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ABSTRACT

The review  se ctio n  o f t h is  th e s is  i s  in  two p a rts ,  o u t lin in g  

f i r s t l y  the is o la t io n ,  s tru c tu re  determ ination, and b io lo g ic a l a c t iv i t y  

o f the h ig h ly  potent, broad-spectrum  a n t ip a r a s it ic  agents the a ve r- 

m ectins and m ilbem ycins, and secondly the su cce ssfu l approaches towards 

these natura l products.

The th e s is  then d e scrib e s our i n i t i a l  s y n th e tic  e f fo r t s  towards 

the preparation  o f  model compounds re la te d  to the southern hemisphere 

o f the averm ectin s.

F i r s t l y ,  y a lk y la t io n  o f *butyl a ceto th io ace ta te  w ith va rio u s  

aldehydes follow ed by t r a n s e s t e r if ic a t io n  with (2 S ,8 R )-8 -m ethyl-2 -  

p h e n y l-1 ,7 -d io x a sp iro [5 ,5 ]u n d e c a n -4 (S )-o l gave seco-model d e r iv a t iv e s  

such as (2 S ,8R ) - 8 -m eth yl-2-p h en yl- 1 ,7 -d io x a sp iro [5 ,5 ]u n d e c a n -4 (S )-y l  

3 ' , 5 ' -d ih y d ro x y -6 '-m eth ylh ep t-6 '-e n o a te . These compounds were sub

m itted fo r  b io lo g ic a l screen ing but were found to be in a c t iv e .

In a second model stu d y, preparation  and treatm ent o f a s u ita b le  

alkenyl epoxide with nonacarbonyld iiron follow ed by o x id a tio n  o f the 

r e s u lt in g  ir -a l ly lt r ic a r b o n y l iro n  lactone complex w ith c e r ic  ammonium 

n itr a te  d id  not provide a ccess to a p o t e n t ia lly  re a c t iv e  b ic y c l i c  a -  

a lk e n y l-B -la c to n e  model.

The la s t  p a rt o f t h is  th e s is  d e scrib e s attempts to prepare a 

cyclohexenone su b -u n it  required  fo r  the syn th e sis  o f  milbemycin B i-  

T h is  has been achieved by a novel trim eth yl aluminium ca ta ly se d  P rin s  

re a ctio n  between the e le ctro n  r ic h  methyl enol ether o f 2 ,5 -d ih y d ro -p -  

m ethylaniso le  and formaldehyde to g iv e  a h o m o ally lic  a lc o h o l.

E la b o ra tio n  o f the r e s u lt in g  ene-adduct gave the e n d o cy c lic  isomer 

2 -t b u ty ld i phenyl silyloxym ethyl-5-m ethoxy-4-m ethylenecyclohexanone i n 

e ig h t steps and 13.9% o v e ra ll y ie ld  from p -m e th y la n iso le . N u c le o p h ilic



a d d itio n  o f vinylmagnesium bromide in to  the ketone carbonyl group o f  

t h is  compound was shown to proceed r e g io s e le c t iv e ly  with a 1 2 : 1  r a t i  

in  favo ur o f a tta ck  from the e -fa c e . Fu rth er e lab o ra tio n  o f t h is  

adduct demonstrated the v i a b i l i t y  o f the s y n th e tic  s tra te g y  f o r  m il-  

bemycin s y n th e s is .
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INTRODUCTION

Since  the days o f the e a r ly  a n t ib io t ic s ,  i t  has become in c re a s in g ly

evident th at m icroorganism s are a r ic h  source o f novel chemical

s tru c tu re s . The m ilbem ycins^, found and s t r u c t u r a l ly  e lu cid a te d  in

1975, are a group o f ferm entation products of Streptomyoes hygrosoopicus
subsp. aureolacrimosus which show potent, broad-spectrum  a n th e lm in tic ,

2
in s e c t ic id a l and a c a r ic id a l a c t iv i t y .  A ll the twenty m ilbemycms so 

fa r  is o la te d  are te t r a -  or p e n ta c y c lic  16-membered m a cro cyclic  lacto n es  

co n ta in in g  a fused [5 ,5 ] sp iro a c e ta l r in g .  They can be d iv ided  

s t r u c t u r a l ly  in to  two groups known as an a- and 6- s e r ie s :  the a -s e r ie s

incorporates a tetrahydrofu ran r in g  cis-fused to the cyclohexene r in g  

whereas the 6- s e r ie s  has no tetrahydrofu ran  r in g .  S in g le  c ry s ta l  

X -ray  cry sta llo g ra p h y  unambiguously defined the abso lute  stereochem istry  

and conform ation o f the milbem ycins as shown in  F ig u re s  1 and 2.

In 1979, the Merck group reported on the re la te d  averm ectins, a
3

fam ily  of new and very potent a n th e lm in tic  agents , produced as fermen-
4ta tio n  products o f Streptomyoes averm'it'Llis MA 460 (NRRL 8165). They 

are g ly co sid e  d e r iv a t iv e s  co n ta in in g  a a -L -o le a n d ro sy l-a -L -o le a n d ro sy l 

moiety at the C-13 o f the m ilbem ycin s e r ie s .

4bThe averm ectins were f i r s t  separated chro m ato graphica lly  in to  

four major components, c o l le c t iv e ly  designated as the a -s e r ie s .  Mass 

sp e ctro sco p ic  a n a ly s is  revealed the presence, in  each o f them, o f  

5 -►  10% o f a minor homologue, c o l le c t iv e ly  designated as the b -s e r ie s ,  

which was subsequently separated from the major component by reverse  

phase high performance l iq u id  chromatography. The s tru ctu re s  o f the 

vario u s components were la rg e ly  determined by high re so lu tio n  mass 

spectrom etry and 13C nuclear m agnetic resonance spectroscopy. These 

techniques suggested a number o f s tru c tu ra l u n its  w hich, when com

pared with the m ilb e m y cin s^ , showed many common fe a tu re s .
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Figure 1

Milbemycin Rl r2 r 3 R, r 5 Rg

( 1 ) a i H H c h 3 c h 3 H H

( 2 ) a 2 H H c h 3 c h 3 c h 3 H

(3) <*3 H H ch 2c h 3 c h 3 H H

(4) H H ch 2c h 3 c h 3 c h 3 H

(5) <*5 OH 0C0CH(CH3 )C,,H9 c h 3 c h 3 H H

( 6 ) a 6 OH n c h 3 c h 3 c h 3 H

(7) a? OH n ch 2c h 3 c h 3 H H

( 8 ) <*8 OH ii ch2 c h 3 c h 3 CH3 H

(9) a9 H H c h 3 c h 2oco-/
2

H H

H
( 1 0 ) a 10 H H- c h 2c h 3 II H H

(ID D H H c h ( c h 3 ) 2 c h 3 H H

( 1 2 ) F H H CH(CH3 ) 2 ch2oco- C \ A
M

H H

H
(13) G H H CH(CH3 ) 2 c h 3 c h 3 H
(14) J H H c h 3 c h 3 =0

(15) K H H c h 2c h 3 c h 3 =0
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Figure 2

Milbemycin Ri r2 r 3 R.

(16) Bi CH20H c h 3 c h 3 H

(17) 32 ch2oh c h 2c h 3 c h 3 H

(18) E ch 2o h . c h ( c h 3 ) 2 c h 3 H

(19) H c h 3 CH(CH3 ) 2 =0

(20)
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I t  was p o ss ib le  to in te rp re t  the complex averm ectin sp e ctra l data 

co n v in c in g ly  by co n sid e rin g  three s t ru c tu ra l changes when compared to 

the m ilbem ycins:

( 1 ) a d isa c ch a rid e  su b stitu e n t i s  attached via a new hydroxyl 

fu n ctio n  a t C-13;

(2) a C -22 , 23 -  double bond or a C-23 hydroxyl group; and

(3) se c-b u ty l or iso -p ro p y l su b stitu e n ts  a t the C-25 p o s it io n  

instead  o f usual methyl or ethyl su b s titu e n ts .

S in g le  c ry s ta l X -ray  d if f r a c t io n  experiments on the averm ectin

B2a aglycone ( 2 1 ) and averm ectin Bia  (26) confirmed the e ig h t aver-
4dm ectins to possess the gross s tru c tu re  shown in  F igu re  3.

OHI

( 21)

In a d d it io n , c i r c u la r  d ichro ism  (CD) measurements have e sta b lish e d  

the averm ectins and m ilbemycins (vide infra) to have id e n t ic a l absolute  

c o n fig u ra tio n s .

The averm ectins were found to be e x tra o rd in a r ily  a c t iv e  a g a in st a 

wide range o f p a r a s it ic  h e lm in t h s ^ ,  arachnids and e c to p a ra s ite s ^ * ^  

in  doses as low as 1 0 yg k g"1, y e t they are devoid o f a n t ib a c te r ia l or 

a n tifu n ga l a c t iv it y .^  Despite t h e ir  m a cro cyclic  lactone s t ru c tu re ,
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Figure 3

OMe

Avermectin r i * r 2 *3

( 2 2 ) Aia - c h 2c h 3 c h 3

(23) Aib - c h 3 c h 3

(24) ^ 2a OH c h 2c h 3 c h 3

(25) ^ 2b OH c h 3 c h 3

(26) Bia - ch 2c h 3 H

(27) Bib - c h 3 H

(28) B2a OH c h 2c h 3 H

(29) B2b OH c h 3 H

*Where R i s  absent, the double bond (— ) is  present.
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they n e ith e r in h ib it  pro te in  sy n th e s is  nor a ct as ionophores but
o

appear to in te r fe re  with the neurotransm ission o f many in v e rte b ra te s .

B io lo g ic a l te s t in g  showed a l l  the averm ectins to have a broad 

spectrum o f a c t iv i t y  but w ith co n sid e ra b le  v a r ia t io n  in  potency 

depending upon the p a ra s ite  in v e s t ig a te d . The a n ti p a r a s it ic  

a c t iv i t ie s  o f the a - and b -s e r ie s  are v i r t u a l ly  id e n t ic a l and con

seq u en tly , the need fo r  d i f f i c u l t  sep aratio n s does not e x is t .

Compounds o f the B -s e r ie s  (those co n ta in in g  a C-5 hydroxyl group) 

were g e n e ra lly  more potent than those o f the A -s e r ie s .  P ro te ctio n  o f  

the C-5 hydroxyl group as the S-O -^butyldim ethyl s i l y l  d e r iv a t iv e  

re su lte d  in  complete lo s s  o f b io lo g ic a l a c t iv i t y  in d ic a t in g  the pos

s ib le  importance o f the C-5 hydroxyl group fo r  a c t iv i t y .  Removal of 

one o f the a -L-o lea n d ro se  u n its  decreased a c t iv it y  to between 25 and 

50% compared to th a t o f the natural d isa c c h a rid e . Removal o f both 

sugar u n its  cu t a c t iv i t y  to approxim ately 3%. However, s e le c t iv e

a c y la tio n  o f the 4"- 0-hydroxyl group re su lte d  in  l i t t l e  lo s s  of
. . 9a c t iv it y .

D iffe re n ce s  in  potency between the 1- and 2 -s e r ie s  were found to 

be more s u b tle . The presence o f  the double bond a t C-22, 23 as 

opposed to the hydroxyl group has a profound e f fe c t  on the conform ation  

o f the r in g  bearing these f u n c t io n a lit ie s  and consequently causes 

su b tle  changes in  b i o a c t i v i t y . ^  For example, w hile  averm ectin Bx was 

more a c t iv e  than B2 upon o ra l a d m in istra tio n , the converse was tru e  

when each was adm inistered p a re n te ra lly . Preparation  o f compounds 

with the conform ation o f the 2 -s e r ie s  but la c k in g  the C-23 hydroxyl 

group, with the hope th at such compounds would re ta in  the d e s ira b le  

featu re s o f both s e r ie s ,  became an im portant o b je c t iv e  fo r  the 

s c ie n t is t s  a t Merck.
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S e le c t iv e  hydrogenation o f the c is -s u b s t it u t e d  ta rg e t o le f in  in  

averm ectin Bx , using W ilk in so n 's  homogeneous hydrogenation c a t a ly s t  

RhCl(PPh3 ) 3 which i s  known to be h ig h ly  s e n s it iv e  to the s t e r ic  

environment o f the o le f in ,  gave the d e sire d  22, 23-dihydroaverm ectin  

Bx (30) in  85% y ie ld  together w ith 3, 4 , 22, 23-tetrahydroaverm ectin  

Bi ( 3 % ) .^  Reduction o f the 3 ,4-doub le  bond on the other hand caused 

co n sid e rab le  low ering o f a n th e lm in tic  a c t iv i t y  w ith re sp e ct to the 

o r ig in a l averm ectin. On the b a sis  o f i t s  o v e ra ll e f f ic a c y  via oral 

and parenteral routes in  sheep^ and c a t t le  and fo r  i t s  b e tte r sa fe ty  

p r o f i le ,  (30) i s  now marketed under the no n -p ro p rietary  name 

"iverm ectin"

OMe

Iverm ectin  has an extrem ely broad spectrum o f antinematodal

a c t iv it y  in  a v a r ie ty  of domestic an im als, being a c t iv e  a g a in st  genera

of the su p e rfa m ilie s  Triohostrongyloidea3 Strongytoidea3 Metastrongy-

loidea, Rhabditoidea3 Ascaridoidea, Oxyuvoidea3 Spiruroidea9 Fitarsidea 
12and Trichuroidea. Indeed, a l l  nematode genera a g a in st which iv e r 

mectin has been tested  proved to be a ffe cte d  during a t le a s t  one stage
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o f the l i f e - c y c l e .  The minimum dosage used i s  a lso  very much le s s  

than th a t o f any other a n th e lm in tic  agent

Stu d ie s on the mode o f a ctio n  have been c a rr ie d  out w ith averm ectin
8 13B1# but i t  i s  presumed th a t a l l  averm ectins share a common mechanism. * 

The averm ectins p a ra lyse  worms, as do many other a n th e lm in tic s , though 

they appear to do so in  a unique way. I t  i s  be lieved th a t they behave 

as a g o n ists  fo r  ^ -am inobutyric a c id  (GABA), the neurotransm itter  

involved in  sending in h ib it o r y  s ig n a ls  from the interneurons to the 

m o to rn e u ro n s.^ * ^ * ^  Stim u la tio n  o f p re -sy n a p tic  re le a se  o f  GABA and 

enhanced b inding to the p o st-sy n a p tic  receptor induce an ir r e v e r s ib le  

"re stin g "  co n d itio n  on the p a ra s ite  which u su a lly  re s u lts  in  death.

T h is  i s  co n s is te n t with the apparent la c k  o f e f f ic a c y  o f the aver

m ectins a g a in st trematodes and cestodes which are thought not to use 

GABA as a neurotransm itter.
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REVIEW

The cu rre n t high le v e l o f in t e r e s t  in  the averm ectins and m ilbe- 

mycins i s  demonstrated by the la rg e  number o f p u b lic a tio n s  and the 

increased  sy n th e tic  e f f o r t  in  th is  area. These sy n th e tic  stu d ie s  

re su lte d  in  1982 w ith the p u b lica tio n  o f two routes to m ilbemycin e3, 

the s im p le st member o f the s e r ie s .

The f i r s t  published to ta l sy n th e s is  of milbemycin e3 (20) by 

15Smith involved the coupling o f two major fragm ents, a northern s p iro -  

a ceta l u n it  (31) w ith an arom atic southern zone (32) (Scheme 1 ).

Scheme 1

(20) (32)

The sp iro a ce ta l moiety (33) was synthesised  and elaborated to (31)

16by the h ig h ly  s te re o s e le c t iv e  Ire la n d -C la is e n  rearrangem ent. T h is  

u n it  was coupled by H orner-W ittig  r e a c t io n ^  with the southern  

hemisphere (3 2 ). D eprotection and m a cro cyclic  la c to n is a t io n  completed 

the sy n th e s is .
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Stereocontrolled construction of the aldehyde (33) was achieved

by Michael a d d itio n  to an a p p ro p ria te ly  designed a , 3 -unsaturated
19aldehyde (3 9 ) ,  under thermodynamic and s te re o e le c tro m c  co n tro l , to 

produce a sp iro a c e ta l with the ether oxygens in  a x ia l d is p o s i

tio n s  and the s id e  chain adopting an equatoria l p o s it io n .

Lactone (34) was prepared in  racem ic form, on 50g s c a le ,  from 

cyclo tene  in  55% o v e ra ll y ie ld  (Scheme 2 ).

Scheme 2

.o h

CH,

(i)-

( i i i )

O

“CH-

Reagents: ( i )  MeOH, HC1; ( i i )  L iA lH ^ , E t 20; ( i i i ) H3 0+ ;

( iv )  Me2C u L i, THF; (v ) HC1, E t 20; ( v i )  mCPBA.

T h is  was converted in  two steps to the mixed methyl ketal (35) (Scheme

3) which a ft e r  d ip o la r  c y c lo a d d it io n  o f the n i t r i l e  oxide (36) produced 

a 2:1 m ixture of the iso x a zo lin e s  (3 7 ),  only one d iastereo isom er of  

which would u lt im a te ly  have the c o rre c t  geometry to undergo the s p iro 

aceta l c y c l is a t io n  re a c tio n . However, without se p a ra tio n , reduction  

o f the d ia ste re o iso m e ric  is o x a zo lin e s  (37) afforded the aminol (38) as 

a m ixture o f fo u r d ia stereo iso m ers. T h is  m ixture was converted in  

fo u r steps to an a , 3-unsaturated aldehyde (39) which under the re a ctio n  

co n d itio n s c y c lis e d  to g ive  the d e sire d  c r y s t a l l in e  aldehyde ( 3 3 ) in  

20-25% o v e ra ll y ie ld .
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Scheme 3

(42) bch3

R=8C0Et
R=aCOEt

aCH3
sch3
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Reagents: ( i )  r p M9x , -7 8 °C , THF; ( i i )  CH(0CH3) 3 , C e C l3 .7H20;

(in) c ©
•5SS

(3 6 )  g

; ( iv )  L iA lH i,; (v ) KH (15 e q . ) ,

0 °C ; ( v i )  C6Hs CH2 I ,  0 °C ; ( v i i )  Mel; ( v i i i )  TsOH, H20; 

( ix )  vy ' ”M9X, -7 8 °C , E t 20 ; (x )  CH3CH2COCl; ( x i )  KN(TMS)2 ,

TMSC1, -78 25°C; ( x i i ) Li/NH3; ( x i i i ) TBDMSC1, DMF,

im id a zo le ; ( x iv )  LiAlHi*; (xv) C o ll in s '  o x id a tio n .

T h is  favourable  r e s u lt  can be explained by two f a c t s :  (1) the

Michael a d d itio n  o f oxygen n u cle o p h ile s  to a , 8-unsaturated aldehydes
20i s  a re v e rs ib le  process and proceeds th e re fo re  to a ffo rd  the isomer 

possessing the most therm odynam ically favourable  conform ation; and 

( 2 ) ,  f a c i le  c y c l is a t io n  o f the a , 8-unsaturated aldehyde (39) would 

re q u ire  the m olecule to a tta in  a s p e c if ic  t ra n s it io n  s ta te  conform ation. 

In the case o f unsaturated aldehyde (3 9 a ), wherein the benzyl ether 

occupies an e q u ato ria l p o s it io n , r in g  c lo su re  to a ffo rd  the aldehyde

(33) proceeds smoothly. However, in  the other d iastereo isom er (3 9 b ), 

a co n sid e rab le  1 ,3 -d ia x ia l  in te ra c t io n  may prevent t h is  isomer from 

a tta in in g  the required t r a n s it io n  s ta te  conform ation and consequently, 

c y c lis a t io n  i s  d isfavoured (Scheme 4 ).

Extension o f the s id e  chain  was achieved by isopropenyl G rignard  

a d d itio n  in to  the aldehyde (33) follow ed by a lko xid e  a c y la tio n  w ith  

propionyl c h lo r id e . T h is  afforded a 2:1 m ixture o f the propionates  

(40a) and (40b) which were separable  by f la s h  chromatography.
1 c

A p p lica tio n  o f the h ig h ly  s te re o s e le c t iv e  Ire la n d -C la is e n  rearrangement 

to each propionate gave the e p im e ric a lly  d is t in c t  a c id s  (41a) and (41b). 

Both a c id s  were converted to the corresponding aldehydes (31) and (42) 

in  an o v e ra ll y ie ld  o f 59%.
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Scheme 4

C o n stru ctio n  o f the southern hemisphere involved a stra igh tfo rw a rd

seven step sequence to convert the re a d ily  a v a ila b le  3 -m e th y l-p -a n is ic

a c id  in to  the lactone (43) in  33% o v e ra ll y ie ld .  A novel S^2'' d is -

21placement employing lith iu m  diphenyl phosphide on lactone (43) gave a 

3:1 m ixture o f isom eric phosphine o x id e s. Treatment with strong base 

gave a more favourable  1:1 m ixture of the Z and E isomers (44) and (45) 

The E isomer (45) was separated by f la s h  chromatography and e s t e r if ie d  

to a ffo rd  the desired  arom atic southern hemisphere (32) (Scheme 5 ).
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Scheme 5

(32) (45) (44)

III) 0Z )

Reagents: ( i )  Ph2P ~ U +, THF, -22 ->■ 25°C; ( i l l )  CH2N2 , E t 20.

H orner-W ittig  c o u p lin g ^  o f the aldehyde (31) to the anion of

(32) gave the diene (46) in  85 -*• 95% y ie ld  and as a m ixture (7 :1 )  of  

trans and cis isom ers, with no ep im e risatio n  at the 0 1 2  methyl group 

(Scheme 6 ) .  D eprotection o f the alcohol and c y c lis a t io n  y ie ld e d  

milbemycin 33 methyl ether (47) in  76% based on (4 5 ). T h is  upon 

dem ethylation o f the a ry l methyl ether gave (±) milbemycin 63 ( 2 0 ) 

d ir e c t ly .

The second and more e legan t sy n th e sis  o f milbemycin 33 was 

22achieved by W illiam s and provided m aterial in  i t s  o p t ic a l ly  pure 

form. The sy n th e tic  approach was q u ite  s im ila r  in  o v e ra ll concept 

to th at o f Sm ith, ie. a convergent process from two or three major 

components but q u ite  d if fe re n t  in  the co n stru ctio n  o f these components.



Scheme 6

( i i i )

( 2 0 )

Reagents: ( i )  NaN(TMS)2 , -7 8 °C , THF; ( i i )  ( V i ^ N F ,  THF;

( i i i )  KH, THF, 4h; ( iv )  NaSEt, DMF, lh .
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W illiam s' sy n th e sis  o f milbemycin $3 (20) r e lie d  on the prepara

tio n  o f three u n it s :  (1) a sp iro a c e ta l moiety (4 8 ); (2 ) a l in k in g  

carbon chain (49) bearing a remote c h ir a l  centre a t C -12 ; and (3) a 

su b stitu te d  benzo ic a c id  fragment (50) (Scheme 7 ).

tra rcs-4 ,5 -D im e th ylva le ro lacto n e  (34) was prepared in  i t s

o p t ic a l ly  pure form in  f iv e  steps and approxim ately 40% o v e ra ll y ie ld

from ( - ) - ( S ) - c it r o n e l lo l  (Scheme 8 ).  The syn th e sis  of the sp iro a ce ta l

moiety was achieved by condensation o f (34) with the a - l it h io s u lp h in y l

carbanion (51) to a ffo rd  the adduct (52) as a m ixture of two d ia ste re o -

isomers (Scheme 9 ) .  In te rn a l k e t a lis a t io n  o f (52) gave the sp iro a ce ta l

(5 3 ). As in  the Smith s y n th e s is , the stereochem istry o f the re s u lt in g

asymmetric centre  i s  therm odynam ically and s te re o e le c t ro n ic a lly  con- 

19t r o lle d  , thereby p la c in g  the oxygens o f the sp iro a ce ta l in  

a x ia l d is p o s it io n s .  A d d it io n a lly ,  e q u ilib ra t io n  occurs a t C-20 to 

provide the e q u ato ria l su lphoxide. A small re sid u a l amount (10%) o f  

the a x ia l sulphoxide was c a rr ie d  through the sy n th e tic  scheme.

P ro te ctio n  follow ed by p y ro ly s is  gave the expected o le f in  (5 4 ). Syn- 
e lim in a tio n  of the a x ia l sulphoxide on the other hand required  more 

fo rc in g  co n d itio n s (x y le n e , 11 , 49h, 72%) than the e q u ato ria l s u l

phoxide showing a s ig n if ic a n t  ra te  d iffe re n c e  between the two isom ers. 

Chlorohydrin form ation from (54) gave the separable c r y s t a l l in e  pro

ducts (55) and (56) in  a 5:1 r a t io ,  the major isomer having the 

undesired co n fig u ra tio n  re s u lt in g  from d ia x ia l a d d itio n  to the double 

bond. Reduction o f (55) and (56) gave the a x ia l (57) and eq u ato ria l 

(58) a lc o h o ls . In ve rsio n  o f the undesired a x ia l a lcohol was achieved  

by o x id a tio n  to the ketone and subsequent reduction to g iv e  (58) in  

70% o v e r a ll.  P ro te ctio n  o f (58) follow ed by s a p o n ific a t io n  gave the 

prim ary a lcohol (59) in  96% y ie ld .  T h is  product was transform ed in to  

the bromide (60) and the aldehyde ( 48) ,  two key interm ediates fo r  the 

attachment of the sid e  ch a in .



Scheme 7

Reagents: ( i )  NaHjCSg*, Mel; 240°C; ( i i )  mCPBA; HgO+ ; Pb(OAc)^

( i i i )  Jones' o x id a tio n ; ( iv )  I 2 , CH3CN; (v ) nBu3SnH.
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Scheme 9

Reagents:

(59) BOTBDPS,Y=OH
(60) BOTBDPS, Y=Br 
(48) BOTBDPS,Y= =0

( i )  c a t . MsOH, H20, benzene; ( i i )  B z C l; ( i i i ) to lu en e, A,

P( OMe) 3 ; ( iv )  ^BuOCl, H20, acetone; (v) nBu3SnH, toluene  

; ( v i )  P h ^ B u S iC I,  DHAP, CH2C12 ; ( v i i )  L i OH, THF.
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W illiam s e le g a n tly  u t i l is e d  the same c h ira l s t a r t in g  m ateria l fo r

the co n stru ctio n  o f the s id e -c h a in  as fo r  the production o f the s p ir o -

a ce ta l m oiety. The trans d is u b s titu te d  o le f in  (49) was prepared in

seven steps and 46% o v e ra ll y ie ld  from ( - ) - ( S ) - c i t r o n e l l a l  (6 1 ),  with

no e p im e risatio n  o f the c h ir a l  methyl su b stitu e n t (Scheme 1 0 ).

E lim in a tio n  to the term inal acetylene and s te re o s p e c if ic  form ation of
23the t r i - s u b s t it u t e d  o le f in  (4 9 ), using N egishi methodology , afforded  

e ith e r  v in y l iod ide  (49a) or v in y l bromide (49b).

Scheme 10

(49b) X=Br

^>~Br

CHf
OH

Reagents: ( i )  LiCH Br2 , -7 8 °C ; ( i i )  0 3 ; ( i i i )  Zn, AcOH; ( iv )  ^  nh

(v ) C6H5S e C l, -1 1 0 °C ; ( v i )  L iA l( 0 t B u )3H; ( v i i )  mCPBA; 

( v i i i )  M eLi, 0 °C ; ( ix )  AlMe3 , Cp2Z r C l2 ; (x ) I 2 , THF, -30°C

Coupling to the sp iro a ce ta l was achieved by m etalation o f the 

tetrahydropyranyl ether (62) and a d d it io n .to  the aldehyde (48) g iv in g  

e f f ic ie n t  form ation o f the a l l y l i c  a lco h o ls  (63) (Scheme 1 1). No 

a lk y la t io n  was observed between the v in y l lith iu m  reagent (62) and the
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bromide (6 0 ). Formation o f the d ith io carb o n a te s (64) bearing  

e x c lu s iv e ly  the t r a n s -o le f in  geometry was achieved by xanthate form ation  

w ith concom itant [3 ,3 ] sigm atro p ic rearrangem ent.

Scheme 11

OH (65) OTHP
(64)

Reagents: ( i )  ^ u L i , THF, -1 00 °C ; ( i i )  (4 8 ); ( i i i )  CS2 , THF, NaH,

Mel, 55°C; ( iv )  nBu3SnH, 8 0°C ; (v) PPTS, MeOH.

Reduction and m ild a c id  h y d ro ly s is  gave the d e sire d  a lcohol (6 5 ).

A ddition o f d ianion  ( 6 6 ) to the aldehyde (6 7 ), derived from Swern 

o xid a tio n  o f the alcohol (6 5 ), a fforded the desired  6-membered lactone  

( 6 8 ) as a m ixture o f two d iastereo isom ers (Scheme 1 2 ). D e s ily la t io n  

and e lim in a tio n  re su lte d  in  a s in g le  d ie n e ca rb o x y lic  a c id  (69) which 

upon m a cro cyclic  la c to n is a t io n , using 1 -c y c lo h e x y l- 3 - (2-m orpholino

ethyl ) carbodiim ide m etho-p-toluenesulphonate as coupling agent,



follow ed by deprotection  o f the methoxy methyl ether gave ( + ) -  

m ilbemycin e3 ( 2 0 ) .
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Scheme 12

Reagents: ( i i )  ( nBu)„NF, 40°C ; (111) KH,

ca t HC1, 50°C.

; (v ) N al, acetone
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W illiam s has s in ce  developed a second, sh o rte r sy n th e sis  o f 1 ,7 -

d io xa sp iro [5 ,5 ]u n d e ca n -4 -a n e s, the sp iro a ce ta l m oiety o f milbemycin Bi 
24(16) and e3 (2 0 ). The new s tra te g y  invo lves an in te rn a l "cascade  

c y c lis a t io n "  onto a 1 ,3 -d ike to n e  interm ediate as shown below.

A ddition o f m ethyllith ium  to tra n s-4 ,5 -d im e th y lv a le ro la cto n e  (34)

and subsequent s i l y l  ether p ro te ctio n  gave the methyl ketone (70) in

65% o v e ra ll y ie ld  (Scheme 1 3). K in e t ic  deprotonation and re a ctio n

with traw s-4-benzyloxycro tonyl ch lo r id e  afforded the B-diketone adduct

(71) in  only 30-35% y ie ld .  lH N .m .r. shows (71) to e x is t  p r im a rily  in

the enolised  form (>90%). P a r t ia l c y c lis a t io n  of (71) was achieved

under-acid  co n d itio n s to a ffo rd  (7 2 ). However, a two-phase a c id -

c y c lis a t io n  procedure provided the d e sire d  sp iro a ce ta l (73) in  40%

y ie ld  as a m ixture of isomers ( 3 :2 ) .  The corresponding a lco h o ls  (75)

and (76) were separated by f la s h  chromatography. Once a g a in , the

stereochem istry a t the sp iro ce n tre  C-6  was a n tic ip a te d  by thermo-
19dynamic and ste re o e le c tro n ic  c o n tro l.

25Baker has a lso  prepared the sp iro a ce ta l moiety o f milbemycin 3 i 

(16) and B3 (20) in  the c o rre c t  enantiom eric form. The syn th e sis  

employs a key lactone interm ediate (7 8 ) ,  derived from the c h ir a l  

s ta r t in g  m aterial laevoglucosan. T h is  interm ediate was coupled to an 

a p p ro p ria te ly  designed a c e ty lid e  to provide access to the sp iro a ce ta l 

fragments common to the averm ectin and milbemycin s e r ie s .
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Scheme 13

(73)

Reagents: ( i )  CH3L i , THF, -7 8 °C ; ( i i )  ^ u f ^ S i  C l , 

(2 eq.). THF, HMPA, -7 8 °C , Ph" ^ J L .  

AG W-X4 exchange r e s in ,  to luene, 100°C;°  

E t 20 , U , 24h.

DMAP; ( i i i ) LDA

c ii ( i v ) H+ , B io -rad  

(v) 20% HBF4 in
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Preparation  o f the key lactone  interm ediate (78) was achieved in  

ten steps from laevoglucosan (7 7 ). Treatment o f (78) w ith the lith iu m  

a c e ty lid e  (7 9 ),  a 67:33 m ixture o f enantiom ers, gave the hem iacetal

(80) (Scheme 1 4). Cleavage o f the tetrahydropyranyl ether afforded  

the a ceta l (81) which on hydrogenation o f the t r ip le  bond gave (8 2 ).  

A ddition  of a c a t a ly t ic  amount o f camphorsulphonic a c id  induced 

c y c l is a t io n  to the sp iro a ce ta l (8 3 ). T h is  compound was deprotected  

to g ive  the corresponding alcohol (84) in  30% y ie ld  from (7 9 ).

C y c lis a t io n  o f (82) can fo rm a lly  y ie ld  two d ia ste re o iso m e rs, each

o f which w il l  be able to e x is t  in  two conform ations. However, the

sp iro a c e ta l would p re fe r to adopt a conform ation in  which the two

v ic in a l  methyl groups are e q u ato ria l and the r in g  oxygens are a x ia l to

the adjacent r in g ,  thereby ga in in g  s t a b i l i t y  from the anomeric 

19e ff e c t .  Consequently, only one major product, the d e sire d  s p iro 

a ceta l (8 3 ), was is o la te d . The minor enantiomer o f (79) undoubtedly 

forms the e q u iva len t adduct to (80) but fo llo w in g  hydrogenation does 

not undergo c y c lis a t io n  under the a c id  co n d itio n s employed s in c e  the 

product cannot a tta in  an a n o m erica lly  s t a b il is e d  conform ation with a l l  

four su b stitu e n ts  e q u a to ria l.

A fu rth e r  approach to the sp iro a ce ta l moiety of milbemycin (16)
26and 33 (20) was achieved by K o c ie n sk i. Th is syn th e sis  makes

27e x c e lle n t  use o f an in tram o le cu la r Mukaiyama d ire cte d  a ld o l re a ctio n  

to se t up the form ation o f the s p iro a c e ta l.

Acid ca ta lyse d  exchange o f ortholactone (85) with d io l ( 8 6 ) gave 

equal amounts of the e a s ily  separable isomers (87a) and (88a) in  70% 

y ie ld .  O zonolysis o f  the alkene follow ed by t r im e t h y ls i ly l  enol ether 

form ation gave the s p ir o c y c l ic  o rtho lactones (87b) and ( 88b) in  70% 

o v e ra ll (Scheme 15).
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Scheme 14

HO" OH
OH

( 7 7 )

( 8 2 )

BnO o ^ o
( 7 8 )

OSiPhjBu

(i)

( 8 3 )

Reagents: ( i )  L i + -  =  - !nv /OTHP (7 9 ); ( i i )  Am berlite AR 118, MeOH;
I

( i i i )  10% Pd-C, EtOH, lh ;  ( iv )  CSA ( c a t ) ,  CH2C12 ; (v) 10%

Pd-C, EtOH, 24h.
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Scheme 15

(85) EtO 
EtU (i)-

OH (iii)

R

(86)
(87a) R=CH3 (88a) R=CH3
(87b) R=OSi(CH ) (88b) R=OSi(CH )O O u O

Reagents: ( i )  H30+ ; ( i i )  0 3 ; ( i i i )  LDA, THF, -7 8 °C , Me3S iC l .

Treatment o f (87b) with an a c id  c a ta ly s t  afforded the desired  

sp iro a ce ta l (89) in  35% y ie ld .  Kocienski p o stu la te s th at ortholactone  

cleavage occurs via one o f the fo llo w in g  pathways (Scheme 16).

(1) Dioxonium ion (9 0 ),  generated by Lewis a c id -c a ta ly s e d  

cleavage of bond £  in  (8 7 b ), undergoes n u c le o p h ilic  a tta ck  by the 

s i l y l  enol ether to g ive  the d ia ste re o iso m e ric  s p iro a c e ta ls  (89) and 

(9 1 ). However, s in ce  none o f (91) was observed he concludes that  

e ith e r  a) the annelatio n  may be d ia s te r e o s e le c t iv e , or more l ik e ly  

b) that e q u ilib ra t io n  o f the le s s  s ta b le  (91) occurs under the given  

re a ctio n  co n d itio n s a ffo rd in g  the therm odynam ically more sta b le  com

pound (8 9 ); o r ,

(2) Dioxonium ion (9 2 ), generated by Lewis a c id -c a ta ly s e d  c le a 

vage of bond b_ in  (8 7 b ), c y c l is e s  to g ive  the b ic y c l ic  acetal (93) 

which in  turn undergoes Lewis a c id -c a ta ly s e d  a ceta l exchange to g ive  

(8 9 ).

Both modes o f cleavage should be favoured because bonds £  and b_ 

both have two adjacent oxygen atoms w ith anti peri p lanar lone p a ir  

e le c tro n s . S in ce  bond £  has o n ly  one adjacent oxygen atom with an



Scheme 16

Reagents: ( i )  BF3 . E t 20 .
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a n ti peri p lanar lone p a ir  o f  e le c tro n s , i t s  cleavage should not be 

favoured.

28Hanessian has re c e n tly  reported the sy n th e sis  of the s p ir o -

a ceta l u n it  (9 4 ), present in  averm ectin Bia  (2 6 ),  in  o p t ic a l ly  pure

form. In a s im ila r  approach to th at o f Baker, Hanessian generates
29the sp iro a c e ta l by condensation o f two "ch irons" , an a c e ty lid e  and

19a la cto n e , re ly in g  on anomeric s te re o se le c t io n  to generate the 

therm odynam ically favoured isomer as found in  the natural product.

Both "ch irons" were prepared from o p t ic a l ly  a c t iv e  precursors by 

m u ltiste p  sequences.

Lactone (95) was prepared via two d if fe r e n t  ro u te s, using e ith e r  

D -glucose or S -m a lic  a c id  as the o p t ic a l ly  a c t iv e  s ta r t in g  m aterial 

(Schemes 17 and 18).

Scheme 17

(95)

Reagents: ( i )  PhCHO, H+ ; { i i ) KH, B^Br; ( i i i )  pTsOH, H20, MeOH;

( iv )  t BuPh2S iC 1 , py; (v ) NaH, CS2 , Mel; ( v i ) Bu3SnH; 

( v i i )  Bui,NF; ( v i i i )  PCC; («) Ph3P=CH2 ; (x  ) 9-BBN, NaOH, 

H202 ; (x i ) Aq. AcOH, a;
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Scheme 18

OBn

Reagents: ( i )  BH3 .Me2S ; ( i i )
0 + 
A  • n+ ; ( i i i )  PCC; ( iv ) jj^ M g B r.

(v) KH, C5H5CH2B r; ( v i )  TFA; ( v i i ) 0 3, Me2S; ( v i i i )  MeOH,

BF3 .E t 20

Syn th esis  o f the a c e ty le n ic  component was accom plished from the

interm ediate (9 6 ), p re v io u sly  employed by Hanessian in  the syn th e sis  
30o f (+ )-r ifa m y c in  S , which again i s  a v a ila b le  from D -glucose (Scheme 

19). Hydrogenation o f (96) gave a 4:1 m ixture of a x ia l (97) to 

equatoria l (98) C-4 methyl d e r iv a t iv e s . P ro te ctio n  f a c i l i t a t e d  

separation to c le a n ly  a ffo rd  the required C-4 a x ia l methyl isomer (9 7 ).  

D e s ily la t io n , follow ed by halogenation , gave the primary iod ide  (99) 

in  77% o v e r a ll.  The aldehyde (100) was prepared by warming compound 

(99) in  aqueous ethanol co n ta in in g  z in c  dust and was subsequently  

hydrogenated to g ive  (1 0 1 ). Formation o f the acetylene (102) from 

( 1 0 1 ) follow ed by deprotection and re -p ro te ctio n  as the trim eth yl s i l y l  

ether gave the required a c e ty le n ic  r ig h t-h a n d  fragment (10 3).

A ddition o f lactone (95) to the lith iu m  a c e ty lid e  derived from 

(103) gave hemiacetal (104) in  38% y ie ld  (Scheme 20). H y d ro ly s is  and
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reduction  o f the a c e ty le n ic  lin k a g e  gave the c ^ s -o le f in  (105) which 

c y c lis e d  on b r ie f  exposure to BF3 .E t 20 to a ffo rd  the d e sire d  s p ir o -  

a ce ta l (106) d e s ily la t io n  o f which produced the alcohol (9 4 ).

Scheme 19

D-glucose
_fT  R=tBuPh2Si
= \ _ / l  ( 9 6 )]— [OMe 
HO CH,

(i),(ii)

( 9 9 )
HjC I— f OMe 

MOMO CH3
( 9 8 )

(v)

CHO
H,c|l

V  ■MOMO CHj 

(100)

OHC\,' (vi) OHC> 

M OM O^i^ Y ^ -h
(101)

(vii)-(ix)

( 1 0 2 )  R=MOM

( 1 0 3 )  R=TMS
R° H T - h
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Reagents: ( i )  H2 , Pd(OH)2 ; ( i i )  CH30CH2C1, ’ P r2N Et; (111) nBu„NF;

( w )  T f 20 , py, nBu„NI; (v ) Zn , EtOH, 4 5°C ; ( v i )  H2 , 

Rh/Al20 3, C6H6 ; ( v i l )  CBr„-PPh3, CH2C12 ; nB u L i;

( v i i i )  Me3S1Br -  CH2C12 , -3 0 °C ; ( ix )  Me3S iC l ,  CH2C12> 

E t 3N, DMAP.

Scheme 20

(106) R=tBuPh Si (105)
A

(94) R=H

Reagents: ( i )  nB u L i, THF, -7 8 °C ; BF3E t 20, then add ketone; H30+ ;

( i i )  H2 , Pd/BaSO^, EtOAc, py; ( i i i ) BF3. E t 20 , THF;

( v i )  "Bui+NF, THF.

A syn th e sis  of the averm ectin d isa c ch a rid e  fragment has re ce n tly  

31been published. T h is  was achieved by applying p re v io u sly  developed

methodology fo r  the s te re o s p e c if ic  sy n th e sis  of s e le c t iv e ly  protected
321 ,2 -d io l d e r iv a t iv e s . Preparation o f oleandrose (107) the key 

carbohydrate present in  the averm ectins, and i t s  coupling to form the 

d isa cch a rid e  (108) was re a d ily  c a rr ie d  out.
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O xidation o f the c h ira l a lcohol (109) and treatm ent w ith the 

boronate (110) gave an in se p arab le  m ixture o f the t r i o l  ( I l i a )  and two 

minor isomers (111b) and (111c) in  74% o v e r a ll.  P ro te ctio n  and 

hydroboration o f t h is  m ixture gave a lco h o ls  (112 a )- (1 1 2c) which were 

separated chro m ato graphica lly  (Scheme 2 1 ). O xidation o f a lcohol 

(112a) follow ed by hydrogenolysis gave the d e sire d  oleandrose (107) in  

85% y ie ld  (Scheme 2 2).

Conversion to the methyl g ly c o s id e  was stra ig h tfo rw a rd  and 

comparison o f  sp e ctra l data with the methyl g ly c o s id e  derived by 

m ethanolysis o f  averm ectin B2a showed the sy n th e tic  and natural 

m a te ria ls  to be id e n t ic a l.

Coupling o f the oleandrose u n its  was achieved by (a ) p ro te ctio n  

o f the C-4 hydroxyl and a c t iv a t io n  o f the anomeric centre  in  one 

u n it ,  and (b) a fre e  hydroxyl a t C-4 and p ro te ctio n  o f the anomeric 

centre  in  the other u n it .  Benzyl p ro te ctio n  o f (107) gave a 10:1 

m ixture of the g ly co s id e s  (113a) and (113b ) .  A ce ty la tio n  of the 

a-isom er gave (114a) which on hydrogenolysis produced the acetates  

(1 1 5 a ,b ) . A c t iv a t io n  o f the anomeric centre  by conversion to the 

2 -p y r id y lth io g ly c o s id e s  gave (116a) and (116b ) re s p e c t iv e ly  as a 

1 : 2.4  m ixture. Coupling was then achieved by the a ctio n  o f  

Pb(C10i+) 2 on a m ixture o f th io g ly c o s id e s  (116a) and (116b ) and benzyl -  

g ly co s id e  (113a).  T h is  re su lte d  in  a 3:1 m ixture o f aa and aB d i 

sacch arid e s in  59% y ie ld ,  with the natural isomer predominating 

(Scheme 2 3 ). Separation o f (116a) and (116b ) was not in  fa c t  neces

sary  fo r  the coupling re a ctio n  s in c e  the pure B-isom er gave the same 

ra t io  o f aa and aB isom ers.
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Scheme 21

BnOx |-| 
C H ^ ^ C H 2OH 

(109)

Ri r2 r 3 Ri*
r
a H OH H OMe

m  ■ b H OH OMe H

c OH H OMe H

f
a H OBn H OMe

112 •b H OBn OMe H
c OBn H OMe H

(i) BnOv i_i 
C H f ^ C H O

'=\ ,o
MeO

(1 1 0) o
 

o
H

(ii)

BnOx

CHj
R' R2

(1 11)

(iii),(iv)

OH

Reagents: ( i )  DMSO, (C0C1)2 ; ( i i ) MeO' ‘BuLi
< X  ’ ‘78°c ’

( i i i )  KH, C6H5CH2C1; ( iv )  a) 0.5M 9BBN, 50°C, b) H202 .

Scheme 22

BnO OMe
CHI c h 2oh

OBn

(112a)

(i)

Reagents: ( i )  PCC;

( i i )  20% Pd( OH) 2/ C , H2 , 20h

BnO ©Me

CH CHO
OBn

(ii)

OMe

r rH O ^ O ^ ' X H .

(107)
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Scheme 23

OMe
I

(i) - 0*)
OMe

OAc

CHj
(116a , 6)

R1 r2

(107) H H

(113a) Bn H

(1136) Bn H

(114a) Bn Ac

(1 1 5 a ,6) H Ac

OMei

(1 0 8)

Reagents: ( i )  C6H5CH20H} HC1; ( i i )  Ac20 , py, DMAP; ( i i i ) 20%

Pd( OH) 2/ C , H2 ; ( iv )  2 ,2 '-d it h io p y r id in e ,  ( nB u)3P;

(v ) P b fC lO ,) ,.

S c ie n t is t s  a t the Merck Sharp and Dohme research la b o ra to r ie s  have

33re c e n tly  synthesised  m ilbem ycins from the averm ectins. Milbemycins 

ax (1) and a3 (3) can be regarded as lower homologues o f 13-deoxy-22,23- 

dihydroaverm ectin Bj aglycone (117) where the C-25 p o s it io n  is  s u b s t i

tuted by a methyl or ethyl group instead  o f the se c-b u ty l or iso -p ro p y l 

group o f (117) (F ig u re  4 ).

S e le c t iv e  ^butyldim ethyl s i l y l  p ro te ctio n  of the re a c t iv e  C-5  

hydroxyl group o f (117) f a c i l i t a t e d  easy separatio n  o f the C-25 se c -  

butyl (118) and the C-25 propyl (119) homologues. Reaction o f (118)
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w ith 2-nitrobenzenesulphonyl c h lo r id e  gave the 1 3 -d e o x y-1 3 -e -ch lo ro -  

aglycone (120) d ir e c t ly  in  55% y ie ld  presumably formed via the 13-a- 

(2-n itrobenzenesulphonate) e s te r , which reacted under the experim ental 

co n d itio n s with the a v a ila b le  ch lo r id e  io n s. Reduction o f (120) gave 

the d esired  13-deoxy aglycone (121) in  80% y ie ld  which on d e s ily la t io n  

afforded (12 2). During the reduction  ste p , a tra ce  amount o f the 

13,14-double bond isomer (123) appeared as a by-product. T h is  was 

la t e r  separated by reverse  phase HPLC. The protected C-25 iso -p ro p y l

F igu re  4

r 5 R13 ^2 5

(1) H H c h 3

(3) H H ch2c h 3
(117) H H CH(CH3)CH2CH3

CH(CH3) 2
(118) SiMe2 du a-OH CH(CH3)CH2CH3
(119) S i Me2t Bu a-OH CH(CH3) 2
(120) SiMe2t Bu 6-C1 CH(CH3)CH2CH3
(121) SiMe2t Bu H CH(CH3)CH2CH3
(122) H H CH(CH3)CH2CH3
(124) H H CH(CH3) 2
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aglycone d e r iv a t iv e  (119) gave, in  an id e n t ic a l s e r ie s  o f re a c t io n s ,  

13-deoxy-22,23-dihydroaverm ectin BXb aglycone (124) together with the 

isom eric (125).
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RESULTS AND DISCUSSION

The work presented in  t h is  th e s is  i s  d ire cte d  towards the prepara

tio n  o f model compounds fo r  the southern hemispheres (126) and (127) 

o f the averm ectins and m ilbem ycins re s p e c t iv e ly , h o p e fu lly  u t i l i s i n g  

methodology which m ight u lt im a te ly  be incorporated in to  the to ta l 

syn th e sis  o f the natural products.

A lso  included are sy n th e tic  e f fo r t s  towards the preparation  o f  

cyclohexenone (1 2 8 ), a key su b -u n it necessary fo r  the sy n th e sis  o f  

milbemycin Bi (1 6 ).

OH OMe

(126) (127)

OR

OMe

(128)
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SYNTHESIS OF SECO-MODEL COMPOUNDS

I t  was envisaged th a t co n stru ctio n  o f an a c y c l ic  seco-model o f  

s tru c tu re  (129) could be achieved by y -a lk y la t io n  o f a g -ke to e ste r

(1 3 1 ), using an appropriate  aldehyde (1 3 2 ), follow ed by s e le c t iv e  

reduction  of the ketone carbonyl group in  (13 0).

(132)

T h is  approach would produce a stru c tu re  that i s  f le x ib le  but con

ta in in g  e sse n tia l s tru c tu ra l elements common to the averm ectin southern  

hemisphere.

W eiler has a lread y demonstrated the u t i l i t y  o f g -k e to e ste r  

y - a lk y la t io n J  He has shown th a t d ianions can be generated from a 

v a r ie ty  o f g -k e to e ste rs , by sequential treatment with sodium hydride  

and nBuLi (a t  0 °C ). These d ian ions subsequently reacted with a wide 

range o f a lk y la t in g  agents to produce e x c lu s iv e ly  y -a lk y la te d  products 

in  good y ie ld .
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o o
A A OR'

(i) NaH
(ii) nBuLi

O 0
A A A 0r-© ©

R 1 = Me,Et 2
9 i n  R XR2 = Me,Et, Pr, Bu

CH =CHCH_,C_H CH 2 2 ’ 6 5 2
O O

R*— A vA ^ o r '

M ethacrolein (133) was added a t -78°C  to the d ianion o f b e n zy l-  

acetoacetate  (1 3 4 ), generated accord ing to the W eiler procedure, and 

used here as a model fo r  the sp iro a ce ta l 3 -ke to e ste r (1 3 1 ). The deep 

orange co lo u r o f the d ianion  faded immediately on a d d itio n  o f the 

aldehyde. The m ixtu re, on warming to 0°C over 30 min, was worked-up 

to g ive  the required  a ld o l product (135) in  45-50% y ie ld .

OCH,Ph

(134)

(i) NaH
(ii) nBuLi 

O(iii) Me> (133) (135)

v , v i 3429, 1741, and 1711 cm "i.maA
5 (250 MHz): 2.76 (2H, d, J  7.2  Hz, H-4),

3.57 (2H, s ,  H-2),

4.52 (1H, m, H-S).
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Sp e ctra l evidence c le a r ly  supported the assigned s tru c tu re  (13 5).

The presence o f the ketone and e s te r  fu n ctio n s was in d ica te d  by strong  

absorptions in  the in fra re d  spectrum a t 1711 and 1741 cm"1 r e s p e c t iv e ly ,  

which would not be the case i f  0 -a lk y la t io n  had occurred. The high  

f ie ld  Hi n .m .r. spectrum showed a two proton s in g le t  at 63.57, assigned to 

the methylene protons a t C -2 , and the absence o f a three proton s in g le t  

a t ca. 62.30 was evidence th a t the a lk y la t io n  had occurred a t the 

y-carbon as shown.

With t h is  r e s u lt  in  hand, preparation  o f a s u ita b le  sp iro a ce ta l

acetoacetate  model compound (131) could be undertaken. Concurrent

work in  these la b o ra to r ie s  had re su lte d  in  the preparation  o f (2 S ,8 R )-

8 -m ethyl-2 -phenyl- 1 ,7 -d io x a sp iro [5 ,5 ]u n d e c a n -4 (S )-o l (136) via an
2

organoselenium -m ediated c y c l is a t io n  re a ctio n  (Scheme 2 4 ). T h is  com

pound was chosen as the appropriate  sp iro a ce ta l appendage fo r  coupling  

to the d e sire d  3 -ke to e ste r s id e  ch a in .

Scheme 24

Formation of the 3 -ke to e ste r (137) was achieved using the procedure 
3of Mauz. A ddition  o f excess diketene to a wanned so lu tio n  o f s p iro 

acetal (136) in  THF co n ta in in g  t r ie t h y l amine (0 .5  e q u iv .) and heating  

to re f lu x  fo r  Ih gave acetoacetate  (137) in  89% y ie ld .
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vm : 1742 and 1717 cm-1max

6 (250 MHz):

1.13 (3H, d , J  7 .2  H z, C-8  Me)

2.25 (3H, S , H-4')

3.41 (1.68H , s ,  H-2')

3.71 (1H, m, H-8)

4.71 (1H, dd, J  2 .2 , 11.5 Hz, H-2) 
5.47 (1H, m, H-4)

Reaction o f the dianion from (137) was attempted using benzaldehyde 

as a ty p ic a l re a c tin g  aldehyde. A ddition  o f benzaldehyde to the d i -  

anion o f (1 3 7 ), generated by sequentia l treatm ent with sodium hydride  

(a t 0°C) and nBuLi (a t  -2 0 ° C ) ,  in  THF a t -78°C and quenching the re a c

tio n  a t 0°C a f t e r  30 min u n fo rtu n ate ly  gave only a 35% y ie ld  o f the 

a ld o l product (13 8).

(138)

T h is  r e s u lt  may a r is e  from the 3 -ke to e ste r (137) co n ta in in g  a 

r e la t iv e ly  a c id ic  p o s it io n  a t C-2 and therefore  not being p a r t ic u la r ly  

sta b le  to the re a ctio n  co n d itio n s fo r  form ation o f the d ia n io n . I f  

c o r re c t ,  t h is  observation  p o ints out c e rta in  d i f f i c u l t i e s  w ith the



W eiler methodology. An a lte rn a t iv e  approach fo r  the form ation o f an 

a c y c l ic  model i s  th e re fo re  d e s ira b le .

Recent work in  these la b o ra to r ie s  has shown th a t the anions o f
+■

butyl ace to th io ace ta te  (1 3 9 ), by analogy with the work o f W eiler

p re v io u sly  d e scrib e d , w i l l  re a c t  in  a r e g io s p e c if ic  manner w ith a
4

v a r ie ty  o f a lk y la t in g  agents.
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o o

(139)

The e -k e to th io e ste r products r e s u lt in g  from these a lk y la t io n  re a ctio n s

are rem arkably v e r s a t i le ,  combining many o f the p ro p e rtie s  of both 
5 1 6

th io e s te rs  and s -k e t o e s t e r s * ,and have been shown to undergo d ir e c t  

and e f f ic ie n t  conversion to e ste rs  and lactones upon a c t iv a t io n  in  the 

presence o f an a lc o h o l.^

Sin ce  a lk y la t io n  o f the sp iro a c e ta l acetoacetate  (137) proceeded 

in  an unacceptable y ie ld ,  i t  seemed reasonable th a t re a ctio n  o f-th e  

dianion o f ^butyl ace to th io ace ta te  (139) with a s u ita b le  aldehyde 

follow ed by t r a n s e s t e r if ic a t io n  with the sp iro a ce ta l (136) might o f fe r  

a su p e rio r sy n th e tic  ro u te , a lb e it  one step lo n ger. A lso , the r e s u lt 

ing t r a n s e s t e r if ic a t io n  methodology may u lt im a te ly  be a p p lic a b le  as the 

f in a l  co u p lin g  step in  the form ation of the 16-membered lactone present 

in  the averm ectins and m ilbem ycins.

^Butyl a ceto th io ace ta te  (139) was conveniently  prepared in  69% 

y ie ld  by treatm ent o f diketene w ith sodium ^ b u ty lth io l ate in  THF at  

-10°C  over Ih . Use o f the th io l ate anion in  t h is  manner circum vents
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the a d d itio n  o f th io l to the double bond o f diketene noted elsew here. 8

eBuSH *BuS0
O O

(139)

Data fo r  compound (139)

vmax: 1721’ 1576, and 1621 cm” 1

(250 MHz): 1.54 (9H, s ,  tBu)

2.30 (3H, s ,  H-4)

3.57 (2H, s ,  H-2)

The in fra re d  spectrum o f ^butyl a ceto th io ace ta te  shows three

strong carbonyl absorptions a t 1721, 1676, and 1621 cm"1 fo r  the ketone, 

th io e s te r , and e n o lise d  th io e s te r  re s p e c t iv e ly .

Sequential treatment o f  (139) with one e q u iva len t o f sodium hydride  

(a t 0°C) and one eq u iva len t o f nBuLi (a t  -2 0°C ) in  THF gave the expected 

dianion (140) as a deep yellow /orange s o lu t io n .

o o
eA r Jl's'Bu

(140)

In a b r ie f  stu d y, t h is  d ianion  was shown to re a ct w ith a range of 

aldehydes in  good y ie ld .
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Aldehyde

i
O
Jl

o

Me-

Product
OH o O

(141) 

pH o O
Ŝ Bu

(142)
OH O O

Yield

84%

83%

89%

Each product re ta in s  strong absorptions in the in fra re d  spectrum  

a t ca. 1710- 1720 and 1670 cm-1 in d ic a t in g  the re te n tio n  o f the ketone 

and th io e s te r  fu n ctio n a l groups. From the lH n .m .r. spectra  o f the 

products i t  i s  evident th at a lk y la t io n  has again occurred e x c lu s iv e ly  

at the y-carbon atom. Each product shows a two proton s in g le t  a t

53.61 -  3.63 due to the a-m ethylene protons and each has lo s t  the three  

proton s in g le t  a t 62.30. The two protons a t C-4 in  (142) and (143) 

now appear as m u lt ip le ts  a t 52.78. The protons a t C-4 in  (141) each 

appear as a double d oublet, presumably due to the m olecule adopting a 

p a r t ic u la r  conform ation as a r e s u lt  o f in tra m o le cu la r hydrogen bonding 

in  which the C-4 protons now become d is t in g u ish a b le  in  the XH n.m .r.

The a l l y l i c  a lcohol (142) was protected to g ive  the ^b u tyld im ethyl-
g

s i ly lo x y  d e r iv a t iv e  (144) in  93% y ie ld .
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O ^ S *B u

O;

OSiMê Bu

(1 4 4 )

Compound (144) represents a s u ita b le  su b stra te  with which to 

attempt t r a n s e s t e r if ic a t io n  re a c tio n s . The methodology fo r  the th io -  

e s te r  to oxoester conversion was o r ig in a l ly  developed by Masamune in  

order to f a c i l i t a t e  m a cro cyclic  la c to n is a t io n  in  the syn th e sis  o f  

m ethym ycin.^  A c t iv a t io n  o f the 2-m ethylpro p an e-2-th io l e s te r  with 

two e q u iva len ts o f Hg**(CF3C02 )2 in  a d ilu te  re a ctio n  medium ( 0 . 0 1 M in  

a c e t o n it r i le )  led to in tram o le cu la r la c to n is a t io n  (Scheme 2 5 ).

The scope o f the re a ctio n  was la t e r  widened by a study on the 

v a r ia t io n  o f the s o ft  metal ca tio n  and the acetate  counterion with  

respect to the s p e c if ic  th io e s te r  and a lcohol co n ce rn e d .^

Scheme 25

o
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However, r e s u lts  obtained in  these la b o ra to r ie s  had shown th a t, con

tr a r y  to the observations o f Masamune, s i lv e r  t r if lu o r o a c e t a t e  proved

to be the reagent o f choice  as the a c t iv a t in g  agent fo r  S -*■ 0 e ste r  

. 4conversion.

Using cyclohexanol as a model a lc o h o l, compound (144) was tra n s -  

e s t e r if ie d  by s t i r r in g  as a m ixture in  THF to which one eq u iva len t o f  

s i lv e r  t r if lu o r o a c e ta te  had been added. T h is  afforded a ft e r  18h the 

oxoester (145) in  67% y ie ld .

vm : 1735 and 1712 cm- 1  max

The in fra re d  spectrum c le a r ly  shows the presence o f an oxoester 

with strong absorptions a t 1735 and 1712 cm- 1  fo r  the e ste r  and ketone 

f u n c t io n a lit ie s  re s p e c t iv e ly .

S e le c t iv e  reduction o f the ketone group using sodium borohydride  

gave the alcohol (146) as a 2:1 m ixture o f d ia stereo iso m ers, which on 

deprotection using te tra  nbutylammonium f lu o r id e ^ 5̂  in  THF over 10 min 

gave the d esired  d io l (147) in  96% o v e ra ll y ie ld .

Replacement o f cyclohexanol in  the t r a n s e s t e r if ic a t io n  re a ctio n  by 

the sp iro a ce ta l (136) would th e re fo re  provide access to the a c y c l ic  

seco-model compounds.
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(1 4 6 ) (1 4 7 )

The ^butyl dimethyl s i  ly lo x y  d e r iv a t iv e s  (144) and (148) were c le a n ly  

t r a n s e s t e r if ie d  with the sp iro a ce ta l (136) and s i lv e r  t r if lu o r o a c e ta te  

(2 e q u iv .) over 18h to g iv e  the oxoesters (149) and (150) in  77 and 76% 

re s p e c t iv e ly  (Scheme 26). Experim entation had shown th a t the use o f  

two eq u iva len ts o f s i lv e r  t r if lu o r o a c e ta te  led to increased  y ie ld s  o f  

the d esired  e s te r  product. T h is  r e s u lt  may in d ic a te  th at the f i r s t  

equ iva len t o f Ag0C0CF3 becomes complexed between the ketone and e ste r  

oxygen atoms. In accord w ith Masamune's p o stu la tio n , i t  i s  thought 

th a t the e f f ic ie n t  e s te r  and lactone form ation, p a r t ic u la r ly  with  

s t e r ic a l ly  hindered a lc o h o ls , proceeds through coo rd in atio n  o f the 

alcohol with a p o ss ib le  interm ediate as shown in  (1 5 5 ), which then 

co lla p se s  in to  the oxoester and s i l v e r  s a lt s .

As b efo re, s e le c t iv e  reduction  o f the ketones (149) and (150) 

using sodium borohydride in  methanol gave the secondary a lco h o ls  (151) 

and (1 5 2 ), each as a 2:1 m ixture o f d ia ste re o iso m e rs, in  100 and 97% 

y ie ld  re s p e c t iv e ly .



Scheme 26

(1 5 3 ) R = H (1 5 1 ) R = H

(1 5 4 ) R =CH^ (1 5 2 ) R = CHg
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Remarkably, deprotection  o f (151) using TBAF/THF over 10 mins gave 

only a 38% y ie ld  o f the desired  d io l (153) as well as a su b sta n tia l 

amount o f recovered sp iro a ce ta l (13 6). T h is  presumably r e s u lts  from 

the b a sic  nature o f te tra  nbutylammonium f lu o r id e  causing sa p o n ific a tio n

of the e s te r . However, using the Roberts' procedure (40% HF/CH3CN,
13 t5:95) , m ild and e f f ic ie n t  cleavage of the butyl dimethyl s i l y l  ether

to g ive  the d io l (153) (97%) was achieved. S im ila r ly ,  hydroxyester

(154) was obtained in  q u a n tita tiv e  y ie ld  from (152).

The seco-model compounds (2 S ,8 R )-8 -m eth yl-2-p h en yl- 1 ,7 -d io x a sp iro -  

[5 ,5 ]u n d e ca n -4 (S )-y l 3 ' , 5 ' -d ih yd ro xyh ep t-6 1-enoate (153) and i t ' s  6 ' -  

methyl homologue (154) were submitted fo r  b io lo g ic a l screen ing but were 

found to be in a c t iv e .
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ATTEMPTED SYNTHESIS OF A REACTIVE g-ALKENYL-B-LACTONE MODEL FOR SPIRO- 

ACETAL COUPLING

A second model study focused on the preparation o f a b i - c y c l i c  

stru c tu re  (156) in  which the e s te r  carbonyl and the e-hydroxyl 

fu n ctio n a l groups are connected as a re a c t iv e  e -la cto n e  m oiety. 

Coupling to the sp iro a c e ta l would then in vo lve  n u c le o p h ilic  a tta ck  

by the sp iro a ce ta l a lcohol on the e -la cto n e  carbonyl generating a 

e-hydroxyester in  which the re gio ch em istry  a t these two centres is  

co n tro lle d .

(156)

Methodology developed in  these la b o ra to r ie s  allow s the form ation

o f such a -a lk e n y l-e - la c to n e  systems by treatm ent o f  a s u ita b le  a lkenyl

epoxide with pentacarbonyliron ( Fe ( CO) 5) under photochemical co n d itio n s

to generate the corresponding T T -a lly ltr ic a rb o n y l iro n  lactone complex 
14(157). These ir - a l1y lt r ic a r b o n y l iro n  complexes are v e r s a t i le  in t e r 

mediates and upon o xid a tio n  with c e r ic  ammonium n it r a t e ,  a ffo rd  3-  

lactones (1 5 8 ). The product a r is e s  from coupling between the lactone  

carbonyl and C-2 (see d iagram ), the o v e ra ll sequence being a formal 

re g io s e le c t iv e  2tt + 2tr a d d itio n  o f carbon d io xid e  to a diene.



61

(1 5 7 )

Reagents: ( i )  F e (C 0 )5; ( i i )  CAN, EtOH, -5 °C .

Formation o f the ir -a l ly lt r ic a r b o n y lir o n  lactone complex has s in ce

been re in v e stig a te d  and two su p e rio r p ra c t ic a l a lte rn a t iv e s  to the use

15of the v o la t i le  and to x ic  pentacarbonyliron have been developed. 

Treatment o f an a lken yl epoxide with nonacarbonyld iiron ( Fe2 (CO) 9) in  

e ith e r  a) benzene under sonochemical c o n d it io n s ^  or b) as a m ixture  

in  T H F ^ , g e n e ra lly  produce the T T -a lly lt r i  carbonyl iro n  lactone complex 

in  su p e rio r y ie ld  to the photochemical method. Consequently, i t  was 

f e l t  that i f  a s u ita b le  a lkenyl epoxide (159) could be prepared, th is  

would then allow  access to the corresponding T T -a lly lt r i  carbonyl iro n  

lactone complex (160) and hence the model 6-la cto n e  (15 6).

ai

OH

(1 5 9 ) (1 6 0 )

OH

(1 5 6 )

Syn th e tic  e f fo r t s  d ire cte d  towards the preparation o f the a lkenyl 

epoxide (159) began w ith the B irch  reduction of p -xy len e  to g iv e  the 

expected 1 ,4 -d im e th y l- 1 ,4-cyclohexadiene (161) in  84% y ie ld .  Several
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attempts were made to conjugate the double bonds to g iv e  the 1 ,3 -

lactone w ithout the fre e  hydroxyl group. However, these attempts 

only ever re su lte d  in  recovered s t a r t in g  m aterial o r in  in sep arab le  

m ixtures o f the conjugated and non-conjugated isom ers in  accord w ith

Treatment o f a s u ita b le  e -y -u n sa tu ra te d -6-hydroxy cyclohexene c a rb o x y lic  

a cid  (163) with DMF-dineopentyl a ce ta l in  a non-polar so lve n t causes a 

smooth d e carb o xyla tive  e lim in a tio n  to g ive  the conjugated diene (162) 

in  good y ie ld  (Scheme 2 7 ) . '  However, th is  procedure was not attempted.

Scheme 27

18cyclohexadiene (162) and thereby f a c i l i t a t e  the sy n th e s is  o f  a e-

19the experim ental observations o f B irc h .

(1 6 1 ) (1 6 2 )

The r e g io s p e c if ic  preparation  o f 1 ,3-cyclohexadiene  d e r iv a t iv e s

20under non-isom erising co n d itio n s has been achieved by Eshenmoser.

(1 6 3 )
64%

(1 6 2 )

MeN O—^
N—^

Me7 O —
Reagents: ( i )  Zn(BH4) 2 , MeMgBr; ( i i )  NaOH; ( i i i )
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Formation o f the mono-epoxide (164) was achieved in  84% y ie ld  by

tre a t in g  the non-conjugated diene (161) w ith one eq u iva len t o f mCPBA

21at 0°C . I t  was hoped th a t base-induced r in g  opening^ o f epoxide (164) 

would g iv e  p -xy len e  hydrate (165) which on p ro te ctio n  and r e g io s p e c if ic  

epoxidation from the s t e r ic a l ly  le a s t  hindered face  would then a ffo rd  

the a lkenyl epoxide (16 6). However, r in g  opening o f the epoxide (1 6 4 ), 

using the s tro n g ly  b a s ic  lith iu m  diethylam ide a t -60°C in  E t20 , gave 

the t e r t ia r y  alcohol (167) as the only product.

OH OR

(1 6 5 ) (1 6 6 )

Data fo r  compound (167)

v v  • 3360, 2970, and 1500 cm" 1

6(250 MHz): 1.32 (3H, s ,  C - l Me)

1.28 (3H, d, J  2 .3  H z, C-4 Me)

1.99 (1H, br s ,  OH)

2.36 (1H, dd, J  2 .3 ,  18.9 H z, H-6)

2.46 (1H, ddd, J  1 .5 , 2 .3 , 18.9 Hz, H-6)

5.55 (1H, m, h-5)

5.75 (1H, d, J  9 .3  Hz, H-2)

5.84 (1H, dd, J  1 .5 , 9 .3  H z, H-3)
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Treatment o f the mono-epoxide (164) wit h  a second e q u iva le n t o f  

mCPBA gave a 7:3 m ixture o f  two h ig h ly  c r y s t a l l in e  diepoxides (168) and 

(169) in  87% combined y ie ld .

6(250 MHz):

1.34 (6H, s ,  C -1 ,-4  Me)

2.18 (2H, d, J  17.0 H z, H-3,-6)

2.35 (2H, dd, J  3 .8 , 17.0 Hz, H-3,-6) 
2.93 (2H, d, J  3 .8  Hz, H-2,-5)

6(250 MHz):

1.30 (6H, s ,  C -1 ,-4  Me)

2.15 (2H, dd, J  3 .4 , 17.0 Hz, H-3,-6)

2.59 (2H, d , J  17.0 Hz, H-3,-6)

2.92 (2H, d, J  3 .4  Hz, H-2,-5)

A comparison of the h ig h - f ie ld  *H n .m .r. spectra  o f the two d i -  

epoxides c le a r ly  shows the d if fe re n t  environments in  which the methylene 

protons are s itu a te d  in  each compound. In the c is -d ie p o x id e , both 

epoxide oxygens are present on the same face  of the m olecule. The two 

pseudo-axial protons a t C-3 and C-6 in  t h is  isomer are e x te n s iv e ly  de- 

sh ie ld ed  by the c lo se  p ro xim ity  o f these oxygens and consequently  

resonate downfield a t 62.59. C o n verse ly , the pseudo-equatorial protons 

are r e la t iv e ly  sh ie ld ed  and resonate u p fie ld  at 62.15. In the trans- 
d iep o xid e , with the oxygen atoms on opposite faces o f the m olecule, the 

above e ffe c ts  are not so pronounced, and a l l  four methylene protons 

experience some d e sh ie ld in g . Hence the resonances fo r  the pseudo- 

a x ia l and -e q u a to ria l protons in  the tra n s-d ie p o x id e  occur w ith in  the 

l im it s  se t by the c fs -d ie p o x id e  ie at 62.35 and 2.18 re s p e c t iv e ly . The 

above observations were confirm ed by an X -ray  c ry s ta l s tru c tu re  obtained  

on the h ig h ly  c r y s t a l l in e  tra n s-d ie p o x id e  (168).

(1 6 8 )

o

(1 6 9 )
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That the more s t e r ic a l ly  crowded cis-diepoxide i s  the major isomer 

im p lies th a t the i n i t i a l  mono-epoxide exe rts some d ire c t in g  e f fe c t  on 

the incoming peroxy a c id ,  presumably by hydrogen bonding, in  an analo

gous manner to the d ire c t in g  and promoting e ffe c t  o f an a l l y l i c  

22hydroxyl group. For la rg e  sc a le  preparations o f the d ie p o xid e s, the 

mono-epoxide was never is o la te d .

By tre a t in g  e ith e r  diepoxide with only one e q u iva len t of base, i t  

was hoped th at in  each case a s in g le  epoxide could be opened in  a con

t r o lle d  manner and thereby generate the required a lkenyl epoxide.

Using the more abundant c is -d ie p o x id e  (169) fo r  the t r i a l  r in g  opening 

re a c t io n s , treatm ent with one e q u iva len t o f lith iu m  diethylam ide in  

e th e r, heated a t r e f lu x  fo r  1h , gave a m ixture o f two products (170) 

and (171) as w ell as recovered s ta r t in g  m a te ria l.

vmax: 33(50’ 2980, and 1600 cm"1.

6(250 MHz):

1.32 (3H, s ,  C - l Me)

5.09 (1H, s ,  =Ch 2)

5.15 (1H, s ,  =Ch 2)

5.83 (1H, dd, J  1 .0 , 10.2 WzK H-3)

6.10 (1H, d, J  10.2 Hz, H-2)

vmax* 3400, 2980, and 1665 cm"1. 

6(60 MHz):

1.05 (6H, t ,  J  7 .0  Hz, CH2Ctf3)

1.18 (3H, s ,  C-2 Me)

1.75 (3H, br s ,  C-5 Me)

2.55 (4H, q, J  7 .0  Hz, Ctf2CH3)

5.50 (1H, m, h -6)
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Compound (170) re s u lts  from the i n i t i a l  opening o f one epoxide to 

g iv e  the a lcohol (17 2). T h is  compound has a c id ic  protons in  the 

a l l y l i c  p o s it io n  which are p r e f e r e n t ia lly  abstracted  by a second 

eq u iva len t o f  base to g iv e  the t e r t ia r y  alcohol (1 7 0 ). Amine (171) 

re s u lts  from r in g  opening o f the f i r s t  epoxide by the amide base un

c h a r a c t e r is t ic a l ly  a c tin g  as a n u c le o p h ile . The re s u lt in g  e-hydroxy  

amine (173) presumably e xe rts  a d ire c t in g  e ffe c t  on the incoming amide 

base so th a t the second epoxide i s  r e g io s p e c if ic a l ly  opened to g iv e  the 

secondary alcohol (171).

Hoffmann has shown th a t the regio chem istry  o f the E-2 l ik e  opening

p r e fe r e n t ia lly  form the e n d o cy c lic  a l l y l i c  a lc o h o l, presumably by 

i n i t i a l  proton a b stra ctio n  to form the e x o c y c lic  double bond and then 

by e q u ilib r a t io n , in  which the amide a cts  as a weak p ro tic  a c id ,  to 

g ive  e x c lu s iv e ly  the o le f in  o f thermodynamic c o n tro l.

Using t h is  procedure, re a ctio n  of c£ s-d ie p o xid e  (169) with one

OH
(1 7 2 ) (1 7 3 )

23of the tran s-e p o xid e  (174) can be c o n tro lle d  by the cho ice  o f base.
24The le s s  s t e r ic a l ly  demanding lith iu m  ethylenediam ide base w ill

equ iva lent of lith iu m  ethylenediam ide in  a 4:1 m ixture o f E t20:THF 

at r t  gave a fte r  30 mins the a lkenyl epoxide (175) in  76% y ie ld  and 

the d io l (1 7 0 ), observed p re v io u s ly , in  12% y ie ld .
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,9

(1 7 4 )

,'OH

NH2NHLi
110 C ,5 h

O.

OH
(1 7 5 )

vm : 3510, 2940, and 1660 cm"1,max

6(250 MHz):

1.43 (3H, s ,  C-5 Me)

1.78 (1H, dd, J  4 .5 ,  15.2 Hz, H-6)

1.86 (3H, d , J  1 .4  Hz, C-2 Me)

2.30 (1H, dd, J  1 .9 , 15.2 Hz, H-6)

2.55 (1H, d , J  11.4 Hz, Otf)

3.20 (1H, dd, J  1 .6 ,  4 .5  Hz, H-4)

3.77 (1H, ddd, J  1 .9 , 4 .5 , 11.4 Hz, H-l)

5.82 (1H, m, H-3)

The h ig h - f ie ld  lW n .m .r. shows the product (175) to be contaminated 

with a small percentage (<5%) o f the isomer (1 7 6 ), presumably r e s u lt in g  

from rin g  m etalation follow ed by a -e lim in a tio n  and rearrangement o f the 

r e s u lt in g  carbenoid sp e c ie s . The o le f in ic  protons in  (176) appear as 

a sharp s in g le t  at 65.90. T h is  minor isomer was inseparab le  from 

alkenyl epoxide (175) and consequently was c a rr ie d  through the sy n th e tic

sequence.
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a .

OH

(1 7 6 )

Treatment o f the a lkenyl epoxide (175) with nonacarbonyld iiron  

(Fe 2 (C 0 )9) ,  s t ir r e d  as a so lu tio n  in  THF a t 20°C fo r  12h gave the 

expected TT-allyl t r i  carbonyl i ron lactone complex (177) in  21% y ie ld .

vmax: 3400 ’ 2920. 2080, 2010, and 1660 
cm"1

4

5(90 MHz):
1.58 (3H, s ,  C -l Me)

1.62 (3H, s ,  C-4 Me)

1.80 -  2.25 (3H, m)

3.65 (1H, m, H-5)

4.98 (1H, d, J  4 .4  Hz, H-2)

5.02 (1H, d, J  4 .4  Hz, H-3)

Attempted o x id a tio n  o f compound (177) using c e r ic  ammonium n it r a te  

in  ethanol a t -40 -* 0°C over lh  d id  not provide the d e sire d  8 -la cto n e . 

The presence o f the fre e  hydroxyl group may be a co m p licatin g  fa c to r  

in  the decomplexation of the ir -a l ly lt r ic a r b o n y l iro n  la cto n e . H o p e fu lly , 

p ro te ctio n  a t the TT-allyl t r i  carbonyl iro n  lactone stage follow ed by o x i

dation and deprotection would a ffo rd  the desired  product.

I t  was assumed that treatm ent o f the tra n s-d ie p o x id e  with the le s s  

s t e r ic a l ly  demanding amide base would produce analogous r e s u lt s  to the 

opening o f the c is -d ie p o x id e . T h is ,  however, was not the case.

Inverse a d d itio n  of lith iu m  ethylenediam ide to a THF so lu tio n  o f the

?-'c-Fe(CO)1

OH
(1 7 7 )
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tra n s-d ie p o x id e  and s t i r r in g  a t r t  fo r  lh  gave a m ixture o f three  

products. The p o la r t ra n s -d io l (1 7 8 ), formed by i n i t i a l  proton 

a b stra ctio n  from the a-methyl group, was re p ro d u cib ly  formed in  25% 

y ie ld ,  a much h igh er percentage than in  the c-is-d iep o xid e  case.

OHt

OH
(1 7 8 )

umax: 3355» 2970> 2927> 1662> and 1605 cm'1. 

5(90 MHz):
1.35 (3H, s ,  C-1 Me)

1.71 (1H, d , J  12.9 Hz, H-6)

2.12 (1H, dd, J  4 .9 ,  12.9 Hz, H-6)

2.37 (2H, br s ,  Off)

4.55 (1H , m, ff-S)

5.05 (1H, s ,  =Cff2 )

5.30 (1H, s ,  =Cff2 )

5.62 (1H, d, J  10.0 Hz, H-3)

6.11 (1H, d , J  10.0 Hz, ff-2)

The two other p ro d u cts, in sep arab le  by chromatography, re su lte d  

from equal proton a b stra ctio n  from e ith e r  s id e  o f the epoxide, r e s u lt 

ing in  a 35% y ie ld 'o f  each o f the required  a lkenyl epoxide (179) and 

the isom eric (18 0).

o..

OH
(179)

6(90 MHz):

1.40 (3H, s ,  C-5 Me)

1.68 (1H, dd, J  3 .9 ,  16.7 Hz, h -6)

1.80 (3H, br s ,  C-2 Me)

2.55 (1H, d , J  16.7 Hz, H-6)

3.00 (1H, d , J  4 .6  Hz, H-4)

4.25 (1H, m, ff-2)

5.70 (1H, m, H-3)
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(1 8 0 )

6(90 MHz):

1.32 (3H, s ,  C-4 Me)

1.44 (3H, s ,  C -l Me)

1.68 (1H, br s ,  OH)

1.92 (1H, ddd, J  1 .3 , 2 .0 , 15.3 Hz, H-S)

2.45 (1H, dd, J  2 .6 , 15.3 H z, H-6)

3.30 (1H, m, H-S)

5.77 (2H, s ,  H-2,-3)

Base induced epoxide iso m e risa tio n s  to a l l y l i c  a lco h o ls  req u ire

25the removal of a s y n -q u a s i-a x ia l proton. In the trccns-d iep o xid e

(1 6 8 ), the experim ental observations show that two such protons can be 

removed, with equal p r o b a b ilit y ,  from e ith e r  side  o f the epoxide. In  

the e is -d ie p o x id e  (169) however, the cyclohexane r in g  i s  probably  

tw isted in  order to reduce the e le c tro n ic  in te ra c tio n  between the 

oxygen lone p a irs  s itu a te d  on the same face  of the m olecule. T h is  

could r e s u lt  in  the increased l a b i l i t y  o f a s in g le  proton on one s id e  

o f the epoxide and lead to the predominant generation o f the s in g le  

a l l y l i c  a lcohol (17 5).

Treatment o f the m ixture o f (179) and (180) with nonacarbonyld i- 

iro n , with the p o s s ib i l i t y  of se p ara tin g  the two r e s u lt in g  T r - a l ly l t r i -  

ca rb o n yliro n  la c to n e s , re su lte d  in  a complex m ixture of products.

I t  has been shown th at o x id a tio n  o f the C-5 hydroxyl group in  the

averm ectin southern hemisphere follow ed by s te re o s p e c if ic  reductio n  of

the newly formed enone carbonyl w ith sodium borohydride g iv e s  e x c lu s iv e ly  
26

the 3 -h y d ro x y l. Furtherm ore, the n a tu ra lly  o ccu rrin g  m ilbem ycins J  

and K both contain  enones in  t h e ir  southern hemispheres. Consequently, 

i f  a lkenyl epoxide (175) were o x id ise d  to g ive  the enone, t h is  would 

then represent a s u ita b le  compound fo r  both the iro n  lactone complex 

form ation and the o x id a tio n  to the 3 -la cto n e .
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Attempts to o x id is e  a l l y l i c  a lcohol (175) using both a ctiv a te d  

28 29manganese d ioxid e  and F e t iz o n 's  reagent gave recovered s t a r t in g  

m a te ria l. Even under h e a v ily  buffered c o n d it io n s , o x id a tio n  using  

PCC repeatedly gave the ch lo ro h yd rin  enone (181) as the only is o la b le  

product in  38% y ie ld .

OH

o
(181)

vmax: 3450 ’ 2980» 1685» and 1618 cm"1.

6(250 MHz):

1.42 (3H, s , C-5 Me)

1.85 (1H, br s ,  Oh)

2.03 (3H, d, J  2 .0  Hz, C-2 Me)

2.96 (1H, dd, J  1 .0 , 15.1 Hz, H-6)

3.11 (1H, d, J  15.1 Hz, H-6)

3.69 (1H, m, H-4)

6.69 (1H, m, h-3)

The in fra re d  spectrum o f compound (181) c le a r ly  shows the presence  

of both the fre e  hydroxyl and the enone fu n c t io n a lit ie s  w ith strong
31absorptions a t 3450 and 1685 cm-1 re s p e c t iv e ly . C o l l in 's  o xid a tio n  

did however provide the required  epoxy enone (182) in  80% y ie ld .

ov

o
(182)

vmax: 34465 29635 2926’ 1676» and
1449 cm"1.

6(90 MHz):

1.50 (3H, s ,  C-5 Me)

1.80 (3H, d, J  1.3 Hz, C-2 Me)

2.60 (1H, d, J  19.3 Hz, H-6)

3.08 (1H, dd, J  1 .3 , 19.3 Hz, H-6)

3.25 (1H, dd, J  1 .3 , 3.9  Hz, H-4) 
6.90 (1H, m, H-3)

A ddition of 1M NaOH so lu tio n  to the ch loro h yd rin  (181) and s t i r r in g  

fo r  20 min caused r in g  c lo su re  and the production o f enone (182) in  69% 

y ie ld .
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U n fo rtu n a te ly , and d e sp ite  repeated attem pts, treatm ent o f enone 

(182) with nonacarbonyld iiron  a t r t  fo r  18h,in  e ith e r  THF or in  benzene 

under sonochemical c o n d it io n s ,fa ile d  to produce the corresponding  

T T -a lly lt r ic a rb o n y liro n  lacto n e  complex (18 3).

At t h is  sta g e , i t  was decided to leave th is  aspect o f the model 

chem istry and concentrate sy n th e tic  e f fo r t s  on the preparation of  

cyclohexenone (1 2 8 ), a key su b -u n it in  our stra te g y  fo r  the syn th e sis  

o f milbemycin Bj (1 6 ).

O;
'OP

OMe

(128)



74

SYNTHESIS OF THE SOUTHERN HEMISPHERE OF MILBEMYCIN 6i

T h is  chapter d e scrib e s the sy n th e tic  e f fo r t s  d ire cte d  towards the 

syn th e sis  o f the non-conjugated cyclohexenone (1 2 8 ), one o f three sub

u n its  required  fo r  the convergent sy n th e sis  of milbemycin 81 (16) 

p re se n tly  being stud ied  in  our group.

(16)

Our sy n th e tic  s tra te g y  in vo lves the i n i t i a l  coupling o f the in d i

v id u a lly  prepared sp iro a ce ta l moiety (1 8 4 ), a lready produced in  i t s

32o p t ic a l ly  pure form , and the sid e  chain (185) to g ive  the northern

hemisphere o f the m olecule (Scheme 28). V inyl stannanes are known to

exchange with lith iu m  to g iv e  v in y l lith iu m s in  which the geometry o f

33the double bond i s  re ta in e d . Consequently, m etalation o f the v in y l 

stannane (186) and i t s  subsequent n u c le o p h ilic  a d d itio n  in to  the ketone 

carbonyl o f  cyclohexenone (128) should y ie ld  (188). I t  i s  hoped th at  

the d ire c t io n  of n u c le o p h ilic  a tta ck  in to  the ketone can be c o n tro lle d  

by use of a s t e r ic a l ly  demanding p ro te ctin g  group R3 to s h ie ld  the 

a -fa ce  o f cyclohexenone (128) and thereby fo rce  the n u c le o p h ilic  s id e -  

chain to approach from the B -fa ce . Ring c lo su re  to g ive  the 16-membered 

r in g  lactone could then be achieved by removal of p ro te ctin g  group R3 ,
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Scheme 28

OMe
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o xid a tio n  o f the r e s u lt in g  prim ary a lco h o l to the corresponding c a r -
34b o x y lic  a c id , and f i n a l l y  m a cro cyclic  la c to n is a t io n  onto the depro-

tected  secondary a lcohol o f the s p iro a c e ta l.  C o n verse ly , the methyl

e s te r  o f the interm ediate  c a rb o x y lic  a c id  could be converted to the 
t 35b u ty lth io e s te r  and r in g  c lo su re  to g iv e  the lactone achieved by 

t r a n s e s t e r if ic a t io n  using the methodology a lready developed in  the 

seco-model study.

Preparation o f  the cyclohexenone (128) was undertaken with the 

in te n tio n  o f u t i l i s i n g  some o f the interm ediate compounds, co n ta in in g  

le s s  e laborate  though re le va n t f u n c t io n a l it ie s ,  fo r  model s tu d ie s .

Lith ium  in  ammonia reduction o f  p -m ethylan iso le  (a more powerful 

reduction  than the sodium in  ammonia procedure o f B irc h ) using E t20 as 

a co -so lv e n t and adding absolute a lcohol as the f in a l step gave the 

expected dihydro compound (189) in  77% y ie ld .  Mild a c id  h y d ro ly s is  

o f diene (189) usin g  10 mol % o x a lic  a c id  in  a 98:2 THF/water m ixture  

over 18h gave the non-conjugated enone (190) in  q u a n tita tiv e  y ie ld .

OMe O

(1 8 9 )  (1 9 0 )

Several attempts were made to k in e t ic a l ly  a lk y la te  the enone (190) 

in  the C-2 p o s it io n  and thereby g iv e  immediate access to a model on 

which n u c le o p h ilic  a d d itio n  in to  the ketone carbonyl could be performed. 

A ddition  o f a THF so lu tio n  co n ta in in g  excess monomeric formaldehyde 

(5 e q u iv .)  to the lith iu m  enolate o f (1 9 0 ), (generated using 1.1 equiv. 

LDA and m aintained a t -7 8 °C ) ,  gave a low y ie ld  (17%) o f the B-hydroxy- 

ketone (191).
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O OH

(1 9 1 )

v •. 3410 and 1715 cm’ 1max _

6 (9 0  MHz): 1.80 (3H, br s ,  C-4 Me)

2.26 -  2.70 (4H, m)

3 .07  (1H, m, H-2)

3.70 (2H, m, Ctf20H)

5.31 (1H, m, H-3)

Preparation o f compound (1 9 1 ), even accep ting the poor y ie ld ,  was

not reprod ucib le  and d esp ite  several attempts could not be prepared in

any s ize a b le  q u a n tity . S im ila r ly ,  attempts to re a ct the lith iu m

enolate o f (190) with methyl ch loroform ate, trim eth yl orthoform ate and

f in a l ly  benzaldehyde were e q u a lly  unreproducible d e sp ite  the u t i l is a t io n
37of l->2 equiv. HMPA or DMPU as c o -so lv e n ts . The p o s s ib i l i t y  o f a 

rapid  re tro -a ld o l re a ctio n  o f the C -a lk y la te d  product or the d is in te g r a 

tio n  o f an unstable product re s u lt in g  from 0 -a lk y la t io n  o f the 

s t a b il is e d  enolate are thought to be co n trib u tin g  fa c to rs  to the la ck  o f  

success achieved w ith th is  re a c tio n . Consequently, t h is  approach to a 

model compound fo r  cyclohexenone (128) was not pursued.

Sn id er has re c e n tly  shown th a t the reactio n  o f formaldehyde and 

trim ethyl aluminium, the le a s t  strong Lewis acid  o f the a lk y l alum inium s, 

with an enol ether derived from a ketone w ill  g ive  an ene-type adduct 

(Scheme 2 9 ) .38

Scheme 29

OR OR OH
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R

Me

TMS

TBDMS

Y ie ld

87%

82%

81%

Dropwise a d d itio n  over 10 min o f a 1M so lu tio n  o f Me3Al in  hexane 

(2 e q u iv .) to a m ixture o f the enol ether (189) and paraformaldehyde 

(2 e q u iv .) in  CH2C12 a t 0°C caused complete d is s o lu t io n  o f the para

formaldehyde suspension. The so lu tio n  was s t ir r e d  a t t h is  temperature 

fo r  10 min, E t 20 added, and the re a ctio n  then quenched by the cautious  

dropwise a d d itio n  o f water u n t il gas evo lu tio n  ceased. F i l t r a t io n  o f  

the m ixture through c e l i t e  under su ctio n  to remove the p re c ip ita te d  

aluminium s a lt s  follow ed by e x tra c tio n  o f the aqueous la y e r afforded  

the diene (192) in  61% y ie ld .

OMe OH

(192)

v : 3370, 1658, and 1611 cm"1max

6(250 MHz): 1.72 (3H, d, J  1 .4  Hz,

C-4 Me)

3.57 (3H, S , OAfe)

4.93 (1H, d, 0 5 .7  Hz, H-2)

5.51 (1H, m, h -3)

The product re s u lts  from proton a b stra ctio n  by the oxygen via a 

six-membered r in g  t ra n s it io n  s ta te  to g iv e  the h o m o ally lic  alcohol (ene 

adduct).
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The in fra re d  spectrum o f (192) shows two very s tro n g , sharp  

absorptions a t 1658 and 1611 cm” 1 fo r  the enol ether and conjugated  

double bond re s p e c t iv e ly  as w ell as an absorption f o r  the hydrogen 

bonded hydroxyl group a t 3370 cm” 1. The resonances fo r  the two 

o le f in ic  protons are q u ite  d is t in c t  in  the lW n .m .r . ,  as would be 

expected, with the o le f in  o f  the e le ctro n  r ic h  enol ether appearing as 

a doublet at 54.93, coupled to H -3 , and the second o le f in  proton H-3 

as a m ulti p ie t  a t 65.51.

Compound (192) was i n i t i a l l y  converted to the ^butyldim ethyl s i l y l -  
g

oxy d e r iv a t iv e  (193) , the choice  o f p ro te ctin g  group being governed by 

the need fo r  h y d ro ly t ic  s t a b i l i t y  and fo r  the s h ie ld in g  e f fe c t  on one 

face  o f the molecule should a s u ita b le  ketone product be prepared on 

which a d d itio n  re a ctio n s could be attempted.

OMeOSiMe,Bu

(193)

Epoxidation o f the e le ctro n  r ic h  double bonds o f  methyl or t r i -

m e th y ls ily l enol ethers using a peracid  in  an a lc o h o lic  so lve n t has been
39shown by Frim er to provide convenient access to a -h yd ro x ya ce ta ls.

A ddition of 1 equiv. mCPBA to a m ethanolic so lu tio n  o f  the enol ether 

(193) and s t i r r in g  a t r t  fo r  lh  gave a complex m ixture o f products, 

as expected w ith a diene o f t h is  typ e, from which ca re fu l chrom atographic 

separation afforded the a-hydroxyacetal (194) in  27% y ie ld .

The a-hydroxyacetal (194) i s  p o te n t ia lly  a very usefu l compound 

s in c e , w h ils t  remaining w ith in  the o v e ra ll s tra te g y  adopted fo r  the syn

th e s is  o f milbemycin b 1# i t  could a lso  a llow  access to the averm ectin  

southern hemisphere (12 6).
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v,max 3432, 2929, 1677, and 1463 cm-1

6(250 MHz): 1.70 (3H, br s ,  C-5 Me)
r—OSiMê Bu

3.23 (3H, s ,  0Me)

3.35 (3H, s ,  0Me) 

3.88 (1H, m, H-l) 

5.50 (1H, m, H-6)

MeC
MeO
HO'

(194)

E n a n tio se le c tiv e  epoxidation o f (194) using the Sharp less procedure and 

r in g  opening o f the re s u lt in g  epoxide using the le s s  s t e r ic a l ly  demand

ing base lith iu m  ethylenediam ide, u t i l is e d  in  the preparation o f a lkenyl 

epoxide (1 7 5 ), should th e o r e t ic a lly  provide d io l (195) in  good y ie ld .  

P ro te ctio n  o f the d io l ,  a d d itio n  o f the v in y l lith iu m  (187) in to  the 

fre e  ketone derived from (1 9 5 ), and deprotection would generate a 

system id e a lly  set-up  fo r  r in g  c lo su re  to g ive  the c-z^-fused t e t r a -  

hydrofuran in  the b i - c y c l i c  southern hemisphere of the averm ectins. 

Further e lab o ra tio n  o f a l l y l i c  a lcohol (194) in  t h is  manner i s  o b vio u sly  

dependent on the development of v ia b le  methodology lead in g to c y c lo -  

hexenone (128).

Me
MeO
HO

Me
MeO
HC

OH
(194) (195)

Mild h y d ro ly s is  o f the methyl enol ether (193) to g iv e  the non-

conjugated enone (196) could be achieved using 10 mol % o x a lic  a c id  in  

THF/water (9 8 :2 ) ,  though the re a ctio n  was g e n e ra lly  very s lu g g is h .  

Heating the m ixture a t re f lu x  or in c re a s in g  the a c id it y  did in cre a se
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the rate  o f the re a ctio n  but u n fo rtu n ate ly  re su lte d  in  some form ation  

of the undesired conjugated enone.

The preferred  method fo r  the h y d ro ly s is  of the enol ether (193)

was to s t i r  w ith s i l i c a - g e l ,  to which 5% H2S04 so lu tio n  had been
40adsorbed, as a s lu r r y  in  CH2C12 . With a maximum loading o f 100 mg 

H2S0t+ so lu tio n  per gram o f s i l i c a  and a s i l i c a  to compound ra t io  of  

not le s s  than 1 0 :1 , the enol ether was c le a n ly  hydrolysed a t r t  in  3h 

to g iv e  the non-conjugated enone (196) in  93% y ie ld .  P u r if ic a t io n  o f  

the product was u s u a lly  not necessary as work-up sim ply involved  

f i l t r a t io n  and e lu tio n  from the s i l i c a - g e l .

>OSiMe,Bu

(196)

vmax 3070, 2931, and 1713 cnT1

Attempted p ro te ctio n  of the ketone carbonyl in  compound (196) as

the d ia lk y l a ceta l using (a) t r ie t h y l orthoform ate and an Am berlite
41 42re s in  or (b) trim ethyl orthoform ate adsorbed onto K10 , or as the 1,3--

43d ith io la n e  using ethane d ith io l and BF3.E t 20 f a i le d  to g ive  the

required product. I t  was believed that a p o ss ib le  reason fo r  the

f a i lu r e  of these methods was the e xce ssive  a c id it y  o f the c a t a ly s t .

I t  was decided therefore  to change the alcohol p ro te ctin g  group fo r

t  44the very h y d r o ly t ic a lly  s ta b le  butyl diphenyl s i l y l  m oiety. A 

d is t in c t iv e  featu re  o f the 0 -^butyld iphenyl s i l y l  group is  i t s  compati

b i l i t y  under co n d itio n s required fo r  the a c id -c a ta ly s e d  form ation, 

and cleavage, o f a c e ta ls .  A fu rth e r advantage is  th at the increased  

s iz e  over the t b u ty ld im e th y ls ily l group should u lt im a te ly  favour the
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d esired  r e g io s e le c t iv it y  o f n u c le o p h ilic  a d d itio n  in to  the ketone o f the 

f in a l  enone (1 2 8 ).

P ro te ctio n  o f (192) was achieved under standard co n d itio n s of 

im id a zo le , DMF, and a tra ce  o f DMAP, heated a t 50°C overn igh t to g iv e  the 

required ^butyld iphenyl s i ly lo x y  d e r iv a t iv e  (197) in  94% y ie ld .

Mild h y d r o ly s is ,  under the now standard co n d it io n s , by s t i r r in g  

with a CH2C12 s lu r r y  o f s i l i c a ,  onto which 5% H2SOt+ so lu tio n  had been 

adsorbed, c le a n ly  gave the non-conjugated enone (198) in  q u a n tita tiv e  

y ie ld .

o.
-OSiPhfeu

(198)
vmax: 3071, 2931, and 1714 cm"1.

The non-conjugated enone (198) represents a s u ita b le  compound on 

which to attempt a d d itio n  re a ctio n s in to  the ketone carbonyl and thereby 

te s t  the sh ie ld in g  e ffe c t  o f the bulky ^butyldiphenyl s i l y l  group on the 

a -fa ce  o f the m olecule. S c h le s s in g e r  has demonstrated the a d d itio n  o f  

the la te n t carbonyl anion (1 9 9 ), generated by a d d itio n  o f 1 equiv. LDA 

at -78°C in  THF under argon, in to  the butenolide ( 2 0 0 ) .^  The anion 

(199) is  co n sid e ra b ly  le s s  s ta b le  than i t s  d ith io e th y l analogue, used
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la t e r ,  but has the advantage o f being much e a s ie r  to hydrolyse in to  the 

corresponding carbonyl compound.

Eto ,
(1 9 9 )

EtOjC

.OEt EtO OEt

EtOzC

R ^ O ^ O
(200)

However, in ve rse  a d d itio n  o f the anions of both d iethoxyethyl acetate  

at -78°C  and d ith ia n e  a t -30°C gave recovered s t a r t in g  enone (198). 

Inverse a d d itio n  o f v in y l magnesium bromide at -20°C did g ive  a low 

y ie ld  (29%) o f the a d d itio n  product (20 1).

vmax: 3497, 2930, and 1638 cm"1.

(2 0 1)

The methylene protons a to the ketone in  (198) are doubly 

a c t iv a te d , both by the ketone i t s e l f  and by the double bond, and con

sequently are reasonably a c id ic .  The a c id it y  o f these protons may 

play some p a rt in  the poor r e s u lt s  observed on the attempted a d d itio n  

in to  the ketone. I f  so , a s im ila r  e f fe c t  may be observed in  the 

a d d itio n  in to  the ketone carbonyl o f the ta rg e t m olecule (128).

P ro te ctio n  o f the ketone carbonyl in  enone (198) to g iv e  the 

dioxolane (202) was achieved in  61% y ie ld  by heating a t r e f lu x  a
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m ixture o f the enone and ethylene g ly c o l in  benzene, to which a sm all
46amount o f the very m ild  a c id  c a t a ly s t  pyrid in ium  to sy la te  had been 

added, under Dean-Stark co n d it io n s . The r e s u lt in g  a ceta l (202) was 

la t e r  produced d ir e c t ly  from the enol ether (1 9 7 ), by employing the 

same re a ctio n  co n d it io n s , in  81% y ie ld .

The next stage in  the sy n th e tic  sequence re q u ire s e lab o ra tio n  of  

the double bond to a llow  access to the a l l y l i c  methoxy group o f the 

ta rg e t m olecule. T h is  can co n ce ivab ly  be achieved by two rou tes:

(a) epoxidation o f the double bond follow ed by base-induced r in g  open

ing to g ive  the a l l y l i c  a lcohol or (b) e -is-h yd ro xylatio n  o f the double-
47bond using osmium te tro x id e  follow ed by p re fe re n tia l e lim in a tio n  of  

the r e s u lt in g  t e r t ia r y  a lco h o l. An im portant co n sid e ra tio n  in  com

paring the two routes i s  th a t osm ylation w il l  occur from the le a s t  

hindered face o f the m olecule and th e re fo re  w il l  produce a s in g le  

product. Ep o xid atio n , on the other hand, w ill  produce two isomers 

re s u lt in g  from a d d itio n  to both the a - and e -fa ce s o f the m olecule 

though the isomer r e s u lt in g  from a tta ck  on the s t e r ic a l ly  le a s t  h in 

dered face  should predominate. Consequently, i t  was decided to g iv e  

the c is -h y d ro x y la t io n  route p r io r it y .

A ddition  o f the o le f in  (202) to a p yrid in e  so lu tio n  o f osmium 

te tro x id e  under argon caused immediate darkening of the so lu tio n  

in d ic a t in g  form ation o f the osmate e s te r . A fte r s t i r r in g  a t r t  fo r  8h,
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the osmate e s te r  was cleaved by the a d d itio n  o f aqueous sodium b is u l 

p h ite  and the m ixture s t ir r e d  o ve rn ig h t. The gra n u la r p re c ip ita te  was 

removed by f i l t r a t io n  and the re a ctio n  worked-up to g iv e  the c is - d io l  

(203) in  83% y ie ld .  The re a ctio n  was repeated w ith only a c a t a ly t ic  

amount o f the expensive and h ig h ly  to x ic  osmium te tro x id e , using N-

methyl morpholine N-oxide to regenerate the OsO^, but t h is  method •
48proved to be u n su c c e ssfu l.

I t  was a n tic ip a te d  th a t e lim in a tio n  o f the t e r t ia r y  a lcohol in

(203) would prove to be a f a c i le  pro cess. U nfo rtu n ate ly , the procedure

was com plicated by the f a c t  th a t under a c id ic  co n d itio n s the aceta l

would be cleaved thereby rendering the methylene protons a to the

r e s u lt in g  ketone a c id ic  and causing p re fe re n tia l lo ss  o f the secondary

a lc o h o l. Despite repeated attempts to f a c i l i t a t e  e lim in a tio n  o f the
4 0  cn  51

t e r t ia r y  a lc o h o l, (B urgess' s a lt  , P 0 C l3/py , S 0 C l2/py , anhydrous 
52CuSO^/heat ) ,  a l l  re su lte d  in  complete degradation o f the s ta r t in g  

m a te ria l. S e le c t iv e  m ethylation o f the secondary a lcohol might 

f a c i l i t a t e  dehydration o f  the t e r t ia r y  a lcohol but was not attempted at  

th is  sta ge .

Turning to the second stra te g y  fo r  double bond e la b o ra tio n , epoxi- 

dation o f the o le f in  (202) with mCPBA a t 0°C in  CH2C12 gave an 82% over

a l l  y ie ld  o f a 76:24 r a t io  o f the pred icted  3 -  and a-epoxides (204) and 

(20 5). Chromatographic separatio n  o f the two isomers was not p o ss ib le

vmax: 3431> 3071> and 2933 on"1
OH
(203)
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a t t h is  stage and consequently the a-epoxide was c a rr ie d  through to the 

next stage o f  the s y n th e tic  scheme.

^OSiPhfeu

' 6 
( 2 0 5 )

By analogy w ith the re s u lts  obtained in  the attempted preparation  

o f a e -la cto n e  model (1 5 6 ), i t  was envisaged th at treatm ent o f the 6- 

epoxide (204) with the s t e r ic a l ly  demanding base lith iu m  diethylam ide  

would open the epoxide r in g  to produce the secondary a lcohol (20 6). 

However, iso m e risatio n  o f the epoxide m ixture with t h is  amide base 

f i r s t l y  in  THF and then in  the more usual E t20 s u r p r is in g ly  gave on 

each occasion the t e r t ia r y  a lcohol (207) as the major product in  72% 

y ie ld .

OH
( 2 0 6 )  ( 2 0 7 )

Base ca ta lyse d  rearrangement o f epoxides to a l l y l i c  a lco h o ls  has

been known fo r  a long time and i s  now w ell documented e s p e c ia lly  by the 
53 54work o f Crandall and Rickborn . We were su rp rise d  therefore  to 

obtain t h is  unpredicted isomer in  such a high reprod ucib le  y ie ld .  On 

re search in g the l i t e r a t u r e ,  th is  unexpected e ffe c t  has in  fa c t  been
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recorded on two previous o ccas io n s. As part o f  a terpene syn th esis

program, S t i l l  required the a l l y l i c  alcohol (209). Treatment o f  the

epoxide (208) with l ith iu m  diethylamide however re su lte d  in  the p re fe r -

55e n t ia l  production o f  t e r t i a r y  alcohol ( 2 1 0 ) .

(2 0 8 )

OH
(2 0 9 )

( 210)
-OH

S i m i l a r l y ,  Teutsch found base opening o f  the s te ro id a l  a ,e-un saturated

epoxide ( 2 1 1 ) gave e x c lu s iv e ly  the dienol ( 2 1 2 ) by proton a b stra ctio n

a t C -4 ,  even though the C-12a proton i s  in  a s u ita b le  o r ie n ta t io n  fo r  a 
56syrc-opemng.

The unexpected regiochem istry o f  t h is  reaction  presumably r e s u lts  

from the involvement o f  the ketal as an a lte r n a t iv e  s i t e  fo r  base coor

d in a tio n . Complexation in  t h is  manner would then induce proton removal 

from the adjacent methylene group.
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Th is  formation o f  the t e r t i a r y  alcohol (207) in d ic a te s  th a t a

standard l ith iu m  amide induced iso m e risat io n  of the epoxide (204) w i l l

not provide a v ia b le  route to the d esired  a l l y l i c  alcohol (206).

Attempted r in g  opening using TMSI a t  0°C , prepared in situ from hexa

m ethyldisi lane and I 2 warmed a t  60°C f o r  10 min, and e lim in a tio n  o f  the

r e s u lt in g  t e r t i a r y  iodide by ad d it io n  o f  DBU and heating at r e f lu x  in
57benzene fo r  1 2 h gave complete degradation of the s t a r t in g  epoxide.

58Under the le s s  severe conditions o f  Noyori , a 26% y i e l d  of the a l l y l i c  

alcohol (206) was achieved by ad d it io n  o f  trim ethyl s i l y l  t r i f l u o r o -  

methanesulphonate and 2 ,6 - lu t id in e  a t -78° C to the epoxide mixture and 

then s t i r r i n g  with DBU a t r t  fo r  18h.

OSiPhfeu

(204)

^OSiPhfeu ^OSiPhjBu

Despite t h is  promising r e s u lt  the method does not f a c i l i t a t e  access  

to any la rge  q u a n tity  o f  the required a l l y l i c  alcohol (206).

Addition o f  the mild a c id  c a t a ly s t  pyridinium t o s y l a t e ^  to a 

methanolic so lu t io n  of the epoxide (204) gave a 95% y i e l d  o f  the 

secondary alcohol (213). However, despite  heating at r e f lu x  f o r  24h, 

no e lim in atio n  o f  MeOH could be achieved, presumably due to the methyl 

ether occupying an equatoria l p o s it io n  and consequently re q u ir in g  a 

le s s  favoured s i/n-elim ination to g iv e  the o le f in .  S im i la r  use of the 

stronger a c id  c a t a ly s t  CSA caused deprotection o f  the dioxolane and 

subsequent degradation of the molecule.
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^OSiPhfeu

-OMe

OH

(213)

Treatment o f  the epoxide (204) with d iethyl aluminium tetram ethyl-  

59p ip e rid id e  (DATMP) , prepared in situ by the ad d ition  o f  1 equiv.  

d ie th yl aluminium ch lo r id e  to a benzene so lu t io n  o f  l ith iu m  tetram ethyl-  

p ip e rid id e  formed in the usual manner, and s t i r r i n g  a t  0°C fo r  Ih  gave 

a mixture of three products: (a) the a - a l l y l i c  alcohol (214) in  4% 

y i e l d ,  formed by isom erisation  o f  the a-epoxide (205)*, the B - a l l y l i c  

alcohol (206) in  73% y i e l d ;  and f i n a l l y  the p re v io u s ly  obtained t e r -

6(250 MHz): 1.82 (2H, m, H-6)

2.04 ( IH ,  m, H-4)

2.57 (2H, m, H-3)

4.88 ( IH ,  br s ,  =CHZ) 
4.99 (1H, br s ,  ~CU2)

6(250 MHz):

1.61 ( IH ,  ddd, J  0 .9 ,  8 .5 ,  13.5 Hz, H-6) 
1.97 (1H, dd, J  4 .3 ,  13.5 Hz, H-6)

2.05 ( IH , m, H-4)

2.33 ( IH ,  dd, J 8 .2 ,  13.6 Hz, H-3)

2.80 ( IH ,  dd, J 4 .5 ,  13.6 Hz, H-3)

4.88 ( IH ,  br s ,  =CH2)

5.00 ( IH ,  br s ,  =CU2)

t i a r y  alcohol in  17% y i e l d .

^OSiPhjBu

OH

(214)

^OSiPhjBu

OH

(206)



90

That the major product contains an equatoria l hydroxyl group can

be seen from the la rge  coupling constant ( J  a = 8.5  Hz) between theaa

trarcs-coplanar protons H -l and H-6 .

H.
H Pi

HO

H, OSiPhfeu

Thus the required e x o c y c l ic  a l l y l i c  a lcohol (206) has been obtained in  

an is o m e r ic a l ly  pure s ta te  and in  73% y i e l d  by a base-promoted i s o 

m erisation of the precursor epoxide (204).

Protection  of the secondary alcohol (206) was achieved by deproto

nation using a s l i g h t  excess o f  sodium hydride and the sequential
37addition  of 1 equiv. HMPA (replaced by the le s s  to x ic  DMPU f o r  la rge  

sca le  re a c t io n s)  followed by excess f r e s h ly  d i s t i l l e d  methyl iodide to 

give  the methyl ether (215) in  98% y i e l d .  The product was is o la te d  in  

a high sta te  of p u r ity  but was ro u t in e ly  passed through a short pad of  

s i l i c a  to remove a s l i g h t  d is c o lo u ra t io n .

vmax: 2932, 2885, and 1665 cm" 1

6(250 MHz): 1.54 (1H, dd, J  9 .8 ,  12.6 Hz, H-6)

1.96 -  2.21 (3H, m)

2.75 (1H, dd, J  3 .8 ,  12.6 Hz, H-3)

3.38 (3H, s ,  OMe)

Isom erisation  o f  the double bond in to  the r in g  should t h e o r e t ic a l ly  

be c a rr ie d  out at t h is  s ta ge , ie p r io r  to the in trod u ctio n  of the poly

ene northern hemisphere (187) of milbemycin Bi- I t  was i n i t i a l l y

^O SiPhjBu

OMe(215)
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envisaged that the iso m e risat io n  could be achieved by b r i e f  treatment
60with the lith iu m  s a l t  of ethylenediamine. Cambie has a lready shown 

th at treatment o f  the a l l y l i c  alcohol (216) with l ith iu m  ethylene-  

diamide f o r  5 min g iv e s  the isom eric alcohol (217) which i t s e l f  re 

arranges to g ive  the thermodynamically favoured product (218) a f t e r

Compound (215) was s i m i l a r l y  treated with l ith iu m  ethylenediamide  

under a wide v a r ie ty  o f  rea ctio n  co n d it io n s .  lH n.m .r. (90 MHz) of  

each reaction  mixture c l e a r l y  showed the appearance of s ig n a ls  c o r re s 

ponding to a methyl on a double bond (5 1.72) and a new o l e f i n i c  proton 

(5 5 .7 1 ) .  However, even a f t e r  heating at r e f lu x  fo r  24h, the isom erisa

t io n  could not be induced to provide more than 20% o f the endocyclic  

isomer. Consequently, other methods f o r  the isom erisation  o f  the exo- 

c y c l i c  double bond are c u rr e n t ly  under i n v e s t i g a t i o n . ^ ’ ^

Attempted d e a c e ta l is a t io n  of the dioxolane (215) by pyridinium  

to sy la te  cata lysed  t r a n s a c e t a l is a t io n  with wet acetone gave recovered
CO

s t a r t in g  m a te r ia l ,  even a f t e r  heating a t  r e f lu x  fo r  several hours.

I n i t i a l  removal of the dioxolane p ro te ctin g  group in  (215) was 

achieved using t r i t y l  f luorob orate  as a so lu tio n  in  CH2C12 at 0°C fo r
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l h . ^  T h is  gave the ketone (219) in  31% y ie ld  with s u b s t a n t ia l ,  and 

p re d icte d , deprotection o f  the ^ b u ty ld ip h e n y ls i ly l  group. Though the 

method gave access to m aterial f o r  the next step in  the s y n th e tic  

scheme, and could presumably be optim ised by e ith e r  lowering the tem

perature or re a ctio n  tim e, i t  was not considered prudent to have such a 

s e n s it iv e  reaction  at t h is  stage in  the s y n th e s is .  Consequently, a 

m ilder method f o r  the deprotection o f  the acetal would be d e s ira b le .

v : 3071, 2931, 1715, and 1657 cm" 1max

6(250 MHz): 2.30 (1H, dd, J  5 .5 ,  13.0 Hz, H-Z)

2.50 (1H, ddd, J  0 .8 ,  5 .7 ,  14.5 Hz,

H-6)

2.61 (1H, dd, J  4 .2 ,  14.5 Hz, H-6) 
2.64 - 2.81 (2H, m)

3.25 (3H, s ,  0Me)

3.88 (1H, dd, J  4 .2 ,  5.7 Hz, H-5)

Regeneration o f  the ketone (219) was f i n a l l y  achieved in 78% y i e l d  

by s t i r r i n g  the aceta l (215) with a s lu r r y  of s i l i c a - g e l ,  to which 10% 

H2S0 I* so lu t io n  had been adsorbed, in  CH2C12 fo r  7 h . ^  In cre a s in g  the 

reaction  time or concentration of su lp h u r ic  acid  caused some e lim in a tio n  

o f the methoxy group to g ive  the s u r p r is in g l y  sta b le  enone ( 2 2 0 ) .

Compound (220) could be prepared e x c lu s iv e ly  in 66% y ie ld  by s t i r r i n g  

the acetal (215) with the s i l i c a  s lu r r y  fo r  24h.

^OSiPhfeu

OMe

(219)

^O SiPhfBu
vm a x : 3070, 2931, 1672, and 1578

cm" 1

6(250 MHz): 5.32 (1H, br s ,  =CH2)

(220)
5.38 (1H, br s ,  =CH2)

5.92 (1H, d, J  10.2 Hz, H-2)

7.07 (1H, d, J  10.2 Hz, H-Z)
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Addition o f  ketone (219) to the anion of carboethoxydithiane a t

-20°C in  THF, prepared by deprotonation with sodium hydride followed by
65a d d ition  o f  two equiv. o f  DMPU, gave a low y ie ld  o f  the diene (221).

The anion o f  carboethoxydithiane s u r p r is in g l y  promotes e lim in a t io n  of  

the methoxy group by removal o f  one o f  the a c id ic  methylene protons a 

to the ketone. Inverse a d d ition  of the anion to the ketone should 

prevent much of the e lim in atio n  but was not attempted at t h is  time.

6(250 MHz): 1.32 (3H, t ,  J  7.1 Hz, CH2C#3)

4.24 (2H, q, J  7.1 Hz, Ctf2CH3) 

5.30 (1H, br s ,  =CH2)

5.34 (1H, br s ,  =CH2)

5.97 (1H, d, J  10.1 Hz, H-Z)

7.02 (1H, d, J  10.1 Hz, H-2)

CsOH,

“ ‘ t l

(221)

^OSiPhfeu

However, inverse  a d d ition  of excess vinylmagnesium bromide in to  

the ketone (219) gave a mixture of two products (222) and (223) in  a 

12:1 r a t io  and in  87% o v e ra ll  y i e l d .  I t  can be seen therefore th a t the 

stra te g y  of a s t e r i c a l l y  demanding p ro tectin g  group to sh ie ld  one face  

of the molecule does indeed in f lu e n ce  the d ir e c t io n  o f  attack  o f  the 

incoming n u cle o p h ile .

v :max

5(250 MHz):

(222)

3482, 3072, 2932, and 1654 cm" 1

4.80 (1H, br s ,  =Ctf2 )

4.97 (1H, br s ,  =CH2)

5.21 (1H, dd, J  1 .7 ,  10.1 Hz,

H-2 ’ anti)

5.57 (1H, dd, J  1 .7 ,  16.8 Hz,

H-2 ' syn)

5.82 (1H, dd, J  10.1, 16.8 Hz,

H-l ’)
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max’

6(250 MHz):

(223)

3489, 3070, 2930, and 1654 cm" 1

4.91 (1H, br s ,  =CH2)

5.00 (1H, br s ,  =CH2)

5:17 (1H, dd, J  1 .8 ,  10.7 Hz,

H-2' anti)

5.43 (1H, dd, J  1 .8 ,  16.8  Hz,

H-2 ' syn)

5.95 (1H, dd, J  1 0 .7 , 16.8 Hz,

H-l')

Deprotection o f  the ^butyldiphenyl s i l y l o x y  d e r iv a t iv e  (222) using  

the standard con d it ion s  of two equiv. te tra  nbutylammonium f lu o r id e  a t  

0°C in  THF over 20 min gave a q u a n t ita t iv e  y ie ld  of the d io l ( 2 2 4 ) . ^

OMe
(224)

vmax: 3374, 3090> 2930, and 1 6 5 4  cm" 1

6(250 MHz): 1.40 (1H, dd, J  11.5 , 13.1 Hz,

H-6)

1.53 (1H, m, H-2)

2.04 (1H, dd, J  5 .1 ,  13.1 Hz, H-6)

2.24 (1H, dd, J  4 .1 ,  13.7 Hz, H-3)

2.75 (1H, dd, J  11.5 , 13.7 Hz,

H-3)

3.63 (1H, dd, J  2 .9 ,  10.8 Hz, H-7)

4.00 (1H, dd, J  2 .9 ,  10.8 Hz, H-7)

The in fra re d  spectrum of d io l  (224) shows a stro n g , sharpened 

absorption a t 3374 cm"1, in d ic a t iv e  of in tram olecu lar hydrogen bonding, 

and supports a six-membered in tra m o le c u la r ly  hydrogen-bonded conformation  

wherein the hydroxyl and hydroxymethyl groups are on the same face  o f  the 

molecule.
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Oxidation o f  the primary alcohol in  compound (224) with PDC in  DMF 

at r t  over 4 8 h ^ ,  followed by treatment o f  the crude reaction  mixture
go

with diazomethane afforded the methyl e s te r  (225) in  63% y i e l d .

vmax: 3497. 1714, and 1654 cm" 1

6(250 MHz): 3.41 (3H, s ,  0Me)

3.66 (3H, s ,  C02Me)

In co n c lu s io n , although preparation o f  the ta rg e t  cyclohexenone 

(128) has not ye t been achieved, l i t e r a t u r e  precedent in d ic a te s  th a t
t

r in g  opening of epoxide (204) using butyl dimethyl s i l y l  iodide would

69affo rd  the en d o cyc lic  o le f in  (226) , e lab o ration  of which would g iv e

the ta rg e t  molecule (128).

OMe
( 2 2 5 )

OSiPh$Bu

However, preparation o f  the isom eric (219) has been achieved. Nucleo

p h i l i c  a d d ition  into  the ketone carbonyl o f  (219) has been shown to 

proceed r e g io s e le c t iv e ly  with a 1 2 : 1  r a t io  in  favour of the desired  

product (222). Deprotection of the ^butyldiphenyl s i l y l o x y  d e r iv a t iv e  

( 2 2 2 ) and oxidation  o f  the r e s u lt in g  primary alcohol to f a c i l i t a t e  

m acrocyclic  la c to n is a t io n  has culminated in the preparation o f  the 

c a rb o x y l ic  e ste r  (225) in  eleven steps and 6.2% o v e ra ll  y i e l d  from 

p -m ethylaniso le .
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EXPERIMENTAL

Melting points were determined using a K o f le r  hot-stage  

apparatus and are uncorrected. In fra re d  spectra  were recorded  

on a Perkin-Elm er 298 g ra t in g  in fra re d  spectrophotometer using a 

th in  f i lm  or s o lu t io n  in  CHC13 . *H N.m.r. spectra  were recorded

a t  60 MHz on a Varian EM-360A, at 90 MHz on a Joel FX 90Q or at  

250 MHz on a Bruker WM-250 machine and are quoted f o r  so lu t io n s  

in  CDC13 with te tra m e th y ls ila n e  as an in te rn a l standard. Mass 

spectra  were determined with a VG micromass 7070B instrument.  

Microanalyses were performed in  the Imperial Co llege  Chemistry 

Department m ic ro a n a ly t ic a l  lab oratory .

A n a ly t ic a l  th in  la y e r  chromatography (TLC) was performed on 

Merck precoated s i l i c a  gel F2 5u p late s  and preparative  chromato

graphy was conducted under low pressure using Merck K ie se lg e l 60 

(230-400 mesh).

Petrol (b .p .  40-60°C) was r e d i s t i l l e d  before use. Benzene

and d iethyl ether were dried  over sodium wire. Dimethylformamide
0

(DMF) was dried over 4A molecular s ie v e s .  Tetrahydrofuran (THF) 

was dried by r e f lu x  over sodium/benzophenone and d i s t i l l e d  before  

use. Dichloromethane was dried by r e f lu x  over phosphorus 

pentoxide and d i s t i l l e d  before use. So lu tion s  were dried over 

anhydrous magnesium sulphate and evaporated with a rotary  

evaporator, followed by s t a t i c  evaporation with an o i l  pump.



104
SECTION A

Preparation of Benzyl 5-hydroxy-6-methyl-3-oxohept-6-eneoate (135)

O ^ O C H 2Ph
cl J

(1 3 4 )

OH

(1 3 5 )

To a s t i r r e d  suspension of sodium hydride (400 mg, 8.29 mmol, 50% 

d isp e rs io n  in  o i l ) ,  prewashed with sodium-dried 40-60° petrol (2 x 3 m l) ,  

in  THF (5 ml) a t  0°C under argon, was added benzyl acetoacetate (134) 

(1 .06 g, 5.514 mmol). The s o lu t io n  was s t i r r e d  at 0°C fo r  10 min, cooled  

to -2 0 °C , and nBuLi (4 .8  ml of a 1.26M so lu tio n  in hexane, 6.069 mmol) 

added dropwise. The r e s u lt in g  deep orange so lu t io n  o f  the dianion was 

s t i r r e d  a t  -20°C f o r  20 min, cooled to -7 8 °C , and m ethacrolein (425 mg, 

6.069 mmol, f r e s h ly  d i s t i l l e d  to remove in h ib i t o r )  added dropwise. The 

mixture was wanned to 0°C over 30 min, poured into saturated NH^Cl 

so lu tio n  (8 ml) and extracted  with E t 20 (3 x 15 m l) ,  each e x tra c t  being 

washed with water (10 ml) and brine  (5 m l). The combined organic  

e x tra c ts  were d r ie d ,  the so lvent evaporated under reduced p ressu re , and 

the residue chromatographed (25% E t 20 -  40-60° p e tro l)  to g iv e  benzyl 
5-hydroxy-6-methyl-3-oxohept-6-eneoate (135) (643 mg, 45%) as a c o lo u r

le s s  o i l ,  vmax ( f i lm )  3429, 2927, 1741, 1711, and 1648 cm"1; 6(250 MHz)

1.71 (3H, s ,  C- 6  Me), 2.61 (1H, d, J  3.6 Hz, Otf) ,  2.76 (2H, d, J  7.2  Hz, 

H-4), 3.57 (2H, S ,  H-2), 4.52 (1H, m, H-5), 4.87 (1H, s, H-7), 5.00 (1H, 

s ,  H-7), 5.19 (2H, s ,  PhCs2 ) , and 7.38 (5H, s ,  ph)\ m/z = 262 (M + ) 

(Found: C, 68.51; H, 7.09%; M+ 262.1191.

H, 6.93%; M+ 262.1205).

C1 5 HigO^ requires  C, 68.67;



Preparation o f  ( 2 S,8 R )-8 -M eth yl-2 -p h en yl-1 ,7 -d io x a sp iro [5 ,5 ]u n d e c a n -  

4 (S )-y1  acetoacetate (137)

105

To a s o lu t io n  o f  (2S ,8 R )-8 -m e th y l-2 -p h e n y l- 1 ,7 - d io x a s p ir o [5 ,5 ] -  

undecan-4(S)-ol (136) (98.4  mg, 0.375 mmol) in  THF (5 ml) was added 

E t 3N (20 mg, 0.198 mmol) and the mixture heated at r e f lu x  f o r  10 min. 

Diketene (41.0  mg, 0.488 mmol) was then added and the m ixture.heated at  

r e f lu x  fo r  a fu rth e r  2h before pouring into 1M HC1 so lu tio n  (2 m l).

The product was extracted in to  E t 20 (3 x 10 ml) and the combined 

organic  e x tra c ts  d r ie d ,  evaporated under reduced p ressure, and 

chromatographed (20% E t20 -  40-60° p e tro l)  to g ive  (2S,8R)-8-methyl- 
2-phenyl-lJ7-dioxasp'iro[535]undecan-4(S)-yl acetoacetate (137) (116 mg, 

89%) as a c o lo u r le ss  o i l ,  vmax ( f i lm )  2935, 1742, and 1717 cm- 1 ;

6(250 MHz) (16% enol form) 1.05 -  2.00 (8H, m), 1.13 (3H, d, J  7.2  Hz, 

C-8 Me), 2.12 (1H, dd, J  3 .6 ,  12.6 Hz, H-ll), 2.25 (3H, s ,  H-4' ) ,  2.36  

(1H, m, H-5), 3.41 (1.68H, s ,  H-2'), 3.71 (1H, m, H-8), 4.71 (1H, dd,

0 2 .2 ,  11.5 Hz, H-2), 4.94 (0.16H, s ,  H-2' enol), 5.47 (1H, m, H-4), 
and 7.36 (5H. ra, Ph)\ m/z = 244 (M+ -  102) (Found: C, 69.56; H, 7.7655. 

C20h2 6 ° 5  req u ires  C, 69.33; H, 7.58%).
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Preparation o f  (2 S ,8 R )-8 -M e th y l-2 -p h e n y l- l ,7 -d io x a sp iro [5 ,5 ]u n d e c a n -  

4 ( S ) - y l  5 '-h y d ro x y -3 1-o x o -5 1-phenylpentanoate (138)

To a s t i r r e d  suspension of sodium hydride (12 mg, 0.25 mmol, 50% 

d isp e rs io n  in  o i l ) ,  prewashed with sodium-dried 40-60° petro l (1 x 1 m l) ,  

in  THF (2 ml) at 0°C under argon, was added the e -keto e ste r  (137)

(58.5  mg, 0.169 mmol). The so lu t io n  was s t i r r e d  a t 0°C fo r  10 min, 

cooled to -2 0 °C ,  and nBuLi (139 yl of  a 1.34M so lu t io n  in  hexane, 0.186  

mmol) added dropwise. The r e s u lt in g  deep yellow  so lu t io n  of the d i -  

anion was s t i r r e d  at -20°C f o r  30 min, cooled to -7 8 °C , and benzalde-  

hyde (26.9  mg, 0.254 mmol) added dropwise. The mixture was allowed to 

warm to 0°C over 30 min, poured in to  saturated NH^Cl so lu t io n  (3 m l) ,  

and extracted  with E t 20 (3 x 10 m l) ,  each e x tra c t  being washed with 

water (5 ml) and brine (5 m l).  The combined organic  e x tra c ts  were 

d r ie d ,  the so lvent evaporated under reduced pressure, and the res id u al  

o i l  chromatographed (30% E t 20 -  40-60° p e tro l)  to g ive  the e -ketoester  

(138) (26 .8  mg, 35%)'as a c o lo u r le ss  o i l ,  vmax ( f i lm )  3428, 2934, 1736, 

and 1710 cnT1; 6(250 MHz) (10% enol form) 1.13 (3H, d, J  6 .8  Hz, C-8  

Me) ,  1.15 -  2.00 (8H, m), 2.09 (1H, ddd, J  1 .6 ,  5 .0 ,  12.6 Hz, H-ll),

2.34 (1H, m, H-5), 2.87 (1H, dd, J  3 .6 ,  17.3 Hz, H-4'), 2.97 (1H, dd,

J  8 .5 ,  17.3 Hz, H-41), 2.98 (1H, s ,  OH), 3.45 (1.8H, s ,  H-2' ) ,  3.70
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(1H, m, H-8), 4.69 (1H, dd, J  2 .5 ,  11.8 Hz, H-2), 5.0 (0.1H, s ,  H-2' 
enot) , 5.17 (1H, m, H - 5 ’), 5.43 (1H, m, H-4 ) , and 7.32 (10H, m, Ph ) ; 

ot/ s  = 452 (M+ ) .

Preparation of t butyl acetoth ioacetate

o o
*BuSH ------------ - ^ v''~/ '̂v"S<Bu

(139)

To a s t i r r e d  suspension of sodium hydride (2 .75 g, 68.66 mmol, 60% 

d isp e rs io n  in  o i l ) ,  prewashed with sodium-dried 40-60° petrol (2 x 5 m l) ,  

in  THF (50 ml) a t -10°C under argon, was added 2-m ethyl-2-propanethiol  

(5 .1 6 g , 57.21 mmol). The so lu t io n  was warmed to 10°C over 20 min, 

cooled to -1 0 °C ,  and diketene (5 .77 g, 68.66 mmol) added dropwise. The 

mixture was allowed to warm to r t  over Ih before quenching with 

saturated NHi+Cl s o lu t io n  (25 m l).  The product was extracted in to  E t 20 

(3 x 50 m l) ,  each e x tra c t  being washed with water (10 ml) and brine  

(10 m l). The combined organic  e x tra c ts  were d r ie d ,  evaporated under 

reduced pressu re , and chromatographed (5% E t 20 - 40-60° p e tro l)  to g ive  

the th io e s te r  (139) (6 .8 8 g ,  69%) as a pale red o i l ,  v_ ( f i lm )  2965,

1721 , 1676, 1621 , and 1475 cm '1 , 6(60 MHz) 1.54 (9H, s ,  H u ) ,  2.30 (3H, 

s ,  H-4), and 3.57 (2H, s ,  H-2)-, m/z = 174 (M+ ).
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4“ ^
Preparation o f  Butyl 5-hydroxy-3-oxoheptanthioate (141)

S'Bu

OH O O

(139) (141)

To a s t i r r e d  suspension of sodium hydride (37.1 mg, 0.773 mmol,

50% d isp e rs io n  in  o i l ) ,  prewashed with sodium-dried 40-60° petrol  

(2 x 2 m l) ,  in  THF (2 ml) a t  0°C under argon, was added ^butyl aceto-  

th io acetate  (139) (96.6 mg, 0.555 mmol). The so lu t io n  was s t i r r e d  at  

0°C fo r  10 min, cooled to -2 0 °C ,  and nBuLi (444 pi o f  a 1.50M so lu t io n  

in  hexane 0.666 mmol) added dropwise. The r e s u lt in g  deep yellow  

so lu t io n  of the dianion was s t i r r e d  a t -20°C fo r  10 min, cooled to 

-7 8 °C ,  and propionaldehyde (39.0 mg, 0.671 mmol) added dropwise. The 

mixture was allowed to warm to 0°C over 30 min, poured in to  saturated  

NHi+Cl s o lu t io n  (5 m l) ,  and extracted  with E t 20 (3 x 10 m l) ,  each 

organic  e x tr a c t  being washed with water (5 ml) and brine  (5 m l).  The 

combined e x tra c ts  were d r ie d ,  the so lven t evaporated under reduced 

pressure, and the res id u al o i l  chromatographed (20 -* 30% E t 20 -  40-60°  

p e tro l)  to g iv e  ^butyl 5-hydroxy-3-oxoh.eptantht.oate (141) (108.5 mg,

84%) as a c o lo u r le ss  o i l ,  vmax ( f i lm )  3570, 2920, 1710, 1670, and 1620 

cm"1; 6(250 MHz) (18% enol form) 0.95 (3H, t ,  J  7.6 Hz, CH2Ctf3) ,  1.48

(7.38H, s ,  tBu), 1.49 (2H, m, Cff2CH3) ,  1.51 (1.62H, s ,  tBu enol), 2.63  

(1H, dd, J  8 .6 ,  17.9 Hz, H-4), 2.75 (1H, dd, J  2 .8 ,  17.9 Hz, H-4), 2.81 

(1H, br s ,  Ofl), 3.61 (2H, s ,  H-2 ) , and 3.99 (1H, m, H-5); m/z = 232 (M+ ) 

(Found: C, 56.74; H, 8.70%. C11H200 3S requires  C, 56.85; H, 8.69%).
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Preparation of ^Butyl 5-hydroxy-3-oxohept-6-enethioate (142)

o o

(139)

OH O O

(142)
S*Bu

To a s t i r r e d  suspension of sodium hydride (228 mg, 4.74 mmol, 50% 

d isp e rs io n  in  o i l ) ,  prewashed with sodium-dried 40-60° petrol (2 x 2 m l) ,  

in THF (2 ml) a t  0°C under argon, was added ^butyl acetoth ioacetate  

(139) (531 mg, 3.05 mmol). The s o lu t io n  was s t i r r e d  at 0°C f o r  10 min,
4

cooled to -2 0 °C ,  and nBuLi (2.44 ml of a 1.50M s o lu t io n ,  3.66 mmol) 

added dropwise. The r e s u lt in g  deep yellow  so lu tio n  of the dianion was 

s t i r r e d  a t -20°C fo r  10 min, cooled to -7 8 °C ,  and a c r o le in  (224 mg,

4.00 mmol, f r e s h ly  d i s t i l l e d  to remove in h ib i t o r )  added dropwise. The

mixture was allowed to warm to 0°C over 30 min, poured in to  saturated  

NHi+Cl s o lu t io n  (5 ml) and extracted  with E t 20 (3 x 10 m l) ,  each e x tra c t  

being washed with water (5 ml) and brine (5 m l). The combined organic  

e x tra c ts  were d r ie d ,  the so lven t evaporated under reduced pressu re , and 

chromatographed (25% E t 20 -  40-60° p e tro l)  to g ive  tbutyl 5-hydroxy-3- 
oxohept-6-enethioate (142) (584 mg, 83%) as a c o lo u r le ss  o i l ,  vmax ( f i lm )  

3560, 2850, 1708, 1670, and 1620 cm"1; 6(250 MHz) (19% enol form) 1.48

(7.29H, s ,  ^Bu), 1.51 (1.71H, s ,  ^Bu enol) ,  2.78 (3H, m, H-4 and 0 # ) ,

3.61 (1 .6 2 ,  s ,  H-2), 4.60 (1H, m, H-S), 5.15 (1H, ddd, J 2 .9 ,  2 .9 ,  10.6  

Hz, H-7 anti), 5.31 (1H, ddd, J  2 .9 ,  2 .9 ,  17.1 Hz, H-7 syn), 5.40  

(0.19H, s ,  H-2 enol), and 5.86 (1H, ddd, J  5 .5 ,  10.6 , 17.1 Hz, H-6); 

m/z = 230 (M+ ) (Found: C, 57.16; H, 7.71%. C 11H180 3S req u ires  C, 57.35;

H, 7.89%).



n o

Preparation of tButyl 5-hydroxy-6-methyl-3-oxohept-6-enethioate (143)

o o

(1 3 9 )

OH O O

(1 4 3 )

To a s t i r r e d  suspension of sodium hydride (818 mg, 17.25 mmol,

50% d isp e rs io n  in  o i l ) ,  prewashed with sodium-dried 40-60° petrol 

(2 x 3 m l) ,  in  THF (5 ml) a t  0°C under argon, was added ^butyl aceto-  

th io ace tate  (139) ( 2 . Og, 11.48 mmol). The so lu tio n  was s t i r r e d  a t  

0°C f o r  10 min, cooled to -2 0 °C , and nBuLi (9.50 ml of a 1.45M s o lu t io n  

in  hexane, 13.78 mmol) added dropwise. The r e s u lt in g  deep yellow  

so lu t io n  of the d ianion was s t i r r e d  a t -20°C fo r  10 min, cooled to 

-7 8 °C , and methacrolein (886 mg, 12.64 mmol, f r e s h ly  d i s t i l l e d  to 

remove the in h ib i t o r )  added dropwise. The mixture was allowed to warm 

to 0°C over 30 min, poured into  saturated NH^Cl so lu t io n  (10 ml) and 

extracted with E t 20 (3 x 20 m l) ,  each e x tra c t  being washed with water 

(10 ml) and brine (10 m l). The combined organic  e x tr a c ts  were d r ie d ,  

the so lvent removed under reduced p ressu re , and the re s id u a l o i l  

chromatographed (20% E t 20 -  40-60° p e tro l)  to g ive tbutyl 5-hydroxy-6- 
methyl-Z-oxohept-6-enethioate (143) (2 .50 g, 88%) as a c o lo u r le ss  o i l ,

vmax 3500, 2940, 1725, 1675, 1625> and 1370 cm’ 1; 6 ( 250 MHz)

(19? enol form) 1 .47 (7.29H, s ,  tBu), 1.51 (1.71H, s ,  tBu enol), 1.74

(3H, s ,  C-6 Me), 2.73 (1H, br s ,  OH), 2.78 (2H, d, J  5.5 Hz, H-4), 3.63

(1.62H, s ,  H-2), 4.52 (1H, m, H-5), 4 .88 (1H, br s ,  H-7), 5.02 (1H,

br s ,  H-7), and 5.41 (0.19H, s ,  H-2 enol)-, m/z = 244 (M+) (Found: C,

59.12; H, 8.55%. C 12H200 3S requires  C, 58.97; H, 8.27%).



m

(144)

o h  o o BuMe2SiO O O

(142) (144)

A so lu t io n  of a l l y l i c  alcohol (142) (765 mg, 3.33 mmol), ^ b u ty l-

d im e th y ls i ly l  c h lo r id e  (602 mg, 3.99 mmol), and im idazole (566 mg, 8.31 

mmol) in  dry DMF (2 .5  ml) was s t i r r e d  overnight a t r t .  The mixture  

was poured in to  E t 20 (50 ml) and washed with water (3 x 10 m l) ,  followed  

by brine (10 m l).  A fte r  dryin g and evaporation of so lvent under 

reduced pressure, the residue was chromatographed (3% E t 20 -  40-60°  

p e tro l)  to g ive  ^butyt 5-(̂ 'butytdimethyts'itytoxy)-Z-oxohept-6~eneth'ioate

(144) (1 .0 6 g , 93%) as a c o lo u r le ss  o i l ,  v__Y ( f i lm )  2855, 1720, 1670, 

1618, and 1360 cm"1; 6(250 MHz) (30% enol form) 0.05 (6H, s ,  SiAfe2) ,

0.87 (9H, s ,  S i* B a ) , 1.47 (6.3H , s ,  StBu), 1.51 (2.7H , s ,  StBu enol),

2.62 (1H, dd, J  5 .0 ,  15.1 Hz, H-4), 2.80 (1H, dd, J  7 .6 ,  15.1 Hz, H-4),

3.58  (1.4H , s ,  H-2), 4 .47 (0.3H , m, H-S enol), 4.61 (0.7H , m, H-S),

5.07 (1H, ddd, J  2 .5 ,  2 .5 ,  10.3 Hz, H-7 anti), 5.22 (1H, ddd, J  2 .5 ,

2 .5 ,  17.0 Hz, H-7 syn), 5.37 (0.3H , s ,  H-2 enol), and 5.82 (1H, ddd,

J  6 .7 ,  10.3 , 17.0 Hz, H-S)-, m/s = 287 {M+-Hu) (Found: C, 59.47; H, 

9.40%. C17H320 3S iS  requires  C, 59.24; H, 9.38%).
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A s o lu t io n  of sodium hydroxide (0 .84 3g , 21.1 mmol) in  water (5 ml) 

was added to a s o lu t io n  of s i l v e r  n i t r a t e  (3 .58 g, 21.1 mmol) in  water 

(3 ml) and the mixture s t i r r e d  v ig o ro u s ly  fo r  5 min. The r e s u lt in g  

grey/green p r e c ip ita te  was f i l t e r e d ,  the re c e iv e r  changed, and a so lu 

tio n  o f  t r i f l u o r o a c e t i c  ac id  (2 .3 0 g , 20.2 mmol) in water (100 ml) 

passed over the f i l t r a t e  to d is s o lv e  i t .  The c o lo u r le ss  s o lu t io n  was 

evaporated to dryness le av in g  a white p r e c ip it a t e .  T h is  p r e c ip ita te  

was d isso lv e d  in  ether (100 m l) ,  passed through a short pad o f  c h a rco a l,  

and the r e s u lt in g  so lu tio n  evaporated under reduced pressure to g iv e  a 

white c r y s t a l l i n e  s o l id  (3 .4 4 g , 7 4 % ) .^

Preparation of Silver Trifluoroacetate

Preparation of Cyclohexyl 5 - (^butyldim ethyl s i ly lo x y )-3 -o x o h e p t-6 -e n o a te

(145)

‘ BuMe.SiO O O

S*Bu

(144)

ro. ,0

OSiMe^Bu

(145)

To a s o lu t io n  o f  the th io e s te r  (144) (201.7 mg, 0.585 mmol) and 

cyclohexanol (70.5  mg, 0.704 mmol) in THF (3 ml) was added s i l v e r  t r i 

f lu o ro a ce ta te  (155 mg, 0.705 mmol). The mixture was s t i r r e d  at r t  fo r
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18h. The so lu t io n  was d i lu te d  with E t 20 (50 m l) ,  f i l t e r e d  through a 

sh ort pad o f  s i l i c a ,  and washed with saturated NaHC03 so lu t io n  (2 x 20 

ml) followed by brine  (10 m l).  A fte r  dryin g and evaporation o f  the 

so lve n t under reduced p re ssu re , the residue was chromatographed (5%

E t 20 -  40-60° p e tro l)  to g iv e  oyolohexyl 5-(̂ butyldimethylsilyloxy)-3- 
oxohept-6-enoate (145) (137.9 mg, 67%) as a c o lo u r le ss  o i l ,  vmax ( f i lm )  

2915, 2850, 1735, 1712, and 1635 cm"1; 6(250 MHz) (22% enol form)

0.04 (4.68H, s ,  SiMe2) ,  0.05 (1.32H, s ,  SiMe2) ,  0.87 (7.02H, s ,  S i tBu), 

0.88 (1.98H , s ,  S i* B u ) ,  1.10 -  1.60 (6H, m), 1.70 (2H, m, H-2’ and 

H-6'), 1.85 (2H, in, H-2 ’ and H-S'), 2.31 (0.44H, m, H-4 enol), 2.60  

(0.78H, dd, J  4 .4 ,  15.0 Hz, H-4), 2.80 (0.78H, dd, J  6 .1 ,  15.0 Hz, H-4),

3.45 (1.56H, s ,  H-2), 4.47 (0.22H, m, H-5 enol), 4.61 (0.78H, m, H-5),

4.81 (1H, m, H-l’), 4.99 (0.22H, s ,  H-2 enol), 5.07 (1H, ddd, 0 2 .9 ,

2 .9 ,  10.5 Hz, H-7 anti), 5.22 (1H, ddd, J 2 .9 ,  2 .9 ,  16.8 Hz, H-7 syn), 

and 5.82 (1H, ddd, J  5 .9 ,  1 0 .5 ,  16.8 Hz, H-S); m/z = 354 (M+ ) (Found:

C, 64.41; H, 9.69%. C19H3t+01+Si req u ires  C, 64.35; H, 9.68%).

Preparation of Cyclohexyl 5 - ( t b u ty 1 d im e th y ls ily lo xy)-3 -h yd ro xyh e p t-6 -  

enoate (146)

(145) (146)
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To a so lu t io n  o f  the B-ketoester (145) (99.2 mg, 0.28 mmol) in  

MeOH (2 ml) was added sodium borohydride (27.0 mg, 0.714 mmol). A fte r  

s t i r r i n g  a t  20°C f o r  20 min reaction  was complete as in d ica te d  by TLC 

and the mixture was poured into  saturated NH^Cl s o lu t io n  (10 m l).  The 

product was extracted  in to  E t 20 (4 x 20 m l) ,  and the combined organic  

e x tra c ts  d r ie d ,  evaporated under reduced p ressure, and f i n a l l y  passed 

through a short pad o f  s i l i c a  to g ive  cyclohexyl S-^butyldimethyl- 
silyloxy)-3-hydroxyhept-6-enoate (146) (95.7  mg, 96%) as a c o lo u r le ss  

o i l ,  vma¥ ( f i lm )  3480, 2935, 2860, 1725, and 1450 cm- 1 ; 6(250 MHz)

(2:1 mixture of d iastereo isom ers) 0.05 (4H, s ,  SiMe2 ) ,  0.06 (2H, s ,  

SiMe2) ,  0.88 (6H, s ,  S i ^ u ) ,  0.89 (3H, s ,  Si tBu), 1.15 -  1.90 (12H, m),

2.45 (1H, dd, J  3 .0 ,  7.4 Hz, H-Z), 2.47 (1H, dd, J  1 .0 ,  7 .4  Hz, H-Z),

4.15 (1H, m, H-3), 4.37 (1H, br s ,  OH), 4.48 (1H, m, H-5), 4.79 (1H, m,

5.07 (0.65H, ddd, J  1 .4 ,  2 .1 ,  10.1 Hz, H-7 anti), 5.09 (0.33H,  

ddd, J  1 .6 ,  1 .6 ,  10.1 Hz, H-7 anti), 5.17 (0.33H, ddd, J  1 .5 ,  1 .5 ,

17.2 Hz, H-7 syn), 5.24 (0.66H, ddd, J  1 .5 ,  1 .5 ,  17.2 Hz, H-7 syn), 
and 5.74 -  5.92 (1H, m, H-6)-, m/z = 356 (M+ ).

Preparation o f  Cyclohexyl 3,5-dihydroxyhept-6-enoate (147)

o ^ o o ^ o
HO HO

OSiMefBu OH

(146) (147)
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To a so lu tio n  o f  the ^butyldimethyl s i l y l o x y  d e r iv a t iv e  (146)

(42.0  mg, 0.118 mmol) in  THF (2 ml) a t  0°C was added te tra  nb u ty l-  

ammonium f lu o r id e  (130 ul of a 1.0M so lu t io n  in THF, 0.130 mmol).

A fte r  Ih  s t a r t in g  m aterial was consumed (T L C ),  and the mixture was 

poured in to  1M HC1 s o lu t io n  (2 m l).  The product was extracted  into  

ether (3 x 15 m l) ,  each e x tra c t  being washed with brine (5 m l).  The 

combined organic  e x tr a c ts  were d r ie d ,  the solvent evaporated under 

reduced p ressure, and chromatographed (50% E t 20 -  40-60° p e tro l)  to 

g ive  oycloheoqjl 3j5-dihydroxyhept-6-enoate (147) (27.4  mg, 96%) as a 

c o lo u r le ss  o i l ,  vmax ( f i lm )  3420, 2950, 2870, 1725, and 1470 cm- 1 ;

6(250 MHz) (2:1 mixture of d iastereo isom ers) 1.15 -  1.97 (12H, m), 2.50  

(2H, m, H-2), 2.75 (1H, br s ,  Off), 3.51 ( IH ,  br s ,  Oh ), 4.22 -  4.52 (2H, 

m, h 3 and Hs), 4.81 ( IH ,  m, H-l'), 5.12 (0.33H, ddd, J  1 .5 ,  1 .5 ,  9.6 Hz, 

H-7 anti), 5.16 (0.66H, ddd, J  1 .5 ,  1 .5 ,  9.6 Hz, H-7 anti), 5.28 (0.33H,  

ddd, J  1 .5 ,  1 .5 ,  16.3 Hz, H-7 syn), 5.32 (0.66H, ddd, J  1 .5 ,  1 .5 ,  16.3  

Hz, H-7 syn), and 5.80 -  6.00 ( IH ,  m, H-6); m/z - 242 {M+).

. t  tPreparation of Butyl 5 -(  butyl dimethyl s i l y l o x y ) -6 -m ethyl-3-oxohept-6-  

enethioate (148)

A so lu tio n  of 8 -keto ester (143) ( l . O l g ,  4.14 mmol), t buty ld im ethyl-  

s i l y l  c h lo r id e  (781 mg, 5.18 mmol), and im idazole (721 mg, 10.59 mmol)

oh o o ^BuMe^SiO n  o

(143) (148)
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in  dry DMF (3 ml) was s t i r r e d  overnight at r t .  The mixture was 

poured in to  E t 20 (50 ml) and washed with water (3 x 10 m l) ,  followed  

by brine  (10 m l).  A fte r  d ry in g ,  and evaporation o f  so lve n t under 

reduced pressu re , the residue was chromatographed (3% E t 20 -  40-60°  

p e tro l)  to g ive  ^butyl 5-(̂ butyldimethyls'ilyloxy)-6-methyl-Z-oxohept- 
6-enethioate (148) (1 .42 5g , 96%) as a c o lo u r le s s  o i l ,  \>max ( f i lm )  2930, 

1730, 1680, 1625, and 1370 cm"1; 6(250 MHz) (52% enol form) 0.04 (6H,

s ,  SiMe2) ,  0.86 (9H, s ,  Si*Btt), 1.47 (4.3H , s ,  S ^ u ) ,  1.51 (4.7H , s ,

StBu enol), 1.70 (3H, br s ,  C-6 Me), 2.19 (0.52H, ddd, J  1 .4 ,  9 .8 ,

14.7 Hz, H-4 enol), 2.29 (0.52H, dd, J  4 .6 ,  14.7 Hz, H-4 enol), 2.56 

(0.48H, dd, J  4 .2 ,  16.8 Hz, H-4), 2.84 (0.48H, dd, J  9 .2 ,  16.8 Hz, H-4),

3.58 (0.96H, d, J  2.8  Hz, H-2), 4.40 (0.52H, dd, J  4 .6 ,  9 .8  Hz, H-S 
enol), 4.56 (0.48H, dd, J  4 .6 ,  9.8  Hz, H-5), 4.79 (1H, br s ,  H-7), 4.95  

(1H, br s ,  H-7), and 5.34 (0.52H, s ,  H-2 enol)’, m/z - 301 (M^-^Bu) 

(Found: C, 60.20; H, 9.60%. C18H3t+0 3S iS  requires C, 60.27; H, 9.57%).

Preparation of (2S ,8R )-8 -M e th yl-2 -p h e n yl- 1 ,7-d ioxaspiror5,51un decan-  

4 ( S ) - y l  5 '-(^b u ty ld im e th yl s i l y l o x y ) - 3 l -oxohept-6 '-enoate (149)

O^S'Bu
Ph

O.

Me

.O

OSiMê Bu O,

OSiMefBu
(144) (149)
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To a s o lu t io n  o f  the th io e s te r  ( 1 4 4 ) (255.8 mg, 0.742 mmol) and 

(2 S ,8R )-8 -m e th y l-2 -p h e n y l- 1 ,7 -d io x a sp iro [5 ,5 ]u n d e c a n -4 (S )-o l  (230.0 mg, 

0.878 mmol) in  THF (5 ml) was added s i l v e r  t r i f lu o r o a c e t a t e  (463 mg, 

1.765 mmol). The mixture was s t i r r e d  a t r t  fo r  18h. The so lu t io n  

was d ilu te d  with E t 20 (50 m l) ,  f i l t e r e d  through a short pad o f  s i l i c a ,  

and washed with saturated NaHC03 s o lu t io n  (2 x 20 ml) followed by brine  

(10 m l).  A fte r  drying and evaporation o f  so lvent under reduced pres

su re ,  the residue was chromatographed (10% E t 20 -  40-60° p e tro l)  to 

g iv e  (2Sj8R)-8-methyl-2-phenyl-l37-dioxaspiro[S35]undecan-4(S)-yl 
5’-(̂ butyldimethylsilyloxy)-3 ’-oxohept-6 ’-enoate (149) as a c o lo u r le ss  

o i l ,  vmax ( f i lm )  2940, 2870, 1740, 1715, 1653, and 1375 cm’ 1;

6(250 MHz) (28% enol form) 0.04 (4.32H, s ,  S iMez ) 9 0.05 (1.68H, s ,  

S i« e 2 ) ,  0.86 (6.48H, s ,  S i* B u ) ,  0.87 (2.52H, s ,  1.14 (3H, d,

J  7 .2  Hz, C-8 Me), 1.10 -  2.35 (10H, m), 2.51 (1H, dd, 0 2 .4 ,  7.6 Hz, 

H-4'), 2.76 (1H, dd, J  3 .7 ,  7.6 Hz, H-4'), 3.45 (1.44H, s ,  H-2’), 3.71 

(1H, m, H-8), 4.47 (0.28H, m, H-5’), 4.60 (0.72H, m, H-5'), 4.70 (0.72H,  

dd, J  1 .1 ,  5.8  Hz, H-2), 4.72 (0.28H, dd, 0 1 .1 ,  5.8  Hz, H-2), 4.97  

(0.28H, s ,  H-2’ enol), 5.07 (1H, ddd, J  1 .5 ,  1 .5 ,  5.3 Hz, H-7' anti),

5.22 (1H, ddd, J  1 .5 ,  1 .5 ,  8 .4  Hz, H-7’ syn), 5.46 (1H, m, H-4), 5.81 

(1H, m, H-6’), 7.36 (5H, m, Ph), and 10.7 (0.28H, s ,  OH.enol)', m/z - 
459 (Af+-^Bu) (Found: C, 67.37; H, 8.71%. C2gH1+406Si req u ires  C, 67.39;

H, 8.60%).
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Preparation o f  (2S ,8R )-8 -M e th yl-2 -p h e n yl-1 ,7-d ioxaspiror5,51un decan-  

4 ( S ) - y l  5 1 - ( ^butyldimethyl s i l y l o x y ) - 6 1-m ethyl- 3 1-o xoh ep t-61-enoate  

(150)

CWS'Bu

OSiMê Bu

(148) (150)

To a so lu t io n  of the th io e s te r  (148) (470.3 mg, 1.311 mmol) and

(2 S ,8 R )-8 -m e th y l-2 -p h e n y l- l ,7 -d io x a sp ir o [5 ,5 ]u n d e c a n -4 (S )-o l  (354.1 mg,

1.352 mmol) in  THF (5 ml) was added s i l v e r  t r i f lu o r o a c e t a t e  (575.8 mg,

2.617 mmol). The mixture was s t i r r e d  a t  r t  fo r  18h before d i lu t in g

with E t 20 (50 ml) and f i l t e r i n g  through a short pad of s i l i c a .  The

ethereal la y e r  was washed with saturated NaHC03 so lu t io n  (2 x 20 m l) ,

water (10 ml) and brine (10 m l). A fte r  drying and removal of the

so lve n t under reduced pressure the residue was chromatographed (10%

E t 20 -  40-60° p e tro l)  to g ive  (2S,8R)-8-methyZ-2-phenyZ-l37-dioxasp'iro-

[5J5]undecan-4(S)-yZ 5 r-(̂ butyZd'CmethyZsiZyZoxy)-6 '-methyZ-Zoxohept-

6 enoate (150) (529 mg, 76%) as a c o lo u r le ss  o i l ,  v ( f i lm )  2940,max

2860, 1745, 1720, 1650, and 1385 cm- 1 ; 6(250 MHz) (20% enol form)

0.02 (4.8H, s ,  SiMe2) , 0.04 (1.2H, s ,  SiAfe2 ) ,  0.84 (1.8H , s ,  %itBu), 
0.86 (7.2H , s ,  S itBu), 1.14 (3H, d, J  7.1 Hz, C-8 Me), 1.06 -  1.64 (8H, 

m), 1.69 (3H, s ,  C - 6 ’ Me), 2.12 (1H, m, H-ll), 2.35 (1H, m, H-S), 2.50  

(1H, dd, J  3 .5 ,  14.3 Hz, E-4'), 2.80 (1H, dd, J  8 .4 ,  14.3 Hz, H-4'),



119

3.46 (1.6H, s ,  H-21), 3.71 (1H, m, H-8), 4.41 (0.2H, m, H-5' enol),

4.54 (0.8H, dd, J  3 .5 ,  8 .4  Hz, H-5’), 4.70 (1H, dd, 0 2 .1 ,  11.8 Hz,  

H-2), 4.80 (1H, br S, H-7’ anti), 4.94 (0.2H, s ,  H-2’ enol), 4.96  

(1H, br s ,  H-7’ syn) ,  5.46 (1H, m, H-4), 7.36 (5H, m, Ph) , and below 

11 (0.2H , s ,  OH enol); m/z = 473 (M+- t Bu) (Found: C, 67.97; H, 8.74%. 

C30H4606^1 req u ires  C, 67.87; H, 8.75%).

Preparation o f  (2S ,8R )-8-M ethy1-2-pheny1-1,7-d ioxaspiro[5 ,5]undecan-  

4 ( S ) - y l  5 1 ( t b u ty1d im eth yls i1y1o xy)-3 l -hydroxyhept-6 1-enoate (151)

(149) (151)

To a s o lu t io n  of the 3 -k e to e ste r  (149) (200 mg, 0.387 mmol) in  MeOH 

(3 ml) was added sodium borohydride (38 mg, 1.004 mmol). A fte r  s t i r i n g  

at r t  fo r  25 min the so lu tio n  was d ilu te d  with E t 20 (50 ml) and washed 

with water (3 x 10 ml) and brine (10 m l). The organic  phase was d r ie d ,  

the so lvent evaporated under reduced pressure, and the r e s u lt in g  o i l  

f i l t e r e d  through a short column o f  s i l i c a  to g ive  (2S,8R)-8-methyl-2- 
phenyl-lj7-dioxaspiro[5j5]undecan-4(S)-yl 5 butyldimethylsilyloxy)- 
3 1 -hydroxyhept-6' -enoate (151 ) (200 mg, 100%) as a c o lo u r le ss  o i l ,

vmax ( f i l n i ) 3520> 2950> 2870> 1740» and 1385  cm"1; 6(250 MHz) (2:1

mixture o f  d iastereoisom ers) 0.05 (4H, s ,  SiMe2) ,  0.07 (2H, s ,  SiMe2) ,
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0.89 ( 6H, s ,  S i^ B u ) , 0.90 (3H, s ,  S ^ B u ) , 1.13 (3H, d, J  7.1 Hz, C- 8  

Me), 1.14 -  2.00 (10H, m), 2.10 (1H, m, H-ll), 2.35 (1H, m, H-5), 2.44  

(2H, ra, H-2'), 3.72 (1H, m, H-8), 4.15 (0.66H, m, H-Z'), 4.28  (0.33H ,  

in, H-Z’), 4.36 (0.66H, m, H-S'), 4.48  (0.33H, m, H-5'), 4 .70 (1H, dd,

J  1 .9 ,  11.6 Hz, H-2), 5.07 (0.66H , ddd,J  2 .0 ,  2 .0 ,  10.1 Hz, h-7' anti), 
5.10 (0.33H, J  2 .0 ,  2 .0 ,  10.1 Hz, H-7' anti), 5.17 (0.66H, ddd, J  2 .0 ,  2 .0 ,  

17.1 Hz, H-7' syn), 5.23 (0.33H, ddd , J 2 . 0 , 2 . 0 , 1 7 . 1  Hz, H-7' syn), 5.43  

(1H, m, H-4), 5.72 -  5.93 (1H, m, H-6'), and 7.38 (5H, m, Ph)\ m/z - 

461 (aT - ^ u ) (Found: C, 67.21; H, 8.98%. C29H,,606Si req u ires  C,

67.13; H, 8.9656).

Preparation o f  (2S,8R )-8 -M e th yl-2 -p h e n yl- 1 ,7-d ioxaspiro[5 ,51undecan-  

4 (S)-y1  5 ' - ( ^ b u t y ld i m e t h y ls i ly lo x y ) - 3 ‘ -hyd roxy-6 1 -m ethylhept-6 1-enoate  

(152)

Phv ° s  X
V<V°

H O „

V*
OSiMejBu OSiMoTB u
(150) (152)

To a so lu t io n  of the B-ketoester (150) (203.8 mg, 0.384 mmol) in  

MeOH (3 ml) was added sodium borohydride (36.0 mg, 0.951 mmol). A fte r  

s t i r r i n g  a t  r t  fo r  30 min, the so lu t io n  was poured into water (5 ml) 

and extracted into E t 20 (4 x 10 m l).  The combined organic e x tra c t  was 

d r ie d ,  evaporated under reduced p ressure, and f i l t e r e d  through a short
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column Of s i l i c a  to g iv e  (2SJ8R)-8-methyl-2-phenyl-lJ7-dioxaspiro[5,5]- 

undecan-4(S)-yl 5 '-(^butyldimethylsilyloxy)-3'-hydroxy-6 '-methylhept- 

6 r-enoate (152) (199 mg, 97%) as a c o lo u r le ss  o i l ,  v ( f i lm )  3520, 

2940, 2870, 1732, and 1375 cm"1 ; 6(250 MHz) (2:1 mixture of d ia ste re o -

isomers) 0.04 (4H, s ,  S iMe2), 0.09 (2H, s ,  SiAfe2 ) ,  0.89 ( 6H, s ,  Si^flw), 

0.90  (3H, s ,  Si^Bw ), 1.14 (3H, d, J  7.1 Hz, C- 8  We), 1.16 -  1.98 (10H, 

m), 1.68 (3H, s ,  C - 6 ' We), 2.09 (1H, m, H - U ) , 2.35 (1H, m, H-S ) , 2.44  

(2H, m, H-2’), 3.71 (1H, m, H-S ) , 4.12 (0.66H, m, f l - 3 ’ ) .  4.20 (0.33H,  

ra, H - 3 ’), 4.33 (1H, m, H - S ’), 4.70 (1H, dd, J  2 .0 ,  11.8 Hz, H-2), 4.81 

(0.66H, br s ,  H-7' anti ) , 4.84 (0.33H, br s ,  H-7' anti ) , 4.93 (0.66H,  

br s ,  H-7' syn), 5.00 (0.33H, br s ,  H-7' syn), 5.43 (1H, m, H-4), and

7.38 (5H, m, Ph); m/z = 475 (W+- t Bu) (Found: C, 67.81; H, 9.19%. 

C3oH4806Si requires C, 67.62; H, 9.10%).

Preparation o f  (2 S ,8 R )-8 -M e th y l-2 -p h e n y l- l ,7 -d io x a sp iro [5 ,5 ]u n d e c a n -  

4 ( S ) - y l  3*^ '-d ih y d ro x y h e p t -e '-e n o a te  (153)

Ph f ° v 1 ;," ^ o  v 
1

V 1 \ 
l

0 ---------- o.x ,0

HO

OSiMefeu

(151)

O ̂ N M|

HO-

V
OH

(153)

To a so lu tio n  o f  t h e ^ u t y l  dimethyl s i  ly lo x y  d e r iv a t iv e  (151) (137.6  

mg, 0.265 mmol) in THF (2 ml) at 0°C was added te tra  nbutylammonium
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f lu o r id e  (292 y l o f  a 1.0M so lu tio n  in  THF, 0.292 mmol). A fte r  30 

min s t a r t in g  m aterial was consumed (TLC) with the production o f  two 

p o lar  products. The mixture was poured in to  1M HC1 s o lu t io n  (5 m l) ,  

the product extracted  in to  E t 20 (3 x 20 ml) and the combined organic  

e x tra c ts  d r ie d ,  the so lve n t evaporated under reduced p re ssu re , and 

chromatographed (50% E t 20 -  40-60° p e tr o l)  to g ive  f i r s t l y  the s p ir o -  

acetal (136) (32.9  mg) and secondly (2S>8R)-8-methyl-2-pheny1-1,7- 

dioxaspiro [5j 5 ] undecan-4 (S)-yl 3',5' -dihydroxyhept-6 '-enoate (153)

(40.4  mg, 38%) as a c o lo u r le ss  o i l ,  vmav ( f i lm )  3430, 2940, 2870, 1730, 

and 1385 cm"1 ; 6(250 MHz) (2:1 mixture o f  d iastereoisom ers) 1.13 (3H,

d, J  7.1 Hz, C- 8  Me), 1.14 -  2.00 (10H, m), 2.10 (1H, dd, J  4 .6 ,  11.5  

Hz, H-ll), 2.34 (1H, m, H-5), 2.48 (2H, m, H-2'), 2.68 (1H, br s ,  OH),

3.15 (1H, br s ,  Off), 3.70 (1H, m, H-8), 4.20 -  4.50 (2H, m, H-3' and 

H-5'), 4.70 (1H, dd, J  1 .9 ,  11.6 Hz, H-2), 5.08 -  5.18 (1H, m, H-7' 
anti), 5.21 -  5.29 (0.33H, m, H-7' syn), 5.29 - 5.35 (0.66H, m, H-7' 
syn), 5.45 (1H, m, H-4), 5.79 - 6.00 (1H, m, H-6'), and 7.35 (5H, m,

Ph)%, m/z - 404 (M+) (Found: C, 68.18; H, 8.05%. C2 3H3206 re q u ire s

C, 68.28; H, 7.99%).

Preparation of (2 5 ,8 R )-8 -M e th y l-2 -p h e n y1 -l,7 -d io x a sp iro [5 ,5 ]u n d e ca n -  

4(5)-y1  3* ,5*-d ih yd roxyh ep t-6 1-enoate (153) using CHqCN/HF

To a s o lu t io n  o f  the ^butyldimethyl s i l y l o x y  d e r iv a t iv e  (151)

(23.2  mg, 4 .8  x 10" 5 mmol) in  THF (1 ml) at 0°C was added HF (100 yl  

of a 0.70M so lu t io n  o f  40% HF in a c e t o n i t r i l e ,  7.2 x 10" 5 mmol). A fte r  

15 min, reaction  was complete by TLC and the mixture was poured into  

saturated NaHC03 s o lu t io n  (2 m l). The product was extracted  into  

CH2C12 (4 x 10 m l) ,  and the combined organ ic  e x tra cts  d r ie d ,  the so lve n t  

evaporated under reduced pressure, and chromatographed (50% E t 20 -
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40-60° p e tr o l)  to g iv e  the d io l (153) (17.6  mg, 97%) id e n t ic a l  to the 

p re v io u s ly  prepared sample.

Preparation o f  ( 2 S ,8 R ) - 8 -M ethyl-2-phenyl- 1 ,7 -d ioxasp iro[5 ,5]u n d ecan -  

4 ( S ) - y l  3 * ,5 ' -d ih y d ro x y -S '-m e th y lh e p t-6 '-enoate (154)

(152) (154)

To a so lu t io n  o f  ^ b u ty ld im e th y ls i ly lo x y  d e r iv a t iv e  (152) (179.0 mg, 

0.336 mmol) in  THF (2 ml) a t  0°C was added HF (500 yl of a 0.70M so lu 

tio n  of 40% HF in  a c e t o n i t r i l e ,  0.35 mmol). A fte r  10 min re a ctio n  was

complete by TLC and the mixture was poured into saturated NaHC03 so lu 

tio n  (5 m l). The product was extracted  into CH2C12 (4 x 1 0  m l) ,  and 

the combined o rg an ic  e x tra c ts  d r ie d ,  the solvent evaporated under 

reduced pressu re , and chromatographed (50% E t 20 - 40-60° p e tro l)  to 

give  (2S38R)-8-methyl-2-phenyl-l, 7-dioxaspiro[5*5]undecan-4(S)-yl 
3'jS'-dihydroxyS'-methylhept-S'-enoate (154) (140.2 mg, 100%) as a 

c o lo u r le ss  o i l ,  vmax ( f i lm )  3420, 2940, 2870, 1732, and 1375 cm- 1 ;

5(250 MHz) (2:1 mixture o f  d iastereoisom ers) 1.12 (3H, d, J  7.1 Hz,

C- 8  Me), 1.13 -  2.02 (10H, m), 1.72 (3H, s ,  C -6 1 Me), 2.10 (1H, dd,

J  5 .0 ,  11.9 Hz, H-ll), 2.34 (1H, m, H-5), 2.48 (2H, m, H -2’), 3.14  

(1H, br s ,  Otf), 3.45 (1H, br s ,  OH), 3.73 (1H, m, H-8 ) , 4.22 -  4.40
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(2H, m, H-3’ and t f - 5 ' ) ,  4.64 (0.33H, dd, J  2 .0 ,  11.8 Hz, H-2), 4.71 

(0.66H, dd, J  2 .0 ,  11.8 Hz, H-2), 4.84 (0.66H, br s ,  H-7r anti), 4 .88  

(0.33H, br s ,  H-7’ anti), 5.00 (0.66H, br s ,  H-71 syn), 5.05 (0.33H,  

br s ,  H-7' syn), 5.45 (1H, m, H-4), and 7.38 (5H, m, Ph); m/z = 418 

(M*) (Found: C, 68.65; H, 8.19%. 021+831*06 requires  C, 6 8 . 8 6 ;

H, 8.20%).
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SECTION B

Preparation o f  1 ,4-Dim ethyl- 1 ,4-cyclohexadiene (161)

(1 6 1 )

To a v ig o ro u s ly  s t i r r e d  s o lu t io n  o f  p-xy len e (108g, 1.017 

mol) in  a mixture of anhydrous E t 20 (200 m l) ,  l iq u id  ammonia (800 ml) 

and absolute ethanol (194 ml) was added sodium (70g) in portions over 

5h. On disappearance of the blue c o lo u r ,  the ammonia was allowed to 

evaporate, the system purged with n itro ge n , and an ice-w ater s lu r r y  

(300 ml) c a u t io u s ly  added. The organ ic  la ye r was separated and 

washed with water (2 x 50 ml) and brine  (50 ml) before dryin g and 

evaporation o f  so lvent under reduced pressure to g iv e  the non-conjugated  

diene (161) (8 9 .3g, 81%) as a c o lo u r le s s  o i l ,  v ( f i lm )  2980, 2920,
1II& A

1660, and 1440 cm-1; 6(60 MHz) 1.6  ( 6H, s ) ,  2.5 (4H, br s ) ,  and

5.2  (2H, m); m/z = 108 (M+ ).

Preparation o f  1 ,4-Dim ethyl- 4 , 5-epoxycyclohexene (164)

-o

(1 6 1 ) (1 6 4 )
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To a s t i r r e d  so lu t io n  of 1 ,4 -d im eth yl- 1 ,4-cyclohexadiene (161) 

5.28g, 48.80 mmol) in  CH2C12 (60 ml) a t  0°C was added dropwise a s o lu 

tio n  o f  mCPBA (8 .9 9 g , 44.28 mmol) in CH2C12 (100 m l).  The mixture  

was s t i r r e d  at r t  f o r  18h then poured in to  1M NaOH so lu t io n  (50 m l).

The organic  la y e r  was separated, washed with water (3 x 40 m l) ,  and 

d rie d . The so lv e n t was evaporated under reduced pressure and the 

residue chromatographed (10% E t 20 -  40-60° p e tro l)  to g ive  the mono

epoxide (164) (5 .0 9 g , 84%) as a c o lo u r le s s  o i l ,  ( f i lm )  2960, 2875, 

1680(w), 1445, and 1420 cm"1; 5(60 MHz) 1.35 (3H, s ,  C-4 Me), 1.63

(3H, s ,  C - l  Me), 2.38 (4H, br s ) ,  3.04 (1H, m, H-5), and 5.10 (1H, m, 

H-2); m/z = 124 (M+) (Found: M+ 124.0884. C8H120 requires  124.0888).

Preparation of 1 ,4 -D im e th y l-2 ,4 -c y c lo h e x a d ie n e -l-o l  (167)

(1 6 4 )  (1 6 7 )

To a so lu t io n  o f  d ie th y l amine (118.1 mg, 1.615 mmol) in E t 20 (5 ml) 

a t -10°C under argon was added nBuLi (1.06 ml of a 1.52N s o lu t io n  in  

hexane, 1.614 mmol) dropwise. The c o lo u r le ss  so lu t io n  was allowed to 

warm to r t  over 15 min, cooled to -6 0 °C ,  and a so lu t io n  of the epoxide  

(164) (100 mg, 0.805 mmol) in E t 20 (2 ml) added dropwise. The mixture  

was s t i r r e d  a t  -60°C fo r  Ih then poured into  saturated NH^Cl so lu t io n  

(10 m l). The aqueous phase was extracted  with ether (3 x 20 m l) ,  each 

e x tra c t  being washed with water (5 ml) and brine (5 m l). The combined 

organ ic  e x tra c ts  were d r ie d ,  the so lven t evaporated under reduced
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p re ssu re , and the residue chromatographed (20% E t 20 -  40-60° p e tro l)  

to g ive  the hydrated p-xy len e  (167) (95 mg, 95%) as a c o lo u r le ss  o i l ,

vmax ( f U m ) 3360» 2970i 2860» 1500» and 1378 cm" 1; 6 ( 250 MHz) K 3 2

(3H, s ,  C - l  M e ) ,  1.78 (3H, d, J  2.3  Hz, C-4 Me), 1.99 (1H, br s ,  OH),

2.36 (1H, dd, J  2 .3 ,  18.9 Hz, H-6), 2.46 (1H, ddd, J  1 .5 ,  2 .3 ,  18.9 Hz,

H-6), 5.55 (1H, m, H-5), 5.75 (1H, d, J  9.3  Hz, H-2), and 5.84 (1H, dd,

J  1 .5 ,  9.3  Hz, H-3)', m/z = 124 (M+ ) (Found: M+ 124.0878. C9H1 2 O

requires 124.0888).

Preparation o f  trans-1,4-D im ethyl- 1 , 2 , 4 , 5-diepoxycyclohexane (168) and 

ois-1 ,4 -D im e th y l- l ,2 ,4 ,5 -d ie p o x ycy c lo h e x a n e  (169)

'Q-
0.

-  tl • 
0

//

( 1 6 4 ) (1 6 9 ) (1 6 8 )

To a s t i r r e d  so lu tio n  of the mono-epoxide (164) (100 mg, 0.805 mmol) 

in  CH2C12 (5 ml) at 0°C was added a so lu t io n  of mCPBA (167 mg, 0.823  

mmol) in CH2C12 (20 ml) dropwise. The mixture was s t i r r e d  fo r  3h, 

poured in to  1M NaOH so lu t io n  (10 m l) ,  and the aqueous phase extracted  

with CH2C12 (3 x 10 m l).  The combined organic  e x tra c ts  were d r ie d ,  

the so lven t evaporated under reduced pressure and the residue chromato

graphed (20 -*■ 40% E t 20 -  40-60° p e tro l)  to g ive  f i r s t l y  the trans- 
diepoxide (168) (33.5 mg, 30%) as white c r y s t a l s ,  m.p. 48°C; vmax
(CHCla) 2980, 2930,1475, and 1425 cm '1; s(250 MHz) 1.3£ (5H, s ,  C - l , -4

Me), 2.18 (2H, d, J  17.0 Hz, H-3,-6), 2.35 (2H, dd, J  3 .8 ,  17.0 Hz,

H-3,-6), and 2.93 (2H, d, 0 3.8  Hz, h -2,-5); m/z = 140 (M+ ) (Found:
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it 140.0833. C8H1202 req u ires  140.0837), followed by the eis-

diepoxide (169) (78.0  mg, 69%) as white c r y s t a l s ,  m.p. 57°C; v 

(CHC13) 2980, 2930, 1480, 1455, and 1385 cm"1 ; 6(250 MHz) 1.30 (6H, 

s ,  C - 1 , - 4  Me), 2.15 (2H, dd, J  3 .4 ,  17.0 Hz, H-3,-6) ,  2.59 (2H, d,

J  17.0 Hz, H-3,-6), and 2.92 (2H, d, J  3 .4  Hz, H-2,-5) ;  m/z = 140 

(M+) (Found: M+ 140.0833. C8H1202 req u ires  140.0837).

X-Ray C r y s ta l lo g r a p h ic  Data f o r  (168)

C r y s ta ls  o f  (1 6 8 ),  C8H1202 Mr = 140.2, are m onoclinic with £  = 

6 .5 1 7 (2 ) ,  b = 7 .5 5 3 (2 ) ,  c = 8 .4 38 (2 )A , 6 = 1 1 1 .7 7 (2 )° ,  u = 386 A3 , 

space group P21/n, Z = 2, (Cu-K^) = 7 cm- 1 , Dc = 1.21 gem"3 . 401 

independant r e f le c t io n s  (e s 50°) were measured with Cu-^a ra d ia t io n s  

(grap h ite  monochromator) using the omega-scan measuring ro u tin e . Of 

these 379 had |Fq |>3e( IP’q 1) and were considered to be observed. The 

data was corrected fo r  Lorentz and p o la r is a t io n  f a c t o r s ;  no absorption  

co rre c t io n  was ap plied.

The s tru c tu re  was solved by d ir e c t  methods and the non-hydrogen 

atoms re f in ed  a n is o t r o p ic a l ly .  The p o s it io n s  of the hydrogen atoms 

were c l e a r l y  defined in a AF map. The methyl and epoxide hydrogen 

atoms were re f in ed  i s o t r o p i c a l l y ;  the methylene hydrogen atom p o s it io n s  

were id e a l is e d  and the atoms allowed to r id e  on t h e ir  parent carbon 

atom. Refinement was by block-cascade f u l l - m a t r ix  le a st-sq u a re s  to 

R = 0.037.

Computations were c a r r ie d  out on an E c l ip s e  S I 40 computer using  

the SHELXTL program system.
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Preparation o f  trans-} ,4-D im ethyl- 1 ,2 > 4 ,5-diepoxycyclohexane (168) and 

cis-1 ,4 -D im e th y l- l ,2 ,4 ,5 -d ie p o x ycy c lo h e x a n e  (169)

To a s t i r r e d  so lu t io n  of 1 ,4 -d im eth yl- 1 ,4-cyclohexadiene (161) 

(3 .0 g ,  27.73 mmol) in CH2C12 (100 ml) a t  0°C was added a s o lu t io n  of  

mCPBA (1 2 .6g, 58.41 mmol) in CH2C12 (250 ml) dropwise over 3h. The 

mixture was then s t i r r e d  at r t  fo r  18h before pouring in to  1M NaOH 

so lu tio n  (100 m l).  The organ ic  phase was separated, washed with 

water (3 x 50 ml) and then d r ie d . Evaporation o f  so lve n t under r e 

duced pressure gave a white c r y s t a l l i n e  s o l id  which was chromatographed 

(20 -* 40% E t 20 -  40-60° p e tro l)  to g ive  f i r s t l y  the tra n s-d ie p o x id e  

(168) (1 .0 9 g , 28%) followed by the c-is-diepoxide (169) (2 .76 g, 71%).

Each isomer gave sp e ctra l data id e n t ic a l  to that o f  the p re v io u s ly  

prepared m a te r ia l .

Preparation o f  la ,5a-D ih yd roxy-1g-m eth yl-4-m eth ylenecyclohex-2-ene (170) 

and 2a,4ct-Dihydroxy-28,5-dim ethylcyclo h ex -5-en ed iethyl amine (171)

o

(1 6 1 ) (1 6 9 )
o

(1 6 8 )

6h
(1 7 1 )

OH
(1 6 9 ) (1 7 0 )
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To a s t i r r e d  so lu t io n  of d ie th y l amine (65.0 mg, 0.889 mmol) in  THF 

(2 ml) a t  -20°C under argon was added nBuLi (585 pi of a 1.52N s o lu t io n  

in  hexane, 0.889 mmol) dropwise. The mixture was warmed to r t  over 

15 min, then added dropwise via a cath e te r  to a so lu t io n  of the ois 
diepoxide (169) (124.4 mg, 0.887 mmol) in  THF (5 ml) under argon. The 

so lu t io n  was heated a t r e f lu x  f o r  24h, allowed to c o o l,  then poured 

into  saturated NH4C1 s o lu t io n  (10 m l). The aqueous phase was extracted  

with E t 20 (3 x 20 m l) ,  each e x tr a c t  being washed with water (5 ml) and 

brine (5 m l).  The combined organ ic  e x tra c ts  were d r ie d ,  the so lven t  

evaporated under reduced p ressu re , and the residue chromatographed 

(50% E t 20 -  40-60° p e tro l)  to g ive  f i r s t l y  recovered s t a r t in g  m aterial  

(60.0  mg), then lctj5cL-dihydroxy-l&-methyl-4-methylenecyclohex-2-ene 
(170) (32.8  mg, 51% based on unrecovered s t a r t in g  m a t e r ia l ) ,  vmax ( f i lm )  

3360, 2980, 2930, 1600, and 1370 cm- 1 ; 6(250 MHz) 1.32 (3H, s ,  C - l  Me)

1.85 (1H, ddd, J  1 .0 ,  3 .2 ,  14.2 Hz, H-6), 2.23 (1H, ddd, J  1 .6 ,  4 .7 ,

14.2 Hz, h -6), 2.32 (1H, m, C-5 0i?), 3.48 (1H, s ,  C - l  Off), 4.54 (1H, m, 

f f -5 ) ,  5.09 (1H, s ,  =Cff2 ) ,  5.15 (1H, s ,  =Cff2 ) ,  5.83 (1H, dd, J  1 .0 ,  10.2  

Hz, f f -3 ) ,  and 6.10 (1H, d, J  10.2 Hz, H-2); m/z - 140 (M+) (Found:

C, 68.63; H, 8.74%. C8H1202 req u ires  C, 68.53; H, 8.65% ), and f i n a l l y

the amine d io l (171) (24.8  mg, 25% based on unrecovered s t a r t in g  

m a t e r ia l ) ,  vmax ( f i lm )  3400, 2980, 2940, 1665, and 1460 cm"1 ; 6(60 MHz)

1.05 (6H, t ,  J  7.0 Hz, CH2Cff3) , 1.18 (3H, s ,  C-2 Me), 1.75 (3H, br s ,

C-5 M e ) ,  1.90 -  2.20 (2H, m), 2.55 (6H, in c . q ,  J  7.0  Hz, Cff2CH3, 2 Off),

3.18 (1H, m, H-l) ,  4.05 (1H, m, H-4), and 5.50 (1H, m, H-6); m/z = 213 

(M+ ) (Found: M*  213.1729. requires 213.1716).
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Preparation o f  2 ,5$-D im eth yl-4 ,5a-ep o xycyclo h ex-2-en -1a-o l (175) and 

1a , 5ct-Di hydroxy-1g-m ethyl-4-m ethylenecyclohex-2-ene (170)

(169) (175) (170)

To a so lu tio n  o f  ethylenediamine (237 mg, 3.943 mmol) in  a 4:1 mix 

ture of E t 20:THF (2 ml) a t  0°C under argon was added nBuLi (2 .60  ml of  

a 1.55N so lu t io n  in  hexane, 3.945 mmol) dropwise. The mixture was 

s t i r r e d  a t  t h is  temperature f o r  20 min before addition  of the ois 
diepoxide (169) (502.8 mg, 3.586 mmol) as a so lu t io n  in THF (2 m l).  

A fte r  s t i r r i n g  a t  0°C fo r  30 min, the so lu t io n  was warmed to r t  over 

20 min before pouring into  saturated NH^Cl so lu tio n  (20 m l).  The 

aqueous phase was extracted  with E t 20 (3 x 30 ml) ,  each e x tr a c t  being 

washed with water (10 ml) and brine (10 m l).  The combined organ ic  

e x tra c ts  were d r ie d ,  the so lven t evaporated under reduced pressure and 

the residue chromatographed (50% E t 20 -  40-60° p e tro l)  to g iv e  f i r s t l y  

2J5$-d‘imethyl-4J5a-epoxycyclohex-2-en-la.-ol (175) (390.3 mg, 78%) as a 

c o lo u r le ss  o i l ,  vmax ( f i lm )  3510, 2940, 1660(w), and 1452 cm"1;

6(250 MHz) 1.43 (3H, s ,  C-5 Me), 1.78 (1H, dd, J  4 .5 ,  15.2 Hz, H-6),

1.86 (3H, d, J  1.4  Hz, C-2 Me), 2.30 (1H, dd, J 1 .9 ,  15.2 Hz, H-6),

2.55 (1H, d, J  11.4 Hz, Oh ), 3.20 (1H, dd, J  1 .6 ,  4.5  Hz, H-4), 3.77  

(1H, ddd, J  1 .9 ,  4 .5 ,  11.4 Hz, H-l), and 5.82 (1H, m, H-Z)\ m/z = 140 

(M*) (Found: C, 68.44; H, 8.83%. C8H1202 requires  C, 68.53; H,

8.65%), and secondly the d io l (170) (60.4 mg, 12%) id e n t ic a l  to the 

sample obtained p re v io u s ly .
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Preparation o f  2 -4 -n 3- 0 -Form yloxy-1B,4-dim ethy1-5a-hydroxycyclohex-3-  

e n y la to )tr ic a rb o n y l  iro n  (177)

o

i !OH OH
(1 7 5 )  (1 7 7 )

To a s t i r r e d  so lu t io n  of a l l y l i c  alcohol (175) (31.1 mg, 0.222  

mmol) in  THF (2 ml) was added nonacarbonyldiiron (92.1 mg, 0.253 mmol) 

in  one portion and the r e s u lt in g  mixture s t i r r e d  f o r  24h. The so lvent  

was evaporated under reduced pressure in a cooled water bath (<5°C) and 

the residue t r i t u r a t e d  with benzene (1 m l).  The t r i t u r a t e  was 

chromatographed (0 -*■ 60% E t 20 -  benzene) to g ive  the tr ica rb o n y l iron  

complex (177) (18.2  mg, 27%) as a pale yellow  c r y s t a l l i n e  s o l i d ,  m.p. 

137°C; v (CHC13) 3400, 2920, 2080, 2010, and 1660 cm’ i ;  5(90 MHz)

1.58 (3H, s ,  C - l  Me), 1.62 (3H, s ,  C-4 Me), 1.80 - 2.25 (3H, m), 3.65  

(1H, m, H-5), 4.98 (1H, d, J  4.4 Hz, 8-2), and 5.02 (1H, d, J  4.4 Hz, 

H-3).

Preparation o f  2 ,5 B -D im e th y l-4 ,5a -e p o xycyc lo h e x-2-en -lg -o l (179), lct,4g-  

Dim ethyl-4a,5-epoxycyclohex-2-en-1B-ol (180) and 1 ct,5g-Pi hydroxy-1g- 

m ethyl-4-m ethylenecyclohex-2-ene (178)

(168)
OH

(179) ( 1 8 0 )
OH

(178)
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To a s o lu t io n  o f  ethylenediamine (209 mg, 3.473 mmol) in  a 4:1 

mixture of E t 20/THF (5 ml) at 0°C under argon was added nBuLi (2.90 ml 

o f a 1.2N so lu t io n  in  hexane, 3.483 mmol) dropwise. The amide base 

was s t i r r e d  a t  t h is  temperature f o r  20 min then added dropwise via a 

catheter to a s o lu t io n  o f  the tra n s-d ie p o x id e  (168) (407 mg, 2.903 mmol) 

in  THF (2 ml) a t  0°C under argon. The mixture was allowed to warm 

to r t  over Ih  before pouring in to  saturated NH^Cl so lu t io n  (20 m l).

The aqueous phase was extracted with E t 20 (3 x 20 ml) and the combined 

organic  e x tra c ts  d r ie d .  The so lve n t was then evaporated under reduced 

pressure and the residue chromatographed (20% E t 20 -  40-60° p e tro l)  to 

give  f i r s t l y  a 1:1 inseparable  mixture of the secondary alcohol (179) 

(142.0 mg, 35%), 6(90 MHz) 1.40 (3H, s ,  C-5 Me) ,  1.68 (1H, dd, J  3 .9 ,

16.7 Hz, H-6) ,  1.80 (3H, br s ,  C-2 Me) ,  2.55 ( IH ,  d, J  16.7 Hz, H-6),

3.0  ( IH ,  d, J  4 .6  Hz, H-4), 4.25 (1H, m, H-l), and 5.70 (1H, m, H-3), 

and the t e r t i a r y  a lcohol (180) (142.0 mg, 35%), ( f i lm )  3390, 2960, 

2920, 1645, and 1450 cm '1; 6(90 MHz) 1.32 (3H, s ,  C-4 Me), 1.44 (3H, s ,

C - l  Me), 1.68 (1H, br s ,  OH), 1.92 (1H, ddd, J 1 .3 ,  2 .0 ,  15.3 Hz, H-6),

2.45 ( IH ,  dd, J  2 .6 ,  15.3 Hz, H-6), 3.30 ( IH ,  m, H-S), and 5.77 (2H, s ,  

H-2, - 3 ) ; and secondly the d io l  (178) (101.4 mg, 25%), v ( f i lm )  3355, 

2970, 2927, 1662, and 1605 cm- 1 ; 6(90 MHz) 1.35 (3H, s ,  C - l  Me), 1.71

(1H, d, J  12.9 Hz, H-6), 2.12 (1H, dd, J  4 .9 ,  12.9 Hz, H-6), 2.37 (2H, 

br s ,  OH), 4.55 (1H, m, H-S), 5.05 (1H, s ,  =CH2), 5.30 (1H, s ,  =CHz),

5.62 (1H, d, J  10.0 Hz, H-S), and 6.11 (1H, d, 10.0 Hz, H-2)-, m/z =

140 (M+ ) (Found: M+ 140.0834. C8H1202 requires 140.0837).
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Preparation o f  5g“Chloro-4a-hydroxy-2,5ct-dim ethylcyclohex-2-enone (181)

OH
(175)

o
(181)

A so lu t io n  of the a l l y l i c  alcohol (175) (63.0 mg, 0.449 mmol) in  

CH2C12 (2 ml) was added in one portion to a v ig o ro u s ly  s t i r r e d  suspen

sion of pyrid inium  chlorochromate (161 mg, 0.744 mmol) and excess sodium 

acetate as b u ffe r  in  CH2C12 (3 m l) .  A fte r  s t i r r i n g  fo r  3h, TLC showed 

complete removal of s ta r t in g  m aterial with the production of a very u .v .  

a c t iv e  spot o f  lower Rf. The mixture was f i l t e r e d  through a short  

column of s i l i c a ,  e lu t in g  with fu rth e r  q u a n t it ie s  of CH2C12 . Concentra 

tion of the eluate afforded an o i l  which was re-chromatographed (50%

E t 20 -  40-60° p e tro l)  to g ive  5Q-chloro-4a-hydroxy-23 5a-dime thy Icyclohex 
2-enone (181) (33.7 mg, 38%) as a co lo u r le ss  o i l ,  vmax ( f i lm )  3450,

2980, 2930, 1685, and 1618 cm"1; 6(250 MHz) 1.42 (3H, s ,  C-5 Me), 1.85

(1H, br s ,  0h ), 2.03 (3H, d, J  2.0  Hz, C-2 Me), 2.96 (1H, dd, J  1 .0 ,

15.1 Hz, H-6 ) , 3.11 ( lH ,  d, J  15.1 Hz, H-6) f 3.69 (1H, m, H-4), and 

6.69 (1H, m, H-3)\ m/z = 174 (M+) (Found: C, 55.08; H, 6.47%.

^8^ 1 l0 2C1 req u ires  C, 55.02; H, 6.36%).
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Preparation o f  2 ,53-Dim ethyl- 4 , 5a-epoxycyc1ohex-2-enone (182)

a.

OH O

(175) (182)

To a so lu t io n  of p yrid in e  (3.385g, 42.79 mmol) in  CH2C12 (60 ml)

red so lu tio n  was s t i r r e d  at t h is  temperature fo r  5 min and then 

allowed to warm to r t  over 55 min. A so lu tio n  o f  the a l l y l i c  alcohol  

(175) (507 mg, 3.616 mmol) in  CH2C12 (2 ml) was added in one portion  

and the mixture s t i r r e d  fo r  18h. The suspension was d ilu te d  with E t 20 

(300 ml) and f i l t e r e d  through a short pad of s i l i c a ,  e lu t in g  with a 

fu rth e r  q u a n tity  of E t 20 (200 m l).  The eluate was then washed with 

saturated CuSO^ so lu t io n  (2 x 50 m l) ,  water (50 ml) and brine (30 m l).  

The organic  phase was d r ie d , the so lvent removed under reduced pressure  

and the residue chromatographed (50% E t 20 - 40-60° p e tro l)  to g ive  the 

enone (182) (405 mg, 81%) as a c o lo u r le ss  o i l ,  vm3v ( f i lm )  3446, 2963, 

2926, 1676, and 1449 cm '1; 6(90 MHz) 1.50 (3H, s ,  C-5 Me), 1.80 (3H,

d, J  1.3  Hz, C-2 Me), 2.60 (1H, d, J  19.3 Hz, H-6), 3 .08  (1H, dd, J  1 .3 ,

19.3 Hz, H-6), 3.25 (1H, dd, J  1 .3 ,  3.9 Hz, H-4), and 6.90 (1H, m, f l -3 ) ;  

m/z = 138 (M+ ) (Found: M+ 138.0672. CgHujOj req u ires  138.0681).

at 0°C was added chromium t r io x id e  (2 .14 g, 21.40 mmol). The burgundy
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Preparation o f  2,5B-Dimethyl-4,5ot-epoxycyclohex-2-enone (182)

OH

O O

(181) (182)

To the chlorohydrin  (181) (15.0  mg, 8.6 x 10"5 mmol) was added 1M 

NaOH so lu t io n  (1 ml) and the mixture s t i r r e d  v ig o ro u s ly  fo r  20 min.

The so lu t io n  was poured into  E t 20 (10 ml) and the aqueous phase 

extracted with fu rth e r  q u a n t it ie s  o f  E t 20 (2 x 5 m l).  The combined 

organic  e x tra c ts  were d r ie d ,  the so lve n t evaporated under reduced 

pressure and the residue chromatographed (50% E t 20 -  40-60° p e tro l)  to 

give  the a lkenyl epoxide (182) (8 .2  mg, 69%) as a c o lo u r le ss  o i l  

( id e n t ic a l  to the m aterial prepared p re v io u s ly ) .
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SECTION C

Preparation o f  2 ,5 -D ih yd ro -p -m e th y lan iso le  (189)

OMe OMe

(189)

To a so lu t io n  o f  p -m eth y lan iso le  (3 0 .Og, 0.250 mol) in  E t 20 (60 

ml) and l iq u id  ammonia (200 ml) was added lith iu m  shot (7 .7 5 g , 1.117 

mol) over 15 min. The mixture was s t i r r e d  fo r  15 min, absolute  

alcohol (7 5 .Og) added dropwise, and a f t e r  the disappearance of the blue 

co lo u r,  the ammonia allowed to evaporate. The residue was c a u t io u s ly  

added to water (300 ml) and extracted with E t 20 (3 x 200 m l) ,  each 

e x tra c t  being washed with brine (50 m l).  The combined organ ic  e x tra cts  

were d ried  and the so lve n t evaporated under reduced pressure in  a cold  

water bath (0°C) to g ive  the d ih yd ro an iso le  (189) (2 2 .5g, 73%) as a 

c o lo u r le ss  l i q u i d ,  vmax ( f i lm )  2933, 2906, 1699, and 1667 cm"1;

6(60 MHz) 1.70 (3H, s ) ,  2.70 (4H, br s ) ,  3.59 (3H, s ,  0Me), 4.60 (1H, m, 

H-2), and 5.35 (1H, m, H-5)\ m/z = 124 (//).

Preparation of 4-Methylcyclohex-3-enone (190)

OMe n

(189) (190)
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A so lu t io n  o f  the enol ether (189) (2 .0 g ,  16.10 mmol) and o x a l ic

a c id  (290 mg, 3.221 mmol) in a 98:2 mixture of THF/water (20 ml) was

heated a t r e f lu x  fo r  18h. The mixture was cooled, poured into

saturated NaHC03 s o lu t io n  (10 ml) and extracted with E t 20 (3 x 50 m l) ,

each e x tra c t  being washed with water (20 ml) and brine (10 m l).  The

combined organic e x tra c ts  were d r ie d ,  the so lvent removed under

reduced p ressu re , and the residue chromatographed (20% E t 20 -  40-60°

p e tro l)  to g ive  the enone (190) (1 .684g, 95%) as a c o lo u r le s s  o i l ,

v v ( f i lm )  2970, 2930, 2860, 1722, and 1518 cnT1; 6(90 MHz) 1.76 (3H, max
br s ,  C-4 Me), 2.40 (4H, m), 2.80 (2H, m, H-2), and 5.42 (1H, m, H-Z)\ 
m/z - 110 (M+ ) .

Preparation of 2-Hydroxymethyl-4-methylcyclohex-3-enone (191)

o O OH

(190) (191)

To a so lu t io n  of diisopropylam ine (90.5 mg, 0.894 mmol) in  THF (2 

ml) at 0°C under argon was added nBuLi (597 yl of a 1.50N so lu t io n  in  

hexane, 0.894 mmol) dropwise. The mixture was s t i r r e d  a t t h is  tem

perature fo r  10 min, cooled to -7 8 °C , and a so lu tio n  of the enone (190) 

(82.0  mg, 0.744 mmol) added. The mixture was warmed to -30°C over 

20 min, cooled to -7 8 °C , and a s o lu t io n  of f r e s h ly  prepared monomeric 

formaldehyde (112 mg, 3.73 mmol) in THF (10 ml) added. The mixture  

was warmed to r t  over 30 min, poured into saturated NH^Cl so lu t io n  (20 

ml) and extracted  with E t 20 (3 x 50 m l) ,  each e x tra c t  being washed
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with brine (20 m l).  The combined organ ic  e x tra cts  were d r ie d ,  the 

so lvent evaporated under reduced p ressu re , and the residue chromato

graphed (30% E t 20 -  40-60° p e tro l)  to g ive  the hom o ally lic  a lcohol (191) 

(18.2 mg, 17%) as a c o lo u r le ss  o i l ,  v ( f i lm )  3410, 2940, 2880, and 

1715 cm*1; 6(90 MHz) 1.80 (3H, br s ,  C-4 Me), 2.26 -  2.70 (4H, m),

3.07 (1H, m, H-2 ) , 3.70 (2H, m, Cff20H), and 5.31 (1H, m, H -3 ) ;  m/z = 

140 (M+ ) .

Preparation o f  6 -Hydroxym ethyl-1-m ethoxy-4-m ethyl-1,3-cyclohexadiene  

(192)

To a mixture of paraformaldehyde (2 .46 g, 81.92 mmol) and the enol 

ether (189) (5 .0 0 g , 40.26 mmol) in  CH2C12 (40 ml) a t 0°C under argon was 

added Me3Al (76 .8  ml of a 1.064M so lu t io n  in hexane, 81.72 mmol) drop- 

wise. The s o lu t io n  was s t i r r e d  a t t h is  temperature fo r  20 min before  

addition  o f  E t 20 (100 ml) and cautious ad dition  of water (40 m l). The 

mixture was f i l t e r e d  through " C e lite "  under s u c t io n ,  the organic  la y e r  

separated, and the aqueous phase extracted with more E t 20 (3 x 60 m l).  

The combined organ ic  e x tra c ts  were d r ie d ,  the so lven t evaporated under 

reduced p ressu re , and the residue chromatographed (30% E t 20 -  40-60°  

p e tro l)  to g iv e  6-hydroxymethyZ-l-methoxy-4-methy'l-l}Z-cyclohexadiene 
(192) (3 .79 g, 61%) as a c o lo u r le ss  o i l ,  v ( f i lm )  3370, 1658, and

lllQ a

1611 cm” 1; 6(250 MHz) 1.72 (3H, d, J  1.4 Hz, C-4 Me) ,  2.05 (1H, br s ,

OMe

(189) (192)
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OH), 2.14 (1H, m, H-S), 2.33 (1H, m, H-S), 2.52 (1H, m, H-6), 3.57 (3H, 

s ,  0Me), 3.50 -  3.70 (2H, m, R-7), 4.93 (1H, d, J  5.7  Hz, H-2), and

5.51 (1H, m, H-3 ) ; m/z = 154 (M+ ) (Found: C , 59.96; H, 9.41%.

C9H11+ 02 req u ires  C, 70.08; H, 9.17%).

OMeoH OMe OSiMê Bu

(192) (193)

A so lu t io n  of the diene (192) (1 .0 2 g , 6.613 mmol), TBDMSC1 (1 .1 0 g ,  

7.275 mmol) and imidazole (901 mg, 13.226 mmol) in dry DMF (2 ml) was 

s t i r r e d  at r t  fo r  18h. The mixture was poured into  E t 20 (80 ml) and 

washed with water (3 x 20 ml) followed by brine (10 m l).  The organ ic  

phase was d r ie d , the so lvent evaporated under reduced pressu re , and the 

residue chromatographed (2% E t 20 - 40-60° p e tro l)  to g ive  the ^ b u ty l-  

d im e th y ls i ly lo x y  d e r iv a t iv e  (193) (1 .7 1 g , 96%) as a c o lo u r le ss  o i l ,

vmax 3071  ’ 2954> 1652’ and 1 6 1 0  cm_1i 6 ( 250 MHz) ° - 05 ( 6H> s >

SiWe2) ,  0.88 (9H, s ,  tBu), 1.72 (3H, br s ,  C-4 Me), 2.33 -  2.42 (2H, ra,

H-S), 2.49 (1H, m, H-6), 3.51 (3H, s ,  0Me), 3.55 -  3.68 (2H, m, H-7),

4.84 (1H, d, J  6 .3  Hz, H-2), and 5.51 (1H, m, H-3)-, m/z = 268 (M+ ) .
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Preparation of Sa-^Butyldimethyl silyloxymethyl-5-methyl-2-oxo(dimethyl -

acetal)cyclohex-5-en-lB-ol (194)

To a so lu t io n  of the enol ether (193) (109.4 mg, 0.4074 mmol) in  

CH2C12. (5 ml) a t  0°C was added a so lu t io n  of mCPBA (70.3 mg, 0.4074 

mmol) in  GBfCT2 (20 ml) dropwise over 10 min. The mixture was s t i r r e d  

at t h is  temperature f o r  Ih then poured into  1M NaOH so lu t io n  (10 m l).

The organic  phase was separated, the so lvent evaporated under reduced 

p ressure, and the residue chromatographed (25% E t 20 -  40-60° p e tro l)  

to g ive  3a-̂ butyZdzmethyZs'iZyZoxymethyl-5-methyZ-2-oxo(dimethyZaoetaZ)- 

cyoZohex-5-en-l$-oZ (194) (34.8  mg, 27%) as a c o lo u r le ss  o i l ,  vmax ( f i lm )  

3432, 2929, 1677 and 1463 cm"1; 6(250 MHz): 0.06 (3H, s ,  Si Me), 0.07

(3H, s ,  S i Me), 0 .88 (9H, s ,  Si*Bu), 1.70 (3H, br s ,  C-5 Me), 1.91 ( IH ,  

d, J  16.9 Hz, H-4), 2.15 (1H, m, u-S), 2.29 ( IH ,  dd, 0 8 .2 ,  16.9 Hz,

K-4), 3.23 (3H, s ,  0Me), 3.35 (3H, s ,  0Me), 3.48 (1H, br s ,  Off), 3.62  

( IH ,  dd, J  3 .5 ,  10.2 Hz, Cf l-0 ),  3.88 ( IH ,  m, u-l), 4 .02 ( IH ,  dd, J  4 .0 ,  

10.2 Hz, Ch -0), and 5.50 ( IH ,  m, H-6)\ m/z = 316 (M+) (Found: C, 60.38;  

H, 10.16%. C16H320i+Si requires  C, 60.70; H, 10.21%).
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Preparati on of 6-^Butyldimethyl silyloxymethyl-4-methylcyclohex-3-

enone (196)

OSiMê Bu
MeO- 0

(193) (196)

To a s lu r r y  of s i l i c a - g e l  (2 .5 g )  in CH2C12 (7 ml) was added 5% 

H2S0i+ so lu t io n  (130 mg). The mixture was s t i r r e d  fo r  20 min during  

which time the ac id  so lu tio n  became adsorbed onto the surface  o f  the 

s i l i c a .  A s o lu t io n  of the enol ether (193) (122 mg, 0.454 mmol) in

CH2C12 (2 ml) was added and the s lu r r y  s t i r r e d  a t r t  fo r  3h. The 

mixture was f i l t e r e d ,  the f i l t r a t e  evaporated under reduced pressure,  

and the residue chromatographed (5% E t 20 -  40-60° p e tro l)  to g iv e  the 

enone (196) (113 mg, 98%) as a c o lo u r le ss  o i l ,  vmax ( f i lm )  3070, 2931, 

and 1713 cm'1; 6(250 MHz) 0.05 (6H, s ,  SiMe2 ) ,  0.88 (9H, s ,  tBu),

1.77 (3H, br s ,  C-4 Me), 2.21 (1H, dd, J  6 .1 ,  11.4 Hz, H-5 ) ,  2.55 (1H, 

dd, J  4 .6 ,  11.4 Hz, H-5 ) , 2.71 -  2.94 (3H, m), 3.67 (1H, dd, J  8 .2 ,

10.2 Hz, H-7), 3.95 (1H, dd, J  5 .5 ,  10.2 Hz, H-7 ) , and 5.39 (1H, m, 

H-Z)\ m/z - 254 (M+ ) .
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Preparation of e-^Butyldiphenyl silyloxymethyl-l-methoxy-4-methyl-l,3-

cyclohexadiene (197)

OMe OH ?Me OSiPhjBu

(192) (197)

A s o lu t io n  o f  the diene (192) (2 .90g, 18.80 mmol), TBDPSC1 (5 .69 g,

20.70 mmol), and im idazole (2 .5 6 g , 37.60 mmol) in  dry DMF (6 ml) was 

heated a t  50°C fo r  18h. The mixture was poured into  E t 20 (200 ml) and

washed with water (3 x 40 ml) followed by brine (20 m l). The organ ic  

phase was d r ie d ,  the so lvent evaporated under reduced p ressure, and the 

residue chromatographed (3% E t 20 -  40-60° p e tro l)  to g ive  6-̂ butyl- 
dipheny'ls'ilyloxymethyl-l-methoxy-4-methyl-l33-cyclohexadtene (197) 

(6 .94 g, 94%) as a c o lo u r le ss  o i l ,  vmav ( f i lm )  3071, 2931, 1658, and 

1610 cm-1; 6(250 MHz) 1.07 (9H, s ,  tBu), 1.75 (3H, s ,  C-4 Me), 2.36 -

2.48 (2H, m, H-S), 2.51 (1H, m, H-6), 3.48 (3H, s ,  0Me), 3.56 -  3.70  

(2H, m, H-7), 4.87 (1H, d, J  6.5  Hz, H-2), 5.51 (1H, m, ff-3 ) ,  7.40 (6H, 

m, Plz), and 7.68 (4H, m, Ph)\ m/z - 392 (M*). (Found: C, 76.35;

H, 8.30%. C25H3202Si req u ires  C, 76.47; H, 8.23%).
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(198)

OSiPh*Bu
MeO 0

(197) (198)

To a s lu r r y  of s i l i c a - g e l  (3 .8 g )  in CH2C12 (10 ml) was added 5% 

H2S04 so lu t io n  (200 mg). The mixture was s t i r r e d  fo r  20 min during  

which time the a c id  so lu t io n  became adsorbed onto the surface  o f  the 

s i l i c a .  A so lu t io n  of the enol ether (197) (270 mg, 0.688 mmol) in  

CH2C12 (2 ml) was added and the s lu r r y  s t i r r e d  at r t  fo r  3h. The 

mixture was f i l t e r e d ,  the f i l t r a t e  evaporated under reduced p ressu re ,  

and the residue chromatographed (5% E t 20 -  40-60° p e tro l)  to g ive  

6-̂ butytdiphenylsiZyloxymethyl-4-methylcijclohex-3-enone (198) (258 mg, 

99%) as a c o lo u r le ss  o i l ,  vmax ( f i lm )  3071, 2931, 1714, and 1589 cm"1; 

6(250 MHz) 1.05 (9H, s ,  tBu), 1.76 (3H, br s ,  C-4 Me), 2.13 -  2.22 (1H, 

m, f f -5 ) ,  2.58 (1H, dd, J 6 .6 ,  17.2 Hz, f f -S ) ,  2.67 -  2.96 (3H, m), 3.69 -

4.02 (2H, ra, H-7), 5.37 (1H, m, H-Z), 7.38 (6H, m, Ph), and 7.64 (4H, m, 

Ph); m/s = 321 (M+- t Bu) (Found: C, 76.30; H, 8.05%. C21tH3 002Si

requires C, 76.13; H, 8.00%).
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Preparation of S-^Butyldiphenyl silyloxymethyl-4-methylcyclohex-3-enone

1,3-dioxolane (202)

^ O SiP h jB u

(198)

A s o lu t io n  of the enone (198) (220 mg, 0.581 mmol), ethylene g ly co l  

(144 mg, 2.320 mmol), and pyrid inium  p-toluenesulphonate ( tra c e )  in  

benzene (12 ml) was heated at r e f lu x  under Dean-Stark conditions fo r  2h. 

The mixture was- cooled, the so lve n t evaporated under reduced p ressu re ,  

and the residue chromatographed (15% E t 20 -  40-60° p e tro l)  to g ive  

s t a r t in g  enone (198) (51.7 mg) and 6-̂ butyldiphenylsilyloxymethyl-4- 
methylcyclohex-Z-enons-13Z-dioxolane (202) (114 mg, 61% based on 

unrecovered s t a r t in g  m a te ria l)  as a c o lo u r le ss  o i l ,  v ( f i lm )  3070 

2930, and 1589 cm"1; 6(250 MHz) 1.07 (9H, s ,  tBu), 1.71 (3H, br s ,  C-4  

Me), 2.03 -  2.50 (5H, m), 3.50 -  3.95 (6H, m), 5.26 (1H, m, H-3), 7.39  

(6H, m, Pk), and 7.66 (4H, m, ph)i m/z = 365 (M+ - t Bu) (Found: C, 74.09;  

H, 8.14%. C26H3i+03Si requires C, 73.87; H, 8.12%).
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Preparation of e-^Butyldiphenyl s ily lo x y m e th y l-4 -m e th y lcyclohex-3-enone

1 ,3-d ioxolane (202)

MeO
OSiPhĵ Bu

(197) (202)

A so lu t io n  of the methyl enol ether (197) (14 .60g , 37.18 mmol), 

ethylene g ly co l (11.50g, 0.185 m ol), and pyridinium  p-toluenesulphonate  

(920 mg, 3.661 mmol) in  benzene (250 ml) was heated a t r e f lu x  under 

Dean-Stark con d it ion s fo r  6h. The mixture was cooled, the so lven t  

evaporated under reduced p ressu re , and the residue chromatographed 

(15% E t 20 -  40-60° p e tro l)  to g iv e  the dioxolane (202) (12 .73g, 81%) 

as a c o lo u r le ss  o i l ,  id e n t ic a l  to the p re v io u sly  prepared m a te r ia l.

Preparation o f  4ct-^Butyldiphenyl sily1oxym ethy1-2a-m ethy1-5-oxo(1,3 -  

d io x o la n e )cy c lo h e x a n -lg ,2 B -d io l (203)

To a so lu t io n  of osmium te tro x id e  (91.2 mg, 0.359 mmol) in  p yrid in e

mg, 0.289 mmol) in  p yrid in e  (2 m l).  The black mixture was s t i r r e d  at

(202) OH
(203)

(2 ml) at 0°C under argon was added a so lu tio n  of the o le f in  (202) (122.0
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t h is  temperature fo r  5 min and then a t  r t  fo r  8h. Aqueous NaHS03 (3 ml 

o f a 0.72M s o lu t io n )  was then added and s t i r r i n g  continued ove rn igh t.

The mixture was f i l t e r e d  to remove a gran u lar  p r e c ip ita te  and the f i l 

t r a te  then e x h a u st iv e ly  extracted with CHC13 (6 x 20 m l).  The com

bined organic  e x tra c ts  were d r ie d ,  the so lven t evaporated under reduced 

pressure, and the residue chromatographed (100% E t 20) to g ive  4ct-i'butyl- 
dCphenylsilyloxymethyl-2a-methyl-5-oxo(13Z-dioxolane)cyolohexan-1B,2B-

diol (203) (108.7 mg, 83%) as a c o lo u r le s s  o i l ,  vm, v ( f i lm )  3431, 3071,max

and 2933 cm- 1 ; 6(250 MHz) 1.04 (9H, s ,  tBu), 1.30 (3H, s ,  C - l  Me), 1.42

(1H, m), 1.50 -  1.94 (4H, m , in c .  2 Off), 2.16 (1H, ra), 2.33 (1H, m, f f - S ) ,

3.40 -  3.94 (7H, m), 7.37 (6H, m, P h ) , and 7.64 (4H, m, Ph)\ m/z = 441 

(M*-CH3) (Found: C, 68.14; H, 8.22%. C26H360 5Si requires  C, 68.37;

H, 7.96%).

Preparation of 2 a-t Butyldiphenyl s i ly lo x y m e t h y l-4 b , 5B-epoxy-4g-methyl-  

cyclohexanone-1,3-dioxolane (204) and 2 g -t Butyldiphenyl s i ly lo x y m e th y l-  

4a,5a-epoxy-4B-m ethylcyclohexanone-1,3-dioxolane (205)

To a so lu t io n  of the dioxolane (202) (12.40g, 29.34 mmol) in CH2C12 

(50 ml) at 0°C was added a so lu t io n  of mCPBA (5 .57 g, 32.28 mmol) in  

CH2C12 (250 ml) dropwise over 30 min. The mixture was s t i r r e d  at r t  

fo r  18h then poured into  1M NaOH s o lu t io n  (60 m l). The organ ic  phase 

was separated, the so lven t evaporated under reduced pressu re , and the
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residue chromatographed (25% E t 20 -  40-60° p e tro l)  to g ive  2o.-t'buty‘l- 

diphenylsilytoxymethyl-4,S-epoxy-4-methylcyclohexanone-l ̂ Z-dioxolane, a 

76:24 mixture o f  the 3 and a epoxides (204) and (2 0 5 ),  (10.60g, 82%) as 

a waxy c r y s t a l l i n e  s o l i d ,  v (CHC1 3) 3070, 2931 , 1589, and 1470 cm"1; 6(250 

MHz) 1.04 (6.84H, s ,  tBu), 1.05 (2.16H, s ,  tBu), 1.33 (0.72H, s ,  C-4  

Me), 1.39 (2.28H, s ,  C-4 Me), 1.78 -  2.52 (5H, m), 2.98 (1H, d, 0 4 .4  

Hz, H-3)> 3.42 -  3.91 (6H, m), 7.39 (6H, m, Ph ) , and 7.65 (4H, m, Ph)\ 

m/z = 439 (M++1) (Found: C, 71.35; H, 7.87%. C2 6H340i+Si req u ires

C, 71.18; H, 7.83%).

Preparation o f  5 a -t Buty1diphenylsi1y1oxym ethy1-1g-m ethyl-4-oxo(l,3 -  

d io xo lan e )cyc1 oh e x-2 -e n -lB -o l ( 2 0 7 ) .

^ S iP h f e u

( 2 0 4 )

^OSiPh^Bu

( 2 0 7 )

To a so lu t io n  of d ie th y l amine (22.6 mg, 0.309 mmol) in E t 20 (1 ml) 

a t 0°C under argon was added nBuLi (203 ul of a 1.52N s o lu t io n  in  

hexane, 0.309 mmol) dropwise. The so lu tio n  was s t i r r e d  at t h is  tem

perature f o r  10 min, cooled to -2 0 °C ,  and a so lu t io n  of the epoxide 

(204) (67.8  mg, 0.155 mmol) in E t 20 (1 ml) added dropwise. The mixture  

was s t i r r e d  at r t  fo r  2h, poured in to  saturated NH^Cl so lu tio n  (10 ml) 

and extracted with E t 20 (3 x 20 m l).  The combined organic  e x tra c ts  

were d r ie d ,  the so lvent evaporated under reduced p re ssu re , and the 

residue chromatographed (40% E t 20 -  40-60° p e tro l)  to g ive  the t e r t i a r y
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a l l y l i c  alcohol (207) (48.8  mg, 72%) as a c o lo u r le ss  o i l ,  vmax ( f i lm )  

3446, 3070, 2958, 2931, and 1654 cm"1; 6(90 MHz) 1.05 (9H, s ,  tBu),

1.34 (3H, s ,  C - l  Me), 1.60 (1H, br s ,  Otf) ,  1.71 -  2.35 (3H, m),

3.45 -  4.10 (6H, m), 5.55 (1H, d, J  10.4 Hz, H-2 ) , 5.75 (1H, dd, J  1 .5 ,

10.4 Hz, H-Z ) , 7.40 (6H, m, Ph ) , and 7.66 (4H, m, Ph)\ m/z = 438 (M+ ) .

Preparation of 4 g -t Butyldiphenyl s i ly lo x y m e th y l-2 -m e th y le n e -5 -o x o (l ,3 -  

dioxolane)cyc1ohexan-lB"Ol (206)

OH
(204) (206)

To a so lu t io n  of the epoxide (204) (115.7 mg, 0.264 mmol) in  ben

zene (1 ml) a t  -78°C under argon was added 2 ,6 - lu t id in e  (28.3 mg,

0.264 mmol) followed by trim ethyl s i l y l  trifluorom ethanesulphonate (58.0  

mg, 0.261 mmol) dropwise. The so lu t io n  was s t i r r e d  at -78°C fo r  1h , 

warmed to 0°C over Ih ,  and DBU (40.2 mg, 0.264 mmol) added dropwise.

The mixture was s t i r r e d  at r t  fo r  18h, poured into saturated NH^Cl 

so lu t io n  (5 ml) and extracted with E t 20 (3 x 20 m l).  The combined 

organ ic  e x tra c ts  were d r ie d ,  the so lvent evaporated under reduced 

pressu re , and the residue chromatographed (50% E t 20 -  40-60° p e tro l)  to 

give  4a-̂ butyldiphenyls'ilyloxymethyl-2-methylene-5-oxo (13 Z-dioxolcme) -

cyclohexan-l$-ol (206) (30.1 mg, 26%) as a c o lo u r le ss  o i l ,  v_. ( f i lm )max

3424, 3071, 2959, 2884, and 1656 era-1 ; 6(250 MHz) 1.05 (9H, s ,  tBu),

1.61 (1H, ddd, J  0 .9 ,  8 .5 ,  13.5 Hz, H-6 ) , 1.97 ( IH ,  dd, J  4 .3 ,  13.5 Hz,
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H-6), 2.05 (1H, m, H-4 ) ,  2.33 (1H, dd, J  8 .2 ,  13.6 Hz, H-3 ) , 2.66 (1H, 

d, 0 7.6 Hz, Otf), 2.80 (1H, dd, J  4 .5 ,  13.6 Hz, H-3), 3.44 -  3.93 (6H, 

m), 4.21 (1H, m, H-l ) , 4.88 (1H, br s ,  =C tf2 ) ,  5.00 (1H, br s ,  =Cff2 ) ,

7.40 (6H, m, Ph ) ,  and 7.66 (4H, m, Ph)\ m/z = 438 (M+) (Found: C, 

71.23; H, 8.02%. C26H3405Si req u ires  C, 71.18; H, 7.83%).

Preparation o f  Sct-^Butyl diphenyl s ily lo xy m e th y l-2 -m e th y le n e -5 -o x o (1 ,3 -  

dioxo lane)cyclohexan-la-o1  (2 1 4 ),  Sa-^Butyldiphenyl s i ly lo x y m e th y l- 2 -  

m e th y le n e -5 -o x o (l,3 -d io x o la n e )cyc lo h e x a n -lg -o l (206) and S a -^ B u ty l-  

diphenyl s i ly lo x y m e th y l-1 g -m e th y l-4 -o x o (1 ,3 -d io x o la n e )c y c lo h e x -2 -e n - la -  

ol (207)

OSiPhfBu ^ O S iP h jB u -OSiPhjBu

OH

(204)
OH

(214)
OH

(206) (207)

To a so lu t io n  o f  2 ,2 ,6 ,6 -te tra m e th y lp ip e r id in e  (1 .3 8 g , 9.769 mmol) 

in  benzene (5 ml) at -20°C under argon was added nBuLi (6 .18  ml o f  a 

1.58M so lu t io n  in hexane, 9.770 mmol) and the mixture warmed to 0°C 

over 10 min. The so lu t io n  was cooled to -10°C and d ie th y l aluminium 

c h lo r id e  (4.71 ml o f  a 2.074M so lu t io n  in hexane, 9.770 mmol) added 

dropwise. The mixture was warmed to r t  over 45 min, cooled to -2 0 °C ,  

and a so lu t io n  of the epoxide (204) (2 .1 43g, 4.885 mmol) in benzene 

(5 ml) added. The mixture was allowed to warm to r t  over 1 h , poured 

into  1M HC1 s o lu t io n  (25 ml) and extracted with E t 20 (3 x 50 m l).  The 

combined organ ic  e x tra c ts  were d r ie d ,  the so lven t evaporated under
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reduced p ressu re , and the residue chromatographed (50% E t 20 -  40-60°  

p e tro l)  to g ive  f i r s t l y  the a - a l l y l i c  alcohol (214) (86.0  mg, 4%) as a 

c o lo u r le ss  o i l ,  6(250 MHz) 1.04 (9H, s ,  tBu)i 1.82 (2H, m, H-6), 2.04  

(1H, m, H-4) ,  2.57 (2H, m, H-3), 3.10 (1H, d, J  7.9 Hz, Otf) ,  3.48 -  

3.98 (6H, m), 4.26 (1H, m, H-l), 4.88 (1H, br s ,  =CH2), 4.99 (1H, br s ,  

=Ctf2 ) ,  7.39 (6H, m, Ph), and 7.66 (4H, m, Ph ) ;  secondly the 6 - a l l y l i c  

alcohol (206) (1 .57 g, 73%) obtained p re v io u s ly ;  and f i n a l l y  the t e r 

t i a r y  alcohol (207) (364 mg, 17%) a lso  obtained p re v io u s ly .

Preparation o f  2 a -t Butyldiphenyl silyloxym ethyl-5B-m ethoxy-4-m ethylene-  

cyclohexanone-1,3-dioxolane (215)

( 2 0 6 )

^OSiPhjBu
rvso T  I

OMe
( 2 1 5 )

To a s t i r r e d  suspension of sodium hydride (317 mg, 6.604 mmol, 50% 

d isp e rs io n  in  o i l ) ,  prewashed with sodium-dried 40-60° petrol (2 x 5 m l) ,  

in  THF (10 ml) at 0°C under argon was added a so lu t io n  of the a l l y l i c  

alcohol (206) (1 .57 g, 3.579 mmol) in THF (3 m l). A fte r  15 min,

DMPU (1.104g, 8.613 mmol) was added, s t i r r i n g  continued fo r  a fu rth e r  

10 min, and then methyl iodide (3.057g, 21.54 mmol) added. The mixture  

was s t i r r e d  at r t  fo r  3h, poured into  saturated NH^Cl so lu t io n  (30 ml) 

and extracted  with E t 20 (3 x 50 m l) ,  each e x tra c t  being washed with  

water (10 ml) and brine (10 m l).  The combined organic  e x tra c ts  were 

d r ie d ,  the so lvent evaporated under reduced pressu re , and the residue
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chromatographed (25% E t 20 -  40-60° p e tr o l)  to g ive  2a-*'butyldiphenyl- 
silyloxymethyl-5&-methoxy-4-methylenecyclohexanone-lj3-dioxolane (215) 

(1 .592g, 94%) as a c o lo u r le ss  o i l ,  v ( f i lm )  2932, 2885, and 1665 

cm '1; 6(250 MHz) 1.05 (9H, s ,  tBu), 1.54 (1H, dd, J  9 .8 ,  12.6 Hz, H-6), 

1.96 -  2.21 (3H, m), 2.75 (1H, dd, J  3 .8 ,  12.6 Hz, f f -3 ) ,  3.38 (3H, s ,

0Me), 3.43 -  3.98 (7H, in), 4.92 (1H, br s ,  = Cff2), 5.00 (1H, br s ,  =Cff2 )»

7.38 (6H, m, Ph), and 7.66 (4H, m, Ph)\ m/z = 452 (M+ ) (Found: C,

71.44; H, 8.10%. C27H3S0itSi req u ires  C, 71.63; H, 8.03%).

Preparation o f  2 g -t Butyldiphenyl sily loxym ethyl-5g-m ethoxy-4-m ethylene-  

cyclohexanone (219)

OSiPh&u ^OSiPhfeu

OMe

(215)
OMe

(219)

(a) To a so lu t io n  of the dioxolane (215) (13.8 mg, 3.04 x 10"5 mol) in

CH2C12 (1 ml) at 0°C was added triphenylcarbeniurn te tra f lu o ro b o ra te

(12.0 mg, 3.64 x 10-5 mol) in  one p ortion . The mixture was s t i r r e d

fo r  1h , poured in to  water (5 ml) and extracted  with CH2C12 (3 x 10 m l).

The combined organic  e x tra c ts  were d r ie d ,  the so lven t evaporated under

reduced pressu re , and the residue chromatographed (15% E t 20 -  40-60°

p e tro l)  to g ive  2a.-̂ butyldiphenyls'ilyloxymethyl-5$-methoxy-4-methylene-

cyclohexanone (219) (3.90 mg, 31%) as a c o lo u r le ss  o i l ,  v ( f i lm )max
3071, 2931, 2858, 1715, and 1657 cm’ 1 ; 6(250 MHz) 1.00 (9H, s ,  tBu),

2.30 (1H, dd, J  5 .5 ,  13.0 Hz, h-3), 2.50 (1H, ddd, J  0 .8 ,  5 .7 ,  14.5 Hz,
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H-6), 2.61 (1H, dd, J  4 .2 ,  14.5 Hz, ff-ff), 2.64 -  2.81 (2H, m), 3.25  

(3H, s ,  OMe), 3.70 -  3.85 (2H, m, C#20 ) ,  3.88 (1H, dd, J  4 .2 ,  5.7 Hz, 

H-5), 5.06 (1H, br s ,  =Ctf2) » 5.12 (1H, br s ,  =Ctf2) ,  7.37 (6H, m, P/z), 

and 7.62 (4H, m, Ph); m/z = 408 (M+ ) (Found: C, 73.44; H, 7.83%. 

C25H3203Si req u ires  C, 73.47; H, 7.91%).

b) To a s lu r r y  of s i l i c a  (1 .65g) in  CH2C12 (6 ml) was added 5% H2S04 

so lu t io n  (200 mg). The mixture was s t i r r e d  fo r  20 min during which 

time the a c id  so lu t io n  became adsorbed onto the su rface  o f  the s i l i c a .  

A so lu t io n  of the dioxolane (215) (180.8 mg, 0.399 mmol) in  CH2C12 

(1 ml) was added and the s lu r r y  s t i r r e d  at r t  fo r  5h. The mixture  

was f i l t e r e d ,  the f i l t r a t e  evaporated under reduced p ressu re , and the 

residue chromatographed (15% E t 20 -  40-60° p e tro l)  to g ive  the ketone 

(219) (156.7 mg, 96%) id e n t ic a l  to the sample prepared p re v io u s ly .

Preparation o f  b -^ B u ty ld ip h en yls ily loxym eth yl-4 -m eth ylen ecyclo h ex-2-  

enone (220)

OMe

(215) (220)

To a s lu r r y  o f  s i l i c a - g e l  (2 .40g) in  CH2C12 (6 ml) was added 10% 

H^Oi* s o lu t io n  (250 mg). The mixture was s t i r r e d  fo r  20 min during  

which time the a c id  s o lu t io n  became adsorbed onto the su rface  of the 

s i l i c a .  A so lu t io n  of the dioxolane (215) (189.2 mg, 0.418 mmol) in  

CH2C12 (1 ml) was added and the s lu r r y  s t i r r e d  at r t  fo r  24h. The
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mixture was f i l t e r e d ,  the f i l t r a t e  evaporated under reduced pressu re ,  

and the residue chromatographed (10% E t 20 -  40-60° p e tro l)  to g iv e  

6-̂ buty'Ld'Lyhenyts'tlyloxymethyl-4-methylenecye'lohex-2-enone (220) (103.9  

mg, 66%) as a c o lo u r le s s  o i l ,  vmax ( f i lm )  3070, 2931, 2858, 1672, and 

1578 cm '1; 6(250 MHz) 1.04 (9H, s ,  tBu), 2.59 (1H, m), 2.76 -  3.00

(2H, m), 3.89 (2H, d, J  5.4  Hz; Cfl20 ) ,  5.32 (1H, br s ,  =CH z ), 5 .38 (1H, 

br s ,  =Chz), 5.92 (1H, d, J  10.2 Hz, H-2), 7.07 (1H, d, J  10.2 Hz, H-3),

7.40 (6H, m, Ph), and 7.59 (4H, ra, Ph); m/z = 319 (W+-^Bu) (Found:

C, 76.72; H, 7.51%. C2i,H2o02Si req u ires  C, 76.54; H, 7.51%).

Preparation o f  Ea-^Buby!diphenyl s ily loxym ethyl-5g-m ethoxy-4-m ethylene-  

Ig -v in y lc y c lo h e x a n - la -o l  (222) and 2 g -t B u ty ld ip h e n y ls i ly lo x y m e th y l-5 g -  

m e th o xy -4-m e th yle n e -lg -v in y lcyc lo h e xan -lg-ol (223)

(219) (222) (223)

To a so lu t io n  of the ketone (219) (330.8 mg, 0.810 mmol) in  THF 

(3 ml) at -30°C under argon was added vinylmagnesium bromide (4.39 ml 

of a 0.922M so lu t io n  in THF, 4.047 mmol) and the mixture warmed to 0°C 

over 30 min. The s o lu t io n  was poured in to  saturated NH^Cl s o lu t io n  

(10 ml) and extracted  with E t 20 (3 x 20 m l) ,  each e x tra c t  being washed 

with water (5 ml) and brine (5 m l). The combined organic  e x tr a c ts  

were d r ie d ,  evaporated under reduced p ressu re , and the residue  

chromatographed (10% E t 20 -  40-60° p e tro l)  to g ive  f i r s t l y  the a - t e r t i a r y
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alcohol (222) (282.6 mg, 80%) as a c o lo u r le ss  o i l ,  vmax ( f i lm )  3482, 

3072, 2932, 1654, and 1589 cm"1 ; 6(250 HHz) 1.06 (9H, s ,  tBu), 1 .25 -

1.53 (2H, m), 2.12 (2H, m), 2.96 (1H, m, h -3), 3.45 (3H, s ,  0Me), 3.51 

(1H, dd, 0 1 .7 ,  10.1 Hz, CH0), 4.04  (1H, dd, J  2 .5 ,  10.1 Hz, CffO),

4.11 (1H, m, H-5), 4 .40 (1H, d, J  2.0  Hz, OH), 4.80 (1H, br s ,  =Ch 2 ) ,

4.97 (1H, br s ,  =Cfl2) ,  5.21 (1H, dd, J  1 .7 ,1 0 .1  Hz, H - 2 '  anti), 5.57  

(1H, dd, 0 1 .7 ,  16.8 Hz, H - 2 ’ syn ) , 5.82 (1H, dd, J  10.1 , 16.8 Hz,

H—l ’ ) ,  7 .42 (6H, m, Ph ) , and 7.64 (4H, m, Ph); m/z = 379 ( M ^ B u ) ;  

and secondly 2a.-*'butyl(Kphenyls'ilyloxymethyl-5&-methoonj-4-methylene-lcL- 

vinylcyelohexan-18-ol (223) (25.0  mg, 7.1%) as a c o lo u r le ss  o i l ,  v
lllQ J \

( f i lm )  3489, 3070, 2930, 1654, and 1589 cm"1 ; 6(250 HHz) 1.06 (9H, s ,

*Bu), 1.78 (1H, dd, J  7 .9 ,  13.6 Hz, H-6), 1.98 (1H, dd, J  3 .6 ,  13.6 Hz, 

H-S), 2.04 -  2.20 (2H, m), 2.35 (1H, m, H-3), 3.32 (3H, s ,  0Me), 3.41 - 

3.65 (3H, m), 3.73 (1H, m, H-S), 4.91 (1H, br s ,  =CH2), 5.00 (1H, br s ,  

=CH2 ) ,  5.17 (1H, dd, J  1 .8 ,  10.7 Hz, H-2’ anti), 5.43 (1H, dd, J  1 .8 ,

16.8 Hz, H-2’ syn), 5.95 (1H, dd, J  10.7 , 16.8 Hz, H-l’), 7.42 (6H, m, 

Ph), and 7.65 (4H, m, Ph); m/z = 418 (M+-H20 ) ,  379 (A/'_- t Bu) (Found:

C, 74.56; H, 8.48%. C27H360 3Si requires C, 74.25; H, 8.33%).

Preparation o f  2g-Hydroxym ethyl-5g-m ethoxy-4-m ethylene-lB-vinylcyclo-  

hexan -la-o l (224)

OMe
(222) (224)
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To a so lu t io n  o f  the ^ u t y l  diphenyl s i  ly lo x y  d e r iv a t iv e  (222)

(118.0 mg, 0.270 mmol) in  THF (2 ml) a t  0°C was added TBAF (0.540 ml 

o f a 1.0M s o lu t io n  in  THF, 0.540 mmol) and the mixture s t i r r e d  a t  t h is  

temperature f o r  30 min. The so lu t io n  was poured in to  saturated  

NHi+Cl s o lu t io n  (10 ml) and extracted  with E t 20 (4 x 20 m l).  The com

bined organ ic  e x tra c ts  were d r ie d ,  the so lve n t evaporated under reduced 

pressu re , and the residue chromatographed (50% E t 20 -  40-60° p e tro l)  to

g ive  the d io l (224) (47.0  mg, 88%) as a c o lo u r le ss  o i l ,  vma ( f i lm )max

3374, 3090, 2930, and 1654 cm '1; 5(250 MHz) 1.40 (1H, dd, 0 1 1 .5 ,

13.1 Hz, H-6), 1.53 (1H, m, H-2), 2.04 (1H, dd, J  5 .1 ,  13.1 Hz, H-6),

2.24 (1H, dd, J  4 .1 ,  13.7 Hz, H-3), 2.75 (1H, dd, J  11.5 , 13.7 Hz, H-3),

3.32 (1H, br s ,  0 s ) ,  3.43 (3H, s ,  0Ms), 3.63 (1H, dd, J 2 .9 ,  10.8 Hz,

H - 7 ) , 4 .00 (1H, dd, J  2 .9 ,  10.8 Hz, S - 7 ) ,  4.02 (1H, m, H - S ) ,  4 .84  (1H, 

br d , 0 1.7 Hz, =Cs2) ,  4.96 (1H, dd, J  1 .7 4 , 3.48 Hz, =Cs2 ) ,  5.18 (1H, 

dd, J  1 .5 ,  10.7 Hz, H-2' anti), 5.41 (1H, dd, J  1 .5 ,  17.1 Hz, H-2' syn), 

and 5.87 (1H, dd, J  1 0 .7 ,  17.1 Hz, H - l ’); m/z = 180 (M+-H20 ) .

Preparation o f  2a-Carboxym ethyl-5g-m ethoxy-4-m ethylene-l3-v inylcyclo-  

h e xan -la -o l (225)

OMe OMe

( 2 2 4 ) ( 2 2 5 )

To a so lu t io n  of the d io l (224) (47.0  mg, 0.237 mmol) in  DMF (1.5  

ml) was added pyridinium  dichromate (357 mg, 0.948 mmol) and the mixture



157

s t i r r e d  a t r t  fo r  48h. Diazomethane was then bubbled through the

crude re a ctio n  mixture fo r  30 min before f i l t e r i n g  through a sh ort pad 

of s i l i c a  e lu t in g  with E t 20 (100 m l) .  The eluate was then washed with  

saturated CuSOi* s o lu t io n  (2 x 30 m l) ,  water (2 x 30 ml) and brine  

20 m l).  The organ ic  phase was d r ie d ,  the so lvent evaporated under 

reduced pressure, and the residue chromatographed (20% E t 20 -  40-60°  

p e tro l)  to g ive  the methyl e ste r  (225) (34.0  mg, 63%) as a c o lo u r le ss  

o i l ,  vmax ( f i lm )  3497, 3091, 2953, 2830, 1714, and 1654 cm-1; 6(250

MHz) 1.30 (1H, dd, J  2 .5 ,  12.7 Hz, H-6), 2.17 (1H, dd, J  5 .1 ,  12.7 Hz, 

H-6), 2.40 -  2.71 (3H, m), 3.41 (3H, s ,  0Me), 3.66 (3H, s ,  CO2Me), 3.98  

(1H, d, J  2.5 Hz, OH ) ,  4.02 (1H, m, H-5), 4.87 (1H, m, =Ctf2 ) ,  5.01 (1H, 

m, =CH2), 5.06 (1H, dd, J  1 .5 ,  10.7 Hz, H-2' anti), 5.29 (1H, dd, J  1 .5 ,

17.3 Hz, H-2 ' syn), and 5.79 (1H, dd, J  1 0 .7 , 17.3 Hz, H-l'); m/z - 

209 (M++l -  H20 ) .
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