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SUMMARY

An advanced intermediate in a route to the odoriferous 

sesquiterpenoid grimaldone has been synthesised using a formal [3+2] 

cycloaddition reaction as the key step. Subsequent transformation of the 

intermediate using ring-contraction methodology developed by House 

failed. Therefore, a new route to grimaldone was devised involving a 

modified Sharpless oxidative cleavage reaction. Again, an advanced 

intermediate was attained and model studies on that compound have 

indicated that a very late-stage precursor to grimaldone can be accessed 

relatively easily.



INTRODUCTION
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The p a s t 15 years have w itnessed a n  enorm ous grow th in  the  

num ber and  type of reactions which are applicable to the  synthesis of 

five-m em bered  rings. T hese system s a re  rap id ly  em erging  as 

im p o rtan t s tru c tu ra l fea tu res in  a  large num ber of n a tu ra l products 

and  theoretically  in te resting  molecules. In  recen t years we have seen 

a num ber of C5  annu la tion  procedures, w ith  the m ajority  focussing on 

m u ltis tep  sequences based  on 1,4-dicarbonyl com pounds or th e ir 

functional equivalents. The reasons for th e  g rea t activity  in  th is  area 

of chem istry  have been described in  num erous reviews and will not be 

discussed h e r e . ^

One p a rtic u la rly  a ttra c tiv e  and  logical approach  to a five- 

m em bered ring  is the  [3+2] cycloaddition. This reaction  couples a 

three-carbon 4n u n it directly w ith  a two-carbon 2n un it, form ing two 

C-C bonds in  one operation. The n e t re su lt is the  rap id  and efficient 

construction of complex cyclic struc tu res from simple building blocks. 

T h is  a p p ro a ch  is  an a lo g o u s to th e  w ell d o cu m en ted  [4+2] 

cycloaddition-the D iels-A lder reaction . The source of th e  C g  4n 

fragm ent is not im m ediately obvious since i t  is not a  common stable 

entity . Thus the  success of the [3+2] approach depends on the  effective 

synthesis and  reactiv ity  of the C g  unit.

The m ain  research  effort in  the  p a s t 15 years has been in  the  

a re a  of tra n s it io n  m eta l m ed ia ted  cycloadditions. The organic 

su b s tra te  complexed to the  m etal generates a  reactive in term ediate  

w hich can function  as a th ree-carbon  synthon. In  th is  way, the  

synthon is stabilised by coordination to the  transition  m etal. By choice 

of m etal and  / or ligands a ttached  to the  m etal, differing degrees of 

selectivity can be induced.

T ransition  m etal m ediated [3+2] cycloaddition reactions can be 

divided into th ree  m ain areas. The Cg synthon can be obtained by use
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of:

1. 2-Oxyallyl Synthon.

2 . T rim ethylenem ethane Synthon.

3. D im ethylenem ethane Synthon.

The following discussion will concentrate on these  areas. E m phasis 

will be p laced  on th e  source, reac tiv ity , scope and  use of such 

synthons.
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1 .1  2-Ox vail vl Svnthon

The reaction betw een an allyl cation and  an  olefin is represen ted  

in  Scheme 1 .

(1) (2 )

Scheme 1

T his reaction , v ia  a four electron tra n s it io n  s ta te , is th e rm ally

in term ediate  (1 ) m ust have g rea ter stab ility  th a n  the  allyl cation and 

the cyclopentyl cation (2 ) m ust be even more stable th an  (1 ) or, if  not so, 

undergo proton e lim ination or nucleophile cap tu re  to give a  n eu tra l 

product w hich is stable. Thus i t  is very  im p o rtan t to select a  Cg 

synthon which can provide such driving forces.

2 -Oxyallyl (3) is a useful C g  syn thon  in  [3+2] cycloadditions 

because i t  g en era te s  a five-m em bered rin g  con ta in ing  a carbonyl 

moiety (Scheme 2 ).

1.1.1 Oxvallvls from Iron carbonvls and  Dibromo Ketones

The tran s itio n  m etal stab ilised  system  (3), w hich can be generated

forbidden by orbital sym m etry ru les ^ and  is thought to proceed via a  

step-w ise m echanism .^ Each step in  the  schem e is reversible and so

O

C - C

(3)

Scheme 2

from easily available  s ta r tin g  m ateria ls  h as  been used by Noyori.^
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T rea tm en t of an  a a '-d ib ro m o  ketone w ith  d iiron  nonacarbony l 

resu lted  in  the form ation of the  reactive oxyallyl species (4) depicted in  

Scheme 3.

O OFeLn

r ^ k < r  ► r A r
ri^ i T ri T  r R«

Br Br R Br

Scheme 3

-Br

O

r Y ^ y r  s

R1 R1

OFeL,

R1 R1 

(4)

Evidence has shown th a t  the  iron  enolate is formed by e ith e r two- 

electron reduction of the  dibromo ketone or oxidative addition  of the  

dibromo ketone onto zero-valent iron. F inally , an  Sj^-1 type or iron 

assisted  elim ination of the allylic brom ine atom  produces the  oxyallyl 

species . 0

Noyori and  co-workers have show n th a t  th e  2-oxyallyl iron  

species forms in  the  m anner depicted in  Scheme 3 . They did th is in  a 

very elegant m anner by a series of detailed experim ents. Evidence for 

form ation of the iron enolate species has been shown by reaction of a -  

brom o ketones and  d iiron  nonacarbonyl in  th e  p resence  of D 2 O 

(Scheme 4).
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H

O

80%

OFeL

Scheme 4

E nolates of cam phor have been shown to protonate from the exo side of 

the  bicyclic system  and  so the  product in  Scheme 4 indicates the  

presence of an  iron enolate as an  in term ediate. Reaction of a-brom o 

ketones w ith  m etal ions or m etals, such as Cr or Zn, has been shown 

to produce m etal e n o l a t e s . ® ^  Form ation of oxyallyl-iron species has 

been  proved by various s ta r t in g  m a te ria ls  undergo ing  sk e le ta l 

rearrangem ents in  the presence of Fe2 (CO)g (Scheme 5).

OWB u v  ^  .B ul 

Br Br

Fe2(CO)9

O
78%

Scheme 5

OFeL.

*> +

OFeLn

The di-tert-butyl-2-oxyallyl cation did indeed undergo a  neopentyl-type 

rearrangem ent, already well docum ented. 1 0 , 1 1  in term ediacy of 

oxyallyl species was also corroborated by trapp ing  the  reactive species 

w ith various nucleophiles (Scheme 6 ).
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o
Pr1
Br

O O
Pr1
Br CH3OH

Pr1-

Scheme 6

These reactive  oxyallyl-iron in te rm ed ia te s  w hich a re  form ed 

from secondary or te r t ia ry  a,a '-d ibrom o ketones and  iron  carbonyls 

have been shown to cycloadd across ary l-substitu ted  olefins in  a  [3+2] 

to 5 m anner, form ing 3-aryl-cyclopentanones in  good yield .^  For 

exam ple, 2,4-dibromo-pentan-3-one reacted w ith  a-m ethyl styrene in 

the presence of Fe2 (CO)g to form a cyclopentanone adduct in  good yield 

as a  m ixture of cis and  trans  diastereoisom ers (Scheme 7).

O

Br Br

70% Fe2(CO)9

O

Scheme 7

O ther olefins which have been shown to add to a ,a '-d ibrom o ketones 

include sty rene, a-cyclopropyl s ty ren e , 1 , 1 -d ipheny le thy lene  and  

indene.

As m entioned previously, the  cycloaddition reaction  of an  allyl 

cation and olefin belongs to the  therm ally  forbidden [7c 2  + k 2 ] process 

according to orbital sym m etry rules and, in  consequence, proceeds via
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a stepwise m echanism  (Scheme 8 ).

OW
Br Br

Fe2(CO)9 OFeL,
(5)

At

O

Ar

OFeL

Ar

(6)

Scheme 8

The oxygen atom  attached  to the central sp^-hybridised carbon of (5)
12

decreases the  stab ility  of the  allylic m oiety th u s m aking the  firs t 

electrophilic addition process easy. (6 ) is highly stabilised by the  aryl 

su b s titu en t and  the  presence of the  oxygen atom  again  m akes the 

cyclisation step easy since (7) is formed via a stable oxonium ion ^  

from  w hich  th e  L ew is ac id  e lim in a te s  g iv ing  th e  n e u tr a l  

cyclopentanone adduct. In  c e rta in  cases, rin g  closure h a s  been 

shown to occur a t the  O term inus as well as the C term inus ^ (Scheme 

9).

O

Br Br

16%

Ar

(8)

Scheme 9
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C om pound (8 ) w as iso la ted  in  low yield along w ith  th re e  o th e r 

products.

In  ligh t of the m echanism  described previously, i t  is evident th a t  

th e  reaction  is highly chem oselective i.e. only electron rich  a lkenes 

p a rtic ip a te  in  the  cycloaddition. I t  should also be noted  th a t  the  

reaction is lim ited to alkyl substitu ted  oxyallyl system s since both  a ,a '-  

dibrom oacetone and a ,a ,a ',a '- te trab ro m o ace to n e  failed to y ield  any  

cycloadduct.

Yields in  the  cycloaddition reaction  a re  generally  good b u t do 

depend on the  stability  of in term ediate  carbocations and on the  steric 

env ironm en t of the  olefinic p a rtn e r. T hus a -c y c lo p ro p y ls ty re n e  

reacted smoothly with dibromide (9) in  the presence of Fe2 (CO ) 9  to give 

an  excellent yield of (1 0 ) (Scheme 1 0 ).

OW
Br Br

+

O

(9)

Scheme 10

95% Ar

(10)

The very high yield in th is reaction can be a ttrib u ted  to the  excellent 

carbocation-stabilising ability of the  phenyl,and cyclopropyl groups. ̂  

In  the  case of the  steric  environm ent of the  olefin, a -m e th y l  

styrene reacts faster th a n  styrene which in  tu rn  reacts fas te r th a n  p- 

m ethyl styrene. The increase in  ra te  caused by a-m ethylation  can be 

a ttr ib u te d  to an  increase in  stab ility  of carbocations such as (6 ) in  

Scheme 8  w hereas the reduction in  ra te  w ith a p-methyl su b stitu en t is 

p robably  due to s te ric  h in d ran ce  to e lectroph ilic  a ttac k . I t  is

9



in te re s tin g  to note th a t  the  order of reactiv ity  described above is 

s im ila r to th a t  in  cationic polym erisation. 15,16 E lectron  donating  

su b s titu en ts  on the  olefin also increase th e  ra te  of reaction e.g. the  

reaction  of tr a n s -$-m ethyl sty rene and  ( 1 1 ) failed  to produce any  

cyclopentanone adduct yet £ra/is-anethole coupled w ith (1 1 ) to give (1 2 ) 

in  reasonable yield (Scheme 1 1 ).

O

Fe2(CO) 9

55% ”  Ar
(12)

Scheme 1 1

This yield can be a ttr ib u te d  to the  electrodonative property  of the  

m ethoxyl group.

The [3+2] cycloaddition described has been shown to exh ib it 

excellent regioselectivity. Such regioselectivity is best in te rp re ted  in  

term s of the  stability  of a zwitterionic in term ediate of type (13) (Fig.l).

OFeL

R
(13)

F ig .l

Since the  cationic p a r t  of (13) is stab ilised  by the  arom atic  group 

(R=Ph), N oyori ^  h as postu la ted  th a t  th e  factor contro lling  the  

reg io se lec tiv ity  in  [3+2] cycloaddition reac tio n s is th e  re la tiv e  

stab ilities of enolates. The high regioselectivity is depicted in  Scheme

10



12.

O O

Ph

Br Br 

O

Ph44%

Ph
O

Ph -  *  PhW 49%

Br Br

OvV
Br Br

O O

Ph
2%

Ph
29%

Scheme 1 2

The stab ility  sequence (Fig.2 ) agrees w ith the  regioselectivities shown 

in  Scheme 1 2 .
OFeL,OFeL OFeL, OFeL,

R=Ph

Fig.2

From  the  LUMO's of the  2-oxyallyls and  HOMO of styrene (Fig.3), it  

can be seen th a t the directing effect of substituen ts does not fit w ith  the 

prediction based on fron tier m olecular orbital considerations. From  

these  calculations, the  dom inant in te rac tion  betw een the  low-lying 

LUMO of th e  oxyallyl and  high-lying HOMO of sty rene  ac tually  

produces the  zw itterion leading to the regioisomer which was obtained
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as a minor component or did not form.

O OFe

0.65 0.58

(a) (b) (c)

Fig.3

In terestingly , from the MO's of oxyallyl (b) in  Fig.3, the  reaction  was 

expexted to exhibit poor selectivity, b u t th is was not the  case as only 

one regioisom er was detected (Scheme 1 2 ).

As well as being regioselective, the  iron carbonyl-m ediated [3+2] 

cycloaddition is stereospecific despite  a non-concerted m echanism . 

The reaction  of (9) and  c is -P -d eu te rio s ty ren e  gave only th e  c is  

stereoisom er a t low conversion (Scheme 13).

A lthough stereospecificity in  th is cycloaddition m ay im ply a degree of

O

Fe2(CO)9

(9)

Scheme 13

concertedness th e re  a re  certa in  stepw ise reactions w hich are  

know n to go w ith  a degree  of s te reo sp ec ific ity  .1 9 ,2 0  

stereospecificity of the above cycloaddition is thought to arise  from the

12



fo rm ation  of a  U -shaped  in te rm e d ia te  (Fig.4) form ed by cisoid 

approach of the  oxyallyl and alkene.

a

Ph

H

Fig.4

In  th is  species, the  s tru c tu re  is fixed rig idly  by a ch arge-tran sfer 

in te rac tion  betw een the  enolate and  cationic centre th u s  p reven ting  

the  s tru c tu re  from ro ta ting  around  th e  C gH gC H +-CD bond. As a 

re su lt the  original stereochem istry  is preserved. I t  should also be 

noted th a t tra n s-anethole couples stereospecifically w ith (1 1 ) (Scheme 

11).

1 .1 . 2  Ox vail vis in  Organic Synthesis

The [3+2] cycloaddition involving an  unsym etrically  substitu ted  

2 -oxyallyl has been used  in  a one-step  syn thesis  2 1 , 2 2  0f  (+)_a _ 

cuparenone from (14) and  (15) (Scheme 14).

O

+

Br Br 

(14)

Fe2(CO)9

18%

(15)

Scheme 14

Although the yield is low, i t  should be compared w ith o ther syntheses 

which have been m ulti-step and lower yielding. 23
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T he in tram o lecu la r version  of th is  [3+2] cycloaddition h as  

opened up a route to terpenes w ith the bicyclo [2 .2 .1 ] hep tane skeleton. 

I t  is thought th a t terpenes bearing th is skeleton are  biosynthesised ^4 

by a double cyclisation of an  allylic cation such as (17) generated  from 

(16) (Scheme 15).

►

OPP

(17)(16)

if

Scheme 15

The iron carbonyl-m ediated in tram olecular [3+2] process has provided 

an  analogue of th is  bioconversion. Thus, w hen dibrom oketone (18) 

and Fe2 (CO)g were reacted in  benzene in  a pressure bottle a t  110 °C for

1.5 h, (±)-camphor was isolated in  38% yield (Scheme 16).

& O
(18)

Scheme 16

Likewise, reaction of dibromoketone (19) and F e2 (CO)g un d er sim ilar 

conditions, afforded a 2 : 1  m ix ture  of (±)-campherenone (2 0 ) and  (±)-

14



epicam pherenone (2 1 ) in  reasonable yield ^5 (Scheme 17).

Br

58%
Br

(19)

(21)

Scheme 17

W hen th e  (Z)-isom er of (19) w as used, the  p roduct ra tio s  were 

reversed.

1.1.3 Oxvallvls and Enam ines in f3+21 Cycloaddition Reactions

E nam ines have been found to be excellent substra tes for the  [3+2] 

cycloaddition ^ 6  Both te rtia ry  and secondary dibrom ides reac t w ith 

m orpholinoenam ines in  the  presence of iron carbonyls to afford the 

corresponding 3-m orpholinocyclopentanones. W ith enam ines, the  N 

lone p a ir confers stab ility  on the in term ediate  zw itterion in  a  sim ilar 

role to th a t  of the  arom atic group in  previous examples (Fig.5).

I^FeO
~ < X

N-
' * ° - Q

&

Fig. 5
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W ith  s e c o n d a ry  d ib ro m id e s , th e  i n i t i a l l y  fo rm e d  p - 

m orpholinocyclopentanone h as  an  active hydrogen atom  a  to the  

carbonyl group and  so readily  suffers elim ination  of m orpholine to 

form cyclopentenones (Scheme 18).

o

c %  * J y *
Br Br I

(9) H

Scheme 18

73%

The [5.3.0] bicyclic enones p rep a red  from  dibrom o ketones an d  

cycloheptanone enam ine are useful in term ediates in  the  syn thesis of 

azulenes. For example, (22) can be converted into 1,3-dim ethylazulene 

by reduction and  dehydrogenation (Scheme 19).

(22)

Scheme 19

Noyori and  co-workers have also shown the enam ine cycloaddition to 

be a versatile  tool in  the  synthesis of spiro [n.4] alkenones For 

exam ple, cyclododecane carboxaldehyde reacted  w ith m orpholine to 

form the  adduct (23) which th en  underw ent the  [3+2] cycloaddition 

w ith  dibrom ide (9) to form the  fused cyclopentenone in  good yield 

(Scheme 2 0 ).
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ow  *
Br Br

(9)

N. 2.Silica gel

(23)
Scheme 20

In  genera l, th e  iron  carbonyl-prom oted cyclisation betw een 

secondary dibromo ketones and  enam ines provides a useful route to 

a,a'-dialkylcyclopentenones. The only lim ita tion  of th is methodology 

is its inability  to produce cyclopentenones w ithout a-alkyl groups.

1.1.4 Oxvallvls from Silvl Enol E thers

S ak u ra i and  co-workers have used the  silyl enol e th e r ^7 (24), 

easily  p rep a red  from 3-brom o-3-m ethyl-butan-2-one to genera te  an  

oxyallyl cation in  the  presence of Z n C ^ . W ith 2 -(p -m ethy lpheny l) 

prop-l-ene, the  reagent gave a sm all yield of (±)-a-cuparenone and its 

regioisom er in  a  2 : 1  ratio  (Scheme 2 1 ).

ZnCl

43%Br
ArAr

2:1

Scheme 2 1

The m echanism  is presum ed to be sim ilar to th a t of the  dibromoketone

17



/ diiron nonacarbonyl system.

L 2  T rim ethvlenem ethane Svnthon

T rim ethylenem ethane (TMM) (25) rep resen ts a  useful synthon 

lead ing  to cyclopentanoids via a [3+2] cycloaddition w ith  a n  alkene 

(Scheme 2 2 ).

A —  6
(25)

Scheme 2 2

The u se fu ln ess  of such an  approach  for g en e ra tin g  m ethy lene- 

cyclopentanes depends, however, on finding efficient m ethods for 

generating  such a synthon. Two m ajor types of precursor have been 

id en tifie d  - th e  b ifu n c tio n a l conjunctive  re a g e n ts  (BCR) and  

m ethylenecyclopropanes. ^ 8  Their use in  conjunction w ith  transition  

m e ta l c a ta ly s ts  h a s  opened up  a w hole new  ap p ro a ch  to 

cyc lopen tano id  sy n th es is . T h is c h a p te r  w ill c o n c e n tra te  on 

methodologies developed in  these two closely related  areas.

1.2.1 N on-substitu ted  Bifunctional Conjunctive Reagents

These can be represented  as s truc tu re  (26) where X is a  silyl or 

stannyl group which serves to generate a carbanion equivalent, and Y 

is a  more reactive leaving group such as m ethanesulphonate or halide 

which serves to generate a carbocation equivalent.

18



(26)

T rost and co-workers developed (27) as a  BCR.

Me3Si■JLOAc

(27)

T he p rep a ra tio n  of th is  compound from  m ethally l alcohol is very  

simple 29,30 (Scheme 23).

 ► MejSî ^̂ Jl̂ ^OAc
(27)

Scheme 23

Compound (27) is a  stable entity , and requires activation to serve as a 

TMM synthon. Pallad ium  (0) complexes serve as such activators as 

they  can readily  effect the ionisation of poor leaving groups in  allylic 

positions. i n  the  case of (27), the  tran s itio n  m etal prom otes the  

e lim ination  of TMSOAc to form a coordinated trim ethy lenem ethane  

species which undergoes cyclisation w ith  an  electron-deficient alkene 

to form the m ethylenecyclopentane adduct and  regenerate  the catalyst 

(Scheme 24).

19



Me3Siv ^ A s  ^OAc 
(27)

Me
Pd— OAc

Z

JkPd

r
TMSOAc

Scheme 24

The nucleophilic n a tu re  of the  synthon from (27) has been shown by 

th e  reac tion  of (27) an d  2 ,3 -d im ethoxycarbonylnorbornad iene ^2 

(Scheme 25).

Me^Si OAc +
(27)

A:C 02Me

CD2Me

98% Pd

0 0 2Me

exo: endo 
4 : 1

C 02Me 

Scheme 25

Electron rich alkenes such as styrene and fu ran  fail to react.

The cycloaddition is norm ally carried out by heating  a  solution of 

the  silyl aceta te  w ith a suitable alkene in the  presence of 5 mol % of 

c a ta ly s t in  an  apro tic  solvent. The ca ta ly st of choice is norm ally  

(P P h g ^ P d  b u t o ther catalysts can be generated  in situ by reaction of

20



Pd(II) sa lts  such as Pd(0 Ac>2 w ith  a t  le a s t two equ iva len ts of 

triisopropylphosphite. ^3

A wide range of a lkenes contain ing  ketone, e s te r  and  cyano 

m oieties has been shown to react in  generally good yield ^2 (Scheme 

26).

Me3Si J L  OAc +

(27)
EWG

30-68% Pd

EWG = electron-withdrawing 
group

EWG 

Scheme 26

EWG = COMe 30% 
= C 02Me 6 8 % 
= CN 35%

Extensive m echanistic studies by Trost and co-workers led to the 

elucidation of the reaction pathw ay. ^4 The details of the  experim ents 

will no t be discussed b u t a b rie f  overview of the  re su lts  w ill be 

p resen ted .

The cycloaddition of (27) has been shown to involve an  (q^-allyl) 

Pd complex (28). The in itia lly  formed complex is th en  desily lated to 

give the  unique (rj^-TMM) Pd complex (29). Both A lbright ^5 and  

T rost36  have shown th a t  th is  complex is predicted from theoretical 

considerations. The complex is, as shown, a  zw itterion  w ith  the  

organic fragm ent the anionic portion and the  m etal and  its  ligands 

the  cationic portion (Scheme 27).
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JO Pd1

Me3Si OAc
(27)

Me3

(28)

/
X PdL„

(29) \
X| vj»

PdL,

EWG

EWG

Scheme 27

The m ethylenecyclopentane adduct is presum ed to form in  a stepwise 

fashion via Michael addition of the (TMM) Pd in term ediate  (29) to the  

alkene, which is then  followed by ring closure of the  in term ediate  w ith 

concom m itant regeneration of the catalyst.

The struc tu re  of complex (28) has been proved by trapp ing  w ith  

the  anion of dimethyl m alonate (Scheme 28).
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SiMe3 

OAc

(27)

Pd° 73%
Me3Si

0 0 2Me

G 02Me
(30)

MeO 2C 0 0 2Me

Scheme 28

W ith  less reactive nucleophiles (i.e. more stab ilised  anions) such as 

m ethyl acetoacetate, adduct (31) resu lted  from the  reaction of (27) and  

Pd°. This proves the presence of (29) as an  in term ediate (Scheme 29).

^S iM e 3

(27)

Pd1

CH3OCr C 02Me

XXc o c h 3

C 02Me
(31)

CH3

" a

PdLr

Scheme 29

As shown in  Scheme 29, adduct (31) is form ed via a p ro ton-transfer 

reaction. Indeed, th is step has been proved by reaction of (27) w ith a  

deu terated  n u c leo p h ile .^

Although the  bonding in  (29) indicates a non-equivalence of the  

carbon term inii on the ligand, there  is rap id  equilibration am ong the  

th ree  r\^ s tru c tu re s  as is shown in  Scheme 27. This re su lts  in  a 

functionally  sym m etrical synthon. The in te rconversion  of these  

s tru c tu re s  has been proved by T rost and  C h a n ^  using  a doubly 

deuterated  silyl acetate (32) (Scheme 30).
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• J x
Me3Si ^OAc +

D ' ~D
(32)

52%

ccx
Pd1

Scheme 30

* = 0.67 D

The nonconcertedness of the reaction is reflected in  the  m oderate 

stereoselectiv ity  which the  reaction shows.34,37 Dim ethyl fum arate  

yields essen tia lly  all t rans  m ateria l in  the  cycloaddition w ith  (27) 

w hile d im ethy l m alea te  yields a m ix tu re  of c i s / t r a n s  ad d u c ts  

(Scheme 31).

(a) 99: 1

(b) 1.3 : 1

Scheme 31

As well as being stereoselective, the  reaction has been shown to 

exhibit excellent diastereoselectivity.^® To explain the poor reactiv ity  

of cyclohexenones in  the  [3+2] cycloaddition, T rost and  co-workers

24



showed th a t 5-oxaenones gave enhanced reactivity. This was ascribed 

to the  oxygen atom  m inim ising steric in terac tions and  increasing the  

electrophilicity of the  acceptor via an  inductive effect (Fig. 6 ).

T ro s t an d  co-w orkers also show ed th a t  th e re  w as exce llen t 

diastereoselectivity, e.g., exclusive addition a t  the  less hindered face of

(33) was observed in  its  reaction w ith (27) (Scheme 32).

(27) Pd

TBDMSO

94%

TBDMSO

(33)

Scheme 32

D ia s te re o se le c tiv ity  w ith  su lp h o n e  accep to rs  h a s  p a r t ic u la r  

im portance because of the versatility  offered by the  adducts. The six- 

m em bered  sulphone (34) gave essen tia lly  a single adduct in  its  

reaction w ith (27) (Scheme 33).^®
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S 0 2Ph

OMOM

(34)

MOMO
QP™
HO

(35)

4(3 : 4 a  
> 9 :1

Scheme 33

(36)

Compound (35) was easily converted by deprotection and ozonolysis to 

the bicyclic enone (36), an  equivalent of a cyclopentenone adduct.

1.2.2. Substitu ted  Bifunctional Conjunctive Reagents

S u b s titu te d  BCRs re p re se n t a fu r th e r  ex ten sio n  of th e  

aforem entioned methodology to cyclopentanoid synthesis. Substitu ted  

silyl ace ta te  derivatives are  easily  p repared  from read ily  available 

sta rting  m ateria ls ^ 8  (Scheme 34).
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siMe’ SiMe

CHO
^J^OH “ = ® V  <ĵ OH

ĴYOH » Me3Si^JL^OH --- ► Nfe3Si>>̂ Jls .OAc
R R X

C ° 2Me C 0 2Me   ||

| ^ C 0 2Me ----- ► Me3Si'Y ^ C O * fe  ^  M ejSi^Jl^O A c
R R R

Scheme 34

The reaction of m ethyl substitu ted  silyl acetates (37) and (38) with 

cyclopentenone provides a good exam ple of the  selectivity show n by 

substitu ted  silyl acetates in the [3+2] cycloaddition (Scheme 35).

O O h  Q H

6 tb- itK
H \  H

43% 2%OAc

(37)

(38)

OAc 49% 2%

Scheme 35



T hus cycloaddition of e ither (37) or (38) w ith  cyclopentenone produced 

the  sam e regioisom er w ith  good selectivity ; in  e ither case, the  sam e 

TMM in te rm e d ia te  (39) undergoes cycloaddition w ith  th e  enone 

(Scheme 36).

OAc

(38)

OAc

(37)

Pd°

' f

,-r .
(39)

Scheme 36

The in term ediate  (40) from silyl acetate (38) undergoes equilibration to 

the  more reactive isom er (39) fas te r th an  it  undergoes cycloaddition. 

This regioselectivity is also predicted from theoretical calculations 

which indicate th a t TMM in term ediate  (39) is the  therm odynam ically 

p referred  isom er.

In  the  cycloaddition w ith  su b stitu ted  silyl aceta tes, th e re  is a 

strong  preference for form ation of the  cyclic adduct hav ing  a 1,3 

re la tio n sh ip  betw een the  ac tiva ting  group of the  alkene and  the  

substituen t on the p r e c u r s o r , ^  as illu stra ted  in  Scheme 37.

Pd

7

(40)
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Me3Si OAc

R

Ph"

Pd1

,0 0 2Me
C 02Me

Rv 1

C 0 2Ms 
C O ^ e

Scheme 37

R = CN, C02Et, Ph 
CH=CH2, OAc

I t can be seen th a t  th is  TMM synthon can accomodate a num ber of 

reactive functional groups w ithout the regioselectivity being affected. 

T he h igh  chemo- and  reg ioselec tiv ity  of th e  su b s ti tu te d  TMM 

precursors combined w ith th e ir  ease of p repara tion  em phasises the  

u til i ty  of such  cycloaddition  m ethodology for th e  sy n th esis  of 

substitu ted  five-membered rings. In certain  cases, the five-membered 

rin g  can  be fu r th e r  m odified. For exam ple, th e  regiocontrolled  

form ation  of ally lsilanes in  the  cycloaddition providing a  ve rsa tile  

synthetic in term ediate 40,41 (Scheme 38).
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Me3Si. 

Me3Si.

Ph

OAc

CD^fe

C 02Me

Pd° M e fii 
---------

OQ2Me
0 0 2Me

1. Mcpba
2.BF3 .Et20
3. AcCl

OAc

G 02Me
C 02Me

Scheme 38

As in  the cycloaddition w ith unsubstitu ted  silyl acetates, the BCR 

cycloaddition w ith  su b s titu ted  system s is d iastereoselec tive  w ith  

resp ec t to th e  TMM u n it.^  2 i t  has been show n th a t  th e  alkene 

approaches from the side opposite to the m etal centre. This can be 

seen  in  th e  reac tion  w ith  silyl ca rb o n a te  (41) w ith  d im ethy l 

benzylidenem alonate (Scheme 39).
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Phi  ̂ V 00̂
C 02Me

PdLn

86%

Ph

Scheme 39

The carbonate  leaving  group in  the  in itia l 7i-com plex  fo rm atio n  

undergoes decarboxylation to give an  alkoxide, which th en  in itia te s  

the  desily lation. W ith the silyl carbonate  from trans-carveo \ , th e  

opposite diastereoselectivity is observed.

In tram olecu lar [3+2] cycloadditions using substitu ted  BCRs are 

well docum ented, and  provide a unique approach to system s which 

are  not readily accessible by simple m eans. Silyl acetate  (42) cyclised 

in  th e  presence of (P P h g ^ P d  and  dppe to give a good yield of 

dicyclopentanoid (43) ^3 (Scheme 40).

SiMe

,OMe

Pd° 
 »
-co2

-M eO H

O

(41)

SiMe

OAc

(42)

Pd'

57%

(43)

Scheme 40
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Com pound (43) can be fu rth e r  modified by m an ipu la tion  of e ith e r 

alkene or e s te r  functionalities. M echanistically, the  in tram olecu lar 

[3+2] cycloaddition has parallels to the  m ethyl substitu ted  series.^® *^ 

I t  proceeds in  a  two-step m anner, depicted in  Scheme 41.

EWG

PdL-

EWG
H “ 

(44)

1
EWG

Scheme 41

The in itia l addition step which proceeds preferentially  to give the  cis 

adduct (44) involves conversion of a P-zwitterion like species in to  one 

w ith  g rea te r separation  of charge. The cis-fused adduct m inim ises 

th is  separation  more th an  the £rans-fused adduct.

A t th is  point i t  should be noted th a t  th e  exocyclic m ethylene 

group th a t  arises in  syntheses w ith  TMM precursors can serve as a 

versatile  functional group for fu rther elaboration (Scheme 42).
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H,

O,

Scheme 42

1.2.3 BCR's in  Organic Synthesis

o

As w ith  the  2-oxyallyl synthon, the  TMM approach h as been 

applied to a num ber of total syntheses and synthetic studies of various 

n a tu ra l products. 28,45,46 r^he adduct (45), obtained from m ethyl 

acrylate and  (27) has been shown to be a valuable sta rting  m ateria l in  

the  synthesis of the  im portan t perfum ery compounds dihydrojasm one 

and cis-jasm one ^  (Scheme 43).
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o

o

(45)

Scheme 43

(±)-Albene (47), w ith a cyclopentene ring fused to a  norbom ene system, 

rep resen ts  a compound which is ideally  su ited  to a TMM m ediated  

synthesis ^3 (Scheme 44).

(27)
COPd'

(46) CO,Me

Scheme 44

(47)

C ycloadd ition  of (27) o ccu rr ed only a t  th e  e x o  face of 1 ,2 - 

dim ethoxycarbonylnorbornene to produce adduct (46).
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S u b s titu ted  BCRs have also been  of use in  n a tu ra l p roduct 

synthesis. The seco-iridoid chrysom elidial (48), a  constituen t of the  

la rv a l defence secretion of the  chrysom elide beetle, was synthesised  

using  BCR cycloaddition methodology ^4 (Scheme 45).

OAc

(38)

Pd'
a  : p 
1 : 1

CHO 
CHO "

(48)

1.MeLi
2. 0 3 
3.NaOMe

O

Scheme 45

An enantioselective synthesis of (+)-brefeldin A was achieved by 

T rost and  co-workers via diastereoselective annulation  of (27) to chiral 

a p -  u n sa tu ra ted  ester (49) 4? (Scheme 46).

(49)

Pd
+ (27)

6 6 % d.e.

Scheme 46

The adduct was readily  elaborated to (50), which possesses all b u t one
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of the  chiral centres in  (+)-brefeldin A (Scheme 47).

(+)-Brefeldin A

OMEM

Me02CN' is,cv
( 5 0 ) "  O

Scheme 47

O th e r exam ples involv ing  BCRs include  ginkgolide A 

phyllanthocin  2 p-hydroxyjatrophone 28,50^ an(j ^he antileukem ic 

agen t (-)-rocaglamide. Thus BCR methodology constitu tes a useful 

approach  to m any cyclopentanoid n a tu ra l products in both  racem ic 

and  chiral form.
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1.2.4 M ethvlenecvclopropanes

M ethylenecyclopropane (51) and  its  various derivatives can 

function  as trim eth y len em eth an e  syn thons in  th e  p resence of a 

tran s itio n  m etal catalyst.^^  Compound (51) can be p repared  read ily  

from m ethallyl chloride on a kilogram  scale.52

The norm al ca ta ly sts  u sed  a re  derivatives of Pd  an d  Ni; 

depending which ca ta ly st is used an d  w hether the  cyclopropane is 

substitu ted  or not, different cycloadducts can result.

W ith  p a lla d iu m  a s  c a ta ly s t  a n d  th e  u n s u b s t i tu te d  

cyclopropane (51), d is ta l ring-open ing  cycloaddition occurs w ith  

alkenes such as ethene and norbom ene (Scheme 48).53

Pd 

(51) P
\  /

Pd

Scheme 48

T his is in  c o n tra s t to T rost's  b ifunc tiona l conjunctive rea g en ts  

reac tin g  w ith  only electron  deficient a lkenes. E lectron  deficient 

a lk e n e s  do r e a c t  w ith  m e th y le n e c y c lo p ro p a n e  e .g . 2 ,3- 

dim ethoxycarbonylnorbornadiene reacts  a t  both  double bonds to an
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alm ost equal extent. Sim ilarly, th is should be con trasted  w ith  the 

reaction  of silyl acetate  (27) where only the  electron deficient double

bond r e a c ts .^

M echanistically, the  m ethylenecyclopropane and  th e  reacting  

a lkene  a re  though t to co-ordinate the  m etal; subsequen t coupling 

produces the  cycloadduct (Scheme 4 9 ) . ^

- < V -
^ — EWG

EWGEWG 

Scheme 49

W ith substitu ted  m ethylenecyclopropanes and  a Pd catalyst, 

cycloadducts a re  form ed v ia  d is ta l ring-opening. D isu b s titu ted  

m e th y len e cy c lo p ro p a n es  have  show n e x ce llen t r in g -o p e n in g  

regioselectivities and yields w ith a num ber of alkenes (Scheme 5 0 ) .^

+
C 0 2Me

Pd1

R R

£R " ' C 0 2Me

R1=Me R2=Me 71% 

R1=Ph R2=H 86% 

R ^ P h  R2=C02E t 100% 

Scheme 50
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T he reaction  of dim ethylidenecyclopropane an d  d im ethyl fum ara te  

gives th e  t r a n s  adduct only b u t w ith  d im ethy l m alea te , a  1:2 

c i s : t r a n s  m ix tu re  r e s u l ts .  An e le g a n t  s y n th e s is  o f 

bicyclo[3.3.0]octanes has been developed by M otherwell and co-workers 

u sing  a  su b stitu ted  diphenylidenecyclopropane in  an  in tram olecu lar 

cycloaddition (Scheme 5 1 ) .^

Ph,
Ph

47%

O

O

Scheme 51

W ith  only one su b s titu en t on the  exom ethylene te rm in u s, 

lower regioselectivities have been observed. Diethyl fum arate and (52) 

gave essentially  a 1:1 m ixture of adducts (Scheme 5 2 ) . ^
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Ph

(52)

Pd’

Ph

Ph

EtOoC COoEt

30%37%

Scheme 52

W ith su b s titu en ts  on the  ring, again  regioselectivities a re  lowered. 

C o m p o u n d  (53 ) sh o w s o n ly  a  low  p r e f e r e n c e  fo r  

ethylidenecyclopentane form ation (Scheme 53).“̂
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(53)

C02Et

E t0 2C

Pd

EtO 2C COoEt

27%40%

Scheme 53

The reactions of (51) w ith a Ni° catalyst are dependent on the  

n a tu re  of the  ligands a ttached  to the m etal and the  s tru c tu re  of the

reac ting  alkene.®®’®®*®̂  For exam ple, Ni(COD ) 2  induces proxim al 

ring-opening of (51) (Scheme 54).

A
(51)

MeOoC
+ w

C 0 2Me Ni° C r  C 0 2Me C r

C 0 2Me

70%

C 0 2Me 

C 0 2Me

8%

Scheme 54

However, w ith  bis(acrylonitrile)nickel as catalyst, both d ista l (54) and
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proxim al (55) ring-opening adducts were observed (Scheme 55

C O o M e N i

Me0 2 C C O o M e

(54)

C O o M e

C O o M e

(55)

62:38

Scheme 55

N oyori an d  co-w orkers h ave  show n, by d e u te r iu m  la b e llin g  

experim ents, th a t the form ation of (54) goes via (56) and  (55) via (57)

(Fig.7).58

NiLn

(56) (57)

Fig.7

The cycloaddition of su b stitu ted  m ethylenecyclopropanes and  

alkenes using  a  nickel cata lyst is influenced by a  num ber of factors

including ligand and alkene s tru c tu re .45,49 ^ h e  m any exam ples of 

th is  a re  well docum ented and  will n o t be d iscussed  here . One
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in te res tin g  reaction of a substitu ted  m ethylenecyclopropane is th a t  of 

(58) w ith  acrylam ide (59). Excellent diastereoselectivity was observed

using a nickel catalyst (Scheme 56).®0

70%
(58)

Ni(COD)2

O

98% d.e.

Scheme 56

As w ith  th e  TMM sy n th o n s  d e riv ed  from  sily l a c e ta te s ,  

m ethylenecyclopropanes have provided usefu l e n trie s  in to  m any  

n a tu ra l products. Silyl aceta te  (27) and m ethylenecyclopropane (51) 

have been used to generate  the  sam e cycloadduct in  m any cases, e.g., 

in  syntheses of (±)-albene, brefeldin-A, and precursors to jasm one and

dihydrojasm one. N akam ura and Yamago have prepared  the [3.3.3] 

p ropellane  (60), whose s tru c tu re  is re la ted  to th e  sesq u ite rp en e

m odhephene (61) from (62) v ia  an  in tram o lecu la r exocyclic 

tra n sa n n u la r  cycloaddition (Scheme 57). In teresting ly , both Ni and  

Pd catalysed the cycloaddition.
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[M]

74-98%

(62)

(61) 

Scheme 57

4 steps

OAc

(60)
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IxiL D im ethvlenem ethane Svnthon

A d im ethylenem ethane syn thon  can be rep resen ted  as (63) 

(Scheme 58).

X = Y

+  -

(63) X Y

Scheme 58

A num ber of these three-carbon syn thons has been developed from 

allylic, alkynyl, allenic and cyclopropyl precursors.

1.3.1 Dicarbonvl-n5 -Cvclopentadienvl Iron Complexes

W ork from the laboratories of Rosenblum  63,64 usjng dicarbonyl-rj^- 

cyclopentadienyl iron (Fp) complexes has shown th a t  five-m em bered 

rings can be form ed by coupling w ith  h igh ly  ac tiva ted , electron- 

deficient alkenes. For exam ple, complex (64) reacted  w ith  dim ethyl 

m ethylenem alonate to give the  Fp-cyclopentane adduct in  good yield

(Scheme 5 9 ).^5

+

/ FpFp (64)

+ C 0 2Me _ . C 0 2Me

T C 0 2Me

C 0 2Me C 0 2Me C 0 2Me

Scheme 59
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The m echanism  is though t to involve M ichael addition of th e  allyl 

fragm ent to the alkene. Ring closure is then  achieved via a ttack  of the  

stab ilised  anion on the  activated  alkene (Scheme 59). In  addition to 

enones such as cyclohexenone, th e  reac tion  req u ire s  Lewis acid

activation (Scheme 60).®®

OA
+

(64)

O

45%

H

Fp

Scheme 60

The Fp fragm ent m ay be removed using B ^.® ^

Alkynyl complexes have been used in  the  [3+2] cycloaddition

to give cyclopentene system s (Scheme 61).®®

O O

F p
A

+
20%

Scheme 61

As can be seen in  Scheme 61, yields are  lower th an  the alkenyl series.

1.3.2 (Trim ethvlsilvl)allenes

W ith  a llen ic  p recu rso rs , D an h e ise r and  co-w orkers have

described a [3+2] annu la tion  approach to five-membered rings ®8>69
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which involves the  com bination of (trim ethylsilyl)allenes and  electron- 

defic ien t a lkenes in  th e  presence of TiCl^.. The cycloaddition is 

e x tre m e ly  p o w erfu l since i t  g e n e ra te s  five-m em bered  r in g s  

regiospecifically. From  Scheme 62, i t  can be seen th a t  the  reaction  

proceeds w ith  h igh  ste reose lec tiv ity  v ia  th e  effective sup ra fac ia l 

addition of the  three-carbon allene component to the  electron-deficient 

a lkene.

EWG R2.y
Re

+ <
SiM e3

Rc

TiCL

R

R

EWG

Scheme 62

1-Substitu ted  TM S-allenes, readily  p repared  from propargyl

alcohols,68,69,70 are effectiVe in the  [3+2] cycloaddition. 1-M ethyl-l- 

(trim ethylsilyl)allene (65) has been shown to cycloadd to m ethyl vinyl

ketone to give a  good yield of . . cyclopentene (Scheme 6 3 ) .^
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o

o

(65)<.SiMe< TiCL

75%

/ X ^ V /  SiMe3 

1

OTiClg OTiCl

(67)
Scheme 63

The reaction involves complexation of the ocp-unsaturated ketone and 

T iC l4  to g en e ra te  an  alkoxy allylic carbocation . Regiospecific

electrophilic substitu tion  of th is cation produces vinyl cation (6 6 ) 

stabilised by in teraction  w ith the adjacent carbon-silicon bond. A 1,2 

sh ift of the  TMS group th en  affords the  isom eric vinyl cation (67) 

which is intercepted in tram olecularly  to yield the  cyclic product.

Both cyclic and  acyclic enones serve as su b s tra te s  for the  

cycloaddition. For example, cyclohexenone and  (65) gave the  adduct 

(6 8 ) in good yield (Scheme 64).
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+ (65)
TiCl,

85%

H

(68)

Scheme 64

The vinyl silane m oiety can be fu rth e r transform ed via regiospecific 

electrophilic substitution. 41,69

1.3.3 M iscellaneous

O ther m ethods of generating  d im ethylenem ethane synthons 

are  known, of which the  work of Tsuji 71 and Lee 72,73 are WOrthy  of 

m ention .

Tsuji has developed a route to cyclopentanes using  electron- 

deficient vinylcyclopropanes and Pd catalysis w hilst the  la te  T.V.Lee 

developed an  electrophilic  a n n u la tio n  procedure u sing  silyl enol 

e thers and the acetal stannane (69) (Fig.8 ).

OMe
  +

MeO SnMe3

(69)

Fig .8

For example, the  silyl enol e ther of cyclopentanone and (69) gave fused 

adduct (70) in good yield (Scheme 65).
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OSiMe3 H

+ (69)
TiCL

51%

OMe
(70)

Scheme 65

Much of the  m assive research  effort in to  [3+2] cycloadditions 

has not been discussed here b u t there  are  several o ther a reas w orthy

of m ention, such as the 1,3-diyl trapp ing  reactions of L ittle 74 and 1,3- 

d ipo lar syn the tic  equ iva len ts includ ing  th e  cyclopropenone k e ta l

reactions of Boger 75,76 and  th e  cyclopropylphosphonium  sa lts  of

F uchs.77

A lthough the  [3+2] cycloaddition s tra teg y  is in  its  infancy 

compared to its [4+2] counterpart, the  research  to date  has shown i t  to 

be a powerful reaction in  organic synthesis. C learly there  are m any 

more facets of th is  reaction to be explored and  m uch more chem istry  

to be discovered.
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RESULTS AND DISCUSSION
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The perfum e in d u stry  can be traced  back m any years and, 

un til the  early  1900's was reserved for the w ealth iest people in  society. 

Today, fragrances are used not only in  haute couture perfum es b u t 

also in  consum er products such as soaps, bleaches, de te rgen ts  and  

household cleaners.

Up un til 100 years ago, all perfum es were m ade of n a tu ra l 

m ateria ls . Today, the perfum ery in d u stry  uses synthetic  chem icals 

on the  hundreds of thousands of tonnes scale.

The developm ent p a tte rn  of sy n th e tic  chem icals in  th e  

perfum e industry  closely follows th a t of the  pharm aceutical industry . 

T h a t is, the  perfum e m ateria l is isolated  from a n a tu ra l source, the  

m ajor odoriferous com ponents are  identified  and  th en  synthesised . 

A nalogues of these  are  norm ally  syn thesised  and  fu r th e r  QSAR 

(q u an tita tiv e  struc tu re-ac tiv ity  rela tionsh ip) techniques lead  to the  

syn thesis of m ateria ls  which have im proved perform ance over the  

n a tu ra l ones.

One of the  m ost common fragrance  m a te ria ls  is jasm ine . 

The ex trac t (ex. J a sm in u m  gran d if lo rum )  re ta ils  a t £ 3000-£ 5000

per k ilo g ra m .^  The m ajor components are  jasm one (71) and m ethyl 

jasm onate  (72).
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(71) (72)

W hen it  is seen th a t  the synthetic versions of these compopunds re ta il 

a t  £ 300-£ 500 per kilogram  and sim pler analogues a t  £ 10-£ 50 per 

kilogram  it  is not surprising  th a t there has been m uch synthetic effort

directed a t these compounds.

M any perfum ery compounds now in  use have th e ir  origins in 

flow ers an d  p la n ts . In  c e n tra l E urope, th e  genus M a n n i a  

com pr ises th re e  species n am ely  M a n n ia  p ilo sa , M a n n ia  

t r ia n d ra a n d  the  m ost common, M annia  fragrans.  This liverw ort 

(prim itive p lan t) occurs in  only a  few select locations in  G erm any, 

Czechoslovakia and Poland b u t is extrem ely ab u n d an t in  H ungary . 

As the  nam e suggests, M ann ia  fragrans  em its a  p lea sa n t odour. 

Indeed, when the thallus is wet, a  sensitive nose can detect i t  a t  m any 

m etres .

2 . 1  Cvcloaddition-Ring Contraction Synthetic Approach

In  1975, H uneck and  Schreiber®^ iso lated  an  odoriferous 

ketone from M annia  fragrans  and nam ed i t  grim aldone a fte r the  old 

genus nam e G rim ald ia .  Ten years la te r, from m ateria l collected in

53



M ongolia, C onnolly and  co-w orkers iso lated  grim aldone (73) and

elucidated its  s truc tu re  by NMR and  crystal struc tu re  analysis (Fig.

9).

(73)

Fig. 9

Indeed, the  absolute configuration was estab lished  by com parison of 

its  c ircu lar dichroism  spectrum  w ith  th a t  of (+)-S-a-cuparenone (Fig.

1 0 ) (see over).
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Fig. 10

Grim aldone showed a negative Cotton effect and is thus a derivative of 

erc£-cuparane. T his shows th e  capacity  of liverw orts to produce 

sesquiterpenoids enantiom erically  re la ted  to those of h igher p lan ts. 

G rim aldone is the  f irs t exam ple of a sesqu ite rpeno id  w ith  th is

tricarbocyclic  skele ton . A lthough it  is difficult to ob ta in  th is  

sesquiterpenoid in  quantity , the odoriferous properties a re  sufficiently 

in te re s tin g  to ju s tify  fu r th e r  in v es tig a tio n  of i ts  q u a litie s  as a  

p e rfu m ery  ag en t. A possib le  re tro sy n th e tic  ro u te  to racem ic 

grim aldone is shown in  Scheme 6 6  (see over).



(74)(73)

SePh

(75)

CHO

(76)

(77)

X

OSiMe

+
MeO MeO

(79) (24)(80)

X= carbonyl in protected form

Scheme 6 6

Retrosynthetic analysis of the bis-cyclopentane system  of (73) 

suggested the enedione (74) as an  a ttrac tive  late-stage in term ediate .
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E laboration  to the  ta rg e t  and  its  d iastereoisom er (not in  any  way 

d isadvan tageous since d iffe ren t d iastereo isom ers m ay well show 

d iffe ren t odoriferous p ro p ertie s)  would be achieved v ia  Corey-

C haykovsky  c y c lo p ro p a n a tio n ^  u sin g  d im ethy loxosu lphon ium  

m ethylide followed by W ittig  olefination. I t  w as thought th a t enedione 

(74) could be achieved  from  a -fo rm y l-cy c lo p en tan o n e  (76) v ia  

p h en y lse len y la tio n ® ^ , deform ylation  and  selenoxide e lim ination . 

Compound (76) would arise  from ap  enone (78) via epoxidation®^ and

acid-catalysed 1,2-carbonyl m igra tion .86,87 The enone (78) could be 

obtained  from the  arylcyclopentanone (79) via  carbonyl protection,

B irch r e d u c t io n ^  and  enol e the r hydrolysis. I t  was hoped th a t  key 

cyclopentanone (79) would come from silyl enol e th e r (24) and  alkene 

(80) in  a form al [3+2] cycloaddition em ploying the  conditions of 

Sakurai.^7

p-Isopropenylanisole (80) was synthesised in  th ree  easy steps 

from  read ily  availab le  p -an is ic  acid (81). T rea tm en t of (81) w ith

MeOH and concentrated H 2 SO4  according to the  m ethod of Radcliffe®^ 

furnished the m ethyl ester in  good yield (Scheme 67).

MeOH/c.H2S04

(81) (82) 

Scheme 67
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G rignard reaction of (82) w ith CHgMgBr (ex. Aldrich) in  E t2 0  

afforded the te rtia ry  alcohol (83)90 jn  excellent yield (Scheme 6 8 ).

OH

MeO

(83)

MeO

(82)

Scheme 6 8

The crude alcohol w as used  in the subsequent step  w ithout fu rth er 

purification .

Careful, slow d istilla tion  of the  te r tia ry  alcohol (83) yielded 

crystalline alkene (80)90 jn  reasonable yield (Scheme 69).

OH

pTS A / reduced pressure

50%
MeO MeO

(80)(83)

Scheme 69

I t was essential to perform  the distillation very slowly as rap id  heating 

resu lted  in  d istilation of the  alcohol (83). I t was also im portan t to use 

C H gM gB r as the  G rignard  reag en t and not CH gM gl as previous

w orkers experienced difficulty90 in  the subsequent dehydration step. 

The alkene could be stored  in  the  fridge under N 2  for a num ber of 

m onths w ithout decomposition.

58



The silyl enol e the r (24) was prepared  from readily  available

3-m ethylbutan-2-one (84) in  two sim ple steps. Brom ination of (84)^1

w ith  dioxan d i b r o m i d e , ^ 2  a  crystalline  solid p repared  from  a 1 : 1

m ixture of dioxan and brom ine, proceeded to give the a-brom o ketone 

(85) in  good yield (Scheme 70).

O O
Dioxan dibromide

Et2<I) / Dioxan 81 % Br

(85)(84)

Scheme 70

The isomeric a-bromo ketone (8 6 ) was not isolated from the d istillation 

residue.

O

Br.

(86)

Com pound (24) was easily  ob tained  by quenching  the  pre-form ed 

enolate of (85) w ith trim ethyl silyl chloride according to the  m ethod of

Sakurai ^7 (Scheme 71).

O OSiMe
1.LDA/-78 °C

2. TMSC1 / R.T Br

79% (24)

Br

(85)

Scheme 71
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Com pound (24) could be p repared  read ily  on a  20 g scale and  was 

stable in  the  fridge, under N 2 , for a num ber of weeks.

T hus, both  (24) and  (80) could be obtained in  a  s tra ig h t­

forw ard m anner from readily  available precursors.

W ith a route to both s ta rtin g  m ateria ls in  hand, the  next step 

w as to couple them  in  a form al [3+2] cycloaddition em ploying the

conditions reported by Sakurai and co-workers. ^

At th is  point, i t  is w orth  discussing some of the  previous

approaches to structures like (79). Most of the research effort 93,94,95

over the la s t 40 years has been tow ards a-cuparenone (87) in  both 

chiral and  racem ic forms.

MeO

(79)

Me

(87)

The research  effort not only describes the  approach to a -cu p aren o n e  

b u t also the  approaches to synthesising  compounds w ith  contiguous 

qu a te rn ary  centres.

As early  as 1962, R aphael ^ 6  and  co-workers repo rted  the
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synthesis of (±)-a-cuparenone. Since then, m any syntheses have been 

directed tow ards cuparane type struc tu res in  both  racem ic and  chiral 

fo rm s u s in g  d if fe re n t  a p p ro a c h e s  w h ic h  h a v e  in c lu d e d

c y c l i sa t io n ,9 7 > 9 8 ,9 9  contraction , *^0 r in g  e n la rg e m e n t,^ ^

cycloaddition, 21,22,27,94 photochemical and  enzyme ^  chem istry.

One very a ttrac tive  approach was th a t  developed by S aku ra i

and  co-workers in the la te  70's. ^7 As discussed previously (Scheme 

21), th ey  used  read ily  availab le  silyl enol e th e r  (24) and  2-(p- 

m ethylphenyl)prop-l-ene under ZnCl2  catalysis to give a low yield of

(±)-a-cuparenone.

Since we req u ired  (79), we env isaged  th a t  th is  fo rm al 

cycloaddition approach would allow us to access (79) relatively quickly. 

I t  was hoped th a t  yields in  our reaction would be h igher th a n  those

observed in the synthesis of a-cuparenone, since the  p -an isy l group 

should provide g rea ter stabilisation of the carbonium  ion in term ediate  

in  the two-step formal [3+2] cycloaddition th an  th a t  provided by the  p- 

tolyl group involved earlier.

U nder the  conditions of Sakurai, (24) and (80) gave a  lower 

yield of (79) th an  expected (Scheme 72).
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OSiMe 3 ZnCl2 / CH2C12

-78 °C to R.T
MeO

,0

(24) (80) 13% (79)

1 :2
Scheme 72

This resu lt was reproducible over a num ber of experim ents. Ratio of 

th e  regioisom eric cyclopentanone (8 8 ) (see below) to th e  desired  

cyclopentanone (79) varied  from 1:6 to 1:3 depending on separa tion  

during  flash silica gel column chrom atography.

I t  w as though t th a t the  yields m ay be increased  by increasing  the  

am ount of silyl enol e th e r in  the  m ixture since (24) did decompose 

rap id ly  com pared to (80). Moving to a 1:1 ra tio  of (24) : (80) gave a 

m odest increase in  yield of 3%. However, on moving to a 2:1 ra tio  of 

silyl enol e ther to alkene (i.e. the reverse of S akurai's conditions), the 

yield m ultip lied  v irtua lly  3 fold to 44% ! Again, the  resu lts  w ere 

reproducible and  the  desired cyclopentanone could be produced in  

yields varying between 37 and 44%. Scheme 73 tabulates the  resu lts of 

the  study on th is cycloaddition reaction.

(88)
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RATIO

ZnCl2 

(mol %) jO ^
MeO (% yield)

OSiMe3

JO ^
1. 1 2 100 13 #

2 . 1 1 100 16

3. 1 1 10 16

4. 2 1 10 37

5 . 2 1 10 44

Notes : ^ Regioisomeric ketone yields vary  depending on separa tion  

du ring  colum n chrom atography.

Scheme 73

From  experim ent 3 (Scheme 73), i t  can be seen th a t  reducing  the  

am oun t of ZnCl2  had  no effect on the yield. The m arked  change in  

yield came in  experim ent 4 w hen the ratio of silyl enol e ther to alkene 

was increased to 2:1. Experim ent 5 was the  m axim um  yield obtained 

on repeating  the experim ent a num ber of tim es. Reproducible yields, 

however, were slightly lower.

An in teresting  feature of the  cycloaddition was th a t  i t  had  to 

be done u n d er d ilu te  conditions. On a 17 mmol scale, 320 ml of 

C H 2 CI2  were required. W hen the  reaction w as perform ed w ith a x 3 

concentra tion  (i.e. 1 0 0  ml CH 2 CI2  used), side reactions resu lted .
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Indeed, (89) was isolated in low yield.

MeO

MeO

(89)

This compound was believed to form by addition of alkene (80) to an  

in te rm ed ia te  carbonium  ion , followed by rin g  closure (i.e. double 

addition of alkene (80)) (Scheme 74).
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OMe
OSiMe

MeO

OSiMe

MeO
(80)

MeO

MeO

OMe

(89)
Scheme 74

I t should be noted th a t the yields of the  desired cyclopentanone (79) in  

th e  "concentrated" reaction  w ere sim ila r to those in  the  "dilute" 

reaction. However, separa tion  of cycloheptanone (89) from (79) was 

notoriously difficult.

Thus, w ith a reliable route to (79) in  hand, the next step in  the

synthetic route to grimaldone was protection of the carbonyl moiety
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prior to Birch reduction. A ttem pted ketalisation  103 0f  (7 9 ) using :

(a) ethylene glycol / BF3 .E t2 0 ,

(b) ethylene glycol / pTSA / D ean-S tark conditions ,

(c) bistrim ethylsilyl-ethylene glycol /  TMSOTf 

all failed to furnish  the ketal (90) (Scheme 75).

NO REACTION

MeOMeO
(79) (90)

Scheme 75

In hindsight, a  high pressure version of (c) could have been tried. 106

I t  w as th en  decided to reduce th e  ketone (79) to the  

corresponding alcohol and protect the alcohol prior to Birch reduction.

Com pound (79) w as reduced in  a m odel experim en t w ith

N aBH ^ 107 gjve a m ixture of epimeric alcohols, (91) and (92), in  

good yield (Scheme 76).
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OH

MeO
(91)

MeO
(79)

,OH

MeO
(92)

Scheme 76

For characterisation purposes, i t  was thought th a t it  would be b e tte r  to 

use a reduc ing  agen t w hich would give one alcohol selectively. 

L ithium  -tri-sec-butyl borohydride (L-Selectride) has been shown to be 

a good reagen t for the reduction of cyclic and  bicyclic ketones w ith  

excellent stereoselectivity. 108

C om pound (79) w as reduced  109 with  L -Selectride (ex. 

Aldrich) to give alcohols (91) and (92) in  a ratio  of 7.5 : 1 respectively 

(Scheme 77).
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L-Selectride / THF / -78 °C 
 ►

85%
MeO'

OH

MeO
(91)(79)

OH

MeO
(92)

Scheme 77

C arefu l flash  silica gel colum n ch rom atog raphy  se p a ra te d  th e  

epim eric alcohols. I t was though t th a t  (91) was the  m ajor epim er 

since a ttack  of the bulky reducing agent would be expected to be an ti to 

the  arom atic group.

Alcohol (91) was then  protected as its MEM ether HO prior to 

Birch reduction (Scheme 78).

H
OH MEM-C1 / iPr2EtN OMEM

MeO MeO
(93)66%(91)

Scheme 78

The MEM protecting group was chosen owing to its  stab ility  10 2 to a 

wide variety  of conditions including those a ttend ing  the use of strong
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b a ses , o rg an o m e ta llic  re a g e n ts  and  m ild  acids. T he a c tu a l 

experim ental conditions differed slightly from  those in  th e  original 

repo rt by Corey. The alcohol was stirred  w ith  a  3 fold excess of both 

H un  ig's base and  MEM chloride in the  presence of m olecular sieves 

for 24 hours. Som etim es, m ore base and  MEM chloride h a d  to be 

added to ensure the  reaction w ent to completion.

MEM e th e r  (93) w as th en  subjected to B irch reduction  

conditions using the  m ethod of Wilds and Nelson m  (Scheme 79).

OMEM (a) OMEM

MeO MeO
(94)(93)

(b)

7

OMEM

(95)

+ (93)

OMEM

(96)

Reagents : (a) 1 .Li / liq. NH3 /Et20  2. EtOH
(b) 5M HC1 (cat.) / CHC13

Scheme 79

The use of lith ium  in  place of sodium gave a  m arked  im provem ent in  

yield in  comparison w ith  sim ilar reactions of B irch 112,113 some eight 

years earlier. I t  is th o u g h t th a t  th e  h igher reduction  p o ten tia l of
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lith ium  and its  solubility in  the  reaction m edium  enhances the  yield. 

Com pound (94) w as never iso la ted  b u t is likely  to have e ith e r the  

ind icated  1,3-cyclohexadiene or 1,4-cyclohexadiene s truc tu re . D irect 

hydrolysis resu lted  in  conversion to the  desired  cyclohexenone (95). 

The u n u su a l conditions of cataly tic  5M HC1 in  CHClg were chosen 

a fte r  observing decom position of the  B irch reduction  product in  the  

nm r tube (trace HC1 in  CDCI3 ). The yield of (95) was reasonable (67%) 

based on recovered s ta rtin g  m aterial. Yield of (96) was low (8 %) and  it  

is not im m ediately obvious how it  forms.

At th is point in  the  synthesis, w ith not m uch of (95) available, 

it  was decided to undertake  some model studies. Compound (95) was to

be isom erised to (97) and th en  epoxidised to form a(3-epoxy ketone (98) 

(Scheme 80).

OMEM OMEM

(97)(95)

OMEM

(98)

Scheme 80

Enone (99) was chosen as a very simple model for (95).
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A

(99)

T his w as p repared  from  4-m ethylanisole according to th e  m ethod of 

W ilds and Nelson m  (Scheme 81).

MeO

1. Li /  liq.NH3 / Et20

2. EtOH
MeO

(100)

59% I 2M Oxalic acid / Et20  
overall y

O

(99)

Scheme 81

It was though t th a t  (99) could be equilibrated  and epoxidised in situ  

using NaOH / H 2 O2 . A ttem pted direct epoxidation of (99) using NaOH

and H 2 O2  *BuOOH / tr ito n -B ^ ^  and % uOO H / n-BuLi all failed.

Thus, isom erisation of (99) to the ap-enone (101) would have to be done 

prior to epoxidation.
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oA
(101)

I t  was decided to use (1 0 2 ) as a b e tte r model for enone (78) (see Scheme 

66).

O

Bul

(102)

Com pound (102) w as syn thesised  as follows. M eth y la tio n llO  0f

p-£er£-butylphenol furn ished  anisole (103) in  good yield (Scheme 

82).

Me2S0 4 / K2C03 / Acetone

80% MeOHO
(103)

Scheme 82

M ethyl e th e r  (103) w as sub jected  to B irch  reduction  conditions 

according to the  m ethod of M asam une and  co-workers. The 5,6-
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dihydroanisole (104) was hydrolysed to the Py enone (105) in  good yield 

(Scheme 83).

Bu‘ 1. Li /  liq.NH3 / Et20  Bu'JU 2 EtOH ^  JM
MeO ^  MeO V

(103) 79% (104)

70% ^  2M Oxalic acid / Et20  

O

Scheme 83

Bul
(105)

It is in te resting  to note th a t  the Birch reduction product was the  5,6- 

dihydroanisole and not the expected 3,6-dihydroanisole. Indeed, w hen 

cylinder grade liquid NH 3  (i.e. not distilled from N a prior to use) was 

used, compound (106) was formed.

OMe

Bul

(106)

Compounds (104) and (106) were easily d istinguishable using 90 MHz 

NMR. Using cylinder grade NHg m ay have been inconsequential
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as th e  reason  for production of the non-conjugated diene (106) m ay 

have been an  insufficient am ount of LiNH 2  p resen t to allow a catalytic

conjugation to occur.

W hen py enone (105) was allowed to s tan d  in  the  a ir  over a 

num ber of weeks, a crystalline substance g radually  appeared . This 

was isolated and analysed for compound (107).

O

X

,XlBu OOH

(107)

M asam une and  co-workers have reported  the form ation of (108) 

from (105) in  a sim ilar fashion.

O

OOH

(108)

They based th e ir s truc tu re  assignm ent on NMR da ta  and by chemical 

modification of (108). By reducing (108) w ith  NaBH^., they  then  formed 

(109) by reaction w ith acetone over silica gel.
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(109)

However, our proposed s tru c tu re  (107) can also form acetonide (109) 

via in term ediate (1 1 0 ) (Scheme 84).

C r  OHx .

j

( 110) (109)

Scheme 84

A ctual p rep ara tio n  of (109) w as not requ ired  as NMR analy sis  

revealed  the  a  and (3 protons as a doublet a t  6.13 ppm  and  double 

doublet a t 6 . 8 6  ppm respectively. The UV absorDtion at. 2 1 6  nm  (e=17

1 0 0 ) was also indicative of ap  unsatu ration , j i t  should be noted th a t (107) 

exhibits spectral data  and m.p. identical to those previously reported.

Acid catalysed equilibration of (105) using  HC1 afforded a 2 : 1
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m ixture of ap  : py enones and not the reported  H® 4:1 m ixture. DBN 

(l,5-diazabicyclo[4.3.0]non-5-ene), a well known non-nucleophilic base

120 t catalysed the conversion of (105) to (1 0 2 ) in  good yield (Scheme 85).

O

DBN/THF/Reflux

67%

(102) 

ap : Py=4 : 1

Scheme 85

This w as probably not su rp rising  since a group a t  B ayer 121 h a(j 

reported  the  use of DBN in isom erising a py u n sa tu ra ted  n itrile  to an  

ap  u n sa tu ra ted  nitrile  (Scheme 8 6 ).

AcO

X
CN DBN (cat.) AcO, 

 ►
CN

Scheme 8 6

E poxidation of (102) using  a lk a lin e  hydrogen peroxide 

proceeded smoothly to give epoxy ketone (1 1 1 ) in  excellent yield (Scheme

87).
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H20 2 /  NaOH / EtOH / 0 °C

83%

Bul

( 102)

Bul

(111)

Scheme 87

Compound (1 1 1 ) is likely to have the struc tu re  shown as delivery of "O" 

should be anti to the bulky tert-h\ity\ group.

The next step in  the  synthesis was conversion of (111) to (112) 

via  a Lewis acid m ediated ring contraction (Scheme 8 8 ).

T
CHO

Bul

(111) (112)

Scheme 8 8

This is a model for the actual conversion of (77) to (76) (see Scheme 6 6 ).

P rev ious w orkers in  the  m id 50's h ad  shown th a t  2,3-epoxy

cyclohexanone derivatives could be isom erised to the  corresponding a- 

formyl cyclopentanones in  good yield (Scheme 89).



o O

CHO

R

R

(a) R = R’ = CH3

(b) R = H, R' = C6H5

(c) R = R' = H

Scheme 89

Reaction of (111) under the conditions of House and  W asson 

did no t fu rn ish  the  desired cyclopentanone (112). Indeed, subjecting 

(1 1 1 ) to the  following reagen ts resu lted  in  no reaction  or extensive 

decomposition depending on the reaction tim e involved:

(a) BF3 .E t2 0 , CH2 C12, 25 °C

(b) BF3 .Et2 0 , CH2 C12, 0 °C

(c) BF3 .E t2 0 , C0 Hg, reflux

(d) TMSOTf, CH2 C12, 0 °C

(e) TMSOTf, iP r2 EtN, CH2 C12, 0 °C

(f) TiCl4 , CH2 C12, 0 °C

(g) TiCl4 , CH2 C12, -78 °C

(h) ZnCl2 , CgHg, reflux

(i) T i ^ P r ^ ,  CH2 C12, 0 °C

Only conditions in  (e) gave any product. 4-£er£-butylphenol w as 

isolated in 17% yield along w ith 34% recovered s ta rtin g  m ateria l. I t  is
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th o u g h t th a t  the  phenol could form by th e  postu la ted  m echanism  

outlined in  Scheme 90.

Bul

+ TM SOTf+H20

OSiMe

TfO“TfO"

OH

OSiMe

Bul

\
O

OSiMe

Scheme 90

C onsidering  the  phenol w as a s ta r tin g  m a te ria l for a five-step  

synthesis of (1 1 1 ), it  is debatable w hether i t  should be described a resu lt 

or not!

Bach and Klix ^  have suggested th a t  there  has to be certain  

geometric requirem ents for a concerted 1 ,2 -carbonyl m igration to occur

in  aP-epoxy ketones (Scheme 91).
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BF

>

O

CHO

(112)

Scheme 91

They have suggested th a t the  C-C a  bond a t  the  m igration origin m ust 

be parallel, or nearly  so, to the developing vacant p orbital a t  C-3. The 

atomic p orbital should also be able to achieve coplanarity w ith  the C-2 - 

C-3 bond axis in  order for developing W alsh orb ita ls to d isperse the  

positive charge in the transition  state . By exam ining D reiding models, 

(1 1 1 ) can achieve these c rite ria  , yet no m igration occurs. The lack of 

m igration m ay be ascribed to the stability  of the  developing carbonium  

ion a t C-3 i.e. secondary as opposed to a  more stable te rtia ry  carbonium  

ion. Indeed, v irtually  all reported  ring  contractions in  epoxy ketones

involve m igration to a te rtia ry  centre, a lthough House has reported 

2,3-epoxy cyclohexanone undergoing a ring  contraction, a lbe it in  low 

yield.
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2ul Cvcloaddition-Ring Cleavage Synthetic Approach

Thus, w ith  th e  supposedly facile rin g  contraction  failing, a 

new route to grim aldone was devised. This w as based on a  repo rt by

S p an ish  w orkers 122 ^ a t  a phenyl group could act as a  m asked  

carboxylic acid. A new  retrosynthetic  route to grim aldone is shown in  

Scheme 92.

(73)

0

(74)

« = >

(113)

X

(114)

(116)

X

MeO
(79)

O

X = carbonyl group 
in protected form

Scheme 92
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I t  w as envisaged th a t cyclopentanone (79), a  key in term ediate  

in  the  previous syn thetic  approach (Section 2 .1 ), could be protected,

cleaved to acid (116) v ia  a  modified 1 2 2  r u o ^  oxidation and  th en  

elaborated  to (74) via  m ethylation, m ethallylation, ozonolysis and  aldol 

closure. Access to grim aldone (73) would be as before.

Ketone (79) was reduced w ith L-Selectride as before. Protection

of the  alcohol moiety as its  benzoate ester 123 ? a g r0Up compatible w ith 

RuC>4 oxidation, furn ished  benzoate ester (117) in  good yield (Scheme 

93).

H
OH 1 n-BuLi / THF OCOPh

2.PhCOCl
MeO MeO

74%
(91)

Scheme 93

Subjecting (117) to M artin 's 122 modified Sharpless

oxidation 124 cieaved the  arom atic group to the acid (116) in  reasonable 

yield (Scheme 94).

OCOPh

MeO
(117)

46%

(116)

Reagents: (a) RuC13.xH20  /  H5I0 6 /  CH3CN / CC14 /  H20  

Scheme 94
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I t  w as essen tia l to perform  the  reaction in  an  open necked flask  to 

avoid p ressu risa tion  by the  CO2  generated . R uClg.xH ^O  also gave 

h igher yields th an  R 11O2 . The m oderate yield of 46% could probably 

have been increased by alkaline  extraction on work-up in stead  of flash 

silica gel column chrom atography.

T rea tm en t of acid (116) w ith  an  excess of n e a t (COCl) 2

according to the  m ethod of Adam s and  Ulich 125 fu rn ished  th e  crude 

acid chloride (118) in  good yield (Scheme 95).

OCOPh

O

(coci)2 a  
 ►

(116)

88%
OCOPh

(118)

Scheme 95

The crude acid chloride w as used  in  the  nex t step w ithou t fu rth e r 

purification or analysis.

M ethylation of (118) using  organocopper chem istry  126,127 

gave the m ethyl ketone (115) in  good yield (Scheme 96).

1 .Li(Me)2Cu /Et2 O/ -78 °C

2. MeOH 

70%

Cl
OCOPh

O
(118)

OCOPh

(115)

Scheme 96
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CHgLi was not used owing to its reactivity towards ester functionality.

A ttem pted  m eth a lly la tio n  of (115) w ith  LDA / m ethally l 

chloride / N al failed. Since stocks of (115) were low, a  model study was 

u ndertaken  using pinacolone as a simple model for testing  the  possible 

elaboration of (115) to (74) (Scheme 97).

O

Bul

O

(115)

OCOPh

H H

OCOPh

O

Scheme 97

M ethally la tion  128 0f  pinacolone using  L D A ^ S  / m ethally l 

chloride / N a l proceeded to give a low yield of (119) and  d ially lated  

ketone (1 2 0 ) in  a  2.4 : 1  ratio (Scheme 98).



lBu

OA LDA / methallyl chloride / 
Nal/THF

44%

(119)

O

( 120)

Scheme 98

Careful flash  silica gel column chrom atography separa ted  (119) from

( 120).

Ozonolysis 130 0f  ( H 9 ) gave an  unexpected 1:1 m ixture of (121) 

and (1 2 2 ) in  good yield (Scheme 99).

O O

(119)

1 .0 3 /CH 2Cl2/-78 °C

2. Et3N lBu

58%
O

(121)
+

(122)

Scheme 99
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Compound (1 2 1 ) arises via the expected ozonolysis pathw ay w hilst 

cyclobutene ozonide (1 2 2 ) forms v ia  an  in tram o lecu la r com peting 

reaction (Scheme 1 0 0 ).

v_-oAJ
(122)

Scheme 100

C riegee and  co-workers have observed sim ilar com peting pathw ays

d u rin g  ozonolyses of various su b s titu te d  c y c l o p e n t e n e s . ^ 2  In  a

separa te  study, Adam and co-workers 133 showed th a t  bicycloozonides 

like ( 1 2 2 ) could be form ed via  addition  of singlet-oxygen to fu ran s 

followed by reductive trapping  w ith diazene.

The structure  of (122) was elucidated by reductive cleavage 133 

to the diketone (121) using PhgP (Scheme 101).

O Ph3P / hexane H0 °C

6 1 %

O
(122)

Scheme 101
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In  addition, the two acetal carbons of (122) were very d istinct a t  110.7 

and  117.1 ppm. Compound (1 2 1 ) was identical in  all respects to th a t  

obtained  from the ozonolysis reaction. In  h indsight, had  P hgP  been 

used as reductan t instead  of EtgN , i t  is unlikely th a t (122) would have 

formed a t all.

W ith diketone (121) in  hand, it  was envisaged th a t  cyclisation

techniques well displayed in  jasm inoid synthesis ^  would allow us to 

access cyclopentenone (123).

O

Bul 

(123)

R epeated a ttem pts to cyclise (1 2 1 ) w ith  NaOH 134 all failed. I t  was 

found th a t  cyclisation could be effected using an  oxygen free solution of 

NaOH as base. Thus, the NaOH solution was thoroughly degassed and 

th en  purged w ith N 2  before addition of (121). W ith th is method, yields 

of cyclopentenone (123) were excellent (Scheme 1 0 2 ).
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o
13% NaOH / 6 hr reflux

75%
Bu1O

(121) <123)

Scheme 1 0 2

2x2 Odoriferous Compounds

W ith  add itional funding  from Q uest In te rn a tio n a l L td., a 

m ajor flavour and fragrance m anufacturer, i t  was hoped th a t  some of 

th e  sy n th e tic  in te rm e d ia te s  en  rou te  to g rim aldone would have 

odoriferous properties. U nfortunately , very few compounds had  any 

odoriferous p ro p e rtie s  w orthy  of m ention . The an iso le  based  

compounds, (1 0 2 ) to (106) and (1 1 1 ) all have the characteristic smell of 

an iseed . M ethally l ke tones (119) and  (120) have a m uch m ore 

in te res tin g  "floral" note.

FLORAL' (120)(119)

P ro b ab ly  th e  m ost in te re s t in g  com pound a p p e a rs  to be th e
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cyclopentenone (123) which has a very pleasant smell of coconut.

Bul
(123)

COCONUT"

I t  is in te re s tin g  to note th a t  the  com pounds possessing  rin g  A 

stru c tu ra l features of grim aldone have no odoriferous properties a t  all.

(73)

P e rh ap s  th e  odoriferous p roperties a rise  from  a special s tru c tu ra l 

fea tu re  in  ring  B. Since all the  compounds synthesised  during  th is  

research  having a £er£-butyl group are odoriferous, th en  the  te r tia ry  

centre  m arked below m ay have particu la r im portance.

(73)
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However, all th is is pure speculation and QSAR studies would have to 

be u n d ertak en  to gain any fu rth er insigh t into the struc tu ra l features 

required  for exhibiting odoriferous properties.

2.A  F u tu re  Work

H ad  m ore tim e been  availab le , (115) w ould have  been  

e labo rated  as fa r as possible. A lthough p relim inary  m ethally la tion  

stud ies failed, model stud ies ind icated  th a t  m ethally la tion  of (115) 

should take  place. Ozonolysis should go w ithout incident i f  P hgP  is 

used as reductan t. Choice of protecting group in  (113) m ay have to be 

considered prior to cyclisation.

OCOPh

O

(113)

As an  aside i t  would have been in te re s tin g  to syn thesise  

compounds (124) and (125).

Bul Bul
(124) (125)

H in d e red  enone m ay no t be su scep tib le  to C orey-C haykovsky
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cyclopropanation. The cyclopropanation step  will no doubt requ ire  

some experim entation. Synthesis of (124) and (125) will also provide 

two ring  B analogues of grimaldone for testing.

F ina lly , a  syn the tic  approach  to d iketone (113) m ay be 

considered using enone (105) as a  model (Scheme 103).

OA.
Y

CHO
NaOH

Bul

(126) (121)

20% overall

P relim inary  investigations have indicated form ation of diketoaldehyde 

(126) along w ith o ther compounds. Base trea tm en t resulted  in  a  20% 

overall isolable yield of (1 2 1 ).
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G eneral:

M elting points were determ ined  on a Kofler hot stage m elting  

point ap p ara tu s and  are uncorrected. Bulb to bulb d istillations were 

carried  out on a Biichi GKR-50 Kugelrohr. ^-H NMR S pectra  w ere 

recorded e ith er on a Perk in  E lm er R32 spectrom eter operating  a t  90 

MHz or a  B ruker WP 200 SY spectrom eter operating a t 200 MHz or a 

B ruker AM 200 spectrom eter operating a t 200 MHz. -^C NMR Spectra 

were recorded on the  aforem entioned B ruker in s tru m en ts  operating  

a t  50 MHz. All spectra  were recorded using  deuteriochloroform  as 

solvent. Chemical shifts (5) are  in  ppm  w ith  reference to CHClg a t  

7.25 ppm  and CDCI3  a t 77.0 ppm.The following abbreviations are used: 

s- singlet, d- doublet, t- trip le t, q- quarte t, m- m ultip le t, dd- double­

doublet. In fra  red  spectra  were determ ined w ith  e ith e r a P erk in  

E lm er 580 or 953 spectrom eter. Low resolution m ass spectra  were 

dete rm ined  using  a VG upda ted  MS 1 2  spectrom eter while h igh  

resolution m ass spectra were determ ined using a VG updated  MS 902 

spectrom eter.

F lash  column chrom atography employed Sorbsil silica gel C 60- 

M. P reparative  TLC was carried out on Merck silica gel G F2 5 4  plates. 

Analytical TLC was carried  out using M erck Kieselgel 60 F 2 5 4  glass 

backed p la tes . P la tes w ere v isualised  by use of UV lam p or by 

spraying w ith eerie sulphate, followed by heating.

U nless otherwise stated , NH 3  was distilled from N a prior to use. 

The concentration of butyl lith ium  was determ ined by titra tio n  against 

diphenylacetic acid.

Solvents were distilled before use: E t2 0  and  THF from sodium
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benzophenone ketyl, CH 2 CI2  from P 2 C>5 > acetone from anhydrous 

K 2 CO3  and MeOH from M g/^ . Pentane was dried and stored over N a 

wire. All organic solutions were dried over MgSC>4 and evaporated on 

a Biichi ro ta ry  evaporator under reduced p ressu re  unless otherw ise 

stated.
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Experimental

Methvl 4 -methoxvbenzoate

COOH MeOH ^ V . C 0 2MeXJ
(82)

conc.H2S04

(81)

P rocedure: 89

To a 250 ml round bottomed flask equipped w ith reflux condenser and 

C aC l2  guard  tube were added p -an isic  acid (22.8 g, 0.15 mol), absolute 

m ethanol (40.0 g, 50.6 ml, 1.25 mol) and conc. H 2 SO4  (1 ml, 0.02 mol). The 

m ix ture  was refluxed for 5 h  and th en  cooled to room tem peratu re . The 

resu lting  solution was then  added to ice-w ater/ether (250 ml, 1:1). The 

organic layer was separated  and the aqueous layer extracted w ith e th e r (3 

x 75 ml). The combined organic layers were w ashed w ith  10% aqueous 

N aH C O g solution ( 1  x 100 ml) and  w ater ( 1  x 100 ml). A fter drying, the 

o rgan ic  lay e r  w as co n cen tra ted  in  vacuo . R e c ry s ta llisa tio n  from  

petroleum  ether (40-60 °C) yielded the title  compound (20.5 g, 82%) as white 

needles, m.p. 48-49 °C (lit.89, 48 °C).

Umax (KBr  disc): 1720 and 850 cm .'l

5h  (200 MHz): 7.89 (2H, d, J  9, Ar H), 6.79 (2H, d, J  9, Ar 

H), 3.77 (3H, s, ArOCH3), 3.71 (3H, s, C 0 2 CH3)
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Experimental

8 C (50 MHz): 166.4 (s, Ar CO), 163.0 (s, Ar£O CH3), 131.2 

(d, Ar CH), 122.2 (s, Ar£CO), 113.2 (d, Ar CH), 54.9 (q, 

OCH3), 51.4 (q, C0 2 £ H 3).

Found: M +, 166.0616, C9 H^q0 3  requires M, 166.0630.
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Experimental

2-(4,-Methoxvphenvl)-propan-2-ol

OH

MeO

(83)

Procedure;9 0

To a 500 ml 3-necked round  bottom ed flask  equipped w ith  reflux 

condenser and  N 2  balloon were added este r (82) (16.0 g, 0.095 mol) and 

anhydrous e ther (250 ml). M ethylm agnesium  bromide (72.0 ml of a 3.0 M 

solution in  E t2 0 , 0.216 mol) was added dropwise via syringe. The m ixture 

was transferred  to a pre-equilibrated oil b a th  a t  60 °C and refluxed gently 

for 2 h. The reaction m ixture was th en  cooled to room tem pera tu re  and 

tre a te d  w ith  ice-cold, sa tu ra te d  aqueous N H 4 CI solution (200 ml) to 

dissolve the  precipitate. The e ther layer was separa ted  and the  aqueous 

layer extracted  w ith e th e r (3 x 75 ml). The combined organic layers were 

w ashed w ith aqueous sodium thiosulphate solution (1 x 150 ml) and  w ater 

( 1  x 150 ml). The organic solution was dried,filtered and  concentrated in  

vacuo to yield the title  compound (15.0 g, 95%) as a pale yellow oil.

Umax (th in  film): 3420 c m .'l

8 H (200 MHz): 7.42 (2H, d, J  9,Ar H), 6.87 (2H, d, J  9,Ar

H), 3.81(3H, s, ArOCH3), 1.89 (1H, s, OH), 1.57 (6 H, s,

2xCH3)

Found:M+, 166.1012; C10H 14O2  requires M, 166.0994.
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Experimental

2-(4,-Methoxvphenvl)-prop- 1-ene

MeO

(80)

Procedure: 9 0

Slow distillation  of the te rtia ry  alcohol (83) (8.0 g, 0.048 mol) w ith 

pTSA (5 mg, 0.026 mmol) using the K ugelrohr appara tu s  afforded the  title  

compound (3.6 g, 50%) as a white solid, m.p. 34-35 °C (lit.90, 34 °C); b.p. 61- 

63 °C/0.4 mm Hg (lit.90, 63-65 °C/0.5 mm Hg).

Umax (KBr disc): 1610 and 885 c m .'l

5 h  (200 MHz): 7.43 (2H, d, J  9, Ar H), 6 . 8 8  (2H, d, J  9, Ar 

H), 5.3 (1H, m, C=CHH), 5.01 (1H, m, C=HH), 3.81 (3H, s, 

ArOCH3), 2.15 (3H, m, CH3).

8 C (50 MHz): 160.0 (s, A r£O CH 3), 142.5 (s, Ar£=C), 133.7 

(s, A r£C(CH 3 )=CH2), 128.5 (d, ArCH), 113.5 (d, ArCH), 

110.6 (t, ArC=£H2), 55.2 (q, ArOCH3), 21.9 (q, CH3).

Found: M+, 148.0887; Ck )Hi 20  requires M, 148.0888.
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Experimental

Dioxan dibromide 

Br
Br

Procedure: 9 2

To a 250 ml round bottom ed flask w as added dioxan (2 1 . 2  g, 0.24 

mol). Brom ine (40.0 g, 12.9 ml, 0.25 mol) was added w ith  vigorous 

stirring  and the w arm  solution poured into light petroleum  ( 1 0 0  ml, b.p. 

40-60 °C), precooled to -20 °C. The orange precipitate was filtered and 

well dried  under vacuum . The product (42.0 g, 62%), m .p. 60-62 °C 

(lit.92, 60-61 °C) was used w ithout fu rther purification.

o
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Experimental

3-Bromo-3-methvlbutan-2-one

(85)

Procedure:91
To a 250 ml conical flask were added m ethyl isopropyl ketone (84) 

(16.9 g, 0.196 mol), dioxan ( 8  ml) and  absolute e th e r (80 ml). Dioxan 

dibrom ide (48.7 g, 0.196 mol) was added portionw ise over 3 h  and  the 

reaction  m ixture s tirred  a t room tem pera tu re  for a  fu rth e r 16 h. The 

ether/ketone layer was washed well w ith w ater (4 x 75 ml). A fter drying, 

the  organic layer was concentrated in  vacuo to leave a red  oil which was 

purified by d istilla tion  to yield the  title  com pound (26.5 g, 81%) as a 

colourless oil, b.p. 49-50 °C/20mm Hg (lit.91, 54-55 °C/50mm Hg).

Umax (th in  film): 1720 cm . " 1

5H (200 MHz): 2.39 (3H, s, -COCH3  ), 1.61 (6 H, s, 

CBr(CH3)2).

5c  (50 MHz): 203.3 (s, -CO), 63.6 (s, -£Br(CH3)2), 29.4 (q, 

CBr(£H3)2), 24.0 (q, -CO£H3).

Found: M +, 165.9811 (^ 1 Br); C5 H 9 BH) requ ires M  

165.9817.
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Experimental

3-Bromo-3-methvl-2-trimethvlsilvloxybut-l-ene

OSiMe?

(24)

P rocedure :2 7

To a 500 ml 3-necked round bottom ed flask under N 2  were added 

diisopropylam ine (10.15 g, 14.06 ml, 0.10 mol) and  TH F (100 ml). 

B u ty llith ium  (34.84 ml of a 2.87 M solution in  hexane, 0.10 mol) was 

added dropw ise a t  0  °C. The solution was cooled to -78 °C and a -  

bromoketone(85) (15.0 g, 0.091 mol) in THF (20 ml) was added dropwise. 

The solution w as s tirred  for a  fu rth e r 30 m in a t  -78 °C and  th e n  

chlorotrim ethylsilane (13.3 ml, 0.101 mol) in  THF (20 ml) was added to 

the  m ixture. The cooling ba th  was removed and the  m ixture stirred  a t 

room  tem p era tu re  overnight. The m ix tu re  was filte red  th ro u g h  a 

m edium  length  column of oven-dried Celite and  the solvent evaporated. 

P en tan e  ( 1 0 0  ml) was added and  the  solution filtered  th rough  Celite 

again. The organic solution was concentrated in  vacuo to leave a  red oil, 

which was purified by vacuum  distilla tion  to yield the title  compound 

(17.0 g, 79%) as a colourless oil, b.p. 63-64 °C/10m m  H g (lit.2 7 , 63 

°C /1 0 m m  Hg).

Umax (thin film): 1620 and 925cm" 1.

5 h  (90 MHz): 4.6 ( lH ,d ,J 2 ,  RR'C=HH), 4.1 (1H, d, 

J  2, RR'C=CHH), 1.95 (6 H, s, -CBr(CH3 )2 ), 0.4 (9H, 

s, -SiMe3 ).

Found: M + 238.0210 (S lB r); C gH iyB rO S i requ ires 

M  238.0194.
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Experimental

3-(4,-Methoxvphenvl)-2.2.3-trimethvlcvclopentanone (79)

MeO

O

MeO

O

£79) (88)

Procedure :2 7

In  a 500 ml 3-necked round bottomed flask was placed ZnCl2  (0.459 

g, 3.36 mmol). The flask  w as gently  flam e-dried under h igh  vacuum  

and the vacuum  then  released w ith  N 2 . Dry CH2 CI2  (300 ml) was then  

added followed by alkene (80) (2.5 g, 16.8 mmol) in  CH2 CI2  (10 ml). The 

m ixture was cooled to -78 °C and silyl enol e ther (24) (8 . 0  g, 33.7 mmol) in 

C H 2 CI2  (10 ml) added dropwise over 10 min. The m ixture was w arm ed 

to room tem p era tu re  over 1 h  and  stirred  a t  room tem p era tu re  for a 

fu rth er 2.5 h. S a tu ra ted  aqueous NH 4 CI solution (150 ml) was added to 

the m ixture followed by E t2 0  (300 ml). The organic layer was separated  

and  w ashed w ith brine (200 ml) and  H 2 O (100 ml). A fter drying, the 

organic layer w as concentrated  in  vacuo to give a  red  oil w hich was 

purified by flash silica gel column chrom atography using 7.5% EtOAc in 

hexane as e luen t to yield the  regio-isomeric cyclopentanone (8 8 ) (0.30 g, 

8 %) as a pale yellow oil.

Umax (CHCI3 ): 1740cm.-l

8 j j  (200 MHz): 7.21 (2H, d, J  8.9, Ar-H), 6.84 (2H, d, 

J  8.9, Ar-H), 3.79 (3 H, s, -OCH 3 ), 2.91 ( 1 H, d, J
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Experimental

16.9, -CH.2C0), 2.50 (1 H, d ,J  16.9, -C H 2 CO), 2.29 

(1 H, d, J  13.3, -CH.2 C (C H 3 )2 ), 2.14 (1H, d, J  13.3, - 

CH2 C(CH3)2). 1.36 (3H, s, -CH3 ), 1.18 (3H, s, -CH3),
I
I
0.92 (3H, s, -CH3).

5 c  (50 MHz): 2 2 2 . 8  (s,-CO), 158.0 (s,A r£ .-O C H 3 ), 

141.4 (s, Ar£L-C(CH3 )C H 2-), 126.4 (d,ArC-H), 113.5 

(d, ArC-H), 55.2 (q, Ar-OCH3 ), 52.3 (t,-C H 2 -)> 51.0 

(t,-C H 2-), 44.9 (s, -£ (C H 3 )2 CO), 40.3 (s, -£ (C H 3 )Ar),

31.8 (q,-CH3), 27.7 (q, -CH3), 26.9 (q,-CH3).

F o u n d :M + ,232.1460; C i 5 H 2 ()0 2  re q u ire s  M

232.1463.

F u rth e r  elution gave th e  title  compound (1.50g, 38%) w hich was 

recrystallised from m ethanol as w hite needles, m.p. 47-48 °C.

Umax (CCI4 ): 1740cm .'l

5 h  (200 MHz): 7.28 (2 H, d, J  9, Ar-H), 6.89 (2H, d, 

J  9 , Ar-H), 3.80 (3 H, s ,  -OCH3 ), 1.80-2.95 (4H, m, - 

C H 2 C H 2 -), 1.23 (3H, s ,  -CH3 ),1.14 (3H, s ,  -CH3 ), 

0.60 (3H, s ,  -CH3).

5 c  (50 MHz): 222.6 (s,-CO), 157.8 (s,A r£ .-O C H 3 ), 
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Experimental

136.9 (s,Ar£2-C(CH 3 )2 C H 2 -), 127.5 (d.ArC-H), 113.4 

(d, ArC-H), 55.1 (q,Ar-OCH3 ), 53.2(s, -£ (C H 3 )2 ),

47.9 (s, -£ (C H 3 )Ar), 33.5 (t, -£ H 2-), 29.7 (t, -£ H 2-),

25.3 (q, -CH3), 2 2 . 1  (q, -CH3), 18.3 (q,-CH3).

Found: Af + , 232.1460; C i g H 2 o 0 2  req u ire s  M,

232.1463.
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3.5-(4,-Methoxvphenvl)-2.2.3.5-tetramethvlcvcloheptanone

MeO

OMe

( 8 9 )

Procedure : 2 7

In  a 100 ml 3-necked round bottomed flask was placed ZnCl2  (0.194 

g, 1.4 mmol). The flask was gently flam e-dried under high vacuum  and  

the  vacuum  then  released w ith N 2 . Dry CH2 CI2  (40 ml) w as then  added 

followed by the  alkene (80) (1.06 g, 7.16 mmol) in  CH 2 CI2  (5 ml). The 

m ix ture  was cooled to -78 °C and the  silyl enol e ther (24) (3.40 g, 14.2 

mmol) in  CH 2 CI2  (5 ml) added dropwise over 10 min. The m ixture was 

w arm ed to room tem peratu re  over 1  h  and  stirred  a t  room tem pera tu re  

for a  fu rther 3 h. S a tu ra ted  aqueous NH4 CI solution (50 ml) was added 

to th e  m ix tu re  followed by E t2 0  (100 ml). The organic layer w as 

separa ted , w ashed w ith  brine (50 ml) and  th en  H 2 O (50 ml). A fter 

drying, the  organic layer was concentrated in  vacuo to yield a  red  oil, 

w hich was purified  by flash  silica gel colum n chrom atography using  

7.5% EtOAc in  hexane as eluent to give cyclopentanone (8 8 ) (0.10 g, 6 %) 

as a pa le  yellow oil. F u r th e r  e lu tio n  fu rn ish ed  a  m ix tu re  of 

cyclopentanone (79) and cycloheptanone (89) (0.70 g,42% combined yield) 

as a  colourless oil. T r itu ra tio n  w ith  lig h t pe tro l induced  slow 

crystallisation  of the title  compound (0.12 g,4.5%) as fine w hite needles, 

m.p.72-73°C.
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Umax (CHCI3 ): 1730 cm.'*

8 h  (200 MHz): 7.22 (2H, d, J  8.5, Ar-H), 7.16 (2H, d, 

J  8.9, Ar-H), 6.85 (2 H, d, J  9.0, Ar-H), 6.78 (2H, d, 

J  8.9, Ar-H), 3.81 (3H, s, -OCH 3 ), 3.78 (3H, s, - 

O CH 3 ), 1.60-2.27 (6 H, m, -CH2-), 1.17 (3H, s, -CH3 ), 

1.13 (3H, s, -CH3 ), 0.75 (3H, s, -CH 3 ), 0.39 (3H, s, - 

CH3).

5 c  (50 MHz): 222.9 (s, -CO), 157.7 (s, A r£.-O C H 3 ),

157.3 (s, A r£.-O C H 3 ), 141.4 (s, A r£ -C (C H 3 )), 136.3 

(s, A r£-C (C H 3 )), 128.0 (d, ArC-H), 126.7 (d,ArC-H), 

113.2 (2xd, 2 x ArC-H), 56.1 (s, -£KCH3 )2 ), 55.1 (2xq, 

2 x-O C H 3 ), 51.1 (s, Ar-Q(CH3 )), 47.8 (t, -CH2-), 37.5 

(s, Ar-£L(CH3 )), 36.1 (q,-CH3 ), 33.5 (t, CH 2 -), 26.6 

(q,-CH3), 23.2 (t,-CH2-), 21.5 (q,-CH3), 17.5 (q,-CH3).

Found: Af + , 380.2345; C2 5 H 3 2 0  3  req u ire s  M

380.2351.
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(±)-svrt-3-(4'-Methoxvphenvl)-2.2.3-trimethvlcvclopentanol (91)

Procedure : 1 0 7

To a 10 ml round bottomed flask a t  0 °C was added cyclopentanone 

(79) (0.13 g, 0.56 mmol) in  80% aqueous MeOH (5 ml). The solution was 

stirred  for 10 m in and NaBH 4  (0.10 g, 2.64 mmol) added portionwise over 

5 m in. A fter s tirr in g  for 2.5 h a t  0 °C , th e  reaction  m ix tu re  was 

decomposed by the  addition of N aO H  solution (10% w/v, 5 ml). The 

m ixture was diluted w ith brine (10 ml) and  extracted w ith  E t2 0  (3 x 20 

ml). The combined organic layers w ere w ashed w ith brine (1 x 20 ml) 

and  H 2 O ( 1  x 20 ml). After drying, the  organic layer was concentrated in  

vacuo to give a colourless oil w hich w as purified by p repara tive  TLC 

using 10% EtOAc in  hexane as e luen t (3 runs) to give the  title  compound 

(40 mg, 40%) as a colourless oil.

Umax (CCI4 ): 3630cm .'l

5 h  (200 MHz): 7.18 (2H, d, J  9,Ar-H), 6.83 (2H, d, 

J  9, Ar-H), 3.81 (1H, m, -C(H)OH), 3.78 (3H, s, - 

OCH 3 ), 1.65-2.40 (4H, m, -CH2 CH2-), 1.34 (3H, d, J  1,- 

CH3), 0.99 (3H, s, -CH3), 0.53 (3H, s, -CH3).

8 c  (50 MHz): 157.3 (s, A rfl-O C H 3 ), 139.7 (s, A r£ -

(91) (92)
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C(CH3 )), 128.1 (d, ArC-H), 112.7 (d, ArC-H), 80.5 (d, - 

C(H)OH), 55.1 (q, -OCH3 ), 49.2 (s, -£ (C H 3)2), 46.9 (s, 

A r-£ (C H 3 )), 34.9 (t, -CH2-), 31.0 (t,-CH 2-), 24.7 (q, - 

CH3), 23.9 (q, -CH3), 17.8 (q, -CH3).

Found Af+ , 234.1624; C i5 H 2 2 0 2  requires M  234.1620.

Lower band from the prep. TLC p late  gave cyclopentanol (92) (36 

mg, 36%) as a colourless oil.

Umax (CCI4 ): 3630cm." 1

5 h  (200 MHz): 7.28 (2 H, d, J  9, Ar-H), 6.84 (2 H, d, J  9, 

Ar-H), 4.15 (1H, m, -C(H)OH), 3.79 (3H, s, -OCH3), 1.40- 

2.40 (4H, m, -CH2 CH2-), 1.24 (3H, s, -CH3), 1.06 (3H, s, - 

CH3), 0.52 (3H, s, -CH3).

8 c  (50 MHz): 157.5 (s, ArC-OCH3 ), 139.0 (s, A r£ - 

C(CH3)), 127.7 (d, ArC-H), 113.0 (d, ArC-H), 80.8 (d, - 

CH(OH)), 55.2 (q, -OCH3), 49.3 (s, -£ (C H 3)2), 47.0 (s, 

A r-£ (C H 3 )), 32.9 (t, -CH2-), 29.7 (t, -CH2-), 25.4 (q, - 

CH3), 21.4 (q, -CH3), 18.3 (q, -CH3).

Found: M + , 234.1623; C i 5 H 2 2 0 2  requires Af,

234.1620.
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(±)-syft-3-(4,-Methoxvphenvl)-2.2.3-trimethvlcvclopentanol

OH

MeO

(91)

Procedure; 109

To a 250 ml round bottom ed flask w ith  side-arm  under N2  were 

added cyclopentanone (79) (1.45 g, 6.25 mmol) and dry TH F (50 ml). The 

solution was cooled to -78 °C and L-Selectride (12.5 ml of a 1.0 M solution 

in  THF, 12.5 mmol) was added dropwise. A fter w arm ing  to rooom 

tem pera tu re  over 1 h  and stirrin g  for a fu rth e r 1 h, 1 M NaOH solution 

(12.5 ml, 12.5 mmol), 30% H 2 O2  solution (3.75 ml, 37.5 mmol) and EtOH 

(20 ml) were added. The m ixture was refluxed for 2 h  and  then  cooled to 

room tem perature . The resu lting  solution was diluted w ith  EtOAc (150 

ml) and washed w ith N a2 SC>3 solution (1 x 50 ml) and brine (1 x 50 ml). 

The organic layer was separa ted  and the aqueous layer ex tracted  w ith 

EtOAc (3 x 50 ml). The combined organic layers were w ashed w ith H 2 O 

( 1  x 1 0 0  ml) and after drying, concentrated in  vacuo to leave a pale brown 

oil which was purified by flash silica gel column chrom atography using 

15% EtOAc in hexane as eluen t to give the title  compound (1.10 g, 75%) 

as a colourless oil. F u rth e r elution gave the epimeric alcohol (92) (0.14 g, 

10%) as a colourless oil. (Both compounds identical in  all respects to 

those obtained from the previous experiment.)
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(±)-gvn-3-(4,-Methoxvphenvl)-2.2.3-trimethvlcYclopentvl 2-methoxv 

ethoxv m ethvl E ther

Procedure : 1 1 0

To a 100 ml round bottom ed flask w ith side arm  under N 2  were 

added activated  4A m olecular sieves (5 g), CH 2 CI2  (30 ml), alcohol (91) 

(0.53 g, 2.14 mmol) and  diisopropylethylam ine (0.87 g, 1.18 ml, 6 . 8  

mmol). MEM chloride (0.84 g, 771 pi, 6 . 8  mmol) was added dropwise a t 0 

°C, the  cooling b a th  removed and the reaction m ixture s tirred  a t  room 

tem pera tu re  for 24 h. The solution was diluted w ith E t2 0  (150 ml) and  

washed sequentially w ith IN  HC1 (1 x 50 ml), H 2 O ( 1  x 50 ml), sa tu ra ted  

aqueous NaHCC>3 solution ( 1  x 50 ml) and H 2 O (1 x 50 ml). After drying, 

the  organic layer was concentrated in  vacuo to leave a yellow oil which 

w as purified  by flash  silica gel colum n chrom atography using  2 0 % 

EtOAc in hexane as eluent to give the title  compound (0.48 g, 6 6 %) as a 

colourless oil.

MeO

(93)

Umax (CHCI3 ): 1050 and 830 cm ." 1

5 h  (200 MHz): 7.20 (2 H, d, J  8 .8 , Ar-H), 6.80 (2 H, d, J

8 .8 , Ar-H), 4.71 (1 H, d, J  6 .8 , -0C H 20-),.4.64 (1H, d, J
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6 .8 , -0C H 20-),.3.78 (3H, s ,  Ar-OCH3), 3.48-3.73 (5H, m, 

-0 C H 2 CH 2 0 -  and -C(H)OMEM), 3.36 (3 H, s, -OCH3 ), 

1.65-2.35 (4H, m, -CH2 CH 2-), 1.31 (3H, s, -CH3 ), 0.98 

(3H, s, -CH3), 0.54 (3H, s, -CH3).

8 c  (50 MHz): 157.3 (s, A r£l-O C H 3 ), 139.7 (s, A r£ - 

C (CH 3 )), 128.2 (d, ArC-H), 112.7 (d, ArC-H), 95.2 (t,- 

0 C H 2 0-), 85.5 (d, -CH(OMEM)), 71.7 (t, -0 £ H 2 CH 2 0-),

66.5 (t, -0C H 2 £ H 2 0-), 58.9 (q, -OCH3 ), 55.1 (q, Ar- 

OCH3), 48.9 (s, -£(CH3)2), 46.9 (s, ArC-£(CH3)), 35.1 (t, 

-CH2-), 29.0 (t, -CH2-), 24.5 (q, -CH3), 24.1(q, -CH3), 18.5 

(q, -CH3).

Found: M+, 322.2142; C i9 H 3 q0 4  requires M  322.2144.
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(±>-svft-4-r3-(2-methoxyethoxvmethoxv)-1.2.2-trimethvlcvclopentvll 

cvclohex-3-en- 1-one (95)

OMEM

(96)

OMEM

(95)

Procedure: 1 H

To a 50 ml 3-necked conical flask equipped w ith  dry-ice/acetone 

condenser were added liquid  N H 3  (14 ml) and  dry E t2 0  (4 ml). MEM 

e th e r (93) (0.272 g, 0.84 mmol) in  dry E t2 0  (1 ml) was added and  the  

reaction  m ixture stirred  for 15 m in. L ith ium  (58 mg, 8.4 mmol) was 

added and a deep blue colour appeared. The solution was stirred  for a 

fu rth e r 30 m in and th en  EtO H (0.387 g, 0.494 ml, 8.3 mmol) was added 

dropwise (CAUTION!). NH 3  was allowed to evaporate overnight and  the 

reaction slu rry  then  quenched w ith IN  HC1 (10 ml) and  extracted  w ith  

EtOAc (3 x 30 ml). The combined organic layers were w ashed w ith H 2 O 

( 1  x 2 0  ml) and, after drying, concentrated in  vacuo to leave a  yellow oil 

which was dissolved in  CHCI3  ( 1 0  ml). 5M HC1 ( 1  drop) was added and 

th e  solution s tirred  for 24 h. The reaction  m ixture w as d ilu ted  w ith  

CHCI3  (30 ml) and washed w ith sa tu ra ted  aqueous NaHC 0 3  solution (10 

ml) and  H 2 O (10 ml). A fter drying, the  organic layer was concentrated 

in  vacuo to leave a yellow oil which was purified  by flash  silica gel 

colum n chrom atography using  0 -1 0 0 % EtOAc in  hexane as e luen t to 

give the cyclohexene (96) (20 mg, 8 %) as a colourless oil.

Umax (CCI4 ): 1050 cm.‘l
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8 r  (200 MHz): 5.40 (1 H, t, J  3.7, C=CH), 4.73 (1H, d, J

6 .8 , -0C H 2 0-), 4.64 (1 H, d, J 6 .8 , -0C H 2 0 ), 3.49-3.76 

(5 H, m, -0 C H 2 C H 2 0 -  an d  -CH(OR)), 3.37 (3H, s, - 

O C H 3 ), 1.4-2 . 1  (12H, m, rin g  -CH 2 s), 1.01 (3H, s, - 

CH3), 0.89 (3H, s, -CH3 ), 0.76 (3H, s, -CH3 )

5c  (50 MHz): 143.5 (s, £=CH), 121.0 (d, C=£H), 95.2 (t, - 

0 C H 2 0-), 86.4 (d,-CH(OR)), 71.8 and  6 6 . 6  (both t, - 

0 C H 2 C H 2 0-), 59.0 (q, -OCH3 ), 50.4 (s, -£ (C H 3 )2 ), 

46.7 (s, C=C-£XCH3)), 34.9 (t, -CH2-), 27.5 (t, -CH2-), 25.7 

(t, -CH2-), 24.5 (q, -CH3), 23.4 (t, -CH2-), 22.4 (t, -CH2-),

22.3 (q,-CH3), 19.2 (q, -CH3).

Found: M  + , 296.2347; C i g H 3 2 0 3  req u ires  M ,

296.2351.

F u rth e r elution gave MEM ether (93) (0.124 g, 46%) as a  colourless 

oil. F u rth e r  elu tion  gave the  cyclohex-3-enone (95) (95 mg, 37%) as a 

colourless oil. (67% based on recovered sta rtin g  m aterial).

Umax (CCI4 ): 1725 and 1050 cm .'l

8 h  ( 2 0 0  MHz): 5.45 (1H, t, J  3.9, C=CH), 4.66 (1 H, d, J
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6.9, -0C H 2 0-), 4.61 (1 H, d, J 6 .9 ,  -0C H 2 0-), 3.46-3.71 

(5H, m, -0 C H 2 C H 2 0 -  and  -CH(OR)), 3.32 (3H, s, - 

O C H 3 ), 2.83 (2 H, m, -CIL2 CH=C), 2.35 (4H, m, - 

CH 2 CH 2 CO), 1.4-2 .2  (4H, m, -CH2 CH2-), 1.04 (3H, s, - 

CH3), 0.89 (3H, s, -CH3), 0.75 (3H, s, -CH3).

6 c  (50 MHz): 211.6 (s, -CO), 145.4 (s, £=CH ), 117.8, (d, 

C=£H), 94.9 (t, -0C H 2 0-), 86.0 (d, -£H(OR)), 71.6 and

66.5 (both  t, -0 C H 2 C H 2 0 -), 58.8 (q, O C H 3 ),

50.5 (s, -C(CH3)2), 46.6 (s, -C=C-£(CH3), 39.9 (t, -CH2-),

38.6 (t, -CH2-), 34.6 (t, -CH2-), 28.6 (t, -CH2-), 26.6 (t, - 

CH2-), 24.5 (q, -CH3), 21.9 (q, -CH3), 19.1 (q,-CH3).

Found: A/ + , 310.2133; C i g H 2 7 0 4  req u ire s  Af,

310.2144.
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l-M ethoxv-4-methvl-1.4-cvclohexadiene

MeO

(100)

Procedure: 111
To a 100 ml 3-necked round bottom ed flask  equipped w ith  dry- 

ice/acetone condenser were added liquid N H 3  (32 ml) and  dry E t2 0  (10 

ml). 4-M ethylanisole (2.38 g, 19.5 mol) in dry E t2 0  (2 ml) was added and 

the reaction m ixture stirred  for 15 min. L ithium  (0.79 g, 114 mmol) was 

added and a deep blue colour appeared. The solution was stirred  for a 

fu rth e r  40 m in and  th en  EtO H  (5.58 g, 7.1 ml, 119 mmol) was added 

dropwise. S tirring  was continued until the  blue colour had  disappeared 

and  N H 3  was th en  allowed to evaporate overnight. Ice/w ater (20 ml) 

was added to the slu rry  which was extracted w ith E t2 0  (3 x 50 ml). The 

com bined organic layers were w ashed w ith  H 2 O (1 x 50 ml). A fter 

drying, the  organic solution was concentrated in  vacuo to leave a  pale 

yellow oil which was purified by vacuum  d istilla tion  to yield the  t i t le  

co m p o u n d  (1 . 8  g, 74%) as a colourless oil, b.p. 78-80 °C/20 m m  Hg 

(lit. 113, 167-170 °C/760 mm Hg).

5 h  (90 MHz): 5.37 (1H, m, MeC=CH), 4.62 (1H, m, 

MeOC=CH), 3.55 (3H, s, -OCH3 ), 2.72 (4H, m, -CH2-), 

1.71 (3H, m, -CH3 ).
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4-fert-Butvlanisole

(103)

Procedure: 116> l i 7

To a 500 ml 3-necked round  bo ttom ed flask  equ ipped  w ith  

m echanical s tir re r  were added 4-ter£-butylphenol (20.0 g, 0.133 mol), 

M e2 SC>4 (18.45 g, 13.83 ml, 0.145 mol), anhydrous K2 CO 3  (47.25 g, 0.33 

mol) and  dry acetone (250 ml). The m ixture was refluxed for 8  h  and, 

a fte r  cooling, the  solution was filtered  and  th e  residue  w ashed w ith  

acetone (150 ml). The filtra te  was evaporated to leave an  oil which was 

dissolved in  E t2 0  (100 ml). This was washed w ith NH 3  solution (10%, 4 x 

50 ml), NaOH solution (10%, 4 x 50 ml) and  H 2 O (3 x 50 ml). The organic 

solution was dried and concentrated in vacuo to leave a yellow oil which 

was purified by vacuum  distillation to yield the  title  compound (19.0 g, 

80%) as a colourless oil , b.p. 105 °C/20 mm Hg ( lit .H 7, 223.2 °C/760 mm 

Hg).

Umax (CCI4 ): 1040 and 825 cm .'l

8 h  (90 MHz): 7.30 (2H, d, J  9, Ar-H), 6.85 (2H, d, J  9,

Ar-H), 3.80 (3H, s, -OCH3 ), 1.35 (9H, s, -C(CH3)3).

Found: M+, 164.1194; C n H igO  requires M, 164.1201.
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l-Methoxv-4-fert-butvl-1.3-cvclohexadiene.

MeO
XTlBu

(104)

Procedure: 1 1 8

To a 1 1 3-necked round  bottom ed flask  equipped  w ith  dry- 

ice/acetone condenser were added liquid NH 3  (300 ml) and dry E t2 0  (120 

ml). Methyl e ther (103) (10.0 g, 0.06 mol) in  E t2 0  (10 ml) was added and 

the  reaction m ixture stirred  for 15 min. Sm all pieces of lith ium  (3.37 g, 

0.48 mol) were added. The solution was stirred  for a fu rther 40 m in and 

then  EtO H  (2 2 . 1  g, 28.8 ml, 0.48 mol) was added dropwise. S tirring  was 

continued un til the  blue colour had  d isappeared  and  N H 3  was th en  

allowed to evaporate overnight. H 2 O (150 ml) was added to the  slu rry  

which was ex tracted  w ith  E t2 0  ( 2  x 200 ml). The combined organic 

so lu tions w ere w ashed  w ith  H 2 O ( 1  x 1 0 0  ml) and , a fte r  drying, 

c o n cen tra ted  in  vacuo to leave a yellow oil which w as purified  by 

vacuum  d is tilla tio n  to y ield th e  t i t le  com pound (8.0 g, 79%) as a 

colourless oil, b.p. 99-100 °C / 2 0  m m  Hg ( lit.H 8, 86-87 °C / 8  mm Hg).

5 h  (90 MHz): 5.65 (1 H, d, J 6 .5 ,  tBuC=CH), 4.90 (1H, 

d, J  6.5, MeOC=CH), 3.55 (3H, s, -OCH3 ), 2.25 (4H, s, - 

CH2 CH2-), 1.05 (9H, s, -C(CH3)3).
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l-Methoxv-4-fert-butvl-1.4-cvclohexadiene

(106)

P rocedure : 1 1 8

To a 1 1 3-necked round  bottom ed flask  equ ipped  w ith  dry- 

ice/acetone condenser were added cylinder grade liquid N H 3  (300 ml) 

and  dry E t2 0  (120 ml). M ethyl e ther (103) (10.0 g, 0.06 mol) in  E t2 0  (10 

ml) w as added and the  reaction m ixture s tirred  for 15 m in. L ith ium  

(3.37 g, 0.48 mol) was then  added. The solution was stirred  for a  fu rther 

40 m in and E tO H  (22.1 g, 28.8 ml, 0.48 mol) w as added dropwise. 

S tirrin g  was continued un til the blue colour had  d isappeared  and  NH 3  

was then  allowed to evaporate overnight. H 2 O (150 ml) was added to the 

re su ltin g  s lu rry  w hich was ex trac ted  w ith  E t2 0  ( 2  x 2 0 0  ml). The 

organic solution was w ashed w ith  H 2 O ( 1  x 1 0 0  ml) and, a fte r drying, 

c o n ce n tra te d  in  vacuo to leave a yellow oil which w as purified  by 

vacuum  d is tilla tio n  to y ield th e  t i t le  com pound (7.9 g,78%) as a 

colourless oil b.p. 99-100 °C/20 mm Hg.

Umax (CCI4 ): 1695 and 1655 cm : 1

5H (90 MHz): 5.40 (1 H, m, tBuC=CH), 4.60 (1H, m,

MeOC=CH), 3.50 (3H, s, -OCH3 ), 2.75 (4H, m, -CH2 s),

1.00 (9H, s, -C(CH3)3).

Found: M+, 166.1354; C iqH i8 ^  requires M, 166.1357.
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4-Methvlcvclohex-3-enone.

O

(99)

Procedure: 1 1 1

To a 50 ml round bottomed flask were added diene (100) (1.8 g, 14.5 

mmol), oxalic acid (10 ml of a 2 M solution, 20 mmol) and E t2 0  (10 ml). 

The reaction m ixture was stirred  for 18 h a t room tem peratu re  and  then  

d ilu ted  w ith  E t2 0  (50 ml). The e th e r lay er w as sep ara ted  and  the  

aqueous layer ex tracted  w ith  E t2 0  ( 2  x 25 ml). The combined organic 

layers were washed w ith sa tu ra ted  aqueous NaHCC>3 solution ( 1  x 25 ml) 

and H 2 O (1 x 25 ml). After drying, the organic layer was concentrated in  

v a c u o  to leave a pale  yellow oil w hich w as pu rified  by vacuum

distillation  to yield the  title  compound (1.25 g, 79%) as a colourless oil

b.p. 76-77 °C/20 mm Hg (lit.113, 74 °C/17 m m  Hg).

Umax (CCI4 ): 3200,1760,1730 cm '1.

S h  (90 MHz): 5.50 (1H, m, CH3 C=CH), 2.90 (2H, m,

C O C H 2 C=C), 2.50 (4H, m, -CH 2 C H 2-), 1.85 (3H, s, -

CH3).

Found: M+, 110 (41%); C7H 1 0 O requires M, 110.
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4-fert-Butvlcvclohex-3-en-l-one

O

lBu

(105)

Procedure : 1 1 1

To a 100 ml round bottom ed flask were added diene (104) (8.64 g, 

0.052 mol), oxalic acid (30.9 ml of a 2 M solution, 0.062 mol) and  E t2 0  (60 

ml). The reaction m ixture was stirred  for 18 h  a t  room tem pera tu re  and 

then  diluted w ith E t2 0  (50 ml). The e ther layer was separated  and  the 

aqueous layer ex tracted  w ith  E t2 0  ( 2  x 50 ml). The combined organic 

layers were washed w ith sa tu ra ted  aqueous NaHCC>3 solution ( 1  x 50 ml) 

and H 2 O (1 x 50 ml). After drying, the organic layer was concentrated in  

vacuo to leave a yellow oil which was purified by vacuum  distilla tion  to 

yield the title  compound (6.04 g, 76%) as a colourless oil b.p. 37-39 °C/0.7 

mm Hg. (lit.11®, 95-97 °C/9 mm Hg).

Umax (CCI4 ): 1725 and 810 cm ." 1

5 h  (200 MHz): 5.50 (1H, t, J  3.5, C=CH), 2.80 (2H, d, J  

3.5, -CH2 CH=C), 2.42 (4H, m, -CH2 CH2-), i.05  (9H, s, - 

C(CH3)3).
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8 c  (50 MHz): 212.0 (s, -CO), 147.3 (s, tBu£=CH ), 126.1 

(d, C =£H ), 39.8 (t, -CH2 -), 39.0 (t, -CH2 -), 35.5 (s, - 

C(CH3)3), 28.5 (q, -C(£H3)3), 24.7 (t, -CH2).

Found M +, 152.1200; C igH igO  requires M, 152.1201.
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4-fert-Butvlcvclohex-2-en-l-one

O

Bul

(102)

P ro ced u re :

To a 100 ml round bottom ed flask w ith  side-arm  equipped w ith 

reflux condenser and  N 2  balloon were added enone (105) (7.8 g, 0.051 

mol), DBN (0.93 g, 0,93 ml, 0.0075 mol) and  dry  TH F (80 ml). The 

solution was refluxed for 48 h and then  diluted w ith EtOAc (100 ml) and 

w ashed  sequen tia lly  w ith  HC1 (5%, 1 x 50 ml), sa tu ra te d  aqueous 

NaHCC>3 (1 x 50 ml) and H 2 O (1 x 50 ml). The combined aqueous layers 

w ere th en  ex tracted  w ith  EtOAc ( 2  x 50 ml). The combined organic 

layers were finally  w ashed w ith  H 2 O (1 x 50 ml). A fter drying, the 

organic layer was concentrated in  vacuo to leave a black oil which was 

purified by vacuum  distillation to yield a m ixture of title  compound and 

s ta rtin g  m ateria l (5.2 g, 67%) as a colourless oil, b.p. 37-41 °C/0.7 mm 

Hg. This was shown to be a 4:1 m ixture of ap:py enones by 200 MHz 

n .m .r. This was used in  the  epoxidation reaction  w ith o u t fu r th e r  

purification or analysis.
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4-fer£-Butvlcvclohex-2-en-l“One

O

Bul

(102)

Procedure:

To a 25 ml round bottom ed flask equipped w ith  reflux condenser 

w ere added pyenone (105) (0.50 g, 3.28 mmol) and HC1 (10 ml of a  2 M 

solution, 20 mmol). The solution was refluxed for 3 h  (bath  tem perature  

145 °C). A fter cooling to room tem pera tu re , the  solution was d ilu ted 

w ith  E t2 0  (25 ml) and  w ashed sequentially  w ith sa tu ra te d  aqueous 

N aH C 0 3  solution ( 1  x 15 ml) and  H 2 O ( 1  x 15 ml). A fter drying, the 

organic layer was concentrated  in  vacuo to leave a red oil (0.35 g, 70%) 

which was shown to be a 2:1 m ixture of aP:pyenones by 200 MHz n.m .r.
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5-fert-Butvl-7-oxabicvclor4.1.01heptan-2-one

O

Bul

(111)

Procedure :8 5

To a 50 ml round bottomed flask a t 0  °C were added enone (1 0 2 ) (2.3 

g in  2.8 g of a 4:1 ap:py m ixture, 15.1 mmol) and EtO H  (20 ml). H 2 O2  (5.1 

ml of a 30% w/v solution, 45.3 mmol) was th en  added followed by 

dropwise addition of NaOH (1.5 ml of a 5 M solution, 7.5 mmol). The 

cooling ba th  was removed and the  m ixture stirred  a t  room tem pera tu re  

for 8  h. The solution was then  flooded w ith H 2 O (30 ml) and  extracted  

w ith  E t2 0  (3 x 50 ml). A fter drying, the  organic layer was concentrated 

in vacuo to leave a yellow oil which was purified by vacuum  d istillation  

to yield the  title  compound (2.1 g, 83%) as a  colourless oil, b.p. 99-100 

°C/0.9 mm Hg.

\>max (CHCI3 ): 1715 cm : 1

5 jj (200 MHz): 3.45 (1H, m, H-6 ), 3.12 (1H, d, <7 3.9, 

H -l), 1.96 (4H, m, -CH2 C H 2-), 1.65 (1 H, m, tBuC-H), 

0.97 (9H, s, -C(CH3)3).
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5q  (50 MHz): 208.3 (s, CO), 61.4 (d, C-6 ), 55.1 (d, C -l),

43.4 (d, tBuC-H), 41.2 (t, -CH2-), 34.6 (t, -CH2-), 32.5 

(s, -C(CH3)3), 27.5 (q, -C(£H3)3).

Found : M + 169 (0.6%); C joH]^g02  requires M, 169.
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4-fert-Butvl-4-hvdroperoxvcvclohex-2-en-l-one

O

lBu OOH 

(107)

P rocedu re :

W hen compound (105) was allowed to s tan d  in  the  a ir  a t  room 

te m p e ra tu re , a c ry s ta llin e  su b s ta n c e  g ra d u a lly  s e p a ra te d  out. 

R ecrystallisation from CCI4  afforded the title  compound as cubes, m.p. 

105.5-106.5 oc. ( C. b • " r , i o t - | o T  'c.)

^max(EtOH): 216 nm.

Umax (nujol mull): 3220 and 1660 cm.‘l

5 h  (200 MHz): 8.90 (1 H, bs, -OOH), 6 . 8 6  (1 H, dd, J  10.5, 

1, H-3), 6.13 (1 H, d, J  10.5, H -2 ), 2.08-2.87 (4H, m, - 

CH2 CH2-), 0.96 (9H, s, -C(CH3)3).

5c  (50 MHz): 200.9 (s, -CO), 148.6 (d, C-3), 132.3 (d, C-2),

83.6 (s, C-4), 38.2 (s, -£(CH3)3), 35.1 (t, C-6 ), 25.8 (t, C-5),

25.4 (s, -C(£H3)3).

Found: M+, 166.0997, (M-H2 O); C iq H i6 ^ 3  requires

M, 184.1099 (166.0994, M-H2 0).
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(±)-sv^-3-(4,-Methoxvphenvl)-2.2.3-trimethvlcvclopentvl benzoate

MeO

(117)

Procedure: 123

To a 50 ml round bottom ed flask  w ith  side-arm , equipped w ith  

reflux condenser and  N 2  balloon was added alcohol (91) (1.00 g, 4.27 

mmol). Butyl lith ium  (1.64 ml of a 2.87 M solution in  hexane, 4.7 mmol) 

was then  added. After 30 min, the resu lting  solution was trea ted  during 

5 m in by the dropwise addition of benzoyl chloride (0.66 g, 4.7 mmol) in  

THF ( 1 0  ml). The m ixture was refluxed for 1 h  and, after cooling to 0 °C, 

quenched by careful addition of H 2 O (10 ml). After extraction w ith E t2 0  

(3 x 50 ml), the  organic solution was concentrated in  vacuo to leave a 

yellow oil which was purified by flash silica gel column chrom atography 

using 25% EtOAc in hexane as eluent to yield the  title  compound (1.07 g, 

74%) as off-white plates, m.p. 92-93 °C.

Umax (CHCI3 ): 1710 cm .-l

5 h  (200 MHz):8.06 (2H, d, J  9, Ar-H), 6.85 (2H, d, J  9, 

Ar-H), 7.25-7.61 (5H, m, Ar-H ), 5.11 (1H, m, - 

C(H)OCO), 3.80 (3H, s, Ar-OCH3 ), 2.41-2.65 (2H, m, - 

CH2-), 1.79-1.99 (2 H, m, -CH2-), 1.47 (3H, s, -CH3), 1.15
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(3H, s, -CH3), 0.65 (3H, s, -CH3).

8 c  (50 MHz): 166.2 (s, -OCOAr), 157.6 (s, C-4'), 138.7 (s, 

C-1’), 132.8 (d, C-4”), 130.8 (s, C -l”), 129.5 (d, C- 2  ", 6 ”),

128.4 (d, C-3", 5"), 127.9 (d, C-3', 5'), 113.0 (d, C-2 ’, 6 ’),

83.3 (d, d(H )O C O ), 55.2 (q, A r-O C H 3 ), 49.5 (s, - 

C(CH3)2), 47.5 (s, -£I(CH3 )Ar), 34.9 (t, -CH2-), 29.0 (t, - 

CH2-), 24.7 (q, - 2  x CH3), 18.8 (q, -CH3).

Found: M+, 338.1866; C2 2 H 2 g 0 3  requires M, 338.1882.
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(±)-svn-4-Benzovloxv-2.3.3-trimethvlcvclopentanecarboxvlic add

HO

(116)

Procedure : 1 2 2

A 50 ml round bottom ed flask w ith  stirrin g  b ar was charged w ith 

ester (117) (1.07 g, 3.17 mmol), periodic acid (10.26 g, 45 mmol), CH3 CN 

( 6  ml), CCI4  ( 6  ml) and H 2 O (9 ml). The m ixture was stirred  vigorously 

until both phases became clear. RUCI3 .XH2 O (0.04 g, 5 mol%) was added 

and  the  reaction  m ixture s tirred  for 4 h. The reaction  m ix ture  was 

cooled to 0  °C and e ther (20 ml) added. The e ther layer was separated  

and the aqueous layer extracted w ith EtOAc (5 x 40 ml). The combined 

organic solutions were w ashed w ith brine (2 x 50 ml). A fter filtering  

through a pad  of celite and  drying, the organic layer w as concentrated 

in  vacuo to give a brown oil which w as purified  by flash  silica gel 

column chrom atography using 0-100% EtOAc in hexane as e luen t (10% 

increm ents) to yield the  title  compound (0.40 g, 46%) as a yellow solid, 

m.p. 125-127 °C.

Umax (CHCI3 ): 2990,1720, 715 cm .*1

5 h  (200 MHz): 9.01 (1 H, bs, -C 0 2 H), 8.03 (2H, m, Ar-H),

7.48 (3H, m, Ar-H), 5.25 (1H, m, -CH(OCOAr)), 2.46
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(2 H, m, -CH2-), 1.74 (2 H, m, -CH2 -), 1.41 (3H, s, -CH3 ), 

1.16 (3H, s, -CH3), 1.06 (3H, s, -CH3).

8 c  (50 MHz): 182.9 (s, -CC^H), 166.0 (s, -OCOAr), 133.0 

(d, ArC-H), 130.5 (s, Ar£-CO), 129.5 (d, ArC-H), 128.4 

(d, ArC-H), 83.6 (d, -£H(OCOAr)), 54.3 (s, -£2(CH3 )3),

47.3 (s, -G(CH3 )C 0 2 H), 32.5 (t, -CH2-), 28.5 (t, -CH2-),

24.3 (q, -CH3), 2 1 . 1  (q, -CH3), 18.3 (q, -CH3).

Found: M+, 276.1360; C ig H 2 oC>4 requires M, 276.1361.
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(t)-sv7i-4 -Benzovloxv-2 .3 .3 -trim ethvlcvclopentanecarboxvlic acid 

chloride

a

(118)

Procedure: 125

To a 5 ml round bottomed flask equipped w ith reflux condenser and 

C aC l2  guard  tube were added the acid (116) (0.16 g, 0.58 mmol) and 

oxalyl chloride (0.34 g, 0.24 ml, 2.7 mmol). Gas evolution s ta rted  alm ost 

im m ediately, continued for 20 min, and  then  ceased. The m ixture was 

refluxed for 2  h  and concentrated in  vacuo to yield the title  compound 

(0.15 g, 8 8 %) as a  brown oil. This was used in  the  nex t step w ithout 

fu rth e r purification or analysis.
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(±)-svrt-(3-Benzovloxv-1.2.2-trimethvlcvclopentvl) methyl ketone

(115)

Procedure : 1 2 7

To a 25 ml round bottomed flask under N 2  was added C ul (0.354 g, 

1.86 mmol). The flask was gently  flam e-dried under vacuum  and  the 

vacuum  th en  released  w ith  N 2 . Dry E t2 0  ( 6  ml) was added and  the 

solution cooled to 0 °C. MeLi (2.48 ml of a 1.5 M solution in  E t2 0 , 3.72 

mmol) was added and, after 5 m in a t 0  °C, the solution was cooled to -78 

°C. A pre-cooled solution of acid chloride (118) (0.182 g, 0.62 mmol) in  

E t2 0  (1 ml) was added dropwise. After 15 min, absolute MeOH (0.218 g, 

0.172 ml, 6.81 mmol) was added and  the  reaction m ixture allowed to 

w arm  to room tem peratu re  over 1.5 h. The resu lting  m ixture was added 

w ith stirring  to sa tu ra ted  aqueous NH 4 CI solution ( 1 2  ml) and  extracted 

w ith  EtOAc (3 x 50 ml). A fter d ry ing , the  organic lay e r  w as 

concentrated  in vacuo to leave a brown oil which was purified by flash 

silica gel column chrom atography using 20% EtOAc in hexane as eluent 

to yield the title  compound (0.118 g, 70%) as a colourless oil.

Umax (CHCI3 ): 1710 and 715 cm . ' 1

8 j j  (200 MHz): 8.03 (2H, m, Ar-H), 7.47 (3 H, m, Ar-H),
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5.12 (1 H, m, -CH(OCOAr), 2.30-2.55 (2H, m, -CH2 -), 2.18 

(3H, s, -COCH3 ), 1.50-1.85 (2H, m, -CH2 -), 1.38 (3H, s, 

-CH3 ), 1.19 (3H, s, -CH3), 0.96 (3 H, s, -CH3).

8 c  (50 MHz): 212.6 (s, -£ O C H 3 ), 165.9 (s, -OCOAr),

132.9 (d, ArC-H), 130.5 (s, A i£-CO ), 129.5 (d, ArC-H),

128.4 (d, ArC-H), 84.3 (d, -£.H(OCOAr), 59.4 (s, - 

£(C H 3)2), 47.1 (s, -£(CH 3 )COCH3), 32.6 (t, -CH2-), 28.5 

(t, -CH2-), 28.4 (q, -CH3), 24.3 (q, -CH3), 21.3 (q, -CH3),

18.9 (q, CH3).

Found: M + 274.1567; C ] jH 2 2 0 3  requires M, 274.1569.
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2.2.6-Trimethvlhept-6-en-3-one.(119)

O O

(119) (120)

P ro ced u re :

To a 250 ml 3-necked round bottomed flask under N 2  was added N al 

(5.63 g, 0.0375 mol). Diisopropylamine (8.34 g, 11.55 ml, 0.082 mol) and 

THF (100 ml) were then  added. Butyl lith ium  (37 ml of a  2 . 2 1  M solution 

in hexane, 0.082 mol) was then  added a t 0 °C. The solution was cooled to 

-78 °C and pinacolone (7.5 g, 9.4 ml, 0.075 mol) in THF (20 ml) was added 

dropwise. After stirring  for 30 m in a t -78 °C, m ethallyl chloride (6.9 g, 

7.5 ml, 0.075 mol) in THF (20 ml) was added dropwise. The solution was 

w arm ed to room tem peratu re  and stirred  a t room tem pera tu re  for 72 h. 

The m ix ture  was added to sa tu ra ted  aqueous NH 4 CI solution (200 ml) 

and extracted with E t2 0  (3 x 75 ml). The organic layer was w ashed w ith 

HC1 solution (5%, 1 x 50 ml), NaHCC>3 solution (1 0 %, 1 x 50 ml) and brine 

(1 x 50 ml). After drying, the organic layer was concentrated in  vacuo to 

leave a red  oil w hich w as pu rified  by positive  p re ssu re  colum n 

chrom atography using 5% E t2 0  in  hexane as eluent to yield compound

(120) (2.00 g, 13%) as a colourless oil.

Umax (CHCI3 ): 2970,1700, 895 cm .-l
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8 h  (200 MHz): 4.72 (2 H, m, -C=CHJD, 4.67 (2H, m, - 

C=CHH), 3.32 (1 H, quin tet, J  6.9, -CHCO), 2.27 (2H, dd, 

J  13.8, 7.2, -CH 2 -), 1.96 (2 H, dd, J  13.8, 6.7, -CH2-),

1.70 (6 H, m, 2 x -CH3 ), 1.10 (9H, s, -C(CH3)3).

8 c  (50 MHz): 217.8 (s, -CO), 142.9 (s, -£=CH2), 113.1 (t, - 

C = £ H 2 ), 44.3 (d, -£H C O ), 42.1 (t, -CH2 -), 40.3 (s, - 

C(CH3)3), 27.4 (q, -C(CH3)3), 22.3 (q, -CH3).

Found: M+, 208.1821; C 1 4 H 2 4 O requires M, 208.1827.

F u r th e r  e lu tion  fu rn ished  the  tit le  com pound (3.5g, 31%) as a 

colourless oil.

Umax (CCI4 ): 2970, 1710, 895 cm . ' 1

8 j j  (200MHz): 4.68 (2 H, m, -C=CH2 ), 2.63 (2H, m, - 

C O C H 2-), 2.25 (2 H, m, -CH 2 C = C H 2 ), 1.17 (3H, m, - 

CH3), 1.15 (9H, s, -C(CH3)3).

8 c  (50 MHz): 215.2 (s,-CO), 145.0 (s, -£ (C H 3 )=CH 2), 

109.8 (t, -C=£H2), 44.1 (s, -£(CH3)3), 34.7 (t, -CH2-), 31.5 

(t, -CH2-), 27.3 (q, -C(£H3)3), 22.7 (q, -CH3).

Found: M+, 154.1363; CiqH i s O requires M, 154.1358.
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2. 2-Dimethvlheptan-3. 6 -dione (121)

O

O tBu

(121) (122)

P ro ced u re :

To an  ozonolysis flask a t -78 °C was added ketone (119) (1.40 g, 9.1 

mmol) and  CH2 CI2  (45 ml). O3  was bubbled through the solution un til it  

rem ained  blue in  colour. E t3 N (1.82 g, 2.50 ml, 18 mmol) was added 

dropw ise and  the  solution w arm ed to room tem p era tu re  and  th en  

stirred  for a fu rth e r 4 h. The resu lting  m ixture was concentrated  in  

vacuo and  E t2 0  (5 ml) was added. The precip ita ted  triethylam ine-N - 

oxide w as rem oved by f iltra tio n  th ro u g h  a sh o rt p ad  of silica. 

C oncentration  of the  organic solution in  vacuo afforded a yellow oil 

which was purified  by flash  silica gel colum n chrom atography using 

1 0 % EtOAc in hexane as eluent to yield endoperoxide (1 2 2 ) (0.40 g, 26%) 

as a colourless oil.

Umax (CHCI3 ): 2980, 1390, 1170 cm.-l

5 h  (200MHz): 1.80-2.25 (4H, m, -CH2 CH2 -), 1.63 (3H, s, 

-CH3), 1.09 (9H, s, -C(CH3)3).
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5C (50 MHz): 117.1 (s, -£-C(CH3)3), 110.7 (s, -£C H 3), 

35.1 (t, -CH2-), 32.9 (s, -£(CH3)3), 30.0 (t, -CH2 0 -),

25.7 (q, -C(£H3)3), 15.0 (q, -CH3).

F u r th e r  elu tion  gave the  title  compound (0.45 g, 32%) as a  pale 

yellow oil. Vacuum  distillation gave pure diketone (121) (0.42 g, 30%) as 

a  colourless oil, b.p. 95 °C/25 mm Hg.

Umax (CHC13): 1710 and 1700 cm."l

5 h  (200 MHz): 2.61-2.79 (4H, m, -CH2 CH2-), 2.16 (3H, s, 

-CH3), 1.13 (9H, s, -C(CH3)3).

5c  (50 MHz): 214.6 (s, -COtBu), 207.5 (s, -£O CH 3), 43.8 

(s, -£(C H 3)3), 36.9 (t, -CH2-), 30.5 (t, -CH2-), 30.0 (q, - 

CH3), 26.5 (q, -C(£H3)3).

Foimd: M"*", 156.1163; CgH igC^ requires M, 156.1151.
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2. 2-Dimethvlheptan-3. 6 -dione 

O

O

(121)

Procedure:133
To a 50 ml round bottom ed flask a t 0  °C were added endoperoxide

(122) (0.40 g, 2.3 mmol) and  hexane (10 ml). PI1 3 P (1.32 g, 5.06 mmol) in 

hexane ( 1 0  ml) was added dropwise, the cooling b a th  removed and the 

reac tio n  m ix tu re  s t i r r re d  a t  room  te m p e ra tu re  overn igh t. The 

p rec ip ita ted  PI1 3 PO was rem oved by filtra tion  th rough  a sho rt pad of 

silica. The filtrate  was concentrated in  vacuo to leave a yellow oil which 

was purified by vacuum  distillation  to yield the  title  compound (0 . 2 2  g, 

61%) as a colourless oil, identical in all respects to th a t obtained from the 

ozonolysis reaction.
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3-fer£-Butvlcvclopent-2-en- 1-one 

O

lBu

(123)

Procedure:134

To a 50 ml round bottom ed flask w ith side-arm  equipped w ith reflux 

condenser and  N 2  balloon were added diketone (1 2 1 ) (0 . 2 0  g, 1.28 mmol) 

and NaOH solution (13% w/v, 23.3 ml). The solution was purged w ith N2  

for 5 m in and  then  refluxed for 6  h. After cooling to room tem perature , 

the  m ixture was extracted  w ith E t2 0  (3 x 50 ml). The organic solution 

was washed with H 2 O ( 2  x 50 ml) and brine (1 x 50 ml). After drying, the 

organic layer was concentrated in  vacuo to yield the  title  compound (0.15 

g, 85%) as a yellow oil. D istillation  afforded the  title  compound (0.13 

g,74%) as a colourless oil, b.p. 95 °C / 25 mm Hg.

Umax (CHCI3 ): 2980,1700 and 1675 cm.-l

5 h  (200 MHz): 5.95 (1 H, m, -C=CH), 2.39-2.70 (4H, m, -

CH2 s), 1.20 (9H, s, -C(CH3)3).

8 c  (50 MHz): 210.6 (s, -CO), 191.2 (s, -£=CH), 127.2 (d, -

C =£H ), 35.4 (t, -£ H 2 CO), 28.7 (q, -C (£H 3 )3 ), 27.6 (t, -

£ H 2 C=C), 26.5 (s, -£(CH3)3).

Found : M+, 138.1034; C9 H 14O requires M, 138.1045.
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2.2-Dimethvlheptan-3.6-dione

O

O

(121)

P ro ced u re :

To an  ozonolysis flask a t -78 °C was added ketone (105) (1 . 0 0  g, 6 . 6  

mmol) and CH 2 CI2  (15 ml). O3  was bubbled through the solution un til it  

rem ained blue in colour. Me2 S (1.00 ml, 13.6mmol) was added dropwise 

and  the solution w arm ed to room tem perature  and stirred  for a  fu rther 4 

hours. The resu lting  m ixture was concentrated in  vacuo and E t2 0  (20 

ml) added. NaOH solution (5 M, 10 ml, 50 mmol) was added and  the 

resu lting  orange solution shaken  in  a separa ting  funnel for 5 m inutes. 

The resu lting  solution was acidified w ith HC1 ( 2  M, 30 ml, 60 mmol) and 

extracted  w ith  E t2 0  (3 x 50 ml). The organic solution was w ashed w ith 

H 2 O (1 x 50 ml). After drying, the  organic solution was purified by flash 

silica gel colum n chrom atography using  0-100% EtOAc in  hexane as 

e lu en t to yield the  t i t le  com pound (0 .2 0 g, 2 0 %) as a  colourless oil, 

identical in  all respects to th a t obtained previously.
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Appendix

Trim ethvlsilvl trifluorom ethanesulphonate

Procedure:135
To a 25 ml round bottom ed flask w ith side-arm  im der argon a t  0  °C 

w as added trifluorom ethanesulphonic acid (1.51 g, 0.89 ml, 10 mmol). 

T e tram eth y lsilan e  (1.10 g, 1.70 ml, 12.5 mmol) w as added  and  the  

m ixture stirred  for 15 min. A fu rther portion of te tram ethy lsilane  (0.22 

g, 0.34 ml, 2.5 mmol) was added and  the  m ixture allowed to w arm  to 

room tem pera tu re . The m ixture was stirred  for a fu rth e r  15 m in and 

th en  tran sferred  directly to a Kugelrohr bulb under a s tream  of argon. 

D istillation afforded TM S-triflate (2 . 1  g, 94%) as a  colourless oil; b.p. 70 

°C/35 mm Hg (lit. 135, 4 9  oc/11 mm Hg). The reagen t w as stored as a

0.95M solution by addition of 10 ml CH2 CI2 .
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