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Abs t r ac t  - By t h e  use o f  rhodium, rhenium, o r  palladium complexes a s  c a t a -  
l y s t s ,  and cyc lodex t r in s  o r  po lye thylene  g lyco l s  a s  phase t r a n s f e r  c a t a -  
l y s t s ,  t h e  s e l e c t i v e  r educ t ion  o r  ox ida t ion  o f  carbonyl compounds, a s  well 
a s  t h e  s y n t h e s i s  o f  t h e  l a t t e r  from o l e f i n s ,  occurs  under remarkably mild 
c o n d i t i o n s .  
o l e f i n s ,  epoxides and t h i i r a n e s  t o  a c i d s ,  e s t e r s ,  and l ac tones  a r e  de- 
s c r i b e d ,  using c o b a l t  o r  palladium c a t a l y s t s .  The rhodium(1) ca t a lyzed  
ca rbony la t ion  o f  a z i r i d i n e s  t o  6-lactams i s  a s t e r e o s p e c i f i c  and enan t io -  
s p e c i f i c  process .  The presence  o f  d o r  1-menthol r e s u l t s  i n  h i g h  asym- 
me t r i c  i nduc t ion  us ing  racemic a z i r i d i n e s  a s  s u b s t r a t e s .  

Homogeneous o r  phase t r a n s f e r  ca t a lyzed  ca rbony la t ion  o f  

INTRODUCTION 

Three impor tan t  processes  i n  o rgan ic  chemis t ry  a r e  r educ t ion ,  o x i d a t i o n ,  and ca rbony la t ion  
r e a c t i o n s .  S i g n i f i c a n t  progress  has been made i n  r e c e n t  yea r s  i n  t h e  development o f  new 
chemis t ry ,  o r  the improvement o f  known r e a c t i o n s ,  using homogeneous and phase t r a n s f e r  c a t a -  
l y s i s .  This account desc r ibes  some o f  t h e  a u t h o r ' s  r e c e n t  r e s u l t s  i n  t h e s e  a r e a s .  

REDUCTION REACTIONS 

In 1983, i t  was r epor t ed  t h a t  chloro(l,5-hexadiene)rhodium(I) dimer i s  an e f f e c t i v e  c a t a l y s t  
f o r  t h e  phase t r a n s f e r  ca t a lyzed  hydrogenation o f  aromat ic  hydrocarbons and h e t e r o c y c l i c  
compounds us ing  hexane a s  t h e  o rgan ic  phase,  an aqueous b u f f e r  o f  pH 7.4-7.6 and e i t h e r  
cetyltrimethylammonium bromide o r  tetrabutylammonium hydrogen s u l f a t e  a s  t h e  phase t r a n s f e r  
agent  ( r e f .  1 ) .  
t h e  same t r ans fo rma t ion  can a l s o  be r e a l i z e d  by means o f  rhodium t r i c h l o r i d e  and Al iqua t  336 
( r e f .  2 ) .  The a rene  r educ t ion  shows good func t iona l  group s e l e c t i v i t y  s i n c e  the fo l lowing  
groups a r e  una f fec t ed :  e t h e r ,  e s t e r ,  amide, and carbonyl .  Concerning t h e  l a t t e r ,  i t  seemed 
conce ivable  t h a t ,  under modified c o n d i t i o n s ,  one could achieve  p r e f e r e n t i a l  r educ t ion  of t h e  
carbonyl moiety in  t h e  presence o f  the a rene .  I t  i s  known t h a t  a ry l  ketones form 1 : l  com- 
plexes with 6 -cyc lodex t r in ,  t h e  carbonyl group probably loca ted  i n  an exposed p o s i t i o n  with 
t h e  a rene  r i n g  i n s i d e  t h e  c a v i t y  and thus p ro tec t ed  from r e a c t i o n  ( r e f .  3 ,  4 ) .  6-Cyclodextrins 
c o n s t i t u t e  one o f  t h r e e  c l a s s e s  o f  cycloamyloses [ t h e  o t h e r s  being c1 and y]. 
a lky l  ketone o r  a romat ic  aldehyde i s  t r e a t e d  w i t h  hydrogen i n  t h e  presence  o f  a c a t a l y t i c  
q u a n t i t y  o f  the rhodium dimer and 6-cyc lodext r in  in  t e t r ahydro fu ran  a t  room tempera ture ,  
hydrocarbons a r e  formed i n  e x c e l l e n t  y i e l d s .  What i s  p a r t i c u l a r l y  a t t r a c t i v e  about  t h i s  
r e a c t i o n ,  i n  comparison t o  e x i s t i n g  methodology f o r  reducing  a carbonyl t o  a methylene group, 
i s  t h e  a b i l i t y  t o  e f f e c t  r educ t ion  i n  t h e  case  of a c i d i c  (eq. 1 )  o r  b a s i c  s u b s t r a t e s ,  and 
under e x c e p t i o n a l l y  mild cond i t ions  ( r e f .  5). 

This r e a c t i o n  proceeds a t  room tempera ture  and a tmospher ic  p r e s s u r e ,  and 

When an a ry l  

6-Cyclodextrin 
THF,r . t . , l  atm. 

OX I DATlON R EACTlO N S 

Two i n d u s t r i a l l y  va luab le  ox ida t ion  r e a c t i o n s  a r e  the convers ion  o f  c y c l i c  ketones t o  d i ac ids ,  
and t h e  format ion  o f  ketones from o l e f i n s  [ the  s i m p l e s t  example being the convers ion  of ethyl- 
ene t o  ace ta ldehyde  - t h e  Wacker process] .  By the use o f  phase t r a n s f e r  c a t a l y s i s ,  one can 
achieve  both r e a c t i o n s  under remarkably mild cond i t ions .  The most e f f e c t i v e  c l a s s  o f  phase 
t r a n s f e r  agen t s  f o r  this r e a c t i o n  a r e  polye thylene  g lyco l s  (PEG's) which can be regarded a s  
a c y c l i c  ana logs  o f  crown ethers. Reac t ions  where P E G ' s  a r e  o f  genuine b e n e f i t  i nc lude  t h e  
dehydrohalogenation o f  (2-bromoethy1)benzene ( r e f .  6 )  and pal lad ium(0)  ca t a lyzed  carbonyl -  
a t i o n  of  v i n y l i c  dibromides t o  monocarboxylic a c i d s ,  a formal o x i d a t i v e  homologation reaction 
( r e f .  7 ) .  Exposure o f  a c y c l i c  ketone t o  rhenium carbonyl (100/1 r a t i o  o f  s u b s t r a t e / r k n i u m ) ,  
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TABLE 1 ,  O x i d a t i o n  o f  Ketones b y  Re2(C0)10-62C03-PEG-400a 

R e a c t a n t  R e a c t i o n  t i m e ,  P r o d u c t  Y i e l d ,  % 
h r  . 

Cyclohexanone 
Cyclohexanoneb 
Cyc l  ohexanonec 
Cyc l  o hexanoned 
Cyc l  ohexanonee 
Cyc lohep tanone  
Cyc l  ooc tanone  
Cyclododecanone 
4 - t - B ~ t y l c y c l o -  

hexanone 

1 - t e t r a l o n e  

2- t e t r a 1  one 

D i  b e n z y l  k e t o n e  
1 -Pheny l -2 -bu tanone  

24 
24 
24 
24 
24 
24 
48 
96f 
24 

6 

8 

6 
24 

a d i p i c  a c i d  
a d i p i c  a c i d  
a d i p i c  a c i d  
a d i p i c  a c i d  
a d i p i c  a c i d  

HOOC(CH2)gCOOH 
HOOC( CH2)6COOH 
H O O C ( C H  )10COOH 

HOOC(CH2Tp HCHzCOOH 

2 -hyd roxy -1  ,4-naph- 
t h o q u i n o n e  

2 -hyd roxy -1  ,4-naph- 
t h o q u i n o n e  

b e n z o i c  a c i d  
b e n z o i c  a c i d  

F 
C(CH313 

74 
1 2  
24 
11 
41 
80 
82 
86 
36 

93 

63 

72 
74 

a 1 0  mmol o f  s u b s t r a t e ,  0.1 mmol o f  Rez(CO)10, 40 mmol each o f  K2CO3 and 
KOH, 3 d r o p s  o f  PEG-400, 20 m l .  o f  DME. 

b no Re2(CO)10 
no PEG-400 

d no ~ 2 ~ 0 3  o r  KOH 
Na2C03 and NaOH i n s t e a d  o f  K2CO3 and KOH 

f 50°C 

oxygen, p o t a s s i u m  h y d r o x i d e ,  p o t a s s i u m  c a r b o n a t e ,  and s e v e r a l  d r o p s  o f  PEG-400 i n  l , 2 - d i m e -  
t h o x y e t h a n e  (DME), a t  room t e m p e r a t u r e  and one atmosphere,  a f f o r d e d  t h e  d i c a r b o x y l  i c  a c i d  
(eq.  2 )  i n  good y i e l d  ( see  T a b l e  1 f o r  d a t a ) .  

Re2(CO)10,KOH COOH 

K2C03,PEG-400 COOH 

D M E , r . t .  ,1 a tm 

E x c e p t i o n a l  cases  a r e  1 -  o r  2 - t e t r a l o n e ,  b o t h  o f  w h i c h  g i v e  2-hydroxy-1,4-naphthoquinone. 
A c y c l i c  b e n z y l i c  k e t o n e s  a r e  c o n v e r t e d  t o  b e n z o i c  a c i d  w h i l e  ke tones  such as 5-nonanone a r e  
i n e r t .  T h i s  PEG-induced r o u t e  t o  d i a c i d s  ( r e f .  8 )  o c c u r s  under  m i l d e r  c o n d i t i o n s ,  and i n  
b e t t e r  y i e l d s ,  t h a n  t h e  homogeneously  c a t a l y z e d  r e a c t i o n  ( r e f .  9 ) .  

PEG-400 i s  a l s o  u s e f u l  f o r  t h e  o x i d a t i o n  o f  i s o m e r i c  bu tenes  t o  bu tanone  u s i n g  p a l l a d i u m  
c h l o r i d e  as t h e  c a t a l y s t  and c u p r i c  c h l o r i d e  as t h e  r e - o x i d a n t  ( r e f .  1 0 ) .  U n f o r t u n a t e l y ,  a 
s i d e  r e a c t i o n  i s  o l e f i n  i s o m e r i z a t i o n  and t h e r e f o r e  one o b t a i n s  i s o m e r i c  k e t o n e s  as by -p ro -  
d u c t s  [e .g .  1-decene g i v e s  2-decanone as t h e  m a j o r  p r o d u c t  w i t h  3-, 4-, 5-decanone as by-  
p r o d u c t s ] .  T h i s  p rob lem can  be a v o i d e d  b y  u s i n g ,  as t h e  phase t r a n s f e r  agen t ,  a q u a t e r n a r y  
ammonium s a l t  c o n t a i n i n g  a t  l e a s t  one l o n g  c h a i n  a l k y l  g roup .  O n l y  t e r m i n a l  o l e f i n s  a r e  
o x i d i z e d  when such c a t a l y s t s  a r e  employed, b u t  l i t t l e ,  i f  any, i s o m e r i z a t i o n  o c c u r s  under  
t h e s e  c o n d i t i o n s  ( r e f .  1 1 ) .  F i n a l l y ,  p a l l a d i u m  c h l o r i d e  c a t a l y z e s  t h e  o x i d a t i o n  o f  b o t h  
t e r m i n a l  and i n t e r n a l  o l e f i n s  when 6 - c y c l o d e x t r i n  i s  t h e  phase t r a n s f e r  c a t a l y s t  ( r e f .  1 2 ) .  

CARBONYLATION REACTIONS 

I f  t h e  homogeneous Wacker r e a c t i o n  i s  r u n  i n  t h e  p r e s e n c e  o f  c a r b o n  monoxide ( i . e .  as a so- 
c a l l e d  o x i d a t i v e  c a r b o n y l a t i o n  r e a c t i o n )  and a s m a l l  amount o f  an a c i d  i n  a l c o h o l ,  t h e n  
r e g i o s p e c i f i c  h y d r o e s t e r i f i c a t i o n  o c c u r s  under  v e r y  g e n t l e  c o n d i t i o n s  a f f o r d i n g  b ranched  
c h a i n  e s t e r s  i n  e x c e l l e n t  y i e l d s  ( r e f .  1 3 ) .  The c a r b o x y l i c  a c i d  i s  f o rmed  when w a t e r  i n  
t e t r a h y d r o f u r a n  i s  used as t h e  s o l v e n t  m i x t u r e  i n s t e a d  o f  a l c o h o l  ( r e f .  1 4 ) .  T h i s  method 
i s  a p p l i c a b l e  t o  t h e  s y n t h e s i s  o f  i b u p r o f e n ,  naproxen,  and o t h e r  n o n - s t e r o i d a l  a n t i i n f l a m m a -  
t o r y  a g e n t s .  An a l t e r n a t e  r o u t e  f r o m  o l e f i n s  t o  e s t e r s  i n v o l v e s  t h e  use  o f  f o r m a t e  e s t e r s  
as r e a g e n t s  f o r  t h e  p a l l a d i u m  c h l o r i d e  c a t a l y z e d  r e a c t i o n .  A l t h o u g h  n o r  r e g i o s p e c i f i c ,  t h e  
r e a c t i o n  d i s p l a y s  good r e g i o s e l e c t i v i t y  f o r  t h e  b ranched  c h a i n  p r o d u c t  ( r e f .  1 5 ) .  
m o l e c u l a r  v e r s i o n  o f  t h e  h y d r o e s t e r i f i c a t i o n  r e a c t i o n  can  be a t t a i n e d  b y  t h e  use  o f  u n s a t u -  

The i n t r a -  
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r a t e d  a l c o h o l s .  F o r  i n s t a n c e ,  when 4-penten-1-01 was used  as t h e  s u b s t r a t e ,  t h e  six-membered 
r i n g  l a c t o n e  was o b t a i n e d  i n  7 5 %  y i e l d  (eq .  3 ) .  H o m o a l l y l i c  ( r e f .  1 6 )  and a l l y l i c  ( r e f .  1 7 )  
a l c o h o l s  g i v e  b u t y r o l a c t o n e s  i n  good y i e l d s .  

02,PdC12,CuC12 CH3 A 
CH2=CH(CH2)30H + C O  -> 

THF,HCl ,r.t. 
( 3 )  

M e t a l  c a t a l y z e d  d o u b l e  c a r b o n y l a t i o n  r e a c t i o n s  have a t t r a c t e d  much a t t e n t i o n  i n  r e c e n t  y e a r s .  
The f o c u s  f o r  mos t  o f  t h i s  r e s e a r c h  has been i n  t h e  c o n v e r s i o n  o f  h a l i d e s  t o  a - k e t o  a c i d s  
and t h e i r  d e r i v a t i v e s  ( r e f .  1 8 ) .  Recen t  s t u d i e s  have shown t h a t  c e r t a i n  amines c a n  a l s o  
undergo  d o u b l e  c a r b o n y l a t i o n  under  t h e  above h y d r o e s t e r i f i c a t i o n  c o n d i t i o n s  a f f o r d i n g  oxamic 
a c i d  e s t e r s  ( r e f .  1 9 ) .  Even more f a s c i n a t i n g  i s  t h e  f i r s t  r e p o r t  o f  a m e t a l  c a t a l y z e d  d o u b l e  
i n s e r t i o n  o f  c a r b o n  monoxide i n t o  a c y c l i c  compound. S t y r e n e  o x i d e s  r e a c t  w i t h  i n  s i t u  
g e n e r a t e d  a c y l c o b a l  t t e t r a c a r b o n y l  [ f r o m  m e t h y l  i o d i d e  o r  a b e n z y l i c  bromide,  c o b a l t  c a r b o n y l ,  
ca rbon  monoxide, and phase t r a n s f e r  c o n d i t i o n s ]  t o  g i v e  a - k e t o  l a c t o n e s  ( o r  t h e  e n o l  t a u t a n e r )  
i n  good y i e l d  (eq.  4 - r e f .  2 0 ) .  When e p i s u l f i d e s  ( t h i i r a n e s )  a r e  used as t h e  s u b s t r a t e s ,  

r 

R C O ~ ( C O ) ~ , C T A B , C H ~ I  

NaOH,C6H6,r.t.,1 atm., X = 0 0 

0 0 

CTAB o r  PEG-400 

NaOH,C6H6 C H 3 1  o r  A r C H 2 B r  

r.t.,l atm. X=S 

RCHCH2SH 
1 
COOH 

I co2  ( C O  l 8  
( 4 )  

m o n o c a r b o n y l a t i o n  o c c u r s  a f f o r d i n g  6-mercapto a c i d s  (eq.  4 - r e f .  2 1 ) .  How c a n  one r a t i o n -  
a l i z e  t h e  d i f f e r e n t  b e h a v i o r  o f  e p o x i d e s  and t h i i r a n e s  i n  t h e s e  r e a c t i o n s ?  
pathways o u t l i n e d  i n  Scheme 1 [ u s i n g  m e t h y l  i o d i d e  as t h e  h a l i d e  and s t y r e n e  o x i d e  o r  
s u l f i d e ] .  
e s t e r  o r  t h i o e s t e r  complex 1 w h i c h  c o u l d  i n s e r t  c a r b o n  monoxide a f f o r d i n g  2. 
can t h e n  o c c u r  f o r  X=O g e n e r a t i n g  3. The l a t t e r ,  c o n t a i n i n g  a v i n y l  m e t a l - c a r b o n  bond, 
s h o u l d  e x p e r i e n c e  f a c i l e  i n s e r t i o n  o f  c a r b o n  monoxide r e s u l t i n g  i n  t h e  f o r m a t i o n  o f  4. 
i n d u c e d  h y d r o l y s i s  o f  t h e  e s t e r  wou ld  g i v e  5 w h i c h  can  c y c l i z e  t o  g i v e  t h e  p r o d u c t  ( 6 ) .  
i s  known t h a t  t h i o e s t e r s  h y d r o l y z e  more r a p i d l y  t h a n  t h e  c o r r e s p o n d i n g  e s t e r s  ( r e f .  22). 
Consequen t l y ,  h y d r o l y s i s  o f  2, X=S t o  1. may t a k e  p recedence  o v e r  e n o l i z a t i o n  and c a r b o n y l -  
a t i o n .  I t  i s  t h e  r e l a t i v e  s u s c e p t i b i l i t y  t o  h y d r o l y s i s  o f  2, X=O,S w h i c h  may d e t e r m i n e  t h e  
r e a c t i o n  c o u r s e .  
and subsequen t  base - induced  c l e a v a g e  o f  t h e  h e t e r o c y c l e  under  t h e  phase t r a n s f e r  c o n d i t i o n s  
wou ld  g i v e  t h e  6-mercapto a c i d .  
t h e  r e a c t i o n .  

C o n s i d e r  t h e  

R e a c t i o n  o f  t h e  a c y l c o b a l t  c a r b o n y l  w i t h  t h e  e p o x i d e  o r  t h i i r a n e  wou ld  g i v e  t h e  
E n o l i z a t i o n  

Base 
It 

The 6 - t h i o p r o p r i o l a c t o n e  8 c o u l d  a r i s e  by i n t r a m o l e c u l a r  c y c l  i z a t i o n  o f  7, 
S o l i d  e v i d e n c e  was o b t a i n e d  f o r  t h e  i n t e r m e d i a c y  o f  8 i n  

Scheme 1 

CO,CH~I, R ~ N + X -  X 

co2(co)8 CH3COCo( CO)4 - PhCHCH2XCCH3 3 

NaOH,C6H6 I 
(1) (2) (1 1 (8) 1 OH- T I ‘=’ 

PhCCH20COCH3 I t  

R ~ N + O H -  I 1  co PhCCH20COCH3 - 11 
C 

C 

HO” ‘COCO(CO)~ HO’ ‘CO(CO)~ 
Ph 

OH 

PhCHCH2SH 

COOH 
I 

(2) 
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Metal ca t a lyzed  ca rbony la t ion  - ring e x p a n s i o n  r e a c t i o n s  o f  he t e rocyc le s  have cons ide rab le  
scope being a p p l i c a b l e  t o  a - lac tams ( r e f .  2 3 ) ,  az i r ines  ( r e f .  2 4 ) ,  and a z i r i d i n e s  ( r e f .  2 5 ) .  
Concerning the  l a t t e r ,  rhodium( I )  complexes a r e  e x c e l l e n t  c a t a l y s t s  f o r  the conversion o f  
a z i r i d i n e s  t o  8-lactams. Not on ly  i s  the r e a c t i o n  r e g i o s p e c i f i c ,  b u t  i t  i s  a l s o  stereo- 
s p e c i f i c  a n d  e n a n t i o s p e c i f i c  ( eq .  5 ) .  A requi rement  i s  t h a t  the  R g r o u p  have a v a i l a b l e  71 
or n e l e c t r o n s  f o r  s t a b i l i z i n g  a presumed rhodacycle in t e rmed ia t e  [i . e .  R = P h ,  C H = C H 2 ,  COCH3, 
COOCH3, N H C O C H 3 1 .  
react ion,  by k i n e t i c  r e s o l u t i o n ,  us ing  d or 1-menthol as an added ch i ra l  l i gand  (eq .  6 ) .  
This is  an a t t r ac t ive  route f o r  the gene ra t ion  of key in t e rmed ia t e s  i n  the c h i r a l  s y n t h e s i s  
o f  carbapenems ( ref .  26) .  
react ion,  are a l s o  obta ined  i n  high o p t i c a l  pur i ty .  

R = C ( C H 3 l 3  [ R h ( C 0 ) 2 C 1 ] 2  d t15.7 (T/ co 
S ( + )  = +44.0 [1 ,5 -CODRhC1]2  d t38 .0  

One can achieve a very high degree  of asymmetric induc t ion  i n  the 

Furthermore the recovered a z i r i d i n e s ,  i n  the ca rbony la t ion  

menthol R 

( 5 )  
0 

'R' I 
R ( - )  = -44.0' [1,5-CODRhC1]2 1 -44.0 R I  

[lY5-HDRhC1I2 1 -38.5 S ( - )  

P h  P h  

0 

0 b menthol b . R  C O , R h ( I )  ,C6H6 

o// 

R = 1-adamantyl [1,5-CODRhC1I2 d t14.5 

S ( + )  = t14.8 [1,5-CODRhC112 1 -14.6 

R ( - )  = -14.8 I 
R 

I n  conc lus ion ,  homogeneous and phase t r a n s f e r  c a t a l y s e s  are usefu l  v e h i c l e s  f o r  the r e a l i -  
za t ion  o f  va luab le  metal ca t a lyzed  r educ t ion ,  o x i d a t i o n ,  and ca rbony la t ion  reactions under 
e x c e p t i o n a l l y  mild cond i t ions .  
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