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I. I n t r o d u c t i o n  

The  m a j o r  o b j e c t i v e s  of th is  W o r k s h o p  w e r e  to ident i fy  oppor tuni t ic :s  
for  the  so lu t ion  of e n e r g y  p r o b l e m s  by h o m o g e n e o u s  c a t a l y s t s  and to 
f o r m u l a t e  r e c o m m e n d a t i o n s  for  f u n d a m e n t a l  r e s e a r c h  in th is  a r e a  tha t  
could  a c c e l e r a t e  t h e s e  so lu t ions .  

The  d e s i r e  of the Uni ted  Sta tes  to a t t a in  a h igh  d e g r e e  of e n e r g y  
s e l f - s u f f i c i e n c y  is wel l  known.  It is w i d e l y  r e c o g n i z e d  that  a c h i e v i n g  th is  
goal  wi l l  r e q u i r e  a m u c h  g r e a t e r  u t i l i z a t i o n  of coa l  in the p r o d u c t i o n  of 
g a s e o u s  and l iqu id  fuels  and of p e t r o c h e m i c a l s .  I m p o r t a n t  c o n t r i b u t i o n s  
can  a l so  be m a d e  by new t e c h n o l o g y  that  p r o v i d e s  e n e r g y  c o n s e r v a t i o n  in 
ways  such  as m o r e  e n e r g y - e f f i c i e n t  c h e m i c a l  p r o d u c t i o n  p r o c e s s e s  o r  
m o r e  e f f i c i en t  e n e r g y  c o n v e r s i o n  p r o c e s s e s ,  e . g . ,  fuel  c e l l s .  F i n a l l y ,  
h a r n e s s i n g  s o l a r  e n e r g y  to p r o d u c e  fue ls  (such as h y d r o g e n  g e n e r a t e d  
f r o m  water}  or  f e e d s t o c k s  for  p e t r o c h e m i c a l s  could  be  of e n o r m o u s  va lue .  

In our  c u r r e n t  t e c h n o l o g y  for  p r o c e s s i n g  c r u d e  o i l  to fue l s  and p e t r o -  
c h e m i c a l s ,  a l m o s t  e v e r y  s tep  r e q u i r e s  the  use  of a spec i f i c  c a t a l y s t .  In 
add i t ion ,  c a t a l y s i s  is invo lved  in the  e m e r g i n g  t e c h n o l o g i e s  for :  (1) p roduc t i o r  
of syn the t i c  n a t u r a l  gas and syn the t i c  c r u d e  oi l  f r o m  coal ;  (2) r o u t e s  to 
p e t r o c h e m i c a l s  us ing s y n t h e s i s  gas d e r i v e d  f r o m  coa l  e i t h e r  d i r e c t l y  via  
coa l  g a s i f i c a t i o n  o r  i n d i r e c t l y  via  the s t e a m  r e f o r m i n g  of h y d r o c a r b o n s  
p r o d u c e d  f r o m  coa l  l iqu i fac t ion ;  (3) fuel  c e l l  e l e c t r o d e s .  One can a l so  
e n v i s i o n  d i s c o v e r i e s  in c a t a l y s i s  p e r m i t t i n g  h e r e t o f o r e  unknown or  g r e a t l y  
i m p r o v e d  p r o c e s s e s  for  the  a c t i v a t i o n  and u t i l i z a t i on  of abundant  and 
i n e f f i c i e n t l y  used  s u b s t a n c e s  such  as oxygen ,  n i t r o g e n ,  c a r b o n  d iox ide  and 
p a r a f f i n s .  C l e a r l y ,  c a t a l y s i s  wi l l  p lay  a key  ro l e  in the fu tu r e  p r o d u c t i o n ,  
u t i l i z a t i o n  and c o n s e r v a t i o n  of e n e r g y .  

Mos t  of ou r  ex i s t ing  ca t a ly t i c  t e c h n o l o g y  is b a s e d  on s o - c a l l e d  
" h e t e r o g e n e o u s "  c a t a l y s t s .  H i s t o r i c a l l y ,  t h e s e  h e t e r o g e n e o u s  c a t a l y s t s  
have  c o n s i s t e d  m a i n l y  of  m e t a l s  o r  m e t a l  ox ides  and, in m a n y  a p p l i c a t i o n s ,  
r e q u i r e  r e l a t i v e l y  high r e a c t i o n  t e m p e r a t u r e s .  Often t h e s e  c a t a l y s t s  p r o v i d e  
l i m i t e d  s e l e c t i v i t y  to the d e s i r e d  p r o d u c t s  and a r e  c h a r a c t e r i z e d  by e n e r g y -  
i n t e n s i v e ,  c a p i t a l - i n t e n s i v e  p r o c e s s e s .  

A n o t h e r  i n t e r e s t i n g  and i m p o r t a n t  c l a s s  of c a t a l y s t s  a r e  the s o - c a l l e d  
" h o m o g e n e o u s "  c a t a l y s t s  wh ich  c o n s i s t  m a i n l y  of m e t a l  c o m p l e x e s .  While  
for  a long t i m e  m e t a l  c o m p l e x e s  w e r e  used  and s tud ied  m a i n l y  
h o m o g e n e o u s l y  in the l iquid  phase ,  w o r k  in r e c e n t  y e a r s  has  shown that  
m a n y  of t h e s e  c o m p l e x e s  can  be p r e p a r e d  and used  in the  f o r m  of a v a r i e t y  
of  h e t e r o g e n e o u s  ana logs  and of ten  p r o v i d e  p r o p e r t i e s  s i m i l a r  to t h o s e  
o b s e r v e d  in h o m o g e n e o u s  l iquid  p h a s e  s y s t e m s .  T h e i r  m o s t  i m p o r t a n t  
d i s t i n c t i o n  is tha t  they  c o n s i s t  of m e t a l  c o m p l e x e s  r a t h e r  than  m e t a l s  o r  
m e t a l  ox ides .  In this  r e p o r t  the  t e r m i n o l o g y  h o m o g e n e o u s  c a t a l y s t s  sha l l  
be  s y n o n y m o u s  wi th  m e t a l  c o m p l e x  c a t a l y s t s .  
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Me ta l  c o m p l e x  c a t a l y s t s  u sua l ly  p e r f o r m  at m i l d e r  r e a c t i o n  c o n d i t i o n s  
and of ten p r o v i d e  g r e a t e r  s e l e c t i v i t y  than  is c o m m o n l y  found with m e t a l /  
m e t a l  ox ide  c a t a l y s t s .  G r e a t e r  s e l e c t i v i t y  has  an i m p o r t a n t  i m p a c t  on 
e n e r g y  and r e s o u r c e  u t i l i z a t i o n  in s e v e r a l  ways .  P r o d u c t  s e p a r a t i o n  and 
p u r i f i c a t i o n  is s i m p l i f i e d  and p r o c e s s  e n e r g y  r e q u i r e m e n t s  a r e  s i g n i f i c a n t l y  
r e d u c e d .  B y p r o d u c t s  m a y  be u s e l e s s  o r  of low va lue  and th is  m a t e r i a l -  
va lue  loss  can  be t r a n s l a t e d  to an equ iva l en t  e n e r g y  lo s s .  P o o r  s e l e c t i v i t y  
can  a l so  r a i s e  c a p i t a l  r e q u i r e m e n t s  s i g n i f i c a n t l y  and,  i n c r e a s i n g l y ,  c ap i t a l  
as  we l l  as  e n e r g y  is r e g a r d e d  as a c r i t i c a l  na t i ona l  r e s o u r c e .  

An i l l u s t r a t i o n  of the  u t i l i ty  of h o m o g e n e o u s  c a t a l y s i s  is p r o v i d e d  by 
the new p r o c e s s  r e c e n t l y  c o m m e r c i a l i z e d  on a l a r g e  s c a l e  for  the m a n u f a c t u r e  
of a c e t i c  ac id  f r o m  m e t h a n o l  and c a r b o n  m o n o x i d e .  As n a t u r a l  gas and 
p e t r o l e u m  p r i c e s  r i s e ,  the p r e f e r r e d  r a w  m a t e r i a l  for  a c e t i c  ac id  (and o t h e r  
p e t r o c h e m i c a l  p roduc t s}  wil l  b e c o m e  s y n t h e s i s  gas  d e r i v e d  f r o m  coa l .  The  
new a c e t i c  ac id  p r o c e s s  wi l l  en joy  a r a w  m a t e r i a l  a d v a n t a g e  s ince  both 
m e t h a n o l  and c a r b o n  m o n o x i d e  a r e  ob t a inab l e  f r o m  s y n t h e s i s  gas .  In 
add i t ion  to a f a v o r a b l e  r a w  m a t e r i a l  cos t ,  the high s e l e c t i v i t y  in this  p r o c e s s  
r e s u l t s  in low p r o c e s s  e n e r g y  and cap i t a l  r e q u i r e m e n t s .  T h e s e  a d v a n t a g e s  
w e r e  m a d e  p o s s i b l e  by the d i s c o v e r y  and d e v e l o p m e n t  of a h igh ly  spec i f i c  
h o m o g e n e o u s  c a t a l y s t  that  func t ions  at m i l d  r e a c t i o n  c o n d i t i o n s .  
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If. S u m m a r y  

O n e  
C a r b o n  
C h e m i s t r y  

The  c o n v e r s i o n  of coa l  to s y n t h e s i s  gas  ( ca rbon  m o n o x i d e  
a n d  hyd rogen )  is an i m p o r t a n t  a s p e c t  of i n c r e a s e d  coa l  
u t i l i z a t i o n  in the p r o d u c t i o n  of g a s e o u s  fue l s  and of p e t r o c h e m i c a l s .  
In the use  of s y n t h e s i s  gas  as  a r a w  m a t e r i a l ,  a recur rJ .ng  
c h e m i c a l  r e a c t i o n  is the  r e d u c t i o n  of c a r b o n  m o n o x i d e  wi th  
h y d r o g e n .  F u n d a m e n t a l  r e s e a r c h  is  n e c e s s a r y  on the c a t a l y s i s  of 
t h i s  r e a c t i o n .  The  i d e n t i f i c a t i o n  and s tudy  of p o s s i b l e  i n t e r m e d i a t e s  
w i l l  be n e c e s s a r y  to d e v i s e  both  h o m o g e n e o u s  and new 
h e t e r o g e n e o u s  c a t a l y s t s .  M o r e  knowledge  of the i n t e r a c t i o n  of 
CO and H 2 wi th  m e t a l  c o m p l e x e s  is c l e a r l y  i n d i s p e n s a b l e .  The  
l a c k  of e x a m p l e s  of h o m o g e n e o u s l y  c a t a l y z e d  r e d u c t i o n s  of CO 
o f f e r s  an  i m p o r t a n t  c h a l l e n g e .  Why do CO r e d u c t i o n s  o c c u r  
h e t e r o g e n e o u s l y ,  but  not h o m o g e n e o u s l y ?  

F i s c h e r -  
T r o p s c h  

A h o m o g e n e o u s l y  c a t a l y z e d  s y n t h e s i s  of m e t h a n e ,  for  
e x a m p l e ,  m i g h t  p rov ide  g r e a t e r  r e s i s t a n c e  to su l fu r  po i son ing ,  
m o r e  f a c i l e  h e a t  r e m o v a l  and l e s s  c a t a l y s t  d e a c t i v a t i o n  t han  
o c c u r s  wi th  p r e s e n t  h e t e r o g e n e o u s  c a t a l y s t s .  A h o m o g e n e o u s  
c a t a l y s t  for  m e t h a n o l  s y n t h e s i s  could func t ion  at  l ower  
t e m p e r a t u r e s  and p rov ide  g r e a t e r  c o n v e r s i o n  p e r  p a s s  at l o w e r  
r e a c t i o n  p r e s s u r e s .  A h o m o g e n e o u s  c a t a l y s t  in the  F i s c h e r -  
T r o p s c h  s y n t h e s i s  m i g h t  p r o v i d e  h i g h e r  s e l e c t i v i t y  for  i m p o r t a n t  
p r o d u c t s  such  as h i g h e r  t e r m i n a l  o l e f i n s  and a l c o h o l s .  I m p r o v e -  
m e n t s  in the  f o r m a t i o n  of e thano l  f r o m  m e t h a n o l  a p p e a r  r e a d i l y  
a t t a i n a b l e  by  h o m o g e n e o u s  c a t a l y s i s .  F i n a l l y ,  the  w a t e r - g a s  
sh i f t  r e a c t i o n  could a l so  b e n e f i t  f r o m  h o m o g e n e o u s l y  c a t a l y z e d  
s y s t e m s  tha t  o p e r a t e d  at l o w e r  t e m p e r a t u r e s .  

H y d r o c a r b o n  H o m o g e n e o u s  c a t a l y t i c  a c t i v a t i o n  of the  h y d r o c a r b o n s  
A c t i v a t i o n  p r oduced  in F i s c h e r - T r o p s c h  p r o c e s s e s  or  o t h e r w i s e  a v a i l a b l e  

is  a l so  an a r e a  of m a j o r  s c i e n t i f i c  c h a l l e n g e .  C-H  bond 
a c t i v a t i o n  in a l k a n e s  is not  now we l l  e s t a b l i s h e d  for  so lu b l e  
c a t a l y s t s ,  excep t  fo r  r e l a t i v e l y  n o n s p e c i f i c  e l e c t r o p h i l [ c  and 
f r e e  r a d i c a l  p r o c e s s e s .  Such a r e a c t i o n  would be the  f i r s t  
s t ep  in the c a t a l y s i s  of both  the i n t e r c o n v e r s i o n  (e. g. the  
i s o m e r i z a t i o n  of n o r m a l  p a r a f f i n s  to b r a n c h e d  p r o d u c t s  in 
p e t r o l e u m  ref in ing} and the  f u n c t i o n a l i z a t i o n  of h y d r o c a r b o n s .  
A p a r t i c u l a r l y  u se fu l  type  of f u n c t i o n a l i z a t i o n  would be  s e l e c t i v e  
ox ida t ion  (see  below).  In a l l  such r e a c t i o n s  the  i n c r e a s e d  
s e l e c t i v i t y  to be expec t ed  of h o m o g e n e o u s  c a t a l y s t s  would be of 
v i t a l  i m p o r t a n c e  in the p e t r o l e u m  r e f i n i n g  and p e t r o c h e m i c a l  
i n d u s t r i e s .  H i g h e r  y i e l d s  of d e s i r a b l e  p r o d u c t s  would not on ly  
d i r e c t l y  d e c r e a s e  c r u d e  h y d r o c a r b o n  c o n s u m p t i o n  but a l so  s a v e  
the  p r o c e s s  e n e r g y  invo lved  in s e p a r a t i o n .  

N i t r o g e n  
A c t i v a t i o n  

Activation of atmospheric nitrogen also merits increased 
attention. However, catalysis of direct ammonia synthesis is 
not nearly as important a goal as is the synthesis of hydrazine, 
nitrates, and organic amines directly from nitrogen. 
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Selective 
Oxygenation 

Oxyg e-n 
Cathode in 
Fuel Cells 

C a t a l y s t  
S e l e c t i v i t y  

Photo - 
chemistry 

Selective oxygenation of organic substrates remains a 
largely unresolved challenge to synthetic chemistry. Direct 
use of oxygen itself, the least energy-intensive functionalizing 
agent, would be ideal. In this respect there is a great deal to be 
learned from nature, where metalloenzymes (natural homogeneous 
catalysts} incorporate one or both atoms of molecular oxygen 
into saturated organic substrates with great selectivity. Recent 
developments with main group systems offer promise and suggest 
that these elements should have less tendency than transition 
metals to promote undesired, nonselective free radical 
oxygenations. 

T h e r e  is  a l s o  n e e d  f o r  m o r e  e f f e c t i v e  c a t a l y s i s  of  t h e  
t o t a l  o x i d a t i o n  of  o r g a n i c  s u b s t r a t e s  u s e d  as  f u e l s .  T h e  e n e r g y  
of  c o m b u s t i o n  o f  f u e l s  by  Oy c a n n o t  now be  c o n v e r t e d  e f f i c i e n t l y  
to  e l e c t r i c a l  o r  m e c h a n i c a l  e n e r g y  at  u s e f u l  r a t e s .  It  w o u l d  be  
p o s s i b l e  to  do  so if t h e  f u e l  c o u l d  be  o x i d i z e d  a n d  o x y g e n  r e d u c e d  
at  s e p a r a t e  e l e c t r o d e s  in  an  e l e c t r o c h e m i c a l  c e l l .  T o  r e d u c e  0 2 
r a p i d l y ,  e n e r g e t i c a l l y  u n f a v o r a b l e  i n t e r m e d i a t e s  m u s t  b e  a v o i d e ~  
o r  s t a b i l i z e d .  C a t a l y s t s  c a p a b l e  of p r o v i d i n g  m u l t i - c e n t e r e d ,  
m u l t i - e l e c t r o n  r e a c t i o n  p a t h s  o r  of  s t a b i l i z i n g  t h e  i n t e r m e d i a t e s  
o f  s t e p w l s e  p a t h s  a r e  n e e d e d ,  i n f o r m a t i o n  n e e d e d  to a i d  t h e i r  
d e s i g n  w i l l  c o m e  f r o m  s y n t h e s i s ,  p r o p e r t i e s ,  and  c h e m i c a l  
b e h a v i o r  o f  s e v e r a l  t y p e s  o f  m e t a l  c o m p o u n d s ,  and  f r o m  s t u d y  of  
p e r t i n e n t  e n z y m e s .  T h e  a n o d i c  o x i d a t i o n  of  c a r b o n a c e o u s  f u e l s ,  
i n c l u d i n g  t h e  i m p o r t a n t  c a s e  o f  m e t h a n o l ,  p o s e s  a n a l o g o u s  
p r o b l e m s  w i t h  e n e r g e t i c a l l y  u n f a v o r a b l e  L n t e r m e d i a t ( ' s .  

It  is c l e a r  f r o m  t h e  f o r e g o i n g  t h a t  s p e c i f i c i t y  is an  i m p o r t a n t  
g e n e r a l  a s p e c t  of  h o m o g e n e o u s  c a t a l y s i s .  T h e r e  a r e  i m p o r t a n t  
p o t e n t i a l  i n d u s t r i a l  a p p l i c a t i o n s  of  h i g h l y  s p e c i f i c  c a t a l y s i s  in 
t h e  p r o d u c t i o n  of  c h i r a l  s u b s t a n c e s  ( a s y m m e t r i c  c a t a l y s i s )  and  
o t h e r  n a t u r a l l y  o c c u r r i n g  s u b s t a n c e s  ( s t e r e o s p e c L f L c  and  r e g i s -  
s p e c i f i c  c a t a l y s i s }  f o r  u s e  a s  f o o d s t u f f s ,  d r u g s ,  v i t a m i n s ,  
f r a g r a n c e s  and  f l a v o r i n g s .  F u r t h e r  d e v e l o p m e n t  o f  t h i s  a r e a  
c o u l d  r e s u l t  in n e w  t e c h n i q u e s  f o r  o x i d a t i o n  r e a c t i o n s  and  Ln 
c a t a l y t i c  r e a c t i o n s  of  SOy,  NO x and  CO u s e f u l  in  c o n t r o l  o f  
p o l l u t i o n  f r o m  s t a c k  g a s e s .  

T h e r e  a r e  a l s o  m a n y  p o t e n t i a l  a p p l i c a t i o n s  o f  h o m o g e n e o u s  
c a t a l y s i s  to t h e  s t o r a g e  and  u s e  of  l i gh t  e n e r g y .  T w o  a r e :  
1) t h e  p r o d u c t i o n  of  h i g h - e n e r g y  s u b s t a n c e s  ( s u c h  as  h y d r o g c - n )  
by  e n e r g y  t r a n s f e r  f r o m  s u n l i g h t  v ia  m e t a l  c o m p l e x e s  to 
o p t i c a l l y  t r a n s p a r e n t  s u b s t r a t e s  ( s u c h  as  w a t e r ) ;  2) t h e  p h o t o -  
c h e m i c a l  f o r m a t i o n  of  n o v e l h o m o g e n c o u s  c a t a l y s t s ,  o r  the. 
f o r m a t i o n  o f  k n o w n  o n e s  u n d e r  m i l d  c o n d i t i o n s .  
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Suppor ted  
C a t a l y s t s  

S u p p o r t i v e  
F u n d a m e n t a l  
R e s e a r c h  

Study of h o m o g e n e o u s  type  m e t a l  c o m p l e x  c a t a l y s t s  
s u p p o r t e d  on i n so lub l e  c a r r i e r s  or  e m p l o y e d  in so lven t s  in 
m u l t i p h a s e  s y s t e m s  has  the  p o t e n t i a l  to e l i m i n a t e  or  r e d u c e  
p r o b l e m s  a s s o c i a t e d  with  the  use  of so lub le  c a t a l y s t s .  M o r e  
i m p o r t a n t l y ,  s tudy of a v a r i e t y  of s u p p o r t s ,  i nc lud ing  t h o s e  
ab le  to ac t  s y n e r g i s t i c a l l y  wi th  the  s u p p o r t e d  c o m p l e x ,  is  
l i k e l y  to lead  to new and u se fu l  t ypes  of c a t a l y s t s .  

Whi le  the  types  of r e s e a r c h  c i t ed  above  a r e  d i r e c t l y  
l inked  to e n e r g y - r e l a t e d  o b j e c t i v e s ,  the e f f ec t i ve  p u r s u i t  of 
such  r e s e a r c h  a l so  r e q u i r e s  a s t r o n g  s u p p o r t i v e  r e s e a r c h  
e f fo r t  in a v a r i e t y  of f i e lds  of u n d e r l y i n g  b a s i c  s c i e n c e .  
Among  the r e s e a r c h  t h e m e s  u n d e r l y i n g  m o s t  or  a l l  of the  
above a r e a s  a r e  1) the  need  for  new l i gands  r e s i s t a n t  to 
s e v e r e  r e a c t i o n  cond i t i ons ,  l i gands  c a p a b l e  of m a n i f e s t i n g  
v a r i a b l e  ox ida t ion  s t a t e s ,  and l igands  c a p a b l e  of s t a b i l i z i n g  
m e t a l s  in unusua l  ox ida t ion  s t a t e s ;  Z) the  c a t a l y t i c  po ten t i a l  
of the  r e l a t i v e l y  n e g l e c t e d  e a r l y  t r a n s i t i o n  e l e m e n t s  ( t i t an ium,  
m o l y b d e n u m ,  t ungs t en ,  e tc .  ); 3) the  need  for  f u n d a m e n t a l  
r e s e a r c h  on the k i n e t i c s  and m e c h a n i s m s  of o r g a n o m e t a l l i c  
r e a c t i o n s ;  4) the  m a n y  p o t e n t i a l  u s e s  of m u l t i - m e t a l l i c  s y s t e m s ;  
5) the  i m p o r t a n c e  of the  s t a b i l i z a t i o n  of h i g h - e n e r g y  r e a c t i o n  
i n t e r m e d i a t e s .  

III. R e c o m m e n d a t i o n s  

A. High  P r i o r i t y  R e s e a r c h  A r e a s  

T h e r e  a r e  m a n y  ways  in which  h o m o g e n e o u s  c a t a l y s i s  is  c a p a b l e  of 
c o n t r i b u t i n g  to the  so lu t ion  of e n e r g y  p r o b l e m s ,  and thus  m a n y  a r e a s  of 
r e s e a r c h  a r e  r e c o m m e n d e d  in subsequen t  m o r e  de t a i l ed  s e c t i o n s  on 
p a r t i c u l a r  p r o b l e m s .  H o w e v e r ,  the W o r k s h o p  r e c o g n i z e d  the  fo l lowing 
a r e a s  of r e s e a r c h  as p a r t i c u l a r l y  i m p o r t a n t ,  r e l a t i v e l y  n e g l e c t e d  at p r e s e n t ,  
and p o t e n t i a l l y  f ru i t fu l :  

1) The  h o m o g e n e o u s  c a t a l y t i c  a c t i v a t i o n  of s a t u r a t e d  h y d r o c a r b o n s .  

Z) S e l e c t i v e  ox ida t ion  of o r g a n i c  s u b s t a n c e s  and the a c t i v a t i o n  
of oxygen ,  i nc lud ing  e l e c t r o d e  s u r f a c e  s t u d i e s .  

3) The  r e d u c t i o n  of c a r b o n  m o n o x i d e ,  e s p e c i a l l y  by h y d r o g e n ,  
inc lud ing  s t ud i e s  on the  m e c h a n i s m  of F i s c h e r - T r o p s c h  s y n t h e s i s  and on 
h o m o g e n e o u s l y  c a t a l y z e d  ana logs  of the  l a t t e r .  

4) S tud ies  on m u l t i - m e t a l  c a t a l y s t  s y s t e m s ,  inc lud ing  po ly -  
n u c l e a r  c o m p l e x e s  as w e l l  as m u l t i - f u n c t i o n  c a t a l y s t s  invo lv ing  c o m b i n a t i o n s  
of d i f f e r e n t  m e t a l  ions .  (Succes s fu l  e x a m p l e s  of the  l a t t e r  inc lude  the  use  
of Cu(II) - Pd(II)  coup le s  in the W a c k e r  r e a c t i o n  and Hg(I I ) -Pd( I I )  fo r  
coup l ing  a r o m a t i c s ) .  
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5) P r o d u c t i o n  of h i g h  e n e r g y  s u b s t a n c e s  s u c h  as  h y d r o g e n  f r o m  
w a t e r ,  and  c a r b o n  m o n o x i d e  f r o m  c a r b o n  d i o x i d e ,  e s p e c i a l l y  t h r o u g h  
p h o t o - a s s i s t e d  p r o c e s s e s .  

6) C a t a l y t i c  c o m p l e x e s  i n v o l v i n g  u n u s u a l  m e t a l  e n v i r o n m e n t s ,  
i n c l u d i n g  n e w  l i g a n d s ,  s u p p o r t e d  m e t a l  c o m p l e x e s  and u n u s u a l  m e d i a  s u c h  
as  f u s e d  s a l t s  and  s o l v e n t s  of low n u c l e o p h i l i c i t y  f o r  h i g h l y  e l e c t r o p h i l i c  
c a t a l y s t s .  

B. Needs and Programs of Suppor t 

In recognition of certain special needs and obstacles to progress in the 
field, the Workshop recommended the following programs to further 
fundamental research in homogeneous catalysis related to energy problen~s: 

I) A program of internships or senior postdoctoral fellowships to 
support sabbatical leaves (especially by young academic scientists)in 
laboratories where they would obtain training and experience in fields 
related to homogeneous catalysis and thereby be in a Position to more 
effectively direct their research efforts. 

J u s t i f i c a t i o n .  A m o n g  the  f a c t o r s  t ha t  w a r r a n t  t he  a s s i g n m e n t  of  
a h i g h  p r i o r i t y  to s u c h  a p r o g r a m  in th i s  p a r t i c u l a r  f i e ld  a r e  (i) t h e  y o u n g  
and  r a p i d l y  e x p a n d i n g  c h a r a c t e r  of the  f i e l d  of h o m o g e n e o u s  c a t a l y s i s ;  
(ii) t he  r e l a t i v e l y  s m a l l  n u m b e r  of a c a d e m i c  l a b o r a t o r i e s  a l r e a d y  w o r k i n g  
in t he  f i e l d  and  the  c o n s e q u e n t l y  i n a d e q u a t e  r a t e  of t r a i n i n g  of n e w  s c i e n t i s t s  
at  the  p o s t g r a d u a t e  and  p o s t d o c t o r a l  l e v e l s ;  (iii) the  m u l t l d i s c i p l i n a r y  nature :  
of  the  f i e l d ,  as  a r e s u l t  of  w h i c h  t h e r e  s h o u l d  be c o n s l d e r a b l e  c o n t r i b u t i o n s  
f r o m  s c i e n t i s t s  wi th  p r i o r  t r a i n i n g  in o t h e r  f i e l d s ;  (iv) t he  d e m o n s t r a t e d  
i n t e r e s t  of m a n y  young  s c i e n t i s t s  in o t h e r  f i e l d s  ( ( , s p e c i a l l y  o r g a n i c  c h e m i s ! s )  
in u n d e r t a k i n g  r e s e a r c h  p r o g r a m s  in h o m o g e n e o u s  c a t a l y s i s  and (v) t he  
a b s e n c e  of  a d e q u a t e  p r o g r a m s  of s u p p o r t  of  a d v a n c e d  p o s t d o c t o r a l  t r a i n i n ~  
and  s a b b a t i c a l  l e a v e s  in m a n y  a c a d e m i c  i n s t i t u t i o n s .  

2) N a t i o n a l  and  r e g i o n a l  s e r v i c e s  to p r o v i d e  a c c e s s  t___oo l a r g e  
i n s t r u m e n t a l  f a c i l i t i e s  t h a t  a r e  i m p o r t a n t  f o r  the  i m p l e m e n t a t i o n  of  m u c h  
r e s e a r c h  in h o m o g e n e o u s  c a t a l y s i s  ( s u c h  as  Md~ssbauer  s p e c t r o s c o p y ,  
m u l t i n u c l e a r  N1Ym s p e c t r o s c o p y ,  p r e c i s e  m a g n e t i c  m e a s u r e m e n t s ,  a n a l y t i c a l  
s e r v i c e s ,  E S C A ,  an___dd s p e c i a l i z e d  m a s s  s p e c t r o m e t r i c  a n a l y s e s ,  et__cc. ). 

J u s t i f i c a t i o n .  S u c h  f a c i l i t i e s  a r e  of c r u c i a l  i m p o r t a n c e  to m u c h  
of m o d e r n  r e s e a r c h  in t h e  f i e ld  of h o m o g e n e o u s  c a t a l y s i s  and a r e  no t  now 
a c c e s s i b l e  to m a n y  r e s e a r c h  w o r k e r s .  At t he  s a m e  t i m e  it is not  p r a c t i c a l  
fo r  a l l  t h e  i n s t i t u t i o n s  w h e r e  s u c h  r e s e a r c h  is b e i n g  c a r r i e d  out  to p o s s e s s  
s u c h  f a c i l i t i e s  b e c a u s e  of  t he  r e l a t i v e l y  s m a l l  s i z e  of m a n y  r e s e a r c h  gro~lps .  
C o o p e r a t i v e  f a c i l i t i e s  and  s e r v i c e s  t hus  s e e m  to be. the  m o s t  e f f e c t i v -  w;,y 
of filling this urgent need. In recommending such a progra))), l h~ W,)r~sbop 
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p a r t i c i p a n t s  a l so  r e c o g n i z e d  the l i m i t a t i o n s  of such c e n t r a l i z e d  f a c i l i t i e s  
and s t r e s s e d  the  i m p o r t a n c e  of e n s u r i n g  h igh  qua l i t y  p e r f o r m a n c e  and 
s e r v i c e .  

3) P r o g r a m s  (such  as c o n t r a c t u a l  a r r a n g e m e n t s  wi th  c o m m e r i c a l  
o r  a c a d e m i c  l a b o r a t o r i e s  tha t  a r e  q u a l i f i e d  to u n d e r t a k e  such  t a sk s )  for  the  
s y n t h e s i s  of r e c o g n i z a b l y  i m p o r t a n t  . c l a s ses  of l i ~  (fo__~r e x a m p l e  phosphine :  
p h o s p h i t e s ,  m a c r o c y c l i c  l i gands ,  c h i r a l  l i g a n d s ,  l i~ands  wi th  s p e c i a l  
s u b s t i t u e n t s ,  e tc .  ) to be m a d e  a v a i l a b l e  to w o r k e r s  in the  f ie ld  o f  homogeneou!  
c a t a l y s i  s throug---'h so'm'e a p p r o p r i a t e  m e c h a n i s m  s _ _ u c h ~ ' _  ~'ligand bank.  " 

J u s t i f i c a t i o n .  The  i m p o r t a n c e  of a c c e s s  to a w i d e r  r a n g e  of 
l i gands  than  is p r e s e n t l y  a v a i l a b l e  to m a n y  w o r k e r s  in the  f i e ld  of 
h o m o g e n e o u s  c a t a l y s i s  was  r e c o g n i z e d  in m a n y  of the  r e c o m m e n d e d  a r e a s  
of r e s e a r c h .  B e c a u s e  of the  d i f f i cu l ty  of s y n t h e s i s  of m a n y  d e s i r e d  l i g a n d s ,  
and b e c a u s e  such  s y n t h e s e s  a r e  f r e q u e n t l y  ou t s i de  the a r e a s  of e x p e r t i s e  
of the  r e s e a r c h  w o r k e r s  involved ,  the  a v a i l a b i l i t y  of l i gands  is  of ten  a 
l i m i t i n g  f a c t o r  in the s u c c e s s f u l  conduct  of r e s e a r c h  in the  f i e ld  of 
h o m o g e n e o u s  c a t a l y s i s .  In m a n y  c a s e s  (e. g. phosph ine  l i gands )  the  need  
for  s pec i f i c  c l a s s e s  of l i gands  (in a w i d e r  r a n g e  t han  p r e s e n t l y  a v a i l a b l e )  
is s u f f i c i e n t l y  w i d e s p r e a d  and r e c o g n i z a b l e  tha t  a p r o g r a m  to m a k e  such 
l i gands  m o r e  r e a d i l y  a v a i l a b l e  in a s y s t e m a t i c  m a n n e r  s e e m s  both f e a s i b l e  
and d e s i r a b l e .  

C. O t h e r  R e c o m m e n d a t i o n s  

In r e s p o n s e  to o t h e r  p r o b l e m s  and needs  tha t  w e r e  r e c o g n i z e d ,  the. 
W o r k s h o p  r e c o m m e n d s  : 

1) M o r e  e f f ec t ive  i n t e r a c t i o n  b e t w e e n  a c a d e m i c  and i n d u s t r i a l  
r e s e a r c h  w o r k e r s  in the  f i e ld  of h o m o g e n e o u s  c a t a l y s i s .  

P l M o r e  e f f e c t i v e  i n t e r a c t i o n  b e t w e e n  r e s e a r c h  w o r k e r s  in the  
f i e l d s  of h o m o g e n e o u s  and h e t e r o g e n e o u s  c a t a l y s i s .  

3) The  d e v e l o p m e n t  of m o r e  e f f e c t i v e  p r o c e d u r e s  t han  a r e  
p r e s e n t l y  a v a i l a b l e  for  the  eva lua t i on  of c a t a l y t i c  p r o p e r t i e s  of c o o r d i n a t i o n  
and o r g a n o m e t a l l i c  compounds  t h a t  a r e  s y n t h e s i z e d  in a c a d e m i c  l a b o r a t o r i e s .  

IV. P r o d u c t i o n  and Use  of C a r b o n  Oxides  and H y d r o g e n  

In i d e n t i f y i n g  p o t e n t i a l  r e s e a r c h  a r e a s  for  the  u t i l i z a t i o n  of I carbor~ 
m o l e c u l e s ,  a r e c u r r i n g  p r o b l e m  is the r e d u c t i o n  of c a r b o n  monoxide: with 
h y d r o g e n  o v e r  t r a n s i t i o n  m e t a l  c o m p l e x e s .  A v e r y  h igh  p r i o r i t y  should be 
a t t a c h e d  to f u n d a m e n t a l  r e s e a r c h  on the  r e a c t i o n s  be tween  m e t a l  c o m p l e x e s  
and CO and H 2 m i x t u r e s .  The  i d e n t i f i c a t i o n  of the  i n t e r m e d i a t e  and s tud i e s  
of the  r e a c t i o n s  of such  s p e c i e s ,  in p a r t i c u l a r  the  s tudy  of ' i n s e r t i o n '  of CO 
into m e t a l  h y d r i d e  bonds ,  would be of bene f i t  in d e v i s i n g  both  h o m o g e n e o u s  
and h e t e r o g e n e o u s  c a t a l y s t s .  
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I n t r o d u c t i o n  

At p r e s e n t ,  n a t u r a l  gas or  p e t r o l e u m  is used  to m a k e  synthesis gas 
and s y n t h e s i s  gas in t u r n  is used  to m a k e  fue ls  and c h e m i c a l s .  B e c a u s e  
m e t h a n e  is in v e r y  s h o r t  supply in this  c o u n t r y  and p e t r o l e u m  f e e d s t o c k s  
a r e  b e c o m i n g  s c a r c e ,  we m u s t  t u r n  to our  vas t  and i nd igenous  r e s e r v e s  of 
coa l  and to o t h e r  a v a i l a b l e  c a r b o n  s o u r c e s  for  the p r o d u c t i o n  of s y n t h e s i s  
g a s .  

Coal G a s i f i c a t i o n  

The  c o n v e r s i o n  of coa l  to s y n t h e s i s  gas with  s t e a m  and oxygen  is a 
w e l l - k n o w n  p r o c e s s .  The  K o p p e r s - T o t z e k  p r o c e s s  o p e r a t i n g  at a t m o s p h e r i c  
p r e s s u r e  p r o d u c e s  s y n t h e s i s  gas  f r o m  coa l s  in m a n y  p lan t s  (about 30) 
a r o u n d  the  wor ld ;  th is  gas is u sed  m o s t l y  to p r o d u c e  m e t h a n o l  and a m m o n i a .  
The w e l l - e s t a b l i s h e d  L u r g i  p r o c e s s  o p e r a t i n g  at 300-350 ps i  p r o d u c e s  
m e t h a n e  a long with  s y n t h e s i s  gas  and is used  in the Saso l  plant  in South 
A f r i c a  to p r o d u c e  l iquid fuels  and c h e m i c a l s  via the F i s c h e r - T r o p s c h  
p r o c e s s .  

T h e r e  a r e  s e v e r a l  s o - c a l l e d  second  g e n e r a t i o n  g a s i f i c a t i o n  p r o c e s s e s  
now in the  pilot  s t age  in the U.S .  (the Hygas  p r o c e s s ,  the  Synthane  p r o c e s s ,  
the C O 2 - a c c e p t o r  p r o c e s s  and the Bigas  p r o c e s s ) ;  all  o p e r a t e  at e l e v a t e d  
p r e s s u r e s  (to 1000 psi)  and y ie ld  s y n t h e s i s  gas and m e t h a n e .  They  wi l l  
have  g r e a t e r  t h r o u g h p u t s  than ex i s t ing  t e chno logy  p e r m i t s  (a l though e f fo r t s  
a r e  u n d e r  way to o p e r a t e  the K o p p e r e - T o t z e k  p r o c e s s  at about 350 ps i ) .  
All  t h e s e  g a s i f i c a t i o n  plants  m u s t  o p e r a t e  at 700-1400°C b e c a u s e  of 
t h e r m o d y n a m i c  l i~ l i t a t i ons .  Thus  it is un l ike ly  that  h o m o g e n e o u s  c a t a l y s t s  
wi l l  be u s e f u l  in coa l  g a s i f i c a t i o n .  

450 °C 
The Water-Gas Shift Reaction (CO + H20 --~ CO 2 + H 2) 

F e ,  C o - M s  

The  w a t e r - g a s  shif t  r e a c t i o n  is a way  of i n c r e a s i n g  the 1:1 H_:CO 
ra t io  o r  of p r o d u c i n g  p u r e  H~. P u r e  H Z is n e e d e d  for  the  ammoni~a 
s y n t h e s i s ,  2H2:1CO is n e e d e d  for  the  m e t h a n o l  s y n t h e s i s  and 3Hz : ICO is 
n e c e s s a r y  for  the  s y n t h e s i s  of subs t i t u t e  n a t u r a l  gas (SNG). A g r e a t  
p o t e n t i a l  bene f i t  of a h o m o g e n e o u s l y  c a t a l y z e d  w a t e r - g a s - s h i f t  r e a c t i o n  
could  be the  p r o d u c t i o n  of pu re  H 2 but the use  of such  a c a t a l y s t  to shif t  to 
3:1 gas  for  m e t h a n a t i o n  m i g h t  b e c o m e  v e r y  i m p o r t a n t  as SNG p lan t s  a r e  
bui l t  t h r o u g h o u t  the c o u n t r y .  The  d e s i r e d  p r o d u c t s  a r e  f a v o r e d  by l o w e r  
t e m p e r a t u r e s  and we a l r e a d y  know of h o m o g e n e o u s  c a t a l y s t s  that  func t ion  
at < 2 0 0 ° C .  

T h e r e  should  be m e c h a n i s t i c  i n v e s t i g a t i o n s  l ead ing  to 
new and s u p e r i o r  h o m o g e n e o u s l y  c a t a l y z e d  s y s t e m s  for  
the w a t e r - g a s  shif t .  
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350°C 
Me thana t i on  - (3H 2 + CO - - ~  CH 4 + HzO 

Ni, Fe ,  Ru 

The  m e t h a n a t i o n  of s y n t h e s i s  gas is p r e s e n t l y  a c c o m p l i s h e d  o v e r  
h e t e r o g e n e o u s  Ni,  F e  or  Ru c a t a l y s t s  wi th  Ni be ing  the  p r e f e r r e d  c a t a l y s t .  
S u r p r i s i n g l y ,  l i t t l e  is known c o n c e r n i n g  the m e c h a n i s m  of this  r e a c t i o n .  
At p r e s e n t ,  t h e r e  a r e  no known h o m o g e n e o u s  c a t a l y s t s  fo r  the m e t h a n a t i o n  of 
s y n t h e s i s  gas .  H e t e r o g e n e o u s  c a t a l y s t s  d e a c t i v a t e  with t i m e ;  th is  m a y  be 
due to su l fur  po i son ing ,  s i n t e r i n g ,  c a r b i d e  f o r m a t i o n  o r  coke  f o r m a t i o n  due 
to the  v e r y  l a r g e  e x o t h e r m i c i t y  of the r e a c t i o n .  H o m o g e n e o u s  c a t a l y t i c  
s y s t e m s  would p r o b a b l y  not be  a f fec ted  by su l fur  c o m p o u n d s  and could  w e l l  
avoid  the o t h e r  p r o b l e m s  m e n t i o n e d  above.  

This  is an a r e a  in which  h o m o g e n e o u s  c a t a l y s t s  m a y  do m u c h  to 
exp la in  what  is happen ing  in the  h e t e r o g e n e o u s  c a s e .  F u n d a m e n t a l  s t u d i e s  
should  be a i m e d  at the  d i s c o v e r y  of h o m o g e n e o u s  c a t a l y s t s  or  at the  
e l u c i d a t i o n  of the  e l e m e n t a r y  s t eps  of c o n c e p t u a l i z e d  pa thways  to m e t h a n a t i o n .  

M o r e  k n o w l e d g e  of the  i n t e r a c t i o n  of CO + H_ with m e t a l  
c o m p l e x e s ,  of f o r m y l  m e t a l  c o m p l e x e s ,  of h y ~ r o x y m e t h y l  
m e t a l  c o m p o u n d s ,  of  m e t a l - c a r b e n e  c o m p l e x e s ,  and of 
m e t a l  a lky l s  a p p e a r s  n e c e s s a r y  for  an u n d e r s t a n d i n g  of 
the  m e t h a n a t i o n  r e a c t i o n .  

Z50°C 
Methanol (ZH Z + CO ~ CH3OH) 

Cr-Cu 

One of the great and mysterious differences (which appears again and 
again throughout this report) between heterogeneous and homogeneous 
catalysis involving CO + Hp is the ability of the heterogeneous system to 
catalyze the reduction of CO-by H Z. Such a process is involw~d in the initial 
stage of methanation, the methanol synthesis and the Fischer-Tropsch 
synthesis. At present, no homogeneous catalysts are known which accomplis] 
this. Once an initial methyl group, olefin, alcohol, etc. , is formed over a 
heterogeneous catalyst, homogeneous catalysts are then quite effective in 
carrying out further reactions. Is a metal surface absolutely necessary 
for the initial formation of the organic entity, substrate or compound or will 
it be possible to find a homogeneous catalyst which  will catalyze the reaction 
of CO + H g to form an organic moiety such as CH 4, CH3OH, etc. If the 
latter were possible, that is, if we could synthesize CI-r3OH homogeneously, 
it would not only have great intrinsic importance, it would be significant 
in attempts to devise new routes to petrochemicals and fuels. 

A homogeneously catalyzed methanol synthesis might show 
great selectivity, could be resistant to sulfur poisoning, 
and would remove excessive heats of reaction. This should 
be a primary aim of research in homogeneous catalysis. 

Homogeneous catalysts for methanol would probably operate at lower 
temperature than the presently used heterogeneous catalysts and this would 
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g r e a t l y  i n c r e a s e  the m e t h a n o l  c o n v e r s i o n  p e r  p a s s .  The  low p r e s s u r e  
m e t h a n o l  s y n t h e s i s  now used  o p e r a t e s  at 150 a t m o s p h e r e s  and 200-250°C 
o v e r  c h r o m i a - c o p p e r  c a t a l y s t s .  

Uti l iy.at ion of 1 - C a r b o n  M o l e c u l e s  by the F i s c h e r - T . . r o p s c h  S y n t h e s i s  

In the  F i s c h e r - T r o p s c h  s y n t h e s i s  CO is h y d r o g e n a t e d  on h e t e r o g e n e o u s  
F e ,  Co, Ni and Ru c a t a l y s t s  at 150° -400°C and m o d e r a t e  p r e s s u r e s .  Th i s  
p r o c e s s  y i e l d s  a wide  a r r a y  of p a r a f f i n s ,  o le f ins  and a lcohol~  with a wide  
c a r b o n  n u m b e r  dis t r ibt~t ion.  Changes  of c a t a l y s t s ,  feed gas ,  and opt-rating 
c ond i t i ons  g e n e r a l l y  ordy shif t  t h e s e  d i s t r i b u t i o n  c u r v e s .  Producti¢*n of a 
s i ng l e  m o l e c u l a r  s p e c i e s  o r  m o l e c u l a r  weight  f r a c t i o n  in l a r g e  y i e ld s ,  
excep t  for  CH4, has  not been  a c h i e v e d .  T h e s e  c a t a l y s t s  a r e  po i soned  by 
su l fu r  c o m p o u n d s  and v i r t u a l l y  a l l  of the  su l fu r  m u s t  be r e m o v e d  f r o m  the  
f eed .  The  l a r g e  Saso l  p lant  in South A f r i c a  has  b e e n  o p e r a t i n g  s u c c e s s f u l l y  
for  25 y e a r s  p r o d u c i n g  a m i x t u r e  of fue ls  and c h e m i c a l s .  

As no ted  e a r l i e r ,  c u r r e n t l y  known h o m o g e n e o u s  p r o c e s s e s  do not 
i n i t i a t e  cha in s  and g e n e r a l l y  ex tend t h e m  by only  one c a r b o n  a t o m .  

H o m o g e n e o u s  c o u n t e r p a r t s  to the F i s c h e r - T r o p s c h  s y n t h e s i s  
s t eps  should  be i n v e s t i g a t e d  to p r o v i d e  an u n d e r s t a n d i n g  of 
t h e s e  s t eps  and to p r o v i d e  c o n t r o l  of t h e s e  p r o c e s s e s  to 
y i e l d  h igh s e l e c t i v i t y  in p r o d u c i n g  s e l e c t e d  p r o d u c t s ,  e g . ,  
C 7 to C 9 t e r m i n a l  o le f ins  or  a l c o h o l s .  

R e m o v a l  of the  hea t  of r e a c t i o n  f r o m  the e x o t h e r m i c  r e a c t i o n s  woul,I 
s e e m  s i m p l e r  in a h o m o g e n e o u s  s y s t e m  and hom¢~gen~.ous r~.;icti~nN Hhmll,l 
be r e l a t i v e l y  i n s e n s i t i v e  to poi~oninK by ~lllftlr cm1,p, mndH. 

Again ,  the m o s t  c r u c i a l  p r o b l e m  for hon)og( .neoun c a t a l y s i s  i,~ 1,) 
s y n t h e s i z e  the CH~ m o i e t y  f r o m  CO + H 2, in o t h e r  w o r d s  to reduce.  (:O with 
H Z to a one  carbor~ i n t e r m e d i a t e .  

S y n t h e s i s  of C 2 M o l e c u l e s  f r o m  C 1 M o l e c u l e s  

A p a r t i c u l a r l y  use fu l  a p p l i c a t i o n  of F i s c h e r - T r o p s c h  type  c h e m i s t r y  
cou ld  be to p r o d u c e  e thano l  o r  e t h y l e n e  s e l e c t i v e l y .  E t h y l e n e  and e t h y l e n e  
b a s e d  m a t e r i a l s  c o n s t i t u t e  the l a r g e s t  v o l u m e  of o r g a n i c  m a t e r i a l s  p r o d u c e d  
in the w o r l d .  P r e s e n t  m e t h o d s  for  e t h y l e n e  p r o d u c t i o n  a r e  b a s e d  on 
p e t r o l e u m  and n a t u r a l  gas .  The  p o s s i b i l i t y  of s topping  F i s c h e r - T r o p s c h  
type  s y n t h e s i s  at the C-Z l e v e l  is a t t r a c t i v e ;  th is  r e q u i r e s  c o n t r o l  of the 
c h a i n  t e r m i n a t i o n  s tep.  The  ab i l i ty  to f ine tune h o m o g e n e o u s  c a t a l y s t s  by 
l igand  v a r i a t i o n  and the m i l d  cond i t i ons  p o t e n t i a l l y  p o s s i b l e  migh t  a l low 
the d e v e l o p m e n t  of such  a c a t a l y t i c  p r o c e s s .  T h e r e  a r e  r e a c t i o n s  now 
known in which  CH^OH + CO + H 2 r e a c t  to givc e thano l  in the p r e s e n c e  of a 

J 
h o m o g e n e o u s  c a t a l y s t .  A o n e - s t e p  p r o c e s s  d i r e c t l y  f r o m  CO is m o r e  des i rab l~ : .  
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In the short run improvements in the conver.lon of 
CH3OH -~ EtOH appear attainable by homogeneous 
catalysis. In particular, the reduction of operating 
pressure and the elimination of corrosive h a l o g e n  
promoters are highly desirable. 

A one  s tep  s y n t h e s i s  of e t h y l e n e  f r o m  CO and H ~  is a h igh ly  
d e s i r a b l e  goal .  I n v e s t i g a t i o n  of the  p o s s i b i l i t y  of s y n t h e s i z i n g  and coup l ing  
p o t e n t i a l  i n t e r m e d i a t e s  such  as m e t h y l e n e  (or ca rbon)  m e t a l  c o m p l e x e s  
f o r m e d  f r o m  CO and H 2 is d e s i r a b l e .  C o n t r o l l e d  cha in  e x t e n s i o n s  to 
t h r e e  to s ix c a r b o n  m o l e c u l e s  would lead  to i m p o r t a n t  i n d u s t r i a l  i n t e r m e d i a t e s  

Carbon Dioxide 

The synthesis of metal complexes containing CO Z as a ligand has only 
recently been achieved and the study of the coordination chemistry of CO Z 
is in its infancy. Research on such complexes is considered desirable 
because of the potential role that such complexes may play in the development 
of new and improved processes (listed in order of decreasing priority from 
the standpoint of energy-related importance) for I) the oxidation of CO and 
CH3OH, especially in the context of utilization for fuel cells (Note: CO Z 
complexes have been identified as intermediate in the oxidation of CO 
by metal ions); Z) the production of CO by reduction of COp through photo- 
synthetic processes involving homogeneous catalysis; 3) tl~e utilization of 
CO~ as a reagent for functionalizaing hydrocarbons (e. g. to carboxylic 
ac ids ) .  

V . . A c t i v a t i o n  of H y d r o c a r b o n s  

In view of the dwindling supply and increasing cost of natural gas 
and petroleum, the prime sources of energy for our society and feedstocks 
for the chemical industry, it is essential that we use them with maximum 
efficiency. A major contribution can be made by improving the selectivity 
with which industry carries out transformations of saturated hydrocarbons. 
Even slight improvements in petroleum refining can produce, large 
quantitative savings in crude hydrocarbon consumption. Substitution of 
coal for petroleum as a feedstock or energy source would prolong the 
availability of this valuable resource. 

One p r o m i s i n g  a p p r o a c h  to a c h i e v e m e n t  of t h e s e  advan t ages  is 
t h r o u g h  m o r e  e x t e n s i v e  app l i c a t i on  of h o m o g e n e o u s  c a t a l y s i s  to the  c o n v e r s i o n  
of h y d r o c a r b o n s ,  coa l  and n i t r o g e n  into d e s i r a b l e  fue ls  and c h e m i c a l s .  In 
i ts  l i m i t e d  use  to da te ,  h o m o g e n e o u s  c a t a l y s i s  (def ined  h e r e  as use  of 
so lub l e  m e t a l  c o m p l e x e s  to p r o m o t e  d e s i r e d  r e a c t i o n s )  of ten  has  shown 
a d v a n t a g e s  in y i e ld  i m p r o v e m e n t ,  p r o c e s s  s i m p l i f i c a t i o n ,  and l o w e r  e n e r g y  
c on s umpt ion .  
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In o r d e r  to ob ta in  the advan t ages  of h o m o g e n e o u s  c a t a l y s i s  in 
h y d r o c a r b o n  and coa l  c o n v e r s i o n ,  a s u b s t a n t i a l  i n~p rovemen t  is needed  in 
ou r  k n o w l e d g e  of the i n t e r a c t i o n s  be tween  t r a n s i t i o n  m e t a l  c o m p l e x e s  and 
t h e s e  r a w  m a t e r i a l s .  In the fo l lowing pages ,  we ou t l ine  s o m e  d e s i r a b l e  
goa ls  in t h r e e  p r o c e s s  a r e a s  t o g e t h e r  with a r e a s  of s tudy wh ich  should  be 
u s e f u l  in a t t a i n m e n t  of t h e s e  goa l s .  

A. Interconversion and Synthese_s of Hydrocarbons 

The  ab i l i ty  to r e a r r a n g e  and to s y n t h e s i z e  h y d r o c a r b o n s  to spec i f i c  
s t r u c t u r e s  can  have  a t r e m e n d o u s  ef fec t  on e n e r g y  c o n s u m p t i o n  and its 
e f f i c i e n t  u se .  Some  goa l s  for  e n e r g y - s a v i n g  t h r o u g h  i n c r e a s e d  c a t a l y t i c  
s p e c i f i c i t y  a r e :  

1) To r e d u c e  e n e r g y  c o n s u m p t i o n  in e n e r g y - i n t e n s i v e  r e a c t i o n s  
such  as s t y r e n e  s y n t h e s i s  f r o m  b e n z e n e  and e t h y l e n e ,  d e a l k y l a t i o n  of 
a l k y l b e n z e n e s ,  and d e h y d r o c y c l i z a t i o n  of a l kanes  and o l e f in s .  

Z) To i m p r o v e  c o n v e r s i o n  and s e l e c t i v i t y  e f f i c i e n c i e s  and thus 
save  e n e r g y  by the use  of s m a l l e r  e q u i p m e n t ,  l e s s  f e e d s t o c k ,  and l e s s  
h e a t i n g  and coo l ing  in r e c y c l e .  F o r  e x a m p l e ,  po t en t i a l  s av ings  can  be 
m a d e  in the o l i g o m e r i z a t i o n  and d i s p r o p o r t i o n a t i o n  of o le f ins .  

3) To p r o d u c e  h y d r o c a r b o n s  which  have  h i g h e r  o c t a n e  n u m b e r  
v a l u e s  than  the h y d r o c a r b o n s  now p r o d u c e d  for  use  in g a s o l i n e .  By 
m a k i n g  i s o m e r s  wi th  h i g h e r  oc t ane  n u m b e r s  ( o . n . )  the c o m p r e s s i o n  r a t i o  
of a u t o m o t i v e  eng ines  can  be i n c r e a s e d  to obta in  i m p r o v e d  e f f i c i e n c i e s  and 
a r e d u c t i o n  in fue l  c o n s u m p t i o n  of 10-15%. Some  t a r g e t  r e a c t i o n s  a r e  
d i m e r i z a t i o n  of o le f ins  to h igh ly  b r a n c h e d  p r o d u c t s  such as g , 3 - d i r n e t h y l -  
bu t ane  (101 o . n . ) ,  i s o m e r i z a t i o n o f  pa ra f f in s  to i s o p a r a f f i n s ,  and a l k y l a t i o n  
of a l k a n e s  with o le f ins  and o t h e r  a l k a n e s .  

The above reactions require improvement of catalysts for alkane 
activation, hydride abstraction, selective addition to olefins and selective 
group removal. Heterogeneous catalysis has provided limited effectiveness; 
research in homogeneous catalysis is a possible n~eans for obtaining 
increased activity and selectivity. In no case is a transition metal complex 
used  today  as a c a t a l y s t  in any of the above  r e a c t i o n s  and a c t i v a t i o n  of 
paraffins by such complexes is rare. 

R e s e a r c h  S t r a t e g y  

Conceptually, alkane activation appears to be possible through the 
oxidative addition of C-H or C-C bonds to very electron-rich metal centers 
or by electrophilic attack upon the C-H c-bond by a metal center to produce 
a metal-alkyl and a proton. Both mechanisms have precedent in 
h e t e r o g e n e o u s  c a t a l y s i s  but a r e  d i f f i cu l t  to a c c o m p l i s h  us ing  c a t a l y t i c  s i t e s  
c o m p o s e d  of a s ing le  m e t a l  a tom.  H o w e v e r ,  the r e a c t i v i t y  of s i m p l e  
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m o n o m e t a l l i c  c o m p l e x e s  m i g h t  be enhanced  by  p rov id ing  a m e a n s  for  
i r r e v e r s i b l e  l igand  d i s s o c i a t i o n  and by o p e r a t i n g  in an e x t r e m e l y  non -  
n u c l e o p h i l i c  s o lven t  s y s t e m .  The  t a c t i c  of p r o v i d i n g  i r r e v e r s i b l e  l igand  
d i s s o c i a t i o n  m i g h t  be so lved  by d i f fus ion  of the d i s s o c i a t e d  l igand t h r o u g h  
a s e m i p e r m e a b l e  m e m b r a n e  into a " s e a "  of so lven t ,  by t igh t  c o m p l e x a t i o n  
of the  l igand  at  a n o t h e r  a tom or  by  us ing  a se l f  d e s t r u c t i v e  l igand.  

On an a p r i o r i  b a s i s  one m i g h t  expec t  c a t a l y s t s  which  have  two or  
m o r e  m e t a l  c e n t e r s  a n c h o r e d  to a s m a l l  m u l t i v a l e n t  l igand  to p r o m o t e  
s y n e r g i s t i c  ox ida t ive  add i t ion  a n d / o r  h e t e r o l y t i c  r e a c t i o n s .  C o m p l e x e s  
hav ing  m e t a l - m e t a l  i n t e r a c t i o n s  a r e  known in m e t a l  c a r b o n y l  c l u s t e r s ,  
m e t a l l o c e n e s  and m e t a l l o c a r b o r a n e s .  S u p e r i o r  c a t a l y s t s  b a s e d  on the  
p o l y m e t a l  concep t  would be b e s t  s e r v e d  by  an i m a g i n a t i v e  s y n t h e s i s  
p r o g r a m  a i m e d  at new l igands  wh ich  p o s i t i o n  two m e t a l  c e n t e r s  (a l ike  or  
d i f f e r e n t )  in c l o s e  p r o x i m i t y  in a we l l  def ined  m o l e c u l a r  g e o m e t r y .  

B. F u n c t i o n a l i z a t i o n  of H y d r o c a r b o n s  

A m a j o r  p e t r o c h e m i c a l  o p e r a t i o n  is the  c o n v e r s i o n  of h y d r o c a r b o n s  
to f u n c t i o n a l l y  s u b s t i t u t e d  d e r i v a t i v e s  such  as  n i t r i l e s ,  c a r b o x y l i c  ac ids  
and v i n y l  compounds  which  s e r v e  as i n t e r m e d i a t e s  for  p l a s t i c s ,  f i b e r s  
and d e t e r g e n t s .  Al though h o m o g e n e o u s  c a t a l y s i s  is u sed  e x t e n s i v e l y  for  
t h e s e  c o n v e r s i o n s ,  e s p e c i a l l y  for  o l e f in  r e a c t i o n s  ( h y d r o f o r m y l a t i o n ,  
c a r b o x y l a t i o n ,  h y d r o c y a n a t i o n ,  and epoxida t ion) ,  c o n s i d e r a b l e  e n e r g y  
s a v i n g s  could  be  r e a l i z e d  t h r o u g h  m o r e  e f f i c i en t  use  of f e e d s t o c k s .  

Our  knowledge  of h o m o g e n e o u s  c a t a l y s i s  of o le f in  r e a c t i o n s  is  we l l  
deve loped  but  m u c h  l e s s  is known about  m e c h a n i s m s  and c o n t r o l  of 
s e l e c t i v i t y  in r e a c t i o n s  of a r o m a t i c  and p a r a f f i n i c  h y d r o c a r b o n s .  B e c a u s e  
of t h i s  d i s c r e p a n c y  in b a c k g r o u n d  i n f o r m a t i o n ,  it  a p p e a r s  tha t  p r i o r i t y  
should  be g iven  to f u n d a m e n t a l  s tud ies  on C-H and C-C  bond a c t i v a t i o n  in 
the  s e q u e n c e :  a l k a n e s > a r e n e s > o l e f i n s .  H o w e v e r ,  we should  point  out  tha t  
i m p o r t a n t  goa l s  r e m a i n  in o l e f in  r e a c t i o n s  such  as a n t i - M a r k o v n i k o v  add i t i on  
of w a t e r  to g ive  p r i m a r y  a l c o h o l s ,  add i t ion  of a m m o n i a  to give a m i n e s ,  
and s e l e c t i v e  o x i d a t i o n s  wi th  oxygen .  

Some  of the  r e a c t i o n s  wh ich  m i g h t  be a c h i e v e d  m o r e  s e l e c t i v e l y  if a 
n o n - r a d i c a l  m e c h a n i s m  for  a c t i v a t i o n  of a l k a n e s  w e r e  found inc lude  1) o×idat i ,  
to a l c o h o l s ,  o l e f i n s  o r  c a r b o x y l i c  a c id s ,  Z) ox ida t i ve  c a r b o n y l a t i o n  to kc t , ,nes  
o r  c a r b o x y l i c  a c i d s ,  and 3) c h l o r i n a t i o n  to e c o n o m i c a l l y  d e s i r a b l e  i s o m e r s .  
S i m i l a r l y  wi th  a r o m a t i c  s u b s t r a t e s ,  d i r e c t  ox ida t i on  to pheno l s ,  c a r b o x y l a t i o n  
to a c i d s ,  and c o n t r o l  of p o l y s u b s t i t u t i o n  to g ive  wanted  i s o m e r s  a r e  d e s i r a b l e  
o b j e c t i v e s .  

In o r d e r  to deve lop  c a t a l y s t s  fo r  r e a c t i o n s  of a l kane  and a r e n e  C-H 
bonds ,  an  i m a g i n a t i v e  e x p l o r a t i o n  of h i g h l y  r e a c t i v e  c o m p l e x e s  for  i n t e r a c t i o n  
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with these substrates is required. A wide range of metals and new ligand 
types should be considered. Much work is needed to synthesize ligands 
that are stable to a wide range of reaction conditions and reagents. This 
consideration is particularly important in thc reactions of alkanes wher,. 
the ligands should not contain the same bonds as the alkane, i.e. C-ll or 
C-C. Ligands stable to oxidation are also needed. It is suggested that 
when new ligands and complexes are prepared that they should be sufficiently 
characterized to indicate their possible suitability for consideration as 
catalysts. Minimum characterization should include determination of their 
thermal, hydrolytic and air stability. 

Since  b i m e t a l l i c  s y s t e m s  and m e t a l  c l u s t e r s  o f fe r  the p r o m i s e  of 
a n o t h e r  d e g r e e  of f r e e d o m  for  c o n d e n s a t i o n  and f u n c t i o n a l i z a t i o n  r e a c t i o n s ,  
the s tudy of t h e i r  f o r m a t i o n  and p r o p e r t i e s  should  be e n c o u r a g e d .  In 
p a r t i c u l a r ,  the  t r a n s f e r  of a r e a c t i n g  o r g a n i c  l igand f r o m  one m e t a l  a t om to 
a n o t h e r  is p o t e n t i a l l y  i m p o r t a n t .  

In add i t i on  to the  c a t a l y s t  s y s t e m ,  the c h o i c e  of so lven t  is an i m p o r t a n t  
c o n s i d e r a t i o n ,  for  s o l v e n t s  can  act  as l igands  and i n f l uence  the n a t u r e  of 
the n u c l e o p h i l i c i t y  and e l e c t r o p h i l i c i t y  of the m e t a l  a t o m .  T h e s e  
c o n s i d e r a t i o n s  a r e  l i ke ly  and p a r t i c u l a r l y  i m p o r t a n t  in the c a s e  of a l k a n e  
f u n c t i o n a l i z a t i o n  w h e r e  e l e c t r o p h i l i c i t y  of the m e t a l  should  be v e r y  kmpor t an t .  

C. .Homogeneous  C a t a l y s i s  for  Coal  Lio~u.efaction 

The c o n v e r s i o n  of coa l ,  which  can  be r e g a r d e d  as a m i x t u r e  of so l id  
o r g a n i c  c o m p o u n d s ,  to s u l f u r - f r e e  l iquid fue ls  o f f e r s  s o m e  o p p o r t u n i t i e s  
for  h o m o g e n e o u s  c a t a l y t i c  a p p r o a c h e s .  It is known tha t  Lewis  a c i d s  such  as 
m o l t e n  zinc h a l i d e s  a r e  e f f i c i en t  c a t a l y s t s  for h y d r o g e n a t i o n  of coal  to 
g a s o l i n e .  H y d r o l i q u e f a c t i o n  is a l so  a c h i e v e d  with  SnCI7, Sn or  P b C l g  
a l though  t h e s e  c a t a l y s t s  a r e  not  e f f ec t ive  for  N o r  S r e m o v a l .  Vo la t i l e  
m e t a l  c a r b o n y l s ,  e s p e c i a l l y  Cog(CO) R , c a t a l y z e  h y d r o g e n a t i o n  of c o a l  to 
l iquid  p r o d u c t s  by h y d r o g e n  t r a n s f e r  "from h y d r o a r o m a t i c  c o m p o u n d s .  
H o w e v e r ,  p r a c t i c a l  a p p l i c a t i o n  in l iquid fue l  s y n t h e s i s  would  r e q u i r e  
c o m p l e t e  m e t a l  r e m o v a l  b e c a u s e  of e c o n o m i c  and e n v i r o n m e n t a l  c o n s i d e r a t i o n s .  
The  m e c h a n i s m  of ac t i on  of t h e s e  v a r i o u s  c a t a l y s t s  p r o v i d e s  an i n t e r e s t i n g  
f u n d a m e n t a l  r e s e a r c h  p r o b l e m .  

A n o t h e r  c h a l l e n g e  in th is  a r e a  is d e v e l o p m e n t  of a s m a l l ,  m o b i l e  
c a t a l y s t  m o l e c u l e  which  could  " t u n n e l "  into coa l  o r  o i l  s h a l e  k e r o g e n  to 
b r e a k  down the m a t r i x  s t r u c t u r e  to give a fluid p r o d u c t .  No c a t a l y s t  
c a n d i d a t e s  a r e  obv ious  but s o m e  hope for  th is  a p p r o a c h  is p r o v i d e d  by the  
a n o m a l o u s l y  h igh p e r m e a b i l i t y  of coa l  to c e r t a i n  g a s e s  such  as COy. 

Low r a n k e d  c o a l s ,  our  l a r g e s t  e n e r g y  r e s o u r c e ,  con ta in  m u c h  oxygen  
and do not l iquefy  w e l l  u n d e r  h y d r o g e n a t i o n  c o n d i t i o n s .  N o n e t h e l e s s  they 
r e a c t  wi th  C O - H 2 0  at >400°C and >ZOO0 psig  in the a b s e n c e  of added  
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c a t a l y s t  to p r o d u c e  a h e a v y  fue l  o i l .  B a s i c  m a t e r i a l s  such  as Na2CO 3 
and NaOOCH c a t a l y z e  th is  r e a c t i o n  but a r e  s e l d o m  n e e d e d  b e c a u s e  
t h e s e  c o a l s  u s u a l l y  con t a in  enough b a s i c  m i n e r a l  m a t t e r  to c a t a l y z e  the  
l i q u e f a c t i o n .  So lub le  f o r m a t e s  a r e  c o n s i d e r e d  the  a c t i v e  r e d u c i n g  a g e n t s  
and  thus  c o n s t i t u t e  a h o m o g e n e o u s  s y s t e m .  A c o m b i n a t i o n  of t h i s  m e a n s  of 
r e d u c i n g  low r a n k e d  coa l s  a long wi th  a v o l a t i l e  and r e c o v e r a b l e  h y d r o g e n a t i o n  
c a t a l y s t ,  such  as m e n t i o n e d  in the  p r e v i o u s  p a r a g r a p h ,  could  p r o v i d e  an 
i m p r o v e d  m e a n s  of c o n v e r t i n g  l i gn i t e  and s u b b i t u m i n o u s  c o a l s  to fue l  o i l .  
S ince  t h e s e  c o a l s  g e n e r a l l y  c o n t a i n  m u c h  w a t e r  (>25%) and m i n e r a l  m a t t e r  
(> 10%1 and h a v e  a low TBu  va lue  (8 ,000 to 10 ,000  B T u / l b )  c o n v e r s i o n  to 
w a t e r - f r e e ,  m l n e r a l - f r e e  fue l  o i l  hav ing  a h i g h e r  h e a t i n g  v a l u e  
(>14,000 B T u / l b )  would  be of c o n s i d e r a b l e  i n t e r e s t .  

Coa l  is a r e a c t i v e  s y s t e m  even  at  low t e m p e r a t u r e s ,  but we  do not  
know how to c o n v e r t  it c h e a p l y  at low t e m p e r a t u r e s  into d e s i r a b l e  p r o d u c t s .  
F o r  e x a m p l e ,  it c a n  be  r e d u c t i v e l y  a l k y l a t e d  at r o o m  t e m p e r a t u r e  to b e n z e n e -  
so lub le  m a t e r i a l  wi thou t  a l t e r i n g  the  c a r b o n  s t r u c t u r e .  P e r h a p s  n e w  
r e a c t i o n  s y s t e m s  can  be d e v i s e d ,  m a k i n g  u s e  of h o m o g e n e o u s  c a t a l y t i c  
s y s t e m s ,  so tha t  s p e c i f i c  c a r b o n - h e t e r o a t o m  l i n k a g e s  can  be  b r o k e n  to 
p r o d u c e  p h e n o l i c  o r  n i t r o g e n  b a s e  c o m p o u n d s  u s e f u l  in the  c h e m i c a l  i n d u s t r y .  
C o a l - d e r i v e d  c h e m i c a l s  m a k i n g  u s e  of e x i s t i n g  f u n c t i o n a l  g r o u p s  cou ld  p r o v e  
quite valuable. 

R e c o m m e n d a t i o n s  

The  fo l lowing  r e s e a r c h  t op i c s  a p p e a r  to h a v e  the  g r e a t e s t  p o t e n t i a l  f o r  
s c i e n t i f i c  and t e c h n i c a l  i m p a c t .  

1) C - H  bond  a c t i v a t i o n ,  e s p e c i a l l y  in a l k a n e s .  Th i s  s tep  is a c r i t i c a l  
f i r s t  s tep  in bo th  i n t e r c o n v e r s i o n  and f u n c t i o n a l i z a t i o n  of h y d r o c a r b o n s .  It 
is not  now w e l l  e s t a b l i s h e d  fo r  so lub l e  c a t a l y s t s ,  excep t  for  r e l a t i v e l y  n o n -  
s p e c i f i c  e l e c t r o p h i l i c  and r a d i c a l  p r o c e s s e s .  

Z) S e l e c t i v e  ox ida t ion  of h y d r o c a r b o n s  by a i r  o r  oxygen .  Ox ida t ion  
p r o c e s s e s  wi th  0 2 e f f i c i e n t l y  m a k e  u s e  of the  e n e r g y  po t en t i a l  in C - H  bonds  
but  a r e  l a r g e l y  u n s e l e c t i v e  ( see  VII).  

In o r d e r  to a c h i e v e  t h e s e  o b j e c t i v e s ,  the  fo l lowing  types  of r e s e a r c h  
a r e  d e s i r a b l e .  

l) Fundamental studies on metal-ligand interaction as it influences 
the finding and activation of hydrocarbons and nitrogen. Physical studies of 
metal-Iigand bonds and metal-substrate interactions should include thermo- 
chemistry, a broad range of spectroscopic techniques, and crystal structure 
determination. Rate and mechanism studies of hydrocarbon substitution and 
of nitrogen reactions are needed. 
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2) S y n t h e s i s  p r o g r a m s  to p r e p a r e  m o r e  ac t ive  and m o r e  s e l e c t i v e  
so lub le  c a t a l y s t s ,  e s p e c i a l l y  for s e l e c t i v e  ox ida t ion  of h y d r o c a r b o n s .  

New ligand types may be necessary to activate transition metals to 
the point that they will attack C-H or C-C. Photochemical activation, 
metal atom evaporation, and electrolytic reduction may give highly 
reactive complexes. PoIymetall[c complexes may simulate the role of 
metal surfaces in activation of alkanes. 

3) E v a l u a t i o n  of new c o m p l e x e s  as c a t a l y s t s  for  e n e r g y - c o n s e r v i n g  
processes. 

A mechanism (possible via contract research) should be developed to 
insure that new metal complexes are tested for hydrocarbon activation as 
well as in more conventional catalytic processes. 

VI. A c t i v a t i o n  of N i t r o g e n  

Al though  c a t a l y t i c  r e d u c t i o n  of N~ to NH 3 has  b e e n  c a r r i e d  out 
i n d u s t r i a l l y  wi th  a h e t e r o g e n e o u s  c a t a l y s t  for  o v e r  f if ty y e a r s ,  no e f f i c i e n t  
h o m o g e n e o u s  c a t a l y s t  for  N 2 f ixa t ion  is now known.  S e v e r a l  r e d u c i n g  
s y s t e m s  wh ich  s t o i c h i o m e t r l c a l l y  c o n v e r t  N 2 to NzH4 or  NH 3 have  b e e n  
d e v e l o p e d ,  but they  have  not  been  we l l  c h a r a c t e r i z e d  with  r e s p e c t  to s p e c i f i c  
r e a c t i o n  i n t e r m e d i a t e s .  Many t r a n s i t i o n  m e t a l  d i n i t r o g e n  c o m p l e x e s  h a v e  
b e e n  i s o l a t e d ,  but few have  been  i n v e s t i g a t e d  in t e r m s  of t h e i r  p o t e n t i a l  
c a t a l y t i c  a c t i v i t y  for  r e a c t i o n s  o t h e r  than r e d u c t i o n  to a m m o n i a  o r  
h y d r a z i n e .  

The d e v e l o p m e n t  of h o m o g e n e o u s  c a t a l y s t s  for  the  c o n v e r s i o n  of N Z 
and H) to NH 3 u n d e r  m i l d  cond i t ions  would o f fe r  p o t e n t i a l  e n e r g y  s a v i n g s  
in p r o d u c t i o n  and t r a n s p o r t a t i o n .  In add i t i on  to NH~ s y n t h e s i s ,  c a t a l y t i c  
processes utilizing N Z as a substrate for oxidative iixation of nitrogen to 
nitric acid and fertilizers, for organic amine and heterocych: synthesis, 
and even for the direct synthesis of amino acids from N 2 should be e×p]ored, 
since such one-step syntheses also offer obvious energy savings. As nm~.d 
elsewhere, development of an economical direct synthesis of hydrazin~. 
from N 2 would open the way to utilization of highly efficient hydrazine fut-I 
cells. "Increasing the scope and efficiency of biological nitrogen fixation 
would have major impact. 

Stud i e s  R ec~uired 

The c h a r a c t e r i z a t i o n  of new and e x i s t i n g  d i n i t r o g e n  c o m p l e x e s  in t, . , ' , , ,s 
of t h e i r  c h e m i s t r y  and the s t r u c t u r a l  f e a t u r e s  wh ich  d e t e r m i n e  such  
c h e m i s t r y  should  r e c e i v e  i n c r e a s e d  e m p h a s i s .  The s y n t h e s i s  of v e r y  
r e a c t i v e  c o m p l e x e s  and the c h e m i s t r y  a v a i l a b l e  to N 2 in the p r e s e n c e  of 
t h e s e  c o m p l e x e s  should  be e x p l o r e d .  S tud ies  of the c o o r d i n a t i o n  c h e m i s t r y  of 
l i gands  r e p r e s e n t a t i v e  of s t t spec ted  h igh e n e r g y  i n t e r m e d i a t e s  in N~ 
f ixa t ion  ( e . g .  -N=NR, RN=NR, - N R - N R 2 ,  e tc .~  should  be i n v e s t i g a t e d  as nc.w 
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approaches to the problem. An increased effort should be made to 
elucidate the structure of the nitrogenase enzyme, since even a low 
resolution structure could provide guidelines for research in homogeneous 
catalysis. There appears to be merit in further theoretical calculations 
of the bonding in metal N.~ complexes and in suspected intermediates in 
oxidative and reductive ~ fixation, since these often provoke new lines 
of research. 

Finally, reactions of coordinated Np other than iN!-lqsynthesis should 
receive increased attention. Direct synthesis of NzH4, -NO3' and organic.. 
amines from Np would have large energy-saving impact but is recelvlng 
little current s£'udy. 

Vll. Activation of Oxygen for Selective Oxidations 

Selective, direct oxygenation of organic substrates remains a largely 
unresolved challenge to synthetic chemistry. Autoxidations of organic 
molecules usually involve peroxidic intermediates in chain-radical 
processes mediated by a multivalent metal catalyst. Such direct oxygenations 
are difficult to control since they lack stereo- or regioselectivity and often 
cannot be halted at intermediate oxidation stages. Indirect methods for 
introducing oxygen atoms into organic substrates are much more selective 
but need further improvement. Such indirect methods necessarily are 
energy intensive and thus wasteful processes. Furthermore, there are 
very few methods of any kind for selectively oxygenating saturated hydrocarbon 
substrates (see V above). 

As an example, one would like to be able to transfer oxygen atoms 
selectively to an organic substrate employing molecular oxygen as the 
oxygen source. A reaction of special interest is the epoxidation of olefins; 
unfortunately there is no direct method for effecting the following 
transformation : 

"0 2 + 2 ~ catalyst ..? ~ Z 

Such a direct use of molecular oxygen is possible for ethylene using a 
silver catalyst but with larger olefins allyllc oxidation is the predominant 
path. Although selective direct epoxidations using oxygen are not yet 
possible, indirect routes of high selectivity have recently been discovered. 
In fact, one of these is now used industrially for the synthesis of propylene 
oxide. The oxygen is first reduced to the peroxide level by interaction 
with a reactive hydrocarbon: 

_ \ O / O \  H a u t o  
~ C  - -be/ .H + O z oxidatio> / 
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The r e s u l t i n g  h y d r o p e r o x i d e  is then  used  to epox id ize  the o le f in  in the  
p r e s e n c e  of c e r t a i n  ( e . g .  Mo and V) t r a n s i t i o n  m e t a l  c a t a l y s t s :  

\cI°\o M°(COI6 > bc °\H 
/ / 

I t  may be significant that this method of dealing with oxygen bears a 
strong resemblance to the process effected by mixed-function oxygenases 
discussed below. In both instances the oxygenating reagent is generated 
by prior partial reduction of oxygen. This is unfortunate since half of 
the oxidizing potential is lost in these indirect processes. Furthermore, 
a reducing agent is consumed. The discovery and development of selective 
oxygenations which employ both of the atoms of the oxygen molecule should 
be an important goal for research in this area. 

Nature carries out the direct incorporation of one or both atoms of 
the oxygen molecule into saturated organic substrates with great selectivity 
by means of the mono and dioxygenases. In the majority of cases these 
oxygenases are metalloenzymes and activation of molecular oxygen is 
known or thought to involve coordination of dioxygen to the transition metal 
center(s~ (iron and copper). Undoubtedly there is a great deal to be learned 
from Nature in mimicing these sorts of reactions. 

The monooxygenases (also called the mixed-function oxygenases or 
monohydroxylases) are much better understood and may serve as an 
example of approaches which should be explored. These enzymes catalyze 
the reaction between oxygen, a hydrocarbon substrate and two reducing 
equivalents affording the hydroxylated product and water. Although not 

monooxygena s e ~ HZ O 
--C-H + O z + Z[H] ; --C-OH + 

unique, a ubiquitous and important class of such enzymes are the so-called 
cytochrome P450 hydroxylases. 

Several experiments suggest that the active oxygenating site in the P450 
system is electrophilic ("oxenoid") and not free radical in character. 
For example, olefinic groups are converted to epoxides by steroidal P450 
hydroxylases. The hydroxylatlon of aromatic rings involves an "arene 
epoxide" intermediate further illustrating the parallel character of the 
active oxygenating site in 1°450 hydroxylases. This intermediate was 
deduced through the discovery of the so-called "NIH shift" in which a 
substituent (T, CI, etc. ) in the para position of phenylalanine migrates to 
the adjacent (meta) position in the product (tyrosine). 
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- CH- COl - CH- COl 

T HO 

A recent report describes a model iron complex which catalyzes the 
a~toxidation of p-deuteroanisole forming hydroquinone monomethyl ether 
and giving the "HIM shift"--again, apparently an electrophilic oxygenation. 
This catalyst is easily poisoned and the system is at present ill-resolved; 
nevertheless this reaction points the way to inventing and understanding 
synthetic systems which may mimic the efficient and selective biological 
oxygenas es. 

Another recent model study, also a remarkable imitation of the 
oxygenations effected by the natural iron oxygenases, has found the 
following very selective hydroxylation of a saturated aliphatic substrate: 

OH OH 

O ~ +  H202 Fe llCH3 CNcatalyst r-- 

This example illustrates the importance of intramolecular reactions in 
discovering new chemical steps. 

There is evidence that oxoiron species (Fe=O) may be the active 
oxidants in the P4~0 dependent oxygenases. The detailed mechanisms 
and further synth~Ic aspects of oxygenations of organic molecules by 
oxo-transition metal and oxo-main group species should be further 
investigated. If an oxo-reagent (M=O) can be found which cleanly transfers 
its oxygen atom to organic substrates, one could try to generate this same 
oxospecies directly from molecular oxygen so that an overall process such 
as that shown below for the epoxidation of propylene could be realized: 

ZM: + O 2 m ZM=O 
0 

2 M = O  + Z ~ > Z M: + Z 
k 0 

net reaction: 2 ~ +  02 -> 2 ~_~ 

When thinking of schemes for activating oxygen, transition metal 
catalysis is usually the first thing to come to mind. However there are 
several indications that non-metal systems ought to be considered as well. 
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A singlet oxygen type reaction can be realized with ground state oxygen in 
the presence of catalytic amounts of certain radical cations: 

q54N+BF4 

~ + 02 ( c a t a l y s t !  

R 

T h e r e  is  a l s o  a n e w  i n d u s t r i a l  p r o c e s s  f o r  m a k i n g  e t h y l e n e  g l y c o l  f r o m  
e t h y l e n e  a n d  m o l e c u l a r  o x y g e n  w h i c h  d e p e n d s  on t e l l u r i u m  d i o x i d e  as  a 
c a t a l y s t :  

T e O z  OH OH 
I I 

catalyst Z CHzCH 2 2 CH 2 = CH z + O 2 + 2 H20 H+ - 

It  w o u l d  a p p e a r  t h a t  t e l l u r i u m  and  o t h e r  m e t a l l o i d s  (e .  g. s e l e n i u m ,  
i o d i n e ,  a n d  b i s m u t h )  in  t h e  l o w e r  r i g h t  h a n d  a r e a  of  t h e  p e r i o d i c  t a b l e  a r e  
w o r t h y  of  f u r t h e r  i n v e s t i g a t i o n  in h o p e s  of  f i n d i n g  s i m i l a r  t y p e s  of  c a t a l y t i c  
o x y g e n a t i o n s .  M a i n  g r o u p  s y s t e m s  s h o u l d  h a v e  l e s s  t e n d e n c y  t h a n  
t r a n s i t i o n  m e t a l  o n e s  to  p r o m o t e  u n d e s i r e d ,  n o n s e l e c t i v e  f r e e  r a d i c a l  
o x y g  e n a t i o n s .  

C o n s i d e r a b l e  p r o g r e s s  h a s  b e e n  m a d e  in t h e  a r e a  o f  a s y m m e t r i c  
r e d u c t i o n s ;  h o w e v e r ,  a s y m m e t r i c  o x i d a t i o n s  a r e  v i r t u a l l y  u n k n o w n .  T h i s  
is  a n  i m p o r t a n t  a r e a  f o r  i n v e s t i g a t i o n  s i n c e  o n e  c o u l d  i m a g i n e  m a k i n g  
s y n t h e t i c  f o o d s  if e f f i c i e n t  m e t h o d s  f o r  c h i r a l  o x y g e n a t i o n s  a n d  o t h e r  
a s y m m e t r i c  t r a n s f o r m a t i o n s  c o u l d  be  f o u n d .  

Little is known about natural processes introducing two oxygen atoms. 
A recent stoichiometric example suggests the value of model studies to 
develop catalytic processes which introduce both oxygen atoms into 
organic substrates. 

O 

pyridine 77% 
OH + CuCI + O 2 CH30 H - ~.%/COzH 

However, further information from the natural dioxygenases may be 
essential to guide the development of model systems. 

There are several examples of another route for selective oxidations. 
In this class, a metal compound oxidizes the substrate in a two-electron 
process, the oxygen moiety introduced comes from the medium instead of O Z, 
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and the reduced catalyst is re-oxidized by O_. The oxidation of ethylene to 
acetaldehyde in aqueous medium by mixed pa~lladium and copper salts 
(Wacker Process) is the classic example. Though it has been extensively 
studied, the possibilities of this class of oxidations are far from exhausted. 

Recommendations 

The foregoing analysis leads to recommendations of research on: 

1} The redox p r o p e r t i e s  and the k ine t ics  and m e c h a n i s m s  of r eac t ions  
of coord ina ted  dioxygen species  leading to high volume o x y c h e m i c a l s .  

2) The structure and mechanisms of reaction of enzymes which 
catalyze selective oxidation of organic substrates by O Z, and synthesis and 
reactions of model systems which mimic them. 

3) Reactions in which an oxygen atom, neutral or charged, is 
transferred selectively. 

4) Reactions in which organic substrates are selectively oxidized by 
species which are regenerated by reducing O Z . 

VIII. Activation of Oxygen for Fuel Cells 

If they were more efficient and less expensive, electrochemical cells 
would be the basis for major advances in the conversion of fuels to 
electrical energy and in the reversible electrolysis of water to hydrogen 
and oxygen for energy storage and transportation. Most of our electrical 
and mechanical energy is now produced from the energy of reduction of 
atmospheric oxygen by fuels. At present, useful reaction rates (power), 
can be achieved only by free radical chain reactions, from which the energy 
can be collected only as heat. The efficiency with which the heat can be 
converted to electrical energy or work is thermodynamically limited to a 
m a x i m u m  of ca. 40% with p r e s e n t  m a t e r i a l s .  

Direct conversion of chemical to electrical energy in electrochemical 
cells would avoid the Carnot inefficiency. But, to be economical, the 
oxygen-fuel reaction must be rapid enough to produce a current of ca. i 
ampere per squre centimeter of electrode surface. If the catalytic sites 
were spaced i0 A apart on this surface, each would have to transfer 
60,000 electrons per second between the electrode and the reacting molecules. 
(Roughening the surface can increase the number of sites per geometrical 
surface area ten-fold at most. ) For maximum efficiency, the electrons 
which reduce oxygen to water must be drawn from a surface very reluctant 
to release them (i. e. at a potential close to I. 2 volts more oxidizing than 
the standard hydrogen electrode). To avoid carbonate accumulation from 
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a t m o s p h e r i c  CO 2 o r  c a r b o n a c e o u s  f u e l s ,  t h e  m e d i u m  in w h i c h  t h e  O z i s  
r e d u c e d  s h o u l d  be  CO 2 r e j e c t i n g .  

No c a t a l y s t s  n o w  e x i s t  w h i c h  a r e  c a p a b l e  o f  e f f e c t i n g  e l e c t r o n  
t r a n s f e r  a t  t h e  n e e d e d  r a t e s  a n d  p o t e n t i a l s .  T h e  b e s t  a r e  o n l y  5 0 - 6 0 %  
e f f i c i e n t  a t  1 a m p e r e / c m  2, a r e  e x p e n s i v e ,  and  h a v e  o t h e r  d e f i c i e n c i e s .  
T h e y  a r e  h e t e r o g e n e o u s ,  and  t h e  s t r u c t u r e  of  t h e i r  a c t i v e  s i t e s  is  
u n k n o w n .  

S e v e r a l  v e r y  s i g n i f i c a n t  a d v a n t a g e s  w o u l d  b e  p o s s i b l e  if t h e  
c o n d u c t i v e  s o l i d  at  t h e  e l e c t r o d e - e l e c t r o l y t e  i n t e r f a c e  h a d  an  i n t e r n a l  
t e x t u r e  w i t h  c a v i t i e s  c o n n e c t e d  b y  p o r t s ,  a s  in z e o l i t e s .  T h e  e f f e c t  w o u l d  
be  to r e p l a c e  t h e  r o u g h l y  t w o - d i m e n s i o n a l  i n t e r f a c e  b y  a t h r e e - d i m e n s i o n a l  
z o n e  w h o s e  t h i c k n e s s  w o u l d  be  l i m i t e d  b y  m a s s  t r a n s f e r .  T h e  n u m b e r  o f  
s i t e s  p e r  s q u r e  c e n t i m e t e r  o f  p l a n a r  e l e c t r o d e  c o u l d  b e  i n c r e a s e d  b y  10 z to  103 . 
H o m o g e n e o u s  c a t a l y s t s  c o u l d  be  a s s e m b l e d  and  r e t a i n e d  w i t h i n  t h e  c a v i t i e s  
f r o m  c o m p o n e n t s  s m a l l  e n o u g h  to d i f f u s e  t h r o u g h  t h e  p o r t s .  A l t e r n a t i v e l y ,  
h o m o g e n e o u s  c a t a l y s t s  c o u l d  b e  s t r o n g l y  a d s o r b e d  on ,  o r  c h e m i c a l l y  b o u n d  
to ,  o t h e r  c o n d u c t i v e  s u p p o r t s  w h o s e  i n t e r n a l  t e x t u r e  w a s  a n a l o g o u s  to  t h a t  
o f  g r a p h i t e  i n t e r c a l a t i o n  c o m p o u n d s .  

C h e m i c a l  f a c t o r s  w h i c h  m u s t  be  c o n s i d e r e d  in  a s e a r c h  f o r  u s e f u l  
c a t a l y s t s  a r e  d i s c u s s e d  in A p p e n d i x  A. 

A n o d i c  O x i d a t i o n  of  C a r b o n a c e o u s  F u e l s  

T h e  a n o d i c  o x i d a t i o n  of  c a r b o n a c e o u s  f u e l s ,  n o t a b l y  m e t h a n o l ,  is  n o t  
s p e c i f i c a l l y  t r e a t e d  in o t h e r  s e c t i o n s  of  t h i s  r e p o r t .  T h e  p r o b l e m s  
i n v o l v e d  a r e  c l o s e  ty a n a l o g o u s  to t h o s e  in  t h e  c a t h o d i c  r e d u c t i o n  o f  O Z . 
T h e  n e t  c h a n g e ,  as  in  CH~O H + H~O --~ CO z + 6H + + 6 e -  m u s t  
d e l i v e r  s i x  e l e c t r o n s  to  a5  e l e c t r f f d e  r e l u c t a n t  to  a c c e p t  t h e m  ( p o t e n t i a l  
c l o s e  to t h a t  o f  t h e  h y d r o g e n  e l e c t r o d e } .  T h e  i n t e r m e d i a t e s  in t h e  o x i d a t i o n  
p a t h  a r e  e n e r g e t i c a l l y  u n f a v o r a b l e .  T h e r e f o r e ,  c a t a l y s t s  m u s t  b e  f o u n d  
w h i c h  a r e  c a p a b l e  of  s t a b i l i z i n g  i n t e r m e d i a t e s  in  s e q u e n t i a l  s t e p s ,  o r  o f  
p r o v i d i n g  c o n c e r t e d  p a t h s  a v o i d i n g  t h e m .  

T h e r e  a r e  two  f u e l s  f o r  w h i c h  s a t i s f a c t o r y  a n o d i c  c a t a l y s t s  a l r e a d y  
e x i s t :  h y d r o g e n  and  h y d r a z i n e .  If an  i n e x p e n s i v e  s y n t h e s i s  of  t h e  l a t t e r  
w e r e  d i s c o v e r e d ,  it  w o u l d  a l l o w  i m p o r t a n t  a d v a n c e s  in f u e l  c e l l  t e c h n o l o g y .  

R e c o m m e n d a t i o n s  

The foregoing analysis (including that encompassed by Appendix A) 
leads to recommendation of research on: 

1) T h e  d e t a i l e d  n a t u r e ,  i n c l u d i n g  t h e r m o d y n a m i c  p r o p e r t i e s  and  
t h e o r e t i c a l  d e s c r i p t i o n ,  of  i n t e r a c t i o n s  a n d  b o n d i n g  b e t w e e n  m e t a l  c o m p o u n d s  
a n d  m e m b e r s  of  t h e  s e r i e s :  O Z, O Z - ,  0 2 2 - ,  O - ,  O g - ,  w i t h  a n d  w i t h o u t  
p r o t o n s .  
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Z The s nthesis, redox properties, and reactions with O~ of ) y . • 
compounds capable of providlng several electrons from orbltal extending 
over several atoms, as in metal complexes with redox ligands, hi- and 
polynuclear metal complexes, metal macrocycles and dimers thereof. 

3) The details of reactions in which oxygen is reduced or water 
oxidized by metal compounds to define better the chemical requirements 
which must be met to achieve high rates. 

4) The structure and mechanisms of reactions of enzymes which 
reduce oxygen to water, and synthesis and reactions of model systems 

which mimic them. 

5) Methods for and chemical effects of linking catalytic molecules to 
surfaces, including conductive surfaces and carbons. 

6) Synthesis of conductive electrocatalyst supports with internal 
zeolite-like cavities and parts or with structures similar to graphite 
intercalaction compounds. 

IX. More Specif ic  Ca t a ly s i s  of I ndus t r i a l  P r o c e s s e s  

A. Introduction 

It is  poss ib le  to des ign homogeneous  c a t a l y s i s  s y s t e m s  to c a r r y  out 
e x t r e m e l y  spec i f ic  c h e m i c a l  t r a n s f o r m a t i o n s .  Spec i f ic i ty  m a y  a r i s e  in the 
func t iona l  groups  or  mo lecu l e s  which r eac t ,  in product  s e l ec t i v i t y ,  s t e r e o -  
c h e m i s t r y ,  r e g i o c h e m i s t r y  or in a s y m m e t r i c  induction.  C o m p a r a b l e  
spec i f i c i t y  has  not been achieved with he t e rogeneous  c a t a l y s i s .  Homogeneous  
c a t a l y s i s  can be made  specif ic  because  the ca t a lyzed  r e a c t i o n s  usua l ly  occur  
under  mi ld  condi t ions  and a re  p romoted  by d i s c r e t e  m o l e c u l a r  en t i t i es  
whose p r o p e r t i e s  m a y  be changed through modi f ica t ions  of the i igands .  It 
is thus pos s ib l e  to obtain a good fundamenta l  under s t and ing  of how c a t a l y s i s  
occurs using a particular metal complex and to apply this understanding to 
design of better catalysts. A spectacular success has already been achieved 
in the commercial synthesis of the anti-Parkinsonism drug L-Dopa using 
catalytic asymmetric hydrogenation. Many other examples of stereoselective, 
regioselective and asymmetric catalysis are known including additions to 
C = C, C = O and C = N bonds, diene oligomerizations and olefin dimerizations. 
Some other types of selective catalysis, however, are largely unexplored. 
These include selective oxidations and reactions of tetra-substituted olefins. 

The potential is great for selective catalysis to transform the nature 
of organic synthesis leading to advanced industrial processes, a goal of 
Project Independence. Asymmetric and other selective catalysis such as 
regioselective dirnerization of isoprene could lead to lower costs or make 
available for the first time useful substances in the areas of food additives, 
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drugs, vitamins, flavorings and fragrances. Uses in preparing artificial 
food are also conceivable. Initial energy savings will be modest but 
artificial food stuff production might eventually lead to large savings of 
energy now used to grow, store, preserve and prepare food. Improvements 
in the quality of life can, moreover, be expected on a much shorter time 

scale. 

D e t a i l e d  f u n d a m e n t a l  s tud ies  of a s y m m e t r i c  and r e g i o s e l e c t i v e  
ca ta ly t i c  p r o c e s s e s  can a lso  be e x p e c t e d  to lead to d i s c o v e r y  of p r i n c i p l e s  
of h o m o g e n e o u s  c a t a l y s i s  which  a r e  use fu l  in a b r o a d  r ange  of a p p l i c a t i o n s .  

]3. R e c o m m e n d a t i o n s  

S o m e  a r e a s  of s t e r e o s p e c i f i c ,  r e g i o s p e c i f i c  and a s y m m e t r i c  catalysis 
which  m e r i t  s tudy a r e  the fo l lowing:  

1) The  use of new l igand s y s t e m s  in con junc t i on  with known 
ca t a ly t i c  p r o c e s s e s .  (Many o t h e r w i s e  use fu l  ca t a ly t i c  r e a c t i o n s  do not have  
m e c h a n i s m s  c o m p a t i b l e  with high spec i f i c i t y .  Ana logous  and m o r e  spec i f i c  
r e a c t i o n s  m a y  be found th rough  s y s t e m a t i c  s tudy of m e t a l - l i g a n d  c o m b i n a t i o n s . )  
The dup l i ca t i on  of known ca ta ly t i c  c h e m i s t r y  of the noble  m e t a l s  with o t h e r  
t r a n s i t i o n  e l e m e n t s ,  no tab ly  Ti, Zr  and Hf. The s e a r c h  for  new types  of 
ca t a ly t i c  r e a c t i o n s .  

2) App l i c a t i ons  of r e g i o s p e c i f i c  o lef in  d i m e r i z a t i o n s  of i s o p r e n e  
to s y n t h e s i s  of C10 (e. g. r n y r c e n e ) ,  C15 and CZ0 h e a d - t o - t a i l  type 
o l i g o m e r s  as i n t e r m e d i a t e s  for s y n t h e s i s  of v i f a m i n s  A and E, squa l ene ,  
phytol ,  e tc .  

3) App l i c a t i ons  of a s y m m e t r i c  c a t a l y s i s  to s y n t h e s i s  of c h i r a l  
m o l e c u l e s  n e e d e d  for d rugs ,  v i t a m i n s ,  f l a v o r i n g s  and f r a g r a n c e s .  
Wor thwh i l e  spec i f i c  t a r g e t s  would be c h i r a l  a m i n e s ,  h y d r o c a r b o n s  and 
a l c o h o l s .  

F u n d a m e n t a l  s tud ies  d i r e c t e d  t o w a r d s  any of t h e s e  goa ls  in f ie ld  of 
ox ida t ion  c h e m i s t r y  would be d e s i r a b l e  (see VJI above) :  

1) R e p l a c e m e n t  of o r g a n i c  h y d r o p e r o x l d e s  with m o l e c u l a r  oxygen  
of a i r  in the c o n v e r s i o n  of o l e f ins  to epox ides ,  e . g . ,  p r o p y l e n e  to p r o p y l e n e  
ox ide ,  b u t a d i e n e  to b u t a d i e n e  m o n o e p o x i d e .  

2) R e p l a c e m e n t  of e x p e n s i v e  h e t e r o g e n e o u s  c a t a l y s t s  of 
r e l a t i v e l y  poor  s e l e c t i v i t y  with h o m o g e n e o u s  c a t a l y s t s  of i m p r o v e d  
s e l e c t i v i t y .  R e o ! a c e m e n t  of the sol id  s i l v e r  c a t a l y s t s  for ox id iz ing  e t h y l e n e  
to e thy l ene  ox ide  with a h o m o g e n e o u s  c a t a l y s t  o p e r a t i n g  at lower  t e m p e r a t u r e s  
w h e r e  o v e r o x i d a t i o n  could  be avo ided .  
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3) Use of transition metal complexes to concentrate and 
activate oxygen from the air for use in selective oxidation of hydrocarbons 
to intermediates such as alcohols, aldehydes, and ketones. If the 
functionality can be introduced at the end of a long paraffin chain a new 
route to fatty acid derivatives will have been achieved, freeing the natural 

products (fats) for use in food. 

4) Finding catalytic analogs of stoichiometric oxidation reactions 
of metal complexes, e.g., selenium, thallium, silver, chromium, and 

manganese compounds. 

5) Identifying the relationships between metal and Iigands that 
affect the selectivity of free radical oxidations catalyzed by metal complexes. 

6) Determining how homogeneously catalyzed oxidative dehydro- 
genations may be run to high conversion - e.g. in converting ethylbenzene 
to styrene - to reduce the energy required to separate product. 

The principles identified in the above studies on improved homogeneous 
oxidation catalysts may find application in advanced systems for selective 
electrolytic oxidation of organic compounds or in fuel cells using organic 

substrates. 

Homogeneous catalysts also appear to.have the potential to complex 
selectively with gaseous air pollutants and catalyze their conversion to inert 
or even useful products. Fundamental studies are required to establish the 
scope of this concept and follow up the leads that have been studied so far 
on complexes of SO 2 and NO x. Complexes containing CO have been 
inve stigated much rno re intensively. 

Stack gas scrubbing to remove SO 2 often generates a calcium sulfate 
sludge that is difficult to dispose of witPiout environmental insult. Alternate 
processes under study require an absorbing medium containing citrate or 
formate and produce sulfur as the product, using HzS or CO as the reducing 

agent in a separate reactor. 

We suggest that basic studies on chemistry of complexes of NO x, SO Z, 
and CO emphasize reactions which can be carried out in aqueous 
systems and, when sulfur is produced, at temperatures where it could be 
handled as a liquid. These in turn might lead to advanced stack gas 
scrubbing systems where CO would be the reducing agent with sulfur and/or 
nitrogen and CO Z as environmentally acceptable products. 

natlvel means of obtaining complexes SO, or NO so that they Alter " y, . . x d 
could be reacted with hydrocarbons to form useful ~n~ustrlal compounds woul 
be desirable, but probably the demand for the product would not justify 

widespread installation. 
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X. Photochemical Energy Storage and Catalyst Activation 

A. Potential Photoproduction of High Energy Materials 

C o n v e r s i o n  of s o l a r  e n e r g y  into c h e m i c a l  e n e r g y  in t he  f o r m  of h i g h  
e n e r g y  s u b s t a n c e s  ( fue l s )  is an  a t t r a c t i v e  goa l  s i n c e  it wou ld  u t i l i z e  t he  
f u n d a m e n t a l  e x t e r n a l  e n e r g y  s o u r c e .  A d e s i r a b l e  r e a c t i o n  wou ld  be  

light > Z H Z + O 2 
(I) Z HzO [catalyst] 

It would also be attractive to be able to use reactions such as (g) to 
produce CO. Recovery of carbon in this way could become important when 
present sources of carbon containing fuels are depleted. 

light -- Z CO + 0 2 
(Z) Z CO z [catalyst] 

C a t a l y s t s  in r e a c t i o n s  (1) and (Z) wou ld  h a v e  to be  the  p r i m a r y  p h o t o -  
r e c e p t o r s  as  the  s u b s t a n c e s  a r e  t r a n s p a r e n t  to t he  s o l a r  s p e c t r u m .  T h e y  
m u s t  a l s o  p r o v i d e  p a t h w a y s  to u s e  t he  a b s o r b e d  l ight  e n e r g y  f o r  t h e  d e s i r e d  
c h e m i c a l  c o n v e r s i o n .  T r a n s i t i o n  m e t a l  c o m p l e x e s  c a p a b l e  of c o m p l e x i n g  
HzO o r  CO 2 a r e  p o t e n t i a l  cana l}da tes  to c a t a l y z e  r e a c t i o n s  (1) o r  (2). T h i s  
Is a v e r y  s p e c u l a t i v e  a r e a  but  t he  p o t e n t i a l  p a y o f f  is v e r y  h igh .  

A n o t h e r  m e c h a n i s m  f o r  s o l a r  e n e r g y  u t i l i z a t i o n  wou ld  be p r o v i d e d  by  
d e v i c e s  w h i c h  c o n v e r t  l igh t  e n e r g y  d i r e c t l y  into e l e c t r i c a l  e n e r g y .  In 
p r i n c i p l e ,  t h i s  can  be a c c o m p l i s h e d  by  p h o t o i n d u c e d  p r o c e s s e s  w h i c h  a r e  
t h e r m a l l y  r e v e r s i b l e  and i n v o l v e  e l e c t r o n  t r a n s f e r .  

B. Photoinitiati_on of Catalysis 

Photoinitiation of catalysis involves photoproduction of a reactive 
substance which operates as a conventional catalyst. Photoinitiatec{ 
catalysis can potentially generate under mild conditions catalysts of unique 
structure and high selectivity, reducing side reactions, catalyst decomposition 
and energy consumption. Applications of photoinitiated catalysis might also 
lead to development of new imaging systems and optical svdtches. 

C. Recommendations 

S u c c e s s f u l  u s e  of  l ight  in c o n j u n c t i o n  wi th  c a t a l y s t s  w i l l  r e q u i r e  a 
s o p h i s t i c a e d  u n d e r s t a n d i n g ,  not  now a v a i l a b l e ,  of  the  a b s o r p t i o n  of l igh t  and 
i ts  c h e m i c a l  c o n s e q u e n c e s  in t r a n s i t i o n  m e t a l  c o m p l e x e s .  F u n d a m e n t a l  
s t u d i e s  of  t r a n s i t i o n  m e t a l  c o m p l e x  p h o t o c h e m i s t r y  a r e ,  t h e r e f o r e ,  
r e c o m m e n d e d  in t he  f o l l o w i n g  a r e a s :  
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I) Spectroscopic work should be carried out to characterize 
accessible excited states in metal complexes, with emphasis on correlation 
of excited states with chemical reactivity. Competitive photophysical 
processes should be identified and understood so that they can be controlled 
or exploited. 

2) Characterization of photochemical primary products and 
other photogenerated intermediates such as metal radicals, coordinatively 
unsaturated species and strongly oxidizing or reducing excited complexes 
by spectroscopic and chemical methods is essential to realize the goal of 
producing high energy and/or catalytically active species photochemlcally. 

3) A broad effort should be made to uncover new reaction 
pathways of excited metal complexes, including photoreactions of coordinated 
ligands, examples of reductive elimination, creation of multiple coordinative 
unsaturation with one'quantum, utilization of multiple photon reactions, and 
bimolecular reactions of excited complexes such as nucleophilic attack, 
electron transfer, addition, etc. 

X I .  N e w  F o r m s  o f  C a t a l Y s t s  . 

A. Introduction 

Attachment of soluble type catalysts to insoluble supports could 
potentially combine desirable features of homogeneous and heterogeneous 
catalysts and obtain catalysts with entirely new properties. Such hybrid 
catalysts may offer advantages such as ease of recovery of catalyst and its 
separation from product, as well as increased catalyst lifetime and 
increased resistance to solvolytic, oxidative and photochemical decompositions 
and to conversion into active or insoluble forms as sometimes observed for 
homogeneous catalysts. Combining homogeneous type catalysts with 
supporting phases also offers opportunities for r~seful synergistic interactions 
between the metal complex and the support. Some of the possibilities 
deserving mention are creation of catalysts having two different metals 
bound to the support, catalysts wherein the support and the supported metal 
complex engage in cooperative binding with substrates and catalysts (e. g. 
for fuel cells) wherein metal complexes are found to electrically conductive 
supports. Soluble catalysts consisting of larger polynuclear molecular 
entities also may have properties quite different from simpler mononuclear 
systems. Study of catalysis in immiscible liquid phases, use of phase 
transfer techniques as well as fundamental studies of structure--activity 
relationships and mechanism of supported catalysts also may lead to new 
types of catalysts. 

B. Recommendations 

New synthetic organic, biopolymer and inorganic supports for soluble 
type catalysts should be designed to incorporate and provide such features 
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as high chemical, physical and light stability, controlled loading of catalyst 
and synergists, controllable substrate and product diffusion properties and 
solvent compatibility. Physical properties of the supported catalysts-- 
e.g. pore size, texture, surface polarity, etc. -- should be determined. 
Consideration and use of polymer technology will be important. Studies 
which relate the influence of structural variables in supported catalysts to 
catalytic activity should lead to an improved understanding and usefulness of 
both the supported and classical heterogeneous catalysts. 

D e v e l o p m e n t  of e l e c t r i c a l l y  conduc t i ng  s u p p o r t s  such  as g r a p h i t e  
w o u l d  be d e s i r a b l e  for  fue l  c e l l  a p p l i c a t i o n s .  

Syn the t i c  e f fo r t s  in th is  f ie ld  would benef i t  f r o m  d e v e l o p m e n t  of new 
m e t h o d s  to a t t ach  c a t a l y s t s  to s u p p o r t s .  

Study of p o l y n u c l e a r  m e t a l  c o m p l e x e s  and of s u b s t a n c e s  such  as 
w a t e r - s o l u b l e  a g g r e g a t e s  of m e t a l  ox ides  s i m i l a r  to the h e t e r o g e n e o u s  m e t a l  
ox ide  c a t a l y s t s  should  be u n d e r t a k e n  to s e a r c h  for  new spec i f i c  c a t a l y t i c  
r e a c t i o n s .  

I n v e s t i g a t i o n  is r e c o m m e n d e d  of nove l  m e d i a  for  " h o m o g e n e o u s "  
c a t a l y s i s  by suppo r t ed  o r  f r e e  m e t a l  c o m p l e x e s .  S o m e  p o s s i b i l i t i e s  a r e  
m u l t i p h a s e  l iquid s y s t e m s  ( e . g .  m i c e l l e s ) ,  use  of p h a s e  t r a n s f e r  agen t s  
or  p o l y f u n c t i o n a l  l i gands  to s o l u b i l i z e  c o m p l e x  c a t a l y s t s ,  u se  of fused  
sa l t  so lven t  s y s t e m s  and u s e  of s e m i - p e r m e a b l e  m e m b r a n e s .  

Problems and possibilities discussed above are essentially multi- 
disciplinary in character and cooperative efforts should be encouraged. 
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APPENDIX A 

Chemical Factors in Oxyg_en Activation and Utilization 

Problem of Stability of Intermediates 

The cathodic reduction of O 2 at 1 atmosphere in a strong'acid at 
unit activity taking place as an equilibrium process generates i. Z3 volts 
measured against the hydrogen electrode also operating as an equilibrium 
process at standard conditions. Equilibrium can be achieved if the reaction 
is allowed to proceed infinitely slowly, thus allowing time for intermediates 
in the reaction sequence leading from O~ to HzO to reach equilibrium with 
respect to their disproportionation reac[ions. For a practical process 
taking place at a finite rate, we must be concerned with the steady state 
concentrations of the intermediates which are involved in the steps of the 
reaction. Increasing the rate of oxygen reduction causes these to rise 
above their equilibrium values, thus reducing the potential developed by 
the electrode. A serious limitation on the practical reduction of oxygenby 
a reversible process arises from the fact that the overall reduction involves 
a multi-particle change: conversion of 02 to the stable product water requires 
the addition of 4 electrons and 4 protons. Apart from whatever enthalpy 
barrier there is to a process that requires the attachment of eight particles 
onto an oxygen molecule, 4 protons from the solution and 4 electrons from, 
say, the electrode, there is the inherent improbability of such an event. In 
any case, in almost all reductions of oxygen which have been studied the 
reactions take place stepwise. In the limit of 4 independent reduction steps, 
the intermediates which have been identified are HO~, HzO~ and OH. The F, 

values of the standard reduction potentials associated with each of the steps 
(these are accurate only for the Ze- stages O Z - HzO Z and HzOz-H20) are: 

1.77 0.68 

I II I 
02 NO z H20 Z HO+HzO ZH20 

-0.32 i. 68 0.80 Z. 74 

It c a n  b e  s e e n  t h a t  t h e  p o t e n t i a l  f o r  0 Z b e i n g  r e d u c e d  to  the  i n t e r m e d i a t e  
HO Z is only -0.3 volt, and in a 2e- process, to H20 2, it is only 0.68 as 
compared to I. Z3 for the overall process. The d[-ml-nished potentials for 
the reactions producing the intermediates of course reflect the fact that the 
intermediates are unstable, at least in the thermodynamic sense. Although 
in actual process the concentrations of the intermediates might well be less 
than those corresponding to unit activity, finite times are associated with 
their further reduction or decomposition. As a consequence, it is 
questionable whether in a practical system a potential near the reversible 
value can be achieved even if the less stable silage, HO Z, is bypassed as 
long as the reactions are required to pass thi~ugh the stage H20 Z. 
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In w h a t  h a s  g o n e  b e f o r e  it  h a s  b e e n  t a c i t l y  a s s u m e d  t h a t  t h e  e l e c t r o d e  
m a t e r i a l  h a s  no  c h e m i c a l  i n d i v i d u a l i t y  and  t h a t  it  s e r v e s  o n l y  as  a s o u r c e  
o f  e l e c t r o n s ,  w i t h  t h e  p o s i t i v e  c h a r g e  n e e d e d  to s t a b i l i z e  t h e  n e g a t i v e  
c h a r g e  d e p o s i t e d  on  t h e  o x y g e n  c o m i n g  f r o m  p r o t o n s  f r o m  a c i d i c  s o l u t i o n .  
T h e  r e a c t i o n  b a r r i e r s  w i l l  b e  m o d i f i e d  by t h e  i n t e r a c t i o n  of  t h e  i n t e r m e d i a t e s  
w i t h  t h e  e l e c t r o d e  s u r f a c e .  T h e  q u e s t i o n  a r i s e s :  c a n  t h e  a f f i n i t i e s  of  r iO Z 
o r  HzO Z f o r  a m e t a l  s p e c i e s  at  an  e l e c t r o d e  be  s u f f i c i e n t l y  g r e a t  to  a l t e r  
t h e  b a r r i e r s  s i g n i f i c a n t l 3 ~ ?  T h e  p o s s i b i l i t y  t h a t  t h e  n e g a t i v e  c h a r g e  on_ the  
i n t e r m e d i a t e s  O p -  o r  0 2 - (o r  H O p - )  is  s t a b i l i z e d  by  t h e  i n t e r a c t i o n  o l  t h o s e  
s p e c i e s  w i t h  me~ 'a l  i o n s  on  t h e  s u r f a c e  n e e d s  a l s o  to be  c o n s i d e r e d .  It  is  
no t  o b v i o u s  t h a t  m e t a l  i o n s  c a n  s t a b i l i z e  t h e  i n t e r m e d i a t e  i o n s  m u c h  m o r e  
t h a n  do p r o t o n s ,  bu t  t h e  p o s s i b i l i t y  c a n n o t  be  i g n o r e d .  

P o s s i b l e  W a y s  to A v o i d  I n t e r m e d i a t e s  

We a r e  l e d  by  t h e  f o r e g o i n g  c o n s i d e r a t i o n s  to s e a r c h  f o r  p r o c e s s e s  
w h i c h  b y p a s s  t h e  i n t e r m e d i a t e s  HO 2 and  H 2 0  2, and  w h i c h  i n v o l v e  4 e l e c t r o n  
r e d u c t i o n  of  O Z. S e v e r a l  k i n d s  of  s u c h  p r o c e s s e s  c a n  be  i m a g i n e d :  
(a) two  m e t a l  c e n t e r s  c o o p e r a t i n g  in t h e  r e d u c t i o n  p r o c e s s ,  e a c h  m e t a l  
t h e n  u n d e r g o i n g  a Ze -  c h a n g e .  T h e  c h a r g e  s t a b i l i z a t i o n  on  t h e  r e d u c e d  o x y g e n  
c a n  o c c u r  b y  i t s  i n t e r a c t i o n  w i t h  t h e  m e t a l  ion  as  in  

Z Fe z+ + O = 2 FeO Z+ Z 

and by involving protons also 

Z Fe Z+ + O Z + g H* = Z FeOH 3+ 

(b) reductions taking place on a single metal center, the source of the 
electron being the metal center itself or some other center (which need not 
be a metal but might be a ligand) which is in communication with it. Again, 
the possible involvement of protons must be considered. 

To b e  a d a p t a b l e  to e l e c t r o d e  u s e ,  t h e  r e a c t i o n  s y s t e m s  in q u e s t i o n  
n e e d  to s a t i s f y  o t h e r  s t r i n g e n t  c o n d i t i o n s .  T h u s  in t h e  s p e c i f i c  e x a m p l e  
of  F e  Z+ b e i n g  o x i d i z e d  to F e O  2+, t h e  s p e c i e s  F e O  Z+ m u s t  b e  s t r o n g l y  
o x i d i z i n g .  It  m u s t  be  r e a d i l y  r e d u c i b l e  by  an  e l e c t r o d e ,  and  m o r e o v e r  
w h a t e v e r  r e d u c t i o n  t a k e s  p l a c e  m u s t  p r o d u c e  Fe( I I}  r a t h e r  t h a n  F e ( I I I ) .  It 
is  c l e a r  t h a t  f u n d a m e n t a l  w o r k  on  t h e  m e c h a n i s m  of  r e d u c t i o n  of  o x y g e n  by  
m e t a l  i o n s  is  r e q u i r e d ,  i n c l u d i n g  w o r k  w i t h  m u l t i c e n t e r  s y s t e m s ,  and  w o r k  
in w h i c h  t h e  r e a c t i v i t y  of  t h e  m e t a l  i o n s  is m o d i f i e d  by  t h e  l i g a n d s ,  
p a r t i c u l a r l y  " n o n - i n n o c e n t "  l i g a n d s .  I n t e r e s t  is  by  no m e a n s  1Lrnited to  t h e  
r e d u c t i o n  of  o x y g e n ,  and  it is c l e a r  t h a t  t h e  s t u d y  of  t h e  m e c h a n i s m  of  
o x i d a t i o n  of  w a t e r  is of  e q u a l  s i g n i f i c a n c e .  

An  b n p o r t a n t  q u e s t i o n  t h a t  a r i s e s  is w h e t h e r  t h e  f o u r - e q u i v a l e n t  
r e d u c t i o n  of  d i o x y g e n  to w a t e r  c a n  be  a c c o m p l i s h e d  in an o u t e r - s p h e r e  
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reaction. Although not many outer-sphere reductions of dioxygen are 
known, there is good evidence that the reactions of O~ with Cr(CN)t. 4- and 

• £. u. . n with Ru(NI-Io). Z+ to produce peroxide l:nake use of th,s pathway. Tl~is is a 
important r°e~ult, for it shows that coordination of dioxyge-n to a metal 
center may not be required for its rapid reduction. Since a substitution 
step is not required in an outer-sphere reaction, such reactions can in 
principle proceed more rapidly than inner-sphere reactions. This may be 
of importance when rapid reduction and turnover of dioxygen is required. 

Several metalloenzyn~es are able to carry out a "direct" four- 
equivalent reduction of dioxygen; these include cytochrome c oxidase, 
lacease, ascorbate oxidase, and ceruloplasmin. All of these enzyn~es 
have at least four metal centers° For laccase, which contains four copper 
atoms per enzyme, there is some evidence to indicate that a binuclear 
Cu(1)---Cu(1) center is the site of O Z reduction. Rapid delivery of four 
electrons (two from the active site and two from the other two Cu(1)'s) and 
four H + to the 0 2 is presumably accomplished at this site, but the exact 
nature of the electron/proton steps is not at all understood at this time. 

Electronic Structure of Dioxy_gen 

Discussion of the redox chemistry of dioxygen requires knowledge of 
the molecular orbital description of its ground state electronic structure. 

• ~ • 

The molecule possesses iZ valence. .electr°ns" (each afore+ is o2s+ zZP4)'2 awhleh+ Z 
are arranged in molecular orbltals In the order (2s~=) (Zs u ) ( P ~ ) 
(2pTru)4 (Zp=g) Z. The ground state is therefore a spi~-triplet 3Zg. s 

It is important to note that the half-filled w level is antibondlng between the 
two oxygen atoms. As a result, introduction of electrons into this level 
substantially increases the bond distance: 

State req, 

3Z g_0rg)ZOx I. Zl 

Z~g(=g)3Og - i. Z6 

1Lg + (Wg 140 zZ - i. 49 

Kinetic Consequences of the Spin and Orbital Symmetry Propertie s 

The fact that the ground state of dioxygen is a triplet can have 
important kinetic consequences. Hydrogen peroxide as well as most 
organic compounds have slnglet ground states. As a consequence spin will 
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g e n e r a l l y  n o t  b e  c o n s e r v e d  in t h e  t w o - e q u i v a l e n t  r e d u c t i o n  of  d i o x y g e n  
by an  o r g a n i c  c o m p o u n d  ( u n l e s s  t he  o r g a n i c  p r o d u c t  h a s  a low l y i n g  t r i p l e t  
s t a t e )  and  s u c h  r e a c t i o n s  a r e  l i k e l y  to be  s l o w .  T h i s  s p i n  r e s t r i c t i o n  i s  
a b s e n t  w h e n  d i o x y g e n  u n d e r g o e s  a o n e - e q u i v a l e n t  r e d u c t i o n  w i t h  a d i a m a g n e t i c  
o r g a n i c  c o m p o u n d  ( p r o d u c i n g  a n  o r g a n i c  f r e e  r a d i c a l )  b u t ,  a s  s h o w n  a b o v e ,  
t h e  o n e - e q u i v a l e n t  r e d u c t i o n  o f  d i o x y g e n  is n o t  t h e r m o d y n a m i c a l l y  f a v o r a b l e .  
T h e  s p i n  r e s t r i c t i o n  c a n  a l s o  b e  r e l e a s e d  by t h e  b i n d i n g  of  t h e  d i o x y g e n  to 
(o r  t h e  c l o s e  p r o x i m i t y  of) a p a r a m a g n e t i c  c e n t e r  s u c h  a s  c a n  b e  p r o v i d e d  
by a t r a n s i t i o n  m e t a l  ion .  T h e  r e d u c t i o n  of  d i o x y g e n  is  a t w o - e q u i v a l e n t  
s t e p  and  is l i k e l y  to p r o c e e d  p a r t i c u l a r l y  r a p i d l y  in s u c h  s y s t e m s .  

A s e c o n d  p o i n t  of  p o t e n t i a l  c o n c e r n  is o r b i t a l  s y m m e t r y .  D e l i v e r y  
o f  an  e l e c t r o n  in to  a Tr o r b i t a l  c o u ] d  in p r i n c i p l e  be  s y m m e t r y  f o r b i d d e n  o r  
a l l o w e d ,  d e p e n d i n g  ong~he o r i e n t a t i o n  and  s y m m e t r y  p r o p e r t i e s  of  t h e  d o n o r  
o r b i t a l .  T h e  r e q u i r e m e n t  o f  e f f i c i e n t  o v e r l a p  w i t h  t h e s e  o r b i t a l s  p l a c e s  
c e r t a i n  r e s t r i c t i o n s  on  t h e  g e o m e t r y  of  t he  t r a n s i t i o n  s t a t e  f o r  e l e c t r o n  
t r a n s f e r .  E x a m p l e s  of  an  a l l o w e d  p r o c e s s  w o u l d  be  

C'x £,', 
'x .~__ O.- 

/i~J /<9 
( :7 \  z-.., 

2 . . " ~  D .._.... . . . .  

( >.-' ...+) 

D / i  

<?' j - (+ \m: 

F ~  

t-'.' (Ex)--- ._~ 

+UjDc) 
(D -- d o n o r  o r b i t a l )  
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Symmetry forbidden electron transfers include: 

+cSs 

Z_ 
Reduction beyond the 0 Z state could be viewed in terms of 

population of the lowest unoccupied n~olecular orbital of that species, 
namely, 2pOu+" 

Co- c<,) 
+ 

2p~ 
U 

+ 
It is of interest to note that "side-on" electron transfer into 

tl 
encounters the same symmetry restrictions as those for Wg: 

-Co--~  

allowed 

© 
f o r b i d d e n  

but  " e n d - o n "  t r a n s f e r  s h o u l d  f o l l o w  d i f f e r e n t  s e l e c t i o n  r u l e s :  

c£~ d;;o- o:-) 
allowed 

C),F 
f o r b i d d e n  
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T h i s  m e a n s  t h a t  " s i d e - o n "  r e d u c t i o n  of O Z c o u l d  p r o c e e d  a l l  the  w a y  to 
O - O  bond c l e a v a g e  (to g i v e  OH) by u t i l i z i n g  d o n o r  o r b i t a l s  of  ~r s y m m e t r y ,  
w h e r e a s  b o t h  ~ (to 0 2 2 -  ) and a (to OH) d o n o r s  w o u l d  be  n e e d e d  in an  e n d - o n  
t r a n s i t i o n  s t a t e  g e o m e t r y .  S i m i l a r  r e a s o n i n g  c a n  be a p p l i e d  to h i -  and  
p o l y r n e t a l l i c  d o n o r s .  

Binding of Dioxygen to Metal Centers 

Knowledge of how metal species bind 0 2 is essential to design of 
catalysts for both the O~-HzO couple and the selective oxidation of other 
substrates. Reference~as already been made to the two limiting 
geometrical structures for coordinated dioxygen. 

O=O 0 
l I 
M M 

"side-on" "end -on" 

Of concern to us now is the question of the electronic structural 
description of such MO 2 units. Perhaps the crucial point to make is that 
such units can reasonaSly span extremes of charge distribution from MO 2 
to M2++OzZ-. Cobalt complexes of dloxygen have been quite thoroughly 
studied, and serve to illustrate some of the possibilities. There is over- 
whelrning evidence that cobalt(ll) complexes of dioxygen possess ground 
states of the type 

Co ( I I I )  - O..xC)C ) 

whereas cobalt(1)-dioxygen adducts prefer "side-on" (bidentate) cobalt(Ill) 
coordination. 

Co (Ill) 

O - - O  

Special stability is associated with a IAI_ (tz_)6Co(lll). The ground state 
obviously plays an important role in determining the state of bound dioxygen 
in these cases. 

Assignment of the oxidation state of 0 2 is not as clear in several 
model complexes containing heavy metals (rr, Rh, Pt, etc.), but in all 
cases there is good evidence for substantial charge withdrawal in the 

M6+O26-. The geometrical structures of these heavy metal ~ O 2 sense 
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adducts are generally consistent with the limiting formulation [MZ+OzZ-]. 

The binding of dioxygen to metal ions in blood proteins has also been 
the subject of intensive research. The ground states of hemerythrin and 
hemocyanin now appear to be well established. In both cases dioxygen 
binding is accompanied by two electron oxidation of a binuclear metal center: 

FelI(oH)Fe II + O z ~_____> Fe III O Fe III 

I 
0 

\ 
OH 

hemerythrin 

Cu I Cu I + OZ + H + ~ Cu ll N Cu II 

O \ 
OH 

hemocyanin 

Much blood has been shed over the nature of the iron-dioxygen bond in 
hemoglobin. Recent work with picket-fence porphyrin model compounds 
has indicated that the original Pauling formulation (low-spin Fe(ll) and 
end-on O Z) is in fact correct. There is thus at least one case where 
reduction of dioxygen does no___tt accompany coordination to a metal center. 
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