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CHAPTER 1
INTRODUCTION

1.1 General remarks
The use of enzymes in organic chemistry, especially for the synthesis of optically active
compounds from both chiral and prochiral precursors, is rapidly gaining recognition as a powerful
synthetic methodology1.
Although enzymes and microorganisms are being exploited almost since the beginning of
mankind, it was not until 1833 that Payen and Perzos identified the first enzyme, viz. diastase from
barley2. The first relatively pure enzyme preparation for industrial purposes was carried out by the
Danish chemist Hansen by isolating coagulant from calf-stomach2 in 1874. Four years later the term
enzyme was introduced by Kuhne3 for the catalytically active species apparently present in the living
cell. Although the greek 'ένζυμη' can be translated by 'in yeast', enzymes are found in every living
cell.
At present nearly 2500 different enzymes are known4 each catalyzing a specific chemical reaction
in the living system. Enzyme-catalyzed reactions can be accelerated up to 10 12 -10 15 times. Although
enzymes are highly specific in their natural function, quite a number of these biocatalysts can be used m
vitro and accept a wide range of unnatural substrates as well1. From an organic chemical point of view,
enzymes are particularly interesting because of their ability to convert specific functional groups under
mild reaction circumstances (chemoselectivity), their ability to react at only one segment of a molecule
or to react with a specific stereochemical structure (regio- and stereoselectivity) and their ability to
discriminate between two enantiomers (enantioselectivity).
Nowadays, more than 300 enzymes are commercially available, and therefore, within reach of
organic chemists for exploration and application.

1.2 Enzymes in organic synthesis
The abilities of enzymes to act as specific and chiral catalysts have been recognized for many
years, particularly by the pharmaceutical industry5. However, the appreciation of the specific properties
of enzymes by organic chemists stems from a more recent date. There is still a general reluctance of
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organic chemists to incorporate enzymatic reactions into synthetic sequences6. Several reasons can be
indicated for this attitude towards the use of enzymes. For many years, organic synthetic chemistry has
focused on the total synthesis of terpenes, steroids, alkaloids, prostanoids, and other complex natural
products, in which the formation of carbon-carbon bonds and the controlled functionalization of carbon
frameworks was the major concern. For these type of reactions enzymes are either difficult to obtain or
not available at all. Conventional chemical methods are generally more efficient for the synthesis of
complex carbon skeletons than biological methods. Many organic chemists are still convinced that
water-insoluble substrates and aqueous enzyme solutions are an undesirable combination. Furthermore,
enzymes are believed to be too expensive and delicate species which require special experimental
techniques. Synthetic chemists suspect enzymes of being highly specific in their action while traditional
organic methods often have a broad range of application. A high substrate specificity is problematic if a
general synthetic methodology is required.
In recent years, it has been demonstrated that the objections mentioned above, against the use of
enzymes in organic synthesis, are either not valid or can easily be overcome. The experimental
methodology for using enzymes is often very straightforward, especially for hydrolases, which do not
require expensive co-factors, are relatively stable, have a broad substrate specificity and can be
exploited with every-day organic chemical laboratory equipment1,6. In particular, lipases can even be
employed with a very good efficiency in media containing high proportions of water-immiscible
organic solvents for the transformation or synthesis of compounds, which are poorly soluble in
water11"·7. Nowadays, many enzymes are commercially available and biochemical techniques for
isolating, manipulating and assaying enzymes8,9 are not of much concern to organic chemists anymore.
Although enzymes are usually rather costly, their use as catalysts is often acceptable by virtue of their
high catalytic rate constants or their ability to simplify complex synthetic routes. It should be noted,
however, that appropriate experimental techniques can solve many of the problems of costs and
instability. Sometimes, it is very advantageous to use enzymes for a special transformation. Especially
non-specific enzymes, as they are called by biochemists, can have a very broad scope in organic
chemistry and accept many substrates having totally different structures.
To improve the economic efficiency, crude enzyme preparations10, whole eel systems11 or
recoverable immobilized enzymes12,13 are used. In many cases these forms of biocatalysts have a
positive effect on their stability by retardmg the isolated enzyme from loosing its activity due to
(self-)digestion, autooxidation or denaturation under unnatural circumstances. The state of affairs
regarding the use of enzymes in organic chemistry has been the subject of several recent reviews1,6.

1.3 Some organic applications of hydrolytic enzymes
1.3.1 Pig liver esterase
Hydrolases are most attractive as biocatalysts in organic reactions, because they do not require
2

expensive co-factors or co-enzymes. Pig liver esterase (PLE, EC 3.1.1.1) has already proven to be of
considerable value for the generation of useful synthons and it continues to receive widespread
1 14 15

attention · · . As PLE will be used extensively in the research described in this thesis, some typical
features of this enzyme will be briefly summarized.
Histochemical research revealed that almost every mammalian tissue contains carboxylic
esterases. The highest concentrations are found in the liver. From physiological point of view, esterases
play an important role in the detoxification of the body16. PLE belongs to the class of non-specific
B-esterases, which form the largest and also most effective group of the esterase population17. The
enormous catalytic potential of PLE, the easy availability of pig livers and the relatively high amount of
esterase in this tissue, have contributed to the popularity of this specific enzyme in organic syntheses.
PLE can be isolated from microsomes of liver homogenates up to 90% purity18. By ifoelectric
focussing, PLE appeared to be a heterogenic enzyme composed of six isozymes 19 · 20 , each a
combination of three subunit proteins, α, β and γ, each subunit weighing about 60 kD. This trimeric
structure of PLE subunits was also indicated by electron microscopy21. However, the stereospecificities
of the isozyme components of commercially available PLE have been shown to be essentially the same
Table 1.1. Amino Acid Composition of Liver Carboxylesterases *
Amino
acid

Chicken

Ox

Sheep

Horse

Pig

Asp
Thr

49.46

56.07

56.21

46.75

52.87

24.52

29.93

30.29

32.14

34.87

Ser

37.60

42.75

39.62

41.67

40.50

Glu

78.08

55.39

55.58

64.80

60.52

Pro

29.12

46.41

47.71

43.19

45.67

Gly

45.40

46.10

51.16

53.56

55.34

Ala
Cys

55.39

47.58

47.21

51.06

48.82

7.26
50.54

5.98

5.21

6.07

4.27

Val

45.12

48.13

49.65

50.62

Mel

15.14

16.09

14.81

19.16

13.50

He

28.90

24.14

22.76

26.10

20.02

Leu

48.56

64.84

67.15

55.07

61.64

Tyr

21.39

16.08

18.30

14.33

15.97

Phe

32.34

32.74

31.22

34.62

32.62

Lys

39.24

37.58

35.09

42.30

37.12

His

11.07

16.35

15.19

16.50

14.17

Arg

26.07

20.77

20.57

13.99

20.25

Trp

9.20

11.20

11.32

10.30

12.00

* Residues per 68,000 dallons
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towards representative monocyclic and acyclic diesler substrates22, implying that commercial PLE can
be regarded as a chiral catalyst which behaves as if it were a single protein.
Although the various mammalian liver esterases, shown in Table 1.1, arc quite similar with
respect to their amino acid compositions23, their behavior in organic catalyses may not be comparable
at all (cf. chapter 3). Until now only little is known about the amino acid sequence of the PLE
subunits19·23 (Table 1.2).
Generally, the overall hydrolytic activity in the liver of a mammalian species is about the same.
However, the enzyme composition is dependent on genetic expression and/or hormonal influences16. In
practice, this means that the PLE composition is slightly different for every batch. Although highly
purified PLE can be obtained in a five-step procedure18, it is easier and more economic for an organic
chemist to buy enzymes.
Because of the complexity of the enzyme an accurate kinetic and chemical model is very difficult
to make. A few empirically deduced models have been reported, however they have only a limited
predictability (a more detailed discussion of these models will be given in chapter 2).
Table 1.2. Amino acid sequence near the reactive serine residue
N-....Gly-Glu-SerÍAla-X-GIy-Ser-....-C-tenninus
α

β

γ

Ν

Gly

Gly

Gly

С

Leu

Gly

Ala

Χ

Glu

Asp

Asp

reactive senne

1.3.2 Chemoselective reactions
The ability of enzymes to discriminate between structural and stereochemical features under mild
conditions are being exploited to an evenncreasing extent, not only in kinetic resolutions of chiral
compounds1 0 c ' g ' l l a · 2 4 or asymmetric synthesis22,25, but also in separation of stereoisomers26 and
hydrolyses of an ester group in the presence of hydrolyücally sensitive functionsle'10a'c,26d·27. Esters and
amides are frequently used as temporary or persistent protective groups. For an effective use in organic
synthesis their selective removal under mild experimental conditions is of great importance. Hydrolases
are perfectly suited to mildly hydrolyze ester or amide functions leaving other functionalities in the
substrate

untouched.

This chemoselective use of enzymes

is scarcely

mentioned

in the

literaшre 27a · b · 2,, · 29 . Jongejan and Duine successfully used enzymatic hydrolysis of cyclopropyl acetate
without ring opening of the hydrolyücally sensitive cyclopropanol27a. A DSM research group applied
lipases in the selective removal of a n-butyryl group in the presence of an acetyl ester27b.
The examples presented below are taken from research projects of the Department of Organic
4

Chemistry of the University of Nijmegen. In the total synthesis of the fungicide pyrenophorin28 a
crucial reaction is the conversion of compound 1 into its carboxylic acid. Saponification under alkaline
conditions caused an intramolecular Michael addition reaction, whereas acid hydrolysis affected the
silyl-ether function. With PLE however, this conversion could readily be accomplished (Scheme 1.1).
Similarly, ester acetal 3 was smoothly transferred into carboxylic acid 4, which is a building block for
the naturally occurring macrolide collelallol29 (Scheme 1.2).

PLE
pHB.O

Scheme 1.1

PLE
COOEt

COOH

pHBO

ey:75%

Scheme 1.2
Another interesting example is the efficient
cubane-1,4-dicarboxylale 5

30a

and clean partial hydrolysis

of dimethyl
30

to the corresponding half-ester б using PLE as biocatalyst *" (Scheme

1.3). In contrast to the conventional acid- or base catalyzed hydrolysis31·32 of 5 no trace of the
corresponding diacid could be detected. Half-ester б is an essential intermediate for the preparation of a
variety of doubly functionalized cubanes 7 3 3 .
^соом«

,соон
PLE

selective
transformations

pH7.8
COO Me

COO Me

ey>8S%

Scheme 1.3
Partial hydrolysis of dimethyl fumarate 8 and diethyl maléate 10 by means of PLE can also
5

readily be achieved to give the respective half-esters 9 and 11 in nearly quantitative yields34 (Scheme
1.4). These partial hydrolyses are otherwise rather difficult. It is of interest to note that both trans
diester 8a and 8b react ca. ten times faster than the corresponding cis diester 10, implying that structural
features of the substrate are of importance for the enzyme kinetics.

PLE
6hrs

cy>95%

PLE

cy>95%

SaFwoM»
bR-OEt

OEl

4-

OEt

2 days

10

Scheme 1.4
The combination of chemoselectivity and mild reaction conditions leads to simple applications,
which, unfortunately, are often overlooked by organic chemists.
1.3.3 Regio- and stereoselective reactions

The structural specificity of enzymes can be applied to discriminate between two or more
chemically similar functions in a molecule27c"h. The ease with which this can be achieved is often
extremely difficult to duplicate in a chemical fashion, certainly not in a single step reaction. For
example, Schmid et al.27g and Wandrey et al21h employed the lipase catalyzed regioselective hydrolyses
of triglycerids and derivatives thereof for the synthesis of detergent components. Wong et a/.27c and
Honig et al.211 used lipase from Candida cylindracea for regioselective deacylation of protected sugars.
Regioselective deprotecuon of 3',5'-0-acylated pyrimidine nucleosides by lipases and esterases was
investigated by Nozaki et al.103. In the synthesis of natural products the formation of unwanted
diastereoisomers can not always be avoided. Sime et al.21á were able to separate isomers of mupirocin
by enzymatic hydrolysis. Both the regio- and enantioselcctive ability of CC-4 lipase was exploited by
Faber et al.10c in the resolution of 3-butanoyloxyalkanoates.
In addition to intramolecular preference for a functional group to react with the enzyme,
intermolecular discrimination can be used to separate mixtures of isomers26. Diastereoselective
hydrolysis of chlorofluoromethylated alcohols was reported by Kitazume et al.26*. Schneider et al.26*
and Jaenicke et al.26b separated cis- and «raní-cyclopropyl esters by a selective PLE catalyzed
6

hydrolysis of the trans ester in a mixture of both esters. Mixtures of endo- and елсо-fluorinated bicyclic
esters were enzymatically separated by Sicsic et al.26c. The exo ester was preferentially hydrolyzed
using again PLE as biocatalysL
Competitive enzymatic hydrolysis of less related esters molecules is not often encountered in the
literature. A rare example is given by De Jeso et al.26á, who investigated the separation of mixtures of
two alkyl carboxylic esters.
In the Organic chemistry Department of Nijmegen University a useful application of hydrolases
was found, viz. the use of competitive hydrolysis in the separation of cii and trans epoxy esters35, often
obtained as a mixture in Darzens condensation reactions. The с is-trans mixtures of 13 and 12 could be

A. -A-^A*-- "^<
trans 12

« i 13

enzyme

ΟΜβ

trans 12

cis 13

Scheme 1.5
completely separated using PLE or PPL (porcine pancreatic lipase), as is depicted in Scheme 1.5.
2,3-Epoxycarboxylic esters are important starting materials for the synthesis of various natural
products.
1.3.4 Enantioselective reactions
Stereochemical features play an important role in the acceptance of substrates by an enzyme. As a
consequence thereof, enzymes find frequent use in asymmetric synthesis. Not only PLE 1 4 · 1 5 , but also
other esterases10«·24«, acylases 14d · 36 and proteases10*·14c, lipases loь · c · 24b · d · e · 25h · 26 *· 37

and whole cell

systems l l a ' b ' 2 5 f can be applied for this purpose. The number of publications on this subject is still
increasing. The broad applicability of the enantioselective properties of enzymes in organic chemistry is
described in several reviews1"3·6.
When an enzyme acts fully enantioselective, transformation of a racemate stops at the stage of
50% conversion. In many such kinetic resolutions, the unwanted enantiomer must be discarded,
implying that the maximum yield of usable material is 50%. This problem can be overcome by
recycling the "wrong" enantiomer38, by using inexpensive starting materials 1 0 f · 1 5 · 2 4 · 3 9 or by employing
prochiral substrates, whereby all starting material can be converted into desired chiral product 1 · 2 2 , 2 5 .
The enzymatic resolution has, despite its shortcomings, interesting prospects in organic synthesis.
7

Illustrative examples, in which PLE was applied, are hydrolyses of m«jo-dimethyl cyclopropane,
cyclobutane

and

frani-diesters

4143b

cyclohexane-l^-dicarboxylaies253·40"43
Φ Μ 8

as

well

as

heterocyclic

CIÎ- and

in the synthesis of the corresponding chiral halfesters and γ-lactones The

highly enantioselective hydrolyses of a number of bicychc mono- and diesters offers good opportunities
in natural product synthesis15 4 9
malonates

lck 25hj5456

'

53

Symmetrical straight chain diesters, like substituted glutamates and

, and various asymmetnc monoesters10f 1 5 2 4 3 8 3 9 have also been converted into

useful chiral building blocks using PLE as biocatalyst In the Organic Chemistry Department of
Nijmegen University kinetic resolution of tncyclodecadienone ester 14 has been accomplished using
PLE (Scheme 1 6) This tricyclic system is a valuable chiron for the preparation of several natural and
unnatural cyclopentanoids15 15

о

су 4(ИІ
ββ 100%

су 48%
»β 80%

Scheme 1 6

1.4 Aim and outline of the study
In connection with the successful enzymatic resolution of the tncyclodecadienone carboxyhc
ester 14 (see Scheme 1 6), the question arose whether this result can be explained on the basis of an
active site model for this enzyme-substrate interaction In order to solve this problem, it is necessary
to evaluate the behavior of this enzyme towards structurally related substrates, for which a senes of
norbomanecarboxyhc esters with the general formula 16 were selected (Fig 1 1) These ngid bicychc
compounds are attractive substrates because they are conformationally fully defined and therefore
offer a unique possibility to establish the structural requirements needed for an effective enzymatic
optical resolution This research forms part of a programme aimed at modifymg polycychc structures
to Chirons for synthetic purposes
In chapter 2 the enzymatic optical resolution of norbomanecarboxyhc esters with the general
structure 16 is desenbed and the results are analyzed in terms of an enzyme-substrate interaction
model
Modifications and improvements of the kinetic resolution of some norbomanecarboxyhc esters
8

ООН

Χ - CHj, с 2 н 4
С » single, doubbte
or epoxy bond
A . H , CHO.COOMeCOMe
B-COOMe

COOMe

Figure 1.1
are described in chapler 3. For this purpose, a series of available industrial enzymes is tested and the
influence of a co-solvent on the enzymatic resolution is investigated.
The synthetic evaluation of chiron 17 is the subject of chapter 4. Its functional groups are
chemically modified in several ways, with the objective to produce new compounds with synthetic
value.
This thesis is concluded with summaries in English and in Dutch.

9

1.5 References
1 а

С. J. Suckling, Κ E. Suckling, Chem Soc Rev 3,387(1974)

b

'Techniques of Chemistry', A. Weissberger ed , vol 10, John Wiley & Sons, New York (1976)

с

GM Whitesides, С H. Wong, Angew Chem 97, 617 (1985)

d

'Biocatalysts in Org. Synthesis', J. Tramper, H С. van der Plas, P. Unko, eds , Elsevier Science
Publishers, Amsterdam, pp. 1 (1985)

e

J.B. Jones, Tetrahedron 42, 3351 ( 1986)

f

A.M. Kltbanov, Chemtech , 354 ( 1986)

g

AM. Klibanov, Ace Chem. Res. 23, 114 (1990)

h

S. Butt, S.M. Roberts, Chem Bnt, 127 (1987)

ι

'Biocatalysts in Organic Media', C. Laane, J. Tramper, MD. Lilly, eds., Elsevier Science
Publishers, Amsterdam (1987)

j

'Enzymes as Catalysts in Organic Synlhesis', M.P. Schneider ed., NATO ASI Senes С, vol

к

'Enzymes in Organic Synthesis', R. Porter, S. Clark, eds.. Ciba Foundation Symposium Ш,

178, Reidei Pubi. Сотр., Dordrecht (1986)
Pitman, London (1985)
1

M. Ohno, M. Otsuka, Org. Reactions 37,1 (1989)

m A.J. Pratt, СЪет. Bnt, 282(1989)
η
о

С Η Wong, Science 244,1145 ( 1989)
H.G. Davies, R H. Green, D.R. Kelly, S.M Roberts, Biotransformaüons in Preparative Organic
Chemistry, Academic Press- New York, 1989

ρ

C.H. Wong, Chemtracts-Org. Chem 3,91 (1990)

q

H.G. Davies, R.H. Green, D.R. Kelly, SM Roberts, Criücal Rev. in Biotechnology 10, 129

r

L-M Zhu, M.C. Tedford, Tetrahedron 46,6587 (1990)

s

D.G. Drueckhammer, WJ. Hennen, R.L Pederson, CF. Barbas, C.M.Gautheron, T. Krach,

(1990)

C.H. Wong, Synthesis, 499 (1991)
2

E. Antébi, D. Fishlock, 'Biotechnologie, een nieuwe industríele revoluüe'. Natuur en Techniek,
Maastncht/Brussel (1987)

3

R.C. Bohinski, 'Modern Concepts in Biochemistry', Allyn & Bacon Ine, 3 rd ed., Boston, eh. 6
(1979)

4

'Enzyme Nomenclature 1979', Academic Press Inc., New York (1979)

5

J Mulzer, Nachr. Chem Techn Lab 32, 520 (1984)

6

GM. whitesides, C-Η Wong, Aldnchimica Acta 16, 27 (1983)

7

'Biocatalysts in organic media', Abstracts, International Symposium of the European Federaüon
of Biotechnology and the Agricultural University, Wageningen, The Netherlands, December
7-10(1986)

8

J.B Jones, О Perlman, С J Sih, 'Apphoations of Biochemical Systems in Organic Chemistry',

Wiley-Interscience, New York (1976)
9

HU Bergmeyer, 'Methods of Enzymatic Analysis', Verlag Chemie, Academic Press, New
York (1976)

10a

A Uemura, К Nozakt, J Yamashna, M Yasumoto, Tetrahedron Lett. 30, 3819 (1989)

b

Ρ Washausen, Η Grebe, К Kieshch. E Wmterfeldt. Tetrahedron Lett 30, 3777 (1989)

с

С. Feichter, К. Faber, H Griengl, Tetrahedron Lett 30, 551 (1989)

d

Τ Miyazana, Τ Takttam, S Ueji, Τ Yamada, S Kuwata, J. Chem. Soc., Chem. Commun., 1214
(1988)

e

D. Bianchi, W Cabri. P. Cesti, F. Francalanci, M Ricci, J Org Chem 53, 104 (1988)

f

L Blanco, E Guibé-Jampel, G Rousseau, Tetrahedron Lett 29, 1915 (1988)

g

E. Guibé-Jampel, G. Rousseau, L. Blanco, Tetrahedron Lett. 30, 67 (1989)

h

PL Layman, Business, september, 11 (1986); R J Kaslauskas, J. Am. Chem. Soc. 111, 4953
(1989)

1 la

J. Ehrler, D. Seebach, Helv. Chim Acta 72, 793 (1989)

b

H. Ohta, Y. Kimura, Y Sugano, Tetrahedron Lelt. 29,6957 (1988)

с

H. Ohta, H. Tetsukawa, Agrie Biol Chem., 863 (1980)

d

С Chen, Y. Fujimoto, С Sih, J Am Chem Soc 103, 3580

e

M Kasai, K. Kawai. M. fmuta, H. Ziffer, I Org Chem 49, 675 (1984)

f

Y. Fujimoto, H Iwadate, N. Ikekawa, J Chem. Soc., Chem. Commun., 1333 (1985)

g

S Tsuboi, E Nishiyama. H Furutam, M. Utaka, A Takeda, J Org. Chem 52, 1359 (1987)

12a

В Cambou.AM Klibanov,] Am Chem Soc. 106, 2687 (1984)

b

O. Hoshmo, K. ¡toh. В. Umezawa, H Ahm, T. Oishi, Tetrahedron Lett. 29, 567 (1988)

с

С. Auge, С Gautheron, Tetrahedron Lett. 29,789 (1988)

e

M.D Bednarski, H.K. Chenault, ES. Simon, G.M. Whitesides, J. Am. Chem. Soc. 109, 1283
(1987)

13a
b

O.R Zaborsky, Immobilized Enzymes, CRC Press, The Chemical Rubber Co., Cleveland (1973)
]. Chibata, Immobilized Enzymes Research and Development, Wiley New York (1978)

с

К Mosbach, Applications of Biochemical systems in Organic Chemistry (1973)

d

J Tramper, in 'Solid Phase Biochemistry· Analytical Synthetic Aspects, W.H. Scouten ed.,
Wiley, New York, 393 (1983)

e
14a

Л. Rosevaer, J Chem Technol Biotechnol. 34, 127 (1984)
T.K Ngooi, A Scilimatt, Ζ Guo, C.J Sih, J. Org. Chem 54. 911 (1989)

b

M A Ciufohm, C.W. Hermann, KH Whitmire. N.E. Byrne, J. Am. Chem. Soc. I l l , 3473

с

R Chênevert, S. Thiboutot, Synthesis, 444 (1989)

d

H. Waldmann, Tetrahedron Lett. 30,3057 (1989)

e

M Altamura, P. Cesti, F. Francalani. M Marchi, S. Cambiaghi, J. Chem. Soc. Perkin Trans. I,

15a

A.J.H Klunder, W B. Huizinga, Ρ J M. Sessink, В Zwanenburg, Tetrahedron Lett. 28, 357

(1989)

1225 (1989)

11

(1987)
b

A.J.H Klunder, F J.C van Gastel, В Zwanenbwg, Tetrahedron Lett 29, 2697 (1988)

с

F.J С. van Gastel, A.J H. Klunder, В Zwanenburg, Reel. Trav Chun Pays-Bas 110, 175 (1991)

d

J.H.M. Lange, 'Structural variations of tncyclodecadienones in synthetic perspective'. Ph. D.
Thesis, University of Nijmegen (1989)

e

A.J.H Klunder, W.B Huizinga, AJ.M Hubhof, В Zwanenburg, Tetrahedron Lett. 27, 2543
(1986)

16

E. Heymann, 'Enzymatic Basis of Detoxification', W.B. Jakoby ed., Acad Press, N Y., vol 2,
chapter 16(1980)

17

H. Luppa, J. Andra, J Histo. Chem. 15, 111 (1983)

18

E. Heymann, W Junge, К. Krisch, G. Marcussen-Wuljf, Hoppe-Seylers Z. Physiol. Chem. 355,

19

E. Heymann, W. Junge, Eur. J. Blochen» 95, 509 (1979)

20

D. Färb, W.P. Jencks, Arch Biochem. Biophys. 203, 214 (1980)

21

B. Krisch, K. Knsch, FEBS Lett. 24, 146 (1972)

155 (1974)

LK.P. Lam, CM Brown, В De Jeso, L Lym, EJ Toone, JB Jones, J. Am Chem. Soc 110,

22

4409 (1988)
23

K. Scott, B. Zerner, Methods Enzymol. 35,208 (1975)

24a

B.A Marples, M Rogers-Evans, Tetrahedron Lett 30, 261 (1989)

b

E. Santamello, R. Canevotti, R. Casati, L Cernani, P. Ferraboschi, Gazz. Cium. Ital. 119, 55
(1989)

с

T. Oberhauser, К Faber, H. Gnengl, Tetrahedron 45, 1679 (1989)

d

R.J. Kazlauskas, J. Am. Chem. Soc 111,4953(1989)

e
25a
b

K. Naemura, N Takahashi, H. Chikamatsu, Chem Lett, 1717 (1988)

с

T. Kuhn, С. Tamm, Tetrahedron Lett. 30,693 (1989)

d

Y. Nagao, M. Ките, R.C. V/akabayaihi, Τ Nakamura, M. Ochiai, Chem. Lett., 239 (1989)

e

H. Ohta, K. Matsumoto, S. Tsutsumi, Τ Ihon, J. Chem. Soc., Chem. Commun., 485 (1989)

f

P. Mohr, L Rosslem, С Tamm, Tetrahedron Lett 30, 2513 (1989)

g

G Guanti, L. Banfi, E Narisano, Tetrahedron Lett 30, 2697 (1989)

h

M Ohno, S. Kobayashi. T. limon, Y-F. Wang, Τ Izawa, J. Am Chem. Soc. 103, 2405 (1981)

i

M Kunhara, К Kamiyama, S Kobayahi, M Ohno, Tetrahedron Lett 26, 5831 (1985)

26a

M Ρ Schneider, N. Engel, H. Boensmann, Angew Chem, 96, 52 (1984)

b

Τ Schotten, W. Boland. L Jaentcke, Helv Chim Acta 68, 1186 (1985)

с

5 Sieste, J. Leroy, С Wahelman, Synthesis, 155 (1987)

d

В De Jeso, S Drouillard, M Degueil-Castaing, В Maillard, Synth Commun. 18, 1699 (1988)

e
27a
12

L. Dumortier, J Van der Eycken, M. Vanderwalle, Tetrahedron Lett. 30, 3201 (1989)
M. Eberle, M. Egli, D. Seebach, Helv. Chim. Acia 71, 1 (1988)

T. Yamazaki, S. Ichikawa, Τ Kitazume, J Chem. Soc., Chem Commun., 253 (1989)
J.A Jongejan, JA Duine, Tetrahedron Lett 28, 2767 (1987)

b

M. Kloosterman, E.W.J. Mosmuller, H.E. Schoemaker, E.M. Meijer, Tetrahedron Lett. 28, 2989

с

H.M. Sweers, С. Wong, J. Am. Chem. Soc. 108. 6421 (1986)

d

J.T. Sime, CR. Pool, J.W. Tyler, Tetrahedron Lett. 28,5169 (1987)

e

H. Honig, P. Seufer-Wasserthal, A.E. Stütz, E. Zenz, Tetrahedron Lett. 30, 811 (1989

f

G. Lazar, Α. Weiss, R.D. Schmid, Henkel-referate 22, 5 (1987)

g

J. Falbe, R.D. Schmid, Henkel-Referate 23, 16 (1987)

h

M. Bühler, С. Wandrey, Henkel-Referate 23. 29 (1987)

(1987)

28

F.LM. Smeets, 'Synthese van Pyrenophorine', Thesis Univ. of Nijmegen (1981), p. 31

29

G.JA. Ariaans, 'Studies directed towards the synthesis of the macrocyclic lactone aspicilin',

30a

N.B. Chapman, J.M. Key, K.J. Toyne, J. Org. Chem. 35, 3860 (1970)

Thesis Univ. of Nijmegen (1987), p. 5
b
31a
b
32a
b

A.J.H. Klunder, M. Dumont, B. Zwanenburg, unpublished results
P.E. Eaton, T.W. Cole Jr., J. Am. Chem. Soc. 86, 962 (1964)
P.E. Eaton, T. W. Cole Jr., J. Am. Chem. Soc. 86, 3157 (1964)
J.T. Edward, P.G. Farrell, G.E. Langford, J. Am. Chem. Soc. 98, 3075 (1976)
LJ. Loeffler, S.F. Britcher, W. Baumgarten, J. Med. Chem. 13, 926 (1970)

33

A.J.H. Klunder, M. Dumont, B. Zwanenburg, unpublished results

34

F.J.C, van Gastel, A.J.H. Klunder, B. Zwanenburg, unpublished results. To 2g substrate
suspended in 30ml buffer solution of pH 7.4, 100 μΐ (260U) was added. Halfester 9 was obtained
as a colorless oil after 2.5 days stirring at room temperature. H-NMR: δ 6.25 (s, 2H), 4,8 (s,
ОН), 4.16 (q, 2H), 1.21 (t. ЗН) ppm. IR: ν 3500-2500 (СООН) cm"1. Halfester 11 was obtained
as a solid after 6 hours stirring at room temperature. M.p. 143-144 "C. H-NMR: δ 6.78 (s, 2H),
4.9 (s, ОН) 3.79 (s, ЗН) ppm. IR: ν 3300-2500 (СООН) cm"1.

35

F.J.C, van Gastel, A.J.H. Klunder, В. Zwanenburg, unpublished results

36

A. Pessina. P. Lüthi, P.L. Luisi, J. Prenosil, Y. Zhang, Helv. Chim. Acta 71, 631 (1988)

37

M. Bucciarelli, A. Forni, I. Moretti, F. Prati, J. Chem. Soc., Chem. Commun., 1614 (1988)

38a
b

/. Chibata, T. Tosa, T. Sato, T. Mori, Meth. Enzym. 44, 746 (1976)
N. Esaki, К. Soda, Η. Kumagaì, Η. Yamada, Biotechnol. Bioeng. 23, 243 (1981)

с

T. Fukumura, Agrie. Biol. Chem. 41,1327 (1977)

d

J.L. Abernethy, D. Srulevitch, M.J. Ordway, Jr., J. Org. Chem. 40, 3445 (1975)

39a
b
с
40a

W.E. Ladner, G.M. Whitesides, J. Am. Chem. Soc. 106,7250 (1984)
S.M. Hecht, K.M. Rupprecht, P.M. Jacobs, J. Am. Chem. Soc. 101, 3982 (1979)
К. Laumen, M.P Schneider, J. Chem. Soc., Chem. Commun., 598 (1988)
P. Mohr, N. Waespe-Sarcevic, С. Татт, К. Gawronska, J.K. Gawronski, Helv. Chim. Acta 66,
2501 (1983)

b
41a

G. Sabbioni, M.L Shea, J.B. Jones, J. Chem. Soc. Chem. Comm., 236 (1984)
G. Sabbioni, J.B. Jones, J. Org. Chem. 52, 4565 (1987)

13

b
42a

P. Mohr, L. Rosslein, С. Tamm, Helv. Chim. Acta 70, 142 (1987)
M.P Schneider, M. Engel, P. Honicke, G. Heinemann, H. Gorisch, Angew. Chem. Int. Ed. Engl.
23, 67 (1984)

b

H.J. Gais, G. Bullow, Α. Zatorski, M. Jentsch, P. Maidonis, H. Hemmerle, J. Org. Chem. 54,
5115(1989)

46a
b

K. Laumen, M.P. Schneider, Tetrahedron Lett. 26, 2037 (1985)
K. Laumen, M.P. Schneider, Tetrahedron Lett. 25, 5875 (1984)

44

J.B. Jones, R.S. Hinks, H.G. Hultin, Can. J. Chem. 63, 452 (1985)

45

Y. Morimoto, Y. Terao, K. Achiwa, Chem. Pharm. Bull. 35, 2266 (1987)

46

F. Bjorkling, J. Boutelje, M. Hjalmarsson, K. Huit, T. Norin, J. Chem. Soc. Chem. Comm., 1041

47

Y. Terao, M. Tanaka, H. ¡mai, К. Achiwa, Tetrahedron Lett. 26, 3011 (1985)

48

M. Aono, Y. Terao, К. Achiwa, Heterocyclics 24, 313 (1986)

49

J.B. Jones, J.D. Morrison Ed., 'Asymmetrie Synthesis' Vol 5, Academic Press, New York, 1986

50

G. Guanti, L Banfi. E. Narisano, R. Riva, S. Theo, Tetrahedron Lett. 27, 4639 (1986)

51

G. Boudin, B.I. Glanzer, K.S. Swaminathan, Α. Vasella, Helv. Chim. Acta 71, 1367 (1988)

(1987)

52

K. Naemura, T. Matsumura, M. Komatsu, Y. Hirose, H. Chikamatsu, J. Chem. Soc. Chem.
Comm., 239 (1988)

53

R. Bloch, E. G-Jampl, С. Girard, Tetrahedron Lett. 27, 2543 (1986)

54

F. Bjorkling, J. Boutelje, S. Gatenbeck, К. Hult, T. Norin, Tetrahedron Lett. 26, 4957 (1985)

55a
b
56a
b

14

W. Krimse, R. Siefried, J. Am. Chem. Soc. 105, 953 (1983)
C.J. Francis, J.B. Jones, J, Chem. Soc. Chem. Comm., 597 (1984)
¿ X P . Lam, J.B. Jones, Can J. Chem. 66, 1422 (1988)
M Nakada, S. Kobayashi, M. Ohno, S. Iwasaki, S. Okado, Tetrahedron Lett. 29, 3951 (1988)

CHAPTER 2
ENZYMATIC OPTICAL RESOLUTION OF NORBORNANECARBOXYLIC ESTERS
USING PIG LIVER ESTERASE

2.1 Introduction
In recent years several esterases, proteases and lipases have successfully been exploited in kinetic
resolutions of chiral compounds

12

3

or asymmetnc synthesis , as well as for the separation of

4

stereoisomers and the hydrolysis of ester functions contamed in hydrolytically sensitive substrates

5

In the context of our programme aimed at modifying polycychc structures to Chirons for natural
product synthesis, the enzymatic optical resolution of tncyclodecadienone ester 1 has been reported

60 ά

.

This tricyclic ester appeared to be a surprisingly good substrate for pig liver esterase (PLE) (Scheme
2 1) Both the carboxyhc acid la and theremainingester lb were obtained in excellent chemical yields
and in high optical punty This finding and the fact that substrate 1 is a conformationally fully defined
structure offers a unique opportunity to establish the structural requirements which such an ester must
meet for an effective PLE-catalyzed hydrolysis

HOtXl
PLE

(±)-i

У

J^L

Ііія

„

+

buffer pH β
0 2M CHjCN

Ъ

/^re^y^f
W-іь

(-)-1a

cy 40% ее 100%

COOR

J

cy 48% ее 83%

Scheme 2 1
Based on studies of bicyclic mono- and m«o-diesters7 9 ' 1 7 , active-site models of P L E 1 0 1 2 have
been proposed in order to understand the enzyme-substrate interactions The complexity of PLE has,
however, prevented an accurate description of the active site Commercially available PLE is a complex
mixture that consists chiefly of six very similar isozymes13

14

, which might not all have the same

catalytic interactions with the substrate15. This concern was dispelled in a recent paper by Jones et a t 1 6 ,
in which it is demonstrated that the stereospecificities of the six major isozyme fracuons are essenually
the same towards monocyclic and acyclic dicstcr substrates Therefore, in asymmetnc synthesis PLE
15

may be considered as a single species (see also section 1.3.1).
12

A simple but not very reliable active site model was developed by Craine et al.

on the basis of

the enantioselective hydrolysis of a series of malonic acid diesters (Fig. 2.1).
Hydroptiylic
site

XH

CatatytK

MeOOC —

ate

НгО_А

Ester bindng
sita

Alkyl

Hydrophobic
site

Fig. 2.1 Active-site model ofPLE according to Craine et al.·'

2

Better information regarding the topography of the enzyme pocket is provided by the active-site
10

17

b

models of Ohno et α/. and Jones et a/. *' . The Y-shaped active-site approach by Ohno et al. was

Hydrophyle site
ht

Hydrogen bonding site

Hydrophobic site

Fig 2.2

Active-site model of PIE according to Ohno et al.

developed to interpret the hydrolysis of symmetrical diesters only (Fig.2.2). The active site is supposed
to be hydrophobic and it is likely that a flat region which can easily accomodate a six membered ring is
located near the catalytic serine residue of PLE. In addition to the hydrophobic site, the ester binding
site and the catalytic site, Ohno and co-workers proposed an additional hydrophilic site. The model of
Jones11** (Fig 2.3) also accounts for the stereoselectivity-reversal due to the ring size, a phenomenon
previously observed with malonate, aminoglutarate and monocyclic diester substrates. This model
incorporates two hydrophobic pockets, a small and a large one. The substrate will bind into the small
site, unless it is too large. In that case binding into the large site will be more favorable, thereby
inverting the stereoselectivity. Although the cubic-space model of Jones and co-workers reflects the
most detailed topographic view of the PLE enzyme pocket until now, like all models, the accuracy of
16

^

!

»ν

Ser

ι

Polar pocket
Hydrophobic pocket

Active-site model by Jones et al. '"

Fig. 2.3

the model is limited to structurally related substrates for which it was designed and remains doubtful as
long as the actual geometry of the enzyme pocket is not elucidated by X-ray analysis.
Another, more indirect approach in understanding an enzyme mechanism is to design a model
substrate in which the ideal structural and stereochemical requirements that a substrate must meet to
ensure optimal enantioselectivity and acceptance by the enzyme, are incorporated. This method was
used by Tamm etal.15 and led to the model substrate depicted in Fig. 2.4.
In explaining the result with tricyclic ester 1 (see Scheme 2.1), it was suggested that the presence
of a polar carbonyl function in trans position to the ело-ester function would be essential for the
observed enantioselectivity of PLE. Appropriate hydrogen bonding of this ketone function with an
amino-acid residue near the active site of the enzyme may provide the necessary fixation of the
substrate in the enzyme pocket.
CH,
0
ч

Small to medium size groups

\

^ ^ > / '
^^"^

0

Nucleophilic attack of the hydroxyl group
at the enzyme active site
No or at most small substituents

Only small and non-polar
substituents (e g CH3)

C-chains, with polar substituents
preferred in the lower part

Fig. 2.4 Substrate model for PLE according to Tamm et al7 '
In order to verify this hypothesis, a series of rigid bicyclic esters with the norbomane skeleton
was selected, as shown in Fig. 2.5, and their hydrolysis by PLE was studied. In addition, because
17

norbomane esters are synthons in many synthetic routes, enzymatic resolution of these bicyclic esters
opens interesting prospects for the enantioselective synthesis of some important compounds

18

ν-,- 'ϋ/Π
n-1 2
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В - wngl« bond
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epoxide

Fig 2 5

2.2 Results
2.2.1 PLE-catalyzed hydrolysis of norbornanedicarboxylic esters and their congeners
Norbom-5-ene-franj-2,3-dicarboxylic

acid

diester

2

(ШРАС

name

bicyclo[2 21]-

hept-5-ene-rra/w-2,3-dicarboxylic acid diester) is a suitable substrate for this study as it contains the
required polar group, viz., an ester function, in the trans position Moreover, the preference for
hydrolysis of the exo- vs endo-ester function can be studied, thus providing insight into the
stereochemical requirements of PLE for both stereo- and enantioselective catalysis
Racemic 2 was readily prepared by a Diels-Alder reaction of cyclopentadiene and dimethyl
fumarate in quantitative yield Its saturated congener 3 was obtained by catalytic hydrogénation of 2
Epoxidation of 2 with 3-chloroperbenzoic acid yielded another substrate, viz, 5,6-epoxy diester 4, in
excellent yield These three esters, 2, 3 and 4, were incubated with PLE (240 μΐ/ 5 mmol, approx 360
units/ S mmol) at room temperature in 0 1 M phosphate buffer solution (pH 7 8), according to standard
procedures. In these expenments no co-solvents were applied The enzymatic reaction was stopped at
50% conversion by adding a sodium carbonate solution The resulting acid was separated from the
diester by acid-base extraction and the remaining diester was purified by column chromatography
All three »ww-diesters 2, 3 and 4 are good substrates for PLE In a relatively fast reaction, all
substrates gave a single carboxyhc acid with an appreciable optical rotation which corresponds, as will
be shown below, with highly stereo- and enantioselective hydrolyses (Table 2.1).
The basic structures of the isolated carboxyhc acids were readily established by IR and NMR
spectroscopy Based on 'H-NMR spectra the structures 2a and 3a were assigned to the isolated half
esters In companson with the methyl protons of the ew-ester function, the methyl signal at 3 63 ppm
for the endo ester 2a has shifted upfield by approx 0 1 ppm due to a shielding effect of the Cs-C6
double bond Catalytic hydrogénation of 2a gave the corresponding saturated monoester m quantitative
yield This monoester was identical in all respects to the product 3a obtained by enzymatic hydrolysis
18

Table 2.1.

Substrate

product

\

PLE-catalyzed hydrolysis ofnorbornane diesters0'

reaction
time

20(b)

[α]ο:

%ee (%yield)

Absolute
Configuration

2a
2b

3hrs
3hrs

+110.2
-105.0

73 (45)
70 (45)

(+)-2S,3S
(-)-2R,3R

3a
3b

3.5 hrs
3.5 hrs

+31.7
-33.2

82 (45)
90 (40)

(+)-2S.3S
(-)-2Rt3R

4a
4b

6 hrs
6hrs

.(О
-71.4

82 (45)
95 (40)

(+)-2S,3S
(-)-2R,3R

2
'ΐο,Μβ
R - Me (гас)

H-Me (гас)

4

R.Me (гас)

С02М

*t0 2 Me

V^C02R
^JL^.C02M.

5a

<10 (95)

n.d.

5

R.Me

i

6

\

co,n

no hydrolysis observed after 48 hrs.

2

a) Tbc optically acuve half-esters are designated a (R=H) and the full esters b (R=Me). The racemic starling esters are
notated by their number alone
b) All optical rotations were measured in CH3OH at room temperature
c) Upon isolation half-esler 4a spontaneously hydrolyzed to the corresponding diacid wbicb underwent an intramolecular
lactonizaüon to form γ-lactone 10

19

of racemic diester 3. Although the spectral assignment seems plausible, an unambiguous structural
analysis by X-ray diffraction was considered necessary. As shown in Fig. 2.6, this analysis of 2a fully
confirms the structure deduced from the spectral features.

4 ' ^
L

С"

j

\
ι

ί

Γ

(V

τ

сУ-^

5іегесі /е ¿η minimum overlap
Fig 2.6 X-ray analysis of 2a
The enantioselectivity of the PLE hydrolysis of racemic dicslers 2 and 3 was readily determined on the
basis of optical rotations as follows: catalytic hydrogénation of the C5-C6 double bond of both the
produced half-ester 2a (a D 20 +110.2o(MeOH)) and the remaining diester 2b (a D 20 -105.0o(MeOH)),
followed by reduction with lithium aluminium hydride, led to the same diol 7, however with
nonidentical magnitudes of the rotations and of opposite sign (Scheme 2.2). Based on the reported
rotation of enantiomerically pure (+)-7 (a D 20 +56.0° (CHCI3))19, both the enantiomeric excess (ее) and
absolute configuration of 2a and 2b were obtained (Table 2.1). Similarly, the ee's and absolute
configurations of 3a and 3b were determined (Scheme 2.2). For 2a and 2b the ee's were doubly
checked by their conversion into rra/ij-dicarboxylic acid 8 and comparison of the optical data with
those reported for enantiomerically pure 8 2 0 (note: for economical reasons it is interesting to know that
the optically active norbomene rrani-dicarboxyhc acid 8 can be easily racemized by heating this
compound for 4 days at 140 o C 2 0 b ).
The enzymatic hydrolysis of substrate 4 appeared to be somewhat more complicated than that of 2
and 3. Instead of the expected half-ester 4a, a mixture of dicarboxylic acid 9 and lactone 10 was
isolated (Scheme 2.3). Upon standing or slightly healing, this mixture was completely converted into
lactone 10. The rationale for this finding is as follows: the initially formed half-ester 4a with the
Mo-carboxylic acid function undergoes rapid chemical hydrolysis to dicarboxylic acid 9 during
quenching of the enzymatic process (after 50% conversion) with sodium carbonate. Subsequently,
compound 9 slowly lactonizes to product 10. Support for this explanation was obtained by performing
the enzymic hydrolysis of substrate 4 at pH 7 and keeping the pH between 7.5 and 5 during the work-up
procedure. With these precautions, half-ester 4a could be isolated. In contrast lo diacid 9, this product
20
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4a remained unchanged upon standing or slightly heating. However, on dissolving this half-ester in an
21

aqueous solution of pH 10, rapid conversion into 9 and ultimately 10 occurred. From these
observations, it is clear that half-ester 4a is the product of the enzymatic process, which implies, as in
the case of substrates 2 and 3, that the enzymatic hydrolysis of 4 takes place with exclusive exo
stereoselectivity. The remarkable sensitivity of half-ester 4a towards hydrolysis at pH 10, when
compared with 2a and 3a, must be attributed to the presence of the epoxide function It is suggested that
the epoxide group promotes the hydrolysis by an intramolecular coordination of the ester function, as is
depicted in Fig 2.7. The results obtained with epoxy diester 4 resemble those described by Tamm et
о
^Н

Na-

ο," '

0

^ /

ОМе

Fig. 2.7
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al.

for epoxy CÍÍ diester 11, which on enzymatic hydrolysis with PLE results in enantioselective

formation of lactone 12 (Scheme 2 4). However, their assumption that the eventual hydrolysis of the
second carboxylic ester function is also an enzymatic process seems highly unlikely as the enzymatic
hydrolysis was stopped after consumption of one equivalent of base The fully enzymatic conversion of
mtio-diester 11 into 12 would require the uptake of two equivalents of base instead of one Therefore,
chemical hydrolysis of a half-ester intermediate must have occurred to form lactone 12 during working
up procedures, in a similar fashion as observed for half-ester 4a. Evidently, lactonization must have
taken place before or simultaniously with the hydrolysis of the second ester function, thus preventing
racemization of 12.
COO Me

!„ , __-&
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COOMe

PLE
pH7 0

Z-—^¿_COOH
0H

11

12

cy72%
9

96%

Scheme 2 4
Compound 2a could be converted into 10 as outlined in Scheme 2.5. From the absolute
configuration of 2a, that of 10 is obtained by this chemical correlation. The optical yield for the
enzymatic hydrolysis of 4 can also be determined by this correlating scheme (see Table 2 1).
In contrast to the norbomene trans diester 4, the corresponding cis diesters 5 and б behaved
poorly in the enantioselective hydrolysis with PLE Endo diester 6 was readily prepared trom the endo
cycloadduct of cyclopentadiene and maleic anhydride22 2 3 Thermal isomerization of this endo adduct
22
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Scheme 2.5
provides the starting material for exo diesicr 5. Although exo diester 5 was rapidly converted into
monoester 5a, there is practically no enantioselectivity (see Table 2.1). The endo diester 6 remained
completely unaffected by incubation with PLE for 48 hours. This observation again points to a high
preference for the exoester function in the PLE-catalyzed hydrolysis of norbomane esters.

2.2.2 PLE-mediated separation of exo- and eiufo-fraru-substituted
carboxylic esters

bicyclo[2.2.1]hept-5-ene-

In the preceding section it was demonstrated that PLE has a great preference for the hydrolysis of
the «o-ester function in norbomane-type dicarboxylic esters. It is attractive to use this selective
behavior of PLE for the separation of exolendo mixtures of norbomenecarboxylic esters often obtained
in Diels-Alder reactions between cyclopentadiene and alkene carboxylic esters (the IUPAC name of
norbomene is bicyclo[2.2.1]hept-5-ene). To evaluate this possibility, a series of three exo/endo mixtures
of substituted norbornene esters was prepared (Scheme 2.6).
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Cycloaddition

of

cyclopentadiene

with

methyl

rrani-4-oxo-2-butenoate

and

methyl

/rûni-4-oxo-2-pentenoate gave products 13/14 and 17/18, respectively. Selective reaction of the 13/14
with sodium borohydride produced substrate 15/16. The three respective substrate mixtures were
incubated with PLE under standard conditions. The results are collected in Table 2.2. From the mixture
of 13 and 14, isomer 14 was hydrolyzed exclusively; after 35% conversion endo isomer 13 remained
unchanged. When the hydrolysis was stopped after 25% conversion, exo acid 14a was obtained with an
ее of 44%. This ее value and the absolute configuration of the predominant enantiomer (viz. 2S, 3S)
were determined by comparison with homochiral diol (+)-7. To this end, 14a was converted into 7 by
23

Table 2.2 PLE-mediated separaüon of exo- and endo-norbornenecarboxylic esters
Substrate

R

amount

(endo/exo)

13/14

CH-O

lg

(45/55)

15/16
(50/50)

enzyme
(amount)
ц

PLE
O

CHjOH

buffer
рН=7.8

50

)

80ml
2% acetone

ra-t

conversion

acid (endo/exo)

ester (endo/exo)

8h.

35%

14a 340mg ((VI00) 51 Omg (77/23)

4.5 h.

25%

14a 225mg (0/1 Oof 680mg («У40)

1.8g

PLE
(600)

100ml

6d.

65%

15a/16a I g (25/75) 650mg (100/0)

1g

PLE
(360)

50ml

5.5 h.

35%

18a 230mg (0/100) 700mg (66/34)

1g

PLE
(360)

50ml

3h.

25%

18a 205mg (0/100) 685mg (n.d.)

Ь

17/18 С(-0)СНэ
(4<У60)

20
.
a: IO-ID +34.СГ (MeOH); ее: 44 4%,

20
b : [aJD +50.5° (MeOH),

20
c: [alD +98.5° (MeOH)

* tbc reaction rate dropped drastically after 25% converaon
** the reaction rate dropped drastically after 30% conversion

reduction with lithium aluminium hydride. Attempts to achieve a complete separation of 13 and 14
were severely hampered by very long reaction times to reach 50% conversion. This is due to the
enantioselectivity of PLE in the hydrolysis of 14. For the mixture of endo/exo acetyl ester 17/18, a
similar result was obtained. Pure exo acid 18a was obtained after 25% conversion using PLE under
standard conditions. No hydrolysis of the endo ester 17 was observed. As no reference compound was
available the ее and absolute configuration of the predominant enantiomer could not be established. A
different result was obtained for the PLE-catalyzed hydrolysis of the exolendo mixture of hydroxy
esters 15/16. The exo selectivity turned out to be considerably lower than in the two previous cases, as
an endolexo mixture of hydroxy acid 15a/16a with a ratio of 25/75 was obtained after 65% conversion.
With this substrate 15/16, there was no drop in reaction rate after approx. 25% conversion. The results
above clearly show that replacement of a carbonyl group by an alcohol function causes a diminished
regioselectivity and also probably a decrease of the enantioselectivity. This PLE-mediated separation of
exo/endo mixtures has attractive features when compared with the chemical methods of separation.24
2.2.3 PLE-catalyzed hydrolysis of norbornene monocarboxylic esters and their congeners
In order to establish further the effect of a vicinal carbonyl containing functionality on both the
regio- and enantioselectivity of the PLE-catalyzed hydrolysis of norbornane-type carboxylic esters, a
series of substrates, viz., 19-22, that lack such a function, was prepared. The norbornene esters 19 and
24

21 were obtained as a 9/1 endo/exo-mi\tuKs from the Diels-Alder reaction of cyclopentadiene and
methyl acrylate. When subjected to alkaline epimerization, an acid mixture with the endo/exo ratio of
1/1 was obtained. The endo isomer could be separated from this mixture by selective iodolactonization
to lactone 24, subsequent removal of exo acid 19a by an acid-base extraction procedure and
reconversion of iodo lactone 23 into endo ester 21 by treatment with zinc in acetic acid , followed by
esterification with diazomethane (Scheme 2.7). Epoxidation of norbomene esters 19 and 21 with
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COOH

lo/r
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19a (гас)

CH2N2

23

1) Zn/AcOH
2)CH2N2

.

21

19
Scheme 2.7

3-chloroperbenzoic acid gave the epoxides 20 and 22, respectively.
The esters 19-22 were incubated with PLE at room temperature in a 0.1 M phosphate buffer
solution (pH 7.8). No organic co-solvents were used. The results, which are summarized in Table 2.3,
reveal that exo esters 19 and 20 are good substrates for PLE because they arc hydrolyzed even more
rapidly than the bicyclic diesters under otherwise identical conditions (see Table 2.1).
The endo esters 21 and 22 are, as expected, poor substrates for PLE. Actually, epoxy ester 22 did
not react at all. The enantioseleclivity of the PLE-catalyzed hydrolysis of the esters 19-21 is low; in
fact, for the substrates 19 and 20 practically no selectivity was observed, whereas that for 21 is
moderate (ее of 30%). These results clearly show that the absence of a vicinal substituent in these
bicyclic 2-carboxylic esters has a large influence on the enantioseleclivity of the PLE-catalyzed
hydrolysis.
The great difference in reaction rate for the hydrolysis of epoxy endo and exo esters 20 and 22
offers an opportunity for the separation of a mixture of these esters (scheme 2.8). Selective hydrolysis
of the epoxy exo ester 20 in a 1/1 mixture of 20 and 22 was accomplished by incubation with PLE under
standard conditions (phosphate buffer, pH 7.8, room temperature). Epoxy exo acid 20a and the
unchanged epoxy endo ester 22 were obtained in almost quantitative yields. An attempted separation of
25

Table 2.3. PLE-catalyzed hydrolysis of norbornene-2-carboxylic esters
and the corresponding epoxides.
reaction
time

product*

substrate

C02R

£Cy

[о]"(МеОН)

%ee (%yield)

Absolute
Configuration

19a
19b

1.75 hrs
1.75 hrs

+0.9
-1.0

<5(45)
<5 (45)

(+)-lR,2S,4R**
(-)-lS,2R.4S**

20a
20b

0.5 h.
0.5 h.

-

<2 (40) **
<2 (40) **

-

19 (гас)

•eb

C02R

20 (гас)

COjR
9 1 Írai-Λ

22 (гас)

COjR

444.5
-41.8

21a
21b

18 h.
18 h.

22

no hydrolysis after 48 hrs

30 (45)
30 (45)

(+)-lR,2R.4R**
(-)-lS,2S,4S**

• a: R=H; b: R-Me
** The enantiomeric exess and absolute configuralioD were detennined by comparison with optical data
reported for this compound^

ССЮМ·

20

P"7·8

COOMe

20a

22

cy:>90%

22
cy:>95*.

Scheme 2.8
a 1/1 mixture of esters 19 and 21 gave, after 50% conversion, a mixture of the acids 19a and 21a in a
ratio of 80/20. This separation is less effective because of an insufficient difference in reaction rate
between hydrolysis of 19 and 21. PLE-catalyzed hydrolysis of an endo/exo-m\Xuiz of norbornene
bromoester 24 and 25 also afforded a successful separation. After 28 hr of incubation «»-ester 25 was
hydrolyzcd exclusively (scheme 2.9). Both α-bromo carboxylic acids 24a and 25a were used in the
Organic Chemistry Department of Nijmegen University to study Porcine Pancreatic Lipase (PPL)
catalyzed transesterifications in methyl acetate32.
26

СООН
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Scheme 2.9
2.2.4 Attempted PLE-catalyzed hydrolysis of bicyclo[2.2.2]octane /raní-diesters
The influence of the nature of the bicyclic skeleton on the PLE-catalyzed hydrolysis was
examined with the bicyclo[2.2.2]octane diesters 26-28 (Scheme 2.10). These compounds were readily
prepared from 1,3-cyclohexadiene and fumarie acid chloride. When subjected to PLE under standard
conditions, no hydrolysis was observed after 48 hours.

COjMe

26

C02Me

со г м·
27

со г м·

28

^СО,!

Scheme 2.10

2.3 Discussion
The results presented in Table 2.1 clearly show that the norbomane-type froni-diesters 2, 3 and 4
are good substrates for PLE as they undergo a completely regiospecific hydrolysis with high
cnantioselectivity. In all three cases, only the exo-ester function, positioned syn to the methylene bridge,
is hydrolyzed. The enc/o-ester group, anti to the methylene bridge in these compounds, is not affected.
The exo esters 5, 19, 20 (Table 2.1 and 2.3), 14, 16, 18 (Table 2.2) and 25 all hydrolyze with PLE
whereas the endo esters 6, 13, 15, 17, 21, 22 and 24 either do not react or are very reluctant to do so.
This preference of PLE for the ejeo-ester funclion can be explained by assuming that the orientation of
the norbomane-type diester in the enzyme pocket is strongly governed by the steric size of the C 7
methylene and Cs-Q ethylene bridges. With the едю-carbonyl function (syn to the methylene bridge)
bonded at the active site of the enzyme via a serine residue13, the space available for both C 7 and the
C5-C6 bridge is apparently large enough to allow such an orientation. Hydrolysis of the endo-ester
group (syn to the C5-C6 bridge) would require the more bulky ethylene bridge to be fitted into the same
27

space that accommodates the C7 bridge in the case of hydrolysis of the exo ester The effect of the
bridge

size is

apparently

very cntical, as is demonstrated by

the observation

that the

bicyclo[2 2 2]octane type diesters 26-28 do not hydrolyze upon incubation with PLE The available
space at the active site of PLE is clearly rather limited, large enough for a one-carbon bridge, but too
small to accept a two carbon bridge in the syn position of the ester function
Epoxidation of the C5-C6-double bond enhances the ability of PLE to discriminate between endo
and exo norbomane monoesters The polar epoxy group probably makes the enzyme-substrate complex
less flexible by formation of an additional enzyme-substrate interaction, that enhances the energy
barrier for the endo ester to enter the catalytic site, while it facilitates the exo ester substrate to reach a
catalyhcally favorable onentation to react with the serine residue This phenomenon can be utilized to
separate some endo/exo norbornane-ester mixtures by PLE-mediated catalysis
The enantioselectivity of the PLE-catalyzed hydrolysis provides important additional information
about the onentation of the substrate in the enzyme pocket By comparing the ее values of substrates 2,
3 and 4 on one hand, with those of 5,19 and 20 on the other, it becomes clear that a vicinal ester in the
trans position is essential for an effective enantioselective hydrolysis with PLE Apparently, in
substrates 2, 3 and 4, the endo-ester function has just the nghl position to allow the formation of a rigid
enzyme-substrate complex in which the exo-ester group is ideally situated at the active site of the
enzyme When such a vicinal ester group, trans to the ester function to be hydrolyzed, is absent, as in
substrates 19 and 20, the enzyme-substrate complex has more structural possibilities As a consequence,
chiral recognition of the active site will be less or even absent and very little enantioseleclivity will be
observed

When the vicinal ester function is in the cis position, as in 5, there is virtually no

enantioselectivity, implying that chiral recognition is a cntical matter strongly dependent on a paiticular
spatial onentation of the substrate The results collected in Table 2 2 indicate that the above mentioned
vicinal iraru-ester function may be replaced by a formyl or acetyl group It is suggested that the vicinal
ira/w-carbonyl containing functions (ester, formyl, acetyl) are bound through hydrogen bonding, thus
restricting the flexibility of the substrate at the active site Rather unexpectedly, a hydroxymethyl group
m the trans position of the era-ester function, as in 16, is much less effective The data in Table 2 1
reveal that the nature of the Cj-C6 bndge has some, but no cntical effect on the enantioselectivity of the
hydrolysis reactions Reduction or epoxidation of the C5-C6 double bond results in a slightly increased
enantioselectivity of the reaction
It is of interest to note that exo- and endo см-7-оха-Ьісус1о[2 2 IJheplanc diesters 29 and 30 are
good substrates for PLE, as hydrolysis results m both high chemical and optical yields8 (Scheme 2 11)
Apparently, replacement of the lipophilic methylene bndge in 5 and 6 by the more polar oxa bndge
alters the nature of these molecules in such a manner that, again, effective formation of an
enzyme-substrate complex can be achieved As observed for the methylene-bndged substrates, the
presence of a double bond in the oxygen-bndge bicychc substrates has a negative effect on the
enantioselectivity of the reaction
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The results obtained with norbomane-type esters support the substrate model proposed by Tamm
et al.15 (Fig. 2.4). In fact, this model adequately describes the stereochemical requirements for a
regiospecific and enantioselective PLE-catalyzed hydrolysis of this class of substrates. Our results can
also be analyzed in an analogous fashion as described by Griengl et al.25 for reactions of
norbomane-type substrates with lipase from Candida cylindracea (CCL), in which regions are assigned
in the substrate skeleton. This method provides a model structure for a substrate in which the
requirements for acceptance by an enzyme are described.

>n

A, S , - left and nght oxo-rogton
S n . S„ - left and nght endo region
χ · ic-iegion

B-bndge
S,, Sa, S,, S v . . substituer ts

Fig. 2.8 Model structure for PLE-substrates

29

In Fig. 2.8 the region analysis for the norbornane-type esters is shown. Region A indicates that
only exo esters are hydrolyzed. By enlarging the R group in the ester, the rate of hydrolysis will
15

decrease . The finding that epoxy ester 31 (Scheme 2.12) is not accepted as a PLE-substrate at all, in
contrast to tricyclic ester 1, is further evidence that a crowded A region should be avoided. (Epoxy-ester
33

31 can be easily prepared from I .) A vicinal carbonyl substituent S v . must be in the trans position in
Л
і/І^^^^Ук

COOMe
—

0

•

no hydrolysis observed after 72 h.

31
Ц
0
racemic
Scheme 2.12
order to ensure high enantioselectivity. The center with the S configuration is preferentially hydrolyzed.
The region S n for endo substituents is not specified and the results do not point to any specific
requirement. The Sn» region, however, has some critical features. Hydrogen-bond acceptors are
desirable for an enantioselective hydrolysis. It seems that this region must sterically be not too filled as
15

was shown by Tamm et al. . The bridge В must be small and may only contain one С atom. In
bicyclo[2.2.2]octanes the ethylene bridge is already too large to form an enzyme-substrate complex
suitable for enzymatic hydrolysis. Replacement of the carbon by a heteroatom (O) in the bridge
completely changes the picture of the substrate model8. An extra polar group in the bridge might result
in an interaction between the bridge and the hydrophilic site of the enzyme, as mentioned by Ohno et
al.10. The orientation of such substrates in the enzyme pocket will, therefore, differ from the norbornane
substrates and cannot be described by this model. The S x region may contain exo substituents.
Comparison of the results of the norbomane esters with the corresponding norbornene derivatives leads
to the conclusion that the presence of jt-electrons in this part of the molecule (the π-region) has a
negative effect on the enantioselectivity. Although substrate dependency in the S a and S s region was not
explicitely tested, it is expected that the S s substituent must be small, whereas for the S a substituent
more space is available without causing unfavorable interactions for the enzyme-substrate complex.
This analysis according to Griengl et al.25, leads to a reliable stractural description of the requirements
for the acceptance of norbomane-type esters as substrates for PLE. The model also reveals under which
structural conditions an enantioselective hydrolysis can be achieved. The model structure shown in Fig.
2.8 can be considered as a fine-tuned version of the Tamm model.
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2.4 Experimental section
General remarks
'H-NMR spectra were recorded on a Vanan EM390 (90MHz, CW) or a Bniker WH90 (90MHz,
FT) spectrometer with TMS as internal standard IR spectra were recorded on a Perkin-Elmer 298
spectrophotometer. For mass spectroscopy a double focussing VG 7070 was used The chemical
ionisation (CI) technique was used with methane as reaction gas Elemental analyses were earned out
m the microanalytical department of Nijmegen University Optical rotations were determined with a
Perkin-Elmer 241 polanmeter. GC was performed on a Hewlett-Packard 5790A or on a
Hewlett-Packard 5890A, both instruments were equipped with a capillary HP cross-linked methyl
silicone (25m χ 0.31mm) column and connected to a HP 3390 calculating integrator. For crude
reaction mixtures a Hewlett-Packard 5710A instrument equipped with a packed Chrompack SE30
(10% 6' χ 1/8") column was used Melting points were determined on a Reichert Thermopan
microscope and are uncorrected For preparative chromatography at atmosphenc pressure Silica gel 60
(Merck art no 7719) was used as the stationary phase The "flash"-chromatography technique was
performed with Silica gel 60H (Merck, art no. 7736) using a slightly modified version as desenbed by
26
Still et al. . A pressure of 1.5-2.0 bar was maintained to obtain the necessary flow rate. The column
length was approximately 15 cm, column diameters vaned between 2 and 5 cm.
For the enzymatic hydrolyses, a Schott Gerate automatic pH-controller was used, consisting of a
CG 804 pH-meter and a Τ 90/20 titrator coupled lo a TR 154 control unit, as shown in Fig 2.9.

pH-meter

controldevice

auto-buret

Figure 2.9

m
\

τη

Aqueous 0.1M phosphate buffer solution was prepared by adding 0 IM KH2PO4 solution to 0.1M
Na2HP04 solution until the desired pH value had been reached.
Pig liver esterase (PLE; EC 3 1.1.1) was purchased from Sigma as a suspension m 3.2 M
(МНд^Од soluüon (pH 8) [batches contained 10-11 mg highly punfied protein/ ml and approx 260
U/ mg protein. One unit will hydrolyse 1 0 microequivalent of ethyl bulyrate in 1 hr. at pH 7.8 (37
"C·)].
Solvents were dried, when appropriate, using the following methods, hexane was distilled from
sodium hydnde, dichloromethane was distilled from phosphorus pentoxide, diethyl ether was
pre-dned on calcium chlonde and then distilled from sodium hydnde and, if neccesary, subsequently
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from lithium aluminium hydride; All other solvents used, were either P.A. or "reinst" quality.
note: In the experimental section IUPAC names of substrates and products will be used.
Racemic dimethyl bicyclo[2.2.1Jhept-5-ene-\iäns-2,3-dicarboxylate 227
This compound was prepared from dimethyl fumarate and freshly cracked cyclopentadiene in 99%
yield; m.p. 32-32.5 "C.
•H-NMR (CDCI3): δ 6.27 (dd, IH), 6.05 (dd. IH), 3.72 (s, 3H), 3.63 (s, 3H), 3.37 (t, IH), 3.25 (s, br.,
IH), 3.12 (s, br., IH), 2.67 (m, IH), 1.55 (m, 2H) ppm.
IR (KBr): υ 2945/2980 (CH). 1727 (C=0) cm 1 .
Racemic dimethyl bicyclo[2.2.]]hept-5-ene-cis(exo)-2,3-dicarboxylate S22·23·28
The cycloadduct of cyclopentadiene and maleic anhydride, m.p. 173-173.5 0 C, was heated22 at 190 0 C
for 1.5 hr., giving the corresponding exo adduct in 40% yield; m.p. 142-143 "С. This exo anhydride
was converted into 5 by treatment with MeOH/H+ in 90% yield 8 · 22 · 23 ; m.p. 50-52 0 C.
^ - N M R (CDC13): δ 6.20 (m, 2H), 3.66 (s, 6H), 3.10 (m, 2H), 2.64 (d, 2H) 1.85 (q, AB, 2H).
IR (KBr): υ 3050 (CH), 1740 (C=0) cm"1.
Racemic dimethyl bicyclo[2.2.1]hept-5-ene-cis(endo)-2,3-dicarboxylate б22,23
The endo adduct of cyclopentadiene and maleic anhydride was treated with MeOH/H+ to produce 6 as
an oil in 96% yield.
'H-NMR (CDCI3): δ 6.28 (m, 2H), 3.53 (s, 6H), 3.22 (s, br., 2H), 3.10 (m, 2H), 1.30-1.70 (q, 2H) ppm.
IR (NaCl): υ 2980/2960 (CH), 1735 (C=0) cm 1 .
Racemic methyl bicyclo[2.2.1]hept-5-ene-exo-2-carboxylate 19 and racemic methyl bicyclo[2.2.1]hept-5-ene-endo-2-carboxylate 2129
Compounds 19 and 21 were prepared simultaneously from freshly cracked cyclopentadiene and
methyl acrylate according to a published procedure. The cycloaduct, having an endo/exo ratio of 9/1,
was treated with MeONa to give a 1/1 mixture of the corresponding acids 19a/21a upon work-up with
water, which were separated by iodolactonization of the endo acid. lodolactone 23 (29% yield; m.p.
55-57 "С) was converted into the endo ester 21 in 70% yield (colorless oil).
•H-NMR (CDCI3): δ 6.15 (dd, IH), 5.71 (dd, IH), 3.41 (s, 3H), 3.17 (m, IH), 2.75-3.00 (m, 2H),
1.73-2.03 (m, IH), 1.16-1.56 (m, 3H) ppm.
IR (NaCl): υ 3080/2968/2940/2870 (CH), 1780/1725 (C=0) c m 1 .
The exo ester 19 was obtained from racemic exo acid 19a as a colorless oil in 40% yield.
•H-NMR (CDCI3): δ 5.91 (m, 2H), 3.43 (s, ЗН), 2.79 (s, br., IH), 2.67 (s, br., IH), 1.98 (dd, IH),
1.50-1.85 (m, IH), 0,98-1,43 (m. 3H) ppm.
IR (NaCl): υ 3060/2970/2940/2870 (CH), 1730 (C=0) cm 1 .
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Methyl ìians-3-formylbicyclo[2.2.1]hept-5-ene-2-carboxylate 13/14
Methyl sorbate (10g, 0.08 mol, lUPAC name: methyl (E,E)-2,4-hexadienoate) was dissolved in 100
ml of dichloromcthanc. Then MeOH (3.8g, 1.5 eq.) was added and the mixture was cooled to -30 "C,
before 1 equivalent of O3 (3.84g) was passed into the solution. When all starting material had
disappeared (TLC) an excess of dimethyl sulfide (6-7 ml) and a few drops of NEt3 were added at -30
"C. The reaction mixture was subsequently stirred at room temperature for 18-72 hours until all
ozonides or peroxides had been reduced. The organic phase was washed with 5% КаНСОз and dried
(MgS0 4 ). After removal of the volatiles under reduced pressure the residue was distilled (15 mm Hg/
0

70 "C) and crystallized from cold hexane/ether (1/1; -20 C) to give slightly yellow franj-methyl
30

4-oxo-butenoate in 81 % yield .
'H-NMR (CC14): δ 9.70 (d, IH), 6.88 (dd, IH), 6.58 (d, IH), 3.75 (s, 3H) ppm.
Methyl franí-4-oxo-butenoate (6.0 g, 53 mmol) was dissolved in ether (25 ml), cooled to approx. 0 0C
and treated with 1.2 equivalents of cyclopentadiene. The reaction mixture was then stirred for 3 hrs. at
room temperature and concentrated to yield 9.5 g (98%) of a mixture of 13 and 14 in a ratio of approx.
45/55 (oil).
'H-NMR (CDCI3): δ 9.76 and 9.46 (2 χ s, IH), 6.25-5.94 (m, 2H), 3.60 and 3.53 (2 χ s, ЗН), 3.36-3.03
(m, ЗН), 2.71-2.52 (m. IH), 1.70-1.25 (m, 2H) ppm.
1

IR (NaCl): υ 3060/2980/2950/2723 (CH), 1720 (С=0) cm .
Methyl üans-3-(hydroxymethyl)bicyclo[2.2.1]hept-5-ene-2-carboxylaie 15/16
The mixture of 13/14 obtained above (2.0 g, 11 mmol) was dissolved in MeOH (15 ml) and treated
with sodium borohydride (418 mg, 3 equiv.) at room temperature. After the material had reacted
(approx. 1.5 hrs.), water (50 ml) was added and the mixture was extracted with ether (3x 25 ml). The
extracts were dried (MgS04), concentrated in vacuo and the residue was chromatographed (40%
AcOEt in hexanc) to give the rremj-hydroxy ester 15/16 as a 1/1 mixture (yield 84%; oil)
'H-NMR (CDCI3): δ 6.29. 6.17, 6.00 (3xdd, 2H), 3.65. 3.60 (2x3H), 3.60-1.38 (m, 2H), 1.38-1.17 (m,
2H), 2.47 (m, 2H), 2.00-1.30 (m, 3H) ppm.
IR (NaCl): υ 3400 (OH), 3060/2957/2880 (CH), 1727 (C=0) c m ' .
Methyl a&ns-3-acetylbicyclo[2.2.1]hept-5-ene-2-carboxylate 17/18
Methyl 4-oxo-pentanoate (5.8 g, 0.045 mol) was dissolved in 100 ml CHCI3 according to reference 31.
Br2 (7.14g, 1 eq.) was then carefully added. The reaction mixture was gently wanned (40 0 C) in order
to start the reaction. A rapid decolorization took place and after additional stirring for several min. the
solvent was removed under reduced pressure to give 9 g of crude bromide. Without further
purification the bromo ester was treated with sodium acetate (9g, 0.11 mol) in 25 ml glacial acetic
acid and gently warmed (65 0 C) for 12 h. Then the reaction mixture was allowed to reach room
temperature. The precipitated sodium bromide was filtered off and water was added to thefiltrate.The
aqueous layer was saturated with sodium chloride and extracted with ether (3x). The combined ether
layers were dried over magnesium sulfate and concentrated under reduced pressure. Distillation (27
33

0

mbar/ 90 C) gave pure methyl mjrw-4-oxo-pentenoale in 42% yield as a colorless solid material. Μ ρ
0

58-60 C.
'H-NMR (CDCI3)· δ 7 03 (d, IH), 6.62 (d, IH), 3 78 (s, ЗН), 2 33 (s, 3H) ppm
Methyl 4-oxo-pentenoate (4 9 g, 38 3 mmol) was treated with cyclopentadiene (2 8 g, 1.1 equiv ) at 0
0

C. The (exothermic)reactionwas completed by stirring over night Disüllation of the crude adduci

gave 6 5 g (87%) of the mixture of 17 and 18 in a ratio of 1/1 (b ρ 85 °CI 0 6 mbar)
'H-NMR (CDCI3): δ 6.37-5 92 (m, 2H), 3 70, 3 63 (2xs, ЗН), 3.46-2 93 (m, 2H), 2.85-2 53 (2x1, 2H),
1.24, 1.16 (2xs, ЗН), 1.76-1 25 (m, 2Н) ppm
IR(NaCl): υ 3060/2980/2950/2878 (CH). 1720 (С=0) cm '
Dimethyl bicyclo[2.2. lJoct-5-ene-üans-2,3-dicarboxylate 26
This product was obtained by reaction of freshly prepared fumane acid dichlonde35 (13g, 0.085 mol)
and 1,3-cyclohexadiene (6.25, 0 078 mol) The reaction mixture was heated at 45 0C and stirred at
room temperature over night. Vacuum distillation (100-104 0 C/ 0 7 mbar) gave the cycloadduct in
78% (15g) yield.
'H-NMR (CDCI3): δ 6.45 (m, 2H), 3.63 (m. IH), 3 35 (m, ЗН), 1.30-1.80 (m, 4H) ppm
IR (NaCl): υ 3055/2958/2875 (CH), 1785 (C=0) cm '.
Water (75ml) was added to thus obtained cycloadduct (13 lg, 0 056 mol) at room temperature and the
mixture was stirred for 16 h. The white precipitate was filtered off and dned in a vacuum oven to give
the corresponding bicyclodicarboxylic acid in 98 8% (1 lg) yield; m.p. 212 5-214 0 C.
IR (KBr): υ 2500-3500 (COOH), 1685 (C=0) cm '
Bicyclooctenedicarboxylic acid was treated with diazomeihane to give the corresponding diester 26 as
a colorless oil in quantitative yield.
'H-NMR (CDCI3): δ 6 47-6.07 (m, 2H), 3.71 (s, ЗН). 3 63 (s, ЗН), 1.77-3.21 (m, 4H), 1.00-1 72 (m,
4H) ppm.
IR (NaCl)· υ 3042/2945/2883 (CH), 1735 (C=0) cm '.
Hydrogénation of bicycloalkenecarboxylic esters (general procedure)
The bicycloalkcne ester (1 g) was dissolved in ethyl acetate (75 ml) and then hydrogenated with H2
using Pd/C as the catalyst. When the calculated amount of H2 had been taken up, the mixture was
filtered over Hyflo and concentrated in vacuo to give the corresponding bicycloalkane ester m
quantitative yield.
Dimethyl bicyclo[2.2.1]heptane-\iui\s,-2,3-dicarboxylate 3
Colorless oil which solidifies at 4 0 C.
'H-NMR (CDCI3): δ 3 72 (s, ЗН), 3 68 (s, ЗН), 3 19 (t, IH). 2.80 (d, IH), 2.57 (s, br., 2H). 1 15-1.73
(m, 6H) ppm.
IR (NaCl): υ 2950/2890/2840 (CH). 1727 (C=0) cm '
34

Dimtthyl bicyclo[2.2.2]octane-\ians-2,3-dicarboxylate 27
Hydrogénation of bicylo[2.2.2]oct-5-ene-/ranj-2,3-dicarboxylic

acid gave the corresponding diacid;

m.p. 237-239 0 C 22b . Estenfication with diazomethane gave 27; m.p 44-45 "C.
•H-NMR (CDCIJ): δ 3.66 (s, 6H), 3 07 (s, 2H), 2 05 (s, br, 2H), 1.54 (m, 8H) ppm.
IR (NaCl): υ 2940/2860 (CH), 1723 (C=0) cm '.
+

MS(EI): m/e 226 (M , 6.6%), 194 (91 2%), 162 (47.2%), 146 (73 6%), 79 (100%).
Epoxidation ofbicycloalkenecarboxyhc esters (general procedure)
Alkene ester (1 g) in dichloromelhane (30 ml) was treated with 3-chloroperbenzoic acid (1.1 equiv.) at
room temperature The reaction was monitored by GLC. When the reaction was complete, the mixture
was washed with aqueous N32803, aqueous ЫаНСОз and water. The organic layer was dried
(MgS0 4 ) and concentrated lo give the epoxide, which was purified by column chromatography using
20% AcOEt in hexane as eluant
Dimethyl exo-5,6-epoxybicvclo[2.2 I]heptane-{ians-2,3-dicarboxylate 4
Epoxy ester 4 was obtained from 2 as a colorless oil in 93% yield.
'H-NMR (CDCI3): δ 3.70 (s, 6H). 3 07-3 38 (m, ЗН), 2 70-2 95 (m, ЗН), 1 38 (m, IH), 1.04 (m, IH)
ppm.
IR (NaCl): υ 2995/2945/2840 (CH), 1725 (C=0) cm"1.
Methyl txo-5,6-epoxybicycIo[2 2.I]heptane-txo-2-carboxylate 20
Epoxy ester 20 was obtained from 19 in 91% yield (colorless oil)
"H-NMR (CDCI3) δ 3 60 (s, ЗН), 3 07 (s, 2H), 2.67 (s, IH), 2 44 (s, IH), 2.14-2 40 (m, IH), 1 42-2.03
(m, 2H), 1.28 (d, IH), 0 95 (d, IH) ppm.
IR (NaCl) υ 2945/2880/2840 (CH), 1727 (C=0) cm ·.
Methyl exa-5,6-epoxybicyclo[2.2.l]heptane-endo-2-carboxylate 22
Epoxy ester 22 was obtained from 21 in a yield of 87% (colorless oil).
'H-NMR (CDCI3) δ 3 69 (s, ЗН), 3 14 (s, ЗН), 2.79 (m, 2H), 2 48 (s, br., IH), 1.57-2.02 (m, 2H), 1.42
(d, lH),0 82(d, lH)ppm.
IR (NaCl) υ 2950/2880/2840 (CH), 1735 (C=0) cm ·.
Dimethyl e\o-5,6-epoxybicyclo[2 2 2Joctane-trans-2,3-carboxylate 28
Epoxy ester 28 was obtained from 26 in a yield of 86% (colorless oil).
'H-NMR (CDCI3)· δ 3.69 (s, 6H), 3 09-3 32 (m, ЗН), 2.77-2.95 (m, IH), 2.60 (m, 2H), 1.13-1.73 (m,
4H) ppm.
IR (NaCl): υ 3000/2942/2885 (CH), 1723 (C=0) cm"'.
MS(EI): m/e 240 (M + , 4.6%), 212 (31%), 180 (42 7%), 153 (43.5%), 99 (100%).
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Methyl (endo/exo) 2-bromobicydo[2.2.1]hept-5-ene-2-carboxylates 24 and 25
An endo/exo mixture of α-bromoesters 24 and 25 was prepared according to slightly modified
literature
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procedures . To methyl

2,3-dibromopropanoale

(I8.45g,

75

mmol) in 50 ml

dichloromethane at ОЧГ, tricthylaminc (7.5lg, 74.3 mmol) in 20 ml dichloromciane was slowly added.
The reaction mixture was stirred for 15 min. at 0oC. The white precipitate was filtered off and rinsed
with CH2CI2. The filtrate was washed with water (40 ml) and the aqueous layer was extracted with
dichloromethane (2x 40 ml). After drying the combined organic layers (MgSC^) and carefully
removing the solvent, 2 equivalents (± 12.4 ml) of freshly cracked cyclopentadiene were added to the
residue. The reaction mixture was stirred at room temperature over night. After removal of solvents,
the residue was taken-up in hexane, filtered and concentrated under reduced pressure. Vacuum
distillation (2.1-2.8 mbar/ 74-81 0 C) gave 15.89 (92%) of the desired product consisting of a mixture
of 40% endo ester 24 and 60% exo ester 25 as a colorless oil.
^-NMR (CDCI3): δ 6.33, 6.18 (2xdd, IH), 6.10,5.90 (2xdd, IH), 3.75, 3.67 (s, 3H), 3.49, 3.33 (2xm,
IH), 3.00-2.10, 2.32 (m, 2H), 2.07,1.72,1.37,1.20 (4xd, 3H) ppm.
IR (NaCl): υ 3060/2878/2945/2875 (CH), 1730 (C=0) cm 1 .
PLE-catalyzed hydrolysis of the substrates 2-6,19-22
The substrate was suspended in a 0.1M phosphate buffer solution (pH 7.8, 5 mmol/ 50ml) and
incubated with PLE (240 μ]/ 5 mmol, 360 units/ 5 mmol) at room temperature. The pH was kept
constant by continuous addition of 0.25 M NaOH using an auto-buret. At 50% conversion, the
reaction was stopped by adding sodium carbonate solution until the pH was 10. The aqueous solution
was extracted with ether (3x). The combined ether layers were dried (MgS0 4 ) and concentrated to
yield optically active unreacted ester, which was purified by column chromatography (20% ethyl
acetate in hexane).
The aqueous layer was acidified (at approx. pH 3) with diluted sulphuric acid and extracted with ether
(3x). The ether layer was dried (MgS0 4 ) and concentrated to give the optically active monoacid.
Reaction times, chemical and optical yields and rotational data are collected in Table 2.1 and 2.3.
(2S,3S)-endo-3-(methoxycarbonyl)bicyclo[2.2.1 ]hept-5-ene-exo-2-carboxylic acid 2a
M.p. 89-90.5 "С. Recrystallization from hexane/ ether gave a slightly higher optical rotation: [a] 2 0 D =
o

+118 (c=0.5,MeOH).
'H-NMR (CDCI3): δ 9.53 (s, br., IH), 6.32 (m, IH), 6.10 (m, IH), 3.73 (s, ЗН), 3.10-3.42 (m, ЗН),
2.70 (d, IH), 1.53 (q,2H) ppm.
IR (KBr): υ 2500-3400 (COOH), 3025/2980 (CH), 1720/1690 (C=0) c m 1 .
+1

MS(CI): m/e 197.0814 (M , calculated for С,0H,304 197.0814) (10.1%), 179 (100%). 165 (27.9%),
113 (88.7%), 66 (32.5%).
Analysis found: С 61.25, H 6.14. Calculated forC 1 0 H 1 2 O 4 (196.203): С 61.22, H 6.16 %.
Dimethyl (2R3R)-bicyclo[2.2.]]hept-5-ene-\ians-2,3-dicarboxylate 2Ъ
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Ή-NMR and IR are identical to those of the raccmic material.
(28,Ю-епао-3-(теікохусагЬопуІ)ЫсусІо[2.2.1 ]heptane-exo-2-carboxylic acid 3a
M.p. 59-63 0 C.
^-NMR (CDCI3): δ 10.3 (s, br., IH), 3.69 (s, ЗН), 3.20 ( m, IH), 2.83 (d, IH), 2.63 (s, br., IH),
1.17-1.70 (m,6H)ppm.
IR (KBr): υ 2800-3500 (COOH), 2970/2955/2880 (CH), 1725/1680 (C=0) c m 1 .
MS(CI): m/e 199 (NT, 51.2%), 181 (100%), 167 (56%), 153 (100%).
Dimethyl (2R,3R)-bicyclo[2.2.1 Jhepmne-\ians-2,3-dicarboxylate 3b
Colorless oil. 'H-NMR and IR are identical to those of the racemic compound.
(2S,3S)-endo-3-(methoxycarbonyl)-cxo-5,6-epoxybicyclo[2.2.1 ]heptane-exo-2-carboxylic acid 4a
The reaction was carried out at pH 7.0. After 50% conversion N32003 was added to pH 7.4 and the
unreacted ester was immediately extracted with ether. The aqueous layer was acidified to pH 5.0 and
extracted with ether. After drying (MgS04) and removal of the solvent, half-ester 4a was obtained in
35% yield; [ a ] 2 0 D +58.9° (c=0.8, MeOH).
'H-NMR (CDCI3): δ 8.77 (s, br., IH), 3.70 (s, ЗН), 3.08-3.37 (m, ЗН), 2.83 (m, ЗН), 1.42 (m, IH),
1.01 (d, lH)ppm.
IR (KBr): υ 2800-3300 (COOH), 1730 (C=0) cm 1 .
MS(CI): m/e 213.0763 (NT, calculated ГогС 10 Н 1 з0 5 213.0763) (100%), 195 (31,3%), 181 (42.4%).
(2S,3S)-Lactone 10 from 4
After 6 h. reaction time, the standard work-up resulted in a mixture of diacid 9 and lactone 10. This
mixture was dissolved in a small amount of toluene and heated for 10 min. Removal of the solvent in
vacuo gave lactone 10 (45%); [a] 2 0 D +25.1° (c=0.6, MeOH). M.p. 180-182 Χ .
'H-NMR (CDCI3): δ 6.60 (s, br.. IH), 3.72 (s, ЗН), 3.24 (m, ЗН), 2,88 (m, ЗН), 1.00-1.53 (m, 2Н)
ppm.
IR (KBr): υ 2800-3250 (COOH), 3435 (OH), 1720 (C=0) c m ' .
MS(EI): m/e 198 (M+, 10.9%), 180 (20.2%), 170 (16.1%), 152 (100%).
Preparation of lactone 10 from 2а
Half-ester 2a (1 g, 5.1 mmol; [ a ] 2 0 D +110.2° (c=0.5. MeOH); ее: 73%), was dissolved in ether and
treated with an excess of ethcral diazomethane. Removal of the solvents gave the corresponding
diester (1.1 g, [oc]20D +104° (c=0.5, MeOH)), which was epoxidized as described for racemic diester 4.
After column chromatography (15% AcOEt in hexane), (2S,3S)-epo\y diester 4b was obtained; [ a ] ^
+54.9° (c=0.7, CHCI3). This product was stirred in aqueous NaOH (50 ml, 5%) at 40 0 C until the
reaction mixture was clear. After cooling and acidification to pH just below 7, the mixture was
extracted with ether (3x). The extracts were dried (MgSO^ and concentrated; the residue was
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dissolved in acetonitrilc and heated for 1 h., then the solvent was removed in vacuo to give (2S,3S)
lactone 10 as a white solid; [ a ] ^ +22.4° (c=0.5, MeOH); ее: 73%. 'H-NMR and IR see above.
Dimethyl (2R,3R)-cxo-5,6-epoxybicydo[2.2. ¡]heptane-\izns-2,3-carboxylate 4b
After 6 h. incubation time, this diester was obtained as a colorless oil (40% yield; [a] 2 0 D -71.4° (c=0.8,
MeOH); ее: 95%). 'H-NMR and IR see rac. compound.
MS(CI): m/e 227 (M+, 43.7%), 195 (100%), 181 (3.8%), 167 (15.2%).
Exo-3-(m£thoxycarbonyl)bicyclo[2.2.J]hept-5-ene-e7io-2-carboxylic acid 5a
The reaction was stopped after 100% conversion. Yield >95 %. [ a ] 2 0 D 0.0° (c=0.5, MeOH).
'H-NMR (CDCI3): δ 6.22 (m, 2H), 3.64 (s, ЗН). 3.12 (m, 2H), 2.65 (d, 2H), 1.49 (d, 2H), 2.11 (d, 2H)
ppm.
Analysis found: С 61.23, H 6.14. Calculated for C 1 0 H 1 2 O 4 : С 61.21, H 6.17 %.
(lR,2SAR)-Bicyclo[2.2.]]hept-5-ene-exo-2-carboxylic acid 19a
[ a ] 2 0 D +0.9° (c=1.0, MeOH); ce: <5%. M.p. 40-42.5 "С.
'H-NMR (CDCI3): 8 6.07-6.21 (m, 2H), 3.11 (s, br., IH), 2.93 (s, br., IH), 2.28 (dd, IH), 1.97 (dd,
IH), 1.28-1.49 (m,3H) ppm.
IR (NaCl): υ 2500-3500 (COOH), 2975 (CH), 1695 (C=0) c m ' .
Methyl (\S,2RAS)-bicyclo[2.2.1]hept-5-ene-e.j.o-2-carboxylate 19b
[ a ] 2 0 D -1,0 (£=1,0, MeOH); ее: <5%.
1

H-NMR and IR data are identical to those of the racemic compound.

Exo-5,6-epoxybicyclo[2.2.1 ]heptane-exo-2-carboxylic acid 20a
M.p. 81.5-84 0 C.
'H-NMR (CDCI3): δ 4.77 (s, br., IH), 3.17 (s, 2H), 2.75 (s. br., IH), 2.48 (m, IH), 2.33 (m, IH), 1.91
(dt, IH), 1.61 (m, IH), 1.28 (m, IH), 1.00 (d, IH) ppm.
IR (NaCl): υ 2500-3500 (COOH), 1700 (C=0) cm'.
MS(CI): m/e 155 (M + . 100%), 137 (39.8%), 109 (49.8%), 79 (45.7%).
Methyl exo-5,6-epoxybicyclo[2.2.1]heptane-cxo-2-carboxylate 20b
Colorless oil. 'H-NMR and IR identical lo those of the racemic compound.
MS(CI): m/e 169 (M+, 39.9%). 137 (26.3%), 108 (44.9%), 81 (100%).
(lR,2R,4R)-Bicydo[2.2.1]hept-5-ene-endo-2-carboxylic acid 21a
Colorless oil.
'H-NMR (CDCI3): δ 6.20 (dd, IH), 5.98 (dd, IH), 3.17-3.23 (m, IH), 2.85-3.05 (m, 2H),1.73-2.07 (m,
IH), 1.22-1.52 (m,3H) ppm.
38

IR (NaCl): υ 2500-3500 (COOH), 1690 (C=0) cm '
Methyl (18,25А$)-ЫсусІо[2.2.]]кері-5-епе-епао-2-сагЬохуІаіе 21b
Colorless oil. 'H-NMR and IR data are identical to those reported for the racemic compound.
PLE-catalyzed hydrolysis of endo/e\o-bicyclo[2.2.1 Jhept-5-ene ester mixtures: general procedure
The ester mixtures 20/22, 13/14, 15/16, 17/18 and 24/25 were suspended in 0.1 M phosphate buffer
(pH 7.8) and incubated with епгуте at room temperature The pH was kept constant by continuous
addition of 0.25M NaOH using an aulo-bureL At the desired conversion, the reaction was slopped by
adding sodium carbonate solution until the pH was 10, the aqueous mixture was extracted with ether
(3x). The combined ether extracts were dned (MgSO,*) and concentrated to give the unrcacted ester,
which was then purified by column chromatography. The endo/exo ratio was determined by capillary
GC or 'H-NMR spectroscopy. The aqueous layer was acidified (approx. pH 3) and extracted with
ether (3x). The combined ether extracts were dried (MgS0 4 ) and concentrated under reduced pressure
to give acids 20a, 14a, 15a/16a, 18a and 25a, respectively The acids were treated with 1 equivalent of
diazomethane (0 25M in ether) to give the corresponding methyl esters of which the endo/exo ratio
was determined by capillary GC or 'H-NMR spectroscopy Some experimental results are collected in
Table 2.2.
Hydrolysis of methyl e\o-5,6-epoxy-bicyclo[2 2.1]heptane-endo/exo-2-carboxylates 20 and 22
After 50% conversion (approx. 45 mm ) pure racemic cpoxy exo acid 20a was obtained and pure
racemic epoxy endo ester 22 Spectral data were in accordance with those reported above for 20a and
22
Hydrolysis of methyl Ііап$-3^огтуІ-ЬісусІо[2.2 I]hept-5-ene-2-carboxylates 13 and 14
After 35% conversion (when the reaction had passed the point of 25% conversion, the reaction rate
dropped drastically) unrcacted ester was recovered (ratio 13/14: 77/23). Monoacid 14a (100% exo)
was obtained as a colorless oil.
'H-NMRtCDCy. δ 9 63 (s, IH), 8.12 (s, br, IH), 6 33 (dd, IH), 6.15 (dd, IH), 2.38 (m, 2H), 2.17 (m,
IH), 1 76 (m, IH), 1 60 (m, 2H) ppm
IR(NaCl): υ 3700-2300 (COOH), 1700 (C=0) cm 1 .
The reaction was also performed in aqueous buffer of pH 7.8 to which 2% acetone had been added.
Hydrolysis of methyl üäns-3-(hydroxymethyl)bicyck>[2.2 1 ]hept-5-ene-2-carboxylates 15 and 16
After 65% conversion, unrcacted pure endo ester 15 was isolated (36%).
'H-NMRiCDClj): δ 6 16 (dd, IH), 5.95 (dd, IH), 3.55 (m, 2H), 3.57 (s, 3H), 3.10 (s, IH), 3.05 (s. br.,
IH), 2.70 (s, br., IH). 2.45 (t, IH). 1.84 (m, IH), 1 45 (s, br, 2H) ppm.
IR(NaCl): υ 3420 (br., OH), 3060/2945/2885 (CH), 1730 (C=0) cm К
MS(CI): m/e 183 (78.5%), 165 (36 1%), 151 (59.7%). 117 (53 3%), 66 (100%).
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The corresponding monoacid 15a/16a was obtained as an endo/exo mixture (25/75) Treatment with
etheral diazomethane gave the corresponding methyl esters 15 and 16 in the same ratio. Spectral data
were identical to those reported for the starting material
Hydrolysis of methyl tians-3-acetylbicyclo[2.2 l]hept-5-ene-2-carboxylates 17 and 18
After 35% conversion, unreacted ester was recovered as an endo/exo mixture in the ratio 66/34. The
corresponding exo acid 18a was isolated in 25% yield (no trace of the endo acid was present)
^-NMRÍCDClj): δ 8.30 (s, br., IH), 6.28 (dd, IH), 5 99 (dd, IH), 3 38 (t, IH), 3 31 (m, IH), 3.20 (m,
IH), 2.78 (dd, IH), 2.16 (s, 3H), 1 58 (m, 2H) ppm
Treatment with etheral diazomethane gave the corresponding methyl ester 18, which was purified by
column chromatography (10% ethyl acetate in hexane); [ a ]

20
D

+ 45.3° (0.5, MeOH).

'Н-ММЩССЦ): δ 6.19 (dd, IH), 5.93 (dd, IH), 3 63 (s, ЗН), 3 28 (t, IH), 3.21 (m, IH), 3 05 (m, IH),
2.62 (m, IH), 2.07 (s, ЗН), 1.53 (m, 2Н) ppm.
1

IR(NaCl): υ 3060/2980/2950/2878 (CH), 1720 (С=0) cm" .
+

MS(CI): m/e 195 (M , 100%), 163 (99%), 129 (53.3%). 67 (20.9%).
Hydrolysis of methyl 2-bromobicyclo[2.2 lJhept-5-ene-endo/exo-2-carboxylates 24 and 25
A mixture of endo/exo monoester 24 and 25 (40/60, 500 mg, 2.16 mmol) was suspended in 30 ml
buffer solution (pH 7.8). PLE (50 μΐ, 75 U) was added at room temperature. After 53% conversion
(approx. 20 h.) the reaction was quenched. The unreacted ester was recovered as a mixture of 67%
emfe» ester 24 and 33% exo ester 25 in 46% yield (230 mg). Spectral data corresponded with those of
the starting material.
The pure exo-acid 25a was obtained m 51% yield (249 mg) M p. 79-83 "С.
Ή-ΝΜΚ (CDCI3): δ 10.18 (s, IH), 6 35 (dd, IH), 6.15 (dd, IH), 3.52 (d, IH), 2 92 (s. br., IH), 2 72
(dd. IH), 1 62 (d, IH), 1.62 (d, IH), 1.35 (d, IH) ppm.
(2S,3S)-TTans-2.3-bis(hydroxymethyl)bicyclo[2.2.1 ¡heptane 7
(25)i5)-Bicyclo[2.2.1]hept-5-ene monoester 2a (0 5g, 2.55 mmol; [a] 2 0 D +110.2° (e=0.5, MeOH)) was
hydrogenated as described for racemic diester 3, giving the corresponding bicyclic ester За in
quantitative yield; [ a ] 2 0 D +28.4° (c=0.6, MeOH), 73% ее. Physical data are identical to those
described for 3a.
Monoester За (0.35g, 1.77 mmol) was carefully added to a cooled suspension of LiAlH4 (325mg, 8.55
mmol) in dry ether (40 ml) in a nitrogen atmosphere. The reaction mixture was stirred at room
temperature for 2 h.. After quenching with ethanol and water, then acidification to pH 8, the mixture
was extracted with ether (3x). The combined ether extracts were dned (MgSO^ and concentrated The
crude diol 7 was punfied by column chromatography (40% ethyl acetate in hexane). Diol 7 was
obtained in 94% yield, [ a ] ^ -41 4° (c=0.7, CHCI3); ее: 73%. M.p 61-65 "С Crystallization from
hexane/chloroform gave the optically pure diol, [a] 2 0 D -56.0° (0.8 CHCI3), m p. 64-65.5 0 C 1 9 .
'H-NMR (CDCI3). 6 3 71 (dd, IH), 3 67 (dd, IH), 3.47 (t, IH), 3 23 (t, IH), 3 09 (s, br , 2H), 2.27 (m,
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IH), 2 01 (m, IH), 1 75 (m, IH), 1 58 (m, IH), 1 16-1 47 (m, 6H) ppm.
IR (KBr) υ 3280 (OH), 2960/2880/2860 (CH) cm '
(2R,3R)-TT¡ms-2,3-bis(hvdroxvmethvl)bicyclo[2 2 JJheptane 7
As desenbed above, diester (2R,3R)-2b ([a] 20 D -105 0° (MeOH)) was quantitatively converted into
the corresponding saturated diester (2R,3R) 3b ([a] 20 D -25 5° (MeOH)) Spectral data were identical
to those described above Reduction of 3b with L1AIH4 in ether gave (+)-(2R,3R)-l ([cx]20D +39 3°
(c=0 8, CHCI3)) in 92% yield
('2R,3R)-flicyc/o/2 2 l]hept-S-ene trans-2,i dicarboxvhc acid 8
Diester 2b (lg, 5 1 mmol, [a] 2 0 D +105 0° (c=0 5, MeOH)) was stirred for 3 h in 5% NaOH (60ml) at
60 0C After cooling and acidification, the suspension was extracted with ether (3x) and the combined
ether extracts were dried (MgS04) Concentration m vacuo gave diacid 8 in 95% yield [a] 2 0 D +
0

108 6° (c=0 6, EtOH) Μ ρ 167-168 C
'H-NMR (CD3OD) δ 6 27 (dd, IH), 6 08 (dd, IH), 5 15 (s, br , 2Η), 3 17-3 42 (m, 2H), 3 12 (s, br,
IH), 2 62 (m, IH), 1 23-1 73 (m. 2H) ppm.
IR (KBr) υ 2500-3500 (COOH), 1685 (C=0) cm

1

Treatment with diazomethane in ether gave the corresponding dimethyl ester (2R,3R)-2b having the
same optical rotation as the starting material 2b
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CHAPTER 3
SYNTHESIS OF NORBORNANE-TYPE CHIRONS
BY MODIFYING AND IMPROVING THE ENZYMATIC OPTICAL RESOLUTION
OF SOME NORBORNANECARBOXYLIC ESTERS

3.1 Introduction
Enzymes can be considerably manipulated in their regio- and stereo-selective behavior towards
suitable substrates by altering the reaction conditions, especially by adding water soluble organic
co-solvents1 5 Enzymatic reactions, in which PLE is employed, are earned out in water sometimes
contaimng a certain amount of organic solvent in order to dissolve the substrate' 23 Such addition of
water soluble organic co-solvents not only mcreases the solubility of the substrate but also affects the
polarity of the aqueous medium The three-dimensional structure of the enzyme, which is partly
dependent upon solvent-enzyme interactions, can be distorted to such extent that the substrate
specificity and enantioselectivity of the enzyme change entirely Acetone6, DMF5, MeOH7a, THF8,
DMSO4 5 and acetomtnle4 are most commonly used co-solvents
Another approach to improve the optical punty of the products of enzymatic hydrolysis reactions
involves the use of other hydrolases In the present case some industrial hydrolytic enzymes from
Gist-brocades (see appendix) and a number of crude esterases purchased from Sigma were tested on
several substrates already mentioned in chapter 2 The commercially available cnide esterases used in
this thesis, were precipitated from mammalian liver homogenates by adding acetone The presence of
competitive hydrolases may become a major disadvantage during the use of these rather impure
enzymes In general, industrial enzymes are less contaminated with other proteins due to a fermentation
process in which microbial expression of the desired enzyme is extremely high, and an efficient
recovery process Although industrial enzymes are not commonly employed in organic synthesis yet,
they have good prospects in this respect9 and are available in large quantities at low costs Industrial
enzymes are used in food (55%) including starch, sweeteners, cheese, brewing, fruit, vegetables, baking
and confectionery, in agriculture (5%) and in other industrial applications (40%), including laundry
detergents, paper and leather production1011 Although in the organic literature mention is made of the
use of bulk enzymes, such as proteases and acylases, in the synthesis of peptide and amino acid
derivatives12, their ability to hydrolyse unnatural substrates is less documented7
From a technical point of view but also for economic reasons, industrial enzymes and crude
enzyme preparations are rapidly gaining interest and they become potential alternatives for the still
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popular, bul rather expensive, PLE. Although PLE can be immobilized10e·13 and as such be used several
times, the enzyme is considered inadequate for large scale applications.
The objective of the study described in this chapter is to evaluate some inexpensive enzymes in
the enzymatic optical resolution of norbomane-type carboxylic acids. The results described in chapter 2
show that the stereo- and enantioselective hydrolysis of iranj-norbomane-2,3-diesters 2 and 3 proceeds
much better than that of rranj-norboni-5-ene-2,3-diester 1 (Table 2.1). For the latter enzymatic
resolution there is considerable room for improvement. The product, viz. the half-ester of
fra/w-norbom-5-ene-2,3-dicarboxylic

acid, is an interesting chiral building block14·15 in organic

synthesis, provided it can be obtained in a high enantiomeric purity.

¿7°
COOMe

1 (гас)

\

COOMe

¿СУ
COOMe

2 (гас)

o

<COO M.

\

d ^

COOMe

Э(гас)

Fis. 3.1

3.2 Results
3.2.1 Effect of co-solvents
The enantioselectivity of the enzymatic hydrolysis of some norbomanecarboxylic esters, viz. 1, 2,
4, 5 and 6/7, using PLE as the biocatalyst, was investigated in aqueous medium containing an organic
water-soluble co-solvent.
Diester 1 was suspended in a 0.1 M phosphate buffer solution of pH 7.8 (5 mmol/ 50 ml) in the
presence and absence of some co-solvents and incubated with PLE (240 μΐ/ 5 mmol, 360 U/ 5 mmol,
purchased from SIGMA) at room temperature. Some commonly used co-solvents were evaluated (see
Tables 3.1-3.5). The pH of the medium was maintained by continuous addition of 0.25 M NaOH using
an auto-buret. The reactions were stopped at ca. 50% conversion by adding an aqueous solution of
КагСОз until pH 10 was reached. The product and remainig diester were separated by an acid-base
extraction procedure. The chemical yields, listed in Table 3.1, are based on the amount of crude
products obtained. Optical rotations of the esters were determined after purification by means of
column chromatography, while optical rotations of the acids were determined without any additional
purification (Table 3.1). These results clearly show that the enantiomeric excess as well as the reaction
rate can be influenced by addition of organic co-solvents. Addition of methanol improves the optical
yield of the resolution, however, the reaction rate is considerably lower. Addition of 10% acetone has a
beneficial effect on the enzymatic resolution of diester 1 without affecting the reaction rate. However,
47

Table 3.1. PLE-catalyzed hydrolysis in the presence of co-solvent

^^y

reaction
time

i

la R-H
lb

COOR

ело-monoacid la
%yield
%ee

diester lb
%yield
%ee

соомв

R-Me

(+)-2S,3S

(-)-2R.3R

no co-solvent

3h.

73

45

70

45

methanol (5%)

20 h.

80

40

80

45

acetone (5%)

3h.

80

45

75

45

acetone (10%)

3h.

85

40

80

45

acetone (15%)

3.5 h.

75

40

75

45

acetonitnle (5%)

3h.

75

45

75

45

Table 3.2 PLE-catalyzed hydrolysis of 2 in the presence of co-solvent

COOR

2a R-H
2b R-M·

I

reaction
time

«o-monoacid 2a
%ee
%yicld

diester

2b
%yield

COO Me

(+)-2S,3S

(-)-2R,3R

no co-solvent

3.5 h.

80

45

90

40

acetone (5%)

4h.

80

40

60

50

acetone (10%)

4.5 h.

70

40

50

45

acetonitnle (5%)

3.5 h.

80

45

90

40

when more acetone (15%) is added, the effect is almost negligible. The enzyme rapidly denatures upon
addition of more than 15% acetone. Acetonitnle (5%) has no effect on this hydrolysis reaction.
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Absolute configurations and enantiomeric excesses of la and lb were established by straightforward
transformations into the corresponding diols and carboxylic acids and comparison with the optical data
16 17

reported for these compounds · (see also chapter 2, section 2.2.1).
The

effect of co-solvent is, however, dependent on the nature of the substate as became apparent

when the PLE-catalyzed hydrolysis of norbomane frans-diester 2 was carried out in the presence of
some co-solvents. The results obtained (Table 3.2) clearly show that the addition of acetone or
acetonitrile does not improve the enzymatic resolution of this substrate. Hence, substrates 1 and 2,
which are structurally very similar, show a considerable difference in the effect of added co-solvent.
In order to establish whether the presence of a double bond in the norbom-5-ene substrates might
be

responsible

for

the

positive

effect

of

acetone on

the

PLE-catalyzed

hydrolysis

of

norbomenecarboxylic esters, the structurally related racemic esters 4, 5 and 6/7 (scheme 3.1) were

Я00*

К соом.

^-JSJ* 0

'COOM«
6

A-JIN/0™8

I
COOMe

I
7

C H 0

Scheme 3.1
subjected to PLE-catalyzed hydrolysis in the presence of a co-solvenL Compound 4 could readily be
obtained by a literature procedure180. Compound 5 was synthesized from cyclopentadiene and methyl
acrylate using simple Diels-Alder methodology. The norbomene monoester formed was subsequently
treated with LDA and methyl chloroformate to afford diester 5 1 9 . A mixture of 6/7 was prepared as
described in section 2.2.2.
Although ester 4 posseses a double bond, the reaction appeared to be negatively influenced by the
Table 3.3 PLE-catalyzed hydrolysis of 4 in the presence of co-solvent

reaction
time

acid 4a
%ee
%yield
(-)-lS,2R,6S,7R

ester
%ee

4b
%yield

(+)-lR,2S,6R,7S

nocosolvent

16hrs

>95

40

80

45

10% acetone

30hrs

95

20

30

70

0.2M acetonitrile

15hrs

>98

40

83

45

* 1 g of tneyebe ester 4 was suspended ш 75 ml buffer solution pH 7.8 and 100|il PLE suspension (ISO

U)
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presence of 10% acetone (Table 3.3). A substantial loss in enzyme activity and a slight decrease in
enaniioselectivity was observed. On the other hand, addition of acetonitrile (1%) has a slight beneficiai
effect on the PLE-catalyzed hydrolysis rate of 4. Absolute configurations and ее values were
determined by comparison with literature data 18 '.
In the PLE-catalyzed synthesis of (+)-fra/ii-formylnorbomene-£;co-carboxylic acid 7a from a
mixture of endo and exo ester 6/7, addition of 2% acetone had a minor effect on the enaniioselectivity
(Table 3.4), because the ее of the product was only improved by ca. 2%. The chemical yield and
reaction rate were not affected. A remarkable result was obtained with MeOH (10%) as a co-solvent
Optically active 7a was obtained with an ее of 64%, which is an improvement of ca. 20%. It should be
Table 3.4 PLE-catalyzed hydrolysis of 6/7 in the presence of co-solvent

H

amount

co-solvent

conversion
OHC

6/7*
lg
6/7

7

No 2 0

ее (су)

(MeOH)

25%

7a

+32.6

42.6% (225mg)

lg

2% acetone

25%

7a

+34.0

44.4% (225mg)

lg

10% MeOH

25%

7a

+44.7

64.0% (220mg)

(45%/55%)
• 6. Rj^HO, R2=COOMe. 7· R^OOMe, R2=CHO

noted that the activity of PLE on substrate 7 is not reduced at all by the presence of 10% methanol in
the reaction medium, which strongly contrasts the effect of methanol on the PLE-catalyzed hydrolysis
of esters 1 and 2. The endo ester 6 was hardly affected by PLE, only a tiny trace of 6a was detected in
the product.
The enzymatic hydrolysis of geminai diester S was performed in the presence of acetone and
methanol, respectively (Table 3.5). The «o-ester function is exclusively hydrolyzed; no endo acid
could be detected in the hydrolysis product. The structure of the exo acid was established by the fact
that no iodolactone could be obtained on treatment with \гПг. The presence of 5% acetone has a small
negative effect on the enaniioselectivity of the reaction and

slightly increases the reaction rate.

Methanol had a substantial beneficial effect on the ее of the mono-acid, as well as on that of the
remaining diester 5b, although the reaction was strongly retarded. The ее of product and remaining
diester could not be derived from their optical rotations, because optical rotations of the
enantiomerically pure compounds are unknown.
The results described above allow the conclusion that the effect of co-solvent is strongly
dependent on the nature of the substrate. Even for structurally closely related substrates, co-solvent
effects cannot be predicted beforehand. Therefore, each substrate should be screened individually for
the effect of co-solvent on the enzymatic optical resolution.
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Table 3.5 PLE-catalyzed hydrolysis of S in the presence of cosolvent'

Jb
Sa R-H
5b R-Me

COOR
COO Me

monoacid1 5a
reaction

time

20

[ab **
(MeOH) %yield

diester

5b

20

[ai D
(MeOH) %yield

no co-solvent

24 h.

-24.6

45

+22.2

45

acetone (5%)

20 h.

-19.3

40

+19.2

45

methanol (7%)

72 h.

-41.9

40

+35.6

45

* 1 g of substrate was suspended in 75 ml buffer solution and 200 μ] of PLE suspension (300 U)
The reacUon was stopped after 50% conversion
** absolute configuration was not determined

3.2.2 Resolution of diester 1 using various hydrolytic enzymes
Three acetone precipitated liver esterases, PLE, HLE and BLE, from pig, horse and bovine origin,
respectively, were studied in the hydrolysis of diester 1. For this purpose, bicyclic diester 1 (0.5g) was
suspended in a buffer solution of pH 7.8 at room temperature and incubated with crude esterase (125
mg), while the pH was maintained by automatic titration using a sodium hydroxide solution. The
reaction was stopped at ca. 50% conversion by raising the pH to 10. The results are collected in Table
3.6. The optical purity of the remaining ester and absolute configuration of the predominant enantiomer
was derived from the optical rotation of lb. The optical purity of the endo/exo mixtures of the produced
acids was determined by reduction with lithium aluminiumhydride to the corresponding optically
enriched diol and subsequent comparison of the optical rotation hereof with literature data 1 6 · 1 7 (see also
section 2.2.2). In this manner, the absolute configuration of the predominant enantiomer of the main
product could also be established. In comparison with highly purified PLE (denoted as PLE* in Table
3.6), the enantioselectivity, regioselectivity and activity of the crude enzymes are considerably lower.
The results with crude esterases HLE and BLE are unsatisfactory and inferior in comparison with PLE.
The exo selectivity is also much less pronounced with these enzymes. It is of interest to note that BLE
produces the opposite enantiomer compared with PLE. Reduction of the endo/exo mixture of half-ester
la obtained from the BLE-catalyzcd hydrolysis gave the corresponding optically enriched {2R,3R)-a\o\,
whereas optically active (25,JS)-diol resulted from reduction of the half-ester produced by PLE and
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Table 3.6 Hydrolysis of I using crude esterases
MeOOC

HOOC.

Meooc ia (exo)

esterase
(acetone precipitate)

rx-time
h.

conversion

V

COOMe

ноос Aa(endo)

1b

coo Me

half ester la
diestcr l b
ее % (opt. rot.)-abs.conf.
(exo/ endo)
ее % (opt. rot.)-abs.conf.

3

55%

60-65% (+)-2S
6% endo/ 94% exo

65-70%

(-)-2R

PLE + acetone (10%)

6.5

50%

70-75% (+)-2S
6% endo/ 94% exo

70-75%

(-)-2R

PLE + acetone (15%)

6.5

45%

60-65% (+)-2S
6% endo/ 94% exo

50-55%

(-)-2R

PLE + acetonitrile (10%)

2.5

55%

60-65% (+)-2S
6% endo/ 94% exo

70-75%

(-)-2R

PLE + acetonitrile(15%)

4

50%

65-70% (+)-2S
6% endo/ 94% exo

50-55%

(-)-2R

HLE

4.5

50%

10-15% (+)-2S
10-15%
29.8% endo/ 70.2% exo

(-)-2R

BLE

6
5
U.J

50%

5-10% (-)-2R
19.9% endo/80.1% exo

3.5

50%

PLE

PLE* + acetone (10%)

80-85% (+)-2S
100% exo

5-10% (+)-2S

80-85% (-)-2R

PLE = Pig Liver Esterase
HLE = Horse Liver Esterase
BLE;= Bovine Liver Esterase
PLE = highly purified PLE
note' ее 's are detenmned after L1AIH4 reduction and companson with literature data'18,19

HLE, respectively. Remarkably, in contrast to purified PLE, the crude esterase is able to hydrolyze
some of the endo ester as well. A likely explanation for the apparent reduced stereo- and
enantioselecüvity with crude enzymes in general, is that these enzymes contain competitive enzymes
with different specificities. In case of the endo/exo mixture of half-ester la obtained by hydrolysis with
crude PLE, the unwanted endo acid can be removed by crystallization from aqueous methanol, giving
the exo isomer exclusively (ca. 80% ее).
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Addition of 10% acetone as co solvent has a positive effect on the optical yield of the hydrolysis
with crude PLE, although the reaction is slowed down by this solvent The amount of co-solvent seems
to be rather critical (sec results with 15% added acetone) The etfect of co-solvent on the crude enzyme
is in line with that observed for the purified PLE
The industrial enzymes, obtained from Gist-brocades (see Appendix), were also studied in the
hydrolysis of norbomene rrani-diester 1 In these experiments 250 mg of substrate 1 was dissolved in
18 ml of phosphate buffer To this suspension 100-200 mg of crude enzyme was added The pH of the
reaction mixture was maintained at a constant value by automatical addition of 0 25M NaOH solution
At 50% conversion the unrcacted ester was removed from the acidic product by a simple acid base
extraction Because of the relatively high amount of protein, a persistent foam is formed at the
organic aqueous interphase An additional centnfugation step was often necessary to separate the gelly
phase The results are collected in Table 3 7 Hydrolysis of 1 only occurred with maxatase, maxacal
(detergent enzymes) and amylase (starch enzyme) The enzyme activity on the hydrolysis of this
bicyclic diester substrate 1 is rather low All three enzymes need a substrate-enzyme ratio of ca 1 to
obtain acceptable reaction rates With the enzymes maxatase, maxacal and amylase, the hydrolysis
products consisted of an exo/endo mixture of half-esters The exo selectivity vanes for these three
enzymes, with amylase having the highest selectivity In the last-mentioned case half-ester la (exo)
could simply be removed by crystallization from MeOH/HjO Pure half-ester la (endo) was obtained in
38% yield (ее 71%) The remaining diester lb was isolated in 40% yield (ее 60%) The order of
magnitude of both chemical and optical yield as well as enzyme activity, observed with amylase is
comparable to that of crude PLE (acetone precipitate. Table 3 6) It is of great practical importance to
note that amylase preferentially hydrolyzes the opposite enantiomer when compared with PLE This
means that with amylase optically active (-)-(2R,3R) half-ester la (endo) can be obtained, while PLE
produces the opposite enantiomer This complementary behavior will be used in section 3 2 3 to prepare
enantiomencally pure (2R,3R) half-ester la (endo)
The results presented above reveal that amylase is of interest for enzymatic resolution of
franj-norbomene diester 1, while the other enzymes are either inactive or unsatisfactory
In the screening of industrial enzymes for the hydrolysis of diester 1, only detergent enzymes,
maxatase, maxacal and the starch enzyme, amylase, showed activity It seems appropnate to test also
some other norbomane substrates with these enzymes For this purpose, 250 mg of substrate was
suspended in 18 ml buffer solution and incubated with 200 mg industrial enzyme The tncyclic ester 4
was subjected to hydrolysis in the presence of maxatase, maxacal and amylase The results are
presented in Table 3 8 and compared with those obtained with purified PLE Maxatase is clearly the
best catalyst, next to PLE Amylase and maxacal give a moderate optical resolution and exhibit a low
activity Both enzymes are mactivated rapidly and 'fresh' enzyme has to be added several times to
maintain an acceptable conversion rate With substrate 4 all enzymes show preference for the same
enantiomer when compared with PLE, unlike the results obtained with substrate 1 (Table 3 7) The
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Table 3.7 Hydrolysis ofl using industrial enzymes

Ay- ""Vb """Vb
/ \ «L.

^OOUe

MeOOC , , ^

(+)-1b
diesterlb

enzyme (mg)
co-solvent

pH

2 0

MD

,

. .

(-)-ia (endo)
half ester l a (endo/exo)
c.y.

(MeOH) (mg)

[a]D

HOOC

< /

rx-time

c.y.

20

(MeOH)

(mg)

h.

esterase
mucor miehei (100)

8.0

maxatase (100)

8.0 +40.2

20

-8.8

(3/2)

170

72

acetone

8.0 +20.1

135

-39.4

(3/2)

75

24

maxacal (200)

8.0 +16.3

127

-28.0

(5/4)

70

72

lipase-S (200)

8.0

amylase (200)

8.0 +86.1

acetone

(5%)

8.0 +90.1

acetone

(10%)

8.0 +72.3

DMF (5%)

8.0 +60.0

120

dioxane (5%)

8.0

hardly any hydrolysis observed

20

maxamyl (200μ 1)

8.0

hardly any hydrolysis observed

72

lapidase (200μ 1)

6.0

hardly any hydrolysis observed

72

maxilact LX5000

7.2

hardly any hydrolysis observed

72

amyloglucosidase

5.0

hardly any hydrolysis observed

72

(10%)

24

no hydrolysis observed

72

no hydrolysis observed
120

-90.2

(9/1)

125

-109.0

140

-92.1
-61.4

110

20

(9/1)

105

20

(9/1)

90

20

(9/1)

115

20

Hydrolysis of(2R,3R)-lb (l<xJD20 -122.8°)
amylase (200)
acetone (5%)

8.0 -83.7

* starting materia] 250 mg racemic 1
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60

-143.2

(25/1)

160

^

1" (exo)

30

Table 3.8 Hydrolysis of 4 using some industrial enzymes
Л

HOOC

IL

О (-)-4a
rx-time

(+)-4b О

acid 4a

enzyme

COOEt

ester 4b
20
[ a ] D (cy) ее
(MeOH) %
%

(MeOH) %

ее
%

maxatase

-68.5 (45)

83

+83.2 (45)

80

24

maxatase
acetonitrile (1%)

-78.0 (38)

94

+62.5 (61)

60

45

maxacal

-67.3 (25)

81

+40.2 (65)

39

45

amylase

-60.2 (20)

73

+38.4 (73)

37

PLE*
acetonitrile (1%)

-83.0 (40)

100

+85.1 (48)

83

h.

co-solvent

24

HD

2 0

(c-y)

Higly punfied from SIGMA

presence of acetonitrile (1%) has a negative influence on the activity of maxatase, whereas it had a
slight beneficial effect on that of PLE (see Table 3.3).
The potential value of industrial enzymes like amylase, maxatase and maxacal is shown again
during the hydrolysis of norbomene exo ester 8. Unlike PLE, these enzymes are able to produce
optically active (+)-(./fl,2S,4Ä)-acid 8a, although maxacal is less suitable because of a rapid inactivation
of the enzyme. The results are collected in Table 3.9.
Racemic endo ester 9 is a bad substrate for all three enzymes (Table 3.10). Both maxatase and
maxacal are rapidly inactivated, while amylase shows hardly any activity at all in the hydrolysis of ester
9. Absolute configurations and ee-values are determined by comparison with those reported in
literature20.
Sofar, the remarkable opposite enantioseleclivity for PLE and amylase was only observed for
substrate 1. Some other substrates, viz. 3, 6/7 and 10/11, were tested with amylase in order to establish
whether such an effect is typical for diester 1. The amylase-catalyzed hydrolysis of epoxy trans diester
3 gave optically active lactone 12 and remaining diester 3b, both having an optical rotation opposite to
that observed for 12 and 3b using PLE as biocatalyst (Scheme 3.2). As discussed in chapter 2 for the
PLE-catalyzed hydrolysis of 3, formation of 12 in Scheme 3.2 also proceeds through intermediation of
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Table 3.9 Hydrolysis of 8 using some industrial enzymes

Λ

enzyme
<

h.

toR-H

co-solvent

1R,2S,4R 8a
[ a ] D 2 0 ee(cy)
(MeOH) % %

1SP2R,4S 8b
[a]D 2 0 ee(cy)
(MeOH) % %

50

amylase

+14.6 82(35)

-17 6 68(45)

24

amylase
acetone (5%)

+11.5 67(45)

-23.0 87(35)

24

maxacal

+16.2 91(20)

-6.6 25(65)

22

maxatase

+12.6 74(40)

-20.0 75(40)

Table 3.10 Hydrolysis of 9 using some industrial enzymes

ал
9a R-H
9b R=Me

,2

COOR

1R,2R,4R 9a
rx-time

enzyme

[α]ο20

ee(cy)

(MeOH)

h.

1S,2S,4S
9b
[ a ] D 2 0 ee(cy)
(MeOH)

48

amylase

hardly any hydrolysis observed

72

maxacal

+113

78(10)

not determined

72

maxatase

+119

82(20)

not determined

exo monocarboxyhc acid За. (-)-(2Л)-ехо Monocarboxyhc acid 3a can indeed be isolated by keeping
the pH between 5 and 8 during work-up
An opposite enantioselectivity for PLE and amylase was also observed for hydrolysis of endo/exo
mixtures of fram-formyl ester 6/7 and rrani-acetyl ester 10/11 (Table 3.11) Amylase preferentially
hydrolyzes the (2fl)-e.ro-ester function of 7 and 11, whereas the 25-«jfo-ester substrates are preferred by
PLE. The extremely high stereospecificity for the ejo-onented ester function obtained with PLE is not
observed for amylase. In the amylase-catalyzed hydrolysis of 6/7, a small amount of endo ester 6 is
hydrolyzed as well In the case of amylase-catalyzed hydrolysis of 10/11 contamination of 11a with
endo acid 10a is even more pronounced
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w

COO Me

MeOOC

\

COOH

amylase
pH7 8

COO Me

coo M«
20

[alo +55 5° (MeOH)
ее 74%
су 45%
amylase
acetone (5%)

"vKv

COOH

¿^^J

—*· \

Τ»

За

3b

COO Me

HoO
1)pH10
2) 4

·
20

1

^ч

12
o

[alo -20 2 (MeOH)

not isolated

ее 80%
су 40%

20

o

За [ a b -59 7 (MeOH)
су 35% (94% pure)

Scheme 3 2

3.2.3 Preparation of both enantíomers of 3-em/o-methoxycarbonyInorborn-5-ene2-ex0-carboxylic
add using PLE and amylase in a tandem reaction.
In the previous section it was shown that amylase can be used to prepare optically active
(-)-(2Ä,JÄ)-norbornene half-ester la, whereas its (+)-(25,J5)-counterpart can be obtained by the
PLE-catalyzcd hydrolysis of racemic diester 1 However, the optical punty of both enantíomers of la
produced sofar does not exceed 85% The opposite enantioselectivity for PLE and amylase now offers a
good opportunity to prepare both half-ester la optically pure by using PLE and amylase in a tandem
reaction This means that the remaining optically active (2/?.JÄ)-dicster lb from the PLE-catalyzed
hydrolysis of diester 1 is treated with amylase, while the remaining optically active (2S,55)-diester lb
from the amylase-catalyzed hydrolysis is incubated with PLE However, the sequence of the tandem
approach appears to be very essential as shown in Scheme 3 3 The first approach, in which the PLE is
used prior to amylase, gives (-)-(2Ä,JÄ)-half-ester la in optically pure form after crystallization from
aqueous methanol (see also Scheme 3 3) In the presence of 5% acetone, crude (2A,5/í)-half-ester la
(endo) can be isolated with an enantiomeric excess of 95% after the amylase-catalyzed hydrolysis The
second sequence, in which the sequence of amylase and PLE incubation is reversed, gives
(+)-(2S,J5)-half-ester la (endo) with an enantiomenc excess of only 85% An acceptable explanation
for the sequence dependency might be the relative high amount of 'wrong' (5)-епапиотег that amylase
encounters in the hydrolysis of racemic diester 1 As was mentioned in section 3 2 2, the half-ester
product la of the amylase-catalyzed hydrolysis of racemic diester 1 contains 10% of the unwanted exo
half-ester la Remarkably, when enantiomencally ennched starting material ((2R,3R)-lb, Scheme 3 3)
is used, less than 4% of this side product is formed Therefore, amylase must have a preference for the
5-configuration dunng the hydrolysis of the endo-ester function and the enantiomenc excess of
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Table 311 Enanttoselective hydrolysis of exo ester from enáo/exo-ester mixtures

,соон

7а

ноос

νсно

endo/exo-esVìx

соон

OH<f

substrate
mg

11а

7а

enzyme

conversion

С(0)Мв

Me(0)é

118

abs conf

[«ID20
(MeOH)

ее (су)
% mg

exo-acid

1

PLE
150 U

25%

7a 2S,3S

+32 6

42 6 (225)

1

amylase
350mg

25%

7a 2R,3R

-33 8

48 0(200)

1

PLE
150 U

25%

11a2S,3S*

+98 5

nd (230)

05

amylase
250mg

25%

11a2R.3R"

-69 1

η d (93)

6/7
(45%/55%)

10/11
(40%/60%)

* absolute configuration see section 2 2 2
** contaminated with 15% ofendo acid 10a

{R)-endo ester la, which is not corrected for the presence of (S)-exo half-ester la, must be higher than is
suggested in Scheme 3 3 As PLE is unable to hydrolyze the e/iito-estcr function, its enantiospecificity
towards the cw-esler function is, in contrast to that of amylase, directly related with the ее of the
remaining diester lb The formation of exo half-ester la with a configuration opposite to that of the
formed endo half-ester la is less disadvantageous in the second step of the tandem reaction, because it
does not affect the enantiomeric punty of the desired product half-ester la (endo) in this step, whereas
it strongly reduces the ее of the desired diester lb in the first step Removal of the exo ester la with the
(i)-configuration (ее 90-95%, uncorrected for contaminations) by crystallization may already lead to
optically pure (/?)-half-ester la (endo) Remarkably, the optical punty of the ennched (i)-half-ester la
(endo) (ее 60-85%), which does not contain exo half-ester la, can only be enhanced up to 85% by
crystallization from aqueous methanol Clearly, the first tandem approach, shown in Scheme 3 3, is to
be prefered for the enzymatic resolution of half-ester la (endo)
Optically pure (+)-(5)-half-ester la (endo) might be prepared by cslenfication of the
corresponding optically ennched ester (80-85% ее) and then hydrolyzing thus obtained diester lb again
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ее ca 85%
су 90%
crystallization

t'

МеОН/НгО

ее 80-85%, су ca 70%
HOOC

PLE
acetone (10%)
(+)"1а
endo ester

MeOOC

ее ca 65%, су ca 4 0 %
9
1

W-la

СООМе

ее ca 80%, су ca 45%

emioeeter

ее ca 80%, су ca 40%

amylase
acetone (5%)

(-Ma

СООМе

endo estar

ее 90-95%, су ca 7 0 %
crystallization

Scheme 3.3

МеОН/И^О

е>98%
су 85%

with PLE. An alternative is found m the second tandem approach shown m Scheme 3 3 by quenching
the second hydrolysis at an early stage For both procedures low yields must be expected. However, as
will be demonstrated in the section 4 2, enantioselective crystallization of a suitable denvauve of la is a
more attractive solution to prepare both enantiomers in optically pure form
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Enzyme specificity as well as reaction rate are negatively influenced by enlarging the scale of the
reaction and increasing concentration of the reactants (Table 3.12). Probably, this effect is attributable

к,
fr^J
1

f

1

Table 3.12 Scale and concentration dependency

соом·
PLE
-•

ccЮМв

amount

Phosphate
buffer pH 7.8
acetone (10%)

t
at 50%
conversion

(2S,3S)
emij-ester la
ее

900 U

300 ml

2d.

80.5 %

15 g
10 g

675 U

300 ml

2d.

81%

900 U

150 ml

22 h.

83%

Iß

300 и

75 ml

6.5 h.

85.5%

20 g

to a technical problem, viz. inefficient stirring of the heterogenous mixture containing solvent, enzyme
and insoluble substrate. Although racemic diester 1 is crystalline, ils physical appearance in aqueous
buffer solution containing 10% acetone, is an oil at room temperature. (The substrate is dissolved in
acetone prior to suspending it in aqueous medium under vigorous, magnetic stirring) The size of
substrate droplets is inversely proportional to the input of stirring energy. The relatively large
substrate-water interphase of small droplets not only enhances the dissolving rate, but is also beneficial
to the neccessary mass transport inside the droplets. When the enzyme is consuming the 'correct'
enantiomer in combination with an insufficient mass transport inside the droplet, a relatively high
concentration of 'wrong' enantiomer is built up at the surface of the droplet. As the enzyme solution
only interacts with the surface of the substrate droplet, it starts hydrolyzing more of the abundant
'wrong' enantiomer and the hydrolysis proceeds with deminished enanlioselectivity and reation rate.

3.3 Concluding remarks
Enzyme activity and selectivity can be manipulated by adding a water-soluble organic co-solvent
to the aqueous reaction mixture. Subtle alterations in polarity of the aqueous medium by addition of
organic solvents may be responsible for the observed changes in the selectivity of enzymatic reactions.
However, these changes highly depend on co-solvent concentration, enzyme and substrate, which
makes it impossible to give a reliable prediction of co-solvent effects. Finding the best reaction
conditions will remain a time-devouring trial and error process. In some cases, when the enzymatic
hydrolysis is hampered by mass-transfer of a poorly soluble substrate, addition of a proper co-solvent
may improve the solubility of the substrate and thus enhancing the reaction rate.
Enzymatic hydrolysis of norbomane-type esters can be performed with purified PLE but also with
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other, less expensive enzymes Especially, the en/ymes, maxalase and amylase appeared to be useful
for the optical resolution of norbomane-type carboxyhc esters Maxatase was also used for the
resolution of tricyclic ester 4, giving optically active acid 4a with the same absolute configuration as
obtained by hydrolysis with PLE Amylase was applied in the enantioselective hydrolysis of diester 1 to
give corresponding half-ester la (endo) in moderate optical and high chemical yield The absolute
configuration of this half-ester is opposite to that obtained in the hydrolysis with PLE A similar
opposite enanlioselectivity for PLE and amylase was observed in the hydrolysis of norbornene esters 3,
7 and 11 In contrast to PLE, both maxatase and amylase appeared to be suitable biocatalysts for the
enantioselective conversion of the norbornene mono ester 8
PLE acetone-precipitate was able to compete reasonably with its highly purified form in the
hydrolysis of diester 1 Other crude liver esterase, like BLE and HLE, also originating from mammalian
tissue, cannot replace PLE in the enantioselective hydrolysis of this diester This indicates that the
esterases in the liver of different species are tar from identical
Optically pure (-)-(2fl,J/?)-halt ester la (endo) could be obtained by using PLE and subsequently
amylase in a tandem fashion, followed by crystallization of the product from aqueous methanol
Unexpectedly, optically pure (+)-(2S, ?S)-half-ester la (endo) cannot be obtained by reversing the order
of enzymatic hydrolysis m this tandem approach, ι e first employing amylase and then PLE
For scaling up the enzymatic hydrolysis of diester 1, a turbine stirred reaction vessel with baffles
should be used instead of a magnetically stirred glas round-bottom flask, because efficient stimng is
necessary for an optimal mass transfer to prevent an unnecessary drop in both reaction rate and
selectivity Dispersion of substrate particles may be facilitated by addition of surfactant However,
because of their amphipalhic nature surfactants are difficult to remove from the product by acid-base
extraction or crystallization techniques and may also affect the enanlioselectivity of the enzymatic
hydrolysis
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3.4 Experimental section
General remarks
For general remarks concerning the analytical methodology, chromatographic methods and
enzymatic experiments see chapter 2, section 2.4.
Pig liver esterase (PLE; EC 3.1.1.1) was purchased from Sigma as a suspension in 3.2 M
(NH4)2S04 solution (pH 8) [batches contained 10-11 mg highly purified protein/ ml and approx. 260 U/
mg protein. One unit will hydrolyse 1.0 microequivalent of ethyl butyrate in 1 hr. at pH 7.8 (37 0 C.)].
Horse- (art. no. L-9627), bovine- (art. no. L-7751) and porcine-liver acetone powder (art. no. L-8251)
were bought from the same company. The industrial enzymes, as mentioned in the appendix of this
thesis, were supplied by Gist-brocades Delft.
Solvents were dried, when appropriate, using the following methods: hexane and petroleum
ether 60-80 were distilled from sodium hydride; THF was distilled first from calcium hydride and then
from lithium aluminium hydride; dichloromethane was distilled from phorphorus pentoxide;
acetonitrile was distilled from phosphorus pentoxide; DMF was distilled from sodium hydride;
dioxane was distilled from CaC^; diethyl ether was predried on calcium chloride and then distilled
from sodium hydride and, if neccesary, subsequently from lithium aluminium hydride; toluene and
benzene were distilled from sodium. All other solvents used, were either P.A. or "reinst" quality.
note: In the experimental section IUP AC names of substrates and products will be used.
Rac. dimethyl bicylo[2.2.1]hept-5-ene-2,2-dicarboxylate S19
To a solution of lithium diisopropylamine, prepared from diisopropylamine (5.05 g, 0.05 mol) and
n-butyllithium (0.05 mol) in THF, methyl bicyclo[2.2.1]hept-5-ene-2-carboxylate (7.6 g, 0.05 mol) was
gradually added at -78 0 C over period of 1 h. under a nitrogen atmosphere. Then methyl chloroformate
(4.73 g, 0.05 mol) was added at -78 0 C. After several min. of stirring, concentrated hydrochloric acid
(5.63 ml) in water (44.4 ml) was added to the cooled (0 0 C) reaction mixture. The organic layer was
separated and the aqueous layer extracted with ether (3x). The combined organic layers were washed
with saturated NaHCC^ solution and dried (MgSC^). The solvents were removed under reduced
pressure and the residue was distilled to give diester 5 in 84% yield. B.p. 90-94 0 C / 13-20 mbar (85-91
0

C / 20 mbar 19 ).

Ή-ΝΜΚ (CDCI3): δ 6.20 (dd, IH), 5.92 (dd, IH), 3.66 (s, ЗН), 3.59 (s, ЗН), 3.30 (d, IH), 2.86 (m, IH),
1.95 (m, IH), 1.53(q,2H)ppm.
IR (NaCl): υ 2940/3040/3120 (CH), 1730 (С=0) cm 1 .
PLE-catalyzed hydrolysis of dimethyl Vcä.ns-bicydo[2.2.1]hept-5-ene-2,3-dicarboxylate 1 (general
procedure)
Racemic bicyclic diester 1 (1 g, 5 mmol) was suspended in 50 ml 0.1 M phosphate buffer solution of
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pH 7.8 and incubated with PLE (240 μΐ/ 5 mmol, 360 units/ 5 mmol, purchased from SIGMA) at room
temperature. The pH was maintained by continuous addition of 0.25 M NaOH using an auto-buret. At
50% conversion, the reaction was stopped by adding aqueous sodium carbonate until pH 10. The
aqueous reaction mixture was extracted with ether (3x). The combined ether layers were dried (MgSO,^)
and concentrated to give crude unreacted diestcr lb. Purification by column chromatography (eluent:
20% ethyl acetate in hcxane) gave (2/?,5/?)-diester lb as a colorless oil. The aqueous layer was acidified
(pH=3) with diluted sulphuric acid and extracted with ether (3x). The ether extracts were dried
(MgS0 4 ) and concentrated to give the optically active (2S,J5)-half-ester la {endo). M.p. 89-90.5 "С.
+1

MS(CI): m/e 197.0814 (M , calculated for C 10 H 13 O4 197.0814) (10.1%), 179 (100%), 165 (27.9%),
113 (88.7%), 66 (32.5%).
Analysis : С 61.25, H 6.14; calculated for C10Hi2O4 (196.203): С 61.22, H 6.16 %.
The reaction was also performed in the presence of co-solvents, 5% methanol, 5%, 10% and 15%
acetone, and 5% acetonilrile, respectively. The results are collected in Table 3.1. IR and 'H-NMR data
are identical to those of the corresponding racemic and optically active compounds described in chapter
2, section 2.4.
Hydrolysis of dimethyl üans-bicyclo[2.2.]Jhept-5-ene-2,3-dicarboxylate

1 with crude liver esterases

and some industrial enzymes (general procedure)
Racemic bicyclic dicslcr 1 (0.5 g. 2.5 mmol), was suspended in 50 ml phosphate buffer solution of pH
7.8 at room temperature and incubated with crude esterase (125 mg; acetone precipitate) purchased
from SIGMA. The pH was kept constant by automatic titration using 0.5 M NaOH solution. The
reaction was stopped at ca. 50% conversion and subsequently worked-up as described above for the
PLE-catalyzed hydrolysis of 1.
With crude PLE as biocatalyst
After 3 h. of incubation half-ester la was obtained in 42% yield as a mixture of exo ester (6%) and
(2S,3S)-endo ester (94%) ( [ « P D +96.7° (c=0.8, MeOH); ее: 63%, uncorrected for exo half-ester).
Spectral data were identical with those obtained for la (see chapter 2, section 2.4). The 'H-NMR data
of exo half-ester la are practically identical to those of endo half-ester la, except that the ester protons
are shifted down field 0.07 ppm, and the 3-emio-proton is shifted slightly upfield (0.04 ppm) and
appears as a multiplet in stead of a doublet.
Unreacted (2Ä,JÄ)-diester lb was recovered in 42% yield ([a] 20 D -104.8° (c=0.5, MeOH); ее: 67%).
Physical data are in accordance with those reported for lb in section 2.4.
The reaction was also performed in the presence of a co-solvent, viz. 10% and 15% acetone, and 10%
and 15% acetonilrile. In the last-mentioned three cases 200 mg of crude pig liver esterase was used. The
results are given in Tabel 3.6. In all cases endo half-ester la was contaminated with ca. 5% of exo
isomer la.
With crude HLE as biocatalyst
After 4.5 h. of incubation (50% conversion) with crude horse liver esterase (acetone precipitate,
SIGMA, 125 mg), the (2S,J5)-half-ester la ([a] 2 0 D + 18.5° (c=0.8. MeOH); ее: 12%) was obtained in
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43% yield as a mixture of endo (70%) and exo half-ester la (30%). IR and 'H-NMR data are identical
with those reported for the PLE-catalyzed hydrolysis (vide supra).
Unreacted (2/f,iÄ)-diester l b was recovered in 45% yield ([a] 20 D -18.2° (c=0.6t MeOH)). Spectral data
are in accordance with those of starting material.
With crude BLE as biocatalyst
After 6.5 h. of incubation (50% conversion) with crude bovine liver esterase (acetone precipitate,
SIGMA), (2K,.?Ä)-half-cster la was obtained in 37% yield ([a] 2 0 D -11.3° (c=0.7, MeOH); ее: 7.5%) as
a mixture of endo (80%) and exo half-ester la (20%). Spectral data are identical with those obtained
for la on hydrolysis of 1 with crude PLE.
Unreacted ^„J^-diester lb was recovered in 43% yield ([a]

20
D

+10.6° (c=0.8, MeOH)). Spectral data

are in accordance with those of the starting material.
With maxatase as biocatalyst
Diester 1 (250 mg, 1.25 mmol) was suspended in 18 ml buffer solution of pH 8.0 and incubated with
maxatase (100 mg, see appendix) for 72 h. to give half-ester la (170mg) as a mixture of endo (60%)
and exo ester (40%) ([a]

20
D

-8.8° (c=0.5, MeOH); ее was not determined).

Unreacted (2/Ufl)-diester l b was obtained in 8% yield (20mg) ([a]

20
D

+40.2° (c=0.3, MeOH); ее:

27%).
By stopping the enzymatic hydrolysis in the presence of 10% acetone after 24 h., half-ester la was
obtained in 33% yield ([a]

20
D

-39.4° (c=0.5, MeOH)) as an endo/exo ester mixture (2/3). Unreacted

(2/f,J/?)-diesler l b was recovered in 54% yield ([a] 2 0 D +20.1° (c=0.5, MeOH); ее: 13%). •H-NMR and
IR data are in accordance with those obtained for la and lb on hydrolysis of 1 with the crude PLE.
With maxacal as biocatalyst
Similarly as described for the maxatase-catalyzed reaction, racemic diester 1 was incubated with
maxacal (200mg) for 72 h. Half-ester la was isolated in 30% yield ([a] 2 0 D -28.0° (c=0.8, MeOH)) as a
mixture of exo (45%) and endo ester (55%).
Unreacted (2Ä,5Ä)-diester l b was recovered in 51% yield ([a] 20 D +16.3° (c=0.4, MeOH); ее: 11%).
'H-NMR and IR data are identical to those obtained for la and lb on hydrolysis of 1 with crude PLE.
WííA amylase the biocatalyst
As descibed above, racemic diester 1 was incubated with amylase (200mg) for 20 h. without co-solvent.
Half-ester la was isolated in 47% yield ([a] 20 D -90.2° (c=0.8, MeOH)) as a mixture of endo (90%) and
exo ester (10%). Crystallization from water/MeOH gave pure (2R,3R)-endo half-ester la in 38% yield;
ее: 71% ([a] 2 0 D -108.1° (c=0.5, MeOH)).
Unreacted (25>J5)-diester l b was isolated in 48% yield ([al 2 0 D +86.1° (c=0.8, MeOH); ее: 57%).
The reaction was also performed in the presence of 10% acetone, 5% acetone, 5% DMF and 5%
dioxane, respectively. The reaction was stopped after 20 h. In all cases half-ester la was obtained as
mixture endo (90%) and exo ester (10%), of which pure endo half-ester la (2R,3R); ее: 80-85%) was
obtained by crystallization from water/MeOH twice. Optical rotations and chemical yields of monoand diester obtained under these conditions are shown in Tabel 3.7.
When the reaction was performed with optically enriched diester lb ((2R,3R); [ a ] 2 0 D -122.8° (c=0.9,
64

МеОН), ее 82%), obtained from the PLE-catalyzed hydrolysis of racemic diester 1, (2R,3R)-endo
half-ester la was produced in 70% yield ([a]

20

o

D

-144 2 (c=0 9, MeOH), contaminated with only 4% of

the exo isomer la) Crystallization from water/MeOH gave optically pure endo mono ester l a ([a]

20
D

-152 8°(c=10,MeOH)).
Unreacted diester l b was recovered in 24% yield ([al

20
D

-83 7° (c=0.7, MeOH) Physical data of the

reaction products are identical with those of la and lb reported above.
PLE-catalyzed hydrolysis of dimethylti&ns-bicyclofl2 1 ]heptane-2,3-carboxylate 2
Similarly as described for the PLE-catalyzed hydrolysis of 1, racemic diester 2 was hydrolyzed in the
presence of 5%, and 10% acetone and 5% acetonitrile After ca 50% conversion the reaction was
0

stopped and (2S,3S)-endo halt-ester 2a was obtained Μ ρ 59-63 C.
Unreacted (2Ä,iÄ)-diester 2b was isolated as a colorless oil The results are given in Table 3 2. IR and
'H-NMR data are identical to those reported for ther respective compounds in section 2.4.
Amylase-catalyzed hydrolysis of dimethyl e\o-5,6-epoxy-bicyclo[2.2.1Meptane-tians-2,3-dicarboxylate

I
Analogously as described for the PLE-catalyzed hydrolysis of diester 1 racemic epoxy diester 3 (1 g,
4.4 mmol) was suspended in 75 ml buffer solution of pH 7 8 and indbated with amylase (500 mg).
After ca 50% conversion the reaction was stopped Unreacted (25>5S)-epoxy diester 3b was obtained in
45% yield ([a] 20 D +55 5° (c=0 8, MeOH), ее· 74%) IR and 'H-NMR data are identical to those
reported in section 2 4. Acidification of the aqueous solution remaining after ether extraction of the
quenched enzymatic reaction mixture, followed by extraction with etheÉ drying (MgSO^) and removal
of

ether,

gave

a

crude

acid,

which

was

charaftnzed

as

ел:о-5,6-ероху-

bicyclo[2.2 l]heptane-iran.t-dicarboxylic acid Crude diacid was dissolve in a small amount of toluene
and

heated

for

several

mm. After

removal

of

the

solveÄ

under

reduced

pressure,

(2Ä,3Ä)-hydroxylactone 12 was obtained in 40% yield ([a] 20 D -20 2° (c=0.9. MeOH); ее: 80%).
Spectral data were in accordance with those desenbed in section 2.4 for compound 10.
By performing the reaction in a buffer solution of pH 7.0, containing 5% acetone, and keeping (he pH
between 6 and 8 during work-up, (2Л,5Л)-ероху endo half-ester За was obtained in 35% yield ([a]20^)
-59.7° (c=0 8. MeOH), purity as deduced by capillary GC: 94%).
MS(CI)· m/e 213 0763 (M +1 ; calculated for ^ Η ^ · 213 0763) (100%), 195 (31,3%), 181 (42.4%).
Unreacted (25,5S)-diester 3b was obtained in 45% yield ([a] 2 0 D +48.9° (c=0.9, MeOH); ее: 65%). IR
and 'H-NMR spectral data are in correspondence with those reported for 3a and 3b obtained in section
2 4.
Hydrolysis of ethyl 5-oxo-endo-tricyclo[5 2 l.(P 6]deca-3,8-diene-2-carboxylate 4 with PLE as
biocatalyst
Similar as described for the PLE-catalyzed hydrolysis of diester 1, racemic tricyclic ester 4 (1 g, 4.6
mmol) was suspended in 75 ml buffer solution of pH 7.8 and incubated with highly purified PLE (100
65

μ], 150 U). The reaction was stopped after 16 hrs, which gave, upon work-up, optically active
UR,2S,6RJS)-esiti 4b in 45% yield ([a] 2 0 D +84 5° (c=0 5, MeOH), ее 82%)
•H-NMRÍCDClj)· δ 7.35 (d, IH), 6 03 (m, ЗН), 4.20 (q, 2H), 3 23 (s, 2H), 3 15 (m, IH), 1 80 (q, 2H),
1.32 (t, ЗН) ppm.
IR(KBr): 1712 (C=0), 1580 (C=C) cm"1.
The corresponding (-)-(lS,2R,6S,7R)-acìd 4а was obtained in 40% yield ( [ a ] 2 ^ -83 2° (c=0 9, MeOH);
ee>98%). M.p. 125-130 0 C.
'H-NMRÍCDCy: δ 9 95 (s, br., IH), 7.50 (d, IH), 5.90-6.22 (m, ЗН), 3.20-3.40 (m, ЗН), 1.58-2.16 (q,
2Н) ppm.
IR(KBr): υ 2750, 2590 (СООН), 1715.1665 (С=0), 1575 (С=С) cm"1.
The reaction was also performed in the presence of 0.2 M acetonitnle and 10% acetone. The results are
shown in Table 3 3.
With maxatase as biocatalyst
Racemic tricyclic ester 4 (1 A 4 55 mmol) was suspended in 0.1 M Na/K phosphate buffer (80 ml,
pH=7.8) and then maxatase ( » 0 mg) was added. The reaction mixture was stirred at room temperature
for 24 h., while the pH was nl intained at 7 8 by automatic titration (0.25 M NaOH). The reaction was
stopped after ca. 50% conveeon by removal of unreacted ester by ether extraction. The work-up was
similar to that used for the PL*-catalyzed hydrolysis of 4 An additional centnfugation step was used to
remove foam. (+H/ft2S,6/f,7.S-Ester 4b was isolated in 45% yield ([a] 2 0 D +83 2° (c=0.8, MeOH); ее:
80%). The corresponding (lS,2R,6S,7R)-acid 4a was obtained in 45% yield ([a] 2 0 ,, -68.5° (c=1.0.
MeOH); ее: 83%)). The same reaction of 4 in the presence of 0 2 M acetonitnle, gave 4a in 38% yield
([tt]20D -78.0° (c=1.0, MeOtÉ ее: 94%), while 4b was recovered m 61% yield ([a] 20 ,) +62 5° (c=1.0.
MeOH), ее: 60%). Spectral A t a are in agreement with those reported above for the PLE-catalyzed
hydrolysis of 4.

•

With maxacal as biocatalyst 9
The reaction of racemic 4 and maxacal was performed as described above for the maxatase-catalyzed
hydrolysis of 4. The reaction spontaneously stopped after ca. 30% conversion (+)-(]R,2S,6R,7S)-Es\£T
4b was isolated in 65% yield ([a] 20 D +40 2° (c=0 8, MeOH), ее

39%)

The corresponding

US,2R,6S,7R)-aaá 4а was obtained in 25% yield ([a] 2 0 D -67 3° (c=0.8, MeOH), ее: 81%). For spectral
data, see PLE-catalyzed hydrolysis of 4.
With amylase as biocatalyst
Hydrolysis of racemic 4 with amylase was earned out as desenbed above for the maxatase-catalyzed
hydrolysis of 4 The reaction spontaneously stopped after ca 25% conversion. (+)-(]R,2S,6R,7S)-Esi£T
4b was obtained in 73% yield ([a] 20 D +38 4° (c=0.8, MeOH); ее· 37%). The corresponding
US,2R,6S,7R)-acid 4a was obtained in 20% yield ([a] 2 0 D -60 2° (c=0 9, MeOH), ее: 73%). For spectral
data, see PLE-catalyzed hydrolysis of 4
PLE-catalyzed hydrolysis ofdimeth\l bicylo[2.2 1 Jhept-5-ene-2,2-dicarboxylate S
Racemic diester 5 ( 1 g, 5 mmol) was suspended in 75 ml buffer solution of pH 7.8 and incubated with
66

PLE (200 μΐ, 300 U) at room temperature The reaction was stopped after 24 h at 50% conversion
Unreacted diesler 5b was recovered in 45% yield ([a]

20
D

+22 2° (c=0 7, MeOH) Spectral data were in

agreement with those of racemic starting material The corresponding endo half-ester 5a was isolated in
45% yield ([a]

20
D

-24 6° (c=0 7. MeOH) Μ ρ 78-85 "С

'H-NMR (CDCl,) δ 9 62 (s, br, IH), 6 28 (dd, IH), 6 03 (dd, IH), 3 70 (s, 3H). 3 42 (s, br IH), 2 92
(m, IH). 2 13 (m, 2H), 1 63 (q, 2H) ppm
IR (KBr) υ 3500 2800 (COOH), 1725 (C=0) cm '
MS(CI) m/e 197 0814 (M

+1

(14 1%), calculated tor C I 0 H n O 4 197 0814), 179 (21 9%), 131 (100%),

67 (32 6%) 66 (24 5%)
The reaction was also performed in the presence of 5% acetone and 7% MeOH, respectively The
results are given in Table 3 5
Hydrolysis of methyl üans-3-formylbicyclo[2 2 1 Jhept-5-ene 2 carboxylate 6/7 with PLE as biocatalyst
A mixture of formylester 6 and 7 (1 g, 5 6 mmol, 45% endo I 55% едго-ester) was suspended in 80 ml
buffer solution of pH 7 8 at room temperature, PLE (100 μΐ, 150 U) was added and the mixture was
stured for 4 5 h at pH 7 8 The hydrolysis was slopped at ca 25% conversion (the reaction rate dropped
drastically when passing the 25% conversion point) and worked-up as described for the PLE-catalyzed
hydrolysis of 1 Unreacted substrate was recovered as a 60/40 mixture of racemic endo-ester 6 and
optically active едго-ester 7b in 68% yield (680 mg) Spectral data were in agreement with those of the
starting material 6/7
(25,Ji)-acid 7a (100% exo) was obtained in 23% yield (225 mg) as a colorless oil [ a p p +32 6 (c=0 7,
MeOH), ее 42 6%
'H-NMRíCDClj) δ 9 63 (s, IH). 8 12 (s, br, IH), 6 33 (dd, IH), 6 15 (dd, IH), 2 38 (m, 2H), 2 17 (m,
IH), 1 76 (m, IH), 1 60 (m, 2H) ppm
IR(NaCl) υ 3700-2300 (COOH). 1700 (C=0) cm '
The reaction was also performed in the presence of 2% acetone Pure exo acid 7a was obtained in 24%
yield (225 mg) [ a ] 2 0 D + 34 0° (c=0 9, MeOH). ce 44 4%
When 10% MeOH was used as co-solvent, exo acid 7a was obtained in 22% yield ( [ a ] 2 0 D +44 7°
(c=0 6, MeOH), ее са 64%)
With amylase as biocatalyst
Formyl ester 6/7 (1 g, 5 6 mmol), consisting of 45% endo ester 6 and 55% exo ester 7, was suspended in
80 ml buffer solution of pH 8 0 at room temperature, amylase (200 mg) was added and the mixture was
stirred for 8 h at pH 8 0 The hydrolysis was stopped at ca 25% conversion Unreacted substrate was
recovered as a 60/40 mixture of endo ester 6b and exo ester 7b in a yield of 65% (650 mg)
(2R,3R)-äc\u 7a (contaminated with 3% endo acid 6a) was obtained in 20% yield as a colorless oil
[a] 2 0 D -33 8° (c=0 8, MeOH), ее 48% 'H-NMR and IR data are identical with those of the exo acid 7a
obtained in the hydrolysis of 6/7 with PLE
Hydrolysis of methyl btcyclo[2 2 ]¡hept-5 ene exo-2-carboxylate 8 with amylase as biocatalyst
67

Racemic exo ester 8 (250 mg, 1.6 mmol) was suspended in 18 ml phosphate buffer solution of pH 7.8
and incubated with amylase (200 mg) at room temperature The reaction was stopped after ca. 50%
conversion (ca. 15 h.). Work-up as desenbed above gave (/Л,25,</Я)-аЫ 8a in 35% yield ([ot] 2 ^
+14.6° (c=0 5, MeOH), ее. 82%). Unreacted (W,2fl(4S)-cster 8b was recovered in 45% yield ([a] 2 0 D
-17.6° (c=0.8, MeOH); ее: 68%) IR and 'H-NMR data corresponded with those obtained for 8a and 8b
in the hydrolysis of 8 with PLE (see section 2 4)
The same reaction in the presence of 5% acetone gave when slopped after 15 h., (7Я,25,4Л)-асіа 8a in
45% yield ([a]20,} +11.5° (c=0.8, MeOH), ее: 67%), while unreacted ester 8b was isolated in 35% yield
( [ a ] 2 0 D -23.0° (c=0 7, MeOH), ее 89%)
Wit/i maxacal as biocatalyst
As desenbed above, racemic ester 8 (250 mg, 1 6 mmol) was suspended in 18 ml buffer solution of pH
7.8 and incubated with maxacal (200 mg) for 72 h at room temperature. The reaction stopped after 23%
conversion. (lR,2S,3R)-tevb 8a was isolated in 20% yield ([a] 2 0 D +16.2° (c=0 5, MeOH), ее: 91%)
Unreacted ester 8b was recovered in 65% yield ([a] 2 0 D -6.6° (c=0.5, MeOH), cc 25%).
With maxatase as biocatalyst
As desenbed above, racemic ester 8 (250 mg, 1 6 mmol) was suspended in 18 ml buffer solution of pH
7.8 and incubated with maxatase (200 mg) for 24 h. at room temperature The reaction was stopped
after ca 50% conversion. Work-up gave UR,2S.3R)-acid 8a in 40% yield ([а! 2 *^ +12 6° (c=0.8,
MeOH), ее: 74%) and remaining ester 8b in 40% yield ([o] 2 0 D -20 0° (c=0.8, MeOH); ее· 75%)
Hydrolysis of methyl bicyclo[2 2.1]hept-5-ene-2-endo-carboxylate 9 with maxacal as biocatalyst
As desenbed for the maxacal-catalyzed hydrolysis of 8, racemic endo ester 9 (250 mg, 1.6 mmol) was
suspended in 18 ml phosphate buffer solution of pH 7 8 and incubated with maxacal (200 mg) for 30 h.
at room temperature. The reaction stopped by itself after ca 13% conversion (ca 15 h ). Work-up gave
UR,2R,4R)-!iCid 9a in 10% yield

([a] 2 0 D +113° (c=0.5. MeOH), ее· 78%) and remaining

^S,2S,</S)-ester 9b in 83% yield (its optical rotation was not determined). IR and 'H-NMR data of 9a
and 9b correspond with those reported in section 2.4.
With maxatase as biocatalyst
As desenbed above, racemic ester 9 (250 mg, 1 6 mmol) was suspended in 18 ml buffer solution of pH
7.8 and incubated with maxatase (200 mg) for 30 h. at room temperature. The reaction stopped after ca.
25% conversion. Work-up gave {1 R,2R,3R)-àcid 9a in 20% yield ([a] 20 D +119° (c=0.5, MeOH); ее:
82%) and unreacted ester 9b in 72% yield (its optical rotation was not determined)
Hydrolysis

of

methyl

\ians-3-acetylbicytlo[2 2 l]hept-5-ene-2-carboxylate 10/11 with PLE as

biocatalyst
A 2 3 mixture of entio/e^o-bicyclo[2 2 l]hept-5-ene-rrani-keto ester 10 and 11 (1 g, 5.1 mmol) was
suspended in 50 ml buffer solution of pH 7.8, PLE (240 μΐ. 380 U) was added and the reaction mixture
was stirred for 5.5 h at room temperature, while keeping the pH constant at 7.8. The reaction was
stopped at ca 25% conversion Unreacted esters 10 and lib were recovered in 68% yield, following the
68

usual work-up (see hydrolysis of 6/7). Spectral data of 10 and l i b are in accordance with those of the
starting material (section 2.4).
Exo acid 11a was obtained in 25% yield (230 mg); [a] 2 0 D +98.5° (c=0.6, MeOH). No traces of endo
acid 10a were observed.
'H-NMR en IR spectra of l i b are identical lo those reported in section 2.4.
With amylase as biocaralyst
As described above, a 2:3-mixture of enáo/i?w-bicyclo[2.2.1Jhept-5-ene-trans-keto ester 10 and 11 (0.5
g, 2.7 mmol) was suspended in 25 ml buffer solution of pH 7.8, amylase (250 mg) was added and the
reaction mixture was stirred at room temperature until ca. 25% conversion. Then the reaction was
stopped by extracting unrcacted esters with ether. The recovered ester mixture (58% yield) consisted of
65% endo ester 10b and 35% exo ester lib. Spectral data were in accordance with those of the starting
material.
The corresponding acids 11a and 10a were obtained in 20% yield (205 mg, 85% exo and 15% endo
acid); [a] 2 0 ^ -69.1° (c=0.5, MeOH). The endo-exo ralio was determined by capillary-GC and confirmed
by 'H-NMR spectroscopy.
Optically pure endo-(3R)-methoxycarbonylbicyclo[2.2.]]hept-5-ene-exo-2R-carboxylic acid l a using
PLE and amylase in a tandem procedure
Racemic dimethyl fr£in.j-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylate 1 (20 g) was suspended in 300 ml
of a 0.1 M phosphate buffer solution of pH 7.8, containing 10% acetone, and incubated with PLE (600
μΐ, 900 U) for two days at room temperature under vigourous magnetical stirring. Prior to enzyme
addition, the reaction mixture was gently healed unlil the substrate melted. In this manner, the substrate
appeared as fine oily droplets suspended in the aqueous buffer solution. The pH was kept constant by
addition of 1.0 M NaOH using an auto-buret. At ca. 50% conversion, the reaction was stopped by
adding Na2C03 solution until pH 10. As described earlier, acid-base extraction was used to separate
(+)-(25,J5)-carboxylic acid la and remaining (-)-(2Ä,JÄ)-diester lb. Acid la: yield 9.3 g (49.8%); m.p.
85-86 0C; [aI D 20 +122.7 (c=0.8, MeOH); ее: 80.5%).
•H-NMR (CDCl·,): δ 9.55 (s, br., IH), 6.05-6.40 (m, 2H), 3.69 (s, ЗН), 3.10-3.33 (m, ЗН), 2.70 (d.
J=2Hz, IH), 1.55 (dd, J=7.7 and 3.3 Hz, 2H) ppm.
IR (KBr): υ 3100 (br., ОН), 3025/2980(CH), 1720/1690 (С=0) cm"1
MS(CI): m/e 197.0814 (M + 1 ; calculated for СюН^О^ 197.0814)(10.1%), 179 (100%). 165 (27.9%),
113 (88.7%), 66 (32.5%).
Analysis : С 61.25, Η 6.14; calculated for C 1 0 H 1 2 O 4 : (196.203) С 61.22, Η 6.16 %.
Unreacted diester lb (9 g, [ a ] D 2 0 -118.4° (c=0.75 MeOH)) was suspended in 150 ml phosphate buffer
solution of pH 7.8 and incubated with 1.5 g of crude amylase. After two days the enzymatic hydrolysis
was stopped. Usual work-up gave (-)-(2Ä,3Ä)-half-ester la (endo)m 34.5% yield. [a] D 2 0

-143.2°

(c=0.6, MeOH); ее: 94%). Crystallization from methanol-water gave optically pure (2Ä,J/?)-half-ester
la ([a] D 20 -152.4° (c=1.0, MeOH)) in 26% yield, based on racemic diester 1. Spectral data of
(2R,3R)-la are identical to those of ihe 25, JS-enantiomcr.
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CHAPTER 4
APPLICATIONS OF A NORBORNENECARBOXYLIC ACID AS CHIRON

4.1

Introduction
In the preceding chapters the enzymatic optical resolution of vanous norbornane-type carboxylic

e s t e r s has been descnbed. These compounds, when sufficiently enanüomcncaUy pure, can serve as
u s e f u l building blocks in asymmetnc synthesis For example, tncyclodecadienone carboxylic acid la
a n d its esters l b (Fig. 4.1) have successfully been used in the synthesis of vanous enantiomencally pure
cyclopentenone derivatives1,2.

cooH

COOMe

1aR.H
1bR.Et.Me

2

0

COOMe

COOMe

Fig 4.1
In this chapter particular attention will be given to norbomene-frani-2,3-dicarboxylic acid as its
d i e s ter 2 and its half ester 3, and their use as Chirons The concept for the use ot half ester 3 is outlined
in Scheme 4.1. Functional group transformations of the carboxyhc-acid and carboxyhc-ester function,
V ^ C O »COOMe
OMe
enzymatic..
//
ƒ
enzymatic
^
А^—^
(
««Αι.,.,™,*
гас

2

тю

^OOMe

,І Х
\ ^^ ^соон
/
/Π7 Ί
/ «stereocontrolled.
7
1
At- --/ |
•»

COOMe

optically active

"

optically active

Scheme 4 1
m a y , in pnnciple, take place in a slereochemically controlled fashion because of the strong influence of
t h e bicychc system on the stereochemical course of the reaction There is a fair chance of an efficient
c h i r a h t y transfer from the bicychc system to the adjacent prochiral carbon atom. Norbomene-type
compounds are formally Dieb-AUlei adducls of cyclopentadicne and a dienophile Consequently,
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subjecting norbomene derivatives to a retro Diels-Alder reaction will lead to cyclopentadiene and this
2a
dienophile Flash Vacuum Thermolysis (FVT) is a convenient methodology for performing such a
retro-Diels Alder reaction The stereochemistry present m the dienophihc moiety of the norbomene
derivative will be retained in the dienophile, which is split off in the retro-Dieb Alder reaction
An attractive leature of trans methoxycdrbonylnorbomenecarboxylic acid 3 as a Chiron is that
both antipodes can be obtained This will allow the synthesis of both cnantiomers of a target molecule

4.2 Synthesis and chemical modification of both cnantiomers of едсо-norbornene lactones
The carboxyhc-acid function in Chiron 3 can be chemically transformed into the corresponding
alcohol without disturbing the ester group For this purpose both enanliomers of half ester 3 are treated
with oxalyl chloride, immediately followed by selective reduction of the acid chloride thus formed,
using LiAlH2(fm-BuO)2 (Scheme 4 2) All attempts to reduce this acid chloride with sodium
ноос.

\

г$Т~'

,
/7

^l"^
М ООб

1 oxalyl chtonde
2 LiAIH2(lert BuO)2

(+)-3

MeOOC

W"4
cy 83%

Scheme 4 2
borohydnde according to literature procedures3, gave unsatifaclory yields of desired hydroxy ester 4.
Both enantiomers of alcohol ester 4 thus obtained, can readily be cychzed to lactone 5 by
treatment with potassium tm-buioxide in benzene (Scheme 4 3), provided that the reaction conditions
are carefully chosen When sodium hydnde is used as base in the epimenzaüon reaction of alcohol ester
4, only moderate yields ranging from 50-60% could be obtained Potassium carbonate in methanol
leaves this alcohol ester 4 unchanged It should be noted that lactone 5 is rather unstable in basic
medium, which became apparent when the synthesis of 5 was monitored by capillary GLC analysis.
Dunng the synthesis of S a slow decomposition of this lactone was observed, implying that the reaction
requires carefully chosen conditions
(+)-(2S,6Ä)-Lactone 5 was prepared from (-)-(2Ä,JÄ)-half-ester 3, which has an enanüomenc
punty of >98% (Scheme 4 3) The optical rotauon of the lactone 5 obtained, remained unchanged after
crystallization from hexanc and this compound was therefore considered to be enantiomencally pure.
The (2Л, J5)-antipode of 5 was prepared from (+)-(25,i5)-alcohol ester 4 with ал ее of 86%. on basis of
its optical rotation (Scheme 4 3) Initially, (-)-(2fl,.?S)-lactone 5 was obtained with [ a ] D 2 0 -117 9°
(MeOH), implying an ее of 87% Crystallization from hexane improved its optical rotation to the same
value as observed for the (+)-exo-lactone 5 and, therefore, this recrystalhzed (-)-lactone 5 is also
73

(+)-5

(-)-4
ее > 9 8 %

ν

( + )-5

^ССЮМв

t-BuOK
benzene
м«оос

*/

су 80%
ее >98%

crystallization^
hexane

2R

(-)-5

4

W"
ее 83%

сгузіаіідаіюп
+· [ a b 2 0 +134 30(04013)
hexane
су 95%
ее >98%
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су 80-85%
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Scheme 4 3
considered to be enantiomencally pure. The expenments described above indicate that in alcohol ester
4 complete inversion at C2 takes place without affecting the optical integrity of the compound
An intriguing question is whether norbomene-emfo-lactone 7, which is a valuable intermediate in
the synthesis of various natural products 45 , can also be prepared from Chiron 3. For this purpose,
alcohol ester 6, in which the mcthoxycarbonyl function is in the exo position, was prepared from the
lithium salt of compound 3 using L1BH4 m THF* for the selective reduction of the endo-tsx&t function,
followed by estenfication with diazomethane (Scheme 4 4) The optical punty of 6 was established by

к

1 LiOH
2 LiBH4
\00M.

/Ь'

COO Me

соон

3

C H

2N2

Scheme 4 4
reducing it 10 the corresponding diol with lithium aluminium hydnde and comparison of the optical data
of this diol with those reported in chapter 2 Several bases were tned to accomplish lactone formation
from alcohol ester 6 However, all of them failed, only mixtures of starling matenal and unidentified
products were obtained Apparently, the trans-exo position of the ester function is strongly preferred
over the cis-endo position and hence, epimenzation at C2 via a carbamomc center at this carbon atom
does not take place
Norbornene «o-lactones (+)- and (-)-5 are interesting species for further chemical modifications.
Reduction of the lactone moiety with DIBAL leads to the corresponding lactols 8, which in fact are
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internally masked aldehydes. It is noteworthy that only one diastereomer of this lactol 8 could be
isolated, viz. the one with the hydroxyl group in the endo position (Scheme 4.5). The optical rotations
measured for the antipodal lactols 8 are the same within the limits of accuracy, viz. [ a ]
(CHCI3) for (25,35,бЛ)-1асіо1 8 and [a]

20

20
D

+71.8°

-71.2° for (2Л,5Я,б5)-1асіо1 8. (+)-Lactol 8 was prepared

D

from (2S,6tf)-lactone 5, whereas its (-)-antipode was prepared from (2fl,6S)-lactone 5.
The latent aldehyde function present in lactol 8 offers the opportunity to study chirality transfer to
this prochiral group. For this purpose, reactions with Grignard reagents were selected7"10. The results of
the reactions of both enantiomers of lactol 8 with various Grignard reagents arc summarized in Table
4.1. Analysis of these results reveal that, within limits of accuracy, the Grignard reaction takes a
stereoselective course to only one stereoisomer of secondary alcohol 9 (Scheme 4.5). In order to
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(-)-8

V

H O ^ i h -

(+)-9
FU Me, η-Bu. i-Pro, tndecyl, phenyl (-8H)

Scheme 4.5

establish the details of the stereochemical course of this Grignard reaction, the absolute stereochemistry
of the newly formed chiral center needed to be determined. Therefore, an X-ray diffraction analysis of
diol (-)-9c, which was prepared from (25,6Л)-1асіо1 8, was carried out 11 . The absolute configuration of
this diol is shown in Fig. 4.2. In Scheme 4.5 the correct stereochemisty is also incorporated in structure
9.

Fig. 4.2 X-ray analysis of'9c
11

At this stage, it is important to mention that Gilbert

has investigated the Grignard reaction with

racemic lactol 8, affording 9. He observed the predominant formation of one diastereomer, the structure
of which was secured by means of 'H-NMR spectroscopy. The relative configuration of the respective
chiral centers in 9 is the same as shown in Scheme 4.5. The relative configuration at C g was determined
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Table 4 1 Yields and physical data of 9a-f obtained according to Scheme 4 5
он

/L
9a

yield
он
(R = Me)

9b

(R = o Bu)

9c

(R = ι Pro)

76%

70%

9d

(R = tndecyl)

59%

9e

(R = phenyl)

75%

(R = t Bu)

0%

9f

[«b

abs conf

(MeOH)
+37 5
-38 8

2S,3R,8S
2R,3S,8R**

+20 6
-20 4
+518
-53 5
+13 6
-13 8
+38 0

2S,3R,8S*
2R,3S,8R**
2S,3R,8S*
2R,3S,8R**
2S,3R,8S*
2R,3S,8R**
2Sr3R>8R*

-37 8

2R,3S,8S**

mp

oil
oil
oil
oil
0

97-98 C
0

97-98 C
0
46-47 C
0
46-47 C
5

o

101 -103 C
0
101-103 C

• 2Я 65 Lactol 8 ( [ a ] D 2 0 71 2° (CHCI3)) was used as starting material
·* IS 6И Lactol 8 ( l a ] D 2 0 +71 8° (CHCI3)) was used as starting material

by means of 'H-NMR-spectroscopic analysis (250 MHz) of the corresponding lactone 13 obtained by
oxidation of diol 9 (Scheme 4 8) In order to explain the observed stereochemical course, Gilbert12
adopted a Felkin-Ahn-type transition state 13 on the basis of hydroxy aldehyde 8', as is depicted in Fig
4 3 It was assumed that the stereochemistry of organo-metallic addition to the prochiral carbonyl center
is governed by this model, in which approach of the reagent takes place from the side of the small
α-substituent (S) The highly stereoselective course of the Gngnard reaction with lactol 8 implies a
high preference for conformation В However, the energy difference between the Felkin-Ahn
conformers A and В seems to be marginal as was concluded from an inspection of molecular models of
8'
Moreover, this explanation on the basis of a Felkin-Ahn-lype transition state suffers from the fact
that the role of the Gngnard reagent as a chelating species is completely neglected, which, however, is
not justified93 The first step in the reaction of lactol 8 with Gngnard reagent is undoubtedly the
formation of magnesium alcohólate I (Scheme 4 6) It is suggested that this alcohólate is in equilibrium
with the aldehyde II, of which two conformations are conceivable, viz HA and IIB Reaction of the
aldehyde function with a second Gngnard reagent then leads to the observed products (Scheme 4 6)
Conformation IIB with the aldehyde function pointing toward the methylene bridge of the norbornene
moiety will be stencally disfavored especially, when further coordination of the aldehyde group with
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Felkin-Ahn model

β' Conformer Α 1 2

β' Conformer В

Fig. 4.3
Grignard reagent is taken in account. Therefore, there will be a considerable preference for the reaction
with conformer IIA, which experiences less steric interactions than conformer ПВ, even when
complexed with Grignard reagent.

Scheme 4.6
The actual attack of the aldehyde function by Grignard reagent will be from the sterically more
favorable rear side of conformer IIA, shown in Scheme 4.6, i.e. the Si-side of the carbonyl group. This
suggested mechanistic pathway is in accordance with the experimental observations that stereomer 9a-d
with the (&S)-configuration and stereomer 9e with the (SÄ)-configuraüon are exclusively formed from
(2/?,65)-Iactol 8. Intermediacy of I will ensure that the reaction proceeds via a chelated aldehyde.
Support for this sequence of events is the fact that the reaction with lactol 8 does not occur at all when
an equimolar amount of Grignard reagent is used, because this is consumed in the formation of I9*. The
ultimate outcome of the mechanism involving coordination with magnesium is the same as that based
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on a Felkm-Ahn-lype transition state, however, the first mentioned one seems most appropnate
It is relevant to discuss the related reaction involving oxygen-bndged bicychc exo lactone 10 and
the corresponding lactol 11, studied by Bloch et allA and Gilbert12 The reaction of lactol 11 with
Gngnard reagents again produces a diol (12, see Scheme 4 7 ) , however, the stereoselectivity is much

\ ^

V
12b

UIC
Comforth model 16

Scheme 4 7
less pronounced as compared with the Gngnard addition to methylene-bndged lactol 9 The results are
collected in Table 4 2 In fact, this reaction had already been earned out by Rouessac et al15, however,
without noticing the stereoselectivity of the reaction To explain the stereochemical course of the
reaction with lactol 11, Bloch™ and Gilbert12 1 4 postulate two favorable aldehyde orientations, viz IIIB
and ШС, which lead to 12a and 12b, respectively (Scheme 4 7) In case of ШС, the carbonyl and
alkoxy dipoles will preferentially be onented in an anti penplanar fashion according to the Cornforth
model 16 and a second equiv of Gngnard reagent will attack from the stencally more accessible Si-face
of the carbonyl group However, an explanation involving the initial formation of a magnesium
alcohólale, similar to Scheme 4 6, is conceivable This magnesium alcohólate is in equilibrium with two
aldehyde-containing structures, viz ΠΙΑ and IIIB (Scheme 4 7) Conformation IIIB has an extra
stabilizing coordination with the bndge-oxygen atom, which may compensate for the unfavorable steric
effect of this syn conformation The Gngnaid reaction with the aldehyde group in both conformations
now leads to a mixture of diastereomeric diols, in which either 12a or 12b is the most abundant isomer
depending on the nature of solvent14

When THF is used as solvent, 12b is formed predominantly,

whereas the use of diethyl ether gives 12a as the major product This solvent effect was only observed
with alkylmagnesium bromides In case of iodides and chlorides 12b was formed as main product using
either THF or ether as solvent The reversal in stereoselectivity in diethyl ether as compared with THF
as solvent for the reaction with alkylmagnesium bromides supports the proposed intermediacy of
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Table 4.2 Stereoselectivity of the addition o/Grignard reagent to lactol 11

%

12a:12b

Solvent

Yield

CH3MgBr

THF

60

26:74

CHaMgBr

ether

77

85:15

n-QHgMgBr

THF

65

12:88

n-C^HçMgBr

ether

70

85:15

(СНз)2СНМёВг

THF

73

9:91

(CH3)2CHMgBr

ether

65

85:15

n-C g H 17 MgBr

THF+ZnI2

72

9:91

n-CBH17MgBr

ether

87

90:10

n-CjHuCsC

THF

89

14:86

п-СзНцСнС

ether

92

37:63

RMgX

chelates IIIA and IIIB. With the stronger coordinating diethyl ether as compared with THF,
coordination of the magnesium atom with the bridged oxygen-ether function becomes less favorable in
this solvent, leading predominantly to chelated complex IIIA. Conversely, in THF IIIB will be the
predominant complex. This substantial solvent effect is more difficult to understand assuming the
occurrence of an equilibrium between IIIB and IIIC. Here, the relatively basic carbonyl function is
assumed to compete with the solvent for coordination with the electrophilic magnesium atom. It seems
unlikely, that diethyl ether is capable of disrupting the coordination between the aldehyde carbonyl
function and the magnesium atom, as is the case in ІПС.
The diols produced above in the Grignard reaction with lactol 8 contain a primary alcohol
function which, under appropriate conditions, can be oxidized to a carboxylic-acid function. The
hydroxy acid thus obtained, will cyclize to the corresponding lactone 13, as is illustrated in Scheme 4.8.
The yields of this selective oxidation are moderate when applying Jones oxidation. Yields range from
26-41% (Table 4.3). These oxidations were carried out with the diols derived from (+)-(25,бЛ)-1асіопе
5. For reasons of clarity the complete sequence has been depicted in Scheme 4.8. In a similar way
Gilbert12 oxidized the diols obtained from the Grignard reaction with racemic lactol 8 to give the
corresponding racemic lactones 13. Also in this case the yields were moderate. The moderate yields can
be explained by a competitive oxidation of the secondary alcohol, e.g. to a carboxylic acid. This is
supported by the formation of optically pure 5 as by-product in the synthesis of 13b, с and d, which has
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Table 4.3 Jones oxidation of(-)-2R,3S-dioL· 9a-e to lactone 13 according to Scheme 4.8
о
20

yield

(CHCI3)

abs. conf.

m.p.

13a (R = Me)

35%

-102.0

2R,5R,6S

ÓS-TO3 0 (

13b (R = n-Bu)

26%

-62.1

2R,5R,6S

oil

13C

41%

-51.0

2R,5R,6S

oil

13d (R = mdecyl)

31%

-34.8

2R,5R,6S

38-39 0 C

13e

40%

-146.2

2R,5S,6S

74-75 0 C

(R = I-PIO)

(R-phenyl)

the same sign of rotation as the original starting material 5.
The lactones

13a-e were subjected to Flash Vacuum Thermolysis to accomplish a

retro-Diels-Alder reaction. The expected products, viz. butenolides 14a-e, were indeed obtained in quite
good yields and, except for 14e, without any loss of optical activity (eeä98%) (Table 4.4). The thermal
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Table 4.4 Yields and physical data of 14a-e and lSb,d obtained according to Scheme 4.8

[al
product

yield

lit

l JD

(CHCI3)

abs. conf.

m.p.

(CHCI3)
16b

70%

-91.8

-100.8

4R

oil

1 4 b (R = n-Bu)

81%

-98.8

-101.0

4R

oil

14c

84%

-123.7

4R

19-20 0 C

1 4 d (R = lndecyl)

85%

-61.3

4R

495-51 0 C

14e

(R = phenyl)

83%

-17.8**

-304

4S

oil

15b

(R = D-Bu)

98%

+45.6***

+48.8***

4R

oil

15d

(R = lrida:yl)

98%

+29.8***

+29.2***

4R

48-495 0 C

14a

(R = Mc)

(R = i.pro)

16b

16d

16a

16a

* 2ftllS'-Lactcine 13 was used as starting material
** Mixture of 14e and 16, measured after 2 days standing
* · * Optical rotations were measured in MeOH

conversion was effected at 540 0 C and 0.7 mbar. Lower temperatures resulted in incomplete or no
conversion, while higher temperatures gave rise to substantial amounts of unidentified products. The
absolute configuration of butenolides 14a,b and e could readily be deduced by comparison of optical
rotation data with those reported in the literature. The results are summarized in Table 4.4.
Compounds 14b and d were catalytically reduced to the corresponding saturated lactones 15b and
d of which the optical rotations are reported in the literature17. The absolute configuration determined
for 14c in this manner is in full agreement with that deduced on basis of the X-ray analysis of diol 9c11
(Fig. 4.2).
Phenylbutenolide 14e showed a deviant behavior. In contrast to butenolides 14a-d, purified 14e
had a much lower optical purity than expected. Moreover, on standing at room temperature for 2 days it
slowly rearranged to isomeric achiral compound 16. It is therefore assumed that optically pure 14e,
formed initially in the retro-Diels-Alder reaction, racemizes via 16 as intermediate, as is depicted in
Scheme 4.9.
It was shown above that chirality transfer from the bicyclic norbomene system to an aldehyde
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14e
Scheme 4.9
function, which is essentially present as a lactol, is an efficient process for Grignard additions (Scheme
4.6) and provides a convenient method for retaining the stereochemistry in the dicnophile, which is split
off in the retro-Diels-Alder reaction. The intermediate formation of a cw-chelated hydroxyaldehyde IIA
is assumed to be responsible for the stereospecificity found for these Grignard additions (Scheme 4.6).
It would be of interest to establish whether chirality transfer can also be realized for norbomene
aldehydes in which the aldehyde function is not masked in a lactol but present as such. For this study
optically pure (2Я, jÄ)-aldehyde 21 was selected. This aldehyde contains a vicinal f/ww-dimethyl acetal
function which may coordinate with the incoming Grignard reagent favoring Grignard addition to one
of the faces of the aldehyde carbonyl function. A successful chirality transfer in 21 would eventually
allow the synthesis of optically active Y-hydroxy-a,ß-unsaturated aldehydes 23, which are important
intermediates in natural synthesis18"22.
The synthesis of (2R,3R)-21 starts from optically pure (2Я,ІЛ)-погЬопіепе half-ester 3 (Scheme
4.10). Reduction to hydroxy ester 4 (cf. Scheme 4.2), followed by Swem oxidation23 to formyl ester 18
J,
COOH
/ r - l ^ y R LiAIH2(t-BuO)2|
(-)-3
ее >98%

("M
COOMe
ее >9 %

COOMe

(-)-Ιβ

COOMe

су 80%
ее >9β%
к МеО

¿ ^ ^ (

ΟΜβ

2Н + /Н 2 0

т

сно

2 3 R=Me

2 2 а R.Me
b R-i-Pro

22a,b
су 93%

но

η

diastereomeric mixture
Scheme 4.10
82

and immediate acetalization gave acetal 19 Reduction of the «o-ester unit to primary alcohol 20.
followed by PCC or Swein oxidation gave the desired aldehyde 21 m an excellent overall yield.
Chirality transfer was again studied by means of a Gngnaid reaction followed by removal of the acetal
protective group. The results are collected in Tables 4 S and 4 6. Analysis of these results reveal that a
mixture of diastereomenc products is formed The diastereomenc excess of 22 was determined by
Table 4 5 Yields and optical rotations of compound 4-21 prepared according to Scheme 4.10
compound

abs.
conf.

[«b 20

abs.
conf.

yield
%

[«ID 2 0
(MeOH)

4

79-83

-138 5° 2R,3R

+109.6° 2S,3S

18

79-89

-98.4°

2R,3R

+79 3°

2S,3S

19

84-89

-119.8°

2R,3R

+91.2°

2S,3S

20

79-86

-28.8°

2R,3R

+22.7°

2S,3S

21

50-62

-81.2°

2R,3R

+61.6

25,55

(MeOH)

integration of the signals of the aldehyde protons in its 'H-NMR spectrum. The two doublets of the
exo-aldehyde protons of both diastereoisomers are observed ca. 0.12 ppm apart. The chirality transfer in
this Gngnard reaction is disappointingly low Moreover, the reproducibility of the reaction is not very
good, meaning that the reaction is susceptible to small changes in reaction conditions. This observation
indicates that in the Gngnard addition to 21 no conformational ngid intermediates are formed which
favor one face of the aldehyde carbonyl function over the other. The ee's of 18-21 were determined by
their conversion into diol 30 and comparison of the optical data with those reported in the literature48.
Table 4.6 Gngnard addition to C-)-21 according to Scheme 4.10
product

R

c.y.

d e.

22a
22b

Me
i-Pro

94%
93%

15-50%
35-65%

The original plan was to subject product 22 to a retro-Diels-Alder reaction using FVT. Although
the expected hydroxy aldehyde 23a, which is a known anti-tumor agent24·25, could indeed be obtained
from compound 22a, this plan lost its charm in view of the poor chirality transfer and was not pursued
further.
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4.3 Further functional group transformations of the fran£-3-niethoxycarbonylnorborn-5-ene2-carboxylic acid 4
In order to study the possible application of chiron 3 for the synthesis of cyclopentanoids, such as
prostaglandins, (2R,3R)-3 has been subjected to a series of functional group transformations (Scheme
4 11. The preparation of both enantiomers of bicyclic hydroxyester 4 has already been discussed in
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previous

sections

(2R,3R)-exo-K\cohoi\ 4

is

converted

into

the

corresponding

(2Ä,iÄ)-exo-tetrahydropyranyl ether 24 using dihydropyran and a catalytic amount of mfluoroaceüc
acid26. THP-ether 24 consists of two diastereoisomers and therefore, its optical rotation was not
determined The endo-ester function of 24 is subsequently reduced with LiAlH4 The thus formed
hydroxy THP-ether 25 is then treated with meihanesulfonyl chlonde, without further purification, to
give the corresponding mesylate 26 Substitution of the mesyl group by cyanide is realized by treating
compound 26 with sodium cyanide in refluxing dimethyl sulfoxide The tetrahydropyranyl group of
cyano compound

27 is then removed with p-toluenesulfomc

acid in methanol,

yielding

2-hydroxymethyl-3-cyanomethyl-norborn-5-ene 28 Finally, compound 28 is benzylaled using benzyl
bromide, sodium hydride and a catalytic amount of Bu4NI27 in dry ether In this way, both enantiomers
of 2-cyanomethyl-3-benzyloxymethyl-norbom-5-ene 29 are obtained in good yield The results of the
individual steps are collected in Table 4 7 This reaction sequence was also performed on a 10 g scale
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Table 4.7 Yields anti optical rotations of compound 4-29 according to Scheme 4.11
yield
%

(MeOH)

abs.
conf.

(MeOH)

4

79-83

-138.5°

2R,3R

+110.8° 2S,3S

24

84-87

-83.2°** 2R,3R

+66.2°** 2S,3S

25

83*

n.d.

2R,3R

n.d.·*

25,35

26

86*

n.d.**

2R,3R

n.d.**

2S.3S

27

89

n.d.**

2S,3R

n.d.*·

2R,3S

28

80-84

-85.7°

2S,3R

+68.7°

2R,3S

29

70-73

-58.9°

2S,3R

+47.8°

2R,3S

compound

[alD20

[«ID

abs.
conf.

20

* crude yield
· * diaslereomenc mixiure of THP-eihers

Without purification of intermediate products, the optically active cyano benzyl ethers (+)- and (-)-29
are obtained in 35% overall yield, calculated on half-ester 3. Disappointingly, ozonolysis

28

of the

olefinic bond in 29, which should have led to a prostaglandin precursor, was not unambiguous.
Intractable mixtures were formed under a variety of conditions29"31. Also some alternatives to cleave
the olefinic bond, viz.. osmium tetroxide oxidations32·33, the use of Μη2θ 7 , diol-intermediate two-step
cleavages34 3 8 and entrapment of the thus arising unstable dialdehyde species39, were rather
unsatisfactory and led to mixtures of products, in which a small amount of the desired dialdehyde might
have been present. It is highly regrettable that cleavage of the olefinic bond in 29 could not be
accomplished without difficulties.
\
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31
Scheme 4.12

Finally, a reaction involving both norboniene-2,3-dicarboxylates 2 and 3 as Chirons, will be
discussed. Lithium aluminium hydride in combination with an optically active ligand is often used in
the enantioselective reduction of prochiral carbonyl compounds40"46. The enantioface-differentiating
ability of the chiral l,r-binaphthyl-2,2'-diol complex (BINAL-H) is well documented47. In order to
check whether enantiomerically pure (2/í,5A)-írflfií-norbornene dìol 30, which is easy available from
the corresponding diester 2, may be applicable in asymmetric reductions, aluminium-Η complex 31 is
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prepared following a slightly modified procedure of Noyon et al47 (Scheme 4 12)
Three

ketone

substrates,

viz.

acetophenone

32,

ben¿yl

methyl

ketone

33

and

4-phenyl-3-buten-2-one 34, were tested in the reduction with norbomene-alumimum complex 31
(Scheme 4 13) The results are shown in Chart 4 1 Applying 31 in these reductions leads to the

b*
CH,

+

/£-

AT

;

dry
ether

/x
θ'
31

*

OR

Scheme 4 13

Chart 4 1 Asymmetric reduction of 32-34 using optically active 31
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corresponding alcohols 35, 36 and 37, respectively, in about the same chemical yields as with
Bmal-H 4 6 l ' 4 7 b However, the enantioseleclmty of the reduction with 31 is virtually ml After work-up
norbomene diol 30 can be recovered in 40-80% yield

о
\

//^

У

У
39

Fig 4 4
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The difference in behavior of B1NAL-H and norbomene-alumimum hydride complex 31 in the
asymmetric reduction of 32-34 may be explained by the symmetry of the respective aluminium
complexes, as is depicted in Fig 4 4 In the naphthol complex 38 the hydrogen atoms H a and H b are
homotopic due to a C2-symmelry axis, whereas in the bicychc diol complex 39 H a and H b are
diastereotopic. Therefore, unlike in 38, replacement of one of the hydrogen atoms by an ethoxy ligand
in 39 leads to formation of two diastereoisomenc hydndes 31 and 31' (Fig. 4.5). This mixture of
diastereomenc hydrides will probably not be able to accomplish an asymmetric reduction.
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4.4 Experimental section
General remarks
For general remarks concerning the analytical methodology, chromatographic methods, see
chapter 2, section 2.4. The enzymatic synthesis of norbornene Chirons За and 3b, which were used as
starting materials in this chapter, is described in chapter 3, section 3.2 3
Solvents were dned, where appropnate, using the following methods: hexane and petroleum ether
60-80 were distilled from sodium hydride, THF was distilled first from calcium hydnde and then from
lithium aluminium hydnde; dichloromethane was distilled from phosphorus pentoxide, diethyl ether
was pre dned on calcium chloride and distilled from sodium hydride and, if necessary, subsequently
from lithium aluminium hydnde; DMSO was distilled from molecular sieves 4Â ; toluene and benzene
were distilled from sodium. All other solvents used, were either Ρ A or "reinst" quality.
note: In the cxpenmental section IUP AC names of substrates and products will be used
(2R,3R,)- and (2S,3S)-Methyl 3-e*o-hydroxymethyl-bicyclo[2.2.1]hept-5-ene-2-znáo-carboxylate 4
An excess of distilled oxalyl chlonde (10 g, 78 7 mmol) was added to (2/?,3/?)-half-ester 3a (8 9 g, 45
mmol; [a] D 2 0 -152.4° (MeOH)). The reaction mixture was stirred for 1 h. at room temperature and then
for 5 mm. at 50 0 C. The excess of acid chlonde was removed in vacuo, first at ca. 25 mbar and then at
1-2 mbar The residue was dissolved in dry ether (150 ml) and cooled in ice-water, then, 2 5 equiv of
freshly prepared LiAUt-BuO^F^ were added with mechanical stirring The temperature was then
allowed to reach room temperature After completion of the reaction (checked by c-GLC), the mixture
was acidified with dilute H2SO4 and the aqueous layer was extracted twice with ether The combined
extracts were dned (MgSO,,) and concentrated under reduced pressure. Crude alcohol (2R,3R)-A was
punfied by column chromatography (ethyl acetate/ hexane · 1/2) to give pure (2R,3R)-4 in 79% yield
(6 5 g) as a colorless oil. [a] D 2 0 -138 5° (c=0.8, MeOH)
Similarly, (2S,3S)-haii-eslcT 3a (3.2 g, 16 mmol; [a] D 20 +120.5° (c=0.6, MeOH); ее: 79%) was
converted into 2S.3S-4 in 83% yield (2.9 g). [alo 2 0 +109 6° (0.6 MeOH); ее: 79%.
'H-NMR. δ 5.85-6 28 (2xdd, 2H), 3.55 (m, 2H), 3 57 (s, 3H), 3 20 (s, IH), 3 05 (s, br, IH), 2 70 (s, br ,
IH), 2.45 (t, IH), 1.84 (m, IH), 1.45 (s, br , 2H) ppm.
IR(NaCl). υ 3420 (br., OH), 3060/2945/2885 (CH), 1730 (C=0) cm '.
MS(CI): m/e 183 (M + 1 , 78 5%), 165 (36 1%), 151 (59 7%), 117 (53 3%), 66 (100%).
(2S,6R)- and (2KjbS)-<iX04-OxatHcyclol5.2.1.&6idec-8-en-3-one 5
(2/UK)-Hydroxy ester 4 (4 0 g, 22 mmol, [a] D 2 0 -138 5° (MeOH)) was dissolved in p.a benzene (75
ml). Then potassium t-butoxide (22 mmol) was added at room temperature The reaction mixture was
heated under gentle reflux for 3 h and then cooled to room temperature. Dilute H2SO4 was added until
the water layer remained weakly acidic The organic layer was washed with water (3x), dned (MgSO,,)
and concentrated under reduced pressure Crude lactone 5 was punfied by column chromatography
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(20% ethyl acetate in hexane) to give (25,6Л)-ігісус1іс lactone 5 in 80% yield as a white solid. M.p.
20

бв-б^С, [alo +134.3° (c=0 8, CHClj).
,

Similarly, (25 ,J5)-hydroxy ester 4 (6 2 g, 34 mmol, [ a ] D
into (гЯ.бЯНасіопе 5 in 78% yield [ a ] D
enantiomencally pure material. [ a ] D

20

20

20

+120 5° (MeOH); ее: 87%) was converted

-117 9" (c=0 6, CHClj) Crystallization from hexane gave
0

-131 4° (0 6 CHCl·,), m p. 67-68 C .

'H-NMR- δ 6.18 (m, 2H), 4.33-4 62 (m, IH). 3 87-4 10 (m, IH), 3 27 (s, br. Ш), 2.90 (s, br., IH).
2.37-2.73 (m, 2H), 1.52 (m, 2H) ppm.
IR(KBr): υ 3080/2985/2900 (CH), 1748 (C=0) cm

1

+

MS(EI) ni/e 150 (M , 14 9%), 105 (6 3%), 91 (20 4%), 85 (61 1%), 66 (100%).
Analysis. С 72.00, H 6.72, calculated for C 9 H 1 0 O 2 С 71 98, H 6 71 %.
(2S,3S^-Míf/iy/ 3-en(¡o-hydroxymethyl-bicycb¡2.2 l]hept-5-ene-2-exo-carboxylate 6
(25,i5)-Half ester 3 (1 g, 5.1 mmol, [a] D 2 0 +120 5° (MeOH); ее. 79%) was dissolved in water (20 ml)
containing LiOH (132 mg, 5.5 mmol) Then the water was evaporated in vacuo and the resulting lithium
salt was dned in vacuo The dry lithium carboxylale was dissolved in 50 ml THF, LiBH 4 (180 mg, 10
mmol) was added and the reaction mixture was refiuxed for 2 5 h. Then methanol was added to destroy
unreacted hydnde. The reaction mixture was allowed to reach room temperature, water was added and
the organic solvent was removed in vacuo The remaining aqueous mixture was then acidified (pH=3)
and extracted with ether (4x) After drying of the extracts (MgS0 4 ) and removal of the solvent, the
residue was treated with MeOH (3x) to remove boric acid Without further purification the remaining
hydroxy acid (0.9 g) was dissolved in dry ether (10 ml) and estenfied by adding 20 ml of diazomethane
solution (0 25 M in ether) The reaction mixture was surred for several mm, then the solvent was
removed and the residue was purified by column chromatography (30% ethyl acetate in hexane) to give
630 mg (68%) of (2S,3S)-6 as a colorless oil [a) D 2 0 +57 5° (c=0 7, MeOH)
^-NMR δ 5.99-6.27 (m, 2H), 3 69 (s, ЗН), 3.40 (d, 2H), 3 05 (s, br , IH), 2.93 (s, br , IH), 2.37-2 69
(m, IH), 1.65-1.88 (m, 2H), 1.54 (m, 2H) ppm.
IR(NaCl): υ 3400 (br. OH), 3055/2942/2870 (CH), 1718 (C=0) cm '.
MS(EI): m/e 182 (M+, 1 3%), 151 (20 8%), 117 (88.3%). 86 (100%), 66 (100%).
('2S,3S,6R;I- and (2R,m,6S)-cxo-4-Oxatricydo[5.2.1 02 6]dec-8-en-3-ol 8
То a cooled (-780C, ^-atmosphere) solution of optically pure (2S,6/?)-lactone 5 (3 g, 20 mmol, [ α ] ^
+134 3° (CHCl·,)) in toluene (200 ml), a solution of DIBAL (60 ml, 1 M in heptane, 60 mmol) was
gradually added over a period of 1 h The mixture was stirred at -78 0 C for 3.5 h. Then the excess of
DIBAL was destroyed by addition of a solution of isopropyl alcohol (2 M) in toluene (30 ml). The
reduction mixture was allowed to reach 0 0C, then water (1 ml), THF (100 ml), and a mixture of silica
gel (15 g) and magnesium sulphate (30 g) were successively added Between each addition the mixture
was stured for 30 mm. After filtraüon, the solid was washed with THF (2x) and CH2CI2 (lx). The
combined filtrates were dried (MgSO,,) and the solvents were removed under reduced pressure to give
crude lactol 8 Purification by column chromatography (ethyl acetate/ hexane · 1/1) gave pure
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0

(25,55,6/?)-lactol 8 ( [ o ] ^ +71.8° (c=0.8, CHCI3)) in 83% (2.5 g) yield. M.p. 41-46 C.
In a similar fashion, (2R,3R,6S)-\&cto\ 8 ( [ α ] ^ -71.2° (c=0.8, CHCI3)) was obtained from
(2Л,б5)-1асіопе 5 ( [ a j ^ -131.4° (CHClj)).
'H-NMRiCHC^): δ 6.16 (m, 2H), 5.19 (s, IH). 4.18 (m, IH). 3.73 (dd, IH), 2.82 (s, br., IH), 2.64 (s,
br., IH), 2.35-2.64 (IH), 2.30 (m, 2H), 1.73 (d, IH), 1.27 (m, IH) ppm.
1

IR(NaCl): υ 3400 (br. OH), 3060/2960/2880 (CH) cm- .
+1

MS(EI): m/e 153 (M , 1.6%), 135 (44%), 106 (11.5%), 91 (17.6%), 69 (100%), 66 (54.6%).
('2R,3S,8R;- and (2S,3R,%S)-2-exo-Hydroxymethyl-3-eTiO-(l-hydroxyethyl)bicyclo[2.2.1]hept-5-ene 9a
(general procedure)
(2Ä,6S)-Lactol 8 (10 mmol, ee>98%) was added to a stirred solution of methylmagnesium iodide (50
mmol) in dry ether (200 ml) at 0 "C. The reaction mixture was stirred for 2 h. and then allowed to reach
room temperature. After stirring for another 2 h. a saturated ammonium chloride solution (100ml) was
added, the organic layer was separated and (he aqueous layer was extracted with ether (2x). The
combined ether layers were dried (MgS04) and concentrated. The residue was purified by column
chromatography (30% ethyl acetate in hexane) to give (2S,3R,8Sy9a in 76% yield. [a] D 2 0 +37.5°
(c=0.6, MeOH). Similarly, (2R,3S,8R)-9a was obtained from (2£6Л)-1асіо1 8 (ee>98%) in 70% yield.
20

[a],, -38.8° (c=0.4, MeOH).
'H-NMR: δ 6.17 (m. 2H), 3.61-4.06 (m, IH), 3.74 (d, 2H), 2.65 (s, br., 2H), 2.50 (s, br., IH), 1.84 (q,
IH), 1.53 (d. IH), 1.33 (d, 3H), 1.28 (m, IH) ppm.
IR(NaCl): υ 3280 (br. O H ) 3060/2960 (CH) cm 1 .
MS(CI): m/e 169 (M + 1 , 32.9%), 151 (83.4%), 133 (100%), 85 (79.5%). 66 (67.2%).
('2R,3S,8R> and (2S,3R,%S)-2-exo-Hydroxymethyl-3-exo-(I-hydroxypentyl)bicyclo[2.2.11hept-5-ene 9b
In the same manner as described for 9a, 9b was isolated in 90% yield as a colorless oil using
butylmagnesium bromide as Grignard reagent. (2R,3S,8R)-9b ( [ a ] D 2 0 -20.4° (c=0.5, MeOH)) was
obtained from (25,6Ä)-Iactol 8 (ee>98%). (2S,3R,8S)-9b ([alo 20 +20.6° (c=0.5, MeOH)) was obtained
from (2/f,6S)-lactol 8 (ee>98%).
•H-NMR: δ 6.17 (m, 2H), 3.56-3.91 (m, 5H), 2.67 (s, br., IH), 2.50 (s. br., IH), 1.11-2.09 (m, 10 H),
0.96 (t, 3H) ppm.
IR(NaCl): υ 3280 (br. OH), 3060/2960/2875 (CH) cm"1.
MS(CI): m/e 211 (M + 1 . 17.5%), 193 (97.5%), 175 (100%), 127 (36.1%), 109 (77.6%). 66 (56.7%).
(•2R,3S,8Rj-

and

(г$Ж,Ъ$)-2-е.\о-НуагохугпеіНуІ-3-<іхо-(1-куагоху-2-теіІгуІргоруІ)ЫсусІо[2.2.1)-

hept-5-ene 9c
As described above for 9a, diol 9c was prepared in 70% yield after crystallization from hexane using
wo-propylmagnesium bromide as Grignard reagent. M.p. 97-98 0 C. (2R,3S,8R)-9c ([a] D 2 0 -53.5°
(c=0.4, MeOH)) was obtained from (2S,6R)-lacio\ 8 (ee>98%). (2S.3R,8S)-9c ([a] D 2 0 +51.8° (c=0.5,
MeOH)) was obtained from (2fl,6S)-lactol 8 (ee>98%).
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'H-NMR: δ 6.20 (m, 2H), 3.54-3.88 (m, 3H), 3.33 (s, br., 2H), 2.68 (s, br., IH), 2.52 (s, br., IH),
2.47-2.16 (m, 3H), 1.06 (d, 3H), 0.90 (d, 3H) ppm.
1

IR(KBr): υ 3260 (br. OH), 3015/2965/2880 (CH) спт .
+1

MS(CI): m/e 197 (M , 4.6%), 179 (21.3%), 161 (37.5%), 95 (100%), 66 (27.7%).
Analysis of («Л)-9с: С 73.70, H 10.12; calculated for C 1 2 H 2 0 O 2 : С 73.43, H 10.27 %.
(2R,3S,8R)-

and

(2S3R,SS)-2-exoHydroxymeihyl-3-exo-(]-hydroxytetradecyl)bicyclo[2.2.1]-

hept-5-ene 9d
In the manner as described for 9a, 9d was synthesized using tridccylmagnesium bromide as Grignard
reagent. Yield 58.5%. M.p. 46-47 0 C. <.2R3SM)-9d ([a] D 2 0 -13.8° (c=0.7 MeOH)) was obtained from
(25,6Ä)-lactol 8 (ee>98%). (2S,3R,8S)-9á ([a] D 20 +13.6° (c=0.6, MeOH)) was obtained from
(2fl,6S)-lactol 8 (ee>98%).
'H-NMR: δ 6.19 (m, 2H), 3.60-3.95 (m, 5H), 2.68 (s, br., IH), 2.52 (s, br., IH), 1.08-2.00 (m, 4H), 1.29
(s, br., 24H), 0.89 (t, 3H) ppm.
IR(KBr): υ 3270 (br. OH), 2920/2845 (CH) cm 1 .
MS(EI): m/e 336 (M+, 0.6%). 287 (23.4%), 269 (23.9%), 253 (44.8%), 106 (100%), 66 (100%).
Analysis of (вЯ)-9с1: С 78.09, H 11.79; calculated for C 2 2 H 4 0 O 2 : С 78.51, H 11.98 %.
C2R,3S,8S;- and (2^Ж^)-2-і.хо-НуагохутеаіуІ-3-е.хо-(куагохуЬеп^І)ЫсусІо[2.2.1]кері-5-епе

9e

As described above for 9a, diol 9e was synthesized using phenylmagnesium bromide as Grignard
reagent and recrystallized from hexane/ether. Yield 75%. M.p. 101.5-103 0 C. (2R,3S,8S)-9e ([a] D -37.8°
(c=0.5, MeOH)) was obtained from (25,6Ä)-lactol 8 (ee>98%). (25,5Л,вЛ)-9е ( [ a ] D 2 0 +38.0° (c=0.8,
MeOH)) was obtained from (2Л,65)-1асіо18 (ee>98%).
'H-NMR: δ 7.36 (s, 5H), 6.18 (dd, IH), 5.96 (dd, IH), 4.65 (m, IH), 4.20 ( s, br., 2H), 3.60-3.99 (m,
2H), 2.55 (s, br., IH), 2.05 (s, br., IH), 1.73-2.00 (m, 2H), 1.48 (d, IH), 1.18 (m, IH) ppm.
IR(KBr): υ 3200 (br. OH), 3200/2960/2915 (CH) cm"1.
MS(CI): m/e 231 (M +1 .1.1%), 213 (38.9%), 195 (39.5%), 147 (100%), 129 (100%), 66 (97.1%).
Analysis of («5)-9e: С 78.46, H 7.82; calculated for C ^ H ^ : С 78.23, H 7.88 %.
Oxidation of dials 9 (general procedure)
Jones reagent (1.5 ml) [prepared by dissolution of СЮ3 (2 g, 20 mmol) in water (11.5 ml) and
concentrated H 2 S04 (3.5 ml)] was gradually added to a stirred solution of diol 9 (1 mmol) in acetone
(10 ml) at 0 0 C. The reaction mixture was then allowed to reach room temperature and stirred for 45
min. (a few drops of Jones reagent were added in order to obtain a persistent orange color). Excess of
oxidant was destroyed by addition of isopropyl alcohol. The solution was filtered and concentrated. The
aqueous concentrate was extracted with CH2C12 (10 ml). The solid residue was dissolved in water (15
ml). The combined aqueous layers were extracted with CH2C12 (3x15ml). The combined organic layers
were successively washed with a saturated solution of sodium bicarbonate (30 ml) and water (30 ml),
dried (MgS04) and concentrated under reduced pressure. The crude lactone 13 was purified by column
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chromatography (30% ethyl acetate in hcxane).
(2R,5R,6S)-exo-5-Methyl-4-oxatricylo[2.2.1]dec-8-en-3-one 13a
Starting from (2R,3S,8R)-9a ([a]
M.p. 68-70.5 °C. [ a ] D

20

20
D

-38.8° (MeOH)), (-)-(2Л,5Л,б5)-13а was obtained in 35% yield.

-102.0° (c=0.5, CHCl·,).

'H-NMR: δ 6.18 (m, 2H), 4.28 (dq, IH), 3.26 (s, br.. H), 2.91 (s, br., IH), 2.78 (d, IH), 2.11 (m, IH),
1.50 (m, 2H), 1.40 (d, 3H) ppm.
IR(KBr): υ 3065/2970/2920 (CH), 1750 (C=0) cm '.
+

MS(EI): m/e 165 (9.9%), 164 (M , 5.2%), 105 (17%), 99 (100%), 66 (100%).
Analysis: С 72.72, H 7.24; calculated for Схсрп02:

С 73.15, H 7.37 %.

(2R,5R,6S)-exo-5-Butyl-4-oxatricyclo[2.2.]]dec-8-en-3-one 13b
Starting from (2R,3S,8R)-9b ([alo 2 0 -20.4° (MeOH)), (2Л,5Л,б5)-1асіопе 13b was obtained in 26%
yield. [ a ] D -62.1° (c=0.4. CHCI3).
•H-NMR: δ 6.20 (m, 2H), 4.15 (m, IH), 3.27 (s, br., IH), 2.87 (s, br., IH), 2.68 (d, IH), 2.14 (dd, IH),
1.16-2.00 (m, 8H), 0.92 (t, 3H) ppm.
IR(NaCl): υ 3060/2960/2880 (CH), 1755 (C=0) cm"1.
MS(E1): m/e 207 (3.5%), 206 (M\ 0.2%), 141 (55.3%), 66 (100%).
(2R,5R,6S)-exo-5-(2-PropyD-4oxatricyclo[2.2.1 ¡dec-8-еп-З-опе 13c
Starting from (2R.3S,8R)-9c ( [ a ] D 2 0 -53.5° (MeOH)), (2R,5R,6S)-13c was isolated in 41% yield as a
colorless oil. [alo 2 0 -51.0° (c=0.4, CHCI3).
'H-NMR: δ 6.20 (m, 2H), 3.91 (dd, IH), 3.27 (s, br., IH), 2.84 (s, br., IH), 2.66 (d, IH), 2.20 (dd, IH),
1.90 (m, IH), 1.53 (s, 2H), 0.99 (d, 6H) ppm.
IR(NaCl): υ 3060/2965/2880 (CH), 1752 (C=0) cm 1 .
+1

MS(CI): m/e 193 (M . 10.5%), 149 (18.6%), 127 (77.8%), 66 (100%).
(2R,5R,6S)-exo-5-Tridecyl-4-oxatricyclo[2.2.]]dec-8-en-3-one 13d
Starting from (2R,3S,8R)-9d ( [ a ] D 2 0 -13.8° (MeOH)), 13d was obtained in 31% yield. M.p. 38-39 "С.
[afo 2 0 -34.8° (c=0.7, CHCI3).
'H-NMR: δ 6.21 (m, 2H), 4.13 (m, IH), 3.28 (s, br., IH), 2.89 (s, br., IH), 2.70 (d, IH), 2.17 (dd, IH),
1.05-1.85 (m, 26H), 0.93 (t, 3H) ppm.
IR(KBr): υ 2907/2840 (CH), 1747 (C=0) cm 1 .
MS(EI): m/e 332 (M+, 5.8%, 267 (100%), 149 (12.4%), 66 (100%).
Analysis: С 78.97, H 10.79; calculated &>гС22Нз602: С 79.46, H 10.91 %.
(2Rì5S,6S)-txo-5-Phenyl-4-oxatricyclo[2.2.1Jdec-8-en-3-one 13e
Starting from (2R,3S,8S)-9e ([a] D 20 -37.8° (MeOH)), (+)-(2Ä,5S,65)-lactone 13e was prepared in 39.8%
yield after crystallization from hexanc. M.p. 74-75 0C. [a] D 20 -146.2° (c=0.4, CHCI3).
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'H-NMR: δ 7.23 (m, 5H), 6.16 (m, 2H). 4.98 (d, IH), 3.29 (s, br., IH). 3.05 (s, br. IH), 2.63 (d, IH),
2.33 (dd, IH). 1.61 (s, 2H) ppm.
1

IR(KBr): υ 3065/2965/2880 (CH), 1762 (C=0) cm .
MS(EI): m/e 226 (M+, 3.4%), 161 (66.4%), 91 (15.1%), 66 (100%).
Analysis: С 79.36, H 6.24; calculated for C ^ H , ^ : С 79.62, H 6.24 %.
Flash Vacuum Thermolysis of lactones 13a-e (general procedure)
Lactones 13a-e (150 mg) were thermolyzed at a temperature of 500 °C and a pressure of 0.9 mbar
through a 16 cm quarz tube. In case of 13d the substrate was preheated to 135 0 C. The other
substrates were preheated to 50 0 C. Butenolides 14a-d were isolated in 69.7-85% yield, after
purification by column chromatography (ether/ hexane : 1/1)
(R)-5-Methyl-2(5H)furanone 14a
This (5Ä)-furanone was obtained from (2R,5R.6S)-I3a ([a] D 2 0 -102° (CHCI3)) in 70% yield as a
colorless oil. [alo 20 -91.8° (c=0.5, CHCI3).
'H-NMR: 87.48 (dd, IH), 6.09 (dd, IH), 5.15 (m, IH), 1.44 (d, 3H) ppm.
IR(NaCl): υ 2987/2940 (CH), 1754 (C=0) cm 1 .
(R)-5-Butyl-2(5H)furanone 14b
This compound was prepared in 81% yield as a colorless oil ([a] D 2 0 = -98.8° (c=0.5, CHCI3)), starting
from (2Л,5Я>65)-13Ь ( [ a ] D 2 0 -62.1° (CHCI3)).
'H-NMR: 6 7.45 (dd, IH), 6.11 (dd, IH), 5.04 (m, IH), 1.57-1.92 (m, 2H), 1.15-1.57 (m, 4H), 0.91 (t,
3H) ppm.
IR(NaCl): υ 3083/2930/2860 (CH), 1748 (C=0) cm"1.
(K)-5-(2-Propylh2(5H)furanone 14c
This furanone was obtained in 84% yield ([a] D 2 0 -123.7° (c=0.4, CHCI3)) starting from (2Л,5Я,65)-13с
([a] D 2 0 -51.0° (CHCI3)). M.p. 19-20 0 C.
'H-NMR: 87.46 (dd, IH), 6.16 (dd, IH), 4.86 (m, IH), 2.05 (m, IH), 1.00 (d, 6H) ppm.
IR(NaCl): υ 3080/2960/2875 (CH), 1740 (C=0) cm"1.
MS(CI): m/e 127 (M +1 ,100%), 109 (85.4%), 84 (21.7%).
(R)-5-Tridecyl-2(5H)fiiranone 14d
This compound was obtained in 85% yield starting from (2R,5R,6S)-I3d ([alo 2 0 -34.8° (CHCI3)). M.p.
49.5-51 0 C; [alo 2 0 -61.3° (c=0.4, CHCI3).
'H-NMR: 87.47 (dd, IH), 6.11 (dd, IH), 5.03 (m, IH), 1.06-1.91 (m, 24H), 0.92 (t, 3H) ppm.
IR(KBr): υ 3080/2920/2850 (CH), 1735 (C=0) cm"'.
MS(EI): m/e 266 (M + . 19.1%), 206 (27.6%), 97 (89.9%), 43 (100%).
Analysis: С 76.79, Η 11.27; calculated К>гС17Нз0О2: С 76.63, Η 11.35 %.
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(S)-5-Phenyl-2(5H)furanone 14e
Starting from (2Л,55,65)-13е ([a] D 2 0 -146.2° (CHC13)), rather unstable and nearly racemic 14e was
obtained in 30% yield. M.p. 68-88 °C; [o] D 2 0 -7.8° (c=0.2, CHCI3). A small amount of
5-phenyl-2(3H)furanone 16 was still present in the purified material.
'H-NMR: 87.53 (dd, IH), 7.34 (m, 5H), 6.23 (dd, IH), 6.02 (t, IH) ppm.
IR(NaCl): υ 3080/3060/2920 (CH), 1745 (C=0) cm 1 .
MS(CI): m/e 161 (M+1.100%), 133 (100%), 115 (83.3%), 105 (34.3%). 83 (42.7%).
5-Phenyl-2(3H)furanone 16
Racemic 16 was formed as a by-product during FVT of 13e. Also upon standing and column
chromatography 14e partly rearranged to 16.
'H-NMR: 87.22-7.63 (m, 5H), 5.67 (t. IH), 3.27 (d, 2H) ppm.
MS(CI): m/e 161 (M + 1 , 44.4%), 133 (100%), 105 (12.3%).
(K)-5-Butyl-3,4-dihydTo-2(5H)furanone\5b
M-Furanone 14b (100 mg, 0.66 mmol; [ α ] ^ -98.8° (CHClj)) was dissolved in 10 ml abs. ethanol and
hydrogenated in a l^-atmosphere in the presence of a catalytic amount of Pd/C. After uptake of the
theoretical amount of hydrogen, the solution was filtered over Hyflo and concentrated in vacuo. Pure
(+)-(Л)-1асіопе 15b was obtained in 98% yield. [a] D 2 0 +45.6° (c=0.5, MeOH).
'H-NMR: 64.50 (m, IH), 2.40-2.68 (m, 2H), 1.16-2.00 (m, 8H), 0.94 (m, 3H) ppm.
IR(NaCl): υ 2935/2860 (CH), 1765 (C=0) cm 1 .
m-5-Tridecyl-3,4-dihydro-2(5H)furanone\Sd
As described above for 15b, (+)-(/?)-lactone 15d was obtained in 98% yield from (-)-(K)-furanone 14d
( [ a ] D 2 0 -61.3° (CHCI3)). M.p. 48-49.5 0 C; [a] D 2 0 +29.8° (c=0.5, MeOH).
^-NMR: 84.52 (m, IH), 2.20-2.69 (m, 2H), 1.02-2.00 (m, 26H), 0.90 (t, 3H) ppm.
IR(KBr): υ 2920/2845 (CH), 1750 (C=0) cm 1 .
MS(EI): m/e 268 (1.6%), 250 (13.4%), 206 (8.5%), 85 (100%).
Analysis: С 75.77, Η 11.84; calculated for С 1 7 Нз 2 0 2 : С 76.06, Η 12.02 %.
(2S,3S> and (2R,3RJ-AÍ€%/ 3-ехо-/огтуІЫсусІоІ2.2.]]кері-5-епе-2-епао-сагЬохуІаіе 18
Distilled oxalyl chloride (1.55 ml) in dry CHjClj (5.4 ml) was cooled at ca. -55 "C under
N2-aimosphere. Dry DMSO (2.63 ml) in СН2СІ2 (8 ml) was added and this mixture was stirred for 2
min. before (2S,55)-alcohol 4 (2.8 g, 15 mmol; [afo 20 +109.6° (MeOH); ее: 79%) in dry CH 2 C1 2 (17.3
ml) was added over a period of 3 min. This mixture was stirred for 15 min. at -55 0 C, then triethylamine
(10.8 ml) was added and the reaction mixture was allowed to reach room temperature. Water was added
and the aqueous mixture was extracted with dichloromethane (3x). The combined organic layers were
washed with brine, dried (MgSO^ and concentrated in vacuo. Column chromatography (ethyl acetate/
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hexane : 1/4) gave 2 2g (79 4%) pure (2S,3S)-ÌS as a colorless oil. [ctfo20 +79 3° (c=0.7, CHClj)
Starüng

from

(2Л,5Л)-а1со1іо1 4 (2.5 g,

13 7 mmol, [ a ] D

(2Ä,5Ä)-aldehyde 18 was obtained in 80% yield (2 0 g). [a] D

20

20

-138.5° (MeOH); ee>98%),

-98 4° (c=0.7, CHClj).

'H-NMR: δ 9 75 (s, IH), 6 22 (dd, IH), 6 06 (dd, IH), 3 60 (s, ЗН), 3.28 (m, 2H), 3.13 (s. br., IH), 2 73
(d, IH), 1.71-1 27 (m, 2H) ppm
IR(NaCl). δ 3060/2950/2720 (CH), 1725 (C=0) cm '.
f2R,3R)- and (2S,3S)-Methyl 3-t\o-dimethoxymethylbicyclo[2.2.1]hept-5-ene-2-GnAo-carboxylate 19
(2/î,5A)-Aldehyde 18 (1.8 g, 10 mmol, [a) D 20 -98 4° (CHClj); ee>98%) was dissolved in 50 ml MeOH
in the presence of a catalytic amount p-TosOH and CaCl (4 g) This reaction mixture was stirred at
room temperature over night. Then the solvent was removed m vacuo and the residue extracted with
ether and saturated NaHCC^-solution The organic layer was dried (MgSO,,), concentrated and purified
by column chromatography (ethyl actate/ hexane

1/4) to give (2R,3R)-\9 in 84% yield (1.9 g; [alo 20

o

-119 8 (c=0.8,MeOH))
Similarly, (2S,3S)-\9 ([alo 20 +912° (0 7 MeOH)) was prepared from (2S,3S)-\% ([a] D 2 0 +79 3°
(CHCI3)) in 89% yield.
•H-NMR- δ 6.24 (dd, IH), 5 92 (dd, IH), 4.22 (d, IH), 3 62 (s, 3H), 3.30 (s, 3H), 3.24 (s, 3H), 3 12 (s,
br., IH), 2.81 (s, br., IH), 2.70 (t, IH), 2 00-2 26 (m, IH), 1 28-1 63 (m, 2H) ppm.
IR(NaCl): υ 3065/2995/2955/2840 (CH), 1735 (C=0) cm"1.
/2R,3R)- and (2S,?>S)-2-en(io-Hydroxymethyl-3-exo-dimethoxymethylbicyclo[2.2.1]hept-5 -ene 20
(2/Utf)-Ester 19 (2 g, 8 8 mmol, [ a ] D 2 0 -119.6° (MeOH)), dissolved in dry ether (7.5 ml), was
gradually added to a suspension of LiAlH4 (0.5 g) in dry ether (100 ml), according to a literature
procedure for the reduction of racemic 1933. The reaction mixture was stirred for 1.5 h. at room
temperature Then saturated ammonium chlonde solution was added until the aqueous layer remained
slightly acidic. The aqueous layer was extracted with ether (3x). The combined ether layers were dried
(MgSO,,) and concentrated in vacuo to give (2Ä,JÄ)-20 m 86% (1.5 g) yield. [a] D 2 0 -28 8° (c=0.5,
MeOH); >97% according to cappilary GLC
Similarly, (25,J5)-20 ([a] D 2 0 +22.7° (c=0 75, MeOH); 90% according to cappilary GLC) was obtained
from (2S,55)-ester 19 (2 3 g, 10 mmol, [a] D 20 +91.2° (MeOH)) in 79% yield
'H-NMR. δ 6 22 (m, IH), 6.02 (m, IH). 4.20 (d, IH), 3 22-3.77 (m, 2H), 3.42 (s, ЗН), 3.32 (s, ЗН),
2.93-3.22 (m, IH), 2 79 (s, br., 2H), 1 77-2 14 (m, 2Н), 1.44 (s, 2Н) ppm.
IR(NaCl). υ 3400 (br., ОН), 3060/2950/2840 (CH) cm '.
('2R,3R> and (2 ,Ъ )-2-е,пйо-РогтуІ-3-е.хо-аітепохутеікуІЬісусІо[2.2.1]кери5-епе 21
As described above for 18. (2/?,JÄ)-alcolhol 20 (1.4 g, 7.1 mmol; [a] D 2 0 -28.8° (MeOH)) was
oxidized to (2/UK)-aldehyde 21 ([a] D 20 -812° (c=0.8, CHCI3)) in 62% yield after column
chromatography (15% ethyl acetate in hexane)
In a similar manner, (25,J5)-alcohol 20 (1 0 g, 5 mmol, [a] D 2 0 +22.7° (CHC13); 90% pure) was
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converted to (2S.3S)-2Í ([a] D 20 +61 6° (c=0 6, CHC1,)) in 50% yield.
'H-NMR. δ 9.42 (d,lH), 6 21 (m, IH), 6 01 (m, IH), 4.21 (d, IH), 3 33 (s, 3H), 3 24 (s, 3H), 3 16 (s, br.,
IH), 2 84 (s, br., IH), 2 69 (m, IH), 1.94-2.18 (m. IH), 1.47 (m. IH) ppm.
IR(NaCl): υ 3080/2980/2832/2720 (CH), 1718 (C=0) cm '.
2-exo-Formyl-3-endo-(l-hydroxyethyl)bicycb[2.2.1Jhept-5-ene 22a (general procedure)
0

(2R,3R)- Aldehyde 21 (250 mg, 1.28 mmol) m dry ether (2 ml) was gradually added to a cooled (-10 C)
suspension of freshly prepared methylmagnesium bromide (2.5 equiv ) in dry ether (15 ml) The
0

reaction mixture was successively stirred for 05 h at -10 C and for Ih at room temperature Then
saturated ammonium chloride solution was added and the aqueous layer was extracted with ether (3x).
The combined organic layers were dned (MgSO,,), concentrated in vacuo and dissolved m a mixture of
acetone and water (1:1) with a catalytic amount of p-TosOH. This mixture was stirred for ca 15 mm. at
0

35 C. Then acetone was removed in vacuo and the aqueous residue was extracted with ether and
saturated NaHCC^ solution. The water layer was washed with ether (3x) and the combined organic
layers were dned (MgSO,,) and concentrated in vacuo. Compound 22a (94%) was obtained as mixture
of two diastereomers (see Table 4.6), which could not simply be separated by column chromatorgaphy
(30% ethyl acetate in hexane).
^-NMR· δ 9 82 and 9 71 (2xd. IH), 5 88-6.32 (m, 2H), 2 93-9 42 (m, 2H), 2.00-2.93 (4H), 1.43 (m,
2H), 1.00-1.33 (m,3H) ppm.
IR(NaCl): υ 3380 (br. OH), 3060/2965/2720 (CH), 1710 (C=0) c m 1 .
2-e\o-Formyl-3-enáo-(l-hydroxy-2-methylpropyl)bicyclo[2 2 l]hept-5-ene 22b
In the same manner as described for 22a, 22b was prepared as a mixture of two diastereoisomers in
93% yield (see Table 4 6).
'H-NMR: δ 9.85 and 9 73 (2xd, IH), 6.00-6 33 (m, 2H), 3.20-3 47 (m, IH), 3.12 (m, IH), 2 82 (s, br.,
2H), 2 00-2.62 (2H), 1.47 (m, 2H), 1.83 (m, IH), 0.85-1 07 (m, 6H) ppm
IR(NaCI): υ 3490 (br OH), 1715 (C=0) c m ' .
trans-4-Hydroxy-pent-2-enal 23
Hydroxy aldehyde 22 (250 mg) was thermolyzed at 500 0 C and a pressure of 0 7 mbar through a 16 cm
quarz tube. The substrate was preheated at 120 0 C. Flash Vacuum Thermolysis of a diastereomenc
mixture of 22 gave 23 as a pale yellow liquid in 73% yield
'H-NMR. 69.51 (d, IH), 6 81 (dd, IH), 6 26 (m, IH) 4 58 (m, IH), 2.33 (s, br., IH), 1.36 (d, 3H) ppm.
IR(NaCl). υ 3400 (br OH), 2980/2925/2850/2740 (CH), 1680 (C=0) cm '.
(2R,3R)-

and

(2S,3S)-Methyl

3-txo-((tetrahydro(2H)pyran-2-yl)oxymeñyl)bicyclo[2.2.1i-

hept-5-ene-2-carboxylate 24
(2/UÄ)-Hydroxy ester 4 (1 79 g, 9 8 mmol, [a] D 20 -138 5° (0 6, MeOH), ee>98%) and dihydropyran (1
ml) were dissolved in dichloromethane (60 ml) in the presence of tnfluoroacelic acid (0 1 ml) The
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reaction mixture was stirred for 7 h. at room temperature. This mixture was then extracted with
saturated ХаНСОз solution, dned (MgS04) and concentrated in vacuo. The residue was purified by
column chromatography (20% ethyl acetate in hexane) to give (2Я,ЗЛ)-24 in 87% yield as a colorless
oil. [ a ] D

20

-83.2° (c=0 8, MeOH).

Similarly, (25,i5)-24 was obtained from the corresponding (+) 2S,5S-hydroxy ester 4 ([a] D
(MeOH); ее· 80%) in 84% yield. [ a ] D

20

20

+110.8°

+66 2° (c=0 7, MeOH)

'H-NMRiCDClj): δ 6.20 (m, IH), 5 93 (m, IH), 4 53 (s, br., IH), 3.23-3.87 (m, 4H), 3.55 (s, 3H), 3.05
(s, br., IH), 2.73 (d, br.. IH), 2.42 (m, IH), 1 20-2 23 (m, 9H) ppm
l

IR(NaCl): υ 3060, 2940, 2870 (CH). 1730 (C=0) cm .
+

MS(EI): m/e 266 (M , 0.14%), 201 (21 5%), 105 (14 8%), 85 (100%), 66 (48.3%).
(2R,3R)-

and

(2S,3S)-2-en<io-Hydroxymethyl-3-<ixo-((tetrahydro(2H)pyran-2-yl)oxymethyl)-bicyclo-

[2.2.1 ]hept-5-ene 25
(2Ä,iÄ)-ester 24 (6.1 mmol), dissolved m dry ether (15 ml), was gradually added to a freshly prepared
suspension of LiAlH4 (0 7 g, 3 eq. m 50 ml dry ether) at 0 0 C. The reaction mixture was then stirred at
room temperature over night. The reaction was quenched with aqueous ammonium sulfate. The aqueous
layer was extracted with ether (3x) The combined organic layers were dried (MgSO^ and concentrated
in vacuo to give (2R,3R)-&\coho\ 25 in 83% yield as a colorless oil.
Similarly, (2S,3S)-25 is obtained from (25,3S)-24 in 80% yield
Both compounds 25 were obtained as a mixture of diastereoisomers
'H-NMRiCDClj)· δ 6.22 (m, IH), 5 98 (m, IH), 4.63 (s, br, IH), 3 68-4.04 (m. 3H), 3.32-3.68 (m, 4H),
2 78 (s, br, IH), 2.56 (s, br, IH), 1 30-2 13 (m. 10H) ppm.
IR(NaCl): υ 3420 (OH), 3050,2940,2860 (CH) cm"1.
MS(EI) m/e 238 (M + , 2.3%), 173 (65 9%), 155 (12.9%), 85 (100%), 66 (100%).
(2R>3R)-

and

(2S,'ÌS)-2-endo-Methanesulfonyloxy-3-no-((tetrahydro(2H)pyran-2-yl)oxymethyl)-

bicyclo[2.2 lJhept-5-ene 26
Methane sulfonyl chlonde (0.60 ml) was added to crade (2Л>5Л)-а1со1іо1 25 (1.1 g, 4.6 mmol) m pyridin
(15 ml) at 0 "С. The reaction mixture was stirred for 16 h. at 0 0 C After addition of ethyl acetate the
reaction mixture was successively extracted with water (2x) and КаНСОз solution (lx). The organic
layer was dned (MgS0 4 ) and concentrated in vacuo to give (2/?,5i?)-mesylate 26 in 86% yield as a light
brown oil, which was nor further purified.
In the same manner, (25,35)-26 was prepared from (2SI3S)-2S in 82% yield. Both compounds 26 are a
mixture of diastereoisomers
'H-NMRiCDClj). δ 6 28 (m, 1H)„ 6 10 (m, IH), 4,53 (s, br., IH), 3.18-4 20 (m, 6H), 2.92 (m, IH),
2.90 (s, 3H), 2.70 (m, IH), 1.33-2 40 (m, 10H) ppm.
IR(NaCl): υ 3055.2935, 2865 (CH), 1350,1178 (СНз80 2 ) cm 1 .
(2S,3R)- and (2R,3S)-2-endo-Cyanomethyl-3-e\o-((tetrahydro(2H)pyran-2-yl)oxymethyl)bicyclo[2.2.1]97

hept-5-ene 27
To a solution of crude (2Ä,ifl)-mcsylate 26 (1.2 g, 3 7 mmol, in 30 ml dry DMSO; KCN (1.37 g) was
added at room temperature Reaction temperature was gradually raised to 90 0 C. The reaction mixture
was stirred for 16 h. at this temperature, cooled to room temperature, carefully poored into ice-water
and extracted with ether (3x) The combined organic layers were washed with water (5x), dried
(MgS04) and concentrated m vacuo to give (2S,3R)-27 in 89% yield as a colorless oil after purification
by column chromatography (20% hexanc in ether) As described above for (2S,3R)-27, (2R,3S)-27 was
obtained from (2S,3S)-26 in 90% yield. Both compounds 27 are a mixture of diastereoisomers.
'H-NMRtCDClj)· 6 6 31 (m, IH), 6 07 (m, IH), 4 50 (s, br, IH), 3 53-3 90 (m, 2H), 3.16-3.53 (m, 2H),
2.63 (s. br., IH), 2 32 (m, IH), 1.00-2 32 (m, 12H) ppm
IR(NaCl): υ 3055, 2940, 2860 (CH), 2240 (CN) cm '
(2S,3R)- and(2R,3S)-2-znao-Cyanomethyl-3-zxo-h\droxymethylbicyclo[2 2.1]hept-5-ene 28
(2S,3R)-n (750 mg, 3 0 mmol; ee>98% based on starting matenal (2R,3R)A) was dissolved in MeOH
(25 ml) and stirred at room temperature in the presence of p-TosOH (ca. 50 mg) until all starting
matenal had disappeared (TLC). The solvent was then removed in vacuo and the residue was extracted
with ether (3x). The combined ether layers were washed with saturated NaHCC^ solution, dried
(MgS0 4 ) and concentrated in vacuo to give (25,5Λ)-2β ([a] D

20

-85 7° (c=0 5, MeOH), 93% pure

according to cappilary GLC) after punfication by column chromatography (ethyl acetate) in 80% yield
as a colorless oil.
Similarly, (2Λ,55)-28 ([a] D 2 0 +68.7° (c=0 7, MeOH)) was obtained from (2R,3S)-27 (enantiomenc
punty ca. 80% based on (2S,3S)-4).
'H-NMRtCDClj): 6 6.33 (m, IH), 6.07 (m, IH), 3 58 (dd, 2H). 2 88 (s, br., IH), 2.67 (s, br., IH), 2.55
(s, IH), 1.82-2.30 (m, 3H), 1.52 (s, br., 2H), 1.33 (s, IH) ppm.
IR(NaCl): υ 3420 (OH), 3060, 2950, 2880 (CH), 2245 (CN) cm"1
MS(EI): m/e 163(M+. 46 9%), 146 (15.3%), 133 (36.6%), 66 (100%).
(2S,3R;- and (2К,35)-2-епао-СуапотеікуІ-3-ехо-ЬепгуІохутеіЬуІЬісусІо[2 2 l]hept-5-ene 29
(2S,3R)-HydTO\y cyanide 28 (350 mg, 2.15 mmol, [ a ] D 2 0 -85.7° (MeOH), ee>98%) in dry ether (10 ml)
was added to a suspension of NaH (1 equiv.) in dry ether (10 ml) and stirred for 15 mm. at room
temperature. Benzyl bromide (1 2 g, 3 5 mmol) in dry ether (5 ml) was then added and this mixture was
heated under reflux in the presence of 5% Bu4NI. After 4h almost all starting matenal had disappeared
(cappilary GLC). The reaction mixture was allowed to reach room temperature and, gently, water was
added. The aqueous layer was washed with ethyl acetate. The combined organic layers were dried
(MgS04) and concentrated in vacuo to give (2S3R)-29 ([al D 2 0 -58.9° (c=0.4, MeOH)) in 73% yield as a
colorless oil after punfication by column chromatography (20% ethyl acetate in hexane).
In the same manner as desenbed above, (2R,3S)-29 ([a] D 2 0 +47 8° (c=0 7, MeOH)) was obtained from
(2R,3S)-2S ([a] D 2 0 +68.7° (MeOH), 80% ее) in 70% yield
^-NMRiCDClj)· δ 7.28 (s, 5H), 6 29 (m. IH), 6 01 (m, IH), 4.47 (s, 2H), 3.48 (dd, 2H), 2 89 (s, br.,
98

IH), 2.70 (s, br., IH), 1.91-2.56 (m, ЗН), 1.50 (s, br., IH), 1.28 (m, IH) ppm.
1

IR(NaCl): υ 3060, 2960, 2920, 2860 (CH), 2245 (CN) c m .
MS(EI): m/e 253 (NT. 31.9%), 186 (10.6%), 107 (41%), 91 (100%), 66 (100%).
2.3-tiuns-Bis(hydroxymethyl)bicyclo[2.2.l]hept-5-ene 30
То a suspension of LÌAIH4 (8.75 g, 230 mmol) in dry diethyl ether (200 ml) (2Ä,5Ä)-half-ester 3 (9 g,
46 mmol, [a] D 2 0 -152° (MeOH); ec: >98%) in dry ether (40 ml) was gradually added at 0 0 C in
Nj-atmosphere. The reaction mixture was stirred over night at room temperature. Then the reaction was
quenched with water and the white precipitate was dissolved by adding dilute HCl. The aqueous
mixture (pH 4-5) was twice extracted with dichloromethane. The combined organic layers were dried
(MgS04) and concentrated in vacuo. The residue was purified by column chromatography (25% ethyl
20

acetate in benzene) and azeotropically dried over benzene to give to give (2Ä,3.K)-diol 30 ([α]]} +22.3°
48

(c=1.0. CHCI3); ее: > 98% ) in 82% yield as an oil.
In the same manner, (2R,3R)-Aioi 30 ([a] D
20

20

49

+18.9° (c=1.2, CHCI3); ее: 82% ) was obtain from

0

(2Ä,iÄ)-diester 2 ([a] D -123 (MeOH); ее: 82%) in 87% yield.
'HNMFUCDClj): δ 6.1 (m, 2H), 3.0-3.8 (m, 4H), 2.5-3.0 (m, 4H), 1.1-2.0 (m, 4H) ppm.
1

IR(NaCl): υ 3000-3700 (OH) c m .
4-Phenyl-3-buten-2-one 34
To a mixture of acetone (0.44 mol), benzaldehyde (0.16 mol) and water (16 ml), 10% aqueous NaOH
solution (4 ml) was added at 25-30oC. This mixture was stirred for 2.5 h. at room temperature. Then
diluted HCl was added until pH 3. The aqueous layer was extracted with benzene. The combined
organic layers were washed with water, dried (MgS0 4 ) and concentrated in vacuo. The residue was
purified by means of vacuum distillalion (90 0 C /13 mbar) to give 34 in 59% yield (13.9 g). M.p. 32-37
o

c.

'H-NMRiCDClj): 57.10-7.53 (m, 6H), 6.52 (d, IH), 2.27 (s, 3H) ppm.
IR(CC14): υ 1670.1610 (C=0), 975 (C=C) cm 1
1,1-Phenylethanol 35 (general procedure)
A mixture of (2Л,5Л)-Ьісус1іс diol 30 (647 mg, 4.2 mmol, [ а ] ^ 2 0 +22.3° (c=0.7, MeOH), azeotropically
dried in benzene) and ethanol (193 mg, 4.2 mmol) in dry ether (3 ml) was gradually added to an
ice-cooled suspension of LÌAIH4 (160 mg, 4.2 mmol) in dry ether (10 ml) under ^-atmosphere. The
reaction mixture was stirred for 30 min. at О "С. A white precipitate of the chiral complex 31 was
formed. Acetophenone (150 mg, 1.25 mmol) in dry ether (1.25 ml) was added and this mixture was
stirred over night at room temperature. Thereactionwas then quenched with successively ethanol and
aqueous HCl (2 Ν) and the aqueous layer was extracted with ether (3x). The combined organic layers
were dried (MgS0 4 ) and concentrated in vacuo to give crudereactionproducts, which were purified by
column chromatography (20% ethyl acetate in hexane). Nearly racemic 35 ( [ a ] D 2 0 < -1.3° (MeOH) (lit.:
-65 0 ) 4 7 b was obtained in 66% yield as a colorless oil. (2R,3R)-O\o\ 30 was recovered in 43% yield by
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rinsing the column with MeOH.
'H-NMRíCDCljJiSó.SSOn.SHM.ntq, IH), 1.17 (s, IH), 0.77 (m, 3H) ppm.
l-phenyl-2-propanol 36
In a similar manner as described for compound 35, benzyl methyl ketone 33 (170 mg, 1.25 mmol) was
reduced to give a mixture of 36 and 30, which were purified by column chromatography. (2R,3R)-O\o\
30 was recovered in 80% yield, whereas 1-phenyl-2-propanol 36 ([alo 20 0.0° (MeOH) was obtained in
35 % yield as a colourless oil.
'H-NMRÍCDClj): δ 7.21 (m, 5H), 4.60 (sextet, IH), 2.80 (dd, IH), 2.64 (dd, IH). 1.69 (s, broad, IH),
1.23 (d, 3H) ppm.
1

IR(benzene): υ 3580 (OH) c m .
l-Phenyl-3-hydroxy-l-butène 37
Similarly as described for 35, compound 34 (200 mg, 1.37 mmol) was reduced using chiral (2R,3R)-31.
Alcohol-37 ([a] D 2 0 0.0° (MeOH)) was obtained in 78% yield (88% pure) as a colorless oil.
'H-NMRtCCl,,): δ 6.00-6.33 (m, 5H), 5.87-6.67 (m, 2H), 4.35 (m, IH), 2.58 (s, br., IH), 1.30 (d, 3H)
ppm.
IRiCCL,): υ 3610 (OH), 965 (C=C) c m ' .
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APPENDIX

Industrial enzymes
During this investigation 10 industrial enzymes were used. All relevant information on these
enzymes received from the supplier (Gist-brocades, Delft), is given below.
None of the enzyme preparations are 100% pure. They were all produced by microbial
fermentation and may contain some carbohydrate and protein fractions stemming from the culture
medium. For example, in maxatase only 15% active protease is present. In some enzyme preparations
several enzyme activities are incorporated, e.g. pectinase and cellulase, which contain three different
enzymes at least for complete degradation of pectin and cellulose, respectively. Three enzymes have a
liquid formulation, in which the enzym is dissolved in a water/glycerol mixture (40/60).

Maxatase
Protease from Bacillus licheniformis. Maxatase is an endo peptidase, which means that the enzyme
can split peptide bonds in a protein chain, however, not the ones at the two respective ends of the
chain.
PH-range:7-ll.
Activity: 2.1 10 6 DU/g.
Side acitivity: esterase, amidase.
Maxacal
Protease from Bacillus alcalophilus. Except for its pH-range, maxacal exhibits similar properties as
maxatase, but is somewhat less stable.
Activity: ?
PH-range: 7-12.
Amylase
Starch-splitting enzym from Bacillus subtilis. It degrades starch into dextrins by splitting the a M
bonds in amylase and amylopectin chains.
PH-range: 5.5-8.
Activity: ?
Side-activity: esterase.
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Maxamyl
Starch-splitting enzyme from Bacillus licheniformis. Properties as for amylase, but the enzyme is
thermally more stable.
Activity: ?
Amyloglucosidase
Enzyme from Aspergillus niger, which dégradâtes starch into glucose. The enzyme splits both a14
bonds in amylose and amylopectin and a ^ bonds in amylopectin and attacks from the non-reducing
end of a chain.
PH-range: 3-5.
Activity: 26000 U/ g.
Side-activity: amylase (see above) active at pH 3-5.
Maxilact
A rather labile enzyme from the yeast Kluyveromyces lactis, which degrades lactose into glucose and
galactose by splitting ß j ^ bonds of the disaccharide.
PH-range: 4.5-7.5.
Activity: 5000 U/g.
Side-activity: not known.
Rapidase C80-L
A pectin degrading enzyme complex from an Aspergillus bacterium, which mainly consists of the
following components:
-Pectin/pectate lyase (EC 4.2.2.10/ EC 4.2.2.2), which disconnects bonds between galacturonic acid
moieties in a pectin chain.
-Polygalacturonidase (EC 3.2.1.15), which hydrolyzes bonds between galacturonic acid moieties.
-Pectin esterase (EC 3.1.1.11), which converts carboxylic acid methyl esters into the corresponding
acid and methanol.
PH-range: 3-6.
Activity: ?
Side-activity: probably some protease, amylase and cellulase.
Cellulase
A cellulose-degrading enzyme from Trichoderma viride, which consists of a mixture of enzymes, all
capable of hydrolyzing ß M bonds of cellulose chains. Together they convert cellulose (long chains)
into cellodextrins (short chains), subsequently into cellobiose (2 glucose moieties, bound by a ß M
bond) and, finally , into glucose (cellobiase activity).
PH-range: 3-8.
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Activity: 421 CCU/g.
Side-activity: hemicellulase (xylanase), protease.
Lipase S
A glycerol-ester hydrolase, which hydrolyzes triglycerids into mono- and diglycends and converts,
more slowly, monoglycerids into fatty acids. This preparation contains two lipase components, each
active at a different pH-range.
PH-range: 3-4.
PH-range: 6-8.
Activity: 150000 PLI/ g.
Side-activity: phospholipase and cellulase.
Esterase
Originates from Mucor miehei, and hydrolyzes natural fats (preferentially carboxylic esters having
4-8 carbon atoms) as well as other carboxylic esters.
PH-range: 5-8.5.
Activity: 16000 U/g.
Side-activity: not known.
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SUMMARY

This thesis deals with the enzymatic resolution of norbomane-type carboxylic esters and their
application in organic synthesis
Chapter 1
The introductory chapter comprises a brief overview on enzyme-catalyzed hydrolysis in organic
chemistry. Special attention is paid to Pig Liver Esterase (PLE) and its ability to catalyze hydrolytic
conversions with high chemo-, regio- and stereo-, and/or enantioseleclivity.
Chapter 2
In chapter 2 the PLE-catalyzed hydrolysis of a series of norbomane-type carboxylic esters with
general formula 1 is described. The conformationally fully defined bicyclic structure of the
χ

j
<J
/_

--у\л<А
/
- ^ У
T,

"'""^

X-CH,, C2H4
Cm single, double or epoxy b o n d
A - H, CHO, COOMe, COM»
B . COOMe

norbomane-type substrates offers an interesting opportunity to study the structural requirements which
such an ester must meet for an effective hydrolysis catalyzed by PLE. It was found that an exo-ester
function (syn to the C7 methylene group) is hydrolyzed with high preference. Enantioselective
hydrolysis can be accomplished when a vicinal carbonyl-containing function (ester, formyl, acetyl) is
present in a trans position with respect to the exo ester. Apparently, hydrogen bonding of this carbonyl
function with an amino-acid residue near the active site prevents one enantiomer to reach an appropriate
orientation inside the catalytic enzyme cavity.
The regiospecificity of the enzymatic hydrolysis with PLE is used in the separation of endo/exo
mixtures of the cycloadducts derived from cyclopentadiene and alkene esters. The regiospecificity and
enantioseleclivity of the enzymatic hydrolysis of norbomane-lype esters were analyzed in terms of
Tamm's substrate model (Figure 1) and also by Griengl's method (Figure 2).
Chapter 3
In this chapter attemps are described to improve the optical purity of some norbomanecarboxylic
Chirons mentioned in chapter 2, by applying co-solvents and hydrolytic enzymes other than highly
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""^^v/
^ ^ ^-

Small to medium size groups

о

NucleophilK attack of the hydroxyl group
at the enzyme active site
No or at most small substituents

Only small and non-polar
substituants (e g CH3)

C-chams, with polar substituents
preferred in the lower part

Fig. 1 Tamm's substrate model

1

A, S, - left and right ехо-гвдю
S n . S n · lett and right ando regio
π - π гадю

Β-bride«
S, S, S. Sy - substituents

Fig 2 Gnengl's method
punfîed PLE m the enzymatic resolution of norbomanecarboxylic esters The enzyme activity as well
as its specificity can be manipulated by addition of water-soluble organic co-solvents to the reaction
medium However, the effect strongly depends on the nature and the concentration of these co-solvents,
as well as on the enzyme and substrate used, which makes optimization of the enantioselectivity of
enzymaüc hydrolyses a ume-devounng trial and error process
Industrial enzymes, viz maxatase, maxacal and amylase, and the crude acetone precipitate of
PLE, were successfully applied in the enzymaüc resoluuon of norbomane-type esters Enzymes with
opposite chiral specificity can be combined in a tandem fashion to preprare products with enhanced
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enantiomeric purity. PLE and amylase, in particular, were used in such a tandem reaction to give
optically pure 2R,3R-hâ\i ester 2, i.e. first employing PLE, then amylase (Scheme 1).
\

£іУ

-COOMe

PLE

\

> Le/

acetone
*--~^~~<.
acetone (10%)
racemic ^соомв

HOOC.

S.COO Me

//

'—
" ^ — < *соомв
2R,3R
OD OD

М ООС«

V

2S,3S-2
ββ:β0-β5%

amylase

COOH

Scheme 1

2R,3R-2

\ COO Me

Chapter 4
In chapter 4 some applications of bicyclic carboxylates (2R,3R)-2 and (2S,3S)-2 are presented. A
series of α,β-unsaturated lactones 7 and saturated lactones 8 were prepared in enantiomerically pure
form by Flash Vacuum Thermolysis of the corresponding погЬогпепе-ело-lactones 6, which were
prepared via chelation controlled asymmetric addition of Grignard reagent to lactol 4 (Scheme 2).

RMgBr
2R,3R-2 Чсоомв

2S,6R-3

2S,3R,6R-4

s« >98%

2R,3S-5
Scheme 2

optically pure

optically pure

Compound (2R,3R)-9, containing an aldehyde and an acetal group (Scheme 3), was synthesized
from with the aim to study its stcreocontrolled Grignard reactions and to prepare optically active
α,β-unsaturated aldehydes 11. Unfortunately, hydroxy aldehyde 10 was obtained as a mixture of
diastereomers. In view of the poor chirality transfer this idea was not pcrsued further.
Both enantiomers of 2-cyanomethyl-3-benzyloxymethyl-norbomene 12, a key intermediate in a
prostaglandin synthesis, were successfully synthesized in a multistep procedure (Scheme 4).
Finally, diol 13 was prepared and converted into aluminum hydride 14. Reduction of prochiral
ketones with this hydride did not show any enantioselectivity (Scheme 5).
Ill

Scheme 3

COOH

2R,3R-2
M >9S%

„CH.OBz

V

>COOMe

Scheme 4

/b"

COOR

R- H,M·

LÌAIH4 ,

*COOMe

L1AIH4

13

S. CH,OH

оріюаііу active

Scheme 5

The overall conclusion of the research described in this thesis is that the enzymatic resolution of
norbomane-type carboxylic esters can successfully be accomplished. The resulting optically active
half-esters are useful Chirons.
A summary in English and Dutch concludes this thesis.
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SAMENVATTING

Dit proefschrift handelt over de enzymatische resolutie van norbomaancarbonzure esters en hun
toepassing in organische syntheses.
Hoofdstuk 1
Het eerste hoofdstuk geeft een beknopt overzicht van enzymgekatalyseerde hydrolyses in de
organische chemie. Speciale aandacht wordt besteed aan varkenslever esterase (PLE) en zijn vermogen
om met hoge chemo-, regio- en stereo-, en/of enantioselektiviteit hydrolytische omzettingen te
katalyseren.
Hoofdstuk 2
In hoofdstuk 2 wordt de door PLE gekatalyseerde hydrolyse beschreven van een aantal
norbomaancarbonzure esters met de algemene structuurformule 1. De conformationeel volledig
χ

¿b-

X-CH2.CjH4
С - enkele, dubbele ol epoxy binding
A . H , CHO, COOMe, COMe
В -COOMe

vastgelegde bicyclische structuur van substaten met een norbomaanskelet biedt een interessante
mogelijkheid om de structurele eisen, waaraan een dergelijk substraat moet voldoen om op effectieve
wijze door PLE te worden omgezet, te bestuderen. Gevonden werd dat dit enzym een grote voorkeur
heeft voor hydrolyse van de ejco-esterfunctie (syn t.o.v. de C 7 methyleen groep). De aanwezigheid van
een vicinale carbonyl-bevatlcnde functie (ester, formyl, acetyl) in een trans positie Lo.v. de era-ester,
kan tot een cnanlioselectieve hydrolyse leiden. Kennelijk is een van beide enantiomeren door
waterstofbrugvorming tussen deze carbonylfunctie en een aminozuur residu bij het actieve centrum niet
in staat om een geschikte positie in te nemen in de katalytische holte van het enzym.
Bij de scheiding van emfo/exo-mengsels van cycloadducten afgeleid van cyclopentadiëen en
alkccnesters wordt gebruik gemaakt van de regiospecificiteit van de enzymatische hydrolyse met PLE.
De

regiospecificiteit

en

enantioselectiviteil

in

de

PLE-gekatalyseerde

hydrolyse

van

norbomaancarbonzure esters werden geanalyseerd in termen van het substraatmodel van Tamm (Figuur
1) en ook m.b.v. de methode van Griengl (Figuur 2).
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сн,

X¿

Nucleofiele aanval van de hydroxyl groep
in het actieve centrum van het enzym

Kleine tot middelgrote groepen
- ' Geen of ten hoogste kleine subslituenten

Enkel kleine en niet-polaire
substrtuenten (bv. CH3)

C-ketens, met polaire substrtuenten
bij voorkeur in het onderste gedeelte

Fig. 1 lamm's substraat model

A, S, - linkse en rechtse exo gebied
Sn. Sn · Imkse en rechtse endo gebied
к-игедю
B.bnjg
S.' 5 . ' s . s . · - subslituenten

Fig. 2 Griengl's methode
Hoofdstuk 3
Dit hoofdstuk beschrijft pogingen om de optische zuiverheid van enkele in hoofdstuk 2 genoemde
norbornaancarbonzure chironen te verhogen door bij de enzymatische resolutie gebruik te maken van
oplosmiddelen en van andere hydrolytische enzymen dan PLE. Zowel enzymactiviteit als specificiteit
kunnen worden gemanipuleerd door het toevoegen van een wateroplosbaar organische oplosmiddel aan
het reactiemedium. Het effect hangt echter sterk af van de aard en concentratie van het oplosmiddel als
ook van het gebruikte enzym en het substraat, waardoor het optimaliseren van de enzymatische
hydrolyse een tijdrovend 'trial and error' proces wordt.
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De industríele enzymen, maxatase, maxacal, en amylase, en de ruwe acetone precipitaten van
PLE, werden met succes toegepast in de enzymatische resolutie van norbomaancarbonzure esters.
Enzymen met tegengestelde enantiomcre voorkeur kunnen in een zogenaamde 'tandem' reactie worden
gecombineerd om produkten met een verhoogde enantiomere zuiverheid te bereiden. Op deze wijze
werd de optisch zuivere (2/?,Ji?)-halfester 2 verkregen door eerst PLE en daarna amylase in zo'n
tandem reactie te gebruiken (Schema 1).

PLE

/dr/

COO Me

ноос.

* ££Υ

acetone
¿""^
<
acetone (10%)
racemisch '*соом в

* 2R,3R Ч.Ч-соом«

МвООС*

2S,3S-2
ββ· 80-85%

amylase

соон
2R,3R-2 '* соом·

Schema 1

Hoofdstuk 4
In hoofstuk 4 worden enkele toepassingen voor de bicyclische halfesters (2R,3R)-2 en (2S,3S)-2
beschreven. M.b.v. Flits Vacuum Thermolyse werden een aantal optisch zuivere α,β-onverzadigde
lactonen 7 en verzadigde lactonen 8 gesynthetiseerd uit de overeenkomstige norbomeen-era-lactonen 6,
die via een chelatie gecontroleerde asymmetrische additie van Grignard reagentia aan lactol 4 kunnen
worden verkregen (Schema 2).

sh*

COOH

2R,3R-2

'*COOMe

RMgBr
2S,3R,6R-4

2S,6R-3

ее >9β%

FVT

optisch zuiver

optisch zuiver

Verbinding (2R,3R)-9 met zowel een aldehyd als een acetaai groep werd gemaakt met de
bedoeling hiermee stereochemisch gecontroleerde Grignard reacties te bestuderen en de optisch actieve
α,β-onverzadigde aldehydes 11 te bereiden. Helaas werd hydroxyaldehyde 10 verkregen als een
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соон

„СЩОМв).,

сно

RMgX.
2R,3R-2

v

*COOM·

ββ. > 9 β %

Schema 3
mengsel van diastereomeren. Vanwege de

slechte chiraliteitsoverdracht werd dit idee niet verder

uitgewerkt.
Beide enantiomercn van 2-cyanomethyl-3-benzyloxymethyl-norbomeen 12, een belangrijke
intermediair in een prostaglandinesynthese, werden met succes bereid in een mcerstaps procedure
(Schema 4).
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Schema 4

Tenslotte werd diol 13 gesynthetiseerd en vervolgens omgezet in het aluminium hydride 14. De
reduktie van prochirale ketonen met dit hydride verliep zonder enige enantioselectiviteit (Schema 5).
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De uiteindelijke konklusie van het in dit proefschrift beschreven onderzoek is dat de enzymarische
resolutie van norbomaancarbonzure esters met succes kan worden uitgevoerd. De zo verkregen optisch
actieve halfesters zijn nuttige chironen.
Het proefschrift wordt afgesloten met een samenvatting in het Engels en in het Nederlands.
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