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Abstract

This thesis describes the stereochemistry and characterics of (Ð)-1,6-germacradien-5-ol,

isolated from the larval defence substance of the pine sawfly Neodiprion sertifer and from the

needles of Scots pine, Pinus sylvestris. The conformational behaviour of this sesquiterpene

alcohol was investigated by molecular mechanics studies (MM2) and NMR. The absolute

configuration at the two stereogenic centres was established as (5S,8S ), after NOE

measurements and chemical transformation into (Ð)-α-cadinol and 1-endo-bourbonanol. Our

studies towards a stereoselective total synthesis of (Ð)-1,6-germacradien-5-ol using ring

closing metathesis (RCM) is also reported. However, all attempts to prepare this germacrene

alcohol and other 1,6-cyclodecadien systems using RCM failed.

Pseudomonas cepacia lipase (PCL) catalysed acylation of primary 2-methylalcohols with

vinyl acetate is an enantioselective reaction. The enantioselectivity of PCL towards a series of

primary 2-methylalcohols were studied. High enantiomeric ratios, E > 100, were observed for

2-methyl-3-aryl-1-propanols, where aryl is 2-thiophene, 3-thiophene, 2-furan and phenyl. In

contrast the selectivity was rather low for other 3-substituted primary 2-methylpropanols such

as 3-alkyl and 3-cycloalkyl, E Å 10 - 20. When moving the thiophene ring closer or further

away from the stereogenic centre a dramatic decrease in E was observed. 2-Isopropyl-5-

methyl-5-hexen-1-ol, a possible building block for the total synthesis of 1,6-germacradien-5-

ol, was also successfully resolved with PCL, E = 14.

Keywords: defence substance, 1,6-germacradien-5-ol, Neodiprion sertifer, Pinus sylvestris,

molecular mechanics, configuration, metathesis, RCM, stereoselective, kinetic resolution,

transesterification, lipase, Pseudomonas,  PCL, 2-methylalcohol, 2-isopropylalcohol

enantioselective.
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Abbreviations and equations

Ac acetyl

acac acetylacetonoate
Am amyl
Ar aryl
aW water activity

c conversion
CAL Candida antarctica lipase
c-hexane cyclohexane
CRL Candida rugosa lipase
E enantiomeric ratio

ee enantiomeric excess
eep enantiomeric excess of the product
ees enantiomeric excess of the remaining substrate
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PCL Pseudomonas cepacia lipase
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Water activity,aW: Water present in a two-phase system will distribute between the phases. The

concentration of water in the different phases is therefore not trivial to determine. The thermodynamic
activity of water is by definition equal in all phases of a system at equilibrium and is thus convenient
to use as a parameter for the system. The water activity is controllable and measurable via relative
humidity of equilibrated gas phase.139,140
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1. Introduction

1.1 Pine sawflies

The pine sawfly Neodiprion sertifer (Hymenoptera: Diprionidae) is a serious pest on pines in

the northern hemisphere. The colony living larvae feed on the needles and when the

population is high enough they can cause considerable damage to the trees. Sometimes the

population reaches outbreak levels resulting in serious defoliation.1,2 The economical damage

caused by the sawflies prompted the European Community to finance a research project

aiming to monitor and control the population of sawfly species by making use of their sexual

pheromones.3 Since the pheromones are natural products and can be used in relatively small

quantities the resulting environmental stress should be considerably lower when compared to

that caused by common pesticides. Because the goal is to control the population levels rather

than to exterminate the species, the use of pheromones has the appealing advantages of being

species specific and non-toxic to the sawflies.

The pine sawfly (N. sertifer) adults only live for a few days. During this time the adult sawfly

must mate, find a host and lay eggs. The females attract the males by using attractant

chemical signals, sex pheromones, over quite large distances. By using their ÒsawÓ the

females cut out small pockets in the needles in which they lay their eggs. The eggs over-

winter and hatch in the early summer and the larvae begin to feed.

When feeding on Scots pine (Pinus sylvestris) the larvae acquire plant resin present in the

needles. The resin is a part of the chemical defence of the tree against herbivores and affects

both the time of development and the survival of the larvae.4 The larvae sequester the resin of

the host plant and store it in pouches in the foregut.5,6 This sequestered resin is used as a

defence secretion against predators such as ants, spiders, wasps and birds.5,6 When attacked,

the larva rears its front and emits a droplet of the viscous terpenoid defence secretion. In order

to defend itself, the larva turns around and smears the droplet directly on the attacker. In this

way the larva makes use of the deterrent plant resin in its own defence against predators. An

interesting dilemma arises, and it has been shown that, even though the larvae are negatively

affected by high resin acid concentrations, the defence against predators is enhanced. A

strong defence of the host tree is reflected in a strong larval defence but at the expense of

lower performance of the larvae. Conversely, a weak defence of the tree gives higher

performance of the larva but weaker defence against its predators.7 Consequently,
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sequestering the resin gains the larva in two ways, it is protected from the host defence and it

utilises the resin for its own protection against predators.

The defence secretion is very similar to the needle resin and both contain mainly mono-,

sesqui- and diterpenes. The monoterpene fraction consists mainly of monoterpene hydro-

carbons such as α-pinene (1), β-pinene (2), 3-carene (3) and β-myrcene (4).5,8 The sesqui-

terpene fraction of the defence secretion has not yet been studied in detail but is reported to

contain mainly 1,6-germacradien-5-ol (5).8 The major acidic component among the

diterpenoid compounds is pinifolic acid (6).4,5

1 2 3 4

HO
CO2H

CO2H

5
6

The defence secretion is repellent to birds, spiders and ants. In particular, the volatile

monoterpenoid components are strongly repellent. The nonvolatile resin acids alone have

little or no repellent effect but a mixture of pinenes and resin acids seems to be more repellent

than the pinenes alone. The viscous matrix in the secretion apparently retards the evaporation

of the volatile components, thus extending the time of repellence.5,6 The sesquiterpenes in the

secretion have not yet been investigated with regard to their affect on predators and it was

only recently reported that the major component of the sesquiterpene fraction is 1,6-

germacradien-5-ol (5).8

1.2 Isoprenoids

Odoriferous plants and essential oils produced from them have been used for many purposes

throughout history and are highly valued for their fragrances and medicinal uses. Over the

years much research has been focused on the isolation, identification and cataloguing of the

aroma constituents. The characteristic smell or taste of a certain plant or essential oil is often

found to be the result of a complex mixture of compounds. Isoprenoids, also known as
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terpenoids or terpenes, are among the most common constituents of essential oils. Isoprenoids

is the largest family of natural products with over 22 000 known compounds.9 The structures

of these compounds can all be interpreted in terms of isoprene units linked together in

different ways, Figure 1.

Isoprene

1,6-Germacradien-5-ol, C15Menthol, C10

OH

β-Carotene, C40

OH

Figure 1. Examples of terpenes. The isoprene unit is indicated with bold lines.

This Òisoprene ruleÓ was first recognised in 1887 by Otto Wallach.10 Later, in 1953, this rule

was extended into the Òbiogenetic isoprene ruleÓ by Ruzicka.11 This rule can in principle be

formulated as follows: a terpene is a compound that can be derived from a simple aliphatic

isoprenoid precursor, by cyclisation or other rearrangement. Examples of this will be shown

in the next chapter on Biosynthesis of sesquiterpenes. An interesting overview of the early

results published in this field can be found in the introduction to Biosynthesis of Isoprenoid

Compounds, Vol 1.12 The terpenoids are classified on the basis of the number of isoprene

units present in the carbon skeleton of the structures, Table 1. These classes are subdivided

into groups based on various structural features. For example, the monoterpenes can be

divided into acyclic, monocyclic and bicyclic compounds. Most isoprenoids are known by

their common name, given when they were first isolated. Some nomenclature and numbering

of isoprene skeletons is given by Hanson.13 The systematic names according to IUPAC

nomenclature are seldom used in the literature.
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Table 1. The classification of terpenes is based on the number of carbons, i.e. isoprene units,

present in the carbon skeleton.

Monoterpenes C10

Sesquiterpenes C15

Diterpenes C20

Sesterterpenes C25

Triterpenes C30 (steroids)

Tetraterpenes C40 (carotenoids)

Polyterpenes (C5)n (n > 8, e.g. rubber)

1.3 Biosynthesis of sesquiterpenes

The study of sesquiterpenes has occupied chemists and biochemists for more than a century

in order to elucidate structures, biosynthetic pathways and biological origins. They have been

isolated from various biological sources, mainly plants and fungi.9,14 Sesquiterpenes is a class

with a large variety of structures. More than 200 different carbon skeleton structures have

been identified.14 As originally suggested by Ruzicka11 all sesquiterpenes are derived from the

same acyclic isoprene intermediate farnesol, or to be more accurate, the activated diphosphate

of (E,E)-farnesol, (E,E)-farnesyl diphosphate (7). The general biosynthetic pathway for

mono-, sesqui- and diterpenes is outlined in Figure 2.15 Two molecules of acetyl-coenzyme A

(acetyl-CoA) is condensed to acetoacetyl-CoA which in turn is condensed with another

molecule of acetyl-CoA to form β-hydroxy-β-methylglutaryl-CoA (HMG-CoA). HMG-CoA

is then reduced in the precence of NADPH to mevalonic acid which in turn is phosphorylated

in two steps to form 5-diphosphomevalonate. Decarboxylation and dehydration of the latter

compound gives the isoprene equivalent, isopentenyl diphospate. All these steps have been

studied in detail and the enzymes, which regulate each step in this sequence have been

isolated from different sources and characterised. A comprehensive overview of this topic is

found in ref. 15. The homoallylic isopentenyl diphosphate is isomerised to the corresponding

allylic isomer, dimethylallyl diphosphate. This so-called prenyl donor is ÒdimerisedÓ with

isopentenyl diphosphate to form geranyl diphosphate, which is the precursor of all

monoterpenes. Geranyl diphosphate is analogously linked with another isopentenyl unit to

form (E,E)-farnesyl diphosphate (7), which is the precursor of the sesquiterpenes. The

diterpene precursor geranylgeranyl diphosphate is formed after one more step in this

oligomerisation sequence of isopentenyl diphosphate.
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SCoA SCoA

O O O
SCoA

O

HO2C
SCoA

HO O

HO2C
OH

HO
HO2C

OPP

HO

OPP

OPP OPP

OPP

OPP

OPP

OPP

OPP

OPP

Acetyl-CoA

2

Acetoacetyl-CoA

Mevalonic acid

β-Hydroxy-β-methyl-
glutaryl-CoA

NADPH

ATP ADP5-Diphosphomevalonate Isopentenyl diphosphate

Dimethylallyl diphosphate

Geranyl diphosphate

Farnesyl diphosphate ( 7)

Geranylgeranyl diphosphate

Monoterpenes, C 10

Sesquiterpenes, C 15

Diterpenes, C 20

Figure 2. The biosynthetic pathway of terpenes starting from acetyl-CoA. The oligomeri-

sation of the isoprene unit, isopentenyl diphosphate, gives the important terpene

precursors geranyl diphosphate, farnesyl diphosphate etc.

According to the postulated biogenetic isoprene rule11 7 is transformed into all various groups

of sesquiterpenes. This pathway has been much studied over the years and much evidence has

been collected that supports this initial postulate.14,16 A majority of these studies have been

carried out by using incorporation experiments. Isotopically labelled precursors are fed to
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intact organisms followed by extensive analysis of incorporation into the metabolites. Much

information has been gained from these classical incorporation experiments.16 Due to recent

developments in enzyme isolation techniques and biotechnology, many sesquiterpene

synthases have been isolated and studied in detail. These new approaches, provide additional

information regarding the details of sesquiterpene biosynthesis.14,17 Transformation of

farnesyl diphosphate into different sesquiterpenes, e.g. germacrenes, is further discussed in

chapter 2.3.

1.4 Synthesis of germacranes

Germacrane

Sesquiterpenes with the germacrane skeleton have received much attention in organic

synthesis over the past four decades. This is partly due to their frequent occurrence in Nature9

but also to the problems associated with their pronounced thermal instability and sensitivity

towards acids.18 Inherently, the synthesis of any unstable and sensitive compound requires

that certain considerations have to be made when planning the synthetic pathway. Many

examples of germacrane syntheses can be found in the literature.18-20 Most known

germacranes have a (E,E)-1,5-cyclodecadien ring system, e.g. hedycaryol (8). But Z-double

bonds also occur quite frequently in the structures of germacranes. Some examples of the less

frequently occurring (E,E)-1,6-cyclodecadien ring system are provided by germacradienol 5

and germacrene-D (9). An extensive review on germacrane synthesis was recently

published18 and some selected examples are presented here.

OH
8 9

HO
5

Three main approaches to the 10-membered ring system of germacranes has been used: (A)

ring cleavage of the central bond of decalin systems, (B) ring expansion reactions and (C)

ring closing of acyclic molecules.
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A. Ring cleavage of the central bond of decalin systems.

The first synthesis of a germacrane was reported in 1963 by Corey et al.21 and involves a

photolytic cleavage. After hydrogenation of the mixture obtained after photolysis, (+)-

dihydrocostunolide (10) was obtained, Figure 3.

O
O

O
O

H O
O

hν H2

10

Figure 3. Preparation of (+)-dihydrocostunolide (10) by Corey et al.21

A boronate fragmentation reaction was used for the synthesis of (+)-8, Figure 4.22 A similar

approach was used for the preparation of (Ð)-allohedycaryol (11).23

OHOH

MsO

1) BH3:THF

2) NaOMe

(+)-8

Figure 4. A synthesis of (+)-hedycaryol, (+)-8, by Minnaard et al.22

OH

1211

O
O

B. Ring expansion reactions

The [3,3] sigmatropic Cope rearrangment of 1,2-divinylcyclohexanes to cyclodecadienes has

been utilised for the synthesis of for example (+)-costunolide (12).24 However, due to an

unfavourable equilibrium this method has not been so successful. Cope rearrangement in

combination with other reactions, however, can push the equilibrium and thus give products

in a good yield. One example is the Cope-Claisen rearrangement used in the synthesis of (+)-

dihydrocostunolide (10), Figure 5.25
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O
O

O

TIPSO

O

TIPSO

CO2TIPS

Cope Claisen

∆

10

Figure 5. A Cope-Claisen rearrangement used in the synthesis of 10.

Anionic oxy-Cope rearrangement has been used as the key step in the synthesis of many

sesquiterpenes, e.g. (±)-germacrene-D (9)26 and (Ð)-periplanone B (13).27

O

O

O

13

C. Ring closing of acyclic molecules.

An intramolecular Biellmann-type of reaction combined with a [2,3] sigmatropic

rearrangement, was used for the preparation of two 1,6-germacranes, (±)-4-

hydroxyallohedycaryol (14)28 and (±)-obscuronatin (15).29 This approach involves an

intramolecular attack of a phenylsulphide stabilised allylic anion on an epoxide, Figure 6.

HO OHOH
SPhSPh

O
BuLi 1) NaIO4

2) Et2NH
∆X

14

Figure 6. An intramolecular Biellmann-type of reaction was used by It� et al.28 for the

synthesis of 14.

HO

15

A cyclisation method involving intramolecular alkylation of the anion of a protected

cyanohydrin was developed by Takahashi et al.This rather general cyclisation method was,

for example, used in the synthesis of (±)-acoragermacrone (16), Figure 7.30
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OCNEEOCNEEO

OTs
LHMDS 1) H+

2) OH–

16

Figure 7. The protected cyanohydrine method used in the synthesis of 16 by Takahashi

et al.30

The so-called McMurry reaction31 is a coupling reaction between two carbonyl species giving

a double bond containing product. Intramolecular McMurry couplings has been used as a key

step in germacrane syntheses, for example (±)-helminthogermacrene (17), Figure 8.31,32

O

O

TiCl3

Zn-Cu

17

Figure 8. An intramolecular McMurry reaction was used in the synthesis of 17 by

McMurry et al.31,32
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2. Stereochemistry of 1,6-germacradien-5-ol (Paper I)

2.1 A literature overview of 1,6-germacradien-5-ol

1,6-Germacradien-5-ol [E,E-1,5-dimethyl-8-isopropyl-cyclodeca-1,6-dien-5-ol, 4-hydroxy-

germacra-1(10),5-diene, 5] was first isolated in 1977, from Senecio phonolithicus by

Bohlmann et al.33 5 is a quite common sesquiterpenoid and has been found in many different

biological sources, Table 2. The optical rotation, [α]D, reported for 5, isolated from different

biological sources, ranges from +184 to Ð201, see Table 2. The absolute value differs from 64

to 201. In most reports, no assignment of the stereochemistry of 5 was made.

Table 2. Species where 1,6-Germacradien-5-ol (5) have been identified

Species [α]D Ref.

Acritopappus confertus 34
A. hagei 34
Archangelica off. 35
Austrobrickellia patens 36
Baccharis latifolia 37
Bidens graveolens 38
Boronia inornata Ð64 39
Calamintha pamphylica 40
Calea teucrifolia 41
Cryptomeria fortumei 42
C. japonica 42
Conocliniopsis prasiifolia 43
Dimerostemma lippioides 44
Euryops imbricatus 45
E. microphyllus 45
E. oligoglossus 45
Ferula arrigonii 46
Fitzroya cupressoides 47
Goyazianthus tetrastichus 48
Hedychium coronarium 49
Ichthyothere connata 50
I. rufa 50
Jasminum sambac Ð201 51
Juniperus communis Ð112 52
J. recurva 53
J. sabina 54
Larix decidua 55
Lemnalia africana +12256 56, 57
Leucanthemum maximum 58
Liatris platylepis 59
Luffariella sp. 60

Species [α]D Ref.

Micribiota decussata 61
Mikania pohlii 62
Marchantia plicata Ð130 63
Neodiprion sertifer Ð181I 8, I
Nephtea sp. +184 64
Origanum haussknechtii 65
Othonna euphorboides 66
Peucedanum lancifolium 67
P. palustre 68
Picea ajanensis Ð177 69
P. engelmanni 55
Pinus cembra 55
P. contorta 8
P. nigra 55
P. sibirica Ð178 70
P. strobus 55
P. sylvestris Ð185I 8, 55 ,I
Pseudobrickellia brasiliensis Ð109 71
Pteronia uncinata 72
Senecio adenophyllus 73
S. conrathii 74
S. microglossus 74
S. phonolithicus Ð117 33
S. smithii 75
Thymus antoninae 76
T. pseudopulegioides 77
T. serpyllum 78, 79
Trichogonia scottmorii 80
Verbesina eggersii 81
V. occidentalis 82
V. subcordata 83

Table 3 summarises the reports in which an assignment of the stereochemistry was made.

These assignments were made on the basis of chemical transformations, optical rotation

measurements and NMR. The four stereoisomers of 5 are shown in Figure 9. The two

diastereomers are denoted with their relative configuration as (5R*,8R*)-5 and (5R*,8S*)-5.



11

HO OH

5
8

(5S,8S)-5 (5R,8S)-5

HOOH

(5S,8R)-5(5R,8R)-5

(5R*,8R*)-5 diastereomer (5R*,8S*)-5 diastereomer

Figure 9. The four stereoisomers of 5. The two diastereomers are denoted with their

relative configuration as (5R*,8R*)-5 and (5R*,8S*)-5.

When Bohlmann et al.71 compared the chemical shift data for the two suggested

diastereomers, the only significant difference between (5R*,8S*)-5 and (5R*,8R*)-5 was that

the olefinic protons H6 and H7 had changed places in the two NMR spectra, Table 3.71 Izac et

al.56 reported the (5R*,8S*) diastereomer, but they did not observe the same chemical shifts

for H6 and H7 as Bohlmann et al.33,71

Table 3. Some literature data for 1,6-germacradien-5-ol (5).

[α]D (CHCl3)
δH6 d
(CDCl3)

δH7 dd
(CDCl3)

Configurations
at C5 and C8 References

Ð117, c 1.0 5.17 5.25 5R,8S 33,71
+122, c 1.22 5.24 5.19 5R,8S (relative) 56
Ð201, c 1.095 5R,8S 51
   N.r. Ref. to 56 Ref. to 56 5R,8S (relative) 68
+184, c 3.1 5.25 5.18 5R,8R 64
Ð109, c 0.62 5.25 5.17 5S,8S 71
Ð112, c 0.25 5.25 5.17 5S,8S 52
Ð177, c 12.7 5S,8S 69
Ð130, c 1.46 Ref. to 71 Ref. to 71 5S,8S 63
 Ð 64, c 1.0 Ref. to 71 Ref. to 71 N.r. 39
   N.r. 5.24 5.17 N.r. 60
   N.r. Ref. to 71 Ref. to 71 5S,8S 42
Ð185, c 1.02 5.25 5.18 5S/R,8S Paper I
N.r. not reported

In fact, when studying the NMR literature data of 5, Table 3, only one report is found that

shows this difference between the two diastereomers.71 The chemical shifts of the H6 and H7

protons are highly affected by the solvent. Large differences are observed when comparing

the data using CDCl3 or C6D6 as solvent.71,I It is thus rational to believe that also chemical

impurities and concentration may affect the chemical shifts of the olefinic protons. This may

be an explanation for the deviate NMR data reported by Bohlmann et al.71 Another

explanation for the different NMR data reported for (5R*,8S*)-5 by Bohlmann et al. and Izac

et al., is that Izac et al. actually suggested the wrong diastereomer and that the data reported

by Bohlmann et al. was correct for this diastereomer. Yet another suggestion is that, in fact,
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only one diastereomer exists in Nature, (5R*,8R*)-5, and that the deviate NMR data reported

results from some experimental coincident. The large difference in optical rotation, [α]D,

reported for 5, may simply reflect variations in optical purity.

Chemical transformations followed by NMR studies of the products have been performed in

order to deduce the absolute configuration of 5, Figure 10. Oxidation of (+)-5 from Nephtea

sp. with VO(acac)2 and tert-BuOOH gave the diol (18). After NOE and CD investigations of

this product Kitagawa et al. suggested the (5R,8R) configuration of their sample of (+)-5.64

(Ð)-5, isolated from Juniperus communis, was subjected to MCPBA oxidation in CHCl3 and

NaHCO3 which gave the product 19. Investigation of this structure and the corresponding

ketone, obtained after further oxidation, suggests the (5S,8S) configuration of their (Ð)-5

sample.52

OH HO

H

H
OH

HHO

OH

VO(acac)2
R

S

R R5

8

HO

(5R,8R)-5

tert-BuOOH

MCPBA

CHCl3 , NaHCO3

Ref. 64

Ref. 52

(5S,8S)-5

18

19

Figure 10. The chemical transformations of (+)-5 and (Ð)-5 by Kitagawa et al.64 and San

Feliciano et al.52 respectively, gives supports to the (5R*,8R*) relative configuration of 5.

2.2 Results and discussion

2.2.1 Isolation of 1,6-germacradien-5-ol

GC-MS investigations of the neutral extract of the defence secretion of Neodiprion sertifer

larvae and the needles of Scots pine, Pinus sylvestris, have shown that the major component

of the sesquiterpene fraction is 5.8 We isolated 5 from N. sertifer by collecting the defence

secretion on filter paper followed by extraction with n-pentane. Resin acids and other

carbonate soluble components were removed by washing of the pentane phase with an

aqueous carbonate solution. After liquid chromatography on silica gel, pure 5 was obtained,
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8.7 mg [α]25
D Ð181. In order to prepare a larger sample of compound 5 and to compare it with

5 present in the host plant, pine needles (1 kg) were extracted with pentane. Washing with

carbonate and purification by liquid chromatography gave a mixture of the oil 5 and the

crystalline epicuticular wax component (S)-10-nonacosanol (20).152

OH

20

5 and 20 were separated by recrystallisation of 20 followed by filtration and washing. Pure 5

(1 g) was obtained after distillation. The optical rotation of this sample of 5 was found to be

[α]25
D Ð185. It is obvious from the discussion in section 2.1 that the absolute configuration of

our sample of (Ð)-5, cannot be assigned unambiguously, by simply comparing our data with

the data found in the literature.

2.2.2 Isomerisation of 1,6-germacradien-5-ol

The absolute configuration of the isopropyl bearing carbon (C8) was established after

conversion of (Ð)-5 into a mixture of (Ð)-α-cadinol (21) and T-cadinol (22), Figure 11. The

absolute configuration of (Ð)-α-cadinol (21) is known84 and this gave the 8S configuration of

our sample of (Ð)-5, as shown in Figure 11.

HO
H

1) HCO2H

(5?,8S)-5

2) LiAlH4

H

H

OH

+

21 22

HO
H

Figure 11. Acid-promoted transannular cyclisation of (Ð)-5 into (Ð)-α -cadinol (21) and

T-cadinol (22), revealing the 8S configuration.

The same type of isomerisation of 5 into cadinane structures was observed during steam

distillation of extracts, containing 5. Therefore only small amounts of 5 is found in essential

oils after steam distillation.68 When no 5 is found in such distillates but cadinenes and

cadinols is, it might imply that 5 was present in the original biological material before steam

distillation. During gas chromatography analysis of 5 we observed that isomerisation occurs

when the injector temperature is held at 250 ¡C, giving 5Ð10% cadinenes. When lowering the

injector temperature, only small amounts of cadinenes is observed. Another observation was

made during the preparation of an NMR sample of 5. When non-stabilised CDCl3 was used as



14

solvent, a conversion of 5 into γ-cadinene (23) and α-cadinene (24) was obtained, Figure 12.

This is an acid promoted reaction similar to the reaction with formic acid, described above. It

is known that small amounts of hydrochloric acid is formed in non-stabilised chloroform, thus

inducing the cyclisation of the acid sensitive compound 5. When using stabilised chloroform

as solvent, no isomerisation was observed. This property of 5 to undergo trans annular

cyclisation to cadinanes is commented further in section 2.3.

HO

∆
or

traces of acid

(–)-5

+

23 24

(–H2O)
H H

H H

Fig ure 12 . Heat or  acids  can i nduce a tra ns ann ular cyc lisati on int o the cad inanes  23 an d 24.

2.2.3 Crystalline derivatives of 1,6-germacradien-5-ol

In order to be able to use X-ray crystallography for the determination of the absolute config-

uration of 5 we have made some preliminary efforts to synthesise a crystalline derivative of 5.

First an attempt to make the 2,4-dinitrobenoate (25) was made. However, the dinitrobensoate

group was too good a as leaving group, which led to immediate cyclisation into γ-cadinene

(23) and α-cadinene (24), Figure 13. No dinitrobensoate 25 could be detected in this reaction.

HO
1) BuLi

(–)-5

+

23 24

H

H

H

2) COCl

NO2O2N

O

O

NO2O2N

Base

CO2
–

NO2O2N

+

H

25

Figure 13. An attempt to make the dinitrobensoate 25 from (Ð)-5 resulted in complete

conversion into α-cadinene and γ-cadinene.
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Because the dinitrobensoate 25 gave isomerisation to cadinanes (above), we abandoned the

idea of making an ester derivative. Instead the two (N,O)-acetals 26 and 27 were prepared,

Figure 14. Unfortunately the phtalimido derivative 26 did not form crystals. However, the

naphtaleneimido derivative 27 was crystalline but unstable and decomposed after storing for

some time. The crystals of 27 were very small and not suitable for X-ray analysis.

HO 1) BuLi

(–)-5

2) R-Cl

RO

N CH2

O

O

N

O

O

CH2

26 R =

27 R =

Figure 14. Preparation of the (N ,O )-acetal derivatives 26  and 27  from (Ð)-5  via

deprotonation with BuLi and O-alkylation with the corresponding chloride.

2.2.4 Conformational studies

In order to be able to interpret NMR data correctly the conformational behaviour of 5 was

examined. Earlier molecular mechanics studies (MM2) on the (E,E)-1,6-cyclodecadiene

systems 28, 29 and 9 show that the preferred conformation of these is the "chair-chair"

conformation shown in Figure 15.85 As can be expected, the large isopropyl group in

germacrene-D (9) is predicted to be oriented in a pseudoequatorial position in the preferred

conformation.

CH(CH3)2

28 29 9

Figure 15. The "chair-chair" conformations of these (E,E)-1,6-cyclodecadienes are the

most stable according to the MM2 calculations found in the literature.85

Our MM2 calculations on 5 also predicted a pseudoequatorial orientation of the isopropyl

group.I Conformations with the isopropyl group in a pseudoaxial orientation were found to be

13Ð20 kJ/mol higher in energy. Therefore, this group seems to effectively lock the ring half to

which it is attached in such conformation that the pseudoequatorial orientation of the

isopropyl group is maintained. The methyl and hydroxyl groups attached to carbon 5 can
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stabilise or destabilise the preferred  "chair-chair" conformation of the (E,E)-1,6-cyclodeca-

diene ring. As expected, the lowest energy conformation for (5S,8S)-5 was found to be the

"chair-chair" conformation, Figure 16.

CH(CH3)2

OH

CH(CH3)2

HO

CH(CH3)2

OH

CH(CH3)2

HO

CH(CH3)2

HO

Most stable

+ 4 kJ/mol Most stable

+ 5 kJ/mol

+ 3 kJ/mol

(5S,8S)-5 (5R,8S)-5

Figure 16. The conformations with lowest energy according to MM2 calculations on

(5S,8S)-5 and (5R,8S)-5. The "chair-chair" conformation is the most stable for the (5S,8S)

isomer while the "boat-chair" is the most stable for the other diastereomer (5R,8S).I

In this case the hydroxyl group is oriented in a pseudoaxial position and the methyl in a

psedoequatorial position. This is analogous to 1-methyl-1-cyclohexanol, which also prefers

the conformation in which the hydroxyl group is oriented axial, Figure 17.86

OH

CH3

CH3

OH

Most stable

Figure 17. The conformation with the hydroxyl group in the axial position is the

energetically most favourable for 1-methyl-1-cyclohexanol.86

An intramolecular interaction between the double bond and the hydroxyl group in 4-hydroxy-

1-cyclohexene (30) stabilise the hydroxyl group in the axial position.87 The same type of
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interaction may also be present in (5S,8S)-5, between the hydroxyl group and the (1,2)-double

bond, giving further stabilisation of the pseudoaxial hydroxyl group.

OH

30

For (5R,8S)-5 we found the "boat-chair" conformation at lowest energy.I In this conformation

the hydroxyl- and methyl groups are oriented pseudoaxial and pseudoequatorial respectively.

It is interesting to note that in this diastereomer the substituents at C5 force the (E,E)-1,6-

cyclodecadiene ring to adopt a "boat-chair" conformation. The "chair-chair" is found to be 5

kJ/mol higher in energy. A "chair-boat" conformation with the parallel double bonds in the

opposite direction compared to the above, was found to be only 3 kJ/mol higher in energy

than the lowest "boat-chair", see Figure 16.

2.2.5 Configuration of 1,6-germacradien-5-ol

From the coupling constants in the 1H NMR spectrum of our sample of (Ð)-5 and NOE

measurements, the conformation of the ring is established to be "chair-chair".I From this one

can suggest that the relative configuration is (5S,8S) for our sample of (Ð)-5, since in (5R,8S)

the preferred conformation was predicted to be "boat-chair". The suggested (5S,8S)

configuration is experimentally confirmed by the observation of a quite strong NOE between

the methyl group at C5 and the olefinic proton H6. In the "chair-chair" conformation, for the

other diastereomer, (5R,8S), no or only weak NOE should be observed, see Figure 18.

However since we do not have access to both diastereomers of 5 this has not yet been

experimentally verified.

CH(CH3)2

OH

H3C
CH(CH3)2

CH3

HO

(5S,8S)-5 (5R,8S)-5

H H

NOE

NO NOE?

5
6

Figure 18. The NOE observed between the olefinic proton H6 and the methyl group at

C5 indicates the (5S,8S) configuration of our sample of (Ð)-5

The (5S,8S) configuration of 5 was further supported by transformation into the tricyclic

sesquiterpene 1-endo-bourbonanol  (31). Photo induced intramolecular cyclobutane formation
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of (E,E)-1,6-cyclodecadiene compounds 9 , 28 and 29 is well known in the literature.85,88

Depending on the relative configuration of 5 either 1-endo-bourbonanol (31) or 1-exo-

bourbonanol (32) would be obtained after photocyclisation of our sample of (Ð)-5.

H

H H
OH

H

H HHO
1

31 32

After comparing the 1H NMR data of the bourbonanol we obtained from (Ð)-5 with the data

reported in the literature89 for the endo and exo compounds 31 and 32, it was concluded that

the produced substance was 1-endo-bourbonanol (31), Figure 19. This corresponds to the

(5S,8S) configuration of (Ð)-5.

HO

H

H HHO

hν
Acetone

(–)-5 31

Figure 19. Photo induced transformation of (5S,8S)-5 into 1-endo-bourbonanol (31).

The methyl ether 33 was efficiently prepared from (Ð)-5 by deprotonation with butyllithium

followed by alkylation with methyl iodide, Figure 20. The yield of the reaction was almost

quantitative and the isolated yield after purification with liquid chromatography and

distillation was 92%. This new compound was characterised and subjected to NOE

investigations. Since the methoxy group seems to point away from the ring, thus giving little

NOE information, no additional information was gained, regarding conformation and

configuration of (Ð)-5. However, 1H NMR data indicates that the Òchair-chairÓ conformation

of the ring is maintained in the product.

HO H3CO

1) BuLi

2) CH3I

(–)-5 33

Figure 20. Preparation of (Ð)-(5S,8S)-5-methoxy-1,6-germacradiene (33).



19

2.3 Biosynthesis of 1,6-germacradien-5-ol

As discussed in chapter 1.3, all sesquiterpenes are formed biosynthetically from (E,E)-

farnesyl diphosphate (7). It is generally believed that this is achived by ionisation of 7,

resulting in an allylic cation. This cation undergoes an electrophilic attack on either the

central or the distal double bond to form one of four possible carbocations, Figure 21.14,90

PPO

PPO

Humulyl cation

(E,E)-Germacradienyl cation (34)

(E,Z)-Germacradienyl cation (35)

Bisabolyl cation

Nerolidyl diphosphate 7

(–
PPO

– )

(–PPO –
)

(–
PPO

– )

(–PPO –)

Figure 21. (E,E)-Farnesyl diphosphate (7) forms cyclic cationic species, which then reacts further

to produce a large variety of sesquiterpene structures.

The resulting cyclised cationic products can then undergo hydride shifts, methyl migrations,

further cyclisations etc., to form a large variety of compounds. The termination of this

reaction sequence is quenching of a carbocationic species by either deprotonation to give a

new double bond, or a nucleophilic attack by for example water to give a sesquiterpene

alcohol. All biosynthetic steps in this sequence, from farnesyl diphosphate to sesquiterpene

products, are regulated by enzymes.14,90 Today, much interest is focused on the isolation and

characterisation of these enzymes and modern biotechnology provides a powerful tool for

achieving this.14, 17,90

Arigoni91 outlined the biosynthetic pathway for γ-cadinene (23) from E,E-farnesyl diphos-

phate (7) via the carbocation 34. A 1,3-hydride shift assisted by a proton abstraction at the

methyl group and a double-bond shift of 34 leads to the intermediate germacrene-D (9) which

can undergo a concerted trans-annular isomerisation to γ-cadinene (23), see Figure 22. The
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carbocation ion 34 can exist in a strainless conformation which meets the stereoelectronic

requirements for this assisted 1,3-shift.91

PPO

OPP
HB

HA

HA HB
H

HA

H

H

H

≡
H

7 34

923

(– PPO–)

Figure 22. The biosynthetic pathway for γ-cadinene (23) from 7 via germacrene-D as described

by Arigoni.91

The direct cyclisation of 7 into the carbocation ion 34, described above, is mechanistically

closely related to the formation of germacrene-A (36), see Figure 23. Germacrene-A is an

intermediate in the biosynthesis of e.g. aristoloshene (37).14

OPP

H
(– PPOH)

7 36 37

Figure 23. The biosynthesis of aristolochene (37) via germacrene-A (36).

A proposed biosynthetic pathway for the formation of 1,6-germacradien-5-ol (5) is described

in Figure 24. A nucleophilic attack by water on the carbocation 34 leads to the cationic

intermediate 38, which is deprotonated to give 1,6-germacradien-5-ol (5). This proposal is

analogous to the formation of germacrene-D, described above. The attack of water on 34

gives rise to a new stereogenic centre at position 5 in 38. The stereoelectronically most

favourable situation may arise when the lone-pairs on the oxygen in water interacts in the

same plane as the migrating HB and the empty p-orbital in the side chain, leading to the

(5R*,8R*) diastereomer of 5. As can be seen in Table 3 in chapter 2.1, the most commonly

known diastereomer in Nature is indeed (5R*,8R*).
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HA HB HAOPP
HB

HA

O
H

H

H2O

HO

– PPO–

+ H2O

– H+

5

5

38347

Figure 24. A proposed biosynthetic pathway for 1,6-germacradine-5-ol (5) from (E,E)-farnesyl

diphosphate (7).

2.4 Comments on the biosynthesis of cadinanes

It is quite generally accepted that cadinanes containing a Z double bond, as for example γ-

cadinene (23), are derived from the (E,Z)-germacradienyl cation 35. The (E,E)-germacra-

dienyl cation 34 on the other hand gives for example the E double bond containing 1,6-

gemacranes, e.g. 5, see Figure 25.90 This indicates that cadinanes and germacranes belong to

different branches of the biosynthetic tree.

H

H

HO

+

Z

E

Z

EE

35 23

34 9 5

Figure 25. The "cadinane branch": (E,Z)-Germacradienyl cation 35 is the precursor of the Z

double bond containing cadinanes, e.g. γ-cadinene. The "germacrane branch": (E,E)-

Germacradienyl cation 34 gives for example (1E,6E)-germacrenes.
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However, according to Arigoni91 germacrene-D (9) undergoes isomerisation to γ-cadinene

(23), Figure 22. Experimentally it has been shown that for example the germacrane 5 easily

undergoes trans-annular isomerisation to cadinanes (chapter 2.2.2). In contradiction to what

was stated above, this points to a connection between the germacrane- and the cadinane

branch of the biosynthetic tree. The biosynthetic significance of 1,6-germacradien-5-ol (5) as

a possible intermediate in the biosynthesis of bicyclic sesquiterpenes, e.g. cadinanes, has been

proposed by Kubeczka et al.68 It is interesting to note that in most reports where 5 has been

identified as a constituent of a biological extract, see Table 2, cadinanes are also present. This

discussion may indicate that there are two different pathways for cadinane biosynthesis. One

via the (E ,Z)-cation (35), Figure 25, and the other via the (E ,E)-cation (34) and the

germacranes 9 and/or 5. When the former pathway dominates one can expect to find

cadinanes but no germacranes in a biological extract. When the latter dominates it would be

expected to find both cadinanes and germacranes. A validation of this proposal is, however,

beyond the scope of this work.
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3. Synthetic studies on 1,6-germacradien-5-ol

3.1 Background and approach

The stereochemical studies conducted on (Ð)-1,6-germacradien-5-o-l (5), presented in chapter

2, strongly indicates the (5S,8S) configuration of our sample of (Ð)-5. However, to be able to

confirm this it would be of great value to find a way to stereoselectively synthesise both

diasteromers of (Ð)-5. This would help to bring valuable information to the somewhat unclear

situation regarding the structural assignments made for 5.

We wanted a synthetic pathway that was flexible enough so that all stereoisomers of 5 could

be prepared by using the same method and thus virtually the same starting materials. At the

first stage we were interested in preparing the four possible stereoisomers with (E,E)

configuration at the double bonds. The two stereogeniccentres in 5 should come from two

different chiral building blocks which then can be combined in different ways to produce the

four E,E-stereoisomers of 5. Since the product 5 is sensitive to acids (chapter 2.2.2), certain

considerations had to be made, regarding hydroxyl protective groups, ring closing reactions

etc. The most critical step in this synthesis is the closing of the ring to give the (E,E)-1,6-

cyclodecadiene ring system.

Our approach to the total synthesis of 5 is shown Figure 26. The ring-closing step of this

approach is ring closing metathesis (chapter 3.2) which has recently emerged as an efficient

method for the preparation of rings of various sizes.

OHO

RCM
P(Ph)3Br

O
O

+

Wittig

*

*

***
*

P

P

P = Protective group

5 39

40

41

Figure 26. Our synthetic approach to 5. The ring forming reaction in this approach is

ring closing metathesis (RCM).

One advantage with RCM is that the reactive functionalities of the intermediate 39 are

terminal double bonds, which simplifies the protection and deprotection steps in the pre-

paration of the precursor 39. The preparation of the aliphatic intermediate 39, containing two
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stereogenic centres and one double bond, is fairly straight forward. Our choice of reaction

path for the preparation of 39 was a Wittig type of reaction, giving the two key building

blocks 40 and 41, each containing one sterogenic centre. If the two key building blocks can

be prepared enantiomerically pure and the configuration of the double bonds is controlled,

this synthetic approach gives the pre-requisite flexibility, to prepare all four (E,E) stereo-

isomers of 5. Preparation of the key building block 41 seemed fairly straightforward starting

from the chiral epoxide 42, Figure 27. Both enantiomers of 42 can be obtained with high

enantiomeric purities.92 A method for the preparation of the second building block 40 had to

be developed and this topic is discussed later, in chapter 3.3.2.

MgBr
1) CuI/THF

2) 42
3) H2O

O
OH

P* O
O

*

P

41

Figure 27. A proposed synthetic pathway for the key building block 41 from the chiral epoxide

42.

P

O
O*

42

3.2 Ring closing metathesis

A ring closing method that has proved to be efficient for many ring sizes, ranging from 5 to

20 membered rings and larger, is ring closing metathesis (RCM).93-97 The increasing

popularity of this reaction is partly due to the development of the two transition metal

catalysts 4398 and 44,99 both commercially available. GrubbsÕ ruthenium catalyst 43 is less

reactive than SchrockÕs molybdenum catalyst 44 and, hence, more easy to handle. GrubbsÕ

catalyst shows higher tolerance to functional groups and a slightly higher selectivity

compared to SchrockÕs catalyst.95 No examples of RCM-mediated preparation of 1,6-

cyclodecadiens or germacrenes were found in the literature. The general RCM mechanism is

outlined in Figure 28. In the first turn of the catalytic cycle the alkylidene moiety of the Òpre-

catalystÓ 43 or 44 is substituted for a methylidene. This methylidene complex is believed to

be the actual catalyst in the reaction.95
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Cy = Cyclohexyl
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CH2H2C
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H2C [M]

[M]H2C

[M]

H2C CH2

H2C [M]

Figure 28. The general mechanism of ring closing metathesis (RCM) where [M] is a

transition metal catalyst, e.g. 43 or 44.

3.3 Results and discussion (Paper II)

3.3.1 RCM to 1,6-cyclodecadienes

In order to study if 1,6-cyclodecadienes could be synthesised by using RCM, two model

compounds was prepared. (E)-1,6,11-Dodecatriene (45) was prepared according to the

literature procedures outlined in Figure 29.100 The racemic di-epoxide 46 was ring opened by

a nucleophilic attack giving a vicinal diol. Conversion of the racemic diol into the

corresponding di-mesylate, followed by reductive elimination using Li2Te yielded the olefin

45 with E configuration at the central double bond.
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MgBr

OH

OH

2
a b,c

45

Figure 29. a) i) CuI/THF ii) 46  iii) NH4Cl (aq.) b) MsCl/pyridine/CH2Cl2, 0 ¡C c)

Li2Te/THF.

O

O
46

5-Methoxy-5-methyl-1,6,11-dodecatriene (47) was prepared according to Figure 30. A Wittig

reaction with 2-methoxy-2-methyl-5-hexen-1-al (48) and 5-hexenyl-triphenylphosphonium

bromide gave the triene 47 as a mixture of double bond isomers (70:30) at 64% yield. The

aldehyde 48 is one of the key building blocks for the synthesis of 5 and the preparation it is

presented later in this chapter.

O
O

PPh3
+

O

48 47

Figure 30. 5-Methoxy-5-methyl-1,6,11-dodecatriene (47) was prepared by employing a

Wittig reaction.

The trienes 45 and 47 were subjected to standard RCM conditions93 with the Ru-catalyst 43

in dichloromethane as solvent, Figure 31. The starting material disappeared within 24 h (GC)

but the desired product could not be detected with GC or TLC. After liquid chromatography

and evaporation of the solvent, no product could be isolated. This indicates that no 1,6-

cyclodecadienes were produced and that no dimerisation reaction had occured, instead one

can suspect that highy volatile products were formed, e.g. cyclopentene, resulting from a ring-

closing at the central double bond instead of the terminal double bond. Normally,

disubstituted double bonds react much slower than terminal monosubstituted double bonds in

RCM reactions, especially with the Ru catalyst 43.95,101 However, in our case the distance

between the terminal double bonds and the internal one in the starting materials 45 and 47,

might be optimal for the formation of a small ring.
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O
O

RCM45

47

Figure 31. When subjecting the trienes 45  and 47 to RCM conditions, the starting

material was consumed but no cyclodecadienes were produced.

It is known that sterical hindrance retards the RCM reaction.95,101 If the problem with 45 and

47 is due to cyclisation of the internal double bond, a large group close to that double bond,

e.g. isopropyl, might have a positive effect. Despite of the disappointing results presented

above for the model compounds 45 and 47, we decided to investigate the cyclisation of 39.

We knew from our previous studyI that germacradienyl methyl ether 33 was stable.

Therefore, in these initial studies a methyl group was chosen as the hydroxyl protecting group

in the RCM precursor 39. The racemic aldehyde 48 was prepared in three steps at 40% yield,

Figure 32. Addition to the carbonyl of the protected pyruvic aldehyde 49 with a Grignard

reagent, proceeded in 54% yield after distillation. The tertiary hydroxyl was protected in a

quantitative yield by deprotonation with NaH and O-alkylation with methyl tosylate.

Deprotection of the dimethyl acetal with diluted HCl in aqueous THF afforded the aldehyde

48 in 75% yield.

Br O

O

OH O
O

a b,c

54% 75%

48

Figure 32. a) i) Mg/Et2O ii) Pyruvic aldehyde dimethyl acetal (49) iii) NH4Cl (aq) b) i)

NaH/THF ii) CH3OTs c) HCl/H2O/THF, 40Ð50 ¡C.

OTsO
O

O

49 50

A synthetic equivalent to the second key building block 40 was prepared in two steps from

isovaleric acid in 70% yield, Figure 33. Alkylation of the dianionic enolate of isovaleric acid
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with isopentenyl tosylate (50) gave the α-alkylated acid 51 in 80% yield. Lithium aluminium

hydride reduction of this produced 2-isopropyl-5-methyl-5-hexen-1-ol (52).

CO2H CO2Ha
OH

b

80% 87%

51 52

Figure 33. a) i) LDA (2 eq.)/THF ii) Isopentenyl tosylate (50), 0 ¡C→rt b) LiAlH4/Et2O.

The alcohol 52 was converted into the corresponding bromide in 96% yield in two steps, Figure 34.

Nucleophilic substitution with triphenylphosphine gave the phosphonium salt 53 in a low yield. The

sterically hindered bromide reacted slowly with PPh3
 in refluxing xylene, resulting in low conversion

of the reaction and thus low yield. Wittig reaction of the phosphonium salt 53 and the aldehyde 48

gave 2,8-dimethyl-5-isopropyl-8-methoxy-1,6,11-dodecatriene (54) as a mixture of  four

diastereomers, Figure 34.

P(Ph)3Br
O

c
OH

a,b

52 53 54

Figure 34. a) i) MsCl/Et3N, CH2Cl2 ii) LiBr/Acetone ∆x. b) PPh3/Xylene ∆x. c) i) BuLi/THF Ð78

¡C, ii) 48, Ð78 ¡C→rt.

When 54 was subjected to RCM-conditions at room-temperature (Figure 35), the starting material

was slowly consumed but no trace of the anticipated product 33 could be detected by GC-MS. Some

volatile products were formed which were not isolated. When compared to the trienes 45 and 47 the

consumption of the starting material was much slower. This indicates that the bulky isopropyl group

could have a retarding effect on the rate of the suspected RCM of the internal double bond. With a

very bulky hydroxyl protective group, e.g. TBDMS, TIPS or TPS, this unwanted reaction might

become so slow that, hopefully, the desired cyclodecadiene can be formed.

O O

RCM

54 33

Figure 35. RCM on the substrate 54 did not produce the anticipated cyclodecadiene 33.
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It has been shown that polar functional groups, present in the substrate, can be crucial for the

formation of large rings by RCM. Also the site of ring closure, relative to the coordinating functional

group is of vital importance for the reaction.95 This has been rationalised by assuming that the polar

functional group interacts in a Lewis-base/Lewis-acid manner with the ruthenium of the catalyst. This

may assemble the reactive groups in a favourable arrangement around the catalytic site and, hence,

promote cyclisation. However if such an intramolecular chelate becomes too stable, as might be the

case if the chelate ring is 5- or 6-membered, problems might occur. In our case a chelate between the

alkenylated ruthenium moity and the oxygen of the methyl ether in 54 would form a 6-membered

ring, see Figure 36. A bulky hydroxyl protecting group could interfere and destabilise such a complex

and hopefully give better results for the ring closing.

Ru
OCH3

L
L

Figure 36. A 6-membered intramolecular Lewis-base/Lewis-acid interaction between oxygen and

Ru in a possible intermediate in the RCM of 54.

3.3.2 Preparation of (S)-2-isopropyl-5-methyl-5-hexen-1-ol

Diastereoselective alkylation of pseudoephedrine amides with alkyl halides is known to be very

efficient, giving high yields and high diastereomeric ratios for a number of compounds.102 Some α-

isopropylamides have been prepared this way, giving products of high stereochemical purities.102

Alkylation of the isovaleryl amide 55 with isopentenyl iodide103, Figure 37, proceeded in a low yield.

N

O

OH

N

O

OH

1) LDA

2)
I

0–20% yield55 56

Figure 37. Diasteroselective alkylation of the isovaleryl pseudoephedrine amide 55 with

isopentenyl iodide gave low yields.
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Below 0 ¡C no reaction took place. However, between 0 and 10 ¡C the iodide was consumed and

small amounts of the product 56 was formed. At room temperature the iodide was consumed faster

but virtually no product was formed. There are probably two competing reactions in this case: The

desired substitution reaction and an undesired elimination reaction, Figure 38. In the normal case a

primary halide gives very little elimination. In this case, however, the halide is a homoallylic primary

halide which upon elimination yields the conjugated diene, isoprene, Figure 38. The production of a

conjugated  system is probably the driving force for this elimination reaction.

XC

OLi

I
+

XC

O

Substitution

Elimination

XC

O

+

56

55

Figure 38. Elimination is favoured over substitution when isopentenyl iodide is used as

electrophile.

Encouraged by the fact that the alkylation of isovaleric acid with isopentenyl tosylate (50) as

electrophile, described in chapter 3.3.1, gave a 80% yield, we decided to try the tosylate 50 in the

pseudoephedrine amide alkylation, Figure 39. At low temperatures the reaction with 50 is very slow

but at 30 ¡C the reaction reaches 50% conversion within 20 h. Thus, when changing the leaving group

in the electrophile from iodide to tosylate, the yield was improved. Thus, in this substitution reaction,

tosylate was a more suitable leaving group than iodide.

Since the pseudoephedrine-part in 56 is stereoisomerically pure with (S,S) configuration at the two

stereocentres, only two diastereomers of 56 can be formed in this reaction. These two diastereomers

relates to the configuration at the newly formed stereogenic center at the α position. Since only two

diastereomers are possible, the diastereomeric purity of the alkylated amide is usually given102 as

diastereomeric excess, de, which is calculated in a similar way as ee. The diastereomeric purity of 56

was determined with GC on the corresponding TMS ether and was found to be de = 68%. After

reduction of 56 with LiNH2BH3 in refluxing THF, the corresponding alcohol S-52 was obtained with

ee = 62%, [α]25
D Ð9.9 (c 1.04, MeOH), see Figure 39. The ee of S-52 was lower than the de of 56

and this is probably due to some racemisation of the amide 56 during the reduction.
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OHN

O

OH

N

O

OH

1) LDA

2)
OTs

LiNH2BH3

ee = 62%de = 68%

∆X

30 °C
55 56 S-52

Figure 39. The alkylation proceeded at 50% conversion. After reduction of the amide 56 the

alcohol  S-52 was obtained with ee = 62%.

An interesting preliminary observation was made during the reduction of the amide 56 with

LiNH2BH3. According to the standard protocol for this type of reduction, the reaction is

completed within a few hours at room temperature. With some sterically hindered substrates,

the temperature must be raised to that of refluxing THF to achieve complete conversion

within a few hours.102 As expected, when the reduction of 56 was carried out at reflux, full

conversion of the starting material was obtained within 3 h. However, when the amide 56 was

reduced at room temperature during 2.5 h, the conversion of the reaction was only about 30%.

Interestingly, the de of the substrate had increased from 68% to 84% while the ee of the

produced alcohol S-52 was only 13%, see Figure 40. This is interpreted in terms of a

kinetically controlled separation caused by different raction rates of the two diastereomers of

56.

OHN

O

OH

LiNH2BH3

ee = 13%de = 68%

rt, 2.5 h
N

O

OH

+

de = 84%
30% conversion S-525656

Figure 40. A kinetically controlled separation of the two diastereomers of 56 during LiNH2BH3

reduction in THF at room temperature.

Since the asymmetric alkylation described in Figure 39 above, only produced (S)-2-isopropyl-

5-methyl-5-hexen-1-ol (S-52) with moderate ee we decided to explore other alternatives. One

way to obtain enantiomerically pure alcohols is by lipase catalysed kinetic resolution of a

racemate, see chapter 4. In a single step transesterification reaction catalysed by

Pseudomonas lipase, we succesfully resolved racemic 52 and obtained S-52 with high

enantiomeric purity, ee = 95%.VI This topic is discussed in more detail in chapter 4.4.5.
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4. Lipase catalysed transesterification of primary 2-methylalcohols

4.1 Background

Many naturally occurring compounds such as insect pheromones are methyl branched chiral

compounds104 e.g. (2S,3S,7S)-3,7-dimethyl-2-pentadecyl acetate 57, the sex pheromone of the

pine sawfly Neodiprion sertifer105 and (R)-10-methyldodecyl acetate 58, a component of the

pheromone mixture of the smaller tea tortrix moth Adoxophyes (sp.), Figure 41.106

OAc

OAc

57 58

Figure 41. Two examples of chiral methyl branched pheromone compounds in Nature.

(2S,3S,7S)-3,7-Dimethyl-2-pentadecyl acetate 57 and (R)-10-methyl-dodecyl acetate 58.

The synthesis of stereochemically pure compounds110 of this type requires building blocks of

very high stereoisomeric purity. One useful example of such building blocks are

enantiomerically pure primary 2-methylalcohols 59 which have been widely used in e.g. phe-

romone synthesis.104,107

R OH
CH3

*

59

4.2 Preparation of enantiomerically pure compounds - a brief introduction.

The methods for preparing enantiomerically pure compounds can in general be divided into

three main categories: ex chiral pool synthesis, enantioselective synthesis and resolution of a

racemate. Some selected examples are presented in chapters 4.2.1Ð4.2.3.

4.2.1 Ex chiral pool synthesis

One starts with a naturally occurring enantiomerically pure compound and by one or many

synthetic steps converts it to an enantiomerically pure product. The chemical transformations

involved must be chosen with care so that the configurations of the stereogenic centres are

preserved or changed in a known way. One example is the synthesis of (+)-displarlure 60

starting from (+)-glyceraldehyde acetonoide 61, Figure 42.108 This strategy has the advantage

of employing a readily available109 stereochemically pure starting material, compound 61.

The 10 synthetic steps proceed at an overall yield of 28%.108
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61
10 steps 60

O
OO

O

Figure 42. An example of an ex chiral pool synthesis of (+)-disparlure 60 starting from

(+)-glyceraldehyde acetonoide 61.

4.2.2 Enantioselective synthesis

One starts with an achiral compound, which by an enantioselective synthetic step, induced by

the presence of an enantiomerically enriched compound, produces an enantiomerically

enriched product. The methods available are many110 and includes for example reduction of

ketones and aldehydes by borane complexes111 or bakers' yeast.112-114 Enantioselective

addition to alkenes is another widely used method, e.g. Sharpless epoxidation115,116 of allylic

alcohols.

Enzymatic reductions have been used for the enantioselective hydrogenation of allylic

alcohols and α,β-unsaturated aldehydes. Thus bakers' yeast mediated reduction of α-methyl-

2-thiophenepropenal 62 furnishes (S)-β-methyl-2-thiophenepropanol S-63b  in ee >98%.

Acylation at the 5 position of the thiophene ring followed by Huang-Minlon reduction and

RaNi reduction gives (S)-2-methyl-1-alkanols, Figure 43.117

S CHO S
OH R

OH
Bakers' yeast

62 S-63b R = H or alkyl

Figure 43. Bakers' yeast mediated reduction of the unsaturated aldehyde 62 yields the

alcohol S-63b at >98% ee and 70% yield. Further transformations gives (S)-2-methyl-1-

alkanols.

Another important type of reaction is diastereoselective alkylation of amides where the

chirality resides in an easily removed and recoverable chiral auxiliary118, Figure 44.
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XC

R
OH

O
1) LDA/THF

2) R-X

Hydrolysis

Reduction or *

R
OH*

R
H*

R
XC*

O

O

O

XC = Amine serving as a chiral auxiliary.

Figure 44. Diastereoselective alkylation of amides using stereochemically pure amines

as chiral auxiliaries followed by hydrolysis or reduction.

One example of such a diastereoselective alkylation is the use of pseudoephedrine (64) as the

chiral auxiliary which generally gives products of high enantiomeric purity.102 Both

enantiomers of this chiral auxiliary 64 is commercially available and was recently used in the

preparation of all 16 stereoisomers of 3,7,9-trimethyl-2-tridecyl acetate (65). The

(2S,3R,7R,9S) stereoisomer of 65 is the major component of the female sex pheromone of the

pine sawfly Macrodiprion nemoralis, see Figure 45.119 The use of 64 as a chiral auxiliary was

also discussed in chapter 3.3.2.

N
H

OH

(+)-64

OAc

(2S,3R,7R,9S)-65

Figure 45. The chiral auxiliary pseudoephedrine (64) was used in the synthesis of

(2S,3R,7R,9S)-65, the major sex pheromone component of the pine sawfly Macrodiprion

nemoralis.

4.2.3 Resolution of a racemate

A resolution of a racemate is the separation of a racemic compound into its two enantiomers.

One advantage with resolution is the possibility to prepare both enantiomers from the same

racemic starting material. However, if only one of the enantiomers is desired, the maximum

yield is 50%. This limitation can be overcome by racemisation of the other enantiomer

followed by resolution etc. The most widely used method for resolution of a racemate is the

formation of diastereomeric pairs of compounds, usually salts, followed by separation either

by crystallisation or chromatography,120 one example is given in Figure 46.121
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CO2H
H3C

O

O
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H3C

H
Quinine

+    Quinine
O

O

CO2
H3C

H
Quinine

Ethanol

R-66 Quinine salt
Less soluble

+

66

Figure 46. Resolution of the racemic lactonic acid 66 via formation of diastereomeric

salts with quinine. In ethanol the quinine salt of R-66  is less soluble than the

corresponding (S)-salt. Hence by careful crystallisation the diastereomers can be

separated.

Another way to resolve a racemate is by kinetic resolution. This involves a chemical

transformation of a racemate in which one of the enantiomers reacts faster than the other.

Kinetic resolution is often achieved by using a chiral catalyst that lowers the activation

energy more for one of the enantiomers, which gives higher reaction rate for that enantiomer.

Today much interest is focused on the use of enzymes as chiral catalysts in organic reactions

and many books and reviews have been published in this field and only a selection is referred

to here.122-125

The efficiency of a kinetic resolution is of course higher the faster one enantiomer react

relative to the other. This is often expressed in terms of the enantiomeric ratio, E, which 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. The E value can be calculated from eep or ees

and the conversion, c, see page vi.126,127

4.3 Lipases

4.3.1 General introduction

When working with enzymes, the organic chemist most likely will choose to avoid the use

large amounts of expensive cofactors or complex systems for recycling these. This limits the

choice of enzymatic reactions to those which are either performed with readily available

micro-organisms such as bakers' yeast or isolated enzymes not requiring cofactors such as

hydrolytic enzymes e.g. proteases, esterases or lipases. Among the latter many are able to

catalyse efficient kinetic resolutions of racemic acids, esters and alcohols. Like many others

working in the field, we have found lipases to be particularly useful enantioselective catalysts.



36

Lipases (E.C. 3.1.1.3) are enzymes which catalyse the hydrolysis of triglycerides, see Figure

47. For example, lipases are used in cheese manufacturing and as additives in detergents.125 In

organic synthesis they are used as catalysts for the preparation of enantiomerically pure

compounds. For a description of the general hydrolysis mechanism of lipases, see e.g.

Faber122 and Kazlauskas et al. 125,128

O O

O
O

R

Lipase

H2O
O OH

O
O

R

R OH

O

+

O

RR

O

R

O

R = Fatty acid chain

Figure 47. Lipases are hydrolytic enzymes that are specialised to hydrolyse water

insoluble esters such as triglycerides.

The names of lipases are often assigned relative to their natural sources. This causes some

problems, however, because micro-organisms are quite frequently reclassified and given new

names. Some of the most useful lipases in organic synthesis are PPL (porcine pancreas

lipase), PCL (Pseudomonas cepacia lipase), CRL (Candida rugosa lipase) and CAL

(Candida antarctica lipase).

4.3.2 Pseudomonas cepacia lipase

Pseudomonas cepacia lipase (PCL) is a relatively small lipase with 320 amino acid residues

and a weight of 33 kDa. The X-ray crystal structure of the open conformation of this enzyme

was published in 1997.129,130After a reclassification of the micro-organism Pseudomonas

fluorescense it was named Pseudomonas cepacia, this consequently changed the name of the

lipase too, from PFL to PCL. Recently this bacterial species was renamed again and is now

called Burkholderia cepacia.125 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 (Fluka)  etc. All names represent the same lipase that comes

from the bacterial micro-organism ATCC21808.125 Several manufacturers produce more than

one preparation of the enzyme for different purposes and applications. Each preparation and

each company uses its own unique name. This, together with the reclassification problem,

have resulted in a variety of names and denotations for this lipase in the literature. For clarity,

in this thesis I use the old name PCL and in certain cases a specification of manufacturer

and/or trade-name is given in parenthesis, e.g. PCL (Amano PS).
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4.3.3 Lipase catalysed resolution of 2-methyl-1-alkyl derivatives

One efficient method to produce enantiomerically pure 2-methyl-1-alkyl derivatives is kinetic

resolution of 2-methylalkanoic acids.131,132 Such acids are obtained in high optical purity by

lipase catalysed esterification of the racemic acids in an organic solvent, Figure 48. The

enantioselectivity is strongly influenced by alcohol chain length,131 water activity133 and

alcohol concentration.134

R OH R O R OH

O O O

R'HO R'+ +
CRL

c-hexane
+ H2O

Figure 48. Candida rugosa lipase (CRL) catalysed esterification of rac-2-methyl-1-

alkanoic acids in c-hexane as solvent.

Enantiomerically enriched primary alkohols can be prepared with PPL (porcine pancreas

lipase) and PCL (Pseudomonas cepacia lipase) by enantioselective esterification or by

hydrolysis of their corresponding esters.125 Enantioselective lipase catalysed trans-

esterification whith vinyl acetate using Pseudomonas lipases in an organic solvent was

reported to proceed with a high enantioselectivity for 2-methyl-3-phenyl-1-propanol.135-137

Some promising results for 2-methyl-1-decanol have also been reported.137,138

As mentioned above, the enantiomeric ratio, E, describes how enantioselective e.g. a lipase is

toward a substrate under given reaction conditions.126,127 High E  values (³ 100) are

determined with less accuracy than low or moderate E values because E is a logarithmic

function of the ee, see page vi. At high E values the enantiomeric ratio is much influenced by

small changes in ee. Therefore, in most cases for E values over 100, one must keep in mind

that the error might be very large.125

4.4 Results and discussions

4.4.1 Resolution of β-methyl-2-thiophenepropanol (Paper III)

Encouraged by the results reported135-137 for 2-methyl-3-phenyl-1-propanol we hoped that the

reaction would also be successful for β-methyl-2-thiophenepropanol 63b, thus providing

access to both enantiomers of 63b, which could be transformed into (S)- or (R)-2-methyl-1-

alkanols.117 The resolution of β-methyl-2-thiophenepropanol 63b via PCL (PFL, Fluka)

catalysed transesterification of vinyl acetate in chloroform gave the (S)-acetate S-63bAc with

98.2% ee at 39% conversion and the remaining alcohol R-63b >99% ee at 57% conversion,
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Figure 49.III The reaction was carried out at an initial water activity aW = 0.32 established by

preequilibration as described in the literature.139,140 The enantiomeric ratio was E  > 100 for

both PCL (PFL, Fluka) PCL (Amano PS) under the same conditions.

S
OH

S
OAc

S
OH

O

O
++

PCL, CHCl3
aw = 0.32

E > 100
(-CH3CHO)63b S-63bAc R-63b

Figure 49. Resolution of rac-β-methyl-2-thiophenepropanol 63b  via PCL catalysed

transesterification of vinyl acetate.

Later the resolution of 63b was carried out in tert-butyl methyl ether (TBME) as solvent and

PCL (Amano PS) as catalyst. No significant change in selectivity was observed, E = 170, but

the reaction rate was increased by a factor 2 at aW = 0.32. Our results with resolution of 63b

by PCL catalysed transesterification was later used by others.114

4.4.2 Resolution of 2-methyl-1-alkanols (Paper III)

The most convenient way to prepare the pure enantiomers of 2-methyl-1-alkanols 67 would

of course be to resolve the racemic alkanols directly. Some reports137,138 indicate that the

enantioselectivity for 2-methyl-1-decanol 67d is excellent in Pseudomonas lipase catalysed

transesterification. However, weIII and others141 found that unfortunately the enantio-

selectivity is in reality rather low, E Å 10. In order to improve the E values we investigated

the influence on E of the reaction conditions e.g. variations of solvent, water activity and acyl

donor for the resolution of 2-methyl-1-decanol 67d, Figure 50. The reaction rate increased at

higher water activities. At aW = 0.9 a significant aggregation of the enzyme was noted. The E

values seemed to decrease at high water activity although this effect is probably not

significant. Therefore, in all the following experiments the initial water activity was kept

constant at aW = 0.32 which led to good rates and no enzyme aggregation. A significant

change in E was observed when the solvents THF and tert-amyl alcohol (t-AmOH) were

used, E = 8 and E = 4 respectively. The reaction rate increased in THF and t-AmOH. The use

of vinyl laurate and ethyl thioacetate as acyl donors did not affect the enantioselectivity.

However, the rates were lower in both cases. Decreasing the temperature to 1 ¡C gave a slight

and possibly significant increase in selectivity E = 11.8. Temperature is of course an

important parameter when truly optimised conditions are needed. In conclusion, despite our

efforts to improve the reaction conditions, we failed to increase the E values much above 10

in the resolution of 67d via transesterification.
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Figure 50. Resolution of rac-2-methyl-1-alkanols 67  via PCL catalysed transesterifi-

cation.

The dependence of E on alcohol chain length was also studied by us on alcohols 67c-f, Table

4. The alcohols 67a-d were studied by Barth and Effenberger141 and we found the same E

values, where our experiments overlapped with those by the former authors, i.e. 67c-d. The

enantiomeric ratio is clearly lower for short chain alcohols 67a-c than for the longer chain

ones, 67d-f but E does not increase within the group 67d-f so it appears that the maximum

selectivity is reached for 2-methyl-1-decanol 67d.

Table 4. The enantiomeric ratio E for 2-methyl-alkanols 67 of different chain lenghs.

R
OH

67

R Solvent Ea References

a C3H7 CH2Cl2 5.9 141

b C4H9 CH2Cl2 8.7 141

c C6H13 CH2Cl2 5.7 141

c C6H13 CHCl3 5.8 III

d C8H17 CH2Cl2 9.9 141

d C8H17 CHCl3 10.4 III

e C10H21 CHCl3 10.9 III

f C12H25 CHCl3 10.6 III

a) In reference 141 E was calculated from the conversion and ee of the remaining

substrate R-67a-d. In reference III E was calculated from the conversion and ee of the

produced ester  S-67c-fAc.

4.4.3 Reversible steps in lipase catalysed "irreversible" transesterifications. (Paper IV)

Lipase catalysed transesterifications using vinyl acetate, such as those described above, are

usually considered to be irreversible.137,142-144 Of course, this refers to the irreversible

formation of acetaldehyde from the vinyl alcohol produced. Therefore, the reaction is

irreversible with respect to vinyl acetate, Figure 51. However, when such a reaction is pushed

far enough above 50% conversion, enantiomerically pure remaining substrate should be

obtained, if the reaction is truly irreversible.
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Figure 51. The irreversible transesterification of vinyl acetate, where the irreversibility

lies in the tautomerisation of vinyl alcohol to acetaldehyde.

The resolution of 63b, Figure 49, gives E > 100 at c = 39% calculated from the ee of the

product, ester S-63bAc. However, when assuming that the reaction is irreversible, an E value

of 37 was calculated from the ee of the remaining substrate, R-63b, at 57% conversion.

Similar resultsIV were obtained in the "resolution" of 5-(1-ethoxyethoxy)-3-pentyn-2-ol 68. At

22% conversion the product, ester R-68Ac, gave "E" > 100. However, at c = 65% "E" was

found to be 15 when calculated from the ee of remaining substrate S-68, Figure 52. Thus the

remaining substrates R-63b and S-68 were obtained with much lower ee than what was

expected if the reactions were irreversible.

O O
OH O O

OAc
O O

OH

CAL
Vinyl acetate

Heptane
aw = 0.32

+

68 R-68Ac S-68

Figure 52. The "resolution" of 5-(1-ethoxyethoxy)-3-pentyn-2-ol 68 via Candida antarc-

tica lipase (CAL) catalysed transesterification of vinyl acetate. Note that this is not a true

resolution because the starting alcohol consists of two diastereomeric racemates.

If these reactions were truly irreversible the apparent E would be constant and ee of the

remaining alcohol would increase steadily after 50% conversion.137,142-144 In contrast, our

studiesIV showed that ee of the remaining alcohol S-68 decreased after reaching a maximum

of 99.7% ee at c = 60% (aW = 0.32). The explanation for this is rather straight forward and is

quite evident after studying the reaction schemes published by Hult.145

Enz OH Enz OAc

Vinyl acetate

Acetaldehyde

+ R-68 R-68Ac +Enz OAc Enz OH

+ S-68 S-68Ac +Enz OAc Enz OH

Fast

Slow

(A)

(B)

Figure 53. The two equilibrium reactions between the acylated enzyme (Enz-OAc) and

the two enantiomers of 68.
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The equilibrium reaction A in Figure 53 shows that R-68Ac can function as acyl donor. This

is trivial because a lipase is able to catalyse acylation reactions both ways and the amount of

substance produced at equilibrium is only determined by the equilibrium constant. At high

conversions i.e. ³ 50% the concentration of R-68Ac is relatively high and the "reverse

reaction" (Figure 54) produces a small but significant amount of R-68, contaminating the re-

maining alcohol S-68.

+ S-68R-68Ac +
CAL

R-68 S-68Ac

Figure 54. The "reverse reaction" that produces a small amount of R-68 contaminating

the remaining alcohol S-68.

In order to confirm this theoretical explanation we designed a reaction that mimics the

situation at 50% conversion in the resolution of 63b, Figure 55. In order to be able to detect

even very small amounts of S-63b we used R-67c as a mimic for the slow reacting

enantiomer R-63b. When equal amounts of S-63bAc and R-67c was mixed with PCL, vinyl

acetate and CHCl3 at aW = 0.32 a small amount of S-63b was formed (Å 1.5%). At dry

conditions a smaller amount (Å 0.05%) was formed.

S
OAc

C6H13
OH+

PCL
Vinyl acetate

CHCl3
aw = 0.32

C6H13
OAc

S
OH +

S-63bAc R-67c S-63b R-67cAc

1 eq. 1 eq.

Figure 55. Reaction designed to mimic the situation at 50% conversion in the resolution

of 63b.

This difference can be explained if one assumes that the water present in the former case (aW

= 0.32) can act as a nucleophile and is able to hydrolyse the acyl enzyme producing S-63b

and acetic acid, Figure 56. At dry conditions (aW
 Å 0) virtually no water is present and this

hydrolysis reaction becomes marginal.

+ H2OS-63bAc +
Lipase

S-63b HOAc

Figure 56. Hydrolysis of the acetate S-63bAc gives S-63b and acetic acid.

The results can be summarised as follow: The acetate of the fast reacting enantiomer S-

63bAc can act as an acyl donor, giving a reversible reaction. When water is present in the

reaction mixture it can act as a nucleophile and hydrolyse the acyl enzyme and thus push the
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equilibrium so that more of the fast reacting alcohol S-63b can be produced than if the only

nucleophile present is slow-reacting R-67c.

From our results some general guidelines can be suggested concerning preparative lipase

catalysed transesterifications. Thus when the highest possible enantiomeric purity of remai-

ning alcohol is desired it is important:

1) To avoid hydrolysis, the reaction should be run under as dry conditions as possible.

2) To avoid the "reverse reaction" of the fast reacting enantiomer, which means that it should

be kept at a low concentration.

The first guideline is quite easy to handle while the second one in practice means running the

resolution in two steps. 1) Run the transesterification to Å 50% conversion. 2) Separate the

acetate from the alcohol and start a second transesterification where the conversion should be

kept low; around 5-10% depending on the enantiomeric ratio. Contrary to what is generally

assumed,137,142-144 it does not seem to be possible to prepare enantiomerically pure (e.g. ee >

99.9%) remaining substrate alcohols in a single step transesterification, even at high E values.

If all steps in the reaction were irreversible this would have been the case.

4.4.4 Structure vs. Enantioselectivity (Paper V and VI)

From our experiments it was evident that compounds having a thiophene ring positioned at

the terminal 3-position of a 2-methylpropanol unit gave more than 10-fold increase in E value

as compared with those obtained with 2-methylalkanols.III Therefore, we wanted to

investigate how far from the chiral center the thiophene should be located in order to get

maximum enantioselectivity, Figure 57.V,VI

S (CH2)n
OH

S (CH2)n
OAc

S (CH2)n
OH+

PCL
Vinyl acetate

Organic solvent
aw = 0.3263a-e

69a-b
R-63aAc or R-69aAc
S-63b-eAc or S-69bAc

S-63a or S-69a
R-63b-e or R-69b

RR R

Figure 57. A study on the influence on E by the position of the thiophene ring in the

racemic alcohols 63a-e and rac-69a-b.

As can be seen in Table 5 the highest selectivity is reached when one methylene group is

present between the ring and the chiral center (n = 1) as in 63b and 69b E = 170 and E = 300

respectively. A dramatic decrease in selectivity is observed when two methylene groups are



43

present. Thus, for 63c (n = 2) E drops to 12 which is close to the value observed for 2-

methyldecanol 67d (E Å 10). E  drops even more when moving the thiophene ring further

away as in substrate 63d (n = 3) and 63e (n = 4). When no methylene group is present as in

63a  (n = 0) the selectivity is very low E  = 2.3, cf. 2-phenyl-1-propanol153 (E = 1.8).

Alkylation in the 5-position of the thiophene ring seems to improve the selectivity: E = 8.1

for 69a compared to E = 2.3 for 63a and E = 300 for 69b compared to E = 170 for 63b.

Table 5. The enantiomeric ratio E  for ω-(5-substituted-(2-thiophene))-2-methylalkanols

63a-e and 69a-b.

S (CH2)n
OH

R
n R E References

63a 0 H 2.3 V,VI

63b 1 H 170 V,VI

63c 2 H 12 V,VI

63d 3 H 3.2 V,VI

63e 4 H 3.8 V,VI

69a 0 C4H9 8.1 V,VI

69b 1 C3H7 300 V,VI

Our study showed that the position of the thiophene ring in the alkyl chain was crucial for

achieving a successful resolution. In our study the only position where the ring could be

placed in order to reach really high selectivity (E > 100) was as in substrate 63b with only

one methylene group (n = 1) between the chiral center and the thiophene ring.

In order to further evaluate which substrates could be successfully resolved by this method,

ran transesterifications of substrates 70a-j, Figure 58 and Table 6.

R
OH R

OAc
R

OH+

PCL
Vinyl acetate

Organic solvent
70a-j S-70a-hAc

R-70i-jAc
R-70a-h
S-70i-j

aw = 0.32

Figure 58. Different substrates 70a-j in PCL catalysed transesterification. R: substituents

according to Table 6.

From Table 6 one can see that there are roughly three groups of substrates with respect to E.

One group, was the 2-methyl-3-aryl-1-propanols 70a-c and 70f-g, which were resolved at

high E values (E Å 70 - 110). It seemed that the enantioselectivity was roughly independent

on whether the ring was 2-furyl, 3-thienyl or phenyl. They all gave E Å 100. Noteworthy is
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that, when the ring was 2-thiophene as in 63b the E value was 170. Another interesting result

was that substitution in the 5-position on the thiophene ring gave a lower E for 70c compared

with the unsubstituted 70b, E = 75 and E = 108, respectively. When comparing the alkylated

substrate 69b (E = 300) with the non-alkylated substrate 63b (E = 170) the opposite effect on

E was observed, see Table 5.

Table 6. The enantiomeric ratio E for substrates 63b, 70a-j.

R:
R

OH E References

S CH2– 63b 170 V

O
CH2– 70a 105 VI

S

CH2–

70b 108 VI

S

CH2–

70c 75 VI

CH2– 70d 18 VI

CH2– 70e 18 VI

CH2– 70f 90 107

CH2–

OCH3

70g 67 VI

S
CH2–

70h N.d.a 146

S
CH2–

70i 3.4 VI

S 70j 1.2 VI

a) E was not determined by the authors.

The second group studied was 70d-e having cycloalkane rings instead of aromatic rings in

their structures. Here the selectivity was much lower, E = 18, but not as low as for 2-methyl-

1-alkanols 67 where E Å 10, which was a significant difference corresponding to ee = 82.5%

and 73%, respectively, at 40% conversion. We were hoping to be able to state whether the
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positive effects on the E value by aromatic rings were due to steric effects or ¹-electron

bonding effects, but judging from these results it seemed to be a combination of both.

The third group in Table 6 is 70i-j which gave the low E values 3.4 and 1.2, respectively. 70i

have a sulfur atom placed between the phenyl ring and the methylene group adjacent to the

chiral center. This sulfur atom seemed to play the role of simply elongating the chain and

therefore lowering the selectivity in the same way as was observed for the thiophene alcohol

63c (n = 2) described above. Substrate 70h has been studied before.146 It has two methylene

groups between the sulfur atom and the chiral center. E was not determined146 but the ee of

the remaining substrate was 98% at c = 60% which indicates a rather low enantioselectivity.

This would correspond to our thiophene alcohol 63d (n = 3) with E = 3.2. Substance 70j

should be compared with the corresponding 2-thiophene alcohol 63a (n = 0) which also gave

a low selectivity E = 2.3. Again we noted that moving the alkylalcohol residue from the 2-

position 63a to the 3-position 70j on the thiophene ring resulted in a lower E value.

4.4.5 Resolution 2-isopropyl-5-methyl-5-hexen-1-ol

Some examples of Pseudomonas lipase catalysed resolution of primary 2-alkylalcohols with

larger substituents than methyl in the 2-position have been reported. The fast reacting

enantiomer of these alcohols are shown in Figure 59. The alcohols 71a-c,147 72141 were

obtained by transesterification of the racemic alcohols and the alcohol 73148 was obtained

after hydrolysis of the corresponding racemic chloroacetate. The E values for the two 2-

isopropyl substituted alcohols 71c and 73 were found to be 29 and 11, respectively.

OH OH OH PhO2S OHOH

71a 71b 71c 72 73

Figure 59. Some 2-alkylalcohols with larger substituents than methyl that have been prepared by

Pseudomonas lipase catalysed kinetic resolution. The fast reacting enantiomer in each case is

shown.

Isopropyl-5-methyl-5-hexen-1-ol (52) is a potential building block for the synthesis of 1,6-

germacradien-5-ol and asymmetric alkylation of a pseudoephedrine amide gave S-52 in only

moderate ee = 62%, chapter 3.3.2. We subjected the racemic alcohol 52 to PCL catalysed

transesterification with vinyl acetate and TBME, Figure 60.VI The enantiomeric ratio was

found to be E = 14 for this reaction and at conversion c = 40% the produced acetate R-52Ac
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was obtained, ee = 80%. At c = 60% the remaining alcohol S-52 was isolated in ee = 95%,

[α]25
D Ð14.3 (c 1.2, MeOH).

OH OH OAc+

PCL
Vinyl acetate

TBME

E = 14

ee = 95% 
at c = 60%

ee = 80%
at c = 40%

52 S-52 R-52Ac

Figure 60. Pseudomonas cepacia lipase (PCL) catalysed transesterification of the racemic alcohol

52 with vinyl acetate as acyl donor and TBME as solvent. Enantiomeric ratio E = 14.

4.5 Lipase active site structure

Empirical rules have been derived for the enantioselectivity of PCL towards secondary and

primary 2-alkylalcohols, see A and B respectively in Figure 61. These rules are valid when

there is no oxygen attached directly to the stereogenic centre of the primary alcohol.128,149,150

M L

O
H

A B

M

L

H

Secondary alcohols
with L in large
hydrophobic

pocket

Primary alcohols
(no O at stereocenter)

with L in  alternate
hydrophobic

pocket

C
O

SerO

R

O
C

O

SerO

R

Figure 61. Empirical rules for the enantiopreferences of PCL Models A  and B describe

the situation for secondary and primary alcohols, respectively. M  and L symbolise

medium and large sized substituents, e. g. methyl and phenyl, respectively.

Computer aided molecular modelling of lipase-transition state analouge complexes with the

primary alcohol 2-methyl-3-phenyl-1-propanol (70f) and PCL was recently reported by

Kazlauskas et al.128 This gives valuable insight into the binding of the alcohol to the lipase.

Two alternate large hydrophobic pockets have been identified at the active site of the enzyme.
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Interestingly, it was found that the large group (L) of secondary and primary alcohols appears

to bind in different large hydrophobic pockets of PCL, Figure 61. These binding modes of the

secondary and primary alcohols are in agreement with the previously established emiprical

rules for the enantiopreference. For the primary alcohol 70f the modelling indicates that the

fast reacting (S)-enantiomer binds more efficiently to the enzyme, when compared to the slow

reacting (R)-enantiomer. The benzyl group (L) in 70f binds to an alternate hydrophobic

pocket in a narrow grove that is not used by the secondary alcohols, see Figure 61. The

methyl group (M) in the fast reacting (S)-enantiomer binds to a shallow hydrophobic pocket

between His86 and His286. (His286 forms the catalytic triad together with Ser87 and

Asp264.) The methyl group (M) in the slow reacting (R)-enantiomer cannot bind to this

pocket. Therefore the (R)-enantiomer is less efficiently bound to the enzyme. The enantio-

preference of PCL toward 70f can be explained by this difference in interaction between the

enantiomers and the lipase.128

The alternate large pocket used by the benzyl group in the primary alcohol 70f is lined with

the hydrophobic amino acid residues Tyr23, Leu27, Tyr29, Phe146, Ile290 and Leu293.128 It

is interesting to note that both tyrosine and phenylalanine are aromatic amino acids. The

aromatic amino acids in this pocket can possibly interact via ¹-¹ interactions with aromatic

groups in a substrate alcohol, e.g. benzene or thiophene in 70f or 63b respectively. This type

of ¹-¹ interaction may give additional stability to the ÒnormalÓ hydrophobic interaction. It is

reasonable to assume that this interaction can explain the high enantiomeric ratios observed

for alcohols of the type 2-methyl-3-aryl-1-propanol (E ³ 100) when compared to 2-methyl-3-

cycloalkyl-1-propanol (E = 18) or 2-methyl-1-alkanols (E Å 10).VI The large difference in E

value between the thiophene containing alcohols 63a-e, depends on the position of the

aromatic thiophene ring in the alkyl chain.V,VI A possible explanation for this is that in order

to get efficient ¹-¹ bonding, the thiophene ring must come within a certain distance to the

aromatic amino acid residues, mentioned above.
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5. Conclusions and future work

The difficulties in preparing 1,6-germamcradien-5-ol and other 1,6-cyclodecadienes with

RCM, described in chapter 3, can hopefully be overcome with e.g. appropriate reaction

conditions and protective groups. If this is not the case, the results obtained are nonetheless

interesting because they help to define the limit for RCM reaction. A better understanding of

what products are really formed in our RCM reactions can give mechanistic information and

help when planing future work in this field. The most obvious way to proceed towards the

total synthesis of 1,6-germacradien-5-ol is to try alternative methods for ring closing, e.g. the

McMurry reaction.

There seems to be a general formula for a substrate that can be resolved by PCL to give high

enantiomeric ratio ³ 100, Figure 62. Of course additional substrates need to be investigated

before this statement can be fully validated. I suggest that further substrate modification

studies should include smaller cycloalkane rings and non-aromatic ¹-electron rich rings such

as cyclopentadiene. Molecular modelling of lipase-transition state analouge complexes of

different primary 2-methylalcohols can hopefully provide a better understanding of the

relationship between substrate structure and enantioselectivity of PCL. Experimental design

and optimisation151 has to my knowledge not yet been applied on enzymatic reactions of this

type and this aspect should be taken under consideration when planning future work.

OHAr
R

Figure 62. A general formula for a substrate that can be resolved by PCL at E ³ 100.
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