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ABS

The pheromone, (+)-cis-2-isoprenyl-1-methylcyclobutene-ethanol 1, commonly known as (+)-

grandisol was synthesized in a 95+2Vo e.e. via an allylic alcohol, [(lS,5R)-5-

methylbicyclo[3.2.0]hept-2-en-2-yll methanol 38, as the key intermediate..OPtical activity was

induced in the primary alcohol by a kinetic resolution reaction which the Sharpless

asymmetric epoxidation reaction.

Two routes from (1SR,5sR)-5-methylbicyclo[3.2.0]heptan-2-one 12 to this key intermediate

compound were explored. One was unsuccessful, the other allowed the synthesis of the allylic

alcohol in four steps from commercially available sources.

Functional group interconversion of the allylic alcohol gives exclusively fhe endocyclic alkene,

(1S,5R)-2,5-dimethylbicyclo[3.2.0]hept-2-ene 10. Conversion of the endocyclic alkene to (+)-

grandisol, by a combination of procedures previously established in the literature by two

groups, was accomplished in four steps.

The requirements necessary for a highly selective kinetic resolution using the Sharpless

asymmetric dihydroxylation reaction were investigated. Three different bicyclic alkenes were

studied, (1S,5R)-2,5-dimethylbicyclo[3.2.0]hept-2-ene 10, (1SR,5SR)-5-methyl-2-methylene

bicyclo[3.2.0]heptane 9, and (1RS,5SR)-5-methyl-2-phenylbicyclo[3.2.0]heptan-2-ene L25.

The Sharpless dihydroxylation reaction was diastereoselective in all cases, however high

enantioselectivity was only achieved with the last alkene. This is consistent with substrate

control in the asymmetric dihydroxylation reaction.

The pheromone, (1S)-1-methyl-2-cyclohexenol (MCL) 2 was synthesized in a 94+37o e.e. in

three steps from 1-methylcyclohexene via a 'merged substitution-elimination reaction'

involving phenylselenide anion. The stereochemistry was achieved by the Sharpless

asymmetric dihydroxylation reaction.
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rø e tu-Chloroperbenzoic acid

1,5-Diazabicyclo[4.3.0]non-5-ene

1,8-Diazabicyclo[5.4.0]undec-7-ene

Diethyl tartrate

Diisopropyl tartrate

Dimethylformamide

Dimethyl sulfoxide

Dimethyl tartrate

Diastereomeric excess

Enantiomeric excess

Hexamethylphosphoramide

Lithium diisopropylamide

2,6-Lutidine

I -Methylcyclohex-2-en- 1 -ol

N-Methyl morpholine N-oxide

Tetrahydrofuran

N, N, N', N'-Tetramethylethylenediamine

Trimethyl silyl

Trimethylsilyl trifl uoromethanesulfonate

mCPBA

DBN

DBU

DET

DIPT

DMF

DMSO

DMT

d.e.

e.e.

HMPA

LDA

Lu

MCL

NMO

THF

TMEDA

TMS

TMSOTf

The term 'Correlated Spectroscopy' has been abbreviated to COSY. Similarly, the term

'Hetronuclear Shift Correlation' has been abbreviated to HETCOR.
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Chapter I Introduction

CHAPTER 1

INTRODUCTION

Section 1.1 General Introduction

For many years, the agricultural industry has relied upon chemical pesticides to control pest

populations. These pesticides generally do not have a common resemblance with nature's

compounds and consequently they are unselectively killing a wide range of insects, not just

pests. These materials and their metabolites are perrneating and contaminating our air, food,

water, soil, and wildlife.l With concern over the environmental damage caused by the

widespread use of pesticides, researchers are now investigating environmentally friendly

alternatives. These include microbial pesticides, beneficial insects (predators and parasites),

hormonal pesticides, naturally occurring insecticides and semiochemicals.2

Semiochemicals are chemicals involved in the communication of animals. They can be divided

into two broad categories, interspecific action, between individuals of different species, or

intraspecific action, between individual of the same species.2 Pheromones are a subclass of

semiochemicals and have intraspecific action. They are employed widely within the insect

kingdom.3 Pheromones are chemicals that are released by organisms into the environment

either as odours or taste substances and they allow communication between members of the

same species. For instance, they are used to increase the probability of successful mating or to

indicate apprehension to members of the same species. Aggregation pheromones function in

many different ways, including mate selection, defense against predators and the aggregation

of members of the same species for feeding pu.poses.3

It is found that the response to such pheromones is often very structure dependent and involves

not only chemical properties but also three-dimensional shape. Stereochemistry, in general, and

chirality, in particular, are often of crucial importance. It has been observed with chiral

pheromones that there can be a number of different responses by the insect to the compound

presented. Mori has placed the type of response into eight categories.a They are, one

enantiomer is active, and the corresponding enantiomer does not inhibit the action of the

pheromone. One enantiomer is active but its enantiomer or diastereomer does inhibit the action

of the pheromone. All stereoisomers are biologically active. In the same genus different species

1
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Chapter I Introduction

use different enantiomers. Both enantiomers are required for bioactivity. One enantiomer is as

active as the natural pheromone, but its activity can be enhanced by addition of the less active

stereoisomer. Male insects use one enantiomer, the female uses the antipode, and lastly, only

the meso-isomer is active.

The use of pheromones as alternatives to pesticides has numerous potential advantages. The

compounds are naturally occurring, non-toxic and should not pollute the environment.

. Generally they are insect-specific and will not affect other ecosystems.2

There are a great number of different compounds which have evolved as pheromones, but in

most cases, each insect generates and uses only minute quantities and so these compounds are

not readily available from natural sources. For pheromones to be of any significant use in the

agricultural industry they need to be obtained in much larger amounts. Chemical synthesis is

the most obvious way to achieve this. The specific structure, the precise stereochemistry, the

volatility, and often the requirement of optical purity presents the synthesis of many

pheromones as a challenge to synthetic strategy and methodology. Such problems also present

an educational experience for the synthetic organic chemists involved.

There are numerous methods for obtaining chiral compounds in non-racemic form. The most

obvious way is transformation of naturally occurring chiral compounds to the desired

compound by a series of chemical reactions. In this case no stereogenic centres required for the

product are involved in the chemical transformations or if they are involved,the reactions are of

known out-come, such as inversion of configuration.5

An alternative method for obtaining optically active precursors or products is the technique of

resolution. This is the classical method of obtaining enantiomerically pure compounds from

racemic mixtures. The third main area is asymmetric synthesis.s

Asymmetric synthesis can be defined as 'a synthesis in which an achiral unit in an ensemble of

substrate molecules is converted to a chiral unit such that the possible stereoisomers are formed

in unequal amounts'.s Asymmetric synthesis has been broadly divided into four major

subclasses.

2



Chapter I Introduction

The first subclass is substrate controlled methods. This method introduces a new chiral centre

into the molecule at a diastereotopic site controlled by a nearby stereogenic centre. For these

reactions the starting material needs to be optically pure.s

The second subclass is auxiliary controlled methods. In these reactions, an enantiomerically

pure directing group determines the absolute stereochemistry of the product. The directing

group has deliberately been attached to an achiral substrate to control the relative

stereochemistry and is removable. The auxiliary is often recycled after the reaction. The major

difference from the first class is that an achiral substrate is converted to a chiral product.s

The third subclass is reagent controlled mpthods. In this technique, an achiral reagent is

directly converted to a chiral product by the use of an intermolecular chiral reagent. This

method is more effective than the auxiliary controlled method, which requires two extra steps

to attach and remove the auxiliary.s

The fourth and final subclass is catalyst controlled methods. This method is superior to the

other three methods, as it requires only a small amount of the catalyst. An achiral substrate

is converted directly to a chiral product. This method is the technique of choice for introducing

asymmetry into a molecule.s To date, few reactions successfully achieve this. However, two

very successful examples of this method are the Sharpless asymmetric epoxidation reaction and

the Sharpless asymmetric dihydroxylation reaction.

Two examples of aggregation pheromones addressed in this thesis ate, grandisol I a

component of the pheromonal secretion of Anthomis grandis and 1-methylcyclohex-2-enol

(MCL-) 2, a component of the pheromonal secretion of Dendroctonus pseudotsugae. The

Douglas-fir beetle, Dendroctonus pseudotsugae, is a bark beetle which is a serious pest of the

Douglas-fir tree, P se udotsuga menziesii.

The cotton boll weevil, Anthonomus grandis Boheman, and the pink bollworm, Pectinophora

gossypiella, are two serious pests of cotton crops in the United States and Central America.

* 
Thir abbreviation has been introduced for convenience.
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Chapter I Introduction

Cotton is one of the most important vegetable fibers used to produce textiles. Annually billions

of dollars are lost in production due to destruction of the crops by insects'

The cotton boll weevil was first detected in 1983 in Brazilian cotton fields and has spread

rapidly since.6 The cotton weevil and the pink bollworm have been difficult to eradicate and

consequently both have caused huge crop losses. Many different insecticides have been used

against the weevil, but because of unwanted side effects or because the weevil develops

resistance, new insecticides constantly need to be found. The pink bollworm is a recent

problem, its numbers have increased in the cotton fields because the pesticides used against the

boll weevil have also killed the insects that were the bollworm's natural enemies. T

The male cotton weevil produces an aggregation pheromone mixture of four monoterpenes, the

principoI component is the terpene (+)-cis-2-isoprenyl-1-methylcyclobutene-ethanol l,

commonly named (+)-grandisol. The other components of the aggregation mixture were

identified as (E)-2-(3,3-dimethylcyclohexyliden)acetaldehyde 3,its (Z)-isomer 4, and (Z)-2-

(3,3-dimethylcyclohexyliden)-1-ethanol 5. (+)-Grandisol 1 is also found in the pheromonal

secretion of several beetles.ll

oHc H H CHO H

\oH
OH

H

1 3

Figure 1

The cis-fused cyclobutane ring found in (+)-grandisol 1, is crucial for its bioactivity as an

aggregation pheromone of the cotton boll weevil. The trans isomer fraganol 6, a natural

product isolated from the roots of artemisiafragrens Willd, was found to be 100 to 200 times

less active than the cls compound f. in a laboratory assay of the attractiveness to the weevils.8

542

+H

OH

1

Figure 2

6

OH

4



Chapter I Introduction

Section 1.2 Previous Syntheses of Grandisol

Grandisol t has been a popular molecule to synthesize both as a synthetic challenge, or as a

tool for investigating the properties of the naturally occurring compound. Hence, there have

been numerous routes developed to both racemic and optically active grandisol Lr and 1a*. The

previous syntheses which will be outlined in this thesis by no means represent a complete

review and in this thesis the main emphasis is on asymmetric syntheses. The syntheses of

grandisol from 1971-79e and 1979-8910 are outlined in recent reviews.

There are numerous syntheses of optically active grandisol 1, but if asymmetric syntheses are

to become important for industrial preparations, it is necessary that the syntheses are short and

from readily available materials. The development of new synthetic methods in organic

chemistry also means that new synthetic strategies may be devised which may aid in this

pursuit. For both these reasons a new asymmetric synthesis of grandisol 1 was investigated.

But first this work must be set in historical perspective. There are many syntheses, more recent

or additional, of optically active grandisol I starting from optically active starting material, or

achiral starting material, which are not covered by the previously mentioned review.ll' t2' 13' 14'

15' 16' 17' lsAs they are of no immediate interest to the work described in this thesis they will not

be discussed.

There are also other syntheses of racemic grandisol 1, some more recent, which.are not covered

by the aforementioned reviews, however they have no relevance to this thesis and will not be

r: ^ --- - ^ - : 19, 2O, 21, 22, 23, 24olscusseo.

The syntheses of racemic grandisol of relevance to the route chosen in this thesis are outlined

below.

Zurflüh and coworkers synthesized racemic grandisol 1r for determination of the relative

stereochemistry of the natural product.2s The racemic compound was synthesized, in numerous

* 
Throughout this thesis, the letter 'r' following a compound number denotes the racemic

form, but in schemes the symbol (+) has also been added as a reminder. Similarly 'a' and 'U' ¿.notJtlantiomers.

5



Chapter I Introduction

steps, via the keto-acid 7r as the key intermediate. V/ittig olefination gave the cis-olefinic acid

8r in an SOVo yield with only 370 isomerisation. Reduction of the olefinic acid 8r with sodium

dihydridobis(2-methoxyethoxy)aluminate in benzene-ether gave the racemic pheromone 1r.

DMSO:TFIF (4:1)

Ph3PCH2-

.)

7r 8r 1r

Scheme L

Rosini recognized cis-(+)-2,5-dimethylbicyclol3.2.0lhept-2-ene 10r as an ideal intermediate

for an efficient synthesis of (+)-grandisol 1r. In 1979 his group synthesized the racemic keto-

acid 7r in four steps, (Scheme 2¡.26 Conversion of this key keto acid 7r to grandisol 1r has

been reported a number of times .2s'27 '28

o
)1,,,,

HOHO

ll * lru+
cH2cl2
(85Vo)

+

o
H o
t2r 9r

KMnOa, KI{2PO4
Hzo
Cl6H33(N-Bu)3P*Br
cH2cI2
(7ZVo

.e

- 7r l2r

Scheme 2

The drawback in this synthetic sequence is the generation of the two alkenes 9r and 10r from

the elimination of the tertiary hydroxyl 11r. Reaction of the exocyclic alkene 9r with KMnOa

produces the bicyclic ketone 12r which can be recycled.

In 1985, Rosini improved his synthesis of (+)-grandisol 1r, using alternative cheap and readily

available starting materials.2e Furthermore, after formation of the keto acid 7r the synthesis

H

10r

H

11r

H

oHo
HH

1r

6



Chapter I Introduction

diverts from the procedure developed by Zurftüh and co-workers.2s Methylenation was

accomplished with trimethylsilylmethyl magnesium chloride and thionyl chloride, giving the

acid 8r without epimerisation occurring. A lithium aluminum hydride reduction in diethyl ether

gives racemic grandisol 1r. The synthesis is outlined in Scheme 3.2e

oEt
CH3

EtONa

EtOH

HMPT

^

,,rOH ¡rq Cu(I)oTf
<-

Et2O

NaOH, A

LiAlH4

o

ttrc^MgBr

THF

CHg

CHg

H3ct +

+

+

CHg Ho

OHHH

9r 10r LLr

1. O¡, 66Vo aqAcOH
2. Zn
3. Jones Reagent

HHo
H

1. MsClt"
cH2s(cH3)3

2. SOCI2
OH

l2r 7r 8r

Scheme 3

Rosini has developed a synthesis for the formation of cis-(+)-2,5-dimethylbicyclo[3.2.0lbept-Z-

ene 10r without the contamination of the exocyclic isomer 9r (Scheme 4).Conversion of the

endocyclic isomer 10r to the keto acid 7r was accomplished with ruthenium chloride and

sodium periodate. The keto acid 7r was converted to grandisol 1r by the same route as that

shown in Scheme 2.30

1r

7



Chapter I Introduction

cooH

2.L
3. H3O+

1. NH2NH2.H2O
2.

l. Ac2o, cllcooK, rt +

(98:2)

RuCl3-NaIOa
t-BuOFVH20

'717o HOOC

HH

H
(EtO-CH2CH2)20

KOH, A
76Vo

10r

Scheme 4

t1

The syntheses of optically active grandisol of relevance to this work are outlined below

Shortly after grandisol 1 was discovered as an aggregation pheromone of the cotton boll

weevil, Mori synthesized both enantiomers of grandisol 1. The route chosen is outlined in

Scheme 5.27 Afær a photochemical reaction and functional group transformation an acid 13

was obtained which could be resolved into the two enantiomers 13a and 13b. Separate

conversion of these enantiomers to the keto-acids 7a and 7b was accomplished after several

steps. A Wittig reaction on the keto-acid 7a (DMSO, NaH, PPh¡CH¡Br) gave the required cis-

olefinic acid 8a, but it was contaminated with 10-20Vo of the trans isomer 14a. The two

isomers 8a and 14a were then converted, via an iodolactonization reaction, to compounds 15.

and 16a which could then be separated by chromatography. Reduction of the iodolactone 15

gave the pure cis isomer 8a. A lithium aluminum hydride reduction then gave (+)-grandisol I .

Repetition of this scheme with the other enantiomer of 7b gives (-)-grandisol 1b.27 This

synthesis gives useful spectroscopic data of the key intermediates 7, I and 1. Surprisingly,

optical rotation and enantiomeric excess data is given only for the final product L.

8



Chapter I Introduction

+

DMSO

c02H

c02H
+

H

H

7a
H

7b

+

H

13a

H

13b
o

ozH Ph.PMeBr
J.I-il

c02H

H

H

8a

HH

8a

H

7a

oo2H

l4a

o+ NaHCO3,12+
KI

Bul-i
Tgp

+
H

l4a 15 L6a
Separable by chromatography

Tn,AcOH

OH LiAlH4<-

8a

Scheme 5

An alternative synthesis of the optically active key intermediate 7, which also involved

classical resolution has been accomplished by Silverstein and Webstrr.3' After numerous steps

pure enantiomers of the allylic alcohol 17 were obtained. The pure enantiomers l7a and L7b

were then separately converted to optically pure grandisol 1, via the keto-acid 7 (Scheme 6).

H

RuO4, NaIO4, CH3Ph3PBL LiAlH4_

H

HH

1

o
HO

=

ccl4, cH3cN,
Hzo

EtrO

o
17a 8a 1a

Scheme 6

A V/ittig methylenation was used for construction of the isopropenyl group. This reaction has

been reported many times, each with varying amounts of epimerisation.2s' 27 Silverstein and

Webster deduced the factor in the isomerisation was the quantity of DMSO used in the Wittig

HO

7a

9



Chapter I Introduction

methylenation.3r This was verifîed by Stork and Cohen, who methylenated a very similar

compound L8 in pure THF and found no trace of isomerisation.28

o
THPO

18

Figure 3

Hence, Silverstein and Webster used THF as a solvent for the Wittig reaction (THF, n-Buli,

PPh3CH3Br) and the cis-olefinic acid 8a was obtained uncontaminated by the trans-isomer. The

final step was the reduction of the carboxylic acid to the alcohol to give (+)-grandisol la in a

good yield. In the same manner the allylic alcohol 17b was converted to (-)-grandisol lb. This

procedure also only reports the optical rotation values for the final product.

The next three syntheses of optically active grandisol L employ intramolecular

photocycloaddition of alkenes to chiral cr,B-unsaturated carbonyl compounds as the key steps.

Meyers and Fleming have developed an asyÍrmetric synthesis of (-)-grandisol utilizing a chiral

auxiliary.32 The cr,B-unsaturated lactam 20b was prepared from the lactam L9b, which was

prepared from (S)-valinol and levulinic acid. The key intermediate 2lb is formed from an

asymmetric [2+2] cycloaddition of ethylene to u,B-unsaturated lactam 20b. The photochemical

product 21b was contaminated with ca.7-8Vo of its endo-cyclobutane-fused isomer, and as no

separation of the cis and trans-cyclobutane isomers was attempted (-)-grandisol 1 was obtained

in an 88Vo enantiomeric excess (Scheme 7).Another drawback of the reaction is that the acetyl

group in 2Lb epimerizes in the methanolic sulfuric solution to give the two isomers 22b and

23b which can be separated by chromatography. Forturiately, 23b can be epimerized in a

methanolic sulfuric solution to give a mixture of 22b and 23b (45:55). The pure isomer 22b

was then converted to (-)-grandisol Lb by the route shown in Scheme 7.

o

10
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2
OH^NH

N+

HO2C

2hrs N

H

H

ethylene, CH2Clz

1000-W Hg lamp

o
19b

H

N

19b
o

20b
o

ztb

Me

5Vo Ii2SOa, MeOH

Me
H

Me

o),Ph3PCH3, n-Bul-i,

Me THF
M

(44:55)

MeOH / Ff

LiAlH4,T[IF

i) TsCl, Py i) (i-Bu)zAlH,

HO
ü) NaCN, HMPA

N ü) LiAlH4, THF
HO

Demuth and coworkers have also synthesized both enantiomers of grandisol L by asymmetric

synthesis 33 lsche-e 8). Condensation of (-)-menthone with tert-butyl acetoacetate gives an

86:14 ratio of the two isomers 24a and 25b, which could be separated by crystallization and

chromatography. An asymmetric [2+2) cycloaddition reaction on the pure 24a gave the two

optically active photoproducts 26a and 27a. After separation of the two isomers 26a and 27a

by chromatography, isomer 26a was converted to the keto acid 7a. The keto-acid 7a was then

converted to (+)-grandisol la by the procedure of Rosini (Scheme 3¡.2e An asymmetric [2+2]

cycloaddition reaction on the pure 25b gave the two optically active photoproducts 28b and

29b. After separation of 28b and 29b by chromatography, isomer 28b was converted to (-)-

grandisol lb. At the present this is the shortest enantioselective synthesis of the enantiomers of

+
:
M

23b

ee=M

22b

e

H

M

b1

H

fr¡ee

H

M

Scheme 7
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Chapter I Introduction

grandisol in good yield. However, this synthesis does require extensive separation of

diastereomers by chromatography.

+ +

H2S04

tru
-78'C

a) Me3SCH2MgCl
socl2

b) LiAlH4

o
86:14

87.5 : 12.5

HCOOH, H2O

Me2CO

25b

o

24a

oo

26a

+:
o

HHHo

24a

la

27a

o

HO^ HO2C\.

7a

+
,rfH H

78'C H

81.5 : 12.5

25b 28b

Scheme 8

Hoffrnan and Scharf have also used a [2+2] photocycloaddition to synthesize optically active

grandisol 1. Both enantiomers of grandisol are synthesized in an enantiomeric excess of greater

thangOVo, and diastereoselectively fromthe optically active furanone 30a in six steps.3a In the

12+21photocycloaddition reaction, two diastereomeric cyclobutanes 31a and 32a are formed,

which can be separated by chromatography (Scheme 9).The pure 3La isomer is converted to

(+)-grandisol la and the pure 32a isomer is converted to (-)-grandisol Lb.3a

hu o
/\

o
/\

29b

T2



Chapter I Introduction

+o
H

30a 31a 32a

Scheme 9

One synthesis of (+)-grandisol La from achiral starting material uses the Sharpless asymmetric

epoxidation reaction as the source of asymmetry.s The important intermediates of the synthesis

are outlined in Scheme 10. Reductive cleavage of 35a at ambient temperature gave a l:10

epimeric mixture of 33a and 34a. When this reaction was performed at -40"C a 1: 1 mixture of

33a and 34a was obtained. A Wittig reaction and cleavage of the protecting group gave (+)-

grandisol la and fraganol 6a which were separated by chromatography. The synthesis is

consists of 15 steps and in several steps unwanted isomers are formed which require

chromatographic separation, consequently lowering the yield of the desired product.

co,Et €.#

->

€ H

cH2oH

9O7oee

o

<- <-+-

THPO THPO THPO

33a 34a

H

6a

Scheme 10

Rosini and coworkers have formed both enantiomers of the tertiary alcohol, 2,5-

dimethylbicyclo[3.2.0lheptan-endo-2-ol 11.35' 36 There is potential for optically pure 2,5-

dimethylbicyclo[3.2.0fheptan-endo-2-ol 11 to be converted to grandisol 1 by the procedure

H

+

35a

o
H

+

HO

1a

l3
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previously usedby Rosini.2e In the earlier synthesis,35 Rosini's group resolved the enantiomers

of 2,5-dimethylbicyclo[3.2.0]heptan-endo-2-ol 11 by fractional crystallization, (lS)-(-)-

camphanic acid chloride was used to from the diastereomeric esters. In the later synthesis36 the

enantiomers of key intermediate 11 are formed form optically active linalool 36. (Scheme I l)'

(cH3)3sicl, EMDS 03, cH2cl2

Py Py, -78"C

ee>967a
36a

CH3MgI

i-
I

_S

I

I-si-
I

o

I

-S
I

I

S

I

4,..

I

-S
I

t-
Ph¡PCHz

DMSO

CHz

ee 64Vo

36b

NMO, TPAP

cH2ct2

2 o

K2CO3, MeOH

OH

H

hn¡ CUOTf

coHo

1la

11b

Scheme 11

These reactions require a stiochiometric amount of the chiral precursor linalool 36 and the

enantiomeric excess of the products are limited by the optical purity of the starting material.
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There is potential for optically active grandisol to be synthesized in a shorter number of steps

by catalyst controlled methods (previously discussed on p. 3). The route to optically active

grandisol proposed in this thesis will hopefully accomplish this goal.

Section 1.3 Proposed Synthesis of Grandisol

Outlined below is an overview of the proposed new asymmetric synthesis of (+)-grandisol 1a

(Scheme 12) Since the racemic alkene 10 can be converted efficiently to racemic grandisol 1r

it should be possible to convert the optically active alkene efficiently to optically active

grandisol by the same route. Therefore, it is proposed to investigate potential new and efficient

routes to this optically active alkene, which use catalytic means of asymmetric induction.

HO

R

37
R=H, R=OH

38 10

Scheme L2

It is proposed that the optically active alkene 10 can be prepared in two ways. It is possible that

asymmetry can be introduced into the allylic alcohol 38 by a kinetic resolution upon

asymmetric epoxidation with the Sharpless epoxidation reagent. The resolved allylic alcohol

would then be converted to the optically active alkene. Alternatively, kinetic resolution of the

racemic alkene 10 may be accomplished by use of the Sharpless asymmetric dihydroxylation

HH

1

HH

reactron.
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Section 1. 3. I Sharpless Epoxidation

The most versatile and widely used method for enantioselective epoxidation of allylic alcohol

is the Sharpless epoxidation. It is also the reagent of choice in the kinetic resolution of allylic

alcohols.3T The reagents involved in this oxidation are tert-btrtyl hydroperoxide (an oxidant),

titanium tetraisopropoxide (a Lewis acid), and a diester of (+)- or (-)-tartaric acid. The reaction

is general for allylic alcohols; it is highly predictable and is often highly enantioselective. The

reaction is chemoselective, such that the double bond oxidized is adjacent to a hydroxyl

bearing carbon, and other double bonds present in the molecule are not oxidized. " The." u."

several reviews dealing with the Sharpless epoxidation.3s' 3e' 40' 4l

The absolute configuration of the epoxide produced by the Sharpless asymmetric epoxidation

can be predicted using a simple model. If the substrate is drawn as shown (Figure 4), the

oxygen is delivered from above the plane if a (-)-tartrate ester is used. If the enantiomeric

tartrate is used delivery will be from below the plane.37' al

(-)-Tartrate

(+)-Tartrate

Figure 4

Sharpless proposes that when equimolar amounts of tartrate and Ti(Oi-Pr)a are combined an

equilibrium is immediately established (Figure 5).This is due to the rapid exchange of titanium

ligands in solution and because the chelating diol (i.e., the tartrate) has a much higher binding

constant for titanium than do monodentate alcohols. After formation of the Ti(Oi-Pr)z(tartrate)

complex, the remaining two alkoxide ligands are replaced in reversible exchange reactions by

the TBHP and the allylic alcohol to give the 'loaded' complex Ti(tartrate)(TBHPXallylic

alcohol). The complex Ti(tartrate)(r-OBu)(epoxy alcohol) is formed after oxygen is transferred

from the coordinated hydroperoxide to the allylic alcohol. Both the epoxy alcohol and r-

butoxide group are then replaced by TBHP and the allylic alcohol regenerating the 'loaded

complex' which completes the catalyti c cycle.al (Figure 6).

1,6
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Ti(Oi=Pr) a + tartrate

ÈPrOH allylic alcohol

Ti{r'-lrOtr,t* alcoholXørtrate)

Figure 5

Ti(oi-Pr) 2(rarrare) TBIP - ï(oi-PrxTBHPxtartrare)

+ Ti(tarrrateXoi-Pr) r + 2 i-ProH

i-PrOH

iPrOH all¡4ic alcohol

TBHP

l-PrOH
Tr(IBFIPXallylic alcoholXtartrate)

'loaded complex'

epoxidation

Ti(O¡-BuXepoxy alcoholXtartrate)

Figure 6

Spectroscopic measurements on the complex in solution strongly support that the major

molecular species formed in solution is the dimeric composite, Ti2(tartrate)z(OR)+. Efforts to

isolate the complex formed, as a crystalline solid, have been unsuccessful. Assignment of the

stmcture has been obtained for a closely related complex, Tiz(dibenzyltartramide)z(OR)¿. By

this analogy the structure shown in Figure 7 has been proposed for the Tiz(tartrate)z(OR)¿

complex. To account for the similarity of all the tartrate ester groups in the ambient

temperature NMR spectrum, an equilibrium between the two structurally degenerate

complexes has been proposed.3T

RO

Figure 7

The kinetic resolution of allylic alcohols by the Sharpless epoxidation reaction is a useful

procedure. This method can be illustrated simplistically with an allylic alcohol that has a

substituent at Cl (Figure 8), but now both enantiofacial selectivity and diastereoselectivity

must be considered. For a given tartrate, because of different diastereomeric interactions, one

X

X

R

L7
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of the enantiomers of the allylic alcohol will react more rapidly. Epoxidation of the enantiomer

that has the R group orientated so it will not be in the direction of oxygen delivery proceeds

normally. Epoxidation of the other enantiomer proceeds at a reduced rate because contact of

between the C-l substituent and the catalyst seriously hinders the required approach of olefin

to oxidant. If there is only enough oxidant to consume all of the faster reacting enantiomer, and

the rate difference is sufhciently high (-25:I), then the reaction will effectively stop after one

enantiomer has reacted. This would leave the slower reacting enantiomer of theallylic alcohol

unreacted.3T'al

(-)-Tartrate

Slower reaction
OH

Faster reaction

(+)-Tartrate

(-)-Tadrate

\ Faster reaction

Slower reaction

(+)-Tartrate R

Figure 8

Although kinetic resolution is most frequently encountered and applied to chiral C-l

substituted allylic alcohols the rationale is also applicable to allylic alcohols with chiral

substituents at other positions.

Sharpless has defined the ratio of the rates of epoxidation of the two enantiomers, k¡¡51/ks¡e* as

the relative rate (kr.¡), where k."1 is related to the percent conversion of the allylic alcohol and

the enantiomeric purity of the remaining allylic alcohol.

Kagan has derived a mathematical relationship for the kinetics of kinetic resolutions. The

relationship can be represented graphic ally.42

R

R

R

OHR
I

H
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The mathematical equation used was:

Ko 
=ln(Al 

¡o) 
=

ln(1- C)(r- ee)

Kn ln(B / Bo) ln(l- C)(I+ ee)

Equation 1

Where C is the fraction of consumption of the racemate, e.e. is the Vo e.e.llD0, and A and B refer to the

concentration ofthe fast and slow reacting enantiomers respectively.

It is interesting to note, from the graph, that a relative rate difference of 100 is nearly as

effective as a relative rate difference of infinity. Even if there is a small relative rate difference

substances with high enantiomeric purity can be obtained, if some sacrifice of yield is

acceptable.

An interesting experimental observation in the Sharpless asymmetric epoxidation is lower

reaction temperatures and larger tartrate groups are factors, which increase the magnitude of

fr¡s1 and consequently improve the efficiency of the kinetic resolution process.ot

Although there are numerous examples in the literature of kinetic resolutions of secondary

allylic alcohols, there a¡e few reported for kinetic resolution on primary allylic alcohols. The

known kinetic resolutions of primary allylic alcohols are illustrated in Table 1. 
a3

I

I
[/ 10

L 5

7/
I 2
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ø
I

t9



Chapter I Introduction

Racemic Substrate 7o e.e. of
recovered

substrate

Recovered substrate
*

contrguratton

6
Ph/V""toH

80
Ph

95

+

enantlomer

85

48

H

70

Table 1

* (+)-DIPT was employed in all cases. Most reactions were run to about 60Vo conversion at -20"C.

In the proposed synthesis of (+)-grandisol la, it is of interest if the Sharpless asymmetric

epoxidation reaction can be successfully used for a kinetic resolution in a molecule where the

chiral centre is remote from the hydroxyl.

Below are shown the enantiomers of the allylic alcohol 38 drawn so the mnemonic of

Sharpless can be used. It is assumed from this mnemonic that when D-(-)-DIPT is used attack

of the complex will come preferentially from the top face in one enantiomers 38a and from the

bottom face in 38b. 'Whereas L-(+)-DIPT will come from the bottom face in the enantiomer

38a and from the top face in 38b (Figure 9).The active complex in the Sharpless epoxidation

reaction is bulky and it is presumed due to the convex/concave face of the allylic alcohol 38

that the convex face will be most open to attack by this reagent, whereas the concave face will

be effectively closed to attack. Thus when L-(+)-DIPT is used, there should be a higher rate of

attack on the right hand side enantiomer 38b, whereas the enantiomer on the left hand side 38a

20
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will be slower. This could result in an effective kinetic resolution, and the optically enriched

allylic alcohol could then be obtained after the reaction (Figure 9).

Favoured orientation
Convex face open to attack

Unfavoured orientation
Concave face closedto attack

D-(-)-DIPT L-(+)-DIPT

fast

HO slow

L-(+)-DIPT D-(-)-DIPT

Favoured orientation
Convex face open to attack

Unfavoured orientation
Concave face closed to attack

fast

slow

38a 38b

Figure 9

Section 1.3.2 Sharpless Asymmetric Dihydrorylation Reaction

The osmium catalyzed asymmetric dihydroxylation (AD) is a more general reaction than the

titanium-mediated asymmetric epoxidation. Whereas the epoxidation reaction requires

coordination of the reagent to the hydroxyl group and therefore only applies to allylic alcohols.

The hydroxylation reaction works with alkenes, and therefore a wider range of substrates is

available. The reaction is easy to perform; it takes place in the presence of water and is

insensitive to oxygen. The reaction consists of four main components, potassium ferricyanide

(an oxidant), potassium carbonate (a base, to help in the hydrolysis of the osmate ester) and

potassium osmate(Vl) dihydrate and the chiral ligand (which together form the chiral catalyst).

It has also been found that the addition of methane- sulfonamide further accelerates the

hydrolysis of the osmium(Vl) glycolate product and is a useful addition to certain reactions. In

particular, this allows high catalytic turnovers, even with sterically hindered substrates.

Because of the 'sulfonamide effect', most AD reactions can be carried out at 0'C, which has a

beneficial influence on selectivity.

The two chiral ligands are diastereomers and not enantiomers due to the

presence of the ethyl group at C3 (Figure l0).However, because of the remote location of this

group, they operate like enantiomers in the AD reaction and have been called

2t
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'pseudoenantiomers' for this reason. The use of the ligands derived from these two

'pseudoenantiomeric' alkaloids lead to diols of opposite configuration but since they are not

enantiomers the e.e.'s obtained, although usually similar, are not identical.

H

Dihydroquinidine (DHQD)
derivatives

R = H (DHQD)

Dhydroquinirc (DHQ)
derivatives

R = H (DHQ)

H

ft= O-DHQD R= -DHO

(DHQD)2-PHAL (DHD)2-PHAL

Figure 10

In a similar manner to the Sharpless asymmetric epoxidation reaction, the dihydroxylation

reaction also has a Ítnemonic. The asymmetric complex formed by osmium tetroxide, the

chiral ligand, and the olefinic substrate delivers preferentially two oxygen atoms to one face of

the olefin, dependent on which antipode of the chiral auxiliary is used. The oxygens will be

delivered from the upper or B-face if a dihydroquinidine (DHQD) derived chiral auxiliary is

used, and from the lower or ü-face if a dihydroquinine (DHQ) derived auxiliary is used when

the alkene is viewed as shown in Figure 11.44

Dihydroquinidine
Derivatives

B-face

Dihydroquinine
Derivatives

Rl = largest substituent

R, = smallest substituent other than hydrogen

Rv = medium-sized substifuent

Figure 11

a-face
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There have been several applications of the Sharpless asymmetric dihydroxylation reaction for

the kinetic resolution of chiral racemic olefins, however with few exceptions the AD reaction

has proven to be ineffective for kinetic resolutions.as The reasons for this are not understood,

Investigations by Sharpless and coworkers have revealed some racemic olefins that are

suitable, these results are summarized in Table 2.46

Olefin Ligand kret Recovered olefin

Ph

(DHQD)2-PHAL 9.1

Ph

Ph

(DHQ)2-PHAL 5

Ph

t-Bu

co2Et

(DHQD)2-PHAL 32.0

(DHQ)2-PHAL 26.5

t-Bu

Table 2

Since the features that define what makes a good substrate have not been delineated and since

one of the intermediates in our proposed scheme is an alkene, it is proposed to investigate

whether or not it also constitutes a good substrate for kinetic resolution.

Section 1.4 Proposed Synthesis of the Key Intermediate Required for Kinetic

Resolution

A kinetic resolution is not the best method of synthesizing optically active compounds. In a

kinetic resolution the desired product is formed in a yield of 50Vo, at best, if there is no way of

incorporating the side product into the reaction scheme. If kinetic resolution is to be used as a

method of inducing optical activity it is best it is used as soon as possible in the reaction

sequence rather than to waste half the hard-earned product at a later stage of the synthesis.
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Therefore, it is important that the synthesis of key intermediates L0 and 38 is accomplished in a

short number of steps. For this synthesis it is proposed that the key intermediate 38 could be

formed in only three steps from readily available material.

Allylic alcohols can be prepared in a number of ways. One of the most direct ways involves the

elimination of epoxides,aT therefore it is proposed that the allylic alcohol 38 can be synthesized

from 3-methyl-2-cyclopentenone in three steps. The retrosynthetic pathway is outlined in

Scheme 13.

o H o

---------
-------l --------l

-10 38 t2

Scheme 13

It is known the bicyclic ketone 12 is available in high yield via a l2+21photocycloaddition on

3-methyl-2-cyclopentenone. Addition of either of Corey's ylidsas on the ketone L2 should give

the epoxide. Treatment of this epoxide with a non-nucleophilic amide base might give the

required racemic allylic alcohol 38.

Section 1.4.1 Corey's Epoxidation Reaction

Mechanistic studies have been carried out using dimethyl-sulfonium methylide [(CH¡)zS+ CHz ]

and dimethyl sulfoxonium methylide [(CH¡)S*=O CHz-].oe Johnson et al discovered reaction of

the stabilized ylid, dimethyl sulfoxonium methylide, was reversible, whereas the addition of

the non-stabilized ylid, dimethyl sulfonium methylide, was irreversible.ae

Due to the convex, concave nature of the faces of the carbonyl group in the bicyclic ketone it is

expected the ylid will preferentially attack from the convex face. Approach of a reagent to the

concave face is subject to a greater steric hindrance than that to the convex face (Figure l2),

but in principle, two epoxides could form 40 and 41.

H
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Convex

Concave

Figure L2

Attack of the stabilized ylid, (reversible addition), on the bicyclic ketone may give the two

epoxides 40 and 4L in a different ratio to that obtained from the non-stabilized ylid. In this case

the ratio of the epoxides formed is not dependent on the preferred side of attack, but on the

relative energies of the transition states from the betaine intermediates to the products. As the

first step in the reaction is fast and reversible, it is the relative rates of the second step which is

product determining. Hence, it is not easy to predict the preferred product (Scheme 14).

fast
slow -reversible

40

reversible

Hs)z

4l

Scheme L4

Attack of the non-stabilized ylicl (ineversible addition), on the bicyclic ketone should give only

a ratio of epoxides which reflects only the ease of approach of the reagent and this reaction

should favour the epoxide shown (Scheme 15).

fast

slow

o

+
irreversible CHs)z

c H2 -+

Scheme L5

40
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Section 1.4.2 Base Induced Eliminations

There are a number of methods in the literature for conversion of epoxides to allylic alcohols;

the most common is the base-promoted reaction of epoxides. A review in Organic Reactions

discussed the effect of strong nucleophilic bases on epoxides.aT

Several isomeric products are formed on treatment of epoxides with strong bases. This reaction

can occur with remarkable selectivity. Reaction of ct-pinene oxide with lithium diethylamide

selectively converts the epoxide to an allylic alcohol with positional and stereochemical control

(Scheme 16).to

LiNEt
.oH

(90-95Vo)

Scheme L6

The allylic alcohol is not always the major product. Cis-cyclooctene oxide is converted to

endo-2-bicyclo[3.3.0]octanol with the allylic alcohol as the minor product, but presumably in

this case the propensity to transannular reactions predominates (Scheme 17).Occasionally an

isomeric carbonyl compound is produced a7 (Scheme 18).

LiNEr2

(r6Vo)

Scheme 17

(7o7o)

LiNEb

(46Vo)

Scheme 18

It has been observed that isomerisations of cis- and trans-4-terl-butylepoxycyclohexanes with

lithium diethylamide proceed by syn elimination. The trans isomer reacts more readily and

only the allylic alcohol products shown are observed (Scheme 19). Deuterium-labeling

HO
I

+
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experiments (Scheme 19) show that the epoxide is transformed to the predominont allylic

alcohol by loss of the adjacent cis deuterium atom.47

OH
.o

I ,OH
LiNEt,

f-c4H 9
-D

t-Cq f-c4H9

(91:3)

Scheme L9

The cis-epoxide reacts more slowly and yields two cyclohexanone products as well as the two

diastereomeric corresponding allylic alcohols, as produced in the tranvelimination. The

deuterium labelled epoxide gives the allylic alcohol with retention of the deuterium label, via a

syn elimination (Scheme 20).

LiNEt, o

-D

+

o

+

t-Cq f-c
tD 

t-Cq
22:4

OH

+ +

t-C+
-D lC+ D

50:24

Scheme 20

It is believed there is coordination of an oxygen lone pair with an electron-deficient lithium

centre as represented by the complex 42 \n Scheme 2l (rbe lithium amide reagent is depicted as

monomeric for simplicity). Decomposition of complex 42 in a cyclic, concerted manner

provides a route to allylic alcohol products, via rcmoval of a syn hydrogen (Scheme 21).

NRz
f;coHn

D

f-c4H

42

Li

Scheme 21
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Ketone formation occurs when neither B-elimination or transannular insertion processes are

possible, or from further isomerisation of allylic alcohols under the reaction condition. There

are two postulated pathways to give enolate anions. The first is an cr-elimination, followed by a

hydrogen migration from the adjacent ring carbon, pathway a. The alternative is an

electrocyclic ring opening, sometimes called a B-elimination, pathway b (Figure 13).

oli oli
nö-ðun,+ nHc=ðn'

Path a

R p. RCH2coR'

RHC_CHR'+ RL|C_CHR'

I

I Path h
I

V

RÇ=Cnn'+ RCOCH2R'

OLr

Figure 13

When the B--elimination process is slow a competing cyclization process, as in crs-cyclooctene

oxide, the bicyclic alcohol is observed (Scheme l7).Experimental evidence suggests this

occurs via a carbenoid mechanism, the initial step involves metalation of the epoxide ring. The

metalated epoxide is thought to undergo an cr-elimination then insertion of the carbenoid centre

into a neighbouring C-H bond. a7

Lithium diethylamide is the base of choice in isomerisations of epoxides to alcohols; it

generally favors allylic alcohol formation even for epoxycycloalkanes, which undergo epoxide

metalation. Nucleophilic addition of the base to the epoxide is often a problem; this can

normally be solved with the use of bulkier lithium amides. However, an increase in steric

hindrance of the reagent can result in an increase of metalation with epoxycycloalkanes,

leading to ketone formation or transannular insertion.

All the experimental observations, discussed above, are on non-terminal epoxides; there are

only a few examples of the formation of allylic alcohols from terminal epoxides. One example

is B-Pinene oxide which undergoes isomerisation with lithium diethylamide to give the

corresponding allylic alcohol in an SIVo yield (Sch eme 22)?l
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LiNEt,

Scheme 22

Section 1.5 Previous Syntheses of MCL

Another pheromone of interest to this thesis is 1-Methyl-2-cyclohexen-l-ol (MCL) 2, a

pheromone produced by the Douglas-fir beetle. The Douglas-fir beetle, Dendroctonus

pseudotsugae, is a bark beetle, which is a serious pest of the Douglas-fir tree, Pseudotsuga

menziesii.In the past control measures have consisted of application of orthodichlorobenzene,

trichlorobenzene, dichloroethylether or ethylene dibromide in either diesel oil or water

emulsion.s' One approach to safely control the Douglas-fir beetle has been to use

semiochemicals either to induce attack and contain infestations around certain trees,s3 or to

repel beetles from trees by treatment with pheromone components.54

The female Douglas-f,rr beetle releases a complex mixture of pheromon"r.55't6 The compound

1-Methyl-2-cyclohexen-1-ol (MCL) 2 has been identified as a component of the aggregation

pheromone of the female Douglas-fir beetle (Figure 14).

43

Figure 14

1-Methyl-2-cyclohexen-1-ol (MCL) 2 has been made by several different methods. Although

the structure is simple, difficulty has been encountered synthesizing pure enantiomers due to

the allylic and tertiary nature of the hydroxyl group. Pure enantiomers have been prepared by

rearrangements of optically active seudenol (3-methyl-2-cyclohexen-1-ol) 43, which is a chiral

pool compound obtained by enzymatic -eans.57'tt'5e

t

One of the most direct syntheses for formation of MCL 2 is outlined in Schem e 23.s7
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TsCl

cH2ctz csHsN

NaI, NaHCO3

DMF

"ro+

2

Scheme 23

Optically active 1-methyl-2-cyclohexen-1-ol 2 has been prepared, by a previous worker in

these laboratories, by asymmetric synthesis as outlined in Scheme 24.60 Asymmetry was

introduced with the Sharpless asymmetric epoxidation of cyclohex-l-enylmethanol 44.60

Subsequent functional group manipulation, as outlined, allowed conversion of this material

with excellent control of the stereochemistry, to the desired product. Unfortunately synthesis of

the allylic alcohol 44 took a number of steps and the overall synthesis was not efficient.

...-oR ..-oR
OH

,rrrseph

R=H
ft = p-nitobenzyl

Ph.-

Ph

Scheme 24

An alternative, shorter route to optically active MCL 2 was discovered in the author's Honours

y"ur.6t The synthetic pheromone, MCL 2, was synthesized optically active in three steps from

1-methyl-1-cyclohexene 46 (Scheme 25).A Sharpless asymmetric dihydroxylation reaction on

1-methyl-1-cyclohexene 46 gave the optically active diol47 in an enantiomeric excess of 52Vo.

sQT:QH

mCPBA

9H:

43

OH

44
Ph

45,

H
Ts

R
R
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Due to the volatility and water solubility of the diol47 a modification of the standard work-up

procedure was required. The enantiomeric excess was determined by chiral shift NMR

experiments on the corresponding secondary mono acetate.

Conversion of the diol to the mono secondary tosylate 48 gave material that, as expected was

only ca. 75Vo of the major enantiomer. The optical purity of the tosylate was determined by

chiral shift NMR experiments. Recrystallization from diethyl ether and hexane gave material

with an enantiomeric excess of 78Vo, i.e. 897o of the major enantiomer. Inconveniently, the

racemic tosylate is less soluble than the optically active compound and, of course, yield needs

to be sacrificed to improve the enantiomeric excess.

It was envisaged the tosylate in the presence of phenyl selenide anion might give the

corresponding selenium compound 49. Oxidation would give the selenoxide, which is the

enantiomer of the selenoxide prepared previously in Scheme 24.

H
TsCl

þridine

S

ePh

AD-B-mix

HrO
f-BúOH

46 47 48

,ñOH

trrOH

2

I

I

I

I

I

I

I

I

I

I

v

Ph

Scheme 25

Treatment of the tosylate 48 with phenyl selenide anion, formed by addition of sodium

borohydride to diphenyl diselenide, proceeded directly to the pheromone 2 (Scheme 26).The

initial reaction gave a mixture of the alcohol 2 and the ketones 50 and 51. A base treatment of

the tosylate, /-BuOK, gave the ketones 50 and 51 by a negative ion pinacol rearrangement.62 It

was concluded the ketones were artifacts formed from adventitious sources of base. A wash of

49
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the glassware with ammonium chloride solution before reaction of tosylate 48 with phenyl

selenide anion obviates the formation of these ketones 50 and 51. However, the optically active

pheromone 2 was formed in only a 237o yield from the optically active tosylate 48 with

inseparable impurities present.

o

PhSe
+

48250sl
Scheme 26

The enantiomeric purity of the tertiary allylic alcohol 2 could not be determined directly by

chiral shift experiments. Conversion of the alcohol 2 to the epoxide 52 with a buffered solution

of 6CPBA (meta-chloroperbenzoic acid) gave two diastereomers. The cls and trans isomerc 52

and 53 were obtained in a ration of 93:7 (Scheme 27).

NaHC03 ,.rOH

..lo +
øCPBA

52 53

Scheme 27

Chiral shift NMR analysis on the racemic epoxide 52 showed partial separation of the epoxy

protons. Unfortunately, due to the contamination of the cls-epoxide 52 with its rr¿ns isomer 53

baseline separation was not achieved. The exact enantiomeric excess of the optically active

epoxide could not be determined and it was unknown if the optical purity of the tertiary alcohol

was maintained in the elimination of the tosyl group.

To complete this synthesis several aspects need to be investigated. It needs to be determined if

the optically active tosylate 48 can be recrystallized to a higher enantiomeric excess and if the

optical purity of the tosylate 48 is maintained in the elimination reaction. In addition, it would

be of interest to investigate further the mechanism of the unusual elimination reaction initiated

by phenyl selenide ion. The asymmetric synthesis of MCL 2 is discussed in Chapter 5 of this

thesis.

o

+

2
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CHAPTER 2

AND DISCUS

FORMATION OF A KEY INTERMEDIATE

Section 2.1 Formation of the Bicyclic Ketone

The initial step of the synthesis was the formation of the bicyclic ketone l2r, via a 12+21

cycloaddition reaction (Scheme 28).

o H

cll2cl2
-78"C

(x,)-l2r

Scheme 28

This reaction has been done before, however, the non-availability of the required apparatus

meant modification to the procedure was required. Therefore, a discussion of the main feature

of the reaction is pertinent. The bicyclic ketone 12r has been synthesized on two different

scales by the same research group in the literature.63'64 In both references the bicyclic ketone

l2r is synthesized from the corresponding unsaturated ketone 54 via a 12+21

photocycloaddition reaction. The first example irradiates a 20 gram solution of 3-methyl-2-

cyclopentenone 54 with a 450-V/ mercury arc at -70'C for 48 hours, to give the bicyclic ketone

l2r in an85Vo yield.63 The second approach uses a 1000-V/ street lamp at -75'C on a 25-gram

scale of ketone 54, to yield the bicyclic ketone l2r after 12 hours in a gOVo yield.6a Both

procedures recofitmend the reaction being performed in a triple walled Dewar vessel

constructed of Pyrex (Figure 15). The inner vessel consists of a water and vacuum jacket,

permitting safe use of circulating tap water as a lamp coolant when irradiations are performed

at -78'C. The outer jacket is a cylindrical vessel of suitable volume, fitted \ryith a coarse fritted

disc, for gas dispersion. Three layers of Pyrex constitute an effective filter for the light in the

280-300nm region and secondary photolysis products are rarely observed.

o

54
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Figure 15

Because this is the start of a synthesis, the larger scale higher yielding procedure was desirable.

The exact apparatus described above was unavailable in these laboratories, due to limitation in

the glassblowing facilities available, and could not be made as described. A suitably modified

apparatus was built. It is similar to the apparatus described above, except that a stainless steel

metal pot and nylon seal form the outer jacket, which constrains the reagent. A sintered glass

filter is required so ethylene can be bubbled though the system, acting as a reagent and a stirrer.

This was led through the side of the metal pot. The dimensions of the inner jacket are nearly

identical to the recommended apparatus above.

m0D

m00

Complications arose in the formation of the bicyclic ketone l2r as commercially available 3-

methylcyclopentenone 54 was contaminated with up to five percent acetonylacetone 55 (as

determined by tH and r3C NMR65). Initially the bicyclic compound was synthesized, with the

diketone 55 contamination present, with the above described large scale reactor (Scheme 29)

The diketone impurity 55 remained unchanged after the reaction.*

* 
The experimental details for the synthesis of the bicyclic ketone 12r, with the diketone 55

contamination present, have not been included.
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o
tru 1000W
ethylene

cwclz
-78"C

(t)-12r 55

Scheme 29

The boiling points of the two ketones (12r and 55) differ by 2-3"C at 65mm/Hg and attempts at

purification of the product by spinning band distillation were moderately successful. The

diketone 55 could not be removed completely and recovery of the pure bicyclic ketone 12r was

poor. Although separation of the two ketones l2r and 55 by chromatography was possible on a

small scale, this was impractical on a large scale.

Girard T reagent 56 can be used to separate the ketonic material from non-ketonic material.

There is an example in the literature for separation of a saturated and unsaturated cyclic

material (Figure 16) with the Girard T reagent.óó

Figure L6

Girard T reagent 56 is a water soluble amine which forms water soluble hydrazones with

ketones under acidic conditions (Figure 17).

HzN CHs

56

Figure 17

o. B-
Since saturated ketones react considerably faster than^unsaturated ketones with nucleophilic

reagents it was considered that the diketone 55 should react with Girard T reagent in preference

to 3-methyl-2-cyclopentenone 54, even through the latter is in a greater amount. The

commercial ketone mixture in the presence of a llVo solution of Girard T should result in

++
o

5455

o

ó

H
I

N
H3c

Ir
HsCo
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reaction of the saturated diketone to form the water-soluble hydrazone 57 whereas most of the

cyclic ketone 54 should then be recovered unchanged. Extraction of the saturated derivative 57

with water would then leave the 3-methyl-2-cyclopentenone 54 in the organic solvent.

Application of this procedure to the commercial ketone followed by a distillation gave the pure

ketone 54 in a 77Vo yield of recovered material (Scheme 30). However, this was a rather

tedious procedure.

lÙVo GirardT
cH3co2H

cH3cH2oH NR

54 54 57
R=NHCOCHzN*(CH¡)¡ CI-

Scheme 30

To avoid the need for purification of the commercially available 3-methyl-2-cyclopentenone

54, the desired ketone 54 was synthesized by a method that assures total reaction of all the

starting material.6T'68 Reaction of acetonylacetone 55 with aqueous potassium hydroxide gave

3-methyl-2-cyclopentenone 54 in a 45Vo yield, after purification by distillation from polymeric

material. (Scheme 3l).The ketone was>99Vo pure by GC analysis.

2.IVo KOH

o
54

Scheme 31

Repetition of the photochemical reaction on a larger scale with the ketone 54, containing no

impurities, gave after distillation of the solvent the required bicyclic ketone l2r in a77Vo yield

(Scheme 32).A careful distillation is required when solvent is removed because the product is

volatile and otherwise a considerable amount of the volatile product can be lost. It was found

that the position of the tH NMR signals for this product correspond to the literature values run

at a lower field strength,63 but due to the greater complexity of the signals at 300 MHz it was

not clear if the product was really the desired cis-isomer 12c. The literature values in carbon

tetrachloride consist of a 3H singlet at ô1.30 and a 9H multiplet in the region 1.55-

NRoo

++

o

55

oo

55

36



Chapter 2 R&D

2.6.26'2e'63'6e'70 Previous syntheses of this bicyclic ketone from the photochemical reaction have

assumed the product is c¡s, however thelH NMR signals are not well resolved.63'64

cH2cH2
HHhoo

+cH2cl
-78"C

54 l2c l2t
Scheme 32

From the Woodward and Hoffman rules,7l a concerted [2+2fcycloaddition can only proceed

via a suprafacial attack. This results in cis stereochemistry of the product, unless a radical

reaction occurs. Corey, in his caryophyllene synthesis noted both the cis and fr¿ns isomers

were formed during a 12+21cycloaddition, this was reasoned by an 'orientated n--complex'

intermediate in triplet state photoannelations of cyclohexanones.tt Surprisingly the trans

isomer was the isomer formed in a higher yield.1z (Scheme 33).Corey's caryophyllene alcohol

synthesis also gave cis and trans isomers 73 
lscheme 34).

Y +
lru

oo

+
-40"c

HH

hù H

Scheme 33

o
translcis 4:I

HH HH

H++ +
H H-10'c

l27o l4Vo 74Vo

Scheme 34

There is also a recent mention in the literature of a 'triplet exciplex intermediate' in a [2+2)

cycloaddition.Ta Inadiation of 1,1-diphenylethylene with 4,4-dimethylcyclohexenone in

cyclohexane gives four major products. Two of the products are the expected head to tail

cyclobutanes. The other two products arise from an cr-ortho ring closure followed by a 1,3-

hydrogen shift, previously observed in alkene triplet state photoadditions 7a (Scheme 35).

l2+Z]has been used as an abbreviation for ln2+n2]. The stereochemistry of the orbitalt

interactions has been omitted
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Scheme 35

The rH NMR spectrum obtained for the product of the photochemical reaction l2r showed a

sharp singlet resonance atõI.23, due to the methyl group. The remainder of the spectrum is

difficult to interpret at first sight and does not correspond with that naively expected for the

compound. A complex pattern, consisting of 5H, occurs in the region ô1.5-2.1 and an

unresolved multiplet of 3H is present in the region õ2.2-2.4. A resonance at 82.10, integrating

for lH, is complex and it was not immediately obvious if this resonance was a doublet of

doublets of doublet or two doublets of doublets (Figure 18).

+

z.t ?.G 2.s 2.a 2.3 2.2 2.1 2-a 1.9 1.6 1.7 1-6

H

HH

+

Ph

H

HPhH

The 600 MHz lH NMR spectrum of the bicyclic ketone 12.

Figure L8

In the bicyclic ketone t2r the proton which was expected to be furthest downfield is Hl

(Figure 19). This methine proton should only couple with its vicinal neighbours and therefore

would exhibit a doublet of doublets resonance with coupling constants of approximately 9-13
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Hz.7s For the lH NMR signals (Figure 18) to be consistent with this coupling, perhaps cis and

trans lsomers of the ketone are present from the photochemical reaction. Each proton would

exhibit a doublet of doublets. Hence, the resonance atõ2JO would result from two overlapping

doublet of doublets occurring in a 1: 1: ratio.

Ha

D

(t)-58r

Scheme 36

H5

Figure 19

Consequently, from this interpretation of the tH NMR data it is possible both the cis and trans

isomers of the bicyclic ketone could have formed in a :1:1 ratio. However, the t'C NMR

showed only eight resonances and from this and the fact that there is only one sharp signal for

the methyl group in the lH NMR, it is presumed only one isomer of the bicyclic ketone has

formed.

This means the tH NMR spectrum was in need of a different interpretation and some

expenditure of effort was needed to clarify the situation. The signal at õ2.70 was clearly a

doublet of doublet of doublets with coupling constants of 9, 11, and 18 Hz. The coupling

constant of 18 Hz suggests geminal coupling to an adjacent neighbour. Therefore, it is more

likely that this resonance is due to the endo or exo proton of the methylene group (H3) on the

other side of the carbonyl and not the methine proton (H1), as first presumed.

Exchange of the acidic protons in the bicyclic ketone 12r with deuterium oxide-potassium

carbonate confirmed which protons were adjacent to the carbonyl group in the tH NMR tt

(Scheme 36).

o H

Dzo -
DH

K2C03
TIIF

(t)-12r

+D

(t)-59r
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The rH NMR of the product formed from refluxing the ketone 12r in THF with potassium

carbonate and deuterium oxide lacked the doublet of doublet of doublets at ô2.7 and the

complex signal at õ2.23-2.35 now integrated to IVz H, rather than 3H. (Figure 20) The two

methylene protons at the C3 position are expected to exchange more rapidly than the proton at

Cl, mainly due to the difficulty of enolate double bond formation exo to a four membered ring.

The mass spectrum revealed the mono, di (59r) and tri (58r) deuterated ketones were present in

a ratio of 3.5:24:3.8, this could be determined from expansion and integration of the peaks at

I25,126 and L27 in the mass spectrum.

?.7 2.4 2.a t.3 2.2 ¿.t Z.a r.t 1.r L.7 l.l 1.5 !'4 P9r

The 300MHz rH NMR spectrum of the deuterated ketones 58r and 59r

Figure 20

From the simplification of the complex in the region õ2.23-2.4 it is presumed the resonance for

the other proton at C3, which is expected to be a doublet of doublet of doublets, occurs at

approximately õ2.4. The proton at Cl, which is partially exchanged, also occurs in the region

õ2.3-2.4 (Figure 20).

From this, it is confirmed that one of the protons at the C3 position is responsible for the

doublet of doublet of doublets at õ2.l.It appears as if the two protons at C3 are in different

chemical and magnetic environments and therefore exhibit different chemical shifts.

Confirmation of this can be seen from the HETCOR spectrum (Figure 21). With the use of

HETCOR and COSY experiments all the protons in the bicyclic ketone l2r can be assigned

(The COSY spectrum is reproduced in Figure22).
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The HETCOR spectrum of the bicyclic ketone 12.

Figure 2L

f2
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Fl (ppi)

The 600 MHz COSY spectrum of the bicyclic ketone 12.

Figure22
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Chapter 2 R&D

The rH NMR of the cis bicyclic ketone L2r shows a sharp 3H singlet as ô1.26 due to the

resonance of the methyl group. A2H complex in the region of ô1.55-1.80 is due to one proton

atC4 and one proton at C6, the 2H complex at õ1.81-1.95 is due to one proton atCT and one

proton atC4. The other proton atCT exhibits a lH multiplet at õ2.0-2.1. The 3H complex at

õ2.25-2.42 is due to the proton at Cl, one proton at C3 and one proton at C6. The other proton

at C3 exhibits a doublet of doublet of doublets with a geminal coupling constant of 18 Hz and

two vicinal coupling constants of 9 and Il Hz

6

7

o
Figure 23

It was of interest if the doublet of doublet of doublets at õ2.7 was due to H3o or H35. (Figure

24) A NOE difference experiment, on the resonance at õ2.7, shows no enhancement of the

methyl resonance at ô1.2. There is enhancement of the resonances at õ2.4, I.9 and 1.7. It is

presumed that the enhancements result from interaction of the proton at C3 with its geminal

and vicinal (C4) neighbours. A NOESY experiment on the bicyclic ketone 12r shows a large

number of cross peaks and no useful information about the position of Ho or H6 could be

obtained. The NOESY spectrum is reproduced in the appendix. In conclusion, it could not be

determined by NOE or NOESY experiments if the doublet of doublet of doublets at ô2.7 was

due to the exo or endo proton at C3.

Ha

o
Figure 24

In the literature, the bicyclic ketone L2r has been used in the syntheses of numerous

compounds, hence it must initially have been the cis ketone. Our concern was that the products

of the previous photochemical reactions could have been both the trans and cls isomers that

4

J

H;
I
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then rapidly equilibrated to solely the cis product. However, the lH NMR of the product of the

photochemical reaction gives only one compound. The fact that it does not equilibrate to a new

structure proves that it was cis product.

After confirmation that the product from the photochemical reaction was the desired cis

bicyclic ketone 12, the next step of the synthesis was formation of the corresponding epoxide.

Corey's sulfoxonium salt 60 was the reagent initially used, this salt 60 is easier to synthesize,

and reaction conditions are not as complicated as for the sulfonium salt 61.

Section 2.2 Reaction with Corey's ylids

The geometrical optimized structure of the bicyclic ketone 12r is shown in Figure 25l, this

confirms that the bicyclic ketone has a concave/convex structure. The top convex face is open

to attack, whereas attack from the bottom concave face is not favoured. From the optimized

structure, it is proposed that a nucleophile will preferentially attack the top open face.

Figure 25

To ensure that the corect procedure was employed the stabilized ylid epoxidation reaction was

tried initially on benzophenone, a compound for which the reaction is reported in the

literature.as It was found for the reaction to proceed cleanly and in good yields extremely dry

conditions were required. The ylid ((CH¡)2O=S+ 'CHù was formed by addition of (CHr)3S*OI

60, at ambient temperature, to a suspension of sodium hydride in DMSO. Addition of

benzophenone to this solution and heating of the reaction mixture to 55'C gave the

corresponding epoxide 62 in al6Vo yield after work up and removal of the solvent (Scheme

37).

/ The geometry optimization was calculated using the molecular modeling program

SPARTANTM. An AMl basis set was used. The energy calculated was -168.653 KJ/mol.
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DMSO
NaH

(cH3)3s+of

5sec
62

Scheme 37

Reaction of dimethyl sulfoxonium methylide with the bicyclic ketone l2r gave two epoxides

40r and 4Lr, it was hoped only one isomer would form (Scheme 38).Initially the epoxides 40r

and 41r were obtained in a low yield, due to the volatility of the products. If the solvent was

carefully removed by distillation the two epoxides 40r and 41r were obtained in a good yield

of 75Vo, after purification by a short path distillation.

DMSO
NaH +

(cH3)3os+I-
55"C

(t)-12r (t)-40r

Scheme 38

(t)-41r

For simplicity, throughout this thesis the epoxide with the oxygen cis to the methyl group 41r

is delrned as the exo-epoxide. Similarly, the epoxide with the oxygen trans to the methyl group

40r is defined as the endo-epoxide.

The lH NMR spectrum at 2O0 MHz the two epoxides 40r and 41r was initially difficult to

interpret due to the complexity of the resonances. A thorough interpretation of the NMR was

necessary to determine which resonances belonged to the same epoxide. The acquisition of a
tH NMR at 600 MHz eventually clarified the situation somewhat.

The 600 MHz rH NMR spectrum shows two sharp 3H singlets at ô1.20 and L26, each

presumably due to the resonances of the methyl groups of the respective epoxides. The two

methylene protons at Hl' are diastereotopic and exhibit an AB quartet at 200 MHz. However,

at 600 MHz the resonance disperses and each epoxide now exhibits two doublets, each due to a

methylene proton. The two doublets atõ2.10 andõ2.79, are from protons of the same epoxide

formed in a higher yield, they have a geminal coupling constant of 4.5 Hz. The two doublets at

44



Chapter 2 R&D

õ2.73 and õ2.82 belong to the other epoxide and have a geminal coupling constant of 5.3 Hz.

The peak at õ2.73 displays a long range W-coupling of 0.8 Hz at 200 and 300 MHz. (Figure

26).It could not be determined which epoxide has the correct geometry to exhibit a W-

coupling. Normally geminal coupling constants are large in the order of 9-15 Hz.7s The

geminal coupling constants observed for the two epoxides 40r and 41r are 4.5 and 5.3 Hz,

smaller than expected. However, the geminal coupling constant of a proton on a cyclopropane

ring is 3-9 Hz. nOj5rt electronegative elements also donate electrons into the antibonding o*-

orbital of the protonithis results in a smaller coupling constant,Ts fhese two factors could both

explain the size of the geminal coupling constants observed for the epoxides 40r and 41r.

o 2.8 2.6 2.4

A section of the 200MHz tH NMR spectrum of the two epoxides 40 and 41.

Figure 26

A large undefined complex signal in the region of ô1.45-2.20 is due to eight of the ring protons

from each epoxide. One of the methylene protons adjacent to the epoxide group (H3o) from the

lesser formed epoxide resonates as a triplet of doublets at õ2.45, with a geminal coupling of 13

Hz and aJ Hz vicinal coupling. One of the protons atC3 of the major epoxide resonates as a

triplet of doublets at ô2.45, with a geminal coupling of 14 Hz and an 8 Hz vicinal coupling.

The position of the protons at C3 in the tH NMR spectrum was determined by COSY and

HETCOR experiments on the pure endo-epoxide 40r. Formation of this epoxide will be

discussed later in 'Chapter 2, Results and Discussion'.
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From integration of the methyt resonances it is found that the two epoxide isomers 40r and 41r

are formed in a ratio of 4.3:5.7 (Figure 26).However, the structure for the major and minor

epoxides could not be assigned solely from their tH NMR chemical shifts. It was determined

later after several experiments that the major product was the isomer 41r with the oxygen ci.s to

the methyl group.

An extensive literature search of reactions with the stabilized ylid revealed adaptations of

Corey's procedures. As sodium hydride is hazardous on large, industrial scales, an alternative

less reactive base, potassium tert-butoxide, was used to form the ylid.76 Trimethylsulfoxonium

iodide and potassium /¿rr-butoxide in DMSO produces the corresponding ylid, which reacts

with aldehydes and ketones at ambient temperature to produce the corresponding epoxides'76

Use of this procedure on the bicyclic ketone l2r gave the two epoxides 40r and 41r in a 67Vo

yield after purif,rcation by chromatography (Scheme 39).

DMSO
r-BuOK +

(cH3)3os+f

RT
(t)-12r (t)-40r

Scheme 39

(t)-41r

Interestingly, the two epoxides 40r and 41r formed in a 5.7:4.3 ratio. That is the major epoxide

now formed was the minor epoxide formed when sodium hydride was used as the base and the

reaction temperature was 55"C. The region from ô2.4-2.9 of the lH NMR spectrum is

reproduced inFlgure 27 .

Figure2T
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It was of interest to see what occurred when Corey's non-stabilized ylid reacted with the

bicyclic ketone. As previously discussed in the introduction it was expected that a different

ratio of isomers would form and it was hoped that the two epoxides (above) could then be

correctly identified.

Again, to ensure the correct procedure was employed the reaction was tested on benzophenone.

Dimethyl sulfonium methylide was formed by initially heating a solution of DMSO and

sodium hydride to 70oC, to form the corresponding anion, the solution was then diluted with

THF and cooled to 0"C whereupon trimethylsulfonium iodide is added. The ketone is

subsequently added at 0"C and the reaction mixture was then stirred at ambient temperature.

Under strictly anhydrous conditions, the corresponding epoxide 62 was obtained in a lÙVo

yield (Scheme 40).

o
DMSO, THF

NaH

(cH3)3s+f
0"c

62

Scheme 40

Under identical conditions, as above, addition of dimethyl sulfonium methylide, to the ketone

at 0'C gave in a68Vo yield after purification by distillation, only one epoxide (Scheme 41).

DMSO
TFIF

lcHr)rS*cH2-
o 0'c
(x.)-t2r (t)-40r

Scheme 41

It was presumed that the epoxide from the reaction was the endo-epoxide 40r. This rationale is

based on the argument presented in the introduction, that the top of the bicyclic ketone being

more hindered than the bottom side for attack by a nucleophile. Further support for this

conclusion is presented later.
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The rH NMR spectrum at 600 MHz showed a sharp singlet at ô1.26, for the methyl group. The

resonance at ô1.50 is a lH triplet of doublets due to one of the protons at H4. The 2H complex

at õ1.67 is due to one proton at C3 and the other proton of C4. The 2H complex is due to a

proton at C6 and the methine proton at Cl. The lH multiplet at õ2.06 is due to one proton at

H7. The other proton at C3 resonates as a triplet of doublets at õ2.45, with a geminal coupling

of 13 Hz and a7 Hzvicinal coupling. The epoxide protons at C1'appear as two doublets at

õ2.73 and õ2.82 and have a geminal coupling constant of 5.3 Hz. The region of õ2.2-2.9 of the

tH NMR spectrum is reproduced below (Figure 28).This spectrum clearly corresponded to that

of the minor epoxide present in the mixture of epoxides prepared previously.

2.C 2.3 2.1 2.2 2.î 1.E 1.6 1.4 L.Z

The rH NMR spectrum at 600MHz of the epoxide 40.

Figure 28

The protons at C3 were identified by interpretation of the HETCOR and COSY spectrum

(Figure 29 and Figure 30).
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The HETCOR spectrum of the epoxide 40.
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In an attempt to confirm the stereochemistry of the epoxides from the ylid reactions the

epoxides were formedvia a different route. It is expected one face of the bicyclic alkene 9r

will be more hindered to approach than the other. Epoxidation of the alkene 9r, with nCPBA

should give the exo-epoxide 41.r as the major product (Scheme 42).

ruCPBA

Et20
NaHC03

+

o
(t)-9r

A Wittig reaction on the bicyclic ketone 1^2r gave the desired alkene 9r (Scheme 43). The

product was very difficult to handle due to its volatility and the alkene was obtained in a yield

of only 40Vo. The tH NMR spectrum showed a sharp singlet at ô1.20, for the methyl group.

The ô1.5-2.3 region of the spectrum is complex as signals from seven of the ring protons

overlap. The doublet of multiplets at õ2.42 has a coupling constant of 17 Hz, it is presumed this

resonance is due to one of the protons at H3 which coupling to its geminal neighbour. The

other proton at C3 resonates as a multiplet at ô2.75. The alkene protons appear as two broad

singlets at ô4.66 and õ4.76.

PH3PCH3I

r-BUOK
Et20

(t)-12r (+)-9r

Scheme 43

Conversion of the alkene 9r to the epoxides 40r and 4Lr was performed by addition of TnCPBA

to the alkene 9r dissolved in the co-solvent system of diethyl ether and aqueous sodium

bicarbonate, at two different temperatures. At -5"C two epoxides resulted in a 2:8 ratio, the

major isomer formed was same as the minor product formed in the non-stabilized ylid reaction.

At a lower temperature, -12"C, the reaction was more selective and a :1:9 ratio of the two

epoxides resulted. This is consistent with the major epoxide, formed from reaction of øCPBA'

with the alkene 9r, having the structure 4lr since attack from the convex side of the molecule

(t)-40r
minor

Scheme 42

(t)-41r
major
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is expected to be favoured (Scheme 42).Figure 31 shows epoxide proton region of the rH

NMR at 300 MHz for reaction at -5 and -12"C

-5'C

I

2.5

-12"c

Figure 31

In order to correlate the reactions of the bicyclic ketone 12r with Corey's ylids, a few more

varyied reaction conditions using these ylids were required. Also, in the hope to understand the

ratio of the epoxides 40r and 41r obtained when this reaction was first run molecular modeling

calculations were performed on the epoxide products.

Shown below are the geometrical optimized structure+ of the two epoxide isomers 40r and 41r

(Figure 32).

(t)-40r (t)-41r

Figure 32

T The geometrical optimizations were calculated using the molecular modeling program

SPARTANTM. An AMl basis set was used.

ì

2.8

51



Chapter 2 R&D

The energy calculated for the geometrical optimized structure of 40r was -43.939966 KJ/mol.

The energy calculated for the geometrical optimized structure of 41r was -44.834451 KJ/mol.

The valuable information obtained from these calculations is that the isomer with the epoxide

cis to the methyl group 41r is slightly more stable, and it can be postulated that this isomer is

the thermodynamic product from the stabilized epoxidation reaction. However, it it is worth

noting that these calculations are performed in the gas phase and also that due to the authors

inexperience in molecular calculations they may not be entirely soundly based. From the

molecular modeling results, it is expected the ratio of the two epoxides 40r and 4Lr would be

approximately 1:1. Experimental results do not reflect this ratio and under different reaction

conditions the formation of one isomer of the epoxide is always preferred.

Reaction of the bicyclic ketone 12r with dimethyl sulfoxonium methylide, formed by reaction

of sulfoxonium salt 60 with the anion of DMSO, at ambient temperature gave a ratio of 4.3:5.7

of the endo-epoxide 40r and the exo-epoxide 4lr respectively (Scheme 44).That is the same

ratio as previously obtained when the reaction was performed at 55'C.

DMSO
NaH +

(cH3)3os+f
RT

(t)-12r (t)-40r

Scheme 44

(t)-41r

Reaction of the bicyclic ketone 12r with dimethyl sulfoxonium methylide, formed by reaction

of sulfoxonium salt 60 with potassium f-butoxide in DMSO, was attempted at 55'C (Scheme

45) After the solution was worked-up the lH NMR spectrum of the crude product revealed that

the epoxides 40r and 41r had formed in a ratio of 5.5:4.5 (endo-epoxide 40r : exo-epoxide

41r), as determined by computer integration of the methyl resonances in the 'H NMR

spectrum. That is the ratio of epoxides is almost identical to the ratio obtained when the

reaction was performed at ambient temperature with potassium r-butoxide. The lH NMR

spectrum of the crude product was not as clean as when the reaction is performed at ambient

temperature, this is presumably due to the prolonged heating of the DMSO. It appears that the

ratio of the epoxides formed is dependent on the base used and not the temperature of the

reactron
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DMSO
r-BuOK

(cH3)3os+I
55'C

(t)-12r (t)-40r (t)-41r

Scheme 45

The results from all the reactions for formation of the epoxide isomers 40r and 4lt are

correlated in Table 3.

Table 3

The formation of the epoxide 41.r as the major product from the nCPBA reaction can be

rationalized by consideration of the convex/concave geometry of the ketone. Attack by a

nucleophile from the top face is favoured in comparison to that from the bottom face, hence the

predominant isomer of the kinetic product, is the epoxide with the oxygen cis to the methyl

group 41r. The same argument can be used for the non-stabilized epoxidation reaction, the sole

product arises from the face of initial attack and is the isomer 40r.

Epoxidation reactions from the use of Corey's stabilized ylid are more difficult to explain.

Both the stabilized and non-stabilized ylid reactions form a betaine intermediate and the

reaction is a two step process. As previously discussed in the 'Introduction' the first reaction in

the stabilized ylid reaction is reversible and the ratio of the epoxides formed is not dependent

on the preferred side of attack, but on the relative energies of the transition states from the

+

Stabilized ylid Non-stabilized

ylid

øCPBÃ

NaH,

55"C

NaH,

ambient

temp.

t-BuOK,

ambient

temp.

r-BuOK,.

55"C

NaH, DMSO

0.c

-50c -T2"C

40r
4.3 4.3 5.7 5.5 1 2 I

4lr 5.7 5.7 4.3 4.5 0 8 9
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betaine intermediates to the products. From the experimental results obtained the base used has

an unusual effect on the ratio of the epoxide isomers formed in the stabilized ylid reaction. The

calculated thermodynamic product (41r) is the major product when sodium hydride is used as

the base, however is the minor product with potassium f-butoxide. The base must have some

effect on the relative energies of the transition states of the betaine intermediates, but in order

to explain this result more research will need to be done.

After the preparation of desired epoxide 40r and 4Lr, the next step in the synthetic sequence

was the formation of the allylic alcohol 38, the key intermediate. Initially, this was attempted

via a base-induced isomerisation. However, as will become obvious later in the 'Results and

Discussion' this was not a simple task.

Section 2. 3 Base-induced isomerisation

In the literature, there is an example of a base-induced elimination reaction on B-pinene oxide

63 with lithium diethylamide in diethyl ether. The corresponding allylic alcohol 64 is obtained

'in an SlVo yield.st The reaction is slow and required two days at reflux to go to completion

(Scheme 46).

OH

LiNEr2

63 64

Scheme 46

To ensure the correct procedure was employed the base-induced isomerisation reaction was

initially tried on B-Pinene oxide 63. Pure B-pinene was obtained by a spinning band distillation

of commercially available p-pinene, to remove any cr-pinene contamination. The epoxide 63

was then formed from the alkene by reaction with øCPBA, in the presence of sodium

carbonate as a buffer.st Th" desired product was isolated in a 57Vo yield as a colourless oil

(Scheme 47).
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øCPBA

NaHC03

Scheme 47

The reaction of p-pinene oxide 63 with two and a half equivalents of lithium diethylamide, in

diethyl ether, formed from diethylamine and n-Buli, did not give the allylic alcohol 64 after a

48 hour reflux. The only product identified was presumed to be the aldehyde 65, because there

was a characteristic signal in the NMR at ô9.4 (Scheme 48).

LiNEt,

o5

Scheme 48

Reaction of B-pinene oxide 63 with two and a half equivalents of lithium diethylamide, formed

from diethylamine and MeLi (literature conditions)sr also gave the aldehyde 65 as the only

recognizable product. In both cases the aldehyde 65 could not be isolated in a respectable yield.

The aldehyde was unstable and did not survive chromatographic purification.

Due to the lack of success, in our hands, of the base-induced isomerisation reaction on B-

pinene oxide 63, a rearrangement reaction was attempted on cyclohexene oxide 66 (Scheme

49).There are numerous examples in the literature of base-induced isomerisations on molecules

with a similar structure to cyclohexene oxide 66.47'77

n-Bul-i

LiNEt2

66 67r

Scheme 49

Following the literature method of Crandall and Chang,71 reaction of cyclohexene oxide 66

was performed with one and a half equivalents of lithium diethylamide (formed from nBuli

and lithium diethylamine). The corresponding allylic alcohol 67r was obtained in a near

63

o

63
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quantitative yield after a two days reflux along with a small amount of trans-2-

(diethylamino)cyclohexanol 68r (6Vo) 78 
lscheme 50).As Cyclohexene oxide is a non-terminal

epoxide it does not have the problems associated with terminal epoxides.aT

OH ..ùOH
n-Bul-i

LiNEt,
NEt2

66 671 68r

Scheme 50

Due to the success of this reaction, the base-induced isomerisation was reattempted on B-

pinene oxide 63 under identical conditions to those used above. The desired allylic alcohol 64

was obtained after purification by chromatography in a 2IVo yield. The other isolated product

of the reaction was presumed to be the aldehyde 65, (Scheme 51).Even though the allylic

alcohol 64 was finally obtained, the yield of 2IVo did not compare to the literature yield of

SIVo.sr

LiNEr2

63 64 65

Scheme 51

The conditions of the base-induced elimination of B-pinene oxide were employed with the,

bicyclic epoxides 40r and 41r (Scheme 52).

+

+

o

+

,,.
Et.O

OH
(t)-40r (t)-41r

Scheme 52

(t)-38r

It was recognized that both isomers of the epoxides 40r and 41r had the correct geometry, to

react with the non-nucleophilic base. An accessible proton syn to the oxygen is required in

56



Chapter 2 R&D

these elimination reactions.at The reaction was attempted on the mixture first, as this was the

material available at the time

Reaction of the epoxides 40r and 41r with one and a half equivalents of lithium diethylamide

gave no recognizable material after refluxing for 15 hours. For this reason, the reaction was

repeated using two and a half equivalents of lithium diethylamide. In this case, a product that

could be the allylic alcohol 38r was obtained but only in a2Vo yield. The rH NMR spectrum of

the product shows a 3H singlet at õI.27 due to the methyl group. The methylene ring protons

resonate as a 7H complex between õL35-2.75. The protons adjacent to the hydroxyl group

resonate as an AB quartet at M.20. The broad singlet at ô5.62 is due to the olefinic proton. This

was subsequently confirmed to be the desired allylic alcohol 38r, see later in 'Results and

Discussion, Chapter 2' .

It was presumed the major product of the reaction was the substituted product 69r as shown by

the quartet at õ2.63 and the triplet at ô1.03 in the tH NMR spectrum of the crude product

(Scheme 53).

LiNEt, -+ +
EtzO OH

NEt2

(+)-40r (t)-41r (t)-38r 69r

Scheme 53

It is known that there is a pronounced effect of hexamethylphosphoramide (HMPA) on epoxide

rearrangements promoted by lithium amides that strongly favours formation of allylic

alcohols.aT For this reason, the reaction was repeated in the presence of

hexamethylphosphoramide (HMPA) (Scheme 54).

+ LiNEt,)

Et20
HMPA

OH

NEt2

o

1+)-40r (r)-41r

Scheme 54

(t)-38r

+

69r
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Reaction of the two epoxides 40r and 41r with lithium diethylamide in the solvent system of

diethyl ether and HMPA gave the allylic alcohol 38r in a I7o yield after purification by

chromatography. Again, it was possible that the substituted product 69r was the favoured

product from this reaction. Hence, the reaction was repeated with lithium diisopropylamide

(LDA). The bulkier amide base should discourage the nucleophilic reaction from occurring.

Reaction of one isomer of the epoxide 40r with two and a half equivalents of LDA, gave only a

trace (-0.5 Vo) ofthe desired allytic alcohol 38r as shown by the tH NMR spectrum of the crude

product. The major product from the reaction was obtained in a 24Vo yield after purification by

chromatography. The characteristic peak at õ9J7 in the lH NMR spectrum suggested that it

was the aldehyde 70r.

LDA +
Et20

HMPA
o

(t)-40r (t)-38r

Scheme 55

(t)-70r

This was verified by the synthesis of the aldehyde 70r by an alternative method as outlined by

the retrosynthetic scheme (Scheme 56).

o OH
9

Scheme 56

Reaction of alkene 9r with borane-methyl sulfide complexTe (no active 9-BBN was available in

these laboratories) gave the corresponding alcohols 71r and 72r in a 3O7o yield (Scheme 57)

The low yield is presumably due to the small scale and the moderate volatility of the products.

From integration of the resonances due to the protons adjacent to the hydroxyl group, it was

found that the two alcohol isomers 72r andTlr are formed in a ratio of 8.3: L.l .It is presumed

attack of the reagent will prefefentially occur from the top face to give the hydroxyl Ho the

methyl group, that is the isomer 72r as the major product

70

58



Chapter 2 R&D

H
BH3-SMe2

cH2ct2

H
7lr

OH
9r

Scheme 57

Oxidation with pyridinium chlorochromatesO on a mixture of the two alcohols 71r and 72r

gave the corresponding aldehydes 73r and74r in a9O7o yield. (Scheme 58).From integration

of the aldehyde resonances, it was found that the two aldehyde isomers i4r and 73r are formed

in a ratio of 7 .5:2.5, and again the major isomer is the isomer with the aldehyde group cis to the

methyl group. The rH NMR spectrum of the major product 74r corresponded to that of the

aldehyde 70r formed via abase-induced isomerisation of the epoxide 40r.

PCC

cH2clz

o
7h 74r

Scheme 58

Due to the unsuccessful base-induced isomerisation reaction on the bicyclic epoxides 40r and

4lr, a series of different reaction conditions were attempted on the corresponding five-

membered ring epoxide 75r. This compound was chosen for the following reasons; 50 as not to

waste the hard-earned, valuable epoxides 40r and 41r; fhe five-membered ring epoxide can be

easily synthesized in gram quantities from the corresponding carbonyl using ylid chemistry.as

Since the five-membered ring epoxide 75r is a terminal epoxide, its chemistry should be

similar to the bicyclic epoxides 40r and 41r and it should make a good model compound.

The epoxide model 75r was formed from cyclopentanone using Corey's stabilized ylid. After

purification by chromatography, the epoxide 75r was obtained in a 68Vo yield. The rH NMR

spectrum of 75r shows a singlet at ð2.86 due to the protons on the epoxide group. The ring

protons produce a complex pattern in the region of ô1.5-2. L

OH
+

72r

oOH
H

++

H

73r
OH

72r
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o
DMSO
NaH

(cH3)3osI

Scheme 59

Initially, base-induced isomerisation was attempted using a non-nucleophilic amide base. This

was attempted for two reasons. Firstly, it was of interest to see if the allylic alcohol 76r would

form under these conditions, and in addition, this would provide a starting point for

comparison to the reactions on the bicyclic epoxides 40r and 41r. Separate reaction of the

model epoxide 75r with lithium diethyl amide and LDA gave the allylic alcohol 76r in -30Vo

yield. The yield was determined by the rH NMR spectrum of the crude product with the

presence of an internal standard. The other identifiable product in the tH NMR of the crude

product was presumed to be the substituted product 77r. In the case of the lithium diethyl

amide reaction, there was a characteristic quartet in the NMR at õ2.6, presumably due to the

protons on the amine chain. Likewise, the tH NMR of the crude product from the LDA

reaction showed a multiplet atõ2.4I (Scheme 60).

NRz

OH
LiNR2

Et20

75r

75r

+

76r

Scheme 60

The reaction and the conditions used are summarized in Table 4.

77r

Epoxide Concentration Reagents Conditions Products

0.15 M LiNEtz(1.5 eq)

EtzO

Reflux, 6 hrs

RT,40 hrs

-30Vo allylic alcohol

+ Subs. Prod.

0.15 M LDA (1.5 eq)

EtzO

HMPA

Reflux, 15

hrs

-307o allylic alcohol

+ Subs. Prod.

Table 4
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The results summarised in the above table are not included in the experimental section' The

reaction conditions are identical to the reaction conditions for the bicyclic epoxides 40r and

4lr

Reaction of the five-membered ring epoxide 75r with several alternative bases was

attempted. In no case was the allylic alcohol 76r formed and except for entry 4, no products

could be even tentatively identified. Hence, none of the conditions used will be discussed in

detail and they are suÍrmarized in Table 5, and the experimental details for these reactions are

not reported.

Epoxide Concentration Reagents Conditions Products

I

0.32}[. nBuli (1.5 eq)

EtzO

thr -40"C

8 hrs RT

No starting material

and no identifiable

products

2

0.5 M DBU (2 eq)

DMSO

70'c 5

days

No starting material

and no identifiable

products

3

0.32 M rBuOK (1.1 eq)

DMSO

15 hrs RT No starting material

and no identifiable

products

4

o 0.37 M rBuOK (0.8eq)

LDA (0.8eq)

THFsI

0"C 2 hrs

RT 24 hrs

Aldehyde product

(-20Vo)

Table 5

After a through literature search an alternative method for the rearrangement of epoxide to

allylic alcohols was found. Trimethylsilyl trifluoromethanesulfonate (TMSOTÐ is a powerful

silylating agent. Exposure of an epoxide with equimolar equivalents of TMSOTf and 1,5-

diazabicyclo[5.4.0]undec-5-ene (DBU) (or a 1:1 mixture of TMSOTf, 2,6-lutidine and then

DBU) gives the isomeric allyl silyl ether. Deprotection with dilute hydrochloric acid or

methanolic KF affords the allylic alcohol (Scheme 61).t'' t' The six membered TMS protected

alcohol 78 was formed in a yield of 877o.82
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(cH3)3sioTf
Trc

-si(cr-b)3

H
I

DBU

-TfOH

OH

78

Scheme 61

This reaction has been performed on a large number of epoxides. More importantly, there is an

example on a terminal epoxide. Reaction of the epoxide 79 under the conditions of Noyoris2'93

gives the corresponding protected TMS ether 80 in a72%o yield (Scheme 62)

1. TMSOTI Lu, -78"C, 3h

2. DBU, 30'C, 14h

79

Scheme 62

Initially the reaction conditions were tried on the model epoxide 75r, so as not to waste the

hard-earned bicyclic epoxides 40r and 41r (Scheme 63)

OTMS OH

1. TMSOTI Lu, -78"C, 3h

2. DBU,30'C, 14h

75r 78 76r

Scheme 63

The reaction was performed following the reaction conditions of Noyori.82 After an acid work-

up, to hydrolyze the protected trimethyl silyl ether, the corresponding allylic alcohol 76r was

obtained in a 44Vo yield. No evidence for the trimethyl silyl protected alcohol 78 was detected

in the tg NMR spectrum.

80
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Following the success of the trimethyl silyl triflate reaction on the five-membered ring epoxide

75r, the reaction was attempted on the epoxide with the oxygen trans to the methyl group 40r

(Scheme 64).

TMSOTf

o
(t)-40r (t)-38r

Scheme 64

(t)-70r

Reaction with trimethyl silyl triflate on the bicyclic epoxide gave varying results. These are

summarized in Table 6.

Epoxide Concentration Reagents, Conditions Products

1 0.39 TMSOTI 2,6-lutidine,

Toluene, -78"C, 3 hr

DBU, RT 16 h¡s

No starting material

and no identifiable

products

2 0.30 TMSOTI benzene,

DBU, RT 15 hrs

Trace of allylic

alcohol 38r and trace

of aldehyde 70r

formed.

3 o.42 TMSOTf, CHzClz,

DBU, RT 15 hrs

Allylic alcohol3Sr,

27Vo yield.

Table 6

Although the last entry did give the allylic alcohol 38r in a 27Vo yield, this yield was not

sufficiently high for a key intermediate in a multi-step synthesis. Improvement of the yield of

this reaction proved difficult and consequently an alternative route was investigated.

Section 2.4 Shapiro reaction

An alternative route which, at least on paper should allow easy formation of the key

intermediate, the allylic alcohol 38r, from the bicyclic ketone was investigated. Bearing in

+

OH
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mind that it is desirable that the route to the key intermediate 38r is short, it was proposed that

the allylic alcohol 38r could be formed in two or three steps from the bicyclic ketone L2 as

indicated in the retrosynthetic scheme (Scheme 65). A Shapiro reaction on the tosylhydrazone

81 could give the allylic alcohol 38 directly, if formaldehyde is used as the electrophile or the

cr,p-unsaturated aldehyde 82, if DMF is used as the electrophile. Reduction of the aldehyde 82

would the give the key intermediate 38 in a two-step synthesis from the hydrazone 81. The

tosylhydrazone 81 could be formed in one step from the bicyclic ketone 12.

TsHNN H

81. t2

Scheme 65

The Shapiro reaction is an important reaction in the proposed synthesis and as a result the

mechanism and the known examples should be discussed in detail.

Shapiro Reaction

Until 1975, the Shapiro reaction was used only for the preparation of simple alkenes.sa The

reasons for this is that fragmentation of 83 to 84 is so slow, that partial protonation of 84 by the

solvent takes place. This prior protonation does not make any difference in the preparation of

the alkene, 85 where E=H, but is highly undesirable when E+H. Hence, when E+H the yields

of 85 are low, and byproducts are formed. Another problem is the ortho-protons on the 4-

tosylsulfonyl ring are significantly acidic and can be a proton source for the anion 84 85

(Scheme 66).

HH

8238
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'R
R2 TsNHNH2

E+

"'RR'

'R
nBr¡Li

'R
R2r ìc*

o N \-
NHTs NTs

nBul-i

'R
R2

'R
R2

84

Scheme 66

N._
NTs

83

By overcoming these disadvantages, hydrazones can be converted with excess n-Buli into

vinyl carbanions 84 in good yields. This has been achieved by two modifications. The use of

excess n-Buli removes an ortho proton in the aromatic ring, and obviatest the competitive

ortho-metalation in the aromatic ring. The rate of fragmentation of 83 to 84 is rapid when

TMEDA is used as a solvent, and 84 is notcompetitivelyprotonated by the solvent. This solvent

acts by complexing the Li ion and effectively breaking the covalent nature of the bond by

separation of the tight ion pairs.85 An interesting feature of the Shapiro reaction is that the

double bond of the resulting alkene is always at the least substituted carbon in the starting

hydrazone.

Alternative (2,4,6-träsopropylphenysulfonyl)hydrazones, can also be used. These hydrazones

are converted in high yields into 84, in the solvent system of TMEDA or a I}Vo solution of

hexane in TMEDA. Orthometalation is impossible and 86 fragments very rapidly to 84 at

goç 8s'86 
@igure 33).

.R

HtY
E
85

r R2

N
Trs = OzS

NTrs

86

Figure 33

Trapping of the vinyl carbanion intermediate has been achieved with numerous

electrophiles,8T'88 some of which are illustrated in Figure 34.
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R

.NHSO2AT

D
_c=c(

3 n-Buli
ffiR-C=

I
2

1. DMF

2.HzO

o

2. H3O*

l. R-CÉI2Br
2.H3O+

Dzo

N
il c(r-t-1{

-;E.-"*' 
";3:""-

Figure 34

Also of particular interest to this project is the addition of DMF to the vinyl carbanion

intermediate 84 to give the corresponding aldehyde 87, after hydrolysis (Scheme 67).This has

been successfully attempted on a number of substrates, illustrated in Table 7.8e

R cHo

2 X
HH

2R

84 87

Scheme 67

Hydrazone Products Yield Hydrazone Products Yield

60
cHo

54

NNHTs HO 55

NNHTs o
57

60 NNHTs
10

Table 7

The reaction of the tosylhydrazone of camphor gives only a llVo yield and this is considered to

be due to the steric hindrance in the approach of the dimethylformamide. The sterically less

demanding electrophilie DzO offers no problems and is inco¡porated quantitatively.se
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There is an example in the literature of the vinyl carbanion intermediate 84 being trapped with

formaldehyde, to give the corresponding allylic alcohol.s6 This reaction was performed on the

trisylalkylhydrazone (Scheme 68).

i-c5H7

cH20
HO-

HN_
'¡-11

r:C5H7 52%
trll

Scheme 68

Reaction of the bicyclic ketone 12r with tosylhydrazine gave the desired tosylhydrazone in a

89Vo yield (Scheme 69).

NHTs
I

N

H0ec

H

(t)-12r (t)-81r

Scheme 69

The lH NMR spectrum shows two sharp singlets, in the ratio of 1:1, at ô1.21 and ô1.23, for the

angular methyl group, due to the presence of syn and anti isomers of the derivative. The methyl

groups on the aromatic ring for both isomers resonate as a broad singlet at õ2.42. The bicyclic

ring protons appear as a complex of resonances in the region of ô1.35-2.9, a2H broad singlet at

ô4.06 is due to the NH proton of each isomer. The aromatic protons resonate as a 4H doublet of

multiplets at õ7.30 and a 4H doublet at õ7 .82. Microanalysis was consistent with the assigned

structure.

The next step was an attempt to do the modified Shapiro reaction on the tosylhydrazone 81r to

give the desired allylic alcohol3Sr directly (Scheme 70).

NHTs

n-BuLi
TMEDA gaseous

(t)-82

Scheme 70

N
HH

(t)-81r

formaldehyde

(t)-38
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Cooling of the suspension of the tosylhydrazone 8Lr in TMEDA to -78'C resulted in the

solution freezing. As three equivalents of n-Buli was added to the reaction vessel, the frozen

suspension began to melt and eventually the solution became a dark red homogeneous solution.

On allowing the solution to warrn to ambient temperature the colour changed from initially

dark red, to a deeper red colour, and finally to a brown-red colour. Gas evolution within the

solution was also observed, and this was presumed to be due lto the, nitrogen from

fragmentation of the tosylhydrazone 81r (Scheme 71).It was assumed that after evolution of

nitrogen gas from the reaction vessel has ceased the required anion 82r had completely formed'

To completely quench the anion 82r only one equivalent of water is required. Consequently, it

seemed desirable to leave the anion 82r unquenched in solution for a short a period as possible

so as to avoid the formation of the unwanted bicyclic alkene 89r.

H H

Ð + Ð € ------+

(t)-81r (t)-82r (t)-89r

Scheme 71À

Hence, the reaction mixture was only stirred at ambient temperature for 20 minutes, until it was

assumed nitrogen evolution from the reaction mixture had ceased. The reaction mixture was

then cooled to 0"C and gaseous formaldehyde was bubbled into the solution. It was hoped that

the anion 82r would react with the gaseous formaldehyde to give, after work-up, the allylic

alcohol 38r. The tH NMR spectrum of the crude material showed a trace of a product that

appeared to be the allylic alcohol 38r, (confirmed later), but the main component was the

starting hydrazone 81r. This was unusual as no starting hydrazone 81r should remain if three

equivalents of n-Buli were used in the reaction.Ts

After several repeat reactions gave similar results, it was reasoned that the anion 82r may only

form slowly from the dianion. It was impractical to measure the evolution of nitrogen and

therefore instead the reaction was repeated and the solution was stirred at 35'C for four hours.

N
N,

HTs

H

r For simplicity, the anion on the tosyl group is not shown.
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After this time, the reaction mixture changed to a brown-yellow colour that may indicate that

only the anion 82r remained. The tH NMR spectrum of the crude material, after work-up,

showed the presence of a product that was later confirmed to be the allylic alcohol 38r, but

numerous impurities were also present, which could not be even tentatively identified. Isolation

of the allylic alcohol 38r was achieved in a poor yield of only about 5Vo after purification by

chromatography, however, it was still contaminated by impurities.

It was considered that the meagre yield of the allylic alcohol 38r from the tosylhydrazone

reaction could be due to the re-polymerization of the gaseous formaldehyde in the delivery tube

of the reaction vessel before it reached the reaction mixture. Addition of solid p-formaldehyde

directly to the reaction vessel, after formation of the anion, did not improve the yield of the

reaction.

As reactions of the anion 82r with formaldehyde did not give the desired allylic alcohol 38r in

usable yields, formation of the o,p-unsaturated aldehyde 88r was then attempted (Scheme 72).

Reaction of the anion 82r with DMF should give, upon hydrolytic work-up, the corresponding

ct,p-unsaturated aldehyde 88r.87

HTs

H

DMF

(t)-81r (+)-82 (t)-88r

Scheme 72

The anion 82 was formed using three equivalents of n-Buli in the solvent system of TMEDA.

After addition of ¡¿-BuLi to the reaction mixture the solution was stirred at ambient temperature

for 4 hours, to allow sufficient time for formation of the desired anion 82. The anion 82 was

then quenched with DMF.

The lH NMR spectrum of the crude material revealed that a very clean reaction had taken

place. It was presumed that this was the desired aldehyde because there was a characteristic

signal in the tH NMR spectrum at õ9.78. There were no signals for the starting tosylhydrazone

N
I

N
HH
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8Lr but there were resonances for unreacted DMF. Due to the instability of the aldehyde 88r, it

was normally converted without purification to the allylic alcohol 38r. A small portion of the

aldehyde 88r was subjected to chromatography so an analytical sample could be obtained.

The rH NMR spectrum of the aldehyde 88r shows a 3H singlet at õ1.27 due to the methyl

group. The methylene ring protons resonate as a 3H complex between ô1.6-2.1 and a 3H

complex between õ2.2-2.6. An allylic proton resonates as a broad doublet at ô3.02, with a

coupling constant of 8 Hz, from similarities to the rH NMR spectrum of the allylic alcohol 38r,

see later, this resonance is presumably due to the methinê proton. A broad singlet at ô6.87 is

due to the olefinic proton. The aldehyde proton resonates as a sharp singlet at ô9.78.

Optimization for the yield of the aldehyde 88r was only found after numerous reactions. It is

essential that the TMEDA is purified to remove primary and secondary amines and then freshly

dried immediately prior to the reaction.no At least three equivalents of n-Buli are required and

sufficient time allowed to ensure complete formation of the anion 82. The DMF must be

anhydrous and the hydrolytic work-up procedure must be conducted with care. The best

conditions found for the reaction are carefully recorded in the experimental section and it is

advisable to adhere to them closely.

The aldehyde 88r was cleanly reduced to the allylic alcohol 38r with sodium borohydride in

the presence of ceric chloride. Úeric chloride was

added as a precautionary measure, to alleviate the possibility of the double bond also being

reduced.el

NaBH4
CeCl3 .7}l2O

MeOH

(t)-88r (t)-38r

Scheme 73

After work-up of the reaction mixture, the lH NMR spectrum of the crude material showed that

the reaction was very clean. The only resonances in the 'H NMR spectrum appeared to be due

to the allylic alcohol 38r. However, after work-up the allylic alcohol was obtained as an orange

HH
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oil. Since TLC showed only one spot, other than the colour on the base-line, the product was

purified by squat chromatography. After purification, the allylic alcohol was obtained in a 83Vo

yield over the two steps. These reactions were repeated numerous times and initially the yield

of the reaction ranged from 30-50Vo over the two steps. However, when the reaction conditions

and the technique were perfected a yield of over '70Vo, for the two steps, could be obtained

consistently for the allylic alcohol 38r.

The region for the ring protons in the tH NMR spectrum of the allylic alcohol 38r is complex,

and a 600 MHz NMR spectrum was required so the situation could be clarified. Both COSY

and HETCOR experiments were required so all the protons in the tH NMR spectrum could be

assigned. These spectra have been reproduced in Figure 36, Figure 37 and Figure 38.

The rH NMR spectrum can therefore be described as follows. A sharp singlet at õ1.27 is

assigned to the methyl group. The resonance at ô1.69 is a lH multiplet due to one of the

protons atC7. The lH complex at ô1.79 is due to of the one proton atC6, the otherproton at

C6 resonates as a multiplet at ô1.94. The region of ô2.1-2.3 is a 3H complex due to two protons

at C4 and one proton at C7. The methine proton resonates as a doublet at õ2.14, with a

coupling constant of 8 Hz. The protons adjacent to the hydroxyl group resonate as an AB

quartet at ô4.16. The broad lH multiplet at ô5.62 is due to the olefinic proton (Figure 36)

Microanalysis also supported the assigned structure.

H

H
1

3

4

Figure 35
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A portion of the 600MHz tH NMR spectrum of the allylic alcohol 38.

Figure 36
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The COSY spectrum at 600 MHz of the allylic alcohol 38.
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In conclusion, a four-step synthesis of the key intermediate 38r from commercially available

materials has been accomplished. These reactions can be performed on multi-gram scales and

the key allylic alcohol can be prepared in a 577o yield overall from 3-methylcyclopenten-l-one.

Now that the key intermediate 38r had been successfully synthesized, the kinetic resolution of

the primary allylic alcohol 38r could be attempted. This will be discussed in 'Chapter 3,

Results and Discussion'.
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CHAPTER 3

RESULTS AND DISCUSSION

A TIC RESO ONOFA Y IATE AND THE

PTI A I

Section 3.1 Sharpless Asymmetric Epoxidation Reaction

From previous experience within the group, it is known that the Sharpless asymmetric

epoxidation reaction is not a simple reaction to perform and some practice is required before

the skills required are learnt.es Sharpless has reported extensive experimental details for the

epoxidation reaction and one point that he stresses is the reaction's susceptibility to water'3e It

is desirable that kinetic resolution reactions are mn to about a 60Vo conversion, and that the

progress of the reaction is monitored. Clearly, it is important that when taking aliquots for this

monitoring, that the reaction vessel is not inadvertently contaminated with water. With these

problems in mind, the reaction conditions and a method for monitoring the progress of the

reaction were determined on a more readily available compound, the six-membered ring allylic

alcohol90

Section 3.1.1 Six-membered Ring Trial Compound

The six-membered ring allylic alcohol 90r was formed in two steps from cyclohexanone. A

V/ittig - Horner reactione2 on cyclohexanone gave the corresponding cr,p-unsaturated ester 9Lr'

Reduction of the cr,B-unsaturated ester 9Lr with lithium aluminum hydride, using a general

procedure,e3 gave the desired allylic alcohol90r (Scheme 74).

o

oEt OH

(ErO) 2POCH2CO2EL LiAIH 4

r-BuOK
TI{F

9Lr

Scheme 74

90r

Etro
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The racemic epoxy alcohol 92r was formed so its resonances in the tH NMR spectrum could

be assigned. Reaction of the allylic alcohol 90r with mCPBA, in the presence of sodium

bicarbonate, gave the epoxy alcohol 92r in an 8O7o yield after purification by chromatography.

(Scheme 75).

ruCPBA
0.63 M N

cH2cl2

Scheme 75

The lH NMR spectrum shows a complex in the region ô1.5-1.8 due to the methylene protons.

The hydroxyl group exhibits a broad lH singlet at õ2.2. The multiplet at õ2.95 is due to the

proton at C2, it is at least a four line pattern and is the X portion of the ABX system. The

protons adjacent to the hydroxyl group exhibits two multiplet centered at ô3.69 and ô3.85, it is

at least an 8 line pattern and is the AB portion of the ABX system (Figure 39).

90r 92r

Figure 39

The conditions used to follow the reaction were those recommended by Sharpless for kinetic

resolutions of secondary allylic alcohols and are as follows.oo It it recommended that n-decane

is the internal standard, one equivalent of tert-butyl hydroperoxide, and catalytic amounts of

titanium tetraisopropoxide and L-(+)-DIPT (or D-(-)-DIPT) are used. Aliquots from the

reaction mixture are taken at desired intervals, diluted with 100 pL of diethyl ether and then

quenched with an aqueous solution of FeSO+ and citric acid, GLC (Gas Liquid

Chromatography) is then used to monitor the progress of the reaction.
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As the six-membered ring alcohol 90r is achiral, a kinetic resolution can not occur, and the rate

of the reaction is dependent only on the concentration of tert-butyl hydroperoxide. For this

reason, a graphical plot of time vs. the concentration of the allylic alcohol is expected to give a

straight line.

Initially, the reaction was attempted with the standard conditions of Sharpless, discussed

above 
40 (Scheme 76),

cH2cb
L(+)-DIPT, /-BUOOH

i-propoxide, n-dæat:r,

90r 92a

Scheme 76

Aliquots from the reaction mixture were quenched following the procedure of Sharpless,no *ith

diethyl ether as the extraction solvent. The GLC results obtained are shown graphically in

Figure aO(a). From the experimental results, the extraction procedure does not give consistent

results of the amount of allylic alcohol remaining in solution. This result could be due to the

water solubility of the extraction solvent, and the allylic alcohol inconsistently remains in the

aqueous layer. This problem could be avoided if the extraction solvent was dichloromethane.

However, a line of best fit can be drawn and it appears that the graph follows a general trend,

which indicates that the reaction iszeto-order.

Six{lembered Alcohol at -20C
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Repetition of the reaction with dichloromethane as the extraction solvent gave consistent

results for the amount of remaining allylic alcohol. However, when time vs. the amount of

remaining allylic alcohol were plotted two lines of varying slope were obtained, as seen in

Figure 40(b). The slope of the line should give the rate of reaction, this therefore implies that

the reaction has two different rates, which can not be true. Consequently, the reaction vessel

must have been contaminated with water at the ten-minute mark, which slowed the reaction.

The presence of water also has a disastrous consequence on the enantiomeric excess of the

product.ao Two lines with different slopes are expected in the kinetic resolution of the key

intermediate 38, hence this problem of water contamination has to be excluded if the reaction

of the key intermediate 38 is to be successfully followed by GLC.

The reaction was repeated with extreme care taken so water was not introduced into the

reaction vessel. Each aliquot was taken with a different syringe that had been oven dried for at

leasI24 hours. Also the temperature was decreased to -40oC, in an effort to slow the reaction

down since the first part of the reaction in Figure 40(a) suggests that the 50% mark is reached

in less than l0 mins. The results are shown in Figure 4l.It can be seen that all point lie within

close proximity to the line of best fit.

Figure 41

After the GLC results had been obtained a solution of FeSO¿ and citric acid were added to the

reaction vessel to quench any remaining tert-butyl hydroperoxide. As a matter of convenience

the mixture was left at ambient temperature for 15 hours and then worked-up. The rH NMR

spectrum of the product obtained was different to that of the racemic epoxide 92r. The lH

NMR spectrum of the purified product showed a 4H complex at õ1.5, and another 4H complex

at ô1.8. The AB portion of the ABX system exhibits at least a 12line pattern at õ3.46 and the

Six-Membered at 40C
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other at ô3.59. The X portion resonates as at least a four line pattern centered at 84.01. A broad

singlet at ô5.66 is due to one proton. The region from ô3.5-5.8 in the rH NMR spectrum is

shown in Figure 42.

Figure 42

The l3C NMR had eight resonances, and GC-MS revealed a molecular weight of 124. This

product was thought to be the rearrangement product epoxide 94a, which fitted the above

evidence (Scheme 71).Due to the instability of the product, a microanalysis was not attempted.

HO o o
FeSOa

citric acid

93a

Scheme 77

94a

After a series of experiments on the racemic epoxide 92r, it was found that only the presence

of FeSO+ was required for rearrangement of this epoxide 92r (Table 8).It was presumed that

FeSO¿ was acting as a Lewis acid, which resulted in a 'Payne-typ"'no rearrangement to give the

epoxy-alcohol 93a.$ Elimination of the tertiary hydroxyl would then give the olefin 94a.

Conditions Products

FeSO¿/ Citric acid, 2 daYs,

ambient
Olefin 94r

Citric acid,2 days, ambient
temperature.

Starting material92r

FeSO¿,2 days, ambient Olefin 94r

Table I

$ Literature examples of acid catalyzed Payne rearrangements could not be found. Payne

reaffangements are base catalyzed.

92a
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It was found that this reaction was slow and if the Sharpless epoxidation reaction was worked-

up quickly, formation of this product was minimal and the optically active epoxy alcohol 92a

was obtained in a 45Vo yteld,. The racemic epoxide 92r, in the presence of chiral shift reagent,

tris[3-(heptafluoropropylhydroxymethylene)-(+)-camphorato]europium (IIf derivative, gave

baseline separation of the multiplet initially at õ2.95 in the tH NMR spectrum. However, other

peaks also occurred in this area and consequently the optical purity of the epoxide 92a from the

Sharpless asymmetric epoxidation reaction could only be estimated tobe >907o-

Section 3.1.2 Determination of Optical Purity of the Key Intermediate

Before a kinetic resolution on the key intermediate 38 could be attempted, a method for the

determination of optical purity of the resolved substrate 38 was required. From previous

experience within the group it has been shown that the optical purity of many alcohols is most

effectively determined as the acetate derivative, by 200 or 300 MHz spectroscopy in the

presence of the chiral shift reagent tris[3-(heptafluoropropylhydroxymethylene)-(+)-

camphoratoleuropium (III) derivative.es'e6 The primary alcohol in the presence of chiral shift

reagents often lead to unacceptable line broadening in the tH NMR spectrum. In addition, it

has also been found that the sharp methyl singlet of the acetate derivative can normally be used

to determine the optical purity. For these reasons, the racemic allylic alcohol 38r was

acetylated with acetic anhydride in pyridine to give the acetylated product 95r (Scheme 78)

The lH NMR spectrum of the acetate is similar to that of the allylic alcohol 38r with an

additional singlet methyl peak at õ2.06 and the absence of the OH peak. In addition, the AB

quartet that resonated at ô4.16 in the allylic alcohol 38 now appears as a broad singlet at ô4'63.

Ac2O

þridine

38r 95r

Scheme 78

It is known that chiral shift analysis gives the best separation when the rH NMR experiment is

performed in a solution of carbon tetrachloride, with a small quantity of d6-benzene added so

the spectrometer can be easily locked to this resonunce.ul Analysis of the acetate 95r with the

HH
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chiral shift reagent tris[3-(heptafluoropropylhydroxymethylene)-(+)-camphorato]europium

(III) derivative gave only broadening of peaks from which no useful information could be

obtained. Consequently, chiral shift analysis was attempted on the free allylic alcohol 38r.

partial separation of the olefinic resonance did occur, but as the separation was not baseline,

this method could not be used to accurately determine the optical purity of the allylic alcohol

38r. Chiral GC ¡SGE Cydex-B column (25m x 0.22mm)l did achieve some, but incomplete,

separation of the enantiomers of the racemic allylic alcohol 38r.e7

No separation was observed for the diastereomeric urethanes derived from (S)-(-)-cr-

methylbenzyl isocyanate,e8 either in the NMR spectrum or by chromatography.

Alternatively, alcohols can be acylated with cr-Methoxy-cr-(trifluoromethyl)phenylacetic acid

to give diastereomers.ee The methoxyl or other resonances of the alcohol portion in the lH

NMR spectrum of the derivative mixture are often of sufficiently different chemical shift to

allow integration. Sometimes, the tnF NMR spectrum can also be used to determine the

diastereomeric ratio.

Reaction of the racemic allylic alcohol 38r with (+)-cr-rvrethoxy-a-(trifluoromethyl)phenyl-

acetyl chloride gave the corresponding MTPAA esters (Mosher esters) 96 and 97

(Scheme 79).

o
F3

+ +DCC, DMAP
cH2cl2

38a 38b 96 97

Scheme 79

The rH NMR spectrum of these MTPAA esters (Mosher esters) 96 and 97 at 2OOMHz

shows the appearance of two diastereomers and can be described as follows. Two sharp

singlets occur near ð1.23 due to one of the methyl groups on the bicyclic ring from each

diastereomer. The methyl resonances do not give baseline separation and thus can not be used
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for determination of optical purity. The ring protons from both diastereomers resonate as a

complex in the region ô1.3-2.1. For both diastereomers, one of the allylic protons at C4

resonates as a multiplet at õ2.62. The methoxyl group from both diastereomers appears as two

singlets, one diastereomer resonances at ô3.55, and the other at õ3'56. However, the separation

is not baseline. The protons adjacent to the methoxyl group, for both diastereomers, appear as a

distorted AB quartet centred at ô4.85. The olefinic proton, in both diastereomers, resonates as a

broad singlet at õ5.7. The aromatic protons appear as a complex at ô7.35-7'55' A reF NMR

spectrum of the racemic Mosher esters 96 and 97 also gave no useful separation of resonances.

The resonance, at ô4.85 in the 200 MHz lH NMR spectrum which is due to the diastereotopic

protons of the methylene group bearing oxygen, does partially separate into two separate

patterns at 600 MHz. Almost complete separation of the methoxyl signals was also observed

but, because this region could be contaminated with reagent signals, it was only safe to use for

confirmation of the enantiomeric excess (Figure 43).From an optically enriched sample of the

Mosher esters it was later confirmed that the resonances at ô4.85 were due to two overlapping

AB quartets. One AB quartet occurs at ô4.83, 4.85, 4.91 and 4.93 (A). The other AB quartet

occurs at ô4.83,4.85,4.88 and 4.91 (B).

Figure 43 shows the rH NMR spectrum of the AB quartet region and methoxyl region of the

racemic Mosher esters 96 and 97 at 600MHz.

A B

AB
Ar

Br
A
B

t.9t a -92 a.¡! 4.CC a.C¡ a.ôa a.tz

The methoxyl region of the Mosher EsterThe two AB quartets of the Mosher ester

Figure 43
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It can be seen that one peak of the AB quartet of each diastereomer is distinct from the other.

A' in the case of one diastereomer, and B' in the case of the other. With the help of Equation

2,1s arrestimate for the enantiomeric excess of optically active allylic alcohol can be made'

I3lIa = l2lly = @ a - v )l (4-v2)

I = relative intensity of the lines

v = chemical shift of the lines

Equation 2

Section 3.1.3 Kinetic Resolution of the Key Intermediate

Initially, formation of the racemic epoxide from the allylic alcohol 38r was attempted. It was

of interest whether the reagent would approach solely from the top face. (Scheme 80).Reaction

of the allylic alcohol with mCPBA at -40'C* garre predominately one epoxide, presumed to be

the exo-epoxide, with the oxygen cis to the methyl group 98r. The ratio of the exo-epoxide to

the endo-epoxide 99r, (with the oxygen trans to the methyl group) was 4.3:1. Separation of the

two diastereomers could be achieved by careful chromatography. The exo-epoxide 98r was

isolated in a yield of 44Vo and the endo-epoxide 99r in a yield of.1Vo.

øCPBA

0.63M NaHCO3
c}lzclz

OH OH
98r 99r

Scheme 80

The rH NMR spectrum of the exo-epoxide 98r shows a 3H singlet at õ1.12 due to the methyl

group. The ring protons resonate as a 7H complex between õI.'7-2.1. The resonances for the

methine proton adjacent to the epoxide group exhibits a doublet of doublets at ô2.44 with

coupling constants of 5 and 8.5 Hz. A broad singlet at ô3.60 is due to the hydroxyl group. The

methylene protons adjacent to the hydroxyl group are diastereotopic and resonate as an AB

* 
The temperature of -40'C was chosen so comparisons could be made with the Sharpless

asymmetric epoxidation reaction.

OH+

'arõ

38r
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quartet arõ3.74 and õ3.94. The rHNMR spectrum of the endo-epoxide 99r shows a 3H singlet

at ô1.19 due to the methyl group. The ring protons resonate as a 3H complex at õ1.6 and a 5H

complex between õ1.8-2.2. The methylene protons adjacent to the hydroxyl group are

diastereotopic and resonate as an AB quartet ú.83.76 and ô3.90.

A kinetic resolution of the allylic alcohol 38 under identical conditions to that used for the six-

membered ring allylic alcohol 90 at J;}'C gave the graph illustrated in Figure 44(a) (Scheme

8l).

crl2cl2
L(+)'DIPT, /-BUOOH

+ +
l-propoxide, n-decane

HO
38b 38b

Scheme 81

It was hoped that one enantiomer would react faster than the other would, giving a graph with

two different sloped lines. The initial reaction went faster than expected and not enough

aliquots were taken, however, this trend was observed. Repetition of the reaction at 40oC gave

a much slower reaction and better defined two different sloped lines are observed (Figure

44(b).
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120

100(t
c
c
'õ
E
o

s

ã80
åoo
el0

20

0

0 20 40 60
Time (mins)

80

(a) (b)
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In both cases, the reaction was worked-up at the o/o conversion shown and the enantiomeric

excess of the starting alcohol was determined from the corresponding Mosher derivative 96.

The enantiomeric excess determination will be discussed later in 'Results and Discussior¡

HO
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Allylic Alcohol at -æC

100 150

Tlme lmlnsl

120
o
€ 100
(,
880
Et.= 60
.=

8409zoso
N0 50

83



Chapter 3 R&D

Chapter 3'. The enantiomeric excesses for the allylic alcohol 38 from these two reactions are

correlated in Table 9.

Temperature 7o Conversion Vo a.e. of allylic

alcohol

-20"c 70 74Vo

-40'c 60 >95Vo

Table 9

By use of Equation 1, previously discussed in the introduction p. 19, the selectivity of the

Sharpless asymmetric epoxidation reaction can be expressed graphically.ô Th" graphical

program needs two of three possible parameters. These are; the enantiomeric excess of the

resolved substrate, the enantiomeric excess of the product and the percentage conversion of the

reaction. If two parameters are known, the third can be calculated. Using these three

parameters, the reaction can be expressed graphically. However it must be realised that a small

difference in the enantiomeric excess or Vo conversion used in the calculation program, can

have a large difference on the appearance of the graph obtained, and consequently the value of

the 'Enantiomeric Ratio, E' obtained is not very meaningful.

K^ ln(A I Ao) ln(l- C)(I- ee)

Ka ln(B / Bo) ln(l- C)(l+ ee)

Equation L

The results from the reaction at -20"C are shown in Figure 45(a). The reaction was JÙVo

complete and the enantiomeric excess of the starting substrate was J4Vo. The red line

represents the data used in the calculation program'

õ Th" graphical representations were performed with 'Enantiomeric Ratio', a freeware

program, available at http:l/ www-orgc .tu-graz.ac.at/ . The theory is based on Equation I .
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The graphiçal representation of the reaction at.40oC is shown in Figure 45(b), the selectivity

of the reaction is superior to the reaction run at -20oC. It was hoped that decreasing the

temperature even further to -60oC, the selectivity would also increase. By decreasing the

temperature the chance of contaminating the reaction with water when taking aliquots

increases, hence, it was reasoned that it was better to limit the amount of tert-bvtyl

hydroperoxide rather than follow the reaction by GLC.$ Reaction at -óOoC, with tert-butyl

hydroperoxide as the limiting reagent, again improved the selectivity ofthe reaction.

From the results of the kinetic resolution at -40oC and -óOoC it was difTïcult to determine why

the reaction at -20oC gave such a poor enantiomeric excess of the substrate. For this reason, the

reaction was repeated under identical conditioñto the reaction at -60oC, with no aliquots taken

during the reaction. The results from the reaction at -60oC and -20oC are correlated in Table

10.

Temperafure o/o Conversion Yo e.e. of allylic

alcohol

-600c 55 90%

-200c 65 >9sYo

Table 10

6 E is the Enantiomeric Ratio of the reaction.

$ To and T¡¡¡4 samples were taken to determin e theYo conversion of the reaction.

f = I
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The graphical representation for both reactions is shown in Figure 46. It" can be seen from the

graphs that the selectivity of the kinetic resolution at -60oC is superior to the reaction at 10oC

and -40"C. However, as stated previously, a small change in the enantiomeric excess used in

the calculation program has a large effect on the value of the 'Enantiomeric Ratio, E' obtained.

For this reason, it was concluded that the two graphs in Figure 46 are nearly identical, in both

cases the reaction only need to be run to -60Yo completion to obtain an enantiomeric excess of

>95Yo for the starting substrate.
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An increase in selectivity as the temperature is lowered is expected. Lowering the temperature

decreases the rate of the reaction and increases its selectivity.4 The two different results for the

reaction run at -20oC are probably due to contamination by water in the first experiment. As

such, they show that water has a extensive influence on the enantiomeric excess of the reaction

and how crucial it is that the reaction technique is perfected.

The optimum conditions for the kinetic resolution reaction are as follows. It is essential that the

dichloromethane is freshly dried, otherwise the optical purity of the substrate and the product

will be reduced. The dichloromethane solution of the alcohol and n-decane must be dried over

activated 3Ä sieves for at least 30 minutes prior to addition. The tert-butyl hydroperoxide

solution also needs to be dried over activated 3Ä sieves for at least 15 minutes. The solution of

titanium Èpropoxide, the tarlrate, tert-butyl hydroperoxide and 4Ä. sieves needs to be aged at -
20oC for at least one hour, the reaction mixture is then cooled to the desired temperature and

thç solution of n-decane and allylic alcohol is then added. Best results are achieved when the

f = 10
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amount of. tert-butyl hydroperoxide is limited to -0.6 vtol Vo and the reaction is not followed

by GC, eliminating the possibility of water contamination. The best conditions found for the

reaction are carefully recorded in the experimental section and it is recommended they are

followed.

It is presumed in the kinetic resolution reaction that attack will preferentially come from the

top face, hence, the configuration of the optically enriched allylic alcohol is that shown, i'e.

represented by 38a. (Scheme 82).

cl{zcl2
L-(+)-DIPT, r-BuOOH

+ +
i-propoxide, n-decane

HO
38b 38a 98a

Scheme 82

The optically active allylic alcohol used in the complete synthesis of grandisol had an

estimated enantiomeric excess of greater than g5Vo and an optical rotation of [cr]n20- -L1'7 +

0.2ç (c= 1.5 CHzClz).

Se ction 3. I .4 Enantiomeric Purity Determination

As previously discussed in this chapter, formation of the MTPAA esters (Mosher esters) could

be used for estimation of optical purity.

The lH NMR spectmm of the racemic and optically active Mosher esters from the kinetic

resolution reaction at -20"C and -40"C are reproduced in Figure 47. Figure 47(a) shows the

AB quartet region of the tH NMR spectrum. It can be seen from Figure 47(a) that the

resonance of the racemic Mosher esters is two overlapping AB quartets. The diastereomeric

excess of the optically active Mosher esters was determined by cutting and weighing peak A'

and peak B'. From Equation 1, p. 19, it was found that peak A' needed to be multiplied by a

ø The error in the optical rotation value was calculated from the deviation in the values

obtained from the polarimeter.

H

38a
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scaling factor of 1.98. An estimate of the diastereomeric excess could then be made by use of

Equation 3. When peak A' could not be detected the enantiomeric excess was estimated to be

>95Yo.

1.984 x 100
1.984 +

Equation 3

As separation of the methoxyl resonances is not baseline they are only used as a confirmation

of the enantiomeric excess calculated, and it appears to correspond with the enantiomeric

excess determined from the AB quartet resonance. (Figure 47(b)) However, it should be noted

that the enantiomeric excess of the allylic alcohol 38 determined by this method is only an

estimate. It is hoped that later in the synthesis an accurate method tq determine the optical

purity of one of the intermediates will be found.

B'

A'

Racernio
Racemic

ee 4çk
-9-1% ee

.,a{ a.tt a.la ,.¡l ¡.ll a.ea a.tl

Figure 478

The determination of optical purity of the allylic alcohol3S, by integration ofthe AB quartets

of the diastereotopic Mosher ester derivatives, relied on the fact that the diastereomeric

r.esonances were indeed AB quartets. By Figure 47(a) this appears to be the case, but our initial

interpretation may be incorrect, it should be proven beyond doubt.

(a)

É The enantiomeric excess referred to are those of the allylic alcohol3S.
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Hence, the kinetic resolution reaction was repeated with D-(-)-DET, (no D-(-)-DIPT was

avaliable in these laboratories) the tartrate has the opposite configuration to that previously

used (Scheme 83).The Mosher esters of the optically enriched allylic alcohol from the kinetic

resolution reaction with D-(-)-DET should have the opposite conftguration to the Mosher ester

obtained previously.

cfr2cl2
D-(-)-DE"I, I-BUOOH

+
Èpropoxide, n-decane

HO HO
38b

OH

3rb 3Ea

Scheme 83

The kinetic resolution reaction with D-(-)-DET was taken Io 85Yo completion and the

enantiomeric excess of the resolved substrate was 94Yo. The lH NMR spectrum of the racemic

Mosher ester and the optically active Mosher esters from the kinetic resolution reaction with L-

(+)-DIPT and D-Q-DET are reproduced in Figure 48. It is concluded that the resonances due

to the diastereotopic protons of the methylene group bearing the oxygen are both AB quartets,

and our method for determination of the enantiomeric excess of the allylic alcohol is valid.

Racemic

ee GÞDET
çç i+þûlF-F'

+

98b

a.aa t.tt a,ll ..L ¿ 'll a.ta a.æ

Figure 48
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Section 3.2 Formation of the Bicyclic Alkene

The next step in the synthesis was conversion of the optically active allylic alcohol 38 to the

corresponding bicyclic alkene 10. It was proposed that reduction of the mesylate 100 would

give the bicyclic alkene 10 in good yield (Scheme 84)'

10 100 38

Scheme 84

Reaction of the racemic allylic alcohol 38r with methanesulfonyl chloride gave the chloride

1,01r in a2OVo yield after purification by chromatography (Scheme 85).

H

H

MsCl, Et

cH2cl2

38r

Scheme 85

The rH NMR spectrum of the product shows a 3H singlet at ô1.29 due to the methyl group.

The methylene ring protons resonate as a 4H complex between ô1.5-2.1 and a 2H complex

between õ2.2-2.6. An allylic proton resonates as a broad doublet at ô2.88, with a coupling

constant of 8 Hz. AzIH AB quartet resonates at ô4.11 and there is a broad lH multiplet at

ô5.78. The product 101r was unstable and decomposed at ambient temperature after a few

hours.

Reduction of the racemic allylic chloride 101,r was attempted with lithium triethylborohydride

in the presence of triphenylphospine too 1sch"-e 86). The rH NMR spectrum of the crude

product showed the presence of triphenylphosphine and numerous solvent impurities.

However, there was an olefinic peak at ô5.28 that corresponds to the literature value for the

olefinic resonance of the endocyclic alkene L0r.26 No resonance could be seen for the exocycltc

101
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alkene 9r. Due to its volatility, the endocyclic alkene was not be isolated from this small scale

reactron.

PPtb , TIIF

LiB(C2Hs)3H

10Lr 10r 9r

Scheme 86

It is presumed the allylic chloride 101 is formed by a nucleophilic substitution by the chloride

anion on the mesylate 41r r0r (Scheme 87).This problem can be avoided if methanesulfonic

anhydride is used as the reagent, instead of methanesulfonyl chloride.

OMs

MsCl, Et qN

-"->

c}l2cl2

38r 1001 101r

Scheme 87

Reaction of the racemic allylic alcohol 38r with methanesulfonic anhydride gave the desired

mesylate 100r in a yield of 187o after purification by chromatography (Scheme 88).

Ms2O, Et,N

cI{zcl2

38r 100r

Scheme 88

The rH NMR spectrum of the mesylate 100r shows a 3H singlet at õ1.29 due to the methyl

group on the bicyclic ring. The methylene ring protons resonate as a 3H complex between

õ1.4-2.0 and a 3H complex atõ2.33 and a 1H multiplet a¡.õ2.78. The sharp 3H singlet at ô3.00

is due to the methyl group of the mesylate. The protons adjacent to the mesylate group do not

ct(*
H

Ms

H

SOH
H
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show their diastereotopic nature as they exhibit a 2H singlet at õ4.79. The olefinic proton

resonates as a broad singlet at õ5.85.

The mesylate 100r was reduced to the endocyclic alkene 10r with lithium aluminum hydride in

THF (Scheme 89).

Ms

H H

TFIF
+

uAlH4

100r 10r 9r

Scheme 89

When the mesylate 100r was purified, the tH NMR spectrum of the crude material revealed

that a very clean reaction had taken place. However, if the crude mesylate is used numerous

by-products are formed. The tH NMR spectrum was identical to that reported for the

endocyclic alkene 10r.26'30 GLC analysis of the product from the clean reaction 'spiked' with a

pure sample of the exocyclic alkene 9r (previously formed as described in'Chapter 2, Results

and Discussion') gave only one broad peak, other than the solvent peak. However, the tH NMR

spectrum did not show the exocyclic alkene, diagnostic by the presence of two signals at ô4.55

and ô4.67. Hence, the endocyclic alkene 10r was the only product of the reaction. This is

important because if all of the solvent was removed and the endocyclic alkene was purified a

yield of only -20Vo was obtained. This low yield was presumably due to the volatility of the

endocyclic alkene 10r. For this reason, the endocyclic alkene 10r was used with

dichloromethane present and without purification in the next reaction.

Repetition of the above two reactions on the optically active allylic alcohol 38a gave the

optically active alkene 10a (Scheme 90).

Ms2O, Et T}IF

LiAlH4

100a

Scheme 90

HH

38a

c}l2cl2

10a
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The optically active mesylate 100a was formed in a yield of lSVo after purification by

chromatography. The optically active endocyclic alkene 10a was not isolated and used with

solvent impurity in the next steP.

Section 3.2.1 Optical Purity of the Bicyclic Alkene

Although it is unlikely that racemisation could occur during either of these steps it is still of

interest to see if the optical purity of the allylic alcohol 38a had been maintained in the

endocyclic alkene 10a, and to confirm the earlier estimate. From previous experience,6' it is

known that the enantiomeric excess of the tosylate 48 can be determined by chiral shift NMR

experiments ('Chapter 5, Results and Discussion'). (Figure 49).

48

Figure 49

This could also possibly apply to the bicyclic tosylate 102, which could be formed from the

endocyclic alkene L0 via the bicyclic diol 103 (Scheme 91)'

HO
TsO HO

t02 103 10

Scheme 91

A Sharpless dihydroxylation reaction on the racemic endocyclic alkene L0r, with

quinuclidin",46 a.r achiral ligand gave the required racemic diol 103r in a 60Vo yield after

chromatography (Scheme 92).It is presumed attack of the osmate ester will preferentially

come from the top face, to give the isomer with the hydroxyl groups cis to the methyl 103r as

the major product. The lH NMR spectrum showed only one diastereomer, presumed to be the

diol 103r.

S

HHH
HO
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K2CO3

ÇFe(CN)6
OsOa

HO HOr,,
f HOr,,

Quiruclidine
t-BuOH,H20

10r 1031 104r

Scheme 92

The rH NMR spectrum of the diol 103r shows a two 3H singlets due to the methyl groups, one

at ô1.20 and the other at õI.22. A 7H complex between õ1.4-2.2 is due to the methylene

protons. The methine proton adjacent to the hydroxyl group resonates as a doublet of doublet at

ô4.19, with coupling constants of 7 and 10.5 Hz.

Reaction of the diol 103r with tosyl chloridel02 gave the corresponding tosylate in an 85Vo

yield (Scheme 93).The rH NMR spectrum shows three sharp 3H singlets, at ô1. 1.2 and ô1.19

due to the methyl groups on the bicyclic ring and at õ2.45 due to the methyl of the tosylate

group. The methylene envelope occurs as a 4H complex at ô1.6-1.8 and a 2H complex at 1.9-

2.2. The methine proton adjacent to the hydroxyl group exhibits a lH doublet of doublets at

õ4.85, with coupling constants of 7 and 10.5 Hz. The aromatic AA' BB' signals appear as two

2H doublets at ô7.35 and õ7.81, which couple to each other with a coupling constant of 8 Hz.

HH

H HO

HO
TsCl TsO

þridine

103r I02r

Scheme 93

Separate chiral shift rH NMR experiments with tris[3-(heptafluoropropylhydroxymethylene)-

(+)-camphoratoleuropium (IID derivative on both the racemic tosylate 102r and the racemic

free diol 103r gave no useful separation ofresonances.

Hence, reaction of the racemic diol 103r with (+)-crc-Methoxy-cr,-(trifluoromethyl)phenylacetic

acid to give the corresponding racemic MTPAA esters (Mosher esters) 105 and 106 was

attempted (Scheme 94).

H
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F3

H H

+HO +

DCC, DMAP
cH2c12

103b 103a 105 106

Scheme 94

The rH NMR spectrum of thæ. Mosher esters 105 and 106 at 600MHz shows the

appearance of two diastereomers, in a l:1 ratio, and can be described as follows. Two sharp

singlets occur at ô1.10 and 1.20 due to one of the methyl groups, the other methyl group

resonates at ô1.25 for one diastereomer and õL27 for the other diastereomer. The separation of

all four methyl resonances is baseline, however resonances for the ring protons also occur in

this region. The ring protons of both diastereomers resonate as a complex from ô1.1-2.2.Fot

both diastereomers, one of the allylic protons resonates as a multiplet at õ2.62. The methoxyl

group from each diastereomer appears as a broad singlet, for one diastereomer it resonates at

ô3.55 and the other at ô3.57. The separation is baseline, but because this region could be

contaminated with reagent signals, it was only used for confirmation of the enantiomeric

excess. The proton adjacent to the secondary hydroxyl group appears as a doublet of doublet.

In one diastereomer this is at õ5.38, with coupling constants of 7 and 11 Hz and the in the other

at õ5.44, with coupling constants of 6.5 and 11 Hz. At 600 MHz the separation of these

resonances is clearly baseline, as can be seen in Figure 51, and this can be used for the

determination of optical purity. The aromatic protons appear as a complex at õ7.35 -7 .55.

5. 15 5. 1a

Figure 51
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Repetition of the above two reactions on a sample of the optically active alkene LOa obtained

from the allylic alcohol 38a with an enantiomeric excess of -85Vo, as estimated by the method

described earlier gave the corresponding optically active Mosher ester 105 (Scheme 95).

H

F3

o
10510a

K2CO3
K3Fe(CN)6

OsOa

Quinrcfidirrc
r-BuOH,H20

:H coct

DCC, DMAP
cHzcl2

H

HO

Ph

103a

Scheme 95

The optically active diol 103a was formed in a yield of 6OVo after purification by

chromatography and the optically active Mosher ester 105 was formed in a yield of 637o.The

tH NMR spectrum of the optically active Mosher ester 105 showed that the optically purity of

the allylic alcohol had been maintained. Figure 52 shows two doublet of doublets, due the

protons adjacent to the secondary hydroxyl group, for each diastereomer. From the inte-gration

for these two areas an enantiomeric excess of 86Vo is obtained. This confirms that the earlier

estimates of the optical purity of the allylic alcohols is reliable and that this level of optical

purity has been retained.

Figure 52

With a viable route for the formation of the optically active bicyclic alkene 10a the formation

of grandisol L was thus attempted.
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Section 3.3 Anempted Formation of Grandisol via the Ketal

Initially the formation of grandisol I was attempted via the ketal 107 (Scheme 96). Reductive

cleavage of the bicyclic alkene 10 should give the keËl 107 in one step. Selective reduction the

aldehyde in preference to the ketone, possibly at low temperature, would then give the ketol

108. A Wittig reaction on the ketol should then give grandisol 1.

H

I 108 107 10

Scheme 96

The racemic ke{al 107r has been made previously by Rosini.2e A reductive ozonolysis reaction

on a mixture of the racemic endocyclic alkene 10r and the exocyclic alkene 9r gave the

racemic keþl L07r and the racemic bicyclic ketone 12r. However, due to the non-availability

of an ozonolysis machine in these laboratories the required procedure needed to be modified.

Reductive cleavage of the racemic bicyclic alkene LOr was attempted by modification of a

literature procedure.l03 Reaction of the bicyclic alkene 10r with sodium periodate and osmium

tetroxide gave the desired keþt 107r (Scheme 97),identified by comparison of the tH NMR

spectrum of the crude product and literature values. However, numerous unidentifiable

products were also formed and the yield of the ketþl 107r was low. Varied concentrations did

not change the outcome of this reaction, and due to the lack of time and success, this reaction

was discarded.

o H

NaIOa, OsOa

1,4-Dioxane
Hzo

L0r 107r

o
H

H

o

Scheme 97
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Section 3.4 Formqtion of Grandisol via the Keto-Acid

Formation of optically active grandisol 1 was then attempted via the keto-acid 7 with use of the

procedures reported by Rosini3} and Webster and Silverstein.3t Grandisol 1 can be formed in

three steps from the bicyclic alkene 10 (Scheme 98).

o H

o

1 I 7 10

Scheme 98

Initially the reaction conditions were attempted with the racemic compound so as not to

waste the valuable optically active alkene 10a.

Reaction of the racemic bicyclic alkene 10r (with some solvent impurity present) with sodium

periodate and ruthenium chloride gave the keto acid 7r in a 50Vo yield from the mesylate 100r,

two steps (Scheme 99). However, the reported procedure of Rosini3o needed to be slightly

modified. After the reaction was stirred at ambient temperature for 30 min, the 'H NMR of the

crude product showed the presence of the keto acid 7r, but also the presence of the ketal 107r,

identified by the resonance at õ9.69. When the reaction was heated at 40'C for 15 hours no

aldehyde product was observed. The small impurities present could not be removed by

chromatography, but fortutiously they did not offect the next step of the reaction. Except for

small impurity peaks the lH NMR spectrum of the keto acid 7r corresponded to that previously

reported in the literature.3o'31

Ms

H
o HNaIOa

RuCl3.3H2o
Ð

r-BuOH
Hzo

1001 10r 7r

Scheme 99

Purification of the keto acid 7r was attempted via a base extraction, however some

epimerisation adjacent to the keto group occurred. This was identified by the appearance of a

HHH

H
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methyl peak at ô1.13, and a triplet at ô3.21 in the tH NMR spectrum of the product. This

method of purification of the keto acid 7r may be usable if extreme care was taken so the pH of

the mixture did not exceed ll-I2. This conclusion is based on the fact that no epermisation of

- the keto acidT occurs during a V/ittig reaction with the ylid Ph:PCHz-.

A Wittig reaction of the racemic keto acid 7r using the procedure of Webster and Silverstein3l

gave, in a76Vo yield (lit.3t 687o), the corresponding racemic acid 8r without epimerisation.

(Scheme 101),After purification by chromatography a white solid was obtained with a melting

point of 46-47"C. The lH NMR spectrum corresponded to that of the acid 8r previously

reported in the literature.3o'31

HH

7r 8r

Scheme 100

Following the conditions of Webster and Silverstein,3t reduction of the acid 8r with lithium

aluminum hydride gave, in a 70Vo yield (lit.3t 70Vo), racemic grandisol 1r. The tH NMR

spectrum corresponded to that previously reported in the literature.3o'31

8r Lr

Scheme 101

After the best conditions for the above reactions were determined, the optically active alkene

10a was converted to optically active grandisol La (Scheme I02).

H

o

HH

LiAIH

10a 7a

Scheme 102

H

8a

THF
HO

Ia
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Reaction of the solution of the optically active alkene 10a in dichloromethane with sodium

periodate and ruthenium trichloride gave the corresponding keto acid 7a in a 54Vo yield over

the two steps, from the mesylate 100a. Purification of the acid by chromatography was

incomplete. Small impurities remained in the light brown oil. This oil had a an optical rotation

of [cr]o20- -28.0 + 2ø (c=2.58 CHzCl2) [Lit. [cr]o'o= -41.0 (c= 8.446 EtOAc)1.6

A V/ittig reaction on the optically active keto acid 7a gave, in a 62Vo yield after purification by

chromatography, the acid 8a. The tH NMR spectrum of the optically active compound was

identical to the racemic compound and is reproduced in the 'Appendix'. The white crystalline

solid had an optical rotation of [a]o20- +94.6 + 2ø (c= 1.08 CH2CI2).

Reduction of the acid 8a gave optically active grandisol La in a 95Vo yield. The rH NMR

spectrum of the optically active compound was identical to the racemic compound and is

reproduced in the 'Appendix'. The colourless oil had an optical rotation of [cr]o20- +20.4 + 2ø

(c= 1.2 n-hexane) [Lit. [ct]o20= +18.4 (c= 1.1, n-hexane)3t,lofo'o''= +20.5 (c= 0.585, n-

hexane)l0al. The optical rotation of this synthetic grandisol la formed corresponds with that of

the natural product. Consequently, it can be said without doubt that attack in the Sharpless

epoxidation reaction does preferentially come from the top face and the products from the

allylic alcohol33 have configuration shown.

The Mosher ester of grandisol 1 was formed to determine the optical purity of the final

product. This is the method used by Mori.roa Reaction of both racemic grandisol 1r and

optically active grandisol la with (+)-cr-m.ethoxy-a-(trifluoromethyl)phenylacetic acid gave

the corresponding MTPAA esters (Mosher ester) 109 and L10 (Scheme 103).

o o

F3

H

Ia

+

#;;" J":#:DCC, DMAP
cH2c12

1b 109

Scheme 103

110

ø The error in the optical rotation value was calculated from the deviation in the values

obtained from the polarimeter.
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The rH NMR spectrum of the racemic Mosher esters 109 and 110 at 600MHz
1l

appearance of two diastereomers, in a 1:1 ratio, and can be described as follows. Two sharp

singlets occur at ô1.14 and õ1.15 due to the methyl groups of the bicyclic ring, the separation is

baseline as can be seen in Figure 52a, and provides a method for analysis of optical purity. The

allylic methyl group resonates at õ1.64 for one diastereomer and ô1.65 for the other. The

separation of both methyl resonances is baseline, however resonances for the ring protons also

occur in this region. The ring protons of both diastereomers resonate as a complex from ô1.4-

2.0. For both diastereomers, the methine proton resonates as a triplet at 2.58, the methoxyl

group from both diastereomers appears as a singlet at ô3.55. The protons adjacent to the ester

moiety appear as a complex, from which no useful information can be obtained. The olefinic

protons resonate as two broad doublets at õ4.37 and ô4.64. The aromatic protons appear as a

complex at õ7 .35-7 .55.

The 600 MHz lH NMR spectrum of the racemic Mosher ester is reproduced in the 'Appendix'.

The enantiomeric excess of optically active grandisol La was determined to be 94+2Vo, by

cutting and weighing the methyl resonances (Figure 52b). This was prepared from optically

active allylic alcohol 38 of an estimated enantiomeric excess of 95Vo.

Figure 52a shows the methyl region at -õ1.15 of the racemic Mosher ester of grandisol 1r.

Figure 52b shows the methyl region at -ô1.15 of the optically active Mosher ester of grandisol

La.

1-1 t. 14

a)

L.2

Figure 52

11 1. t6

b)
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Consequently, a ne,w asymmetric synthesis of optically active grandisol 1a has been

accomplished which uses catalyst-controlled methods. The key intermediate 38r can be formed

in four steps and in a 57Vo yield from commercially purified material. A kinetic resolution of

the key intermediate 38r gives material which could, in principle, have an enantiomeric excess

as high as almost I\OVo, if one is willing to sacrifice yield. However, it has been shown that the

allylic alcohol 38a can be formed in greater than 95Vo enantiomeric excess when the kinetic

resolution is taken to 6OVo conversion. A route for formation of the optically active bicyclic

alkene LQa, exclusive of the exo isomer, has been found. Conversion of the bicyclic alkene

10a, by the procedures of Rosini3} and Webster and Silverstein3l, gives (+)-grandisol in good

yield.

This synthesis gave the naturally occurring enantiomer (+)-grandisol La in 10 steps from

commercially available achiral starting materials.
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CHAPTER 4

AND DISCUSS

KINETIC RESOLUTIONS WTTH THE SHARPLESS

DIHYDROXYLA ON REACTION

Section 4.1 Previous Work

During the time this work was in progress, three important results concerning kinetic

resolutions by the Sharpless asymmetric dihydroxylation reaction were discovered.

In an attempt to synthesize a new chiral auxiliary, Hamon and Christie attempted a kinetic

resolution on substrate 111.105 It was reasoned, due to the high enantioselectivity shown by 1-

phenylcyclohexene in the asymmetric dihydroxylation reaction, that alkene 1L1 might also

react enantioselectively with the reagent. If the reagent were AD--i*-Þ, by Sharpless'

mnemonic,as both alkenes would be dihydroxylated from below, to give the corresponding

diols (Scheme 104). Due to the tertiary butyl substituent one of the diols has an equatorial

phenyl group while the other has this group axial. It was proposed that if the transition state for

the rate determining step was product like then the rate at which the two enantiomers react

might be significantly different and a kinetic resolution could result.r05

Ph

'roH
"roH

Ph
kt^, OH

OH

z_
11la

hlo* OH

'rlOH :

11lb
AD-mix-B

Scheme L04

However, it was found that the relative rates of reaction of the enantiomeric alkenes were of

the order of k¡ur¡/kr¡o* = 2. Although, when an excess of oxidant is used the two diols form in a

Ph
OH

OH

Ph
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one to one ratio and th enantiomeric excess of both is very high. An early rather than a late

transition state appeared to be consistent with the result.los

The same reaction was applied by Hamon, Christie and Kennedy to the asymmetric

dihydroxylation of the alkene ll2.L06 Reaction of the alkene 112 with excess oxidant gave the

corresponding diols in high enantiomeric excess (>907o e.e.) (Scheme 105). l-

Methylcyclohexene shows a relatively poor enantioselectivity in the asymmetric

dihydroxylation reaction (-52Vo e.e.),ot'6l and it is surprising therefore that the two diols from

the reaction of alkene ll2 are formed in high enantioselectivity.

"roH
,rrOH H

l'

OH

OH

7
ll2a

OH
.,rrQH :

tt2b
AD-mix-p

Scheme 105

An effective kinetic resolution, with an early transition state reaction, would require some other

condition to favour reaction of one enantiomer in preference to the other. This could be

achieved if the starting alkene had a steric barrier, which would direct attack of the reagent to

only one face. Gardiner et ø/. discovered that reaction of the alkene 113 with quinuclidine

(used in place of the enantiomerically pure chiral ligand in the AD reaction) gave exclusively

attack from the bottom face, trans to the methyl groups, resulting in only one diastereomer

forming l!4t07 (Scheme 106).

OH
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blocked

AD-reaction +
quiruclidine

OH
Ph

open

113 tt4
l00Vo

Scheme 106

Reaction with (DHQD)2-PHAL as the chiral ligand gave the diol 114 in an optimum

enantiomeric excess of 86Vo, with only a 4OVo conversion. Its enantiomer was obtained in >

95Vo enantiomeric excess when (DHQ)2-PHAL was the chiral ligand. Based on the

diastereomeric outcome it was rationalized that the results are consistent with substrate control

of the dihydroxyl ation anti to the two-diaxial methyl groups, but matched with catalyst facial

selectivities based on Sharpless's mnemonic.

Section 4.2 Proposed Alkene's

The bicyclic alkenes 1.1.5 and 9 might shed some insight to the requirements required for a

highly selective kinetic resolution (Figure 53).The product from cleavage of the double bond

in either alkene could then be used to synthesize optically active grandisol 1. From previous

experiments ('Chapter 2 and Chapter 3'), it has been shown that the top face of the bicyclic

ring system is relatively open to attack whereas the bottom face is essentially closed. The E or

Z isomer of the alkene 115 is similar to the substrate of GardinerloT and may result in a highly

selective kinetic resolution,

115

Ph
OH

OH

I
Figure 53
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Section 4.2.1 Dihydroxylation Conditions on the Di-Substituted Alkene

The alkene t has been previously synthesized as described in 'Chapter 2, Results and

Discussion'. Initially the racemic diol was formed by modification of VanRheenen's general

procedure.l08 In theory, two possible diastereomers could form. Reaction of the alkene 9r with

osmium tetroxide and N-methyl morpholine N-oxide (NMO) gave one diol preferentially in a

yield of 38Vo, and it is assumed to result from top face attack and is the isomer 116r (Scheme

107).

+
Acetone

Hzo

+ OH

OH
OH

(t)-117r(t)-9r (t)-116r

Scheme 107

The rH NMR spectrum of the diol shows a singlet at õI.26 due to the methyl group, the ring

protons appear as an unresolved complex in the region of õ1.3-2.2. A poorly resolved signal at

ô3.61 is revealed to be an AB quartet, upon a DzO exchange, due to the methylene protons

adjacent to the hydroxyl group. There is a small AB quartet at ô3.35, presumed to be due to the

methylene protons adjacent to the hydroxyl group of the minor isomer 117r (Figure 54a) .

Reaction of the alkene 9r with quinuclidine (used in place of the enantiomerically pure chiral

ligand in the AD reaction) gave exclusively attack from the .n 
li::"ri 

give the diol 116r in a

3IVo yield (Scheme 108) The ttt NMR spectrum was identical to^the major diol formed by

VanRheener¿'s method and no minor isomer could be observed (Figure 54b).

K2CO3
K3Fe(CN)6

Quinuclidine
t-BuOH,H20

OsOa OH

(t)-9r (t)-116r

Scheme 108

Figure 54 shows the resonances in the lH NMR spectrum due to the protons adjacent to the

primary hydroxyl group. Figure 54a shows the presence of diastereomers.

OsO¿
NMO
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ñffrrTErfñrTrrrtrrF
I 3.6 3.4 3.

nTrrrrfffiTl1'I'Ì]'ñTrrn-fffiT

3,8 3.6 3.4 3

a) Diol from reaction with OsO¿ b) Diol from reaction with Quinuclidine

Figure 54

In order to test eventually the optical purity of the diol 116a formed by the use of a chiral

ligand, the corresponding mono acetate 118r was formed (Scheme 109). The lH NMR

spectrum of the acetate is similar to that of the diol 116r with an additional singlet methyl peak

at ô2.08 and the absence of the OH peak. In addition, the AB quartet that resonated at ô3.61 in

the diol 116r now appears as a very distorted AB system centred at ô4.15.

Ac2O

pyridine

(t)-116r (t)- 118r

Scheme 109

Chiral shift tH NMR experiments, with trisl3-(heptafluoropropylhydroxymethylene)-(+)-

camphoratoleuropium(Ill), [Eu(hfc)3], on the racemic acetate 118r gave no useful separation of

the acetate or ring methyl. However, it was observed, as shown in Figure 55 a, b, and c, that as

the concentration of the chiral shift reagent was increased, the very distorted AB quartet

initially at ô4.15 (a), became a distorted AB quartet (b), and eventually two overlapping AB

quartets (c).
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5.5
a) Eu(hfc)3 b) Eu(hfc)r c) Eu(hfc)3 d) Eu(fod)¡

Figure 55

It appears that Figure 55c shows two overlapping AB quartets, but it was possible the

resonance could be a doublet of doublets each due to one enantiomer. To confirm this chiral

shift experiments were performed with an achiral shift reagent, Eu(fod)3. Addition of the

achiral shift reagent, Eu(fod)¡, to the racemic acetate 118r gave one AB quartet, Figure 55d,

confirming that the resonances seen in Figure 55c were two overlapping AB quartets, one from

each enantiomer. The achiral shift reagent, Eu(fod)3, enhances the diastereotopic differences in

the molecule but will not differentiate enantiomers. Vy'hereas, the chiral shift reagent, Eu(hfc)3,

differentiate the enantiomers but not to a sufficient extent to be useful to determine the optical

purity of the acetate 118r.

5.5 5.0

o

o Eu

o./
o

(H3C)3C

3 J

lEu(hfc)¡l Eu(fod)¡

Figure 56

Alternatively, the racemic diol 116r was acylated with cr-rvrethoxy-cr-(trifluoromethyl)phenyl-

acetic acid to give the corresponding Mosher esters 119 and 120. (Scheme 110).
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OH OH H
H H OH

HO/
+ DCC, DMAP

cH2clz

l16a 116b 119 t20

Scheme 110

The 200 MHz IH NMR spectrum of the racemic Mosher esters 119 and 120 shows the

presence of two diastereomers and can be described as follows. The two finely separated

singlets at õI.23 and ô1.25 are due to the methyl group of each diastereomer. For both

diastereomers, the ring protons resonate as a complex in the region ô1.3-2.1. The methoxyl

protons are coincident and appear as a broad singlet, at õ3.55, and the aromatic protons appear

as a complex at õ7.35-7.55. The most useful signal in the tH NMR spectrum is the complex

signal at õ4.37, as can be seen in Figure 57a. Initially it was postulated that each diastereomer

resonated as an AB quartet, and the overlap of two AB quartets resulted in the complex

observed. By increasing the field strength to 300 and 600 MHz, it became obvious that the

methylene group of one diastereomer exhibits a very distorted AB quartet (nearly a singlet),

while the other diastereomer exhibits an AB quartet (Figure 57b and Figure 57c). These

resonances could be used to determine the optical purity of the diol 116. The two methyl

singlets give baseline separation at 600 MHz and could be used to confirm the optical purity of

the diol 116.

+

45 4.4 4.3 4.5 4.4 4.3 4.5 a.a 4.3

a) 200 MHz b) 300 MHz c) 600 MHz

Figure 57

It has been shown with quinuclidine that the bottom face of the alkene 9 is essentially blocked'

If the alkene 9 is drawn as shown in Scheme 1 1 1, it is hoped that in the case of the alkene 9a,
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that the chiral oxidant will attack preferentially from the top face. Whereas it is hoped that in

its enantiomer 9b attack will occur from the bottom face. Although it was unlikely that the

chiral reagent will be enantioselective, it was still of interest to see if the chiral reagent 'was

diastereoselective.

AD-mix-p

open AD-mi*-p +
t-BuOH

H2o

+

)
closed OH HO

AD-mi*-p
9b9a

Scheme 111

Aliquot's of the reaction mixture were taken at I,2,3, 5, 6 and 24-hours. All aliquots showed

only one isomer, 1,L6, in the lH NMR spectrum of the crude product. The alkene 9 was not

observed in the tH NMR spectrum due to its volatility.

Analysis of the one and 24-hour aliquots revealed that in both cases the diol isomers LL6a and

116b had formed in a 1:l ratio, from interpretation of the lH NMR spectrum of the Mosher

ester. As expected the Sharpless dihydroxylation reaction on the bicyclic alkene 9 is not

enantioselective, however, it was diastereoselective.

Section 4.3 Formation of the Phenyl Alkene

Using the observations of Gardiner,r0T the alkene 115 should be a better substrate to undergo a

kinetic resolution with the Sharpless dihydroxylation reaction. The phenyl alkene 115 might be

formed from the bicyclic ketone l2r via a V/ittig reaction, however formation of E and Z

isomers would be expected but it was hoped that these diastereomers could be separated

(Scheme 112).

PhCH"PPh,X

Base

Pho

116a 116b

H

(t)-12r

Scheme 112

115

110



Chapter 4 R&D

The ketone group in the bicyclic ketone appears to be more hindered than was expected and

somewhat surprisingly, a Wittig reaction with the phosphorane, Ph3Ph-CHzPh, under various

conditions did not occur. It appeared that the bicyclic ketone 12r was too hindered and in most

cases only starting material remained. Interestingly, when n-Buli was used as the base, in a

slight excess, the aldol product 121r resulted (Scheme 113).The conditions used are outlined

in the experimental section p. 17I. Cyclopentanones are relatively acidic ketones and perhaps

just an acid-base reaction was occulring in the attempted V/ittig reaction.

o

H

l2l.r

Scheme 1L3

Section 4.3.1 Peterson Olefination Reaction

An alternative to a V/ittig reaction is the Peterson olefination reaction. The Peterson olefination

has been found to convert carbonyl compounds, that have enolizable hydrogens, into

alkenes.lOe'rrO Reaction of benzylmethylidinetrimethylsilane with the bicyclic ketone 12r

should give the p-hydroxylsilane 1,18, which should then give the alkene 115 after elimination

(Scheme 114).

Ph
Ph

(H3C)35i

PhCHS(CH3)3 HO

l2r

Ph

+

(t)-12r 118 115E llSZ

Scheme 114

Reaction of the bicyclic ketone 12r with benzylmethylidinetrimethylsilane in the solvent

system of TMEDA did give the required alkenes 115 (E and Z) but only in a yield of 8Vo

(Scheme 115).The'H NMR spectrum showed the presence of E andZ isomers, formed in a

relative ratio of 1:1.3. Due to the low yield obtained and because the alkene was mixture of

isomers, which were inseparable by normal chromatography, an alternative method for

formation of the alkene 115 was sought.

lli



Chøpter 4 R&D

Ph
Ph

H
PhcH2s(cH3)3

n-Bul-i
TMEDA, -70' C

(+)-12r L15E llíz
Scheme 115

Section 4.3.2 Formation of the Alkene via an Elimination Reaction

A Grignard reaction on the bicyclic ketone L2r should give the alcohol 123. A mixture of the

alkenes 11,58, ILSZ and presumable the endo isomer 122 might form after an elimination

reaction but in better yield so that separation could be attempted (Scheme 116).

Ph Ph
H

HO
.............Ê

- -122 1158 llSZ 123 l2r
Scheme 116

A Grignard reaction on the bicyclic ketone l2r gave the desired tertiary alcohol 123 as a white

solid in a yield of 94Vo (Scheme 1 17).

PhCH.CI

-" 

->
Ph +

Mg, Et2O

OH

(t)-123r

Scheme 117

Ph
(t)-12r (t)-124r

The lH NMR spectrum shows only one diastereomer, presumed to be the isomer 123r, and can

be explained as follows. A 3H singlet at ô1.28 is due to the methyl group on the bicyclic ring.

The 10H complex between õ115-2.2 is due to the methylene ring protons and the hydroxyl

group. The benzylic protons exhibit an AB quartet at õ2.65 and ô2.71 and the aromatic protons

appear as a 5H complex at ô7.3. Microanalysis supported the assigned structure. The 600 MHz
lH NMR, COSY and HETCOR spectra are reproduced in the 'Appendix'.

H

+

Ph
HH

Ph

+ +

IL2
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Elimination of the tertiary hydroxyl could give three products, the E and Z isomers of the

desired alkene 115 and the unwanted endocyclic alkene l22but the proportion of these might

be dependent on their mode of formation (Scheme I 18),

Ph

H

+ +

123 115E ILSZ 122

Scheme 118

Several reaction conditions were attempted; however, a mixture of alkenes that proved to be

inseparable was alys¿ys obtained. The olefinic protons resonate at different chemical shifts, in

the rH NMR spectrum, for each of the isomers. The broad singlet at ô5.25 is due to the olefinic

proton of the endocyclic alkene L22. The olefinic proton of the alkenes 115E and llSZ

resonates as broad singlets at ô6.20 for one isomer and at ô6.30 for the other, but the E and Z

isomers could not be differentiated by their lH NMR spectrum. The results are summarized in

Table 11. Unfortunately, different reactions conditions do not significantly change the ratio of

alkenes formed, and it appears that there is a 507o probability that the double bond will be exo

or endo. Attempts to isomerize the alkenes were unsuccessful, no change in the relative ratio

was observed when the mixture of alkenes in d-chloroform was refluxed in the presence of

iodine.lll Reverse phase TLC plates showed no separation of the isomers and minimal

separation, not enough to be useful, occurred on normal TLC plates impregnated with silver

nitrate. This route did not prove to be viable as the exocyclic alkene 115 could not be obtained

without contamination of significant quantities of the endocyclic alkene 122. Consequently,

formation of this substrate was abandoned.

Ph
PhPh

H H
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Concentration Reagents Conditions Products'

0.06 M p-Toluene sulfonic acid
(catalytic), CDCIr

Ambient temp, 24hrs Starting material

0.06 M DMSO 160'C, 24 hrs Alkene
2:I:3

(115: LlS:122)
0.03 M SOClz, Py,CH2CI2 Ambient temp, 15 hrs Alkene

1.8:1:2.8
(115 : ll5:122)

0.03 M SOClz, Py, CH2CI2 -78"C, 2 hrs Alkene
2:I:3

(115: ll5:122)
0.05 MsCl, Et3N, CHzClz Ambient temp, 2 hrs Alkene

2.1 : I :3.2
(115: 115:122)

Table 11

Section 4.4 Alternative Alkenes

The new alkene 125 should also satisfy the requirements for a highly selective kinetic

resolution. The alkene 125 might be formed exclusively from the alcohol 126 via an

elimination reaction. In this case, it is not possible for E and Z isomers to form and because of

the strain that would be introduced, it is unlikely that the double bond will form exo to the

cyclobutane ring. The required alcohol 126 could be formed from the bicyclic ketone l2r via a

Grignard reaction. Cleavage of the double bond in the alkene 125 will not give the optically

active bicyclic ketone l2r, and it can-not be used in the synthesis of grandisol but it might give

some insight into features affecting kinetic resolution by the Sharpless asymmetric

dihydroxylation reaction.

Ph o
HO

l2S 126 l2r
Scheme 119

A Grignard reaction on the bicyclic ketone I2r gave the desired tertiary alcohol 126r in a yield

of 88Vo as a colourless liquid, which crystallized in part on standing. Again, only signals for

H

i The E and Z isomers could not be differentiated in the tU NMR spectrum.
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one diastereomer were observed in the tH NMR spectrum and it is assumed to be the alcohol

t26r in which the hydroxyl group is trans to the methyl group. (Scheme 120).

PhBr

Mg, Et2O

(t)-12r
Ph

(r)- 133

The 600 MHz rH NMR spectrum of the alcohol 126r shows a 3H singlet at õL22 due to the

methyl group on the bicyclic ring. One of the protons at C4 resonates as a doublet of triplets at

ô1.29, with coupling constants of 6.5 and l3 Hz. The other proton atC4 resonates as a doublet

of doubletof doubletsatõl.50,withcouplingconstantsof 2,6and 13Hz. TheprotonsatC6

resonate as a 2H multiplet at ô1.90. The protons of C7 and one proton of C3 resonate as a 3H

complex at õ2.0-2.1, the other proton at C3 resonates as a doublet of triplets at ô2.43, with

coupling constants of 6.5 and 13 Hz. The methine proton appears as a doublet of doublets at

ô2.60, with coupling constants of 5.5 and 9.5 IJz, and the aromatic protons resonate as a

complex between õ7.2-7.4. The 600 MHz rH NMR, COSY and HETCOR spectra are

reproduced in the 'Appendix'.

The tertiary alcohol 126r was easily dehydrated to give the required alkene 1.25r.t 
It Initially

yields of only 50Vo were obtained after purification of the alcohol t26r by chromatography. It

was noticed if the alkene 125r was left at ambient temperature for 24 hours that the tH NMR

spectrum had changed considerably and no longer resembled the alkene 125r. The addition of

a small amount of 2,6-di-tert-butyl-p-cresol, acting as a radical inhibitor, during the work-up

excluded this problem and the alkene could then consistently be obtained in yields of -\OVo.

HOr,,
H P H

MsCl, Et

cH2clz

+

OH
(t)-126r

Scheme 120

Ph

126r

Scheme 121

l25r

115



Chapter 4 R&D

The rH NMR spectrum of the alkene 125r shows a 3H singlet at ô1.20 due to the methyl group.

The ring protons exhibit a 3H complex in the region ô1.6-2.0, another 3H complex at õ2.1-2.4

and an allylic proton resonates as a broad singlet at ô3.05. The olefinic proton appears as a

broad singlet at ô6.05 and the aromatic protons exhibit a 5H multiplet in the region ô7.0-7.3.

Due to the instability of the alkene 125r, a microanalysis was not attempted.

Section 4.4.1 Kinetic Resolution of the New Alkene

Reaction of the alkene 125r with quinuclidine (used in place of the enantiomerically pure

chiral ligand in the AD reaction) gave exclusively attack from one side, assumed to be the top

face, to give the diol l27r I as a white solid in a 5OVo yield, mp 1 16-1 18"C. (Scheme 122).

&co¡
K3Fe(CN)6

Quinrlidine
t-BuOH, H2O

OsOa

l25r

Scheme 122

The IH NMR spectrum of the diol l27r shows a 3H singlet at ô1.29 due to the methyl group.

The ring protons exhibit a 5H complex in the region õ1.6-1.9, a lH multiplet at ô2.0 and

another lH multiplet õ2.45. The methine proton adjacent to the hydroxyl group appears as a

doublet of doublets at ô4.95, with coupling constants of 7 and 10.5 Hz. The aromatic protons

resonate as a complex in the region õ7.2-1.5. A microanalysis of the diol I27r was attempted

with two different samples, and in duplicate with one sample, however in all cases they did not

correspond to the structure 127r. The values required for the diol l27r are C,77.03:. H, 8.31.

The values found were C, 75.95; H, 8.39; C, 75.99; H, 8.38 and C, 15.96; H, 8.28. The

microanalyses values could correspond to 1/6th of a molecule of water being incorporated into

the crystal structure.

The racemic diol l27r was acylated with cr-Methoxy-u-(trifluoromethyl)phenylacetic acid to

give the corresponding Mosher esters 128 and 129 (Scheme I23).

,H

Ph

l27r
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OH
e

H
Ph Phr, Ph oo Phr,,

I'HO
DCC, DMAP

c}l2clz

l27a t27b

Scheme L23

The 300 MHz rH NMR spectrum of the racemic Mosher esters 128 and 129 shows the

presence of two diastereomers and can be described as follows. The two finely separated

singlets at ô1.33 and ô1.35 are due to the methyl group of each diastereomer. For both

diastereomers, the ring protons resonate as a complex in the region ô1.3-2.5. The tertiary

hydroxyl of each diastereomer also comes in the region ô1.3-2.5. The methoxyl protons both

appear as a broad singlet at ô3.37 and ô3.53 and give baseline separation (Figure 58). The

methine proton adjacent to the ester moiety, of both diastereomers, resonates as a multiplet at

õ6.26, and the a¡omatic protons appear as a complex at ô7.35 -7 '55.

Figure 58 shows the rH NMR spectrum of the methoxyl region of the Mosher esters 128 and

129

Fs9

t29t28

H

+

Figure 58

Using Sharpless' mnemonic,ll3 when the alkene 125 is drawn as shown in Scheme 124, the

alkene 125a should be dihydroxylated tiom the top face whereas its enantiomer 125b will be

dihydroxylated from below. As the bottom face is essentially closed to attack it is hoped that

enantiomer 125a will react in preference to enantiomer L25b, resulting in a kinetic resolution.
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(DHQD)2-PHAL

open

+ +trH
Ht'

l25a

chsed Ph

(DHQD)2-PHAL

t25b

PhPh

r27bl27a

Scheme 124

Instead of using the commercial AD-mix, the components were separately combined in

solution so that the amount of oxidant (potassium ferricyanide) could be limited. The chiral

ligand used was (DHQD)2-PHAL, which will approach from the B-face. Initially, the oxidant

was limite d to 26Eo (2 molar equilvalents of potassium ferricyanide are required) and after

work-up the rH NMR of the crude product indicated that the reaction had gone to 40Vo

completion. Separation of the starting alkene l25b and diol l27a was achieved by

chromatography. The diol l27a from the reaction was converted to the corresponding Mosher

ester and the enantiomeric excess was determined to be 88Vo. The starting alkene 125b was

converted to its corresponding diol with quinuclidine, an achiral reagent and then to the

corresponding Mosher ester (Scheme 125). The enantiomeric excess of the starting alkene

1,25b was 52Vo (Figure 59).

F

cocr
H

Hr'

F3

H\

Ph

t25b

=Ph

t27b

Scheme 125

DCC, DMAP
cH2ctz tn

r29

Figure 59a shows the methoxyl region for the Mosher esters prepared from the diol I27a, the

diol from the Sharpless asymmetric dihydroxylation. Figure 59b shows the methoxyl region for

the Mosher esters prepared from the diol l27b of the recovered alkene 125b. The diol 127b

was formed from the alkene 1.25b with quinuclidine as the achiral reagent.
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t.al t-¡¡ r.at ,.{ ¡. It l.¡t t.5¡ l.al !. at l. t¡

a) b)

X'igure 59

The relative rates of the two enantiomers as determined with the selectivity program þreviously

discussed in 'Chapter 3, Results and Discussion') are shown in Figure 60a, in this case the

enantiomeric excesses from the product and substrate were used to plot the graph. From the

graph, by running the reactionto 6U/o the enantiomeric excess of the recovered alkene would

be>95Yo, resulting in highly selective kinetic resolution.
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Figure 60

When the reaction was run to -70Yo conversion (determined from the rH NMR spectrum of the

crude product, only enough oxidant was added for a 50Yo conversion) the enantiomeric excess

of the recovered substrate and product were both found to be 80%. The graph shown in Figure

60b was obtained from the selectivity program when the enantiomeric excesses from the

recovered substrate and product were used. It can be seen that the graph prediøs the reaction

has gone only 5\o/o, the conversion expected. This inconsistency could be due to some of the

=26

r19
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alkene decomposing during the reaction and hence the lH NMR spectrum of the crude product

is not entirely accurate. In the future, precautions will need to be taken so that the percentage

conversion is correctly determined. However, this graph gives a very similar result to the graph

in Figure 60a. By limiting the oxidant and by running the reaction to 60Vo the enantiomeric

excess of the recovered alkene would be >95Vo.

The alkene 125 appears to be the ideal substrate to control a highly selective kinetic resolution

and an early rather than a late transition state is consistent with the result.

In light of this observation, it is perhaps worth persevering with the formation of the alkene

115. An alternative method for its formation is outlined in Scheme 126. An elimination

reaction on the alcohol 130 should give the alkene LL5, two possible isomers could form and of

course, it would be necessary to find a method to separate them. The alcohol 130 could be

formed from the aldehyde 73 with a Grignard reaction. The aldehyde 73 has been previously

formed from the bicyclic alkene 9 ('Chapter 2, Results and Discussion'). However, due to

insufficient time this synthesis was not attempted.

-\-
-- -ò115 130 73 71 9

Scheme 126

Section 4.4.2 Kinetic Resolution of the Methyl Alkene

The last substrate chosen to study the kinetic resolution was the methyl alkene 10, this alkene

is of interest as it can be used in the synthesis of (+)-grandisol. However, if this substrate is to

be used in the synthesis of (+)-grandisol it is desirable that it is formed in a short number of

steps.

A Grignard reaction on the bicyclic ketone l2r gave the methyl alcohol L3Lr in a yield of 66Vo

after purification by chromatography (Scheme 127). Resonances for only one diastereomer

were observed in the lH NMR spectrum and it is assumed that the isomer is 131r. The l3C

NMR spectrum corresponded very closely with that reported in the literature. The lH NMR

PhPh
HHH

H

r20
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spectrum of the product is nearly identical to that reported in the literature, except for the

methyl resonances.26'2e The literature reports the methyl groups occur at ô1.35 and õ1.85,

however they were found at ô1.16 and ô1.20. The difference could be a misprint or simply

becausetherHNMRspectrumreportedintheliteraturewas performed in a carbon tetrachloride

solution using a 60 MHz or 100 MHz spectrometer.

CH3I L +
Mg, Et2O

(t)-12r
OH

(t)-131r

Scheme 127

(t)-132r

In the literature, it is reported that elimination of the alcohol 131r by heating in HMPA gives a

7:3 ratio of the endocyclic 10r and exocyclic 9r alkenes. However, elimination with methane

sulfonyl chloride increased the preference of the endocyclic alkene 10r (9:I endo'.exo)

(Scheme 128). This reaction was performed several times, with varying scales and different

concentrations. When the elimination was done on a large scale the exocyclic alkene 9r could

not be detected in the tH NMR spectrum. The yield of the isolated product was only 55%o and

this is probably due to the volatility of the alkenes.

MsCl +
Er3N

cHzclz
OH

(t)-131r (t)-10r

Scheme 128

(t)-9r

By the same reasoning discussed previously for the benzyl alkene 125, it is hoped that

enantiomer 10a will react in preference to enantiomer L0b (Scheme 129).

(DHQD)2-PHAL

(DHQD)2-PHAL

10b

K2C03
K3Fe(CN)6

(DHQD)2-PHAL
t-BuOH, H2O

OsOa

open

+
H

,,H

closed

10a

Scheme 129

103a

+
Ht'

103b
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The racemic diol 103r has been formed previously and it is known that the optical purity of the

diol 103a can be determined from the corresponding Mosher ester (see 'Chapter 3, Results and

Discussion').

The Sharpless dihydroxylation reaction was performed at OoC using a limited amount of

oxidant and (DHQD)2-PHAL as the chiral ligand. Initially, the alkene was not isolated. If this

kinetic resolution proved to be viable, a procedure for isolation of the alkene would be

determined. By limiting the oxidant, the reaction had gone to a 26Vo completion and the

enantiomeric excess of the product, found by conversion to the Mosher esters 105 and 106, was

23Vo (Scheme 130 and Figure 6la).The enantiomeric ratio for this reaction was 1.8'

HO
OH

+HO
DCC, DMAP

cH2c12

103a 103b 105

Scheme 130

Repetition of this reaction at ambient temperature gave a very similar result, when the reaction

was taken to 26Vo conversion (determined by the amount of oxidant added) the enantiomeric

excess of the product was found tobe 24Vo (Figure 61b).The outcome for this reaction is

similar to that for the exocyclic alkene 9r attempted previously. The reaction is very

diastereoselective but is only slightly enantioselective.

a) 0'C b) Ambient temPerature

Figure 61

The rate at which the enantiomers react is substantially different in the alkenes 125 but not in

the alkene 10. From the experimental evidence, attack from the top face is favoured in both

F3

HO
F3OH F

+
Ph

1.06
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cases. The difference between the two results is based on the catalyst facial selectivities in the

Sharpless asymmetric dihydroxylation reaction. The enantiomeric excess of 1-

phenylcyclohexene is>97Vo, and l-phenylcyclopentene is 97Vo,when (DHQD)2-PHAL is used

as the chiral ligand, whereas l-methylcyclohexene is only 527o and that for

methylcyclopentene has not been reported. However, what controls these facial selectivities is

not always immediately obvious since it has been found that for I-methyl-4-tert-

butylcyclohexene 1-l2 that the corresponding diols form in high enantioselectivity (see

'Chapter 4, Results and Discussion' p. 104 ).

Ph H

125 10

Figure 62

In conclusion, a substrate has been found that undergoes a highly selective kinetic resolution.

However, in order to determine what precisely is required for a highly selective kinetic

resolution with the Sharpless asymmetric dihydroxylation reaction, more research will need to

be done.
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CHAPTER 5

RESULTS AND DISCUSSION

ASYMMETRIC SYNTHESIS OF

1-METHYL-2.CYCI-OHEXEN-1-OL

Section 5. I Formation of I -Methyl-2-Cyclohexen- I -ol

As previously discussed in the introduction, several aspects of the asymmetric synthesis of

MCL 2 needed to be investigated. The synthesis of the pheromone needed to be accomplished

on a multigram scale, so problems with the volatility and handling of the pheromone would be

overcome.

A Sharpless asymmetric dihydroxylation reaction on l-methylcyclohexene gave the optically

active diol 47 a (Scheme 13 1) in an 85Vo yield with a 52+3Vo e.e., after a modified work up.

AD-B-mix

Hzo
r-BuOH

47a

Scheme 13l,

Due to the water solubility of the diol, the standard work up procedureas needed to be modified.

Hence, the KOH solution which is normally used to remove methanesulfonamide was omitted

and no extra water was added in the work up procedure. Due to the considerable volatility of

the diol, solvent was removed by fraction distillation at each stage of the purification. After

chromatography and then sublimation (50"C/0.5mm) the diol was obtained in an85Vo yield.

The enantiomeric excess was determined by chiral shift NMR experiments with tris-[3-

(heptafluoropropy-hydroxymethylene)-d-camphoratol europium (IID derivative on the

corresponding secondary mono acetate. (See 'Introduction') The enantiomeric excess was

unaffected by scaling and found to be the same as obtained earlier.6l

The racemic diol 47r was formed by reaction of 1-methylcyclohexene and osmium tetroxide in

the presence of NMO tn a 657o yield (Scheme I32),
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OsOa
NMO

Hzo
acetone

(x,)-47r

Scheme 132

The lH NMR data of the racemic diol was identis¿l withthatoftheopticallyactivediolandwiththe

literature values reported for the (1R, 25) enantiomer.lla

The optically active diol4Ta was converted to the optically active tosylate 48a by modification

of a procedure outlined in Reagents for Organic Synthesis.r02 Purification by chromatography

gave the optically active tosylate 48a in an83Vo yield, with a 55+3Vo e.e.. (Scheme 133).

H S
TsCl

þridine
47 48

Scheme 133

Repetition of this reaction, on a larger scale, with the racemic diol 47r gave the racemic

tosylate 48r in a94Vo yield.

The rH NMR spectrum shows two sharp 3H singlets, at õ1.14 due to the methyl group and at

82.45 due to the tosylate methyl. The hydroxyl group exhibits a broad lH singlet at õ1.59. The

methylene envelope occurs in the region õI.2-1.6, (this unresolved pattern is due to each

proton coupling to its vicinal and geminal neighbouring protons). The signal at õ4'36 is a lH

doublet of doublets with an axial-equatorial coupling constant of 4 Hz and a axial-axial

coupling constant of 10 Hz, due to the proton atC2. The aromatic AA'BB' signals appear as

two 2H doublets at õ7 .34 and ô7.80, which couple to each other with a coupling constant of 8

Hz.
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As previously discussed in the 'Introduction', the enantiomeric excess was determined by

chiral shift NMR experiments on the tosylates 48 with tris-[3-(heptafluoropropy-

hydroxymethylene)-d-camphoratol europium (III) derivative.

Also previously discussed in the 'Introduction', the optical purity of the optically active

tosylate 48a could be improved by recrystallization from diethyl ether and hexane. After one

recrystallization, the tosylate 48a was obtained with an enantiomeric excess of 78+37o.

Repeated recrystallization of the large-scale optically active tosylate 48a gave material that had

an enantiomeric excess of.94+3Vo, after four recrystallizations. The optically active tosylate 48

was obtained in a recovery yield of 37Vo after four recrystallizations.

The enantiomeric excess was determined by chiral shift NMR experiments of the tosylate 48 in

the presence of tris-[3-(heptafluoropr{yl-hydroxymethylene)-d-camphorato)] europium (IIf

derivative. The ortho aromatic protons of the racemate, originally at ô7.80, gave baseline

separation in the presence of the chiral shift reagent. The aromatic region of the tH NMR

spectra of the enantiomerically enriched samples is reproduced in Figure 63. Integration of the

optically enriched tosylate indicates the enantiomers were present in a ratio of 97:3, a result

that was verified by the method of cutting and weighing the peaks of the reproduced spectra

(Figure 63b).

FP|I 8.2 8.0 7.8 7.õ 1.1 1.2m 7.0

a) 52Vo e.e.

Figure 63

b) 94Vo e.e.
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Both the racemic and optically active tosylates 48r and 48a were separately converted to the

allytic alcohol 2r and2aby reaction with phenyl selenide anion (Scheme 134).

PhSe-

EtOH

482
Scheme 134

Reaction of the optically active tosylate 48 with phenyl selenide anion followed by removal of

the solvent by fractional distillation followed by a short path distillation gave in a 78Vo yield,

the optically active allylic alcohol2a.

Repetition of the above reaction with the racemic tosylate 48r, gave the racemic allylic alcohol

2r in a 55Vo yreld.

The rH NMR spectrum is consistent with that expected for the structure of 2. There is a 3H

singlet at ô1.29 due to the methyl group, a 2H multiplet at õ2.10 due to the allylic protons and

the methylene envelope occurs in the region õ1.5-1.8. The olefinic protons give a lH multiplet

of doublet at õ5.65 with a coupling constant of 10 Hz and a lH doublet of triplet with a

coupling constant of 4 and 10 Hz at ô5.75 (Figure 64). The literature values for 2 are a lH

singlet at õI.29, a multiplet at õ1.45-2.05 consisting of 7H and signals due to the olefinic

protons as a multiplet at õ5.55-5.90.rls

s

5 5 5 PP'{ 5

A 200MHz tH NMR spectrum of the olefinic region of the allylic alcohol 2

Figure 64
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As the optical purity of the allylic alcohol 2 could not be determined directly, it was converted

to the epoxides (Scheme 135).As discussed in the 'Introduction', both the cis 52 and the trans

53 epoxides were formed from this reaction, initially in a ratio of 93:7 .

øCPBA
cH2clz

+
NaHCQ

252s3
Scheme 135

Consequently, due to the impurity of the trans epoxide 53, baseline separation of the

resonances due to the epoxide protons in the tH NMR did not occur in the presence of chiral

shift reagent. To achieve baseline separation, it was necessary to exclude the formation of the

trans epoxide 53. It is known that TnCPBA coordinates to the hydroxyl group and therefore can

deliver the oxidant from the same face as the hydroxyl.l16 If the nCPBA is added slowly to the

reaction mixture, so there is time for it to coordinate to the hydroxyl, then hopefully only the

cis epoxide 52 should form. Hence, formation of the racemic epoxide was performed at -5oC,

with nCPBA added portionwise over five minutes. The cis epoxide 52 was formed in an 847o

yield and no trans epoxide 53 could be detected in the tH NMR spectrum.

Chhal shift NMR experiments of the pure racemic cis epoxide 52r, with tris-[3-

(heptafluoropro¡Ït-trydroxymethylene)-d-camphorato)l europium (III) derivative, then gave

baseline separation of the epoxy protons in the tH NMR spectrum.

Formation of the optically active epoxide at -5"C gave the cis epoxide 52a isolated in a 55Vo

yield. Again, no trans epoxide 53a was detected in the lH NMn spectrum. Chiral shift NMR

experiments of the pure optically active cis epoxid e 52a, with tris-l3-(heptafluoropropyl-

hydroxymethylene)-d-camphorato)l europium (III) derivative confirmed that the enantiomeric

purity from the tosylate 48a had been maintained.

The epoxy-proton region of the resultant tH NMR spectrum is reproduced in Figure 65
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i

i1
ll
il

W
Racemic Optically active 300 MHz

Hence, a three-step synthesis of optically active 1-methylcyclohex-2-enol (MCL) has been

accomplished from achiral materials.

S e ction 5.2 M e r g e d- Sub stitution Elimination Re action

The mechanism for the fortuitous elimination reaction which was discovered during this

synthesis is interesting and needs to be explained. That the reaction of the tosylate 48 with

phenyl selenide anion in ethanol is not an Er mechanism can be deduced from the observation

that the half life for the reaction is concentration dependent, and no products from the pinacol

re¿urangement are observed when care is taken to remove adventitious base. Furthermore, it is

found that the tosylate 48 is recovered unchanged in refluxing ethanol. (Scheme 136).

S
EtOH+

Optically active 200 NdHz

Figure 65

48

Scheme 136

It is curious why phenyl selenide anion, a powerful nucleophile to carbon but non-nucleophilic

to a hydrogen attached to oxygen of an alcohol would become nucleophilic to a hydrogen

attached to carbon. The relative pKu of an alcohol proton (ROH) is approximately 15. The pKo

of a selenium proton (HzSe) is approximately four.

To consider the reasons for this observation in more detail the research of Winstein and Parker

needs to be introduced.lrT Winstein and Parker studied elimination accompanied bimolecular

nucleophilic substitution reactions (Sr.¡2) of p-toluenesulfonates. Trans-4-t-butylcyclohexyl p-

toluenesulfonate, which has the toluenesulfonyloxy group constrained to an equatorial position,

48
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undergoes a partial substitution and partial elimination reaction with LiBr in acetone at75"C

(Scheme 137).

H

TsO f--Bu Ë-BuT

H

Y o
TsO --H

f-Bu

Y
H

H

o
v

133

f-Bu

H

Scheme 137

AnE2 mechanism was precluded by stereoelectronic considerations. An SN2 reaction followed

by an E2 reaction did not account for the observed elimination, as the intermediate bromide is

too unreactive. An El elimination mechanism was discounted due to the substantial rate factor

difference when lithium bromide and lithium perchlorate were used as the nucleophile.

Winstein and Parker concluded that the mechanism could be described as a merged

substitution-elimination reaction. That is where the mechanism of this reaction retains the S¡21

characteristics 133 where there is mainly apartly covalent SN2-like linkage between the base

and the ct-carbon.llT

Since Winstein and Parker drew attention to the dichotomy of weak bases but good

nucleophiles which promote elimination reactions there has been considerable debate as to the

verity of his suggestion. It was later posulated that the transition state is best represented by

134, where the base exerts some electrostatic repulsion on the leaving group l18' lle figure 66).
,B

H'
i/^-/^

-\J--\/- -'l i\
L34

Figure 66
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However, it appears that no clear explanation has been given for what is actually happening in

these reactions. The formation of the allylic alcohol 2 is an extreme example of this

phenonomenon, and it is hoped that this observation will stimulate debate on the subject.

Under the same conditions, with NaSePh, as when the tosylate 48 gives only the elimination

product both the racemic isomeric trans-tosylate l37r2o and the racemic mesylate 13961

undergo clean substitution reactions to give the cis-selenide derivatives 138 and 140

respectively (Figure 67).

ocH2cH2Ph ocH2cH2Ph
t'

Ph Ms ,SePh

137 138 139 140

Figure 67

From a study of models it can be seen that when the leaving group is axial, rear-side attack is

less hindered. Also, the nucleophile, the reaction centre and the leaving group can stay co-

linear throughout the reaction. Hence, it is likely that the selenide ion initially follows a

trajectory co-incident with the dipole axis of the molecule 135. However, the methyl group

hinders the approach of the nucleophile to the backside of the tosyl group. The deflected

nucleophile could then encounter the hydrogen atom, which is held in an antiperiplaner

arrangement to the leaving group, with sufficient energy to overcome the barrier to elimination,

and thus this becomes the low energy process. The transition state could be similar to the

model proposed in 136. (Figure 68).

SePh
H

H ì H--c'-H

PeS
I

I

I
I
I

Hi

h

H

I
I

I

0rs
135

s

Figure 68

136

OH
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In both cases of the tosylate t37 and the mesylate 139, the selenide anion's ability for carbon

nucleophilicity is not hindered by steric barriers which would obstruct its approach.

Presumably, the trajectory of the selenide anions is co-linea¡ and an SN2 substitution reaction

results (Figure 69).

CHs ocH2cH2Ph

Ms
137 139

Figure 69

It could be postulated that the selenide formed from the trans-tosylate occurred via the epoxide

141 to give, in fact, the trans-selenide 45 (Scheme 138). However, the trans-selenide 45 has

been formed previously,60 and the spectral data obtained for the new selenide (cis-selenide 138)

is not consistent with the data for the trans-selenide 45.

,r9 SePh

137 l4l 45

Scheme 138

In conclusion, a three-step synthesis of optically active 1-methylcyclohex-2-enol (MCL) has

been accomplished from achiral materials. The route is far more efficient than any syntheses to

date. If there are further developments to the Sharpless asymmetric dihydroxylation reaction

which allow a more enantioselective preparation of the diol 47 the route will be extremely

efficient. Furthermore, this synthesis has revealed an interesting elimination reaction that will

hopefully help to solve the ambiguities originating from the mechanism of weak-base

elimination reactions.

hP

OH

eS
I

I

I

I

I

I

I

I

I

I

I

SePh

H

S
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The synthesis of MCL outlined in this chapter has recently been publishedr2r and a copy of the

paper is included in the Appendix.
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General Experimental

G

Melting points were determined using a Reichert hot stage appafatus, and are uncorrected.

NMR spectra were measured with Varian spectrometers, with operating frequencies of 200

MHz rH and 50 MHz r3C, or 300MHz rH and 75}/IHz t'C, or 600 MHz rH and 150 MHz r3C.

CDCI3 was used as the solvent, unless otherwise indicated. tH.esonances are quoted in parts

per million downfield from the lH resonance of tetramethylsilane (TMS). t'C t"tonunces were

referenced using the CDCI¡ resonance (which falls õ77.0ppm downfield from the TMS

resonance). The multiplicities of signals are reported as being: s, singlet; d, doublet; t, triplet; q,

quartet; m, an unassignable multiplicity or overlapping signals; dd, doublet of doublets; dt,

doublet of triplets; ddd, doublet of doublet of doublets; br, broadened signal. Geminal protons

with different chemical shifts are denoted Hu and Hu. All coupli¡g constants are quoted in

Hertz (Hz) with no sign given. Chiral shift NMR experiments were measured using tris-[3-

(heptafluoropropyl-hydroxymethylene)-d-camphoratol-europium(Ilf in a solvent system of

CCI¿ (0.5 mL) and CoDo (0.1 mL).

Infra-red spectra were recorded on a Jasco A-102 spectrometer or a ATI Mattson Genisis series

FTIRTM spectrometer as either nujol mulls or liquid films (neat) on sodium chloride plates or as

KBr pellets in solution cells (were indicated). GLC analyses were carried out on a DANI 8510

Gas Chromatograph with a SGE S.C.O.T. 50m OV101 column. All mass spectra are electron

impact (EI) mass spectra, measured with a YG ZAB 2HF mass spectrometer operating at an

ionization energy of 70 eV or if indicated GC-MS measured on a Finnigan MAT GCQ

spectrometer operating at an ionisation energy of 70 eV. Accurate mass determinations using

liquid secondary ion mass spectroscopy (LI-MIS) were made by the Organic Mass

Spectrometry Facility at the University of Tasmania. Microanalyses were performed by the

University of Otago, Department of Chemistry, Dunedin, New Zealand

Optical rotations were measured using a Steeg and Reuter SR 100 Digital Polarimeter. Specific

rotations ([cr]o2o) are reported in degrees per decimeter at 20'C and the concentration (C) is

given in grams per 100 mL in the specified solvent.
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Flash chromatographyt22 was performed with Merck Kieselgel 60 (230-400 mesh ASTM)'

TLC was performed with Merck aluminum backed silica gel 60 F25a sheets. Visualization of

the developed plates was achieved with 254 nm light and by staining with ammonium

molybdate dip [prepared by dissolving ammonium molybdate (2O Ð in concentrated sulfuric

acid (112 mL) and water (188 ml.)l followed by heating'

All solvents were distilled before use. Anhydrous ether and THF were freshly distilled from

sodium/benzophenone. Anhydrous dichloromethane was freshly distilled from phosphorus

pentachloride. Other anhydrous solvents and reagents were prepared according to standard

laboratory procedures.eo All organic extracts were dried over anhydrous sodium sulfate, unless

otherwise stated.

Mineral oil was removed from NaH 607o suspension by washing with hexane several times

under a nitrogen atmosphere.

The naming program ACD/I.{ame, version 2.51 was used for the nomenclqture of the majority

of compounds. With the exceptions of the alkene 9, the epoxides 40 and 41 and the hydroxy

epoxides 98 and 99.
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CHAPTER 6

Experimental

Section 2.1 Formation of the bicyclic ketone

Purification of 3-methyl-2-cyclopentenone 54 by Girard T

Girard T reagent (3.9 g, 23.7 mmols) was added to a mixture of the commercial ketones, 3-

methyl-2-cyclopentenone and 2,5-hexanedione (25.O 9,260 mmols), dissolved in ethanol (100

mL) and acetic acid (1.8 mL). The reaction mixture was refluxed under nitrogen for 3 hours.

Dichloromethane (100 mL) was added to the cooled solution and the solution washed with

water (3x30 mL) and saturated brine solution (1x20 mL). The organic layer was dried and

solvent was removed at atmospheric pressure by distillation. Purification of the product by

distillation (85'C/26mm Hg) gave the title compound as a colourless liquid (19.3 g, 77Vo

recovery). The rH NMR spectrum showed no 2,5-hexanedione [signals expected at ôH: 2.10 (s,

6H),2.63 (s, 4H)1. ôH (200 MHz): 2.16 (3H, br s, CH3) ,2.45 (2H' m' H4)' 2.58 (2H' m' H5),

5.96 (1H, br s, H2).

3 -methyl -2- cy clopentenone 54 CAS ll I2O-7 3 -61

According to the literature procedure,6' 2,5-He*anedione 55 (10 mL, 85.0 mmols) was added

dropwise to a boiling solution of 2.lVo (w/v) of aqueous KOH (55 mL) so that the mixture

remained at reflux (-10 min). The resulting solution was refluxed for a further 45 min then

rapidly cooled to ambient temperature by immersion of the reaction flask into an ice-water

bath. NaClls¡ was added to the solution until saturation was reached, the solution was then

extracted with dichloromethane (5x20 mL). The combined organic extracts were washed with

brine (20 mL) and dried (MgSO¿). The solution was concentrated by rotary evaporation under

reduced pressure (40"C/l10mm Hg). Distillation of the residue, bp 72"Cll4mm Hg, gave 3-

methyl-2-cyclopentenone as a colourless liquid (3.64 g,45Vo),lit67 53Eo bp 66.5"C/9mm Hg.

GLC analysis (120'C) showed the material to be >997o pure. ô¡1 (200 MHz): 2.16 (3H, br s,

CH3), 2.45 (2H, m, H4), 2.58 (2}{, m, H5), 5'96 (1H, br s, H2)'
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( I SR,5 SR)-5-Methylbicyclo [3.2.0]heptan-2-one 12r CAS [5049- 3 5 -3]

A solution of 3-methyl-2-cyclopenteneone 54 (18.9 g, 197 mmols) in dichloromethane (2 L),

under a constant flow of ethylene, in a specially devised apparatus (see 'Chapter 2, Results and

Discussion'), was cooled to -78"C, with the aid of a 'dry-ice' acetone bath. Once the solution

was saturated with ethylene, irradiation was commenced with a 1000-W mercury vapour lamp'

[CAUTION: It is an important fire safety requirement to ensure that an atmosphere of CO2

blankets the whole apparatus whenever this powerful lamp is turned on. This can be achieved

by building walls high enough a¡ound the 'dry-ice' acatone bath to ensure the escaping COz

from this blanket thereby excluding air.l The temperature of the solution was maintained at -

7g"C and a constant pressure of ethylene was bubbled through the reaction mixture, to stir the

mixture. Reaction progress was monitored by GLC and after 16 hours, the reaction was 99Vo

complete. The reaction vessel was allowed to warm to ambient temperature, so that excess

ethylene could escape. Removal of the solvent by distillation at atmospheric pressure and

distillation, 98"C /56mm Hg, gave the title compound as a colourless liquid (19.0 g, 71Vo). õtt

(600 MHz)\: 1.26 (3H, s, CH3), 1.55-1.80 (2H, complex, H4u, H6), I.82-I.95 (2H, complex,

H46,H7u),2.O-2.I (lH, multiplet, H76)' 2,25-2,42 (3H' complex, Hl, H3o, H66)' 2.68 (dt, lH,

H36, J= 9.0, 11.0, 18.5 Hz). õ" and DEPT (50 MHz): 18.7 (CH2) ,25.8 (CH¡), 30.6 (CH2) ,35'4

(cHz), 38.3 (CH2), 42.5 (q), 50.2 (CH), 222.5 (CO).u'*(neat): 3000(s)' 1731(s), 1454(s)'

1411(s), 1376(s), 1276(s), 1243(s), 1164(s), 1097(s), 933(s) "--1. Mlz: 124(M+ 33Eo),

109(18), 96(100), 81(67), 67(55), 55(94). Lit õH (CCL)+r23 õ 1.25 (s, 3H, CH¡).ô" (75 l/.nz)tza

Ig.5,25.6,30.5, 35.3, 38.1,42.3,50.O,222.0. The spectra are reproduced in 'Chapter 2 Results

and Discussion' on P. 38, and 41'

3,3-Dideuterated (1SR,5SR)-5-Methylbicyclo[3.2.0]heptan-2-one 59r and I,3,3-

trideuterated ( 1 SR, 5 SR) - 5 -Methylbicyclo [3 . 2. 0] heptan-2- one 5 8r

A solution of (1SR,5SR)-5-methylbicyclo[3.2.0]heptan-2-one l2r (I2I mg, 0.98 mmols),

anhydrous potassium carbonate (738 mg, 5.34 mmols) and deuterium oxide (5 mL, 273

mmols) in anhydrous THF (13 mL) were refluxed for 15 hours under nitrogen. Diethyl ether

f COSy and HETCOR experiments were used to assign the resonances.

+ The field strength is not quoted
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(40 mL) was added to the cooled solution and the reaction was washed with water (50 mL).

The organic phase was dried (NazSO¿) and solvent removed in vacuuo to give a mixture of the

mono, di 59r and tri-deuterio 58r species as a colourless liquid (105 mg, 85Vo)' õH (300 MHz):

l.2g (3H,s, CH3), 1.55-2.0 (5H, complex, H4, H6u, H7), 2.23-2.35 (lr/zE, complex, VzHI and

H6b). ô. (50 MHz): !8.7, 25.8, 30.6, 35.4, 38.3 (t), 42.5, 50.2, 222.5. Wz :127 (M*', 3Eo),

126(22), lZ5(3), 124(I),98(70), 55(100). By expansion of a region of the MS the tatio of 127 :

126 : 125 : 124 is 3.8 : 24: 3.5 : 1.

Section 2.2 Reaction with Corey's ylids

Trimethylsulfonium Iodide 61 CAS l2l8I-42-21

According to the proceduie of Emeleus and Heal,63 methyl iodide (3.05 mL, 49.0 mmols) and

dimethylsulfide (3.6 mL,4g.0 mmols) ICAUTION: Stenchl were mixed and allowed to stand

at ambient temperature, under a nitrogen atmosphere, overnight. The resulting solid white cake

was crushed and recrystallized from 95Vo ethanol to give the title compound as white crystals

(6.35 g, 64Vo). I'CAUTION: The reaction was performed in the fumehood, as a precaution

against volatile sulfur compounds. All disregarded solutions were carefully quenched with

sodium hypochlorite solution. l

Trimethylsulfoxonium Iodide 60 CAS ll77 4-47 -61

According to the procedure of Corey's48, methyl iodide (15 mL, 240 mmols) and dimethyl

sulfoxide (36 mL, 507 mmols) were combined and solution refluxed, under a nitrogen

atmosphere, for 48 hours. The crystals were filtered, washed with chloroform giving white

crystals (28.6 mg, 54Vo). Recrystallisation from water, then drying of the white crystals (PzOs)

gave the title compound (2I.3 g,4O7o)'

1, 1-Diphenylethyleneoxirane 62 CAS t882-59- 1l

a) Method Usins Trimethylsulfoxonium Iodide 60

To establish the conditions needed for the reactions the following model compound was made

according to the method of Corey and Chaykovsþa\ with benzophenone (456 mg, 2.50

mmols). The title compound was obtained as a white solid (373 mg,76Vo). õH (300 }i4.Hz):3.20
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(2H, s, CH2),7.26 (LOH,m, Ar-H). õ. (50 MHz): 56,6' 61.6' 127.3, 127.8, 128.2, 129'9, 132'2,

139.5. Lir.ô 3.18 (2H),7 .36 (10H) 48

To establish the conditions needed for the reactions the following model compound was made

according to the method of corey and chaykovsþ48 with benzophenone (456 mg, 2.50

mmols). The title compound was obtained as a white solid (366 mg,697o) with some starting

material present.

(1SR,2RS,5SR)-5-Methyl-2-methylene oxide bicyclo[3.2.O]heptane 40r and

( 1 SR,2SR,5SR)-5-Methyl-2-methylene oxide bicyclo[3.2.O]heptane 41r

a) Method Using Trimethylsulfoxonium Iodide 60 and NaH

il Reaction at 55'C

To anhydrous, degassed DMSO (7 mL) was added sodium hydride (dispersion, oil removed)

(I23 mg,5.11mmols). The flask, under a nitrogen atmosphere, was fitted with a gooch tube

containing trimethylsulfoxonium iodide 60 (I.2I g, 5.51 mmols). Sulfoxonium iodide 60 was

added portionwise over 10 minutes. After the reaction mixture had stirred at ambient

remperature for 30 minutes (1SR,5sR)-5-methylbicyclo[3.2.0]heptan-2-one L2r (502 mg, 4.04

mmols) was added dropwise over 5 minutes. The reaction mixture stirred at ambient

temperature for 15 min then heated at 55"C for 2 hours. After cooling to ambient temperature

the reaction mixture was poured into cold water (20 mL), then extracted with diethyl ether

(3x30 mL). The combined organic phases were washed with water (5x20 mL) and saturated

brine solution (20 mL). The organic phases were dried and solvent was removed by distillation

at atmospheric pressure. An evaporative distillation (kugelrohr),70"C/l6Ùmm Hg Eave the title

compounds as a colourless liquid (421 mg, 75Vo). lH NMR showed the presence of the two

epoxides in a 43:57 ratio (endo 4Or : exo 4lr)

Data for endo 40r: ôs (600 MHz): 1.26 (s,3H, CH3), l'5-2'2 (complex,8H, Hl, H3o, H4, H6,

¡¡7),2.45 (td, lH, H36,J=7.2, 13.2Hz),2.73 (lH, dd, H1', J= 0.82 and 5'4Hz),2'82 (lH, d,

H1 

" 
J=5.4 H2). ô. (50 MHz) : 15.J, 26.6, 30.3, 3r.6, 3J .J, 44.3, 45.r, 51 .0, 67'2'

Data for exo 4Lr: ôH (600 MHz): 1.20 (s,3H, CH3), I.5-2.2 (complex,8H, Hl, H3o,H4,H6,

H7), 2.56(td, lH, H35, J=7.8, 13.8 Hz), 230 (lH, d, J= 4.5 }Jz,Hl'), 2'19 (IH, d, J= 4'5 Hz'

H 1'). ô" (50 MHz) : IJ .5, 26.4, 29.6, 32.7, 38.9, 45'3, 47 .9, 48'5, 69'4'
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Data for endo 40r and exo 4Lr: 1)**: 3000(s), 2250(m),1468(m), 1455(m), I249(w) 
"*-1'

N4/z: 138(M*',4Vo¡,123(30),57(97),56(85), 43(100), 41(S3). Accurate Mass Spéctrum: (MH*)

Expect 139.11228 Obtained 139.11201.

iil Reaction at ambient temperature

The above reaction was repeated at ambient temperature with the following quantities; DMSO

(2.5 mL), sodium hydride (dispersion, oil removed) (2I D8' 0.88 mmols)'

trimethylsulfoxonium iodide 60 (251 E, I.I4 mmols) and (1SR'5SR)-5-

methylbicyclol3.2.0]heptan-2-on e I2r (0.05 mL, 0.40 mmols). After work-up the rH NMR of

the crude product showed the presence of the two epoxides in a 43:57 ratio (endo 40r : exo

4Ir)

b) Method Usine Trimethylsulfoxonium Iodide 60 and ¡BuOK

i) Reaction at ambient temperature

Trimethylsulfoxonium iodide 60 (300 ffig, 1.36 mmols), (1sR,5sR)-5-methylbicyclo

[3.2.0]heptan-2-one l2r (111 mg, 0.89 mmols) and anhydrous, degassed DMSO (3 mL) were

combined under a nitrogen atmosphere. A solution of potassium r-butoxide (138 mg, 0'88

mmols) in DMSO (3 mL) was then added portionwise. After stirring at ambient temperature

for 5 hours the solution was diluted with water and extracted with dichloromethane (2x)' The

combined organic phases were washed with water (4x), dried and solvent carefully removed in

vacluo. Purification by flash chromatography with ethyl acetate/hexane (5/95 v/v) gave the

title compounds as a colourless liquid (81 mg, 61Vo). The lH NMR spectrum showed the

presence of the two epoxides in a 57:43 ratio (endo 40r: exo 41r), from integration of the

methyl resonances.

Data for endo 40r: ôn (600 MHz): 1.26 (s, 3H, CH3), I.5-2.2 (complex, 8H, Hl, H3o,H4,}ì6,

H1),2.45 (td, lH, H36, J=7.2, 13.2 Hz),2J3 (1H, dd, H1" J= 0.82 and 5.4 Hz)' 2.82 (l}{' d'

Hl', J=5.4 Hz). ô. (50 MHz) : 15.67 ,26.58,30.30, 3L56,3'7 .65, 44.25,45.11, 57.00, 61 .19.

Datafor exo4lr: ôH(600MHz): 1.20(s,3H,CH3), 1.5-2.2 (complex,8H,Hl,H3o'H4'H6'

Hl), 2.56 (td, lH, H35, J=7.8, 13.8 Hz), 2'70 (lH, d, J= 4.5 }lz, HI'), 2'19 (IH, d, J= 4.5 Hz,

H 1' ). ô" (50 MHz) : I7 .5, 26.4, 29.6, 32.1, 38.9, 45.3, 4J .9, 48 -5, 69.4'

ii) Reaction at 60'C

The above reaction was repeated at ambient temperature with the following quantities;

trimethylsulfoxonium iodide 60 (313 nB, 1.42 mmols), (1SR,5SR)-5-methylbicyclo
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[3.2.0]heptan-2-one 12r (0.1 mL, 0.80 mmols), DMSO (3 mL) and a solution of potassium r-

butoxide (138 mg, 0.88 mmols) in DMSO (3 mL). After work-up the rH NMR of the crude

product showed the presence of the two epoxides in a 55:45 ratio (endo 40t exo 4It).

c) Method Emplo]¡ing Trimethylsulfonium Iodide 61 and NaH

Sodium hydride (dispersion, oil removed) (323 mg, I3.4 mmols) was added to anhydrous

DMSO (4 mL) under a nitrogen atmosphere. The reaction mixture heated to 72"C, whereupon

hydrogen was given off. THF (8 mL) was added and the solution subsequently cooled to 0'C.

Trimethylsulfonium iodide 61 (1.66 g,6.31 mmols) dissolved in DMSO (10 mL) was added

over 3 minutes then stirred for a further minute and (1SR,5SR)-5-methylbicyclo[3.2.0]heptan-

2-one L2r (610 mg,4.92 mmols) was added dropwise. After stining for 10 minutes at 0'C the

ice bath was removed and solution stirred at ambient temperature for 2 I/2 hours. The reaction

mixture was then diluted with water (100 mL), and extracted with dichloromethane (3x50 mL).

The combined organic extracts were washed with water (5x40 mL), dried and solvent removed

in vacuuo. An evaporative distillation (kugelrohr) (150"C/ 880 mm Hg) gave the endo epoxide

40r as a colourless liquid (466 mg,687o). ôH (600 MHz){: I.26 (s,3H, CH¡), 1.50 (td, lH, H4o,

J=7 .2, 12.6 Hz), 1.67 (complex, 2H, H4u and H3u), 1.82 (complex, 2H, }16o and Hl o), 1.94

(complex, 2}J,Hl and H66), 2.06 (m, lH, H76), 2.45 (td, lH, H36, J=7 '2, 13.2 Hz),2.13 (LH,

dd, Hl" J= 0.82 and 5.4 Hz),2.82 (lH, d, H1" J=5.4 Hz). ô"t (50 MHz): 15.7 (CHz, C7),26.6

(CH3), 30.3 (CHz, C6), 31.6 (CHz, C3), 37 '7 (CHz, C4), 44.3 (q)' 45.1 (CH, C1)' 57.0 (CHz,

Cl'),67.2(9).D,'u*:3000(s), 2250(m),1468(m), 1455(m), 1265(s).*-1. M/z: 138(M*',3OVo¡,

123(30),81(81), 69(87),51(35),55(100), 43(67),41(74). The spectra are reproduced in

'Chapter 2 Results and Discussion' on p. 48, and 49.

r COSy and HETCOR experiments were used to assign the resonances.

t nEpt and HETCOR experiments were used to assign the resonances.
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(1SR,5sR)-5-Methyl-2-methylene bicyclo[3.2.0]heptane* 9r CAS U3416-66-ll

This compound has been previously prepared by Rosini,by an alternative procedure.26

To a solution of methyltriphenylphosphonium iodide (4.23 g,10.5 mmols) in diethyl ether (25

mL), under a nitrogen atmosphere, was added potassium t-butoxide (I.62 g, 14.5 mmols) over

5 minutes. After stirring of the reaction mixture at ambient temperature for 20 minutes, the

yellow reaction mixture was cooled to 0"C and (1SR,5SR)-5-methylbicyclo[3.2.O]heptan-2-one

(1.10 g, 8.94 mmols) was added dropwise. After stining for 15 hours at ambient temperature,

the still yellow solution was filtered through celite and solvent was removed at atmospheric

pressure. An evaporative distillation (kugelrohr) 760mml60oC gave the title compound as a

colourless liquid (436 mg,407o). ôH (200 MHz): 1.20 (3H, s, CH3), l'2-2'O (5H, complex, ring

protons), 2.30 (2H, complex, ring protons),2.42 (lH, dm, 16.6Hz, ring proton),2.15 (lH, m,

ring proton),4.66 (lH, br s, alkene proton), 4.76 (IH. br s, alkene proton). ô" (50 MHz) :22.0,

26.4,3O.2,33.2,40.2,45.8,48.7, 104.3,158.5. l)ma* I 3000(s), 2900(m), 1620(w), 1455(w) cm-

l, Wr, IZZ(M+',ZgVo), IO7(44), 93(72),79(100), 59(95), 43(19). Anal Calcd for CeHla : C,

88.53; H,IL47. Found: The analyst claimed that the sample is too volatile.

(1SR,2RS,5SR)-5-Methyl-2-methylene oxide bicyclo[3.2.0]heptane 40r and

( I SR,2SR,5 SR)-5-Methyl-2-methylene oxide bicyclo [3. 2. O]heptane 4 L r

a) Method employing nCPBA at -5'C

The alkene (30 mg, 0.25 mmols) 9r was added to the two phase solution of ether (3 mL) and

0.68M aqueous sodium bicarbonate solution (3 mL). After cooling of the reaction to OoC

TnCPBA (71 mg of gOVo mCPBA,, purified from Aldrich60Vo mCPBA.,tzt O.37 mmols) was

added portionwise over 15 minutes. The reaction mixture was then left to stir at ambient

temperature for 15 hours. Dichloromethane (20 mL) and water (10 mL) were added and the

organic phase separated. The organic phase was successively washed with lM sodium

hydroxide (2x10 mL) and water (10 mL). The organic phase was dried and solvent was

removed in vacuuo to give the title compound (21 mg,6O7o).rH NMR showed the presence of

the two epoxides in a 20:80 rutio (endo 40r: exo 41r) Data for endo 40r: õn (300 MHz): 1.26

* The naming program names the alkene 9 as (lSR,5SR)-1-methyl-4-methylene

bicyclo[3.2.0]heptane, however for consistency the above name is used, which is the

nomenclature used by Rosini.
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(s, 3H, CH¡), 1.5-2.2 (complex, 8H, ring protons), 2'45 (td,lH, H3', J=J.2,13.2Hz),2'13 (IH,

dd, H1', J= 0.82 and 5.4 Hz),2.82 (1H, d, H1', J=5.4 Hz). Data for exo 41r: ôs (300 MHz):

1.20(s,3H,CH3), I.5-2.2(complex,sH,ringprotons),2.56(td,lH,H3', I=7.8,13.8H2),2.10

(1H, d, J= 4.5Hz,HI'),2.79 (1H, d, J= 4.5 Hz, Hl').

b) Method employing nCPBA at -12"C

The above procedure was repeated with the following quantities; alkene 9r (48 mg, 0.39

mmols), dichloromethane (4 mL), 0.63M sodium bicarbonate (2 mL) and nCPB A (76 mg of

90Vo mCPBA, purified from Aldrich 60Vo,0.39 mmols). The reaction mixture was cooled to -

I2'C and 4CPBA was added over 10 minutes. The title compound was obtained as a

colourless liquid (35 mg, 64Vo). The lH NMR spectrum showed the presence of the two

epoxides in a 10:90 ratio (endo 40r; exo 41r), by integration of the methyl resonances.

Section 2. 3 Based-induced Isomerisations

B-Pinene oxide 63 CAS [23516-38-31

B-Pinene was initially distilled with a spinning band column, to separate the a-pinene isomer.

p-Pinene oxide 63 was prepared according to the literature,TT with B-pinene (2.00 g, !4.7

mmols), sodium bicarbonate (4.47 g), dichloromethane (60 mL) and ruCPB A (3.74 g, 65Vo

Aldrich, 2L.7 mmols). The title compoundwas obtained as a colourless liquid (I.26 g,57Vo).

ôH (200 MHz): 0.93 (s, 3H, CH3), 1.25 (s, 3H, CH3), I.2-2.6 (complex, 8H, ring protons), 2.60

(lH, AB quartet, Hl', J= 5.4}J2),2.77 (lH, AB quartet, H1', J=5.4lì2)'

(6,6-dimethylbicyclo[3. 1 . 1 ]hept-2-en-2-yl)methanol 64 CAS [5 1 5-00-4]

Attempt 1126

Under a nitrogen atmosphere, nBuli (1.4 mL, 3.22 mmols,2.3 M solution in hexane) was

added to a solution of diethylamine (0.34 mL, 3.25 mmols) in diethyl ether (1.5 mL), cooled to

0"C. After 10 min B-pinene oxide (199 mg, 1.31 mmols) in diethyl ether (2.5 mL) was

added and the solution refluxed for 2 days. The reaction mixture was cooled and poured into

water (100 mL), dichloromethane (30 mL) was added and the organic layer separated. The

aqueous layer was extracted with dichloromethane (30 mL) and the combined organic layers

were washed with l5Vo aqteous hydrochloric acid, saturated sodium bicarbonate solution and

water. The organic layer was dried and solvent removed in vaciluo. Flash chromatography with

hexane/ ethyl acetate (97 /3 v/v) as an eluant gave one major fraction which was identified to be
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6,6-dimethylbicyclo[3.1.1]hepren-2-carbaldehyde 65 (157o). ôH (200 MHz) : 0.90 (s, 3H,

cH¡), 0.94 (s, 3H, CH3), 1.0-2.5 (m, 9H), 9.76 (s, 1H). u,"* (neat): 2700(w)' 1716(s) cm-1

Attempt2t26

Under a nitrogen atmosphere, nMeli (3.0 mL, 3.33 mmols, 1.1 M solution in diethyl ether),

formed from MeI and Li, was added to a'solution of diethylamine (0.35 mL, 3.35 mmols) in

diethyl ether (1.0 mL), cooled to 0'C. After 10 min B-pinene oxide (201 mg, 1.32 mmols) in

diethyl ether (0.7 mL) was added and the solution refluxed for 2 days. The reaction mixture

was cooled and poured into water (100 mL). Dichloromethane (30 mL) was added and the

organic layer separated. The aqueous layer was extracted with dichloromethane (30 mL) and

the combined organic layers were washed with water. The organic layer was dried and solvent

removed in vacúuo,6,f-dimethylbicyclo[3.1.1]hept-en-2-carbaldehyde 65 was the only product

identified (IOVo). ôH (200 MHz): 0.85 (s), 0.89(s), 1'0-2.8 (m), 3.45(d)' 9.43(s). 9.61(s)'

9.75(s).

Attempt 3126

Under a nitrogen atmosphere, nBuli (3.0 mL, 6.0 mmols, 2.0 M solution in hexane) was added

to a solution of diethylamine (0.47 mL,4.5 mmols) in diethyl ether (5.0 mL), cooled to 0oC.

After 10 min , p-pinene oxide (395 mg, 2.59 mmols) in diethyl ether (12.0 mL) was added

and the solution refluxed for 2 days. The reaction mixture was cooled and poured into water

(100 mL). Dichloromethane (30 mL) was added and the organic layer separated. The aqueous

layer was extracted with dichloromethane (30 mL) and the combined organic layers were

washed with 7.5Vo hydrochloric acid, saturated sodium bicarbonate, and water. The organic

layer was dried and solvent removed in vacøuo. Flash chromatography with hexane/ethyl

acetate (9515 vtv) as an eluant gave the title compound 64, as a colourless liquid (89 mg,2I%;o)

with the aldehyde 65 as the other product (6Vo)'

Alcohol 64: ôH (CDCI¡, DzO, 2OO MHz): 0.85 (s, 3H, CH3), 1.16 (d, lH, J=8'7 Hz, ring

protons), 1.31 (s, 3H, CH¡) 2.0-2.58 (m, 5H, ring protons), 3.99 (br s, 2H, HI'),5.47 (br s, 1H,

}l2).

Aldehyde 65: ôn (200 MHz): 0.70 (s, 3H, CH¡), 1.31 (s, 3H, CH¡) 1.8-2.58 (m, 9H), 9.76 (s,

1H).
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2-Cyclohexen- 1-ol 67r CAS 1822-67 -31

According to the literature procedure,ai nBuLi (3.1 mL, 6.2 mmols,2.0M solution in hexane),

diethylamine (0.47 mL, 4.5 mmols) in diethyl ether (5.0 mL), cyclohexene oxide 66 (0.25 mI.

2.47 mmols) in diethyl ether (12.0 mL) were combined and the solution refluxed fot 24 hours.

After work-up the title product was obtained with trans-2-(diethylamino)cyclohexanol 68r

(6Vo) present.Ts No purification was attempted. The peaks for the major component in the rH

NMR spectrum were the same as those found for the commercial product.65 Alcohol 67r: ôn

(CDCI¡, DzO, 300 MHz): I.6-2.1 (complex, 6H, methylene protons), 4.2O (br s, lH, 1H), 5.7-

5.9 (complex,2H, H2 and H3).

Attempted formation of [(1RS, 5SR)-5-methylbicyclo[3.2.0]hept-2-en-2-

yllmethanol 38r

Attempt 1

Under a nitrogen atmosphere, nBuli (1.8 mL, 3.6 mmols, 2.0 M solution in hexane) was added

to a solution of diethylamine (0.38 mL, 3.64 mmols) in diethyl ether (3.0 mL), cooled to OoC.

After 10 min a solution of the exo and endo epoxides 40r and 41r (206 mg, 1.49 mmols) in

diethyl ether (7.0 mL) was added and the solution refluxed for 15 hours. The solution was

cooled to ambient temperature and poured into water. Dichloromethane was added and the

organic layer extracted, the aqueous layer was then re-extracted with dichloromethane. The

combined organic extracts were dried and solvent was removed in vacúuo. The lH NMR

spectrum of the crude product showed the peaks detailed below and also peaks at; ô1.03 (t) and

õ2.63 (q). Flash chromatography with ethyl acetate/hexane (3191 v/v) as an eluant initially gave

material that was unidentifiable, further elution with ethyl acetate/hexane (3197 v/v) gave the

title compound as a colourless liquid (4 mg, 2Vo). õs (300 MHz): 1.27 (s, 3H, CH¡), I'35-2'5

(m, 6H, ring protons),215 (br d, J=5.6 Hz, IH,H4),4.20 (AB quartet,2H, Hl'), 5.62 (br s,

lH, H3).

Attempt 2

Under a nitrogen atmosphere, nBuLi (0.9 mL, 1.8 mmols, 2.0 M solution in hexane) was added

to a solution of diethylamine (0.18 mL, 1.82 mmols) in diethyl ether (1.5 mL), cooled to 0"C.

Hexamethylphosphoramide (0.6 mL) was added and after 10 min a solution of the exo and

endo epoxides 40r and 41r (95 mg, 0.69 mmols) in diethyl ether (3.5 mL) was added and the
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solution refluxed for 15 hours. The solution was cooled to ambient temperature and poured into

water. Dichloromethane was added and the organic layer extracted, the aqueous layer was then

re-extracted with dichloromethane. The combined organic extracts were dried and solvent was

removed at atmospheric pressure by distillation. The lH NMR spectrum of the crude product

showed the peaks detailed below and also peaks af; ô1.03 (Ð and õ2.63 (q). Flash

chromatography with ethyl acetate/hex ane (3197 v/v) as an eluant initially gave material that

was unidentifiable, further elution with ethyl acetate/hexane (3197 v/v) gave the title compound

as a colourless liquid (1.0 mg, Ivo). õs (300 MHz): I.27 (s, 3H, CH¡), I.35-2.5 (m, 6H, ring

protons), 2]5 (br d, J=5.6 Hz,IH,H4),4.20 (AB quartet,zH,HI',),5.62 (br s, lH, H3).

Attempt 3

Under a nitrogen atmosphere, nBuli (0.9 mL, 1.8 mmols, 2.0 M solution in hexane) was added

to a solution of diisopropylamine (0.24 mL,1.71 mmols) in diethyl ether (1.5 mL)' cooled to

0.C. After 10 min a solution of the endo-epoxide 40r (99 mg, 0.72 mmols) in diethyl ether (4

mL) and HMPA (0.1 mL) were added and the solution refluxed for 15 hours. The solution was

cooled to ambient temperature and poured into water. Dichloromethane was added and the

organic layer extracted, the aqueous layer was then re-extracted with dichloromethane. The

combined organic extracts were dried and solvent was removed in vac/uo' Flash

chromatography with ethyl acetate/hexane (10/90 v/v) as an eluant gave what was presumed to

be the aldehyde 70r as the major product (24 mg,24Vo). ôH (200 MHz): I.27 (s,3H, CH¡)' 1'0-

2.5 (m,10H, ring protons), 9.77 (s, 1H).

[(1RS,2RS,5sR)-5-Methylbicyclo[3.2.0]hept-2-yllmethanol 7Lr and [(1RS,2SR,

5 SR) - 5 -methylbicyclo [3 . 2. O]hept- 2-yll methanol 7 2r

The alkene 9r (105 mg, 0.86 mmols) in diethyl ether (2 mL) was cooled to 0'C and a solution

of borane-metþ| sulfide complex (0.1 mL, I mmols, 10.0 M solution in diethyl ether) was

added dropwise. After being allowed to stir at ambient temperature for 15 hrs, ethanol (0.1 mL)

and 3N sodium hydroxide (0.4 mL) were added and the solution was cooled to 0'C. Hydrogen

peroxide (0.4 mL, 30% solution in water) was added and the solution refluxed for 2 hrs. After

cooling to ambient temperature the solution was diluted with water and extracted with diethyl

ether. The aqueous phase was successively washed with water (2x) then saturated sodium

chloride solution (1x). The organic extract was dried and solvent 
"¡/as 

removed in vacøuo. Flash
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chromatography with ethyl acetate/hexane (10/90 v/v) as an eluant gave the title compounds as

a colourless oil (36 mg,30Vo). The rH NMR spectrum showed the presence of two isomers in a

ratio of 8.3:1.7. uma,*(CDCl3): 3459(br),3000(s), 1077(m) cm-1

õH (200 MHz): 1.20 (6H, s, CH3), 1.2-2.25 (20H, complex, ring protons + OH), 2.35 (2H,m,

H2),3.35 (2H, d,Hl', J =7.4H2,72r),3.65 (2H, d, H1', J =7.4H2,71r). ô" (50 MHz): l3'60,

27 .O7, 28.7 6, 3 I .03, 40.26, 42.56, 44.90, 46.05, 63.07 .

(1RS,2RS,5sR)-5-Methylbicyclo[3.2.0]hept-2-carbaldehyde 73t and (1RS,2SR,

5 SR)-5-methylbicyclo [3 . 2.0] hept-2-carbaldehyd e 7 4r

To a solution of pyridinium chlorochromate (78 mg, 0.36 mmols) in dichloromethane (1 mL),

under a nitrogen atmosphere, was added a mixture of the alcohols 71r and 72r (26 mg,0.18

mmols) in dichloromethane (0.5 mL). After being allowed to stir for 15 hours the solution was

diluted with diethyl ether (10 mL). The solution was decanted from the precipitate and the

residue was washed with diethyl ether (10 mL). The organic solution was filtered through

fluorisil. Removal of the solvent in vacúuo gave the title compound as a slightly brown otl (22

mg,90Vo).The lHNMRspectrumshowedthepresenceof twoisomersinaratio of 7.5:2.5

ôs (200 MHz): 1.30 (6H, s, CH3), L2-2.25 (18H, complex, ring protons), 2.65 (1H, m, H2,

74r),2.75 (lH, m, H2,73r),9.59 (1H, s, aldehyde,T4r),9'77 (I}J, s, aldehyde, 73r)

1 - oxaspir ol2.4lheptane 7 5r

To anhydrous, degassed DMSO (25 mL) was added sodium hydride (730 mg, 30.42 mmols),

(dispersion, oil removed). The flask was fitted with a gooch tube containing

trimethylsulfoxonium iodide 60 (7.I7 g, 30.6 mmols) and put under a nitrogen atmosphere.

The sulfoxonium iodide 60 was added portionwise over 10 minutes. After the reaction mixture

had stined at ambient temperature for 30 minutes, cyclopentanone (2.3 mL,26.0 mmols) was

then added over 5 minutes. The reaction mixture was stirred at ambient temperature for 15 min

then heated at 60"C for 2 hours. After cooling to ambient temperature, the reaction mixture was

poured into water (80 mL), then extracted with dichloromethane (2x40 mL). The combined

organic phases were washed with water (3x60 mL) and saturated brine solution (60 mL). The

organic phases were dried and solvent was removed by distillation at atmospheric pressure.

Flash chromatography with ethyl acetate/hexane (10/90 v/v) as an eluant gave the title
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compound as a colourless liquid (2.43 g, 68Vo). ôs (200 MHz): I'5-2.1 (complex, 8H,

methylene protons), 2.86 (s, 2H, Hl').

Reacrion of 1-oxaspiro[2.4]heptane 75r with Trimethylsilyl Triflate (TMSOTÐ

This experiment is based on the general procedure of Noyori et a1.82'83 A solution of toluene

(3.5 mL), 2,6-lutidine (0.25 mL) and trimethylsilyl triflate (0'40 mL, 2'0 mmols)' under a

nitrogen atmosphere, was cooled to -78'C. The epoxide 75r (222 mg,2'23 mmols) was added

dropwise and the solution stirred at -78"C for 3 hours. The reaction mixture was allowed to

warïn to ambient temperature and DBU (0.3 mL) was added. After stirring at ambient

temperature for 16 hours, the solution was poured into water. Dichloromethane was added and

the aqueous ptrasiffiarated, the aqueous phase was then extracted with dichloromethane (2x).

The combined organic phases were washed with I5Vo hydrochloric acid, dried and solvent was

removed in vacuuo. CyclopentenylmethanolT6r was obtained as a colourless liquid (96 mg,

44Vo).õH (300 MHz): LO-2.1 (m,6H, ring protons),4.20 (AB quartet,¿H,HI'),5'62 (br s, lH,

}l2).

Attempted formation of [(1RS,5SR)-5-methylbicyclo[3.2.Q]hept-2-en-2-

yllmethanol 38r with TMSOTf

Attempt I

A solurion of toluene (3.5 mL), 2,6-lutidine (0.25 mL) and trimethylsilyl triflate (0.40 mL, 2.0

mmols), under a nitrogen atmosphere, was cooled to -78'C. The endo epoxide 40r (203 mg'

1.47 mmols) was added dropwise and the solution stirred at -78'C for 3 hours. The reaction

mixture was allowed to warm to ambient temperature and DBU (0.25 mL) was added. After

stirring at ambient temperature for 16 hours, the solution was poured into water.

Dichloromethane was added and the aqueous phase separated. The aqueous phase was

extracted with dichloromethane (2x). The combined organic phases were washed with 157o

hydrochloric acid, dried and solvent was removed in vacttuo. The tH NMR showed no

identifiable products.
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Attempt 2

A solution of benzene (1.4 mL), DBU (0.1 mL) and endo-epoxide 40r (63 mg, 0.46 mmols)

were combined, under a nitrogen atmosphere at ambient temperature. Trimethylsilyl triflate

(0.08 mL, 0.40 mmol) was added and the solution stirred for 15 hours. The solution was

poured into I5Vo hydrochloric acid and dichloromethane added and the aqueous phase

separated. The Aqueous phase was re-extracted with dichloromethane (2x) The combined

organic phases were washed with brine, dried and solvent removed in vacuuo' The crude lH

NMR showed a minimal amount of the allylic alcohol 38 (-5Vo) and aldehyde 70r present

(-2Vo) 70r.

Aldehyde 70r: ôn (200 MHz): ].27 (s, 3H, CH¡), I'0-2'5 (m, 10H, ring protons)'9'77 (s, 1H)'

Alcohol 38: ôs (200 MHz): I.27 (s, 3H, CH¡), I.35-2.5 (m, 6H, ring protons),2.75 (br d, J=5'6

Hz,IH, allylic proton), 4.20 (AB quartet, 2H,HI'),5.62 (br s, lH, H3).

Attempt 3

A solution of dichloromethane (1.5 mL), DBU (0.2 mL) and endo-epoxide 40r (99 mg' 0.72

mmols) were combined, under a nitrogen atmosphere at ambient temperature. Trimethylsilyl

triflate (0.23 mL) was added and the solution stirred for 15 hours. The solution was poured into

I5Vo hydrochloric acid and dichloromethane added and the aqueous layer separated. The

aqueous phase was re-extracted with dichloromethane (2x) The combined organic phases were

washed with brine, dried and solvent was removed in vaciluo. Purification by flash

chromatography with dichloromethane/hexane (15/35 v/v) gave the title compound as a

colourless liquid (27.3 mg, 277o). õH (200 MHz): L27 (s, 3H, CH3), I.35-2.5 (m, 6H, ring

protons), 2.75 (br d, J=5.6 Hz, lH, H4),4.2O (AB quartet,2H,HI'),5'62 (br s, 1H, H3)'

Section 2.4 Formation of allylic alcohol via tosylhydrazone.

A Mixture of E andZ isomers of N'-1-[(1SR, 5SR)-5-methylbicyclo[3.2.0]hep-2-

ylidenl-4-methyl- 1 -benzene sulfono-hydrazide 81r

Tosylhydrazine (3.53 g, 18.9 mmols) was added to 6OVo aqueous methanol (46.1 mL) heated to

60.C. (1SR,5sR)-Methylbicyclo[3.2.0]heptan-2-one l2r (2.33 g, 18.8 mmols) was then added

dropwise to the clear solution. The reaction mixture was immediately stored at 5'C for 15

hours. The resultant white crystals were filtered, washed with 607o aqueous methanol, and air-
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dried for l0 minutes .The title compound was yielded as white crystals (4.91 g,89Vo), mp 174-

ll6"C. Attempts to recrystallize the title compound from both methanol and 607o aqueous

methanol were unsuccessful. 1g NVÍR revealed a 1:1 mixture of isomers' ôr¡ (200 MHz): l'21

(s, 3H, CH¡), 1.23 (s, 3H, CH3), 2.42 (br s, 6H, Ar-CH:), I.35-2.9 (m, 18H, ring protons), 4'06

(br s, 2H, NH), 7.30 (dm, J= 8.0 Hz, 4H, Ar,), 7.82 (d, J= 8.0 Hz,4H, Ar). ô. (50 MHz): 18.6,

2!.4,2I.5,25.3,25.5,27.g,29.8,30.0,33.2,36.7,37.3, 42.L, 44.1, 45.9, 48.0, I27.9, I29.5,

135.6, 143.58, 171.4, 172.3. t¿^*:3297,3220 (2 peaks, NH), 2954(s), 2863(s), 1598(w)'

t494(w), I45Z(w),1384 (m), 1166(s), 673(m) .--1. Wz:293(M*',lo1vo¡' 137(94), 109(38),

93(59). Anal Calcd for crsHzoozSN: C, 61.61: H, 6.89. Found: c, 61.48; H, 7.03.

Attempted formarion of [( 1RS,5SR)-5-methylbicyclo[3.2.0]hept-2-en-2-yll

methanol 38r directly from the hydrozone 81r

Caution: Nitrogen is produced in this reaction and allowance must be made for its escape. Do

not use a sealed system.

The reaction was carried out in a 3-necked flask. A nitrogen line was fitted to one neck' a

septum in another, and the last neck had an apparatus attached so gaseous formaldehyde could

be bubbled through.

A suspension of the tosylhydrazone 81r (1 .40 8,4.82 mmols) and TMEDA (15 mL) was

cooled to -78"C, under a nitrogen atmosphere. The suspension froze to give a white solid after

10 minutes. n-Bu¡-i (2.5 M, 8.1 mL, 20.25 mmols) was added dropwise over a 10 minute

period, the frozen mixture melted as the n-Buli was added. The resulting light orange solution

was allowed to warm to ambient temperature, the solution initially turned a dark red, and then

changed to a yellow-brown colour on reaching ambient temperature. The solution was stirred

for a further 4 hours, then cooled to 0"C. A vessel, directly attached by a short path, containing

paraformaldehyde (1.03 g, 34.32 mmols) was heated to 180"C, and gaseous formaldehyde was

bubbled through the solution. The reaction mixture was then allowed to warm to ambient

temperature. After being allowed to stir for 15 hours, the reaction mixture was poured in water

and extracted with dichloromethane (3x). The combined organic phases were washed with

I5Vo 1g1CI (2x) then saturated sodium bicarbonate solution, dried and solvent was removed at

atmospheric pressure by distillation. Flash chromatography with dichloromethane as an eluant

gave the title compound as a light orange oil (33 mg, 5Vo). ôH (300 MHz): L27 (s, 3H, CHr),

I.35-2.5 (m, 6H, ring protons),2J5 (br d, J=8.0 Hz, IH, allylic), 4.20 (^B quartet, 2H, HI'),
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5.62 (br s, lH, H3). ô. (75 MHz) :23.3,25.0,33.2,44.5,47.2,50.1, 60.9, 125.5, 147.1. u'no*:

3613(s), 3039(w), 2894(s), 2861(s), 1452(m),1375(w), 1027(s), 979(s), 817(w) 
"^-1. 

wrt

138(M*',17Vo),ll1(51), 105(43),95(100),79(90),67(37),49(67),39(55)' 31(38).

( 1 RS, 5 SR) - 5 -methylbicyclo [3 . 2. 0] hepr 2- ene-2- carbaldehyde 88r

Caution: Nitrogen is produced in this reaction and allowance must be made for its escape' Do

not use a sealed system.

A suspension of the tosylhydrazone 81r (1.04 g, 3.59 mmols) and TMEDA (15 mL) was

cooled to -78oC, under a nitrogen atmosphere. After 10 min r¡-Buli (2.3 M,4.6 mL, 10'58

mmols) was added dropwise to the frozen suspension. After addition was complete, the

solution was kept at -78"C for 15 min, then allowed to warm to ambient temperature, where the

solution turned a dark red. After the solution was stirred for a further 5 hours it was cooled to

0"C and DMF (0.4 mL, 5.18 mmols) was added, and the solution stirred at ambient temperature

overnight. The reaction mixture was poured ínto 7.5Vo HCI (60 mL) and extracted with

dichloromethane (4x40 mL). The combined organic phases were washed with brine (40 mL),

dried and solvent removed in vacüuo. The crude material was used directly in the next reaction.

A small portion was chromatographed with dichloromethane to give a pure sample for

analytical methods. ôn (300 MHz): 1.30 (s, 3H, CH3), I.6-2.1 (m, 3H, ring protons),2'2-2.6

(m, 3H, ring protons), 3.02 (br d, J=8.2 Hz, l}J, allylic), 6.87 (br s, lH, H3), 9.78 (s, lH, H-

C=O). õ. (75 MHz) :23.4,24.6,33.0,44.4,46.9,47.9, 150.8,152.6,190.1. u'o*(neat): 3051(s)'

2864(s), 2824(s),2723(m), 1680(s), 1451(s), 1265(s), IIl4(m) 
"^-1. 

wr, 136(M+,Irvo),

r2r(4r), 108(57), 84(84), 79(100), 65(16), 39(34).

[(1RS,5SR)-5-methylbicyclo[3.2.O]hept-2-en-Z-yll methanol 38r from the

aldehyde 88r

The crude aldehyde 88r (max. 3.59 mmols) was dissolved in methanol (15 mL) and ceric

chloride (0.1 mL) was added. To the reaction mixture, under a nitrogen atmosphere, was added

portion wise sodium borohydride (201 mg,5.32 mmols). After being allowed to stir at ambient

temperature for 4 hours the solution was diluted with dichloromethane (40 mL), washed with

7.5Vo IJCI (30 mL). The aqueous phase was further extracted with dichloromethane (2x20 mI-)'

The combined organic extracts were washed with brine (10 mL), dried and solvent removed in

vacrtuo. Flash chromatography with dichloromethane as an eluant gave the title compound (477
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mg,83Vo, over two steps). ôH (600 MHz){: 1.27 (s,3H, CH3), 1.69 (m, lH, H7o), 1.79 (m, lH,

IJ6),1.94 (m, lH, H6ù,2.1-2.3 (complex, 3H, H4, H75), 2.74 (d,lH, J=7.8 Hz, H1), 4'12 (AB

quartet, lH, J=15.5 Hz,HI^'),4.20 (AB quartet, lH, J=15.5 Hz, H16'), 5.62 (s,lH, H3). ô. and

DEPT (75 MHz) : 23.2 (CHz), 25.0 (CH), 33.2 (CHù, 44.4 (q), 47.2 (CHz), 50.1 (CH3), 60.5

(CHz), 125.O (CH), 146.9 (q). u.o(neat): 3338 (br, s, OH), 3051(s), 2864(s), 1450(s), 1035(s),

995(m) cm-l. À¡I/z: 138(M*',157o¡, 123(8), IIO(42),95(100), 79(90),49(65). Accurate Mass

Spectrum: (MH*) Expect 139.1t228 Obtained 139.11195. Anal Calcd for CqHr¿O: C,78.21;H,

10.20 Found: C,'7 8.19; H, 9.96.
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Section 3.1.1 Six-membered Ring Trial Compound

Ethyl 2-cyclohexylidenacetate 91r CAS 11552-92-71

This experiment is based on the general procedure of Wadsworth and Emmons."' To a

suspension of potassium /-butoxide (9.98 g, 88.9 mmols) in anhydrous THF (50 mL), cooled to

0"C, was added dropwise a solution of triethylphosphonoacetate (17.5 mL, 19.77 g, 88.2

mmols) in anhydrous THF (50 mL) and let stir at ambient temperature for 30 minutes. Then

cyclohexanone (8.9 mL,8.42 g, 88.5 mmols) in anhydrous THF (50 mL) was added dropwise.

Upon work-up and removal of solvent by distillation at atmospheric pressure, the title

compound was obtained as a colourless liquid (8.36 g, 56Vo). The ester was used without

purification in the next step. ôH (300 MHz): I.27 (3H, t, CH3, J=7.lHz) 1.6 (6H, m, methylene

ring proton s),2.17 (2H, m,Hz),2'80 (2H, rn,H6),4.I3 (2H, q, CHzCH¡ , J=J 'lHz),5'6 (lH, m,

olefinic proton). ôc (75MHz): I4.I,26.1,2J.6,28.4,29.6,3'7.8, 59.2, ll3'0, 163.4, 166.8'

u,,l*(near): 2819(s),2856(s), 1716(s), 1648(s), 1448(s), 1378(s)cm-1. Mlr, 168(M* ,IO}Vo),

140(4s), 123(70).

2-Cyclohexyliden- 1 -ethanol 90r CAS 1932-89-91

The titte compound was prepared by a general literature procedure.e3 To a suspension of

lithium aluminum hydride (729.9 mg, I9.2 mmols) in diethyl ether (22 mL) cooled to -78"C

was added ethyl2-cyclohexylidenacetate 91:r (2.89 g, 17.2 mmols). After stirring at -78"C for

4 hours then ambient temperature for 2hr the reaction was carefully quenched with l5Vo

HClluq¡. After work-up the solvent was removed in vacúuo to yield a colourless liquid (2-16 g,

89Vo). The alcohol was used without purification. ôn (300 MHz): 1.51 (6H, m, H3, H4, H5)

2.I7 (4H, m, H2,H6), 4.13 (2H, d, CHzOH, J=6.9H2), 5.36 (lH, td, olefinic proton, J= 6.9,

2.4H2). õc (75MHz): 26.5,27.7,28.3,28.7,36.9, 58.4, 120.4, 144.5. o'o*(neat): 3332(broad),

2925(s), I 447 (s), I 240(s)cm- I . W t 1 26(M*,22Vo), 1 08( 1 00), 93(60).

(t)- 1 -Oxaspiro[2.5]oct-2-ylmethanol 92r

To a solution of 2-cyclohexyliden-l-ethanol 90r (202 mg, 1.60 mmols) in dichloromethane (2

mL) was added 0.63M aqueous sodium bicarbonate (2 mL). After the solution was cooled to

0"C, 6CPBA (358 mg of 80Vo mCPBA, purified from Aldrich 6OVo mCPBA.,t2s l.l6 mmols)

was added portionwise over 5 minutes. After stining at 0'C for t hour the reaction was stirred

at ambient temperature overnight. Dichloromethane was added and the reaction mixture was
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washed with 6N NaOH (1x) and NaHCO¡ (1x). The organic phase was dried and the solvent

was remov ed in vac¡luo. Flash chromatography with hexane/ethyl acetate (lOl3O v/v) as an

eluant gave the title compound as a colourless liquid (180 mg, 80Vo). ôH (300MHz): 1.5-1.8

(10H, complex, methylene envelope), 2.2 (lH, br s, OH)' 2.97 (lH, X portion of ABX system,

at least 4 lines, H2), IAB of ABX system, at least 8 lines, centred at 3.69 (1H, Hl'o) and

centred at 3.85 (1H, Hl',u)1. ôc (75MHz):24.7,25.4,35.3, 60.9,63.4,64.1. Wz: 143(MH+

,57o),88(100).

Tris-[3-(heptafluoropropyl-hydroxymethylene)-d-camphorato]-europium(Ilf ( I I mg) added to

the epoxideg2r (9 mg) in CCI4 (0.5 mL) and CoDo (0.1 mL) gave useful separation of the peak

initially at ô3.69 in the tH NMR spectrum (200 MHz).

Attempted preparation of optically active 1-Oxaspiro[2.5]oct-2-ylmethanol 92a

from Sharpless asymmetric epoxidation reaction

Following the procedure of Sharpless,ao an anhydrous flask was flushed with nitrogen and

charged with n-decane (40 pL), (L)-(+)-diisopropyl tartrate (27 mg,0.12 mmols), activated,

powdered 4 Ä sieves (38 mg), and a solution of the alcohol (100 mg, 0.80 mmols) in

anhydrous dichloromethane (2 mL), previously dried over 3Å sieves for thr. The flask was

cooled to -20"C and titanium(IV)isopropoxide (0.35 mL, 0,08 mmols) were added and the

solution stirred at -20"C for t hour. The flask was then cooled to -40"C and tert-butyl

hydroperoxide solution (0.15 mL of a 4.2 M dichloromethane solution, 0.63 mmol), previously

driedaO and then freshly dried over freshly activated 3Ä sieves for 15 min. At timed intervals,

aliquots (0.1 mL) of the reaction mixture were taken (with an oven dried syringe), quenched

with 0.1 mL of a solution of FeSO¿ (1.6 g/5 mL) and citric acid (0.5 gi5 mL), dichloromethane

(0.1 mL) was added and the organic layer separated. The organic layer was then analyzed by

GLC (150'C) for the remaining allylic alcohol relative to the internal standard n-decane. After

the reaction was complete it was quenched with 5 mL of a solution of FoSO+ (I.6 gl5 mL) and

citric acid (0.5 g/5 mL) then left for 15 hours (convenience). The reaction mixture was diluted

with dichloromethane and the organic layer was separated and the aqueous layer was re-

extracted with dichloromethane (2x). The combined organic phases were washed with

saturated sodium chloride solution (1x), dried and solvent removed in vacuuo' Flash

chromatography with hexane/ethyl acetate (10/30 v/v) did not give the expected product but a

colourless liquid identified as 2-(l-Cyclohexenyl)oxirane 94a (477o). ôH (200MHz): 1.5 (4H,
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complex, methylene envelope), 1.8 (4H, complex, methylene envelope), [AB of ABX system

at least g lines, one centred at3.46 (1H, H3') and the other centred at 3.59 (1H, H3'u)1,4'01

(lH, X portion of ABX system, at least 4 lines, IHz',),5.66 (lH, br s, H2)' õc (150MHz):22'4,

22.5,24.8,24.g, 65.4,76.2, I23.g, 136.7. GC/IVIS: 124 (M* ,657o), 109(17), 96(82)' 95(100)'

80(7s).

Successful preparation of optically active 1-oxaspiro[2.5]oct-2-ylmethanol 92a

from Sharpless asymmetric epoxidation reaction

The above procedure was repeated with the following quantities; n-decane (40 ttl)' (L)-(+)-

diisopropyl tartrate (24 mg,O.l0 mmols), activated, powdered 4 Å sieves (33 mg)' a solution of

the alcohol (102 D8, 0.81 mmols) in anhydrous dichloromethane (2 mL)'

titanium(IV)isopropoxide (0.35 mL, 0.08 mmols) and and tert-bttyl hydroperoxide solution

(0.16 mL of a 3.8 M dichloromethane solution,0.6l mmol). At timed intervals, aliquots (0'1

mL) of the reaction mixture were taken (with an oven dried syringe), quenched with 0' l mL of

a solution of FeSO¿ (I.6 gt5 mL) and citric acid (0.5 g/5 mL), dichloromethane (0.1 mL) was

added and the organic layer separated. After the reaction was complete it was quenched with

sodium thiosulfate (5 mL) and then left for two days (for comparison with the FeSo+ solution)'

Upon work-up and chromatography, (same as the above reaction), the title compound was

obtained as a colourless oil (52 mg, 457o) with no rearranged epoxide 94a present in the lH

NMR spectum. ôH (300MHz): 1.5-1.8 (10H, complex, methylene envelope), 2'2 (1H' br s'

oH),2.97 (1H, X portion of ABX system, at least 4 lines, H2), IAB of ABX system, at least 8

lines, one centred at3.69 (1H, Hl'J and the other centred at 3'85 (lH, Hl'¡)l'

Tris-[3-(heptafluoropropyl-hydroxymethylene)-d-camphorato]-europium(Ill) (1 I mg) added to

the epoxideg2a(9 mg) in CC14 (0.5 mL) and C6D6 (0.1 mL) gave separation of the peaks

initially at õ3.69 in the tH NMR spectrum (200 MHz) and the enantiomeric excess was be

estimated to be at least90Vo.

2- (l -Cy clohexenYl) oxirane 94r

To a solution of the racemic 1-oxaspiro[2.5]oct-2-ylmethanol 92r (410 mg, 2'88 mmols) in

dichloromethane (8 mL) and water (5 mL) was addei iron(I ) sulfate heptahydrate (1'68 g'

6.04 mmols). After stirring at ambient temperature for 6 days the dichloromethane (30 mL)

was added to the solution and the aqueous phase separated. The aqueous phase was re-
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extracted with dichloromethane (2x) and the combined organic layers were dried and solvent

was remov ed in vacur¿o. Flash chromatography with hexane/ethyl acetate (70/30 v/v) as an

eluant gave the title compound as a colourless liquid (27I mg, 76Vo). õH (200MHz): l'5 (4H,

complex, methylene envelope), 1.8 (4H, complex, methylene envelope), [AB of ABX system

at least 8 lines, one centred at3.46 (1H, H3') and the other centred at 3.59 (1H, H3'u)1, 4.01

(1H, X portion of ABX system, at least 4 lines, H2'),5.66 (1H, br s, H2)'

Section 3.1.2 Determination of Optical Purity of the Key Intermediate

[( 1 S R, 5 SR) - 5 -Methylbicyclo t3 . 2. 0] hep t-2-ene-2-y1l methyl acetate 95

To the alcohol 38, (18 mg, 0.13 mmols) dissolved in pyridine (0.3 mL) was added acetic

anhydride (0.05 mL, 0.49 mmols) and the reaction mixture was stirred at ambient temperature,

under a nitrogen atmosphere, for 10 hours. A few drops of water were then added, to hydrolyze

the excess acetic anhydride. Dichloromethane (20 mL) and water (10 mL) were added to the

mixture and it was washed with I5Vo hydrochloric acid solution (2x20 mL), saturated sodium

bicarbonate solution (10 mL), dried and solvent removed in vacauo. The title compound was

obtained as a white solid* (20 mg, 86Vo). ôH (200 MHz): 1.26 (s, 3H, CH3), õ 1.3-2'4 (6H,

complex, ring protons), 2.06 (s, 3H, COCH3), 2.72 (br d, J=7.8 Hz, IH, H4), 4.63 (br s, 2H,

Hl'), 5.66 (br s, lH, H3). ô. (50 MHz): 2O.9,23.2,25.0,33.I, 44.5, 47 '3, 5O'5, 62'1, 128'1,

141.8, I7O.9. t¡^*:2947(s), 2839(s), 1732(s), 1452(m),1378(m), 1254(s),897(m).--1. M/t'

1 80(M+,3 7o ), 11 9 (17 ), 1 3 8( 1 0), 1 2 1 ( 1 00), 120(61 ), 1 05(45), 92(8 r), 43 ( 1 5).

Tris-[3-(heptafluoropropyl-hydroxymethylene)-d-camphorato]-europium(Ill) (16 mg) added to

the acetate 95 (6 mg) in CC14 (0.5 mL) and CoDo (0.1 mL) gave no significant separation of

peaks in the tH NMR spectrum at20} MHz.

[( 1 RS, 5 S R)- 5 -Methylbicyclo [3 . 2. 0] hept- 2-en -2-yll methanol 38

Tris-[3-(heptafluoropropyl-hydroxymethylene)-d-camphorato]-europium(Ill) (17 mg) added to

the alcohol 33 (6 mg) in CCl4 (0.5 mL) and CoDo (0.1 mL) gave no significant separation of

peaks in the tH NMR spectrum at200 MHz.

- 
In the preparation of many derivatives for optical purity measurements, no purification was

attempted so as to avoid possible fractionation of diastereomers'
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GC analysis of the allylic alcohol 38 with an SGE Cydex-B, 25mx0'22mm, [110'C for ll

min, then ramped to 200"C at SO'C/min, then held for 2 minl gave partial separation, but not

enough to be useful.e7

Mosher ester of the racemic allylic alcohol 38r: [(1SR,2RS,5SR)-5-

Methylbi cyclol3.2.0l-hep-2-en-yllmethyl (2R)-3,3,3-trifluoro-2-methoxy-2-

phenylpropanoate 96 and 97

According to the procedure of Hassner,ee a solution of the (R)-(+)-cr-methoxy-cr-

(trifluoromethyl)phenylacetic acid (26 ffig, 0.11 mmols), N,N-dicyclohexylcarbodiimide

(DCC) (19 mg, 0.090m mmols), the racemic alcohol 38r (14 mg, 0.102 mmols), dimethyl-

aminopyridine (2 mg, 0.019 mmols) in dichloromethane (0.7 mL) were allowed to stand at

ambient temperature until esterification was complete. The N,N-dicycfiiexyl urea was filtered

and the filtrate washed with water (3x5 mL), 5lo citric acid solution (3x5 mL) and again with

water (3x5 mL), dried and the solvent evaporated in vaciluo. Flash chromatography with

hexane/ethyl acetate* (95t5, v/v) as an eluant gave the corresponding Mosher ester as a

colourless oil (15 mg,55Vo). The rH NMR spectrum at2O0 MHz showed the presence of only

one diastereomer except for the two sharp methyl singlets near õ1.23' From the lH NMR

spectrum of the products from the racemic and optically active samples it was possible to

assign the following data.

Data for 96: ôn (600 MHz): I.24 (s, 3H, CH3), 1.3-2'0 (6H, complex, ring protons), 2'24 (m,

3H, ring protons), 2.62 (m,lH, H4), 3.55 (br s, 3H, OCH3), [AB quartet, one centred at 4'84

(1H, Hl'u) and the other at 4.91 (lH, Hl',u)1, 5.69 (br s, lH, H3),1.35-1.55 (m, 5H, ArH).

Data for 97: ôs (600 MHz): 1.24 (s, 3H, CH3), 1.3-2.0 (6H, complex, ring protons), 2.24 (m,

3H, ring protons), 2.62 (m,lH, H4), 3.56 (br s, 3H, OCH3), [AB quartet, one centred at 4'84

(lH, H1',a) and the other at 4.89 (lH, Hl'u)1, 5.70 (br s, lH, H3),1.35-7.55 (m, 5H, ArH)' The

AB quartet region of the tH NMR spectrum is reproduced in 'Chapter 2, Results and

Discussion'p. 81.

* In the preparation of Mosher esters for optical purity measurements, purification by

chromatography was performed with a short column and care was taken so as to avoid

possible fractionation of diastereomers
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Mosher ester of the optically active allylic alcohol 38a : [(1SR,2RS,5SR)-5-

Methylbi cyclol3.2.0l-hep-2-en-yllmethyl (2R)-3,3,3-trifluoro-2-methoxy-2-

phenylpropanoate 96 and 97

The above procedure was repeated with numerous optically active allylic alcohols 38a. By

separation of resonances for the diastereotopic methylene group of the diastereomers in the lH

NMR spectrum the enantiomeric 
,excess 

could be estimated, as previously discussed in

'Chapter 3, Results and Discussion'

Section 3.1.3 Kinetic Resolution of the Key Intermediate

[(1RS,2RS,5RS,7Rs)-8-oxatricycl[5.1.0.02's]octyllmethanol 98r and

[( 1 SR,2RS,5RS,7 SR)- 8-oxatricycl [5. 1 .0.02's] octyllmethanol 99r$

A solution of the allylic alcohol 3S (33 mg, 0.24 mmols) in dichloromethane (2 mL) was

cooled to 40"C and ryCPBA (104 mg of 80Vo nCPBA, purified from Aldrich 60Vo øCPBA,

0.49 mmols) was added portionwise over 5 minutes and let stir at -40'C overnight. Then

dichloromethane was added and the reaction mixture was washed with NazSzO¡ (1x) and 3N

NaOHluq¡ (lx). The organic phase was dried and the solvent was removed in vaciluo' The lH

NMR spectrum of the crude product showed the ratio of exo to endo epoxide was 4.3: 1. Flash

chromatography with hexane/ethyl acetate (70130 v/v) as an eluant gave two epoxides as a

colourless o\1. Exo-epoxide 98r (16 mg,44Vo), Endo-epoxide 99r (2 mg,7Vo)

Exo-epoxide 98 ôs (300MH2, CDCI¡iDzO): I.l2 (s, 3H, CH¡), I.1-2.1 (complex, 7H, ring

protons), 2.44 (dd,lH, CH-O, J = 5, 8.5 Hz), 3.74 and 3.94 (AB quaftet, 2}J,Hl' , J = 12.5 Hz)'

ô. (50 MHz): 16.9,28.6,32.9,42.6,44.5,46.2, 59.I,64.4,73.4. u*u"(neat): 3432 (br, s, OH),

2861(s), I27Z(s), 1184(s), 1041(s) .*-1. N{/z: 155(MH*',107o¡, 125(30), 105(35), 95(100),

19(1990),43(80).

Endo-epoxide 99 õH (300MH2, CDCI¡IDzO): 1.19 (s, 3H, CH3), 1.6 (complex, 3H' ring

protons), I.8-2.2 (complex, 5H, ring protons), 3.16 and 3.90 (AB quartet, 2}{,}JI', J = 13 Hz)'

ô. (50 MHz): r7.0, 27.r, 34.0, 41.J, 44.3, 46.5, 60.6, 67.3, 72.4'

$ The naming program names the epoxides as [(1aBS, lbRS, 3RS, 4RS)-3a-

merhylperhydrocyclobuta[3,4]cyclopenta[å] oxiren-1-yllmethanol 98r and [(1aSR, lbRS,

3RS,4RS)-3a-methylperhydrocyclobuta[3,4]cyclopenta[å] oxiren-1-yllmethanol. However as

these names bear no resemblance to the structures the above names have been used.
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Kinetic Resolution of

methanol 38

[( 1 RS, 5 SR) - 5 -methylbicyclo [ 3 . 2. O]hept- 2- en-2-yll

In general, these reactions were run as follows although the scale, number of aliquots and the

time of quenching were varied throughout the studies. This procedure is the one used in the

synthesis of (+)-grandisol la.

A solution of L-(+)-diisopropyl tartrate (295 mg,1.26 mmols), titanium i-propoxide (196 mg,

0.69 mmols), freshly activated powdered 4Å sieves (337 mg) and freshly distilled anhydrous

dichloromethane (4 mL) were combined, put under a small pressure of dry nitrogen, cooled to

-15.C. tert-Bltylhydroperoxide (1.1 mL,5.9 M,6.4 mmols), previously drieda0 and then

freshly dried over freshly activated 3Å, sieves for 15 min, was added and the solution was then

cooled to 40"C and aged at -40'C for 2 hours. Then a solution of n-decane (0.4 mL) and the

allylic alcohol 38 (1.63 g, 11.8 mmols) in dichloromethane (5 mL), which had been drying

over freshly activated 3Å sieves for 15 min, were added, the sieves were washed with

additional dichloromethane (2 mL) and the washings were also added to the reaction mixture.

[A To GLC sample had been taken from the n-decane and allylic alcohol solution before it was

added to the reaction mixture.l After the reaction had stined at -40'C for 15 hours, an aliquot

(0.1 mL) was removed (with an oven dried syringe) and quenched with 0.1 mL of a solution of

F'SO+ (1.6 gl5 mL) and citric acid (0.5 g/5 mL), dichloromethane (0.1 mL) was added and the

organic layer separated. GLC showed that the reaction had gone to 597o completion. NazSzO¡

(3 mL) was added and the reaction mixture was allowed to warm to ambient temperature.

Dichloromethane (20 mL) was added and the organic phase was separated. The aqueous phase

was re-extracted with dichloromethane (3x20 mL). The combined organic phases were washed

with saturated NaCl (10 mL), dried and solvent was removed in vacúuo. Flash chromatography

with hexane/ethyl acetate (85/15 v/v) as an eluant gave the allylic alcohol as a colourless oil

(490 mg, 3IVo recovery). ôn (300 MHz): 127 (s, 3H, CH¡), I.35-2.5 (m, 6H, ring protons),

2.15 (br d, J=5.6 Hz,I]H,H4),4.20 (AB quartet,2H,Hl'),5.62 (br s, lH, H3). [cr]o20=-l'JJ +

O.2 (c= 1.5 CH2CI2)'
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S e ction 3. I . 4 Enantiomeric P urity D et ermination

Mosher ester of the optically active allylic alcohol 38a: [(1S,2R,5Ð-5-

merhylbicyclo[3.2.0]hep-2-en-yllmerhyr (zR)-3,3,3-trifluoro- 2-methoxy-2'

phenylpropanoate 96

The general procedure for Mosher ester formation, nlll,^ repeated with the following

reagents. Allylic alcohol 38 (7 mg, 0.05 mmols), DMAP (5 mg, 0.02 mmols), DCC (20 mg'

0.09 mmols), R-(+)-a-methoxy-cr-(trifluoromethyl)phenylacetic acid (20 mg' 0.08 mmols) and

dichloromethane (0.5 mL). The corresponding Mosher ester was obtained as a colourless oil

(15 mg, 80Vo)

By separation of resonances for the diastereotopic methylene group of the diastereomers in the

rH NMR spectrum the enantiomeric excess was estimated to be>957o. (diagram p. 88)

Section 3.2 Formation of the Bicyclic Alkene

( 1 SR,5SR)-2-(Chloromethyl)-5-methytbicyclo[3.2.0]hepr Z-ene 101r

To a solution of the alcohol 38 (214 mg, I.54 mmols) in dichloromethane (3 mL) and

triethylamine (0.15 mL), cooled to 0oC, was added methanesulfonyl chloride (0.1 mL, 1'29

mmol). The reaction was then stirred at ambient temperature for 15 hours. Water and

dichloromethane were added to the reaction mixture. The organic layer was separated' washed

with7.5Vo hydrochloric acid (3x10 mL), saturated sodium bicarbonate solution (10 mL), dried

and solvent removed in vacúuo. Purification by chromatography with ethyl acetate/hexane

(5/95 vlv) gave rhe allylic chloride as the major fraction (48 mg, 20Vo). ôn (200 MHz): 1.29 (s,

3H, CH¡), 1.5-2.1 (complex,4H, ring protons), 2.2-2.5 (complex, 2H,ring protons), 2.88 (br d'

lH, J= g.4Hz),4.17 (AB quartet, 2H, H1'), 5.78 (m, 1H, olefinic proton)' I\4/z: 156(M* ,25Vo¡,

ro5(7 2), 93( 100), 55(95).

[ ( 1 RS, 5 SR)- 5 -merhylbicyclo L3 . 2. 0] hept- 2- en-2-yll methyl methanesulfonate 1 00r

Methanesulfonic anhydridel2s ç846 mg,4.85 mmols) was added portionwise to a solution of

the allylic alcohol 33 (438 mg,3.17 mmols) and triethylamine (1 mL) in dichloromethane (4

mL), cooled to 0"C. After stirring at ambient temperature fot 2 7z hours the solution was

diluted with dichloromethane and the mixture was washed with l5%o HClloq¡. The aqueous

phase was re-extracted with dichloromethane (2x). The combined organic layers were washed

with saturated NaCl, dried and solvent was removed in vacøuo. Purification by
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chromatography with hexane/ethyl acetate (75115 v/v) gave tlte title compound as a colourless

oil (543 mg,787o). ôH (300 MHz): 1.29 (s,3H, CH3)' 1.4-2.0 (m,3H, ring protons),2'33 (m,

3H, ring protons), 2.78 (m,1H, allylic proton), 3.00 (s, 3H, OzS-CHù' 4'79 (s' 2H' Hl')' 5'85

(br s, lH, H3). õ. (75 MHz): 23.2, 25.O, 33.1, 37.8, 44.6, 47.4, 50.2, 6',7.5, 132.2, 140'2'

u.u*(neat): 3020(s), 2869(s), 1425(s), 1253(s), 1176(s), 970(s)'

zfl (MH*,67o), 167 (5), 1 3 8 ( 1 8), r2l (42), 95 (8 3), 79( 1 00)'

767(s) .--1. Mlz:

[(1R,5Ð-5-methylbicyclo[3.2.0]hepr2-en-2-yllmethyl methanesulfonate 100a

The above procedure was repeated with methanesulfonic anhydridel'B ç629 mg, 3'60 mmols)'

the allylic alcohol 38 (471 mg, 3.40 mmols), triethylamine (0.5 mL) and dichloromethane (4

mL). After purification , the titlecompound was obtained as a colourless oil (583 mg,78Vo)' 
IH

NMR data of L00a are identical with those of 100r'

( 1 RS,5 SR)-2,5 -dimethylbicyclo [3. 2.0]hept-2-ene CAS U 3416-59- 8l 10r

From the all)¡lic chloride 101

The allylic chloride 101 (41 mg,0.26 mmols) and triphenylpho$ine (92 mg,0'35 mmols)

were combined and dissolved in THF (S mL). To the stirred solution, under a nitrogen

atmosphere, was added lithium triethylborohydride (0.8 mL, 1 M, 0'8 mmols)' After the

reaction mixture was stirred at ambient temperature overnight l\Vo NaOHloq¡ and saturated

NaCl were added. Hexane was added and the aqueous layer was separated. The aqueous layer

was then re-extracted with hexane (3x). The combined organic layers were washed

successively with l07o NaOHiaq¡ ând saturated NaCl. The organic layer was dried and solvent

was remov ed in vacúuo. The tH NMR spectrum of the crude product showed resonances which

corresponded to the literature values for the alkene, however numerous impurities were also

present. Lit26 ôs (100 MHz): I.25 (s, 3H, CH¡), 1.71 (br s, 3H, CH¡-C=CH-), 5.28 (m, lH,

olefinic).

From the mesylate

A suspension of LiAlH4 (I22 mg,3.21 mmols) and THF (3 mL), under a nitrogen atmosphere'

was cooled to 0"C. A solution of the mesylate 100r (350 mg, 1.60 mmols) in THF (3 mL) was

cautiously added and the solution was stirred at ambient temperature for 15 hours. The solution

was carefully quenched with water and then poured into water (150 mL). The solution was

extracted with dichloromethane (3x20 mL). The combined organic layers were washed with
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water (6x100 mL) and saturated NaCl (1x100 mL), then dried and solvent was removed by

distillation at atmospheric pressure. The title compound was obtained as a clear oil, with some

solvent impurity (450 mg). It was used crude in the next reaction' ôIr (300 MHz): I'25 (s' 3H'

CH¡), I.4-2.0 (m, 3H, ring protons)' 1.71 (br s, 3H, ÇH3-C=CH)' 2'10 (m' 3H' ring protons)'

2.55 (m,lH, allylic proton), 5.28 (br s, lH, H3). ô. (75 MHz): I4.5, 22'9, 25'1, 33'2, 44'4'

47.6, 53.6, 124.2, 143.1, THF and CHzClz resonances were also present' GC-Ms:

123(MH+,3 2Vo), 122(28), 107(22),94(45),79(100). 
rH NIvtR and t3C data corresponded with

the literature values.26' 
30

( 1 S, 5 R)-2, 5 -dimethylbicyclo [ 3 . 2. 0] hep t-2- ene 10a CAS U 3 4t 6- 59 -81

The above procedure was repeated with LiAIH¿ (146 mg, 3'84 mmols), THF (4 mL), and the

mesylate 100a (583 mg, 2.66 mmols) in THF (3 mL). After solvent was removed by

distillation at atmospheric pressure, the title compound was obtained as a clear oil, with some

solvent impurity. It was used crude in the next reaction. The tH NMR data of 10a are identical

with those of 10r

Section 3.2.1 Opticat Purity of the Bicyclic Alkene

( 1 RS,2SR,3RS,5RS)-2,5-Dimethylbicyclo[3.2.0] heptan-2,3-diol 103r

General Procedure for diol formation with Ouinuclidine

Following the procedure of Sharpless,a6't2e a 25-mI- roundbottom flask was charged with r-

buryl alcohol (1.5 mL) and water (1.5 mL). Potassium carbonate (134 mg, 0.97 mmols),

potassium fenicyanide (369 mg, 1.12 mmols), quinuclidine hydrochloride (1 mg, 0'01 mmols),

an aqueous solution of 4Vo osmium tetroxide (0.02 mL, 0.8 mg, 0'003 mmols), and methane

sulfonamide (30 mg, 0.31 mL), only required if the olefin is trisubstituted, were then added. To

the well-stirred solution was added the desired alkene 10r (35 mg,0.29 mmols)' Once the

reaction was complete (15 hours), solid sodium sulfite (430 mg, 3'41 mmols) was added and

the solution stirred at ambient temperature for 30 min. Dichloromethane (10 mL) was added to

the reaction mixture, and after separation of the layers, the aqueous phase was further extracted

with dichloromethane (3x5 mL). The combined organic extracts were dried and concentrated

to give the diol 103r and the ligand. The crude product is purified by flash chromatography

(Ethyl acetaÍelhexane(3}/]O v/v)) to afford the l,2-diol 103r as white crystals (15 mg, 60To)'

Mp 66-67"C. õu (300 MHz) : 12O (s, 3H, H¡C-C-OH), 1.22 (s, 3H, CH¡), 1.4-2.2 (m, 7H, ring
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prorons),4.19 (dd, lH, J=7, 10.5 Hz, H1). õ. (75 MHz): 16.5,2O'I,28.2,30'9,40'4'46'5,52'8,

77.g, 80.6. un'*(CDCI¡): 3608(b, oH), 3432(b, OH), 2869(s), 1405(s), cm-1. wz:

1 56(MH*, 1 Vo), 67 (25), 43( 100).

( 1 R,2S,3R,5R)-2,5 -Dimethylbicyclo [3.2'0]heptan-2,3 -diol 103a

The same general procedure, (above) was repeated with potassium carbonate (124 mg, 0'89

mmols), potassium fenicyanide (303 mg, O.92 mmols), quinuclidine hydrochloride (2'3 mg,

0.03 mmols), r-butyl alcohol (2 mL), water (2 mL), an aqueous solution of 47o osmium

retroxide (0.05 mL, 2.0 mg,0.007 mmols) and (1SR,5Rs)-2,5-dimethylbicyclo[3'2.0]hept-2-

ene 10a (2O mg,O.16 mmols). The tH NMR data of 1,03a, after purification, are identical with

those of 103r

The racemic monotosylate derivative l02r of (1RS,2SR,3RS,5RS)-2,5-

dimethylb icy cIol3 .2. 0l he ptan -2,3 - diol I 0 3 r

To a solution of the racemic diol 103r (10 mg, 0.068 mmols) in pyridine (0.5 mL), cooled to

0"C, was added p-toluene sulfonyl chloride (23 mg,0.01 mmols). After standing the reaction

mixture at 5"C for 15 hours a drop of water was added to hydrolyze any excess p-toluene

sulfonyl chloride. Dichloromethane and l5Vo HClruqi were added and the organic layer

separated. The aqueous phase was re-extracted with dichloromethane (2x)- The combined

organic phases were washed with water (lx) then dried. Removal of solvent in vacauo gave the

title compound as a colourless oil (18 mg, 85Vo). õH (300 MHz, CDCI¡/DzO): I'12 (s, 3H,

cH¡), 1.17 (s, 3H, CH3), 1.38 (m, lH, ring proton), 1.6-1.8 (complex, 4H' ring protons), 1.9-

2.2 (complex,2H, ring protons),2.45 (s, 3H, CH¡), 4.85 (dd, IH, J=7, 10.5 Hz, H3), 7.35 (d,

2H, J= 8 Hz, Ar), 7.8I (d,2H, J= 8 lHz, Ar). ðc (75 MHz): 16.2,20.0,2I.6,27.1,30.6, 40.8,

42.7,50.9,80.4, 86.6, 121.8, 129.8,141.8, 144.8.W2:310(M*, 4Vo),267(35), 71(100).

Tris-[3-(heptafluoropropyl-hydroxymethylene)-d-camphorato]-europium(Ilf (14 mg) added to

the tosylare (9 mg) in CCl4 (0.5 mL) and CoDo (0.1 mL) gave no significant separation of

peaks in the tH NMR spectrum at 200 MHz.
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Mosher Ester of the racemic diot 1.03r: (1SR,3SR,4RS,5SR)-4-Hydroxy-1,4-

dimethylbicyclo[3.2.0]hep-3-yl (2R)-3,3,3-trifluoro-2-methoxy-2-phenylpropan-

oate 105 and L06

The general procedure for Mosher ester formation, p.157, was repeated with the following

reagents. Diol 103r (8 mg,0.05 mmols), DMAP (2mg,0.01 mmols), DCC (23 mg,0'11

mmols), R-(+)-a-methoxy-cr-(trifluoromethyl)phenylacetic acid (23 mg, 0.10 mmols) and

dichloromethane (0.5 mL). The corresponding Mosher ester was obtained as a colourless oil

(16 mg, BSVo). The peaks from which the optical purity was measured are show in detail in

,Chapter 3, Results and Discussion' p. 95. From the lH NMR spectrum of the products from

the racemic and optically active samples it was possible to assign the following data.

Data for 106: ôs (600 MHz): I.2O (s, 3H, CH3), I.27 (s,3H, CH3), I'I-2.2 (7H, complex, ring

protons), 2.62 (m,lH, H4), 3.55 (br s, 3H, OCH3), 5.38 (dd, lH, J= 7, II Hz, H3),I .35-7 '55

(m, 5H, ArH).

Data for 105: ôs (600 MHz): 1.10 (s,3H, CH3), 1'25 (s,3H, CH3) I.I-2'2 (7H, complex, ring

protons), 3.57 (br s, 3H, OCH3), 5.44 (dd,lH, J= 6.5, 11 Hz, H3), 7 .35-1 .55 (m, 5H, ArH)'

Mosher Ester of the optically active diol 103r: (1R,3R,4S,5R)-4-Hydroxy-I,4-

dimethylbicyclo[3.2.0]hep-3-yl (2R)-3,3,3-trifluoro-2-methoxy-2-phenylpropan-

oate L06

The general procedure for Mosher formation, p. 157, was repeated with the following reagents.

Diol 103a (5 mg, 0.03 mmols), DMAP (2 mg,0'02 mmols), DCC (13 mg, 0'06 mmols), R-(+)-

cr-methoxy-cr-(trifluoromethyl)phenylacetic acid (13 mg, 0.06 mmols) and dichloromethane

(0.5 mL). The corresponding Mosher ester was obtained as a colourless oil (8 mg, 63Vo) The

peaks from which the optical purity was measured are show in detail in 'Chapter 3, Results and

Discussion' p.96

Section 3.3 Attempted Formation of Grandisol via the Ketal

Agempred formation of 2-[(1Rs,2RS)-2-acetyl-1-methylcyclobutyl] acetaldehyde

The alkene 10r (50mg, 0.4I mmols), 47o osmium tetroxide (0.05 mL, 2 mg,0'008 mmols),

1,4-dioxane (1 mL) and water (0.5 mL) were combined. To a rapidly stiffed solution was added

sodium periodate (2ll mg,0.98 mmols). After being left to stir at ambient temperature for 24
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hours the solution was diluted with water (2 mL) and diethyl ether (10 mL). The aqueous layer

was separated and re-extracted with diethyl ether (2x). The combined organic extracts were

dried and solvent was remov ed in vacduo. Purification by chromatography with hexane/ethyl

acetate (90/10 v/v) gave a brown oil (10 mg, 16%o). The lH NMR spectrum showed numerous

products. The peaks for the major component were the same as those found in the literature for

the title compound. Lit ôn (90 MHz): 1.4 (s, 3H, CH3), 2.5-1.5 (m, 4H)' 2.08 (s, 3H, COCH¡),

2.55 (d,2H, J=l.8 Hz),3.09 (t, lH, J=7 '2Hz),9.7 (t, 1H, 1.8H2)'

section 3.4 Formation of Grandisol via the Keto-Acid

( 1 RS, 2SR ) -2- Ãcetyl- 1 -methylcyclobutaneacetic acid 7 r

By the adapted procedure of Rosini,3o to a well stirred mixture of 2,5-

dimethylbicyclo[3.2.0]hept-2-ene 10r (, maximum 1.60 mmols, contains solvent) in /-butyl

alcohol (1.5 mL) and water (3 mL), at ambient temperature, was added NaIO¿ (I'51 g, 7 '07

mmols) then RuCl3.3HzO (11 mg,0.05 mmols). The solution was then heated at 40'C for 15

hours. After cooling to ambient temperature, the mixture was filtered and the filtrate was

extracted with ethyl acetate. The extract was washed with saturated NaCliuq¡, dried and solvent

removed in vacuuoto give a brown oil. Purification by flash chromatography with a gradient of

ethyl acetate/hexane (30li} v/v) as an eluant gave the title compound as a light brown oil (135

mg, 5OVo over two steps). The lH NMR spectrum also showed impurities that could not be

identified. The major peaks gave the following resonances; õu (300 MHz, CDCI3/DzO): l'42

(s,3H, CH¡),2.13 (s,3H, COCHù, Ll-2.3 (complex,4H, ring protons), 2'52 (AB quartet,2H,

H2'),3.1 1 (t, lH, J= 7 .0 ]Hz, H2). ôc (75 MHz): 17 .5, 27 .7 ,30.5, 30.8, 39 'l , 4L2, 55 '0, 178' 1,

210.O. Mlz: 171(MH*, gLVo), 153(89), 43(100). The major peaks of rH NMR spectrum

correspond to those of the literature.3o'31

( 1 R, 25 )-2-Acetyl- 1 -methylcyclobutaneacetic acid 7 a

The above procedure was repeated with the following quantities; 2,5-

dimethylbicyclo[3.2.0]hept-2-ene 10a (maximum 2.66 mmols, contains solvent), r-butyl

alcohol (1.5 mL) and water (3 mL), at ambient temperature, was added NaIO+ (2.07 g,9.68

mmols) then RuCl3.3HzO (I2 mg,0.06 mmols). Purification by flash chromatography with a

gradient of ethyl acetate/hexane (50/50 v/v) as an eluant gave the title compound as a light
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brown oll (244 mg,54Vo over t,wo steps). [Cr]n20=-28 .0 + 2 (c= 2.58 CH2CI2). Lit. [cr]o20=-41.0

+ 2 (c= g.446EtOAc).6 The rH NMR spectrum of the major peaks correspond with those of 7r'

( 1 RS,2SR)- 2-Isopropenyl- 1 -methylcyclobutaneacetic acid 107r

Following the procedure of Webster and Silverstein,3L A suspension of methyltriphenyl-

phosphonium iodide (445 mg,1.03 mmols) in THF (6 mL) was cooled to 0'C' rBuli (0'35

mL, 0.gT mmols, 2.5 M solution in hexane) was added dropwise over a period of 5 min' The

ylide solution was stirred for t hr. The keto-acid 7r (73 mg,0'43 mmols) in THF (2 mL) was

added over a 5 min period at 0"C. After stining for 15 hours at ambient temperature the

solution was poured into water (20 mL) and extracted with diethyl ether (3x20 mL). The

organic layer was discarded and the aqueous layer was acidified to pH=1 wtth I57o HCltoqr,

then extracted with dichloromethane (3x30 mL) The combined organic extracts were washed

with saturated NaClluo¡ solution, dried and solvent removed in vacúuo' Purification by flash

chromatography with a gradient of ethyl acetate/hexane (20180 v/v) as an eluant gave the title

compound as a colourless oil, which crystallized on standing (55 mg, 76Vo)' Mrp' 46-47'C' õH

(300 MHz, CDCI3, DzO): 1.32 (s, 3H, CH3), 1.66 (s' 3H,rCgCHù,I'6-2'1 (complex, 5H' ring

protons +H2a'),2.54 (d,1H, J= 15Hz,H2a'),2.63 (t,1H, J= 8 Hz, methine proton),4'66 (br s'

lH, alkene proton), 4.85 (br s, lH, alkene proton). ôc (75 MHz): I8.9,23.0,28'0,29'2,38'6,

41.3,52.I,110.5, 144.5, I78.9.lWz: 168(M*,lSVo¡,108(95), 80(75), 70(100). The rH NMR

spectral data corresponded to that of the literature.30'31

( 1 S,2R)-2-Isopropenyl- I -methylcyclobutaneacetic acid 8a

The above procedure was repeated with the following quantities; methyltriphenyl-

phosphonium iodide (1.64 g,3.81 mmols) in THF (20 mL), nBuli (I'45 ml-,3'62 mmols' 2'5

M solution in hexane) and the keto-acid 7a (245 mg, L.43 mmols) in THF (2 mL).Purification

by flash chromatography with a gradient of ethyl acetate/hexane (20180 v/v) as an eluant gave

the title compound as a colourless oil, which crystallized on standing (149 mg, 627o)'

[a]o20=+94 .6 + 2 (c= l.0g CH2CI2). The rH NMR dara of 8a are identical with those of 8r. The

tH NMR spectrum is reproduced in the 'Appendix'.
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( 1 Rs,2sR)-Isopropenyl- I -methylcyclobutaneethanol [(+) - Grandisol] 1 r

To a suspension of lithium aluminum hydride (40 mg, 1'06 mmols) in THF (1 mL)' cooled to

Ooc was added the acid gr (61 mg, 0.36 mmols) in THF (1.5 mL). After stirring at ambient

temperature for 3 hours the solution was carefully quenched with water' The solution was

diluted with dichloromethane and washed with I5Vo HCIunq¡. After separation of the organic

layer, the aqueous layer was re-extracted with dichloromethane (2x). The combined organic

extracts were dried and solvent was removed in vacluo to give a colourless oil (39 mg, TOVo)

õH (300 MHz): 1.17 (s, 3H, CH3)' 1.67 (s' 3H'{QCHù, L3-2.1 (complex, 7H, ring protons +

H2' +OH),2.55 (t, lH, J=gHz,methine proton),3.68 (m,2H, CHzOH),4'64 (br s, lH' alkene

proton), 4.84 (br s, lH, alkene proton). ôc (75 MHz): 19.2,23.2,28.4,29'4,31'0, 4l'3, 52'5'

60.0, 109.7,I45.2.GC-MS: (MH*, ISVo),137(50), 109(55), 81(50),67(100). The spectral data

corresponded to that of the literature.3O'31

( I R, 25) -Isopropenyl- 1 -methylcyclobutaneethanol [ (+) -Grandisol] I' a

The above procedure was repeated with the following quantities; lithium aluminum hydride (64

mg, 1.73 mmols) in THF (2 mL), and the acid 8a (64 mg,0.38 mmols) in THF (2 mL)' After

removal of solvent in vacuuo a colourless oil was obtained (5ó mg, 95Vo)' [cr]o20=+20 '4 + 2 (c=

1.2 n-hexane). Lit. [cr]o20=+18 .4 (c= 1.1, n-hexane¡.3r 
rH NMR data of 1a are identical with

those of 1r. The lH NMR spectrum is reproduced in the 'Appendix'.

Mosher ester of racemic grandisol Lr: 1-t(1SR)-2-{2-t1Rs,2sR)-2-isopropenyl-

1 -merhylcyclobutyll ethoxy ) - 1 -methoxy- 1 - (trifluoromethyl)-2-propenyllbenzene

109 and 110

The general procedure for Mosher formation, p.157, was repeated with the following reagents'

Grandisol 1r (8 mg,0.05 mmols), DMAP (1 mg,0.01 mmols), DCC (14 mg,0'07 mmols), R-

(+)-o-merhoxy-cr,-(trifluoromethyl)phenylacetic acid (18 ffig, 0.08 mmols) and

dichloromethane (0.5 mL). The corresponding Mosher ester was obtained as a colourless oil

(IZ mg, -65Vo). From the rH NMR spectrum of the products from the racemic and optically

active samples it was possible to assign the following data. The peaks from which the optical

purity was measured are show¡in detail in'Chapter 3, Results and Discussion' p' 101'

Datafor 109: õn (600MHz): l,I4 (s,3H, CH3), 1.64 (s,3H, CH3), 1.45-1.65 (complex' 3H),

L75-2.0 (complex, 3H), 2.58 (t, 1H, J= 9 Hz, methine proton), 3'55 (br s, 3H, OCH3), 4'37 (m,
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2H, CHzOH),4.64 (br s, lH, alkene proton), 4.84 (br s, lH, alkene proton), 1.35-7 '55 (m, 5H,

ArH).

Data for 11.0: ôn (600 MHz): 1.15 (s, 3H, CH3), 1.65 (s, 3H' CH3) l'45-1.65 (complex, 3H),

I.75-2.O (complex,3H),2.58 (t, lH, J=gHz,methine proton),3'55 (br s,3H, OCH3)' 4.37 (m,

2H, CHzOH),4.64 (br s, lH, alkene proton), 4.84 (br s, lH, alkene proton), 1'35-7.55 (m, 5H,

ArH).

Mosher ester of optically active grandisol la: 1-[(1R)-2-{2-IIR'2S)-2-

isopropenyl-1-methylcyclobutyllethoxy)-1-methoxy-1-(trifluoromethyl)-2-

propenyllbenzene 109 and 110

The general procedure for Mosher formation, p. 157, was repeated with the following reagents.

Grandisol la (7 mg,0.04 mmols), DMAP (5 mg, 0.04 mmols), DCC (20 mg,O.10 mmols), R-

(+)-cr-methoxy-G-(trifluoromethyl)phenylacetic acid (2O mg, 0'09 mmols) and

dichloromethane (0.5 mL). The corresponding Mosher ester was obtained as a colourless oil

(11 mg, -7O7o). The spectrum was mainly the same as that reported above for the racemic

Mosher esters. The peaks from which the optical purity was measured are shownin detail in

'Chapter 3, Results and Discussion' p. 101.
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Section 4.2.1 Dihydroxylation Conditions on the Di-substituted Alkene

(1SR,5SR)-2-(Hydroxymethyl)-5-methylbicyclot3.2.Olheptan-Z-ol116r and 117r

With Osmium Tetroxide

N-Methylmorpholine N-oxide (34ó mg, 2.95 mmols) was added to the co-solvent system of

water (1 mL) and acetone (5 mL). The alkene 10r (163 mg, 1.33 mmols) and an aqueous

solution of 4vo osmium tetroxide (0.170 mL, 6.8 mg, 0.03 mmols) were added and the reaction

mixture stirred vigorously for 48 hours. A slurry of fluorisil (164.4 mg) and sodium

hydrosulphite (40.0 mg) in water (2 mL) was added, the mixture stirred for t hour then filtered

through a pad of celite. The solvent was removed by distillation and the residue was transferred

to a separating funnel with water (10 mL). The aqueous solution was extracted with

dichloromethane (2x), the combined organic extracts dried and the solvent removed by

distillation. Flash chromatography with ethyl acetateftrexane (40/60 v/v) gave the title

compound as a white solid (80 mg,387o). Recrystallization from ether and hexane produced

white crystals, mp 84-85'C ôH (200 MHz, CDCI¡, DzO): 1.26 (s, 3H, CH3), 1.3-2'2 (m, 10H,

ring protons),3.35 (AB quartet, minor isomer, 2Vo),3'6I (AB quartet,2H, H1')' õ" (50 MHz) :

Major isomer 116r: 16.3,27.8,30.3, 35.0, 38.2,44.9,52.0,65.7,85.3. Minor isomer 1L7r:

13.7, 26.5, 31.1, 34.!, 37.5, 43.3, 47.7, 67.8, 82.4. U**: 3583(br, s, OH), 3413(br, s, oH),

2946(s),2859(s), 1452(m), 1373(w), 1016(s)cm-t. Wn 157(M*',lEo), 139(37), 126(82),

t22(g8), 109(36), 100(100), 83(35), 55(40). Anal calcd for cqHrooz: c, 69'19; H, IO'32.

Found: C,69.I4; H, 10'58.

With Ouinuclidine

The general procedure, p. 162 was repeated with potassium carbonate (433 mg,3.13 mmols),

potassium ferricyanide (973 mg, 2.95 mmols), quinuclidine (2 mg, 0.02 mmols), r-butyl

alcohol (5 mL), water (5 mL), an aqueous solution of 47o osmium tetroxide (0.03 mL' I'2 mg,

0.005 mmols) and the alkene 10r (164 mg,l.34 mmols). After stining (mechanical stirrer (500

rpm)) at ambient temperature for 24 hours the reaction was quenched with sodium sulfite (1.5

g, 11.9 mmols). Purificationby flash chromatography with a gradient of ethyl acetatefttexane

(40160 v/v) as an eluant gave the isomer 116r as white crystals (65 mg, 3IVo). ôH (200 MHz,

CDCI3,DzO): 1.26 (s,3H, CH3), 1.3-2.2 (m, 10H, ring protons),3.61 (AB quartet,2H,Hl').

The other diastereomer was not detected.
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[( 1SR,2RS.5SR)-2-Hydroxy-5-methylbicyclo[3.2.O]hept-2-yllmethyl acetate

118r

To the diol 116r (13 mg, 0.08 mmols) dissolved in pyridine (0.5 mL) was added acetic

anhydride (0.05 mL, 0.4g mmols) and the reaction mixture was stirred at ambient temperature

for 10 hours. A few drops of water were then added to hydrolyze the excess acetic anhydride'

Dichloromethane (20 mL) and water (10 mL) were added to the mixture and it was washed

with j.5vo hydrochloric acid solution (2x20 mL), saturated sodium bicarbonate solution (10

mL), dried and solvent removed in vacttuo. The title compound was obtained as a white solid

(15 mg, 96Vo). õH (200 MHz): 1.27 (s,3H, CH3), 1.3-2.2 (9H, complex, ring protons), 2'08 (s'

3H, COCH 3), 4.15 (very distorted AB system, 2H, Hl'). õ. (50 MHz): 16'6,2O'8' 2J '8' 30'3'

35.3, 38.2, 45.O, 52.5,68.1, 83.4, 171.2. u-*

1247(s), 1037(m) .rn-1' Chiral shift

3596(m), 3484(w), 2948(s), 2861(m), 1731(s)'

analysis with tris-[3-(heptafluoropropyl-

hydroxymethylene)-d-camphoratol-europium(IlÐ (16 mg) added to the acetate (12 mg) in

CCl4(0.5 mL) and CoDo (0.1 mL) separated the very distorted AB system at ô4.15 into two

overlapping AB quartet, one resonance centred atõ5.14 and the other resonance at õ6.10 (200

MHz). The acerate (15 mg) in CCl4 (0.5 mL) and CoDo (0.1 mL) in the presence of the achiral

shiftreagentEu(fod)¡ (11 mg) at200 MHz gives only one AB quartet at ô5.73 and the other

resonance at õ6.3g (J=11.6 lHz) (20o MHz). The rH NMR spectco, for both chiral shift

reagents are reproduced in 'Chapter 4, Results and Discussion p. 108''

Mosher esters of the racemic diol L16r: [(1SR,2RS,5SR)-2-Hydroxy-5-

methylbicyclo[3.2.O]hep-2-yllmethyl (2R)-3,3,3-trifluoro-2-methoxy-2-phenyl-

propanoate L19 andt20

According to the procedure of Hassner , p. I57,u flurk*åTged successively with the diol LOr

(15 mg,0.098 mmols), dichloromethane (0.7 mL), dicyclohexylcarbodiimide (16 mg, 0.079m

mmols), dimethylaminopyridine (2 ffig, 0.007 mmols) and (R)-(+)-cr-methoxy-cr-

(trifluoromethyl)phenylacetic acid (2o flg, 0.087 mmols). Flash chromatography with

hexane/ethyl acetate (90/10 v/v) as an eluant gave a 1:1 mixture of the title compound as a

colourless liquid (16 ng, 45Vo). The tH NMR at 200 MHz was identical for both

diastereomers, except the methyl resonance was at ô1,23 for one diastereomer and at ô1.25 for

the other diastereomer. The optical purity could be determined from intergration of the AB

quartet at ð4.30 and ô4.46 for one diastereomer, and the very distorted AB quartet at õ4'31 for
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the other diastereomer. The peaks from which the optical purity was measured are show in

detail in 'Chapter 4, Results and Discussion' p' 109'

Data for 119 and 120: õs (600 MHz):1.23 (s,3H, CH3), 1'25 (s,3H, CH3)' l'3-2'l (l8H'

complex, ring protons), 3.55 (br s, 6H, OCH3), 4.30 and 4.46 (AB quartet, 2H,IJI" J = II'4

Hz),4.37 (very distorted AB quartet (almost singlet), 2H, Hl'), I '35-7 '55 (m, 10H' ArH)'

Artempted kineric Resolution of (1SR,5RS)-1-methyl-4-methylenebicyclo[3.2'0]-

heptane 9r with AD-mix-B

A mixture of AD-mix -þ (1.44 g, lmmol equivalent), t-butyl alcohol (5 mL), water (5 mL) were

cooled to OoC, where upon some of the dissolved salts precipitated. The alkene 9r (131 mg,

1.07 mmols) was added and the reaction mixture stirred with a mechanical stirrer (500rpm) at

0"C. Aliquot's were taken aftet I,2,3,5 and 6 hours. Each aliquot (0'2 mL) was diluted with

ethyl acetate (0.5 mL), and an aqueous solution of 1.5gl5 mL sodium sulfite (0'5 mL) was

added. The aqueoo, ptrur"S}rtner extracted with ethyl acetate (2x0'5 mL)' The combined

organic phases were dried (MgSO¿) and solvent removed in vacryo' Ãftet 24 hours' the

reaction was worked-up under Sharpless conditions. Sodium sulfite (1'5 g, 11'9 mmols) was

added and the mixture allowed to warm to ambient temperature. Ethyl acetate (10 mL) was

then added and the aqueous phase further extracted with ethyl acetate (3x5 mL). The combined

organic phases were dried (Mgso¿) and solvent removed in vacuuo' Squat column

chromatography with hexane/ethyl acetate (70130 v/v) as an eluant gave the diol as a white

solid. The lH NMR spectrum of the aliquots taken at 1,2,3,5,6, and 24 hours all showed only

the presence of one diastereomer, 116. õn (300 MHz): I'26 (s, 3H, CH¡), I'3-2'2 (complex,

10H, ring protons), 3'61 (AB quartet, 2H, H1')'

The 1 and 24 hour aliquots were converted to the Mosher esters by the procedure described

earlier (p. 157). In both cases the optical purity was determined to be 0Vo e'e"

Section 4.3 Formation of the Phenyl Alkene

Attempted formation of a mixture of E and Z isomers of (1sR,5Rs)-1-methyl-4-

[ 1 -phenylmethylidene] bicyclol3.2.0]heptane 115r

a) Method Employing Potassium ÊButoxide

Potassium /-butoxide (202 mg, 1.79 mmols) was added portionwise over 5 minutes to a

solution of benzyltriphenylphosphonium bromide (760 mg, 1.76 mmols) in diethyl ether (8
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mL) to give a deep yellow solution. After thour, the bicyclic ketone L2r (195 mg, 1.57 mmols)

was added dropwise. The pale yellow mixture was then stirred at ambient temperature for 24

hours, after which TLC revealed starting material present. After 3 days of stining the mixture

at ambient temperature, TLC revealed starting material still remained. Filtration of the solution

through celite and removal of the solvent in vact¿uo showed only starting material in the lH

NMR spectrum.

b) Method Employins t?-Bul-i

Dropwise addition of 1.6M n-Buli (0.7 mL, I.l2 mmols) to a stirred solution

benzyltriphenylphosphonium bromide (4O7 mg,0.94 mmols) in THF (1 mL) gave a deep

orange solution, which was stined for 30 minutes. The bicyclic ketone l2t (I10 mg,

g.gg4mmol) was added dropwise and the pale yellow solution stirred at ambient temperature

for 5 hours. TLC revealed starting material present. After stirring of the reaction at ambient

temperatur e for 24 hours, starting material remained. Filtration through celite and removal of

the solvent in vacúuo gave the crude product. Flash chromatography with a gradient of ethyl

acetate/hexane (5/95 v/v) as an eluant gave starting material and an unknown compound, later

identified to be the aldol product 1^2lr (IOVo). õH (300 MHz): 1.25 (s, 3H, CH3)' 1'30 (s, 3H,

CH3) 1.35-2.O (m,9H, ring protons), 2.I-2.8 (m,6H, ring protons),3.42 (m, lH, ring proton)'

ô" (75 MHz): 2O.8,23.0,25.7,29.8,329,34.7,38.0, 39.3, 43.0, 43.5, 46.5, 48.2, 52.8, 129.3,

164.7. u-o(liq CDCI¡): 3450(br, s, OH), 3084(s),3029(s), 1760(w), 1675(s), 1600(s)' 1395(s)'

1050(s), s75(s) c--1. Wz:230(M* ,567o¡,202(Ioo),174(43),147(28),91(53), 55(55), 41(56).

c) Method Emoloying NaH

DMSO (3 mL) and sodium hydride (36 mg, 1.51 mmols), oil removed, were combined and

heated to 70"C. Benzyltriphenylphosphonium bromide (864 mg, 2.00 mmols) was added

portion wise and the solution stirred for 10 minutes. The bicyclic ketone L2r (98 mg, 0.79

mmols) was added slowly over 10 minutes. The reaction mixture was then stirred overnight for

2 days,poured into water, extracted with dichloromethane (3x). The combined organic extracts

were washed with water (5x), dried and the solvent removed in vacuuo. The lH NMR spectrum

revealed only starting material.

d) Method Employing 507o NaOHr2e

Dichloromethane (1.5 mL), benzyltriphenylphosphonium bromide (374 mg, 1.16 mmols) and

the bicyclic ketone 12r (101 mg, 0.81 mmols) were combined. A 50Vo a\ùeous NaOH solution

(1.5 mL) was added and the solution stirred overnight. The solution was poured into water and
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extracted with dichloromethane (3x), combined organic extracts dried, and solvent removed ln

vacuuo.The 
lH NMR spectrum revealed starting material.

el Method Emplo)¡ing r-Amylatel30

Sodium f-amylate was formed by addition of 2-methyl-2-butanol (0'25 mL, 2'28 mmols) to a

solution of sodium hydride (56 mg, 2.32 mmols), oil removed, in xylene (5 mL)' The solution

was then stirred for 20 minutes.

To benzyltriphenylphosphonium bromide (279 mg,0.65 mmols) in xylene (2 mL) was added

sodium t-amylate (1 mL), formed above. The bicyclic ketone l2r (61mg, 0'48 mmols) was

added dropwise and the solution refluxed for 30 minutes. The reaction mixture was dissolved

in hexane, filtered through celite and solvent removed in vacpluo. 
lH NMR showed starting

material with small olefinic peaks atõ6.2 and 6.3. Flash chromatography with a gradient of

hexane gave atrace of the title compound' (<I7o)' ôH (200 MHz): I'22 (s,6H' CH3)' 1'00-2'0

(m, 18H, ring protons), 6.20 (m, lH, methylene), 6.30 (m, lH, methylene),1.I5 (m, 10H, Ar)'

Section 4. 3. I Peterson Olefination

Formation of a mixture of E and Z isomers of (1sR,5Rs)-1-methyl-4-[1-

phenylmethylidenel bicyclo [3. 2.O]heptane 1 15E and LlSz

n-Buli (0.3 mL, 2.5 Msolution, 0.75 mmol) was added to a solution of benzyltrimethylsilane

(0.15 mL, 0.79 mmols) and TMEDA (1 mL), cooled to Ooc. After stining at ambient

temperature for 2 hours the solution was cooled to -70"C and the bicyclic ketone 12r (80 mg'

0.65 mmols) was added dropwise. After stirring at -70"C the reaction was allowed to warm to

ambient temperature, and stirred for a further 15 hours. The solution was quenched with water

(0.2 mL), dichloromethane was added and the mixture washed with 4Vo HClloq¡, dried and

solvent removed in vacíuo. Flash chromatography with ethyl acetatefttexane (5195 v/v) gave

the title compounds as a colourless liquid (10 mg, 87o).The tH NMR spectrum revealed the

presence of olefinic stereoisomers. ô¡¡ (200 MHz): Isomer a: 1.65 (s,3H, CH¡), l'8-2'4

(complex,5H, ring protons), 23-3.4 (complex,4H, ring protons), 6.64 (bt s, 1H, Hl'),7'5-7'8

(m, 5H, Ar). Isomer b: ô 1.66 (s, 3H, CH3), I.8-2.4 (complex, 5H, ring protons), 2.7-3.4

(complex, 4H, ring protons), 6.74 (br s., 1H), 1.5-1.8 (m, 5H, Ar). Integration of the olefinic

resonances showed they had formed in a 1.3:1 ratio (Isomer a:Isomer b). The stereoisomers

were unable to be distinguished in the tH NMR spectrum.
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Section 4.j.2 Formation of the Alkene via an Eliminqtion Reaction

( 1 SR,2RS,5 SR)-2-B enzyl-5 -methylbicyclo [3.2.Q]heptan-2-ol 123r

Dry diethyl ether (6 mL), magnesium turnings (332 mg, 13'64 mmols) and 1 crystal of iodine

were combined in a nitrogen atmosphere. A solution of benzyl chloride (1.4 mL, 11.77 mmols)

in dry diethyl ether (6 mL) was added dropwise cautiously to the reaction mixture. After

addition was complete, the reaction mixture was further refluxed for thr. To the bicyclic

ketone 12r (0.5 mL, 4.03 mmols) in diethyl ether (8 mL) cooled to 0'C was added dropwise

the above Grignard reagent. After being stirred at ambient temperature for 15 hours, the

reaction mixture was transferred to a separating funnel with dichloromethane, washed

successively with aqueous saturated ammonium chloride solution, saturated sodium chloride,

dried and solvent removed in vacüuo. Recrystallization of the product from hexane gave cubic

white crystals (820 mg, 94Vo),mp 91-93"C. ôs (600 MHz)q: 1.28 (s, 3H, CH¡), 1.5 (complex,

2H, }J3u and H4u), 1.8 (complex, 5H, lH6, H7 and H(3or4)ù,2.0-2'1 (complex, 2H, Hl and

H(3or4)6), 2.65 andz.7I (AB quartet, 2H,J= l3.5Hz,Hl'),7.30 (m, 5H, Ar). ô. (50 MHz) and

DEPT: 14.3 (CHù,27.8 (CH¡), 3I.2 (CH2),36.7 (CHz), 3S.0 (CH2) , 43'3 (q)' 45'8 (CH2)' 50'6

(CH),81.4 (q), 126.2 (CH¡), 128.2 (CH¡), 130.6 (CH¡), 137'6 (q)'u*u*: 3585(br' s' OH)'

3446(br,s, OH), 3084(s), 3029(s), 1602(s), 1494(s), 1359(s), 774(s).--1' Mlz:216(M* ,4Vo¡,

t25(53),97(30), 91(100), 65(24),55(53). Anal Calcd for crsHzoo: c, 83.28; H,9.32' Found:

C,83.26;H,g.I4.The spectra are reproduced in the 'Appendix''

Elimination of (1SR,2RS,5SR)-2-benzyl-5-methylbicyclo[3.2.0]heptan-2-ol 123r

a) Acid Catalysed

To a solution of (1SR,2RS,5SR)-2-benzyl-5-methylbicyclo[3.2.0]heptan-2-ol L23r (10 mg'

0.04 mmols) in CDCI3 (0.7 mL) was added a catalytic amount of p-toluene sulfonic acid (3

crystals). After 24 hours, at ambient temperature, only starting material was present by lH

NMR.

b) Method Employing DMSO

A solution of the alcohol 123r (10 mg, 0.04 mmols) in DMSO (0.7 mL) was heated to 130'C

for 24hours. No change was observed in the tH NMR spectrum. The same solution was heated

f COSy and HETCOR experiments were used to assign the resonances
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at 160"C for 24hours. Three olefins, inseparable by normal chromatography, were obtained'õu

(300 MHz):1.24 (s, CH3), 1.2-3.0 (m, ring protons),3.35 (AB quartet, CHz-Ph),5'25 (br s'

olefinic 122), 6.20 (br s, olefinic 115), 6'30 (br s, olefinic 1.115), 1'I-7 '33 (m' 15H' Ar-H)'

Integration of the vinylic resonances showed the olefins had formed in a ratio of 2 : | : 3 (115 :

1^1.5:122).

c) Method Employing Thionvl Chloride

i) At Ambient TemPerature

To a solution of the alcohol I23r (23 mg, 0.11 mmols), dichloromethane (3 mL) and pyridine

(0.3 mL), in a nitrogen atmosphere, was added thionyl chloride (0'1 mL, 163 mg, 1'37 mmols)'

The resulting solution was stirred at ambient temperature for 15 hours' The solution was

diluted with dichloromethane, washed with l5%o hydrochloric acid (1x), dried and solvent

removed in vacfluo. Flash chromatography of the combined fractions with hexane (100 v/v) as

an eluant gave amixture of the alkenes (15 mg, 7O7o). The ratio obtained was 1.8 : 1'0:2'8

(115 : ll5 : L22) as measured from the vinylic resonances'

ii) At -78'C

To a solution of the alcohol 1t23r (I9 mg, 0.087 mmols), dichloromethane (3 mL) and pyridine

(0.3 mL), in a nitrogen atmosphere at -78oC, was added thionyl chloride (0' I mL, 163 mg, l'37

mmols). The resulting solution was stirred at -78"C for 2 hours, then allowed to warm to

ambient temperature. The solution was diluted with dichloromethane, washed successively

wíth l57o hydrochloric acid (2x), saturated sodium bicarbonate, saturated sodium chloride

solution, dried and solventremoved invacúuo (15 mg, 85Vo). The three olefins were obtained

in a ratio of 2 : l: 3 (115 : 115 : 122) as measured from the vinylic resonances.

d) Method Employing Methane Sulfon]¡l Chloride

To a solution of the alcohol 1:23r (23 mg, 0.10 mmols), dichloromethane (2 mL) and

triethylamine (0.05 mL), cooled to 0"C, was added methane sulfonyl chloride (O.02 mL,0.26

mmols). The resulting solution was stirred at ambient temperature f.or 2 hours. The solution

was diluted with dichloromethane, washed with I5vo hydrochloric acid (2x). The aqueous

phase was re-extracted with dichloromethane (2x). The combined organic extracts were

washed with water, dried and solvent removed in vacúuo (18 mg, gIVo). The three olefins were

obtained in a ratio of Z.I : 1.0 : 3.2 (lI5 : 115 : 122) as measured from the vinylic resonances.

No change in the relative ratio was observed when the mixture of alkenes in d-chloroform was

refluxed in the presence of iodine. Reverse phase TLC plates showed no separation of the
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isomers and minimal separation, not enough to be useful, occurred on normal TLC plates

impregnated with silver nitrate'

Section 4.4 Alternative Alkenes

( 1 S R, 2SR, 5 SR) - 5 -methyl- 2-phenylbicyclo [ 3 . 2. Q]heptan- 2- ol 126r

Dry diethyl ether (6 mL), magnesium turnings (339 mg, 13.95 mmols) and a crystal of iodine

were combined in a nitrogen atmosphere. Bromobenzene (1.4 mL, 13.24 mmols) added

dropwise to the reaction mixture. After addition was complete, the reaction mixture was further

refluxed for lh¡. To the Grignard reagent, cooled to OoC, was added a solution of the bicyclic

ketone 12r (0.5 mL, 4.03 mmols) in diethyl ether (3 mL). After being stirred at ambient

temperature for 15 hours, the reaction mixture was transferred to a separating funnel with

dichloromethane. The reaction mixture was successively washed with aqueous saturated

ammonium chloride solution, saturated sodium chloride, dried and solvent removed in vacúuo'

Flash chromatography with hexane/ethyl acetate (lOl3O v/v) as an eluant gave the title

compoundas a colourless liquid, which crystallized in part on standing (719 mg, 88Vo). Mp 56-

58"C õn (600 MHz)': 1.22 (s, 3H, CH¡), l.2g (dt,lH, J=6.5, I3'2H2, H4u), 1'50 (ddd' lH' J=

1.8, 6.0, 13.2Hz,H4¡), 1.90 (m,2H,H6),2.0-2.1 (complex, 3H, H3u, H1),2.43 (dt, lH, J= 6.5

Hz, !3.2H2, H3u), 2.60 (dd, lH, J=5.4, 9.5 Hz,Hl),7 .22 (d, lH, J=7 .5 l¿rz,rl4',),1 -31 (dd,2H,

J=7.5, 8.4 Hz, H3'), 7.42 (d, 2H, J=8.4 IFrz, H2'). ôc (150 MHz): l4'1(CHù, 26'5(CHù'

31.3(CHz), 37.8(CHz), 40.3(CHz), 44.4(q),51.5(CH), 82.9(q), 125.6(CH)' 126.8(CH)'

128.0(CH), 1a7.9(q). u-o(neat): 3369(br s), 3000(s), 1594(s), 1494(s), 1234(s), 1056(s)'

764(s), 700(s)cm-1 . Wz:200(M* ,L1Vo), 183(15), 128(47), 115(57), 105(82)' 77(100). The

diagnostic regions of the spectra are reproduced in the 'Appendix'.

( 1 RS,5SR)-5-methyl-2-phenylbicyclo[3.2.0]heptan-2-ene l25r

To a solution of (lSR, 2SR, 5sR)-5-methyl-2-phenylbicycto[3.2.0]heptan-2-ol 126r (688 mg,

3.4 mmols) in dichloromethane (5 mL) was added triethylamine (0.4 mL). The solution was

cooled to OoC and methane sulfonyl chloride (0.4 mL, 6.46 mmols) was added dropwise and

the mixture stirred at ambient temperature for 4 hours. Then 2,6-di-tert-butyl-p-cresol was

added as a radical inhibitor and the reaction mixture was washed with I57o HCl6o¡' The

r COSy and HETCOR experiments were used to assign the resonances
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aqueous layer was extracted with dichloromethane (2x), the combined organic layers were

washed with brine (1x), dried and solvent was removed in vacuuo. Flash chromatography with

hexane as an eluant gave the title compound as a colourless liquid (507 mg, SlVo).If the alkene

125r was not being used immediately more 2,6-dilert-butyl-p-cresol was added and the alkene

125r was stored in the refrigerator. ôr¡ (300 MHz): 1.20 (s, 3H, CH3), I'6-2'0 (complex' 3H'

ring protons),2.I-2.4 (complex, 3H, ring protons), 3'05 (br s, lH, ring proton), 6'05 (br s, lH'

olefinic), 7.0-7.3 (m, 5H, aromatic protons). ôc (75 MHz): 24.0,25'5,33'2,43'6,48'2' 50'8'

125.4, !25.7, 126.7, 128.1, !35.7, 145.2. u.o*(neat): 3000(s), 1594(m), 1494(s), 1446(s)'

754(s), 690(s)cm-1 . M/z: 184(M*,30vo), 156(100), 1 15(45).

Section 4.5 Kinetic Resolution of the New Alkene

( 1SR,2SR,3SR,5SR)-5-Methyl-2-phenylbicyclo[3.2.0]heptan-2,3-diol t27t

The general procedure for achiral dihydroxylation, p. 162, was repeated with potassium

carbonate (165 mg, 1.19 mmols), potassium ferricyanide (76I mg,2.31 mmols), methane

sulfonamide (67 mg,0.71 mL), quinuclidine (2.9 mg,0.03 mmols), r-butyl alcohol (3 mL)'

water (3 mL), an aqueous solution of 4Vo osmium tetroxide (0.05 mL, 2'0 mg,0'01 mmols) and

(lRS, 5SR)-5-methyl-2-phenylbicyclo[3.2.O]heptan-Z-ene t25r (164 mg, I'34 mmols). After

stining at ambient temperature for 24 hours the reaction mixture was quenched with sodium

sulfite (734 mg,5.8 mmols) Purifîcation by flash chromatography with ethyl acetate/hexane

(3Ot7O v/v) as an eluant gave the title compound as white crystals (146 mg, SOVo)' mp 116-

118"C. ôH (300 MHz): 1.29 (s,3H, CH3), I.65-I.9 (complex' 5H' ring protons)' 2'0 (m, lH,

ring proton),2.45 (m, lH, ring proton), 4.95 (dd, 1H, J= 6.9 and 10.5 Hz,}J3),I .2-7 .5 (m, 5H,

aromatic protons). õc (75 MHz): 16.2, 28.0,29.6,30.6, 40.I, 46.2, 53.0,74.9,83'6, 126.9,

127.3, 128.2, 142.0. u**(neat): 3490(br, s, OH), 3295(bt, s, OH), 2800(s), 1500(w), 1270(m),

1150(m), 1100(s), 750(s), 700(s)cm-1 . MJz: 218(M* ,25Vo), 189(55), 180(65), 149(75),

122(lOO). An analytical sample was recrystallized from hexane. Anal Calcd for Ct+HrsOz: C,

11.O3; H,8.31. Found: C,75'95; H,8.39, C,15.99; H,8.38, and C,75'96 H,8'28' from2

different preparations (one was analyzed in duplicate)

( 1 R, 2R, 3 R, 5 R) - 5 -Methyl- 2-phenylbicyclo [3 . 2. 0] heptan-2,3 -diol 127 a

In a similar manner; the optically active alkene 125b (from the kinetic resolution, 407o

conversion, below) was dihydroxylated with the following reagents. Potassium carbonate (116
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mg,0.84 mmols), potassium fenicyanide (303 mg,0.92 mmols), methane sulfonamide (67 mg,

0.71 mL), quinuclidine (2,9 mg, 0.03 mmols), Êbutyl alcohol (3 mL)' water (3 mL)' an

aqueous solution of 4Vo osmium tetroxide (0.05 mL, 2.0 mg, 0.01 mmols) and the optically

active alkene l25b (52 mg, 0.28 mmols). Upon work-up and purification the title compound

was obtained as white crystals (45 mg, 74Vo)'

Kinetic resolution of (1sR,2sR,3SR,5SR)-5-Methyl-2-phenylbicyclo13.2.0l-

heptan-2,3-diol L27t:

Kinetic Resolution taken to 407o conversion

A mixture of potassium carbonate (73 mg, 0.53 mmols), potassium ferricyanide (118 mg, 0.36

mmols), methane sulfonamide (37 mg,0.38 mmols), (DHQD)2-PHAL (2 mg,0'01 mmols), r-

butyl alcohol (3 mL), water (3 mL), an aqueous solution of 4Vo osmium tetroxide (0.05 mL, 2.0

mg, 0.01 mmols) were combined and cooled to OoC. The mixture was stirred with the aid of a

mechanical stirrer (350 rpm). Once the reaction mixture had reached OoC, the stirring was

sropped and (lRS, 5SR)-5-methyl-2-phenylbicyclo[3.2.0]heptan-Z-ene l25t (125 mg, 0'68

mmols) was added. After stining at 0'C for 3 hours the reaction was quenched with sodium

sulfite solution (4 mL, 0.5 g/ml-). The solution was then worked-up according to the general

procedure on p. 162. The lH NMR spectrum of the crude product showed the reaction was 4OVo

complete (however, only enough oxidant to be 26Vo complete). Purification by flash

chromatography with a gradient of ethyl acetate/hexane (20180 v/v) as an eluant gave the title

compound l27a as white crystals (30 mg, 23Vo) and the alkene l25b (52 mg, 4lVo)' The

enantiomeric excess of the optically active diol l27a was determined by direct conversion to

the Mosher esters (detaited below) and found to be 887o. The optrcal purity of the active alkene

125b was determined by initially converting the alkene 125b to the optically active diol127b,

and then to the corresponding Mosher esters (the enantiomeric excess was found tobe 52Vo).

Kinetic Resolution taken to 757o conversion

The above procedure was repeated with potassium carbonate (84 mg, 0.61 mmols), potassium

ferricyanide (189 mg, 0.57 mmols), methane sulfonamide (44 mg, 0.46 mmols), (DHQD)2-

pHAL (2 mg,0.01 mmols), r-butyl alcohol (3 mL), water (3 mL), an aqueous solution of 4Vo

osmium tetroxide (0.05 mL, 2.0 ffig, 0.01 mmols) and (lRS, 5SR)-5-mefhyl-2-

phenylbicyclol3.2.0]heptan-2-ene I25r (108 mg, 0.58 mmols). The 'H NMR spectrum of the

crude product showed the reaction was 707o complete (however, only enough oxidant for 50Vo

178



Experimental ChaPter 4

completion). Upon work-up and purification the diol l27a was obtained as white crystals (68

mg, 537o) and the alkene 125b as a colourless oil (32 mg, 3OVo). The enantiomeric excess of

the optically active diol l27a was determined by direct conversion to the Mosher esters

(detailed below) and found ro be 80Vo. The optical purity of the active alkene 125b was

determined by initially converting the alkene 125b to the optically active diol127b, and then to

the corresponding Mosher esters (the enantiomeric excess was also found to be 807o).

Formation of the racemic Moshers esters of the phenyl diol: (1RS, 3RS, 4RS,

5RS)-4-Hydroxy-1-methyl-4-phenylbicyclo[3.2.0]hept-3-yl (2R)-3,3,3-trifluoro-

2-methoxy-2-phenylprop-an oate 128 and 129

According to the procedure of Hassner, p. I57 a flask charged successively with the diol 127r

(7 mg, 0.03 mmols), dichloromethane (0.5 mL), dicyclohexylcarbodiimide (22 mg, 0.1 I

mmols), dimethylaminopyridine (5 D8, 0.04 mmols) and (R)-(+)-ct-methoxy-cr-

(trifluoromethyl)phenylacetic acid (23 ffig, 0.10 mmols). Flash chromatography with

hexane/ethyl acetate (9515 vlv) as an eluant gave a 1:1 mixture of the title compound as a

colourless liquid (9 mg, 637o). The peaks from which the optical purity was measured are show

in detail in 'Chapter 4, Results and Discussion' p. 117. From the lH NMR spectrum of the

products from the racemic and optically active samples it was possible to assign the following

data.

Data for 128: õn (300 MHz): 1.33 (s, 3H, CH3), 1.3-2.5 (9H, complex, ring protons, + OH),

3.37 (br s, 3H, OCH3), 6.26 (dd,lH, H3), 7 .35-7 '55 (m, 5H, ArH).

Data for 129: õn (300 MHz): 1.35 (s, 3H, CH3), I.3-2.5 (9H, complex, ring protons, + OH),

3.53 (br s, 3H, OCH3), 6.28 (dd, lH, H3), 7.35-7 '55 (m, 5H, ArH)'

Formation of the optically active Moshers esters of (1R,2R,3R,5R)-5-Methyl-2-

phenylbicyclo[3.2.0]heptan-2,3-diol I27a and (1S,2S,3S,5S)-5-Methyl-2-

phenylbicyclo [3. 2.0]heptan-2, 3 -diol L27b

Diols from Kinetic Resolution taken to 407o conversion

The above procedure was separately repeated with the optically active diols 127a and 127b.

The enantiomeric excess determined by cutting and weighing of the methoxyl resonances was

derermined to be 88Vo for the optically active diol l27a and 52Vo for the optically active diol

I27b.
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Diols from Kinetic Resolution taken to 757o conversion

The above procedure was separately repeated with the optically active diols 127a and l27b'

The enantiomeric excess determined by cutting and weighing of the methoxyl resonances was

determined to be ggqo for the optically active diol l27a and SoVo for the optically active diol

L27b.

Section 4.6 Kinetic Resolution of the Methyl Alkene

( 1 RS,2RS,5RS)-2,5-Dimethylbicycto[3.2.0]heptan-2-ol 131.r

Dry diethyl ether (10 mL), magnesium turnings (589 mg, 24.23 mmols) and a crystal of iodine

were combined in a nitrogen atmosphere. Iodomethane (1.0 mL, 15.95 mmols) added dropwise

to the reaction mixture. After addition was complete, the reaction mixture was further refluxed

for thr. To the Grignard reagent, cooled to OoC, was added the bicyclic ketone l2t (1.0 mL,

g.1g mmols). After stining the reaction mixture at ambient temperature for 15 hours, the

reaction mixture was quenched with aqueous saturated ammonium chloride solution, then

transferred to a separating funnel with diethyl ether. The aqueous layer was re-extracted with

diethyl ether (3x), and the combined organic layers washed with saturated sodium chloride

solution, dried and solvent removed in vactuo. Sublimation (70"C / 0'5 mm Hg) gave the title

compound as a white solid (757 mg,66Vo). Mp 55-56"C. ôu (300 MHz, CDCI¡/DzO): 1'16 (s'

3H, CH3), 1.20 (s, 3H, CH3), 1.3-1.5 (3H' complex)' I.7-2.0 (5H' complex)' 2.12 (td, IH,

J=7.5, 13.05H2,H3"). ôc (75 MHz): 14.4(CHù,21.1(CHù,28.2(CH),30.1(CH2), 38'1 (CH2)

39.l(CHz), 43.3(q), 52.1(CH),79.2(q). u.u*(neat): 3332 (bt. s), 3000(s), 1164(s), 10.31 (s)'

7221(m) "--1. 
N{/z: 140(M*,4Vo¡, 123(25), 128(47),97(100). The spectral data corresponds

closely with that in the literature, except for the chemical shift for the methyl groups.'u'tn

( I SR,5RS)-2,5 -dimethylbicyclo [3 . 2.O]hept-2-ene 10r

To a solution of (1Rs,2Rs,5Rs)-2,5-dimethylbicyclo[3.2.0]heptan-2-ol 131r (579 mg' 4.12

mmols) in dichloromethane (16 mL) was added triethylamine (1 mL) and

dimethylaminopyridine (40.0 mg, 0.33 mmols). The solution was cooled to 0"C and methane

sulfonyl chloride (0.5 mL, 6.46 mmols) was added dropwise. After stirring at ambient

temperature for 15 hours the reaction mixture was diluted with dichloromethane and washed

with I5Vo HClluq¡. The aqueous layer was extracted with dichloromethane (2x), the combined

organic layers were washed with brine (1x), dried and solvent was removed in vacvlt'to. The
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title compound wasobtained as a colourless liquid (280 mg, 85Vo). ôH (300 MHz): 1'25 (s' 3H'

CH¡),t.4-2.O(m,3H,ringprotons),1'71(brs,3H'CH¡-C=CH)'2'10(m'3H'ringprotons)'

2.55 (m, lH, allylic proton), 5.28 (br s, lH, H3). In a reaction done on a smaller scale the rtl

NMR spectrum of the crude product indicated the presence of some of the exocyclic alkene 9r'

None was detected from this larger scale reaction'

Attempted Kinetic Resolution of (1sR,5Rs)-2,5-dimethylbicyclo[3.2.0]hept-2-

ene 10r

Reaction at 0'C

A mixture of potassium carbonate (96 mg, 0.69 mmols), potassium ferricyanide (179 mg' 0'54

mmols), methane sulfonamide (41 mg, 0.43 mmols), (DHQD)z-PHAL (2 mg,0'01 mmols)' r-

butyl alcohol (4 mL), water (4 mL), an aqueous solution of 47o osmium tetroxide (0'05 mL' 2'0

mg, 0.01 mmols) were combined and cooled to 0'C. The mixture was stirred with the aid of a

mechanical stirrer (350rpm). Once the reaction mixture had reached 0"C, the stirring was

stopped to add (1SR,5Rs)-2,5-dimethylbicycto[3.2'0]hept-2-e-ne 10r (128 mg, 1'05 mmols)'

The reaction mixture was stirred at 0"c for 5 hours and then quenched with sodium sulfite

solution (4 mL, 0.5 g/ml). The solution was then worked-up according to the general

procedure on p. 162. Purification by flash chromatography with a gradient of ethyl

acetate/hexane (30/70 v/v) as an eluant gave the title compound I03a as white crystals (21 mg,

l3vo).The remaining alkene 10 was not recovered due to its volatility. The tu NMR data of

103a are identical with those of 103r. The optical purity was determined as described earlier on

p. l64.It was found tobe 23Vo e.e. after the reaction had gone to a267o completion.

Reaction at Ambient Temperature

The above reaction was repeated at ambient temperature with the following quantities;

potassium carbonate (96 mg, 0.69 mmols), potassium ferricyanide (187 mg, 0.57 mmols),

methane sulfonamide (48 mg, 0.50 mmols), (DHQD)2-PHAL (3 mg' 0'01 mmols)' f-butyl

alcohol (4 mL), water (4 mL), an aqueous solution of 47o osmium tetroxide (0.05 mL' 2'0 mg,

0.01 mmols) and (1sR,5Rs)-2,5-dimethylbicyclo[3 '2.0]hep|--2-ene 10r (125 mg,1'02 mmols)'

Upon work-up and purification, the title compound 103a was obtained as white crystals (22

mg, I3Vo).The optical purity was determined as described earlier on p. 164. It was found to be

24Vo e.e. after the reaction had gone to a26Vo completion'
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Section 5. I Formation of I -Methyl-2-Cyclohexen- I -oI

( 1 S, 2R) - 1 - Methyl- c yclohex an- !,2- diol cAS llo8392 - 4 4 - 5l 47 a

A mixture of AD-mix-p (35.8 g), t-butyl alcohol (125 mL), water (125 mL)' and methane

sulphonami de (2.45 g,25.7 mmols) was cooled to 0oC, where upon some of the dissolved salts

precipitated. 1-Methyl-1-cyclohexene (3.0 mL, 23'4 mmols) was added and the reaction

mixture stirred with a mechanical stirrer (500rpm) for 48 hours at OoC. Sodium sulphite (37.9

g, 300 mmols) was added and the mixture allowed to warm to ambient temperature, and then

stirred for a further 30 minutes. Dichloromethane (50 mL) was then added and the aqueous

phase re-extracted with dichloromethane (3x50 mL). The combined organic fractions were

dried and solvent removed by distillation through a column packed with glass helices to give a

yellow oil. purification by flash chromatography with a gradient of ethyl acetate/hexane ( 10/90

v/v) as an eluant gave the title compound as yellow crystals. Further purification by

sublimation at 60'C/0.5T gave white crystals (1.9 g, 85Vo), mp 67-68"C. ôu (200 MHz): I'24

(s, 3H, Me), 1.2-1.6 (complex, methylene envelope, 8H), 1.9 (br s, lH, -OH), 1.8 (br s, lH, -

oH),3.4 (dd, J- 3.9,8.9 ]Hz,lH,H2). õ": 21.5,23.1,26.5,30.3,36.8, 71.6,74.8' u*o*: 3550(m,

2 peaks), 3475(w),2975(s),1040(m) "*-1. 
N{/z: 130(M*',147o¡,ll2(2g),71(100)' Litr3r : ôn :

ô 1.25 (s,3H), 1.0-1.9 (m,8H),3'38 (m' 1H).

( 1 SR,2RS) 1 -Methyl-cyclohe xan- 1,2-diol 47 r

N-methylmorpholine N-oxide (3.71 g,31.6 mmols) was added to the co-solvent system of

water (2 mL) and acetone (12 mL). 1-Methyl-1-cyclohexene (2.5 mL,2I.2 mmols) and an

aqueous solution of 40.85 mg/ mL Osmium tetroxide (0.7 mL, 28'6 mg,0.11 mmols) and were

added and the reaction mixture stirred vigorously overnight. A slurry of fluorisil (1.75 g) and

sodium hydrosulfite (0.59 g) were added, the mixture stirred for 30 minutes at ambient

temperature then filtered through a pad of celite. SolventTÊemoved by distillation through a

short fractionating column packed with glass helices. The residual mixture was extracted with

dichloromethane (3x10 mL), the combined organic extracts were dried and solvent was

removed by distillation. Flash chromatography with ethyl acetate/hexane (30/70 v/v) gave the

title compound (2.06 g,757o). Further purification by sublimation at 50"C/0.5T gave white

crystals (1.75 g,63Vo). The spectral data corresponded with the data for the (1S,2R) enriched

isomer.
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( 1 R,2Ð- (2-Merhyl-2-hydroxy)cyclohexyl p-toluenesulphonate 48a

A solution of the optically enriched diol 47a (2.59 g,19.9 mmols) dissolved in pyridine (45

mL) was cooled to goC. To this was added p-toluene sulfonyl chloride (5.38 g, 28.2 mmols)

and the reaction mixture was then kept at 5'C for 15 hours. The resulting solution was poured

over a slurry of ice, then extracted with dichloromethane (3x). The organic phases were

washed successively with 7.5Vo hydrochloric acid (3x) and saturated sodium bicarbonate

solution, dried and solvent removed in vactuo. Purification by chromatography with ethyl

acetate/hexane (20185 v/v) yieldedthe title compound as white crystals (4.6I g,82Vo), mp 80-

g1"C. ôH (200 MHz): 1.14 (s, 3H, CH3), I.2-I.8 (8H, complex, methylene envelope)' 1.59 (s,

lH, HO), 2.45 (s,3H, Ar-CH3),4.36 (dd, lH, H1, J =9.94,4.04H2),1.34(d,J =8'22H2,2H'

Ar), 7.80 (d, J - 8.22 Hz, 2H, Ãr). ô. (50 MHz): 20.66, 21.58, 23.48, 26.87, 28.02, 37.52,

70.5g, g6.99, 127.65, 12g.75, 134.39, 144.64, l)ma* I 3600(s), 2850(s), 1600(s), 1500(m)'

1260(m), 1180(w)cm-1. Wr,285(M*',5Vo),267(10),155(18), 129(45), 113(100). Anal Calcd

for Cr¿HzoO¿S: C, 59'I3;H,7.03. Found: C,58.94; H, 6'98'

Chiral shift analysis of the tosylate (I2 mg) with tris-[3-(heptafluoropropyl-

hydroxymerhylene)-d-camphoratol europium(Ill) (12 mg) derivative in CCl4 (0.5 mL) and

CODO (0.0S mL) gave separation with broadening of the two aromatic peaks initially at õ7 '34

and õ7.g0 in the tH NMR spectrum (200 MHz), with baseline separation occurring to give two

broad doublets ar ô7.91 and õ8.12 for the resonance originally at õ7.80. Cutting and weighing

of the broad doublet resonances at õ7.91 and õ8.12 gave an enantiomeric excess of 55x'3qo.

Recrystallization from hexane-diethyl ether gave the optically active tosylate in a 37Vo

recovery yield. With a 947o e.e. after 4 recrystallizations, the racemate is less soluble. The

peaks from which the optical purity was measured are show in detail in 'Chapter 5, Results and

Discussion' p.126.

( 1 RS,2SR)- (2-Meth y1,-2-hy droxy)cyclohexyl p-toluenesulphonate 48r

The above procedure was repeated with the diol 47r (L 56 g, 12.01 mmols), pyridine (20 mL)

and p-toluene sulfonyl chloride (3.10 g, 1.36 mmols). Purification by chromatography with

ethyl acetate/hexane (30170 v/v) yieldedthe title compound as white crystals (3.2I g,94Vo),mp

80-81"C The spectral data corresponded with the data for the (1S,2R) isomer'

Chiral shift analysis of 48r (23.6 mg) with tris-[3-(heptafluoropropyl-hydroxymethylene)-d-

camphorarol europium(Ill) (20.4 mg) in CCl4 (0.5 mL) and C6D6 (0.08 mL) gave separation
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of the two aromatic peaks initialty at õ7 .34 and ô7.80 in a 1:1 ratio in the tH NMR spectrum at

200 MHz, with baseline separation occurring with the peak originally at ô7.80.

( 1 Ð- 1 -M efhyl-2- cvclohexenol CAS IL 12837 -29 -3] 2a

Dry ethanol (14 mL) was added to diphenyl diselenide (1.39 g, 4.48 mmols) in a dried

roundbottom flask, initially washed with saturated ammonium chloride and water. Sodium

borohydride (557.2 mg, 14J3 mmols) was added at a rate to keep the reaction mixture below

reflux. The tosylate 4ga (2.07 g, i .29 mmols) was added to the clear solution and the reaction

mixture was refluxed for 3 hours under a nitrogen atmosphere, then stirred fot 12 hours'

Removal of ethanol by distillation at atmospheric pressure through a vacuum-jacketed column

gave a yellow solution. The residue was evaporatively distilled (kugelrohr) 120"/35mm Hg to

give the title compoundas a colourless liquid (636.2mg,78Vo)' ôH(200 MHz): 1'29 (s' 3H'

cH¡), 1.5-1.8 (methylene envelope + oH, 5H),2.1 (m, 2H, H4), 5.60 (dm, J = I0Hz,lH, H3),

5.75 (td, J=4and 10H2, lH, H2). Decoupling atõ2.1 reveals the peaks at õ 5.75,5.60 as an

AB quartet. ô. (50 MHz): 19.55, 25.09,29.32,3'7'90,67.89, 129'lI, 133'14' Wz:

! t2(M+',5 Vo), 97 ( 1 00), 9 5 (24), I 4(44), 7 9 (29), 69 ( 8 I )' 5 4 (3 6), 48(23) .

( 1 SR) - 1 -M ethyl-2- cvclohexen ol 2t

The above procedure was repeated with dry ethanol (15 mL), diphenyl diselenide (1.54 9,4.94

mmols), sodium borohydride (613.2 mg, 16.20 mmols) and the tosylate 48r (2'19 g' 7 '72

mmols). After an evaporative distillation (kugelrohr) 120"/35mm Hg the title compound was

obtained as a colourless liquid in an overall yield of 55vo. The spectral data corresponded with

the data for the (lS) isomer.

( 1 SR,2RS,3RS)-2,3-Epoxy- 1 -methyl-cyclohexanol 52r

0.63M Sodium bicarbonate solution (2 mL) was added to the synthetic racemic pheromone 2r

(149 mg, 1.32 mmols) dissolved in ether (2 mL) and the solution was cooled to -5"C. nCPBA'

(377.4 mg of 85Vo mCPBA, Aldrich 6OVo purlfied, 1.86 mmols) was added portionwise over 5

minutes and the biphasic solution was then stirred at ambient temperature for 3 hours.

Dichloromethane (20 mL) was added to the mixture, it was washed with lM aqueous sodium

hydroxide solution (20 mL), water (20 mL), dried, and solvent removed in vacpuo' Purification

by chromatography with ethyl acetate/hexane (30/70 v/v) yielded the title compound as a
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Experimental Chapter 5

colourless liquid (145 mg, 84Vo). ôH (300 MHz): 1.2-2.1 (methylene envelope,6H), 1'33 (s'

3H, CH3),2.40 (br s, lH, OH), 3.10 (d' J= 4Hz'Hz)'3.36 (m, lH, H3). ô" (75 MHz): 16.48,

23.g3,26.02,36.04,56.10, 59.2O,68J9. Chiral shift analysis of the epoxide (11 mg) with tris-

[3-(heptafluoropropyl-hydroxymethylene)-d-camphorato] europium(IlD (7 mg) in CCI+ (0'5

mL) and CoDo (0.08 mL) gave good separation of the epoxy protons atõ2'40 and ô3.10. The

peaks from which the optical purity was measured are show in detail in 'Chapter 5, Results and

Discussion' p.I29.

( 1 S, 2R, 3 R) -2,3 -Epoxy- 1 -methyl- cyclohexanol 5 2a

The above procedure was repeated with 0.63M Sodium bicarbonate solution (2 mL), the

enantioriched synthetic pheromone2a (101 mg,0.89 mmols), ether (3 mL),857o mixture of

mCpBA (201 mg of the 85Vo 6CPBA, 0.99 mmols) at -5"C. Purification by chromatography

with ethyl acetate/hexane (30170 v/v) yieldedthe title compound as a colourless liquid (63 mg'

55Vo). Chiral shift analysis of the epoxide (4 mg) with tris-[3-(heptafluoropropyl-

hydroxymethytene)-d-camphoratol europium(Ill) (3 mg) in CCI¿ (0.5 mL) and C6D6 (0.08 mL)

gave good separation of the epoxy protons at õ2.40 and ô3.10. The enantiomeric excess

(94+2Vo e.e.) was the same as obtained for the optically enriched tosylate sample employed

(94+2Vo e.e.). The peaks from which the optical purity was measured are show in detail in

'Chapter 5, Results and Discussion' p. 128'

S e ction 5 . 2 M e r g e d- Sub stitution Elimination Re act ion

Attempted formation of (1Ð- 1-Methyl-2-cyclohexenol 2r by Solvolysis

The racemic tosylate 48r (153 mg, 0.53 mmols) in dry ethanol (4 mL) in a dried roundbottom

flask, initially washed with saturated ammonium chloride and water, was refluxed for 4 hours

under a nitrogen atmosphere. Dichloromethane (50 mL) was added to the reaction mixture, the

reaction mixture washed with water (2x40 mL), the organic extract dried and solvent removed

at atmospheric pressure by distillation (103 mg). The rH NMR showed no traces of the alkene,

only the tosylate is Present.
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at a. a !.6 t.a ¡¡ tt¡r.t l.a

The rH NMR spectrum at 300 MHz of optically active grandisol 1a.

36

The rH NMR spectrum at 600 MHz of the racemic Mosher esters of grandisol L.
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3

The rH NMR spectrum at 600 MHz of the optically active Mosher esters of grandisol 1'

The 600 MHz rH NMR specrrum of (1SR,2Rs,5sR)-2-Benzyl-5-methylbicyclo[3.2.0]heptan-

2-ol l2,T
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2.6 2.4 2.2 z.t 1.6 1.6 1. ¡l L.?

The region õ1.2-2.7 of the 600 MHz tH NMR spectrum of (lSR, 2SR, 5sR)-5-methyl-2-

phenylbicyclo [3. 2.0] h eptan-2-ol 126r'

pp¡

2,6 2.4 z .? 2.t l.E
F2 (pþtr)

1,5 1.4 1.2

The HETCOR spectrum of (1SR, 2SR, 5SR)-5-methyl-2-phenylbicyclo[3.2.0]heptan-2-ol
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A concise asymmetric synthesis of the pheromone l-methylcyclohex-2-enol viø

a'merged substitution-elimination reaction'

David P. G. Hamon*t and Kellie L. Tuck

Chemistry Department, University of Adelaide, S.A. 5005, Ausn'alia

The title compound is prepared (>947o ee) by a three step
synthesis from l-methylcyclohexene ulc a 'merged substitu-
tion-elimination reaction' involving a phenylselenide ion.

One of the constituents of the phelomone system of the beetle
Dendroctonus pseudotsugae Hopkins, an economically impor'-
tant pest of the Douglas fir tree, is the aggregation pheromone
1-methylcyctohex-2-enol 1. Plevious syntheses of the optically
active pheromone t have involved the conversion of optically
active intermediates, prepared by classical resolution,r enzy-
micalIy,2'3 from the chit'al pool,a or by multistep asymmetlic
syntheses.-s,6

Ph

4

If asymmetric syntheses are to become important for
industrial preparations it is necessary to illustrate that they can
be made simple and short. However, this is not necessarily a

trivial exercise. V/ith this pedagogical principle in mind, we
sought to modify our earlier routes in the hope that the separate
enantiomers might be more readily prepared. Serendipity has
played an important role in providing a simple solution to this
problem and we disclose a three step asymmetric synthesis of
this pheromone which is applicable to the synthesis of either
enantiomer, and which gives the constituent in an enantiomeric
purity exceeding94Vo ee. Ironically the aggregation pheromone
found naturally is only 70Vo ee1 but the challenge of the
asymmetric synthesis has been peclagogically both useful and
exciting. A key step in our earlier synthesiss of this pheromone
involved nucleophilic substitution of the epoxide 2. Although
both the leaving groups in the epoxide 2 and the tosylate 3 are
in apseudo neopentyl location, a study ofmodels suggests that
tosylate 3 is considerably more hindered to nucleophilic attack
than the epoxide 2. However, it was considered that with the
powerful nucleophile NaSePh, tosylate 3 might also, like
epoxide 2, react to give in this case the selenide 4. Thermal
elimination of the selenoxidess derived from 4 would give the
pheromone 1. Asymmetric dihydroxylation of 1-methylcyclo-
hexene should give the optically active diol 5 fi'om which the
tosylate 3 could be prepared.

After this work had commenced, Sharpless reported,e as a

footnote, the ee (527o, by chiral HPLC) for the asymmetric
dihydroxylation (AD B mix) of 1-methylcyclohexene to the diol
5, but no experimental details for the preparation wele provided.
Owing to the water solubility and considerable volatility of the
diol 5, we have found it necessary to modify, somewhat, the
standard work-up procedures for this reaction by removal of the
KOH wash normally used to remove methanesulfonamide. The
product is then isolated,, in 85Vo yield, by fractional distillation
of all solvents, chromatography and sublimation (50 'C/0.5
Torr). Conversion of the diol 5 to the mono secondary tosylate
3 (85Vo yieId,94Va yield for the racemate on a larger scale) gives
material which, although it is initially only 75Vo of the major

enantiomer,f can nevertheless be fractionally recrystallised to
high enantiomeric purity (94Vo ee after four recrystallisations
from diethyl ether-hexane, 377o yield, the racemate is less
soluble).

Treatment of the tosylate 3 with NaSePh (PhSeSePh, NaBHa,
EtOHro), in boiling EtOH, dicl not give the sought after
substitution reaction. Rather surprisingly an elimination leac-
tion occurred instead. The initial reaction gave a mixture of the
alcohol I and the ketones 6 and7. It had been assumed from the
outset that base treatment of the tosylate 3 would give the
ketones 6 andT , by a r.regative-ion pinacol rearrangement,tr and
this was confirmed by treatment of the tosylate with KOBut (in
THF at room temperature, 6 : 7 = 8 : l, 907o). Selenide ion is too
weak a base to abstract a ploton from an alcohol and it was
likely that ketones 6 and 7 were altifacts formed from
adventitious sources of base. A wash of the glassware with
NH4CI solution pf ior to the l'eaction of tosylate 3 with NaSePh,
obviates the formation ofthese ketones and the volatile alcohol
(S)-(-)-1$ is isolated, in78Vo yield, by fi'actional distillation.
The enantiomeric purity of the tertiary allylic alcohol 1 could
not be obtained directly by chiral shift NMR experiments and
we did not have access to complexation GC. r Conversion of the
alcohol to the epoxide 8 (with slow addition of MCPBA to
alcohol 1, NaHCO3, EtzO,0 "C, JjVo, the diastereomer is not
formed) and chilal shift NMR experimentsf on this (947o ee)
confirmed that the enantiomeric purity from the tosylate had
been maintained.

The mechanism for the elimination reaction observed is
intriguing. The reaction of the tosylate 3 with NaSePh in EtOH
is not an Er mechanism since the qualitative observation is that
the half-life for the reaction is concentration dependent; because
no products from pinacol learrangement are observed when care
is taken to remove adventitious base; and because the tosylate is
recovered unchanged after reflux in EtOH. The question arises,
therefole, as to why selenide anion, a powet'ful nucleophile to
carbon but non-nucleophilic to hydrogen attached to the oxygen
of an alcohol, should suddenly change allegiance and become a
nucleophile to hydrogen attached to carbon. Winstein, in a
paper published in 1956,8 first drew attention to the dichotomy
of weak bases but good nucleophiles which promote elimination
reactions when he wrote about merged substitution-elimination
reactions. Since then there has been considerable debatel2'13 as

to the veracity of his suggestion but, in our opinion, no clear

,OH
-OTs

5 3

+

78
Scheme 1
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explanation has been given fol what is actually occurring in
these leactiorrs. Since our example appeal's to be one of the lnore
extl'erre exarnples of this phenonlenon, we would like to pl.esent
oul observatious in the hope that they will lekir.rdle debate on
this subject.

Unclel the sarne conditions, with NaSePh, as wheu the
tosylate 3 gives only the elirnination plocluct 1, both the racemic
isornelic /r'ørrs-tosylate 9 and the lacemic rnesylate 10 under.go
clean substitution leactions to give the selenide der.ivatives
llflra ancl 12 r'espectively. It has been shownt5 tl.rat fol.the

ocH2cH2Ph

I 10 11

We thank Rebecca Kennedy fol the expeliments refened to
in ref. 14.

Footnotes

t E-nrail: dhamon@chenr istr),,a,1"1',,'".",t,,..,,
f Alt chiral shift NMR experimenrs weÌe Lun in 75o/o C6D6 in CCla with
ELr(hfc)3. Racernic tosylate 6. ò¡ (200 MHz, CDCtj) l.l4 (s,3 H, CH3),
12 1.8 (corlplex,8 H, methylene envelope), 1.59 (s, I H, OH),2.45 (s,
1 H, Ar-CH3), 4.36 (ù1, I H, J 4.04,9.94 Hz,Hl),7.34 (d,2 H, J 8.22 Hz,
Ar-H),7.80 (d,2 H, J 822H2, Ar-H) The doublet originally at ò 7.80
separates, to baseline, into two doublets with the shift reagent. Racernic
epoxide 8. ôr1 (200 MHz, CDC[3) 1.2-2.1 (conrplex, 6 H, n.rerhylene
errvelope), 1.33 (s, 3 H, CH3), 2.40 (br s, I H, OH), 3.10 (d, 1 H, J 4.0 Hz,
H2), 3.36 (m, I H, H3). The rÌultiplet originally ar ð 3.36 separ.âres, ro
baseline, iÌ'rto two bloadenecl singlets with the shift reagent.
g Pheromone l. òH (200 MHz, CDCI3) 1.29 (s,3 H, CH3), 1.5-1.8
(complex, 4 H, nrethylene envelope), 2.0 (m,2 H, H4), 5.60 (br d, 1 H,./
10.0H2.H2),5.75 (td, I H,.I 4.0,10.0 Hz, H3). òç (75.5 MHz, CDCIs) t9 5,
2s.0,29 3,31 .8,61 .9, 128.9, 133.7

fl A refelee has suggested thât this cotnpound might have the structure 4 if
it alose thlough double inversion via the epoxide However, optically active
conrpound 4 is already knowlrs and the spectlal data are different.
ll e stuOy of a model (axial leaving group clown) shows that the reacting
cerìtre can move up smoothly towarcls the nucleophile as overlap of the
olbitals rakes place. This woulcl give the ploduct in the boat confortnation.
No sttch smootl.r pathway exists fol the equatorial leaving group rùy'e belìeve
that this requirernent would also account fol the known trons-diaxial
opening of cyclic epoxides.
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4lert-btrtylcyclohexyl derivatives the axial tosylate reacts
faster than the equatolial tosylate in S¡2 reactions. Conforma-
tional mobility is clearly dernonstlated for the tosylate 3, even at
loorr telnpelature, since it is likely that the compounds 6 andT
come frorn two cliffel'ent chail confolrnels. Froln a study of
models it is seen that wher.r the leaving group is axial not only
is the t'eat'-sicle attack less hindeled but, the nucleophile, the
l'eactiolt cetrt|e ancl the leaving group can stay co-linear
thloughout the reaction.ll Pelhaps herein lies an explanation for
our obsel'vations. It is likely that the selenicle ion follows a
trajectoly co-iuciderìt with the dipole axis of the molecule and
that in botl.r the compounds 9 and 10 the pr.opensity fot car.bon
nucleophilicity is not thwarted by stet'ic bar.r.ier-s since only lone
pairs (see 13) would hinder the apploach. In the case of the
tosylate 3, ìrowevel', the n.rethyl group would clearly present an
obstacle to lear-sicle attack and the deflected nucleophile might
then encounter the hydlogen atom, helcl in an antiperiplanar
relationship to the leaving group, with sufficient energy to
ov€ruolre Íhe balliel ro eiiminarion anci this tiren trecornes the
lowel enelgy pl'ocess.

In conclusion, thelefbre, we have developed a three step
asymlnetfic synthesis of the phelomone, from achiral star-ting
materials. The loute is probably far more efficient than any to
date and will be extl'emely efficient if fut'ther- developments to
the Shalpless pl'ocedure allows a rnore enautioselective prepara-
tion of the diol 5. Fulthelmore the synthesis has r.evealed an
intliguing elimination reaction which may help to uul.avel the
paradoxes arising in the mechanisnr of weak-base elimination
reactions.
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