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I N T R O D U C T I O N

Plants, f ungi and c o r a l s  have p r o v i d e d  a rich

source of n a t u r a l l y  o c c u r r i n g  c o m p o u n d s  w hose o c c u r r e n c e ,  

s t ructural e l u c i d a t i o n ,  and b i o g e n e s i s  have p r o v e d  of g reat

interest to the o r g a n i c  chemist. H i s t o r i c a l l y ,  it was the 

high p r o p o r t i o n  of terpenes, p a r t i c u l a r l y  the s e s q u i t e r p e n e s ,  

in e s s e n t i a l  oils of plants that first c o m m a n d e d  attention.

In 1895 C h a p m a n  i s o l a t e d  a s e s q u i t e r p e n e  from oil of hops

which he d i s t i n g u i s h e d  from c a r y o p h y 1 1 ene by the p r e p a r a t i o n

Qf a n u m b e r  of d e r i v a t i v e s  and sugge s t e d  the name humulene.

The s t r u c t u r e  of h u m u l e n e ,  however, r e m a i n e d  a m y s t e r y  for

fifty years. Later work showed it to be m o n o c y c l i c  

and to p o s s e s s  t h r e e  double b onds which were not in c o n j u g a ­

tion.^ ^ The p o s i t i o n  and s t e r e o c h e m i s t r y  of the double 

bonds were then d e d u c e d  by d e g r a d a t i v e  e x p e r i m e n t s  and 

analysis of n.m.r. s p e c t r o s c o p i c  data, w hich p l a c e d  t h e m  as

e n d o c y c l i c  and all t r a n s .^ ^ The struc t u r e  of h u m u l e n e  was

c o n f i r m e d  as (1) by X-ray a n a l y s i s  of the b i s - s i l v e r  n i trate
7a d d u c t .

The o c c u r r e n c e  of h u m u l e n e  (1) (also called ot —

h u m u l e n e  and in the older literature, a - c a r y o p h y 1 l e n e ) is
0

w i d e s p r e a d  in N a t u r e ,  as is its isomer, y - h u m u l e n e  (2).

One of the richest natural sources of h u m u l e n e  is oil of hops
9from w hich the e p i s u l p h i d e s  (3) and (4) are also isolated.

T hese are thought not to be n a t u r a l l y  o c c u r r i n g  compounds,

but to a rise when the hop p lant is h e a v i l y  d r e s s e d  with

flowers of sulphur to control mildew.

Many o x y g e n a t e d  d e r i v a t i v e s  of h u m u l e n e  exist;



h u m u l e n e - 1 ,2-epoxide (5), h u m u 1e n e - 8 , 9 -epoxide (6), 

h u m u l e n e - 4 ,5 -epoxide (7), h u m u 1e n e - 1 , 2 - 8 , 9 - b i s e p o x i d e  (8),

II (1 1 )"^^ are all w e l l  d o c u m e n t e d  compounds. In recent years,

many new humulene d e r i v a t i v e s  have been isolated from various

sources. The novel alcohol (12) was found in the aerial

parts of H e l i c h r y s u m  c h i o n s p h a e r u m . It was a l s o  isola t e d
12from Lychophora col u m n a r  i s , ^ t o g e t h e r  with the acid (13)

and the related c o m p o u n d s  (13)-(18). The r e a r r a n g e d  acid (19) 

isolated from the s a m e  source is t h o u g h t  to arise from re-

2 .

have been isolated f r o m  T o r ilis s c a b r a .

Zerumbone (22, and zerum b o n e  epoxide (23) d i s p l a y  

plant growth p r o m o t i n g  activ i t y  a s s o c i a t e d  with the cross- 

c onjugated ketone g r o u p i n g .  As m i g h t  be e xpected, z erumbone 

epoxides (24) and (25) and zerumbol (26) also d i s p l a y  this

activity but to a l e s s e r  degree. The a n a l o g o u s  y h u m u l e n e -

3-one (27) was r e c e n t l y  isolated from Ciner a r i a  f r u t i c u l o r u m ,
15together with its d i h y d r o  d e r i v a t i v e  (28).

The first s e s q u i t e r p e n o i d  lactone b a s e d  on the 

humulane skeleton, c a lled a s t e r i s c o n o 1 ide A (29), has been 

isolated from A s t e r i s c u s  a q u a t i c u s  , along with its three con'

(30) , C (31) and D (32) The c o n f i gu r a t i on a 1 / c o n f o r ma t iona 1

isomers are quite s t a b l e  and are not i

The numbering s y s t e m  used in this thesis is a c c o r d i n g  to 
I.U.P.A.C. r u l e s  based on h u m u l e n e  as a tetramethylcyclo- 
u n d e c a t r i e n e . It should be n o t e d  that S h i r a h a m a  e t a 1 .
prefer to use a n u m b e r i n g  s y stem for h u m u l e n e  based on 
its derivation f r o m  farnesyl p y r o p h o s p h a t e .



3 .



R = CH^OH (12)
R = CO^H (1 3)
R = CH^OAc (1Í+)
R = CHO (15)

4 .

R = Ac 
R = H

(20)
(21)



(3 1 )



G .

common solvents at r o o m  temperature. However 

A (29) is i r r e v e r s i b l y  c o n v e r t e d  into a s t e r c o n o l i d e  C (31) 

on melting. An i n t e r e s t i n g  feature of (29) and (31) is the 

cis c o n f i g u r a t i o n  of t h e  double bond.

The b i o g e n e s i s  of h u m u l e n e  (1) was p r o p o s e d  initi
1 7Isoprene Rule and s u b s e q u e n t  em- 

18
in terms of the

18b e l l i s h m e n t s  were l a t e r  added. T h u s  the d e r i v a t i o n  of h u m u ­

lene is viewed in t e r m s  of c y c l i s a t i o n  of farnesyl p y r o p h o s p h a t e  

(33) and d e p r o t o n a t i o n  of the i n t e r m e d i a t e  cation (34). The 

related s e s q u i t e r p e n e ,  c a r y o p h y l l e n e  (35), can arise by further 

c y c l i s a t i o n  and d e p r o t o n a t i o n  and t h i s  seems reaso n a b l e  in view 

of the fact that t h e s e  two c o m p o u n d s  normally coexist in Nature.

ive s y n t h e s i s  of m a c r o c y c l i c  rings. The first
19

Before p r o c e e d i n g  to consi d e r  the chemi s t r y  of

humulene, it should b e  noted that t h e r e  are now six total

syntheses of the c o m p o u n d ,  r e f l e c t i n g  a g r o wing 

the

synthesis of h u m u l e n e  was reported b y  Corey,*' the key step

being the i n t r a m o l e c u l a r  c y c l i s a t i o n  of the 1 , 1 1 - d i b r o m o -

2 , 5 , 9 - u n d e c a t r i e n e  d e r i v a t i v e  (36) with nickel carbonyl to

give the cis i s o m e r  of h u m u l e n e  (37) . Irrad i a t i o n  of

(37) at > 350 nm in t h e  p r e s e n c e  of diphenyl d i s u l p h i d e  gave

all trans humul e n e  (1) .



(36) (37)

(38)

This m e t h o d  of nickel c a r b o n y l - i n d u c e d
2 Owas also e m p l o y e d  by Vig e^ iri which t h e y  a c h i e v e d  the

all trans c o n f i g u r a t i o n  in the dibromide (38) prior to

c y c l i s a t i o n .
^ . 21 , ^A more s t e r e o s e l e c t i v e  synthesis uses an e l e c t r o ­

s t a t i c a l l y - d r i v e n  c y c l i s a t i o n  by a iT-allyl p a l l a d i u m  complex 

to form a f u n c t i o n a l i s e d  eleven membered ring (39) (Scheme 1).

The A double b o n d  is introduced r e g i o s p e c i f i c a 1 ly via an

o x e tane ring which is o p e n e d  by an o r g a n o - a l u m i n i u m  reagent 

involving a cyclic s'^n elimi n a t i o n  process to give the 

c o r r e s p o n d i n g  a l l ylic alcohol (40), which can be r e d u c e d  to 

h u m u 1 ene (1).
2 2McMurry et al. have reported a s h o r t  and efficient 

synthesis of humulene. This employed the t i t i a n i u m - i n d u c e d  

dicar b o n y l  c o u p l i n g  of the k e t o -a 1dehyde (41) as the key step.



V I X ,Vlll

Reagents : i NaH
ii tetrakis (triphenylphosphine) palladium , HMPTA , 

1,5-bis (diphenylphosphino) propane 
iii LiAlH,

V K-tBu O 
vii Me^S-NCS-Et^N

iv _£-TSA , py 
vi Et^AlNMePh 

viii tosyl hydrazine



rCKCp)^

Scheme 2

i ^ 3 )

Reap;ents : i ^-BuLi
ii oxalic acid 
iii Me^SiCN

(1)

iv l8-crown 6 , PhCH^N Me^F 
V ethyl vinyl ether , H 
vi NaN(SiMe^ ) 2  

vii _£-TsOH ,MeOH 
viii NaOH Scheme 3



lo .

A n o t h e r  s y n t h e s i s  has been r e p o r t e d  w hich p e r m i t s
2 3the s ynthesis of h u m u l e n e  and its d e r i v a t i v e s  (Scheme 3). 

A d d i t i o n  of the aldehyde (42) to a m e t a l i s e d  imine p r o d u c e d  

a m i x ture of E- and ^ - e n a l s  which were s e parated. The pure 

E - e n a l  (43) was c o n v e r t e d  to the p r o t e c t e d  c y a n o h y d r i n  (44) 

w h i c h  c o u l d  then be c y c l i s e d  and h y d r o l i s e d  to the Icetone (45) 

a n d  thence to humul e n e  t h r o u g h  a n u mber of c o n v e n t i o n a l  steps. 

T r e a t m e n t  of the ^-enal in the same m a n n e r  p r o c e e d e d  smoothly 

but, base treat m e n t  of t h e  c y c l i s e d  ^ - c y a n o h y d r i n  p r o d u c e d  a 

m i x t u r e  of the ^ ,E , 1 r i e n e o n e  (46) and the E ,E ,^-trieneone 

(45) .
The most r e c e n t  synthesis of h u m u l e n e  utili s e s  

g 0 X'anyl a c etate or the c o r r e s p o n d i n g  b r o m i d e  as the starting 

m a t e r i a l s . These were c o n v e r t e d  by d i f f e r e n t  means to the 

key a cetylenic alcohol (47) . H a l o g é n a t i o n  of (47) gave the 

c o r r e s p o n d i n g  halides (48) which were h y d r o b o r a t e d  and c y c l i s e d  

w i t h  tetrakis (t r i p h e n y 1p h o s p h i n e ) p a l l a d i u m  (O) to give 

h u m u l e n e  (1) (Scheme 4).
Early interest in humul e n e  c e n t r e d  on structural 

e l u c i d a t i o n  studies and o n  the f o r m a t i o n  of novel 

products. Although the l a t t e r  were m o r e  c h e m i c a l  cur 

in their time, they w o u l d  later have an i mportant b e a r i n g  on 

the mecha n i s t i c  studies o f  humulene.

The major p r o d u c t  of the r e a c t i o n  of h u m u l e n e  with
25,;sulphuric acid proved to be a c o m p o u n d  of s i g n i f i c a n t  interest.

K nown as a - c a r y o p h y l l e n e  alcohol, it p o s s e s s e s  the s y m metrical

structure (49), and was s u b s e q u e n t l y  d i s c o v e r e d  to be a
2 7natur a l l y  occurring c o m p o u n d .  The p r o p o s e d  m e c h a n i s m  for

26



11.

(U7)

(1)

i k 8 )

X = Br or Cl

\1/

Reagents : i collidene , LiCl , MsCl or PBr^ 
ii disamyl borane 

iii Pd (PPh^)^^ , NaOH , PhH

Scheme k

2 8its f o r m a t i o n  is o u t l i n e d  in Scheme 5. D e u t e r i u m  l abelling

e x p e r i m e n t s  c o u p l e d  with n.m.r. s p e c t r o s c o p y  gave d e f i n i ­

tive e v i d e n c e  in favour of this mechanism.

Further to this work three groups i n d e p e n d e n t l y

carried out a detailed s tudy of the treatment of humulene
2 9-31with v a r i o u s  acids. They showed that h u m u l o l  (50) was

the initial product, w hich then rearranged to t h e  bicyc l i c  

compo u n d  s (51) -(54). The p r o p o s e d  mecha n i s m  is summa r i s e d



12

(49)

\l/

in Scheme 6. As might have been e x p e c t e d  a-caryopliyl lone 

alcohol (49) was also found as a c o m p o n e n t  of the reaction 

mixture s .

I n t e r e s t i n g l y  the tin (IV) chloride t r e a t m e n t  of

h u m u l e n e - 8 ,9 - e p o x i d e  (6) p r o d u c e d  one major alcohol (55)
3 2which was c o n v e r t e d  to the h y d r o c a r b o n  (53). The p r o p o s e d

mecha n i s m  for this react i o n  p a r a l l e l s  the one p r e v i o u s l y  

suggested for the f o r m a t i o n  of ( 5 1 ) — (54) f r o m  acid treatment 

of humulene (Scheme 7). The carbon skeleton of (51)-(55) is



1 3

-> —

(1) (50)

(52) (55)

to that of the ;s, w h i c h  are t y p i f i e d

by m i n t s u l p h i d e  (56) , (1R , 5 R ) - 1 , 5 - e p o x y s a 1v i a 1-4) (14)-ene (57) ,

a n d  sal v i a l -4 (14 ) -en-lone (58) _ ̂  ̂  ^

Mehta and Singh reported that treatment of h u m u l e n e  

w i t h  c o n c e n t r a t e d  sulph u r i c  acid y i e l d e d  6-selinene (59) ,

b u t  could not suggest any viable m e c h a n i s m  for its formation.

R e l e v a n t  to the chemistry of h u m u l e n e  is the wor)c 
3 6of S u t h e r l a n d  who e x a m i n e d  the regio- and s t e r e o s p e c i f i c i t y  

of the c y c l i s a t i o n  of c y clic 1,5 dienes. Humulene can be

35
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HQ

(58)

HQ

Scheme_7



1 5 .

c o n s i d e r e d  to exist in the Chair Twist boat c o n f o r m a t i o n  (60)
7from the X-ray a n a l y s i s  of the b i s - s i l v e r  nitrate a d d u c t .

The CT c o n f o r m a t i o n  c a n  be v i s u a l i s e d  by c o n s i d e r i n g  h u m u l e n e  

as two 1,5 diene u nits, the first from C-3 - C-8 in a chair

c y c l o h e x a n e  (C) form, whilst the second from C-4 - C - I O  in a

twist boat (T) ring c o n f i g u r a t i o n .

The c y c l i s a t i o n  of h u m u l e n e  with N - b r o m o s u c c i n i m i d e  

gives the b r o m i d e  (61) and the tricyclic b r o m o h y d r i n  (62) in 

equal p r o p o r t i o n s . ^ ^  It was noted that the b r o m o h y d r i n  (63) 

had m a i n t a i n e d  the s t a r t i n g  CT c o n f o r m a t i o n  of h u m u l e n e  (60) .

( 6»0 (61)

The c y c l i s a t i o n  is initiated by e l e c t r o p h i l i c  a t tack 

at C-1 with the c a r b o n i u m  ion thus formed at C-2 a t t a c k e d  by 

the A**'® double bond. The double bond has b e e n  c a l c u l a t e d

to be the most r e a c t i v e  based on strain c a l c u l a t i o n s  from the



16 .

3 3x-ray study. The order of

in humul e n e  (1) towards

of the double bonds

attack is A ' > A'

> A However, it has recently been found t h a t  diimide

reduces e x c l u s i v e l y  the A ' double bond of h u m u l e n e  to give
3 94 , 5 - d i h y d r o - h u m u l e n e  (64), steric factors a p p e a r  to p r e ­

dominate in this case. The b r o m o h y d r i n  (62) was converted to 

c a r y o p h y 1 lene (35) and humulene (1) by d e h y d r a t i o n  and hydride 

reduction (Scheme 8).

Br Br

(62)

+

(1)
Scheme 3

Relevant to the work of Suthe r l a n d  is the acid-
40 - 4 2catal y s e d  cycli s a t i o n  of h u m u 1e n e - 1 , 2 - e poxide (5) , which

gives the tricyclic diol (65) analogous to the b r o mohydrin

(62). P r o l o n g e d  t reatment with acid yields the décyclisation

and rearr a n g e m e n t  products of (65), namely h u m u l o l  II (lO) anc
4 3 4 4the diols (66) and (67) . Shirahama e t a 1 . ' have since

c o n v e r t e d  h u m u l e n e -1 , 2 -epoxide to (68) as the major product



' y 2 l : ...

1 7

w i t h  t r i m e t h y 1 s i l y 1 t r i f l u o r o m e t h a n e s u l p h o n a t e . This t r i ­

c y c l i c  a l c ohol (68) was later used in a s y n t h e s i s  of

QH

(65)

H
H

OH
H

(67) (6 8) (69)

By 1965, the s t r u c t u r e s  of four
4 5m e t a b o l i t e s ,  m a r a s m i c  acid (70) , hirsut:

4 7i l l u d i n s  S (72) and M (73) , had been identified.

acid (71) 46 and

T h i s  s t i m u l a t e d  a r e n a i s s a n c e  in h u m u l e n e  chemi s t r y ,  as 

hutnulene c o u l d  be c o n s i d e r e d  to be the b i o g e n e t i c  p recursor 

of all four compounds.



The number of n a t u r a l l y  o c c u r r i n g  c o m p o u n d s  thought

to be derived from h u m u l e n e  by i n t r a m o l e c u l a r  c y c l i s a t i o n  and 

subse q u e n t  r e a r r a n g e m e n t s  has since i n c r e a s e d  d r a m a t i c a l l y  

such that there are now more than 17 d i f f e r e n t  skeletal types

Bas i d i o m y c e t e s .

The s ynthesis of the numerous c a r b o n  frameworks

and f u n c t i o n a l i t i e s  a s s o c i a t e d  with n a t u r a l l y  o c c u r r i n g  

c o m p o u n d s  derived from h u m u l e n e  has p r o v i d e d  a c hallenge for 

the organic chemist. T h e  result has been the many elegant

and ingenious synth e s e s  of p r a c t i c a l l y  every h u m u 1e n e - d e r i v e d

m e t a b o l i t e  present in t h e  recent literature. It is, however.

18 .

e s p e c i a l l y  as they have been t h o r o u g h l y  r e v i e w e d  recently.

An i n t e r e s t i n g  feature c o n c e r n i n g  the deriv a t i o n  

of these different c a r b o n  skeletons from h u m u l e n e  is that e x c e p t  

for capnellane (74) and p r e c a p n e 1 lane (75) the initiation of 

the various c y c l i s a t i o n s  is the enzymatic e q u i v a l e n t  of 

p r o t o n a t i o n  at the A** ' ̂  d o uble bond. As we have already 

seen this is the least r e a c t i v e  of the t hree double bonds 

towards e l e c t rophilic a t t a c k .  Indeed, e a r l i e r  work on the 

a c i d - c a t a l y s e d  r e a r r a n g e m e n t s  of humulene (i.e. ^n vitro 

orotonation) d e m o n s t r a t e d  that the greater r e a c t i v i t y  of

the A^'^ double bond d i c t a t e d  the chemical o u t c o m e  of the

mode s .

The emphasis in the remainder of this introduction 

is on the estab l i s h e d  b i o s y n t h e s i s  and the b i o m i m e t i c -type
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synth e s e s  of t h e s e  h u m u l e n e - d e r i v e d  compo u n d s .  At the outset 

it is impor t a n t  to a p p r e c i a t e  the c o n f o r m a t i o n a l  p r o p e r t i e s  

of h u m u l e n e  and t heir i n f l u e n c e  in the e n s u i n g  c y c l i s a t i o n  

processes. S h i r a h a m a  e t a 1 . used A l l i n g e r ' s  MMl programme 

to c arry out e m p i r i c a l  force field c a l c u l a t i o n s  on the c o n ­

f o r m a t i o n a l  b e h a v i o u r  of humulene. It was c o n c l u d e d  that 

four strain m i n i m u m  e n e r g y  c o n f o r m e r s  of h u m u l e n e ,  namely the 

CC (76), the CT (60), the TT (77) and the T C  (78) conformers, 

with r e s p e c t i v e  h e a t s  of f o r m a t i o n  of 4.47, 4.24, 7.86 and

5.30 k cal mole exist e d .  The a c tivation enthalpy for

the t r a n s f o r m a t i o n  from the CT to the CC c o n f o r m e r  by rotation

of the d o u b l e  bond t h r o u g h  the h u m u l e n e  ring was found to
-1be 10.63 k cal m o l e The e n t h a l p y  for humulene 

-1ring inver s i o n  w a s  e s t i m a t e d  to be 14.17 k cal mole which

is r e a s o n a b l e  c o m p a r e d  to the value of AG = 10.16 ± 0.3 k cal

mole ^ o b t a i n e d  f r o m  an n.m.r. s t u d y . T h u s  humulene ring

inversion should be free at room t e m p e r a t u r e .

These studies i n d i c a t e  that in a d d i t i o n  to the CT

c o n f o r m e r  of humulene, the CC confo r m e r  s h o u l d  be of comparable 

energy and is i m p o r t a n t  in the t r a n s a n n u l a r  cyclisations of

h u m u l e n e .

The TC and TT c o n f o r m e r s  are e x c l u d e d  from the

d i s c u s s i o n  on the t r a n s a n n u l a r  c y c l i s a t i o n s  of humulene as 

they w o u l d  c y c l i s e  to give t r an s fused p r o d u c t s  (Scheme lO) ,

which have not b e e n  found as n a t u r a l l y  o c c u r r i n g  compounds.

Now h a v i n g  e x a m i n e d  the c o n f o r m a t i o n a l  behav i o u r  

of h umulene, it is n e c e s s a r y  to survey the b i o s y n t h e s i s  and

b i o m i m e t i c  c h e m i s t r y  of h u m u 1e n e - d e r i v e d  m e t a b o l i t e s .  For
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RSR - CT 
(6 0)

RRR - CC
(76)

RSS - TT
(77) (78)

c o n v e n i e n c e  the h u m u l e n e - d e rived compounds have been divided 

into several classes which will be exami n e d  individually. 

Africane and B i c y c l o h u m u l a n e

T here are now four examples of the africane skeleton.

wh ich come from both plant and coral, but not

fungal sources. Afric a n o l  (79)^^ and a f r i c a n e n e ^ ^ (80)

have both been isolated from marine sources, namely the soft 

corals L e m n a l i a  afric a n n a  and S i n u laria e r e c t a respectively.
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bond, then in the case of a f r i c a n e  the A d o u b l e  bond. It

should be noted that africane h a s  a c i s fused c y c l o p r o p a n e  

ring whilst that of b i c y c l o h u m u 1 ane is t t^n^ fused. This 

indicates that they have not a r i s e n  through a c o m m o n  i n t e r ­

m e d iate but via separate p a t h w a y s .  This can be r a t i o n a l i s e d  

if the africane skeleton is f o r m e d  by c y c l i s a t i o n  of humulene 

in the CT c o n f o r m e r  and the b i c y c 1o h u m u 1 ane s k e l e t o n  is formed 

by c y c l i s a t i o n  of the CC c o n f o r m e r  of h u m u l e n e  (Scheme 11).

A l t h o u g h  there is no r e p o r t e d  b i o s y n t h e t i c  work on 

c ompounds of these two types, t h e r e  is c o n s i d e r a b l e  infor m a t i o n  

on their d e r i v a t i o n  from the c y c l i s a t i o n  of h u m u 1 e n e -4,5- 

epoxide (7). For the majority o f  t r a n s a n n u l a r  c y c l i s a t i o n s  

of humulene it is neces s a r y  to i n i t i a t e  c y c l i s a t i o n  at the 

least reactive A**'® double bond. An e f f e c t i v e  m e t h o d  of
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bicyclohumulane

Scheme 'll

the A**'® d o uble bond of humulene to I i 1 i c

attack is to f o r m  the 4,5 epoxide.
52R o b e r t s  et al. have r e p o r t e d  the c y c l i s a t i o n  of 

hurau1e n e — 4 , 5 -epox i d e  with b o r o n  trifl u o r i d e  etherate to give

the isomeric a l c o h o l s  (84) and (85), which are c l o s e l y  related
___ 52 . . . . , . .  ̂ 55to

The a l c o h o l  (85) was s u b s e q u e n t l y  conve r t e d  to the k e t o - a l c o h o l
59

60
(83) synth e t i c a l l y .

6 OS h i r a h a m a  e_t also reported a similar

of h u m u l e n e - 4 ,5-epoxide (7) with t r i m e t h y 1 s i 1y 1 t r i f 1 u o r o m e t h a n e ■ 

s ulphonate to give (84) and (85). C y c lisation of (7) with boron



25

-"OR

R = Angeloyl (8l) 
R = H (86)

ether a t e  in acetic a n h y d r i d e  gave the 

(87) as the sole produ c t .  The i n t e r m e d i a t e s  (85) and (87) 

were c o n v e r t e d  to the n a t u r a l l y  o c c u r r i n g  c o m p o u n d s  d,l- 

a f r i c a n o l  (79) and b i c y c l o h u m u l e n o n e  (83).

As the c o n f o r m a t i o n s  of h u m u l e n e  epoxides are
6 Xt h o ught to be similar to that of the origi n a l  olefin, the 

4,5 epoxide of h u m u l e n e  can be c o n s i d e r e d  in terms of the 

CC and CT conformers. After X-ray a n a l y s i s  of the d iacetate 

(87), it was c o n c l u d e d  that it a rose from c y c l i s a t i o n  of the 

CC c o n f o r m e r  of (7), leading to a t r ans fused c y c l o p r o p a n e  

ring, whilst the a l c o h o l s  (84) and (85) arise from the CT 

c o n f o r m e r  (Scheme 12). This can be c o n s i d e r e d  as an example

T r e a t m e n t  of h u m u 1e n e - 4 , 5 - e p o x i d e  with boron 

t r i f l u o r i d e  etherate in acetic acid gave the d i a c e t a t e  (87) 

and the isomeric

a n o m a l o u s  compounds (90) and (91).

These r e s u l t s  were i n t e r p r e t e d  in terms of the CC 

and CT c o nformers of h u m u l e n e - 4 , 5 - e p o x i d e , the n u c 1 e o p h i 1 icity 

of the attac k i n g  r e a g e n t  and of the stabi l i t y  of the initial

(88) and (89) together with the 
62
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(87) (90) (91)

CT HO-

CC
AcO-

Scheme 12

p r o d u c t s  b a s e d  on strain e n e r g y  c a l c u l a t i o n s  (Scheme 13).

It has already been n o t e d  that the reaction of h u m u 1e n e -4,5- 

e p o x i d e  in toluene with t r i m e t h y 1 s i 1y 1 t r i f l u o r o m e t h a n e s u l p h o n a t e  

a n d  in acetic a n h y d r i d e  with boron trif l u o r i d e  etherate yields 

s e l e c t i v e l y  CT and CC m e d i a t e d  p r o ducts respectively.

When t r i m e t h y 1 s i l y 1 t r i f 1u o r o m e t h a n e s u I p h o n a t e  in 

t o l u e n e  is used in the c y c l i s a t i o n  only the weak triflate 

n u c l e o p h i l e  is present. Thus, the C-1 cationic centre i n t e r ­

a c t s  p r e f e r e n t i a l l y  w i t h  the A®'® double bond giving products 

of the type (84) and (85).



27

O)Ea;

g

8  i:



2 7

î

T

g

î



2 8 .

In b o r o n  t r i f l u o r i d e  e t h e r a t e  and acetic a n h y d r i d e  

the more n u c l e o p h i l i c  a c e t a t e  anion is p r e sent and the 

p r e f e r r e d  r e a c t i o n  p a t h w a y  is via a c e tate i n t eraction at 

the C-1 c a t i o n i c  centre, leading to the f ormation of (87).

H o w e v e r  in the b oron t r i f l u o r i d e  e t h e r a t e / a c e t i c  acid 

system, the m a i n  n u c l e o p h i l i c  s p e cies present, acetic acid 

r e p r e s e n t s  an i n t e r m e d i a t e  case and interaction of the C-1 

with the internal A ® ' 

exter n a l  acetic acid c o m p e t e  to give (87) and (88)/(89).

C y c l i s a t i o n  of (92) , a d e r i v a t i v e  of h u m u l e n e - 4 , 5 — 

d o u b l e  bond d e a c t i v a t e d  by the p r e s e n c e  

of the C-12 a l d e h y d e  group, with b o r o n  t r ifluoride etherate in

d e r i v a t i v e s  (93) and (94) r e s p e c t i v e l y .  Interestingly

of (92) with t r i m e t h y 1 s i l y 1 t r i f 1u o r o m e t h a n e - 

s u l p h o n a t e  y i e l d e d  the isomeric a l c o h o l s  (95) and (96) .

(95)

CHO

(9'+)

CHO
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P r o t o i l l u d a n e

The i m p o r t a n c e  of the p r o t o i l l u d a n e  skele t o n  stems 

from the p r o p o s a l  t h a t  the p r o t o i l l u d y l  cation (97) is a central 

inter m e d i a t e  in the b i o g e n e t i c  p a t h w a y s  to the f o r m a n n o s a n e s  , 

illudanes, s t e r p u r a n e s ,  i s o l a c t u r a n e s , illudalanes, seco- 

illudanes, m a r a s m a n e s ,  lactaranes, and s e c o l a c t a r a n e s  (Scheme 

14 ) .
64Illudol (98) was the first n a t u r a l l y  o c c u r r i n g  

c o m p o u n d  i s o l a t e d  w i t h  the p r o t o i l l u d a n e  skeleton. Its 

s t e r e o c h e m i s t r y  was r i g i d l y  e s t a b l i s h e d  by a c o m b i n a t i o n  of 

X-ray a n a l y s i s ^ ^  and total s y n t h e s i s ^ ^ '^ ^ , and it was found 

to have the c i s , a n t i , c i s s t e r e o c h e m i s t r y .  Thus one can infer 

that the s t e r e o c h e m i s t r y  of the p r o t o i l l u d y l  cation w o u l d  be
*p r o d u c e d  from c y c l i s a t i o n  of humulene in the RSR CT c o n f o r m e r  

(Scheme 15).

F ive othe r s are now known i ncluding 
6 8A® p r o t o i 11u dene (99) , A ’ protoi 1 1 u d e n - 6 -o 1 (lOO)

n eoilludol (lOl)^^, m e l l e o l i d e  (102)^*^ an orsel l i n a t e  of a
7 1p r o t o i  11u d a n e - d i o 1, and armillol (103) , an isomerrc alcohol

also isolated as the orsel l i n a t e .

The p r efix RSR denotes the 
of the A®'^, A^'^ and A ® d o u b l e
b onds r e s p e c t i v e l y .
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Fomanno sane
72F o m a n n o s i n  (104) i s o l a t e d  from Fome s annosus

has been the subject of e x t e n s i v e  b i o s y n t h e t i c  studies.

More r e c e n t l y  i s o l a t e d  from the same fungi are two iso-
7 3coumarins, f o m o j o r i n s  S (105) and D (106) . It is p r o p o s e d

that f o m o j o r i n s  S and D a rise b i o s y n t h e t i c a 1 1 y from m e v a l o n a t e  

via the p r o t o i l l u d y l  c ation (97) or its equivalent. Iso-

coumarins m o r e  u s u a l l y  arise b i o s y n t h e t i c a 1 ly from p o l y k e t i d e s  

This p r o p o s a l  gains s u p p o r t  from l a b e l l i n g  e x p e r i m e n t s ,

which shows a c o m m o n  p a t h w a y  for f o m a n n o s i n  and the fomo-

jorins [ 1 , 2 - ^ ^ C 2 1- A c e t a t e  was fed to c u l t u r e s  of Fomes
74 7 5anno sus and the e n r i c h e d  f o m a n n o s i n  and fomoj o r i n  D

isolated. The l a b e l l i n g  p a t t e r n s  p r e s e n t  in f omojorin D

were c o n s i s t e n t  with the f o m o j o r i n s  h a v i n g  arisen from

m e v a l o n a t e  via c l e a v a g e  of the p r o t o i l l u d y l  cation (97),

p a t hway b in Scheme 16. F o m a n n o s i n  (104) arises by o x i d a t i v e

cleavage of the six m e m b e r e d  ring of the p r o t o i l l u d y l  c a t i o n

(97) , e q u i v a l e n t  to p a t h w a y  'a' in Scheme 16.
74C a n e  and N a c h b a r  have c a r r i e d  out a detailed 

analysis of the c y c l i s a t i o n  of farnesyl p y r o p h o s p h a t e  to p r o ­

duce f o m a n n o s i n  (104) and, by i m p l i c a t i o n ,  the illudane 

s e s q u i t e r p e n e s .  An a b b r e v i a t e d  e x p r e s s i o n  was d e r ived w h i c h  

denotes the a b s o l u t e  s t e r e o c h e m i s t r y  of the first trans- 

annular c y c l i s a t i o n  to form the d i m e t h y l c y c l o p e n t a n e  m o i e t y ,

though this was later e x t e n d e d  in the light of S h i rahama's
7 6molec u l a r  m e c h a n i c s  c a l c u l a t i o n s .  Thus f o mannosin b i o s y n t h e s i s

can be d e s c r i b e d  as s i , r e , c i s . C i s , p r o - S , R ,  w here the first s i
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R = CO^H (1 0 5 )

R = CH^ (1 0 6 )

opp

V
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d e n otes the face of the d o u b l e  bond

at C-11 with the i n c i p i e n t  c a r b o n i u m  ion at C-1 (107).

P r o t o n a t i o n  can then o ccur on the re face of the 

double bond of the h u m u l e n e  thus f o r m e d  (108), to g i v e  a 

c is fused c y c l o p e n t a n e  ring in the r e s u l t i n g  p r o t o i l l u d y l  

cation (109). The f o m a n n o s i n  u l t i m a t e l y  f o r m e d  w o u l d  have 

the m e thyl d e r i v e d  f r o m  C-2 of m e v a l o n a t e  Cis to the c y c l o b u t y l  

s u b s t i t u e n t  on the c y c l o p e n t a n e  ring ( l l O ) , the 12 p r o - S  

p r o t o n  of f o m a n n o s i n  w ould be d e r i v e d  from w ater (111) and, 

f i n a l l y  the c o n f i g u r a t i o n  at C-9 of f o m a n n o s i n  w o u l d  be R (112).

10.

r OPP
H

CIS
(109)

pro - S
( 111 )

For c l a r i t y  f a r n e s y l  p y r o p h o s p h a t e  n u m b e r i n g  is u s e d  in 
this b i o s y n t h e t i c  scheme.
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As we have a l r e a d y  seen, p r o t o i 1 1 udane and r e l a t e d  

metabolites can only arise f r o m  a c i s fused p r o t o i l l u d y l  cation. 

From the a b s olute s t e r e o c h e m i s t r y  of f o m a n n o s i n  it b e c o m e s  

apparent that it can only a r i s e  from the RSR CT c o n f o r m e r  of 

humulene, implying t h a t  the p r o t o i l l u d y l  c a t i o n  must also 

arise from this c o n f o r m e r  of humulene.

111udane s

The i l l u d a n e s ,  illudins S (72) and M (73), were 

amongst the first m e t a b o l i t e s  isolated w h i c h  were thought to 

be derived from h u m u l e n e .  F u r ther e v i d e n c e  for the b i o s y n t h e s i s  

of the illudanes has since c o m e  from l a b e l l i n g  e x p e r i m e n t s .

Feeding [1,2-^^C2] 
pattern

produced illudin M with a labelling
7 7  7 7 7 8w i t h  S c heme 17. H a n s o n  et al. ' also

3 14used H and C l a b e l l i n g  e x p e r i m e n t s  in an a t t e m p t  to p r o b e  

further illudin b i o s y n t h e s i s ,  but the r e s ults were i n c o n c l u s i v e  

due to low i n c o r p o r a t i o n s  of the label.

CH,— CO,-

Scheme 17

R = H (72) 
R = OH (73)
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An i n t e r e s t i n g  r e l a t i o n s h i p  has d e v e l o p e d  b e t ween

the pterosins, h y p a c r o n e  and the r e c e n t l y  found p t a q u i l o s i d e .

The pterosins, of w h i c h  there are now more than t w e n t y  examples,

are typified by p t e r o s i n  Z (113) and H (114) and p o s s e s s  the
79illudalane s)celeton (115) . The b i o s y n t h e t i c  p a t h w a y  to the

pterosins is t h o u g h t  to be via h u m u l e n e  and the p r o t o i l l u d y l  

cation (Scheme 18).

X = OH (115)
X = Cl (114)
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7 9H y p a c r o n e  (116) has a s e c o - i l l u d a n e  s k e l e t o n  

and is c o n v e r t e d  to p t e r o s i n  Z (113) and p t e r o s i n  H (114) 

on t reatment with s u l p h u r i c  and h y d r o c h l o r i c  acids r e s p e c t i v e l y  

(Scheme 19).

P t a q u i l o s i d e  (117) is an u n s t a b l e  sesqui 

glucoside with a n ovel illudane s k e l e t o n  and it is p r o p o s e d  

that it can be r e g a r d e d  as the b i o s y n t h e t i c  precu r s o r  t o  the
on fl Ppterosins. ' It is c o n v e r t e d  under acidic or basic c o n d i t i o n s

to p t e r o s i n  B (118) o r  O (119) d e p e n d i n g  upon the s o l v e n t  used.

QR

R = H ( 1 1 8 )
R = Me (119)

IR
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The only b i o g e n e t i c -1 ike c h e m i s t r y  of the illudanes
8 3has come from model studies. S h i r a h a m a  et a 1 . u s e d  the 

ketone (120) to form ^ 2 # ( 3 ) , 7 ,(13) ¿ i i u d a d i e n e  (121) and 

f (3) (122).

( 120)

Sterpurane
84In 1981 A y e r  e t a 1 . r e p o r t e d  the i s o l a t i o n  of

sterpuric a c i d  (123) , h y d r o x y s t e r p u r i c  a c i d  (124) , h y d r o x y -

sterpuric a c i d  e t h y l i d e n e  acetal (125) f r o m  the fungus S t e r p e u m

p u r p u r e u m , the cause of the s o - c a l l e d  'silver leaf' d i s ease

common in fruit and ornamental trees. Later sterpurene-
8 5

3 ,1 2 ,1 4 -1 r i o 1 (126) and s t e r p u r e n e  (127) were i s o l a t e d  from

the same source.

S t u d i e s  u s i n g  a c e tate have p r o d u c e d  l a b e l l i n g

patterns c o n s i s t e n t  with the b i o s y n t h e s i s  of s t e r p u r a n e  from
8 6humulene via the p r o t o i l l u d y l  cation (97) (Scheme 20).

There are two p o s s i b l e  b i o s y n t h e t i c  routes from the p r o t o ­

illudyl c a tion to the s t e r p u r a n e s  e i t h e r  by r e a r r a n g e m e n t  

consisting of two 1,2 shifts (path a) , or v^i^ the illudane 

cation which on ring e x p a n s i o n  and h y d r i d e  shift leads to the



sterpuryl c a t i o n  (128) (path b ) .

39

R = CH^ P ’ = H i'\2k)
R = CH^ R' = COCH^ (125)

H

(126)

CH,C0,-

M/

Scheme 20
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It is i n t e r e s t i n g  to note that the sterpuryl c a t i o n  

(128) has been p r o p o s e d  as the p r e c u r s o r  of the s o - c a l l e d  iso-

lactarane s e s q u i t e r p e n o i d s . 
87

(129), d i h y d r o s t e r e - 
8 8polide (130)'"' a n d  i s o l a c t a r o r u f  in (131) are isola t e d  from 

the same fungi as the sterpuranes, and this c o - e x i s t e n c e  

contributes to t h e  e v i d e n c e  that t h e y  both arise from the 

sterpuryl cation (128) (Scheme 21).

A b i o m i m e t i c  s ynthesis of sterp u r e n e  (127) has 
89 9 0 9 1been achieved. S h i r a h a m a  e_t aj^. ' had p r e v i o u s l y  u n d e r ­

taken the c y c l i s a t i o n  of humulene d i r e c t l y  using aqueous

procedure and t h i s  r e s u l t e d  in the forma t i o n  of the c y c l i c  

ethers (132) and (133) . The use of m e r c u r y  (II) nitrate 

similarly r e s u l t e d  in the f o r m a t i o n  of (134) and (135). The



\
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formation of these cyclic ethers c a n  be r a t i o n a l i s e d  in terms 

of initial e l e c t r o p h i l i c  attack at the double bond,

followed by c y c l i s a t i o n  initi a t e d  at the A**'® double bond.

The alcohol thus formed u n d e r g o e s  f u r t h e r  c y c l i s a t i o n  to give 

the cyclic e ther (136) , which can then e i t h e r  undergo 

reduction to give p r o d u c t s  of the type (132) and (133) or
9 2r e a r r a n g e m e n t  and r e d u c t i o n  to (133) and (134) (Scheme 22) .

T r e a t m e n t  of (134) with l i t h i u m  in e t h y l a m i n e

yielded the alcohol (137) which on f o r m o l y s i s  gave the b r i d g e d
9 1formate (138) and p e n t a l e n e n e  (139) . The m e c h a n i s m  of this

reaction w a s  studied by d e u t e r i u m  l a b e l l i n g  and it was shown 

that f o r m a t i o n  of (138) p r o c e e d e d  via the p r o t o i l l u d y l  cation 

(Scheme 23).

T h e  alcohol (137) could also be converted to a 

methoxy e t h e r  (140), which gave a b r i d g e d  bromide (141) on 

treatment w i t h  b o r o n  tribromide. This was thought to be 

analogous to the f ormation of the f o r m a t e  (138). The b r i d g e d  

bromide (141) was c o n v e r t e d  to r a c e m i c  sterp u r e n e  (127) on 

treatment w i t h  silver acetate.

Marasmanes
1 4E v i d e n c e  from labelling s t u dies using (2- C ) -

meval o n a t e  showed that the b i o s y n t h e s i s  of marasmic a c i d  (70)
9 3takes p l a c e  via the proto i l l u d y l  c a t i o n  (Scheme 24).

Marasmic a c i d  had already been s h o w n  to have the same c i s - 

fused h y d r i n d a n e  skeleton as i l l u d o l  (98) from the

X-ray structure. 65 Examples of m a r a s m a n e s  isolated include
9 4 6 8isovelleral (142), the alcohol (143) and more

stearyl v e t u t i n a l  (144). 95
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R = H (152) 
R = OH (155)
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C l o s e l y  r e l a t e d  to the m a r a s m a n e s  a r e  the
it

lactaranes , w h i c h  are t h o u g h t  to have a c o m m o n  b i o g e n e t i c

precursor (145) 33 This p r o p o s a l  r e c e i v e d  s u p p o r t  from the

thermal r e a r r a n g e m e n t  of i s o v e l l e r a l  (142) to the synthetic
96lactarane, p y r o v e 1 1 e r o f u r a n  (146). F u r ther evide n c e

comes from t h e  r e a r r a n g e m e n t  of stearyl v e l u t i n a l  (144) on

silica gel to give furanol (147) , furan ether A (148) , furan
9 7diol (149), a n d  lacta r a l  (150). The i s o l a t i o n  of a novel

s e s q u i t e r p e n o i d  (151) has also been reported a n d  is a p o s s i b l e

intermediate in the r e a r r a n g e m e n t  of stearyl v e l u t i n a l  (144)
98to p y r ove 1 1e r o f u r a n  (146) (Scheme 25) .

T h e r e  are many e x a m p l e s  of c o m p o u n d s  with a

lactarane s k e l e t o n  known, t y p i c a l l y  l a c t o r u f i n s  A (152) and
99B (153) from r u f u s .

6''

R = stearyl

OH
H

H

(151)

H

0

H

(li+6)

Reagents ; i SiO^
ii PPh^ , CBr̂ ^ Scheme 25

The l i t e r a t u r e  d e s c r i b i n g  this class of c o m p o u n d s
uses the n a m e s  l a c t a r a n e  and velle r a n e  i



biotic which was shown to have a cis-a n t i -cis tricyclic 
skeleton. However in this case the g e m -dimethylcyclopentane 
ring fusion was found to be of opposite absolute configuration 
to the
to be so for hirsutic (71) and c o m p l i c a t i c  (155) acids.

The h i r s u t a n e s  are thought to h a v e  a c o m m o n  p r e c u r s o r  in 

hirsutene (156) . Evidence to s u p p o r t  this proposal comes 

from the i solation of h i r s u t e n e  and c o r i o l i n  from a common 

source, namely Co r i b 1u s consor s .

46

Scheme 26
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Conclusive evidence for the biosynthesis of the
hirsutanes from humulene comes from labelling experiments

1 3[1,2- C 2 ] “A c e t a t e  was fed to C o r i b l u s  con sor s a n d  the

labelling p a t t e r n s  o b s e r v e d  in the isola t e d  d i h y d r o c o r i o 1 in 

diacetate (157) are c o n s i s t e n t  with Scheme It s h o u l d

be noted that these l a b e l l i n g  e x p e r i m e n t s  do not e x c l u d e  the 

intermediacy of the p r o t o i l l u d y l  cation (Scheme 27) .

S h i r a h a m a  e t a 1 .^ ̂  c o n s i d e r e d  the r e l a t i v e  and 

absolute c o n f i g u r a t i o n s  of the h i r s u t a n o i d s  and s u g g e s t e d  

that these can be a c c o m m o d a t e d  if the h u m u l e n e  p r e c u r s o r  is 

in the c o n f o r m a t i o n  d e s i g n a t e d  SSS-CC (Scheme 28) . T h e r e f o r e

two separate p a t h w a y s  are p r o p o s e d  namely, RS R - C T  h u m u l e n e

as the p r e c u r s o r  of the p r o t o i 1 ludanoids whilst S S S -CC h u m u l e n e

as the p r e c u r s o r  of the h irsutanoids.
7 6C a n e  and N a c h b a r  p a r t i a l l y  e x t e n d e d  t heir p r e v i o u s  

analysis of f o r m a n n o s i n  b i o s y n t h e s i s  to cover the h i r s u t a n o i d s ,  

though due to the l i m ited amount of i n f ormation a v a i l a b l e  from
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H H

Scheme 28

labelling e x p e r i m e n t s  it was not possi b l e  to derive a full 

expression. T h u s  farnesyl p y r o p h o s p h a t e  c y c l i s a t i o n  is 

thought to o c c u r  at the re face of the A ^ ° ^ ^  double bond. 

It will be r e m e m b e r e d  that the initial c y c l i s a t i o n  for the 

p r o t o i l l u d a n o i d s  was s i . The p a r t i a l  e x p r e s s i o n  is thus 

r e ,s i ,c i s (Scheme 29) .

H-̂

Scheme 29

T h e r e  are now three b i o m i m e t i c -type syntheses of 

hirsutene (156) , although none of these can be c o n s i d e r e d  

truly b i o m i m e t i c  in view of the earlier discu s s i o n ,  as they 

involve the i n t e r m e d i a c y  of the p r o t o i l l u d y l  cation.
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Due to the lack of p r o g r e s s  in induc i n g  h u m u l e n e

to u n d e r g o  ring c l o s u r e s  t o w a r d s  n a t u r a l l y  o c c u r r i n g  skeletons, 
104Shirahama et a 1 . i n i t i a t e d  a s e r i e s  of model studies. To

this end the p r o t o i l l u d y l  c a tion p r e c u r s o r s ,  7 a - p r o t o i 1 1 udanol 

(158) , 7 3 - p r o t o i 1 1 u d a n o 1 (159) , A^' ^^^^ - p r o t o i 11u d e n e  (160) ,

and 7 - k e t o - 1 3 - n o r p r o t o i 1 1 udane (120) were all p r o d u c e d  by total 

synthe sis

(156) via t h e  route shown in S c h e m e  30.

The n o r - k e t o n e  (120) was c o n v e r t e d  to d , 1 - h i r s u t e n e
105

7,(13) (160 )d ,1- H i r s u t e n e  was also p r o d u c e d  f r o m  A
. 106via the e p o x i d e  (161).

It is r e l e v a n t  at this p o i n t  to include a 

of a set of model s t u dies which w e r e  used by Shira h a m a  et al.^^^ 

to r a t i o n a l i s e  the f o r m a t i o n  of e n d o -hirs u t e n e  (162) from 

a - p r o t o i l l u d e n e - e p o x i d e  (161) . The c o m p o u n d s  (163) -(166) 

were p r e p a r e d  and t r e a t m e n t  of (162)-(165) with formic acid 

at 0°C r e s u l t e d  in a m i x t u r e  of (166)-(171) . On the o ther hand.
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Reagents i
ii _£-TSA
iii CrO^ - h'*'
iv Ph^P=CH2
V m-CPBA
vi LiAlĤ ^

vii MsCl , py
Scheme 30

treatment of ( 1 6 3 ) - ( 1 6 6 ) , with formic acid at 60°C r e s u l t e d  

in a m i x t u r e  of (169)-(171) only. The e_xo olefin (167) 

remained u n c h a n g e d  when r e s u b m i t t e d  to these reaction 

condi t i o n s ,  whilst the e n d o  olefin (168) on r e s u b m i s s i o n  

gave a m i x t u r e  of (169)-(171). These results were t h o u g h t

to be c o n s i s t e n t  with the m e c h a n i s m s  in Scheme 31.
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Finally humulene has been converted to hirsutene
by an indirect route using n or -d e riv at ive s. Starting from
the p r e v i o u s l y  d i s c u s s e d  e t h e r  (134) this was c o n v e r t e d  to

the bicyc l i c  n o r k e t o n e  (172) w h i c h  was c o n v e r t e d  t h r o u g h  a

number of steps to the b r i d g e d  n o r k e t o n e  (173) which had
105

108

previously been converted to hirsutene 

Pentalenane

(S c h e m e  32).

T here are now a g r o w i n g  number of c o m p o u n d s  isolated

with a p e n t a l e n a n e  skeleton. P e n t a l e n i c  acid (174) , p e nta-

lenolactones E (175) , G (176) , H (177) , F (178) , p e n t a l e n o -

lactone (179) and the p a r e n t  h y d r o c a r b o n  itself, p e n t a l e n e n e
1 0 9 - 1 1 3(139) , have all been isolated.

The p e n t a l e n a n e s  are t h o u g h t  to be d e r i v e d  from 

humulene via the p r o t o i l l u d y l  c a t i o n  (97) a l t h o u g h  an a l t e r n a ­

tive and more direct m e c h a n i s m  m a y  be o p e r a t i n g  which does not

involve this i n t e r m e d i a t e  (Scheme 33).
114-115Cane et al . h a v e  i n v e s t i g a t e d  p e n t a l e n a n e

13 2 3b i o s y n t h e s i s  by using a s e ries o f  C, H and H label l i n g

experiments. The labelled p r e c u r s o r ,  [u-^^Cg] glucose, was 

fed to cultures of S t r e p t o m y c e  s UC5319 and the l abelling

p a t tern p r o d u c e d  in the i s o l a t e d was c o n s i s t e n t

with Scheme 34. Similar e x p e r i m e n t s  using [6,6- H ] glucose

as the labelled p r e c u r s o r  give i n c o n c l u s i v e  results. H

Labelling of farnesyl pyrophosphate gave results that confirmed 
the scheme already proposed from labelling. It is
concluded from this work that the pentalenanes are formed 
from cyclisation of humulene in the RSR-CT conformer.
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hi

NalO^^

ii DiBAL
Lii PPh_ , CBr,
iv Zn , Eton
V HCO^H , Ac C 2 ’ 2

Vi LiAlH,

H '0

vii MsCl , py 
viii TKCIO^^)^

Scheme 32
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0,H

C O 2 H

R. = H (178)
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Cl%-COSCoA

The first b i o m i m e t i c - type s y n t h e s i s  of p e n t a l e n e n e
104,116

(139) in 1975, came f r o m  the model studies of S h i r a h a m a  e ^  a l . 

However, it should be n o t e d  that p e n t a l e n e n e  was not isola t e d  

as a n a t u r a l l y  o c c u r r i n g  c o m p o u n d  until 1980. Formo l y s i s

of the p r o t o i l l u d a n o i d s  (158) , (159) , and (160) p r o d u c e d  a

mixture of the b r i d g e d  formate (138) a n d  p e n t a l e n e n e  (139) .

The r e a c t i o n  was t h o u g h t  to p r o c e e d  t h r o u g h  the p r o t o i l l u d y l  

cation (97) and the p r o d u c t s  (138) and (139) were expla i n e d  in 

terms of d i f f e r e n t  c o n f o r m e r s  of (97) (Scheme 35).

The alcohol (137) , which was p r o d u c e d  by lithium



i
(139)
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Scheme 33
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in ethylamine t r e a t m e n t  ot the cyclic ether (134) ,
itself a product of the o x y m e r c u r a t i o n / d e m e r c u r a t i o n  p r o c e d u r e  

on h u m u l e n e , was also conve r t e d  to pentalenene. Formo l y s i s  of 

(137) p r o d u c e d  the b r i d g e d  formate (133) and p e n t a l e n e n e  (139).

Shirahama have now also c o n v e r t e d

huiuulene to p e n t a l e n i c  acid (174) and p e n t a l e n o  lactones E (175) 

and F (178) . The synth e s i s  of pentalenic acid from the 

p r eviously d e s c r i b e d  c o m p o u n d  (180) is o u t l i n e d  in Scheme 36. 

Essential steps in this synthesis involve the f u n c t i o n a l i s a t i o n  

of C-4 via the b r o m o m e r c u r i a 1 (181), and also s e l e c t i v e  o x i d a ­

tion of the allylic methyl in (182) .

The s y n t h e s i s  of p e n t a 1eno 1actones E (175) and 

F (178) uses a c i r c u i t o u s  route to achieve f u n c t i o n a l i s a t i o n  

in ring C. The key feature of this synthesis is the c o nversion 

of the methoxy a l k e n e  (183) to the ketone (184) . This t r a n s ­

formation of the d o uble bond ensures that the c y c l i s a t i o n  is 

initiated at the k e t onic carbon to yield the a l c o h o l  (185) : 

the f u n c t i o n a l i s a t i o n  now p r e sent provides a f o o t h o l d  for the

C a p n e 1 lane

The c a p n e l l a n e s  are skeletally s i m i l a r  to the 

hirsutanes, d i f f e r i n g  only in the position of the methyl 

groups. The c a p n e l l a n e s  are proba b l y  derived f r o m  humulene 

but clearly there m u s t  be a methyl migration a t  some point 

in the b i o s y n t h e t i c  pathway. Capnellanes are t y p i f i e d  by 

^9,(12) capnellene (69) and c a p n e 11e n - 8 3 , l O a - d i o 1

91

(186) 119



H a IH

iii Ac^o , py , PBr^ 
iv t-AmONa , DMSO 
V Li , EtNH 

vii SeO 
ix KOH , MeOH , H^O



(186)

The p r e s u m e d  b i o s y n t h e t i c  p r e c u r s o r  for the 

c a p n e 1 l a n e s ,

the subject of a study by P a t t e n d e n  and coworkers.

Epiprecapne11adiene (188) was made by total synthesis,

c y c lisation of (188) with b o r o n  t r i f l u o r i d e  etherate

resulted in t h e  forma t i o n  of c a p n e l l e n e  (189) as the

major p r o d u c t  and A® ' and A® ' c a p n e l l e n e s  (190) and

(191) as the m i n o r  isomeric products.
4 4 4 5S h i r a h a m a  e_t a 1 . ' have repor t e d  the c o n v e r s i o n

/ I p \
of humulene to A®' c a p n e l l e n e  (69) . C y c l i s a t i o n  of

h u m u l e n e - 1 , 2 - e p o x i d e  (5) with t r i m e t h y 1 s i 1y 1 t r i f 1 u o r o m e t h a n e • 

sulphonate y i e l d e d  the t r i c y c l i c  alcohol as the m ajor p r o duct 

The alcohol (68) was then c o n v e r t e d  to the acetate (192) ,





Quadrane, Senoxydane and B o t r y d i a n e

R e c e n t l y  it has b e e n  s u g g e s t e d  that q u a d r o n e  (193)

[1,2- C] A c e tate were fed to A s p e r g i l l u s  t e r r u s  and the 

labelling p a t t e r n s  p r o d u c e d  in q u a d r o n e  were c o n s i s t e n t  w i t h  

the b i o s y n t h e t i c  pathway shown in Scheme 38. It should be 

noted, however, that the l a b e l l i n g  is also c o n s i s t e n t  with a

61

by Bohlm a n n  e^ a_l . from S e n e c i o  o x y d ontu s ; its s t r u c t u r e  

was a s s i g n e d  as (194) on the b a s i s  of s p e c t r o s c o p i c  a n a l y s i s  

They p r o p o s e d  that senoxydene c o u l d  be d e r i v e d  from h u m u l e n e  

(Scheme 39).

Scheme 39

However total synthesis of the h y d r o c a r b o n  (194) and of its 

epimer (195), both of these s t r u c t u r e s  b eing rigidly e s t a b l i s h e d ,  

showed that senoxydene is not (194) or (195) and its s t r u c t u r e  

is u n c e r t a i n  at present. D e s p i t e  this, one important p o i n t

may be made: if the proposed b i o s y n t h e s i s  of senox y d e n e  is

r e - e x a m i n e d  then a common p a t h w a y  with q u a d r o n e  can be seen.
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Scheme 3^
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Hence the p r o p o s e d  b i o s y n t h e t i c  route for both quadrone and

senoxydene w o u l d  involve the i n t e r m e d i a c y  of the C-5 cation.
L 2 6Nozaki e_t a 1 . have s y n t h e s i s e d  a C-5 cation equivalent

in vitro in the form of 5 - m e s y 1 - h u m u 1 ene (196), and treatment 

of this w i t h  aqueous a c e t o n e  or d i m e t h y l a l u m i n i u m  phenoxide 

yielded h u m u l e n e  as the m a j o r  product. In view of this 

result it a p p e a r s  t e n u o u s  to invoke the C-5 cation of humulene 

in quadrone or s e n o x y d a n e  b i o s y n t h e s i s  although the enzymatic 

process may well differ.

B o t r y d i a l  (197) a n d  d i h y d r o b o t r y d i a  1 (198) are

fungal m e t a b o l i t e s  whose b i o s y n t h e s i s  has been investigated 

by ^^C and labe 11 i ng . ̂  ̂  It is p r o p o s e d  from this i n f o r m a ­

tion that b o t r y d i a l  is d e r i v e d  from humulene (Scheme 40), 

although it should be n oted that the proposed route would

involve enzymatic proton at the A 1 , 2 double b o n d .

Stereochemical considerations indicate that the humulene 

cyclised would be in the R R R -CC conformer.

Z,E,E H u m u l e n e
1 2 8  1 2 9S h i r  aha ma ê t a 1 . ' have a ttempted to expand
2 1on H e n d r i c k s o n ' s  s u g g e s t i o n  that several groups of s e s ­

quiterpenes such as the h i m a c h a l a n e  (199) , longifolane (200) ,
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( 202 )
Scheme

Direct of Z ,E , ^ - h u m u l e n e  , by the

p r o c e d u r e  used p r e v i o u s l y  to

cyclise E ,E , ^ - h u m u 1 ene to the c y clic ether (132) p r o d u c e d

an isomeric ether (207). It is p r e s u m e d  that the d ifferent

geometry of the s t a r t i n g  m a t e r i a l  leads to a diffe r e n t

stereochemistry in the product.

C y c l i s a t i o n  of Z ,E ,E —h u m u 1e n e - 4 , 5 -epoxide (209)

with t r i m e t h y 1 s i l y 1 t r i f 1 u o r o m e t h a n e s u I p h o n a t e  gave the novel

isomeric alcohols (210) and (211) . These were formed by the

opening of the 4,5 epoxide to give the C-4 catio n i c  centre,

which subse q u e n t l y  interacts w i t h  the double bond.
12 6Noza)ti et a 1 . s y n t h e s i s e d  the ^ , ^ - h u m u l e n e - 5 - m e s y l a t e  (212) ,

treatment of this w i t h  aqueous acetone y i e l d e d  the ring
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CT
(205)

CG
(207)
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c o ntraction p r o d u c t s  (213) , (214) and (215) . It is

interesting to note that no c y c l i s a t i o n  p r o d u c t s  of (209) or 

(212) were i s o l a t e d  from the g e n e r a t i o n  of a cationic c e n t r e  

at either C-4 or C-5 of Z ,E - h u m u l e n e .

(208) (132) (209)

OH
(215) (215)
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6 8

It can be seen from the i n f o r m a t i o n  in this 

i n t r o d u c t i o n  that over the past t w e n t y  years h u m u l e n e  has 

risen in stature to b e c o m e  a p i v o t a l  s e s q u i t e r p e n e  in the

b i o g e n e s i s  of a wide v a r i e t y  of b i c y c l i c  and t r i c y c l i c  

s e s q u i t e r p e n o i d s . It n o w  commands a p o s i t i o n  as important 

as g e r m a c r e n e  (216) in the h i e r a r c h y  of b i o g e n e t i c a  1 ly 

s i g n i f i c a n t  s e s q u i t e r p e n e s .  In v i e w  of the i n c r e a s i n g  number 

of h u m u l e n e - d e r i v e d  m e t a b o l i t e s  in r e c e n t  years it will be 

i n t e r e s t i n g  to see w h e t h e r  h u m u l e n e  will u l t i m a t e l y  assume 

the domin a n t  position.

(216)
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As d e s c r i b e d  in the i n t r o d u c t i o n  the a l l - i m p o r t a n t  

feature of the i n t e r m e d i a c y  of humul e n e  (1) in the b i o s y n t h e s i s  

of a wide v a r i e t y  of s e s q u i t e r p e n o i d s  is the appar e n t  enzym a t i c  

p r o tonation of the A**'® double bond. T h e  ensuing g e n e r a t i o n  

of a cationic c e n t r e  at C-4 p r o v i d e s  the impetus for TT-parti- 

cipation with the A ^  and A®'^ double b o n d s  leading to the 

various b i c y c l i c  and tricy c l i c  frameworks. F u r t h e r m o r e  it is 

abundantly c l e a r  that the vitro c h e m i s t r y  of h u m u l e n e  does

not mirror t h e s e  p r o p o s e d  p a t h w a y s  in v i e w  of the g r e a t e r  

reactivity of the A^'^ double bond t o w a r d s  e l e c t r o p h i l i c  

attack such as p r o t o n a t i o n ,  epoxi d a t i o n  and o x y m e r c u r a t i o n .

Thus any a t t e m p t s  to mimic the p r o p o s e d  b i o s y n t h e t i c  p a t h w a y s  

demands a r e g i o — c o n t r o 1 1 ed f u n c t i o n a l i s a t i o n  of h u m u l e n e  in 

such a way that g e n e r a t i o n  of the C-4 c a t i o n i c  centre can be 

g u a r a n t e e d .

An a t t r a c t i v e  m e t h o d  of a c h i e v i n g  this o b j e c t i v e  

is to form the 4,5-epoxide. Johnson and van Tamelen, in 

particular, h a v e  p i o n e e r e d  this t e c h n i q u e  to promote the

1,2cyclisation of acyclic p o l y o l e f i n s  with remark a b l e  success. '

It should be n o t e d  that the formation of humu 1 e n e - 4 , 5 -epoxide (2)
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is not simple, as it r e q u i r e s  f u n c t i o n a l i s a t i o n  of the least 

reactive double bond. A c o n v e n i e n t  m e t h o d  for the formation 

of h u m u l e n e - 4 , 5 - e p o x i d e  (2) is by d e o x y g e n a t i o n  of humulene 

trisepoxide (3) with t w o  e q u i v a l e n t s  of t u n g s t e n  hexac h l o r i d e
3and n - b u t y l 1 i t h i u m . T h e  c o n f o r m a t i o n s  of h u m u l e n e -4,5-

epoxide (2) are t h o u g h t  to be similar to t hose of humulene

itself, thus h u m u 1e n e - 4 , 5 -epoxide will exist as a mixture of

C C , C T , TC and TT c o n f o r m e r s .  T reatment of h u m u 1e n e -4,5-

epoxide with boron t r i f l u o r i d e  etherate in ether or trimethyl-

silyl trif 1u o r o m e t h a n e s u I p h o n a t e  yields the alcohols (4) and
4,5( 5) with an t y p e  skeleton (6) The alcohols (4)

R = Ac (9 )

R = H (5 )

R = Ac (1 0 )

( 6) ( 7 ) ( 8 )

and (5) can be c o n s i d e r e d  to have arisen f r o m  cyclisation of 

h u m u 1 e n e - 4 , 5 - e p o x i de in the CT conformer. Treatment of 

h u m u 1e n e - 4 , 5 - e p o x i de (2) with boron t r i f l u o r i d e  etherate in
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acetic a n h y d r i d e  y i e l d s  the diacetate (7) r e l a t e d  to b i c y c l o -  

humulonone (8) . The d i a c e t a t e  (7) can be c o n s i d e r e d  to have 

arisen from c y c l i s a t i o n  of hurau1e n e - 4 , 5 - e p o x i d e  in the CC 

c o n f o r m e r . T h e s e  c y c l i s a t i o n s  of h u m u l e n e - 4 , 5-epoxide can be 

viewed as e x a m p l e s  of a c o n f o r m a t i o n a l l y  s e l e c t i v e  reaction. 

Treatment of h u m u 1 e n e - 4 , 5 -epoxide with b o r o n  t r i f l u o r i d e  

etherate in a c e t i c  a c i d  yields both CC and C T  c o n f o r m e r - m e d i a t e d  

products, n a m e l y  the a c e t a t e s  (9) and (lO) a n d  the d i a c e t a t e  

(7). Thus in vitro c y c l i s a t i o n  of h u m u 1 e n e - 4 , 5 -epox i d e  is 

initiated by c a r b o n i u m  ion formation at C-4. Inter a c t i o n  with 

the d o uble bond follows to yield p r o d u c t s  of the afric a n e

(6) and b i c y c l o h u m u l a n e  (8) types.

A l t h o u g h  these were very e n c o u r a g i n g  results and 

can be viewed as a b i o m i m e t i c -type s y n t h e s e s  of the afric a n e  

and b i c y c 1o h u m u 1ane compounds, Shirahama a n d  o u r s e l v e s  have 

been unable to e n c o u r a g e  the double b o n d  to p a r t i c i p a t e

naturally with the C-4 cationic centre, in w h a t  is p r o b a b l y  

a c oncerted reaction. This was e s s e n t i a l l y  the o b j e c t i v e  of 

the work to be d e s c r i b e d  since only by t hese means c o u l d  we 

begin to b r e a k  into the p r o t o i l l u d y l  and r e l a t e d  systems, 

i.e. towards those c o m p o u n d s  having a g e m - d i m e t h y 1c y c 1 opent a n e  

ring as a c o m m o n  d e n o minator. An e x a m i n a t i o n  of m o l e c u l a r  

models leads to the i d e n t i f i c a t i o n  of the p r o b l e m  as the 

t r a n s g e o m e t r y  of the A^'^ double bond, w h i c h  inhibits the 

correct a l i g n m e n t  of the A**’  ̂ and A®'^ d o u b l e  bonds. Two 

solutions to this p r o b l e m  were thought p o s s i b l e .  Firstly, 

t r a n s -cis i s o m e r i s a t i o n  of the A ^ ’  ̂ double b o n d  should 

increase the c o n f o r m a t i o n a l  mobil i t y  within the ring. Some
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initial work in this field has b e e n  p e r f o r m e d  within this

research group with the f o r m a t i o n  of i s o h u m u l e n e  (11), although
7no t r a n sannular have so far been attempted,

A l t e r n a t i v e l y  the d o u b l e  b o n d  could be t e m p o r a r i l y

removed and r e p l a c e d  with a suitable f u n c t i o n a l i t y  which

would permit the :ion of the double b o n d  at the a p p r o ­

priate time. Thus two sp h y b r i d i s e d  c e n tres would be replaced 

by two sp^ h y b r i d i s e d  c e n t r e s  w h i c h  should incre a s e  the c o n ­

formational m o b i l i t y  w i t h i n  the e l e v e n - m e m b e r e d  ring, allowing

for a more favourable alignment of the A and A *

bonds. This appro a c h  also has the advantage that as the A ' 

double bond has been removed, no p r o d u c t s  can arise from 

interaction of the A  ̂ a n d  A^'^ double bonds.

This h y p o t h e s i s  r e c e i v e s  support f r o m  the work of
Q

Shirahama et a l . , who c y c l i s e d  h u m u l e n e  d i r e c t l y  with mercury 

compounds, using an o x y m e r c u r a t i o n / d e m e r c u r a t i o n  procedure to 

give the cyclic ethers (12) and (13). The m e c h a n i s m  of the
9reaction was exami n e d  by d e u t e r i u m  labelling and showed that 

the reaction p r o c e e d s  via the p a t h w a y  shown in Scheme 1. It

is important to note that the d e r i v a t i v e  w h i c h  undergoes

has an sp c e ntre at C-1.
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Also r e l e v a n t  to this h y p o t h e s i s  is the p r o duct

formed o n  t r e a t m e n t  of h u m u l e n e  (1) with sulphuric acid, a-
lOc a r y o p h y 1 lene a l c o h o l  (14) This reaction has been e x a m i n e d  

13.by d e u t e r i u m  l a b e l l i n g  c o u p l e d  with C nmr spect r o s c o p y  and 

the p r o p o s e d  m e c h a n i s m  is o u t l i n e d  in Scheme 2. I n t e r e s t i n g l y

the i n i t i a l  step is the to double bond i s omerisation,

leaving an sp c e ntre at C-1. The inter a c t i o n s  within the 

ring a r e  now such that the A** ’ ̂  d o u b l e  bond under g o e s  initial 

p r o t o n a t i o n ,  f o l l o w e d  by s u c c e s s i v e  p a r t i c i p a t i o n  of the A®'^ 

and A ^ ' ^ double bonds.

Work a long these lines has already been carried out
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Scheme 2

■OH

i-\k)

H (1 7 )
5,5 dinitrobenzoate (I8 )
Ac (1 9 )
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v^ithin this r e s e a r c h  g r o u p  by Bryson. The target molecule

was envis a g e d  as the p r o t e c t e d  i s o h u m u l o 1 - 4 , 5 -epoxide (15).

The methyl ether was c h o s e n  as the p r o t e c t i n g  group in the

molecule (16). This w o u l d  seem i n i t i a l l y  a strange p r o t e c t i n g

group to use as it is n o r m a l l y  c o n s i d e r e d  too stable for

routine p r o t e c t i o n  of alcoh o l s .  The i n t r o d u c t i o n  of organo-
1 2silicon reagents such as t r i m e t h y 1 s i l y 1 iodide, however, 

should make the d e a l k y l a t i o n  of methyl ethers a simple p r o c e s s .  

The methyl ether of i s o h u m u l o l - 4 , 5 - e p o x i d e  (16) was s y n t h e s i s e d  

from humul e n e  (1) in four steps. T r e a t m e n t  of the epoxide (16) 

with boron t r i f l u o r i d e  e t h e r a t e  in e ther gave one major 

product, the a l c ohol (17) whose struc t u r e  was estab l i s h e d  as 

the 5-methyl ether of 6 , 1 0 ,l O - 1 r i m e t h y 1 - 2 - m e t h y 1ene bicyclo- 

[6.3 . O ] u n d e c a - 5 ,9-diol by X -ray a n a l y s i s  of the 3,5 dinitro- 

benzoate d e r i v a t i v e  (18) . S u r p r i s i n g l y  , h o w e v e r , t reatment of 

the acetate (19) with t r i m e t h y 1 s i l y 1 iodide p r o d u c e d  the 

cyclic ether (20), as did t r e a t m e n t  of (19) with a whole r a n g e  

of o r g a n o s i 1 icon reage n t s  . This p r o v e d  a major b a r rier to 

further work in this field. I n t e r e s t i n g l y  h y d r o g e n a t i o n  of 

the acetate (19) with R a n e y  nickel as the catalyst p r o d u c e d  

the d i h y d r o —c o m p o u n d  (21), which when treated with t r i m e t h y l — 

silyl iodide u n d e r w e n t  e l i m i n a t i o n  to give the alkene (22) .

AcO,
H

AcQV hi
AcQ hi

■O'

(2 0)
Hi

(2 1 )
H,

( 22 )
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This final result p r o v i d e d  an impetus for further 

work in this field, showing t h a t  if the p r o b l e m s  that b eset 

the d e p r o t e c t i o n  stage could be o v e r c o m e  the A®'® d o u b l e  bond 

could be restored.

As s e v eral new m e t h o d s  for methyl ether c l e a v a g e  

had been p u b l i s h e d  following B r y s o n ' s  work, it seemed logical 

to examine t hese m e t h o d s  b e fore c o n s i d e r i n g  new p r o t e c t i n g  

g r o u p s .

H u m u l e n e  (1) was h y d r o b o r a t e d  with b o r a n e - t e t r a -  

h y d r o f u r a n  c o m p l e x  to give i s o h u m u l o l  (23) in low y i e l d  

('t 36%) The r e m a i n i n g  m a t e r i a l  recov e r e d  from the reactioi

mixture was s t a r t i n g  material w h i c h  could be recycled.

Although i s o h u m u l o l  was n o r m a l l y  p u r i f i e d  by column c h r o m a ­

tography using K i e s e l g e l  60, t h i s  was a lengthy and t e dious 

process and more u s u a l l y  crude i s o h u m u l o l  was used in the 

p r o t e c t i o n  step, and the p r o t e c t e d  isohumulol thus p r o d u c e d  

could be p u r i f i e d  on alumina.

R = H (23) 
R = Me {2k)

P r o t e c t i o n  of i s o h u m u l o l  (23) as the methyl ether 

(24) was a s t r a i g h t f o r w a r d  p r o c e s s  using n - b u t y 1 1 i t hium and 

methyl iodide. B i s e p o x i d a t i o n  o f  the methyl ether (24) in a 

bipha s i c  s y s t e m  of d i c h l o r o m e t h a n e / O .5M s o dium b i c a r b o n a t e
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s o l u t i o n , e m u l s i f i e d  t>y r a p i d  m e c h a n i c a l  stirr i n g  and using 

m - c h l o r o p e r o x y b e n z o i c  a c i d  as the e p o x i d a t i o n  agent, gave 

either (25) or its d i a s t e r e o i s o m e r  (26) in g o o d  yield (62%). 

The relative s t e r e o c h e m i s t r i e s  of (25) and (26) are depicted 

in Scheme 3. The s t e r e o c h e m i s t r y  a b o u t  the C-4 - C-5 bond is

the crucial feature in (25) and (26), and was inferred from 

the s t e r e o c h e m i s t r y  of the c y c l i s a t i o n  p r o d u c t  (17). The 

stereochemistry about t h e  C-8 - C-9 b o n d  c annot be d e t e r m i n e d

in the b i s e p o x i d e s  (25) and (26) since the C-8 - C-9 epoxide

is removed in the next step.

(25)

Me

Scheme 3
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T r e a t m e n t  of the m e t h y l  ether of i s o h u m u l o l  

bisepoxide (25) /(26) w i t h  t u n g s t e n  h e x a c h l o r i d e  a n d  ri-butyl-

lithium p r o d u c e d  the 4 , 5 - e p o x i d e  (16) in good

yield (37%) This m e t h o d  for the d e o x y g e n a t i o n  of epoxides

has been used p r e v i o u s l y  by this research group for the regio-

selective d e o x y g e n a t i o n  of h u m u l e n e  trisepoxide (3) to give

h u m u l e n e - 4 ,5 - e p o x i d e  ( 2 ) The princ i p l e  reagent in this

mixture is t h o u g h t  to be Li„WCl^ and the p r o p o s e d  m e c h a n i s mb
of the react i o n  is d e p i c t e d  in Scheme 4. It is i n t e r e s t i n g

2 -to note that the WCl, ion can act as a Lewis a c i d  as well

as a reducing agent.

The methyl e t h e r  of i s o h u m u 1o 1-4 ,5-e p o x i d e  (16) 

was then t r e a t e d  with b o r o n  t r i f l u o r i d e  etherate in ether to 

yield the 5-methyl ether of 6 . l O ,l O - 1 r i m e t h y 1 - 2 - m e t h y 1ene 

b i c y c l o [6.3.O ]u n d e c a - 5 , 9 - d i o 1 (17) s p e c t r o s c o p i c a l l y  identical
7

to authentic m a t e r i a l  p r e p a r e d  by Bryson. The a l c o h o l  (17)

was s u b s e q u e n t l y  a c y l a t e d  w i t h  acetic anhydride, p y r i d i n e

and N ,N - d i m e t h y 1 - 4 - a m i n o p y r i d i n e  to give the a c e t a t e  (19).

It had p r e v i o u s l y  been found that the a l c o h o l  (17)

could be isola t e d  also f r o m  the crude d e o x y g e n a t i o n  mixture
7when longer r e a c t i o n  times were used. R e - e x a m i n a t i o n  of the 

crude d e o x y g e n a t i o n  m i x t u r e  s howed that cyclised m a t e r i a l  

could also be isolated u n d e r  normal reaction times. If the 

crude b i s e p o x i d e  (25/26) was r e c o vered from the d e o x y g e n a t i o n  

reaction m i x t u r e  and e x a m i n e d  by analytical tic, it was seen 

to consist of two c o m p o u n d s  Rf = 0.28 and 0.3. T h e s e  could 

be separated by a c y l a t i o n  of the crude reaction m i x t u r e  

followed by column c h r o m a t o g r a p h y .  There were t h r e e  spots
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WCl6

wci,^' +  p C ] 
0

2BuLi ----------> LiWCI^ + Bu-Bu

Cl

I 'Cl 
Cl

-id
c i ^
Cl“ '̂ '

Cl
'Cl

c r/  \ -c i

Scheme k

R = H (17) 
R = Ac (19)

visible on a n a l y t i c a l  tic a f t e r  acylation Rf - 0.28, 0.76,

0.82. The mater i a l ,  Rf = 0 . 2 8  was identified as the b i s -  

epoxide (25/26), and the m a t e r i a l  Rf = 0.76 was i d e n t i f i e d  

as a m i x t u r e  of the acetate (19) and a new acetate. The 

material Rf = 0.82 was the n e w  acetate and displ a y e d  a 90 MHz 

nmr s n e c t r u m  with:

6 = 0.87 (3H,s), 0.99 (3H,d,J = 6Hz), 1.04 (3H,s), 1.61 (3H,s),

2.05 (3H,s), 3.24 (3H,s), 3 . 2 4  (lH,m) and 4.62 (lH,d,J = 7Hz).

This was ident i f i e d  as the i s o m e r i c  acetate (27) by compa r i s o n  

of the 90 MHz nmr spectrum w i t h  that of the )cnown d i a c e t a t e  

(28) .

'  V
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An a n a l o g o u s  r e a c t i o n  to this has a p p e a r e d  in the 
. 2 0recent literature. It w a s  found that t r e a t m e n t  of the

methyl ether (31) with t r i m e t h y 1 s i l y 1 iodide d i d  not give 

the e x p e c t e d  alcohol (32), b u t  i n s t e a d  gave the ethers (33) 

and (34). It was s u g g e s t e d  that the initial step was indeed 

methyl e ther cleav a g e  of (31) to give (32), f o l l o w e d  by 

cyclisation of the o - a l l y l  p h e n o l  system due to the presence 

of a d v e n t i t i o u s  h y d r o g e n  iodide.

)Me
RO.

Me
'0- •0

MeO
R = H (55)
R = Me (5̂ +)

T r e a t m e n t  of the b i c y c l i c  d e r i v a t i v e  (19) with
19t r r m e t h y l s i l y 1 iodide g e n e r a t e d  in s itu from t r i m e t h y 1 s i l y 1

chloride a n d  s odium iodide the r e s u l t i n g  p r o d u c t  was not the

cyclic ether (20) but s h o w e d  loss of the allcene protons at

4.76 and 4.98 ppm and the m e t h y l  ether p r o tons at 3.25 ppm

and the p r o t o n  at 4.54 ppm. If the b i c y c l i c  d e r i v a t i v e  (19)

was t r e ated with t r i m e t h y 1 s i l y 1 iodide g e n e r a t e d  in situ in

the p r e s e n c e  of h e x a m e t h y 1d i s i 1azane as a h y d r o g e n  iodide

scavenger, t h e n  no r e a c t i o n  occur r e d .  However if the same

reaction m i x t u r e  was h e a t e d  to 50°C, one major p r o d u c t  was

formed, i d e n t i f i e d  as the c y c l i c  ether (20). T r e a t m e n t  of
X 8the b i c y c l i c  deriv a t i v e  (19) with t r i c h l o r o m e t h y 1 silane 

gave the c y c l i c  ether (20) as expected.
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Since the methyl e t h e r  as a p r o t e c t i n g  group was 

p r e s e n t i n g  p r o b l e m s  it s e e m e d  wise to a b a n d o n  its use. The 

o v e r a l l  strategy, however, s e e m e d  to be ideal for o b t a i n i n g  

the cis fused b i c y c 1o [6.3.O ]u n d e c a n e  system. Therefore it 

was decided to c o n t i n u e  a l o n g  these lines, alter i n g  the 

p r o t e c t i n g  g r o u p  to one that, a l t h o u g h  less stable, may be 

c l e a v e d  under m i l d  or n e u t r a l  conditions.

At this p o i n t  the use of e s ters as a p r o t e c t i n g  

g r o u p  for i s o h u m u l o l  (23) w a s  c o nsidered. The ester group 

w o u l d  have many a d vantages, it is e a s i l y  formed and can be 

h y d r o l y s e d  u n d e r  a v a r iety o f  condi t i o n s .  The use of two 

e s t e r s  was examined, namely the a c e t o x y  ester and the p^-phenyl 

benzo a t e  ester. Isohumulol (23) was e a sily e s t e r i f i e d  with 

a c etic anhydride, p y r i d i n e  a n d  N ,^ - d i m e t h y 1 - 4 - a m i n opyridine 

or g-phenyl b e n z o y l  c h l o r i d e  and p y r i d i n e  to give the a c e t a t e  

(35) and the £ - p h e n y l  b e n z o a t e  (36) of i s ohumulol r e s p e c t i v e l y

(37)
R = ^-phenyl benzoate

(36)
R = _£-phenyl benzoate

(39)
B i s e p o X i d a t i o n  of (35) under the same c o nditions 

u s e d  for the f o r m a t i o n  of the m e thyl ether b i s e p o x i d e  (25/26) 

i.e. biphasic system, d i c h l o r o m e t h a n e / O .5M s o dium b i c a r b o n a t e
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solution, rapid mecha n i c a l  s t i r r i n g  with m - c h l o r o p e r o x y b e n z o i c
1 4acid as the e p o x i d a t i o n  agent, gave o n l y  the raonoepoxidised 

product (37). However if this m o n o e p o x i d e  was r e s u b m i t t e d  to 

these c o n d i t i o n s  and the s t i r r i n g  rate l o w e r e d  to a normal 

level, one major b i s e p o x i d e  (38) was formed. This c ould be 

one of four d i a s t e r e o i s o m e r s  a n d  insight into its r e l a t i v e  

s t e r e o c h e m i s t r y  could be g a i n e d  from s p e c t r o s c o p i c  data. In 

p a rticular it was possible to c o m p a r e  the )tey nmr c h e m i c a l

shifts that were assig n e d  for t h e  methyl ether b i s e p o x i d e  of

)cnown s t e r e o c h e m i s t r y  about C-4 and C-5 ( 25/26) and the b i s -
1 3epoxide (38). (Table 1). The C chemical shifts of C-4 and

C-5 in (25/26) and (38) c o m pare very well, h o w ever there is
13not such a good c o mparison b e t w e e n  the C chemical s h ifts of

C-8 and C-9 in (25/26) and (38). It seems r e a s o n a b l e  to

assume that if (38) had a d i f f e r e n t  c o n f i g u r a t i o n  about the
1 3C-4 - C-5 bond from (25/26) t h e n  the C chemical shifts

would differ due to changes in c o n f o r m a t i o n ,  steric e f f e c t s
2 1and subtle e l e c t r o n i c  effects. Hence (38) was a s s i g n e d  as

having the same s t e r e o c h e m i s t r y  about the C-4 - C-5 bond as

(25/26) with the s t e r e o c h e m i s t r y  about C-8 - C-9 in (38) 

un)tnown and p o s s i b l y  different f r o m  (25/26) . B i sepox ida t ion of

the phenyl benzo a t e  (36) went smoot h l y  under biphasic c o n ­

ditions (d i c h 1o r o m e t h a n e / O .5M s o d i u m  b i c a r b o n a t e  solution) at 

normal stirr i n g  rates with m - c h l o r o p e r o x y b e n z o i c  acid as the 

epoxi d a t i o n  agent^^ to give one major b i s e p o x i d e  (39).

The d e o x y g e n a t i o n  p r o c e d u r e  with tungsten h e x a — 

chloride and n —b u t y l 1 ithium s h o u l d  be c o m p a t a b l e  with esters, 

stigmasterol acetate b i s e p o x i d e  (40) has been d e o x y g e n a t e d  to
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the m o n o e p o x i d e  (41). 15 Also r e l e v a n t  is the d e o x y g e n a t i o n

of the b i s e p o x i d e  (42) to the a c e t a t e  of 4 - h y d r o x y -4 ,5 —d i h y d r o ■ 
22humulene (43).

AcO

AcO AcO

(43)

H o w ever a t t e m p t e d  d e o x y g e n a t i o n  of (38) and (39) 

with t u n g s t e n  h e x a c h l o r i d e  and ri-buty 11 ith ium for p r o l o n g e d  

periods r e s u l t e d  in the r e c o v e r y  of s t a r t i n g  material only. 

This result was unexp e c t e d .  It was t h o u g h t  that some type 

of t u n g s t e n  c o m plex was being formed w i t h i n  the r e a c t i o n  

mixture, as the s o l u t i o n  g r a d u a l l y  b e came an o r a n g e - y e 1 low 

colour on a d d i t i o n  of the ester i n stead of the more u sual blue 

solution, and this may have inhib i t e d  the d e o x y g e n a t i o n  

reaction. H o w ever this is p u r e l y  speculative, and this result
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There are o t h e r  m e t h o d s  in the for the

cleavage of £-raethoxy b e n z y l  ethers i ncluding o x i d a t i o n  with
25stable radical c a t i o n s  of triaryl amines'

26
and elec t r o -

chemical oxidation. However, c l e a v a g e  with DDQ s h o u l d

provide a quick clean method.

It seemed p r a c t i c a l ,  at this point, to t e s t  the

cleavage of £^-methoxy b e n z y l  ethers w i t h  DDQ by f o r m i n g  the

£-methoxy benzyl e ther of i s o h u m u l o l  (51). I s o h u m u l o l  (23)

was t r e a t e d  with 1 e q . of s o d i u m  h y d r i d e  and p - m e t h o x y  benzyl

chloride in t e t r a h y d r o f u r a n . £ - M e t h o x y  benzyl c h l o r i d e  cannot

be o b t a i n e d  c o m m e r c i a l l y ,  but it can be c o n v e n i e n t l y  p r e p a r e d

from p - m e t h o x y b e n z y 1 a l c o h o l  and c o n c e n t r a t e d  h y d r o c h l o r i c  
2 7acid. This gave the £ - m e t h o x y  b e n z y l  ether (51) in low

yield ('Vi 30%) u n a c c e p t a b l e  for a p r o t e c t i o n  step. The base

in the react i o n  was c h a n g e d  to n - b u t y l 1 i t h i u m , but in this 

case no reaction took p l a c e  and s t a r t i n g  material o n l y  was 

recovered. Instead of a l t e r i n g  the base, the a m o u n t  of sodium 

hydride in the r e a c t i o n  m i x t u r e  was i n c r e a s e d  from 1 eq. to 

lO e q . and this s u c c e e d e d  in i m p r o v i n g  the yield of (51) to 

an accep t a b l e  level ('u 80%) .

( 5 1 )
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T r e a t m e n t  of the ^ - m e t h o x y  benzyl ether o f  iso-
2 3humulol (51) w i t h  DDQ in d i c h l o r o m e t h a n e  and water r e s u l t e d  

in the cleavage of the p - m e t h o x y  b e n z y l  ether to g i v e  iso- 

humulol (23) and £^-methoxy b e n z a l d e h y d e  . One m a j o r  p r o b l e m  

was e n c o u n t e r e d ,  namely the p r o d u c t i o n  of D D Q H 2 w i t h i n  the 

react i o n  mixture, which w a s  a l l e g e d l y  insoluble in d i c h l o r o -  

methane and water. This w a s  found not to be the c a s e  and it 

did not preci p i t a t e  out as expected. A t e d ious wor)c-up p r o c e ­

dure r e s u l t e d ,  a l t h o u g h  the yield of r e c o v e r e d  isohuraulol r e ­

mained high ('t 82%) .

B i s epox ida t ion o f  the g^-methoxy benzyl e t h e r  of iso- 

humulol (51) was first a t t e m p t e d  u s i n g  a biphasic s y s t e m  

( d i c h l o r o m e t h a n e / O .5M s o d i u m  b i c a r b o n a t e  solution) with m-

c h l o r o p e r o x y b e n z o i c  acid as the e p o x i d a t i o n  agent a n d  normal 
1 4stirring rates. This r e s u l t e d  in the f ormation o f  the

c o r r e sponding 8 , 9 - e p o x i d e  (52) (7%) and the b i s e p o x i d e  (53)

(7%), b o t h  in low yield. If the same condi t i o n s  w e r e  r e t a i n e d  

and the stirring rate i n c r e a s e d  then a s l i g h t l y  h i g h e r  y i e l d  

of the b i s e p o x i d e  (53) was o b t a i n e d  (13%), but this was still 

u n a c c e p t a b l y  low. T r e a t m e n t  of (51) with m - c h l o r o p e r o x y b e n z o i c  

acid in d i c h l o r o m e t h a n e  w i t h  the a b s e n c e  of base g a v e  the 

bisep o x i d e  (53) in a b e t t e r  yield 38%) .

Again the g - m e t h o x y  benzyl ether of i s ohumulol 

bisep o x i d e  (53) can exist as four d i a s te r eo i some r s (54)-(57) .

It is k n o w n  from the s e ries of methyl ether p r o t e c t e d  c o m p o u n d s  

that t h e  r e q u i r e d  s t e r e o c h e m i s t r y  for the b i s e p o x i d e  would be 

(54) o r  (55). The s t e r e o c h e m i s t r y  about the C-8 - C-9 bond is

not c r i t i c a l  as this e p o x i d e  will be removed at the deoxygenaticn
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1 3step. Again a C nmr spectral c o m p a r i s o n  of the methyl 

ether b i s e p o x i d e s  (25) and (26) , with the £^-methoxy benzyl 

ether b i s e p o x i d e  (53) was useful (Table 2). From this it can 

be seen that there is a r e a s o n a b l e  c o r r e l a t i o n  b e t ween the 

chemical shifts of (25/26) and (53). In p a r t i c u l a r  there is a 

good c o m p a r i s o n  b e t w e e n  the C-4, C-5, C-8 and C-9 chemical

shifts in (25/26) and (53). Hence it is r e a s o n a b l e  to assume 

that (53) has either t h e  s t r u c t u r e  (54) or (55) .

Initial p r o b l e m s  were e n c o u n t e r e d  when the d e o x y ­

genation of the g^-methoxy benzyl ether b i s e p o x i d e  (54/55) was 

attempted. T r e a t m e n t  of (54/55) with t u n g s t e n  h e x a c h l o r i d e  and 

n - b u t y l 1 i t h i u m ^ ^ u n d e r  the c o n d i t i o n s  p r e v i o u s l y  used for 

the d e o x y g e n a t i o n  of t h e  b i s e p o x i d e  (25/26), showed that the 

main reaction was r e m o v a l  of the p r o t e c t i n g  group, and hence 

g-methoxy benzyl a l c o h o l  was recovered. H o w e v e r  by variation 

of the reaction t e m p e r a t u r e ,  it was found that at lower 

temperatures the 4 , 5 - e p o x i d e  (58) c ould be formed in low 

yields ('t 14%) , the r e m a i n i n g  m a t e r i a l  r e c o v e r e d  was starting 

material. By e x t e n d i n g  the r e a c t i o n  times, it was hoped that 

a better yield could b e  achieved, but r e m oval of the p r otecting 

group again began to p r e d o m i n a t e .  Hence it was reasoned that 

lowering the react i o n  t e m p e r a t u r e  l o w ered the rate of d e o x y ­

genation to an u n a c c e p t a b l e  level, and that i ncreasing the 

reaction time i n c r e a s e d  the a m ount of side reactions due to 

the p r e s e n c e  of a L e w i s  acid. The logical step was to increase 

the c o n c e n t r a t i o n  of the tungsten reagent, and thus increase 

the d e o x y g e n a t i o n  rate at lower tempe r a t u r e s .  If the b i s ­

epoxide (54/55) was t r e a t e d  with two e q u i v a l e n t s  of tungsten
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h e x a c h l o r i d e / ^ - b u t y 1 1 ithium at - 1 5 ° C  for 1 hour, follo w e d  by 

warming to room t e m p e r a t u r e  for 5 0  minutes, a r e a s o n a b l e  yield 

of 4 , 5 - e p o x i d e  (58) was obtained. The o t h e r  material r e c o v e r e d  

from the r e a c t i o n  was a mixture o f  the c y c l i s e d  isomers (61) 

and (60) and s t a r t i n g  material (54/55). An important point to 

note was since room t e m p e r a t u r e  is v a r i a b l e  (!) the react i o n  

rate w o u l d  vary a c c ordingly, on e a c h  o c c a s i o n  the p r o g r e s s  of 

each r e a c t i o n  was m o n i t o r e d  c a r e f u l l y  by a n a l y t i c a l  tic. The 

yield of 4 , 5 - e p o x i d e  (58) was not i m p r o v e d  when the t u n g s t e n  

reagent c o n c e n t r a t i o n  was i n c r e a s e d  to t hree e q u i v a l e n t s

(58)

PMBz

('V/ 42%) and in fact the work-up p r o c e d u r e  became d i f f i c u l t  due 

to the large c o n c e n t r a t i o n  of t u n g s t e n  salts.

Hence a viable method w a s  r e a l i s e d  for the p r o d u c t i o n  

of the g —m e t h o x y  benzyl ether of i s o h u m u l o 1-4,5 — e p o x i d e  (58) 

in r e a s o n a b l e  yield. A c o m p a r i s o n  of the C nmr chemical 

shift data of (58) with that for the m e t h y l  ether 4,5-e p o x i d e  

(16) s h o w e d  a very good c o r r e l a t i o n  and a gain this seems to 

support the evide n c e  that these c o m p o u n d s  have the same 

relative s t e r e o c h e m i s t r y  (Table 2) .

T r e a t m e n t  of the p - m e t h o x y  b e n z y l  ether of isohumulol- 

4,5-epoxide (58) with boron t r i f l u o r i d e  ether a t e  in ether at
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room t e m p e r a t u r e  r e s u l t e d  in the f o r m a t i o n  of the 5 

methoxy b e n z y l  ether of 6 , l O ,l O - 1 r i m e t h y 1 - 2 - m e t h y 1ene 

b i c y c l o [ 6 . 3 . O ] u n d e c a - 5 ,9 - d i o l  (60) (19%) c o r r e s p o n d i n g  to

the methyl ether (17) p r e v i o u s l y  formed. This yield could 

be i m p r o v e d  to 65% if t h e  r e a c t i o n  was p e r f o r m e d  at 0°C.

As the s t r u c t u r e  of the 3 , 5 —d i n i t r o b e n z o a t e  d e rivative of 

the methyl ether (18) h a d  been r i g o r o u s l y  e s t a b l i s h e d  by X - r a y  

analysis it was i m p o r t a n t  that (17) a n d  (60) were e s t a b l i s h e d  

as having the same r e l a t i v e  s t e r e o c h e m i s t r y .  A c omparison o f  

and nmr c h e mical shift data (Table 3) showed that t h e r e

was a r e a s o n a b l e  c o r r e l a t i o n  b e t w e e n  (17) and (60). Of 

p a r t i c u l a r  i m portance w a s  that the c o u p l i n g  constant between 

the p r o t o n  at C-9 and t h e  p r o t o n  at C - 8  remained the same 

(lO Hz). If the ring f u s i o n  had e i t h e r  of the t r a n s s t e r e o ­

chemi s t r i e s  then this c o u p l i n g  would have been somewhat 

different. Again nmr chemical s h i f t  data showed a

r easonable correlation.

From this p o i n t  on it was a n t i c i p a t e d  that it w o u l d  

be a r e l a t i v e l y  easy m a t t e r  to c o n v e r t  (60) to the diene (62) 

(Scheme 7). The i n i t i a l  step was p l a n n e d  as the protection o f  

the C — 9 h y d r o x y l  group as the acetate since this would p e r m i t  

d i f f e r e n t i a t i o n  b e t w e e n  the C-5 and C - 9  hydroxyl groups once 

the C-5 h y d r o x y l  group had been r e g e n e r a t e d .  Cleavage of t h e  

£-met h o x y  benzyl ether s h o u l d  be a s t r a i g h t f o r w a r d  matter 

using DDQ in d i c h l o r o m e t h a n e / w a t e r . H o w e v e r  some u n c e r t a i n t y  

remained about the b e s t  m e thod for t h e  dehyd r a t i o n  of the C - 5  

hydroxyl group.
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AcQ H

(62)

To this end a series of model studies was i 

using i sohumulol (23) as the m o d e l  compound. I s o h u m u l o l  has 

several a d v a n t a g e s  as a model c ompound. It is freely a v a i l a b l e  

and both humulene and i s o h u m u l o l  are well c h a r a c t e r i s e d  and 

familiar compounds. Also it c o n t a i n s  a m e d i u m  sized ring with 

a fair degree of f l e x i b i l i t y  as is the case in (63).

T r e a t m e n t  of i s o h u m u l o l  (23) with mesyl c h l o r i d e  in 

pyridine did not result in i m m e d i a t e  e l i m i n a t i o n  but led to 

the formation of the mesyl a t e  (64) (50%) . This was a l s o  the

case if the base was c h a n g e d  to t r i e t h y 1 a m i n e . If the i s o ­

humulol (23) and mesyl chloride in p y r i d i n e  reaction m i x t u r e  

was h e a t e d  the sole ident i f i e d  product was still the m e s ylate 

(64). H e n c e  it was c o n c l u d e d  t h a t  the t r e a t m e n t  of the C-5
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hydroxy group in (63) w o u l d  p r o b a b l y  result in the f o r m a t i o n  

of the m e s y l a t e  (65) w h i c h  c o u l d  then be treated w i t h  a base 

such as 1 ,8- d i a z a b i c y c l o [5.4.O ]u n d e c a - 7 -ene (DBU) to b r i n g

about elimination. 28

R = PMBz R' = H (6 0 )
R = PMBz R' = Ac (66)
R = H R' = Ac (63)
R = Ms R' = Ac (65)

Treat m e n t  of the 5 - p - m e t h o x y  benzyl e t h e r  of

6 ,1 0 ,1 0 - t r i m e t h y l - 2 - m e t h y l e n e - b i c y c l o  [ 6 . 3 . 0 ] u n d e c a - 5 , 9 - d i o l

(60) with acetic a n h y d r i d e  in pyrid i n e  with a c a t a l y t i c

amount of N .N - d i m e t h y 1 - 4 - a m i n o p y r i d i n e  resulted in the smooth

formation of the a c e t a t e  (66). The cleavage of the p —m e t h o x y

benzyl ether in (66) w i t h  DDQ in d i c h l o r o m e t h a n e / w a t e r  went
2 3in high yield to give t h e  a l c o h o l  (63) (83%) .

As a n t i c i p a t e d  t r e a t m e n t  of (63) with m e s y l  

chloride in p y r i d i n e  r e s u l t e d  in the formation of the 

mesylate (65). This c o m p o u n d  was heated with DBU for 22 

hours after which time e l i m i n a t i o n  had taken place to form 

the acetate of 9 - h y d r o x y — 6 , 1 O ,1 O -t r i m e t h y 1 - 2 - m e t h y l e n e -  

fa icyc lo [ 6 . 3 . O ] unde ca - 5 - e ne (62) .

The stage is n o w  set to discuss the e f f e c t s  of 

protonation, c y c l i s a t i o n  and r e a r r a n g e m e n t  upon the d iene (62) 

At this point only p a t h w a y s  that lead from the d i e n e  (62) to 

naturally o c c u r r i n g  s e s q u i t e r p e n e  skeletons will be considered.

i  1 .
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A s e r i e s  of s mall scale e x p e r i m e n t s  were set up to 

examine the e f f e c t s  of v a r ious acids u p o n  the d iene (62) , 

the reactions b e i n g  m o n i t o r e d  by a n a l y t i c a l  tic. It was 

found that no r e a c t i o n  o c c u r r e d  with b o r o n  t r i f l u o r i d e  e t h e r a t e  

or t r i f l u o r o a c e t i c  acid, w h ilst s u l p h u r i c  acid in e ther and 

£-toluene s u l p h o n i c  a c i d  in b e n zene b o t h  led to the f ormation 

of one major p r o d u c t  Rf = 0.34 (30% e t h y l  a c e t a t e / p e t .e t h e r )

Two new c o m p o u n d s  Rf = 0.65 and 0.6 (30% ethyl a c e t a t e / p e t .

ether) were f o r m e d  when the diene (62) was t r e a t e d  with formic 

acid in acetic a n h y d r i d e ,  w h i l s t  three new c o m p o u n d s  Rf = 0.5, 

0.33 and 0.1 (10% ethyl a c e t a t e / p e t .e t h e r ) were f ormed when

(62) was t r e a t e d  with f o rmic acid alone.

L arge scale t r e a t m e n t  of the d iene (62) with 

£~toluene s u l p h o n i c  a c i d  in b e n z e n e  f o l l o w e d  by q u e n c h i n g  

with water r e s u l t e d  in the f ormation of one major a l c ohol 

(39%) . This w a s  i d e n t i f i e d  as 4,4,8-trimethyltricyclo[6.3.1.0^'^]- 

d o deca- 1 , 5 - d i o 1 (69) f r o m  its 90 MHz nmr spectrum.

6 = 0.91 (3H,s) , 0.97 (3H,s), 1.14 (3H,s), 2.03 (3H,s),

2.2-2.6 (2H,m) , 4.45 (lH,d,J = 2.5Hz).
2 9S h i r a h a m a  e^ a 1 . have r e p o r t e d  the f o r m a t i o n  of

a similar c o m p o u n d ,  n a m e l y  the diol (70), from the t r e a t m e n t  

of the alcohol (71) w i t h  boron t r i f l u o r i d e  etherate. Also 

isolated from t h e  r e a c t i o n  m i x ture were lO a - h y d r o x y  p enta- 

lenene (72) and the n o v e l  c o m p o u n d s  (73)-(75). The repor t e d  

nmr spectrum of the diol (70) was b rief but seemed to c o n firm 

our assignment.

<5 = 0.9 (3H,s), 0.97 (3H,s), 1.08 (3H,s), 3.34 (lH,d,J = 3Hz).
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TABLE 4
Tricyclic a l c ohol (69).

(found) = 280.2030; m '*' ( c a lculated for “ 280.2038

m / e ; (relative intensity) , 280 (1.5) , 2.37 (55.7) , 111 (lOO) ,

43 (3 9.9), 41 (25.9)

^■^-169 (found) = 111.0816; m '^-169 ( c a lculated for C^H^^O) =

111.0810.

3- c a r y o p h y 1 1 ene a l c o h o l  (77) .

(found) = 222.1981; (calculated for = 222.1983

m/e: (relative i n t e n s i t y ) , 222 (0.6), 204 (12.7), 111 ( l O O ) ,

41 (50.4)

(found) = 111.0814; (calc u l a t e d  for C^H^^^^O) =

111.0810.

Initial p r o t o n a t i o n  occurs at the A®'® double bond 

of (62) and the c a r b o n i u m  ion thus f o r m e d  i n t e r a c t s  with the 

C-2 methylene group and c y c l i s e s  to give the most stable c a r b o n ­

ium ion, which is q u e n c h e d  by the a d d i t i o n  of water to give 

(69). An e x a m i n a t i o n  of m o l e c u l a r  m o d e l s  s h o w s  that (69) must 

have the s t e r e o c h e m i s t r y  d epicted, its isomer (79) would be 

far more s t e r i c a l l y  conge s t e d .

It was also found that the mass s p e c t r u m  of (69) 

displayed a c h a r a c t e r i s t

cleavage of the C — 1 — C — 2 and C — 7 — C —8 b o n d s  . This would

lead to the loss of the ion (80) (Scheme 11). If this is 

correct it w ould not be u n r e a s o n a b l e  to e x p e c t  a similar loss 

from 6 -cary o p h y 11ene a l c ohol (77) and this w a s  found to be 

the case as shown in Table 4.

Large scale t r e a t m e n t  of the diene (62) with formic 

acid resulted in the f o r m a t i o n  of a m i xture with at least

loss of c o r r e s p o n d i n g  to the
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(62)

■> (69)

H0-"

(80)

Scheme 11

three compo n e n t s  by a n a l y t i c a l  tic Rf = 0.5, 0.33 and 0.1

(10% ethyl a c e t a t e / p e t  . e t h e r ) . The m o s t  polar fraction 

Rf = 0.5 c o n t a i n e d  a mixture of u n i d e n t i f i e d  compounds. The

fraction Rf = 0.33 c o n t a i n e d  a formate, i d entified as (81) 

from its 90 MHz nmr s p e c t r u m  (13%) .

6 = 0.94 (3H,s), 0.97 (3H,s), 1.16 (3H,s), 2.07 (3H,s),

2.2-2.7 (2H,m), 4.5 (lH,d,J = 2.5Hz) and 8.0 (lH,s).

The fract i o n  Rf = 0.1 c o n t a i n e d  the t r i c y c l i c  alcohol (69) (16%)
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(62)

-> (69)

(80)

n Î

Scheme 11

three c omponents by a nalytical t i c  Rf = 0.5, 0.33 and 0.1

(10% ethyl a c e t a t e / p e t .e t h e r ). T h e  most p o l a r  fraction 

Rf = 0.5 conta i n e d  a mixture of u n i d e n t i f i e d  compounds. The 

fraction Rf = 0.33 conta i n e d  a f o r m a t e ,  i d e n t i f i e d  as (81) 

from its 90 MHz nmr spect r u m  (13%) .

<S = 0.94 (3H,s), 0.97 (3H,s), 1 . 1 6  (3H,s), 2.07 (3H,s),

2.2-2.7 (2H,m), 4.5 (lH,d,J = 2.5Hz) and 8 . 0  (lH,s).

The fract i o n  Rf = 0.1 contained the tricy c l i c  a l c o h o l  (69) (16%).

■ ¡iwiewt a."
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From these r e s u l t s  it is o b v i o u s  that p r o t o n a t i o n  

in the diene (62) occurs at the A®'® double bond, whereas 

if the required s e s q u i t e r p e n o i d  f r a m e w o r k s  are to be o b t a i n e d  

then proto n a t i o n  must o c c u r  at the C-2 methy l e n e  group.

It was a l r e a d y  k n o w n  that the isomeric alcohol 

(61) was p r o d u c e d  when the b i s e p o x i d e  (54/54) was treated 

with tungsten hexa ch 1 or i de/ri-buty 11 i t h ium . It is thought 

that some species within this r e a c t i o n  mixture is acting as 

a Lewis acid to b ring a b o u t  c y c l i s a t i o n  of the 4 , 5 -epoxide 

(58) . Hence, it was r e a s o n a b l e  to suggest that variation of 

the Lewis acid u s e d  to c y c lise the 4 , 5 - e p o x i d e  (58) might 

lead to an i m p r o v e d  y ield of (61) .

I n i t i a l l y  the s o l vent u s e d  for the boron t r i ­

fluoride e t h e r a t e — indueed c y c l i s a t i o n  of the 4 , 5 -epoxide (58) 

was varied. Thus the 4 , 5 — e p o xide (58) was reacted with b o r o n  

trifluoride e t h e r a t e  in benze n e ,  or chloroform, or acetic 

anhydride, or acetic a n h y d r i d e  ether. However all these g a v e  

many products by a n a l y t i c a l  tic. L o w e r i n g  the reaction 

temperature of the 4 , 5 - e p o x i d e  (58) with boron

PMBz

etherate in ether to — 78°C c o m p l e t e l y  halted the reaction 

Treatment of the 4 , 5 - e p o x i d e  (58) w i t h  perch l o r i c  acid in
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used by S h i r a h a m a  et a 1 . ^ ^  ̂  for the

chloroform, tin (IV) chlor i d e  in b e n z e n e  or n i t r o m e t h a n e  , or 

c h l o r o f o r m  all p r o d u c e d  numerous p r o d u c t s  by a n a l y t i c a l  tic. 

However initi a l l y  p r o m i s i n g  was the use of t r i m e t h y 1 s i l y 1 

t r i f 1u o r o m e t h a n e s u I p h o n a t e  in toluene, this reagent h a v i n g  

been

cyclisation of h u m u 1e n e -4 ,5- e p o x i d e  (2) and h u m u 1 e n e -1,2- 

epoxide (82). T r e a t m e n t  of the 4 , 5 - e p o x i d e  (58) with tri- 

methylsilyl t r i f 1 u o r o m e t h a n e s u I p h o n a t e  in t o l uene at -78°C 

for 30 m i n u t e s  f o l l o w e d  by q u e n c h i n g  of the react i o n  and 

d e s i lylation with 10% p o t a s s i u m  fluoride in methanol solut i o n  

produ c e d  four c o m p o u n d s  on a n a l y t i c a l  tic, one of which had 

an Rf = 0.32 similar to that of the alcohol (60). The

reaction was r e p e a t e d  using a r e a c t i o n  time of 7.5 minutes.

Although this p r o d u c e d  a p p a r e n t l y  one product by ai 

tic with an Rf similar to that of the alcohol (60), silver 

nitrate i m p r e g n a t e d  tic clearly s h owed the p r e s e n c e  of two 

products, one of which had an Rf identical to that of the 

alcohol (60).

This r e a c t i o n  was r e p e a t e d  on the 4 , 5 - e p o x i d e  (58) 

on a larger scale and it was found that a white c r y s t a l l i n e  

material a p p e a r e d  in the product mixture on standing. This
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could be c o n v e n i e n t l y  f i l t e r e d  off and w a s h e d  w i t h  cold 

hexane to give a w h i t e  c r y s t a l l i n e  s o l i d  (42%) i d e n t i f i e d  

from its s p e c t r o s c o p i c  data as 2 , 6 , 1 0 ,1O - 1 e t r a m e t h y 1-5,9- 

d i h y d r o x y - b i c y c l o [ 6 . 3 . 0 ] u n d e c a - 2 - e n e  (83) (Table 5). The 

residue from the f i l t r a t i o n  u s u a l l y  c o n t a i n e d  both the isomeric 

alcohols (60) and (83). Several i n t e r e s t i n g  f e a t u r e s  of the 

reaction emerged, f i r s t l y  the isomers (83) and (60) were 

usually produ c e d  in a n  a p p r o x i m a t e  1:1 ratio, as d e t e r m i n e d  

from the 90 MHz nmr i n t e g r a l s ,  a l t h o u g h  o b v i o u s l y  not all of 

(83) would c r y s t a l l i s e .  T h e r e  was a l i m i t a t i o n  to the size 

of the reaction. U s i n g  a p p r o x i m a t e l y  400mg of 4 , 5 - e p o x i d e  

(58) the isomers w e r e  p r o d u c e d  in the ratio (83):(60), 8:7.

However when the r e a c t i o n  size was i n c r e a s e d  to 500mg of 4,5- 

epoxide the ratio of isomers (83):(60) b e came 8:4, but in the 

former case 42% of (83) c r y s t a l l i s e d  out, whilst in the latter 

only 32% of (83) c o u l d  be induced to c r y s t a l l i s e .

A further i n v e s t i g a t i o n  was u n d e r t a k e n  of this 

reaction. It was f o u n d  that r e s u b m i s s i o n  of (83) or (60) 

to the cyclisation c o n d i t i o n s  y i e l d e d  s t a r t i n g  mater i a l  only 

i.e. there was no i s o m e r i s a t i o n  taking place. Small v a r i a t i o n s  

in temperature did n o t  p r o d u c e  any i m p o r t a n t  results. The 

raising of the r e a c t i o n  t e m p e r a t u r e  of (58) with trime t h y l -  

silyl t r i f l u o r o m e t h a n e s u I p h o n a t e  to - 7 2 ° C  p r o d u c e d  a ratio of 

(83) : (60) of 11.5:8 w h e r e a s  lowering the t e m p e r a t u r e  to -94°C 

resulted in no r e a c t i o n .  Only after 40 minutes at -94°C was 

there a significant r e a c t i o n ,  when the ratio of isomers 

(83):(60) was 9:7.

From this r e a c t i o n  and its v a r i a n t s  n o t h i n g  could
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be p o s i t i v e l y  c o n c l u d e d  about the subtle factors c o n t r o l l i n g  

the reaction c o u r s e  and hence the a m o u n t  of each isomer 

p r o d u c e d .

The net result was the a l c ohol (83) was o b t a i n e d

in r easonable y i e l d  and was e a sily purified. It was also

assumed that (83) has the same r e l ative s t e r e o c h e m i s t r y  as
1 13(60) from c o m p a r i s o n  of H a n d  C nmr s p e c t r o s c o p i c  data 

(Table 5). It s h ould then h a v e  been a r e l a t i v e l y  s t r a i g h t ­

forward m a tter to c o n vert the alcohol (83) to the d iene (84), 

using the m e t h o d o l o g y  d e v e l o p e d  for the synth e s i s  of the 

diene (62).

Thus the alcohol (83) was t r e a t e d  with a c etic 

anhydride and p y r i d i n e  c o n t a i n i n g  a c a t a l y t i c  a m ount of N,N- 

d i m e t h y 1 - 4 - a m i n o p y r i d i n e  to give the a c e t a t e  (85) in high 

yield (96%). This was t r e a t e d  with DDQ in d i c h l o r o m e t h a n e /  

water to d e p r o t e c t  the p - m e t h o x y b e n z y l  ether to give the 

alcohol (86) (93%). The a l c o h o l  was then m e s y l a t e d  with mesyl 

chloride in p y r i d i n e  to give the m e s y l a t e  (87) (85%) .

R = H (88)
R = H
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D e m e s y l a t i o n  of (87) w e n t  s m o o t h l y  in DBU to give 

the diene (84) (71%) and the d e a c y l a t e d  d i e n e  (88) (13%).

E x a mination of the 90 MHz nmr s p e c t r u m  of (84) showed that 

an a n o m a l o u s l y  low field p r o t o n  was a p p e a r i n g  at 3.35 ppm 

6 = 1.0 (3H,s), 1.02 (3H , s ), 1.67 (3H,s), 1.76 (3H,s),

2.10 (3H, s ), 2.80 (lH,6s), 3.35 (lH,m), 4.59 (lH,d,J = 9Hz),

5.16-5.61 (2H,m) . C l e a r l y  the nmr spect r u m  of the diene (84)

was more c o m p l e x  than expec t e d .  For this r e ason a 360 MHz 

H s p e c t r u m  of (84) was o b t a i n e d ,  with e x t e n s i v e  decoupling. 

The results of this a l l o w e d  the t e n t a t i v e  a s s i g n m e n t  of 

every p r o t o n  in the spectrum, a l o n g  with an e s t i m a t i o n  of 

the coupl i n g  c o n s t a n t s  as shown in Table 6.

6 = 0.965 (3H,s), 0.986 ( 3H , s ) , (H-15/H-16), 1.55 (1H , m ) ( H - 7̂  ̂) ,

1.62 (3H,s ) (H-12) , 1.63 (2H ,m ) ( H -11) , 1.72 (3H ,s ) ( H -13) ,

2.06 (3h ,s ) (H-14) , 2.2 (1H ,m ) (H -7^ ) , 2.29 ( 1 H ,m ) (H -4^ ) ,

2.4 (lH,m) (H-8) , 2.82 ( 1 H , m ) ( H - 4 ) , 3.33 (lH,q)(H-l),

4.54 (lH,d)(H-9), 5.23 (lH,d)(H-S) and 5.4 (lH,t)(H-3).
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'^8-9 9.6 “̂ 4 a -4b = 14 '^llb-1 "

■^8-7b O ‘̂ 4a-5 8 ■̂ 1 la-llb

■^8-7a 16 “̂ 4a-3 7 ■^lla-1

•^8-1 12 '^4b-5 O

*^7a-7b = 14 '^4b-3 7

= 14

This s p e c t r u m  c o n tains some i n t e r e s t i n g  features.

The proton H-1 is the p roton a p p e a r i n g  at 3.33 ppm, this is

because this p r oton lies in the plane of the d o uble bond,

and the 7T electron system of the double bond will have a
3 2significant d e s h i e l d i n g  effect o n  this proton. The H-7a

proton must also lie in the p l a n e  of the double bond,

along with the H-4b proton. T h e r e  is a zero coupling c o n s t a n t  

between H - 4 b  and H-5, and this p r o v i d e s  e n o u g h  i n f o r m a t i o n  

for the m o l e c u l e  to be drawn in what is p r o b a b l y  its p r e f e r r e d  

confo r m a t i o n  (89).

(89)
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The p r o t o n a t i o n  of the d i e n e  (84) can occur 

primarily at either the double b o n d  or the A®'® double

bond. Only 

followed by p a r t i c i p a t i o n  of the 

to the proto i l l u d y l  c a t i o n

p r o t o n a t i o n  at the A^'^ double bond

A ® '® double bond can lead 

(67) and hence to the

many p r o t o i l l u d y l  c a t i o n  derived skeletons.

AcQ - AcO
hi hi

hi.

( 8 A )

protoilludyl cation 
derived skeletons

A series of t rial c y c l i s a t i o n s  were undertaken 

on the diene (84). T r e a t m e n t  of (84) with sulphuric acid 

in ether, boron t r i f l u o r i d e  e t h e r a t e  in ether or benzene 

produced many c o m p o u n d s  whilst no r e a c t i o n  occur r e d  with 

formic acid in acetic h y d r i d e  or t r i f 1u o roacetic and in ether. 

The use of p^-toluene sulph o n i c  acid in benzene p r o d u c e d  five 

compounds by analy t i c a l  tic, whilst w i t h  formic acid and 

trif1u o r o m e t h a n e s u 1p h o n i c  acid in d i c h l o r o m e t h a n e  only one 

product was produced.

The reaction of the diene (84) with formic acid 

was i n v e stigated further. It was found, in fact, that the 

product mixture showed three spots on analytical tic, one Rf = 

0.6 (15% ethyl a c e t a t e / p e t .e t h e r ) c o m p o s e d  of a mixture of

two alkenes as d e t e r m i n e d  from the 90 MHz nmr spectrum. The 

major c omponent of this mixture was l ater tenta t i v e l y  a s s i g n e d
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as (90), altho u g h  not e n o u g h  m a t e r i a l  was avail a b l e  to confirm 

this. The second f r a c t i o n  Rf = 0.49 (15% ethyl acetate/pet.ether)

c ontained one m ajor f o r m a t e  which was purif i e d  by sublimation. 

This formate d i s p l a y e d  the 90 MHz nmr spectrum:

6 = 0.88 (3H,s), 0.93 (3H,s), 0.97 (3H,s), 1.1 (3H,s),

2.05 (3H,s), 4.55 (lH,d,J = 3Hz), 4.68 (lH,s) and 8.21 (lH,s).

Again it was noted that the H-5 to H-6 coupling c o n s t a n t  had

decreased to 3 Hz. The s p e ctrum seemed remin i s c e n t  of that of 
3 3 3 4the formate (91) ' p r o d u c e d  on treatment of (92) with

formic acid in acetic anhydride, the other product of this 

reaction being p e n t a l e n e n e  (93).

(91) 6 = 0.88 (3H,s), 0.94 (3H,s), 0.99 (3H,s), 1.09 (3H,s),

4.64 (lH,d,J = IHz) and 8.10 (lH,d,J = IHz).

(90)

M
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Hence the f o r m a t e  was i d e n t i f i e d  as the 5-acetate, 1 1 - f o r m a t e
9 6of 1 ,4 ,4,8-t e t r a m e t h y 1 t r i c y c 1 o [6. 2.1.O .“ ' ]u n d e c a - 5 , 1 1 -diol

(94) , and this i d e n t i f i c a t i o n  w a s  c o n f i r m e d  by the and

mass spectral d a t a .  The third f r a c t i o n  Rf = 0.19 (15% ethyl

a c e t a t e / p e t .e t h e r ) was an u n i d e n t i f i e d  alcohol.

The m e c h a n i s m  of f o r m a t i o n  of (94) can be rationalii

in two ways (Scheme 12), path a, via the s t e r p u r y 1-type

cation (95) and p a t h  b via the p r o t o i l l u d y l  type c a t i o n  (67).
3 3 2Shirahama e t a 1 . used H l a b e l l i n g  e x p e r i m e n t s  to show 

that the formate (91) is p r o d u c e d  from (97) via the p r o t o ­

illudyl cation i n t e r m e d i a t e  (96) (Scheme 13). It s h ould be 

noted that it is not n e c e s s a r y  to invoke the i n t e r m e d i a c y  of 

the diene (98) a s  the c a r b o n i u m  ion (99) c ould be f o rmed 

directly from (97). It was i m p o r t a n t  to e s t a b l i s h  that the

formate (91) was formed via the p r o t o i l l u d y l  cation (96) as 
3 5Shirahama et al. i n t e r p r e t e d  the t r e a t m e n t  of the m e t h o x y

ether (lOO) with b oron t r i b r o m i d e  to give the b r o m i d e  (lOl)

as an analogous p r o c e s s .  The b r o m i d e  (lOl) was used in a

biomimetic s y n t h e s i s  of s t e r p u r e n e  (102) from h u m u l e n e  (1).

It has recently b e e n  e s t a b l i s h e d  that s t e r p u r e n e  (102) is

formed via the p r o t o i l l u d y l  c a t i o n  (103), not by d i rect
3 6cyclisation of t h e  i n t e r m e d i a t e  diene (104).

It was not possi b l e  w i t h i n  the l i m i t a t i o n s  of our 

experimentation t o  discover the m e c h a n i s t i c  d e t ails of the 

cyclisation of t h e  diene (84) to give the formate (94). The 

diene (84) could cyclise via p a t h  a or path b (Scheme 12), 

or indeed both p a t h s  a and b (Scheme 12) c ould be o p e r a t i n g  

s i m u l t a n e o u s l y .

It was hoped that m o n i t o r i n g  the c y c l i s a t i o n  of the
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AcQ H
AcQ

M

path a
H

(84)

AcQ AcQ

"OR

H

R(

AcQ H
AcQ

H
2N

. hi

path b
H.

(67)

Scheme 12

H

(9 8 )

H

OHCO^

ECHO
<-

H

Scheme 13
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diene (84) by some acid, with nmr s p e c t r o s c o p y  w ould reveal 

some details of the c y c l i s a t i o n  mechanism. The acid chosen 

was t r i f 1 u o r o a c e t i c  acid as it is not v i s i b l e  in the nmr

spectrum. The diene (84) was disso l v e d  in d e u t e r o c h l o r o f o r m  

under nitro g e n  and t r i f 1u o r o a c e t i c  acid was added. After 15 

minutes the a l k e n e  p r o t o n  at 5.23 ppm was no longer visible 

in the 90 MHz nmr spect r u m  whilst the a l k e n e  proton at 

5.4 ppm r e m a i n e d  visible for 24 hours. The isolated product 

from this r e a c t i o n  was the t r i f l u o r o a c e t a t e  (105). However, 

no concl u s i o n s  could be d rawn from this experiment.

T r e a t m e n t  of the diene (84) with p - t o l u e n e  sulphonic 

acid in b e n z e n e  formed a react i o n  m i x ture which showed five 

spots on a n a l y t i c a l  tic. Rf = 0.71, 0.61, 0.49, 0.44 and

0.28 (10% ethyl a c e t a t e / p e t  . e t h e r ) . Only the compound
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R' = Ac R = CF^CO (105)
R' = Ac R = Ts (106)
R' = H R = CF^SO^ (107)

c o r r e sponding to Rf = 0 . 2 8  was p o s i t i v e l y  i d e n t i f i e d  as the

tosylate (106) (14%). L i k e w i s e  treat m e n t  of the d iene (88)

with t r i f 1u o r o m e t h a n e s u l p h o n i c  acid formed the t r i f l u o r o -  

m e t h a n e s u l p h o n a t e  (107) as the major c o m p o u n d  (37%).

A l t hough the c y c l i s a t i o n  of the d i e n e s  (62) and 

(84) with a variety of a cids had p r o d u c e d  some e n c o u r a g i n g  

results, we still had not been able to o b t a i n  any of the 

desired h u m u l e n e  d e r i v e d  s e s q u i t e r p e n e  skeletons. It was 

thought that an e x a m i n a t i o n  of the c y c l i s a t i o n  of the diene 

(108) m i g h t  be fruitful, this could h a ppen in two p o s s i b l e  

ways. Initial p r o t o n a t i o n  could occur at the ® d o uble

bond in (108), p a r t i c i p a t i o n  of the d o uble bond follo w e d

by r e a r r a n g e m e n t  w ould lead to the novel c o m p o u n d  (109)

(Scheme 14).^^ H o w ever initial p r o t o n a t i o n  of the A^'^ 

double b o n d  in (108) f o l l o w e d  by p a r t i c i p a t i o n  of the A 

double b o n d  would lead to the p e n t a l e n a n e  skele t o n  ( l l O ) .

Although it w a s  known that the isomeric alcohol 

(61) c o u l d  be o b t a i n e d  b y  d e o x y g e n a t i o n  of the diene (54/55) 

with t u n g s t e n  h e x a c h l o r i d e  and r^-bu ty 11 i th ium , there were 

difficulties e n v i s a g e d  in the p u r i f i c a t i o n  of this material.
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It was thought that it m a y  be p o s s i b l e  to i somerise the C — 2 

methylene of (62) or the double b o n d  of (84) into the

double bond p o s i t i o n .  There are many m e t hods a v a i l a b l e

for the isome r i s a t i o n  of double b onds and we were e n c o u r a g e d
3 7 3 8by the worlc of Patte n d e n  et al. ' w h o  was able to isomerise 

the e x o -methylene group in (111) and (112) into the e n do 

position giving (113) a n d  (114) r e s p e c t i v e l y .

The m e c h a n i s m  of rhodium t r i c h l o r i d e  t r i h y d r a t e  

isomerisation is not f u l l y  understood. When c i s ,cis — 1 , 3- 

c y c 1ooctadiene is t r e a t e d  with r h o d i u m  t r i c h l o r i d e  t r i h y d r a t e  

in ethanol a dimeric c o m p l e x  (115) is formed, this c o m plex 

yields cis , c i s - 1 ,5 - c y c l o o c t a d i e n e  on t r e a t m e n t  with aqueous

p o t a s s i u m  cyanide. There are two proposed mechanisms for
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(111) (112) (113)

the formation of the complex (115) : addition a n d  elimi n a -
40tion of a long lived metal h y d r i d e  could occur (Scheme 15),

alternatively r e a r r a n g e m e n t  c ould occur through a trans i t o r y
39TT-allyl complex (116) (117). In the former c a s e  a source

of a rhodium h y d r i d e  species is m a n d a t o r y  and it is known 

that r h o dium t r i c h l o r i d e  t r i h y d r a t e  oxidises e t h a n o l  to give 

a catal y t i c a l l y  active r h o d i u m  hydride species w i t h  simultaneous
41production of h y d r o g e n  chloride. Similarly w h e n  r h odium

trichloride t r i h y d r a t e  is u s e d  in acetone there e x i s t s  a

source of a Rh species and h y d r o g e n  chloride T h e  mecha n i s m

proposed for the i s o m e r i s a t i o n  of the alkene (118) by this
4 2reagent is shown in Scheme 16. The reaction is inhibited

by the addition of p o t a s s i u m  carbonate, hence the prese n c e  of
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h y d r o g e n  chlor i d e  is essential. However, when ej

(119) was t r e a t e d  with r h o d i u m  t r i c h l o r i d e  trihy d r a t e  in

ethanol in the p r e s e n c e  of p o t a s s i u m  c a r b o n a t e  e r g o s t e r o l
4 3(120) was the major p r o d u c t .  Hence a r h o d i u m  h y d r i d e

species was able to bring about i s o m e r i s a t i o n  i n d e p e n d e n t l y  

of the p r o d u c t i o n  of h y d r o g e n  chloride. T h e r e f o r e  it seems 

likely that more than one m e c h a n i s m  can o p e r a t e  in the i s o ­

m e r i s a t i o n  of alkenes by r h o d i u m  t r i c h l o r i d e  trihydrate.

T r e a t m e n t  of a m i x t u r e  of the isomeric a l c o h o l s  

(60) a n d  (61) with r h o d i u m  trichloride t r i h y d r a t e  in ethanol 

p r o d u c e d  a p l e t h o r a  of produ c t s .  However, a similar t r e a t m e n t  

of the diene (84) p r o d u c e d  one major c ompound, t e n t a t i v e l y  

i d e n t i f i e d  as the isomeric diene (121). In the a b s ence of 

d e t a i l e d  m e c h a n i s t i c  i n f o r m a t i o n  it is not possible to s p e c u l a t e  

why t h e  alcohol (60) was not isomerised to (61) or why the 

diene (121) was p r o d u c e d  i n s tead of the d e s i r e d  diene (122) .

Two other m e t h o d s  of double b o n d  isomerisation 

were a t tempted. Iodine h a s  been used for double bond i s o ­

m e r i s a t i o n s . ^ ^  However, t r e a t m e n t  of the diene (62) with a 

catalytic a m ount of iodine in toluene r e s u l t e d  in the r e c o v e r y

of s t a r t i n g  m a t e r i a l  only. It had been n o t e d  by Bryson that
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OR

R = PMBz (76)

(124) y ields the a c e t a t e  (125) under these conditions.

BF^Et-G

O2H AcO COoH

C O 2H
(12if)

CO 2 H

(1 2 5 )

T r e a t m e n t  of the c y c l i c  ether (20) with b o r o n  t r i ­

fluoride e t h e r a t e  and acetic a n h y d r i d e  resulted in the 

formation of the d i a c e t a t e  (28) in a r e asonable yield (60%). 

However similar t r e a t m e n t  of the methyl ether (19) g a v e  a 

plethora of p r o d ucts. The l a t t e r  result was d i s a p p o i n t i n g  

as it would have p r o v i d e d  a c o n v e n i e n t  direct route to the 

double b o n d  isomer.

S e l e c t i v e  h y d r o l y s i s  of the d iacetate (28) w a s  then 

attempted. It can be seen f r o m  previous work that it is 

important to be able to d i f f e r e n t i a t e  b e t ween the C-5 and 

C-9 hydroxy groups. However the d iacetate (28) did n o t  undergo 

selective h y d r o l y s i s  when t r e a t e d  with p o t a s s i u m  c a r b o n a t e  in
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m e t h a n o l / w a t e r  . The rates of h y d r o l y s i s  of the C-5 and C-9 

acetate g r o u p s  were a l most identical, with p o s s i b l y  the C-9 

acetate b e i n g  h y d r o l y s e d  a little faster.

As the d i a c e t a t e  (28) c o u l d  not be s e l e c t i v e l y  

hydrolysed, a new s t r a t e g y  was e v o l v e d  for d i f f e r e n t i a t i n g  

between the p r o t e c t e d  C-5 a n d  C-9 hydro x y l  g r o u p s  (Scheme 17)

Scheme 17

Thus the m ajor r e q u i r e m e n t  for the new s t r a t e g y  would be a 

new p r o t e c t i n g  group R' for the C —9 h y d r o x y  group. The new 

C-9 p r o t e c t i n g  group s h o u l d  be able to w i t h s t a n d  the step 

of ether f o r m a t i o n  (126) a n d  must be h y d r o l y s e d  at a 

different rate, or c l e a v e d  under diffe r e n t  c o n d i t i o n s  to the 

acetate g r o u p  in (127) .

The synthesis w o u l d  start from the alcohol (17), 

the initial step being p r o t e c t i o n  of the C — 9 h y d r o x y l  group.
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This w o u l d  be f o l l o w e d  by f o r m a t i o n  of the cyclic e t h e r  (126) 

on t r e a t m e n t  of (128) with t r i m e t h y 1 s i l y 1 iodide. The cyclic 

ether (126) w o u l d  then be t r e a t e d  with boron t r i f l u o r i d e  

e t h e r a t e  in a c e t i c  a n h y d r i d e  to yield the acetate (127) . The 

acetate would then be s e l e c t i v e l y  h y d r o l y s e d  to the a l c o h o l  

(129), which can be c o n v e r t e d  as b e f o r e  to the diene (108).

The p r o t e c t i n g  group was c h o s e n  as the p i v a l o a t e  

ester. This has several advantages: it should be e a s i l y

formed and should be more stable to h y d r o l y s i s  than the acetate 

group; it adds m o l e c u l a r  w eight to the molecule, a d i s t i n c t

advan t a g e  when w o r k i n g  with small q u a n t i t i e s ;  finally, as it 

is an ester it s h ould not interfere w i t h  the forma t i o n  of the 

cyclic ether (126) .

T r e a t m e n t  of the alcohol (17) with pivaloyl c h l o r i d e

in p y r i d i n e  with a c a t a l y t i c  amount of ^ ,N - d i m e t h y 1 - 4 - a m i n o -

p y r i d i n e  for 60 h o u r s  a f f o r d e d  the p i v a l o a t e  (130) in good

yield (h, 80%) . This was easily c o n v e r t e d  to the c y c l i c  ether

(131) o n  treatment with t r i m e t h y 1 s i l y 1 iodide g e n e r a t e d  in
19situ f r o m  t r i m e t h y 1 s i 1y 1 c h l o r i d e  and sodium iodide. It

was o b s e r v e d  that when a m i x t u r e  of (130) and (132) w a s  used 

as the substrate then (131) was the sole d e tectable p r o d u c t  

by a n a l y t i c a l  tic, Rf = 0.67 (25% ethyl a c e t a t e / p e t .e t h e r )

(67%). However, when (131) o n l y  was u s e d  as the s u b s t r a t e  

then t w o  compo u n d s  were d e t e c t e d  on a n a l y t i c a l  tic, Rf = 0.67 

and 0.6. The least p olar c o m p o u n d  was identified as the 

cyclic ether (131) (50%). The most p o l a r  compound was i s o ­

lated and i d e n t i f i e d  as the pival o a t e  of 1 , 4 , 4 , 8 - 1 e t r a m e t h y 1 

1 2 - o x a - t r i c y c l o [ 7 .2.1.O .^ ® ]dodeca-5-o1 (133). This p r o d u c t
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hydroxide in ethanol solution, to give the alcohol (135) in 

high y ield (82%). The a l c o h o l  (135) could then be t r e a t e d  in 

the usual m a n n e r  to yield the diene (136). Treatment of the 

alcohol (135) with mesyl c h l o r i d e  in pyridine went s m o o t h l y  

to form the m e s y l a t e  (137) . D e m e s y l a t i o n  with DBU of (137) 

led to the forma t i o n  of a m i x t u r e  of compounds with ident i c a l  

Rf values by a n a l y t i c a l  tic, Rf = 0.68 (25% ethyl a c e t a t e /

pet.ether). The m i x t u r e  c o n t a i n e d  two compounds u s i n g  silver 

nitrate i m p r e g n a t e d  tic plates, Rf = 0.56 and 0.39 (10% ethyl

a c e t a t e / p e t .e t h e r ). These c o u l d  be separated by s i l v e r  

impregnated silica column c h r o m a t o g r a p h y  to give two compounds, 

identified by and nmr s p e c t r o s c o p y  as the i s o m e r i c

dienes (138) (26%) and (139) (31%). Clearly this was a

d i s a p p o i n t i n g  result, a l t h o u g h  it is not too s u r p r i s i n g  in 

view of the increased m o b i l i t y  within the c y c looctane ring.

With the d o uble b o n d  in the C — 1 — C — 2 position not o n l y  does

the C-6 p r o t o n  attain the n e c e s s a r y  180° bond angle for 

mesylate e l i m i n a t i o n ,  but also one of the C-4 p r o t o n s  can 

also reach the r e q u i r e d  position.

It was t h o ught that the y ield of the d e s i r e d  diene 

(138) m ight be improved by i n creasing the bulk of the leaving

PiO PiQ PiQ

3Ts

(138) (139) (lifO)
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group, hence a l t e r i n g  the c o n f o r m a t i o n a l  m o b i l i t y  of the 

cyclooctane ring. The tosylate (140) was formed by t r e a t m e n t  of 

(135) with £ - t o l u e n e  sulph o n y l  c h l o r i d e  and p y r i d i n e .  However, 

treatment of (140) w i t h  DBU still y i e l d e d  a m i x t u r e  of (138) 

and (13 9) .

The d e m e s y l a t i o n  of (137) was also a t t e m p t e d  using 

a different base in an attempt to improve the y i e l d  of (138). 

Treatment of (137) w i t h  p o t a s s i u m  t - b u t o x i d e  in p r e s e n c e  of 

dimethyl s u lphoxide g a v e  two u n k n o w n  polar p r o d u c t s ,  whereas 

in t-butanol no r e a c t i o n  occurred.

E n ough of t h e  desired (138) could be o b t a i n e d  from 

the treatment of the m e s y l a t e  (137) with DBU to a t t e m p t  a

cyclisation. T r e a t m e n t  of (138) with boron t r i f l u o r i d e  etherate
2 9 • .ein d i c h 1o r o m e t h a n e  r e s u l t e d  in the clean f o r m a t i o n  of one

major product Rf = 0 . 6 9  using silver n i t rate i m p r e g n a t e d  tic

(10% ethyl a c e t a t e / p e t  . e t h e r ) . This c o m p o u n d  was ident i f i e d

by its nmr s pectrum;

6 = 0.94 (3H,s), 0.97 (3H,s), 1.02 (3H,s), 1.19 (9H,s),

1.43 and 1.85 (2H,A B q , J  = 14Hz), 1.55 (3H,q,J = 2Hz and

J = 1.5Hz), 2.47 (lH,dd with long r ange coupling, J = 2.5Hz,

J = 5.5Hz long range, J = 2 H z ) , 4.39 (lH,d,J = 5.2Hz) and 

5.31 (IH, bt ,J = 1.5Hz, J = 2.5Hz) , as (141) and this was 

confirmed by the  ̂ C n m r  spectrum. Partial c o n f i r m a t i o n  of 

this structure (141) was obtai n e d  by c o m p a r i s o n  w i t h  the H 

nmr spectrum of (75) s u p p l i e d  by P r o f e s s o r  S h irahama, but 

his spectrum was of p o o r e r  q u a l i t y  h e n c e  a p o s i t i v e  c o r r e l a ­

tion between (141) a n d  (75) was not possible.

The m e c h a n i s m  proposed for the formation of (141)

j # «
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involves attack of b o r o n  t r i f l u o r i d e  e t h e r a t e  at the

5 > 6 double bond, follo w e d  by of t h e  A 1 » 2 double
38bond a n d  r e a r r a n g e m e n t  (Scheme 19). To form the required

p e n talenane d e r i v a t i v e  (142) . it w ould be n e c e s s a r y  to have 

initial attack of boron t r i f l u o r i d e  e t h e r a t e  at the double

bond (Scheme 20).

OR
PiQ

R = H (75)
R = Pi (Ii+1)

(1i+2)

PiQ hi

PlO

PiQ

BF^Et^O /
PiQ

(142 )

Scheme 20
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in the light of the work
382 0by Shirahama e^ aj^. and more recently by Pattenden e_t 

Shirahama e^ reported that treatment of the diol (71)

with boron trifluoride etherate in dichloromethane gave lOa- 
hydroxypentalenene (72) (20%) along with other products (70),

( 7 3 ) - ( 7 5 ) - Treatment of the alcohol (92) with formic acid 
in acetic anhydride resulted in the formation of pentalenene 
(93) and the formate (91). The treatment of the diol
(71) under the same conditions yielded the formate (143) as 

the sole product.
Pattende"^ et al. h a v e  e l e g a n t l y  s y n t h e s i s e d  the 

diene (114) and treatment of t h i s  with b o r o n  t r i f l u o r i d e  

etherate in d i c h l o r o m e t h a n e  g a v e  p e n t a l e n e n e  (93) (35%) with 

the tricy c l i c  c o m p o u n d  (144) a s  a minor isomeric product.

This latter h y d r o c a r b o n  was t h e  sole p r o d u c t  when the isomeric 

diene (112) was treated in the same manner.

Altho u g h  the diol (71) can be c o n s i d e r e d  as a 

precursor of the diene (145) , the d i s t r i b u t i o n  of p r o d u c t s  

(70), (72)-(75) clearly i m p l i c a t e  the t r a n s i e n t  f o r m a t i o n  of

the other two isomeric dienes (146) and (147). Thus it can 

be seen that c ompounds (114), (145) and (138) all share the 

basic 2 , 6 ,1 0 ,1 0 - t e t r a m e t h y l b i c y c l o [ 6 . 3 . O ] u n d e c a - 1 ,5-diene 

framework, differing only in t h e  s u b s t i t u t i o n  at C — 9. In

(114) there is no oxygen s u b s t i t u e n t  at C-9 and it can be 

cyclised with boron t r i f l u o r i d e  ether a t e  in d i c h l o r o m e t h a n e  

to give p e n talenene (93) as t h e  major produ c t ,  with (144) as 

a minor isomeric product. W h e n  the s u b s t i t u e n t  at C 9 is a 

hydroxyl group, then t r e a t m e n t  of (145) under the same conditions
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R = H (92) 
R = OH (71)

(1Í+Í+) R = H (93)
(75) R = OH (72)
(1^3)
(li+1)

9\ M \\ 1[y

h'^ \

OH 'H
(70) (7̂ +)

( 112)
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yields lOa-h y d r o x y  p e n t a l e n e n e  (72) (20%) and tlie tricy c l i c

alcohol (75) ( 1 0 % ) . However w h e n  the hydroxy g r o u p  at C-9

is p r o t e c t e d  as the pival o a t e  e s t e r  (138), the sole product 

is the tricy c l i c  c o m p o u n d  (141). This is not a very good 

comparison as (71) does not give solely (145). Even so in 

(114) and (145) the major p r o d u c t s  are those from initial 

attac)c at the double bond, elect r o n i c a l l y ,  it is reasonable

to expect initial attaclc at this bond to be favoured. In 

(138) the p i v a l o a t e  group s t e r i c a l l y  hinders the 3-face of 

the molecule, p r e v e n t i n g  e l e c t r o p h i l i c  attac)c at the 

double bond and attac)c at the A^'® double bond is p r e f e r r e d  

(148) .

L o g i c a l l y  the next s t e p  in this worl< to test this 

hypothesis is to remove the o f f e n d i n g  source of steric 

congestion by h y d r o l y s i s  of the p i v a l o a t e  group in (138) 

to generate a pure sample of the h y d r o x y - d i e n e  (145) . It 

is a n t i c i p a t e d  that t reatment of this compo u n d  with boron 

trifluoride etherate in d i c h l o r o m e t h a n e  should give loa- 

h y d r o x y p e n t a l e n e n e  (72) as a m a j o r  product.
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E X P E R I M E N T A L

Melting p o ints are u n c o r r e c t e d  and were d e t e r m i n e d  

on a K d f f l e r  h o t - s t a g e  apparatus; b o i l i n g  points are not

corrected. K i e s e l g e l  60 GF 254 (Art.7730, Merck) silica w a s

used for all thin layer c h r o m a t o g r a p h y .  A n a l y t i c a l

tic p l a t e s  K i e s e l g e l  60 ^ 2 5 4  (Art.5735) were e l uted with 25% 

ethyl a c e t a t e / p e t r o l e u m  e ther solut i o n  unless o t h e r w i s e  stated 

and v i e w e d  u nder u l t r a - v i o l e t  light ('t 254 nm) and stained 

with ceric a m m o n i u m  s u I p h a t e / s u 1p h uric acid s o l u t i o n  f o l l o w e d  

by h e a t i n g  to a p p r o x i m a t e l y  150°C. P e t r o l e u m  ether refers to 

the f r a c t i o n  of b o i ling range 40-60°C and all o r g anic solve n t s

were d r i e d  over m a g n e s i u m  sulphate u n l e s s  o t h e r w i s e  stated.
4 8Where necessary, solvents were p u r i f i e d  and dried, and 

r e a g e n t s  were either d i s t i l l e d  or r e c r y s t allised.

Infra - r e d  spectra were recor d e d  on a P e r k i n - E l m e r  S57 

g r a t i n g  infra-red s p e c t r o m e t e r  and, u n l e s s  stated, were 

o b t a i n e d  from liquid films. Nuclear m a g n e t i c  reson a n c e  spectra 

were r e c o r d e d  on a H i t achi P e r k i n - E l m e r  R24 (60 M H z ) , a 

P e r k i n - E l m e r  R32 (90 M H z ) , a Bruker W P 8 0  (80 M H z ) , or a B r uker 

WH360 (360 MHz) (Edinburgh) nmr s p e c t r o m e t e r  using d e u t e r a t e d

c h l o r o f o r m  as a solvent u n l e s s  o t h e r w i s e  stated. T e t r a m e t h y l -  

silane was used as an internal stand a r d  and all spectral values 

are q u o t e d  in parts per million. Mass spectra were d e t e r m i n e d  

on a J e o l  JMS DlOO mass spect r o m e t e r  c o m b i n e d  with a Jeol 

JCS 2 0 K  gas c h r o m a t o g r a p h  and using an Intsem Data Mass Maxi 

data p r o c e s s i n g  system.
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1 . H y droborat ion of hutnulene (1)^^

Humulene (1) (7g, 0.029 mol) was disso l v e d  in

tetra h y d r o f u r a n  (lOO ml) at 0°C and IM b o r a n e - t e t r a h y d r o f u r a n  

complex (in t e t r a h y d r o f u r a n , 25 ml) was added under nitrogen.

The reaction mixture was s t i r r e d  for 45 minutes then quenched 

with 30% hydrogen peroxide (40 ml) and 10% p o t a s s i u m  hydroxide 

solution (40 ml) and the s o l u t i o n  stirred for a further 2 

hours at room temperature. The reaction mixture was extracted 

with ether and the ethereal solut i o n  washed with 10% ferrous 

sulphate solution, dried, a n d  the solvent removed on the 

rotary evaporator to yield a c o lourless oil (7.2g) . Column 

c h r o m a t o g r a p h y  using K i e s e l g e l  60 (Art.7730), eluting with 

50% ethyl a c e t a t e / p e t .ether gave isohumulol (23) (1.8g, 36%)

and humulene ( 4 . 8 g ) .

Rf = 0.15 (10% ethyl a c e t a t e / p e t .e t h e r )

6 = 0.86 (3H,d,J = 6 H z ) , 1 . 0 2  (3H,s), 1.07 (3H,s),

1.57 (3H,bs), 3.75 (lH,m), and 4.8-5.3 (3H,m).

2 . F o r m ation of the m e t h y l  ether (24)

Isohumulol (23) (6.87g, 0.031 mol) was dissolved

in t e t r a h y d r o f  uran (300 ml) at 0°C and IM-ri-butyl 1 ith ium (in 

hexane, 46 ml, 0.046 mol) a d d e d  under nitrogen. The solution 

was stirred for lO minutes a t  this tempe r a t u r e  and then methyl 

iodide (19.5 ml, 0.309 mol) was added gradually. The reaction 

mixture was allowed to warm up to room t e m perature and stirred 

for 56 hours. The reaction m i x t u r e  was then poured into a 

separating funnel c o n t a i n i n g  ether and water and shaken well. 

The ethereal layer was separ a t e d ,  dried, and the solvent 

removed. Column c h r o m a t o g r a p h y  of the crude product using
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Kieselgel 60 ( A r t . 7730) e l u t i n g  with pet.e t h e r  gave methyl 

ether (24) ( 5 . 78g , 79%) .

Rf = 0.51 (10% ethyl a c e t a t e / p e t .e t h e r )

6 = 0.87 (3H,d,J = 6Hz), 1.03 (3H,s), 1.07 (3H,s), 1.59 (3H,s),

3.29 (3H,s), 3.31 (lH,m), and 4.75-5.3 (3H,m).

V = 2920(b), 1450(b), 1380(b), and 1090(b) c m ~ ^ .max

1 43. F o r m a t i o n  of the b i s e p o x i d e  (25/26)

Methyl ether (24) (9.05g, 0.038 mol) d i s s o l v e d  in

dichl o r o m e t h a n e  (350 ml) was added to 0.5M sodium b i c a r b o n a t e  

solution (350 ml) and then s u b j e c t e d  to rapid m e c h a n i c a l  

stirring until a white e m u l s i o n  was formed. To t h i s  stirred 

solution was then added m - c h l o r o p e r o x y b e n z o i c  acid (85%,

16.34g, 0.08 m o l ) , and the stirring c ontinued for 4 hours.

The reaction solut i o n  was then p oured into a s e p a r a t i n g  funnel; 

the d i c h l o r o m e t h a n e  layer was separated and washed w i t h  2M 

sodium h y d r o x i d e  solution, dried; and the solvent r e m o v e d  

on the rotary e v a p o r a t o r  to yield crude material ( 9 . 5 g ) .

From this 4.4g of methyl e t h e r  bisep o x i d e  ( ) were removed

by filtration. C olumn c h r o m a t o g r a p h y  of the r e s i d u e  using 

Kieselgel 60 ( A r t . 7730) e l u t i n g  with 15% ethyl a c e t a t e / p e t .  

ether yielded a f u r ther a m o u n t  of methyl ether b i s e p o x i d e  

(1.92g). Total y i e l d  of m e t h y l  ether bisep o x i d e  (6.32g, 62%).

Rf = 0.28

•S = 0.84 (3H,d,J = 6Hz) , 0.86 (3H,s), 1.06 (3H,s).

1.30 (3H,s), 3.25 (lH,m), and 3.31 (3H,s).
1 3C nmr spect r u m  ( C D C l ^ ) •

12.9 (q) , 17.2 (q) / 20.7 (q ) . 24 . O (t) . 28.4 (q)
31.8 (d) , 3 3.0 ( s ) , 35.5 (t) , 35.7 (t) , 40.0 ( t )
56.9 (d) , 5 7.1 (q) , 59.8 (d) . 61.8 ( s ) , 67.2 (d)
and 8 2.0 (d) .
= 2 9 3 0 ( b ) , 1460, 1380, a n d  1090 cm
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4 . Formation of methyl ether 4 , 5 - e p o x i d e  (16)^^'^^

(a ) Formation of the tungsten reagent

T e t r a h y d r o f u r a n  (250 ml) was s t i rred at -78°C under 

nitrogen for lO minut e s .  To this was added tungs t e n  hexa- 

chloride (4.45g, 0 .011 m o l ) , and the r e a c t i o n  m i x t u r e  stirred

vigorously for 15 m i n u t e s ,  then 1.6M n^-bu t y 11 i th ium (in 

hexane, 20.1 ml, 0 . 0 3 3  mol) was added slowly such that the 

temperature of the r e a c t i o n  m i x ture did not rise a bove -65°C. 

When the addition was complete the react i o n  mixture was stirred 

at -78°C for a f u r ther lO m i n utes and then g r a d u a l l y  allowed to 

warm up to room t e m perature.

(b ) D e o x y g e n a t i o n  of the methyl ether b i s e p o x i d e  (25/26)

The tungs t e n  reagent was cooled to 10°C a n d  the

bisepoxide (25/26) (3g, 0.011 mol) added. The reaction

mixture was stirred at room t e m p e r a t u r e  for 45 minutes, and 

then heated rapidly in a p r e h e a t e d  oil bath (80°C) to 60-65°C 

and held at this t e m p e r a t u r e  for 45 minutes. The p r o g r e s s  of 

the reaction was f o l l o w e d  by analy t i c a l  tic, a l i q u o t s  of the 

reaction mixture (0.25 pi) being removed a n d  worked up at 

regular intervals. T h e  reaction mixture was then c o o l e d  to 

room temperature and p o u r e d  into a s e p a r a t i n g  funnel containing 

ether and washed with 2M sodium hydroxide, 1 . 5M s o d i u m  p o t a s s ­

ium tartrate solution, dried and removal of solvent on the 

rotary e v aporator gave a green - b l u e  oil ( 3 . 1 g ) . Column 

c h r o m atography of the oil on Kieselgel 60 (A r t . 7 7 3 0 ) e 1uting

with 15% ethyl a c e t a t e / p e t .ether gave methyl ether (24) ( 0 . 4 4 g ) ,

methyl ether b i s e p o x i d e  (25/26) (1.32g) identical to the

starting material and methyl ether 4 , 5 - e p o x i d e  (16) (0.58g,

37%) .



r
146 .

Rf = 0.72

6 = 0.75 (3H , s) , 0.8 (3H , d ,J = 6Hz )

3.25 (IH ,bs) , 3.31 (3 H ,s) , 5 . 20

J = l l H z ) .

V = 2930(b), 1460, 1380, 1240, and 1090 cmmax
-1

5 . D e o x y g e n a t i o n  of methyl ether b i s e p o x i d e ,  
a c e t y l a t i o n  of resulting c y c l i s e d  a l c o h o l s  (17),(29)

The f o r m a t i o n  of t u n g s t e n  r e a g e n t  was c a r r i e d  out 

as d e s c r i b e d  above u s i n g  tungsten h e x a c h l o r i d e  (5.05g, 0.0127

mol) , 1.6M n^-butyl 1 ith ium (24 ml, 0.038 mol) and t e trahydro-

furan (250 m l ).

C o n t i n u i n g  as for part 4(b) using the b i s e p o x i d e  

(25/26) (3.41g, 0 . 0 1 2 7  m o l ) , gave crude d e o x y g e n a t e d  material

( 3 . 4 1 g ) . C o l u m n  c h r o m a t o g r a p h y  using Kieselgel (Art.9385) 

e l u ting with 10% ethyl a c e t a t e / p e t .ether gave a c r u d e  mixture 

of t h e  b i s e p o x i d e  (25/26) and c y c l i s e d  alcohol (17) (29) (2.5g) .

To the crude mixture (2.5g) in p y r i d i n e  (15 ml) 

at r o o m  tempe r a t u r e ,  was added excess acetic a n h y d r i d e  

(0.87 ml) and N ,N -d i m e t h y 1 - 4 - a m i n o p y r i d i n e  (lO mg) . The 

r e a c t i o n  m i x ture was stirred for 15 hours. The r e a c t i o n  was 

q u e n c h e d  by a d d i t i o n  of s a t . s o d i u m  b i c a r b o n a t e  s o l u t i o n  and 

then the react i o n  m i x t u r e  was e x t r a c t e d  with ether. The 

ether e a l  e x t r a c t s  were w a shed with sat.c o p p e r  s u l p h a t e  

solution, dried, and removal of s o lvent yielded c rude material 

( 2 . 2 g ) . C o lumn c h r o m a t o g r a p h y  of this material o n  Kieselgel 

( Art.9385) e l u t i n g  with 5% ethyl a c e t a t e / p e t .e ther gave 

Rf = 0.82, the a c e tate (27) (300 mg) and a m i x t u r e  of acetates

Rf = 0.76 (27) and (19) (600 mg).
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Rf = 0.82

6 = 0.87 (3H,s), 0.99 ( 3 H ,d,J = 6Hz), 1.04 (3H,s),

1.61 (3H,s), 2.05 (3H,s), 3.24 (3H,s), 3.24 (lH,m), 

and 4.62 (lH,d,J = 7Hz).

Rf = 0.76

significant peaks at 6 = 1.61, 2.05, 3.24, 4.6, 4.76

and 4.98.

6 . of t h e  epoxide (16)

Methyl ether 4 , 5 — epoxide (16) (0.67g, 2.65 mmol)

was d issolved in ether (15 ml) at room t e m p e r a t u r e  and boron 

trifluoride etherate (3.27 ml, 0.0265 mol) was added. The 

reaction mixture was s t i r r e d  for 30 min, after which time it 

was quenched by the a d d i t i o n  of s a t . s o d i u m  b i c a r b o n a t e  s o l u ­

tion. The reaction m i x t u r e  was then e x t r a c t e d  with ether and 

the ethereal extracts w a s h e d  with s a t . s o d i u m  chloride solution, 

dried, and removal of s o l v e n t  on the r o t a r y  evapo r a t o r  gave 

0.57g crude material. C o l u m n  c h r o m a t o g r a p h y  on Kiesel 

(Art.9385) eluting with 3 0 %  e t h e r / p e t .e ther gave the alcohol 

(17) (0.27g, 47%).

Rf = 0.30

= 0.85 (3H,d,J = 6Hz) , 0 . 9 5  (3H,s). 1.08 (3h ,s ),

3.07 (lH,d.J = lOHz) , 3.3 (3H,s), 3.33 (lH,m),

4.67 (lH,s), and 4.99 (lH,s).

7 . Acylation of c r u d e  alcohol (17)

To the crude a l c o h o l  (0.84g) stirred in pyridine 

(lO ml) at room t e m p e r a t u r e ,  was added acetic anhydride 

(0.47 ml) and N ,N - d imet h y 1 - 4 - a m i n o p y r i d i n e  (lO mg). The
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reaction mixture was s t i r r e d  for 1 hour and then q u e n c h e d  

by the addition of s a t . s o d i u m  b i c arbonate s olution. The 

reaction mixture was e x t r a c t e d  with ether and the ethereal 

extracts washed with s a t . c o p p e r  sulphate solution, dried, and 

removal of solvent on the r o t a r y  evaporator gave 750 mg 

crude material. This was s u b j e c t e d  to column c h r o m a t o g r a p h y  

Kieselgel (Art.9385) e l u t i n g  with ethyl a c e t a t e / p e t  . ether and 

y i e lded methyl ether b i s e p o x i d e  (25/26) (210 mg) a n d  acetoxy

methyl ether (19) (410 mg, 56%).

Rf = 0.7

6 = 0.79 (3H,d,J = 6Hz), 0 . 9 6  (3H,s), 1.0 (3H,s),

2.05 (3H,s), 3.25 (3H,s). 3.33 (IH.m), 4.54 ( 1 H ,d .J = lOHz) , 

4.76 (lH,s), and 4.98 (lH,s).

A t t e m p t e d  Methyl ether cleavage

(a) 15-Crown-5, bororj^t r ibromide and sodium i o d i d e '

Methyl ether (24) (200 mg, 8.47 mmol) w a s  dissolved

in d i c h l o r o m e t h a n e  (3 mis) and stirred at -30°C u n d e r  nitrogen. 

To this was added 1 5 - C r o w n — 5 (1.12g, 5.08 mmol) d i s s o l v e d

in d i c h l o r o m e t h a n e  and s a t u r a t e d  with sodium i o d i d e  (13 m l ) .

The reaction m i x t u r e  was s t i r r e d  for lO minutes a n d  then 

boron t r ibromide (0.243 ml, 2.54 mmol) was added a n d  the 

reaction mixture was s t i r r e d  for 3 hours at this t e m p e r a t u r e ,  

and then allowed to warm up to room temperature f o r  a further 

2i hours. Satur a t e d  s o d i u m  bicarbonate solution w a s  then 

added, the d i c h l o r o m e t h a n e  layer separated, dried and removal

I d
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of solvent on the rotary e v a p o r a t o r  gave 190 mg c r u d e  material. 

Column c h r o m a t o g r a p h y  using A l u m i n a  (type UG) e l u t i n g  with 

pet.ether gave two fractions. O n e  [Rf 0.68 (10% ethyl acetate/

pet.ether)] was judged by its n m r  s p e c t r u m  to c o n t a i n  at least 

four compounds, the other c o n t a i n e d  g r eater than five compounds 

on analytical tic.
1 8(b) Sodium iodide and t r i c h l o r o m e t h y 1 silane

Sodium iodide (380 mg, 2.54 mmol) was d i s s o l v e d  in 

acetonitrile (lO ml) and s t i rred under nitrogen at room 

temperature. To this was added s u c c e s s i v e l y  t r i c h l o r o m e t h y 1 

silane (380 mg, 2.54 mmol) and m e t h y l  ether (24) (500 mg, 2.12

m m o l ) , and the s t i r r i n g  c o n t i n u e d  for 5 hours. A f t e r  this time, 

the reaction was q u e n c h e d  by the addition of w a t e r  , and the 

reaction mixture e x t r a c t e d  with e t h e r . The e t h e r e a l  extracts 

were washed with s a t . s o d i u m  t h i o s u l p h a t e  solution and sat. 

sodium chloride solution, dried, and removal of solvent on 

the rotary e v a p o r a t o r  gave 510 mg crude m a t e r i a l . Column 

chrom a t o g r a p h y  of this using K i e s e l g e l  (Art.9385) eluting with 

pet.ether gave 70 mg of an oil i dentical to isohu m u l o l  on 

analytical tic. The nmr s p e c t r u m  of this oil h o w e v e r  showed 

retention of the O —Me peak at 3.29 ppm but loss of the alkene 

protons between 4.75- 5 . 3  ppm.

A t t e m p t e d  methyl e ther cleavage of (19)

(a) T r i m e t h y l s i l y l  iodide gener a t e d  ^n situ 
the p r e s e n c e  of h e x a m e t h y I d i s i 1azane

19

A c e t o x y  methyl ether (19) (50 mg, 0.17 mmol), was 

dissolved in a c e t o n i t r i l e  (4 ml) at - 1 0 “C and h e x a m e t h y I d i -  

silazane (0.042 ml, 0.2 mmol) was added under n i t r o g e n  with
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stirring. To this s o l u t i o n  was added succe s s i v e l y  sodium 

i o dide (25 mg, 0.17 mmol) and t r i m e t h y 1 s i l y 1 chloride 

(0.0215 ml, 0.17 mmol) , and the reaction m i x ture was a l l o w e d  

to warm up to room t e m p e r a t u r e  and stirred for 24 hours. The 

r e a c t i o n  was q u e n c h e d  by a d d i t i o n  of s a t . s o d i u m  b i c a r b o n a t e  

s o l u t i o n  and ether. The ethereal extracts were separated and 

w a s h e d  with s a t . s o d i u m  thios u l p h a t e  solution, dried, and 

removal of solvent on the rotary e v a p o r a t o r  gave 50 mg of 

m a t e r i a l  identical w i t h  the starting material.
19(b) T r i m e t h y l s i l y l  iodide generated in situ 

Sodium i o d i d e  (lO mg, 0.068 mmol) was dissolved

in acetonitrile (2.5 ml) and stirred under nitrogen. A c e t o x y  

m e thyl ether (19) (20 mg, 0.068 mmol) and trimethylsilyl

c h l o r i d e  (8.6 u l , 0 . 0 6 8  mmol) were added successively. T h e

r e a c t i o n  was m o n i t o r e d  by analytical tic for 24 hours a f t e r  

w h i c h  time one major compo u n d  Rf=0.71 was formed. The r e a c t i o n  

w a s  q u e n c h e d  by a d d i t i o n  of water and the reaction mixture 

e x t r a c t e d  with ether. The ethereal extracts were washed w i t h  

s a t . s o d i u m  t h i o s u l p h a t e  solution, dried, and removal of 

s o l v e n t  on the r o t a r y  evapo r a t o r  gave 15 mg yellow oil, t h e  

n m r  spectrum of w h i c h  shows loss of the O-Me protons at 

3.25 ppm and the a l k e n e  p r o tons at 4.76 and 4.98 ppm and the 

a c e t o x y  proton at 4.54 ppm, but the r etention of the a c e t o x y  

p r o t o n s  at 2.05 ppm.
. o  ̂ 18(c ) T r i c h l o r o m e t h y l  silane and sodium iodide

Sodium i o dide (10.2 mg, 0.068 mmol) was d i s s o l v e d  

in aceto n i t r i l e  (2.5 ml) and stirred under nitrogen at r o o m  

t e m p e r a t u r e  and then a c e t o x y m e t h y  1 ether (19) (20 mg, 0.068 mmol)
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lO . F o r m a t i o n  of the acetate of isohumulol (23)

Crude i s o h u m u l o l  (23) (1.2g) was d i s s o l v e d  in

pyridine ( 6 ml) a n d  acetic anhyd r i d e  (3 ml) was a d d e d  and the 

reaction stirred for 5 hours. After this time, t h e  reaction 

mixture was p o u r e d  into a s e p a r a t i n g  funnel c o n t a i n i n g  water 

and extracted w i t h  ether. The ethereal solution was washed 

successively with s a t . c o p p e r  sulphate solution a n d  sat.s o d i u m  

bicarbonate s o l u t i o n  and then dried, and the s o l v e n t  removed 

on the rotary e v a p o r a t o r  to give crude material ( 1 . 1 6 g ) . 

Column c h r o m a t o g r a p h y  in a l u m i n a  (type UG) e l u t i n g  with 1-2% 

ethyl a c e t a t e / p e t .ether g a v e  the acetate of i s o h u m u l o l  (35) 

(0.39g, 26.2% f r o m  humulene) .

Rf = 0.45 (10% e t h y l  a c e t a t e / p e t .e t h e r )

5 = 0.84 (3H,d,J = 5Hz), 0.93 (3H,s), 1.06 (3H,s),

1.18 (3H,s), 1.63 (3H,s), 2.04 (3H,s), and 

4.87-5.3 (4H,m).

V 2920(b), 1730, 1450, 1370, and 1240 cm~^.md X
M'*' (found) = 264.2086; (calculated for

= 264.2089.

11 F o r m a t i o n  of the p —phenyl benzoate e s t e r  of 
i s o h u m u l o l  (23) _________________________

Crude i s o h u m u l o l  (23) (2g) was d i s s o l v e d  in

pyridine at room t e m p e r a t u r e  (lO ml) and p - p h e n y l  benzoyl 

chloride (1.09g) was added and the reaction m i x t u r e  stirred 

for 15 hrs. A f t e r  this time the reaction m i x t u r e  was poured 

into a separ a t i n g  funnel c o n t a i n i n g  water and e x t r a c t e d  with 

ether. The e t h e r e a l  solut i o n  was washed with s a t . c o p p e r  

sulphate solution, and t h e n  dried and removal of solvent
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on the rotary e v a p o r a t o r  gave 1.8g crude product. Column 

c h r o m a t o g r a p h y  on a l u m i n a  (type UG) eluting with 1-2% ethyl 

ac et a t e/pe t . e the r gave the £^-phenyl benzoate ester of i s ohumulol 

( 36) ( O .5 4 g , 6 8 %) .

Rf = 0.76

6 = 0.95 (3H,d,J = 6 H z ) , 1.03 (3H.s), 1.21 (3H,s),

1.56 (3H,s), 4 . 7 -5.5 (4H,m), and 7.1-8.1 (9H,m).

U = 2920(b), 1720, 1620, 1460, 1280, and 1120 cm~^.max

1 2 B i s - e p o x i d a t i o n  of the a c e t o x y  ester of 
i s o h u m u l o l  (35) __  ____________________

(a ) Mo n o - e p o x  ida t i o n

The a c e t o x y  e ster of isohu m u l o l  (35) (0.39g,

1.47 mmol) d i s s o l v e d  in d i c h l o r o m e t h a n e  (200 ml) was a dded 

to 0.5M s o d i u m  b i c a r b o n a t e  s o l u t i o n  (200 ml) and m - c h l o r o p e r o x y  

benzoic acid (85%, 0 .6 g, 2.95 mmol) was added and the reaction

mixture s t i rred r a p i d l y  with a m e c h a n i c a l  stirrer until a 

white e m u l s i o n  was formed, for 1 hour. After this time, the 

d i c h l o r o m e t h a n e  layer was s e p a r a t e d  and w a shed with 2M s o dium 

hydro x i d e  s olution, dried and the solvent removed on the rotary 

e v a p o r a t o r  to give 0.29g clear oil, Rf=0.25. The nmr s p e c t r u m  

showed it to be a mixture, and to have retained the alkene 

protons b e t w e e n  4.92 and 5.46 ppm. This oil was not i n v e s t i ­

gated further but r e s u b m i t t e d  to e p o x i d a t i o n  c o n ditions.

(b) The p r e s u m e d  mono e p o x i d e  (37) (0.29g) was

d i s s o l v e d  in d i c h l o r o m e t h a n e  (50 ml) and 0.5M s o d i u m  b i c a r b o n a t e  

solution ( 6 0  ml) and m - c h l o r o p e r o x y  benzoic acid (85%, 0.231g)

added and the r e a c t i o n  m i x ture s t irred for 15 hours. After
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this time the d i c h l o r o m e t h a n e  layer was s e p a r a t e d  and washed 

with 2 M sodium h y d r o x i d e  solution, d r i e d  and r e m oval of solvent 

on the rotary e v a p o r a t o r  y i e l d e d  0 . 2 5 g  white c r y s t a l s .  Column 

chrom a t o g r a p h y  u s i n g  K i e s e l g e l  (Art.9385) e l u ting with 10% 

ethyl a c e t a t e / p e t .e t h e r  gave two c o m p o u n d s  Rf = 0.28 and 0.2.

The less polar m a t e r i a l  was i d e n t i f i e d  as the s e m i - c r y s t a 1 1 ine 

bisepoxide (38) (llO mg, 36%), and the more p olar m a t e r i a l  was 

u n i dentified (20mg, 6.5%) .

Rf = 0.28

6 = 0.88 (3H,d,J = 8 H z ) , 0.96 (3H,s), 1.07 (3H,s),

1.33 (3H,s), 2.05 (3H,s), 2.41 (lH,d,J = 3Hz), 2.58 (2H,m), 

and 5.15 (lH,d,J = 9Hz).
13 C nmr spectrum ( C D C l ^ ) •

6 = 13.15(g), 17.1(g), 20.6(g), 21.1(g), 22.6(t),

28.33(g), 33.02(s), 35.0(t), 35.3(t), 35.7(d),

40.4(t), 56.6( d ) ,  59.3(d), 61.0(s), 67.2(d),

73.7(d) , 1 7 1 0 ( s ) .

m/e : (relative intensity) = 221 (0.4) , 43 (lOO) , 41(41) ,

55 (36.8) .

Rf = 0.2

6 = 0.88(s), l.l(s), 1.27(s), 1.53(s), 2.05(s), and

4.6-4.95 (m) .

13 . i d a tion of the p —p h e n y l  b e n z o a t e  
f i s o h u m u l o l  (39)^^^ ________ester of i s o h u m u l o l  (39)

The p - p h e n y l  b e n z o a t e  ester (36) (470 mg,

1.17 mmol) was d i s s o l v e d  in d i c h l o r o m e t h a n e  (40 mis) and 

0.5M sodium b i c a r b o n a t e  solut i o n  (50 mis) and m - c h l o r o p e r o x y -  

benzoic acid (85%, 0.498, 2.45 mmol) were added and the
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separating funnel c o n t a i n i n g  ether and w a shed with 2M sodium 

hydroxide, 1 . 5M s o d i u m  p o t a s s i u m  t a r t r a t e  solution. The 

ethereal solution was d r i e d  and the solvent r e m o v e d  to yield 

0.61g b l u e - g r e e n  oil. C o l u m n  c h r o m a t o g r a p h y  o n  Kieselgel 

(Art.9385) e l u t i n g  with 1 0 % ethyl a c e t a t e / p e t .ether gave 

r ecovered starting m a t e r i a l  (400 m g ) .

X 5 X 615. D e o x y g e n a t i o n  of the b i s e p o x i d e  (39)

F o r m a t i o n  of t u n g s t e n  reagent as p a r t  4(a) using 

tungsten h e x a c h l o r i d e  (0.239g, 0.599 mmol), 1 . 6 M n - b u t y l 1 i t h i u m

(1.12 ml, 1.79 m m o l ) , a n d  t e t r a h y d r o f u r a n  (lOO m i s ) .

The t u n g s t e n  r e a g e n t  was c o o l e d  to 10°C and the 

b i s e p o x i d e  (39) (250 mg, 0 .599 mmol) was added. The r e a c t i o n

mixture was s t i r r e d  for 45 minutes and then h e a t e d  rapidly to 

reflux in a p r e —h e a t e d  o i l  bath (80°0 and h e l d  at this t e m p e r a ­

ture for 18 hours. A f t e r  this time the r e a c t i o n  mixture was 

cooled to room t e m p e r a t u r e ,  p o ured into a s e parating funnel 

c o ntaining ether and w a s h e d  with 2M s o dium h y droxide, 1 . 5M 

sodium p o t a s s i u m  t a r t r a t e  solution, d r i e d  and the solvent 

removed on the rotary e v a p o r a t o r .  C o l u m n  c h r o m a t o g r a p h y  of 

the crude mater i a l  u s i n g  a l u m i n a  (type UG) eluting with 10% 

ethyl a c e t a t e /p e t .ether g a v e  r e c o v e r e d  s t a r t i n g  material 

( 2 2 0  m g ) .

.  ̂ 2716 . p - M e t h o x y - b e n z y l  chlorxde

p - M e t h o x y - b e n z y 1 alcohol (20g, 0.145m) was stirred

with c o n c e n t r a t e d  h y d r o c h l o r i c  acid (lOM, 28.98 ml, 0.299m) 

for 15 minutes. The r e a c t i o n  mixture was then poured into a 

separating funnel and the organic layer separ a t e d  and dried
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with c a l c i u m  chloride for 30 minutes. This crude £ - m e t h o x y  

benzyl chloride was d i s t i l l e d  under v a c u u m  (2 mm H g , 75°C)

to yield 12.67g c o l o u r l e s s  oil (72%). The pure £ - m e t h o x y  

benzyl chloride could b e  s t ored at less than 0°C until needed.

6 = 3.63 (3H,s), 4.4 (2H,s), and 6.94 (4H,m).

17. A t t e m p t e d  f o r m a t i o n  of the p - m e t h o x y  
benzyl e t h e r  (51 )__________________________

(a ) Sodium h y d r i d e

Isohumulol (23) (0.8g, 3.6 mmol) was d i s s o l v e d  in

t e t r a h y d r o f u r a n  (lOO ml) and s o d i u m  h y d r i d e  (0.26g, 0.0108

mol) and ^ - m e t h o x y  b e n z y l  chlor i d e  (1.128g, 7.2 mmol) were

a dded and the r e a c t i o n  mixture r e f l u x e d  for 20 hours. After 

this time the r e a c t i o n  mixture was c o o l e d  to r o o m  t e m p e r a t u r e  

and e t her/methanol (1 : 1 ) added, f o l l o w e d  by s a t . a m m o n i u m  

chloride solution. T h e  o r g a n i c  layer was then separated, dried, 

and removal of solvent y i e l d e d  1 . 5g crude material. Column 

c h r o m a t o g r a p h y  on K i e s e l g e l  60 (Art.7730) e l u ting with 

p e t . e t h e r  gave the g - m e t h o x y  b e nzyl ether (51) (430 mg, 35%).

Rf = 0.58 (10% Ethyl a c e t a t e / p e t . e t h e r )  .

6 = 0.89 (3 H ,d ,J = 6 . 5Hz) , 0.96 (3H , s) , 1-0

1.55 (3 H , b s ) , 3 .4 7  (lH,m), 3.79 (3H,s),

4.62 ( 2 H ,A B q ,J = 1 2 H z ) , 4 . 8 2 - 5 . 0 2  (2H,m)

and 7 .35 ( 4 H ,A A •B B 'q ,J = 9 H z ).

V = 2930(b), 1 6 2 0 ( w ) ,  1520, 1465(b), 1380, 1255, andmax
-1

1 0 6  5(b) cm 

(found) = 342.2567; M

= 342.2559.

^ ( c a lculated for ^ 2 3 ” 34°2^
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(b) in-Butyllithium

i sohumulol (23) (Ig, 4.5 mmol) was stirred in

te t rahydrof uran (lOO ml) at 0°C under nitrogen, 1.6M ii-butyl- 

j^ithium (in hexane, 5.6 ml, 9.0 mmol was added and t h e  stirring 

c o n t i n u e d  for 15 minutes. £ - M e t h o x y  benzyl c h l oride (1.41g,

9 . 0  mmol) was then a d d e d  and the reaction mixture a l l o w e d  to 

w a r m  up to room t e m p e r a t u r e  and stirred for 48 h o urs. After 

this time the r e a c t i o n  mixture was e x a m i n e d  by a n a l y t i c a l  tic: 

no reaction had taken place.

(c ) E xcess s o d i u m  h y d r i de

I s ohumulol (23) (3 g , 0 . 0135 m) was d i s s o l v e d  in

t e t r a h y d r o f u r a n  (lOO mis) and s o dium hydride (50% d i s p e r s i o n

in oil, w a s h e d  with t e t r a h y d r o f u r a n , 6.48g, 0.135 mol) was

added, and the s o l u t i o n  stirred for 30 minutes. £ - M e t h o x y  

benzyl c h l o r i d e  (3.17g, 0.0203 m) was added and the r e a c t i o n

mixture r e f l u x e d  for 24 hours. The reaction m i x t u r e  was then

cooled to room t e m p e r a t u r e  and methanol added s l o w l y  , followed 

by s a t . a m m o n i u m  c h l o r i d e  s o l u t i o n  and ether and this solution 

was stirred for 30 minutes. The ethereal solution w a s  then 

s eparated and dried and removal of solvent on the r o t a r y  

e vaporator y i e l d e d  6 .28g y e l l o w  oil. Column c h r o m a t o g r a p h y  

of this using a l u m i n a  (type UG) eluting with 10% e t h e r / p e t .ether 

yielded the £ —m e t h o x y  benzyl ether (51) (3.62g, 78%) .

2 318. C leavage of the p - m e t h o x y  benzyl ether (51)

£ - M e t h o x y  benzyl ether (51) (300 mg, 0.87 mmol)

was disso l v e d  in d i c h l o r o m e t h a n e  (shaken with water, 50 mis) 

and 2 ,3 - d i c h l o r o - 5 ,6 - d i c y a n o - l ,4-benzoquinone (0.19g. 0.87

U C
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mmol) was a dded and the react i o n  m i x t u r e  stirred in the air 

for 1 h o u r  m o n i t o r i n g  the r e a c t i o n  by analytical tic. After 

this time water was a d d e d  and the d i c h l o r o m e t h a n e  solution 

was s e p a r a t e d  and w a s h e d  with s a t . s o d i u m  chloride solution. 

Passage d o w n  a short silica column, Kieselgel 60 (Art.7730) 

and r e m oval of the s o l v e n t  on the rotary e v aporator y i e l d e d  an 

oil. C o l u m n  c h r o m a t o g r a p h y  u sing K i e s e l g e l  60 (Art.7730) 

eluting w i t h  d i c h l o r o m e t h a n e  y i e l d e d  isohumulol (23) (lOO mg, 

82%) i d e n t i c a l  to a u t h e n t i c  m a t e r i a l  by a n alytical tic and 

nmr spectroscopy.

1 9 . F o r m a tion of the b i s e p o x i d e  (54/55)

(a ) Biphase system, normal stirring

g - M e t h o x y  b e nzyl ether (51) (500 mg, 1.6 mmol) was

d i s s o l v e d  in d i c h l o r o m e t h a n e  (30 m l ) . To this solution was 

added 0 . 5 M  sodium b i c a r b o n a t e  s o l u t i o n  and m - c h l o r o p e r o x y - 

benzoic a c i d  (85%, 6 8 0  mg, 3.4 mmol) and the react i o n  stirred

for 23 h o u r s  at room t e m p e r a t u r e ,  m o n i t o r i n g  the reactions 

progress by a n a l y t i c a l  tic. A f u r ther addition of m - c h l o r o -  

p e r o x y b e n z o i c  acid (85%, 680 mg, 3.4 mmol) was made after

this time and the r e a c t i o n  m i x t u r e  stirred for a further 24 

hours. The d i c h l o r o m e t h a n e  layer was then separated, w a shed 

with 2M s o d i u m  h y d r o x i d e  solut i o n  and then dried, and the 

solvent r e m o v e d  on the rotary e v a p o r a t o r  to y ield a y e l l o w  

oil (310 m g ) . C o l u m n  c h r o m a t o g r a p h y  using Kieselgel 

(Art.9385) eluting with 10% ethyl a c e t a t e / p e t .ether gave 

two p r o d u c t s  Rf = 0.63 and 0.4. The less polar was identified 

as the 8,9 epoxide (52) (35 mg, 7%), the more polar was
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for 1 hour. The organic layer was then separated, w a s h e d  

with 2M s o d i u m  hydro x i d e  solution and then dried, r e m o v a l  of 

the solvent on the rotary e v a p o r a t o r  yielded 0.75g c r u d e  

material. Column c h r o m a t o g r a p h y  using Kieselgel 60 ( A r t . 7730) 

eluting with 30% e t h e r / p e t .ether y i e l d e d  the b i s e p o x i d e  (54/55) 

(7 O m g , 13%).

(c ) Dichloromethane solution
£^-Methoxy benzyl ether (51) (9.47g, 0.029 mol)

was d i s s o l v e d  in d i c h l o r o m e t h a n e  (250 ml) and m - c h l o r o p e r o x y  

benzoic acid (85%, 12.13g, 0.059 mol) was added and the

reaction m i x t u r e  stirred for 2 h ours at room t e m p e r a t u r e .

After this time the reaction mixture was washed with 2M sodium 
hydroxide solution, dried, and the solvent removed on the 
rotary evaporator to give 7.73g crude material. Column 
chromatography using Kieselgel 60 (Art.7730) eluting with 40% 

ether/pet.ether gave the bisepoxide (54/55) as white crystals 
(4. 0 9 g , 38%) .

15 1620. M o n o d e o x y g e n a t i o n  of the bisepoxide (54/55)

A series of exper i m e n t s  were performed to a s s e s s  

the o p t i m u m  conditions for d e o x y g e n a t i o n  of the b i s e p o x i d e  (54/55) 

using v a r y i n g  ratios of tungsten reagent to reactant a n d  

various t emperatures. The results are summarised in the 

T a b l e .

(a ) Methyl ether conditions

F ormation of the tungs t e n  reagent was p e r f o r m e d  as 

in part 4(a) using tungsten h e x a chloride (0.26g, 0.67 mmol)

1.6M n - b u t y 1 1 ithium (in hexane, 1.25 ml, 0.02 mol) and 

t e t r a h y d r o f u r a n  (50 m l ) .
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The t u n g s t e n  reagent was c o o l e d  to 10°C and the 

b i s e p o x i d e  (54/55) (0.25g, 0.68 mmol) was added. The reaction

mixture was s t i rred at room t e m p e r a t u r e  for 45 m i n u t e s  and 

then h e a t e d  to r a p i d l y  reflux in a p r e h e a t e d  oil bath (80“C) 

and held at this t e m p e r a t u r e  for 2 hours. The r e a c t i o n  

mixture was then c o o l e d  to room t e m p e r a t u r e  and p o u r e d  into 

a separating funnel c o n t a i n i n g  ether. The e t h e r e a l  layer 

was w a s h e d  with 2M s o d i u m  h y d r o x i d e ,  1.5M s o d i u m  p o t a s s i u m  

tartrate solut i o n  and then dried, r e m o v a l  of the solvent on 

the rotary e v a p o r a t o r  y i e l d e d  290 mg c rude m aterial. Column 

c h r o m a t o g r a p h y  using K i e s e l g e l  60 ( A r t . 7730) e l u t i n g  with 40% 

ether/pet . ether y i e l d e d  one major c o m p o u n d  Rf = 0.62. The

nmr s p e c t r u m  i d e n t i f i e d  this c o m p o u n d  as p - m e t h o x y  benzyl 

a 1 c o h o 1 .

(b ) Lower t e m p e r a t u r e

F o r m a t i o n  of the t u n g s t e n  r e a gent was p e r f o r m e d  as 

in part 4(a) using t u n g s t e n  h e x a c h l o r i d e  (0.79g, 2.0 m m o l ) ,

1.6M n - b u t y 1 1 i t hium (in hexane, 3.8 ml, 6.0 mmol) and 

t e t r a h y d r o f u r a n  (lOO m l ) .

The t u n g s t e n  reagent was c o o l e d  to — 2°C and the 

b i s e p o x i d e  (5 4 / 5 5 ) (0 .7 5 g, 2 . 0  mmol) was a dded and the reaction

mixture s t i r r e d  at this t e m p e r a t u r e  for 1.5 hours, monit o r i n g  

the progr e s s  by a n a l y t i c a l  tic. The r e a c t i o n  m i x t u r e  was then 

stirred at 0 - 1 0 ° C  for 45 minutes and then at room t e m perature 

for 1.5 hours. After this time the react i o n  m i x t u r e  was worked 

up as for part 20(a) to yield 600 mg crude m aterial. P r e p a r a ­

tive tic, e l u ting with 70% e t h e r / p e t .ether y i e l d e d  the epoxide 

(58) (loo mg, 14%) and recov e r e d  s t a r t i n g  m a t e r i a l  (250 m g ) .



Rf = 0.55 (30% ethyl

6 = 0 . 5 4 (3H,s ) , O .8 6 (3 H ,d , J

3.42 (IH,m) , 3 .76 ( 3H , s ) ,

4.79 (IH,bd) , 6 .84 and 7 .

e t h e r )
3 H , d , J  = 8 H z ) , 0.98 (3H,s,1.61 (3H

3H,s), 4.63 and 4.65 (2H,ABq,J = 1

and 7.26 (4H , A A 'B B 'q ,J = 9Hz).

■̂■’c nmr spectrum (CDCl^)

6 = 13.2(q), 16.7(q), 1 9 . 9 ( q ) ,  26.6(t), 28.0(q), 32.5(d),

35.25(t), 35.25(s), 36.6(t), 39.7(t), 55.3(q),

56.5(d), 69.0(d), 6 9 . 6 ( t ) ,  76.6(d), 114.0(d),

121.65(d), 129.6(d), 1 3 1 . 0(s), 137.0(s), 1 5 9 . 4(s).

V = 2940(b), 1720(b), 1 615, 1460(b), 1320 and 1245 cm ^max
M (found 

(c )

3 5 8 . 2 4 8 9 ; ( c a l c u l a t e d  for ^23^34^3^ ~ 358.2508.

Prolonged r e a c t i o n  times at room t e m p e r a t u r e  

Formation of the t u n g s t e n  reagent was p e r f o r m e d  

as in part 4(a) using t u n g s t e n  h e x a c h l o r i d e  (0.79g, 2.0 m m o l ) ,

1.6M n - b u t y l l i t h i u m  (in h e x a n e ,  3.8 ml, 6.0 mmol) and tetra- 

hydrofuran (lOO m l ) .

The tungsten r e a g e n t  was c o oled to 10°C and the 

bisepoxide (54/55) (0.75g, 2.0 mmol) was a d d e d  and the react i o n  

mixture stirred at room t e m p e r a t u r e  for 12 hours. After this 

time the reaction was wor)ced up as for part 2 0 (a) to yield 

770 mg crude material, w h i c h  a p p e a r e d  from a n a l y t i c a l  tic and 

the nmr spectrum to be a m i x t u r e  of c o m p o u n d s , of which p — 

methoxy benzyl alcohol was the m a j o r  component.

(d) Two equivalents of t u n g s t e n  reagent, lower 
t e m p e r a t u r e_________ _______________________________

Formation of the tungsten reagent was performed as
in part 4(a) using t u n g s t e n  h e x a c h l o r i d e  (0.79g, 2.0 mmol),1.6M

ri-butyl 1 ithium (in hexane, 36.2 ml, 0.056 mol) and tetra h y d r o -

furan (3 50 m l ) .
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The t u n g s t e n  r e a g e n t  was cooled to -lO - -15°C

and the b i s e p o x i d e  (54/55) ( 3.5g , 9.35 mmol) added and the

reaction m i x t u r e  s t i r r e d  at this t e m p e r a t u r e  for 1 hour. T h e  

reaction m i x t u r e  was then a l l o w e d  to warm up to room t e m p e r a ­

ture and s t i r r e d  for 50 m i n u t e s  c a r e f u l l y  m o n i t o r i n g  the 

progress by a n a l y t i c a l  tic. The reaction was worlced up as 

for part 20(a) to y i e l d  a crude blue oil (3.6g) . Column 

c h r o m a t o g r a p h y  u sing K i e s e l g e l  60 (Art.7730) eluting with 20% 

ethyl a c e t a t e / p e t .ether y i e l d e d  the e p o x i d e  (58) (1.62g, 45%)

together w i t h  a m i x t u r e  of starting m a t e r i a l  (54/55) and 

cyclised a l c o h o l s  (50) and (51).

(e) T h r e e  e q u i v a l e n t s  of tungs t e n  reagent, lower 
t e m p e r a t u r e  s___________________________________________

F o r m a t i o n  of the t u n g s t e n  r e a gent was performed as

in part 4(a) using t u n g s t e n  h e x a c h l o r i d e  (2.38g, 50 m m o l ) ,

1 .6 m  n - b u t y 1 1 ithium (in hexane, 11.28 ml, 0.018 m o l ) , and

The t u n g s t e n  r e a g e n t  was cooled to -15°C and the 

bisepoxide (54/55) (750 mg, 2.0 mmol) added. The reaction

mixture was m a i n t a i n e d  at this t e m p e r a t u r e  for 2 i hours a f t e r  

which it was wor)ced up as for part 2 0 (a) to yield a crude g r e e n  

oil (0.97g). C o lumn c h r o m a t o g r a p h y  using Kieselgel (Art.9385) 

eluting w i t h  50% e t h e r / p e t .ether yielded impure epoxide (58)

(430 mg) w h i c h  was f u r ther subjected to p r e p a r a t i v e  tic 

eluting w i t h  30% ethyl a c e t a t e / p e t .ether to yield the e p o x i d e  

(58) (300 mg, 42%). On the basis of the r e s ults prese n t e d  in

the Table it was d e c i d e d  that the c o n d i t i o n s  used in e x p e r i m e n t  

(d) were t h o s e  most s u i t a b l e  for the d e o x y g e n a t i o n  of (54/55 ) .
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Experiment N o . of 
equivalent 
of tungsten 
reagent

Conditions Yield of
epoxide
(58)

2 0 (a) 1 45 minutes at room temperature 
reflux for 2 hours -

2 0 (b) 1 1.5 hours at -2°C 
45 minutes at 0-10°C 14%

2 0 (c) 1 1 2  hours at room temperature -

2 0 (d) 2 1 hour at -15°C
50 minutes at room temperature 48%

2 0 (e) 3 2.5 hours at -15°C 42%

21 . C y c l i s a t i o n  of the epoxide (58)

(a ) Room t e m p e r a t u r e ,  boron t r i f l u o r i d e  etherate

The e p o x i d e  (58) (160 mg, 0.45 mmol) was d i s s o l v e d

in ether ( 5 ml) a n d  b o r o n  t r i f l u o r i d e  etherate (0 . 1 1 2  ml,

0 . 8 9  mmol) was added. The reaction m i x t u r e  was s t i rred for

1 . 5  hours at room t e m p e r a t u r e ,  m o n i t o r i n g  the p r o g r e s s  by 

a n a l y t i c a l  tic. S a t . s o d i u m  b i c a r b o n a t e  solution was then 

a d d e d  gradually. The e ther layer was separated and then dried 

a n d  the solvent r e m o v e d  to y ield a c rude yellow oil (170 m g ) . 

P r e p a r a t i v e  tic e l u t i n g  with 30% ethyl a c e t a t e / p e t .ether 

y i e l d e d  the 5-g^-methoxy benzyl ether of 6 , lO , lO-tr imethy 1 

b i c y c l o [6 .3.O ]u n d e c a - 5 , 9 -diol (6 0 ) (30 mg, 19%) .

Rf = 0.4 (30% ethyl a c e t a t e / p e t . ethe r )

Ô = 0.87 (3 H ,d ,J = 8 H z ), 0.88 (3 H ,s ), 1.01 (3h , s) ,

3.08 (lH,d,J = lOHz), 3.5 (1H ,m ) , 3.77 ( 3H , s) ,

4.4 (2H,s), 4.69 (lH,s), 5 .02 (1H , s ) , 6 .84 , 7 .

(4H ,A A •B B 'q ,J = 9 H z ) .







r
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-1

(found) = 280.2010; (calculated for C H O ) = 280.2038
1 / 2 o J

2 4 . M o d e l  studies, d e h y d r a t i o n  of isoViumulol (23)

(a ) M e s y l  c h l o r i d e  and p y r i d i n e

I s o h u m u l o l  (23) (0.5g, 2.25 mmol) was d i s s o l v e d  in

pyridine (5 ml) to w h i c h  was a d d e d  mesyl c h l oride (0.19 ml,

2.5 mmol) a n d  the r e a c t i o n  m i x t u r e  stirred for 15 m i n u t e s  at 

room t e m p e r a t u r e .  A f t e r  this time s a t . s o d i u m  b i c a r b o n a t e  

solution was a dded and the s o l u t i o n  e x t r a c t e d  with ether.

The ethereal s o l u t i o n  was w a s h e d  with s a t . c o p p e r  sulph a t e  

solution a n d  then dried, and the solvent removed on the 

rotary e v a p o r a t o r  to y i e l d  a c l e a r  oil, which was i d e n t i f i e d  

as the m e s y l a t e  (64) (340 mg, 50%).

Rf = 0.35 (5% ethyl a c e t a t e / p e t .e t h e r )

6 = 0.93 ( 3 H ,d,J = 7 H z ) , 1.03 (3H,s), 1.11 (3H,s),

1.6 (3H,s), 2.94 (3H.S) and 4 .82-5.33 (4H,m)

V = 2940(b), 1460(b), 1350(b), 1165 and 910 cmmd. X
-1

M (found) = 300.1757;

(b)

(calculated for ^2.6^28^3^^ ~ 300.1759

M e s y l  c h l o r i d e  and t r i e t h y l a m i n e 

I s o h u m u l o l  (23) (500 mg, 2.25 mmol) was d i s s o l v e d

in t r i e t h y 1 a m i n e  (3 ml) to w h i c h  was a dded mesyl chlor i d e  

(0.192 ml, 2 . 5  mmol) and the r e a c t i o n  m i x ture stirred for 

3 hours at r o o m  t e m perature. S a t . s o d i u m  b i c a r b o n a t e  solut i o n  

was then a d d e d  and the react i o n  mixture e x t r a c t e d  with e t h e r . 

The ethereal solut i o n  was w a s h e d  with s at.copper sulphate 

solution a n d  then d r i e d  and the solvent removed on the rotary 

evaporator t o  yield a y e l l o w  oil identical to the m e s y l a t e  (64) 

(410 m g , 6 0  %) .
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(c ) M esyl c h l o r i d e  and p y r i d i n e  with heating

Isohuraulol (23) (250 mg, 1.1 mmol) was d i s s o l v e d  in

p y r i d i n e  (1 m l ) , c o o l e d  to 0°C, and then mesyl c h l o r i d e  

(0.096 ml, 1.2 mmol) was added. The reaction m i x t u r e  was 

s t i rred at t h i s  t e m p e r a t u r e  for 30 m i n utes and t h e n  h e a t e d  to 

45°C and s t i r r e d  at this t e m p e r a t u r e  for 46 hours m o n i t o r i n g  

the p r o g r e s s  by a n a l y t i c a l  tic. After this time t h e  r e a c t i o n  

m i x t u r e  was c o o l e d  to r o o m  t e m p e r a t u r e  and e x t r a c t e d  with 

ether. The e t h e r e a l  s o l u t i o n  was w ashed s u c c e s s i v e l y  with 

5% tartaric a c i d  s o l u t i o n  and 5% sodium b i c a r b o n a t e  solution, 

and then d r i e d  and the r e m oval of solvent on the r o t a r y  

e v a p o r a t o r  y i e l d e d  a b r o w n  oil identical to the m e s y l a t e  

(64) (180 m g , 53%) .

2 5. D e h y d r a t i o n  of the alcohol (63)

(a ) F o r m a t i o n  of the mesyl a t e  (65)

The a l c ohol (63) (24.7 mg, 0.088 mmol) w a s  d i s s o l v e d

in pyrid i n e  (2 m i s ) . Mesyl chloride (0.02 ml, 0 . 2 6  mmol) was 

a dded and the r e a c t i o n  m i x t u r e  stirred at room t e m p e r a t u r e  

for 1 hour. S a t . s o d i u m  b i c a r b o n a t e  solution was t h e n  a d d e d  

and the r e a c t i o n  m i x t u r e  e x t r a c t e d  with ether. T h e  ethereal 

solut i o n  was w a s h e d  with sat.c o p p e r  sulphate s o l u t i o n  and 

then dried a n d  the s o l v e n t  removed on the rotary e ' 

to yield the m e s y l a t e  (65) (31 mg, 98%).

Rf = 0.37 (30% ethyl a c e t a t e / p e t .e t h e r )

6 = 0.93 (3H,d,J = 8 Hz), 0.96 (3H,s), 1.0 (3H,s),

2.10 (3H,s), 3.0 (3H,s), 4.53 (lH,d,J = 9Hz),

4.86 (lH,s), 4.88 (lH,bm), 5.11 (lH,s)
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(2.3 III, 0.019 mmol) was a d d e d  and a f t e r  30 m i n utes at this 

t e m p e r a t u r e  no react i o n  w a s  o b s e r v e d  on a n a l y t i c a l  tic. The 

reaction m i x t u r e  was a l l o w e d  to warm up to r o o m  t e m p e r a t u r e  

and s t i rred for 93 hours. After this time, still no reaction 

had occurred.

(b) S u l p h u r i c  acid in ether

The diene (62) ( 6 mg) was s t i r r e d  in 5% c o n c e n t r a t e d

sulphuric acid in ether ( 1  ml) and a f t e r  6 h ours at room 

t e m p e r a t u r e  the r e a c t i o n  was complete. One major p r o d u c t  

Rf = 0.26 (20% ethyl a c e t a t e / p e t .e t h e r ) was formed. The

ethereal layer was w a s h e d  with 1 0 % p o t a s s i u m  h y d r o x i d e  s o l u t i o n  

and then d ried and the s o l v e n t  r e m o v e d  on the rotary e v a p o r a t o r  

to y i e l d  an oil i d e n t i f i e d  as the a l c o h o l  (69) ( 6 mg, 93%).

(c) p-Toluene sulphonic acid
The diene (62) (lO mg, 0 . 0 3 8  mmol) was d i s s o l v e d  in 

b e n zene (2 ml) and ^ - t o l u e n e  s u l p h u r i c  acid (19.1 mg, 0.097 

mmol) was added and the r e a c t i o n  m i x t u r e  r e f l u x e d  for li hours. 

After this time, a n a l y t i c a l  tic s h o w e d  the r e a c t i o n  m i x t u r e  to 

contain one major p r o d u c t ,  identical to that formed in part

(b) and several minor p r o d u c t s .

The diene (62) (2 mg) was s t i r r e d  with t r i f l u o r o -

acetic acid (1 ml) at r o o m  t e m p e r a t u r e  and after 3 h o u r s  only 

starting mater i a l  was v i s i b l e  on a n a l y t i c a l  tic.

(e ) Formic acid and acetic anhydride
The diene (62) (5 mg) was dissolved in acetic

anhydride (0.5 ml) and formic acid (90%, 1.62 ml) was added
and the reaction mixture stirred at room temperature for 2 
hours. After this time, no reaction was visible on ana.
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tic, the r e a c t i o n  m i x t u r e  was then h e a t e d  to 100®C and a f t e r  

1 hour two new c o m p o u n d s  were v i s i b l e  on a n alytical tic.

Rf = 0.65 and 0 . 6  (30% ethyl a c e t a t e / p e t .e t h e r ).

(f ) F o rmic a c i d

The d i e n e  (62) (4.5 mg) was stirred in formic a c i d

(90%, 3 ml) at r o o m  t e m p e r a t u r e  for 24 hours. After this

time, two new c o m p o u n d s  were v i s i b l e  on analytical tic.

Rf = 0.57 and 0.33 (30% ethyl a c e t a t e / p e t .e t h e r ).

2 7 . Large s cale c y c l i s a t i o n  of the d i e n e

(a) £^-Toluene sulph o n i c  acid

The d i e n e  (62) (47.8 mg, 0 . 1 8  mmol) was dissolved

in b e n z e n e  (3 ml), g - t o l u e n e  s u l p h o n i c  acid (86.3 mg. 0.46 

mmol) was a d d e d  a n d  the r e a c t i o n  m i x t u r e  refluxed for 3.5 

hours. A f t e r  this time the react i o n  m i x ture was cooled to 

room t e m p e r a t u r e  a n d  ether and s a t . s o d i u m  b i c a r b o n a t e  s o l u t i o n  

added. The e t h e r e a l  layer was separated, and then dried a n d  

the solvent r e m o v e d  on the r otary e v a p o r a t o r  to yield a y e l l o w  

oil (59.1 m g ) . C o l u m n  c h r o m a t o g r a p h y  using Kieselgel (Art.9385) 

e l u ting with 30% e t h e r / p e t .e t h e r  gave the alcohol (69)

(20 mg , 3 9%).

Rf = 0.34 (30% e t h y l  a c e t a t e / p e t .e t h e r )

6 = 0.91 (3H,s), 0.97 (3H.S), 1.14 (3H,s). 2.03 (3H,s),

2 . 2 - 2 . 6  (2H,m), 4.45 (lH,d,J = 2.5 Hz)

D^O, a fter a d d i t i o n  of ^ 2 ^  ® peak at 1.4 ppm disappeared.

= 3 600-3330, 2 9 2 0 ( b ) , 1725, 1465, 1375, 1250(b) andmax
1 0 2 0 (b) cm -1

(found) = 280.2030; (calc u l a t e d  for ^̂ .̂̂ 8 2 3 0 3 ) - 2 8 0 . 2 0 3 8
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m/e : (relative i ntensity) , 280 (1.5) , 237 (55.7) , 111 (lOO) ,

43 (39.9), 41 (25.9)

m "*" -169 (found) = 111.0816; -169 ( c alculated for C^H^^O) =

1 1 1 .0810.

(b) Formic ac id

The d i e n e  (62) (50 mg) was d i s s o l v e d  in formic acid

(90%, 3 ml) and the r e a c t i o n  m i x t u r e  s t i r r e d  at room t e m p e r a ­

t u r e  for 4 hours. S a t . s o d i u m  b i c a r b o n a t e  solut i o n  was then 

a d d e d ,  and the r e a c t i o n  m i x t u r e  e x t r a c t e d  with ether. The 

e t h e r e a l  s o l u t i o n  was w a s h e d  with s a t . s o d i u m  b i c a r b o n a t e  

s o l u t i o n  and then d r i e d  and the s o l vent r e m o v e d  on the r o tary 

e v a p o r a t o r  to y i e l d  crude p r o d u c t  (55 m g ) . Column c h r o m a t o ­

g r a p h y  using K i e s e l g e l  (Art.9385) e l u t i n g  with 10% ethyl 

a c e t a t e / p e t .e t h e r  three fractions, the least polar Rf = 0.5

(10% ethyl a c e t a t e / p e t  . e t h e r ) c o n t a i n e d  a m i x t u r e  of 

u n i d e n t i f i e d  c o m p o u n d s  (20 mg). The f r a c t i o n  Rf = 0.33

c o n t a i n e d  the f o r m a t e  (81) (8 mg, 13%) and the most p o l a r

f r a c t i o n  Rf = 0.1 c o n t a i n e d  the a l c o h o l  (69) (8.3 mg, 16%).

Rf = 0.33 (10% e t h y l  a c e t a t e / p e t .e t h e r )

6 = 0.94 (3H,s), 0.97 (3H,s), 1.16 (3H,s), 2.07 (3H,s),

2.2-2.7 (2H,m) and 4.5 (lH,d,J = 2.5Hz), 8.0 (lH,s)

V = 2910(b), 1725, 1465, 1375, 1240 and 1185 cm ^m a  X
m / e :  (relative intensity) , 202 (lOO) , 187 ( 32.1) ,

111 (23.7), 95 (27.1), 43 (51.8).

28 . Trial c ’ of the e p o x i d e  (58)

R e a c t i o n s  were f o l l o w e d  by a n a l y t i c a l  tic,

a l i q u o t s  of the r e a c t i o n  m i x ture ('v, 5 u D  b eing r e m o v e d  and

w o r k e d  u p .
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(a ) B o r o n  t r i f l u o r i d e  etherate in b e n z e n e

The e p o x i d e  (58) (12 mg, 0 . 0 3 3  mmol) was d i s s o l v e d

in b e n z e n e  (2 ml) and b oron t r i f l u o r i d e  ether a t e  (4.5 pi,

0.039 mmol) w a s  added. After 2 hours at room temperature, the 

r e a c t i o n  m i x t u r e  showed a p l e t h o r a  of p r o d u c t s  on a n a l y t i c a l  

tic.

(b) B o r o n  t r i f l u o r i d e  etherate in ether at low
t e m p e r a t u r e s ________________________________________

The e p o xide (58) (11.5 mg, 0 . 0 3 2  mmol) was d i s s o l v e d

in ether (2 ml) and the solution c o o l e d  to -78°C, under

nitrogen. B o r o n  t r i f l u o r i d e  etherate (4.3 pi. 0.035 mmol)

was a dded and the r e a c t i o n  mixture s t i r r e d  at this t e m p e r a t u r e

for 1.5 hours, after which time no r e a c t i o n  h a d  occurred.

(c ) T r i m e t h y l s i l y l  t r i f 1u o r o m e t h a n e s u 1phonate in t o l uene 

The epoxide (58) (10.5 mg, 0 . 0 2 9  mmol) was d i s s o l v e d

in toluene (2 ml) and the solution c o o l e d  -78°C, under 

nitrogen. T r i m e t h y l s i l y l  t r i f 1u o r o m e t h a n e s u 1 phonate (6.9 pi, 

0.038 mmol) w a s  added and the reaction m i x t u r e  stirred for 30 

minutes, a f t e r  which time, 10% p o t a s s i u m  fluor i d e  in m e t h a n o l  

(5 ml) was added. The reaction m i x t u r e  was w a r m e d  to room 

t e m p e r a t u r e  a n d  stirred for 12 hours, a fter this time four 

p r o d u c t s  were p r e sent on analytical tic one of which had an 

Rf similar to that of the alcohol (60).

(d) B Q ^ Q n  t r i f l u o r i d e  etherate a n d  a c etic anhydride 
in e t h e r --------- -------- ----------------------
The epoxide (58) (lO mg, 0 . 0 2 8  mmol) was d i s s o l v e d  

in ether (2 ml) and c o oled to 0°C. A c e t i c  a n h y d r i d e  (5.3 pi,

0.058 mmol) a n d  b oron trifl u o r i d e  e t h e r a t e  (7 pi, 0.058 mmol)

were a dded s u c c e s s i v e l y  and the r e a c t i o n  s t i rred for 6 hours. 

No react i o n  o c c u r r e d  at this t e m p e r a t u r e .  The solution was
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a l l o w e d  to w a r m  up to r o o m  t e m p e r a t u r e  and s t i r r i n g  was 

c o n t i n u e d  for 72 hours, a fter which time a p l e t h o r a  of 

p r o d u c t s  were v i s i b l e  on a n a l y t i c a l  tic.

(e ) B oron t r i f l u o r i d e  e t h e r a t e  in acetic a n h y d r i d e

The e p o x i d e  (58) (8.1 mg, 0 . 0 2 7  mmol) was

d i s s o l v e d  in a c e t i c  a n h y d r i d e  (3 ml) a n d  boron t r i f l u o r i d e

ether a t e  (14.2 u l , 0.11 mmol) was added. The r e a c t i o n  m i x ture

was stirred for 72 h o u r s  at room t e m p e r a t u r e ,  a f t e r  which time 

two u n i d e n t i f i e d  p r o d u c t s  were v i s i b l e  by a n a l y t i c a l  tic.

(f ) Boron t r i f l u o r i d e  e t h e r a t e  in c h l o r o f o r m

The e p o x i d e  (58) (lO mg, 0 . 0 2 8  mmol) was disso l v e d

in c h l o r o f o r m  (3 ml) and b o r o n  t r i f l u o r i d e  e t h e r a t e  (7 hi, 

0.056 mmol) was added. The r e a c t i o n  m i x t u r e  was stirred for

30 minutes at r o o m  t e m p e r a t u r e ,  after w hich time a plethora 

of p r o d u c t s  w e r e  v i s i b l e  on a n a l y t i c a l  tic.

(g ) P e r c h l o r i c  acid in c h l o r o f o r m

The e p o x i d e  (58) (lO mg, 0 . 0 2 8  mmol) was dissolved

in c h l o r o f o r m  (3 ml) and p e r c h l o r i c  a c i d  (60%, 2.8ul,

0.028 mmol) was added. The r e a c t i o n  m i x t u r e  was stirred for

30 minutes at r o o m  t e m p e r a t u r e ,  a fter which time a plethora of 

p r o d u c t s  were v i s i b l e  on a n a l y t i c a l  tic.

(h) T r i m e t h y 1 s i l y 1 t r i f l u o r o m e t h a n e s u I p h o n a t e
in t o l u e n e  - s h o r t e r  r e a c t i o n  time_________

The e p o x i d e  (58) (lO mg, 0 . 0 2 8  mmol) was disso l v e d

in toluene (3 ml) a n d  the solut i o n  c o o l e d  to -78°C, under

nitrogen. Tr i me thy 1 s i ly 1 tr if l u o r o m e t h a n e s u l p h o n a t e  (6.6 M-1 ,

0.036 mmol) was a d d e d  and the r e a c t i o n  m i x ture was stirred for

7.5 m i n utes a f t e r  w h i c h  time 10% p o t a s s i u m  f l u o r i d e  in

m e t h a n o l  (5 ml) was a d d e d  and the r e a c t i o n  m i x t u r e  stirred
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at room t e m p e r a t u r e  for 2 hours. A n a l y t i c a l  tic of the 

reaction m i x t u r e  showed o n e  product with an Rf identical to 

that of the a l c o h o l  (60). However silver nitrate i m p r e g n a t e d  

tic showed t h a t  the r e a c t i o n  mixture c o n t a i n e d  two p r o d u c t s  - 

one identical t o  the a l c o h o l  (60).

(i ) Tin (IV) c h l o r i d e  in benzene

The e p o x i d e  (58) (7.2 mg, 0.02 mmol) was d i s s o l v e d  

in benzene (2 ml) and tin (IV) chloride (3.5 M-1, 0.03 mmol)

was added. T h e  reaction m i x t u r e  was stirred for 2 hours at 

room t e m p e r a t u r e  after w h i c h  time a p l e t h o r a  of p r o d u c t s  were 

visible on a n a l y t i c a l  tic.

(j ) T in (IV) c h l o r i d e  in n i t r o m e t h a n e

The e p o x i d e  (58) (lO mg, 0.028 mmol) was d i s s o l v e d  

in n i t r o m e t h a n e  (2 ml) and the solution cooled to 0°C. Tin (IV) 

chloride (5 n l , 0.042 mmol) was added and the reaction m i x t u r e

stirred for 2 h o u r s  at t h i s  temperature after which time a 

plethora of p r o d u c t s  were visible on a n a l y t i c a l  tic.

(k ) Tin (IV) c h l o r i d e  in c h l o r o f o r m

The e p o xide (10.5 mg, 0.029 mmol) was d i s s o l v e d  in 

chlor o f o r m  (2 mis) and the solution c o o l e d  to 0°C. Tin (IV)

chloride (5.2 M-1. 0.044 mmol) was added. The reaction was

stirred for 30 minutes at this tempe r a t u r e  after which time a 

plethora of p r o d u c t s  were visible on analy t i c a l  tic.

, 5,312 9 . F o r m a t i o n  of the alcohol (83)

The epoxide (58) (Ig, split into three porti o n s ,

(a) 0.35g, 0 . 8 6  mmol, (b) 0.39g, 1.0 mmol) and (c) 0.26g, 0.7

mmol, each t r e a t e d  as a s e p a r a t e  e x p e r i m e n t  until the react i o n
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30. A t t e m p t e d  large scale f o r m a t i o n  of the a l c ohol (83)

The epoxide (58) (0.5g, 1.4 mmol) was d i s s o l v e d  in

toluene (20 ml) and cooled to -78°C under nitrogen. T r i m e t h y l -  

silyl t r i f l u o r o m e t h a n e s u l p h o n a t e  (0.33 ml, 1.8 mmol) was added 

and the r e a c t i o n  mixture s t i r r e d  at this t e m p e r a t u r e  for lO 

minutes. 10% P o t a s s i u m  f l u o r i d e  in m e t h a n o l  was then added 

and the r e a c t i o n  mixture s t i r r e d  at room t e m p e r a t u r e  for 2.5 

hours. The work up p r o c e d u r e  was then p e r f o r m e d  as for part 

29 to give a brown solid (0.5g). C o lumn c h r o m a t o g r a p h y  using 

Kieselgel (Art. 9385) e l u t i n g  with 15% e thyl a c e t a t e / p e t .ether 

gave a clear oil which c r y s t a l l i s e d  on s t a n d i n g  (430 mg).

Ratio of i s o m e r s  (83): (60) in m i x ture = (8): (4). The crystals

were removed by filtration and w a s h e d  with 30% e t h e r / p e t .ether 

to yield the alcohol (83) (0.16g, 32%) .

5 ,31

31 . R e s u b m i s s i o n  of the alcoh o l s  (83) and (60) 
to c y c lisatlon c o n d i t i o n s ______________________

(a) The alcohol (83) (15 mg, 0.042 mmol) was d i s s o l v e d

in toluene (2 ml) and c o o l e d  to -78°C u n d e r  nitrogen. Trimethyl- 

silyl t r i f l u o r o m e t h a n e s u l p h o n a t e  (lO hi. 0.054 mmol) was added 

and the s t i r r i n g  conti n u e d  for 5 minutes. 10% P o t a s s i u m  

fluoride in methanol (lO mis) was then a d d e d  and the reaction 

mixture s t i r r e d  for 2 hours at room t e m p e r a t u r e .  The reaction 

mixture was w o rked up as for part 29 to y i e l d  white c r y s t a l l i n e  

alcohol (83) (14 mg) no o t h e r  isomers b e i n g  visible on silver

nitrate i m p r e g n a t e d  tic.

(b) T h e  alcohol (60) (15 mg, 0.042 mmol) was d i s s o l v e d  

in toluene (2 ml) and c o oled to -78°C u n d e r  nitrogen. Tri- 

methylsilyl t r i f l u o r o m e t h a n e s u I p h o n a t e  (lO u l , 0.054 mmol) was
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added and the e x p e r i m e n t  c o n t i n u e d  as for part ( a ) . This 

y i e l d e d  an oil, the alcohol (60) (11 m g ) , no o t h e r  i s o mers

being v i s i b l e  on silver n i t rate i m p r e g n a t e d  tic.

32 . E f f e c t  of t e m p e r a t u r e  
of the alcohol (83)

on the f o r m a t i o n

All three e x p e r i m e n t s  w e r e  p e r f o r m e d  using the same 

p r o p o r t i o n s ,  v a r y i n g  only the t e m p e r a t u r e  as stated.

(a) The e p o x i d e  (58) (30 mg, 0.084 mmol) was d i s s o l v e d

in t o l u e n e  (2 ml) and the solut i o n  c o o l e d  to -72°C. T r i m e t h y l -  

silyl t r i f 1 uo r o me t ha n e s u 1 pho n a t e (20 (il , 0.11 mmol) w a s  added

and the r e a c t i o n  m i x ture stirred f o r  5 minutes. Then 10% 

p o t a s s i u m  f l u o r i d e  in methanol (lO ml) was added and the 

reaction m i x t u r e  s t i rred for a f u r t h e r  2.5 hours at r o o m  

tempe r a t u r e .  The react i o n  was w o r k e d  up as for part 29(a) to

yield a y e l l o w  oil (30 m g ) .

E s t i m a t i o n  of isomer c o n t e n t .  Ratio of (83):(60)

= 11.5 : 8 .

(b) Procedure and proportions as for part (a), the 
temperature used in this case was -94°C. The work up procedure 
yielded starting material (30 m g ) .

(c) Procedure and proportions as for part (a). The
temperature used in this case was — 94°C and the reaction 
mixture was stirred for 40 minutes at this temperature after 
the addition of trimethy1si1y 1 trifluoromethanesu1p h o n a t e .
The work up p r o c e d u r e  y i e l d e d  an o i l  (30 m g ) .

Estimation of isomer content. Ratio of (83):(60) =

9:7.
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33 F o r m a t i o n  of the a c e t a t e  (85)

The alcohol (83) (0.645g, 1.8 mmol) was d i s s o l v e d

in p y r idine (30 ml) and a c e t i c  a n h y d r i d e  (0.275 ml, 2.7 mmol) 

and N ,N - d i m e t h y 1 - 4 - a m i n o p y r i d i n e  (lO mg) were a d d e d  s u c c e s s i v e l y  

The r e a ction m i x ture was s t i r r e d  for 16 hours at room t e m p e r a ­

ture. After this time, s a t . s o d i u m  b i c a r b o n a t e  s o l u t i o n  was 

added and the react i o n  m i x t u r e  e x t r a c t e d  with ether. The 

ethereal s o l u t i o n  was w a s h e d  with s a t . c o p p e r  sulph a t e  solution 

and then dried, and the s o l v e n t  r e m o v e d  on the r o tary evapo r a t o r  

to yield the acetate (85) (0.69g, 96%) .

Rf = 0.59 (30% ethyl a c e t a t e / p e t .e t h e r )

6 = 0.95 (3H,d,J = 6 H z ) , 0 . 9 7  (3H,s), 1.06 (3H,s),

1.74 (3H,s), 2.05 (3H,s), 3.17 (lH,m), 3.53 (lH,m),

3.77 (3H,s), 4.33 and 4.6 (2H,ABq,J = 12Hz), 4.58 (lH,d,

J = llHz), 5.54 (lH,t), 6.85 and 7.26 (4H ,A A ’B B ’q , J = 9Hz)

V = 2910(b), 1740, 1615, 1515, 1465, 1380, 1245 andmax
1 0 4 0 ( b ) cm 

(found) = 400.2649; ( c a l c u l a t e d  for 0 2 2 8 ^^ 0 ^) = 400.2614

34 F o r m a t i o n  of the a l c o h o l  (8 6 ) 2 3

The acetate (85) (0.69g, 1.7 mmol) was d i s s o l v e d

in d i c h l o r o m e t h a n e  (shaken w i t h  water, 50 ml) and 2 , 3 - dichloro- 

5, 6 - d i c y a n o - 1 , 4 - b e n z o q u i n o n e  (0.39g, 1.7 mmol) a dded and

the reaction stirred in the air for 1 hour. The d i c h l o r o ­

methane solution was then w a s h e d  with w a t e r , and p a ssed down 

a short silica column, K i e s e l g e l  60 (Art.7730), e l u ting with 

ethyl acetate. Removal of the solvent on the rotary evaporator 

yielded a b r o w n  oil which was s u b j e c t e d  to c o lumn c h r o m a t o g r a p h y  

using Kieselgel (Art.9385) e l u t i n g  with 40% e t h e r / h e x a n e  to 

yield the a l c ohol (8 6 ) (0.45g, 93%) .
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Rf = 0.215

mp = 89-92°C (the m a t e r i a l  was not

6 = 0.98 (3H,s), 0.99 (3H,d,J = 7Hz), 1.06 (3H,s),

1.79 (3H,s), 2.08 (3H,s), 3.19 (lH,m), 3.83 (lH,m),

4.59 ( l H ,d,J = 12Hz), 5.59 (lH,t)

(found) = 2 8 0 . 2 0 4 9 ;  (calculated for = 280.2039

3 5 . F o r m a t i o n  of the m e s y l a t e  (87)

The a l c o h o l  (86) (0.45g, 1.6 mmol) was d i s s o l v e d

in pyridine (15 ml) and mesyl c h l o r i d e  (0.37 ml, 4.8 mmol) 

was added. The r e a c t i o n  m i x t u r e  was s t i r r e d  for 30 m i n u t e s  

at room t e m p e r a t u r e .  S a t . s o d i u m  b i c a r b o n a t e  s o l u t i o n  was 

then added and t h e  react i o n  m i x t u r e  e x t r a c t e d  with ether.

The ethereal e x t r a c t s  were w a s h e d  with s a t . c o p p e r  s u l p h a t e  

solution, and t h e n  d r i e d  and the s o l v e n t  removed on the 

rotary e v a p o r a t o r  to y i e l d  the m e s y l a t e  (87) (0.49g, 85%).

Rf = 0.37 (30% e t h y l  a c e t a t e / p e t  . e t h e r )

6 = 0.99 (3H,s), 1.03 (3H,d,J = 7Hz), 1.07 (3H,s),

1.77 (3H,s), 2.07 (3H,s), 3.01 (3H,s), 3.17 (lH,m),

4.58 (lH,d,J = 12Hz), 4.88 (lH,m), 5.57 (lH,t)

36 . F o r m a t  ion of the d iene (84)

The m e s y l a t e  (84) (0.49g, 1.36 mmol) was d i s s o l v e d

in l , 8 - d i a z o b i c y c l o [ 5 . 4 . 0 ] u n d e c a - 7 - e n e  (4.5 ml, 13.6 mmol)

under nitrogen. The r e a c t i o n  m i x t u r e  w a s  h e a t e d  to 80°C and

held at this t e m p e r a t u r e  for 18 hours, it was then c o o l e d  to 

room t e m p e r a t u r e  and w a t e r  a d d e d  and the aqueous s o l u t i o n

e xtracted with ether. The e t h e r e a l  s o l u t i o n  was w a s h e d  wxth

water and s a t . s o d i u m  c h l o r i d e  s o l u t i o n  succe s s i v e l y ,  and then
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dried and the s o l v e n t  r e m o v e d  on the rotary e v a p o r a t o r  to 

yield c r u d e  m a t e r i a l  (0.35g). Column c h r o m a t o g r a p h y  o n  

Kieselgel ( Art.9385) e l u t i n g  w i t h  20% e t h e r / h e x a n e  y i e l d e d  

the diene (84) (0.255g, 71%) a n d  the d e p r o t e c t e d  d i e n e  (88)

(4 O m g , 13%).
Rf = 0.58 (20% e t h y l a c e t a t e / p e t  . e t h e r )

6 = 0.965 (3H,s). 0 .986 (3H,s). 1.55 (lH,m), 1.62 (3H,s),

1.63 (2H,m), 1.72 (3H,s), 2.06 (3H,s), 2.2 (lH,m),

2.29 (lH,m), 2.4 (lH,m), 2.82 (lH,m), 3.33 (lH,q),

4.54 (lH,d), 5.23 (lH,d) and 5.4 (lH,t)

E stimated c o u p l i n g  c o n s t a n t s  (Hz)

= 14

= 8 

= 7

= O 

= 7

'^8-9 = 9.6 “̂ 4a -4b

“̂ 8-7b = O “̂ 4a - 5

■^8-7a = 16 •^4a-3

>"8-1 = 12 ■^4b-5

•^7a-7b = 14 '^4b-3

13^ nmr s p e c t r u m ( C D C l 2)

6 = 21. 1 (q) , 21 .75(g), 22 .

J = 13llb-1
J = 141 1 a - 1 lb
J = 9lla-1

28.1(g), 33.4(t), 37.8(d), 40.0(s), 40.5(t), 4 9 . 2 ( d ) ,

85.9(d), 120.9(d), 122.6(d), 1 3 7 . 6(s), 1 3 8 . 3(s), 171.0(s)

V = 2920(b) , 1740, 1450(b) , 1375 , 1240 (b) , 1040(b) and
max _ ̂

910 cm

(found) = 262.1951; (calculated for 262.1933
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D e p r o t e c t e d  diene (88)

Rf = 0.48 (20% e t h y l  a c e t a t e / p e t .e t h e r )

6 = 0.97 (3H,s), 1.07 (3H,s), 1.73 (6H,s), 2.82 (lH,m),

3.11 (lH,m), 3.35 (lH,q), 5.2-5.6 (2H.m)

V = 3 5 0 0 - 3 1 0 0 (vb) , 2920(b), and 1 7 5 O - 1 6 0 0 ( v b ) cm ^ma X
(found) = 220.1826; (calculated for ) = 220.1827

37 T rial c y c l i s a t i o n s  of the d i e n e  (84) 
a n d  d e p r o t e c t e d  diene (88)______________

R e a c t i o n s  were f o l l o w e d  by a n a l y t i c a l  tic, a l i q u o t s  

of the r e a c t i o n  m i x t u r e  ('t 5 ul) b eing r e m oved and w o r k e d  up.

(a) g - T o l u e n e  s u l p h u r i c  acid in b e n z e n e

The diene (84) (1.3 mg) was d i s s o l v e d  in b e n z e n e

(1.5 ml) a n d  £ - t o l u e n e  s u l p h u r i c  acid was added. The r e a c t i o n  

mixture was h e a t e d  to 6 0 ° C  and m a i n t a i n e d  at this t e m p e r a t u r e  

for 24 hours. Four p r o d u c t s  were v i s i b l e  on a n a l y t i c a l  tic 

Rf = 0.69, 0.49, 0.35 and 0.14 (15% e t h y l  a c e t a t e / p e t .e t h e r ) .

(b ) F o rmic acid

The d iene (84) (1.6 mg) was d i s s o l v e d  in formic

acid (90%, 0.5 ml) and silica, K i e s e l g e l  60 (Art.7730), 15 mg

was added. The r e a c t i o n  was stirred at room t e m p e r a t u r e  and 

after 24 h o u r s  one major p r o d u c t  Rf = 0.49 (15% ethyl

pet.ether) was v i s i b l e  on analy t i c a l  tic.

(c ) Formic acid and acetic a n h y d r i d e

The diene (84) (2.5 mg was d i s s o l v e d  in

a n h y d r i d e  (0.5 ml) and f o r m i c  acid (90%, 5 pi) was added.

The r e a c t i o n  m i x t u r e  was stirred for 24 hours under nitrogen, 

after w h i c h  time only s t a r t i n g  m a t e r i a l  was visible on 

a n a l y t i c a l  tic.
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Deprotected diene (88)
Rf = 0.48 (20% ethyl ac 2t .e t h e r )

6 = 0.97 (3H , s ) , 1.07 (3 H ,s) , 1.73 (6H ,s), 2.82 (lH,m),

3.11 (1H , m) , 3.35 (IH,q) , 5 . 2 - 5 . 6 (2 H ,m)

V = 3 5 0 0 - 3 1 0 0 ( v b ) , 2920(b), and 1 7 5 0 - 1 6 0 0 ( v b ) cmma X
(found) = 220.1826; ( c a l c u l a t e d  for ) = 220.1827

37 T r i a l  c y c l i s a t i o n s  of the diene (84) 
a n d  d e p r o t e c t e d  diene (8 8 )______________

R e a c t i o n s  were followed b y  a n a l y t i c a l  tic, a l i q u o t s  

of the r e a c t i o n  m i x ture ('t 5 pi) b e i n g  r e m o v e d  and w o rked up.

(a) p - T o l u e ne sulphuric acid in b e n z e n e

The diene (84) (1.3 mg) was dissolved in benzene
(1.5 ml) and £-toluene sulphuric acid was added. The reaction 
mixture was heated to 60°C and maintained at this temperature 
for 24 hours. Four products were visible on analytical tic 
Rf = 0.69, 0.49, 0.35 and 0.14 (15% ethyl a ce tat e/ pe t.et h e r).

(b ) F o r m i c  acid

T h e  diene (84) (1.6 mg) w a s  d i s s o l v e d  in formic

acid (90%, 0.5 ml) and silica, K i e s e l g e l  60 ( A r t . 7730), 15 mg 

was added. The r e a ction was s t i r r e d  at r o o m  t e m p e r a t u r e  and 

after 24 h o u r s  one major product Rf = 0.49 (15% ethyl acetate/

pet.ether) was v i s ible on a n a l y t i c a l  tic.

(c ) Formic acid and acetic a n h y d r i d e

T h e  diene (84) (2.5 mg w a s  d i s s o l v e d  in acetic

a n h y d r i d e  (0.5 ml) and formic acid (90%, 5 pl) was added.

The r e a c t i o n  mixture was stirred f o r  24 hours u n d e r  nitrogen, 

after w h i c h  time only starting m a t e r i a l  was v i s i b l e  on 

a n a l y t i c a l  tic.
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(d) S u l p h u r i c  a c i d  In ether

The diene (84) (1.3 mg) was d i s s o l v e d  in 10%

sulph u r i c  a c i d  in ether ( 2  m l ) , and the r e a c t i o n  m i x t u r e  

s t i rred for 15 hours at r o o m  t e m p e r a t u r e .  After this time a 

p l e t h o r a  of p r o d u c t s  were v i s ible on a n a l y t i c a l  tic.

(e) B o r o n  t r i f l u o r i d e  e t h e r a t e  in ether

T h e  diene (1.7 mg) was d i s s o l v e d  in e t h e r  (2 ml) 

and b o r o n  t r i f l u o r i d e  e t h e r a t e  ( 6 M-1) was added. The reaction

m i x ture was s t i r r e d  for 12 hours at room t e m p e r a t u r e .  Then a

p l e t h o r a  of p r o d u c t s  were visible on a n a l y t i c a l  tic.

(f ) B o ron t r i f l u o r i d e  e t h e r a t e  in b e n z e n e

The diene (84) (2 mg) was d i s s o l v e d  in b e n zene

(2 ml) and b o r o n  t r i f l u o r i d e  e t h erate (lO |il) was added. The

reaction m i x t u r e  was r e f l u x e d  for 6 h ours and a f t e r  this time

a p l e t h o r a  of p r o d u c t s  were v i s i b l e  on a n a l y t i c a l  tic.

(g) T r ifluoroacetic acid in ether
T h e  diene (84) (2 mg) was d i s s o l v e d  in ether (2 ml)

and t r i f l u o r o a c e t i c  a c i d  (1.2 u D  was added. The reaction 

m i x ture was s t i r r e d  for 24 hours at room t e m p e r a t u r e ,  after 

which time o n l y  s t a r t i n g  m a t e r i a l  was v i s i b l e  on a nalytical 

tic.
(h ) T r i f 1 u o r o m e t h a n e s u 1 phonic acid in d i c h l o r o m e t h a n e

T h e  diene (8 8 ) (2.7 mg) was d i s s o l v e d  in d i c h l o r o ­

methane (2 ml) under n i t r o g e n  and c o oled to -15°C. Trr-

f l u o r o m e t h a n e s u l p h o n i c  a c i d  (6.5 M̂ l) was added. The reaction 

m i x ture was stirred at this t e m p e r a t u r e  for 15 m i n u t e s  and 

after this t i m e  one m a j o r  p r o d u c t  Rf = 0.14 (20% ethyl 

pet.ether) w a s  visible on a n a l y t i c a l  tic.
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38. C y c l i s a t i o n  of the d i e n e  (84) and the
d e p r o t e c t e d  diene (8 8 ) ____________________

(a ) Formic a c i d

The d i e n e  (84) (50.3 mg) was d i s s o l v e d  in f o rmic

acid (90%, 5 ml) a n d  silica, K i e s e l g e l  60 ( A r t . 7730) was

added. The r e a c t i o n  m i x t u r e  was r e f l u x e d  for 2 hours and 

then c ooled to r o o m  t e m p e r a t u r e .  S a t . s o d i u m  b i c a r b o n a t e  

solution was a d d e d  and the r e a c t i o n  m i x t u r e  e x t r a c t e d  with 

ether. The e t h e r e a l  s o l u t i o n  was w a s h e d  with s a t . s o d i u m  

b i c a r b o n a t e  s o l u t i o n ,  and then d r i e d  and the s o l vent r e m oved 

on the rotary e v a p o r a t o r  to y i e l d  an oil (53.8 m g ) . C o lumn 

c h r o m a t o g r a p h y  u s i n g  K i e s e l g e l  (Art.9385) e l u t i n g  w i t h  15% 

ether / h e x a n e  g a v e  three f r a c t i o n s  Rf = 0.6, 0.48 and 0.19

(15% ethyl a c e t a t e / p e t .e t h e r ). The least p o l a r  Rf = 0.6

c o n t a i n e d  a m i x t u r e  of u n i d e n t i f i e d  alkenes, the m a j o r  c o m p o ­

nent of which w a s  later t e n t a t i v e l y  a s s i g n e d  as (70), (11.4 mg)

The fraction Rf = 0.49 c o n t a i n e d  a m i x t u r e  of solid formates,

(35 mg) which w e r e  p u r i f i e d  by s u b l i m a t i o n  (0.05 mm Hg , 

80-100°C) to g i v e  one m ajor formate (94) (20 mg, 34%). The

most polar f r a c t i o n  Rf = 0.19 was an u n i d e n t i f i e d  oil (4.4 mg). 

Rf = 0.6 (15% e t h y l  a c e t a t e / p e t .e t h e r )

6 = 0.97 (6 H,s). 1.0 (3H,d,J = 5Hz), 1.59 (3H,m), 2.06 (3H,s),

2.5 (lH,m), 4.45 (lH,d,J = 7Hz), 5.32 (lH,s)

Rf = 0.49 (15% e t h y l a c e t a t e / p e t .e t h e r )

6 = 0.88 (3H,s), 0.93 (3H,s), 0.97 (3H,s), 1.1 (3H,s),

2.05 (3H,s), 4.55 (lH,d,J = 3Hz), 4.68 (lH,s), 8.21 (lH,s)
IT m ̂C nmr s p e c t r u m  (CDCl^) using DEPT 

6 = 21.0 (CHg) , 22.95 (CH3 ), 22.95 (CH3 ), 24.85 (CH3 ),
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29.6 (CH^) . 30.5 (CH 2 ), 35.6 (CH2 ), 36.3 (CH 2 ), 4 0 . 5  (C),

41.52 ( C ) , 41.8 ( C ) , 41.86 (CH), 42.4 (CH2 ). 47.05 (CH),

83.0 ( C H ) , 89.2 (CH), 1 60.7 (CH), 170.8 (C)

V = 2940(b), 1725, 1420, ]380, and 1255(b) cmma X
-1

( c a l c u l a t e d  for ^ 3 3̂ ̂ ^28*^4^M (found) = 308.2012; M

m / e : (relative i n t e n s i t y ) , 248 (46.5), 233 (62.6),

3 0 8 . 1 9 8 8

202 ) 62 .0 ) , 187 (54.7), 174 (73) ,

Rf = 0.19 (15% ethyl a c e t a t e / p e t . ether)

6 = 0.94 ( 3h ,s ) , 1.07 ( 6 H ,s ) , 1 .1 ( 3H ,

4.54 (IH ,s ) .

(b) r o a c e t i c  acid - an nmr

The d i e n e  (84) (21.5 mg) was d i s s o l v e d  in C D C l ^

(25.0 M.1 ) c o n t a i n i n g  1% t e t r a m e t h y l  silane, and c a r e f u l l y  

t r a n s f e r r e d  to a 5 mm nmr tube. The tube was flushed w i t h  

n i t r o g e n  and t r i f 1u o r o a c e t i c  a c i d  (25 nl) was added. T h e

p r o g r e s s  of the r e a c t i o n  was m o n i t o r e d  by 90 mHz nmr 

s p e c t roscopy. A f t e r  15 m i n u t e s  the proton at 5.23 ppm w a s  

no longer v i s i b l e  w h i l s t  the p r o t o n  at 4.54 ppm had b e c o m e  a 

b r o a d  multi p l e t .  The peak at 5.4 ppm remai n e d  visible f o r  

24 hours, f u r t h e r  t r i f luo r oac e t i c acid (25 M-1) was then a d d e d

and the r e a c t i o n  m o n i t o r e d  for a further 24 hours. T h e r e  were 

no p r o t o n s  then p r e s e n t  in the r e gion 5-5.5 ppm and the 

r e g i o n  4.5-4.9 p p m  a p p e a r e d  to c o n t a i n  three singlets. The 

r e a c t i o n  m i x t u r e  was p o u r e d  into a s eparating funnel containinc 

s a t . s o d i u m  b i c a r b o n a t e  s o l ution and e x t r a c t e d  with ether. The 

e t h e r e a l  e x t r a c t s  were w a s h e d  w i t h  10% p o t a s s i u m  h y d r o x i d e  

solution, and then dried and the solvent removed on the r o t a r y  

to y i e l d  a y e l l o w  oil (21.4 m g ) . Column c h r o m a t o -
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g r a p h y  using K i e s e l g e l  (Art.9385) e l u t i n g  w i t h  15% ether/ 

h e x a n e  y i e l d e d  two f r a c t i o n s  Rf = 0.55 and 0 . 4 8  (15% ethyl

a c e t a t e / p e t .e t h e r ). The least p olar f r a c t i o n  Rf = 0.55 was 

s h o w n  by nmr to c o n t a i n  at least three c o m p o n e n t s  (2.7 mg) # 

w h i l s t  the m o s t  p o l a r  f r a c t i o n  Rf = 0 . 4 8  c o n t a i n e d  the tri- 

f l u o r o a c e t a t e  (105) (11.4 mg, 38%).

Rf = 0.48 (15% ethyl a c e t a t e / p e t .e t h e r )

6 = 0.91 (3H,s), 0 . 9 3  (3H,s), 0.97 (6 H,s), 2.03 (3H,s),

4.56 (lH,d,J = 2Hz), 4.71 (lH,s).

V = 2950(b), 1780, 1730, 1470, 1375 and 1165(b) cmmax
m/e : (relative intensity) , 316 (50.9) , 301 (59.3), 202 (46.5) ,

95 (57.7) , 4 3 (lOO) .

(c) p - T o l u ene sulph o n i c  acid in b e n z e n e

The diene (84) (50 mg, 0.2 mmol) was d i s s o l v e d  in

b e n z e n e  (7 ml) and £ - t o l u e n e  sulphonic acid (0.13g, 0 . 6 6  mmol)

was added. The r e a c t i o n  mixture was r e f l u x e d  for 3 hours 

and then c o o l e d  to room temperature. S a t . s o d i u m  b i c a r b o n a t e  

s o l u t i o n  was a d d e d  and the react i o n  m i x t u r e  e x t r a c t e d  with 

e t h e r .  The e t h e r e a l  e x t r a c t s  were w a s h e d  w i t h  s a t . s o d i u m  

b i c a r b o n a t e  solut i o n ,  a n d  then dried a n d  the solvent r e m oved 

on t h e  r o tary e v a p o r a t o r  to yield a c rude y e l l o w  oil (50 m g ) . 

C o l u m n  c h r o m a t o g r a p h y  u s i n g  Kieselgel (Art.9385) e l u ting with 

15% e t h e r / h e x a n e  y i e l d e d  five fractions, Rf = 0.71, 0.61,

0 . 4 9 ,  0.44 a n d  0.28 (10% ethyl a c e t a t e / p e t .e t h e r ). The most 

p o l a r  f r a c t i o n  Rf = 0.28 was i d e n t i f i e d  as t h e  tosylate (106) 

(12.6 mg, 14%)- The r e m a i n i n g  f r a c t i o n s  were u n i d e n t i f i e d  

m i x t u r e s .
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Rf = 0.28 (10% e t h y l  a c e t a t e / p e t .e t h e r )

6 = 0.79 (3H,s), 0.90 (3H,s), 0.93 (3H,s), 1.04 (3H,s),

2.05 (3H,s), 2.45 (3H,s), 4.27 (lH,s), 4.53 (lH,d,J 

7.35 and 7.85 ( 4 H ,A A 'B B 'q ,J = 8 Hz)

V max
1170 cm

m / e : (relative intensity) , 202 (lOO) , 187 (40.6) , 95 (56.2) ,

91 (46.9), 43 (61.5).

2Hz) ,

2940(b), 1730, 1600(w), 1465, 1 3 6 0 ( b ) ,  1250(b) and
-1

(d) acid in dichloromethane
The d i e n e  (88) (12.7 mg, 0.06 mmol) was d i s s o l v e d

in d i c h l o r o m e t h a n e  (3 ml) and the s o l u t i o n  c o oled to O C 

under nitrogen. T r i f l u o r o m e t h a n e s u l p h o n i c  acid (30.7 pi,

O . 34 mmol) was added and the reaction mixture stirred for 
15 minutes. Water was then added, and the aqueous solution 
saturated with sodium chloride and then extracted with ether. 
The ethereal extracts were dried and the solvent removed on 
the rotary evaporator to yield a black oil (16.6 mg). Column 
chromatography using Kieselgel (Art.9385) eluting with 40% 

ether/pet.ether gave a white crystalline solid, the triflate 

(107) ( 8 mg , 37%) .

Rf = 0.37 (20% ethyl a c e t at e / p e t .e t h e r )
mp = 9 4 - 96°C (the material was not r e c r y s t a l l i s e d )

6 = 0.93 (3H,s), 1.05 (6 H,s), 1.09 (3H,s), 3.52 (lH,d,J = 3Hz) , 

4.54 ( I H ,s)

V max
9 40 cm

m/e; (relative intensity), 370 (6 ). 107 (42.2), 105 (42.6),

95 (96.4), 91 (57.7), 69 (60.3), 41 (lOO).

3 5 0 0 - 3 2 0 0 ( v b ), 2 9 4 0 ( b ) , 1420, 1250, 1215, 1150, and
-1
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39 . A t t e m p t e d  i s o m e r i s a t i o n

(a) R h o d i u m t r i h y d r a t e  in ethanol 37,38

T h e  alcoh o l s  (60) and (61) (50 mg, 0.18 mmol) w e r e

d i s s o l v e d  in e t h a n o l  ( 5 ml) and r h o d i u m  t r i c h l o r i d e  t r i h y d r a t e  

(50 mg, 0.18 mmol) was added. The react i o n  m i x t u r e  was 

r e f l u x e d  for 1 h o u r  after w h i c h  t i m e  a p l e t h o r a  of p r o d u c t s  

were v i s i b l e  by a n a l y t i c a l  tic.

(b) I s o m e r i s a t i o n  of the d i e n e  (84) with rhodium 
t r i c h l o r i d e  t r i h y d r a t e____________________________ _

The diene (84) (17 mg, 0 . 0 6  mmol) was d i s s o l v e d  in

ethanol (5 ml) and rhodium t r i c h l o r i d e  t r i h y d r a t e  (17 mg,

0.06 mmol) was added. The r e a c t i o n  m i xture was r e f l u x e d  for

1 hour and then c o oled to r o o m  t e m p e r a t u r e .  2.5% P o t a s s i u m

c y a nide s o l u t i o n  was a dded and the reaction m i x t u r e  s t i r r e d

for 1 hour. It was then e x t r a c t e d  with h e x a n e  and the

c o m b i n e d  h e x a n e  e x t r a c t s  w a s h e d  w i t h  water, a n d  s a t . s o d i u m

c h l o r i d e  s o l u t i o n  successively. T h e  hexane s o l u t i o n  was

dried, and the solvent r e m o v e d  on the rotary e v a p o r a t o r  to

y i e l d  one m a j o r  c o m p o u n d  i dentical on a n a l y t i c a l  tic to the

starting m a t e r i a l  but with a d i f f e r e n t  Rf on silver n i t r a t e

i m p r e g n a t e d  tic. This was t e n t a t i v e l y  a s s i g n e d  as the

isomeric d i e n e  (121) (12 mg, 67%).

Rf = 0.56 (15% ethyl a c e t a t e / p e t .e t h e r )

6 = 1.03 (3H,s), 1.1 (3H,s), 1.58 (3H,bs), 1.68 (3H,bs),

2.08 (3H,s), 3.3 (lH,m), 4.8 (lH,d,J = 6 Hz),

5 . 0 5 - 5 . 5  (2 H ,m ) .

(c ) I o d i n e
T h e  diene (62) (40 mg, 0 . 1 5  mmol) w a s  d i s s o l v e d  in

t o l uene (1 ml) and iodine (3.7 mg, 0.015 mmol) in t o l uene
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(0.74 ml) was added. The r e a c t i o n  m i x t u r e  was r e f l u x e d  for 

24 h o u r s  and then c o o l e d  to room t e m p e r a t u r e .  The r e a c t i o n  

m i x t u r e  was then w a s h e d  w i t h  2M s o d i u m  t h i o s u l p h a t e  solution 

and t h e n  dried and the s o l v e n t  r e m o v e d  on the r o tary e v a p o r a t o r  

to y i e l d  starting material (40 m g ) .

(d ) P a l l a d i u m  on c h a r c o a l

The aceta t e s  (6 6 ) and (76) (260 mg) were d i s s o l v e d

in e t h y l  a c e t a t e  ( 2 0  ml) a n d  s t i rred with p a l l a d i u m  on c h a r ­

coal (80 mg) at room t e m p e r a t u r e  u n d e r  an a t m o s p h e r e  of 

l^y<5rogen for 1.5 hours. T h e  flaslc was then i s o l a t e d  and 

s t i r r e d  under a residual v o l u m e  of h y d r o g e n  for 16 hours.

The c a t a l y s t  was then r e m o v e d  by f i l tration. A n a l y t i c a l  tic 

of the reaction m i x ture r e v e a l e d  a vast array of compounds.

40 . Forma tlon of the (28)

(a) From the ether (20)

The ether (20) (50 mg) was d i s s o l v e d  in e ther (lO

ml) a n d  acetic a n h y d r i d e  ( 1  ml) and b o r o n  t r i f l u o r i d e  etherate 

(1 ml) were added s u c c e s s i v e l y .  The reaction m i x t u r e  was 

s t i r r e d  for 16 hours at r o o m  t e m p e r a t u r e .  S a t . s o d i u m  b i c a r ­

b o n a t e  solution was then a d d e d  a n d  the r e a c t i o n  m i x ture 

e x t r a c t e d  with ether. The e t h e r e a l  extra c t s  were w a s h e d  with 

s a t . s o d i u m  b i c a r b o n a t e  solution, and then dried and the 

s o l v e n t  removed on the r o t a r y  e v a p o r a t o r  to y ield crude 

m a t e r i a l  (50 mg). Column c h r o m a t o g r a p h y  using Kieselgel

(Art . 9385) eluting with io% e t h e r / p e t .ether yielded the diace t a t e

(28 ) (35 m g , 60%).
Rf = 0.37 ( 10% ethyl ac e/pe t .e th e r )

6 = O . 86 (3H . s) , 0.99 ( 3H .d ,J = 7 H z ), 1.05 ( 3H , s) ,

1.61 (3 H ,s ), 1.96 ( 3H , s), 2.09 (3H,s), 4.7 ( IH , d . J = 6Hz) ,

4.95 ( I H , m ) .
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(b ) F r o m  the a c e t a t e  (19)

The a c e t a t e  (19) (lOO mg) was d i s s o l v e d  in ether 

(4 ml) and acetic a n h y d r i d e  (0.5 ml) and b o r o n  t r i f l u o r i d e  

e t h e r a t e  (0.5 ml) were a d d e d  successively. The reaction 

m i x t u r e  was s t i r r e d  for 48 hours at room t e m p e r a t u r e .  After 

this time n u m e r o u s  p r o d u c t s  were v i s i b l e  on a n a l y t i c a l  tic.

4 1 . H y d r o l y s i s  of the diace t a t e  (28)

The d i a c e t a t e  (28) (29 mg, 0.09 mmol) was d i s s o l v e d

in m e t h a n o l / w a t e r  (1:1, 2 ml) and sodium c a r b o n a t e  (10.5 mg,

0.1 mmol) was added. T h e  reaction m i x t u r e  was reflu x e d  for

2.5 h ours and then c o o l e d  to room t e m p e r a t u r e .  S a t . s o d i u m

b i c a r b o n a t e  s o l u t i o n  was a dded and the a g u e o u s  mixture 

e x t r a c t e d  with ether. T h e  ethereal e x t r a c t s  were dried and

the solvent r e m o v e d  on t h e  rotary e v a p o r a t o r  to yield a

m i x t u r e  of s t a r t i n g  m a t e r i a l  and the first h y d r o l y s i s  p r o d u c t

(20 mg) Rf = 0.18 (10% e t h y l  a c e t a t e / p e t .e t h e r ). The nmr

s p e c t r u m  r e v e a l e d  a d i m i n i s h e d  doublet at 4.7 ppm ratio of 

the p r o t o n  4.95 p p m : 4 . 7  p p m  = 9:6.5.

4 2. F o r m a t i o n  of t h e  pival o a t e  (130)

The a l c ohol (17) (0.17g, 0 . 6 7  mmol) was d i s s o l v e d

in p y r i d i n e  (7.5 ml) and pivaloyl chlor i d e  (0.25 ml, 2.02 mmol) 

and N ,N - d i m e t h y 1 -4 - a m i n o p y r i d i n e  (lO mg) w e r e  added successive! 

The r e a c t i o n  m i x t u r e  was stirred for 60 h o u r s  at room t e m p e r a ­

ture. S a t . s o d i u m  b i c a r b o n a t e  solution was a d d e d  and the 

r e a c t i o n  m i x t u r e  e x t r a c t e d  with ether. The ethereal extracts 

were w a s h e d  with s a t . c o p p e r  sulphate solution, and then dried
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and the s o l vent r e m o v e d  on the rotary e v a p o r a t o r  to y i e l d  

the p i v a l o a t e  (130) (180 mg, 80%).

Rf = 0 . 6

6 = 0.79 ( 3 H , d , J  = 6 Hz), 0.99 (3H,s), 1.21 (3H,s), 1.25 (9H , s ), 

3.29 (3H, s ), 3.32 (lH,m), 4.56 (lH,d,J = lOHz),

4.81 (lH,s), 5.07 (lH,s)

V = 2920(b), 1735, 1635, 1460, 1370, 1235 and 1090 c m “^max
m/e: (relative i n t e n s i t y ) ,  235 (1.7), 187 (10.2), 93 (13.1),

85 (16.2), 57 (lOO), 41 (52.3).

4 3 . F o r m a t i o n  of the e t h e r  (131) 19

The p i v a l o a t e s  (130) and (132) (1.82g, 5.4 mmol)

were d i s s o l v e d  in a c e t o n i t r i l e  (50 ml) and the solution 

stirred under n i t r o g e n .  S o d i u m  iodide (3.25g, 0.02 mol) and

t r i m e t h y 1 s i l y 1 c h l o r i d e  (2.76 ml, 0.02 mol) were added 

successively a n d  the s t i rring c o n t i n u e d  for 20 hours. Water 

was then added and the r e a c t i o n  mixture e x t r a c t e d  with ether. 

The ethereal e x t r a c t s  were w a s h e d  with 20% s o d i u m  t h i o s u l p h a t e  

solution, and t h e n  d r i e d  and the solvent r e m o v e d  on the rotary 

evaporator to y i e l d  c rude m a t e r i a l  ( 1 . 6 5 g ) . C o l u m n  c h r o m a ­

tography using K i e s e l g e l  (Art.9385) eluting with 15% ethyl- 

a c e t a t e / p e t .e t h e r  y i e l d e d  the ether (131) (1.17g, 67%).

Rf = 0.67

6 = 0.94 (3H,s), 0.99 (3H,d,J = 6 Hz), 1.08 (3H,s),

1.14 ( 3 H ,d,J = 6 H z ) . 1.19 (9H,s), 3.55 (lH,m),

4.64 (lH,d,J = 2Hz)

V = 2930(b), 1725, 1470(b), 1290 and 1165(b) cm ^max
(found) = 322.2504; (calculated for C H ^ O )  =

32 2.2508
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44 of the p i v a l o a t e  (130) 19

T h e  p i v a l o a t e  (130) (210 mg, 0.62 mmol) was t r e a t e d

by the p r o c e d u r e  o u t l i n e d  in p a r t  43, using a c e t o n i t r i l e  (50 

m l ) , t r i m e t h y l s i l y l  chloride (270 mg, 2.5 mmol) and s o d i u m  

iodide (0.37g, 2.5 mmol). The crude y i e l d  was 200 mg.

C o lumn c h r o m a t o g r a p h y  using K i e s e l g e l  (Art.9385) e l u t i n g  with 

2 0 % e t h e r / h e x a n e  g a v e  three f r a c t i o n s ,  the least p olar 

c o n t a i n e d  the e t h e r  (131) (lOO mg, 50%), the next c o n t a i n e d  

a m i x ture of (131) and (133) (35 mg) whilst the most p o l a r

fraction c o n t a i n e d  the 5 - p i v a l o a t e  of l , 4 , 4 , 8 - t e t r a m e t h y l - 1 2 -  

. 2 .1 .O ^ '^ ]d o d e c a n e - 5 -ol (133) ( 30 mg, 15%) .

Rf = 0 . 6

6 = 0.95 (3H , s) , 1 . 0

3.85 (I H ,m ) , 4 . 56

V = 2950(b), 1720, 1460(b), 1370(b), 1285, andmax
-1

1 1 6 0  cm 

(found) = 322.2488; (calc u l a t e d  for ^ 2 ^ 8 2 ^0 ^) = 322.2508

45 . F o r m a t i o n  of the a c e t a t e  (134)

The e t h e r  (131) (0.82g) was d i s s o l v e d  in e t h e r

(20 ml) and a c e t i c  a nhydride (5 ml) and boron t r i f l u o r i d e  

etherate (5 ml) w e r e  added succe s s i v e l y .  The reaction mixture 

was stirred for 15 hours at r o o m  temperature. The r e a c t i o n  

m i x ture was then t r e a t e d  by t h e  work up p rocedure o u t l i n e d  in 

part 4 0 (a) to g i v e  crude m a t e r i a l  ( 0 . 8 6 g ) . Column c h r o m a t o ­

g r a p h y  using K i e s e l g e l  (Art.9385) eluting with 5% e t h y l  

a c e t a t e / p e t .ether y i e l d e d  the 9 - p i valoate, 5-acetoxy 2 , 6 , 1 0 , 1 0 -  

t e t r a m e t h y 1 - 5 , 9 - d i h y d r o x y b i c y c 1 o [ 6 . 3 . O ]u n d e c a - 1 -ene as a waxy

solid (134) (0.53, 57%).
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R f  = 0.58

m p  = 53-63°C (the m a t e r i a l  was not r e c r y s t a 1 1 i s e d )

6 = 0.87 (3H,s), 0 . 9 7  (3H,d,J = 7Hz), 1.03 (3H,s), 1.21 (9H,s),

1.6 (3H,s), 1.96 (3H,s), 4.63 (lH,d,J = 8 Hz), 4.94 (lH,m)

V = 2920(b), 1730, 1460(b), 1370(b), 1250, and 1160 cm~^max
m/e: (relative intensity) = 262 (87.4) , 187 (lOO) , 160 (37.5) ,

57 (45.3).

46 . H y d r o l y s i s  of the (1 3 4 )
The a c e t a t e  (134) (0.51g) was d i s s o l v e d  in 5%

p o t a s s i u m  h y d r o x i d e  in ethanol (25 m l ) . The reaction mixture 

w a s  stirred for 56 h o u r s  at room t e m p e r a t u r e .  Water was then 

a d d e d  and the a q u e o u s  solution e x t r a c t e d  with ether. The 

e t h e r e a l  e x t r a c t s  w e r e  dried and the s o l vent removed on the 

r o t a r y  e v a p o r a t o r  to yield crude m a t e r i a l  ( 0 . 4 4 g ) . C o lumn 

c h r o m a t o g r a p h y  using Kieselgel (Art.9385) eluting with 15% 

e thyl a c e t a t e / p e t .e t h e r  yielded the a l c ohol (135) as a waxy 

s olid ( O . 3 7 g , 82%).

Rf = 0.46

m p  = 73-76°C (the m a t e r i a l  was not recrystallised)

6 = 0.83 (3H,s), 1.03 (3H,s), 1.04 (3H,d,J = 7Hz),

1.75 (3H,s), 3.65 (lH,m), 4.71 (lH,d,J = 7Hz)

V = 3550, 2920(b), 1730, 1460(b), 1370(b), 1285 andmax
1160 cm -1

M ( f o u n d ) 322.2507; (calculated for ^ 2 0^ 3 4 *̂ 3 ^ 322.2508
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Rf = 0.38

6 = 0 . 8 8  (3 H ,s ) , 1.04 (3H , s) , 1.1 (3 H ,d ,J = 6 H z )

1.23 ( 9 H ,s ) , 1.66 (3h , s) , 2.9 (3H,s), 4.57 (

and 4.75 (I H ,m)

4 7 . D e h y d r a t i o n  of the alcohol (135)

(a ) F o r m a t i o n  of the m e s y l a t e  (137)

The a l c o h o l  (135) (0.37g, 1.3 mmol) was treated

by the p r o c e d u r e  o u t l i n e d  in part 25(a) u s i n g  p y r i d i n e  

(7.5 ml) a n d  m e s y l  chlor i d e  (0.3 ml, 3.9 mmol). Th is y i e l d e d  

the m e s y l a t e  (137) (0.38g, 83%).

7Hz )

V = 2920(b), 1730, 1340(b), 1285, 1170, and 910 cmma X
m/e: (relative intensity) , 298 (93.9) , 283 (45.7) , 187 (lOO) ,

57 (59.3)

(b ) F o r m a t i o n  of the diene (138)

The m e s y l a t e  (137) (0.56g, 1.4 mmol) was t r e ated

by the p r o c e d u r e  o u t l i n e d  in part 36 u s i n g  1 , 8 —d i a z a b i c y c l o —

(5.4.O ]u n d e c a - 7 - e n e  (5.2 ml, 0.035 mol) a n d  heating the 

r e a c t i o n  m i x t u r e  for five hours only. T h i s  yielded crude 

m a t e r i a l  (330 mg) which conta i n e d  three c o m p o u n d s  on silver 

n i t r a t e  i m p r e g n a t e d  tic Rf = 0.62, 0.56 a n d  0.39 (10% ethyl

a c e t a t e /p e t .e t h e r ) . Column c h r o m a t o g r a p h y  using 10% silver 

n i t r a t e  i m p r e g n a t e d  silica gradi e n t  e l u t i n g  with 0-10% ether/ 

h e x a n e  g a v e  two f r a c t i o n s  Rf = 0.56 and 0.39. The less p o l a r  

f r a c t i o n  c o n t a i n e d  the diene (138) (llO mg, 26%). The more 

p o l a r  f r a c t i o n  c o n t a i n e d  the diene (139) (130 mg, 31%).

Rf = 0.56 (silver nitrate i m p regnated tic, 10% ethyl a c e t a t e /  

p e t .e t h e r )

6 = 0.82 (3H,s), 0.9 (3H,s), 1.16 (9H,s), 1.5 (3H,s),
1.69 (3H,s), 4.77 (lH,d,J = lOHz), a n d  5.2 (lH,d,J = 7Hz)
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4 7C nmr s p e c t r u m  (CDCl^) u s i n g  DEPT.

6 = 19.3 (CH3 ) , 21.1 (CH^) , 26.7 (CH2 + CH^), 27.3 (3 x CH^),

27.6 (CH3 ) , 33.55 (CH 2 ), 34.3 (CH 2 ), 38.889 (C), 38.928 (C),

43.95 (CH2 > , 46.5 (CH), 83.7 (CH), 123.4 (CH), 127.8 (C),

1 31.55 (C) , 134.1 (C) , and 178.3 (C)
+(found) = 304.2394; M ( c a lculated for ^20^32^2^ ~ 304.2402

Rf = 0.39 (silver n i t rate i m p r e g n a t e d  tic, 10% ethyl a c e t a t e /  

p e t .e t h e r )

6 = 0.87 (3H,s), 0.98 (3H,s), 1.03 (3H,d,J = 7Hz),

1.25 (9H,s), 1.72 (3H), 4.67 (lH,d,J = 7Hz), 5.23 (lH,dd, 

J = 10Hz,J = 6 H z ) , and 5.85 (lH,ddd,J = 2Hz,J = lOHz,

J = 18Hz)

13^ nmr s p e c t r u m  (CDCl^) u s i n g  DEPT

6

4 7

2 0 .1 (CH^ ) , 2 0 .8 (CH 3 ), 23. 7 (CH 3 ) , 26.1 (CH 3^ '
27 .2 (3 X C H 3 ) , 33 . 3 (CH) , 34.2 ( C H ^ ) , 38.9 (C)

39 .7 (C) , 4 1.2 (CH 2 ) . 44.1 (CH2 ) , 49.2 (CH) , 8 6 . 8

129 . 8 (CH) , 132 . 0 ( C ) , 134 (C) , 137.0 (CH) , 178 . 4

(found) = 304.2406; (calculated for ^ 2 0 ^ 3 2 ° 2 ' ^  " 304.2403

4 8 . F o r m a t i o n  of the t o s y l a t e  (140)

The alcohol (135) (lOO mg, 0.31 mmol) was 

d i s s o l v e d  in p y r i d i n e  (3 ml) and p^-toluene sulphonyl chloride 

(89 mg, 0.46 mmol) was added. The reaction m i x ture was 

stirred for 60 hours at room temperature. F u r ther p - t o l u e n e  

s u 1p h o n y 1 c h 1o ride (356 mg, 1.84 mmol) was then added and the 

react i o n  m i x t u r e  stirred for 24 hours. S a t . s o d i u m  b i c a r b o n a t e  

solution was a d d e d  and the solution extracted with ether. The 

ethereal extra c t s  were w a s h e d  with sat.copper sulph a t e  solution
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and then dried and the s o l v e n t  r e m oved on the r o tary e v a p o r a t o r  

to y i e l d  120 mg crude m a t e r i a l .  C o l u m n  c h r o m a t o g r a p h y  using 

K i e s e l g e l  (Art.9385) eluting w i t h  15% ethyl a c e t a t e / p e t .ether 

y i e l d e d  the tosylate (140) (120 mg, 78%) as a waxy solid.

Rf = 0 . 5 9

6 = 0.83 (3H,s), 0.87 (3H,d,J = 6 Hz), 0.89 (3H,s),

1.19 (9H,s), 1.56 (3H,s). 2.43 (3H,s), 4.55 (lH,d,J = 7Hz), 

4.68 (lH,m), 7.32 and 7 . 7 5  (4H,AB,J = 9Hz).

ma X 2910(b), 1725, 1600, 1320, 1285, 1190, and 910.

4 9 . D e h y d r a t i o n  of the m e s y l a t e  (137) and t o s y l a t e  (140)

(a) T r e a t m e n t  of the t o s y l a t e  (140) with 1 , 8 - d i a z a -
b i c y c l o [ 5 . 4 .O]u n d e c a - 7 - e n e ____________________________

The tosylate (140) (lO mg) was d i s s o l v e d  in 1 , 8 —

d i a z a b i c y c l o [5.4.O ) u n d e c a - 7 - e n e  (0.5 ml) and h e a t e d  to 65°C

u n d e r  nitrogen. After 2.5 h o u r s  no starting m a t e r i a l  was

p r e s e n t  by analytical tic, h o w e v e r  s i l v e r  n i t rate i m p r e g n a t e d

tic showed two p r o d u c t s  c o r r e s p o n d i n g  to the dienes (138) and

(139) .
(b) The mesyl a t e  (137) with p o t a s s i u m  b u t o x i d e  in

dimethyl sulphoxide______________________________________

The mesylate (137) (5 mg, 0 . 0 1 2  mmol) was d i s s o l v e d

in dimethyl sulphoxide (0.5 ml) and p o t a s s i u m  ^ - b u t o x i d e

(1.68 mg, 0.015 mmol) was added. The react i o n  m i x t u r e  was

s t i r r e d  at room temperature, and a fter 30 m i n u t e s  two polar

p r o d u c t s  had formed on a n a l y t i c a l  tic which did not c o r r e s p o n d

to the dienes (138) and (139) .

(c) The mesylate (137) with p o t a s s i u m  jt-butoxide
i n t -bu ta no 1_______________ __________________________
The mesylate (137) (5 mg) was d i s s o l v e d  in t-butanol
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(0.5 ml) and p o t a s s i u m  t - b u t o x i d e  (2 mg) added. After the 

r e a c t i o n  had been s t o r e d  for 2 hours at room t e m p e r a t u r e  no

r e a c t i o n  had o c c u r r e d  by analy t i c a l  and silver impregnated

n i t r a t e  t i c .

50. of the diene (138) 29

The d iene (138) (50 mg, 0.16 mmol) was dissolved

in d i c h l o r o m e t h a n e  ( 1  ml) and the solution c o o l e d  to less than 

5°C, b oron t r i f l u o r i d e  etherate (20.2 M-1 , 0.16 mmol) was added

and the solution m a i n t a i n e d  at this t e m p e r a t u r e  for 15 hours. 

After this time d i c h l o r o m e t h a n e  was a d d e d  and the solution 

w a s h e d  with s a t . s o d i u m  b i c a r b o n a t e  solution, dried and the 

solvent r e m oved to y i e l d  the alicene (141) (40 mg, 80%).

Rf = 0.69 (silver n i t r a t e  i m p regnated tic, 10% ethyl acetate/

p e t . e t h e r )
6 = 0.94 (3H,s), 0.97 (3H,s), 1.02 (3H,s), 1.19 (9H,s),

1.43 and 1.855 (2H,ABq,J = 13.6 Hz), 1.55 (3H,q,J = 2Hz,

J = 1.5Hz), 2.47 (lH,dd with long range coupling, 

j = 2.5Hz,J = 5.5Hz, long range J = 2 H z ) ,

4.39 (lH,d,J = 5.2Hz), and 5.31 (lH,bt,J = 1.5Hz,J = 2.5Hz)

1 1 4 7C nmr s p e c t r u m  (CDCl^) using DEPT.

^ = 13.1 (CH3 ) , 22.9 (CH 3 ) , 23.5 (CH^). 23.6 (CH^),

27.2 (3 X CH^) , 27.7 (CH^), 38.8 (C), 39.4 (CH2 ), 42.8 (C),

''ma X

(CH 2 ) , 58.2 (C) . 59.2 (C) ,

(CH) , 14 5.2 (C) . 178 .0 (C)

1480 , 1285 , and 1150 - 1cm

(calculated for ^20»3M (found) = 304.2417;

m/e: (relative intensity). 202 (46.5), 188 (15.2), 187 (lOO).
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