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ABSTRACT

The total synthesis of the sesquilerpene (+).Iongifolene by an intramoleculllr

Diels-Alder cycloaddition strategy is described. The route utilized an addition

initiated ring closure involving methyllithium and epoxyfulvene 80. The

cyc10pentadienyl anion 81 that resulted cyclized in an exo-tet manner to generate 1I

substituted spiro{2.4]hepta-4.6-diene 82 in which the cyclopropane rir.g blocked the

1.5-sigmaU'Opic rearrangement and acted as a latent methylene group. Oxidation

with active MnOt afforded cyclopropyl aldehyde 83. which was condensed with the

anion derived from methyl 3.3-dimelhylacrybte lJ7 in the presence of cadmium

chloride. These conditions resulted in selective "I substitUlion and wele a

consequence of isomerization to the thermodynamically most favored product. This

procedure was shown to be general fOT related systems.

The resulting alcohol-protected mene 100 was cyc!i1.ed direclly to tetracyclic

adduct 103 under thermal conditions in a microwave oven. Modification of the

functional groups gave cyclopropyl ketone U8, which opened to the longifolene

ring system by lithium/ammonia reduction.

The route to optically active material followed a different pathway which

involved the Lewis acid catalyzed addition of methanol to Ihe optically active

spirocyclopropane-cyclopentadiene 134. The produci 137 was capable of rapid

sigmalropic rearrangement, which in principle could give rise to several different

Diels-Alder adducts. In practice, because of the constrained nature of the cyclic

dienophile. the lowest energy path led to the adduct 138 with the tricyclic nucleus

required for (+)·!ongifolene. This was the only product isolated and represented the

first successful synthesis of a cycloheptane direcily from a cyclopentadiene in a
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carbocyclic precursor. In order 10 complete the synthesis the lactone 138 was

reduced and the primary alcohol converted selectively 10 its acetate 144.

Sequential removal of the secondary hydroxyl functions was accomplished under

free radical conditions. Pyrolysis of the acetate 146 at 525°C provided

(+)-longifoJene.



ACKNOWLEDGMENTS

So many people have supported me throughout my graduate career, it is

impossible to mention them all by name.

It is a privilr.ge for me to thank Professor Alex G. Fallis for his oUlslanding

supervision, constant enthusiasm, encouragement, and financial support throughout

the course of this research project. I thank him nOI only for teaching me

chemistry, but also for helping me to develop an effective sciemific work ethic.

His assislance and patience in the preparation of this thesis are gmtefully

acknowledged.

I wish to extend special thanks to Dr. Paul Slowery, Dr. William Brown,

Dr. Veejendra Yadav, Dr. Gervais BeruM, and Dr. Iohn Macaulay for their

friendship, unselfish help, and invaluable suggestions, which made my panicipation

in our research group enjoyable. I am also grateful to Mrs. Nola Lee and Mr.

Isaac Kennedy for their friendship and assistance, especially during my time at the

University of Onawa.

I would like to thank Dr. 1. Burnell for his suppon, our many stimulating

discussions, and his superb leaching of modern NMR spectroscopy.

I am also thankful to all members of the leaching and support staff in the

Depanment of Chemistry at the Memorial University of Newfoundland, especially

Dr. I. Bridson for his assistance in the last stage of my gradume studies, Dr. C.

Iaolonski for NMR service, and Dr. B. Gregol}' for mass spectrometl}' service,

I would like to thank Dr. H. Deuman, Mr. R. Capoor, and Dr. C. Kazakoff in

the Depanment of Chemistry at the University of Onawa for their excellent NMR

and mass spectrometry service.



vi

I wish to thank the Memorial University of Newfoundland for their

fellowship support, and the University of Ottawa for aHowing me to complete Ihis

research in the Department of Chemistry.

Finally, I wish 10 express my deepest appreciation for the understanding. the

patience, encouragement, and love provided by my wife. Chen Naijian. my mother,

Zhu Yuanhe, and my father, Lei Yongsu. With my love, I dedicate tbis thesis to

them.



TABLE OF CONTENTS

Abstract

Acknowledgments

Table of Contents

List of Tables

List of Figures

Li~t of Schemes

List of Equations

List of Abbreviations

iii

vii

xvi

Pon I

Chapter 1

J.I

1.2

1.3

1.4

1.5

1.6

1.7

Chapter 2

2.1

2.2

2.3

2.4

Introduction

Background

Structure ElucKJation

Biosynthesis

Addition Initialed Ring aosu~

Dieis-Alder Reaction

Brieger's Work

Cydiution of Substituted Cyclopenladienes .•_.•••_.

Fallis' Work

Longifolene: Previous Syntheses

Corey's Synthesis

McMuJTy's Synthesis

Johnson's Symhesis

Oppolzer's Synthesis

III

12

14

16

16

20

20



viii

2.5 Schultz's Synthesis 23

2.6 Money's Synthesis 25

Chapter 3 Synthetic Plan 27

Pan II Results and Discussion 33

Chapler 4 Intramolecular Diels-Alder Reaction J4

4.1 Epoxyfulvene Preparation J4

4.2 Epoxyfulvene Cydization Jj

4.3 Cyclopropyl Alcohol Oxidation 36

4.4 0. vs y Condensation 37

4.5 Protection of Hydroxy-Ester 47

4.6 Auempled Hydroxy Dithiane Dioxide Preparation ... __. 47

4.7 Intramolecular Diels-Alder Reaction 49

Chapter 5 Seleclive Cyclopropane Ring Opening 54

'.1 Hydrogenolysis "
'.2 Radical Ring Opening

"'.3 Reductive Ring Opening '9

'.4 Aucmpled Ketone Reduction 62

Chapter 6 Enantioselective Synthetic Approach 64

6.1 Initial Approach 64

6.2 Attempted Shll.rpless Epoxidation 64

6.3 Resolution of Spiro-Alcohol (82) 66

6.4 y-Condensalion 69

6.5 Preparnlion of Triene (137) 75

6.6 Diels-Aldcr Reaction 79



6.7

6.8

Conversion of Lactone (l38) 10 (+\-Longifolcne -----..

An Alternative Route to (145) from (1:\8)

85

92

Pan III Experimemal

References

Spectra

96

146

15\



Table 1

Table 2

Table 3

Table 4

LIST OF TABLES

41

52

56

81



Figure I

Figure 2

Figure 3

Figure 4

Figure S

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

Figure 13

Figure 14

Figure IS

Figure 16

Figure 17

Figure 18

Figure 19

Figure 20

Figure 21

Figure 22

Figure 23

LIST OF FIGURES

,;

53

72

73

74

77

82

83

87

90

91

92

93

94

OS

152

153

154

155

156

157

158

159

160



Figure 24

Figure 25

Figure 26

Figure 27

Figure 28

Figure 29

Figure 30

Figure 31

Figure 32

xii

161

162

163

164

165

166

167

168

169



Scheme 1

Scheme 2

Scheme 3

Scheme 4

Scheme 5

Scheme 6

Scheme 7

Scheme 8

Scheme 9

Scheme 10

Scheme II

Scheme 12

Scheme 13

Scheme 14

Scheme 15

Scheme 16

Scheme 17

Scheme IS

Scheme 19

Scheme 20

Scheme 21

Scheme 22

Scheme 23

LIST OF SCHEMES

xiii

11

13

15

17

19

21

22

24

2.
28

30

31

38

43

44

45



Scheme 24

Scheme 25

SCheme 71

Scheme 27

Scheme 28

Scheme 29

Scheme 30

Sr.hcme 31

Scheme 32

Scheme 33

Scheme 34

Scheme 35

Scheme 36

,"v

46

55

'8

62

63

6'
66

68

71

78

84

86

89



Equation I

Equation 2

Equation 3

Equation 4

Equation 5

Equation 6

Equation 7

Equation 8

Equalion 9

Equation 10

Equation 11

Equation 12

Equation 13

Equation 14

Equation 15

Equation 16

Equation 17

Equation 18

Equation 19

Equation 20

Equation 21

LIST OF EQUATIONS

34

35

3'
37

47

48

48

51

51

54

57

59

60

60

61

67

68

69

75

76

80



Ac

AIBN

APT

bp

n-Bu

I-Bu

of.

DEPT

DBU

dec.

DIBAL

DlPT

DMAP

DME

DMF

DMSO

E,

EtOAc

LIST OF ABBREVIATIONS

acetyl

2,2'-azobisisobutyronitrile

attached proton test

boiling point

n-butyl

tert-butyl

about, approllimalely

compare

centimeter

m-chloroperoxybenzoic acid

cyclohexyl

doublet

distortionless enhanced polarization transfer

1.8-diazabicyclofS.4.0)undec-7-ene

decomposition

diisobutylaluminum hydride

diisopropyl tartn.te

N,N-dirnethylaminopyridine

1,2.-dimethoxyethane (glyme)

dimelhylfonnamide

dimethyl sulfoxide

ethyl

ethyl acetate

xvi



xvii

GC gas chromatography

hours

HMPA hexamethylphosphoramide

Hz Henz

IR infrared

LAR lithium aluminum hydride

LOA lithium diisopropylamide

W parent molecular ion

multiplet

Me methyl

min minutes

nuno! millimole

mp melting point

MS mass spectrum

nmr(NMR) nuclear magnetic resonace

Nu nucleophile or nucleophilic

PCC pyridinium chlorochromate

Ph phenyl

ppm parts per million

psi pounds per square inch

py pyridine

q quartet

RT(R.T.) room temperature (about 22°C)

singlel

triplet

TBAF tetra-n.bulylammonium fluoride



TBDMS

TFA

THF

TMEDA

TMS

TMS

rert-butyldimethylsilyl

trifluoroacetic acid

letrahydrofuran

N.N.N,N,-Ictramethylcthylenediamine

tetntmethylsilane

uimethylsilyl

p-toluenesulfonyl

xviii



PART I

INTRODUCTION



CHAPTER 1 BACKGROUND

1.1 Structure Elucidation

In 1920 Simonsen demonstrated that the tricyclic sesquiterpene,

(+)·Iongifolene. occurred in the essential oil of Pinus longijolia. I.1 The

(+)·enantiomer is known to 'occur in higher plams. mainly Gymnospermae,3 while

its anlipode has been found in liverwort5.4

The structure of longifolene was first elucidated in 1923 by Simonsen era/.5

At that time their identification was limited 10 the tricyclic ring system. vinyl

group. tertinry methyl group and geminal dimethyl groups established chemically

by degradation. Structures 1 and 2 (Scheme 1) were suggested for longifolene

according to its molecular fonnula. C1sH 24• the isoprene rule and the results of

these chemical investigations.

Schemel

The correct structure of longifolene, long an unsolved and complicated

chemical problem. was revealed in 1953 by Ourisson and Naffa6 on the basis of

tin X-ray crystallographic study of iongiColene hydrochloride 6 by Moffet and



Rogers.' and the chemical evidence that upon treatment with hydrogen chloride.

longifolene 3 undergoes a Wagner-Meerwein rearrangement to longifolene

hydrochloride 6 (Scheme 1).

Scheme 2

Further studies on the molecular rolation of derivatives of longifolene

suggested that the proposed stroeture 3 also represented the absolute configuration

of (+}-Iongifolene.8 This has since been confinned by several total syntheses.



1.2 Blosynlhesis

It has been established that the actual isoprene unit utilized in the terpene

biosynthesis is mevalonic acid 7 (or an appropriately activated simple

derivative).9,IO,lI three oC these self-condense with decarboxylation 10 Camesol Sa

and 8b, the simplest acyclic sesquiterpene (Scheme 3).

C\
OH

-CaGH-
~OH

8a(trans)
+

~
OH

8b(cis)

Scheme 3

It is now clear that cis·famesol or trans-famesol are the precursors for the

cyclizalion 10 all the cyclic sesquiterpenes.

The biosynthesis of longifolenel2.ll (Scheme 4) stans with the cyclization of

cis·farnesol pyrophosphate 9 to give an eleven·membered ring carbocation 11 via
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~~ aS7

10 2 3
11 4

1 6 S 14a

II;

-H"----
Scheme 4



species 10. The "inside" hydrogen at C·l of 11 undergoes a l,3-hydride shirt.

The conformation of 12, as shown 12n, provides considerable overlap of the

x-electrons at C-6 with those of the allylic ion at C·l, so that facile ..::ollapse

gives rise to the cis-fused bicyclic ion 13. The geometry of 13 ensures the

close proximity of C·7 to the double bond at C2-C3 and the fonnation of a C3-Cl

bond to give tricyclic carbocation 14, equivalent to 14n. This carbocation

undergoes a I, 2-carbon migration to give 15, which affords longifolene 3 by

deprolonation,

It should be noted that the mechanism and the intermediates shown in

Scheme 4 do not necessarily represent Ihe actual enzymatic processes, but they do

provide a useful framework far the rationaliution of the biosynthesis process.

P
HD

H..._

o 0,

16

Scheme 5

17

Arigoni and his co-workers have experimentally investigated the biosynthesis

of two antir.ocIal forms of langifolene and developed stereochemical models based

on their results. 14 Reasonable incorporalian of activity (0.1-0.2 %) from

r:tdiolabelled mevalonates into (+)-Iongifolene were achieved using cuttings of the



Pinus ponderosa tree (Scheme S. also cf. Scheme 4). A 1.2 carbon migration

was observed and a labelled hydrogen moved from Col to C·IO by 1,3 shift. The

mevalonoid {S-pro-R)-hydrogen and the (S·pro-S)-hydrogen migrate in the

biosynthesis of {+)·longifolene and {+Iongifolene respectively. IS

1.3 Addilion Initiated Ring Closure

Conjugated addition (Michael) initiated ring closure is an important synlhetic

strategy although few fulvene examples are known. It includes the nucleophilic

addition to an 0., ~-unsaturated carbonyl compound to produce an enolate anion

which subsequently undergoes an intramolecular ring c1osuret 6• 17. This type of

reaction was teniled MIRC (Michael Initiated Ring Closure) by Liule,18 who

showed that three, five, six and seven membered rings could be formed by this

method. However, the cyclizations were usually accompanied by some direct SN2

displacement. This is illustrated in Scheme 6.

Nu
) _l k,",

~-

18

E=COzR

Scheme 6

X

CrE~o-E
Nu Nu

20 21



The ratio of the MIRe reaction product formed is clearly dependent upon

the conc-:ntration of the enolate as well as the rate constant for ring closure, Ie.:.

The concentralion of the enolale depends on Keq which is related to the relative

stabilities oi the conjugate acid of the nucleophile and the enolate. Therefore. if

Keq < I. a MIRC reaction should occur only when Ie.: is sufficiently large to

compensate for the low enolate concentration. The rate of ring closure to three is

faster Ihan closure to five or six membered rings. Thus, it is not too surprising

thlll the MIRC reaction has been used more often to construct the cyclopropane

ring. l'Jr.vertheless. even when considering closure to a cyclopropane. the MIRe

and SN2 reactions are competitive. It has been shown l9 Ihat both the solvent and

the nature of the intermediate generated from different nucleophiles exert a

remarkable effect on the course of the reaction.

1.4 Diels - Alder Reaction

The Diels-Alder reaction has become one of the most useful methods

available to the synthetic organic chemist since its discovery more than 60 years

ago.20 The abilily to generate simultaneously up 10 four chiral celllers in a highly

stereoselective and largely predictable fashion has resulted in its application to

numerous synthetic targets.21 , 22 The intramolecular version has become popular

more recently and has also been employed in the construction a variety of

polycyclic ring systems in t~~ past fifteen years.23 Scheme 7 shows a simple

example of the intramolecular Diels-Alder reaction. Of the two possible modes of

addition. the fused mode usually predominates except with long chain lengths. If

the reacting molecules are themselves cyclic. and I or have ring substituents,

complex multicyclic compounds lore formed in a single step. The Diels-Alder

reaction provides a powerful tool for nalural product synthesis because these



multicyclic strUctures are contained in drugs and natural products and the

construction of these molecules arc often more difficult and lengthy by other

routes.

and/or

Bridged

Scheme 7

The Diels-Alder reaction proceeds through a highly ordered transition s:ate.24

In the intramoleclJlar Diets-Alder leaction some l,)i: the ordering has been achieved

by joining the reacting functionalities in the same molecule. This leads to

increased reaction mles under mild conditions lind successful reactions that would

fail even under forcing conditions in the intermolecular version. The constraints on

the diene and dienophile imposed by the connecting chain generally facilitate the

prediction of regia- and stereoselcctivity. Side reactions such as dimerization or

polymerization can generally be efficiently avoided by using high dilution. All of

these advantages account for the great interest in the study and applications of the

intramolecular Diels-Alder reaction and suggest that this reaction should be first

considered for any synthesis of a molecule containing a si",·membered ring fused
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to other rings.2S,26

A number of Lewis·acid catalyzed Diels-Alder reactions have also been

reponed.27 The main problem with Lewis-acid catalysts is that the.' may dlso

cause side reactions. Diels-Alder reactions have large negative activation volumes

and in general can be accelerated under high pressure. Some Diels-Alder reactions

have also been carried OUI in the gas phase. under either static or flow conditions.

However, it is not possible to compare their advantages because the

corresponding solution reactions are lacking.

The Diels-Alder reaction has been reviewed frequently.21. 23-26. 29·37 This

indicates the worldwide interest. However, some facets are still imperfectly

understood and as our knowledge increases, this cycloaddition will be even more

widely employed for synthetic design and methodology.

1.5 Brieger's Work

In principle the complex carbon skeleton of longifolene could be buiit by

intramolecular Diels·Alder reaction between a cyclopentadiene and an

appropriate side-chain. As early as 1963, Brieger attempted 10 utilize this strlltegy

to synthesize longifolene.38 In his investigation, chloride 22, obtained from the

addition of hydrochloric acid 10 geranyl acetate, was treated with excess

cyclopentadicnyl magnesium bromide. The resulting product, actually a mixture of

cyclopentadiene isomers 23 - 25, was heated in refluxing pseudocumene (bp 176°C)

(Scheme 8).

He hoped that Ihermal equilibration of these isomers would cause the

5-substituted cyclopentadiene 24 to undergo an intramolecular Diels-Alder

cycloaddition to give the desired alcohol 27. However, the reaction gave a nearly

quantitative yield of alcohol 26, which corresponded to the cyclization via the
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to~
Cl 22

~

~!J Cj _Cj~ -.

r r r

HQ 23 HO 24 HO 25

~ t t

~ 1;(" 5 00

26 27 28

Scheme 8
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I-substituted cyclopentadiene 23,

This result showed that the substituted cyc!opentadiene underwent a facile

1,5-sigmatropic rearrangement and the intramolecular Diels-Alder adduct of the

I-substituted isomer 23 was thermodynamically slable. In addition, it was clear

that cycloaddilion to yield a cyc10hexane from a Col substituted cyclopenladiene

was preferred to the competing pathway to a cycloheprane. Subsequent studies

have confinned Ihis behavior and C-S products arise only when the side-chain is

shortened to two linking atoms, as other transition stales are extremely strained

(if. Grubbs' work discussed below).

In spite of the lack of success of Brieger's synthesis of longifolene, the

synthetic plan was concise, and it was possible that the target molecule could be

realized with some modifications in the approach.

1.6 Cyclizalion of Substituted Cyclopentadienes

Cyc10pentadiene is useful for the formation of bicyc10[2.2.l)heptane

compounds for natural product syntheses.2S Considerable research work has been

done to study the rearrangement of substituted cyclopentadienes :1941 and

corresponding competitive Diels-Alder cyc]oadditions.42,43 It has been established,

as mentioned above, that the I, S-sigmatropic rearrangement occurs under very mild

conditions and a mixture of isomers was usually observed even when the pure C-S

isomer was used initially. The composition of the isomeric mixture depends in

part on the nature of the substituent and not on the method of the synthesis.41

The intramolecular Diels·Alder reaction of substituted cyclopemadienes has been

carefully examined by Grubbs and Still.d4 They employed cyclopemadiene

compounds tethered to an Ct, lJ·unsaturated ester functionality as the Diels-Alder

reaction precursors. Several functionalized cyclopemadienes were prepared with
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1·(CH2)n

29

~ CpMgCl

30 31 32

*
~ ~ &"

33 34 3S

0=2 n= 3,4

E-C02R

Scheme 9
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different tether lengths. These substrates readily underwent intramolecular

Diels-Alder reaction at mild temperatures (Scheme 9). They showed that the

cycloaddition proceeded favombly from a transition state in which the tether

formed five- or six-membered rings, but products of type 35 were energetically

disfavored.

1.7 Fallis' Work

It is apparent that a successful inttamolecular Diels-Alder approach

tricyclic skeleton from a 5-subslituted cyclopcmadiene requires chher blocking the

l,5-sigmatropic rearrangement or arrnnging for the cycloaddition to compete

efficienlly with the rearrangement Unfonunately, it has been found that even

chlorine does not block the sigmatropic rearrangement and it migrates before the

cyclization.43 This means the "blocking" is nOI necessarily straightforward. Based

on this realization a successful approach has been developed in our research group,

as shown in Scheme 10. It employs a suitable spiro[2.4]heptadiene of type A to

fonn the desired Diels·Alder adduct of type D. The cyclopropane unit blocks the

1, S-sigmatropic rearrangement and, after the selective cyclopropane ring opening,

also serves as latent functionality to provide several types of natural products.

This strategy has been successfully applied to the total synthesis of

sinularene.4S Related studies revealed an oxygen substituent (X group) in the

sidechain at the carbon adjacent to the cyclopropyl ring was essential for a

successful cycliUltion.~
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~R ~ CH
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CHAPTER 2

LONGIFOLENE: PREVIOUS SYNTHESES

The intricate molecular construction of longifolene has attracted a good deal

of attention in the past three decades and served as a challenging test for synthetic

principles and methods, especially with respect to the construction of ring systems

and carbon networks. To date there have been six published total syntheses of

longifolene and [u least nine unsuccessful attempts.

A brief survey of tht, reponed symheses of longifolene reveals that each

approaci, employed different strategies and methods for the construction of the

tricyc10undccane carbon skeleton,

2,1 Corey's Synthesis

The first, well·known, total synthesis of longifolene was reported in 1964

by Corey et a1.41 The bridged ring system was constructed by an intramolecular

Michael cyclization of a homodecalin derivative 39, as shown in Scheme 11.

The Wieland-Miescher ketone 36 was employed as a staning malerial and

convened via tosylate 37 and a pinacol rearrangement, resulting in a ring

expansion. 10 the required homodecalin 39 (41-48%).

Precedent for intramolecular Michael reaction of this type existed in the

base.colslyzed cyclization of santonin to santonic acid. Although the

transfonnation of santonin to sanlonic acid was smooth, the corresponding

cycliUltion of homodecalin 39 to the tricyclodikelone 40 proved to be much less

facile and yields of only 10-20% were obtained.
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36

42

1.lJAlH. J:;J2. H2NNH2• Na
HOCH2CH20H_ 0

190·19SoC
3.C~.AcOH ,
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Scheme Jl
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Artel the construction of the diketone 40, the a-methylation of the enolalc

derived from 40 afforded the diketonc 41. The cycioheplanC carbonyl was reduced

by the combination of hydride reduction and Wolff-Kishner reaction of the

thio-ketal 42. followed by chromic acid oxidation to give longicamphenylone 43.

Addition of methyllithium 10 43 followed by dehydration of the resulting tcrtiar;

alcohol 44 gave racemic longifolene.

To prepare the optically active product, intennediate 41 was treated with

L·(+)·2,3·;JUlanedithiol and the fonned diastcreomers were resolved. The optically

active Ihiol 42 was then convened to optically active (+l-Iongifolene 3.

2.2 McMurry'S Synthesis

The second synthesis of longifolcne was reported in 1972 by McMurry and

Isser.48 They utilized the same slaning material as Corey, bue their approach was

10 form the tricyclic carbon skeleton of longifolene via intramolecular alkylation of

a bicyclic kelo epoxide as outlined in Scheme 12.

The Wieland-Miescher ketone 36 was convened to the keto epoxide 45,

whose enolate underwent an intramolecular epmtide opening 10 provide Ihe tricyclic

keto alcohol 46 in high yield (93%).

Completion of Ihe synthesis required addition of a funher methyl group

after ring expansion to form Ihe dimelhycycloheptane ring of the natural product.

Therefore. the alcohol 46 was dehydrated to give the endocyclic olefin ..., which

was Ihen trealed with bromoform and potassium tCrl-butoxide, and the dibromo

cyclopropane adduct 48 was obtained as the only isomer. Ring expansion was

accomplished by solvolysis of 48 with silver perchlomle 10 yield allylic alcohol 49

quantitatively and 49 was immedialely oxidized 10 give the enedione SO.

Introduction of Ihe methyl group by conjugate addition of lilhium dimethylcuprate to
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36
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enediane SO resuhed in teuacyclic ketone 51, presumably by intramolecular attack

of the enelate generated after conjugate addition. The tricyclic system was

regenerated by base cataJyzed realTangement of mesylate 52 to give cnone S3

which was easily converted to longifolene.

2.3 Johnson's Synthesis

The !hird synthesis of longifolene. reported in 1975 by Johnson et al,o

utilized the acid-calalyzed rearrangement of an acetylene cyc1opentenol to consuuct

the tricyclic ring system of 100gl£0Ieoe.

The cnol acetate 5S was obtained from conjugate 11. :.iilion of the cuprate

derived from 1·iodo-4·hexyne to cnone 54 followed by trappi:1g the resulling

enelate with acetyl chloride. Funher manipulation of this acetate yielded alcohol

56. Treatment of alcohol 56 with triOuoroacetic acid gave the n"arranged tricyclic

alcohol 57 wllich constituted a rapid entry to the longifolelle framework.

In the presence of acid, the olefin 58 readily isomerized to the exocyclic

olefin 59. The ketone 43, an intennediate in both Corey's and McMurry's

syntheses, was obtained by oxidation and methylation of 59. Methyllithium

addition and dehydration of 43 provide racemic longifolene in eleven steps from

54, as shown in Scheme 13.

2.4 Oppolzer's Synthesis

The fou"'h synthesis of lorlgifolene was reponed in 1977 by Oppolzer and

Godel.so.sl In this synthesis an intramolecular [2 + 2) photoaddition-retroaldol

reaction sequence (deMayo reaction) was used to construct the complex longifolene

skeleton. as shown in Scheme 14.
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The key inlennediate, enol acetate 63. was obtained from condensation of

l-morpholino-l-cyclopentene 60 with an optically active acid chloride 6) followed

by acylation of the resulting diketone 62. Irradiation of 63 gl1ve the cyclobutane 64

which upon hydrogenolysis of the protecting group underwent a spontaneous

retroaldal reaction to afford diketone 65. This procedure incorporated the required

stereochemistry without disturbance of the chiral center.

Crystallization gave the diketone 6S in 100 % optically purity. Introduction

of the gem-dimethyl group was accomplished ....ia Wittig olefination of the more

reactive cycioheptMone carbonyl, Simmons-Smith cyclopropanmion and

hydrogenolysis to yield ketone 66. the same imcnnediate as in the previous

syntheses, which was then converted 10 (+)-tongifolene by the literature procedure.

The overall yield was 24 % from the chirai acid chloride 61.

2.5 Schultz's Synthesis

The fifth synthesis of longifolene was reponed in 1985 by Schultz and

Puig.~2 They used an intramolecular diene-carbene cycloaddition. the synthelic

equivalcnt of an intramolecular Diels-Alder reaction between a diene and a

carbene. as the key step for consttuction of the longifolene seven-membered ring,

as shown in Scheme 15.

Cyclohexadiene 67 was prepared by Birch reduclion-alkyJation of methyl

2-methoxybenzoate and alkylated with Ihe dimethyl acetal of

2,2-dimelhyl·5-iodopentanal. Convcrsion of 67 to the key intermedinte 693 was

accomplished by (1) Treatment of 67 with N-bromoacetamide in methilnol to give a

diastereomeric mixture of bromoketals 68, (2) dehydrobromination followed kelal

hydrolysis during silica gel chromatography, and (3) acelal exchange. The aziridinyl

imide 69b generated by reaction of 69a with t-amino-l,tans-2,3-diphenylaziridine,
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on thermolysis gave tricyclic keto-ester 70. The tricyclic compound 70 was

converted to 66, all intermediate in Oppolzer's synthesis, by olefin hydrogenation

and decarboxylation. Transformation of 66 10 racemic longifolene followed the

literatun: procedure.

An enantiospecific synthesis of (-)-Iongifolene was also achieved, via Birch

reduchon·akylation of a chiral benzoic acid derivative 10 give the chirol

cyclohexadiene 67.

2.6 Money'S Synlhe.l:>

The six.th and the most recent synthesis of longifolene was reported in 1986

by Money and Kuo.~J In their synthesis. (+)-camphor was employed as Ihe chiral

staning material and B tiranium tetrachloride promoted cyclization provided the

tricyclic intermediatc74 which served as the synthetic precursor of (+)-Iongifolene.

This enantioseleClive synthesis began wilh the conversion of (+)-camphor 71

to (+}-8·bromocamphor 72. The bicyc:lic trimelhylsilyl ether 73, derived from 71

after nine experimental steps, underwent facile intramolecular cyclization when

treated with titanium tetrachloride to give a mixture of diastereomcric

methoxykct01\eS 74a and 74b. Subsequent reaclions provided the ketone 7S and

the acetate 76 wilh the required geminal dimelhyJ group. Reductive removal of

the acetate and oxidation gave (+}Iongicamphor 77, which was convened into

isolongibomeol 78 by lithium aluminum hydride reduction. Dehydration of 78

yielded (+)·Iongifolene 3 via a Wagner-Meerwein rearrangement to complete the

synthesis.
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CHAPTER 3

SYNTHETIC PLAN

It is fashionable 10 analyze a target structure by reuos)'nthClic bond

breaking sequences. However, the direct simplistic application of Ihis idea often

leads 10 long, unimaginative synthetic sequences. As described above the direct

double disconnection is not suhllble, as Brieger discovered due to the dominance of

the 1.5-sigmatropic rearrangement and lhe preferred cyclizalion to 26 (see Scheme

8).38 Frequently creating a new bond in a target structure allows onc 10 generate

a new species which is more amenable to direct synthesis. Longifolcne represents

such a case. Creation of a new bond (arrow) in i (Scheme (7) leads 10 a new

tetracyclic species A. A double disconnection of Ihis synthon leads to the pan

sttucture B which can be transformed into a tricoe C which contains the required

functionality for the reverse of the reuosymhelic step via a Diels-Alder cyclization.

To reduce these ideas based on the cyclopropyl conceprt5 to practice the

strategy outlined in Scheme 18 was envisaged which possesses several interesting

synthetic features.

(1) The cyclopropane ring present in the spiro[2.4Jheptatriene iii will block

the generally dominant I,S-sigmatropic rearrangement of cyclopentadienes under

Diels-Alder reaction conditions. This eyelopropyl unit represents it latent methylene

group and subsequently undergoes a selec::ive cleavage of the interior cyclopropane

bond to provide the triC).::!0[5.4.01".06,IOJundecane ring system possessed by

longifolene.
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(2) The Diets-Alder adduct ii possesses all of the fifleen carbon atoms

required and suilable functionality 10 allow the introduction of the exocyclic double

bond of longifolene.

(3) Based on the experience gained from the sinularenc synthesis, a bulky

C-5 oxygen substituent is essential 10 ensU«: that lhe desired intrnmolecular

cycloaddition will proceed as required.46 In a relTOS)'nthetic sense, the prepartllion

of structure iii (5.hydroxy a.p-unsaturated ester) could arise from a selective

'Y-condensation of Ihe spiro-aldehyde iv with an anion derived from methyl

3.3·dimethylacrylllte.

(4) The spiro·aldehyde iv may be generated by oxidation of the

spiro-alcohol v. The latter can be obtained from an addition initiated ring c1O!iure

involving mcthyllithium and an cpoxyfulvcnc vi, which in tum may be synthesized

from conunerciaUy available materials by known methods.16

A further potential featuR: of this Slntegy arises from the geometric

constmms imposed by me Diels-Aldu transition statc. From Sche~ 19, it is

apparent that only conformation Ia will permit the cyclization, while confonnation

Ib will not undergo adduct formation because the dicnophile is not aligned with

the diene as required for the cycloaddilion. Therefore, if the cyclopropyl unit is

chiraJ, the stereochemistry of the asterisk carbon will control the cyclization to

lead to an optically active adduct, from which the chiral longifolene may be

synthesized. Interestingly, the chirality of this asterisk carbon will disappear after

reductive cyclopropane ring opening. To achicve the chiral heptalricne I, a single

enantiomer of spiro-alcohol v (Scheme 18) is necessary, which may be obtained

either from a chiral sianing material or by resolution (el Scheme 29 in Chapter

6).
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In spite of the failure of the Brieger's approach it might succeed without

resorting to a blocking group if direct cyclization from a C-5 substituted

cyclopentadiene was the most favorable pathway. In theory this might be

accomplished by confining the dienophile 10 a cyclic system in which the adducis

from Ihe C·l and C-2 substituted cyclopentadienes are excessively strained. This

will be discussed in more demil below but structure D (Scheme 17) represents this

approach in which X is a functionality that will allow subsequent ring cleavage

after cycioaddition. Molecular models reveal that cyclization of 0 should be

preferred over E due to Ihe strain inherent in the cyclohexane adduct. II should

however be emphasized thai no carbocyclic example of direct cycloheptanc

Cannaricn is known.
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CHAPTER 4

INTRAMOLECULAR DIELS - ALDER REACfION

4.1 Epoxyfulvene Preparation

The epoxidation of methyl vinyl ketone under the basic condition in

methanol gave the racemic epoltide 79 (Equation 1) in reasonable yield (60 %),

The epoxide 79 is quite stable and can be stored in a refrigerator for several

months.

o

~
79

Equation 1

The condensation of epoxide 79 with freshly prepared cyclopentadiene was

conducted in the presence of a catalytic amount of pyrrolidine to give epoxyfulvene

80 (Equation 2) in a highly efficient manner. Other bases resulted in lower

yields and extensive decomposition.16,54 The lH nmr spectrum of 80 displayed 11

characteristic four proton multiplet at 56.35 for the vinyl protons, a vinyl methyl

singlet at 1.91. a multiplet at 2.82 for the methylene hydrogens. and a doublet of

doublets () '" 1.5. 1 Hz) at 3.90 due to the methine hydrogen. These features

suppon ~he assigned structure.

This bright brown compound is very unstable at room temperature and

therefore was used for the next synthetic step as soon as possible. (It may be kept

below _20°C for up to 48 hours) In one case, a small explosion and production
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of a noxious smoke was observed when a large: amount (ca. 20g) of frozen

epoxyfulvene 80 was allowed to warm to room temperature. The compound

became a black mass of polymer-like matcrial. However, it is safe to use Ihis

compound immediately afler preparation.

,.

Q
H

-+
MoOH ~o

80

Equation 2

4.2 Epoxyrutvene Cyclization

It is well established that the exacyclic double bound in fulvene is polarized

and of reactivity similar to a carbonyl group.55 This means, in principle, that

nucleophilic attack may occur at the exocyclic fulvene double bond or at either

end of epoxide in 80, Thus the nucleophilic attack could generate several different

products. However, the treatment of epoxyfutvene 80 with methyllithium at -7S"C

resulted in the fonnation of spifOoalcohol 82 as the sole product (55%) and the

recovery of starting material 80 (35 %) after work-up and chromlllography. The IH

nmr spectrum of the product displayed two methyl singlets at 8 1.40 and 1.42. the
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cyclopropyl hydrogen as a triplet (J '" 7.5 Hz) at 2.39, the methylene protons as a

doublet (1 = 7.5 Hz) at 3.78, and lhe four cyclopentadienyl protons as three

overlapping multiplels at 6.30. 6.45 and 6.57. allofwhich were consistent with the

assigned structure. In this case the methyl anion preferentially anacked the C-6

Culvene centre to generale the cyclopentadienyl anion intermediate 81 which

cyclized to Conn the cyclopropane ring by exo-tet cleavage of the epoxide ring

(Equation 3).

~o
80

[~]-!2v
81 82

Equalion 3

A mill.ture of product and starting material was always obtained even using

a large excess of rnethyllilhium and longer reaclion times.

4.3 Cyclopropyl Alcohol Oxidation

The cyclopl"'''lyl alcohol 82 was sensitive to chromium based oxidizing

rengents. The cyclopropyl aldehyde 83 was prepared with active manganese

dioxide oxidation in good yield (86 %) (Equation 4). The lH nmr of 83 showed

the aldehyde proton as a doublet (J = 6 Hz) at S 9.56, the disappearance of the

methylene protons al 3.78 and Ute change of the cyclopropyl hydrogen at 2.78
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from a triplet 10 a doublet (J '" 6 Hz).

I[)
~OH

8>

MnD,I

----CH20:Z' reflux, 12h

Equation 4

The method of preparation of the active manganese dioxide significantly

influenced the oxidation,56 The most effective manganese dioxide for our case was

obtained from the reduction of potassium pennanganale by charcoal:S7 In practice,

a large excess of charcoal was used to prepared the manganese dioxide and the

unre3eted charcoal remained in the product mixture as a part of the reagent. It

was discovered that charcoal from different companies had different levels of

effectiveness. The chan::oaI from the 1. T. Baker Company was the best one in our

wod<.

An alternative preparation of aldehyde 8J from alcohol 82, in excellent

yield (94 %). employed Swem oxidation using oxalyl chloride and highly dried

dimethyl sulfoxide. However, wilh larger 5Cllle reactions (ca. 0.02 mole), the

manganese dioxide/charcoal oxidation was preferred due to the convenience of the

work-up and pnxluct separation,

4.4 a. vs .., Condensation

To prepare a Diels· Alder precursor, such as struclure iii (Scheme 18), we

required a reliable procedure 10 inlroduce direcliy a conjugated allyl unit 10 Ihe
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spiro-aldehyde 83. This n:cesshales a rcgioselectivcly controlled condensation of an

allyl anion with an aldehyde (Scheme 20).

base

<b,5O

aCHO

RCHO

OH

R~E

yProduct

R~
E

«Product

Scheme 20

Literature methods are available 10 generate the a-product in a controlled

manner but only • few reportS describe the regiosel.:clive preparation of the

l-product. The control of a liS T substitution in hcteroatorn-stabiliz.ed allylie

anions and resonancc-SlnbiIiud enalates depends upon the complex interplay

between the nature of the lIoms, charge deloca1iz.ation. steric effects. solvation,

the tJ pc of clcclrOphile. and the counter ion. These difficulties are compounded

by the observation that halides and carbonyl systems oflen exhibit opposite

regioselectivities.S8

Hudlicky and his co-workers found the regioselectivity in the Refonnatsky

reaction of tthyl 4·hromocrotonate with carbonyl substrates depended on the

polarity of solvents and the hardness of metal catalysts.81 We tested his modified

Refonnalsky conditions using dry zinc and tetrahydrofuran. It worked well when
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either methyl 4-bromocrolonatc or methyl 3-bromomethyl·2·butcnOaIC (TobIe I.

entry 1. p 41) were reacted with bentaldehyde and gave the y-produci exclusively.

Unfonunately the reactions (Table 1, entries 5 and 6) with the spiro.aldellyde 83

gave 60: 40 and 40: 60 aIr mixtures (Scheme 21), presumably II consequence of

the hindered environment of Ute carbonyl ~(lUp. Modification of the reaction

conditions using an ultrasonic bnlh or dimethoxyethane (OME) as the solvent

provided no significant improvemem in the a I y mlio.

Various lithium anion-salt combinations derived from 2·ethylidene-l.3-dithane

were examined (Scheme 22). Ziegler and Tam demonstrated earlier thai 1I11ylation

of the lithium anion derived from 2-ethylidene-l.3-dithiane afforded the a-product

preferentially, while the corresponding copper derivative gave the 'V-prodUCI

exclusively.~9 However, in the case of the cuprate derivative with spiro-aldehyde

83 a significant quantity of the a-product was obtained (fable I, emry 9), ahhough

the y-product dominaled. Added zinc salts did not influence the regiosele<:livity

and the a-produci dominated in the presence of zinc chloride (Table I, entry 8).

Except for the reaction of organocadmium reagents with acid chloride,

organocadmium species have received relatively little 3ttenlion.60 Pure, salt free

alkyl cadmiums do not react with carbonyl compounds but this reactivily cun be

altered markedly by the addition of magnesium or lithium salls, 61.62 which means

that in situ cadmium reagents prepared from organoJithium compounds or Grignard

reagents can be efficiently used to react with carbonyl compounds. Thus the

addition of cadmium chloriae powder to the lithium anion at .7SoC was examined

(Scheme 23). The appropriate carbonyl compound was added to this reagent and

the reaction was allowed to warm to O°C followed by quenching with saturated

aqueous ammonium chloride. As summarized in Table 1 all reactions of the

lithium anions with added cadmium chloride resulted in y condensation products
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