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REGULATION OF CATALYTIC ACTIVITY BY PHOSPHINE LIGAND DESIGN 

JACK HALPERN 
Department of Chemistry,  The U n i v e r s i t y  of Ch icago ,  Chicago,  
I l l i n o i s  60637, U.S.A. 

A b s t r a c t  S t a r t i n g  w i t h  t h e  c a t a l y t i c  complex [Rh(PPh ) C l ] ,  
t h e  i n f l u e n c e  of v a r i a t i o n  of phosphine l i g a n d  p r o p e r t i e s  on 
t h e  a c t i v i t y  of rhodium phosphine complexes as c a t a l y s t s  f o r  
t h e  hydrogena t ion  of o l e f i n s  w a s  s y s t e m a t i c a l l y  s t u d i e d .  The 
f o l l o w i n g  c a t a l y s t  m o d i f i c a t i o n s  were examined ( a )  v a r y i n g  
t h e  b a s i c i t y  of t h e  t r i a r y l p h o s p h i n e  l i g a n d s ,  ( b )  r e p l a c i n g  
C1-  by a non-coord ina t ing  a n i o n  (BF4-) t o  make t h e  c a t a l y s t  
c a t i o n i c ,  ( c )  s u b s t i t u t i n g  a c h e l a t i n g  d i p h o s p h i n e  f o r  t h e  
monophosphine l i g a n d s  t o  e n s u r e  *-coordinat ion,  and ( d )  
v a r y i n g  t h e  c h a i n  l e n g t h  of t h e  d i p h o s p h i n e  l i g a n d  t o  v a r y  
t h e  c h e l a t e  r i n g  s i z e  and f l e x i b i l i t y .  By s y s t e m a t i c  
m a n i p u l a t i o n  of t h e s e  p a r a m e t e r s ,  gnhancements of c a t a l y t i c  
a c t i v i t y  by f a c t o r s  i n  e x c e s s  of 10  were a c h i e v e d .  

3 3  

INTRODUCTION 

The r ange  and v a r i e t y  of t e r t i a r y  phosph ines  t h a t  are  u t i l i z e d  as 

l i g a n d s  i n  t r a n s i t i o n  metal complex c a t a l y s t s ,  and t h e  widespread 

impor t ance  of phosphine l i g a n d s  i n  t h i s  c o n t e x t ,  are u n p a r a l l e l e d  

by any o t h e r  c l a s s  of l i gands . '  A v a r i e t y  of f a c t o r s  c o n t r i b u t e  

t o  t h i s  d i s t i n c t i v e  and v e r s a t i l e  ro le  of phosphine l i g a n d s ,  

n o t a b l y  t h e i r  a b i l i t y  t o  accommodate a wide r a n g e  of m e t a l  o x i d a -  

t i o n  s t a t e s  and t h e  scope  for  v a r y i n g  t h e  e l e c t r o n i c  a n d ,  p a r t i c -  

u l a r l y ,  t h e  s t e r i c  p r o p e r t i e s  of such l i g a n d s .  

No twi ths t and ing  t h e  widespread r e c o g n i t i o n  of t h i s  i m p o r t a n t  

r o l e ,  t h e  c h o i c e  of phosphine l i g a n d s  f o r  c a t a l y t i c  a p p l i c a t i o n s  

has  g e n e r a l l y  been e i t h e r  " c a s u a l t 1  ( for  example,  t h e  widespread 

u s e  of t h e  c o n v e n i e n t  and r e a d i l y  a v a i l a b l e  t r i p h e n y l p h o s p h i n e  

l i g a n d )  o r  based on e m p i r i c a l  c o n s i d e r a t i o n s .  Th i s  pape r  

a d d r e s s e s  t h e  s c i e n t i f i c  b a s i s  f o r  t h e  s e l e c t i o n  and d e s i g n  of 

phosphine l i g a n d s  f o r  c a t a l y t i c  complexes and f o r  t h e  r e g u l a t i o n  
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of c a t a l y t i c  a c t i v i t y .  

The a b i l i t y  t o  r e l a t e  l i g a n d  p r o p e r t i e s  t o  c a t a l y t i c  a c t i v i t y  

c l e a r l y  res t s  upon an u n d e r s t a n d i n g  of t h e  c a t a l y t i c  mechanism. 

C a t a l y t i c  r e a c t i o n s  such  a s  hydrogena t ion  and hydro fo rmyla t ion  

t y p i c a l l y  proceed through m u l t i s t e p  mechanisms i n v o l v i n g  sequences 

of s t e p s  such a s  o x i d a t i v e  a d d i t i o n ,  m i g r a t o r y  i n s e r t i o n  and 

r e d u c t i v e  e l i m i n a t i o n . 2  We have p r e v i o u s l y  i d e n t i f i e d  and 

e l a b o r a t e d ,  i n  some d e t a i l ,  such m e c h a n i s t i c  sequences f o r  t h e  hy- 

d rogena t ion  of o l e f i n s  c a t a l y z e d  by [Rh(PPh ) C l ]  ( W i l k i n s o n ' s  

For o p t i m a l  c a t a l y s t )  and [Rh(PPh2CY2CH2PPh2)(MeOH)2] 3+ - 3 , 4  

c a t a l y t i c  a c t i v i t y  t h e  r a t e s  of a l l  t h e  s t e p s  i n  such  a sequence 

should be h i g h  and ,  p r e f e r a b l y ,  comparable.  Enhancement of 

c a t a l y t i c  a c t i v i t y  r e q u i r e s  t h e  s imul t aneous  enhancment of  t h e  

r a t e s  of s e v e r a l  chemica l ly  d i v e r s e  s t e p s .  One approach t o  

a c h i e v i n g  t h i s  i s  through t h e  a p p r o p r i a t e  c h o i c e  of t h e  l i g a n d s  of 

t h e  c a t a l y t i c  complex. Phosphine l i g a n d s ,  which lend themselves  

so  e f f e c t i v e l y  t o  s y s t e m a t i c  v a r i a t i o n  of e l e c t r o n i c  and 

s t r u c t u r a l  pa rame te r s ,  have played a p a r t i c u l a r l y  impor t an t  r o l e  

i n  t h i s  c o n t e x t .  The p o t e n t i a l  f o r  even g r e a t e r  accomplishment 

a long  t h e s e  l i n e s  i s  enhanced w i t h  ou r  i n c r e a s i n g  m e c h a n i s t i c  

unde r s t and ing  of c a t a l y t i c  r e a c t i o n s  and w i t h  t h e  a c c e s s i b i l i t y  of 

a wider  range of phosphine l i g a n d s  ( f o r  example,  c h i r a l  phosphine 

l i g a n d s  f o r  asymmetric c a t a l y s i s ) .  5 

RESULTS AND DISCUSSION 

S t a r t i n g  wi th  [Rh(PPh3)3C1], w e  have s y s t e m a t i c a l l y  examined, i n  

the most e x t e n s i v e  such s t u d y  t o  d a t e ,  t h e  i n f l u e n c e  of l i g a n d  

v a r i a t i o n  on t h e  a c t i v i t y  of rhodium phosphine complexes as 

hydrogenat ion c a t a l y s t s .  The f o l l o w i n g  a r e  among t h e  more 

s i g n i f i c a n t  r e s u l t s  of  t h i s  s t u d y  . 
1. The c a t a l y t i c  a c t i v i t y  of complexes of t h e  type  

[ ~ U I { P ( ~ - C ~ H ~ X ) ~ } ~ C ~ I  i s  enhanced, from a l i m i t i n g  t u r n o v e r  

f requency of c a  0.05 s e c  t o  0.5 sec a t  25"C, by i n c r e a s i n g  t h e  -1 -1 
- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
1
1
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



REGULATION OF CATALYTIC ACTIVITY BY PHOSPHINE LIGAND DESIGN 309 

b a s i c i t y  of t h e  phosphine ( i . e . ,  by e l e c t r o n  d o n a t i n g  

OCH3, e t c . ) .  Th i s  i s  a t t r i b u t e d  t o  s u b s t i t u e n t s ,  X = CH 

i n c r e a s i n g  t h e  d r i v i n g  f o r c e  of t h e  m i g r a t o r y  i n s e r t i o n  s t e p ,  

[ RhH2 (,'C=CI) ( PR3 l 2 C 1  1 [ R h H (  <C-<H) (PR3 l2C1 1 ,  by s t a b i l i z i n g  

t h e  c o o r d i n a t e l y  u n s a t u r a t e d  ( e l e c t r o n - d e f i c i e n t )  p r o d u c t .  

3 '  

2 .  S u b s t a n t i a l  enhancement of c a t a l y t i c  a c t i v i t y  ( a l o n g  

w i t h  some m o d i f i c a t i o n  of t h e  c a t a l y t i c  mechanisms) i s  obse rved  

f o r  c a t i o n i c  complexes,  i .e . ,  [Rh(PR3)2S21+, g e n e r a t e d  by 

r ep lacemen t  a 

weakly c o o r d i n a t i n g  s o l v e n t  ( S )  such  as methanol .  T h i s  i s  

a t t r i b u t e d  t o  enhanced s u s c e p t i b i l i t y  of t h e  c o o r d i n a t e d  o l e f i n  

t o  n u c l e o p h i l i c  a t t a c k  ( i . e . ,  by a m i g r a t i n g  "H-" l i g a n d )  i n  t h e  

m i g r a t o r y  i n s e r t i o n  s t e p .  

of C 1 -  w i t h  a non-coord ina t ing  i o n  s u c h  as BF4-  i n  

3. S u b s t a n t i a l  f u r t h e r  enhancement of t h e  c a t a l y t i c  

a c t i v i i t y ,  r e s u l t i n g  i n  a l i m i t i n g  t u r n o v e r  f r equency  of % 20 

sec a t  25°C i s  o b t a i n e d  by r e p l a c i n g  t h e  monodentate  phosphine 

l i g a n d s  w i t h  a c h e l a t i n g  d i p h o s p h i n e  such  as 1,2- 
b i s  (d ipheny lphosph ino  ) e t h a n e ,  i . e . ,  u s i n g  t h e  comp 1 e x  

[Rh(PPh2CH2CH2PPh2)S21f as c a t a l y s t .  This  i s  a t t r i b u t e d  t o  t h e  

h i g h e r  a c t i v i t y  of t h e  c a t a l y t i c  pathway i n v o l v i n g  a cis- 
d iphosph ine  complex, r e l a t i v e  t o  t h e  t r a n s - d i p h o s p h i n e  complex 

which i s  t h e  predominant s p e c i e s  w i t h  monodentate  phosphine 

1 igands  . 

-1 

4 .  I n c r e a s i n g  t h e  c h a i n  l e n g t h  of t h e  d i p h o s p h i n e  

c h e l a t e  r i n g  a l o n g  sequence of c a t a l y t i c  complexes 

[Rh{PPh2(CH2)nPPh2}S2]+, w i t h  n = 2, 3 o r  4 ,  r e s u l t s  i n  f u r t h e r  

s u b s t a n t i a l  enhancement of t h e  c a t a l y t i c  a c t i v i t y ,  r e f l e c t e d  i n  

h i g h e r  ra tes  of a l l  t h e  component s t e p s  of t h e  c a t a l y t i c  sequence 

and i n  l i m i t i n g  t u r n o v e r  f r e q u e n c i e s  approach ing  l o 4  s e c  a t  

25°C. Th i s  i s  a t t r i b u t e d  t o  t h e  i n c r e a s i n g  f l e x i b i l i t y  

a s s o c i a t e d  w i t h  i n c r e a s i n g  c h e l a t e  r i n g  s i z e ,  f a c i l i t a t i n g  t h e  

a t t a i n m e n t  of t h e  f avored  t r a n s i t i o n  s t a t e  g e o m e t r i e s  of t h e  

v a r i o u s  r e a c t i o n  s t e p s .  F u r t h e r  i n c r e a s e  i n  t h e  c h e l a t e  r i n g  s i z e  

-1 
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3 10 J.  HALPERN 

( n  = 5 )  r e s u l t e d  i n  t h e  fo rma t ion  of t h e  m e t a l l a t e d  complex, 

[ Rh {PPh2CH2CH2CHCH2CH2PPh2 }H(MeOH)2 I + ,  i n v o l v i n g  i n t r a m o l e c u l a r  

o x i d a t i v e  a d d i t i o n  of a n  u n a c t i v a t e d  C-H bond t o  t h e  Rh atom; t h i s  

f u r t h e r  a t t e s t s  t o  t h e  remarkably h i g h  r e a c t i v i t y  of t h e  

[Rh {PPh2( CH2 )5PPh2 1 (MeOH)2]+ complex. 

CONCLUDING REMARKS 

- 
6 

By such  s y s t e m a t i c  and r a t i o n a l  v a r i a t i o n  o f  t h e  phosphine 

l i g a n d s ,  i t  proved p o s s i b l e  t o  i n c r e a s e  t h e  c a t a l y t i c  a c t i v i t y  of 

rhodium phosphine complexes,  from a l i m i t i n g  t u r n o v e r  f r equency  of 

ca 10-1 sec-' for[Rh(PPh ) C l ]  by f a c t o r s  i n  e x c e s s  of l o 4  t o  - 3 3  
unpreceden ted ly  h i g h  l e v e l s .  Fu r the rmore ,  such  h i g h l y  a c t i v e  

c a t a l y s t s  a l s o  were found t o  be e f f e c t i v e  f o r  t h e  h y d r o g e n a t i o n  of 

c h a r a c t e r i s t i c a l l y  u n r e a c t i v e  s u b s t r a t e s ,  f o r  example,  of 

naph tha lene  t o  1,2,3,4-tetrahydronaphthalene and ( w i t h  unusua l  

r e g i o s e l e c t i v i t y )  of a n t h r a c e n e  t o  1 , 2 , 3  , 4 - t e t r a h y d r o a n t h r a c e n e S  
7 

The u n d e r s t a n d i n g  y i e l d e d  by t h e s e  s t u d i e s  of t h e  r e l a t i o n  

between phosphine l i g a n d  p r o p e r t i e s  and c a t a l y t i c  a c t i v i t y  has  

impor t an t  i m p l i c a t i o n s  f o r  f u r t h e r  advances i n  t h e  d e s i g n  of 

c a t a l y t i c  complexes and t h e  r e g u l a t i o n  of c a t a l y t i c  a c t i v i t y  and 

s e l e c t i v i t y  . 
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