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CHAPTER 1 

GENERAL INTRODUCTION 

1.1 Introduction 
Enzymes are now generally accepted as useful tools in organic synthesis1"5. They catalyze 

many reactions under often very mild conditions (room temperature, neutral pH) and they are 

generally very selective with regard to the type of reaction they catalyze and with respect to the 

structure and stereochemistry of the substrate. The enzymes most widely applied in organic syn

thesis are hydrolases, such as Pig Liver Esterase (PLE), and the lipases Porcine Pancreatic Lipase 

(PPL), Candida Cylindracea Yeast Lipase (CCL) and Pseudomonas Fluorescens (Lipase P). 

These enzymes do not require the presence of a coenzyme, they arc inexpensive, commercially 

available and they accept a broad range of substrates. 

The original trend in organic synthesis was to apply these enzymes under their natural 

conditions, i.e. in aqueous media, sometimes in the presence of a cosolvent, such as acetone, 

acetonitrile or dimethyl sulfoxide6"8. A serious problem, often encountered in enzyme-catalyzed 

organic reactions in aqueous media, is the poor solubility of most substrates in water. Further

more, water may cause unwanted side reactions or even decompose the substrate9, and the 

position of the equilibria of certain reactions, such as esterifications, are unfavorable in water. 

As water takes part in non-covalent interactions that are necessary to maintain the 

conformation of the catalytically active enzyme, removal of this solvent was thought to lead to 

complete inactìvatìon of the catalyst10. However, the amount of water that really is required for 

maintaining the catalytic activity of the enzyme is positioned within a few monolayers surroun

ding the enzyme. The major part of the aqueous reaction medium, i.e. the bulk solution and the 

adherent water of the enzyme, is not needed for enzymatic activity. Therefore this water can, at 

least in principle, be replaced by an organic solvent, without adversely affecting the enzyme. 

Research10"14 indeed has shown that the catalytic activity of many enzymes is retained in 

organic solvents, containing little or no water, when certain rules and guidelines are obeyed, viz.: 

(i) Hydrophobic solvents are preferable to hydrophilic ones. The reason therefore is that hydro-

philic solvents may remove the last amount of residual water required for enzymatic action. This 

solvent effect depends on the strength with which water is attached to the catalyst An enzyme 

such as PPL is even active in hydrophilic organic solvents, such as pyridine or tetrahydrofuran10. 

(ii) Certain enzymes, e.g. CCL, require the addition of small amounts of water to the organic 

solvent14, (iii) The powdered enzyme can be obtained by freeze-drying or precipitation from 

aqueous solutions at the optimal pH for enzymatic activity. It has been demonstrated10, that in 
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organic media the enzyme behaves as if it were at the pH of the last aqueous solution it has been 

exposed to. (iv) Enzymes are insoluble in most organic solvents. Continuous agitation is required 

in order to overcome diffusional limitations. 

The use of enzymes in organic solvents has considerable advantages over working with 

enzymes under aqueous conditions: (i) The thermostability of the enzyme is usually strongly en

hanced. For example, Klibanov et al}2 showed that even at КХУС PPL is catalytically active for 

several hours, depending on the solvent, (ii) The enzyme can easily be recovered from the reac

tion mixture without significant loss of catalytic activity14, (iii) The substrate specificity and the 

enantioselectivity can, at least in part, be controlled by the solvent15,16. 

1.2 Enzymatic resolution of chiral alcohols in organic solvents 

In order to perform an enzyme-catalyzed hydrolysis of chiral alcohols or carboxylic acids, 

these substrates first need to be esterified in a chemical manner. The essential step during the 

enzymatic resolution is the formation of an acyl-enzyme complex. In aqueous media, this 

Scheme 1 

о 

•^^Qp,. + Enzyme 

complex is then hydrolyzed by the water present (R" = H), affording free enzyme and a car

boxylic acid (Scheme 1). Although other nucleophiles may compete with water for the acyl-

enzyme complex, in aqueous solutions hydrolysis always prevails. In organic media, under strict

ly dry conditions, nucleophiles, such as alcohols (R" e.g. alkyl or benzyl), may freely react with 

the acyl-enzyme complex. This leads to a new type of enzyme-catalyzed reactions, viz. transeste-

rification. In these reactions, the chiral center involved may be in the ester RCOOR' (either in the 

acyl- or in the alkyl moiety), in the nucleophile R"OH, or in both17. In the ideal case the enzyme 

accepts only one enantiomer of the substrate. At 50% conversion this enantiomer will then be 

completely consumed and the reaction should stop. However, when both enantiomers react at dif

ferent rates - a situation which is encountered more frequently - a partial resolution is achieved 

and the enantiomeric purity of both product and remaining substrate depends on the conversion 

(this will be discussed in detail in Chapter 3)18. 

Some typical examples of enzyme-catalyzed resolution of chiral alcohols in organic sol

vents will be given below. In addition, other lipase-catalyzed processes, viz. resolution of car

boxylic acids, lactonization and polycondensation, and regioselective acylation of polyhydroxy 

2 

ROH ROH 

о > о V 

^ O R · + E n Z y m e « ^ * R ^ Enzyme 4 ^ » 

ROH ROH 



compounds, will be discussed briefly. 

Resolution ofchiral alcohols 

The kinetic resolution of chiral alcohols, including asymmetric acylation of wieso-diols, 

constitutes the major part of enzyme-catalyzed (trans)esterification reactions known in the lite

rature11·13·14·19"57. For the resolution of racemic alcohols R"OH, carboxylic acids can be used as 

acylating agents (Scheme 1, R' = H)1 9"2 2. In this manner, several chiral alcohols have been resol

ved using lipase-catalyzed esterification reactions. For example, Sonnet19 reported the resolution 

of secondary alcohols, such as 2-octanol, with fatty acids, ranging from acetic to octadecanoic 

acid, in hexane as solvent. These reactions are catalyzed by a lipase derived from the fungus 

Mucor Miheii. Although good results are obtained with carboxylic acids as acyl donor, the use of 

appropriate esters as acylating agents is more versatile in terms of flexibility, reaction rates and 

thermodynamic limitations23,24. 

For enzyme-catalyzed transesterification of chiral alcohols R"OH, Klibanov14 recom

mends the use of activated esters of carboxylic acids, such as trichloroethyl and trifluoroethyl 

esters (Scheme 1, R' = CC13CH2 or CF3CH2). These esters are effective acyl donors, as the re

leased alcohol has a low nucleophilicity, which is advantageous for the position of the equilibria 

shown in Scheme 1. Using this methodology, a series of secondary methyl alcohols, such as 

1-phenylethanol 1, has been succesfully resolved with PPL as the biocatalyst employing ether or 

heptane as solvent (Scheme 2)1 4·2 5"2 8. As shown by Theisen and Heathcock26, this procedure can 

Scheme 2 

о 
Ph. • II Ph^ ^ PiV ^ 1 N/ ^ \ A PPI-

 P h v ^ 
Τ * ' ^-"^ ^оснхсі, — , . „—>• \ 

• « ·* Iran «Ali tAnhr^hnn • 

Iran see tendea don 

он V 4 ^ 
о 

(R,S)-1 (R)-2 (S)-1 

be scaled up to multigram quantities. An important aspect is that dehydration of the catalyst PPL 

at reduced pressure (0.005 Torr) during long periods (24 - 48 h), prior to use, has a positive effect 

on the enantioselectivity of the reaction25. 

Cesti et alP demonstrated that also carboxylic acid anhydrides (Scheme 1, R' = 

C(0)alkyl) can be employed as acyl donors for the kinetic resolution of racemic alcohols. With 

these anhydrides a series of secondary alcohols, among which 1-phenylethanol 1, is resolved in a 

highly stereoselective manner using Lipase Ρ as the catalyst. 

Enol esters, such as vinyl- and isopropenyl acetate (Scheme 1, R' = vinyl or isopropenyl, 

respectively), were shown to be convenient acylating agents for rapid enzyme-catalyzed trans

esterification of chiral alcohols24,29"31. The vinyl alcohols released during the reaction tauto-

merize to an aldehyde or a ketone and are as such withdrawn from the equilibria. However, these 
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aldehydes and ketones may undergo side reactions, e.g. condensation reactions, which are accom

panied by the liberation of water31. In order to remove this water, molecular sieves 4Â are some

times added to the reaction mixture. Vinyl acetate has been applied to the kinetic resolution of 

several secondary alcohols, including 1-phenylethanol 1 (Scheme 3)29. The acetates produced 

Scheme 3 

P*1 v̂  / Pseudomonas sp P*1 ^ ^ 
y + АсОСН=СНг *- γ ^ 

' transestenfication ' 

Ph -

i + М СН=0 
transestenfication _,, 

ОН ОАс ОН 

(R,S)-1 (R)-3 (S)-1 

enzymatically are obtained with high enantiomeric purity. These enol esters are also very effec

tive in the enzyme-catalyzed asymmetric acylation of meio-diols, e.g. cis-l,2-bis(hydroxy-

methyl)-cyclohexane 4 (Scheme 4)и. In contrast to the kinetic resolution of racemic alcohols, 

Scheme 4 

a: transestenfication rr (nuCH2OH 
Pseudomonas sp , , . . _ . , „ 

- • + М СН=0 

^ - ^ ^ Ο Η , Ο Α ο (S) 

meso-4 (1S,2R)-5 

asymmetric acylation of meso-dioh is allowed to proceed to complete conversion, at least in prin

ciple. However, only one enantiomer can be obtained. In this context, it is of importance to note 

that enzymatic hydrolysis and enzymatic transestenfication in organic media are complementary 

for one and the same enzyme24·29·32"34. When the esterification of a certain enantiomer of an alco

hol is preferentially catalyzed by a certain enzyme in organic media, then the hydrolysis of the 

ester of the same enantiomer will be preferentially catalyzed in aqueous media using the same 

biocatalyst. This phenomenon is illustrated in the Schemes 3-6, the first two showing the esteri

fication reactions and the latter two the corresponding hydrolyses. By using either the enzymatic 

transesterification of the meso-diol (Scheme 4), or the enzymatic hydrolysis of the bis-ester 

(Scheme 6), both enantiomers of the desired half-ester can be obtained24,29. 

Resolution of chiral alcohols can also be performed with non-activated alkyl carboxylates 

(Scheme 1, R' = alkyl), e.g. methyl- or ethyl acetate, as acylating agent. These esters can be used 

as solvent at the same time24·32·33·35"39. In this manner, the acylating agent is present in maximal 

concentration, which is advantageous for the equilibria depicted in Scheme 1. However, until now 

alkyl carboxylates have been applied only to the kinetic resolution of chiral primary alcohols. The 

rate of transesterification of secondary alcohols is very slow in these solvents29. When methyl 

carboxylates are used as acylating agent, the reaction can be accelerated by addition of molecular 
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Scheme 5 

OAc 

(R,S)-3 

Pseudomonas sp 

hydrolysis V 
OH 

(R)-1 

+ 
P h > ^ ^ 

i 
OAc 

(S)-3 

Scheme 6 

aCHjOAc ^^m^OHjOAc 

Pseudomonas sp ^ ρ jp 
hydrolysis L JL 

CHjOAc ^ - ^ i s ^ C H j O H 
meso-6 (1R,2S)-5 

sieves 4Â to the reaction mixture39'40. These sieves trap the methanol liberated during the trans-

esterification reaction and accordingly the equilibria, depicted in Scheme 1, are shifted to the 

right. 

Optically active alcohols also have been prepared by enzyme-catalyzed transesterification 

of chiral esters (Scheme 1, RCOOR') with achiral alcohols, e.g. n-butanol. In this case the chiral 

center involved is not in the nucleophile R"OH, but in the alkyl moiety of the ester. During the 

reaction, the acyl moiety of this ester is transferred to the achiral alcohol, leaving behind the opti

cally active alcohol ROH and the non-reactive ester of the other enantiomer of this alcohol. This 

concept has been applied to the synthesis of cyanohydrins and their acetates with high enantio

meric purity (Scheme 7)41. 

Scheme 7 

Pti XN CCL Ph -CN p t V ^ - C N 

> r + n-BuOH • • ητ + ¿ " ^ 
I transestenfication I ± 
OAc OAc OH 

(R,S)-7 (S)-7 (R)-B 

Resolution of chiral carboxylic acids 

The enzyme-catalyzed esterification of carboxylic acids (Scheme 1, R' = H) has barely 

been investigated13·14,58. Klibanov et a/.14 reported the esterification of 2-halo substituted carb

oxylic acids, e.g. 2-chloropropionic acid 9, catalyzed by Yeast Lipase (CCL) in hexane as solvent 

and using butanol as nucleophile (Scheme 8). The butyl esters and remaining carboxylic acids are 
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Scheme 8 

CCL 

estendcabon 

CI 

О 

(S)-9 

+ 

CI 

J k OĈ H, 

о 

(H)-10 

CI 

^ O H

 + n-BuOH 

О 

(R,S)-9 

isolated with excellent enantiomeric purity. An elegant method to prepare optically active carb-

oxylic acids is the enzyme-catalyzed asymmetric opening of cyclic anhydrides. Oda et al.59 

showed that 3-substituted glutaric acid 12 can be prepared in a highly stereoselective manner by 

asymmetric opening of ß-substituted anhydride 11 with butanol, catalyzed by Lipase P. In the 

Scheme 9 

Upase 
n-BuOH 

U H , 

nngopemng H O O C COOC4He 

11 (R)-12 

case of α-substituted cyclic anhydrides, the nucleophile butanol predominantly attacks the least 

sterically hindered carbonyl group60. 

Lactonization and polycondensation 

If the nucleophile R"OH (Scheme 1), which attacks the acyl-enzyme complex, is incor

porated in the same molecule as the ester RCOOR', an intromolecular transesterification reaction 

(lactonization) may occur. Gutman et al61 showed that γ-substituted γ-hydroxy esters, e.g. 

hydroxy ester 13, undergo stereoselective lactonization with various lipases (Scheme 10). In this 

Scheme 10 

^оме , : p L , * Η 3 Ο_Ο- ОМе 
lactonization 

ОН ОН 

(R,S)-13 (S)-14 (R)-13 

manner, optically active γ-lactones are prepared with high enantiomeric purity. In addition to lac

tonization, longer chain hydroxy esters also undergo the formation of dimers, trimers or tetramers 

(oligomerization when linear products are formed, macrolactonization in the case of cyclic pro

ducts). The extent to which these polycondensation reactions take place depends on the chain 

length and on the substituents at the chiral center4 0·6 2 6 6. Enzyme-catalyzed oligomerization may 
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be of special interest for the synthesis of high molecular weight optically active polymers1 

Regioselective acylation ofpolyhydroxy compounds 

The utility of enzymes for the regioselective esterification of polyhydroxy compounds is 

well documented in the literature11·35·39·70"84. It is generally observed, that enzyme-catalyzed 

acylation of primary alcohols proceeds at a much higher rate than that of secondary alcohols11. 

This feature has been applied to the regioselective esterification of the primary hydroxy group of 

1,2- and 1,3-diols11·35·39·71, and in carbohydrate chemistry7784. For example, esterification of the 

primary hydroxy group of glucose 15 is predominantly catalyzed by PPL in pyridine as solvent 

and using trichloroethyl butyrate as acylating agent (Scheme l l ) 7 7 . In several cases, enzymes also 

Scheme 11 

СН2ОН О СНгОСОСэН7 

V*VOH т s' ^ « ^ OCHXCL ; 
ОН г 3 transestenncation 

OH 

15 16 

discriminate between two or more secondary hydroxy groups in the same molecule75·76·78. Acyla

tion of glucose 6-butyrate 16 takes place selectively at the C-2 hydroxy group with PPL as cata

lyst, while acylation predominantly occurs at the C-3 hydroxy group78 with Chromobacterium 

Viscosum or Aspergillus Niger. 

Some other enzymatic processes in organic solvents 

Instead of alcohols R"OH, amines may also serve as nucleophile to attack the acyl-

enzyme complex (Scheme i)1 6·3*·3 7·8 5. in this manner, enzymes can be employed for the reso

lution of chiral amines16, such as 1-phenylethylamine 17 (Scheme 12). The remaining amines and 

Scheme 12 

Τ + " ^ ^ - " ^ O C H j C F , N-ecylation ** á + I 
NH, 

O 

(R,S)-17 (S)-18 (R)-17 

the amides produced enzymatically are obtained with good enantiomeric purity. Lipases and 

proteases have also been applied to the coupling of amino acids in the synthesis of poly

peptides86"93. 
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1.3 Objectives of this study 

Norbomene carboxylic acids and norbom(en)ylmethanols are interesting substrates for 

enzymatic studies. They can readily be synthesized by Diels-Alder reactions of cyclopentadiene 

and suitable dienophiles, such as maleic anhydride or aciylic acid, or by simple modifications of 

the adducts obtained. Furthermore, these norbornene derivatives also may provide a means for the 

development of a model substrate for enzyme reactions94. Due to the rigidity of the norbomene 

skeleton, the functional groups in these molecules have a fixed spatial position. Conformational 

changes, as for example in cyclohexane, cannot take place. It is of special interest for synthetic 

organic chemistry, that the norbomene skeleton masks an electron-deficient carbon-carbon double 

bond and that it allows stereocontrolled modifications. Subsequently, the carbon-carbon double 

bond can be demasked by Flash Vacuum Thermolysis95,96. 

The studies described in this thesis are primarily directed toward the enzymatic resolution 

of norborn(en)ylmethanols in organic solvents and the effect of substituents in these substrates on 

the optical yields. In addition, this study is aimed at finding a practical application of an enzy

matic resolution. For this purpose, not only norbom(en)ylmethanols have been used as substrate, 

but also secondary alcohols and 1,2-diols have been investigated. The use of simple alkyl carb-

oxylates as solvent and acyl donor during the enzyme-catalyzed resolution of chiral secondary 

alcohols is very attractive and therefore this possibility was evaluated. The standards that can be 

used to define the efficiency of enzyme-catalyzed resolutions are reaction rate, enantioselectivity 

and, in the case of 1,2-diols, regioselectivity. 

1.4 Outline of this thesis 

Chapter 1 describes the principles of enzyme-catalyzed reactions in organic media. The 

most relevant literature on this subject is reviewed. The objectives of this study and an outline of 

the thesis are also included. 

Chapter 2 deals with the enzymatic resolution of norbomenylmethanols in organic sol

vents. A practical application of this chemistry is the formal resolution of ewdo-norbomene-

lactone 19. The key step in this synthetic sequence is the PPL-catalyzed resolution of iodolactone 

20 in methyl acetate as solvent. In addition, the influence of small structural variations on the effi

ciency of enzymatic resolution of norbom(en)ylmethanols is discussed. 

19 20 

The influence of reaction conditions on the efficiency of the kinetic resolution of iodo

lactone 20 is the main theme of Chapter 3. The results obtained for the PPL-catalyzed resolution 

сн,он 
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of alcohol 20 in ten different solvents are subjected to a preliminary Principal Components Ana

lysis. This chapter is concluded with a description of the enantiomeric ratio E, which is used as 

one of the standards for the efficiency of enzymatic resolutions. 

In Chapter 4, the resolution of a large variety of primary, secondary and tertiary alcohols, 

catalyzed by PPL and Mucor Esterase is described. A procedure for the enzymatic resolution of 

1-phenylethanol 1 on multigram scale is given. 

cv су" ал 
OH OH 

1 21 22 

In Chapter 5 the regioselective esterification of a series of 1,2-diols, e.g. 1-phen

yl-1,2-ethanediol 21, and a 1,3-diol, catalyzed by PPL, is described. 

In Chapter 6 the influence of the pH on the efficiency of the Mucor Esterase-catalyzed 

resolution of 1-phenyl-1,2-ethanediol 21 and l-phenyl-2-propanol 22 is analyzed. 
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CHAPTER 2 

ENZYMATIC RESOLUTION OF NORBORN(EN)YLMETHANOLS IN ORGANIC 

MEDIA AND AN APPLICATION TO THE SYNTHESIS OF (+)- AND (-)-endo-

NORBORNENE LACTONE 

2.1 Introduction 

The application of enzymes as chiral catalysts to the synthesis of optically active com

pounds, starting from either chiral or prochiral substrates, has received widespread interest1 in 

synthetic organic chemistry during the last few years. Numerous examples are now known in 

which readily available and cheap hydrolases, such as Pig Liver Esterase (PLE) and lipases, e.g. 

Porcine Pancreatic Lipase (PPL) and Candida Cylindracea Yeast Lipase (CCL), were shown to be 

extremely useful and versatile synthetic tools for the preparation of valuable Chirons1. 

In relation to our studies aimed at modifying polycyclic structures into Chirons for natural 

product synthesis, recently the efficient PLE-catalyzed resolution of tricyclodecadienone carbo-

xylic ester21 and rra/is-norbomene diester3 2a was reported. As shown by Bloch et al.4 also the 

CO,El 

JbJг db£Sb ^Qc 

COjR О 

1 2a FU Et За FU Me 4 
b R=H b R=H 

oxygen-bridged m>-diester 3a is accepted as a substrate by PLE. The monoester 3b, which was 

obtained with good enantiomeric purity, could readily be converted into either enantiomer of tri

cyclic lactone 4. In sharp contrast to these results, the methylene-bridged exro-diester 5 is hydro-

lyzed virtually non-stereoselectively by PLE, while the corresponding endo-diesttr 6a is not 

hydrolyzed at all3,4. Remarkably, Metz5 showed that the structurally related diester 7a is readily 

accepted by PLE affording the corresponding halfester 7b in moderate enantiomeric purity. 

However, none of the PLE-catalyzed hydrolyses of substrates 5, 6a or 7a gives access to enan-

tiopure methylene-bridged endo- or ero-tricyclic lactones 8n and 8x, which are valuable Chirons 

for the synthesis of natural and pharmaceutical products6. The lipases PPL and CCL, in contrast 

to PLE, do not show any hydrolytic activity toward either tricyclic ester 1 or íraní-diester 2a 

under standard conditions (pH 7.8, 0.1 M phosphate buffer, room temperature). Only for the 
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monoesters 9n and 9x some hydrolysis is observed, albeit at a very low rate and with hardly any 

enantioselectivity7. These unsatisfactory results were reason to turn our attention to the reverse 

reaction, i.e. the lipase-catalyzed esterification of norbom-5-ene 2-carboxylic acids and norbom-

5-en-2-ylmethanols in organic solventsld·8. 

/¿bier Ä>C02R Л^^ Ä^H, / ^ 
С02М C 0 2 n ^ - 0 COjMe 

6a FU 

b R: 

CO?R 

COjMe 

Me 
H 

7a R-
b R' 

Me 
:H 

o 
endo: βη 
exo: 8x 

endo: 9n 
exo: 9x 

In this chapter a successful application of PPL in organic solvents to the resolution of a 

variety of norbom(en)ylmethanols, ultimately leading to a formal resolution of endo-norbomene 

lactone 8n, will be described in detail. Furthermore, the influence of structural variations on the 

efficiency of these resolutions will be reported. 

2.2 Norborn-5-ene 2-carboxylic acids and norborn-5-en-2-yImethanols. 

The first attempts were directed toward the CCL-catalyzed esterification of readily avai

lable endo- and ед:о-сагЬоху1іс acids9 lOn and lOx. However, stirring a solution of these acids in 

hexane containing an excess of either methanol or n-butanol in the presence of the enzyme, did 

not lead to any ester formation. The addition of small amounts of water and prolonged reaction 

times did not alter this result. The reason for this failure may be that the substrate is lacking an 

electron withdrawing group, such as a halogen or a halophenoxy group, at the α-position of the 

carboxylic acid which, according to the literature8, is required for an efficient yeast lipase-cata

lyzed esterification. Therefore, endo- and exo-a-bromo acids l ln and llx, obtained by 

A 
COOH 

endo: 10n 
exo: Юх 

Ж 
COOH 

endo acid: u n 
exo acid: 11x 

J4 
о 

12a R = Me 
12b R = n-Pr 

M e O ^ 

%3 ^t 
13 

„ОМ 

^ 

\ 
OH 

Diels-Alder addition of a-bromoacrylic acid and cyclopentadiene10, were treated with yeast lipase 

in hexane, using either methanol or n-butanol as the nucleophile. Again no ester formation was 

observed. These results indicate that norbomenes with a carboxylic acid moiety directly connec

ted to the bicyclic skeleton are not accepted as substrate by lipases11. 

Griengl et al.12a demonstrated that structures in which the norbomene skeleton constitutes 
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the alkyl moiety of an ester, e.g. compounds 12a and 12b, are readily accepted by lipases. It has 

also been shown12b that highly substituted norbomene alcohols, such as 13, are very good sub

strates for a hpase-catalyzed transesterification in organic solvents. This information was a sti

mulus to investigate the enzymatic transesterification of norbomenylmethanols 14n, 14x and 15, 

using PPL, which is known to be a very efficient enzyme for the esterification of alcohols8, as the 

catalyst. The enzyme CCL, which has a known lower affinity for alcohols8, was not included in 

this study. 

CH2OH C H J N H J 

endo.14n 15 endo 16n 
exo. 14x exo- 16x 

Ertdo-norbomenylmethanol 14n was prepared by reduction13 of ewdo-carboxylic acid 10η 

using LÌAIH4. PPL-catalyzed transesterification in methyl acetate as reaction medium afforded 

the acetate of (-)-14n in 56% yield with an enantiomeric excess (ее) of 49% and the recovered al

cohol (+)-14n in 43% yield with an ее of 68% (Table 1). This alcohol (+)-14n has the (^-confi

guration, as was deduced by comparison of its optical rotation with that reported in the litera

ture14. This result implies that the (25)-hydroxymethyl enantiomer has been esterified preferen

tially. 

Table 1: PPL catalyzed transestenfication of norbom-5-en-2-ylmetha-
nols 14n and 14x a. 

substr. 

14n 

14x 

time.h 

44 

44 

ester 

yieldb 

56 

66 

eec-d 

49 

25 

config.6 

25 

25 

recovered alcohol 

yieldb eec config.6 

43 

34 

68 

61 

2R 

2R 

a. reaction conditions: 3.0 mmol of 14n and 3 2 mmol of 14x, IS ml methyl acetate, 600 mg 

PPL, ambient temperature. For details' see experimental section 

b. yields of isolated materials are given in percentages. 

с given in percentages and determined by comparison of optical rotations with literature da

ta (see experimental section). 

d. deteimmed for the alcohols (-)-14n and (+) 14x obtained by alkaline hydrolysis of the res

pective acetates. 

e. determined by comparison of optical rotations with literature data 

A 
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Transestenfication of exo-norbornenylmethanol 14x, prepared from ejto-carboxylic acid 

lOx by L1AIH4 reduction, proceeded more rapidly under the same condmons After 44 h, 66% of 

the acetate of (+)-14x with an ее of 25% was obtained, while the remaining alcohol (-)-14x was 

isolated in 34% yield with an ее of 61% (Table 1) Comparison of optical rotations with literature 

data 1 4 revealed that also in this case the (25)-hydroxymethyl enantiomer has been estenfied pre

ferentially The results obtained with both alcohols 14n and 14x allow the conclusion that the 

exo-methanol group in 14x is more accessible to PPL than the emio-methanol group in 14n The 

enantioselectivity however, is lower for 14x, because at a higher conversion the remaining alcohol 

(-)-14x is obtained with a lower enantiomeric punty than in the case of alcohol (+)-14n (ее of 

6 1 % л68%) 

Scheme 1 

Κ ΧΗ,ΟΗ К .СНгОС(0)П К CH2OC(0)R К снгон К снгон 

i RCOjMe \ i \ (S, СНгОН 
CHjOH CH2OC(0)R CHjOH СН гСЮ(0)Р 

(±)15 

NaOH / EtOH 

(+)·« 

1 Swern oxidabon 

CHO К >С Нг о н I К лСНгОС(0)Р К ( 

m \ \ І 
СН2ОН СНО СН г ОС(0)Н 

(-)15 

Treatment of rranî-2,3-bis(hydroxymethyl)-norbom-5-ene 15, obtained by L1AIH4 reduc

tion13 of the Diels-Alder adduct9b 2b of fumane acid and cyclopentadiene, with PPL in methyl 

acetate afforded a mixture of diester, monoesters and remaining diol (Scheme 1) Column 

chromatography provided the diacciate of (-)-15, pure diol (+)-15 and a mixture of the mono-

esters (Table 2) Swern oxidation15 of the alcohol function of these monoesters yielded a 1 3 mix

ture of ester-aldehydes (according to capillary GLC) A •H-NMR-analysis revealed that the minor 

peak should be assigned to the exo-aldehyde-endo-ester (the signal for the aldehyde proton 

appears at δ 9 77 ppm) and the major peak to the endo-aldehyde-exo-ester (aldehyde proton at δ 

9 38 ppm, a shielding effect of the olefmic moiety) This result clearly shows the strong prefe

rence of PPL for the exo-methanol group The absolute configurations of the respective products 

were deduced l y companson of their optical rotations with literature data 1 6 It is concluded that 

the (2Ä,3#)-diol has been transestenfied preferentially 

The PPL catalyzed transestenfication of diol 15 has also been earned out using methyl 

propionate and methyl butyrate as solvent (Table 2) In these less polar esters the reaction rate is 

16 



Table 2: PPL catalyzed transesterification of franj-2,3-bis(hydroxymethyl)-norbom-5-ene (15).a 

solvent 

MeCOOMe 

Et COOMe 

n-PrCOOMe 

time.h 

44 

44 

44 

recovered diol 

yieldb 

39 

30 

24 

eec configd 

91 

92 

88 

25,35 

25,35 

25,35 

monoester 

ratio en-

yieldb do/exoe 

49 

45 

44 

1 :3 

1 :2.5 

1 :2.2 

diester 

yieldb 

10 

18 

23 

eec,f confi^-f 

73 

66 

58 

2Ä,3Ä 

2R,3R 

2R,3R 

a. reaction conditions: 3.2 mmol of diol 15,15 ml solvent, 600 mg PPL, ambient temperature For further details: see expe
rimental section 

b. yields of isolated material are given in percentages 
c. given in percentages and determined by comparison of optical rotations with literature data (see experimental section). 
d. determined by comparison of opucal rotations with literature data. 
e. determmed by capillary GLC and H-NMR, after oxidation of the diol-monoester to the corresponding ester aldehyde 

(see experimental section). 
f. determmed for the diol (-)-15 obtained by alkaline hydrolysis of the diester 

considerably enhanced, whereas the enantioselectivity is decreased. Furthermore, the preference 

of PPL for the exo-methanol compared to the emio-methanol group is less pronounced than in 

methyl acetate. 

2.3 Norborn-5-en-2-ylmethylaniines 

The endo- and exo-norbornenylmethylamines 16n and 16x, which were prepared17 from 

endo- and «co-carboxylic acids lOn and lOx, respectively, were subjected to a PPL-catalyzed 

N-acylation. For this conversion, methyl propionate appeared to be the medium of choice. 

Stirring a solution of endo-amine 16n in methyl propionate for 19 h at 40oC in the pre

sence of the enzyme, afforded 47% of the propionamide of (-)-16n and 31% of remaining amine 

(+)-16n both with low enantiomeric purity (<5%). This result was hardly improved by performing 

the reaction at ambient temperature. By comparison of the optical rotation with literature data14 

the (2ß)-configuration was assigned to this amine (+)-16n. Amidase Papaine was also applied as 

a catalyst in the acylation of amine 16n. However, it has a much lower catalytic activity (after 68 

h at 40oC a conversion of only 30% was attained) and virtually no stereoselectivity was observed. 

These disappointing results can in part be explained by the fact that the amine also reacts sponta

neously with the solvent methyl propionate. This was proven by blank experiments in which the 

amine was stirred in methyl propionate at 40oC in the absence of the enzyme. By GLC-analysis it 

was shown that after 68 h about 16% of the amine was converted to the corresponding propion

amide. 
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As expected {cf. reactions with the corresponding norbomenylmethanols), PPL displayed a 

higher catalytic activity toward the exo-amine 16x. After 19 h at 40oC, 65% of the amide of 

(+)-16x was isolated along with 35% of remaining amine (-)-16x. Again the enantioselectivity 

was poor: amine (+)-16x, which has the (25)-configuration, had an optical purity of no more than 

6%. Blank experiments showed that the spontaneous reaction of amine 16x with the solvent pro

ceeds even faster than in the case of the endo-amint 16n, because after 68 h at 40oC 22% of the 

amine had reacted to the corresponding amide. 

From these results it may be concluded that the amines 16n and 16x are very poor sub

strates for PPL under these conditions. 

2.4 Enzyme mediated optical resolution of entfo-norbornene lactone 8n 

An interesting application of the optical resolution of a norbomenylmethanol derivative, 

viz. iodolactone 18, is depicted in Scheme 3. lodolactone 18 can be prepared in good yields by 

NaBH4 reduction18 of the readily available anhydride 17 followed by iodolactonization (Scheme 

2). The enzymatic resolution of this lactone 18, using PPL in methyl acetate, constitutes the key-

Scheme 2 

/C^y^f NaBH4 ^ 

jL_o 66% 

β CH,OH 

17 

21 

step in the formal resolution of endo-norbomene lactone 8n and proceeds with excellent enantio

selectivity. Stirring a mixture of lactone 18 and PPL in methyl acetate for 8 days at 40oC afforded, 

after separation of the products by column chromatography, acetate (+)-19 with high enantiomeric 

purity. Acid hydrolysis of this acetate (+)-19 gave the corresponding alcohol (+)-18 and sub

sequent reduction19 with zinc in acetic acid afforded tricyclic lactone (-)-8n in an overall yield of 

74%. The enantiomeric purity of the latter could be enhanced by recrystallization leading to enan-

tiopure (-)-8n. By comparison of the optical rotation with literature data20, the absolute confi

guration of lactone (-)-8n was deduced to be (2Ä,6S), implying that the (5fl)-enantiomer of iodo

lactone 18 has been esterified preferentially. 

The enantiomeric purity of 54% of the remaining alcohol (-)-18, which has the (5S)-confi-
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Scheme 3 

сн,он 

(±)-18 

М ОН 
C H 2 O A e TosOH 

86% 

CH.OH 

1)Zn/HOAc 

86% 

2) Recryst 
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(2H|\ 
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(-)-βη 

>99% ее 

PPL 

сн,он 
АсОМ 

42% overall 

ι \ issi ;··ί 

Η-ιβ 0 

89% ее 

сн 

1)Zn/HOAc 

87% 

QH 2) Recryst 

(+)-8n 

> 9 9 % ΘΘ 

guration, was improved to 89% by a second treatment with PPL (it should be noted that PPL reco

vered from the first treatment was used here). Zinc / acetic acid reduction and recrystallization fi

nally afforded the enantiopure (25,6Л)-ігісус1іс lactone (+)-8n. 

The ee's of the alcohols (+)- and (-)-18 were determined by HPLC-analysis of the corres

ponding (+)-Ä-a-methoxy-a-trifluoromethyl-a-phenyl acetates which were prepared according to 

the procedure of Mosher et α/.21. 

The simplicity of the procedure outlined in Schemes 2 and 3 clearly demonstrates the high 

utility of lipases, such as PPL, in synthetic organic chemistry. Other syntheses of optically active 

lactones (+)- and (-)-8n, reported in the literature, either involve long multistep sequences star

ting from homochiral natural products (such as D-mannitol)20 or from optically active com

pounds, e.g. carboxylic acid 6b, obtained by classical resolution of suitable precursors5,22. The 

A CH,OH 

20 

only two enzymatic processes known involve the oxidation of meso-diol 20 using Horse Liver Al

cohol Dehydrogenase23, affording only lactone (+)-8n in high enantiomeric purity, and the 

PLE-catalyzed hydrolysis of diester5 7a, which proceeds with low enantioselectivity and which 

again only gives one enantiomer of the lactone, viz. (+)-8n. 
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2.5 The influence of structural variations on the efficiency of the PPL-catalyzed resolution 
of norbornylmet Hanois 

The excellent results obtained for the resolution of iodolactone 18 inspired us to investi

gate the influence of structural variations of the substrate on the efficiency of the PPL-catalyzed 

transesterification. Four structural variants were selected; their synthesis is depicted in the 

Schemes 2,4, 5 and 6. 

Bromolactone 21 was obtained from tricyclic lactone 8n by an alkaline ring-opening follo

wed by reaction with bromine (Scheme 2). The yield of this reaction was strongly dependent on 

its scale and ranged from ca. 20% for a scale less than 1 mmol to 54% for a 20 mmol scale. 

A direct synthesis of the dehalogenated lactone 23 by tributyltin hydride reduction24 of 

iodolactone 18 was met with difficulties during the work-up. Preparation through the correspon

ding acetate 19 appeared to be much easier, because purification of the dehalogenated acetate 22 

could be accomplished without difficulties. In this manner alcohol 23 was prepared in three steps 

from iodolactone 18 in 94% overall yield (Scheme 4). 

Scheme 4 

AcCI 

100% 

18 22 23 

lodolactonization of the readily available rrans-dicarboxylic acid9b 2b led to lactone 24 in 

high yield. Reduction25 of carboxylic acid 24 to the corresponding alcohol 25 was achieved by 

borane / dimethyl sulfide in THF (Scheme 5). 

Scheme 5 

COOH 

The 6-methyl iodolactone 28 was synthesized in the same manner as iodolactone 18 

(Scheme 6). Reduction18·26 of the anhydride 26, obtained by Diels-Alder addition of citraconic 

anhydride to cyclopentadiene9", afforded lactone 27 in a good yield. Alkaline opening of the lac

tone ring, which for lactone 8n took place rather smoothly, now required more drastic conditions, 

i.e. heating in a 0.2 M sodium hydroxide solution at reflux. lodolactonization finally gave the al-
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Scheme 6 

^J^p^Y NaBH4 

26 27 28 

cohol 28 in high yield. 

The synthesis of the structural analog of lactone 18 with a two-carbon bridge, viz. lactone 

30, was attempted from lactone 29. Alkaline ring-opening followed by iodolactonization, how

ever, did not lead to the desired product 30, but instead to tricyclic lactone 31, by an intramole

cular addition - elimination of the initially formed lactone 30 (Scheme 7). The first indication of a 

Scheme 7 

1) NaOH 

2) Kl/I 2 

9 5 % О э 

29 30 31 

structure completely different from 30 was the relatively high chemical shift of H9 (δ in the range 

4.27 - 4.63 ppm, cf. δ for Щ 5.15 ppm for iodolactone 18) and a downfield shift for the C5 protons 

(δ 4.27 - 4.63 ppm, cf. δ (-CHjOH) 3.58 for iodolactone 18). The structure of compound 31 was 

unambiguously established by an X-ray diffraction analysis27 (Figure 1). MM-2 calculations 

Figure 1 
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clearly showed the lower energy content of 31 (26.5 kcal / mol) compared with 30 (28.8 kcal / 

mol), in agreement with the observed rearrangement. Similar calculations were carried out for 

iodolactone 18 (29.4 kcal / mol) and the methylene-bridged analog of lactone 31 (31.8 kcal / mol) 

indicating that for these lactones such a rearrangement is unlikely. 

For the sake of comparison, lactone 34 was also considered to be of interest. Its attempted 

preparation from bicyclic lactone 33, obtained by NaBH4 reduction18 of commercially available 

anhydride 32 (Scheme 8), by an alkaline ring-opening and subsequent iodolactonization, however, 

led to an unattractive mixture of products. Probably, a partial epimerization of lactone 33 at Cj, 

leading to the corresponding less strained trans-lactone, took place. This epimerization was avoi

ded by immediate iodolactonization of the rii-hydroxymethyl carboxylic acid, formed by NaBH4 

reduction of 32 (for details, see experimental section). Again, as in the case of the ethy-

lene-bridged iodolactone 31, a rearranged product, viz. lactone 35, was obtained. MM-2 calcula

tions showed lactone 34 to have an energy of 21.2 kcal / mol compared with 17.2 kcal / mol for 

lactone 35, indicating that the latter is energetically more favored. It is of interest to note that the 

melting point of lactone 35 is the same as that reported for 34 in the literature28, implying that the 

claimed synthesis of lactone 34 is not correct. The 'H-NMR spectrum of product 35 clearly 

showed the relatively high chemical shift of H g (δ in the range 4.24 - 4.40 ppm, cf. δ for Hj 5.15 

ppm for iodolactone 18) and a downfield shift for the C4 protons (δ 4.29 ppm, cf. δ (-CH2OH) 

3.58 ppm for iodolactone 18), as also observed for lactone 31. Furthermore, after conversion of 35 

to the corresponding acetate (chemically) or propionate (enzymatically), a strong downfield shift 

for Hg (to δ 5.06 and 4.84 ppm, respectively) and a smaller one for H7 (to 4.39 and 4.48 - 4.59 

ppm, respectively) was observed in the 'H-NMR spectrum. Moreover, the characteristic doublet -

doublet pattern for each of the H4 protons (c/. lactone 33), was not affected in the change from the 

alcohol 35 to these esters. 

Scheme 8 
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Before subjecting the lactone alcohols 21, 23, 25 and 28 to a PPL-catalyzed transesterifi-

cation, the optimal reaction conditions for this type of enzymatic resolution were established for 
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Substrate 18. Special attention was given to the solvent which also serves as acylating agent. The 

PPL-catalyzed resolution of iodolactone 18 was studied in ten different solvents, viz. methyl and 

ethyl acetate; methyl, ethyl and n-propyl propionate; the methyl esters of butyric, valeric and 

caproic acid as well as the enol esters vinyl and isopropenyl acetate. 

The enzymatic resolution of iodolactone 18 using methyl propionate as solvent at 40oC 

appeared to be most efficient. After 91 h, at 40% conversion, the propionate of (+)-18, which has 

the (5Ä)-configuration, was obtained with an ее of 95% (cf. an ее of 89% at 39% conversion for 

the acetate of (+)-18 described above (Scheme 3)). Prolonged reaction times (164 h) only gave a 

small increase in the conversion (from 40 to 46%) and a slightly lower enantiomeric excess for 

the ester (Table 3). Although transesterification using either vinyl or isopropenyl acetate as sol

vent proceeded very rapidly (for example, in vinyl acetate after 163 h at 40oC a conversion of 

65% was achieved), the enantioselectivity was poor. However, these solvents provide a good 

means of obtaining the remaining alcohol (-)-18 rapidly and with high enantiomeric purity, e.g. in 

vinyl acetate at 65% conversion alcohol (-)-18 was isolated with an ее of 97%. 

In a later stage of our studies (Chapter 3), we found that an acceleration of the reaction in 

methyl propionate was accomplished by addition of molecular sieves 4Â which trap the liberated 

methanol. However, the enantioselectivity of the process decreased in the presence of molecular 

sieves. Attempts to enhance the enantioselectivity by lowering the reaction temperature were now 

successful, although at the expense of the reaction rate, e.g. the propionate of (+)-18 was isolated 

with an ее of 95% after 164 h of reaction at ambient temperature (conversion 43%). Despite this 

small drawback, the addition of molecular sieves represents an improvement of the "key-step" 

resolution in the synthesis of both (+)- and (-)-елао-погЬотепе lactones 8n (Scheme 3). The 

enzymatic resolutions described in this chapter were carried out in the absence of molecular 

sieves. 

A detailed optimization procedure for the PPL-catalyzed resolution of iodolactone 2 will 

be given in Chapter 3. 

Lactone alcohols 21, 23, 25 and 28 were subjected to the optimal conditions established 

for lactone alcohol 18, i.e. applying methyl propionate at 40oC. 

Bromolactone 21 displayed a higher degree of enantioselectivity (E»100) as well as a 

higher rate of transesterification when compared to iodolactone 18 (Table 3). Due to this high 

degree of enantioselectivity the rate of esterification decreased considerably at higher conversion 

(cf. Table 3; conversions after 43, 91 and 163 h). For bromolactone 21 the esterification of the 

(5Ä)-enantiomer by PPL is favored, similar to the situation with iodolactone 18. 

The presence of a halogen atom at C9 is responsible for good enantioselectivity, as was 

concluded from the enzymatic esterification of the dehalogenated lactone 23. Although a conver

sion of 33% was reached in 19 h, the propionate of lactone (-)-23 was isolated with a relatively 

low ее of 88% (Table 3). This moderate selectivity is clearly expressed by the low enantiomeric 

ratio (E 20 - 25) and by the fact that at prolonged reaction times the conversion easily proceeds 

23 



Table 3 PPL-catalyzed resolution of lactone alcohols 18, 21, 23, 25 and 28 

in methyl propionate* 

substr 

18 

21 

23 

25 

28 

X 

V 
о 

Χ 

I 

Br 

Η 

I 

I 

Á. 
R 

Η 

Η 

Η 

Η 

СНз 

"cHjOH 

-CH20H 

endo 

endo 

endo 

exo 

endo 

time,h 

91 

115 

164 

43 

91 

163 

19 

67 

163 

19 

164 

propionate 

eepb,c configc 

95 

94 

93 

>98 

97 

96 

88 

84 

76 

74 

93 

5R 

5R 

5R 

5R 

5R 

5R 

55 

55 

55 

55 

55 

alcohol 

ee s-
d 

64 

71 

78 

63 

70 

84 

43 

72 

88 

78 

65 

conve 

40 

43 

46 

39 

42 

47 

33 

46 

54 

51 

41 

E f 

75 

70 

65 

» 1 0 0 

» 1 0 0 

» 1 0 0 

25 

25 

20 

15 

55 

a. reaction conditions 2 5 mmol of alcohol, 19 ml methyl propionate, 500 mg PPL, 40oC For details see experimen

tal section 

b enantiomeric excess (in %) of the alcohol obtained by alkaline hydrolysis of the propionate 

с determined by comparison of optical rotations with those of the enantiomcncally pure alcohols (see experimental 

section) 

d enantiomeric excess (in %) of the recovered alcohol 

e conversion calculated according to the formula conv = ce s / (ees + ее.) (ref 29) 
f enantiomeric ratio calculated according to the formula E = In (1 conv (1 +66-))/ In (1 conv (1 ее-)) (ref 29) 

past 50% (Table 3) Now the (55)-enantiomer of lactone alcohol 23 has been estenfied prefe

rentially It should be noted however, that the spatial orientation of the CI^OH-group in this lac

tone alcohol is the same as in the (5Ä)-halolactone alcohols 18 and 21 Only due to the pnonty 

rules for the assignment of absolute configurations is the letter symbol different The 

endo-position of the methanol group is apparently required for a successful resolution, as was 

concluded from experiments with alcohol 25 possessing this substituent in the era-position. In 

spite of the good acceptance of 25 by the en?yme, the enantiomeric ratio was low (Table 3) and 
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consequently, the resolution was not satisfactory. 

The introduction of a methyl group in α-position to the lactone carbonyl, as in substrate 

28, caused a small decrease in reaction rate of the enzymatic transesterification, in comparison 

with iodolactone 18. The propionate of lactone (+)-28, having the (55)-configuration, was ob

tained with the excellent enantiomeric purity of 93% (Table 3). 

The results presented above show that the enantiomers of the lactone alcohols studied 

here, which are esterified preferentially, all have the lactone ring at the front side of the molecule 

and the CI^OH-group and the halogen (if present) at the rear (as pictured in Table 3). The data in 

Table 3 clearly indicate a considerable influence of small structural variations on the catalytic 

activity of PPL as is apparent from the reaction rate as well as from the observed enantioselec-

tivity. 

Scheme 9 
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Attempts to esterify lactone alcohol 31 failed completely. Apparently, this substrate 

cannot be accepted by the enzyme, which may be attributable to the presence of the bicy-

clo[2.2.2]octane skeleton and/or the secondary alcohol. Interestingly, alcohol 35 was accepted as 

a substrate by PPL (Scheme 9). After 68 h, 30% of the (85)-alcohol (-)-35 was converted into the 

corresponding propionate. The ее was determined after eliminative reduction19 of this ester using 

zinc in acetic acid, which afforded bicyclic lactone (-і-)-ЗЗ. Comparison of the optical rotation of 

the latter with that reported in the literature30 gave both the absolute configuration (1R,5S) and the 

ее (26%) of lactone (+)-33. The remaining alcohol (+)-35 was first acetylated and then converted 

into lactone (-)-33 by means of zinc in acetic acid. The enantiomeric purity of (-)-33 was again 

low, viz. 11%. 
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2.6 Mucor Esterase-catalyzed resolution. 

Another enzyme, viz Mucor Esterase, has also been studied in the resolution of halo-

lactone alcohols 18, 21 and 28. This esterase was efficient in its catalytical action, although it 

displayed a very poor enanüoselectivity (Table 4). For all three alcohols enantiomeric ratios (E) 

between 10 and 20 were found, implying that this enzyme is much less appropriate for the resolu

tion of this type of alcohols than PPL. 

Table 4: Mucor Esterase catalyzed resolution of lactone 

alcohols 18,21, and 28 in methyl propionate*. 

substr. 

18 

21 

28 

time.h 

68 

68 

68 

propionate 

eep
b'c config.c 

72 

67 

83 

5R 

5R 

5R 

alcohol 

ees
c'd 

70 

73 

49 

conv.e 

49 

52 

37 

Ec 

13 

11 

17 

a. reaction conditions 2 5 mmol of alcohol, 19 ml methyl propionate, 500 mg 
Mucor Esterase, 40oC For details see experimental section 

b enantiomeric excess (m Ψα) of the alcohol obtamed by alkaline hydrolysis of the 

propionate 

с determined by comparison of optical rotations with those of the enantiomencally 

pure alcohols (see experimental section) 
d enantiomeric excess (in %) of the recovered alcohol 

e conversion calculated according to the formula conv = ee s / (ees + ee_) (rcf 29) 
f enantiomeric ratio calculated according to the formula E = In (1 - conv (1 + ее.)) / 

In (1 - conv (1 - ecp)) (rcf 29) 

2.7 Experimental section 

General remarks 

Melting points were measured with a Reichert Thermopan microscope and are uncorrec

ted IR spectra were taken on a Perkin Elmer 298 infrared spectrophotometer. ^-NMR spectra 

were recorded on a Varían EM-390 or a Bruker WH-90 spectrometer with TMS as the internal 

standard. For mass spectra a double focussing VG 7070E mass spectrometer was used. Capillary 

GLC analyses were performed using a HP (Hewlett Packard) 5790A or a HP 5890, containing a 

cross-linked methyl silicone column (25m, Hewlett Packard). For analytical HPLC (sihcagel Si 

100, 25 cm) a Spectra Physics 8700 solvent delivery system with a Spectra Physics 8400 variable 

wavelength UV/Vis detector and a Spectra Physics 4100 computing integrator were used. Column 

chromatography was performed using Merck Kieselgel 60-F254. For the determination of optical 
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rotations a Perkin Elmer 241 Polarimeter was used. Porcine Pancreatic Lipase (PPL) and Candida 

Cylindracea Yeast Lipase (CCL) were purchased from Sigma. Mucor Esterase and Papaine were 

obtained as a gift from Gist-brocades, Delft, The Netherlands. PPL and Mucor Esterase were 

dried at reduced pressure (~0.02 mbar) during 4h prior to use. The solvents used for the enzymatic 

resolutions were stored on molecular sieves 4À (10% w/v). All glassware was oven dried before 

use. 

Endo- and txo-bicvclof2.2.11hept-5-ene 2-carboxvlic acid. IQn and 10x. 

This acid was prepared, as an endo/exo mixture (9:1), in 85% yield by Diels-Alder 

addition of acrylic acid and cyclopentadiene9. Pure exo-isomer, mp 40-42oC (lit17a. 45-460C) was 

obtained by acid-base extraction, after conversion of the e/zdo-carboxylic acid into the correspon

ding iodolactone31. IR (neat) v: 3600 - 2500 (s.br), 3000 - 2860 (s.br), 1700 (s), 1420 (m), 1335 

(m), 1275 (m), 1250 - 1150 (m.br), 715 (m) cm"1. ^-NMR (CDCl·,) δ: 1.28 - 1.49 (3H, m; 2xH7 

and Udendo)), 1.97 (IH, ddd, J = 4.0, 4.0 and 12.0 Hz; ^(exo)), 2.28 (IH, dd, J = 4.0 and 10.0 

Hz; n2(endo)), 2.93 (IH, s(br); Hj or НД 3.11 (IH, s(br); Нд or H^, 6.07 - 6.21 (2H, m; H5 and 

H6). Pure endo-isomer, mg 41-430C (lit17". 44-450C) was obtained by zinc - acetic acid reduc

tion19 of the iodolactone. IR (neat) v: 3600 - 2500 (s.br), 3000 - 2860 (s,br), 1700 (s), 1420 (m), 

1335 (m), 1275 (m), 1250 - 1150 (m.br), 715 (m) cm"1. 'H-NMR (CDCI3) δ: 1.22 - 1.52 (3H, m; 

2xH7 and Udendo)), 1.73 - 2.07 (IH, m; Щехо)), 2.85 - 3.05 (2Н, m; Н 4 and Н2(ед:о)), 3.17 -

3.23 (IH, m; H,), 5.98 (IH, dd, J = 3.0 and 5.5 Hz; НД 6.20 (IH, dd, J = 3.0 and 5.5 Hz; H5). 

Attempted enzymatic esterification of IQn and 10x. 

Yeast Lipase from Candida Cylindracea (400 mg) and n-butanol (0.9 g; 12.2 mmol) were 

added to a solution of lOn and lOx (0.56 g; 4.1 mmol) in dry hexane (20 ml). The suspension was 

stirred at room temperature and the reaction was monitored by capillary GLC. After 2 days no 

product ester was formed. Neither the addition of methanol (0.4 g; 12.2 mmol) nor small amounts 

of water (up to 0.1%) resulted in any product formation. 

Endo- andcxo-2-bromo-bicvcloí2.2.11hept-5-ene 2-carboxylic acid, l ln and llx. 

l ln and l lx were prepared, as a mixture of endo/exo acids (4:6), by Diels-Alder addition 

of α-bromo acrylic acid and cyclopentadiene10. IR (CHC13) v: 3600 - 2800 (s.br), 3060 (m), 2960 

(s), 2870 (m), 1700 (s), 1430 (s), 1330 (m) cm"1. ^-NMR (CDCI3) δ: 1.30 - 2.11 (3H, m; 2xH7 

and Udendo)), 2.62 - 2.95 (2H, m; Щехо) and Н4), 3.40 (0.4 H, d, J = 3.0 Hz; H^emfo-acid)), 

3.57 (0.6 H, d, J = 3.0 Hz; Щехо- acid)), 5.93 - 6.43 (2H, m; H5 and H6), 10.22 (IH, s(br); 

-COOH). The едго-сагЬохуІіс acid was separated from the ewdo-acid by PLE-catalyzed hydro

lysis of the Diels-Alder adduci of methyl a-bromo-acrylate and cyclopentadiene (40% endo-

ester, 60% ero-ester) at pH 8.0 in water32. Pure eco-acid was obtained, mg 79-830C Git10. 930C 

(after crystallization)). ^-NMR (CDCI3) δ: 1.35 -1.68 (3H, m; 2xH7 and Hiendo)), 2.72 (IH, dd, 
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J = 3.0 and 14 Hz; H3(m>)), 2.92 (IH, s(br); НД 3.52 (IH, d, J = 3.0 Hz; Hj), 6.15 (IH, dd, J = 

3.0 and 6.0 Hz; H6), 6.35 (IH, dd, J = 3.0 and 6.0 Hz; H5), 10.15 (IH, s(br); COOH). 

Attempted enzymatic esterification of lln and llx. 

Yeast Lipase from Candida Cylindracea (400 mg) and either n-butanol (0.2 g; 2.7 mmol) 

or methanol (0.1 g; 3.1 mmol) were added to a solution of l ln and l lx (0.2 g; 0.9 mmol) in dry 

hexane (5 ml). The suspension was stirred at 30oC and the reaction was monitored by capillary 

GLC. After 18 h no product ester was detected. The addition of small amounts of water (up to 

0.1%) did not alter this result. 

Racemic endo-bicyclo[2.2.11hept-5-en-2-ylmethanol, (±)-14n. 

£ndo-methanol (±)-14n (oil) was prepared in a yield of 96% by LiAlH4 reduction13 of 

emfo-carboxylic acid lOn. IR (ССЦ) ν: 3600 - 3200 (s,br), 3060 (m), 2980 - 2880 (s), 2860 (s), 

1445 (m), 1030 (s), 720 (s) cm"1. 'H-NMR (CDCl·,)13 δ: 0.33 - 0.57 (IH, m; Hiendo)), 1.13 -

1.45 (3H, m; 2xH7 and ОН), 1.73 (IH, ddd, J = 2.0, 5.0 and 12 Hz; Нз(ехо)), 1.97 - 2.37 (IH, m; 

H2(exo)), 2.70 (IH, s(br); H! or H4), 2.87 (IH, s(br); H4 or Η^, 3.03 (IH, dd, J = 9.5 and 10 Hz; 

-CH2OH), 3.27 (IH, dd, J = 7.0 and 9.5 Hz; -CH2OH), 5.87 (IH, dd, J = 3.0 and 5.0 Hz; H6), 6.03 

(lH,dd,J = 3.0and5.0Hz;H5). 

Racemic cxo-bic\clof2.2.11hept-5-en-2-ylmethanol. (±)-14x. 

Exo-methanol (±)-14x (oil) was obtained in a yield of 97% by LiAlH4 reduction13 of exo-

carboxylic acid lOx. IR (CC14)
33 v: 3630 (m), 3600 - 3100 (s,br), 3060 (s), 3000 - 2900 / 2860 (s), 

1445 (m), 1375 (m), 1335 (s), 1080 (s), 1050 - 1000 (s,br), 975 (m), 905 (s), 860 (s), 705 (s) cm"1. 

^-NMR (CDCI3)33 δ: 1.00 - 1.38 (4H, m; 2xH7, Hiendo) and Н3(.ехо)), 1.53 - 1.80 (IH, m; 

H2(endo)), 1.78 (IH, s; OH). 2.76 - 2.83 (2H, m; Hj and H4), 3.53 (IH, dd, J = 8.0 and 11 Hz; 

-CH2OH), 3.74 (IH, dd, J = 7.0 and 11 Hz; -CH2OH), 6.02 - 6.17 (2H, m; H5 and H6). 

Enzymatic resolution of (±)-14n. 

PPL (600 mg) was added to a solution of (±)-14n (0.37 g; 3 mmol) in methyl acetate (15 

ml). The suspension was stirred at room temperature for 44 h, after which the enzyme was filtered 

off and washed with ether (3x10 ml). After evaporation of the solvents, the product ester and re

maining alcohol were separated by column chromatography (silicagel / hexane - ethyl acetate 

(3:1)). This gave (+)-14n (0.16 g; 43%), [a)25^) +61.9° (c 0.6, 95% ethanol) (lit14, for (S): [a]D 

-95° (95% ethanol)), 68% ее, (Ä)-configuration . The product ester (0.28 g; 56%) was converted 

into the corresponding alcohol by alkaline hydrolysis following the procedure described by Cesti 

et al.34. Thus, the acetate (0.28 g; 1.7 mmol) was stirred over night at room temperature in a IM 

solution of sodium hydroxide in ethanol (5 ml). After evaporation of the solvent the residue was 

taken up in water (5 ml) and extracted with ether (4x5 ml). The combined organic layers were 
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dried on MgS04 and concentrated. The residual oil was purified by column chromatography (sili-

cagel / hexane - ethyl acetate (3:1)) to give alcohol (-)-14n, [a] 2 5

D -46.8° (c 0.63, 95% ethanol), 

ее 49%, (^-configuration. 

Enzymatic resolution of(±)-l4\. 

Methanol (±)-14x (0.39 g; 3.2 mmol) was treated according to the procedure described for 

(±)-14n, to give alcohol (-)-14x (0.13 g; 34%), [a]^ -14.6° (c 1.1, 95% ethanol) (lit14, for (Ä): 

[aJD -23.9° (95% ethanol)), ее 61%, (Ä)-configuration and the acetate of alcohol (+)-14x (0.35 g; 

66%). Alkaline hydrolysis of the latter afforded (+)-14x, [ а Я о +6.0° (с 1.3, 95% ethanol), ее 

25%, (^-configuration. 

Racemic 2-endo-3-cxo-bis(hvdroxymethyl)-bicvclof2.2.1 lhept-5-ene, (±)-15. 

Diol (±)-15 (generous gift from Dr. F.J.C, van Gastel) was obtained by LÌAIH4 reduc

tion13 of the Diels-Alder adduct9b 2b of fumarie acid and cyclopentadiene. IR (CHCI3)35 ν: 3600 

(m), 3600 - 3100 (s), 3050 (m), 3000 - 2800 (s), 1415 (m), 1330 (m), 1090 (m), 1010 (s), 980 (m) 

cm 1 . ^-NMR (CDCI3)35 δ: 1.08 -1.57 (3H, m; H3 and 2xH7), 1.70 - 2.07 (IH, m; H2), 2.55 (IH, 

s(br); H4), 2.78 (IH, s(br); H,), 2.83 - 3.83 (6H, m; -CH2OH (endo), -CH2OH (exo) and 2x -OH), 

5.88 (IH, dd, J = 5.0 and 8.5 Hz; НИ), 6.15 (IH, dd, J = 5.0 and 8.5 Hz; H5). 

Enzymatic resolution of(±)-lS: general procedure. 

PPL (600 mg) was added to a solution of diol (±)-15 (0.50 g; 3.2 mmol) in methyl acetate 

(15 ml). The suspension was stirred at room temperature for 44 h, then the enzyme was filtered 

off and washed with ether (3x10 ml). After evaporation of the solvents the remaining diol, both 

monoesters produced and the diester were separated by column chromatography (silicagel / 

hexane - ethyl acetate (1:1) -* (1:3) -» pure ethyl acetate). This gave 0.19 g (39%) of diol (+)-15, 

[a] 2 5 !, +52.3° (c 1.3, ethanol) (Ut16, for (25,3S): [a]D +57.3° (ethanol)), ее 91%, (2S,35)-confi-

guration, as well as 0.31 g (49%) of monoacetate and 0.08 g (10%) of diacetate. The diester was 

converted to the coiresponding diol by alkaline hydrolysis according to the procedure described 

by Cesti et al.u (see enzymatic resolution of(±)-l4n) furnishing (-)-15, [ a ] 2 ^ -41.9° (c 0.74, 

ethanol) (lit16, for (2R,3R): [a]D -56.8° (ethanol)), ее 73%, (2fl,3fl)-configuration. The ratio of 

endo- and exo-monoacetate was determined after Swem oxidation15 of the hydroxymethyl group 

to the corresponding formyl group. Capillary GLC showed a mixture of both aldehydes in a ratio 

of approx. 1:3. ^-NMR minor signal (endo-aldehyde - ejto-ester), δ 9.38 (d, J = 2.0 Hz) ppm, 

major peak (era-aldehyde - endo-ester), δ 9.77 (d, J = 2.0 Hz) ppm. 

Enzymatic resolution of (±)-15 using either methyl propionate or methyl butyrate as the 

solvent was carried out following the procedure described above. The results (yields, ee's, abso

lute configurations, endo I exo ratios) are collected in Table 2. 
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Racemic endo-2-(aminomethvl)-bicyclof2.2.1 lhept-5-ene, (±)-16n, 

Amine (±)-16n was prepared in a yield of 60% from endo-carboxylic acid 10η by conver

sion into the corresponding carboxamide17a followed by reduction17b with LiAlH4, bp 73-75c'C 

(21 torr) (lit36. 61-620C (12 torr)). IR (ССЦ) ν: 3500 - 3200 (m.br), 3380 (m), 3060 (s), 3000 -

2800 (s,br), 1630 - 1500 (s), 1460 (s), 1380 (s), 1340 (s), 1250 (w), 1150 (w), 1070 (m), 930 (m), 

905 (s), 900 - 700 (s,br) cm"1. 'H-NMR (CDCI3) δ: 0.53 (IH, ddd, J = 3.0, 3.0 and 12 Hz; 

Udendo)), 1.19 - 1.50 (3H, m; 2xH7 and Щіехо)), 1.87 (IH, ddd, J = 4.0, 7.0 and 12 Hz; H2), 

2.36 - 2.52 (2H, m; -CH2NH2), 2.63 - 2.87 (2H, m; Hj and H4), 5.90 (IH, dd, J = 3.0 and 6.0 Hz; 

H6), 6.13 (IH, dd, J = 3.0 and 6.0 Hz; H5). 

Racemic txo-2-(aminomethvl)-bicyclol2.2.llhept-5-ene. (+)-16x. 

Amine 16x was prepared in a yield of 54% from едго-acid lOx according to the same pro

cedure as used for the synthesis of enafo-amine 16n, bp 67-680C (13 torr) (lit37. 540C (4.5 torr)). 

IR (CC14) v: 3500 - 3200 (m.br), 3380 (m), 3060 (s), 3000 - 2800 (s,br), 1650 -1500 (s), 1460 (s), 

1455 (s), 1380 (s), 1330 (s), 1070 (s), 905 (s), 900 - 700 (s.br) cm"1. ^-NMR (CDCI3) δ: 1.01 -

1.67 (5H, m; 2xH7, 2хНз and Щ), 2.58 - 2.91 (4Н, m; -CH2NH2, Hj and НД 5.98 - 6.13 (2Н, m; 

Н5 and Н6). 

Enzymatic resolution of Ш-Ібп: general procedure. 

PPL (200 mg) was added to a solution of emio-amine (±)-16n (0.25 g; 2.0 mmol) in 

methyl propionate (15 ml) and the suspension was stirred for 19 h at 40oC. The enzyme was fil

tered off and washed with dichloromethane (3x10 ml). The filtrate was analyzed by capillary 

GLC showing, besides some small impurities from the enzyme, a mixture of the amide of (-)-16n 

(56%) and of the amine (+)-16n (42%). After evaporation of the solvents, the residue was dis

solved in dichloromethane (10 ml) and extracted with a 1 M HCl solution (3x4 ml). The com

bined water layers were washed with dichloromethane (5 ml). The combined organic layers were 

dried on MgS04 a n d evaporated to give 0.17 g (47%) of the propionamide of (-)-Ібп, [a]75^ 

—2.8° (c 1.0, chloroform). Its ее was not determined. 1 M solution of NaOH was added ¿o the 

water layers till pH 12 -13. Extraction with dichloromethane (6x10 ml), drying of the combined 

organic layers on MgSC^ and evaporation of the solvents yielded 0.08 g (31%) of amine (+)-16n, 

[a]25
D +2.0° (c 1.5, chloroform). Its ce was determined after catalytic hydrogénation (Pd/C - H2) 

of the olefmic bond and subsequent precipitation of emio-2-(aminomethyl)-bicyclo[2.2.1]heptane 

hydrochloride from chloroform, [al25
D -0.56° (c 1.0, 95% ethanol) (lit14, for (5): [а] 0 і П і а х +11.9° 

(95% ethanol)), ее -5%, (fl)-configuration. 

This procedure was repeated with PPL at room temperature for 68 h affording 0.15 g 

(42%) of the propionamide of (-)-16n, [a] 2 5

D -4.8° (c 1.0, chloroform) and 0.14 g (58%) of 

amine (+)-16n, [al 2 5

D +2.6° (c 1.1, chloroform). The corresponding ewdo-2-(aminomethyl)-

bicydo[2.2.11heptane hydrochloride had an [a] 2 5

D -0.74° (c 1.0, 95% ethanol), ее -6%, 
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(.^-configuration. 

Using Papaine (200 mg / mmol; either straight from the bottle or predried at ~0.04 mbar 

during 4 h) instead of PPL, the procedure described above (40oC, 68 h) afforded 0.11 g (30%) of 

the amide, [a]^ 0° (c 1.0, chloroform) and 0.15 g (63%) of amine, [a]25
D 0° (c 1.0, chloroform). 

Enzymatic resolution of(±)-16x. 

Exo-amine (±)-16x (0.25 g; 2.0 mmol) was treated with PPL (200 mg) in methyl propio

nate (15 ml) as described for the PPL-catalyzed resolution of endo-aminc (±)-16n (40oC, 19 h). 

Yield: 0.22 g (65%) of the propionamide of (+)-16x, [a]25!, +3.1° (c 1.1, chloroform) and 0.09 g 

(35%) of amine (-)-16x, [a]25
D -5.3° (c 1.1, chloroform) (GLC analysis of the crude mixture: 

67% of amide and 32% of amine). The amine obtained was converted (cf. resolution of (±)-16n) 

into the corresponding exo-2-(aminomethyl)-bicyclo[2.2.1]heptane hydrochloride, [a]25^) -1.66° 

(c 1.0,95% ethanol) (lit14, for (Ä): [a]Dimax -26.1° (95% ethanol)), ее ~6%, (Ä)-configuration. 

Blank experiments. 

A solution of either emio-amine (±)-16n (0.12 g; 1.0 mmol) or exo-amine (±)-16x (0.1 g; 

0.8 mmol) in methyl propionate (7.5 ml and 6.0 ml respectively) was stirred for 68 h at 40oC, then 

the reaction mixture was analyzed by capillary GLC. For the emfo-amine GLC showed a mixture 

of 16% of amide and 84% of amine, for the cxo-amine a mixture of 22% of amide and 78% of 

amine. 

(lS*,2R*,6S*,7R*)-4-oxatricvclof52.1.02-6]dec-8-en-3-one,(±)-8n. 
NaBH4 reduction18 of the Diels-Alder adduci38 17 of maleic anhydride and cyclopenta-

diene gave (±)-8n in 66% yield, mp 125-1270C (lit23. 120-122oC). IR (CHCI3) ν: 3040 (w), 2950 / 

2910/2870 (s), 1755(s), 1380 (m), 1345 (m), 1170 (m), 1000 (s) cm"1. ^-NMR (CDCI3) δ: 1.46 

(IH, d, J = 8.0 Hz; H1 0), 1.64 (IH, d, J = 8.0 Hz; H1 0), 3.06 - 3.31 (4H, m; H,, H2, H6 and H7), 

3.78 (IH, dd, J = 3.0 and 9.0 Hz; Hiendo)), 4,28 (IH, dd, J = 8.0 and 9.0 Hz; H5(exo)), 6.26 (2H, 

sib^jHgandH,). 

(lS*M*AS*JR*,6S*,9S*)-5-(hydroxymethvl)-9-iodo-8-oxatricvclor4.2.1.02'6lnonan-7-one, 

Ш-18. 

A suspension of (±)-8ii (7.5 g; 50 mmol) in a 0.25 M solution of NaOH in water (250 ml) 

was stirred at room temperature for i h, which resulted in a clear solution. After addition of 

NaHQ}} (5.3 g; 62.5 mmol), a solution of KI (1.5 M) and I2 (0.5 M) in water was added until no 

further decolorization occurred. Stirring was continued for another 15 min., then the aqueous sus

pension was extracted with dichloromethane (4x100 ml). The combined extracts were washed 

with a 15% N328205 solution (100 ml) and water (50 ml), dried on MgS04 a n ( i evaporated to give 

13.8 g (94%) of slightly yellow (±)-18, ny) 125-1270C. A sample was recrystallized from hexane -
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ethyl acetate (1:1), пш 126.5-1280C. IR (CHCI3) ν: 3600 - 3300 (m), 2980 - 2900 / 2880 (m), 

1775 (s), 1345 (m), 1165 (m), 1150 (m), 1005 (s) cm"1. 'H-NMR (CDCI3) δ: 1.89 (IH, d(br), J = 

12.0 Hz; H3), 2.05 (IH, s; OH), 2.29 - 2.81 (4H, m; H3, H4, H5 and H6), 3.27 (IH, td, J = 1.0 and 

5.0 Hz; H2), 3.58 - 3.94 (2H, m; -СЩОН; after addition of CD3OD: 3.58 (IH, dd, J = 7.5 and 11 

Hz) and 3.79 (IH, dd, J = 7.0 and 11 Hz)), 4.14 (IH, d, J = 2.5 Hz; H,), 5.15 (IH, d, J = 5.0 Hz; 

Hi). MS (El) m/e (%): 294 (16; m+), 276 (18; -H20), 262 (8; -CH2OH), 192 (25), 167 (92; -I), 

149 (10; -I, -H20), 123 (22; -l.-CO^, 121 (22), 105 (56; -I, -H20, -CO^), 93 (75), 91 (81), 79 

(100), 67 (57), 39 (75). (Found: С 36.74, Η 3.79. Cale, for СдНцІОз: С 36.76, Η 3.77%). 

Enzymatic resolution of (±)-18. 

To a solution of (±)-18 (11.8 g; 40 mmol) in methyl acetate (120 ml), PPL (16 g) was 

added. The suspension was stirred for 8 days in the dark at 40oC, then the enzyme was filtered 

off, washed thoroughly with acetone (3x50 ml) and stored for further use (vide infra). The filtrates 

were concentrated and the residue was chromatographed (silicagel / dichloromethane - acetone 

(9:1)) to give 5.2 g (39%) of acetate (+)-19, [a]^ +53.1° (c 1.0, CHCI3), [a] 2 5

D +53.3° (c 0.42, 

CHCI3), ее 89% (vide infra), and 7.1 g (60%) of alcohol (-)-18, [a]^ -35.1° (c 1.0, CHCI3). A 

sample of the acetate, mp 103-106oC was recrystallized from hexane - ethyl acetate (1:1), ¡Щ 

117.5-1190C, [a] 2 5

D +58,9° (c 0.5, CHCI3), ее 98%. IR (CHCI3) ν: 2980 - 2880 (w), 1780 (s), 

1740 (s), 1370 (s), 1345 (m), 1165 (m), 1150 (m), 1000(s). 'H-NMR (CDCI3) δ: 1.88 (IH, d(br), J 

= 11 Hz; H3), 2.09 (3H, s; -CH3), 2.30 - 2.79 (4H, m; H3, H4, H5 and НД 3.27 (IH, td, J = 1.0 and 

5.0 Hz; Нг), 4.00 - 4.40 (3H, m; H, and -CH2OAc), 5.17 (IH, d, J = 5.0 Hz; Щ. MS (El) m/e 

(%): 336 (8.5; M+), 276 (8.1; -СН3ССЮН), 209 (15; -I), 192 (18), 167 (29), 149 (60; -I, 

-CH3COOH), 121 (16), 105 (100; -I, -CH3COOH, -C02), 93 (44), 79 (29), 43 (100). (Found: С 

39.11, H 3.85. Cale, for СцН^ГО,,: С 39.31, H 3.90%). 

Recovered (-)-18 was subjected to a second PPL treatment as follows: To a solution of 

this (-)-18, [αϊ25,, -35.1° (с 1.0, CHCI3), (6.7 g; 23 mmol) in methyl acetate (70 ml), PPL (15.6 

g; recovered from the first resolution and predried at ~0.2 mbar during 4 h) was added. The sus

pension was stirred for 8 days in the dark at 40oC, then the enzyme was filtered off and washed 

with acetone (3x50 ml). After concentration of the filtrates and subsequent chromatography (sili

cagel / dichloromethane - acetone (9:1)) 4.7 g (70%; 42% on overall basis) of (-)-18, mp 

102-106oC, [a]25!) -63.8° (c 1.0, CHCI3), ее 89% (vide infra), was isolated. Spectral data (IR, 

'H-NMR) were in agreement with those for (±)-18. 

The acetate of (+)-19 obtained above was converted into (+)-18 as follows: A solution of 

(+)-19 (3.9 g; 12 mmol) in methanol (25 ml) containing a catalytic amount of p-toluenesulfonic 

acid was heated at reflux for 5 h. After evaporation of the solvent the residue was chromato

graphed (silicagel / dichloromethane - acetone (9:1)) to give 3.0 g (86%) of alcohol (+)-18, пш 

103-105oC, Ια]25!) +62.7° (с 1.0, CHClj). Spectral data (IR, ^-NMR) were in agreement with 

those for (±)-18. 
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The ee's of both (+)- and (-)-18 were determined by HPLC after conversion of the alco

hols into the corresponding Mosher esters21. To a solution of the alcohol (60.1 mg; 0.20 mmol) in 

CH2CI2 (15 drops), (+)-a-methoxy-a-trifluoromethyl-a-phenylacetyl chloride (51.0 mg; 0.20 

mmol) in CH2CI2 (10 drops) was added, followed by dry pyridine (5 drops). The mixture was 

stiired at room temperature for 1 h, then water (5 ml) was added. Extraction with CH2CI2 (3x5 

ml), washing of the combined extracts with 2 N HCl solution (5 ml), saturated NaHCC^ (5 ml) 

and water (5 ml), drying on MgS04 and removal of solvents afforded a colorless oil, which, ac

cording to capillary GLC, contained no starting material anymore. HPLC analysis (silicagel Si 

100, hexane - ethyl acetate (3:1)) of the esters revealed that both alcohols (+)-18, [а]^ +62.7° (с 

1.0, CHClj), and (-)-18, [a]^ -63.8° (c 1.0, CHCI3), were obtained with an ее of 89%. 

(lS2R.6S.7R)-4-oxatricvclol52.1 ^Ыес-З-еп-З-опе, (-)-8n. 

To a solution of (+)-18, [a]75^ +62.7° (c 1.0, CHClj), (2.9 g; 9.9 mmol) in acetic acid (12 

ml) zinc powder (2,9 g) was added at 10-15oC, then some more acetic acid (6 ml) was added19. 

The suspension was stirred at 10-150C for 1 h and subsequently at room temperature for 3 h. The 

solids were filtered off and successively washed with acetic acid (3x12 ml), water (3x20 ml) and 

ether (3x20 ml). The aqueous layer was acidified with concentrated HCl to pH 1-2, the layers 

were separated (if no separation occurred some more water and ether were added) and the water 

layer was washed with ether (3x75 ml). The combined organic layers were concentrated to give a 

yellow oil which was redissolved in ether (150 ml) and washed with saturated МаНСОз (2x20 

ml). The combined aqueous layers were reextracted with ether (3x40 ml). The combined organic 

layers were dried on MgSC^ and concentrated to give a slightly yellow solid (1.3 g; 86%). Re-

crystallization from hexane gave white (-)-8n (1.0g; 65%), mp 125-1270C (lit20. 65-670C); 

[a] 2 5 !, -140.3° (c 0.99, CHCI3) (lit20. [a] 2 6

D -148.20° (c 0.52, CHCI3)), ее 95% . A second re-

crystallization provided enantiopure (-)-8n, mß 129-130oC, [а\ъ

0 -147.9° (с 1.0, CHCI3). 

Spectral data (IR, ^-NMR) were identical with those for (±)-8n (Found: С 71.76, H 6.63. Cale. 

for CÇHJOOJ: С 71.98, H 6.71%). 

(lR.2S.6RJS)-4-oxatricvclor5.2.1.Ö2-6]dec-8-en-3-one.(+)-Sn. 

Zinc I acetic acid reduction of alcohol (-)-18, [αΫ5^ -63.8° (с 1.0, CHCI3), (3.9 g; 13.2 

mmol) following the procedure described above for lactone (-)-8n, afforded white (+)-8n (1.7 g; 

87%) which was recrystallized from hexane (1.3 g; 65%), пщ 127-1290C (lit20. 65-670C, lit5·23. 

120-122°C); [ a ] 2 ^ +145° (c 1.0, CHCI3) (lit20· [a ] 2 6

D +147.52° (c 0.52, CHCI3); lit23, [a]^ 

+143.2° (c 5.2, CHCI3); lit5, [a]20!) +145° (c 5.2, CHCI3)), ее 97%. A second reciystallization 

from hexane gave enantiopure (+)-8n, пщ 128-1290C, [арц +148.3° (с 1.0, CHCI3). Spectral 

data (IR, ^-NMR) were identical with those of (±)-8n. (Found: С 72.06, H 6.67. Cale, for 

С^НюОг: С 71.98, H 6.71%). 
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aS\2R\4S'\5R\6S*\9S*)-9-bromo-5-(hydroxvmeth\l)-8-oxatricvclo[4.2.1 .Ó2 añonan-?-one, 

Ш-21. 

A suspension of lactone (±)-8n (3.0 g; 20 mmol) in 0.25 M solution of aqueous sodium 

hydroxide (100 ml) was stirred at room temperature for i h which resulted in a clear solution. 

After addition of NaHCC^ (2.5 g; 30 mmol) bromine was slowly added until no further decolori-

zation occurred. Stirring was continued for another 15 min., then the aqueous suspension was ex

tracted with dichloromethane (4x50 ml). The combined extracts were washed with 15% aqueous 

N328205 (25 ml), water (25 ml), dried on MgS04 and concentrated to give a slightly orange oil. 

Chromatography (silicagel / dichloromethane - acetone (9:1)) afforded 2.7 g (54%) of white 

(±)-21, mp 82-860C. A sample was reciystallized from hexane - ethyl acetate (1:1), mp 

85.5-87.50C. IR (CHCI3) ν: 3650 - 3150 (s), 2960 / 2920 / 2890 (m), 1760 (s), 1340 (m), 1155 (s), 

1000 (s) cm 1 . 'H-NMR (CDCI3) δ: 1.71 (IH, dd, J = 1.0 and 11 Hz; Hj), 2.24 - 2.73 (5H, m; 

-OH, H3, H4, H5 and H6), 3.22 (IH, td, J = 1.0 and 4.0 Hz; H2), 3.60 (IH, dd, J = 7.0 and 11 Hz; 

-CHjOH), 3.77 (IH, dd, J = 7.0 and 11 Hz; -CHjOH), 4.07 (IH, d, J = 2.0 Hz; H,), 4.90 (IH, d, J 

= 5.0 Hz; H!). MS (El) m/e (%): 248/246 (8.9; M+), 230/228 (1.7/1.8; -H20), 167 (50; -Br), 137 

(53), 109 (54), 91 (63), 85 (52), 79 (100), 77 (60), 39 (67). (Found: С 43.09, H 4.41. Cale, for 

С^цВЮз: С 43.75, H 4.49 %). 

(lS*2R*AS*3R\6S*9S^-5-(acetoxvmeihyl)-9-iodo-8-oxatricycloI42A.(P-6lnonan-7-oneA±)-\9. 

То a solution of (±)-18 (1.5 g; 5.1 mmol) in chloroform (25 ml) acetyl chloride (1.2 g; 

15.3 mmol) was added. The mixture was stirred at room temperature under argon, allowing the 

HCl-gas to escape. After 5 h the mixture was washed with saturated КаНСОз (3x5 ml), water (10 

ml), dried on MgS04 and concentrated to give 1.7 g (100%) of (±)-19, пщ 92-960C. A sample 

was recrystallized from hexane - ethyl acetate (3:1), mp 95-970C. Spectral data (IR, ^-NMR, 

MS) were identical with those of (+)-19 described above. (Found: С 39.27, H 3.68. Cale, for 

С1 1Н1зІ04: С 39.31, H 3.90%). 

(IR* 2R* AR* ̂ S* ,6S*)-5-(acetoxvmethyl)-8-oxatric\dol4.2.1.02-6lnonan-7-oneA±)-12. 

То a suspension of (±)-19 (2.9 g; 8.7 mmol) in ethanol (30 ml) a solution of B^SnH (10.4 

mmol) in ethanol (25 ml) was added in 10 min. at 150C under argon24. The mixture was stirred at 

room temperature for 3 h, then a small amount of oxalic acid was added. Stirring was continued 

for another 15 min., then ethanol was removed. The solution of the residue in chloroform (150 ml) 

was washed with saturated КаНСОз (50 ml), water (50 ml), dried on MgS04 and concentrated. 

The residual oil was chromatographed (silicagel / dichloromethane - acetone (9:1)) to give 1.7 g 

(94%) of white (±)-22, nip 79-810C. A sample was recrystallized from hexane - ethyl acetate 

(3:1), mp 80-82oC. IR (CHCI3) ν: 3000 - 2860 (s), 1770 (s), 1730 (s), 1365 - 1350 (m), 1245 -

1220 (m), 1165 (m) cm"1. 'H-NMR (CDCI3) δ: 1.67 - 1.77 (4H, m; 2хНз, Щ and H,), 2.07 (3H, s; 

-CH3), 2.27 - 2.76 (3H, m; H5, H 6 and H9), 3.27 (IH, t, J = 4.5 Hz; Щ, 4.11 (IH, dd, J = 7.0 and 
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12 Hz; -СНгОАс), 4.33 (IH, dd, J = 6.0 and 12 Hz; -CH2OAc), 4.80 (IH, t, J = 5.5 Hz; H^. MS 

(EI) m/e (%): 211 (20; M+1+), 168 (51; -COCH3), 150 (20; -CH3COOH), 139 (19) 122 (22), 106 

(91; -CHjCOOH, -C02), 93 (30), 91 (61), 80 (42), 78 (79), 43 (100). (Found: С 62.89, H 6.69. 

Cale, for С, ιΗι4θ4: С 62.85, Η 6.71%). 

(lR\2R*,4R*JS*.6S*)-5-(hvdroxymethyl)-8-oxatricvclo[4.2.1.Ö2'6]nonan-7-one.(±)-23. 

A solution of (±)-22 (1.5 g; 7.0 mmol) in methanol (21 ml), containing a catalytic amount 

of p-toluenesulfonic acid, was heated at reflux over night. Methanol was evaporated and the resi

due was chromatographcd (silicagel / dichloromethane - acetone (9:1)) to give 1.2 g (100%) of 

(±)-23 (foam). IR (CHC13) v: 3650 - 3250 (m), 2980 / 2960 / 2880 (s), 1760 (s), 1355 (s), 1160 (s), 

1100 (m), 1010 (s), 990 (m) cm"1. 'H-NMR (CDCI3) δ: 1.52 - 1.84 (4H, m; 2хНз, H4 and H,), 

2.23 - 2.78 (4H, m; -ОН, Н5, Нб and H,), 3.24 (IH, t, J = 5.0 Hz; H2), 3.53 - 3.93 (2H, m; 

-СН2ОН; after addition of CD3OD: 3.63 (IH, dd, J = 6.0 and 12 Hz) and 3.82 (IH, dd, J = 9.0 and 

12 Hz)), 4.79 (IH, dd, J = 5.0 and 6.0 Hz; И{). MS (EI) m/e (%): 168 (46; M+), 150 (1.9; -H20), 

138 (24), 122 (7), 106 (10; -H20, -CO^, 93 (31), 91 (25), 86 (38), 84 (62), 79 (46), 66 (33), 49 

(100). HRMS (EI) m/e: 168.0788 (cale, for CgH^Oj (M+): 168.0787). 

(lS*.2R*.4S*jS*.6R*,9S*)-9-iodo-7-oxo-8-oxatricyclof4.2.1.Ö2-6lnonane5-carboxylicacid, 

Ш-24. 

The adduci 2b (2.9 g; 16 mmol), prepared from fumarie acid and cyclopentadiene9b·39, 

was dissolved in water (50 ml) by adding ЫаНСОз (6.8 g; 81 mmol). Then a solution of 0.2 M I 2 / 

0.6 M KI was gradually added until no further decolorization occurred. Solid Na2S205 was added 

until the color had completely disappeared, then the solution was acidified with 6 M H2S04 to pH 

2 and extracted with dichloromethane (5x50 ml). The combined extracts were dried on MgSC^ 

and concentrated to give 4.9 g (99%) of white (±)-24, mp 125-1270C. IR (CH2C12) v: 3200 - 2800 

(w.br), 1790 / 1775 (s), 1750 (m), 1710 (m), 1345(w), 1170 (m), 1155 (m), 1110 (m), 1005 (s) 

cm"1. 'H-NMR (acetone-d6) δ: 1.80 (IH, dt, J = 1.0 and 11 Hz; H3), 2.19 (IH, dt, J = 1.0 and 11 

Hz; H3), 2.88 - 2.91 (3H, m; H4, H5 and H6), 3.22 (IH, m; H2), 4.06 (IH, d, J = 2.5 Hz; Щ), 5.04 

(IH, d, J = 5.0 Hz; Нх), 10.10 (IH. s(br); -COOH)· MS (EI) m/e (%): 308 (3.3; M+), 307 (15; -H), 

181 (100; -I), 135 (31; -I, -HCOOH), 123 (25), 107 (24), 91 (48; -I, -HCOOH, -CO¿, 79 (97), 77 

(26). (Found: С 35.00, Η 2.97. Cale, for Ο,Η,ΙΟφ С 35.09, Η 2.94%). 

(IS* .2R*AS* ,55* .65* ,9S*)-5-(hvdroxvmethvl)-9-iodo-8-oxatricvclo[4.2.1 .(P^lnonan-J-one. 

Í±b25. 

To a solution of acid (±)-24 (3.1 g; 10 mmol) in dry THF (40 ml) a 2 M solution of 

ВНз.Ме28 in THF (15 ml) was slowly added at -780C under argon25. After allowing the reaction 

mixture to reach ambient temperature, stirring was continued for 3 h. Methanol (6 ml) was care

fully added and the volatiles were then evaporated to give a white foam. Chromatography 
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(silicagel / dichloromethane - acetone (9:1)) provided 2.3 g (77%) of (±)-25 (oil). IR (CHCI3) ν: 

3600 (w), 3650 - 3200 (m), 2960 / 2930 / 2880 (m), 1780 (s), 1345 (m), 1310 (m), 1170 (m), 1150 

(s), 1000 (s) cm 1 . 'H-NMR (CDCI3) δ: 1.91 - 2.38 (5H, m; 2хНз, H5, H6 and -OH)· 2.73 (IH, 

s(br); H4), 3.16 (IH, dt, J = 1.0 and 5.0 Hz; Hj), 3.57 (2H, d, J = 7.0 Hz; -CH2OH), 3.88 (IH, d, J 

= 2.5 Hz; H,), 5.11 (IH, d, J = 5.0 Hz; H^. MS (El) m/e (%): 294 (0.4; M+), 167 (100; -I), 149 

(12; -I, -H20), 121 (17), 93 (30), 91 (25), 86 (35), 84 (54), 79 (24), 67 (24), 49 (74). HRMS (El) 

m/e: 167.0700 (cale, for С^НцОз (M+-I): 167.0708). 

(lS*.2R*.6S*.7R*)-2-methvl-4-oxatric\clor5.2.1.02-6ldec-8-en-3-one.(±)-27. 

This lactone was prepared in a yield of 69% by NaBH4 reduction18·26 of the Diels-Alder 

adduct9a 26 of citraconic anhydride and cyclopentadiene, mp 140.5-142.5oC (Ш26· 137-1390C). 

IR (CCI4) ν: 3070 (w), 2980 / 2910 / 2880 (s), 1770 (s), 1480 (m), 1460 / 1450 (m), 1385 (s), 1370 

(m), 1230 / 1215 (s), 1195 (s). 1110 (s), 1095 (s), 1080 / 1070 (s), 995 (m), 710 (m) cm"1. 

^-NMR (CDCI3) δ: 1.52 (3H, s; -CH3), 1.69 (IH.d, J = 1.0 Hz; H1 0), 1.71 (IH, d, J = 1.0 Hz; 

Ню), 2.66 (IH, ddd, J = 3.0, 3.5 and 9.0 Hz; Н Д 2.80 - 2.89 (IH, m; H^, 2.98 - 3.10 (IH, m; H7), 

3.73 (IH, dd, J = 3.5 and 9.5 Hz; H5), 4.27 (IH, dd, J = 9.0 and 9.5 Hz; H5), 6.20 - 6.38 (2H, m; 

H5 and H^). 

(lS*2R*.4?JS'.6f.9?)-5-(hvdroxvmethvI)-9-iodo-6-methvl-8-oxatricvclof4.2.1.()2'6]nonan-7-

one. (±)-28. 

A suspension of (±)-27 (0.33 g; 2.0 mmol) in 0.2 M sodium hydroxide (12.5 ml) was 

heated at reflux over night After cooling down to room temperature КаНСОз (0.25 g; 2.5 mmol) 

was added, followed by slow addition of a solution of 0.2 M I2 / 0.6 Μ KI until no further de-

colorization occurred. The emulsion was then extracted with dichloromethane (4x15 ml) and the 

combined extracts were washed with 5% №28205 (10 ml), water (10 ml), dried over MgSC^ and 

concentrated. Chromatography (silicagel / dichloromethane - acetone (9:1)) of the residue affor

ded 20 mg (5%) of starting lactone (±)-27 and 0.55 g (90%) of white (±)-28, пщ 107-109oC. Re-

crystallization from hexane - ethyl acetate (2:1) gave analytically pure iodolactonc, mp 

109-110oC. IR (CHCI3) ν: 3600 - 3300 (m.br), 2960 - 2880 (m,br), 1760 (s), 1350 (m), 1155 (m), 

1140 (m), 1100 (m), 1000 (s) cm 1 . ^-NMR (CDCI3) δ: 1.27 (3H, s; -CH3), 1.84 - 2.13 (3H, m; 

2хНз and -OH), 2.44 (IH, dt, J = 1.0 and 11 Hz; H5). 2.74 (IH, m; H4), 2,84 (IH, dt, J = 1.0 and 

5.0 Hz; H2), 3.53 - 3.91 (2H, m; -CHjOH; after addition of CD3OD: 3.60 (IH, dd, J = 8.0 and 11 

Hz) and 3.78 (IH, dd, J = 8.0 and 11 Hz)), 4.18 (IH, d, J = 3.0 Hz; H,), 5.13 (IH, d, J = 5.0 Hz; 

Hi). MS (EI) m/e (%): 308 (7.9; M+), 290 (0.5; -H2O), 192 (57), 181 (100; -1), 163 (4.4; -I, -H20), 

153 (14), 137 (59; -I, -CO2), 119 (53; -I, -H20, -C02), 107 (61), 93 (74), 91 (73), 81 (47), 79 (55). 

(Found: С 38.81, H 4.21. Cale, for QoH^IOj: С 38.98, H 4.21%). 
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(lS*.2R*,6^.7R*H-oxatricvcloí5.2.2.02'6¡undec-8-en-2-one.(±)-29. 

This lactone was prepared in a yield of 84% by КаВНд reduction18 of the Diels-Alder 

adduci of maleic anhydride and 1,3-cyclohexadiene9, пщ 92-930C (Ut23. 86-880C; lit40. 

91-92.50C). IR (CHCI3) ν: 3050 (m), 2970 - 2930 / 2905 / 2870 (s), 1770 (s), 1380 / 1375 (m), 

1175 (s), 1150 (m), 1050 (m), 1025, 1010 (m) cm"1. 'H-NMR (CDCI3) δ: 1.21 - 1.76 (4H, m; 

2xH10 and Нц), 2.68 - 2.78 (3H, m; H2, H6 and H7), 3.09 (IH, m; Н^, 3.84 (IH, dd, J = 4.0 and 

9.0 Hz; H5), 4.34 (IH, dd, J = 7.0 and 9.0 Hz; H5), 6.20 - 6.43 (2H, m; Hg and H,). 

(lR\2St,6R*.7^M*.9^)-9-hydroxy/-8-iodo-4-oxatr\cyclol5.22.Ó2-6lmdecan-3-oneA±yn. 

A suspension of lactone (±)-29 (0.33 g; 2.0 mmol) in 0.2 M sodium hydroxide (12.5 ml) 

was stirred at room temperature for 1 | h which resulted in a clear solution. After addition of 

NaHC03 (0.25 g; 3.0 mmol), a solution of 0.2 M Іг I 0.6 M KI was added until no further de-

colorization occurred. The aqueous emulsion was extracted with dichloromethane (4x10 ml), the 

combined extracts were washed with a 5% N328205 solution (10 ml), water (10 ml), dried on 

MgS04 and concentrated to give 0.59 g (95%) of white (±)-31, пщ 181-1830C (dec). Recrystalli-

zation from ethyl acetate gave analytically pure (±)-31, пщ 182.5-183.50C (dec.). IR (CHCI3) ν: 

3580 (m), 3600 - 3200 (m.br), 2980 / 2930 / 2880 (m), 1760 (s), 1160 (m), 1065 (w), 1010 (m) 

cm 1 . ÎH-NMR (CDCI3) δ: 1.48 - 1.77 (4H, m; 2xH10 and Нц), 1.98 - 3.00 (5H, H,, H2, Н^ H7 

and -OH), 4.27 - 4.63 (4H, m; 2xH5, Hg and H,). MS (El) m/e (%): 308 (4.0; M+), 290 (2.2; 

-HjO), 181 (100; -I), 163 (7.0; -I, -H2O), 135 (13; -I, -H2O, -CO), 119 (22; -I, -H2O, -COj), 107 

(15), 93 (22), 91 (19), 79 (31). (Found: С 39.09, H 4.25. Cale, for ^ Q H ^ K } , : С 38.98, H 4.25%). 

(lR*.5?)-3-oxabicyclol4.3.01non-7-en-2-oneA±)-tt. 

This lactone was prepared in a yield of 54% by NaBH4 reduction18 of anhydride 32 (from 

Aldrich), bß 91-950C (0.3 torr) Git41· 850C (0.1 torr); lit30. iWC (0.05 ton·)). IR (CHCI3) ν: 3020 

(w), 2980 (w), 2880 / 2840 (m), 1750 (s), 1370 (w), 1125 (s), 1010 / 995 / 980 (m), 945 / 930 (m) 

cm 1 . ^-NMR (CDCI3) δ: 1.73 - 1.89 (6H, m; Hj, H5,2xH6 and H,), 4.00 (IH, dd, J = 2.0 and 9.0 

Hz; H4), 4.31 (IH, dd, J = 4.5 and 9.0 Hz; H4), 5.70 (IH, s; H7 or H8), 5.72 (IH, s; Hg or H7). 

(IR*.5S*.75*,&S* )-8-hvdroxv-7-iodo-3-oxabicvclof4.3.01nonan-2-one. (±)-35. 

To a suspension of NaBH4 (0.38 g; 10 mmol) in dry THF (5 ml) a solution of anhydride 32 

(1.5 g; 10 mmol) in dry THF (10 ml) was slowly added at 0oC. Stirring was continued at 0oC for i 

h and at room temperature for H h. Then, at 0oC 2 M HCl (15 ml) was carefully added, immedia

tely followed by КаНСОз (2.5 g; 30 mmol). THF was evaporated, then, a solution of 0.5 M I2 / 

1.5 M KI was added until no further decolorization occurred. The aqueous emulsion was extracted 

with dichloromethane (4x10 ml) and the combined extracts were washed with a 5% N328205 

solution (10 ml), water (10 ml), dried on MgS04 and concentrated. The residual grey solid was 

chromatographed (silicagel / dichloromethane - acetone (9:1)) to afford 1.4 g (51%) of (±)-35, 
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mp 100-104oC (lit27. 124-1260C). A sample was recrystallized from hexane - ethyl acetate (2:1), 

nip 123-1240C (dec). IR (CHCI3) ν: 3580 (m), 3600 - 3200 (m.br), 3000 - 2900 (m.br), 1765 (s), 

1375 (m), 1150 (s), 1120 (m), 1040 (m), 1005 (s), 950 (m), 930 (m), 895 (m) cm 1 . 'H-NMR 

(CDCI3) 6: 1.84 - 2.97 (7H, m; H,, H5, 2xH6, ІхЩ and -OH), 4.00 (IH, dd, J = 2.0 and 9.0 Hz; 

H4), 4.11 (IH, t, J = 3.0 Hz; H7), 4.29 (IH, dd, J = 4.5 and 9.0 Hz; H4), 4.24 - 4.40 (IH, m; Hg). 

MS (El) m/e (%): 282 (6.0; M+), 265 (11; M+1-H20), 155 (100; -I), 137 (12; -I, -H20), 125 (12), 

109 (34), 93 (33), 81 (84), 79 (58), 67 (35), 55 (46), 41 (55). (Found: С 34.19, H 3.97. Cale, for 

СвНцЮз: С 34.06, H 3.93%). 

Enzymatic resolution of(±)-lS: general procedure. 

To a solution of iodolactone (±)-18 (0.74 g; 2.5 mmol) in methyl propionate (19 ml), PPL 

(500 mg) was added and the suspension obtained was stirred in the dark for 91 h at 40oC. The 

enzyme was filtered off, washed with acetone (3x8 ml) and the filtrates were concentrated. 

Chromatography (silicagel / dichloromethane - acetone (9:1)) gave 0.42 g (60%) of alcohol (-)-18 

and 0.36 g (42%, containing impurities from the enzyme) of the propionate of (+)-18. The propio

nate was converted into the coiresponding alcohol (+)-18 by acid hydrolysis as described under 

the synthesis of tricyclic lactones (+)- and (-)-8n. 

PPL (91 h): alcohol obtained from the propionate, [а)25,} +67.8° (с 1.0, chloroform), ее 95%, 

(5Ä)-configuration; recovered alcohol, [а]25^, -46.3° (с 1.0, chloroform), ее 64%, (55)-configu-

ration. 

PPL (115 h): alcohol obtained from the propionate, [ а р о +66.9° (с 1.0, chloroform), ее 94%, 

(5Ä)-configuration; recovered alcohol, [ά]25^ -51.2° (с 1.0, chloroform), ее 71%, (5S)-configura-

tion. 

PPL (164 h): alcohol obtained from the propionate, [a]25^ +66.0° (c 1.0, chloroform), ее 93%, 

(5/?)-configuration; recovered alcohol, [a]25!) -56.1° (c 1.0, chloroform), ее 78%, (55)-confi-

guration. 

Mucor (68 h): alcohol obtained from the propionate, [a]25!) +51.2° (c 1.0, chloroform), ее 72%, 

(5/?)-configuration; recovered alcohol, [a.]25^ -49.9° (c 1.0, chloroform), ее 70%, (5S)-configura-

tion. 

The optical purities of (+)- and (—)-18 and their absolute configurations were established 

by comparison of the optical rotations with those for enantiopure (+)-(5Ä)-18, [а]25!) +71.0° (с 

1.0, chloroform) and (-)-(55)-18, [a.]75^ -71.8° (c 1.0, chloroform) obtained from enantiopure 

lactones (-)-(2R,6S)-8n, [a] 2 5

D -147.9° (c 1.0, chloroform) and (+)-(25,6Ä)-8n, [a]^ +148.3° (c 

1.0, chloroform), respectively, as described for (±)-18. 

Enzymatic resolution of(±)-2l. 

The reaction was performed using the general procedure described for (±)-18. 

PPL (43 h): alcohol obtained from the propionate, [a]25
D +48.9° (c 0.22, chloroform), ее >98%, 
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(5/î)-configuration; recovered alcohol, [α]25,} -31.2° (с 0.24, chloroform), ее 63%, (55)-confi-

guration. 

PPL (91 h): alcohol obtained from the propionate, [a]25!) +47.7° (c 0.20, chloroform), ее 97%, 

(5Ä)-configuration; recovered alcohol, [a]^ -35.0° (c 0.21, chloroform), ее 70%, (55)-confi-

guration. 

PPL (163 h): alcohol obtained from the propionate, [ a ] 2 5

D +47.2° (c 0.22, chloroform), ее 96%, 

(5Ä)-configuration; recovered alcohol, [а]25^ -41.8° (с 0.19, chloroform), ее 84%, (55)-confi-

guration. 

Mucor (68 h): alcohol obtained from propionate, [ α ] 2 ^ +32.9° (с 0.24, chloroform), ее 67%, 

(5Ä)-configuration; recovered alcohol, [α]25!) -36.0° (с 0.23, chloroform), ее 73%, (5S)-confi-

guration. 

The optical purities of (+)- and (-)-21 and their absolute configurations were established 

by comparison of their optical rotations with those of enandopure (+)-(5R)-21, [ά]25^ +49.2° (с 

0.22, chloroform) and (-)-(5S)-21 .[ex]2^ -49.8° (c 0.23, chloroform) obtained from enantiopure 

(-)-(2Λ,65)-8η, [α] 2 5 !, -147.9° (с 1.0, chloroform) and (+)-(25,6Λ)-8η, [α]2 5,, +148.3° (с 1.0, 

chloroform), respectively, as described for (±)-21. 

Enzymatic resolution of(±)-23. 

According to the general procedure described for (±)-18 the following results were ob

tained: 

PPL (19 h): alcohol obtained from the propionate, [O^Q -37.6° (c 0.47, chloroform), ее 88%, 

(55)-configuration; recovered alcohol, [a]^ +18.2° (c 0.46, chloroform), ее 43%, (5R)-conñ-

guration. 

PPL (67 h): alcohol obtained from the propionate, [ α ] 2 ^ -35.7° (с 0.50, chloroform), ее 84%, 

(5S)-configuration; recovered alcohol, [a]25!} +30.7° (c 0.51, chloroform), ее 72%, (5Ä)-confi-

guration. 

PPL (163 h): alcohol obtained from the propionate, [a]25!} -32.2° (c 0.46, chloroform), ее 76%, 

(55)-configuration; recovered alcohol, [ct] 2^ +37.6° (c 0.46, chloroform), ее 88%, (5Ä)-confi-

guration. 

The optical purities of (+)- and (-)-23 and their absolute configurations were established 

by comparison of the optical data with those of enantiopure (+)-(5Ä)-23, [о.]25^) +42.8° (с 0.45, 

chloroform) and (-)-(5S)-23, [aj^u -42.5° (c 0.47, chloroform) obtained from enantiopure 

(+)-(25,6Ä)-8n, [a]25
D +148.3° (c 1.0, chloroform) and (-)-(2Λ,65)-8η, [ α ] 2 ^ -147.9° (с 1.0, 

chloroform), respectively, as described for (±)-23. 

Enzymatic resolution of(±)-2S. 

Using the general procedure described for (±)-18 the following results were obtained: 

PPL (19 h): alcohol (+)-25 obtained from the propionate, [α] 2 5 !, +33.5° (с 1.1, chloroform), ее 
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74%, (5S)-configuration; recovered alcohol (-)-25, [α]25,) -35.0° (с 1.0, chloroform), ее 78%, 

(5Ä)-configuration. 

The optical purities of (+)- and (-)-2S and their absolute configurations were established 

by conversion into diols (-)- and (+)-15, respectively, as follows: zinc / acetic acid reduction19 of 

(+)-(55)-25 and subsequent LiAlH4 reduction13 gave pure trans-diol (-)-15, [a]25
D -41.5° (c 1.0, 

ethanol) (lit16, for (-)-(2Д,ЗЛ)-15, [ a ] D _56.80 (ethanol)). Analogously, (-)-2S gave diol (+)-15, 

[al^D + 4 5 · 1 0 ( c ^ 2 - ethanol) Git16, for (+)-(25,3S)-15, [a]D +57.3° (ethanol)). 

Enzymatic resolution of(±)-28. 

The reactions were performed using the general procedure described for (±)-18. 

PPL (164 h): alcohol obtained from the propionate, [a]25^) +85.2° (c 1.0, chloroform), ее 93%, 

(5S)-configuration; recovered alcohol, [α.γ*0 -59.5° (с 1.1, chloroform), ее 65%, (5Ä)-configura-

tion. 

Mucor (68 h): alcohol obtained from the propionate, [a]25!) +74.4° (c 1.0, chloroform), ее 83%, 

(5S)-configuration; recovered alcohol, [а.]25^ -44.4° (с 1.1, chloroform), ее 49%, (5/?)-configura-

tion. 

The optical purities of the alcohols (+)- and (-)-28 were determined by means of GLC 

analysis of the corresponding (+)-Ä-a-methoxy-a-trifluoromethyl-a-phenyl acetate derivatives 

prepared by the procedure of Mosher et al.21 (see, preparation of Mosher esters of (+)- and 

(-)-18). The absolute configuration was established as follows: enantiopure lactone 

(+)-(25,6Ä)-8n, [ α ] 2 ^ +148.3° (с 1.0, chloroform), was converted into enantiopure (-)-(5Ä)-28, 

M25]} -92.3° (с 1.0, chloroform), by α-alkylation42 with LDA / Mel and subsequent ring opening 

and iodolactonization as described for the synthesis of (±)-28. 

Enzymatic resolution of(±)-3S. 

This resolution was carried out according to the general procedure described for (±)-18 

(reaction time 68 h). The propionate of (-)-35 was converted into bicyclic lactone (+)-33, [a]25]) 

+17.3° (c 1.5, chloroform), ее 26%, (lÄ,55)-configuration, by zinc / acetic acid reduction19 as 

described for the synthesis of tricyclic lactone (-)-8n from iodolactone (+)-18. The remaining 

alcohol (+)-35, [ά]^ +10.3° (с 1.0, chloroform), ее 11%, (8Ä)-configuration, first was acetylated 

as described for the synthesis of acetate (+)-19 (acetyl bromide was used in stead of acetyl chlo

ride) and then converted into bicyclic lactone (-)-33, [cc]2^ -7.1° (c 1.3, chloroform), ее 11%, 

(lS,5Ä)-configuration, by a zinc / acetic acid reduction. The optical purities of both lactones (+)-

and (-)-33 and their absolute configurations were established by comparison of the optical 

rotation with that of enantiopure (-)-(15,5Ä)-33, [ α ] 2 ^ -67.1° (с 1, chloroform), reported in the 

literature30. 

Propionate of (-)-35: IR (CHCI3) ν: 3000 - 2850 (m), 1775 (s), 1730 (s), 1445 (m), 1350 

(s), 1325 (s), 1155 (s), 1130 (s), 1075 (s), 1010 (s), 965 (s), 925 (m), 905 (s) cm 1 . 'H-NMR 
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(CDClj) δ: 1.15 (3H, t, J = 7.5 Hz; -CH,), 2.06 - 2.87 (6H, m; Hj, H5, 2хНб and H,), 2.38 (2H, q, 

J = 7.5 Hz; -СН2СНз), 3.94 (IH, dd, J = 7.0 and 11 Hz; НД 4.12 (IH, dd, J = 5.5 and 11 Hz; H4), 

4.48 - 4.59 (IH, m; H7), 4.84 (IH, t, J = 4.5 Hz; Hg). MS (EI) m/e (%): 339 (2.4; M++l), 265 (3.2; 

M++l - СгНзСООН), 264 (4.2; M+ -C^COOH), 211 (13; -I), 155 (63), 137 (26; -I, 

-C2H5COOH), 109 (76), 93 (69; -I, -C2H5COOH, -C02), 79 (20), 57 (100). 

Acetate of (+)-35: IR (CHCI3) v: 3050 - 2920 (m), 2900 (m), 1775 (s), 1730 (s). 1420 (m), 

1370 (s), 1315 (m), 1240 - 1180 (s), 1145 (s), 1120 (s), 1040 (s), 1015 (s), 990 (s), 945 (s), 925 

(m), 875 (m), 850 (m), 800 - 660 (s(br)) cm 1 . 'H-NMR (CDCI3) δ: 2.00 (3H, s; -CH,), 2.07 - 2.16 

(IH, m; Hj or H5), 2.47 - 3.03 (5H, m; H5 or Hj, 2x1^ and H,), 4.00 (IH, d, J = 9.0 Hz; Н Д 4.29 

(IH, dd, J = 4.0 and 9.0 Hz; НД 4.39 (IH, dd, J = 3.5 and 7.0 Hz; H7), 5.06 (IH, dd. J = 3.0 and 

6.5 Hz; H8). MS (EI) m/e (%): 324 (0.3; M+), 264 (58; -СН3ССЮН), 197 (12; -I), 155 (60), 137 

(12; -I, -СН3ССЮН), 109 (73), 93 (23; -I, -CH3COOH, -C02), 79 (17), 43 (100). 
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CHAPTER 3 

THE INFLUENCE OF REACTION CONDITIONS ON THE EFFICIENCY OF THE EN

ZYMATIC RESOLUTION OF A NORBORNYLMETHANOL IN ORGANIC SOLVENTS 

3.1 Introduction 

In Chapter 2 the enzyme-mediated resolution of endo-norbomene lactone 1 is described. 

Key step of this synthesis is the Porcine Pancreatic Lipase (PPL)-catalyzed resolution of iodolac

tone 2 in methyl acetate as solvent. It has also been shown that small structural variations in this 

type of lactone alcohols (2 - 6) strongly affect both the rate of enzymatic esterification and the 

efficiency of the resolution. 

CH,OH ш 
In this chapter the influence of the reaction conditions (solvent, reaction temperature, con

centration of both enzyme and substrate, addition of molecular sieves to the reaction mixture, 

condition of the enzyme) on the efficiency of the enzymatic resolution of iodolactone 2, will be 

described for two different enzymes, viz. Porcine Pancreatic Lipase (PPL) and Mucor Esterase. 

The second topic treated in this chapter concerns the preliminary attempts to describe the 

results obtained for the PPL-catalyzed esterification of iodolactone 2 in ten different solvents, 

using a Principal Components analysis. Such an analysis should provide a means to predict the 

efficiency of this enzymatic resolution in any other acyl donating solvent solely on the basis of 

the characteristic physical properties of that solvent. In this chapter also the meaning of the "enan

tiomeric ratio" and its utility in describing the efficiency of an enzymatic resolution is discussed. 
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3.2 PPL-catalyzed resolution of iodolactone 2 

Effect of the solvent. 

It is well documented in the literature1"* that the nature of the solvent can strongly affect 

enzymatic esterification reactions (reaction rate, enantioselectivity). For example, it is known for 

Candida Cylindracea Yeast Lipase (CCL) that it is almost inactive in very polar, water-miscible 

solvents, such as acetone or tetrahydrofuran. In contrast, PPL exhibits its catalytical activity in 

both water-miscible and water-immiscible solvents1. For Subtilisine it is reported that the nature 

of the solvent applied governs the enantioselectivity in the transesterification reaction of 2-chloro-

ethyl esters of N-acetyl-L and -D-amino acids with propanol3. 

The nature of the acyl donor (an ester, a carboxylic acid or an anhydride) also has a strong 

influence on the reaction rate and the enantioselectivity in enzymatic esterification reactions5"11. 

In the Mucor Esterase-catalyzed esterification of carboxylic acids with 2-octanol in hexane, both 

the reaction rate and the enantioselectivity strongly increase changing propionic acid for hexanoic 

acid, while with acetic acid no reaction takes place6. 

When the acyl donor also constitutes the solvent, it would be of interest to investigate the 

relationship between solvent effects and acyl-donating properties. For this purpose the influence 

of a series of alkane carboxylic esters with varying chain length in the carboxylic acid moiety, 

which function as reaction medium as well, on the efficiency of the PPL-catalyzed resolution of 

iodolactone 2 was studied. (Scheme 1). Product (+)- 7, resulting from the transesterification, was 

Scheme 1 

Enzyme 

RCOOR' 

(±)-2 

'CH2OC(0)R 

(+)-7 

М ОН / p-TosOH 

Η = CHq , CoHc П-СпНу , І"СоНу , П - С ^ Н А , fl-CcH-M 

R' = СНз , С 2 Н 5 , п-СзН7 , СН С Н 2 , ClCHg) CH2 

<-)-2 

(+)-2 

converted into the corresponding alcohol (+)-2 by treatment with methanol / p-toluenesulfonic 

acid. The results of the enzymatic resolution in the selected solvents are collected in Table 1 

(entries 1 - 6). These data allow the conclusion that optimal results are obtained in methyl propio

nate as the solvent (entry 2; enantiomeric ratio E = 36) when the enantioselectivity is used as cri-
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Table 1: PPL-catalyzed resolution of iodolactone 2; effect of the solvent." 

entry 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

solvent 

methyl acetate 

methyl propionate 

methyl butyrate 

methyl isobutyrate 

methyl valerate 

methyl caproate 

methyl acetate 

methyl propionate 

methyl butyrate 

methyl valerate 

methyl caproate 

methyl acetate 

ethyl acetate 

methyl propionate 

ethyl propionate 

η-propyl propionate 

methyl butyrate 

methyl valerate 

methyl caproate 

vinyl acetate 

isopropenyl acetate 

reaction 
cond.a 

A 

A 

A 

A 

A 

A 

В 

В 

В 

В 

В 

С 

С 

С 

С 

С 

С 

С 

С 

С 

С 

ester 

" е ё р ь " 

82 

86 

74 

87 

76 

77 

84 

89 

79 

83 

82 

87 

88 

92 

87 

92 

88 

90 

89 

53 

57 

alcohol 

" ' е е > " 

75 

84 

81 

17 

79 

75 

70 

88 

82 

81 

80 

47 

51 

78 

87 

76 

81 

72 

69 

97 

97 

соп .с 

48 

49 

52 

16 

51 

49 

46 

50 

51 

49 

49 

35 

37 

46 

50 

45 

48 

45 

44 

65 

63 

Ed 

23 

36 

17 

17 

18 

17 

24 

48 

21 

26 

25 

23 

25 

57 

40 

57 

40 

42 

35 

13 

14 

a. reaction conditions 2 S mmol of 2,19 ml solvent. A: 2S g PPL (predned), B: l ü g PPL (pre
dned), C: 0.5 g PPL (predned), 40oC, 163 -164 h, no molsievcs added For details see the 
experimental section. 

b enantiomenc excess (in %) of the alcohol obtained by hydrolysis of the ester (ее-) or of the reco

vered alcohol (ees), determined by companson of the optical rotation with thai of enantiopure 2 

(see the experimental section) 

с conversion (m %) calculated according to the formula conv = ee s / (eej + ее-) (réf. 12). 
d. enantiomenc ratio calculated according to the formuli E = In (1 - conv (1 + ее-)) / 

In (1 - conv (1 - eep)) (ref. 12) 

terion. In methyl butyrate (entry 3) the highest conversion (52%) was found at the selected reac

tion time of 164 h, however, the selectivity is much less satisfactory. These results also show that 
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methyl isobutyrate (entry 4) gives poor results and therefore it is not an appropriate solvent for 

enzymatic esterifications. 

When the amount of enzyme per mmol of substrate is reduced from 1.0 g to 0.6 g the reac

tion rate is hardly affected. (Table 1, entries 7 - 11). However, the efficiency was considerably 

improved when less enzyme per unit of substrate was used {cf. entries 2 (E = 36) and 8 (E = 48) 

for methyl propionate). Further reduction of the amount of enzyme per mmol of substrate to 0.2 g 

(Table 1, entries 12 - 21) results in a low reaction rate (cf. conversion after 164 h in methyl 

acetate; entries 7 and 12). The enantioselectivity benefits from this reduction of the amount of 

enzyme per unit of substrate (cf. reactions in methyl propionate; entries 8 (E = 48) and 14 (E = 

57)). 

Under the conditions just mentioned (0.2 g enzyme per mmol of substrate) five more sol

vents were examined, viz. ethyl acetate, ethyl propionate, η-propyl propionate, vinyl acetate and 

isopropenyl acetate. The results are shown in Table 1 (entries 13, 15, 16, 20 and 21, respectively). 

With regard to reaction rate and enantioselectivity, methyl and ethyl acetate (entries 12 and 13, 

respectively) show a similar behavior. Comparison of ethyl propionate (entry 15) with methyl 

propionate (entry 14) shows that transesterification proceeds faster in the former solvent, 

however, in the latter the enantioselectivity is better (E = 40 (entry 15) vs. E = 57 (entry 14)). 

η-Propyl propionate (entry 16) gave almost the same results as methyl propionate (E = 57). 

When methyl esters are employed as acyl donating solvent, the methanol released during 

the transesterification takes part in the reverse reaction, i.e. methanolysis of the esters of (+)-2. 

Consequently the nett reaction rate will be lowered (see also section: "Effect of the reaction tem

perature"). The advantage of using the unsaturated esters vinyl- and isopropenyl acetate as the 

solvent, is that the alcohols (vinyl alcohol and isopropenyl alcohol) released upon esterification of 

the substrate, are immediately withdrawn from the reaction mixture by tautomerization to acet-

aldehyde and acetone, respectively8·1317. Application of these esters will have an accelerating 

effect. This is evident from the results shown in Table 1 (entries 20 and 21). After 7 days, a 

conversion of over 60% was reached, although the enantioselectivity was low (E=13-14cf. E = 

57 for methyl propionate (entry 14)). The remaining alcohol (-)-2 was isolated with an ее of 97%. 

The reaction in isopropenyl acetate was further studied by varying the reaction times. The 

results, which are collected in Table 2, show that the enantiomeric ratio decreases with longer 

reaction times. A problem encountered in enzymatic transesterification using enol esters as the 

reaction medium is the occurrence of a side reaction, viz. aldol condensation of the aldehydes or 

ketones formed, which goes along with the liberation of water13. Either the byproducts or the libe

rated water, or both, have a negative effect on the enantioselectivity. This problem can be cir

cumvented by the addition of molecular sieves 4Â which suppresses the side reactions. Moreover, 

the rate of transesterification increases dramatically by the addition of molecular sieves (cf. 

entries 4 - 6 with entries 1 - 3), while the enantiomeric ratio is lowered. 

46 



Table 2: PPL-catalyzed resolution of iodolactone 2 in 
isopropenyl acetate.8 

entry 

1 

2 

3 

4 

5 

6 

time,h 

19 

67 

168 

19 

67 

167 

reaction 
cond.a 

A 

A 

A 

В 

В 

В 

ester 

еерь 

91 

79 

57 

82 

68 

44 

alcohol 

eesb 

32 

81 

97 

32 

93 

>99 

conv.c 

26 

51 

63 

28 

58 

69 

Ed 

28 

21 

14 

14 

18 

-15 

a reaction conditions 2S mmol of 2,19 ml isopropenyl acetate, 0 S g PPL (pre-
dijed), 40oC. Л: no molecular sieves added, B: 250 mg of molecular sieves " 

4A added. For details, see the experimental section. 
b enantiomeric excess (m %) of the alcohol obtained by hydrolysis of the ester 

(евр) or of the recovered alcohol (ees), determined by comparison of the optical 
rotation with that of enanüopure 2 (see the experimental section) 

c. conversion (in %) calculated according to the formula conv = ees / (ees + e O 
(ref 12). 

d. emanttomenc ratio calculated according to the formula E = In (1 - conv (1 + ее-))/ 
In (1 - conv (1 - eep)) (ref. 12). 

The influence of the condition of the enzyme. 

In the literature1'2,5 it is repeatedly pointed out that the presence of small amounts of 

water in the reaction mixture has a detrimental effect on the reaction rate and the selectivity of 

PPL-catalyzed transesterification reactions. Therefore, the solvents are predried on molecular 

sieves and the enzyme, the most important source of moist, is stripped of its adhering water under 

high vacuum during long periods5. Interestingly, the selectivity of the PPL-catalyzed resolution of 

iodolactone 2 in methyl propionate using non-predried enzyme was higher than in the case when 

predried enzyme was used (Table 3, entries 2 and 1, respectively). The rate of esterification, 

however, decreased when employing non-predried enzyme. Karl-Fisher experiments18 showed 

that the amount of adherent water of the enzyme was reduced from 1.7% (w/w) to 0.7% (w/w) 

after predrying at ~0.02 mbar for 4 h, which accounts for the higher reaction rate. Removal of the 

adherent water, which can also be achieved by molecular sieves, apparently has a negative effect 

on the efficiency of this resolution. This also explains the observed differences in enantioselecti-

vity between the PPL-catalyzed resolution of iodolactone 2 in isopropenyl acetate either with or 

without molecular sieves 4Â (Table 2) 
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Table 3: Enzymatic resolution of iodolactone 2 in methyl propionate: 

effect of the condition of the enzyme.8 

entry 

1 

2 

3 

4 

reaction 
е п г У т е cond.» 

PPL 

PPL 

Mucor 

Mucor 

A 

В 

A 

В 

time.h 

164 

164 

68 

68 

ester 

еерь 

92 

94 

71 

76 

alcohol 

eesb 

78 

72 

68 

49 

conv.c 

46 

44 

49 

39 

Ed 

57 

67 

12 

12 

a. reaction conduuons 2 S mmol of 2,0 S g PPL and 19 ml methyl propionate or 0 S g Mucor 

Esterase and 12 S ml methyl propionate. A: predrled enzyme, B: non-predrled enzyme, 

40oC, no molsieves added For details see the experimental section. 

b enantiomeric excess (in %) of the alcohol obtained by hydrolysis of the ester (ее.) or of the 

recovered alcohol (ees); determined by comparison of the optica] rotation with that of enan-

hopure 2 (see the experimental section) 

с conversion (in %) calculated according to the formula conv = ee s / (ees + ee_) (ref. 12) 

d. enantiomeric ratio calculated according to the formula E = In (1 - conv (1 + ee_))/ 

In (1 - conv (1 - eep)) (ref 12). 

Effect of the reaction temperature. 

One of the advantages of working with enzymes under non-aqueous conditions is that the 

reaction can be carried out at elevated temperatures without significandy decreasing the activity 

of the enzyme. For example, Klibanov et al.19 demonstrated that under strictly dry conditions the 

half-life time of PPL at 100oC amounts to 12 h in tributyrin, while the rate of transesterification of 

this solvent with heptanol at this temperature exceeded the reaction rate at 2GPC at least five-fold. 

In order to investigate the influence of the temperature on the reaction rate and the enan-

tioselectivity, the resolution of iodolactone 2 in methyl propionate was carried out at two tempe

ratures viz. 40oC and бОРС (Table 4). Lower reaction temperatures were not considered, because 

the reaction will then be too slow. The results shown in Table 4 disclose that at the higher tempe

rature (entries 4 and 5) the reaction is considerably faster. The enantioselectivity, however, is con

siderably lower at higher temperature. The data in Table 4 also reveal the decrease in the enantio

meric ratio with prolonged reaction times. This can be explained as follows (Scheme 2): The fast 

reacting isomer (-i-)-2 reaches the state of equilibrium rather rapidly during its enzymatic esterifi-

cation (reaction 1). Esterification of the slow reacting isomer (reaction 2) produces an extra 

amount of methanol causing an unfavorable effect on equilibrium 1. The amount of the ester of 

(+)-2 and thus its enantiomeric purity decreases, which is expressed by a lower enantiomeric 

ratio (this phenomenon is described in detail by Chen and Sih20). This problem can be circum

vented by the addition of molecular sieves 4Â, which capture the liberated methanol allowing the 
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Table 4: PPL-catalyzed resolution of iodolactone 2 in methyl 
propionate: effect of the reaction temperature.* 

entry 

1 

2 

3 

4 

5 

temp,0C 

40 

40 

40 

60 

60 

time.h 

91 

115 

164 

43 

91 

ester 

eepb 

94 

93 

92 

89 

82 

alcohol 

eesb 

64 

71 

78 

59 

73 

conv.c 

41 

43 

46 

40 

47 

Ed 

68 

60 

57 

31 

22 

a reaction conditions. 2 5 mmol of 2,19 ml methyl propionate, 0 5 g PPL (pre-
dned), no molsieves added For details see the experimental section 

b enantiomeric excess (in %) of the alcohol obtained by hydrolysis of the ester 
(ее-) or of the recovered alcohol (ees); determined by comparison of the optical -
rotation with that of enantiopure 2 (sec the experimental section) 

с conversion (in %) calculated according to the formula conv = ee s / (ee s + ee_) 
(ref 12). 

d. enanbomeric ratio calculated according to the fonnula E = In (1 - conv (1 + ее-))/ 
In (1 - conv (1 - ecp)) (ref 12) 

Scheme 2 

(1) \н,ОН + MeOCiOlEt 

Enzyme 

CH2OC(0)Et MeOH 

(2) 

(+)-2 (Fast reacting isomer) 

MeOC(0)Et 

•_ç 
(-)-2 (Slow reacting isomer) 

Enzyme 

О i^'CHjOCfOlEt 

О 

MeOH 

reaction to reach a higher conversion21,22. The results thus obtained will be presented in section 

"Effect of added molecular sieves". 
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Effect of the substrate concentration. 

The effect of reducing the amount of solvent, either by keeping the ratio enzyme / solvent 

constant or by employing the same amount of enzyme per unit of substrate, was investigated. The 

results, which are collected in Table 5 (entries 1 - 5), show that the enantiomeric ratio is not much 

influenced. Apparenüy, the reaction rate is affected only by the amount of enzyme per unit of 

substrate {cf. entries 1 and 2, and entries 3 and 4). 

Table 5: PPL-catalyzed resolution of iodolactone 2 in methyl propionate; effect of the 

substrate concentration and of added molecular sieves.* 

entry 

1 

2 

3 

4 

5 

6 

7 

8 

solvent, 

ml 

11 

11 

15 

15 

19 

19 

19 

19 

enzyme, 

g 

0.5 

0.3 

0.5 

0.4 

0.5 

0.5 

0.5 

0.5 

temp, 

"C 

40 

40 

40 

40 

40 

40 

30 

20 

time, 

h 

91 

91 

91 

91 

91 

64 

64 

164 

reaction 

cond.a 

A 

A 

A 

A 

A 

В 

В 

В 

ester 

еерь 

94 

96 

94 

94 

94 

90 

97 

95 

alcohol 

себь 

64 

47 

68 

61 

64 

66 

56 

71 

conv.c 

41 

33 

42 

39 

41 

42 

37 

43 

Ed 

65 

70 

69 

65 

68 

37 

108 

88 
ο β 

a. reaction conditions 2 S mmol of 2, A: no molecular sieves 4A added, B: 250 mg of molecular sieves 4A added, 

piedned enzyme used For details see the experimental section. 

b enantiomeric excess(m %) of the alcohol obtained by hydrolysis of the ester (ее-) or of the recovered alcohol (ееБ); 

determined by companson of the optical rotations with that of enantiopure 2 (see the experimental section). 

с conversion (in %) calculated according to the formula conv = ee s / (ee s + ее-) (ref 12). 

d enantiomeric ratio calculated according to the formula E = In (1 - conv (1 + cCp)) / In (1 - conv (1 - eCp)) (ref. 12). 

Effect of added molecular sieves. 

As pointed out in section Effect of reaction temperature, the addition of molecular sieves 

4A may accelerate the esterification of iodolactone 2 in methyl propionate by trapping the libe

rated methanol21·22. In Table 5 (entries 6 - 8) also the results of the PPL-catalyzed resolution of 

iodolactone 2 in methyl propionate in the presence of molecular sieves 4Â, are presented. Compa

rison of the results obtained with transesterification in methyl propionate in the presence and in 

the absence of molecular sieves learns that molecular sieves do have a strong accelerating effect 
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(с/-, entries 5 and 6). Because of this beneficial effect on the reaction rate, it is possible to lower 

the reaction temperature and favorably influence the enantioselectivity (entries 7 and 8). The 

lower enantiomeric ratio found for the reaction carried out at room temperature is caused by ex

perimental errors in the determination of the enantiomeric excess which at higher conversions 

strongly affect the enantiomeric ratio (see also appendix 1). 

Concluding remarks regarding PPL. 

From the results presented in the Tables 1 - 5 it may be concluded that, under appropriate 

reaction conditions, both enantiomers of iodolactone 2 can be obtained with high enantiomeric 

purity. When the resolution of 2 is performed with PPL in methyl propionate at room temperature 

in the presence of molecular sieves 4Â, the propionate of alcohol (+)-2 is attained with an ее of 

over 95% after ca. 40% conversion. Treatment of the recovered alcohol (-)-2 with PPL in isopro-

penyl acetate in the presence of molecular sieves 4Â affords this enantiomer with a high enantio

meric purity as well. The recommended amounts of enzyme to be used in these reactions should 

be in the range of 0.2 g per mmol of substrate; larger amounts cause a decrease in enantioselec

tivity, while lesser amounts cause a too strong decrease in reaction rate. 

3.3 Mucor Esterase-catalyzed resolution of iodolactone 2 

In Chapter 2 it is demonstrated that iodolactone 2 is also accepted by Mucor Esterase. In 

spite of the high rate of esterification displayed by Mucor Esterase, the selectivity of this enzyme 

toward iodolactone 2 is inferior to that observed for PPL. For that reason the influence of only a 

few reaction conditions on the efficiency of the Mucor Esterase-catalyzed resolution of iodolac

tone 2 was investigated. 

Condition of the enzyme. 

In contrast to PPL, the effect of pre-drying on the rate of transesterification is dramatic in 

the case of Mucor Esterase (cf. Table 3 entries 3 and 4). The enantioselectivity is not affected. 

Karl - Fisher experiments18 show that Mucor Esterase easily loses its adherent water at reduced 

pressure. After 4 h at ca. 0.02 mbar, the amount of adherent water was reduced from 1.1% (w/w) 

to less than 0.1% (w/w). This accounts for the observed acceleration. 

Effect of the solvent. 

The kinetic resolution of iodolactone 2 using Mucor Esterase as the catalyst was carried 

out in seven different solvents. The data in Table 6 show that in the series of methyl esters 

(entries 1, 2, 5-7) the reaction rate increases by lengthening the carboxylic acid chain. An opti

mum in the enantioselectivity is found for methyl propionate and methyl butyrate as the solvents 

(entries 2 and 5 (E = 12)). In ethyl propionate Mucor Esterase displays a higher catalytic activity 

toward iodolactone 2 than in methyl propionate (cf. entries 2 and 3). In η-propyl propionate (entry 
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Table 6: Mucor Esterase-catalyzed resolution of iodolactone 2; 

effect of the solvent* 

entry 

1 

2 

3 

4 

5 

6 

7 

solvent 

methyl acetate 

methyl propionate 

ethyl propionate 

η-propyl propionate 

methyl butyrate 

methyl valerate 

methyl caproate 

ester 

ее b 

77 

71 

65 

78 

70 

66 

63 

alcohol 

•*.b 

22 

69 

82 

63 

74 

74 

71 

conv.c 

22 

49 

56 

45 

51 

53 

53 

E* 

9 

12 

12 

15 

12 

11 

9 

a. reaction conditions: 2 J mmol of 2, 19 ml solvent, 0JS g Mucor Esterase (prtdried), 
40oC, 68 h, no molsieves added. For details: see the experimental section. 

b. enantiomeric excess (in %) of the alcohol obtained by hydrolysis of the ester («_) or 
of the recovered alcohol (ee5); determined by comparison of the optical rotation with 
that of enantiopure 2 (see the experimental section). 

с conversion (in %) calculated according to the formula conv. = ее, / (ее, + eCp) (réf. 12). 
d. enantiomeric ratio calculated according to the formula E = In (1 - conv (1 + eeu)) / 

In (1 - conv (1 - евр)) (réf. 12). 

4) the reaction rate is lower than in methyl propionate. The enantiomeric ratio, however, is in

creased to a higher value (E = 15). These results are much poorer than those found for PPL as the 

catalyst. 

Effect of reaction temperature. 

The Mucor Esterase-catalyzed resolution of iodolactone 2 was also carried out at lower 

temperatures (Table 7). As expected, the reaction rate strongly decreased (cf. entries 2 and 3 VJ. 

entry 1). The enantiomeric ratio, however, increased (E = 18 at room temperature, entry 3). 

Concluding remarks concerning Mucor Esterase. 

From the results presented in the Tables 3, 6 and 7 it may be concluded that, although 

Mucor Esterase is very rapid in its catalytic action toward iodolactone 2, the enantioselectivity 

displayed by this enzyme under the applied reaction conditions is relatively low as compared with 

PPL. The efficiency of the Mucor Esterase-catalyzed resolution of this lactone can hardly be im

proved by varying the reaction conditions. 
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Table 7: Mucor Esterase-catalyzed resolution of iodo-
lactone 2 in methyl propionate; effect of the 
reaction temperature.* 

entry 

1 

2 

3 

temp,0C 

40 

30 

20 

ester 

еерь 

71 

79 

85 

alcohol 

eesb 

69 

59 

39 

conv.c 

49 

43 

31 

E" 

12 

16 

18 

a. reaction conditions' 2 S mmol of 2.19 ml methyl propionate, 0 S g 
Mucor (predned), 68 h, no mokieves added For details see the ex
perimental section 

b enanbomeric excess (m %) of the alcohol obtained by hydrolysis of 
the ester (e£_) or of the recovered alcohol (ееБ), detennmed by com
parison of the optical rotation with that of enanüopure 2 (see the ex
perimental section) 

с conversion (in %) calculated according to the formula conv = ee s у 
(ee, + eep)(ief 12) 

d enantiomeric ratio calculated according to the formula 
E = In (1 - conv (1 + eep))/ In (1 - conv (1 - ce^) (ref 12) 

3.4 Principal Components Analysis 

In Table 1 the results of the PPL-catalyzed resolution of iodolactone 2 in ten different 

organic solvents are presented. The data reveal that optimal enantioselectivity is obtained using 

either methyl- or n-propyl propionate as solvent, while the rate of transesterification is the highest 

using vinyl- or isopropenyl acetate as reaction medium. In order to establish whether this situation 

is also valid for any other substrate, it would be necessary to carry out the same number of experi

ments with that substrate as described for iodolactone 2. This optimization procedure, however, is 

very time consuming. Moreover, many more solvents, e.g. anhydrides, such as acetic-, propionic-

and butyric anhydride, could be added to the list of possible reaction media. 

To circumvent this problem, it is desirable to predict the relative behaviour of solvents in a 

reaction on the basis of their physical properties, but independent of the substrate. As it is not 

known which physical properties of the solvents affect the reaction, it is, however, necessary to 

consider a large number of physical properties. It is obvious, that this leads to considerable prac

tical problems. 

In 1985, Carlson et α/.24 demonstrated that the problem of selecting the optimal solvent for 

a new synthetic organic reaction can be considerably facilitated by using the so-called Principal 

Components (PC)-analysis. This method25 can, in principle, also be applied to select the optimal 

solvent for a kinetic resolution. In order to gain insight in the utility of this approach, on a limited 
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scale preliminary studies were carried out for the solvents used for the enzymatic resolution of 

lodolactone 2. 

The aim of a PC-analysis is to reduce a large number of physical properties to a much 

smaller (usually 2 - 4) set of so-called Principal Components. These Principal Components, which 

are linear combinations of the original physical parameters, retain as much of the original infor

mation as possible. 

The principle of PC-analysis is as follows (boldface normal letters represent vectors, bold

face capital letters are matrices):24"28 A series of η objects, e.g. solvents, with г property des

criptors xi (physical parameters) can be considered as η points in an r-dimensional descriptor 

space. The coordinates of these objects, which forni a swarm of points χ in this r-dimensional 

space, are given by the property descriptors x, (see Figures 1 and 2 for a three-dimensional 

example). In this space, similar objects will be located near to each other, while dissimilar ones 

Figure 1 Fipufï 2 

will be located apart. In a PC-analysis, this swarm of points is projected on a lower dimensional 

space, the Principal Component space, keeping its form as intact as possible. The procedure is 

carried out as follows: First, the average value of each property descriptor x, is calculated. These 

values constitute the coordinates of a new origin a in the r-dimensional space. This point a will 

also be the origin of the newly to create Principal Component space. Next, a directional vector b | 

(also called loading vector), which is oriented in the direction of the largest variance through the 

swarm of points, is determined through point a. Vector b | constitutes the Principal Component 

axis by The variance of the points χ can be described in terms of coordinates along this vector. If 

vector b ! alone is not sufficient to describe the variance, a second directional vector b2 is deter

mined in such a way that it is orthogonal to vector bj and that it is oriented in the direction of the 

highest remaining variance. This procedure is repeated until the variance in the swarm is suffi-
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ciently covered. This means that the average error vector e of all points χ (Figure 2), which des

cribes the unexplained variance, is judged to be sufficiently small, i.e. all points χ in Figure 1 are 

positioned closely to the plane defined by the Principal Component axes b] and Ьз- The elements 

of the loading vectors bj and Ьг denote the relative weight-contribution (the loadings) of the ori

ginal physical parameters to these new directional vectors of the Principal Component space. 

In a three-dimensional space with two Principal Component axes (Figure 2), a point χ can 

now be expressed in vector notation as follows (equation a): 

χ = a + t! · bi + t2 · Ьг + e (a) 

In this equation, tj and І2 are the scalar parameters of the loading vectors bi and b2, respectively. 

These parameters, the so-called Principal Components or Principal Component scores, are linear 

combinations of the original physical parameters. Equation (a) suggests that a point χ can be 

represented by t! and t2 as the coordinates in the plane defined by the two directional vectors bt 

and Ьг if the unexplained variance is sufficiently small. 

In an r-dimensional space, η points can be represented in matrix notation (equation b, 

Figure 3). 

X = l . a + T . B + E (b) 

1 2 3 . . . r 1 2 . i 1 2 3 . . . r 

1 2 3 . . . г ι I J J I I | T " 
ι Ι Ι Ι Ι Ι Ι Π 2 

X 1 a T B E 

Figure 3 

X: the data matrix (я rows and r columns; и is the number of objects, e.g. solvents, r is the 

number of descriptors, e.g. physical parameters) 

1: unity vector (n rows, 1 column; all values are 1) 

a: the vector of average values (1 row, r columns: the value in each column is the average 

value of the corresponding column in the data matrix) 

T: a matrix composed by и rows and as much columns (0 as there are Principal Component 

axes used to describe the variance 

B: the loading matrix (i rows, r columns) 

E: the matrix of unexplained variance (n rows, r columns) 

1 
2 

η 

J. 
J-
± 
-L 
JL 
1 

1 2 3 

и и 1111+ : 

1 
2 

η 

55 



The input of the PC-analysis is formed by the solvents and their physical constants (data 

matrix X). In the analysis, for which several computer programs are available, the average vector 

a is calculated and all variables are scaled to a standard deviation of one. This scaling procedure 

is performed in order to prevent that the results of the PC-analysis will be dominated by variables 

with a large variance, which in particular may be the case for variables of the highest order of 

magnitude. The analysis affords as many Principal Components, the first one describing most of 

the variance, as there have been physical parameters used for each solvent. In the literature28, 

several tests are described to determine how many Principal Components are required to give a 

satisfactory description of the solvent characteristics. Still, it is up to the user to judge how many 

of these Principal Components he wants to use for his own purposes. The output of the analysis 

consists of (a) the explained variance of each Principal Component, (b) the weight contribution of 

the physical parameters to the Principal Components (loading matrix B) and (c) the Principal 

Component scores of each solvent (coordinates Ц, t2, etc; matrix T). 

Unfortunately, the solvents studied by Carlson et al. do not include all ten solvents which 

are used in the present studies. For that reason, a PC-analysis was performed on the rather small 

set of solvents mentioned in Table 1. In addition to general physical properties of these solvents, 

such as melting point and density, also some parameters more directly related to the reaction 

studied were collected (Table 8). 

Physical parameters, such as the molecular weight, melting point, boiling point, density 

and refractive index (column 1 - 5) are direcdy available from standard literature29·30. The par

tition coefficient (log P, column 6), which describes the partition of the solvent-ester between 

water and 1-octanol, is a measure for the hydrophobicity of the solvent and was calculated accor

ding to the literature31. The TLC-Rrvalue (column 7) for iodolactone 2, using the esters as the 

eluent, stands for the interaction between the substrate and the solvent. The log K-values in 

column 8, describe the rate of the PPL-catalyzed hydrolysis of the esters in a 0.01 M phosphate 

buffer at pH 7.1 and at room temperature. These values are a standard for the interaction between 

the enzyme and the solvent. К is the reaction rate constant considering this hydrolysis as a first 

order reaction. The surface of the saturated, unsaturated and polar sections of the solvent mole

cules (column 9 - 11), were calculated with the molecular modelling program MODEL32. The 

molar refractivity (column 12) describes the polarizability of the solvent molecules and was cal

culated according to the literature31. 

A PC-analysis of these data, for which the computer program STATGRAPHICS was used, 

afforded a first Principal Component (PC-1) which covers 71% of the variance in the original 

dataset. The second Principal Component (PC-2) covers another 21% of the variance. For this 

reason, the first two Principal Components (covering 92% of the variance in the original dataset) 

were considered to be sufficient to accurately characterize the solvents studied. Figure 4 shows 
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Table 8· Physical constants of some esters. 

solvent 

methyl acetate 

methyl propionate 

methyl butyrate 

methyl valerate 

methyl caproate 

ethyl acetate 

ethyl propionate 

η propyl propionate 

vmyl acetate 

isopropenyl acetate 

no 

10 

1 

molecular 

weight 

74 08 

8812 

10213 

11616 

13019 

8812 

10213 

11616 

86 09 

10012 

2 

melting 

pomt 

fC) 

98 1 

-87 5 

-84 8 

-799 

710 

83 6 

-73 9 

-75 9 

93 2 

92 9 

3 

boilmg 

point 

fC) 

57 0 

799 

102 3 

126.5 

1510 

771 

991 

122 3 

72 2 

924 

4 

density 

(kg/D 

09330 

0 9150 

0 8984 

0 8947 

0 8846 

09003 

0 8917 

0 8809 

0 9317 

0 9090 

5 

refrective 

index 

13593 

13775 

13878 

14003 

14029 

13723 

13839 

13935 

13959 

14033 

6 

partition 

coefficient 

(l°gP) 

00451 

0 7072 

10329 

13586 

16786 

0.5327 

11948 

16557 

02517 

09203 

7 

Revalue 

0.57 

044 

0 31 

0 27 

0.25 

044 

031 

0 26 

024 

034 

8 

reaction 

rale 

OogK) 

-3 76 

3 13 

-199 

-146 

-1.57 

3 78 

-3 08 

-2 21 

189 

-238 

9 

sat. 

surface 

(A2) 

177 3 

2210 

2468 

2700 

296.5 

227 7 

2668 

286 0 

179 2 

2233 

10 

unsaL 

surface 

(A2) 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

27 5 

258 

11 

polar 

surface 

(A2) 

43.5 

347 

34 7 

346 

34 7 

38 9 

26 0 

27 3 

43 6 

45 3 

12 

molar 

refracti 

vity 

17 40 

22.14 

26 05 

29 95 

33 86 

22 20 

2694 

3154 

2112 

25 63 
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Figure 4: Explained variance of Principal Components 1-12. 

the variance that is covered by each Principal Component. The sharp break in the curve indicates 

that only the first two Principal Components are significant. 

Figure 5 shows the relative weight-contribution (loading) of the physical properties 1-12 

to both PC-1 and PC-2. For example, the molecular weight of the solvent (no. 1) strongly con

tributes to PC-1, while its influence on PC-2 is small. The log К value (no. 8), however, strongly 

contributes to both Principal Components. In contrast to the studies by Carlson, no physical inter

pretation can be easily assigned to PC-1 and PC-2. 

AH solvents can be collected in a two-dimensional plot with the scores of PC-1 and PC-2 

representing the coordinates (Figure 6). The numbers in Figure 6 correspond to the solvents men

tioned in Table 8(1= methyl acetate, 2 = methyl propionate etc.). 

With regard to the PPL-catalyzed resolution of iodolactone 2, each solvent in Figure 6 also 

represents a value of the enantiomeric ratio £ and of the conversion с (attained after a reaction 

time of 164 h), which are obtained by carrying out the resolution in this solvent. For the sake of 

clarity, these values are given in separate Principal Component score plots (Figure 7 for the 

enantiomeric ratio, Figure 8 for the conversion). Each Ε-value in Figure 7 and each c-value in 

Figure 8 has the same coordinates as the solvent in Figure 6, with which these values are ob

tained. 

If the combination of the two Principal Components PC-1 and PC-2 characterizes the sol-
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vents used accurately enough, then a pattern should emerge from these figures. For example, in 

Figure 7 this pattern could be as follows: Solvents with which high enantiomeric ratios are ob

tained are located close to each other, e.g. in the bottom right hand comer of Figure 7, while sol

vents with which moderate Ε-values are attained are located in another quadrant of this figure. A 

same sort of pattern also might be observed for the conversions in Figure 8. 

Visual inspection of Figure 6 immediately indicates that the number of solvents, that has 

been examined so far, is too small to allow definitive conclusions. In order to create a generally 

useful map of solvents, which can be used as a guide for selecting solvents (for example, for 

enzymatic reactions of the type that has been studied), a much larger number of solvents needs to 

be investigated. 

Close analysis of Figures 6, 7 and 8 reveals that the relationship between the Principal 

Component scores on the one hand and the results obtained for the resolution of iodolactone 2 on 

the other hand is poor. For example, solvent 2 (methyl propionate), for which an E-value of 57 is 

obtained (Figure 7), is located very close to solvent 6 (ethyl acetate), for which an enantiomeric 

ratio of 25 is observed. For this reason it may be concluded, that either wrong physical parameters 

have been used or that not enough physical data have been included in the analysis. 

In order to improve the utility of PC-analysis for the enzymatic resolution of iodolactone 

2, much more solvents should be studied and more or other physical parameters should be used. 

3.5 Experimental Section 

General remarks. 

Column chromatography was performed using Merck Kieselgel 60 F254. For the deter

mination of optical rotations, a Perkin Elmer 241 Polarimeter was used. Porcine Pancreatic Lipase 

(PPL) was purchased from Sigma. Mucor Esterase was obtained as a gift from Gist-brocades, 

Delft, The Netherlands. PPL and Mucor were dried at reduced pressure (~0.02 mbar) during 4 h 

prior to use. The solvents used for the enzymatic resolutions were stored on molecular sieves 4Â 

(10% w/v). All glassware was oven dried before use. The synthesis of iodolactone 2 is described 

in Chapter 2, sections 2.4 and 2.7). 

Enzymatic resolution of(±)-2: general procedure. 

PPL (2,5 g) was added to a solution of iodolactone (±)-2 (0.74 g; 2.5 mmol) in methyl ace

tate (19 ml) and the suspension was stirred with the exclusion of light for 163 - 164 h at 40oC. The 

enzyme was filtered off, washed with acetone (3x8 ml) and the filtrates were concentrated. 

Chromatography (silicagel / dichloromethane - acetone (9:1)) afforded 0.38 g (51%) of alcohol 

(-)-2, [a]25!, -54.2° (c 1.0, chloroform) (lit.23 [a]25^, -71.8° (c 1.0, chloroform)), ее 75%, 

(55)-configuration and 0.42 g (50%; containing small impurities from the enzyme) of the acetate 

61 



of (+)-2. The latter was converted to the corresponding alcohol by hydrolysis with acid. The ace

tate (0.42 g; 1.25 mmol) was heated at reflux in methanol (5 ml) containing a catalytic amount of 

p-toluenesulfonic acid for 5 h. Removal of the solvent and chromatography (silicagel / dichloro-

methane - acetone (9:1)) afforded alcohol (+)-2, [aj^u +59.2° (c 1.0, chloroform) (lit.23 [ а Я о 

+71.0° (с 1.0, chloroform)), ее 82%, (5S)-configuration. 

The PPL- and Mucor Esterase-catalyzed resolutions of iodolactone (±)-2 have been 

carried out according to this general procedure. The results (conversion, enantiomeric excesses 

and enantiomeric ratio) are collected in Tables 1-7. 
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Appendix 1 

The meaning of "enantiomeric ratio E" 

In Chapter 2 and in the first part of this chapter the expression "enantiomeric ratio E" is 

used as a descriptor for the efficiency of enzymatic resolutions, instead of the enantiomeric excess 

(ее) of either the product or the recovered substrate. The reason is that in kinetic resolutions the 

enantiomeric excess of product and remaining substrate are strongly dependent on the conversion, 

which is not the case for the enantiomeric ratio, as will be explained in the following12·33. 

Calculation of the enantiomeric ratio E for irreversible reactions. 

Consider an enzymatic resolution of a racemic mixture A/B, in which A and В represent the fast 

кзА 
-^—• Enz + Ρ 

(1) 
К-эті 

—>• Enz + Q 

А + Enz 

В + Enz 

k l A > 

k2A 

kiB „ 

^2Β 

A-Enz 

В-Enz 

and slow reacting enantiomers, respectively (equation 1). In order to describe the preference of 

the catalyst for one enantiomer, an expression for the relative rates of substrate consumption (vA / 
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vB) should be developed. A derivation of this expression will be illustrated for substrate A. Assu

ming that conversion of the substrate-enzyme complex, A-Enz, into product Ρ proceeds virtually 

irreversible and that no product inhibition occurs, the rate of consumption of A is equal to the rate 

of formation of P, hence: 

VA = ^ЗА * A-Enz (2) 

Application of steady state kinetics to the substrate-enzyme complex, A-Enz, leads to equation 3, 

k 1 A · A · Enz = k2A · A-Enz + кзд · A-Enz (3) 

which can be converted into equation 4. 

A · Enz 
A-Enz = (4) 

(k2A + kjAÌ/kjA 

The denominator of equation 4, (k2A + кзА) / k 1 A , is the so-called Michaelis-Menten constant KA. 

A · Enz 
A-Enz = (5) 

KA 

The amount of uncombined enzyme. Enz, is equal to the total enzyme concentration, EnZ]·, minus 

the concentration of the substrate-enzyme complex, A-Enz (equation 6). 

Enz = Еп&г - A-Enz (6) 

Substitution of (6) in (5) leads to equation 7, 

(EnzT - A-Enz) · A 
(7) A-Enz = 

which can be rewritten as equation 8. 

A-Enz = Enzr · 

KA 

A 
(8) 

A + KA 

Combination of (8) and (2) yields an expression for the rate of consumption of substrate A (vA). 

A 
vA = кзА · Εηζτ · (9) 

A + KA 

The maximal reaction rate is attained when the enzyme sites are saturated with substrate, i.e. 

when A » KA, so that, 

VA,m„ = kjA · Ena,- (10) 

Substitution of (10) in (9) gives equation 11. 

VA = VA,max · (11) 
A + KA 
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At low substrate concentrations (A « KA ), this expression can be further simplified to equa

tion 12. 

VA 

vA = . A (12) 
KA 

A similar expression can be derived for enantiomer В (equation 13). 

MJ.max 

vB = . В (13) 
К в 

The relative rates of conversion of both enantiomers (vA/ vB) is represented by equation 14. 

VA ' A,max / Кл 

' B j n a x / к в 

(14) 

В 

Substitution of (VA m a x / KA) / (VB m a x / KB) by the enantiomeric ratio E affords equation 15. 

vA A 
E . 

в В 
At t=0 both concentrations A and В are equal, so that, 

(15) 

(16) 

Equation 16 shows that the enantiomeric ratio E represents the ratio of the initial reaction rates of 

either enantiomer and that it is completely independent of the conversion! In order to calculate the 

enantiomeric ratio, it has to be expressed in terms of measurable parameters. 

Integration of equation 15 leads to equation 17. 

In (A/A0) 

E = (17) 
In (B/B0) 

Substitution of (A / A0) and (B / B0) by the measurable parameters с (conversion) and ees (enan

tiomeric excess of the remaining substrate) finally leads to equation 18 (conversion of equation 17 

into equation 18 will be discussed in detail in the next section). 

In ( ( l-c) . ( l -ee s ) } 

E = (18) 
In {( l-c) .( l+ee s )} 

The enantiomeric ratio can also be expressed as a function of eep (enantiomeric excess of the pro

duct) (equation 19, for a derivation of this equation, see section "Calculation of the conversion (c) 

and conversion of equation 18 into equation 19"). 
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In (1-е .(1+eep)} 

E = (19) 
In {1-е .(l-ee p )} 

Equations 18 and 19 can be represented graphically12 by figures 9 and 10, respectively. 

t ' l O O 

40 60 
, , , 1 1 

4 0 6 0 

Ζ CCMVERSII» 

Figure 9: plot of the enantiomeric 
excess of the product (ee^ versus 
the conversion (c) for various 
enantiomeric ratios (E). 

Figure 10: plot of the enantiomeric 
excess of the remaining substrate 
(eeç) versus the conversion (c) for 
various enantiomeric ratios (E). 

The enantiomeric ratio can readily be derived from either equation 18 and 19 or from figure 9 and 

10, at a known conversion and known enantiomeric excesses ее. and ees. It is of importance to 

note that, once the enantiomeric ratio for a certain resolution is known, the enantiomeric excess of 

product and remaining substrate, at any conversion, can be derived from figure 9 and 10, respec

tively. The enantiomeric ratio does not only provide a means to compare the effiency of various 

resolutions, it also affords a powerful tool to plan a resolution: it shows at which conversion an 

enzymatic reaction should be stopped in order to obtain a desired enantiomeiic excess of either 

product or remaining substrate. It should be emphasized, however, that neither equations 18 and 

19 nor figures 9 and 10 provide any infermation about reaction rates. This will remain a matter of 

experimentation. 

In Table 9 the enantiomeric ratio, calculated according to equation 19, is given for conver

sions (c) ranging from 20 to 52% and for enantiomeric excesses of the isolated product (eCp) 

ranging from 80 to 98%. At low conversions (20 to 30%) and at moderate enantiomeric excesses 

(80 to 90%) (top left hand comer) a small inaccuracy (1 or 2%) in the determination of either the 

enantiomeric excess or of the conversion causes a negligable inaccuracy in the calculation of the 

enantiomeric ratio. However, at higher conversions (40 to 50%) and high enantiomeric excesses 

(>90%) (bottom right hand comer) a same small inaccuracy in determination of either the enan

tiomeric excess or the conversion strongly affects the enantiomeric ratio E. As experimental 

errors are inherent to the determination of enantiomeric excesses, e.g. by comparison of optical 

rotations with literature data, it is not meaningful to assign exact Ε-values to a particular resolu-
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Table 9: Enantiomeric ratio as a function of the conversion and of the enantiomeric 
excess of the product. 

Conver
sion, с 

(%) 

20 

22 

24 

26 

28 

30 

32 

34 

36 

38 

40 

42 

44 

46 

48 

50 

52 

80 

11 

11 

11 

12 

12 

13 

13 

13 

14 

15 

15 

16 

17 

18 

20 

22 

25 

82 

12 

13 

13 

13 

14 

14 

15 

15 

16 

17 

17 

18 

20 

21 

23 

26 

30 

enantiomeric excess of the product, eCp, (%) 

84 

14 

14 

15 

15 

16 

16 

17 

18 

18 

19 

20 

21 

23 

25 

27 

30 

36 

86 

16 

17 

17 

18 

18 

19 

20 

21 

21 

22 

24 

25 

27 

29 

32 

37 

45 

88 

19 

20 

21 

21 

22 

23 

24 

24 

26 

27 

28 

30 

32 

35 

39 

45 

59 

90 

24 

24 

25 

26 

27 

28 

29 

30 

31 

33 

35 

37 

40 

44 

49 

58 

83 

92 

30 

31 

32 

33 

34 

35 

37 

38 

40 

42 

45 

48 

52 

57 

65 

79 

152 

94 

41 

42 

43 

45 

46 

48 

50 

52 

55 

58 

62 

66 

72 

80 

92 

115 

-

96 

62 

64 

66 

68 

71 

73 

77 

80 

84 

89 

95 

102 

112 

125 

146 

194 

-

98 

126 

130 

134 

139 

144 

150 

156 

164 

173 

183 

195 

211 

232 

261 

311 

458 

-

tion. Especially at high conversions and at high enantiomeric excesses it is advisable to report 

only the order of magnitude of the enantiomeric ratio. 

Conversion of equation 17 into equation 18. 

The conversion с is represented by equation 20. 

(A0 - A) + (B0 - B) 
с = (20) 

(A0 + B0) 

As A0 = B0, this equation can also be written as: 
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с = è . (1 - — ) + i . (1 - — ) (21) 
Ao B0 

А В 
+ = 2 . (1 - с) (22) 

Ao B0 

The enantiomeric excess of the remaining substrate (ее,.) is given by equation 23. 

В - A 

which can be rewritten as: 

В A (1 + ees) 

(23) 
A + В 

Dividing numerator and denominator by A0 (= B0) gives equation 24, 

_В A. 

ее. = (24) 

— + — 
А „ + Вп 

(25) 
В0 А0 (1 - ees) 

Substitution of (В / В0) in equation 22 gives: 

A A (1 + ees) 
+ . = 2 · (1 - c) (26) 

A0 A0 (1 - ees) 
Writing (A / A0) as a function of с and ees leads to equation 27. 

A 
= (1 - c) - (1 - ees) (27) 

Ao 

A same expression can be derived for (B / B0): 

В 
= (1 - с) . (1 + ees) (28) 

B0 

Substitution of 27 and 28 in 17 (E = In (A / A0) / In (B / B0)) leads to equation 18. 

In {( l-c).( l-ee s )} 
E = (18) 

In ( ( l - c ) . ( l + e e s ) ) 

Calculation of the conversion (c) and conversion of equation 18 into equation 19. 

Enzymatic resolution of M mol of a racemate leads at a conversion с to с · M mol of product 

with enantiomeric excess ее- and to (1 - c) · M mol of remaining substrate with enantiomeric 
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excess ees. Assume that the product consists predominantly of the (5)-enantiomer, then the 

percentage of this isomer in the product is given by equation 29. 

(1 - eep) (1 + сер) 
%Vduc. = cep + = (29) 

The percentage of (S)-enantiomer in the remaining substrate is given by: 

(1 - ees) 
% 5 s u b s t i a t e = (30) 

A weight balance for the (5)-enantiomer is given in equation 31. 

Amount of (S)-enantio- = Amount of (S)-enantìo- + Amount of (S)-enantio- (31) 
mer in the racemate mer in the product mer in the remaining 

substrate 

(1 + ее ) (1 - ees) 
0.50 · M = . с . M + . (1 - с) · M (32) 

2 2 
Rewriting equation 32 leads to an expression of с as a function of ees and eep. 

с = (33) 
(ees + ее,,) 

An expression for ees as a function of с and eep can be derived from equation 33: 
с 

ee6 = ее · (34) 
P ( 1 - е ) 

Substitution of 34 in 18 finally leads to equation 19. 

In {1-е · ( ! +eep)} 

E = (19) 
In {1-е - ( l - e e J ) 

Calculation of the enantiomeric ratio E for reversible reactions. 

For the calculation of the enantiomeric ratio E for reversible reactions the simplified equation 35 

(cf. equation 1) should be considered20·34. 

A + Enz « * Ρ + Enz 

(35) 

В + Enz щ ' • Q + Enz 
k4 

Again an expression for the relative rates of substrate consumption (ν,,/ ь) should be developed. 

This will be illustrated for substrate A. The rate of consumption of A is given by equation 36. 

va = kj · A · Enz - кг · Ρ · Enz (36) 

k . . 
* • 

k2 

к з . 
+—=• 
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As A0 = A + Ρ, this equation can be written as: 

v a = к Enz - к2 · (A0 - A) · Enz (37) 

or: 

ν, = к! . Enz . { A - (1 + - Ц - -г2- « А0 } (38) 
ki kj 

Substitution of k2/k1 by the reversibility constant К gives equation 39. 

va = k, . Enz . {A · (1 + K) - К . A0} (39) 

Because in a non-chiral environment k j ^ should be equal to кз/к4, a same expression can be 

derived for vb (equation 40). 

vb = kj · Enz . {В . (1 + К) - К . В 0} 

The relative rates of substrate consumption vjvb is given by equation 41. 

J ^ k, (A . (1 + K) - К . A0} 

vb " kj {B . (1 + K) - К . B 0} 

From equation 36 can be derived that at t = 0: 

(Va)t=o = k, - A0 . Enz (42) 

Analogously: 

(vb)t=o = кз . B0 . Enz (43) 

As the enantiomeric ratio is equal to the relative rate of substrate consumption at t = 0 and 

(40) 

(41) 

as A0 = B0: 

Substitution of 44 in 41 gives: 

v, 
= E 

(A . (1 + K) - К · A 0 ) 

(44) 

(45) 
vb (B . (1 + K) - К . B J 

Integration of equation 45 yields equation 46, 

, A . (1 + K) - К · A0 

E = 

E = 

A» 

in B · ( 1 

[uation 47. 

, A In — · 
Ao 

i n » - . 
B„ 

+ K) - К . B0 

Bo 

(1 + K) - К 

(1 + К) - К 

(46) 

(47) 
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Substitution of equation 27 and equation 28 in 47 gives an expression of E as a function of the 

measurable parameters ees and с and of the reversibility constant К (equation 48). 
A 

= (1 - c) . (1 - ees) (27) 

В 
= (1 - с) · (1 + ees) 

B„ 
(28) 

E = 
In (1 - (1 + К) · (с + ees · (1 - с))) 

(48) 
In (1 - (1 + К) . (с - ее, . (1 - с))) 

Substitution of equation 34 in equation 48 gives an expression of E as a function of с, евр and К 

(equation 49). 
с 

ее« = een 

E = 

(1 - с) 

ln( l - (1 + К) . с . (1 + сер)) 

1п{1 - (1 + К) · с . (1 - еер)) 

(34) 

(49) 

In the Figures 11 and 12 the enantiomeric excess of the product (еер) and of the remaining 

substrate (ees) are given for an enantiomeric ratio E = 100 and for various reversibility constants 

К (réf. 34). In both figures, curve 'a' represents the irreversible reaction (K = 0, substitution of 

d с b a 

\ \ \ \ 

- \ V 
zi m и м ι· 

« CONVfUSION 

2* M M 

гсои смюм 
и 1И 

Figure 11: plot of the enantiomeric 
excess of the product (евр) versus 
the conversion (c) for enantiome-
ratio E = 100 and for reversibility 
constants K= (a) 0, (b) 0.1, (c) 0.5 
(d) 1 and (e) 5. 

Figure 12: plot of the enantiomeric 
excess of the remaining substrate 
(ees) versus the conversion (c) for 
enantiomeric ratio E = 100 and for 
reversibility constants К = (a) 0, 
(b)0.1,(c)0.5,(d)land(e)5. 

this K-value in equation 48 and 49 leads to equation 18 and 19, respectively). For any other posi

tive K-value it is clear that the enantiomeric excesses eCp and ees are lower than the values that 
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would be expected in case of the irreversible reaction. On the other hand, in case of the reversible 

reaction, a too low Ε-value would be calculated on the basis of the enantiomeric excesses, as 

compared with the irreversible reaction. For low K-values (<0.5), the influence of reversibility on 

the calculated value of the enantiomeric ratio first becomes noticeable at conversions higher than 

40%. 

As equation 49 is difficult to handle, the K-values cannot directly be determined, the 

Ε-values reported in this thesis have been calculated assuming that the enzymatic reactions 

proceed irreversibly. It should be noted, however, that complete irreversibility can only be accom

plished by using enol esters as solvent, or, in the case of methyl esters as solvent, by addition of 

molecular sieves 4Â to the reaction mixture. 
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CHAPTER 4 

RESOLUTION OF SECONDARY ALCOHOLS BY ENZYME-CATALYZED TRANS-

ESTERIFICATION IN ALKYL CARBOXYLATES AS SOLVENT 

4.1 Introduction 

In the last decade the application of enzymes in organic media has been the subject of 

extensive investigations. The state of affairs concerning this important synthetic methodology has 

recently been reviewed by Klibanov1, the pioneer of biocatalysis in non-aqueous solvent systems, 

and has also been discussed in detail in Chapter 1. Successful applications of various lipases (tri-

acylglycerol hydrolases, EC 3.1.1.3), e.g. Porcine Pancreatic Lipase (PPL), Candida Cylindracea 

Yeast Lipase (CCL) and Pseudomonas Fluorescens Lipase (Lipase P), have been reported in 

carbohydrate chemistry2"7, in peptide synthesis8"13, and in lactonizatìon1416 and macrolactoniza-

tion17"19 reactions. However, the main emphasis has been on application to asymmetric esterifi-

cation and transesterification reactions in order to prepare chiral alcohols20"50 and carboxylic 

acids21,22,51, or their derivatives, with high enantiomeric purity. 

The general sequence of transformations underlying the enzyme-catalyzed conversions is 

depicted in Scheme 1. The essential step is the formation of an acyl-enzyme complex. Carboxylic 

acids (R' = H) can be used as acyl donors24,46,50 and racemic alcohols have been resolved in this 

Scheme 1 

FTOH R'OH 

о / о V о 

R^OB + E n Z y m e 1 ^Г * R^Enzyme « ^ » R^OR" • 

ROH ROH 

manner using lipase-catalyzed esterification reactions. It seems however, that transesterification 

reactions using appropriate esters as acyl donor, are more versatile in terms of flexibility, reaction 

rates and thermodynamic limitations28,52. For enzyme-catalyzed transesterifications Klibanov22 

recommends the use of activated esters of carboxylic acids, such as trichloroethyl and trifluoro-

ethyl esters (R' = CCI3CH2 or CF3CH2). These esters are effective acyl donors and the released 

alcohol has a low nucleophilicity, which is advantageous for the position of the equilibria shown 
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in Scheme 1. Using this methodology, a series of secondary methyl carbinols, RC(OH)Me, has 

successfully been resolved with PPL as the biocatalyst using ether or heptane as the main 

solvent22,23,47,48. In this procedure, the products of the reaction, viz. the remaining secondary alco

hol and its ester (a butyrate when 2,2,2-trihaloethyl butyrate is used as acyl donor), need to be 

separated from the excess of acyl donor and 2,2,2-trihaloethanol, which sometimes requires 

tedious work-up procedures. In the transesterification reactions cited above, PPL is a rather 

sluggish biocatalyst. Lipase Ρ seems to be more effective for these transesterifications. When 

carboxylic acid anhydrides are used as acyl donors an effective lipase-catalyzed kinetic resolution 

of racemic alcohols can be accomplished28. Enol esters, such as vinyl acetate, are also interesting 

acyl donors2 9 , 3 0 , 5 2 , 5 3, because the released vinyl alcohol tautomerizes to an aldehyde and therefore 

the reverse reaction is cut off. However, the aldehydes may cause unwanted side reactions28,53. It 

is surprising, that the use of alkyl carboxylates serving as acylating agent as well as solvent has 

received only scarce attention in the literature, because the position of the equilibrium of the 

transesterification process will be favorably influenced by the high excess of acyl donor and the 

experimental procedure will be attractively simple. Cesti et al.25 described the resolution of 

2,3-epoxy alcohols using PPL in ethyl acetate or methyl propionate as reaction medium. Re

covered epoxy alcohol was obtained with excellent enantiomeric purity. Both 1,2- and 1,3-diols 

are selectively esterified at the primary hydroxy group by PPL in ethyl acetate, propionate, buty

rate or caprylate54. Amino alcohols are succesfully resolved by means of PPL in methyl 

acetate55,56. It should be noted that acylation of an amino group attached to a secondary C-atom 

takes place at the same rate as esterificadon of a primary hydroxy group, whereas in the opposite 

situation, i.e. an amino group at a primary C-atom in the presence of a secondary hydroxy group, 

only the N-acylated product is found. Furthermore, the excellent enantiodifferentiating ability of 

lipases toward meso-52,57,58 or prochiral diols49 in either methyl or ethyl acetate has been 

reported. Finally, Carrea et al.59 described the regioselective acylation of the primary hydroxy 

group of chloramphenicol in methyl butyrate using Chromobacterium Viscosum as the catalyst. 

The literature reports mentioned above, concerning the use of alkyl carboxylates as solvent and as 

acylating agent at the same time, refer to lipase-catalyzed transesterifications of primary alcohol 

functions. The reaction rate of transesterification of secondary alcohols is extremely slow under 

these conditions29. 

In Chapter 2 and 3 the PPL- and Mucor Esterase-catalyzed resolution of a series of 

norbomyl- and norbornenylmethanols, using eight different alkyl carboxylates as solvent, has 

been described. These reactions primarily deal with the esterification of primary hydroxy groups. 

In this chapter the use of simple alkyl carboxylates, serving as acylating agent as well as 

solvent, for the PPL- and Mucor Esterase-catalyzed transesterification of secondary alcohols is 

evaluated. For this purpose, a series of chiral secondary alcohols was selected and the results ob

tained with these substrates are discussed in detail. 
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4.2 Results and discussion 

Preliminary experiments. 

The experimental conditions were established for the commercially available substrate 

1-phenylethanol (5). The low boiling and common solvents methyl acetate, propionate and buty

rate, and ethyl acetate were considered as medium for the bioconversion reaction. The processes 

that are involved in this kinetic resolution are depicted in Scheme 2 (for methyl propionate as sol

vent). The enantiomer that reacts fastest will be converted preferentially into the corresponding 

Scheme 2 

Fast reacting enantiomer 

Ph . Meo . E n z y m e " v " 
P h v 

^ MeOH 

ОН О 

(+)-5 
О 

Ph, 
Enzyme Ph ><» 

MeO, ^ • T ^ MeOH v^ ·•-
он o ^rí^44 

H-S 0 

Slow reacting enantiomer (remaining alcohol) 

ester. If the kinetic selectivity between the enantiomers is high, the slower reacting enantiomer 

will remain unchanged. The substrate 5 was dissolved in the ester solvent containing the enzyme 

(PPL) and the resulting suspension was stiired for 68 h at 40oC. The products, viz. the remaining 

alcohol (-)-5 and the ester of (+)-5, were readily isolated as single compounds and in good yields, 

after filtration of the enzyme and removal of the solvent, followed by column chromatography. 

The ester was saponified, using the procedure described by Cesti et α/.28, to give alcohol (+)-5 in 

good yields. The enantiomeric purity of both alcohols (+)- and (-)-5 was determined by compa

rison of their optical rotations with those reported in the literature60 for the enantiopure com

pounds. The PPL-catalyzed resolution of 5 was carried out in the four solvents mentioned above 

and under the reaction conditions given in Table 1 (entries 1, 2,4 and 5). The results show that the 

enantiomeric purity of the alcohols (+)-5 obtained after saponification of the enzymatically pro

duced ester is high, the degree of conversion, however, is rather low. Optimal results are obtained 

at a reaction time of 68 h at 40oC in methyl propionate (entry 2). Similarly, Mucor Esterase was 

evaluated as a biocatalyst. Only two solvents were tested, viz. methyl propionate and butyrate 

(entries 9 and 12). In comparison with PPL, Mucor exhibits a similar enantioselectivity in both 

solvents, but the reaction proceeds considerably faster. In methyl acetate and ethyl acetate this 
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Tablel: Enzymatic transestenfication of 1-phenylethanol (S) in alkyl carboxylates.a 

entry solvent 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

methyl acetate 

methyl propionate 

methyl propionate 

(molsieves 4Â)f 

methyl butyrate 

ethyl acetate 

methyl propionate 

methyl propionate 

methyl propionate 

methyl propionate 

methyl propionate 

(molsieves 4Á)f 

methyl propionate 

methyl butyrate 

methyl butyrate 

temp,0C 

40 

40 

40 

40 

40 

40 

60 

60 

40 

40 

40 

40 

40 

time, h 

68 

68 

68 

68 

68 

164 

68 

164 

68 

68 

164 

68 

164 

enzyme 

PPL 

PPL 

PPL 

PPL 

PPL 

PPL 

PPL 

PPL 

Mucor 

Mucorg 

Mucor 

Mucor 

Mucor 

ester 

M V 

+56. Γ 

+55.9° 

+54.8° 

+54.9° 

+56.8° 

+56.5° 

+55.9° 

+56.4° 

+56.0° 

+55.4° 

+55.1° 

+55.6° 

+54.8° 

eep

c-d 

>98 

>98 

97 

97 

>98 

>98 

>98 

>98 

>98 

98 

97 

>98 

97 

configd 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

alcohol 

[ a ] V 

43.0° 

-27.1° 

-44.6° 

-23.6° 

-15.5° 

-36.8° 

-31.2° 

-39.3° 

-43.0° 

-46.2° 

-45.0° 

-43.4° 

^2.7° 

е е c,d 

ee s 

23 

48 

79 

42 

27 

65 

55 

70 

76 

82 

80 

77 

76 

conve 

19 

33 

45 

30 

22 

40 

36 

42 

44 

45 

45 

44 

44 

a. reaction conditions 3 Onunol of 5, 600 mg of PPL or Mucor Esterase, 15 ml of solvent For details see expérimental section 
b optical rotation (c 1, chloroform) of the alcohol obtained by hydrolysis of the ester or of the recovered alcohol 
c. enantiomeric excess (in %) of the alcohol obtained by hydrolysis of the ester (ее.) or of the recovered alcohol (ees) 

d. determined by comparison of optical rotations an authentic sample of the (5)-isomer purchased from Aldnch with [Ct] ρ 

~41 3 (neat) has an ее of 96% as was deduced by comparison with the rotation of enanüopure alcohol [Ct] ρ + 4 2 9° (neat), 

(Ä) isomer (ref 60) This sample has [ a ] 2 5
D - 5 4 2° (c 1, chloroform) 

e conversion (in %) calculated according to the formula conv = ees / (ees + eCp) (ref 61) 
f 100 mg molecular sieves 4 A/ mmol S 
g 50 mg Mucor Esterase / mmol S 

enzyme displays a low activity62. 

The high enantioselectivity, observed for the transesterification of alcohol 5 with both PPL 

and Mucor Esterase, demonstrates their resolving potential. In all cases, the esters produced are 

isolated with high enantiomeric purity (ее £ 97%). These excellent results were a stimulus to opti-
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mize the reaction conditions in order to increase the conversion rate. 

For both enzymes the conversion could be improved only slightly by prolonging the reac

tion time (entries 6, 11 and 13) or increasing the reaction temperature (entries 7 and 8). This 

observation can be explained by assuming that the faster reacting enantiomer (see Scheme 2) 

reaches its state of equilibrium rather rapidly. Prolonging the reaction time only brings about 

some further conversion of the slower reacting enantiomer and, along with this, the formation of 

some extra methanol which will affect the equilibrium of the faster reacting enantiomer unfa

vorably. The ultimate consequence is that prolonged reaction times result in less satisfactory 

optical yields63. This problem can be circumvented by the addition of molecular sieves 4Â to 

scavenge the liberated methanol. The beneficial effect of molecular sieves 4À has been observed 

by other authors19'59and has also been demonstrated in Chapter 3 (section 3.2; "Effect of added 

molecular sieves"). Gratifyingly, the addition of molecular sieves to the reaction mixture consi

derably improved the conversion after 68 h (cf. entries 2 and 3, and entries 9 and 10) and conse

quently the enantiomeric purity of the remaining substrate alcohol (-)-5 (82% at 45% conversion, 

entry 10). 

These results clearly indicate that, under proper reaction conditions, both enantiomers of 

alcohol 5 can be obtained with a high enantiomeric excess. 

Multigram scale resolution of 1-phenylethanol 5. 

A procedure for a multigram scale resolution was developed for Mucor Esterase, because 

of its higher activity toward 5, compared with PPL (as judged by weights of crude enzyme per 

mmol of substrate, cf. Table 1, entries 2 and 9, and entries 4 and 12). First, the amount of enzyme 

and solvent per unit of substrate was drastically reduced. Second, the separation of the ester of 

(+)-5 and remaining alcohol (—)-5 was performed by distillation instead of chromatography. For 

that reason methyl butyrate turned out to be the solvent of choice, because the butyrate produced 

and remaining alcohol (-)-5 have the required difference in boiling point (see experimental 

section). It was found that at a reaction temperature of 60oC the amount of both enzyme and sol

vent could be reduced to 12% of their original values, still giving a conversion of 32% after 72 h. 

It should be noted that no molecular sieves were added to the reaction mixture in order to faci

litate recovery of the enzyme. These conditions were found to be suitable for the resolution of 

1-phenylethanol 5 on a 0.50 mol (61.1 g) scale, resulting, after work-up, in 27% of the butyrate of 

(+)-5. Alkaline hydrolysis afforded (+)-1-phenylethanol in 26% overall yield and with an ее of 

over 98%. The antipode (-)-5 was obtained in 64% chemical yield and with an ее of 44%. By 

repeating the enzyme treatment twice, (-)-1-phenylethanol was eventually obtained in an overall 

chemical yield of 36% and with an ее of 95%. The procedure above is easy to perform and is 

therefore attractive from a practical point of view. 
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Enzymatic resolution of alcohols 3-24 in methyl propionate. 

Having established the optimal reaction conditions for the resolution of 5 (methyl pro

pionate, 68 h, 40oC, molecular sieves 4Â), the series of secondary alcohols shown in Chart 1 was 

subjected to the transesterification using PPL and Mucor Esterase. For the sake of comparison, 

the primary alcohols 1-4 and the tertiary alcohols 23 and 24 were also investigated. In all cases, 

the reaction mixtures were analyzed by capillary GLC before work-up. When a certain conversion 

was considered too low, the reaction time was extended to 164 h. 

Chart 1 

О ^ н ^ 1 •" 
CI 

r ^ 
I .(CHJn 

5 

6 

7 

8 

9 

R = 

R = 

R-

R = 

R = 

OH 

СНз 

C2H5 

п-СзН7 

П-СдНд 

n-CgH,, 

10 

11 

12 

OH 

n - 1 

n - 2 

n = 3 

MeO 

^r U Y UY 
он он он 

13 

15 

14 

(^ 

16 

OH 

18 19 20 21 

OH 

OH 

22a 22b 23 24 
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The substrates shown in Chart 1 were either purchased from Aldrich (1 - 3, 5, 6,10, 11,16 

and 20), or prepared by Grignard reaction64 of appropriate alkylmagnesium halides and aldehydes 

or ketones (7 - 9, 14, 17 - 19, 23 and 24), or by reduction65 of ketones with LÌAIH4 (12, 15 and 

21). Chlorohydrin 4 was prepared by reaction of epoxy styrene with HCl in chloroform66 and 

bromoalcohol 13 was readily obtained from α-bromoacetophenone by reduction30 with NaBH^ 

The norbomene alcohols 22a and 22b were prepared according to well established literature 

procedures (Scheme 3). Diels-Alder addition67·68 of acrylic acid and cyclopentadiene, endo/exo 

Scheme 3 

^ A IJNaHCOj 

2)KI/I / 7 - Ί ""> LiAIH. 

85% 
*? 3)Zn/HOAc \ 9 6 % 

XOOH 89% '*COOH 

endo: 25n 25n 
хо: 25x 

( 2 5 n : 2 5 x = 9 : 1 ) 

Swern oxidatori^ ύ-—-^^ / MeMgl 

V 7 1 % 4 88% \ _,CH, \ _CH, 
CH2OH -'CHO 

26 27 22a O H 22b O H 

(22a : 22b = 62 : 36) 

separation of the acids 25n and 25x by iodolactonization69·70, and zinc / acetic acid reduction71 of 

the iodolactone obtained gave pure endo carboxylic acid 25n. LÌAIH4 reduction65 of this acid 

gave alcohol 26 in good yield. Swern oxidation72 of alcohol 26, followed by Grignard addition64 

of methylmagnesium iodide to the aldehyde 27 obtained, afforded alcohols 22a and 22b as a 

mixture of diastereomers in the ratio of 62 : 38. The results of the enzymatic resolutions are 

collected in Table 2. 

The data collected for the primary alcohols 1 - 4 reveal that, as expected, they react much 

faster than secondary alcohols. For 2-phenyl-l-propanol 3, the enantioselectivity of PPL is mode

rate (E = 10) and of Mucor Esterase rather low (E = 2). It should be noted however, that the use of 

PPL as catalyst affords remaining alcohol (+)-3 nearly enantiopure. Chlorohydrin 4, which could 

serve as a precursor for the synthesis of optically active epoxy styrenes, is virtually not resolved 

by either of the enzymes. 

By comparing the series of secondary benzyl alcohols 5 - 9, it is clear from the data 

shown, that all the esters are obtained with an excellent enantiomeric purity when PPL is em-
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Table 2: Enzymatic resolution of primary, secondary and tertiary alcohols in methyl propionate.* 

substr. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

и 
12 

13 

14 

15 

16 

17 

18 

time,h 

4 

4 

4 

4 

68 

68 

164 

68 

164 

68 

164 

68 

164 

68 

68 

68 

68 

164 

68 

68 

68 

68 

68 

PPL 

propionate 

eep

b-c 

-

-

48d 

IO1 1 

97d 

96 

93 

94 

92 

91 

93 

92 

89 

91 

95 

95h 

95h 

89d 

87d 

84 

82d 

94 

config.' 

-

-

S 

S 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

S 

S 

R 

R 

R 

R 

R 

alcohol 

1 ees

b-c 

-

-

98d 

4h 

79d 

78 

24 

39 

U 

24 

22 

34 

89 

89 

48 

34h 

47h 

52d 

72d 

38 

63d 

71 

conv.e 

908 

82β 

67 

29 

45 

45 

20 

30 

13 

21 

18 

27 

50 

49 

33 

27 

33 

37 

46 

31 

44 

43 

Ef 

-

-

10 

1.3 

160 

120 

35 

50 

25 

25 

35 

35 

50 

65 

65 

55 

60 

30 

30 

15 

20 

70 

Mucor Esterase 

propionate 

eep

b-c 

-

-

1 7 d 

33h 

98d 

94 

94 

-

-

-

90 

92 

96 

-

88d 

87d 

94 

7 9 d 

89 

config. 

-

-

S 

S 

R 

R 

R 

-

-

-

R 

R 

R 

-

R 

R 

R 

R 

R 

alcohol 

d e e s

b · ' 

-

-

35d 

16h 

82d 

29 

43 

-

-

-

90 

83 

53 

-

59d 

61d 

91 

55d 

46 

c o n v . e 

97« 

988 

67 

32 

45 

23 

31 

<58 

<38 

<28 

50 

47 

35 

Τ 

40 

42 

49 

41 

34 

Ef 

-

-

2 

2.3 

250 

45 

50 

-

-

-

60 

65 

85 

-

30 

25 

105 

15 

25 

80 



Table 2: continued. 

substr. 

19 

20 

21 

22a 

22b 

23 

24 

time,h 

68 

68 

68 

68 

68 

68 

68 

PPL 

propionate 

еерЬ·' 

94 

86 

>98 

>95 

>95 

-

-

config 

Ю 

R 

R 

Äk 

R* 

-

-

alcohol 

d ees
b-c 

54 

82 

18 

~35 

-20 

-

-

conv.e 

37 

49 

15 

27 

17 

no 
reaction8 

no 
reaction8 

Ef 

50 

35 

>120 

>55 

>50 

-

-

Mucor Esterase 

propionate alcohol 

eep
b'c config.d ees

b,c conv.e 

86 R) 59 41 

85 R 69 44 

<108 

>95 Лк -48 33 

>95 Лк -29 23 

no 
reacuon8 

no 
reaction8 

Ef 

25 

25 

-

>60 

>50 

-

-

a reaction conditions 3 0 mmol of substrate, 600 mg of PPL or 150 mg of Mucor Esterase, 15 ml of methyl propionate, 300 mg 

of molecular sieves 4 A, 40oC. For details' see experimental section 
b. enantiomeric excess (in %) of the alcohol obtained by hydrolysis of the propionate (eCp) or of the recovered alcohol (ees). 
с estimated by F-NMR- or GLC-analysis of the corresponding Mosher esters, unless otherwise indicated 
d. established by comparison of the optical rotation with that reported m the literature (see experimenta] section) 
e conversion (m %) calculated according to the formula conv = ee s / (ee s + ee^) (ref 61), unless indicated otherwise 
f. enantiomeric ratio calculated according to the formula E = In (1 - conv (1 + e e j ) / In (1 - conv (1 - ее-)) (ref 61). 
g. deteimmed by capillary GLC (uncorrected). 

h deteimmed by comparison of the optical rotation of the corresponding epoxide with that reported m the literature (see expe
rimental section). 

1. isolated yield 

j . no information known m the literature about the relation between absolute configuration and optical rotation' absolute 
configuration based on analogy with substrates 5 -18, 20 and 21 

к transestenfìcd as a mixture of both diastereomers 22a and 22b (62 : 38) no opucal rotation detennined, absolute configuration 
based on analogy with substrates 5 - 2 1 

ployed. However, the reaction rate, and accordingly the conversion, is decreasing when the 

carbon chain in the substrate is made longer. The latter effect is even stronger when Mucor is 

used as the catalyst; the substrates 7 - 9 are hardly accepted by this enzyme. The rigid bicyclic 

aromatic alcohols 10 - 12 were transesterifíed at a relatively high rate and with a high degree of 

enantioselectivity using either biocatalyst. In all three cases, the propionate and the remaining 

alcohol were obtained with reasonable enantiomeric purity. The high reaction rate exhibited by 

alcohols 10 -12, compared with substrates 5-9 , suggests that free rotation of the aromatic ring in 

the substrate has a negative influence on the reactivity. Bromohydrin 13 is of interest as it 

provides a convenient access to optically active epoxy styrènes (cf. chlorohydrin 4). Although the 

conversion is rather low employing PPL as the catalyst, the propionate of (+)-13 was obtained 

with a high ее. Treatment of this ester with base28 afforded (S)-epoxy styrene with an ее of 95%. 
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In contrast to PPL, bromohydrin 13 is not accepted by Mucor Esterase (cf. substrates 7 - 9). The 

other secondary alcohols containing an aromatic ring, viz. 14 - 16, arc esterified at moderate to 

high rates by PPL, however, in all cases the enantioselectivity is low (E = 15-30). Remarkably, 

compared with 1-phenylethanol 5, PPL displays a low selectivity toward l-(4-methoxyphenyl)-

ethanol 15 (cf. E = 160 for 5, E = 30 for 15). This difference has been observed previously for 

Lipase Ρ by other authors29, but until now an explanation has not been given. With respect to sub

strates 14 and 15, Mucor shows a behavior that is similar to that of PPL. l-Phenyl-2-propanol 16, 

however, is esterified at a high rate and with a high degree of enantioselectivity (E = 105) by this 

enzyme. When the phenyl ring is replaced by the furyl ring, as in 17, resolution leads to moderate 

results for both enzymes (E = 15-20). The cyclohexyl and cyclopentyl substituted carbinols 18 

and 19, respectively, as well as 2-octanol 20, a substrate that has extensively been used in enzy

matic resolutions20,22·24·28, are readily accepted by both Mucor Esterase and PPL with moderate 

to good enantioselectivities (E = 35-70 for PPL, E = 25 in all three cases for Mucor). Adaman-

tylethanol 21 apparently is too bulky to be accepted by Mucor Esterase. For PPL a low conversion 

was observed under standard conditions, but nevertheless, the propionate of (+)-21 was obtained 

with a high ее (E > 120). The norbomenyl substituted carbinols 22a and 22b exhibit a moderate 

reactivity, although these substrates are transesterified with an excellent enantioselectivity (E > 

50). As shown in Table 2, tertiary alcohols do not react under the applied reaction conditions. 

With respect to the stereochemistry of the antipode that is preferentially esterified with 

these enzymes, these results show that, without exception, they all have the same basic absolute 

configuration, which is (R) for most of the alcohols. Due to the presence of a bromine substituent, 

the propionate of bromohydrin 13 is denoted the (5)-configuration, but it actually has the same 

spatial orientation as all the other substrates. 

A close analysis of the results in Table 2 suggests that the high enantioselectivity observed 

for PPL and Mucor Esterase is caused by the difference in size of the substituents, Rj and R2, at 

the chiral center2 (Scheme 4). An increase of the bulkiness of Rj, with R2 = phenyl, has a nega-

Scheme 4 

a, R, PPL °r R ^ R t 

' Mucor Esterase ' 

R2 > R, О 

tive effect on the enantioselectivity and the reactivity displayed by either catalyst (cf. the series of 

substrates 5 - 9). In the case of PPL, the efficiency of the resolution decreases enormously in the 

change from Щ = ethyl (alcohol 6) to Rj = η-propyl (alcohol 7), while with Mucor Esterase the 

efficiency already collapses by replacing the methyl substituent (alcohol 5) by an ethyl substituent 

(alcohol 6). A decrease in reactivity is also observed in the series of aromatic bycyclic substrates 

10 -12, considering the non-aromatic ring as the Rj-substituent. The mutual differences in enan-
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tioselectivity, however, are negligible. The effect of R2 on the efficiency of the enzymatic reso

lution of secondary alcohols is much more complicated. The relatively low enantioselectivity 

exhibited by the non-aromatic alcohols 18 - 20, as compared with 1-phenylethanol 5, demon

strates the positive impact of the phenyl group on the enantioselectivity. Since the R2-substituents 

in these alcohols are of comparable size, the typical electronic features of the aromatic ring may 

be of importance. Also indicative of electronic effects is the relatively large difference in enan

tioselectivity observed for the 4-methoxy substituted phenylalcohol 15, as compared with alcohol 

5. Replacement of the phenyl group by the aromadc ring systems naphtyl and furyl (alcohols 14 

and 17, respectively) also leads to a decrease in Ε-value with both catalysts. The presence of the 

aromatic ring adjacent to the chiral center seems to be crucial for PPL, which is not the case for 

Mucor Esterase (compare results for l-phenyl-2-propanol 16 with those of 1-phenylethanol 5). 

Extremely bulky R2-substituents, such as adamantyl (alcohol 21) or norbom-5-en-2-yl (alcohols 

22a and 22b) strongly retard the reaction. The enantioselectivity, however, is positively affected 

by these substituents. 

These extensive studies, involving the transesterification of a great variety of secondary 

alcohols with quite different structural features, show that both PPL and Mucor Esterase are ver

satile biocatalysts for this purpose. Although the reaction rates in most cases are relatively low, 

the observed enantioselectivity is usually high enough to allow practical applications. In parti

cular, the convenience of the procedure makes resolutions with these enzymes attractive from a 

synthetic point of view. 

4.3 Experimental section 

General remarks 

Melting points were measured with a Reichert Theraiopan microscope and are uncorrec

ted. IR spectra were taken on a Perkin Elmer 298 infrared spectrophotometer. ^-NMR spectra 

were recorded on a Varían EM-390 or a Bruker WH-90 spectrometer with TMS as the internal 

standard. 19F-NMR measurements were carried out with a Bruker AM-400 spectrometer (no 

internal standard used). Capillary GLC analyses were performed using a HP (Hewlett Packard) 

5790A or a HP 5890, containing a cross-linked methyl silicone column (25m, Hewlett Packard). 

Column chromatography was performed using Merck Kieselgel 60-F254. For the determination 

of optical rotations a Perkin Elmer 241 Polarimeter was used. Porcine Pancreatic Lipase (PPL) 

was purchased from Sigma. Mucor Esterase was obtained as a gift from Gist-brocades, Delft, The 

Netherlands. Both enzymes were dried at reduced pressure (~0.02 mbar) during 4 h prior to use. 

The solvents used for the enzymatic resolutions were stored on molecular sieves 4Â (10% w/v). 

All glassware was oven dried before use. Substrates 1 - 3,5,6,10,11,16 and 20 were in stock or 

purchased from Aldrich. 
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Enzymatic transesterifìcation of l-phenylethanol (5) in methyl acetate: general procedure. 

Either PPL (600 mg) or Mucor Esterase (600 mg) was added to a solution of 5 (366 mg; 

3.0 mmol) in methyl acetate (15 ml). The suspension was stirred magnetically for 68 h at 40PC 

after which the enzyme was filtered off and washed with dichloromethane (3x8 ml). After 

removal of the solvents 1-phenylethyl acetate and remaining alcohol were separated by column 

chromatography (silicagel / hexane - ethyl acetate (5:1)). The acetate was hydrolyzed to the cor

responding alcohol by the procedure described by Cesti et α/.28 as follows: the acetate (164 mg; 

1.0 mmol) was stirred in a 1 M solution of sodium hydroxide in ethanol (4 ml) at room tempe

rature during 5 h, after which the ethanol was evaporated. The residue was taken up in water (5 

ml) and extracted with ether (4x5 ml). The combined extracts were dried (MgSC^) and concen

trated. Column chromatography (silicagel / hexane - ethyl acetate (5:1)) gave pure alcohol (+)-5 

in yields ranging from 85 - 90%. The optical rotations ([a]25

D)of both alcohols were measured 

under standard conditions (c 1,chloroform). 

The procedure at various temperatures and reaction times was the same as described 

above. The results are collected in Table 1. 

Multieram-scale resolution of l-phenylethanol (5). 

Mucor Esterase (12.5 g) was added to a solution of S (61.1 g; 0.5 mol) in methyl butyrate 

(310 ml). The suspension was stirred magnetically for 76 h at 60oC, after which the enzyme was 

filtered off, washed with ether (3x100 ml) and stored for further use. After removal of the sol

vents, the butyrate of (+)-5 and remaining alcohol (-)-5 were separated by careful distillation, fur

nishing 25.6 g (27%) of ester, bß 107.5 - 108oC at 6 torr (lit.73 119 - 1230C at 14 toir), still con

taining 1% of alcohol (-)-5 according to capillary GLC, and 39.0 g (64%) of alcohol, bß 83.5 -

84.50C at 6 torr (lit74 98 - 990C at 20 ton), contaminated with 1.5% of ester. A sample of alcohol 

(-)-5 was purified by column chromatography (silicagel/ hexane - ethyl acetate (5:1)) affording 

pure (-)-5, [a]25
D -19.1° (neat) (lit.60 [a]19

D +42.9° (neat)), ее 44%. 

Alcohol (+)-5 was obtained as follows: the butyrate of (+)-5 (25 g; 0.13 mol) was stirred 

for 6 h at room temperature in a 1 M solution of sodium hydroxide in ethanol (425 ml). Ethanol 

was evaporated, the residue was taken up in water (200 ml) and extracted with ether (4x125 ml). 

The combined extracts were dried (MgSO^ and concentrated. Distillation of the remaining liquid 

furnished 15.4 g (97%) of pure alcohol (+)-5, bß 66.5 - 670C at 2 torr, [a]25,, +42.5° (neat), ее 

>98%. 

A higher ее of alcohol (-)-5 was obtained by subjecting it to a second [on 30.5 g (0.25 

mol) scale] and a third [on 12.5 g (0.1 mol) scale] resolution following the same procedure as for 

racemic 5 and using recovered enzyme from the first and second resolution, respectively. In this 

manner, (-)-5 (10.5 g) with an ее of 95% was obtained, [a]2 5

D-40.7o (neat). 
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Substrates 7 - 9,14,17 -19,23 and 24 were prepared by Grignard reaction64. 

1-Phenyl-l-butanol (7): general procedure. 

A solution of benzaldehyde (10.6 g; 0.10 mol) in ether (50 ml) was slowly added at room 

temperature to a Grignard reagent (prepared from magnesium (3.0 g; 0.125 mol) and n-propyl 

bromide (15.4 g; 0.125 mol) in ether (50 ml)) in such a manner that a gentle reflux was main

tained. The reaction mixture was stirred over night at room temperature, then saturated NH4CI 

(125 ml) was slowly added at QPC. Stirring was continued for another 10 min. at room tempe

rature, then the aqueous layer was extracted with ether (2x50 ml). The combined extracts were 

successively washed with saturated N328205 (15 ml), saturated КаНСОз (15 ml) and water (2x25 

ml), dried on MgSC^ and concentrated. The residual oil was distilled to give 12.0 g (80%) of 7, 

bß 72 - 740C at 3.5 torr (lit.75 113 - 1150C at 17 toir). A sample was also purified by column 

chromatography (silicagel / hexane - ethyl acetate (12:1)). ¡ВХССЦ) ν: 3610(s), 3600-3200 (s,br), 

3080 / 3060 / 3030 (m), 2960 / 2930 / 2870 (s), 1950 / 1880 / 1805 (w), 1455 (s), 700 (s) cm 1 . 

^-NMRfCDCb) 5: 0.91 (3H, t, J=7.0Hz; CH2CH3), 1.15 - 1.54 (2H, m; CH2CH3), 1.55 - 1.89 

(2H, m; CH(OH)CH2), 2.00 (IH, s; OH), 4.67 (IH, t, J=6.5Hz; CH(OH)), 7.30 (m; 5ArH). 

1-Phenyl-1-pentanol (8). 

Prepared from η-butyl bromide (17.1 g; 0.125 mol) and benzaldehyde (10.6 g; 0.10 mol) 

affording 13.6 g (83%) of 8 (oil), b^ 69 - 710C at 1 torr (lit.76 124 - 1260C at 10 torr). A sample 

was also purified by column chromatography (silicagel/ hexane - ethyl acetate (12:1)). ІШССІд) 

ν: 3610 (s), 3600-3200 (s.br), 3080 / 3060 / 3030 (m), 2960 - 2920 / 2870 (s), 1950 / 1880 / 1810 

(w), 1455 (s), 700 (s) cm 1 . ^-NMRfCDCl·,)76 δ: 0.90 (3H, t, J=6.0Hz; CH2CH3), 1.15 - 1.52(4H, 

m; CH2CH2CH3), 1.62 - 1.87 (2H, m; CH(Qll)CHJ, 1.94 (IH, s; OH), 4.64 (IH, t, J=6.5Hz; 

CH(OH)), 7.32 (m; 5ArH). 

1-Phenyl-l-hexanol (9). 

Prepared from n-pentyl bromide (18.9 g; 0.125 mol) and benzaldehyde (10.6 g; 0.10 mol) 

affording 13.6 g (76%) of pure 9 (oil), bß 102 - 104oC at 2 torr (lit.77 170oC at 50 torr). П^ССЦ) 

ν: 3610 (s), 3550- 3250 (m.br), 3080 / 3060 / 3030 (m), 2960 / 2920 / 2860 (s), 1950 / 1880 / 

1810 (w), 1450 (m). 700 (s) cm 1 . ^-NMRfCDCb) δ: 0.87 (3H, t. J=6.0Hz; CH2CH3), 1.18 -

1.47 (6H, m; (CH^CHj), 1.62 - 1.82 (2H, m; СЩОЩСНг). 2.02 (IH, s; OH). 4.63 (IH, t, 

J=6.0Hz; CH(OH)), 7.29 (m; 5ArH). 

l-(2-Naphtyl)ethanol (14). 

Prepared from methyl iodide (5.7 g; 40 mmol) and 2-naphtaldehyde (5.0 g; 32 mmol) 

giving, after column chromatography (silicagel/ hexane - ethyl acetate (9:1)), 5.0 g (90%) of a 

white solid, шв 67 - 70oC Oit·78 71 - 720C). ІШССЦ) ν: 3610 (s), 3550 - 3250 (m.br), 3060 (s), 
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3020 (w), 2980 (s), 2930 / 2880 (w), 1450 (w), 860 (s) cm 1 . 1H-NMR(CDC13) δ: 1.56 (3H, d, 

J=6.5Hz; СНз), 2.09 (IH, s; OH), 5.04 (IH, q, J=6.5Hz; CH(OH)), 7.40 - 7.53 (m; ЗАгН), 7.73 -

7.86 (m;4ArH). 

l-(2-Furfuryl)ethanol (17). 

Prepared from methyl iodide (9.2 g; 65 mmol) and 2-furfuraldehyde (5.0 g; 52 mmol) fur

nishing, after column chromatography (silicagel / hexane - ethyl acetate (7:1)), 4.3 g (74%) of 17 

(oil). ШССІд) ν: 3610 (s), 3600 - 3100 (s.br), 2990 (s), 2930 / 2880 (m), 1740 (m) cm"1. 

'H-NMRCCDClj)79 δ: 1.52 (3H, d, J=6.5Hz; СЩ), 2.50 (IH, s; OH). 4.87 (IH. q, J=6.5Hz; 

CH(OH)), 6.21 (IH, d, J=3.5Hz; furan-Нз), 6.31 (IH, dd, J=3.5 and 1.0Hz; furan-H4), 7.37 (IH, d, 

J=1.0Hz; furan-Hj). 

l-(Cyclohexyl)ethanol (18). 

Prepared from cyclohexyl chloride (14.8 g; 0.125 mol) and acetaldehyde (4.4 g; 0.10 mol) 

affording 12.1 g (95%) of crude 18 (oil), Ьд 82 - 910C at 25 toir (lit.80 81 - 820C at 15 toir). 

Subsequent column chromatography (silicagel / hexane - ethyl acetate (5:1)) gave 9.6 g (75%) of 

pure 18 (oil). Ш(ССІ4) ν: 3610 (s), 3550 - 3250 (s.br), 2960 - 2900 / 2850 (s), 1450 (s) cm 1 . 

iHrNMRiCDClj)81 δ: 0.73 - 1.88 (12H, m; с-Суац and ОН). 1-16 (3H, d, J=6.0Hz; CH,), 3.54 

(IH, dq, J=6.0 and 6.0Hz; CH(OH)). 

l-(Cvclopentvltethanol (19). 

Prepared from cyclopentyl bromide (9.3 g; 62.5 mmol) and acetaldehyde (2.8 g; 62.5 

mmol) resulting, after column chromatography (silicagel / hexane - ethyl acetate (5:1)), in 2.8 g 

(41%) of pure 19 (oil). ШССЦ) ν: 3620 (s), 3550 - 3200 (s.br), 2980 - 2920 / 2860 (s), 1450 (s) 

cm 1 . ІШШЕ(СОСІз)8 2 δ: 1.20 (3H, d, J=6.0Hz; СНз),1.30 - 1.84 (ЮН, m; c-CjIi, and OH), 

3.57 (IH, dq, J=6.0 and 6.0Hz; CH(OH)). 

2-Phenyl-2-butanol (23). 

Prepared from bromobenzene (19.6 g; 0.125 mol) and 2-butanone (7.2 g; 0.10 mol) fur

nishing 11.2 g (75%) of 23 (oil), bp 86 - 880C at 10 torr (Ut.83 970C at 15 torr). A sample was 

purified by column chromatography (silicagel / hexane - ethyl acetate (9:1)). ШХССІд) ν: 3600 (s), 

3600 - 3200 (m,br), 3080 / 3060 / 3030 (m), 2970 / 2930 / 2880 (s), 1900 / 1880 / 1800 (w), 1445 

(s), 700 (s) cm 1 . ^-NMIUCDCl-,) δ: 0.79 (3H, t, J=7.5Hz; СН2СНз), 1.54 (3H, s; С(СНз)(ОН)), 

1.80 (IH, s(br); OH), 1.83 (2H, q, J=7.5Hz; CBjCHj), 7.15 - 7.51 (m; 5ArH). 

3-Methyl-3-hexanol (24). 

Prepared from 2-pentanone (4.1 g; 48 mmol) and ethyl bromide (6.5 g; 60 mmol) fur

nishing, after column chromatography (silicagel / hexane - ethyl acetate (7:1)), 4.5 g (81%) of 24 
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(oil). ¡RÌCCIA ν: 3610 (s), 3600 - 3200 (s.br), 2980 - 2870 (s.br), 1460 (s) cm 1 . 'H-NMIKCDCb) 

δ: 0.82 - 1.01 (6H, m; 2хСН2СНз), 1.16 (3H, s; СН(ОН)СНз), 1.27 (IH, s; OH), 1.31 - 1.62 (6H, 

m; ail CH2). 

Alcohols 12,15 and 21 were prepared by LiAlH4 reduction65 of the corresponding ketones. 

6.7.8,9-Tetrahvdro-5-H-benzocvclohepten-5-ol (12): penerai procedure. 

To a suspension of LÌAIH4 (1.5 g; 39 mmol) in ether (50 ml) a solution of benzosuberon 

(5.3 g; 33 mmol, obtained from Aldrich) in ether (50 ml) was slowly added in such a manner that 

a genúe reflux was maintained. The reaction mixture was stirred at room temperature for 2 h after 

which at 0oC water (3 ml), a 15% solution of potassium hydroxide (3 ml) and water (3 ml) were 

carefully added followed by MgSC^. After stirring for 1.5 h at room temperature, the solids were 

filtered off and washed with ether (3x50 ml). The organic solution was dried on MgS04 and 

concentrated to give 5.2 g (98%) of 12, пщ 99 - 100oC Git·84 100 - 10ГС). IR(CC14) ν: 3590 (s), 

3650 - 3200 (s,br), 3080 - 3000 (w), 2910 / 2850 (s), 1440 (m) cm 1. 'H-NMRiCDCl^ δ: 1.37 -

2.07 (7H, m; СЩОШСН^СН^з), 2.54 - 3.07 (2H, m; СЩОЩСНг), 4.90 (IH, dd, J=2.5 and 

5.0Hz; CH(OH)), 7.00 - 7.50 (m; 4ArH). 

l-(4-Methoxy-phenyl)ethanol (15). 

Prepared from 4-methoxy acetophenone (15.0 g; 0.10 mol) furnishing 15.2 g (100%) of 

pure 15. Ш(СС14) ν: 3610 (s), 3650 - 3150 (s,br), 3100 / 3070 / 3030 (w), 3000 - 2870 (s.br), 2835 

(s), 1610 (s), 1460 (s) cm'1. 'H-NMIKCPCl-,)85 δ: 1.44 (3H, d, J=6.5Hz; СН(ОН)СНз), 2.43 (IH, 

s; OH), 3.77 (3H, s; OCH3), 4.80 (IH, q, J=6.5Hz; CH(OH)), 6.84 (dt, J=8.5 and 2.5Hz; 2ArH), 

7.27 (dt, J=8.5 and 2.5Hz; 2ArH). 

l-(l-Adamantyl)ethanol (21). 

Prepared from 1-adamantyl methyl ketone (2.3 g; 13 mmol) furnishing after column 

chromatography (silicagel / hexane - ethyl acetate (7:1)) 1.5 g (98%) of 21, пщ 76 - 770C (lit.86 75 

- 760C). IR(CC14) ν: 3630 (m), 3600 - 3300 (w,br), 2980 - 2840 (s,br), 1450 (m) cm"1. 

'H-NMIKCDCl·,) δ: 1.10 (3H, d, J=6.5Hz; СН(ОН)СНз), 1.39 (IH, s(br); OH), 1,51 (6H, s(br); 

CHj), 1,67 (6H, s(br); CHj), 2.00 (3H, s(br); 30CHl, 3.30 (IH, q, J=6,5Hz; CH(OH)). 

2-Chloro-2-phenylethanol (4). 

This alcohol was prepared in a yield of 49% by reaction of HCl with epoxy styrene66, bj) 

72 - 730C at 0.15 toir (lit.66 860C at 1 torr). Щ (ССЦ) ν: 3600 (s), 3650 - 3200 (s.br), 3090 / 3060 

/ 3040 (s), 2960 / 2920 / 2870 (s), 1950 / 1870 / 1800 (w), 1450 (s), 1380 (s), 1250 (s), 1080 -

1020 (s.br), 700 (s) cm"1. 'H-NMR (CDCI3) δ: 2,45 (IH, s; OH), 3.87 (2H, d, J=7.0 Hz; CH2OH), 

4.90 (IH, t, J=7.0 Hz; CHC1), 7.33 (m; 5 ArH). 
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2-Bromo-l -yhenylethanol (13). 

This compound was prepared in a yield of 97% by КаВНд reduction of a-bromo-aceto-

phenone according to the procedure described by Hiratake et al?0 Column chromatography (sili-

cagel / hexane - ethyl acetate (9:1)) furnished 13 as a colourless oil which solidified upon 

standing at -10oC. IR(CC14) v: 3560 (s), 3600 - 3300 (m.br), 3080 / 3060 / 3020 (m), 2960 / 2880 

(m), 1950 / 1880 / 1800 (w), 1450 (m), 700 (s) cm"1. ÌH-NMRfCDCU)87·88 δ: 2.87 (IH, s(br); 

OH), 3.49 (IH, dd, J=8.0 and 10Hz; CH2Br), 3.63 (IH, dd, J=5.0 and 10Hz; CH2Br), 4.89 (IH, 

dd, J=5.0 and 8.0Hz; CH(OH)), 7.31 (m; 5ArH). 

2 -mdo-hydroxvmethyl-bicyclo[2 2.1 lhept-5-ene (26). 

This compound was synthesized according to literature procedures: Diels-Alder addition 

of acrylic acid and cyclopentadiene,67·68 endolexo separation by iodolactonisation69·70 followed 

by zinc / acetic acid reduction71 of the iodolactone gave pure endo-bicyclo[2.2.1]hept-5-ene 

2-carboxylic acid 25n in a overall yield of 77%. LÌAIH4 reduction65 of 25n afforded alcohol 26 in 

yield of 96%. ШХССЦ) ν: 3600 - 3200 (s,br), 3060 (m), 2980 - 2880 (s), 2860 (s), 1445 (m), 1030 

(s), 720 (s) cm 1 . ^-NMRCCDCb)65 δ: 0.33 - 0.57 (IH, m; H3(emfc>)), 1.13 - 1.45 (3H ,m; 2xH7) 

and OH), 1.73 (IH, ddd, 1=2.0, 5.0 and 12Hz; Я^ехо)), 1.97 - 2.37 (IH, m; H2(ezo)), 2.70 (IH, 

s(br); H! or H4), 2.87 (IH, s(br); Щ or H4), 3.03 (IH, dd, J=9.5 and 10Hz; CH2(OH)), 3.27 (IH, 

dd, J=7.0 and 9.5Hz; CH2(OH)), 5.87 (IH.dd, J=3.0 and 5.0Hz; H6)( 6.03 (IH, dd, J=3.0 and 

5.0Hz; H5). 

2-endo-formyl-bicvclo[2.2.1]hept-5-ene (27). 

Dimethylsulfoxide (5.6 g; 72 mmol) in dichloromethane (15 ml) was added in 5 min. to a 

stirred solution of oxalyl chloride (4.2 g; 33 mmol) in dichloromethane (75 ml) at -&УС . Stirring 

was continued at -60oC for 10 min. after which a solution of 26 (3.7 g; 30 mmol) in dichloro

methane (30 ml) was added in 5 min.. After stirring for 30 min. at -60oC triethylamine (15 g; 150 

mmol) was added in 5 min., then at room temperature water (90 ml) was added and stirring was 

continued for 30 min. The aqueous layer was extracted with dichloromethane (2x50 ml). The ex

tracts were successively washed with a 2 N HCl solution (75 ml), water(75 ml), saturated 

ЫаНСОз (75 ml), water (75 ml) and dried on MgS04. Evaporation of the solvent afforded a 

yellow oil which was purified by column chromatography (silicagel / hexane - ethyl acetate (9:1)) 

to give 2.6 g (71%) of a waxy solid. IR(CC14) v: 3060 (m), 2980 - 2940 (s), 2870 (s), 2810 (s), 

2710 (s), 1720 (s) cm 1 . ^-NMRfCDC^)89 δ: 1.27 - 1.69 (3H, m; 2xH7 and Udendo)), 1.91 (IH, 

ddd, J=4.0, 9.0 and 12Hz; Н3(ехо)), 2.82 - 3.02 (2H, m; H! or H4 and H2(exo)), 3.24 (IH, s(br); 

H 4 or H!), 6.00 (IH, dd, J=3.0 and 6.0Hz; H6), 6.24 (IH, dd, J=3.0 and 6.0Hz; H5), 9.42 (IH, d, 

J=3.0Hz; CHO). 
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2-enûo-(l-hvdroxyethyl)-bic\cloI2.2.11hept-5-ene (22a and 22b). 

A solution of 27 (2.2 g; 18 mmol) in ether (10 ml) was slowly added to a Grignard 

reagent, prepared from magnesium (0.54 g; 22 mmol) and methyl iodide (3.2 g; 22 mmol), in 

ether (30 ml) at room temperature in such a manner that a gentle reflux is maintained. The reac

tion mixture was stirred over night at room temperature, then at 0oC saturated NH4C1 (22 ml) was 

carefully added and stirring was continued at room temperature for another 10 min. The aqueous 

layer was extracted with ether (2x20 ml). The extracts were successively washed with saturated 

N328205 (15 ml) and dried on MgSC^. Evaporation of the solvent afforded 2.2 g (88%) of a pure 

colorless oil which, according to capillary GLC, consisted of diastereomers 22a and 22b (62:38). 

By comparison of the 90 MHz NMR spectrum with literature data90 structure 22a was assigned to 

the major diastereomer and structure 22b to the minor one. ЩССЦ) ν: 3620 (m), 3600 - 3100 

(s.br), 3060 (m), 2980 - 2920 (s), 2870 (s), 1450 (m) cm"1. 1H-NMR(CDCU) δ: (mixture of 22a 

and 22b) 0.50 and 0.93 (IH, m; Udendo)), 1.13 and 1.23 (3H, d, J=6.0Hz; CH3), 1.28 - 1.53 (2H, 

m; 2xH7), 1,63 - 2.13 (2H, m; Щехо) and Пъ(ехо)), 2.77 - 3.17 (3H, m; H^ H4 and CH(OH)), 

5.88 and 6.00 (IH, dd, J=3.0 and 5.5Hz; H6), 6.15 (IH, dd, J=3.0 and 5.5Hz; H5). 

Enzymatic transesterifìcation of substrates 1-24. 

Substrates 1 -24 were transesterified either by PPL or Mucor Esterase in methyl propio

nate as the solvent by the procedure described below. The alkaline hydrolyses of the propionates 

of alcohols 3 - 22b were carried out following the general procedure described below for 5. The 

essential data, such as reaction time, conversion, ee's, absolute configuration and enantiomeric 

ratio, are collected in Table 2. Optical rotations ([a]2 5^ are given below. 

Enzymatic transesterifìcation of l-phenyl-ethanol (5) and alkaline hydrolysis: general procedure. 

Molecular sieves 4Â (300 mg) and either PPL (600 mg) or Mucor Esterase (150 mg) were 

added to a solution of 5 (366 mg; 3.0 mmol) in methyl propionate (15 ml). The suspension was 

stirred magnetically for 68 h at 40oC after which enzyme and molecular sieves were filtered off 

and washed with dichloromethane (3x8 ml). After evaporation of the solvents, the propionate of 

(+)-5 and remaining alcohol (-)-5 were separated by column chromatography (silicagel / hexane -

ethyl acetate (5:1)). The propionate (178 mg; 1 mmol) was saponified at room temperature with a 

1 M solution of sodium hydroxide in ethanol (4 ml) during 5 h, after which the ethanol was eva

porated. The residue was taken up in water (5 ml) and extracted with ether (4x5 ml). The extracts 

were dried (MgSO^ and concentrated. Column chromatography (silicagel / hexane - ethyl acetate 

(5:1)) gave alcohol (+)-5. 
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Synthesis of the a-methoxy-a-trifìuoromethyl-a-vhenyl acetates: general procedure. '9l 

(+)-a-Methoxy-a-trifluoromethyl-a-phenylacetyl chloride (32 mg; 0.125 mmol) was 

added to a solution of 5 (12.2 mg; 0.10 mmol) and dry pyridine (10 drops) in carbon tetrachloride 

(10 drops). The reaction mixture was stirred over night at room temperature, then diluted with 

ether (5 ml) and washed successively with 2 M HCl (3 ml), brine (3 ml), saturated КаНСОз (3 

ml) and brine (3 ml) and finally dried on MgSC^. GLC showed that no starting material was 

present anymore. 

For compounds 10 to 12 and 21 to 22b the diastereomeric MTPA-esters were analyzed by 

capillary GLC, the ее was determined by integration of the respective signals. For all other com

pounds the MTPA-esters were dissolved in CDCI3 for 19F-NMR analysis. Ee's were determined 

by integration of the CF3 signals. When integration was not possible (either due to small impuri

ties which interfered with the CF3 signals or incomplete separation of the signals), ee's were 

determined by comparison of optical rotations with literature data (3,5,14,15 and 17). 

For compounds 4 and 13 the ee's were determined after conversion of the remaining 

alcohol and the propionate into the corresponding epoxides, as described by Itsuno et al.92. 

(/î)-2-bromo-l-phenylethanol (2.0 g; 10 mmol) in ether (10 ml) was stirred for 3 h with a 2 M 

solution of sodium hydroxide (10 ml) at 0oC. The aqueous layer was extracted with ether (3x10 

ml). The extracts were dried on MgS04 and concentrated. Column chromatography (silicagel / 

hexane - ethyl acetate(9:l)) gave 1.1 g (92%) of a colourless oil. ШСССЦ) ν: 3090 / 3060 / 3040 

(s), 2990 (s), 2910 (w), 1900 / 1880 / 1810 (w), 1450 (m), 880 (s), 700 (s) cm 1. 
1H-NMR(CDC13)

93 δ: 2.80 (IH, dd, J=2.5 and 5.5Hz; CHp), 3.14 (IH, dd, J=4.0 and 5.5Hz; 

CH20), 3.84 (IH, dd, J=4.0 and 2.5Hz; CHO), 7.31 (m; 5ArH). The propionate (1.3 g; 5 mmol) 

was stirred for 3 h at room temperature in a 1 M solution of sodium hydroxide in ethanol (15 ml). 

After 5 h the ethanol was evaporated, the residue was taken up in water (10 ml) and extracted 

with ether (4x10 ml). The extracts were dried on MgS04 and concentrated. Column chroma

tography (silicagel / hexane - ethyl acetate (9:1)) furnished 0.42 g (71%, not optimized) of pure 

(5)-epoxy styrene (oil). Spectral data were identical with those of (Ä)-epoxy styrène. Optical 

rotations of (/?)- and (S)-epoxy styrene are given below. 

2-Phenyl-l-propanol (3). 

PPL(4h): alcohol obtained from the propionate, [a]25
D -6.4° (c 1, CHCI3), -7.6° (neat), ее 48%, 

(S)-configuration; recovered alcohol, [a]25^ +13.6° (c 1, CHCI3), +15.5° (neat), ее 98%, 

(Ä)-configuration. 

Mucor(4h): alcohol obtained from the propionate, [a]25!) -2.4° (c 1.1, CHCI3), -2.7° (neat), ее 

17%, (^-configuration; recovered alcohol, [a] 2 5

D +3.3° (c 1, CHCI3), +5.6° (neat), ее 35%, 

(Ä)-configuration. 

Literature:94 for (/?); [a]20
D +15.75° (neat), for (5); [a]19

D -15.67° (neat). 
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2-Chloro-2-phenylethanol (4). 

PPL(4h): epoxide obtained from the propionate, [ a ] 2 ^ -4.1° (c 1.1, benzene), ее 10%, (^-confi

guration; epoxide obtained from the recovered alcohol, [ a ] 2 ^ +1.7° (c 1.2, benzene), ее 4%, 

(Ä)-configuration. 

Mucor(4h): epoxide obtained from the propionate, [ a ] 2 ^ -14.1° (c 1.0, benzene), ее 33%, 

(S)-configuration; epoxide obtained from the recovered alcohol, [a] 2 5

D +6.8° (c 0.9, benzene), ее 

16%, (Ä)-configuration. 

Literature:87 for (Ä)-epoxy styrene, [a]^ +42.2° (c 3.1, benzene), ее 95%. 

1-Phenylethanol (5). 

PPL(68h): alcohol obtained from the propionate, [а\™0 +54.8° (с 0.9, CHCI3), ее 97%, (tf)-confí-

guration; recovered alcohol, [α]25!)-44.6° (с 1, CHCI3), ее 79%, (5)-configuration. 

Mucor(68h): alcohol obtained from the propionate, [α] 2 5 !, +55.4° (с 1.1, CHCl·,), ее 98%, 

(Ä)-configuration; recovered alcohol, [aj^o -46.2° (с 1, CHCI3), ее 82%, (5)-configuration. 

Literature: An authentic sample purchased from Aldrich, [a] 2 3

D -41.3° (neat), ее 96% (cf. 

literature60, [a ] 1 9

D +42.9° (neat)), had an [a] 2 5 !, +54.2° (c 1, CHCI3). 

1 -Phenyl-1 -propanol (6). 

PPL(68h): alcohol obtained from the propionate, [ a ] 2 ^ +49.0° (c 1, CHCI3), +46.9° (c 1, 

acetone), ее 96%, (Ä)-configuration; recovered alcohol, [a]25
D -37.0° (c 1, CHCI3), -35.9° (c 

1.1, acetone), ее 78%, (^-configuration. 

Mucor(68h): alcohol obtained from the propionate, [a] 2 5

D +46.7° (c 0.8, CHCI3), +44.9° (c 0.7, 

acetone), ее 94%, (Ä)-configuration; recovered alcohol, [O^Q -14.3° (c 1.1, CHCI3), -13.7° (c 1, 

acetone), ее 29%, (^-configuration. 

Mucor(164h): alcohol obtained from the propionate, [ a ] 2 ^ +47.4° (c 1.1, CHCI3), ее 94%, 

(Ä)-configuration; recovered alcohol, [a]25!} -21.0° (c 1.1, CHCI3), ее 43%, (^-configuration. 

Literature:92 for (Л), [a]D +44.2° (acetone), ее 94%. 

1-Phenyl-1-butano! (7). 

PPL(68h): alcohol obtained from the propionate, [ a ] 2 ^ +49.8° (c 1, CHCI3), ее 93%, (Ä)-confi-

guration; recovered alcohol, [a]25!) -11.6° (c 1, CHCI3), -10.5° (c 5, benzene), ее 24%, (S)-confï-

guration. 

PPL(164h): alcohol obtained from the propionate, [ a ] 2 ^ +50.6° (c 1, СНСІз), ее 94%, (Ä)-confi-

guration; recovered alcohol, [aj^u -18.4° (c 1, CHCI3), -16.6° (c 4.9, benzene), ее 39%, 

(S)-configuration. 

Literature:92-95 (a) for (Ä), [a]D +43.4° (benzene), ее 96%; for (S), [a] D -41.3° (benzene), ее 

91%; (b) for (S), [a]D -45.2° (c 4.8, benzene), ее 100%. 
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l-Phenvl-l-pentanol (8). 

PPL(68h): alcohol obtained from the propionate, [а]75^ +40.3° (с 0.8, СНС13), ее 92%, (Ai-confi

guration; recovered alcohol, [a] 2 5

D -5.3 0 (с 1.1, СНСЦ), ее 14%, (^-configuration. 

PPL(164h): alcohol obtained from the propionate, [а]75^, +40.5° (с 1, CHClj), ее 91%, (Ä)-confi-

guration; recovered alcohol, [a]25
D-9.0° (c 1.1, CHCI3), -4.2° (neat), ее 24%, (S)-configuration. 

Literature:92 for (Л), [a]D +20.0° (neat), ее 100%. 

1-Phenyl-l-hexanol (9). 

PPL(68h): alcohol obtained from the propionate, [a] 2 5

D +34.6° (c 0.9, CHCI3), ее 93%, (Л)-сопП-

guration; recovered alcohol, [O^Q -7.1° (c 1, CHCI3), -5.8° (c 5.8, cyclopentane), ее 22%, 

(5)-configuration. 

PPL(164h): alcohol obtained from the propionate, [αΫ5^ +35.6° (с 1, СНСЦ), ее 92%, (Ai-confi

guration; recovered alcohol, \α\75

Ό -12.0° (с 1, CHCI3), -10.2° (с 5.3, cyclopentane), ее 34%, 

(S)-configuration. 

Literature:96 for (Я), [a]D +2.86° (с 5.71, cyclopentane), ее 13%. 

1-Indanol (10). 

PPL(68h): alcohol obtained from the propionate, [cc]2^ -29.8° (c 1.1, CHC13), ее 89%, (Ä)-confi-

guration; recovered alcohol, [O^-Q +28.8° (c 1.1, CHCI3), ее 89%, (^-configuration. 

Mucor(68h): alcohol obtained from the propionate, [a] 2 5

D -29.0° (c 1, CHCI3), ее 90%, 

(Ä)-configuration; recovered alcohol, [O^Q +27.2° (c 1, CHCI3), ее 90%, (S)-configuration. 

Literature:97 for (Л), [a] 3 0

D -29° (c 2, CHCI3), ее not specified; for (5), [(x]20

D +30° (c 2, CDCI3), 

ее not specified. 

1-Tetralol (11). 

PPL(68h): alcohol obtained from the propionate, [a] 2 5

D -31.3° (c 1.1, CHCI3), ее 91%, (Ä)-confi-

guration; recovered alcohol, [a]25
D +30.4° (c 1, CHCI3), ее 89%, (5)-configuration. 

Mucor(68h): alcohol obtained from the propionate, [ а р о -30.8° (с 1.1, CHCl·)), ее 92%, 

(Ä)-configuration; recovered alcohol, [cCpQ +27.2° (c 1.1, CHCI3), ее 83%, (^-configuration. 

Literature:98 for (Ä), [a]17
D -32° (c 2.5, CHCI3), ее not specified; for (5), [a] 1 7

D +32° (c 2.5, 

CHCI3), ее not specified. 

6,7,8,9-Tetrakvdro-5-H-benzocyclohepten-5-ol(l2). 

PPL(68h): alcohol obtained from the propionate, [ a ] 2 ^ +33.4° (c 1, CHCI3), ее 95%, (fl)-confi-

guration; recovered alcohol, [a] 2 5

D-13.8 0 (c 1, CHCI3), 48% ее, (^-configuration. 

Mucor(68h): alcohol obtained from the propionate, [a] 2 5

D +34.1° (c 1, CHCI3), ее 96%, 

(Ä)-configuration; recovered alcohol, [al^p -18.8° (c 1, CHCI3), ее 53%, (^-configuration. 

Literature:99 for (5), [a]D -26.6° (c 4, CHC13), ее not specified. 
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2-Bromo-l-phenvlethanol (13). 

PPL(68h): epoxide obtained from the propionate, [a]25^, -43.5° (c 0.8, benzene), ее 95%, 

©-configuration; epoxide obtained from the recovered alcohol, [OL]25^ +15.1° (c 3.5, benzene), 

+15.7° (c 0.7, benzene), ее 34%, (Ä)-configuration. 

PPL(164h): epoxide obtained from the propionate, [a]25!) -42.4° (c 3.8,benzene), ее 95%, 

(S)-configuration; epoxide obtained from the recovered alcohol, [α]25ο +21.0° (с 3.7, benzene), 

ее 47%, (fl)-configuration. 

Literature:87 for (Ä)-epoxy styrene, [a]25!, +42.2° (c 3.1, benzene), ее 95%. 

l-(2-Navhtylkthanol (14). 

PPL(68h): alcohol obtained from the propionate, [αΫ5^ +49.6° (с 1.1, CHClj), ее 89%, (Ai-confi

guration.; recovered alcohol, [a] 2 5

D -29.2° (c 1, CHCI3), ее 52%, (S)-configuration. 

Mucor(68h): alcohol obtained from the propionate, [αΫ5^ +49.1° (с 1.1, CHCI3), ее 88%, 

(Ä)-configuration.; recovered alcohol, [a]25
D-33.0o (с 1.1, CHClj), ее 59%, (^-configuration. 

Literature:78 for (Д), [a]D +55.8° (CHCI3), ее not specified. 

l-(4-Methoxv-phenyl)-ethanol (15). 

PPL(68h): alcohol obtained from the propionate, [ а Я о +52.1° (с 1, CHCI3), +43.6° (с 1.1, 

benzene), ее 87%, (Ä)-configuration; recovered alcohol, [ά]^ -41.9° (с 1.1, СНСЦ), -36.0° (с 

1.1, benzene), ее 72%, (^-configuration. 

Mucor(68h): alcohol obtained from the propionate, [a]^ +51.8° (c 1, CHCI3), +43.6° (c 1.1, 

benzene), ее 87%, (Ä)-conFiguration; recovered alcohol, [ct]2^ -37.2° (c 1.2, CHCI3), -30.4° (c 

1, benzene), ее 61%, (S)-configuration. 

Literature:100 for (Я), [a]D +50.3° (benzene), ее 100%. 

l-Phenyl-2-provanol (16). 

PPL(68h): alcohol obtained from the propionate, [a]25!) -35.1° (c 1, CHCI3), ее 84%, (Ä)-confi-

guration; recovered alcohol, [a]25!) +15.6° (c 1, CHCI3), +15.8° (c 4.7, benzene), ее 38%, 

(5)-configuration. 

Mucor(68h): alcohol obtained from the propionate, [a]25!) -39.3° (c 1.1, CHCI3), ее 94%, 

(Ä)-configuration; recovered alcohol, [а.]75^ +35.8° (с 1.1, CHCI3), ее 91%, (^-configuration. 

Literature:101 for (5), [a] 2 0

D +17.0° (c 5.8, benzene), ее 41%. 

l-(2-Furfuryl)ethanol (17). 

PPL(68h): alcohol obtained from the propionate, [ а р о +18.6° (с 1.1, CHCI3), ее 82%, (Ä)-confi-

guration; recovered alcohol, [a]25
D-14.4° (с 1.1, CHCI3), ее 63%, (5)-configuration. 

Mucor(68h): alcohol obtained from the propionate, [а] 2 5 !, +18.0° (с 1, CHCI3), ее 79%, 
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(Ä)-configuration; recovered alcohol, [ctpu-lZ.S0 (с 1.1, CHCI3), ее 55%, (5)-configuration. 

Literature:102 for (Ä). [«ID +5·0° (С 3.1, CHCl·,), ее 22%. 

l-(Cvclohexv[)ethanol (18). 

PPL(68h): alcohol obtained from the propionate, [а.]^ -3.4° (с 1.1, CHClj), ее 94%, (Ä)-confi-

guration; recovered alcohol, [а.]^ +2.8° (с 1.1, CHCI3), ее 71%, (^-configuration. 

Mucor(68h): alcohol obtained from the propionate, [a]25!) -3.0° (c 1, CHCI3), ее 89%, (Ä)-confi-

guration; recovered alcohol, [a]^ +1.4° (c 1.1, CHCI3), +2.3° (neat), ее 46%, (^-configuration. 

Literature:101 for (5), [a] 2 0

D +0.182 (1=0.1, neat), ее 35%. 

l-{C\cloDentvDethanol (19). 

PPL(68h): alcohol obtained from the propionate, [a] 2 5 !, -20.2° (c 0.9, CHCI3), ее 94%, (Ä)-confi-

guration; recovered alcohol, [a]25
D +12.2° (c 1, CHCI3), ее 54%, (S)-configuration. 

Mucor(68h): alcohol obtained from the propionate, [a]2 5,, -18.2° (c 1, CHCI3), ее 86%, 

(Ä)-configuration.; recovered alcohol, [a]25!) +10.9° (c 1, CHCI3), ее 59%, (S)-configuration. 

Literature: for this compound no optical rotations are known in the literature: absolute configura

tion based on comparison with compounds 5 to 18 and 20,21. 

2-Octanol (20). 

PPL(68h): alcohol obtained from the propionate, [a] 2 5

D -8.1° (c 1, CHCI3), ее 86%, (Ä)-confi-

guration; recovered alcohol, [a]25
D +7.9° (c 1.1, CHCI3), +8.9° (c 3.2, ethanol), ее 82%, (^-confi

guration. 

Mucor(68h): alcohol obtained from the propionate, [a] 2 5

D -7.9° (c 1.1, CHCI3), ее 85%, 

(/?)-configuration; recovered alcohol, [ а ] 2 ^ +6.2° (с 1, CHCI3), ее 69%, (5)-configuration. 

Literature:92 for (R), [a]D -5.86° (ethanol), ее 58%. 

l-(l-adamantyl)ethanol (21). 

PPL(68h): alcohol obtained from the propionate, [o.]^ +1.6° (c 0.4, CHCI3), ее >98%, («Konfi

guration; recovered alcohol, [ a ] 2 ^ -0.4° (c 1, CHCI3), ее 18%, (S)-configuration.; acetate of 

recovered alcohol, [a]2 5,, -3.3° (c 2.6, CC14). 

Literature:103 for the alcohol no optical rotations are available in the literature; acetate, for (R), 

[alD +18.1° (c 3.8, C a 4 ) , ее 97.7%. 
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CHAPTER 5 

PPL-CATALYZED RESOLUTION OF 1,2- AND 1,3-DIOLS IN METHYL PROPIONATE 
AS SOLVENT. AN APPLICATION OF THE TANDEM USE OF ENZYMES 

5.1 Introduction 
The utility of enzymes for regio- and/or enantioselective esterification of alcohols in 

organic media is well documented in the literature1. It is generally known2"10, that the enzyme-

catalyzed esterification of primary alcohols takes place at a much higher rate than that of secon

dary alcohols. This feature is of special importance for the regioselective acylation of the primary 

hydroxy group of 1,2- and 1,3-diols, because conventional methods8 always produce a mixture of 

primary and secondary esters, which are usually difficult to separate. Moreover, conventional 

methods often give a considerable amount of diacylated product. In addition to the regioselective 

behavior, enzymes also may be able to discriminate between enantiomeric diols, which conven

tional methods cannot. 

In 1984, Cambou and Klibanov7 reported the esterification of 1,2-butanediol catalyzed by 

Candida Cylindracea Yeast Lipase (CCL) in a biphasic system which consisted of a phosphate 

buffer (pH 8.0) and tributyrin as the matrix ester. In this system, the primary alcohol is esterified 

with a high degree of regio- and enantioselectivity. Recently, Oehlschlager et al.9 found that the 

acylation of some alifatic di- and triols, catalyzed by PPL in ether or tetrahydrofuran as the reac

tion medium and using acetic- or butyric anhydride as the acyl donor, takes predominantly place 

at the primary alcohol. It was also reported that some enantioselectivity is observed when the 

PPL-catalyzed esterification of 1,3-butanediol, employing trifluorocthyl butyrate as the acylating 

agent, proceeds past monoacylation. In 1985, Klibanov et al.s described the PPL-catalyzed trans-

esterification of a series of 1,2- and 1,3-diols in organic solvents, such as ethyl acetate, propionate 

or butyrate, which serve as acylating agent as well. With these solvent-ester combinations the pri

mary alcohol is esterified exclusively. However, it is of importance to note that the enantioselecti

vity of these reactions has not been investigated. The enzyme-catalyzed esterification of 1,2- and 

1,3-diols, using alkyl carboxylates as reaction medium has barely been investigated ever since. 

The only other example10 of regioselective lipase-catalyzed esterification of a 1,3-diol in an alkyl 

carboxylate as solvent, is the Chromobacterium Viscosum-catalyzed esterification of enantiopure 

chloramphenicol in methyl acetate. 

In Chapter 4, the PPL-catalyzed resolution of a series of primary and secondary alcohols 

in methyl propionate as solvent is reported11. It was found, that chiral primary alcohols are este-
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rified rapidly, albeit with a low enantioselectivity, while chiral secondary alcohols are esterified 

at a low rate, but in a highly enantioselective manner. These results were a stimulus to investigate 

the catalytic activity of PPL toward chiral diols in an organic medium which serves as acylating 

agent as well. The chiral diols studied contain besides a primary hydroxy group either a secondary 

or tertiary alcohol function at the stereogenic center, so both the regio- and enantioselectivity of 

the transesterification reaction can be evaluated. For this purpose, a series of 1,2-diols, viz. 1 - 6, 

and a 1,3-diol, viz. 7 (Chart 1), were selected and subjected to a PPL-catalyzed esterification in 

methyl propionate. The results of these enzymatic transesterifications will be presented in this 

chapter. 

Chart 1 

r^ OH 

OH 

OH 

OH 

OH 

OH 

OH 

OH 

OH 

OH 

V4! 
OH OH 

5.2 PPL-catalyzed resolution of diols 1 - 7 
First, the PPL-catalyzed resolution of l-phenyl-l,2-ethanediol 1 was studied in methyl 

propionate as solvent at 40oC in the presence of molecular sieves 4Â (Scheme 1). After incu

bation for 4 h, a GLC-analysis revealed that the reaction mixture consisted of monoester and 

Scheme 1 
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remaining diol only. No diester could be detected. After separation of monoester and diol, a 400 

MHz ^-NMR-analysis of the former showed that only estenfication of the primary alcohol func

tion had occurred to give propionate (-)-8. This propionate was then hydrolyzed12 with sodium 

hydroxide in ethanol to give diol (—)-l. The same procedure as described for diol 1 was applied to 

diols 2-7. The results of these reactions are collected in Table 1. Without exception the propion-

Table 1: PPL-catalyzed transesterification of 1,2- and 
1,3-diols in methyl propionate.8 

substr. 

1 

2 

3 

4 

5 

6 

7 

monoesterb'c 

eep"1·6 config.e 

36 

24 

16 

11 

9 

10 

8 

R 

R 

R 

R 

R 

R 

R 

diol 

ее/-

25 

18 

21 

30 

26 

23 

59 

conv.f 

41 

43 

58 

72 

74 

69 

88 

E« 

2.7 

1.9 

1.7 

1.6 

1.5 

1.5 

1.8 

a. reaction conditions- 4 0 mmol of substrate, 20 ml of methyl propionate 
800 mg of PPL, 400 mg of molecular sieves 4Â, 40oC, 4 h For details 
see the experimental section. 

b. less than 1 % of diester is present, as was determined by capillary GLC. 
с no secondary ester is present, as was determmed by 90 or 400 MHz 

H-NMR (see the experimental section) 
d. enantiomeric excess (m %) of the diol obtained by hydrolysis of the en-

zymatically produced monoester (eeJ) or of the recovered diol (ees) 

e. determined by comparison of the optical rotation with literature data 
(see the experimental section) 

f. conversion (in %) calculated according to the formula conv = ee s / 
(ee s + eepHref 13) 

g. enantiomeric ratio calculated according to the formula 
E = In (1 - conv (1 + eep)) / In (1 - conv (1 - евр)) (ref 13) 

ate of the primary alcohol was formed exclusively. Less than 1% of diester is present, as was 

determined by capillary GLC. These results show the excellent regioselectivity displayed by the 

biocatalyst PPL. The enantioselectivity of these transesterification reactions, however, was dis

appointingly low, as indicated by the enantiomeric ratios E. With regard to the stereochemistry, 

for all substrates the enantiomer having the (Ä)-configuration was esterified preferentially by 

PPL. The rate of esterification increased in the change from aromatic diols 1 and 2 to diol 6. 

1,3-Butanediol 7 was transesterified at an even higher rate than the 1,2-diols. 
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Structural evidence for the formation of a primary propionate is given for 1,2-decanediol 

monopropionate (Figure 1). According to the Strehlow incremention rules14, for Hj a δ-value of 

δ 3 93^ ?. 0440 

δ 4 16 
δ 369 

^ 
Figure 1 

4.16 ppm and for Hj a δ-value of 3.93 ppm is calculated. In the actual 'H-NMR spectrum these 

protons are positioned at δ 4.05 and δ 3.83 ppm, respectively, which is in good agreement with the 

calculated chemical shifts. Similar calculations performed for the secondary propionate, show that 

H, should be positioned at δ 3.69 ppm and H2 at δ 4.40 ppm, which contradicts the experimental 

δ-values. 

5.3 Tandem use of enzymes 

It is known in the literature15"21, that the enantiomeric preference of enzymes displayed 

under non-aqueous conditions is not altered under hydrolytic conditions. When the esterification 

of a certain enantiomer of an alcohol is preferentially catalyzed by an enzyme in organic media, 

then the hydrolysis of the ester of the same enantiomer will be preferentially catalyzed in aqueous 

media. This principle provides a tool to enhance the enantiomeric purity of the (Ä)-enantiomer of 

diol 1, viz. by subjecting the optically enriched propionate (-)-8 to a subsequent enzyme-cata

lyzed hydrolysis (Scheme 2). For this purpose, three biocatalysts were considered as the tandem 

Scheme 2 
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enzyme, viz. PPL, Mucor Esterase and Pig Liver Esterase (PLE). Optically enriched (-)-8 (ее 

44%) was obtained by a PPL-catalyzed resolution of diol 1 in methyl propionate at room tempe

rature. The results of the subsequent enzymatic hydrolyses are collected in Table 2. This table 

shows that at pH 7.0 a rapid hydrolysis of the ester is attained with all enzymes. Especially with 

Mucor Esterase as the catalyst (entry 1), the enantiomeric excess of the diol (-)-l (eCp) increased 

considerably. The hydrolysis of propionate (-)-8 catalyzed by Mucor Esterase at pH 9.0 (entry 2) 

took place at a much lower rate24 and did not give an improvement of the enantiomeric punty of 

diol (-)-l, as compared with the hydrolysis at pH 7.0. From these results it may be concluded, 

that the ее of diol (-)-l can be enhanced by a tandem use of enzymes. 

Table 2: Enzymatic hydrolysis of optically enriched 2-hydroxy-2-phenyl-l-ethyl 
propanoate (ее 44%).a 

entry enzyme 
(amounts) 

1 

2 

3 

4 

Mucor 
(lOOmg) 

Mucor 
(100mg) 

PPL 
(200mg) 

PLE 
(200μ1) 

pH 

7.0 

9.0 

7.0 

7.0 

time, 
min. 

70 

250 

80 

25 

diol 

[ o O V ttf* 

-29.0(12.51) 

-28.7 (c 1.85) 

-24.7 (c 3.13) 

-25.2 (c 2.11) 

73 

72 

62 

64 

con-
fig.d 

R 

R 

R 

R 

remaining ester 

[ a l V ee^«1 

-4.1 (c 2.75) 

-10.5 (c 3.04) 

-10.3 (c 2.92) 

-7.2 (c 3.05) 

10 

27 

26 

18 

con-
fig.d 

R 

R 

R 

R 

conv.e 

54 

38 

50 

57 

a reaction conditions 2 0 mmol of substrate with starting enantiomeric excess (ee0) 44%, (Ä)-configuraüon, 40 ml of 0 05 M 
phosphate buffer, room temperature For details see the experimental section 

b optical rotation (in degrees) in ethanol 

с enantiomeric excess (in %) of the diol (ee_) or of the diol obtained by hydrolysis of the recovered monoester (ее.) 
oc ^s 

d determined by companson of the optical rotation with the literature for (R). [Ot] Q —39 6 (c 2 44, ethanol), for (S), [01] ¡j 
+39 3° (c 3 13. ethanol) (réf. 22) 

e conversion (m %) calculated according to the formula conv = ( (—ees) + ee0) / ( (—ees) + eCpXref 13 and 23) 

The results presented in this chapter clearly show that PPL is a very efficient catalyst for 

the regioselective esterification of the primary alcohol function of 1,2- and 1,3-diols in methyl 

propionate as solvent. Although the enantioselectivity displayed by the biocatalyst in these reac

tions is moderate, the antipode that is preferentially esterified can be obtained with satisfactory 

enantiomeric purity by a tandem use of enzymes, i.e. by subjecting the enzymatically produced 

monoester to a subsequent enzyme-catalyzed hydrolysis. 
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5.4 PPL-catalyzed resolution of diol 1 in a chiral solvent 

Recently, Griengl et al.25 showed that the efficiency and the enantiomeric preference of 

enzymes during the esterification of alcohols can be influenced by using a chiral acylating agent. 

For example, resolution of (Ä,5)-2-octanol using CCL as the biocatalyst and ethyl (Ä)-2-chloro-

propionate as the acyl donor leads to the formation of (S)-2-octyl (Ä)-2-chloropropionate with a 

diastereomeric excess (de) of 10%. When ethyl (S)-2-chloropropionate is employed as the acy

lating agent, the (Ä,S)-ester is formed with a de of 24%. 

In order to improve the efficiency of the PPL-catalyzed resolution of 1-phenyl-1,2-ethane-

diol 1, commercially available (S)-(-)-ethyl lactate was used as solvent as well as acyl donor. 

However, after a reaction time of 20 h at room temperature, capillary GLC and TLC showed that 

no reaction had taken place. It is therefore concluded, that this solvent is not suitable for the reso

lution of 1-phenyl-l,2-ethanediol. 

5.5 Experimental section 

General remarks 

Ή-ΝΜΚ spectra were recorded on a Bruker WH-^0 (90 MHz) or a Braker AM-400 (400 

MHz) spectrometer with TMS as the internal standard. GLC-analyses were performed using a HP 

(Hewlett Packard) 5790A or a HP 5890, containing a cross-linked methyl silicone column (25 m, 

Hewlett Packard). Column chromatography was performed using Merck Kieselgel 60 F254. For 

the determination of optical rotations a Perkin Elmer 241 Polarimeter was used. Porcine Pan

creatic Lipase (PPL) and Pig Liver Esterase (PLE) were purchased from Sigma. Mucor Esterase 

was obtained as a gift from Gist-brocades, Delft, The Netherlands. PPL was dried at reduced 

pressure (~0.02 mbar) during 4h prior to use. The solvents used for the enzymatic resolutions 

were stored on molecular sieves 4Â (10% w/v). All glassware was oven dried before use. Sub

strates 1 - 7 were either in stock or purchased from Janssen Chimica. 

PPL-catalyzed transesterification of l-yhenyl-l 2-ethanediol, ffl-l: general procedure. 

PPL (800 mg) and molecular sieves 4Â (400 mg) were added to a solution of (±)-l (0.56 

g; 4.0 mmol) in methyl propionate (20 ml). The suspension was stirred at 40oC for 4 h, then the 

solids were filtered off and washed with ether (3x10 ml). GLC-analysis of the filtrate showed the 

presence of starting material and of monoester. No diester could be detected. After evaporation of 

the solvents, the monoester and remaining diol were separated by column chromatography (sili-

cagel / pet. ether 60-80oC - ethyl acetate (2:1) -» (1:2)), giving 0.32 g (57%) diol and 0.32 g 

(41%) monoester. The optical purity of the monoester was determined after alkaline hydrolysis 

according to the procedure of Cesti et al.12: the monopropionate (0.32 g; 1.6 mmol) was stirred 

overnight in a 1 M solution of sodium hydroxide in ethanol (5 ml) at room temperature. After 

evaporation of the ethanol, the residue was taken up in water (5 ml) and extracted with ether (4x5 
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ml). The combined extracts were dried on MgSC^ and concentrated. The residue was chromato-

graphed (silicagel / pet. ether 60 - 80oC - ethyl acetate (2:1) —» (1:2)) affording chemically pure 

diol. 

The PPL-catalyzed resolution of 1,2-diols 2 - 6 and 1,3-diol 7 was carried out in the same 

manner as described for (±)-l. The relevant data of these reactions are collected in Table 1. 

^-NMR-spectra of the monoesters, optical rotations as well as literature data are given below. 

1-Phenvl-l,2-ethanediol (1). 

Resolution: diol obtained by alkaline hydrolysis of the propionate, [a] 2 5

D -14.5° (c 2.1, H2O), ее 

36%, (fl)-configuration; recovered diol, [a]^ +10.1° (c 2.9, fyO), ее 25%, (^-configuration 

(lit.26 for (Л), [a] 2 4

D -40.5° (c 2.8, H20), ее 100%; for (5), [a]2 4,, +40.7° (c 3.3, H20), ее 100%). 

Monoester: 'H-NMR (СОС1з,400 MHz) δ: 1.15 (3Η, t, J = 7.6 Hz; -CHj), 2.38 (2H, q, J = 7.6 Hz; 

-СН2СНз), 2.60 (IH, s(br); -OH), 4.17 (IH, dd, J = 8.4 and 12.6 Hz; -CH20-), 4.29 (IH, dd, J = 

3.3 and 12.6 Hz; -СНгО-), 4.96 (IH, dd, J = 3.3 and 8.3 Hz; -CH(OH)-), 7.31 - 7.41 (5H, m; 

5ArH). 

2-Phenyl-l .2-propanediol (2). 

Resolution: diol obtained by alkaline hydrolysis of the propionate, [a] 2 5

D -2.2° (c 3.7, ether), ее 

24%, (^-configuration; recovered diol, [a]25^ +1.6° (c 4.2, ether), ее 18%, (S)-configuration 

(lit.27 for (5), [a] 2 2

D +8.99° (c 5.8, ether), ее 100%). 

Monoester: ^-NMR (CDCI3,90 MHz) δ: 1.09 (3H, t, J = 7.0 Hz; -СН2СНз), 1.57 (3H, s; -СНз), 

2.33 (2H, q, J = 7.0 Hz; -CH2CH3), 2.63 (IH, s; -OH). 4.20 (IH, d, J = 11 Hz; -CH20-), 4.34 (IH, 

d, J = 11 Hz; -CHjO-), 7.24 - 7.53 (5H, m; 5ArH). 

1,2-Decanediol (3). 

Resolution: diol obtained by alkaline hydrolysis of the propionate, [a] 2 5

D +1.9° (c 0.5, methanol), 

ее 16%, (fl)-configuration; recovered diol, [a] 2 5

D -2.6° (c 0.5, methanol), ее 21%, ^-configura

tion flit.28 for (S), [a] 2 2

D -11.9° (c 0.43, methanol), ее not clearly indicated but between 94 and 

100%). 

Monoester: ^-NMR (CDCI3, 400 MHz) δ: 0.88 (3H, t, J = 6.8 Hz; -Ql·,), 1.16 (3H, t, J = 7.6 Hz; 

-СОСН2СНз), 1.27 - 1.36 (UH, m; alifatic chain), 1.44 - 1.49 (3H, m; alifatic chain), 2.02 (IH, 

s(br); -OH). 2.38 (2H, q, J = 7.6 Hz; -COOkOty, 3.83 (IH, m; -CH(OH)-), 3.96 (IH, dd, J = 7.3 

and 11.4 Hz; -CHp-), 4.15 (IH, dd, J = 3.0 and 11.4 Hz; -CH20-). 

1.2-PentanedioI(4). 

Resolution: diol obtained by alkaline hydrolysis of the propionate, [aj^p +1.9° (c 2.4, ethanol), 

ее 11%, (Ä)-configuration; recovered diol, [а.]25^ -4.8° (с 1.6, ethanol), ее 30%, (^-configuration 

(Ut.29 for (S), [ а р и - І б . І 0 (с 3, ethanol), ее 100%; lit.30 for (Я), [a]D +16.2° (с 14, ethanol)). 
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Monoester: 'H-NMR (CDCI3,400 MHz) δ: 0.94 (3H, t, J = 3.5 Hz; -CH,), 1.16 (3H, t, J = 7.6 Hz; 

-СОСНгСНз), 1.39 - 1.51 (4H, m; alifatic chain), 2.09 (IH, s(br); -OH). 2.38 (2H, q, J = 7.6 Hz; 

-СОСН2СНз), 3.86 (IH, m; -CH(OH)-), 3.97 (IH, dd, J = 7.4 and 11.3 Hz; -CH20-), 4.15 (IH, 

dd, J = 3.0 and 11.3 Hz; -CH20-). 

l,2-Butanediol(S). 

Resolution: diol obtained by alkaline hydrolysis of the propionate, [a]25!} +1.2° (c 1.5, ethanol), 

ее 9%, (Ä)-configuration; recovered diol, [аі^ц -3.2° (с 1.4, ethanol), ее 26%, (^-configuration 

(lit.31 for (R), [a ] 2 0

D +11.92° (c 2.1, ethanol), ее 96%; lit.32 for (R), [a] 2 1

D +12.4° (c 2.1, ethanol), 

ее 100%; for (S), [a] 2 2

D -12.87° (с 2.5, ethanol), ее 100%). 

Monoester: 'H-NMR (CDCI3.400 MHz) δ: 0.99 (3H, t, J = 7.5 Hz; -CH3), 1.16 (3H. t. J = 7.6 Hz; 

-СОСН2СНз), 1.49 - 1.55 (2H, m; -СЩСНз), 2.08 (IH, s(br); -OH). 2.38 (2H, q, J = 7.6 Hz; 

-СОСН2СНз), 3.77 (IH, m; -CH(OH)-), 3.98 (IH, dd, J = 7.2 and 11.4 Hz; -CH20-), 4.16 (IH, 

dd, J = 3.1 and 11.4 Hz; -O^O-). 

1.2-Propanediol (6). 

Resolution: diol obtained by alkaline hydrolysis of the propionate, [a]25!) -3.2° (c 0.8, chloro

form), ее 10%, (Ä)-configuration; recovered diol, [ a ] 2 ^ +7.1° (c 1.0, chloroform), ее 23%, 

(^-configuration (lit.33 for (Ä), [a]D -28.6° (chloroform), -14.9° (neat). Maximal value found34 

for (R), [al^u +16.44° (neat) so [a]Dim„ (calculated) -31.6° (chlorofoim)). 

Monoester: ^-NMR (CDCI3, 400 MHz) δ: 1.16 (3H, t, J = 7.6 Hz; -СН2СНз), 1.21 (3H, d, J = 

6.3 Hz; -CH3), 2.26 (IH, s(br); -OH), 2.39 (2H, q, J = 7.6 Hz; -СНгСНз), 3.94 (IH, dd, J = 7.2 

and 11.0 Hz; -CH20-)p 4.01 - 4.08 (IH, qdd, J = 3.1, 6.3 and 7.2 Hz; -CH(OH)-), 4.11 (IH, dd, J = 

3.1 and 11.0 Hz;-CH20-). 

1,3-Butanedioin). 

Resolution: diol obtained by alkaline hydrolysis of the propionate, [ a ] 2 ^ -2.4° (c 1.7, ethanol), 

ее 8%, (Ä)-configuration; recovered diol, [ α ] 2 ^ +17.3° (с 1.1, ethanol), ее 59%, (^-configuration 

(lit.35 for (Ä), [a]D -29° (c 1, ethanol), ее 100%; for (S), [a]D +29° (с 1, ethanol), ее 100%). 

Monoester: 'H-NMR (CDCI3, 400 MHz) δ: 1.15 (3H, t, J = 7.6 Hz; -СН2СНз), 1.23 (3H, d, J = 

6.2 Hz; -CH,), 1.68 - 1.80 (2H, m; -CH2-), 2,16 (IH, s(br); -OH). 2.34 (2H, q, J = 7.6 Hz; 

-СНгСНз), 3.88 (IH, m; -CH(OH)-), 4.13 (IH, ddd, J = 5.6,5.7 and 11.3 Hz; -СНгО-), 4.35 (IH, 

ddd, J = 5.2, 8.3 and 11.3 Hz; -CH20-). 

PPL-catalyzed resolution of 1-phenyl-l.2-ethanediol (±)-l at room temperature. 

PPL (5.0 g) and molecular sieves 4Â (5.0 g) were added to a solution of (±)-l (6.9 g; 50.0 

mmol) in methyl propionate (250 ml) and the suspension was stirred for 20 h at room tempe

rature. Then the solids were filtered off and washed with ether (3x50 ml). After evaporation of the 
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solvents, the products were separated by column chromatography (silicagel / pet ether 60 - 80oC -

ethyl acetate (2:1) -* (1:2)) to give 2.7 g (28%) of propionate (-)-8 and 3.8 g (55%) of diol (+)-l, 

[a] 2 5

D +8.4° (c 3.0, ethanol), ее 21%, (^-configuration (lit.22 for (5), [aj^u +39.3° (c 3.13, etha

nol)). A small amount of the propionate was converted to the corresponding diol by alkaline 

hydrolysis12 affording pure (-)-l, [а]25^, -17.5° (с 2.9, ethanol), ее 44%, (^-configuration Qit.22 

for (Л), [a] 2 5

D -39.6° (с 2.44, ethanol)). 

This resolution has also been carried out under the above described conditions using 

(S)-(-)-ethyl lactate as the solvent. However, after 20 h no reaction had taken place as was shown 

by capillary GLC and TLC. 

Enzymatic hydrolysis of optically enriched 2-hydroxy-2-phenyl-1-ethyl propanoate (-)-8,· cenerai 

procedure. 

A suspension of (-)-8 (401 mg; 2.0 mmol; ее 44%) in a 0.05 M phosphate buffer (40 ml) 

at pH 7.0 was incubated with Mucor Esterase (100 mg) and stirred at room temperature. The 

hydrolysis was monitored by titration with a 0.25M sodium hydroxide solution, maintaining the 

pH constant at 7.0 by using a pH-stat. After addition of 0.5 equivalents of the sodium hydroxide 

solution.the reaction was stopped by extraction of the products with dichloromethane (3x30 ml). 

The combined extracts were dried on MgS04 and concentrated. The residue gave on chromato

graphy (silicagel / pet. ether 60 - Si^C - ethyl acetate (2:1) -» (1:2)) 68 mg (24%) of diol and 180 

mg (45%) of remaining monopropionate, which was converted into diol by alkaline hydrolysis12. 

This enzymatic hydrolysis has also been carried out using either PPL or PLE as the cata

lyst at pH 7.0 and with Mucor Esterase at pH 9.0 The results of these experiments are collected in 

Table 2. 
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CHAPTER 6 

MUCOR ESTERASE-CATALYZED RESOLUTION OF PHENYL-1,2-ETHANEDIOL 
AND l-PHENYL-2-PROPANOL IN METHYL PROPIONATE AT VARIOUS 

pH-VALUES 

6.1 Introduction 
In 1985, Klibanov et al.1 reported that the rate of the PPL-catalyzed transesterification 

reaction of tributyrin and heptanol in organic media strongly depends on the pH of the aqueous 

solution from which the enzyme has been precipitated. It appears that the catalytic behavior of the 

enzyme in organic media is as if it were at the pH of the last aqueous solution the enzyme has 

been exposed to. These observations were reasons to study the effect of the pH on the reaction 

rate and the enantioselectivity displayed by Mucor Esterase during the transesterification of chiral 

alcohols in methyl propionate. For these studies two substrates were selected, viz. 1-phenyl-1,2-

ethanediol 1 and l-phenyl-2-propanol 2. The results obtained with both substrates will be pre

sented in this chapter. 

6.2 Mucor Esterase-catalyzed resolution of l-phenyl-l,2-ethanediol 
First, the Mucor Esterase-catalyzed resolution of 1-phenyl-1,2-ethanediol 1 was studied in 

methyl propionate as solvent at 40oC and in the presence of molecular sieves 4Â (Scheme 1). For 

Scheme 1 

Mucor Esterase 

Methyl propionate 

O ^ ^ 

OH 

(-)-3 

NaOH / EtOH 

OH 

(+)-1 

OUJH 

OH 
(-)-i 

this reaction Mucor Esterase was used which was precipitated at pH-values ranging from 6.0 - 9.0 

at intervals of 0.5 pH-units. After 4 h of reaction, a GLC-analysis revealed that the reaction mix-
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ture consisted of remaining diol and monoester. No diester could be detected. After separation of 

the diol from the monopropionate, a ^-NMR-analysis of the latter showed that only propionate 

(-)-3 was formed in the transesterification reaction (see also Chapter 5, section 5.2). This mono

propionate was hydrolyzed2 with sodium hydroxide in ethanol to give diol (-)-l. The results of 

the reactions employing Mucor Esterase at various pH-values are collected in Table 1. The data in 

Table 1: Mucor Esterase-catalyzed resolution of 1-phenyl-1,2-ethanediol 1 at various 

pH-values.a 

entry 

1 

2 

3 

4 

5 

6 

7 

рн 

6.0 

6.5 

7.0 

7.5 

8.0 

8.5 

9.0 

monoesterb'c 

M V 

-9.7 (c 3.0) 

-9.0 (c 3.1) 

-9.4 (c 3.0) 

-9.7 (c 2.9) 

-11.3 (c 2.9) 

-12.7 (c 3.0) 

-15.4 (c 2.4) 

eep

e-f 

25 

23 

24 

25 

29 

32 

39 

config.f 

R 

R 

R 

R 

R 

R 

R 

diol 

M V 

+20.1 (c 3.0) 

+20.3 (c 2.8) 

+20.8 (c 2.5) 

+19.8 (c 3.0) 

+17.9 (c 3.0) 

+16.2 (c 3.0) 

+13.2 (c 3.0) 

eeB

e'f 

51 

52 

53 

50 

45 

41 

34 

conv.8 

67.5 

69.5 

69.0 

68.5 

61.5 

56.0 

46.5 

Eh 

2.6 

2.5 

2.6 

2.6 

2.7 

2.8 

3.1 

a. reaction conditions 4 0 mmol of 1, 20 ml of methyl propionate, 200 mg of Mucor Esterase, 400 mg of molecular 

sieves 4A, 40oC, 4h For details· see the experimental section 

b no diester is present, as was determined by capillary GLC 

с only Haces of secondary ester are present, as was deteimined by 90 MHz H-NMR (see the experimental section). 

d optical rotation (in degrees) m ethanol 

e. enantiomeric excess ( m %) of the alcohol obtained by hydrolysis of the monoester (ее.) or of the recovered alcohol 

<«s) 

f determined by comparison of the optical rotation with the literature for (Ä), [ОС] D —39 6° (c 2 4, ethanol), for (S), 

[ a ] 1 3

D +39 3° (c 3 1, ethanol) (ref 3) 

g conversion (in %) calculated according to the formula conv = ee s / (ees + ec.) (ref 4) 

h enantiomeric ratio calculated according to the formula E = In (1 — conv (1 + ec-)) / In (1 — conv (1 — e O ) (ref 4). 

this table show, that Mucor Esterase predominantly catalyzes the esterification of the primary 

hydroxy group of diol 1. The rate of esterification is strongly affected by the pH of the catalyst. 

An optimum is found at pH 6.5 - 7.0 (entries 2 and 3). The enantioselectivity displayed by Mucor 

Esterase in this transesterification reaction is moderate. Interestingly, the enantioselectivity is 

only slightly influenced by the pH. In all cases, the enantiomer that is preferentially estenfied has 

the (Ä)-configuration. 
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6.3 Mucor Esterase-catalyzed resolution of l-phenyl-2-propanol 
For the Mucor Esterase-catalyzed resolution of l-phenyl-2-propanol 2 the same enzyme 

samples were used as for the resolution of diol 1, i.e. with pH-values ranging from 6.0 - 9.0 at 

intervals of 0.5 pH-units. The transesterification reactions were performed in methyl propionate 

as solvent at 40oC in the presence of molecular sieves 4Â (Scheme 2). After 68 h of incubation, 

Scheme 2 

Mucor Esterase 

k^ , J Ql_l Methyl propionate 

(±)-2 

CTÇ. 
H-4 (+)-2 

NaOH/ЕЮН - oar 
(-)-2 

the products, viz. remaining alcohol (+)-2 and propionate (-)-4, were isolated as single com

pounds, after removal of enzyme and molecular sieves by filtration and subsequent chromatogra

phy. The propionate was hydrolyzed2 with sodium hydroxide in ethanol to give alcohol (-)-2. The 

results of these reactions are collected in Table 2. The data in this table reveal, that the rate of 

esterification is again strongly influenced by the pH of the catalyst and has an optimum at pH 7.0 

(entry 2). The enantioselectivity displayed by Mucor Esterase toward alcohol 2 is excellent in all 

cases and not affected by the pH. The fluctuations in the enantiomeric ratio are probably due to 

small experimental errors, but not to a pH-effect, because at high enantiomeric excesses of the 

propionate (>95%) and at high conversions (>45%), a small inaccuracy in the determination of 

either enantiomeric excess or conversion strongly affects the enantiomeric ratio (see Chapter 3, 

Appendix 1). At all pH-values, the enantiomer having the (Ä)-configuration is esterified preferen

tially by Mucor Esterase. 

6.4 Concluding remarks 

From the results collected in the Tables 1 and 2, it can readily be deduced, that the pH of 

Mucor Esterase considerably affects the rate of transesterification of alcohols 1 and 2. An opti

mum in the reaction rate is found at a pH of ca. 7.0. For both substrates, the enantioselectivity 

observed for their esterification is independent of the pH of the catalyst. The latter is of crucial 

importance when enzymes are used for the synthesis of enantiopure alcohols; adjustment of the 

pH only affects the rate of the reaction, not the enantioselectivity. 
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Table 2: Mucor Esterase-catalyzed resolution of l-phenyl-2-propanol 2 at various 

pH-degrees.a 

entry 

1 

2 

3 

4 

5 

6 

7 

pH 

6.0 

6.5 

7.0 

7.5 

8.0 

8.5 

9.0 

ester 

[alV 

-40.2 (c 1.1) 

-40.5 (c 1.1) 

-39.7 (c 1.2) 

-39.7 (c 1.0) 

-40.7 (c 1.0) 

-40.4 (c 1.1) 

-40.7 (c 1.0) 

eep

c-d 

96 

97 

95 

95 

97 

97 

97 

config.d 

R 

R 

R 

R 

R 

R 

R 

diol 

[alV 

+33.2 (c 1.1) 

+33.9 (c 1.1) 

+34.2 (c 1.2) 

+33.5 (c 1.2) 

+32.8 (c 1.0) 

+30.6 (c 1.1) 

+27.6 (c 1.2) 

ee s

c'd 

79 

81 

82 

80 

78 

73 

66 

conv.' 

45.0 

45.5 

46.5 

46.0 

44.5 

43.0 

40.5 

E f 

120 

165 

100 

100 

150 

145 

130 

a. reaction condauons: 4 0 mmol of 2,20 ml of methyl propionate, 200 mg of Mucor Esterase, 400 mg of molecular 

sieves 4 A . 40 C, 68h For details see the experimental section. 

b. optical rotation (in degrees) in chloroform 

c. enantiomeric excess (m %) of the alcohol obtained by hydrolysis of the enzymatically produced ester (ее-) or of the 

recovered alcohol (ees). 

d. determined by companson of the optical rotation with the literature· for (Я), [Ct.] ρ —35 I o (с 1, chloroform), ее 84% 

(ref 5). 

e. conversion (m %) calculated according to the formula conv = ee s / (ee s + e e j (ref. 4). 

f. enantiomeric ratio calculated according to the formula E = In (1 — conv (1 + e e j ) / In (1 — conv (1 — ee_)) (réf. 4). 

6.5 Experimental section 

General remarks 

^-NMR spectra were recorded on a Bruker WH-90 spectrometer with TMS as the 

internal standard. GLC-analyses were performed using a HP (Hewlett Packard) 5790A or a HP 

5890, containing a cross-linked methyl silicone column (25m, Hewlett Packard). Column chroma

tography was performed using Merck Kieselgel 60 F254. For the determination of optical rota

tions a Perkin Elmer 241 Polarimeter was used. Mucor Esterase, freeze dried from a Na/K phos

phate buffer at pH-values ranging from 6.0 - 9.0 and containing ca. 20% of salts, was obtained as 

a gift from Gist-brocades, Delft, The Netherlands and was dried at reduced pressure (~0.02 mbar) 

dunng 4 h prior to use. The solvents used for the enzymatic resolutions were stored on molecular 

sieves 4Â (10% w/v). All glassware was oven dried before use. Substrates 1 and 2 were purchased 

from Janssen Chimica. 
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Mucor Esterase-catalvzed transesterification of l-phenyl-l.2-ethanediol. (±)-l.· general proce

dure. 

Mucor Esterase (200 mg) and molecular sieves 4Â (400 mg) were added to a solution of 

(±)-l (0.56 g; 4.0 mmol) in methyl propionate (20 ml). The suspension was stirred at 4QPC for 4 h, 

then the solids were filtered off and washed with ether (3x10 ml). GLC-analysis of the filtrate 

showed the presence of starting material and of monoester. No diester could be detected. After 

evaporation of the solvents, the monoester and remaining diol were separated by column chroma

tography (silicagel / pet. ether 60 - SCC - ethyl acetate (2:1) - • (1:2)), giving 0.19 g (34%) diol 

and 0.56 g (71%, still containing some impurities from the enzyme) monoester. The optical purity 

of the monoester was determined after alkaline hydrolysis according to the procedure of Cesti et 

al?: the monopropionate (0.56 g; 2.8 mmol) was stirred overnight in a 1 M solution of sodium 

hydroxide in ethanol (5 ml) at room temperature. After evaporation of the ethanol, the residue was 

taken up in water (5 ml) and extracted with ether (4x5 ml). The combined extracts were dried on 

MgS04 and concentrated. The residue was chromatographed (silicagel / pet. ether 60 - 80oC -

ethyl acetate (2:1) —» (1:2)) affording chemically pure diol (-)-l. 

The Mucor Esterase-catalyzed resolution of (±)-l, using enzyme precipitated at pH-values 

ranging from 6.0 - 9.0, was carried out according to the procedure described above. The relevant 

data are collected in Table 1. The 'H-NMR data of the monoester are given below. 'H-NMR 

(l0-ester) (CDC13) δ: 1.12 (3H, t, J = 7.5 Hz; -CH3), 2.30 (2H, q, J = 7.5 Hz; -CH2CH3), 3.23 (IH, 

s(br); -OH). 4.07 (IH, dd, J = 7.5 and 11,5 Hz; -CHjO-), 4.25 (IH, dd, J = 3.5 and 11.5 Hz; 

-СЩО-), 4.87 (IH, dd, J = 3.5 and 7.5 Hz; -CH(OH)-), 7.30 (5H, s(br); 5ArH). Traces of 20-ester 

are recognizable at δ: 5.59 (dd, J = 3.5 and 7.5 Hz; -CHiOCOCzHs)-). 

Mucor Esterase-catalyzed transesterification of l-phenyl-2-provanol. (±)-2: eeneral procedure. 

Mucor Esterase (200 mg) and molecular sieves 4Â (400 mg) were added to a solution of 

(±)-2 (0.54 g; 4.0 mmol) in methyl propionate (20 ml). The suspension was stirred at 40oC for 68 

h, then the solids were filtered off and washed with ether (3x10 ml). After evaporation of the sol

vents the propionate and remaining alcohol were separated by column chromatography (silicagel / 

pet. ether 60 - SCC - ethyl acetate (7:1) -* (2:1)), giving 0.29 g (54%) alcohol and 0.37 g (48%, 

still containing small impurities from the enzyme) propionate. The optical purity of the propionate 

was determined after alkaline hydrolysis according to the procedure of Cesti et al.2: the propion

ate (0.37 g; 1.9 mmol) was stirred over night in a 1 M solution of sodium hydroxide in ethanol (5 

ml). After evaporation of the ethanol, the residue was taken up in water (5 ml) and extracted with 

ether (4x5 ml). The combined extracts were dried on MgS04 and concentrated. The residue was 

chromatographed (silicagel / pet. ether 60 - 80oC - ethyl acetate (6:1)) affording chemically pure 

alcohol (-)-2. 

The Mucor Esterase-catalyzed resolution of (±)-2, using enzyme precipitated at pH-values 

ranging from 6.0 - 9.0, was carried out according to the procedure described above. The relevant 
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data are collected in Table 2. 
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SUMMARY 

This thesis deals with the enzymatic resolution of primary and secondary chiral alcohols in 

organic solvents. The relevant literature of enzyme-catalyzed (trans)esterification reactions in 

organic media is briefly reviewed in the introductory chapter. 

Chapter 2 describes the Porcine Pancreatic Lipase (PPL)-catalyzed transesterification of 

norbomenylmethanols 1 - 3 in methyl acetate as solvent. Enzymatic resolution of these substrates 

proceeds with moderate to good enantioselectivity. An application of this enzyme-catalyzed trans-

А > С Н г О Н ¿db^CHpH 

csterification of norbomylmethanols is described in the formal resolution of e«do-tricyclic lactone 

4, an important chiral synthon (Scheme 1). The key step of this sequence is the PPL-catalyzed 
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resolution of iodolactone S in methyl acetate. Both enantiomers of this iodolactone are obtained 

with excellent enantiopurity. Eliminative reduction of alcohols (+)- and (-)-5 and subsequent re-
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crystallization leads to enantiopure lactones (-)- and (+)-4, respectively. The influence of struc

tural variations on the efficiency of the enzymatic resolution of norbomylmethanols was also in

vestigated. For this purpose, norbomylmethanols 7-10 were subjected to a PPL-catalyzed trans

esterification in methyl propionate as reaction medium. The best enantioselectivity was obtained 

8 10 

with bromolactone 7 (ее 98% at 39% convenion). Another hydrolytic enzyme, viz. Mucor Ester

ase, was employed for the kinetic resolution of lactones 5, 7 and 10. The results obtained with 

this catalyst are inferior to those obtained with PPL as the biocatalyst. 

In Chapter 3 the influence of reaction conditions (solvent, concentration of either enzyme 

or substrate, reaction temperature and addition of molecular sieves 4Â to the reaction mixture) on 

the efficiency of the PPL-catalyzed resolution of iodolactone 5 is described (Scheme 2). The 

Scheme 2 
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highest enantioselectivity was obtained using methyl propionate as solvent. At lower reaction 

temperatures, the enantioselectivity of enzymatic esterification was enhanced, however, at the 

expense of the reaction rate. Addition of molecular sieves 4Â to the reaction mixture strongly in

creases the rate of transesterification. High reaction rates were observed when the unsaturated 

esters vinyl- and isopropenyl acetate were employed as solvent. Although the enantioselectivity in 

these solvents is moderate, the remaining alcohol (-)-5 can readily be obtained with high enan

tiomeric purity (ее >98%). The results obtained for the PPL-catalyzed resolution of iodolactone 5 

in ten different solvents are subjected to a Principal Components Analysis. Such an analysis des

cribes the relative behavior of solvents in a reaction on the basis of their physical properties. In 

the ideal case, it provides a tool to predict the outcome of the PPL-catalyzed resolution of iodo

lactone 5 in any other acyl donating solvent, on the basis of the physical properties of this solvent 
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only. In the present preliminary analysis pertinent conclusions could not be drawn, because of the 

limited amount of experimental material. Chapter 3 is concluded with an explanation of the use of 

the enantiomeric ratio E as a standard for the efficiency of enzymatic resolutions. A derivation of 

the formulas used to calculate the enantiomeric ratio is given in detail. 

In Chapter 4 the PPL- and Mucor Esterase-catalyzed resolution of l-phenylethanol 16 in 

methyl propionate is described. Under proper reaction conditions, either enantiomer of this secon

dary alcohol can be obtained with high enantiomeric purity (Scheme 3). Futhermorc, a multi-gram 

Scheme 3 
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scale procedure for the Mucor Esterase-catalyzed resolution of alcohol 16 in methyl butyrate as 

solvent is given. Stimulated by the excellent results obtained with l-phenylethanol 16, the PPL-

and Mucor Esterase-catalyzed esterification of a variety of primary, secondary and tertiary alco

hols was investigated (Chart 1). The enzymatic esterification of secondary alcohols proceeds with 

Chart 1 
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28 

Chart 1 (continued) 

^ О^ Ό^ 
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a low reaction rate, however, the enantioselectivity displayed by either biocatalyst toward these 

substrates is high. Both enzymes accept a broad range of substrates. On the other hand, primary 

alcohols, such as 2-phenyl-l-propanol 14 and 2-chloro-2-phenyl-l-ethanol 15, are readily 

transesterified with a low enantioselectivity. In contrast to primary and secondary alcohols, ter

tiary alcohols are not accepted as substrate by PPL and Mucor Esterase. 

Chapter 5 is devoted to the PPL-catalyzed resolution of a series of 1,2-diols, viz. 37 - 42 

(Chart 2), and a 1,3-diol, viz. 43, in methyl propionate (Scheme 4). The regioselectivity of the 

Chart 2 
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transesterification of these diols is high. For all substrates, the propionate of the primary alcohol 

is formed exclusively. The enantioselectivity displayed by PPL toward these substrates is 

moderate. By subjecting propionate (-)-44 with an ее of 44% (obtained from a PPL-catalyzed 

resolution of diol 37 in methyl propionate) to a subsequent enzyme-catalyzed hydrolysis, the 

corresponding diol (-)-37 is obtained with an appreciable enantiomeric purity (Scheme 5). The 
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Scheme 4 
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sequence depicted in this scheme represents an example of the tandem use of enzymes. 

In Chapter 6 the influence of the pH on the Mucor Esterase-catalyzed resolution of 

1-phenyl-1,2-ethanediol 37 and l-phenyl-2-propanol 27 in methyl propionate as solvent is des

cribed. It was found, that the pH-history of the enzyme does not affect the enantioselectivity of 

the reaction. The rate of the enzyme-catalyzed esterification is highest at a pH-value of ca. 7.0 

and much lower at higher pH-values. 

Summaries in English and Dutch conclude this thesis. 
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SAMENVATTING 

Dit proefschrift handelt over de enzymatische resolutie van primaire en secundaire alco

holen in organische oplosmiddelen. In het inleidende hoofdstuk wordt een kort overzicht gegeven 

van de relevante literatuur op het gebied van enzym-gekatalyseerde veresteringsreacties in orga

nische media. 

In Hoofdstuk 2 wordt de door Varkens Pancreas Lipase (PPL) gekatalyseerde omestering 

van norbomenylmethanolen 1 - 3 in methylacetaat als oplosmiddel beschreven. Enzymatische 

Λ Ä > C H ' O H / ^ Ь ^ С Н г О Н 

ΟΗ,ΟΗ 
\ 
снгон 

resolutie van deze substraten verloopt met een matige tot goede enantioselectiviteit. Een toe

passing van deze enzym-gekatalyseerde omestering van norbomylmethanolen wordt beschreven 

in de formele resolutie van endo-tricyclisch lacton 4, een belangrijk chiraal synthon (Schema 1). 

Schema 1 
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De sleutelstap in deze sequentie is de PPL-gekatalyseerde resolutie van joodlacton 4 in methyl-

acetaat. Beide enantiomeren van dit joodlacton worden verkregen met een uitstekende enan-

tiomere zuiverheid. Eliminatieve reductie van alcoholen (+)- en (-)-5, gevolgd door omkristalli-

seren, leidt tot enantiomeer zuivere lactonen (-)- en (+)-4, respectievelijk. De invloed van struc

turele variaties op de efficiency van de enzymatische resolutie van norbomylmethanolen werd 

eveneens onderzocht. Met dit doel werden de norbomylmethanolen 7 - 1 0 onderworpen aan een 

PPL-gekatalyseerde omestering in methylpropionaat. De beste enantioselectiviteit werd verkregen 

сн0он 

ChLOH 

10 

met broomlacton 7 (ее 98% na 38% conversie). Een ander hydrolytisch enzym, nl. Mucor Ester

ase, werd gebmikt voor de kinetische resolutie van lactonen 5, 7 en 10. De resultaten verkregen 

met dit enzym zijn inferieur vergeleken met die verkregen met PPL als katalysator. 

In Hoofdstuk 3 wordt de invloed van reactiecondities (oplosmiddel, concentratie van 

enzym en substraat, reactietemperatuur en het toevoegen van moleculaire zeven 4Â aan het 

reactie mengsel) op de efficiëntie van de PPL-gekatalyseerde resolutie van joodlacton 5 beschre

ven (Schema 2). De hoogste enantioselectiviteit werd verkregen wanneer methylpropionaat werd 

сн,он 
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gebmikt als oplosmiddel. Lagere reactie temperaturen leiden weliswaar tot een verbetering van de 

enantioselectiviteit, de snelheid van enzymatische omestering daalt echter. Het toevoegen van 

moleculaire zeven 4Â aan het reactie mengsel verhoogt de reactiesnelheid. Hoge reactiesnelheden 

werden waargenomen wanneer de onverzadigde esters vinyl- en isopropenyl-acetaat werden 
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gebruikt als oplosmiddel. Alhoewel de enantioselectiviteit in deze oplosmiddelen matig is, wordt 

het resterende alcohol (-)-5 snel en met een hoge enantiomere overmaat (ее >98%) verkregen. De 

resultaten, welke werden verkregen voor de PPL-gekatalyseerde resolutie van joodlacton 5 in tien 

verschillende oplosmiddelen, werden onderworpen aan een Principal Components analyse. Deze 

analyse beschrijft het relatieve gedrag van oplosmiddelen in een reactie op basis van hun fysische 

eigenschappen. In de ideale situatie verschaft deze analyse de mogelijkheid om de resultaten van 

de PPL-gekatalyseerde resolutie van joodlacton 5 in elk ander acyl donerend oplosmiddel te voor

spellen enkel en alleen op basis van de fysische eigenschappen van dit oplosmiddel. Uit de voor

lopige analyse, die in dit hoofdstuk wordt beschreven, kunnen geen definitieve conclusies worden 

getrokken vanwege het beperkte aantal experimentele gegevens. Hoofdstuk 3 wordt besloten met 

een uitleg over het gebruik van de enantiomere verhouding E als een maatstaf voor de efficiëntie 

van enzymatische resoluties. Er wordt een gedetailleerde afleiding gegeven van de formules, 

welke worden gebruikt voor de berekening van de enantiomere verhouding. 

In Hoofdstuk 4 wordt de PPL- en Mucor Esterase-gekatalyseerde resolutie van 1-phenyl-

ethanol 16 in methylpropionaat beschreven. Onder de juiste reactie condities kunnen beide enan-

tiomeren van dit secundaire alcohol met een hoge enantiomere zuiverheid worden verkregen 

(Schema 3). Verder wordt een procedure gegeven voor de Mucor Esterase-gekatalyseerde reso-

Schema 3 
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lutie van alcohol 16 in methylbutyraat op multi-gram schaal. De uitstekende resultaten welke 

werden verkregen voor 1-phenylethanol 16, waren aanleiding om de PPL- en Mucor Esterase-ge

katalyseerde omestcring van een aantal primaire, secundaire en tertiaire alcoholen te onderzoeken 

(Overzicht 1). De enzymatische omestering van secundaire alcoholen verloopt langzaam. De 

enantioselectiviteit waarmee deze substraten worden omgeësterd is daarentegen hoog voor beide 

enzymen. Zowel PPL als Mucor Esterase accepteren een grote verscheidenheid aan substraten. 

Primaire alcoholen, zoals 2-phenyl-l-propanol 14 en 2-chloor-2-phenyl-l-ethanol 15, worden 

snel, maar met een geringe enantioselectiviteit, omgeësterd. Tertiaire alcoholen worden, in tegen

stelling tot primaire en secundaire alcoholen, niet geaccepteerd als substraat door PPL en Mucor 

Esterase. 
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Ovezicht 1 
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Hoofdstuk 5 is gewijd aan de PPL-gekatalyseerde resolutie van een aantal 1,2-diolen, nl. 

37 - 42 (Overzicht 2) en een 1,3-diol, nl. 43, in methylpropionaat (Schema 4). De regioselectivi-

teit waarmee deze diolen worden vercsterd is hoog. Bij alle substraten wordt uitsluitend de 

primaire alcohol functie geacyleerd. De enantioselectiviteit van PPL bij deze omestering van 

diolen is matig. Indien propionaat (-)-44 met een ее van 44% (verkregen uit een PPL-gekata

lyseerde resolutie van diol 37 in methylpropionaat) vervolgens wordt onderworpen aan een en

zym-gekatalyseerde hydrolyse, dan wordt het overeenkomstige diol (-)-37 verkregen met een 
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Overzicht 2 
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redelijke enantiomere zuiverheid (Schema 5). De reactiesequentie, welke is weergegeven in dit 

schema, is een voorbeeld van het tandemgebruik van enzymen. 

Schema 5 
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In Hoofdstuk 6 wordt de invloed van de pH op de Mucor Esterase-gekatalyseerde resolutie 

van 1-phenyl-1,2-ethaandiol 37 en l-phenyl-2-propanol 27 in methylpropionaat als oplosmiddel 

beschreven. Het blijkt dat de pH-geschiedenis van het enzym de enantioselectiviteit van deze 

reactie niet beïnvloedt. De reactiesnelheid, waarmee deze enzym-gekatalyseerde omestenng 
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plaatsvindt, is het hoogst bij een pH-waarde van ongeveer 7.0. Bij hogere pH-waarden is deze 

snelheid veel lager. 

Een Nederlandse en een Engelse samenvatting besluiten dit proefschrift. 
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