
1

Chiral Building Blocks for Synthesis of

Pine Sawfly Sex Pheromones

Enantioselective Lipase Catalysed Acylations and Esterifications

of Primary Alcohols and Acids.

and

Synthesis of the Sex Pheromone of the Pine Sawfly

 Microdiprion pallipes

Ba-Vu Nguyen

Sundsvall 2000

Doctoral Thesis



2

Nguyen, B.-V.; Chiral Building Blocks for Synthesis of Pine Sawfly Sex Pheromones -

Enantioselective Catalysed Acylations and Esterifications of Primary Alcohols and Acids
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Abstract

This thesis describes the development of new methods for the preparation of
enantiomerically pure methyl branched alkyl compounds and their use as building blocks in
the synthesis of stereoisomerically pure pheromones of pine sawflies.

The high regioselectivity, enantioselectivity and activity of lipases in organic solvent in
conjunction with environmentally compatible reaction conditions have made lipase-catalysed
synthesis an attractive alternative to conventional synthetic methods in organic chemistry.

The lipase from Pseudomonas cepacia (PCL) was used in kinetic resolutions of primary 2-
methylalcohols by acylation of the alcohols with vinyl acetate/vinyl butyrate. For alcohols
studied, PCL showed moderate enantioselectivity (E = 10−20) towards 3-alkyl- or 3-
cycloalkylsubstituted primary 2-methylpropanols, whereas 3-aryl-2-methyl-1-propanols
were accepted with high E-values (E > 100).

Esterification of substituted methylcarboxylic acids with primary alcohols catalysed by
Candida rugosa lipase (CRL) was found to be an enantioselective reaction. In general, CRL
showed high selectivity towards (S)-2-methylcarboxylic acids (E = 15−70) and also towards
(R)-3-methylcarboxylic acids (E = 15−40). For substrates having a double bond located 5−6
bonds from the carbonyl moiety a two-fold enhancement of enantioselectivity value (E-
value) was obtained compared to their saturated analogues, E ≈ 15−25.

Furthermore, the enantioselectivity of CRL towards a series of 3- to 8-methyldecanoic acids
were studied. CRL surprisingly showed enantiorecognition for all of these acids within the
E-value range of 2.3−68. Interestingly, whereas the lipase showed S-preference when the
methyl group was situated at even-numbered carbons, R-preference was observed for the
substrates with the methyl group at odd-numbered carbons.

In order to establish the stereoisomeric composition of the natural sex pheromone of the pine
sawfly Microdiprion pallipes, all sixteen individual isomers of 3,7,11-trimethyl-2-tridecanol
(and their propionate esters) found in this species were synthesised in high diastereoisomeric
purities, 95.3−97.6%. The syntheses were based on six enantiomerically pure building
blocks, the four stereoisomers of 1-lithio-2,6-dimethyloctane and the two enantiomers of cis-
3,4-dimethyl-γ-butyrolactone.

Keywords: lipase, Pseudomonas cepacia, Candida rugosa, enantioselective, enantiomeric
ratio, primary 2-methylalcohol, substituted-methylcarboxylic acid, pine sawfly,
Microdiprion pallipes, sex pheromone, 3,7,11-trimethyl-2-tridecanol, stereoisomer.
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This thesis is based mainly on the following papers, which are referred to in the text by their

Roman numerals.
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Structure vs. Enantioselectivity in Pseudomonas cepacia Lipase Catalysed
Transesterifications. Enantioselective Acylations of Primary 2-Methylalcohols.
Tetrahedron: Asymmetry 1997, 8, 983-986.

II. Ove Nordin, Ba-Vu Nguyen, Carin Vörde, Erik Hedenström and Hans-Erik Högberg
Kinetic resolution of primary 2-methyl-substituted alcohols via pseudomonas cepacia
lipase-catalysed enantioselective acylation
J. Chem. Soc., Perkin Trans. 1, 2000, 367-376

III. Ba-Vu Nguyen and Erik Hedenström
Candida rugosa lipase as an enantioselective catalyst in the esterification of methyl
branched carboxylic acids: resolution of rac-3,7-dimethyl-6-octenoic acid (citronellic
acid)
Tetrahedron: Asymmetry  1999, 10, 1821-1826.

IV. Ba-Vu Nguyen, Louis A. Pete Silks III and Erik Hedenström
Do enzymes recognise remotely located stereocentres? Candida rugosa lipase
enantioselectively catalysed esterification of 2- to 8-methyldecanoic acids.
Manuscript.

V. Michael Larsson, Ba-Vu Nguyen, Hans-Erik Högberg and Erik Hedenström
Syntheses of the sixteen stereoisomers of 3,7,11-trimethyl-2-tridecanol including the
(2S,3S,7S,11R)- and (2S,3S,7S,11S)-stereoisomers identified in females of the pine
sawfly Microdiprion pallipes (Hymenoptera: Diprionidae) as pheromone precursors.
Eur. J. Org. Chem., 2000, accepted.

VI. Experimental details for esterification of methyl-branched carboxylic acids catalysed by
Candida rugosa lipase.
Appendix

Paper I and III were reproduced with kind permission from Elsevier Science Ltd, UK; paper
II from The Royal Society of Chemistry, UK; paper V from WILEY-VCH, Germany.
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Abbreviations and equations

* denotes stereogenic center
Ac acetyl

aw water activity

t-AmOH tert-amyl alcohol
c conversion
CRL Candida rugosa lipase
E enantiomeric ratio
ee enantiomeric excess
eep enantiomeric excess of the product
ees enantiomeric excess of the substrate
PCL Pseudomonas cepacia lipase
SSSS-85-H Stereoisomer (3S,7S,11S)-trimethyl-(2S)-tridecanol of the structure

85, etc.
SSSR-85-Pr Propionate ester of stereoisomer (3S,7S,11R)-trimethyl-(2S)-

tridecanol of the structure 85, etc.
TBDPS tert-Butyldiphenylsilyl
THF tetrahydrofuran

E =

c =
ees

ees + eep

E =
ln[(1 − c)(1 −  ees)]

ln[(1 − c)(1 + ees)]

ln[1 − c(1 + eep)]

ln[1 − c(1 − eep)]

Equation 2

Equation 1

Equation 3
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1. Introduction1. Introduction

Our research group has long been interested in the syntheses of sex pheromones of pine

sawflies. The common structural feature of these pheromones is that they are esters of long

chain saturated secondary alcohols with methyl branches along the chain (1).1-3 (Figure 1). In

many cases compounds occur in a stereoisomerically pure state in nature and the

stereoisomeric purity of the sex pheromones of pine sawflies is very high.4

The synthetic strategy usually used by our group for the syntheses of pine sawfly

pheromones is based on a convergent synthesis involving the synthons 2 and either 3 or 4.

Carbon chain extensions are frequently used in synthetic organic chemistry. Our group has

employed five and three carbon chain extensions using nonracemic 3,4-dimethyl-γ-

butyrolactone and 2,3-epoxybutane, respectively.5-9

(CH3)m

n
OH

*
*

ab

O

O

* *

O
* *

(CH3)m

n
OH

*
*

OH
*

*
+ +

ab

*   denotes 
stereogenic center

1

23 45 6

Figure 1. Two approaches used by our group in the syntheses of sex pheromones related to pine sawflies.

Because methyl branched alkanols and alkanoic acids are useful building blocks not only for

syntheses of pheromones of pine sawflies but also for other natural products,1-2 it is desirable

to be able to prepare these derivatives in high stereoisomeric purity.

In order to identify hitherto-unknown pine sawfly pheromones, which all are assumed to

have the general structure 1 (Figure 1), we became interested in developing efficient

methods for the preparation of enantiopure synthetic equivalents for methyl-branched

synthons of the type 2 (Figure 1). For identification purposes all the pure isomers of a

building block should ideally be available. Thus, methods that will provide both enantiomers

of a desired compound such as the resolution of a racemate are preferred.
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2. Part A2. Part A

2.1   Methyl-branched chiral compounds

Biologically active chiral compounds containing one or several methyl branches are

abundant in nature and are also produced for drugs and pest control. Some illustrative

examples are shown in Figure 2 below.

O

HO

N

(R)-(−)-muscone
Musk  odor

Fenpropidin
Agricultural fungicide

                              Vitamin E
Use as an antioxidant in vegetable oils and shortening

(7S)-methylheptadecane (7S,11R)-methylheptadecane

These two stereo compounds are identified as the female sex pheromone
components of the pitch pine looper (Lambdina pellucidaria)

O O
H OH

O

OH O

O

CO2NH2

HO

An antifungal antibiotic: Venturicidin A

O

Figure 2. Five examples of biologically active compounds with methyl group(s) as side chain(s).

Short chain 2-, 3- and even 4-methylalkanoic acids and their esters occur naturally in various

foods10-12 and contribute significantly to their aroma. An almost exclusive presence of the

(S)-enantiomers of the substituted 2-methyl derivatives has been demonstrated.12-14

Optically pure branched methylalkanoic acids are useful building blocks for the synthesis of

biologically active compounds with branched chain structures.1-2, 15-17

The need for methyl-branched alkanoic acids of high enantiomeric purity is reflected by the

various chemical approaches to their asymmetric synthesis.18−29
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2.2   Methods for preparations of asymmetric methyl-branched compounds

There are many alternative approaches to the synthesis of stereoisomerically pure 2- and 3-

methyl branched compounds, while two enzymatic resolutions of 4-methyl fatty acid have

been reported.12,30 General methods for the preparation of enantiopure compounds with

methyl branches further away from the functional group are scarce. Of course, such

compounds can be prepared by carbon extension from the 2-, 3-, and 4-methyl substituted

ones. For a demonstration of this, see the work of Akasaka et al.31

The methods displayed in Figure 3, 9 and 11 furnish us with possible ways to accomplish

stereoselective syntheses of various methyl-branched compounds. The methods complement

each other.

2.2.1   Methods for preparation of non-racemic 2-methyl-1-alkanols and/or 2

methylalkanoic acids

 Some of the methods for the preparation of non-racemic 2-methyl-1-alkanols and/or 2-

methylalkanoic acids are asymmetric alkylation using chiral auxiliary, enantioselective

hydrogenation catalysed by metal complex, microbial reduction, resolution by crystallisation

with optically active amines and enzyme catalysed resolution. A summary of these methods

is presented in Figure 3.

(COOH or CH2OH)

(COOH or CH2OH)

(COOH or CH2OH)
R

R O

COOH

Xc

O

*

Xc = chiral auxiliary

Microbial
reduction

Resolution by crystallisation 
with optically-active amines

Asymmetric
alkylation

Enzyme catalysed
resolution

Metal complex
catalysed

enantioselective
hydrogenation

RR

R

Figure 3. Synthetic approaches towards enantiopure 2-methylacids or alcohols.
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2.2.1.1   Resolution by crystallisation with optically active amines

The resolution of racemic acids, by means of solid salt formation with an optically active

amine, remains a useful process. Apart from a few cases such as α-methylbenzylamine,

glutamic acid and dehydroabietylamine, most available resolving bases are very expensive

and/or highly toxic, as exemplified by strychnine, brucine and yohimbine. (R)-(−)-2-amino-

1-benzyloxybutane prepared by Touet et al.32 (Figure 4) is one of the resolving bases that

meet the following requirements: low cost, low toxicity and availability in both enantiomeric

forms.

H2N
O

COOH COOH

(2S)-phenylpropionic acid(±)-(α)-phenylpropionic acid

(R)-2-Amino-1-benzyloxybutane

EtOAc, ∆x, 70% yield, 62% ee.

Figure 4. (R)-2-Amino-1-benzyloxybutane was used in the resolution of rac-2-phenylpropionic acid.

2.2.1.2   Enantioselective hydrogenation catalysed by organometal complexes

Homogenous hydrogenation of some α,β-unsaturated carboxylic acids in the presence of a

catalytic amount of an enantiopure organometal complex can afford the corresponding

saturated products in high enantiomeric excesses and in quantitative yields. For instance, (S)-

naproxen, a useful anti-inflammatory agent, was readily obtained by the asymmetric

hydrogenation of 2-(6-methoxy-naphtalen-2-yl)-acrylic acid with Ru[(S)-2,2’-

bis(diphenyphosphino)-1,1’-binaphthyl](OCOCH3)2.
33 Figure 5.

P

P

Ru

(C6H5)2

(C6H5)2

O

O
O

O

Ru[(S)-2,2'-bis(diphenylphosphino)-1,1'-binaphthyl](OCOCH3)2

92% yield, 97% ee
(S)-naproxen

H3CO

COOH

H3CO

COOH

2-(6-methoxy-naphtalen-2-yl)-acrylic acid

Figure 5. A successful asymmetric reduction catalysed by a Ru-complex.
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2.2.1.3   Microbial reduction

Enzymatic reductions have been used for the enantioselective hydrogenation of allylic

alcohols and α,β-unsaturated aldehydes.34-40 Thus, bakers’ yeast reduction of (E)-2-methyl-

3-(2-thienyl)-2-propenals provides (S)-2-methyl-3-(2-thienyl)-1-propanols in a 70% yield

and 98% ee.41 Figure 6.

S CHO S
OH OH

R

S
OProt HOOC OProt

RuCl3-NaIO4

Bakers'
yeast

Prot = Protecting group

98% ee, 70%

Figure 6. Bakers’ yeast reduction of (E)-2-methyl-3-(2-thienyl)-2-propenal gave (S)-2-methyl-3-(2-thienyl)-1-
propanols (98% ee), which can be transformed into enantiomerically pure primary 2-methyl-1-propanols.

The thiophene ring can be exploited either as a masked alkyl chain through acylation at the 5

position of the thiophene ring followed by Huang-Minlon reduction and finally Raney-

Nickel reduction37,41,42 or as a masked acid via RuCl3-NaIO4-oxidation.41 The acid group of

the product can subsequently be transformed by elongation into an alkyl chain (Figure 6).

2.2.1.4   Enzyme-catalysed resolution of racemic substrates

An increasingly popular way to resolve a racemate is by enzyme-catalysed kinetic

resolution.11,43,44 This method offers the possibility of preparing both enantiomers from one

starting material.  A drawback is that, for one enantiomer, the maximum yield obtainable is

50%. If only one enantiomer is needed, the unwanted enantiomer has to be continuously

racemised at such a rate that the substrate is always racemic. Such a process is called

dynamic resolution. For one example of such a resolution see Larsson et al.45 and Figure 7.
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OH OH OAc
Cl

O

O

O

>99.5% ee, 100%

Candida antarctica
lipase B

Ru(II)

+

sec-Phenethyl alcohol

Figure 7. Dynamic resolution of sec-phenethyl alcohol

2.2.1.5   Alkylation using chiral auxiliaries

One important type of reaction to afford 2-methyl derivatives is diastereoselective alkylation

of amides where the chirality resides in an easily-removed and -recoverable chiral

auxiliary.27,28 The commercially available chiral auxiliary, pseudoephedrine (7), (avaliable as

both enantiomers) was recently used in the synthesis of all 16 acetate esters of the pure

stereoisomers of 3,7,9-trimethyl-2-tridecanol, 8-Ac8 (Figure 8). The (2S,3R,7R,9S)

stereoisomer of 8-Ac (SRRS-8-Ac) is the major component of the female sex pheromone of

the pine sawfly Macrodiprion nemoralis.46

N
H

OH

OAc

(S,S)-N-(2-hydroxy-1-methyl-2-
phenylethyl)-N-methylpropionamide

SRRS-8-Ac

X

7

Figure 8.  Pseudoephedrine (7) and acetate ester of 3,7,9-trimethyl-2-tridecanol (SRRS-8-Ac).

2.2.2  Methods for the preparation of non-racemic 3-methyl-1-alkanols and/or alkanoic

acids

Some of the methods available for the preparation of enantiopure 3-methylderivatives are the

same as those mentioned above for 2-methyl substituted compounds, such as: resolution by

crystallisation with optically active amines,21,47-49 enzyme-catalysed resolution of racemic

substrates,50 and enantioselective hydrogenation catalysed by metal complexes.33,51-53 See

Figure 9.
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(COOH or CH2OH)

(COOH or CH2OH)

COOH
O

Xc

(COOH or CH2OH)

(COOH or CH2OH)

(COOH or CH2OH)

*
Xc = chiral auxiliary

Me   Met Asymmetric
conjugate

enantioselective
hydrogenation

Resolution by
crystallisation

Enzyme catalysed
resolution

Metal complex
catalysed

addition of 
organometal
reagent

with optically
active amines

R

R

R

R

R

R
R

Figure 9. Synthetic approaches towards 3-methyl acids or alcohols.

However, the most widely used method for obtaining enantiopure 3-methyl substituted

compounds is the asymmetric conjugate addition of an organometalic reagent to an α,β-

unsaturated carbonyl compound. Brown et al.54 described an efficient diastereoselective

conjugate addition of but-3-enylmagnesium bromide to the tertiary (+)-crotonamide (Figure

10) followed by saponification of the diastereomeric adduct by means of KOH in aqueous

ethanol. This furnished the corresponding free (R)-3-methyl-6-heptenoic acid in an 82%

yield and 95.6% ee.

F

N

O

Et

F

N

O

Et

H

FHNHO

Et

COOH

MgBr (R)-3-methyl-6-heptenoic acid

KOH/EtOH

(+)-crotonamide

Et2O, 0 oC

But-3-enylmagnesium 82% yield, 95.6% ee

OH

+
OH

+

Figure 10. Preparation of the enantiomer (R)-3-methyl-6-heptenoic acid by conjugate addition of Grignard
reagent with (+)-crotonamide.
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2.2.3   Methods for the preparation of non-racemic 4-methylalkanoic acids

Enzymatic-catalysed resolution of a racematic 4-methylalkanoic acid by esterification was

demonstrated by Lundh et al.30 and by hydrolysis by Heinsman et al..12 Different lipases and

esterases were used. Figure 11.

n n
O

OH *

O

OR

CRL
Organic solvent

+
n

Lipases/esterases
in water

OR

O

R OH
n

*

O

OH H2O++ +

n

*

O

OH R OH
n

*

O

OR+
Heinsman et al.

Lundh et al.

Figure 11. Lipase/esterases-catalysed kinetic resolutions of rac-4-methylalkanoic acids in different mediums.

2.3   Lipases as catalysts

It is obvious from the reasoning above that in order to be able to properly identify the pine

sawfly pheromones, we needed access to all the possible pure stereoisomers of building

blocks of type 2, Figure 1.

Under relatively simple reaction conditions lipases have been found to be efficient catalysts

in resolutions of racemic alcohols and carboxylic acids.11,44,55-57 Thus, both the pure

enantiomers can be obtained from a racemic starting material.

Lipases (triacylglycerol ester hydrolases, EC 3.1.1.3) are ubiquitous enzymes that catalyse

the breakdown of fats and vegetable oils with subsequent release of free fatty acids,

diacylglycerols, monoacylglycerols and glycerol (see Figure 12). These enzymes are

distributed among higher animals, microorganisms and plants in which they fulfil a key role

in the biological turnover of lipids.

H2C
HC

H2C

O
O
O

COR2

COR3

COR1

H2O

H2C
HC

H2C

OH
OH
OH R1 OH

O

R2 OH

O

R3 OH

OLipase

+

R = fatty acid chain

++

Figure 12. The original function of lipases is to hydrolyse triglycerides into glycerol and fatty acids.
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Lipases operate adsorbed at the hydrophobic/hydrophilic interface of lipid assemblages in

aqueous emulsions. Besides their biological function they can also be used to catalyse acyl

transfer reactions in organic solvents.58 The stereoselectivity of lipases makes them suitable

as biocatalysts in many industrial processes. Since many lipases are commercially available

and comparatively inexpensive, they have been used widely in production of enantiopure

compounds for e.g. drug synthesis. Lipases are also used in household detergents and find

numerous applications in the tanning, pulp and paper, and food industries (for reviews of

lipase applications in industry see references 11,40,59-64). The potential use of lipases within

industry as well as academy has called for an increased understanding of the relationships

between lipase structure and function. Such knowledge would facilitate efforts to design

preparative procedures for stereoisomerically pure compounds.

Lipases are hydrolytic enzymes and belong to the serine hydrolase class of enzymes. They

are able to accept a broad number of substrates.11,56,64-66 Thus, they efficiently resolve

alcohols and carboxylic acids. Many lipases are readily available, are stable to heat, and are

therefore rather robust enzymes. Furthermore, they can often be used in organic solvents,

and do not need expensive co-factors or complex systems for recycling.67 Therefore, lipases

have become useful tools for the preparation of enantiomerically pure compounds.

2.3.1   Mechanistic aspects and the catalytic triad

The mechanism for ester hydrolysis via enzyme catalysis is very similar to that of traditional

chemical hydrolysis by base. The mechanism for serine hydrolase has been explained in

detail.11,68,69

Asp

O O N NH
O

H R1 O

O

His Ser

R2 OHR2

Asp

O O N N

His

H
O

Ser

R1

OH

Nu-

R1 Nu

O
Acyl-enzyme
intermediate

Step 1

Step 2

+ H+

9

10

Figure 13. The catalytic action of serine hydrolase.
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Together with serine, which is the actual reacting chemical operator in the active site,

aspartic acid and histidine form the ‘catalytic triad’. The special arrangement of these three

residues affects an increased nucleophilicity of the serine hydroxy group thus enabling it to

perform a nucleophilic attack on the carbonyl group of the substrate 9 (Step 1, Figure 13).

The attack furnishes an acyl-enzyme intermediate after the leaving group is released. The

acyl moiety is covalently linked to the enzyme. In Step 2, a nucleophile attacks (Nu-) the

acyl-enzyme intermediate, furnishing a product (10) and regenerating the free enzyme.

In kinetic resolution reactions, the enantiomeric ratio, E, is a key parameter describing the

enantioselectivity of the reaction. E is defined as the rate ratio of conversion between the

fast- over the slow-reacting enantiomer at the start of a reaction using a racemic substrate.70

The E-value (Equation 1 and 2) and the conversion, c,70 (Equation 3) can be calculated by

using the eep and ees, enantiomeric excess of the product and the substrate, respectively.

Figure 14. When E > 20, products of high enantiomeric purity can be obtained in high

yields.68

E =

c =
ees

ees + eep

E =
ln[(1 − c)(1 −  ees)]

ln[(1 − c)(1 + ees)]

ln[1 − c(1 + eep)]

ln[1 − c(1 − eep)]

Equation 2

Equation 1

Equation 3

Figure 14. The equations used for calculation of E-value and conversion. Where, E is the enantiomeric ratio, c
is the conversion, eep and ees are the enantiomeric excess of the product and substrate, respectively.

It is interesting to note that high E-values (≥100) are less accurately measured than low or

moderate E-values because the enantiomeric ratio is a logarithmic function of the

enantiomeric purity. When E ≈ 100, small changes in the measurements of enantiomeric

purities result large changes in the enantiomeric ratio.

Equations 1 and 2 can be employed for irreversible reactions such as hydrolysis, which are

considered as being completely irreversible due to the high concentration of water (55.5

mol/l) in the aqueous environment. See Figure 15. Transesterification is considered to be

practically irreversible71 in organic solvents due to the rapid conversion of the liberated vinyl

alcohol to the non-nucleophilic acetaldehyde.
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R COOR1 R COOH HO R1

R OHO

O

O

O

R OH

CH3CHO

Lipase

H2O

Lipase

Organic solvent

R COOH R COOR1R1 OH H2O
Lipase

Organic sovent

+

+

+ +

+

Hydrolysis

Transesterification

Esterification

Figure 15. Reactions involving lipase

Normally, reversibility in esterification becomes a significant problem only at a conversion >

40%. The computer-simulated study of Hult and Norin72 concludes that in the conversion

region of ≤ 40% the equilibrium can be neglected and Equation 1 can be used to calculate

the E-value.

2.4   Lipase as catalyst in organic media

Enzymes function naturally in aqueous solutions. Therefore, it is not surprising that virtually

all the studies in enzymology thus far have used water as the reaction medium. However, the

use of enzymes as catalysts in organic solvents and at various temperatures44,66,73 has been

developed as a useful tool in organic synthesis because of increased solubility of

hydrophobic substrates, the shift of equilibrium in the desired direction, and the possibility

of new reactions which are impossible in water.56 The immense potential of enzymes as

catalysts in organic synthesis is well documented.11,56,65,66,74-83

2.4.1   Parameters that influence the enantiomeric ratio of the lipase in organic solvents

While running the reaction in an organic medium, some of the parameters which have a

crucial influence on E-values are: the water activity (aw)44,84-86 and the nature of the metal

ions87-91 in the salt pairs used to regulate the aw, the immobilisation of the enzyme (Im-enz),

the organic solvent used, the nature of the nucleophile in esterifications, the acyl donor used

(transesterification) and the reaction temperature (T).
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2.4.1.1   Water activity

It is believed that an enzyme molecule cannot ‘see’ more than one or a few monolayers of

water around it. As long as the water layers are localised around the enzyme molecules, the

rest, (i.e., the bulk) of the water can probably be replaced with an organic solvent without

adversely affecting the enzyme.44,92 Because the absolute amount of water contained in those

few monolayers is very small, this situation is tantamount to an enzyme functioning in a

nearly anhydrous organic medium.

In many cases there is an optimum water content, which maximises the reaction rate in the

organic medium. Above an optimal value, the enzyme activity usually decreases as the water

content increases.11,82,93-98

Of the methods available for controlling the thermodynamic water activity,44 the simplest is

equilibration of the reaction components with salt solutions of known aw or pairs of salt

hydrates. Equilibration also occurs, albeit at a slower rate, without direct contact between the

reaction components and the salt solutions or salt hydrates in e.g. a closed container.99-102 As

an example, the pair of salt hydrates (CuSO4⋅5H2O/CuSO4⋅3H2O) gives aw = 0.32 and acts as

a water buffer taking up or releasing water to the reaction mixture. Halling100 lists theoretical

water activity values for 48 salt hydrate pairs.

2.4.1.2   Metal ions in the enzyme

Four articles87-91 have been published dealing with the influence of the ions in added salt

pairs on the reactions. All those papers reported enhancements in E-value as well as activity,

when inorganic salts were added to the reaction mixture. It appears that co-ordination of the

metal ions with the amino acid residues in the enzyme can occur when added salts are

present in the reaction medium.

2.4.1.3   Immobilisation of the enzyme

The simplest method for immobilising lipases is to adsorb them on a solid support. Because

of the simplicity of this technique, this method was used in this thesis to immobilise CRL on

polypropene as carrier and was performed according to Montero et al.103 and is described in

paper VI.

Covalent immobilisation creates a more stable link between the lipase and the support, but

requires more effort than adsorption104. The most common method is the cross-linking of
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adsorbed lipases with glutaraldehyde. Other examples include linking to an epoxy-

containing resin, to polystyrene via a cysteinyl-S-ethyl spacer or via a poly(ethyleneglycol)

linker, or entrapping the lipase in urethane prepolymers.105,106 Covalent immobilization often

increases the thermal or operational stability of the lipase, but does not activate it.

2.4.1.4   Organic medium: the choice of organic solvent

Since water has different solubilities in different organic solvents (the hydrophobicity of an

organic solvent is described by log P, where P is the partition coefficient of a given solvent

between n-octanol and water), the enantioselectivity of the enzyme can be effected. It has

been reported that the enantiopreference is reversed while changing from dichloromethane to

other solvents.44,107 In general, nonpolar organic solvents with a log P > 2 are suitable to

serve as solvents in enzyme reactions.44,108

2.4.1.5   The nucleophile (esterification)

As for other nucleophilic substitution reactions (SN), the nature of the both the leaving group

and the nucleophile is important. In the catalytic mechanism (see Figure 13), the leaving

group is always the same (enzyme-serine) so the nature of the nucleophile such as

nucleophilicity and bulkiness should be of importance. The chain length of the nucleophilic

alcohol does indeed influence the E-value considerably in resolutions of 2-methylalkanoic

acids using Candida rugosa lipase as the catalyst.109,110 Amines have also been used as

nucleophiles.111

2.4.1.6   Acyl donor (transesterification)

It is reasonable to believe that the shape of the acyl moiety influences the stereoselectivity of

the lipases in transesterification reactions (see Figure 13). Recently, Kawasaki et al.112

reported that using bulky aromatic vinyl esters instead of aliphatic ones, improved the

selectivity of Pseudomonas cepacia lipase up to ten-fold in transesterifications of 2-phenyl-

1-propanol. This field is still modestly exploited.

2.4.1.7   Temperature

Gibb’s free energy principle predicts that temperature has a direct influence on the activation

energy in chemical reactions. In enzyme-catalysed kinetic resolutions, temperature has an

effect on the energy gap and in turn on the conversion rate between the two enantiomers.
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Yasufuku et al.113 reported a variation of E-value (E ≈ 1−80) in lipase AY- and MY-

catalysed resolution of 2-phenoxypropionic acids at various temperature (10−57 oC) and

added an amount water (0−1 vol%). Although the reaction temperature is considered to be

one of the most important factors in controlling the function of the enzyme, much

information is still lacking in order to be able to predict the influence of temperature on the

enantioselectivity of an enzyme. It must also be noticed that the water activity as well as

solubilities of the components in the reaction mixture change when the temperature is

changed.

2.4.1.8   Conclusion

In conclusion, it appears that no single parameter can be used to predict enzyme activity and

stereoselectivity in organic media. A number of parameters have to be studied in order to

reach optimal enantioselectivity.

For the resolution of racemic esters, alcohols and acids in organic solvent, the lipases most

frequently used by organic chemist are PCL, PPL (porcine pancreas lipase), CRL (Candida

rugosa lipase) and CAL (Candida antarctica lipases).

2.5   Pseudomonas cepacia lipase

Pseudomonas cepacia (PCL) was previously named Pseudomonas fluorescens. Thus, in

earlier reports PCL is called PFL. The old abbreviation PFL is still used by some authors. P.

cepacia has been reclassified again and is now called Burkholderia cepacia.11,114 Various

manufacturers as well as scientific authors use different abbreviations and trade names for

this lipase: Lipase P, Lipase PS, Amano P, Amano PS, Amano P-30, PFL etc. PCL is a

lipase of a normal size with 320 amino acid residues and a mass of 33 kDa and comes from

the bacterial micro-organism ATCC21808.11 Three residues His286, Asp264 and Ser87 form

the catalytic triad and the x-ray structure of the open conformation of this enzyme was

published in 1997.115,116

2.5.1   PCL catalysed transesterification of primary 2-methylalcohols

As mentioned earlier, one attractive and efficient method of preparing both enantiomers of

an alcohol is by resolution of the racemic substrate.
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Figure 16. PCL catalysed resolution of 2-methyl1-alkanols in organic solvent

The resolutions of 2-methyl-1-alkanols have been studied by our group and others.55,117-118

(See Figure 16). Some researchers55,117 claim that the enantioselectivity of PCL in the

reaction above, R = n-heptyl, was exceptionally high. Later studies118,119 contradict this and

the E-values are instead rather low, E = 4.8-13.8 (Table 1). No improvement is obtained by

varying the solvent, water activity and acyl donor.119

Table 1. The enantiomeric ratio for 2-methyl-1-alkanols of different chain length.

Substrate E References

11 OH 5.9 118

12
OH

8.7 118

13 OH 5.7−−5.8 118, 119

14 OH 13.8 V

15 OH 4.8 V

16
OH

9.9−−10.4 118, 119

17 OH 10.9 119

18
OH

10.6 119

As reported for 2-methyl-1-decanol (16),119 changing the acyl donor to vinyl laurate or ethyl

thioacetate instead of vinyl acetate does not effect the enantioselectivity. However, when

changing the solvent from chlorinated solvents (CH2Cl2 and CHCl3) to THF and t-AmOH,

the E-value is decreased from 10.9 to 8 and 4, respectively. When the initial water activity is

kept constant at aw = 0.32 or lower, good rates and no enzyme aggregation are obtained. At

aw = 0.9 a significant aggregation of the enzyme is noted.

It is apparent for the series of alcohols studied in Table 1, that the E-values obtained for the

short chain alcohols 11−115 are lower than those for the longer ones 16−18. A notable

exception was provided by my results for the pair of stereoisomers 14 and 15. In this case,

there were two stereogenic centres present in the starting alcohols. It was obvious that the
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chirality at carbon 6 had a profound influence on the diastereoselectivity of PCL towards 14

and 15. This was also noted when using CRL-catalysed esterification of the corresponding

acids, see Section 2.6.2. In these cases the E-value is not strictly appropriate to use.

However, it should be acceptable to use the E-formula (see Figure 14, Equation 1) to

calculate the diastereoselectivity “E” towards the stereogenic centre at carbon 2 in the

alcohols 14 and 15. In this case, the ees and eep were diastereomeric excesses des and dep,

respectively. The calculated “E”-value for 14 was 13.8, while for 15 it was 4.8.

2.5.2   Structure versus enantioselectivity (paper I and II)

The successful resolution of rac-2-methyl-3-phenyl-1-propanol (E > 100) was reported in

1990120,121 and this inspired people in our group to explore the resolution of primary 2-

methylthiophenealcohol derivatives in which the thiophene ring can act as a masked alkyl

chain as described in Figure 6.

SR
OH

SR
OAc

SR
OH

n n n
+

PCL
aw = 0.32

Vinyl acetate
Organic solvent19−25

n = 0, 1, 2, 3, 4
R-19-OAc
S-20−−25-OAc

S-19-OH
R-20−−25-OH

Figure 17. PCL catalysed resolution of rac-2-methyl-3-thiophenel-1-alkanols in transesterification.

The improvement in enantioselectivity of PCL under the conditions described in Figure 17

was greater than 10-fold in terms of E-value for the compounds 20 and 25 having a

thiophene ring located at the terminal 3-position of a 2-methyl-1-propanol as compared with

the enantioselectivity obtained with the best resolved 2-methyl-1-alkanols (Table 2). Further,

we investigated how far from the chiral center the thiophene ring should be located in order

to obtain maximum enantioselectivity.
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Table 2. The enantiomeric ratios, E, for rac-2-methylthiophene-1-alkanols, 19-25.

R n E References

19
S OH

0 2.3 I, II

20
S

OH
1 170 I, II

21
S OH

2 12 I, II

22
S

OH
3 3.2 I, II

23
S OH

4 3.8 I, II

24
S OH

0 8.1 I, II

25
S

OH
1 300 I, II

Satisfactorily high E-values were obtained only for the substrates possessing one methylene

group (n = 1) between the stereogenic center and the thiophene ring as in 20 and 25, E = 170

and 300, respectively. When no methylene group was present as in 19 (n = 0) the selectivity

was very low (E = 2.3) cf. 2-phenyl-1-propanol (E = 1.8).122 However, when the thiophene

ring was alkylated in the 5-position, the E-values were higher. Compare 19 (E = 2.3) to 24

(E = 8.1) and 20 (E = 170) to 25 (E = 300). The enantioselectivity was drastically decreased

when the methylene groups became more numerous between the stereocenter and the

thiophene ring as exemplified by 21 (n = 2), 22 (n = 3) and 23 (n = 4) where E dropped to

12, 3.2 and 3.8, respectively.

The results in Table 2 indicated strongly that the location of the thiophene ring in a substrate

was crucial for achieving a successful resolution.I Indeed, only substrates of type n = 1 (20

and 25, E > 100) were more efficiently resolved than straight-chain 2-methyl-1-alkanols (E =

6−11).

Furthermore, weI,II wanted to explore what kind of substrates could be successfully resolved

by this method, (see Figure 18). Thus, the racemic substrates 20, 25−31 and 33−36 were

subjected to resolution under transesterification condition. The results are shown in Table 3.
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aw = 0.32
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20−−36 S-20−− 36-OAc R-20−− 36-OH

Figure 18. Reaction condition in PCL catalysed resolution of rac-2-methyl-1-alkanols having a cyclic ring on

the structure.

Table 3. The enantiomeric ratio, E, of rac-2-methyl-1-alkanols (20−−36) having a cyclic ring on the structure.

Substrate E References

20
S

OH
170 119, II

26
S

OH 108 II

27
S

OH

O

144 I, II

25
S

OH
300 I, II

28
S

OH 75 II

29
O

OH
105 II

30
OH

90 43, II

31
OH

OCH3 67 II

32
OH

150 207

33 OH 18 II

34
OH

18 II

35

S

OH 1.2 II

36 S OH 3.4 II

Judging from the E-values listed in Table 3, it was obvious that there were three categories

of substrates. One group was the 3-aryl-2-methyl-1-propanols e.g. 20, 25−32, which were

resolved with high E-values (E ≈ 70−300). The E-values were slightly dependent on the
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nature of the aromatic residues, as shown by the substrates with 2-thienyl, 3-thienyl, 2-furyl,

phenyl or naphtyl located at the 3-position of the 1-propanols (20-32). An interesting

observation was that alkylation in the 5-position of the thiophene ring gave a lower E for 28

compared to the unalkylated 26, E = 75 and E = 108, respectively. Judging from the results

in Table 3 of this group, the positive effect of an aromatic ring on the E-value can be due to a

combination of both steric and π-electron bonding interaction at the active site of PCL.

The second group of substrates was the 3-cycloalkyl-2-methyl-1-propanols, 33 and 34

having cycloalkane rings instead of aromatic rings. Here, the selectivity was much lower (E

= 18) than for the aromatic analogues (E = 70−300). The absence of π-electrons in their

structure was probably responsible for the drop in E-value. However, this was significantly

higher for this group than for the straight chain 2-methyl-1-alkanols, E ≈ 10.

The third group in Table 3 contained the substrates 35 and 36, that furnished very low E-

values 1.2 and 3.4, respectively. Substrate 35, a positional isomer of 19, gave a lower E-

value than 19. Compound 36 had a sulphur atom placed between the phenyl and the

methylene group adjacent to the chiral center. This substrate was similar to 21 (n = 2)

because the sulphur atom has virtually the same size and polarity as a methylene group and

here it seemed to play the simple role of elongating the chain. Therefore, as expected, the E-

value (E = 3.4) was low.

2.5.3   Empirical models for the active site of PCL.

Although a simple rule can predict which enantiomer of a primary alcohol reacts faster with

Pseudomonas cepacia lipase,114,123,124 this rule is puzzling. In the fast-reacting enantiomer of

primary alcohols, the CH2OH group points away from the reader but for the fast-reacting

enantiomer of secondary alcohols, the hydroxyl group faces towards the reader (Figure 19).

Modeling has been used to suggest reasons for this apparent contradiction.114,125 The two

explanations differ mainly in the location of the large substituent. Zuegg et al.125 suggested

that the large substituent bind in the same place for both primary and secondary alcohols.

The CH2OH group points away from the histidine to avoid disrupting the catalytic action.
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Figure 19. The large substituent (L) of both primary and secondary alcohols is in a similar place in (a) and (c).
The large substituent is in different place for primary alcohols in model (b).

Basing their conclusions on active site modelling, Tuomi and Kazlauskas114 suggested that

the large substituent binds in a different part of the alcohol binding pocket, an ‘alternate

hydrophobic pocket’ (see Figure 19 (b)). According to this explanation, the CH2OH group

points in a different direction because the two types of alcohol bind differently. This

explanation also suggests why PCL shows a high enantioselectivity toward primary alcohols,

compared with other enzymes.

This alternate hydrophobic pocket which accommodates the benzyl group in the primary

alcohol 30 (Table 3) is constructed from Tyr23, Leu27, Tyr29, Phe146, Ile290, Leu293. The

aromatic amino acids (tyrosine and phenylalanine) are supposedly co-ordinated via

π−π interactions to suitably-located aryl groups in the 3-aryl-2-methyl-1-propanols. These

types of interactions should give additional stability to hydrophobic interactions present and

therefore give rise to the high enantiomeric ratios (E ≈ 100). Compared to the substrates

lacking aromatic character, cycloalkyl-1-propanol and 2-methyl-1-alkanols gave lower E-

values, 18 and ≈10, respectively.

2.5.4   Synthetic application using PCL as catalyst.

One goal of the work with PCL was to rationalise the various E-values obtained with

primary 2-methylalcohols.I,II
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Another goal was to find an optimal rac-thiophenealcohol which after resolution could be

potentially useful for the preparation of stereoisomerically pure substituted 2-methyl-1-

alkanols which can serve as building blocks for the synthesis of sex pheromones of the pine

sawfly.

S
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S
OH HOOC OH

S
OH R OH

R OH

Ra-Ni

H2

RuCl3

NaIO4

*
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PCL
aw=0.32

Vinylacetate
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R

S
OH
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aw=0.32
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LipaseOrganic solvent

Branched methyl(s) compounds

20 37

3938 40

Figure 21. Thiophene moieties offer synthetic routes toward stereoisomerically pure branched

methylderivatives.

If one start with substrates 20 (Route A) or 38 (Route B) (Figure 21), one can obtain

enantiomers of 37 and 39, respectively. Since the E-value in the first step in both routes is

high, the enantiomers of 37 and 39 will be enantiomerically pure. The crucial step in Route

B would be the diastereomeric enzyme catalysed separation of 40. The possibility of

selective kinetic separation of the diastereomers of 40 with respect to position 6 without

disrupting the already established chirality in position 2 should be investigated.
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2.6   Candida rugosa lipase (CRL)

Due to the high enantioselectivity frequently observed, CRL is widely used in

biotransformations such as the resolution of racemic acids. However, crude commercial

extracts of CRL maybe highly heterogeneous, showing different enzymatic activities and

selectivities.126

Many hydrolytic enzymes have molecular masses of 30-40 kDa, e.g. Pseudomonas cepacia

lipase has a mass of 33 kDa (320 amino acid residues). However the lipase from Candida

rugosa (CRL) is a larger enzyme, with a mass of about 63 kDa (534 amino acid residues).

Candida rugosa is a yeast and was formerly called Candida cylindracea. Commercial

samples of CRL contain 2-11% protein, the rest consists of carbohydrates and inert

carriers.11 CRL belongs to the lipase/esterase family of enzymes that has a characteristic fold

called the α/β-hydrolase fold, which consists of a central, mostly parallel β-sheet with

several helices on both sides of the sheet.127 The genes for five closely-related lipases have

been identified and sequenced.11 The active site of CRL is composed of residues Ser209,

His449, Glu341, which form a catalytic triad similar in arrangement to those of serine

proteases. Two forms of the enzyme are known, called the ‘closed’ and ‘open’ forms. X-ray

structures have been reported for both the open128 and closed129 forms of CRL and also for

CRL with inhibitors bound to the active site.130,131 Close to the active site there is a tunnel

which can accommodate lipophilic substrates. It is believed that the acyl part of the substrate

is bound in the tunnel during the catalysis.127 When the lipase is in a water solution, it adopts

the closed structure and a lid covers the active site. In nonpolar environments, the open form

dominates and the lid is open. In the open form of CRL the tunnel remains intact. In contrast

to the closed form, one end of the tunnel is exposed to the solvent. The mouth of the tunnel

is near the active site and close to the Glu208 residue. The substrate binding tunnel of CRL

is unique among the lipases whose structures have been reported to date and this probably

explains why CRL is more stereoselective than other lipases towards substrates having a

stereocenter in the acid portion.67

The substrate binding tunnel mentioned above is discussed further in the following section.

CRL can be used either as the crude commercial lipase or immobilised. In this thesis we use

both crude CRL and CRL immobilised on polypropene.
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2.6.1   Models of the active site of CRL

Active site substrate interaction models help chemists to choose the best enzyme for a given

substrate and can predict the enantiopreference. One such model, Figure 22a,132 suggests that

lipases distinguish between the enantiomers of carboxylic acids based on the size of the

substituents at the adjacent stereocenter. However, such a model has been found to have only

68% reliability, 23 correct predictions out of 34.132 The unique hydrophobic tunnel of CRL

has been studied by several researchers and the conclusions are summarised in the review of

Kazlauskas.124 See Figure 22.

Through molecular modeling as well as substrate mapping studies, Berglund et al.133

suggested that the tunnel is cone-shaped and can easily harbour the phenyl moiety of 2-

phenylpropionic acid in Figure 22b but not the ω-(2-thiophene)alkyl chain of 2-methyl-6-(2-

thiophene)heptanoic acid (50) (see Figure 22c). R-50 is bound to the catalytic site in a hair-

pin binding mode. This could explain why the reversed enantiopreference for 50 was

observed.

By studying the structures of enzyme inhibitor complexes Grochulski et al.130 and Cygler

and Shrag134 suggested that the tunnel assumes an L-shape and that it is about 25 Å long,

Figure 22d.
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Figure 22. Suggested models for the acyl tunnel at the active site of CRL.

2.6.2   CRL catalysed resolution of 2-methylcarboxylic acids and esters. (paper III)

Successful resolutions of 2-methyl substituted derivatives have been reported throughout the

last decade. Both esterifications and hydrolyses catalysed by CRL are

described.32,67,109,110,135-149 CRL shows high enantioselectivity not only to the natural

triglyceride substrates but also to other carboxylic acids and esters. For a detailed description

of the general hydrolysis mechanism of chiral acid derivatives catalysed by lipases, see e.g.

Faber68 and Monecke et al.69
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Figure 23. CRL catalysed resolution of rac-2-methyl carboxylic acids and esters in different media.

In earlier papers the enantiopreference of CRL for 2-methyl carboxylic acids and esters is as

shown in Figure 23, except for three substrates 49, 50 and 64, where the preference is the

reverse (see Tables 4 and 5). In general, the enantioselectivity for substrates with aromatic

rings in their structures is very high (43-48, E = 58−200), Table 4. However, the E-values for

41 and 50 are low, 2 and 3.6, respectively.

Table 4. The enantiomeric ratio, E, and stereoisomeric preference of substrates 41-50

Substrate Reaction E Stereoisomeric
preference

Reference

41
CO2Et

hydrolysis 2
COOH

144

42
S

CO2Et
hydrolysis n.d.a

COOH
144

43
CO2Et

hydrolysis 170
COOH

144

44 O

CO2Et
hydrolysis 58

COOH
144

45

H3CO

CO2Et
hydrolysis 210

COOH
144

46

N

CO2Et
hydrolysis 110

COOH
144

47
CO2Et

hydrolysis 84
COOH

145

48 Cl
O COOH

esterification >100
COOR

142, 143

49

O

O

CO2Me
hydrolysis 24

COOH
153

50 S
CO2Et

hydrolysis 3.6
COOH

133

a) n.d. = not determined
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The early works of Holmberg et al.135 and Engel136 demonstrate that the CRL-catalysed

resolution of rac-2-methylalkanoic acids and esters by esterification and hydrolysis,

respectively, are moderately enantioselective reactions.

Table 5. The enantiomeric ratio, E, and stereoisomeric preference of long chain substrates 51-65

Substrate Reaction Stereoisomeric
preference

E Reference

51 OH

O

esterification S 3.5−5 136, 135, III

52
OH

O

esterification S 35 136

53 OH

O

esterification S 30 136

54

O

OH
esterification S 23 III

55
O

OH esterification S 51 III

56
O

OH esterification S 18 III

57
O

OH esterification S 41 III

58
O

O
O

O hydrolysis S 30 138

59 OH

O

esterification S 95 110, 150, 151

60 OH

O

esterification 2S 15a III

61
O

OH esterification 2S 53a III, V

62
OH

O

esterification 2R,4S 1.6a III

63
OH

O

esterification S 85 152

64
H3CO2C CO2CH3

O

hydrolysis
HOOC

 2R
> 100 153

65 OH

O

esterification S 91 110

a) related to position 2.

As found earlier135,136 and observed by us later, the enantioselectivity (E = 5) for 2-

methylbutanoic acid (51) is low, Table 5. This may be due to the small difference in steric

requirements between the methyl and ethyl group. When extending the alkyl chain,136 the E-

values are significantly increased to 35 and 30 as observed for 52, and 53, respectively. The
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E-values obtained (≈ 20) by us for 54 and 56 with seven carbon atoms in the chain were

lower than for those obtained for the shorter ones.136 However, for our substrates 55 and 57

having a double bond in the alkyl chain, the observed E-values (41 and 51) were higher than

those obtained for the shorter chain acids. When the number of the carbon atoms in the chain

is increased to 8, 9 and 10 carbons (58, 59, 63 and 65) the reported E-values are high (E ≈

30− >100).110,138,150-153 The results above indicate that the chain length has a crucial influence

on the E-value.

The diastereoselective effect observed for PCL (Section 2.5.1) was also seen with CRL.

Thus, the pair of stereoisomers 60 and 61, gave the “E”-values (related to position 2) of 50

and 15, respectively, and for 62 “E” = 1.6 was found. Surprisingly, we observed a 2R-

enantiopreference of CRL towards 62. It is interesting to note that the E-value for the

unsaturated 55 and 57 was doubled relative to those of their saturated analogues 54 and 56.

Thus, in CRL-catalysed resolution it should be an advantage to have a double bond located 5

to 6 bonds away from the carbonyl group. This double bond can later be reduced or

converted to other functional groups.

2.6.2.1   Influence of inorganic salts

The hydrolysis of olive oil catalysed by CRL has been shown to be sensitive to the presence

of cations and to the nature of the buffer present.154 Some groups have reported significant

enhancement of E-values while having water buffering salt pairs or other salts added in the

reaction mixture.87-91,151

COOH

COOC16H33

H2O

CRL, c-hexane
1-hexadecanol

aw = 0.8

+
E = 23, aw regulated by Na2SO4 + Na2SO4

.10H2O
E = 19, aw regulated in headspace

54

COOH

+

Figure 24. In our standard run, a salt pair was used to regulate aw.

WeIII investigated if the presence of water-buffering salts (e.g. Na+ and SO4
2-) influenced the

activity and enantioselectivity of the lipase (Figure 24). The reaction similar to that of 54 in

Table 5 was started after 24 h of pre-equilibration in an open reaction flask in a dessicator at

aw = 0.8. The obtained E-value was lower (E = 19) and the reaction rate was half of that

obtained when using the standard conditions of 54 (E = 23), where the water activity was
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regulated by an added salt pair buffer. Thus, it is beneficial to have the salt pair of sodium

sulphate and its hydrate present in the reaction vessel. However, other salt buffers might

have other effects.

2.6.2.2   The influence of the nucleophile in resolution of 2,6-dimethyl-5-heptenoic acid

catalysed by CRL.

Because of the synthetic usefulness of enantiopure 2,6-dimethyl-5-heptenoic acid (57), we

decided to study the influence of the nature of alcohol nucleophile in esterification reaction

catalysed by CRL with the goal to obtain higher E-values.

It is known that long-chain alcohols can act as competitive substrate inhibitors of lipases in

acyl transfer reaction.67,133,147,155-157 Thus, an alcohol may compete with the fatty acyl chain

for the acyl-binding tunnel in CRL. If the alcohol is bound to the tunnel, the acyl moiety of a

substrate must bind to the active site in the hair-pin binding mode.67,133,147 Figure 22b and c.

Berglund109 and some of our group110 have reported that a series of straight-chain alcohols

react as nucleophiles in resolutions of 2-methyloctanoic acid via esterification of the faster

reacting (S)-enantiomer catalysed by CRL in c-hexane, giving different E-values. By

increasing the chain length of the alcohol from n-butanol to n-eicosanol, the E-value

improves from 20 to over 100. We employed the same strategy in order to improve the

resolution of 57. The results presented in Table 6 indicated that using crude CRL (Entry 1

and 2) lowered the enantioselectivity and in general also the activity compared to using

immobilised CRL (Im-CRL, Entry 3−12). For the reactions furnishing low E-values the

reaction time was relatively long (Entry 1,2 and 4). Relatively high reaction rates were

correlated with high E-values (Entry 3, 5-12).
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Table 6. The E-values for different cosubstrates in CRL catalysed resolution of 57. In entry 1 and 2 crude CRL
was used.

Entry                     Co-substrate Conversion Time E
Alcohol Equiv-

alent
(%) (h)

1 a 1-Hexadecanol 1 32 20.3 13
2 a 1-Hexadecanol 6 39 31.5 10
3 1-Heptanol 1 39 23.3 22
4 1-Heptanol 6 31 59.0 6.3
5 1-Hexadecanol 1 33 3.8 41
6 1-Hexadecanol 6 30 9.3 41
7 1-Eicosanol 1 33 11.7 31
8 2,2-Dimethyl-1-propanol 1 27 16 46
9 2,2-Dimethyl-1-propanol 6 28 12.1 62
10 1-Adamantanemethanol 1 12 8.3 66
11 1-Adamantaneethanol 1 29 5.2 72
12 1-Adamantaneethanol 6 37 6.0 70

a) crude CRL was used.

Of all the alcohols tested, 1-heptanol (Entry 3 and 4) gave the lowest E-value, E = 22. The

relatively short and “thin” 1-heptanol should be accommodated in the acyl-binding tunnel

better than other nucleophiles, Figure 22. The longer alcohols (hexadecanol and eicosanol)

might “bump” into the bend of the L-shape tunnel (see Figure 22d). The six-fold excess of 1-

heptanol (Entry 4) gave a much lower E-value (E = 6.3) compared to one equivalent (entry 3,

E = 22) supporting the hair-pin binding mode theory above. However, the results in Entries 1

and 2, 5 and 6, 8 and 9, 11 and 12, where molar excess of the nucleophile was six-fold, the

E-values, when compare with one molar equivalent (Entries 1, 5 and 11), did not increase, or

only a slight enhancement was observed (Entry 8). This can be explained by the

size/bulkiness of the nucleophile, because the smallest one, 1-heptanol, gave the lowest E-

value. Since, the acyl moiety is fixed into the catalytic triad at the acyl-enzyme intermediate

state (the acyl chain is docked in the tunnel), the branched methyl group can direct the attack

of the nucleophile. The bigger the nucleophile, the more steric interaction could occur with

the R-enantiomer.

2.6.3   CRL-catalysed esterification in resolution of 3-methylaliphatic acids. (paper III,

VI)

To my knowledge, there is no publication describing the resolution of 3-methylalkanoic

acids using CRL as the catalyst. However, Varadharaj et al.50 have recently shown that
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enantioselective hydrolysis of racemic methyl 3-phenylbutyrate (66) can be achieved using

commercially available lipases or esterases.

CO2CH3 CO2H CO2CH3
Lipase or esterase

5 mM Na3PO4 buffer
pH 7.6, 25 oC

+

66

Figure 25. Resolution of rac-3-phenylbutyrate (66)

Their results showed that lipases from Burkholderia cepacia, Pseudomonas sp.,

Pseudomonas fluorescens and Chromobacterium viscosum all exhibited high enough

enantioselectivity (E = 20−153) to be of practical use. With the lipases and esterases studied,

the methyl group of the substrate of faster reacting enantiomer points in the same direction

as for 3-methyl acids found by us in our CRL-catalysed resolutions, Figure 25 and 26.

We were interested in resolving rac-3,7-dimethyl-6-octenoic acid (68, citronellic acid) and

in using the enantiopure products as synthetic building blocks. We decided to investigate this

acid as the substrate in CRL-catalysed reaction. Figure 26.

The resolutions of citronellic acid and its saturated analogue were carried out under identical

conditions as those used for the resolution of 2-methylalkanoic acids, Figure 26.

Remarkably, CRL showed an R-enantiopreference towards both 3-methyl acids (67 and 68).

R
COOH

Im-CRL, c-hexane

aw = 0.8, R−OH
R

COOR
R

COOH H2O++
67 and 68 (3R)- 67 and 68

Figure 26. CRL-catalysed resolution of  67 and 68. (R)-preference was obtained.

As observed for the 2-methylalkanoic acids, and judging from the results presented in Table

7, the enantioselectivity of CRL towards citronellic acid was greatly influenced by the nature

of the alcohol nucleophile. The reaction time in this case was rather long (days and weeks).

The E-value for citronellic acid (68, Entry 3, E = 24) was slightly higher than for the

saturated one (67, Entry 1, E = 17).
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Table 7. The enantiomeric ratio, E, for citronellic acid and its unsaturated analogue (67 and 68).

Entry Substrate Enzyme Co-substrate Conversion Time E

equivalent (%) (h)

1
COOH

67

CRL 1-Hexadecanol 1 38.7 508.8 17

2
COOH

68

CRL 1-Dodecanol 1 21.7 331 12

3
COOH

CRL 1-Hexadecanol 1 25.0 144 24

4
COOH

CRL 1-Hexadecanol 6 22.4 263 41

5
COOH

CRL 1-Eicosanol 1 47.0 237 2.2

6
COOH

CRL 2,2-Dimethyl-1-propanol 1 14.0 216 37

7
COOH

CRL 2,2-Dimethyl-1-propanol 6 19.0 553 40

8
COOH

CRL 1-Adamantanemethanol 1 9.0 554 14

9
COOH

CRL 1-Adamantaneethanol 1 19.7 263 17

10
COOH

Novozyme
435

1-Hexadecanol 1 20.0 7.0 2.7

11
COOH

PFL 1-Hexadecanol 1 No
reaction

12
COOH

Lipase GC 1-Hexadecanol 1 No
reaction

In contrast with what is observed with 2-methyl acids, increasing the molar excess of the

nucleophile 1-hexadecanol to six-fold (Entry 4) gave a significant increase of the E-value (E

= 41, compare to E = 24 in Entry 3). This could be explained either by a shift of the

equilibrium position or by the hair-pin binding mode theory. In analogy with the results

obtained with 2-methylcarboxylic acids (Chapter 2.6.2.2), the nature of the nucleophile had a

crucial effect on the E-value. The chain length of the straight-chain alcohols used (Entries 2,

3 and 5) seemed to have a pronounced effect on the E-value with the highest (E = 24)

obtained for 1-hexadecanol. 2,2-Dimethyl-1-propanol (1 molar equivalent) gave E = 40

(Entry 6) but no increase in E-value was noted when 6 molar equivalents were used (Entry

7). 1-Adamantanealcohols gave E ≈ 15. Other lipases, such as Novozyme435, Pseudomonas

fluorescens lipase (PFL) and Geotrichum candidum (GCL) showed very low

enantioselectivity (E = 2.7) or no reaction (Entry 10−12).

2.6.4   Synthetic application

Using the methodology developed by us for CRL-catalysed esterification of 2,6-dimethyl-5-

heptenoic acid (57) and citronellic acid (68) (vide supra) seems promising. Thus, it could be
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used to produce the four stereoisomerically pure building blocks 69. This could be used to

prepare compounds having methyl branched long chain. The reactions are straightforward

and the stereoselectivity of CRL towards these acids are high. See Figure 27.

COOH COOH

RHO

CRL, c-hexane, aw = 0.8 *

*

RX
** HOOC

R
*

R-OH
aw = 0.8

HOOC
R

**

COOH

Im-CRL
aw = 0.8

c-hexane
COOH

*

Route b

OH

OH

1. t-BuOOH 
   SeO2       
   CH2Cl2
2. NaBH4
    NaOH
    MeOH

Jones' 
oxidation

Route a

*
R

E = 72

E = 40

6R: E = 53

6S: E = 15
related to postion 2

69

57

68

Figure 27.  Suggested synthetic routes towards four stereoisomers of 69.

2.6.5   Enantiorecognition of CRL towards 3- to 8-methyldecanoic acid.

The chemical structures of many sex pheromones of pine sawflies have the skeleton as

shown in Figure 1 and many sex pheromones of new pine sawfly species from China, for

example, are under investigation158 and their pheromones are expected to have methyl

group(s) along the carbon chain.

Because CRL showed (S)-preference for 2-methyldecanoic acid110 and 4-methyldodecanoic

acid30 but (R)-preference for 3,7-dimethyloctanoic acid and citronellic acid (Figure 26), we

decided to investigate the limitation of CRL in enantiorecognition for carboxylic acids

having a methyl branch located in any position along the chain. Many of these acids should
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be interesting building blocks for synthesis. For example, (S)-3-methyldecanoic acid was an

intermediate in the synthesis of Aplysillamide B, antimicrobial guanidine alkaloids from the

Okinawan marine sponge (Psammaplysilla purea).159 Figure 28.

N
H

H
N NH2

O

NH
OH

O

Aplysillamides B (antimicrobial active)(3S)-methyldecanoic acid

Figure 28. The intermediate (S)-3-methyldecanoic acid was used in the synthesis of Aplysillamides B.

2.6.5.1   CRL-catalysed resolution of 3- to 8-methyldecanoic acids.

The syntheses of the racemic 3- to 8-methyldecanoic acids were carried out by carbon chain

elongation from racemic 2-methylalkanols, acids or acid chloride as describe in paper IV.

Using Im-CRL-catalysed esterification under the same reaction conditions as those used for

2-methyl analogues described above, the 3- to 8-methyldecanoic acids were studied. The

results are presented in Figure 29.

COOH

COOC16H33

CH3

COOH

CH3

CH3

COOC16H23

CH3

COOH

CH3

c-hexane
aw = 0.8

C16H33OH
Im-CRL

c-hexane
aw = 0.8

C16H33OH
Im-CRL

+

+

+ H2O

+ H2O

2-, 4-, 6- or 8-(S)-ester

3-, 5- or 7-(R)-ester

2-, 4-, 6- or 8-(R)-acid

3-, 5- or 7-(S)-acid

Starting acid 74−−79

Figure 29. Resolutions of 3- to 8-methyldecanoic acids catalysed by CRL. Enantiopreference of CRL towards
these acids are shown.
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2.6.5.2   Determination of ee and enantiopreference of CRL towards 3- to 8-methyldecanoic

acids

Recently, Akasaka and Ohrui31 have reported an interesting and successful method to

determine the enantiopurity of some branched methyl carboxylic acids (Figure 30), including

8-methyldecanoic acid.

N

O

O

OH

trans-2-(2,3-Anthracenedicarboximido)cyclohexanol

HO

O

n

n = 0−10

70

Figure 30. 70 is used to analyse ee of some methyl branched carboxylic acids.

The acid was esterified with enantiopure trans-2-(2,3-anthracenedicarboximido)-

cyclohexanol (70) and then analysed on a MPLC equipped with a Develosil ODS-3 column.

Unfortunately, poor separation was obtained for 8-methyldecanoic acid, but some other acids

separated nicely by this method.

Oxazolidin-2-selone (71) (Figure 31) has been successfully used as an auxiliary for 77Se-

NMR analysis of the enantiomeric excess of some branched methyl carboxylic acids, such as

5-methylheptanoic acid.160

HN O

R2 R1

Se

* *
3-R1,4-R2-oxazolidine-2-selone

71

Figure 31. The chemical structure of oxzolidine-2-selone (71).

In this work we used the 77Se-NMR method. The carboxylic acid was first converted into the

acid chloride using oxalyl chloride. The chloride was then coupled with enantiomerically

pure (S)-4-isopropyl-oxazolidine-2-selone (72) catalysed by diisopropylethylamine which

gave the selone derivative (73) as a mixture of two diastereomers. See Figure 32.
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1. (COCl)2, CH2Cl2

O

H
N

Se2.

COOH
CH3

*

CH3

*

O

N O

Se

72

73

74: 3-methyldecanoic acid
75: 4-methyldecanoic acid
76: 5-methyldecanoic acid
77: 6-methyldecanoic acid
78: 7-methyldecanoic acid
79: 8-methyldecanoic acid

 Figure 32. Enantiomerically pure 72 was used in this work.

It is known for other branched methyl carboxylic acids and oxazolidine-2-selones that

neither does epimerisation occur during coupling nor does the purification of the product

enrich one diastereoisomer.161,162 The results of an analysis of the analyses of rac-3−7-

methyldecanoic acids are presented in Figure 33 and Table 8.

Figure 33. 77Se-NMR spectra of the racemic derivatives shown in Figure 32. a. 3-methyldecanoic acid, b. 4-
methyldecanoic acid, c. 5-methyldecanoic acid, d. 6-methyldecanoic acid, e. 7-methyldecanoic acid. The shifts
are given in ppm.

In the analysis of our acids, base line separation was obtained while using enantiomerically

enriched product and substrate of 3- to 6-methyldecanoic acids. The eep and ees values of

these acids were determined from the 77Se-NMR spectra, whereas the values of the

enantiomeric excess of enantiomerically enriched 7- and 8-methyldecanoic acids were

determined through the optical rotation values. Equations 1, 2 and 3 (Figure 14) were used to

calculate the conversion and E-value of CRL towards the acids above. The results are

summarised in Table 8.
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The sense of optical rotations of 3-,159 5-163 and 8-methyldecanoic acid164 are known.

Therefore, the enantiopreference of CRL towards these acids was easily determined by

measuring the rotations of the remaining substrate acids. Configuration assignment of the

enantiomerically-enriched 4-methyldecanoic acid was made by reduction of the

enantiomerically-enriched remaining substrate by LiAlH4 to furnish the corresponding

alcohol, the optical rotation of which is described in the literature.165 For 6-methyldecanoic

acid, the remaining substrate was reduced to the alcohol using LiAlH4 and then converted

into its tosylate. LiAlH4 reduction of this gave (5R)-methyldecane (Figure 34). The optical

rotation was then compared with that given in the literature.166

anh. Et2O

LiAlH4

dry pyridine, 0oC

SO2Cl

anh. Et2O

LiAlH4

COOH
n

*
7-n n

*
7-n

OH
n

*
7-n

OTs

n
*

7-n

n = 4, R-77
n = 5, S-78

n = 4, (5R)-methyldecane (R-80)
n = 5, (4S)-methyldecane (S-81)

Figure 34. Transformation of remaining substrates of (6R)- and (7S)-methyldecanoic acid into (5R)- and (4S)-
methyldecane, respectively.

For 7-methyldecanoic acid (78), the configuration assignment was determined in the same

manner as for 6-methyldecanoic acid (77). The obtained product was the known 4(S)-

methyldecane.167 (Figure 34).
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Table 8. Experimental data for 3- to 8-methyldecanoic acids (74−−79).

Stereopreference ees c E Time         Optical rotation power
of carboxylic acid

Ref.

eep

(%)
(%) (%) (h) product substrate litterature

COOH S 97.6 31.5 24 91 - - - 110

COOH

R-74

R 87.3 35.2 29 21 311 + 4.9 − 1.55 − 5.8159 IV

COOH

S-75

S 95.2 52.2 35 68 1.33 + 0.2 − 0.1 IV

COOH

R-76

R 96.0 18.6 16 58 14.4 − 0.3 + 0.14 − 0.6163 IV

COOH

S-77

S 23.3 41.5 64 2.3a 12.1 + 0.3 −0.7 IV

COOH

R-78

R 83b 49b 37 17 1.5 − 1.0 + 0.6 IV

COOH

S-79

S 87b 47b 35 25 4.0 + 6.1 − 3.3 + 7.0164 IV

a) Equation 2 (Figure 14) was used
b) Calculated by optical rotation.

The experimental data presented in Table 8 surprisingly showed that 3-methyldecanoic acid

had the longest reaction time. This might indicate that the esterification mechanism for 3-

acid is different from that of other acids. The E-value for this acid was similar to that

obtained for 3,7-dimethyloctanoic (57) acid and citronellic acid (58) (≈ 20). The E-values (E

≈ 2−70) of CRL towards 3- to 8-methyldecanoic acids (74-79) studied by us were lower than

for 2-methyldecanoic acid (E = 91). Surprisingly, high E-values were obtained for 75 and 76,

68 and 58, respectively. Even for the remotely located methyl acids, 78 and 79, CRL showed

impressive E-values 17 and 25, respectively. CRL showed very poor enantioselectivity

towards 77, the obtained E-value was 2.3. However, in this case the conversion was high.

Therefore, the calculated E-value could be lower than the real one due to the equilibrium

reaction. It is interesting to note that CRL had the (S)-enantiopreference when the methyl

group is positioned at the even-numbered carbons on the fatty acid chain and (R)-preference

for the odd ones. One explanation for this observation is that the chiral acyl-binding tunnel in

CRL is not cylindrical but rather lined with cavities.



44

3. Part B3. Part B

3.1   Insect pests

Insect pests cause damage to the value of billion USD annually. Approximately 5-15% of

agricultural crops, grains and stored provisions in mills and bakeries, and provisions in

households are destroyed by insect pests. Insects are also a serious threat to valuable

historical cultural and natural collections, where the damage is impossible to estimate in

financial term.168

The pest control industry has an estimate global turnover of 300-400 billion SEK per year, of

which one fifth comes from insecticides, one third from fungicides and the rest from weed-

killer.168

3.2   Semiochemicals

It has been suggested that chemical signalling is one of the oldest means of transferring

information between animals.169 The other means for communication are electromagnetic

(visual, electric field) and mechanical (acoustic, tactile) signals. A semiochemical (Greek

semion = signal) is a substance that conveys information between organisms. Figure 35

below categorises the chemical compounds used in insect communication.170,171
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Semiochemicals

Independent of communication level According to communication level

Attractants

Repellents

Arrestants
(by aggregation)

Deterrents
(inhibit feeding
or oviposition)

Stimulants
(elicit feeding, mating
or oviposition)

Allelochemicals
(interspecific)

Pheromones
(intraspecific)

Kairomones
(benefit the recipient)

Allomones
(benefit the emitter)

Synomone
(benefit both partner)

Apneumone
(non-living emitter)

Primers
(benefit the emitter)

Releasers
(elicit recipient)

Sex

Invitation

Alarm

Territorial

Funeral

Aggregation

Dispersal

Trail

Surface

Figure 35. Categorisation of main terms regarding chemical compounds used in insect communication.

Semiochemicals used for communication between individuals of the same species are called

pheromones (Greek pherein = transfer, and horman = excite). They are widely used in the

animal kingdom in a great variety of species, ranging from primitive protozoans to higher

primates, as one of the principal means of transmitting information.4 Sex pheromones are

released by an individual of one sex, usually a female insect, to advertise her or his presence

with the purpose of attracting the individuals of the other sex into successful mating.

3.3   Pine sawflies

The sawflies are named because females of this group of insects have a sawlike ovipositor

used to cut slits in plant tissue for insertion of eggs.     

Because pine sawflies are not so abundant in numbers of species and individuals, they are

not as familiar to the general public as moths, grubs, beetles, etc. However, in many different

types of habitats, sawflies are an important part of the defoliating and plant-feeding

complexes of insects. Pine sawflies have been classified into more than 120 species172,173 and
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their host plants include all pine species. The insects populating the Nordic countries attack

pine trees of all ages, but prefer relatively young stands, growing on barren sites.174,175

A combination of a dry summer, poor soil, the physiological state of the host plant, the

nutritive value of the needles and the absence of predators and parasites175 may release a

build-up phase before an actual outbreak. Such a build-up phase often occurs in an

apparently unpredictable manner. The subsequent epidemics may cover thousands of

hectares, causing considerable financial losses to forestry, reducing tree growth,

predisposing trees to secondary pests, and under extreme circumstances, even killing the host

trees.

3.3.1   The pine sawfly Microdiprion pallipes

M. pallipes belongs to the sawfly family Diprionidae (Hymenoptera, Symphyta) and is one

of the significant defoliating insects in northern coniferous forests.172 This species consists of

two allopatric subspecies. The southern species, M. pallipes polita, subsequently referred to

as M. polita occurs in alpine regions of Germany, Switzerland and Austria. The northern

subspecies, M. pallipes pallipes, subsequently referred to as M. pallipes, can be found in

Northern Europe and Scandinavia. Damaging outbreaks have been reported mainly from

Sweden, Finland and Norway. Scots Pine (Pinus sylvestris) is the native host of the insect.176

M. pallipes is a solitary species that occasionally has outbreaks and when the population is

large enough the sawfly can cause considerable damage to and even the death of the trees.176

The earliest registered outbreak of M. pallipes occurred in Denmark in 1872−1873. This is

also the only outbreak in Denmark. Outbreaks had also been reported from Norway. In

Finland they were observed in 1902−1903 and have since been few and localised.176

In Sweden, M. pallipes has been recorded from the north to the south but it is rare in the

southern provinces. Outbreaks have occurred in northwestern Dalarna and in highland areas

of Lapland between the mountains and the coastal region.176 From 1988 until the presenct,

considerable outbreaks have been reported only from the province of Uppland.176,177

The adults of the pine sawfly M. pallipes emerge from cocoons in June and live for about 10

days. During this time the adult sawflies mate. Afterwards, the female finds a place at the

tips of needle of Scots Pine to settle down and oviposit. The eggs hatch into larvae, which

feed on the needles of the pine trees. In the autumn, the larvae fall to the ground and

transform into cocoons. The cocoons hibernate and generate a new life cycle. A one-year life
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span predominates, but in all populations a varying proportion has a two-year development

or longer, depending on the length of the diapause in the cocoon stage.

One possible method of monitoring and controlling the local population is by using

pheromone-baited traps located in pine stands. Because the synthetic pheromones used are

identical to the natural ones produced by the insect, they can be used in relatively small

amounts 0.2−1 mg/trap.

3. 4   Pine sawfly sex pheromones

In 1976, Jewett et al. identified 3,7-dimethyl-2-pentanol (82-H) as the pheromone precursor

found in female of the North American pine sawflies. The acetate and propionate esters are

the actual sex pheromones of Neodiprion lecontei (Fitch) and Diprion similis (Hartig). This

was the first example of diprionid sex pheromones. Since then the stereoisomers of the

alcohol and their esters have been prepared by several groups using various synthetic

approaches. Figure 36.
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Figure 36. Retro analysis of 82-H

A chiral Gilman reagent (R2CuLi) was used in Route a  (Figure 36) for the cleavage of one

pure enantiomer of 2,3-epoxybutane.179,180 This method incorporates bond-breaking and
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bond-forming at a chiral center. In Route b,15,173,181-183 the bond between C-4 and C-5 was

formed. This approach did not directly involve the chiral centres. However, some of these

approaches involved aldehydes having a chiral centre adjacent to the carbonyl group.181,182

Such aldehydes are prone to epimerisation, especially under basic conditions. Route c7,8

offers no bond formation or bond breaking at the chiral centres.

Mori1,2 has reviewed the syntheses of pine sawfly pheromones published before 1991.

During the last decade, several newly discovered sex pheromones of pine sawflies have been

synthesised in our laboratory.5-9,178 Figure 37.

OR OR

OR OR

OR OR

OR

82-H: R = H
82-Ac: R = COCH3
82-Pr: R = COC2H5

* *
*

SRR-83-H: R = H
SRR-83-Ac: R = COCH3
SRR-83-Pr: R = COC2H5

SRR/S-84-H: R = H
SRR/S-84-Pr: R =  COC2H5

*

85-H: R = H
85-Pr: R = COC2H5

*

SRRS-8-H: R = H
SRRS-8-Ac: R = COCH3

2S,3S,7S Neodiprion spp
2S,3R,7R Neodiprion and Diprion spp 2S,3R,7R Diprion pini

2S,3S,7S,11S and 2S,3S,7S,11R
Microdiprion pallipes

2S,3R,7R,9S
Macrodiprion nemoralis

2S,3R,7? Diprion nipponica
*

* *
*

* *
*

* * *
*

*

* *
*

SRR-86H: R = H
SRR-86Ac: R = COCH3

2S,3R,7R Gilpinia pallida

*
*

87-H: R = H
87-Ac: R = COCH3
87-Pr: R = COC2H5

2S,3S Gilpina frutetorum and Gilpina socia

Figure 37. Chemical structure of some sex pheromones of pine sawfly.
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3.4.1   The chemical structure of the sex pheromone found in pine sawfly Microdiprion

pallipes

The investigation of the sex pheromone from the M. pallipes females was initiated in 1990

by Bergström and co-workers184 By using extracts of the female and various synthetic

compounds prepared by our group in field tests as well as electrophysiological studies, the

sex pheromone of the minor pine sawfly, M. pallipes has been identified as one or several

stereoisomers of the propionate ester of 3,7,11-trimethyl-2-tridecanol, 85-Pr.

OHOH

SSSS-85-H SSSR-85-H

Figure 38. The stereostructures of (2S,3S,7S,11S)- and (2S,3S,7S,11R)-3,7,11-trimethyl-2-tridecanol.

Furthermore, the corresponding alcohols (2S,3S,7S,11S)- and (2S,3S,7S,11R)-3,7,11-

trimethyl-2-tridecanol, SSSS-85-H and SSSR-85-H, respectively, (Figure 38) were

identified in the female sawflies (≈1.5 ng/female).177

The chemical structure of 85-H is analogous to 82-H. This led us to the decision to follow

the synthetic strategy described in Route c in Figure 36. The stereoisomeric purity of sex

pheromones of pine sawflies is known to be high. Therefore, the building blocks 5 and 2 in

Figure 1 must be prepared in high stereoisomeric purity.

3.5   Synthesis of cis-3,4-dimethyl-γγ-butyrolactones

Among the published syntheses of the two enantiomers of cis-3,4-dimethyl-γ-butyrolactones

(cis-5),5-7,16,184-186 two approaches offer high enantiomeric purity of cis-5. The approaches

are described in Figure 39.
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O

O

O

**
1. OH-

2. BrCH(CH3)2

Cl
3.

O
OR*

O
= R*

1

**

Mixtures of diastereomers

O
**

O
OCH3

O
OCH3

Na
OH

COOH

HO

HOOC
**

OHHO

**

LC-separation

1. Hydrolysis
2. Recyclization

Route a

Route b

O
O

Cl

O

O

= R*
2orracemic mixture

of cis and trans

SS-88 or
RR-88

SS-6 or
RR-6

SS-5 or
RR-5

5

R-89

SR-90

91

Figure 39. Two different synthetic approaches towards enantiomerically pure cis-3,4-dimethyl-γ-
butyrolactones.

Route a:5-7,16 The two enantiomers of cis-3,4-dimethyl-γ-butyrolactones (SS-5 and RR-5) are

derived from the two enantiomers of trans-2,3-epoxybutane (SS-6 and RR-6, respectively).

The epoxides (SS-6 or RR-6) are reacted with the anion of dimethyl malonate furnishing the

respective lactone ester. The lactone esters have either to be hydrolysed followed by

decarboxylation of the acid. Alternatively, the lactone ester can be decarbalkoxylated,187

giving a slightly improved yield of lactone. Keiman et al.188 have suggested a method which

might give even better yields of the lactones but it was not used by these researchers. The

trans-2,3-epoxybutane enantiomers (SS-6 or RR-6) are obtained from diol enantiomers

(2S,3S)-butanediol (SS-88) and (2R,3R)-butanediol (RR-88), respectively. The cis-lactones

obtain by this method contained < 0.1% of trans-lactone and the overall yield is ≈ 17%.

Route b: Optically pure (R)-(−)-2-phenylpropionic acid chloride (R-89), (1S,4R)-camphanic

acid chloride (SR-90) can serve as chiral resolving agents for 3,4-dimethyl-γ-

butyrolactones.189-191 Thus, a mixture of racemic cis- and trans-lactone (5) is opened by

alkaline catalysed hydrolysis and subsequently esterification with 2-brompropane. The

resulting alcohol ester (91) is then reacted with either R-89 or SR-90 to give 91. After

preparative LC the pure diastereomers (91) are hydrolysed and recyclised under basic and

acidic condition, respectively. During the hydrolysis and recyclisation, racemisation do not



51

occur.191 The enantiomeric excess of the cis-lactones (5) was 99.5% but the overall yield is

not given by the authors.185

3.6   Synthesis of the sixteen highly pure stereoisomers of 3,7,11-trimethyl-2-

tridecanol and their propionates (paper V)

In 1998, we synthesised SSSS-, SSSR- and SRRR-85-Pr in high stereoisomeric purities. The

results of the field tests in the Swedish provinces Uppland and Dalarna using these isomers

were presented.192 Both SRRR- and SSSR-85-Pr were shown to efficiently trap M. pallipes

males. The key sequence in the synthesis was the attack by one of the four stereoisomer of 1-

lithio-2,6-dimethyloctanes (92) on each of the two enantiomers of cis-3,4-dimethyl-γ-

butyrolactones (5) as drawn in Route a, Figure 40.

OH

Li

** * *

+

* *

TsO

OTHP

* *

MgBr

O
O

+

ab
ab

85-H

5

92

94

93

Figure 40. Retro synthetic analysis of 85-H.

The field test active SRRR- and SSSR-85-Pr have subsequently been synthesised by

Nakamura and Mori.193 They used a different synthetic approach, Route b in Figure 40 by

connecting the building blocks 93 and 94 leading to products of 92 and 93% stereoisomeric

purity, respectively. They claim that these two isomers (SRRR- and SSSR-85-Pr) are the

components of the sex pheromones of the pine sawfly M. pallipes. However, the former

isomer (as the alcohol) is not present in the female extract, whereas the latter is.177

It was confusing for us that the component SRRR-85-H, which does not exist in the female,

was active in the field. On the other hand, the SSSS-85-H, which was found in the female

insect, did not (as the propionate) catch any males. In order to unambiguously establish the

stereoisomeric composition of the natural pheromone, weV decided to synthesise all the

remaining 13 individual stereoisomers.

The synthetic approach to these stereoisomers was identical to the synthesis of the first 3

components (SSSS-, SSSR-, SRRR-85-Pr) prepared in 1998.192 It was based on six chiral
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building blocks (Figure 40, Route a), the four stereoisomers of 1-lithio-2,6-dimethyloctane

(SS-, SR-, RS- and RR-92), which were reacted with either one of the enantiomers of the cis-

lactone SS-5 or RR-5.

3.6.1   Syntheses of the four individual stereoisomerically pure 2,6-dimethyl-1-octanols.

Some syntheses of the four stereoisomers of 2,6-dimethyl-1-octanols (SS-, SR-14 and RR-,

SR-15) have been published.194-198 The reported diastereoisomeric ratio, dr, for these

alcohols is rather low (dr ≈ 70:30).

OurV preparation of the four stereoisomers of 2,6-dimethyl-1-octanol (SS-, RS-14 and SR-,

RR-15) started from reduction of either (R)- or (S)-3,7-dimethyl-6-octenal ((R)- or (S)-

citronellal) under Huang-Minlon conditions5 to give S- or R-95 respectively (Figure 41). The

enantiomeric purity of the (R)- or (S)-citronellals was determined to 98.8 and 98.6%,

respectively using GC equipped with a chiral column.

O

H

HO HO

HO

(R)- or (S)-citronellal

* *

* *

**

 N2H4 x H2O, KOH

diethylene glycol
170oC

1. t-BuOOH
SeO2, CH2Cl2

 2. NaBH4, NaOH
 MeOH, 0-30oC

MeOH, 40oC

Ra-Ni, H2

96 97

Amano PS, CHCl3

Vinylbutyrate, aw = 0
SS-,RS-14 and SR-, RR-15

95

Figure 41. Synthesis of SS-, RS-14 and  RR-15 starting from (R)- or (S)-citronellal.

Selenium dioxide oxidation of these 95 followed by reduction in situ with NaBH4 furnished

the allylic oxidation products 2,6-dimethyl-2-octen-1-ol (S-96) or (R-96), respectively.

These allylic alcohols were subjected to catalytic hydrogenation by Raney-Nickel in a H2

(g)-atmosphere to give (S-97) or (R-97), respectively, as mixtures of two diastereomers. No

epimerisation should have occurred during the hydrogenation. It is known that transition

metal catalysed hydrogenations can result in partial epimerisation of stereocentres adjacent

to the polar alcohol end of the molecule only.36,199-203
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The stereoisomerically pure, SS- and RS-14, SR- and RR-15 (Figure 41) were mainly

obtained through PCL-catalysed double kinetic diastereoselective acylation

(transesterification). The condition for transesterification catalysed by Pseudomonas cepacia

was discussed in Chapter 2.5.1. An exception was SR-15, which after two subsequent

transesterifications gave SR-15 with only 89.7% S-configuration at carbon 2. At this stage

and for our purposes, the diasteromeric purity at carbon 2 was unacceptably low. Candida

rugosa lipase (CRL) has been used by us to successfully catalyse kinetic stereoselective

separation by esterifications of some dimethyl carboxylic acids, e.g. 2,6-dimethyloctanoic

acid (60 and 61, Chapter 2.6.2, III). Therefore, we decided to apply this method for

enhancing the stereoisomeric purity of the alcohol SR-15 obtained.

OH

89.7% S

OH

O

O

O
C16H33 OH

O

+

OH

99.7% S98.6% R

c-hexane
aw = 0.8,  c = 40%

Im-CRL
1-hexadecanol

LiAlH4, Et2O

SR-15

CrO3 / H2SO4

acetone, 0 oC

98.6% R

61

60

Figure 42. Diastereoselective resolution of SR-61 catalysed by CRL to give SR-15.

Accordingly, this was oxidised to the carboxylic acid by Jones’ reagent (Figure 42) and then

subjected to an esterification reaction catalysed by immobilised CRL with 1-hexadecanol in

cyclohexane at aw = 0.8. After reduction (LiAlH4) of the (2S,6R)-ester (faster reacting

isomer) obtained at 40% conversion, the alcohol SR-15 (99.7% S-configuration at postion 2)

was obtained.

The amide method described in V and VI was applied for determination of the enantiomeric

purities of the 14 and 15 at carbon 2. The diastereomeric ratios of SS-14, RS-14, SR-15 and

RR-15 were 96/4, 98.4/1.6, 98/2 and 98.1/1.9, respectively.
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3.6.2   Sixteen highly stereoisomeric pure isomers of propionate esters of (3,7,11-

trimethyl-2-tridecanol.

The four individual stereoisomers of 2,6-dimethyl-1-octanol (SS-, RS-14 and SR-, RR-15)

were converted to the correspondent chlorides followed by a five-carbon chain extension of

the corresponding alkyllithium reagents using enantiopure cis-5 (Figure 43). This furnished

the eight erythro-stereoisomers (erythro-85-H) after Huang-Minlon reduction8,204,205 of the

intermediate ketoalcohol (Figure 43). Each of the eight individual erythro-isomers was

obtained with a diastereomeric purity of > 97.6% except for the SSSS- and the RRSS-

isomers, which had the diastereomeric purity of 95.9 and 95.7%, respectively.
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Li Li

OH

O O

OH

OH OH

OH
OH

OH OH

OH OH

OH OH

OH OH

OH OH

O O

SS-5 RR-5

SS-92

SR-92

RS-92

RR-92

eryhtro-isomers threo-isomers

2. OH-/MeOH

or

or

or or

1. Mitsunobu
    reaction

or

Cl

2. Add to
-78oC

1. Li(s), ∆x,  n-hexan**OH** PPh3, CCl4

14 and 15

N2H4
.H2O, KOH

diethylene glycol
170 oC, 1h; 210 oC, 3h
80-85%

SS-, RS-, RR-, SR-98

Figure 43. Synthesis of the sixteen pure stereomers of 85-H. The SSSS-, SSSR and SRRR-stereomers were
synthesised in 1998192 and the remaining in 2000.V
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The threo-isomers of 85-H were obtained from the erythro ones using the Mitsunobu

reaction to invert the configuration at carbon 2 (Figure 43). This reaction is known to

proceed with complete inversion.206 The GC-analyses of the stereoisomeric composition of

the resulting threo-isomer compared to the starting erythro-isomer confirmed that complete

inversion took place. The eight threo-isomers were obtained with a diastereomeric purity of

> 97.4% except for the RSSS-85 and SRSS-85 isomers, which had a diastereomeric purity of

95.3 and 95.5%, respectively.

OHOH
** * *

OO
** * *

O

10 eq. CH3CH2COCl

CH2Cl2
85-Pr85-H

Figure 44. Acylation of 85-H to complete the synthesis of propionyl esters of (3,7,11)-trimethyl-2-tridecanol.

Acylation of the individual erythro- and threo-isomers (erythro-85-H and threo-85-H) using

propionyl chloride furnished the sixteen isomeric propionate esters of 3,7,11-trimethyl-2-

tridecanol, 85-Pr. (see Figure 44).
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4. Concluding remarks and further work4. Concluding remarks and further work

We have demonstrated that enzyme catalysed resolution can be a useful tool for the

preparation of enantiomerically pure building blocks for synthesis.

We have also shown that some enzyme can discriminate between stereocentres located far

away from the reacting centre in the substrate.

We have prepared all sixteen stereoisomers of 3,7,11-trimethyl-2-tridecanol with high

diastereomeric purity (>95.3). Identification of the stereoisomeric composition of the natural

product is under investigation in the field as well as using electroantennographic detection

technique.

Of the enzymes studied, PCL generally shows good enantioselectivity (E ≈ 100) towards

substrates having the 3-aryl-2-methyl-1-propanol structure. As suggested in Figure 21,

enantiopure 2-methyl-3-(2-thiophene)-1-propanols could be a potentially useful building

block for synthetic targets having methyl branches.

From our studies it appears that CRL is a useful enzyme for the resolution of racemic

methylalkanoic acids having the methyl group located in any position along the chain. In

most cases the E-value (E > 20) was high enough to be of practical use.

Because CRL showed enantiorecognition and modest E-value (E ≈ 20) towards 8-

methyldecanoic acid (79), it is interesting to investigate substrates having a methyl branch

located further away from the acyl moiety. A challenge is to develop a method to analyse the

products and the remaining substrates obtained.

Base on the published results and my results and in order to get more information of the

acyl-binding tunnel of CRL and its enantiopreference, I suggest molecular modelling as well

as further experimental studies of substrates having the structure as drawn in Figure 45.

OH

O
Bulky
group

n > 1

S- or R-preference of CRL?

Figure 45. Suggested structure for studying of the acyl-binding tunnel of Candida rugosa lipase.
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