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ABSTRACT

The p r e r e q u is ite s  fo r  sonochem ical r e a c t iv i t y  are  d is c u s s e d .

T h is  i s  coupled w ith  a c r i t i c a l  overview  o f a v a ila b le  l i t e r a t u r e  

to  e s t a b lis h  the p o te n t ia l o f u ltra so u n d  f o r  widespread  

a p p lic a t io n  to  s y n th e s is .

U ltrasound was e x p lo ite d  in  the s y n th e s is  o f a v a r ie t y  o f  7 r -a l l y l  

tr ic a r b o n y lir o n (la c to n e )  com plexes and the development o f  a novel 

route to  (diene) tr ic a r b o n y l iro n  com plexes. Y ie ld s  o f complex 

are  s u b s t a n t ia l ly  h ig h e r than those a t t a in a b le  v ia  c o n v e n tio n a l 

methodology. A b r ie f  in v e s t ig a t io n  in to  the p re p a ra tio n  o f  

disodium  te tra c a rb o n y lfe rra te  has le d  to  the development o f  an 

ex trem e ly  m ild  and convenient route to sodium p h e n y lse le n id e  by 

d ir e c t  re a c tio n  o f sodium w ith  d ip h e n y ld is e le n id e . T h is  reagent 

was employed to  in tro d uce p h e n y lse le n o - s u b s titu e n ts  in  h ig h  

y ie ld  by d isp lace m en t o f  su lp h o n a tes, h a lid e s , and epoxides.

Routes to o p t ic a l ly  a c t iv e  7 r -a l ly lt r ic a r b o n y l  iro n( lacto n e)  

com plexes were developed in  approaches to  the s t e r e o s p e c if ic  

s y n th e s is  o f a number o f  n a t u r a l ly  o c cu rrin g  6- la c t o n e s ;  n o ta b ly ,  

M assoia la c to n e , M a lyn g o lid e, and the sex pheromone o f  the  

O r ie n ta l hornet. R e actio n  o f a 7 r -a lly lt r ic a r b o n y lir o n ( la c t o n e )  

complex w ith trim ethylo xonium  te tra flu o ro b o ra te  y ie ld s  a novel 

carbene complex.

7 r -A lly ltr ic a r b o n y lir o n (  lacto n e) complexes were converted to  t h e ir  

f e r r ila c t a m  d e r iv a t iv e s  by le w is  a c id  m ediated in s e r t io n  o f  a 

v a r ie t y  o f p rim a ry  am ines. O x id a tio n  o f these com plexes p ro vid e s  

a route to  novel m o n o cyclic  /3 -la c ta m s . M anip ulation  o f the / ? -  

lactam  p roducts produced a route to  aze t  id  in -2 ,3 -d io n e s . T h is  

culm in ated  in  a f iv e  ste p  form al s y n th e s is  o f n o c a r d ic in ic  a c id  

in  a rem arkable 79% o v e r a ll  y ie ld .  F in a l l y ,  exten sio n o f t h is  

methodology to  the p re p a ra tio n  o f  a model carbapenem by  

sim ulatan eo us form ation o f  both the c a r b o c y c lic  and /3 -la c ta m  

r in g s  was examined. A number o f  approaches to  the re q u ire d  

s u b stra te  are d e sc rib e d .
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CHAPTER 1

ULTRASOUND IN SYNTHESIS

Introduction

E le cto m a g n e tic  r a d ia t io n  whose w avelength i s  m a r g in a lly  s h o rte r  than  

the upper l i m i t  o f p erce p tio n  fo r the human eye i s  termed 

" u lt r a v io le t " .  By an alog y, the term  "ultrasound" i s  used to d e s c r ib e  

sound waves whose fre g u e n cie s l i e  w ith in  the range 20 to  10  000 kHz. 

The e f f e c t  o f  u ltra so u n d  on ch e m ica l and b io lo g ic a l  system s has been 

known fo r  n e a r ly  60 y e a rs  and y e t i t s  use as a to o l fo r  the s y n th e t ic  

ch e m ist s c a r c e ly  p red ates 1980. However, the w idespread a v a i l a b i l i t y  

o f cheap and r e l ia b le  u ltra so u n d  g e n e ra to rs, in  the shape o f  

la b o ra to ry  c le a n in g  b a th s, has promoted a resurgence o f in t e r e s t  in  

i t s  e f f e c t s .  In  t h is  p e rio d  o f tim e numerous exam ples o f the profound  

in f lu e n c e  o f  u ltra so u n d  on o rg a n ic  and o rg a n o m e ta llic  re a c t io n s  have 

appeared. The purpose o f t h is  review  i s  to  p ro vid e  a c r i t i c a l  

in tro d u c tio n  fo r  those in tr ig u e d  by the s y n th e t ic  p o t e n t ia l  o f  

u ltra so u n d . T h is  i s  r e f le c te d  in  the exam ples d is c u s s e d . In  a d d it io n ,  

a b r ie f  o verview  o f the p h y s ic s  o f a c o u s t ic  c a v it a t io n  i s  in clu d e d  in  

o rd er to  e x p la in  the o r ig in  o f so n ochem ical r e a c t iv i t y  and the means 

by w hich u ltra so u n d  can be e x p lo ite d  to  i t s  f u l l  p o t e n t ia l.

1



1.2 The origin of sonochanical reactivity

The p r e c is e  d e t a i l s  o f the way in  w hich u ltra so u n d  a c t s  to  

produce ch e m ica l re a c t io n  are  not known. However, u lt r a s o n ic  

c a v it a t io n  i s  w e ll e s ta b lis h e d  a s the o r ig in a t o r  o f t h is  phenomenon. 

T h is  review  does not attem pt to  co v er a l l  the l i t e r a t u r e  th a t  has been 

generated on t h is  s u b je c t , but r a th e r  to  p re se n t a q u a l i t a t iv e  

overview  in  an attem pt to  c l a r i f y  t h is  s u b je c t  w hich tends to  be 

regarded a s  som ething o f a b la c k  a r t !  For a more d e t a ile d  re p o rt, 

in te re s te d  rea d e rs a re  re fe rre d  to  S u s l ic k 's  r e c e n t ly  p u b lish e d  review  

w hich d e a ls  com prehensively w ith  t h is  a sp e ct o f so n o ch em istry.

The ch e m ica l e f f e c t s  o f u ltra so u n d  do not a r is e  from any d ir e c t  in p u t  

o f s o n ic  energy to  s p e c ie s  on a m o le c u la r  le v e l.  A q u ic k  exam ination  

o f the p h y s ic a l d ata  fo r  w ater can be used to  i l l u s t r a t e  t h is .  The 

v e lo c it y  o f sound in  w ater i s  1500m s” -*- and the frequency range th a t  

i s  d esig n ated  "ultrasound" i s  between 20 and 10,000 KHz. Hence, the  

wavelength o f the v ib r a t io n s  g enerated i s  in  the re g io n  7.5 to

0.015cm . Th at i s ,  the d ir e c t  energy in p u t i s  not h ig h  enough to  

produce ch e m ica l re a c tio n . R a th e r, d ir e c t  com parison w ith  the 

e le c tro m a g n e tic  spectrum  shows th a t i t  corresponds to  the energy  

a s s o c ia te d  w ith  long wave ra d io  b ro a d c a sts  (F ig u re  1 ) .

The marked effects of ultrasound actually arise from the way in which 

sound is propogated through media. Longditudinal vibration of 

molecules in a liquid generates a series of compressions and 
rarefactions, that is areas of high and low local pressure. If the 

solvent molecules are tom apart with sufficient force during a 

rarefaction, cavities are formed at the points where the pressure in 
the liquid drops well below its vapour pressure. This creates a 

series of gas and vapour filled bubbles for which a variety of fates
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Figure 2
Sch em atic  re p re s e n ta tio n  o f the l if e t im e  o f a t r a n s ie n t  c a v it a t io n  
bu bb le .



can be e n visag e d . Very s m a ll bubbles w i l l  s im p ly  r e d is s o lv e  as f a s t  

as they are  formed. Large bubbles have long l if e t im e s  w ith  re sp e ct to  

the le n g th  o f the a c o u s tic  c y c le . They s im p ly  o s c i l l a t e  r a d ia l l y  w ith  

the sound wave and are  not re s p o n s ib le  fo r  the ch e m ica l e f f e c t s  o f  

u ltra s o u n d . T h is  behaviour i s  termed " s ta b le  c a v it a t io n " .

The p ro ce ss by w hich ch em ical r e a c t io n  o ccu rs i s  d e fin e d  by the  

beh avio u r o f the s m a ll bubbles. T h e ir  l i f e t im e  i s  o n ly  a few a c o u s t ic  

c y c le s  lo n g , d u rin g  which they expand to  2 -3  tim e s t h e ir  i n i t i a l  s iz e  

-  fed by vapour pumped in to  the bubble as i t s  s u rfa c e  expands and 

c o n tr a c ts  w ith  the changing p re ssu re  in  the l iq u id .  The bubbles then  

g r a v it a t e  tow ards the p ressu re  a n tin o d e s and c o lla p s e  v io le n t ly  d urin g  

the next com pression h a lf  c y c le  (F ig u re  2). The lo c a l  p re ssu re s  and 

tem peratures generated by t h is  c o lla p s e  are  enormous. T h is  p ro ce ss i s  

termed " t r a n s it io n a l  c a v ita t io n "  and ch e m ica l e f f e c t s  observed a r is e  

d ir e c t l y  from t h is  phenomenon.

A t t h is  p o in t i t  should be s tr e s s e d  th a t no r e a c t io n  o ccu rs  in  the  

absence o f c a v it a t io n  and a number o f p u b lish e d  exam ples c o n ta in  

p a r a l l e l  experim ents which show th a t  v ig o ro u s s t i r r i n g  o r m echan ical 

a g it a t io n  f a i l s  to  produce such marked in c re a s e s  in  the ra te  o f  

r e a c t i o n - ^ ' T h a t  i s ,  t h is  i s  not p r im a r i ly  a m ixin g  e f f e c t .

4Recent work by Lau terb o m  e t  a l  on h ig h  speed holography has produced 

p ic t u r e s  o f the c o lla p s e  o f bubbles and the shock waves generated (see  

p la te s )  by s o n o ly s is  o f w ater.

The v a lu e s  quoted fo r  the p re ssu re  ( 10 5kPa) and tem peratures (1000 to

3000 K) a t  the p o in t o f c o lla p s e  have been a r r iv e d  a t  by c a lc u la t io n

in  a number o f d e ta ile d  s tu d ie s  o f bubble d ynam ics^'^ and s tu d ie s  o f

.h, r csonolumijescence-^ - another phenomenon associated with cavitation 

which will not be discussed here. The most recent studies, carried



Fig. 3 Spherical oscillations and decay of a single spherical 
bubble set into motion by a sound field of increasing amplitude at 
about 7 kHz. The holographic framing rate is 66.7 kHz; the frame size 
is 2.4 mm x 2.0 mm.

Fig. 4 Collapse of a bubble field with shock wave emission. The 
bubble field has been produced inside a cylindrical transducer at 
18.7 kHz. The holographic framing rate is 14 kHz.
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Figure 7
Sch em atic  diagram  showing the c a lc u la t e d  v a lu e s  f o r  the e f f e c t iv e  
tem peratures im m ed iately  p r io r  to  c o lla p s e  o f a c a v it a t io n  bubble in  
h ep tane/d ecane, under argon7 .



out in  heptane/decane m ix tu re s , gave a f ig u re  fo r  the e f f e c t iv e  

tem perature in  the bubble o f 5200K^. But the d a ta , o b ta in e d  u sin g  

tech niq ues developed in  shock tube experim ents, a ls o  suggested th a t  

the r e a c t io n  d id  not o ccu r e n t ir e ly  in  the vapour phase. The autho rs  

proposed th a t  the t h in  l iq u id  " s h e ll"  surrounding the c a v it y  was the 

second s i t e  o f r e a c t io n  and c a lc u la t e d  th a t the e f f e c t iv e  tem perature  

in  t h is  re g io n  was about 1900K. Hence, the mechanism by w hich  

re a c tio n  o ccu rs  i s  p r im a r i ly  th erm al. However, d e s p ite  the m agnitude  

o f the f ig u r e s  quoted, the m acro sco p ic tem perature change d u rin g  the  

course o f a r e a c t io n  run in  a c le a n in g  bath i s  t y p i c a l l y  o n ly  1 0 - 1 5 ° c  

-  most o f w hich o ccu rs  w ith in  the f i r s t  few m inu tes o f s o n ic a t io n . In  

a s e r ie s  o f e xperim en ts on the s a p o n if ic a t io n  o f a number o f  a r y l  

e s t e r s , Moon e t  a l 10  showed th a t  mimicking the m acro sco p ic  h e a tin g  

e f f e c t s  o f u ltra so u n d  by im m ersing the re a c tio n  v e s s e l in  an o i l  bath  

a t  10 0 °C  fo r  lOm in o n ly  gave 13 %  o f the product o b ta in e d  by s o n o ly s is  

over the same p e rio d  o f tim e . In  f a c t ,  lOmin so n o ly s -is  produced  

y ie ld s  e q u iv a le n t  to  90min a t  r e f lu x . T h is  has c le a r  im p lic a t io n s  fo r  

re a c tio n s  in v o lv in g  s e n s it iv e  rea g e n ts o r p ro ducts and u ltra so u n d  i s  

c le a r ly  u s e fu l in  c a se s  where e q u iv a le n t  therm al c o n d it io n s  produce 

low y ie ld s .

Today, t h is  th eo ry  o f  "ho t-spo t" p y r o ly s is  on c o lla p s e  o f the
o

c a v it a t io n  b u b b le s, w hich was f i r s t  proposed m  1 9 5 0 ° ,  has become 

g e n e r a lly  accepted . However, a number o f o th er th e o r ie s  have a ls o  

been proposed to  account fo r  sonochem ical beh aviou r. H is t o r ic a l l y ,

Q
the f i r s t  o f th ese  suggested th a t  the c a v it a t io n  bu bb les were 

created  as l e n t i c u l a r  ra th e r  than s p h e r ic a l c a v i t ie s  in  the f i r s t  

in sta n ce ; "enormous e l e c t r ic  s tre s s e s "  w ith in  the bubble were invoked, 

le a d in g  to  the g e n e ra tio n  o f moving charges in  the s u rfa c e  la y e r  of  

the bubble. In  the ca se  where charge se p a ra tio n  i s  co m p le te , ie  the  

p o s it iv e  charg es are  d is t r ib u t e d  d ia m e t r ic a lly  o p p o site  the n e g ative



solvent vapour pressure (torr)

Figure 8

V a r ia t io n  o f the ra te  o f d eco m p o sitio n  of Fe(CO)c w ith  the s o lv e n t  
vapour p re ssu re  a t  2 5 °C f under argon fo r  the fo llo w in g  s o lv e n ts  ( in  
o rd e r o f in c re a s in g  s o lv e n t vapour p re ssu re ): d e c a lin , decane, nonane,
0.22 mole f r a c t io n  octane in  nonane, 0.52 mole f r a c t io n  octane in  
nonane, octane, 0 .1 1  mole f r a c t io n  heptane in  octane, and 0.22 mole 
f r a c t io n  heptane in  octane. Vapour p re ssu re s were c a lc u la t e d  assum ing  
id e a l  s o lu t io n  behaviour and the a c o u s t ic  in t e n s it y  was 80 Wcm .



charges, the e l e c t r i c  f i e l d  stre n g th  a cro ss the bubble was c a lc u la te d  

to  be 600 Vcm“ l .  T h at i s ,  re a c t io n s  were thought to  be p r im a r i ly  

e le c tro c h e m ic a l in  n a tu re .

T h is  theo ry dom inated son ochem istry  u n t i l  the 19 7 0 's  g a in in g  credence  

from o b se rv a tio n s th a t  s o n o ly s is  o f w ater produced s i m i l a r  s p e c ie s  to  

those o f e l e c t r i c a l  d isc h a rg e  o r r a d io ly s is .  I t  was a ls o  re s p o n s ib le  

fo r  the prem ise th a t  o rg a n ic  l iq u id s  could not supp ort h ig h  in t e n s it y  

c a v it a t io n  as a r e s u lt  o f  t h e ir  low d ie l e c t r ic  c o n s ta n ts . In  f a c t ,  

the f i r s t  d e t a ile d  stu d y  on c a v it a t io n  in t e n s it y  in  a range o f o rg a n ic  

l iq u id s  was not p u b lish e d  u n t i l  1 9 8 0 ^  (Table 1)  and a lm o st a l l  the 

l it e r a t u r e  co n cern in g  re a c t io n s  in  non-aqueous s o lv e n ts  p o std a te s  

t h is .  Although th e se  s t u d ie s ,  made u sin g  a w h ite  n o ise  u ltra so u n d  

g en erato r, ie a c le a n in g  b a th , show no c le a r  c o r r e la t io n  between any 

chem ical o r p h y s ic a l p ro p e rty , S u s l ic k  e t a l ^  l a t e r  dem onstrated the  

l in k  between the in t e n s it y  o f c a v it a t io n  in  a l iq u i d  and i t s  vapour 

p re ssu re. S o n o ly s is  o f Pe(CO)5  r e s u lt s  in  therm al d is s o c ia t io n  of the  

m etal c a rb o n y l. The p ro du cts o f t h is  re a c tio n  a re  and

f in e ly  d iv id e d  ir o n . C a r e fu l in v e s t ig a t io n  has shown th a t  the ra te  of  

t h is  re a c t io n  i s  in v e r s e ly  p ro p o rtio n a l to  the vapour p re ssu re  o f the  

surrounding s o lv e n t  (F ig u re  8). These f in d in g s  a re  j u s t i f i a b l e  in  

terms o f the "hot spot" m echanism ; th a t i s ,  the a d ia b a t ic  h e a tin g  

e f f e c t s  o f ra p id  com pression are reduced as the vapour recondenses.

In addition, conduction of heat to the surroundings reduces the local 
heating effect still further. Ihe overall effect is that increasing 

the vapour pressure reduces the intensity of cavitational collapse, 
the maximum temperature attainable, and consequently the rate of the 

ongoing reaction.



Table 1

Comparison of ultrasonic cavitation intensity in various liquids1 3

Liquid b.p.

t°C ]

maximum cavi­
tation intensity 
for a /2 liquid 
column (46kHz) 

[%]

Temperature 
at which 
cavitation 
reaches 
maximum 
intensity 

[°C ]

1 .  Water 100 100 35
2 . Styrene 146 74 37
3 . Tbluene 1 1 1 7 1 29
4. T e t r a l in 207 70 55
5 . Cyclohexanone 15 5 70 36
6. Morpholine 128 65 50
7 . Xylene 13 7 64 26
8. E thylene g ly c o l 197 61 93
9 . C yclo p en tan o l 14 1 59 49
1 0 ,  T r ic h lo r o e th y le n e 87 58 20
1 1 .  G ly c e r in e 290 57 85
1 2 .  n-am yl a c e ta te 149 57 18
1 3 .  T e ta ch lo ro e th y le n e 1 2 1 56 42
1 4 .  n -B u t y l a c e ta te 126 56 21
1 5 .  ly r r o le 130 55 40
16 . Methanol 65 52 19
1 7 .  Chloroform 61 50 - 3
1 8 .  n-Amyl a lc o h o l 13 7 47 23
19 . Ethanol 78 46 2 1
20. E th y l a c e ta te 77 45 9
2 1 .  Acetone 56 44 -3 6
2 2 . n -B u ta n o l 118 43 32
23. Benzene 80 43 19
24 . n -P ro p ano l 97 42 27
2 5. 1 , 1 , 1 - T r i c h l o r o - 74 41 18

ethane
26. Dichlorom ethane 40 38 -4 0
2 7 . Methyl a c e ta te 57 38 -3 2
28. Naphtha 242 38 35
29. Isopro panol 82 38 16
30. Form ic a c id  (85%) 1 0 1 37 30
3 1 .  T r i-n -b u ty la m in e 214 37 3 1
3 2 . Tetrachlorom ethane 77 35 8
3 3 . C yclohexanol 160 23 37

34. Propanoic a c id 14 1 22 32
3 5 . T rie th y la m in e 89 2 1 1
36. Freon 1 1 3 48 15 -2 0
3 7 . Freon 114 B 2 47 6 8
38. A c e t ic  a c id 118 6 48



17

Hence, u lt r a s o n ic  re a c t io n s  have the c u r io u s  p ro p e rty  th a t r e a c t io n  

r a te s  d ecrease a s the am bient tem perature in c re a s e s . The e l e c t r i c a l  

d isc h a rg e  th eo ry, w hich s t i l l  had i t s  su p p o rte rs in  the m id -19 7 0 's ,  

has f i n a l l y  been re je c te d  as being in c o n s is t e n t  w ith  e x p e rim e n ta lly
IP

determ ined r e s u lt s  ' . Another th eo ry, proposed to account fo r  the

d eg rad a tio n  o f la rg e  polym ers in  u lt r a s o n ic  f ie l d s ,  su g g ests th a t  

d ir e c t  m ech an ical c leavag e o f bonds may be o c cu rrin g  as a r e s u lt  o f  

the in te n se  shock waves generated by t r a n s ie n t  c a v it a t io n ,  o r indeed, 

the d ir e c t  e f f e c t  o f the a c c e le r a t io n s  produced by the sound f ie l d  

th a t have been e stim a te d  to  be as h ig h  a s 10^ g a t  500kH z-^. However, 

in t e r a c t io n  o f the polymer w ith  r e a c t iv e  s p e c ie s  produced as a r e s u lt  

o f s o lv e n t breakdown could  a ls o  account fo r  t h is .

The f i n a l  p ro p o sal was put forw ard as a r e s u lt  o f s t u d ie s  c a r r ie d  out  

u sin g  b in a r y  w a te r/e th a n o l m ix tu r e s .-^  In  c o n sid e rin g  the s o lv o ly s is  

o f _ t-b u ty l c h lo r id e , they surm ised  th a t  the ra te  o f r e a c t io n  must be 

dependent o f  the degree o f s o lv a t io n  in  the t r a n s it io n  s t a t e  p r io r  to  

io n is a t io n .

Cl + H 20 O H  + HCI

Hence, the authors suggest th a t u lt r a s o n ic  ir r a d ia t io n  a lt e r s  the  

s tr u c tu r e  o f the l iq u id  f a c i l i t a t i n g  ch e m ica l re a c t io n . However, 

r e s u lt s  presented a t  the rece n t conference on so n o ch e m istry l9  suggest 

th a t  the system  i s  too co m p licate d  to  make g e n e r a lis a t io n s  o f  such a 

nature  a t  t h is  p o in t in  tim e .

The c r e d i b i l i t y  o f the "hot spot" th eo ry i s  re in fo rc e d  by i t s  a b i l i t y



to  account fo r  the e f f e c t s  o f e x t r in s ic  v a r ia b le s  on the so n o chem ical 

p ro ce ss. An understanding of these e f f e c t s  i s  n e cessary  in  o rd e r to  

s u c c e s s f u lly  ap ply u ltra so u n d  to  ch e m ica l re a c t io n s . Fo r in s ta n c e ,  

the frequency of u ltra so u n d  a p p lie d  i s  s u r p r is in g ly  ir r e le v a n t .  

C le a n in g  baths produce a range o f fre q u e n cie s which o fte n  v a ry  d u rin g  

the course o f the r e a c t io n  and y e t t h is  has no d is c e r n a b le  e f f e c t  on 

the son ch em istry observed. Experim ents have shown th a t  aqueous 

sonochem istry i s  unchanged o ver the frequency range in  w hich

, . . on
c a v it a t io n  o ccu rs le 10Hz to  10MHz . S in ce  th ere i s  no d ir e c t  

co u p lin g  of the sound f i e l d  w ith  s p e c ie s  on a m o le cu la r  l e v e l ,  

changing the frequency o f the sound in p u t s im p ly  a l t e r s  the reso nan t  

s iz e  of the c a v it a t io n  bubble. The e f f e c t  of t h is  o ver the range o f  

in t e r e s t  i s  n e g lig ib le  . I t  sh o u ld , however, be noted th a t alth o u g h  

th ere  i s  both an upper and a low er l i m i t  to  the fre q u e n cie s  a t  w hich  

c a v it a t io n  w i l l  o ccu r, th e  band o f fre q u e n cie s  used fo r  so n o ch e m istry  

l i e s  w e ll w ith in  these l i m i t s .  Changing the power in p u t to  th e  

tra n sd u ce r a lt e r s  the volum e o f l iq u id  w hich can be fo rced  to  c a v it a t e  

and d r a m a t ic a lly  a f f e c t s  the observed sonochem ical r a te . Hence, a 

number o f re a c tio n s  w hich g iv e  low o r e r r a t ic  y ie ld s  in  c le a n in g  

b a th s, produce h igh y ie ld s  when a probe tra n sd u ce r i s  used, a s  a 

r e s u lt  o f the a b i l i t y  to  c o n tr o l the a c o u s t ic  in t e n s it y  in p u t.  

In c re a s in g  the a c o u s t ic  in t e n s it y  a ls o  extends the range o f bubble  

s iz e s  th a t w i l l  undergo t r a n s ie n t  c a v it a t io n . However, e x p e rim e n ta l 

o b se rv a tio n s show th a t th ere  i s  an upper l i m i t  beyond w hich no 

a d d it io n a l r a te  in c re a s e  i s  seen. E x p la n a tio n s put forw ard su g g est  

th a t p e n e tra tio n  o f sound in t o  the body o f the l iq u id  i s  h in d ere d  i f  

c a v it a t io n  i s  so in te n s e  th a t  the r a d ia t in g  su rfa c e  becomes shrouded  

in  a la y e r  o f bubbles, o r th a t  bubble growth becomes so ra p id  th a t  

the boundary fo r  t r a n s ie n t  c a v it a t io n  i s  exceeded before im p lo s iv e



c o lla p s e  can o ccu r.

The e f f e c t s  o f b u lk  tem perature have a lre a d y  been d is c u s s e d ; however, 

the r e s u lt s  o f in c r e a s in g  s t a t i c  p re ssu re  are u n c le a r . I t  co uld  be 

reasoned th a t i f  the t o t a l  p re ssu re  on the system  were g r e a t e r , one 

would expect the in t e n s it y  o f c a v it a t io n a l  c o lla p s e  to  in c re a s e .  

However, the s it u a t io n  i s  fu r th e r  co m p licated  by c o n s id e r a t io n  o f the

events which le ad  to  n u c le a t io n  o f the bubbles.

A t the p re se n t, the g e n e r a lly  accepted mechanism fo r  n u c le a t io n  of 

b u b b le s ^ " " ^  (F ig u re  9) su gg ests th a t  gas trapped in  s m a ll  angle  

c r e v ic e s  o f  p a r t ic u la t e  contam inants expands and c o n tr a c ts  w ith  the 

a c o u s t ic  c y c le . As the bubble volume grows two p o s s i b i l i t i e s  a r is e ;  

on the one hand, s m a ll  gas bubbles may be re le a se d  in t o  the  

surrounding l iq u id ;  and on the o th e r, im p lo siv e  c o lla p s e  o f  the bubble 

w i l l  re le a s e  a stream  o f m ic r o c a v it ie s  a t  which n u c le a t io n  can occur.

T h is  th eo ry was proposed in  the l ig h t  of o b se rv a tio n s th a t  

u l t r a f i l t r a t i o n  o f  the s o lv e n t in c re a s e s  the c a v it a t io n  th re sh o ld  as  

do both p r e s s u r iz a t io n  and e va cu a tio n  o f the system . Hence, 

n u c le a tio n  i s  su p re ssed  by the flo o d in g  o f the c r e v ic e s .

Experim en tal r e s u lt s  o b tain ed  on in c re a s in g  the h y d r o s t a t ic  p re ssu re  

are not in  f u l l  a g re e m e n t^ - ^ .  However, t h is  i s  p ro b a b ly  a 

r e f le c t io n  o f the d i f f i c u l t i e s  encountered in  m a in ta in in g  co n stan t  

tem perature in  a p re ssu re  v e s s e l under u lt r a s o n ic  i r r a d ia t io n .

Experim ents have a ls o  shown th a t s o n o ly s is  re a c t io n s  o c c u r  f a s t e r  in  

the presence o f  monoatomic g ases than those c a r r ie d  o u t in  the  

presence o f d ia to m ic  g a se s. In  f a c t ,  the maximum tem perature reached



d urin g  c a v it a t io n  i s  s tro n g ly  dependent on the p o ly tr o p ic  r a t io  o f the  

am bient gas ( y =Cp/Ĉ ), i t s  therm al c o n d u c t iv it y  and i t s  s o l u b i l i t y .  

The form er i s  a measure o f the heat re le a se d  on a d ia b a t ic  com pression  

o f the gas and the l a t t e r  has a b e arin g  on the number o f c a v it a t io n  

n u c l e i i  a v a ila b le .  Furtherm ore, i t  should  be noted th a t  N2 , O2 

and CC>2 are  not in e r t  d u rin g  c a v it a t io n  and w i l l  undergo a v a r ie t y  o f  

redox and r a d ic a l  re a c t io n s .

The ch e m ical r e a c t i v i t y  o f the s o lv e n t  must a ls o  be taken in to  

account. No s o lv e n t  i s  in e r t  under c a v it a t io n  c o n d it io n s  and use o f  

halogenated s o lv e n ts  should be avoided. A rom atic hydrocarbons darken  

as p o ly m e ris a t io n  o ccu rs  on long exposure to ultrasound"34 and even 

l in e a r  a lk a n e s undergo c ra ck in g  under h ig h  in t e n s it y  u ltra so u n d  . As 

p re v io u s ly  d is c u s s e d , the in t e n s it y  o f  c a v it a t io n a l  c o lla p s e  i s  

dependent on the vapour p re ssu re  o f the s o lv e n t and use o f in v o la t i le  

s o lv e n ts  i s  recommended0, although th e re  are  a la r g e  number o f  

exam ples where e th e r e a l s o lv e n ts  have been used to  good e f f e c t .  Other 

l iq u id  p ro p e rt ie s  such as v is c o s it y  and su rfa ce  te n s io n  may have some 

b earin g  on the th re sh o ld  a t  which c a v it a t io n  w i l l  o c c u r , but these are  

o f m inor concern.

Aqueous son o ch em istry  i s  dom inated by r e a c t io n s  o f OH and H r a d ic a ls  

a s a consequence o f  the h igh vapour p re ssu re  o f w ater r e l a t iv e  to any  

o rg a n ic  or in o rg a n ic  rea g e n ts p re se n t and d e sp ite  the enormous amount 

o f a tte n tio n  i t  has re c e iv e d  the number o f s y n t h e t ic a l ly  u s e fu l  

re a c t io n s  generated i s  extrem ely  s m a ll.

W ith c a r e f u l c o n s id e ra tio n  o f these f a c t o r s , i t  i s  c l e a r l y  p o s s ib le  

to  'f in e  tune' system s to  m axim ise the e f f ic ie n c y  o f the c a v it a t io n  

pro cess and an u nderstanding o f the e f f e c t s  o f these param eters on 

sonochem ical p ro ce sse s i s  c le a r ly  o f h e lp  when a ttem p tin g  to  o p tim ise  

the ra te s  and y ie ld s  o f these r e a c t io n s .



Dust crevice : gas filled

After evacuation or pressurization

Figure 9
Schem atic diagram  showing the g e n e r a lly  accepted mechanism fo r  
n u c le a t io n  of c a v it a t io n  bubb les^1 - ^ .



1.3 The effects of ultrasound on two-phase systems

As previously explained, the effects of ultrasound on homogeneous 

systems are dominated by the enormous changes in pressure and 

temperature created at "hot spots" on implosion of the cavitation 

bubbles. However, in two-phase systems a number of other factors must 
be taken into consideration. The relative contributions of these 

phenomena have not been conclusively established in any one case; 

however, it appears that effects seen in liquid/liquid systems are 

principally due to emulsification which occurs when the shearing 
stresses on the liquid are greater than the interfacial surface 
tension. In a number of cases this enormous increase in surface area 

of contact completely obviates the need for use of phase transfer 
catalysts30,333 greatly simplifying the work-up procedure for such 

reactions.

There are also examples where the main effects of sonication arise 

from improved mass transport within the system. An example of this is 

the rate increases reported in electrolysis reactions . The reason 

for this lies in the increase in momentum brought about as the solvent 

absorbs energy from the propagating sound wave. This phenomenon is 

independent of cavitation and is known as "acoustic streaming".

At liquid/solid interfaces the effects of cavitation are seen in the 
well known cleaning effects of ultrasound. Metal surfaces are eroded 
and soft metals like potassium can be reduced to colloidal suspensions 

by low intensity ultrasound30. These effects, coupled with those 

already detailed, are responsible for the enormous increases in rates 
of reaction that have been reported in heterogeneous systems. Such 

reactions form the bulk of those described in this review. Most of 
these can be carried out using a simple cleaning bath as the source of





u ltra so u n d . In  com parison, homogeneous r e a c t io n s  g e n e r a lly  re q u ire  

a more in te n se  and s p e c if ic  in p u t o f  energy such a s  th a t  provided by a 

probe g en erato r. R e a ctio n s o c cu rrin g  between s p e c ie s  in  s o lu t io n  and 

s o l id  reagents a re  in flu e n ce d  by a g re a te r  number o f f a c t o r s  than 

those w hich o ccu r w ith in  the same phase. The o v e r a l l  r a te  o f  re a c tio n  

i s  hence a com bin atio n o f the r a te s  a t  which s p e c ie s  d if f u s e  to and 

away from the s u rfa c e  a s w e ll as a r e f le c t io n  o f the number o f  

r e a c t io n  s i t e s  a v a ila b le .

U ltrasoun d  seems to  a c t  on a l l  these fro n ts . For in s ta n c e , a c o u s tic  

stream ing  im proves mass tra n sp o rt between the b u lk  o f the l iq u id  and 

the su rfa c e . S im i l a r l y ,  the c le a n in g  e f f e c t s  o f  u ltra so u n d  mean th a t  

s p e c ie s  can be removed from the s u rfa c e  w ith  e q u al ease in c r e a s in g  the 

e f f e c t iv e  number o f s i t e s  a v a ila b le  fo r  r e a c t io n . C a v it a t io n  causes  

e ro sio n  o f the s u rfa c e  and the in te n se  p re ssu re s  and tem peratures  

generated on im p lo sio n  o f the bubbles may cause d e fe c ts  and 

deform ations w ith in  the s o l id .  Furtherm ore, c a lc u la t io n s  suggest th a t  

the shock waves generated are  o f s u f f ic ie n t  m agnitude to  cause p l a s t ic  

deform ations in  m a lle a b le  m e ta ls  (approx. 10 ^atm ospheres)^ . The 

cu m u la tiv e  r e s u lt  i s  to in cre a se  the a c tu a l number o f r e a c t io n  s it e s  

on the s u rfa c e . T h is  i s  c le a r ly  shown in  e le c tr o n  m icro g rap h s o f  

s u rfa c e s  a c t iv a te d  in  t h is  way .

High speed m icrophotographs o f bubbles c o lla p s in g  a t  a s o l id  boundary 

show th a t im p lo sio n  o f the c a v it y  i s  no lo n g er s p h e r ic a l ,  b u t o ccu rs  

by e lo n g a tio n  o f the bubble producing a w h ir lin g  je t .  T ip  v e lo c it ie s  

have been e stim a te d  to  be in  e x cess o f 100 ms” ^ and e ro s io n  o f the  

su rfa ce  o ccu rs a t  the p o in t o f c o n ta c t  (see p la t e  2).

Hence, sonication produces highly active, unpassivated surfaces and

although the relative contributions of the effects outlined have not
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been f u l l y  e s t a b lis h e d ; the b e n e f ic ia l  e f f e c t s  o f  u ltra so u n d  in  such  

system s i s  c l e a r l y  r e f le c te d  in  the la r g e  number o f  l i t e r a t u r e  

exam ples where i t  has been used to  good e f f e c t .



1.4 Generation of Ultrasound

I t  i s  p ro b ab ly  tru e  to  say  th a t most w orkers have a c c e s s  to  the s m a ll  

u ltra so u n d  b a th s commonly used fo r  c le a n in g  ap paratus o r  

e m u ls if ic a t io n  o f sam ples. T h e ir  w idespread a v a i l a b i l i t y  i s  

re s p o n s ib le  fo r  the burgeoning number o f re p o rts  concerned w ith  the  

e f f e c t s  o f u ltra so u n d  on heterogeneous system s. In  most c a s e s , the  

rea g e n ts are  s im p ly  mixed tog ether and the r e a c t io n  f la s k  suspended in  

th e  c le a n in g  bath in  the p o s it io n  where maximum a g it a t io n  o f the f la s k  

co n te n ts i s  observed. The s im p l ic i t y  o f t h is  procedure has re s u lte d  

in  a number o f fo r tu ito u s  d is c o v e r ie s  by exp erim en ters p r e v io u s ly  

unconnected w ith  t h is  f ie l d .  However, i t  should be noted th a t  th ere  

are  s e v e r a l p o t e n t ia l drawbacks to  the use o f c le a n in g  b a th s w hich  

l i m i t  t h e ir  g e n e ra l a p p l ic a b i l i t y ;  and t h is  r e s t r ic t io n  has le d  to  the  

developm ent o f u ltra so u n d  "probes" by m o d if ic a t io n  o f the u lt r a s o n ic  

c e l l  d is r u p to r s  o r i g in a l l y  developed f o r  use by b io c h e m ists .

In  a l l  c a s e s , the u ltra so u n d  i s  generated by the expansion and 

c o n tr a c t io n  o f a p ie z o e le c t r ic  d e v ic e  in  the presence o f a f lu c t u a t in g  

e l e c t r i c  f i e l d ,  such as th a t produced by a h ig h  frequency AC v o lta g e . 

Most c le a n in g  baths have one o r two such d e v ic e s  s it u a t e d  a t  the base  

o f a m eta l bath. The u ltra so u n d  i s  conducted to  the s i t e  o f a c t io n  by 

p ro p ag atio n through a volume o f w ater. The d isa d va n ta g e s o f t h is  

c o n f ig u r a t io n  l i e  in  the la c k  o f c o n tr o l th a t can be e x e rc is e d  o ver a 

number o f im portant p aram eters. For in s ta n c e , the a c o u s t ic  in t e n s it y  

and frequency o f u ltra so u n d  generated by c le a n in g  b a th s can v a ry  

c o n s id e ra b ly  from m anufacturer to  m anufacturer and, more im p o rta n tly , 

over the l if e t im e  o f a p a r t ic u la r  bath. In  a d d it io n , the p o s it io n in g  

o f the f la s k  and h e ig h ts  o f l iq u id  in  both the bath and the r e a c t io n  

v e s s e l become c r i t i c a l  to  the r e p r o d u c ib il it y  o f the r e a c t io n  (F ig u re  

10 ) by v ir t u e  o f the o b se rv a tio n  th a t c a v it a t io n  w i l l  not o ccu r a t  the



Height of liquid co lum n u n d e r t ra n s d u c e r  ( \/2 )

Figure 10
Maximum c a v it a t io n  in t e n s it ie s  (a t 46 kHz) of fo u r l iq u id s  as a 
fu n c tio n  o f the h e ig h t o f the l iq u id  column under th e  tra n s d u c e r:  

• -w a te r; ■  -  to lu e n e ; *  -b e n ze n e ; a  -e th a n o l'3'3.



Figure 11
Cup-Horn S o n ica to r. M o d if ic a t io n  o f a d esig n  from Heat S y ste m s- 
U lt r a s o n ic s .

Figure 12
D ir e c t  im m ersion u lt r a s o n ic  horn equipped fo r  work under in e r t  
atmospheres as designed by K . S .  S u s l ic k  .



nodes o f stan d in g  waves s e t  up in  the b a t h ^ .  Tem perature c o n tro l in  

such system s i s  v i r t u a l l y  im p o ssib le  and the am bient tem perature i s  

g e n e r a lly  about 3 5 °C . T h is  i s  an im portant c o n s id e ra tio n  in  the view  

o f the in v e rse  r e la t io n s h ip  between the vapour p re ssu re  o f a l iq u id  

and the maximum in t e n s it y  o f c a v it a t io n  a t t a in a b le . F in a l l y ,  

a tte n u a tio n  o f the u ltra so u n d  as i t  p asses through the w ater in  the  

zazr. neans th a t the a c o u s t ic  in t e n s it y  i s  o n ly  m a r g in a lly  h ig h e r than  

the le v e r  l i m i t  n e ce ssa ry  fo r  c a v it a t io n  and r e l i e s  on the presence o f  

s o l id  " im p u ritie s"  w it h in  the l iq u id  to  low er i t s  t e n s i le  stre n g th  

before c a v it a t io n  can o ccu r.

T h is  l im it a t io n  has le d  to  the development of a number o f system s th a t  

can be used to  induce c a v it a t io n  in  homogeneous r e a c t io n  m ix tu re s. 

S u s l ic k  has g iv e n  f u l l  c o n s id e ra tio n  to  the m e rits  o f th ese  d esig n s  

has c l e a r l y  favo u rs use o f the d ir e c t  im m ersion probe on the grounds 

th a t i t  a llo w s a c ce ss  to  a wide range o f a c o u s tic  in t e n s it ie s  w ith  a 

h ig h  degree o f r e p r o d u c ib il it y .  Furtherm ore, tem perature c o n tro l i s  

r e a d ily  achieved by im m ersion o f the reaction v e s s e l in  a c o o lin g  bath  

and the a v a i l a b i l i t y  o f  com m ercial flow  c e l l s  w i l l  a llo w  p ro ce ssin g  o f  

m u l t i - l i t r e  q u a n t it ie s  o f reagents. F e ars th a t e ro s io n  o f m eta l from  

the s u rfa c e  o f the probe would le ad  to  co n ta m in atio n  o f r e a c t io n  

m ix tu re s have been d is p e lle d  in  a c a r e f u l study p u b lish e d  some y ears  

agQ34 and c o rro sio n  o f the horn by r e a c t io n  media seems u n lik e ly  in

view  o f the low r e a c t i v i t y  and h igh t e n s i le  stre n g th  o f t ita n iu m .

From an in d u s t r ia l  p o in t  o f v ie w , la rg e  s c a le  p ro ce sso rs , capab le  of  

d e a lin g  w ith  up to  2 0 0  lm in -  ̂ have been a v a ila b le  f o r  a number of  

y e a rs  and are a lre a d y  in  use fo r  d egassing l iq u id s ,  d is p e r s io n  o f  

s o l id s ,  form ation o f  e m u lsio n s and la rg e  s c a le  c e l l -d is r u p t io n .  

S u s l ic k  has p u b lish e d  a rough com parison between t y p ic a l  sonochem ical 

and photochem ical e f f ic i e n c ie s  which dem onstrates th a t  homogeneous



so n o chem istry  i s  t y p i c a l l y  more e f f ic i e n t  than p ho to ch em istry  and th a t

heterogeneous son ochem istry i s  s e v e r a l o rd ers o f m agnitude b e tte r^ .

Table 2

Comparisons between sonochemical and photochemical apparatus

Photochemistry Homogeneous
sonochemistry

Heterogeneous
sonochemistry

Source 250W Q u a rtz -  
halogen lamp

200W c e l l  
d is r u p to r  

(a t  60% power)

15CW c le a n in g  
bath

Approximate
cost

$1800 $1900 $700

Typical
rates

7 m ol/m in 1 0  m ol/m in 500 m ol/m in

Electrical
Efficiency

2 nmol/kWH 5 mnol/kWH 200 mmol/kWH

T h is  i s  o f g re a t im portance when co n d sid e rin g  the p o t e n t ia l fo r  

a p p lic a t io n  o f son o ch em istry  to  in d u s t r ia l  p ro ce sse s g iv e n  the c u rre n t  

degree o f in t e r e s t  in  t h is  r a p id ly  expanding f i e l d  o f  ch e m istry .
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1.5 Application of ultrasound to the preparation of organolithiuns

I n i t i a l  re p o rts  by Luche and Damiano^-* on the _in s i t u  g e n e ra tio n  o f  

a l k y l  l it h iu m  s p e c ie s  on s o n ic a t io n  o f a m ixture o f a lk y l  o r  a r y l  

h a lid e s  and l it h iu m  in  THF a t  room tem perature prompted the c u rre n t  

in t e r e s t  in  t h is  area. The r e a c t io n  was shown to  be g e n e r a lly  

a p p lic a b le  and e x c e lle n t  y ie ld s  o f  n~p rop yl, n -b u t y l and 

phenyl lit h iu m s  could  be o b tain ed  (6 1-9 5 % ) even in  wet t e c h n ic a l grade  

THF! R e actio n  w ith  iso p ro p y l and t -b u t y l  h a lid e s  was s lu g g is h , but 

t h is  r e a c t io n  should  hold p o t e n t ia l  fo r  la rg e  s c a le  in d u s t r ia l  

a p p lic a t io n s  r u lin g  out the need fo r  use o f in i t i a t o r s  and, s in c e  

r e a c t io n  i s  im m ediate, rem oving the in i t i a t io n  p e rio d  w hich re p re s e n ts  

a s e r io u s  problem when working on a la rg e  s c a le .

R e a ctio n  o f the u lt r a s o n ic a l ly  generated a lk y l l i t h iu m s  w ith  ca rb o n y l 

compounds produced an ex trem e ly  f a c i l e  route to  secondary and t e r t ia r y  

a lc o h o ls  in  a lith iu m -m e d ia te d  B a r b ie r  re a c tio n .

Y ie ld s  were h ig h  and r e a c t io n  tim e s  v e ry  sh o rt, even fo r  secondary and 

t e r t ia r y  h a lid e s . Furtherm ore, the commonly observed s id e  r e a c t io n s ,  

such as re d u ctio n  and e n o liz a t io n , were m in im al. The re a c t io n  a ls o  

proceeded c le a n ly  w ith  a l l y l i c ,  v i n y l i c  and even b e n z y lic  h a lid e s ,  

where Wurtz co u p lin g  n o rm a lly  predom inates. T ro s t  and Coppola have  

put t h is  methodology to  good use in  an in tra m o le c u la r  s y n th e s is  o f



exo-m ethylene cyclo p en tan es (1 ).

9 5 %

In  the exam ples g iv e n , the c y c l is a t io n  proceeded w ith  re te n t io n  o f  

c o n fig u r a tio n  a t  the c e n tre s  in d ic a te d . T h is  in c lu d e s  the s y n th e s is  

o f the h ig h ly  s tr a in e d  t r a n s -fused system , alth ough com peting  

dehydrobrom ination reduced the y ie ld  to  44%.

In  an e x te n sio n  o f t h e ir  o r ig in a l  work, Luche and co -w o rk e rs  

attem pted to  g en erate organocopper s p e c ie s  in  a o n e-p o t r e a c t io n .  

However, 1 ,2 -a d d it io n  o f the in te rm e d ia te  o rg a n o lith iu m  proved f a s t e r  

than r e a c t io n  w ith  the copper io d id e . N e v e rth e le ss , m o d ify in g  the  

rea g e n ts used and in c r e a s in g  the power o f the u ltra so u n d  g en erato r

Li + 1 %Na

THF » )

n-BuBr

1) Li sand
C 5H7.2 HMPA 

THF,Et20 ,Ar -40°C

O

9 1% (3 )



allo w e d  form ation o f the d e s ire d  organocopper s p e c ie s  a t  -4 0 °C  w ith in  

10 -3 0  m ins. A d d itio n  o f the enone and s o n ic a t io n  fo r  a fu r t h e r  10 m in  

gave the 1 ,4 -a lk y la t e d  product (3). The r e a c t io n  i s  h ig h

y ie ld in g  and extrem ely f a s t  alth ough i t  s u f f e r s  from the need to  use  

C^H-yCu^HMPA^ as the sou rce o f copper. Turning t h e ir  a tt e n t io n  to  

the Bouveault re a c t io n  Luche e t  a l  found th a t aldehydes irruld be 

generated from a lk y l  h a lid e s  in  a on e-p ot re a ctio n .

M DMF
R-X ---- R-M ---- -

OM
h3o RCHO

HNMe,
NMe

The c l a s s i c  re a c tio n  s u f f e r s  from numerous s id e  r e a c t io n s  and 

fo rm atio n  o f the aldehyde does not a lw ays predom inate. However, 

s o n o ly s is  o f the r e a c t io n  m ix tu re  g iv e s  good y ie ld s  o f uncontam inated  

aldehyde w ith in  5 -1 0  m in u sin g  a w ide range of 1 ° ,  2 °  and 3 °  a l ip h a t ic  

and aro m a tic  c h lo r id e s  and brom ides. In  c o n tra s t , the th erm al 

r e a c t io n  a t  - 1 5 ° C  ta k e s c o n s id e ra b ly  lo n g er and y ie ld s  o f aldehyde are  

lo w e r, p a r t ic u la r ly  in  the ca se  o f a l ip h a t ic  su b stra te s^  .
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X - Cl 70 % in 10min
= Br 76% in 5min

n-C7 H15- Br

o h c -(c h 2) - c h o

6 4 - 8 4 %

n-C7H15-CHO

» )

In  t h e ir  most re ce n t work Luche e t  a l  have extended the scope o f  

th ese  re a c t io n s  by u sin g  form am ides to  d ir e c t  o rth o  l i t h i a t i o n  o f  

s u b s t itu te d  benzenes, th us g e n e ra tin g  the o rth o -d ia ld e h y d e  (4) from  

monohalogenated benzene v ia  a double Bouveault r e a c t i o n ^ ' ^

Li , THP » )

OLi

CHO

v  CHO 

(4 )

Comparative experiments with DMF and N-formyl-N'-methylpiperazine

showed that the stability of the a-aminoalkoxide was independent of



the nature o f the form amide ^  d e s p ite  re p o rts  to  the c o n t r a r y ^ .  

However, the presence o f  a second heteroatom  d ir e c t s  subsequent o r th o -  

l i t h i a t i o n  o f the a r y l  r in g .

OLi OLi

E = CHO 

= CH3

L it h ia t io n  proceeds b e s t  in  te trah yd ro p yran  s o lu t io n  and quenching
o r  c -m e th y l b e n z a lc M iy d e  

w ith  DMF o r m ethyl io d id e  gave 62% y ie ld s  o f the d iald eh yd e^ In  f a c t ,

a d d it io n  o f b u ty l brom ide to  the r e a c t io n  m ix tu re  in  p la c e  o f  the

b u t y ll it h iu m  gave id e n t ic a l  r e s u lt s  as the a lk y lb ro m id e  re a cte d  w ith

the excess lit h iu m  p re se n t to  g enerate the a lk y l  l it h iu m  h i  s i t u .

A r - X + N=C = 0
M »> 

THF
ivP

The a -a m in o a lk o x id e s a re  a ls o  a v a ila b le  from r e a c t io n  o f a r y l  h a lid e s  

w ith  a lk y l  iso cy a n a te s  in  the presence o f a metal43^ However,

u n d ire cte d  o r t h o - l i t h ia t io n  o f the r in g  proved much more d i f f i c u l t .  

Y ie ld s  o f a -a m in o a lk o x id e  were h ig h e s t when magnesium was used but 

o r t h o - l i t h ia t io n  o f the a r y l  r in g  re q u ire d  two e q u iv a le n ts  o f  

b u t y ll it h iu m , as one was consumed in  tr a n s m e ta lla t io n . Form ing the  

sodium a lk o x id e  overcame t h is  problem but n e c e s s ita te d  the use o f a 

f u l l  e q u iv a le n t o f HMPA. I f  o-brom otoluene i s  tre a te d  in  t h is  way 

l i t h i a t i o n  o ccu rs a t  the b e n z y lic  p o s it io n  and in  some c a s e s  the f i n a l  

product can be persuaded to  c y c l is e  spontaneously to  g iv e  the benzo- 

fused h e te ro cy c le  (5). T h is  methodology has y e t to  be a p p lie d  to



s y n th e s is  o f any n a tu r a l p ro d u cts; however, i t  appears to  have g iv e n  a 

new le a s e  o f l i f e  to  a v e ry  o ld  r e a c t io n !
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+

- N = C  =  0
(i) HMPA, 2Na„ >))

( i i )  - 7 8 ° C , n B u L i

(iii) HCONMe2

O ther w orkers have rep orted  th a t prolonged s o n o ly s is  o f o rg a n o lith iu m s  

d e riv e d  from o rg a n ic  h a lid e s 44, c h lo r o s ila n e s  and ch lo ro stan n an es4  ̂

r e s u lt s  in  W u rtz-typ e  co u p lin g . Y ie ld s  are  m oderate and the r e a c t io n s  

are  o f l i t t l e  s y n th e t ic  in t e r e s t .  However, co u p lin g  o f  

d ic h lo r o s ila n e s  and stannanes produces a novel ro u te  to  c y c l ic  

p o ly s ila n e s . The product o b tain ed  i s  determ ined by the s t e r ic  b u lk  o f  

the a lk y l  groups and o n ly  low le v e ls  o f co n ta m in a tio n  by o th e r s ila n e s  

i s  observed.4^ S ily le n e  in te rm e d ia te s  d id  not appear to  be in vo lv e d ;

however, Boudjouk e t a l  la t e r  reported fo rm atio n  o f the  

t e t r a m e s it y l s i l y le n e  (6 ) w hich had p r e v io u s ly  been made by p h o to ly s is

o f  (M es)2 Si(TM S)247.

M e2S i C I 2

//Si^ \ 
i Si-

1
■Si
I"

Si'
< 1

\

Si^
/

66% 4%



S o n o ly s is  o f the d ic h lo r id e  w ith  l it h iu m  in  THF was rep orted  to

give a 90% yield of the novel silylene. Unfortunately, these

r e s u lt s  proved irre p ro d u c a b le  and Masamune la t e r  p o in te d  out th a t

48the product g e n e r a lly  obtained i s  the t r i c y c l i c  system  (7)

(Mes2)2
Si

(Mes2)2si
/  \

Si (Mes2)2

(7 )

L a s t ly ,  some Chinese  w orkers have developed a s im p le  s y n th e s is  of  

t e r t ia r y  phosphines based on the re d u c tiv e  c lea v a g e  o f phosphorous- 

carbon bonds in  p h e n ylp h o sp h in e s^ '^ ® .

Ri\
/

P - P h
L i . » )

T H F  N

RiV Li®  
/

R-X
Ri\

I
/

P - R

X = C I,B r , l  

yield = 6 3 -8 9 %

Reaction was complete within 5 min. In comparison, the stirred

reaction takes ten times as long49. Alkylation of diphenylphosphines



co u ld  a ls o  be r e a d ily  achieved  to  g iv e  h igh y ie ld s  o f  uncontam inated  

p ro du ct. P re v io u s ro u te s to  th ese  im portant c h e la t in g  agents had 

s u ffe re d  from the extrem e s e n s i t i v i t y  o f the secondary phosphines to  

a i r  and the d i f f i c u l t y  o f i t s  e x c lu s io n  over the long p e rio d s  o f tim e  

n e ce ssa ry  to  o b ta in  s a t is f a c t o r y  y ie ld s  o f product.

1.6 Reactions with other alkali metals

R e a ctio n s . in v o lv in g  o th e r a l k a l i  m e ta ls  are not a s  numerous. 

C o llo id a l  a l k a l i  m e ta ls  have been known fo r  many y e a r s  but they  

rem ain u n e x p lo ite d  in  s y n th e s is  due to  the d i f f i c u l t i e s  

a s s o c ia te d  w ith  t h e ir  p re p a ra tio n . Luche and co -w o rk e rs observed  

th a t  s m a ll lumps o f p otassium  coud be d isp e rse d  in  a few m inutes  

by s o n ic a t io n  in  to luene o r x yle n e  a t  10 °C  in  a c le a n in g  b a t lr ^ .

The c o l lo id  generated was used in  a number of r e a c t io n s ; fo r  

in s ta n c e , a Dieckman c y c l is a t io n  co u ld  be e ffe c te d  w ith in  5 m in.

Interestingly, they noted that dispersion could not be effected 

in THF. Similarly, sodium could only be dispersed in xylene and 
lithium could not be persuaded to disperse in either of the three 

solvents tried. We too have observed this whilst attempting to 

form sodium phenylselenide by reaction of sodium with diphenyl- 
diselenide^. Using solid sodium, the reaction time was halved when

O
K  , 5m in

P h M e  . ) ) )

8 3%

using xylene in place of THF.



C o llo id a l  p otassium  was a ls o  used to  d esu lp h o n yla te  c y c l i c  

sulphones . T h is  r e a c t io n  i s  o n ly  s y n t h e t ic a lly  u s e f u l under th ese  

c o n d itio n s  and i s  e x trem e ly  slo w  in  the absence o f u ltra so u n d . 

Furtherm ore, the r e a c t io n  i s  h ig h ly  r e g io s e le c t iv e  and r e d u c t iv e  

cleavag e o ccu rs p r e f e r e n t ia l ly  a t  the more s u b s t itu te d  c e n tre  g iv in g  

the product shown (8 ).

(8)
A number o f a ro m a tic  an io n s have been generated by s o n o ly s is  o f

n  c/ c4
m ix tu re s o f naphthalene ^anthracene, b ip h e n y l and 

5 , 6 -b e n zo q u in o lin e  w ith  sodium and lit h iu m . L ith iu m  n a p h th a lid e  

(USI), formed as a s o lu t io n  in  e th e re a l s o lv e n t, can be tr a n s fe r r e d  

e a s i l y  v ia  s y r in g e  and has been used as an e f f e c t iv e  red u cin g  agent in  

a number o f ca se s.

In  the p re p a ra tio n  o f KAPA and NAPA, reagents used f o r  the  

is o m e r is a t io n  o f in t e r n a l  a c e ty le n e s , s o n ic a t io n  o f  propanediam ine  

w ith  potassium  o r sodium m e ta l in  the presence o f a c a t a l y t ic  amount 

o f f e r r ic  n it r a t e  g en erate s the reagent in  h igh y ie ld  w ith in  1 0  m in .^  

P re v io u s p re p a ra tio n s  advocated use o f the hazardous and ex p e n sive  

potassium  h yd rid e  o r am ide, w hich must be f r e s h ly  generated each tim e . 

T h is  development i s  c l e a r l y  the method o f ch o ice .



FeNOj (ca t), )) )

M H,N NH,
90°C

H,N
1 0min HN 

O  M 0

OH

1 0 0 %

U lt r a s o n ic a l ly  d isp e rse d  l it h iu m , magnesium and sodium have a l l  been 

used in  the s y n th e s is  o f a lle n e s ~ ^  from d ih a lo cy clo p ro p a n e s.

c 5 h „

B r

B r

L i o r M g .T H F

1 0 min ))) n-C5H1l'̂ ~  8 1 -8 7 %

Na sand

xylene , >)) 
5min

~ / = *  =

Y ie ld s  o f a lle n e  were h ig h  d e s p ite  the f a c t  th a t  th ese  r e a c t io n s  were 

a l l  c a r r ie d  out in  a i r  u s in g  com m ercial THF s im p ly  d r ie d  over  

potassium  hydroxide.

All these reactions are extremely fast and ultrasound can clearly be

exploited to produce highly active dispersions of alkali metals in the



s im p le s t  p o s s ib le  way. The f u l l  range o f s y n th e t ic  a p p lic a t io n s  fo r  

such d is p e r s io n s  i s  u n r e a lis e d . H o p e fu lly , these exam ples w i l l  prompt 

f u r th e r  e x p lo ra tio n  o f  t h e ir  p o t e n t ia l.
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1.7 Preparation of activated magnesium

CO
Bonnemann e t  a l  have d e scrib e d  a method fo r  the p re p a ra tio n  o f  

h ig h ly  a c t iv a te d  magnesium which was used in  the re d u c tiv e  s y n th e s is  

o f a v a r ie t y  o f t r a n s it io n  m etal com plexes known to  be a c t iv e  

c a t a ly s t s  fo r  o rg a n ic  r e a c t io n s . A d d it io n  o f a s m a ll amount of  

anthracene to  a su sp e n sio n  o f magnesium powder ( p a r t ic le  s iz e  <0 . 1 mm) 

in  THF g iv e s  a s p a r in g ly  s o lu b le  adduct, thought to  be 

(anthracene).M g.3THF. S o n o ly s is  o f the pre-form ed com plex in  the  

presence o f the d e s ire d  reagents a t  6 5 °C  r e le a s e s  h ig h ly  a c t iv a te d  

magnesium . The anthracene then r e a c ts  w ith  more o f  the magnesium 

powder, com pleting the c a t a l y t ic  c y c le . That i s ,  i t s  r o le  i s  

e f f e c t iv e ly  one o f a phase t r a n s f e r  c a t a ly s t .

Mg powder 
CO-1 m m
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Oppolzer and S c h n e id e r ^  la t e r  used t h is  procedure to  p repare  

a lly lm a g n e siu m  h a lid e s  when stan dard  procedures proved u n r e lia b le  

Of the v a r io u s  methods a v a ila b le  fo r  the p ro duction o f  h ig h ly  

a c t iv a te d  magnesium t h is  was c l e a r l y  the method o f  c h o ic e , re q u ir in g  

none o f the te d io u s  s t o ic h io m e t r ic a l ly  p re c is e  e x p e rim e n ta tio n  

employed in  the p re p a ra tio n  o f  "Riecke-m agnesium* c r  co m p lica te d  

ap paratus fo r v a p o u ris a t io n  o f m e t a l l ic  magnesium. Y ie ld s  o f the  

c y c lis e d  p ro du cts were h igh and the undesired  r e a c t io n  o f  the  

G rig n ard  reagent w ith  the s t a r t in g  m a te r ia l was su p re sse d .

1.8 Preparation of organoaluminiun ocrapounds

The f i r s t  paper d e s c r ib in g  the a p p lic a t io n  o f u ltra so u n d  to  the 

p re p a ra tio n  o f  m ain group o rg a n o m e ta llic  compounds u s in g  u ltra so u n d  

d e ta ile d  a p re p a ra tio n  o f tr ia lk y la lu m in iu m  compounds by d ir e c t  

r e a c t io n  o f G rig n a rd  reagents formed s i t u , w ith  alum inium  

powder*^. A c t iv a t io n  o f  the alu m inium , which g e n e r a lly  in v o lv e s  use

o f Al-M g a l lo y s ,  proved unnecessary. Recent work has shown th a t  

organoalum inium  s p e c ie s  o f the type R3A I 2 X3  a re  a v a ila b le  v ia  re a c t io n  

o f a lk y l  h a lid e s  w ith  alum inium  powder although y ie ld s  o f  

subsequent r e a c t io n s  are  poor.

2AI » )

AI2Br3

7 3 %

However, o th e r w orkers la t e r  e x p lo ite d  t h is  m ethodology to  produce a 

h igh y ie ld in g  s y n t h e s is  o f tr ie th y lb o ra n e  by r e a c t io n  o f  the  

tr ie th y la lu m in iu m  w ith  t r ia lk y lb o r a t e s ^ .
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1.9 Preparation of organozincs

A lk y lz in c s  were amongst the f i r s t  o rg a n o m e ta llic  compounds to  be used  

in  o rg a n ic  s y n th e s is . However, th ey  were r a p id ly  superceded by the  

G rig n a rd  reagents which were e a s ie r  to handle and more r e a c t iv e .  

N e v e rth e le ss , they are  s t i l l  commonly employed in  both the  

R e fo rm a ts k ii and Sim m ons-Sm ith cyclo p ro p a n a tio n  r e a c t io n s  and re ce n t  

work on a l l y l z i n c  brom ides has shown suggests th a t  th ey are  

p o t e n t ia l ly  u s e fu l p re cu rso rs  o f  o l e f in ic  compounds. S ig n if ic a n t  

improvements in  the g en eratio n  o f org an o zin cs fo r  these purposes have 

been made by em ploying u ltra so u n d  and a number o f h ig h ly  r e a c t iv e  

s p e c ie s  have been shown to be r e a d ily  a v a ila b le . Luche and co -w o rk e rs  

have p u b lish e d  a s e r ie s  o f  papers on the co njug ate  a d d it io n  o f  d ia l k y l  

and d ia r y lz in c  compounds, prepared u sin g  u ltra so u n d , to  a - enones.

These l a t e s t  r e s u lt s  in cre a se  the scope fo r use o f  o rg an o zin cs by 

d em on stratin g  the a n a lo g ie s  between t h e ir  behaviour and the commonly 

used organocopper reagents.

(a) The Reformatskii reaction

R e a ctio n  o f a carb o n yl compound, commonly an aldehyde o r a ketone, 

w ith  a n a -h a lo g e n o e s te r  in  the p resence o f z in c  g iv e s  3 -h y d ro x y e ste rs  

which can be fu rth e r  transform ed to g iv e  a , $ o r  3 , v -u n sa tu ra te d  e s t e r s  

o r , w ith  fu r th e r  e la b o r a tio n , the dihomologue o f the o r ig in a l  carb o n yl 

compound. T h is  r e a c t io n  has found wide a p p lic a t io n  in  o rg a n ic  

s y n th e s is  .

M o d if ic a t io n  o f the o r ig in a l  procedure has r e s u lte d  in  s ig n if ic a n t  

improvements in  the y ie ld s  a v a ila b le  from t h is  r e a c t io n . These  

in c lu d e  use o f f r e s h ly  prepared z in c  p o w d er^ , a heated column o f z in c
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dust^S and a tr im e th y lb o ra te /te tra h y d ro fu ra n  s o lv e n t  system 88.

In  1982 Han and Boudjouk8^ dem onstrated th a t s o n ic a t io n  o f a m ix tu re  

o f com m ercial z in c  powder, aldehydes o r ketones and 

a -b ro m o e th y la ce ta te  gave e x tre m e ly  h igh y ie ld s  o f  h yd ro x y e ste rs (9) 

w ith in  5 -3 0  m inu tes in  a on e-p o t p ro ce ss. Furtherm ore none o f the  

s id e  p ro d u cts, w hich r e s u lt  from deh yd ratio n o f the p ro du ct o r  

d im e r is a t io n  o f the brom oester, were is o la te d .

T h is  m ethodology was a ls o  used to  p ro vid e  a s y n t h e s is  o f  m o n o cyclic

3-lactam s ( 10 ) in  70 -9 0 % yield**® from a v a r ie t y  o f  im in e s . However, 

re p la c in g  the e t h y l brom oacetate by the corresponding p ro pionate o f

2 -p h e n y lp ro p io n a te  f a i le d  to  produce any 3- la c t a m .

0

A . -  *

Zn(1.8eq) HO

Br COOEt M , , /N2 , l 2 ( c a t )  R
\  COOEt 

R'
25-30°C , >))
5 - 30min (9 )

Sr a s  a b o v e
r V ’

] (I ------------ u x1
COOEt N 4-10h 

Ar2

(1 0 )

Han and Boudjouk d isco v e re d  th a t both I 2  and K I co u ld  be used to  

i n i t i a t e  the r e a c t io n 8^. Both a u th o rs88,8"̂ expressed s u r p r is e  th a t  

dioxane proved the optimum s o lv e n t in  view  o f i t s  tendency to  promote 

e n o lis a t io n . However, fo llo w in g  an e x te n siv e  in v e s t ig a t io n  o f the  

re a c tio n  c o n d it io n s , Han and Boudjouk concluded th a t  the r e a c t iv i t y  

o f the system  was dom inated by the in t e r a c t io n  between the z in c  

su rfa ce  and the io d in e . T h is  i s  in  agreement w ith  o b se rv a tio n s  th a t  

m etal powders can be a c t iv a te d  by h a lid e  s a l t s 8^ and e vid e n ce  produced
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by e le c tro n  m icro sco py o f manganese s u rfa c e s  a c t iv a t e d  by io d in e  in

These show th a t the number o f i n i t i a t i o n  s i t e s  generated on the  

su rfa ce  o f the m e ta l by a sh o rt p e rio d  o f s o n ic a t io n  f a r  exceed those  

cre a te d  by s t i r r i n g  the reagents to g ether fo r  s e v e r a l hours. 

Furtherm ore, t h is  in v e s t ig a t io n  in to  the co u p lin g  o f  a l l y l i c  io d id e s  

in  the presence o f a c t iv a te d  manganese c o n c lu s iv e ly  dem onstrated th a t  

t h is  was the m ajor r o le  o f the u ltra so u n d  s in c e , once the i n i t i a t io n  

p ro cess was com plete, the r a te  o f the ongoing r e a c t io n  was unchanged

by the presence o r absence o f u ltra so u n d .

(b) Generation of allylzinc reagents

A l l y l i c ,  b e n z y lic  and p ro p a r g y lic  brom ides w i l l  a ls o  r e a c t  w ith  z in c  

to  g iv e  the corresponding o rg an o zin c brom ides. R e a ctio n  w ith  both C -C  

and C -N  m u lt ip le  bonds has a lre a d y  been shown to  p ro vid e  a p o t e n t ia l ly  

u s e fu l route to  some o l e f in ic  compounds . However, the r e a c t io n  w ith  

te rm in a l a c e ty le n e s  produces m ix tu re s  o f mono- and b is -a d d it io n  

products (1 1 ) and (1 2 ) m  low y ie ld  .

the presence and absence o f ultrasound"^,

Mn +

Bu +

3 6 %
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The s y n th e t ic  u t i l i t y  o f t h is  r e a c t io n  was g r e a t ly  in c re a se d  when 

Knochel and Normant showed th a t  s o n ic a t in g  the r e a c t io n  m ix tu re  

allo w ed  m o n o -ad d itio n  to predom inate g iv in g  good y ie ld s  o f h ig h ly

fu n c t io n a lis e d  d ie n e s (13 ). F u rth e r e la b o ra tio n  gave a v a r ie t y  o f s ix  

and seven membered c a rb o - and h e te ro c y c le s .

COOtf-Bu

H—  —
Zn T H F

O T M S  1h

4 5 - 5 0 °C  >))

COO*-Bu
81%

O T M S

(13)

(i)

(ii)

E tO O C
( ' )  A c O C I, A cO H

(ii) P d (P P h 3)4 5 m ol%  I

N E t3l( E t 0 2C )2 C ^ N a *  ^

T H F

(c) Zinc Mediated cyclopropanation

C O O Et

COO^-Bu

R e a ctio n  o f a lk e n e s w ith diiodom ethane in  the p resence o f  a 

z in c /c o p p e r  coup le  produces cyclo p ro p a n e s by m ethylene t r a n s f e r  from  

o rg an o zin c s p e c ie s . T h is  i s  the e s ta b lis h e d  method o f s y n th e s is in g  

cyclo p ro p a n e s; however, the procedure re q u ire s  a c t iv a t io n  o f the z in c  

by use o f Zn/Cu, Zn/Ag co u p le s, 1 2  o r  lit h iu m  m e ta l. The f i r s t  o f  

these i s  most commonly used, but the s e n s i t iv i t y  o f  the system  to  a i r  

makes the r e s u lt s  unreproducable and e r r a t ic .  Furtherm o re, the  

re a c t io n  w hich fo llo w s  has an in d u c t io n  p erio d  o f  in d e te rm in a te  le n g th  

and can be e x tre m e ly  v io le n t . Both these fa c to r s  c o n tr ib u te  to  making  

la rg e  s c a le  r e a c t io n s  f ic k le  and dangerous.

In  1982 Itepic and V o g t ^  d isco v e re d  th a t  ch e m ica l a c t iv a t io n  was 

unnecesary in  the presence o f u ltra so u n d  and y ie ld s  o f cyclop ropanated  

o le f in s  were c o n sid e ra b ly  h ig h e r than co uld  be ob tain ed  u sin g  

co n v e n tio n a l methods. The r e a c t io n  was c a r r ie d  out under n itro g e n  in



Zn (4eq) l2CH 2

methyl oleate ------------------
DME N 2

Figure 13
Percen tag e y ie ld  o f cyclop ropanated m a t e r ia l as a fu n c t io n  o f tim e  fo r  
the r e a c t io n  o f m ethyl o le a te  w ith  z in c /d iid o m e th a n e  in  
dim ethoxyethane showing the d if f e r e n c e s  in  ra te  o f r e a c t io n  between 
th e  so n ic a te d  ( ----------------  )and s t ir r e d  ( - — --------) r e a c t io n s
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r e f lu x in g  dim ethoxyethane, ta k in g  ca re  to ensure th a t  a l l  tr a c e s  o f  

io d in e  were removed from the diidom ethane p r io r  to  i t s  use. Under 

these c o n d it io n s  r e a c t io n  was in stan taneo u s and was found to  proceed  

sm oothly and r a p id ly  w ith  e x trem e ly  crude form s o f  z in c ,  ejg ro d s, 

f o i l s  and m ossy z in c .  Exam in atio n o f the r e a c t io n  w ith  m ethyl o le a te  

in  the presence and absence o f  u ltra so u n d  c l e a r l y  dem on strates the  

ra te  in c re a s e  o b tain ed  by s o n ic a t io n  o f the r e a c t io n  m ix tu re , t h is  i s  . 

shown in  f ig u r e  13 . Furtherm ore sw itch in g  o f f  the u ltra so u n d  source  

reduces the r a te  o f r e a c t io n  to  th a t of the s t i r r e d  r e a c t io n .

For reasons p r e v io u s ly  e x p la in e d , i t  seems u n l ik e ly  th a t  the high  

tem peratures rep o rted  are  n e ce ssa ry  fo r  g e n e ra tio n  o f the o rg ano zin c.

T h is  view  i s  supported by evid en ce  th a t aldehydes can be m ethylenated  

u sing  the same org an o zin c prepared in  THF s o lu t io n  a t  room 

tem perature . U noptim ised y ie ld s  o f o le f in  (14 ) were between 30 and 

70% w ith in  2 0 -12 0  m in. Y ie ld s  obtained u sin g  k e to n ic  s u b s tr a te s  were

Zn  (5 e q )

RCHO + CH2I2 --------- -
T H F  » )

2 0 - 1 20m in

R

H

(1 4 )

3 7 - 7 0 %

much low er -  a lth o u g h  com parable to  those o b tain ed  u s in g  an a c t iv a te d  

Zn/Cu co u p le . T h is  i s  o f  no g re a t consequence a s  com plim entary  

methodology f o r  the m eth y len a tio n  o f ketones a lr e a d y  e x is t s .

R e ce n tly  p u b lish e d  w o rk ^  showed th a t the le s s  r e a c t iv e  dibromomethane 

could be used f o r  c yc lo p ro p a n a tio n  although the p r io r  a c t iv a t io n  o f  

the z in c  was n e c e ssa ry . The re a c t io n  has a long in d u c t io n  p erio d  and 

y ie ld s  are  somewhat low er than those reported u s in g  diiodom ethane.

T h is  e f f e c t  i s  p a r t ic u l a r l y  n o t ic a b le  in  the ca se  o f a c y c l ic  a lk e n e s, 

although y ie l d s  co u ld  p ro b ab ly  be improved i f  the r e a c t io n  was c a r r ie d  

out a t  low er tem perature. N e v e rth e le ss , the a u th o rs argue th a t the
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c u rre n t d is p a r it y  between the p r ic e s  o f  the two dihalom ethanes argues  

co g e n tly  in  favour o f i t s  use -  p a r t ic u la r ly  in  the p re p a ra tio n  o f  

cyclop ropanes from r e a d ily  a v a ila b le  s t a r t in g  m a t e r ia ls .

Zn(Cu),Et20

45°C,CH2Br2,<2eq)

2h »)
(d) Formation of R^ZnLi.2LiCl

In  19 7 7  Isobe et a l  reported th a t R3 Z n L i.2 L iC l  s p e c ie s  would add 

c o n ju g a t iv e ly  to a -e n o n e s  in  a 1 ,4  fa sh io n . T ra n s fe r  o f the a lk y l  

groups proceeded in  h igh y ie l d ,  although n e ith e r  phenyl nor 

a c e t y le n ic  s u b s tr a te s  co uld  be persuaded to  r e a c t  a t  a l l  .

0°C
3BuLi + ZnCL ----

»)

In  1983 Luche's group d isco v e re d  th a t s o n o ly s is  o f a m ix tu re  o f a r y l  

brom ide, l it h iu m  w ire  and z in c  bromide in  an e th e r e a l s o lv e n t a t  0 °C  

r e s u lte d  in  the form ation o f organo zinc s p e c ie s  w itho ut the need fo r  

use o f a i r  s e n s it iv e  a lk y l l i t h iu m s .

These would add c o n ju g a t iv e ly  to a-enones in  th e 'p re se n ce  o f  

N i(a c a c )2« S id e  re a c tio n s ,e g  Wurtz c o u p lin g , were m in im a l and the  

r e a c t io n  gave good y ie ld s  o f  the 1 ,4 -a d d it io n  p ro ducts -  even in  the 

case o f  3 , & -d isu b stitu te d  enones T h is  was e s s e n t ia l ly  a on e-p ot  

r e a c t io n  and com plim ented the r e s u lt s  o f Iso b e 's  o r ig in a l  re p o rt . 

However, the a d d it io n  o f a l k y l  and v in y l  brom ides was reported to  be

Bu3ZnLi
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"unoptim ised", th a t  i s  to  sa y  th a t r e s u lt s  ob tain ed  u s in g  a Sonoclean  

(40kHz,96W l~l) bath were both e r r a t ic  and u nrep roducable.

T h is  problem was overcome by use o f  a c e l l -d is r u p t o r  type u ltraso u n d  

g en erato r. T h is  m o d if ic a t io n  p e rm itte d  much g re a te r  c o n tr o l o f the  

s o n ic a t io n  c o n d it io n s  and allo w ed  a d d it io n  o f 1 ° ,  2 °  , 3 °  a lk y l  and 

a l l y l i c  groups in  e s s e n t ia l ly  q u a n t it a t iv e  y ie ld  w it h in  1 0 - 2 0 m in .

T h is  developm ent a llo w s  a n a lo g ie s  to  be drawn between the s y n th e t ic  

u t i l i t y  o f the o rg an o zin c rea g e n ts and the organocuprates commonly 

used fo r  such tra n sfo rm a tio n s. The therm al s t a b i l i t y  o f  the  

o rg an o zin cs compares w e ll a g a in s t  the s e n s i t iv i t y  o f the
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org ano cu p rates, alth o u g h  the s to ic h io m e try  o f the r e a c t io n  s t i l l  

r e q u ir e s  the use o f two e q u iv a le n ts  o f  a lk y l  bromide. Recent attem p ts  

to  overcome t h is  problem by use o f RZnX sp e c ie s  f a i l e d  to  r e s u lt  in
on

any s ig n if ic a n t  t r a n s f e r  o f the a l k y l  group to the a-enone.

» )
Li + Zn Br2 + Mel ------► MeZnBr

7a
In  t h e ir  o r ig in a l  com m unication Luche e t  a l  had assumed th a t  the  

a c t iv e  s p e c ie s  was a d ia r y lz in c  on the b a s is  of the s to ic h io m e try  o f  

the reagents used. They suggested th a t such s p e c ie s  co u ld  be generated  

v ia  one o f two p o s s ib le  pathw ays. The p rim ary p ro ce ss co u ld  e it h e r  be 

envisag ed  in  term s o f  form ation o f  an a r y ll it h iu m  fo llo w e d  by

tr a n s m e ta lla t io n  w ith  z in c  bromide to  g iv e  the o rg a n o zin c; o r  

g e n e ra tio n  o f  a c t iv a te d  z in c  r e s u lt in g  from re d u ctio n  o f the z in c  

h a lid e  by the l it h iu m . R e actio n  w ith  the a r y l h a lid e  u\ s i t u  would 

then le ad  to fo rm atio n  o f the a r y l  z in c .

2 R- X + 2 Li ------ R — Li

ZnX2 + Li *
Zn

ZnX
------- - R 2Zn + n Li X
2R X

The second pathway i s  analogous to the re a c tio n  o f an a c t iv a t e d  m e ta l,  

s im i l a r  to those generated u sin g  R ie ck e 's  methodology, w ith  a lk y l  

h a lid e s . However, Luche re p o rts  th a t  p r e -a c t iv a t io n  o f  the z in c  gave  

poor y ie ld s  o f  o rg an o zin c under sonochem ical c o n d it io n s . I t  should  

a ls o  be noted th a t  a la rg e  e x ce ss o f  l it h iu m  was used in  a l l  c a se s . 

The p rim a ry  d if f e r e n c e  between these pathways i s  s u r e ly  th a t  the 

form er re q u ire s  double the s t o ic h io m e t r ic  amount o f  l it h iu m  compared 

to  the la t t e r .  Luche has not p u b lish e d  any e x p e rim en ta l d a ta  

concern ing  t h is  d iscre p a n c y  alth o u g h  he appears to  fa v o u r the
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tr a n s m e ta lla t io n  argument.

In  the same p a p e r ^  Luche e t  a l  have a ls o  shown th a t  t h is  methodology 

can be a p p lie d  to  the fo rm atio n o f  mixed org an o zin cs in  the manner 

shown below. The o n ly  product is o la t e d  (15) a r is e s  from tr a n s fe r  o f  

the a r y l  group to the enone T h is  com plim ents the b e h avio u r o f  mixed 

organocuprates w hich w i l l  t r a n s f e r  unsaturated a l k y l  groups in  

p reference to sa tu ra te d  lig a n d s . In  t h e ir  most re c e n t p u b lic a t io n s  

P e t r ie r  and L u c h e ^  have p u b lish e d  some in te r e s t in g  work concerning  

the r e a c t io n  o f a l l y l z i n c  and t in  s p e c ie s  w ith  ald eh ydes in  aqueous 

m edia. Y ie ld s  fo r  both the s t ir r e d  and so n icate d  r e a c t io n s  were o f  

the same ord er o f m agnitude, alth o u g h  the z in c  rea g e n ts appeared to be 

le s s  s e n s it iv e  to  s t e r ic  crow ding than the corresponding t in  

analogues. C o m p e titiv e  r e a c t io n  between aldehydes and ketones 

favoured a d d it io n  to  aldehydes and even u n a ctiv a te d  a l k y l  h a lid e s  

co uld  be persuaded to  add c o n ju g a t iv e ly  to a-enones i f  the z in c  was 

a c t iv a te d  by a copper couple .

L i + Z n B  r2

0  > ))

B r

30min )) )

Ni(acac)2 RT 

0

( 15 )
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R e a ctio n s have been reported in  aqueous s o lu t io n s  o f e th a n o l, aceto n e, 

THF and p y r id in e , and even in  pure w ater i t s e l f .  The mechanism f o r  

t h is  i s  i s  not understood alth ou gh a p la u s ib le  su g g e stio n  would be 

th a t the r e a c t io n  proceeds v ia  a r a d ic a l  pathway, which would be 

promoted by the presence o f w ater, r a th e r  than any d is c r e t e  

o rg a n o m e ta llic  s p e c ie s .

As y e t , t h is  methodology rem ains u n e x p lo ite d . In  a d d it io n , the  

com parative h a rd in e ss  and r a p id , f a c i l e  p re p a ra tio n  o f th ese  rea g e n ts  

should make t h is  methodology o f g re a t in t e r e s t  to s y n t h e t ic  o rg a n ic  

c h e m ists  and Luche and co -w o rk e rs have c le a r ly  dem onstrated the scope  

o f o rg an o zin cs as a lt e r n a t iv e s  to  organocuprates.

58%

M = Sn 70%

+ 70%

O o

+i  P r  I
»)

8 0 %
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(e) Zinc mediated perfluoroalkylation

F e rf lu o r o a lk y lm e ta ls  are  not commonly used in  s y n t h e s is  -  presum ably  

because o f t h e ir  low s t a b i l i t y .  Ih e  d r iv in g  fo rc e  behind t h is  i s  the  

e lim in a t io n  o f the m eta l h a lid e  le a v in g  the p e r f lu o r o o le f in .

Kitazum e and Ish ik a w a  have p u b lish e d  a number o f com m unications on the  

r e g io s p e c if ic  z in c  m ediated p e r f lu o r a lk y la t io n  o f a v a r ie t y  o f  

substrates® ® - ®®. A c o m p ila tio n  o f these r e s u lt s  appeared in  1985®^ 

(F ig u re  14 ). Secondary a lc o h o ls  are  a v a ila b le  in  m oderate y ie ld  by 

r e a c t io n  o f p e r f lu o r o a lk y l h a lid e s  (RpX) w ith  ald eh ydes a s the r e s u lt  

o f a m o d ifie d  B a r b ie r -ty p e  reactio n® ^'® ^.

However, r e a c t io n  w ith  ketones gave low y ie ld s  o f  the expected

t e r t ia r y  a lc o h o l, although these co u ld  be doubled by r e a c t io n  in  the

presence o f a b i s [ n -c y c lo p e n t a d ie n y l] t it a n iu m ( II)  c a t a ly s t  , which was

prepared h i s i t u  by re d u ctio n  o f the d ic h lo r id e  w ith  z in c  in  the

presence o f u ltra so u n d . In  c o n tr a s t , i t  should be noted th a t , y ie ld s

in  the analogous l it h iu m  m ediated r e a c t io n  were c o n s is t e n t ly  h ig h er

• • 'isw itho ut the need fo r  use o f any a d d it io n a l c a t a l y s is  .
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84 87Both v i n y l i c ,  a l l y l i c  and a r y l  p e r f lu o r o a lk y lz in c  compounds ' 

co u ld  a ls o  be generated in  the p resence o f p a lla d iu m  c a t a ly s t s .  The 

r e g io s p e c if ic it y  o f the r e a c t io n  was reported to be b e tte r  than 95% 

although y ie ld s  o f  the a lk y la t e d  p ro duct were o n ly  m o d erate ly  good. 

The a d d it io n  o f p e r f lu o r o a lk y lz in c s  to  alkyn es and d ie n e s  was r e g io -  

but not s t e r e o s p e c if ic  ' and, a s  in  a l l  ca se s, y ie ld s  o f a lk y la t e d  

p ro du cts were c o n s is t e n t ly  h ig h e r u sin g  a lk y l  io d id e s  than w ith  the  

e q u iv a le n t a lk y l  brom ides.

A b r ie f  in v e s t ig a t io n  u sin g  c h ir a l  a u x i l i a r ie s ,  in  t h is  ca se  Ender's

RAMP and SAMP, p ro vided  a route to  o rd isu b stitu te d  ketones (16) w ith  a

87moderate degree o f c h ir a l  in d u c tio n  .

O M e

N '  '
1) R p l/ Z n ,3 h , 5 0 - 6 0 °  C

X R 2 ( 1 6 )

4
2) C p 2T iC I2, D M F  •

•> + Rp3 ) H 30

yield = 3 1 -5 6 %

ee 54-76%
The o n ly  o th er example o f a s t e r e o s p e c if ic  p e r f lu o r o a lk y la t io n

88r e a c t io n  a ls o  used K itazum e's methodology . Using a chromium  

tr ic a r b o n y l m oiety as the c h ir a l  a u x i l ia r y  gave h ig h  y ie ld s  o f

100%
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b e n z y lic  a lc o h o l ( 1 7 ) v ia  a m o d ifie d  B a rb ie r  r e a c t io n . However, the  

degree o f asym m etric in d u c tio n  u sin g  unbranched p e r f lu o r o a lk y l  

h a lid e s  was low , alth ou gh a m arg in al in c re a se  was seen when u sin g  

branched h a lid e s . The chromium tr ic a r b o n y l m oiety i s  r e a d ily  removed 

by p h o to ly s is  and y ie l d s  o f a lc o h o l are  v i r t u a l l y  q u a n t it a t iv e .

(f) Preparation of reactive intermediates

U ltrasoun d  has been e x p lo ite d  in  the z in c  m ediated g e n e ra tio n  o f a 

number o f r e a c t iv e  in te rm e d ia te s . Most o f these a re  o n ly  n o rm a lly  

a tt a in a b le  in  v e ry  low y ie ld  as a r e s u lt  o f the f o r c in g  c o n d it io n s  

n e cessary  fo r  t h e ir  g e n e ra tio n . For in s ta n c e , Han and Boudjouk showed 

th a t  o rth o x y ly le n e  (18 ) was r e a d ily  a v a ila b le  from o-d ib ro m o xylen e. 

Trapping the in te rm e d ia te  te tra e n e  w ith  m ethyl a c r y la t e  gave an 87% 

y ie ld  o f the product (19 ) a r is in g  from D ie ls -A ld e r  r e a c t io n  w ith  the
OQ

e x o c y c lic  d ie n e  .

( 18 )
O

8 7 %

(i) Zn, dioxane )))
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T h is  m ethodology has been e x p lo ite d  in  the s y n t h e s is  o f  a number o f  

t r i -  and t e t r a c y c l ic  system s r e la te d  to  the fu n g a l m e ta b o lite  

a lt e r s o la n o l A and the a n th ia c y c lin o n e  ft-rhodomycinone. As expected, 

c y c lo a d d it io n  o ccu rred  from the fr-face o f the d ie n e o p h ile  p ro v id in g  a 

s t e r e o s p e c if ic ,  i f  low y ie ld in g ,  route to these system s .

The p o te n t ia l fo r  in tro d u c tio n  o f c h ir a l  c e n tre s  u s in g  a D ie ls -A ld e r  

approach makes t h is  a p a r t ic u la r ly  a t t r a c t iv e  ro u te  to  benzo-fused  

cycloh exanes. However, the c h e m istry  o f o rth o x y ly le n e s  i s  r e l a t iv e l y  

unexplored as p re v io u s ro u te s to  t h is  e lu s iv e  in te rm e d ia te  in vo lv ed  

use o f rea g e n ts such as d isodium  t e tr a c a r b o n y lf e r r a te . T h is  reagent  

i s  extrem ely  in t o le r a n t  o f  o th e r fu n c t io n a l g ro u p s, m a in ly  a s  a r e s u lt  

o f i t s  h igh b a s ic i t y  and y ie ld s  obtained are  o n ly  a f r a c t io n  o f those  

a v a ila b le  u sin g  the z in c /u ltr a s o u n d  route.

P rep a ra tio n  o f  b i c y c l i c  system s v ia  the re d u c tiv e  co u p lin g  o f  1 , 3 -  

d ien es w ith  ct, a '-dibrom oketones to  g iv e  b i c y c l i c  system s has been 

known fo r some tim e . Hoffmann d isco v e re d  th a t m oderate y ie ld s  o f  

coupled product were a v a ila b le  u sin g  a z in c /c o p p e r  coup le . The 

re a c tio n  took between 12 -8 0 h 93; however, y ie ld s  co u ld  be 

s ig n if ic a n t l y  improved by use o f a t r im e t h y ls i ly l c h lo n d e  m ed iato r . 

Complementary work by N oyori9 3  had a lre a d y  shown th a t  use o f

d iiro n n o n a ca rb o n y l le d  to s ig n f ic a n t  in c re a s e s  in  y ie l d  d e sp ite  the  

obvious d isa d va n ta g e s o f i t s  expense and t o x ic it y .  Hoffmann has 

re c e n tly  examined the e f f e c t s  o f u ltra so u n d  on h is  o r ig in a l  

re a c tio n  . He re p o rts  th a t the re a c t io n  proceeded sm oothly even in  

the absence o f the s i l y l  c h lo r id e , although r e a c t io n  tim e s co uld  be
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reduced to  le s s  than 30min in  i t s  presence. In  f a c t ,  the h ig h e s t  

y ie ld s  were o b tain ed  u sing  s t e r i c a l l y  hindered te t r a s u b s t it u t e d  

ketones and the method appears to  be in d is p e n s a b le  in  such c a se s. In  

a d d it io n , u ltra so u n d  was rep orted  to  promote the d iiro n n o n a ca rb o n y l 

m ediated r e a c t io n , although r e a c t io n  tim es were somewhat lo n g er.

Z n (C u )

1-2h ,))

71-91%
E x te n sive  in v e s t ig a t io n s  in to  the a lk y la t io n  o f  a ja '-d ib ro m o k e to n es  

u sin g  m ercury d is p e r s io n s  have been c a r r ie d  o u t by F ry  and c o -  

w o r k e r s ^ - - ^ .  Comparison w ith  the e q u iv a le n t e le c tr o c h e m ic a l r o u t e ^  

showed th a t  re d u ctio n  w ith  u lt r a s o n ic a l ly  d is p e rs e d  m ercury gave a 

h ig h e r degree o f r e g io s p e c if ic it y .  A lk y la t io n  proceeded sm oothly w ith  

a v a r ie t y  o f  n u c le o p h ile s  and condensation w ith  ketones produced a 

one-pot s y n t h e s is  o f 4 -is o p r o p y l id e n e -1 ,3 -d  io x a la r is  (2 1) . R eactio n i s  

thought to  proceed through the 2 -h y d r o x y a lly l  c a t io n  (2 0 ) and mono­

s u b s t it u t io n  o f the parent ketone predom inates -  even in  the case o f  

s t e r i c a l l y  undemanding s u b s tr a te s . F ry  b e lie v e s  th a t t h is  i s  p u re ly  a 

m ixin g  e f f e c t  and re p o rts  th a t the re a c tio n  proceeds e q u a lly  w e ll  

u sin g  a h ig h  speed la b o ra to ry  homogeniser.

Br Br

R'
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1.10 Ultrasonic acceleration of organic reactions

Although m ost o f the exam ples in  t h is  review  d e a l w ith  the in t e r a c t io n  

o f m e ta ls  w ith  o rg a n ic  s u b s tr a te s , the e f f e c t s  observed are not 

l im it e d  to  o rg a n o m e ta llic  system s and a number o f u s e f u l procedures  

fo r  tra n sfo rm a tio n s in v o lv in g  n o n -m etals have been p u b lish e d . For  

in s ta n c e , am ines can be N -a lk y la te d  by a lk y l  h a lid e s  in  the p resence  

o f potassium  hydroxide and a phase t r a n s f e r  c a t a ly s t .  J S im i l a r l y ,  

d ir e c t  d isp lace m en t o f h a lid e s  by the th io c y a n a te  an io n proceeds 

sm oothly to  g iv e  h ig h  y ie ld s  o f the corresponding a lk y l  t h io c y a n a t e -^ .  

A lk y la t io n  o f is o q u in o lin e  u sin g  u lt r a s o n ic a l ly  generated d im s y l 

sodium^~* was a ls o  r e c e n tly  rep o rted  by w orkers u sin g  methodology 

developed in  19 6 6 ^ * \

N a H + M e ,

Long ch a in  a -b ro m o -to -c a rb o x y lic  a c id s  were converted to  t h e ir

1 2 8 -io d o -d e r iv a t iv e s  in  q u a n t it a t iv e  y ie ld  s im p ly  by s o n o ly s is  o f the

1 07a c id  w ith  1 2 8 - io d in e  in  e th y l a c e ta te  s o lu t io n  fo r  20min . As y e t  

th ere  are  no exam ples o f t h is  s im p le  procedure being used in  p la c e  o f  

the commonly used F in k e ls t e in  method f o r  p re p a ra tio n  of a lk y l  

io d id e s  from the e q u iv a le n t brom ide.

Hom ologation o f an a l l y l  brom ide was achieved  by s o n o ly s is  o f a long  

ch a in  f a t t y  a c id  in  the presence o f the sodium s a l t  . The r e a c t io n  

was c a ta ly s e d  by tetrabutylam m onium  bromide and the product (22) used  

in  a s y n th e s is  o f a type I  c y a n o lip id '^ *
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Br OH
n B u j N B r  ( 0 . 1 e q )

R C O “ Na+ ( 2 e q )  

D C M , 5h , ) ) )

RCOO

R  -  C 17H 33

(22)

P re p a ra tio n  o f th io am id es from am ides was a ls o  shown to  proceed f a s t e r  

and more e f f ic i e n t l y  under u lt r a s o n ic  c o n d it io n s . Y ie ld s  o f between 

77 and 97% were ob tain ed  w it h in  l - 2 h * ^ .  In  c o n tr a s t , the sta n d a rd  

r e a c t io n  in v o lv e s  use o f a la r g e  e x ce ss o f reagent a s  a r e s u lt  o f the  

in s o l u b i l i t y  o f P4 S 1 Q, and r e s u lt s  ob tain ed  u sin g  Law esson's reagent  

tend to  be u n p re d icta b le .

P 4 S 10 ( 1 - 1 . 5 e q )

r c o n h 2 ----------------— -  r c s n h 2
1 - 2 h  , T H F , ) ) )

3 0 - 4 0  C

S o n o ly s is  of powdered sodium h yd roxid e and chloroform  w ith  

concom m itant s t i r r i n g  le a d s  to  g e n e ra tio n  o f d ich lo ro ca rb e n e . T h is  

co u ld  be trapped by a v a r ie t y  o f o le f in s  p ro v id in g  a h ig h  y ie ld in g  

s y n th e s is  o f d ich lo ro c y clo p ro p a n e s^ ^ *  C om p etition  experim ents showed 

th a t the carbene produced was s e le c t iv e  fo r  h ig h ly  s u b s t itu t e d  double  

bonds and th a t i t s  beh aviour was analogous to  th a t produced in  

potassium  t-b u to x id e /c h lo ro fo rm  system s. In t e r e s t in g ly ,  s o n ic a t io n  o r  

s t i r r i n g  alo ne do not produce such a marked e f f e c t .  T h is  i s  p ro b ab ly  

due to  the in c re a s e  in  mass tra n s p o rt  e ffe c te d  by the s t i r r i n g .  The 

r e a c t io n  i s  c a r r ie d  out in  a low in t e n s it y  c le a n in g  bath and th e  

au th o rs had a lre a d y  remarked th a t la rg e  s c a le  re a c t io n s  (_ie >5mmol o f  

alkene) gave poor y ie ld s  o f cyclop ropane on t h is  account. However, 

i t s  m ajor advantage i s  th a t the r e a c t io n  proceeds w ith o ut the need fo r



the phase tr a n s f e r  c a t a ly s t s  th a t are  n o rm a lly  re q u ire d  and t h is  

m o d if ic a t io n  c o n s id e ra b ly  s im p l if ie s  the. w ork-up procedure.
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P h

NaOH

CHCI3

Cl
Cl

P h

conditions used % yield

0 » ) 1.5h 95

O — 16h 31

» ) 2 0 h 38

A number o f l i q u i d / l i q u i d  b ip h a s ic  system s have a ls o  been shown to  

b e n e f it  from u lt r a s o n ic  e m u ls if ic a t io n . These in c lu d e  the form ation  

o f o rg a n ic  a z id e s  from a c t iv a te d  p rim a ry  c h lo r id e s  and brom ides , 

s a p o n if ic a t io n  o f a r y l  e s t e r s ^ ^  and n i t r i l e s ^ ^  to  g iv e  the  

corresponding c a r b o x y lic  a c id .

A p p lic a t io n  o f u ltra so u n d  to  a number o f a lu m ina c a ta ly s e d  a ld o l  

r e a c t io n s  has a ls o  been found to  be b e n e f ic ia l .  I n i t i a l  re p o rts

s ta te d  th a t s e lf -c o n d e n s a t io n  o f ketones was enhanced by a f a c to r  of

• . 11 stwo o ver the a c id  c a ta ly s e d  d im e r is a t io n  .

( 23 )
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T h is  was la t e r  e x p lo ite d  in  a s y n th e s is  o f 3 - n i t  ro -2H -ch rom en es  

(2 3 ) 1 1 6  a v a r ie t y  o f e le c tr o n  w ithdraw ing s u b s t itu e n t s  in  

m oderate to  good y ie ld .  In  198 3 Ando e t a l  had rep o rted  the  

s y n th e s is  o f a ro y l n i t r i l e s  from the corresponding c h lo r id e s  by d ir e c t  

d isp lace m en t w ith  p otassium  cy a n id e .

K B r
P h M e ,  A l 20 3

+ » )  16h

C N

P h
+ K C N

P h M e , A l 20 3 B z

+
3h Bz

67% 87%

Extending t h is  to  the s y n th e s is  o f a r y l  n i t r i l e s  they found th a t  

y ie l d s  obtained were low (27%) but co u ld  be s ig n if ic a n t l y  augmented 

by the presence o f a b a s ic  a lu m in a  c a t a ly s t  and a tr a c e  o f  

w ater However, the s t ir r e d  re a c tio n  g iv e s  a m ix tu re  o f a -

an d p -b e n zylto lu e n e  r e s u lt in g  from F r ie d e l-C r a f t s  a tta c k  on th e  s o lv e n t.  

T h is  v a r ia t io n  in  r e a c t io n  pathway appears to be due to  the fo rm a tio n  

o f a c t iv e  io n  aggregates on s o n o ly s is  of the alu m ina w hich b lo ck  those  

s u rfa c e  s i t e s  n o rm a lly  a s s o c ia te d  w ith  i t s  Lew is a c id  n a tu re , coupled  

w ith  the enhanced n u c le o p h i l ic it y  o f the cyanide an io n . F u rth e r  

exam ination o f t h is  e f f e c t ^ ®  showed th a t u ltraso u n d  was e s s e n t ia l  f o r  

n u c le o p h ilic  s u b s t it u t io n  to  take  p la c e . Both the F r ie d e l -C r a f t s  

r e a c t io n  and the cyan id e  s u b s titu te  on were retarded when s o n ic a t io n  

was ceased a f t e r  p re -tre a tm e n t o f the KCN/alum ina m ix tu re  was 

com plete, but before a d d it io n  o f  the bromide.
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Brown and R a ch e rla  have a ls o  e x p lo ite d  u ltra so u n d  to  speed up 

h yd ro b o ratio n  o f s u b s tra te s  w hich r e a c t  extrem ely s lo w ly  w ith  a wide  

v a r ie t y  o f hydrobo rating a g e n t s -^ .  Of p a r t ic u la r  note i s  the  

r e a c t io n  o f  ( -) -c t-p in e n e  w ith  9-BBN to  g iv e  a lp in e -b o ra n e  (24) -  a 

u s e fu l reagent fo r  the asym m etric re d u ctio n  of a , ^ -a c e ty le n ic  ketones  

and o th e r p r o c h ir a l carb o n y l compounds. The authors rep o rt th a t  the  

r e a c t io n  ta k e s 12h  in  THF a t  6 5 °C , although t h is  can be reduced to  lh  

by u sin g  the neat reagents w hich g iv e  a q u a n t ita t iv e  y ie ld  o f a lp in e -  

borane. Once a g a in , t h is  i s  in  com plete accordance w ith  the  

p r e d ic t io n s  o f the "hot spot" theory.

I n  s i t u  g e n e ra tio n  o f G rig n a rd  reagents a ls o  a llo w s  acce ss to  a 

v a r ie t y  o f tr ia lk y lo rg a n o b o ra n e s  w hich are  u n a v a ila b le  by 

hyd ro bo ratio n. For exam ple, t r i is o p r o p y l,  b e n zy l, phenyl and 

a lly lb o r a n e s  can be prepared in  10 -3 0  m in by s o n o ly s is  o f a m ix tu re  o f  

boron t r i f l u o r id e  d ie t h y le th e r a te , magnesium tu rn in g s and a c r y s t a l  o f  

io d in e  in  e th e r. Dropw ise a d d it io n  o f the a lk y l  h a lid e  g iv e s  the  

d e s ire d  product w ith in  m inutes w itho ut the need fo r  p re -fo rm a tio n  o f  

the G rig n a rd  reagent. ^

3 MgBF.3 •OEt2>)))

3 nBuBr
E t 20 ;15min

3nBuB
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F in a l l y ,  u ltra so u n d  has been used in  the p re p a ra tio n  o f a v a r ie t y  o f  

organoselenium  and o rg a n o te llu riu m  compounds by r e a c t io n  o f a lk y l  

h a lid e s ,  t o s y la t e s ,  m e sy la te s and epoxides w ith  the p h en ylselen ium  

anion and d ir e c t  r e a c t io n  w ith  the * Sez , Te2 and Tez

anions, produced by e le c tr o c h e m ic a l re d u ctio n  o f the in s o lu b le  

elem ents .

In  the f i r s t  ca se  , we have prepared sodium p h e n y ls e le n id e  (25) in  lh  

by s o n o ly s is  o f d ip h e n y ld is e le n id e  w ith  sodium in  the presence o f  

benzopheneone, w hich a c t s  as an e le c tro n  t r a n s f e r  agent.

T H F  , 1 h

P h S e  S e P h  + 2 N a  ---------------- ►  N a S e P h

Ph2CO,)))
(2 5 )

R X  + N a  S e P h  ------------- -  R S e P h

0
R  = B r ,  I, O T s ,  O M s  Z A

T h is  o b v ia te s  the need to  use co m p licated  reagents and the o d ite ro u s ,

unpleasant reagent i s  prepared in  a se a le d  f la s k  ready f o r  use.

Y ie ld s  o f p h e n y lse le n o l ob tain ed  u sin g  t h is  reagent were v i r t u a l l y

q u a n t it a t iv e  -  even in  ca se s where com peting r e a c t io n s  m ight have been

expected to  prove p ro b le m a tic . For exam ple, a fragm ent o f the

ionophore a n t ib io t ic  M139603 (26) was prepared u sin g  t h is  

1 23methodology

(2 6 )
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?Q ?_ 0_
In  the second , s e q u e n tia l s y n th e s is  o f the E2  and E a n io n s by 

e le c to c h e m ic a l re d u ctio n  o f the elem ents p ro vid e s a route to  both  

d i a l k y l d i -  and m onoselenides and t e l le u r id e s .
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1.10 Ultrasonic acceleration of redox reactions

The w ell-docum ented e f f e c t s  o f u ltra so u n d  on heterogeneous syste m s  

have been e x p lo ite d  to  produce b e n e f ic ia l  in c re a s e s  in  the r a t e s  o f a 

number of re a c t io n s  th a t  would more commonly be executed under 

homogeneous c o n d it io n s . For in s ta n c e , the re d u ctio n  o f a r y l  h a lid e s  

w ith  l it h iu m  alum inium  h y d rid e  o ccu rs extrem ely s lo w ly  in  THF 

s o lu t io n ; however, Han and Boudjouk have reported th a t th e  r e a c t io n  

can be c a r r ie d  out in  a f r a c t io n  o f the tim e i f  dim ethoxyethane (DME) 

i s  used in  i t s  p l a c e - ^ .  S o n o ly s is  o f the heterogeneous r e a c t io n  

m ix tu re  g iv e s  h igh y ie ld s  (70-99%) o f the reduced pro duct. The e f f e c t  

was p a r t ic u la r ly  marked in  the case  of d e a c tiv a te d  a r y l  h a l id e s ;  fo r  

exam ple, p -brom otoluene gave a 97% y ie ld  o f to luene in  5h. In  

c o n tr a s t , the y ie ld  o f the s t ir r e d  re a c t io n  was a modest 2 1%  a f t e r  24h 

a t  room tem perature in  THF.

6 L i A I H 4 6
Br

0
T H F ,  R T ,  2 4 h 21%

» ) D M E ,  3 5  C, 5h 97%

• 1 OC \ # #This discovery was exploited by Lukevics et al , providing a route 
to the hydrides of a number of group IV element derivatives from the 

corresponding halo, alkoxy and amino compounds. The reaction is 

completely dependent on sonication and does not occur in its absence.
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LiAIH4 , hexane
E t , G e C I E t .G e  H

4 .5 h ,  4 0  C  . ) ) )

95%

S i  O M e  2h, 25  C S i  — D 100%

S o n o ly s is  o f a v a r ie t y  o f a lk y l  su b situ te d  n itro b en zen e s under an 

oxygen atmosphere in  the p resence o f s o l id  p otassium  h yd roxid e and a 

p o ly e th y le n e  g ly c o l phase t r a n s f e r  c a t a ly s t  gave m oderate y ie l d s  of  

the corresponding c a r b o x y lic  a c id  s a l t  (27). In t e r e s t in g ly ,  th e  

s t ir r e d  r e a c t io n  gave no a c id  and the p ro du cts o b se rv e d ,(28) and (29), 

aro se  from d im e r is a t io n  o f the s t a r t in g  m a t e r ia l . T h is  i s  one o f  

the few c a se s  where the a p p lic a t io n  of u ltra so u n d  a c t u a l ly  changes the  

pathway o f a r e a c t io n .

N O

N O

(28)

3h , 2 5 ° C ,  P h M e  

1 5 0 0 r p m
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S tu d ie s  on the homogeneous system  had p r e v io u s ly  shown th a t  the a c id  

was the predom inant product i f  the c o n c e n tra tio n  o f the rea g e n ts was 

low , o r the p a r t ia l  p re ssu re  o f oxygen was h ig h  x . These c o n d it io n s  

are  s a t is f ie d  i f  one assum es th a t the i n v o l a t i l i t y  o f p otassium  

hydroxide le a d s  to  an extrem ely  low co n c e n tra tio n  o f base in  the  

vapour phase, th a t i s ,  a t  the s i t e  a t  w hich r e a c t io n  o ccu rs.

O x id a tio n  o f secondary a lc o h o ls  to  ketones can a ls o  be e ffe c te d  in  

good y ie ld  u sin g  s o l id  p otassium  permanganate-1^ in  hydrocarbon  

s o lv e n ts . However, r e a c t io n  w ith  a r y l  compounds was slow  and p rim a ry  

a lc o h o ls  gave m ix tu re s  o f the aldehyde and the corresponding  

c a r b o x y lic  a c id .

h e x a n e  5h

3%

») 9 3 %



1.12 The effects of ultrasound on transition metal catalysed 
reactions

There i s  e x te n siv e  l i t e r a t u r e ,  p u b lish e d  some y e a rs  ago, concern ing

the a c t io n  o f u ltra so u n d  on t r a n s it io n  m eta l c a t a l y s t s * ^ .  Most o f

w hich l i e s  beyond the scope o f t h is  review . The p rim a ry

e f f e c t s  appear to  be due to  a r i s e  in  the e f f ic ie n c y  o f m ass 

1 *30tra n s p o rt , although f a c to r s  a lre a d y  o u tlin e d  fo r  o th e r  

heterogeneous system s must a ls o  be taken in to  c o n s id e ra tio n . Recent 

in v e s t ig a t io n s  have shown th a t p latin u m  c a ta ly s e d  h y d r o s ila t io n  

r e a c t io n s  are  promoted by u ltra so u n d  and h ig h  y ie ld s  o f the  

d e s ire d  product are  ob tain ed  w ith in  ex trem e ly  sh o rt p e rio d s  o f  

t i m e ^ l .  Furtherm ore, Han and Boudjouk have dem onstrated th a t fo rm ic  

a c id  can be used as a sou rce o f hydrogen in  p a lla d iu m  c a ta ly s e d  

r e d u c t io n s -^ .  U ltraso un d  can a ls o  be used to promote the c le a v a g e  o f  

b e n zy l e th e r p ro te c tin g  g r o u p s -^ .  In  g e n e ra l, the r a te  in c r e a s e s  are  

le s s  than t e n -f o ld . U ltra so u n d  has a ls o  been shown to  p la y  a r o le  

in  a number of in d u s t r ia l ly  im p ortant p ro ce sse s. These in c lu d e  the  

l iq u e f a c t io n  o f c o a l by hydrogenation w ith  C u / Z n - ^ ,  ammonia 

s y n t h e s is ^ ^  and a number o f p o ly m e ris a t io n  re a c t io n s



1.13 Transition metal carbonyls and ultrasound

V in y l  epoxides w i l l  r e a c t  w ith  the c o o r d in a t iv e ly  u n sa tu ra te d  

te tra c a rb o n y liro n  m o ie ty  to  g iv e  n - a l l y l  t r ic a r b o n y l ir o n  s p e c ie s * ^ .  

Work in  our la b o r a t o r ie s  had shown th a t  these were u s e f u l p re cu rso rs  

f o r  a wide range o f n a t u r a l ly  o c cu rrin g  $ and 6- la c t o n e s  and 

la c ta m s ^ ® .

The te tr a c a r b o n y lir o n  s p e c ie s  had o r i g in a l l y  been g enerated by
107

p h o to ly s is  o f iro n  p en taca rb o n yl . However, the hazardous nature of  

t h is  reagent prompted us to  examine o th e r methods f o r  i t s  g en eratio n . 

Experim ents showed th a t  f e r r i la c t o n e s  were r e a d ily  a v a ila b le  as a 

r e s u lt  o f treatm ent o f v in y l  epoxides w ith  d iir o n  nonacarbonyl in  THF 

s o lu t io n . D iir o n  nonacarbonyl i t s e l f  i s  p a r t i a l l y  s o lu b le  in  THF and 

IR  s tu d ie s  c le a r ly  show the presence o f Fe(C0 ) 5  in  s o lu t io n  

accompanied by "at le a s t  one o th er carb o n yl sp e c ie s"  . Cotton has 

suggested th a t c o o rd in a tio n  o f a THF m olecu le  to  th e  vaca n t s i t e  of  

the iro n  may be o c c u r r in g ^ ^  in d ic a t in g  th a t the a c t iv e  s p e c ie s  i s  in  

f a c t  Fe(CO)4 .THF. Aumann has a ls o  invoked the in te rm e d ia cy  o f a 

te tr a c a r b o n y lir o n  s p e c ie s  to  e x p la in  the r e s u lt s  o f the p h o to ly t ic  

re a ctio n l3 7 ^  -phis i s  supported by the a v a i l a b i l i t y  o f d i ir o n  

nonacarbonyl on p h o to ly s is  o f iro n  p en tacarb on yl w hich p ro bab ly o ccu rs  

by re a c tio n  o f a te tr a c a r b o n y lir o n  s p e c ie s  w ith  e x ce ss s t a r t in g  

m a t e r ia l.

Fe(CO)5

Fe(CO)s ------ ►  Fe(CO )4 -------*-  Fe2(CO)#

We have a ls o  d isco v e re d  th a t s o n o ly s is  o f s l u r r ie s  o f d i ir o n  

nonacarbonyl and v in y l  epoxide in  benzene s o lu t io n  a ls o  g iv e s  good 

y ie ld s  o f the re q u ire d  p roduct. However, S u s l ic k  re p o rts  th a t the



o n ly  p ro du cts generated by s o n o ly s is  o f Fe2 (CO) 9 a re  Fe(C0 ) 5  and 

f in e ly  d iv id e d  ir o n * ^ .  S o n o ly s is  o f Fe(C0 ) 5  i t s e l f  le a d s  to  

fo rm atio n o f the dark green Fe3 (CO)3 2 . In  c o n s id e rin g  the mechanism  

o f t h is  r e a c t io n  S u s l ic k  concluded th a t the i n i t i a l  step  was fo rm atio n  

o f a t r ic a r b o n y lir o n  in te rm e d ia te . Subsequent r e a c t io n  w ith  Fe(C0 ) 5  

co uld  then be invoked to  e x p la in  the presence o f Fe3 (CO)2 2.

Fe(CO )s ------ ►  Fe(CO )3 + 2 CO

Fe(CO)5 Fe(CO)5

Fe(CO) ------ ►  Fe (CO) -------►  Fe (CO)
3 2 8  3 12

Fe2(CO)9 ------ ►  Fe(CO)s + Fe + 4 CO

The in te rm e d ia cy  o f FefCO)^ was ru le d  out on the grounds th a t i t  would 

be trapped by excess Fe(CO) 3  as soon as i t  was formed producing  

Fe2 (CO)9 .

Fe(CO)5

Fe(CO) ----------- ►  Fe (CO)4 2 9

D iir o n  nonacarbonyl was not observed a s a product o f t h is  r e a c t io n  and 

d e s p ite  h is  o b se rv a tio n  th a t sonochem ical c lea v a g e  o f  t h is  s p e c ie s  

o ccurred  as f a s t  as th a t o f Fe3 (CO) 3 2  p ro d u ctio n , S u s l ic k  e m p h a tic a lly  

concluded th a t Fe(C0 ) 4  was not an in te rm e d ia te  on th e  pathway to  

Fe3 (CO)1 2 . However, he la t e r  conceded th a t the presence o f Fe(C0 ) 4  

s p e c ie s  co uld  not be ru le d  out



Fe(CO) Fe(CO) + CO
5 4

F e (C O )5

2 Fe(CO)
4

Fe2(CO), Fe (CO)
3 12

We have not been a b le  to  reproduce t h is  re a c t io n  u sin g  Fe(CO)5  in  our  

la b o r a t o r ie s ; however, t h is  i s  p ro b ab ly  due to  the low in t e n s it ie s  o f  

u ltra so u n d  o b ta in a b le  u s in g  a c le a n in g  bath. W h ils t  t h is  i s  c l e a r l y  

s u f f ic ie n t  to  produce c a v it a t io n  in  heterogeneous s l u r r ie s  o f Fe2 (C0 )g 

i t  i s  inadequate fo r  the corresp onding homogeneous r e a c t io n  f o r  

reasons a lre a d y  d is c u s s e d . S u s l ic k  has shown th a t Fe(C0 ) 5  w i l l  

undergo s u b s t it u t io n  by phosphines under more in te n se  i r r a d ia t io n ,  

although the s e q u e n tia l lo s s  o f ca rb o n y l lig a n d s  i s  not a fe a tu re  o f  

e it h e r  the therm al o r p h o t o ly t ic  re a c t io n s .

F u rth e r  s tu d ie s  have shown th a t  Fe(C0 ) 3  s p e c ie s  are  r e a d ily  trapped by 

1 ,3 -c o n  ju g  a t  ed d ien es and the ^ -( d ie n e jF e C C O ^  com plexes a re  is o la t e d  

in  v i r t u a l l y  q u a n t it a t iv e  y ie l d ‘d .  T h is  r e a c t io n  i s  o f g re a t  

s y n th e t ic  use in  the l ig h t  o f the in t e r e s t in g  c h e m istry  o f th e se  

com plexes and the number o f methods in  e x is te n c e  fo r  the re co v e ry  o f  

the d iene w hich suggest th a t  the tr ic a r b o n y l iro n  m oiety may be a 

u s e f u l p ro te c tin g  group fo r  conjug ated  d ie n e s. D e sp ite  t h is ,  y ie ld s  

o f the e q u iv a le n t th erm al r e a c t io n  between the d ien e and Fe(C0 > 5  are  

e x trem e ly  modest.

S im i l a r l y ,  we have a ls o  dem onstrated th a t trim ethylenem ethane  

t r ic a r b o n y lir o n  (30) i s  r e a d ily  a v a ila b le  by s o n o ly s is  o f e q u im o la r



amounts o f Fe2 (CO)9  and 3 -c h lo r o -2 -c h lo r o -m e t h y lp r o p -l -e n e  in  3 0 /4 0 °  

petroleum  e th e r. T h is  g iv e s  a rem arkable 90% y ie ld  o f the d e s ire d  

product1 4  . In  c o n tr a s t , the h ig h e s t recorded y ie ld  was a meagre 30% 

d e scrib e d  by Emerson e t  a l 1 4 "1

Cl

Cl-

F e 2( C O ) g , » )

(3 1 )

Fe (CO)3

S u s l ic k  has made an e x te n s iv e  stu dy o f the son ochem istry o f FeCCO)^ 

w hich he has used as a probe to  explo re the ch e m ica l e f f e c t s  o f h ig h  

in t e n s it y  u ltra so u n d . The r e s u lt  o f t h is  work are  sum m arised  

elsew here in  t h is  re v ie w . S u s l ic k  and Johnson1 4 "1 have a ls o  shown th a t  

s o n ic a t io n  g r e a t ly  f a c i l i t a t e s  the p re p a ra tio n  o f e a r ly  t r a n s it io n  

m etal carbon yl an io n s. Hence, s o n ic a t io n  o f vanadium t r ic h l o r id e  and 

sodium sand in  THF s o lu t io n  gave a 35% y ie ld  o f NaV(CO)g under 4.4 

atm ospheres o f carbon monoxide a t  10 °C . The e q u iv a le n t  th erm al 

re a c t io n  re q u ire s  the r e a c t io n  to  be c a r r ie d  out a t  1600^ und er 2 0 0

atm ospheres o f carbon monoxide. That i s ,  the tem peratures and 

p re ssu re s produced by c a v it a t io n  are  comparable to  the bomb c o n d it io n s  

n o rm a lly  re q u ire d  fo r  th e  p re p a ra tio n  of these compounds14 4 .

S u s l ic k 's  review  p re s e n ts  fu r th e r  work m  support o f t h is  o r ig in a l  

o b se rv a tio n ; however, no d e t a i l s  of t h is  work have appeared to  d ate.

A v a r ie t y  o f c o o r d in a t iv e ly  un satu rated  m etal carb o n yl s p e c ie s  are  

known to  be potent homogeneous c a t a ly s t s .  S o n ic a tio n  o f  1-p e n te n e  in  

the presence of Fe(CO) 5  produces the thermodynamic m ix tu re  o f  c i s  and

trans pent-2-ene14"1* Under these conditions the reaction is 10^ times

faster than the equivalent thermal reaction141. The increase is less



75

marked in  the ca se  o f s t e r i c a l l y  h indered a lk e n e s , ec[ 2 - e t h y l p e n t - l -  

ene, and does not o ccu r in  the absence o f 3 -hyd rog en s. T h is  i s  

c o n s is te n t  w ith  the re a c t io n  o c cu rrin g  v ia  a h y d r id o - r c -a lly l  

in te rm e d ia te  and FT IR  sp ectroscopy im p lie s  the presence o f  

Fe (C 0 )4 (p e n te n e ) under these c o n d it io n s * ^ .

The exam ples g iv e n  dem onstrate the ease w ith  w hich c o o r d in a t iv e ly  

u nsatu rated  t r a n s it io n  m etal carb o n yl s p e c ie s  can be g enerated. The 

s p e c if ic i t y  o f  the re a c t io n s  c a r r ie d  out a t ,  o r s l i g h t l y  below , 

am bient tem perature c o n tr a s ts  w ith  the low y ie ld s  o f p ro d u cts obtained  

v ia  e q u iv a le n t th erm al re a c tio n s  and c le a r ly  shows p o t e n t ia l  fo r  the  

p re p a ra tio n  o f a wide v a r ie t y  o f o rg a n o m e ta llic  com plexes.

Suggestions th a t  h ig h  p ressu re  c a rb o n y la tio n s  can be c a r r ie d  out 

w ithout c a l l  f o r  co m p licated  and expensive ap p aratus c l e a r l y  m e rit  

fu rth e r  in v e s t ig a t io n . H o p e fu lly , S u s l ic k  e t  a l  w i l l  shed some l ig h t  

on t h is  m a tte r when f u l l  d e t a i ls  o f  t h e ir  re ce n t work appear.
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1.14 Conclusion

In  c o n c lu s io n , the b e n e f ic ia l  e f f e c t s  o f u ltra so u n d  on r e a c t io n s  in  

non-aqueous s o lv e n ts  have o n ly  been a p p re cia te d  w ith in  the p a st few y e a rs  

and a g re a t d e a l more e x p lo ra tio n  i s  re q u ire d  b e fo re  i t s  p o t e n t ia l  fo r  

a p p lic a t io n  to  s y n th e s is  i s  f u l l y  r e a lis e d . The sh eer v a r ie t y  o f  

re a c t io n s  d e t a ile d  in  t h is  review  dem onstrate the re le v a n ce  o f t h is  

work to  s y n th e t ic  ch e m ists. Furtherm ore, the c u rre n t  le v e l  o f in t e r e s t  

in  t h is  to p ic  i s  in c re a s in g  a t  such a r a te  th a t the w idespread  

acceptance o f u ltra so u n d  as a s y n th e t ic  to o l may o n ly  be a m a tte r o f  

tim e.
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CHAPTER 2

Introduction

In  19 6 4 , Heck and Boss  ̂ d isco v e re d  th a t treatm ent o f c e r t a in  

c h l o r o a l l y l ic  a lc o h o ls  w ith  FefCO)^ produced novel /r -a l ly lf e r r i la c t o n e  

s p e c ie s .

(CO)3Fe

OH

Subsequent work showed th a t  f e r r i  la c to n e s  could  be d e riv e d  from a 

v a r ie t y  o f s u b s tr a te s  ; however, t h e ir  s y n th e t ic  p o t e n t ia l  rem ained  

unexplored and u n r e a lis e d .

The most g en e ra l procedure d e scrib e d  fo r  the s y n th e s is  o f f e r r i -

la c to n e s  in v o lv e s  the in s e r t io n  o f a carb o n yl group from a

c o o r d in a t iv e ly  u n sa tu ra te d  te tr a c a r b o n y lir o n  m oiety in to  th e  C -0  bond

o f a v in y l  epoxide. The r e a c t iv e  in te rm e d ia te  was o r i g in a l l y

generated by th e rm o ly s is  o f  iro n  p entacarbonyl ; however, subsequent

work showed th a t more c o n s is te n t  r e s u lt s  were ob tain ed  under

4—6p h o t o ly t ic  c o n d it io n s  .

Work in  our la b o r a to r ie s  la t e r  e s ta b lis h e d  th a t th ese  com plexes were 

v e r s a t i l e  in te rm e d ia te s  f o r  the s y n th e s is  o f a v a r ie t y  o f  

l a c t ones ^ - Ceri um (IV ) o x id a t io n  o f f e r r i la c t o n e s  produces  

good y ie ld s  of the 0 - la c t o n e  a r is in g  from co u p lin g  o f the la c to n e  

ca rb o n y l to  C -2  o f  the / r - a l l y l  u n it .  That i s ,  the o v e r a l l  

tra n sfo rm a tio n  i s  e q u iv a le n t  to  form al a d d it io n  o f carbon monoxide 

a c ro s s  the o x ira n e  r in g . In  c e r t a in  exam ples, o x id a t iv e  co u p lin g
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between C -4  a t  the 7r - a l l y l  term inus and the la cto n e  ca rb o n y l 

predom inated le a d in g  to  is o la t io n  o f the six-m em bered 8 - la c t o n e . At 

about the same tim e , Aumann and co -w o rkers reported th a t  e x h a u stiv e  

c a rb o n y la tio n  of th ese  com plexes (200-300 atm.) produced the 8-la c to n e  

to  the e x c lu s io n  o f any o th e r product . Hence, we have a c c e ss  to two 

com plim entary p ro ce sse s fo r  the p re p a ra tio n  of e it h e r  0- o r  5 - la c t o n e s  

from any one f e r r i  la c to n e .

Both p ro cesses are  e x trem e ly  f a c i l e  and produce h ig h  y ie l d s  o f the  

d e s ire d  product. Furtherm ore, the f e r r i la c t o n e s  th em selves a re  

o b tain ed  as a i r  s t a b le ,  c r y s t a l l in e  y e llo w  s o l id s  and can be sto re d  

under r e f r ig e r a t io n  fo r  p e rio d s o f up to  a y e a r w ith o ut a p p re c ia b le  

decom position. The com plexes are  is o la t e d  u sin g  stan d a rd  o rg a n ic  

te ch n iq u e s and can be e a s i l y  p u r if ie d  by s i l i c a  g e l chrom atography.

The a c c e s s ib i l i t y  o f  t h is  methodology and the s p e c i f i c i t y  w ith  which  

the d e s ire d  p ro ducts co u ld  be obtained prompted us to  in v e s t ig a t e  

w hether i t  could  be a p p lie d  to  more complex system s. For exam ple, 

6 - la c t o n e s  o ccu r w id e ly  through nature in  a v a r ie t y  o f in t e r e s t in g  

g u is e s . A number o f th ese  p o ssess in t e r e s t in g  b io lo g ic a l  p ro p e r t ie s  

and new ro u tes to  such compounds a re  c o n s ta n tly  sought. On a 

s i m p l i s t i c  le v e l ,  the sex pheromone o f the B r a z i l l i a n  C arp e n te r bee (1)  

i s  r e a d ily  a v a ila b le  by m onoepoxidation o f  E ,E -h e x a -2 ,4 -d ie n e  fo llow ed  

by r e a c t io n  w ith  ir o n  ca rb o n y l. C a rb o n y la tio n  of the r e s u lt a n t  f e r r i -  

la c to n e  and c a t a l y t ic  hydrogenation o f the u n satu rate d  5 - la c t o n e  

o b ta in ed  g iv e s  the re q u ire d  5 - la c t o n e ^  (Scheme 1 ) .

T h is  s y n th e s is  h ig h lig h t s  s e v e r a l o f the problem s in h e re n t in  the  

o r ig in a l  methodology. F i r s t l y ,  s in c e  the p h o to ly s is  r e a c t io n  must be 

c a r r ie d  out under c o n d it io n s  o f h igh d i lu t io n ,  u sin g  the e x trem e ly  

t o x ic  and v o l a t i l e  p e n ta ca rb o n y liro n , the p ro cess can o n ly  be c a r r ie d



M e C 0 3H

6 7 %

6 5 %

CO, 24h ,  

2 5 0 a t m . ,  9 0 ° C

4 6 % (1 ) 4 6 %
8 9 %

Scheme 1
Racemic s y n th e s is  o f  the sex pheromone o f the C arp en ter bee1 1 .
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out on a small scale, that is <10mmol, and multigram quantities are 
only available by parallel processing of separate batches of vinyl 

epoxide. Secondly, carbonylation of the diastereoisomeric mixture of 

ferrilactones produces a 1:1 mixture of the required /?,7~unsaturated 

8-lactone and its 0 2  epimer, drastically reducing the overall yield 

of the naturally occurring product. This question of diastereo- 

selectivity is particularly important with regard to the biological 

properties of organic molecules since the effects of the "wrong” 
diastereoisomer cannot be extrapolated from those of the natural 

product.

In this particular case, separation of the diastereoisomeric 

ferrilactones is easily achieved by column chromatography. 

Nevertheless, this process is extremely wasteful and stereospecific 

routes to ferrilactones were sought.

(b) Approaches to the synthesis of vinyl epoxides

Vinyl epoxides are versatile synthetic intermediates and can be
prepared by a number of existing routes. Those most commonly employed

1 8include regioselective epoxidation of conjugated dienes by peracids-1- 

or reaction of a ,/J-unsaturated carbonyl compounds with 
dimethylsulphonium methylid^. On the other hand, there are a number 

of strategies available for the preparation of epoxyalcohols via 

transition metal catalysed reaction with allylic alcohols. Subsequent 

oxidation of the alcohol functionality followed by methyleneation of 
the carbonyl group provides a third route to vinyl epoxides. More 

importantly, modification of this last route should allow access to 

optically active vinyl epoxides and hence ferrilactones when taken in 
conjunction with methodology developed by Sharpless and co-workers 

over the past few years.^
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R C 0 3H

1) t BuOOH, T i(O iP r )4
Me2S = CH2 2) [O]

\ $ )  “ Ph3P = C H 2“

HO

They have shown th a t t ita n iu m  m ediated ep o x id a tio n  o f a l l y l i c  a lc o h o ls  

w ith  t-b u ty lh y d ro p e ro x id e  a llo w s  in tro d u c tio n  of two new c h ir a l  

c e n tre s  o f p re -d e te rm in e d  ste re o ch e m istry  w ith  >95% s e l e c t i v i t y  in  

most c a se s .

The p ro du cts o f t h is  r e a c t io n  have been used as p re cu rso rs  fo r  the  

t o t a l  s y n th e s is  o f a range o f in t e r e s t in g  and im portant n a tu r a l  

p ro d u cts , fo r  example eryth ro m ycin s and le u k o tr ie n e s , and t h is  

pow erful tech niq ue has found a wide range of e leg an t a p p lic a t io n s  

s in c e  i t  was f i r s t  rep orted  in  1980.

Hence, we can e n visag e th a t  e p o x id a tio n  o f an a l l y l i c  a lc o h o l under 

the c o n d it io n s  s p e c if ie d , fo llo w ed  by o x id a tio n  o f the h yd ro x yl group  

and m eth ylen ea tio n  w ith  the r e q u is it e  W itt ig  reagent sh ould  produce a 

v in y l  epoxide o f known a b so lu te  ste re o ch e m istry , w hich co u ld  

presum ably be transform ed in to  the d e s ire d  f e r r ila c t o n e  by treatm ent
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w ith  a s u it a b le  source o f te tra c a rb o n y liro n .

.OH

T i(O iPr)4,

(-) DET, 
t BuOOH

[°]
OH > CHO

R

Fe(CO\

“ P h 3P = CH2"

R

(c) The reaction of vinyl epoxides with iron carbonyl

Aumann has proposed a mechanism fo r  the fo rm atio n  of f e r r i  lactones** 

(Scheme 2 ) .  He assumed th a t  the r e a c t iv e  in te rm e d ia te  was a 

te tr a c a r b o n y lir o n  s p e c ie s  generated by p h o to ly t ic  d eg radation o f  

Fe(CO)y On t h is  b a s is  he proposed th a t the f i r s t  step  was 

c o o rd in a t io n  o f the te tr a c a r b o n y lir o n  to  the double bond, fo llo w e d  by 

in s e r t io n  o f a carb o n yl lig a n d  in to  the C -0  bond o f the o x ira n e  r in g .  

The p ro d u cts of such a r e a c t io n  would be expected to  in c lu d e  com plexes 

where the 7 r - a l l y l  lig a n d  e x is te d  in  both c i s  and tra n s  

c o n f ig u r a t io n s . However, t r a n s -f e r r i la c t o n e s  have o n ly  been is o la t e d  

in  c a s e s  where the t e r m in ii  o f the 7 r - a l l y l  lig a n d  are  h ig h ly  

substituted**, im p lyin g  th a t c is / t r a n s  is o m e r is a t io n  n o rm a lly  o ccu rs  

r a p id ly  on the r e a c t io n  t im e s c a le  in  the unhindered system .



Fe(CO )5

I

hv

4

M = Fe(CO) 3

Scheme 2
Proposed mechanism fo r  the form ation o f f e r r i la c t o n e  com plexes .
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(PPh  3)(CO),Fe
O

Such an in te rc o n v e rs io n  co u ld  o ccu r v i a  fo u r o r f iv e -r in g  

in te rm e d ia te s , as i l l u s t r a t e d  in  Scheme 3. Evidence fo r  t h is  p ro p o sal 

i s  p ro vided  by the r e a c t io n  o f the t r a n s -f e r r i la c t o n e  (2) w ith  

trip h e n y lp h o sp h in e . P rim a ry  a tta c k  o f the phosphine o ccu rs a t  the  

term in u s o f the 7 r -a l l y l  lig a n d  producing the s t a b le  z w it t e r io n ic  

com plex (3).  Ligand exchange w ith  carbon monoxide g iv e s  the c i s -  

f e r r i la c t o n e .

However, c lo s e  exam in a tio n  o f the proposed mechanism su gg ests th a t  

Aumann's p ro p o sals do not account fo r  the is o la t io n  o f the endo f e r r i la c t o n e  

complex (4).  That i s ,  r o ta t io n  about the C -3 /C -4  a x is  in  the case  of  

the in te rm e d ia te s  (A') and (B'), would be expected to  produce th e  exo 

r a th e r  than the sta te d  endo com plex, whose presence can o n ly  be 

accounted fo r  i f  one assum es th a t in v e r s io n  o f the c o n fig u ra tio n  a t  

0 2  and 0 3  i s  o c c u r r in g .



Scheme 3
Proposed mechanism fo r  the in te rc o n v e rs io n  between c i s  and tra n s  
f e r r i la c t o n e  com plexes6 .

voU)



P r io r  c o o rd in a tio n  o f the te tr a c a r b o n y lir o n  to  the oxygen o f the  

epoxide cannot be ru le d  o u t, although t h is  path would appear to  be 

e n e r g e t ic a lly  le s s  fa v o u ra b le  from the p o in t o f view  th a t the a l l y l  

c a t io n  in te rm e d iate  (5) cannot be s t a b i l is e d  by the m e ta l.

94

O

( 5 )

In  c o n c lu s io n , Aumann's p ro p o sa ls  do not f u l l y  account fo r  the  

p ro d u cts is o la te d  and the complex nature o f t h is  r e a c t io n  su g g ests  

th a t fu r th e r  in v e s t ig a t io n  i s  re q u ire d  to  c l a r i f y  the s it u a t io n .
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(d) Preparation of 7r-allyltricarbonyliron( lactone) complexes

In  r e l a t iv e  term s, iro n  ca rb o n y ls  are the le a s t  t o x ic  and expensive o f

the t r a n s it io n  m etal ca rb o n y ls . Of these , ir o n  pentacarbonyl

FeCCO)^, d i ir o n  nonacarbonyl Fe2 (C0 )g and t r i i r o n

dodecacarbonyl F e ^ C O ) ^  are  most e x te n s iv e ly  used in  o rg a n ic

s y n th e s is . In  each o f these s ta b le  com plexes the iro n  atoms p ossess

f u l l  v a le n c e  s h e l ls  and are  s a id  to be c o o r d in a t iv e ly  sa tu ra te d .

As such th ey w i l l  o n ly  undergo slow  lig a n d  exchange -  w ith  the

e x ce p tio n  o f d i ir o n  nonacarbonyl, which has a v ery  h igh r e a c t iv i t y

tow ards lig a n d s . However, t r a n s it o r y  r e a c t iv e  s p e c ie s  p o sse ssin g

c o o r d in a t iv e  u n sa tu ra tio n  may be generated by p h o to ly t ic  o r th erm al

d eg ra d a tio n  o f the a p p ro p ria te  complex. For reasons p re v io u s ly

d is c u s s e d , the p h o to ly t ic  route i s  in co n v e n ie n t and u n su ite d  to  la rg e
2

s c a le  r e a c t io n s . The corresponding therm al r e a c t io n s  w ith  FeCCO)^
c

and Fe2 (C0 )g have a ls o  been reported to  produce f e r n  la c to n e s ;  

however, use o f such h arsh  c o n d it io n s  l i m i t s  the g en eral a p p l i c a b i l i t y  

o f t h is  m ethodology -  making i t  u n s u ita b le  f o r  use w ith  complex 

s u b s tr a te s  w hich possess s e n s it iv e  o rg a n ic  f u n c t io n a l it ie s .  

Furtherm ore, work in  our la b o r a to r ie s  has shown th a t f e r r i la c t o n e s  are  

th e r m a lly  u n sta b le  and w i l l  r e a d ily  rearran g e v ia  d e ca rb o n y la tio n  and

O Q
c a rb o x y la t io n  pathways ' when heated. Hence, more ammenable ro u te s  

were sought fo r  the g e n e ra tio n  of f e r r i la c t o n e s .

The f i r s t  o f  these arose from o b se rv a tio n s th a t d i ir o n  nonacarbonyl 

d is s o c ia t e d  in  THF s o lu t io n  to  g iv e  a red s o lu t io n  c o n ta in in g  iro n  

p en tacarb o n yl "and a t  le a s t  one o th er ca rb o n y l co n ta in in g  s p e c i e s " .  

THF i s  commonly used as a re a c t io n  medium fo r  r e a c t io n s  w ith  Fe2 (C0 )g 

on the b a s is  th a t the t r a n s it io n  m etal ca rb o n y l i s  p a r t ia l l y  s o lu b le  

in  t h is  s o lv e n t. In  p r a c t is e ,  treatm ent o f v in y l  epoxides w ith  

Fe2 (C0 )g in  THF r e s u lt s  in  d is s o lu t io n  o f the s o l id  carb o n yl over



96

3 0 m in -lh  a t  room tem perature. Once se q u e stra tio n  of the v in y l  epoxide  

i s  com plete, a dark green c o lo u r a t io n  in d ic a t e s  the endpoint o f the  

re a c t io n . T h is  a r is e s  c o n v e n ie n tly  from the t r im e r is a t io n  o f e x ce ss  

Fe(CO)^ to g iv e  green F e ^ C O )-^ . C o n ce n tra tio n  of the r e a c t io n  

m ix tu re  and s i l i c a  g e l chrom atography o f the re s id u e  produces h ig h  

y ie ld s  o f the corresponding f e r r i la c t o n e  com plexes (see T a b le  1 ) .

Cotton has suggested th a t d is s o c ia t io n  o f Fe2 (C0 )g under carbon  

monoxide r e s u lt s  in  fo rm atio n  o f Fe(CO)̂  and Fe(CO)^.THF^^.

Fe (CO )# ------ ►  Fe(CO)5 + Fe(CO)4.TH F

D isp lacem ent o f the l a b i l e  THF lig a n d  from t h is  la t t e r  s p e c ie s  would 

p ro vid e  a ready source o f Fe(CO)^. Form ation o f the f e r r i la c t o n e  can  

then be invoked by re fe re n ce  to  Aumann's proposed mechanism .

However, a s  Cotton p o in ts  o u t, the s it u a t io n  i s  more complex when 

carbon monoxide p re ssu re  i s  not m ain tain ed  and, to  our s u r p r is e , the  

r e a c t io n  was found to be f a s t e r  and c le a n e r  in  i t s  a b s e n c e ^ . The 

reason fo r  t h is  i s  u n c le a r  but may be due to  the exchange o f l a b i l e  

carbon monoxide lig a n d s  between the complex and i t s  surro undings  

promoting form ation o f t r a n s it o r y  c o o r d in a t iv e ly  u nsatu rated  s p e c ie s .

A com plim entary route was suggested by re p o rts  th at s o n o ly s is  o f  

FeCCO)^ in  hydrocarbon s o lv e n ts  le d  to  form ation o f F e ^ C O )-^  and 

f in e ly  d iv id e d  i r o n ^ .  However, the autho rs suggested th a t i n i t i a l  

d is s o c ia t io n  o f two CO lig a n d s  r e s u lt s  in  form ation of a 

t r ic a r b o n y lir o n  in te rm e d ia te . Subsequent r e a c t io n  w ith  two

e q u iv a le n ts  o f iro n  carb o n yl was then invoked to account fo r  the



Table 1

v in y l  e p o x id e F e r r i l a c t o n e %  Y ie ld

• used 4 e q u iv a le n ts  Fe2 (CO)g

a  R e s u lt s  in  agreement w ith  those ob tain ed  by D.M. H o llin sh e a d ^ ^

b R e s u lt s  in  agreement w ith those o b tain ed  by A.M. H o rto n ^
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fo rm atio n  o f the t r i i r o n  complex. The r e a c t io n  o f Fe2 (C0 )g w ith  

FefCO g i s  thought to proceed v ia  i n i t i a l  d is s o c ia t io n  of the  

o cta ca rb o n y l to  g iv e  Fe2 (CO)-7. Evidence fo r  the form ation o f such a 

s p e c ie s  was pro vided by analogy w ith  the c h e m istry  o f FeCC^H^JCCOjg. 

P h o t o ly s is  o f t h is  complex produces Fe2 (C4 H4 )2 (CO)3  w hich has been 

trapped and c h a r a c te r is e d  in  fro ze n  m a tr ic e s

Fe(CO) ------ ►  Fe(CO) + 2 CO
5 3

Fe(CO)5 Fe(CO)5

Fe(CO )} ------ ►  Fe2(CO)t ------ ►  Fej (C0 ), 2

The in te rm e d ia cy  o f a te tr a c a r b o n y lir o n  s p e c ie s  was ru le d  out on the  

grounds th a t i t  would be trapped by excess FefCCOg as soon as i t  was 

formed.

Fe(CO)5

Fe(CO) ----------- ^  Fe (CO)
4 2 9

D iir o n  nonacarbonyl i s  not observed as a product o f t h is  r e a c t io n  and 

alth ough i t  should  be noted th a t sonochem ical c leavag e of t h is  s p e c ie s  

o c cu rs  f a s t e r  than the ra te  o f form ation o f Fe3 (CO) | 2  from Fe(C0 )5 , 

S u s l ic k  e m p h a t ic a lly  concluded th a t Fe(C0 ) 4  was not an in te rm e d ia te  on 

the pathway to  Fe3 (CO)-L2 *

Fe(CO)5

2 Fe (C O )4 ------—  F«2(C0)« ------ F#3(C0 , i *
or F .(C O ) 4

Fe (CO ). ------ ►  Fe(CO) + Fe +
2 9 5

4 CO



However, r e s u lt s  obtained on s o n ic a t io n  o f Fe(C0 ) 5  in  the p re se n ce  o f  

a v a r ie t y  o f phosphines and p h o sp h ite s forced him to  concede th a t  the  

presence o f Fe(CO)^ s p e c ie s  co u ld  not be e n t ir e ly  ru le d  o u t ^ .

D is a p p o in t in g ly , i n i t i a l  attem p ts to  re a c t  v in y l  epoxides w ith  FefCO)^ 

by im m ersion o f the r e a c t io n  v e s s e l in  an u ltra so u n d  c le a n in g  bath  

(Semat 80W, 55kHz) f a ile d  to  produce any o f the d e s ire d  f e r r i la c t o n e .  

However, s o n o ly s is  of a heterogeneous s lu r r y  of Fe2 (CO)9  in  the  

presence o f the r e q u is it e  v in y l  epoxide gave the f e r r i la c t o n e  com plex, 

accom panied by Fe3 (CO)i2 / in  h ig h  y ie ld .  T h is  i s  a r e f le c t io n  o f  the  

low in t e n s it ie s  o f u ltra so u n d  th a t  are  produced by c le a n in g  baths? 

w h ich  w h ils t  c le a r ly  s u f f ic ie n t  to  produce c a v it a t io n  in  heterogeneous  

s l u r r ie s  o f Fe2 (C0 )g, are  in adeq uate fo r  the corresponding homogeneous 

r e a c t io n , f o r  reasons a lre a d y  d is c u s s e d  (see C hapter 1 ) .

Hence, c o l la t io n  o f the a v a ila b le  evidence su gg ests th a t the s o n o ly s is  

r e a c t io n  i s  more l i k e l y  to o c cu r v ia  a te tr a c a r b o n y lir o n  s p e c ie s  than  

the suggested tr ic a r b o n y lir o n  m o iety. N e v e rth e le ss, i t  should  be 

reco g n ised  th a t t h is  has not been c o n c lu s iv e ly  e s ta b lis h e d ; however, 

l a t e r  work has c le a r ly  dem onstrated the in te rm e d ia cy  o f  

te tr a c a r b o n y lir o n  sp e c ie s  (see s e c t io n  2.4) formed by s o n o ly t ic  

d eg ra d a tio n  o f F e 2 (C0 )g.

Y ie ld s  o f complex obtained under th ese  c o n d it io n s  are  com parable to  

those o b tain ed  w ith Fe2 (C0 )g in  THF and both methods can be used  

r o u t in e ly  in  the p re p a ra tio n  o f  s im p le  f e r r i la c t o n e s  (T ab le  1 ) .  

In t e r e s t in g ly ,  re a c tio n  o f v in y l  epoxide (10) w ith  Fe2 (CO)g under 

stan d a rd  s o n o ly s is  c o n d it io n s  le d  to  is o la t io n  of a 33% y ie l d  o f  the  

f e r r i la c t o n e  complex (1 1 ) accom panied by 6 6 % o f the unreacted s t a r t in g  

m a t e r ia l.  C o n ve rse ly , r e a c t io n  in  the presence o f four e q u iv a le n ts  o f  

ir o n  ca rb o n y l produces q u a n t it a t iv e  co n v e rsio n  to the f e r r i la c t o n e
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( 1 1 )  w ith in  lh . T h is  su g g ests th a t re a c t io n  w ith  t h is  v in y l  epoxide  

i s  o c cu rrin g  c o n s id e ra b ly  s lo w e r than those w ith  s im p le r  s u b s tra te s .  

However, c o o rd in a tio n  o f the r e a c t iv e  s p e c ie s  to  the oxygens o f the  

c i s - d ib e n zo y l system  may a ls o  account fo r t h is  o b se rv a tio n , by way o f  

a re d u ctio n  in  the e f f e c t iv e  co n c e n tra tio n  o f te tr a c a r b o n y lir o n  

a v a ila b le .

Use o f the s o l id  d i ir o n  nonacarbonyl a p p re c ia b ly  reduces the hazards  

a s s o c ia te d  w ith  h a n d lin g  th ese  compounds in  the l ig h t  o f i t s  g r e a t ly  

reduced v o l a t i l i t y .  Furtherm o re, both methods have been a p p lie d  to  

p re p a ra tio n  o f la r g e r  q u a n t it ie s  o f f e r r ila c t o n e  ( c a .l0 -15 g )  w ithout  

any n o tic e a b le  d ecrease in  y ie ld .  Both p ro cesses o ccu r c o n v e n ie n tly  

a t  am bient tem perature and produce high y ie ld s  of the d e s ire d  complex. 

Hence, f e r r i la c t o n e s  a re  r e a d ily  a v a ila b le  by two d is c r e t e  pathways 

and s y n th e s is  o f more complex s u b s tra te s  co uld  be contem plated.
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(e) Preparation of 6 -lactones from ferrilactone complexes

In  1979 Aumann reported th a t c a rb o n y la tio n  o f f e r r i  la c to n e s  under 200 

atm ospheres o f carbon monoxide a t  7 5 °C  gave m ix tu res o f a,{3-, 
and 7 , 6 -u n s a tu ra te d  la c to n e s^ . Work in  our la b o r a to r ie s  showed th a t  

r a is in g  the re a c t io n  tem perature to  13 0 °C , in  c o n ju n ctio n  w ith  

lo w erin g  the gas p re ssu re  to  60 atm ospheres allow ed the a,p- 
u n satu rate d  la c to n e s  to predom inate a lb e it  in  somewhat reduced  

y ie l d .  F u rth e r m a n ip u la tio n  o f the r e a c t io n  c o n d it io n s  showed th a t  

h ig h  y ie ld s  o f the $ ,'f -u n s a tu r a te d  la c to n e s  could  be o b tain ed  a s the  

e x c lu s iv e  p ro du cts o f the r e a c t io n  a t  60°C under 300 atm ospheres o f  

carbon m o n o x id e^ . Indeed c a rb o n y la t io n  o f the f e r r i la c t o n e  com plexes 

(8 ) and (9) under these c o n d it io n s  gave the expected /3 ,7 -u n sa tu ra te d  

6 - la c t o n e s ,  (12 ) and (13) -  uncontam inated by any o f  the p o s s ib le  s id e  

p ro d u cts .

O
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We can s p e c u la te  th at t h is  degree o f s e l e c t iv i t y  i s  a r e f le c t io n  o f  

the low er tem peratures used, in  view  o f the p ro p e n sity  o f FefCO)^ to  

promote is o m e r is a t io n  o f double bonds a t  h igh tem p eratures. T h is  has 

been remarked upon many tim es and can be in co rp o rated  in to  a proposed  

mechanism to account fo r  the d is t r ib u t io n  o f p ro ducts o b tain ed  under 

the v a r io u s  r e a c t io n  c o n d it io n s  d e sc r ib e d .

X -r a y  c r y s t a llo g r a p h ic  s tu d ie s  on f e r r i la c t o n e  com plexes c l e a r l y  

dem onstrate th a t the 7 r -a l ly l  lig a n d  i s  not p la n a r , as would be 

a n t ic ip a t e d , but d is to r t e d  ' .  T h is  im p lie s  th a t  the te rm in a l carbon  

atoms e x h ib it s  a h ig h  degree o f sp c h a ra c te r. C o n s id e ra tio n  o f the  

two p o s s ib le  c a n o n ic a l s t r u c t u r e s , (14 ) and ( 15 ) , w hich c o n tr ib u te  to the

0

* -  PH
( 1 4 ) ( 1 5 )

o v e r a ll  resonance h y b rid  suggest the presence o f a h ig h e r  p ro p o rtio n  

o f  the resonan t s tr u c tu r e  ( 15 ) . In s e r t io n  o f carbon monoxide between 

the iro n  atom and the term inus o f the 7 r -a l l y l  system , fo llo w e d  by 

rearrangem ent as shown would g iv e  the 17 -(o le fin )F e (C O )^  com plex (16 ). 

Ligand exchange between carbon monoxide and the o rg a n ic  lig a n d  can  

then be invoked to account fo r  is o la t io n  o f the /y -u n s a tu ra te d  

la c to n e  ( 17 ) . However, the concom itan t form ation o f Fe(C0 ) 5  may w e ll  

promote is o m e r is a t io n  o f the double bond a t  h ig h e r tem peratures -  

le a d in g  to  the is o la t io n  o f  m ix tu re s  o f  6 - la c t o n e s .
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( 1 6 )

( 1 7 )

Having e s ta b lis h e d  th a t t h is  methodology can be e x p lo ite d  to p ro vid e  a 

h ig h  y ie ld in g  s y n th e s is  o f  6 - la c t o n e s ,  we are now in  a p o s it io n  to  

ex p lo re  s y n th e s is  o f more complex s u b s tra te s . W ith t h is  aim  in  mind 

we decided to  examine novel ro u te s  to  a number o f 5 - la c t o n e s  whose 

in t e r e s t in g  b io lo g ic a l  p ro p e r t ie s  have made them the o b je c t  o f much 

s y n th e t ic  a tt e n t io n . A number o f approaches to the s y n th e s is  o f these  

m o le cu les have been p u b lish e d ; however, most use ro u tin e  o rg a n ic  

methodology and v e ry  few ad d ress the problem o f s y n th e s is  in  an 

o p t ic a l ly  pure form. For t h is  rea so n , we d ecided  to  e x p lo re  the  

p o s s i b i l i t i e s  fo r  a p p lic a t io n  o f o u r novel organo iron methodology to  

the s y n th e s is  o f these compounds in  an e f f o r t  to develop a c o n c ise  and 

s t e r e o s p e c if ic  route to 6 - la c t o n e  n a tu ra l p ro ducts from a c h ir a l  

s t a r t in g  m a t e r ia ls .
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O O

(18) Massoia lactone 19) Sex pheromone of

the oriental hornet

OH

(20) Malyngolide

Our chosen ta r g e ts  were the th ree  5 -la c t o n e s  shown. These m o le cu les  

e x h ib it  a range o f in t e r e s t in g  b io lo g ic a l  p ro p e rtie s . For exam ple, 

the ^ -s u b s t it u t e d  6 - la c to n e  (19 ) i s  the sex pheromone o f the O r ie n ta l

6-la c to n e  f u n c t io n a lit y  , a re  c u r r e n t ly  being e x p lo ite d  in  a novel 

method o f p e st c o n tro l. T h e ir  a t t r a c t io n  l i e s  in  the s p e c i f i c i t y  o f  

the in t e r a c t io n  between the pheromone and members o f a p a r t ic u la r  

s p e c ie s , w hich a llo w s a g r ic u lt u r a l  p e sts  to be segregated from  

h a rm le ss organism s by use o f pheromone-doped tra p s . T h is  re p re se n ts  a 

more a c ce p ta b le  method o f p e st c o n tro l by c o n sid e ra b ly  red u cin g  the  

need fo r  b la n k e t use o f p e s t ic id e s  whose e c o lo g ic a l p ro p e rt ie s  are  not 

f u l l y  u n d ersto o d .

On the o th e r hand, M assoia la cto n e  (18 ) , d e s p ite  i t s  s t r u c t u r a l  

s i m i l a r i t i e s  to  the pheromone ( 19 ) , i s  a pow erful s k in  i r r i t a n t  and has 

been shown to  produce s y s t o l ic  s t a n d s t i l l  in  f r o g s ^ .  i t  was  f i r s t

Hornet (Vespa O r ie n ta l i s  ) ^ .  In s e c t  pheromones, many o f w hich p o sse ss



is o la t e d  from M assoia bark o i l ,  from which i t  d e r iv e s  i t s  name, and has 

long been used in  n a tiv e  m ed icin e  in  Papua New Guinea. In t e r e s t in g ly ,  

i t  has a ls o  been is o la te d  from the m andib ular g land s o f  two s p e c ie s  o f  

fo rm ic m e  an t ' and o ccu rs  in  low co n cen tra tio n  in  m arg a rin e .

The t h ir d ,  and most s t r u c t u r a l ly  complex 8- la c t o n e  shown i s  a n a tu r a l  

product is o la te d  from the b lu e  green a lg a e  Lyngbya m a ju s c u la ^ ' ^  and 

was shown to e x h ib it  a n t ib io t ic  a c t i v i t y  a g a in s t  m ycobacterium  

sm egm atis and m icro co ccus pyogenes^ .

The s y n th e s is  o f M assoia la c to n e  and the sex pheromone o f Vespa 

O r ie n t a l is  can c le a r ly  be approached in  a s im il a r  manner a s the two 

m o le cu le s d if f e r  o n ly  in  the le n g th  o f the unbranched a l k y l  s id e  c h a in  

and the p resence, o r absence, o f u n sa tu ra tio n  in  the six-m em bered  

r in g . On the o th e r hand, e x am in a tio n  o f the s tr u c tu r e  o f M alyn g olid e  

(20) su g g ests th a t the C -5  hydroxym ethyl group co uld  be e x p lo ite d  to  

d ir e c t  S h a rp le ss  e p o x id a tio n  o f  a d ie n e o l ( 2 1) , a llo w in g  c o n tr o l o f  the 

ste re o ch e m istry  a t  the q u a rte rn a ry  ce n tre .

nC 9 H 19

OH

( 20 ) ( 21 )

I n i t i a l  s tu d ie s  had shown th a t  the e p im e ric  8 - la c t o n e s  co u ld  be
10,22

d e riv e d  from racem ic m ix tu re s  o f f e r r i la c t o n e  p re cu rso rs  . However, 

i t  rem ained to be seen w hether s y n th e s is  o f the d ia s t e r e o is o m e r ic a lly  

pure v in y l  epoxide would p ro vid e  a c c e s s  to the re q u ire d  n a tu r a l  

p ro d u c ts .



Fo r reasons p r e v io u s ly  e x p la in e d , our s tr a te g y  was based on the 

p re p a ra tio n  o f c h ir a l  epo x yalco h o ls u sin g  S h a rp le ss' m ethodology. The 

d e s ire d  a l l y l i c  a lc o h o ls  were r e a d ily  a v a ila b le  by hom ologation o f the 

a p p ro p ria te  aldehydes. Wadsworth-Emmons condensation o f the long ch a in  

ald eh ydes (22) and (23) w ith  d iethylph osp ho noacetate  gave v ir t u a l l y  

q u a n t it a t iv e  y ie ld s  o f the re q u ire d  d ien e  e s te r s  (24) and (25).

F in a l l y ,  low tem perature re d u ctio n  o f the e s te r  f u n c t io n a lit y  w ith  

DIBAL-H gave the a l l y l i c  a lc o h o ls  shown, (26) and (2 7 ), in  good y ie ld .

The e p o x id a tio n  procedure d e scrib e d  by S h a rp le ss  in v o lv e s  form ation  

o f  what i s  c u r r e n t ly  thought to  be a b in u c le a r  c lu s t e r  com plex (30) 

between tita n iu m  te tra is o p ro p o x id e , d ie t h y l  t a r t r a t e  and the a l l y l i c  

a lc o h o l. D isplacem ent o f the iso p ro p o xid e  lig a n d s  and a d d it io n  o f t -  

b u ty l hydroperoxide e f f e c t s  the e p o x id a tio n  in  a s t e r e o s p e c if ic  manner 

th a t  i s  determ ined by the s te re o ch e m istry  o f the t a r t r a t e  ligand^®  

(Scheme 4). Hence, on an e m p ir ic a l b a s is ,  use o f ( - ) -d ie t h y lt a r t r a t e  

(DET) g iv e s  the (2R),(3R) epoxyalcohol and use of (+)-D ET g iv e s  the 

(2S ),(3S) epoxide (Scheme 5). The s e l e c t i v i t y  o f t h is  p ro ce ss fo r  

sim p le  s t r a ig h t  c h a in  a lc o h o ls  i s  g e n e r a lly  b e tte r  than 99%, and hence 

we are now in  a p o s it io n  to  predeterm ine the ste re o ch e m istry  o f  the 

ep o x yalco h o ls a t  two c e n tre s .

The p ro ce sse s in vo lv e d  in  fo rm atio n o f  (a) the f e r r i la c t o n e  complex 

and (b) the b- la c t o n e ,  are  p r im a r i ly  those o f  carbon monoxide in s e r t io n  

and d e ca rb o n y la tio n . L it e r a t u r e  p reced en ts suggest th a t these  

p ro ce sse s should o ccu r w ith  r e te n tio n  o f  c o n fig u ra tio n . For exam ple, 

a number o f e le g a n t ^Hnmr experim ents have dem onstrated th a t in s e r t io n  

o f  carbon monoxide in to  complex (31) o c cu rs  w ith  com plete re te n tio n

(a) Approaches to the synthesis of Massoia lactone and the sex

pheromone of the Oriental Hornet



Massoia lactoneR =n-c5 Ht1

*'£5^11 0 ^ 0

R —n'C^H23

n-CtiH23

Sex pheromone of 

the oriental hornet

RCHO +

( 22 )

( 2 3 )

C 02Et

C 02Et

( 2 4 )

( 2 5 )

o3
T3Ok.0.

R =nC5H„ R = nCnH23

(a) (24) 99% (25) 98%

(b) (26) 75% (27) 80%

(c) (28) 73% (29) 85%
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c 2h5o

/”C3H70s i ,0\ » **
Ti.

OOC2H5

a OC3H7“/

✓  v/-C3H7Cr *0  0 ? OC3H7 -/

C2H5OOC
O C 2H 5

(30)

.o c 3h 7-/

*<
O C 3H 7-/

0ICiHg-f

I
0 - C t H9 -r

T i—O ». / O;
*C<Hg-f

f - C 4H 9

*Ti—0W
'O'ẐHg-r

Schene 4
Proposed mechanism fo r the mechanism o f the S h a rp le ss  e p o x id a tio n  .

Scheme 5
C X ia lita t iv e  re p re s e n ta tio n  o f the p ro ducts ob tain ed  from tita n iu m  
m ediated e p o x id a tio n  o f a l l y l i c  a lc o h o ls  in  the presence o f (+) and 
( - ) - d i e t h y l  t a r t r a t e  (D ET).
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o f c o n f ig u r a t io n  a t
"3H

the a -c a r b o n  .

CMe3

PPh3, THF, 65°C

Fe(CO)2Cp

( 3 1 )
(PPh )(Cp)

S im il a r l y ,  d e ca rb o n y la tio n  o f a number o f o p t ic a l ly  a c t iv e  aldehydes

has been achieved  u sin g  W ilk in s o n 's  c a t a ly s t  w itho ut lo s s  o f o p t ic a l

activity . If this is indeed the case then fernlactone and

6 - la c t o n e  form ation w i l l  a ls o  o ccu r w ith  re te n tio n  o f c o n fig u ra tio n  and

the re q u ire d  (5 R )-s u b s titu te d  6 - la c t o n e s  should be d ir e c t l y  a v a ila b le

from  th e  (2R) ,( 3 R ) -e p o x y a lc o h o ls .  Hence, (2R ),(3R )-e p o x yo cta n o l (28)

and (2R) ,(3R )-e p o x yte tra d e ca n o l (29) were prepared u sin g  S h a rp le ss'

32 . .p u b lish e d  procedure . E p o x id a tio n  o f the C -5  s u b s t itu t e d  a l l y l i c  

a lc o h o l (26) proceeded sm oothly a t  -8 0 °C ;  however, the e q u iv a le n t C - l l  

s u b s tra te  was found to be in s o lu b le  in  DCM below - 1 2 ° C .  As a r e s u lt ,  

the r e a c t io n  was c a r r ie d  out a t  0 °C  and an 85% y ie ld  o f the  

e p o x yalco h o l (29) was o b tain ed  a f t e r  2h w ithout any n o tic e a b le  lo s s  o f  

o p t ic a l  a c t i v i t y .

O x id a tio n  o f  the a lc o h o l f u n c t io n a l it ie s  and o le f in a t io n  o f the 

r e s u lt a n t  aldehydes proved to be more d i f f i c u l t  than had been 

o r i g in a l l y  a n t ic ip a te d . The base s e n s i t iv i t y  o f the c h ir a l  

e p o x yalco h o ls and the d e s ire d  epoxy aldehydes prompted us to examine 

whether chromium o x id is in g  a g e n ts, most o f  which a re  e it h e r  n e u tra l o r  

s l i g h t l y  a c id ic ,  co uld  be used to e f f e c t  the o x id a tio n  o f the p rim a ry  

a lc o h o l. The r e s u lt s  o f t h is  in v e s t ig a t io n  are  sum m arised below  

(T a b le  2). In  most c a s e s , o x id a t io n  o f the e p o x yalco h o l, as evidenced
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by the d isap pearance o f the s t a r t in g  m a t e r ia l,  was com plete w ith in  a 

sh o rt p erio d  o f tim e. However, is o la t e d  y ie ld s  o f epoxyaldehyde were 

g e n e r a lly  low er than would be a n t ic ip a t e d . S e q u e stra tio n  o f  

oxygenated s u b s tra te s  by chromium s p e c ie s  i s  a w e ll known phenomenon; 

however, attem pted Swern o x id a t io n ^  and o x id a tio n  w ith  

trip h e n y lb ism u th ca rb o n a te  f a i le d  to  g iv e  any o f the d e s ire d  pro duct. 

N e v e rth e le ss , (2R ),(3R )-e p o x yo cta n a l (32) can be o b tain ed  in  75% 

y ie ld  u sin g  C o l l in 's  reagent (C rO -^ p y ) and o x id a tio n  o f (2 R ),(3 R )- 

epo x ytetrad ecan o l (29) w ith  p y rid in iu m  dichrom ate in  the presence o f  

powdered 3A m o le cu la r  s ie v e s  produces a q u a n t ita t iv e  y ie ld  o f the  

corresponding epoxyaldehyde ( 3 3 ) .

Table 2

Oxidising agent % Yield

R —n-C5Hn R = n'C „ H 23

1 . CrO-^, p y r id in e , DCM, 
c e l i t e ,  RT, lh

75 14

2 . FCC, powdered 3A s ie v e s  
(2 g /n m o l), DCM, RT

27 30

3 . PDC, c e l i t e ,  DCM, RT 18 2 2

4. PDC, powdered 3A s ie v e s  
(2 g /m n o l), DCM, RT, lh

- 23

5 . as above, 24h - 1 0 0

M eth ylen eation o f the epoxyaldehyde was c a r r ie d  out by W it t ig  re a c tio n  

w ith  m ethylenetriphenylphosphorane. The corresponding phosphonium 

io d id e  was deprotonated by treatm ent w ith  one e q u iv a le n t o f n -b u t y l -
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l it h iu m  a t  7 8 o ^  r e a c t io n  m ixtu re  was then warmed to 0 °C  and

s t ir r e d  fo r an hour to ensure com plete form ation o f  the W itt ig  

reagent, before a d d it io n  o f the base s e n s it iv e  epoxyaldehyde.

“Ph3P=CH;

( 34)  R 65%

P u r if ic a t io n  o f the s e n s it iv e  v in y l  epoxide was c a r r ie d  out by f la s h  

column chrom atography on s i l i c a  th a t had been doped w ith  1 % 

tr ie th y la m in e . T h is  p ro ce ss gave re sp e cta b le  y ie ld s  o f v in y l  epoxide  

and proved to be the most s a t is f a c t o r y  method o f those t r ie d ;  g iv en  

th a t the s e n s i t i v i t y  o f the v in y l  epoxide to both a c id  and base

*5 A
p re clu d es use o f  the Peterson o le f in a t io n  • In  a d d it io n , r e a c t io n

w ith  the novel o rg a n o m e ta llic  m ethylene tr a n s fe r  a g e n ts, fo r  example 

35
[C ^ M o fC f^ ^ ] 2  (36 ), and the reagent d erive d  from z in c ,

3 6dibromomethane and t ita n iu m  t e t r a c h lo r id e  was in v e s t ig a te d .

Methylene t r a n s f e r  from the m e t a lla c y c le  (37) and what i s  thought to  be 

the g e m -d m e t a ll ic  s p e c ie s  (38) has been shown to produce h igh y ie ld s  o f  

o le f in  in  ca se s where stan dard  W it t ig  methodology has f a i le d .  

U n fo rtu n a te ly , r e a c t io n  w ith  our epoxyaldehydes f a i le d  to produce any 

id e n t if ia b le  v in y l  e p o x id e ^ . N e v e rth e le ss, the low y ie ld  ob tain ed  

u sin g  the W itt ig  reagent i s  o f f s e t  by the ease w ith  w hich la rg e  

q u a n t it ie s  o f epox yalcoh ol are  a v a ila b le  u sin g  the route o u tlin e d .



2MeLiMoC I5

O
II

CI^Mofsolvent)

CI3Mo M0 CI3 ( 3 6 )

RCHO

CI3 M0 X O
( 3 7 )

Zn + CH2Br 2 + TiCI4

R'

+

CI3TiOZnBr

ZnBr

TiCI

O -T iC I
( 3 8 )

The next ste p  was to form the f e r r i la c t o n e  by re a c tio n  o f the  

o p t ic a l l y  a c t iv e  v in y l  epoxides w ith  iro n  carbon yl. We have developed  

th ree  methods fo r  form ation o f these com plexes; however, r e a c t io n  

w ith  Fe2 (C0 )g in  THF s o lu t io n  f a i l e d  to  g iv e  the a n t ic ip a te d  

f e r r i la c t o n e  com plex. In  f a c t ,  the stan dard  procedure gave a h ig h  

y ie ld  o f a y e llo w  m ic r o c r y s t a ll in e  s o l id  as the m ajor p ro duct.

In f r a r e d  sp ectroscopy dem onstrated the absence o f the c h a r a c t e r is t ic  

s t r e t c h  due to the b rid g in g  ca rb o n y l o f the f e r r ila c t o n e s  and the m ass 

spectrum  o f the complex shows the s e q u e n tia l lo s s  o f a t  le a s t  four  

carbon monoxide lig a n d s , su g g estin g  th a t the complex m ight be a d i ir o n  

s p e c ie s ,  although t h is  co u ld  not be confirm ed.



F in a l l y ,  we re so rte d  to the photochem ical re a c t io n  w ith  FeCCO)^ and 

obtained a low y ie ld  o f the o p t ic a l ly  a c t iv e  f e r r i la c t o n e  complex (39).

High p re ssu re  c a rb o n y la tio n  o f  the complex and is o m e r is a t io n  o f the

1)3

n- C 5H

Fe (co) s 
hv

O

( 3 4 )  ( 3 9 )

double bond a re  re q u ire d  to  com plete the s y n th e s is  o f M assoia la c to n e .  

C a rb o n y la tio n  a t  h ig h  tem perature has been found to le a d  d ir e c t l y  to  

the d e s ire d  a ,/3 -u n sa tu ra te d  5 -la c to n e  . However, r e p e t it io n  o f the  

procedure d e sc rib e d  produced a la rg e  number o f p ro d u cts, none o f which  

was id e n t if ia b le  as M assoia la cto n e . As p re v io u s ly  d is c u s s e d , r e s u lt s  

obtained su b se q u e n tly ^ * have shown th a t h ig h e r y ie ld s  o f  la c to n e  can  

be ob tain ed  u s in g  h ig h e r p re ssu re s  o f gas a t  low er tem peratues. 

Is o m e r is a t io n  o f the double bond in  the presence o f  p la tin u m  w i l l  

h o p e fu lly  p ro vid e  a route to M assoia la cto n e  in  i t s  o p t ic a l l y  pure

form.



114

2.2 Approaches to the synthesis of the 6 -lactone antibiotic 
Malyngolide

As p re v io u s ly  e x p la in e d , we decided to  approach s y n th e s is  of t h is  b - 
la c to n e  by e x p lo it in g  the C^-hydroxym ethyl group to  d ir e c t  the  

ste re o ch e m istry  a t  the q u a rte rn a ry  cen tre  v ia  S h a rp le s s  e p o x id a tio n  o f  

th e  d ie n e o l ( 4 7 ) .

n CgH<| g

S h a rp le ss  has reported th a t e p o x id a tio n  of the conjugated d ie n e s  (40), 

(4 1) , and (42) gave m in im al y ie ld s  of epoxide under the stan dard  

c o n d it io n s , th a t  i s  u sin g  a s to ic h io m e tr ic  amount o f t it a n iu m /t a r t r a t e  

c a t a ly s t .  T h is  was a tt r ib u te d  to  the i n s t a b i l i t y  o f the product to

MeOv ^

( 4 0 )  ( 4 1 )  ( 4 2 )

the r e a c t io n  c o n d it io n s ^ .  However, a lk y l  s u b s t itu e n t s  a t  C -2  sh ould  

s t a b i l i s e  the h ig h ly  r e a c t iv e  epoxides to d ecom positio n. T h is  e f f e c t  

i s  g r a p h ic a lly  i l l u s t r a t e d  by the example below where the m ethyl 

s u b s t itu t e d  epoxide (44) can be prepared in  80% y ie ld .  In  c o n tr a s t ,  

treatm en t o f the s t r a ig h t  c h a in  d ie n e o l under id e n t ic a l  c o n d it io n s  

f a i l s  to  produce any of the d e s ire d  epoxide (43).
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(+)-DET Hl1° 5

OH OH
R R

(43) R= H 0%
(44) =Me 80%

A su rv e y  o f the l i t e r a t u r e  dem onstrated th a t t h is  was the o n ly  

re fe re n ce  to use o f S h a rp le ss' methodolgy fo r  the s t e r e o s p e c if ic  

p re p a ra tio n  o f v in y l  epoxides. Hence, we decided to  in v e s t ig a t e  the  

g e n e ra l a p p l i c a b i l i t y  o f such a route to the p re p a ra tio n  o f the  

f e r r i la c t o n e  n e ce ssa ry  fo r  the s y n th e s is  o f M alyn g o lid e.

The E ,E -d ie n e o l (47) was prepared from undecanoic a c id  as i l l u s t r a t e d .  

The m ethyl e s te r  (45) was formed in  v i r t u a l l y  q u a n t it a t iv e  y ie ld  by a c id  

c a ta ly s e d  e s t e r i f ic a t io n  in  the presence of m ethanol. A ld o l 

condensation w ith  crotonaldehyde gave 5 -c a rb o m e th o x y te tra d e c -2 -e n -3 -o l  

(46). E lim in a t io n  o f w ater was then expected to g iv e  the re q u ire d

( 4 6 )

( 4 5 )
1) KHS04, PhMe.'l \

2) DBU

3) DIBAL-H

n-CH

OH

( 4 7 )
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conjugated d ien e e s t e r  ( 4 9 ) .  However, the a lc o h o l (46) proved to  be 

extrem ely  r e s is t a n t  to d eh yd ratio n  -  probably because a c ce ss  to  the  

proton a to  the e s t e r  i s  s t e r i c a l l y  hindered by the long a l ip h a t ic  

c h a in , and treatm ent w ith  potassium  b is u lp h a te  in  r e f lu x in g  toluene  

gave the unexpected unconjugated d iene e s te r  (48) a f t e r  48h, as  

evidenced by the p o s it io n  o f the carbon yl s tr e tc h  in  the in fr a r e d  

spectrum  a t  1720  cnT^. Hence, the crude m ixture was tre a te d  w ith  DBU 

a t  room tem perature. The r e a c t io n  was m onitored by t i c  u n t i l  

co n ve rsio n  to  the co njug ated  d ien e e s te r  (49) was com plete (24h).

OMe KHSO4, 48h 

PhMe,'! I' COOMe ( 4 8 )

DBU, RT, 24h

fl CgHj g
DIBAL-H

COOMe
( 4 9 )

( 4 7 )

Attem pts to sh o rten  t h is  procedure by u sin g  DBU alo ne gave m ix tu res o f  

unconjugated and co njug ated  d iene e s te r s  accompanied by unreacted  

s t a r t in g  m a t e r ia l,  and r e a c t io n  a t  e le v a te d  tem perature re s u lte d  in  

a p p re cia b le  amounts o f p o ly m e risa tio n . The crude r e a c t io n  m ixtu re  was 

then reduced w ith  DIBAL-H a t  -7 8 °C  to g iv e  the re q u ire d  d ie n e o l in  91%  

o v e r a l l  y ie ld  from the a lc o h o l (46). In  c o n tra s t , re d u ctio n  w ith  

l it h iu m  alum inium  h y d rid e  a t  0 °C  produced m ix tu res o f the req u ired  

d ie n e o l, the f u l l y  s a tu ra te d  a lc o h o l and the two a lk e n o ls .



The configuration of the dieneol was conclusively established by
n.O.e. difference nmr.

% e n h a n c e m e n t  in p ro ton r e s o n a n c e

H a H b H c H c H .

•O
0)
a3

H d — — 8.3 — 4.1 —

O
o<DTD

H c 9.4 — — 2.4 —  —

Co+-> H b — — — — 3 .0  2.1
owa

S h a rp le ss e p o x id a tio n  o f the d ie n e o l (47) was c a r r ie d  out u sing a 

s to ic h io m e tr ic  q u a n t ity  o f t it a n iu m /t a r t r a t e  complex a t  -2 0 °C .  The 

re a c tio n  was m onitored by gc which im p lie d  form ation o f  a product

w hich was id e n t ic a l  to  th a t ob tain ed  by ep o x idatio n w ith  t -  

butylh yd rop eroxide and vanadyl b isace to a ce to n a te  [VO(acac)2]»

n - C g H i g

V 0 ( a c a c ) 2

*-BuOOH 
Ph H ,/||'

n-C9H19

However, is o la t io n  o f  the o p t ic a l l y  a c t iv e  v in y l  epoxide could  not be 

achieved u sing  any o f the work-up procedures d e scrib e d  by S h a rp le ss  

and co-w orkers 32,37^ i h i s  i s most probably due to  rin g -o p e n in g  o f  

the epoxide s in c e  the L e w is -a c id ic  t it a n iu m /t a r t r a t e  e p o x id a tio n  

c a t a ly s t  i s  a ls o  known to  c a ta ly s e  t h is  re a c tio n  in  the presence o f an 

a tta ck in g  n u c le o p h ile , such as iso p ro p an o l, the a l l y l i c  a lc o h o l,



•/'K.

H. H_b c H, H H H.

x32

x 16

x 16

Spectrum x 1

n .O .e . spectrum  (250 MHz) o f E ,E -5 -h y d r o x y m e th y lte tr a d e c a -2 ,4 -d ie n e .



As y e t  t h is  rem ains the m ajor b a r r ie r  to  the p re p a ra tio n  o f  

M alyngolide in  i t s  o p t ic a l ly  a c t iv e  form , s in c e  p re v io u s  

in v e s t ig a t io n s  have shown th a t the racem ic m a te r ia l i s  r e a d ily  

a v a ila b le  from the v in y l  epoxide (50) by way o f the proposed route

epoxyalcohol or_t-butyl hydroperoxide, all of which are present in

the reaction mixture.

(Scheme 6 )



40%

Scheme 6
Racemic s y n th e s is  o f M alyngolide .
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2.3 Preparation of a novel transition metal carbene canplex

M etal carbene com plexes have been im p lic a te d  as in te rm e d ia te s  in  a 

number o f r e a c t io n s . In  a d d it io n , th ere  are  a number o f methods in  

e x is te n c e  fo r  the p re p a ra tio n  o f carbene com plexes th a t are  s t a b i l is e d  

by the presence o f e le c tr o n  r e le a s in g  groups cap ab le  o f s t a b i l i s in g  

the e le c tr o n  d e f ic ie n t  c a r b e n e -lik e  carbon atom, and com plexes 

c o n ta in in g  oxygen o r n itro g e n  heteroatom  s u b s t itu e n t s  are  amongst 

those most commonly is o la t e d . Recent y e a rs  have w itnessed  an 

e x p o n e n tia l in c re a s e  in  the number o f p u b lic a t io n s  concerned w ith  the  

p re p a ra tio n  o f these com plexes. These in c lu d e  a v a r ie t y  o f exam ples 

in  w hich th ese  com plexes have been employed in  a number o f e le g a n t

oo
sy n th e se sJ .

The p a tte rn s  o f r e a c t iv i t y  e x h ib ite d  bv heteroatom  s u b s t itu t e d  carbene

com plexes are  sum m arised below:

(A)
(A) S u b s t it u t io n  o f CO by another lig a n d

(B) Rearrangement o r l ib e r a t io n  of the  
carbene lig a n d

(C) N u c le o p h ilic  a tta c k  on the e le c tro n  
d e f ic ie n t  carbene carbon

(D) Cleavage o f the a lk o x y  C -0  bond

(E) S u b s t it u t io n  o f H

In  a d d it io n , c lo s e  exam inatio n o f the d a ta  a v a ila b le  fo r  a s e r ie s  o f  

m ethoxycarbene com plexes d e riv e d  from a v a r ie t y  o f m etal c a rb o n y ls  has 

shown th a t  the iro n  com plexes are  amongst the most l a b i l e  o f those  

p r e p a r e d ^ , su g g estin g  th a t  they may d is p la y  some in t e r e s t in g  

in d i v i d u a l i s t i c  p r o p e r t ie s .
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R OMe

C r(C O )6 <Mo(CO)6 <Mn2 (CO)1 0 <TC2 (CO)1 0 <Re2 (CO)1 0 <Fe(CO)5 < N i(C 0 ) 4

in c re a s in g  l a b i l i t y

In  19 7 1  Green and co -w o rkers d e sc rib e d  the p re p a ra tio n  of the  

carbene complex (51) by treatm en t o f the corresponding a c e t y l com plex

Hence we turned our a tt e n t io n  to  the fo llo w in g  q u e stio n s; f i r s t l y ,  

co u ld  we d e r iv e  s ta b le  carbene com plexes from f e r r ila c t o n e s  u sin g  

Green's m ethodology, and se co n d ly , would the complex formed e x h ib it  

any in t e r e s t in g  p a tte rn s  o f r e a c t i v i t y ?  T h is  l a s t  p o in t i s  o f  

in t e r e s t  w ith  re sp e ct to  the p o t e n t ia l fo r  c h ir a l  in d u ctio n  in  the  

presence o f o p t ic a l ly  a c t iv e  carbene com plexes which would presum ably  

be r e a d ily  a v a ila b le  from the corresponding f e r r i la c t o n e  complex.

In  answer to  the f i r s t  q u e stio n , treatm ent o f the f e r r i la c t o n e  com plex  

(6 ) w ith  Meerwein's reagent (4.5 e q u iv a le n ts) a t room tem perature gave  

the carbene complex (52) in  97% y ie ld .

_L _ -3Q
w ith  Meerwein's s a l t  (Me20 BF^ ) .

©

P(Hex) 3

( 5 1 )

e

( 5 2 )
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However, r e a c t io n  in  the presence o f a wide v a r ie t y  o f rea g e n ts, a t  

room tem perature under a r g o n ,f a ile d  to  produce any id e n t if ia b le  

p ro d u cts. The reagents used in clu d e d  the fo llo w in g : o rg a n o m e ta llic

rea g e n ts (phenylmagnesium brom ide and m e th y llith u iu m ); o x id is in g  

agents (hydrogen peroxide and c e r ic  ammonium n it r a t e ) ;  red ucin g  

agents (sodium borohydride and D IRAL-H ); n itro g e n -c o n ta in in g  

compounds (N -p h e n y lm e th y le n e a n ilin e , a lly la m in e , O -b e n zy lh y d ro x y l- 

am ine, N -h y d ro x ysu cc in im id e , and in d o le ); aldehydes and ketones; 

u n satu rate d  compounds ( l , 4 -b is t r im e t h y l s i l y l b u t a - l ,3 -d iy n e ,  2 -m e t h y l-

l-e p o x y d e c -3 -e n e , cyclohexene, m ethyl a c r y la t e /h y , and 3 -h y d r o x y b u t -l-  

yne); a lk y l  brom ides; m ethyl c h lo r o fo r n a te ; sodium a c e ta te ; a c e t ic  

a n h yd rid e , and sodium hyd rid e.

The reasons f o r  t h is  are  u n c le a r , a lth ou gh we can sp e c u la te  th a t the  

p a tte rn s  o f r e a c t iv i t y  a s c r ib e d  to  the " F is c h e r-ty p e "  com plexes are  

p re clu d ed  by the absence o f an a -c a r b o n  atom. On the o th e r hand, i t  

may be th a t e x te n siv e  d e lo c a l is a t io n  around the carbene carbon  

r e s t r ic t s  r e a c t io n  under the c o n d it io n s  examined. C o rro b o ra tiv e  

e vid e n ce  from com plexes where the carbene carbon i s  co o rd in ated  to  two 

heteroatom s i s  u n a v a ila b le , a lth ou gh d iam ino com plexes are  known to  be 

e x c e p t io n a lly  u n re a c tiv e  due to  e f f e c t iv e  e le c tr o n  tr a n s f e r  from the
oo

n itro g e n s to  the carbene carbon atom .



2.4 Application of ultrasound to the preparation of -

tricarfaonyliron ccnplexes

S u s l ic k  has proposed th a t s o n o ly s is  o f Fe(CO)^ in  hydrocarbon s o lv e n ts  

le a d s to fo rm atio n  o f F e ^ C O )-^  v ia  c o o r d in a t iv e ly  u n satu rated  Fe(CO)^ 

o r Fe(C0 ) 3  in te rm e d ia te s  ^  Taken in  c o n ju n ctio n  w ith  the o b se rv a tio n  

th a t s o n o ly t ic  d eg radation o f Fe2 (C0 )g produces e le m e n ta l iro n  and 

FefCO)^, the p r o b a b ilit y  th a t s im i l a r  r e a c t iv e  s p e c ie s  are  generated  

appears to be q u ite  high. We have a lr e a d y  dem onstrated th a t Fe(CO)^ 

s p e c ie s  can be trapped by v in y l  epoxides and t h is  r e a c t io n  has been 

e x p lo ite d  in  the s y n th e s is  o f a number o f f e r r i la c t o n e s . We were 

in tr ig u e d  by the p o s s ib i l i t y  th a t  the m ild  c o n d it io n s  used to  good 

e f f e c t  in  the s y n th e s is  o f  f e r r i la c t o n e  complexes co u ld  be e x p lo ite d  

in  a route to 17^ -  (diene) t r ic a r b o n y l iro n  com plexes. T r ic a r b o n y l ir o n  

d ien e com plexes had a lre a d y  been shown to be s ta b le  under u lt r a s o n ic  

ir r a d ia t io n  ; however, i t  rem ained to  be seen whether conjugated  

d ie n e s co u ld  be used to tra p  Fe(CO)^ s p e c ie s  formed on s o n o ly s is  o f  

Fe2 (C0 )g in  the l ig h t  o f the proposed m ech an ism ^.

Fe(CO)4 H--- Fe(CO)4

- C O

"

/ T ^

Fe(CO)3

/ A
Fe(CO),



Recent in v e s t ig a t io n s  in to  the p ro p e r t ie s  o f such com plexes have begun 

to dem onstrate t h e ir  p o te n t ia l fo r  use as s y n th e t ic  in t e r m e d ia t e s ^ .  

Furtherm ore, in t e r e s t  in  the p ro p e r t ie s  o f the co o rd in ated  lig a n d  

coupled w ith  the number o f methods a v a ila b le  fo r rem oval o f the  

t r ic a r b o n y lir o n  m o iety, has le d  to  e x p lo it a t io n  o f th ese  s p e c ie s  as  

p ro te c tin g  and s t a b i l i s in g  groups fo r  conjugated d i e n e s ^ ' ^ ' ^ .  For  

exam ple, e x te n siv e  in v e s t ig a t io n  has shown th a t the is o la t e d  double  

bond in  the ( /? -m y r c e n e )-tr ic a r b o n y lir o n  complex (59) can be m o d ifie d  in
act

number o f ways w itho ut a f f e c t in g  the d ie n e -F e (C 0 ) 3  u n it  .

AcOH, BF

Fe(CO ) 3

However, thorough exam ination o f the l it e r a t u r e  showed t h a t , d e s p ite  

the number o f p u b lish e d  exam ples d e t a i l in g  the re a c t io n  o f d ie n e s w ith  

iro n  carb o n yl s p e c ie s , y ie ld s  o f  com plex obtained under the in f lu e n c e  

o f both heat and u lt r a v io le t  r a d ia t io n  are  seldom b e tte r  than low to  

m o d e ra te ^ . T h is  o b v io u s ly  c o n s t it u t e s  a m ajor b a r r ie r  to  the g e n e ra l 

acceptance o f these s p e c ie s  a s  s y n t h e t ic  in te rm e d ia te s  w hich has y e t
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to be overcome.

Problem s a r is in g  from the s e n s i t i v i t y  o f  both p ro du cts and s t a r t in g  

m a t e r ia ls  to a e r ia l  o x id a tio n  d ic t a t e  th a t r e a c t io n s  must be c a r r ie d  

out under in e r t  atm ospheres. The most commonly employed procedure  

in v o lv e s  h e a tin g  a m ix tu re  o f the d ie n e  and FefCO)^ in  a h ig h  b o ilin g ,  

in e r t  s o lv e n t , such as d i-n -b u t y le t h e r ,  fo r  long p e rio d s o f tim e. 

However, the s e n s i t i v i t y  o f the com plex to  p eroxides p re se n t in  these  

s o lv e n ts  make i t  im p e ra tiv e  to  f i l t e r  the s o lv e n t through b a s ic  

alu m in a im m e d ia te ly  p r io r  to use. A number o f o th e r m o d if ic a t io n s  

have a ls o  been suggested, and y e t , y ie ld s  o f the d e s ire d  complex 

rem ain d is a p p o in t in g ly  low , c o n s id e ra b ly  reducing the s y n th e t ic  

p o t e n t ia l o f these com plexes.

A g a in st t h is  background, we d ecid ed  to  see whether s o n o ly s is  of  

Fe2 (C0 )g in  the presence o f conjug ated  d ie n e s would p ro vid e  a route to  

th ese  com plexes. In  the i n i t i a l  attem pt 1 -a c e t o x y b u t a -1 ,3 -d ie n e  and 

Fe2 (C0 )g were son olysed  tog ether in  benzene s o lu t io n  and, to our g re a t  

d e lig h t ,  a q u a n t it a t iv e  y ie ld  o f the r)-^ -(d ie n e ) t r ic a r b o n y l iro n  

complex (53) was is o la t e d . In t e r e s t in g ly ,  t h is  compares to the 15%  

y ie ld  ob tain ed  when the re a c t io n  was c a r r ie d  out u sin g  Fe2 (C0 )g in  THF 

s o lu t io n . T h is  i s  in  sharp c o n tr a s t  to i t s  e f f ic a c y  a s  a source o f  

te tr a c a r b o n y lir o n  in  the p re p a ra tio n  o f f e r r i la c t o n e s  from v in y l  

e p o x id e s.

Fe2(CO ) 9

Fe(CO) 3

( 5 3 )

100%
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E x te n sio n  o f the methodology showed th a t the method was g e n e r a lly  

a p p lic a b le  to a v a r ie t y  o f conjug ated  d ie n e s and to le r a n t  o f both 

e le c tr o n  donating (53) and e le c tr o n  w ithdraw ing groups (56). At t h is  

p o in t i t  should  be s tre sse d  th a t the re a c t io n  i s  c a r r ie d  out a t  

am bient tem perature, w ithout e x c lu s io n  o f a i r  and w ith o ut p r io r  

p u r if ic a t io n  o r  d ry in g  o f the s o lv e n t. D e sp ite  t h is ,  the unoptim ised  

y ie ld s  o f  com plex ob tain ed  are  c o n s is t e n t ly  h ig h e r than p re vio u s  

l i t e r a t u r e  p re p a ra tio n s . R e actio n  was assumed to be com plete once the  

s o l id  ca rb o n y l had d isap peared  and co n c e n tra tio n  o f the re a c tio n  

m ix tu re , fo llo w ed  by s i l i c a  g e l chrom atography o f the re s id u e ,  

separated  the re q u ire d  complex from any in o rg a n ic  s p e c ie s . The 

r e s u lt s  o f these experim ents are  sum m arised in  T a b le  3. In  g e n e ra l,  

y ie ld s  o f these r e a c t io n s  were e s s e n t ia l ly  q u a n t it a t iv e  and were o n ly  

l im it e d  by the v o l a t i l i t y  o f the p ro d u ct, as evidenced by the reduced  

y ie ld s  o f low er m o le cu la r  w eight com plexes.

The com plexes, w ith  few e x ce p tio n s, were is o la te d  as y e llo w  o i l s  

w hich, a lth ou gh s e n s it iv e  to a e ro b ic  o x id a t io n , co uld  be sto re d  a t  

-2 0 °C  w ith o ut a p p re c ia b le  d ecom positio n. In fra re d  sp ectro sco p y c l e a r l y  

shows the c h a r a c t e r is t ic  a b so rp tio n s a s s o c ia te d  w ith  the Fe(C0 ) 3  

m oiety a t  ca . 2080 and 1970 cm~^; o f  w hich the la t t e r  was g e n e r a lly  

re so lv e d  in to  two bands. R e s u lts  ob tain ed  w ith  a v a r ie t y  o f com plexes 

show th a t the presence o f e le c tro n -w ith d ra w in g  s u b s t itu e n ts  on the  

d ien e  m oiety s h i f t s  these bands to h ig h e r fre q u e n cie s. The e f f e c t  i s  

reversed  in  the case  o f e le c tr o n  d ono rs, a s  i l l u s t r a t e d  below. T h is  

i s  a consequence o f the e f f e c t  o f the s u b s t itu e n t  on the d ie n e -m e ta l 

and hence m e ta l-C O  d7r-p 7r in t e r a c t io n s ,  and probably a t t r ib u t a b le  to  

s h if t s  in  the energy le v e ls  o f the d ien e HOMO and LUMO. C o o rd in a tio n  

to  the iro n  a ls o  s h i f t s  the d ien e  C=C s tr e tc h in g  band to much low er 

freq uency, fo r  example the C=C s t r e t c h  in  /3-m yrcene moves from 1639  

cm”  ̂ in  the uncomplexed system  to  1476 cm” * in  the analogous
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Table 3
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t r ic a r b o n y l iro n  complex.

-1

2082 1955 1945
Fe(CO)

l 2085 2000 1968

Fe(CO ) 3

COOMe 2092 2050 2000

Fe(CO)

R e a ctio n  w ith  more complex polyenes showed a number o f  in t e r e s t in g  

fe a tu re s . For exam ple, r e a c t io n  w ith  /^-m yrcene g iv e s  a 95% y ie ld  o f  

the product shown (59). Th at i s ,  re a c t io n  occu rs s p e c i f i c a l l y  w ith  the  

conjugated d ien e  and the product is o la t e d  is  uncontam inated by s p e c ie s  

a r is in g  from com plexation o f  the is o la te d  double bond.

High f ie l d  nmr s t u d ie s  o f these com plexes in  CDCI3  c o r r e la t e d  w ith  

p u b lish e d  d a ta ; however, sam ples were s u b je c t  to ra p id  d ecom positio n, 

d e sp ite  c a r e f u l p re p a ra tio n , and l i t t l e  in fo rm atio n  

co u ld  be gleaned from the sp e c tra  o b tain ed . We had p r e v io u s ly  

encountered the same problem  when attem pting  to o b ta in  s p e c tra  o f  

c e r t a in  f e r r i la c t o n e s  under s im i l a r  c o n d it io n s . T h is  appears to be a 

r e f le c t io n  o f  the a c id i t y  o f  the s o lv e n t and d^-benzene had proved to  

be a more s u it a b le  s o lv e n t  in  such c a se s. Com parison o f  the 250MHz 

•̂ ■ Hnmr sp e c tra  o f (/S-myrceneJ-FeCCO)^ in  the two s o lv e n ts  shows a 

degree o f f in e  s tr u c tu r e  in  the spectrum  in  CgDg s o lu t io n  th a t i s  

n o tic e a b ly  ab sent in  the e q u iv a le n t  spectrum  in  CDCI3  s o lu t io n  

(Scheme7). The s h ie ld in g  e f f e c t  o f the tr ic a r b o n y l ir o n  m oiety r e s u lt s



Scheme 7
250 MHz 1 H nmr sp e c tra  o f tj ^ -( /^ -m y r c e n e ) -tr ic a r b o n y lir o n  in  (a) d e u te rio ch lo ro fo rm , and (b) CgDg.

0



130

in  enormous u p f ie ld  s h i f t s  o f the resonances a s s o c ia te d  w ith  what 

could  be d e sc rib e d  as the "endo" m ethylene protons w hich o ccu r a t  

-0 .0 5  and -0.25ppm , in  c o n tr a s t  to the "exo" m ethylene protons w hich  

resonate ca. 1.5ppm fu r th e r  d o w n fie ld .

The r e a c t io n  w ith  pseudionone i s  o f p a r t ic u la r  in t e r e s t  in  th a t i t  was 

p o s s ib le  to is o la t e  a 75% y ie ld  o f the k in e t ic  product (60) a f t e r  lh  o f  

s o n o ly s is . F u rth e r exposure to u ltraso u n d  le d  to is o m e r is a t io n  and a 

1 : 2  r a t io  o f  the e x o c y c lic  and e n d o c y c lic  d iene com plexes was 

ob tain ed . The l a t t e r  i s  presum ably the thermodynamic p roduct o f the  

re a c tio n  as s to r in g  the 3 ,5 -d ie n e  complex (60) a t  -20°c r e s u lt s  in  

alm o st com plete co n ve rsio n  to  the 5 ,9 -d ie n e  complex (61). Hence, 

v a r ia t io n  o f the r e a c t io n  tim e a llo w s  s e le c t iv e  a c ce ss  to good y ie ld s  

o f both iso m ers. T h is  i s  not p o s s ib le  by co n v e n tio n a l methods and 

r e f le c t s  the m ild  c o n d it io n s  used.

In  the analogous r e a c t io n  o f /3 -io n o n e  w ith  Fe2 (CO)g, lh  of s o n o ly s is  

gave a 4:1 m ix tu re  o f endo and exo com plexes, (62) and (63). In  

c o n tr a s t , C a is  and Maoz have rep orted th a t the therm al r e a c t io n  o f the  

d ien e w ith  Fe(CO) 5  le a d s to  is o la t io n  o f a 3:1 r a t io  o f  p ro ducts in

(60)

O

70%

0

(61)
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favour o f the exo isom er47# However, i t  should  be noted th a t the 

combined y ie ld  o f  t h is  re a c t io n  was o n ly  2 1 %, th a t i s  a fa c to r  o f  

th ree le s s  than th a t obtained u sin g  our methodology.

In  c o n c lu s io n , we have dem onstrated the ease w ith  w hich h igh y ie ld s  o f  

these com plexes can be ob tain ed  in  the presence o f  a v a r ie t y  of 

fu n c t io n a l groups and hope th a t t h is  w i l l  promote in cre a se d  use o f  

such s p e c ie s  as s y n th e t ic  in te rm e d ia te s .
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2.5 The effects of ultrasound on the formation of disodium 

tetracarbonylferrate

The encouraging results obtained from application of ultrasound to the 

preparation of ferrilactone complexes prompted us to examine whether 

ultrasound could be usefully exploited in the preparation of other 

iron carbonyl species. For example, disodium tetracarbonylferrate has 

been used as a source of CHCT and RCCf, that is, as an acyl anion 

equivalent.

Br 1) Na2Fe(CO)4

2) AcOH
90%

48The yields of this reaction are generally good suggesting definite 

possibilities for application to synthesis.

In addition, we were intrigued by recent reports that sugar 

derivatives could be acylated at anomeric centres via the appropriate 

manganese pentacarbonyl sigma complex. The reaction proceeds with a 

high degree of stereospecificity. Nevertheless, the general 
applicability of this methodology is limited by a number of factors: 

firstly, that the price of dimanganese decacarbonyl is currently a 
factor of twenty higher than that of iron pentacarbonyl; and secondly, 
the pressures necessary to effect reaction are considerably higher 

than would be inferred from DeShong's original communication^a *̂ In
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O

Mn(CO)5

E=C02Me

fact, these are of the order of 8000 atmospheres or 6 kbar.
Apparatus fo r  the g e n e ra tio n  of such enormous p re ssu re s i s  not 

g e n e r a lly  a v a ila b le  and i t  la t e r  t r a n s p ir e d ^  (b) th a t  the r e a c t io n s  

had been executed in  a m o d ifie d , heavy d u ty , h y d r a u lic  c a r  ja c k !

I t  was fo r  th ese  reasons th a t we d ecided  to in v e s t ig a t e  the analogous  

r e a c t io n  co u ld  be u sin g  d is o d iu rn te tra ca rb o n y lfe rra te  to  p ro vide  a more 

a c c e s s ib le  method o f a c y la t io n  a t  anom eric c e n tre s . R e a ctio n  of  

s im p le  s t r a ig h t  c h a in  a lk y l  brom ides, io d id e s  and to s y la t e s  were
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precedented in  the l i t e r a t u r e ^ ;  however, the reagent, which i s  

u s u a lly  generated by re d u ctio n  o f iro n  p en tacarb on yl w ith  sodium  

benzophenoneketyl, i s  extrem ely oxygen s e n s it iv e  and sp ontaneously  

in flam m ab le  in  a i r .  The l i t e r a t u r e  p r e p a r a t io n s ^ '^0 s t r e s s  th a t the

2Na + Fe(CO)5 Na2Fe(CO)4 .1.5

THF
_____________ ^  Na2Fe(CO )4

Fe(CO)^ m ust be added dropw ise to  a r e f lu x in g  s o lu t io n  of sodium  

benzophenoneketyl in  dioxane over a p erio d  o f up to  16h. Hence, any 

sh o rte n in g  o f t h is  re a c tio n  tim e  would reduce the hazards a s s o c ia te d  

w ith  p re p a ra tio n  o f t h is  u s e fu l but f ic k l e  reagent.

T h is  le d  us to  examine whether the r e a c t io n  co uld  be c a r r ie d  out a t  

room tem perature under the in f lu e n c e  o f u ltra so u n d . D e t a ils  o f th ese  

in v e s t ig a t io n s  are  g iv e n  in  T a b le  4. The p ro ducts o f these  

r e a c t io n s  were used to  examine the re a c t io n  between the carbohydrate  

d e r iv a t iv e  c o n ta in in g  an anom eric bromide ( 6 4 ) ^  and o c t y l io d id e . 

U n fo rtu n a te ly , the products most g e n e r a lly  is o la t e d  were the reduced  

su g ar brom ide (65) o r unchanged s t a r t in g  m a te r ia l.

1) Na2Fe(CO) 4

2 ) octyl iodide

OAc

(64)



Table 4
Attem pted p re p a ra tio n  o f disodium  te tr a c a r b o n v lfe r r a te  bv r e a c t io n  of 

FeCCO)^ w ith sodium in  the presence o f u ltraso u n d  .

Conditions used Results of the reaction 
with brcmide () and octyl 
iodide

1 .  S o lid  Na, THF, Ph2 CO, 
Fe(CO )g, 12h

no re a c t io n

2. ( i)  S o lid  Na, THF, , 8 h 
( i i )  Fe(CO)5 , Ph2 CO, 4h

no re a c t io n

3 . ( i )  S o lid  Na, to lu e n e , , 8h 
( i i )  Fe(CO )5 , Ph2 CO, 4h

no r e a c t io n

4 . ( i )  S o lid  Na, x y le n e , , 8 h 
( i i )  Fe(CO )5 , Ph2 CO, 4h

s t a r t in g  m a te r ia l +

5 .  ( i )  50% c a im e r c ia l d is p e r s io n  o f Na as above
in  p a r a f f in 3 , x y len e  

( i i )  F e (C 0 )5 , Ph2 CO, lh

6 . Commercial Na2 Fe(CO )4 . 1 . 5  dioxane no re a c tio n

a s u p p lie d  by A ld r ic h  Chem ical Co. L td .

T h is  appears to  be a r e f le c t io n  o f the incom plete form ation o f  

d isod ium  te tra c a rb o n y l f e r r a t e  w hich appears to be re a c tin g  fu r th e r  

w ith  e x ce ss iro n  ca rb o n y l to  g iv e  Na2 Fe2 (CO)g. The m ixtu re  o f  

Na2 Fe(CO)^ and Na2 Fe2 (CO)g i s  w e ll known as a pow erful red u cin g  agent 

and would account fo r  the predominance o f the reduced p ro duct. In  

f a c t ,  S u s l ic k  has a ls o  rep orted  a route fo r  p re p a ra tio n  o f Na2 Fe(CO)/j 

/  Na2 Fe2 (CO)g by s o n o ly s is  o f iro n  ( I I I )  c h lo r id e  and sodium under
co

fo u r atm ospheres o f carbon monoxide .
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CO (4atm.)
3 FeCI3 + 4 Na Na2Fe(CO)4 + Na2Fe2(CO)8

10 C, » )

D e sp ite  t h is ,  r e a c t io n s  w ith  s im p le  a lk y l  h a lid e s  gave the expected product 

on a number o f o c c a s io n s . For example r e a c t io n  w ith  p h e n y la cy l 

c h lo r id e , fo llo w e d  by aqueous eth an o l gave the p re d ic te d  ketone, 

p h e n y lb u ta n -2-o n e . In  a d d it io n , re a c t io n  w ith  o c t y l  io d id e  gave an 

in te rm e d ia te  showing a stro n g  carb o n yl a b so rp tio n  a t  18 8 1 c m -l#

Treatm ent w ith  a c e t ic  a c id  then gave o c ta n a l ( vq - q  17 14  cm“ ^). 

N e v e rth e le ss , th ese  r e s u lt s  were not g e n e r a lly  reproducable. T h is  

i l l u s t r a t e s  the p o in t made in  the review  th a t r e a c t io n s  c a r r ie d  out in  

u ltra so u n d  c le a n in g  bath s have a tendency to g iv e  e r r a t ic  r e s u lt s ,  due 

to  t h e ir  in c o n s is t e n t  g e n e ra tio n  o f le v e ls  o f u ltra so u n d  n e cessary  fo r  

t r a n s ie n t  c a v it a t io n .

In t e r e s t in g ly ,  we observed marked d iffe r e n c e s  in  the a b i l i t y  o f  

u ltra so u n d  to  d is p e r s e  s o l id  sodium in  the s o lv e n ts  te ste d . In  fa c t  

the sodium showed a marked tendency to aggregate in  THF, a lth ou gh an 

adequate d is p e r s io n  co u ld  be formed in  xylene. T h is  has a ls o  been
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commented on by Luche and co-w orkers who observed the same p a tte rn  on 

a tte m p tin g  to form c o l lo id a l  d is p e r s io n s  of a v a r ie t y  o f a l k a l i  m e ta ls  

in  a range o f s o lv e n ts  u sin g  an u ltra so u n d  probe.

Our r e s u lt s  c l e a r l y  show th a t the r e a c t io n  i s  dependent on the degree  

to  w hich d is p e r s io n  o f the m etal i s  e ffe c te d  and the incom plete  

r e a c t io n  may be a fe a tu re  of the low in t e n s it ie s  o f u ltraso u n d  

produced by la b o ra to ry  c le a n in g  b a th s. Hence, th ere  i s  a p o s s ib i l i t y

th a t com plete form ation o f Na2 Fe(CO)4  co u ld  be achieved  under these  

c o n d it io n s  u sin g  a h ig h  in t e n s it y  probe as the u ltra so u n d  source .
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2.6 Ultrasonic formation of sodium phenylselenide

The im pact th a t  organoselenium  c h e m is try  has had on modem o rg a n ic  

s y n th e s is  i s  undisputed. Many methods have been developed fo r the  

in tro d u c tio n  o f the s e le n o -s u b s t itu e n t ; however, use o f  

p h e n y lse le n id e  an io n s i s  e s p e c ia l ly  common. N e v e rth e le ss , d e s p ite  

e x te n siv e  in v e s t ig a t io n s , problem s a r is e  from the o d ife ro u s nature o f  

c e r t a in  re a g e n ts , the use o f t o x ic  o r in co m p a tib le  s o lv e n ts , and the  

la c k  o f r e a c t i v i t y  o f some o f the s a l t s .

Work w ith in  our group had shown th a t  u ltra so u n d  co u ld  be used to  

in c re a se  the r a te  o f the re a c t io n  between d ip h e n y ld is e le n id e  and s o l id  

sodium to a degree th a t the r e a c t io n , w hich i s  v i r t u a l l y  n e g lig ib le  a t  

room tem p erature, was com plete a f t e r  fo u r d a y s ^ .  The sodium  

p h e n y lse le n id e  i s  ob tain ed  as a homogeneous c o l lo id a l  suspension w hich  

can be c o n v e n ie n tly  tra n s fe rre d  by s y r in g e  o r cann ula  to the re a c t io n  

v e s s e l.  The su sp ensio n was found to  be s t a b le  in  the absence o f  

oxygen and co u ld  be sto re d  in  a s e a le d  f la s k  fo r up to  one week 

w ith o u t any n o tic e a b le  decrease in  r e a c t iv i t y .  Hence, the o n ly  m ajo r  

d isad va n tag e  o f  t h is  procedure appears to be the le n g th  o f tim e  

re q u ire d  to b rin g  the re a c tio n  to co m p letio n . In  common w ith  the 

r e a c t io n  o f sodium w ith  FefCO)^, t h is  can be a tt r ib u te d  to the l im it e d  

s u rfa c e  are a  o f sodium a v a ila b le  and hence we decided to in v e s t ig a t e  

t h is  r e a c t io n  f u r t h e r , in  l in e  w ith  ou r p re v io u s o b se rv a tio n s .

Cl
In  common w ith  Luche e t  a l  we have noted a tendency fo r  sodium to  

aggregate in  THF and found th a t the r e a c t io n  tim e co u ld  be halved by 

u sin g  x yle n e  in  i t s  p la ce . However, from a p r a c t ic a l  p o in t o f v ie w , 

the h igh b o il in g  p o in t o f xylene makes i t  d i f f i c u l t  to  remove from the  

r e a c t io n  m ix tu re , and is o la t io n  o f  v o l a t i l e  o r th e rm a lly  u n sta b le  

s e le n id e s  would become v i r t u a l l y  im p o s s ib le . In  f a c t ,  a c o n tro l
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experim ent showed th a t d is p e r s io n  o f  s o l id  sodium in  x y le n e  took 8h in  

our low in t e n s it y  u ltra so u n d  c le a n in g  bath. Hence, we turned our  

a tte n t io n  to the co m m e rcia lly  a v a ila b le  sodium d is p e r s io n s  which  

have the advantage o f being e a s ie r  to  handle in  s m a ll q u a n t it ie s  than 

the e q u iv a le n t rod sodium . T h is  produced a g r a t if y in g  f iv e -f o ld  

d ecrease in  the r e a c t io n  tim e . However, the g re a te s t  enhancement in  

ra te  o f re a c t io n  was observed when a c a t a ly t ic  amount o f benzophenone

Table 5

PhSe  SePh
2 Na » )

®  0
------------ 2 Na SePh

Conditions reaction time/h

1 . S o lid  sodium c u t  in to  s m a ll  
lumps/THF

96

2 . as ab ove/x ylene 3 1

3 . C a rm e rc ia l sodium d is p e r s io n a/TH F 2 1

4. as above/benzophenone 1

a = 50% d is p e r s io n  in  p a r a f f in  from A ld r ic h

was added to the r e a c t io n  m ix tu re  a s  an e le c tro n  c a r r ie r .  T h is  

m o d if ic a t io n  had the added advantage th a t the r e a c t io n  became s e l f -  

in d ic a t in g  as a r e s u lt  o f the p resence  o f the c h a r a c t e r i s t ic a l l y  dark  

b lu e  sodium benzophenoneketyl. From a p r a c t ic a l  p o in t o f  v ie w , 

dropw ise a d d it io n  o f a s o lu t io n  o f  d ip h e n y ld is e le n id e , in  a m in im al 

volume o f THF, to  the d a rk  b lu e  r e a c t io n  m ixture appears to  r e s u lt  in  

v i r t u a l l y  in stan tan e o u s fo rm atio n o f  the cream co lo u red  sodium  

p h e n y lse le n id e . The r e a c t io n  was com plete when the l a s t  mauve t in g e s
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o f sodium benzophenoneketyl had d isap p e ared . T h is  g e n e r a lly  took 

s l i g h t l y  le s s  than an hour and re p re s e n ts  a 9 6 -fo ld  in c re a s e  in  the ra te  

o f the r e a c t io n ! We b e lie v e  th a t  t h is  extrem ely m ild  and convenient  

method supercedes o th e r ro u tes and i s  h ig h ly  recommended fo r the  

s im p le  p re p a ra tio n  o f sodium p h e n y lse le n id e .

A. b r ie f  stu d y o f i t s  r e a c t iv i t y  showed th a t n u c le o p h ilic  re a c t io n  w ith  

h a lid e s ,  su lph onates and epox ides proceeded in  h igh y ie ld .

Table 6

Substrate Product % Yield

1 W W W W SePh
(66)

92

2
m̂ S/WW T H P O ' W W V " '

(67)

100

3 ^ s ^ ^ ^ O I V l 8

(68)

97

4 Ph-<3

HO

(69)

78
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T h is  reagent was a ls o  r e c e n t ly  used to  s u c c e s s f u lly  in tro d u ce  a 

p henylselen o s u b s t itu e n t  in to  a fragm ent (7 1) o f the ionophore  

a n t ib io t ic  M139603 by m esylate  d is p la c e m e n t^ . In  c o n tr a s t , o th e r  

l i t e r a t u r e  methods to in tro d u ce  the p h e n ylse len o  group o r to d ir e c t ly  

reduce the m e sy la te  group ra th e r  than proceed through the se le n id e  had 

f a i le d .

In  p r in c ip l e ,  the u lt r a s o n ic  technique d e scrib e d  should be a p p lic a b le ,  

not o n ly  to  the p re p a ra tio n  o f  a wide range o f d is e le n id e s ,  but a ls o  

to s u lp h id e s  and t e l l u r id e s ,  and indeed, sodium methane t h io la t e  has 

been prepared from d im e th y ld is u lp h id e  u s in g  t h is  methodology^^.
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2.7 Synthesis of /? -lactams from 7r-allyl tricarbonyl iron (lactone)

(a) Introduction

Work c a r r ie d  out in  our la b o r a t o r ie s  has shown th a t f e r r i la c t o n e s  are  

not o n ly  u s e fu l p re cu rso rs  f o r  the s y n th e s is  o f 8 - la c t o n e s ,  but can  

a ls o  p ro vid e  a novel route to  m o n o cyclic  /3 -la c ta m s . I n i t i a l  work had 

shown th a t treatm ent o f f e r r i la c t o n e  complexes w ith b en zylam ine in  the  

presence o f z in c  c h lo r id e  gave the corresponding 7 r -a l l y l t r ic a r b o n y l -  

iro n (la cta m ) com plexes v ia  an SN2 ' - l i k e  mechanism. As p r e v io u s ly  

e x p la in e d , cerium  (IV) o x id a t io n  o f f e r r ila c t o n e s  had been shown to  

g iv e  good y ie ld s  o f the four-m em bered 8- la c t o n e . S im i l a r l y ,  low  

tem perature o x id a t io n  o f f e r r i la c t a m s  gave N -b e n zy l /3 - la c t a m s  in  good 

y ie ld .  A p p lic a t io n  o f t h is  m ethodology to a number o f system s  

dem onstrated th a t the m ajo r p ro duct obtained was a lm o st in v a r ia b ly  the  

/3- la c t a m  and s ig n if ic a n t  amounts o f  8 -la c ta m  were o n ly  e v id e n t  in  one

0 o

o

z-a:
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A g re a t d e a l o f a tte n tio n  has been focused on approaches to  the  

s y n th e s is  o f  m o no cyclic  /2 - la c t a m s  s in c e  the d isco v e ry  o f a number o f  

n o n -c la s s ic a l  (3- la c ta m  a n t ib io t ic s  w hich were found to  in h ib it  /2 -  

lactam ase a c t i v i t y ,  in  a d d it io n  to  t h e ir  potent a n t ib io t ic  a c t iv it y .  

E x te n siv e  in v e s t ig a t io n  over the l a s t  10  y e a rs  has led  to  the 

d is c o v e ry  o f a s e r ie s  o f such compounds e x e m p lifie d  by th ienam ycin  , 

the o l iv a n ic  a c i d s ^ ,  n o c a r d ic in s ^  ,and the m onobactam s^. As a d ir e c t  

consequence, new methods fo r  the c o n s tru c t io n  o f m o n o cyclic  /2 - la c ta m s  

th a t can accommodate the a p p ro p ria te  f u n c t io n a lit y  are c o n s ta n tly  

sought. Our methodology i s  p a r t ic u l a r l y  u s e fu l in  th a t the /? -la c ta m s  

produced p o sse ss un satu rated  s id e  c h a in s  a t  C -3 ; th a t i s ,  the o v e r a ll  

p ro ce ss i s  analogous to r e g io s e le c t iv e  2tt+ 2tt a d d it io n  o f an 

iso cy a n a te  e q u iv a le n t to  a  d ien e u sin g  e x is t in g  methodology.

The u t i l i t y  o f  such an approach i s  m irro re d  in  the p o p u la r it y  o f the  

r e a c t io n  between d ien es and c h lo ro su lp h o n y liso cy a n a te  (C S I) which i s  

r o u t in e ly  used in  the p re p a ra tio n  o f /2 -la c ta m s  . The products o f  

t h is  r e a c t io n  a r is e  from bonding between the carbonyl group and the  

le a s t  s u b s t itu t e d  p o s it io n  o f the double bond. Hence, the two methods 

are com plim entary in  th a t the o rg ano iro n approach can be used to  

prepare compounds w hich may be co n sid e re d  to be the re g io iso m e rs o f  

those o b tain ed  u sin g  e x is t in g  m ethodology.

n ^  c is o 2n c o  |— ___________  |—
"  "  ] _ N S 0 2CI X — NH

o o

F u rth e r e x am in a tio n  o f the p ro du cts o f  the organoiron r e a c t io n  suggest 

th a t the rou te m ight be g e n e r a lly  a p p lic a b le  to the s y n th e s is  o f a 

wide range o f /? -la c ta m  a n t ib io t ic s .  For exam ple, th ie n am ycin  and the  

o l iv a n ic  a c id s  p o ssess h yd ro x yeth yl s u b s t itu e n t s  a t  C -3 .  In tro d u c tio n
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o f such a f u n c t io n a lit y  can be r e a d ily  envisaged by e la b o ra tio n  o f the  

corresp onding iso p ro p y l s u b s t itu e n t .

On the o th e r hand, a re ce n t Japanese p a te n t has d e scrib e d  the  

s y n th e s is  o f  0 3  h yd roxyethyl s u b s titu e d  a z e tid in o n e s  from the  

e q u iv a le n t  v in y l  compounds by r e a c t io n  w ith  m ercury ( I I )  a c e ta te ,  

fo llo w e d  by d em ercuration w ith  a red u cin g  agent. However, no d e t a i ls

S im i l a r l y ,  s t r a t e g ie s  fo r d eg rad a tio n  o f  the a lk e n y l s id e  c h a in  and 

in tr o d u c tio n  o f a 3-am in o  fu n c tio n  would a llo w  acce ss to  another la rg e  

group o f n a t u r a l ly  o c c u rr in g  /3 - la c t a m  a n t ib io t ic s .

We have a ls o  shown th a t v a r ia t io n  o f the N -s u b s t itu e n t  can be r e a d ily  

ach ie ved  by re a c tio n  o f the r e q u is it e  f e r r i la c t o n e  complex w ith  a 

range o f  p rim a ry  am ines. T h is  a llo w s  f o r  in tro d u c tio n  o f  s t r u c t u r a l ly  

complex amino f u n c t io n a l it ie s ,  such a s  those found in  the n o c a rd ic in s .  

On the o th e r hand, work in  our la b o r a t o r ie s  has shown th a t  N -b e n zyl 

and a -s u b s t it u t e d  b en zyl groups can be removed in  v i r t u a l l y  

q u a n t it a t iv e  y ie ld  by treatm en t w ith  sodium  in  l iq u id  ammonia . The 

fre e  NH /3 -la c ta m s  could  be e f f i c i e n t l y  transform ed in to  novel 

monobactams by treatm ent w ith  the d im e th y lfo rm a m id e -su lp h u r t r io x id e  

com plex (DMF.SO3 ) developed by w orkers a t  Squibb.

1 0 0%

64o f the o r ig in  of the s u b s tra te  were g iv e n
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OH OH

Na, EtOH

O 100%

A
o

NH

1 ) dm f.so3, 0°C

2) nBu4NHSO O
©

Hence, t h e /? - la c t a m  p ro du cts d e riv e d  from f e r r i la c t a m  com plexes would 

appear to  be v e r s a t i l e  in te rm e d ia te s  fo r  the s y n th e s is  o f  a wide range 

o f  /3 -la c ta m  a n t ib io t ic s .  In  p a r t ic u la r ,  those whose b io lo g ic a l  

p ro p e rtie s  are  c u r r e n t ly  under a c t iv e  in v e s t ig a t io n  by th e  

p h arm ace u tica l in d u s t r y .

(b) Formation of 7r-allyltricarfaonyliron(lactam) complexes

F e r r ila c t o n e s  r e a c t  w ith  p rim a ry  am ines to  g iv e  the f e r r i la c t a m  

com plexes a r is in g  from an SN2 ' - l i k e  mechanism. The r e a c t io n  i s  

reported to o c c u r  spontaneously in  the case o f n u c le o p h il ic  am ines, 

such as m ethylam ine^; however, r e a c t io n s  a re  g e n e r a lly  c a r r ie d  out
. 3

in  the presence o f  Lew is a c id s  such as b a s ic  o r  n e u tr a l a lu m in a

M

M
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o r  z in c  c h lo rid e 57 ,59 ^  prCK3uct s appear to r e s u lt  from £5^2' a tta c k

by the amine on the complexed 7 r - a l l y l  system  w ith  concom itan t  

m ig ra tio n  o f the 7 r -a l l y l  bond. T h is  r e s u lt  was la t e r  confirm ed by

C ~ f
la b e ll in g  s tu d ie s  in  the exam ple shown below:

O O

50%

E xam in ation o f the Lew is a c id  m ediated re a c tio n  between s u b s t itu t e d  

f e r r i la c t o n e s  and am ines le d  Aumann and co-w orkers to  propose a 

mechanism fo r the observed in v e r s io n  a t  C - l  and C -4  and the m ig ra tio n  

o f the 7 r - a l l y l  u n it .

Hence, "exo" a tta c k  by the incom ing n u cle o p h ile  a t  C -4  o f  the 7r - a l l y l  

te rm in u s, fo llo w ed  by r o ta t io n  about the C -3 /C -4  bond a llo w s  the amine 

to  a tt a c k  one of the carb o n y l l ig a n d s . At the same tim e , r o ta t io n  

about the C - l / C - 2  bond p o s it io n s  the hydroxyl group a n t i  to the oxygen 

anion and e x p u ls io n  o f w ater g iv e s  the fe r r ila c t a m  com plex.



147

A thorough in v e s t ig a t io n  o f  t h is  r e a c t io n  showed th a t  z in c  c h lo r id e  

was the Lew is a c id  o f c h o ic e ; however, optimum c o n d it io n s  req u ired
( T O

use o f 1 0 - 1 2  e q u iv a le n ts  o f amine and 4 e q u iv a le n ts  o f f e r r i la c t o n e  . 

Furtherm ore, the r e a c t io n  o fte n  proved c a p r ic io u s  -  most p ro bab ly as a 

r e s u lt  o f the s e q u e s tra tio n  o f w ater by hyg ro sco p ic z in c  c h lo r id e .  

L a te r  r e s u lt s  showed th a t o n ly  2 -4  e q u iv a le n ts  o f am ine were re q u ire d  

i f  the z in c  c h lo r id e /te tra m e th y le th y le n e d ia m in e  complex 

(Z n C ^.T M E D A )^ was used in  p la ce  o f Z n C ^ . I t s  enhanced a c t i v i t y  i s  

p ro b ab ly  a fe a tu re  o f the presence o f the c h e la t in g  lig a n d  w hich  

b lo ck s  two o f the z in c 's  a v a ila b le  co o rd in a tio n  s i t e s ,  thus reducing  

the p ro p e n sity  o f the z in c  to se q u e ste r e x cess am ine. T h is  m ild  Lew is  

a c id  proved an a d m ira b le  reagent fo r  use w ith  « -s u b s t it u t e d  

a lk y la m in e s  and the in s e r t io n  o f (S) - ( - ) -  a -m e th y lb e n zy la m in e  in to  the  

f e r r i la c t o n e  com plex (6 ) proceeded sm oothly to g iv e  a q u a n t it a t iv e  

y ie ld  o f the d ia s te r e o is o m e r ic  f e r r ila c t a m  com plexes (73) and (74) as  

a 1 : 1  m ix tu re  .

ZnCI2.TMEDA, 

RT, 2h

O O

( 7 3 )
1 1

( 7 4 )
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In t e r e s t in g ly ,  the analogous r e a c t io n  w ith  the (R )-d ia ste re o iso m e r  

appeared to proceed a t  a slo w er r a te  and so the r e a c t io n  m ix tu re  was 

cooled to  0 °C  ,to  preven t therm al d ecom positio n  of any f e r r ila c t a m  

formed, and worked up a f t e r  a f u r t h e r  12h . To our s u r p r is e  the r a t io  

o f the d ia s te r e o is o m e r ic  f e r r ila c t a m  com plexes (75) and (76) obtained  

was no lo n g e r 1 : 1  but 1 :9 . That i s ,  lo w erin g  the r e a c t io n  tem perature  

le a d s  to k in e t ic  r e s o lu t io n  o f the f e r r i la c t a m  com plexes. The reasons

+
H2N Ph

ZnClr TMEDA, 

RT, 2h

fo r  the d if f e r in g  s t a b i l i t i e s  o f the two f e r r ila c t a m  com plexes are not 

im m e d ia te ly  o b v io u s; however, the r e s u lt  i s  o f in t e r e s t  from the 

p o in t o f  view  th a t  o x id a tio n  o f the m ix tu re  o f f e r r i la c t a m s  g iv e s  a 

1 4 :1  r a t io  o f  the corresponding /3 -la c t a m s , (78) and (7 7 ) , accompanied 

by a s m a ll p ro p o rtio n  o f the 5 - la c t a m  (79) -  a s  evidenced by the  

p o s it io n  o f  the ca rb o n y l s t r e t c h  in  i t s  in fr a r e d  spectrum . The 

d ia s te r e o is o m e r ic  /3 - la c t a m s  are r e a d ily  se p arab le  by s i l i c a  g e l  

chrom atography and hence a s l ig h t  m o d if ic a t io n  of the c o n d it io n s  used



for preparation of the ferrilactam complex leads to isolation of an

84% yield of the 3(R)-isopropyl -lactam (77) with an enantiomeric

excess of 86%.
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Ce(IV)

( 7 7 )  ( 7 8 )  ( 7 9 )

Experim ents w ith  more complex p rim a ry  am ines, such as to sam ide,

O -te tra h yd ro p yra n y lh y d ro x y la m in e , t -b u t y ld im e t h y ls ila m id e  f a i le d  to  

produce any o f the d e s ire d  f e r r i la c t a m  in  the presence o f z in c  

c h lo rid e * ’-’. T h is  was a t t r ib u te d  to  the decreased n u c le o p h i l ic it y  o f  

the amine f u n c t io n a l it y ,  r e l a t iv e  to  the sim p le  a lk y la m in e s , a n d /o r  

the in cre a se d  s t e r ic  demand o f th ose am ines which would be expected to  

be s tr o n g ly  n u c le o p h ilic .  The o n ly  ex ce p tio n  to  t h is  was O -b e n z y l-  

hydroxylam ine, w hich gave a low y ie l d  o f fe r r ila c t a m  on r e a c t io n  w ith  

f e r r i l a c t o n e s  (6 ) and (8 ).
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ZnCI2TMEDA 10%

On the o th e r hand, r e a c t io n  in  the presence o f  a stro n g e r Lew is a c id ,  

d ie th y la lu m in iu m  c h lo r id e , gave a 56% y ie ld  o f f e r r i la c t a m  complex.

In  f a c t ,  i t  appears to  be a g e n e ra l r u le  th a t in s e r t io n  o f  

a -s u b s t it u t e d  p rim a ry  am ines o c cu rs  more e f f i c i e n t l y  in  the presence o f  

z in c  chloride.TM EDA whereas a -m e th y le n e  a lk y la m in e s  g iv e  h ig h er  

y ie ld s  o f f e r r i la c t a m  in  the presence o f d ie th y la lu m in iu m  c h lo r id e .

An in t e r e s t in g  r e s u lt  was o b tain ed  when attem pting to  in s e r t  

benzylam ine in to  the 1 : 1  d ia s te r e o is o m e r ic  m ixture o f  f e r r i la c t o n e s  

(8 a) and (8 b) o b tain ed  from r e a c t io n  o f  2 ,3 -e p o x y h e x -4 -e n e  w ith  d iir o n  

nonacarbonyl. The r e a c t io n  was c a r r ie d  out under the u s u a l 

c o n d it io n s ; however, the f e r r i la c t a m  product is o la te d  was found to  be 

the endo/exo com plex (80) and the e q u iv a le n t f e r r i la c t o n e  (8 b) was 

recovered v i r t u a l l y  q u a n t it a t iv e ly .  Fu rth e r in v e s t ig a t io n  showed th a t
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O

(8 b)

0

(80)

+

(8b) 4 2 %

w h ils t  a s e r ie s  o f am ines would in s e r t  in to  the exo/exo f e r r i la c t o n e  

complex (8 a ) , r e a c t io n  w ith  the exo/endo complex (8 b) a lw ays re s u lte d  

in  is o la t io n  o f the unchanged s t a r t in g  m a t e r ia l.  T h is  can be 

r a t io n a l is e d  i f  one co n sid e rs  th a t the product formed would be th a t  

where the two m ethyl groups were in  c lo s e s t  p ro x im ity  and s t e r ic  

r e p u ls io n  between the a lk y l  groups would be expected to d is fa v o u r  

fo rm atio n o f  such a complex.



15?

Low tem perature cerium  (IV ) o x id a t io n  o f 7r -a l l y l t r ic a r b o n y l i r o n  

(lactam ) com plexes g e n e ra te s the /^ -la c ta m s a s the product o f co u p lin g  

between the lactam  c a rb o n y l and the 0 2  te rm in u s of the 7r - a l l y l  

system . The / ? - lactam  p ro d u cts are  g e n e r a lly  accompanied by s m a ll  

p ro p o rtio n s o f the 5 - la c t a m , w hich i s  generated by co u p lin g  w ith  the  

o p p o site  end o f the 7 r -a l l y l  system .

(c) Formation of ff-lactams by oxidation of 7r-allyltricarbonyliron(lactam)

complexes

O
R

EtOH

+

However, fo rm atio n  o f the six-m em bered 5 -la c ta m  can be made to  

predom inate a t  e le v a te d  tem peratures^-.

O 34%

C e ( I V ) , EtOH,

+

Ph

56%

We have proposed the following mechanism to account for the formation

of both products, drawing evidence for the suggested rationale from
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• 70c r y s t a llo g r a p h ic  s tu d ie s  on tr ic a r b o n y lir o n (la c ta m ) com plexes .

In common w ith  the f e r r i la c t o n e  com plexes ' the 7r - a l l y l  system  i s  

not p la n a r , as would be expected, but h ig h ly  d is t o r t e d , su g g estin g  

th a t the carbon atoms a t  the t e r m in ii  o f the 7 r -a l l y l  system  d is p la y  a 

h ig h  degree o f sp c h a r a c te r . T h is  im p lie s  th a t the s tr u c tu r e  o f the  

complex can be rep resen ted  e q u a lly  w e ll by the c a n o n ic a l s tr u c tu r e s  

(81) and (82). One e le c tr o n  o x id a t io n  o f the complex would produce an 

e q u il ib r a t in g  m ix tu re  o f in te rm e d ia te  r a d ic a l  c a t io n s . Concerted
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frag m e n tatio n  and e x tr u s io n  o f the iro n  from the 5 -r in g  r a d ic a l  c a t io n  

(83) would then g iv e  the /3 -la c ta m  , and s im i l a r l y ,  d ecom positio n  o f  

the 7 -r in g  in te rm e d ia te  (84) would account fo r  form ation o f the 5 -  

lacta m . The predom inance o f th e /3 -la c ta m  p ro ducts i s  presum ably a 

r e f le c t io n  o f the in h e re n t s t a b i l i t y  o f a 5-membered r in g  o ver i t s  7 -  

membered co u n te rp a rt.

An a lt e r n a t iv e  su g g e stio n  i s  th a t o x id a t iv e  d eg rad a tio n  o f the  

com plexes o c cu rs  v ia  a l l y l i c  c a t io n  in te rm e d ia te s . However, the  

absence o f s o lv e n t  trapped products su gg ests th a t t h is  i s  u n lik e ly .



2.8 The formal synthesis of (-)-3-aminonocardicinic acid

The n o c a r d ic in  a n t ib io t ic s ,  t y p if ie d  by n o c a rd ic in  A, were f i r s t

s y n th e s is  o f th ese  novel m o n o cyclic  /J -la c t a m s  has been prompted by the  

wide spectrum  o f a c t i v i t y  these compounds e x h ib it  a g a in s t  a range o f  

G ra m -n eg ative  b a c t e r ia . In  p a r t ic u la r ,  a tte n tio n  has been focused on 

the p re p a ra tio n  o f the ( -) -3 -a m in o n o c a r d ic in ic  a c id  n u cle u s (85) -  a 

key fe a tu re  o f a l l  b io lo g ic a l ly  a c t iv e  n o c a r d ic in s , w hich has been 

s u c c e s s f u lly  e x p lo ite d  a s a g e n e ra l p re cu rso r in  the s y n th e s is  o f a 

number o f n o c a r d ic in s ^ - ^ .

70
is o la t e d  from a s t r a in  o f a ctin o m yce te s in  1976 . In t e r e s t  m  the

Nocardicin A

COOH

COOH ( 8 5 )

COOBzi ( 86 )
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C lo se  in s p e c tio n  o f ( -) -3 -a m in o n o c a r d ic in ic  a c id  i t s e l f  sugg est th a t  

t h is  key in te rm e d ia te  could  be c o n v e n ie n t ly  sy n th e sise d  u sin g  our  

no vel org ano iron methodology. T h is  approach appears to  be 

p a r t ic u la r ly  a t t r a c t iv e  in  view  o f the f a c i l i t y  w ith  w hich n itro g e n  

s u b s t itu e n t s  can be introduced v ia  the m -a l ly lt r ic a r b o n y l ir o n  lactam  

com plexes. In  c o n ju n ctio n  w ith  a s u it a b le  s tra te g y  fo r  the  

d eg rad a tio n  o f the a lk e n y l s id e  c h a in  a t  C3 , t h is  should c o n s t it u t e  a 

c o n c is e  s y n th e s is  o f ( -) -3 -A N A  in  i t s  o p t ic a l ly  pure form .

E a r l ie r  o b se rv a tio n s  had shown th a t  the isopropenyl s u b s t itu t e d  

/3- la c t a m s  (90) and (91) were a v a i la b le  in  high y ie ld  from isoprene  

monoepoxide by way o f a th ree ste p  p ro ce ss . The t r ic a r b o n y l iro n  

la c to n e  p re cu rso r (6 ) was prepared in  the u su a l manner by treatm ent o f  

iso p rene monoepoxide w ith  d iir o n  nonacarbonyl in  THF. The r e q u is it e ,  

s u it a b ly  p ro te cte d  N -s u b s t itu e n t  co u ld  then be introduced in  i t s  

e n t ir e t y  by r e a c t io n  o f the f e r r i la c t o n e  w ith  the d ib e n z y la te d  

d e r iv a t iv e  o f  D -( - ) -p -h y d ro x y p h e n y lg ly c in e  (87) in  the presence o f  

Z n C l2 *TMEDA. The d ia s te re o m e ric  f e r r i la c t a m  com plexes, (8 8 ) and (89), 

were is o la t e d  in  95% combined y ie l d  and o x id a tio n  o f the in d iv id u a l  

iso m ers , w hich were r e a d ily  se p a ra b le  by column chrom atography, gave 

e x c e lle n t  y ie ld s  o f  the re q u ire d  /3 -la c ta m s  (90) and (9 1). Two 

p o s s ib le  ro u tes to (-) -3 -A N A  co u ld  then be envisaged. The f i r s t ,  and 

m ost d ir e c t  approach would be to in tro d u ce  the amino group a t  C -3  by 

means o f a Beckm ann-type rearrangem ent. Such a p ro cess would e x p lo it  

the e x is t in g  c h i r a l i t y  o f the 3 /3 -s u b s titu te d  a z e tid in o n e .

However, s in c e  the rearrangem ent would be expected to proceed w ith  

r e te n tio n  o f  c o n f ig u r a t io n , the a v a i l a b i l i t y  o f (-J -3 -A N A  becomes 

l im it e d  by the su p p ly  of (3 S )-/3 -la c ta m  (9 1). T h is  approach was la t e r
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1) 0 3yDMS

2) NH2OH. HCI

3) MsCI

( 9 1 )

H
OBzl

abandoned when model s tu d ie s  showed th a t  none o f  the oxim es prepared  

co uld  be induced to  rearrang e in  the d e s ire d  manner*^. T h is  was 

a t t r ib u t e d  to  the re lu c ta n c e  o f the /9- la c t a m  n u cleu s to  s t a b i l i s e  a 

p a r t ia l  p o s it iv e  charge a t  0 3  in  the t r a n s it io n  s ta t e  fo r  m ig ra tio n .

Ih e  a lt e r n a t iv e  approach was to  prepare the a z e t id in -2 ,3 -d io n e  (8 6 ), 

w hich co u ld  then be converted to  (-)-3A N A  by means o f a re d u c tiv e  

a m in a tio n  sequence. Ban e t  a l  had a lre a d y  dem onstrated the  

f e a s i b i l i t y  o f such an approach in  t h e ir  s y n th e s is  o f the racem ic  

m a t e r i a l ^  (Scheme 8 ).

Degradation o f the iso p ro p en yl s id e  c h a in  was c a r r ie d  out in  the 

fo llo w in g  manner (Scheme 9 ): low tem perature o z o n o ly s is  o f the

iso p ro p y l /9 -la c ta m s  gave the corresponding 3 -a c e t y l  d e r iv a t iv e s  (92) 

and (93) in  q u a n t it a t iv e  y ie ld .  R edu ction w ith  K -s e le c t r id e  o r z in c  

borohydride gave the hyd roxyethyl s u b s t itu te d  compounds and subsequent 

m e sy la tio n  and r e g io s p e c if ic  e lim in a t io n  w ith  DBLJ gave a m ix tu re  o f E



H2> Rh/Al20 3

Scheme 8
Racemic s y n th e s is  o f  3 -a m in o n o c a rd ic in ic  a c id 7 4 .
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and Z -e n e la cta m s , (94) and (95). However, p o la rim e try  measurements a t  

t h is  p o in t  showed th a t ra c e m is a tio n  had occurred a t  the b e n z y lic  

c e n tre  and o z o n o ly s is  o f the m ix tu re  gave the racem ic a z e t id in - 2 , 3 -  

d io n e . The base l a b i l i t y  o f the proton a t  t h is  a c t iv a te d  b e n z y lic  

p o s it io n  has been commented on a number o f tim e s; but e x te n siv e  

in v e s t ig a t io n s  f a i le d  to  unearth a lt e r n a t iv e  c o n d itio n s  fo r  e f f e c t in g  

the e lim in a t io n  o f the m e sy la te s  w ith o u t e p im e ris a tio n  o f the c h ir a l  

c e n t r e .

The t h ir d  s tr a te g y  was suggested as a r e s u lt  o f the fo llo w in g  

o b se rv a tio n s . Form ation o f  the 3 -a c e t y l  d e r iv a t iv e s  o ccu rs  

s t e r e o s e le c t iv e ly  in  the f i r s t  in s ta n c e ; however, s to r in g  the 

in d iv id u a l  d ia ste re o iso m e rs  a t  0 °C  o v e rn ig h t re s u lte d  in  e p im e ris a t io n  

a t  C -3 .  In v e s t ig a t io n s  showed th a t  the l a b i l e  C -3  proton co uld  be 

removed by treatm ent w ith  tr ie t h y la m in e  a t  0 °c . Furtherm ore, these  

c o n d it io n s  were m ild  enough to  p re v e n t e p im e ris a tio n  a t  the s e n s it iv e  

b e n z y lic  c e n tre . S i l y l a t i o n  o f the r e s u lt a n t  enolate  an io n  w ith  

t - b u t y l d im e t h y l s i l y l t r i f l a t e  le d  to  r e g io s p e c if ic  fo rm atio n  o f the  

d ia s te r e o is o m e ric  s i l y l  enol e th e r s , (97) and (98), in  v i r t u a l l y  

q u a n t it a t iv e  y ie ld .

Is o la t io n  o f these compounds i s  u n n e cessary  s in c e  low tem perature  

( -7 8 °C )  o z o n o ly s is  o f the crude r e a c t io n  m ix tu re , fo llo w ed  by 

r e d u c t iv e  w ork-up, gave the o p t ic a l l y  pure ( -) -a z e t id in -2 ,3 -d io n e  (8 6 ) 

in  84% y ie ld .  Taken in  c o n ju n c tio n  w ith  p re vio u s r e s u lt s ,  we have now 

shown th a t  o p t ic a l ly  pure ( -) -3 -A N A  i s  a v a ila b le  in  f iv e  s te p s  from 

iso p rene monoepoxide. The whole sequence proceeds in  a rem arkably  

h ig h  79% o v e r a ll  y ie ld .

S in c e  the a ze t id  in -2 ,3 -d  ione (8 6 ) has been converted to  3-ANA and 

hence the n o c a rd ic in s  th em selves, t h is  new route should be co n sid ered  

a s p o t e n t ia l  e n a n t io s e le c t iv e  s y n th e s is  o f these system s.
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( 9 8 )

isolated yield 95%

TBDMS= t-Bu(Me)2 Si

overall yield 8 8 %

29 a
[ a ] D - 3 3 .2  (c ,  0 .4 6  in C H C I3)

(I) NEt3, 0°C

(ii) t-B u(M e)2Si trifla te

(ill) 0 3, DCM, MeOH, -7 8 °C

(iv) Zn, AcOH
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We then turned our a tt e n t io n  to  the problem s a s s o c ia te d  w ith  re d u c tiv e  

am in a tio n  o f the a z e t id in -2 ,3 -d io n e .  As p re v io u s ly  d e sc r ib e d , Ban e t  

a l ^  had achieved  t h is  by fo rm atio n o f the oxime fo llo w e d  by 

hydrogenation in  the presence o f a rhodium c a t a l y s t ^ .  However, the  

o v e r a ll  y ie ld  o f t h is  two ste p  p ro ce ss was o n ly  a l i t t l e  o ver 15 %  and 

so we decided to  c a r r y  out a b r ie f  in v e s t ig a t io n  in to  o th e r methods 

o f a c h ie v in g  t h is  tra n sfo rm a tio n . Hence, in  o rd er to  a ch ie v e  

s u f f ic ie n t  q u a n t it ie s  o f m a t e r ia l w ith  w hich to  c a r ry  out our  

in v e s t ig a t io n  the 3 -is o p r o p y l s u b s t itu t e d  /3 -la c ta m s , (77) and (78), 

and the a c e t y l d e r iv a t iv e  ( 9 9 ) ^  were transform ed in to  the e q u iv a le n t  

a z e t id in -2 ,3 -d io n e s  u sin g  the procedure d e scrib e d .

( 100 )

82% overall

O
via (iP r)3Si trif la te

Both re a c t io n s  proceeded sm oothly and the method appears to  be 

g e n e r a lly  a p p lic a b le  to  th e  s y n th e s is  o f a z e t id in -2 ,3 -d io n e s .

However, the t r i c y c l i c  /3 -la c ta m  (10 1)  was not in o r d in a t e ly  s ta b le  and 

so a tte n t io n  was focused on the s im p le  a lk y la m in o  a z e t id in -2 ,3 -d io n e  

(10 0 ). Our i n i t i a l  p la n  was to  condense th e  3 -k e to  lactam  w ith  a 

c h i r a l  hydrazone on the b a s is  th a t i t  m ight induce an elem ent of
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d ia s t e r e o s e le c t iv it y  in to  the re d u c tio n  o f the in te rm e d ia te  im in e . 

However, a l l  attem pts a t  co n d en satio n  o f the a z e t id in -2 ,3 -d io n e  w ith  

( S ) -( -) -l -a m in o -2 -( m e t h o x y m e t h y l) p y r o ll id in e  (SAMP), the c h ir a l  

hydrazone developed by Enders and co -w o rk e rs , f a i le d  to produce any 

o f the d e s ire d  im in e. Hence, we abandoned t h is  approach and turned

ou r a tte n t io n  to  the im inophosphorane reagents developed by A p fe l and 

co-w orkers some y e a rs  ago w hich dem onstrates a l it e r a t u r e  precedent 

fo r  the form ation o f am ines v ia  th e  re a c t io n  o f Ph3 P=NH w ith  carb o n yl 

compounds. R eduction o f the in te rm e d ia te  im ine i s  then ach ie ved  by 

h y d ro g e n o ly sis  in  the presence o f  Raney n ic k e l,  the h y d ro ch lo rid e  

s a l t  o f the im inophsophorane i s  formed by re a c tio n  of monochloroamine  

w ith  trip h e n y lp h o sp h in e . The fre e  reagent i s  then lib e r a te d  by
on

treatm ent w ith  sodamide in  l iq u id  ammonia .

NH2CI + PPh3 -------------- -  Ph3P=NH^C|0

NaNH/NHj (D 

Ph P =N H

However, r e a c t io n  o f t h is  im inophosphorane and the r e la te d  b e n zy l 

d e r iv a t iv e  (102) w ith  the a z e t id in -2 ,3 -d io n e  (100) f a i l e d  to  g iv e  any
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Ph N3 + P(OMe)3 -------------------- ^  BzN=P(OMe) 3

( 1 0 2 )

o f the d e s ire d  product. T h is  u n fo rtu n ate  la c k  of r e a c t iv i t y  can be 

r a t io n a l is e d  in  two ways. F i r s t l y ,  m odels o f the a z e t id in -2 ,3 -d io n e  

n u cle u s in d ic a t e  th a t the system  i s  e x t r a o r d in a r ily  s tr a in e d  and we 

have n o tic e d , in  common w ith  workers a t  Beecham P h a r m a c e u t ic a ls ^ ,  

th a t h y d ra tio n  o f the a z e t id in -2 ,3 -d io n e  o c cu rs  ex trem e ly  r a p id ly .  

The d r iv in g  fo rce  fo r  t h is  r e a c t io n  i s  presum ably the r e le a s e  o f r in g

OH

s t r a in  on re g e n e ra tio n  o f the spJ c e n tre  a t  C -3 .  S eco n d ly , the 250MHz 

■ ^Hnmr spectrum  o f the a z e t id in -2 ,3 -d io n e s  in  d eu terio ch lo ro fo rm  

in d ic a t e  the presence o f a s u b s t a n t ia l  p ro p o rtio n  of the enol 

tautom er (10 3 ). T h is  was a ls o  noted by Ban e t a l ^  who reported th a t  

the spectrum  o f the N -b e n z y la z e t id in -2 ,3 -d io n e  in  carbon t e t r a c h lo r id e  

was s u b s t a n t ia l ly  d if f e r e n t  from th a t o b ta in e d  in  CD3OD-CD3 COD3 -C D C I3 

m ix tu re s . On c lo s e  exam in atio n , th ey concluded th a t the compound 

e x is te d  as a 1 : 1  m ix tu re  o f keto and e n o l tautom ers in  carbon

t e t r a c h lo r id e  s o lu t io n .



CD^QD-CD30CD3"CDC13 C C 14

3 .3 0 ( s , 2H, Ha ) 3 .24 ( s ,  1H , Ha )

4 .4 5 ( s , 2H, CH2 Ph) 3 .7 1 ( s ,  1H, cn2Ph)

4.40 ( s ,  1H , CH2 Ph)

4 .7 2 ( s ,  1H , Hc )

6 .2 5 ( b r s , 1H, Hh )

However, t h is  e f f e c t  i s  not seen in  the case o f  th e  a z e t id in -2 ,3 -d io n e  

(8 6 ) w hich appears to  e x is t  e n t ir e ly  in  the keto  form . N e v e rth e le s s ,  

ou r attem p ts a t  form ation o f  ( -) -3 -A N A  met w ith  l i t t l e  s u c c e ss .
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2 3  Attempted formation of a carfaapenem via tricarbonyl iron (lactam) 
ocnaplexes

U n t i l  r e c e n t ly , most o f the p h a rm a c e u t ic a lly  im portant /3 -la c ta m  

a n t ib io t ic s  were c h a r a c te r is e d  by the presence o f a common n u cle u s; 

th a t i s ,  a /3 - la c t a m  r in g  fused to  a f iv e  o r six-m em bered s u lp h u r -  

c o n ta in in g  r in g . T h is  system  i s  common to  a l l  the p e n i c i l l i n  and 

ce p h a lo sp o rin  a n t ib io t ic s  and numerous ro u tes have been developed fo r  

the fo rm atio n  o f such compounds. Recent developm ents have shown th a t  

the oxygen and carbon analogues o f these compounds are  a ls o  potent  

a n t ib io t ic s  and s t r a t e g ie s  fo r  t h e ir  s y n th e s is  are c u r r e n t ly  

a t t r a c t in g  a g re a t d e a l o f in t e r e s t .

We have dem onstrated th a t m o n o c y c lic /3 -la c ta m s  are  r e a d ily  a v a ila b le  

by cerium  (IV ) o x id a t io n  o f f e r r i la c t a m  com plexes. Hence, we were 

in tr ig u e d  to  know whether b i c y c l i c  /3 - la c t a m s  co uld  be o b tain ed  from  

the analogous com plexes in  w hich the amine f u n c t io n a lit y  was a tta ch e d  

to  the te rm in u s of the 7 r -a l l y l  system .

O

O R

COOR

Exam in atio n o f the a v a ila b le  l i t e r a t u r e  shows th a t such a s tr a t e g y  i s  

unprecedented and most p u b lish e d  syn th eses r e ly  on form ation of a
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s u it a b ly  s u b s t itu t e d  m o n o cy clic  /? -la c t a m . Subsequent r in g  c lo s u re  

then g iv e s  the b i c y c l i c  system .

In  ord er to  t e s t  our h y p o th e sis , we chose to  attem pt the s y n th e s is  of  

the carbapenem (104) shown below . The reasons fo r  t h is  c h o ice  are  

tw o -fo ld .

F i r s t l y ,  the model compound i s  c lo s e ly  r e la te d  to  the pow erful 

a n t ib io t ic  th ie n am ycin . Seco n d ly, the presence o f  the C- 6  e s t e r  

group suggest th a t the compound co u ld  be d e riv e d  from the v in y l  

epoxide (10 5 ), w hich sh o u ld , in  i t s  tu rn  , be a v a ila b le  from g lu ta m ic  

a c id . T h is  would a ls o  a llo w  p re d e te rm in a tio n  of the s te re o ch e m istry  

a t  C - 6 , s in c e  both (D) and (L )-G lu ta m ic  a c id  are co m m e rcia lly  

a v a ila b le .  I n i t i a l  in v e s t ig a t io n s  q u ic k ly  dem onstrated th a t s u it a b le  

p ro te c tin g  groups fo r  the a -a m in o  a c id  would have to  be found owing to  

the com plete in s o l u b i l i t y  o f g lu ta m ic  a c id  in  any o rg a n ic  s o lv e n t!  

Hence, the t-b u ty lo x y ca rb a m a te  (BOC) d e r iv a t iv e  (106) was prepared by 

treatm en t o f  the tr ie th y la m in e  s a l t  o f g lu ta m ic  a c id  w ith  "BOC-ON",
go

2 -t -b u ty lo x y c a r b o n y lo x y im in o -2 -p h e n y la c e to n itr ile  (Scheme 1 0 ) .

Freeze d ry in g  th e  aqueous e x tr a c t  gave the N -p ro te cte d  amino a c id  in  

92% y ie ld  as i t s  m o n o -trie th y la m in e  s a l t ,  as in d ic a te d



o
A .O N a . COO'HNEt.

X
COOH

92%  ( 106)

R = Me

r v - NO,

Scheme 10
P re p a ra tio n  o f d ip ro te c te d  amino a c id  a lc o h o l from L -g lu ta m ic  a c id .
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by the FAB spectrum  o f the compound in  g ly c e r o l and the c h a r a c t e r is t ic  

in fr a r e d  s tr e tc h e s  in d ic a t in g  the presence o f an a -c a r b o x y la t e  an ion  

(15 9 1 and 1394 cnT^) and th a t a t  1700cnT^ due to  the carb o n yl s t r e t c h  

o f the fre e  c a r b o x y lic  a c id .

Treatm ent o f the amino a c id  w ith  a c e t ic  an hydride  fo llow ed by p -  

n itr o b e n z y l a lc o h o l gave the d ip ro te cte d  amino a c id  (10 7 ), w hich was 

is o la t e d  a s i t s  d i  c y c lo h e x y l amine s a l t  . The r e a c t io n  proceeds v ia  

the 6 -membered anhydride and g iv e s  the a -a m in o a c id  e s te r  as the s o le  

product o f the r e a c t io n  as a r e s u lt  o f a tta c k  a t the most e le c tr o n  

d e f ic ie n t  c e n t r e .

P ro to n a tio n  o f the c a rb o x y la te  anion gave the fre e  c a r b o x y lic  a c id ,  

w hich was reduced by treatm en t w ith  borane.THF to  g iv e  the d ip ro te c te d  

amino a c id  a lc o h o l (10 8 ).

In  a d d it io n , la r g e  q u a n t it ie s  o f the ra cem ic  m a te r ia l were a v a ila b le

by d ip r o t e c t io n  o f the amino a c id  a lc o h o l (109) w hich had been prepared

77v ia  a S tr e c k e r -ty p e  s y n th e s is  .

HO f
HN NH

YO

( 1 0 9 )

The amino fu n c tio n  was then p ro tected  as i t s  B O C -d e riv a tiv e  (110 )  and the  

c a r b o x y lic  a c id  e s t e r if ie d  by condensation w ith  p -n it r o b e n z y l a lc o h o l  

in  the p re se n ce  o f d ic y c lo h e x y lc a rb o d iim id e  (DCC), ( 111)® ^ .
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©
H,N

©C02 BOCNH 

“BOC-ON"

Cof HNEt3® BOCNH C02PNB
1) pH4

2) DCC, PNB-OH

OH
99%

OH

( 1 1 0 )

OH

83%
( 1 1 1 )

However, o x id a t io n  o f the p rim a ry  hydroxyl group proved to  be f a r  from  

t r i v i a l  and use o f Cr0 3 .2 py, p y rid in iu m  d ichrom ate, p y r id in iu m
-30

chlorochrom ate and o x a ly l  chloride/DM SO  produced la rg e  amounts of 

jD -n itrobenzaldehyd e accom panied by s t a r t in g  m a te r ia l o r  the  

co rresp on din g  6- la c t o n e ,  depending on the work-up c o n d id it io n s

O

employed. G iven the stre n g th  o f the d r iv in g  force fo r fo rm atio n  o f  

the s ix -r i n g  la c to n e , a number o f o x id a tio n  system s in v o lv in g  p r io r  

d e r iv a t is a t io n  o f the fre e  hyd roxyl were examined. For exam ple, 

fo rm a tio n  o f the t o s y la t e  fo llo w ed  by o x id a t io n  w ith  tr im e th y la m in e  N - 

o x id e  i s  reported to  g iv e  good y ie ld s  o f aldehyde . However, in  our  

hands d isp lace m en t o f the to s y la te  predom inated and none o f the  

d e s ire d  aldehyde co u ld  be is o la te d . S im i l a r l y ,  form ation o f the boron 

e s t e r 8 8  fo llo w ed  by o x id a t io n  w ith  PCC88  f a i le d  to g iv e  any o f the  

aldehyde and re s u lte d  in  e x te n siv e  decom position o f the r e a c t io n  

m ix tu re .
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In  a n t ic ip a t io n  o f a s o lu t io n  to  t h is  problem  we turned our a tte n t io n  

to  the problem s a s s o c ia te d  w ith  the s y n th e s is  of conjugated d ie n e s v ia  

W it t ig  methodology. A su rve y  o f the l i t e r a t u r e  in d ic a t e s  th a t y ie ld s  

fo r  th ese  r e a c t io n s  are  ex trem e ly  modest -  commonly between 1 0  and 

30%. A b r ie f  in v e s t ig a t io n  showed th a t dep rotonatio n o f the  

phosphonium c h lo r id e  o ccu rred  extrem ely  s lo w ly  u sin g  n -b u t y ll it h iu m  

and quenching w ith  benzaldehyde gave a meagre 8 % o f the d ie n e . The 

y ie ld  o b tain ed  u sin g  l it h iu m  d iiso p ro p y la m id e  was c o n s id e ra b ly  h ig h e r  

(79%); however, c lo s e  o b se rv a tio n  suggested th a t the in s o l u b i l i t y  o f  

the phosphonium s a l t  in  THF was a m ajor b a r r ie r  to  the fo rm atio n  o f  

the W it t ig  reagent. U ltra so u n d  i s  w e ll known fo r i t s  a b i l i t y  to

Table 7

' ©  0 
P P K 3 C l

PhCHO

P h

PVl

v i
D eprotonation Y ie ld  o f R a tio  of
c o n d it io n s d ien e c i s  : tr a n s  d ien e

1 .  n -B u L i/R T /2 0 h 8 % 1  : 1

2 . LDA/RT/2h 79% 1  : 2 .3

3 .  n -B u L i /  ) ) )  / l h 91% 2 ; 3

promote d is p e r s io n  o f s o l id s  in  heterogeneous system s and so we 

d ecid e d  to  examine whether s o n ic a t io n  o f the re a c t io n  m ix tu re  would 

promote d ep ro to n atio n o f the phosphonium s a l t  in  t h is  ca se . We



rep eated  the experim ent (e n try  1 ) in  the presence o f u lt r a s o n ic  

r a d ia t io n  and found th a t fo rm atio n o f the deep red W it t ig  reagent was 

com plete a f t e r  lh .  To our d e lig h t ,  quenching the r e a c t io n  m ix tu re  w ith  

benzaldehyde gave a rem arkable 91% y ie ld  o f the c i s  and tra n s  d ie n e s  

in  a r a t io n  o f 2 :3 . T h is  rep re se n ts a s u b s t a n t ia l  improvement on any 

o f the a v a ila b le  l i t e r a t u r e  methods, r e l ie v e s  us o f the need to  

preform  LDA bn s i t u , and produces a degree o f s e l e c t i v i t y  in  favo u r o f  

th e  E ,E -d ien e. Hence, t h is  appears to  be the method o f  ch o ice  fo r  

is o p r e n y la t io n  o f aldehydes v ia  W itt ig  methodology alth ou gh i t s  

g e n e ra l a p p l i c a b i l i t y  to  the s y n th e s is  o f conjugated d ie n e s rem ains  

u n te ste d .

In  view  o f the problem s encountered in  p re p a ra tio n  o f the re q u ire d  

amino a c id  aldehyde, we d ecided  to  rev e rse  our o r ig in a l  s tr a te g y , th a t  

i s  to  couple the W it t ig  reagent d erive d  from the amino a c id  a lc o h o l

( 1 1 1 )  w ith  m e th a cro le in . B rom ination o f the amino a c id  a lc o h o l was 

e ffe c te d  w ith  N -b ro m o su ccin im ide (NBS) in  the presence o f  

trip h e n y lp h o sp h m e  . However, re a c tio n  under th ese  c o n d it io n s  a ls o  

removed the BOC-pro te c  t in g  group and gave the fre e  am ine ( 1 1 3 ) ,  

p ro b ab ly  due to  contam ination o f the NBS by r e s id u a l hydrogen brom ide.



N e v e rth e le s s , treatm ent w ith  trip h e n y lp h o sp h in e  in  benzene gave the  

phosphonium bromide as a w h ite  c r y s t a l l in e  s o l id .  U n fo rtu n a te ly , t h is  

l in e  o f e n q u iry  was te rm in ate d  by the d is c o v e ry  th a t tre atm en t o f the  

phosphonium bromide w ith  two e q u iv a le n ts  o f n -b u t y ll it h iu m  a t  -7 8 °C  

le d  to  the form ation o f a pungent red c o lo u r th a t was not d is p e lle d  by 

a d d it io n  o f the aldehyde and appeared to  be in d e f in it e ly  s t a b le  a t  

room tem perature! T h is  i s  presum ably due to  form ation o f a s t a b le  

r a d ic a l  by re a c t io n  w ith  th e  £ -n it r o b e n z y l  e s te r  w hich dom inates the  

r e a c t i v i t y  o f t h is  system .
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BOCN
H COOR h2n COOR

N B S ,

P h ,P ,  R T

OH ( 1 1 3 )  ^ B r

Once a g a in , t h is  dem onstrates the u n s u it a b i l i t y  o f the £ -n it r o b e n z y l  

p ro te c tin g  group, and alth ou gh the route d e scrib e d  can be r e a d ily  

adapted to  accommodate a lt e r n a t iv e  e s te r  groups we d ecided  to  

in v e s t ig a t e  a number o f a lt e r n a t iv e  rou tes to the d e s ire d  amino a c id .

O^ . C O O H  (j)

NHS02Ph NHS02Ph <»') NHS02Ph

( 1 1 5 ) ( 1 1 6 )
(iv)

, (v)
©

(i) RMgX

(ii) /  \ ©n h 3
HS SH

(iii) Ni(R)
(iv) [o]
(v) Na,NH3



In particular, we were attracted by a recent publication describing 

the stereospecific preparation of L-amino acids from D-serine9^.

The route, as summarised above, would appear to incorporate a number 

of features which could be exploited to our advantage - not least that 

naturally ocurring D-serine is considerably cheaper than the 

commercially available L-a-amino acids. This is of importance in view 
of the fact that the stereochemistry at 0 6  of the naturally occurring 

penicillins and cephalosporin antibiotics is the same as that 

found in the L-series of a-amino acids. Secondly, preparation of 

thienamycin analogues would be facilitated by the presence of the 0 3  

carbonyl group present in the initial adduct (116). This would allow

OH

introduction of suitable side chains at the position which corresponds

to 0 5  in the carbapenem system. Thirdly, we forsaw that a number of

the problems encountered whilst working with a-amino acids could be
avoided if oxidation of the serine hydroxyl was left to a later stage

of the synthesis. In conclusion, this would appear to be an ideal
route for stereospecific synthesis of the required substrate. This

was reinforced by preliminary investigations that demonstrated that

the N-phenylsulphonyl protecting group could be removed in the

presence of a ferrilactone complex. The original procedure had used

sodium in liquid ammonia to effect this transformation. However, N-
phenylsulphonyl groups can also be removed in the presence of sodium

naphthalide (SN)91. This latter reagent is readily available by
. 99sonolysis of a mixture of sodium and naphthalene m  THF . Treatment 

of a cooled (-78°C) solution of N-phenylsulphonyl serine and 

ferrilactone (8 ) with the dark green solution of sodium naphthalide
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T h is  encouraging r e s u lt  d ir e c te d  us tow ards p re p a ra tio n  o f a s u it a b le  

G rig n a rd  reagent w ith  w hich to  e f f e c t  the i n i t i a l  c o u p lin g  r e a c t io n .  

P re p a ra tio n  o f l-b ro m o -4 -m e th y lp e n ta -2 ,4 -d ie n e  (120) has been 

d e sc rib e d  by O l l i s  e t a l  who d e riv e d  the d ie n e o l p re cu rso r from 2 -  

m e t h y lb u t -3 -e n -l -y n e  ( 1 1 7 )  in  the manner shown below . However, the

led to quantitative desulphonylation of the amino acid and isolation

of 80% of the unchanged ferrilactone complex.

( 1 1 7 )

_ V

1) EtMgBr

2) (HCHO)n
7%

( 1 1 8 )

LiAIH , Et2Q,

PBr3, 0°C

Br OH 6 4%

( 1 2 0 )  ( 1 1 9 )

p u b lish e d  procedure gave a d is a p p o in tin g  y ie ld  o f d ie n e o l (119 )  in  our  

hands and Wadsworth-Emmons condensation o f m e th a c ro le in  w ith  

d ieth ylp h o p h o n o acetate, fo llo w e d  by DIBAL-H re d u ctio n  o f the  

in te rm e d ia te  d ien e  e s t e r  (1 2 1 ) provided a more r e l ia b l e  ro u te  to  the  

re q u ire d  d ie n e o l.

The d ie n e o l o b tain ed  in  t h is  manner was then tre a te d  w ith  phosphorus

. 93tr ib ro m id e  u sin g  the l i t e r a t u r e  procedure . The au th o rs have  

rem arked upon the i n s t a b i l i t y  o f the bromide and i t s  tendency to
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O
(Et0)2P 1) NaH, 0 C

COOEt 2 )V CHO

0 C to RT 
overnight

/ 94%

\ ( 1 2 1 )

COOEt

DIBAL-H 
in hexane

rearrang e on sta n d in g  o r attem pted p u r if ic a t io n .  W ith t h is  in  m ind, 

the crude brom ide was used d ir e c t l y  to  prepare the G rig n a rd  reagent. 

D is a p p o in t in g ly , the r e a c t io n  w ith  N -p h en ylsu lp h o n yl s e r in e  under the  

c o n d it io n s  d e sc rib e d  by Rapoport e t a l ^  f a i l e d  to  produce any o f the  

d e s ire d  adduct. In  c o n t r a s t , re a c t io n  w ith  the G rig n a rd  reagent  

d e riv e d  from  l-branopro p -3 -eneproceeded sm oothly to  g iv e  the adduct 

( 1 2 2 ) under id e n t ic a l  c o n d it io n s .

0

T h is  u n fo rtu n ate  r e s u lt  i s  most probably due to  the problem s 

a s s o c ia te d  w ith  b ro m in a tio n  o f the d ie n e o l. However, r e a c t io n  co u ld  

not be e ffe c te d  u sin g  the product d erived  from b ro m in atio n  w ith  

N B S /trip h e n y lp h o sp h in e , su g g e stin g  th a t i t  may a ls o  be connected w ith  

in h e re n t i n s t a b i l i t y  o f a lly lm a g n e siu m  h a lid e s . Oppolzer and 

Schneider^ have rep orted  th a t  these problem s may be overcome by



r e a c t io n  w ith  a c t iv a t e d  magnesium in  the form of u lt r a s o n ic a l ly  

generated (anthracene).M g.3TH F^ (see 1 .7 ) .  However, la c k  o f tim e  

precluded fu r t h e r  in v e s t ig a t io n  in to  t h is  p ro m isin g  ro u te  w hich sh ould  

u lt im a t e ly  le a d  to  the h ig h ly  fu n c t io n a lis e d  s u b s tra te  re q u ire d  to  

complete t h is  in v e s t ig a t io n .
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(b) Approaches to the synthesis of a racemic substrate for the 

preparation of a model carbapenem via a ferrilactam complex

There are  a number o f  l i t e r a t u r e  methods fo r  the p re p a ra tio n  o f novel 

a -a m in o  a c id s . However, w ith  few e x ce p tio n s, most a re  not 

d ia s t e r e o s e le c t iv e  and can o n ly  be used to prepare ra c e m ic  s u b s tr a te s .  

Of th e se , the o ld e s t  and most r o u t in e ly  used i s  the S tre c k e r  

s y n th e s is , and i n i t i a l  attem pts a t  p re p a ra tio n  of a ra ce m ic  model 

compound cen tred  around p re p a ra tio n  of the diene aldehyde (124 ). T h is  

would appear to  be r e a d ily  a v a ila b le  from b u ty ro la cto n e  v ia  the ro u te  

in d ic a te d  (Route A). However, y ie ld s  o f the v o l a t i l e  la c t o l  (123)  

co u ld  not be made to  exceed 25%. Furtherm ore, r e a c t io n  w ith  the  

W it t ig  reagent co u ld  o n ly  be c a r r ie d  out u sing  f r e s h ly  prepared  

m a t e r ia l owing to  the pronounced tendency o f the l a c t o l  to  dehydrate. 

As a r e s u lt ,  o v e r a ll  y ie ld s  o f the d iene aldehyde (124) were 

d is a p p o in t in g ly  low and r e a c t io n  w ith  sodium cyan id e  v ia  the  

b is u lp h it e  a d d it io n  product o f the aldehyde f a ile d  to  produce any o f  

th e  d e s ire d  amino a c id .

Hence, we turned our a tt e n t io n  to  the r e c e n tly  developed methods f o r  

the p re p a ra tio n  o f ra cem ic  a -a m in o  a c id s  v ia  a lk y la t io n  o f g ly c in e .  

These g e n e r a lly  in v o lv e  d ep roton atio n o f the S c h if f 's  base (12 5 ) ,  

fo llo w e d  by r e a c t io n  w ith  an a lk y l  h a lid e . T h is  su g g ests th a t the  

am ino a c id  aldehyde (128) should  be a v a ila b le  by a lk y la t io n  w ith  the  

dim e th y  la c e  t a l  o f 3-brom opropanal (126) fo llow ed by a c id ic  

d e p ro te ctio n  o f the aldehyde fu n c tio n  (Route B). A lt e r n a t iv e ly ,  the  

masked aldehyde can be introd uced  as the o le f in  ( 13 1)  and re le a se d  

when n e cessary  by low tem perature o z o n o ly s is  (Route C ).

The d ip ro te c te d  g ly c in e  common to both ro u tes i s  r e a d ily  a v a ila b le  

from the c o m m e rcia lly  a v a ila b le  g ly c in e  e th y l e s t e r ^  by condensation



^ O ^ O H

j (123)
HO

\  A

ClO ^ ' o

(B)

.COOEt Ph 
HN

(129) (128)

COOEt

CHO
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w ith  benzaldehyde in  the presence o f tr ie th y la m in e .

The d im e th y la c e ta l o f a c r o le in  was then tre a te d  w ith  anhydrous

hydrogen bromide to  g iv e  the a lk y l  bromide (126) . The c o n d it io n s

o r i g in a l l y  d e scrib e d  fo r the a lk y la t io n  of the g ly c in e  d e r iv a t iv e

(124) advocated d ep ro to n atio n by treatm ent w ith  LDA in  the presence o f

HM PA^. However, re a c t io n  under these c o n d it io n s  gave a m ix tu re  o f

p ro d u cts, none o f which was id e n t if ia b le  as the amino a c id  ( 12 7 ) .

C o n v e rse ly , dep rotonatio n w ith  potassium  carbonate in  DMF gave a 30%

y ie ld  o f the a lk y la t e d  product w hich could  be in cre a se d  to  70% i f

potassium  t -b u to x id e  was employed in  i t s  p la c e . S im i la r ly ,  the amino

a c id  (130) co u ld  be generated by co u p lin g  the g ly c in e  m oiety (12 5 ) to

l-b ro m o b u t-4 -e n e , although r e a c t io n  under the phase t r a n s f e r
102

c o n d it io n s  d e sc rib e d  by M.J. O'Donnell f a i l e d  to  e f f e c t  any 

r e a c t io n .

Conditions used

% Yield

X=(MeO>2C X= CH=CH2

1 . LDA, HMPA, -7 8 °C 0 -

2 . K2 C03 , DMF, 0 °C  to  FT 30 2 0

3 . KOtBu, -7 8 °C 70 70

4 . 10% NaOH (a q ), DCM, t -B u 4NH4I - 0

H aving developed a route to  the t r i-p r o t e c t e d  amino a c id  aldehyde,
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rem oval o f the dime th y la c e  t a l  was attem pted by treatm en t w ith  a 

c a t a l y t ic  ammount o f camphor su lp h o n ic  a c id  (CSA). U n fo rtu n a te ly , 

treatm ent under th ese  m ild  c o n d it io n s  r e s u lte d  in  p r e f e r e n t ia l  rem oval 

o f the b e n zylid en e  group and spontaneous e y e lis a t io n  o f  the u n sta b le  

amino aldehyde gave the u n d esire d  5 -a m in a l (12 9 ). On the o th e r hand, 

the N -b e n zy lid e n e  p ro te cte d  amino a c id  (130) was r e a d ily  d eprotected  

by treatm ent w ith  1M h y d ro c h lo r ic  a c id  a t 0 °C . However, la c k  o f tim e  

p reclud ed  thorough in v e s t ig a t io n  of the type o f n itro g e n  p ro te c tin g  

group n e cessary  to  w ith sta n d  the proposed o z o n o ly s is  re a c t io n .

A more c o n c ise  route was suggested by a sh o rt com m unication p u b lish e d

in  1977 100 The re q u ire d  reagent was r e a d ily  a v a ila b le  from

e t h y lo x a ly l  c h lo r id e  by way o f standard l i t e r a t u r e  p r o c e d u r e s ' ^ ' ' ^ .

Et
Cl

t BuOH,

DCM, py, 
0°C

Et

80%

nh4o h ,

EtOH, RT
83%  D Pb(OAc)4 

THF, MeOH 

2) KOH (!M)

BOCNH .COOR V COOR

Br

DMF

o

N © K ©

R 5 7 %  OAc

A s u it a b le  s tr a te g y  fo r  the fo rm atio n of the re q u ire d  a -bro m o ester

from cyclop en tene was then d evise d . Low tem perature o z o n o ly s is  in  the  

presence o f sodium b ica rb o n a te , fo llow ed  by treatm ent w ith  t o s ic  a c id  

and a c e t ic  a n h y d r id e /tr ie th y la m in e  had been rep orted to  g iv e  a 70% 

y ie ld  o f the e s t e r /d im e t h y la c e t a l -^ .  In  our hands the r e a c t io n  

produced an 80% combined y ie ld  o f the e s te r/a ld e h y d e  (132) and i t s  

d im e th y la c e ta l (13 3 ) in  a r a t io  o f 2 : 1 .  T h is  i s  o f in t e r e s t  in  th a t  

th e  procedure was rep orted  to  be u n s a t is f a c t o r y  fo r  p re p a ra tio n  o f the  

unmasked aldehyde. The m ix tu re  obtained was converted to  the aldehyde  

by treatm en t w ith  A m b e r ly s t -15  r e s in  and is o p r e n y la t io n  proceeded



sm oothly to  g iv e  a 63% o v e r a l l  y ie ld  of the re q u ire d  d ie n e  e s t e r  

( 1 3 4 ) .
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A number o f methods are  a v a ila b le  fo r  b ro m ination a to  an e s t e r ;  

however, the presence o f the d ien e f u n c t io n a lit y  forced  us to  

co n cen trate  on those w hich e x p lo it  re a c t io n  o f the e n o la te  an io n  w ith

QQ
a p p ro p ria te  so u rce s o f brom ine, such as carbon te trab ro m id e  and N - 

bro m o succin im id e, th a t  were le a s t  l i k e l y  to  brcm inate the d ie n e . 

D is a p p o in t in g ly , r e a c t io n  under these c o n d it io n s  f a i l e d  to  produce any 

o f the d e s ire d  <*-brom oester and la c k  o f tim e  precluded f u r th e r  

in v e s t ig a t io n  o f t h is  ro u te.

A t t h is  p o in t we were fo rced  to  abandon t h is  in v e s t ig a t io n . Most o f  

the problem s encountered a re  a s s o c ia te d  w ith  the h ig h  degree o f  

f u n c t io n a l it y  p re se n t in  the ta rg e t m olecu le. For reaso ns p r e v io u s ly  

d is c u s s e d , the most p ro m isin g  route in v e s tig a te d  would appear to  be 

th a t  d e riv e d  from D -s e r in e . T h is  can a ls o  be counted amongst the most 

c o n c is e  and w i l l  h o p e fu lly  p ro vid e  a source o f m a te r ia l w ith  w hich to  

t e s t  our o r ig in a l  h y p o th e sis .



CHAPTER 3 EXPERIMENTAL

M e ltin g  p o in ts  were determ ined u sin g  a K o f le r  h o t-s ta g e  apparatus and 

are  u n co rrected . In fra re d  sp e c tra  were recorded on a P e rk in -E lm e r  

983G g r a t in g  in fr a r e d  spectrom eter a s  a t h in  f i lm ,  a chloroform  

s o lu t io n  o r a KBr d is c .  nmr sp e c tra  were recorded a t  60MHz on an 

EM -360, a t  90MHz on a J e o l FX 90Q, and a t  250MHz on a B ruker WM-250 

in stru m e n t, and are  quoted fo r  s o lu t io n s  in  d eu te rio ch lo ro fo rm  w ith  

te tr a m e th y ls ila n e  as an in t e r n a l sta n d a rd , except when sta te d  

o th e rw ise . Mass sp e c tra  were measured on a VG m icrom ass 7070B 

in stru m e n t. E le m e n ta l m icro a n a lyse s were perform ed by the s t a f f  o f the  

Im p e r ia l C o lle g e  C h e m istry  Department m ic r o a n a ly t ic a l  la b o ra to ry , and 

o p t ic a l  r o ta t io n s  measured u sin g  an O p t ic a l A c t iv i t y  L td . AA-1000  

p o la r  im e te r.

A n a ly t ic a l  t h in - la y e r  chromatography was perform ed on p re -co a te d  

g la s s -b a c k e d  p la t e s  (Merck K ie s e lg e l 60 F 2 5 4 ) and p re p a ra tiv e  

chrom atography was conducted under low p re ssu re  u s in g  MN K ie s e lg e l 60 

(230-400 mesh); s i l i c a  g e l r e f e r s  to  t h is  grade o f K ie s e lg e l.  Gas 

chranatography was c a r r ie d  out u sin g  a P e rk in -E lm e r, Sigma 3 m achine.

P e t r o l r e f e r s  to  r e d is t i l l e d ,  4 0 /6 0 ° petroleum  e th e r,a n d  e th e r to  

d ie t h y l  e th e r. E th e r and te tra h y d ro fu ra n  were d i s t i l l e d  from sodium - 

benzophenone under an argon atmosphere im m ed iately  p r io r  to  use. 

Anhydrous dim ethylform am ide was purchased from A ld r ic h  C h em ical Co. 

L td . and was used w ithout fu r th e r  p u r if ic a t io n .  D im e th ylsu lp h o x id e  

was d r ie d  by prolonged sto ra g e over 4 & m o le c u la r  s ie v e s . Benzene and 

to lu e n e  were d r ie d  over sodium w ire  and to lu en e was d i s t i l l e d  under an 

argon atm osphere before use. Dichlorom ethane was d i s t i l l e d  from 

phosphorus pentoxide under an argon atmosphere im m ed iately  p r io r  to



use and tr ie th y la m in e  was d i s t i l l e d  from , and sto red  o ve r, p otassium  

hyd roxid e p e l le t s ,  under argon. C e r ic  ammonium n it r a t e  and chromium  

t r io x id e  were d r ie d  in vacuo o v e rn ig h t. A l l  o th er s o lv e n ts  and 

rea g e n ts were p u r if ie d  by stan d a rd  methods. S o lu tio n s  were d r ie d  over  

magnesium su lp h a te  u n le s s  s ta te d  o th e rw ise , concentrated w ith  a r o ta ry  

evap o rato r fo llo w ed  by s t a t i c  e va p o ra tio n  w ith  an o i l  pump.

U ltra so u n d  experim ents were c a r r ie d  out in  a Semat u ltra so u n d  c le a n in g  

b a th  (80W, 55kH z), and v in y l  epoxides were prepared u sin g  p r e v io u s ly  

d e sc rib e d  p ro ce d u re s-^ '
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G en eral procedure fo r  the p re p a ra tio n  o f 7r-a l l y l t r i c a r b o n y l i r o n  

(lacto n e) com plexes u sing  FepfC O ^/TH F

S o lid  d i ir o n  nonacarbonyl ( 1 . 1  e q u iv a le n ts )  was added to  a s t ir r e d  

s o lu t io n  o f  the v in y l  epoxide in  THF. The re a c tio n  m ix tu re  was 

s t ir r e d  a t  room tem perature u n t i l  a l l  the s o l id  carb o n y l had 

d isap p e ared , o r  u n t i l  a dark green c o lo u r a tio n  appeared. The so lv e n t  

was removed under reduced p re ssu re  and the re s id u e  taken up in  benzene 

and tra n s fe rre d  to  the top a s i l i c a  g e l column. The colum n was e lu te d  

w ith  p e tr o l to  remove any n o n -p o la r  iro n  carb o n yl s p e c ie s  and fu rth e r  

e lu t io n  w ith  a p e t r o l/e t h e r  g r a d ie n t  gave the pure f e r r i la c t o n e  

com plex.

P re p a ra tio n  o f 2 - 4 -  - ( 1 -f o r m y lo x y -2 -m e t h y lb u t -3 -e n -2 -y la t o )

t r ic a r b o n y lir o n  (6)

0

A s o lu t io n  o f  2 -m e th y l-l,2 -e p o x y b u t -3 -e n e  (3 .1g , 39.5mmol) in  THF 

(35ml) was tre a te d  w ith  Fe2(C0)g (15 .8 g , 43.4mmol). A fte r  lh  the  

r e a c t io n  m ix tu re  was worked up a s d e scrib e d  to  g iv e  the f e r r i la c t o n e  

complex (6) a s  a p a le  y e llo w  c r y s t a l l in e  s o l id  (6.7g, 7 5 % ); v max 

(n u jo l m u ll)  2950, 2860, 2080, 2040, 2010, 1660, 1380, 1080 cm"1 ; 6 

(250  MHz) 2 .0 1  (3H , s ,  2 -C H  3 ) ,  2 .7 3  ( 1H , d d, J 1 2 . 0  and 2 .0 H z, 4 -  

CH e n d o ), 3.48 ( 1H , d d , J 8 .0  and 2 .0 H z , 4 -C H  e x o ) , 3 .9 2  (1H , d ,  

J 1 2 .5 H Z ,  1 -C H ) ,  4 .1 2  ( 1 H,  d,  J 1 2 .5 H Z ,  1 -C H ) ,  4.88 ( 1 H,  d d , J 1 3 .0  

and 8 .0 H z, 3 -C H ).
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Preparation of 2-4-t? -(l-formyloxy-4-phenylbut-3-en-2-ylato) 

tricarbonyliron (7)

Ph
(7)

A solution of l,2-epoxy-4-phenylbut-3-ene (580mg, 4.0mmol) in THF 

(60ml) was treated with Fe2 (CO)g (1.6g, 4.4mmol). The reaction mixture 

was worked up after 0.5h in the manner described and column 

chromatography of the residue gave the ferrilactone complex (7)

(1.26g, 100%); mp >120°C (decomposed). vmax (CHCI3 ) 2080, 2030, 1665, 

984 cm"1; 6 (250 MHz) 4.05 (1H, dd, J12.5 and 5.5Hz, 1-CH), 4.17 (1H, 

dd, J12.5 and 1.5Hz, 1-CH), 4.78 (1H, ddd, J7.5, 5.5, and 1.5Hz, 2- 
CH), 4.82 (1H, d, J12.5HZ, 4-CH), 5.62 (1H, dd, J12.5 and 7.5Hz,

3-CH), 7.28 to 7.42 (5H, m, phenyl).

Preparation of 3-5- rp- (2- formyloxy-hex-4-en-3-ylato) tricarbonyl iron

Treatment of 2,3-epoxyhex-4-ene (2.0g, 21mmol) with Fe2 (CO)g (8.4g, 

23mmol) in THF (60ml) for 0.8h gave the ferrilactone complex as a 
crystalline yellow solid (3.6g, 64%); vmax (CHCI3 ) 2972, 2894, 2082, 

2025, 1653, 1041 cm”1; 6 (250 MHz, d 6 -benzene) 0.98 (3H, d, 7.0Hz, 1-

(3H, m, 2 to 4-CH) for the exo isomer (8 a) and 0.92 (3H, d, J5.8Hz, 1-

(8 )

O

CH3 ), 1.09 (3H, d, J5.8Hz, 6 -CH3 ), 3.46 (2H, m, 2 and 5-CH), 3.78 (2H,
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m, 3 and 4-CH) fo r  the exo iscm er (8 b ) .

O

OH
Treatm ent o f a s o lu t io n  o f 2 -m e th y l-l,2 -e p o x y -10 -h y d ro x y u n d e c -3 -e n e  

(60mg, 0.38mmol) in  THF w ith  Fe2 (CO)g (200mg, 0.5mraol) f o r  1.5h  gave the  

f e r r ila c t o n e  (9) (114m g, 85%) as a syrup which c r y s t a l l is e d  s lo w ly  on 

stan d in g  a t  -2 0 °C ;  vmax 3422, 2073, 2003, 1670 c n f 1 ; 6 (250 MHz) 1.20  

(3H , d ,  J 6 .4 H z , IO -C H 3 ) , 1 .4 2  to  1 .8 0  (9H, m, 5 to  8 -C H 2  and  

OH), 1 .9 9  (3H , s ,  3 -C H 3 ) ,  2 .20  to  2.30 (1H , m, CHOH), 3 .7 0  to  3.80  

(1H , m, 4 -C H ), 3 .8 7  (1H , d d , J 1 6 .3  and 1 .6 H z , 1 -C H ) ,  4.09 (1H , d ,  

J 1 1 .8 H Z ,  1 -C H ) ,  4 .72  ( 1H , d , J 1 1 .8 H Z ,  3 -C H ) ; m /z  354

P re p a ra tio n  o f 4 - 6 - n ^ - ( c is - 2 , 3 - d ib e n z o y l - 5 - e n - 2 - y l a t o ) - l -  

o x y c a rb o n y ltr ic a rb o n y liro n  ( 1 1 )

O

c c
OBz

(10) (11)
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Fe2 (C0 )g (119m g, 0.33mmol) was added to  a s o lu t io n  o f c i s - 1 ,2 -d ib e n z o y l-  

3 ,4 -e p o x y cy clo h e x -5 -e n e  (lOOmg, 0.30mmol) in  THF (5m l). Work up a f t e r  

lh  gave the f e r r i la c t o n e  complex (1 1 ) as a w hite c r y s t a l l in e  s o l id  

(21mg, 14 % ). v max (n u jo l m u ll)  2922, 2853, 2086, 2019, 1 7 2 1 ,  16 70 ,

1 4 5 0 , 1 2 7 0 ,  10 9 4 , 709 cm "1 ; 6 (250  MHz) 4 .30  (1H , b d , J 5 .2 H z ,  1 -C H ) ,

4.62 (1H , m, 4 -C H ) , 5 .50  t o  5.70  (2H , m, 2 and 3 -C H ) , 5.86 t o  6.20  

(2H , m, 5 and 6 -C H p ) , 7 .2 0  t o  7 .7 0  (6 H, m, p h e n y l) , 7 .8 0  t o  8 .2 2  

(4H, m, p h e n y l); ' rri/z 476 (M+ -C O ).

G e n e ra l procedure fo r  the p re p a ra tio n  o f  7r -a l ly l t r ic a r b o n y l ir o n  

(lacto n e)co m p lexes by r e a c t io n  w ith  F e 9 (C0 )Q under s o n o ly t ic  c o n d it io n s

D iir o n  nonacarbonyl was added to  a s o lu t io n  o f the v in y l  epoxide in  

benzene. The round bottomed f la s k  was then se ale d  w ith a rubber  

septum and the f la s k  c a r e f u l ly  p o s it io n e d  in  a Semat (80W, 55kHz) 

u lt r a s o n ic  c le a n in g  bath a t  the p o s it io n  where maximum a g it a t io n  o f  

the f la s k  contents was observed. S o n ic a t io n  o f  the r e a c t io n  m ix tu re  

was co ntinu ed  u n t i l  a l l  the s o l id  c a rb o n y l had d isap p eared .

F i l t r a t i o n  through a c e l i t e  pad, co n c e n tra tio n  o f the f i l t r a t e ,  and 

s i l i c a  g e l chrom atography o f  the brown re s id u e  (p e tr o l/e t h e r  g ra d ie n t)  

gave the f e r r i  la cto n e  com plexes as p r e v io u s ly  d e scrib e d .

P re p a ra tio n  o f  2-4-77^-( l -f o r m y lo x y -2 -m e t h y lb u t -3 -e n -2 -y la t o )

t r ic a r b o n y l  ir o n  (6 )

O

( 6 )

S o n o ly s is  o f  a m ix tu re  o f  2 -m e th y l-l,2 -e p o x y b u t-3 -e n e  (850mg

lO.lm m ol) and Fe2 (CO)9  (1.8 5g , 51mmol) in  benzene (2 0 ml) f o r  lh  gave the
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d e s ire d  f e r r i la c t o n e  complex (6 ) ( 1 .1 6 g , 90% based on v in y l  epoxide) 

id e n t ic a l  to p r e v io u s ly  prepared m a t e r ia l.

P re p a ra tio n  o f 3 - 5 - 7 *- ( 2 - fo rm y lo x y -h e x -4 -e n -3 -y  la  to) t r ic a r b o n y l iro n

(8)
O

S o n o ly s is  o f a m ix tu re  o f  2 ,3 -ep o xyh ex-4 -en e (250mg, 2.6mmol) and 

Fe2 (CO)g (945mg, 2.6mmol) in  benzene (10m l) fo r  lh  gave the d e s ire d  

f e r r i la c t o n e  complex (8 ) (373mg, 55%) id e n t ic a l  to  p r e v io u s ly  prepared  

m a t e r ia l .

o
P re p a ra tio n  o f 2-4 -'n  -( l-f o r m y lo x y -2 -m e t h y l-9 -h y d r o x y d e c -3 -e n -2 -

% . O
y la to )  tr ic a r b o n y l ir o n  (9)

S o n o ly s is  o f a m ix tu re  o f  2 -m e th y l-l,2 -e p o x y -10 -h y d r o x y u n d e c -3 -e n e  

(19mg, O.llmmol) and Fe2 (CO)g (55mg, 0.15mmol) in  benzene (10m l) fo r

0.75h gave the d e s ire d  f e r r i la c t o n e  complex (9) (34mg, 9 1%) as a 

c o lo u r le s s  syrup w hich s lo w ly  c r y s t a l l is e d  on sto rage a t  -2 0 °C ,  

id e n t ic a l  to  p r e v io u s ly  prepared m a t e r ia l.



o x y c a rfa o n y ltr ica rb o n y liro n  ( 1 1 )

Preparation of ± ± l £.(cis-2,3.dibenZovl-5-en-2-ylato)-l-

( 1 0 )

S o n o ly s is  o f a m ix tu re  o f  v in y l  epoxide (10 ) (80 mg, 0.24mmol) and 

Fe2 (C0 )g (350mgr 0.96mmol) in  benzene (10m l) fo r  3.75h gave the d e s ire d  

f e r r i la c t o n e  com plex (1 1 ) ( 1 2 1  mg, 1 0 0 %) id e n t ic a l  to  p r e v io u s ly  

prepared m a t e r ia l.

P re p a ra tio n  o f  2 ,5 -d im e t h y lp e n t -3 -e n -5 -o lid e  (12)  

O

( 1 2 )

A s o lu t io n  o f  the f e r r i la c t o n e  com plex (8 ) (200mg, 0.79mmol) in  d ry , 

degassed benzene (50ml) was heated to  9 0 °C  fo r  18h under 250 

atm ospheres o f  carbon monoxide. The r e a c t io n  m ix tu re  was then cooled  

and f i l t e r e d  through a s i l i c a  pad. Removal o f  s o lv e n t and column 

chrom atography ( s i l i c a ;  50% p e t r o l/e t h e r )  gave the v o l a t i l e  8- la c t o n e  

(12 )  (19mg, 19 % ), b .p .1 1 6 1 -6 7 °C ,  42mm Hg); v max(CHC1 3)

2974, 2934, 17 2 4 , 16 6 2, 1 5 1 4 , 1 1 3 4 , 1 10 4 , 1088 cm"1 ; 6 (250 MHz) 1 .3 7  

(3H , d ,  J 7 .0 H Z , 2 -C H 3 ) ,  1 .4 5  (3H, d ,  J 7 .5 H Z , 5 -C H 3 ) ,  3 .0 8  (1H , m, 2 -  

C H ), 5.09 ( 1H , m, 5 -C H ) ,  5.80 (2H , m, 3 and 4 -C H ).
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Preparation of 3-methyl-2-hexan-5'-olpent-S-en-S-olide (13)
0

A s o lu t io n  o f  the f e r r i la c t o n e  com plex (9) (162mg, 0.43mmol) in  d ry ,  

degassed benzene (20ml) was heated to  90°C fo r  12h under 250 

atm ospheres o f  carbon monoxide. The r e a c t io n  m ix tu re  was then cooled  

and f i l t e r e d  through a s i l i c a  pad. Removal o f so lv e n t and column  

chrom atography ( s i l i c a ;  e th y l a c e ta te )  gave the 5 -la c t o n e  (13) a s  a 

c o lo u r le s s  o i l  (47mg, 53%); v max (CHC13 ) 3429, 2975, 2829, 2 8 7 1, 17 3 5 ,  

16 0 0 , l i l O ,  736 cm- 1 ; 6 (250  MHz) 1 .2 0  (3H , d , J 4 .5 H z , 6 ' -C H 3 ) ,  1 .2 8  to  

1 .5 5  (10 H , m , 1 '  to  5 ' -C H 2 ) ,  1 .7 0  (3H , s ,  4 -C H 3 ) ,  2.58  (2H , m, 2 -C H  

and 6 '-C H 0 H ), 3.80 (2H , m, 5 - 0 ^ ) ,  6 .28  ( 1H , d , J 2 .0 H z ) ,  3 -C H ) ;  226

(M +), 208 (M+ -  H2 0 ) .
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Preparation of ethyl oct-2-enoate (24)

RCHO +

(2 2 )

O
(E» °)2P --- - —

XC02Et
R

C02Et

( 2 4 )

R = nC5H11

T rie th y lp h o sp h o n a ce ta te  (37g, 165mmol) was added dropw ise to  a s t ir r e d  

su sp e n sio n  o f sodium h y d rid e  (7.3g o f a 60% d is p e r s io n , 182mmol) in  

THF (500ml) a t  0 °C . Hexanal (15 g , 150mmol) was then added as a 

s o lu t io n  in  THF (20m l). A f te r  15m in  the r e a c t io n  m ix tu re  was warmed to  

RT and s t i r r i n g  continued o v e rn ig h t. The r e a c t io n  m ix tu re  was then  

p a r t it io n e d  between s a tu ra te d  ammonium c h lo r id e  s o lu t io n  (2 0 0 ml) and 

e th e r  (500m l). The aqueous phase was then e x tra cte d  w ith  two fu r th e r  

p o rtio n s  o f  e th e r and the combined e th e r e a l e x tr a c ts  d r ie d ,  

co n ce n tra te d , and d i s t i l l e d  by K ug elro h r (7 0 °C , 0.25mm Hg) to  g iv e  

e t h y l o c t -2 -e n o a te  (24) a s  a c o lo u r le s s  o i l  (680mg, 99%). % a x  2930'

2860, 1 7 2 3 , 16 5 3 , 1466, 12 6 5 , 120 4 , 1 1 7 5 ,  1048 cm"1 ; 6 (60MHz) 0.86 (3H, t ,  

6 H z , 8 -C H 3 ) ,  1 .0  to  1 .5  (9H, m, 5 to  7 -C H 2  and C 0 2 CH2 CH3 ) , 2 .1  (2H , m,

4 -C H 2 ) , 4 .1  (2H , q , J 8 H z, C 0 2 CH2 ) ,  5 .7  ( 1H , d d, J 2  and 19 H z , 2 -C H ) ,

7 .0  ( 1H , d t ,  J 1 6  and 7 H z, 3 -C H ) ;  m /z  17 0  (M+).

P re p a ra tio n  o f e th y l te tr a d e c -2 -e n o a te  (25)

O
RCHO + (EtO]2P --- . —

c 0 2Et

( 2 3 )  ( 2 5 )

R = nC ,,^ ,
T rie th y lp h o sp h o n a ce ta te  (6.5g, 29.2mmol) was added dropw ise to  a 

s t i r r e d  su sp ensio n of sodium h yd rid e  (1.06g o f a 60% d is p e r s io n ,  

26.5mmol) in  THF (100m l) a t  0oc> Dodecanal (4.43g, 24.1mmol) was

-COjEt
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added as a s o lu t io n  in  THF (5m l). A f t e r  15m in  the re a c t io n  m ix tu re  was 

warmed to  RT and s t i r r i n g  continu ed  o v e rn ig h t. The r e a c t io n  m ix tu re  

was then p a r t it io n e d  between s a tu ra te d  ammonium c h lo r id e  s o lu t io n  

(30m l) and eth e r (70m l). The aqueous phase was then e x tra cte d  w ith  

two fu r th e r  p o rtio n s o f e th e r and the combined e th e re a l e x t r a c t s  

d r ie d , co n cen trated , and d i s t i l l e d  by K ug elrohr ( 13 5 °C , 0.1mm Hg) to  

g iv e  e th y l te tra d e c -2 -e n o a te  (25) a s  a c o lo u r le s s  o i l  (6.0g, 98%). v max 

2926, 2855, 17 2 3 , 16 5 3 , 1466, 13 6 7 , 12 6 6 , 1 1 8 1 ,  1 1 2 8 , 1046, 979, 734 

cm"*1 ; 6 (60MHz) 0.9 (3H , t ,  J 6 H z, I 4 -C H 3 ) , 1 .0  to  1 .8  (2 1H , m, 5 t o  1 3 -C H 2  

and C 0 2 CH2 C H 3), 2 .1  (2H , m, 4 -C H 2 ) ,  4 .1  (2H , q , J 7 H z , C0 2 CH2 CH3 ) ,  5 .7  

( 1H , m, 2 -C H ) , 6 .8  ( 1H , m, 3 -C H ) ;  m /z  254 (M+).

P re p a ra tio n  o f o c t - 2 - e n - l - o l  (26)

R = nC5H11

A 1.4M s o lu t io n  o f DIBAL-H in  to lu e n e  (118 m l, 160mmol) was added 

dro pw ise to  a cooled ( -7 8 °C )  s o lu t io n  o f e th y l o c t -2 -e n o a te  (24)

( l l . l g ,  70mmol) in  DCM (500ml) w h ils t  m a in ta in in g  the tem perature o f  

the r e a c t io n  m ix tu re  below -6 0 °C .  A f t e r  s t i r r in g  fo r  a fu r t h e r  0.5h, 

the r e a c t io n  was quenched by a d d it io n  o f d ry  methanol and allo w e d  to

warm to  0 °C . S a tu ra ted  sodium  su lp h a te  s o lu t io n  (5ml) and d ry  e th e r  

(150m l) were then added and the m ix tu re  s t ir r e d  v ig o ro u s ly  fo r  a  few

m in u te s. The r e s u lt in g  s lu r r y  was then f i l t e r e d  through s i l i c a  and 

the s o l id  re s id u e  washed re p e a te d ly  w ith  e th e r. C o n ce n tra tio n  o f  the  

f i l t r a t e  and d i s t i l l a t i o n  o f the r e s u lt in g  o i l  gave o c t - 2 - e n - l - o l  (26)

(6.79g, 75% ). v max 3324, 2926, 2857, 16 7 0 , 14 6 5, 13 7 7  12 2 9 , 10 9 0 , 10 0 2,

970 cm- 1 ; 6 (250 MHz) 0.88 (3H , t ,  J 6 .3 H z , 8 -C H 3 ), 1 .2 0  to  1 .4 5  ( 8 H, m, 4 to  7 -

,-CO,Et

( 2 4 ) ( 2 6 )
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CH2 ) ,  2 .0 3  (1H , b s ,  OH), 4 .0 7 (2H , d , J 5 .4 H z , 1 -C H 2 ) , 5 .5 5  (2H , m, 2 

and 3 -C H ) ; m /z  12 8  (M+).

P re p a ra tio n  o f t e t r a d e c -2 -e n - l -o l  (27)

,CO,Et
R R OH

R = nC„Hai

A 1.3M s o lu t io n  o f DIBAL-H in  to luene (65m l, 85mmol) was added 

dropw ise to  a cooled ( -7 8 °C )  s o lu t io n  o f e th y l te tr a d e c -2 -e n o a te  (25) 

(6.0g, 23.6mmol) in  DCM (100m l) w h ils t  m a in ta in in g  the tem perature o f  

the re a c t io n  m ix tu re  below -6 0 °C . A f t e r  s t i r r i n g  fo r  a fu r th e r  0.5h, 

the re a c t io n  was quenched by a d d it io n  o f d ry  m ethanol and allo w ed  to  

warm to 0 °C . S a tu ra te d  sodium su lp h a te  s o lu t io n  (5ml) and d ry  e th e r  

(1 0 0 ml) were then added and the m ix tu re  s t ir r e d  v ig o r o u s ly  fo r  a few 

m inu tes. The r e s u lt in g  s lu r r y  was then f i l t e r e d  through s i l i c a  and 

the s o l id  re s id u e  washed re p e a te d ly  w ith  e th e r. C o n ce n tra tio n  o f the  

f i l t r a t e  and d i s t i l l a t i o n  by K ug elrohr ( 1 1 0 °C ,  0.1mm Hg) o f the  

r e s u lt in g  o i l  gave t e t r a d e c -2 -e n - l -o l  (27) (4.0g, 80%); v max 3 3 10 ,  

2940, 2880, 16 6 5 , 1460 ,14 5 0 , 905 cm"1 ; 6(60MHz) 0.90 (3H, t ,  J 6H z, 1 4 -  

CH3 ) , 1 .0  to  1 . 7  (18 H , m, 5 t o  1 3 -C H 2 ), 1 .9  (1H , b s ,  OH), 2 .2  (2H , m,

4 -C H 2 ), 3 .9  (2H , m, 1 -C H 2 ) ,  5 .3  to  5 .6  (2H , m, 2 and 3 -C H ) ; m /z  2 1 2  

(M +), 2 1 0 ,  19 4 .

P r e p a r a t io n  o f  ( 2 R ) ,(3 R ) -e p o x y o c ta n -l-o l (28)

O

( 2 6 )

R — nC5Hn

( 28 )
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A solution of titanium tetraisopropoxide (1.6ml, 5.2mmol) in dry DCM 

(80ml) was cooled to -80°C under argon. (-)-Diethyl tartrate (1.15ml, 

6.73mmol) and the alkenol (26) (1.34g, 10.45mmol) were then added 

sequentially followed by a 2.2M solution of anhydrous t- 

butylhydroperoxide in toluene (9.5ml, 20.9mmol) that had been pre­

cooled to -20°C. At this stage, care was taken to maintain the 

temperature of the reaction mixture below -60°C; however, once 

addition of the peroxide was complete, the reaction mixture was 

allowed to warm to 0°C over 3h. The reaction mixture was then poured 

onto a cooled (10°C) solution of ferrous sulphate (5.2g) and tartaric 
acid (2.1g) in water (20ml). Stirring was continued at ambient 

temperature for a further 0.5h, after which the two phases were 

separated and the aqueous phase back extracted wuth ether (2 x2 0 ml).

The combined organic phases were dried over sodium sulphate, filtered 
through a small pad of celite, and concentrated. The residue was then 

taken up in ether (50ml) and treated with a pre-cooled (3°C) 
suspension of sodium hydroxide (200mg) in brine (23ml). The mixture 

was then stirred vigorously for lh and the two phases separated. The 

aqueous phase was then back extracted with ether (2x25ml) and the 
combined organic extracts dried (sodium sulphate). Removal of the 
solvent and column chromatography (silica, petrol/ethyl acetate 2 :1 ) 

of the residue gave the epoxyalcohol (28) as a white crystalline solid 

(l.lg, 73%); mp 28-29°C, [a]^5 +24.6° (c, 1.03 in CHC13); v max (CHCI3 )
3585, 2932, 2860, 1460, 1378, 1259, 1080, 1014, 884 ,637 cm-1; 6(250 MHz) 0.91

(3H, t, J 5.4Hz, 8 -CH3 ), 1.25 to 1.60 (8 H, m, 4 to 7-CH2), 1.82 (1H, 

bs, OH), 2.94 (2H, m, 1-CH2), 3.64 (1H, m, 3-CH), 3.92 (1H, m, 2-CH); 
m/z 144 ( M + ), 101, 83.
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Preparation of (2R),(3R)-epoxytetradecan-l-ol (29)

O
R OH R OH

(27) (29)

A solution of titanium tetraisopropoxide (1.4ml, 4.7mmol) in dry DCM 

(70ml) was cooled to -80°C under argon. (-)-Diethyl tartrate (1.03ml, 

6.0mmol) and the alkenol (27) (2.0g, 9.4mmol) were then added 

sequentially followed by a 1.5M solution of anhydrous t- 

butylhydroperoxide in toluene (12.4ml, 18.8mmol) that had been pre­

cooled to -20°C. At this stage the reaction mixture was slowly warmed 

to 0°C and maintained at this temperature for the next 2h. The 
reaction mixture was then poured onto a cooled (10°C) solution of 
ferrous sulphate (4.7g) and tartaric acid (1.9g) in water (20ml). 

Stirring was continued at ambient temperature for a further 0.5h, 

after which the two phases were separated and the aqueous phase back 
extracted wuth ether (2x50ml). The combined organic phases were dried 

over sodium sulphate, filtered through a small pad of celite, and 
concentrated. The residue was then taken up in ether (50ml) and 

treated with a pre-cooled (3°C) suspension of sodium hydroxide (180mg) 

in brine (20ml). The mixture was then stirred vigorously for lh and 
the two phases separated. The aqueous phase was then back extracted 
with ether (2x25ml) and the combined organic extracts dried (sodium 

sulphate). Removal of the solvent and column chromatography (silica, 
petrol/ethyl acetate 2:1) of the residue gave the epoxyalcohol (29) as 

a white crystalline solid (1.7g, 85%); m.p. 68-69 °C, [a] ̂  +26.8°
(c, 1.0 in CHCI3 ), v max (nujol) 3600, 2934, 2860, 1460, 1375, 1259,

1080, 884, 641 cm"1; 6(250 MHz) 0.88 (3H, t, J5.lHz, I4 -CH3 ), 1.24 to 
1.50 (18H, m, 5 to 13-CH2), 1.57 (2H, m, 4-CH2), 1.91 (1H, bs OH), 

2.93 (2H, m, 1-CH2), 3.64 (lH, m, 3-CH), 3.91 (1H, m, 2-CH);m/z 212

max
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(M+). (Found C, 73.56; H, 12.51%. rec3uires C/ 73.63; H,
12.36%).

Preparation of (2R),(3R)-epoxyoctanal (30)

R

O
OH

(28) 
R = n -C 5H„

Dry chromium trioxide (11.88g, 119mmol) was added to a stirred 

solution of dry pyridine (19.5ml) in DCM (220ml) under argon. After 

15min, celite (30g) was added and stirring continued for a further 

5min. The reaction mixture was then cooled to 10°C before addition of 

the epoxyalcohol (28) (2.0g, 13.9mmol) in DCM (10ml). The slurry was 

then warmed to RT and stirring continued until tic indicated that 

reaction was complete (0.5h). Potassium bisulphate (20g) and ether 
(250ml) were then added. After 5min, the reaction mixture was 

filtered through a pad of silica sandwiched between layers of 

magnesium sulphate. The filtrate was then concentrated and purified 

by column chromatography (silica, 50% petrol/ether) to give the 

epoxyaldehyde (30) (1.56g, 79%) as a colourless oil which crystallised 

slowly on storage at -20°C; [a]^ -70.7° (c, 1.22 in CHClgbv max (CHCI3 )
2937, 2857, 1710, 1437, 1366, 1346, 1317, 1288, 1097, 1059 cm" 1 ; 6 (250 MHz)

0.88 (3H t, J 6 .6 Hz, 8 -CH3 ), 1.21 to 1.70 (8 H, m, 4 to 7-CH2), 3.14

(1H, dd, J5.95 and 2.1Hz, 2-CH), 3.23 (1H, ddd, J5.5, 5.5 and 2.1Hz,

3-CH), 9.01 (1H, d, J3.4Hz, CHO); m/z 141(M +), 127, 123, 113.
(Found C, 67.37; H, 9.92%. CQH140 requires C, 67.57; H, 9.89%).
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Preparation of (2R),(3R)-epoxytetradecanal (31)

A solution of the epoxyalcohol (29) (lOOmg, 0.44mmol) in DCM (10ml) 

was added to a vigourously stirred suspension of pyridinium dichromate 

(230mg, 0.61mmol) and powdered 3A molecular sieves (0.9g, 2g/mmol of 

alcohol) in DCM (15ml). The reaction was stirred at room temperature 
for 1 2 h, after which tic indicated that reaction was complete. The 
mixture was then diluted with ether (25ml) and filtered through a 

sandwich of MgSO^j/ silica/ MgSO^. Concentration of the filtrate and 
column chromatography of the residue (silica? 50% petrol/ether) gave 

the epoxyaldehyde (31) as a white powder (lOOmg, 100%), [a]^ -33.6° 

(c, 1.08 in CHC13); vmax 2922, 2738, 1725, 1494, 1465, 1364, 1311, 
1221, 1185, 8 6 8 , 826 cm”1; 6 (250 MHz) 0.86 (3H, t, J8.0Hz, I4 -CH3 ),

1.03 to 1.76 (2OH, m, 4 to 13-CH2), 2.80 to 3.37 (2H, m, 2 and 3-CH),

9.03 (1H, d, J6.0Hz, CHO); m/z 226 (M+). (Found C, 74.18; H, 11.80%. 

C 14H26°2 re(?uires C, 74.29; H, 11.58%).

Preparation of (2R),(3R)-epoxynon-l-ene (34)

(34) R = n C5 Hn

A suspension of methyltriphenylphosphonium iodide (1.6g, 3.9mmol) in 

THF (40ml) was cooled under argon and treated with n-butyllithium 

(3.1ml of a 1.39M solution in hexane, 4.2mmol). The yellow solution 
was then warmed to 0°C and maintained at this temperature for the



following hour, after which a solution of the epoxyaldehyde (30) 

(287mgf 2.0mmol) in THF (5ml) was added. Stirring was then continued 

at ambient temperature for a further 2 h.

200

The reaction mixture was then filtered through a pad of silica that 

had been pre-washed with petrol/ether (6 : 1  + 1 % triethylamine).

Concentration of the filtrate and column chromatography of the residue 

(silica; petrol/ether 6 : 1  + 1 % triethylamine) gave the vinyl epoxide 

(34) as a colourles oil (182mg, 65%); [«]^ +111.3 (c, 2.40 in CHCI3 );

3053, 3001, 2925, 2854, 1584, 1478, 1433, 1089, 909 cm-1; 6(60 MHz) 0.87 

(3H, t, J 6 Hz, 9 -CH3 ), 1.1 to 2.2 (8 H, m, 5 to 8 -CH2b  3.0 (1H, m, 4- 
CH), 3.5 (1H, m, 3-CH), 4.9 to 5.7 (3H, m, l-O^ and 2-CH).

Preparation of l-3-p^-(4-formyloxynon-2-en-3-ylato)tricarbonyliron (39)

" C 5H
Fe (co) 5 

hv

O

(34) (3 9 )

A solution of the vinyl epoxide (34) (26mg, 0.18mmol) and FefCO)^ 

(115ul, 0.9ommol) in sodium dried benzene (300ml) were photolysed in

an internal well system under a constant stream of argon (450W Applied 

Photophysics lamp). A circulating sodium bromide filter (2.90M 
aqueous solution) whose temperature was maintained below 10°C, was 

employed to cut off transmission below 300nmJ-UJ. After 10mm 

formation of green Fe^CO)-^ was clearly visible and photolysis was

ceased.
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The r e a c t io n  m ixtu re  was then fre e ze  d r ie d  and column chrom atography  

o f the re s id u e  gave the f e r r i la c t o n e  (39) as a w hite c r y s t a l l in e  s o l id  

(8.2mg, 15 % ) , [a ^ 5  + 3 1 . 7 °  ( c f 0.82 in  CH Cl3 ); v max (CHCI3 ) 2929, 2859, 

2085, 2029, 16 6 2, 10 1 4 , 729 , 655 cm- 1 ; 6 (250 MHz) 0.81 (3H, t ,  J6 .3H z, 

1 .2 0  t o  1 .5 3  (8 H, m, 5 to  8 -C H 2 ) ,  3 .0 7  (1H , d d, J 2 .0  and 6 .0 H z , 3 -C H ) , 

3 .7 0  ( 1H , d t ,  J 3 .5  and 8 .5 H z , 2 -C H ) , 4 .22  (1H , m, 4 -C H ) , 4.69 (1H ,  

d d d , J 1 . 0 ,  4 .5 and 8.0 H z , 1 -C H ) ,  4 .7 7  (1H , ddd, J 2 .0 ,  4 .5 , and 8 .0 H z, 

1 -C H ); m /z 309 (M+), 280 (M+ -C O ), 252 (M+ -2 0 0 ), 224 (M+ -  3CO); 

(Found 280.0396000, FeC1 2 H1 6 0 4 r e q u ir e s  280.0397984; M+ -CO ).

9 -CH 3 ),
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Preparation of methyl undecanoate (45)

n'C i0H2iCO2CH

( 4 5 )

98% S u lp h u ric  a c id  (11.6 m l) was added dropw ise to  a s t i r r e d  s o lu t io n  

o f undecanoic a c id  ( 1 3 .1 g ,  6.55mmols) in  d ry  m ethanol (80m l). A fte r  

s t i r r i n g  fo r  1.5h  the re a c tio n  m ix tu re  was cooled ( ic e /w a t e r  bath) and 

e x ce ss a c id  n e u t r a lis e d  by a d d it io n  o f 5M sodium hyd ro xid e  s o lu t io n .  

The re a c t io n  m ix tu re  was then concen trated  under reduced p re ssu re  and 

the re s id u e  e x tra c te d  w ith  e th e r (3 x 100m l). The combined e th e re a l  

e x t r a c t s  were d r ie d  (MgSO^), co ncen trated  and d i s t i l l e d  by Kugelrohr  

( 1 0 0 °C , 0.4mmHg) to  g iv e  m ethyl undecanoate (45) (13 .0 g , 93%) as a  

c o lo u r le s s  o i l . v mQX 2926, 2885, 17 4 2 , 14 6 1, 14 35, 12 4 2 , 1 19 8 , 1170cm “^  

6 (60MHz) 0 .8 8 ( 3 H , t , J 8 H z, I I - C H 3 ) ,  1 .2 5  (16 H , b r  s ,  3 t o  10  C H ^),

2 .2 5 ( 2H, t ,  J 6 H z, 2 -C H 2 ) , 3 .6 0 (3 H , s ,  C 0 2 Me); m /z 2 0 1 (MH+).

P re p a ra tio n  o f 5 -c a rb a n e th o x y te tra d e c ~ 2 ~ e n -4 -o l (46)

( 4 5 )

L ith iu m  d iis o p ro p y la m id e  was prepared from d iis o p ro p y la m in e  (2.6g, 

26mmol) and 1.5M n -b u t y ll it h iu m  (16 .6 m l, 27mmol) in  THF (10 m l). The 

s o lu t io n  was cooled  to  -7 8 °C  and tre a te d  w ith  m ethyl undecanoate  

(45) (5.0g, 25mmol). A fte r  0.5h the anion was quenched by a d d it io n  o f  

cro tonaldehyde (2.4g, 34mmol) and the r e a c t io n  m ix tu re  warmed to  room

(4 6 )



tem perature over lh .

The m ix tu re  was then p a r t it io n e d  between sa tu ra te d  ammonium c h lo r id e  

s o lu t io n  (30ml) and e th e r (90m l). The combined e th e r e a l e x t r a c t s  were 

then washed s e q u e n t ia lly  w ith  w ater (2 x2 0 ml) and b r in e  (2 0 m l), d r ie d  

(MgSO^) and co ncen trated  to  g iv e  a y e llo w  o i l .  D i s t i l l a t i o n  by  

K ug elrohr ( 17 0 °C , 0.05mmHg) gave 5 -c a rb o m e th o x y te tra d e c -2 -e n -4 -o J  (46) 

a s  a c o l o u r l e s s  o i l  (6 .2 g , 8 8 % ) . ^ ax 34 4 6 , 2 9 25 , 28 5 4 , 1 7 3 5 ,  1 1 6 6  

cm*"1 ? & (250MHz) 0.88 (3H, t ,  J 6 .5 H z , I 3 -C H 3 ) ,  1 .2 5  (15 H , b s ,  7 to  1 3 -  

CH_2 and OH), 1 .5 2  (2H , m, 6 -C H 2 ) , 1 .7 0  (3H , d , J 5 . l H z ,  I - C H 3 ) ,  2 .45  

(1H , m, 5 -C H ), 3.60 and 3 .6 5  (3H , s ,  C 0 2 M e), 4 .16  (1H , m, 4-CH O H ),

5.43 ( 1H , m, 3 -C H ) , 5.70  ( 1H , m, 2 -C H ) ;  m /z  270 (M+ ) , 253  (M+ -OH) 

(Found; C 7 1.3 8 % , H 1 1 .3 7 % , (M+-OH) 2 5 3 .2 15 7 , C 1 6 H3 0 O3  r e q u ir e s  C 

7 1 .0 7 % ,  H I 1 .2 0 % ,  (M+-OH) 2 5 3 .2 1 6 7 ) .

P re p a ra tio n  o f 5 -h y d ro x y m e th y lte tra d e c a -2 ,4 -d ie n e  (47)

A m ix tu re  o f  the a lc o h o l (46) (18 g , 56mmol) and potassium  

hydrogensulphate (76g, 56mmol) were azeotroped in  to luene fo r  48h.

The r e a c t io n  m ix tu re  was then co o led  to  roan tem perature and tre a te d  

w ith  1 ,8 - d i a z o b ic y c l o - [5.4 .0 ]-undecane (8 . 8m l, 56mmol). A f t e r  a 

f u r t h e r  24h the potassium  hydrogensulphate was removed and the  

f i l t r a t e  d ilu t e d  w ith  a f u r t h e r  p o rtio n  o f d ry  toluene (g iv in g  a t o t a l  

volume o f 150m l). The s o lu t io n  was then cooled to  -7 8 ° C ,  under argon, 

and tre a te d  w ith a 1.5M s o lu t io n  o f d iis o b u ty la lu m in iu m  h y d rid e  in  the  

same s o lv e n t  (95m l, 143mmol). A f te r  0.5h, excess d iis o b u ty la lu m in iu m



h y d rid e  was quenched by a d d it io n  o f e x cess m ethanol and the r e a c t io n

m ix tu re  warmed to  0°^* S atu rated  sodium su lp h a te  s o lu t io n  (5ml) and

d ry  e th e r (1 0 0 ml) were then added and the r e a c t io n  m ix tu re  s t ir r e d  

v ig o r o u s ly  u n t i l  a w hite p r e c ip it a t e  appeared. The r e s u lt in g  s lu r r y  

was then f i l t e r e d  though s i l i c a  and the f i l t r a t e  co n ce n tra te d  and 

d i s t i l l e d  by K ug elrohr (16 5 °C , 0.1mm Hg) to  g iv e  5-h yd ro xym ethyl 

t e t r a d e c a -2 , 4 -d ie n e  (47) as a c o lo u r le s s  o i l  ( 1 1 .4 g , 9 1% ); vmax 3446

2 9 2 4 , 2 8 5 3 , 1 6 3 7 ,  12 3 6  cm "1 ; 6 (250  MHz) 0.80 (3H , t ,  J 7 .8 H z , I 4 -C H 3 )

1 .3 4  (14 H , m, 1 3  t o  7 - C f ^ ) ,  1 .6 2  (1H , b s ,  OH), 1 .8 0  (3H , d d , J 6 .8  and 

1 .7 H z , 1  -C H 3 ) , 2 .18  (2H, m, 6 -C H 2 ) ,  4 .07 (2H , s ,  CH 2 OH), 5.70  (1H , m,

2 -C H ) , 6.00 (1H , d , J 10 .6 H Z , 4 -C H ) ,  6 .2 7  (1H , m, 3 -C H ) ; m /z  224  

(M +), 207 (MH—OH) , 1 5 5 ;  (Found C , 8 0 .2 5 ; H, 1 2 .8 2 % . C 1 5 H2 gO r e q u ir e s  

C , 8 0 .2 9 ; H, 1 2 .5 8 % ) .

P re p a ra tio n  o f 5 -h y d ro x y m e th y l-4 , 5 -e p o x y -t e tr a d e c -2 -e n e  (50)

_ t-B u tyl hydroperoxide (83ul o f  3.84M s o lu t io n  in  to lu e n e , 0.32mmol) 

was added d ropw ise to  a b lu e /g re e n  s o lu t io n  o f  the d ie n e o l (36mg, 

0.16mmol) and v a n a d y l b isa ce to a ce to n a te  (3.7mg) in  r e f lu x in g  benzene. 

I h i s  re s u lte d  in  an im m ediate c o lo u r change from green to  y e llo w .  

A f te r  12  m in , gc showed com plete d isap p earan ce  o f  the s t a r t in g  

m a t e r ia l.  The s o lu t io n  was then cooled and f i l t e r e d  through a pad o f  

f l u o r i s i l  (200-300 mesh). Removal o f  s o lv e n t and colum n  

chrom atography ( s i l i c a ;  p e t r o l/e t h e r  1 : 1  + 1 % tr ie th y la m in e )  gave the  

v in y l  epoxide () as a c o lo u r le s s  o i l  w hich darkened r a p id ly  on 

sta n d in g  (37mg, 8 8 % ) .

PhH.il'



 ̂ v 3 4 21, 3020, 2950, 2920, 2850, 1660, 1450, 14 3 5 , 1370 c m -1IlloX J

<5 (250 MHz) 0.88 (3H, t ,  J 6 .3 H z , I 4 -C H 3 ) , 1 .2 7  (16 H , b s ,  9 t o  1 3 -  

CH2 ) ,  1 .7 7  (3H , d d , J 6 .0  and 1 .5 H z ,  I -C H 3 ) ,  2.00 (1H , b s ,  OH), 3 .5 1  

(1H , d , J 9 .4 H z ) , 3 .72  (2H , m, CH2 OH), 5 .3 9  (1H , d q , J 7 .8  and 1 .5 H z , 2 -  

C H ), 5 .9 5  (1H , m , 3 -C H ); m /z  240 (M +), 209 (M+ -C H 2 OH) (Found  

240.2088, C2 5 H2 8 O2  re q u ire s  240.2089 (M +)).



Preparation of carbene complex (52)

©

©

(52)

A stirred solution of ferrilactone complex (6 ) (lOOmg, 0.40mmol) in 
DCM (5ml) under argon was treated with trimethyloxonium 

tetrafluoroborate (Meerwein's salt) (340mg, 1.79mmol) at RT. After 3h 
tic (silica; ether) showed complete disappearance of starting 

material. Filtration and removal of solvent gave the 

diastereoisomeric carbene complexes as a yellow crystalline solid in a 
ratio of l:l?vmax (nujol) 2925, 2112, 2065, 2030, 1493, 1463, 1377, 
1345, 1277, 1050, 722, 680 cm 5 (250 MHz, dg-acetone) 2.24 (3H, s,
2 -CH3 ), 3.46 (1H, d, J14.6HZ, 1-CH endo), 4.15 (1H, m, 4-CH endo),
4.24 (3H, s, OCH3 ), 4.80 (1H, m, 1-CH exo), 5.13 (2H, bdd, J27.0 and 

12.5Hz, 3-CH), 5.78 (1H, dd, J10.4 and 8.3Hz, 4-CH exo) for the minor 
isomer and 5 (250 MHz, dg-acetone) 2.35 (3H, s, 2 -CH3 ), 2.95 (1H, dd, 

J14.6 and 2.1Hz, 1-CH endo), 4.15 (1H, m, 4-CH endo), 4.24 (3H, s, 
OCH3 ), 4.80 (1H, m, 1-CH exo), 5.13 (1H, bdd, J27.0 and 12.5Hz, 3-CH), 

5.59 (1H, m, 4-CH exo) for the major diastereoisomer? m/z (FAB 
spectrum in acetone/glycerol) 267 (M+ - BF4 ) 239 (M+ -CO), 211 (M+ - 
2CO), 183 (M+-3CO).
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G en eral procedure fo r  the p re p a ra tio n  o f •n̂ -( d ie n e ) t r ic a r b o n y lir o n  

complexes

D iir o n  nonacarbonyl ( l . le q )  was added to  a s o lu t io n  of the re le v a n t  

d ien e  in  benzene. The m ix tu re  was then sonolysed fo r  lh ,  o r  u n t i l  a l l  

the s o l id  carbonyl had d isap p e ared . C o n ce n tra tio n  o f the r e a c t io n  

m ix tu re  and column chrom atography o f the re s id u e  on s i l i c a  

( p e tr o l/e t h e r  g ra d ie n t) se p a ra te d  the re q u ire d  complex from any 

in o rg a n ic  s p e c ie s .

P r e p a r a t io n  o f  rfi-( 1 - a c e to x y b u ta -1 , 3 -d ie n e )t r ic a r b o n y lir o n  (53)

/ 7 V _ OAc
F«(CO)3

( 5 3 )

Treatm ent o f 1 -a c e t o x y b u t a -l , 3 -d ie n e  (85mg, 0.76mmol) w ith  Fe2 (CO)g 

(304mg, 0.84mmol) gave th e  complex (53) as a y e llo w  o i l  (191m g, 100%).

vmax 2082' 1995' 1952' 1760' 1460' 1212' 1174' 1102' 1051 cm~1;
6 (250M H z, C 6 D6 ) -0 .3 4  ( l H r m, 4 -C H  e n d o ), 0 .4 5 (1H , m, 1 -C H ) ,  1 .6 0

(1H , m, 4 -C H  e x o ), 2 .1 2  (3H , s ,  OCOCH3 ) , 4.98 (1H , m, 2 -C H ) ,

5 .3 0  ( 1H , m, 3 -C H ).

P re p a ra tio n  o f 77 ~ ( 2 -m e t h y lb u t a -l , 3 -d  i  ene) t r i  carb o n yl ir o n  (54)

F .(C O )j (54)

Treatm ent o f 2 -m e t h y lb u t a -l ,3 -d ie n e  (17mg, 0.25mmol) w ith  Fe2 (CO)9  

(lOOmg, 0.28mmol) gave th e  complex (54) as a y e llo w  o i l  (38mg, 70%). 

max 3084' 2922' 2085  ̂ 2000' 19 6 8 ' 14 4 3, 124 6 , 8 8 1  cm- 1 ; 6 (25°  MHz
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CgDg) “0*34 (1H, dd, J7.7 and 3.8Hz, 4-CH endo), -0.01 (1H, d, 

J1.9HZ, 1-CH endo), 1.42 (1H, m, 1-CH exo), 1.50 (1H, m, 4-CH 

exo), 1.64 (3H, s, 2 -CH3 ), 4.96 (1H, m, 3-CH).

Preparation of i7^-(hexa-2 ,4-diene) tricarbonyl iron (55)

(55)
Fe(CO )3

Treatment of hexa-2,4-diene (21mg, 0.25 mmol) with Fe2 (CO)g (lOOmg, 

0.28mmol) gave the complex (55) as a yellow oil (20mg, 50%). v max 

2916, 2075, 1982, 1962, 1439, 1379, 1032 cm"1; 6 0.90 (2H, m, 2 and

5-CH), 1.87 (6 H, d, Jl8 Hz, 1 and 6 -CH3 ), 4.85 to 5.08 (2H, m, 3 and 4- 

CH).

Preparation of rfi- (me thy loxy carbony lhexa- 2,4-d i ene) t r i carbonyl i ron 

(56)

COO Me U F X - COOMe
Fe(CO)3

(56)

Treatment of methyloxycarbonylhexa-2,4-diene (llOmg, l.Ommol) with 
Fe2 (CO)g (400mg, l.lmmol) gave the complex (56) as yellow crystals 

(250mg, 100%). vmax 2953, 2092, 2075, 1979, 1708, 1477, 1330, 1240, 
1177, 1140 cm"1; 6(250  MHz CgDg) 0.88 (1H, m, 5-CH), 1.17 (1H, m,

2-CH), 1.36 (3H, d, J6.0Hz, 6 -CH3 ), 3.37 (3H, s, CC^CB^), 5.14

(1H, m, 4-CH), 5.45 (1H, m, 3-CH)
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Preparation of 77 -(l-hydroxyhexa-2,4-diene)-tricarbonyliron (57)

— — OH
F«(CO )3 ( 57 )

Treatm ent o f  l-h y d r o x y h e x a -2 ,4 -d ie n e  (lOOmg, l.Ommol) w ith  Fe2 (CO)g 

(400mg, 1.12m m ol) gave the com plex (57) as a y e llo w  o i l  (108mg, 5 1% );

3400, 2090, 2065, 2030, 1448, 1245 cm”1 ; 6 (250 MHz, C6D6) 0.65 to  

0 .7 7  (2H, m, 2 and 5 -C H ) ,  1 .0 4  (3H , d , J 6 .7 H Z , 6 -C H 3 ) ,  3 .1 9  (1H , d d , 

J 7 .4  and 1 1 . 5 H z ,  CHOH), 3 .3 2  ( 1H , d d , J 1 2 .0  and 5 .1 H z ,  CHOH), 4 .32  

( 1H , d d , J 8 .6  and 4 .8 H z, 3 o r  4 -C H ) ,  4 .7 2  (1H , d d , J 8 .6  and 4 .8 H z, 3 

o r  4 -C H ).

P r e p a r a t io n  o f ^ - ( c i s - l ,2 -d ib e n z o y lc y c lo h e x a -3 ,5 -d ie n e ) t r ic a r b o n y l  

ir o n  (58)

Treatm ent o f  c is - 1 ,2 -d ib e n z o y l  eye lo h e x a -3 ,5 -d ie n e  (55mg, 0.17mmol) 

w ith  Fe2 (CO)g (63mg, 0.17mmol) gave the diene complex (58) a s  a p a le  

y e llo w  c r y s t a l l in e  s o l id  (55mg, 70%);vm ax (CHCI3 ) 3059, 2087, 2059, 

20 0 9 , 1 7 1 7 ,  1 5 8 3 ,  1 3 1 4 ,  1 2 7 0 ,  1 1 2 ,  708 cm; 6(250 MHz, C 6 D6 ) 4.78 (4H, 

m, 2 t o  4 -C H ) ,  4.98 (2H , b s ,  1  and 2 -C H ) , 5 .8 1  t o  6 .1 9  ( 6 H, m, 

p h e n y l) ,  7.08 (4H, m, p h e n y l) .



Preparation of /?-myrcene)-tricarbonyliron (59)

Fe(CO)

( 5 9 )

Treatm ent o f  f r e s h ly  d i s t i l l e d  (9 5 °C , 12mm Hg) &-myrcene (150mg,

l .  lmmol) w ith  Fe 2 (CO)9  (440mg, 1.2mmol) gave the d ie n e  complex (59) as  

y e llo w  o i l  (290mg, 95%) w hich co u ld  be d i s t i l l e d  by K ug elro h r (12 0 °C ,  

0.2mm Hg); v max 2968, 2925, 2858, 2048, 1968, 1476 c n T 1 ? 6 (250 MHz, 

CgDg) “ 0*25 ( 1H , d d , J 8 .9  and 2 .5 H z , 1 -C H  e n d o ), -0 .0 5  ( 1H , d ,

J 1 .6 H z .  4 -C H  e n d o ), 1 .3 0  (1H , d d , J 8 .9  and 2 .5 H z , 1 -C H  e x o ) , 1 .4 6  (4H,

m, 4 -C H  exo and 4 '-C H 3 ) , 1 .6 5  (3H , s ,  4 f-C H 3 ) , 1 .9 7  t o  2 .1 3  (4H, m, 1 '  

and 2 ' -C H 2 ) , 4 .7 3  (1H , t ,  J 7 .5 H z ,  3 ' -C H ) ,  5 .1 0  (1H , m , 2 -C H ).

P re p a ra tio n  o f  77̂ - ( pseud ionone) t r ic a r b o n y l iro n  com plexes (60) and (61)

Fe2(CO)9

») , 1 h

70%

(CO),

S o n o ly s is  o f  a s lu r r y  o f  pseudionone (256mg, 1.3mmol) and Fe2 (CO)g 

(533mg, 1.5mmol) in  benzene (5ml) fo r  lh  gave the e x o c y c lic  d ien e  

complex (60) (308mg,75%) as a y e llo w  o i l .  vmax 2926, 2088, 2010, 1978,
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(3H , s ,  CH3 ) , 2 .00 (3H , s ,  I -C H 3 ) , 2 .30  ( 1H , m, 4 -C H ), 5 . 1 7  ( 1H ,  

m, 9 -C H ).

A llo w in g  the d ien e complex to  stand o v e rn ig h t a t  -2 0 °C  r e s u lte d  in  95% 

is o m e r is a t io n  of the complex to  g iv e  the e n d o c y c lic  complex (61) as  

the m ajor p roduct. v max 2967, 2920, 2089, 20 10 , 19 76 , 1 6 7 1 ,  16 3 5 ,

1 4 6 5 , 1 3 7 6 ,  1 3 5 7 ,  1 1 7 1  cm” 1 ; 6(250 MHz CgDg) 1 .4 3  to  1 .8 2  (4H, m, 7

and 8 -C H ) ,  1 .5 8  (3H , s ,  CH3 ) ,  1 .6 6  (3H , s ,  CH3 ) ,  1 .9 0  (3H , s ,  1 -  

CH3 ) ,  3 .3 0  (1H , m, 9 -C H ) , 4 .92 to  5 .2 3  (2H , m, 3 and 4 -C H ).

P re p a ra tio n  o f 7?^-( /? - io n o n e ) -t r ic a r b o n y lir o n  com plexes (62) and (63)

1672, 1588, 1465, 1357, 1275, 1225 c m " 1 ; 6(60 MHz CgDg) 0.97 (1H, s,

3-CH), 1.30 to 1.70 (4H, m, 7 and 8-CH), 1.65 (3H, s, CH 3 ), 1.70

Treatm ent o f f r e s h ly  d i s t i l l e d  (130°C/12m m Hg) /2 -io n o n e  (150mg, 

0.78mmol) w ith  Fe2 (CO)g (312m g, 0.86mmol) gave the 3 ,5 -d ie n e  complex 

(62) and the 4 ,6 -d ie n e  complex (6 3 ) , by analogy w ith l i t e r a t u r e ^ .
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G en eral procedure f o r  the p re p a ra tio n  o f sodium p h e n y lse le n id e

A 50% d is p e r s io n  o f sodium in  p a r a f f in  (433mg, 9.4mmol), a s m a ll 

p o rtio n  o f benzophenone, and a m in im al volume o f THF (2ml) were p la ce d  

in  a  25m l f la s k  w hich was then se a le d  under argon w ith  a rubber 

septum. The f la s k  was then suspended in  an u ltra so u n d  bath a t  the  

p o s it io n  where maximum a g it a t io n  o f the f la s k  co n ten ts was observed. 

A f te r  a few seconds the c h a r a c t e r is t ic  deep b lu e  c o lo u r  o f sodium  

benzophenoneketyl was observed. A s o lu t io n  o f d ip h e n y ld is e le n id e  

(1.4 g , 4.7mmol) in  the minimum volume o f THF was added dropw ise to  the  

r e a c t io n  m ix tu re  whereupon the orange s o lu t io n  was in sta n ta n e o u sly  

transform ed in to  a cream coloured p r e c ip it a t e .  A f te r  15m in  the  

r e a c t io n  m ix tu re  had developed a p a le  mauve t in g e  and s o n ic a t io n  was 

continu ed  fo r  a fu r t h e r  45m in, o r u n t i l  a l l  t r a c e s  o f c o lo u r had 

d isa p p e a re d .

G e n e ra l procedure fo r  the p re p a ra tio n  o f p h e n y lse le n o ls

A homogeneous su sp ensio n o f sodium p h e n y lse le n id e  (1.2  e q u iv a le n ts)  

was added to  a s t ir r e d  s o lu t io n  o f the s u b s tra te  in  d ry  THF. When the  

r e a c t io n  had reached co m p le tio n , as determ ined by t i c ,  the m ix tu re  was 

p a r t it io n e d  between w ater (20ml) and e th e r (20m l). The aqueous phase  

was then e x tra c te d  w ith  two fu rth e r  p o rtio n s  o f e th e r, and the  

combined o rg a n ic  phases d r ie d  over sodium su lp h a te . Removal o f the  

s o lv e n t  gave a y e llo w  o i l  which was p u r if ie d  by column chromatography 

( s i l i c a  g e l ;  p e t r o l/e t h e r  g r a d ie n t) .
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Preparation of 1-Selenophenyloctane (6 6)

ww' — -
Treatm ent o f o c t y l io d id e  (0.24g, l.OOmmol) w ith  sodium p h e n y lse le n id e  

(1.2mmol) gave 1-se le n o p h e n y lo cta n e  (6 6 ) (0.247g, 92%) as a p a le  

y e llo w  o i l ,  vmax (f ilm ) 3 0 17 , 2922, 2857, 15 7 6 , 14 54 , 13 7 7 , 1 2 1 9 ,  1 1 9 ,  

1 0 4 1 ,  1 0 2 2 ,  7 9 5 , 735  cm "1 ; 6 (60MHz ;CD C1 3 ) 0.80 (3H , t ,  J 8 H z, 8 -C H 3 ) ,

1 . 1  to  2.0 (12 H , m, 2 to  7 -C H 2 ), 2.8 to  3 .3  (2H, m, 1 - C H 2 ) ,  7 .2  to  7 .7  

(5H , m, p h e n y l) ; 270 (MH+).

P r e p a r a t io n  o f  1 0 - (Selen oph enyl) - ! - ( ( te tra h y d ro -2 H -p y ra n -2 * -y  1)  

oxy)decane (67)

WXAAAA/8' ------- „„W \A A /“
( 6 7 )

Treatm ent o f l-b ro m o -10 -te tra h y d ro p y ra n y ld e ca n e  (67) (lOOmg, 0.33mmol) 

w ith  sodium p h e n y lse le n id e  (0.39mmol) o v e rn ig h t gave 1 0 -  

(Se 1  e n o p h e n y l) - l - ( ( t e t r a h y d r o -2 H -p y r a n -2*-y 1 ) oxy)decane () (0.33mmol, 

100%) as a p a le  y e llo w  o i l , v  (f ilm )  2926, 2852, 16 5 9 , 15 7 6 , 14 7 5 , 

1 2 7 6 ,  1 1 1 9 ,  10 7 6 , 1 0 3 3 ,  9 0 4 , 869, 7 3 5  cm- 1 ; 6 1 .2 8  to  1 .8 6  (24H, m,

3 ' ,  4' and 5 '-C H 2  and 3 t o  9 -C H 2 ) , 2 .9 1  ( 1 H , m, 1 -C H ) ,  3 .7 3  (1H , m, 2 -  

C H ), 3 .8 7  (1H , m, 2 -C H ) , 4 .5 7  ( 1H , t ,  J 3 .8 H z , 6 ' -C H ) , 7 .2 0  to  7 .5 0  

(5H , m, p h e n y l) ;  nv£ 398 (M +).



Preparation of l-Selenophenylhex-3-ene (68)

(68)

Treatm ent o f m e th a n e su lp h o n y lo x y h e x -3 -e n -l-o l (6 8 ) (178mg, l.OOmmol) 

w ith  sodium p h e n y lse le n id e  (1.20mmol) fo r  lOm in gave 1 -  

S elen o p h en ylh e x -3-en e  () a s  a p a le  y e llo w  o i l ,  v (f ilm )  3004, 2961 

29 27, 15 7 6 , 14 74 , 14 3 4 , 12 9 8 , 12 5 8 , 119 0 , 10 7 2 , 10 2 2 , 7 3 3 , 689 cm- 1 ; 

6nmr 0.98 (3H , t ,  J 8 .0 H z , 6 -C H 3 ) , 2.00 (2H , d t ,  J 1 6 .0  and 8 .0 H z, 5 -  

CH2 ) ,  2 .4 3  (2H, d d, J 1 5 . 0  and 8 .0 H z, 2 -C H 2 ) ,  2 .9 3  (2H, t ,  J 8 .0 H z , 1 -  

CH2 ) ,  5 .4 1  (2H , m, 3 and 4 -C H 2 ) , 7 .26  (3H , m, p h e n y l) ,  7 .50  (2H, m, 

p h e n y l) ;  mz 240 (MH+); (Found C , 6 0 .5 4 ; H, 6 .7 7 % . C -^ H ^ g S e  r e q u ir e s  C 

6 0 .2 5 ; H, 6 .7 4 % ).

P re p a ra tio n  o f l - p h e n y l - 2 - (se len o p h e n yl)e t h a n - l -o l

HO
Js^SePh

P h

(6 9 )

Treatm ent o f styren e  o x id e  (120mg, l.Ommol) w ith  sodium  

p h e n y ls e le n id e , o v e rn ig h t, gave l -p h e n y l - 2 - (s e le n o p h e n y l)e th a n -l-o l  

(69) a s  a y e llo w  o i l  (216mg. 78%);Vmax 3403, 3058, 2929, 15 7 6 , 14 7 5 ,  

1 4 3 5 ,  1 3 0 0 , 10 5 4 , 1 0 2 2 ,  9 7 3 , 7 37  cm- 1 ; 6 (250  MHz) 3.00 (1H , b r s ,  OH), 

3 . 1 2  ( 1H , d d, J 1 5 . 5  and 9.0 H z, 2 -C H ) , 3 .3 0  (1H , d d, J 1 2 . 5  and 3 .7 H z ,  

2 -C H ) ,  4 .73  (1H , d d , J 9 .0  and 3 .7 H z , 1 -C H ) ,  7 .2 0  t o  7 .3 5  (8 H, m, 

p h e n y l) , 7 .5 0  to  7 .6 0  (2H, m, p h e n y l); mz 278 (MH+).



Preparation of 2_4_j2l-£ i-[formyl-(1 >R)-phenylethylamino]-3-methy 1-3-

buten-2-yl]tricarbonyliron (75) and (76)
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+
H2N Ph

ZnCI2.TMEDA, 

RT, 2h

A s o lu t io n  o f Zn C l2 .TMEDA (5.42g, 21.4mmol) in  dry THF (150m l) was 

added v ia  a s y r in g e  to  a s t ir r e d  s o lu t io n  o f the f e r r i la c t o n e  complex  

(6 ) (4.5g, 17.9mmol) in  e th e r, under argon. (R )-(+ )-o f-m e th y l- 

benzylam ine (8.7g, 71.6mmol) was then added and the m ix tu re  s t ir r e d  a t  

RT f o r  2 h , and 0 °C  f o r  a f u r t h e r  12 h .

The r e a c t io n  m ix tu re  was then d ilu t e d  w ith  e th e r (200m l), washed w ith  

10% aqueous c i t r i c  a c id  (280m l), w ater (2x140m l), and b r in e  (14 0 m l), 

and d r ie d . F i l t r a t io n  through c e l i t e  and co n ce n tra tio n  o f the  

f i l t r a t e  gave a m ix tu re  o f  the two d ia s te r e o is o m e ric  f e r r i la c t a m s  (75) 

and (76) as a y e llo w  o i l  (5.8g, 92%) w hich could  not be separated  by 

s i l i c a  g e l f la s h  chrom atography, v max (C C I4 ) 3040, 2990, 2940, 2865, 

2080, 2000, 15 9 5 , 15 5 5 , 14 10 , 1 16 0 , 70 2, 665 cm"1 ; 6(250 MHz) 1 .4 1  

(3H , d , J 7 .0 H Z , CH3 ) , 1 .9 2  (3H , s ,  CH3 ) , 2 .6 3  (1H , d , J l .O H z ,  4 '-C H ) ,  

2.84 (1H , d d, J 1 2 . 5  and 1 .0 H z , l ' - C H ) ,  3 .4 1  (1H , dd, J 1 2 . 5  and 7 .0 H z ,



1 -C H ) ,  3.48  (1H , d d , J 1 . 0  and 1 .0 H z , 4 -C H ), 4 .2 2  (1H , d , J 7 .0 H Z , 2 -  

CH) , 4.40 (1H , q , J 7 .0 H z , PhCH) , 7 .1 3  to  7 .1 9  (2H, m, p h e n y l) ,  7 .2 0  to  

7 .36  (3H , m, p h e n y l) ;  (Found C , 5 7 .3 2 ;  H, 4 .7 6 ; N, 3 .9 1 % .  F e C 1 7 H1 7 N04 

r e q u ir e s  C , 5 7 .4 9 ; H, 4 .8 2 ; N, 3 .9 4 % ).

P r e p a r a t io n  o f  3(R) and 3 ( S ) - ( 2 ,-p r o p e n y l ) - l - [ ( l ,R ) -p h e n y le t h y l] -  

a z e t id in -2 -o n e  (77) and (78)

Ce(IV)

84 6 10 Phy

< / - Ny Ph
A n

0̂ - " y Ph 9 °
"c= 0  1760 1760 1688

( 7 7 ) ( 7 8 ) ( 7 9 )

A s o lu t io n  o f cerium  (IV ) ammonium n it r a t e  (1.2 8 g , 2.34mmol) in  c o ld  

e th a n o l ( -7 8 °C )  (20ml) was added dropw ise to  a s t ir r e d  s o lu t io n  o f the  

f e r r i la c t a m  com plexes (75) and (76) (184mg, 0.52mmol) in  the same 

s o lv e n t  (7ml) over a p e rio d  o f  0.3h.

The r e a c t io n  m ixture was then allow ed to  warm to RT o ver a p e rio d  of  

4h, d u rin g  w hich the s o lu t io n  changed from o ra n g e /y e llo w  to  red.

E x ce ss s o lv e n t was then removed under reduced p re ssu re  and the re s id u e
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p a r t it io n e d  between w ater (20ml) and e th e r  (45m l). The e th e r e a l la y e r  

was then washed w ith  a fu r th e r  p o rtio n  o f w ater (1 0 m l), d r ie d  and 

co n ce n tra te d . Column chrom atography o f the r e s u lt in g  o i l  ( s i l i c a ;  

p e t r o l /e t h e r  7 :3 ) gave the 3 ( R ) - ( 2 ' - p r o p e n y l ) - l - [ ( l 'R ) -p h e n y le t h y l]  -  

a z e t id in -2 -o n e  (77) (93mg, 84%) as a c o lo u r le s s  gum; [a] { ^ 2 2 .4 5 °(c ,

1 5 .7  i n  e t h e r ) ;  vmax (C H C I3 ) 3 0 6 3 , 1 7 6 0 , 1 6 4 8 , 16 0 6 , 1 2 3 7 ,  8 9 7 , 7 6 0 ,  

700 cm"”1 ; 6 (250  MHz) 1 .6 0  (3H , d , J 7 .0 H z , CH3 ) , 1 .7 0  (3H , s ,  CH3 ) ,

2 .9 2  ( 1 H , d d , J 7 .0  and 4.0 H z, 4 -C H  t r a n s ) ,  3 .3 6  (1H , t ,  J 5 .0 H z , 4 -C H  

c i s ) ,  3 .7 3  t o  3 .78  (1H , m, 3 -C H ) ,  4.89 (2H , m, = 0 ^ ) ,  5.00 (1H , q ,  

J 7 .0 H z ,  N CH), 7 .28  to  7.40 (5H , m, p h e n y l) ;  m /z  2 1 5  (M +), (Found C ,  

7 8 .0 9 ; H, 8 .0 4 ; N, 6 .5 7 % . C 1 4 H1 7 NO r e q u ir e s  C , 7 8 .1 0 ;  H, 7 .9 5 ;  N, 

6 . 5 1 % ) .

F u r t h e r  e l u t i o n  g ave 3 ( S ) -( 2 '-p r o p e n y l) - l -[ ( l 'R ) -p h e n y le t h y l]  -  

a z e t id in -2 -o n e  (78) (7mg, 6 %) as a c o lo u r le s s  gum; v max (CHCI3 )

3 0 6 3 , 1 7 6 0 ,  16 4 8 , 16 0 6 , 1 2 3 7 ,  8 9 7 , 7 6 0 , 700 c m ' V  (250 MHz) 1 .6 0  (3H , 

d , J 7 .0 H Z , CH3 ) , 1 .8 0  (3H , s ,  CH3 ) , 3 .0 5  ( 1H , m, 4 -C H  t r a n s ) ,  3 . 1 7  

( 1H , t ,  J 7 .0 H Z , 4 -C H  c i s ) ,  3 .8 1  and 3.9 0  ( 1H , m, 3 -C H ) ,  4.89 (2H , m, 

=CH2 ) ,  5.0 0  ( 1H , q , J 7 .0 H Z , NCH), 7 .2 8  t o  7 .4 1  (5H, m, p h e n y l) .

3
P re p a ra tio n  o f 2—4— 77 — {1 -  [fo rm yl-O -b e n zylh yd ro x ylam in o ] - 3 - m e t h y l - 3 -  

b u te n -2 - y l } t r i  carb o n yl iro n

(6 )

A s t i r r e d  s o lu t io n  o f the f e r r i la c t o n e  com plex (6 ) (40mg, 0.16mmol) in
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e th e r/TH F (5m l, 1 : 1 )  was tre a te d  w ith  a 25% s o lu t io n  o f  

d ie th y la lu m in iu m  c h lo r id e  in  hexane (188jul, 0.32mmol) fo llow ed by 0 -  

ben zylhydro xylam ine (78mg, 0.64mmol). The r e a c t io n  m ix tu re  was 

s t ir r e d  under argon f o r  0 .75h, a f t e r  which the r e a c t io n  m ix tu re  was 

d ilu t e d  w ith  e th e r and poured onto 10% c i t r i c  a c id  (10 m l). The 

aqueous phase was then e x tra c te d  w ith  two fu r th e r  p o rtio n s  o f e th e r  

(2 x2 0 ml) and the combined o rg a n ic  phases washed s e q u e n t ia lly  w ith  

w ater, sa tu ra te d  sodium b ica rb o n a te  s o lu t io n  and b r in e  (3x10 m l), and 

d rie d . Removal o f the s o lv e n t gave the f e r r i  lactam  complex as p a le  

y e llo w  c r y s t a ls  (31mg, 5 6 % ) ;v max (CHCI3 ) 3000, 2939, 2042, 2 0 17 ,

16 0 0 , 14 6 0 , 1 0 1 5 ,  7 0 0 , 678 cm- 1 ; 6 (250 MHz) 2.00 (3H , s ,  3 -C H 3 ) ,  2 .7 2  

(1H , d , J l .O H z ,  4 -C H  endo ), 3 .1 2  (1H , d d, J 1 3 . 2  and 4 .4H z, 1 -C H  endo  

) , 3 .3 2  (1H , d d , J 8 .8  and 1 3 .2  H z, 1 -C H  e x o ) , 3.44 (1H , b s , 4 -C H  e x o ),

4.06 ( 1H , d , J 8 . 8 H z ), 4 .70  (2H , b s , PhCH2 ) ,  7 .2 5  to  7 .3 7  (5H , m, 

p h e n y l) .

3
P re p a ra tio n  o f 3 -5 - 17 -  [ 2 -  [ fo rm yl-O -b e n zylh yd ro x ylam in o ] -h e x -4 -e n -3 -  

y l ] t r ic a r b o n y lir o n

A s t ir r e d  s o lu t io n  o f the f e r r i la c t o n e  complex (8 ) (43mg, 0.16mmol) in  

e th e r/T H F  (5m l, 1 : 1 )  was tre a te d  w ith  a 25% s o lu t io n  o f  

d ie th y la lu m in iu m  c h lo r id e  in  hexane (188jul, 0.32mmol) fo llow ed  by O - 

benzylhydro xylam ine (78mg, 0.64mmol). The r e a c t io n  m ixture was 

s t ir r e d  under argon fo r  0 .75h , a f t e r  which the r e a c t io n  m ixtu re was



d ilu t e d  w ith e th e r and poured onto 1 0 % c i t r i c  a c id  (1 0 m l). The 

aqueous phase was then e x tra c te d  w ith  two fu rth e r p o rt io n s  o f  e th e r  

(2 x 2 0ml) and the combined o rg a n ic  phases washed s e q u e n t ia lly  w ith  

w ater, sa tu ra te d  sodium bicarb o n ate  s o lu t io n  and b r in e  (3x 10 m l), and 

d r ie d . Removal o f  the so lv e n t and column chromatography o f the re s id u e  

( s i l i c a ;  p e t r o l/e t h e r  g ra d ie n t) gave the f e r r ila c t o n e  complex a s p a le  

y e llo w  c r y s t a ls  (34mg, 58%); v max (CHCl^) 3035, 2978, 2920, 2078,

2 0 0 0 , 16 0 0 , 1 5 8 2 ,  14 4 5 , 1 3 5 0 ,  1 1 9 0  cm " 1 ; 5 (2 5 0  MHz) ,C 6 D6 0.92 (3H , d ,  

J 4 .6 H Z , I -C H 3 ) , 1 . 1 2  (3H, d , J 4 .6 H z , 6 -C H 3 ) , 1 .3 5  (1H , m, 4 -C H ), 3 .50  

( 1H , m, 3 -C H ) , 3 ,7 8  (1H , m, 2 -C H ) ,  4 .72  (2H, b s , PhCH2 ) , 7.08 t o  7.40  

(5H , m, p h e n y l) ; m /z  30 3.
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P re p a ra tio n  o f 3 -5  2 -  [ form ylbenzylam ino] - h e x -4 -e n -3 -y l  ?tr ic a r b o n y l

ir o n  (80)

( 8 0 )

A s t ir r e d  s o lu t io n  of the f e r r i la c t o n e  com plex (8 a) and (8 b) (200mg, 

0.75mmol) in  e ther/TH F (15 m l, 1 : 1 )  was tre a te d  w ith  a 25% s o lu t io n  o f  

d ie th y la lu m in iu m  c h lo r id e  in  hexane (8 8 0 u l, 1.50mmol) fo llo w e d  by 

benzylam ine (321m g, 3.00mmol). The r e a c t io n  m ixtu re was s t ir r e d  under 

argon fo r  2 h, a f t e r  w hich the re a c t io n  m ix tu re  was d ilu t e d  w ith  e th e r  

(50ml) and poured onto 10% c i t r i c  a c id  (10 m l). The aqueous phase was 

then e x tra c te d  w ith  two fu r th e r  p o rtio n s  o f  e th e r (2 x2 0 ml) and the  

combined o rg a n ic  phases washed s e q u e n t ia lly  w ith  w ater, s a tu ra te d  

sodium b ica rb o n a te  s o lu t io n  and b r in e  (3 x 10 m l), and d rie d . Removal o f  

the s o lv e n t and column chromatography o fth e  re s id u e  ( s i l i c a ;  

p e t r o l/e t h e r  g ra d ie n t) gave the f e r r i la c t o n e  complex as p a le  y e llo w  

c r y s t a ls  (226mg, 85%); vmax (CHCI3 ) 2235 , 2072, 2 0 12 , 15 6 2 , 1 2 1 8 ,  1 18 3  

c m '1 ; 6 (250  MHz) 1 . 1 8  (3H , d , J 3 .5 H z , I - C H 3  ) ,  1 .8 2  (3H , d , J 2 .5 H Z , 6 -  

CH3 ) , 3.40 ( 1 H , m, 2 -C H ) , 3.94 (1H , d q, J 3 . 5  and 3 .0 H z, 5 -C H ) ,  4.34  

( 1H , d d, J 3 .5 H Z , 3 -C H ) , 4 .5 1  (1H , d d , J 2 .3  and 4 .6 H z, 4 -C H ) , 5 .0 6  (2H , 

d , J 8 .0 H Z , PhCH ^), 7 . 1  to  7 .3H z (5H , m, p h e n y l) .

6
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Preparation of (3R)- and (3S)-3-Acetyl-l- [(1 *R)-(p- 

benzyloxyphenyl)benzy loxycarbcny line thy 1]azetidin-2-one (92) and (93)

A s o lu t io n  o f  the iso p ro p e n y la ze tid in o n e s  (9 1) and (92) (120m g, 

0.27mmol) in  DCM (10m l) was tre a te d  w ith  ozone a t  -7 8 °C  u n t i l  no 

s t a r t in g  m a t e r ia l was p re se n t, a s  in d ic a te d  by t i c  (60% e t h e r /p e t r o l) . 

D im ethyl su lp h id e  was added and the r e a c t io n  m ix tu re  warmed to room 

tem p erature. S t ir r in g  was continued  fo r  lh  a f t e r  which the re a c t io n  

m ix tu re  was concentrated to  g iv e  th e  d ia s te r e o is o m e ric  ketones (92) 

and (9 3) (12 0 m g , 10 0 % ) ( 3 R ) -3 -a c e t y l- l -[ ( l 'R ) -( p -b e n z y lo x y p h e n y l)  

benzy lo x y c a r b o n y lm e th y l]a z e tid in -2 -o n e  (92) as a c o lo u r le s s  gum. v max 

( f ilm )  3080, 3060, 3030, 17 50 , 174 0 , 17 2 2 , 16 10 , 15 10  and 1240 cm"1 ; 

6(250 MHz) 2.30 (3H , s ,  COCH3 ) , 3 .09  ( 1H , d d , J 5 .4  and 5 .4 H z , c i s - 4 -  

C H ), 3 .9 4  (1H , d d , J 5 .4  and 2 .9 H z, t r a n s - 4 - C H ) ,  4 .0 1  (1H , d d , J 5 .4  

and 2 .9 H z, 3 -C H ) ,  5.06 (2H , s ,  PhCH2 ) ,  5 .1 9  (2H, s ,  PhCH2 ) ,  5.56  

( 1H , s ,  NCH), 6.96 (2H, d , J A0 8 . 8 H z , A r ) ,  7 .1 0  (2H, d , J AB8 . 8H z,

A r ) , 7 . 2 1 - 7 . 4 5  (10 H , m, p h e n y l ) ;  m /z  443 (M +), 3 5 3 , 3 0 8 , 2 1 2 ,  9 1  

(Found: M+, 4 43.1722. 0 2 7 ^ 5 1^ )5  r e q u ir e s  M, 4 43.1733); and ( 3 R ) -3 -  

a c e t y l - 1 -  [ ( 1  'R )-(p -b e n zy lo x yp h e n y l)b e n zy lo x yca rb o n y lm e th y l] a z e t id in - 2 -  

one ( 9 3 ) ; 6(250 MHz) 2 .26  (3H, s ,  COCH3 ) ,  3 .4 7  (1H , d d , J 5 .4  and  

2 .9 H z , t r a n s -4 -C H ) ,  3 .56 (1H , d d, J 5 .4  and 5 .4 H z, c i s - 4 - C H ) ,  4.20  

(1H , d d , J 5 .4  and 2 .9 H z, 3 -C H ) , 5 .0 4  (2H , s ,  PhCH2 ), 5 .1 9  (2H , s ,  

PhCH2 ) , 5 .56  ( 1H , s ,  NCH), 6.96 (2H , d , J ^ . S H z ,  A r ) ,  7 .1 0  (2H , 

d , J A0 8 . 8H z , A r ) ,  7 . 2 1 - 7 . 4 5  (10 H , m , p h e n y l ).
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P re p a ra tio n  o f  ( - ) - l -  [ (p -B e n zylo xyp h en yl)b en zylo x ycarb o n ylm eth yl] -  

a z e t id in - 2 ,3 -d io n e  (8 6 )

A s t ir r e d  s o lu t io n  o f the d ia s te r e o is o m e r ic  m ixture o f 3 - a c t y l - / ? -  

la cta m s (92) and (93) (63mg, 0.14mmol) in  1 ,2 -d ic h lo r o e th a n e  (1m l) was 

cooled to  0 °C  under argon and tre a te d  s e q u e n t ia lly  w ith  tr ie t h y la m in e  

(26>zl, 0.19mmol) and _ t -b u t y ld im e t h y ls ily lt r if lu o r a n e t h a n e  sulph onate  

(3 4 p l, 0.15m m ol). A fte r  lOmin the r e a c t io n  m ix tu re  was d ilu t e d  w ith  

DCM (60ml) and m ethanol (6 ml) and co o led  to  -7 8 °C .  Ozone was then  

bubbled through the s o lu t io n  u n t i l  t i c  (50% p e tr o l/e th e r )  showed 

com plete d isap p earan ce  o f the s t a r t in g  m a t e r ia l (ap p ro x im a te ly  5m in). 

Powdered z in c  (373mg, 5.7mmol) and g l a c i a l  a c e t ic  a c id  (1m l) were then  

added and the r e a c t io n  m ix tu re  warmed to  RT.

The r e a c t io n  m ixtu re  was then f i l t e r e d  through a c e l i t e  pad and the  

s o lv e n t  removed under reduced p re ssu re . The re s id u e  was then taken up 

in  w ater (10m l) and washed w ith  e th e r (2x20m l). The com bined e th e re a l  

f r a c t io n s  were then d rie d  o ver sodium  su lp h a te . Removal o f  the  

s o lv e n t  and column chrom atography ( s i l i c a  g e l ,  p e t r o l/e t h e r  1 :5 )  gave 

( - )  - 1 -  [ ( p -B en zylo x yp h e n yl) benzyloxycarbonylm ethyl] a z e t id in -2 ,3 -d io n e  

(8 6 ) a s  a syrup  (49mg, 84%) whose s p e c t r a l d ata was id e n t ic a l  w ith  

p u b lish e d  d a t a ^ ;  [ a ] j^  - 3 3 . 2 °  (c , 0.46 in  chloro form ).

O

COOBzl COOBzl (86)



Preparation of (3R) and (3S)-[(11)-oximinoethyl]-1-[(1 ,R)~phenylethyl]

azetidin-2-one

A stream  o f d ry  ozone was bubbled through a s t ir r e d  s o lu t io n  o f  the 

iso p ro p e n y l /3 -la c ta m s  (77) and (78) (l.O g, 4.64mmol) in  d ry  DCM (55ml) 

a t  - 7 8 ° C ,  u n t i l  t i c  (ether) showed com plete consum ption o f s t a r t in g  

m a t e r ia l.  Excess d im e th y ls u lp h id e  ( 1 .7 m l) , and a c a t a l y t i c  amount o f  

m ethanol were then added and the re a c t io n  m ix tu re  warmed to  RT and 

s t ir r e d  o v e r n ig h t .

Removal o f  s o lv e n t and column chrom atography o f the re s id u e  ( s i l i c a ;  

p e t r o l/e t h e r  1 : 2 ) f a i le d  to  se p a ra te  the d is a t e r e o is a n e r ic  a c e t y l /3- 
la c ta m s w hich were is o la t e d  a s a c o lo u r le s s  o i l  (582mg, 60%); v max 

(CHC13 ) 2 9 8 1, 2904, 2256, 1 7 5 1 ,  16 0 3, 14 70 , 13 8 2, 12 3 5 , 1 0 1 5 , 9 15 , 750 

cm "^ ; ( 3 S ) -  [ ( l ' ) -o x im in o e t h y l] - l - [ ( l 'R ) -p h e n y le t h y l ]  a z e t id in -2 -o n e ;

6 (2 5 0  MHz) 1 .7 2  (3H , s ,  COCH3 ) , 2.34 (3H , d , J 7 .0 H z ,  NCH), 3.00 (1H , 

d d , J 5 . 2  and 1 .3 H z ,  4 -C H  c i s ) ,  3 .1 9  (1H , d d , J 5 .2  and 1 .3 H z ,  4-CH  

t r a n s ) ,  3.66 ( 1H , d d, J 5 .6  and 2 .5 H z, 3 -C H ) , 4.90 ( 1H , q , J 7 .0 H z ,  

PhCH), 7 .25 to  7.43 (5H, m, p henyl); ( 3 R ) -[ ( l ' ) -o x im in o e t h y l] - l -  

[( l'R ) -p h e n y le th y l]  a z e t id in -2 -o n e ;  6 (250 MHz) 1.5 9  (3H, s ,  COCH3 ),

2 .3 4  (3H , d ,  J 7 .0 H z , NCH), 3.00 (1H , d d , J 5 .2  and 1 .3 H z ,  4 -CH  c i s ) ,  

3 .1 9  ( 1H , d d , J 5 . 2  and 1 .3 H z , 4 -C H  t r a n s ) ,  3 .5 1  ( 1H , d d , J 5 .6  and 

2 .5 H z , 3 -C H ) ,  4 .85 (1H , q , J 7 .0 H z , PhCH), 7 .2 5  to  7 .4 3  (5H , m, p h e n y l)  

a ssig n e d  by an alog y to  (3R) and ( 3 S ) - [ ( l ' ) - o x im in o e t h y l ]  - 1 -  [ ( 1  *S)— 

p h e n y le th y l] a z e t id in -2 -o n e  as prepared by D.M. H o ll in s h e a d ^ .
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P re p a ra tio n  o f 3 - o x o - l -  [ ( 1  'R j-p h e n y le th y l]  a z e t id in -2 -o n e  (10 0 )

( 100)

A s o lu t io n  o f  the (3R) and ( 3 S ) - [ ( l ' ) - o x i m i n o e t h y l ] - l - [ ( l ' R ) -  

p h e n y le th y l] a z e t id in - 2 -on e (147m g, 0.6 8 mmol) in  1 , 2 -d ic h lo ro e th a n e  

(3ml) was cooled  to  0 °C  under argon and tre a te d  wth tr ie th y la m in e  (124  

Hi, 0.88mmol). A fte r  2 min the s o lu t io n  was tre a te d  w ith  

t r ib u t y ld im e t h y ls i ly l  triflu o ro m e th a n e su lp h o n a te  (156ju l, 0.68mol) and 

the r e a c t io n  m ix tu re  m aintained a t  t h is  tem perature u n t i l  t i c  (50% 

p e t r o l/e t h e r )  showed com plete consum ption o f  s t a r t in g  m a t e r ia l  (ca. 

lO m in). The r e a c t io n  m ixture was then concen trated  and the resid u e  

p a r t it io n e d  between eth e r (1 0 ml) and sa tu ra te d  sodium b ica rb o n a te  

s o lu t io n  (5m l). The aqueous phase was then e x tra c te d  w ith  a fu rth e r  

p o rtio n  o f  e th e r  and the combined o rg a n ic  phases washed q u ic k ly  w ith  

0.5M h y d r o c h lo r ic  a c id ,  sa tu ra te d  sodium b icarb o n ate  s o lu t io n  and 

b r in e . D rying o ver sodium su lp h ate  and rem oval o f s o lv e n t  under 

reduced p re ssu re  gave the corresponding s i l y l  enol e th e r  as a 

c o lo u r le s s  gum (8 5 % );v max 2975, 2 9 3 1, 2859, 17 19 , 1604, 1 5 1 9 , 1046, 

9 2 9 , 876 cm "1 ; 6 (2 50  MHz) 0.02 (6 H, s ,  S K O h j ^ ,  0 .87 to  0 .90 (9H, s ,  

S i tB u ) , 1 .5 9  ( 3H, d , J . l H z ,  NCHMe), 2 .1 0  (3H , s ,  COCH3 ) ,  3.43 (1H , m,

4 -C H ) , 3 .6 1  ( 1H , m, 4 -C H ), 4.96 (1H , m ,N -C H ), 7 .2 5  to  7 .3 8  (5H, m, 

p h e n y l) .

The in te rm e d ia te  s i l y l  enol e th e r was then taken up in  DCM (20ml) and 

m ethanol (2.5m l) and cooled to  -7 8 °C  under argon. A stream  o f ozone 

was then bubbled through the re a c t io n  m ix tu re  u n t i l  the s o lu t io n



turned b r ig h t  blue and t i c  (50% p e tr o l/e th e r )  in d ic a te d  com plete  

consum ption o f the s t a r t in g  m a t e r ia l (ca. 5m in). E xcess ozone was 

then blown o f f  under a stream  o f oxygen and the r e a c t io n  m ixtu re  

tre a te d  w ith  powdered z in c  (450mg) and a c e t ic  a c id  (1 .1m l)  and allow ed  

to  warm to room tem perature.

The re a c tio n  m ixtu re  was then f i l t e r e d  through c e l i t e  and the so lv e n t  

removed under reduced p re ssu re. The re s id u e  was then p a r t it io n e d  

between water (5ml) and e th e r (20ml) and the e th e re a l phase d rie d  over  

sodium su lp h a te . Removal o f the s o lv e n t gave the 3 -k e t o a z e t id in -2 -o n e  

(100) as a c o lo u r le s s  gum (26mg, 82%); v max (CHCI3 ) 2930, 28 51, 18 18 , 

17 6 3 , 1 7 1 1 ,  16 0 3, 839, 756 cm_ 1 ;5 (6 0  MHz) 1 .2 5  (3H, t ,  J 7 .0 H z , Me),

2 .5 6  (1H , m, NCH), 3 .40  (2H, m, 4 - 0 ^ ) ,  7 .3 2  (5H, m, p h e n y l) .

P re p a ra tio n  of the t r i c y c l i c  3 -k e t o -a z e t id in -2 -o n e  ( 1 0 1 )

A s o lu t io n  o f the 3 -a c e t y l  /? -la c t a m  (99) (836mg, 1.18m mol) in  1 , 2 -  

d ich lo ro e th a n e  (3ml) was cooled to  0 °C  under argon and tre a te d  wth 

tr ie th y la m in e  (226 u l ,  1.65mmol). A f te r  2 min the s o lu t io n  was 

tre a te d  w ith  t r i i s o p r o p y l s i l y l  triflu o ro m e th a n e su lp h o n ate  (350 ^ 1, 

1.3mmol) and the r e a c t io n  m ix tu re  m ain tain ed  a t  t h is  tem perature u n t i l  

t i c  (50% p e tr o l/e th e r )  showed com plete comsumption o f s t a r t in g
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m a t e r ia l  (ca. lO m in). The r e a c t io n  m ix tu re  was then co n cen trate d  and 

the re sid u e  p a r t it io n e d  between e th e r  (1 0 ml) and s a tu ra te d  sodium  

b ica rb o n a te  s o lu t io n  (5m l). The aqueous phase was then e x tra c te d  w ith  

a fu rth e r  p o rtio n  o f  e th e r and the combined o rg a n ic  p hases washed 

q u ic k ly  w ith 0.5M h y d ro c h lo r ic  a c id ,  sa tu ra te d  sodium b ica rb o n a te  

s o lu t io n  and b r in e . Drying over sodium sulph ate and rem oval o f  

s o lv e n t  under reduced p re ssu re  gave the corresponding s i l y l  enol e th e r  

a s a  c o lo u r le s s  gum (85%); v max 2939, 2859, 17 5 1 , 13 4 6 , 12 56 , 1 19 8 ,  

1 1 7 2 ,  10 5 9  cm” 1 ? 6 (250  MHz) 0.84 (18 H , s ,  ( i P r ) 3 S i ) ,  1 .3 0  to  1 .9 7  

( 12 H , m, 9 to  1 3 -C H 2 and 5 -C H 2 ) , 2 .29  (3H , s ,  COC H 3 ) ,  3 .8 1  (2H , m, 6 -  

Q ^ ) ,  3.95 (1H, m, 4-CH ); m /z 393 (M+) (Found 393.2704000, c a lc u la t e d  

393.2699228 fo r C 1 9 H2 3 S iN 0 3  (M +)).

The in te rm e d ia te  s i l y l  enol e th e r was then taken up in  DCM (100m l) and 

m ethanol (10m l) and cooled to  -78°c under argon. A stre am  o f ozone 

was then bubbled through the r e a c t io n  m ixtu re  u n t i l  the s o lu t io n  

turned b r ig h t  b lu e  and t i c  (50% p e tr o l/e th e r )  in d ic a te d  com plete  

consum ption o f the s t a r t in g  m a t e r ia l (ca. 5min). E x ce ss ozone was 

then blown o f f  under a stream  o f  oxygen, the r e a c t io n  m ix tu re  

tre a te d  w ith  powdered z in c  (780mg) and a c e t ic  a c id  (1.9 m l) and a llo w e d  

to  warm to  room tem perature.

The re a c t io n  m ix tu re  was then f i l t e r e d  through c e l i t e  and the s o lv e n t  

removed under reduced p re ssu re . The re s id u e  was then p a r t it io n e d  

between w ater (5ml) and e th e r (20m l) and the e th e re a l phase d r ie d  o v e r  

sodium  su lp h a te . Removal o f  the s o lv e n t  gave the 3 -k e t o a z e t id in -2 -o n e  

( 10 1)  as a c o lo u r le s s  gum (200mg, 95%); v max 3 13 0 , 2935, 1849, 17 6 5 , 

1 7 1 1 ,  1 2 8 7 ,  1 0 5 7 ,  954 cm- 1 ; 6(250  MHz) 1 . 2 1  to  1 .9 3  ( 1 2 H , m, 9 to  1 3 -  

CH2  and 5 -C H 2 ) ,  3 .78  (2H, m, 6 -C H 2 ), 3 .9 2  (1H , m, 4 -C H ).



Preparation of L-t-butyloxycarbonyl-2-aminopentan-l,5-dioic acid (106)
O

H,N
♦

COO
“BOC-ON"

COO'HNEt♦

COOH

NEt ,/HoO

COOH
92% ( 1 0 6 )

T r ie th y la m in e  (1.5 m l, 10.7mmol) was added to  a s t ir r e d  suspension o f  

L -g lu t a m ic  a c id  (500mg 3.4mmol) in  50% aqueous dioxane (10 m l).

The m ix tu re  was s t ir r e d  u n t i l  a l l  the s o l id  had d isappeared. S o lid  

"BOC-ON" (837mg, 3.4mmol) was then added and s t i r r i n g  continued f o r  a  

fu r t h e r  3h.

The dioxane was then removed under reduced p re ssu re  and the re s id u e  

p a r t it io n e d  between w ater (10m l) and e th y l a c e ta te  (10 m l). The 

aqueous phase was then washed w ith  a f u r th e r  p o rtio n  o f e th y l a c e ta te  

(10 m l) and fre e ze  d r ie d  to  g iv e  the N -B O C -d e riv a t iv e  (106) as a 

h yg ro sco p ic  s o l id  (1.0 7g , 92%); v max (KBr d is c )  3420, 2975,

29 32, 2 73 7 , 2676, 24 9 1, 2299, 170 0 , 1 5 9 1 ,  15 2 3 , 139 4 , 13 6 5 , 124 9 ,

1 1 6 9 ,  10 5 3  cm- 1 ; 6 (250 MHz) 1 .2 9  (9H, t ,  J 7 .3 H z ,  N(CH2 CH3 ) 3 ) ,  1 .4 3  

(9H , s ,  t - B u ) ,  2 .00 to  2 .1 2  (2H , m, 3 -C H 2 ) , 2 .47 (2H , t ,  J 6 . 6 HZ, 4 -  

CH2 ) ,  3.08  (6 H, q , J 7 .4 H z , N( CH2 CH3 ) 3 ) ,  4 .2 2  (1H , m, 2 -C H ) , 5 .6 2  ( 1H ,

bd, J 6 .lH z , NH);m /z (FAB spectrum  in  g ly c e r o l)  349 (MH+), 248 (MH+ fo r
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Preparation of N-t-butyloxycarbonyl-2-amino-p-nitrobenzyloxy-5-

hydroxypentanoic acid (108)

B O C-protected L -g lu ta m ic  a c id  (106) (1.4 8 g f 4.3mmol) was tre a te d  w ith  a c e t ic  

an hydride  (1.0 3 m l, 4.3mmol) a t  RT. A f t e r  3h, r e s id u a l a c e t ic  

anhydride  was removed by aze o tro p in g  w ith  d ry  toluene (2 x 1 0 m l). The 

re s id u e  was then taken up in  d ry  THF (10m l) and tre a te d  w ith  s o lu t io n s  

o f p -n itr o b e n z y la lc o h o l (1 .3 2 g , 8. 6mmol) and d ic y c lo h e x y l amine (8 5 7 u l,  

4.3mmol) in  THF. The r e a c t io n  m ix tu re  was then s t ir r e d  a t  am bient 

tem perature o v e rn ig h t. Removal o f  the s o lv e n t gave the 

d ic y c lo h e x y la m in e  s a l t  o f  the d ip ro te c te d  amino a c id  (10 7 ). The r e s id u e  

was then p a r t it io n e d  between e t h y l a c e ta te  (2 0 ml) and 1 M h y d r o c h lo r ic  

a c id  (10 m l). The aqueous phase was then washed w ith a fu r t h e r  p o rt io n  

o f  e th y l a c e ta te  ( 1 0 m l), d r ie d  and concen trated  to g iv e  the fre e  a c id  

a s a yello w  o i l .

A s o lu t io n  o f  the amino a c id  (1.4 9 g , 3.9mmol) in  THF (10m l) was then  

added dropw ise o ver a p erio d  o f 0.5h to a cooled s o lu t io n  o f BH3 .THF 

(7.8m l o f  a 1M s o lu t io n  in  THF, 7.8mmol) under n itro g en . The r e a c t io n  

m ix tu re  was s t ir r e d  a t  t h is  tem perature fo r  a fu rth e r  2h , a f t e r  w hich  

the r e a c t io n  was quenched by a d d it io n  o f 1 0 % g l a c ia l  a c e t ic  a c id  in  

m ethanol. The s o lv e n t was then removed and the re s id u e  taken up in  

e th y l a c e ta te  and washed s e q u e n t ia l ly  w ith  1M h y d ro ch lo ric  a c id  

( 1 0 m l), w ater ( 1 0 m l), and 1 M sodium  b icarb o n ate  s o lu t io n  ( 1 0 m l),  

d r ie d , and concen trated  to  g iv e  N -t -b u ty lo x y c a r b o n y l-2 -a m in o -p -  

n itro b e n zy lo x y -5 -h y d ro x y p e n ta n o ic  a c id  (108) as an orange c r y s t a l l in e  

s o l id  (807mg, 50%), m.p. 6 1 -6 3 °C ;  v ^  3513 , 3 3 6 3 , 1750 , 1684, 16 0 1 ,
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1 5 2 1 ,  1 3 4 3 ,  829 cm- 1 ; 6 (2 50  MHz) 1 .4 2  (9H, s ,  t - B u ) ,  1 .6 0  (2H , m, 4 -  

CH2 ), 2.00 (2H , d d d , J 1 . 7 ,  4 .5 , and 9 .8H z, S -C H ^ ), 2 .1 2  ( 1H , b t ,  

J 5 .5 H Z , OH), 3 .6 7  ( 1H , m, 2 -C H ) ,  4 .36  (2H , t ,  J 5 .5 H z ,  CH2 OH ), 4.84  

(2H , d , J 5 .0 H z , CH 2 PNB), 7 .5 5  (2H , d d , J 2 .9  and 10 .6 H z , o -p h e n y l) ,  

8 .2 2  (2H, d d , J 1 . 8  and 9 .1 H z ,  m -p h e n y l) .

P re p a ra tio n  o f  N -t -b u ty lo x y c a rb o n y l-2 -a m in o -5 -h y d ro x y p e n ta n o ic  a c id  

(110)

A suspension o f  the am ino a c id  a lc o h o l (109) (200mg, 1.52mmol) in  50% 

aqueous d ioxan e (5ml) was tre a te d  w ith  tr ie th y la m in e  (5 3 0 u l, 3.8mmol) 

follow ed by s o l id  "BOC-ON" (374mg, 1.52m m ol). The r e a c t io n  m ix tu re  

was s t ir r e d  a t  RT fo r  a f u r th e r  2.5h, a f t e r  which the dioxane was 

removed under reduced p re ssu re . The re s id u e  was then p a r t it io n e d  

betweed w ater (7ml) and e t h y l a c e ta te  (10 m l). The aqueous phase was 

then washed w ith  a f u r t h e r  p o rtio n  o f e th y l a c e ta te  ( 1 0 ml) and fre e ze  

d rie d  to  g iv e  N -t -b u t y lo x y c a r b o n y l-2 -a m in o -p -n it r o b e n z y lo x y -5 -  

hydroxypentanoic a c id  ( 110 )  as a c o lo u r le s s  gum (502mg, 9 9 %);v  max (KBr 

d is c )  3 4 1 1 ,  2925, 2935, 1699, 1594 , 14 97, 1450, 13 9 3 , 124 8, 1 1 7 0 , 10 5 1  

cm "1 ; 6 (2 5 0  MHz) 1 .2 8  (9H, t ,  J 7 .3 H z ,  N f O ^ C F ^ ,  1 .4 3  (9H, s ,  t - B u ) ,  1 .6 9  

( 2H, m, 4 - 0 ^ ) ,  1 .7 3  to  1 .9 3  (2H , m, 3 -C H 2 ) ,  3.07 ( 6 H, q , J 7 .3 H z ,  

N(CH2 CH3 ) 3 , 3 .6 7  (2H, t ,  J 6 . l H z ,  5 -C H 2 OH), 4 .19  (1H , m, 2 -C H ) ,  5 .5 2  

(1H , m, NH); m /z (FAB spectrum  in  g ly c e r o l)  234 (MH+).
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Preparation of N-t-butyloxycarbonyl-2-amino-p-nitrobenzyloxy-5-

hydroxypentanoic acid (111)

A s o lu t io n  o f the N-BOC amino a c id  a lc o h o l (38mmol) in  d ry  THF (50m l) 

was tre a te d  w ith  p -n itr o b e n z y la lc o h o l (6.4g, 41.8mmol) and 

d ic y c lo h e x y lc a rb o d iim id e  (8 .6g , 41.8mmol) a t  0 °C . The r e a c t io n  

m ix tu re  was then a c id if ie d  by dropw ise a d d it io n  o f concen trated  

h y d ro c h lo ric  a c id  (1.4g) a s  a s o lu t io n  in  THF. The r e a c t io n  m ix tu re  

was then allow ed to  warm to  RT o v e rn ig h t.

The r e s u lt in g  su sp en sio n  was then f i l t e r e d  and the f i l t r a t e  

co ncen trated. Column chrom atography o f the re s id u e  ( s i l i c a ;  e t h y l  

a ce ta te ) gave the d ip ro te c te d  amino a c id  a lc o h o l (1 1 1 ) as an orange  

c r y s t a l l in e  s o l id  ( ll.O g , 87%) id e n t ic a l  to  p re v io u s ly  prepared

m a t e r ia l.
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Preparation of 1-hydroxybutenolide (123)

(1 2 3 )

A s o lu t io n  o f  7 -b u ty r o la c t o n e  (17 .2 g , 15 .4m l, 0.2mol) in  hexane 

(220ml) and DCM (10 0 m l), was cooled to  -78°C under n itro g e n . DIBAL-H  

(167m l o f a 1.5M s o lu t io n  in  to lu e n e , 0.25mol) was then added 

d ro p w ise, w h ils t  m a in ta in in g  the tem perature o f the r e a c t io n  m ixtu re  

below -6 0 °C . The r e a c t io n  m ix tu re  was s t ir r e d  a t  -78°c fo r  a fu rth e r  

0.5h, a f t e r  w hich e x ce ss DIBAL-H was quenched by a d d it io n  o f m ethanol 

(100m l) and the r e a c t io n  m ix tu re  warmed to  0 °C . A d d it io n  o f sa tu ra te d  

sodium su lp h a te  s o lu t io n  (2 0 ml) and e th e r  (1 0 0 ml) p r e c ip it a t e d  the  

alum inium  s a l t s  w hich were removed by f i l t r a t i o n  through a s i l i c a  pad.

The f i l t r a t e  was then d i s t i l l e d  through a 15cm V igreux column to g iv e  

the la c t o l  (123) a s  a c o lo u r le s s  o i l  (4.44g, 25%); v max 3400, 17 2 0 ,

14 6 0 , 13 6 0 , 1 2 7 0 ,  10 6 0 , 10 4 0 , 990, 920 cm "1 ; 6 (250  MHz) 1 .5 8  to  2 .2 5  (4H, m, 2 

and 3 -C H 2 ) ,  3.40 (1H , b s ,  OH), 3 .4 2  t o  4 .13  (2H, m, 4 -C H 2 ) , 5 .5 3  (1H ,  

b s , 1-CH ) id e n t ic a l  to  p re v io u s ly  prepared m a t e r ia l1 *^.

P re p a ra tio n  o f l-h y d r o x y -6 -m e th y lh e p ta -4 , 6-d ie n e  (12 4 )

HO

A su sp e n sio n  o f m e th y la lly ltrip h e n y lp h o sp h o n iu m  c h lo r id e  (1.78g

4.99mmol) in  benzene (10m l) was tre a te d  w ith  n -b u t y ll it h iu m  (3.65 ml
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o f a 1.5M s o lu t io n , 5.49mmol). The se ale d  f la s k  was then p lace d  in  an 

u ltraso u n d  c le a n in g  bath a t  the p o s it io n  where maximum a g it a t io n  o f  

the f la s k  co n te n ts was observed. S o n o ly s is  was co n tin u ed  fo r  an hour, 

a f t e r  which a s o lu t io n  o f the la c t o l  (123) (400mg, 4.54mmol) in  

benzene (3ml) was added to the blood red r e a c t io n  m ix tu re . The 

r e a c t io n  was then s t ir r e d  o v e rn ig h t a t  RT, and the r e s u lt in g  ye llo w  

su spension f i l t e r e d  through a s i l i c a  pad w hich was washed thoroughly  

w ith  e th e r. Removal o f  the sovent and repeated t r it u r a t io n  w ith  50% 

h e x an e/e th yl a c a ta te  gave the d ie n e o l (124) (315m g, 55%) as a p a le  

y e llo w  o i l ,  id e n t ic a l  to p r e v io u s ly  prepared m a t e r ia l  1(^ .

P re p a ra tio n  o f N -b e n zy lid e n e -2 -a m in o c a rb e th o x y -5 ,5 -d im e th o x y p e n ta n o ic  

a c id  (12 7 )

S o lid  potassium  carbonate (4 .15 g , 30mmol) was added to  a s o lu t io n  o f  

the p ro tecte d  g ly c in e  (125) in  DMF (10m l) a t  0 °C . The brom ide (126)

(4.53g, 30mmol) was then added, the re a c tio n  m ix tu re  warmed to  RT and 

s t ir r e d  a t  am bient tem perature o v e rn ig h t. The y e llo w  su sp en sio n  was 

then p a r t it io n e d  between w ater (30ml) and e th y l a c e ta te  (10 0 m l). The 

o rg a n ic  phase was then washed w ith  w ater (2x30ml) and sa tu ra te d  b rin e  

(30m l), d r ie d  o v e r sodium su lp h a te , and co n cen trated  to  g iv e  a y e llo w  

o i l  which was u n sta b le  to  column chrom atography ( s i l i c a ,  f l u o r i s i l ,  

and b a s ic  alum ina) ( 1 .9 1g , 23%); v max 2934, 2830, 2735, 1 7 0 1 ,  1596,

1 5 8 3 ,  1 1 2 2  ,1 0 5 4  cm” 1 ; 6 (2 5 0  MHz) 1 .3 0  (3H , t ,  J 8 .2 H z , CO2 CH2 CH3 ) , 2 . 1 7  (2H , m, 

4- c H2 ) , 3 .3 3  (6 H, s ,  OCH3 ) ,  4 .47 to  5 .0 3  (6 H, m, CO2 CH2 CH 3 , 2 -C H  and

3 -C H 2 ) , 7 .3 0  to  8 .10  ( 5H, m, p h e n y l) ,  8.30 (1H , s ,  PhCH).
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Preparation of N-benzylidene-2-aminocarboethoxy-5-enoic acid (130)

Ph N C O O Et

(1 3 0 )

A s t ir r e d  s o lu t io n  o f the d ip ro te c te d  g ly c in e  (125) (150mg, 0.79mmol) 

in  THF (10m l) was cooled to  -7 8 °C  under argon and tre a te d  w ith  

potassium  _t-buto xide (88mg, 0.79mmol). l-B ro m o b u t-3 -e n e  ( 116mg, 

0.86mmol) was then added to  the deep red s o lu t io n  a f t e r  5min and the  

r e a c t io n  m ix tu re  warmed to  RT o v e rn ig h t.

The r e a c t io n  m ix tu re  was then p a r t it io n e d  between sa tu ra te d  ammonium 

c h lo r id e  s o lu t io n  (10m l) and e th e r  (20m l). The aqueous phase was then  

e x tra cte d  w ith  two fu r th e r  p o rtio n s  o f e th e r (2 x 10ml) and the combined 

o rg a n ic  e x t r a c t s  d rie d  and co ncen trated  to  g iv e  a y e llo w  o i l  which was 

u n sta b le  to  s i l i c a  g e l chrom atography and d i s t i l l a t i o n  ( 123mg , 7 1% );  

vmax 2925, 2852, 170 0 , 1596, 12 0 3 , 116 7  cm” 1 ; 6 (250 MHz) 1.20 to  1.50  

(7H , m, C 0 2CH2CH3 , 3 and 4 -C H 2 ) , 4 .20 (1H , m, 2 -C H ) ,  4 .24  (2H, q , 

7 .1 H z , C 0 2CH2 CH3 ) ,  4.40 (2H , d , J l . S H z ,  6 -C H 2 ) ,  5 .0 2  ( 1H , m, 5 -C H ) , 

7.4 0  to  7 .9 0  (5H , m, p h e n y l) ,  8 .29 (1H , s ,  PhCH); m /z  245 (M+); (Found

244.1337000, C 15 H18 N02 r e q u ir e s  2 4 4 .13 3 7 5 4 0  (M +)).
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Preparation of methoxycarbonyl-5-oxo-pentanoic acid (132)

a MeOOC CHO

(1 3 2 )

A s o lu t io n  o f cyclop en tene (1.0 m l, 11.3m m ol) in  DCM (50m l)/m ethanol 

(10m l) was cooled to  -7 8 °C  w ith  s t i r r in g .  A stream  o f d ry  ozone was 

then bubbled through the s o lu t io n  fo r  0.5h, a f t e r  w hich the r e a c t io n  

was judged to  be com plete by t i c  (eth er). Excess ozone was then blown  

o f f  under a stream  o f oxygen and the r e a c t io n  m ix tu re  tre a te d  w ith  

t o s ic  a c id  (77mg, 1.13m m o l), and warmed to room tem perature. A f t e r  a 

fu r th e r  1.5 h  the r e a c t io n  m ix tu re  was f i l t e r e d  and azeotroped w ith  

benzene. The w h ite  re s id u e  was then d ilu t e d  w ith  DCM (10m l) and 

tre a te d  s e q u e n t ia lly  w ith  tr ie th y la m in e  (1.5 7 m l, 11.3m m ol) and a c e t ic  

anhydride (1.0 7 m l, 11.3m m o l). The r e a c t io n  m ix tu re  was then s t i r r e d  

a t room tem perature f o r  1 .5 h , f i l t e r e d ,  washed w ith  b r in e  (5ml) and 

w ater (5m l), and d r ie d  o ver sodium su lp h ate . Removal o f the s o lv e n t  

and column chrom atography ( s i l i c a ;  ether) gave a c o lo u r le s s  o i l  w hich  

was shown to  be a 2 :1  m ix tu re  o f the re q u ire d  m e th o x y ca rb o n y l-5 -o x o - 

p en tan o ic  a c id  (132) (793mg, 54%) and i t s  dime thy la c e t a l  (13 3 ) (517m g, 

2 6 % ).

A s o lu t io n  o f the d im e th y l a c e t a l  (133) (lOOmg, 0.57mmol) in  aceto ne  

(10m l) was tre a te d  w ith  a drop o f w ater and s t ir r e d  over A m b e r ly s t -15  

r e s in  fo r  0.5h. The r e a c t io n  m ixtu re  was then f i l t e r e d  through c e l i t e  

and rem oval o f s o lv e n t gave m e th o x ycarb o n yl-5 -o x o -p e n ta n o ic  a c id  () as  

a c o l o u r l e s s  o i l  ( 74 mg, 1 0 0 % ) . v max 2 9 5 3 . 2 7 3 0 . 1 7 3 3 .  1 4 7 7 .  1 2 1 3 .  

1 1 6 7  cm; 6 (6 0  MHz)60 2 .1 7  to  3 .1 0  (6 H, m, 1 to  3 -C H 2 ) ,  3 .66 (3H , s ,  

CO2 CH3 ), 9.80 (1H , s ,  CHO) id e n t ic a l  to  p re v io u s ly  prepared

go
m a te r ia l



Preparation of methoxycarbonyl-7-methyl-octa-5,7-dieneoic acid (134)

MeOOC

(134 )

M e th yla llytrip h e n ylp h o sp h o n iu m  c h lo r id e  (428mg, 1.2mmol) was 

azeotroped w ith  d ry  to luene (3 x 10m l), taken up in  benzene (5ml) and 

tre e a te d  w ith  n ^ b u t y llith iu m  (846 u l  o f a 1.56M s o lu t io n  in  hexane, 

1.3m m ol). The f la s k  was then se a le d  w ith  a rubber septum and p la ce d  

in  an u ltra so u n d  bath and so n ica te d  fo r  lh ,  a f t e r  w hich the s o l id  had 

d isp e rse d  to  g iv e  a blood red s o lu t io n  o f the W itt ig  reagent. A 

s o lu t io n  o f the aldehyde (132) (156mg, 1.2mmol) in  benzene (1.5m l) was 

then added dropw ise and the re a c t io n  m ix tu re  s t ir r e d  o v e rn ig h t a t  RT.

The p a le  y e llo w  su sp e n sio n  was then f i l t e r e d  through c e l i t e ,  

concen trated  and t r it u r a t e d  w ith  p e tr o l and f i l t e r e d  to  remove e x ce ss  

trip h e n y lp h o sp h in e  o x id e . Removal o f the so lv e n t and K ugelrohr  

d i s t i l l a t i o n  (16 0 °C , 14mmHg) gave m e th o x y c a r b o n y l-7 -m e th y l-o c ta -5 ,7 -  

d ie n e o ic  a c id  (134) (126mg, 63%) as a c o lo u r le s s  o i l ;  v max 2956, 29 23, 

2 8 5 1 ,  1 7 4 3 ,  1 1 6 8 ,  9 8 6 , 720 cm; 6(60 MHz) 0.88 (2H , m, 3 -C H 2 ) ,  1 .2 6
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Use of K-Allyltricarbonyliron Lactam Complexes in the Preparation of 
Nocardicin Derivatives: Synthesis of (-)-3-0xo-1-[(p-benzyloxyphenyl)- 
benzyloxycarbonylmethyl]azetidin-2-one

Simon T. Hodgson, David M. Hollinshead, Steven V. Ley*, Caroline M. R. Low, and 
David J. Williams
D e p a rtm e n t o f  C hem istry, Im p e ria l C o lleg e  o f  S c ie n c e  a n d  Technology, L o n d o n  S W 7  2 A  Y, E n g la n d

A short five-step synthesis, in 79% overall yield, of (~)-3-oxo-1-[(p-benzyloxyphenyl)benzyloxy- 
carbonylmethyl]azetidin-2-one (3), a precursor for nocardicin synthesis has been developed from 
isoprene monoepoxide. The key steps of the procedure rely on the efficient transformation of 2 -4 -r|3-(1 - 
formyloxy-2-methylbut-3-en-2-ylato)tricarbonyliron into the corresponding diastereoisomeric lactam 
complexes (6) and (7) using D-(-)-benzyl-(p-benzyloxyphenyl)glycinate (5) and ZnCI2*TMEDA 
(TMEDA = tetramethylethylenediamine), and their oxidation with ceric ammonium nitrate to 3- 
isopropenylazetidinone derivatives.

The nocardicin antibiotics, typified by nocardicin A (1) were 
first isolated from Nocardia species in 1976.1 Interest in the 
synthesis of these novel monocyclic p-lactams has been 
prompted by the wide spectrum of activity they have exhibited 
against Gram-negative bacteria. Examination of the various 
published syntheses2-7 showed that a general precursor for the 
nocardicins was 3-aminonocardicinic acid (2). This had been 
prepared previously by Ban5 in racemic form using a reductive 
amination sequence from the azetidine-2,3-dione (3).

d -( — )-p-hydroxyphenylglycine (5) in the presence of ZnCl2- 
TMEDA without epimerisation at the chiral centre. The 
diastereoisomeric lactam complexes (6) and (7) obtained in 
94.5% combined yield, could be readily separated by silica

Fe2(CO)9

(2) (3)

Here we describe a novel route using iron carbonyl complexes 
for the preparation of compound (3) in its optically pure form. 
The chemistry is based upon earlier observations, where it was 
shown that n-allyltricarbonyliron lactone complexes could be 
converted into the corresponding lactam derivatives which 
upon oxidation with ceric ammonium nitrate, afford azetidin- 
ones.8-10 The tricarbonyliron lactone complex precursor (4) 
was prepared from the quantitative reaction of isoprene 
monoepoxide with nonacarbonyldi-iron in tetrahydrofuran 
(THF) at room temperature according to our previously 
published procedure.11 The requisite, suitably protected N- 
substituent could then be introduced in its entirety by reaction 
of the lactone complex (4) with the dibenzylated derivative of

0
x

(C0)3F e / " 0

/ M ( A )

h2n^ k (5)
R2

'^ ,O C H 2Ph0
X  , v

(CO)3F e ^ ^ N —(  +
N V J  CO:CH2Ph

PhCH?0
0xN-^Fe(CO)3

PhCH202C> x  vk

0 0

R1 = />-PhCH2OChH4, R2 = PhCH20 2C
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(b)
Figure. The molecular structure of l-(3/?)-[(r/?)-(p-benzyloxyphenyl)benzyloxycarbonylmethyl]-3-isopropenylazetidin-2-one (8) showing (a) and (b) the two conformations of the molecule in the crystal and giving the crystallographic numbering scheme.

gel chromatography. The structural assignment for these two 
diastereoisomers follows from highfield *H n.m.r. studies and 
from an JT-ray crystallographic structure determination of a 
subsequent derivative. Oxidation of the lactam complex (6) with 
cerium(iv) at — 30 °C afforded the azetidinone (8) in an 
excellent 99% yield. The relative stereochemistry of the 
appending isopropenyl substituent at C-3 in this compound 
follows from comparison with similar molecules and was 
confirmed by Af-ray crystallographic analysis (see Figure). This 
determination also provides evidence for the structure assigned 
to the original complex (6). Similar oxidation of the dia- 
stereoisomer (7) gave the azetidinone (9) in 87% yield. Efforts 
were then made to convert the isopropenyl substituted 
azetidinones (8) and (9) into nocardicin precursors. Low 
temperature ( — 78 °C) ozonolysis of (8) gave the 3a-acetyl-P* 
lactam (10) while similar treatment of (9) afforded (11). 
Although each acetyl derivative was characterised spectro­
scopically using freshly prepared materials, as a result of the 
acidity of the 3-H proton, rapid epimerisation occurred upon 
storage at 0°C  over 16 h to give a 1:1 mixture. Reduction 
of the freshly prepared 3-a-acetyl derivative (10) with K- 
Selectride at — 78 °C furnished a 3:1 mixture of the dia- 
stereoisomeric alcohols (12) and (13) in 64% yield, which were 
inseparable by chromatography. Treatment of the 3P-acetyl 
derivative (11) with the weakly basic zinc borohydride reagent 
gave a 1.2:1 ratio of separable diastereoisomeric alcohols in 
80% yield which we believe to be (13) and (14) formed by non- 
selective reduction of the carbonyl function. This lack of 
selectivity is in contrast to other reports on 3-acetyl- 
azetidinones.12 The major isomer in this last reaction was found 
to have an ‘H n.m.r. spectrum identical with the minor isomer

R2
(14) 1 : 1-2

R 1 = p-PhCH2OC6H4, R2 = PhCH20 2C

obtained from the K-Selectride reaction of (10). From these and 
later results, it appears that the Selectride reagent is sufficiently 
basic to cause some epimerisation prior to reduction, but that 
reduction of the carbonyl group is selective. Indeed, separate 
treatment of a 1:1 mixture of (10) and (11) with K-Selectride 
gave the same alcohols, albeit in a different ratio. Evidence to 
support the stereochemical assignment for the alcohols (12), 
(13), and (14) is provided by their subsequent elimination 
products. Treatment of the diastereoisomeric mixture (13) and
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R2
(±M17)

R1 = /?-PhCH2OC6H4, R2 = PhCH2Q2C

(14) with methanesulphonyl chloride gave the corresponding 
mesylates. Regiospecific elimination with diazabicycloun- 
decene (DBU), proceeded slowly to give an isomeric mixture of 
the olefins (15) and (16) which are chromatographically 
separable. Similar exposure of the mesylates derived from (12) 
and (13) with DBU gave predominantly the £-ene lactam (16). 
The stereochemical assignments of (15) and (16) are made on 
the basis of the known anisotropy effects due to the carbonyl 
group,13 which profoundly influences the chemical shifts of the 
methyl and vinyl protons, e.g. 5 2.02 and 5.62 for the methyl and 
vinyl protons respectively in compound (15) and 1.68 and 6.17 
for similar protons in (16). In view of the predominant anti- 
elimination of alcohol mesylates,126 the Z,£-mixture of ene 
lactams must have arisen from a threo-, erythro-mixture of 
alcohols as in (13) and (14). Conversely, the £-ene lactam 
(16) could only have been derived from an erythro-miWuxt 
in accord with the assigned structures for (12) and (13).

Although the elimination sequence appeared to be successful, 
a polarimetry measurement of the isomeric mixture of ene 
lactams showed that racemisation had apparently occurred at 
the chiral centre. The base lability at this activated benzylic 
position has been commented on previously.3-414 Alternative 
conditions for effecting elimination of the mesylates without 
epimerisation at the activated centre were investigated but 
without success. Ozonolysis of the ene lactams (15) and (16) at 
— 25 °C gave the racemic 3-oxoazetidinone (17) in 84% yield, 
characterised by its high carbonyl stretching frequency of vmax 
1 855 cm"1.

In an effort to prepare potentially interesting pharmaceutical 
compounds related to the nocardicins in which the C-3 position 
contained a hydroxyethyl substituent, a group common to 
many P-lactam antibiotics,15 the 3-acetylazetidinones (10) and 
(11) were reduced with K-Selectride to give a diastereoisomeric 
mixture of alcohols [mainly (12) and (13)] in 64% yield. These 
were deprotected using Pd—C in a hydrogen atmosphere to 
afford the free carboxylic acid (18) (82%). However, on

OH

C02H
(18)

biological evaluation, this mixture of compounds (18) only 
showed very low levels of antibiotic activity.

Owing to the epimerisation problem noted earlier, an 
alternative route was sought whereby the configuration at the

chiral centre adjacent to the lactam nitrogen would not be lost 
and hence permit preparation of the 3-oxoazetidinone (3) in its 
optically pure form. To this end we found that treatment of a 
1:1 mixture of the 3-acetyl derivatives (10) and (11) obtained by 
quantitative ozonolysis of a crude mixture of (8) and (9), with 
dimethyl-t-butylsilyl triflate at 0 °C in the presence of 
triethylamine gave the enol ether (19) also in essentially

OSiMe? Bul

R2 R2
(19) (-M 3)

R1 = p-PhCH2OC6H4, R2 = PhCH20 2C

quantitative yield. Isolation of this compound was unnecessary 
since ozonolysis of the crude reaction mixture, followed by 
reductive work-up, gave optically pure ( —)-3-oxoazetidinone 
(3) in 84% yield. The whole sequence described above leading to 
(3) in five steps from isoprene epoxide proceeds in a remarkably 
high 79% overall yield.

Since 3-oxoazetidinone (17) has been converted into 3- 
aminonocardicinic acid5 (2) and hence the nocardicins, this new 
route should be considered as a potential enantioselective 
synthesis of these systems. All attempts to use the existing 
chirality of the 3p-acetylazetidinone (11) in a direct synthesis of 
( —)-3-aminonocardicinic acid by way of a Beckmann-type 
reaction were unsuccessful. This was attributed to the reluctance 
of the P-lactam nucleus to stabilise a partial positive charge at 
C-3 in the transition state for migration.

Experimental
Melting points were determined on a Kofler hot-stage 
apparatus and are uncorrected. *H N.m.r. spectra were 
obtained on Bruker WH-250, Jeol FX90Q, or Varian EM360A 
instruments for solutions in CDC13 with tetramethylsilane as an 
internal standard. I.r. spectra were recorded in chloroform 
solution on either a Perkin-Elmer 298 or 983 G spectro­
photometer. Mass spectra were determined with a VG 7070 B 
instrument. Optical rotations were measured using a Perkin- 
Elmer 141 polarimeter at ambient temperature. Chrom­
atography was performed on MN-silica gel 60 (230—400 mesh) 
under pressure. Petroleum refers to a light petroleum fraction of 
b.p. 40—60 °C which was distilled before use; ether refers to 
diethyl ether. All solvents were dried and purified by standard 
techniques.

Preparation o f  2—4-qJ-(l-{[(rR)-(p-£e/izy7o.x>’p/ie/i>’/)- 
{benzyloxycarbonyl)methyf]formylamino}-2-methylbut-3-en-2- ylato)tricarbonyliron (6) and (7).—To a stirred solution of the 
lactone complex (4) (838 mg, 2.9 mmol) and ZnCl2*TMEDA 
(1.46 g, 5.8 mmol) in ether-THF (1:1; 30 ml), d - (  —)-benzyl-(p- 
benzyloxyphenyl)glycinate (5) (4.03 g, 11.6 mmol) (prepared 
from its hydrochloride salt by shaking an ethereal suspension 
with anhydrous N aH C 03) in ether-THF (1:1; 7 ml) was added 
under argon. After 5 h, a further quantity of the lactone complex 
(4) (227 mg, 0.8 mmol) was added to the reaction mixture. After 
a further 3.5 h, the reaction mixture was diluted with ether (120 
ml) and washed with 6% aqueous HC1 (2 x 30 ml). The aqueous 
layers were re-extracted with ether (60 ml) and the combined 
organic extracts washed with water and then brine and, finally 
dried. Removal of solvent gave a foam which was carefully
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chromatographed using a solvent gradient (25—45% ether- 
petroleum) to give the complex (6) (1.276 g, 60.5%) as a form, 
vmax 3 050, 2 980, 2 930, 2 070, 2 010, 1 995, 1 735, 1 610, 1 580,
1 505, 1 395, 1 380, 1 280, 1 250, 1 160, and 1 005 c m 1; 8 (250 
MHz) 1.97 (3 H,s, 3-Me), 2.85(1 H ,d d ,7 12 and 7 Hz, 1-H), 3.07 
(1 H, d, J  1.5 Hz, 4'-H), 3.33 (1 H, br d, J  12 Hz, 1 -H), 3.59 (1 H, 
dd, J  1.5 and 1.5 Hz, 4-H), 4.15 (1 H, br d, J  7 Hz, 2-H), 5.02 (2 H, 
s, PhC H 2), 5.07(1 H ,d ,yAB 16 Hz, P hC //2), 5.19(1 H ,d ,y AB 16 
Hz, P h C //2), 6.00 (1 H, s, NCH), 6.87 (2 H, d, 7AB 8 Hz, Ar), 6.97 
(2 H, d, 7AB 8 Hz, Ar), and 7.22—7.46 (10 H, m, Ph); m/z 441 
[A/ + -  Fe(CO)3 <  1%], 375, and 242 [Found: C, 63.35; H, 4.6; 
N, 2.3%; M + -  Fe(CO)3, 441.1935. C30H27NFeO7 requires C, 
63.28; H, 4.78; N, 2.40%; A/+ -  Fe(CO)3, 441.1940] and the 
complex (7) (0.708 g, 34%) as a foam, vmax 3 040, 2 950, 2 920,
2 870,2 070,2 010,1 995,1 735,1 605,1 585,1 450,1 400,1 375, 
1 260, 1 160, and 1 000 c m 1; 8 (250 MHz) 1.92 (3 H, s, 3-Me), 
2.64 (1 H, d, y 1.5 Hz, 4-H), 2.82 (1 H, br d, J  12 Hz, 1 -H), 3.50 (1 
H, dd, y 1.5 and 1.5 Hz,4'-H), 3.66(1 H ,dd,y 12and 7 Hz, 1-H), 
4.22 (1 H, br d, J 7 Hz, 2-H), 5.02 (2 H, s, PhC //2), 5.18 (2 H, s, 
PhCH 2\  5.72 (1 H, s, NCH), 6.87 (2 H, d, yAB 8 Hz, Ar), 6.97 (2 
H, d, yAB 8 Hz, Ar), and 7.20—7.46 (10 H, m, Ph) [Found: C, 
63.5; H, 4.55; N, 2.35%; M + -  Fe(CO)3, 441.1937. C30H27- 
F e N 0 7 requires C, 63.28; H, 4.78; N, 2.40%; M + -  Fe(CO)3, 
441.1940].

Preparation o f  (3R )-l-[(\R')-(p-Benzyioxyphenyl)benzyloxy- 
carbonylmethyf]-3-isopropenylazetidin-2-one (8).—A solution of 
the lactam (6) (1.126 g, 1.98 mmol) in ethanol (70 ml) was cooled 
to — 30 °C and a solution of ceric ammonium nitrate (5.42 g, 9.9 
mmol) in ethanol (70 ml) was added with stirring over a period 
of 10 min. The reaction was allowed to warm to room 
temperature over 2 h, whereupon the solvent was removed and 
the residue partitioned between water (60 ml) and CH2C12 (220 
ml). The organic layer was further washed with water (60 ml) 
and brine (60 ml) to give, after drying and chromatography 
(45% ether-petroleum), the azetidinone (8) (0.865 g, 99%) as an 
oil which slowly crystallised as white rosettes, m.p. 68 rC; [x]D22 
-  52.1° (c, 2.0 in CHC13); 8 (250 MHz) 1.79 (3 H, s, Me), 3.18 (1 
H, dd, y 5.5 and 5.5 Hz, m-4-H), 3.51 (1 H, dd, J  5.5 and 3.0 Hz, 
trans-4-H), 3.70 (1 H, dd, J  5.5 and 3.0 Hz, 3-H), 4.92 (2 H, m, 
CH2), 5.06 (2 H, s, PhC//2), 5.19 (2 H, s, PhC //2), 5.62 (1 H, s, 
NCH), 6.94 (2 H, d, yAB 8.5 Hz, Ar), 7.16 (2 H, d, J AB 8.5 Hz, Ar), 
and 7.21— 7.46 (10 H, m, Ph); vmax 3 080, 3 060. 3 020, 2 980, 
1 750,1 735,1 645,1 610,1 585,1 500,1 455,1 380,1 260,1 225, 
1 165,1 010, and 910 cm-1; w/r 441 (A/ + , 1%), 373, 306, 238, and 
91 (100) (Found: C, 76.4; H, 6.2, N, 3.15%; M \  441.1944. 
C28H 27N 0 4 requires C, 76.17; H, 6.16; N. 3.17%; M \  
441.1940).

Preparation o f  (3S)-l-[( 1 'R)-(p-BenzyIoxyphenyl)benzyloxy- 
carbonylmethylfb-isopropenylazetidin-l-one (9).—Ceric am­
monium nitrate (2.75 g, 5.0 mmol) in ethanol (40 ml) was added 
dropwise to a cooled ( - 3 0  °C) solution of the lactam complex 
(7) (558 mg, 0.98 mmol) in ethanol (25 ml) with stirring. The 
reaction mixture was allowed to warm to room temperature 
over 2 h, when solvent was removed and the gummy residue 
partitioned between CH2C12 (180 ml) and 3% aqueous 
NaHCOj. The organic phase was washed sequentially with 
water and brine, and evaporated and the residue chromato­
graphed (45% ether-petroleum) to give the azetidinone (9) (378 
mg, 87%) as a colourless oil, [x]D22 — 140.0C (c, 1.5 in CHC13); 
vmax 3 070, 3 040, 2 980, 1 750, 1 735, 1 645, and 1 260 c m 1; 8 
(250 MHz) 1.65 (3 H, s. Me), 2.96 (1 H, dd, J  5.0 and 2.1 Hz, 
trans-4-H), 3.75 (1 H, dd, J  5.3 and 5.0 Hz, C/5-4-H), 3.83 (1 H, 
m, 3-H), 4.86 (2 H, m, =CH2), 5.06 (2 H, s, PhCH2), 5.20 (2 H, s, 
PhC H 2), 5.64 (1 H, s, NCH), 6.94 (2 H, d, JAB 8.9 Hz, Ar), 7.17 (2 
H, d, yAB 8.9 Hz, Ar), and 7.20—7.46 (10 H, m, Ph); m/z 441

( A / \  1%), 373, 306, 238, and 91 (100) (Found: C, 76.25; H, 6.3; 
N, 3.10%; M \ 441.1931. C28H27N 0 4 requires C, 76.17; H, 6.16; 
N, 3.17%; M + 441.1940).

Preparation o f  (3R)-3-Acetyl-l-[(\'R)-{p-benzyloxyphenyl)- 
benzyloxycarbonylmethyl^azetidin-2-one (10).—A solution of 
the isopropenylazetidinone (8) (120 mg, 0.27 mmol) in CH2C12 
(10 ml) was treated with ozone at —78 °C until no starting 
material was present by t.l.c. (60% ether-petroleum). Dimethyl 
sulphide was added and the reaction warmed to room 
temperature and stirred for 1 h. Removal of solvent gave a single 
diastereoisomeric ketone ( 10)  (120 mg, 100%) as a syrup, vmax 
(film) 3 080, 3 060, 3 030, 1 750, 1 740, 1 722, 1 610, 1 510, and 
1 240 c m 1; 8 (250 MHz) 2.30 (3 H, s, COCH3), 3.09 (1 H, dd, J
5.4 and 5.4 Hz, ds-4-H), 3.94 (1 H, dd, J  5.4 and 2.9 Hz, trans-4- 
H), 4.01 (1 H, dd, y 5.4 and 2.9 Hz, 3-H), 5.06 (2 H, s, PhCH2), 
5.19 (2 H, s, PhC //2), 5.56 (1 H, s, NCH), 6.96 (2 H, d, yAB 8.8 Hz. 
Ar), 7.10 (2 H, d, JAB 8.8 Hz, Ar), and 7.21—7.45 (10 H, m, Ph); 
m/z 443 (A/% < 1%), 353, 308 (100), 212, and 91 (Found: M \  
443.1722. C27H25N O s requires M, 443.1733).

Preparation o f  (3S)-3-^lcetyl-1 -[(1 'R)-(p-benzyloxyphenyl)- 
benzyloxycarbonylmethyl~\azetidin-2-one (11).—A solution of 
the alkenylazetidinone (9) (164 mg, 0.37 mmol) in CH2C12 (10 
ml) was treated with ozone at —78 °C, until t.l.c. (60% ether- 
petroleum) indicated the disappearance of all starting material. 
The mixture was then stirred with dimethyl sulphide for 1 h at 
room temperature after which the solvent was removed to 
afford a single diastereoisomeric ketone (11) (164 mg, 100%) 
which showed an i.r. spectrum similar to that of ( 10) above, 8 
(250 MHz) 2.26 (3 H, s, COCH3), 3.47 (1 H, dd, J 5.4 and 2.9 Hz, 
trans-4-H), 3.56 (1 H, dd, J  5.4 and 5.4 Hz, m-4-H), 4.20 (1 H, 
dd, y 5.4 and 2.9 Hz, 3-H), 5.04 (2 H, s, PhC //2), 5.18 (2 H, s, 
PhCH2), 5.55 (1 H, s, NCH), 6.96 (2 H, d, yAB 8.5 Hz, Ar), 7.10 (2 
H, d, yAB 8.5 Hz, Ar), and 7.21—7.45 (10 H, m, Ph).

Reduction o f  (3R)-3-.4cetyl-1 -[(1 'R)-{p-benzyloxyphenyl)- 
benzyloxycarbonylmethyl~\azetidin-2-one (10).—To a cooled 
(0 °C) solution of the freshly prepared crude ketone (10) in THF 
(2 ml), K-Selectride (0.5M-solution in THF; 1.1 ml) was added 
and the reaction stirred for a further 0.25 h. The mixture was 
quenched with water, warmed to room temperature, and 
extracted with ethyl acetate to give the hydroxyethyl- 
azetidinones (12) and (13) (77 mg, 64%) in a 3:1 ratio as a syrup, 
[x]D22 — 30.3° (c, 0.65 in CH2Cl2); vm2X(filrn) 3 400, 3 080, 
3 060, 3 030, 2 920, 1 740, 1 610, 1 570, 1 510, and 1 240 cm"1; 
(13) 5 (250 MHz) 1.18 (3 H, d, J  6 Hz, Me), 2.91 (1 H, dd, J  5.5 
and 2.5 Hz, trans-4-H). 3.21 (1 H, ddd, J  6.5, 5.5, and 2.5 Hz, 3- 
H). 3.48(1 H, dd, J  5.5 and 5.5 Hz, m-4-H), 3.91 (1 H, dq,y6.5  
and 6 Hz C//OH), 5.02 (2 H, s, PhCH2), 5.17 (2 H, s, PhCH2). 
5.60 (1 H, s, NCH), 6.92 (2 H, d. JAB 8.5 Hz, Ar), 7.16 (2 H, d, J
8.5 Hz, Ar), and 7.22—7.44 (10 H, m, Ph); (12) 8 (250 MHz), 1.25 
(3 H, d .y  6 Hz, Me), 3.10 (1 H, m, 3-H), 3.40 (1 H ,d d ,y6and  5.5 
Hz, m-4-H), 4.08 (1 H, dq, J  6 and 5.5 Hz, C//OH), 5.04 (2 H, s, 
PhC//-,), 5.17 (2 H, s, P hC //2), 5.57 (1 H, s, NCH), 6.92 (2 H, d, 
yAB 8.5 Hz, Ar), 7.15 (2 H, d, JAB 8.5 Hz, Ar), and 7.22— 7.44 (10 
H, m, Ph); m/z 445 (A/% < 1%), 310 (100), 266, and 91 (Found: 
A/", 445.1890. C27H27N O s requires A/, 445.1889).

Reduction o f  (3S)-3-Acetyl-1 -[(1 'R)-(p-benzyloxyphenyl)- 
benzyloxycarbonylmethyl~\azetidin-2-one (11) with Zinc Boro- 
hvdride.—The freshly prepared 3-acetylazetidinone (11) was 
stirred in ether (8 ml) at 0 °C and Zn(BH4)2 (0 .13 m solution in 
ether; 1.0 ml) was added. After 0.5 h, the reaction was quenched 
with water at 0 C and the mixture extracted with ethyl acetate. 
Chromatography (ether) provided a 1:1.2 diastereoisomeric 
mixture of the hydroxyethylazetidinones (14) and (13) (132 mg, 
80%); [x]D22 — 139.3° (c, 0.9 in CHC13); vmax 3 400,3 080,3 060, 
3 030, 1 920, 1 740, 1 610, 1 570, 1 510, and 1 240 cu r1; (14) 8
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(250 MHz) 1.21 (3 H, d,J1 .5  Hz, Me), 3.08 (1 H, dd, 75.5 and 2.5 
Hz, /ram-4-H), 3.22 (1 H, m, 3-H), 3.58 (1 H, dd, J  5.5 and 5.5 
Hz. rz'.v-4-H), 4.02 (1 H, dq, J  7.5 and 5.5 Hz, C//OH), 5.01 (2 H, 
s, PhC //2), 5.17 (2 H, s, PhCtf,), 6.00 (1 H, s, NCH), 6.91 (2 H, 
JAB 8.5 Hz, Ar), 7.16 (2 H, d, 7AB 8.5 Hz, Ar), and 7.22—7.44 (10 
H, m, Ph).

Preparation o f  (Z)- and (E)-3-EthyUdene-\-[fp-benzyloxy- 
phenyf)benzyloxycarbonylmethyI^azetidin-2-ones (15) and 
(16).—The diastereoisomeric mixture of (i-lactams (13) and (14) 
(108 mg, 0.24 mmol) in CH2C12 (3 ml) was stirred with 
triethylamine (67 pi, 0.48 mmol) and methanesulphonyl 
chloride (27 pi, 0.35 mmol) at 0 °C, for 0.5 h. The reaction 
mixture was diluted with CH2C12 (25 ml) and washed with 0.1m- 
HC1 (3 ml), water ( 2 x 3  ml), and brine (5 ml), and then dried 
and evaporated to provide the corresponding mesylates, as a 
syrup, vmax 3 030, 2 920, 1 755, 1 740. 1 610, 1 350, 1 240, 1 175, 
and 910 cm-1; mjz 522 (AT, < 1°0), 418, 387, 290, and 91 (100). 
To a stirred solution of the crude mesylates in CH2C12 (0.75 ml) 
at 0 C, DBU (40 pi, 0.26 mmol) was added and the reaction 
followed by t.l.c. (ether). After 5 h, the reaction mixture was 
diluted with CH2C12 (20 ml) and washed with 10% aqueous 
citric acid, water, and brine. Removal of the solvent furnished an 
isomeric mixture of enelactams (85 mg, 67%) which were 
chromatographically separated (50% ether-petroleum) to give 
the {ZYazeiidin-l-one (15), vmax 3 040,2 890,1 740,1 610,1 510, 
1 380,1 250, and 1 195 c m 1; 6 (90 MHz) 2.02 (3 H, d, J  7.0 Hz, 
Me), 3.46 (1 H, d, JAB 7.0 Hz, 4-H), 3.98 (1 H, d, JAB 7.0 Hz, 4-H), 
5.04 (2 H, s, PhC //2), 5.18(2 H, s, PhC H 2), 5.62 (1 H, q, J  7.0 Hz, 
vinyl H), 5.68 (1 H, s, NCH), 6.91 (2 H, d, 7AB 8.9 Hz, Ar), 7.13 (2 
H, d, yAB 8.9 Hz, Ar), and 7.15—7.44 (10 H, m, Ph) and the (E)- 
azetidin-2-one (16), vmax 2 960, 2 870, 1 735, 1 610, 1 305, and 
1 180 cm -1; 6 (90 M Hz) i .68 (3 H, d, J  7.0 Hz, Me), 3.54 (1 H, d, 
JAB 7.1 Hz, 4-H), 4.07 (1 H, d, JAB 7.1 Hz, 4-H), 5.05 (2 H, s, 
PhC //2), 5.19 (2 H, s, PhC //2), 5.68 (1 H, s, NCH), 6.17(1 H, q, 7 
7.0 Hz, vinyl H), 6.92 (2 H, d, JKB 8.8 Hz, Ar), 7.17 (2 H, d, 7AB 8.8 
Hz, Ar), and 7.18—7.46(10 H, m, Ph); m/r427 (A/% < 1%), 292, 
and 91 (100) (Found: C, 75.65; H, 6.0; N, 3.15%. C27H25N 0 4 
requires C, 75.85; H, 5.89; N, 3.28%).

Preparation o f  (E)-3-Ethylidene-1 -[fp-benzyloxyphenyl )- 
benzyloxycarbonylmethyl']azetidin-2-one (16).—A solution of 
methanesulphonyl chloride (23 mg, 0.20 mmol) in CH2C12 (0.5 
ml) was added to a solution of the hydroxyethylazetidinones 
(12) and (13) (58 mg, 0.13 mmol) and triethylamine (36 pi, 0.26 
mmol) in CH2C12 (3.5 ml) at 0°C. After 1 h, the reaction was 
diluted with CH2C12 (10 ml), washed with O.lM-aqueous HC1 (2 
ml), water, 5% aqueous N aH C 03, and brine, dried, and 
evaporated to furnish the crude mesylates which were dissolved 
in CH2C12 (300 pi) and treated with DBU (22 mg, 0.22 mmol) at 
0 °C. The reaction mixture was stirred for 3.5 h and then diluted 
with CH2C12 (10 ml) and washed with 10% aqueous citric acid, 
water, and brine. It was then dried (M gS04) and evaporated to 
give the £-enelactam (16) (54 mg, 97%), identical with 
previously prepared material above.

Preparation o f  1 -[(p-Benzyloxyphenyl)benzyloxycarbonyI- 
methyl~\azetidine-2,3-dione (17).—The enelactams (15) and (16) 
(60 mg, 0.14 mmol) in CH2C12 (8 ml) were treated with ozone at 
— 25 CC until no starting material remained (by t.l.c.). Dimethyl 
sulphide was added, and the reaction stirred for 2 h. Solvent was 
removed and the residue chromatographed (80% ether- 
petroleum) to give the keto-lactam (17) (47 mg, 84%) as a syrup, 
v,*., 2 920, 1 855, 1 780, 1 740, 1 610, 1 510, and 1 195 cn r1; 5 
(250 MHz) 3.68 (1 H, d, J  10.2 Hz, 4-H), 4.31 (1 H, d, J  10.2 Hz, 
4-H), 5.08 (2 H, s, PhC //2), 5.22 (2 H, d, J  2.5 Hz, PhC //2), 5.94 
(1 H, s, NCH), 6.96 (2 H, dd, J  7.1 and 2.3 Hz, Ar), 7.16 (2 H, dd, 
J  7.1 and 2.3 Hz, Ar), and 7.21—7.48 (10 H, m, Ph).

Preparation o f  3-( 1 -Hydroxyethyl)-1 -[(1 'R )-(p-hvdroxy- 
phenyl)carboxymethyr\azetidin-2-ones (18) and (19).—A mix­
ture of azetidin-2-ones (10) and (11) (70 mg, 0.16 mmol) in

Table 1. Atomic co-ordinates ( x 104) and temperature factors (A2 x 
103)

Atom A y r
N(l) 2 438(5) 7 361(5) 8 803(1)
C(2) 1 605(6) 6 114(6) 8 948(1)
0(2) -303(5) 5 603(4) 8 965(1)
C(3) 3 898(7) 5 737(5) 9 077(1)
C(4) 4 751(7) 7 158(7) 8 903(1)
C(5) 1 311(7) 8 575(5) 8 632(1)
C(6) 1 003(6) 10 155(6) 8 790(1)
0(6) 2 484(5) 11 142(5) 8 845(1)
0(7) -1  091(4) 10 272(4) 8 872(1)
C(8) -1  646(8) 11 663(6) 9 048(1)
C(9) -1  093(7) 12 240(6) 9 330(1)
C(10) - 2  604(8) 10 337(8) 9 474(1)
C(ll) - 2  130(11) 9 949(9) 9 736(1)
C(12) -171(12) 10 472(10) 9 852(1)
C( 13) 1 343(10) 11 400(9) 9711(1)
C( 14) 834(8) 11 779(8) 9451(1)
C( 15) 4 052(7) 6 015(6) 9 370(1)
C( 16) 2 544(9) 6 977(9) 9 495(1)C( 17) 5 950(9) 5 229(9) 9 502(1)
C(18) 2 494(6) 8 806(5) 8 372(1)
0(19) 4 429(7) 9 687(6) 8 342(1)
C(20) 5 478(7) 9 824(6) 8 102(1)
C(21) 4 514(7) 9 037(6) 7 884(1)
C(22) 2 590(7) 8 109(6) 7909(1)
C(23) 1 572(7) 8 001(6) 8 152(1)
C(24) 5 384(5) 9 069(4) 7 635(1)
C(25) 7 170(8) 10 165(7) 7 585(1)
C(26) 7 592(7) 10 171(7) 7 293(1)
C(27) 9 456(8) 9 442(7) 7 197(1)
C(28) 9 887(9) 9 459(8) 6 928(1)
C(29) 8 429(10) 10 227(9) 6 760(1)
C(30) 6 543(10) 10 959(9) 6 854(1)
C(31) 6 112(8) 10 942(8) 7 121(1)
N(l') 4 825(6) 4 080(6) 6 285(1)
C(2') 6 606(8) 3 514(10) 6 166(1)
0(2') 8 415(6) 4 166(9) 6 125(1)
C(3') 5 495(9) 1 903(7) 6 085(1)C(4') 3 414(9) 2 647(8) 6217(1)
C(5') 4 378(8) 5 703(8) 6401(1)
C(6') 2 896(13) 6 770(9) 6 227(1)
0(6') 1 863(11) 7 963(8) 6 302(1)
0(7') 2 831(6) 6 299(5) 5 979(1)
C(8') 1 342(12) 7 224(11) 5801(1)
C(9') 1 391(11) 6 394(10) 5 537(1)
C(IO') -302(12) 5 443(13) 5 457(1)
C(l T) -353(15) 4 661(15) 5 225(1)
C(12') 1 340(16) 4 772(17) 5 065(2)
C(13') 3 160(16) 5 738(18) 5 130(1)
C(14') 3 180(13) 6 607(12) 5 376(1)
C(15') 5 431(1 1) 1 462(9) 5 803(1)
C(16') 3 993(15) 2 080(13) 5 631(1)C(17') 7 206(16) 473(18) 5 723(1)C(18') 3 524(7) 5 566(7) 6 680(1)
C(19') 4 768(7) 6 223(7) 6 890(1)
C(20) 4 010(7) 6 057(7) 7 146(1)C(21') 2 052(7) 5 233(7) 7 193(1)C(22') 753(7) 4 561(8) 6 986(1)C(23') 1 549(7) 4 780(8) 6 730(1)0(24) 1 447(5) 5 125(4) 7 453(1)C(25') -484(8) 4 188(8) 7510(1)C(26') -848(7) 4 174(6) 7 804(1)C(27') 718(8) 3 468(7) 7 974(1)C(28') 313(8) 3 422(7) 8 243(1)C(29') -1  647(8) 4 080(8) 8 338(1)C(30') - 3  189(8) 4 760(7) 8 169(1)C(31') - 2  780(7) 4 818(7) 7903(1)
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Table 2. Bond lengths (A) Table 3. Bond angles (°)
N(1 )-C(2) 1.341(5)
N(l)-C(5) 1.453(5)
C(2)-C(3) 1.525(6)
C(3)-C(15) 1.503(6)
C(5)-C(18) 1.516(5)
C(6)-0(7) 1.321(5)
C(8)-C(9) 1.497(6)
C(9)-C(14) 1.357(6)
C(ll)-C(12) 1.356(9)
C(13)-C(14) 1.377(7)
C( 15)—C( 17) 1.440(7)
C(18)-C(23) 1.388(5)
C(20)-C(21) 1.382(6)
C(21)-0(24) 1.374(5)
0(24)-C(25) 1.401(6)
C(26)-C(27) 1.352(7)
C(27)-C(28) 1.393(6)
C(29)-C(30) 1.359(9)
N(l')-C(2') 1.309(7)
N(l')-C(5/) 1.450(7)
C(2')-C(3') 1.499(9)
C(3>C(15') 1.470(8)
C(5')-C(18') 1.522(6)
C(6')-0(7') 1.314(6)
C(8')-C(9') 1.496(8)
C(9'H7(I4) 1.363(9)
C(ll')-C(12') 1.308(12)
C(13')-C(14') 1.428(12)
C(15')-C(17') 1.384(13)
C(18')-C(23') 1.357(7)
C(20')-C(2r) 1.361(6)
C(21'>-0(24') 1.376(5)
0(24')-C(25') 1.404(6)
C(26')-C(27') 1.374(6)
C(27')-C(28') 1.392(7)
C(29')-C(30') 1.352(7)

N(l)-C(4) 1.460(5)
C(2K>(2) 1.207(5)
C(3)-C(4) 1.533(6)
C(5)-C(6) 1.510(6)
C(6)-0(6) 1.207(5)
0(7)-C(8) 1.468(6)
C(9>-C(10) 1.374(7)
C(10)-C(ll) 1.385(7)
C(12)-C(13) 1.376(10)
C(15)-C(16) 1.347(7)
C(18)-C(19) 1.358(6)
C(19)-C(20) 1.385(5)
C(21)-C(22) 1.369(6)
C(22)-C(23) 1.389(6)
C(25)-C(26) 1.506(6)
C(26)-C(31) 1.370(7)
C(28)-C(29) 1.346(8)
C(30)-C(31) 1.384(7)
N(l')-C(4') 1.454(7)
C(2>0(2') 1.214(7)
C(3')-C(4') 1.538(8)
C(5>C(6') 1.494(8)
C(6>0(6') 1.199(9)
0(7')-C(8') 1.450(8)
C(9')-C(10') 1.316(11)
C(10')-C(ir) 1.332(1 1)
C( 12')—C( 13') 1.361(15)
C(15>C(16') 1.303(10)
C( 18')—C( 19') 1.382(6)
C(19')-C(20') 1.392(6)
C(21')-C(22') 1.397(6)
C(22')-C(23') 1.401(6)
C(25')-C(26') 1.511(6)
C(26')-C(31') 1.362(6)
C(28')-C(29') 1.371(7)
C(30')-C(3r) 1.376(6)

C(2>-N(l)-C(4) 94.6(3)
C(4)-N(l)-C(5) 134.1(4)
N(l)-C(2)-C(3) 92.7(3)
C(2)-C(3)-C(4) 84.7(3)
C(4)-C(3)-C(15) 116.7(4)
N (1K (5 K (6 ) 107.4(3)
C(6)-C(5)-C(18) 115.2(3)
C(5>-C(6>-0(7) 110.6(3)
C(6)-0(7)-C(8) 117.9(3)
C(8)-C(9)-C(10) 119.7(4)
C(10)-C(9>-C(14) 118.5(4)
C(10)-C(l 1)-C(12) 120.0(6)
C(12)-C(13>-C(14) 118.9(5)
C(3)-C(15)-C(16) 121.4(4)
C(16)-C(15)-C(17) 123.4(4)
C(5)-C(18)-C(23) 117.3(3)
C(18)-C(19)-C(20) 122.5(4)
C(20)-C(21)-C(22) 120.2(4)C(22)-C(21)-0(24) 115.2(4)
C(18)-C(23)-C(22) 120.9(4)
0(24)-C(25)-C(26) 108.9(4)
C(25)-C(26)-C(31) 120.6(4)
C(26)-C(27>-C(28) 121.5(4)
C(28)-C(29)-C(30) 119.7(5)
C(26)-C(31 >—C(30) 119.9(5)
C(2>N(D-C(5') 130.7(5)
N(l')-C(2')-0(2') 131.0(7)0(2')-C(2')-C(3') 134.9(6)
C(2>C(3'>-C(15') 118.3(5)
N(l')-C(4')-C(3') 86.8(4)
N(l')-C(5')-C(18') 112.4(4)
C(5>C(6')-0(6') 124.4(5)
0(6')-C(6'>-0(7') 121.7(6)
0(7>C(8>C(9') 107.9(6)
C(8')-C(9')-C( 14') 120.8(6)
C(9')-C(10')-C(ll') 123.1(7)
C(ll')-C(12')-C(13') 120.2(9)
C(9)—C( 14')—C( 13') 118.1(8)
C(3')-C(15VC(17') 114.8(6)
C(5>C(18')-C(19') 120.4(4)
C(19')-C(18')-C(23') 118.7(4)
C(19')-C(20')-C(2r) 120.4(4)
C(20')-C(21 ')-0(24') 116.2(4)
C(21')-C(22'>-C(23') 117.2(4)
C(21 ')-0(24')-C(25/) 117.6(3)
C(25')-C(26')-C(27') 120.9(4)
C(27’)-C(26')-C(31’) 119.0(4)
C(27')-C(28')-C(29') 119.9(5)C(29>C(30')-C(21') 120.1(5)

C(2)-N(l)-C(5) 130.9(3)
N(l)-C(2)-0(2) 130.2(4)
0(2>-C(2)-C(3) 137.0(4)
C(2)-C(3)-C(15) 115.4(3)
N(l)-C(4>-C(3) 87.9(3)
N(l)-C(5)-C(18) 112.5(3)
C(5)-C(6)-0(6) 124.8(4)
0(6)-C(6)-0(7) 124.5(4)
0(7)-C(8)-C(9) 111.3(4)
C(8)-C(9)-C(14) 121.7(4)
C(9)-C(10)-C(l 1) 120.5(5)
C(11)-C(12)-C(13) 120.2(5)
C(9)-C(14)-C(13) 121.9(5)
C(3)-C(15)-C(17) 115.1(4)
C(5)-C(18)-C(19) 124.8(3)
C(19)-€(18)-C(23) 117.8(3)
C(19)-C(20)-C(21) 118.8(4)
C(20)-C(21 )-0(24) 124.6(4)
C(21)-C(22)-C(23) 119.7(4)
C(21)-0(24)-C(25) 118.6(3)
C(25)-C(26>-C(27) 120.8(4)
C(27)-C(26)-C(31) 118.6(4)
C(27)-C(28)-C(29) 119.5(5)
C(29)-C(30)-C(31) 120.8(5)
C(2>N(1')-C(4') 94.9(5)
C(4>N(1')-C(5') 133.6(4)
N(l')-C(2')-C(3') 94.0(4)
C(2')-C(3')-C(4') 84.3(4)
C(4')-C(3'>-C(15') 120.9(5)
N(l')-C(5')-C(6') 112.5(4)
C(6')~C(5')-C(18') 112.7(4)
C(5')-C(6')-0(7') 113.9(6)C(6')-0(7')-C(8') 117.0(5)
C(8')-C(9')-C( 10) 120.2(6)
C(10')-C(9')-C(14') 119.0(6)
C(10')-C(ir)-C(12') 120.9(9)
C (1 2 K (1 3 'K (I4 ')  118.6(8)
C(3'>-C(15')-C(16') 124.1(6)Q ^ 'J - C d S '^ l ? ')  120.7(7)
C(5')-C(18,)-C(23') 120.9(4)
C(18')-C(19'K:(20') 120.2(4)
C(20')-C(2r)-C(22') 120.8(4)
C(22')-C(21 ')-0(24') 123.1(4)
C(18')-C(23')-C(22') 122.7(4)
0(24')-C(25')-C(26') 110.0(4)
C(25')-C(26')-C(3r) 120.1(4)
C(26')-C(27')-C(28') 119.8(4)
C(28')-C(29')-C(30') 120.0(4)
C(26'Hr(3n-C(30') 121.1(4)

ethanol (10 ml) with 10% palladium on charcoal (10 mg) was 
stirred in a pressure bottle under 2 atm of hydrogen for 2 h. The 
suspension was filtered through a pad of Celite and the filtrate 
concentrated to give the debenzylated azetidin-2-ones (18) (35 
mg, 82%), vmax 3 400, 3 050, 2 960, 2 930, 2 900, 2 600, 1 740, 
1 610, 1 510, 1 380, 1 240, and 1 015 c m 1; 6 (250 MHz; D 20 )  
1.03 (3 H, d, J  7.0 Hz, Me), 2.85 (1 H, m, trans-A-U\ 3.15 (1 H, m, 
3-H), 3.42 (1 H, m, c/s-4-H), 3.90 (1 H, m, CH3C//O H), 5.30 (1
H, s, NCH), 6.79 (4 H, d, J  8.3 Hz, Ar); (19) 6 (250 MHz, D 20 ),
I. 13 (3 H, d, J  7.0 Hz, CH3), 3.08, 3.15, and 3.28 (3 H, m, 3-H, 
trans-A-W and m-4-H), 4.02 (1 H, m, CH3C//OH), 5.26 (1 H, s, 
NC//Ar), and 6.79 and 7.12 (3 H, d, J  8.3 Hz, Ar). one (3) as a syrup (49 mg, 84%) the spectral data for which were 

identical with those of compound (17); [a ]D2t) —33.2' (c, 0.46 in
Preparation o f  ( —)-1 -[fp-Benzyloxyphenyl)benzyloxycarbon- 

ylmethyl~\azetidine-2,3-dione (3).—Dimethyl t-butylsilyltri-
fluoromethane sulphonate (34 pi, 0.15 mmol) was added 
dropwise to a stirred solution of the diastereoisomeric mixture 
of acetylazetidinones (10) and (11) (63 mg, 0.14 mmol) and 
triethylamine (26 pi, 0.19 mmol) in 1,2-dichloroethane (1 ml) 
under argon at 0 °C. After 10 min the reaction mixture was 
diluted with CH2C12 (80 ml) and methanol (8 ml) and treated 
with ozone at —78 °C until no starting material was present by 
t.l.c. (60% ether-petroleum). Powdered zinc (373 mg, 5.7 mmol) 
and glacial acetic acid (1 ml) were then added and the solution 
warmed to room temperature. It was then passed through a pad 
of Celite and the solvent removed to leave a residue which was

CHC13).
Crystallographic Analyses o f  (3R)-l-[(TR)-(p-2tenrv/o.vv- 

phenyl)benzyloxycarbonylmethylfb-isopropenylazetidin-2-one 
(8).—C28H270 4N, M  = 441.5, monoclinic, a — 5.929(1) b — 
7.985(1), r = 50.712(13) A, p = 91.31(2)% U = 2  400 A3, space 
group P2j, Z = 4 (two crystallographically independent 
molecules in the asymmetric unit), Dc =  1.23 g cm-3. Refined 
unit-cell parameters were obtained by centring 25 reflections on 
a Nicolet R3m diffractometer. 3 534 Independent reflections 
were measured (0 ^ 58c) with Cu-Aa radiation (graphite 
monochromator) and using to scans. 2 797 Had 1/%! > 3a(|F0|) 
and were considered to be observed. The data were corrected for

partitioned between water (5 ml) and diethyl ether (10 ml). The 
organic phase was then washed with water (5 ml) and dried. 
Solvent was removed and the residue chromatographed [80% 
ether-petroleum (b.p. 40— 60 rC)] to give the azetidine-2, 3-di-

Lorentz and polarisation factors; no absorption correction was 
applied.

Despite the presence of 66 non-hydrogen atoms in the 
asymmetric unit, the structure was solved straightforwardly by
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direct methods and A£-map recycling. The non-hydrogen 
atoms were refined anisotropically. The positions of the P- 
lactam (C-3 and C-3') hydrogen atoms, also those of the methyl 
groups were found in a AE-map. The former were refined 
isotropically and the methyl groups were refined as rigid bodies. 
All the other hydrogen atom positions were idealised (C-H =  
0.96 A), assigned isotropic thermal parameters, t/(H) =  1.2 
(/eq (C) and allowed to ride on their parent carbons. Refinement 
was by block-cascade full-matrix least-squares to R — 0.051, 
Rw =  0.052, [ h _1 =  a 2(F) +  0.000 55E2]. Computations were 
carried out on an Eclipse S140 Computer using the SHELXTL 
program system.16 The fractional atomic co-ordinates are given 
in Table 1. Tables 2 and 3 give the bond lengths and valence 
angles. The fractional co-ordinates of the hydrogen atoms and 
their isotropic thermal parameters and the thermal parameters 
of the non-hydrogen atoms, have been deposited as Supple­
mentary Data, Sup. No. 56307 (6 pp.).* The observed and 
calculated structure factors are available on request from the 
Editorial office.

The two crystallographically independent molecules have 
markedly different conformations [Figures 1 (a), (b)]; whereas 
in both molecules the lactam and phenyl rings are similarly 
orientated with respect to each other, notably both the 
propenyl group and the benzyl ester carbonyl adapt very 
different orientations to the lactam ring in the two molecules. 
The N( 1 ),C(5),C(6),0(6) torsion angle is 76° cf. 161° for 
N(1'),C(5'),C(6'),0(6') and the C(4),C(3),C15),C(16) torsion 
angle is 78° c f  21° for C(4,),C(3'),C(15/),C(16'). The terminal 
benzyl ring [C(26)—C(31)] is also differently orientated.
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Summary
The reaction of nonacarbonyldiiron with 1 ,3-conjugated dienes is promoted 

by ultrasound and has been shown to give high yields of the corresponding 
r?4-(diene)tricarbonyliron complexes. In addition, 3-chloro-2-chloromethyl- 
prop-l-ene reacts with nonacarbonyldiiron in the presence of ultrasound to give 
a quantitative yield of the trimethylenemethanetricarbonyliron complex.

Recent investigations into the properties of 774-(diene)tricarbonyliron com­
plexes have begun to demonstrate their potential for use as synthetic inter­
mediates [1]. Their interesting chemistry and the number of methods available 
for ready removal of the tricarbonyliron moiety [2, 3] has led to their exploi­
tation as both protecting and stabilising groups for conjugated dienes. However, 
the major stumbling block to their general acceptance lies in the problems 
encountered in their preparation.

The sensitivity of both products and starting materials to aerial oxidation 
dictates that reactions must be carried out under inert atmospheres. Many 
examples of the reaction of dienes with carbonyliron species under the in­
fluence of heat or ultraviolet radiation have been published [2, 4 ]. The most 
commonly employed procedure involves heating the diene with pentacarbonyl- 
iron in a high boiling inert solvent, such as di-n-butyl ether, for long periods of 
time. Sensitivity of the product to peroxides present in these solvents often 
requires that the solvent be filtered through basic alumina immediately prior to 
use. However, despite all these precautions, yields of the diene complexes are 
seldom better than low to moderate [5] which therefore constitutes a major 
barrier to their general acceptance as synthetic intermediates. This is especially 
true where the demands of modern organic synthesis impose extremely high 
competitive standards. Similarly, the chemistry of trimethylenemethanetricar-

0022-328X /86/$03.50 © 1986 Elsevier Sequoia, S.A.
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bonyliron complexes remains unexplored despite the elegant use that Trost et 
al. [6] have made of the analogous palladium complexes.

Here we report a convenient high yielding method for the synthesis of both 
trimethylenemethanetricarbonyliron and a variety of T74-(diene)tricarbonyliron 
complexes as a result of the exposure of a mixture of the substrate and nona-

T A B L E 1

Diene

OAc

,CO,Me

Complex

Fe(C0):

Fe(COl

Yield

100%

70%

50%

62 %

100%

Fe(C0),

51%

95%
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carbonyldiiron to ultrasound (Scheme 1)*. This method has also previously 
found application in the preparation of ferrilactone complexes from vinyl 
epoxides [7].
P r e p a r a t io n  o f  ^ - ( d i e n e j t r i c a r b o n l y l i r o n  c o m p l e x e s

Nonacarbonyldiiron (1.1 eq) was added to a solution of the relevant diene 
(see Table 1) in benzene and the mixture sonolysed for 1 h, or until all the 
solid carbonyl had disappeared. Concentration of the reaction mixture and 
column chromatography of the residue on silica (40/60° petroleum ether/diethyl 
ether gradient) separated the required complex from any inorganic species. Yields in 
these reactions were essentially quantitative and limited solely by the volatility 
of the product.

The method was applied to a variety of dienes and the yields were con­
sistently higher than previous literature preparations despite the fact that no 
attempt was made at optimisation.

The reaction with pseudionone (1) is of interest in that after 1 h it was pos­
sible to isolate a 75% yield of the kinetic product 2 which, on further exposure 
to ultrasound, isomerised to give a 1/2 ratio of the kinetic 2 and thermo­
dynamic products 3, Scheme 2. Storing the 3,5-diene complex 2 overnight at 
-20°C resulted in almost complete conversion to the 5,9-diene complex 3.
Hence, variation of the reaction time allows access to good yields of both 
isomers selectively. This was not possible by other conventional methods. The 
reaction of 0-ionone (4) with Fe2(CO)9 gave a 4/1 mixture of the e n d o  to

* In our previous paper ref. 7a we incorrectly reported that dienes failed to  react w ith F e 2(CO )9 under 
ultrasonic conditions.
All sonolysis reactions were carried out in a Semat 80W 50KHz ultrasonic bath.
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e x o  diene complexes 5 and 6 (Scheme 3) in contrast to Cais and Maoz [8] who 
obtained a 3/1 ratio in favour of the e x o  isomer 6 via the thermal reaction of 
0-ionone with Fe(CO)5. However, it should also be noted that the combined 
overall yield of this reaction was only 21%.
P r e p a r a t io n  o f  t r im e th y l e n e m e t h a n e t r i c a r b o n y l i r o n

Equimolar amounts of nonacarbonyldiiron and 3-chloro-2-chloromethyl- 
prop-l-ene (7) were sonolysed together in 30/40° petroleum ether for 1 h. 
Careful concentration of the solution and Kugelrohr distillation of the residue 
gave a remarkable 90% yield of the desired product 8 (Scheme 3). The previous 
best recorded yield was a meagre 30% described by Emerson et al. [9].
SCHEME 3

C16

In conclusion, having demonstrated the ease with which high yields of these 
complexes can now be obtained, we hope that this will promote increased use 
of such species as synthetic intermediates.
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awards (CMRL Beecham Pharmaceuticals Ltd and ADW B.P. pic).
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Abstract: Treatment of diphenyldiselenide with sodium metal in teirahydrofuran under ultrasonic

conditions conveniently gave a suspension of sodium phenylselenide which could be transferred by 

syringe or cannula and reacted with sulphonates, halides and epoxides.

The impact that organoseleniurn chemistry has had on modern organic synthesis is undisputed.

While there are many methods for the introduction of the seleno-substituent, the use of phenyl­

selenide anions is especially common. Several methods for the preparations of the requisite

selenide anions have been recommended, the more important of which include the use of diphenyl-
1 2diselenide with sodium borohydride in THF/EtOH or using resin bound borohydride, reduction of

3 4the diselenide with sodium in ammonia or in boiling THF followed by solvation in HMPA.
4

Alternatively sodium phenylselenide may be obtained from the selenol using sodium hydride in THF
5

or even by treatment with aqueous sodium hydroxide under certain conditions. The use of 

diphenyldiselenide and lithium aluminium hydride has also recently been reported® to give the 

selenide anion. Grignard reagents react with selenium to give selenide anions,^ although 

aggregates formed in these reactions can react with variable results.

Despite these extensive studies the clean and efficient generation of selenide salts

continues to cause practical problems owing to the odiferous nature of certain reagents, the use 

of toxic or incompatible solvents and the lack of reactivity of some of these salts. Here we 

report a method which solves these problems and provides an extremely mild and convenient process 

for the preparation of sodium phenylselenide. T

The method is based upon the observation that low intensity ultrasonication5 dramatically 

improves the rate of reaction between diphenyldiselenide and metallic sodium in tetrahydrofuran.

PhSeSePh + 2Na ----- > 2  PhSe6Na®

The role of ultrasound in systems such as these has not been fully established but its rate 

enhancing effects would appear to stem from a combination of cavitational effects and increased 

mass transport from the bulk of the liquid to the surface of the metal as a result of acoustic 

streaming. Collapse of the cavitation bubbles at the interface momentarily produces huge

increases in local pressures and temperatures. It also causes erosion of the surface which can be 

construed to augment the number of initiation sites available for reaction. Furthermore it
4

generates high intensity shock waves, thought to be of the magnitude of 10 atmosphere, that isO
strong enough to produce plastic deformation in malleable metals.

In our system the dependence of the rate of reaction on the total surface area of metal 

available is illustrated by the 3-fold decrease in reaction time observed when a commercial

dispersion was used in place of the solid metal (Table 1).

9
In common with Luche et al we have noted the tendency of sodium to aggregate inTHF and found 

that the reaction time could be halved by using xylene in its place. However, from a practical 

point of view, the high boiling point of xylene makes its removal difficult and its use would 

limit the method to preparation of involatile and thermally stable selenides.
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Experimental

'h NMR spectra were obtained on Bruker WH-250 and Varian EM-360A spectrometers in deuteriochloro- 
form solutions with tetramethylsilane as internal standard. IR spectra were recorded on a 
Perkin-Elmer 983 G spectrophotometer as liquid films or chloroform solutions. Mass spectra were 
obtained on a VG Micromass 7070B instrument. Melting points were determined using a Kofler 
hot-stage apparatus and are uncorrected. Column chromatography was performed on MN-silica gel 60 
230-400 mesh, under pressure. Light petroleum refers to the fraction boiling in the range
40°-60°C and ether to diethyl ether. Solutions were dried over anhydrous sodium sulphate, and
solvents by standard methods.

General procedure for the preparation of sodium phenylselenide

A 50% dispersion of sodium in paraffin (433 mg, 9.4 mmols) in THF (2 ml) was sonicated with a 
small portion of benzophenone in a sealed flask under argon for a few seconds until a deep blue 
colour had developed. Diphenyldiselenide (1.4 g, 4.7 nmols) was dissolved in the minimum volume 
of THF and the orange solution added dropwise to the reaction mixture. After 15 mins the reaction 
mixture had turned pale mauve and sonication was contiunued until all traces of colour had 
di sappeared.

General procedure for the preparation of phenylselenols

Sodium phenylselenide (1.2 equivalents) was added to a stirred solution of the substrate in dry
THF (10 ml) and the reaction followed by tic. When the reaction had reached completion, the
mixture was partitioned between water (20 ml) and diethylether (20 ml). The aqueous phase was 
then extracted with two further portions of ether and the combined organic phases dried over 
sodium sulphate. Removal of the solvent gave a yellow oil which was purified by column 
chromatography (silica gel; 40/60° petrol/diethyl ether gradient)

Preparation of Diethyl phenylselenomethylphosphonate (2).- Treatment of iodide (1) (0.280g,
l. OOnmol) with sodium phenylselenide (1.20 mmol) gave diethylphenylselenomethylphosphate (2) 
(0.283g, 92%) as a pale yellow oil, v (film) 3467, 2982, 2938, 1635, 1477, 1440, 1389, 1249, 
1163, 1097, 1024 and 968 cm' ; 6„ (60mWlz; CDC1,) 1.26 (6H, t, J = 7.0 Hz, Me), 2.90 (2H, d, J = 
13.0 Hz, CHJ, 4.03 (4H, da, J = 8.0, 7.0 Hz, CH-tHJ, 7.10-7.30 (3H, m, aromatic), 7.40-7.70 (2H,
m, aromatic;; m/z = 308 (M ).

Preparation of (+) 3-(Selenophenyl)-l-((tetrahydro-2H-pyran-2'-yl)oxy) propane (4).- Treatment of 
iodide (3) (07270g, 1.00ml) with sodium phenylselenide (1.20mmol) gave 3-(selenophenyl) 
1-((tetrahydro-2H-pyran-2-yl )oxy) propane (4) (0.258g, 86%) as a pale yellow oil, v (film) 
3055, 2939, 2867, 1576, 1476, 1352, 1259, 1200, 1134, 1075 and 870cm ; 6„ (250 mW2? CDC1J 
1.45-1.90 (6H, m, H-3‘, H-4', H-5'), 1.98 (2H quintet J = 7.9 Hz, H-2), 3.00 T2H, t, J = 7.9 H2, 
H-3), 3.49 (2H, m, H-l) 3.82 (2H, m, H-6'), 4.54 (1H, t, J = 3.6 Hz, H-2') 7.20-7.50 (5H, m, 
aromatic); m/z = 300 (MH ) (Found: C, 55.98; H, 6.76%. C.-HpoO^Se requires C, 56.19; H, 6.74%).

Preparation of Methyl-3-(selenophenyl) propanate (6).- Treatment of iodide (5) (0.214g, l.OOmmol) 
with sodium phenylselenide (1.20mmol) gave methyl-3-(selenophenyl) propanoate (6) (0.214g, 88%) as 
a pale yellow oil, v (film) 2949, 1736, 1476, 1434, 1347, 1223, 1165, 1022 and 738cm ; 6 (250 
MHz; CDC1J 2.72 (2H, t, J = 7.9Hz, H2), 3.10 (2H, t, J = 7.9 Hz, H-3), 3.58 (3H, s, C0?Me), 7.27 
(3H, m, aromatic). 7.52 (2H, m, aromatic); m/z = 243 (M ).

Preparation of {+) 4-(Selenophenylmethyl)-2-phenyl-l,3-dioxane (8).- Treatment of iodide (7) 
(0.304g, l.OOmmoT) with sodium phenylselenide (1.20mmol) gave 4-(selenophenylmethyl)-2-phenyl- 
1,3,-dioxane (8) (0.280g, 84%) as a pale yellow oil, v (film) 3062, 2954, 2925, 2853, 1576, 
1476, 1450, 1395, 1359, 1248, 1175, 1127, 1022, 983 and ^SScm ; 6„ (250 MHz; CDC1J 1.80 (2H, m,
H-5), 3.00 (1H, dd, J = 14.3, 7.2 Hz, PhSeCHJ , 3.23 (1H, dd, J = 14.3, 7.2 Hz PhSeCHJ, 3.86-4.10
(2H, m, H-6), 4.38 (1H, ddd, J = 14.6, 7.2, 2.7 Hz, H-4), 5.49 (1H, s, H-2), 7.20-7.58 (10H, m,
aromatic); m/z = 334 (MH ) (Found: C, 61.14; H, 5.60%.Cj7Hjg0,jSe requires C, 61.26; H, 5.44%).

Preparation of z-4-(Selenophenyl)-l-((tetrahydro-2H-pyran-2-yl)oxy)but-2-ene (10).- Treatment of 
allylic bromide (9) (0.234g, l.OOmmol) with sodium phenylselenide (1.20mmol) gave z-4-(seleno- 
phenyl)-l-(tetrahydro-2H-pyran-2-yloxy)but-2-ene (10) (0.292g, 94%) as a pale yellow oil, v
(film) 3022, 2940, 2868, 1576, 1474, 1436, 1321, 1201, 1118, 1075, 1024 and 739cm ; 6H (250 MW2; 
CDC1,) 1.40-1.92 (6H, m, H-3', H-4\ H-5'), 3.40-3.55 (2H, m, H-6'), 3.58 (1H, dd, J 8.2, 1.8 Hz, 
H-4)T 3.73-3.93 (2H, m, H-l, H-4), 4.04 (1H, ddd, J = 16.1, 5.4, 1.0 Hz, H-l), 4.62 (1H, dd, J 3.6 
and 4.3 Hz, H-l'), 5.57 (1H, m, H-3), 5.78 (1H, m, H-2), 7.24 (3H, m, aromatic), 7.51 (2H, m,
aromatic); m/z = 312 (M ) (Found: C, 58.07; H, 6.58%. C^H^O^Se requires C, 57.88; H, 6.48%).

Preparation of 1 - (Selenophenyl)propan-2-one (12).- Treatment of tosylate (11) (0.23g, l.OOmmol) 
with sodium phenylselenide (1.20mmol) gave 1 -(selenophenyl)propan-2-one (12) (0.198g, 93%) as a 
pale yellow oil, v (film) 3055, 2998, 2923, 1699, 1576, 1477, 1436, 1356, 1229, 1139, 1022 and 
738cm ; 6„ (60MHz;'tDClJ 2.30 (3H, s, COMe), 3.65 (2H, s, CHJ, 7.20-7.75 (5H, m, aromatic); m/z
= 214 (MH 7 (Found: C, 50.67; H, 4.94%. C^H)()0Se requires C,“ 50.72; H, 4.73%).
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Preparation of (+) 3a-Methyl-4&(selenophenyl»ethyl)~y-butyrolactone (14).- Treatment of tosylate 
(13) (0.256g, l.OOmmol) with sodium phenylselenide (1.20mmol) gave (+) 3a-Methyl-4&-(seleno- 
phenylmethylJ-y-butyrolactone (14) (0.223g, 83%) as a pale yellow oil, v. (film) 3055, 2871, 
2961, 1930, 2871, 1774, 1476, 1418, 1293, 1192, 1150, 1022, 939 and 739cm ; 6„ (250 MHz; CDC1J 
1.15 (3H, d, J = 7.1 Hz, Me), 2.19 (1H, dd, J = 17.8, 8.5Hz, H-2a), 2.42 (1H, fl, H-3), 2.74 (1H, 
dd, J = 17.8, 8.2 Hz, H-2B), 3.10 (1H, dd, J = 12.8, 5.7 Hz, CH„SePh), 3.28 (1H, dd, J = 12.8, 5.7 
Hz, CH„SePh), 4.23 (1H, dd, J = 12.8, 5.7 Hz, H-4), 7.24-7.31 (3H, m, aromatic), 7.50-7.60 (2H, m, 
aromatic); m/z = 270 (MH+) (Found: C, 53.65; H, 5.44%. C ^ ]4°2Se reclu‘'res C, 53.54; H, 5.34%).

Preparation of 1-Phenyl-2-(selenophenyl)ethan-l-ol (16).- Treatment of styrene oxide (15) 
(0.120g, l.OOmmol) with sodium phenylselenide (1.20mmol) gave 1-phenyl-2-(selenophenyl)ethan-l-ol 
(16) {0.216g, 78%) as a pale yellow oil, v (film) 3403, 3058, 2929, 1576, 1475, 1435, 1300, 
1054, 1022, 973 and 737cm ; 6„ (250 MHz; cBClJ 2.83 (1H, br, OH), 3.12 (1H, dd, J = 12.5, 9.0 
Hz, H-2), 3.30 (1H, dd, J = 1215, 3.7 Hz, H-25), 4.73 (1H, dd, J =  9.0, 3.7 Hz, H-l), 7.20-7.35 
(8H, m, aromatic), 7.50-7.60 (2H, m, aromatic); m/z = 278 (MH ) (Found: C, 60.39; H, 5.12%.
C]4Hi4 Se requires C, 60.65; H, 5.09%).

Preparation of l-(Prop-2'-eneoxy)-3-(selenophenyl)propan-2-ol (18).- Treatment of epoxide (17) 
(0.113g, l.OOmmol) with sodium phenylselenide give l-(prop-2'-eneoxy)-3-(selenophenyl) propan-2-ol 
(18) (0.233g,, 86%) .as a pale yellow oil, v (film) 3429, 3068, 2857, 1642, 1475, 1266, 1108, 
1020, 929 and 737cm"1; 6„ (250 MHz; CDC1J 2.W(1H, d, J = 4.6Hz, OH), 3.03 (1H, dd, J = 14.3, 
6.4 Hz H-3), 3.12 (1H, "dd, J = 14.3, ^.4 Hz, H-3), 3.52 (2H, m, H-l), 3.86-4.01 (3H, m, H-2, 
H - D ,  5.20 (1H, dd, J = 11.4, 2.0 Hz, H-31 anti), 5.27 (1H, dd, J = 17.8, 2.0 Hz, H-3 * syn), 5.88 
(1H, m, H-l'), 7.20-7.32 (3H, m, aromatic), 7.50-7.61 (2H, m, aromatic); m/z = 272 (MH ) (Found: 
C, 53.34; H, 6.03%. ^ 1 16^2^e re9u"'res C, 53.14; H, 5.95%).

Preparation of 1-Selenophenyloctane (20).- Treatment of octyl iodide (19) (0.240 g, l.OOmmol) 
with sodium phenylselenide (1.2 mmol) gave 1-selenophenyloctane (20) (0.247 g, 92%) as a pale 
yellow oil, v „ Y (film) 3017, 2922, 2857, 1576, 1454, 1377, 1219, 1119, 1041, 1022, 795, 735 cm"1;

6H (60 MHz; ujCI .,) 0.80 (3H, t, J = 8Hz, H-8), 1.1-2.0 (12H, m, H-2 to H-7), 2.8-3.3 (2H, m, 
H-l), 7.2-7.7 (5FT, m, aromatic); m/z = 270 (MH ).

Preparation of 10-(selenophenyl)-l-((tetrahydro-2H-pyran-2'-yl)oxy)decane (22).- Treatment of 
l-bromo-10-tetrahydropyranyl decane (21) (0.100 g, 0.33 mmol) with sodium phenylselenide (0.39 
mmols) gave 10-(selenophenyl)-l-((tetrahydro-2H-pyran-2'-yl)oxy)decane (0.33 mmol, 100%) as a pale 
yellow oil, v (film) 2926, 2852, 1559, 1576, 1475, 1276, 1119, 1076, 1033, 904, 869, 735 cm'1; 
6H (250 MHzi’m i J  1.28-1.86 (24H, m, H-31, H-4‘, H-5', H-3 to H-9), 2.91 (2H, t, J 7.6 Hz, 
H-10), 3.37 (1H, nr, H-l), 3.49 (1H, m, H-l), 3.73 (1H, m, H-2), 3.87 (1H, m, H-2), 4.57 (1H, t, J 
3.8 Hz), H-6'), 7.20-7.50 (5H, m, aromatic); m/£ = 398 (M ).

Preparation of 1-Selenophenylhex-3-ene (24).- Treatment of methanesulphonyloxyhex-3-en-l-ol (23) 
(0.178 g, 1.00 mmol) with sodium phenylselenide (1.20 mmols) gave l-selenophenylhex-3-ene (24) as 
a pale yellow oil v (film) 3004, 2961, 2927, 1576, 1474, 1434, 1298, 1258, 1190, 1072, 1022, 
733, 689 cm' ;  6H (?50 MHz; CDC1J 0.98 (3H, t, J = 8 Hz, H-6), 2.00 (2H, dt, J 16, 8 Hz, H-5), 
2.43 (2H, dd,' J 15, 8 Hz, H-2), 2̂.93 (2H, t, J 8 Hz, H-l), 5.41 (2H, m, H-3, H-4), 7.26 (3H, m, 
aromatic), 7.50 (2H, m, aromatic); m/z = 240 (MH ) (Found: C, 60.54; H, 6.77% C 19H,,Se requires C, 
60.25; H, 6.74%). _ _  u  lb
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Footnotes

2 -  2 -+ The anions Se ? and Se have also been prepared by the ultrasonically promoted 
electrochemical reduction of selenium. Reaction with alkyl halides gave the dialkyl mono- 
and diselenides.
B. Gautheron, G. Tainturier and C. Degrand, J. Am. Chem. Soc., 1985, 107, 5579.

tt Other literature routes to introduce the phenyseleno group in this example or to directly 
reduce the mesylate group rather than proceed through the selenide failed.

a Dimethyldisulphide may be converted to sodium methane thiolate using this method E.M. Naylor 
and W.B. Motherwell personal communication.

5 All reactions were carried out using a Semat 80W, 50 kHz ultrasonic cleaning bath.
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