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ABSTRACT

Chapter 1 consists of a review of the role of squal ene oxide in
the bi ogenesis of triterpenoids and steroids via |anosterol. A nunber
of non-enzym c nethods of inducing such cyclisations under various con-
ditions is also presented with greater enphasis on the nore successful
t echni ques.

Chapter 2 starts with a review of the classical route to the
synthesis of 2-al kyl cycl ohexenones via al kylation of Hagemann's ester.
This is followed by a series of reactions carried out by the author
leading to a novel synthetic route to the 2-al kyl cycl ohexenones, which
is shown to be nuch better than the forner route. A review of the
Lewis acid induced cyclisation of epoxyolefins already carried out by
a nunber of workers in our Laboratories is also presented followed by
the cycl i sati ons of epoxyol efi ns and al pha, Bet a - unsat ur at ed ket ones carri ed
out by the author. It is hereby denonstrated that formation of bi-,

tri- and tetra- cyclic systens are feasible under suitable conditions.

Chapter 3 consists of the experinmental work of reactions mentioned

in Chapter 2.
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CHAPTER 1 - REVIEW



SECTION 1 - INTRODUCTION.

Some polyenic substances having trans olefinic bonds in a 1,5-rela-
tionship have been made to undergo stereospecific, non-enzymic, cation-
induced cyclisations resulting in the formation of polycyclic products
with the all trans 'natural' configuration, reminiscent of similar products
obtained by biogenetic conversion of squalene-2,3-epoxide into biogenetic
triterpenoids.,

Several initiators1 have been used, albeit, successfully in only a
few cases, such as electrophilic cyclic ketal ring opening and allylic
alcohol protonation followed by dehydration to generate an allylic
carbonium ion. The earlier and less success%ul initiators involved
acid-catalysed addition to double bonds, solvolysis of sulphonate esters,
and electrophilic epoxide ring opening., Other studies worthy of mention
are the free-radical- and the mercury ion-initiated cyclisation of Julfaz,
and the proton- and mercury ion-initiated cyclisations of Semenovsky.3

Most of these methods have been described by Johnson1 in a com-
prehensive review of these studlies. Each of these methods, except the
free-radical method shall be briefly discussed in this review. Several
terminators-methylacetylenic, styryl- and trimethylsilyl -end groups
will be discussed. The current view eon the mechanisms of these cycli-

sations will also be discussed.



SECTION 2 - THE ROLE OF SQUALENE 2,3-OXIDE IN THE BIOGENESIS OF
STERCIDS.

Squalene (1), a triterpene,'is known to be the fundamental source

of all other triterpenes and steroids.

(0)

1a

However, nature's design for the synthesis of these intricate
molecules has not been fully understood. For this reason efforts have
been made in the last two and a half decades te mimic the known enzymatic

conversion of squalene to the polycyclic triterpenoids,

-

In 1955, Stork et glé and Eschenmoser et al~ independently postu-







lated that the stereochemistry of naturally occurring polycyclic com-
pounds could be rationalised in terms of concerted cyclisations of their
acyclic precursors; and in reviewing the stercochemistry of such cycli-
sations suggested that the geometry of the double bonds present in the
polyolefin determined the geometry of the ring junctions so formed.
Hence, a trans olefin would lead to a trans ring junction, and a Eié
olefin would give a cis ring junction, (Fig. i).

The concerted trans-addition to the olefinic bonds invokes the
stereochemical relationship of the newly-formed ring junction in relation-

ship to the olefinic bond. This process involves a irans-anti-parallel

electrophilic addition to the olefinic bonds and this concept affords a
satisfactory rationalization of the course of many biological cyclisa-
tions. For example, enzymes may be responsible for inducing the boat-
like transition state that is required for the formation of lanosterol
(3). Stork” had in fact suggested that whereas sterols like the trans
lupeol class, e.g. dammarene diol (2, Fig. 11) were formed by concerted
cyclisation, sterols of the lanosterol class were formed by initial
cyclisation of A and B rings, followed by ring B assuming the less
favoured boat conformation and subsequent concerted formation of C and
D rings to explain the observed cis C-9,10 stereochemistry (Fig. iii).
The unique role of squalene in the biosynthesis of sterols and

5,6

triterpenes has been verified by exiensive tracer studies, Tchen
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Fig iii



and Bloch7 cbserved that cyclisation in a rat liver homogenate containing
020 or HQIBO gave lanosterol (3) devoid of deuterium er 180 whilst
incubation in the presence of l802 resulted in incorporation of the
isotope. This implies that the atmospheric oxygen was in some manner
introduced into the organic molecule without equilibration with the
oxygen of water, and that partially cyclized intermediates which could
otherwise protonate and deprotonate in the medium were not involved in
the overall conversion of squalene to lanosterol.

The oxidation-cyclisation was thought to involve attack of a hydro-
xonium ion (or its biological equivalent) synchronised with cyclisation4’5
(Fige. i1). A similar process involving addition of hydroxy radical has

been reported.8

t glg and van Tamelen et g;lo showed that this

——

In 1966, Corey

conversion involves a new intermediate, 2,3-epoxysqualene (4). This

18

compound could be cyclised anaerobically and as expected 0 =2,3-

epoxysqualene gave 180 lancsterol.lob Labelled 2,3-dihydresqualene-
2,3-diol, 2,3-dihydrosqualene-2-o0l and squalepe-2,3: 22,23-dioxide were

not observed to give sterols under the same conditions. Corey however,
observed cyclisation of the dioxide to 24,25-lanosterol monoepoxide but

the rate of conversion was very much slower than that of the 2,3-oxide.

It has been shown that the biologically active form of squalene-2,3-

oxide is the 35 isomc-r.la’lg
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This important discovery triggered off intensive biomimetic studies
in the widespread role of squalene moncepoxide. Most of the studies
will be mentioned in Section 3. As suggested earlier the enzyme,
squalene cyclase, may be responsible for holding the squalene oxide in
such a conformation that a ¢is C-9 - C-10 stereochemistry is obtained.
This is then followed by a series of methyl and hydrogen migrations.

The pathway adopted for this process was demonstrated by Bloch11
and Cornfcrth12 to involve two 1,2-methyl migrations. The nature of
the hydrogen shifts wére however, still unsettled. It has since been
unambiguously demonstratedl3 that the rearrangement involves two 1,2-
hydrogen shifts rather than a single 1,3-hydrogen shift. In this study
tritium from C-14 of sgualene was found only at C-17 of lanosterol (Fig.
iv)e

105 involving non-enzymic epoxide

As a result of the investigations
function initiated cyclisation of polyolefins, it was rational to assume
that the biosynthesis of lanosterol also involved initial opening of the
epoxide ring, followed by concerted formation of other rings. The w-
electron orbitals of the Flosest olefinic bond are so oriented that SN-2-
like attack on the more highly substituted position on the epoxide unit,
coupled with epoxide ring opening is favourable and would generate the
14

C-3 equatorisl hydroxyl trans to the C-5 hydrogen. It has been shown

that this interaction by the oclefinic bond lends anchimeric assistance
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to epoxide ring opening when the reaction rates of the diene monoepoxide

(5), was compared to its saturated counterpart (6, Fig. vi.

b ' Rz H ; ]}' = (:}*3

¢, R=R' =CHjz;R=H

Fig vi

The cyclisation was carried out using SnCl, in benzene at 5- 7°C. Whereas

4
the unsaturated epoxide reacted in 5 min, more than 90% of the saturated
one was recovered,

Arguing from a purely organic point of view there is involved in -
this mechanism an unfavourable situation where a secondary carbonium ion
is generated by Cl4- Cl18 bond formation {Fig. ii). An alternative
mechanism which is consistent with results obtained from tracer experi-
mentsl5 features squalene oxide cyclising to a tricyclic intermediate
with a five-membered ring C, followed by hydrogen migration giving a

spiro system coupled with concerted hydrogen, methyl and alkyl migration,

Fige v « This result is consistent with that obtained from non-enzymic
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cyclisation of squalene oxide.16 This mechanism involves a 1,3 hydrogen
shift, which is not unprecedentedl?, and also aveoids involvement of a
secondary carbonium ion.

Finally, the action of 2,3-epoxysqualene cyclase has been studied

on synthetic analogues of 2,3-epoxysqualene by Corey et 120 and van

—

Tamelen et 2116’21

in a series of papers. The structures of the enzy-
mically generated products were compared with those resulting from in
vitro cyclisation of the epoxides. These investigations provided
evidence for the basic structural features of 2,3-epoxysqualene which
are essential for acceptance and cyclisation by the enzyme, the factors
which enable the cyclase to contrel conformation of the epoxide and hence
the configuration of the putative protosterol intermediate and possibly
the enzymic and thermedynamic factors involved in the subsequent con-
version of the protosterol to lanosterol. The llgzLdouble bond and
the terminal isopentenyl unit were found not to play any important role.
However the terminal methyls adjacent to the oxiran ring were found to

be important for acceptance and orientation of substrate.zﬂc' 21k

CONCLUSTON
Three main lines of investigation have been used in the identification

of the component reactions of sterol biosynthesis, already mentiocned.
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The knowledge derived from the biosynthesis of squalene from mevalonic
acid has been useful in the study of individual demethylation, migration
and elimination processes which occur at the later stages of the sequence.
The chemical synthesls of various intermediates has allowed examination
of various hypotheses. The results obtained from these studies including
the investigation of the enzymes and co-factors involved in each reaction
have proved to be a powerful tool for the analysis of reaction sequences
in cell homogenates.

Whatever mechanism is involved, it has become clear that squalene-

2,3-oxide plays a central role In the blosynthesis of sterols.
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SECTION 3 - NON-ENZYMIC OLEFIN CYCLISATIONS,

Fecllowing the identification of squalene-2,3-oxide as a genuine
intermediate in the conversion of sgualene to lanosterol, extensive
research programmes have been launched to reproduce such cyclisations
under non-enzymic conditions.

As a result of these studies, it has been possible to develop
techniques for highly selective terminal oxidation of acyclic terpenes
and highly stereoselective cyclisation of terpene terminal epoxides to
3-hydroxylated monoc- to penta~cyclic ring systems of the natural product
type.

Other methods of initiating cyclisations will be mentioned under
appropriate headings below, but no attempt has been made to arrange them
in order of efficiency as initiators.

For continuity, and the fact that this is the closest technique
to the natural pathway, we will consider examples of cyclisations so

far carried out via the epoxide function as the initiator.

A EPOXIDE FUNCTION

~

Goldsmith?‘ observed that geraniolene monoepoxide can be cyclised

with beoron trifluoride etherate or stannic chloride. About the same {ime
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and independently of Goldsmith's results, van Tamelen reported the
cyclisation of geranylacetate epoxide (7, Fig. vii) using cold 85%
phosphoric acid. Attention was soon turned to the more complex case

232 (g, Fig. vit')

of irans,trans-farnesyl acetate terminal epoxide
using BFa.etherate. A mixture of bicyclic diol monoacetates total
22.5%, consisting of, 15% (11) and 85% (10) was obtained. Four new
asymmetric centres were thus formed with stereochemistry characteristic
of the usual 3-hydroxylated A/B ring system of steroids. The proportions
of (10) and (11) were reversed when phosphoric acid was used. The
product {11) bears the -CH,OAc group in an axial position thereby
decreasing steric interaction with neighbouring angular and olefinic
methyls and is considered to be the more stable.
In the light of these changes in the quantities of (10) and (11)
produced under different cyclisation conditions, van Tamelen proposed
that this stereochemical outcome (cf C-1 and C-10 in 10 and 11) is
determined by a solvent-dependent conformation of the reacting epoxide.
Similar results were also cbserved when 112'6—3£gg§,3£gg§— and
152’6-3£ggé,gig-farnesic esters, (12) and (13) respectively were subjected
23b

to cyclization conditions, Whereas (l4a) was the major product when

cold phosphoric acid was used, (14b) was the major product using BF -Et 0

3

in benzene. A number of other products were obtained from the reaction

mixture {144, 20%; 1l4e, 25%; 14f, 10% with BF.Ft,0 in venzene) .
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The yield of cyclised product from (13) was low but stereoselective
giving the expected cis-product {l4c, Fig. viii).

With phosphoric acid, (12) gave a mixture of (l4a) and (14b)
(25-28%), (14d, 20-30%) and {l4e, 11%). (14f) was not detected. No
deuterium incorporation was cbserved using d3—phosphoric acid, thus
eliminating intermediates requiring protonation. The mechanism is thus
likely to involve concerted ring closure.

All-trans geranylgeranyl acetate terminal epoxid924 (15, Fig. ix)
reacting with stannic chloride in benzepe at 0° gave a tricyclic product
(16, 10%) resulting in the formation of six assymetric carbon centres
in one step. The preduct is thought to be formed via synchronised
cyclisation, or stepwise sequence of ring formation involving mono-, and
bi-cyclic carbonium ion intermediate or combination of these.

Another example is the cyclisation of epoxide (17) by Sutherland

et 125 to a tricyclic system with boron trifluoride etherate in very

high yield, The stereochemistry of the ring junction is assigned cis
assuming a trans-diaxial opening of the epoxide ip an all chair gonfcrma-
tions This example represents cyclisation involving preformed rings.
Another example of the formation of a tricyclic system, this time
involving an aromatic ring is offered by the work of Nasipuri and Chaudrizﬁa

in the cyclisation of epoxide (18b} with boron trifluoride etherate in

methylene chloride as a possible route to podocarpa-8,11,13-trienes (18a).
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HC

OMe
Me
18b " I8a
l(:::ll oM .MeO
: HO
f i
i8c 18d

Analysis of the product mixture showed two isomeric tricyclic products
(18c) and {18d) in 25 and 12% yields respectively. A third tricyclic

alcohol (18e) obtained in 10% yield is formed probably as depicted.
OMe OMe
. “a

2,
G -

Finally a monocyclic ketone (18f) obtained in 17% yield is probably

formed by hydride transfer as shown.
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Goldsmith and Phillipsgéb in investigating a similar system had proposed

a w-complexation of the cationic centre with the aromatic ring system
which probably promotes the hydride transfer by holding the cyclohexyl
cation in the position shown.,

As a result of the success realised in the foregoing experiments
synthetic substrates approximating the structure cof squalene 2,3-oxide
were cyclised under non-enzymic conditions. A very important cbserva-
tion in these studies is the role of the enzyme in termination of the
protosterol rearrangement leading to the formation of £Etdouble bond
in lanosterol.

The epoxide, (19)21d was cyclised with boron trifluoride etherate
forming among other products, the isoeuphenol analogue, (20) resulting
from the all chair conformation. The same epoxide was converted to
the lanosterol analegue (21) by liver cyclase enzyme though in low yield.
The epoxide (22) was cyclised chemically to give 9B -IS?—lanosterol
(23) but enzymically to lanosterol (3, Fig. xi). The loss of proton

q
at C-7 in the formation of A"*®.double bond shows it may be kinetically
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favoured, whereas in the formation of lanosterol by enzymic method the

lle’q-double bond was formed. The results therefore, suggest that the

terminating removal of the C-9 proton may be controlled by a specific
21d

basic centre in the enzyme.

As a result of extensive studies by van Tamelen et l27

the problem
of selective terminal epoxidation of squalene was solved. The best
reagent found was N-bromosuccinimide in aqueous glyme, and treatment of
the resulting bromohydrin with base to obtain the epoxide. The epoxi-
dation was highly selective ( »95%). This phenomenon was explained

on conformational grounds. Epoxidation was less selective in less polar
solvents, e.g. petroleum ether-acetic acid mixture in which terminal
epoxidation of synthetic substrates ranged from 62 - 81%, whereas in the
more polar hydroxylic solvents, e.g. aqueous glyme, the terminal oxida-
tion ranged from 96 - 100%.,

In less polar solvents, squalene is thought to exist in linear,
extended form (1) thereby making the double bonds equally vulnerable to
attack by the oxidising agent. However the coiled form (la) the
internal double bonds are shielded and thus rendered less reactive,
whereas the terminal olefinic links would remain exposed.

Another view is that solvent clustering at the reacting centre
of the reagent and olefinic molecule in the transition state may, by

simple bulk effects discourage reaction at the sterically enclosed
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central portion of the system. The latter view was further reinforced
by the observation that 'neutral' oxidizing agents, e.g. peracids,
diimide, or osmium {etroxide were less selective than the highly solvated
species like protonatea N-bromosuccinimide and mercuric acetate.

This success eventually led to non-enzymic cyclisation of squalene
oxide using stannic chloride. Tricyclic compounds were obtained (Fig.
xii) amidst a number of other products and all contained a 6,6,5-ring
system resulting from direct Markownikov additions to 10,11 and 14,15
double bonds. This lends support to van Tamelen's proposal concerning
the intermediacy of a 6,6,5-tricyclic cation (Fig. v }. These results
among other things have sclved the mystery that beclouded the introduction
of the 3-hydroxy group common to most steroids. As a synthetic route,

however, this approach has not proved viable.

Fiy xii
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B PROTON-CATALYSED CYCLISATIONS

The first studies directed towards non-enzymic biogenetic-type
polyene cyclisation involved attempts to initiate such cyclisations by
protenation of the terminal olefinic bond of polyene chains. A number
of problems were encountered especially with such systems as squalene
where protonation of the substrate was found indiscriminate resulting
in the formation of undesired products. The acidic conditions employed
were also very strong which made substrates susceptible to isomerisations

and deprotonation of intermediates resulting in partially cyclised products.

Cyclisation of 1,5,9 irienes.

An appropriate example involving acid-catalysed cyclisation of a
triene is trans-desmethylfarnesic ester (28), which gave (29) in a mixture
of sulphuric acid and formic acid in about 60 - 70% yield. The product
has the expected 'nmatural' configuration. This was carried out by
Eschenmoser to test his and Stork's hypothesis, It was a surprise,
however, that the same product was obtained when the cis substrate (30)
was subjected to the cyclisation conditions. Nore of the expected cis
product was obtained.28 Following the Lewis acid catalysed cyclisation
of farnesic acid (31) by Stork4 in which he isolated a moneocyclic diene
(32) which could be further cyclised to the trans-bicyclic product {33),

a8 similar mechanism was proposed for the cyclisation of the cis compound
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(30). This means that these cyclisations are proceeding via a different
‘route from that involved in the enzymic cyclisation where Bloch had
demonstrated the absence of partially cyclised olefinic intermediates
since no deuterium incorporation was observed in a deuterium oxide medium.
Semenovsky29 has a different explanation. In the cyclisation of
(31) and (34) in sulphuric acid- formic acid mixture, he got the same
trans product (35). This was rationalised in terms of the poor nucleo-
philicity of the conjugated 10,11-doublebond A cyclohexyl cation is
formed and the driving force to ring closure is provided by nucleophilic

attack of the solvent on the conjugated double bond.

Cyclisation of 1,5,9,13 tetraenese.

Eschenmoser28 also investigated the acid-catalysed cyclisation of

the ester (36). A trans,anti,trans tricyclic product (37) was obtained

but only in 5- 10% yield. Only a small amcunt of a dihydroxy compound
was obtained, the rest of the product was intractable. He thus proposed
that acid-catalysed cyclisation of polyenes of this complexlty was not

useful from a preparative point of view,.

C CYCLTSATION-SOLVOLYSIS OF POLYENIC SULPHONATE ESTERS

The failure of the epoxide opening and protonation as guod methods
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to initiate polyene cyclisation prompted studies into other methods.
Solvolysis of olefinic sulphonate esters was found to involve
. ' 30-32
concomitant ring closure, and the double bond was reported to
enhance the solvolysis rate to twice that of the corresponding saturated
analogue. In view of this, the formolysis of trans-5,9~decadienyl-p-

nitrobenzene 5u1phonat931’32

was investigated, A complex mixture of
products was obtained and careful analysis showed a total of eleven

products. The main component was the monocyclic trans alcohol (39)

(after cleavage of formate ester) obtained in 35% yield.

I - H
_OH OH
l — +
|
1
H H
°502C3H4Noip

The major bicyclic product was the trans,syn decalol {40). All the
bicyclic products (12% total) were trans-decalin derivatives, without
any detectable amount of cis isomer.

The cis isomer of (38) also gave a similar'series of products
belonging to the cis stereochemical series. Only 16% of bicyclic
products were obtained. These results agree with the predictions by

Stork and Eschenmoser.
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The acetolysis of trienic ester33 (41) was not any better. The
product consisted of approximately 20% acyclic material, 40% monocyclic,

8- 12% bicyclic and 2.8% tricyclic compounds.

N H !
! S
:
S0,CgH,NO;p K
41 41a

The tricyclic compound (41a) was found to be the expected trans,trans,trans-

alcohol obtained as a mixture of epimers after reductive cleavage of the
corresponding acetate.

Even though the desired stereochemical results were obtained, the
yields of the fully cyclised products were low and the products are
without any functional group in the first ring. This approach offers

another synthetically useless route.

D CYCLISATION OF CLEFINIC ACETALS

As a result of problems encountered with the solvolysis of polyenic

sulphonate esters, other methods were tried, this time, the olefinic
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acetals. The first examples investigated were observed to cyclise
with high stereoselectivity according to the predictions of the Stork-
Eschenmoser hypothesis. This approach has the advantage that the
yields are high and the products have functional groups in useful positions
for further elaboration into other systems.
33 z

The trienic acetal (42) was cyclised using the benzene-stannic

chloride method to give tricyclic products in about 50% yield, and were

shown to consist c¢f a mixture of the trans,trans,trans ('natural')

isomers (43). The crude cyclisation mixture was subjected to degrada- _
tion of the side chain, followed by oxidation of the resulting alcohols

to the ketones (44) and (45).

HO

42 43

H
\ H H
45
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In order to increase the nuclecphilicity of the double bond and at the
same time introduce an angular methyl group betwéen rings 'A' and 'B',
using steroid terminology, the homologue (46) of the trienic acetal
(42) was prepared.35

As expected the cyclisation was observed to be significantly
faster and the yield of fully cyclised product higher (62.5%) than in
the previous case. The ketone (48) obtained from (47), as above, was

reduced to the hydrocarbon mixture, (49).

The structure of (49) was compared to that of an authentic sample.
When the acetal (46) was subjected to cyclisation in nitromethane-
stannic chloride, the cyclisation took an abnormal course. The major

product obtained was the tricyclic compound (52) in 44% yield.
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This is rationalised as arising from the bicyclic cation {50), followed
by consecutive suprafacial 1,2-hydride and methyl shifts to give a
tertiary carbonium ion (51) and intramolecular reaction of this cation
with the olefinic bond.

These results probably indicate the effect of polarity or di-
electric constant of solvents on the course of cationic/’anionic reac-
tions. Nitromethane being a polar solvent would tend to stabilise ions
thereby increasing the life-time of the cations and, in this case,
allowing enough time for rearrangement to take place. Thus solvent
polarity may have an important bearing on the concertedness or otherwise

of these cyclisation reactions.
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The success so far demanded that the cyclisation of an acyclic
tetraenic acetal should be carried out. Since stannic chloride had
proved to be effective in the cyclisation of the olefinic acetals, the
cyclisation of the tetraenic acetalaﬁ, (53) was carried using this
reagent in nitromethane, benzene, methylene chloride and cyclohexane.
It was observed, that in none of these reactions was the tetracyclic
compound produced in»10% yield. The reaction was observed to proceed

better in pentane in which the yield was estimated to be about 3C%.

Degradation of the hydroxy ethvl side chain and oxidation of the epimeric
alcohol of (54) gave the same ketone (55) which was reduced via Wolff-
Kis hner reduction to the hydrocarbon (56), the constitution of which was
proved by comperison with an authentic sample synthesised by another

method.36
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E ALLYLIC CATION INDUCED CYCLISATICNS

The difficulties encountered with the solvelysis of primary p-
nitrobenzene sulphonates as a method of generating incipient cationic
sites for promoting cyclisation, are thought to be caused by the condi-
tions of solvolysis which are vigorous enough to premote undesirable
side reactions.31 The allylic system was soon found to provide a
relatively stabie, hence easily generated cationic site, stabilised
under appropriate conditions until it finally reacts completely with
the olefinic bond. The objectives were soon realised in the investi-

gation of the following systems.37’38

(1) ‘ H H
(1 - o
H
57

58 59

The stereoselective formation of the syn isomer (58) in the
cyclisation is rationalised by a rapid ionisation to the allylic cation
A (Fig. xiii) followed by a synchronous ring closure and attack by o
nucleophile, (see B). An alternative stepwise process was also thought
feasible, This involves formation of the bicyclic secondary cation C

which undergoes preferential eguatorial attack by the nucleophile.
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Fig xiii

It was also suggested that the cyclisation could be synchronous with

the ionisation of the allylic system.

H
N --OH
(11) — =
H
60 6l 62 .

The dienol (61), madeBg by the action of methyl lithium on the
dienone {60) has also been cyclised by treatment with formic acid to give
the bicyclic alcohol (62) in almost quantitative yield.

63 64

(111)
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The diencl (63) which has the tetramethylallyl function has been
converted to the cyclohexanol derivative (64) in ;xcellent yield.

The foregoing demonstrates initiation of cyclisation by the cyclo-
hexenyl cation, e.g. (57)—(58) + (59), cyclopentenyl cation, (61)—m
(62) and tetramethyl allyl cation, (63)—a (64).

These various allylic systems have been used to initiate cyclisa-
tions that have produced polycyclic products, some examples of which are

given below.

(1) Initiation by the Cyclohexen vl Cation.

Extension of the observations from cyclisation studies of butenyl
37 . . . 4]
cyclohexenol system™ (57) has resulted in the cyclisation of trienol
(65) affording the tricyclic products (66) and (67) in good yield (94%).
The cyclisation was stereospecific since the products were separated and
found to belong to the same stereochemical series having the 'natural’

anti,trans configuration.

67
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The alcohol {67) when further treated with formic acid gave the mixture
of olefins (66). Conclusive proof of the tricyclic product structure
was obtained by conversion of the olefinic mixture on hydrogenation

over platinum oxide in acetic acid into a mixture of approximately equal
amounts of two saturated hydrocarbons one of which was identified as dl-

fichtelﬂbdo (68).

68 69

It appeared that these products arose from the primary product of
cyclisation, (69) by conventional carbonium ion transformations. The
cyclisation proceeded quantitatively and stereospecifically via this
cyclic cation. It deces seem then that the formation of this cation
does not involve the intermediacy of any isolakle bicyclic compound.
The process is either synchronous or it proceeds via cationic inter-
mediates that do not deprotonate prior to cyclisation.

Another example of a cyclohexenyl=cation initiated cyclisation of

interest is that of tetraenol. (70), which in stannic chloride in nitro-
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ethane at -78°C underwent cyclisation to give the D-homostercidal com-

pound (71) with A/B cis-ring system in 60% yield,

—

I.-...

70 n

The stereospecific formation of cis-fused ring system arises from the
known preference for a cyclohexenyl cation to react with a nucleophile

sc as to form a pseudoaxial bond as depicted in Fig. xiv.

H
— i '_—v
¥
Fig xiv

(i1) 1Initiation by the Cyclopentenyl Cation.

Following the successful cyclisation of the butenylmethylcyclo-

3 2 . . .
Peﬂenol 9’ (61), this method was exiended to the cyclisation of the
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38’42, (72) using stannic chloride in nitroethane at -80°,

tetraenol
A tetracvclic hydrocarbon (73), was produced in 70% yield. Ozonolysis
of the latter afforded the triketo aldehyde (74) in 65% yield. The
five new assymetric centres generated were still retained. The tri-
keto aldehyde, (74), was converted through a double intramolecular
aldol cycledehydration to racemic 16,17-dehydroprogesterocne, (75)

This represents the first example of a steroid synthesised by biomimetic

polyene cyclisation.

The tetraenol, (72), was found to be very susceptible to dehydration,
a sample in methylene chloride (probably containing a trace of acid) was

completely converted into the pentaene as shown by spectral data.
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This scheme has been modified to produce 19-nor steroid, (79),

with interesting mechanistic results.

The cyclisation of the tertiary alcohol, {72) and the secondary alcohol,
(77), have been shown1 to proceed via different mechanisms. (77)
cyclises faster than (72). The tertiary alcohol was observed to undergo
rapid dehydration to an isolable hydrocarbon containing the cyclopenta-
diene molety capable of reversible protonation by the acid catalyst to
regenerate the cyclopentenyl cation which then undergoes cyclisation.
This was demonstrated by deuterium incorporation (CF3C02D) in ring A of

(75) whereas no deuterium incorporation was observed when {(77) was

subjected to the same conditions.
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(iii) Initiation by Tetramethylallyl Cation.

Following the successful cyclisation of the dienol (63), the
behaviour of the tetraenol43, (80), was examined with the hope that its
cyclisation would lead to tricyclic compounds. The isopropylidene

group could then be oxidatively cleaved to the keto group.

(a) R.ltme..gzﬁou
(_b) gt::l)“., Rng&

A methylene chloride solution of (80) at -78° was treated with tri-
fluorcacetic acid for 5 min. This was followed by treatment with
lithium aluminium hydride to effect cleavage of the resulting trifluocro-
acetates, Analysis of the product showed an epimeric mixture of tri-
cyclic alcohols (8la and 81b) as the major products obtained in 23 and
29% yields respectively. The configuration of the ring fusion of both
epimeric alcohols was proved by comparison to authentic products {cf.
(83) — (82)) and the tricyclic material appeared to belong exclusively

to the trans,anti,trans stereochemical series.




.

A hydrocarbon fraction cbtained along with these tricyclic products was
found to contain mainly the pentaene resulting from dehydration of (80).
When this was subjected to the cyclisation conditions, only trace amount
of tricyclic products were obtained. This is in contrast to the observ-
ations in the cyclisation of the tertiary alcohol (72), where such de-
hydration products were isclated and made to cyclise under the same con-
ditions., When cyclisation was carried out using deuteriotrifluorcacetic
acid, there was no deuterium incorporated inte the tricyclic products

as shown by mass spectrometry. This rules out the intermediacy of any
partially cyclised olefinic products capable of cyclising to the final
product, This observation compares favourably with the observed behaviour
of enzymic cyclisation of squalene oxide.7 This approach has been used
to synthesise dl—serattenediol4d, a pentacyclic triterpenoid having a
seven-membered C ring, and nine assymetric centres.

Some more examples of cyclisations initiated by the tetramethyl-—
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allyl cation will be mentioned in connection with other aspects of

pelyene cyclisations below.

FORMATION OF FIVE-MEMBERED RINGS

Five membered rings occur frequently in natural products, especially
in steroids, it is therefore important that systems that would form the
ring system be found.

Since the acetals proved generally more successful than their
corresponding sulphonate esters, the acetal (84) was subjected to cycli-
sation expecting that a 6/5 ring systeﬁ would be formed., Surprisingly,
however, only polymeric material was cobtained under the same conditions
that the isomeric material with terminal double bond had given good
yields of a 6,6 bicyclic system.

The cyclisation of the tetraenols™> (85) and (86) with terminal
isopropylidene group have also been investigated. We have already come

across the cvclohexenol initiator, (70), where a cis A/B ring fusion

was observed.

As in the case of the allylic alcohols, it is expected that tetra-

enol (85) and (86) would afford a cis,anti,trans,anti,trans system

derived from carbonium ion (87).
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The tetraenol, (85), was first treated with trifluorocacetic acid
in methylene chloride at -78° for 4.5 h. A mixture of hydrocarbon and
trifluorocacetate was produced. Treaitment of the crude product with
lithium aluminium hydride in ether afforded a mixture of hydrocarbon
and alcohols., Separation of products by chromatography showed the
hydrocarbon fraction to be largely (88) (36%) among other possible

isomers obtainable from cation (87).

Cyclisation of tetraenol (86) with stannic chloride in methylene

chloride at -78° afforded 33% yield of a hydrocarbon fraction identical

with (88). The major product (88) is produced from the cation (87) by
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a 17a-20 hydride shift followed by a 13B ~17Bf methyl migration and
finally the loss of l4a proton. It has not been possible to trap the
cation, (87), prior to rearrangement.

A more successful method of introducing a five-membered ring is

via the use of the styryl terminating group.

+
h .
/ H
_ B
I
r Ph
TG +
A
i
Fig xv c

As depicted in Fig. xv, the partial structure A cyclises preferen-
tially to a trans 6/5 ring system in which the more stable benzylic
cation B is formed instead of a homobenzylic cation C which would have
led to the formation of a 6.6-ring system.

The trienol (89) in dichloromethane and trifluoroacetic acid was
efficiently cyclised to give the bicyclic carbinol (90) with a trans

6/ 5 ring system.
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Ph. ~  Ph

89

‘ The effect of the nucleophilicity of the double bond of the
styryl terminator can be varied depending upon the nature of the cubsti-
tuent on the aromatic ring.
The system {91) was chosen for study, successful cyclisation of

which would yield the steroid nucleus, e.g. {93).

oH
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When Ar = CéHs_ cyclisation with trifluorocacetic acid in dichloromethane
at -50% ~25° gave yields of tetracyclic material of the order of 70%.
With Ar = p-CH,.C/H,- the yield increased to 75%.  When Ar = p-
CH30.06H4* the yield was very poor. The highly nucleophilic double

bond in this case might be reacting with the acid present in the medium.
The best yield (81%) of tetracyclic product was obtained when Ar =
naphthyl.

The structure of (92) was established by hydrogenation of the
olefinic bond, oxidation to the 20- keto compound, Baeyer-Villiger
oxidation, hydrolyslis of the ester and finally oxidation to the known
androstanone (93)

The styryl terminator57 has been found to be more stereoselective
than its phenyl-acetylene counterpart4?, (termination of polyene cyclisa-
tion with terminal acetylenes will be discusced shortly). In the latter
case about 20% of 13 a isomers having the unnatural C/D cis ring junc-
tion have been rEported46, whereas 1n the corresponding styryl terminators
it has been less than 2%. Even that 1s thought tec arise from a small
amount of contaminant in the cyclisation substrate having the Z-con-
figuration in the trisubstituted olefinic bond, otherwise it could be

100% sterecoselective.



F PARTICIPATION OF ACETYLENIC BONDS IN POLYENE CYCLISATIONS

Double and triple bonds have been shown to assist solvolysis of
sulphonate esters with concomitant ring formation. Several examples
of the latter have been discussed earlier in Section 3 C,

Peterson and Kamat48 have reported the formolysis of the acetylenic

p-toluene sulpheonate, (94), to give both five- and six-membered ring

compounds in ratio 5: 3.

o M fj,oa jE°R

94 | |

These results prompted the investigation of the possible participation
of the acetylenic bonds in biomimetic polyene cyclisations.

The first example investigated49, (95), is similar to the tetraenol,
(80), except that (95) has a triple bond where the former has a tri-
substituted double bond., The cyclisation of the trienynol, (95), could
be expected to go wvia the vinyl cations A or B, depending upon whether

there would be preference for five- or six-membered ring formation respec-
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tively. If cyclisation continues further in both cations, cation A
would give cation C, whereas cation B would lead to cation D, which
would have the lanosterol type A/B/C ring system with an olefinic

bond at the 8,9 position. Cation C would then lead to a trans-fused

0 -

WS

H
B

Fig xvi D

hydrindan system, Fig. xvi. When the trienynel (95) in dichloromethane

at -70°C was treated with trifluoroacetic acid for 5 min a single major
component, (68%), was obtained. The product was identified as (96)
and no product arising from cation B was isolated. Ozonolysis of (96)
gave a diketone, {97), shown to be identical to an authentic sample

synthesised by another route.“oumgn
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- Having established the preference for a five-membered ring forma-

tion, attention was turned to the cyclisation of a simpler system viz,
the dienynol4éa, (98), with a methyl group attached to the acetylenic
residue. The cyclisation procedure was modified somewhat in order to
supply an appropriate nucleophile to react with the intermediate vinyl
cation.

One successful procedure consisted of stirring a solution of the
substrate in pentane with excess formic acid (two phase system) for
15 min at ?30, giving the encl formate, (99), in 90% yield.

The vinyl cation E proved to be very reactive and when it was
generated in various solvents, each solvent acting as a nucleophile,
trapped the cation and gave the compounds (99) in formic acid, (101)
in acetonitrile, (102) in‘benzene, (104) in nitroethane, (105) in iso-
hexene, (106) and (107) in dichloromethane.

When the dienynol (98) was cyclised with trifluoroacetic acid in
dichloromethane53 at —780, the cyclisation resulted in exclusive forma-

tion of the six-membered ring chloride (107), This can result from a



- 52 -

Wagner —Meerwin rearrangement of cation E to cation F, which then

abstracted a chloride ion from the solvent {Fig. xvii ).

t
- cl
—— — N
: ; + [emacl]
H H H
E F 107
Fig xvii

Only a very small amount of product derived from unrearranged cation E
was obtained, Failure to trap this cation is rationalised in terms of
the very poor nucleophilicity of the solvent, thus cation E is able to
equilibrate to cation F which then abstracted chloride ion in a relatively
slow process. There is preceden5951 for abstraction of chloride ion
from dichloromethane by the l-norbornyl cation. The relief of strain
in the conversion of a 6/5 to 6/6 trans-fused ring system could be the
determining factor in the rearrangement of these cations and the course
of the reaction. The foregoing observations have been used to achieve
total synthesis of a numbgr of natural products, mostly steroids.

The trienynol, (108), has been converted in 65% yield to dl-
pregnone, (109), which in turn was readily transformed into dl-proges-
terone 2 (110).

When the trienynol (108) was treated with trichloroacetic acid in
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108

2-nitropropane, the oximino ether, (111) was obtained, {cf. 104) which
was converted to the diol, (112) by reduction with lithium aluminium
hydride. Periodate cleavage converts the diol to the corresponding 17-

keto compound which then converted to the benzoate, (113}.53

O- H:C.(C. H3]?_

(CHa),CHNOy
108 C ol

claccoH

=

OCDCGHE)
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In order to introduce the steroid side chain, the vinyl cation
from (108) (cf. 105) has also been trapped with isohexene and the
resulting compound isclated in 30% yield.

Another substrate which proved useful for the synthesis of stercids
is the cyclopentenol, (114), R = Me, which gave the ketone, (115, R =
Me) on cyclisation. The ketone (115) was subjected to ozonolysis,
followed by intramolecular aldol condensation to give racemic form of

progesterone in 80% yield.53

N
QL) s
——l
leH, CH, el
OH | L

-1 %
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The 19-nor progesterone has been synthesised from trienynol
(114, R = H) by a similar route. 1l-substituted steroids55 have also
been synthesised. Prior to the investigation of the participation
of acetylene-side chaingas a route to stereoselective method for steroid
ring D annelation, Lansbury et 3156 had investigated the intramolecular

alkylation of vinyl chlorides, {116) for example, in 2 bid to achieve

the same goal.

116

This involves generation of rigid bicyclic carbonium ion inter-
acting with the vinyl chloride side chain in an equatorial position.
Two tricyclic products were obtained in ratio 2:1, (117) and (118)
respectively. The compound (118) has the unnatural C/D cis ring
systems The stereochemistry of the trans-isomer was confirmed by an

independent synthesis.

This investigation led on to the use of equatorially placed acetyl-

&b i : .
enic5 side chains in place of the geometrically dissimilar but chemi-

cally equivalent chloro-olefin side chain mentioned above.
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TFA/
—_— -
TFAA

In the cyclisation of (119), two products (121) and (122) are obtained
in ratio 4: 1. This is in contrast to the results obtained so far where
only trans products have been obtained in accordance with the Stork-
Eschenmoser hypothesis. This particular example which involves forma-
tion of only one ring is surprisingly not stereospecific, Another
example involving the non-stereospecific participation of the acetylenes
was obtained with the cyclisation of a substrate with a phenylacetylenic57
terminator. It was thought that this could react in analogous way to
the styryl terminator described earlier.

A solution of (123) in dichloromethane was added to trifluorcacetic
acid in dichloromethane containing ethylene carbonate at -45° and mixture

stirred for 45 min. Treatment with methanolic sodium hydroxide resulted
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in isolation of tetracyclic ketones ( ~80% yield). The formation of
the 13a C/D cis compound (125), ~20%, among other compounds was
not expected, Thus it appears that in each cyclisation involving
acetylene participation, there has been formed morz or less of this
unnatural isomer. The solution to this precblem is that already dis-
cussed involving termination with the styryl side chain.47

The use of the trimpthylsilylacetylenic group as a terminator
has also been investigated by Johnson and co—workorssa, with interesting
results too. So far we have come across examples where the acetylenic
bond has reacted to form a five- in preference to six-membered ring.

The trimethylsilyl substrate (127) underwent acid-catalysed cyclisation
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in the presence of ethylene carbonate to give the D-homosteroldal ketone,
(128), in 92% yield after treatment with water. There was no evidence

of product resulting from five-membered ring D closure.

127

J[ ﬁ
128 |

It appears that the ring closure proceeded via cation G which is

said to be more stable than the alternative cation formed from the five-

membered ring in which the positive charge would be on the carbon bearing
the trimethylsilyl group. Nucleophilic attack by water on {(H) converts

it to the ketone (128) which was converted by hydrogenation to the

; 59
known D-homoandrostanone.



G CATIONIC CYCLISATION OF ALLENES - ~ 1’5,_ 
Allenes are known to be reactive in electrophilic additions, it
is expected that they may also lead to stable allylic cationswhich could

be useful initiators in syntheses of mono- or polycyclic molecules.

HCF

OCtH,LFy

130 . 131

Solvolysiséo of {129) in acetic acid at 60° gave mainly the starting
._alcqho;, whergas in the less.ppcleoph}lic 2{2,2-trifluoroethanol a
high yield.éf cyciisation products was obtained mainly equal mixtures
of the trifluoroethy) ethers {(130) and (131). This observation con-
stitutes cyc}isation.involving-a §5allenyl cation system.

Harding et l61 have reported cyclisation involving a Y-allenyl

cation s?sﬁem, (132),

el

= T 134
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Treatment of (132) with anhydrous formic acid gave after hydrolysis

(133) (70%). Treatment of the corresponding kefone, prior to reduction
to (132), with acetic anhydride /acetic acid with perchloric acid or
with trifluorcacetic anhydride;/trifluoroacetic acid resulted in forma-
tion of the diketone, (134) in 66 and 74% yields respectively. This
also demonstrates the preference for six-membered ring formation. It

is however, reported that when the allene is substituted with two methyls
on the terminal carbon, good yields of five-membered ring products are
obtained. The products (133) and (134) are probably formed via these

cations: J - L (cf. I) (Fig. xviii).

Johnson and co-workers have however, investigated an example of the

latter case60 involving cyclisation of (135).

137 138
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Treatment of (135) with stannic chloride in dichloromethane gave (136)

(X = C1) as major product. When trifluorcacetic acid in dichloromethane
was used for cyclisation a mixture of (136, X = OH) and (137) was
obtained. Both were oxidatively degraded to the known keto diester,

(138), thus establishing a trans-fused 6/ 6 ring system.

H OTHER INITIATION METHODS OF CYCLISATION

Following the cyclisation of polyolefins by proteonation of the
‘terminal double bond, accompanied by concerted or non-concerted inter-
action of other double bonds, it became feasonable that similar cycli-
sation may be induced by the addition of any electrophilic cation of
the type, X*- to the terminal double bond. Electrophilic additions
of bromine, mercuric acetate, nitrosyi chloride etc. to olefins are
known and such additions are rationalised to involve X+ and Y ions.

In cases where Y 1is non-nucleophilic, it is reasonable to suggest that
corresponding cations could be useful in polyolefin cyclisation,

+
Olah et a1 have studied reagents of the type X /MetHaln

where X =R, Rco', N02+, etc. and Met= Sb, B, As and Hal = F, Cl.
They also showed the use of these reagents as powerful agents for

aromatic substitution, but more relevant to our cause showed that they

could be used for initiating polymerisation of olefins.
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Semenovsky64 applied this idea to the cyclisation of trans

geranyl acetone, (139), and cis-isomer, (140).

H
| M5O BF, ;
141
139 H R= CHsCO
ll I i I o H 3C0+BF5-
140 142

The stereochemistry of the ring Junctions of (141) and (142) is assumed
on the basis of similar results obtained by proton catalysis. Yields *
of bicyclic products are in the order of 35% in each case.

+ -
Other acyl cations, RCO BF (R = C_H 1-C H, etc.) were also

4 53 3

+ -
found feasible. Alkyl cations e.g. CH,OCH EF4 (from CH

3 5 OCH2C1 +

3

AgBF4) were also used in the cyclisation of trans-6,7-geranyl acetone

giving (143) in 955% yield.
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.Ring closure involving cations like RS has also been reported65 in

which the geranyl ester (144) was cyclised using CéHﬁsBF4 in nitro-

methane at -25° giving the monocyclic product (145) in 57% yield.

L

CO,CH; | CoHgs CO CH
A
w0 T
I BROMONTIUM TON AS INITIATOR

In his studies concerning the terminal oxidation of sesqui- and
27 . .
higher terpenes”’ using N-bromosuccinimide (NBS) in aqueous glyme or
tetrahydrofuran, wvan Tamelen62 found that terminal monohalogenchydrins
were the major products but in the particular case of methylfarncsate

{146), therc were produced concurrently an isomeric mixture of blcyclic
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bromoesters, (147) obtained in 12 - 15% yield.

OyMe Co,Me

Fig xix

The cyclisation seems to involve ring formation of an initially
produced terminal bromonium ion M which is capable of c¢cyclising to the
bicyclic cation, Q (Fig. §ix) in a synchronous process. There is the
possibility that the monocyclic cation, N is formed, but proceeds to
the product before it could deprotonate or assume a different conforma-
tion.

i . 26a s i d : i
Nasipuri and Chaudri dlso obecerved a similar bromonium-ion-



initiated cyclisation of the compound (148) in its reaction with NBS,

when 10% of (149) was obtained also as a by-product.

OMe

148

J MERCURIC-ION AS INITIATCR

Julsa’r®®

has investigated the mercury ion and proton induced
cyclisation of various olefinic systems obtaining the same stereochemical
results already observed via other methods.

Treatment of the triene, (150), with an equivalent amount of

mercuric acetate in formic acid for 10 min at 6° gave the monocyclic

compound, (151), in 90% yield after treating with sodium chloride., De-

150 15}
a X=HgCl, R CHO
b X=Hgcl, R=H
c X=R=H
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mercuration of (15la), followed by cleavage of the formate ester with
lithium aluminium hydride afforded (15ic) in quantitative yield. Treat-
ment of (151a) with sodium carbonate affords (15ib) in 90% yield after
recrystallisation.

The formate, (15la), is dissolved in minimum amount of THF and
treated with formic acid over 1% h at room temperature. A mixture of
products was obtained, but consisted mainly of the monocyclic compound,

(152) (50%).

Cl

152

The more polar fraction contained a mixture of (153a) and (153b).
[jl.ansbury56 had identified the four isomers (153a-d), Cyclisation of
(151c), however, gave the four isomers with {153c) and (153d), the

major components obtained in 75% yield. The cyclisation is certainly
noen-stereoselective. The mercuric ion probably co-ordinates the terminal

olefinic bond in more or less the same way the bromonium ion is formed.
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Only one ring is formed, at least in this example, and it appears that
a proton source is required for complete cyclisation to take place via

the intermediate alcohol.

K KETENE THIOACETALS AS INITIATOR

i . .
Ketene thioacetals6 “ {vinyl sulphides) are known to be capable of
protonation to form cations which are more or less synthetic equivalents
to acylium lons. These cations can be trapped with external or internal

nucleophiles and Andersen et 167b have shown that the cation from a

ketene thioacetal can be trapped intramolecularly with a double bond to
form a single six-membered ring., The ketene thioacetal (194) was cyclised

using trifluorcacetic acid in trifluoroethanol (1: 10 respectively) at

0°. The product was the compound (155) which was immediately subjected

O

A CFaycH,0H Co.CO0s
: ‘ CHacN H
156
154 155

to hydrolysis with HgClz, CaCO3 in aqueous CH3CN to the known67c ketone

(156) as a mixture of cis and trans isomers in ratio 1: 2 in 55% yield
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after distillation.

Cyclisation of the ketene thicacetal, (157), was also effected

with TFAf’CFSCHQOH to (158) in 76% yield after chromatography, hydrolysice

of which afforded the diketone (159) in 89% yleld.®"d

. SiMe
SiMe, - é
Il M
l
o —_—
7 L —
15 : l

159 %; 158

The cyclisation probably invelves cation P, as in the cyclisation of
compound {127) where the trimethylsilyl acetylene group was used as a

terminator.sg

L NITRILIUM ION AS INITIATOR

Hill and Conleyéga had observed the cyclisation of the isomeric
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nitriles, (160) and (161) in polyphosphoric acid to give the same product,

(162).

o N
162
N
161

Under the same conditions, the nitriles (163) and (164) were cyclised,

to give the enones (165) and (]66).68b

.':L% o)
N\"/u\/ T /O
163 " 165
164 = 166

68c

F. Johnson et al ", working under milder conditions of cyclisation, used
triethyloxenium fluorcborate in place of polyphosphoric acid, heating
the reagent with the substrate without any solvent. Their most success-

ful reaction involved cyclisation of citronellonitrile, (167). The
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product contained three steam volatile components, namely, mé&hone,
(168); isomenthone, (169) and pulegone, (170) in 45, 20 and 16% yields

respectively.
N
o @) O
HOtaeth ol
167 168 169 170

An intermediate, (171), is proposed which on hydrolysis gives (168) and

(169). (170) is probably formed by deprotonation and hydrolysis of

(171).
CHa
bl-ld;j CH3z
+ H ] ﬁ?J
Ha O
S—— ..o producks |

171

Attempts to extend this to five-membered ring formation were not
successful, and the usefu}ness of this method for polyene cyclisation
ie in doubt.

The most promising of these other metheds is probably the ketene
thicacetal method of initiating cyclisation. The yields are high and

looks easily adaptable to formation of four rings with functional groups
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at strategic places.

In all the methods described so far, the synthesis of the sub-
strates has not been described for brevity. The recipe for the syn-
thesis of each compound is appropriately documented in the respective

papers.
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69,70

SECTION 4 - MECHANISM OF POLYENE CYCLISATION.

In the course of this report, it has been possible to build up
a catalogue of reactions involving diverse substrates under varying
reaction conditions to give products of similar and/ or dissimilar
stereochemical relationships. Of particular interest is the high degree
of ring fusion stereoselectivity observed in these non-enzymatic cycli-
sationss The full mechanistic basis of these cyclisations has still
not been fully understood even with the help of the Stork-Eschenmoser
hypothesis in a number of cases. They had postulated a synchronous
reaction in which all bonds involved in the formation of the polycyclic
system are made and broken at the same time (Fig. i).

Johnson has also suggested another mechanism involving the intex-
mediacy of bridged ions, the stereochemistry of which is preserved by
back side ring opening, (Fig. xx).
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Another view is the involvement of classical alicyclic carbonium
ions. For this type of mechanism tc account for the observed stereo-
selectivity, it is necessary that any alicyclic cation formed does not
underge ring inversion before cyclisation and that electrophilic attack
on the double-bond must occur with a high preference for formation of an

equatorial C-C bond formation (Fig. xxi).
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Fig xxi

It is possible that we require all of these mechanisms to explain the
examples already observed for not one of them alone is capable of explain-
ing all of the observed phenomena. Johnson31 proposed involvement of
'bridge~ion' intermediate in connection with solvolytic cyclisation of

sulphonate esters which was shown to be anchimerically assisted, whereas
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in the acetal and allylic alcohol cyclisations, such ions are not
involved.

To account for the involvement of alicyclic cations, it was
further suggested that conformational inversion of intermediates may be

a slow process with respect to rate of cyclisation.
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In the cyclisation of acetal (172), to form the cis-decalin system, (173),
cation Q can only give rise to the observed products if conformational
inversion did not take place before cyclisation.

In the proton catalysed cyclisation of itrans- and cis-desmethyl-
farnesic ester (28) and (30) respectively the same trans product, (29),
was obtained. This result ruled out a concerted trans-addition of
double-bond. The alicyclic cation, R may be a possible intermediate,

and as mentioned earlier the carbomethoxy group may be responsible for






