %P.; Suemune. H; 
Wai, K. Tetrhedton: zlryrnrnrty 1990,1,39bJO2 'Kiernpiet. N.; Faber. K.; Gritngl, H. Synthau 1989,933-934. Osch- A; &dan, 
P.; Wbd, J. K.; hwrena. R M .  Org. Synth. 1990,69.1-9. 'Caron, G.; Kazhusker. R. J., wpubiished muits. *Surmuna, H; tIizulu. 
M.; K.muhita T; SiLu, K Chem. P h m .  Buil. t989,37,1374-1381. ' Hœbino. O.: Itob. K.; Urnsuwa, B.; âkit., H.; Oirhi. T. Tetrolic- 
dmn k t t .  1988, W, Sô7-668. 

from Meito Sangyo (Lipase MY or OF-380); however, ex- 
amplea where the absolute coaFiation of the pmduct 
ia unartlin were not inci~deci,~ nor were examples h m  
patenta. The reaction conditions again include both hy- 
drolysas in aqueoue solution as wcll as eansesterifications 
and asterifications in organic mlvents. 
For acyclic subatrates of CRL the rult in Figure 1 d m  

not mliably pmdict which enantiamer reacta faater. M y  
for about half, 14 of the 31 acyciic subatrates, is the 
h-rsiming enantiomer predicted comctly; this pro- 
portion ia cioee to that # for randorn guesaes. A 
h e  fraction of the acyclic substratea (12 of 31) showed 
low enantioselectivity, E s 3. Thus, the d e  ia not useful 
for acyclic subatrates of CRL Genoralizatiom about thia 
ruh givm M o w  do mt mclude acyclic subatratas of CRL, 
but do include acyclic subatrate of CE and PCL 

For cyclic s u h t e a  of CRL the d e  rcüably predicto 
which enmtiomew reacts faam. These subratea include 
aacondary aicohob m fora- to eight--mcmheird riqp es w d  
aa stcondary aicohob in bicyciic substrata. The rule 
pndicts c o d y  for 51 of tbe 55 substrates when CRL 
waa anantiarislsctive, aa nccuracy of 99 % . Thtee u c c g  
tiom, indiataci by %nt)" an befon, won among the 13 
cyciic subtratea which showcd low enantioseiectivity, E 

5 3; one exception, 22, showed modenits enantidcctinty, 
E = 

Thus, the nh p d c t s  which enantiomv of a 9acondary 
aicohol reacui faste? for 293% of both the cy&c and 
acyJic subetcatea of CE and PCL and the cyciic subetratcs 
of CRI, None of the subetratea that react contrary to the 
mle show enanticmelectivity greater than eight and 
therefore none of the exceptions are synthetically ussful. 

This generaiization impiies that a substrate àaving 
substituenia which differ signincaatly in &e shouid ba 
nsolwd with higher enantimlectivity t h  a subtrats 
whem the two subaituenta ars similar in siza. The data 
ic Tables 1-III suggests that thb genedization ia vaiid; 
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L8 
5 
'3 
l2 
18 
2 ( m t )  
8 (ear) 
12 (ant) 
1.3 (eat) 
2 
13 
2 
>60 (ant) 
>a ienc) - 18 (mt) 
6 
-3 (out) 
>60 (sat)  
3 4  
1.3 (eat) 
1.2-21 (ant) 
>M) (end 
6.5 
17 
>a 
l.2 (eat) 
1.4 
B (mt) 
>60 
>60 
40 to >40 
2 1 (ent) 
24 
20 

'Cllabou. B.; Klt'hpov, A AH. Biotechnol, Bioeng. 198J.26,1449-1464. 'Csrfach. D.; .HiawL C.: S h i e r ,  P. 2. L e b m m .  Unten. Fonch. 
1988.186,31$318. EasriAcation with n-Clt&COOH in hepuns. CDrusckhuamer, D. C.; &bu, C. F.. Ilk N d .  K.; Won(, C.-H, J. 
Org. Chrm. 1388,53,1BM-1611. 'Wang, Y.-PJ Ldonde. J. J.; Moman~.n.  34.; Beqbmitet, D. E; Wong, C.-H- J. Am. Chrm Soc. 1988.1 f 0. 
?ZOO-7205. Acetyiatian with vinyl acetate. oFodde. E. Hickd, rl, Hanig, H.: Seufer-Wu#nh.i, P. J. Org. Chem. 1990.55, 1749-1753, 
Hydrolysis ot butyntm. fBevinalani, H. S.; Burerji, A. A; Xewadiur. R V. J. Org. Chrm. 1989.54, 1153-1M. Bevinrkrni. H. 9.; 
Neurdlur, R V. Biotethnol. Lett. 1989. 11,745-788. Transarsrif?cation with 1-butaaol in iwpmpyl ether. g H i m & r a ,  H,: .Mi& S.; 
.Indo. E;-KomJri, R In Biocacalygia in Organic Synhis;  Tnmper, J., van dar Ph, H. C., Linko, P., E6.; Ehvisr: hnsterdua. 19% 
U s 1 3 4  hBucchU,  &2; Foni, A; Momtti, I; h t i ,  F.; T o m ,  G.; Rbwti. G.; Bnvo. P. Tenotrrdmn 1989,#, 7506-3514. ' Kiuzu~~e. T; 
Lin, J. T.; Ynmudci. T. J. FbFtwrinr Chem. 1989,U. 177-187. ' Y a m d i  T.: Icbiium, S.; Kitamma, T. J. Chem Soe.. Chrm. commrma 
1989, 253-255. 'fiu, H.; Enold, Y.; Yam&, H.; O W  T. Chem. P h m  Bull. 1989, 37, 28764%. Hydmiysir in a n m ~ s r w r ~  
h n e ,  myme wai inrmobilitrd on Celita. [Chen, C.-S.; L iu  Y.C. Tetrahedron Lrct. 1989,30, 71-7l68. "kanr~rification of rh. 
butynu astar in hrxnnr. *Cornrill. I. C.; Pinch. K; Rcynoldr, D. P.: h k m ,  S. M; Rsspa, H. S.: Shorr, K. M.; A 211.2.; Wallir, C. J.; 
W i i  D. J. J. Chrm. Soc., Chrm. Commun. 1988.470472. "CoMlill. L C.; MacFarlme, E. L A.; Robe-, S, M. J. Chrm. Sac,, Perkin 
Traru. 1 1988,3387-3389. Hhig, EC; Sau€er-Wworrh.l, P.; FQIbp. F. 3. Chm. Soc., Perkin now. 1 1989,2341-2346. Fabu, K; H m ,  
H.; Seufar-Wmadml. P.  Tetrahedron Lett. 19U8, 29. 1903-1904. Hydmlydr of butyrate rwr. PKlmpier, N.; Fabrr. h; Griegl, H, 
S y h s i a  L989, 933-934. 'Legrend, G.; Secchi .U; Bwno, G.; Buatti. J.; Trhuphyiidm. C. Teuohcbn Lett. 1986,215, lls57-fes0, 
Eaurifiatioa ia harrru ar hepunm with n-C,&COOH. 'Cmn, G.; WukPII. R J., unpubbhd d t a .  ' Kahino, S.: 90a0m0to. K; 
' haah  A; Fukui, S J. BioraduroL 1986,2,47-57. EatariAcrdon aith &phanyipentlooic add in mu?-mtwated iroocuac tUritrpi, T.; 
Y d t c  K. m e .  Biol. Chrm. 19W. 44, ,XU?-2812 *PmW J. L; Bafihtald. C. A. J, Or#. Chem 1987,52,I?86--lTtl. Hpdrolyrir of 
butynu rtar. Dumartr'er, t; Van der Eyeha J.; Vmdowds. M. Tenohrdmn Lett. 1989,3[),3201-3201. "Harhino, 0.: Itoh, K: Urn+ 
urn. B.; cUtitr. ?i.; Oirhi, T Tetmhedton Lett. lU18,29.367-66$. HydrolysL in anur-srwrted irooetmr. 'Parrum, A. J; Lai, Y.S.; Lu, 
W.; Pialtsrcon, A. A. J. Oq. C h m .  1989, 54,3882-3893. JEicbbaqpr. G.: Penn, C.; Paber, EC; G r i d  K. Tetrahedron Lett. I N ,  27, 
W3-28U. Obwhrrtrsr, T.; Bodentaich. LM; Fabar, K.; Paxm, G.; GrbqL  H. T~tmhrdron LOd7,13.3931-W. S d ,  R: Faber, K; Pa~n, C.; 
GrhngL H .  Trtmhrbon lW,CI, 38+392 K&&akger, K; Fcbu. K; Mmcbr. C.; Pun, G.; Baum~utau, P.; GrierUi, EL Tetmhrdron 
19d),#~673-680. aSonomoto, K; Tarukr. A AM. N. Y. Acad Sci. l W ,  542, S239. fimification with 5-phanylpmrmoic acid in 
mur-uturaud iroaclloc -b, Y; Auzai, M; Sutoh. l% Namun. K.; Chihmauu. H. Chrm. Lett. 1199,193W942 Numum, K; 
bun, T; Kcxmtsu W, Hiram* Y.; CbiL.rryuu. H. 3. C h  Soc., Chm Commun. t988,23+241. 

conversion. Accurare detsrmination of the enautiaasiec- 
tivity wus complicated by competing hydrolysis of the 
methyl m r  which accounted for 5540% of the diaap 
psarance of the stardng mnterial. The tert-butpl eater of 
law acamte, R = rert-butyl, s t i l l  showed low enantiam 
k i v i t y  with CE and CIU, but s h o d  d t  enan- 
tirraiEcrivieMPCLE> 50. Thekkafanyincrma 
in ~~ for CRL is not surprising because the 
rule in not teliable for acyclic subseates of CRL Tho 
unrpsctsd d t  was that the amnti-vity of CE 
~oppositaoftkatpndietsdbythenria Thereamnk 
thiaraoanalhnatkTl~tbisisths&stsubstnuaofCE 
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Table IV. Emantiowlactivity of tbs Eydrolyair of Eatam of k t y l  A m  
methyl emr ten-bury1 am 

enzyme rat@ C %ed (R/SId raw % C b  % &  ( R / W  G 
CE 0.18 42 8 R 0.08 32 a1 s 3 
CRL 0.30 49 32 R 0.01 40 26 R 4.1 
P C t  0.3 1 40 24 R 0.35 50 89 R 5 1 
P C y  0.35 47 >9Br R X O O  

'Initid activity of h e  enzyme in unira/mg solid. Units = umol of mtcr hydrolyrsdlmin 'The convmion refers to tha amount of SUR& 
mawrid comumed. Thir value WM deunnined by 'H NMR aftrr annction of the nsrctioa mi.nue with ethyl ether. Emtiomeric m a r  
of the ncovand s t u t i n g  mterial arm determind by 'H NMR in tho pneann of Eu(hf'd3. dThe abroiuts conf i i t ior ,  of the p n f e d  
~ d o m e r  wm determind from the mution of the recoverad starty materid R-(-1, I t 4  S.; Kuri Y: Ziffer, H.; Silverma. J. V. Can J. 
Chem 1987,S. 574-582. 'EmtioaeIectivity. we ref !27 for detuk. Hydmlyru of srtsls of Irctyl butyrato. 8EncDtiomeric excam of thr 
product 

that does not fit the rule in Figure 1. Even with this 
exception, the accuracy of the rule remains high: 14/15 
subatretea, 93%. The increase in enantioaelectivity with 
PCL b consiattnt with the rule: indeed another lipase from 
Pseudomoms sp. (lipase K-I0 from Amano) hae been re- 
potted to show excellent enantioseloctivity when R = 
tert-butyLP Thus, increasing the size of the B group in 
Scheme I reaulted in a substrate which was more efficiently 
nsoIvcd. 

A preparative-scale mlution of tert-butyl lactate was 
carried out using the butyrats instead of the acetate to 
simplify separation of the product alcohol and unreacted 
butyratc by fractional distillation. Thh change from 
acetate to butyrate also resulted in a further increase in 
enantioaelectivity of PCL to >W. Hydrolysis of racemk 
tert-butyl ester of lactyl butyrate (50 g) yielded the un- 
natural snantiomer, (R)-(+)-tert-butyl lnctate (84 g), with 
>98% ee after distilhion. 

Earathlsctive Syathsris of (S)-(-)-4-Acetoxy-2- 
cyclohexsn- 1-om ('10). The &vc-membered 4-acetory- 
Z-cyclopenten-Isue is a usefd chid atarting materiai that 
can be prepared by an enzyme-cstalyzed hydrolysi~.~ 
Acetyicholincatsrase seicctivdy hydrolyzes the R acetate 
in cis-l,~cotory-2-cyc1opcntene and the resulting 014 
finic alcohol is oxidized to the enone. A .  attempt to 
prepua the correapondiq sir-rnembemd compound by an 
analogous enzyme-catalyzed synthesis was not successEul 
because the acetate wae removed with ody low to mod- 
erate aeiectivity (0-72s ee, Scheme If, Table V). 

The rule s w t a  a m b l e  rsason for thin dmcuity. 
In the cyclopantene case, the subatituenta at the 
star-ter-CH2CHOAc aad CH4H--differ in size 
and a n  be disthguihed by the enzyme; however, in the 
cyclohcxene cme, the subrtituents-CH-CH and 
c H 2 c H , - a r e t m ~ i n a i z s t o b e ~ b y t h e  
enzyme. To increase the aalactivity, bmmint was added 
acrm the double bond of 64 to incnase the difference in 
size of the aubtituaatr (Scheme III). 

The bighmt yialdil for tke addition of bromine UI 61 were 
obtained uaing reaction conditions that favor fns radical 
htsrmediates (ad -78 OC, hv), Addition of bmmine 

Table V. h d o r r & c t i v e  H~dmlvrt of 
J.- t , c ~ ~ r ~ r c ~ r c ~ o b r u ~ ~ ~ i r i ~ a t i ~ ~  

enzyme' subswau rnub product %ceC 
CE 64 0.6 6s 32 
CRL 
PCL 
PLE 
ACE 
MML 
CE 
CRL 
PLE 
PCL 
ACE 
.mu 
*ACE - emrylcholinestenra from eiecvic eel. MML = lipma 

from Mucor mihei. b I n i ~  activity of the enzyme in unim/mg 
d id .  Unit = -01 oi entar hydmlyzed/rnin. ' Detannined by 
NMR in the presence of E ~ l h f c ) ~  For the hydroiynia of (*)-66. the 
enantiomeric purity was dotarmined for both 67 md 68 after sop- 
arntion by h h  cfuomnrolpaphy. The 'H NMR s- for the 
acetyl methyl p u p  of the taro ennutiomen of 67 or of 68 ua w p  
meed by 0.4 ppm in the pmaence of appmximtely 13 equiv of 
Eu(hfcl3. With thb e x c a h t  mpuatim even 1.5 mol % of tha 
other anmtiorner can be detected u ahom by a delibeme addi- 
tion of racemate ta m enmtiomaridy pure d ~ p l e .  *Ia m i ~ /  
mg pmuh 'For 67. 'The ratio of isohtad 68:61:diol wan u p  
proumrtdy [:49 aftar 0.9 equiv of baw had been coaaumad. For 
68. &After 0.7 aquiv of hre hrd beea consumd, the mnjor prod- 
uct am dioL Only tram of 6U wars observed. 

under conditions which favor ionic htermediatea (polar 
sohrenta, &irk) fesaltedin a mixture of pmducts which may 
have resulted &om intramolecular attack of an acetate on 
the bramonium ian intumediatu. The addition of bromine 
to 64 yielded the tramdibromide, 66, identified h m  
coupling constant of 9.3 Hz for the 'H NMR sipn.la for 
the h y d m g c ~  at CHBI (6 4.36,4.27), indicating pn axi- 
af-axial ammgemenfn For the cis-drimide a coupling 
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Sckiae IV. EIydro~jnfi o f  Bacainie 66 CarJyxed by PCL 

amtant of 2-3 Hz would bs erpsctsd This tiitris addition 
of bromine convertad, 64, a meso cornpouad, into a pair 
of eaantiomen, (f 1-06. The d e  predicts selective hy- 
dm1yaia of the R acétate in bath emmtiomers yieiding the 
tan, enentiomerically pure ciiaatemmsrs: 67 and 6û. Note 
that th taio R acctatas that am predicted to be hydroIyzcd 
ais dikstereotopic: one R aceute ia cia to an adjacent 
bromine wheruis the other R acetate is tntns. 

With CE, CRL, or PLE as cataiysta, the hydrolysia of 
(f 1-66 dowed and stopped after half of the acetatss had 
ban hydrolyzed. Analysin of the d o n  mixture by TLC 
ahowed no te- starting rnatuial, aqud amounta of 
67 and 118, and tracm of di01 which nadtsd h m  hydmlyais 
of both acxûitu. The two ptoducts mm enantiomeriÉally 
pure an shom by 'H NMR in the pmence of EuEhf~)~ 
(Table W. The oppmite sign of rotation of ( + ) m g 7  and 
(-1-68 is pmumebly mused by the differing orientation 
of the adjacent bromine. mus, for these three enzymes 
the hydrolyab of (A)-66 proacded as prsdicted by the de. 

Whsn PCL wan uwd aa the cstdysî, the reaction did not 
slow appraciably afttr haif of the acettatea had been hy- 
drolyzcd. The producta isolatcd h m  a reaction stoppeci 
after hall of the acetates had been hydrolyztà were un- 
reacfsd starting materiai, (+)-67 hvhg low enana'omeric 
umm, a s m d  smount of 68, and a small amount of dioi. 
Several other enzymes wera also screened as possible 
catalysts, Table V. MML and A m  d m w d  teaulîa s i n d r  
to PCL. Formation of theaa producta can be accounted 
for by the different rcactioas o f  the two enamiornera of 
66 an s h o w  in Scheme IV. For (LS,JR)-66, removal of 
the R acetata is p r e d i d  by the rule. This acetate W aIso 
the more chernically reactive one because it is oriented 
tram to the adjacent bromine. Hydro1ynin occura aa pn- 
dictecl and yields (+)-67. For the other enantiomer, 
(IR,4&66, rernovd of the R amtate is a h  predictbd by 
the da; howavsr, this acewta in the lesa chemically ce- 
active one becausa it  ia orientmi c h  to the adjacent bro- 
mine. Hydrolyaia of both lrcstatsa ia oksnnd: hydrolyais 
of the R acetate yielda (-1-68, hydrolysia of the S acetate 
yic1dn (4-67. This k product amunta for the Iow en- 
antiomeric excesa of the isoIated 67. Hydrolysis of both 
acctrtss yislds the dioL Thus, the d e  ouiy @y accou~lts 
for the PCL-catalyzed hydrolysis of (49-66 due to the 
diffuances in chemicai reactivity of the acstates causad 
by the diftering onentitian of the adjacent bmmiaa. The 
niIa in Figura 1 ia too simple to include such efftcte. 

~tbethnss~ymmwtlîchshowbdm~taalsctitlity, 
CRL wan chonen for the p n p u i t i m d  mction beaiuw 
it ia the le- expeaaive on a unit bah. Hydrolysis of 
g of (*)a catdyzed by CRL yidded 20 g of cnantiom- 
aricdypnr (+)61and(-)BBin82% yieddaaaicrystriliii4 
dicists~~)mars. To complete th4 synthesia of 70, the b m  
mines were removeci uirq Pac d u t  (82-905 yidd) and 
the reaulting olefinic daihoi wam oridized to the anone, 
70, witb chromium trioride/pyridine f 84% yidd). Otàer 

metboda of oxidation aithar gave Lower yielda (Mn03 62%) 
or gave side producta ( S m ,  PCC/NaOAc, DMSQ/A@, 
DMSO/AqO/py/CF3COOH). 
The enantiamaric pinity of 70 was 98% as ahown by 'H 

and 19F NMR of the Mosber's ester derivative. This de- 
rivative waa prepareà by ternomi of ths acetyl gmup either 
by CRL-catalyzdd or base- promoted hydrolysis foliowed 
by reaction with the acid doride as shom in M e m e  V. 
.Ss a controt, a racemic sample of 70 wae a h  hydrolyzed 
ueing CRL and derivatid with the Moaher's acid chlo- 
ride." For the racemic sample, the diasteieomem could 
be àistioguished by 'H NMR (taro weU-separateci multi- 
pista for the proton at the carbinol carbon centetrad at 6 
6.85) or by LOF NMR (two multipleta centered at 6 -71.95). 
The ester denved from enantiomerically pure 70 showed - 1% of the minor diastareorner by either method corre- 
sponding to 98% ee. Deiiberate addition of material de- 
rived h m  raœmic 70 mdkmed that the smnrl pealra were 
due to the other diastereomer. 

Determination of the AblOl~ta Configuration of 70. 
The abeolute configuration of 70 WM estabüahed to ba 
(Sb(-) using the exiton chirality r n e t h ~ d . ~ ~  The acetyl 
group of 70 was taplaceci atirh a hnzoyi group as showa 
in Scherne V. The acetyl group wns removed by an en- 
zyme-catalyzed hydroly~ia~~ and the product dcohol waa 
treated with benzoy1 doride.  The circuiPr dichroiam 
spectnim of the multing banmate showed a spiit Cotton 
effect, negativs at 227 nm (At -5.7) and positive at 192 
nm (Pr 3 +4.0). Thia splittîng bdicatea a left-handeci 
screw sense betweezl the bnzoate and the enone c h -  
mophores, ie. S. This asaignment of absolute m n f ~ t i o n  
is consistent with the expe-Tted enanticmeiectivity of the 
three enzymeci and with previoua aanignmenta for a cy- 
clopentenonea and a substituted ~ydohexenone.~ 

The major advantage of tbis d e  is ita simplicity. It b 
straightforward to use and corraletes a iarge amount of 
expsrimentai data because it applies to a wide range of 
subutrates. It fiather suggesta a stratcgy for impmbg the 
a&ciency of reaolutioas: to increaae the ciifference in size 
of the substituenu at the stsrtocenter. Two tests of thia 
strategy were s u c c ~  becaw an efficiently remiveci 
substrate/enzyme combination was found for both mm- 
ples. The strategy of adding a large group to one side of 
a molccule rmultsd in a subatrate that wae afficieatiy 



rasolveà by a leaiit one of the anzymea. Thus, screeaing 
a subatrat6 with a large group aa one of the substituenu 
at t&e stemocenter appcsara to be mois reliubie than 
m n i n g  a subatrate having subetitucnta of similar size 
at the stbmcentsr. 

The major disadvantage of this d e  ia that it d o e ~  not 
account for subtlstiw in the seiectivitiea of th- enzymes. 
For example, it d m  not rationah why only PCL and not 
t h  other two enymea showed increased enaatioaeIcctivity 
for the tort-butyl estu of lrsctyl e m t s  an compaml to the 
mtthyl utet. The d e  a h  dom not predict the effect of 
additional stereocentars, for ~ . a m p k  the ch va tram or- 
iented bmmine at Cz of 66. The ~ ~ t i v i t y  of Pn to thia 
otientation renderd this enzyme unnuitable for the 
preparatioa of 70, whetam the other two euzymes which 
were not sensitive to thb orientation were suitable. 

In spite of thh d ~ ~ ~ e ,  a general d e  such es that 
propased in F i p e  t may be the most remonable way to 
describe the active site of thme enzymes. Stnrmural data 
suggeata that large cunfotmational changes are required 
bsfore the subatrate cm bind to the active site in pan- 
creatic Lipase and lipase h m  Mucor meihei3 Due ta this 
aexibility it mey never be W b 1 0  to defins an exact sizs 
and shapa fot the subatrate binding region of lipasea be- 
cause thia region may change for each subetrate. Con- 
sintent with thia notion am repom that the enantioaelec- 
tivity and conformation of CRL change upon treatment 
with bile sai t  and organic solventa or with dextrome 
th~rphan.~ 

A second rrnaon to use a generai ruie ie that these en- 
zymes may not be homogenaous. Sequencing of the gene 
for CRL showd mveral nonidenticai DNA sequonces 
which code for this enzyme," thus it is iikely that the 
cornmcrcial enzymes are a mixture of isozymes. The en- 
mtiwelbmivities of isortyme~ of PLE were simitar, but not 
identida a simiiar situation may hold for the -1902ymes 
of CRL. This betemgeneity may frustrate attempta CO 
p h l y  define the size and shapa of the active site, thue 
a gentrd d e  may b the m m  accurate way of describing 
the commercial catdyst. 

A third reanon for usine tuiea and modela is chat even 
when the X-my crystai structure of an enzyme is known, 
maida us oftan d ta prcàict enmtir#alactivity becaw 
they are simplet to use. For example, a high resolution 
X-ray uyatal structure has bwn deteminad for alcohol 
dehydtogenase h m  horse iiver, yet a cubic space mode1 
is u a d y  d ta picdim ita enantidectivity." Furthsi, 
it remaina dinicult to pradict which binding interactions 
us m m  important in an enqme-subreate romplex, thus 
it may remain difficult to p d c t  enantioselectivity for an 
untsstsd nibotrate aven whan the X-ray cryital structure 
ia known. For arample, the origin of the high seicctivity 
for tranifer of the p m 4 S  hydrogen of NADH catalyzed 
by lactate dehydrogena~t (> 109 1) ie dificuit to explain 
h m  the known crystal stn~cture.~ Th- nilm and 
modab may be UWd, dong with X-my crysrai atructuna 
and molccuIar modeling, to detumine whicb intenctionn 
are mmt important in det6imining the mmtime~ectivity 
of thma enzyma. 
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Esperimentd Section 
&merai. Chdmtsrol atvaw (bovinr, 0.2 tmitm/mg ldid with 

O * l M c h o l c s a o l r r a t a t s i n & ~ a t b Q m ~ ) a r p n c h r d  
h m  Cenzyme Corp, Boaton, ,Mk Li- h m  C. n<gaw b1754, 
0 2  uaiui/mg soiid h g  olive oib. parcine üwr ssbmae (E-31. 
240 uaiu/mg protain uiiag ethyi butyram), and aestyi ctioln- - (- d, C-3389.28 uniPI/- solid anth & ckrlinri) 
wem putcbaaed [rom Sigma Chamical Ca, St Lwk, MO. Li- 
from P. cepacia (lipase P30,O.W unitr/mg sotid - olive 02) 
and iipiss from M. mrihei (iipeae MAP-10,O.(M unita/nqj solid 
Using~liveoü~~puichaicdfrom~kirarnrtionileasymr 
Co., Troy, VL Activaced MnOt (Aldrich) au heatsd at 120 O C  

for 24 h before use. Zinc duit (60 0) wm actiwted by e tk ing  
for 1 min with 2% aqwoui HCI. The duit w u  c o i k t 4  by 
vacuum fdtration and &ad with 120 mL of the foilowing: 1 
X 2% HCI, 2 x 95% ehnol ,  1 x anhydrou ethyi ether. Els- 
mental anaiywr wem dom by Guefph Labonuirisr, ON. 

EbrgPabCIriiyd Hydmly#. A rnpidly stirrsd suspsnrim 
of subatrate (1 mmoi) in phosphate buffer (10 mM, 10 mL1 
concabhg enzyme (0.2-50 mg) WM maintained at pH 7.0 by 
automatic titntion arith NaOH (0.1 N) us* a Radiomater RTS 
822 pHetet. Crystolline subsvatc~ were fvst dierolved in ethyl 
ether (10 mL). Sodium caurochoiate (30 mg) WM added to hy- 
drolyws arbre CE war ued am the cataiyat. Tâe nt4 of con- 
sumption of sodium hydmride over rhe fket 5% of the -on 
wm uscd to dcuiate the initiai mtea htbd in Tabler I. iV, and 
V. The naction wm stoppeà after the coaiumption of bus 
indicami MI conmion anù the mixtum waa artnctcd fou 
timea with ethyl acetate. The combind extracta were wssbed 
with saturatd aqueous sodium bicarbonate, witer, and brins, 
drid over mapabium aulfate, and concentrateà. The rmrtiq 
ester and aicohol won scpurtad by fleih chromitugmphy, and 
the 6aantiornen'c purity m determinad. 

Detednatiao of Emuitioinrdc PIvity by Gu Chmma- 
tgriphy.  A!cohol(J IL), Uopropyl i~ocyyiate (300 L I .  and 
dichioromethane (300 A) w m  k t e d  at 100 O C  for I.5 h h a 
tightiy m d d  g h  v a .  The cornpleunesr of the reactian w u  
checkcd by TLC. Solvent and srccsi rengent wem evaponbd 
in a ~tnam of nitlogen, and t h  midue was dilutad to 1 mL witâ 
dichloromethane and a n a i d  by p a  chmmatognphy an 
XEGO-(S)-valiri~~S)-~-pheny1cthyI.mide capiIiuy coiumn. 

h n a i n a t i o a  o f  Eairntiomeric Purfty by NMB A 
5-mg Mrnplr of the a w r  waa dholvcd Ui 0.6 mL of CDCIS J an 
NMR tube, and the W NMR ip6cuuni WM obtweà urrnq e 
Varia S 2 û û  ANMR apsarometer. Solid t r l ( ( 3 - h e p ~ u o ~  
pmpylhydmrymerhyiacis)-(+)irmphorau,~europium~fm, Eu- 
(Md3, was edded in four port i~~b,  and the spccoi mm obtriaed. 
A m a i  of mon thaq 1.3 quiv of shift magent waa addd to each 
samplc. 

Acetyl bterr, Two to thns equivaiants of aestyl chloride 
w u  added dropwiso to a atinad roiution of aiwhoi in pyridine. 
S i id  alcohols m m  d b l v e d  in a mixnub of &y1 ether aad 
pyridint. Antyiation WIUI cornpiste after IO min to 2 h ma rhorm 
by TLC. The reaction mixture waa Wed frpifrPicm with 10% 
J o d i m b ~ a n d o n œ w i t h w a ~ .  Voatyowlryarformd 
upon w d b g ,  the pmduct wm extmctd into etber. The arginic 
layes war dned with ~ ~ i u m  sdfak and concanerteai by 
mtuymporarion Thsatsrsaara puri6aâeitk bydiduion  
or by fkih chrometgnphy. 

~ * k I r t y l - w e ~ r a p M d r i r i a S ~ l i t a a a P a ~ f  
but subrtitutiq toiuene for bsnssne. A mixture of mxmic LCflE 
acid (120 mL of=% purity, 1.1 moi), pliriii aceticrid (Mû mt, 
IL2 mol). talume (BO r d ) ,  and concd aJf ia ic  acid (0.10 mi,) w u  
nfiued with the continuoua m m 0 4  of dirtillru 6 t h  a Ikut- 
Shrk m p  until a 'H NMR spctm of the dUtillite a b o d  tht 
no more wamr ru premnt. ApproPmrteiy 1 L oî wlution wua 
removeà during 40 k =tic acid (-600 mL) and tolu- (-100 
mL)wanmodicJlyadddtotharsrrioatonpLcauiutwm 
mmoosd The d o n  miaM aru mutriluad with d u m  
acutat4 (1.6 g) and distiiied imdar vacuum yieiding 86 g (69 b 1: 
bp 3S37 O C  (0.2 Torr) [litQ bp 127 'C (11 Ton)]; 'H NMR 
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{CDCIS, 200 MHz) d 10.6 (a, 1). 5.10 (q, 1, J = 7.1 fi), 214 (8,  
31, 1.53 (d, 3, (1 = 7.1 Hz). 

(*)-Mathyl b r  of  k t y l  Aceute. A suspanaion of po- 
taaium mmthoàde (3.6 p, 51 -01) in dry eîhyl ethar (lûû nd,) 
e ~ p t d h g  (+)-2-aattorypiopionyi chloridey (7.3 g, 50 mmol) mm 
s t i n a d  for 72 b The remion mixture au a u h d  tvicm 6th 
mtrpired sodium bicubomtt aalutioa, the orginic hyer au 
mUected, and the aqueow p h  w a i  extracted with erhar (2 % 
md).  Them@hmaisrsQisdœith- 
mgamium a d a b ,  amcenmtd by rotary evapuration, and 
dbtilled, &hg 1.0 g (22%): bp 6 M 4  O C  ( 5 4  Ton) (ka bp 
ô4 OC'(9.8 Torr)]; lH NMR (am% 80 MHz) d 4.8 (q, 1. J = 7 Hz), 
3.5 (r 31, 1.8 (a, 31, 1.2 (d, 3, J = 7 Hz). 

(Il-tue-Butyl b a r  of Lctyl Acetr8e. A t w o - p h  
mixture of (*)-lrtyi amtata (66 g, 0.5 mol), l i q d d  isobutyiane 
(120 mL, 1.5 mol), ethyl ether (85 mL), and concd sulfunc acid 
(4 mL) in r 500.d preamure bottle WM d e d  with a rubber 
stopper wimd wcurely üke the cork of a chiunpagne bottle and 
s t i m d  for 7 b i t  mom tampenture undi r aingle phase forrnsd. 
Thebo#bwmcfiillcd in an Wtwawrblthordryiceeœtans 
hth and opened, lad the concanto were rlowly idded ta a srt- 
umtd phapiute M e r  (300 mL, pH 7). The pH of the buffer 
w u  miintriad ktwen  7 and 8 throtqhout the addition with 
a macd d u m  hymxide mlution. 'T'ha cwibinsd ether erascts 
wem diid over anhydrata potamium aubonita and oIhrsd into 
a round-bottomeci h k  that had been waahed with a d u m  
hydrorida solution and iinwd with anter to etinirs the rrmaorl 
OP tncb acid. The ethar rnd exceaa Wbutyiene anara mpamted 
under vacuum and the multing clear. slîgbtly yallow oil TM 
distillecl giving 81 g (û6%): bp 9&100 O C  (-1 Torr); 'H MAR 
(cDCl,, 200 MHz) 6 4.64 (q, 1. J = 7.1 Hz), 1.81 (S. 31, 1.21 (6, 
9),l.18 (d, 3, J = 7.1 Hz); 'SC NMR (CDCI9, 75.4 MHz) 6 189.4. 
169.3 (C-O), 8L.O (C(CH5)5), ô8.5 (CH), 27.3 (C(CH&, 20.0 
(CH3C-O), 16.3 (CH3CH). 

(a)-ter#-Butyl W r  of LIctyl Butymta B-i chIoride 
(244 mL, 236 mol) WM added dropwim ta rtimd hctic acid (125 
g of 85% purity, 1.18 mol). After eddition waa cornpiece, the 
mirtursuurtYrrdavwaightatroorntempaiattm. A'HNMR 
spactnun of the reactioa mixttm indicated no rsmaining lnctic 
acid, Exam butyryl chloride and b-c acid were mwad by 
vacuum didiarion Ieiving crude lactyl butycate, 166 g (82% 1. 
A portion of thh matsrid (125 g, 0.78 mol) waa treatad with 
hbucyhe (187 mL, 234 mol) ri d d b e d  abow for the amma 
derbative. Didation yidded 51 g (36%): bp 94 O C  (-2 Torr); 
'H NMR (CilCl,, 200 MHz) 6 4.95 (q, 1, J = 7 Hz), 335 (t, 2, J 
- 7  Hz), 1.68(m, 2). 1.45 (s + d  9+3),0.95 (t.3, J - 7  Hz): 
NMR (CDCl, 75.4 Wh) J 173.6.170.7 (CIO), 82.2 (C(CH&, 
69.2 (CH), al (OC(O)mJ, 28.1 ~ C ~ ~ ~ ,  185 ( O C ( O ) ~ ,  
17.1 (C&CH). 13.8 (CH&HsCH& 

( R ) - ( + ) - ~ - B u t r l  hctak .  A suapeusion of mcemic tert- 
buS atm d ketyl bu- (M) g, 0.23 mol) in pbaphatb M e r  
(100 mL, 0.1 M. pH 7.0) conminhg PCL (1.0 g) wrci s t h d  at 
nom bmpamture. The pH miirrtiinsd bhsaau 6.9 and 7.1 
by rutomtic addition of NIOH (0.5 M). A h  22 h. 215 mL of 
brirhdbsinuddai,~479Ccowanion. msupngon 
~ ~ t i ~ ~ u d w i t h ~ e h l a i d s d ~ w i t h s t h y i ~  
(4X75ûmL). T h e ~ h i m d ~ r r a p h d r M d c n m r ~ u m  
s u l f i u  and coacentnted by mtuy evapontion to yield an oil, 
42 g. Dutillrtion yieidd (R)-(+)-tan-butyl hctmte, 6.4 g (38% 
of thnvstiai yidd): bp 51-64 OC (4 Ton). @ta bp -7 O C  

(9 Ton)); oii which mlidiua, mp s37.5 OC; [alD - +7.98 (e 1.7 
CH- [LitY [ u ] ~ ~  +9.48 (mt, 1 111; 'H NMR (CDCI* #IO 

d 4.62 (q, 1, J = 7 Hz), 29 (a, br), 1.48 (s,9), 1.38 (d, 3, J 
7 Hr); WC NMR (CM3, 75.4 MHz) d 1758 (CIO), 826 (C- 

( ~ ~ 3 3 ,  ma (cm, au cc(md3,20.7 (aracm >sas m by 
'H N a  6th on tbr -1 denvative. The Mt of 
detaaioa wu detemined by ddibemte dditioa of racnmic 
tersbutpt rkr of Lcryi l ~ l ~ l t b  b tha NMR tube. 

d.-lkM.cicary-t-c@o- 61. ru pnpar8dpsrsduahy 
~ s ~ r i t b t h f d l ~ d m g a .  Thsmmcscid 

(4) Hutoth A R 3. Chm Soc 1- 19îSr930. 
( ~ ) R . L ~ ~ ~ , C . ~ ; D I D D L I , U B . J . A ~ ~ L C I I . I I L Q O C . L ~ ~ , ~ Z  

191&1942. 
( ~ ) W o o d , ~ ~ s ( y h ~ S ; 9 a i . P . J . C h m . S o c l ~ ~ r ~ ~ ~  



h t h , ~ ( 3 0 m L ) t m d d r d t  Themireuisaunlhisd,.nd 
tha filmta w u  concenmtui by rouy aoiporntion. Tûa rwiduc 
anr dirolved in ethyi aestab (12û mL) and w d w d  with mturatui 
rqusarrr sodium bicarbonate (2 X 120 mL) and brin0 (130 mL). 
The athyl acmtata solution wm dned ovw magnesiinn &te and 
concentratad by rotary evrpontion, yielding a Wt yellow O& 
7.9 g (82%).* Vacuum durillation gave 8.0 g (62% 1: bp 75-77 
OC (0.06 Ton); R - 0.26 (32 hmnil/htbyl .~blltCl; [al0 = -LW 
(c 1.3, C&CLJ; [H NMR (CDCl,, 203 MHz) 6 5.98 ( d d  1. JI, = 
2.8 Hz, Ju = 10.1 Hz, H2), 5.80 (dd 1, Ju = 3.4 Hz, H3h5.19 
(m, 1. Hl), 1.18 (m, 1, H4), 215 (br, 1, OH), 206 (9, 3, CH& 
L.7û-1.96 (m, 4, H5, HS', H6, R63; '1C NMR (CDCIS, 75.1 MHt) 
4 170.7 (C==O), 134.B9t27.8 (CH-CH), ô?2 (CO&), 66.3 (COH), 
28.1 CC&COAc), 24.9 (CH&OH), 21.2 (CH& IR (nœt) 3372 (bd, 
3415 (br), 1736,1245,1037 cm''; MS (CI, NHJ m/z 174 (M + 
NE&*, 63%): s u ~ r  mas 174.11306 (CJIlaQ ~ u L c s  174.11302 
0.2 ppm m r ) .  

( 9 ) - ( - ) 4 - A ~ t o ~ Z - c y c l o h e 0 - l ~ ~ ~ .  (-1-70. Chmmium 
trionde (16.3 g, 163 mmol) waa added to a stirrsd miution of dry 
pyridine (263 mL, 326 mrnoi) in dry methyisas dotids (380 mi,) 
under nitroqea M e r  30 min of atirring at room mmpannus, 
t h  olefinic dcohol 69 (414 0, 25.1 mm011 in dry methylene 
cldoride (10 mL) wm added to the dark reddish-bm solution. 
A bhck tarry subatance precipihtsd after a fcw minutta The 
b r L ~ ~ ~ a d i y i n g t u k . a n d t h a m i r n a s ~ s t l l r c d  
for 24 h The methylens chloride solution ani dacantcd, and the 
d u e  was cJrtraasd with altarnatiq portiom of &y1 ethu a d  
saturatcd a q w u  sodium bicarbonate (2 X 150 mL, 1 X Wl mL 
en&). .U extraam wen mmbined with the methylcne dor ida  
miutioa and silaken. The aqumu p h  wam rsmoved and ex- 
tracted once with erbyl ether (1000 d l .  The o m c  srvacts 
m e  wiiihad with aatumtd iqueoua sodium bicarbonaa (4 x 
W) mi,), 2% suifuric acid (4 X 250 mi,), saturarad sodium bi- 
cubanate (?O0 mi,), and brine (2 X 2ûû dl. Tba resdtiag 
orginic p h  wu dried over mignasium d a t a  and foacmtratd 
by romy evapomtion yiaiding an ail, 3.52 g (84% 1: Rf = 0.11 (3: 
2 haunea/ethyl acatate); [alD - -13'7- (c 1.6, C)EtC12): 'H NMR 
(CDCl,, 100 MHz) 6 685 (ddd. 1, Jy + 10.3 HZ, Ju 1 2.8 Ht, 
3, -1.4 Hx H3), 6.06 (ddd. 1, J,, * -1.9 &, Ju = -0.9 Hz, 
H!2), 5.57 (dddd, 1, JCs = 1.8 HZ, Jly = 8.7 Hz, H4). 228-2.70 
and 1.9H.19 (2 m, 3 + 1, H5, HS', H6. Hô'), 212 b, 3, CH& '% 
NMR (CD(&, 75.4 MHt) 6 t97.7 (C4),1702 (OCOCHS), 147.5 
(CHCOAc), 130.8 (WC-û), 67.7 (COAc), 34.9 ( ~ C - O ) ,  28.6 
(CH&OAc), 20.9 (CH,); IR (mat) 1741, lm. 1372, 1236,1037 
cm''. (CI,  LW^) m/z L72 (M + ?SHI4, 100). 155 (M + H*, 
10); 155.0'7075 (CJilt03 155.07082.0.4 ppni 
m r ) .  

Eiuntiomuric Purlm a1 70. ih?tylcholinaterme (4 mg) was 
d d e d  to a srined suapension of acstoxy jtbfons 70 (3!Z2 mg, 209 
mmal) in aqueoui piiaphrto buffar (20 mL, LO mM, pH 7.13). 
The pH w u  mrintUned at 1.13 by automitic ddition of &OH 
(0.10 M. cUbr 27 h oniy 0.4 mm01 of bme hrd b m  coaiumed, 
rbui additional enzyme (CRL, 300 mg) w u  addeà. .Mar an 
ldditional I t  h a toul of 21 mm01 of bma bad been added The 
reaction mixture wam mmcted with ethyi acetita (3 X 150 mi,), 
and the cornbineci ertraas wem d e d  with siaxatcd 4ueous 
bicarbouue (20 mL), wihr (20 mL), and hSna (2 x 20 mL). T b  
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~ ~ r n i d M d ~ ~ l i m i i i l h u d ~  
by rotsry evaporation yidding crude aicohol, 150 mg (61%): R, 
= 0.07 (32 hexancb/cthyl acauts). Thh dcohol mu tmted with 
Molher's acid chioride uring a s t~ndard pidure.* Th. re 
sdting tmtr WM purifiad by column chtomrtagraphy on iilicr 
sel eluttd with 9:l hcrmes/ethyl acauts; Rf 0.41 (32  hm- 
anm/athyl acetats). A mcemic sample of 70 mr a h  trsatsd in 
the Mme maaller. 

A b d u t a  Coaügumth of 70. Acetyi c h a m  (3.6 mg, 
0.57 unita) was addd to a stirred mixture of m x y  ketons 70 
(300 mg, 1')6 nimal) and aqunw phcaphata bu€fer (20 mL, 10 
mM, pH r 1. Abquota of a 0.107 N NiOH mlution were ddd 
aumuutidy to miintain the pH of the r t  7.01. Due 
to rhe aiow rata of t h  hydmw a iarga amount (700 mg) of CRL 
a n i s a d d d i n t b r c e p a ~ o v u a p c n o d o f 6 d ~ ~  Tbrsactioa 
waa stoppcd at 93 % convenian. The maetion mixture mi ex- 
tracmi (Rith ethyl amuw (3 X 200 mi,). Eich organic extract 
wam waahed with  atuntcd aqueoun sodium bicarbonate (5 r d ) .  
-ter (2 x 5 mi,), and brine (2 x 5 mi,). The extracts wem 
combincd. &ad over magnesium suifate, and concentratad by 
rotary evaporation. yialdiag 169 mg (77%); RI 0.07 (32  hex- 
anas/etbyi amtate). Without huther purification of the dcohol, 
the bsmmte darivative mm prepued. Ben& chioride (3JO rL. 
292 m o l )  wae addd to a miution of h ù a i  (164 mg L46 mmol) 
in pyridiia (3 mL, 37 mmol). The mixnue aras SM at m m  
tempetram for 70 min at which t h e  TLC anslysia showed no 
remnining aicohoL The miction mixture waa addd ta a sepu- 
atory funnel containhg 0.5 M H+WI (74 mL) and ethyl e h  (M) 
mi,). Attcr vigomue ahking. additionai etàyl ether (150 mL) wri 
added. The aqueoua p h  wm diacarded, and tûe o m c  p h  
wea waahed with saturateci aqucoua sodium bicarbnntc (20 mL) 
and bine (2 x 20 mL), dried ove? mngnesium aulfate, and con- 
ccntrated by rotary evaporation. Pruification by thah chrotna- 
tography !85:15 hexanea/ethyl amtata) yielded the benzoita ai 
an O& 184 mg (58% 1: R, - 0.4 (82 hemm/ethyl wrtatd); (alD 
= -137'' (C 1.9, CHICl& IH NMR (CDCls 200 MHt) b 7.41-8.09 
(m. 5, snimatic), 6.98 (ddd, 1, Ju = 10.3 Hz, J,, = 2s Hz, Ju 
= -1.3 Hz, Ha), 6.11 (ddd, 1, Jz, = -1.9 HZ, Ju P 4 . B  Htl, 5AZ 
(m, 1, H4),24+277 and 21+93 (2 m, 3 + 1, H5. HY, H6, H63; 
Uc NMR (CJXX,, 75.4 .MHz) 6 tY?J (W), 166.7 (OCOPh), 147.6 
(CHCOBz), 133.4 0, 131.0 (CHC901, 129.7.1285 (O- and 
m-CH), 129.5 (CCOOR), 68.2 (COBz), 35.0 (CHIC-û), 28.8 
(CH&OBz); W (CH30Hl 228 nm (e L4 200 M" cm'L), 271 am 
(a 554 ML cm'); IR (mat) 3050,29â0,1722,1683.1452 12?0,1113. 
TI0 cm-1: MS (CT. NH3) m/z 217 (M + H*, 100); exact m m  
217.08646 IC,H,03 nquk 217.08617.0.0 ppm emn). The CD 
sphcmrm wai  obuined us* a 4.4 X 10d M solution of tbe 
benzoata in CH@H in a O. 1-cm ceU usiag a J A X O  500C apsc- 
tropolarimeter. A tata1 of 10 mana wem made h m  !W to 186 
nm. 
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We propose an empirical d e  that predicts which ennntiomer of a primaxy aicohol reacta fastet in 
reaetionr catalyzed by lipaue h m  Pseudomom cepociu (PCL). Thii d e ,  based on the size of the 
subetituenta at the sûrmaenter, ahowi an 89% reliability (correct for 54 of 61 examplen). Thin 
rule ia not reliable for primary alcoholi that have an oxygen atom attached ta the stereocenter, we 
excluded theae alcohols h m  the taliy above. Surprisingly, the eense of enantiopreference of PCL 
toward primnry alcohols is opposite to ita enantiopreference toward semndary alcohots. That is, 
the OH of aecrinday alcohoh and the CH2OH of primary alcohols point in opposite directions. We 
auggeat, however, that thin oppmite orientation doea not impiy a dinmnt position of the substihicnte 
in the active site of the lipaw. &tead, PCL accornmodatcs the extra CH2 in primary aimhoin as 
a kinlr between the atereacenter and the oxygen which aiiowr a eimilar position of the aicohol 
orygen in both. We tried to in- the enantiodectivity of PCL toward primary dcohole by 
increaaing the difference in the size of the aubstituenb but did not find a ansistent increase in 
en~ntioselectivity. We suggeet that high enantioeeleztivity toward primary aieohoh requires not 
oniy a eimificant dinerencc in the eize of the riubstituents, but also conh.ol of the conformation 
dong t h ë ~ ( 1 ) - ~ ( 2 )  bond. 

Introduction 

Organic cherahta have embraced lipases and emmw 
as enantioselectiva cdtalynta for synthetic ipplicatiom 
because they combine broad mbstratc specificity with 
high enantiodectivify.' One ~umat  goal of organic 
cheminte i i  to map the a-city of them eazymea. T b  
mapping identinea both efficientfy resolved aubatrata 
and the stxuctural featum imporhDt for theu enantio- 
recognition, ailowmg cherniata to more rationally design 
rerrolutioni. 

R c v i o u  mapping of tâe spedaty of lipame h m  
P 8 ~ u d o ~ r r ~ r r  c q = b 2  (PCL upast Pl Whb 
hhed a simple d e  that predicta itr enantiopreferencc 
tawauà aeamdary alcohoii, Figura h l 4  Thir d e  
predicta whicb enantiomer mach laiter bascd on the 
iizer of the aubuütueatr rt the itcr«rccater. The m e  
rule bol& for ûm other bydroluer whoae ipcdïcitim 
have becn mappeà: l i p w  âom rugosa,l lipua 
h m  Pwudomonor ip.,' lip- h m  P. ocntginoso,' 
Rhiromwx~ mithi: lipaic h m  Artliroktv ip.,l0 por- 
che panmatic iipane," paa~datic chaleituol utuaia? 
Mucor esterase," culhtnr  of *pus nigriwnr,12 and 
cultures of B. aubtitw var. Niger.'= Thin d e  aiepesta 

Figure 1. E m p i r i d  rules that summorize the enantiopref- 
erene of P. cepscia lipase (PCL) t o w d  chVal alcohois. ta) 
Shape of the favored cnrntiomer of sccondary deohoh. M rep- 
rwentr a medium subaituent e.g. CI4, whi1t L n p m n t s  a 
luge substituent, e.g., Pb. (b) Shap of the tavoreâ enantiomer 
of primnry alcahoh. This nile for primary alcohob in reiiabie 
oniy when the ritemaenter I i e h  ui oxygem abm. Note h t  
PCL show sa opposite enaatiopreference toward primuy and 
w n d u y  alcoholi. 

that th- hydrutascs dirtinguish between enantiomera 
b a d  on the size of the mbatituente. Co-nt with 
thir suggestion, d e n  have increased the en&- 
ouelcctivity of lipmeatrlyzeà reectionr of ecandary 
alwholr by iaaeauing the diffmnce in sise of the two 
ru be tituentr .l.3-l4 

Recent X-ray c y d  structurer of transition state 
analogn bowd to lipase h m  ch.cfdu rugosa showed 
thnt this rule b a gwd description of the aicobol binding 



8980 J.  Oq.  Ckm., Vol. 6û, No. 21, 1995 

pockekIs Thie lipaee contains ri large hydrophobic bind- 
ing podret that binds the larger subatitucnt of a ieamd- 
ary alcohol and a srnaller pocket that binds the medium 
aubstituent, Coneerved structural eiements m a t e  thia 
binding crevice, especially the pocket for the medium 
subetituent. For this teason, other lipasea probably 
contain aimilar dcohol binding sites. 

Several groupa have tried to extend thie d e  for 
secondary alcohob to include primary alcohola, but these 
efforts have been only partially successful. Naemura et 
al. wed a rule based on the size of the substituenta to 
saunt  for the enantioprrfmnce of lipsse h m  Pscudom 
rurs ep. tbward two primary a Ic~hoL,~~  and C a m  et ai." 
ueed a similar d e  to account for the enantiopreference 
of PCL toward nine primary dcohotr. However, Xie et 
al.I8 proposed an enantiomeric rde  for the enantiopref- 
erence of PCL toward two primary alcohoir without an 
oxygen at the stereocen* and another d e  based on two 
prirnary alcohola witb an oxygen at the atereocenter,lB 
Researchen encountereà similar diaiculties with porcine 
pmcreatic lipase (PPL) and dso propoaed enantiorneric 
rules.1° 

In thie paper, we examine the reported enantiopref- 
erence of PCL and propose an empirical rule that 
summarizes its enantiopreference toward primary dm 
hols. Although the rule is opposite to the one for aecon- 
dary alcohols, we euggest that the large and medium 
substituenu adopt a similar position in both. We dao 
n t .  pt, unsuccessfiiUy, ta increase the enantioselectivity 
of PCL toward primary alcahois by increasing the dif- 
ference in sue of the m o  eubstituents at the etereocenter. 

Enuntloprefennce of K i ,  t o w d  Primnry Al- 
cohoîa FollotRiag the suggestion of Xie et d.," we 
divided the primary alcohole into thoee with en oxygen 
at the stereocenter and those without an oxygen at th0 
stereacenter. Table I and Chart 1 summarize the 
reportcd enantioselectivitiea of PCL t o w a d  primary 
alcohols that Iack an oxygen at the ~bnocentsr.  The 
enantiomem shown in Chart 1 are those predicted to 
react fastar by the empllical d e  in Figun tb: the CHT 
OH pointu inta the page and the larger aubetituent iiei 
on the nght. The notation Yentl' in Table 1 rnarkr thoae 
examplar whue PCL favored the enantiomer oppoeitr to 
the ont predicted. ThU h indudei only p m a r y  a l e  
holr with r M a r y  a t e m n t e r ,  that ir, R'RICHCHr 
OH, The lbt hrther indudes ody reactiona catdyzad 
by PCL h m  Ammo (P, P30, PSI LPLBO, LPG200S) and 
SAM-2 fiom Fluka,' and oniy thobe subetrates for which 
the enantiomeric ratio," E, wm ~ 2 .  Tbe Est includcn 
esterificationa and transesterifications of primary al- 
hols as well as hydrolyses of estera of primary alcohols. 

The rule in Figure l b  predicta the absalute configura- 
tion of the favomd enantiomer for 49 out of 54 rubstratu, 
918 accuracy. We will discusr mven more u m p l e r  ia 
thw paper, five of which follow the rult giving an 
accuracy of 54 out of 61 or 89%. The examples indude 
acydic, cyclic, and bicyclic dcohols with a wide range of 
fuactiond groups in the eubstituents. Approximately 
30% of the substrates (16 of the 50 ehowed excellent 
enantioselectivities of E > 50. The five exceptions to the 
empirical d e  are 2-methyl-1,3-pmpanediol (structure 1 
where R = CH20H), two aziridines, atruchm 8, and two 
cydohucnone derivatives, structure 18. in spite of these 
exceptions, the unpirical d e  h reliable for moat p h a r y  
alcohols without an oxygen a t  the etrrcoctnter. The nile 
in Figure l b  is similar to the rule propoaed by Xie et al." 
for two primary alcohoIs. Although our d e  is opposite 
to the one suggested by Carrea et ol.,': we excluded their 
examples beause they al1 contained an oxygen at the 
Stereocenter. 
Table 2 and Chmt 2 sumxnarize the reported enanti- 

oeefectivities of PCL towarà primary aicrihoh that have 
an dicygen at the atereacenter. AU structum show the 
enantiomer predicted to react faster, w M e  the notation 
'(ent)' marits the exceptions in Table 2. The large 
number of exceptions shows ttiat the empirical d e  is 
not reiiable for this group of aubstratei. Tbe empuical 
rule predicta the enantiopreference for ody 10 of the 27 
examples, correaponding to 37% accuracy *ch is aimüar 
ta that expcÉted by chance. We ucluded aubatrate 26 
(R = CHJ) h m  the trtily because both aubaütuents are 
similm in size. Appronmately 30Ck of the substrates (8 
of 27) showed excellent enantioedcctivitit) (E 50); dl 
of thme an exceptions ta the empirical ruia Thru, the 
ernpirical d e  in Figure l b  is oot nliable when the 
primary aicohols have an oxygen at the ntercocenter. An 
opposite rult would be slightiy more diable, but 
only a slight improvement over guessing. 

A similar division of primary ahhola into faro groupa, 
those with and without oxygens at the etei#icenter, may 
dso remln the dilemma of ensntiomeric ruicr in the case 
of PPL Our prelirainaty iurvey found 41 cumplea of 
P P k a t a l y d  resolutiane of primay aleohab without an 
oxygen ut the rterracenter. Twenty-eeven rrimplea fit 
the d e  in Figure l b  and four did not; we d u d e d  ?en 
iubstrates b u s e  the iizes of the iubstituentr wsrc tao 
rimilar. Thus, the reiiability was 27/31 or 878 for thow 
with m~bitituente that difïered in daa. Thii de- of 
nliabüity ù iimilar ta that for PCL We a h  found 10 
exampler of PPGcatrlyzed resolutiom of prima- a b  
hols which have an otygen at the stenocuiter. Thme 
examples fit the ruie and e u  did not; we excluded one 
substrate. Thus, as with PCL, the nile u not nliable 
for primary alwhols that have an axygen at  the stereo- 
center. 
Do the Mdum and Large Subdtuentr of Ri. 

mnry md Second- UcohoL Bind to the SPme 
Rcgious of PCL? We propose two hypothe~s b explain 
how PCL tan have an opposik eoantioprderenœ for 
primary and secondary aicohot, Figure 2a. Hypothesia 
1 proposa that the Iarge and medium substituents of 
primaxy aicoboin bind in the samt L and M po&b u 

- 

(a) eMcr. J.; *ch D. AM. C h  1180,219-a  
Wimma, 2 TItroAu&on llOL 39,11131-M. Hp)tin, P. C; Jonrr. 
J. B. Tdmh&air Lii. lm. 33. 1399-1102 Cnmli. O.; B.ad. t; 
Nuiiino. E J* or#. CIirnL m. S7.1510-1561. 

(21) Chq CS; FiUiuM14 Y; Gi iuIUL G, Qb C. J. J. kn Chcm 
Soc. l o g  JW. 1294-m 
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Cbirt 1. Structurem for Table 1 md Figura 4 

and compared it to the enantiowlectivity of PCL toward 
primary alahoh, Figure 2b. Hypothetrb 1 predim no 
teiationship between the etlreouelsctivity of the L pocket 
and the cnantioielectivity of PCt toward primary alto- 
hoh. Hypthasii 2 predia  tàat the atercoeelectivity 
witbin the L pocket ia the m e  rn theenantioeelectivity 
of PCL toward primary alcohob. As detailcd beiow, we 
found that the stereoaelectivity of the L pockst of PCL 
w u  aignificantly lower that the eaaatio~lectivity of PCL 
toward primary alcohoin; thui, w t  favor hypotheaie 1. 

To measura the stereaaelectivity of the L pocket in 
PCL, ne measured the rtereaeelecüvitp of PCL toward 
acetatu of S6m and 36b, Scheme 1. Bindhg the- 
seconâery dcohola to PCL M nrggeated by the rule in 
Figue l a  plawa the @-itcrtocenter into the L p o c k ~ t . ~  
l'hua, the itersoielectivity of PCt b w u d  the B-etsreo- 
cenbr of S a  and S b  aonupondi to tbe aucosefectivity 
of the L pockat. 

~ehe& 1 n i m m m  the eqerimental mdtr for the 
PCLcatdyzed hydrolyh of the acctatc ertsm of $58 and 
3bb. We prepared aleohoh 968 and 35b and their 
aœtates an mixtuirs of dkukreomera fdowing literatum 
procedurer, Aftcr hydmlyris, we detvmind the relstive 
amunta of each h m e r  uing gan chromatography of the 
(3)-acetyl lactic acid dtrivativm for Sr and of the fiee 
alwholr for 3%. To identifL the diaaîereornem, WC 
prepared ruthentic eamplea of pure vythro-SSa, and 
tko-9Sb mbg îiterature pmeeàm. WC confirmeà th* 
assigrnent for 35b by comparing the lH-NlCdR apectnm 
of the mkhm to the W-NMR of a knowa (4:l) mixture 
of u y t h  and thrw-35b.* 

(21) V-ddhwo&, F; Sih, C. JI BiaaPidpu f OB?, 1,117-127: 
mdro Shirh, W. R;Sià.C. J. TElmludnrr. 1 9 9 5 . 4  
1259- lm. 

( 2 3 ) o 9 r r u i i a g b w y ( ~ 3 1 ~ ~ t b t d e ~ .  
98% nlirbilhy (6S aC 64 rnbmtri) hr PCfAulJnd of 

742=R B; Na& S. is; I*U. L TI V i a  W.; Mi& S 
CL; Sahiil, T. I1; Sobirrrj. D. Tdmhedrvn lm.31, S3û3-53M. 
We thirJtûr. Glmmitl forœdhgpr iapydhialH-NMRrpœtmu~ 

The abaolute coni?guratiom of the prefedzythm.  
and rhno-3Sr w e n  (2R.W and (2R,3S), mpcctively, 
b d  on the negative rotatiom of the bayl derivativm. 
The prefened enantiomer of thno36b w a ~  (2R,3S), u 
determincd by chernicil correlation ta the ketone denva- 
tive, (3S).3-rnethyl4phenyl-Z-butanone. The rule for 
oecondary doholi, Figure ta, predietcd the favored 
configuration at the secondary alcohol for ail three of 
these eub~trateo.~ On thia basii, wo migned the 
(2R,3R) configuration ta the favorcd enantiomer for 
erythro-96b. 
Ta calculate the a- and ~aelectivitics, the areouelce  

tivities at the a and @ ateocentcm, nt w d  the 
approach deveioped by Sib to meaaure the uuurtioseIec. 
tivity of an enryme.a Equation 1 relates the selectivity 
of the enzyme b experimenhlly measured quantitiea: A,, 
and B. are the initial amounts of each isomer in the 
starting matmial and A and B aie the amouta remain- 
ing a b r  hydrolysb. 

We calnilated the a-electivity eithv h m  the relative 
arnounte of the (2R,3S) and (2S,3S) iaamem, a > 32 for 
Si, a 68 for 3Sb, or h m  the da t ive  amaunts of the 
(2R,3R) and (2S,3R) isomen, a ,100 for 358, a > 66 for 
S6b. The a-selectivity waa high for each pair of hmen, 
and the favoreà enantiomer waa the one p d c t e d  by the 
w n d a r y  alwhol d e .  Theoe reaulta mggut that th4 
358-acetate and the Sb-rcetate bound to PCL in the 
same m u e r  as other seaondary d a h o l s  and that the 
8-r tcmtan bound in the L @et. 

We calculated the &electivity h m  the selectivity 
berneen the favored 2R isomeis, (2R,3S) and (2Rn3R), 
to ba #? = 1.4 for 36. and @ = 1.8 for W. We did aot 
calculate the &dectivity h m  the pair of minor isomelr 
h r w  thers ï n c o r r d  rccondary alcohoh may bind 
b PCL in a manner that docr not place the  ter 
in the L pocltt. 
To iaîwpret these d t a ,  we alm mcarurod the 

tauitiolclectivitp of PCL t o w d  the comqmnding nec- 
onday akohola 36i and ab, and the ansrponding 
plimary d w h o t  37a uid 8% (3% ir tbt rame u 1 
w h m  R = CH1&, Table 11, Table S. h apecbd, PCL 
frvared the (Rkauitiomtr oîmanduy dcohol SBi and 
36b nith high dectivity, E = 51 d 80, respoctively. 
A h  u crpccbd, PCL fivored tbe (Senantiorner of 
primvy d a h o t  878 and Wb. The ~ t i 0 ~ 1 e c t i v i t y  
w u  low t o r r r d  978, E = 2.3, and moderate toward Nb, 
E = 16. Theae enantioselectitritiea are aoadrtent with 
those m d  previoudy by 0th- for the cornpond- 
h g  -terifiution reaction, E = 1.3 for S7mn and E = 20 
for 37b (Table 1, structun 1 whut R = CHzPh). 

A summary of these selectivitiea, Figure 2c, h o w a  a 
lon dectivity in the L @et of PCL (1.4 and 1.8),n 
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Ail naetions d e r  to the hydmiysir o r  the rcetire ester in aqueour iolution r t  m m  Lempenture, uilng Lipuc h m  Pseudamo~t 
ccpaeia as dehed in rcfcrence 2. unicar arbewisc no&. When another enter w i s  hydrol~ed, it in identifie* whui the deohal w u  
uterified, the acyhting magent is idenrifitd. ûniy u ~ p l e r  rhat give E * 2 am lùtod. The imic tuni  am rhown in Ch.rs 2. 6, the 
enmtioaeleetivity, u dcu la t td  u in refemnca 21, acept  in the mm of rn- cornpounds wbere it in tlre ratio o f  the fa& ta an i rvod  
snuitiomers. Vinyl icetate or phtnyl antau:  Terio, Y.; Murata, M.; Achiwr, K; Nuhio, T.; Akunhu, M.; ihmhurr, M. T e t d d m n  
kt!. 18û8,;19,5173-6176; vinyl iœtrte: Murat., M.: Term. Y.; Achiwm, K; Nhhio, T.; Seto. K Chm. P h  Bull. 1@%9,37,2670- 
2672. d BrsitqoE, D.; humen. K; Schneider, M. P. J. Ckm.  Soc., Chm. Commun. 1988,1523-1524; vinyf nurrts: Baba, N.; Yaaeâa, 
K; T b r a ,  S; Iwair, J.; Kaneb. T.; Matnio, M. J.  h m .  Sa., Clum. Commun. lB80,1281-1283; vinyl iteurtr: Bah, N.; Tahum, S.; 
Yoncda, K; I w u r .  J. Chcrn. E q m m  lûD1,6,423-426; W i .  B.; Schmd, R; Foricher. 3. T e t d e d m n .  hymmruy I8ül. 3, 137-142. 
* Transestmïfiution with 1-propuiol sr nudaophile: BimW D.; BorcUi, A; Cati, P.; Caiini. P. Ter&dron bu. 1982,33.3231-3231. 
f Vmyt aceute: Theil. F.; Weidnu, J.; BdIichuh, S.; Kunrth, A; Schick, H. J. O q .  Chrrn. lm. 59, 388-393. Pdlavieini. M.; Valoti. 
E.; V i a ,  L; Piccolo, O. J. Org. C k m .  199J.59, 1751-1754. A Bentonte hydrolysir in 25% DM* Bowtti, A; Biinchi, D.; Cesti, P.; 
Coüni. P. Biotoinlysis 1994.9,71-77. ' Succinic anhydride: Teno, Y.; Tsqji, K; Murita, M.; Achiwa, K; Nishio, T.; Watuube, N.; Seta. 
K Cham. P h .  B d .  1989,37,1653-1665. J Buunau:  Piruli, V.; Melbye, A. G.; Alvik, T.; hthonaen, T. Tt'crraiildmn. h y m m r r ~  
1982,3, ô5-72. Bellemare, M.3.; Kmzlauaku, R J., unpubLiahcd multa. In r wittrfmpmpyl aber amdaion: GUI, B.& Hemmerle, 
H.; Korwk, S. Syrrthau 1981, 169-173. a Acstic anhydride: Biuichi, D.; Cati, P.; 88Ctistsi, E- J. Org. C k m .  lBûû, 53, 5531-5534. 
a Trifluoraerhyl butamta: Secundo, P.; Ri-, S; Curu, G. Te t rohdmn.  kyrnmr iy  1994, 3,267-2ôû. Butynte: Cunr, G.; De 
Amici, M.: De Michdi.  C.; Livetrni, P.; Cunidi.  M.; Riva, S. TetruAedmn: kymmcm 180S,1,1063-1072 Burynte: Ik Amid, M.; 
M+, P.; De Mich& C.; Catani, P.; Bavui, R; Curs.. G.; Riva, S.; C d o n s ,  G. J. Ow. C k  f 891.57, 2826-2839. r Butyrrtr: 
Hooag, L K; Striage. L E.; Liotta, D. C.: Kosuü., G. W.; Burni, C. t; Sehinui, R. P.J. Orq. Chm. 1@@2,57,'5563-5665, !Ge, 2-F.; 
Suemune, H.; W, K Tetrolrcdmn. kymmrly 1993, 4, 973-980. ' Vinyl mute: Hemdbu. B. Tetroiudron: & m m t q  l m ,  3, 
209-212; J. Org. &m. 1891,59,2891-2893; Hmdbn. B.; V d v d t ,  3. Tetmhedmn: Aymmrby l981,S,l4?9- 1500. Acetic anhydride: 
Ennu, M. D.: Old. D. W. TrirohtdrPn Ltt. l m ,  33,6283-6286. Thua authon dscr nro lvd  r rimilu compound, iluinmrn, but itr 
rbrolutc m f l i t i o n  w u  tantrrively wigned: Tetroludn,n &a. lm, 33, 6287-629û. * V i l  icetata: Mauisbn, D.; tabrto, C.; 
Cuguuco, C. J. Hercrgycf. Chm. lm. 31.57-59. Tsohrk, H.: Betchrlni, A; ?iiyarna. Y.; Itoh. T. 3. Chun. Soc.. Chm Commun. 
1802, 1751-17512; J. O-. Chun. lm, 59,7014-7018. Wt  chors the enmtiomer i h o m  becaw i C H 2  ir l y e r  thin an argla~ 

Chart 2 Qtructtuw for Table 2 and Figure 4 

while the enantioselectivity toward p i i m s y  deohob c a ~  
be ci& low or modema (23 tmd 162 Thir dinercnt 
rclcctivity ia inconaistent with hypothd 2 and thur 
favon hypothtsir 1. Howwer, we caution that the 
addition of a methyl group i t  the a c h a  -y iahibit 
optimal binàing of the 3rbniuy alcobol partion' nith- 

in the large pocket and therefore yield an incorrect 
measura of the aeldvity of the L poclet. With thir 
caution in mind, out multr neverthdena favor hypoth- 
eaii 1. Thur, we propom that the medium and large 
subetituent of primary alcohoie bind in the aams M and 
L pockets M the nrbatituent, of a reeondary alaboi. The 
C H r W  ktma the &reoceatsr and the orypcn 
causer the reverre orientetion of the OH and the CHr 
OHinFigurtl. 

Further mpport for the notion that PCC acmmme 
datei the extra CH2 of primary alcahola as a kiak cornru 
h m  an ovwlay of moà& of primary and acaindary 
alcoholn, Fi- 3. We overlaid minimized etnrctrirra of 
the fast and slow-rcacting enaatiomm of a grimay 
aicohol aœtate, (S)- and (Rt2-methyl-8phenylprapyl 
acetate, onto the fast-reacting enantiorner of tht wnr- 
eponding aecondarg alcahol acetate, W-2-acetary-1- 
phenylpropane. In spite of th& oppomte configurr- 
tiom, the faet-reactipg enaatiamm wsrlay more dosely 
at the reaction center, eapeciaily at the alcohol orggen 
and at the carbonyl p u p  of the ester. T b  overiay 
mrpporta tht notion that the medium and large mbstit 
uentr of both piimary and secondary dcoholo can bind 

t n ~ h  a or r d  IL~ th. P C + ~  m.ai~btia dUi 
aaadmy daabd m N - k e  C n d J y l r r r r ~  
h i p b r L N * l a ü . i a t i W i I y i & n c c t i , 9 ; ~ C ;  
PolXini. G, P.; Roni.qioli. R: Zinirito, V. Tttddrun k t .  !W. 35, 
9289-9292). This diulmdrctfvity ibori Ut, iD mua cur. PCL 
a n s b m h i g ù & i . i e t i + i t l . N ~ t b . b r t i c r i v k y b r t b c  
a m p l a i t n t c n ~ i ~ c h ~ ~ 8 n d ~ u h .  
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in the same M and L pocketr, yet show oppaaite eruui- 
tiopreferenœ. a h e r  ruearcfiers have alw noted a 
reversal in enantioprdemw whcn r group i i  
iaserted betffecrr the -tar and thh q g e n  of other 
akoholr. For example, t h  enantiopreferenca of the 
Kabuki-Shuplcar epoxidation reverser for allylic and 
homodyric rfcohoha 
Thir expimation is dm mistunt with the ntmcture 

of the active mite of iipawa and their üItely mschanism. 
Re#srchm bsliew thnt tbe histidine of ths catrlytic 
triad protomtar the orygen of th Icroinq dcahal-lS For 
thir muson the Jcohol oxygwa m u t  idopt r r i d u  
poritian in botb structura. RuLbsrmon, modehg 

auggeetii that the CHaOH of a prirnary dcohol would 
disrupt the orientation of the catalytic ktidine if it 
pointed in the same dhction as the OH of a secondaq 
alcohol. 

Iricnasing Emntiosekctiuity by lne~00~ng tk Sue of 
the Large Substituent. The empirical d e  suggesta that 
PCL us- the eizes of the aubstituentr ta-distinguish 
between enantiomen. ReaeaFc)lera might enhance enan- 
tioselectivity by inmaaing the difierenoc in e h  of tàa 
iubstituentn. ladeed, thir strategy w a ~  successful for 
m n d m y  dcohol i .~J4  However, we damutrate belor 
that thia atrategy was m l y  sucesstirt for primay 
aicoholr. 

The p u p  rut primary aiwhols d o u t  an oxygen 
at the rtereocenwr, Figura 4a and Tabk 3. The nnt 
example, 37. va 38, ehowed reversed eamtioselectivity 
when we incrense the iize of the largt suhtituent. PCL 
catalyzed hydrolyiis of the aœtate ester of  37r, 2-ph* 
nylpropyl acetath = Ph, M = C&), ehowed low 
enarrtiosalaetivity, E = 2.3, favorinq the enantiomer 
preciictcd by the empirid de. &pl- the phenyl 
with the l q e r  naphtàyl group in 36 increod the 
enantiodsctivity to E = 10, but a b  revend the 
euantiopnfusnœ. Tiking into account tàe reversai, the 
enaatioaelectivity decrelssd by a fa- of 23. 

The nert crnmpie showd r rlight decmme in eoari- 
timelectivity when we in- the &a of the large 
iubotitumt. PCkatalyzeâ hydrolyiii of the acetate 
eatur of 59 ahowed nn cnantidccti~Q of9. Replacing 
the acetyl protective group witb the I.rgtr phthaihido 
group (cumpound 40) demeased the enmtioselectivity by 
a factor of 1.3 b E = 7. For both 39 ad 10, PCL favared 
the enantiomer predicteâ by the ernpirid d e .  



' Birnchi, D.; Cesti, P.; Batuatel. E. J.  O g .  Chrm. 19ôû, 53. 
5531-5534. Nirhio. T.; Kamimura, M.; M u n u ,  M.; Teno, Y.; 
Achiwc K J.  Biahem. Tokyo lûûü, 105,510-512: fitariftcation 
with ratic anhydride in organie lolvtnt ' Determincd by GC of 
the (Shcctyi l a c ~ t e  derivative usinp r OV-1701 column. [ah - -17.8 (1.8, CHCM (ut BM-): Hsyrihi, T; Okrmoto, Y.; 
hku, K; Hi&ua, T.; Kumidr, M. J. O q .  Chmr. I864,49, 
4224 -4226). ' Derumincd by GC uaing 8 Chiraidex GTA column. 
* [ah = -10.4 ( n u t )  (lit. (RH-) and (SW+): Biinchi. D; CmtL 
P.; Batristel, E. J. O*. C h .  IBSû, 53,5531-5634. Bernstein, 
El.; Whitcmom. C. J. Am. C h .  Soc. 1939,61.1326). Determined 
by GC o f  the vinuomrcaute derivrtivt wing r Chiratdu GTA 
coîuma, The p d u c t  h m  tha PCteiralyrcd estdiution of 3% 
w u  identifid u the (Sknmtiomer (Dclinck, D. L; Mugaiin, A 
L T ' n  ta l m ,  31,6797-67981. Qetermintd by HPLC 
tuinq r Chuilal OD column. [ab = -12.1 (0.43, cd&). [ah = 
-19.1 (0.43. C H m )  (tic. (RH-): Meniul i i ,  R; Piaolo, O.; 
Mai. L; Wir, M. L. T e t d d m n  l m ,  35,1301- 1306. Su- 
P. E.; Heath, R R J. C ~ ~ , ~ Q ( L I Q T .  l=, 321,127-136l.J Dctcr- 
mind for the mreactad icctyl citer. ' Determincd by cornpui- 
mon of the gu ehmmrtqpam (Chirildar GTA) of the umaacted 
acetyl crwr aith that of the mtyl W of (SXiH9 obuiatd 
h m  ruthentic tSW+!-2-dno-l-buuaol. Detumincd by 'H 
NMR of the acrcyl ester derivative in the prtitnce of (+)-Eu(hfch. - Detumiricd by c o m ~  of the LH NMR rpectntm (in the 
pirrcnct of (+kEu(Mch) of the icctyl crtar of the p d u e t  with 
t h t  of the iayl utu of (SX+WO obuiacd h m  ruthentic (Sb 
(+b2-unino-l.butuiai. Deurrmined ùy eompuiroa of the gu 
c h r o ~ ~  iChiHldex GTA) of Lhe unreactd ester w i e  
k t  dmonoiceuts 42 obtriod h m  the PCktrlyzed hydioly- 
rt of the di.ccciu, [ab = -9.01 (9.64, C H W  iüL (lR.2SX-): 
Alder, U.; Breitgoff, D.; mein. P.; humen. K E; Schneider, M. 
P. T e t d e d m  & t ~  1068,30,1739-1796. humen, k; Schneider, 
M. Temhdn,n &a 1008, 26, 2073-20761- brtsrmiried by 
œ m p r i a n  of rbt 'H NMR epactnim (in the pnrcnca of (+t 
Eu(hfch) d cL4LR=l-(icatmymatbyl)-2.Ilkntoyl0~ybth- 
ylkyciobaune, obtcind by knmylition of monorcetau ( 1 R S b  
U, to the qatrum of th remabhg mrtcnû. Thr 
pdcnad  prodaet ir t h d o n  QldlRS)-I.([knroyloyImerh- 
yIb24hydmsymethyl)ycf ohexme. @ Determinad by 'H NMR 
of the Maber rnar. 'The ibsaiuta cadiguntion wu not dater- 
mined. 

lectivity increased by modest factm of 2.8 and 3.4, 
respectively. 

The last euimple in Figure 4a c o m a  h m  the litera- 
ture and repreaents a dramatic innease in enantioselec- 
tintp. Tmji et d.m reported a Iow enmtiodectivity for 
the estentication of alcohol f where R = CHflH, E = 4, 
in fawr of the pro-R hydroxp1 p u p .  The empirical rule 
phdicta the oppoaite enantiopdirence (M = CHs, L = 
CH?OH). When Teuji et ol. replrced tbe methpl with r 
k g e r  mibstituent, CH- (compound 7 whert Ar = îh 
in Table l), the e m m t i d d Q  incnreed to 6 > 30. 
S i  the C H a H  U now the medium d t u t l l t  md 
mtPh ir the 1- suMtuent, thc enantiopreference 
a m  r g m s  with the empiricll nrJa 0th- rorkem aisa 
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Fi- 3. Ovcrlry of the minimited atnictures o f  the bat-  
rsscting (9- and slow-reacting lRknantiomers of the primary 
aIcobol acetste, 2-rnethyI5phenylpmpyl aceute (gray car- 
bond onta the fart-rcacriaq (Rknantiomer of tbe aecondary 
aleohol acetste. 2-icetaxy-Lphenylpmpme (crosehatched car- 
bonal. All oxygen atomr ur spedded. h  pit te af the opposih 
configuration, the (SI-primary alahol amtate miraiw the 
s h a p  of (R)-sccandary aicchol acetate better than does the 
(R)-primay alcohol ecctatc Note the cloner overlap of the 
almhot oxygeni and the carbonyl groupa of the acetetcr. 
Modeis were minimizcd and ovulaid uing Chem 3-D. Hydrcr- 
gcrr rwms are hidden for ciarity. 

reported increaned enantidcetivity when they r e p l a d  
the methyl by five other CHrnryl groupu, IW Table 1. 
This laet example Y the ody one where iacreasing the 
aize of the iubstituent dramatically increased the enan- 
tioselectivity. 

For primary alaobob that tontain an oxygen at the 
stersocentar, hcrembg the iize o f  the large rubstituent 
alm did not c o t u i b t l y  incretm the enantioselectivity, 
Figure 4b. The hydtolyair of the diacetat4 of 21 (R =t 

CH2F%) 6bowd an emmtidectivity of 20-24 (oee Table 
2). Whea we~ in& the sire of the iubstituent ta R 
= CHPbl (acetyl ester of 44, the enantiowlectivity 
decreased by r fretor of 2 to E = 12, Table 3. The eeeond 
eumple in Figure 4b comea h m  the Iibratun. The 
tnrntioselcctivitp of PCL bward the glycerol acetal, 
eubsf~chue !U, c h 4  little ao r d m  replaced 
the methyl with ethyi. pheny1, benzyl, or a cycloheryl 
aœtai; E r a d  h m  3 ta 9, Table 2. An impropyl 
dutituent incraucd aumtiosclectivity, E = 23. Cursr 
et aï. dm n a t d  thit cbngw in the eîze of tbe substituent 
did not correiab witb chmges in enantioselectivity for 
dstructum 28 and 29." 

I'o aummarize the dix% on enantiodecîîvity of in- 
creasing the ciifterence in the site of the subetituenta, WC 
found no consistent behavior. Increasing the Merence 
in size may increaae, deaearic, or have no e f f '  on 
eriantioselectivity. We belicvc the flexibility of primary 
alcoholr accounta for these abservatious. Flexibility 
dong the C(1)-C(2) band down both enantiornem of 
primarg dwhoh to adopt wnformationr 6th similar 
positions of the kge  and medium subatituenti, Figure 
5. For one enantiomcr, r partiaily eclipaed orientation 
dong the C(1)-C(2) bond orienta the large mabstituent 
upwarà and the msdium rmbstituent downward. For the 
0th- enantiomer, r orientation dong the 
C(l)-C(2) bond a h  orienta the large rubstituoat upward 
and the medium substituent downward. To dbhguhh 
between enantiomm of primary dmhali, PCL mwt not 
only dhünguh betmecn the large and medium mibatit- 
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HO. HO. 

Figure 4. Changes in the cnantioaelectivity of PfXatdyred 
hydrolyses as the size of one substituent WM inmased. ci l  
Four examples whtre the primuy alcahol doen not hive an 
oxygen a t  the stemocenter. n i e  first uampît showed r 
m v e d  in enantiosclativity, the second a small decrease, the 
third a smaii increase, and the fourth r large inaicase Dru 
for the tht three examples are in Table 3; the fourth cornu 
from the l ikr i turc  (b) Two exmnpiea when the primiy 
aieohol h~ an oxygen at the rtciwmntcr. n i e  first exnmple 
showed r modest decrease in enantioselcctivity, the iccond 
examplt, taken h m  the liwratun, i h o w d  only s d  cbnges 
in enantiwlectivity, except whcrc R = CHCH&. 

uents but a h  diicrixnhatt between the two powible 
reactive amformationa Thii expianation rmy alro u- 
plain why we needed ta exclude primary alcoholi nith 
an oxygen at the stereoeentct, The orygen at the 
stereoccnter stabilizes a gauche oneatatio~ of the oxygen 
at the stereocenter and the aleoh01 oxygen due to the 
gauche e f f a M  This stabiiization may change the fa- 
vored orientation dong the C(I)-C(21 bond and thmby 
change the enantiopreference. 

(30) Wolfe, S. Acc Chun. Ra. fOn. 5,102-11 L 
(311 San.net, P. E; Amth. R R J. -. IWé. 321. U7-136. 

Figuile S. Diacriminition between enantiomen of primary 
alcohols i i  mon ditricult han distrimination betwtui  enan- 
tiomen of secondary alcohols. Fletxibility dong the C(l)-C(2) 
bond of primary alcahols illows both eaantiomeri ta adopt 
codonnations with similrr orientations of medium and luge 
aubstituenta. For example, enantiomer 1 idopu an upward 
orientation of the large substituent nnd a d o w n w d  orienta- 
tion of the medium substituent in the eciipxd codormatioa. 
Emtiomer 2 adopta a similar orientation in the rtrggered 
conformation. To distinguish between enantiomers of primuy 
alcohols, PCL muet distinguiah bctween diffennt a d o n n a -  
tioru dong the C(l)-C(2) bond in addition to distinguishiag 
berneen the substituenta The conformations above an only 
an uample. We do not know the conformation of primuy 
aicoholt in the active site of PCL 

t f bthno/e~hm-3-Pbeayl-Zbutmal Sa, waa ptepared 
by the nuclenphilic addition of rnethyt mrgnesium iodide ta 
2~phenylpmpionaldehyde. nn described by Overberptr et 
T k  IH NMR of the pmduct a g m d  with th.t reportrd 
pnviourly.14 A pottion of the produet (1 g) w u  purifiad by 
medium presaure chmmamgraphy (200 g riliu pl, 6046 
pcotme/37% chloroform/3% ethyl rcttatt, 2.1 mirJ20 mL 
friction). Pure th= dcohd (66.7 mg) and pure eyrhro 
dcahol (50.3 mg) w e n  obtained, M well as mird  I r rc t io iu  
Mird fractions w m  combineci to form 8 l s m p i t  (-400 mg) 
of 50/50 thrcderythro. Tbt t h m  and erythm Uomui cm b 
aepuited by TLC whcn duted thnt timu with 608 p n t r a d  
379 chlorofonal3lk ethyl acetitl: on r 7.5 cm plate, Ri = 0.49 
(thmol and Rr = 0.4û te-). The diartercomen wcm 
ideritifid by amparison of the Ris rnd NMR of t& mixÉur+ 
w that of the PUR eythro dcohol p r e p a d  u dtiaibed Mm. 
(f hrythro-9-Pbrnyl-4-but.aol. ( ikry thdh ,  w u  

prepued by nacrion af phenykthium witb Cmnt-2.3-epaiprbu- 
une imrd ing  to i Litemtum pmxdumY The anly change 
in tbe procedure WM the use of r stock solution of phcnyi- 
lithium (1.8 M in 70: 30 cydohuwdetherl inrtud of prepar- 
ing the nagent in niru. Thir method waa not wd for 1- 
s d e  prcpatation duc to low yielda (34%). Ri = 0.40 (6û% 
pcatand37'k chIorofod% ethyl astate). 'H NhdR (CDClr, 
250 KHz) 6 7.17-7.35 cm, 51, 3.88 (apparent quiatct, 1, J,, - 6.2 Hz), 2.73 (apparat quintet, 1, J ,  - 6.7 Hr). 1.55 (br a, 
11, 1.32 and 1.08 (two d, 3 + 3, J = 6.6 Hz and J = 5.8 HL). 

Acetyl E s k m  Autic anhydride i1.5 equiv), DMAP (0.05 
W v ) ,  and anhydrous sodium carbonab (1.5 q u i v )  were 
ddeà  to a stirred mlution ofdcohol in ethyl accute ovvniqht 
rt unbierit temperature n i e  nietion mixtuft w u  then 



diluted with ethyl acetite and washed with w r k r  and brine, 
and the organic extmcts wcrc dried [M8S04) and evapomtad 
ui rfford the pure acetyl ester. 
(f ~thrro-2-Acetory.S-phenylbulsnc, Acetyl Eater of 

tlino4Si has been previcrualy pnpond.n 'H NMR (CDCla. 
200 MHz) d 7.18-731 (m. 5, orornatic), 5.09 (apparent quinte& 
1, J ,  = 7 Hz), 2.93 (apparent quintet, 1, J,,, = 7 Hz), 1.92 
(8, 31, 1.28 ( d ,  3, JHM = 7.3 Htl. 1.16 ( d ,  3, Jtiiaa = 6.6 HZ). 

t i)Jrshm2-Aceh~9.pbenyIbut.n& Acetyl Ebter of 
etythm-SSa has ben previously p ~ p a r e d . ~  'H NhbR (CDCL, 
200 MHz) b 7.16-7.34 (m. 51, 5.03 (dq, 1, 3-L = 6.2 Hz), 
2.85 (apparent quintet, 1, J,, = 7.3 Hz). 2.06 (r,3), 1.28 (d, 3, 
Jwm = 7.3 Hz), 1-05 (d, 3, JHUD = 6.2 hl. 
(f 1-tirnoleythro-3-Methy1-I-pbenyt-2-bu (f b 

th&etyfhmS5b, w u  preprred in thnt #teps following i 
litcrature p m c e d ~ r e . ~ ~ l  Reduction of a-methyl-tmnt-cinne- 
rnaldehyde with lithium aluminurn hydride yielded 3-phenyl- 
2-methyl-1-pmpanol, ( I M7b. Swern oxidation followed by the 
addition of rnethyl rnagnesium iodide yielded (f t t h m l  
erytitro-9Sb. RI = 0.36 (4:l cycloburui&thyl acetate). The 
'H NMR of this diastemmeric mixture ogracs with that 
nported in the lituitura.* 
(f ) J ~ M e t h y l 4 p h c ~ y l ~ 2 - b u t o n o t ,  (f )&reoSb.* 

A rolutioa of benzyl bmmide (2.5 mL, 21.0 mmol) in e t h v  (15 
rnL) was slowly added to magntsium tuniin* (1 g. 41.1 mmol) 
undw nitmgen. The reaction f i u k  war kept in an iœ batb 
until complete addition, and then the reaction mirture W~IY 

stirred at m m  temperature for 1 h. The fiasic was again 
coold, and fis-2,3-epoxybutane (0.8 mL, 9.2 mmol) in ether 
(5 rnL) waa added dropwirc Aftar cornpietc addition, the 
mixture was reflux4 for 2 h Exmu Grignad w u  quenched 
by the c d  addition of saturitcd N)tCI. Water w u  i d d d ,  
and the sluny wu Albrcd intu a aepurtoy funnei, rinsing 
with ethyl acebtr. The filtrate WIIB washed with 0.5 N HCL, 
saturimi aqueou NIHCOs, Ha,  and brine, dried over N i r  
SOI, rrltmed, and evaporattd in wcw. Rirification by niih 
aolumn c h m m i ~ p h y  (9:l p n W t t h y l  a&trb) yielded the 
threo ulcrihot (125 mg, 8%): 'H NMR (CDCk 200 MHz) 6 
7.17-7.33 (m. 5),3.70 (br apparent quintat, 1, J.,, - 6 Hz), 
2.88 (dd, 1, '3H+nc. = 13.3 HZ, Jw-H) = 4.8 HZ), 2.35 (dd, 1, 
tJnr-w = 13.3 Hz, J " I ' - ~  = 9.3 Hz), 1.83 (m. 11, 1.37 (br a, 11, 
1.21 (d, 3, JHI -~  = 6.3 Hz). 0.83 (6 3, Jw-çns = 6.8 Hz). 
(~)-threclerythn,~2-Ace~ory.3-methyl4-phenylbu~ 

rine, Acetyl Erhr of i1)4hrrdcythro-3Sb, has been 
pmtioudy p ~ p a r a l . ~  'H NMR (CDCt, 25û MHtl (mnancca 
of the two diastemmen overlap txœpt for the OAc rad &3 
resoannces) d 7.09-7.33 (m. 101.4.76-4.96 (ni, 2). 2.72-2.89 
(m, 21, 220-2.43 cm, 21, 1.82-2.06 (m, 21, 2.06 (r, 3) 2G3 {a, 
3). 1.22 (d. 6, Jnlm = 6.3 Hz), 0.88 (d, 3. JCH~SJQ = 6.9 HZ), 
0.83 (d, 3, JCHSm " 6.8 HZ). 

( i~ th~tAOLtoxy .S .metby14pbt~y lbutr  Acstyl 
&ter of (k).thmo-Sb, h u  bctn prcviously pnpued'O W 
IuhfR (CDCh 250 kf&) b 7.12-7.29 (m. 51, 4.82 tlppirclit 
quintet, 1, JMi = 6.3 H z ,  3- = 6.3 Hz), 2êû (dd, 1, 'JWM 
= -13.4 HZ, JmJp = 4.7 HZ), 2.28 (dd, 1, '&a4 ' -13.4 HZ, 
J H ~  = 9.6 Hz), 2.01 (S. 3),1.89-210 (m. 11, 1.20 (6-3, Jnint 
= 6.3 Hz), 0.81 (d, 3, J- = 6.8 Hz). 
(f l-ZPhthiümido-1-butmol, 40, was pnpued ushg 8 

standard method for the protection of amina acih4'  Phthalic 
anhydride (1.5 g, 10.1 rnmol) and triethylamine (0.6 mL. 1.2 
mmol) were added to a solution of (f t2-amino-l-but~nol(500 
mg. 5.6 mm011 in toluene (10 mL1 in a rudion verrcl equipped 
with i cvndenser and Dean-Stark trap. Aftu rcfluxing avu- 
tright, the reactian cnixturc nos uioted to m m  temperatun 
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and cxtracted t w i a  with  ethyi aœtate (30 + 10 mi,). The cem- 
binad o r g h c  uttram wcm wuhed with utruitd iqueou 
NiWCO, (2 x 50 mL), Hz0 (50 mL1, and brine (50 mL) and 
drid over uihydrour NaSO,. The crude residue obtaind 
upon evaporrrtion of the solvent waa purificd by Rash colurnn 
chmmatography (7:3 pentandethyl icetate) yielding 2-phW- 
imido-1-butuid aa an oil 1723 mg, 59%): Rf = 0.20 ( 2 3  
pent.r.e/ethyl i ~ ~ t a t t l ;  'H NMR (CDCIs, 200 MHz) d 7.79- 
7.90 (rn, 2h7.68-7.79 (nt, 2). 4.29 (m, 1),4.08 (m, 11.3.89 (m, 
11, 2.73 (br d, 11, 1.92 (apparent dcatet, 21, 0.94 (t, 3.3 = 7.4 
fi 1. 

1-Acamp2-phth.limidobuLnnc, h t y l  W r  of4û. 'H 
NMR (CDCh. 200 MHz) b 7.79-7.90 (m, 21, 7.68-7.79 (m. 21, 
4.31-4.68 (overlapping m. 3). 1.71-2.22 (ovtrlipping m. 2). 
1.97 ( 8 ,  31, 0.92 (t, 3, J = 7.4 Hz). Exid  m u  261.0999 
(C&sOJ+J wuires  261-1001, -0.8 ppm error). 
c~-l~(Acctorymethyl)-2-[(bcnzoylo~y)methyllcyclot 

hexane, Acctyl Ester of 43. UdimethyIamino)pyridinc (5.4 
mg, 0.044 mrnol) and benzoic acid (108 mg. 0.88 mmol) were 
addcd to a solution of c i r ~ l . ( r r r r o x y m e t h y l k 2 ~ ~ t ~ y 1 >  
cyclohutanc (83 mg, 0.44 m o l )  in dichlommethrnc (5 dl. 
The mixture w u  aiold in a cold water bath, md dicyclohexy- 
Icarbodiimide (100 mg, 0.48 mmoi) w u  rdded. M c r  atirring 
at mom ttrnpemturc for 3 da-, the iolvent wm removcd by 
rotary evaporation. n i e  residuc, taken up io ethyl e tha,  WU 
flltend. and the fïitrate was warhed with 0.5 N HCI, saturatcd 
aqueoru NaHCa, Ha,  and &ne, dried over Nam' ,  fillcrcd, 
and evaporakd in wcw. The cmde pmduct war puritid by 
f luh cotumn chromaQgraphy (gradient h m  9:l to 1:l pen- 
randethyl rectate), yieldmg N - l ~ a œ t o x y m e t h y l ~ 2 4 b ~  
ioxyimethy1)cycloheiwe as an oil(68 mg, 5361: R,= 0.68 (23 
pentondethyl acaute); IH NMR (CD&, 200 MHtl b 7.98- 
8.08 (m. 21, 7.38- 7.62 (m, 31.4.31 and 4.14 (two d, 2 i 2,J = 
7.1 Hz), 2.M-2.32 (4 21, 1.99 (a, 31, 1.33-1.72 (m, 8). Euct  
m m  290.1511 (CttH& requinr 230.1610, -2.4 ppm emr). 
2-û-(Mphe~ytmetbyl)gîyceroI DimaLite AœtyI Grhr 

of II. ~~Buty ld imethy ldy i  chloride (10 g, 66 mrnol) w u  
slowly addd  ta r rtirred  luti ion of 1,3dihydroxymatont 
dimer (3 g, 17 mm011 and imiduole (9 g, 133 mmoi) in 
dimethylfànnamide (22 mi.) under aibogcn The mimm w u  
m l d  in a =id water bath until the initial uatbcrmic action 
w u  ovar. Aiter atVring at m m  tcmperituiih foi 3 h, the 
naction mixture mi poured into H P  (800 mL) rnd crtrrasd 
with ethyl ether (2 x 700 mL). h e h  cther creict wam rParhsd 
with Ha (2 x 800 mL) and dried over M-6 Tl~a crirnbintd 
ethat extram were Altcred rnd evrporibd in wcuc, yieiàing 
1,3-bid&~-butyldimeUiy~oryhœtona u l deu colorlem dl, 
10.45 g (98%): lH NMR (CM=t, 200 MHz) b 4.41 (a, 41,0.91 
(a, 10),0.08 (r, 12). sodium bomhydride (237 mg, 6.26 mmol) 
war added to r a m  solutfan of  the 1,Wtert-butyldim- 
athylsiiyloxybcaori6 (2 g. 6 3  mmol) in dry metbrad (10 mi,) 
i t  4 'C under nitmgan Mer rtirring for 30 min, the merion 
mixture ani quenched with 5% rqueow CHsCOOH (16 mL1 
md Ha (1M) mi,). The mixture w u  urtridsd wità ttbyl 
iœtate (800 mL), rad the organic plme wrr  waihd wità 5% 
aqucaw CHJCOOH (2 x 200 mL), uturatcd iqutaur N r H a  
(2 x 250 mL), H20 (200 mL1, and brine (300 dl and &id 
ovw M@4. The rolvcnt wm cvipotated to ykld the alcohol 
as a desr colorlem oil, 1.98 g (98.5%): Rf = 0.38 (9A bcxrnd 
ethyl meeutcl. DiphenyIdiuornethancU (333 mg, 1.71 mmol) 
w u  added ta a dimd solution of rht alah01 (250 mg, 0.78 
mmoi) in dry acetonitrile (10 d l .  A f k  refluxing ovemi&, 
idditionai dipheayldiazomethaas (150 mg. 0.77 mrnol) war 
added and the m&um WM again rttltued ovtmight The 
reaction mirtun war cooled in 8 nfnemtor for 3 h, m d  the 
dltrate obtained after nitration of the nruiüng white p d p i -  
tare WM eoricentrated Uz riocrro. The crude oil w u  purifid 
by baih e o l w  chromatognphy (989 h d e t h y l  iceme), 
yieiding 1,3.diU~-bu~ldimcthyliüyl).2&di~lm&- 
y1)giyarol (Mû mg, 908): Rf = 0.65 (9: 1 h d e t J t y I  
icttate). NMR (CDCt, 200 MKz) b 7.21-7.39 (m. 10). 5.77 
(a, 11, 3.49-3.78 (m. 51, 0.87 (a, 18),0.01 (a, 12). Tetributy- 
ùmmoaium lluoride (1 N in THF, 0.80 0.W nunoi) w u  
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addd to #stirrtd rolution of the pure 1.3-di-O-(krf.butyldi 
methylsilyl~294diphenylmcthyl~ly~ml(130 mg, 0.27 mmol) 
in THF (3 mL). After rtirring for 1 h r t  m m  temperatum, 
the rcaction rnixtw w u  extractd with ethyl acctate (90 mL1. 
w ~ h e d  with H& (2 x 6 mL) and brine (2 x 40 mLl, and dried 
over MgSO,. Evaporation of the solvent yieldtd the aude  13- 
diol (156 mgr: RI = 0.18 (1: 1 hexandethyl actbte). Anhy- 
h u a  sodium earbo~te (a m#, 0.80 mmoi), Udimethylaminob 
pyridine (3.3 mg, 0.027 m o l ) ,  and acetic anhydride (0.076 
mL, 0.80 mmol) were added to a solutioa of the cmde diol (150 
mg) in ethyl ocetrte (2 mL). The mixture wai  s h e d  a t  m m  
rcmptmturt for 18 h and then extractcd with ethyl icetate 
(50 mi,). The organic phase wm w u h d  with Ha0 (4 x 10 
mL) and brine (2 x 10 mL1, dritd o v u  MgSh, and evrporitsd 
in vacuo. The aude midue  was pdd by Omh coiumn 
hmatogmphy (9:l hexanehthyl roctatu) to iIlord 2-0- 
(dipheny1methyl)glyccrol dinœtatt w in oil(70 mg, 77% ovcr 
twa rteps). RI = 0.37 (7:3 hexanedethyl acctatc). IR NMR 
(CDCL, 200 MHt) 6 7.22-7.38 (m, IO), 6.61 (a, 1),4.21 lm, 4. 
Ju = 16.5 Hz), 3.86 (m, 1, JNC = 11.6 H z , k  = 5.1 Hz), 2.02 
( ~ ~ 6 ) .  Exact man8 342.1471 (CmH& requins 342.1467, 1.1 
ppm enor). 

Central Ro#dum for PCLC8t.lyzsd Bydiolyœ~. A 
mpidly r t i d  suepension d nhrak diusolved in r amdl 
amount of ethcr and pbosphatc b d h r  (10 mM, pH 7) contain- 
iaq lipase h m  P. tepotia war mainLained et pH 7.0 by 
automatic titntioa with NaOH (0.1 M using a Radiometv 
RTS 822 p H m t  Thc naction waa stapped at tbe deaind 
airivemion, and tbe mixkve was srtnctcd oncc with 9:l tthtd 
tthanol and thr# tima with ether. n i e  combinai arganie 
extracta w e n  w u h d  with aaturated aqueaw NaKCOk watcr, 
rnd b d e ,  dned over Nama, and woccntmtcd in uocuo. Tbc 
ituting esten and pmduct dmholr w m  s tpmted by d u h  
chroma tographp 

PCLCatllytsd H y h b r i r  of (f )-thrco+rythrP-%Ae 
m-SpbeayIbuUne, Acetyt Enter of Ma. k # p h u t  
W U  mot ~vaihble  for  th^ hyddySb m o n ,  4 of 25 
mtErItnmeyer fiub containhg 2-icetmy3-phenylbutina 
(16 mg, 0.083 mmol, a riamic 1:l d x t w  of h c d e y t h m  
isomur), etbyl cthu (0.3 d), sodium pho8ph.u bdTtr (7 r d ,  
0.1 M, pH 71, rad bpaw b m  P. cepch (40 mg1 wem shakea 
in an Wbator rt 29-32 'C. Alhr 2-3 h the contenu of one 
Pirk were viruferred to a test tuât 4 extractcd with ethm 
(6 x 2 d l ,  &ng with a vertu mixar. Penirîmt emuiaioni 
were broken by ct~trifugation. The e t b t d  extracta were 
diid over N i B c  flltcnd, d thta d y z e d  by GC to 
determine the m n v d o n .  The clrtrict wu than mœntnted 
to 2 mL Iha aœtyl lu ta te  derivrtive waa sukquently made 
b deunnine th optical a d  diut4mmaric purities OC the 
praduct deoholr by gai chmmrtognphy. 

P C t C m t & m à  Hyd&aea of(* tl-Acstoq-bpbenyi- 
propane, h C y 1  hter d 871 T u t  tubsi contaking (f ). 
1-rcctmy-2phtnylpmpine (2û mg, 0.1 l2 moi) ,  e h  (OJ mL), 
d u m  phorphitc Mer (0.6 mL, 0.1 M, pH 71, rnd PCL (2 
9) w m  shaktn in in incuùator at 29-32 'C. At vuiotu  ümc 
inurvda, the entùe contenu of one bat tube wcrt  u t r i c t d  
4th tthtr (4 x 2 mL) urine a v a n u  mirer ta mir the two 
p h .  Persistent emulaioon w e n  bmken by centrifugation. 
The combinai ether artrra wem UUIyzcd by GC. 

~ u o r o i l c s t y l  E-u Trifluororettic anhydride (0.2 
mL) w u  rddeà to r aolution of daho1  (1-5 mg) in dichlu. 
mmethine (0.5 d l .  Eatd ia t ion  w u  cornpiete aitu 30 min 
and soKilvcnt and uari rargent were evaporated in r rvum 
oî nitmgen. The icridw w u  dhsolved in ethyl ether for 
-w b~ gar h - t o g n p 4 .  

Eni~tiomtric Purie. G u  Gu~hronurogriphg of h t y l  
-te û e r i d t m ~ Y  O - A a t y i l u t i c  icid chloride (4 
dmpd w u  rdùed to the dcohol (10-15 ny) d i u o l d  in 
inhydmw athu (2 mL). Tbe mianril au atoleà in r cold 

wakr  bath (5 'Cl, and pyridine (3 dropsl w u  r d d d  & 
mixture w a i  s M  for 10-45 min and then s t i d  rt m m  
temperature for 1-3 h. The rcacticn muture wu wmhd 
three timer with 0.5 S HCI, twict with uituralcd iqucau 
NaHC03, &O, nnd brine, and dried over Nam, .  lh" 
ethereil wlution of (S)-O-acetyllactoyi esttrs was analyzed by 
GC using an SE30 or OV-1701 capillary colurnn. The enan- 
tiameric excess values obtahed wert comctcd to acmunt foi 
the aptical puiity al  the dcrivatizing ngent (97.50 te), 
((S)-O-~~t~llactoylM-phenyl-2-butanol: OV-1701 w l u 4  
150 .CD a = 1.06, 21.0 min (RIl 22.2 min (Si. t h n o . ( ( S ~ ) -  
AœryUnctoyl Wphenyl-2hutanol: SE30 mIumn. 10 mia a t  160 
'C then gradient h m  160-220 'C at 3 'C'min, a = 1.03,220 
min (2R93S), 22.6 min (S .3R) .  e yilim((S)-0-Atcty11actoyl~ 
3-phenyl-2-butanol: SE30 colunan, IO min a t  160 'C Lh- 
gradient from 160-230 'C a t  3 'Clmin. a = 1.02, 22.8 &J 

tVi,33), 23.3 min ( 2 S . W .  
Erinntiomeric Purity. G i s  Chromatograpby Uiing 8 

Chimi Statioaary Pbue- The dcohol, acttyl uter. or 
trifluorormtyl ester rnr dissolved in ethv or ethyl accute 
and andyztd by CC uiiag a Chiraldex G-TA3û capiiluy 
column (htct, Inc, Nhippany, NJ). 1-Aatory-2-phenyl. 
propute: 90 'CD a = 1.03, 36.0 (SI, 37.0 min (RI. 2-Ph- 
ylpropanol: 90 OC, a = 1.06, 39.3 min (SI, 41.6 aiin (RI. 
2-Methyl-3-pheaylpmpanot: 90 'CD o = 1.01,46.4 min (SI, 47.3 
min CR), l~uoraarerory)-2-methyl3-phenyl-pnipe: 70 
'CD a = 1.03, 49.9 min [RI, 51.2 miri (SI. eythm-3-methyi- 
4-phenyl-2-butanol: 100 'CD o = 1.02, 28.9 min 12S,3S), 29.6 
aUo (2R83R). th-3-mtthyl-Cphenyl-2-butanol: 100 'C. a 
= 1.02, 31.6 min (ZS.3R1, 32.4 min (2R13S). &no. and 
eyrh-2~acetoxy-&me~yl-4-pheny1butanc: 100 T, 37.5 m i .  
(2S13S), 38.3 min (2S,W, 40.5 min (2R,3S and 2R.M). 
N,O-DiPœty1-2-*m;n~l-bu~oI: 120 'CD CL 1.03, 33.9 min 
!SI, 34.9 rnin (RI. 

Enuatiomeric Mty. 'R-NMR . (1) The rncernic aœtyl 
u t e r  w u  dusolvd in an .NMR tube. and iha 'H NMIZ 
spectrum was obuined using a 200 MHz rpctmmeter. M i d  
~l~ep~wmprPpyiItiydm*yrnethyl~1cH+).clmpharrto~ 
curnpium(IIZ1, (+)-Eahlib, was added portionwbe und brt. 
tint separatioa of tbe rœtrte aignds w u  obtrincd. 'Ibe 
n u m k r  of quivalenu of shift tergent n e œ s m y  b obtùa 
ôasc-line acpamtion of pcaks w u  then r d d d  b the iunplt  
for which the eaiatiomtric purity wrs to be detcrmintd. (2) 
The ilcohol wu miad with Maahcr's i a d  chioride ushg r 
rtandud p d w e u  md the multing esUr war mdyzcd by 
500 MHt 'H NMR apectmacopy. 

Earnt iomerlc  W t y .  Unhg 8 ChSi.l Station- 
u y  Ph.- A runpIe of the dcohol and iœtyl ester dimlved 
in the eluting ialvuit ru rnalyzed by HPLC usa r Chirrlœi 
OD column. 2-(l-Napàt!iyI)-l-prop.n01(99: 1 huiind-rn 
pinol;, 0.5 d m i n ,  a =  1.26, 10.4 min (SI, 23.2 miniRh 

A b d o t a  Conngmmtionr 3 k  Tbe bryl derivativer of 
the reparabd thrn, aad erythro dcohoia wem preplnd u 
prcviouly d d b d  and their opticai mtuy p o w m  were 
compubd to Utcriture dues. Eythro wayhte [ab = -14.8 
(5.64, benzene], likX (RB): [ah = -17.41. Thrao mylatc: 
[ah = -i2.05 (4.73, buurne), litn (R,S): tab = -16.89. 
3Sb: Tbe dcohol abraineci fiPm the PCLcatalyrcd hydroly- 

ais of tlrrni-2-rcetory-3-me&yl4-phenylbutmc w u  oxidized 
1i follows. Jones rugent  (-0.1 mL) war addtd droparuc to 
the dcohol(M mg) in rcetone (5 dl at  O 'C until tbe o m g e  
a l o r  p u r i d  After stirring for 30 min, %propanol w u  
addtd until the mixtum war green AAer an additionil 10 
min, sodium hydroxide (1 Ml waa addtd until pH 7 nu 
mched. The mixture waa Gltusd and the aolvtnt w u  
evapomttd in wcuo h m  the filtrite. The  due w u  
cihmivcd in cthyl m t c ,  washed twiœ wifh both -ter and 
b ~ e ,  md drid over MgSOc Tàt made pmduct o b h e d  
upon eviporitioo of tbe solvent WM puntkd on 8 pmpuitive 
TU: plah (95:s pentmdtthyl accltc), Rr= 026. Iht ketonc 
obuintd w u  identided u the S e~llltiorna, [ab +C9 (c 4.1, 



ethsnol), l i tu  S.(+), therefore since the rtsrting materini w u  
the acetyl ester of threo-ab, the prefemd produet ii rht 
(2R,3S) isomer. By cornparison of rhe CC chmmatogram 
(ChimldexGTA 301 of the pmduct obtained h m  hydrolyria 
or the thm ester ta the chmmatugmrn of the pmducfs obtained 
fmm the hydrolysis of the rncernic thnderythro mixture. it 
was determined that the pnferred product of the latter 
hydmlysis was also the (2R.3S) isomcr. 
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ELSEVIER 

A structure-based rationalization of the enantiopreference of 
subtihsin toward secondary alcohols and isosteric primary amines 

Romas J. Kazlauskas ' , Alexandra NE. Weissfloch 
Depanmetu of Chmumy, .UcGiU Uniuenip, 8801 ShcrSrook SI. W.. .CIontrial. Qiribec H3A IK6. Cunaùa 

Recavcd 17 hugwt 1996: accqred 13 S c p e r n k  L996 

Lipases hvor  one enanriomer of setondaq dcohols (HOCHRIY) and isoscenc primary amines tNH,CHRRf). while 
subalisrn tavars the otha enantioma. En both mes, simple d e s  based on thc sue of the substi~enrs al the sunccenw 
@a which cnuiaoma r e m s  fases. Thus, Lipases a d  subcitisin arc 3 pair of complcrncnüiry eniautioseIecave rcagcnts for 
a r g d c  syathcsis. nie success of these niles mrggests that Lhcse bydroiases distinguish berweea enanriomer primarily by tfie 
size of the subsuntcnts. Pnviously, wc proposcd a rnoiecuhr mechanism for the enantioprct'mncc of lipases based on the 
X-my crysrd smcturc of msition SUU malogs bourid CO a Lipase. Hcn wc suggest b i t  3 sirnilu mechanism GUI aiso 
a~count for the opposite cnantioprefcrence of nibcilisin. The d y a c  machincq ( c d y t i c  mad pius the oxyanion-stabiliang 
nsiducs) in lipases is approximntcly Lht mirror image of lhat in subtilisia. In both hydralases, the protein fojd. as it 
assembles the d y u c  mnchinery, &O crcûcs a resuird pockt for one substituent in the substnu ('M' or medium-sizcd). 
Howeva. the d p i c  His rcsiduc lits on opposite sida of this pockct in the two hydrolases. We propose that 
en;intioselcction &es fnim (1) tfie limited size of this pockcr, (2) and a rcquired hydrogm bond ktween the cmiy t i c  His 
and the oxygen or nimgen of the dcohol or Yriinc. This mcchruiism for emtioselecrion diffus h m  that proposai by 
Denwcnda and Wei who focussed on which cybonyl face in ttie estcr or amide is ;rnackcd Lipases and subciiisin indecd 
a m k  oppsite faccs. but wc propose dm this differencc docs not set die enantioprcfctcnce toward seconciary alcobois. 

1. Introductioo ple nile, Fig. 1, looks oniy at the relative sizcs 

Synthetic chemists ofkn use proteases and 
lipases as enanrio- and regioseletive reagents 
[121. To simpiify the use of theex reagents, 
chemists developed d e s ,  or pneraüzations. 
about their selectivity. For exunpk, many n- 
searchers proposed rules to pdict  which enan- 
tioma of a secondary alcohol reacts f a m  in 
Lipase- and esterase-catalyzed reactiocis. A sim- 

of the substicutnts, but some d e s  &O includc 
polariry or specifïc size resuictious for the two 
substituents. These d e s  have helped chemists 
use lipases as synthetic reqents since they sug- 
gest that Lipases discriminate berneen enan- 
tiomcrs mosdy by the sizes of the substituents. 
For example, resoiutions of secondary dcohols 
whcrt both 'L' and 'M' have simi7ar sizcs are 
rarcly efficient, and chernical modifications that 
increast the differcnce in size often result in 
increased enantioselectivity. Recently, Smidt et 



Fig. 1. Enspirical mies that prrdict h c  cnantiopfmnccs of 
lipases and subliIisins toward sccondary alcohols and primary 
amines af the type NH2CHRR'. Ca) Lipases favor h e  cnantiomtr 
wicb the shape shown whce L is a large subsunient such as 
pknyl md is a rncdium substituent such as mcthyl. T b  mie 
applies to al1 lipases and estexases whose subsn;ue spccificity har 
been mapped: rhinten lipases for secondq dcohols and linte 
lipases for amines. Fia. 2 surnrnarizes the amines tesud (b) 
Subrilisin hits an opposite enantiopnfcrencc to lipases. Fiupamcii 
and Kiibanov proposcd rhc ruic shown for five secondary alco- 
hols. These and other exmiples IO support the mlc for subtitisin 
arc coilcctcd in Fig. 3Fig. 4Fig. 5.  

al. suggested that a sirnilar rule c m  also account 
for the enantiopreference of a lipase toward the 
isosteric primary amines of the type NHCHRR' 
131. 

Using X-ray crystallo,~raphy, Cygler et ai. 
identified how the enantiomers of menthol, a 
typical secnndaq alcohol, bind to lipase from 
Candida rugosa [4] in the transition state. The 
dcohoI binding site resembled the ruie 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 cataiytic machinery 
(Sm-His-Glu triad and the oxyanion-stabiliz- 
hg residues) and the loops that orient this ma- 
c h i n e ~  created the pocket for the medium sub- 
stituent. The catai-ytic His residue made a hy- 
drogen bond to the menthol oxygen of the fast- 
reacting enantiomer, but could not reach this 
oxy gen in the slow-reacting enantiomer because 
the oxygen pointed away from the His residue. 
Cyger et al. proposed that this lack of a hydro- 
gen bond accounted for the slower reaction. 

The X-ray crystai structures of other iipases 
and esterases showed that, in spire of iitùe 
shiiarîty in amino acid sequence, they al1 fold 
similady [j]. This protein fold named the 

a/P-hydrolase fol& arranges the catalytic ma- 
chinery simiiarly in alI lipases and esterases. 
This simiIarity allowed a simple rationaiization 
for why Lipases and esterases show the same 
enantiopreference toward secondary alcohois 
and isosteric primary amines: the similar cat- 
dytic mactiinery restricts the size of the medium 
pocket in aii iipases and an esterases. In addi- 
tion, the catalytic His lies on the same side of 
the alcohol binding pocket. 

Subtilisin. an alkaiine serine protease, con- 
tains catalytic machinery that is the approha te  
mirror image of that in a/P-hydrdases [5]. 
Fitzpatnck and KIibanov found that subtiiisin 
favored the enantiomer opposite to the one fa- 
vored by lipases. On the bais  of five secondary 
alcohols they proposed a rule for the enanuo- 
preference of subtilisin opposite to the one for 
lipases [6]. In this paper. we review the enanrio- 
preference of subtilisin toward secondary alco- 
hols and isosteric p n m q  amines and c o n f m  
that its enantiopreference is opposire to that of 
lipases and esterases. in addition. we show that 
lipases and subtilisin also have opposite regiose- 
Iectivity. To rationalize this opposite selectivity, 
ws show how the enantioselection rnechanism 
proposed for lipases can also account for the 
enantiopreference of subtilisin. 

Z.I. Emntiopreference of lipuses roword pri- 
m a ~  amines 

Researchers only recently resolved amines 
using lipases and have examined the substrare 
specificity of only three lipases, Fig. 2. Lipase 
B from Candida antarcrica (CAL-B) is the 
most popular [7-121, although lipase from 
Pseudomonas cepacia (PCL) [12], and lipase 
from Pseudomonas aenrginosa (PAL) [13] also 
show hi@ enantioselectivity. Fil. 2 ornits sev- 
e d  efficientiy-resolved amines because the au- 
thors did not establish their absolute confiBoura- 
tions [El. Smidt et al. [3] propsed extending 



RJ. m k a r .  AN.E Weug70ch / J a u m l  of Moiecular Cardysis 8: En,'ynmic 3 (1 997) 65- 72 67 

as: PCL, E>;cN. QS. PCL E=53. 
CAL-B. E = 6 CAL-8. E 1 51 

vamPCL E l 1 2  rnrmPCL E + l O O  

Fig. 2. Enantiopnfcrcnce of lipases toward pnmary iunines of the 
typc NH,CWM. Lipases favond acylation of rhc cnutiornu 
shown or bydrolysis of rhe comsponding amide. CAL-B: acyla- 
rion or hydrolysis using lipase B fmrn Cdidrt amarnica: PCL: 
acylation using I i p w  from Psrudamom cepucia wilh eirhtr 
nifluoroethyI actratc or mfluoroelhyl chlomacctau: PAL: acyla- 
tion using lipase from Pseudumom aemginosa. Al1 twcnty two 
cxarnpies fit ihc rulc in Fig. la For rcfertnccs. see wxt. 

the secoadary dcohol rule to primary amines 
for CAL-B and indeed ali of the amines in Fig. 
3 fit this rule. Thus. as with secondary alcohols, 
the rule in Fig. la  reiiably predicts which enan- 
tiomer of primary simines reacts faster in 
lipase-catal y zed reactioas . 

2.2. Enanriapreference of subtilisin ruward sec- 
o n d a ~  alcohols and primary amines 

Fig. 3 sumarizes the stereoselectivity of 
subtdisin toward aicohols and amines. For the 
lhineen secondary alcohols 16.14-201, eleven 
follow the d e  in Kg. lb. two do not (3- 
quinuclidol [18] and one of the two nactive 
hydroxyls in the inositoi derivaave [19D. giving 
overail accuracy of 85%. A possible rarionaliza- 
tion for the 3-quinuciid01 exception is that sol- 
vation of the nitrogen increases the effective 
size of that substituent.. Both substituents in the 
1.4-diacetoxy-2cyciohexene [20] are similar in 
size so this substrate was excluded from the 
~AY.  

For primary amines, ail thirteen exampies 

[21-231 fit the rule in Fig. Ib. To resclve these 
amines mearchers used subtilisin to catalyze 
the acyIation with uifiuoroethyl butyrate or the 
alkoxycarboaylation with dialtyl carbonate. 
Thus. simple rules based on the size of the 
subsatuents predict the enantiopreference of 
subiilisin toward secondvy alcohols and pfi- 
mary mines. However. the favored enantiomer 
is opposite of the one favored by iipases. 
To further emphasize the opposite enantio- 

preference of Lipases and subtiiisins, Fie. 1 com- 
pares four enantioselective reactions where re- 
searchers tested both subtiiisin and Lipases. In 
a i l  four cases, lipases and subtilisin showed an 
opposite enantioselectivity. In the cyclohexanols 

Fig. 3. Enmtiopfcrcncc of subtilisins (Culskg  or BPN') r* 
w u d  second. dcohols and isoswic p n m q  amines. (a) Fast-rc- 
acting enmtiomn in the acylation of the dcohol or ;n ihe hydroly- 
sis of the correspondhg estu. Somc rcsurctrns cstimared the 
enantioscicctivtty by musuriag the initiai me of muaon of the 
rwo enantiomers rparauly. la lhesc -S. the ~ h v c  r u .  
vS j o,. arc given For cxvnplcs without an E value, thnt was 
insuficicnt i n f o d o n  to cdcuiau it Eicven of the thincen 
alcohots fit rhe rule for an o v d l  acctuac)l of 858 .  ïhe  two 
exceptions to the mie arc rnarlrtd 'cxception'. (b) Fat-rtacting 
eamtiomcr of pnmary amines of tbc rypc .W2C?iRR in  IO- 
uon with uîfluomcrhyi buryxk or dkoxyc~nyiat ion with did- 
lyl cu&~n;ut. Ail h n  examples fit ttic nile in Fig. tb. 



P R  iE = 731 or Ps. SD. 

suBüiisin. E -2 

4 PLE. E -3 

*Ace PCL. E -5: CRL. CVL. Ps. 
sp. liOases AK. K-10, E -3 

Fig. 4. Four examples of oppi re  cnantioxlectivity of lipase and sublllisin in tht same or sirnilm molccuies. (a) Subtdkin mai-mtd the 
allytonycarbonylarion of the amino group at rhc (S)-stntoc~tcr. whilc in a similx molecuic. CRL catalyzcd the ennntio~lccuvt bydrolysis 
of rhc butycaic esur of the (Rbalcobol. (b) Subrilisin catalyzed the hydrolysis of the Z R  propionare. while lipases caalyzd hydrolysis of 
t îu  2S propionau. (cl Subtilisin cadyzcd the acetyIation of the 5-OH in one t o ~ i i u o m a  of the p i o e  mpinositol. white PPL Lipase 
hm Psedomonrrr q. (Sigma), and cholutcrol estcrast (CE) catalyted the acetyliuion of the 54H in rhe ochtr enanticmer. Subtibin and 
CE also cîuaiyztd acerylation of the 6-OH. (dl Subulisin and PLE favod bydmiylus of the acetoxy group at the ( R ) - s w c o c f ~ u t .  wttilt 
five lipases favorcd hydrolysis of the acetaxy p u p  at rhe (SZstcrroceata. nie nila in Fig. 1 ptçdict thc rraction in a b and the 5-OH in c. 
The substitutnts in d are too similar in sizc to makc predictions. The acctylasion of the 6-OH in c is an cxccpuon to the niles. Abhviarions: 
I i p w  from Candida mgoso, CRL; lipase h m  Pserrdomo~s ccpucia. PCL: lipase h m  Chromnborterium ciscorwt. CVL; Lipax h m  cwo 
diffant Pscudom~t spccies. I ipa .  AK and lipase K-10: pig Iiva cslcnse, PLE; pig paamauc lipase. PPL. 

subtilisin 

a II PPL, CVL 

u 
OH 

HO*.,, ,,..OH = & O 
u 

c suùtilisin CRL 

subtilisin 

II  
OH 

CVL 

II 

subtilisin 
CVL, PCL, H U  

major u 

Fig. 5. Four examples of oppasire regioscfcctivity of lipases and subtirisin. Cd Subtitisio fwmd aqlarion of the &position of 
I-O-.lcastanospmninc by as much as > 20: 1. while Iipajes porcine p a n d c  iipase (PPL) and Lipase h m  Chrurrwboncriwn oircom 
( C K )  favod q W o n  of thc ?-position by as much as 10:I. (b) Subtiiisin c p t a l y d  qlation of oniy die 17-OH in Sa-andronanc- 
38.17&dioL whiIt CVL. thr acylation of oniy chc 3-OH- (4 Subtiüsin mai* hydmiysis of the =ta& at tbe 2-position. whilc 
lipase from C4ndida mgosa (CRi) cataiyrcd hydrolysis at the 4-posiucm. (dl Lipase from Preudomo~s cepacio (PCL). lipase from 
Humicola huginosa (HU). and CVL wraiyzcd acyiation of only the &OH of bcaryI quinau with triauuruethyi butamace. whiie subtiiisiu 
cauipai the acylation mexhyt 1-r at both 5-ûH and +.OH (1.8: 1). 
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the opposite selectivity refen to similar 
molecules [22,24), while in the 13-oxathiolane 
and inositol derivatives it refers to enantiomers. 
One of the subtilisin-catalyzed acylation in the 
inositol is an exception to the mie [18]. For 
meso- l,4-diacetoxy -S-cyclohexene, subtilisin 
and most lipases catal y zed h ydrol y sis of oppo- 
site acetates, aithough the enantioselectivity is 
low and the substituents have similar sizes [19]. 
Fig. 4 ornits two examples. First. subtihsin and 

ity in the hydrolysis of chlocal acetyl methyl 
acetai - CI,CC(OAc)OMe. but the absolute 
configuration was not estabLished [26]. 
This opposite stereoselectivity &O extends to 

the regioselectivity of lipases and subtilisin. 
Subtilisio and lipase showed opposite regiose- 
lectivity toward the secondq alcohol positions 
in castanospermine. Fig. 5a (271. anhydro-supar 
derivative. Fig. 5b 1281, steroids, Fig. 5c [29]. 
and quinic acid derivatives, Fig. 5d [30]. 

CRL showed an opposite enantioselectivity to- Note that the stereoselectivity of subtilisin 
ward ( f)-a-methylbenzylamine in the reaction toward alcohols and amines is often lower than 
with (*)-ethyl 2shloropropionate [Z]. The that of lipases. For subtilisin. like other pro- 
sense of enantiopreference was as predicted in teases, the binding of the acyl chain (the S, 
Fig. 1. but the additional stereocenter in the binding site [31D dominates the structurai selec- 
chloropropionate compiicates the interpretation. tivity, while the dcohol binding site is shallow 
Second. subtilisin and lipases CRL. PPL. and compared to the alcohol binding site in lipases. 
CE showed hi&. but opposite. enantioselectiv- For synthetic appiications. subtiiisin usuaiiy 

Fig. 6. Saumures of subtilinn C3lsbcrg and lipase h m  Candido rugosu. (a) X-ny crystiil s t r u c m  of subtiiisin showing the d y t i c  
mnchincn, (Ser 221. His 64. .4sp 32. a d  the N-H's of 155 and S n  221) and a pomon of the proposcd subscntc binding site. The a q l  
chah binds in the region m& SI. The alcohol binding site bas not bctn identifieci by X-my crystaiiogqhy. but the mosr likciy rtgion 
for iht dcohol binding is soggested above. (b) X-ray crystal s t n i c a ~ c  of t k  open form of lipase h m  Candido mgosa showinp the cacaiytic 
machiner). ( S m  209, His 4î9, Glu 341. and the N-H's of .-Ua 210 a d  Gly i23) and the proposcd dcohol binding site. The rwo regions of 
dcohol ùiading sitc wsrerc idcntif~ai by X-ray -staHogr;iphy of mentbot derivatives bound in the active sire [4]. (c and dl  Ropasd 
structures of rhc teuakdrai intnmcdiaca the hydmlysis of the favorcd secondary dcohol estm. The oriearauoa is simdar to ha! of the 
crysrai maures abovc. Diagram in a and b w m  dram using Rasmac v2.6 [32] using entries Isbc and la1 h m  the Bmkhavcn p t c i n  
data ~~UIIC 1331. 



shows higher enantioselectivity toward chiral 
acids than toward chiral amines and alcohols. 

2.3. Opposiie chiraiity of the cataiytic machin- 
ery in lipases and subtiiisin 

X-ray structures of lipases show a serine 
protease-like catalytic machinery consisting of a 
Ser-His-Asp miad and an oxyanion hole (5). 
However, the c W t y  of the catalytic machin- 
ery is opposite in serine proteases and lipases. 
For example, Fig. 6 compares the stnictures of 
subtilisin Carlsberg [34] and lipase fiom Can- 
di& mgosa [35]. Because of this ditference. 
Lipases and subtilisin anack the opposite faces 
of the carbonyl and f o m  enantiomenc ceaahe- 
dral intemediates '. Consistent with this notion. 
Bjorkling et al. [37] found tbat opposite enan- 
tiomers of ethyl p-nitrophenyl hexylphosphe 
nate. which has the stereocenter at the pbospho- 
ms. inhibited Lipases and chymotrypsin (The 
catalytic machinery of chymoaypsin and subtil- 
isin are superimposable.) However, the opposite 
face of attack can not explain why the hydro- 
lases have an opposire enantiopreference toward 
stereocenters farther fiom the reaction center, 
such as the stereocenters in secondary alcohols 
and isostenc primary amines. 

Lipases amck the Re face of an ester. while subtilisin au;icks 
the Si face of an W. According to Hanson's nomenclature. die 
facc wth the clockwise ranLing of the rhrrx suhtitucnts is the 
Re-face: the counretcloche &ng gvcs h c  Si-face. For 
cx;lmplc, the Si-facc of mcthyl acet;uc bdow is m c d  t o d  the 
rcadcr. To rank the substituenu. iht carbon-oxygcn double bond 
is  replaceci 'ay a singic bond ;uid a phanrom carbon atom '(Cl' is 
added to the oxygea fhe ester oxygcn des highcr thao die 
carbonyl o x y w  becuse the ester oxypcn is attachcd to a r d  
carbon a t m .  ~nfominattly. rcsurcha~ have somttimcs anmed 
the faces of mers incwrtEtly. Note that rrplacing the OMc witb 
h'HMt gives the oppositc dcsipation for the face [36]. 

3. Discussion 

One crïticisrn of enzymes as enantio- and 
regioseIective cataiysts is that only one enan- 
tiomer of the enzyme is available. The obvious, 
but impractical, solution is to mate an enzyme 
from  amin no acids. However, this papa shows 
that for lipase-catal y zed reactions of secondary 
alcohols and primary amines, subulisin is a 
readily available catalyst with opposite enmtio- 
and regioselectivity. This complementary be- 
havior rnay simplQ the use of thcse catalyst for 
synthesis and make it more rational. The experi- 
mental results cited in this paper are for subtil- 
isin BPN' and subtilisin Carlsberg, but otber 
subtilisin-like senne proteases (subtilases) have 
similar structures [38]  and should show a similar 
enantiopreference. 
One disadvamage of subtiiisin is that its 

enautioselectivity is often lower than that of 
lipases. It rnay be possible, either by protein 
engineering or directed evolution to increase the 
enantioselectivity of subtiIisin. 

Derewenda and Wei's proposd for the 
molecdar 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 bat "the 
reactivity of specific esters of secondary aico- 
hols should be easily predicted from the relative 
solvent accessibilities of the re and si faces of 
the respective enantiomers" . However, neither 
they nor others showed that the two faces diff'er 
in their solvent accessibiiity. h addition. their 
proposal does not explain why lipases differ in 
the degree of enantioselecùvity toward the sanie 
substrate. Neither the face of amck nor the 
relative solvent accessibility changes in these 
cases. 

in contrast, our proposal for the molecular 
basis of the enantiopreference of lipases and 
subtiiisin focuses on the protein fold. This fold 
both sets the absolute configuration of the cat- 
alytic machinery and creates a resaicted pocket 
for one substituent in the substrate. Both the 
a/B-hydrolasc fold for lipases and the subtilase 



fold for subtilisin mate such a pocket, but the 
opposite absolute configuration of the catalytic 
machinery places the catalytic His on opposite 
sides of this pocket. For thk reason serine pro- 
teaxs and Lipases requins opposite chirality in 
the aicohol for efficient catalysis. Differences in 
the detaiied shape of this pocket explain the 
different enantioselectivity of different lipases 
toward the same subsuate. 

The two proposais differ in ttieir exmpola- 
Son to other serine hydrolases. Derewenda and 
Wei's proposai predicts that al1 serine proteases 
w i U  have the same enanaopreference because 
the absolute configuration of their catalytic ma- 
chiner~ is the same. On the other hand. our 
proposal cannot extrapolate to other senne hy- 
drolases because they have different protein 
folds. Other protein folds may creates a d'fier- 
ent pocket or none at dl. For exampie, 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- 
hois or isosteric primary amines to test these 
predictions. 
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Chemoenzymatic Access to Enantiomeric 
Bicyclo[2.2.1]Heptan-2,s-Diones 

Alexandra Weissflocb and ~obcn Arnad* 
Luboraroùe de Chimie et Biochimie PhanMcoiogiqws et T Ù x i c o l o g ~ ~ ,  Unité associie au CNRS No 400, Universiri 

René Dcscanes, 45 NC &J SWs-PLres, 75270 Paris C k k  Cd, Fr- 

Abstract-A pticai intsgusd pfwcarr. combining in enrymrtic r8salution ircp witb r few &etnicd wufor&oms. is 
daacribed for the rynthsrii of (U2.4R)- ind (IS,4S)-bicyclo[2.2.l~hep~a-X3-dioncr 1 of high enuitiomeric pmity, 3-g from 
i fiundard mixm of (f kndo- ind uo-2-~toxv-5-norborwae. 

(f )-Bicyclo[2.2.l]hcp~-2.54ione 1, which is readily 
obcained by the additian of formic acid to norborpadieae, 
followed by Jorn oxidation of tùe resulting diformate 
esters,' bas bcen used as a rigid templait for the 
ciaboration of a diphospbinc iigand 2.2 Dione 1 is abo Q 
stPrcmg maeriai for thc pnparation of onri-3,5dibydn,xy- 
heptan-1.7~xylic oQd 3.3 a CrsymmeEic synthûû 
posscssing cwo chiral ccotcrs. which has  bec^ uscd in the 
preparation of che lactonc rings of atrmncctins or 
milbemycins (Scbcmt 1). In view of îhis, it wouid be of 
gmurwttobaveasimpltpnparativeacctssmtbcpmt 
dbnc eaantiomtn w h k k  to out prcscnt knowldgc, does 
na yet cxist. A ment papd does, howeva, desaibe an 
asymmetric bis-bydrosilylation of n m t n t  whicb 
leads u, one of ûu comqmdmg cxo,exodiol diaceme 
cnantiomcrs with high opocal purity. 

We hercin report chc syuthcsis of diones of high 
enantiomaic purity, starting InnP a commerclial mixture of 
norbonrenol acctates, wbich involves very few stcps, the 
key one k i n g  an enymatic nsolutim mcthod. 

di01 mixture obtaincd by the formylation of 
no1bot118diene.~ werc u w r e * u h i l  in agreement with 
known s a u m d  mode& ciaboratcd for the hydrolysis of 
such bicyclic estm catalyzed by lipase m m  Candida 
rugosa (= ~ ~ d i r k r  cylutdtctceu~ and remit nsulc obtaincd 
with otba cnzymwnzymwM An enrymatic hydmiysis of endo- 
2-norborncnyl atm.9-10 baving an enantioselcctivity 
cotfficient (E)" of about 15, was not cnantiosclcctive 
w g t t  IO be of pqmitivc use. Mortover, the recovay of 
rbe exEadingly vofatile p m d u d 0  was ciifbit and tbc 
subsequ#it fœmylation of thc norbomenyl ester was, to 
oursmprise,- 



hydmcl3 in ettunoLwam affarded m h@4 yielQ ihe crude 
epoxide wbicû. upôü crys-00. *fded rhe pine en&- 
epoxyaceiaie isoma 4a (about 50 % minimal yicid). As 
pnviously dcscn'bed10 ihir crm arss fccovtrtd- 
whm subdaed  to h y d d y ~ i s  with Iipasc h m  C. mgosa. 
even for prolonged incubation limes. Convendy, tht 
comsponding butyic esta 4b, pnparcd by müd a & a b  
hydrolysis of 48 followcd by esttrif~catim witb butyric 
anûydride, was a good substrair for tbe samc enyme and 
was tasily nsolved (E - 92) on a 400 mg-scale, affodipg 
GR)-epoxyalcohol S and (2Sbepoxyester 4b of high 
optical purity (Schcme II). Absolue configurations wtn 
amibutcd nom the hown stcrcosclectivity of lipase fmm 
C. rugosa in this s a i d  and contirmai by comparison of 
the optical rotation of the nsuitiag cpoxyalcahol witb the 
epoxidation product of the previously dcscribed 
corresponding (1~.2~,4R)-endo-~orborneno1.~~~* 

Howeva, ûu necd for a prtiimiaary exchaoge of the esta 
g r o ~ p  couid be chninami by workmg with the samc base 
iP a rranststerincaam nactioa using the racemic aicohoi 
5 as a subsuatc in an anhydrous organic solvent~4 A 
pnhhry  sa#ning for a couveniait acyl grioup donm in 
v;irioas @c solvents was effcaed, the principal rcsults 
of which arc given in Table 1. 'Ibt most striking outcame 
is tbaL mcxpectedly, a ~ ~ t y l  cimors (enaies 1, 3. 4 and 5) 
an effective dooating =agents, althougb tbty are 
systematically lcss effective than butyry 1 donors. 
Mamver, d ~ e  enantiosclcctMties measuted using vinyl œ 
isopropcnyi acctart w m  ùigher or comparable to tbosc 
measurrd asirig vinyl butyratt (cntry 2). In coutrast o t h  
daaors such as anhydrides (enaies 5 and 6) or estus (eaay 
7). rcsult in Iowa enantiostkctivities. In Ihc case of 
isopropenyl acetate, the replacement of toluene by 
chlmfm (eauy 4) produad a dramatic cffect on rhc rate 
and enaatioscIcctivity of Ihc escrikation naction. 

Table 1. E ~ ~ ~ a e l c c r i v c  trtcaficuioo4 of ( f ) -2 .cndo-hydrory-5,acpOryn~o by lrpue fmm C. iupa in ihc pruanca of vinw rcyl 
do- riid m~venu. 

I i 



Under the best conditions (cnuy 3), starong h m  3 g of 
(f)qoxy aicohol 5, it was possible to obtain. in a twe 
mge ~ p u a t i o n . ~  1.6 g (40 %) of (2R)-epoxyacceue 4b 
(96 % e. e. ) and 13 g (40 96) of (2s)-epoxyalcohol S (> 98 
% e.e.). Eacb product was then reduad with lithium 
abmhum hydride m actrabydrofixad2 (65-75 % ylcld) aod 
rbe ~xystailized~~ endo,exo-2.5-norbornantdiols werc 
sabmitted to pyridinium dichromate or Swern oxidacïoo,~6 
affording the enant:.omeric (IS.4S)- and ( I R  ,4R) - 
bicycloi2.2.l]heptao-25-diones (about 70 8 yidd) in high 
optical purity (2 96 % e.e.). 

An integrated process, which inciades the recyciing of 
mused (5-em- and e n d o - 2 - a c t m x y - 5 . 6 - e p o x y n ~  
presenf in the mothcr iiquors of the cpoxyacciate 
ncrystallization, has been designed: mild ailaiine 
hydrolysis, followed by oxidation to epoxynorbornanonc 
and rcductiou with sodium borohydridt in mcthaaoliO will 

Exparimental Section 

Mdting Poipts arc tmconected lH and I 3 c - ~  spcris. 
w a t r e c n d e d m a W M S S O B n i L a ~ a t 2 5 0 a n d  
62.9 MHz rupectivcly. The rWdual protons m CDC13 a 
pyiidmc* wac used as nfucm pcaks. witb asggned 7.25 
and 8.71 ppm chcmical shifts, rcspecuvcly. Signal 
assignment was aided by SD lH homonuciear sbih 
conclatcd (COSY 45) specua and I3C distonioalcss 
cnbaaccd poiarization DEfT 135) cxpaiments. Optical 



rotations were mcasurcd m 1 dm or 0.1 dm ceh using a 
Pakb Ehm 241 spcctropolarimeta. Gas dmmamgrapby 
was performcd ou Varian 3700 or Shimndzu G-BA 
insuumcnts equippd wirh ~UW iouizaîian dctecton and 
Shimadai C-R3A or C-MA inttgnhg recorden. OV- 
1701 (Flexi'bondTM, 0.20 mm x 15 4 Pim Chem. Co) 
or DuraboDdwax (0.32 mm x 30 TXI. J&W Scientific, hc.) 
cap* columns w e n  routinciy employed to mmitor 
enzyme nactioas. wheras a Chiraldex G-TA capilMy 
colmnn (0.25 mm x 30 m. Astec) was w â  to dcrcrnime 
opticai parifies. Mass spectromeaic anaiysts (MS) w a c  
carfiui out by cltcaoriic hpaa (ET) on a Hcwlctt Paichrd 
5972 GC-MS instrumtnt. Higb rcsolution mass specua 
(HRMS) w a e  suppiicd by Université P. et M. Cmie 
(Paris). Flash column chromatograpby was canied out 
using Merck 60 siüca g c l ( 2 3 O û  mcsb). Merck 60F.25, 
prccoatcd glas plaus wwe uscd for tbin iayer 
chromatography. High p~cssiirt fiquid chn#narogrqhy was 
pcrfoapcd u s i q  a Chn,niaian 380 pmp, quippd witb a 
Pye-Unicam LC-W dctcctor, a Shimdzu C-R3A 
mtepting recorder. and a Chiralpack AD column (0.46 x 
25 an, Daicel Chem. Ind.). Lipase h m  Candida 
cylindracea (C. rugosa, E.C.3.1.1.3) was piirchased h m  
Sigma Chernical Co. (S t Louis, USA). 

Enantiomeric excesses of 2-e ndo -acctox y-5.6- 
cpoxyMKbomanes ~ s g i r n :  1) and bicycio[23.ljhepran-2,5- 
dianes (Figure 2) wem befamind duu:tiy by GC on a 
Chiraldex G-TA30 capillary column at 110 OC. 

Eaantiomcric cxccsscs of 2-endo -&  ydrox y -5.6- 
epoxyaorbr#oancs wen deiammed by GC of rheù aaaa 
o r a i f l i l ~ e s l f f s ~ ~ t h C ~ ~ m t ~ ~ l l ~ m ~ a t  110or9û 
TC, tcjpecrivciy. In some case% enantiomeric exccJscs of 
2 ~ ~ h y d r o x y - S , 6 c p 0 ~ y w r b o r n a n t ~  W= by 
HPLC of tbeir b c ~ z o y l  esters on a Chiralpak AD column 
with ~ i sop lopano l (95 :S)  as solvmt (Qow tate: 0 5  
m L h a  demion at 250 ma). 

Repatatioa of acctyl estas for GC analysis: CO the alcohol 
(- IO mg) dUsolvcd in ethyl acetate was adad 4- 
dimctbyi?uninopyndiPc (0.05 eq.), scdimn carbonart (1.5 
cq.), and acetic anhydri& (1.5 4.). 'Ibe mixm was samd 
for 18 h, then washed with water and brine. ïhc organic 
phase was dried ovcr anhydrous sodium sulfate. fdmed. 
evaporated in vacuo, and analyzed without funber 
plInfication. 





endo-hma by GO. Rf 0.25 ( c y c l m + t h y l  autate 
82). Mp 53.5-54 OC (l.irl2: 53-54 OC). HRMS for 
CfiI2O3, caic. 168.078642, found 168.078657. MS 0: 
168(1). 150(1) W-H201+. 140(3), 138(3), 126(9) FI- 
CH#3]+, 108(10), 97(l l), 82(81), 43(100). 

IH NMR (CDC.13, 250 MHz), 6 ppm J Hz: 5.04 (1H. ddd, 
J2-3- = 8.8, J i 4  = 4.4, J 2 - 3 d  = 3. H-2). 3 3 3  (1K 
b ~ d .  1-q= 3.6, H-Q, 3.23 (lH, in.& J%= 3.6, H-5), 
2.75 (TH, dm, = 4.4, H-l), 2.49 (1H. dm. Jb3,= 
4.4, HQ), 2.07 (lH, d&d, J 3 - 3 d  = 135, J2-3- = 8.8. 
J3& = 4.4, H-3 exo). 2.02 (3H. s, CH3CO), 1.34 (lH, 
dm 37-7, = 10.2, H-7), 1 .O7 (lH, ch, 3 3 - 3 d  = 13.5, 
fS3& = 3, H-3 endo), 0.78 (1% dm, 173 = 10.2. H-7'). 

"C NMR (CDC13. 62.9 MHz). 8 ppm: 170.28 (CO). 
75.97 (CH, C-2). 50.36, 47.66 (CH, C-5 and Cb), 39.99, 
36.44 (CH, C-I and C-4), 32.56, 24.26 (CH2, C-3 and C- 
7), 20.45 (CH3). 

The mothcr liquols werc concaiuated in vacuo. yielding a 
yellow oil(25.7 g) conmining 35 6 endo-isomer. 

To a solution of (k)-S-endo- butyroxy-5-uo~bomcne (900 
mg, 5 m o l )  in ethanol (15 mL) was addcd magnesimn 
monoperoxyphthai~ hcxahydratc (3 g, 6.06 m o l )  
dUsoived in water (20 mL). îhe mixture was s t M  at 
roam temperature for 48 b. The solvents w a c  cvaporatcd 
in wcuo and the cesidue dissolved in ethcr (100 d). Tht 
cthcrcai solution was washed with aqueous sanuatcd 
sodium bicarbonate (2 x 50 mL), 20 9b aqucous sodium 
bhulntt (6 x 50 mL), samratcd sodium bbzubua (2 x 50 
mL), water, and brine, dned over sodium suifau. and 
evaporated. The crude product was p-cd by flash 
chromatography (hexane-etbyl acctau, 955  ta 9:1), 
yieküng rhe qoxyester as a cb1aricJs oii (819 mg, 83 46). 
RF 038 (cyclohexanc-ethyl acaatc, 8:2). MS (ET): 168(2) 
[M-CO]', 140(5) FI-CH2CH2COI+, 125(4) FI- 
CH3CH2CH2CO]+, 107(5), 97(8), 81(81), 71(100). 

E m t i c  hydro @sis and resolution of (A)-2-endo- 
butyroxy-5,6-epoxynorbornane (46) 

To (5-2ando-butyroxy-5.6qmxyn~ 4b (388 mg, 
1.98 m o i )  disJolved in 0.1 M. pH 7 scuîium phosphate 
buf5u-acctoae (9: 1, 150 mL), was added lipase ficm C. 
rugosa (39 mg). Tbe mixrrrrt was orbhïïy sbaiœn at 27 O C  

for 3 h (39 % conversion). The rcaction m i x m  was 
saaw~td with sodium chhide and ethyl aamtt (100 a) 
wasaddedAfoersrirrimgvigorouslyfor5min,tbcp~ 
wuc sepgiaoed and the aqueous hyer was exmtcd 
with cthyl acctatc (6 x 100 niL). The combined orgaaic 
extracts w m  washed with aqueous saturaud sodium 
bicarbonate and brine. dricd over anhydrous sodium sulfate 
and cvaparattd in vacrro. PlPificadbn of the crude product 
by flash chnwatagraphy (bcxaneethyi acctatt, 6:4 to 1:t) 
yiddtd pure alcobol (2R)-5 (83 mg, 33 %), [a],=! + 42.4 
O (C 1.2. CHQ) (lit.lo: + 465 O), % % e.e., and ester 
(2S)-4b (232 mg. 60 %). The isolatcd butyrate was 
rcsubmitted to hydrolysis undu the same conditions. Afttr 
6 h (57 % rota1 conversion). the naction mixture ww 
workcd up as btfore. htrincation of the crude produa 
yicidcd alcohol (2R)-5 (16.2 mg. 6 %), and but- (2S)- 
4b (179 mg. 46 %), [alDti - 13.8 fc 3.9. CHCI1) (lit 
Io: - 13.4 O), > 99 46 e.e- 

To a solution of (~)-cndo-2-acetoxy-5.6-epoxyno~t 
(48.7 g, 029 mol) in elhano1 (400 mL), coo1ed in a wld 
war# bath, was slowly added 2 N sodium hydroxide (175 
mi,, 0348 mol). The mixatrc was s-d for 85 min. afm 
whicb time rhc rcaction was quenchai with giaciai acetic 
acid (3.3 mL, 0.06 mol). Ethanol and watq were removed 
by rotatory evaporation and the residuc was cxaactcd witô 
&y1 acetatc (1.4 L). Tbc organic phase was washcd witb 
0.5 N HCl (100 mL), saturated aqueous sodium 
bicatbonatt (200 d), and h i n e  (2 x 200 mL), drieâ o v a  
anhydrous sodium sdfiw. and evapcmd in vaciu, to yidd 
a pdc ye!iow solid (35.1 g, % %). The aude product was 
crystallized fnrm ethyl acetate-hcxane to give the pure 
cpoxy alcohol as white crystais (25.3 g, 70 %). The 
rcmaining product was purifïed by flash chromarograpby 
(pcamcahyl acttatt. 5 5  to 3:7) yiclding additional pure 
epoxy aicohol (4.4 g, 11 %). Rf 0.23 (pentane-ctbyl 
acctait, 55). Mp 19S192 OC. sealtd tube (lit.: 160-162 
 OC.^' 170-172 'Clo). HRMS for C7H lo02. calc. 
126.068078, found 126.068107. MS (EI): 126(1), 
125(1.5), l07(2.3,95(4), 81(100). 

'H NbfR ((pQj,250 MHz).  6 ppm. I Hz 4.38 (1H. m. 
H-2h3.44 (1K k d  1- = 3.7, Ha, 3.27 (lH, br.d 3- 
= 3.7, H-5), 2.60 (rH, m. H-l), 2.35 (lH, m, HQ), 1.99 
(rH. ddd J 3 - 3 d  = 13.2 J2-3rp, = 9.4- = 4. H-3 
UO), 1.55 (1H. k.~ ,  OH), 1.27 (lH, dm, Iff7'= 10.2 H- 
3, 1.00 (IH, dt, J 3 - - 3 d o  = 13.2. Jt-3tnda = 3, H-3 
endo), 0.74 (1% br.4 17-7 = 102. H-73. 

13c NMR (CDCI3. 62.9 MHz). 6 ppm: 74.13 (a C-2). 
51.47, 48.98 (CH. C-5 and Ca), 42.36. 3733 (CH. C-I 
and C-4), 35.08,25.15 (CH2, C-3 and C-7). 

Isopn,pcnyl accmtc (103 mi., 93.5 mmol) was to 
(f) 2-cndo -5,6-~poxynorbarnane (3 g, 23.8 m o l )  
dissolved in mlocne (340 ML). Lipase h m  C. rugosa (1 



g) was addcd and ihe fhsk was arbieally shaLai at 30 O C .  

~ f t m  14 h an additionai 700 mg of lipase was addcd and 
&m anothcr 8 h, 550 mg of lipase was addtd Aftcr a total 
of 25 b, the rcaction was stopped by filtration of d e  
mixture through glas fiber paper. The ptoduct and 
-g subsuate w m  separateci by medium pressure 
Muid chromatography (200 g silica gel, Mer& 60H, 
cyclohcxanbcthyl acetacc 1 :1, foiiowd by cyclobexanc- 
&y1 acemu 2 8  once the first alcohol fraction w u  
dmcted). Thc solvent was evaparattd w yield the alcahol 
(1.84g. 77 % e-e.) and tbc acecue (1.59 g, 40 %, 95.5 46 
c.c.), [ujD21 + 7.4 O (C 1, CHC13). The alcohol was 
resnbmittcd to es-cation under the same conditions 
usmg 4 g Lipasc. The &on was stopped as Mot after a 
tocai of 20 h (corrrsponding to a 58 R total convasian). 
Purification by flash colurnn chromatography 
(cyclohexane-elhyl acetau, 1: 1) yidâed the mnaintog 
alcohoi subsuate (1 2 g, 40 %, > 98 9b ce.), [aIDZ1 -46.7 O 

(C 0.85, CHQ3), and the acctate product (0.44 g, 60 % 
ce.). 

Drytcaahydrofuran(80mL)wasiuiriacidropwuemIithimn 
aluminum hydride (2.4 g, 56.7 m o l )  unda nimgen. 
Afm complete addition. the suspension was rcfluxed for 
1.25 h. Ah# coolmg Lhe m i x ~ t  a~ room wnpaam, the 
flask was placed in a cold watcr bath and 2-endo-aceioxy- 
$6-epoxynorbornanol (1.52 g, 9.04 m o l )  in 
mahydrofuran (6 mL) was addcd dropwise. The dropping 
fimncl was rinsed with teuai~ydrofilian (5 mL) and the 
mixture was hcarcd ~o a reflux for 3.75 h. Tbc flask was 
coolcd in an icc-wata bath and water was cmhiiy altrini 
dropwise (24 mL), foïïowed by aqueous 15 % w/w sodimn 
hydroxide (2.4 mL) and fuially water (7.2 mL). The 
mixture was stimd for 20 min and then filtertd rinsiug 
with teuahydr0firr;m and ethyl aEttaoc. Tbc îiitxare was Mai 
ova  anhydrous sodium sulfate and cvaporarion of the 
solvent yieided a white solid RccryJtallizaaan . . huaha- 
dichloromcthane yicidcd tbe pure di01 as white crystals 
(614 mg, 53 56). Medium pressure iiquid ckmma~~lyapby 
(200 g silica dichloromcthanc-isoPn,paaoL 9:l) of die 
nsiduc obtained h m  evaporaàon of the motha liquor 
yieldtd additional pure di01 (272 mg, 23 %). Rf 0.16 

k ~ ~ D ~ 8 ? ~ . 3 ~ ~  MC8&"P;a~~f~ZF 
[ ~ ] s r 6  + 32 O, [ ~ ] ~ 3 ~  + 4.2 O. H m  for CîHrzOz, 
calc.128.083728, found 128.083713. MS (En: 128(2) 
M+, 110(19) m-H20]+, 95(33), 81(24), 66(100). 

lH NMR (pyri&+. 250 MHz), 8 ppm. I H2: 6.04 (IH. 
d, 1= 3.3, nrdo-ûH on C-2). 5.99 (1H. ci, J =  33, a - O H  
OU C-3, 4.38 (1H. üï, JZ-3w = 10. j2-3 4 2 . 0 ~  ' 3-39 12- 
1 = 1.3. H-2). 432 (lH, 4 H-S), 2-92 (1H. ddb 3- 

= 13, = 7. J = 2 H-6 endo), 3.40 (lH, br.t 
W i n =  10, H-l), 2.33 (1H. br.& 3 s  5, H4), 2.061.93 
(X m. J =  5, H-3, and H-il, 1.63 (1% dm. 
= 13. H-6 ~xo) ,  131 (1K. h.4 J7-~ = 10, H-73, 1.01 (1K 
dt 33-3&= 13. 12,-= 33,  H-3 endo). 

13C NMR ( m I 3 .  62.9 MHz). 6 ppm: 73.70. 70.62 
(CH, C-2 and C-51, 44.40. 4121 (CH. C-I md C 4  
34.31, 33.03. 3226 (CH2, C-3, C-6, and C-7). 

The above proccdure was used for the rebuction or' the 
epoxy alcohol (1.17g, 927 armol) with the exaption that 
only 4 eq. of lithium alumintun hydridt wert used. 
Rtayscabmion yiclded the di01 as white aystals (355 
mg, 30 %) and chramatography of tht mother liqnor 
yieidcd additional pure dial (411 mg, 34 %). - 4.1 O 

(C 2.25, MCOH), fa1578 - 4.2 [ ~ l 5 4 6  - 4.5 O. [al436 - 
5.6 O. 

(i) Pynàinim dichromarc ondasion. Do1 (706 mg, 5.51 
mmol) was dissolved in N,N-dimtthylfotmamide ! 100 
mt), pyridinim dichornate (7.05 g, 18.7 mmol) was 
addcd and the mixture was stimd under aimgen for 3 h. 
Aqueous saairated sodium b h d m a t e  (100 mL) was addeci 
to tbe rcactian mixture and it was chaLen vigorously. 
Dichioromethaac (300 m.) was added and the organic 
phase w3s washed witb qucous saturated sodium 
bicarbonate (4 x 100 mL), O3 N HCI (100 mL), saturated 
sodium bicarbonate (1 00 rd,), water (2 x 200 mL), and 
briPe (200 dl, aad dntd o v a  sodium sulfate. The soivent 
was tvaporated in v m o  yitfding 501 mg of diont (73 %, 
95 % pue by G a .  

(ii) Swern olidmwn. Fhsbly distilleci oxaiyl chIori& (0.45 
mL4.8 mmol) in dry dichloromcthane (8 mL) ws ad& 
dropwise c a solution of dry dime~ylsuifoxide (0.83 mL, 
109 mm00 in dry dichloromcrhanc (5 mL), under nioogen 
at -78 OC. After stimng for 30 min. 3.5- 
dihydroxynorbornane (300 mg, 2.34 m o i )  in 
dichlmmetham (4 mL) and dimctbyisuifoxide (0.6 mL) 
was added dropwise. Afo# stimng for 3 h, aicthyiamine (3 
mt, 21.8 mmol) was slowly added. The &on mixam 
was &wed to wann to room temperatlac, thm stimd for 
an addidaml hm.  Watcr (10 mL) was a&üd dmpwisc, rhe 
miction mixture was diluted witb dichlorometbane and the 
organic p h  was waJbcd with 0.5 N HU.  aqueous 
samaml sodium bicatbouatc, and brinc. The soivent was 
evaparatcd in vculrro yicldiag 200 mg of pure dionc (70 %). 
MS 0: 124(100) FTJ+, 95(21), 82(23), 67687). 

1H NMR (U3Cl3, 250 MHz), 6 ppm, J Hz: 2.97 ('A. m. 
X signal of an ABX systmi, H-1 and H4), 2.36 (W. dm, 
A signai of an ABX sysmn, I A ~  = 19, H-3 ero and H-6 
a), 2.13 (W. dm B signai of an ABX systcm, J u  = 19, 
H-3 mdo and H-6 &), 208 (2H. m. If-7 and H-7'). 

13C NMR (CDCls, 62.9 MHz). 6 ppm: 212.04 (CO, C-2 
and C-5X48.48 (CH. C-1 a d  C-4),38.80 (CH2, C-6 ;md 
C-3), 36.27 (CHt, C-7). 
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