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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub­
mitted by the authors in camera-ready form. Papers are re­
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

The catalytic activation of carbon monoxide is a research area currently 
receiving major attention from academic, industrial, and government 

laboratories. There has been a long standing interest in this area; however, 
the new attention obviously is stimulated by concerns with the present and 
future costs and availability of petroleum as a feedstock for the production 
of hydrocarbon fuels and of organic chemicals. One logical alternative 
source to be considered is "synthesis gas," mixtures of carbon monoxide 
and hydrogen that can be produced from coal and other carbonaceous 
materials. 

Potential applications of synthesis gas include conversion to liquid 
fuels via the Fischer-Tropsch reaction, production of hydrogen via the 
shift reaction (for ammonia manufacture and for the direct liquifaction 
of coal) and the production of methanol, ethylene glycol, and other 
oxygenated organic chemicals. Efficient catalysts for such processes need 
to be designed and their fundamental reaction mechanism chemistry under­
stood. The symposium was organized to focus on these questions. The 
major emphasis was directed toward homogeneous catalysis; however, 
several authors addressed the question of characterizing catalysis pathways 
on surfaces. The chapters included in this volume comprise the major part 
of the papers presented and are organized in the order of presentation. 
The symposium was sponsored by the Inorganic Division of the American 
Chemical Society and also received some financial support from the 
Chevron Research Company, for which the Editor is grateful. 

PETER C. FORD 

Santa Barbara, California 

November 30, 1980 
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1 
Activation of Carbon Monoxide by Carbon and 
Oxygen Coordination 
Lewis Acid and Proton Induced Reduction 
of Carbon Monoxide 

D. F. SHRIVER 

Department of Chemistry, Northwestern University, Evanston, IL 60201 

In its free state, carbon monoxide is highly resistant to 
attack by hydrogen and a variety of other common reducing agents. 
The reactivity of coordinated CO is much greater than that of the 
free molecule and metal surfaces are in general even more effec­
tive than simple coordination compounds in promoting CO reduc­
tion. One great challenge to the inorganic chemist is to make 
the connection between chemistry which occurs on the surfaces of 
metals and the more readily studied reactions of discrete molecu­
lar organometallics. One possible mode of CO activation which 
has been invoked in heterogenous catalysis is C and O bonding to 
a surface. This bifunctional activation of CO may lead to CO 
cleavage and eventual incorporation of a surface carbide into 
organic products, or to direct incorporation of the C and O coor­
dinated CO into an organic group (1-3). Bifunctional activation 
also is thought to be important in molecular systems (4,5), but 
it is fair to say that the evidence for, and understanding of 
this phenomenon has been very rudimentary. In t h i s paper we pre­
sent the r e s u l t s of s t u d i e s at Northwestern which were designed 
t o p r o v i d e c l e a r - c u t evidence f o r b i f u n c t i o n a l CO a c t i v a t i o n i n 
mo l e c u l a r systems and to pr o v i d e i n f o r m a t i o n on the important 

0097-6156/81/0152-0001 $05.00/0 
© 1981 American Chemical Society 
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2 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

chemical v a r i a b l e s i n these r e a c t i o n s . We f i r s t d e s c r i b e Lewis 
a c i d promotion of the a l k y l m i g r a t i o n (CO i n s e r t i o n ) r e a c t i o n , 
i n c l u d i n g recent r e s u l t s on the combination of t h i s a c i d promoted 
a l k y l m i g r a t i o n r e a c t i o n w i t h CO r e d u c t i o n . T h i s r e p e t i t i v e 
sequence of CO i n s e r t i o n and c a r b o n y l r e d u c t i o n p r o v i d e s a means 
o f b u i l d i n g hydrocarbon c h a i n s under m i l d c o n d i t i o n s . F i n a l l y , 
p r o t o n induced CO r e d u c t i o n w i l l be d e s c r i b e d , and the most 
r e c e n t m e c h a n i s t i c i n f o r m a t i o n on t h i s r e a c t i o n w i l l be p r e ­
s e n t e d . As a prelude to these d i s c u s s i o n s , we o u t l i n e two f u n ­
damental r e a c t i o n s of c o o r d i n a t e d CO. 

E l e c t r o p h i l i c and N u c l e o p h i l i c A t t a c k o f Coordinated CO 

The a t t a c k on c o o r d i n a t e d carbon monoxide by n u c l e o p h i l e s was 
f i r s t e x t e n s i v e l y developed i n s y n t h e t i c o r g a n o m e t a l l i c c h e m i s t r y 
by E. 0. F i s c h e r and h i s students (6); as d i s c u s s e d by o t h e r s i n 
t h i s volume, t h i s r e a c t i o n p r o v i d e s one route to the r e d u c t i o n of 
c o o r d i n a t e d CO and to c a t a l y s i s of the water gas s h i f t r e a c t i o n . 
Those c a r b o n y l groups which are s u s c e p t i b l e to a t t a c k by n u c l e o ­
p h i l e s are e l e c t r o n d e f i c i e n t , as judged by t h e i r h i g h CO 
s t r e t c i n g f r e q u e n c i e s (7). 

By c o n t r a s t , metal c a r b o n y l s having low CO s t r e t c i n g f r e q u e n ­
c i e s are s u s c e p t i b l e to a t t a c k of the CO oxygen atom by e l e c t r o -
p h i l e s such as Al(CH3)3, A l B r 3 , or BF3. Thi s chemical evidence 
and a v a r i e t y of p h y s i c a l evidence i n d i c a t e t h a t a low CO 
s t r e t c h i n g frequency corresponds to h i g h e l e c t r o n d e n s i t y on the 
CO i i g a n d ( 8 ) . Carbonyl groups i n t h i s c a tegory i n c l u d e b r i d g i n g 
c a r b o n y l s , t e r m i n a l c a r b o n y l s i n metal c a r b o n y l a n i o n s , and t e r ­
m i n a l c a r b o n y l s i n donor s u b s t i t u t e d metal c a r b o n y l s , s t r u c t u r e s 
l a through l c . The a t t a c k on b r i d g i n g c a r b o n y l s by e l e c t r o p h i l i c 

0 0 0 

C L 0 C 
0 0 

AIR. 3 

( l a ) ( l b ) 

( l c ) 
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1. SHRIVER Lewis Acid and Proton Induced Reduction 3 

reagents i s a common f e a t u r e of the ch e m i s t r y of p o l y n u c l e a r 
c a r b o n y l s , and i t may lead to a v a r i e t y of CO rearrangements 
(8^,9^). One s t r i k i n g p h y s i c a l e f f e c t of Lewis a c i d a d d i t i o n t o 
the oxygen end of CO i s a very l a r g e r e d u c t i o n i n the CO 
s t r e t c h i n g frequency, which i m p l i e s a l a r g e decrease i n CO bond 
o r d e r , F i g u r e 1 ( 1 0 ) . T h i s phenomenon w i l l be d i s c u s s e d i n more 
d e t a i l at the end of the paper, and f o r the present i t w i l l 
s u f f i c e to p o i n t out that the a d d i t i o n of a Lewis a c i d to the 
ca r b o n y l oxygen f a v o r s c a r b e n e - l i k e resonance s t r u c t u r e s , which 
a r i s e from the p o l a r i z a t i o n o f the 7r system, e q u a t i o n 2. 

L nM-C=0 + A1X 3 > L ^ C - 0 ^ (2) 
AIX3 

The very l a r g e p e r t u r b i n g i n f l u e n c e of C and 0 bonding on 
the CO bond order l e d us to e x p l o r e the i n f l u e n c e of Lewis a c i d 
and proton a c i d promoted r e a c t i o n s of metal c a r b o n y l complexes. 

A c i d Promoted CO I n s e r t i o n 

Owing i n part to i t s great commercial importance, the CO 
i n s e r t i o n r e a c t i o n i s perhaps the most thor o u g h l y s t u d i e d metal 
c a r b o n y l r e a c t i o n o t h e r than s u b s t i t i o n (11-13). As shown i n 
eq u a t i o n 3a, the c u r r e n t l y 

R 
I k i k i 

accepted mechanism f o r t h i s r e a c t i o n i s the m i g r a t i o n of the 
a l k y l group onto a c o o r d i n a t e d CO, to y i e l d a c o o r d i n a t i v e l y 
u n s a t u r a t e d metal a c y l i n t e r m e d i a t e (which perhaps may be s o l v e n t 
s t a b i l i z e d ) . T h i s i n t e r m e d i a t e i s then a t t a c k e d by an incoming 
l i g a n d to produce a s t a b l e a c y l complex, e q u a t i o n 3b. When a 

. R k 9 XR 

v*-c;0
 + L' ^ef v-'*-^ ( 3 b ) 

s t a b l e product i s formed, k_ 2 « k
2 , t t i e k i n e t i c e x p r e s s i o n takes 

the form g i v e n i n eq u a t i o n 4, w i t h two l i m i t i n g c o n d i t i o n s , 
e q u a t i o n s 5a and 5b. 

k ^ f L ' H L ^ C O ) ] 
r a t e = k . x + k 2 [ L ' ] ( 4 ) 

r a t e = K k 2 [ L f ] [ L n M R ( C 0 ) ] when k 2 [ L f ] « k. x (5a) 

r a t e = k 1 [ L n M R ( C 0 ) ] when k 2 [ L f ] » k_ x (5b) 
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4 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

9 0 0 

Bond Order 

Figure 1. Bond order vs. CO stretching frequency; the curve was determined from 
data on organic compounds, data for organometallic compounds have been entered 

on the curve based on observed CO stretching frequencies. 
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1. SHRIVER Lewis Acid and Proton Induced Reduction 5 

The simple second-order k i n e t i c s of eq u a t i o n 5a appl y f o r 
Mn(CO)5(0113) when L=CO at subatmospheric p r e s s u r e s . I t i s under 
t h i s set of c o n d i t i o n s t h a t we have s t u d i e d the Lewis a c i d p r o ­
moted CO i n s e r t i o n r e a c t i o n , see F i g u r e 2. 

P r i o r to our s t u d i e s i t was re c o g n i z e d that i o n p a i r i n g w i t h 
a n i o n i c metal c a r b o n y l s c o u l d promote CO i n s e r t i o n and r e l a t e d 
r e a c t i o n s (14-16). Both k i n e t i c and n o n - k i n e t i c evidence 
suggests the importance of i o n p a i r s i n these types of r e a c t i o n s 
(14,17). For example, a s m a l l c a t i o n was found to g r e a t l y acce­
l e r a t e the CO i n s e r t i o n r e a c t i o n r e l a t i v e to the same r e a c t i o n 
w i t h a l a r g e c a t i o n , e q u a t i o n 6 ( 1 4 ) . 

THF 
M +[RFe(CO) 4~] + L 1 > M +[L 1Fe(CO)3(CRO)] (6) 

r a t e (M + = ( P h 3 P ) 2 N + ) : r a t e (M + = L i + ) 1:10 3 

Our work on the b i f u n c t i o n a l a c t i v a t i o n of CO i n s e r t i o n was 
prompted by the thought t h a t s t r o n g m o l e c u l a r Lewis a c i d s should 
be more e f f e c t i v e and more g e n e r a l than simple c a t i o n s . I t 
a l r e a d y had been observed t h a t m o l e c u l a r Lewis a c i d s would pro­
mote a mo l e c u l a r F i s c h e r - T r o p s c h type r e a c t i o n 05), and that i r o n 
d iene complexes can be converted to p o l y c y c l i c ketones by the 
a c t i o n of aluminum h a l i d e s , e q u a t i o n 7,(18), but i n f o r m a t i o n on 
the course of these r e a c t i o n s was sket c h y . 

(7) 

In the f i r s t s t u d i e s performed at Northwestern, Steven 
S t r a u s s found that Α1ΒΓ3 brought about a moderate i n c r e a s e i n the 
r a t e of CO uptake by Mn(CO)5(0113). Susan B u t t s then d i s c o v e r e d 
t h a t the r e a c t i o n occurs i n two s t e p s . The f i r s t i s a ve r y r a p i d 
CO i n s e r t i o n t o y i e l d a c y c l i c p r o d u c t , e q u a t i o n 8a, which i s 
f o l l o w e d by the much slower uptake of CO, equ a t i o n 8b. 

0 0 
C C° ? c° 1 / 1/ / « 3 

OC — M n — C O + A l B r * > O C — M n — C. 
/ι 0 f a s t /Ι ·>0 

0 C C 0 ' / 
0 B r — A l Br 2 

(8a) 
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6 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

TIME CMIN) 

Journal of the American Chemical Society 

Figure 2. Second-order kinetic plot for the reaction of CO at subatmospheric pres­
sures with Mn(CO)k(CCHiOAlBrBrî) in toluene solution (19) 
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1. SHRIVER Lewis Acid and Proton Induced Reduction 7 

0 
c c o 
1 / ,CH 3 

OC Mnrrrr:C 
o c I / 

Br A l B r 2 

CO 

0 
C c o 
1 / / C H 3 

-> OC — MnrmC 
/| * 0A1 Br 

0 C 

(8b) 

The s t r u c t u r e of the c y c l i c r e a c t i o n product of eq u a t i o n 8a 
has been determined by Dr E l i z a b e t h H o l t at the U n i v e r s i t y o f 
Ge o r g i a , and a s i m i l a r c y c l i c s t r u c t u r e i s i n d i c a t e d by s p e c t r o ­
s c o p i c data f o r other metal systems ( 1 9 ) . R e a c t i o n 8a i s so 
r a p i d t h a t the r a t e has eluded measurement by c o n v e n t i o n a l k i n e ­
t i c methods, but based on the immediate c o l o r change upon mix i n g 
we e s t i m a t e that the r a t e i s at l e a s t 10^ g r e a t e r than the f o r ­
ward r a t e i n r e a c t i o n 3a. Thus the r o l e of the Lewis a c i d i s not 
si m p l y to capture the c o o r d i n a t i v e l y u n s a t u r a t e d i n t e r m e d i a t e , 
Mn(C0) 4(C0R), but r a t h e r to promote the a l k y l m i g r a t i o n p r o c e s s . 
A t t a c k by the Lewis a c i d must occur p r i o r to or very e a r l y i n the 
sequence of a l k y l m i g r a t i o n . One p o s s i b l e v a r i a t i o n on t h i s 
g e n e r a l p i c t u r e i s p r i o r e q u i l i b r i u m complex f o r m a t i o n between 
Mn(C0)5R and ΑΙΒΓβ, eq. 9a, f o l l o w e d by a l k y l m i g r a t i o n , eq. 9b. 
We have no ex p e r i m e n t a l evidence on whether or not the r e a c t i o n 

RMn(C0) 5 + A l B r 3 ^ N RMn(CO) 4(COAlBr 3) (9a) 

RMn(CO) 5(COAlBr 3) » Mn ( C 0 ) 4 ( C R 0 A l B r B r 2 ) (9b) 

r a t e i s i n c r e a s e d by simultaneous bromide a t t a c k on Mn, but the 
t h e o r e t i c a l s t u d i e s of Berke and Hoffmann suggest t h a t n u c l e o p h i -
l i c a t t a c k on the c e n t r a l metal i s not l i k e l y to a s s i s t the a l k y l 
m i g r a t i o n r e a c t i o n ( 1 3 ) . There i s no d i r e c t evidence f o r the equ-
l i b r i u m complex f o r m a t i o n d e p i c t e d i n e q u a t i o n 9a; indeed the h i g h 
CO s t r e t c h i n g f r e q u e n c i e s of M n i C O ^ i C ^ ) are i n a range f o r which 
s t a b l e complexes have not been observed between c a r b o n y l s and 
Lewis a c i d s such as A l B ^ . However, the f r e q u e n c y - b a s i c i t y c o r r e ­
l a t i o n does not exclude the p o s s i b i l i t y of minute but k i n e t i c a l l y 
i mportant amounts of the complex b e i n g formed. I t a l s o i s 
p o s s i b l e that a p r e - e q u i l i b r i u m does not e x i s t but i n s t e a d a l k y l 
m i g r a t i o n occurs s i m u l t a n e o u s l y w i t h Lewis a c i d a t t a c k , e q u a t i o n 
10. Whatever the f i n e r d e t a i l s of t h i s s t e p , there i s no doubt of 
the great a c c e l e r a t i o n of a l k y l m i g r a t i o n by m o l e c u l a r Lewis 
a c i d s . 

(0C) 4Mn-C0 < A l B r 3 (10) 

The second slower step i n the o v e r - a l l r e a c t i o n , eq. 8b, obeys 
second order k i n e t i c s , eq. 11, and F i g u r e 2. The r e l a t i v e r a t e 
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8 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

i n c r e a s e s on going from Br to CI t o F b r i d g i n g groups, Table I 
( 19). In view of these d a t a , and of the g e n e r a l occurence of a 
d i s s o c i a t i v e pathway f o r s u b s t i t u t i o n r e a c t i o n s on o c t a h e d r a l 18 
e l e c t r o n complexes, the most l i k e l y r a t e d e t e r m i n i n g process i n 
these r e a c t i o n s i s Mn-halide bond b r e a k i n g . 

r a t e - k[CO] [MnCCO^CCROAlBrB^) ] (11) 

The CO i n s e r t i o n process a l s o can be promoted by pr o t o n 
a c i d s ( 2 0 ) . The o n l y compound to be s t u d i e d i n d e t a i l i s 
Mn(CO)5(CH 3), f o r which very weak a c i d s such as a c e t i c a c i d b r i n g 

Table I . I n i t i a l Rate of CO Uptake Under Uniform C o n d i t i o n s 

Complex 

Mn(CH 3)(CO) 5 

Mn(C(OAlBrBr 2)CH 3)(CO)4 

M n ( C ( O A l C l C l 2 ) C H 3 ) ( C O ) 4 

Mn(C(OBFF 2)CH 3)(CO) 4 

R e l a t i v e I n i t i a l Rate 

1 

4 

23 

43 

about l i t t l e r a t e enhancement, a c i d s of i n t e r m e d i a t e s t r e n g t h 
cause a p p r e c i a b l e r a t e enhancement, and s t r o n g a c i d s such as HBr 
b r i n g about a c o m p e t i t i v e cleavage of the Mn-CH3 bond, Table I I . 

Table I I . HX Promoted CO I n s e r t i o n 

Mn(CO) 5(CH 3) + CO HX Mn(CO) 5(CCH 3) 

HX 

HBr 

HOOCCF3 

H00CCC1 2H 

H00CCC1H 2 

none 

R e l a t i v e Rate 

(CH4 evolved) 

>9 (some CH^) 

7 

2 

1 
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1. SHRIVER Lewis Acid and Proton Induced Reduction 9 

K i n e t i c s t u d i e s by Bu t t s and Richmond i n d i c a t e t h a t both the 
monomer and dimer of d i c h l o r o a c e t i c a c i d promote the r e a c t i o n i n 
an aromatic s o l v e n t , equations 12a and 12b, ( 2 0 ) . 

Mn(C0)c ( C H o ) + CO Ί » Mn( CO) c ( C C H o O ) (12a) 
D J ((Me s o i n . •> 3 

r a t e = k{[HA] + a[H 2 A 2 ] } [ M n ( C O ) 5 ( C H 3 ) ] [ C O ] (12b) 

where HA 3 Cl 2HCOOH and 0.2 
A ve r y e x c i t i n g recent development i n j o i n t r e s e a r c h w i t h 

P r o f e s s o r B u r w e l l i s the o b s e r v a t i o n by Co r r e a , Nakamura and 
Stimson, th a t metal oxide s u r f a c e s a l s o promote CO i n s e r t i o n 
( 2 1 ) . In t h i s study i t was p o s s i b l e to c h a r a c t e r i z e the nature 
o f the r e a c t i o n products formed by the i n t e r a c t i o n of a l k y l m e t a l 
c a r b o n y l s w i t h metal oxide s u r f a c e s , which had been a c t i v a t e d to 
produce s u r f a c e a c i d and base s i t e s . The r e a c t i o n was f o l l o w e d 
by two methods, i n the f i r s t i n s t a n c e the e v o l u t i o n of CO, H 2, 
CH4 and other l i g h t molecules was measured i n the course of the 
i n t e r a c t i o n of the o r g a n o r a e t a l l i c molecule w i t h the s u r f a c e . 
Secondly the nature of the r e a c t i o n product on the s u r f a c e was 
deduced from F o u r i e r t r a n s f o r m i n f r a r e d s p e c t r o s c o p y of the s u r ­
f a c e s p e c i e s . F o r t u n a t e l y we have a v a i l a b l e m o l e c u l a r analogues 
of the s u r f a c e s p e c i e s so the s t r u c t u r a l i n f e r e n c e s from i n f r a r e d 
s p e c t r o s c o p y are q u i t e s t r o n g . For example a sample of γ-alumina 
was heated t o 900 e C i n h i g h p u r i t y h e l i u m , c o o l e d , and then 
exposed to Mn ( C O ) 5 ( ^ 3 ) . The r e s u l t i n g i n f r a r e d spectrum, when 
compared w i t h the mo l e c u l a r s p e c i e s , i n d i c a t e s t h a t a s u r f a c e 
a c e t y l i s formed w i t h a c y c l i c s t r u c t u r e analogous to those seen 
i n the m o l e c u l a r Lewis a c i d promoted r e a c t i o n s , e q u a t i o n 13. 

A1-0-A1-0 + Mn(C0K(CHo > (0C) AMnrr^.C J (13) 
/ / / / / 5 I > 

A l — 0 — A l — 0 
I I I I I I I 

T h i s i n s e r t i o n r e a c t i o n i s very f a s t , as judged by the immediate 
c o l o r change upon exposure of the alumina s u r f a c e t o the 
o r g a n o m e t a l l i c , and i n keeping w i t h these i n t e r p r e t a t i o n s no 
a p p r e c i a b l e amounts of gaseous products are evolve d on the time 
s c a l e of the measurements. One i m p l i c a t i o n of t h i s o b s e r v a t i o n 
i s t h a t the metal o x i d e s , which are f r e q u e n t l y employed to sup­
p o r t c o n v e n t i o n a l m e t a l l i c heterogenous c a t a l y s t s , may p l a y an 
a c t i v e r o l e i n promoting CO r e d u c t i o n by the i n t e r a c t i o n of s u r ­
f a c e Lewis a c i d s i t e s w i t h the oxygen end of CO. Indeed support 
e f f e c t s are w e l l documented f o r the c o n v e r s i o n of CO to hyd r o c a r ­
bons (22-23), and t h e r e f o r e we s p e c u l a t e that i n t e r a c t i o n s , such 
as those suggested i n eq u a t i o n 14, may be imp o r t a n t . The us u a l 
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10 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

/ V / > / Η ν / - ^ x CH 3 

A1-0-A1-0-A1 A1-0-A1-0-A1 (14) 
I I I I I I I I I I I I I 

e x p l a n a t i o n i s that The AI2O3 s u r f a c e withdraws e l e c t r o n d e n s i t y 
from the metal p a r t i c l e , thereby changing i t s r e a c t i v i t y . We do 
not b e l i e v e t h a t t h i s i s a c h e m i c a l l y reasonable e x p l a n a t i o n , 
because AI2O3 l a c k s low l y i n g c o n d u c t i o n bands which might accept 
e l e c t r o n d e n s i t y . More l o c a l i z e d i n t e r a c t i o n s , such as those 
between the s u r f a c e atoms and the metal p a r t i c l e should be i n e f ­
f e c t i v e i n g r e a t l y a l t e r i n g the charge on the metal p a r t i c l e , 
because the presence on the s u r f a c e of both e l e c t r o n a c c e p t o r s , 
A l + ^ , and donors, 0~ 2, should y i e l d m u t u a l l y compensating 
e f f e c t s . 

A d d i t i o n o f MX^ Across CO M u l t i p l e Bonds 

The o r g a n i c analogues of the r e a c t i o n s to be d i s c u s s e d here 
are the borane r e d u c t i o n s of aldehydes and ketones and the a d d i ­
t i o n of metal a l k y l s across k e t o n i c c a r b o n y l s , equation 15. In 
c o n t r a s t to the ease of these o r g a n i c r e a c t i o n s , q u a l i t a t i v e d a t a 
which has accumulated i n our l a b o r a t o r y over the l a s t decade 
demonstrates that the c a r b o n y l group i n o r g a n o m e t a l l i c s i s f a i r l y 
r e s i s t a n t to a d d i t i o n a c r o s s CO. For example, many s t a b l e 
adducts of o r g a n o m e t a l l i c c a r b o n y l s w i t h aluminum a l k y l s are 
known, eq. l c , but under s i m i l a r c o n d i t i o n s a ketone w i l l q u i c k l y 
r e a c t by a d d i t i o n of the aluminum a l k y l across the CO bond. A 
s i m i l a r r e a c t i v i t y p a t t e r n i s seen w i t h boron h a l i d e s . 

There i s good evidence t h a t a d d i t i o n across k e t o n i c CO 
groups i s preceeded by simple adduct f o r m a t i o n (24-26), and i t i s 
thought that t h i s adduct f o r m a t i o n p o l a r i z e s the c a r b o n y l , making 
the carbon s u s c e p t i b l e to a t t a c k by the R", H~, or X" n u c l e o -
p h i l e s , e q u a t i o n 15. 

C=0 AlRq :C=OAI^ 

^ 0» 

R» 
R» 

J f e c-OAlRj (15) 

The r e s i s t a n c e of metal c a r b o n y l s to a d d i t i o n across the CO 
bond may r e f l e c t the i n f l u e n c e of the adjacent e l e c t r o n r i c h 
m e t a l c e n t e r , which can d e l o c a l i z e e l e c t r o n d e n s i t y onto the c a r -
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1. SHRIVER Lewis Acid and Proton Induced Reduction 11 

bonyl carbon. The e l e c t r o n d e n s i t y s h i f t from the metal to the 
c a r b o n y l carbon w i l l thereby p a r t i a l l y o f f s e t the p o l a r i z a t i o n o f 
the c a r b o n y l by the Lewis a c i d , and thus moderate the r e a c t i v i t y 
o f the c a r b o n y l carbon toward n u c l e o p h i l e s . V i b r a t i o n a l s p e c t r o ­
s c o p i c evidence f o r t h i s e l e c t r o n d e r e a l i z a t i o n upon adduct f o r ­
mation has been c i t e d i n an e a r l i e r s e c t i o n . 

The depressed r e a c t i v i t y of the CO bond i n metal c a r b o n y l s 
r e l a t i v e to o r g a n i c c a r b o n y l s i s not apparent i n the case of BH3 
and AIH3. For example, Masters and coworkers have observed t h a t 
^B'THF reduces metal a c y l compounds to the co r r e s p o n d i n g a l k y l s , 
eq. 16. Although no m e c h a n i s t i c s t u d i e s have been r e p o r t e d , i t 

0 
L nM-C-CH 3 + H3B'THF > L nM-CH 2CH 3 (16) 

was proposed t h a t t h i s r e d u c t i o n i s preceeded by the f o r m a t i o n of 
a BH3 adduct at the a c y l oxygen ( 4 ) . R e c e n t l y , AIH3 r e d u c t i o n s 
o f metal c a r b o n y l s t o produce hydrocarbons have been r e p o r t e d as 
w e l l (27,28). 

I n v e s t i g a t i o n s i n our l a b o r a t o r y by Rebecca Stimson have 
demonstrated t h a t i t i s p o s s i b l e to combine the borane r e d u c t i o n 
o f a metal a c y l w i t h the Lewis a c i d promoted CO i n s e r t i o n r e a c ­
t i o n which has been d i s c u s s e d e a r l i e r i n t h i s paper ( 2 9 ) . In 
t h i s r e a c t i o n , which i s presumed to proceed by eq u a t i o n 17, the 

0 0 
in in 

R C C I "BH3" \ ,R \ , _ LnM-CO — ^ > V-MrC > I^M-C^-R (17) 
ΌΒΗ3 

BH3 a c t s both as a red u c i n g agent f o r the a c y l c a r b o n y l and as a 
promoting agent f o r subsequent CO i n s e r t i o n i n t o the m e t a l - a l k y l 
bond. As yet the process has been c a r r i e d as f a r as C^Hg, w i t h 
M n(CO) 5(CH 3), CO, and H 3B-THF as r e a c t a n t s . 

CO Conversion t o M e t h y l i d y n e s 

As p r e v i o u s l y i l l u s t r a t e d i n F i g u r e 1, the CO bond order i s 
g r e a t l y reduced by the a d d i t i o n of an accep t o r to the c a r b o n y l 
oxygens of a metal c a r b o n y l . The CO s t r e t c h i n g f r e q u e n c i e s and 
s t r u c t u r e s of these adducts bear c l o s e resemblances to those i n 
compounds which are regarded as methylene (carbene) and m e t h y l -
idyne (carbyne) complexes. Comparisons between some of these 
analogues are g i v e n i n 18a and 18b. (For the sake of c l a r i t y , 

^ 0 - A l B r 3 ;;0-CH3 

L n M ^ C N vs L^H — C ( 1 8 a ) 

N C H 3 CH 3 
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12 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

0-Α1ΒΓ3 
C J 

Fe 1 — Fe 

Fe 

vs 
/ 

Co — 

\ 

O-CHq 
C J 

\ Co (18b) 

Co 

t e r m i n a l CO l i g a n d s w i l l be om i t t e d from the s t r u c t u r a l r e p r e s e n ­
t a t i o n s of the p o l y n u c l e a r c a r b o n y l s throughout the r e s t of the 
t e x t . ) The analogy w i t h the methylidenes i s strengthened by the 
r e c e n t d i s c o v e r y t h a t b r i d g i n g c a r b o n y l s i n a n i o n i c p o l y n u c l e a r 
c a r b o n y l anions are s u s c e p t i b l e to a l k y l a t i o n and p r o t o n a t i o n , 
e q u a t i o n s 19a and 19b (30-35). These r e a c t i o n s c o n t r a s t 

Fe^ 
' F< CO" 

Fe 9 H 
CH3SO3F Fe: 

. FeC/ 

-Fe 

. CO-CHq 
(19a) 

Fe 

„ /CO"" 
* F e y 

Fe; 
Fe</ C°- H 

On Fe 
(19b) 

markedly w i t h the u s u a l products o b t a i n e d from mononuclear c a r ­
b o n y l a n i o n s , where CH + o r H + e l e c t r o p h y l e s a t t a c k metal c e n t e r s 
(36) . K e i s t e r has shown t h a t i n the case of H R u 3 ( C 0 ) ^ " the pro ­
t o n a t i o n at low temperatures o c c u r s i n i t i a l l y at a c a r b o n y l 
oxygen, and t h i s i s f o l l o w e d by m i g r a t i o n to the metal c e n t e r , 
p r o d u c i n g l ^ R i ^ C O ) } } ( 3 7 ) . T h i s r e s u l t suggests t h a t the a t t a c k 
by e l e c t r o p h i l e s may o f t e n i n i t i a l l y go onto the c a r b o n y l 
l i g a n d s , even though the s t a b l e and o n l y o b s e r v a b l e products 
i n d i c a t e t h a t the metal c e n t e r i s the u l t i m a t e n u c l e o p h i l e . 

Examples of O - a l k y l a t i o n have a l s o been demonstrated f o r 
t r i r u t h e n i u m and triosraium a n i o n i c c l u s t e r s , as w e l l as the 
t e t r a i r o n c l u s t e r F e ^ C O ) ] ^ 2 " " (31-33). T h i s r e a c t i o n has con­
s i d e r a b l e promise as an e n t r y i n t o many d i f f e r e n t methylidyne 
complexes through the replacement of the OR" group, eq. 20 ( 3 8 ) . 

OR 
C 

Ru Ru 

H^- Ru' H Λ 
BX 3 Ru 

Ru 

Ru 

Λ 

(20) 
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1. S H R i V E R Lewis Acid and Proton Induced Reduction 13 

P r o t o n a t i o n of the c a r b o n y l oxygen i s as yet o n l y r e c o g n i z e d i n a 
couple of cases (34,35). Even though O - a l k y l a t i o n and perhaps 0-
p r o t o n a t i o n open up u s e f u l s y n t h e t i c paths i n metal c a r b o n y l 
c h e m i s t r y , t h e i r main i n t e r e s t f o r the purposes of t h i s survey i s 
t h e i r i n t e r m e d i a c y i n the f u r t h e r r e d u c t i o n of CO. 

Pr o t o n Induced R e d u c t i o n o f CO 

The o b s e r v a t i o n of O-protonation w i t h the attendant formal 
r e d u c t i o n of the c a r b o n y l carbon suggested to us tha t f u r t h e r 
p r o t o n a t i o n steps might lead t o methane or methanol f o r m a t i o n . 
In t h i s process the necessary e l e c t r o n s f o r the r e d u c t i o n would 
be p r o v i d e d by the metal c l u s t e r , as i n d i c a t e d s c h e m a t i c a l l y i n 
eq u a t i o n 21. A f t e r c o n s i d e r a b l e e x p e r i m e n t a t i o n w i t h r e a c t a n t s 

(21) 

and r e a c t i o n c o n d i t i o n s , Kenton Whitmire demonstrated the f i r s t 
r e a c t i o n of t h i s t y p e, eq. 22 ( 2 9 ) . A y i e l d of about 0.5 CH^ per 

o_ neat H 9S0oCFq 0 . 
FeA(C0)fo — — * — = 2 — * > CHa + F e 2 + + CO + Ho 

H A J ^3 days, room t ^ *· 
+ Fe c l u s t e r s (22) 

c l u s t e r was o b t a i n e d , and i s o t o p i c experiments demonstrated t h a t 
the carbon i n the CH^ o r i g i n a t e d from a c a r b o n y l carbon and not 
from some a d v e n t i t i o u s s o u r c e. I t was a l s o shown t h a t the hydro­
gen i n the methane i s d e r i v e d d i r e c t l y from the p r o t o n , and not 
v i a i n t e r m e d i a t e H 2. Furthermore, the q u a n t i t y o f F e 2 + produced 
i s s u f f i c i e n t to account f o r the e q u i v a l e n t s of e l e c t r o n s neces­
s a r y to y i e l d CH^ and H 2 (39) • T h i s r e a c t i o n c l e a r l y f i t s our 
o r i g i n a l concept of proton induced r e d u c t i o n . 

With the ge n e r a l nature of r e a c t i o n 22 e s t a b l i s h e d , we are 
now c o n c e n t r a t i n g on a more d e t a i l e d u n derstanding o f the 
mechanism. The f i r s t step undoubtedly i s the known monoprotona-
t i o n and rearangement of the t e t r a h e d r a l i r o n c l u s t e r , 
F e ^ i C O ) ] ^ - t o y i e l d a b u t t e r f l y arrangement of the i r o n atoms i n 
the product HFe^CO) j"3 (40). T h i s i n t e r e s t i n g r e a c t i o n , which pro­
duces a unique n^-CO l i g a n d , i s shown s c h e m a t i c a l l y i n e q u a t i o n 
23. The next step i s l i k e l y to be the p r o t o n a t i o n of the unique 
b r i d g i n g CO l i g a n d to y i e l d 24a, which i s analogous to the known 
compound 24b ( 4 1 ) . In keeping w i t h t h i s i n t e r p r e t a t i o n , Whitmire 
has shown by i s o t o p e t r a c e r s t u d i e s t h a t the unique η^-CO i n 24b 
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14 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

C 

(23) 

undergoes proton induced r e d u c t i o n to y i e l d CH^. The exact route 
by which t h i s t r a n s f o r m a t i o n to methane occurs i s s t i l l not f u l l y 
u n derstood, however the r e a c t i o n m i x t u r e which has been quenched 
b e f o r e e x t e n s i v e r e a c t i o n has o c c u r r e d , c o n t a i n s s i g n i f i c a n t 
quantités of the p r e v i o u s l y known methyne (42,43), i l l u s t r a t e d i n 
e q u a t i o n 25. Whitmire has shown t h a t t h i s methyne i n the 

(25) 

presence of neat HSO3CF3 y i e l d s some CH^. T h e r e f o r e , we are 
i n c l i n e d to w r i t e the sequence of r e a c t i o n s shown i n e q u a t i o n 26 
t o d e s c r i b e the proton induced r e d u c t i o n of CO i n F e ^ i C O ) ^ 2 " . 

The above o b s e r v a t i o n s s t r o n g l y i n d i c a t e t h a t O - p r o t o n a t i o n 
i s an important step i n t h i s p a r t i c u l a r r e a c t i o n f o r the reduc­
t i o n of c o o r d i n a t e d CO. Recent s t u d i e s i n our l a b o r a t o r y p r o v i d e 
o t h e r examples of proton induced r e d u c t i o n i n metal c l u s t e r 
systems, and an example of proton induced CO r e d u c t i o n has 
r e c e n t l y been r e p o r t e d by Atwood ( 4 4 ) . I t thus appears that 
protons as w e l l as Lewis a c i d s are e f f e c t i v e i n the b i f u n c t i o n a l 
a c t i v a t i o n of c o o r d i n a t e d CO. 

P r i n c i p l e s o f B i f u n c t i o n a l CO A c t i v a t i o n 

The f o r e g o i n g examples c l e a r l y demonstrate t h a t the a t t a c h ­
ment of an e l e c t r o n a c c e p t o r to the oxygen of c o o r d i n a t e d CO 
a c t i v a t e s t h i s molecule toward a v a r i e t y of r e d u c t i o n r e a c t i o n s . 
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1. S H R i V E R Lewis Acid and Proton Induced Reduction 15 

p r o t o n a t i o n of CO oxygen 

Fe 

CO cleavage •ι r e d . 
a g t . 

(26) 

CH 4 + · Fe 

c o n v e r s i o n of carbyne to methane 

T h i s b i f u n c t i o n a l a c t i v a t i o n can be a s c r i b e d to a v a r i e t y o f f a c ­
t o r s (10,13,14): (1) l o w e r i n g of the CO bond order to more n e a r l y 
approximate t h a t of the p r o d u c t s , (2) s t a b i l i z a t i o n of e l e c t r o n 
m i g r a t i o n toward oxygen, which t y p i c a l l y occurs d u r i n g r e d u c t i o n , 
(3) l o w e r i n g o f a s p e c i f i c unoccupied MO which f a c i l i t a t e s the 
fo r m a t i o n of the t r a n s i t i o n s t a t e , and (4) p o l a r i z a t i o n of the CO 
bond, making the carbon s u s c e p t i b l e to a t t a c k by n u c l e o p h i l e s . 
These are a l l the simple consequence of t r a n s f o r m i n g CO i n t o a 
more p o l a r group by the e l e c t r o n a c c e p t o r . T h i s p e r t u r b a t i o n can 
be i l l u s t r a t e d by comparison of the e l e c t r o n i c s t r u c t u r e of CO 
w i t h t h a t of the more p o l a r i s o e l e c t r o n i c molecule CF +. Because 
of the v e r y simple r e l a t i o n s h i p s which e x i s t between the MO 1s of 
h e t e r o n u c l e a r d i a t o m i c m o l e c u l e s , one can immediately make se v e r ­
a l p r e d i c t i o n s about the r e l a t i v e p r o p e r t i e s of these l i g a n d s . 
The h i g h e s t occupied σ o r b i t a l w i l l be lowered i n energy so 
CF + w i l l be a poorer σ donor, the energy of the π LUMO w i l l be 
lowered and the amplitude on C w i l l be i n c r e a s e d thereby 
i n c r e a s i n g the π acceptor c h a r a c t e r o f the l i g a n d (eq. 27), the 

CO 

Ε 

π* LUMO + 

σ HOMO 
- Η -
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16 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

CO COhT C F * 

Figure 3. Upper frame: Energy in Har- J j j j ] 
trees of the 5 σ orbital for CO, COH\ Φ 0.97 OO A 
and CF + . Lower frame: Electron density 

onO,OH,andF. r (0 - H ) 
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1. SHRIVER Lewis Acid and Proton Induced Reduction 17 

π o v e r l a p p o p u l a t i o n w i l l be reduced between C and X, and there 
w i l l be a d r i f t of charge from C to X making the C more suscep­
t i b l e to a t t a c k by e l e c t r o p h i l e s ( i n the a c t u a l complex t h i s l a s t 
p e r t u r b a t i o n w i l l be a t t e n u a t e d by the metal t o C π bonding ) . 
Some of these changes and the s i m i l a r i t y of CF + t o an 0 p r o t o -
nated CO are shown i n F i g u r e 3, where the r e s u l t s of ab i n i t i o MO 
c a l c u l a t i o n s ( 4 5 ) , are presented i n g r a p h i c a l form. 
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2 
Experimental and Theoretical Studies of 
Mechanisms in the Homogeneous Catalytic 
Activation of Carbon Monoxide 

H. M. FEDER, J. W. RATHKE, M. J. CHEN, and L. A. CURTISS 

Chemical Engineering Division, Argonne National Laboratory, 
9700 South Cass Avenue, Argonne, IL 60439 

At the outset it is important to clarify the scope of this 
discussion by the elimination of areas which will not be con­
sidered. When one notes that the term "activation of carbon mon­
oxide" may mean a process as little perturbative of the C-O bond 
as its end-on attachment to a metal atom in carbonyls, or as 
strongly perturbative as its dissociation to atoms on a metal 
surface, the need for limits becomes obvious. In this discussion 
we will consider only the activation of carbon monoxide in the 
sense that isolable products are formed by the addition of hydro­
gen to the molecule without complete rupture of al l carbon-oxygen 
bonds, i.e. oxygenates are formed. 

Within this context carbon monoxide is not the inert molecule 
so frequently depicted on the basis of its formal triple bond and 
the remarkable similarity of its physical properties to those of 
the isoelectronic molecule dinitrogen. (Indeed, if it were, at­
mospheric carbon monoxide would present no hazard!) It i s , in 
fac t , a f a i r l y readi ly act ivated molecule; the i n d u s t r i a l process 
for the production of methyl formate (1) i s wel l known, but i t i s 
less widely appreciated that this process i s an example of a homo­
geneous, se lec t ive , base-catalyzed, ac t ivat ion of carbon monoxide 
which has for i t s net chemistry 

Me OH + CO L5L>* Me0oCH [Me = CH 1 (1) 
X 2 3 

the insert ion of CO into an O-H bond. It should also be noted 
that the same reactants y i e l d an isomer of methyl formate, acet ic 

0097-6156/81/0152-0019$05.00/0 
© 1981 American Chemical Society 
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20 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

a c i d , a l s o w i t h good s e l e c t i v i t y , when the c a t a l y s t s o l u t i o n con­
t a i n s a c a r b o x y l i c a c i d , water, methyl i o d i d e , and the t r a n s i t i o n 
m e t a l i o n , [ R h ( C 0 ) 2 l 2 ] ~ T n e mechanism o f t h i s e l e g a n t (and i n ­
d u s t r i a l l y i m p o r t a n t (2)) r e a c t i o n i s f a i r l y w e l l understood ( 3 ) . 
A f u r t h e r i m p o r t a n t p o i n t made by these two examples s h o u l d be 
noted. I t i s t h a t s e l e c t i v i t y f o r the f o r m a t i o n o f o n l y one ( o r 
few) out of the many thermodynamically p o s s i b l e p r o d u c t s from a 
g i v e n s e t of r e a c t a n t s i s o f t e n the most s o u g h t - a f t e r c h a r a c t e r ­
i s t i c o f a c a t a l y s t system. By the same token, a n a l y s i s o f the 
f a c t o r s which determine the d i s t r i b u t i o n of p r o d u c t s from a g i v e n 
c a t a l y s t system can l e a d t o d e s i r a b l e m o d i f i c a t i o n s o f i t s be­
h a v i o r . 

HYDROGENATION OF CO 

When our work i n t h i s a r e a began (1978) i t was f a s h i o n a b l e 
to assume t h a t the a c t i v a t i o n o f CO toward hydrogénation by molec­
u l a r c a t a l y s t s was the e x c l u s i v e p r o v i n c e o f m u l t i p l e t r a n s i t i o n 
m e t a l c e n t e r s ( " c l u s t e r s " ) . T h i s b e l i e f was based m a i n l y on two 
o b s e r v a t i o n s . (a) The heterogeneous F i s c h e r - T r o p s c h p r o c e s s f o r 
the p r o d u c t i o n o f c a t e n a t e d hydrocarbons and oxygenates was known 
to be of the c a t a l y s i s type known as "demanding" ( 4 ) . T h i s was 
g e n e r a l l y i n t e r p r e t e d as meaning t h a t m e t a l atoms i n s p e c i f i c geo­
m e t r i c arrangements were r e q u i r e d t o guide the f o r m a t i o n of the 
t r a n s i t i o n s t a t e . (b) Then c u r r e n t s t u d i e s were d i s c l o s i n g the 
f o r m a t i o n of carbon monoxide hydrogénation pr o d u c t s — methane (5), 
ethane ( 6 ) , methanol and v a r i o u s p o l y h y d r o x y l i c compounds (7) — 
by c l u s t e r s which appeared i n t a c t subsequent t o the c a t a l y z e d 
r e a c t i o n . 

There were, however, c o u n t e r v a i l i n g i n d i c a t i o n s the s i g n i f i ­
cance of which o n l y became apparent i n r e t r o s p e c t . (a) Methanol 
and e t h y l e n e g l y c o l had been r e p o r t e d by Gresham (8) to be among 
the p r o d u c t s o f CO hydrogénation by s o l u b l e c o b a l t c a t a l y s t s under 
c o n d i t i o n s t h a t are now known to g i v e mononuclear c o b a l t s p e c i e s 
almost e x c l u s i v e l y . (b) Z i e s e c k e ( 9 ) , a l s o u s i n g c o b a l t c a t a ­
l y s t s under s i m i l a r c o n d i t i o n s , r e p o r t e d t h a t methanol and e t h a n o l 
o c c u r r e d among the p r o d u c t s of the homogeneously c a t a l y z e d homo­
l o g a t i o n of n-propanol to n - b u t a n o l . 

Our own r e s e a r c h was not based on s c e p t i c i s m c o n c e r n i n g the 
e s s e n t i a l r o l e of c l u s t e r s nor on the obscure s i g n i f i c a n c e o f 25-
year o l d o b s e r v a t i o n s . R a t h e r , i t was based on the i d e a t h a t o r -
g a n o t r a n s i t i o n m e t a l compounds ca p a b l e of thermal g e n e r a t i o n of 
r a d i c a l s o r r a d i c a l p a i r s (10,11) might a f f o r d a d i f f e r e n t e n t r y 
i n t o the problem o f CO hydrogénation w i t h mononuclear c a t a l y s t 
complexes. From t h i s p e r s p e c t i v e , the immediate success (12) o f 
the attempted r e a c t i o n s w i t h HCoiCO)^ or HMn(C0)s made i t p o s s i b l e 
f o r the f i r s t time t o study the r e d u c t i v e t r a n s f o r m a t i o n s o f CO 
w i t h r e a d i l y c h a r a c t e r i z a b l e c a t a l y s t s by the c o n v e n t i o n a l t e c h ­
n i q u e s o f p h y s i c a l o r g a n i c c h e m i s t r y . We (12,13) and o t h e r s ( 14, 
15,16,17) have now o b t a i n e d evidence c o n c e r n i n g the r e a c t i o n 
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2. FEDER ET AL. Homogeneous Catalytic Mechanisms 21 

pathways f o r the f o r m a t i o n o f oxygenates by examining k i n e t i c o r ­
d e r s , a c t i v a t i o n parameters, product d i s t r i b u t i o n s , s o l v e n t e f ­
f e c t s , in-sïtu IR s p e c t r a , i s o t o p i c l a b e l i n g , and k i n e t i c i s o t o p e 
e f f e c t s . The remainder o f t h i s s e c t i o n w i l l be devoted to the 
c o n c l u s i o n s which may be drawn from the e v i d e n c e . 

A. N u c l e a r i t y . For Co (12,13), Mn (12), and Ru (14) based 
c a t a l y t i c systems a mononuclear s p e c i e s has been e s t a b l i s h e d i n 
each case as p l a y i n g an e s s e n t i a l r o l e i n homogeneous hydrogéna­
t i o n t o oxygenates. I n c a t a l y t i c systems (15) based on p r e c u r s o r 
complexes c o n t a i n i n g Fe, N i , Rh, Pd, Os, I r , o r P t d i s s o l v e d i n 
o r g a n i c s o l v e n t s , k i n e t i c o r d e r s have not been measured, nor have 
e q u i l i b r i a among the o l i g o m e r s been determined, so t h a t n u c l e a r i t y 
of the c a t a l y t i c a l l y a c t i v e s p e c i e s i s unknown. (For Pd (15,17) 
and P t (15) i t i s not even c e r t a i n t h a t homogeneous c a t a l y s i s 
o c c u r r e d ; f o r Ru c a r b o n y l s the problem of a v o i d i n g the c o n f u s i o n 
caused by p a r t i a l d e c o m p o s i t i o n to m e t a l has been d i s c u s s e d (14)) . 
K i n g et al. (17) have examined Co-based systems a t 180-200°/200 
atm/p-dioxane i n some d e t a i l . P r e c u r s o r compounds added as m u l t i -
n u c l e a r s p e c i e s , Co 2(CO) 8,(μ 3-MeC)Co 3(CO)9(I), C o 2 ( C O ) 6 [ y 2 - C P h ] 2 

( I I ) , and Co^(CO) 1 0(μ^-PPh) 2 ( I I I ) , [Ph=C 6H 5], which IR s p e c t r o ­
scopy r e v e a l e d as forming HCoiCO)^ under r e a c t i o n c o n d i t i o n s , 
c a t a l y z e d the f o r m a t i o n of oxygenates. They r e p o r t e d t h a t c o b a l t 
added as the compounds Me 3SnCo(CO)^(IV) and Co 2(C0) 2[y 2-MeN(PF2)2h 
( V ) , formed c a r b o n y l - f r e e s p e c i e s under the same r e a c t i o n c o n d i ­
t i o n s and were i n a c t i v e f o r the f o r m a t i o n o f oxygenates. I t ap­
pears r e a s o n a b l e t o conclude t h a t under these c o n d i t i o n s o n l y 
HCoiCO)^ i s the a c t i v e c a t a l y s t f o r homogeneous hydrogénation to 
oxygenates. T h i s i s not to deny t h a t c l u s t e r c a t a l y s i s may be 
important under o t h e r c o n d i t i o n s . For example I I I c a t a l y z e s hy­
dro f o r m y l a t i o n a t 130°/60 atm, may be r e c o v e r e d i n t a c t from r e ­
a c t i o n m i x t u r e s ( 1 8 a ) , and has been shown (18b) to e x h i b i t s e l e c ­
t i v i t y d i f f e r e n t from i t s f r a g m e n t a t i o n p r o d u c t s . I n t h i s case 
the evidence f o r c l u s t e r c a t a l y s i s i s good. 

B. A c t i v a t i o n of Hydrogen. A c t i v a t i o n of hydrogen i s 
c l e a r l y as important f o r the c a t a l y t i c p r o c e s s e s under c o n s i d e r a ­
t i o n as the a c t i v a t i o n of CO. For Co and Mn the hydrogen a c t i v a ­
t i o n mechanism i s the e q u i l i b r i u m : 

For ruthenium the hydrogen a c t i v a t i o n mechanism i s not c l e a r l y 
e s t a b l i s h e d , a l t h o u g h K i n g (17) r e p o r t s o b s e r v i n g c a r b o n y l bands 
i n the i n f r a r e d s p e c t a o f c a t a l y t i c a l l y a c t i v e s o l u t i o n s i n p-
dioxane which are s u g g e s t i v e o f minor amounts o f H 2 R u i t ( C 0 ) i 3 and 
H^Ruii (CO) 12 a l o n g w i t h the major s p e c i e s Ru(C0)5. I n the aqueous 
a l k a l i n e water-gas s h i f t system d e s c r i b e d by P e t t i t et al.(19) 
the appearance of minor amounts of methanol among the p r o d u c t s 
may o r may not i n v o l v e the a c t i v a t i o n o f m o l e c u l a r hydrogen. The 
well-known h y d r i d e - f o r m i n g r e a c t i o n (3a) i s almost c e r t a i n l y i n -

H 2 + M 2(CO) 2HM(C0) [(M,x) = (Co,4),(Mn,5)] (2) 

v o l v e d i n the F e ( C O ) 5 + 20H + HFe(CO) 4 + HCO (3a) 
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22 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

i n i t i a l s t a g e s ; the analog o f ( 2 ) , namely ( 3 b ) , 
H 2 + F e 2 ( C O ) 8 ^ = ^ 2 H F e ( c ° ) 4 (3b) 

may be i n v o l v e d as w e l l . 
C. Product D i s t r i b u t i o n s ( 1 3). A d i s t i n g u i s h i n g c h a r a c t e r ­

i s t i c o f a l l the c a t a l y t i c systems under c o n s i d e r a t i o n i s the 
o c c u r r e n c e of methanol and methyl formate among the p r o d u c t s , 
t h e i r r a t i o b e i n g a f u n c t i o n o f the t r a n s i t i o n m e t a l and the ex­
p e r i m e n t a l c o n d i t i o n s . P o l y h y d r o x y l i c p r o d u c t s , p r i n c i p a l l y 
e t h y l e n e g l y c o l , a l s o occur w i t h the d 9 m e t a l s but have not 
been i d e n t i f i e d w i t h c e r t a i n t y among p r o d u c t s w i t h the d » 
d 8 , o r d 1 0 m e t a l s . R e a c t i o n s which are c l e a r l y secondary 
abound i n these CO hydrogénation systems; they c o n t r i b u t u t e great­
l y to the low s p e c i f i c i t y which plagues them. Among the second­
a r y r e a c t i o n s which can o c c u r are : 

(a) a l c o h o l homologation, the f o r m a t i o n of e t h a n o l from meth­
a n o l , n-propanol from e t h a n o l , etc., via the f o r m a t i o n o f 
m e t a l - a l k y l s , m e t a l - a c y l s , and aldehydes; 

(b) t r a n s e s t e r i f i c a t i o n , the f o r m a t i o n of formate e s t e r s of 
v a r i o u s a l c o h o l s by e q u i l i b r a t i o n w i t h methyl formate; 

(c) m e t h a n o l y s i s , the r e a c t i o n of accumulated methanol w i t h 
an i n t e r m e d i a t e m e t a l - a c y l t o produce methyl e s t e r s of 
h i g h e r a c i d s , p a r t i c u l a r l y m ethyl a c e t a t e ; 

(d) a l k a n e , p a r t i c u l a r l y methane, f o r m a t i o n from cleavage o f 
an i n t e r m e d i a t e a l k y l ; 

(e) a l d o l i z a t i o n , via condensations o f i n t e r m e d i a t e aldehydes; 
( f ) C0 2 f o r m a t i o n , induced by the a c c u m u l a t i o n o f water by­

product and i t s r e a c t i o n w i t h formate e s t e r s to produce 
f o r m i c a c i d which i s r e a d i l y decomposed c a t a l y t i c a l l y . 

I t should be noted a t t h i s p o i n t t h a t p r i m a r y and secondary 
r e a c t i o n p r o d u c t s can be d i s t i n g u i s h e d not o n l y by k i n e t i c d a t a 
(13) but a l s o by s u p p r e s s i o n of the secondary r e a c t i o n s . E.g.* 
s u b s t i t u t i o n of 2 , 2 , 2 - t r i f l u o r o e t h a n o l f o r p-dioxane as s o l v e n t f o r 
HCoiCO)^ suppresses homologation and methane f o r m a t i o n ; a d d i t i o n 
of a phosphine to g i v e the l e s s a c i d i c c a t a l y s t HCo(CO)3PR3 has 
the same e f f e c t , as has the s u b s t i t u t i o n of t h e l e s s a c i d i c c a t a ­
l y s t HMn(CO) 5. 

With r e s p e c t to q u a n t i t a t i v e r e s u l t s , Rathke and Feder have 
shown (13) t h a t when account i s taken o f the secondary r e a c t i o n s 
i n the c o b a l t - c a t a l y z e d system the f r a c t i o n s of p r i m a r y p r o d u c t s 
MeOH(f!), M e 0 2 C H ( f 2 ) , and ( C H 2 O H ) 2 ( f 3 ) can be r a t i o n a l i z e d as 
f o l l o w s : 

The s t u d i e s o f Keim et al. (15a) and Fahey ( 1 6 ) , which were c a r ­
r i e d out to much h i g h e r p r e s s u r e s (2500 atm. vs 300 atm.) but 
w i t h c o n s t a n t gas c o m p o s i t i o n s , g e n e r a l l y c o n f i r m these r e l a t i o n s 

f 2 / ( f i + V Œ p œ vl <!^2> 
(4a) 

(4b) 
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2. FEDER ET AL. Homogeneous Catalytic Mechanisms 23 

f o r HCoCCO)^ i n t h a t they show the methanol f r a c t i o n decreases 
w i t h i n c r e a s i n g p r e s s u r e , and the e t h y l e n e g l y c o l / m e t h a n o l r a t i o 
i n c r e a s e s r a p i d l y w i t h i n c r e a s i n g p r e s s u r e ; but p r e c i s e r e l a t i o n s 
cannot be d i s c e r n e d because secondary r e a c t i o n p r o d u c t s are not 
taken i n t o account. F a hey !s study (16) o f the r h o d i u m - c a t a l y z e d 
r e a c t i o n shows a s e l e c t i v i t y u n a f f e c t e d by t o t a l p r e s s u r e a t con­
s t a n t gas c o m p o s i t i o n . 

D. A c t i v i t y . R e l i a b l e v a l u e s f o r r e l a t i v e a c t i v i t i e s o f 
v a r i o u s homogeneous t r a n s i t i o n m e t a l complexes t o g i v e oxygenates 
do not e x i s t , a l t h o u g h q u a l i t a t i v e o r d e r i n g (15a) has been done. 
Such o r d e r i n g s s h o u l d , however, be s u s p e c t , e s p e c i a l l y when the 
comparisons are done a t a s i n g l e s p e c i f i e d temperature and p r e s ­
s u r e , because o f v a r i a t i o n i n the s t a b i l i t i e s o f the c a r b o n y l s , 
v a r i a t i o n o f the a c t i v a t i o n e n e r g i e s f o r t o t a l hydrogénation p r o ­
d u c t s and f o r s p e c i f i e d p r o d u c t s , v a r i a b l e s o l v e n t e f f e c t s , l i g -
and e f f e c t s , etc. These phenomena may account f o r appraent d i s ­
c r e p a n c i e s between r e p o r t s of good a c t i v i t y (12) f o r Μ η 2 ( Ο Ο ) 1 0 a t 
240° and 300 atm. and r e l a t i v e i n a c t i v i t y (16) f o r the same com­
pound a t 225° and 2500 atm. They may a l s o account f o r the d i s ­
c r epant r e p o r t s t h a t ruthenium c a r b o n y l has no s i g n i f i c a n t a c t i v ­
i t y f o r e t h y l e n e g l y c o l f o r m a t i o n (14) and has s l i g h t a c t i v i t y 
(15a), because the temperature a t which these s t u d i e s were done 
were 260° and 230°, r e s p e c t i v e l y . ( I n work w i t h c o b a l t (13) i t 
was noted t h a t s e l e c t i v i t y toward f o r m a t i o n of e t h y l e n e g l y c o l 
decreases w i t h i n c r e a s i n g temperature.) I t would be wrong to 
a t t a c h too much s i g n i f i c a n c e to r e l a t i v e l y minor d i s c r e p a n c i e s i n 
the absence of c e r t a i n knowledge t h a t r e a c t o r s were s c r u p u l o u s l y 
c l e a n e d between r u n s , etc. 

The most t h a t can be s a i d f o r r e l a t i v e a c t i v i t i e s a t t h i s 
s tage i s t h a t t o a good a p p r o x i m a t i o n i n each p e r i o d d 9 > d 8 > 
d 1 0 , and i n each group 4d>3d>5d. Only f o r c o b a l t has s u f f i c i e n t 
r a t e law d a t a been o b t a i n e d (12,13) to a l l o w f u t u r e comparisons 
of a b s o l u t e a c t i v i t i e s w i t h r e s p e c t t o CO hydrogénation to oxy­
genates . 

l o g 1 Q [ k ^ ; ( a t m . ±sec~J')] = A — 41,000/Θ; (Θ = 2.303 RT) (5b) 

A = 12.40 ( p - d i o x a n e ) , 13.02 ( 2 , 2 , 2 - t r i f l u o r o e t h a n o l ) . (5c) 
Note t h a t the p r e - e x p o n e n t i a l f a c t o r s i n d i c a t e o n l y s m a l l e n t r o ­
p i e s o f a c t i v a t i o n i n the E y r i n g form o f the r a t e e q u a t i o n s . T h i s 
i s a s i g n i f i c a n t o b s e r v a t i o n which i n d i c a t e s t h a t the decrease 
of e n t r o p y a s s o c i a t e d w i t h the i n c o r p o r a t i o n of a hydrogen mole­
c u l e a t o r p r i o r to the t r a n s i t i o n s t a t e must be compensated f o r 
by a d i s s o c i a t i o n o r decrease o f c o o r d i n a t i o n number. 

Fahey (16) f i n d s the r a t e o f r e a c t i o n i n the rhodium-based 
system to be p r o p o r t i o n a l i n the (3.3 + 0.5) power o f the t o t a l 

d[P] _ v ( 2 ) [ H C o ( C 0 ) 4 ] P R ([Ρ] = Σ Concn. p r o d u c t s ) (5a) 
(P = p a r t i a l p r e s s u r e hydrogen) dt-
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24 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

gas c o m p o s i t i o n ; he concludes t h a t p r e s s u r e - i n d u c e d d e c l u s t e r i n g 
t o s p e c i e s o f v a r y i n g a c t i v i t i e s i s i n v o l v e d . 

E. S o l v e n t E f f e c t s . S i g n i f i c a n t s o l v e n t e f f e c t s have been 
noted; e.g. Rh and Fe-based complexes a r e more a c t i v e by about a 
decade i n the p o l a r a p r o t i c s o l v n e t N - m e t h y l p y r r o l i d i n o n e (ε 25=32) 
than i n t o l u e n e (15a). L i k e w i s e , as noted above, the HCoiCO)^ 
based system i n 2 , 2 , 2 - t r i f l u o r o e t h a n o l (ε 2 5=26.7) i s about f o u r 
times as a c t i v e as i n p-dioxane (ε 2 5=2.2) and about 20 times as 
a c t i v e as i n benzene ( ε 2 5=1.8). I t seems u n l i k e l y t h a t such r e l ­
a t i v e l y s m a l l changes can be a s c r i b e d t o development of l a r g e 
charge s e p a r a t i o n s i n the t r a n s i t i o n s t a t e . We a t t r i b u t e the 
observed i n c r e a s e s w i t h s o l v e n t p o l a r i t y to s t a b i l i z a t i o n o f an 
important p o l a r i n t e r m e d i a t e by a g e n e r a l d i p o l a r mechanism. 
Carbonyl i n s e r t i o n s ( 2 0 ) , f o r example, are of t h i s t y p e . I n t h i s 
same c o n n e c t i o n i t shou l d be mentioned t h a t a l t h o u g h a n i o n i c 
c l u s t e r s o f v a r i a b l e n u c l e a r i t y a r e regarded as the c a t a l y t i c 
s p e c i e s i n c e r t a i n r e a c t i o n s , e.g. the Rh carbonyl-based e t h y l e n e 
g l y c o l p r o c e s s ( 7 ) , the f o r m a t i o n o f i o n p a i r s (the c o u n t e r - i o n s 
d e r i v i n g from s o - c a l l e d promotors) may i n f a c t be c r u c i a l w i t h 
r e s p e c t t o a c t i v i t y and s e l e c t i v i t y . 

S p e c i f i c s o l v e n t e f f e c t s , such as may be a s c r i b e d t o t i g h t 
b i n d i n g o f c e r t a i n s o l v e n t m o l e c u l e s i n the c o o r d i n a t i o n sphere 
of a complex, appears not be have been encountered i n prima r y hy­
drogénation o f CO. The s p e c i f i c s o l v e n t e f f e c t o f 2 , 2 , 2 - t r i -
f l u o r o e t h a n o l which s t r o n g l y i n h i b i t s the secondary r e a c t i o n o f 
methanol homologation i n the c o b a l t system has been a s c r i b e d t o 
s t r o n g hydrogen bond d o n a t i o n o f the type CF3CH2OH-··«0(H)Me; such 
complexes e f f e c t i v e l y p r e v e n t f u r t h e r p r o t o n a t i o n o f the a l c o h o l s . 

Another s p e c i f i c e f f e c t o f some consequence a r i s e s from the 
use o f aqueous o r g a n i c s o l v e n t m i x t u r e s . For the c o b a l t system, 
d r y s o l v e n t s induce CO hydrogénations which a r e s t o i c h i o m e t r i c f o r 
water (13a) ( w i t h i n 2% m a t e r i a l b a l a n c e ) a c c o r d i n g to the r e a c ­
t i o n : 

aCO + (a+b~c)H 0 = C H o t 0 + (a - c ) H o 0 (6) 
ζ a ZD c ζ 

The p r o d u c t i o n o f C0 2 i s n e g l i g i b l e . When l a r g e excesses of water 
are added new secondary r e a c t i o n s o c c u r and s e l e c t i v i t i e s change. 
As a l r e a d y n o t e d , these i n c l u d e h y d r o l y s i s of formates f o l l o w e d 
by f o r m a t i o n o f carbon d i o x i d e , enhancement o f e t h y l e n e g l y c o l 
f o r m a t i o n , and s t r o n g a c c e l e r a t i o n o f a l c o h o l homologation and of 
i t s secondary consequences, e.g. methane f o r m a t i o n . The cause of 
the i n c r e a s e i n methanol homologation r a t e i s , i n our o p i n i o n , a 
so l v a t i o n - e n h a n c e d i n c r e a s e i n the a b i l i t y o f HCoiCO)^ t o p r o t o -
n a t e a l c o h o l s . The e f f e c t o f water on e t h y l e n e g l y c o l p r o d u c t i o n 
i s p r o b a b l y q u i t e r e a l (21) but the cause i s l e s s e v i d e n t . 

F. K i n e t i c I s o t o p e E f f e c t . One of the more im p o r t a n t ob­
s e r v a t i o n s r e g a r d i n g the c o b a l t - b a s e d homogeneous CO hydrogéna­
t i o n system i s t h a t the s u b s t i t u t i o n o f gaseous deuterium f o r gas­
eous hydrogen causes an i n v e r s e (i.e., kn<kj)) k i n e t i c i s o t o p e 
e f f e c t , ^ ( 2 ) / ^ ^ 2 ) = 0.73 a t 180° i n p-dioxane (13b) . Because 
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2. FEDER ET AL. Homogeneous Catalytic Mechanisms 25 

k H φ kj) i t i s immediately e v i d e n t t h a t hydrogen i s t r a n s f e r r e d i n 
or b e f o r e the t r a n s i t i o n s t a t e and n o t , say, an e l e c t r o n f o l l o w e d 
by a f a s t p r o t o n t r a n s f e r . Because i n v e r s e k i n e t i c i s o t o p e 
e f f e c t s a r e somewhat i n f r e q u e n t l y observed i n homogeneous c a t a l y ­
ses the r u l e s which govern mechanisms l e a d i n g to such r e s u l t s have 
been e x t e n s i v e l y d i s c u s s e d i n the l i t e r a t u r e ( 2 3). I n b r i e f , f o r 
a s i g n i f i c a n t i n v e r s e k i n e t i c i s o t o p e e f f e c t to be observed i n 
thermal r e a c t i o n s i t i s n e c e s s a r y , a c c o r d i n g t o t r a n s i t i o n - s t a t e 
t h e o r y , t h a t the t r a n s i t i o n s t a t e p o s i t i o n be s t r o n g l y assymmetric 
w i t h r e s p e c t t o the r e a c t a n t s t a t e immediately p r e c e d i n g and the 
product s t a t e immediately f o l l o w i n g . A c c o r d i n g l y , t h i s r e a c t i o n 
s hould be f a r from t h e r m o n e u t r a l ; i n the p r e s e n t c a s e , the l a r g e 
a c t i v a t i o n e n d o t h e r m i c i t y guarantees t h a t the t r a n s i t i o n s t a t e 
w i l l be c l o s e t o the immediately f o l l o w i n g product s t a t e . A l s o , 
i t i s n e c e s s a r y t h a t i n the sum of st e p s l e a d i n g t o the t r a n s i t i o n 
s t a t e , i n c l u d i n g p r e - e q u i l i b r i a , t h e r e o c c u r s a net t r a n s f e r of 
hydrogen atoms from lower v i b r a t i o n a l frequency bonds t o h i g h e r 
v i b r a t i o n a l frequency bonds. 

For the c o b a l t - b a s e d system the m o l e c u l a r i t y o f the t r a n s i ­
t i o n s t a t e i n d i c a t e d by the r e a c t i o n o r d e r i s ^CoCi+O^ and the r e -
a c t a n t s are H 2 and HCoCCO)^. Thus, two hydrogen atoms s t a r t w i t h 
v a l u e s o f ν ̂  3200 cm - 1 and one w i t h ν ̂  1830 cm" 1. I f i n the 
t r a n s i t i o n s t a t e the s t r o n g H-H bond i s not y e t c o m p l e t e l y broken, 
then we sho u l d expect to f i n d the Η atom o r i g i n a l l y a t t a c h e d to 
c o b a l t bound to carbon o r oxygen (v^2900-3400 cm" 1) i n the t r a n ­
s i t i o n s t a t e . 

MECHANISM 
The mechanism we have proposed (13) f o r the c o b a l t - b a s e d 

c a t a l y t i c c y c l e i s shown ( s l i g h t l y m o d i f i e d ) i n Chart I . For the 
reasons d e s c r i b e d immediately above, the t r a n s i t i o n s t a t e i s p r e ­
sumed to occur between the l e f t - and r i g h t - h a n d s i d e s o f eq. 8. 

Fahey (16) , Keim et al. (15a), and o u r s e l v e s (13) appear t o 
have i n d e p e n d e n t l y a r r i v e d a t the e q u i l i b r i u m f o r m a t i o n o f the 
f o r m y l complex 1 as a key s t e p . Some o f the arguments advanced 
are g i v e n i n Ref. 13b. Other p r i n c i p l e s used i n the c o n s t r u c t i o n 
of the scheme i n c l u d e : h y d r o g e n o l y s e s , i n d i c a t e d by_ [HI • are 
i r r e v e r s i b l e ; b r a n c h i n g o c c u r s via a l t e r n a t i v e hydrogen t r a n s f e r s 
to e i t h e r carbon o r oxygen o f an a t t a c h e d a l d e h y d i c group; CO " i n ­
s e r t i o n s " i n t o c o b a l t - c a r b o n bonds are r e v e r s i b l e , w h i l e those 
i n t o c o b a l t - o x y g e n bonds are n o t . By use of the u s u a l assumption 
of s teady s t a t e c o n c e n t r a t i o n s of a l l c y c l i c i n t e r m e d i a t e s the 
e x p e r i m e n t a l forms o f the r a t e and s e l e c t i v i t y e q u a t i o n s (4) and 
(5) a r e r e a d i l y r e c o v e r e d . 

HCo(CO), — ( C 0 ) o C o ( C H 0 ) (7) 

1 + H 2 ^ z ^ (CO) 3(H) 2Co(CHO) (8) 
2 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

15
2.

ch
00

2



26 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

• ( C O ) 3 ( H ) C o ( C H 2 0 ) ^ = è CH 20 + HCo(CO) 3 (9) 
3 

(CO) 3Co(-OCH 3) (10a) 

(C0) oCo(-C0 oCH) (10b) ^ v y 3 2 

4 + 2 CO -> (CO) 4Co(-C0 2CH 3) (11) 
6_ 

6 Ï5J •RC0 2CH + [Co] (12) 

5 — *CH OH + [Co] (13) 

1 + CO ^_ > (CO) 3Co(-COCH 2OH) (14) 

1_ + H 2 •(CO) 3(H)Co(CHO - CH 20H) (15) 

8 i<CH 2OH) 2 + [Co] (16) 

CHART I . O u t l i n e Mechanism of P r i m a r y R e a c t i o n s 

A number of o t h e r m e c h a n i s t i c p o s s i b i l i t i e s were examined 
and r e j e c t e d i n the course o f t h i s work. (a) The o r i g i n a l sug­
g e s t i o n (12) of a r a t e - d e t e r m i n i n g s t e p i n v o l v i n g f o r m a t i o n of 
r a d i c a l p a i r s 

HCo(CO), + CO •HCO + Co (CO), (17) 
4 4 

was r e j e c t e d when the expected f i r s t - o r d e r dependence on PQQ d i d 
not m a t e r i a l i z e . The involvement o f CoiCO)^ r a d i c a l s (24) i n the 
k i n e t i c s of 21100(00)1+ + H 2 + C o 2 ( C 0 ) 8 , and, presumably, the r e ­
v e r s e step has been r e c e n t l y demonstrated, as have o n e - e l e c t r o n 
r e a c t i o n s of t r i t y l r a d i c a l w i t h HCoiCO)^ and of benzophenone 
k e t y l w i t h C 0 2 ( C 0 ) s . Thus, i n Chart I each h y d r o g e n o l y s i s , i n ­
d i c a t e d bv [H] r j s a r a p i d r e a c t i o n which may i n v o l v e a t t a c k 
by CoÎCO)^ r a d i c a l s , s c i s s i o n of c o b a l t - c a r b o n or c o b a l t - o x y g e n 
bonds, hydrogen a b s t r a c t i o n s from HCoiCO)^, and CotCO)^ r a d i c a l 
p a i r i n g s . (b) A second p o s s i b i l i t y , the e q u i l i b r i u m f o r m a t i o n of 
low c o n c e n t r a t i o n s of formaldehyde, f o l l o w e d by a r a t e - d e t e r m i n ­
i n g , p r o d u c t - f o r m i n g step which i s i n v e r s e f i r s t - o r d e r i n PÇQ» 
has been c o n s i d e r e d (13b); i t was r e j e c t e d on the b a s i s t h a t 
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2. FEDER ET AL. Homogeneous Catalytic Mechanisms 27 

c a t a l y z e d d e c o m p o s i t i o n o f formaldehyde t o H2 + CO was not ob­
serv e d . N e v e r t h e l e s s , the c o i n c i d e n c e o f products from the c a t a ­
l y z e d r e a c t i o n s o f formaldehyde and o f s y n t h e s i s gas (13,16) 
p o i n t s s t r o n g l y to the involvement of a common i n t e r m e d i a t e . 
Fahey (16) suggests t h a t i n t e r m e d i a t e _3 d i s s o c i a t e s formaldehyde; 
he f i n d s s u p p o r t i v e evidence i n the rhodium-based system by ob­
s e r v a t i o n o f minor y i e l d s of 1,3- d i o x o l a n e , the e t h y l e n e g l y c o l 
trapped a c e t a l o f formaldehyde. For reasons to be d i s c u s s e d 
l a t e r , we b e l i e v e the f o r m a t i o n o f f r e e formaldehyde i s not on 
the p r i n c i p a l r e a c t i o n pathway. (c) We have a l s o r e j e c t e d two 
as p e c t s o f the r e a c t i o n mechanism proposed by Keim, Berger, and 
Schlupp (15a) : ( i ) the p r o d u c t i o n o f formates via a l c o h o l y s i s o f 
a f o r m y l - c o b a l t bond, and ( i i ) the p r o d u c t i o n o f e t h y l e n e g l y c o l 
via the c o o p e r a t i o n o f two c o b a l t c e n t e r s . N e i t h e r of these p r o ­
p o s a l s accords w i t h the observed k i n e t i c o r d e r s and the time i n ­
v a r i a n t r a t i o s of pr i m a r y p r o d u c t s . 

R e s u l t s o f M o l e c u l a r - O r b i t a l Theory I n v e s t i g a t i o n 
A l t h o u g h the i n t e r m e d i a t e s i n d i c a t e d i n Chart I have adequate 

precedents i n o r g a n o m e t a l l i c c h e m i s t r y and have been d i s c u s s e d 
elsewhere, i t was thought t h a t a d d i t i o n a l i n s i g h t would be a f f o r d ­
ed by a p p l y i n g c u r r e n t methods o f t h e o r e t i c a l c h e m i s t r y . I n p a r ­
t i c u l a r , i t was hoped t h a t c a l c u l a t i o n s w i t h i n c u r r e n t c a p a b i l i ­
t i e s would h e l p e s t a b l i s h approximate s t r u c t u r e s and r e l a t i v e 
e l e c t r o n i c e n e r g i e s f o r v a r i o u s i n t e r m e d i a t e s . The reader i s r e ­
f e r r e d to r e c e n t s t u d i e s o f t h i s type f o r the h y d r o f o r m y l a t i o n 
r e a c t i o n (25) and f o r o r g a n o m e t a l l i c m i g r a t i o n r e a c t i o n s (26). 
The m o l e c u l a r o r b i t a l methods which have been employed f o r such 
s t u d i e s i n c l u d e extended H i i c k e l t h e o r y (EHT), CNDO, and ab i n i t i o 
LCAO-SCF. 

The method employed f o r an i n i t i a l e f f o r t to e x p l o r e a com­
p l e x r e a c t i o n sequence s h o u l d be f a s t and i n e x p e n s i v e , but s u f ­
f i c i e n t l y r e l i a b l e to enable m e a n i n g f u l d e d u c t i o n s c o n c e r n i n g 
s t r u c t u r e s and r e l a t i v e e n e r g i e s to be made. The r e s u l t s can 
then be u s e f u l l y employed as s t a r t i n g p o i n t s f o r more e l a b o r a t e 
and a c c u r a t e methods f o r d e t a i l i n g the energy h y p e r s u r f a c e s . For 
t h i s study we have chosen to use Anderson's m o d i f i c a t i o n (27) of 
extended H i i c k e l t h e o r y (MEHT). MEHT d i f f e r s from EHT by the i n ­
c l u s i o n o f a p a i r - w i s e c o r r e c t i o n f o r atom-atom r e p u l s i o n s . 
Pensak and McKinney (28) [PM], u s i n g t h i s method, have r e c e n t l y 
r e p o r t e d a s y s t e m a t i c study o f f i r s t - r o w t r a n s i t i o n m e t a l carbonyl 
complexes f o r which e x p e r i m e n t a l bond d i s t a n c e s and a n g l e s were 
r e l i a b l y reproduced, a l o n g w i t h key bond d i s s o c i a t i o n e n e r g i e s . 
We have chosen t o perform our i n i t i a l M.O. c a l c u l a t i o n s a l s o w i t h 
MEHT, but have made two m o d i f i c a t i o n s to the [PM] parameter 
c h o i c e s : ( i ) The s e t o f coulomb i n t e g r a l s ( d i a g o n a l e l e m e n t s ) , 
Η-££, f o r Co, H, C, and 0 were r e p l a c e d by the s e t of v a l u e s used 
by Hoffman (26a). ( i i ) The Wolfsberg-Helmholz parameter, K, used 
f o r the c a l c u l a t i o n o f o f f - d i a g o n a l elements H i j via the r e l a t i o n 
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28 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

H.. = £ S.. K. .(H.. + H. . ) e x p ( - o . l 3 R) (18) l j 2 i j i j v i i 23 
(R = i n t e r n u c l e a r d i s t a n c e ; S = o v e r l a p i n t e g r a l ) 

i s g i v e n the f i x e d v a l u e 2.25 by [PM]. Such a treatment f a i l s t o 
g i v e good bond e n e r g i e s f o r s m a l l common mo l e c u l e s which may be 
i n v o l v e d i n r e a c t i o n s ; thus t h e r e i s an i n h e r e n t d i s t o r t i o n o f 
energy changes i n r e a c t i o n s . The m o d i f i c a t i o n s we employ a s s i g n s 
the f o l l o w i n g v a l u e s : (a) Κ Η , Η = K H Co = 1 - 7 5 . T h i s v a l u e p r o ­
duces a bond l e n g t h and a d i s s o c i a t i o n energy f o r H 2 i n good 
agreement w i t h experiment, and a bond energy f o r 11-00(00)1+ d i s s o ­
c i a t i o n a t i t s e x p e r i m e n t a l bond l e n g t h i n good agreement w i t h 
experiment. (b) K ^ c = 1.88. T h i s v a l u e reproduces e x p e r i m e n t a l 
bond d i s s o c i a t i o n e n e r g i e s i n H 2C0. (c) % Q = 2.05. T h i s v a l u e 
reproduces e x p e r i m e n t a l bond d i s s o c i a t i o n e n e r g i e s i n H 20. (d) 
K c 5 0 = 2.15. I t appears n e c e s s a r y to d i s t i n g u i s h carbon-oxygen 
bonds w i t h f o r m a l o r d e r two from carbon-oxygen bonds i n c a r b o n y l 
l i g a n d s , f o r which Κ = 2.23 i s employed. The [PM] parameter i s 
used f o r a l l o t h e r bonds. 

As a r e s u l t o f these changes the [PM] l e n g t h s f o r M-C and 
C-0 bonds are e s s e n t i a l l y u n d i s t u r b e d . We b e l i e v e t h i s minimum 
p a r a m e t e r i z a t i o n i s both n e c e s s a r y and s u f f i c i e n t t o g i v e a r e a ­
sonable a p p r o x i m a t i o n t o the energy h y p e r s u r f a c e . 

The c a l c u l a t i o n s were done i n two s t a g e s . The f i r s t stage 
c a l c u l a t i o n s were done w i t h the c o n s t a n t v a l u e Κ = 2.25. Bond 
l e n g t h s and bond a n g l e s were o p t i m i z e d . The bond angles were then 
f i x e d , and those bond l e n g t h s which were c l o s e t o t h e i r r e f e r e n c e 
v a l u e s were f i x e d a t t h e i r r e f e r e n c e v a l u e s . The r e f e r e n c e values 
are as f o l l o w s : Co-Η. 1.56A; Co-C, 1 . 8 2 Â ; Co-C^jjHCoiCO)^], 1.76A; 
C-0 ( c a r b o n y l ) , 1.14A; C-0 ( a l d e h y d e ) , 1 . 2 0 Â ; C-H, 1.10A. I n the 
second stage the p a r a m e t e r i z e d v a l u e s of Κ d i s c u s s e d i n ( i i ) were 
employed and the r e m a i n i n g geometric v a r i a b l e s o p t i m i z e d to obtain 
the m o l e c u l a r e l e c t r o n i c energy v a l u e s . By t h i s t echnique the 
f o l l o w i n g r e s u l t s were o b t a i n e d . 

(a) HCo(C0)u. I n the C 3 v form the H-Co-C eg angle o p t i m i z e d 
a t 86°; the e x p e r i m e n t a l v a l u e i s 80.3°. The m o l e c u l a r e l e c t r o n i c 
energy, -923.16e.v., was taken as a r e f e r e n c e p o i n t f o r subse­
quent c a l c u l a t i o n s . 

(b) Co(C0)q(CH0). The 1 6 - e l e c t r o n f o r m y l c o b a l t t r i c a r -
b o n y l , p o s t u l a t e d as p a r t i c i p a t i n g i n an u n f a v o r a b l e e q u i l i b r i u m 
w i t h HCo(C0)i+, was o p t i m i z e d i n the symmetries shown i n F i g . 1. 
S t r u c t u r e Β o p t i m i z e d i n a s u r p r i s i n g way: the a n g l e s Oj and Θ 2 

c l o s e d to 0° and 5°, r e s p e c t i v e l y , w h i l e 3 opened to 171°. The 
r e s u l t i s a n e a r l y square p l a n a r s t r u c t u r e , shown i n F i g . 2. I t 
shou l d be noted t h a t the near p l a n a r i t y of t h i s s t r u c t u r e may be 
s e n s i t i v e to the v a l u e s chosen f o r the coulomb i n t e g r a l s . The 
c a l c u l a t e d r e l a t i v e i n t e r n a l energy (0 K e l v i n s ) of t h i s form i s 
+9 k c a l mole. ( U n c e r t a i n t i e s o f not l e s s than 10 kc a l / m o l e 
s h o u l d be a s s i g n e d t o t h i s and subsequent r e l a t i v e v a l u e s . ) Our 
p r e v i o u s e s t i m a t e (13b), based on thermochemical c o n s i d e r a t i o n s , 
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2. FEDER ET AL. Homogeneous Catalytic Mechanisms 29 

°*% 1 

J: 

c < ^ y 
Co Β 

£ * Z - C C o C Ι 
c" 

Figure 1. Structures Λ and Β of the 
Co(CHO)(CO)3 complexes 

0 H 

V . 0 

Ç Figure 2. The square planar structure 
I //ifli w obtained for the ground state of 
0 Co(CHO)(CO)s 
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30 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

was +16 k c a l / m o l e a t 200°C. The approximate C 3 v form, A, o p t i ­
mized a t Θ = 86° and a r e l a t i v e energy of +39 k c a l / m o l e ; i t i s 
u n l i k e l y t o be the ground s t a t e o f the p a i r . The p o s s i b i l i t y o f 
a d i h a p t o f o r m y l (n 2-CH0) i n t e r a c t i o n was i n v e s t i g a t e d f o r b o t h 
s t r u c t u r e s A and B, but i n b o t h cases i t was l e s s s t a b l e . E v i ­
d e n t l y , the o x o p h i l i c i t y o f e a r l i e r t r a n s i t i o n m e t a l s i s an im­
p o r t a n t f a c t o r i n s t a b i l i z i n g the n 2-CH0 c o n f i g u r a t i o n . 

(c) H?-* -(Co(CO)3(CHO). I n common w i t h o t h e r d 8 square p l a ­
nar complexes Co(CO) 3(CHO) s h o u l d l e n d i t s e l f to o x i d a t i v e a d d i ­
t i v e t o y i e l d an o c t a h e d r a l m o l e c u l e ; the approach o f a m o l e c u l e 
of H2 s h o u l d l e a d t o the c i s - a d d i t i o n p r o d u c t . Stage one c a l c u ­
l a t i o n s were c a r r i e d out f o r p a r a l l e l and p e r p e n d i c u l a r o r i e n t a ­
t i o n s o f H2 w i t h r e s p e c t to the base p l a n e . A v e r y weak complex 
( s t a b i l i z a t i o n energy a p p r o x i m a t e l y 0.5 k c a l / m o l e ) was found w i t h 

H2 l o c a t e d about 3A from the c o b a l t c e n t e r i n the p a r a l l e l o r i e n ­
t a t i o n . The p e r p e n d i c u l a r o r i e n t a t i o n was c l o s e i n energy to the 
p a r a l l e l o r i e n t a t i o n . 

(d) Co(H) 9(CO)3(CHO). Two o c t a h e d r a l s t r u c t u r e s , mev (A) 
and fac (B) shown i n F i g . 3, were c o n s i d e r e d f o r the c i s - a d d i t i o n 
p r o d u c t . The bond l e n g t h s d i s p l a y e d were o p t i m i z e d a t stage one; 
the e n e r g i e s were found to be l e s s than 1 k c a l / m o l e a p a r t . U s i n g 
the r e f e r e n c e bond l e n g t h s and a n g l e s , we c a l c u l a t e the i n t e r n a l 
energy of Β r e l a t i v e to HCo (CO) 1+ + H 2 to be +52 k c a l / m o l e . Con­
s i d e r i n g the u n c e r t a i n t y l i m i t s and the l a c k o f complete o p t i m i ­
z a t i o n , we remark t h a t t h i s s t r u c t u r e has the c o r r e c t s t o i c h i o m e -
t r y and approximate r e l a t i v e energy to be near the t r a n s i t i o n 
s t a t e (at +41 k c a l / m o l e ) on the energy h y p e r s u r f a c e . 

(e) (H)Co(C0 ) 3 C H?0). We next l o o k e d a t the r e s u l t of t r a n s ­
f e r r i n g a hydrogen atom i n (H) 2Co(CO)3(CHO) t o the f o r m y l group. 
The two obvious c a n d i d a t e complexes which r e s u l t c o n t a i n e i t h e r a 
formaldehyde g r o u p i n g o r a hydroxycarbene g r o u p i n g . Geometry op­
t i m i z a t i o n a t stage one was done w i t h the formaldehyde H-C-H ang^e 
and bond l e n g t h s f i x e d , and the o t h e r v a r i a b l e s shown on F i g . 4 
o p t i m i z e d . On o p t i m i z a t i o n the a n g l e α opened t o about 175° and 
3 became 87°, i.e. the HCo(CO)3 fragment i s n e a r l y a square planar 
s t r u c t u r e . The a n g l e s γ and 6 are 88° and 76°, r e s p e c t i v e l y , and 
are not complementary, i.e. t h e formaldehyde m o l e c u l e i s no l o n g ­
er e x a c t l y p l a n a r , the hydrogens b e i n g t i l t e d back vL6°, but i t s 
approximate p l a n e i s p a r a l l e l t o the b a s a l p l a n e . V a r i a t i o n o f 
the r o t a t i o n a n g l e , φ, produced no p o t e n t i a l w e l l deeper than 0.5 
k c a l / m o l e , i.e. r o t a t i o n i n the p l a n e i s e s s e n t i a l l y unhindered. 
The p o i n t and angle o f i n t e r s e c t i o n between the X - a x i s and the C-0 
bond o f the formaldehyde fragment were a l l o w e d to v a r y . The o p t i ­
mized l o c a t i o n i s c l o s e t o the carbon atom and the d i s t a n c e , R, 
i s 2.34A. The r e l a t i v e energy of t h i s complex at sta g e two i s +40 
k c a l / m o l e , d o w n h i l l ( e x o e r g i c ) from the o c t a h e d r a l complex a t +52 
k c a l / m o l e . The c a l c u l a t e d energy of d i s s o c i a t i o n o f the formalde­
hyde complex to HCo(CO)3 p l u s formaldehyde i s +6 k c a l / m o l e . The 
th e r m o c h e m i c a l l y e s t i m a t e d v a l u e (13b) was +10 k c a l / m o l e . 

The d i s t a n c e o f the formaldehyde oxygen from the c o b a l t 
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H 

H'iSCo^ c ' C 

C" 

O-C" C o i ^ C ' i 

H' £ · ' 

I 
0 

Figure 3. Structures A and Β of the 
(H)2Co(CHO)(CO)3 complex. The num­
bers are optimized bond lengths (in A) at 

Β stage one. The carbonyl ligands were 
held fixed at 1.09A, the optimized value 
from the stage one calculations on 

HCo(CO)k. 

Co-
I 
c 
I 
0 

Figure 4. Optimized structure of Co-
(H)(CO)s(CHsO) 
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32 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

c e n t e r i s 2.85Â which i n d i c a t e s t h a t t h e r e i s l i t t l e d i h a p t o 
c h a r a c t e r i n the i n t e r a c t i o n o f HCo(CO) 3 w i t h H2CO. T h i s r e s u l t 
i s supported by a r e c e n t study of the X-ray c r y s t a l s t r u c t u r e o f 
some a c y l d e r i v a t i v e s o f ruthenium by Roper et al. (30)> They 
found t h e mean d i f f e r e n c e between the oxygen-metal bond l e n g t h 
and carbon-metal bond l e n g t h t o be 0.52Â; t h i s s h o u l d be compared 
to a d i f f e r e n c e o f 0.51A i n our case. We a l s o f i n d a s t r u c t u r e , 
h a v i n g a more nonplanar HCo(CO)3 fragment, which has the oxygen 
of H 2C0 c l o s e r t o the c o b a l t c e n t e r . T h i s s t r u c t u r e i s s l i g h t l y 
l e s s s t a b l e than the complex d e s c r i b e d above. These r e s u l t s , 
showing t h a t c o b a l t can form a bond t o e i t h e r the carbon o r oxy­
gen o f H 2C0, i n d i c a t e t h a t the next i n t e r n a l hydrogen t r a n s f e r 
c o u l d go e i t h e r to the carbon o r oxygen. 

The hydroxycarbene isomer (H)Co(CO)3(CHOH) was a l s o examined. 
I t y i e l d e d a complex w i t h m o l e c u l a r e l e c t r o n i c energy more than 
60 k c a l / m o l e h i g h e r on the energy s c a l e . The hydroxycarbene com­
p l e x i s not l i k e l y t o p l a y a s i g n i f i c a n t r o l e i n the c a t a l y t i c 
c y c l e . I t i s of some i n t e r e s t to i n q u i r e why the 18e h y d r o x y c a r ­
bene complex (H)(CO)^Co(=CH0H) i s l e s s s t a b l e than the 16e isomer 
(H)(CO)3C0(CH 20). The r e s u l t s suggest t h a t the f o r m a t i o n o f the 
c a r b o n y l double bond makes the c r i t i c a l d i f f e r e n c e . The e l e c ­
t r o n i c a l l y d e l o c a l i z e d s t r u c t u r e (H) (CO) 3Co + <5-CH 2-0~ ( 5 may p r o v i d e 
some e x t r a s t a b i l i z a t i o n f o r the f o r m a l l y unbonded formaldehyde 
moiety. The resonance form i s d i p o l a r and c o u l d be f u r t h e r s t a ­
b i l i z e d by p o l a r s o l v e n t s . 

( f ) (C0)3Co(CH?0H) and (CO)3 C o ( O C H 3 ) . These m o l e c u l e s have 
been examined o n l y b r i e f l y by the method o u t l i n e d , the hydroxy-
methyl and methoxy groups b e i n g h e l d f i x e d i n the methanol e x p e r i ­
mental geometry. They form q u i t e e n e r g e t i c a l l y from the formalde­
hyde complex by i n t e r n a l hydrogen t r a n s f e r to e i t h e r formaldehyde 
oxygen or carbon and rearrangement. I t would r e q u i r e c a l c u l a t i o n s 
of g r e a t d e l i c a c y and accur a c y to determine whether the d i f f e r e n c e 
between the two t r a n s i t i o n a l pathways accounts f o r the observed 
b r a n c h i n g r a t i o . 

CONCLUSIONS 
D e t a i l e d i n v e s t i g a t i o n o f the hydrogénation o f the carbon 

monoxide m o l e c u l e , as homogeneously c a t a l y z e d by the HCo(CO)^/ 
Co 2(C0 ) 8 system, r e v e a l s t h a t the r e a c t i o n s proceed through mono­
n u c l e a r t r a n s i t i o n s t a t e s and i n t e r m e d i a t e s , many of which have 
e s t a b l i s h e d p r e c e d e n t s . The major pathway r e q u i r e s n e i t h e r r a d i ­
c a l i n t e r m e d i a t e s nor f r e e formaldehyde. The observed r a t e laws, 
product d i s t r i b u t i o n s , k i n e t i c i s o t o p e e f f e c t s , s o l v e n t e f f e c t s , 
and thermochemical parameters are accounted f o r by the proposed 
m e c h a n i s t i c scheme. S i g n i f i c a n t s upport o f the proposed scheme 
a t every c r u c i a l s t e p i s p r o v i d e d by a new type of s e m i - e m p i r i c a l 
m o l e c u l a r - o r b i t a l c a l c u l a t i o n which i s p a r a m e t e r i z e d via known 
b o n d - d i s s o c i a t i o n e n e r g i e s . The r e s u l t s may s e r v e as a s t a r t i n g 
p o i n t f o r more d e t a i l e d c a l c u l a t i o n s . G e n e r a l i z a t i o n to o t h e r 
t r a n s i t i o n - m e t a l c a t a l y z e d systems i s not y e t p o s s i b l e . 
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3 
Heterobimetallic Carbon Monoxide 
Hydrogenation 
Hydrogen Transfer to Coordinated Acyls: The Molecular 
Structure of (C5H5)2Re[(C5H5)2ZrCH3](OCHCH3) 

J O H N A . M A R S E L L A , J O H N C. H U F F M A N , and K E N N E T H G. C A U L T O N 

Department of Chemistry and Molecular Structure Center, Indiana University, 
Bloomington, IN 47405 

There is mounting evidence that the intramolecular 
transformation of a hydridocarbonyl, M(H)CO, into a 1η-
formyl, MC(O)H, is not thermodynamically favorable (1). 
This has directed attention towards reactions which 
provide exceptional stability to the formyl species. 
The oxophilic character of the early transition metals 
may provide such stabilization in the form of dihapto 
binding (I). This unusual donor behavior was first 

0097-6156/81 /0152-0035$05.00/0 
© 1981 American Chemical Society 
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36 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

demonstrated crystal lographical ly by Floriani, et. al. 
(2,3) for homologous acetyl complexes of titanium and 
zirconium. 

One approach to promoting the kinetics of hydrogen 
transfer to bound carbon monoxide is based on maximiz­
ing the difference in polarity of the carbon (eg. δ+) 
and hydrogen (eg. δ-) involved (4). This strategy 
leads naturally to a bimolecular approach, based upon 
MCO and Μ'Η. The additional degree of freedom which 
follows from employing two different transit ion metals 
is noteworthy as an alternative to cluster activation 
or catalys is . 

In view of the fact that early transit ion metal 
alkyls insert CO under very mild conditions (2,3), we 
chose to examine the reactions of electron-rich metal 
hydrides (5) with the resultant dihapto acyl complexes. 
Such acyls obviously benefit from reduction of the CO 
bond order from three (in C=O) to two. More s i g n i f i ­
cantly, the dihapto binding mode w i l l significantly 
enhance the electrophilic character of the acyl carbon. 

In the course of this work, we found that addition 
of Cp2ReH (6) to Cp2Zr[C(0)Me]Me (2) yielded a product 
whose spectroscopic properties were in accord with the 
stoichiometry Cp2Re[Cp2ZrMe](OCHMe) (7). The presence 
of a chiral carbon produced a slight Tnequivalence 
(0.0016 ppm) in the cyclopentadienyl ring protons 
attached to zirconium. These results do not dis t i n ­
guish between structures IT and III, both being 

C p 2 R e — 0 , 
/ C - Z r M e C p g 

H Me 

H Me 

CppRe->c' 
0 — ZrMeCp, 

reasonable in view of the high oxophilicity of 
rhenium and zirconium. Moreover, in view of the fact 
that [Cp 2ZrCmEt 3] 2CH 2CH 2 exhibits a structure (IV) 

CH 
Cp 2(AlCIEt 3)Zr / 2 ^ Z r ( A l C l E t 3 ) C p 2 
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3. MARSELLA ET AL. Hydrogen Transfer to Coordinated Acyls 37 

with remarkably acute ZrC^C^ angles (76°) (8), 
structure V, with a bridging acetaldehyde ligand, also 

V 1 · 
C p 2 R e \ | / Z r M e C p 2 

merits consideration. A structure of this type may 
represent the transition state in the fluxional pro­
cess displayed by (Cp 2ZrCl) 2OCH 2 (£). We now report a 
solution to this structural problem by means of 
crystallographic methods. 
Experimental 

Synthesis. Crystals of Cp2Re[Cp2ZrMe](OCHMe) were 
grown from a toluene/hexane solution (ca. 2:1) in the 
following manner. Equimolar amounts oF~Cp 2Zr[C(0)Me]-
Me and Cp2ReH were dissolved in a minimum of toluene. 
Within several hours, the solution had taken on the 
dark orange color of the dimeric product. Hexane was 
added and the resulting solution was allowed to stand 
for several days at room temperature u n t i l bright 
orange crystals formed. The compound i s sensitive to 
both oxygen and moisture. 

Crystallography. The crystal was transferred to 
the goniostat using inert atmosphere techniques. 
Crystal data and parameters of the data collection (at 
-173° , 5° < 2Θ < 45°) are shown in Table I. A data set 
collected on a parallelopiped of dimensions 0.09 x 0.18 
χ 0.35 mm yielded the molecular structure with l i t t l e 
d i f f i c u l t y using direct methods and Fourier techniques. 
F u l l matrix refinement using isotropic thermal para­
meters converged to R = 0.17. Attempts to use aniso­
tropic thermal parameters, both with and without an 
absorption correction, yielded non-positive-definite 
thermal parameters for over half of the atoms and the 
residual remained at ca. 0.15. 

Data was then collected on a smaller crystal. The 
residuals improved, but several non-hydrogen aniso­
tropic thermal parameters converged to non-positive-
definite values. There was no evidence for 
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38 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

Table I. Crystal Data for 
( C 5 H 5 ) 2 Z r C H 3 ( O C H C H 3 ) R e ( C 5 H 5 ) 2 

F ο rmula C 2 3 H 2 7 OZrRe 
Color yellow 
Crystal Dimensions (mm) 0.032 χ 0.019 

χ 0.064 
Space Group Ρ 2x/a 
Cell Dimensions 

(at -173°C; 28 reflections) 
a - 20.762(13) A 
b = 7.8^3(5) 
c = 12.724(8) 
β = 72 .28(2 ) ° 

Ζ (Molecules/cell) k 

C e l l Volume 1973.71* 
Calculated Density (gm/cm3) 2.009 
Wavelength O.7I069 A 
Molecular Weight 596.89 
Linear Absorption Coefficient 67.4 

Min. Absorption = 0.6k 

Max. Absorption = 0.79 
Total Number of Reflections collected 3^9 

Number of unique intensities 2598 
Number with F > 0.0 2302 
Number with F > σ (F) 21 kl 

Number with F > 2.33 σ (F) 189̂  
Final Residuals 

R(F) .087 
Rw(F) .068 

Goodness of f i t for the last cycle 1.33 
Maximum Δ/σ for last cycle .05 
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3. MARSELLA ET AL. Hydrogen Transfer to Coordinated Acyls 39 

decomposition during the data collection (four standard 
reflections varied randomly within t 0.8 σ), nor was 
there evidence of disorder or solvent molecules in the 
crystal l a t t i c e . Consequently, we report here the re­
sults from this second crystal but using isotropic 
thermal parameters for a l l atoms except Zr and Re. 
These data are corrected for absorption. In the f i n a l 
least squares cycles, a l l hydrogen atoms whose posi­
tions are fixed by assumed sp 2 or sp 3 hybridization 
were included in fixed positions with C-H = 0.95 A and 
Β = 3.0 Â 2; methyl hydrogens were not included. 

The results of the X-ray study are contained i n 
Tables II-IV. Anisotropic B's and a table of observed 
and calculated structure factors are available (10). 
The molecular structure is shown i n Figures 1 and 2. 

The cyclopentadienyl ring carbons deviate by less 
than 0.6 σ from their respective least squares planes. 
The average C-C distances in the four rings are iden­
t i c a l within experimental error. Metal-to-ring mid­
point lines intersect the ring planes at angles of 
87.h° and 87 .7° (Re) and 86.8* and 88 .3° (Zr). The 
shortest intramolecular nonbonded contacts are from 
C(2k) to C(3), 2.75 A, and to C(9), 2.83 A. The 
shortest distances to oxygen are from C(3) and C(15) 
(both 2.95 A). A l l inter-ring carbon-carbon distances 
exceed 3 A. Intermolecular C e··Η contacts (calculated 
with a l l C-H distances fixed at 1.08 A)exceed 2.6 Â 
while intermolecular Η···Η contacts exceed 2.2 A. 

Results and Discussion 
Overall Structure. The results indicate that 

structure III is correct and that the reaction is a 
geminal addition of the Re-Η bond to the acetyl carbon. 
The cyclopentadienyl rings on the same metal center are 
in the semi-staggered configuration typically found for 
bent metallocene structures (11), while rings on dif ­
ferent metals assume a cog-liïcê arrangement (Figure 
3a). The rings are arranged so that a l l four ring 
centroids f a l l approximately in one plane; deviations 
of these centroids are t 0.1 Â from their least squares 
plane. The arrangement minimizes end-to-end inter­
actions of cyclopentadienyl rings with both methyl 
groups, as can be seen in Figure 3. These space 
f i l l i n g models clearly show that both methyl groups 
are located in cavities formed by the canted rings at 
the opposite end of the molecule. This arrangement of 
cyclopentadienyl rings contrasts with that observed 
(12.) in Cp2W=C(H)0Zr(H)Cp*2 (Cp* = C 5Me 5). In this 
carbene complex, both the minimal steric requirements 
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40 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

Table II. Fractional Coordinates for 
(Cp)2(Me)ZrOCHCH3Re(Cp)2

a >b 

104X 104Y 10 4Z 
8828(0) 4288(1) 6798(1) 
6469(1) 5769b) 8129(2) 
8125(12) 2186(35) 6577(21 
8250(13 1904(37) 7565(23' 
8951(12) I6l6(33) 7306(21 
9247(12) 1792(33) 6192(21 
8740(13) 2144(34) 5679(21 
9338(11) 6862(30) 6347(19; 
8842(12) 70lo(33) 7476(21 
9030(l2) 5870(37) 8156(20] 
9643(12 5033(32) 7519(20 
9824(12) 56ol(4o) 6392(21 
6228(l4 8105 37 9564(23] 
6865(14) 839l(39) 8943(24' 
6859(l4) 8829(37) 7892(23' 
6202(13 8735(35) 7856(21' 
5790(12) 8322(34) 8913(21 
5995(12) 4293 39 6759(20] 
5466(12) 5279(33) 7412(21 
5273(13) 4626(35) 8482(21 
5655(12) 3208(32) 8530(20] 
6l32(l2) 2990(33) 7479(20 
7363(8) 5414(23) 7083(l4 
7989(H) 5639(36) 6329(19; 
7976(14) 5304(38) 5104(24' 
6733(12) 44oi(39) 9566(21' 

The isotropic thermal parameter l i s t e d for those 
atoms refined anisotropically is the isotropic 
equivalent. 

^Numbers in parenthesis in this and a l l following 
tables refer to the error in the least significant 
digits. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

15
2.

ch
00

3



3. MARSELLA ET AL. Hydrogen Transfer to Coordinated Acyls 41 

Table III. Bond Distances (Â) 

Re M ( l ) a Γ 9 0 Tr M(3)b 

Re M(2)d 1.90 Zr M(4) 
Re C(3) 2.28(3) Zr C(13 
Re C(4) 2.28(3) Zr C 1Ί 
Re C(5) 2.23(3) Zr C(15] 
Re C(6] 2.18(3) Zr 0(16* 
Re C(7) 2.25(3) Zr C(l7* 

av. 2.2ÎW 
Re C(8) 2.27(2) Zr C(l8' 
Re C 9) 2.31 3 Zr C 19* 
Re CflO) 2.27(3) Zr C(2o' 
Re C f l l ) 2.23(2) Zr C(2l' 
Re C(12) 2.23(3) Zr C(22' 

av. 2.26(3) 
Re C(24) 2.27(2) Zr C(26) 

Zr 0 
0 C(24) 
C(24) c(25) 

1.38(4) C(13) c(i4; 
1.43(3) C(13) C(17 
1.41(3) C(l4) C(15 
1.37(3 C(15 C(l6' 
1.43(3 ) C(l6) C(17' 

av. 1.40(3) 
1.50(3) C(18) C(19] 
1.43(3 C(18 C(22 
1.38(3) C(19) C(20( 

1.44(3) C(20) C(2l' 
1.44(3) C(21) C(22' 

av. 1.44(4) 

C(3) c( 
C 3 C( J) 
φ C( ,5 
C 5 C( 6 
C(6) C( !7) 

C(8) C( \9) C 8 C( >12) 
C 9) CI 
c 10) CI '11 ) 
C(ll) CI [l2) 

2.21 
2.24 
2.53(3) 
2.55(3) 
2.52 3 
2.44(3) 
2.48 3 c av. 2.50(4) c 

2.53(3) 
2.54(2) 
2.55 3 
2.57 2 
2.50 3 

av. 2.5^(3) 
2.32(3) 
1.95 2 
1.37(3) 
1.59(4) 
1.34(4) 
1 .41(4) 
1.38(4) 
1.38(4 
1.4o(4) 

av. 1.38(3) 
1.39(3) 
1.46 4 
1.39 3 
1.38(3) 
1.41(3) 

av. 1.41 3 

aM(l) and M(2) are the midpoints of the C 5H 5 rings 
bound to Re. 

bM(3) is the midpoint of the ring C(13) thru C(l7). 
cEsd's on average values are calculated using the 
scatter formula a(av) = [Σ(ά±-Έ)2/(N-l)]l/2 where 
d. i s one of Ν individual values and d is their 
average. 
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42 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

Table IV. Bond Angles (deg). 

Re C(24) 0 113.31 '2) 
Re C(24) C(25) 115.11 ̂2) 
0 C(24) C 25) 111.71 *2) 0 Zr C(26) 93.9 8 Zr 0 C(24) 164.3) [2) 
M(l ) Re M(2) 150.5 
Mm Zr M 4) 129.6 M l ) Re C(24) 104.9 
M(2) Re C(24) 104.6 
M(3) Zr 0 107.9 
M(4) Zr 0 110.8 
M(3) Zr C(26) 103.3 
M(4) Zr C(26) 104.9 

C(4) C(3) C(7) 110.8(2) 
cm C(4 C(5) 106.3 2) 
C(4 C(5 C(6) 109.4(2) 
C(5 C 6 C 7 109.4(2) 
C(3) C(7) C(6) 104.0(2) 

108.0(3) av. 
C(9) C(8) C(12) 107.7(2) 
C(8) C 9) C(10) 108.0(2) 
C9) C(10) C ( l l ) 108.2 2) 
C(10) C(l l ) C(12) 109.8(2) 
C(8) C(12) C(ll) 106.3(2) C(ll) 

108.0(1) av. 
C ( 1 4 ) C(13) C(17) 109.3(3) 
C 13) C(14) C 15 108.4(3) C(14) C(15 C(l6) 108.6(3) 
C 15 C(l6) C(17) 107.6(2) 
C(13) C(17) C(l6) 106.1 (2) C(17) 

108.0(l) av. 
C(19) C(18) C(22) 106.5(2) 
C(18 C(19) C(20) 108.6(2) 
C(19 C(20 C(21 ) 109.9(2) 
C(20) C(21 ) C(22) 107.7(2) 
C(18) C(22) C(21) 107.2 2 

I08.0 1 av. 
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MARSELLA ET AL. Hydrogen Transfer to Coordinated Acyls 

Figure 1. ORTEP drawing of Cp2-
ReCH(Me)OZrMeCp2 showing atom la­
beling scheme; unlabeled ring carbons 
follow the numerical sequence deter­

mined by the atom labels given. 

Figure 2. Stereo view of Cp2ReCH(Me)OZrMeCp2 approximately perpendicular 
to the bridging group; the Rh fragment is at the top. 
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44 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

of the bridge linking the metal atoms and the bulkier 
nature of the C5Me5 rings on zirconium dictate that the 
four rings arrange themselves so as to minimize ring-
ring repulsions; that i s , the plane containing the Cp 
centroids and the tungsten atom is almost perpendicular 
to the plane containing the C5Me5 centroids and the 
zirconium atom. The same staggered arrangement is seen 
in the salt [Cp4W2H3+] [C10 4~], due to the short W-W 
(nonbonded) separation (13»). The compound [Cp* 2ZrN 2]N 2 

(14) and complexes of the type [Cp2MX]20 (11,15,16,12, 
1ST also show staggering of Cp2M units, but orbital 
overlap requirements are a major determining factor in 
these complexes (1_9). 

Structural Features Around the Zr Atom. The 
arrangement of ligands around zirconium is quite typi­
cal of Cp2MXY structures. The methyl carbon and oxygen 
atoms form an angle of 9 5 . 9 ( 8 ) ° at zirconium. The 
centers of the Cp rings average 2 .23 Â from the z i r ­
conium atom and the ring midpoints subtend an angle of 
130° at Zr. These values are a l l quite comparable to 
those i n Cp 2ZrCl 2 ( H ) . The zirconium-methyl carbon 
distance is 2.32(3)~~£, identical within experimental 
error to that i n Cp 2ZrCH 3[C(0)CH 3] ( 2 ) . The interest­
ing feature at the zirconium center Ts the Zr-0 bond. 
Table V shows a comparison of some parameters of this 
bond with those found in other oxygen-containing 
metallocene dimers. An examination of these parameters 
shows that the alkoxide-like ligand in both Cp2W=C(H)0-
ZrMeCp*2 and JEII are bound with mul t i p l i c i t i e s ap­
proaching those in oxo-bridged dimers. While steric 
effects certainly contribute to the wide Zr-O-C angles 
in the tungsten and rhenium compounds, the short Zr-0 
bond distances imply multiple bonding due to P^d^ 
donation, as postulated earlier (20]. It should be 
noted that zirconium-oxygen "single 7 bonds average 
2.198(9) A in Zr(acac) 4 (21J . Since dimer III contains 
a Zr-C bond of purely σ character, this bond length 
provides an internal standard for comparison of bond 
order. Thus, while the single bond radius of oxygen i s 
0.11 A shorter than that of carbon, the Zr-0 bond in 
III i s 0.37 A shorter than the Zr-CH3 bond; a s i g n i f i ­
cant TT-component is present in this Zr-OR bond. 

In Cp2MXY complexes (M = T i , Zr, Hf), the ligands 
X and Y together donate a total of four electrons to 
the neutral fragment Cp2M. When Y is a ηοη-ττ-donor, as 
CH3 in complex III, a l l π bonding i s provided by X(0R); 
this leads to maximum contraction of the Zr-0 distance. 
It was noted previously (3) that the T i - C l distance in 
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46 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

Cp 2TiCl[Tl 2-C(0)Me], is 0.13 Â longer than in Cp 2 T i C l 2 . 
Intramolecular competition for π-donation in this com­
plex i s dominated by the η2-acetyl group, so that the 
Ti - C l bond has nearly pure σ character. On the other 
hand, the Zr-alkyl bond lengths in III and in Cp 2ZrCH 3-
[T]2-C(0)CH3] (2) are identical, as expected. A f i n a l 
example of this competition exists in Cp 2Ti(p-nitro-
benzoate) 2 (22). Here, the two compositionally iden­
t i c a l carboxyTate ligands do not perform identical 
donor functions. Instead, one functions as a ττ-donor 
(Ti-0 = 1.94 Â and^Ti-O-C = 157°) while the other 
serves as a σ-donor (Ti-0 = 2.04 A and Ti-O-C = 136°). 

Structural Features Around the Re Atom. This 
portion of the molecule consists of a carbon atom 
bound symmetrically between two t i l t e d Cp rings. None 
of the points Re, C(24), M(l), M(2) deviates by more 
than 0.02 A from their least squares plane (M(i) i s the 
ring centroid). This i s the structure predicted for a 
d 4 complex of Cp2MX stoichiometry (19). The complexes 
Cp 2VCl(d 2) (23), Cp 2Ti(2 ,6-ditertbutyl-4-methylphenyl) 
(2JL), Cp 2Ti(2,6-dimethylphenyl)(d 1) (2£), and Cp2V-
[N 2(SiMe 3) 2j(d 1) (26) also have the symmetric structure 
exhibited by the Cp2ReC fragment in III. According to 
MO calculations (19), the more electron r i c h the metal 
center in a "bent^metallocene. the greater the M(l)-
M-M(2) angle. Indeed, the M(l)-Re-M(2) angle in 111 
i s I50°, while i t is in the range 136°-l4l° in the 
compounds cited above (19.,23,24_,2£,26J . The largest 
previously reported value Tor this parameter for metal-
substituted metallocenes i s 149° for [Cp 2MoHLi] 4 (27) 
(also formally d 4). Large angles have also been re­
ported for Cp2MoD2 (148.2°) (28), Cp2W=C(H)0Zr(H)Cp*2 

(145.6°), [Cp 2W 2H 3] + (148.2°), [CpMoHCO]4* (144 .5°) (£9) 
and Cp2MoH2-ZnBr2-DMF (143.5°) (50). 

When the metal-ring distance is short, i t has been 
postulated that large M(l)-M-M(2) angles are a steric 
consequence of inter-ring repulsions (27). An exami­
nation of Table III shows that the Re-C(Cp) distances 
are in fact shorter than those to zirconium; they are 
also shorter than the corresponding distances in 
several Cp2MX complexes of titanium and vanadium. How­
ever, the Re-C(Cp) distances in [Cp 2ReBr 2lBF 4 (IjJ a r e 

comparably short (Re-C = 2.26, ReM = 1.924), but the 
CpReCp angle in this salt i s only 139 .5° . Clearly the 
increase in CpReCp angle is very strongly dependent on 
electronic effects and on the number of attached 
ligands, in accord with previous calculations (19). 
Note that the great disparity (0.28 A) in the distance 
from ring carbons to Zr vs. Re in ΓΙΙ is not reflected 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

15
2.

ch
00

3



3. M A R S E L L A E T A L . Hydrogen Transfer to Coordinated Acyls 47 

90° 

Figure 3. View of space filling models of Cp2ReCH(Me)OZrMeCp2: a, molecule 
oriented as in Figure 2; b, rotated 90° about a vertical axis from a; c, molecule 
oriented as in Figure 1; H indicates the hydrogen atom on the tertiary carbon, C(24) 

CP2ïï?ïï)W<Re)> 
(2.27Γ 

1.3! 

/Î137) 

H(Me) 

Λ Ι . 9 ? \ 2.25 r> _*/^_ χ 
°(T55) Z r(253l CP2 l CP2 ) 

H(H+Me) 

Figure 4. Structure parameters for Cp2WC(H)OZrHCp2*; corresponding atoms 
and parameters in compound III are shown in parentheses 
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Society Library 
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4 8 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

in the metal alkyl bond lengths: Zr-CH3 = 2.32(3) Â 
and Re-CH(Me)0 = 2.27(2) A. 

The rhenium-σ carbon bond distance of 2.27(2) A 
does not di f f e r s t a t i s t i c a l l y from those observed in 
CpReMeBr(ÇO)2 (2.32(M) A) (31) and CpRe(H4-C5H5Me)Me2 

(2.23(3) A) (32). The distance is shorter (2.19(1) A) 
in Li 2(Re 2Me 8T (33 ) . 

Structure determinations of secondary metal alkyl 
complexes are relatively rare, yet they provide an 
opportunity to assess interactions of the metal with 
the j8-atoms of the alkyl. The angles (excluding hy­
drogen) about C(24) a l l exceed 109°, ranging from 
111.7° to 115 .1° . There is no evidence for any Re---0 
interaction (compare V), this distance exceeding 3 A. 
Both the jS-carbon, C(25), and i t s attached hydrogens 
are over 3 A from rhenium. The hydrogen on the a-
carbon, C(2k), is 2.76 A from rhenium. 

Figure 4 shows the remarkable structural similar­
i t y between the bimetallic carbene (12_) and alkoxy 
complexes formed from diverse paths: 1,2 addition of 
Zr-H to a carbonyl bound to tungsten (eq. 1) and 1,1 
addition of Re-Η to a zirconium-bound acetyl (eq. 2). 

0 H 

Cp2WC0 + (C 5Me 5) 2ZrH 2 >Cp2W=C ^Z r ( C 5 M e 5 ) 2 (1) 

Cp2ReH + (C 5H 5) 2Zr[C(0)Me]Me — > 
Me 

Cp2Re-CH(Me)0-Zr(C5H5)2 (2) 

The major metric difference i s in the WC (carbene) and 
ReC (alkyl) bonds, the former being shorter due to i t s 
multiple character. The similarity in CO distances 
implies negligible 0 - C multiple bonding in the W/Zr 
compound. This i s a consequence of 0 Zr tr donation 
in both compounds (compare the Zr-0 bond lengths), 
which represents the dominant u t i l i z a t i o n of the oxygen 
lone pairs. 
Conclusion 

This structure determination affirms the spec­
troscopic indication that the product of the reaction 
of Cp2Zr[C(0)Me]Me and Cp2ReH involves geminal addition 
of the Re-Η bond to the electrophilic acetyl carbon. 
The unique Zr-0 bond in Cp2Zr[C(0)Me]Me i s retained in 
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3. MARSELLA ET AL. Hydrogen Transfer to Coordinated Acyls 49 

this reaction, suggesting that i t contributes to the 
driving force for this f a c i l e reduction of carbon 
monoxide. To our knowledge, this is the f i r s t defini­
tive example of an insertion of an acetyl carbon into 
an M-H bond and we are continuing our investigation of 
the importance of such insertions in Fischer-Tropsch 
syntheses. 

A cknowledgemen t 
This work was supported by NSF Grant No. CHE 77-

10059 and by the M. H. Wrubel Computer Center. Gifts 
of chemicals from Climax Molybdenum Company are grate­
f u l l y acknowledged. 

Literature Cited 

1. Collman, J . P.; Winter, S. R. J . Amer. Chem. Soc., 
1973, 95, 4089. 

2. Fachinetti, G. ; Fochi, G. ; Floriani, C. J. Chem. 
Soc., Dalt. Trans., 1977, 1946. 

3. Fachinetti, G. ; Floriani, C . ; Stoeckli-Evans, H. 
J . Chem. Soc., Dalt. Trans., 1977, 2297. 

4. Marsella, J . Α. ; Curtis, C. J.; Bercaw, J . E.; 
Caulton, K. G. J. Am. Chem. Soc., 1980, 102. 

5. Labinger, J . Α . ; Komadina, K. J. Organometa1. 
Chem., 1978, 155, C25. 

6. King, R. B., "Organometallic Syntheses," Vol. 1, 
Academic Press, New York, 1965, p. 80. 

7. Marsella, J . Α . ; Caulton, K. G. J . Am. Chem. Soc., 
1980, 102, 1747. 

8. Kaminsky, W.; Kopf, J.; Sinn, H . ; Vollmer, 
H . - J . Angew. Chem., Int. Ed. Engl., 1276, 15, 629. 

9. Fachinetti, G. ; Floriani, C. ; Roselli, Α . ; 
Pucci, S. J . Chem. Soc., Chem. Commun., 1978, 269. 

10. Huffman, J . C . , Indiana University Molecular 
Structure Center, Report No. 7944. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

15
2.

ch
00

3



50 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

11. Prout, K. ; Cameron, T. S.; Forder, R. Α . ; 
Critchley, S. R.; Denton, B.; Rees, G. V. 
Acta Cryst. Sect. B, 1974, 30, 2290. 

12. Wolczanski, P. T . ; Threlkel, R. S.; Bercaw, J. 
E. J. Am. Chem. Soc., 1978, 101, 218. 

13. Klingler, R. J.; Huffman, J . C . ; Kochi, J . K. 
J. Am. Chem. Soc., 1980, 102, 208. 

14. Sanner, R. D.; Manriquez, J . M.; Marsh. R. E.; 
Bercaw, J . E. J . Am. Chem. Soc., 1976, 98, 8351. 

                 15. Clarke, J. F.; Drew, M.G.B. Acta Cryst. Sect. B, 
                       1974, 30, 2267. 

16. Petersen, J . L. J. Organometallic Chem., 1979, 
166, 179. 

17. Fronczek, F. R.; Baker, E. C.; Sharp, P. R.; 
Raymond, Κ. N. ; Al t , H. G . ; Rausch, M. D. 
Inorg. Chem., 1976, 15, 2284. 

18. Thewalt, U.; Kebbel, B. J . Organometal. Chem., 
1578, 150, 59. 

19. Lauher, J . W.; Hoffmann, R. J. Am. Chem. Soc., 
1976, 98, 1729. 

20. Huffman, J . C . ; Moloy, K. G.; Marsella, J . Α . ; 
Caulton, K. G. J . Am. Chem. Soc., 1980, 102, 3009. 

21. Silverton, J . V . ; Hoard, J . L. Inorg. Chem., 
1963, 2, 243. 

22. Kuntsevich, T. S.; Gladkikh, E.; Lebedev, V. Α . ; 
Linevag, Α . ; Bolov, Ν. V. Sov. Phys.: 
Crystallogr., 1976, 21, 40. 

23. Fieselmann, B. F.; Stucky, G. D. J . Organometal. 
Chem., 1977, 137, 43. 

24. Cetinkaya, B.; Hitchcock, P. B.; Lappert, M. F.; 
Torroni, S.; Atwood, J . L.; Hunter, W. E.; 
Zaworotko, M. J. J. Organometal. Chem., 1980, 188, 
C31. 

25. Olthof, G. J.; Van Bolhuis, F. J . Organometal. 
Chem., 1276, 122, 47. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

15
2.

ch
00

3



3. MARSELLA ET AL. Hydrogen Transfer to Coordinated Acyls 51 

26. Veith, M. Angew. Chem., Int. Ed. Engl., 1976, 15, 
387. 

27. Forder, R. Α . ; Prout, K. Acta Cryst., Sect. B., 
1974, 30, 2318. 

28. Schultz, A. J.; Stearly, K. L.; Williams, J . M.; 
Mink, R.; Stucky, G. D. Inorg. Chem., 1977, 16, 
3303. 

29. Adams, Μ. Α . ; Folting, K. ; Huffman. J . C.; 
Caulton, K. G. Inorg. Chem., 1979, 18, 3020. 

30. Crotty, D. E.; Corey, E. R.; Anderson, T. J.; 
Glick, M. D.; Oliver, J . P. Inorg. Chem., 1977, 
16, 920. 

31. Aleksandrov, G. G. ; Struchkov, Yu. T.; Makarov, 
Yu. V. Zh. Strukt. Khim., 1975, 14, 98. 

32. Alcock, N. W. J. Chem. Soc. (Α), 1967, 2001. 

33. Cotton, F. Α . ; Grange, L. D.; Mertis, K.; 
Shive, L. W.; Wilkinson, G. J. Chem. Soc., 
Dalt. Trans., 1976, 98, 6922. 

RECEIVED December 8, 1980. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

15
2.

ch
00

3



4 
Unusual Carbon Monoxide Activation, Reduction, 
and Homologation Reactions of 5f-Element 
Organometallics 
The Chemistry of Carbene-Like Dihaptoacyls 

P A U L J. F A G A N , E R I C A . M A A T T A , and T O B I N J. M A R K S 

Department of Chemistry, Northwestern University, Evanston, IL 60201 

There i s c u r r e n t l y g r e a t i n t e r e s t i n unde r s t and ing chemi s t r y 
by which m e t a l l i c r eagents t r a n s f o r m carbon monoxide/ e i t h e r 
c a t a l y t i c a l l y or s t o i c h i o m e t r i c a l l y , i n t o u s e f u l o r g a n i c com­
pounds Π,2,3). In the case o f Group V I I I t r a n s i t i o n meta l c a t a ­
l y s t s , v a s t q u a n t i t i e s o f a c e t i c a c i d , a l c o h o l s , a l d ehydes , 
e s t e r s , e t c . , a re c u r r e n t l y p roduced from carbon monoxide, h y d r o ­
gen, and v a r i o u s o r g a n i c f e e d s t o c k s - In r ega rd t o mechanism, 
much o f t h i s chemi s t ry i s now rea sonab l y w e l l - u n d e r s t o o d . A key 
r e a c t i o n i s the mig r a to ry i n s e r t i o n o f CO (.4/5.) i n t o a m e t a l -
ca rbon sigma bond (eq. (1 ) ) t o produce a meta l a c y l , A , f o l l owed 

CHo CHo CHo Γ ι ι 
M + CO > M<-CO > M — C = 0 (1) 

A 

by s c i s s i o n o f the m e t a l - c a r b o n bond v i a a p roces s such as h y d r o -
g e n o l y s i s , r e d u c t i v e e l i m i n a t i o n , o l e f i n i n s e r t i o n , e t c . 
A l though t h i s c l a s s i c p i c t u r e e v o l v e d from " s o f t , " mononuclear 
t r a n s i t i o n meta l complexes s u f f i c e s t o e x p l a i n a g r ea t d ea l o f 
carbon monoxide c h e m i s t r y , i t i s not c l e a r t h a t i t i s complete or 
a c c u r a t e f o r u n d e r s t a n d i n g p r oce s s e s whereby CO i s reduced , 
deoxygenated , and/or p o l y m e r i z e d t o form methane, l o n g - c h a i n 
hyd roca r bons , a l c o h o l s , and o the r oxocarbons , e s p e c i a l l y i n cases 
where heterogeneous c a t a l y s t s or " h a r d " meta l s are i n v o l v e d 
(6,1^,8,9^, W) . T h i s d e f i c i e n c y o f i n f o r m a t i o n has l e d t o the sea rch 
f o r new modes o f carbon monoxide r e a c t i v i t y and to attempts to 
unde r s t and carbon monoxide chemi s t r y i n n o n t r a d i t i o n a l e n v i r o n ­
ments · 

In the p a s t s e v e r a l y e a r s , i t has become apparent t h a t w i th 
p r o p e r t u n i n g o f l i g a t i o n , i t i s p o s s i b l e t o p repa re organome-
t a l l i c compounds of a c t i n i d e e lements w i t h ve ry h i g h c o o r d i n a t i v e 
u n s a t u r a t i o n and ve ry h i g h chemica l r e a c t i v i t y ( 11 ,12 ,13 ) . In 
r e g a r d t o e x p l o r i n g " n o n c l a s s i c a l " modes o f carbon monoxide a c t i -

0097-6156/81/0152-0053$06.50/0 
© 1981 American Chemical Society 
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54 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

v a t i o n , these f e a t u r e s , combined w i t h the very l a r g e a f f i n i t y 
which a c t i n i d e s e x h i b i t f o r oxygen, o f f e r the p o s s i b i l i t y o f 
d r a s t i c a l l y m o d i f y i n g the c l a s s i c a l c h e m i s t r y and o f m o d e l l i n g i n 
homogeneous s o l u t i o n , some of the f e a t u r e s of heterogeneous CO 
r e d u c t i o n c a t a l y s t s ( e s p e c i a l l y those i n v o l v i n g a c t i n i d e s ) 
( 12 ,14 -16 ) . The p r o d i g i o u s s t r e n g t h s o f a c t i n i d e - o x y g e n bonds 
can be a p p r e c i a t e d by c o n s i d e r i n g the f o rmat i on e n t h a l p i e s o f 
b i n a r y ox ides (Tab le I) ( J_7 , J J 3 ) . I t can a l s o be seen t h a t e a r l y 

T a b l e I . R e p r e s e n t a t i v e Fo rmat i on E n t h a l p i e s o f Some B i n a r y d -
and f - E l ement O x i d e s . a 

T i 0 2 V 0 2 C r 0 2 Mn0 2 F e 3 0 4 CoO 
-112 - 9 3 . 9 - 6 9 . 7 - 6 2 . 0 - 6 4 . 9 - 5 6 . 9 

Z r 0 2 Nb0 2 Mo0 2 Ru0 2 RhO 
-130 - 9 4 . 5 - 6 6 . 5 - 2 7 . 3 - 1 9 . 5 

W0 2 O s 0 2 I r 0 2 

- 6 7 . 3 - 3 5 . 2 - 1 8 . 3 

T h 0 2 U 0 2 

-143 -125 

a 
In kca l/mo le of Ο atoms. From r e f e r e n c e s 17 and 18. 

t r a n s i t i o n meta ls possess s i m i l a r c h a r a c t e r i s t i c s , and where mean 
bond d i s s o c i a t i o n energy d a t a e x i s t f o r both c l a s s e s of meta l s 
( e . g . , the meta l t e t r a h a l i d e s ) t r ends i n a c t i n i d e and e a r l y t r a n ­
s i t i o n meta l ( e . g . , T i , Zr ) parameters are l a r g e l y p a r a l l e l (19) . 
The consequences of t h i s oxygen a f f i n i t y f o r the making and 
b r e a k i n g o f m e t a l - t o - l i g a n d bonds can be r e a d i l y a s se s sed i n 
Tab l e I I (2fJ,2λ) . E x t r a p o l a t i n g t o the a c t i n i d e s , i t can be s u r ­
m i sed t h a t a T h - 0 bond i s s t r o n g e r than a T h - C bond by c a . 50 
k c a l / m o l e . 

The purpose of t h i s a r t i c l e i s to rev iew r e c e n t r e s u l t s on 
the c a r b o n y l a t i o n chemi s t r y o f a c t i n i d e - t o - c a r b o n sigma bonds, 
b e a r i n g i n mind the unique p r o p e r t i e s o f 5 f - o r g a n o m e t a l l i c s c i t e d 
above . We focus our a t t e n t i o n on the p r o p e r t i e s of 
b i s ( p e n t a m e t h y l c y c l o p e n t a d i e n y l ) a c t i n i d e a c y l s . J u s t as t r a n ­
s i t i o n meta l a c y l s (A) occupy a p i v o t a l r o l e i n c l a s s i c a l c a r ­
b o n y l a t i o n c h e m i s t r y , i t w i l l be seen t h a t many o f the unusua l 
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4. FAGAN ET AL. Chemistry of Carbene-Like Dihaptoacyls 55 

Tab l e I I . Mean Bond D i s s o c i a t i o n Energy Data f o r Some E a r l y 
T r a n s i t i o n M e t a l Complexes 3 and E s t i m a t e d 1 3 Va l ue s 
f o r Thor ium and Uranium. 

MR n T i Z r Hf Nb Ta Mo W Th U 

R n=4 4 4 5 5 6 6 4 4 

C H 3 62 74 79 62 38 7 8 b 7 3 b 

CH 2 CMe 3 45 54 54 5 3 b 5 0 b 

CH 2 Ph 49 60 
110 b CI 103 117 119 97 103 73 83 117 b 110 b 

N E t 2 74 82 88 78 86 8 7 b 8 1 b 

O P r - i 106 124 128 100 105 126 b 118 b 

F 140 154 155 153 a 1 4 3 a 

In k c a l / m o l e , from r e f e r e n c e s 19, 20, and 21 . 
b 

E s t i m a t e d from the p r o p o r t i o n a l i t y Ac -R = M -R (Ac -F/M-F ) , where 
Ac i s the a c t i n i d e v a l u e . 

f e a t u r e s which a c t i n i d e e lements i n t r o d u c e t o CO c h e m i s t r y m a n i ­
f e s t themselves i n the c h e m i c a l and p h y s i c o c h e m i c a l c h a r a c t e r i s ­
t i c s o f the a c y l s . I t w i l l a l s o be seen t h a t the c o o r d i n a t i v e 
u n s a t u r a t i o n and oxygen a f f i n i t y o f Th( IV ) and U(IV) i o n s g i v e 
r i s e t o h i g h l y r e a c t i v e , o x y g e n - c o o r d i n a t e d (d ihapto ) a c y l s w i th 
marked c a r b e n e - l i k e c h a r a c t e r , and p a t t e r n s of chemica l r e a c ­
t i v i t y never p r e v i o u s l y obse rved i n s o l u t i o n . We d i s c u s s here 
the s y n t h e s i s and p h y s i c o c h e m i c a l p r o p e r t i e s of a c t i n i d e 
b i s ( p e n t a m e t h y l c y c l o p e n t a d i e n y l ) d i h a p t o a c y l s , ca rbon monoxide 
c o u p l i n g i n v o l v i n g these complexes , rearrangement r e a c t i o n s o f 
the d i h a p t o a c y l s , as w e l l as h y d r i d e - c a t a l y z e d i s o m e r i z a t i o n and 
hydrogénat ion r e a c t i o n s . 

S y n t h e s i s o f O r g a n o a c t i n i d e A c y l s and P r o p e r t i e s 

As d i s c u s s e d e lsewhere (J_2 ,J [6), t h e c a r b o n y l a t i o n o f b i s -
( p e n t a m e t h y l c y c l o p e n t a d i e n y l ) t h o r i u m and uran ium b i s ( h y d r o -
c a r b y l s ) , M [ ( 0 1 1 3 ) 5 0 5 ] 2 R 2 , l e ads t o r a p i d , i r r e v e r s i b l e f o rmat i on 
o f e n e d i o l a t e (B) complexes . A l though the r e i s c i r c u m s t a n t i a l 

R / R 
^C= :C 

ο 0 
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56 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

ev idence (14) t h a t such s p e c i e s c o u l d a r i s e from i n t r a - o r i n t e r -
m o l e c u l a r c o u p l i n g o f d i h a p t o a c y l f u n c t i o n a l i t i e s , the ve ry h i g h 
r e a c t i v i t y o f the o r g a n o a c t i n i d e s has so f a r p r e c l u d e d the o b s e r ­
v a t i o n or i s o l a t i o n of i n t e r m e d i a t e s on the r e a c t i o n c o o r d i n a t e 
l e a d i n g t o the e n e d i o l a t e . On the o t h e r hand, s o l u t i o n s o f 
a c t i n i d e b i s ( p e n t a m e t h y l c y c l o p e n t a d i e n y l ) c h l o r o h y d r o c a r b y l s 
(JJy22y2J3) and d i a l k y l a m i d e h y d r o c a r b y l s ( J j l ) absorb an e q u i v a l e n t 
o f carbon monoxide i n the course o f 0 . 2 - 1 . 5 h a t low temperatures 
t o y i e l d a c t i n i d e a c y l s . R e p r e s e n t a t i v e examples are i l l u s t r a t e d 
i n e q . ( 2 ) . U n l i k e ana logous e a r l y t r a n s i t i o n meta l systems 

M [ (CH 3 ) 5C5 ] 2 ( X )R + *CO > M [ (CH 3 ) 5 C 5 ] 2 (X ) ( *COR ) (2) 

1a M=Th, X=C1, R = C H 2 C ( C H 3 ) 3 , *C=12 C 

1b M=Th, X=C1, R = C H 2 C ( C H 3 ) 3 , *C=13 C 

2a M=Th, X=C1, R = C H 2 C 6 H 5 , *C= , 12 c 

3a M=Th, X=N (CH 3 ) 2 , R=CH 3 / * C = 1 2 C 

4a M=U, X=C1, R=C 6 H 5 , * C = 1 2 C 

4b M=U, X=C1, R=C 6 H 5 , * C = 1 3 C 

(24,25/26/27)/ the i n s e r t i o n i n these o r g a n o a c t i n i d e s i s i r r e ­
v e r s i b l e . The new compounds were c h a r a c t e r i z e d by e l ementa l 
a n a l y s i s , i n f r a r e d and nmr s p e c t r o s c o p y . The C - 0 s t r e t c h i n g 
f r e q u e n c i e s , v e r i f i e d i n s e v e r a l cases by 1 3 C s u b s t i t u t i o n , 
p r o v i d e impor tant i n f o r m a t i o n on the m e t a l - a c y l bond ing . In 
p a r t i c u l a r , the ene r g i e s (Table I I I ) a r e c o n s i d e r a b l y lower 
t h a n i n c l a s s i c a l t r a n s i t i o n meta l a c y l s ( v c o = c a . 1630-1680 
cnT^) and suggest d i h a p t o a c y l l i g a t i o n (C, D ) . 

Λ A 
M — C — R < » M <- : C — R 

Ç D 

D i h a p t o a c y l c o o r d i n a t i o n has been p r e v i o u s l y observed i n 
s e v e r a l t r a n s i t o n meta l sys tems . Fo r l a t e r t r a n s i t i o n meta ls 
such as Ru (28) and Mo (29 ) , the meta l - oxygen i n t e r a c t i o n , as 
judged by m e t r i c a l parameters and the r e l a t i v e l y h i g h v c o f r e ­
q u e n c i e s , i s r e l a t i v e l y weak. Fo r e a r l y t r a n s i t i o n meta l 
complexes such as T i ( C 5 H 5 ) 2 ( n 2 - C O C H 3 ) C l (25) and Z r ( C 5 H 5 ) 2 -
( n 2 - C O C H 3 ) C H 3 ( 2 6 ) , the meta l - oxygen i n t e r a c t i o n i s s i g n i f i c a n t l y 
s t r o n g e r , b u t s t i l l does not equa l t h a t i n the o r g a n o a c t i n i d e s . 
These d i f f e r e n c e s can be demonstrated by s e v e r a l l i n e s o f e v i -
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4. FAGAN ET AL. Chemistry of Carbene-Like Dihaptoacyls 57 

Tab le I I I . I n f r a r e d V i b r a t i o n a l S p e c t r o s c o p i c Data f o r 
O r g a n o a c t i n i d e D i h a p t o a c y l s . a 

Compound 

T h [ ( C H 3 ) 5 C 5 ] 2 [ Π 2 - COCH 2 C (CH3 )3 ]C l (1a) 1469 
Th[ (CH 3 )5C5] 2 [ Ά 2 - 1 3 COCH 2 C(CH3 )3 ] C l l i b ) 
T h [ ( C H 3 ) 5 C 5 ] 2 [ n 2 - C O C H 2 C 6 H 5 ] C l (2a) 1439 
T h [ ( C H 3 ) 5 C 5 ] 2 ( n 2 - C O C H 3 ) N ( C H 3 ) 2 (3a) 1483 
U [ (CH 3 ) 5C5] 2(T1 2 -C0C 6 H5 )C1 (4a) 1429 
U [ ( C H 3 ) 5 C 5 ] 2 ( n 2 - 1 3 C O C 6 H 5 ) C l 7 4 b ) 

*C0 v 1 3 
CO 

1434 

1404 

a R e c o r d e d as N u j o l m u l l s ; da ta expressed i n wavenumbers. 

dence . F i r s t / as a l r e ady n o t e d , c a r b o n y l a t i o n i s i r r e v e r s i b l e 
f o r the o r g a n o a c t i n i d e s s t u d i e d to da te , wh i l e i t i s r e v e r s i b l e 
f o r ana logous t r a n s i t i o n meta l b i s ( c y c l o p e n t a d i e n y l ) and b i s -
( p e n t a m e t h y l c y c l o p e n t a d i e n y l ) sys tems . Second, t h e C - 0 
s t r e t c h i n g f r e q u e n c i e s of the f - e l ement n 2 - a c y l s (Table I I I ) a r e 
s u b s t a n t i a l l y lower than f o r comparable d -e lement n 2 - a c y l s . 
Examples o f the l a t t e r a re Z r ( C 5 H 5 ) 2 [ n 2 - C O C H 2 C ( C H 3 ) 3 ] C l where 
V C 0 = 1550 c m " 1 (26) , Z r (C5H5) 2 ( n 2 - C O C H 3 ) C H 3 where v C ( j = 1545 
c m " 1 (25) , H f (CcH5 ) 2 ( n 2 - COCH 3 ) CH3 where V C Q = 1550 citT" (25) , and 
Z r [ ( C H 3 ) 5 C 5 ] 2 ( n 2 - C O C H 3 ) C H 3 where v c o = 1550 cm""1 (27) . The 
reduced C - 0 f o r c e cons tan t can be taken as ev idence f o r a major 
c o n t r i b u t i o n from the c a r b e n e - l i k e resonance h y b r i d D. F u r t h e r 
suppo r t f o r the g r e a t e r importance o f t h i s e l e c t r o n i c s t r u c t u r e 
i n the case o f the f - e l ement i ons comes from 1 3 C nmr s p e c t r o ­
s copy . Fo r d iamagnet ic T h [ ( C H 3 ) 5 C 5 ] 2 [ n 2 - 1 3 C O C H 2 C ( C H 3 ) 3 ] C l , 
t h e a c y l carbon chemica l s h i f t occu r s at a remarkably low v a l u e 
o f δ 360.2 (C 6 Dg ) , r e m i n i s c e n t o f carbene complexes (30 ,31 ) , 
w h i l e f o r Z r ( C 5 H 5 ) 2 [ n 2 - C O C H 2 C ( C H 3 ) 3 ] C l , the resonance f requency 
i s at δ 318.7 (C 6 D 6 ) (24) . 

The m o l e c u l a r s t r u c t u r e o f J , has been determined by s i n g l e 
c r y s t a l X - r a y d i f f r a c t i o n t e chn iques (_1_5) and the r e s u l t i s 
i l l u s t r a t e d i n F i g u r e 1· The a c t i n i d e c o o r d i n a t i o n geometry 
f e a t u r e s the f a m i l i a r , "bent sandwich" M [ n 5 - ( ^ 3 ) 5 0 5 ] 2 X 2 

s t r u c t u r e where X = C l and n 2 - C O C H 2 C ( C H 3 ) 3 . Two f e a t u r e s o f the 
d i h a p t o a c y l l i g a t i o n are p a r t i c u l a r l y i m p o r t a n t . F i r s t , t h e 
T h - 0 d i s t a n c e (2.37(2) A ) i s 0.07 Â s h o r t e r than the T h - C 
d i s t a n c e (2.44 (2) Â ) . T h i s o r d e r i n g i s i n c o n t r a s t t o the 
c o r r e s p o n d i n g M-0 v s . M-C parameters i n T i ( C 5 H 5 ) 2 ( r ^ - C O C H ^ C l 
(2.19(1) vs 2.07(2) Â) and Z r ( C 5 H 5 ) 2 ( n 2 - C O C H 3 ) C H 3 (2.290(4) v s . 
2.197(6) Â ) , where the meta l - oxygen d i s t a n c e i s c l e a r l y l onge r 
than the m e t a l - c a r b o n d i s t a n c e . Fu r the rmore , t h e T h - 0 d i s t a n c e 
i n 1 i s o n l y c a . 0 .17 Â l onge r than T h - 0 bond d i s t a n c e s i n 
o t h e r b i s ( p e n t a m e t h y l c y c l o p e n t a d i e n y l ) t h o r i u m o r g a n o m e t a l l i e s 
c o n t a i n i n g meta l - oxygen bonds, i . e . , 2.150(4) Â i n the e n e d i o l a t e 
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58 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

{ T h [ ( C H 3 ) 5 C 5 ] 2 [ y - 0 2 C 2 ( C H 3 ) 2 ] }2 (16) and 2.27(1) A i n 
{ T h [ ( C H 3 ) 5 C 5 ] 2 Cy-CO(CH2C(CH3)3)COI]Cl}2 (15) ( v i de i n f r a ) . 

The second impor tant s t r u c t u r a l f e a t u r e i n 1̂  concerns the 
o r i e n t a t i o n o f the n 2 - a c y l l i g a n d . The C - 0 v e c t o r i n the p r e s e n t 
case p o i n t s i n the d i r e c t i o n away from the C I l i g a n d , wh i l e i n 
the a fo rement ioned t i t a n i u m and z i r c o n i u m compounds, the C - 0 v e c ­
t o r i s o r i e n t e d toward the n o n - a c y l monohapto l i g a n d (E vs F ) · 
The reasons f o r these d i f f e r e n c e s are not e n t i r e l y c l e a r . 

M o l e c u l a r o r b i t a l c o n s i d e r a t i o n s suggest t h a t f o r a t r a n s i t i o n 
me ta l M (C5H5) 2 R 2 complex, i n i t i a l CO a c t i v a t i o n w i l l i n v o l v e 
e l e c t r o n f low from the c a r b o n - c e n t e r e d CO σ donor o r b i t a l i n t o 
t h e M ( C 5 H 5 ) 2 R 2 LUMO (32 ,33 ) . That i s , a t t a c k w i l l be i n the 
d i r e c t i o n p e r p e n d i c u l a r t o the ( r i n g c e n t r o i d ) - M - ( r i n g c e n t r o i d ) 
p l a n e y i e l d i n g , a f t e r R m i g r a t i o n , s t r u c t u r e E . A l though isomer 
Ε has been p r e v i o u s l y p roposed (34) as a f l e e t i n g i n t e r m e d i a t e 
i n Z r ( C 5 H 5 ) 2 ( £ - C g H 4 C H 3 ) 2 c a r b o n y l a t i o n , t h e p r e s e n t r e s u l t s are 
the f i r s t case where such a s t r u c t u r e has been unambiguously 
i d e n t i f i e d . In a l l p r o b a b i l i t y , the two c o n f i g u r a t i o n s (E and 
F) d i f f e r l i t t l e i n energy c o n t e n t and can r a p i d l y i n t e r c o n v e r t . 
Indeed , f o r U [ ( 0 1 5 ) 5 0 5 ] 2 ( n 2 - C O N R 2 ) C l compounds, bo th isomers are 
i n e q u i l i b r i u m , w i th Δ Η = 1.2 ± 0.1 (R=CH 3)/ 0 .8 ± 0.3 (R=C 2 H 5 ) 
k c a l / m o l ; A S = 8 ± 1 (R=CH 3)/ 9 ± 3 (R=C 2 H 5 ) e . u . I n t e r -
c o n v e r s i o n of the two s t r u c t u r e s i s r a p i d on the nmr t i m e s c a l e 
w i t h AG = 8.9 ± 0.5 (R=CH 3 , - 8 0 ° C ) , 8 .9 ± 0.5 (R=C 2 H 5 , 
- 7 0 C) kca l /mo le (Y4)· In r e g a r d t o whether the unique s p e c t r a l 
c h a r a c t e r i s t i c s of £ and the o the r a c t i n i d e d i h a p t o a c y l s might 
a r i s e s imp ly from h a v i n g s t r u c t u r e E , the i n f o r m a t i o n on 
Z r ( C 5 H 5 ) 2 [ n

2 - C O ( £ - C 6 H 4 C H 3 ) ] ( £ - C 6 H 4 C H 3 ) (34) i n d i c a t e s t h a t 
s t r u c t u r e s Ε and F e x h i b i t s i m i l a r ν c o v a l u e s (1480 and 1505 
cm" 1 ) and ô ^ C f a c y l ) s h i f t s (300 and 301 ppm). To summarize, 
t h e s e r e s u l t s i n d i c a t e t h a t the c o o r d i n a t i v e u n s a t u r a t i o n and 
oxygen a f f i n i t y o f the a c t i n i d e environment have p e r t u r b e d the 
l i g a t i o n o f i n s e r t e d carbon monoxide f u r t h e r toward the 
n o n c l a s s i c a l , c a r b e n e - l i k e h y b r i d (D) t h a n has h e r e t o f o r e been 
a c h i e v e d . Such a s i t u a t i o n p r o v i d e s a unique o p p o r t u n i t y t o 
e x p l o r e new p a t t e r n s o f me ta l a c y l r e a c t i v i t y i n s o l u t i o n . 

Carbon Monoxide O l i g o m e r i z a t i o n by O r g a n o a c t i n i d e A c y l s 

R 

Ε F 

In the p resence o f excess CO a t room tempera ture , 
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4. FAGAN ET AL. Chemistry of Carbene-Like Dihaptoacyls 59 

T h [ ( C H 3 ) 5 C 5 ] 2 C n 2 - C O C H 2 C ( C H 3 ) 3 3 C l r e a c t s w i t h an a d d i t i o n a l 
e q u i v a l e n t o f carbon monoxide a c c o r d i n g t o e q . ( 3 ) . 

CO 
2 T h [ ( C H 3 ) 5 C 5 ] 2 [ * C O C H 2 ( C H 3 ) 3 ] C l 

1a *C = 1 2 C 
jfe * c = 13^ c a . 50% i s o l a t e d y i e l d 
~* { T h [ ( C H 3 ) 5 C 5 ] 2 [ * C O ( C H 2 C ( C H 3 ) 3 ) % Q ] C l } 2 (3) 

2 5 ° , 12 h 

5a C = *c = 12 C 

5b *C = 
***** 

% = 1 2c 

5c C = 1 2 C ; 

The compound .5 can be o b t a i n e d from to luene as d a r k - v i o l e t 
c r y s t a l s ( s t a r t i n g m a t e r i a l 1̂  i s p a l e - y e l l o w ) . The e m p i r i c a l 
f o rmu la and m o l e c u l a r i t y o f J5 c o u l d be r e a d i l y e s t a b l i s h e d from 
e l e m e n t a l a n a l y s i s and c r y o s c o p i e m o l e c u l a r we ight d a t a , b u t 
l i t t l e o the r unambiguous s t r u c t u r a l i n f o r m a t i o n was e v i d e n t i n 
the i n f r a r e d and nmr da t a . The c r y s t a l s t r u c t u r e o f i3 was d e t e r ­
mined by s i n g l e c r y s t a l X - r a y d i f f r a c t i o n methods (JJ5) and the 
r e s u l t i s shown i n F i g u r e 2 . In e f f e c t , o l i g o m e r i z a t i o n o f f ou r 
ca rbon monoxide mo lecu les has o c c u r r e d t o produce a d i m e r i c 
t h o r i u m complex o f an e n e d i o n e d i o l a t e l i g a n d (G ). The 

[ ( C H 3 ) 5 C 5 ] 2 T h ,| 
/ \ ^ - c v ± y0 Cl 

I T h [ ( C H 3 ) 5 C 5 ] 2 

R χ Ο -

G 

m e t r i c a l parameters are i n a c c o r d w i t h the resonance s t r u c t u r e as 
drawn. Thus , C a - 0 a ( F i gu re 2) (1.26(2) A) i s s h o r t e r than C^ -O^ 
(1.34(2) A ) w h i l e T h - O a (2.53(1) A) i s c o n s i d e r a b l y l o n g e r than 
Th-Ob (2.27(1) A ) . The C b - C b ' d i s t a n c e o f 1.35(4) A suggests 
a p p r e c i a b l e double bond c h a r a c t e r . 

A t the p r e s e n t , the most s t r a i g h t f o r w a r d mechanism f o r the 
f o r m a t i o n o f 5 f rom 1 i s v i a i n s e r t i o n o f CO i n t o the T h - C ( a c y l ) 
bond t o form a ketene (H, I) (eq. (4)) which subsequent ly 
d i m e r i z e s . Presumably , i n i t i a l CO i n t e r a c t i o n c o u l d i n v o l v e 
c o o r d i n a t i o n e i t h e r t o the meta l i o n as shown or t o the 
e l e c t r o p h i l i c vacant " c a r bene " ρ atomic o r b i t a l . C o n s i d e r i n g 
the a f f i n i t y o f the Th(IV) i o n f o r oxygenated l i g a n d s , i n t e r a c ­
t i o n o f the ketene oxygen atom w i t h the meta l i o n seems r e a s o n -
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60 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

Figure 1. ORTEP drawing of the non-
hydrogen atoms of Th[(CHs)sC5]2h2-
COCH2C(CHs)s]Cl molecule, 1; all atoms 
are represented by thermal-vibration el­
lipsoids drawn to encompass 50% of the 

electron density (15) Journal of the American Chemical Society 

Journal of the American Chemical Society 

Figure 2. ORTEP drawing of the nonhydrogen atoms of one of the two crystal-
lographically independent {Th[(CHs)5C5]2[n-CO(CH2C(CH3)s)CO]Cl} molecules 
in the unit cell of 5. The stereochemistry of the second molecule differs from this 
one primarily in the orientation of the t-butyl groups. All atoms are represented 
by thermal-vibration ellipsoids drawn to encompass 50% of the electron density 

(15). 
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4. FAGAN ET AL. Chemistry of Carbene-Like Dihaptoacyls 6 1 

a b l e . There i s ample p recedent f o r the r e a c t i o n o f carbenes 
w i t h CO t o form ketenes ( 3 J 5 , 3 6 ) , t h e t r a n s f e r o f c o o r d i n a t e d c a r ­
benes t o carbon monoxide ( J 3 7 , 3 8 ) / and the f o rmat i on o f s t a b l e 
complexes between t r a n s i t i o n meta l i ons and ketenes ( 3 7 - 4 3 ) . The 
p r e c i s e manner i n which the ketene u n i t s f o r m a l l y coup le i n the 
p r e s e n t case t o form a dimer has not been obse rved f o r f r ee k e t e ­
nes ( 4 4 ) . Important i n f o r m a t i o n on the mechanism o f CO t e t r a -
m e r i z a t i o n i s p r o v i d e d by 1 3 C nmr expe r iment s . Thus la^ r e a c t s 
w i t h 1 3 C 0 t o y i e l d 5c w i t h > 95% o f the l a b e l i n c o r p o r a t e d a t * C 
( δ = 1 5 8 . 6 ppm i n CgDg) , wh i l e l b r e a c t s w i th 1 2 C 0 t o y i e l d 5b 
w i t h > 95% o f the l a b e l r e t a i n e d a t *C ( 6= 216.8 ppm i n C 6 D 6 ) ) . 
I t i s e v i d e n t t h a t the t h o r i u m i o n has a c t i v a t e d the i n s e r t e d 
ca rbon monoxide/ and t h a t the r e s u l t i n g c h e m i s t r y has a 
d i s t i n c t l y c a r b e n o i d c h a r a c t e r . F u r t h e r s t u d i e s o f the mechanism 
o f t h i s unique carbon monoxide homologat ion p roces s are under 
way. 

Rearrangement Reac t i on s o f O r g a n o a c t i n i d e A c y l s 

As a l r e a d y n o t e d , the c a r b o n y l a t i o n o f b i s ( p e n t a m e t h y l -
c y c l o p e n t a d i e n y l ) a c t i n i d e h y d r o c a r b y l s i s i r r e v e r s i b l e i n the 
cases s t u d i e d thus f a r . Thus , t h e r m o l y s i s does not r e s u l t i n CO 
l o s s , bu t r a t h e r i n i n t e r e s t i n g c h e m i c a l r e a c t i o n s . T h e r m o l y s i s 
o f 1̂  (15) i n t o l uene s o l u t i o n r e s u l t s i n hydrogen atom m i g r a t i o n 
t o y i e l d an e n o l a t e ( e q . ( 5 ) ) . NMR s t u d i e s e s t a b l i s h t h a t eq . (5 ) 
i s e s s e n t i a l l y q u a n t i t a t i v e , and t h a t the s t e r e o c h e m i c a l course 

100 c 
T5h 9 

80% i s o l a t e d 
y i e l d 

/ ^ Th X C * = C (5) 

£1 C 

6b C* 

12C 

1 3 C 
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62 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

of the rearrangement i s g r e a t e r than 95% c i s . The p r o t o n nmr 
spect rum e x h i b i t s s i n g l e t s at δ 2 .03 (30H) and a t 1.34 (9H), and 
d o u b l e t s at δ 6.30 ( H A , J H A - H B = 7 · 2 H z> a n d 4 · 1 4 < ΗΒ' # 

J H A - H B =7.2 Hz ) . NMR s t u d i e s on 6b demonstrate t h a t the C - 0 
bond o f l b remains i n t a c t d u r i n g the rearrangement p r o c e s s . 
Thus , t h e 1 H nmr spectrum o f 6b i n the o l e f i n i c r e g i o n e x h i b i t s a 
d o u b l e t of d o u b l e t s at δ 6.30 ( H A , J 1 3 c - H = 1 7 5 H z ' J H A - H B

 = 7 · 2 

Hz) and a p s e u d o t r i p l e t at δ 4 .14 ( H B , ^ 1 3 c . u » J H Δ ~ Η Β ~ 7 Η ζ ) · 
The hydrogen atom m i g r a t i o n observed on t h e r m o l y s i s o f 1̂  i s 

r e m i n i s c e n t of 1 ,2 -hydrogen atom m i g r a t i o n s i n carbene chemi s t r y 
( 4 5 , 4 6 , 4 7 ) · The s t e r e o c h e m i s t r y o f such p roce s s e s i s now r e l a ­
t i v e l y w e l l - u n d e r s t o o d and i n v o l v e s i n i t i a l h y p e r c o n j u g a t i v e 
i n t e r a c t i o n between a gauche C - H bond and the carbene unoccup i ed 
ρ atomic o r b i t a l , f o l l owed by a low a c t i v a t i o n energy 1,2 s h i f t 
( eq . (6 ) ) ( 47 ,48 ,49 ,50 ) . 

%0' I ^ H Η A Η H w .H 

A p p l i c a t i o n of t h i s p i c t u r e t o the p r e s e n t t h o r i u m a c y l system 
(J,) sugges t s t h a t a hydrogen atom m i g r a t i o n t o the e l e c t r o n d e f i ­
c i e n t c a r b e n o i d ρ o r b i t a l must occur from a con fo rmat ion (J) 
o t h e r than t h a t found i n the c r y s t a l s t r u c t u r e (H) (F i gure 1) t o 
y i e l d the c i s p r o d u c t . These r e l a t i o n s h i p s are i l l u s t r a t e d i n 
eqs . ( 7 ) and (8) . 

Thf&c - o jS * Thr°^ c=c r R <7) 

A d d i t i o n a l ev idence f o r the oxycarbene c h a r a c t e r o f the 
i n s e r t e d carbon monoxide i s d e r i v e d from s t u d i e s o f the 
c h l o r o t r i m e t h y l s i l y l m e t h y l compounds 7 and 8 ( e q . ( 9 ) ) . 
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4. FAGAN ET AL. Chemistry of Carbene-Like Dihaptoacyls 63 

C H 2 S i ( C H 3 ) 3 

7a M-Th,*C- 1 2C 

7b M-Th,*C- 1 3C 

8a M-U,*C-12 C 

8b M-U, * C - 1 3 C 

*C0 
-78' 
20 min 

W ^ M — l c - C H a S ί ( C H 3 ) 3 

C l 

* / " N S i ( C H 3 ) 3 

v C l 

(9) 

9a M - T h , * O i 2 C 

9b M » T h , * 0 1 3 C 

10a M-U, * C " 1 2 C 

10b M-U, * C - 1 3 C 

C a r b o n y l a t i o n a t low temperatures y i e l d s u n s t a b l e i n t e r m e d i a t e s 
w h i c h , on the b a s i s o f nmr s p e c t r a , a re a s c r i b e d t o d i h a p t o a c y l 
complexes . On warming t o room t empe ra tu r e , t he s e i n t e r m e d i a t e s 
r e a r r a n g e , and compounds 9 and 10̂  a re formed i n e s s e n t i a l l y quan ­
t i t a t i v e y i e l d . The s t r u c t u r e s o f these rearrangement p r oduc t s 
as w e l l as the i n t e g r i t y o f the * C - 0 bond d u r i n g the t r i m e t h y l s i -
l y l m i g r a t i o n were e s t a b l i s h e d by the u s u a l a n a l y t i c a l t e chn iques 
as w e l l as 1 H and 1 3 C nmr s p e c t r o s c o p y . In p a r t i c u l a r , 9a e x h i ­
b i t s p r o t o n nmr s i g n a l s ( C 6 D 6 ) a t 6 2.01 (30H, s ) , 0 .24 (9H, s ) , 
4 .54 (1H, s ) , and 4.88 (1H, s ) . In 9b, the l a t t e r th r ee r e s o n a n ­
ces are doub le t s w i th J 1 3 C _ H

 = 2 . 0 , 9 . 6 , and 6.6 Hz , r e s p e c ­
t i v e l y . The m i g r a t i o n o f T c i ^ ^ S i i n p r e f e r e n c e t o H i s not 
unexpected i n carbene c h e m i s t r y . T h i r d - r o w e lements are known to 
e x h i b i t s u b s t a n t i a l l y g r e a t e r m i g r a t o r y a p t i t u d e s than hydrogen 
atoms ( 4 7 , 5 1 , 5 2 , 5 3 ) . 
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64 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

Reaction of Organoactinide Acyls with Hydrides » Catalytic 
Isomerization and Hydrogénation 

Metal hydrides and ac y l - l i k e CO insertion products are two 
types of species l i k e l y to be present in any homogeneous or 
heterogeneous process for the ca t a l y t i c reduction of carbon 
monoxide. The discovery and understanding of new types of reac­
t i v i t y patterns between such species are of fundamental interest. 
As discussed elsewhere ( 1 1 , 2 2 / 5 4 - 5 7 ) , bis(pentamethylcyclo-
pentadienyl) actinide hydrides ( 5 8 ) are highly active catalysts 
for o l e f i n hydrogénation as well as H-H and C-H activation. 
Thus, the reaction of (Th [ (CH3) 5C5] 2 H 2 ^2 w i t h t h e organo­
actinide dihaptoacyls was investigated to learn whether the 
inserted carbon monoxide was susceptible to any unusual modes 
of hydride reduction. In particular, analogues to the well-known 
insertion of carbenes into metal and metalloid hydride bonds 
( 5 9 , 6 0 ) would offer a means to functionalize the acyl carbon 
atom. 

The reaction of 1 with 11 i n benzene solution at room tem­
perature i s complete within several hours. Compound V [ i s 
unchanged while 1, i s transformed quantitatively into an enolate 
1 2 (eq. ( 1 0 ) ) . This rearrangement product was characterized by 

V / ° \ „ , „ u , {Th[(CH 3)5C5l 2H2>2 ^ T h « - : C - C H 2 C ( C H 3 ) 3 * c — c 
H A

 N C ( C H 3 ) 3 

12 

(10) 

standard techniques, with the trans stereochemistry (> 95% 
isomeric purity) being established by nmr ( J H A _ H r

 = 1 2 · ° H z i n 

\2 versus 7 . 2 Hz in the c i s isomer 6 ) as i l l u s t r a t e d i n 
Figure 3 . The reaction i s cat a l y t i c i n thorium hydride and, at 
35°C i n C 6D 6 with [V\ = 6 . 3 χ 1 0 ~ 3 M and [1M] = 3 . 8 x 1 0 " 4 M, 
occurs with a turnover frequency per ThH 2 moiety of ca. 8 h ~ 1 . 
The mechanism of this c a t a l y t i c dihaptoacyl isomerization i s pro­
posed to involve i n i t i a l insertion of the acyl carbon atom into 
the Th-H bond, followed by 3 -hydride elimination. This process 
i s i l l u s t r a t e d i n eq. ( 1 1 ) . There i s precedent in recent 
t r a n s i t i o n metal chemistry for the formation of stable MOC(R)HM' 
species analogous to 13 . from MH and M1(r^-COR) precursors ( 6 1 ) . 
In the present case, the trans stereochemistry of the enolate 
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4. FAGAN ET AL. Chemistry of Carbene-Like Dihaptoacyls 65 

^ 0 Th—H /®\ / ̂  
Th<-:C-CH 2C(CH 3) 3 -> Th ~ Λ 

C ( C H 3 ) 3 

Th Η 

13 
-(rh-H) 

Th x C z z C 
HA C ( C H 3 ) 3 

(ID 

p r o d u c t can be r e a d i l y unders tood i n terms o f the s t e r i c a l l y 
most f a v o r a b l e con fo rmat ion from which T h - H e l i m i n a t i o n i n 13 can 
o c c u r . Thus , con fo rmat i on L ma in t a in s the g r e a t e s t d i s t a n c e 

between the bu lky T h [ ( C H 3 ) 5 C 5 ] 2 ( C 1 ) 0 - and - C ( C H 3 ) 3 g roups . 
E x t r u s i o n o f the f a v o r a b l y e c l i p s e d ((S2,63) Th -H moiety from t h e 
p r e f e r r e d con fo rmat ion then y i e l d s the observed t r a n s p r o d u c t . 

F u r t h e r suppor t f o r the proposed mechanism o f h y d r i d e -
c a t a l y z e d d i h a p t o a c y l i s o m e r i z a t i o n i s d e r i v e d from deute r ium 
l a b e l l i n g s t u d i e s . When the r e a c t i o n i s conducted w i t h an excess 
o f { T h [ ( C H 3 ) 5 C 5 ] 2 D 2 } 2 , the eno l a t e p r o d u c t i s s e l e c t i v e l y 
d e u t e r a t e d a t the H^ p o s i t i o n (F i gu re 3b) as expected from 
e q . ( 1 2 ) . Fu r the rmore , nmr s t u d i e s c o n f i r m the p r o d u c t i o n o f 
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66 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

Th^>C-CH 2C(CH 3) 3 \ Th ^ C — C ^ C ( C H 3 ) 3 

D à > 

0 Λ 

( 1 2 ) 

Th Η 

/ ^ C ( C H 3 ) 3 

{ [ ( CH3 ) 5 C 5 ] 2 Th (H )D } 2 as r e q u i r e d by e q . ( 1 2 ) . 
I f hydrogen gas i s added t o the r e a c t i o n mix tu re o f J , and 11̂  

the h y d r o g e n o l y s i s r e a c t i o n o f t h o r i u m - t o - c a r b o n sigma bonds 
(Ιλ'ΖΆ) a H ° w s i n t e r c e p t i o n o f s p e c i e s 1̂3 and t h u s , c a t a l y t i c 
hydrogénat ion o f the i n s e r t e d carbon monoxide f u n c t i o n a l i t y . A t 
35 C under 0.75 atm i n i t i a l H 2 p r e s s u r e w i th [JJ = 9.0 χ 10~ 3 M 
and [ 1JJ = 6.5 χ 10~ 4 M, hydrogénat ion and i s o m e r i z a t i o n are com­
p e t i t i v e and both the e n o l a t e and the a l k o x i d e r e d u c t i o n p roduc t 
14 are produced ( eq . ( 13 ) ) . Under these c o n d i t i o n s , t u rnove r f r e -

Λ N- Λ ^ « ^ . TV. r „^ 
C(CH3>3 

Th^:C-CH2C(CH 3)3 > ^Η^ Ί^ι Th Η 

r T h - H ( 1 3 ) 

rf CH2-CH2C(CH3)3 * / = % * C H 3 > 3 

14 IL 

quenc i e s pe r T h H 2 mo ie ty f o r i s o m e r i z a t i o n and hydrogénat ion 
( i n i t i a l ) a re c a . 8 h " 1 and 4 h " 1 , r e s p e c t i v e l y . A t y p i c a l nmr 
spect rum o f such a r e a c t i o n mixture i s i l l u s t r a t e d i n F i g u r e 4. 
R e d u c t i o n p roduc t 14^ was independent l y s y n t h e s i z e d v i a the r e a c ­
t i o n shown i n e q . ( 1 4 ) . I f the r e a c t i o n i n eq . (13) i s conducted 
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4. FAGAN ET AL. Chemistry of Carbene-Like Dihaptoacyls 67 

WHIP Jifflyipp 

-JUL 

19 (ppm) 
ι ι ι ι ι ι ι ι ι ι ι ι ι I I I I I I 

Figure 3. A. *H NMR spectrum (90 MHz, FT, C6D6) of a mixture of {Th-
[(CH3)5C5]2H2}2 and Th[(CH3)5C5]2[tTîins-OC(H)=C(H)C(CH3)3]Cl, (12); the 
latter was produced by catalytic isomerization of Th[(CH3)5C5]2[^-COCH2C-
(CH3)3]Cl, l a . The peak at δ 19.3 is the hydride resonance; the inset shows the 
oie finie A Β pattern of 12. B. *H NMR spectrum of the olefinic region of 12 pre­
pared with an excess of {Th[(CH3)5C5]2D2}2 i.e., Th[(CHs)5C5]2[tians-OC(D)=C-

(H)C(CH3)3]Cl:S = C6D5H. 

Figure 4. *H NMR spectrum (90 MHz, FT, C6D6) of a mixture of Th[(CHs)5C5]2-
[trans-OC(H)=C(H)C(CH3)3]Cl, 12(a), and Th[(CH3)5C5]2(OCH2CH2C(CHs)s-
Cl, 14(b) prepared by the {Th[(CH3)5C5]2H2} .-catalyzed competitive isomerization 

and hydrogénation of Th[(CH3)5C5]2[v

2-COCH2C(CHs)3]Cl. 
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68 C A T A L Y T I C A C T I V A T I O N O F C A R B O N M O N O X I D E 

/ V / YZ\ / < / O C H 2 C H 2 C ( C H 3 ) 3 
^ - - / X T h / • N a O C H 2 C H 2 C ( C H 3 ) 3 > · / Y ^ T h _ 

N a C l 

^ 14 

w i t h excess [Th [ (CH3)5C5] 2 D 2 ] 2 under D 2 / the a l k o x i d e p roduc t 15^ 
i s > 85% d e u t e r a t e d (by nmr) i n the α p o s i t i o n ( eq . ( 15 ) ) . The 

/ ° \ Th-D κ 0 χ X C ( C H 3 ) 3 

Th«-:C-CH 2C(CH 3)3 > Th V j j ^ V 

Th Η 

DyZ-fch-^ (15) 

ΤΆ \θ 20Η 20(0Η 3)3 

15 

a c t i v i t y o f { Th [ ( ( ^ 3 ) 5 0 5 ] 2 H 2 } 2 as a hydrogénat ion c a t a l y s t 
i s a l s o i l l u s t r a t e d by the i n t e r e s t i n g o b s e r v a t i o n t h a t the 
hydrogénat ion o f eno l a t e 12 to produce 14 o c c u r s as a secondary 
r e a c t i o n i n eq . ( 13). Under the c o n d i t i o n s c i t e d above, an 
approx imate t u r n - o v e r f requency o f 0.01 h~^ i s c a l c u l a t e d . 

The c a t a l y t i c hydrogénat ion o f i n s e r t e d carbon monoxide i s by 
no means l i m i t e d t o nonconjugated tho r i um a l k y l p r e c u r s o r s . 
Thus , the uranium b e n z o y l compound 4 i s r e a d i l y hydrogenated 
( eq . ( 16 ) ) ; i n t h i s c a s e , the i n t e r m e d i a t e cannot undergo B-

h y d r i d e e l i m i n a t i o n , and o n l y benzy loxy p roduc t 16 i s formed i n 
t h e r e a c t i o n . An a u t h e n t i c sample o f 16 c o u l d be s y n t h e s i z e d by 
t h e r e a c t i o n o f U [ ( C H 3 ) 5 C 5 ] 2 C 1 2 w i t h one e q u i v a l e n t o f C 6 H 5 CH 2 ONa 
i n d i e t h y l e t h e r . Under c o n d i t i o n s comparable t o those i n 
e q . ( 1 2 ) , t h e t u r n o v e r f requency per T h H 2 u n i t f o r hydrogénat ion 
o f 16 i s c a . 1 h ~ 1 . I f T h [ ( C H 3 ) 5 C 5 ] 2 D 2 2 / D 2 i s used i n e q . ( 1 6 ) , 
t h e p roduc t i s > 90% d e u t e r a t e d i n the α - p o s i t i o n ( eq . ( 17 ) ) . 
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4. FAGAN ET AL. Chemistry of Carbene-Like Dihaptoacyls 69 

A l though not the c e n t r a l s u b j e c t of t h i s r ev iew , s e v e r a l t h o r i u m 
d ihap toca rbamoy l complexes (_14) Th(n2-CONR2) # were a l s o examined 
w i t h r e s p e c t t o tho r ium h y d r i d e - c a t a l y z e d r e d u c t i o n . Under 0 .75 
atm H2 and over the course o f s e v e r a l days at temperatures as 
h i g h as 100°C, no hydrogénat ion was obse rved . These r e s u l t s are 
i n a c c o r d w i t h o t h e r s p e c t r a l / s t r u c t u r a l / and c h e m i c a l data (14) 
i n d i c a t i n g the importance o f carbamoyl resonance h y b r i d s 0 and P/ 
and t h a t the c a r b e n e - l i k e r e a c t i v i t y i s s i g n i f i c a n t l y r educed i n 
compar ison t o the a c y l s Π 4 ) . 

T h « - : O N R 2 <—> Th<- :C=NR 2 <—>· Th C=NR2 

Ν O P 

In r e l a t e d t r a n s i t i o n meta l chemis t ry/ i t has been noted t h a t 
Zr(C 5H5)2 (n 2-COCH3 )CH 3 can be s t o i c h i o m e t r i c a l l y r educed t o 
Zr(C5H5)2(OCH 2CH 3)CH3 by Mo(C 5H5) 2H2 (61) . The source of h y d r o ­
gen atoms i s l a r g e l y but not e x c l u s i v e l y the h y d r i d e l i g a n d s . I t 
i s a l s o known t h a t carbene complexes o f the type M4r~:C(R)OM' can 
be hydrogenated t o ^ ( R J C O M ' a l k o x i d e s (65) . A l l a t tempts t o 
b r i n g about the u n c a t a l y z e d hydrogénat ion o f the o r g a n o a c t i n i d e 
d i h a p t o a c y l s have so f a r been u n s u c c e s s f u l . 

D i s c u s s i o n 

I t i s i n t r i g u i n g t o s p e c u l a t e upon the degree t o which the 
o r g a n o a c t i n i d e c a r b o n y l a t i o n r e s u l t s may c o n s t i t u t e homogeneous 
r e p r e s e n t a t i o n s o f key t r a n s f o r m a t i o n s i n heterogeneous c a t a l y t i c 
CO r e d u c t i o n . Both systems e x h i b i t h i g h u n s a t u r a t i o n and oxygen 
a f f i n i t y . In the heterogeneous systems/ h i g h oxygen a f f i n i t y i s 
demonstrated by ev idence f o r d i s s o c i a t i v e CO a d s o r p t i o n 
(8 -10/66-72)/ l a b e l l e d a l c o h o l and ketone deoxygenat ion 
(8/9/JJ)/73)/ l a b e l l e d ketene deoxygenat ion (74/75)/ as w e l l as 
s u r f a c e a l k o x i d e # c a r b o x y l a t e , and p o s s i b l y d i h a p t o a c y l f o rmat i on 
(76,,77) · F u r t h e r c o n n e c t i o n between the two areas may e x i s t i n 
t h e r o l e which a c t i n i d e e lements p l a y i n heterogeneous CO r e d u c ­
t i o n c a t a l y s i s . The " i s o s y n t h e s i s " r e a c t i o n i s a c a t a l y t i c p r o ­
c e s s f o r c o n v e r t i n g s y n t h e s i s gas i n t o branched p a r a f f i n s / 
o l e f i n s / a l c o h o l s / and a romat i c s over t h o r i a (ΤΙΊΟ2) a l one or p r o ­
moted w i t h K2CO3 o r A l 2 0 3 (78/79/80/8Jy82) . T h o r i a i s a l s o com-
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70 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

monly used as a suppor t i n t r a n s i t i o n m e t a l - c a t a l y z e d CO 
r e d u c t i o n (8 ,9 ,JJ ) ) . A c t i n i d e s are components i n a number o f 
o t h e r heterogeneous CO r e d u c t i o n c a t a l y s t s ( 83 ,84 ,85 ) . 

To the ex tent t h a t m e c h a n i s t i c s i m i l a r i t i e s e x i s t , i t i s of 
i n t e r e s t t o examine s e v e r a l c r u c i a l t r a n s f o r m a t i o n s i n c a t a l y t i c 
CO r e d u c t i o n and t o see whether the o r g a n o a c t i n i d e c a r b o n y l a t i o n 
r e s u l t s c o n t r i b u t e t o a b e t t e r u n d e r s t a n d i n g o f what may be 
o c c u r r i n g . The i n s e r t i o n of CO i n t o a su r f a ce meta l -hydrogen 
bond t o produce a fo rmy l (eq. (18) ) has been d i s c u s s e d at l eng th 

II 
M-H + CO - M-C -H (18) 

as an i n i t i a l s t ep i n heterogeneous CO r e d u c t i o n ( 8 6 ) · A c o n c e p ­
t u a l prob lem i n i n v o k i n g t h i s p roce s s has c e n t e r e d around the 
apparent endothermic c h a r a c t e r of the r e a c t i o n f o r many t r a n ­
s i t i o n meta ls ( the meta l -hydrogen bond s t r e n g t h i s p robab l y 
s u b s t a n t i a l l y g r e a t e r than analogous M-C bond s t r e n g t h s ) . One 
means by which such a b a r r i e r may be surmounted i s by i n v o l v i n g a 
d i h a p t o bonding mode f o r the i n s e r t e d CO ( eq . ( 19 ) ) . Such t h e r ­
modynamic l eve rage was a l r e a d y d i s c u s s e d f o r tho r i um i n t h i s 

M-H + CO 
_ Λ 

M<- :C-H (19) 

r ev i ew and i s a p o s s i b l e r ea son why CO i n s e r t i o n i n t o a c t i n i d e -
hydrogen (87) and e a r l y t r a n s i t i o n meta l -hyd rogen (65) bonds i s 
f a c i l e . T h i s type of bonding a l s o appears t o d r i v e the i n s e r t i o n 
o f CO i n t o a c t i n i d e - d i a l k y l a m i d e bonds Π 4 ) . Of cou r s e , a 
c l u s t e r o f l a t e r t r a n s i t i o n meta l atoms, each w i th a weaker 
meta l - oxygen i n t e r a c t i o n , might se rve the same f u n c t i o n (6 ) . 

The p r e s e n t r e s u l t s i n d i c a t e t h a t c a t a l y t i c hydrogénat ion of 
a d i h a p t o f o r m y l subsequent t o CO i n s e r t i o n s h o u l d be f a c i l e 
( e q . ( 20 ) ) . Fu r the rmore , the o r g a n o a c t i n i d e s t u d i e s demonstrate 

Ο Ο /\ * /\ 
M<-:C-H M-H M C H 3 

t h a t such p r o c e s s e s can be homometa l l i c and do not r e q u i r e the 
agency o f bo th a " h a r d " and " s o f t " meta l i o n . A l though the 
sequence of eqs . (19 ) and (20) p r o v i d e s a p l a u s i b l e r ou te t o 
methoxy f u n c t i o n a l i t i e s , i t i s s t i l l n eces sa ry t o i n q u i r e as t o 
how c h a i n growth occurs i n p roce s se s y i e l d i n g h i g h e r mo l ecu l a r 
we ight o r g a n i c s . C o u p l i n g o f d i h a p t o f o r m y l s p e c i e s ( e . g . , 
eq . (21 ) ) i s one p o s s i b l e v e h i c l e f o r C - C bond f o r m a t i o n . 
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4. FAGAN ET AL. Chemistry of Carbene-Like Dihaptoacyls 71 

H H H H 
I l \ / 

c c o c 
y V A / ^ ( o r trans isomer) 

H H 0 I 0 0 0 
i ι 2 C 0 \ * V I Ι ( 2 D 
M M — — ^ M M => M M 

E n e d i o l a t e s are now known f o r o r g a n o a c t i n i d e s (ΙΛ,Τβ,ΒΤ) and 
e a r l y t r a n s i t i o n meta l o r g a n o m e t a l l i c s (65) . The r e s u l t s p r e ­
s e n t e d here and elsewhere (54,55) sugges t t h a t a c t i n i d e h y d r i d e s 
s h o u l d c a t a l y t i c a l l y hydrogenate e n e d i o l a t e s t o g l y c o l a t e s 
( e q . ( 2 2 ) ) · L i b e r a t i o n o f e thy l ene (v ide i n f r a ) would then p r o ­
duce 

Η Η 
\ / H 2 

/ ° " C \ M - H > H 2 ° ° Ν

Η 2 ( 2 2 ) 

0 0 0 0 
\ ι 1 i 
M M M M 

an a t t r a c t i v e b u i l d i n g b l o c k f o r c h a i n growth. As shown 
e l s ewhere , suppor ted o r g a n o a c t i n i d e h y d r i d e s are a c t i v e c a t a l y s t s 
f o r e t h y l e n e p o l y m e r i z a t i o n ( 54 ,55 ) . E t h y l e n e has been i m p l i ­
c a t e d as a b a s i c b u i l d i n g u n i t o f l o n g - c h a i n hydrocarbons i n c e r ­
t a i n F i s c h e r - T r o p s c h r e a c t i o n s (70)· I t i s a l s o c o n c e i v a b l e t h a t 
k e t e n e - f o r m i n g r e a c t i o n s as i n eq . (4 ) c o u l d p l a y a r o l e i n c h a i n 
growth. Combined w i t h the o b s e r v a t i o n t h a t o r g a n o a c t i n i d e h y d r i ­
des r e a d i l y add to o r g a n i c c a r b o n y l groups (88 ) , p l a u s i b l e s c h e ­
mes f o r s a t u r a t e d oxocarbon complexes can be generated (eqs . (23 ) 
and (24 ) ) . Another p o s s i b l e p roce s s f o r c h a i n growth 

• 0 

' W 
Λ C 
\ / 
0 - C , 

M-H , 
H 2 

M ' V 
0 - C — Η 

Η 

(23) 
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72 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

M 

I 
Ώ v . R ·Ρ 

M J M H > M C N ( 2 4 ) 

0 S C \ 0 — C - H 

^ C - 0 - H - C \ 

R " I M 
H - C / 

/ vo'< 
R I 

M 
i n v o l v e s chemi s t r y f o r t r a n s f o r m i n g C - 0 i n t o M-0 bonds (eqs . (25 ) 
and (26)) and thus c r e a t i n g M-C bonds f o r f u r t h e r f u n c -
t i o n a l i z a t i o n . 

O - C H Q 0 CHQ 

/\ 3 / \ / 3 

M — M > M M ( 2 5 ) 

0 CH3 0 0 V ^ C H 3 

/ \ / c o / \ /Je 

M M — M M * > e t c . ( 2 6 ) 

E q u a t i o n (25) i n t r o d u c e s another c o n c e p t u a l q u e s t i o n i n c a t a ­
l y t i c CO r e d u c t i o n — h o w C -0 bond s c i s s i o n o c c u r s . One p o s s i b l e 
p r o c e s s i s , as shown, d r i v i n g an M-O-C-> M-O-M-C t r a n s p o s i t i o n 
w i t h the h i g h oxygen a f f i n i t y o f the meta l i n v o l v e d . I f such a 
p r o c e s s o c c u r r e d p r i o r t o hydrogénat ion , c a r b i d e f o rmat i on would 
r e s u l t ( 6 - 1 0 , 6 8 , 6 9 ) . I t i s thought t h a t such s p e c i e s may p l a y 
a major r o l e i n some CO r e d u c t i o n c a t a l y s e s as methane, m e t h y l i -
dene, methy lene , and methy l p r e c u r s o r s . The p roce s s shown i n 
eq . (25 ) can a l s o be viewed as an o x i d a t i v e a d d i t i o n of a C - 0 bond 
t o the meta l (89 ,90 ,91 ) . A r e l e v a n t o b s e r v a t i o n i n o r g a n o u r a -
nium c h e m i s t r y i s a r i n g - o p e n i n g r e a c t i o n o f t e t r a h y d r o f u r a n (92) 
( e q . ( 27 ) ) . The source of the δ hydrogen atom has not y e t been 
e l u c i d a t e d . An i n s t r u c t i v e ana logy to the M-O-C M-O-M-C 

UCI3 + 3 N a C 5 H 5 > U(C 5H5)30CH2CH2CH 2CH3 (27) 

t r a n s f o r m a t i o n a l s o e x i s t s i n b o r a n e - c a r b o n y l c h e m i s t r y (93) ( eq . 
(28)) and i n bo rane , a l ane r e d u c t i o n s o f m e t a l c a r b o n y l s ( 8 6 ) . The 
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4. FAGAN ET AL. Chemistry of Carbene-Like Dihaptoacyls 73 

CRo 

I 
Ο Β 

/ \ / \ 
RoB + CO » RoC BR > Ο 0 (28) 

I I Δ I I 
RB CRp .Β B . 

\ 0 / ^ \ 0 / X C R 3 

h i g h oxygen a f f i n i t i e s o f boron and aluminum are doub t l e s s a 
major d r i v i n g f o r c e f o r t h i s r e a c t i o n . Once formed, the M-C 
bond c o u l d r e a d i l y undergo h y d r o g e n o l y s i s or f u r t h e r c a r -
b o n y l a t i o n . Redox p r o c e s s e s , as demonstrated f o r l o w - v a l e n t , 
e a r l y t r a n s i t i o n meta l complexes (94,95) o f f e r y e t another means 
t o form C - C bonds and to s i m u l t a n e o u s l y break C -0 bonds (eqs . (29 ) 
and (30 ) ) . There a l s o appears t o be p recedent f o r eq . (30 ) i n 
l o w - v a l e n t uranium c h e m i s t r y ( 9 6 ) · 

R R 
I I 
ο ο 
M n M n > Mn+1 Mn+1 + R-R (29) 

^ O ^ 

R2 R 2 

Ο Ο / 0 \ 
I J > M n + 1 ^ M n + 1 + R 2 C=CR 2 (30) 
M n M n ^ Ο ^ 

Two a d d i t i o n a l problems i n u n d e r s t a n d i n g heterogeneous c a t a ­
l y t i c CO r e d u c t i o n concern the means by which M-0 bonds are 
c l e a v e d t o produce a l c o h o l s and the f a t e o f the meta l ox ides once 
formed. In r e g a r d t o the former i s s u e , most meta l a l k o x i d e s 
( i n c l u d i n g those o f a c t i n i d e s ) r e a d i l y undergo p r o t o l y s i s t o form 
a l c o h o l s (97) ( eq . ( 31 ) ) . The source o f the p ro tons c o u l d be 

M-OR > M+ + HOR (31) 

compet ing methanat ion and/or a l c o h o l d e h y d r a t i o n c h e m i s t r y . In 
c a t a l y t i c systems which o n l y produce a l c o h o l s , " h e t e r o l y t i c " 
H.2 a c t i v a t i o n (98,99) (eq. (32) ) may p r o v i d e both m e t a l h y d r i d e 

Η Η 
H 2 I I 

- M - 0 - > - M O- (32) 
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74 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

and p r o t o n i c f u n c t i o n a l i t i e s - T h i s p r oce s s c u r r e n t l y has v e r y 
l i t t l e p r ecedent i n c o n v e n t i o n a l homogeneous c h e m i s t r y (100 -102). 
F o r o r g a n o a c t i n i d e s , and f o r most e a r l y t r a n s i t i o n meta l h y d r i d e s 
i n s o l u t i o n , the e q u i l i b r i u m doub t l e s s l i e s f a r t o the l e f t -
C l e a r l y t h i s i s an impor tant r e a c t i o n p a t t e r n t o b e t t e r unde r ­
s t a n d through f u tu r e " m o d e l l i n g " e xpe r iment s . L i k e w i s e , t he 
mechanism by which meta l ox ide f u n c t i o n a l i t i e s p roduced i n the 
v a r i o u s deoxygenat ion p r oce s s e s are r e t u r n e d , v i a hydrogénat ion , 
t o the reduced s t a t e bears l i t t l e ana logy to e x i s t i n g s o l u t i o n 
o r g a n o m e t a l l i c c h e m i s t r y . Aga in more i n f o r m a t i o n i s needed. 

The p r e s en t r e s u l t s p r o v i d e an i n f o r m a t i v e p i c t u r e o f how 
carbon monoxide i n t e r a c t s w i th r e l a t i v e l y weak t w o - c e n t e r , two-
e l e c t r o n m e t a l - l i g a n d sigma bonds i n a c o o r d i n a t i v e l y u n s a t u r a t e d 
m e t a l l i c environment h a v i n g h i g h oxygen a f f i n i t y and h i g h k i n e t i c 
l a b i l i t y . M i g r a t o r y i n s e r t i o n l eads t o d i h a p t o a c y l s p e c i e s i n 
which c o o r d i n a t i o n o f the carbon monoxide oxygen atom i s a major 
component of the m e t a l - l i g a n d bond. Subsequent r e a c t i o n p a t t e r n s 
o f the d i h a p t o a c y l s ev idence a pronounced c a r b e n e - l i k e r e a c ­
t i v i t y . P rocesses i n which a bond ing or nonbonding e l e c t r o n . p a i r 
a t t a c k s the a c y l carbon atom to break the m e t a l - c a r b o n bond (with 
r e t e n t i o n o f the meta l - oxygen bond) appear t o be f a c i l e and 
w idesp read . Thus , i t has been demonstrated f o r the f i r s t t ime 
t h a t such a c t i v a t e d a c y l carbon atoms can be i n v o l v e d i n CO o l i -
g o m e r i z a t i o n as w e l l as c a t a l y t i c i s o m e r i z a t i o n and/or r e d u c t i o n . 
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Abstract 

This article reviews recent results on the chemical, spectral 
and structural properties of bis(pentamethylcyclopentadienyl) 
thorium and uranium dihaptoacyl complexes produced by migratory 
insertion of carbon monoxide into actinide-carbon sigma bonds. 
The high coordinative unsaturation and oxygen affinity of the 
ligation environment produces a marked perturbation of the 
bonding and reactivity toward that of a coordinated oxycarbene: 
M(η2-OCR). Reactivity patterns observed include hydrogen atom 
and trimethylsilyl migration to the acyl carbon, as well as 
coupling with additional carbon monoxide to produce a dimeric 
complex of the enedionediolate ligand, OC(R) (O)C=C(O) (R)CO. 
The dihaptoacyls insert into the Th-H bond of {Th[(CH3)5C5]2H2}2. 
For Th[(CH3)5C5]2[η2-COCH2C(CH3)3]Cl, this results, via ß-hydride 
elimination, in catalytic isomerization to Th[(CH3)5C5]2-

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

15
2.

ch
00

4



4. FAGAN ET AL. Chemistry of Carbene-Like Dihaptoacyls 75 

[trans-OC(H)=C(H)C(CH3)3]. In the presence of hydrogen gas, the 
hydride catalytically hydrogenates the dihaptoacyls to alkoxides 

(M( η2-COR) --> M-OCH2R). Mechanistic studies include kinetic 
measurements as well as isotopic labelling and stereochemical 
analysis. 
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5 
Chemistry of the Water Gas Shift Reaction 
Catalyzed by Rhodium Complexes 

T. Y O S H I D A , T. O K A N O , and SEI O T S U K A 

Department of Chemistry, Faculty of Engineering Science, Osaka University, 
Toyonaka, Osaka, Japan 560 

Transition metal compounds in various form such as metal 
carbonyls (1), carbonyl clusters (2), Pt(II) chloride/tin chloride 
(3), PtLn (L=PR3) (4), etc. have been proposed as homogeneous 
catalysts for the water gas shift (wgs) reaction (eq. 1). Some of 
them are reportedly active at relatively low temperature (<150°) 

where the thermodynamic equilibrium is favored (e.g., K=1.45x103 

at 127° vs. 26.9 at 327°C) (5). Their catalytic activities, how­
ever, appear not to be as high as practical catalysts would have 
to be. Their mechanistic details also st i l l remain to be eluci­
dated. Even with the apparently simple catalyst, Pt(PR3)3, we 
recognized a number of component reaction steps (4). 

The logical basis for employing metal carbonyls as catalysts 
would be the CO activation through coordination which facilitates 
nucleophilic attack by water or OH- (6). The key step then may be 
the formation of a hydroxy-carbonyl species followed by ß-hydrogen 
elimination reaction (eq. 2,3). Another important elemental re­

action associated with H2 generation would be reduction of protons 

0097-6156/81/0152-0079$05.00/0 
© 1981 American Chemical Society 
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80 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

represented by eq. 4. 

MH + H + ^==2* M + + H 2 (4) 

We proposed a new approach based on a d i f f e r e n t strategy to 

induce two e l e c t r o n t r a n s f e r from a low valent metal compound to a 

water molecule leading to a hydrido-hydroxo-metal species (eq. 5 ) . 

The n u c l e o p h i l i c attack of OH" on a coordinated CO i s expected to 

M + H 20 MH(OH) (5) 

be more f a c i l e compared to the neutral water molecule. 

In t h i s paper, f i r s t we w i l l b r i e f l y descr ibe the P t [ P ( i -

P r ) 3 ] 3 - c a t a l y z e d wgs r e a c t i o n (4). Recently we have studied RhHl_3 

(L=PR 3 )-catalyzed wgs r e a c t i o n i n much more d e t a i l s . In compari­

son with the PtLg r e a c t i o n , a perspect ive view of RhHL3 (here we 

conf ine L = P ( i - P r ) 3 ) - c a t a l y z e d wgs r e a c t i o n w i l l be given below. 

P t [ P ( i - P r ) 3 ] 3 - C a t a l y z e d WGS Reaction 

We have shown t h a t the r e a c t i o n of P t L 3 (L=P( i -Pr ) 3 ) with 

water i n acetone or p y r i d i n e produces a strong hydroxy base (7) . 

The r e a c t i o n i s described i n terms of e q u i l i b r i a (eq. 6 - 9 ) . By 

adding NaBF^to the s o l u t i o n of Ptl_ 3 i n aqueous p y r i d i n e , t r a n s -

P t L 3 Ptl_ 2 + L (6) 

Ko 

P t L 2 + H 20 ν PtH(0H)L 2 (7) 

K s 

PtH(0H)L 2 + S ^ [PtH(S)L 2 ]0H (8) 

[PtH(S)L 2 ]0H „ K d ^ [ P t H ( S ) L 2 ] + + OH" (9) 

[PtH(py)L 2 ]BF 4 (v(Pt-H) 2230 cm' 1) could be i s o l a t e d as c r y s t a l s . 

A f t e r quenching the P t L 3 - c a t a l y z e d wgs r e a c t i o n i n p y r i d i n e f o l ­

lowed by a d d i t i o n of NaBF- , the same i o n i c compound was i s o l a t e d 
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5. YOSHIDA ET AL. Rh-Catalyzed Water Gas Shift 81 

i n good y i e l d (70 %). From the wgs r e a c t i o n i n acetone was i s o ­

l a t e d t r a n s - [ P t H ( C 0 ) L 2 ] B P h 4 (v(Pt-H) 2178, v(C0) 2058 cm" 1 ). 

These r e s u l t s imply that s u b s t i t u t i o n of the coordinated p y r i d i n e 

with CO (eq. 10) requires a considerable a c t i v a t i o n energy, a f e a -

[PtH(.S)L2]0H + CO [PtH(C0)L 2 ]0H (10) 

ture c o n s i s t e n t with the observed solvent e f f e c t , a f a s t e r r a t e i n 

acetone than i n p y r i d i n e (Table I ) . 

Table I. P t l _ 3 - and RhHL 3 -Catalyzed WGS Reaction at 1 0 0 ° a 

Turnover b 

i n i n 
C a t a l y s t 0 p y r i d i n e acetone 

P t L 3 0.6 5.2 

RhHL3 33 28 

Rh(0H)(C0)L 2 24 

R h 2 ( C 0 ) 3 L 3 15 

R h 2 ( C 0 ) 3 L 3 - 3 L 30 

R h 2 ( y - 0 2 C 0 ) ( C 0 ) 2 L 4 28 

a C a t a l y s t , 0.1 mmol; H 2 0 , 2 ml ; CO, 20 Kg/cm2. b Moles/ 

g atom of c a t a l y s t / h . The molar r a t i o of H 2 and C0 2 i s 

u n i t y w i t h i n experimental er rors (±5 %). c L = P ( i - P r ) 3 . 

The key process f o l l o w i n g r e a c t i o n (eq. 10) would be the nu-

c l e o p h i l i c at tack of OH" on the coordinated CO (eq. 11). Analo­

gous react ions have been observed (eq. 12,13) . The f a c t that 

[PtH(C0)L 2 ]0H 5==^ PtH(C00H)L 2 (11) 

[ P t H ( C 0 ) L 2 ] + + Κ0Η [PtH(C00K)L 2 ] + (12) 

[ P t H ( C 0 ) L 2 ] + + NaOMe * [PtH(C00Me)L 2 ] + (13) 
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82 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

PtMe(C00H)(diphos) (diphos=Ph 2PCH 2CH 2PPh 2) (8) and t r a n s - P t C l -

( C 0 2 H ) ( P E t 3 ) 2 (9) are thermally q u i t e s t a b l e whereas t r a n s - [ P t H -

(C00H)L 9] i n s o l u t i o n i s unstable manifests a dramatic t r a n s - e f -
II 

f e e t f o r the thermal s t a b i l i t y of Pt -C00H moiety. 

The thermal decomposition of PtH(C00H)L 2 should produce t r a n s -

P t H 2 L 2 (eq. 14). Reductive e l i m i n a t i o n of H 2 from P t H 2 L 2 leads to 

P t L 2 . The H 2 e v o l u t i o n should be accelerated by the CO attack on 

PtH(C00H)L 2 « 5 = = * P t H 2 L 2 + C 0 2 (14) 

P t H 2 L 2 as was observed f o r the r e a c t i o n with PtH 2 (diphos) (diphos= 

( t -Bu) 2 PCH 2 CH 2 CH 2 P(t-Bu) 2 ) (10). The r o l e of CO f o r the H 2 evo lu­

t i o n from metal d ihydr ide species w i l l be discussed f o r the RhHLj-

catalyzed r e a c t i o n (see the next s e c t i o n ) . 

Involvement of t r a n s - P t H 2 L 2 i n the c a t a l y t i c c y c l e was con­

firmed by the wgs r e a c t i o n , employing t r a n s - P t H 2 L 2 as the c a t a l y s t 

precursor , from which was a l s o i s o l a t e d trans-[PtH(C0)L]0H as i t s 

BPh 4 s a l t . The f o l l o w i n g two processes (eq. 15,16) would complete 

the c a t a l y t i c c y c l e . The formation of P t 3 ( C 0 ) 3 L 4 (v(C0) 1840,1770 

cm"1) i n the r e a c t i o n of P t H 2 L 2 with CO i s considered i n d i r e c t ev­

idence f o r the intermediacy of the c o o r d i n a t i v e l y unsaturated P t -

(C0)L 2 - A s i m p l i f i e d scheme of the c y c l e may then be depicted 

P t H 2 L 2 + CO P t ( C 0 ) L 2 + H 2 (15) 

P t ( C 0 ) L 2 + H 20 J n acetone ^ [ P t H ( C 0 ) L 2 ] 0 H (16) 

(Scheme I ) . In the c a t a l y s i s i n acetone, the a d d i t i o n of H 20 to 

P t ( C 0 ) L 2 would give [PtH(C0)L 2 ]0H (eq. 6) rather than the solvated 

species [PtH(S)L 2 ]0H which i s the case i n p y r i d i n e . 

R h H [ P ( i - P r ) 3 ] 3 - C a t a l y z e d WGS Reaction 

RhHL3 i s more e f f i c i e n t as the c a t a l y s t than the correspond­

ing P t L 3 ( L = P ( i - P r ) 3 ) . In c o n t r a s t to P t L 3 » the wgs r e a c t i o n e f -
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Scheme I 

P t H 2 L 2 PtH(C0 2 H)L 2 
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84 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

fected with RhHI_3 shows a f a s t e r rate i n p y r i d i n e than i n acetone 

(Table I ) . Under the same c o n d i t i o n ( 1 0 0 ° ) , R h C l ( P P h 3 ) 3 and RhCl-

( C 0 ) ( P P h 3 ) 2 were p r a c t i c a l l y i n a c t i v e . This i s l i k e l y due to 

t h e i r i n a b i l i t y of producing the hydroxo s p e c i e s , an o x i d a t i v e ad-

duct of water. 

RhHL3 (L=P( i -Pr ) 3 ) i s capable of forming the water adduct 

(12). The water a d d i t i o n to RhHL3 takes place i n p y r i d i n e r e a d i l y 

at room temperature to give an i o n i c product [RhH 2 (py) 2 L 2 ]0H (eq. 

1 7 ) , which can be i s o l a t e d as i t s BPh A s a l t (v(Rh-H) 2076, 2112 

OH (17) 

cm" 1 ). The adduct can be wel l character ized by elemental a n a l y s i s , 

IR and Ĥ nmr spectroscopy. The basic s o l v e n t , p y r i d i n e , appar­

e n t l y a s s i s t s the a d d i t i o n by s t a b i l i z i n g the product, as the o x i ­

dat ive adduct was not i s o l a t e d from the mixture of RhHL3/H20 i n 

acetone or THF. The water a d d i t i o n was a l s o examined with three 

coordinate compounds RhHL2 (L=P(t-Bu) 3 , P ( i - P r ) 3 ) i n acetone or 

THF, no i n d i c a t i o n f o r the adduct formation being observed. The 

a d d i t i o n e q u i l i b r i u m (eq. 18) appears to be unfavorable i n such a 

RhHL3 + H20 ^= Rh' 
H ^ I N p y 

RhHL2 + H 20 RhH 2 (0H)L 2 (18) 

s o l v e n t , a r e s u l t i n p a r a l l e l with the observed solvent e f f e c t f o r 

the wgs r e a c t i o n rate (Table I ) . 

From the wgs r e a c t i o n i n p y r i d i n e was i s o l a t e d t rans-[Rh(C0)-

( p y ) L 2 ] + (v(C0) 1985 cm" 1 ), whi le a neutral compound trans-[Rh(OH)-

(C0)L 2 ] (v(C0) 1925; v(0H) 3644 cm"1) was detected by IR i n the 

wgs r e a c t i o n c a r r i e d out i n acetone. t rans-[RhH(C0)L 9 ] (v(Rh-H) 
ι ^ 

1980; v(C0) ( i n benzene-d g ) 1944 cm" ) was i s o l a t e d f o r L=P(c-
C 6 H 1 1 ^ 3 f r o m t h e w g s r e a c t l ' o n i n acetone but not f o r L = P ( i - P r ) 3 . 
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5. Y O S H i D A ET AL. Rh-Catalyzed Water Gas Shift 85 

Hence, the hydrido-carbonyl compound i s apparently s t a b i l i z e d with 

bulky phosphines. t rans-[RhH(C0)L 2 ] (L=P( i -Pr ) 3 ) (v(Rh-H) 1980; 

v(C0) 1920, 1942 cm" 1 ), which can be prepared separate ly by t r e a t ­

ing RhHLj with methanol, was found to be very r e a c t i v e toward CO. 

We confirmed that the r e a c t i o n of trans-[RhH(C0)l_ 2] produces a 

Rh(0) carbonyl (v(C0) 1732, 1769, 1957 cm"1) (eq. 19) . An analo­

gous compound R h 2 ( C 0 ) 4 L 2 (L=P(t-Bu) 3 ) (v(C0) 1785,1940,1985 cm"1) 

-H OC C L 
RhH(C0)L9 + CO r^—> X R h ^ - - ^ R h ^ (19) 

was a c t u a l l y i s o l a t e d from the wgs r e a c t i o n e f f e c t e d by RhHI_2. 

R h 2 ( C 0 ) 3 L 3 appears to p a r t i c i p a t e i n the c a t a l y t i c cyc le s i n c e 

we observed that i t can react with H 20 r e s u l t i n g i n trans-[RhH-

(C0)L 2 ] and trans-Rh(OH)(C0)L 2 (eq. 20). As the former with CO 

R h 2 ( C 0 ) 3 L 3 + H 2 0 trans-[RhH(C0)L 2 ] + 

" C 0 t rans-[Rh(0H)(C0)L 2 ] (20) 

r e a d i l y transforms i n t o Rh 2 (C0) 3 l_ 3 (eq. 1 9 ) , the i s o l a t i o n of 

t rans-[Rh(0H)(C0)L 2 ] from the wgs r e a c t i o n i s reasonable. In ad­

d i t i o n , the turnover rate wi th a mixture of R h 2 ( C 0 ) 3 L 3 and 3 moles 

of f ree L ( P ( i - P r ) 3 ) was comparable with that obtained with RhHl_3 

(Table I ) . 

We have confirmed the transformation of trans-[Rh(0H)(C0)l_ 2 ] 

i n t o trans-[RhH(C0)L 2 ] which occurs upon treatment with CO. Thus, 

t r e a t i n g t rans-[Rh(0H)(C0)L 2 ] ( L = P ( c - C g H 1 1 ) 3 ) with CO, we observed 

C0 2 and R h 2 ( C 0 ) 4 l _ 2 , the l a t t e r being presumably der ived from RhH-

(C0)L 2 . The f o l l o w i n g steps (eq. 21,22,23) are most l i k e l y to be 

i n v o l v e d . Note that the n u c l e o p h i l i c at tack of OH" on the CO 

Rh(0H)(C0)L 2 + CO > Rh(C00H)(C0)L2 (21) 
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86 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

Rh(C00H)(C0)L2 -

2RhH(C0)L2 + 2C0 

> RhH(C0)L2 + C 0 2 (22) 

— > R h 2 ( C 0 ) 4 L 2 + H 2 + 2L (23) 

l i g a n d i s f a c i l i t a t e d by an extra CO molecule, a r e s u l t contranst-

ing with the Ptl_ 3 c a t a l y s t system (c f . eq. 11). 

For the P ( i - P r ) 3 complex, t rans-[Rh(OH)(CO)L 2 ] ,s imi lar pro­

cesses could be involved. The product from the l a s t s t e p , however, 

i s R h 2 ( C 0 ) 3 L 3 but not R h 2 ( C 0 ) 4 L 2 - In f a c t , the formation of R h 2 -

(C0) 3 l_ 3 (L=P( i -Pr ) 3 ) was confirmed i n the r e a c t i o n of t rans- [Rh-

(0H)(C0)L 2 ] with CO i n THF. Further , the assumption of r e a c t i o n 

(eq. 21) received support from the f o l l o w i n g experiment, t r a n s ­

porte) (CO) L 2 ] was t reated wi th CO to give trans-[Rh(C00Me)(C0)L 2 ] 

(v(C0) 1949; v(C=0) 1613 cm"1) as y e l l o w c r y s t a l s (75 %). 

Based on the component r e a c t i o n s described above, a c a t a l y t i c 

c y c l e responsible p r i m a r i l y f o r the C 0 2 production may be depicted 

(Scheme I I ) . 

Elemental Reactions Associated with Hp Production 

In a d d i t i o n to the component r e a c t i o n (eq. 2 3 ) , there are 

several react ions responsible f o r H 2 generat ion. The hexa-coordi-

nate water adduct [RhH 2 (py) 2 L 2 ]0H (L=P( i -Pr ) 3 ) and i t s b i p y r i d y l 

analog [ R h H 2 ( b i p y ) L 2 ] + (v(Rh-H) 2080, 2135 cm"1) are thermally 

s t a b l e . Upon contact with CO, the d ihydr ide [RhH 2 (py) 2 L 2 ]0H im­

mediately releases H 2 which probably occurs through a t r a n s i e n t 

species (eq. 24) i n which the CO l i g a n d i s coplanar with the hy­

d r i d e l igands (12). By c o n t r a s t , a r e a c t i o n of CO with [RhH 2 -

( P E t 3 ) 3 ] + , a water adduct of R h H ( P E t 3 ) 3 , gave [ R h H 2 ( C 0 ) ( P E t 3 ) 3 ] + 

(v(Rh-H) 2005, 2030, v(C0) 1960 cm"1) where the CO l i g a n d i s c i s 

to the two hydrides (eq. 25). This dihydr ido carbonyl compound i s 

s t a b l e toward reductive e l i m i n a t i o n of the dihydr ido l igands at 

room temperature. The dramatic e f f e c t of electron-withdrawing CO 

l i g a n d reducing the M-H bond s t r e n g t h , t h e r e f o r e , can best be ac­

counted f o r with t h i s coplanar geometry of the CO and two hydrido 
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Y O S H i D A ET AL. Rh-Catalyzed Water Gas Shift 

Scheme II 

t rans-Rh(0H)(C0)L 2 -

CO 

Rh(C0 2 H)(C0)L 2 

ILco 
trans-RhH(C0)L 2 

41 

CO H 2 0,L 

Rh 2(C0) 

CO H 2 ,L 
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88 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

-, + 
Κ I , -py 

JRh' 

H ^ l ^ p y 
L 

CO 

L 

H% I ,X0 

H' 

- H , 

t r a n s - [ R h ( C O ) ( p y ) L 9 ] + (24) 

P E t , 
Κ I 3 

R h — P E t , 
y \ 3 

PEt, 

CO 

CO 
I k J ^PEt. 

H ^ | PEt 
P E t , 

(25) 

l i g a n d s . This e f f e c t was studied by ab i n i t i o MO-SCF-CI c a l c u l a ­

t i o n on NiR-, species (13). S i m i l a r conclusion has been drawn by 
— 8 EHMO studies on the reduct ive e l i m i n a t i o n of D 2 from planar d 

complexes, c i s - M D 2 A 2 (D=a-donor, A=acceptor) (14). 

When RhH(C0)L2 i s d i s s o l v e d i n aqueous p y r i d i n e , H 2 evolved 

immediately, which occurs probably through the same intermediate 

(eq. 26) . 

A number of other elemental r e a c t i o n s f o r H 2 generation are 

c o n c e i v a b l e , i f C 0 2 i s accumulated i n the r e a c t i o n system. For 

example, the v i a b l e intermediate, RhH(C0)L2 should react with H 2 C 0 3 

to give Rh(CO)(0C0 2H)L 2 (v(C0) 1952; v(C=0) 1615 cm"1) v i a postu­

l a t e d species RhH 2 (C0)(0C0 2 H)L 2 (eq. 27) . 

RhH(C0)L2 + H 20 
p y 

H N J . X O 
.Rh' 

I > y 
L 

- H , 

OH 

[Rh(C0)(py)L,]0H (26) 
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5. YOSHIDA ET AL. Rh-Catalyzed Water Gas Shift 89 

RhH(C0)L2 + H 2 C 0 3 > RhH 2 (C0)(0C0 2 H)L 2 

Rh(C0)(0C0 2 H)L 2 (27) 

The r e a c t i o n of H 2 C 0 3 with the other v i a b l e intermediate Rh-

(0H)(C0)L 2 i s expected to give the same product r e l e a s i n g merely 

H 2 0. The product a c t u a l l y i s o l a t e d was a μ - c a r b o n a t o compound 

(v(C0) 1934; v(C=0) 1533 cm"1) which i s presumably derived from 

Rh(C0)(0C0 2 H)L 2 (eq. 28) (15_). Remarkably the y-carbonato com­

pound can be hydrolyzed r e a d i l y i n p y r i d i n e a f f o r d i n g [Rh(CO)-

(py)L 2 ]0H ( e c l - 2 9 ) which was i s o l a t e d as i t s BPh^ s a l t . Since we 

-H9C0~ 
2Rh(C0)(0C0 2 H)L 2 — * — = > [ R h ( C 0 ) L 2 ] 2 ( y - C 0 3 ) (28) 

[ R h ( C 0 ) L 2 ] 2 ( y - C 0 3 ) + H 20 ^ 

Rh(C0)(0C0 2 H)L 2 + [Rh(C0)(py)L 2 ]0H (29) 

i s o l a t e s o l e l y [Rh(CO)(py)L 2 ] + but not the bicarbonato compound 

Rh(C0)(0C0 2 H)L 2 from the h y d r o l y s i s , the e q u i l i b r i u m (eq. 30) ap-

py> -co? 

Rh(C0)(0C0 9 H)L 9 ^ * ^ [Rh(C0)(py)L 9 ]0H (30) 
ù ά co2

 L 

pears to be favored toward the formation of [Rh(CO)(py)L 2]0H. With 

t h i s information we summarize steps associated with H 2 generation 

(Scheme I I I ) . 

The C a t a l y t i c Cycle 

With the information on the component react ions described 

above the c o n s t r u c t i o n of the whole c a t a l y t i c c y c l e i s i n order. 

I t i s h ighly u n l i k e l y that the c a t a l y s t precursor RhHL- c a r r i e s the 
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9 0 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

Scheme II I 
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5. YOSHIDA ET AL. Rh-Catalyzed Water Gas Shift 

Scheme IV 

H 20 
r R h 2 (p - 0 2 C 0 ) ( C 0 ) 

CO, 

H 2 C 0 3 

Rh(0C0 9 H)(C0)U 

trans-Rh(0H)(C0)L 2 

l[trans-Rh(CO)(S)L,]OH 

H 2 H 2 0,S 

trans-RhH(C0)L 

Rh(C0 9H)(C0)L, 

CO 

H 2 0,L 

R h 2 ( C 0 ) 3 L 3 

H,,L CO 
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92 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

catalytic cycle, as it readily reacts with CO or H20, both processes 
being found low-energy processes. Therefore, RhHLg is not in­
cluded in the cycle shown in Scheme IV. All the isolated species 
Rh(0H)(C0)L2, Rh2(C0)3L3 and Rh2(y-C03)(C0)2L4 were tested for the 
catalysis to confirm their participation in the catalysis (Table I). 
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6 
The Water Gas Shift Reaction as Catalyzed by 
Ruthenium Carbonyl in Acidic Solutions 

P E T E R C. F O R D , P A U L Y A R R O W , and HAIM C O H E N 

Department of Chemistry, University of California, Santa Barbara, C A 93106 

The past s e v e r a l y e a r s have seen renewed i n t e r e s t i n the 
c a t a l y s t c h e m i s t r y o f the water gas s h i f t r e a c t i o n (WGSR, Eq. 1 ) . 

CO + H 20 5 = i CO + H 2 (1) 

Th i s has been l a r g e l y s t i m u l a t e d by the r e c o g n i t i o n t h a t the s h i f t 
r e a c t i o n i s a key step i n the p r o d u c t i o n of the copious hydrogen 
and/or s y n t h e s i s gas (H2/CO) r e q u i r e d f o r the g a s i f i c a t i o n o r 
l i q u i f a c t i o n o f c o a l . I n 1977, we r e p o r t e d t h a t ruthenium 
c a r b o n y l i n a l k a l i n e aqueous e t h o x y e t h a n o l s o l u t i o n formed a 
homogeneous WGSR c a t a l y s t 01,2,) . Subsequently, a number of o t h e r 
r e p o r t s o f homogeneous s h i f t r e a c t i o n c a t a l y s t s have appeared 
(3-12). Our r a t i o n a l e f o r choosing an a l k a l i n e s o l u t i o n r e a c t i o n 
medium f o r our i n i t i a l s t u d i e s d e r i v e d from the h i s t o r i c a l 
precedent by Heib e r (14) t h a t metal c a r b o n y l s undergo r e a c t i o n s 
w i t h aqueous bases to g i v e m e t a l c a r b o n y l h y d r i d e anions 
(e.g., Eq. 2) . A c i d i f i c a t i o n o f these s o l u t i o n s r e l e a s e d both 

F e ( C 0 ) 5 + 30H~ < » HFe(CO)^ + Co" + H 20 (2) 

CO2 and H 2, presumably from the r e s p e c t i v e n e u t r a l i z a t i o n s of 
carbonate and of the metal c a r b o n y l a n i o n s to g i v e m e t a l 
h y d r i d e s (e.g., H 2Fe(C0) l +) which undergo r e d u c t i v e e l i m i n a t i o n 
of H 2. 

In t h i s c o n t e x t we p o s t u l a t e d t h a t the s h i f t r e a c t i o n might 
proceed c a t a l y t i c a l l y a c c o r d i n g to a h y p o t h e t i c a l c y c l e such as 
Scheme I . There a r e f o u r key step s i n Scheme I : a) n u c l e o -
p h i l i c a t t a c k o f h y d r o x i d e or water on c o o r d i n a t e d CO to g i v e a 
hydr o x y c a r b o n y l complex, b) d e c a r b o x y l a t i o n to g i v e the m e t a l 
h y d r i d e , c) r e d u c t i v e e l i m i n a t i o n of H 2 from the h y d r i d e and 
d) c o o r d i n a t i o n o f new CO. I n a d d i t i o n , t h e r e a r e s e v e r a l poten­
t i a l l y c r u c i a l p r o t o n a t i o n / d e p r o t o n a t i o n e q u i l i b r i a i n v o l v i n g 
m e tal h y d r i d e s o r the h y d r o x y c a r b o n y l . The m e c h a n i s t i c d e t a i l s 
have been worked out (but o n l y i n c o m p l e t e l y ) f o r a couple of the 
a l k a l i n e s o l u t i o n WGSR homogeneous c a t a l y s t s . I n these c a s e s , 

0097-6156/81/0152-0095$05.00/0 
© 1981 American Chemical Society 
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96 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

OH (or H 20) 

M-CO 

CO 

"M «-

- ^ 0 
M -C (+1Γ) 

OH 
^ H 2 0 

^ /ΛΤΤ OH 

/ 
\ C0 2H 
I ^ C O o 

M 

the g e n e r a l f e a t u r e s o f t h i s c y c l e a r e a p p a r e n t l y f o l l o w e d , 
a l t h o u g h t h e r e i s some q u e s t i o n as t o whether s t e p s (c) and (d) 
occur s e q u e n t i a l l y as proposed f o r the c a t a l y s t based on Fe(C0)s 
(12) o r i n a c o n c e r t e d f a s h i o n as suggested f o r the a l k a l i n e 
ruthenium c a r b o n y l c a t a l y s t ( 2 ) . R e g a r d l e s s , i t i s n o t a b l e t h a t 
i n b a s i c s o l u t i o n s WGSR c a t a l y s t s a r e formed from a number of 
the s i m p l e t r a n s i t i o n m e t a l c a r b o n y l s M x(C0)y i n c l u d i n g those 
of ruthenium, i r i d i u m , i r o n , osmium, rhodium, rhenium, p l a t i n u m , 
molybdenum, t u n g s t e n , and chromium (1,4,5,13,15,16) as w e l l as 
from mixed m e t a l c a r b o n y l s and more c o m p l i c a t e d systems w i t h 
a d d i t i o n a l l i g a n d s such as p y r i d i n e s , c y c l o p e n t a d i e n y l s and 
phosphines (7,15,16). Thus, one can conclude t h a t the a b i l i t y 
t o form such s h i f t r e a c t i o n c a t a l y s t s i s a q u i t e g e n e r a l 
r e a c t i v i t y p r o p e r t y o f me t a l c a r b o n y l s i n b a s i c s o l u t i o n s 
c o n t a i n i n g water. 

A r e p o r t i n 1977 (3) o f an a c t i v e system prepared from 
[Rh(C0)2Cl]2, CH3CO2H, cone. HC1 and N a l i n water demonstrated 
t h a t a b a s i c medium i s not a ne c e s s a r y c o n d i t i o n f o r WGSR 
c a t a l y s i s . T h i s r e s u l t s t i m u l a t e d us t o examine the p o t e n t i a l 
a c t i v i t y o f s e v e r a l s i m p l e m e t a l c a r b o n y l s i n a c i d i c s o l u t i o n 
as w e l l . Attempts w i t h F e ( C 0 ) 5 and Ι ^ ( 0 0 ) 1 2 (17) , bot h a c t i v e 
i n a l k a l i n e and amine s o l u t i o n s , proved u n f r u i t f u l . However 
R u 3 ( C O ) 1 2 i n a c i d i c (0.5 Ν H 2S0 l t) aqueous e t h o x y e t h a n o l gave 
WGSR a c t i v i t y s u b s t a n t i l l y l a r g e r than found i n b a s i c s o l u t i o n s 
under o t h e r w i s e analogous c o n d i t i o n s (P c o=0.9 atm, T=100°C, 
[Ru]-potal=0«036 mol/L) (15). T h i s s o l u t i o n proved u n s t a b l e and 
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6. FORD ET AL. Ru-Catalyzed Water Gas Shift 97 

an i n s o l u b l e r e d s o l i d (a ruthenium c a r b o n y l polymer) formed 
over a p e r i o d o f s e v e r a l days a t the c o o l e r neck of the g l a s s 
b a t c h r e a c t o r . S o l u t i o n s prepared u s i n g diglyme as the p r i n c i p a l 
s o l v e n t proved both more s t a b l e and more a c t i v e . Summarized 
here are e x p e r i m e n t a l s t u d i e s aimed a t c h a r a c t e r i z i n g t h i s 
c a t a l y t i c system. 

A c t i v i t i e s and K i n e t i c s : 

The c a t a l y t i c a c t i v i t y of the ruthenium c a r b o n y l system i n 
a c i d i c aqueous diglyme has been examined by b a t c h r e a c t o r 
methods i n our l a b o r a t o r y and i s the s u b j e c t of f l o w r e a c t o r 
s t u d i e s now i n p r o g r e s s i n c o l l a b o r a t i o n w i t h c o l l e a g u e s i n 
the UCSB Chemical E n g i n e e r i n g Department. A key f e a t u r e of 
these s t u d i e s i s the o b s e r v a t i o n t h a t Ru3(C0)i2 i t s e l f i s not 
an e f f e c t i v e c a t a l y s t . The t y p i c a l r un a t 100°C under CO 
(P c o=0.9 atm) has an i n d u c t i o n p e r i o d of s e v e r a l hours d u r i n g 
which some CO2 p r o d u c t i o n i s seen but l i t t l e H 2 f o r m a t i o n 
o c c u r s . A p e r i o d of about 6 hours i s r e q u i r e d b e f o r e f u l l 
a c t i v i t i y o f H2 p r o d u c t i o n (~50 turnovers/day) and good s t o i c h i o -
metry ( a c c o r d i n g t o Eq. 1) i s a t t a i n e d . Over the same time frame, 
the Ru3(C0 ) i 2 i n i t i a l l y added undergoes complete c o n v e r s i o n to 
ot h e r s p e c i e s as r e f l e c t e d by the decrease i n the c h a r a c t e r i s t i c 
e l e c t r o n i c a b s o r p t i o n band o f t h i s c l u s t e r a t A m a x = 3 9 4 nm ( F i g . 1 ) . 
A l t h o u g h these s p e c t r a l changes are a l s o accompanied by 
absorbance i n c r e a s e s a t wavelengths below 300 nm, band maxima 
were not d i s c e r n e d . H e a t i n g the Ru3(C0 ) i 2 i n a c i d i c aqueous 
diglyme f o r s e v e r a l hours under e i t h e r an argon o r a hydrogen 
atmosphere l e a d s t o s i m i l a r s p e c t r a l changes. Furthermore, the 
r e s u l t i n g s o l u t i o n s showed no i n d u c t i o n p e r i o d i n forming 
e f f e c t i v e WGSR c a t a l y s t s when the s o l u t i o n s were then charged 
w i t h an atmosphere o f CO. S i m i l a r s p e c t r a l changes t o those 
d e s c r i b e d above a r e seen when R u 3 ( C 0 ) i 2 i n octane under CO i s 
i r r a d i a t e d w i t h v i s i b l e l i g h t g i v i n g R u ( C 0 ) 5 as the photochemical 
product (18,19). Given t h a t the assignment of the 394 nm band 
of R u 3 ( C 0 ) 1 2 as a σ ·> σ* t r a n s i t i o n o f the c l u s t e r m e tal-metal 
bond framework (20) and t h a t o t h e r ruthenium c l u s t e r s show 
s i m i l a r near UV o r v i s i b l e a b s o r p t i o n bands, i t seems l i k e l y 
t h a t the ruthenium c a r b o n y l s p e c i e s i n the a c i d i c diglyme 
c a t a l y s t a re mononuclear o r d i n u c l e a r . 

The k i n e t i c s r e s u l t s o f the b a t c h r e a c t o r runs l e a d t o the 
f o l l o w i n g q u a l i t a t i v e o b s e r v a t i o n s : At low CO p r e s s u r e s ( l e s s 
than about 1 atm) the c a t a l y s i s appears to be f i r s t o r d e r i n 
ruthenium over the range 0.018 M to 0.072 M and a l s o i n P c o as 
i l l u s t r a t e d by the l o g P c o v s time p l o t s of F i g . 2 and a l s o shown 
by the method o f i n i t i a l r a t e s . Changes i n the s u l f u r i c a c i d 
and water c o n c e n t r a t i o n s over the r e s p e c t i v e ranges 0.25 M to 
2.0 M and 4 M to 12 M have r e l a t i v e l y s m a l l e f f e c t s on the 
c a t a l y s i s r a t e s , a l t h o u g h the f u n c t i o n a l i t i e s a r e c o m p l i c a t e d and 
show concave r a t e v s c o n c e n t r a t i o n c u r v e s w i t h maximum r a t e s 
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98 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

Figure 1. UV-visible spectrum (0ΛΟ-
cm cell) of a catalyst solution prepared 
from Ru3(CO)12 (3 X 103Μ), H2SOh 

(0.5M), H20 (8.0M) under a CO atmos­
phere (Pco = 1 atm) in diglyme at 
100°C. The upper curve represents the 
spectrum 5 min after the solution was 
prepared at this temperature, the lower 

curve is the spectrum after 6 h. 
300 500 

[ R u 3 ( C 0 ) 1 2 ] 

1 . 0 0 6 M 
0.5 II . 0 1 2 M 

III . 0 2 4 M 

0 

III 

l 

II 

0 10 2 0 

Time (hours) 

Figure 2. First-order rate plots for the consumption of CO in a 100-mL batch 
reactor (catalyst solution is 5 mL of aqueous diglyme with 8.5M H2Ot 1.0M H2SO,lf 

Τ = 100°C and ?Co (initial) = 0.9 atm). Slopes of the three linear plots are 2 X 
10'2, 4.4 χ 102, and 9.3 X 10~2 h'1 for the respective Ru3(CO)I2 initial concentra­

tions of (I) 0.006U, (II) 0.012M, and (III) 0.024U. 
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6. FORD ET AL. Ru-Catalyzed Water Gas Shift 99 
found a t ~4 M H 2 O and a t -0.5 M H2S0i, w i t h P C o = 1 a t m « However, 
u s i n g H3POU, CH3CO2H or CF 3C0 2H i n s t e a d as the added a c i d 
decreased the a c t i v i t y markedly. The system i s temperature 
s e n s i t i v e w i t h an a c t i v a t i o n energy of about 14 k c a l / m o l e d e r i v e d 
from a l i n e a r A r r h e n i u s p l o t f o r the c a t a l y s i s r a t e s over the 
temperature range 90-140°C i n the low P c o r e g i o n . A dram a t i c 
turnaround i n a c t i v i t y o c c u r s a t CO p r e s s u r e s much l a r g e r 
than 1 atm w i t h the p r o d u c t i o n o f H 2 and C0 2 b e i n g i n h i b i t e d by 
i n c r e a s i n g P c o under the c o n d i t i o n s . N o t a b l y , a b a t c h r e a c t o r 
run i n i t i a t e d a t low p r e s s u r e s and demonstrated t o be a c t i v e 
d i s p l a y s a much lower r a t e when the b u l b i s charged w i t h a h i g h 
P c o . The i n i t i a l c a t a l y t i c a c t i v i t y i s reg e n e r a t e d when the 
system i s recharged a t the lower P c o , thus showing the i n h i b i t i o n 
a t h i g h e r P c o to be r e v e r s i b l e . 

Another c h a r a c t e r i s t i c o f the b a t c h r e a c t o r runs i s t h a t 
a f t e r a number of f l u s h i n g / r e c h a r g i n g c y c l e s (see E x p e r i m e n t a l ) 
over a p e r i o d o f days t h e r e i s a marked d e g r a d a t i o n of the 
system's c a t a l y t i c a c t i v i t y . Whether t h i s i s the r e s u l t of 
i r r e v e r s i b l e t r a n s f o r m a t i o n s o f the c a t a l y s t to i n a c t i v e s p e c i e s 
( f o r example i n t r o d u c t i o n o f a i r to a hot c a t a l y s t s o l u t i o n 
causes i r r e v e r s i b l e d e s t r u c t i o n of the a c t i v i t y ) o r of the l o s s 
of v o l a t i l e ruthenium s p e c i e s d u r i n g the fr e e z e / t h a w , d e g a s s i n g / 
r e c h a r g i n g c y c l e s i s not c l e a r . The l a t t e r i s c e r t a i n l y a major 
c o n t r i b u t o r to the slow d e g r a d a t i o n of the a c t i v i t y i n the f l o w 
r e a c t o r runs where, d e s p i t e the presence o f a condensor designed 
to r e t u r n s o l v e n t and c a t a l y s t to the r e a c t i o n v e s s e l , v o l a t i l e 
ruthenium c a r b o n y l s p e c i e s a r e trapped downstream from the 
r e a c t o r (see below). I f a f r e s h , a c t i v e c a t a l y s t i n a c i d i c 
diglyme i s c o o l e d to room temperature a f t e r o p e r a t i n g under a 
low P c o , the s o l u t i o n i s l i g h t y e l l o w and undergoes a slow 
t r a n s f o r m a t i o n t o g i v e Ru3(CO)i 2 which p r e c i p i t a t e s from s o l u t i o n 
Over a p e r i o d of s e v e r a l days. As much as 95% of the o r i g i n a l 
R u 3 ( C 0 ) i 2 can be rec o v e r e d under these c o n d i t i o n s . I n c o n t r a s t 
a s o l u t i o n o p e r a t i n g under a h i g h e r P c o (2.7 atm) p r e c i p i t a t e s 
R u 3 ( C 0 ) i 2 q u i c k l y upon c o o l i n g i n d i c a t i n g t h a t the p r i n c i p a l 
ruthenium s p e c i e s p r e s e n t under such c o n d i t i o n s i s Ru 3(CO) 1 2 or 
one e a s i l y c o n verted t o t h i s c l u s t e r . 

I n S i t u S p e c t r o s c o p i c S t u d i e s : 

B e s i d e s the e l e c t r o n i c s p e c t r a l s t u d i e s noted above, we have 
a l s o c a r r i e d out i n s i t u s t u d i e s of the a c i d i c ruthenium 
c a t a l y s t u s i n g nmr and i n f r a r e d s p e c t r a l t e c h n i q u e s . A key s e t 
of o b s e r v a t i o n s d e r i v e from the *H and 1 3C nmr s p e c t r a of an 
o p e r a t i n g c a t a l y s t a t 90° and P c o 1 atm which i n d i c a t e the 
presence o f o n l y one major ruthenium s p e c i e s . The p r o t o n spectrum 
shows a sharp s i n g l e t a t 24.0 τ which remains such when the 
s o l u t i o n i s c o o l e d t o room temperature, a l t h o u g h the slow 
f o r m a t i o n o f o t h e r s p e c i e s was observed over a p e r i o d o f hours 
a t the l a t t e r c o n d i t i o n s . The ̂ - d e c o u p l e d 1 3C spectrum of the 
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100 C A T A L Y T I C A C T I V A T I O N O F C A R B O N M O N O X I D E 

o p e r a t i n g c a t a l y s t a l s o shows a s i n g l e t a t 198.2 ppm d o w n f i e l d 
from TMS) which becomes a d o u b l e t (Jc-H=10 Hz) when p r o t o n 
c o u p l e d . The same spectrum i s seen when the s o l u t i o n i s c o o l e d 
to room temperature. 

N o t a b l y these nmr s p e c t r a are i n c o n s i s t e n t w i t h those of 
H 2 R u(C0)u o r HRu(C0)"£ (Table I ) which sho u l d be key s p e c i e s i n 
a c a t a l y s i s c y c l e based s o l e l y on mononuclear complexes. For 
example, the p r o t o n resonance a t 24.0 τ i s c o n s i d e r a b l y h i g h e r 
f i e l d than those seen f o r the mononuclear s p e c i e s w i t h t e r m i n a l 
h y d r i d e s (17.6 and 17.2 τ, r e s p e c t i v e l y ) and f a l l s i n the 
r e g i o n where b r i d g i n g h y d r i d e s a r e n o r m a l l y seen. F u r t h e r 
comparison of the s p e c t r a i n Table I shows t h a t the c a t a l y s t 
s o l u t i o n 1 3C resonance o c c u r s a t a p o s i t i o n d o w n f i e l d from those 
found f o r c a t i o n i c ruthenium c a r b o n y l h y d r i d e s such as HRu(C0)+ 
and HRu3(C0)"i2 a n ( i i n a r e g i o n more c o n s i s t e n t w i t h a n e u t r a l o r 
a n i o n i c complex. Thus we conclude t h a t the p r i n c i p a l s p e c i e s 
p r e s e n t i n the a c i d i c c a t a l y s t s o l u t i o n has a s i n g l e h y d r i d e , i s 
n e u t r a l o r a n i o n i c and i s f l u x i o n a l a t room temperature and above. 
Given the c o n c l u s i o n from the U V - v i s i b l e s p e c t r a t h a t the n u c l e a r -
i t y o f the complex i s l e s s than t h r e e (see above) and the con­
c l u s i o n from the nmr d a t a t h a t the h y d r i d e i s b r i d g i n g , the 
c i r c u m s t a n t i a l evidence i s t h a t the p r i n c i p a l ruthenium s p e c i e s 
under the c a t a l y s i s c o n d i t i o n s i s a d i n u c l e a r complex. A 
l o g i c a l p r o p o s i t i o n i s t h a t t h i s i s the d i n u c l e a r a n i o n HRu 2(C0)e 
which i s unknown f o r ruthenium, a l t h o u g h the i r o n analog i s known 
and has been shown t o be f l u x i o n a l even t o low temperatures ( 2 1 ) . 

Attempts to o b t a i n i n s i t u i n f r a r e d s p e c t r a of t h i s c a t a l y s t 
system u t i l i z i n g a h i g h temperature i n f r a r e d c e l l s i m i l a r to 
t h a t d e s c r i b e d by K i n g (25) have met w i t h mixed success owing 
to the s t r o n g a b s o r p t i o n o f the s o l v e n t medium i n the c a r b o n y l 
r e g i o n . Broad peaks a t 2084, 2040, 2013 and 1960(br) cm" 1 a l l 
of medium t o s t r o n g i n t e n s i t y were observed f o r the r e a c t i o n 
s o l u t i o n a t 100°C under an atmosphere of CO. A survey of 
ruthenium c a r b o n y l i n f r a r e d s p e c t r a i n d i c a t e t h a t these bands are 
not c o n s i s t e n t w i t h those expected f o r Ru(C0)s, R u 3 ( C O ) i 2 , 
H2Ru(C0)i* o r R u 2 ( C O ) 9 among the s i m p l e r known s p e c i e s of t h i s 
type. Lowering the temperature of the r e a c t i o n s o l u t i o n to 
25°C does not l e a d t o major d i f f e r e n c e s i n the spectrum a l t h o u g h 
t h e r e a r e some changes i n the r e l a t i v e peak h e i g h t s . Whether 
t h i s i s the r e s u l t of s h i f t s i n the c o n c e n t r a t i o n s of s e v e r a l 
s p e c i e s p r e s e n t i n s o l u t i o n o r of medium e f f e c t s on the band 
shapes i s not c l e a r ; however, the former i s an u n l i k e l y 
p r o s p e c t g i v e n the nmr r e s u l t s noted above t h a t the p r o t o n and 
carbon-13 s p e c t r a do not undergo immediate changes upon l o w e r i n g 
the c a t a l y s t s o l u t i o n temperature from 90° to 25°. 

A Proposed Mechanism f o r C a t a l y s i s : 

The i n f o r m a t i o n c u r r e n t l y a v a i l a b l e f o r the a c i d i c ruthenium 
c a t a l y s t system, i s c o n s i s t e n t w i t h a c y c l i c mechanism such as 
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6. F O R D E T A L . Ru-Catalyzed Water Gas Shift 101 

Table I : XH and 1 3 C N.M.R. Data f o r Ruthenium Car b o n y l 
Complexes. 

Complex 1 3C0(ppm) ^ ( τ ) J ^ C - ^ H i H z ) References 

R u ^ C O ) ^ 2 

H^u^CCO)^ 2"" 

H R u j C O ) ^ " 

HRu 3(CO) 1 ] L" 

H 3 R u l t ( C O ) 1 2 ~ 

HRu 3(CO) 1 0NO 

R u 3 ( C 0 ) 1 2 

HRu(CO)* 

HRu 3(CO)| 2 

223.7 

220.0 29.3 

203.7 25.8 

202.2 22.6 

198.2 27.0 

202.9,195.5 
194.5,185.8 

198.0 

21.9 

192.5 17.6 
190.1 

180.4 
178.4 17.2 

191.0,188.0 9 Q β 

184.5,178.9 

10.3 ( t r a n s ) 
5.9 ( c i s ) 

6 (average) 

7.3 

7 ( c i s ) 
( t r a n s ) 

4 ( c i s ) 
24 ( t r a n s ) 

22 

22 

22 

2 

2,22 

23 

T h i s work 

24 

T h i s work 

T h i s work 
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102 C A T A L Y T I C A C T I V A T I O N O F C A R B O N M O N O X I D E 

i l l u s t r a t e d by Scheme I I . The key f e a t u r e s o f t h i s scheme ar e 
t h a t a t low P c o the ruthenium i s p r e s e n t l a r g e l y as the HRu2(CO)7 

CO 
H R u 2 ( C 0 ) 8 

C 0 2 + H 

H R u 2 ( C 0 ) 8 ( C 0 2 H ) 

H 2 O -

R u 2 ( C 0 ) 9 

r R u ( C 0 ) 5 

HRuCCO)^ 

I f -H 

H 2 R u ( C 0 ) 4 

? 
Ru(CO) 

CO 
Ru(CO)1 

-CO 
Ru(CO). 

Scheme I I 

a n i o n and the r a t e l i m i t i n g step i s the r e a c t i o n of t h i s i o n w i t h 
CO to c l e a v e the m e t a l - m e t a l l i n k a g e g i v i n g Ru(C0)s p l u s HRu(CO)^. 
Under such c o n d i t i o n s the r a t e should be f i r s t o r d e r i n both [Ru] 
and P c o s i n c e the c o n c e n t r a t i o n of HRu 2(C0)e would be p r o p o r t i o n a l 
to the t o t a l c o n c e n t r a t i o n of ruthenium p r e s e n t . The next step 
would be p r o t o n a t i o n of HRu(C0K to g i v e the d i h y d r i d e which under­
goes r e d u c t i v e e l i m i n a t i o n o f dihydrogen. A l t h o u g h the f i r s t 
p K a of H 2Ru(C0) l t i s as y e t unknown, v a l u e s f o r the i r o n and osmium 
analogs (26) c l e a r l y i n d i c a t e t h a t HRu(CO)^ should be s u f f i c i e n t l y 
s t r o n g a base to be f u l l y p r o t o n a t e d under the s o l u t i o n c o n d i t i o n s . 
The d i h y d r i d e i s r e p o r t e d t o be u n s t a b l e i n t o l u e n e s o l u t i o n 
above -20°C; however i n t h a t case excess CO was not p r e s e n t and the 
p r o d u c t s presumably were ruthenium c l u s t e r s (24) (see below). 

I n h i b i t i o n of c a t a l y s i s a t h i g h P c o may be e x p l a i n e d as 
r e f l e c t i n g c o n d i t i o n s where the e q u i l i b r i u m 

CO + R u 2 ( C 0 ) 9 ς=± 2 R u ( C 0 ) 5 (3) 

becomes a dominant f a c t o r i n the c a t a l y s i s . Support f o r t h i s 
p r o p o s i t i o n comes from the f l o w r e a c t o r k i n e t i c s c u r r e n t l y i n 
p r o g r e s s . At v e r y low ruthenium c o n c e n t r a t i o n s , f i r s t o r d e r 
b e h a v i o r i n [Ru] a p p a r e n t l y no l o n g e r h o l d s and the r e a c t i o n 
k i n e t i c s i n d i c a t e o r d e r s c l o s e r to two than one, thus s u p p o r t i n g 
the p o s s i b l e importance of Eq. (3) to the o v e r a l l c a t a l y s i s r a t e 
under these c o n d i t i o n s . F u r t h e r s u p p o r t i n g evidence comes from 
a c o m p l i c a t i o n i n the f l o w r e a c t o r k i n e t i c s . These systems show 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

15
2.

ch
00

6



6. F O R D E T A L . Ru-Caialyzed Water Gas Shift 103 

slow decreases i n a c t i v i t y over a p e r i o d of time owing to the l o s s 
of ruthenium from the s o l u t i o n , a problem e s p e c i a l l y apparent a t 
h i g h P c o . Examination o f a low temperature t r a p downstream from 
the c a t a l y s i s v e s s e l showed the presence of a c l e a r s o l u t i o n , 
m o s t l y aqueous diglyme, which when warmed to room temperature 
turned y e l l o w and s l o w l y p r e c i p i t a t e d R u 3 ( C 0 ) i 2 . Thus the gas 
stream o f the f l o w system served to sweep a v o l a t i l e ruthenium 
s p e c i e s out o f the r e a c t i o n s o l u t i o n , p r o b a b l y R u ( C 0 ) 5 but p o s s i b l y 
l^RuCCO)^. There i s another p o t e n t i a l source of the CO i n h i b i t i o n 
i n Scheme I I . S t u d i e s i n p r o g r e s s i n t h i s l a b o r a t o r y (27) have 
shown t h a t the i n i t i a l step i n the d e c o m p o s i t i o n and c l u s t e r i f i -
c a t i o n o f H2Ru(G0) i» i n s o l u t i o n i s not H 2 e l i m i n a t i o n but i s CO 
d i s s o c i a t i o n . Thus i t i s p o s s i b l e t h a t the e l i m i n a t i o n of H 2 from 
H 2Ru(C0 ) t i r e q u i r e s p r i o r CO d i s s o c i a t i o n v i a a mechanism s i m i l a r 
to t h a t proposed f o r H 2 e l i m i n a t i o n from H 2 0 s ( C 0 ) l | (28) and thus 
would be i n h i b i t e d a t the h i g h e r P c o . T h i s q u e s t i o n i s c u r r e n t l y 
b e ing i n v e s t i g a t e d . 

E x p e r i m e n t a l Procedures 

I n f r a r e d s p e c t r a were recorded on a P e r k i n - E l m e r model 283 
spectrophotometer. P r o t o n and carbon-13 n u c l e a r magnetic r e s o n ­
ance s p e c t r a were recorded on V a r i a n XL-100 and CFT-20 s p e c t r o ­
meters, r e s p e c t i v e l y , o p e r a t i n g i n the p u l s e d mode. U V - v i s i b l e 
s p e c t r a were recorded on a Cary 118C r e c o r d i n g spectrometer e q u i p ­
ped w i t h a thermostated c e l l compartment. Gas sample a n a l y s e s 
were performed on a Hewle t t - P a c k a r d 5830A programmable gas 
chromatograph, c a l i b r a t e d f o r the a p p r o p r i a t e s u b s t r a t e s . The 
columns used were Carbosieve Β (Mesh 80-100) columns o b t a i n e d 
from Hewlett Packard and the c a r r i e r gas used was a Li n d e prepared 
8.5% H 2/91.5% He m i x t u r e . Gas samples were taken w i t h A n a l y t i c a l 
P r e s s u r e Lok gas s y r i n g e s o b t a i n e d from P r e c i s i o n Sampling 
C o r p o r a t i o n . C a l i b r a t i o n c urves f o r the chromatographs and sampl­
i n g procedures were prepared p e r i o d i c a l l y f o r CO, CH^, C0 2, and 
H 2 f o r gas sample s i z e s r a n g i n g from 0.05 to 1.5 mL STP of the gas. 
These c a l i b r a t i o n curves were l i n e a r f o r CO, CH^, and C0 2 but not 
f o r H 2. C a t a l y t i c a c t i v i t y and k i n e t i c s runs were l a r g e l y done 
i n a l l - g l a s s b a t c h r e a c t o r s (100 mL) c o n s i s t i n g o f round bottom 
f l a s k s w i t h sidearm stopcocks designed f o r attachment to a vacuum 
l i n e and f o r p e r i o d i c gas phase sampling. T y p i c a l l y , t h e R u 3 ( C 0 ) 1 2 

and s o l v e n t medium were added t o the r e a c t o r v e s s e l (at room 
temperature) which was then a t t a c h e d to the vacuum l i n e , and the 
s o l u t i o n was degassed by f reeze-pump-thaw c y c l e s then charged w i t h 
a CO/CH^ (94/6) gas m i x t u r e (Linde) a t the d e s i r e d p r e s s u r e . The 
r e a c t o r s were suspended i n thermostated o i l baths and the s o l u t i o n s 
s t i r r e d m a g n e t i c a l l y . The systems were p e r i o d i c a l l y f l u s h e d and 
recharged w i t h the CO/CH^ m i x t u r e i n a manner s i m i l a r to t h a t 
d e s c r i b e d above. Gas samples were removed by gas s y r i n g e and the 
c o m p o s i t i o n s were a n a l y z e d w i t h methane s e r v i n g as an i n t e r n a l 
c a l i b r a n t , thus a l l o w i n g f o r the c a l c u l a t i o n o f the a b s o l u t e 
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104 C A T A L Y T I C A C T I V A T I O N O F C A R B O N M O N O X I D E 

q u a n t i t i e s o f H2 and CO2 produced and CO consumed. These v a l u e s 
were c o r r e c t e d f o r the s m a l l background s i g n a l s noted when gas 
samples from c o n t r o l r e a c t i o n s i n the absence o f added c a t a l y s t 
were a n a l y z e d . 
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Abstract: 

Solutions prepared from Ru3(CO)12 in acidic aqueous diglyme 
solutions are shown to be catalysts for the water gas shift 
reaction under reasonably mild conditions (100°C, Pco=1 atm). 
This system shows an induction period of about six hours before 
constant activity is attained during which the Ru3(CO)12 undergoes 
complete conversion to another ruthenium carbonyl complex. In 
situ nmr studies suggest this species to be the HRu2(CO)-8 ion. 
Kinetic studies show complex rate profiles; however, a key 
observation is that the catalysis rate is first order in Pco at 
low pressures (Pco<1 atm) but is sharply inhibited by increasing 
Pco at higher pressures. A catalysis scheme consistent with these 
observations is proposed. 
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7 
The Importance of Reactions of Oxygen Bases with 
Metal Carbonyl Derivatives in Catalysis 
Homogeneous Catalysis of the Water Gas Shift Reaction 

D O N A L D J. D A R E N S B O U R G and A N D R Z E J R O K I C K I 1 

Department of Chemistry, Tulane University, New Orleans, LA 70118 

Base catalysis of ligand substitutional processes 
of metal carbonyl complexes in the presence of oxygen 
donor bases may be apportioned into two dis t inct c las ­
s i f i ca t ions . The first category of reactions involves 
nucleophilic addition of oxygen bases at the carbon 
center in metal carbonyls with subsequent oxidation of 
CO to CO2, eqns. 1 and 2 (1, 2) . Secondly, there are 

reactions involving coordination of the oxygen base, 
with the thus formed metal-oxygen bond greatly lower­
ing the energetics for dissociative carbon monoxide 
displacement (eq. 3) (3, 4). 

An essential step in processes utilizing soluble 
transit ion metal catalysts is the coordination of the 
substrate to the transit ion metal (5). A corequisite 
i s the a v a i l a b i l i t y of a vacant s i te in the coordina­
tion sphere of the metal for substrate binding, a 
provision often met by dissociation of a bonded 

1 Current address: Institute of Organic Chemistry 
and Technology, Technical university of Warsaw 
(Politechnika), 00-662 Warszawa, ul. Koszykowa 75, 
Poland. 

                               0097-6156/81/0152-0107$05.00/0 
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1 0 8 C A T A L Y T I C A C T I V A T I O N O F C A R B O N M O N O X I D E 

ligand. Hence, processes such as those described in 
eqns. 1 and 3 are not only useful from a synthetic 
viewpoint but also can serve to activate the metal 
carbonyl in catalytic reactions. 

More pertinent to the tenor of this Symposium, 
the carbon monoxide oxidation reaction depicted in 
eq. 2 has received renewed attention largely because 
of i t s pivotal role during the homogeneous catalysis 
of the water gas s h i f t reaction (WGSR) by a variety of 
metal carbonyls (2,(5). In this correspondence we wish 
to discuss reaction processes of importance to the 
homogeneous catalysis of the WGSR u t i l i z i n g metal car­
bonyls. Particular emphasis w i l l be placed on the 
relative rates of oxygen-exchange vs. metal-hydride 
bond formation for several metal carbonyls; including 
group 6b metal carbonyls and derivatives thereof, 
Pe(C0) 5, and Ru 3(C0 ) i 2 . Summarized are our recent 
investigations on the species present in solution and 
their reactivity patterns during the homogeneous 
catalysis of the WGSR by group 6b metal carbonyls 
under mild reaction conditions ( l atmosphere CO pres­
sure and temperature ζ 100°c). 

Results and Discussion 
The l a b i l i t y of oxygen atoms in the activated 

carbon monoxide ligands of Re(C0) e
+ was demonstrated 

by Muetterties i n 1965 (7). Rhenium hexacarbonyl 
cation underwent a fa c i l e exchange process with the 
oxygen atoms in oxygen-18 enriched water, and the 
intermediacy of a metallocarboxylic acid was proposed 
(eq. 4). Deeming and Shaw isolated a metallocar­
boxylic acid a few years later from the reaction of a 

Re(C0) e
+ + H20 ^ {Re(C0)5C00H} (4) 

cationic iridium carbonyl derivative and water, and 
showed that upon pyrolysis of this species the corre­
sponding metal hydride and C0 2 were produced ( 8 ) . In 
addition, i t has long been known that some metal car­
bonyls readily react with hydroxide ions to yield 
metal carbonyl hydride anions and C0 2, e.g., 
Fe(C0) 5 + OH" -+ HFe(C0) 4" + C0 2 ( 9 ) . 

These observations i l l u s t r a t e that there are two 
transformations open to metallocarboxylic acid inter­
mediates; reversible loss of OH" accompanied by oxygen 
exchange, and metal-hydride formation with expulsion 
of C0 2. Our entry into this area of chemistry was in 
1975 when extensive studies of oxygen l a b i l i t y in 
metal carbonyl cations were initiated (lO). These 
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7. D A R E N S B O U R G A N D R O K i C K i Oxygen Bases and Metal Carbonyls 109 

investigations were centered around defining the 
factors that determined whether the oxygen exchange 
process predominated over the production of metal 
hydrides and carbon dioxide or vice versa (11, 12, 15» 
14). For example, the reaction of Mn(CO)e witïTwater 
led to metal hydride formation concomitantly with oxy­
gen exchange, with metal hydride production being much 
slower (eq. 5 ) . Some of the other germane observa­
tions noted during these studies were the following: 

Mn(C0)e+ + H20 ^{Mn(C0)5C00HJ -*Mn(C0)5H + C0 2 (5) 
(l) The rate of nucleophilic addition of "OH to the 
metal bound carbon monoxide ligand, as viewed by oxy­
gen exchange, decreased with increasing substitution 
at the metal center with electron donating ligands, 
i.e., MiCOJe* > M(C0)5L+ » M(C0) 4L 2+. (2) The more 
electron-rich Ln(C0)s_nM(C00H) intermediates were less 
disposed to C0 2 elimination with M-H bond formation. 
(3) Metal-hydride formation was enhanced over oxygen 
exchange as the basicity of the solution increased. 

In the case of the bis phosphine derivatives of 
the group 7b metals, the"Iability of the oxygen atoms 
was so markedly retarded by substitution that i t was 
necessary to enhance their reactivity by means of base 
catalysis (13, 14), a process having mechanistic fea­
tures common wi^H" general base catalysis of the hydra­
tion of ketones (eq. 6) (15). 

[ M - C * q f *~ [ M - £ s O ] + B H * (6) 

We have exploited this base catalysis of the oxy­
gen exchange process to effect oxygen l a b i l i t y i n the 
less electrophilic carbonyl sites of neutral metal 
carbonyl species. Because [MCOOH] intermediates are 
readily decarboxylated i n the presence of excess hy­
droxide ion, i n order to observe oxygen exchange proc­
esses in neutral metal carbonyl complexes i t was con­
venient to carry out these reactions i n a biphasic 
system employing phase transfer catalysis (<PTC>) (16, 
17, 1 8 ) . Under <PTC> conditions (eq. 7 ) , the 

0 
(organic phase) [MCO] + n-Bu^OH" ^ [M-C-OH] n-Bu«N 

: H H . — — _ (7) 
(aqueous phase) Na I + n-Bu4N+0H ^ Na OH + n-Bû K I 
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110 C A T A L Y T I C A C T I V A T I O N O F C A R B O N M O N O X I D E 

hydroxide ion concentration i s small in the organic 
phase which contains the metal carbonyl, since "*0H i s 
more highly hydrated than the halide ion. In general, 
the <PTC> oxygen exchange reactions of neutral mono­
nuclear metal carbonyl species with hydroxide ions 
paralleled the observations summarized for the c a t i -
onic species (vide supra) with, however, the s i g n i f i ­
cant additional developments discussed hereafter. 

When the <PTC> reactions of M(C0) 6 (M » Cr, Mo, 
w) with hydroxide ions were carried out under an atmo­
sphere of CO, these systems were observed to generate 
hydrogen ca t a l y t i c a l l y with a low turnover rate (mol. 
H2/mol. catalyst per day), on the order of a week at 
75° (18). However, in more strongly alkaline solu-
t i o n s ~ T e . g . , aqueous KOH in 2-ethoxyethanol) at 100°C 
the M(C0)e species were observed to be quite active 
catalysts for the WGSR with a turnover rate of - 30 
for Cr(C0) e. The principal metal carbonyl components 
in an alkaline 2-ethoxyethanol solution of a catalyst 
prepared from Cr(C0) e were determined to be Cr(C0)ft 
and Cr(C0) 5H~ by infrared spectroscopy in the v(co) 
region (see Figure l ) . Identification of the chromium 
pentacarbonyl monohydride species was based on spec­
t r a l comparisons with an authentic sample prepared by 
protonation of Cr(C0)5~ (19). The reaction of hydrox­
ide ions with Cr(co) e i n aqueous 2-ethoxyethanol to 
afford Cr(co)5H"" occurs over several hours at 40-50°, 
even i n the presence of a large excess of hydroxide. 
However, under conditions where the "0H i s not hy­
drated, KOH i n THF with Crypt 222, the production of 
Cr(co)5H~ occurs quantitatively over a period of a few 
minutes at ambient temperature employing stoichio­
metric quantities of reagents (Figure 2). 

When the catalyst solution described above (Fig­
ure ΙΑ) was prepared using H 2

1 80, Cr(C0) e was shown to 
undergo the oxygen exchange process at a much faster 
rate than formation of metal hydride, an observation 
consistent with the <PTO results. See Figure IB 
where the various Cr(CO) e-n ( c l e o)n species are seen in 
advance of the highly oxygen-18 enriched Cr(C0) 5H" 
species. Hence even in the highly alkaline catalyst 
solution the metallocarboxylic acid derivative has a 
long enough lifetime to effect oxygen exchange prior 
to anionic metal hydride production. Indeed in the 
reaction of W(co)e with KOH/Crypt 222 in THF we have 
preliminary spectral evidence for the existence of 
W(C0)5C00H~ i n solution at room temperature. The fact 
that the W(C0)sC00H" species i s less prone to proceed­
ing to metal-hydride and C0 2 than Cr(C0)5C00H" i s 
anticipated based on the earlier results obtained on 
the isoelectronic Mn(C0)e+ and Re(C0) e

+ species. 
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D A R E N S B O U R G A N D R O K i C K i Oxygen Bases and Metal Carbonyls 11 

2000 1900 1800 cm1 

Figure 1. IR spectra in v(CO) region of catalyst components; Cr(CO)n (0.40 
mmol), KOH (5.0 mmol), H20 (11.1 mmol), and 2-ethoxyethanol (15 ml solution). 
Peaks with asterisks are those assigned to Cr(CO)5H , others are for Cr(CO)ft: A, 

H2

16Of heated at 45°C for 300 min; B, H2

18Ot heated at 45°C for - 200 min. 
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2000 1900 1800 cm 
T 

%T 

Figure 2. IR spectrum in v(CO) region of Cr(CO)6 plus two equivalents of [K-
Crypt-222]OH in THF after 5 min at ambient temperature 
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7. DARENSBOURG AND R O K i C K i Oxygen Bases and Metal Carbonyls 

In contrast to the group 6b metal carbonyls the 
group 8 metal carbonyls which have been successfully 
employed as catalysts for the WGSR, Fe(co) s and 
Ru 3(CO ) i 2 , exhibited l i t t l e tendency to undergo oxy­
gen exchange prior to affording metal hydrides upon 
reaction with hydroxide ion (17, 20). This i s i l l u s ­
trated by the synthesis of [EtJ7N]"P5*u3 (C0)n ] from 
Ru 3(C0)i 2 and aqueous KOH in 2-ethoxyethanol under a 
CO atmosphere i n both H 2

l e0 and H 2
1 80 where no sign i f ­

icant difference i n oxygen isotope composition of the 
purified products was observed (see Figure 3)· 

The Scheme depicts our most comprehensive under­
standing of the processes operative during the WGSR 
catalyzed by group 6b metal carbonyls at temperature 
< 100°C. As noted in the Scheme when the reaction i s 
carried out i n the presence of 1 3C0 both Cr(C0) e and 
Cr(C0) 5H" are enriched i n 1 3C-carbon monoxide, the 
latter species to a greater extent (see Figure 4). 
This i s a useful occurrence for i t commodiously allows 

SCHEME 

Cr<CO>e_n(13CO)n 

Cr(C0)e+ OH — (Cr(CO)5COOHf— Cr(CO>5H + C0 2 

Cr(CO)5H2+ OH" n H i C r i C O y à 

-H 2 / 
•CO 

Cr(C0)5_nc'X0)nH 
l3co|l 

for the examination of the catalytic solution by 1 3C 
NMR. 

The catalyst system is not poisoned by thiophene, 
for Cr(C0) 5SR 2 species readily revert to Cr(co) e i n 
the presence of 00· Similarly, the group 6b metal 
hexacarbonyls have also been shown to be active i n the 
presence of NaSH (21)« However, this catalyst system 
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114 C A T A L Y T I C A C T I V A T I O N O F C A R B O N M O N O X I D E 

Figure 4. IR spectra in v(CO) region of catalyst components as in Figure I A: A, 
under 12CO atmosphere; B, under 13CO (93% ) atmosphere. Peaks above 1900 cm1 

are attributable to Cr(CO)6 and those below 1900 cm'1 are assigned to Cr(CO)5H . 
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7. D A R E N S B O U R G A N D R O K i C K i Oxygen Bases and Metal Carbonyls 115 

requires completely anaerobic conditions or the cata­
ly s t i s irreversibly converted to C r 2 0 3 . Hence the 
CO gas stream i s scrubbed for removal of trace oxygen 
by passing i t through a column containing MnO sup­
ported on s i l i c a gel. This is of particular impor­
tance in our system which employs a continuous, con­
stant carbon monoxide gas flow coupled to an online 
gas sampling valve for eff i c i e n t chromatographic 
monitoring of H 2 and CO. 

Figure 5 displays a typical time dependent trace 
of the hydrogen production during catalysis of the 
WGSR by Cr(co) e* The decrease in activi t y of mature 
catalyst solutions is due to the consumption of KOH by 
C 0 2 , i.e., the formation of bicarbonate 
( C 0 2 + 0H~ ̂  HCO3""). Reaction solutions prepared from 
Cr(CO) e with K H C 0 3 as the added alkaline were much 
less active than their KOH counterparts. Experiments 
are planned at higher reaction temperatures in an 
effort to minimize this behavior. However, at 100° 
the C r ( C 0 ) e catalyst is quite active for the decompo­
si t i o n of formate ion to H 2 plus C 0 2 (vide infra). 

As seen i n Figure 5 addition of excess triphenyl-
phosphine to an active catalyst solution results in a 
rapid quenching of H 2 production. The chromium carbo­
nyl components i n solution were rapidly converted to 
Cr(C0) 5PPh 3 and trans-Cr(C0) 4[PPh 3] 2 ( 2 2 ) . Consistent 
with these observations aqueous alkaline solutions of 
Cr(C0) 5PPh 3 or trans-Cr(CO) 4[PPh 3] 2 in ethoxyethanol 
exhibited no act i v i t y for WGSR catalysis. There i s a 
trace of H 2 produced due to the production of Cr(C0) e 

from loss of PPh 3 in Cr(C0) 5PPh 3 (23). Nevertheless, 
phase transfer catalyzed reactions of oxygen-18 
labelled ""OH with a large variety of group 6b metal 
carbonyl phosphine and phosphite complexes have demon­
strated that nucleophilic addition of base to the car­
bonyl centers in these derivatives does indeed occur, 
albeit slower than in the parent hexacarbonyls (16,18). 
For example, Figures 6 and 7 il l u s t r a t e v(co) ancT~i3C 
NMR spectra for a representative derivative, 
Mo(co)5P(OMe)3, which has undergone extensive oxygen 
exchange with hydroxide ions for a reaction carried 
out under <PTC> conditions as defined in eq. 7· Hence, 
the failure of these phosphine substituted metal car­
bonyls to function as catalysts for the WGSR is due to 
their reluctance to afford metal-hydrides from reac­
tions with a l k a l i , i.e., P-M-CO + OH" ̂ [P-M-C00H] --^ 
P-M-H". 

Figures 6 and 7 also point out the two principal 
techniques we have employed in monitoring these oxygen 
exchange reactions, namely, frequency shifts i n the 
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200 400 
TIME, min. 

Figure 5. Time-dependence of hydrogen in CO gas stream for a catalyst solution 
prepared from Cr(CO)f, (7 mmol), KOH (87.5 mmol), H20 (195 mmol), and 
2-ethoxyethanol (87.5 mL of solution) operated at 100°C. The units for the quan­
tity of H2 are arbitrary, representing the relative areas of the hydrogen peak in the 

chromatograms as a function of time. 
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7. DARENSBOURG AND R O K i C K i Oxygen Bases and Metal Carbonyls 1 1 7 

1900 cm" 1 

\ 

Figure 6. IR spectral traces in the v(CO) 
region during the monitoring of oxygen-18 
incorporation into Mo(CO)5P(OMe)s un­
der <PrC> conditions (spectra observed 
in hexane solution): A, initial spectrum; 

B, after extensive oxygen exchange 

0 . 0 4 0 — 

2 0 8 . 4 2 0 4 . 8 p p m 

Figure 7. 13C NMR spectrum of Mo(CO)5P(OMe)s in CDCls after extensive oxy­
gen exchange (sample in Figure 6B) illustrating the shift upfield of 0.040 ppm of the 
carbon resonances because of oxygen-18 (h(Ctran*) 208.4, JP.C = 40.0 Hz; MCcu) 
204.8, Jp.c = 13.7 Hz). The small amount of lsO in the axial CO group is the 
result of ligand rearrangement by a CO dissociative process in an initially com­

pletely stereoselectively lsO-enriched sample. 
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118 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

v(CO) infrared spectra and the small upfield shifts i n 
the natural abundance * 3 C NMR resonances caused by 
oxygen-18. It is worthwhile reiterating here that i n 
substituted metal-carbonyl derivatives, where elec­
tronically different carbonyl ligands are present, the 
oxygen-exchange reaction has been shown to occur pref­
erentially at the more electrophilic carbon si t e , 
e.g., at the cis carbon monoxide ligands in M(CO)5L 
derivatives ( l 8 ) . Several of these thus formed ster-
eoselectively oxygen-18 labelled species have been 
found to subsequently undergo ligand rearrangements by 
either non-dissociative or dissociative processes (18, 
2k). 

We would like at this time to amplify the earlier 
brief comments on the catalytic decomposition of for­
mate ion to H 2 and C0 2 by the group 6b metal carbonyls. 
This process requires the presence of a vacant coordi­
nation site on the metal for formate binding, i.e., 
formation of M(CO)502CH~ species. Consequently, the 
reaction of Cr(Co) e with formate ion in 2-ethoxyetha-
nol was found to take place under more rigorous condi­
tions than those needed for the production of H 2 i n 
the Cr(CO)e/KOH system. That i s , whereas Cr(co} e in 
aqueous K0H/2-ethoxyethanol commences to produce H 2 at 
* 50°C (where the rds appears to succeed the formation 
of Cr(C0) 5H~), the analogous Cr(C0) e/formate ion reac­
tion necessitates temperatures approaching 100°C. 
This difference in behavior is f e l t to be due to the 
fact that Cr(co) e must f i r s t dissociatively lose a CO 
ligand, a f a i r l y energetic process with an activation 
enthalpy of ~ kO kcal. (25), prior to binding the for­
mate ion. The once formed Cr (C0) 50 2CH~ proceeds to 
Cr(C0) 5H~ with subsequent production of H 2 and C0 2 as 
described in the Scheme. Support for this interpreta­
tion was obtained by replacing Cr(C0)e with a chromium 
carbonyl species containing a labile ligand, 
Cr(C0) 5NHC 5Hi O, where the decomposition occurred under 
much milder conditions. Nonetheless, we feel that 
under more rigorous reaction conditions (i.e., temp­
eratures > 100°) decomposition of formate (produced 
from CO + OH" ^ HC02~) may be a prominent i f not pre­
dominant pathway in the catalytic production of hydro­
gen during the WGSR by group 6b metal carbonyls. In 
order to obtain experimental evidence for this pro­
posal, activation energy studies for the production of 
H 2 in the Cr(C0)6/K0H system are currently being con­
ducted at both low (50-100°) and high (150-200°) temp­
erature ranges in an effort to observe a discontinuity 
i n the Arrhenius plot indicative of a change in mecha­
nism. 
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7. DARENSBOURG AND R O K i C K i Oxygen Bases and Metal Carbonyls 119 

It i s l i k e l y that during the decomposition of 
M(CO)502CH~ (as indeed may also be the case for 
M(C0)5C00H~ (26)) loss of a CO ligand i s requisite 
prior to hydrïïïe transfer to the metal with concomi­
tant expulsion of carbon dioxide. Pertinent to this 
question we have obtained some i n i t i a l results on the 
decomposition of T) 5-C 5H 5Fe(CO) 20 2CH to 
[r) 5-C sH5Fe(C0) 2 J 2 plus H 2 and C0 2, a process presum­
ably proceeding via the unstable T) 5-C 5H 5Fe(C0; 2H 
intermediate. THê^ 5-C 5HsFe(C0) 20 2CH derivative was 
observed to exchange CO ligands with free 1 3C0 in 
hydrocarbon solution at 50 at a rate faster than the 
formation of [7) 5-C 5H 5Fe (co) 2 ] 2. On the other hand, 
Pett i t and co-workers (27) have reported that the 
metallocarboxylic acid analog, 7)5-C5H5Fe(CO)2C00H, 
spontaneously decomposes to [7) 5-C 5H 5Fe (C0) 2] 2 plus H 2 

and C0 2 at ambient temperature. Hence the pattern 
that i s beginning to emerge i s that of the two inter­
mediates capable of affording H 2 and C0 2 described i n 
eq. 8, the metallocarboxylic acid pathway i s energet­
i c a l l y more favorable. 

The observation of CO l a b i l i t y in the 
7) 5-C 5H 5Fe(C0) 20 2CH derivative i s an instance of the 
role of oxygen bases in catalysis as described in eq. 
3. Other examples of metal-oxygen base bond formation 
resulting i n l a b i l i z i n g CO dissociation aie seen in our 
tri-n-butylphosphine oxide work (3, 28) and, in com­
plexes quite similar to the M(C0)s02CH~ species dis­
cussed above, M(C0)502CR" (M = Cr, Mo, W ; R = CH3, 
CF 3). The lat t e r derivatives have been shown to 
undergo rapid preferential exchange of equatorial CO 
ligands with free "CO in solution at ambient temper­
ature (4, 29). These anionic metal carbonyl acetate 
derivatives may prove to be very active catalysts for 
a variety of processes, including disproportionation 
of olefins; i.e., providing a homogeneous analog to 

M - C 

M 

M - H + CO, (8) 
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120 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

catalysis of ol e f i n disproportionation by W(C0)e on 
alumina. 
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8 
Homogeneous Catalysis of the Water Gas Shift 
Reaction Using Simple Mononuclear Carbonyls 

R. B . K I N G , A . D. K I N G , JR., and D. B. YANG 

Department of Chemistry, University of Georgia, Athens, G A 30602 

The water gas shift reaction is used extensively in industry 
to increase the hydrogen content of water gas (synthesis gas) 
through the reaction of carbon monoxide (CO) with water according 
to the following equation: 

Current industrial practice for carrying out this reaction in­
volves heterogeneous catalysts at relatively high temperatures, 
e.g. Fe2O3/Cr2O3 above 300°C (1). However, relatively recent 
work has shown that the water gas shift reaction can also be 
carried out at considerably lower temperatures (below 200°C) 
using various metal carbonyl complexes as homogeneous catalysts. 
Thus a variety of platinum metal derivatives are active water 
gas shift reaction catalysts including ruthenium carbonyls (2, 3, 
4), rhodium carbonyls (3,5,6,7), platinum-tin complexes (8), and 
phosphine-platinum(0) complexes (9). In 1978 we reported (10) 
that several carbonyl derivatives of more abundant metals (iron, 
chromium, molybdenum, and tungsten) reacted with base to give 
active water gas shift reaction catalysts. Subsequent work led 
to a detailed study on the kinetics of the water gas shift reac­
tion catalyzed by Fe(CO)5 in the presence of base (11). More 
recently we have extended such detailed kinetic studies to 
similar catalysts derived from the Group VI metal carbonyls 
M(C0)fi (M = Cr, Mo, and W) (L2) . This paper summarizes the 
results obtained with the mononuclear carbonyls of iron and the 
Group VI transition metals and compares the kinetics of these 
two water gas s h i f t catalyst systems. 

Experimental Techniques 

The water gas s h i f t reactions were carried out i n v e r t i c a l l y 
mounted type 304 stainless steel autoclaves having an internal 
volume of 700 ml. The autoclaves were heated e l e c t r i c a l l y and 

0097-6156/81/0152-0123$05.00/0 
© 1981 American Chemical Society 
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124 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

st i r r e d magnetically using a Teflon-coated magnetic s t i r r i n g bar. 
The temperature was controlled to within ±l eC by a proportional 
controller with a thermocouple sensor mounted i n a thermocouple 
well extending into the i n t e r i o r of the autoclave. A d i g i t a l 
thermocouple read-out meter provided a continuous temperature 
reading. The pressure was monitored using a 0-3000 psig test 
gauge accurate to 0.25% of f u l l scale which was attached to each 
autoclave through the closure at the top. 

Analyses of the gases i n the bomb (CO, CO^/ Ar, H«) were 
performed using a Fisher Model 1200 gas partitioner with a 6.5 
f t . 80-100 mesh Columnpak PQ column and an 11 f t 13 X molecular 
sieve column i n series. Helium was used as a car r i e r gas i n a l l 
determinations. Care was taken to insure that a l l hydrogen 
analyses were performed at concentrations within the linear 
response region of the s e n s i t i v i t y curve for this gas. Argon was 
used as an internal standard. A Varian CDS-III d i g i t a l integra­
tor was used to integrate the output from the gas partitioner. 
Gas samples were taken by releasing a portion of the i n t e r i o r gas 
mixture into a sample chamber which uses a small balloon to main­
tain a low positive pressure against a septum. This chamber was 
purged three times with the gas mixture before removing a sample 
for injection into the gas partitioner by means of a Pressure-
Lok syringe. 

The following two methods were used to compute gas composi­
tions expressed as p a r t i a l pressures after determining the exter­
nal s e n s i t i v i t y factors for each gas: 
(a) The pressure i n the autoclave was recorded at the time the 
gas sample was taken. Subtraction of the previously determined 
solvent vapor pressure gave the t o t a l pressure of non-condensible 
gases. Dalton's law was then used to determine the individual 
p a r t i a l pressures of the three gases of interest (CO, C 0 2 , H2) 
using the gas mole fractions obtained i n the gas analysis. 
(b) The CO i n i t i a l l y loaded i n the autoclave was mixed with 
argon for use as an internal standard. The composition of this 
gas mixture was then checked by a gas analysis. The resulting 
computed p a r t i a l pressure of argon was corrected to the elevated 
temperatures at which the k i n e t i c data were obtained, thereby 
allowing p a r t i a l pressures of the gases of interest to be com­
puted d i r e c t l y using argon as an internal standard. 

The gas phase compositions obtained using methods (a) and 
(b) agreed with each other i n every instance. Further details 
on the experimental techniques used i n this work are given else­
where (11,12). 

Results 

In a t y p i c a l experiment the autoclave was loaded with a 
methanol-water solution containing dissolved base (potassium 
hydroxide or sodium formate) and metal carbonyl (Fe(C0) 5 or 
M(CO)^ where M = Cr, Mo, or W) and charged with a CO/argon gas 
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8. KING ET AL. Catalytic Mononuclear Carbonyls 125 

m i x t u r e . The a u t o c l a v e was then heated r a p i d l y w i t h s t i r r i n g t o 
the d e s i r e d temperature where p e r i o d i c p r e s s u r e r e ad ing s and gas 
ana l y s e s were made. S i n c e one mole o f H 2 was produced f o r each 
mole o f CO consumed i n e q u a t i o n 1, the p a r t i a l p r e s s u r e o f 
CO + H 2 remained e s s e n t i a l l y c o n s t a n t th roughout the r e a c t i o n e x ­
cept f o r minor sampl ing l o s s e s . T h i s i n d i c a t e s the absence o f 
s i g n i f i c a n t s i d e r e a c t i o n s consuming CO w i thou t p r o d u c i n g E^. 
However, i n the exper iments u s i n g ΚΟΗ as the base the i n i t i a l 
p r e s s u r e o f CO or CO + H 2 a t the r e a c t i o n temperature was l e s s 
than the l o a d i n g p r e s s u r e o f CO by an amount c o r r e s p o n d i n g t o 
the q u a n t i t a t i v e f o rma t i on o f formate a c c o r d i n g t o the f o l l o w i n g 
e q u a t i o n : 

CO + 0H~ > H C 0 2 " (2) 

T h i s e x p l a n a t i o n f o r t h i s p r e s s u r e d i s c r e p a n c y was v e r i f i e d by 
exper iments u s i n g d i f f e r e n t amounts o f ΚΟΗ and by the l a c k o f 
such p r e s s u r e d i s c r e p a n c i e s i n exper iments u s i n g formate as a 
base . These o b s e r v a t i o n s c l e a r l y i n d i c a t e t h a t when a base 
s t r o n g e r than formate i s used i n the water gas s h i f t r e a c t i o n , 
the a c t u a l base p r e s e n t i n the r e a c t i o n i s formate p roduced 
a c c o r d i n g t o e q u a t i o n 2. Du r ing the course o f a t y p i c a l water 
gas s h i f t r e a c t i o n c a t a l y z e d by Fe (C0 ) _ i n the p resence o f base 
the pH s t a r t s a t 8.6 and f a l l s g r a d u a l l y t o 7 .4 as de te rmined 
from f r e s h l i q u i d samples withdrawn p e r i o d i c a l l y from the bomb. 
Thus the formate a c t s as a b u f f e r t o keep the pH o f the water 
gas s h i f t r e a c t i o n system i n a r e l a t i v e l y narrow range a lmost 
independent o f the amount o f base ( e . g . ΚΟΗ) o r i g i n a l l y l oaded 
i n t o the a u t o c l a v e . 

The water gas s h i f t r e a c t i o n s were a l s o run i n m e t h a n o l -
water m ix tu r e s o f v a r y i n g compos i t i on s u s i n g ΚΟΗ as the b a s e . 
In the case o f the system d e r i v e d from Fe (CO ) _ , a 25% w a t e r -
75% methanol m ix tu r e gave the f a s t e s t r a t e (11) whereas i n the 
cases o f the systems d e r i v e d from M(CO) 6 (M = C r , Mo, and W), a 
10% water-90% methanol m i x t u r e gave the f a s t e s t r a t e s (12) . 
These optimum methano l -water m i x t u r e s as s o l v e n t s f o r the water 
gas s h i f t r e a c t i o n s r e p r e s e n t compromises between a h i g h c o n c e n ­
t r a t i o n o f the r e a c t a n t water and a h i g h c o n c e n t r a t i o n o f metha ­
n o l t o s o l u b i l i z e the CO and m e t a l c a r b o n y l s . Fu r the rmore , a l l 
o f the s o l v e n t m ix tu r e s used i n t h i s work c o n t a i n amounts o f 
water which are l a r g e r e l a t i v e t o t h a t consumed i n the water gas 
s h i f t r e a c t i o n . T h e r e f o r e , the c o n c e n t r a t i o n o f water may be 
rega rded as a c o n s t a n t d u r i n g the water gas s h i f t r e a c t i o n s c o n ­
duc ted i n t h i s r e s e a r c h p r o j e c t . 

The r a t e s o f the water gas s h i f t r e a c t i o n s were compared 
u s i n g d i f f e r e n t amounts o f the mononuclear m e t a l c a r b o n y l p r e ­
c u r s o r f o r a l l f ou r cases (Fe(CO) and M(CO)^ where M = C r , Mo, 
and W). In a l l cases the r a t e s or hydrogen p r o d u c t i o n were 
found t o double as the c o n c e n t r a t i o n o f the meta l c a r b o n y l was 
doub l ed . Thus a l l o f the water gas s h i f t r e a c t i o n s i n v e s t i g a t e d 
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126 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

i n t h i s work a re f i r s t o r d e r w i t h r e s p e c t t o the mononuclear 
m e t a l c a r b o n y l p r e c u r s o r . 

Major d i f f e r e n c e s were no ted between the systems d e r i v e d 
from Fe(CO)^ and M(CO) 6 (M = C r , Mo, and W) w i t h r e s p e c t t o the 
e f f e c t o f the base c o n c e n t r a t i o n on the r e a c t i o n r a t e . Thus i n 
the case o f the c a t a l y s t system d e r i v e d from Fe (CO)^ t r i p l i n g 
the amount o f KOH w h i l e keep ing c o n s t a n t the amounts o f the 
o t h e r r e a c t a n t s had no s i g n i f i c a n t e f f e c t on the r a t e o f H 2 p r o ­
d u c t i o n (11) . However, i n the case o f the c a t a l y s t system d e ­
r i v e d from W(CO) 6 the r a t e o f H 2 p r o d u c t i o n i n c r e a s e d as the 
amount o f base was i n c r e a s e d r e g a r d l e s s o f whether the base was 
KOH, sodium fo rmate , o r t r i e t h y l a m i n e (12) . T h i s i n c r e a s e may 
be i n t e r p r e t e d as a f i r s t o r d e r dependence on base c o n c e n t r a t i o n 
p r o v i d e d some s o l u t i o n n o n - i d e a l i t y i s assumed a t h i g h base 
c o n c e n t r a t i o n s . S i m i l a r o b s e r v a t i o n s were made f o r the base 
dependence o f H 2 p r o d u c t i o n i n c a t a l y s t systems d e r i v e d from the 
o the r m e t a l hexaca rbony l s Cr(CO) and Mo(CO) 6 (12) . Thus the 
water gas s h i f t c a t a l y s t system d e r i v e d from F e ( C O ) 5 has an a p ­
p a r e n t ze ro o r d e r base dependence whereas the water gas s h i f t 
c a t a l y s t systems d e r i v e d from M(CO) 6 (M = C r , Mo, and W) have an 
approximate f i r s t o r d e r base dependence. Any s e r i o u s m e c h a n i s t i c 
p r o p o s a l s must accommodate these o b s e r v a t i o n s . 

Major d i f f e r e n c e s were a l s o no ted between the c a t a l y s t 
systems d e r i v e d from F e ( C O ) 5 and those d e r i v e d from M(CO) 6 (M = 
C r , Mo, and W) w i t h r e s p e c t t o the e f f e c t o f CO p r e s s u r e on the 
r e a c t i o n r a t e . In the system d e r i v e d from Fe(CO),- the r a t e o f 
H p r o d u c t i o n i n the e a r l y s tages o f the r e a c t i o n was independent 
o f the CO l o a d i n g p r e s s u r e i n the range 10 t o 40 atmospheres 
(11) . However, H 2 p r o d u c t i o n u s i n g t h i s c a t a l y s t system was 
found t o cease a b r u p t l y when enough CO was consumed so t h a t the 
CO p a r t i a l p r e s s u r e f e l l t o a t h r e s h o l d v a l u e between 3 and 7 
atmospheres . Two independent exper iments conducted w i t h CO 
l o a d i n g p r e s s u r e s around 1 atmosphere i n d i c a t e d excess H 2 p r o ­
d u c t i o n s r e l a t i v e t o the CO consumed o f 5 . 7 - 0 . 1 mole H /mole 
F e ( C 0 ) 5 . These o b s e r v a t i o n s i n d i c a t e t h a t a minimum t h r e s h o l d 
p r e s s u r e o f CO i s needed i n o rde r t o p r e v e n t the i r o n c a r b o n y l 
c a t a l y s t system from decomposing t o c a r b o n y l - f r e e c a t a l y t i c a l l y 
i n a c t i v e i r o n ( I I ) d e r i v a t i v e s (11). The o b s e r v a t i o n t h a t 5.7 
moles o f excess H 2 a re p roduced f o r each mole o f F e ( C 0 ) 5 may be 
i n t e r p r e t e d on the b a s i s o f Fe (CO)^ a c t i n g as an average 11 .4 
e l e c t r o n r e d u c i n g agent f o r water under the r e a c t i o n c o n d i t i o n s 
i n a c c o r d w i t h r e p o r t e d ( 1_3) o b s e r v a t i o n s t h a t Fe (CO) 5 i n a l k a ­
l i n e s o l u t i o n i s an average 10.8 e l e c t r o n r e d u c i n g agent f o r the 
r e d u c t i o n o f n i t r o b e n z e n e t o a n i l i n e . 

The r a t e s o f the water gas s h i f t r e a c t i o n s c a t a l y z e d by the 
systems d e r i v e d from M(CO) (M = C r , Mo, and W) were found t o be 
i n v e r s e l y p r o p o r t i o n a l t o the CO p r e s s u r e as i n d i c a t e d by 
s t r a i g h t l i n e p l o t s o f r a t e s o f H 2 p r o d u c t i o n v e r s u s ^ / p

c o ^ i n i t 
(12) . Fu r the rmore , the c a t a l y s t s d e r i v e d from M(CO) 6 (M = C r , 
Mo, and W) r e t a i n t h e i r c a t a l y t i c a c t i v i t i e s a t lower CO 
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8. KING ET AL. Catalytic Mononuclear Carbonyls 127 

p r e s s u r e s than the c a t a l y s t d e r i v e d from F e i C O ) ^ . Thus , the 
water gas s h i f t c a t a l y s t s d e r i v e d from H(CO)^ (M = C r , Mo, and 
W) appear t o be more r obus t than those d e r i v e d from Fe (CO )^ . 

The i n c r e a s e d c h e m i c a l s t a b i l i t y o f the c a t a l y s t systems 
d e r i v e d from M(CO) 6 r e l a t i v e t o those d e r i v e d from F e ( C O ) 5 a l s o 
r e s u l t i n an i n c r e a s e d t o l e r a n c e f o r s u l f u r , an impo r t an t c h a r a c ­
t e r i s t i c f o r a p r a c t i c a l water gas s h i f t c a t a l y s t system b e ­
cause o f the p o s s i b i l i t y o f u s i n g s y n t h e s i s gas f e e d s t o c k s d e ­
r i v e d from h i g h s u l f u r c o a l s . In o rde r t o e v a l u a t e the s u l f u r 
t o l e r a n c e o f water gas s h i f t c a t a l y s t sys tems , the c a t a l y t i c 
r e a c t i o n s were c a r r i e d out as above but u s i n g sodium s u l f i d e 
r a t h e r than po ta s s ium hyd rox i de o r sodium formate as the base 
t o genera te the c a t a l y t i c a l l y a c t i v e s p e c i e s (14) . Aqueous 
sodium s u l f i d e i s a s t r o n g enough base t o genera te formate 
th rough the f o l l o w i n g r e a c t i o n s : 

S 2 ~ + H 2 0 + CO ~ * HS~ + H C 0 2 ~ (3a) 

HS~ + H 2 0 + CO H 2 S + H C 0 2 " (3b) 

The H 2 S b y - p r o d u c t , r e p r e s e n t i n g a r e l a t i v e l y reduced form o f 
s u l f u r , i s a r ea sonab l e model f o r the s u l f u r i m p u r i t i e s i n the 
s y n t h e s i s gas o b t a i n e d from s u l f u r - r i c h c o a l . T h i s sodium s u l ­
f i d e t e s t o f s u l f u r r e s i s t a n c e o f water gas s h i f t c a t a l y s t s y s ­
tems genera ted i n b a s i c s o l u t i o n s i s a v e r y severe t e s t s i n c e 
the q u a n t i t i e s o f s u l f u r i n v o l v e d are much l a r g e r than those 
l i k e l y t o be found i n s y n t h e s i s gas made from any s u l f u r - r i c h 
c o a l s . 

The water gas s h i f t c a t a l y s t system d e r i v e d from FetCO )^ was 
found t o be r e l a t i v e l y s e n s i t i v e towards s u l f u r p o i s o n i n g s i n c e 
an aqueous methanol s o l u t i o n gene ra t ed from sodium s u l f i d e and 
F e ( C O ) 5 u s i n g an S/Fe r a t i o o f 26 was comp l e t e l y i n a c t i v e as a 
c a t a l y s t f o r the water gas s h i f t r e a c t i o n . T h i s s u l f u r p o i s o n ­
i n g o f the F e ( C O ) 5 c a t a l y s t system may a r i s e from the f o r m a t i o n 
of the i r o n c a r b o n y l s u l f i d e F e ^ ( C O ) g S 2 which was d e t e c t e d i n 
these r e a c t i o n m ix tu r e s (14) . However, aqueous methano l s o l u ­
t i o n s gene ra ted from sodium s u l f i d e and the m e t a l hexaca rbony l s 
M(CO) 6 (M = C r , Mo, and W) r e t a i n e d 21% (M = Cr) t o 67% (M = W) 
o f the c a t a l y t i c a c t i v i t y o f the c o r r e s p o n d i n g c a t a l y s t systems 
genera ted from KOH and the same m e t a l hexaca rbony l s even when 
S/M r a t i o s as h i g h as 400 were u sed . Thus the water gas s h i f t 
c a t a l y s t systems d e r i v e d from M(C0)^ , p a r t i c u l a r l y M = W, have 
a h i g h s u l f u r t o l e r a n c e . T h e r e f o r e they a r e p o t e n t i a l l y v e r y 
u s e f u l f o r p r o c e s s i n g s y n t h e s i s gas d e r i v e d from h i g h s u l f u r 
c o a l s . 

The a c t i v a t i o n e n e r g i e s o f these water gas s h i f t c a t a l y s t 
systems were de te rmined by r a t e measurements as a f u n c t i o n o f 
t empera tu re . Thus on the b a s i s o f r a t e measurements a t the f i v e 
temperatures 180, 160, 150, 140, and 130°C the a c t i v a t i o n energy 
o f the c a t a l y s t system d e r i v e d from Fe (CO)^ was e s t i m a t e d a t 
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128 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

22 k c a l / m o l e . S i m i l a r measurements f o r the c a t a l y s t systems d e ­
r i v e d from M(CO) 6 gave e s t i m a t e d a c t i v a t i o n e n e r g i e s o f 35 , 35 , 
and 32 kca l /mo le f o r M = C r , Mo, and W, r e s p e c t i v e l y . These 
l a t t e r numbers a re r ough l y s i m i l a r t o the a c t i v a t i o n e n e r g i e s 
o f 39, 31 , and 40 kca l /mo le r e p o r t e d (15) f o r the rep lacement o f 
CO by t r i p h e n y l p h o s p h i n e f o r C r ( C 0 ) 6 , M o ( C 0 ) 6 , and W (C0 ) 6 , 
r e s p e c t i v e l y . 

The combined r e s u l t s o f these s t u d i e s are summarized i n 
Tab l e I . 

D i s c u s s i o n 

The f o l l o w i n g c a t a l y t i c c y c l e (_3,13) i s capab le o f e x ­
p l a i n i n g our e x p e r i m e n t a l o b s e r v a t i o n s (11) on the water gas 
s h i f t r e a c t i o n c a t a l y z e d by Fe (CO)^ i n the p resence o f a b a s e : 

- k i 

F e ( C 0 ) 5 + OH —-—> F e ( C O ) 4 C 0 2 H (4a) 

- k 2 
F e ( C O ) 4 C 0 2 H > H F e ( C 0 ) 4 + C 0 2 (4b) 

k 3 
H F e ( C 0 ) 4 + H 2 0 > H 2 F e (CO) + OH (4c) 

k 4 

H 2 F e ( C O ) 4 > F e ( C 0 ) 4 + H 2 (4d) 
k 5 

F e ( C 0 ) 4 + CO > F e ( C O ) 5 (4e) 

The n u c l e o p h i l i c a t t a c k o f a meta l - bonded c a r b o n y l group w i t h 
hyd rox i de t o g i v e a meta l - bonded c a r b o x y l group ( equat ion 4a) 
i s w e l l e s t a b l i s h e d i n m e t a l c a r b o n y l c a t i o n c h e m i s t r y (16,17,18) 
and has r e a sonab l e e x p e r i m e n t a l suppor t from s t u d i e s on the 
rhodium c a r b o n y l i o d i d e c a t a l y z e d water gas s h i f t r e a c t i o n (3 ) . 
Fu r the rmore , c a r b o x y l groups d i r e c t l y bonded t o t r a n s i t i o n meta l s 
s i m i l a r t o t h a t i n the p roposed i n t e r m e d i a t e F e ( C O ) 4 C 0 2 H are 
w e l l known (17_,18_, 19,20) t o undergo f a c i l e d e c a r b o x y l a t i o n t o 
g i v e the c o r r e s p o n d i n g m e t a l h y d r i d e e x a c t l y as i n e q u a t i o n 4b. 
The H 2 Fe(C0) i n t e r m e d i a t e formed by p r o t o n a t i o n o f H F e ( C 0 ) 4 ~ 
( equat ion 4c f i s nece s sa ry t o account f o r the o b s e r v a t i o n made 
by P e t t i t and coworkers (3) t h a t bo th Reppe h y d r o f o r m y l a t i o n s 
and water gas s h i f t r e a c t i o n s c a t a l y z e d by i r o n c a r b o n y l s do 
not p roceed t o any measurab le e x t e n t a t a pH g r e a t e r than 1 0 . 7 . 
The r ema in ing s t ep s o f the c a t a l y t i c c y c l e i n v o l v e r e d u c t i v e 
e l i m i n a t i o n o f H 2 ( equat ion 4d) and c o o r d i n a t i v e s a t u r a t i o n 
( equat ion 4e) c o m p l e t e l y ana logous t o s t eps found i n many types 
o f c a t a l y t i c c y c l e s (21) . 

A s t anda rd k i n e t i c a n a l y s i s o f the mechanism 4a-4e u s i n g 
the s teady s t a t e app rox imat i on y i e l d s a r a t e e q u a t i o n c o n s i s t e n t 
w i t h the e x p e r i m e n t a l o b s e r v a t i o n s . Thus s i n c e equa t i ons 4a t o 
4e form a c a t a l y t i c c y c l e t h e i r r e a c t i o n r a t e s must be e q u a l f o r 
the c a t a l y t i c system t o be b a l a n c e d . The r a t e o f H2 p r o d u c t i o n 
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130 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

by e q u a t i o n 4d (namely k 4 [ H 2 Fe (CO ) ]) must be e q u a l t o the r a t e 
o f C 0 2 p r o d u c t i o n by e q u a t i o n 4b (namely [Fe (CO) 4 CO^H" ] )which 
a f t e r a p p l y i n g the s t eady s t a t e app rox imat i on t o Fe (CO ) 4 C02H" 

d[Fe(CO) C O J - ] 
(namely = 0 ) l e ads t o the f o l l o w i n g e x p r e s s i o n 

d t 
f o r H 2 p r o d u c t i o n : 

d [H 2 ] 
= k [Fe (CO) c ] [OH"] ( 5 ) d t "1 - - ^ - ' 5 

The r a t e o f H 2 p r o d u c t i o n u s i n g the c a t a l y s t system d e r i v e d 
from F e ( C O ) 5 i s thus seen t o have a f i r s t o r d e r dependence on 
Fe(CO)j_ c o n c e n t r a t i o n and to be independent o f CO p r e s s u r e i n 
a c c o r d w i t h the e x p e r i m e n t a l o b s e r v a t i o n s o u t l i n e d above. F u r ­
the rmore , the formate b u f f e r system genera ted by r e a c t i o n o f CO 
w i t h the base by e q u a t i o n 2 keeps the OH" c o n c e n t r a t i o n e s s e n ­
t i a l l y independent o f the amount o f base i n t r o d u c e d i n t o the 
sys tem. T h e r e f o r e the r a t e o f H p r o d u c t i o n u s i n g the c a t a l y s t 
system d e r i v e d from Fe (CO )^ , a l though hav ing a f i r s t o rde r d e ­
pendence on OH c o n c e n t r a t i o n , i s e s s e n t i a l l y independent o f 
the base c o n c e n t r a t i o n . 

The f o l l o w i n g r a t h e r d i f f e r e n t type o f c a t a l y t i c c y c l e 
i n v o l v i n g formate decompos i t i on e x p l a i n s our o b s e r v a t i o n s on the 
water gas s h i f t r e a c t i o n s c a t a l y z e d by M(CO)^ (M = C r , Mo, and W) 
i n the p resence o f a base : 

M(CO) 5 + HC0 2 —> M(CO) 5OCOH (6a) 

- k 2 
M(CO) 5OCOH > HM(CO) 5 + C 0 2 (6b) 

" 3 
HM(CO) 5 + H 2 0 > H 2 M ( C 0 ) 5 + OH (6c) 

k 4 H o M ( C 0 ) c —> H 0 + M(CO) c (6d) 
Ζ D Ζ D 

In a d d i t i o n the f o l l o w i n g two e x t e r n a l s t eps t o t h i s c a t a l y t i c 
c y c l e a r e needed: 
(a) D i s s o c i a t i o n o f the m e t a l h e x a c a r b o n y l : 

k a 
M(CO)^ = ± M ( C O ) , . + CO (6e) 

6 k 5 

a 

(b) G e n e r a t i o n o f formate from CO and hyd rox i de 

_ k 
CO + OH — Q—> HC0 2 (2) 

E q u a t i o n 6e f o l l o w e d by e q u a t i o n 6a i s analogous t o a r e p o r t e d 
(22) p r e p a r a t i o n o f the t r i f l u o r o a c e t a t e W(CO) OCOCF 3 ~ by 
t r ea tment o f W(CO) 6 w i t h tetraethylammonium t r i f l u o r o a c e t a t e a t 
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8. KING ET AL. Catalytic Mononuclear Carbonyls 131 

e l e v a t e d t empe ra tu r e s . E q u a t i o n 6b r e p r e s e n t s an unknown r e a c ­
t i o n but was shown t o be reasonab l e by o b s e r v i n g CO^ as a p r o ­
duct from the p y r o l y s i s a t 110°C o f [(C H ^ P N P i C H ^ ] -
[W(CO) 5OCOH], which was p repa red by a s t a n d a r d method (22) u s i n g 
the r e a c t i o n o f (CO) -̂ Q w i t h s i l v e r f o rmate . E q u a t i o n s 6c 
and 6d f o r the c a t a l y s t systems d e r i v e d from M(CO)^ a re com­
p l e t e l y analogous t o equa t i ons 4c and 4d f o r the c a t a l y s t system 
d e r i v e d from F e i C O ) ^ . 

The k i n e t i c a n a l y s i s o f the mechanism 6a -6e ,2 i s more 
c o m p l i c a t e d than t h a t o f the mechanism 4a-4e because o f the 
e x t e r n a l r e a c t i o n 6e bu t n e v e r t h e l e s s i s f e a s i b l e u s i n g the 
s teady s t a t e a p p r o x i m a t i o n . By a procedure s i m i l a r t o the d e r i ­
v a t i o n o f e q u a t i o n 5 the f o l l o w i n g e q u a t i o n can be d e r i v e d : 

d[H ] 
= k 4 [ H 2 M ( C 0 ) 5 ] = k 1 [ M ( C 0 ) 5 ] (HC0 2 ] (7) 

However, the s t eady s t a t e c o n c e n t r a t i o n o f M (CO),, depends upon 
the c o n c e n t r a t i o n s o f the s t a b l e s p e c i e s M(CO)^, H C 0 2 ~ , and CO 
as w e l l as H 2 M(CO ) 5 i n the c y c l e . Thus a p p l y i n g the s teady s t a t e 
app rox imat ion t o [H(CO)^] one o b t a i n s the f o l l o w i n g e q u a t i o n 
where k = k^/k : eq d a 

d[H ] [M(CO) ] [HCO ~] [M(CO) ] [HCO ~] 

— • ( W k i mr—= Wi — Ï C Ô Ï ( 8 ) 

T h i s m e c h a n i s t i c scheme agrees w i t h the e x p e r i m e n t a l o b s e r v a t i o n s 
o f the f i r s t o r d e r dependences on M(CO) and formate c o n c e n t r a ­
t i o n s and the i n v e r s e f i r s t o rde r dependence on CO p r e s s u r e f o r 
the r a t e o f H p r o d u c t i o n i n the water gas s h i f t r e a c t i o n c a t a ­
l y z e d by M(COf (M = C r , Mo and W) i n the p resence o f a base 
s u f f i c i e n t l y s t r o n g t o gene ra te formate from CO by e q u a t i o n 2. 
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9 
Homogeneous Catalytic Reduction of 
Benzaldehyde with Carbon Monoxide and Water 
Applications of the Water Gas Shift Reaction 

WILLIAM J. THOMSON1 and RICHARD M. LAINE 
Physical Organic Chemistry Department, SRI International, Menlo Park, CA 94025 

With the advent of the energy crisis, the study of homogeneous 
catalytic CO hydrogenation has become very popular because CO re­
presents one of the cheapest, readily available C1 building blocks 
for production of synfuels and because homogeneous catalysts can 
be very efficient hydrogenation catalysts. To date, the majority 
of the research has been devoted to catalytically hydrogenating CO 
directly to hydrocarbons (Fischer-Tropsch synthesis) with little 
attention paid to other CO reduction reactions that could also be 
useful for synfuel production (1,2,3,4). For example, two areas 
that could be more thoroughly explored are CO homologation [re­
action (1)] and methanol synthesis [reaction (2)], which can be 
catalyzed homogeneously (5,6,7,8). 

With the recent development of zeolite catalysts that can effi­
ciently transform methanol into synfuels, homogeneous catalysis of 
reaction (2) has suddenly grown in importance. Unfortunately, 
aside from the reports of Bradley (6), Bathke and Feder (7), and 
the work of Pruett (8) at Union Carbide (largely unpublished), 
very l itt le is known about the homogeneous catalytic hydrogenation 
of CO to methanol. Two p o s s i b l e mechanisms f o r methanol f o r m a t i o n 
are suggested by l i t e r a t u r e d i s c u s s i o n s of F i s c h e r - T r o p s c h c a t a ­
l y s i s (9-10). These are shown i n Schemes 1 and 2. 

1 Οn sabbatical leave from the University of Idaho. 

0097-6156/81/0152-0133$05.00/0 
© 1981 American Chemical Society 
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134 C A T A L Y T I C A C T I V A T I O N O F C A R B O N M O N O X I D E 

/y° H 
ΜΗ + CO • M-C — 2 i MH + CH 20 

^ M H + CH3OH ^ — M-CH20H ^ 

MH = homogeneous me t a l h y d r i d e complex. 

Scheme 1 

MH + CO M-c' 2 ^ — • HM=C Ρ H 2 „. M n + ( J O • M - C 3 — • H M = C X \ 

v ' . y 
X MH + CH3OH - 2 M-CH20H ^ 

Scheme 2 

We a r e i n t e r e s t e d i n homogeneous c a t a l y t i c methanol s y n t h e s i s 
because of our p r e v i o u s work on the Reppe r e a c t i o n s (11,12,13): 

R-CH=CH2 + 3C0 + 2H 20 R h e ^ ^ 1 6 / K Q H » RCH 2CH 2CH 20H + 2C0 2 (3) 

R-CH=CH2 + 3C0 + H 20 + R 2NH R u ? ( 5 ° ^ 2 / Κ ° Η ^ R(CH 2) 3-NR 2 + 2C0 2 (4) 
MeOH 

A common theme i n r e a c t i o n s ( l ) - ( 4 ) and Schemes 1 and 2 i s the 
hydrogénation of carbon-oxygen m u l t i p l e bonds t o s p e c i e s w i t h 
carbon-oxygen or c a r b o n - n i t r o g e n s i n g l e bonds. I n u n d e r t a k i n g 
the work p r e s e n t e d here i t was our i n t e n t i o n to determine whether 
or not i n f o r m a t i o n o b t a i n e d i n the study of the hydrogénation of 
a l d e h y d i c carbon-oxygen double bonds i s a p p l i c a b l e to understand­
i n g (a) r e d u c t i o n of carbon monoxide to methanol, (b) CO r e d u c t i o n 
to F i s c h e r - T r o p s c h p r o d u c t s , (c) homologation as i n r e a c t i o n ( 1 ) , 
and (d) the v a l i d i t y of e i t h e r Scheme 1 o r 2. 

We chose to i n v e s t i g a t e the CO/H20/KOH and Rh 6(CO)i 6 c a t a l y z e d 
r e d u c t i o n o f benzaldehyde and s u b s t i t u t e d benzaldehydes because: 

• Benzaldehydes a r e not s u b j e c t to base c a t a l y z e d a l d o l 
c o n d e n s a t i o n s , and under the r e a c t i o n c o n d i t i o n s 
C a n n i z a r r o r e a c t i o n s a r e not i m p o r t a n t . 

• From thermodynamic c o n s i d e r a t i o n s CO/H20 must be a 
b e t t e r r e d u c t a n t than H 2, thus m i l d e r r e a c t i o n con­
d i t i o n s might be p o s s i b l e . 

• The c a t a l y s t d e r i v e d from Rh 6(CO)i 6 i s the most a c t i v e 
c a t a l y s t f o r aldehyde r e d u c t i o n of a l l the group 8 metals 
we have s t u d i e d (12,13). 

• £-Substitution of the benzaldehydes s h o u l d p r o v i d e 
i n f o r m a t i o n about the e l e c t r o n d e n s i t y a t the c a r b o n y l 
carbon d u r i n g the a d d i t i o n of m e t a l h y d r i d e t o the 
carbon-oxygen double bond. 
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9 . T H O M S O N A N D L A I N E Reduction of Benzaldehyde 135 

E x p e r i m e n t a l Procedures 

General Methods. Methanol used i n k i n e t i c runs was d i s t i l l e d 
from sodium methoxide o r c a l c i u m h y d r i d e i n a n i t r o g e n atmosphere 
b e f o r e use. F r e s h l y d i s t i l l e d c y c l o h e x a n o l was added t o the 
methanol i n the r a t i o 6.0 ml cyc l o h e x a n o l / 2 0 0 ml MeOH and was used 
as an i n t e r n a l s t a n d a r d f o r gas chromatographic (GC) a n a l y s i s . 
Benzaldehyde was d i s t i l l e d under vacuum and s t o r e d under n i t r o g e n 
a t 5°. Other aldehydes (purchased from A l d r i c h ) were a l s o d i s ­
t i l l e d b e f o r e use. The c o r r e s p o n d i n g a l c o h o l s (purchased from 
A l d r i c h ) were d i s t i l l e d and used t o prepare GC st a n d a r d s . A l l 
met a l c a r b o n y l c l u s t e r complexes were purchased from Strem Chem­
i c a l Company and used as r e c e i v e d . T e t r a h y d r o f u r a n (THF) was d i s ­
t i l l e d from sodium benzophenone under n i t r o g e n b e f o r e use. 

A n a l y t i c a l Methods. A l l the a n a l y s e s were done by gas chroma­
tography. L i q u i d p r o d u c t s were a n a l y z e d on a He w l e t t - P a c k a r d 
Model 5711 gas chromatograph equipped w i t h FID u s i n g a 4.0 m by 
0.318 cm column packed w i t h 5% Carbowax acid-washed Chromosorb G. 
Gas p r o d u c t s were a n a l y z e d w i t h a Hewle t t - P a c k a r d Model 5750 gas 
chromatograph equipped w i t h a 3 m by 0.318 cm, 150/200 Poropak Q 
column and a 1.8 m by 0.318 cm type 13A m o l e c u l a r s i e v e column. 
Hydrogen a n a l y s i s was ac h i e v e d by i n j e c t i n g i n t o the m o l e c u l a r 
s i e v e column op e r a t e d w i t h a 8.5% hyd r o g e n - i n - h e l i u m c a r r i e r gas. 
Other gaseous components were a n a l y z e d i n the Poropak column u s i n g 
a h e l i u m c a r r i e r gas. 

I n the procedure used f o r s t u d y i n g benzaldehyde r e d u c t i o n , 6.0 
ml of the MeOH/cyclohexanol s o l u t i o n d e s c r i b e d above were used as 
s o l v e n t . Aldehyde was added t o the r e a c t o r v i a a 5-ml g l a s s 
s y r i n g e , and 1.0 ml of 3 Ν KOH s o l u t i o n was added by means of a 
p i p e t t e . We were c a r e f u l t o add e i t h e r the KOH o r the aldehyde 
j u s t b e f o r e p r e s s u r i z i n g w i t h CO t o m i n i m i z e the aldehyde reduc­
t i o n r e s u l t i n g from the n o n c a t a l y t i c C a n n i z a r r o r e a c t i o n . The r e ­
a c t o r was then s e a l e d and f l u s h e d t w i c e w i t h 6 0 0 - p s i CO b e f o r e 
b r i n g i n g the r e a c t o r up t o the d e s i r e d CO p r e s s u r e . The r u n was 
i n i t i a t e d a t the time the r e a c t o r was immersed i n the temperature 
b a t h . On c o m p l e t i o n of the r u n , the r e a c t o r was quenched i n c o l d 
water and the p r e s s u r e a t 24°C was re c o r d e d . The p r i m a r y a n a l y s i s 
was conducted on the l i q u i d s o l u t i o n ; however, some runs were a l s o 
s u b j e c t e d to gas phase a n a l y s i s . I n every experiment, l i q u i d 
samples were c o l l e c t e d i n 10-cc sample v i a l s and s t o r e d i n a r e ­
f r i g e r a t o r . I n most cases chromatographic a n a l y s e s were conducted 
w i t h i n 6 hours o f the t e r m i n a t i o n o f the ru n . The maximum time 
t h a t any sample was s t o r e d b e f o r e a n a l y s i s was 72 hours. 

To have a b a s i s f o r comparison, we e s t a b l i s h e d a sta n d a r d r u n 
f o r aldehyde r e d u c t i o n c o n s i s t i n g of 

0.1 mmole R h 6 ( C 0 ) i 6 

30 mmole C 6H 5CH0 
1 ml 3 Ν KOH 
6 ml (MeOH + c y c l o h e x a n o l ) 
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136 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

Ρ = 800 p s i 
T L U = 125°C 
R e a c t i o n time = 1 hour 

C a t a l y t i c a c t i v i t y was measured as a f u n c t i o n o f t u r n o v e r f r e ­
quency [moles product/(mole c a t a l y s t ) ( h o u r ) ] . The st a n d a r d r u n 
has a tu r n o v e r frequency o f 105±10. A l l the parameters i n v e s t i ­
gated were p e r t u r b e d about t h i s s tandard and i n c l u d e d the e f f e c t s 
of c a t a l y s t , aldehyde, KOH and water c o n c e n t r a t i o n , i n i t i a l CO 
p r e s s u r e , and r e a c t i o n time. I n a d d i t i o n , a few s e l e c t e d runs 
were a l s o conducted to examine the e f f e c t s of hydrogen i n the gas 
phase as w e l l as the r e l a t i v e ease w i t h which o t h e r aldehydes 
c o u l d be reduced. 

R e s u l t s 

C a t a l y s t s and C a t a l y s t C o n c e n t r a t i o n . The most a c t i v e c a t a ­
l y s t f o r benzaldehyde r e d u c t i o n appears t o be rhodium [Rh 6(C0)i 6 
p r e c u r s o r ] , but i r o n [as Fe3(C0)i2] and ruthenium [as R u 3 ( C 0 ) 1 2 ] 
were a l s o examined. The r e s u l t s of these experiments a r e shown i n 
Table 1. C o n s i s t e n t w i t h e a r l i e r r e s u l t s (12), the rhodium c a t a ­
l y s t i s by f a r the most a c t i v e of the m e t a l s i n v e s t i g a t e d and the 
ruthenium c a t a l y s t has almost zero a c t i v i t y . The l a t t e r i s con­
s i s t e n t w i t h the f a c t t h a t ruthenium produces o n l y aldehydes 
d u r i n g h y d r o f o r m y l a t i o n . Note t h a t a s y n e r g i s t i c e f f e c t of mixed 
metals does not appear t o be pr e s e n t i n aldehyde r e d u c t i o n as con­
t r a s t e d w i t h the n o t i c e a b l e e f f e c t s observed f o r the water-gas 
s h i f t r e a c t i o n (WGSR) and r e l a t e d r e a c t i o n s (13). 

The e f f e c t of the c o n c e n t r a t i o n o f R h 6 ( C 0 ) 1 6 on the number of 
tu r n o v e r s was e v a l u a t e d by u s i n g 0.01 mmole to 0.10 mmole of c a t a ­
l y s t , and these r e s u l t s a r e shown i n F i g u r e 1. The t u r n o v e r s i n ­
c r e a s e w i t h d e c r e a s i n g c a t a l y s t p r e c u r s o r . T h i s i s i n d i c a t i v e o f 
c a t a l y s i s by c l u s t e r f r a g m e n t a t i o n . The r e s u l t s of our e a r l i e r 
work (12) a r e a l s o shown i n F i g u r e 1. Al t h o u g h the t u r n o v e r s a r e 
h i g h e r than those observed here, i t s h o u l d be noted t h a t a h i g h e r 
temperature and a s h o r t e r r e a c t i o n time were used p r e v i o u s l y . 
Higher temperature s h o u l d produce more t u r n o v e r s , but s h o r t e r r e ­
a c t i o n times would be expected t o produce l e s s , depending on the 
e x i s t e n t r e a c t i o n o r d e r s . T h i s i s c o m p l i c a t e d f u r t h e r by the 
e f f e c t of C0 2 p r o d u c t i o n , which tends t o consume OH", and a l s o by 
the n o n i s o t h e r m a l heat-up p e r i o d (5 m i n ) , which i s a s i g n i f i c a n t 
f r a c t i o n of the 0.5-hr r e a c t i o n time used p r e v i o u s l y . 

KOH C o n c e n t r a t i o n S t u d i e s . The e f f e c t o f KOH c o n c e n t r a t i o n on 
benzaldehyde r e d u c t i o n was examined, and the r e s u l t s a re shown i n 
F i g u r e 2 a l o n g w i t h our p r e v i o u s r e s u l t s f o r ruthenium c a t a l y z e d 
h y d r o f o r m y l a t i o n ( 1 2 ) . 

The E f f e c t o f Reactant C o n c e n t r a t i o n . S e v e r a l experiments 
were conducted t o q u a n t i f y the e f f e c t of r e a c t a n t c o n c e n t r a t i o n on 
the aldehyde r e d u c t i o n r a t e . The i n i t i a l CO p r e s s u r e was v a r i e d 
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T H O M S O N A N D L A I N E Reduction of Benzaldehyde 

Table I. Benzaldehyde Reduction with Various Catalysts 

137 

CATALYST PRECURSOR NO, OF TURNOVERS A 

R H 6 ( C 0 ) 1 6 105 

F E 3 ( C 0 ) 1 2 
30 

R U 3 ( C 0 ) 1 2 
9 

R H 6 ( C 0 ) 1 6 / F E 3 ( C 0 ) 1 2
B 93 

R U 3 ( C 0 ) 1 2 / F E 3 ( C 0 ) 1 2
B 21 

A M 0 L E S ALCOHOL FORMED PER MOLE OF TOTAL CATALYST. 

B 0 . 0 5 M O L E S OF EACH. 

700 

0.02 0.04 0.06 
m moles Rh 6 (CO) 1 6 

0.08 0.10 

Figure 1. The effect of catalyst concentration on benzaldehyde reduction: (O) 
125°C, 1 h; ( ) 150°C, 0.5 h (\2) 
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138 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

between 100 and 1200 p s i , the H 20 c o n c e n t r a t i o n between 55 and 167 
mmole, and the C 6H 5CH0 c o n c e n t r a t i o n between 10 and 40 ramole. 
Because of s o l u b i l i t y problems, the experiments a t the h i g h e s t H 20 
and h i g h e s t C 6H sCH0 c o n c e n t r a t i o n s were a n a l y z e d a f t e r adding 3 ml 
THF t o the m i x t u r e r e c o v e r e d a t the end of the r u n . 

F i g u r e 3 shows the r e s u l t s of v a r y i n g the CO p r e s s u r e . The 
maximum a c t i v i t y appears t o l i e near 600 p s i f o r benzaldehyde r e ­
d u c t i o n . F i g u r e 3 i s an attempt t o e l u c i d a t e an apparent r e a c t i o n 
order w i t h r e s p e c t t o the a r i t h m e t i c a l l y averaged CO p r e s s u r e . A t 
pr e s s u r e s l e s s than 400 p s i , the o r d e r i s n e a r l y f i r s t o r d e r . The 
s i t u a t i o n a t h i g h e r p r e s s u r e s i s not c l e a r ; however, i t i s r e a s o n ­
a b l e t o s p e c u l a t e t h a t the dominant a s p e c t s of the k i n e t i c s s h i f t 
a t these p r e s s u r e s . The dat a suggest the s h i f t i s t o z e r o - o r d e r 
dépendance. 

S t u d i e s a n a l y z i n g the e f f e c t s o f the r e m a i n i n g r e a c t a n t s , H 20 
and C 6H 5CH0 i n d i c a t e t h a t the r e a c t i o n appears to be zero o r d e r 
w i t h r e s p e c t to bo t h r e a c t a n t s . I t i s i n t e r e s t i n g t h a t i n p r e v i o u s 
work we a l s o found s i m i l a r b e h a v i o r f o r H 20 i n ruthenium c a t a l y z e d 
h y d r o f o r m y l a t i o n ( 1 2 ) , as d i d Ungermann e t a l . w i t h the WGSR (14). 

The E f f e c t o f R e a c t i o n Time. The problem a s s o c i a t e d w i t h t i m e -
v a r y i n g 0H~ c o n c e n t r a t i o n s has a l r e a d y been mentioned. The d i f f i ­
c u l t y a s s o c i a t e d w i t h the i n f l u e n c e of d i s s o l v e d C 0 2 can be appre­
c i a t e d by r e f e r r i n g t o F i g u r e 4, which shows the r e s u l t s of two 
experiments. I n one, samples were taken every hour and i n the 
ot h e r sampling o c c u r r e d every two hours. However, the important 
f a c t o r i s t h a t the r e a c t o r was recharged w i t h CO a f t e r each sample. 
Note t h a t the e f f e c t i v e r e a c t i o n r a t e i s lower when two hours 
e l a p s e between samples, presumably due t o the b u i l d u p of C 0 2 , 
which consumes 0H~. I n f a c t , one experiment was conducted a t 94°C 
f o r 17 hours and o n l y 27% c o n v e r s i o n t o a l c o h o l o c c u r r e d , the same 
c o n v e r s i o n e x p e r i e n c e d a f t e r 3 hours when f r e s h CO was added hour­
l y . 

R e d u c t i o n of Other Aldehydes. We examined the r e d u c t i o n of 
an i s a l d e h y d e , p-CH 30C 6H ACH0 and t o l u a l d e h y d e , p-CH 3(C 6H A)CH0 t o 
examine the e f f e c t of e l e c t r o n d e n s i t y on aldehyde r e d u c t i o n . I n 
a d d i t i o n , we a l s o i n v e s t i g a t e d one ketone, acetophenone, C 6H 5C0CH 3. 
The r e s u l t s o f these experiments a r e g i v e n i n Table 2. 

D i s c u s s i o n 

Because of the c o m p l e x i t y o f the r h o d i u m - c a t a l y z e d r e d u c t i o n 
of benzaldehyde t o b e n z y l a l c o h o l w i t h CO and H 20, i t i s not 
p o s s i b l e t o f u l l y e l u c i d a t e the mechanism o f c a t a l y t i c r e d u c t i o n 
g i v e n the e x t e n t o f the k i n e t i c s t u d i e s performed to date. How­
ever , the r e s u l t s do a l l o w us to draw s e v e r a l i m p o r t a n t c o n c l u ­
s i o n s about the r e a c t i o n mechanism f o r benzaldehyde hydrogénation 
and s e v e r a l r e l a t e d r e a c t i o n s . 

We r e c e n t l y d e s c r i b e d (12,15) the use of c a t a l y s t c o n c e n t r a -
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T H O M S O N A N D L A I N E Reduction of Benzaldehyde 

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 
mmoles KOH 

Figure 2. The Effect of KOH: (--O --) KOH; (A) 1.56 mmol K2COy, (-
hydroformylation (12) 

ι—ι—I I I I I 

100 200 500 1000 2000 
pco ~ P s i 

Figure 3. Benzaldehyde reduction turnovers vs. P Co 
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140 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

Table II. Reduction of Other Reactants 

REACTANTS 1 TURNOVER FREQUENCY 

C 6 H 5 C H 0 105 

P C H 3 C 6 H Z 4 C H 0 78 

P C H 3 0 C 6 H Î 4 C H 0 63 

C 6 H 5 C 0 C H 3 j 24 

ι 
(STANDARD CONDITIONS, 3 0 MMOLES 

OF REACTANTS) 

Figure 4. Time varying benzaldehyde reduction Τ = 94°C: (O) purge every 1 h, 
(A) purge every 2 h 
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9. T H O M S O N A N D L A I N E Reduction of Benzaldehyde 141 

t i o n s t u d i e s t o h e l p i d e n t i f y a c t i v e c a t a l y s t s p e c i e s , e s p e c i a l l y 
where c l u s t e r c a t a l y z e d r e a c t i o n s a r e suspe c t e d . I n the p r e s e n t 
work, changes i n the amount of rhodium added to the r e a c t i o n s o l u ­
t i o n have dramatic e f f e c t s on the tu r n o v e r frequency. As shown i n 
F i g u r e 1, d e c r e a s i n g the rhodium c o n c e n t r a t i o n r e s u l t s i n c o n s i d e r ­
a b l e i n c r e a s e s i n t u r n o v e r f r e q u e n c i e s . These changes a r e i n d i ­
c a t i v e o f e q u i l i b r i a i n v o l v i n g rhodium c l u s t e r complexes t h a t 
fragment r e v e r s i b l y to s m a l l e r c l u s t e r complexes or mononuclear 
complexes wherein the a c t i v e s p e c i e s a r e the fragments. I n the 
r e a c t i o n s o l u t i o n s where benzaldehyde r e d u c t i o n occurs we have 
observed ( 1 2 ) , by IR, both the R h 1 2 ( C O ) 3 o 2 ~ and R h 5 ( C 0 ) 1 5 " com­
p l e x e s . Recent work by C h i n i and coworkers (16) suggests a t l e a s t 
one p l a u s i b l e e q u i l i b r i u m : 

R h 6 ( C O ) 1 6 + OH" • R h 6 ( C 0 ) 1 5 H ~ + C0 2 (5) 
R h 6 ( C 0 ) 1 5 H ~ + OH" • R h 6 ( C 0 ) 1 5

2 " + H 20 (6) 
2 R h 6 ( C 0 ) 1 5 H ~ • R h 1 2 ( C 0 ) 3 O

2 " " + H 2 (7) 
R h 6 ( C 0 ) l s

2 - + /.Rh 1 2(CO) 3 0
2 " + 15C0 6 R h 5 ( C 0 ) 1 5 " (8) 

V i d a l and Walker (17) have observed t h a t Rh(CO)<,~ i s i n e q u i l i b r i a 
w i t h R h 5 ( C 0 ) 1 5 " \ I t i s l i k e l y t h a t Rh(COK~ i s a l s o i n e q u i l i b r i a 
w i t h the c l u s t e r s p e c i e s i n equ a t i o n s ( 5 ) - ( 8 ) ; t h u s , i t must a l s o 
be a p a r t of the benzaldehyde hydrogénation c a t a l y s t s o l u t i o n . 

The e f f e c t s of changes i n KOH c o n c e n t r a t i o n on c a t a l y s t a c t i v ­
i t y f o r benzaldehyde r e d u c t i o n a r e complex. F i g u r e 2 compares the 
pre s e n t work w i t h KOH c o n c e n t r a t i o n s t u d i e s f o r ruthenium c a t a ­
l y z e d h y d r o f o r m y l a t i o n : 

CH 3CH 2CH 2CH=CH 2 + H 20 + 2C0 R ^ g ^ 2 { K Q H » 
CH 3CH 2CH 2CH 2CH 2CH0 + C0 2 

A l t h o u g h the da t a f o r C 6H 5CH0 r e d u c t i o n l i e below the hydroform­
y l a t i o n r e s u l t s , i t i s apparent t h a t the e f f e c t of KOH c o n c e n t r a ­
t i o n i s s i m i l a r i n the two c a s e s . 

The i n i t i a l steep r i s e can be a t t r i b u t e d s i m p l y t o a c t i v a t i o n 
of the c a t a l y s t p r e c u r s o r . The amount of base corresponds a p p r o x i ­
mately to one e q u i v a l e n t o f KOH f o r the ruthenium c a t a l y s t 
and two e q u i v a l e n t s f o r the rhodium c a t a l y s t . A c t i v a t i o n c o u l d 
r e s u l t from h y d r o x i d e a t t a c k as i n (5) and (6) f o r rhodium and 
(10) f o r ruthenium: 

R u 3 ( C 0 ) 1 2 + OH" ^ H R u 3 ( C 0 ) n " + C0 2 (10) 
Co n c e n t r a t i o n s o f hy d r o x i d e beyond those needed f o r c a t a l y s t 

a c t i v a t i o n d i s p l a y a p p r o x i m a t e l y 0.5 or d e r dependence w i t h r e g a r d 
to t u r n o v e r frequency. S i n c e these r e s u l t s a r e f o r two c a t a l y s t s 
p e r f o r m i n g d i f f e r e n t f u n c t i o n s , i t would appear t h a t they c o r r e ­
spond t o a s e p a r a t e , n o n c a t a l y t i c s t e p i n the r e a c t i o n sequence. 
The most l i k e l y e x p l a n a t i o n i s t h a t the e f f e c t s a r e due t o C 0 2 -
base i n t e r a c t i o n s . T h i s i s p a r t i a l l y s u b s t a n t i a t e d by the f a c t 
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142 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

t h a t when K 2 C 0 3 was used i n p l a c e of KOH ( f i l l e d d a t a p o i n t , 
F i g u r e 2 ) , s i g n i f i c a n t r e d u c t i o n a l s o took p l a c e a l t h o u g h the 
a c t i v i t y was lower than t h a t observed w i t h KOH (the same number of 
Κ e q u i v a l e n t s were used) . T h i s drop i n a c t i v i t y i s due t o the 
d i f f e r e n c e i n i n i t i a l pH o f the carbonate s o l u t i o n (as compared 
w i t h the KOH s o l u t i o n ) which would be governed by d i s s o l v e d C 0 2 , 
a v a r i a b l e t h a t changes as the r e a c t i o n proceeds. 

Another n o n c a t a l y t i c s t e p proposed by K i n g e t a l . (18) i n i r o n 
c a r b o n y l / b a s e c a t a l y s i s o f the WGSR i n v o l v e s the f o r m a t i o n o f 
formate i o n ; however, we r e c e n t l y observed t h a t formate f o r m a t i o n 
appears t o have l i t t l e importance i n the r e l a t e d rhodium c a t a l y s i s 
of h y d r o h y d r o x y m e t h y l a t i o n . We p l a n to perform s t u d i e s of the 
CO + KOH and C 0 2 + KOH r e a c t i o n s independent o f c a t a l y s i s t o more 
f u l l y a p p r e c i a t e the r e l a t i o n s h i p of these r e a c t i o n s t o s o l u t i o n 
pH and thus the c a t a l y t i c a c t i v i t y . 

The e f f e c t s o f benzaldehyde c o n c e n t r a t i o n s on t u r n o v e r f r e ­
quency a r e anomalous. Our r e s u l t s i n d i c a t e t h a t benzaldehyde 
hydrogénation t u r n o v e r frequency i s independent o f benzaldehyde 
c o n c e n t r a t i o n (an apparent z e r o - o r d e r dependence). However, the 
dat a i n Table 2 i n d i c a t e o t h e r w i s e . I f the r e a c t i o n were i n d e ­
pendent of aldehyde c o n c e n t r a t i o n , the r a t e d a t a should be i n d e ­
pendent o f the type of aldehyde used. T h i s i s e s p e c i a l l y t r u e 
w i t h p - t o l u a l d e h y d e and p - a n i s a l d e h y d e where the s t r u c t u r a l 
changes to the aldehyde ( a d d i t i o n of p-methyl or p-methoxy) s h o u l d 
i n f l u e n c e the r e a c t i v i t y of the aldehyde f u n c t i o n a l i t y o n l y 
through e l e c t r o n i c e f f e c t s . Thus, we a r e f o r c e d t o conclude t h a t 
the aldehyde i s i n v o l v e d i n the r a t e d e t e r m i n i n g s t e p even though 
the c o n c e n t r a t i o n study does not support i t s presence. 

Furthermore, the data from Table 2 a l l o w us t o draw s e v e r a l 
v a l u a b l e c o n c l u s i o n s r e g a r d i n g the mechanism of h y d r i d e a d d i t i o n 
to carbon-oxygen double bonds. 

There a r e two p o s s i b l e modes of met a l h y d r i d e a d d i t i o n t o 
carbon-oxygen double bonds: ^ 0 H 

II I 
MH + C 6H 5-C » C 6H 5-C-M (11) 

0 H 
MH + C 6H 5-C C 6H 5-CH 2-0M (12) 

\ 
I n r e a c t i o n (11) the m e t a l - h y d r i d e a d d i t i o n suggests a p r o t o n a t i o n 
r e a c t i o n ; whereas, i n r e a c t i o n (12) the a d d i t i o n appears to be a 
h y d r i d e t r a n s f e r r e a c t i o n . I f the r e a c t i o n i s indeed a h y d r i d e 
t r a n s f e r r e a c t i o n then t he i n t r o d u c t i o n o f p - e l e c t r o n d o n a t i n g 
s u b s t i t u e n t s , which p l a c e more e l e c t r o n d e n s i t y a t the c a r b o n y l 
carbon, (the s i t e of h y d r i d e a t t a c k ) w i l l i n h i b i t h y d r i d e a d d i t i o n . 
The d a t a i n T a b l e 2 show t h a t the i n t r o d u c t i o n of p - e l e c t r o n donat­
i n g s u b s t i t u e n t s reduces the t u r n o v e r frequency. T h i s i s c o n s i s ­
t e n t w i t h h y d r i d e a t t a c k a t the benzaldehyde c a r b o n y l carbon, (12). 

F u r t h e r support f o r a d d i t i o n o f the type found i n r e a c t i o n 
(12) comes from an unusual r e a c t i o n we observed w h i l e i n v e s t i g a t -
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9. T H O M S O N A N D L A I N E Reduction of Benzaldehyde 1 4 3 

i n g hydrogénation of benzaldehyde w i t h H 2 u s i n g Rh 6(CO)i 6 as c a t a ­
l y s t p r e c u r s o r i n methanol s o l u t i o n : 

C H C + H Rhe(CO) 1 6/800 p s i H 2 r
 CeH 5-CH 2-0CH 3 80% 

C 6H 5-C + H 2 M e O H / 1 2 5 ° / l h + ( 1 3 ) 

C 6H 5CH-0CH 3 20% 
CH 3 

The mechanism f o r e t h e r f o r m a t i o n i s q u i t e s i m p l e g i v e n the 
r e c e n t work of C h i n i (19) t h a t shows t h a t rhodium c l u s t e r s can r e ­
a c t to g i v e s t r o n g a c i d s : 
R h 6 ( C 0 ) 1 6 + ( t r a c e s ) 2H 20 • R h 1 2 ( C O ) 3 0

2 ~ + 2H + + 2C0 2 + H 2 (14) 
I f some metal h y d r i d e s p e c i e s c a t a l y z e s the hydrogénation of 
benzaldehyde: 

Rh (CO) H 2~ + C 6H 5CH0 • Rh (CO) " + C 6H 5CH 20H (15) 
x y χ y 

then a c i d c a t a l y z e d e t h e r i f i c a t i o n w i l l f o l l o w : 

C 6H 5CH 20H + MeOH - • C 6H 5CH 20Me + H 20 (16) 
The f o r m a t i o n of the α-methyl d e r i v a t i v e i s extremely s u r ­

p r i s i n g . We can propose a r e a s o n a b l e mechanism based on Wender's 
proposed mechanism f o r c o b a l t c a t a l y z e d CO homologation of 
methanol ( 5 ) . 

CH 30H + fl* [ C H 3 0 H 2 ] + (17) 

[ C H 3 0 H 2 ] + + Rh (CO) " • CH 3-Rh (CO) + H 20 (18) 
χ y χ y 

C 6H 5CH0 + CH 3-Rh (CO)" • C 6H 5-CH-0Rh (CO) " (19) 
χ y I χ y 

CH 3 

Formation o f the methyl-rhodium complex i s analogous t o the 
f o r m a t i o n of CH 3-C(C0) A from CH 30H 2 and Co(C0)z»~ as proposed by 
Wender. The d i f f e r e n c e here i s t h a t the n a t u r e of the a c t i v e 
rhodium s p e c i e s i s not known. Under the p r e s e n t conditions,homo­
l o g a t i o n does not occur because CO i s not p r e s e n t ; however, a d d i ­
t i o n o f the methyl-rhodium s p e c i e s t o benzaldehyde must o c c u r as 
shown i n (1 9 ) , m e t a l adds t o the oxygen. The product i n (19) i s 
then s u b j e c t t o a c i d c a t a l y z e d e t h e r i f i c a t i o n t o o b t a i n the methyl 
e t h e r . 

The f o r m a t i o n of metal-oxygen bonds has p r e v i o u s l y been found 
to o c c u r f o r t h e s t o i c h i o m e t r i c hydrogénation o f CO t o methanol 
w i t h m e t a l h y d r i d e s o f the e a r l y t r a n s i t i o n m e t als ( 2 0 ) . More­
o v e r , i n ruthenium-phosphine c a t a l y z e d hydrogénation ( w i t h H 2) o f 
aldehydes and ketones, metal-oxygen bonded c a t a l y t i c i n t e r m e d i a t e s 
have been proposed f o r the c a t a l y t i c c y c l e and i n one case i s o ­
l a t e d (21,22). 

I t seems extr e m e l y l i k e l y t h a t s i m i l a r metal-oxygen bonded 
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144 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

i n t e r m e d i a t e s form i n the r h o d i u m - c a t a l y z e d r e d u c t i o n o f carbon-
oxygen double bonds. Thus, i t appears t h a t c a t a l y t i c i n t e r ­
mediates such as M-CHR-OH (11) a r e not v i a b l e f o r carbon-oxygen 
double bond hydrogénation o r methanol s y n t h e s i s (R=H). 

A l t e r n a t i v e mechanisms f o r carbon-oxygen double bond hydro­
génation and methanol s y n t h e s i s a r e shown i n Schemes 4 and 5. 

R-C-R + Rh (CO) H 2 χ y [RR CHO-Rh (CO) H ] L χ y 

R,R = a r y l , a l k y l or H Vj- C0/H20 R h ( ( χ ) ) 

—CO 2 χ y RR CH20H 

Scheme 4 

Rh (CO) + H 2 χ y 

-CH30H 

[CH 30Rh x(C0) yH] 

Rh (CO) H 2 + CO χ y 
IN 

0 
1! 

- ^ 2 — Rh (CO) χ y + H2C=0 ^ 

A [H Rh (CO) H] χ y 

Scheme 5 

U n f o r t u n a t e l y , because of the e x c e p t i o n a l number of i n t e r r e l a t e d 
e q u i l i b r i a between v a r i o u s rhodium c l u s t e r s and Rh(COK~ i t seems 
u n l i k e l y t h a t i t w i l l be p o s s i b l e t o i d e n t i f y which rhodium 
s p e c i e s i s r e s p o n s i b l e f o r the hydrogénation r e a c t i o n s . 
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9. THOMSON AND LAINE Reduction of Benzaldehyde 145 
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10 
Electrophile-Induced Disproportionation of the 
Neutral Formyl (η-C5H5)Re(NO)(PPh3)(CHO) 
Isolation and Properties of the Rhenium Methylidene 
[(η-C5M5)Re(NO)(PPh3)(CH2)]+PF6

-

J. A. GLADYSZ, WILLIAM A. KIEL, GONG-YU LIN, 
WAI-KWOK WONG, and WILSON ΤΑΜ 
Department of Chemistry, University of California, Los Angeles, CA 90024 

A variety of organic molecules (methane, methanol, higher al-
kanes and alcohols, glycols, gasoline hydrocarbons) can be ob­
tained from CO/H2 gas mixtures (synthesis gas) in the presence of 
metallic heterogeneous and homogeneous catalysts [1,2]. Since 
synthesis gas can be readily produced from coal, and domestic 
crude oil and natural gas reserves (conventional sources of the 
aforementioned organic chemicals) are declining, there is intense 
current interest in CO/H2 chemistry. Research in numerous labora­
tories is being directed toward the development of milder and/or 
more selective CO reduction catalysts, and the delineation of CO 
reduction mechanisms (see other papers contributed to this symposi­
um, and leading references [3-9]). 

In considering the formative stages of CO reduction, one is 
struck by the fact that only a finite number of single carbon cata­
lyst-bound intermediates is possible. Candidate intermediates for 
which some type of experimental support exists are given in Figure 
1 [1,2]. On the basis of available data, i t is most probable that 
more than one distinct mode of CO reduction (and homologation to 
C2 and higher intermediates) can occur. 

I t i s not at t h i s time p r a c t i c a l to probe the f i n e r d e t a i l s 
of CO reduction using the actual c a t a l y s t s employed to e f f e c t 
C0/H2 r e a c t i o n s . Reaction condi t ions are severe and many i n t e r ­
mediates are expected to l i e i n r e l a t i v e l y shallow p o t e n t i a l energy 
w e l l s . We therefore i n i t i a t e d a program aimed at synthesiz ing 
s t a b l e homogeneous t r a n s i t i o n metal complexes c o n t a i n i n g l igands 
corresponding to the catalyst-bound intermediates i n Figure 1 [10-
1 8 ] . Through i n v e s t i g a t i o n of t h e i r b a s i c chemistry, we have 
sought to gain i n s i g h t i n t o p o s s i b l e c a t a l y s t r e a c t i o n pathways. 

Considerable challenge i s associated with s y n t h e s i z i n g s t a b l e 
complexes contain ing c e r t a i n of the l igands shown i n Figure 1. 
Although t r a n s i t i o n metal-CO and t r a n s i t i o n metal-CH 3 complexes 
have long been known, t r a n s i t i o n metal complexes c o n t a i n i n g the 
other s i x l i g a n d types i n Figure 1 were unknown p r i o r to the e a r l y 

oo97-6feBeric8ibi:heiBifialo() 0 
© 1 9 8 1 ^ S « f t i i S Ê ? H J f t i f Y S o c i e t y 

1155 16th St. N. W. 
Washington, 0. C. 20036 
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148 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

1970's [1_,2]. In a l l cases, r a t i o n a l i z a t i o n s can be advanced as 
to why kTnetic i n s t a b i l i t y i s a n t i c i p a t e d . 

Other research groups have a c t i v e l y pursued s i m i l a r l i n e s of 
research, and t h e i r important c o n t r i b u t i o n s (studies by Casey and 
Graham are p a r t i c u l a r l y r e l e v a n t : [19, 2 0 , 21J) w i l l be reviewed 
more thoroughly i n our f u l l papers. In t h i s Symposium account, we 
s h a l l describe the use of c a t i o n s [ ( n - C 5 H 5 ) R e ( N 0 ) ( C 0 ) 2 ] + BF,»" (1) 
[22] and [ ( n - C 5 H 5 ) R e ( N 0 ) ( P P h 3 ) ( C 0 ) ] + BFi»" (2a) as precursors to~a 
number of complexes c o n t a i n i n g l igands of the types i n Figure 1. 
We chanced upon these systems i n the course of prospecting f o r 
s t a b l e neutral formyl complexes [ 1 5 ] . E a r l i e r , we had found that 
[ ( n - C 5 H 5 ) M n ( N 0 ) ( C 0 ) 2 ] + PF 6 " reacted with L i ( C 2 H 5 ) 3 B H to a f f o r d the 
manganese formyl (n-C5H5)Mn(N0)(CO)(CHO),which r a p i d l y decomposed 
at 10 °C [ 1 5 ] . Based upon abundant precedent [ 1 2 ] , i t seemed 
probable that rhenium homologs would have greater k i n e t i c s t a b i l i ­
t y . We were a l s o inf luenced by Graham's i n t r i g u i n g 1972 report 
that NaBH* reduced 1 to the methyl complex (n-C 5 H 5 )Re(N0)(C0)(CH 3 ) 
(3) [ 2 0 ] . As w i l l Be r e l a t e d , the same metal/l igand arrangements 
wKich a f f o r d k i n e t i c a l l y s t a b l e neutral formyls have been found to 
s t a b i l i z e other r e a c t i v e l i g a n d types as w e l l . 

Results and Discussion 

Rhenium cat ions 1 and 2a are synthesized by the convenient 
procedures shown i n Figure 27 The use of iodosobenzene ( C 6H5l + - 0 ~ ) 
i n the conversion of 1 to 2a merits note. S u b s t i t u t i o n of Ph 3 P 
f o r a CO in 1 could not be~effected by standard thermal or photo­
chemical metfiodSo Furthermore, r e a c t i o n of 1 with (CH 3 ) 3 N + -0~ 
(which i s commonly used f o r the o x i d a t i v e removal of metal-bound 
CO) [12] i n the presence of Ph 3 P d i d not y i e l d any CO-containing 
products. Consequently a more s e l e c t i v e reagent f o r the o x i d a t i o n 
of l i g a t i n g CO to C0 2 was sought. A f t e r surveying several p o s s i b i ­
l i t i e s , i t was found that the r e a c t i o n of 1 i n CH3CN with commer­
c i a l l y a v a i l a b l e iodosobenzene r e s u l t e d in'the smooth formation of 
[(n-C5H 5 )Re(N0)(C0)(NCCH 3 )] + B F ^ . As would be expected from a 
r e a c t i o n i n v o l v i n g attack of iodosobenzene oxygen upon CO, i o d o -
benzene (C 6 H 5 I ) was formed i n 77% GLC y i e l d . The [ (n-C 5 H 5 )RiTN0)-
(C0)(NCCH 3 ) ] + BFit" could be p u r i f i e d or simply ref luxed i n crude 
form with Ph 3P i n 2-butanone ( s u b s t i t u t i o n was slow i n r e f l u x i n g 
acetone) to a f f o r d 2a i n 50-65% o v e r a l l y i e l d . 
_ _, The r e a c t i o n of"! wi th L i ( C 2 H 5 ) 3 B H was i n v e s t i g a t e d f i r s t 
[ 1 5 ] . As shown i n Figure 3 , the r e l a t i v e l y s t a b l e neutral formyl 
(n-C 5H 5)Re(N0)(C0)(CH0) (4) formed i n q u a n t i t a t i v e spectroscopic 
y i e l d . 4 decomposed over'several hours at room temperature, and 
we were unable to i s o l a t e 4 i n a n a l y t i c a l l y pure form. S i m i l a r 
syntheses and o b s e r v a t i o n s ' ^ r e a l s o reported by Casey [19] and 
Graham [21_]. 

Despite i t s i n s t a b i l i t y , react ions of 4 with reducing agents 
were i n v e s t i g a t e d (Figure 4 j [ 1 5 ] . Importantly, BH3*THF smoothly 
reduced formyl 4 to methyl 3. This suggests that 4 (or a BH3 
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G L A D Y S Z E T A L . Disproportionation of Neutral Formyl 149 

Figure 2. Synthesis of starting metal car bony I cations 
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150 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

Li(C 2H 5) 3BH 

"Υ"» O N^f - C O 
CO spectroscopic C \ 

yield v 0 

] H NMR: δ 15.77 
1 3 C NMR: 265.9, 200.1, 96.8 

(-60 °C, THF-dg) 
IR: 1985 s , 1709 s , 1614 s 

(THF, cm " Ί) 

Figure 3. Λ relatively stable neutral formyl complex 

/ R e \ 
ON I CO 

2 H O 

BH--THF / R e \ 
ON I CO 76% 

CH 3 3 

150 psi 

no reaction 

^ι(ε2Η5)3ΒΗ 

ON I Cv 80% 

C 0 

H ' % 5 

Figure 4. Reductions of "semi-stable" formyl 4 
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10 . GLADYSZ ET AL. Disproportionation of Neutral Formyl 1 5 1 

adduct) i s an intermediate i n Graham's NaBHi» reduction of 1 to 3, 
I n t e r e s t i n g l y , r e a c t i o n of 4 with L i (C 2 H 5 )3BH afforded the~anionic 
b is- formyl Li +[(n-C 5H 5)Re(N0y(CH0) 2]" ( 5 ) , derived from attack at 
the remaining CO of 4. This species had a h a l f l i f e of c a . 2 hr 
at room temperature. I t i s s i g n i f i c a n t that the e l e c t r o p h i l i c r e -
ductant BH3 at tacks the formyl l i g a n d of 4 , whereas the n u c l e o p h i l -
i c reductant L i (C 2 H 5 )3BH at tacks the carbonyl l i g a n d of 4. P r e v i ­
ously i t has been noted that e l e c t r o p h i l e s such as L i + bind much 
more e f f e c t i v e l y to acyl l igands than carbonyl l igands [ 1 3 ] , where­
as nucleophi les p r e f e r e n t i a l l y attack the carbonyl l igands i n metal 
[25] carbonyl a c y l s [11,26]. 

Formyl 4 d i d not react with 150 psi of H 2 at a rate detectably 
f a s t e r than Tts decomposit ion, and we considered i t u n l i k e l y t h a t 
the other reductions i n Figure 4 had an important bearing on the 
f a t e of catalyst-bound formyls. Moreover, we sought a c r y s t a l l i n e , 
a n a l y t i c a l l y pure neutral formyl complex whose physical and chemi­
cal propert ies could be subjected to unambiguous d e f i n i t i o n . To­
ward t h i s end, the P h 3 P - s u b s t i t u t e d c a t i o n 2a would provide a more 
e l e c t r o n r i c h rhenium system whose a d d i t i o n a l phenyl r ings might 
impart greater c r y s t a l u n i t y . 

G r a t i f y i n g l y , r e a c t i o n of 2a with Li(C 2H 5)3BH af forded the 
stable (dec p t . c a . 91 °C) formyl (r ,-C 5 H 5 )Re(N0)(PPh 3 )(CH0) ( 6 ) , 
which could be i s o l a t e d i n c r y s t a l l i n e a n a l y t i c a l l y pure form (60% 
y i e l d ) a f t e r column chromatography (Figure 5 ) [ 1 5 ] . L a t e r , we found 
that the r e a c t i o n of NaBf-U with 2a i n THF/H20 afforded 55-75% 
y i e l d s of 6. This formyl was suBjected to an X-ray c r y s t a l s t r u c ­
ture determination [ 1 6 ] , a stereoscopic view of which i s given i n 
Figure 6. While the c h a r a c t e r i s t i c spectroscopic features of f o r ­
myl complexes have been p r e v i o u s l y noted [ 1 0 , 1 1 , 1 2 , 1 3 , 1 9 , 2 1 ] , i t 
should be emphasized that the low frequency formyl IR s t r e t c h of 6 
(1566 cm" 1in THF) i n d i c a t e s a s u b s t a n t i a l resonance c o n t r i b u t i o n 
from the d i p o l a r carbenoid form 6b. I n t e r e s t i n g l y , the plane of 
the formyl l i g a n d v i r t u a l l y e c l i p s e s the Re-N-0 plane; an i d e n t i c a l 
geometric r e l a t i o n s h i p i s observed i n the X-ray c r y s t a l s t r u c t u r e s 
of homologous c a t i o n i c rhenium a l k y l i d e n e complexes [ 2 7 ] . 

Enhanced s t a b i l i t y i s often detr imental to r e a c t i v i t y , and i t 
came as no s u r p r i s e that 6 d i d not react with 150 psi of H 2 at 25 
°C. When reacted with BH^-THF, 6 was reduced to (n-C 5 H 5 )Re(N0)-
(PPh 3 )(CH 3 ) (7) (eq i ) . Methyl complex 7 could a l s o be obtained 
by reduction of 2 with NaBHi*. However, s ince the prospects f o r r e ­
duction chemistry relevant to the f a t e of catalyst-bound formyls 
seemed bleak, we began to i n v e s t i g a t e other f a c e t s of the chemistry 
of β. 

Our i n i t i a l experiment along these l i n e s was a wel l -precedent-
ed attempt to 0-methylate the formyl l i g a n d i n § . Considering the 
seemingly u n e x c i t i n g products shown i n Figure 7, I was very g r a t e ­
f u l that my co-workers were s u f f i c i e n t l y curious not to re legate 
t h i s r e a c t i o n to the rhenium waste j a r . Upon f u r t h e r thought, we 
speculated that the products 7 and 2b (Figure 7) might c o n s t i t u t e 
formyl reduction and o x i d a t i o n products, r e s p e c t i v e l y . Therefore 
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CATALYTIC ACTIVATION OF CARBON MONOXIDE 

ON 

CO 
2a 

PPho 

BFy, 

Li(C 2 H 5 ) 3 BH 

/ 60% ^ 
NaBH, ON 

55-75% H 0 

Anal. Calcd: C, 50.34; H, 3,70; N, 2.45, P, 5.41 

Found: C, 50.14; H, 3.82; N, 2.39; P, 5.34 

IR (cm" 1, THF): 1663 s , 1566 s; 

] H NMR (CgDg, δ ) : 17.23 

1 3 C NMR (-60 °C, THF-dg): 246.8 ppm. 

Figure 5. An isolable, crystalline neutral formyl complex 
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1 0 . G L A D Y S Z E T A L . Disproportionatioti of Neutral Formyl 1 5 3 

the o r i g i n of the methyl l i g a n d was probed by conducting the same 
r e a c t i o n with CD 3 S0 3 F (Figure 8 ) . As shown, the 7 produced was 
v i r t u a l l y e n t i r e l y Z -d 0 . Thus the methyl l i g a n d 3 i d not a r i s e 
from the methylating agent, which s t r o n g l y suggested that some 
type of disproport ionateon was o c c u r r i n g . Remarkably, the formyl 
l i g a n d was being reduced wel l below room temperature, and without 
the a d d i t i o n of an exogenous reducing agent. 

Formyl 6 was s i m i l a r l y reacted with e l e c t r o p h i l e s ( C H 3 ) 3 S i C l 
(Figure 9) and CF 3 C0 2 H (Figure 10). In both cases, methyl com­
plex 7 and [ ( n - C 5 H 5 ) R e ( N 0 ) ( P P h 3 ) ( C 0 ) ] + s a l t s formed i n r a t i o s 
reasonably c lose to 1 : 2 . The r e a c t i o n of β with ( C H 3 ) 3 S i C l a l s o 
y i e l d e d [ ( C H 3 ) 3 S i] 20 (approximately equimolar with 7 ) , which we 
(postulated to contain oxygen o r i g i n a l l y from the formyl l i g a n d . 

H NMR monitored react ions of 6 with CH 3 S0 3 F i n CD 2 C1 2 showed the 
presence of s i m i l a r q u a n t i t i e s ' o f dimethyl e t h e r . 

In formulat ing means of unravel ing the mechanisms of the r e ­
act ions i n Figures 8-11, we decided to concentrate on the CH 3 S0 3 F 
induced d i s p r o p o r t i o n a t i o n , s ince exploratory NMR experiments had 
shown i t to be somewhat slower than the others . We considered the 
l i g a n d types shown in eq i i (formyl , methoxymethylidene, methoxy-
methyl , methylidene, methyl) to represent a l i k e l y r e a c t i o n se­
quence. These have c lose r e l a t i o n s h i p s with several of the poten­
t i a l catalyst-bound intermediates i n Figure 1. The ( C H 3 ) 3 S i C l and 
CF3CO2H induced d i s p r o p o r t i o n a t i o n s of 6 might involve - 0 S i ( C H 3 ) 3 

and -OH homologs of the -0CH3 contain ing l igands i n eq i i . 
A three-stage approach was taken to e s t a b l i s h mechanism. 

F i r s t , e f f o r t s were d i r e c t e d at the synthesis and i s o l a t i o n of a l l 
p o t e n t i a l intermediates i n the CH 3 S0 3 F r e a c t i o n . Secondly, expe­
riments were conducted to t e s t the chemical v i a b i l i t y of these 
intermediates. For i n s t a n c e , s ince no external reducing agents 
are added, some of the species i n eq i i must be hydride donors, 
whereas others must be hydride acceptors. T h i r d l y , a f t e r i s o l a t i n g 
authent ic samples of a l l l i k e l y intermediates, i t would be p o s s i ­
ble to c o n v i n c i n g l y i n t e r p r e t the 1H NMR monitored r e a c t i o n of 6 
with C H 3 S 0 3 F , i n which numerous t r a n s i e n t resonances were observed. 
In s y n t h e s i z i n g the p o t e n t i a l i n t e r m e d i a t e s , we worked from r i g h t 
to l e f t through the l i g a n d types shown i n eq i i , as d e t a i l e d i n 
the remainder of t h i s account [ 1 7 ] . 

Reaction of 3 with P h 3 C + P F 6 " r e s u l t e d i n the formation of 
methylidene complex [ ( n - C 5 H 5 ) R e ( N 0 ) ( P P h 3 ) ( C H 2 ) ] + P F 6 " (8) i n 8 8 -
100% spectroscopic y i e l d s , as shown i n Figure 11. Although 8 de­
composes i n s o l u t i o n s lowly at -10 °C and r a p i d l y a t 25 °C (the 
decomposition i s second order i n 8 ) , i t can be i s o l a t e d as an o f f -
white powder (pure by lH NMR) when the r e a c t i o n i s worked up at 
-23 °C. The methylidene lH and 1 3 C NMR chemical s h i f t s are s i m i ­
l a r to those observed p r e v i o u s l y f o r carbene complexes [ 2 8 ] . How­
ever, the m u l t i p l i c i t y of the 1H NMR spectrum i n d i c a t e s the two 
methylidene protons t o be non-equivalent (Figure 11). Since no 
coalescence i s observed below the decomposition point of 8 , a low­
e r l i m i t of Δ6* >15 kcal/mol can be set f o r the r o t a t i o n a l b a r r i e r 
about the rhenium-methylidene bond. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

15
2.

ch
01

0



154 C A T A L Y T I C A C T I V A T I O N O F C A R B O N M O N O X I D E 

(i) Je^ BH3'THF J HaBfy ^ + 

ON I PPh3 ON^ I ^PPh 3 +7^- ON | > P h 3 
C H 3 84% C 0 

BF 4 

2a 

0 ' « S S B - Φ φ 
small amounts 
of a third 

-jKô7—L » / R e v + / R e \ + organometallic 
ON' I >Ph- I™ ON I PPh~ ON I PPh- product in 

' 3 w a r m I 3 ' 3 some experiments 
j η 3 H 0̂ 

6 29% isolated 56% isolated 
7 2b S 0 3 F 

Figure 7. Reaction of formyl 6 with CHsS03F 

1.0 equiv 
CD^SO.F » •+ 3 3 ^ ^ R e \ + ^Re^ 

0 N I P P h 3 -78 * C , then* ON | PPh3 0N^ | x PPh warm CH. CO 
H ^0 3 

2b 

3 

S0 3F-

Re-CH3: Re-CD3 >99.9 : 0.1 

Figure 8. Origin of Rh-bound methyl 

1.0 equiv 
(CH 3) 3SiCl 

ON 1 PPh3 
+ ON 1 

CH3 CO 

22% 56% 

7 

ON j PPh3 C D 2 C 1 2
w 

X N -78°C, then 
Η N 0 warm 0 CI 

"19%" 

2c 

(spectroscopic yields) 

Figure 9. (CH3)jSiCl induced formyl disproportionation 
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1.0 equiv 
ΡΩ CF~C09H ' J + 

ON j x P P h 3 CD2C12
 w ON | N P P h 3 ON | N P P h 3 

/Cv -78°C, then CH. CO 
H x 0 warm J CF 3C0 2" 

28% 72% 

6 7 2d 

(spectroscopic yields) 

Figure 10. CF,tC02H induced formyl disproportionation 

Ph.C + PF ~ -nr 

n N/ R, ex p p h CD,Cl,. - 7 0 ' C » o^ïvppu 8 8 - 1 0 0 % 

ON I PPh3 2 2 ON y PPh3 spectrospic; 
% H / C , H 8 5 % 

3 b isolated 

Ή NMR: 15.67 (t, J H _ H « = J H _ p = 4 Hz) 

15.42 (br d, JH_H< = 4, J H , _ p < 1 Hz) 

1 3 C NMR, gated decoupled: 290.3 ppm, t, J C _ H = 151 Hz 

Figure 11. Synthesis of first detectable electrophilic methylidene complex 

Re-C 
/ 0 C H 3 

Re =C 
0CH~ I 3 

Re-C-H I 
H 

Re+=C Re-CH, 
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156 C A T A L Y T I C A C T I V A T I O N O F C A R B O N M O N O X I D E 

The methylidene complex 8 forms c r y s t a l l i n e , a n a l y t i c a l l y 
pure adducts with p y r i d i n e and phosphines, as shown i n Figure 12. 
These react ions e s t a b l i s h the methylidene carbon as e l e c t r o p h i l i c . 
Relevant to a future mechanistic p o i n t , no r e a c t i o n was observed 
between 8 and dimethyl e t h e r . 

At the time t h i s work was reported, only one other w e l l - c h a r ­
a c t e r i z e d non-bridging methylidene complex, Schrock*s ( n - C 5 H 5 ) 2 T a -
(CH 3 ) (CH 2 ) [29] , had been described i n the l i t e r a t u r e . However, 

the methylidene carbon i n t h i s complex i s n u c l e o p h i l i c , and under­
goes ready r e a c t i o n with ( C H 3 ) 3 S i B r and C D 3 I . L ike (n-C 5 H 5 )2Ta-
(CH 3 ) (CH 2 ) , 8 thermally decomposes ( i n up to 50% y i e l d ) to an o l e ­
f i n c o m p l e x r [ ( n - C 5 H 5 ) R e ( N 0 ) ( P P h 3 ) ( H 2 C=CH2)] + P F 6 - . Since c a t a ­
lyst-bound methylidenes (or higher a l k y l i d e n e homologs) have been 
suggested to play important r o l e s i n o l e f i n metathesis , o l e f i n 
cyc lopropanat ion, and Z i e g l e r - N a t t a p o l y m e r i z a t i o n , our s tudies of 
8 are c o n t i n u i n g . More r e c e n t l y , a d d i t i o n a l examples of m e t h y l i ­
dene complexes have been reported by Brookhart and Flood [30] and 
Schwartz [ 3 1 ] . 

At t h i s stage, i t must be asked whether or not 8 i s a chemi-
c a l l y v i a b l e intermediate i n the formyl d i s p r o p o r t i o n s . To be s o , 
i t must be able to abst ract hydride from other organorhenium spe­
c i e s known to be present. A c c o r d i n g l y , when 6 and 8 were mixed i n 
C D 2 C l 2 a t -70 °C in a l H NMR monitored r e a c t i o n , the~clean hydride 
t r a n s f e r depicted i n eq i i i occurred immediately ( i . e . , w i t h i n the 
c a . 2-3 minute l a g time needed to resume sample spinning and a c ­
quire the FT NMR d a t a ) . 

A t t e n t i o n was next d i r e c t e d at preparing the methoxymethyl 
complex (n-C 5 H 5 )Re(N0)(PPh 3 )(CH 2 0CH 3 ) ( 9 ) . Two h i g h - y i e l d routes 
were developed, as shown i n Figure 13; the synthesis from § i s 
s l i g h t l y more demanding e x p e r i m e n t a l l y , s ince 8 and 2 react r a p i d ­
l y with each other at -70 °C (vide i n f r a ) . 

I f 9 i s to be an intermediate i n the CH 3 S0 3 F induced formyl 
d i s p r o p o r t i o n a t i o n of 6, i t should react with CH 3 S0 3 F under the 
c o n d i t i o n s of the d i s p r o p o r t i o n a t i o n . This would l o g i c a l l y lead 
to dimethyl e t h e r , an observed product, and methylidene 8 (S0 3 F" 
s a l t ) . However, under a v a r i e t y of c o n d i t i o n s , the r e a c t i o n of 9 
with CH 3 S0 3 F d i d not y i e l d any detectable 8 (S0 3 F" s a l t ) , although 
the formation of dimethyl ether was always~observed. An e a s i e r to 
i n t e r p r e t , "hal f -methylat ion" experiment, which r e s u l t e d i n the 
formation of ca_. 1:1:1 r a t i o of 10a, 7, and dimethyl e t h e r , i s 
shown i n Figure 14. 

The r e a c t i o n i n Figure 14 i s more r e a d i l y understood when i t 
i s noted that 10a i s an o x i d a t i o n product (H~ l o s s from 9 ) , where­
as 7 i s a reduction product (formal H" attack upon 9 ) 0 This sug­
gests that CH 3 S0 3 F i n i t i a l l y converts 9 to 8 (S0 3 F"~salt ) , which 
then r a p i d l y back reacts with 9 to form the'observed products. 
This can be e a s i l y tested by simply r e a c t i n g 8 and 9 i n the *H NMR 
monitored r e a c t i o n shown i n Figure 15. Indeed, hydride t r a n s f e r 
between8 and 9 takes place immediately, s t rongly suggesting t h a t 
a methylidene intermediate i s formed i n Figure 14. 
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10. GLADYSZ ET AL. Disproportionation of Neutral Formyl 157 

Figure 13. Synthesis of Rh methoxymethyl complex 
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158 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

Importantly, the f i n a l species under considerat ion as an i n ­
termediate i n the CH 3 S0 3 F induced d i s p r o p o r t i o n a t i o n , methoxyme-
thyl idene [(n-C 5H 5)Re(N0)(PPh 3)(CH0CH3)r S0 3 F" (10a), i s an i s o l -
able product of the react ions i n Figures 14 and 157" It i s most 
e a s i l y obtained when the r e a c t i o n i n Figure 14 i s conducted i n 
to luene, under which condi t ions 10a p r e c i p i t a t e s as a toluene s o l ­
vate. As w i l l be r a t i o n a l i z e d l a t e r , 10a i s the "thi rd organomet-
a l l i c product" r e f e r r e d to i n Figure 7 7 " 

We again attempted to see i f 10a could be formed by the me-
t h y l a t i o n of formyl 6. We were u n s u c c e s s f u l , and the most e a s i l y 
i n t e r p r e t e d product d i s t r i b u t i o n s were obtained when 6 was reacted 
with 0.5 equiv of CH 3 S0 3 F (Figure 1 6 ) . A g a i n , a c a . T : l mixture 
of o x i d a t i o n (2b) and reduction ( 9 , accompanied by a small amount 
of "over-reduceH" 7) products were obtained. Methoxymethylidene 
10a would represent" a p l a u s i b l e i n i t i a l product which might r a p i d -
Ty~abstract hydride from s t a r t i n g formyl 6. This hypothesis was 
tested as shown i n Figure 17. Indeed, when i s o l a t e d 10a and 6 
were independently reacted i n a lH NMR monitored r e a c t i o n at -70 
° C , 2b and 9 formed c l e a n l y and immediately. 

Since having authentic samples of 8 , 9 , and 10a enabled us to 
r i g o r o u s l y i n t e r p r e t lH NMR monitored r e a c t i o n s , we~retumed to 
the r e a c t i o n of formyl 6 with ChhS03F under condi t ions s i m i l a r to 
those i n Figure 7. A c c o r d i n g l y , the a d d i t i o n of 1 equiv of C H 3 -
S0 3 F to 6 (0.15 M in CD 2 C1 2 ) at -70 °C r e s u l t e d i n a slow r e a c t i o n . 
A f t e r warming to -40 ° C , formyl 6, 2b, 7, 9 , and CH 3 S0 3 F were pres­
ent i n a 0 . 5 : 1 . 4 : 0 . 3 : 1 . 0 : 1 . 0 rat io;~remaining 6 disappeared w i t h i n 
15 minutes. We conclude that at t h i s s tage, the d i s p r o p o r t i o n a ­
t i o n has passed e s s e n t i a l l y through the f i r s t two steps of the 
mechanism shown i n Figure 18. 

With f u r t h e r warming, the r e a c t i o n mixture became heterogen­
eous. However, commencing at -10 °C and proceeding more r a p i d l y 
upon a d d i t i o n a l warming, 9 d isproport ionated to 10a and 7, and 
(CH 3 ) 2 0 formed. This transformation corresponds to steps c-e i n 
Figure 19. Since § d i d not react with dimethyl ether (Figure 1 3 ) , 
the d i s s o c i a t i o n step (d) (Figure 18) i s l i k e l y r a p i d ; however, ox-
onium s a l t 11 could conceivably be the species which i s reduced by 
9 (or 6) to~7. 

TKe mixing of 6 and CH 3 S0 3 F therefore i n i t i a t e s a complex 
m u l t i s t e p process i n v o l v i n g numerous bimolecular r e a c t i o n s between 
species of varying concentrat ions. The p r e c i s e d i s t r i b u t i o n of 
products obtained should reasonably be a s e n s i t i v e f u n c t i o n of r e -
actant r a t i o s and c o n c e n t r a t i o n s , order of reactant a d d i t i o n , and 
r e a c t i o n temperature and t ime. Several l i m i t i n g s t o i c h i o m e t r i e s 
are p o s s i b l e . A l s o , the sporadic appearance of 10a as a f i n a l 
product r e s u l t s from the p o t e n t i a l a v a i l a b i l i t y of"two hydride 
donors (6 or 9) f o r the f i n a l step (e) . A s lowly warmed r e a c t i o n 
should favor Kigher y i e l d s of 10a. The non-observability of 10a 
and 8 (S03F~ s a l t ) during stepsTa and d of the d i s p r o p o r t i o n a t i o n 
i s e a s i l y understood in terms of the react ions i n Figures 14-17. 
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@ ° C H 3 S ^ V Q φ 

X C D C K » Je*
 + jTN + < C H 3>2° 

0 N I P P h 3 -60°C, followed 0 N II P P h 3 0 N I P P h 3 
H 9 C V by warming X N ChL 

ά OCH3 H 0CH3
 ô 

•9 10a S0 3F" 7 

spectroscopic ratios 1.1 : 1 : 1 

Figure 14. Half-methylation experiment #1 

n ' + + ' - 7 0 ° v , > I + 1 + 

^ R e N / R e . CD 9C1 9 * ^Re. + / R e * 
ON y PPh3 ON ,Nph3 . M M J . A

2
T E ON , Nph3 ON || Vh3 

• CN H 2 C . C H . X C N 

H H 1 X O C H . 3 H ' N O C H Q 

8 ? 7 1:1 10b 6 

Figure 15. Reason for the nonobserv ability ο] the methylidene complex during 
the half-methylation experiment 

$ o , c W φ Φ $ 
^ , / R e \ CDCl x R e \ / R e v , R e v 

ON I PPh3
 C D "3 » ON | > P h 3 + Ο Ν ' , Ν Ρ ^ + 0 N ' p P P h 3 

Η N 0 K 5 h r S03F" 2 N 0CH 3
 3 

5 2b 9 7 

45% isolated spectroscopic ratio: 4.7:1 

Figure 16. Half-methylation experiment #2 
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160 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

0 <ù V l 0 ® 
^Re. ^Re* -78°C ^ R e +

 + ^ R e v 

ON j x P P h 3 ON || > P h 3 immediate ON | N P P h 3 ON | PPh3 

^ ^ C N CO H 2 C S 

Η Ν) Η 0CH3 9 3 % 1 0 W 0CH3 

S0 3F" S0 3F" 

6 10a 2b 9 

Figure 17. Reason for the nonobservability of the methoxymethylidene complex 
during the half methylation experiment 

Re " 7 0 ° C 

A + C H 3 S 0 3 F ôV' 

(a) 

Re + 

Η 
\ \ ' ^OCH 

S0 3 F-

3 

10a 

H2C 
OCHo 

11 

ι 
R, e S0 ,F" 
CO 6 

2b 

(c) I CH 3S0 3F (-20 °C to 0 ° C ) 

Re 

H2C + 

N 0 ( C H 3 ) 2 

(d) 
fast Re 

{! S0 3F" + 0 (CH 3 ) 2 

Re Re 
I or ' 

Η ^ 0 * s 0 C H , 

a S 0 3 F " 

or Re 
C S 0 3 F " 
^0CH o 

Figure 18. Mechanism of CHsSOsF induced disproportionation of 6 (ancillary 
ligands omitted for clarity) 
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10. GLADYSZ ET AL. Disproportionation of Neutral Formyl 

1.0 equ i ν 
RP C F ~ C 0 9 H I + 

3 ON | > P h 3 CD 2 C1 2 * ON | | N P P h 3 

H'SÏ "7°°C ^ 
H 0 H OH C F 3 C 0 2 

- /warm 12 

I (no detectable intermediates) 

Figure 19. Detection of hydroxycarbene intermediate in CF3C02H induced dis­
proportionation of 6  P
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162 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

A v a i l a b l e data i n d i c a t e that CF 3 C0 2 H and ( C H 3 ) 3 S i C l react 
with 6 by pathways q u a l i t a t i v e l y s i m i l a r to the one i n Figure 18· 
Protonation react ions are g e n e r a l l y much f a s t e r than a l k y l a t i o n 
r e a c t i o n s . Thus when 6 and CF 3 C0 2 H are reacted i n C D 2 C l 2 a t -70 °C, 
a species whose lH NMlTproperties i n d i c a t e i t to be [ (n-C 5 H 5 )Re-
(N0)(PPh 3 )(CH0H)] + C F 3 C 0 2 " (12, Figure 19) i s generated c l e a n l y 
and q u a n t i t a t i v e l y . Deprotonation to 6 occurs i n s t a n t l y when 12 
i s reacted with L i ( C 2 H 5 ) 3 B H . The =CH0fl l i g a n d (of which 12 is~the 
f i r s t detectable complex thereof) i s of some h i s t o r i c a l i n t e r e s t , 
s ince i t was i n i t i a l l y postulated as an intermediate i n the Fischer-
Tropsch process i n 1951 [ 3 2 ] . Upon warming, 12 disproport ionates 
to the product mixture shown i n Figure 10 without any detectable 
intermediates. Refer r ing to a mechanistic scheme f o r the r e a c t i o n 
of 6 and CF 3 C0 2 H analogous to the one i n Figure 18, i t can be con­
cluded that step a i s r a p i d r e l a t i v e to step b at -70 °C. However, 
step a must be r e v e r s i b l e , and subsequent d i s p r o p o r t i o n a t i o n oc­
curs r a p i d l y upon warming. The hydroxyalkyl (n-C 5 H 5 )Re(N0)(PPh 3 ) -
(CH20H) i s a l i k e l y intermediate i n t h i s t ransformat ion; Casey and 
Graham have i s o l a t e d the carbonyl s u b s t i t u t e d homolog (n-C 5 H 5 )Re-
(N0)(C0)(CH20H) [19, 2TJ. 

Overview 

The preceding react ions have convincingly demonstrated that 
the formyl l i g a n d i n (n-C 5 H 5 )Re(N0)(PPh 3 )(CH0) can be e a s i l y con­
verted to a methyl l igand without the a d d i t i o n of an external r e ­
ducing agent. This r e d u c t i o n , which i s accompanied by a s t o i c h i o ­
metr ic amount of formyl o x i d a t i o n , occurs wel l below room tempera­
t u r e . With regard to the r e l a t i o n s h i p of these react ions to c a t a ­
l y t i c CO r e d u c t i o n , three points should be r a i s e d : 

(1) Both heterogeneous and homogeneous CO reduction c a t a l y s t 
recipes often contain e l e c t r o p h i l i c components such as s i l i c a sup­
p o r t s , metal o x i d e s , and A1C1 3 [1,5^,32,34,35^,36]. 

(2) There i s s u b s t a n t i a l hydride m o b i l i t y associated with 
homogeneous formyl complexes ( p a r t i c u l a r l y those which are anionic) 
[ 1 0 , 1 1 , 1 2 , 1 3 ] . Therefore, the generation of small q u a n t i t i e s of 
catalyst-bound formyls (a step which based upon homogeneous 
precedent i s l i k e l y u p h i l l thermodynamically) might be accompanied 
by a s i m i l a r e l e c t r o p h i l e - i n d u c e d d i s p r o p o r t i o n a t i o n . 

(3) The react ions of (n-C 5 H 5 )Re(N0)(PPh 3 )(CH0) described 
were s t o i c h i o m e t r i c i n e l e c t r o p h i l e "E+X~." In each case, an "E-
0-E" and two (metal) + X" species were formed. I f an analogous 
mechanism i s to operate on a bona-f ide CO reduction c a t a l y s t , H 2 

must be able to convert these end products back to "E+X~" and 
( m e t a l ) 0 , concurrent ly forming H 2 0 . Water i s of course a F i s c h e r -
Tropsch r e a c t i o n product [1,32]. While the reduct ion of o x i d i z e d 
metal species b y H 2 i s commonplace, the suggestion that H 2 may 
regenerate E+X~ species i s more c o n j e c t u r a l . A l s o , as a l luded to 
e a r l i e r , there i s good evidence that several CO methanation c a t a ­
l y s t s e f f e c t i n i t i a l CO d i s s o c i a t i o n to carbide [1,1]; hence we by 
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10. G L A D Y S Z E T A L . Disproportionation of Neutral Formyl 163 

no means wish to suggest that electrophilic species may play a 
role in aVI CO reduction catalysts. 

In important recent work, Shriver has demonstrated that elec-
trophiles can promote the migration of alkyl groups to coordinated 
CO. Lewis acid adducts of metal acyl complexes are isolated [37]. 
Thus it is possible that electrophilic species might also faci l i ­
tate the generation of catalyst-bound formyls. 

In conclusion, the use of homogeneous model compounds has en­
abled the discovery and elucidation of a new formyl reduction 
mechanism which merits serious consideration as a reaction pathway 
on certain CO reduction catalysts. Additional studies of the com­
pounds described in this account are actively being pursued. 
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11 
Hydrocarbon Formation on Polymer-Supported 
η5-Cyclopentadienyl Cobalt 

L I N D A S. B E N N E R , P A T R I C K PERKINS, and K . P E T E R C. V O L L H A R D T 

Department of Chemistry, University of California, and the Materials and Molecular 
Research Division, Lawrence Berkeley Laboratory, Berkeley, CA 94720 

There has been considerable recent research interest in the 
activation of carbon monoxide en route to more complex organic 
molecules. Among the various reactions that have been investi­
gated and/or newly discovered, the transition metal catalyzed re­
duction of CO to hydrocarbons (Fischer-Tropsch synthesis) has en­
joyed particular attention (1-9). Whereas most of the successful 
efforts in this area have been directed toward the development of 
heterogeneous catalysts, there are relatively few homogeneous sys­
tems. Among these, two are based on clusters (10,11) and others 
are stoichiometric in metal (12-17). In this report we detail the 
synthesis and catalytic chemistry of polystyrene ( P ) supported 
η5-cyclopentadienyldicarbonyl cobalt, CpCo(CO)2. This material is 
active in the hydrogenation of CO to saturated linear hydrocarbons 
and appears to retain its "homogeneous", mononuclear character 
during the course of its catalysis. 

Since cobalt on kieselguhr in one of the original Fischer­
-Tropsch catalysts (1-9), i t appeared attractive to investigate 
the catalytic activity of cobalt complexes inmobilized on poly­
styrene. Although there are many supported cobalt-based Fischer-
Tropsch catalysts known (see, for example, references 18-21), no 
polystyrene-bound systems had been reported. During the course 
of our work 18% (22_,60,61) and 20% (23) crosslinked analogs of 
® CpCo(C0)2 were shown to exhibit limited catalytic activity 
but no CO reduction. A preliminary disclosure of our work has 
appeared (24). 

Synthesis of Polystyrene Supported Catalysts 

® CH2CpCo(C0)2 3 and ® CpCo(C0)2 5 were prepared u t i l i z ­
ing the procedures of Grubbs et al. for the syntheses of poly­
styrene-bound cyclopentadiene (25_) and Rausch and Genetti for the 
synthesis of CpCo(C0)2 (26_). Thus, for 3, commercially available 
® C H 2 C 1 (1% DVB, microporous, 1.48 mmol~Cl/g. resin) was treated 
with excess NaCp to form ®CH 2CpH 2. This was then exposed to 
Co 2(C0) 8 to form desired compound 3^(0.3-0.5 mmol Co/g. resin, 

0097-6156/81/0152-0165$05.25/0 
© 1981 American Chemical Society 
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11. B E N N E R E T A L . Hydrocarbon Formation on Supported Co 167 

ca. 6% of phenyl rings substituted); Soxhlet extraction (benzene 
or C H 2 C I 2 ) was used in an attempt to remove non-attached species. 
Resin 3 showed the characteristic IR absorptions of an M (CO) 2 com­
plex: 2012 and 1954 cnrl (KBr) ; compare with CpCo(C0)2: 2033 
and 1972 cm"1 (cyclohexane); 2017 and 1954 cm-1 (acetone) (27_). 

A problem associated with this procedure is the difficulty 
in removing excess reagents from the microporous resin. The 
chloride content was fa i r l y high (0.25 mmol/g., ca 15% of origi­
nal) in ®CH2CpH 2; as no chloromethyl absorbance was seen in 
the IR, this implied that NaCl was trapped in the resin. Elemen­
t a l analysis (C, 88.90%; H, 7.47%; CI, 0.90%; total, 97.27%) sug­
gested the presence of other impurities, which appeared to per­
sist even after extensive extraction with solvent (THF-ethanol). 

Assuming that the hydrophobic and nonionic nature of the 
polystyrene matrix prevented infiltration by solvent, an alterna­
tive synthesis was devised starting with macroporous 3% cross-
linked polystyrene. This resin was f i r s t washed (28) with: 
CH2CI2, THF, THF saturated with lithium aluminum hydride, THF, 
twice with m HC1 (97°C), m KOH (75°C), 1M HC1 (75°C), three 
times with H20 (75°C), EMF (40°C), twice with H20, m HC1 (80°C), 
H20 (80°C), methanol, methanol/CH2Cl2 (1/1), methanol/CH2Cl2 
(1/3), and CH2C12. After drying in vacuo (70°C, 24 hr.), the 
resin was brcminated using 1.05 equivalents bromine with Tl(QAc)3 
as a catalyst (2_9). Cream-white © B r showed 99% substitution 
(43.44% Br, 5.44 mmol/g. ) at the para ring position (IR). If an­
hydrous conditions were not used in the bromination, a hetero­
geneous mixture of beads ranging from red-brown to white in color 
was obtained. 

Lithiation was achieved using two portions of n-butyllithium 
(n-BuLi), three equivalents each, at 65°C in benzene under nitro­
gen atmosphere (29). The brown ® L i was not isolated due to i t s 
extreme reactivity; bromine analysis on the final product, 
®CpCo(C0) 2 5, however, proved that the lithiation at this step 
was essentially complete (0.1 mmol residual Br/g. resin). Upon 
addition of 2-cyclopentenone in THF at -78°C (1.01 equivalents, 
syringe pump addition over 2h), the brown color changed gradually 
to beige. Warming to room temperature followed by quenching with 
ice-cold H20 yielded cyclopentenol derivative 4 (IR (KBr), 3425 
and 1047 cm-1). Some unsubstituted phenyl rings and presumably 
3-(polystyryl)cyclopentanone (IR (KBr), 1730 cm"1, result of con­
jugate addition of ® Li to 2-cyclopentenone) were noted. Ad­
dition of excess enone gave no increase in ring substitution; 
faster addition or higher reaction temperature (0°C) yielded a 
higher proportion of cyclopentanone formation (IR). 

Vacuum dehydration of 4 was unsuccessful (0.005 torr, tem­
peratures from 65-190°C, 24 hr. ) in contrast to other reports 
(25,30). However, mild treatment (31) with p-toluenesulfonic 
acTdTTHF, 25°C, 4h) produced the desired © C p H (IR (KBr), 675 
cm-1, loss of bands due to 4). Higher temperature (60°C) or 
longer reaction tines caused discoloration (black resin). 
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168 C A T A L Y T I C A C T I V A T I O N O F C A R B O N M O N O X I D E 

Reaction of ® C p H with excess Co 2(CC»8 (CH2C12, 40°C, 40-48 
h) yielded ®CpCo(C0) 2 5, (0.8-1.0 mmol Co/g., IR (KBr), 2012 
and 1953 cm-1). Residual Co2(C0)e was removed via Soxhlet ex­
traction with benzene or CH2C12. Interestingly, reaction of 4 
with Co2(C0)8 yielded 5 directly and as efficiently. Apparently, 
dehydration of 4 occurred under these conditions. The "overall 
yield" (based on cobalt incorporation) for this synthetic se­
quence is 15%. 

The relatively low percentage of ring substitution can be 
attributed to several side reactions: 1,4-addition of ® Li to 
2-cyclopentenone, incomplete dehydration of 4 as evidenced by the 
presence of a small hydroxyl absorption (3425 cm"1) in the IR 
spectrum of 5, and reduction of the polymer-bound cyclopentadiene 
in i t s reaction with Co2(C0)e (26_, 27_, 32 ). 

Resin 3 i s light orange in color when dry; 5 i s tan. Both 
turn dark brown in a swelling solvent. Exposure of either resin 
to air slowly results in a grey-green color due to oxidation, but 
28% of the resin-bound CpCo(C0)2 is left after one month's ex­
posure (IR). 

Thermal and Photochemical Decarbonylation 

A brief investigation of the potential thermal and photo-
ly t i c a l chemistry of resins 3 and 5 was undertaken. It was 
prompted by a report of the observation of site-site isolation on 
irradiation of 18% cross linked 3 (22_). This is in contrast to 
soluble CpCo(C0)2 which forms d l - and trinuclear clusters under 
the same conditions (_33,3̂ ). Similar apparent prevention of the 
formation of higher nuclear species was noted in the decarboxyla­
tions of ®CH 2Fe(C0) 2H (22) and ®CH 2 Cg4(CO) 3H (M = Cr, Mo, W) 
(3£), and in the catalytic activity of ®CH 2CpTiCp (25). How­
ever, these species are a l l supported by a relatively"~rn.ghly 
crosslinked polymer, and there was ample indication that lesser 
crosslinking enables "bimolecular" reactions of active centers 
(36,37,38_, 39). 

Irradiation of ®CH 2CpCo(C0) 2 3 (1% DVB, 6% ring substitu­
tion, brown color) was carried out through Pyrex (-20 to 25°C, 
toluene). A red-brown cast was apparent on the resin after about 
15 minutes; continued irradiation resulted in a gradual change of 
the resin's color (green-black). A gradual loss in the terminal 
CO absorptions due to ® CH2CpCo(C0)2 was seen by IR analysis 
(2012 and 1954 cm"1), accompanied by a rise and decline of two 
bands in the bridging CO region (1790 and 1770 cm"1). After ces­
sation of irradiation (4h), only 6% of the resin-bound CpCo(C0)2 

remained; no other carbonyl-containing species were present. In 
analogy to CpCo(C0)2, i t appears that 3 forms ( © CH2CpCoC0)2 6 
(1770 cm"1) and ( φCH 2CpCo) 2(CO) 3 7 (1790 cm"1) upon irradia­
tion. Upon thermal decarbonylation (190°C, vacuum or 128°C, n-
octane), 3 turned bright green in a few minutes; however, IR 
analysis indicated the absence of new carbonyl-containing species. 
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1 7 0 C A T A L Y T I C A C T I V A T I O N O F C A R B O N M O N O X I D E 

Continued heating resulted in darkening of the resin, formation 
of a 1770 cm"1 absorption for 6 in the IR, development of a broad 
absorption covering 1700-1300 cm"1, and decrease of the absorp­
tions due to © CH2CpCo(C0)2. Evidently, 7 was not formed under 
these conditions. No other absorptions were noted in either the 
thermal or photolytic decarbonylation. It can thus be concluded 
that the 1% DVB matrix with 6% substitution does not maintain 
site-site isolation. 

Decarbonylation of ©CpCo(C0) 2 5 (3% DVB, 15% ring substi­
tution) via photolysis produced no color change, but a gradual 
disappearance of the terminal IR carbonyl absorptions. No other 
CO bands were noted. Vacuum thermolysis (0.005 torr, 110-190°C) 
resulted in slow color changes from tan to bright green to bronze 
to steel gray. During this time, the only changes noted in the 
IR spectrum were the slow, complete disappearance of the CO ab­
sorptions due to 5 and the development of a broad absorption from 
1700-1300 cm"1. Again no species such as g and 7 were observable. 
Thus, resin 5 is either capable of preventing the aggregation of 
the coordinatively unsaturated intermediate metal centers, or 
the species resulting from such aggregation are kinetically un­
stable under the reaction conditions. 

Uptake of CO (1 atm. CO, 50°C, 12 h, or 9.5 atm. CO, room 
temp., 40 h) by the decarbonylated resins was sluggish; under 
conditions comparable to the complete regeneration of CpCo(C0)2 

from clusters (33_), only 20% regeneration of 3 and 5 was detected 
by IR. Quantitative recarbonylation (IR spectrum) was achieved 
by using 100-110 atm. CO, 200°C, benzene solvent for 24 h. No 
new carbonyl bearing species were detected at intermediate stages 
of this reaction. The strenuous conditions are necessary, as a 
reaction for 18 h yielded only 92% reconversion. Minimal cobalt 
loss from the resin had occurred -by this drastic treatment (ele­
mental analysis). 

The data, although inconclusive, suggest the possibility 
that mononuclear cobalt species are formed in the irradiâtive 
and thermal decarbonylation of polymer-bound CpCo(C0)2. These 
may gain coordinative saturation by interaction with the polymer 
backbone, possibly by π-donation from a neighboring phenyl group 
(22) or by some sort of oxidative addition process into a phenyl-
hydrogen or benzyl-hydrogen bond. Two speculative possibilities 
are shown in 8 and 9. Such structures, particularly 8, should 
they be present in the decarbonylated resins, might show inter­
esting activity in the catalytic chemistry of carbon monoxide 
and other unsaturated small molecules. Indeed (in addition to 
hydrocarbon formation to be described subsequently) some, albeit 
limited, activity was observed in the hydroformylation reaction, 
included in this account, and in the catalytic trimerization of 
alkynes, reported elsewhere (2^0. Interestingly, although the 
latter activity was also observed by others when using a 20% 
crosslinked © CH2CpCo(C0)2, the former was not (23). On the 
other hand, hydroformylation activity was detected with s i l i c a 
gel supported CpCo(C0)2 (40_), free CpCo(C0)2 (41,60), and 18% 
©CH 2CpCo(C0) 2 (60,61). 
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Hydroformylation of 1-Pentene in the Presence of ®CpCo(C0) 2 

There are several polymer supported transition metal hydro­
formylation catalysts (42_). Most are attached by phosphine liga­
tion and suffer frcm catalyst leaching. There are no n 5-cyclo-
pentadienyl half sandwich systems despite the potentially, 
clearly advantageous presence of the relatively strong Cp-metal 
bond (43544). Resin 5 was used in the following brief study in 
which the potential of polystyrene-supported CpCo(C0)2 to func­
tion as a hydroformylation catalyst was tested. 

The reaction was conducted at 270 psig., 1/1 H2/C0, 140°C, 
90 h 5 using purified η-octane as the solvent and 1-pentene as the 
substrate. During this time, a slew pressure drop ensued. Anal­
ysis of the solution by gas chromatography yielded: hexanal 
(13%), 2-methylpentanal (11%), pentane (3%), 2-pentene (21%); 
the balance was unreacted 1-pentene (52%). The normal to 
branched ratio was poor (1.1/1), indicating the failure of the 
resin to exert significant steric control. Olefin iscmerization 
is evidently compétitive with product formation (ratio of alde­
hydes to 2-pentene was 1.14/1); this would contribute to a low 
n/b ratio. No alcohols were observed, and no gaseous products 
(e.g. methane) were noted. The turnover number was low (1.68 
mmol aldehyde produced per mmol Co per day), in accordance with 
the mild conditions used. In contrast to the reaction of 5 with 
alkynes (24·) no loss of catalytic activity was observed on pro­
longed hydroformylation. Ihis result prcmpted an extension of 
this investigation to the potential activity of 3 and 5 in the 
Fischer-Tropsch reaction. 

Fischer-Tropsch Catalysis by Polystyrene Supported CpCo(C0)2 

The conditions chosen for this investigation (3/1 H2/CO, 
100 psig. (6.8 atm), 140°Ο are analogous to those typically en­
countered in Fischer-Tropsch catalysis by heterogeneous cobalt 
(175-300°C, 5-30 atm.) (1). The reaction was conducted in a 
medium pressure glass and stainless steel reactor (static condi­
tions), heated by an external o i l bath at 190°C. The temperature 
inside the reactor averaged at ca. lLrO°C. ®CpCo(C0) 2 5 was 
suspended in purified η-octane to swell the resin and allow ac­
cess to catalyst sites in the interior of the beads; no detect­
able reaction took place i f the solvent was excluded. Upon 
reaching the reaction temperature, a slow pressure drop ensued; 
an induction period could not be ascertained. Analysis of the 
solution phase after 100 h by gas chromatography showed the ex­
istence of methane and higher hydrocarbons up to C 2 5 H 5 2 as shown 
in Figure 1. In addition to H2 and CO, methane was predominant 
in the gas phase (gas chromatography, mass spectra, IR). Smaller 
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Figure 1. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

15
2.

ch
01

1



174 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

amounts of ethane, propane, butane, water, and CO2 were also de­
tected in the gas phase. The used catalyst had suffered a 50% 
loss of the absorbance intensity of the terminal CO stretches due 
to ©CpCo(C0) 2 5; no additional IR bands were observed. This, 
however, did not result in a loss of catalytic activity, as re­
cycling the catalyst with a fresh charge of η-octane and H2/C0 
led to a pressure drop at the same rate. The solution after re­
action was colorless and (after removal of the catalyst beads) 
catalytically inactive; thus the catalytic activity clearly re­
sided within the resin. 

As a check to confirm that no extraneous non-polymer-
attached catalytic species were present, the following experiment 
was performed. Polystyrene without attached cyclopentadiene VELS 
exposed to Co2(C0)e, extracted using a Soxhlet extractor and 
dried in vacuo in exactly the same manner as was used to syn­
thesize 5. When used under the above Fischer-Tropsch reaction 
conditions, these treated, white polystyrene beads did not dis­
color, release any detectable species into solution, cause a 
CO/H2 pressure drop, or result in the formation of any detectable 
amounts of methane. These observations argue against the pres­
ence of small amounts of occluded Co2(C0)e or Coi+(C0)i2 which 
could conceivably have been active or precursors to active species. 
It should be noted that the above clusters were reported to be 
essentially inactive under Fischer-Tropsch conditions (l|40oC, 
toluene, 1.5 atm., 3/1 H 2/C0, three days) leading to mere traces 
of methane (11)· The lack of products under our conditions also 
indicates that, at least in the absence of resin-bound CpCo(C0)2 
or i t s derivatives, the polystyrene support did not degrade. 

The extremely low turnover rate (0.011 mmol CO/mmol Co/h, 
production of 0.003 mmol CH^/mmol Co/h average), stimulated at­
tempts to increase the efficiency of the reaction. Indeed, pre-
treatment involving removal of CO via vacuum thermolysis of 
©CpCo (CO) 2 5 to yield 11 ©CpCo", followed by i t s use in a 
Fischer-Tropsch reaction, led to improved activity (turnover of 
0.130 mmol CO/mmol Co/h, production of 0.053 mmol CHî /mmol Co/h 
average). It appears that decarboxylation i s necessary for for­
mation of the catalytically active species. 

Resin 3 was found to be more than 100 times less active than 
5, hence a l l subsequent experiments were carried out using §. 

The number of turnovers (10) in hydrocarbon production with­
out apparent decrease in activity proved that the reaction was 
indeed catalytic. The IR spectrum of the recovered resin showed 
small absorptions due to ©CpCo (CO) 2 5 due to some recarbonyla-
tion of " ©CpCo". In addition, a broad distinct band at 1887 
cm~l was seen. The identity of the species exhibiting this ear­
bonyl band is s t i l l a mystery; in particular, the band position 
does not match that reported for any of the CpCo(CO)2-derived 
di - and trinuclear carbonyIs (vide supra). It is tempting to 
associate this band with some catalytic intermediate, such as the 
polymer-bound analogues of CpCo(H)2(C0) and CpCo(H)(Ph)(CO), but 
this i s pure speculation. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

15
2.

ch
01

1



11. B E N N E R E T A L . Hydrocarbon Formation on Supported Co 175 

Recarbonylation of the used resin was successful at 1430 
psig. CO (97.3 atm.) and 200°C; previous experiments with 
" ® CpCo" (vide supra) suggested the necessity of such drastic 
conditions. The intensity of the ©CpCo(C0) 2 absorptions re­
turned to the original value, and an analysis of the resin showed 
no cobalt loss (elemental analysis). 

The Fischer-Tropsch reaction with " © CpCo" was repeated 
using deuterium; GC/MS analysis after five turnovers confirmed 
the existence of per-deuterated hydrocarbons in solution. In 
addition, a l l the major fragment ions were of even mass, indicat­
ing that virtually no undeuterated or partially deuterated prod­
ucts were formed ( a l l odd masses <15% of the base peak). Some 
CD3H was present (mass spectrum) (approximately 10% of the 
amount of CDi* ). The IR spectrum of the resin from this reaction 
showed some regeneration of the attached CpCo(C0)2 groups, the 
band at 1887 cm"1, and a weak band at 2168 cm"1, assigned to a 
C-D stretch. It appears that CD3H arises via insertion of cobalt 
into a phenyl or benzyl C-H bond, exchange of the hydride with 
the deuterium gas to form a cobalt deuteride, and reductive elim­
ination to form a monodeuterated phenyl ring or benzyl position 
(vC-D ̂  2140-2200 cm"1); reaction of the HD (or cobalt hydride) 
so produced would yield CD3H. Both the average rate of CO con­
sumption (0.064 mmol/mmol Co/h) and average rate of CDi* produc­
tion (0.040 mmol/mmol Co/h) were lower than the rates for the 
H2/C0 reaction (0.130 and 0.053 mmol/mmol Co/h, respectively) 
implying a possible deuterium isotope effect on the reaction. 

High H2/C0 ratios in the Fischer-Tropsch reaction on metal 
surfaces result in the production of methane in high selectivity. 
In line with these observations, pure hydrogen over © CpCo (CO) 2 

5 (0.291 mmol Co) was used in one experiment (75 psig H2 at 25°C, 
68h, 140°C). This reaction produced a mixture of hydrocarbon 
gases (GC/MS): methane (120 ymol), ethane (1.7 ymol), propane 
(0.17 ymol), isobutane (ca. 0.001 ymol), and n-butane (0.09 ymol>, 
21% of the carbon of the original resin-bound CO was accounted 
for in these products. Free CO was found (26% of the original 
present on the resin (determined by GO; 46% of the CO was s t i l l 
bound to the resin (IR). When exposed to 3/1 H2/C0, this pre-
treated resin showed Fischer-Tropsch activity similar to de­
carbonylated 5. Thus, higher H2/C0 ratios favor methanation, as 
expected, and unlike many heterogeneous catalysts, there is no 
advantage in hydrogen pr etreatment. 

Further control experiments were performed to rule out the 
possibility of hydrocarbon production from sources other than 
CO. To this end, "©CpCo" with 2.2% residual ®CpCo(C0) 2 

(0.015 mmol CO) was exposed to the same partial pressure of H2 

as used above in the absence of CO under the experimental con­
ditions. The reaction produced 0.014 mmol Œ U total; no other 
hydrocarbon products were detected. It i s clear that only CO, 
not the polystyrene support, attached catalyst, or solvent, i s 
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176 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

the carbon source for the hydrocarbon products. Further evidence 
in support of this statement is obtained from the mass balance 
on carbon in a l l the reactions described; starting carbon inven­
tory based on CO and ending carbon inventory based on hydrocar­
bons and unreacted CO always agree to within 10%. If a contribu­
tion from another source were present (degradation of the poly­
mer, hydrocracking of the η-octane) in significant amounts, 
there should be a gross discrepancy. Finally, an experiment 
using 13C0/H2 and § furnished completely 1 3C-labeled hydrocarbons 
(g.c. mass spectromei^y up to C 2 5 H 5 2 ) . 

The ability of ®CpCo(C0) 2 5 or a derived species to cata­
lyze the Fischer-Tropsch reaction suggested that some conditions 
might be found whereby soluble CpCo (CO) 2 might exhibit the same 
activity. To these ends, CpCo(CO)2 was subjected to a variety 
of conditions: H2, H2/C0, 150°C, 190°C, η-octane solvent, 
toluene solvent, with or without added polystyrene, 2-5 days re­
action time, in various permutations. Essentially complete de­
composition of the complex was noted for a l l cases. Methane 
(amounting to 5-10% of the CO originally present) was produced, 
especially under forcing conditions (higher temperature, higher 
partial pressure of H2, no added CO). Small amounts of higher 
hydrocarbons were detected, but the major products were cyclo-
pentadiene, cyclopentene, and cyclopentane (1.5/88.7/9.8). A 
shiny coating on the walls of the glass reaction vessel (assumed 
to be cobalt metal) was present after reaction. Significantly, 
no methane or higher hydrocarbons were observed until the onset 
of decomposition, usually 24 h after the start of the reaction. 
It can be concluded that CpCo(C0)2 does not possess Fischer-
Tropsch activity, in accordance with the suggestions of others 
(10). 

The observation of hydrogenated cyclopentadiene products ob­
tained in the homogeneous reaction of CpCo(C0)2 has an interest­
ing bearing on the polymer-supported case. Were a significant 
amount of decomposition of " (£) CpCo" to take place by the same 
mechanism, one would not expect quantitative regeneration of the 
η5-linkage and, in continuation, quantitative recarbonylation to 
form 5 as observed. Thus, i t appears unlikely that polymer sup­
ported (but unbound) cobalt clusters (45), crystallites, or atoms 
are responsible for the observed activity. Moreover, although 
polystyrene seems to prevent irreversible aggregation of metal 
clusters (37_,460 and metal carbonyls on alumina may be reconsti­
tuted with CO after thermal or oxidative decarbonylation ( 47_), 
a mechanism that involves cobalt atoms or aggregates would re­
quire the formation of soluble species subject to leaching. Of 
course, i t is d i f f i c u l t to completely rule out trace amounts of 
such species as being responsible for catalytic action. One 
WDuld have assumed, however, that such compounds should have 
been formed in the attempt to use polystyrene and CpCo (CO) 2 or 
Co 2(C0) 8 as Fischer-Tropsch catalysts, where no activity was 
found. In addition, widely differing degrees of activity of 5 
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11. B E N N E R E T A L . Hydrocarbon Formation on Supported Co 177 

Table I. Product Distribution using ®CpCo(C0) 2 5 as a Fischer-
Tropsch Catalyst 

n-alkane weight weight mmol mol% mmol CO mol % CO 
(mg.) fraction consumed consumed 

to form to form 
product product 

C l 4.006 .321 .2504 73.4 .2504 29.7 

C2 .024 .002 .0008 .2 .0016 .2 

C3 .274 .022 .0062 1.8 .0187 2.2 

% .694 .056 .0120 3.5 .0479 5.7 

C5 .768 .062 .0107 3.4 .0533 6.3 

C6 1.968 .158 .0229 6.7 .1373 16.3 

C7 1.320 .106 .0132 3.9 .0924 11.0 

C9 .818 .065 .0064 1.9 .0575 6.8 

C10 .084 .007 .0006 .2 .0059 .7 

C l l .448 .035 .0029 .8 .0316 3.8 

C12 .422 .034 .0025 .7 .0298 3.5 

C13 .410 .033 .0022 .6 .0290 3.4 

c m .278 .022 .0014 .4 .0200 2.4 

C15 .190 .015 .0009 .3 .0134 1.6 

C16 .150 .012 .0007 .2 .0106 1.3 

C17 .134 .011 .0006 .2 .0095 1.1 

C18 .158 .013 .0006 .2 .0112 1.3 

C19 .208 .017 .0008 .2 .0147 1.7 

c .110 .008 .0004 .1 .0078 .9 
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178 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

might have been expected depending on pretreatment of catalyst 
and recycle time, an effect that was not observed. 

The product distribution from the Fischer-Tropsch reaction 
on 5 is shown in Table I. It is similar but not identical to that 
obtained over other cobalt catalysts ( 18-21,U8_,49). The rela­
tively low amount of methane production (73 molîT when compared 
with other metals and the abnormally low amount of ethane are 
typical (6). The distribution of hydrocarbons over other cobalt 
catalysts has been found to f i t the Schulz-Flory equation [indi­
cative of a polymerization-type process ( 6 ) ] . The Schulz-Flory 
equation in logarithmic form is 

M 
log —E-_ = i 0 g (ΐη2α) + ρ logcx, 

where M = the weight fraction of the compound containing 
ρ carbon atoms 

α = the chain growth probability factor 
defined as r„ 

α = J L r + r. Ρ t 
r^ = rate of propagation 
r^ = rate of termination 

A plot of log(Mp/p) vs. ρ yields α from either the slope or the 
intercept (see Figure 2); the "goodness of f i t " is indicated by 
the relative agreement of α obtained from the slope or the inter­
cept. For ©CpCo(C0) 2 , the data yield α = 0.81 from the slope 
and 0.84 from the intercept; considering the fact that a blank 
contribution from the η-octane solvent had to be subtracted out 
of C5- Cio, the agreement is good. Typical values of α are 0.80-
0.87 (6). 

This catalyst seems to have a better selectivity towards nor­
mal paraffins than other catalysts but i s not shape selective 
(19,21): Isobutane/n-butane = 0.008, isopentane/n-pentane = 0.029 
(gas chromatography and GC/MS); usual values are 0.1 and higher. 
Some compounds giving the correct masses for propene, butènes, 
pentenes, and hexenes were found; however, they were present in 
even lesser quantities than the branched paraffins. 

The actual structure of the active catalyst in the above re­
actions is a matter of speculation. The evidence, however, 
points to the presence of a homogeneous but immobilized Fischer-
Tropsch catalyst. Since soluble CpCo(CO)2 does not possess 
Fischer-Tropsch activity, this activity i s a unique feature of 
the polymer-bound system. The finding that 5 i s regenerated 
quantitatively upon exposure of the active Fischer-Tropsch cata­
lyst resin to CO implies that the n5-cyclopentadienylcobalt bond 
remains intact throughout the Fischer-Tropsch reaction. Similar 
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180 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

conclusions have been reached r e c e n t l y by other workers i n con­
nection with work c a r r i e d out on 18% crosslinked polystyrene 
(6Ό,61). This, along with the observation that 5 apparently en­
joys some s i t e - s i t e i s o l a t i o n , disfavors the notion that (bound 
or unbound) c l u s t e r s are responsible f o r c a t a l y t i c a c t ion (50). 

The Fischer-Tropsch a c t i v i t y of r e s i n 5 and the unique reac­
t i o n conditions have important consequences. The use of a reac­
t i o n solvent r a i s e s the p o s s i b i l i t y of c o n t r o l l i n g heat removal 
i n t h i s appreciably exothermic process. The apparent homogeneous 
nature of the c a t a l y t i c species suggests that other soluble 
Fischer-Tropsch c a t a l y s t s may be forthcoming. F i n a l l y , ©Ορθο­
ί CO) 2 5 possesses c a t a l y t i c a c t i v i t y not found i n soluble CpCo-
(C0) 2; t h i s demonstrates that attachment to a polymer support not 
only may induce changes i n c a t a l y t i c a c t i v i t y of a t r a n s i t i o n 
metal complex, but a l s o might give r i s e t o completely new a c t i v i ­
t y (51,52,53). 

The above considerations led t o the expectation that i t 
might be possible t o construct soluble analogs of 5 i n which an 
appropriate ligand niimicked the environment imparted by the poly­
styrene matrix i n the immediate v i c i n i t y of the metal. The r e ­
s u l t s of these experiments are reported i n the f i n a l section. 

Homogeneous Analogs of ©CpCo(C0) 2 5 

Since s u b s t i t u t i o n of the Cp-ligand i n CpCo (CO) 2 by-the 
polystyrene chain appeared t o be the o r i g i n of the s p e c i a l s t a ­
b i l i t y of the CpCo-moiety i n the presence of hydrogen, i t was 
reasoned that s i m i l a r s u b s t i t u t i o n by phenyl group carr y i n g a l k y l 
chains might have the same e f f e c t . Should these models undergo 
oxidative a d d i t i o n t o benzylic (as i n 8) or phenylic C-H bonds 
t h i s might be r e a d i l y ascertainable by s t r u c t u r a l or H-D exchange 
studies. Several model compounds of varying a l k y l - c h a i n length 
and incorporating secondary and t e r t i a r y benzylic hydrogens were 
synthesized i n one step according t o the scheme shown. The 
phenyl substituted a l k y l halides are a v a i l a b l e by l i t e r a t u r e pro­
cedures (54·, 55). Complexation t o cobalt occurred most e f f i c i e n t ­
l y i n the presence of a s l i g h t excess Co 2(C0) 8 (26_) and c y c l o -
hexene. The l a t t e r alkene evidently serves t o quench any i n t e r ­
mediate HCo(C0K (32) protecting the now valuable cyclopentadiene 
liga n d from reduction (56). I n t e r e s t i n g l y , both mono- and b i s -
a l k y l a t e d cyclopentadienyl complexes were i s o l a t e d i n an approxi­
mate r a t i o of 6:1 by column chromatography as red-brown o i l s . 
The l a t t e r were assumed t o have the 1,3-disubstitution pattern. 
Both sets of compounds proved t o be considerably more a i r and 
thermally s e n s i t i v e than the parent system. Whereas i r r a d i a t i o n 
i n sealed tubes d i d not r e s u l t i n any observable change, simple 
heating produced i n s o l u b l e c l u s t e r s (33). In an e f f o r t t o sup­
press bimolecular reactions two of the complexes [R = C 6 H s ( C H 2 ) 3 9 

C 6H 5CHCH 3 ( C H 2 ) 2 ] were subjected t o f l a s h vacuum p y r o l y s i s at low 
contact times (300-450°C, 2xl0~^torr) (57_). The r e s u l t i n g 
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11. BENNER ET AL. Hydrocarbon Formation on Supported Co 181 

RBr + NaCp N 2 » 3 h r » Co2(CO)8,1.2 eq^ R C c ( c o ) + |,3-R2CpCo(CO)2 

T H F , 0 ° N2,24hr,r.t. 
c y c l o h e x e n e ~ 6 0 % ~ 2 0 % 

R = CeHjiCHg)̂  or R = CeH5CHCH3(CH2)/7 

/ 7 7 = 3-5 /7=2,4 
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182 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

product mixtures contained starting material, free protonated 
ligand RCpH, and cobaltocenes (RCp)2Co, and the pyrolysis tube 
was covered by a cobalt mirror. Several of the model canpounds 
were then exposed to Fischer-Tropsch conditions similar to the 
ones employed in the hydrocarbon synthesis using resin 5. No 
activity was found until decomposition set in, producing traces 
of methane. Pressurizaticn with C0/D2, however, furnished some 
deuterated RCpH and recovered deuterated complex. Extensive deu-
teration of the latter was achieved under conditions which left 
the structure of the ccmplex relatively intact (200°C, 4d, D2/C0 
= 10/1, 130 psig). In the case of RCpCo(C0)2 [R=(CH2KCH(CH3)-
C 6H 5] the incorporation of up to 10 deuterium atoms could be as­
certained by mass spectrometry. Surprisingly, as indicated by 
the fragmentation pattern, very l i t t l e ( i f any) of the deuterium 
label i s found on the aromatic ring. The proton NMR spectrum 
reveals that most of the H-D exchange has occurred on the Cp 
ligand, i t s ordinarily complex M fBB ! pattern having been sim­
plified to two broad singlet absorptions of relative combined in­
tensity of 0.5. The aryl (5H) and aliphatic (12H) regions appear 
unchanged. That deuterium uptake i s preferred on the RCp ligand 
is also suggested by the relative intensity of the RCp-di*Co(C0)2 

molecular ion peak which is the signal of maximum height in the 
peak envelop of deuterated parent ion. It is possible that H-D 
exchange occurs through a cobalt hydride intermediate in an i n ­
tramolecular manner as recently also postulated for a n 5-cyclo-
pentadienyl iron hydride (58_). Further exchange along the alkyl 
chain might occur via insertion of cobalt into ligand C-H bonds, 
behavior similar to that observed with zirconocene derivatives 
(59). It seems likely that deuterium incorporation into resin 5 
occurs through a similar mechanism. The instability of the model 
canpounds again highlights the special stability associated with 
the polymer supported system. Perhaps choice of a differently 
substituted homogeneous analog of 5 w i l l provide a structure en­
dowed with the catalytic capabilities of the resin bound system. 
This i s the subject of continuing work. 
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C h a i n - L e n g t h Contro l in the Conversion of Syngas 

over Carbony l Compounds Anchored into a 

Zeol i te M a t r i x 

D. BALLIVET-TKATCHENKO, N. D. CHAU, H. MOZZANEGA, 
M. C. ROUX, and I. TKATCHENKO 
Institut de Recherches sur la Catalyse, 2 avenue Einstein, 
F- 69626 Villeurbanne Cedex, France 

It is now superflous to point out the renewed interest for 
the Fischer-Tropsch (F-T) synthesis (1) i.e. the conversion of 
CO+H2 mixtures into a broad range of products including alkanes, 
alkenes, alcohols. Recent reviews (2,3,4,5) emphasized the central 
problem in F-T synthesis: selectivity or more precisely chain­
-length control. 

Recent patents and publications reported the use of modified 
"classical" F-T catalysts or new supported metal catalysts. Ruhr-
chemie disclosed (6) iron catalysts modified by additives like 
Ti, Mn and Mo, which are claimed to produce ca 50% of C2-C4 

alkenes. Ichikawa, by using rhodium carbonyl compounds deposited 
on various supports, was able to produce selectively (7) C2-C4 

alcohols and hydrocarbons. Nijs et al. reported (8) that 
Ru(III) ions exchanged into Y-zeolites reduced with hydrogen lead 
to selective catalysts for the synthesis of hydrocarbons in the 
C1-C10 range. Similarly, Fraenkel and Gates have shown (9) that 
catalysts prepared by reduction with cadmium of Co(II) ions 
exchanged into A- and Y-zeolites may produce propylene as the only 
hydrocarbon product under well-defined conditions. Blanchard 
et al., by using di-cobalt octacarbonyl supported on alumina, have 
observed (10) that good selectivities for C2-C6 hydrocarbons could 
be obtained when the support presents a mean pore size of 5nm. 

The aim of this work is to prepare better defined catalytic 
systems by combining components with well characterized structures 
and properties such as zeolites and transition metal molecular 
complexes. Among these complexes, clusters are potential candi­
dates for selective F-T catalysts since neighboring atoms with 
unique topologic and electronic features may help "hydro-oligome-
rization" of carbon monoxide. However, unti l now only very low 
activities have been achieved ( VI ). Zeolites are well defined, 
crystalline alumino-silicates (12) which may offer stabilization 
of metal particles (13) and shape selectivity {]h) owing to their 
geometrical frame properties. From the point of view of reacti­
vity and catalysis, hope is s t i l l high that such adducts wil l be 
efficient as/or more efficient than classical heterogeneous 

0097-6156/81/0152-0187$05.00/0 
© 1981 American Chemical Society 
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188 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

c a t a l y s t s . The i n t e r a c t i o n between the support and the c l u s t e r 
and t h e redox b e h a v i o u r o f t h e s e p a r t n e r s are i m p o r t a n t f a c t o r s 
which w i l l i n f l u e n c e the type o f c a t a l y s t formed. E a r l i e r work 
from t h i s L a b o r a t o r y ( 15» 1_6) has shown t h a t the a d s o r p t i o n o f 
c e r t a i n t r a n s i t i o n m e t a l c a r b o n y l s i n t o an H Y - z e o l i t e framework 
and a p p r o p r i a t e t h e r m a l d e s o r p t i o n l e a d e i t h e r t o i o n s (Mo, Fe) 
or t o met a l (Re, Ru). However the o x i d a t i o n r e a c t i o n c o u l d be 
pre v e n t e d by the use o f n o n - a c i d i c z e o l i t e s l i k e t h e Na-Y t y p e ( l j ) . 

We r e p o r t here r e s u l t s r e l a t e d t o t h e c a t a l y t i c b e haviour o f 
d o d e c a c a r b o n y l - t r i - i r o n and t r i - r u t h e n i u m , b i s ( c y c l o p e n t a d i e n y l -
d i c a r b o n y l i r o n ) and o c t a c a r b o n y l - d i - c o b a l t d e p o s i t e d on Y - z e o l i t e s 
under F-T c o n d i t i o n s . The i n f l u e n c e o f th e n a t u r e o f the z e o l i t e 
and o f the m e t a l , the d i s p e r s i o n o f t h e m e t a l and the r e a c t i o n 
c o n d i t i o n s upon a c t i v i t y and p r o d u c t s d i s t r i b u t i o n were i n v e s t i ­
gated. 
E x p e r i m e n t a l . 

M a t e r i a l s . The NaY f a u j a s i t e was s u p p l i e d by Linde Co 
(SK kO S i e v e s ) . A c o n v e n t i o n a l exchange w i t h NH^Cl p r o v i d e s a 
NH^Y sample ( u n i t c e l l c o m p o s i t i o n : (NH^)^gNa^QAI5gSi1 3 5 0 3 8 ^ ) · 
H e a t i n g t h i s sample f o r 15h i n oxygen and 3h i n vacuo 
( I 0"5torr) at 350°C l e a d s t o the hydrogen form HY. 

The s i l i c a - a l u m i n a was s u p p l i e d by K e t j e n w i t h a 13$ alumina 
c o n t e n t . I t was vacuum-treated at k^O°C (I0"~5torr) f o r 15hrs 
b e f o r e a n c h o r i n g t h e c l u s t e r - . 

T r i - i r o n d odecacarbonyl was prep a r e d a c c o r d i n g t o ( l 8 ) ; b i s 
( c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ) was pre p a r e d a c c o r d i n g t o (19); 
t r i - r u t h e n i u m dodecacarbonyl and d i - c o b a l t o c t a c a r b o n y l were 
s u p p l i e d by Strem Chemicals. 

The Fe3(C0)-|2~Y adducts are p r e p a r e d under argon atmosphere 
w i t h the HY and NaY z e o l i t e s p r e v i o u s l y heated under vacuum at 
350°C. The im p r e g n a t i o n o f the support i s performed e i t h e r from 
pentane s o l u t i o n a t 25°C o r from dry m i x i n g o f t h e c a r b o n y l and 
the z e o l i t e t o a v o i d any c o m p l i c a t i o n from t h e s o l v e n t . In t h i s 
l a s t p r e p a r a t i o n the sample stands i n vacuo f o r 2kh at 60°C i n 
ord e r t o f a v o u r t h e s u b l i m a t i o n o f the c a r b o n y l i n t o the pores o f 
the z e o l i t e . 

The Ru3(C0)-|2~Y adducts are s i m i l a r l y p r e p a r e d both through 
i m p r e g n a t i o n ( s o l v e n t : cyclohexane) o r dry m i x i n g ( h e a t i n g at 
90°C under vacuum. 

The |CpFe(CO)o|2~ Y adducts are p r e p a r e d i n the same way but 
w i t h h e a t i n g at UO°C under vacuum when t h e dry m i x i n g procedure 
i s used. 

The Co2(C0)3~NaY adducts are p r e p a r e d by the dry m i x i n g 
procedure. 

In any i n s t a n c e , the amount of m e t a l anchored i s determined 
by c h e m i c a l a n a l y s i s . The l o a d i n g s correspond t o 6-12 m e t a l atoms 
pe r u n i t c e l l . 
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12. B A L L I V E T — T K A T C H E N K O E T A L . Syngas Conversion over Carbonyls 189 

C a t a l y t i c experiments. The runs are performed i n a 300mL 
s t a t i c r e a c t o r ( A u t o c l a v e E n g i n e e r s Model AE 300) f o r 15hrs under 
an i n i t i a l 20 bar p r e s s u r e w i t h a sample weight l e a d i n g t o 
O.h mg-atom of m e t a l . N e i t h e r t h e unloaded z e o l i t e s nor the 
m o l e c u l a r c l u s t e r s are a c t i v e i n CO hydrogénation under our 
e x p e r i m e n t a l c o n d i t i o n s . 

The p r o d u c t s are a n a l y s e d by gas chromatography u s u a l l y on 
f i v e d i f f e r e n t columns i n o r d e r t o d e t e c t CO, H 2, C 0 2 , H 20 and 
C^-C n hydrocarbons ( a l k a n e s , a l k e n e s ) and a l c o h o l s . The mass 
balance f o r c a r b o n , based on CO consumption, g e n e r a l l y l i e s 
w i t h i n 85-95$. 
R e s u l t s and D i s c u s s i o n . 

I t s h o u l d be emphasized t h a t the r e s u l t s were i n t e n d e d t o 
demonstrate q u a l i t a t i v e t r e n d s r a t h e r t h a n q u a n t i t a t i v e k i n e t i c 
data w i t h these t y p i c a l c a t a l y s t s . Moreover t h e h i g h CO c o n v e r s i o n 
l e v e l s a c h i e v e d i n t h e p r e s e n t work w i l l not be the l i m i t i n g 
f a c t o r t o o b s e r v a t i o n o f s i d e r e a c t i o n s and l o n g - c h a i n hydro­
carbons . 

T r i - i r o n d o d e c a c a r b o n y l z e o l i t e s adducts. The adducts 
Fe^CO) 12~HY and Fe-^(CO) -j2~NaY were used as s t a r t i n g m a t e r i a l s . 
The c a t a l y t i c runs are performed w i t h these adducts or w i t h t h e 
m a t e r i a l s r e c o v e r e d from t h e i r t o t a l d e c a r b o n y l a t i o n at 200°C 
under vacuum. 

The F e ^ C O j ^ - H Y adduct e x h i b i t s no c a t a l y t i c a c t i v i t y i n 
the temperature range s t u d i e d (200-300°C). Dur i n g t h e study o f 
the d e c a r b o n y l a t i o n under vacuum, s e v e r a l s t o i c h i o m e t r i c r e a c t i o n s 
take p l a c e as e v i d e n c e d by mass spectrometry and i n f r a r e d spec­
t r o s c o p y ( 1_6). The o x i d a t i o n o f Fe(0) i n t o F e ( l l ) s p e c i e s by t h e 
z e o l i t e p r o t o n s , t h e water-gas s h i f t r e a c t i o n and t h e hydrogé­
n a t i o n o f C 0 2 account t o some e x t e n t f o r t h e f o r m a t i o n of 
H 2, F e 2 +

5 C 0 2 , H 20, CHl| and h i g h e r hydrocarbons. The sample t h u s 
o b t a i n e d , i . e . F e 2 +-HY, i s as i n a c t i v e i n the c a t a l y t i c syngas 
c o n v e r s i o n as are s t a n d a r d Fe^ +-NaY and Fe^ +-NaY exchanged 
z e o l i t e s . T h e r e f o r e F e ^ +'^ +-Y z e o l i t e s i n c o n t r a s t t o R u n +-Y 
z e o l i t e s (8_) are not c a t a l y s t p r e c u r s o r s . I t i s worth m e n t i o n i n g 
t h a t m o l e c u l a r hydrogen i s unable t o reduce F e 2 + - Y z e o l i t e even 
under d r a s t i c c o n d i t i o n s ( 2 0 ) . 

C o n v e r s l y , t h e Fe3(CO)-|2~NaY adduct i s a c t i v e f o r syngas 
c o n v e r s i o n . A non-decomposed sample e x h i b i t s a s i g n i f i c a n t 
a c t i v i t y at 230°C whereas t h e c a t a l y t i c e f f i c i e n c y f o r t h e d e c a r -
b o n y l a t e d one a l r e a d y appears at 200°C. I n f r a r e d experiments 
show an i n c r e a s e i n the s t a b i l i t y o f t h e F e ^ ( C 0 ) 1 2 u n i t s upon 
th e r m a l treatment under CO atmosphere so t h a t t o t a l carbon 
monoxide e v o l u t i o n o n l y t a k e s p l a c e at 230°C thus s u g g e s t i n g 
t h a t the c a t a l y s t i s c e r t a i n l y not Fe^CO)-^* T h i s c l u s t e r 
has t o be t r a n s f o r m e d i n t o h i g h e r n u c l e a r i t y s p e c i e s which b i n d 
l e s s s t r o n g l y w i t h carbon monoxide upon CO r e - a d s o r p t i o n (17)· 
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190 C A T A L Y T I C A C T I V A T I O N O F C A R B O N M O N O X I D E 

E f f e c t s o f th e i n l e t H 2 / C 0 r a t i o and r e a c t i o n temperature 
on H 2 + C 0 c o n v e r s i o n and p r o d u c t s s e l e c t i v i t y were s t u d i e d a t 
con s t a n t i n i t i a l p r e s s u r e and r e a c t i o n time w i t h non-decomposed 
samples o f F e 3 (CO) 1 2~NaY adduct (k%Fe). 

In a l l e x p e r i m e n t s , H 2 0 , C 0 2 a l k a n e s and alkenes (up t o C-j 2) 
are produced. L i n e a r a l c o h o l s are a l s o d e t e c t e d t o minor amounts. 

At i n c r e a s i n g r e a c t i o n temperatures ( 2 3 0 - 3 5 0°C) the product 
s e l e c t i v i t y i s s h i f t e d towards C-j-C^. The alkene t o alkane r a t i o 
d e c l i n e s a t h i g h e r r e a c t i o n temperatures whereas t h e branched t o 
l i n e a r alkane r a t i o i n c r e a s e s as w e l l as C 0 2 f o r m a t i o n . These 
o b s e r v a t i o n s are e n t i r e l y c o n s i s t e n t w i t h t h e b e h a v i o u r o f c l a s ­
s i c a l F-T c a t a l y s t s (Table 1 ) . 

A r e a c t i o n temperature o f 250°C was used t o study the o t h e r 
r e a c t i o n parameters. A decrease i n the H 2 / C 0 r a t i o i n c r e a s e s the 
consumption o f CO whereas t h e p e r c e n t c o n v e r t e d decreases. 
C o n v e r s l y the H 2 c o n v e r s i o n i n c r e a s e s but i t s consumption remains 
c o n s t a n t . In f a c t t h i s means t h a t h i g h e r m o l e c u l a r weight p r o ­
ducts are formed under low hydrogen p a r t i a l p r e s s u r e : as i n d i ­
c a t e d i n Table 2 , q u a n t i t a t i v e a n a l y s e s o f th e p r o d u c t s show 
ind e e d a decrease i n Cj-C^ y i e l d and a concomitant i n c r e a s e i n 
C 3 4 " hydrocarbons. The s e l e c t i v i t y f o r C 0 2 remains constant which 
a p p a r e n t l y i n d i c a t e s t h a t C 0 2 i s at l e a s t i n the case o f i r o n a 
pr i m a r y p r o d u c t i n the F-T s y n t h e s i s . We have checked t h a t the 
i r o n / z e o l i t e c a t a l y s t a c t i v i t i e s f o r hydrogénation and t h e water-
g a s - s h i f t are not s i g n i f i c a n t w i t h the p r e c u r s o r F e 3 ( C 0 ) -j 2/NaY. 
The alkene t o alkane r a t i o g r e a t l y v a r i e s w i t h ( i ) H 2 / C 0 and 
( i i ) the c h a i n l e n g t h . An i n c r e a s e i n hydrogen p a r t i a l p r e s s u r e 
i n c r e a s e s the alkane p r o d u c t i o n as alkene hydrogénation i s a 
secondary r e a c t i o n which t a k e s p l a c e w i t h F-T c a t a l y s t and, i n 
t h i s work, w i t h t h e z e o l i t e system. F o r a steady syngas i n l e t , 
C 5 / C 3 r a t i o i s c o n s i s t e n t l y much lower than the C 3 / C 3 one. Cj^/C^ 
r a t i o i s c o m p l i c a t e d by the e x i s t e n c e o f the butene isomers and 
iso b u t e n e (Table 2 ) . 

A l t h o u g h e t h y l e n e i s more r e a d i l y hydrogenated than the 
o t h e r a l k e n e s , i t has been r e p o r t e d ( 2 j ) t o p a r t i c i p a t e t o the 
f o r m a t i o n o f h i g h e r m o l e c u l a r weight hydrocarbons under F-T 
c o n d i t i o n s . T h i s i s observed t o o f o r F e 3 ( C 0 ) Ί 2 ~ N a Y c a t a l y s t s . 
I f the F-T s y n t h e s i s i s performed w i t h e t h y l e n e as a c o - r e a c t a n t , 
s i g n i f i c a n t changes i n s e l e c t i v i t y are found f o r C 0 2 , C 3 and 
f o r the i-C^/n-C^ r a t i o . The v a r i a t i o n s f o r CH^ and 
C^/C^ r a t i o can a l s o be a t t i b u t e d t o t h e H 2 / C 0 r a t i o m o d i f i c a ­
t i o n ( 3 . 5 / 1 i n s t e a d o f h/λ) i f one t a k e s i n t o account the 
hydrogen consumed f o r e t h y l e n e hydrogénation (Table 3 ) . I t 
appears t h a t as C 0 2 seems t o be a p r i m a r y p r o d u c t ( v i d e supra) 
the decrease f o r i t s s e l e c t i v i t y i n the presence o f e t h y l e n e 
suggests t h a t CO consumption now occu r s p a r t l y t hrough a r e a c t i o n 
l e a d i n g t o more hydroca r b o n s , e s p e c i a l l y C 3 , and no C 0 2 - Such a 
r e a c t i o n pathway c o u l d i n v o l v e the i n s e r t i o n o f CO i n t o a m e t a l -
e t h y l bond as a l r e a d y w e l l documented i n c o o r d i n a t i o n c h e m i s t r y 
and homogeneous c a t a l y s i s o r the i n s e r t i o n o f a s u r f a c e carbene 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

15
2.

ch
01

2



12. BALLiVET—TKATCHENKO ET AL. Syngas Conversion over Carbonyls 191 

Table 1. E f f e c t o f t h e r e a c t i o n temperature on CO and H 2 

c o n v e r s i o n s , and product s e l e c t i v i t i e s ( e x p r e s s e d as mole 
percent o f CO co n v e r t e d i n t o t h e d e s i r e d p r o d u c t ) . 
E x p e r i m e n t a l c o n d i t i o n s : c a t a l y s t = Fe^CO) 1 2~NaY (h%Fe) ; 
H2/C0 = i n i t i a l p r e s s u r e = 20 b a r ; r e a c t i o n time = 15hrs. 

T°C Hp conv. 
% 

CO conv. 
% 

C02 

% 
CH^ 

% 
c2-ck 

% r 
200 8.7 36 5-5 10.3 70 

21+0 1*0 82 7.6 16 19 57. k 

255 1*3 85 13 19 2k kk 

295 29 Ik 20 26 3k 20 

365 37 88 19 19 27 35 

Table 2. E f f e c t o f the H2/C0 r a t i o on CO and H 2 c o n v e r s i o n s 
and product s e l e c t i v i t i e s ( e x p r e s s e d as mole p e r c e n t o f CO 
conv e r t e d i n t o t h e d e s i r e d p r o d u c t ) . 
E x p e r i m e n t a l c o n d i t i o n s : c a t a l y s t = Fe-^CO)-|2~NaY {h%Fe) ; 
i n i t i a l p r e s s u r e = 20 b a r ; r e a c t i o n temperature = 250°C; 
r e a c t i o n time = 15hrs. 

H2/C0 H 2 conv. 
% 

CO conv. 
% 

co 2 

% % * 2 £ 3 

% % 
c 2 / c 2 

% 
C3/Co 

% % 

U/1 39 73 10 20.6 9 9-9 - 0.8 -
2/1 57 6k 9-5 7-U k.k 7-7 U.5 k5 16 

1/1 66 1+8 10.1+ 5-2 2.8 5-3 7.1 kl 19-5 
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192 C A T A L Y T I C A C T I V A T I O N O F C A R B O N M O N O X I D E 

i n t o t h e adsorbed e t h y l e n e ( 2 2 ) . However, i f e t h y l e n e can p a r t i c i ­
pate t o the F-T r e a c t i o n s t h e presence o f CO i s e s s e n t i a l f o r 
c h a i n growth as an e t h y l e n e + H 2 f e e d m a i n l y g i v e s ethane i n t h e 
present r e a c t i o n c o n d i t i o n s . 

The f o r m a t i o n o f C n hydrocarbons from syngas i n v o l v e a c h a i n -
growth mechanism (23). The m o l e c u l a r weight d i s t r i b u t i o n w i l l 
depend on ( i ) t h e p r o p a g a t i o n t o t r a n s f e r r a t e r a t i o and ( i i ) t he 
s i d e r e a c t i o n s . From t h e r e a c t i o n mechanism s t a n d p o i n t , t h e s e 
secondary r e a c t i o n s (£.£. hydrogénation, i s o m e r i z a t i o n and hydro-
g e n o l y s i s ) are masking t h e p r i m a r y growth process and make 
d i f f i c u l t such an approach. A non-decomposed Fe-^CO) ̂ "NaY 
adduct (h%Fe) p r o v i d e s a t y p i c a l m o l e c u l a r weight d i s t r i b u t i o n 
which i s r e p o r t e d on F i g u r e 1, curve 1. An e x p o n e n t i a l decrease 
of t h e mole p e r c e n t o f CO consumed t o form C n i s observed from 
C-j t o C9 w i t h a c o n s i s t e n t l y lower v a l u e f o r C2« Hydrocarbons 
h i g h e r than C9 are o n l y p r e s e n t i n t r a c e amounts. T h i s d i s t r i b u ­
t i o n i s independent o f t h e H2/CO r a t i o and o f t h e r e a c t i o n tempe­
r a t u r e . Only t h e s l o p e o f t h e s t r a i g h t l i n e s l i g t h l y changes 
i n d i c a t i n g a v a r i a t i o n i n the v a l u e o f the chain-growth p r o b a b i ­
l i t y . I n o r d e r t o assess the p e c u l i a r d i s t r i b u t i o n r e p o r t e d i n 
F i g u r e 1, curve 1, another Fe-NaY c a t a l y s t p r e c u r s o r was p r e p a r e d 
i n such a way t h a t m e t a l l i c p a r t i c l e s on t h e e x t e r n a l s u r f a c e o f 
the z e o l i t e are o b t a i n e d . T h i s i s performed by h e a t i n g t he 
Fe 3 ( C O ) 1 2 - N a Y adduct (UjtFe) i n vacuum from 25 t o 250°C w i t h i n 
1 h r and f u r t h e r e v a c u a t i o n a t 250°C f o r 1 5 h r s . P a r t i c l e s o f 
20-30nm i n diameter are thus o b t a i n e d . Higher CO, H2 c o n v e r s i o n s 
and C0 2 y i e l d ( 1 3 ? ) are found w i t h t h i s Fe-NaY sample. The c h a i n -
l e n g t h d i s t r i b u t i o n ( F i g u r e 1, curve 2) shows t h a t a d r a s t i c 
change occurs i n the Cg-C-jQ domain. I t can be concluded from 
t h e s e experiments t h a t the Fe3(C0)12-NaY p r e c u r s o r induces a 
p e c u l i a r s e l e c t i v i t y f o r t h e hydrocarbon c h a i n - l e n g t h . As the 
F e ^ C O ) - ^ a r e l o c a t e d i n the supercages and s i n c e l a r g e i r o n 
p a r t i c l e s are not d e t e c t e d by X-ray t e c h n i q u e s a f t e r t he 
c a t a l y t i c r u n s , t h i s hydrocarbon d i s t r i b u t i o n can be ach i e v e d ( i ) 
by e n c a p s u l a t i o n ( i . e . s t a b i l i z a t i o n ) o f s m a l l i r o n p a r t i c l e s 
and ( i i ) by a cage e f f e c t s i n c e the Cg l e n g t h f i t s the supercage 
diameter. M o l e c u l a r weight d i s t r i b u t i o n as d e p i c t e d i n F i g u r e 1, 
curve 1 must be r e l a t e d w i t h t h e presence o f s m a l l m e t a l p a r t i c l e s . 
T h i s r e l a t i o n s h i p i s demonstrated f o r ruthenium c a t a l y s t s ( v i d e 
i n f r a ) . P a r a l l e l s t u d i e s by Jacobs ( 8 ) , Gates (£) , B l a n c h a r d ( 1J0) 
and t h e i r co-workers p o i n t out the same e f f e c t o f the p o r o s i t y 
o f t h e i n o r g a n i c m a t r i x on t h e upper l i m i t o f th e hydrocarbon 
c h a i n - l e n g t h . However a c l e a r - c u t between p o i n t s ( i ) and ( i i ) i s 
d i f f i c u l t t o assess s i n c e the p a r t i c l e s i z e o f the c a t a l y s t can 
be l i m i t e d by the pore diameter i n which i t i s entrapped. 

As a l r e a d y mentioned, t h e a c i d i t y o f the HY z e o l i t e 
p r e c l u d e s i t s use as a support f o r F e - ^ C O ) ^ * t h e n i r o n p a r t i c l e s . 
The same b e h a v i o u r i s observed f o r Fe^ (CO) -| 2"" s i l i e a-alumina 
system. T h i s m a t e r i a l , when decomposed a t 200°C i s not an e f f i ­
c i e n t c a t a l y s t f o r F-T s y n t h e s i s and o n l y C^-C^ pro d u c t s are 
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12. BALLIVET—TKATCHENKO ET AL. Syngas Conversion over Carbonyls 193 

Table 3. E f f e c t o f e t h y l e n e as a c o - r e a c t a n t on CO, H 2 

c o n v e r s i o n s , C^ f o r m a t i o n and C 0 2 , C-j-C^ s e l e c t i v i t i e s 
( e x p r e s s e d as mole per c e n t o f CO co n v e r t e d i n t o t he d e s i r e d 
p r o d u c t ) . E x p e r i m e n t a l c o n d i t i o n s : c a t a l y s t = Feo(CO) 1 2~NaY 
(U#Fe); i n i t i a l p r e s s u r e = 20 b a r ; C|/H2/C0 = 1/5/1; 
r e a c t i o n temperature = 250°C; r e a c t i o n time = 15hrs. 

C o - r e a c t a n t s H Q conv. 
2 % 

CO conv. 
% 

CO, 
% % 

i C ^ / n C i i 
% 

H 2 + CO 39 73 10 20.6 9.9 0.8 It.8 

C 2
=+ H 2 + CO 73 7-6 11 13.2 16.7 1.6 

I 1 1 1 1 1 1 —ι 1 » ' 1 

Ί 2 3 k 5 6 7 8 9 1 0 11 

Figure 1 A Schulz-Flory-type representation for catalysts derived from Curve 1, 
in situ decomposition of the Fe.t(CO)12-NaY adduct; Curve 2, ex situ decomposition 
of the Fe3(CO)12~NaY adduct leading to large Fe crystallites (see text): initial pres­

sure, 20 bar; HJCO = 4/1; reaction temperature, 250°C 
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194 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

o b t a i n e d ( 2 3 ) . However, the c h a i n - l e n g t h s e l e c t i v i t y can be 
a l t e r e d by t h e a d d i t i o n o f an a c i d i c s u p p o r t , e.g. HY z e o l i t e , 
t o t h e F e 3 ( C 0 ) - | 2 " N a Y z e o l i t e i n t h e a u t o c l a v e . A d r a s t i c change 
i s observed i n t h e Cg-C-jQ range ( F i g u r e 2, curve 2 ) . T h i s beha­
v i o u r i s e x p l a i n e d by t h e occurence o f secondary r e a c t i o n s l i k e 
i s o m e r i z a t i o n and c r a c k i n g owing t o t h e a c i d i t y o f the HY z e o l i t e . 
Experiments performed under hydrogen p r e s s u r e w i t h HY z e o l i t e 
alone show t h a t η-octane i s t r a n s f o r m e d i n t o C 2 ( t r a c e s ) , C3, 
(predominant, i - C ^ / n - C j ^ ) , C5 and Cg whereas η-butane i s 
tr a n s f o r m e d i n t o C 2 ( t r a c e s ) , C - j j i - C ^ C5 and Cg b u t , i n t h i s 
l a t t e r c a s e , t h e a c t i v i t y i s q u i t e low. The presence o f the HY 
z e o l i t e l e a d s t o an i n c r e a s e i n the Ĉ -C,- f r a c t i o n w i t h a conco­
m i t a n t decrease o f h i g h e r hydrocarbons. Thus, t h i s experiment 
f u r t h e r supports the r o l e o f NaY entrapped i r o n p a r t i c l e s as 
a c t i v e s i t e s f o r the F-T s y n t h e s i s . 

B i s ( c y c l o p e n t a d i e n y l d i c a r b o n y l i r o n ) - z e o l i t e s adduct s. The 
adducts |CpFe(C0) 2| 2-HY and |CpFe(CO) 2| 2~NaY were used as 
s t a r t i n g m a t e r i a l s . They are not decomposed b e f o r e the c a t a l y t i c 
run. I n f r a r e d s p e c t r a o f the s e m a t e r i a l s show t h a t the i n t e g r i t y 
o f t h e m o l e c u l a r complex i s r e t a i n e d ; i t i s expected t h a t owing 
t o i t s s i z e , which i s s m a l l e r than t h a t o f F e 3 ( C 0 ) 1 2 , 
| C p F e ( C 0 ) 2 | 2 l i e s i n s i d e t h e c a v i t i e s . I n f r a r e d , UV-VIS and ESR 
d a t a w i l l p r o v i d e r e l e v a n t i n f o r m a t i o n on the f a t e o f t h i s 
compound under t h e r m a l treatment {2k) . 

The |CpFe(C0) 2| 2-HY adduct e x h i b i t s no c a t a l y t i c a c t i v i t y 
i n the temperature range s t u d i e d (200-300°C). However c y c l o -
pentene and cy c l o p e n t a n e are d e t e c t e d through GC m o n i t o r i n g 
o f t h e gas-phase. A redox r e a c t i o n F e ( 0 ) / H + i s s t i l l o c c u r r i n g 
as f o r t h e Fe3(C0)-| 2-HY adduct; the e v o l v e d hydrogen a l l o w s the 
r e d u c t i o n o f t h e c y c l o p e n t a d i e n y l l i g a n d s . T h i s b e h a v i o u r a l r e a d y 
p r o v i d e s evidence f o r t h e l o c a t i o n o f the F e ( l ) complexes w i t h i n 
t h e l a r g e c a v i t i e s o f the z e o l i t e . 

The |CpFe(C0) 2 I 2-NaY adduct i s a c t i v e f o r syngas c o n v e r s i o n . 
Under the s t a n d a r d c o n d i t i o n s t h e CO c o n v e r s i o n i s q u i t e s i m i l a r 
t o t h a t observed f o r Fe^(CO)-j 2-NaY (Table k). However hydrogen 
c o n v e r s i o n i s h i g h e r and t h i s i s r e f l e c t e d i n the c h a i n - l e n g t h 
d i s t r i b u t i o n which shows a b e t t e r s e l e c t i v i t y f o r l i g h t hydro­
carbons ( F i g u r e 3 ) . 

D i c o b a l t octacarbonyl-NaY z e o l i t e adducts.Only the adducts 
Co 2(C0)g-NaY were used as s t a r t i n g m a t e r i a l s . No decomposition 
t r o u g h t h e r m a l t r e a t m e n t was attempted b e f o r e t h e c a t a l y t i c runs. 

These adducts are more a c t i v e than the i r o n ones i n the 
c o n v e r s i o n o f syngas. At 250°C, a h i g h e r y i e l d o f methane i s 
observed (Table h) and carbon d i o x i d e i s produced i n s m a l l e r 
amounts. I n s p e c t i o n o f Table 5 summarizing the i n f l u e n c e o f t h e 
H2/CO r a t i o on p r o d u c t s s e l e c t i v i t y a l s o i n d i c a t e s a h i g h e r 
p r o d u c t i o n o f s a t u r a t e d hydrocarbons. T h i s b e h a v i o r i s t y p i c a l 
f o r c o b a l t c a t a l y s t s i n F-T s y n t h e s i s (.2,25)· The c h a i n - l e n g t h 
d i s t r i b u t i o n i s s i m i l a r t o t h a t observed f o r c a t a l y s t s d e r i v e d 
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12. BALLIVET—TKATCHENKO ET AL. Syngas Conversion over Carbonyls 195 

Figure 2. The effect of added H Y zeolite on the hydrocarbon distribution; Curve 
1, Fes(CO)lfrNaY + HY; Curve 2, Fe3(CO)12-NaY: initial pressure, 20 bar; 

HJCO = 4/1; reaction temperature, 250°C 

Table h. Comparative performances o f t h e F e 3 ( C O ) 1 2 , | C p F e ( C 0 ) 2 | 2 

and Co 2(C0)Q-NaY systems (C-| s e l e c t i v i t i e s e x p r e s s e d as mole 
p e r c e n t o f CO c o n v e r t e d i n t o t he d e s i r e d p r o d u c t ) . 
L x p e r i m e n t a l c o n d i t i o n s : i n i t i a l p r e s s u r e = 20 b a r ; H 2/C0 = U/1; 
r e a c t i o n temperature = 250°C; r e a c t i o n time = 1 5 h r s . 

M e t a l p r e c u r s o r H„ conv. 
2 % 

CO conv. COp 
% 

CH, 

F e 3 ( C 0 ) 1 2 39 73 10 2 0 . 6 

| C P F e ( C 0 ) 2 | 2 50 75 10 22 

C O 2 ( C 0 ) Q 100 0 . 8 U2.5 
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CATALYTIC ACTIVATION OF CARBON MONOXIDE 

Figure 3. A Schulz-Flory-type plot for catalyst derived from \CpFe(CO)2\g-NaY 
adduct: initial pressure, 20 bar; H2CO = 4/1; reaction temperature, 250°C 
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12. BALLIVET—TKATCHENKO ET AL. Syngas Conversion over Carbonyls 197 

2 + 

Figure 4. A Schulz-Flory-type plot for catalyst derived from Co2(CO)g-NaY 
adduct: Curve 1, HJCO — 4/1; Curve 2, HJCO = 1/1; initial pressure, 20 bar; 

reaction temperature, 250°C 

Table 5 . E f f e c t o f the H 2 / C 0 r a t i o on CO and H 2 c o n v e r s i o n s and 
product s e l e c t i v i t i e s ( e x p r e s s e d as mole p e r c e n t o f CO co n v e r t e d 
i n t o the d e s i r e d p r o d u c t ) . E x p e r i m e n t a l c o n d i t i o n s : c a t a l y s t = 
Co 2 ( C 0)Q-NaY (k%Fe)-9 i n i t i a l p r e s s u r e = 20 b a r ; r e a c t i o n tempe­
r a t u r e = 250°C ; r e a c t i o n time = 1 5 h r s . 

H 2 / C 0 Hp conv. CO cdnv. 
% % 

CO, 
r 

Ctik Γ C2 
% 

C3 
r 

c + c-/c c-/c 

Vi 100 0.8 1*2.5 8 15 33.7 

1/1 59-5 3h 6.1 11.3 k.k 12 66 5.8 13.5 
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198 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

from F e 3 ( C 0 ) - | 2 " N a Y a d d u c t s , i . e . e t h y l e n e i s a g a i n produced i n 
s m a l l e r amounts ( F i g u r e 3) and c h a i n - l e n g t h i s p r a c t i c a l l y 
l i m i t e d t o C^-C-JQ* 

However, comparison o f F i g u r e s 1 and 3 i n d i c a t e s a g r e a t e r 
decrease i n hydrocarbon content at the Cg-Cj l e v e l f o r c o b a l t 
c a t a l y s t s t h a n f o r i r o n c a t a l y s t s . These r e s u l t s agree w e l l w i t h 
the a l r e a d y r e p o r t e d g r e a t e r hydrogénation and h y d r o g e n o l y s i s 
a b i l i t i e s o f c o b a l t c a t a l y s t s w i t h r e s p e c t t o i r o n ones (2). Thus 
b e s i d e s the i n t r i n s i c shape s e l e c t i v i t y o f th e Y z e o l i t e , t he 
nature of t h e m e t a l and presumably the s i z e o f the m e t a l p a r t i c l e s 
are a l s o i m p o r t a n t f a c t o r s i n l i m i t i n g t h e chain-growth p r o c e s s . 

I n t e r e s t i n g l y , C o ( I I ) exchanged NaY z e o l i t e i s a l s o opera­
t i v e under the F-T c o n d i t i o n s (26). However, l a r g e amounts o f 
methane and h i g h e r hydrocarbons are produced. T h i s b e h a v i o u r i s 
r e m i n i s c e n t o f " c l a s s i c a l " F-T c a t a l y s t s (2,25) and suggests t he 
occurence o f c o b a l t c r y s t a l l i t e s o u t s i d e the Y z e o l i t e c a v i t i e s . 

T r i r u t h e n i u m d o d e c a r b o n y l - z e o l i t e s adducts. Ruthenium-Y 
z e o l i t e s have a l r e a d y been r e p o r t e d as c a t a l y s t s f o r s e l e c t i v e 
F-T s y n t h e s i s . S t a r t i n g from R ^ i C O ) ^ i n s t e a d o f R u ( l l ) 
complexes (Q) on HY z e o l i t e , c a t a l y s t s c o u l d be o b t a i n e d p r o v i d e d 
t h a t the m a t e r i a l s are t h o r o u g h l y d e c a r b o n y l a t e d . A study o f the 
t h e r m a l d e c o m p o s i t i o n o f t h e Ru-^CO) -| 2~HY z e o l i t e shows t h a t up 
t o 200°C, t h r e e c a r b o n y l groups p e r Ru^ u n i t e v o l v e and a p l a t e a u 
occurs up t o 320°C. The rema i n i n g c a r b o n y l l i g a n d s e v o l v e between 
320 and U20°C (15). Syngas c o n v e r s i o n o n l y occurs w i t h samples 
p r e t r e a t e d a t 320 o r U00°C. T h i s treatment l e a d t o s m a l l r u t h e ­
nium p a r t i c l e s o f c_a 1.5~2nm as i n d i c a t e d by e l e c t r o n m i c r o s ­
copy ( ] T ) . I f the t h e r m a l decomposition from 60 t o 320°C i s 
ope r a t e d i n vacuum w i t h i n 1 h r and i s f o l l o w e d by f u r t h e r evacua­
t i o n a t 320°C, p a r t i c l e s o f 10 t o 100 nm are o b t a i n e d . These 
c a t a l y s t s are more a c t i v e t h a n the c o r r e s p o n d i n g i r o n ones, i^.e^ 
carbon monoxide hydrocondensation s t a r t s below 200°C. A l l t h e 
c a t a l y t i c runs were performed at 200°C as methane i s s e l e c t i v e l y 
produced at 250°C. Table 6 and F i g u r e 5 show t h e dramatic d i f f e ­
rence i n b e h a v i o u r between the s m a l l p a r t i c l e s - and l a r g e 
p a r t i c l e s - c o n t a i n i n g c a t a l y s t s . A h i g h y i e l d o f methane i s 
o b t a i n e d f o r Ru-Y 10 nm. The s e l e c t i v i t y o f the Ru-Y 1.5 nm 
c a t a l y s t s i s s i m i l a r t o t h a t observed f o r the Fe-NaY-HY a f u n c ­
t i o n a l c a t a l y s t ( F i g u r e s 5 and 2 ) . However t h e comparison can 
o n l y be q u a l i t a t i v e s i n c e the r e a c t i o n temperatures are s i g n i f i ­
c a n t l y d i f f e r e n t . 

A f t e r t h e c a t a l y t i c runs no m o d i f i c a t i o n o f mean p a r t i c l e 
s i z e i s observed f o r t h i s l a s t system. C o n v e r s l y , Ru-^CO)^ 
d e p o s i t e d on s i l i c a - a l u m i n a i s r e a d i l y decomposed at 200°C t o 
m e t a l l i c p a r t i c l e s o f 1 nm mean s i z e which are a l s o c a t a l y s t s 
f o r t h e F-T s y n t h e s i s . The c a t a l y t i c a c t i v i t y a t 200°C i s ca one 
t e n t h o f t h e Y z e o l i t e supported ones and methane i s p r a c t i c a l l y 
t he o n l y hydrocarbon formed. E l e c t r o n m icroscopy examination o f 
the c a t a l y s t a f t e r r e a c t i o n r e v e a l s a d r a s t i c s i n t e r i n g o f the 
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12. B A L L I V E T — T K A T C H E N K O E T A L . Syngas Conversion over Carbonyls 199 

Table 6. E f f e c t o f the ruthenium p a r t i c l e s i z e on CO and H 2 

c o n v e r s i o n s and product s e l e c t i v i t i e s ( e x p r e s s e d as mole 
p e r c e n t o f CO c o n v e r t e d i n t o the d e s i r e d p r o d u c t ) . 
E x p e r i m e n t a l c o n d i t i o n s : i n i t i a l p r e s s u r e = 20 b a r ; H 2/C0 = 

r e a c t i o n temperature = 200°C; r e a c t i o n time = 15hrs. 

C a t a l y s t and mean 
p a r t i c l e s i z e 

H Q conv. 
2 % 

CO conv. 
% 

CO 
S3 c/ 

Ru-Y 10 nm 

Ru-Y 1.5 nm 

6b 

38 

100 

37 

0 

3 

1*1 

23 

10.7 

2.6 

6.9 

11*.6 

1*1.1* 

56.8 

Figure 5. The influence of the Ru particles size on the hydrocarbon selectivities: 
Curve 1, distribution for a mean-particle size of 1.5 nm; Curve 2, distribution for a 
mean-particle size of 10 nm; initial pressure, 20 bar; HJCO = 4/1; reaction tem­

perature, 200°C 
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ruthenium aggregates: w e l l c r y s t a l l i z e d hexagonal p l a t e s o f 10 
t o 100 nm are now p r e s e n t . T h i s r e s u l t p o i n t s out t h e s t a b i l i z i n g 
e f f e c t o f the z e o l i t e supercages upon s i n t e r i n g o f the s m a l l 
aggregates and serve s as an i n d i r e c t evidence f o r the occurence 
o f s m a l l aggregates i n t h e case o f the ( a i r - s e n s i t i v e ) i r o n and 
c o b a l t c a t a l y s t s . 

C o n c l u s i o n . 
F i s c h e r - T r o p s c h s y n t h e s i s c o u l d be " t a i l o r e d " by the use o f i r o n , 
c o b a l t and ruthenium c a r b o n y l complexes d e p o s i t e d on f a u j a s i t e 
Y-type z e o l i t e as s t a r t i n g m a t e r i a l s f o r t h e p r e p a r a t i o n o f c a t a ­
l y s t s . Short c h a i n hydrocarbons, i . e . i n t h e C - J - C Q range are 
ob t a i n e d . I t appears t h a t the f o r m a t i o n and the s t a b i l i z a t i o n 
o f s m a l l m e t a l l i c aggregates i n t o the z e o l i t e supercage are t h e 
p r e r e q u i s i t e t o induce a c h a i n l e n g t h l i m i t a t i o n i n the hydro-
condensation o f carbon monoxide. However, t h e c o n t r o l o f t h i s 
s e l e c t i v i t y t h r o u g h e i t h e r a d e f i n i t e p a r t i c l e s i z e o f the m e t a l 
or a shape s e l e c t i v i t y o f the z e o l i t e i s s t i l l a matter o f spe­
c u l a t i o n . F u r t h e r work i s needed t o s o l v e t h i s dilemna. 

In a more g e n e r a l c o n t e x t , m e t a l c a r b o n y l s on z e o l i t e s can 
be a unique way t o prepare h i g h l y d i s p e r s e d m e t a l c a t a l y s t s . I n 
the p r e s e n t work, t h i s i s e s p e c i a l l y the case f o r i r o n as no 
ot h e r m i l d methods are o p e r a t i v e . I t i s expected t h a t the method 
c o u l d be a p p l i e d t o the p r e p a r a t i o n o f b i - and p o l y m e t a l l i c 
c a t a l y s t s even though t h e s t a r t i n g m a t e r i a l are not b i - o r p o l y ­
m e t a l l i c c l u s t e r s , but more c o n v e n i e n t l y homometallic c l u s t e r s . 
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13 
Hydrogenation of Carbon Monoxide on Alumina-
Supported Metals 
A Tunneling Spectroscopy Study 
R. M. K R O E K E R — I . B . M . Research Laboratory, 5600 Cottle Road, San Jose, CA 95193 

P. K . HANSMA—Department of Physics, University of California, Santa Barbara, 
CA 93106 

W. C. KASKA—Department of Chemistry, University of California, Santa Barbara, 
CA 93106 

The hydrogenation of CO on alumina supported metals has been 
the subject of many research efforts. This report is about the 
application of a relatively new technique, tunneling spectroscopy, 
to the problem of identifying the reaction intermediates that are 
formed on the catalyst surface. Tunneling spectroscopy is a 
vibrational spectroscopy that presents information about the sys­
tem being studied in much the same way as do infrared and raman 
spectroscopy. The selection rules of tunneling are very weak; 
the spectrum observed consists of both the infrared and raman 
allowed vibrations. This similarity between techniques invites 
comparison of the results obtained in this work with those of 
previous infrared studies, such as those done by G.Blyholder, 
et al.(1), and R.A.Dalla Betta, et al. (2). From such comparisons 
it is possible to say that all three techniques find the observa­
tion of submonolayers of hydrocarbons to be technically demanding. 
No experimental method is yet available that allows the complete 
determination of all reaction pathways on a catalyst surface. As 
a f i rst step toward this ultimate goal we report the observation 
of the h y d r o g é n a t i o n of CO chemisorbed on alumina-supported metal 
particles with tunneling spectroscopy. 

Inelastic Electron Tunneling Spectroscopy (IETS) measures the 
energies, and thus the frequencies, of the normal modes of vibra­
tion of molecules that are incorporated in order near the insulator 
of a metal-insulator-metal tunnel junction. In this work all 
junctions are made with an aluminum-aluminum oxide-dopant-lead 
structure, where the dopant consists of small metal particles 
(with 10-4θ Angstrom diameters) that are exposed to CO and hydro­
gen. The insulator plus dopant thickness is approximately 30 
Angstroms, thin enough to allow electrons to tunnel from the 
aluminum to the lead electrode whenever a voltage (aluminum nega­
tive) is applied. The maximum energy of a tunneling electron 
above the fermi energy of the lead electrode is the energy it 
gains from the applied voltage, eV. Experimentally it is found 
that these tunneling electrons can excite the vibrations of mole­
cules in or near the insulating barrier. The dominant criterion 

0097-6156/81/0152-0203$05.00/0 
© 1981 American Chemical Society 
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204 C A T A L Y T I C A C T I V A T I O N O F C A R B O N M O N O X I D E 

is simply that the e l e c t r o n must have an energy greater or equal 
to the v i b r a t i o n a l energy, hv, of the molecule e x c i t e d . This 
gives r i s e to a threshold v o l t a g e , V = hv/e, that can be observed 
as a conductance increase. This increase i s then measured and 
displayed in a form comparable to the absorbence in an i n f r a r e d 
experiment. A more d e t a i l e d d e s c r i p t i o n of the experimental 
techniques of tunnel ing can be found in the review l i t e r a t u r e (3) . 

Rhod i urn 

The top trace in Figure 1 shows the spectrum obtained for CO 
chemisorbed on rhodium p a r t i c l e s . This d i f f e r e n t i a l spectrum i s 
the r e s u l t of s u b t r a c t i n g the s i g n a l s from two j u n c t i o n s ; one 
prepared with rhodium p a r t i c l e s , and another without rhodium 
p a r t i c l e s . The r e s u l t i n g d i f f e r e n t i a l spectrum c l e a r l y shows 
v i b r a t i o n s due to the chemisorbed CO at 413, 465, 600, 1721, and 
1942 cm"'. The exact frequencies measured depend on the p a r t i c l e 
s i z e , the temperature of the j u n c t i o n during formation, the degree 
of surface coverage, and the amount of other gases (such as water) 
chemisorbed on the sur face. Detai led studies of these small 
s h i f t s ( t y p i c a l l y a few percent) have not been completed. A 
recent study of such s h i f t s due to temperature has been published 
by P.R.Antoniewicz, et a l . using i n f r a r e d spectroscopy (4). 
Structure due to the aluminum o x i d e , aluminum, and lead e lectrodes 
is g r e a t l y suppressed. The CO is chemisorbed as three d i f f e r e n t 
species on the rhodium surface (5_,6^7) . Three species have a l s o 
been observed with i n f r a r e d spectroscopy on s i m i l a r systems. The 
i d e n t i f i c a t i o n of the three types of chemisorbed CO by i n f r a r e d 
workers (8 ,̂9_,J_0_,JJ_) as a gem dicarbonyl , Rh(C0)2, a l i n e a r 
s p e c i e s , RhCO, and a m u l t i p l y bonded s p e c i e s , Rh x C0, agrees with 
the tunneling i d e n t i f i c a t i o n s derived from i s o t o p i c s h i f t s . In 
tunnel ing spectra the dicarbonyl species is best seen by observ­
ing a low frequency bending mode at 413 cm"', the l i n e a r species 
can be i d e n t i f i e d by a low frequency bending mode at 465 cm"', 
and the m u l t i p l y bonded species can be i d e n t i f i e d by the presence 
of the CO s t r e t c h i n g v i b r a t i o n at 1721 cm"'. The broad band at 
600 cm"' contains the rhodiurn-carbon s t r e t c h i n g v i b r a t i o n s f o r a l l 
three s p e c i e s , and the CO s t r e t c h i n g mode at 1942 cm"' contains 
c o n t r i b u t i o n s from both the l i n e a r and dicarbonyl s p e c i e s . 

The lower t race in Figure 1 shows the r e s u l t s of heating the 
tunnel j u n c t i o n s (complete with a lead top electrode) in a high 
pressure c e l l with hydrogen. It is seen that the CO reacts with 
the hydrogen to produce hydrocarbons on the rhodium p a r t i c l e s . 
Studies with isotopes and comparison of mode p o s i t i o n s with model 
compounds i d e n t i f y the dominant hydrocarbon as an ethyl idene 
species ( ] 2 ) . The importance of t h i s observation i s obviously not 
that CO and hydrogen react on rhodium to produce hydrocarbons, but 
that they w i l l do so in a tunnel ing j u n c t i o n in a way so that the 
react ion can be observed. The hydrocarbon i s seen as i t forms 
from the chemisorbed monolayer of CO ( v e r i f i e d by i s o t o p e s ) . As 
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1 3 . K R O E K E R E T A L . Hydrogénation on Alumina-Supported Metals 2 0 5 

800 1600 2400 

Figure 1. Differential spectra of CO chemisorbed on alumina-supported Rh par­
ticles before and after heating to 420 Κ in hydrogen. One of the three species of 
chemisorbed CO remains after heating and can be identified by a bending mode 
at 478 cm1, a stretching mode at 586 cm1, and a stretching mode at 1937 cm'1 as 
a linear CO species. The other CO species react and/or desorb while producing 
hydrocarbons on the Rh particles. The dominant species formed has been identified 

as an ethylidene species. 
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206 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

it forms without the presence of gas phase CO, and no surface 
species containing oxygen is observed, it seems unlikely to be 
formed by CO insertion. A possible mechanism would be the poly­
merization of CH2 groups from dissociated CO that had been hydro-
genated. At any rate, the ethylidene species is a relatively 
stable surface species when CO is hydrogenated on rhodium parti­
cles that are incorporated in tunneling junctions. At present, 
it is not known if this same species is formed on supported 
rhodium particles in a more conventional reaction c e l l . It is 
not known because no other technique has developed the technology 
needed to observe the formation of the f i rst submonolayer of 
hydrocarbons on supported metals. A similar species has been 
observed to form on single crystal rhodium from the chemisorption 
of ethylene (13,1*0 . It is to be expected that future work will 
allow direct comparisons of surface species formed by different 
techniques, but until this is possible questions raised by the 
presence of the top lead electrode in these tunneling experiments 
can not be answered. 

Cobalt 

Figure 2 shows the differential spectra of CO chemisorbed on 
supported cobalt particles both before and after heating in hydro­
gen. Again it is seen that the chemisorbed CO reacts with hydro­
gen that diffuses through the lead electrode to form hydrocarbons 
in the tunneling junction. For the case of cobalt much less is 
known about the nature of the chemisorbed CO and the type of 
hydrocarbon formed. This information should become available as 
soon as we do the extensive work with isotopes necessary to iden­
tify the species involved. It is clear, however, that the hydro­
carbon formed on cobalt is different from that formed on rhodium. 
The cobalt related species has vibrations near 1600 and 760 cm~l 
that the rhodium related species does not have. The mode near 
1600 cm~l should involve oxygen, and this can be tested with 
isotopes. As mentioned above, the rhodium species does not con­
tain oxygen. The mode near 760 cm~l possibly is due to CH2, a 
group that also does not appear in the rhodium species. Thus 
even before this species is identified, it is clear that the 
reaction pathway for h y d r o g é n a t i o n of CO on cobalt is distinct 
from that on rhodium. This is, of course, no surprise; it has 
long been known that each metal has its own product distribution 
and reaction kinetics when used as a catalyst. What is noteworthy 
is that tunneling spectroscopy has been able to model supported 
catalysts well enough to reflect this difference between different 
Tietals. This suggests that whatever the effect of the lead 
electrode is on these reactions, there is information to be had 
From comparisons between the reactions of different metals under 
.he same conditions. 
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Figure 2. Differential spectra of CO chemisorbed on alumina-supported Co par­
ticles both before and after heating in hydrogen to 415 K. The chemisorbed CO 
is seen to react and form hydrocarbons in the tunnel function. This hydrocarbon 
species is distinct from that formed on Rh as seen by vibrational modes near 1600 

cm1 and 760 cm'1. 
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1 ron 

Figure 3 shows the results obtained to date on the h y d r o g é n ­
ation of CO chemisorbed on supported iron particles. Iron is a 
di f f icult metal to work with in tunneling junctions due to its 
magnetic properties. We have developed a technique (15) that 
allows us to obtain spectra of highly dispersed iron with chemi­
sorbed CO, as shown in the lower trace in the figure. Isotopic 
shift experiments indicate the CO is chemisorbed with predomi­
nantly linear character. The spectrum contains two bending modes 
a,t 436 and 519 cm'K and two stretching modes at 569 and 1856 cm"^ 
When these junctions are heated in hydrogen, some hydrocarbon is 
seen to form. At present, we are unable to identify the species 
formed due to a lack of intensity. As we heat the junctions the 
particles become magnetic, as evidenced by the rise of the back­
ground with heating shown in the middle and upper traces in the 
figure. This could be due to the sintering of the particles or 
due to the loss of chemisorbed CO. All our attempts to increase 
the intensity of the hydrocarbon modes formed during heating have 
been foiled by this background structure. While we expect to be 
able to overcome this difficulty with continued effort, at present 
all that can be learned about this hydrocarbon species is that it 
also exhibits a mode near 1600 cm"̂  that can be expected to in­
volve oxygen. This implies that the reaction pathway on iron more 
closely follows that of cobalt than that of rhodium, a fact that 
can also be derived from many different experiments and processes 
with commercial catalysts (16). 
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Figure 3. Differential spectra of CO chemisorbed on alumina-supported Fe par­
ticles shown before and after two heatings in hydrogen to 420 K. Some CO reacts 
to form hydrocarbons on the Fe particles. The rising background seen at low fre­
quencies indicates the formation of magnetic particles, either through sintering or 
the desorption of CO. The formation of OH in the junction upon heating does not 
correlate with the formation of a C-O bond nor with the formation of the C-H 

bonds. 
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210 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

Figure 4. Differential spectra of CO chemisorbed on alumina-supported Ni par­
ticles both before and after heating to 425 K. Very little surface hydrocarbon is 
seen to form on the Ni particles. This lack of surface hydrocarbon reflects the 

selectivity of such catalysts for methanation over Fisher-Tropsch synthesis. 
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13. KROEKER ET AL. Hydrogénation on Alumina-Supported Metals 211 

Nickel 

Nickel is known for its selectivity for methanation. This 
selectivity for methane implies a lack of carbon-carbon bonding 
on the metal surface when compared to cobalt or rhodium. Figure 
4 shows our results for the h y d r o g é n a t i o n of chemisorbed CO on 
supported nickel particles. The CO is chemisorbed on the nickel 
in at least four different ways (J_7) . Upon heating in hydrogen 
the CO reacts and/or desorbs forming very l i t t l e surface hydro­
carbon. We feel this lack of surface hydrocarbon reflects the 
selectivity of alumina supported nickel particles for the forma­
tion of methane. The modes that are seen to form are again too 
weak for identification, as was the case for iron. We expect that 
future work with nickel will improve the observed signal to noise 
ratio significantly. It should be remembered that tunneling 
spectroscopy is less than twenty years old; its application to 
studies of the activation of CO is less than five years old. With 
this f i rst work with supported metal particles we hope to have 
demonstrated some of the potential tunneling spectroscopy for the 
modelling of adsorption and reaction on catalist surfaces. 
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14 
Hydrogenation of Carbon Monoxide to Methanol 
and Ethylene Glycol by Homogeneous Ruthenium 
Catalysts 
B. D U A N E D O M B E K 

Union Carbide Corporation, South Charleston, WV 25303 

Hydrogénation of the carbon monoxide molecule i s a reaction 
of both inherent chemical interest and p r a c t i c a l significance, 
since processes based on i t could become a major source of 
chemicals and fuels in the future. Heterogeneously catalyzed 
processes for synthesis gas conversion are already practiced 
commercially (J.) (methanol synthesis and the Fischer-Tropsch 
process, for example), but homogeneous catalysts have not yet 
arrived at this stage. The major potential for homogeneously 
catalyzed processes appears to be in highly selective production 
of useful chemicals and intermediates from synthesis gas. The 
goals of our research have been to attempt to understand the 
chemical steps involved in formation of one of these useful 
chemicals - ethylene glycol - from synthesis gas, and to use 
this knowledge in designing more effective c a t a l y t i c systems. 

Most homogeneous catalysts for hydrogénation of carbon 
monoxide have been discovered and studied under extremely high 
pressures. For example, the f i r s t demonstration that organic 
products (including ethylene glycol and glycerine) could be 
obtained from H2/CO by homogeneous ca t a l y s i s was performed 
with cobalt complexes under pressures from 1500 to 5000 atm {2). 
Subsequently, rhodium complexes were found to be c a t a l y t i c a l l y 
active at elevated pressures (3), and continued research on 
this system has given improved results at lower pressures ( 4 J . 
Many metal carbonyl complexes have recently been reported to 
hydrogenate 00 at pressures substantially above 1000 atm 
(5,6,7,8,9) . 

Although related reactions have also been done under low 
pressures, very low rates of product formation are observed 
(8,10,11). We have found, however, that a ruthenium carbonyl 
catalyst i s quite active for converting H2/CO to methanol 
under moderate pressures (below 340 atm). More s i g n i f i c a n t l y , 
we also discovered that an ethylene g l y c o l product could be 
obtained from this catalyst by use of carboxylic acid promoters 
or solvents (12). This remarkable and intriguing promoter 
effect deserved, we f e l t , further mechanistic investigation 

0097-6156/81 /0152-0213$05.00/0 
© 1981 American Chemical Society 
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214 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

because of i t s potential implications for influencing catalyst 
s e l e c t i v i t y toward two-carbon and longer-chain products. 

Results 

Reaction of acetic acid solutions of Ru3(CO)12 with 
mixtures of CO and H2 under pressure produces substantial 
amounts of methyl acetate and smaller quantities of ethylene 
gl y c o l diacetate, as shown i n Table I. Other products observed 
in these reactions are traces of glycerine triacetate and small 
amounts of ethyl acetate. (The ethanol i s apparently derived 
largely from acetic acid by c a t a l y t i c hydrogénation, since 
reactions i n propionic acid solvent y i e l d similar quantities of 
propyl propionate and only traces of ethyl propionate.) 

Infrared spectra of reaction solutions immediately after 
depressurization show that the ruthenium i s mainly i n the form 
of Ru(CO) 5, and only traces of R u 3(CO ) i 2 are present. 
However upon standing at ambient conditions the solutions 
precipitate Ru3(CO)^2 i n nearly quantitative y i e l d s . Infrared 
spectra under reaction conditions (400 atm of 1:1 H2/CO, 200°C) 
also correspond to the spectrum of Ru(CO) 5; no acetate or 
cluster complexes are observed. However, there i s evidence for 
the presence of small amounts of R u 3(CO ) i 2 under somewhat 
lower pressures (ca. 200 atm). Many other ruthenium complexes 
were used as catalyst precursors, and were found to be converted 
to the same ruthenium products under reaction conditions. For 
example, H 4Ru4(CO) 1 2 (13), i Ru(C0) 2(CH 3C0 2) 2 l n <H> ' 
Ru 6C(CO) 1 7 (15), H 3Ru 3(CO)9(CCH 3) (16), and Ru(acac) 3 a l l gave 
equal rates to organic products and were recovered as Ru3(CO)i2-

No evidence of ruthenium metal formation was found in 
c a t a l y t i c reactions u n t i l temperatures above about 265°C (at 
340 atm) were reached. The presence of Ru metal i n such runs 
could be easily characterized by i t s visual appearance on glass 
l i n e r s and by the formation of hydrocarbon products (Jrl7)* The 
actual catalyst involved in methyl and g l y c o l acetate formation 
i s therefore almost certainly a soluble ruthenium species. In 
addition, the observation of predominantly a mononuclear complex 
under reaction conditions i n combination with a first-order 
reaction rate dependence on ruthenium concentration (e.g., see 
reactions 1 and 3 in Table I) strongly suggests that the 
c a t a l y t i c a l l y active species i s mononuclear. 

Reactions i n solvents other than carboxylic acids (e.g., 
ethers, alcohols, esters, hydrocarbons, etc.) under conditions 
given in Table I do not produce detectable amounts of ethylene 
glycol (less than about 0.02 mmole). (Experiments were carried 
out to demonstrate that g l y c o l would survive had i t been 
produced i n some of these solvents.) However, methanol y i e l d s 
nearly equivalent to those obtained i n acetic acid are found i n 
some of these solvents (cf. reactions 1, 10 and 11 i n Table I ) . 
Reactions in acetic acid diluted with these solvents also give 
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216 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

similar methanol yields, but the amount of ethylene gl y c o l 
produced i s less than i s formed i n undiluted acetic acid 
solvent (see Table I ) . For example. Fig. 1 shows the eff e c t of 
increasingly d i l u t i n g the acetic acid solvent with water and 
methyl acetate; there i s an approximate dependence of gl y c o l 
rate on the second power of acetic acid concentration. 

A number of carboxylic acids other than acetic were 
investigated as solvents or promoters. A l l of these acids which 
were stable to reaction conditions were found to be effective 
in promoting glycol ester production (e.g., propionic, p i v a l i c , 
benzoic, etc.). However, other Brtfnsted acids of non-carboxylie 
nature were not found to be effective promoters. Thus penta-
chlorophenol, although i t has a pK a value (4.82) very close 
to that of acetic acid (4.76), i s not a comparable promoter 
(Table I, reaction 13). Likewise, phosphoric acid (pK1-2.15) 
i s not an effective solvent or co-solvent with acetic acid 
(Table I, reaction 8). Experiments with lower concentrations 
of these acids in sulfolane solvent also showed that carboxylic 
acids are unique in promoting glycol formation. The promoter 
function of carboxylic acids thus appears not to be dependent 
(only) upon their a c i d i t y , but on some other chemical or 
structural property. 

The glycol-producing reaction exhibits an interesting 
dependence on the p a r t i a l pressure of carbon monoxide. As shown 
in Fig. 2 the dependence of rate on CO pressure i s large at low 
CO p a r t i a l pressure, but approaches zero-order at higher CO 
levels. A more constant dependence on H 2 p a r t i a l pressure i s 
observed, but a non-integral relationship between f i r s t - and 
second-order (ca. 1.3) i s found. The formation of the methanol 
product in these reactions exhibits nearly the same behavior 
with respect to CO and H 2 p a r t i a l pressures, and only minor 
changes in product d i s t r i b u t i o n are observed on changing the 
gas composition or pressure. 

Discussion 

The nearly id e n t i c a l dependences of methanol and glycol 
product rates on ruthenium concentration, H 2 p a r t i a l pressure, 
and CO p a r t i a l pressure perhaps suggest that the same catalyst 
i s involved i n forming both products, and that the branching 
point occurs r e l a t i v e l y late i n the process. Essentially the 
only difference i n the empirical rate equations for the two 
products i s the zero-order dependence on acetic acid concentra­
tion for methanol production vs. a high dependence on acid 
concentration for glycol formation. Presumably the acid i s 
only involved i n the glycol-forming reaction after the branching 
point. It i s possible to postulate a mechanistic sequence 
consistent with these assumptions and with a l l of the experi­
mental observations, as shown i n Scheme 1. Reaction steps 
outlined i n this scheme are combinations of elementary steps, 
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Figure 1. Log-log plot of ethylene gly­
col diacetate yield vs. acetic acid concen­
tration when diluted with varying amounts 
of methyl acetate and H20; conditions are 

specified in Table I (12) 

> 170 atm H 2 

.05 
75 100 150 200 250 

Figure 2. Ethylene glycol diacetate yield 
as a function of varying CO and Hs par-

Pressure of CO or H 2, otm tial pressures, at constant 170 atm H2 and 
CO partial pressures, respectively; other 

Journal of the American Chemical Society conditions are listed in Table / . ( 12) 
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218 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

and reagents specified are those consumed by the entire step. 
Rate-determining processes may be elementary steps which are not 
e x p l i c i t l y shown; coordinately unsaturated intermediates, for 
example, are not included. Double arrows indicate that at least 
p a r t i a l r e v e r s i b i l i t y i s expected under reaction conditions. 

Information on step 1 i n this scheme i s available from high-
pressure infrared measurements under reaction conditions. At 
CO p a r t i a l pressures above about 150 atm no Ru3(CO)^2 i s 
observed, but at lower CO pressures some of the trimer can be 
detected. This equilibrium between Ru3(CO)i2 a n d mononuclear, 
c a t a l y t i c a l l y active species may therefore be the cause of the 
CO dependence found under low CO p a r t i a l pressures, although 
zero-order CO dependence i s observed under higher CO pressures. 

Reaction of Ru(CO) 5 with H2 has been observed by high-
pressure IR spectroscopy to produce H2Ru(CO)4 (18). The 
involvement of H2 i n an equilibrium process such as step 2 
could be the root of the observed non-integral dependence of 
reaction rate on H2 pressure. 

Intramolecular hydride migration to a coordinated carbonyl 
ligand has not yet been observed as an isolated reaction, but 
the involvement of this process in step 3 seems probable. 
Reductive elimination of the resultant formyl ligand could 
y i e l d coordinated formaldehyde (step 4), as previously proposed 
in a mechanism for the Pischer-Tropsch reaction (19). This 
formaldehyde ligand could presumably insert into a Ru-H bond i n 
two directions; either a metal-oxygen bond (RU-OCH3) or a 
metal-carbon bond (Ru-CH2OH) could be formed. Because th i s 
c a t a l y t i c system i s highly specific for methanol formation i n 
the absence of carboxylic acids, a methoxy ligand rather than 
hydroxymethyl i s presumed to be the methanol precursor under 
these conditions, via step 5. This proposed step corresponds 
to the known hydrogénation of aldehydes (20,21) and, i n the 
reverse sense, to the conversion of alcohols or alkoxides 
(22,23,24) to aldehydes by ruthenium complexes. These 
processes are a l l believed to proceed through metal alkoxide 
complexes rather than ^-hydroxyalkyl intermediates. If a 
hydroxymethyl complex were indeed an intermediate i n t h i s 
system, at least traces of two-carbon products would be 
expected to be produced by migratory insertion of a carbonyl 
ligand — a step which i s surely very f a c i l e under the 
conditions employed for c a t a l y s i s . For example, i t has been 
reported (25) that formaldehyde i s stoichiometrically hydro-
formylated to glycolaldehyde by HCo(CO)4. This reaction i s 
presumed to involve an intermediate hydroxymethyl complex which 
i s carbonylated even at 0°C under one atm of carbon monoxide. 

Since i t i s experimentally observed that carboxylic acids 
are required to promote gly c o l production by t h i s system, and 
since acid concentration appears i n the empirical rate equation 
for glycol production with a substantial exponent (ca. 1.8), the 
formation of a metal-carbon bonded intermediate (step 6) may 
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14. DOMBEK Hydrogénation by Homogeneous Ru Catalysts 219 

i n v o l v e an a c i d " d i m e r " . The c h a r a c t e r o f such an aggregate i s 
not c e r t a i n - i t c o u l d be a hydrogen-bonded a c i d d imer , a 
p r o t o n a t e d a c i d m o l e c u l e , o r a s m a l l e q u i l i b r i u m c o n c e n t r a t i o n 
o f a c i d a n h y d r i d e , f o r example. Whatever the form o f t h i s 
complex i t c o u l d a c t as an e f f e c t i v e a c y l a t i n g agent , a t t a c k i n g 
the oxygen atom o f a c o o r d i n a t e d formaldehyde i n t e r m e d i a t e and 
promot ing m e t a l - c a r b o n bond f o r m a t i o n . E s t e r i f i c a t i o n o f 
a l c o h o l s by a c e t i c a c i d , f o r example, i s observed t o be 
second - o rde r i n a c i d c o n c e n t r a t i o n , and an a c i d d imer i s 
b e l i e v e d t o be i n v o l v e d (26) . (Ruthen ium-ca ta l yzed H2/CO 
r e a c t i o n s per formed i n a c e t i c anhydr ide a l s o produce g l y c o l 
d i a c e t a t e , but much o f the anhydr ide i s hydrogenated , y i e l d i n g 
e t h y l a c e t a t e and a c e t i c a c i d . ) A s t a b l e osmium complex 
c o n t a i n i n g c o o r d i n a t e d formaldehyde has been shown t o undergo 
an e l e c t r o p h i l i c a d d i t i o n e n t i r e l y ana logous t o t h a t proposed 
f o r s t ep 6 (27 ) . R e a c t i o n w i t h the a l k y l a t i n g agent 
C F 3 S O 3 C H 3 r e s u l t s i n m e t h y l a t i o n o f the formaldehyde oxygen 
atom and f o rma t i on o f a m e t a l - c a r b o n bonded methoxymethyl l i g a n d 
(eq. 1) . 

C P 3 S O 3 C H 3 

O s ( h 2 - C H 2 0 ) ( C O ) 2 ( P P h 3 ) 2 - H 2 0 > 

[ O s ( C H 2 O C H 3 ) ( H 2 0 ) ( C O ) 2 ( P P h 3 ) 2 ] + (1) 

The ruthenium acy l oxymethy l complex produced by s t ep 6 o f 
Scheme 1 c o u l d , o f c o u r s e , e l i m i n a t e the methy l e s t e r p r o d u c t , 
but i t a l s o has the p o s s i b i l i t y o f l e a d i n g t o a two-carbon 
p r o d u c t v i a a l k y l group m i g r a t i o n t o c o o r d i n a t e d CO (eq. 2 ) . 

0 H O H 0 0 

I! I II I II II 
CH3OCR <€— OC-Ru-CH 2 OCR — * Ru-CCH 2OCR (2) 

The c h e m i s t r y o f such an acy l oxymethy l l i g a n d has been i n v e s t i ­
gated i n a c l o s e l y r e l a t e d manganese model system (28) . The 
complex (CO ) 5 Mn-CH 2 OC(0 )Bu t r e a c t s w i t h H 2 under ve ry m i l d 
c o n d i t i o n s (100 p s i , 75°C) t o g i v e good y i e l d s o f e t h y l e n e 
g l y c o l e s t e r HOCH 2 CH 2 OC(0)Bu f c (Scheme 2 ) . On ly t r a c e s o f methy l 
e s t e r CH30C(0 )Bu t are ob se r ved , but under o t h e r c o n d i t i o n s t h i s 
can become the major p r o d u c t . The g l y c o l p r o d u c t a p p a r e n t l y 
a r i s e s from hydrogénat ion o f a g l y c o l a l d e h y d e e s t e r i n t e r m e d i a t e , 
HC (0 )CH 2 OC(0 )Bu t , s i n c e t h i s a ldehyde i s observed i n e a r l y 
s tages o f the r e a c t i o n , but d i s a p p e a r s r a p i d l y as the a l c o h o l 
p r o d u c t i s formed. T h i s model system demonst ra tes t h a t an 
acy l oxymethy l l i g a n d can be c o n v e r t e d t o a g l y c o l o r methanol 
p r o d u c t under ve ry m i l d c o n d i t i o n s . 

The f o r m a t i o n o f a l o n g e r - c h a i n p r o d u c t , g l y c e r i n e 
t r i a c e t a t e , i n R u 3 ( C 0 ) ^ 2 - a c e t i c a c i d c a t a l y t i c r e a c t i o n s can 
a l s o be accounted f o r by Scheme 1. A g l y c o l a l d e h y d e e s t e r 
i n t e r m e d i a t e would presumably be l a r g e l y hydrogenated t o a 
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220 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

Scheme 1. Postulated mechanism of methanol and ethylene glycol ester formation 
by Ru catalysts 

CO H 2 CO H \ 
R u 3 ( C O ) | 2 « ^ — Ru(CO) 5 * Q - H2Ru(C0)4 • ^ (C0)4H Ru - CO 

CO 
« (CO)3 H 2 R u -

RC02H 

(C0)4 H Ru- OCH3 - Methanol 

Ethylene 
(COM H RU-CH2O2CR—^Glycol 

Ester 

Scheme 2. Reactions of α Μ η acyloxymethyl complex with H2 (R = €{0)Β&) 

(C0 ) 4 Mn-CH 20R 

[H] 

CH3OR 

-CO 
( C O ) 5 M n - C H 2 O R^=as (C0 ) 4 M n - C C H 20R 

[H] 

Ο 
[H] Il T 

H O C H 2 C H 2 O R — HCCH 2 OR 
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14. DOMBEK Hydrogénation by Homogeneous Ru Catalysts 221 

glycol product by a process similar to step 5· However, 
hydroformylation of some of the aldehyde intermediate by the 
process of step 6 would lead to the glycerine product. 

The experimental results are consistent with the rate-
determining step for methanol formation being H 2 addition in 
step 4, and that for g l y c o l formation being step 6 after 
involvement of CO and acid. Later steps could possibly be 
rate-limiting instead, and other mechanistic schemes could 
perhaps be written which are consistent with the observations. 
However, a l l of the steps i n Scheme 1 are reasonably well 
precedented i n studies of Ru chemistry or closely related 
systems with the exception of step 3, hydride migration to CO. 
(Indeed, f i r s t - o r d e r homogeneous reactions such as thi s are 
perhaps the best existing evidence for intramolecular hydride 
migration to a carbonyl ligand.) The scheme provides one 
explanation for the unusual promoter effect observed to be 
spec i f i c to carboxylic acids. This phenomenon i s not a normal 
solvent or acidity effect, but appears to involve the 
introduction of a reagent which can intercept a c a t a l y t i c 
intermediate and s i g n i f i c a n t l y a l t e r the course of i t s reaction. 
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Abstract 

Solutions of Ru3(CO)12 in carboxylic acids are active 
catalysts for hydrogenation of carbon monoxide at low pressures 
(below 340 atm). Methanol is the major product (obtained as 
its ester), and smaller amounts of ethylene glycol diester are 
also formed. At 340 atm and 260°C a combined rate to these 
products of 8.3 x 10-3 turnovers s-1 was observed in acetic 
acid solvent. Similar rates to methanol are obtainable in 
other polar solvents, but ethylene glycol is not observed under 
these conditions except in the presence of carboxylic acids. 
Studies of this reaction, including infrared measurements under 
reaction conditions, were carried out to determine the nature 
of the catalyst and the mechanism of glycol formation. A 
reaction scheme is proposed in which the function of the 
carboxylic acid is to assist in converting a coordinated 
formaldehyde intermediate into a glycol precursor. 
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15 
Syngas Homologation of Aliphatic Carboxylic 
Acids 

J O H N F. K N I F T O N 

Texaco Chemical Company, P.O. Box 15730, Austin, TX 78761 

In this paper we disclose the syngas homologation of 
carboxylic acids via ruthenium homogeneous catalysis. This 
novel homologation reaction involves treatment of lower MW 
carboxylic acids with synthesis gas (CO/H2) in the presence of 
soluble ruthenium species, e.g., RuO2, Ru3(CO)12, H4Ru4(CO)12, 
coupled with iodide-containing promoters such as HI or an alkyl 
iodide (1). 

Where acetic is the starting acid (eq. 1), homologation 
selectively yields the corresponding C3+ aliphatic carboxylic 
acids. Since acetic acid is itself a "syngas" chemical de­
rived from methanol via carbonylation (2,3), this means the 
higher MW carboxylic acids generated by this technique could 
also be built exclusively from CO/H2 and would thereby be in-
depent of any petroleum-derived coreactant. 

The scope and mechanism of carboxylic acid homologation is 
examined here in relation to the structure of the carboxylic 
acid substrate, the concentrations and composition of the ru­
thenium catalyst precursor and iodide promoter, synthesis gas 
ratios, as well as 13C labelling studies and the spectral iden­
tification of ruthenium iodocarbonyl intermediates. 

Results 

A summary of t y p i c a l preparative data for the acid homol­
ogation regime is presented in Tables I and II . 

Effect of Catalyst Composition. Where acet ic i s the t y p i ­
cal acid substrate, ef fect ive ruthenium catalyst precursors 
include ruthenium(IV) oxide, hydrate, ruthenium(III) ace ty l -
acetonate, triruthenium dodecacarbonyl, as well as ruthenium 
hydrocarbonyls, in combination with iodide-containing pro­
moters l i k e HI and a l k y l iodides. Highest y ie lds of these 
higher MW acids are achieved with the Ru0 2-Mel combination, 

0097-6156/81 /0152-0225$05.00/0 
© 1981 American Chemical Society 
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226 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

T a b l e I 

A c e t i c A c i d H o m o l o g a t i o n 

C a t a l y s t c o m p o s i t i o n 3 

i , =^ 
R u t h e n ι urn 

s o u r c e 

P r o m o t e r 
s t r u c t u r e 

c o n v e r s i o n 
P r o p i o n i c 

( m o l e % ) c 

B u t y r i c V a 1 e r i c 
B u t y r i c a c i d s 

n / i s o r a t i o 

Ru0 2 M e l 52 37 6. 9 1.0 1.6 

H 4 R u 4 ( C O ) 1 2 M e l t*2 3^ 5. 5 <1 

R u 3 ( C O ) 1 2 M e l 70 25 7. 2 3.2 5.1 

R u ( a c a c ) 3 M e l 65 29 8. 5 <1 9.2 

R u C I 3 M e t 70 20 k. 3 <1 7.8 

R u C I 2 ( P P h 3 ) 3 M e l 10 7.6 

Ru0 2 E t l <*8 37 3. 2 0.7 1.9 

Ru0 2 HI 50 37 3. .7 1.0 2.0 

Ru0 2 C s l 26 <1 <1 

Ru0 2 B u 4 P I 16 29 7, 3 .2.0 

Ru0 2 E t B r 9 6 d 6.6 

Ru0 2 - <5 -
a R e a c t i o n c h a r g e : r u t h e n i u m , *».0 m m o l e ; i o d i d e , *»0 m m o l e ; a c e t i c a c i d , 830 m m o l e . 

T y p i c a l o p e r a t i n g c o n d i t i o n s : 220 ° C ; 272 a t m i n i t i a l p r e s s u r e C O / H 2 ( 1 : 1 ) . 

c C a r b o x y l i c a c i d y i e l d b a s i s a c e t i c a c i d c o n v e r t e d . 

d T w o - p h a s e l i q u i d p r o d u c t , l o w (*»9%) l i q u i d y i e l d . 

B - 1 9 
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15. KNiFTON Syngas Homologation of Carboxylic Acids 227 

Table II 

A c i d 
s u b s t r a t e 

CH3-CH2-COCH 

n-C4H9-COOH 

CH, 

CH, 
CH-CH2-COOH 

C a r b o x y l i c A c i d Homologation 

A c i d b 

conv. (%) 

69 

67 

*»3 

Major a c j d homologues n / i s o 
Compos ί t i o n ~ (mmoIeJ r a t i o 

C3H7-COOH 

C 5Hn-CO0H 

CH 3 

CH-
/CH-(CH 2) 2-COOH 

CH 3 I 
CH3-CH2-C-COOH 

3 2 I 
CH 3 

35 

35 

8.5 

k.2 

CH-COOH 
CH, 

*»5 

CH 3 

I 
CH,-C-COOH 

I 
CH, 

26 

C,H 
CH-COOH 

CH, 

CH 3 

CH3-C-COOH 
I 
CH, 

**8 

k3 

C 3 H 7 v 

CH 3
 y 

CH-CH9-C00H 

CH 3 

I 
C3H7-C-COOH 

I 
CH 3 

CH 3 

I 
CH 3-CH ?-C-C00H 

3 I 
CH, 

13 

12 

26 

a R e a c t i o n charge: Ru0 2xH 20, 2.0 mmole; Mel, 20.0 mmole; RCOOH, 2^5 mmole. 

^ O p e r a t i n g c o n d i t i o n s : 220°C, 272 atm. i n i t i a l p r e s s u r e CO/H2 (1:1). 

C-19 
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228 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

here t o t a l s e l e c t i v i t y t o C 3+ a c i d s i s ca. 45% and t u r n o v e r 
numbers are t y p i c a l l y c a . 110 per g atom Ru. The ruthenium 
c a t a l y s t remains i n s o l u t i o n throughout the homologation 
sequence, and the crude l i q u i d p r o d u c t s t y p i c a l l y d i s p l a y no 
metal p r e c i p i t a t e . Homologation i s not observed i n the 
absence o f halogen promoter. 

The p r i n c i p a l competing r e a c t i o n s t o r u t h e n i u m - c a t a l y z e d 
a c e t i c a c i d homologation appear t o be water-gas s h i f t t o C0 2, 
hydrocarbon f o r m a t i o n ( p r i m a r i l y ethane and propane i n t h i s 
case) p l u s s m a l l e r amounts of e s t e r i f i c a t i o n and the f o r m a t i o n 
of e t h y l a c e t a t e (see E x p e r i m e n t a l S e c t i o n ) . Unreacted methyl 
i o d i d e i s r a r e l y d e t e c t e d i n these crude l i q u i d p r o d u c t s . The 
p r o p i o n i c a c i d p l u s h i g h e r a c i d p r o d u c t f r a c t i o n s may be i s o ­
l a t e d from the used ruthenium c a t a l y s t and unreacte d a c e t i c 
a c i d by d i s t i l l a t i o n i n vacuo. 

E f f e c t o f O p e r a t i n g C o n d i t i o n s . Y i e l d d a t a , summarized i n 
F i g u r e s 1 and 2, p o i n t t o a c e t i c a c i d homologation a c t i v i t y 
b e i n g s e n s i t i v e t o a t l e a s t f o u r o p e r a t i n g v a r i a b l e s , v i z . 
ruthenium and methyl i o d i d e c o n c e n t r a t i o n s , syngas c o m p o s i t i o n 
and o p e r a t i n g p r e s s u r e . 

F i g u r e 1 i l l u s t r a t e s the f i r s t o r d e r dependence upon 
i n i t i a l ruthenium o x i d e c o n c e n t r a t i o n s f o r [MeI]/[Ru] r a t i o s 
i n the range >10. T h i s f i r s t o r d e r dependence i s observed 
o n l y up t o a ruthenium(IV) o x i d e charge o f 2 mmole ( i . e . [Ru] 
~ 70 mM) under our s e l e c t e d e x p e r i m e n t a l c o n d i t i o n s . Higher 
i n i t i a l q u a n t i t i e s of ruthenium l e a d t o the presence of s i g ­
n i f i c a n t q u a n t i t i e s of y e l l o w p r e c i p i t a t e s a t the end of each 
run, lower o v e r a l l y i e l d s o f C 3+ a c i d s , but p r o p o r t i o n a l l y 
h i g h e r y i e l d s o f b u t y r i c and v a l e r i c a c i d s . 

The y i e l d s o f p r o p i o n i c and h i g h e r a c i d s are a l s o d e f i n ­
i t e l y improved w i t h i n c r e a s i n g i n i t i a l methyl i o d i d e c o n c e n t r a ­
t i o n ( F i g u r e 1) but here the r e l a t i o n s h i p i s c o m p l i c a t e d by the 
f a c t t h a t a t low methyl i o d i d e c o n c e n t r a t i o n s (and thereb y 
[MeI]/[Ru] <5) the c o r r e s p o n d i n g e s t e r s , p a r t i c u l a r l y e t h y l ace­
t a t e and e t h y l p r o p i o n a t e , become the p r i n c i p a l p r o d u c t s , r a t h e r 
than the c o r r e s p o n d i n g f r e e a c i d s , w h i l e a t much h i g h e r i o d i d e 
c o n c e n t r a t i o n s , where [MeI]/[Ru] r a t i o s are 30 or more, t h e r e i s 
a phase s e p a r a t i o n o f the pr o d u c t l i q u i d s i n t o a q u e o u s - r i c h and 
water-poor f r a c t i o n s . 

The importance of syngas c o m p o s i t i o n and o p e r a t i n g 
p r e s s u r e i s i l l u s t r a t e d i n F i g u r e 2. I t may be noted t h a t 
maximum y i e l d s o f p r o p i o n i c a c i d are ach i e v e d w i t h 1:1 C0/H 2 

even though the s t o i c h i o m e t r y o f t h i s s y n t h e s i s c a l l s f o r 2 
moles o f hydrogen per mole of CO (eq. 2 ) . No a c e t i c a c i d 
homologation i s observed i n the absence o f the hydrogen com­
ponent, but w h i l e a c e t i c a c i d c o n v e r s i o n g e n e r a l l y i n c r e a s e s 
w i t h i n c r e a s i n g hydrogen content o f the f r e s h syngas t h i s i s 
a l s o p a r a l l e l e d by an i n c r e a s e i n C 0 2 , ethane and propane con­
c e n t r a t i o n s i n the product o f f - g a s . 
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15. K N i F T O N Syngas Homologation of Car boxy lie Acids 231 

The e f f e c t of o p e r a t i n g p r e s s u r e upon the degree of 
a c e t i c a c i d homologation i s i l l u s t r a t e d a l s o i n F i g u r e 2. A l ­
though homologation has been observed over a 1 0 - f o l d change i n 
o p e r a t i n g p r e s s u r e (50 -» 500 atm), the y i e l d and s e l e c t i v i t y t o 
p r o p i o n i c a c i d appears t o reach a maximum a t ca. 100 atm, w h i l e 
the y i e l d s of h i g h e r a c i d s , b u t y r i c and v a l e r i c , c o n t i n u e t o i n ­
crease a t l e a s t t o the upper o p e r a t i n g l i m i t of our equipment 
(500 atm). 

CH3COOH + CO + 2H 2 • CH3CH2C00H + H 20 (2) 

Homologation o f Higher A c i d s . The v e r s a t i l i t y o f the 
homologation t e c h n i q u e i s i l l u s t r a t e d i n Table I I f o r a s e r i e s 
of t y p i c a l l i n e a r and branched a l i p h a t i c c a r b o x y l i c a c i d s . I n 
the case of s t r a i g h t - c h a i n , C^H^^.COOH, a c i d s u b s t r a t e s , such 
as p r o p i o n i c and η-valeric a c i d s , the p r i n c i p a l homologated 
p r o d u c t s are the c o r r e s p o n d i n g h i g h e r a c i d s c o n t a i n i n g one 
a d d i t i o n a l carbon p e r m o l e c u l e , e.g., b u t y r i c and hexanoic 
a c i d s r e s p e c t i v e l y . Here i t i s the l i n e a r c h a i n isomer t h a t 
g e n e r a l l y predominates, but i s o b u t y r i c and 2 - m e t h y l v a l e r i c 
a c i d s are d e t e c t e d , and n / i s o r a t i o s are n o r m a l l y i n the range 
4-8. The p r i n c i p a l by-products are water, C02, and the c o r r e ­
sponding hydrocarbon, e.g., propane and η-butane i n the case 
of C 3 a c i d homologation (see E x p e r i m e n t a l S e c t i o n ) and n-
pentane and n-hexane i n the case o f v a l e r i c a c i d , p l u s v a r i a b l e 
q u a n t i t i e s of a c e t i c a c i d . G e n e r a l l y we conclude t h a t i n c r e a s ­
i n g the c h a i n l e n g t h o f the a l k y l p o r t i o n o f the c a r b o x y l i c a c i d 
s u b s t r a t e , from C1 t o C 4, does not d r a m a t i c a l l y change the con­
v e r s i o n s or y i e l d s of h i g h e r a c i d s w i t h t h i s c l a s s of 
ruthenium(IV) o x i d e - m e t h y l i o d i d e c a t a l y s t couple. 

Homologation of branched-chain a l i p h a t i c a c i d s , by 
c o n t r a s t , many times i s accompanied by s u b s t a n t i a l r e a r r a n g e ­
ment, and w h i l e the p r i n c i p a l p r o d u c t s are once a g a i n those 
a c i d s c o n t a i n i n g one a d d i t i o n a l carbon p e r mo l e c u l e , v e r y o f t e n 
t h e r e i s a tendency t o generate " t e r t i a r y " a c i d s wherein the 0f-
carbon atom i s bonded to t h r e e a l k y l groups. T y p i c a l examples 
of the rearrangement t h a t may accompany R u - c a t a l y z e d syngas 
homologation are i l l u s t r a t e d i n Table I I f o r a s e r i e s o f t h r e e 
c l a s s e s o f branched-chain c a r b o x y l i c a c i d s , where the carbon 
α t o the c a r b o x y l i c a c i d f u n c t i o n i s methylene, methine or 
t e r t i a r y s u b s t i t u t e d . Thus t y p i c a l examples i n c l u d e : 

i s o - v a l e r i c a c i d • 2 , 2 - d i m e t h y l b u t y r i c a c i d 
2 - m e t h y l v a l e r i c a c i d • 2 , 2 - d i m e t h y l v a l e r i c a c i d 
t r i m e t h y l a c e t i c a c i d • 2 , 2 - d i m e t h y l b u t y r i c a c i d 

As i n the case o f the l i n e a r c a r b o x y l i c a c i d s , the 
p r i n c i p a l by-products are water, C02 and the c o r r e s p o n d i n g 
hydrocarbons. S u b s t a n t i a l q u a n t i t i e s of iso-b u t a n e are formed 
f o r example d u r i n g i s o - b u t y r i c a c i d homologation (see E x p e r i ­
mental S e c t i o n ) w h i l e 2-methylpentane accompanies the f o r m a t i o n 
of 2 , 2 - d i m e t h y l v a l e r i c a c i d d u r i n g syngas treatment of 
2 - m e t h y l v a l e r i c a c i d . 
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232 C A T A L Y T I C ACTIVATION OF CARBON MONOXIDE 

L a b e l l i n g S t u d i e s . L a b e l l i n g s t u d i e s employing carbon-13 
and deuterium have a l s o been used t o g a i n a b e t t e r understand­
i n g o f the mechanism of t h i s n o v e l a c i d homologation r e a c t i o n , 
as w e l l as t o c o n f i r m the source o f carbon f o r the h i g h e r MW 
a c i d p r o d u c t s . I n the more c r i t i c a l s e t o f experiments, s t a r t ­
i n g w i t h an a c e t i c a c i d charge e n r i c h e d a t the c a r b o n y l carbon 
to the e x t e n t of ca. 580% of n a t u r a l abundance, and co n d u c t i n g 
the homologation by the s t a n d a r d procedure (see E x p e r i m e n t a l 
S e c t i o n ) w i t h RuO 2-10MeI as the c a t a l y s t couple and 1/1 (C0/H 2) 
syngas, 1 3 C NMR a n a l y s i s of the p r o p i o n i c a c i d p r o d u c t f r a c t i o n 
(22 wt % ) , i n d i c a t e d s i g n i f i c a n t 1 3 C enrichment o n l y a t the 
methylene carbon (see Table I I I , eq. 3) and e s s e n t i a l l y none 
at the c a r b o x y l i c f u n c t i o n . L i k e w i s e , an a n a l y s i s of the n-
b u t y r i c a c i d f r a c t i o n (3.4 wt %) showed enrichment o n l y a t the 
a- and β-methylene carbons and none a t the c a r b o n y l carbon 
(Table I I I , eq. 4 ) . 

D e u t e r a t i o n s t u d i e s w i t h a c e t i c a c i d - d 4 (99.5% atom D) 
as the c a r b o x y l i c a c i d b u i l d i n g b l o c k , ruthenium(IV) o x i d e p l u s 
methyl i o d i d e - d 3 as c a t a l y s t couple and 1/1 (C0/H 2) syngas, were 
l e s s d e f i n i t i v e (see Table I I I ) . T y p i c a l samples o f p r o p i o n i c 
and b u t y r i c a c i d p r o d u c t s , i s o l a t e d by d i s t i l l a t i o n i n vacuo 
and g l c t r a p p i n g , and an a l y z e d by *H NMR, i n d i c a t e d c o n s i d e r ­
a b l e s c r a m b l i n g had o c c u r r e d w i t h i n the time frame o f the a c i d 
homologation r e a c t i o n . 

S o l u t i o n S p e c t r a . A d d i t i o n a l i n s i g h t i n t o the ruthenium 
s p e c i e s i n v o l v e d i n a c i d homologation comes from s t u d i e s o f the 
s o l u t i o n s p e c t r a by FTIR and the m e t a l l i c complexes i s o l a t e d 
from the f i n a l p r o d u c t m i x t u r e s . 

T y p i c a l crude p r o d u c t s o l u t i o n s from a c e t i c ^ a c i d homolo­
g a t i o n e x h i b i t s t r o n g bands a t 2112 and 2047 cm ( F i g u r e 3 ) , 
c h a r a c t e r i s t i c (4,5) of the ruthenium i o d o c a r b o n y l i o n , 
[ R u ( C 0 ) 3 I 3 ] . T h i s ruthenium s p e c i e s i n a c e t i c a c i d appears 
v e r y r o b u s t , s t o r a g e of these s o l u t i o n s f o r s i x weeks l e a d s t o 
no s i g n i f i c a n t changes i n the s p e c t r a , w h i l e d i s t i l l a t i o n o f 
the crude p r o d u c t l i q u i d s i n vacuo l e a v e s a deep-red r e s i d u a l 
l i q u i d s t i l l ^ e x h i b i t i n g the two c h a r a c t e r i s t i c bands a t 2107 
and 2040 cm . Treatment o f these same s o l u t i o n s w i t h t r i -
p henylphosphine i n a c e t i c a c i d y i e l d s pure R u l 2 ( C O ) 2 ( P P h 3 ) 2 , 
as r e p o r t e d by C l e a r e and G r i f f i t h (5) f o r [ R u ( C 0 ) 3 I 3 ] " . No 
ruthenium c a r b o x y l a t e s have been d e t e c t e d . 

F o r c a t a l y s t combinations c o n t a i n i n g i n i t i a l I/Ru r a t i o s 
^5, the p r o d u c t s o l u t i o n s a l s o show s t r o n g new bands a t 1999 
and 2036 cm c h a r a c t e r i s t i c (6) o f ruthenium p e n t a c a r b o n y l . 
Where a c e t i c a c i d homologation i s run a t [RuJ > 0.2 M, then 
another ruthenium i o d o c a r b o n y l , R u ( C 0 ) 3 I 2 , may be i s o l a t e d 
from the p r o d u c t mix as a y e l l o w c r y s t a l l i n e s o l i d . A t y p i c a l 
spectrum o f t h i s m a t e r i a l i s i l l u s t r a t e d i n F i g u r e 3b. 

Duri n g homologation o f h i g h e r MW a c i d s , e.g., s t a r t i n g 
from p r o p i o n i c a c i d o r t r i m e t h y l a c e t i c a c i d , the p r o d u c t 
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15. KNiFTON Syngas Homologation of Carboxylic Acids 233 

TABLE ItI 

Homologation of 1 3 C - E n r i c h e d A c e t i c A c i d 

C a t a l y s t : RuO 2-10CH 3l 

* Ο * yO 
CH 3C* + CO/H 2 • CH 3CH 2C' (3) 

3 N0H OH 

* Ο * * ,0 
CH 3CH 2C* ^ + CO/H 2 • C H 3 C H 2 C H 2 C ^ (*f) 

Homologation of A c e t i c A c i d - d 4 

C a t a I y s t : RuO 2-10CH 3I-d 3 

CD,C*° + C0/H 2 • (5) 
3 N OD 

0 
CH 3CH 2COOH : CH 3- " C H 2 " C x n " ° H 

Product F u n c t i o n 0 

R a t i o , 1H NMR Response : 1.0 1.2 1.5 
To T h e o r e t i c a l Proton Content 

CH 3CH 2CH $COOH : CH 3- -CH 2- "CH 2C* -OH 
Product f u n c t i o n 0 

R a t i o , 1H NMR Response : 1.0 l . * f 1.*» I·1* 
To T h e o r e t i c a l Proton Content 

F-19 
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15. K N i F T O N Syngas Homologation of Carboxylic Acids 235 

s o l u t i o n s a l s o e x h i b i t bands s i m i l a r t o those d e p i c t e d i n 
F i g u r e 3a. 

D i s c u s s i o n 

The s e l e c t i v e syngas homologation o f c a r b o x y l i c a c i d s v i a 
ruthenium homogeneous c a t a l y s i s (eq. 1) i s b e l i e v e d t o be a 
no v e l r e a c t i o n . A l t h o u g h h i g h e r a c i d s have been r e p o r t e d as 
by-products o f methanol c a r b o n y l a t i o n r e a c t i o n s ( 7 ) , p r i o r 
homologation t e c h n o l o g y i s g e n e r a l l y c o n f i n e d t o : 

a. The c o b a l t - c a t a l y z e d homologation of s a t u r a t e d a l k y l 
and b e n z y l a l c o h o l s , as w e l l as s u b s t i t u t e d b e n z y l a l c o h o l s 
( 8 , 9 ) . 

b. The homologation of c a r b o x y l i c a c i d e s t e r s t o h i g h e r 
MW e s t e r s h a v i n g a t l e a s t one a d d i t i o n a l methylene group ( 4 , 1 0 ) , 
or t o the c o r r e s p o n d i n g a c i d anhydrides (11) . 

c. The c o n v e r s i o n o f n o n c y c l i c d i a l k y l e t h e r s t o the 
co r r e s p o n d i n g e s t e r s and a n h y d r i d e s , e.g., the c o n v e r s i o n o f 
di m e t h y l e t h e r t o methyl and e t h y l a c e t a t e s (11,12). 

From product d i s t r i b u t i o n and comparative r a t e d a t a , 
Wender and coworkers conclude t h a t c o b a l t - c a t a l y z e d b e n z y l a l ­
c o h o l homologation i n v o l v e s the i n t e r m e d i a t e f o r m a t i o n o f c a r -
bonium i o n s ( 8 ) . However, s i n c e the methyl c a t i o n (CH 3+) i s 
u n s t a b l e and d i f f i c u l t t o form ( 9 ) , i t i s more l i k e l y t h a t 
methanol homologation t o e t h a n o l proceeds v i a n u c l e o p h i l i c 
a t t a c k on a p r o t o n a t e d methyl a l c o h o l molecule. P r o t o n a t e d 
d i m e t h y l e t h e r and methyl a c e t a t e forms have been invoked a l s o 
by Braca (10), al o n g w i t h the subsequent f o r m a t i o n o f methyl-
ruthenium m o i e t i e s , t o d e s c r i b e ruthenium c a t a l y z e d homologa­
t i o n t o e t h y l a c e t a t e . 

Some of the more important f e a t u r e s o f our n o v e l syngas 
homologation o f a l i p h a t i c c a r b o x y l i c a c i d s , c a t a l y z e d by 
ruthenium, i n c l u d e : 

1) Homologation o f a broad range o f a l i p h a t i c a c i d 
s t r u c t u r e s and carbon numbers, w i t h e x t e n s i v e rearrangement 
d u r i n g the homologation o f c e r t a i n branched-chain a c i d s . 

2) Hydrocarbons, o f the same carbon s k e l e t a l s t r u c ­
t u r e as the s t a r t i n g a c i d s , p l u s water and C0 2, as the common 
by-products of these homologation syntheses. 

3) Higher a c i d y i e l d data t h a t are f i r s t o r d e r i n 
ruthenium but a l s o p o s i t i v e l y dependent upon methyl i o d i d e 
c o n c e n t r a t i o n s and o p e r a t i n g p r e s s u r e as w e l l as syngas r a t i o s . 

4) S i m i l a r a c e t i c a c i d c o n v e r s i o n s and h i g h e r a c i d 
y i e l d d i s t r i b u t i o n s u s i n g ruthenium(IV) o x i d e i n combination 
w i t h methyl i o d i d e , e t h y l i o d i d e and hydrogen i o d i d e as the 
added i o d i d e promoter under comparable c o n d i t i o n s . T h i s i s 
c o n s i s t e n t w i t h these d i f f e r e n t s t a r t i n g m a t e r i a l s u l t i m a t e l y 
forming the same c a t a l y t i c a l l y a c t i v e s p e c i e s . 

5) The presence of ruthenium i o d o c a r b o n y l s p e c i e s , 
such as [ R u ( C 0 ) 3 I 3 ] , i n the r e a c t i o n p r o d u c t s o l u t i o n s . 
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236 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

6) L a b e l l i n g s t u d i e s w i t h 1 3 C - e n r i c h e d a c e t i c a c i d , 
where 1 3 C NMR data are c o n s i s t e n t w i t h carbon monoxide a d d i ­
t i o n t o the c a r b o n y l carbon o f the a c i d s u b s t r a t e . 

S e v e r a l o f these f e a t u r e s , p a r t i c u l a r l y items 1) and 2 ) , 
are r e m i n i s c e n t o f the o b s e r v a t i o n s made by Wender and co­
workers when examining b e n z y l a l c o h o l homologation ( 8 ) . Braca 
a l s o r e p o r t s hydrocarbon f o r m a t i o n ( i t e m 2) d u r i n g e s t e r homol­
o g a t i o n (4) as w e l l as the i s o l a t i o n o f R u ( C 0 ) 4 I 2 . By analogy 
w i t h o t h e r iodide-promoted homogeneous m e t a l - c a t a l y z e d carbon-
y l a t i o n r e a c t i o n s , the f i r s t s tep i n a c e t i c a c i d homologation 
i s l i k e l y the r a p i d f o r m a t i o n of a c e t y l i o d i d e . The observed 
dependence o f h i g h e r a c i d y i e l d s upon methyl i o d i d e c o n c e n t r a ­
t i o n ( F i g u r e 2) and the f a c t t h a t no homologation i s observed 
i n the absence o f i o d i d e (Table I ) are c o n s i s t e n t w i t h t h i s 
r e a s o n i n g . 

The subsequent steps i n the homologation sequence i n ­
v o l v i n g s u c c e s s i v e hydrogénation o f the a c e t y l f u n c t i o n , w h i l e 
c o o r d i n a t e d t o the iodoruthenium c a r b o n y l ( e . g . , F i g u r e 3 ) , 
through i n t e r m e d i a t e a - h y d r o x y e t h y l - and e t h y l r u t h e n i u m spe­
c i e s ÇB and C, Scheme 1 ) , would a l l o w r a t i o n a l e o f our observed 
p r o d u c t a r r a y ( v i d e i n f r a ) . Somewhat s i m i l a r ruthenium (10) 
and c o b a l t (9) s p e c i e s have been invoked i n r e l a t e d homologa­
t i o n r e a c t i o n s , and c e r t a i n l y d u r i n g a c e t i c a c i d homologation 
we c o n s i s t e n t l y observe e t h y l a c e t a t e (from e s t e r i f i c a t i o n o f 
by-product e t h a n o l v i a B) and ethane (from h y d r o g e n o l y s i s of 
C) as p r i m a r y b y - p r o d u c t s . L i k e w i s e d u r i n g the homologation 
of h i g h e r a c i d s , the c o r r e s p o n d i n g hydrocarbons are always i n 
evidence (see E x p e r i m e n t a l S e c t i o n ) . The homogeneous c a t a l y t i c 
hydrogénation o f s a t u r a t e d monocarboxylic a c i d s , e.g., the p r o ­
d u c t i o n of e t h y l a c e t a t e from a c e t i c a c i d , has i n f a c t been 
r e p o r t e d o n l y r e c e n t l y by B i a n c h i e t a l ( 1 3 ) , a l s o v i a r u t h e ­
nium c a r b o n y l c a t a l y s i s . 

Subsequent i n s e r t i o n o f CO i n t o the newly formed a l k y l -
ruthenium moiety, C, t o form R u - a c y l , D, i s i n agreement w i t h 
our 1 3 C t r a c e r s t u d i e s ( e . g . , Table I I I , eq. 3 ) , w h i l e reduc­
t i v e e l i m i n a t i o n of p r o p i o n y l i o d i d e from D, accompanied by 
immediate h y d r o l y s i s o f the a c y l i o d i d e (3,:14) t o p r o p i o n i c 
a c i d p r o d u c t , would complete the c a t a l y t i c c y c l e and regenerate 
the o r i g i n a l ruthenium c a r b o n y l complex. 

I t s h ould be noted a t t h i s p o i n t t h a t r u t h e n i u m - c a t a l y z e d 
a c i d homologation as p r a c t i s e d here ( E x p e r i m e n t a l S e c t i o n ) and 
o u t l i n e d i n Scheme 1 i s l i k e l y i n c o m p e t i t i o n w i t h a t l e a s t 
f o u r a l t e r n a t i v e r e a c t i o n pathways l e a d i n g t o the f o r m a t i o n 
of hydrocarbon, a l k a n o l s , s t i l l h i g h e r MW a c i d s and rearranged 
p r o d u c t s . As an a l t e r n a t i v e , f o r example, t o e l i m i n a t i o n o f 
p r o p i o n i c a c i d p r o d u c t from the newly formed a c y l s p e c i e s D, 
the same c o u l d undergo s u c c e s s i v e hydrogénation and the even­
t u a l f o r m a t i o n of s t i l l h i g h e r C 4 and C 5 a c i d s c o n t a i n i n g two 
(or more) carbons g r e a t e r than the o r i g i n a l a c i d s u b s t r a t e 
(see Table I ) . I n c r e a s e s i n H 2/C0 o p e r a t i n g p r e s s u r e would 
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15. K N i F T O N Syngas Homologation of Car boxy lie Acids 237 

Scheme 1. Acetic acid homologation 

ι 
Ο 

CH3-C% • Ru(CO)xIY., > CH3CRu(C0) xI Y 

% Ο 

A 

CH3CH2OH CH3CH3 

J H2 J H2 

? H H2 CO ? 
C H 3 C H Ru(CO)xIY > CH3CH2Ru(CO)xIY > CH3CH2CRu(CO)xIY 

(-H20) 
Β C D 

H20 Ο 
J) > CH3CH2C • Ru(CO)xIY-, 

(-HI) "OH 
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238 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

f a v o r t h i s a l t e r n a t i v e hydrogénation of D and so l e a d t o the 
improved y i e l d s o f b u t y r i c and v a l e r i c a c i d s now documented 
i n F i g u r e 2. 

A n e g a t i v e p e c u l i a r i t y o f ruthenium syngas c h e m i s t r y 
i s the h i g h hydrogénation a c t i v i t y (4) t h a t r e s u l t s i n hydro­
carbon as a s i d e r e d u c t i o n o f s u b s t r a t e . D u r i n g a c e t i c a c i d 
homologation, the s u c c e s s i v e r e d u c t i o n o f A and h y d r o g e n o l y s i s 
of C would y i e l d ethane, and i n t h i s work we do observe an i n ­
crease i n h y d r o g e n a t i o n - t o - c a r b o n y l a t i o n a c t i v i t y (e.g., ethane/ 
p r o p i o n i c a c i d p r o d u c t r a t i o ) w i t h i n c r e a s e s i n hydrogen p a r t i a l 
p r e s s u r e (see F i g u r e 2 ) . F i n a l l y , the pro d u c t d i s t r i b u t i o n ob­
served d u r i n g homologation o f branched-chain c a r b o x y l i c a c i d s 
(Table I I ) , as w e l l as the 1 3 C d i s t r i b u t i o n i n η-butyric a c i d 
p r oduct from e n r i c h e d a c e t i c a c i d (Table I I I , eq. 4 ) , are sug­
g e s t i v e o f r a p i d rearrangement of the r u t h e n i u m - a l k y l and a c y l 
i n t e r m e d i a t e s . The decrease i n r e a c t i v i t y w i t h i n c r e a s e i n MW 
of the a c i d s u b s t r a t e , and w i t h b r a n c h i n g (Table I I , summarized 
i n eq. 6 ) , 

a c e t i c > p r o p i o n i c ~ n - v a l e r i c > i s o - b u t y r i c 
~ t r i m e t h y l a c e t i c > i s o - v a l e r i c a c i d (6) 

has been observed a l s o i n r u t h e n i u m - c a t a l y z e d a c i d hydrogénation 
(13). The two o r d e r i n g s of r e a c t i v i t y v e r s u s a c i d s t r u c t u r e are 
q u i t e s i m i l a r . 

E x p e r i m e n t a l S e c t i o n 
Ruthenium o x i d e s , s a l t s and complexes were purchased 

from o u t s i d e s u p p l i e r s o r , as w i t h H 4 R u 4 ( C 0 ) 1 2 ( 1 5 ) , p repared 
a c c o r d i n g t o l i t e r a t u r e p r ocedures. C a r b o x y l i c a c i d s and i o ­
d i d e promoters were a l s o purchased and s y n t h e s i s gas mi x t u r e s 
were s u p p l i e d by B i g Three I n d u s t r i e s . R e a c t i o n s o l u t i o n s were 
prepared d i r e c t l y i n the g l a s s l i n e r s o f the p r e s s u r e r e a c t o r s 
under a n i t r o g e n purge, homologation r e a c t i o n s were conducted 
as o u t l i n e d below. The e x t e n t of r e a c t i o n and d i s t r i b u t i o n o f 
the p r o d u c t s were determined by g a s - l i q u i d chromatography ( g l c ) 
u s i n g , f o r the most p a r t , 6 f t χ 1/8 i n columns o f Porapak-QS 
w i t h 2% l o a d i n g o f i s o - p h t h a l i c a c i d , programmed from 120 t o 
240°C (20 cm 3/min He). Water was e s t i m a t e d by K a r l F i s c h e r 
t i t r a t i o n . P r o duct a c i d s were i s o l a t e d by d i s t i l l a t i o n i n 
vacuo or by g l c t r a p p i n g and i d e n t i f i e d by one or more of the 
f o l l o w i n g t e c h n i q u e s , g l c , FTIR, NMR and el e m e n t a l a n a l y s e s . 
H i g h e r MW a c i d s were a n a l y z e d u s i n g a 6 f t χ 1/8 i n column o f 
Porapak-PS w i t h 8% l o a d i n g o f SP-1000 p l u s 2% i s o - p h t h a l i c a c i d . 

Syngas Homologation o f A c e t i c A c i d . To a N 2 - f l u s h e d l i q u i d 
mix o f a c e t i c a c i d (50.0 gm) and methyl i o d i d e (5.67 gm, 40 
mmole), s e t i n a g l a s s l i n e r i s added 0.763 gm of ruthenium(IV) 
o x i d e , hydrate (4.0 mmole). The mi x t u r e i s s t i r r e d t o p a r t i a l l y 
d i s s o l v e the ruthenium and the g l a s s l i n e r p l u s c o n t e n t s charged 
to a 450 ml r o c k i n g a u t o c l a v e . The r e a c t o r i s s e a l e d , f l u s h e d 
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15 . K N I F T O N Syngas Homologation of Carboxylic Acids 2 3 9 

w i t h CO/H 2, p r e s s u r e d t o 272 atm w i t h C0/H 2 (1:1) and heated, 
w i t h r o c k i n g , t o 220°C. A f t e r 18 h r , the gas uptake i s 163 atm. 
Upon c o o l i n g , d e p r e s s u r i n g and sampling the o f f - g a s , the c l e a r 
deep-red l i q u i d p r o duct i s recov e r e d from the g l a s s - l i n e d 
r e a c t o r . 

A n a l y s i s o f the l i q u i d f r a c t i o n by g l c shows the p r e s ­
ence o f : 

26.9 wt % p r o p i o n i c a c i d 
2.3 wt % i s o - b u t y r i c a c i d 
3.6 wt % η-butyric a c i d 
0.4 wt % i s o - v a l e r i c a c i d 
0.6 wt % η-valeric a c i d 
1.5 wt % e t h y l a c e t a t e 
7.7 wt % water 

54.1 wt % unreacte d a c e t i c a c i d 
T y p i c a l o f f - g a s samples show the presence o f : 

37% carbon monoxide 4.2% ethane 
40% hydrogen 1.3% propane 
15% carbon d i o x i d e 1.0% methane 

The p r o p i o n i c and b u t y r i c a c i d p r oduct f r a c t i o n s , as 
w e l l as unreacte d a c e t i c a c i d , may be i s o l a t e d by f r a c t i o n a l 
d i s t i l l a t i o n i n vacuo. 

Syngas Homologation of P r o p i o n i c A c i d . To a N 2 - f l u s h e d 
l i q u i d mix of p r o p i o n i c a c i d (18.15 gm, 245 mmole) and methyl 
i o d i d e (2.84 gm, 20.0 mmole) s e t i n a g l a s s l i n e r i s added 
0.382 gm o f ruthenium(IV) o x i d e , h y d r a t e (2.0 mmole). The 
mix t u r e i s s t i r r e d t o p a r t i a l l y d i s s o l v e the ruthenium and the 
g l a s s l i n e r p l u s c o n t e n t s charged t o a 450 ml r o c k i n g a u t o c l a v e . 
The r e a c t o r i s s e a l e d , f l u s h e d w i t h C0/H 2, p r e s s u r e d t o 272 atm 
w i t h C0/H 2 (1:1) and heated w i t h r o c k i n g t o 220°C. A f t e r 18 h r , 
the gas uptake i s 59 atm. Upon c o o l i n g , d e p r e s s u r i n g and sam­
p l i n g the o f f - g a s , the c l e a r amber l i q u i d p roduct (19.4 gm) i s 
recover e d from the g l a s s - l i n e d r e a c t o r . There i s no s o l i d 
r e s i d u e . 

A n a l y s i s o f the crude l i q u i d p r o d u c t f r a c t i o n by g l c 
shows the presence o f : 

10.4 wt % η-butyric a c i d 
3.3 wt % i s o - b u t y r i c a c i d 
1.9 wt % η-valeric a c i d 
0.3 wt % i s o - v a l e r i c a c i d / 2 - m e t h y l b u t y r i c a c i d 
1.7 wt % a c e t i c a c i d 

33.3 wt % water 
25.6 wt % unreacted p r o p i o n i c a c i d 

T y p i c a l o f f - g a s samples show the presence o f : 
29% carbon monoxide 6.6% propane 
58% hydrogen 1.6% n-butane 
2.6% carbon d i o x i d e 0.6% methane 

The b u t y r i c a c i d p r o d u c t f r a c t i o n s , as w e l l as unre­
a c t e d p r o p i o n i c a c i d , may be i s o l a t e d from the crude l i q u i d 
p r o d uct by f r a c t i o n a l d i s t i l l a t i o n i n vacuo. 
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240 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

Syngas Homologation o f i s o - B u t y r i c A c i d . To a N 2 - f l u s h e d 
l i q u i d mix o f i s o - b u t y r i c a c i d (21.6 gm, 245 mmole) and methyl 
i o d i d e (2.84 gm, 20.0 mmole) s e t on a g l a s s l i n e r i s added 0.382 
gm o f ruthenium(IV) o x i d e h y d r a t e (2.0 mmole). The m i x t u r e i s 
s t i r r e d t o p a r t i a l l y d i s s o l v e the ruthenium and the g l a s s l i n e r 
p l u s c o n t e n t s charged t o a 450 ml r o c k i n g a u t o c l a v e . The r e a c ­
t o r i s s e a l e d , f l u s h e d w i t h C0/H 2, p r e s s u r e d t o 272 atm w i t h 
C0/H 2 (1:1) and heated w i t h r o c k i n g t o 220°C. A f t e r 18 h r , the 
gas uptake i s 48 atm. Upon c o o l i n g , d e p r e s s u r i n g and sampling 
the o f f - g a s , the c l e a r - y e l l o w , two-phase l i q u i d p r o d u c t (19.8 
gm, 18 ml) i s r e c o v e r e d from the g l a s s - l i n e d r e a c t o r . There i s 
no s o l i d r e s i d u e . 

A n a l y s i s o f the l i g h t e r l i q u i d f r a c t i o n (15 ml) by g l c 
shows the presence o f : 

14.1% t r i m e t h y l a c e t i c a c i d 
0.8% i s o - v a l e r i c a c i d / 2 - m e t h y l b u t y r i c a c i d 
0.8% a c e t i c a c i d 
2.2% methyl i o d i d e 
3.1% water 

62.3% u n r e a c t e d i s o b u t y r i c a c i d 
T y p i c a l o f f - g a s samples show the presence o f : 

49% carbon monoxide 5.3% i s o - b u t a n e 
41% hydrogen 0.2% ethane 
1.7% carbon d i o x i d e 0.6% methane 

The t r i m e t h y l a c e t i c a c i d i s i s o l a t e d from the used 
ruthenium c a t a l y s t and unreacte d i s o - b u t y r i c a c i d by f r a c t i o n a l 
d i s t i l l a t i o n i n vacuo, and i d e n t i f i e d by NMR and FTIR a n a l y s e s . 
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16 
Decarbonylation of Aldehydes Using 
Ruthenium(II) Porphyrin Catalysts 

G. DOMAZETIS, B. R. JAMES, B. TARPEY, and D. DOLPHIN 

Department of Chemistry, University of British Columbia, 
Vancouver, British Columbia, Canada V 6 T 1Y6 

During studies on ruthenium(II) porphyrins containing 
tertiary phosphine ligands (1), we discovered several complexes 
that readily abstracted carbon monoxide from oxygen-containing 
organics, particularly aldehydes. A stoichiometric decarbony­
lation of coordinated NN-dimethylformamide (dmf) within a 
Ru(TPP)(dmf)2 complex (TPP = dianion of tetraphenylporphyrin) 
had been observed previously, and this could be made catalytic 
after photolytic removal of CO from the resulting Ru(TPP)(CO)L 
complex, L being dmf, or possibly NHMe2 the decarbonylation 
product (2). Stoichiometric decarbonylation of aldehydes and 
acid chlorides can be achieved readily using platinum metal com­
plexes (3), but difficulties are encountered in displacing the 
coordinated CO either thermally (3) or photolytically (4), and 
few cases of catalytic decarbonylation have been reported (5). 

We recently reported briefly on an extremely efficient 
thermal catalytic decarbonylation of aldehydes using a system 
based on Ru(TPP)(PPh3)2 (6), and report here further studies on 
this system and one based on Ru(TPP)(CO)(tBu2P0H). 

Experimental 

Materials. The commercially available aldehydes were dis­
tilled prior to use and stored at 0°C under argon. The cyclo-
hexene- and cyclopentene- aldehydes, and the indane aldehyde 
(see Table) were gifts from Professor E. Piers of this depart­
ment. The R u ( T P P ) ( P P h 3 ) 2 complex (1) was prepared from 
Ru(TPP)(CO)(EtOH) and P P h 3 ( 1 , 7 ) , w h i l e Ru(TPP)(CO)( ϋΒυ 2ΡΟΗ), 

was prepared from the c a r b o n y l ( e t h a n o l ) adduct by treatment 
w i t h u B u 2 P C l ( 1 ) . The phosphines were from Strem Chemicals, and 
the ruthenium was ob t a i n e d as RuCl3«3H20 from Johnson, Matthey 
L i m i t e d . 

0097-6156/81/0152-0243$05.00/0 
© 1981 American Chemical Society 
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244 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

D e c a r b o n y l a t i o n Procedure. Ru(TPP) (PPh3>2 0^2 mg,VL.6 χ 10 
mmol) was d i s s o l v e d i n 0.5 mL CH2CI2 and added t o about 30 mL 
CH3CN. The aldehyde (0.3 - 1.0 mL, ^2-10 mmol) was added, and CO 
bubbled through the s o l u t i o n f o r a few seconds u n t i l the u v / v i s 
spectrum showed a b s o r p t i o n maxima a t 414 and 530 nm t h a t a r e 
c h a r a c t e r i s t i c o f Ru(TPP)(CO)(PPh 3) ( 1 ) . The s o l u t i o n , as w e l l 
as t h a t o f a b l a n k c o n t a i n i n g the aldehyde w i t h no Ru complex, 
was then monitored by g.c. [0V101 and 0V17 columns; Hewlett 
Packard 5830A and C a r l e 311 i n s t r u m e n t s ] ; under these c o n d i t i o n s , 
d e c a r b o n y l a t i o n i n the R u - c o n t a i n i n g s o l u t i o n was v e r y slow. 
However, a d d i t i o n of s u f f i c i e n t nBu3P (5-10 yL) t o cause genera­
t i o n of f u r t h e r Soret bands a t 437 nm [Ru(TPP)( nBu3P)2] (1) and 
420 nm (unknown s p e c i e s X) l e d t o v e r y e f f i c i e n t c a t a l y t i c d ecar­
b o n y l a t i o n of the aldehydes at ambient temperatures ; b o t h l o s s o f 
the aldehyde (compared t o the b l a n k ) and f o r m a t i o n of the product 
were f o l l o w e d by g.c. Some runs were c a r r i e d out i n t o l u e n e o r 
b e n z o n i t r i l e when the CH3CN/CH2CI2 s o l v e n t g.c. peaks masked 
those o f the p r o d u c t s . The d e c a r b o n y l a t i o n p r o d u c t s were gener­
a l l y i d e n t i f i e d by g.c./m.s., and t o l u e n e (from PhC^CHO) was 
a l s o i d e n t i f i e d by n.m.r. I n a l l cases where i n i t i a l t u r n o v e r 
r a t e s ο h ~ l were o b t a i n e d , the c o l o r of the f i n a l c a t a l y t -
i c a l l y i n a c t i v e s o l u t i o n was green-brown i n c o n t r a s t t o the 
οrange-colored a c t i v e s o l u t i o n s ; the i n t e n s i t y i n b o t h the Soret 
and v i s i b l e r e g i o n s of the spectrum ( F i g . 1) had decreased 
markedly and the p o r p h y r i n s k e l e t o n i s almost c e r t a i n l y d e s t r o y e d 
i n t hese " o x i d i z e d " s o l u t i o n s ( 1 ) . 

The same procedure was employed f o r d e c a r b o n y l a t i o n u s i n g 
Ru(TPP) (CO) (^-Bu2P0H) , a l t h o u g h the CO p r e t r e a t m e n t c o u l d be 
o m i t t e d . 

C y c l i c Voltammetry. Voltammograms were o b t a i n e d u s i n g an 
Η-cell w i t h the t h r e e compartments s e p a r a t e d by s i n t e r e d g l a s s 
f r i t s . P o t e n t i a l s were measured at a p l a t i n u m e l e c t r o d e a g a i n s t 
a Ag/AgCl r e f e r e n c e e l e c t r o d e a t 25°C_in a 2:1 CH2CI2/CH3CN 
s o l v e n t m i x t u r e w i t h 0.1 M nBu4N +C104~ as s u p p o r t i n g e l e c t r o l y t e . 
The c a t a l y s t (complex 1) c o n c e n t r a t i o n was VLCF^M, and the a l d e ­
hyde c o n c e n t r a t i o n ^0.1 M. Voltammograms were r e c o r d e d f o r 
Ru(TPP)L 2 and Ru(TPP)(C0)L complexes [L = PPI13, n B u 3 P ] , as w e l l 
as f o r Ru(TPP)(PPI13)2/aldehyde s o l u t i o n s b e f o r e and a f t e r a d d i ­
t i o n of CO and nBu3P, and a t i n t e r v a l s (4,8,20 h) d u r i n g decar­
b o n y l a t i o n . Data f o r the indane aldehyde system a r e shown i n 
F i g . 2. 

Ιχ. S p e c t r a . These were r e c o r d e d w i t h a P e r k i n - E l m e r 457, 
c a l i b r a t e d w i t h p o l y s t y r e n e . Data were o b t a i n e d d u r i n g d e c a r ­
b o n y l a t i o n of the indane aldehyde by e v a p o r a t i n g a CH2CI2/CH3CN 
s o l u t i o n on NaCl p l a t e s . Other s p e c t r a were measured u s i n g a 
smear of the aldehyde and Ru(TPP)(PPh 3)2 on a NaCl p l a t e , and 
u s i n g c o n c e n t r a t e d s o l u t i o n s i n CHCI3 or C C l ^ . 
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16. DOMAZETIS E T A L . Aldehyde Decarbonylation with Ru 245 

β 

< 

I I I 
4 0 0 5 0 0 6 0 0 n m 

Figure 1. Visible spectrum typical of solution no longer active for catalytic decar­
bonylation; that shown here is for solution of Ru(TPP)(PPh3)2/nBu3P after decar­
bonylation of PhCH2CHO; ( ) same solution in presence of hydroquinone; inac­

tive for decarbonylation 

- 0 .4 0.0 0.4 
V o l t e vs. Ag A g C l 

Figure 2. Cyclic voltammogram (in 2:1 CH2Cl>/CH3CN with 0.1M *BukN*ClOk-) 
for Ru{TPP)(PPhi) J indane aldehyde system (see text) 
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246 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

E . s . r . S p e c t r a . These were r e c o r d e d on a V a r i a n E-3 a t 
l i q u i d n i t r o g e n temperature. F i g . 3 shows some d a t a f o r a number 
of aldehydes u s i n g 1 or 2 as c a t a l y s t s . S p e c t r a were recorded i n 
5:1 CH2CI2/CH3CN mecÎia c o n t a i n i n g ^10" 3M c a t a l y s t and a 5 - f o l d 
excess o f aldehyde, b e f o r e and a f t e r a d d i t i o n of CO/ nBu 3P; no 
s i g n a l s were observed i n the absence of the Ru complexes. 

R e s u l t s and D i s c u s s i o n 

The Table l i s t s the aldehydes s t u d i e d , the d e c a r b o n y l a t i o n 
p r o d u c t s , and some t u r n o v e r numbers. Two t o f o u r runs were p e r ­
formed g e n e r a l l y w i t h each aldehyde, although twelve runs were 
c a r r i e d out w i t h PhCH2CH0. C a t a l y t i c d e c a r b o n y l a t i o n a l s o 
o c c u r r e d i n CH2CI2 s o l u t i o n , but the procedure d e s c r i b e d u s i n g 
e s s e n t i a l l y CH3CN gave b e t t e r t u r n o v e r numbers. On h e a t i n g the 
2-phenylacetaldehyde system i n CH3CN t o M30°C, b u b b l i n g argon 
through the s o l u t i o n , and c o l l e c t i n g the pro d u c t s u s i n g a c o l d 
f i n g e r (77°K), t u r n o v e r numbers up t o 5 χ lO^ h " ^ were a t t a i n e d , 
and complete d e c a r b o n y l a t i o n r e a d i l y a c h i e v e d . 

The d e c a r b o n y l a t i o n s , which do not appear t o be a f f e c t e d by 
l i g h t , a r e r e a s o n a b l y s e l e c t i v e w i t h a r o m a t i c a l d e h y d e s , y i e l d i n g 
the expected p r o d u c t ; however, s i g n i f i c a n t amounts of o t h e r p r o d ­
u c t s are o b t a i n e d w i t h non-aromatic s u b s t r a t e s (e.g. cyclohexane-
aldehyde g i v e s m e t h y l c y c l o p e n t a n e and s m a l l amounts of n-hexane, 
as w e l l as the expected cyclohexane; and c y c l o h e x e n - 4 - a l g i v e s 
both cyclohexene and c y c l o h e x a n e ) . Indeed, the unexpected pr o d ­
u c t s perhaps p r o v i d e d a major c l u e t o an u n d e r s t a n d i n g of the 
r e a c t i o n mechanism(s) i n v o l v e d . 

Attempts t o study some k i n e t i c s were thwarted by poor 
r e p r o d u c i b i l i t y . A v e r y good f i r s t - o r d e r dependence on aldehyde 
c o n c e n t r a t i o n was observed throughout any one run f o r s e v e r a l of 
the aldehydes (monitored by g . c ) , but repea t experiments com­
monly gave pseudo f i r s t - o r d e r r a t e c o n s t a n t s d i f f e r i n g by f a c t o r s 
of up t o f i v e ; v a r i a t i o n o f c a t a l y s t c o n c e n t r a t i o n gave v e r y 
i r r e p r o d u c i b l e data and no m e a n i n g f u l t r e n d s . The poor k i n e t i c 
b e h a v i o r and some pr o d u c t s from C-C bond cleavage i n d i c a t e d a 
r a d i c a l mechanism, and t h i s l e d us i n i t i a l l y t o some e . s . r . 
s t u d i e s . Organic f r e e - r a d i c a l s were d e t e c t e d ( F i g . 3) i n a 
c a t a l y t i c c y c l o h e x e n - 4 - a l system, and i n a ve r y slow but c a t a ­
l y t i c d e c a r b o n y l a t i o n of p y r i d i n e - 2 - a l d e h y d e . Of i n t e r e s t , an 
a c t i v e R u ( T P P ) ( P P h 3 ) 2 c a t a l y s t s o l u t i o n , d u r i n g d e c a r b o n y l a t i o n 
of PhCH2CH0, gave a low-temperature broad e . s . r . s i g n a l c e n t e r e d 
at g = 2.20, which we a t t r i b u t e t o a l o w - s p i n d^ R u ( I I I ) s p e c i e s 
( 1 , 8 ) ; a f t e r 6 h at room temperature, when d e c a r b o n y l a t i o n was 
s t i l l o c c u r r i n g , the s i g n a l was b a r e l y d e t e c t a b l e . No e . s . r . 
s i g n a l s have been d e t e c t e d i n the f i n a l l y i n a c t i v e s o l u t i o n s 
(which are green when d i l u t e d - see D e c a r b o n y l a t i o n P r o c e d u r e ) . 
I t s h o u l d be noted t h a t R u ( I I I ) p o r p h y r i n systems generated e l e c -
t r o c h e m i c a l l y from R u ( I I ) do not n o r m a l l y g i v e d e t e c t a b l e e . s . r . 
s i g n a l s ( 9 ) . 
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D O M A Z E T i s E T A L . Aldehyde Decarbonylation with Ru 247 

( 5006 

g values 2.00 

Figure 3. E.s.r. signals at liquid nitrogen temperature in 5:1 CH2Cl2/CHsCN: 
A, the Ru(TPPXCO)?Bu2POH)/cyclohexen-4-al system; B, the RufTPPXCOX'Bu,-
POH)/pyridine-2-aldehyde system; C, the Ru(TPP)(PPh3)2/nBu3P/2-phenylacetal-

dehyde system 

400 500 600 nm 700 

Figure 4. Visible spectral changes as a function of time (first hour) during decar­
bonylation of cyclohexen-4-al (~ 0.5M) using RufTPPXCOX^uPOH) in toluene 
at room temperature: A, visible region using ~ 10'4M Ru; B, Soret region using 

~ 10 5M Ru 

American Chemical 
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1155 16th St. N. W. 
Washington, D. C. 20030 
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248 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

T a b l e . D e c a r b o n y l a t i o n of aldehydes u s i n g a R u (TPP)(PPh 3> 2/ nBu 3P 
c a t a l y s t system 

S u b s t r a t e Major Product (%)— C o n v e r s i o n T u r n - o v e r ^ 
(time)° 

C^HcCHO Benzene (100) 10(5) 10 

C 6H 5CH=CHCHO(trans) Styrene (100) 20(10) 20 

C 6 H 5 C H 2 C H O Toluene ( 9 5 ) - 3 0 ( 1 ) , 90(4) 1 0 3 -

£-CN-C 6H 4CHO B e n z o n i t r i l e (100) 15(12) 20 

n " C 6 H 1 3 C H ° n " C 6 H 1 4 ( 6 5 ) " 1 0 ( 1 ) 

2 - E t h y l b u t a n a l n " C 5 H i 2 ( 8 5 ) ~ 3 0 ( 1 ) 1 0 3 

CH. aCHO ^ L H
3 

f J (60);Γ—J ( 3 5 ) 3 0 ( 1 ) > 5 0 ( 1 8 ) f 2 χ 10 

n ^ H u (5) 9 0< 5 0> 

* ( Μ (70 ) ; Γ Ί ( 3 0 ) 1 0 ( 1 ) , 20(12) 1 0 Z 

1 0 ( 1 ) , 30(36), 1 0 2 

90(150) 

20(5) 1 0 2 

20(3) 4 χ 1 0 2 

V * V 
— I d e n t i f i e d by g.c.-m.s. and/or n.m.r.; % r e f e r s t o amount o f 
major s p e c i e s i n the d e c a r b o n y l a t i o n p r o d u c t s a t the h i g h e s t 

. c o n v e r s i o n noted. 
c % C o n v e r s i o n of aldehyde; time i n h. 
For the f i r s t hour a t ambient temperature, based on l o s s of 
aldehyde and/or f o r m a t i o n of product as d e t e c t e d by v.p.c. 

— S m a l l amounts of benzene a l s o d e t e c t e d . 
- A t ^60°C, t u r n o v e r 5 χ 1 0 4 hT 1 

f 
— O ther p r o d u c t s not y e t i d e n t i f i e d ; may be d e c o m p o s i t i o n p r o d u c t s . 
% s i n g Ru(TPP)(CO)( tBu 2POH) i n t o l u e n e . 
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16. D O M A Z E T i s E T A L . Aldehyde Decarbonylation with Ru 249 

Some evidence for the presence of Ru(III) species also comes 
from c y c l i c voltammetry (Fig. 2). The Ru(TPP)(PPh 3) 2 complex 
shows a chemically reversible one-electron oxidation at a_ (0.40 
V), which i s attributed to a Ru(III)/Ru(II) couple (1, 9). 
After treatment with CO, a further reversible wave i s seen at b 
(0.83 V); this refers to an oxidation at the porphyrin ring within 
the carbonyl complex (1, 9, 10), i.e. to the couple, 

(Ph3P)RuII(TPP"Î")(C0) + e ^ ^ (Ph3P)Ru**(TPP) (CO) (1) 

In the presence of the indane aldehyde, additional somewhat 
ir r e v e r s i b l e waves are seen at c_ (^0.1 V), which probably refer 
to some Ru(III) intermediates (10) involved i n the catalysis. In 
the corresponding phenylacetaldehyde system, additional waves are 
seen at about -0.08 and +0.08 V. On adding nBuQP to the indane 
aldehyde system, waves are seen at 0.30 V [RuIII(TPP)( n Bu3P)2 
+ e R U i : i ( T P P ) ( nBu 3P)2], and ^0.90 V [due to the couple shown 
in eq. 1, with PPI13 l i k e l y replaced by n B u 3 P ] , with an extra wave 
being observed at +0.1 V. 

Infrared measurements i n the ν(CO) region during the decar­
bonylation of the indane aldehyde using the Ru(TPP)(PPh 3)2 
catalyst system revealed a small peak at 2015 cm - 1, as well as 
expected bands i n the 1950-1970 cm"1 region, characteristic of 
the Ru(TPP)(C0)L (L = PPh 3, nBu3P) complexes (1). The peak could 
be that of a jtrans-dicarbonyl [cf. the 2005 cnT 1 band of 
Ru(TPP)(CO) 2, (11)]; these species contain an extremely l a b i l e 
CO, which would be germane to our c a t a l y t i c decarbonylation. 
Alternatively, the 2015 cm"1 peak could be due to a ruthenium(III) 
hydride species (12); such a HRu 1 1 1 intermediate could provide 
pathways for formation of hydrogénation products, for example, 
the cyclohexane observed i n the cyclohexen-4-al system. Such 
hydrides within Ru(III) porphyrins might give r i s e to the addi­
t i o n a l reduction potential waves i n the range -0.1 to +0.1 V. 

Addition of hydroquinone was found to completely i n h i b i t 
decarbonylation of phenylacetaldehyde using the Ru(TPP) (PPh 3)2 
catalyst system. This confirms that a radical-type process i s 
involved,especially as the hydroquinone shows no interaction with 
the Ru complexes. Indeed, the uv/visible spectrum of the cata­
lys t solution i n the presence of the hydroquinone was essentially 
that of Ru(TPP)( n Bu3P)(C0) (Fig. 1); there i s no indication of 
the 420 nm Soret band required for ca t a l y s i s , and no decarbonyla­
tion occurs. The spectral changes during a decarbonylation are 
shown i n Fig. 4 for the Ru(TPP)(CO)(ϋΒη2Ρ0Η)/cyclohexen-4-al 
system; there are probably isosbestic points i n the Soret and 
v i s i b l e region i n the e a r l i e r stages of the reaction, but even­
tually the peaks i n both regions collapse, and a f i n a l build up 
of absorption above 600 nm (cf. Fig. 1) gives r i s e to a green 
tinge. The i n i t i a l spectral changes are probably due to gener­
ation of Ru(III) species, as judged by comparable changes occur­
ring on Br2~oxidation of Ru(II) phosphine complexes (_1) , but 
further studies are required to confirm t h i s . 
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250 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

The f a m i l i a r 'standard' d e c a r b o n y l a t i o n mechanism 03, 5) 
i n v o l v i n g a c o n c e r t e d o x i d a t i v e - a d d i t i o n of aldehyde, CO m i g r a ­
t i o n ( w i t h subsequent e l i m i n a t i o n ) , and r e d u c t i v e - e l i m i n a t i o n of 
p r o d u c t , would seem w i t h m e t a l l o p o r p h y r i n s t o r e q u i r e c o o r d i n a ­
t i o n numbers h i g h e r than s i x , and i n t h i s case Ru(IV) i n t e r m e d i ­
a t e s . A lthough t h i s i s p l a u s i b l e , the data o v e r a l l s t r o n g l y 
suggest a r a d i c a l mechanism and R u ( I I I ) i n t e r m e d i a t e s . 

A h i g h l y t e n t a t i v e mechanism i s o u t l i n e d below: 

D e c a r b o n y l a t i o n of the a c y l i s l i k e l y t o be m e t a l - a s s i s t e d ( R u 1 1 ) 
g i v i n g r i s e t o a R u 1 1 c a r b o n y l , which i s s u b s e q u e n t l y decarbony-
l a t e d by n u c l e o p h i l i c a t t a c k by nBu3P. T h i s phosphine can d i s ­
p l a c e c o o r d i n a t e d c a r b o n y l , as e x e m p l i f i e d by r e a c t i o n 3: 

Ru(0EP)(C0)P + Ρ ^ K ^ Ru(0EP)P 2 + CO (3) 

[P = n B u 3 P ; 0ΕΡ = d i a n i o n of o c t a e t h y l p o r p h y r i n ] 

T h i s r e a c t i o n occurs t h e r m a l l y i n t o l u e n e a t 30°C w i t h an e q u i ­
l i b r i u m c o n s t a n t (K) e q u a l t o 1.5 (13). Both b i s ( p h o s p h i n e ) and 
( c a r b o n y l ) p h o s p h i n e S o r e t bands a r e p r e s e n t i n the a c t i v e c a t a ­
l y s t s o l u t i o n s (see D e c a r b o n y l a t i o n P r o c e d u r e ) , t o g e t h e r w i t h the 
unassigned, and l i k e l y c r i t i c a l , band at 420 nm. T h i s c o u l d be 
due t o some s p e c i e s g i v i n g r i s e t o , or r e s u l t i n g from, a R u H + 
RCO r e a c t i o n ; t h i s i s e q u i v a l e n t , of c o u r s e , t o a (Ru I I I-C0R) 
a c y l or a R u I I I ( C 0 ) R ( c a r b o n y l ) a l k y l s p e c i e s , and the f i n a l 
e l i m i n a t i o n r e a c t i o n a f t e r l o s s o f CO c o u l d be w r i t t e n a s : 

Ru X ± H + Ru 1J-R * 2RuL + RH (4) 

However, f o r m a t i o n o f an R s p e c i e s , e i t h e r f r e e or w i t h i n a 
r a d i c a l - p a i r cage w i t h the m e t a l ( 1 4 ) , i s s t r o n g l y f a v o r e d i n 
view of the m e t h y l c y c l o p e n t a n e noted i n the c y c l o h e x e n - 4 - a l 
d e c a r b o n y l a t i o n , s i n c e the rearrangement shown i n eq. 5, m e t a l -
a s s i s t e d i f n e c e s s a r y , seems p l a u s i b l e ( 1 5 ) : 
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16. D O M A Z E T i s E T A L . Aldehyde Decarbonylation with Ru 251 

The more we11-documented carbonium-lon rearrangement a l s o shown 
i n 5 (_16, Γ7) i s a l s o p o s s i b l e but as such t h i s does not r e q u i r e 
f o r m a l R u ( I I I ) i n t e r m e d i a t e s , f o r example, 

R u 1 1 + RCHO > Ru I i :H + R + + CO (6) 

The e v e n t u a l l o s s o f the p o r p h y r i n r i n g , as judged by the f i n a l 
v i s i b l e s p e c t r a (jcf. F i g . 1 ) , might be due t o a t t a c k by r a d i c a l s . 

The r o l e o f the t r i p h e n y l p h o s p h i n e i s not c l e a r but i s almost 
c e r t a i n l y r e l a t e d t o the f a c t t h a t R u ( T P P ) ( P P h 3 ) 2 at the concen­
t r a t i o n s used, u n l i k e R u ( T P P ) ( n B u 3 P ) 2 , r a p i d l y d i s s o c i a t e s one 
phosphine (_1) : 

R u ( T P P ) ( P P h 3 ) 2 ^ — ^ Ru(TPP)(PPh 3) + P P h 3 (7) 

and the f i v e - c o o r d i n a t e s p e c i e s adds a c a r b o n y l l i g a n d ' i n s t a n ­
t a n e o u s l y 1 u s i n g gaseous CO; s t o i c h i o m e t r i c c a r b o n y l f o r m a t i o n 
from an aldehyde a l s o occurs but l e s s r a p i d l y . F u r t h e r s t u d i e s 
are n e c e s s a r y t o see whether e q u i l i b r i a such as 8 are i n v o l v e d ; 

Ru(TPP) (CO) ( nBu.P) + PPh 
Ru(TPP)(CO)(PPh ) + nBu.P J (8) 

Ru(TPP) ( nBu 3P) (PPh 3) + CO 
both monocarbonyls have Soret bands a t ̂ 415 nm, and a r e them­
s e l v e s s i g n i f i c a n t l y l e s s a c t i v e than the mixed i n s i t u PPh 3 / n B u 3 P 
system. I t i s u n l i k e l y t h a t the s i x - c o o r d i n a t e mixed phosphine 
system would g i v e r i s e t o the 420 nm band, s i n c e the b i s ( t r i b u t y l -
phosphine) and b i s ( t r i p h e n y l p h o s p i n e ) complexes g i v e bands a t 437 
and 435 nm, r e s p e c t i v e l y (1). Of i n t e r e s t , the Ru(TPP)(PPI13) 
s p e c i e s i n t o l u e n e shows a Soret a b s o r p t i o n a t 420 nm, and 
s o l v a t e d Ru(TPP)L(CH3CN), L = t e r t i a r y phosphine, s p e c i e s a r e a 
p o s s i b i l i t y . The n e c e s s a r y a c t i v a t i o n by CO c e r t a i n l y i m p l i e s 
t h a t the R u 1 1 s p e c i e s o f a scheme such as 2 i s a l r e a d y a mono-
c a r b o n y l or s t a t e d i n another way, the CO a d d i t i o n p r e v e n t s f o r ­
mation of i n a c t i v e R u ( T P P ) ( n B u 3 P ) 2 ( c f . eq. 3 ) . 

Although the m e c h a n i s t i c d e t a i l s w i l l be d i f f i c u l t t o 
e l u c i d a t e , the c a t a l y t i c system, o p e r a t i n g a t ambient thermal 
c o n d i t i o n s , appears t o have c o n s i d e r a b l e p o t e n t i a l i n s y n t h e s i s 
f o r removing CO groups from aldehyde m o i e t i e s o f s e n s i t i v e o r g a n i c 
compounds. 
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252 CATALYTIC ACTIVATION OF CARBON MONOXIDE 
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17 
Reactions of (η-C5H5)NbH3 with Metal 
Carbonyls 
Selective Reduction of Carbon Monoxide to Ethane 

J. A. LABINGER and K. S. WONG 

Department of Chemistry, University of Notre Dame, Notre Dame, IN 46556 

The potential importance of homogeneous catalytic reactions 
in synthesis gas transformations (i.e., hydrogenation of carbon 
monoxide) has been widely recognized in recent years. In the 
first place, such systems could provide structural and mechanis­
tic models for the currently more important, but more difficult 
to study, heterogeneous catalysts. Secondly, product selectivity 
is generally more readily achievable with homogeneous catalysts, 
and this would be an obviously desirable feature in an efficient 
process converting synthesis gas to useful chemicals and fuels. 

We previously presented a rationale for focussing upon 
organoniobium hydride complexes in attempting to find a homo­
geneous system capable of activating CO towards reduction (l). 
To summarize briefly, our approach involves initial attack by a 
relatively nucleophilic metal hydride on coordinated CO. Such 
reactivity has been demonstrated repeatedly for main-group metal 
hydrides; perhaps the most elegantly worked-out system involves 
CpRe(C0)2(N0)+ (Cp = n-C5H5) which, under varying conditions, can 
be converted to an entire range of products containing CO at dif­
ferent stages of reduction, including formyl, carbene, hydroxy-
m e t h y l and methyl s p e c i e s (Scheme l ) ( 2 _ , . 2.,]ι. R e a c t i o n s l e a d ­
i n g t o hydrocarbon products are a l s o known; i n p a r t i c u l a r , A I H 3 
p l u s a v a r i e t y o f m e t a l c a r b o n y l s g i v e s modest y i e l d s o f hydro­
carbon. N o t a b l y , w i t h t h e group VI m e t a l h e x a c a r b o n y l s , h i g h 
s e l e c t i v i t y f o r e t h y l e n e was observed (6_). 

A l t h o u g h r e a c t i o n s i n v o l v i n g main-group h y d r i d e s are not 
a p p l i c a b l e t o c a t a l y t i c r e a c t i o n s o f Hg, we have p r e v i o u s l y shown 
t h a t e a r l y t r a n s i t i o n m e t a l h y d r i d e s can e x h i b i t analogous r e a c ­
t i v i t y , w i t h n u c l e o p h i l i c c h a r a c t e r f a l l i n g o f f s h a r p l y as one 
moves t o t h e r i g h t o f t h e p e r i o d i c t a b l e (£). Indeed, a number 
o f CO r e d u c t i o n s i n v o l v i n g T i and Zr h y d r i d e s have been r e p o r t e d 
i n t h e l a s t few y e a r s , as summarized i n t h e f o l l o w i n g e q u a t i o n s : 

0097-6156/81/0152-025 3$05.00/ 0 
© 1981 American Chemical Society 
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254 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

(C Me JgZrHg + CO • (C Me ) 2ZrH(0Me) ( i n t e r a l i a ) (8) 

C p 2 Z r C l 2 + R 2A1H + CO CH ( C H ^ O H , η = 0-3 (2.) 

C p 2 T i ( C 0 ) 2 + H 2 CH^ + ( C p T i ) 6 0 8 ( 1 0 ) 

C p 2 Z r H C l + CO • ( C p 2 Z r C l ) 2 ( C H 2 0 ) ( l l ) 
- 8 0 ° 

( C 5 M e 5 ) 2 Z r H 2 + Cp 2NbH(C0) * (C^Me^) 2ZrH(0CH)NbHCp 2 (12) 

(C^Me^) 2ZrH(0CH 2)Nb(CO)Cp 2 

The l a s t sequence i n p a r t i c u l a r demonstrates the same s o r t o f 
s t e p w i s e t r a n s f o r m a t i o n observed i n t h e rhenium c h e m i s t r y de­
s c r i b e d above. 

However, t h e s e r e a c t i o n s are a l l s t o i c h i o m e t r i c , not c a t a ­
l y t i c ; t h i s i s a n e c e s s a r y consequence o f t h e f a c t t h a t a l l these 
group IV h y d r i d e s are h i g h l y s e n s i t i v e t o t h e h y p o t h e t i c a l CO 
r e d u c t i o n p r o d u c t s , a l c o h o l s o r water ( l ). I n c o n t r a s t , group V 
h y d r i d e s such as Cp 2 M H o and Cp 2MH ( C 0 ) (M = Nb, Ta) are s t a b l e t o 
water and a l c o h o l , at l e a s t at room temp e r a t u r e , and c o u l d con­
c e i v a b l y p a r t i c i p a t e i n a c a t a l y t i c c y c l e . Our i n i t i a l i n v e s t i ­
g a t i o n d e a l t w i t h t r y i n g t o hydrogenate Cp 2NbH(C0): a r e a c t i o n 
f o r m i n g methane does o c c u r , but o n l y at 130° C o r h i g h e r ( 1 3 ) . 
Under such c o n d i t i o n s , t h e n e c e s s a r y s t a b i l i t y towards h y d r o x y l i c 
p r o d u c t s i s l o s t ; hence a much more r e a c t i v e system i s r e q u i r e d . 
O b v i o u s l y t h i s c o u l d be a c h i e v e d by g o i n g back t o group I V , s i n c e 
t h e h y d r i d e s are much more a c t i v e i n a n u c l e o p h i l i c sense ( n o t e , 
f o r example, t h a t t h e r e a c t i o n o f Cp f

2ZrHp (Cp f = C^Me,-) w i t h 
Cp 2NbH(C0) proceeds r a p i d l y even at -00° C! ( 1 2 ) ) , but t h i s would 
p r e c l u d e c a t a l y s i s . A l t e r n a t i v e l y , we can t r y t o make the CO more 
s u s c e p t i b l e t o n u c l e o p h i l i c a t t a c k . S i n c e _ t h e CO s t r e t c h i n g f r e ­
quency i n Cp 2NbH(C0) i s q u i t e low ( 1 9 0 0 cm ), i t must be a 
r e l a t i v e l y e l e c t r o n r i c h c a r b o n y l . I n o r d e r t o o p t i m i z e t h e 
d e s i r e d r e a c t i v i t y , i t appears t o be n e c e s s a r y t o employ a mixed 
system: an e a r l y t r a n s i t i o n m e t a l h y d r i d e , so t h a t the h y d r i d e 
w i l l be n u c l e o p h i l i c , p l u s a more e l e c t r o p h i l i c m e t a l c a r b o n y l 
complex. A c c o r d i n g l y , we have examined t h e r e a c t i o n s o f Cp 2NbH^ 
w i t h a v a r i e t y o f m e t a l c a r b o n y l s . 

E x p e r i m e n t a l 

A l l m a n i p u l a t i o n s were c a r r i e d out under i n e r t atmosphere, 
u s i n g s t a n d a r d Schlenk and dry-box t e c h n i q u e s . Cp 2NbH^ was p r e ­
p a r e d from CppNbClp and L i A l H ^ , as p r e v i o u s l y r e p o r t e d ( l U ) . 
M e t a l c a r b o n y l s ana gases were commercial p r o d u c t s used w i t h o u t 
f u r t h e r p u r i f i c a t i o n . S o l v e n t s were d i s t i l l e d from sodium benzo-
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17. L A B i N G E R A N D W O N G Selective Reduction to Ethane 255 

phenone k e t y l under argon. NMR s p e c t r a were r e c o r d e d on V a r i a n 
A-60 and XL-100 s p e c t r o m e t e r s ; mass s p e c t r a l s t u d i e s used an ΑΕΙ 
MS-9 h i g h - r e s o l u t i o n mass spectrometer and a DuPont DP-101 gas 
chromâtograph-mass spectrometer. 

R e a c t i o n s o f CppNbH^ w i t h M e t a l C a r b o n y l s . An e q u i v a l e n t 
amount o f m e t a l c a r b o n y l (Cr(CO)g, Mo(C0)g, W(C0)g, M n 2 ( C 0 ) 1 0 , 
Fe(CO)^, R u ^ ( C 0 ) 1 2 , C O 2 ( C 0 ) Q ) was added t o a benzene s o l u t i o n o f 
Cv^tbRy T " e s o l u t i o n was t r a n s f e r r e d by s y r i n g e t o a serum-
capped NMR t u b e , and t h e r e a c t i o n f o l l o w e d by t h e disappearance 
o f s t a r t i n g m a t e r i a l peaks, as w e l l as by t h e growth o f a new 
peak o r peaks i n t h e Cp r e g i o n . A f t e r complete r e a c t i o n and 
e v a p o r a t i o n o f s o l v e n t (and excess m e t a l c a r b o n y l , i f p r e s e n t and 
s u f f i c i e n t l y v o l a t i l e ) , NMR and IR were used t o c h a r a c t e r i z e o r -
g a n o m e t a l l i c p r o d u c t s . No o r g a n i c p r o d u c t s c o u l d be d e t e c t e d i n 
s o l u t i o n by NMR i n any r e a c t i o n . 

The r e a c t i o n s o f M(C0)g (M = C r , Mo, W) a l l proceeded t o 
co m p l e t i o n i n about 2 h r a t 50° C. F o r C r , t h e o n l y product 
d e t e c t e d was Cp 2NbH(C0), formed i n about 60-80$ y i e l d . With Mo 
and W, o n l y s m a l l amounts o f any product g i v i n g NMR s i g n a l s were 
p r e s e n t under t h e s e c o n d i t i o n s ; however, when t h e r e a c t i o n s were 
run under H ? (see b e l o w ) , p r o d u c t s were o b t a i n e d w i t h an NMR 
s i n g l e t a t 4 . 6 δ , and IR bands at 2θ6θ, 1950, l880 and 17^0 cm" 1. 
Recrystaliiζation from toluene-hexane s e p a r a t e d t h e pro d u c t s from 
u n r e a c t e d M(C0)g. The Mo product showed a mass s p e c t r a l peak at 
m/e = 489, c o r r e s p o n d i n g t o ̂  MoNbC^H^Og ( a l o n g w i t h o t h e r 
peaks f o r t he l e s s abundant Mo i s o t o p e s ; ; fragment peaks i n ­
c l u d e d s p e c i e s a s s i g n e d as Mo(C0) n and Cp 2NbH(C0) +. The W ana­
l o g showed o n l y fragment peaks i n t h e MS. 

The r e a c t i o n o f Mn 2(C0)^Q was complete i n about 30 min at 
U0°. A g a i n , t h e o n l y product found by NMR was Cp 2NbH(C0). 

The r e a c t i o n o f F e ( C 0 ) ^ was complete i n about 20 min at room 
temperature. The product has been p r e v i o u s l y c h a r a c t e r i z e d by 
X-ray c r y s t a l l o g r a p h y as Cp 2(C0)Nb(y-H)Fe(C0)j + ( 1£_). R u 3 ( C 0 ) 1 2 

r e a c t s f a s t e r (about 5 niin at room temperature) t o g i v e at l e a s t 
two p r o d u c t s : one, s o l u b l e i n benzene, has s p e c t r a l p r o p e r t i e s 
v e r y s i m i l a r t o t h e above Nb-Fe compound. A d d i t i o n a l m a t e r i a l 
i s i n s o l u b l e i n benzene, s o l u b l e i n THF, and e x h i b i t s s e v e r a l NMR 
s i g n a l s i n the Cp r e g i o n , as w e l l as s e v e r a l CO s t r e t c h e s i n t h e 
IR. These p r o d u c t s have not y e t been c o m p l e t e l y c h a r a c t e r i z e d . 

The r e a c t i o n o f C o 2 ( C 0 ) g was complete immediately on m i x i n g 
at room temperature. The p r o d u c t , Cp 2(C0)Nb(y-C0)Co(C0)^, has 
been c h a r a c t e r i z e d by X-ray c r y s t a l l o g r a p h y ( l 6 ) . 

I n t e r m e d i a t e i n the C p p N b ^ - F e ( C O )R R e a c t i o n . A s o l u t i o n o f 
0 .35 mmol Cp 2 N b H o i n 1 ml CgDg was t r a n s f e r r e d t o a serum-capped 
NMR tube and c o o l e d t o j u s t above f r e e z i n g . 0.15 ml Fe(CO)^ was 
added, t h e tube was i n s e r t e d i n t o t h e XL-100 s p e c t r o m e t e r , and a 
program f o r k i n e t i c study d a t a a c q u i s i t i o n was i n i t i a t e d : a s e t 
o f t r a n s i e n t s was accumulated f o r 30 sec and s t o r e d ; d a t a a c q u i -
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256 C A T A L Y T I C A C T I V A T I O N O F C A R B O N M O N O X I D E 

Scheme 1. i, R3BH~, L = CO or PPh3; ii, NaBHh/THF/H20 or NaAlEt2H2, 
L = CO; iii, NaBHk; iv, BH3; v, CF3COOH, -70°; vi, warming (disproportiona-

tion reaction), L = PPh3; vii, Ph3C+ 

CpReL ( N 0)(CH o 0 H ) 

CpRe(CO)L(NO) + L_> CpReL(NO)(CHO) v > CpReL(NO)(CHOH)+ 

i iV J v i 
CpReL (NO)(CH ) < ^ CpReL ( N 0)(CH 2)+ 

v i i 
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17. L A B i N G E R A N D W O N G Selective Reduction to Ethane 257 

s i t i o n was h a l t e d f o r 30 s e c ; and then another 30 sec worth o f 
t r a n s i e n t s accumulated. T h i s sequence was c o n t i n u e d f o r 20 min, 
a f t e r which t h e s e q u e n t i a l F I D 1 s were F o u r i e r t r a n s f o r m e d , and a 
s e l e c t e d group o f r e s u l t i n g s p e c t r a , showing the p r o g r e s s o f the 
r e a c t i o n , p l o t t e d out i n s t a c k e d form ( F i g u r e ) . 

R e a c t i o n s under H Q f o r Gaseous P r o d u c t s . S o l u t i o n s c o n t a i n ­
i n g about 0.3 mmol each o f Cp 2NbH^ 8 1 1 ( 1 m e t a l c a r b o n y l i n s e v e r a l 
ml benzene were l o a d e d i n t o a F i s c h e r - P o r t e r p r e s s u r e b o t t l e 
t h r o u g h a b a l l v a l v e ; t h i s was t h e n p r e s s u r i z e d t o 1-1/2 - 2 atm 
H 2 and m a i n t a i n e d at t h e r e a c t i o n temperature f o r t h e r e a c t i o n 
time a p p r o p r i a t e t o the p a r t i c u l a r m e t a l c a r b o n y l (see above). 
The gaseous atmosphere was t h e n vented t h r o u g h a t r a p at -78° ( t o 
remove most o f t h e benzene vapor) i n t o an evacuated v e s s e l . 
Samples were removed by g a s - t i g h t s y r i n g e and i n j e c t e d i n t o a 
H e w l e t t - P a c k a r d 5790 gas chromatograph, equipped w i t h a k f t , 1/8 
i n Porapak Ρ column and a flame i o n i z a t i o n d e t e c t o r . Use o f 
known samples o f hydrocarbons (methane and ethane) e s t a b l i s h e d 
t h a t t h e minimum d e t e c t a b l e amounts o f product by t h i s procedure 
were about 0.5-1·0 % (based on s t a r t i n g Nb complex). S e v e r a l o f 
t h e r e a c t i o n s (Mo(CO)g, W(C0)g and Ru^(CO)-^p ) gave s m a l l amounts 
(around 1-2 %) o f t h e s e a l k a n e s ; o n l y w i t h C r ( C 0 ) g was a sub­
s t a n t i a l y i e l d o f hydrocarbon product c o n s i s t e n t l y observed (see 
below). 

L a b e l l i n g S t u d i e s on CppNbH3~Cr(CO)g R e a c t i o n . R e a c t i o n s 
were c a r r i e d out under D Q i n one c a s e , and u t i l i z i n g 13c - l a b e l l e d 
C r ( C 0 ) g i n another. The l a t t e r was p r e p a r e d by t h e Bu^PO-cata-
l y z e d i n c o r p o r a t i o n o f ^CO i n t o C r ( C 0 ) ^ ( p y r ) , as d e s c r i b e d 
r e c e n t l y by Darensbourg et a l (17). Mass s p e c t r a l a n a l y s i s 
showed t h a t t h e r e s u l t i n g C r ( 1 3 C 0 ) x ( C 0 ) g _ x was about 75 % "Re­
l a b e l l e d . A f t e r r e a c t i o n w i t h Cp 2 N b H o as d e s c r i b e d above, the 
atmosphere was v e n t e d i n t o a v e s s e l which c o u l d be a t t a c h e d 
d i r e c t l y t o t h e i n l e t o f t h e MS-9 mass spectrometer. 

O n - l i n e Sampling o f C p p N b ^ - C r C C O ) ^ R e a c t i o n . The r e a c t i o n 
was c a r r i e d out i n a f l a s k w i t h f o u r stopcocks a t t a c h e d ; two o f 
t h e s e were used f o r l o a d i n g t h e s o l u t i o n and f o r e v a c u a t i n g the 
f l a s k and r e f i l l i n g w i t h H 2 o r o t h e r atmosphere, r e s p e c t i v e l y . 
The o t h e r two were connected i n a c i r c u i t c o n t a i n i n g a b e l l o w s -
t y P e gas c i r c u l a t i n g pump ( M e t a l B e l l o w s Corp. Model MB-21) t o a 
gas sampling v a l v e mounted i n a C a r l e AGC-311 gas chromatograph. 
The l a t t e r i s equipped w i t h two columns, Porapak (80$ N , 20$ Q, 
8 f t , 1/8 i n ) and 5 A m o l e c u l a r s i e v e (6 f t , 1/8 i n ) connected 
v i a a s w i t c h i n g v a l v e , as w e l l as b o t h t h e r m a l c o n d u c t i v i t y and 
flame i o n i z a t i o n d e t e c t o r s . T h i s arrangement p r o v i d e s m o n i t o r i n g 
o f gases such as 0 2 and N 2 , t o determine when a s a t i s f a c t o r y a i r -
f r e e atmosphere has been e s t a b l i s h e d , as w e l l as h i g h s e n s i t i v i t y 
t o hydrocarbon p r o d u c t s — on t h e same s c a l e as b e f o r e , y i e l d s on 
t h e o r d e r o f 0.01 % can be e a s i l y d e t e c t e d . R e a c t i o n s were 
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258 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

c a r r i e d out by h e a t i n g t h e f l a s k t o 50°, and gaseous pr o d u c t s 
m o n i t o r e d at any t ime "by s i m p l y r o t a t i n g t h e sampling v a l v e . 

R e s u l t s and D i s c u s s i o n 

The r e a c t i v i t y o f t h e s e m e t a l h y d r i d e - m e t a l c a r b o n y l r e a c ­
t i o n s can be c o r r e l a t e d w i t h t h e n a t u r e o f the r e a c t a n t s i n a 
manner c o n s i s t e n t w i t h t h e proposed mechanism: n u c l e o p h i l i c 
a t t a c k by h y d r i d e on c o o r d i n a t e d CO. Thus r e a c t i o n s i n v o l v i n g 
t h e h i g h l y n u c l e o p h i l i c group IV h y d r i d e , Cp'gZrHg, are much 
f a s t e r than those o f group V m e t a l h y d r i d e s . On t h e o t h e r hand, 
t h e r e l a t i v e l y e l e c t r o p h i l i c n e u t r a l b i n a r y m e t a l c a r b o n y l s a l l 
r e a c t w i t h Cp^NbH^ under m i l d c o n d i t i o n s (20-50° C ) , whereas more 
e l e c t r o n - r i c h complexes such as c y c l o p e n t a d i e n y l m e t a l c a r b o n y l s 
(Cp 2NbH(C0), CpV(CO)^) o r a n i o n i c c a r b o n y l s (V(CO)g") show no 
r e a c t i o n under these c o n d i t i o n s . 

The s i g n i f i c a n c e ( i f any!) o f t h e sequence o f r e a c t i v i t i e s 
found f o r t h e v a r i o u s c a r b o n y l s e x a m i n e d — a steady i n c r e a s e on 
moving t o t h e r i g h t i n t h e p e r i o d i c t a b l e — i s s t i l l u n c l e a r . 
There does not appear t o be any s t r o n g t r e n d i n e l e c t r o p h i l i c i t y 
a l o n g t h i s s e r i e s ; f o r example, the IR s p e c t r a o f t h e v a r i o u s 
compounds show q u i t e s i m i l a r CO s t r e t c h i n g f r e q u e n c i e s ( l 8 ). I t 
i s a l s o c o n c e i v a b l e t h a t not a l l t h e s e r e a c t i o n s f o l l o w t h e same 
mechanism; f o r example, a r a d i c a l pathway might be a r e a s o n a b l e 
a l t e r n a t i v e f o r r e a c t i o n s i n v o l v i n g t h e d i m e r i c c a r b o n y l s . More 
d i r e c t evidence f o r the proposed pathway has been o b t a i n e d from 
the Fe(CO)^ r e a c t i o n . As shown i n the F i g u r e , at e a r l y stages 
t h e NMR shows a peak at lU.3ô, i n a d d i t i o n t o t h e Cp 2NbH^ 
s i g n a l s . As t h e r e a c t i o n proceeds, the former grows t o a maximum 
( c o r r e s p o n d i n g t o about 20 % y i e l d , assuming i t i s due t o a 
s i n g l e proton) and t h e n g r a d u a l l y d i s a p p e a r s , w h i l e t h e 0 ρ 2 ^ Η ^ 
peaks a l s o decrease and are r e p l a c e d by t h e Cp s i g n a l s o f t h e 
p r o d u c t . 

The extreme d o w n f i e l d s h i f t o f t h e i n t e r m e d i a t e s i g n a l i s 
c h a r a c t e r i s t i c e i t h e r o f a m e t a l f o r m y l , or a hydridocarbene com­
p l e x , s u g g e s t i n g one o f t h e f o l l o w i n g s t r u c t u r e s ( o r , perhaps, a 
r a p i d e q u i l i b r i u m between the two) : 

0 Η 
Cp 2NbH 2 HCFe(C0) u ^ = ^ : Cp 2Nb-H 

\ 
\=Fe(C0)k 

Η 
We t e n t a t i v e l y p r e f e r t h e l a t t e r , s i n c e compounds of t h i s t y p e 
have been i s o l a t e d and, i n one c a s e , c h a r a c t e r i z e d c r y s t a l l o -
g r a p h i c a l l y ( 1 2 ) . The a n a l o g o f t h i s i n t e r m e d i a t e has not y e t 
been observed w i t h o t h e r m e t a l c a r b o n y l s , but s i n c e t h e r e l a t i v e 
r a t e s o f i t s f o r m a t i o n and decomposition may w e l l d i f f e r from one 
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17. L A B I N G E R A N D W O N G Selective Reduction to Ethane 259 

system t o the n e x t , i t i s q u i t e p o s s i b l e t h a t an NMR-detect a b l e 
amount never accumulates, at l e a s t a t ambient temperatures. 

The subsequent c h e m i s t r y i n t h e s e systems c l e a r l y i n v o l v e s 
( a t l e a s t ) two competing pathways. I n most cases l i t t l e o r no CO 
r e d u c t i o n product i s observed; r a t h e r H 2 i s e v o l v e d and h y d r i d o 
( c a r b o n y l ) complexes form. Hence i n t h e s e c a s e s , l o s s o f Hp from 
th e above i n t e r m e d i a t e must be more e f f i c i e n t t han f u r t h e r t r a n s ­
f e r o f h y d r i d e t o CO. The r e s u l t i n g c o o r d i n a t i v e l y u n s a t u r a t e d 
s p e c i e s can undergo i ) t r a n s f e r o f CO t o Nb; i i ) m i g r a t i o n ("de-
i n s e r t i o n " ) o f t h e f o r m y l - l i k e hydrogen from CO t o m e t a l ( a r e ­
a c t i o n observed f o r a l l known me t a s t a b l e f o r m y l complexes); and 
i i i ) i n some c a s e s , d i s s o c i a t i o n o r l o s s o f f u r t h e r hydrogen t o 
g i v e t h e a p p r o p r i a t e product (Cp 2NbH(CO) o r b i m e t a l l i c compound). 
Only f o r Cr(CO)g were l a r g e amounts o f hydrocarbon product ob­
s e r v e d , and hence t h i s system was examined i n d e t a i l . 

When the r e a c t i o n o f Cp 2NbH^ w i t h Cr(CO)g i s c a r r i e d out 
under A r , l i t t l e o r no hydrocarbons are produced; i n s t e a d 
Cp 2NbH(C0) i s formed i n good y i e l d , w i t h a s m a l l amount o f p r e ­
c i p i t a t e d e p o s i t i n g . I n c o n t r a s t , when t h e r e a c t i o n i s run under 
H 2, l a r g e amounts o f s o l i d p r e c i p i t a t e ; o n l y a s m a l l amount o f 
Cp 2NbH(C0) remains i n s o l u t i o n , and gas sampling i n d i c a t e s t h e 
f o r m a t i o n o f ethane i n about 10 % y i e l d (based on Nb). With t he 
s y r i n g e sampling method, no o t h e r hydrocarbon product was de­
t e c t e d . The o r i g i n o f the ethane was probed by l a b e l l i n g methods. 
R e a c t i o n under D 2 gave ethane w h i c h , by mass s p e c t r o s c o p y , con­
t a i n e d s i g n i f i c a n t q u a n t i t i e s o f dQ, d-̂  and d^-ethane; more h i g h l y 
e n r i c h e d s p e c i e s c o u l d have been p r e s e n t i n q u a n t i t i e s up t o a few 
per c e n t w i t h o u t b e i n g d e t e c t e d . 

The method r e c e n t l y p u b l i s h e d by Darensbourg e t a l (IT) p r o ­
v i d e s an e x c e l l e n t r o u t e t o h i g h l y - e n r i c h e d l ^ c o - l a b e l l e d com­
pounds, i n c l u d i n g C r ( C 0 ) g . S t a r t i n g w i t h 90 % l a b e l l e d !3C0, t h e 
compound was o b t a i n e d w i t h about 75 % l a b e l l i n g . When t h i s was 
s u b j e c t e d t o hydrogénation, t h e ethane produced c o n t a i n e d sub­
s t a n t i a l amounts o f 13c 2Hg, as shown by h i g h - r e s o l u t i o n mass 
s p e c t r o s c o p y ( i n which t h e 1 3 c 2Hg + peak was w e l l s e p a r a t e d from 
th e background peak due t o 0 2+). A peak w i t h exact mass 32.05^ 
was observed; t h e c a l c u l a t e d v a l u e f o r 1 3 c 2Hg i s 32.0535· I t was 
not p o s s i b l e t o a c c u r a t e l y determine t h e r e l a t i v e amounts of t h e 
v a r i o u s l y i s o t o p i c a l l y l a b e l l e d ethanes because o f the c o m p l e x i t y 
i n t h i s r e g i o n : ethane shows M - l , M-2, ... peaks o f about t h e 
same i n t e n s i t y as t h e parent i o n , and benzene (which c o u l d not be 
e n t i r e l y removed from t h e vapor phase) g i v e s fragment peaks at 
m/e = 30, 29, ... as w e l l . By making approximate c o r r e c t i o n s f o r 
t h e s e two f a c t o r s , we were a b l e t o e s t i m a t e t h a t t h e amount o f 13c 
i n t h e ethane i s a t l e a s t 75 % o f t h a t i n the s t a r t i n g c a r b o n y l 
compound, and hence most, i f not a l l , o f the ethane a r i s e s from 
CO r e d u c t i o n . Most l i k e l y i t a l l does; we have seen evidence p r e ­
v i o u s l y f o r f o r m a t i o n o f ethane from an a l t e r n a t e s o u r c e , most 
p r o b a b l y t h e Cp r i n g s , i n r e l a t e d systems, but the s e r e a c t i o n s 
r e q u i r e c o n s i d e r a b l y h i g h e r temperatures ( 1 3 ) . 
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260 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

The s o l i d s formed i n t h i s r e a c t i o n have not been c o m p l e t e l y 
c h a r a c t e r i z e d , but they almost c e r t a i n l y c o n t a i n some form o f 
ni o b i u m o x i d e s p e c i e s : t h e y are i n s o l u b l e i n a l l o r g a n i c s o l ­
v e n t s but do d i s s o l v e i n s t r o n g m i n e r a l a c i d s . (The IR o f t h e 
s o l i d shows no c h a r a c t e r i s t i c o r i n f o r m a t i v e bands.) Thus the 
oxygen atom o f t h e reduced CO appears as metal-bound oxygen, 
r a t h e r t h a n f r e e 1^0, a f a c t which would make c a t a l y t i c r e d u c t i o n 
v e r y u n l i k e l y f o r t h i s p a r t i c u l a r system. When t h e r e a c t i o n i s 
ru n under a mixed CO-H2 atmosphere, t h e o n l y product observed i s 
C p 2 N b H ( C 0 ) , i n n e a r l y q u a n t i t a t i v e y i e l d ; no hydrocarbons o r i n ­
s o l u b l e p r o d u c t s form. T h i s i s not s i m p l y due t o a d i r e c t r e a c ­
t i o n o f C p 2 N b H 3 w i t h CO, s i n c e t h a t r e a c t i o n i s t o o slow a t 50°; 
r a t h e r an i n t e r m e d i a t e i n t h e r e a c t i o n o f C P 2 N D H 3 w i t h C r ( C 0 ) g 
must be e f f i c i e n t l y t r a p p e d by CO. C p 2 N b H ( C 0 ) i s not s u f f i ­
c i e n t l y n u c l e o p h i l i c t o a t t a c k C r ( C 0 ) g ; a m i x t u r e o f th e s e two 
compounds shows no r e a c t i o n u n t i l w e l l above 1 0 0 ° , c o n d i t i o n s 
under which t h e niobium compound begins t o r e a c t by i t s e l f . 

S e l e c t i v e f o r m a t i o n o f ethane i n t h i s r e a c t i o n i s o f key 
i n t e r e s t , s i n c e one o f t h e major reasons f o r i n v e s t i g a t i n g homo­
geneous systems was the hope of a c h i e v i n g such s e l e c t i v i t y . 
W h i l e a l a r g e v a r i e t y o f mechanisms l e a d i n g t o alkane f o r m a t i o n 
might be c o n s t r u c t e d , few would e x p l a i n t h i s s e l e c t i v i t y ; a r o u t e 
i n v o l v i n g s u c c e s s i v e CO i n s e r t i o n i n t o m e t a l a l k y l s , f o l l o w e d by 
r e d u c t i o n , f o r example, would not. The r e s u l t o f Masters c i t e d 
e a r l i e r i s most s u g g e s t i v e i n t h i s r e g a r d : A l H ^ p l u s M ( C 0)g i s 
a l s o h i g h l y s e l e c t i v e f o r C 2 hydrocarbon, a l t h o u g h most o f t h e 
produ c t (95 %) i s e t h y l e n e , not ethane (6). Masters proposed a 
mechanism i n v o l v i n g a carbene i n t e r m e d i a t e t o account f o r t h i s . 
We c o u l d account f o r our r e s u l t by the same mechanism, i f t h e 
C P 2 N D H 3 - d e r i v e d system a l s o c o n t a i n s ( o r generates) a s p e c i e s 
capable o f c a t a l y z i n g t h e hydrogénation o f e t h y l e n e t o ethane. 
To check t h i s , we designed a system p e r m i t t i n g o n - l i n e a n a l y s i s 
o f t h e gaseous products d u r i n g t h e course o f the r e a c t i o n , and 
found t h a t c o n s i d e r a b l e amounts o f e t h y l e n e are in d e e d p r e s e n t 
d u r i n g e a r l y s t a g e s . Thus t h e C 2 p r o d u c t s a f t e r one hour con­
s i s t o f 2 0 % and 80 % C 2Hg; a f t e r 2 h r , t h e percentage o f 
C2&1± has decreased t o 8 %\ a f t e r 5 h r , t o 0 . 6 %. T h i s system 
a l s o gave us much g r e a t e r s e n s i t i v i t y , and we were a b l e t o d e t e r ­
mine t h a t s m a l l amounts ( 0 . 5 - 1 %) o f methane and propane are 
a l s o formed i n t h i s r e a c t i o n . S i m i l a r l y , i f s m a l l amounts o f 
e t h y l e n e are added t o t h e r e a c t i o n m i x t u r e , they are g r a d u a l l y 
hydrogenated t o ethane d u r i n g t h e course o f the r e a c t i o n . With 
an e q u a l m i x t u r e o f IL^ and ̂ 2^k a s ^ e atmosphere, almost no 
r e d u c t i o n i s observed; r a t h e r t h e C p 2 N b H o i s c o n v e r t e d t o 
Cp 2 N b ( C 2 H ^ ) (0 2 Η ^ ) i n h i g h y i e l d . A g a i n , t h i s does not form 
r e a d i l y from C P 2 N D H 3 at t h i s temperature (19), and i s p r o b a b l y 
due t o t r a p p i n g a r e a c t i o n i n t e r m e d i a t e as i n t h e H2-CO r e a c t i o n ; 
a l s o , t h i s shows t h a t t h e hydrogénation c a t a l y s t i s not s t a r t i n g 
m a t e r i a l but a r e a c t i o n p r o d u c t . 
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262 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

These o b s e r v a t i o n s p e r m i t us t o c o n s t r u c t a p l a u s i b l e mech­
anism f o r t h e r e a c t i o n , shown i n Scheme 2. The i n i t i a l s t e p , i n ­
v o l v i n g n u c l e o p h i l i c a t t a c k by Nb - H on CO, i s p r o b a b l y g e n e r a l 
t o a l l t h e m e t a l c a r b o n y l s examined h e r e , a l t h o u g h as noted above 
d i r e c t evidence i s a v a i l a b l e o n l y f o r F e ( C 0 ) r . The r e s u l t i n g 
i n t e r m e d i a t e can r e a c t i n one o f two ways. Loss o f H 2 generates 
an u n s a t u r a t e d s p e c i e s which e v e n t u a l l y l e a d s t o products con­
t a i n i n g no reduced CO. F o r most o f t h e systems s t u d i e d , t h i s i s 
t h e dominant pathway. A l t e r n a t i v e l y , a second hydrogen can be 
t r a n s f e r r e d t o carbon. N i o b i u m - a s s i s t e d cleavage o f the carbon-
oxygen bond generates a niobium(oxo) complex, which l e a d s t o t h e 
i n s o l u b l e m e t a l o x i d e p r o d u c t s observed, and a carbene complex. 
T h i s c o u l d undergo f u r t h e r r e d u c t i o n by niobium h y d r i d e s , l e a d ­
i n g t o t h e s m a l l amount o f methane observed, but t h e main decom­
p o s i t i o n p a t h i s by d i m e r i z a t i o n t o form e t h y l e n e . Subsequent 
hydrogénation g i v e s the observed major p r o d u c t , ethane. Note 
t h a t by t h i s mechanism, a l l t h e hydrogens added t o carbon up t o 
C 2 H ^ come from niobium; atmospheric hydrogen p a r t i c i p a t e s o n l y 
i n t h e f i n a l , hydrogénation stage. T h i s agrees w i t h t h e D 2 

l a b e l l i n g r e s u l t s : a maximum of two deuterium atoms are found 
i n t h e ethane produced. (Exchange o f D 2 w i t h s t a r t i n g Cp 2NbU3, 
which c o u l d a l s o l e a d t o deuterium i n c o r p o r a t i o n , i s much t o o 
slow at t h i s temperature.) Formation o f propane by r e a c t i o n o f 
e t h y l e n e w i t h more carbene complex i s a l s o p o s s i b l e . 

The r e a c t i o n s o f Mo(CO)g and W(C0)g d i f f e r i n t h a t i ) y i e l d s 
o f hydrocarbon are much l o w e r ; i i ) t h e same s e l e c t i v i t y i s not 
observed: Mo g i v e s m o s t l y methane, W r o u g h l y e q u a l amounts o f 
methane and ethane; and i i i ) b i m e t a l l i c products are o b t a i n e d , 
r a t h e r t h a n Cp 2 N b H(C0). The f i r s t two d i f f e r e n c e s presumably 
are due t o changes i n r e l a t i v e r a t e s o f t h e competing pathways 
a v a i l a b l e ; t h e l a s t may s i m p l y mean t h a t t h e b i m e t a l l i c s p e c i e s 
i s somewhat l e s s s t a b l e f o r t h e f i r s t - r o w t r a n s i t i o n m e t a l C r , 
and comes a p a r t under the r e a c t i o n c o n d i t i o n s . S p e c t r o s c o p i c 
c o n s i d e r a t i o n s , e s p e c i a l l y t h e mass spectrum o f t h e Nb-Mo pro d ­
u c t , suggest t h a t t h e s e b i m e t a l l i c compounds are i s o e l e c t r o n i c 
t o t h e p r e v i o u s l y c h a r a c t e r i z e d Nb-Fe p r o d u c t ; t h a t i s , 
Cp 2 N b M H(C0)g (M = Mo, W). I n f a c t , a l l t h r e e complexes ( i n c l u d ­
i n g Cr) have r e c e n t l y been pr e p a r e d by p h o t o l y s i s o f Cp 2 N b H o w i t h 
M(CO)g a t low temperature, shown ( c r y s t a l l o g r a p h i c a l l y f o r M = 
Cr) t o have the analogous s t r u c t u r e t o t h e N b-Fe compound, 
C p 2 ( C O ) N b ( y - H ) C r ( C O ) 5 (20). 
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18 
Formation of Hydrocarbons by Hydridic Reduction 
of Carbon Monoxide on Cp2Fe2(CO)4 

ANDREW WONG and JIM D. ATWOOD 

Chemistry Department, State University of New York at Buffalo, Buffalo, NY 14214 

The search for homogeneous analogues of Fischer-Tropsch 
catalysts has been vigorous in recent years. Recent reviews 
cover much of the pertinent literature.1,2 Homogeneous systems 
are amenable to mechanistic studies and often have advantages of 
selectivity and mild reaction conditions which would be important 
economically. There are a number of complexes which undergo 
homogeneous CO reduction. Unlike the typical Fischer-Tropsch 
reactions, most homogeneous reductions yield methane or methanol 
as primary products; only in a few systems were higher hydro­
carbon chains observed.1,2 Demitras and Muetterties observed 
formation of methane, ethane, propane and isobutane in the ratio 
1:4:trace:trace upon treatment of Ιr4(CO)12 with synthesis gas in 
molten NaCl·2AlCl3 at 180°.3 Schwartz and co-workers observed 
chain build-up in a zirconium based system (Cp2ZrCl2, (i-Bu)2AlH 
and CO at a few atmospheres of pressure) which produced alcohols 
(methanol, ethanol, l-propanol and l-butanol in a molar ratio of 
1.0:0.12:0.15:0.03) upon hydrolysis at room temperature.4-6 

Masters and co-workers observed the formation of methane, ethane, 
propane and butane upon treatment of Ru3(C0)12 with ΑlΗ3.z 

Ethane or ethylene (C2 hydrocarbons) have been observed in a few 
cases.7-9 

Fischer-Tropsch reactions, although they have been known for 
more than 50 years, are not well understood mechanistically.10-12 

0097-6156/81/0152-0265$05.00/0 
© 1981 American Chemical Society 
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266 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

I n t h e c u r r e n t v i e w t h e f o r m a t i o n o f m e t h a n e a n d c h a i n g r o w t h i n 
t h e p r o d u c t i o n o f h i g h e r h y d r o c a r b o n s o c c u r s v i a o x y g e n - f r e e C H X 

s p e c i e s , g e n e r a t e d o n t h e s u r f a c e o f t h e c a t a l y s t b y d i s s o c i a t i v e 
c h e m i s o r p t i o n o f CO f o l l o w e d b y p a r t i a l h y d r o g é n a t i o n . — A l t h o u g h 
r e a c t i v e m e t a l c a r b i d e c o m p l e x e s h a v e b e e n o b s e r v e d i n m e t a l 
c l u s t e r c o m p o u n d s — ' — a n d h a v e b e e n p o s t u l a t e d a s i n t e r m e d i a t e s 
i n t h e f o r m a t i o n o f m e t h a n e , i l i t i s u n l i k e l y t h a t t h e i n i t i a l 
s t e p i n a h o m o g e n e o u s CO r e d u c t i o n c y c l e w i l l b e ΟξΟ b o n d c l e a v ­
a g e . I n m o s t h o m o g e n e o u s s y s t e m s i t i s b e l i e v e d t h a t f o r m a t i o n 
o f a C - H b o n d i s t h e i n i t i a l s t e p i n t h e r e d u c t i o n o f C O , 
f o l l o w e d b y t h e s u c c e s s i v e f o r m a t i o n o f a l k y l i d e n e o r h y d r o x y -
m e t h y l , a n d m e t h y l c o m p l e x e s . 

Μ—ΟΞΟ 

0 

M - C - H -> M=CH, 

M - C H 2 0 H -> M - C h L 

SCHEME I 

C H 3 0 H C H , 

A n e x c e l l e n t e x a m p l e o f t h i s s e q u e n c e w a s i l l u s t r a t e d i n t h e 
r e a c t i o n o f C p R e ( C 0 ) 2 ( N 0 ) + w i t h NaBHi* w h i c h u n d e r c a r e f u l l y 
c o n t r o l l e d c o n d i t i o n s p r o d u c e d t h e f o r m y l , t h e h y d r o x y m e t h y l 
a n d t h e m e t h y l c o m p l e x e s , s u c c e s s i v e l y . — — 

. T H F / H 9 0 
[ C p R e ( C 0 ) 9 N 0 ] + N a B H . n V * 

0 ° , 3 0 m i n 

0 ° C , 1 5 m i n 
C p R e ( C 0 ) ( N 0 ) C H 0 

N a B H 4 , THF 

C p R e ( C 0 ) ( N 0 ) C H , 

0 ° C , 15 m i n + N a B H 4 

N a B H , i T H F / H g O 

2 5 0 ^ 5 h r C p R e ( C 0 ) ( N 0 ) C H 2 0 H 

T h i s w a s t h e f i r s t e x a m p l e i n w h i c h m o d e l s f o r p r e s u m e d F i s c h e r -
T r o p s c h i n t e r m e d i a t e s h a v e b e e n i s o l a t e d a n d t h e i r s e q u e n t i a l 
r e d u c t i o n d e m o n s t r a t e d . N e i t h e r m e t h a n e n o r m e t h a n o l w a s o b s e r v e d 
f r o m f u r t h e r r e d u c t i o n o f t h e m e t h y l a n d t h e h y d r o x y m e t h y l c o m ­
p l e x e s . T h e u s e o f T H F / H 2 0 a s s o l v e n t w a s c r u c i a l i n t h i s s y t e m ; 
i n T H F a l o n e C p R e ( C 0 ) ( N 0 ) C H 3 w a s t h e o n l y s p e c i e s o b s e r v e d , 
p r o b a b l v b e c a u s e t h e i n i t i a l f o r m y l c o m p l e x w a s f u r t h e r r e d u c e d 
b y B H 3 . ± - £ When m u l t i h y d r i d i c r e a g e n t s a r e r e a c t e d w i t h m e t a l 
c a r b o n y l c o m p l e x e s , f o r m y l s p e c i e s a r e u s u a l l y n o t o b s e r v e d . T h e 
r a p i d h y d r o l y s i s o f B H 3 b y a q u e o u s THF a l l o w e d NaBHi* t o a c t a s a 

m o n o h y d r i d i c r e a g e n t i n i t s r e a c t i o n w i t h C p R e ( C 0 ) 2 N 0 + . 
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18. W O N G A N D A T W O O D Hydrocarbons by Hydridic Reduction 267 

When G r o u p V I c a r b o n y l c o m p l e x e s w e r e r e a c t e d w i t h a l a n e o r 
C p 2 N b H 3 r e d u c t i o n o f CO t o e t h y l e n e w a s n o t e d . - ' ^ E t h y l e n e 
w a s t h e p r i m a r y p r o d u c t o f t h e C p 2 N b H 3 r e d u c t i o n a l t h o u g h i t 
s u b s e q u e n t l y w a s h y d r o g e n a t e d t o e t h a n e . M a s t e r s a n d c o - w o r k e r s 
s u g g e s t e d t h a t e t h y l e n e w a s f o r m e d t h r o u g h a n a l k y l i d e n e d i m e r i -
z a t i o n a s s h o w n b e l o w . 

^ · 2 \ 
2 M = C H 0 > M ; M > C 0 H , 

2 \ / 
T o f u r t h e r e x p l o r e p o s s i b l e m e c h a n i s m s o f c a r b o n - c a r b o n b o n d 

f o r m a t i o n , we h a v e e x a m i n e d t h e r e a c t i o n o f C p 2 F e 2 ( C 0 K w i t h 
L i A l ( L A H ) . T h i s r e a c t i o n y i e l d s h y d r o c a r b o n p r o d u c t s u p t o 
b u t a n e . — T h e r e s u l t s o f t h i s s t u d y a r e r e p o r t e d h e r e i n . 

E x p e r i m e n t a l 

I n a t y p i c a l r e a c t i o n , 0 . 5 m m o l e C p 2 F e 2 ( C 0 K , e x c e s s L i A l H i * 
a n d a T e f l o n s t i r b a r w e r e t r a n s f e r r e d i n t o a g l a s s v e s s e l ( 1 2 0 
cm χ 2 . 2 c m ) e q u i p p e d w i t h a K o n t e s T e f l o n h i g h v a c u u m s t o p c o c k 
c o n n e c t e d t o a b a l l j o i n t a n d w i t h a s m a l l s e p t u m c o v e r e d s t o p ­
c o c k f o r s a m p l e r e m o v a l . T h e a p p a r a t u s w a s e v a c u a t e d o n a 
v a c u u m - l i n e a n d % 5 m l o f s o l v e n t , p r e v i o u s l y d r i e d b y e x t e n d e d 
r e f l u x i n g o v e r s o d i u m m e t a l a n d b e n z o p h e n o n e , w a s v a c u u m d i s ­
t i l l e d i n t o t h e g l a s s v e s s e l a t - 1 9 6 ° C When r e q u i r e d , c a r b o n 
m o n o x i d e m a y b e t r a n s f e r r e d i n t o t h e g l a s s v e s s e l s u b s e q u e n t l y o n 
t h e v a c u u m - l i n e . T h e r e a c t i o n m i x t u r e w a s a l l o w e d t o w a r m a n d 
r e a c t a t r o o m t e m p e r a t u r e . G a s s a m p l e s w e r e w i t h d r a w n t h r o u g h 
t h e s e p t u m - c o v e r e d s t o p c o c k d i r e c t l y w i t h a g a s - t i g h t s y r i n g e 
( H a m i l t o n C o . ) a n d a n a l y z e d b y a V a r i a n 2 4 4 0 g a s c h r o m a t o g r a p h 

w i t h f l a m e i o n i z a t i o n d e t e c t o r s . C h r o m a t o g r a p h i c s e p a r a t i o n s 
w e r e o b t a i n e d w i t h a 6 f t χ 1 / 8 i n . s t a i n l e s s - s t e e l c o l u m n o f 
S p h e r o c a r b ( A n a l a b , 8 0 / 1 0 0 m e s h ) , f o r s e p a r a t i o n s o f p e r m a n e n t 
g a s e s a n d l i g h t h y d r o c a r b o n s C - l t o C - 3 ; a n d a 6 f t χ 1 / 8 i n . 
s t a i n l e s s - s t e e l c o l u m n o f P o r a p a k Q ( A n a l a b , 8 0 / 1 0 0 m e s h ) , f o r 
s e p a r a t i o n o f C - l t o C - 5 h y d r o c a r b o n s . H e l i u m f l o w r a t e w a s 
^ 2 0 m l / m i η a n d c o l u m n t e m p e r a t u r e r a n g e d f r o m a m b i e n t t o 1 5 0 ° C . 
P e a k s w e r e i d e n t i f i e d b y c o m p a r i n g r e t e n t i o n t i m e s w i t h k n o w n 
s a m p l e s a n d p e a k a r e a s w e r e c o n v e r t e d i n t o m o l e q u a n t i t i e s b y 
c o m p a r i s o n w i t h s t a n d a r d s a m p l e s . 

P r o d u c t s i n t h e r e a c t i o n m i x t u r e w e r e a n a l y z e d b y i n f r a r e d 
a n d n m r s p e c t r o s c o p y . I R s p e c t r a w e r e o b t a i n e d o n a P e r k i n - E l m e r 
521 i n f r a r e d s p e c t r o p h o t o m e t e r . T h e r e a c t i o n m i x t u r e w a s f i r s t 
s u c t i o n f i l t e r e d t h r o u g h a f i n e p o r o s i t y g l a s s f r i t i n s i d e a 
g l o v e b o x ( V a c u u m A t m o s p h e r e H E - 4 3 - 2 ) u n d e r a n a r g o n a t m o s p h e r e , 
a n d w a s p l a c e d i n N a C l c e l l s ( I n t e r n a t i o n a l C r y s t a l s , I n c . ) o f 
p a t h l e n g t h 0 . 1 o r 0 . 5 cm w i t h T e f l o n s t o p p e r s . * H n m r s p e c t r a 
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268 C A T A L Y T I C ACTIVATION O F C A R B O N MONOXIDE 

w e r e o b t a i n e d o n a V a r i a n T - 6 0 s p e c t r o m e t e r w i t h TMS (0.00 ppm) 
o r b e n z e n e (7.23 ppm) a s s t a n d a r d s . 

R e s u l t s a n d D i s c u s s i o n 

R e a c t i o n o f C p 2 F e 2 ( C 0 h a n d L i A l H u o r L i A l D i » . T h e r e a c t i o n 
b e t w e e n C p 2 F e 2 ( C 0 K a n d a 10-30 f o l d e x c e s s o f LAH i n THF a t r o o m 
t e m p e r a t u r e r e s u l t e d i n t h e r a p i d f o r m a t i o n o f C H ^ . C 2 H l t , C 2 H 6 , 
C 3 H 6 , C 3 H 8 , ( \ Η 8 a n d Ci + H i o . T h e r e a c t i o n w a s e s s e n t i a l l y c o m p l e t e 
i n o n e h o u r , a s d e t e r m i n e d b y g a s c h r o m a t o g r a p h y , w h e n n o m o r e 
g r o w t h i n h y d r o c a r b o n s w a s o b s e r v e d . I n t o l u e n e a s i m i l a r 
r e a c t i o n w a s o b s e r v e d , a l t h o u g h a t a m u c h s l o w e r r a t e w i t h c o m ­
p l e t i o n i n a b o u t t w o w e e k s , p r e s u m a b l y b e c a u s e o f t h e r e l a t i v e 
i n s o l u b i l i t y o f L A H i n t o l u e n e . We d e c i d e d t o s t u d y t h i s s y s t e m 
i n t o l u e n e , d e s p i t e t h e s l o w r a t e , b e c a u s e a s i d e r e a c t i o n 
b e t w e e n L A H a n d THF w a s o b s e r v e d l e a d i n g t o CHK9 C 2 H i * a n d C 2 H 6 i n 
s m a l l a m o u n t s (< 5% o f t h o s e o b s e r v e d w i t h C p 2 F e 2 ( C 0 K a n d L A H ) . 

T h e e x a c t r a t i o o f t h e h y d r o c a r b o n s f o r m e d f r o m t h e r e a c t i o n 
o f C p 2 F e 2 ( C 0 K a n d L A H i n t o l u e n e v a r i e d w i t h t i m e a s s h o w n i n 
T a b l e 1 . E t h y l e n e w a s t h e p r e d o m i n a n t p r o d u c t i n i t i a l l y ( u p t o 36 
h r . ) a n d t h e n d e c r e a s e d d r a m a t i c a l l y w i t h t i m e . P r o p y l e n e a l s o 
d e c r e a s e d w i t h t i m e , a l t h o u g h n o t a s d r a m a t i c a l l y . B u t e n e d i d 
n o t s h o w t h i s c h a n g e w i t h t i m e b u t t h e a m o u n t s w e r e s m a l l a n d 
e x p e r i m e n t a l e r r o r c o u l d b e a f a c t o r . 

U s e o f L i A l D i * p r o d u c e d p e r d e u t e r o - h y d r o c a r b o n s , c o n f i r m i n g 
r e d u c t i o n o f CO w i t h L i A l a s t h e o n l y h y d r o g e n s o u r c e . S m a l l 
a m o u n t s o f p a r t i a l l y o r n o n - d e u t e r a t e d h y d r o c a r b o n s w e r e a l s o 
o b s e r v e d (< 10% o f t h e t o t a l ) p r o b a b l y a s a r e s u l t o f i m p u r i t y 
i n t h e LAD ( 9 8 % D ) . 

T a b l e I . G a s e o u s p r o d u c t s f r o m t h e r e d u c t i o n o f CO o n C p 2 F e 2 ( C 0 ) 4 

b y 30 f o l d e x c e s s L A H i n t o l u e n e . 0 

C H 4 C 2 H 4 
C 2 H 6 C 3 H 6 C 3 H 8 C 4 H 8 C 4 H 1 0 

3 6 h o u r 0 . 0 2 8 0 . 0 4 4 0 . 0 2 4 5 x 1 0 " 3 4 x 1 0 " 3 9 x 1 0 " 5 7 x 1 0 " ! 

1 4 d a y s 0 . 1 7 8 6 x 1 0 " 4 0 . 1 4 9 x 1 0 " 4 0 . 0 2 3 5 x 1 0 " 5 5 x 1 0 " ' 

T h e y i e l d s r e p o r t e d a r e m m o l e o f t h e h y d r o c a r b o n p r o d u c t p e r 
m m o l e o f i r o n c o m p l e x . 

T h e t o t a l y i e l d o f h y d r o c a r b o n f o r t h e r e a c t i o n b e t w e e n 
C p 2 F e 2 ( C 0 K a n d L A H w a s ^ 4 0 % ( 0 . 4 m m o l e o f h y d r o c a r b o n p r o d u c t 
p e r m m o l e o f i r o n s t a r t i n g m a t e r i a l ) . L i C p F e ( C 0 ) 2 a n d C p 2 F e 2 ( C 0 K 
w e r e b o t h i n s o l u t i o n a f t e r t h e r e a c t i o n a s s h o w n b y i n f r a r e d 
s p e c t r a e v e n w h e n a 3 0 - f o l d e x c e s s o f LAH w a s u s e d . We b e l i e v e 
t h a t H C p F e ( C 0 ) 2 w a s f o r m e d i n i t i a l l y , b u t b e c a u s e o f i t s t h e r m a l 
i n s t a b i l i t y , d e c o m p o s e d t o H 2 a n d C p 2 F e 2 ( C 0 ) l | . S u p p o r t f o r t h i s 
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18. W O N G A N D A T W O O D Hydrocarbons by Hydridic Reduction 2 6 9 

c a m e f r o m t h e o b s e r v a t i o n s t h a t ( 1 ) h y d r o g e n w a s o b s e r v e d a n d ( 2 ) 
w h e n t h e r e a c t i o n w a s c a r r i e d o u t w i t h ^ 0 . 0 1 m m o l e o f P B u 3 

a n d a 1 0 - f o l d e x c e s s o f L A H , L i C p F e ( C 0 ) 2 a n d t h e t h e r m a l l y s t a b l e 
H C p F e ( C 0 ) P B u 3 w e r e t h e o n l y p r o d u c t s i n s o l u t i o n a s d e t e r m i n e d b y 
I R a n d NMR s p e c t r a . T h e p r e s e n c e o f P B u 3 i n t h e r e a c t i o n m i x t u r e 
a l s o c h a n g e d t h e r a t i o o f h y d r o c a r b o n p r o d u c t s w i t h a s i g n i f i c a n t 
e n h a n c e m e n t i n t h e p r o d u c t i o n o f e t h y l e n e a s s h o w n b y t h e d i s ­
t r i b u t i o n o f p r o d u c t s i n T a b l e I I . 

T a b l e I I . H y d r o c a r b o n s f r o m t h e R e a c t i o n o f LAH w i t h C p 2 F e 2 ( C 0 ) 4 

i n t h e p r e s e n c e o f a L i g a n d . a 

L 

P B u 3 

C H 4 

0 . 1 0 8 

C 2 H 4 

0 . 3 7 6 

C 2 H 6 

0 . 2 2 4 

C 3 H 6 

0 . 0 2 2 

C 3 H 8 

0 . 0 1 6 

C 4 H 8 

7 x 1 0 " 4 

C 4 H 1 0 

9 x 1 0 " ' 

CO 0 . 1 4 4 0 . 5 1 1 0 . 0 4 5 0 . 0 1 1 6 x 1 0 " 3 3 x 1 0 " 4 2 x 1 0 " ' 

T h e y i e l d s r e p o r t e d a r e m m o l e o f t h e h y d r o c a r b o n p r o d u c t p e r 
m m o l e o f i r o n c o m p l e x . P B u 3 = 1 e q u i v a l e n t , CO = 1 a t m o s p h e r e . 

T h e f o r m a t i o n o f h i g h e r h y d r o c a r b o n s ( C 2 t o C O r e q u i r e s 
f o r m i n g C - C b o n d s . S e v e r a l p o s s i b i l i t i e s h a v e b e e n s u g g e s t e d f o r 
C - C b o n d f o r m a t i o n i n F i s c h e r - T r o p s c h s y s t e m s . - M e t h y l m i g r a t i o n 
(CO i n s e r t i o n ) h a s b e e n s u g g e s t e d a s o n e p o s s i b i l i t y . — T o 
a s s e s s t h e i m p o r t a n c e o f CO i n s e r t i o n i n t h i s s y s t e m we h a v e 
i n v e s t i g a t e d t h e r e a c t i o n o f C p 2 F e 2 ( C 0 K w i t h LAH u n d e r a CO 
a t m o s p h e r e . T h e r e s u l t s a r e r e p o r t e d i n T a b l e I I . A n e t i n c r e a s e 
i n CO r e d u c t i o n p r o d u c t i s o b s e r v e d u n d e r C O , b u t t h e m o s t 
d r a m a t i c d i f f e r e n c e i s t h e g r e a t l y e n h a n c e d p r o d u c t i o n o f e t h y l e n e . 
T h i s i s s i m i l a r t h o u g h g r e a t e r i n m a g n i t u d e t h a n t h e p r o d u c t i o n 
o f C 2 H i * i n t h e p r e s e n c e o f P B u 3 a s s h o w n i n T a b l e I I . R e a c t i o n 
o f L A H w i t h C p 2 F e 2 ( C 0 K w a s a l s o i n v e s t i g a t e d u n d e r a 1 3 C 0 
a t m o s p h e r e w i t h s u b s t a n t i a l i n c o r p o r a t i o n o f 1 3 C i n t o t h e h y d r o ­
c a r b o n p r o d u c t a s s h o w n i n T a b l e I I I . 

T a b l e I I I . P r o d u c t s o f t h e r e d u c t i o n o f C p 2 F e 2 ( C 0 ) 4 w i t h L A H i n 

t h e p r e s e n c e o f 1 3 C 0 . 

C H 4 > 1 3 C H 4 ( < 3 0 % ) 
1 3 C C H 4 " 1 3 C 2 H 4 > C 2 H 4 ( 5 0 % ) 

1 3 C C H 6 ~ 1 3 C 2 H 6 > C 2 H 6 ( 5 0 % ) 

1 3 C 2 C H 6 > 1 3 C C 2 H 6 Ζ C 3 H 6 ( 7 0 % ) > 1 3 C 3 H 6 ( 5 0 % ) 

1 3 C 2 C H 8 : 1 3 C C 2 H 8 > C 3 H g ( 4 0 % ) Ζ 1 3 C 3 H g 

m e t h a n e 

e t h y l e n e 

e t h a n e 

p r o p e n e 

p r o p a n e 
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2 7 0 C A T A L Y T I C ACTIVATION O F C A R B O N MONOXIDE 

T h e n u m b e r i n p a r e n t h e s i s i s t h e p e r c e n t a g e o f t h a t s p e c i e s 
c o m p a r e d t o t h e p r e d o m i n a n t s p e c i e s . T h e u n c e r t a i n t y i n t h e 
p r o p e n e a n d p r o p a n e i s m u c h l a r g e r b e c a u s e o f t h e m u c h s m a l l e r 
a m o u n t s a n d b e c a u s e f r a g m e n t a t i o n i s m u c h m o r e e x t e n s i v e . T h e 
w i d e d i s t r i b u t i o n o f l a b e l i n t h e h y d r o c a r b o n p r o d u c t i n d i c a t e s a 
c o m p l i c a t e d r e a c t i o n s c h e m e w i t h c o n s i d e r a b l e m i x i n g o f t h e 
l a b e l . T h e a m o u n t o f l a b e l i n m e t h a n e c a n n o t b e d e t e r m i n e d 
p r e c i s e l y b e c a u s e 1 3 C 0 c o n t a i n s 1 3 C H i , . F o r e a c h h y d r o c a r b o n , t h e 
s p e c i e s w i t h o n l y o n e C - 1 2 i s a m o n g t h e p r e d o m i n a n t p r o d u c t s , 
w h i c h s u g g e s t s t h a t a CO i n s e r t i o n m e c h a n i s m i s o p e r a t i v e . 

R e a c t i o n o f C p 2 F e 2 ( C 0 K w i t h N a B h U l e d t o s i m i l a r r e d u c t i o n 
p r o d u c t s t h o u g h t h e y i e l d w a s l e s s t h a n 5% o f t h a t s e e n w i t h L A H . 
R e a c t i o n o f L i B E t 3 H e f f e c t e d r e d u c t i o n i n l e s s t h a n 0 . 3 % o f t h a t 
o b s e r v e d w i t h L A H . 

R e a c t i o n o f C H 3 F e C p ( C 0 ) 2 , C 2 H 5 F e C p ( C 0 ) 2 , a n d C H 3 C ( 0 ) F e C p ( C O ) 2 

w i t h L A D . To f u r t h e r i n v e s t i g a t e t h e i m p o r t a n c e o f CO i n s e r t i o n 
i n t h e b u i l d - u p o f h y d r o c a r b o n c h a i n s u p o n r e d u c t i o n o f CO o n 
C p 2 F e 2 ( C 0 ) i t w i t h LAH we h a v e p r e p a r e d t h e p o s s i b l e i n t e r m e d i a t e s 
C H 3 F e C p ( C 0 ) 2 , C 2 H 5 F e C p ( C 0 ) 2 a n d C H 3 C ( 0 ) F e C p ( C O ) 2 a n d i n v e s t i g a t e d 
t h e i r r e a c t i v i t y t o w a r d s L A D . T h e r e s u l t s a r e p r e s e n t e d i n 
T a b l e I V . 

T a b l e I V . P r o d u c t s f r o m t h e r e a c t i o n o f R F e C p ( C 0 ) ? w i t h L A D . 

R F e C p ( C 0 ) 2 P r i m a r y H y d r o c a r b o n s F o r m e d ( R a t i o ) 

R = C H 3 C H 3 D , C 2 H 3 D 3 ( 1 : 2 ) 

R = C 2 H 5 C 2 H 5 D , C 3 H 5 D 3 ( 1 : 2 ) 

R = C H 3 C ( 0 ) C 2 H 3 D 3 > C 3 H 3 D 3 » C 3 H 3 D 5 ( 3 : 0 . 8 : 1 ) 

T h e s e r e a c t i o n s w e r e c a r r i e d o u t i n t o l u e n e w i t h a 1 0 - f o l d e x c e s s 
o f LAD w i t h t o t a l y i e l d s o f h y d r o c a r b o n s a t 5 0 - 6 0 % ( m m o l e h y d r o ­
c a r b o n p e r m m o l e R F e C p ( C 0 ) 2 ) . T h e s e r e a c t i o n s w e r e s t o p p e d a f t e r 
f a i r l y s h o r t t i m e s s o t h a t t h e r e d u c t i o n w o u l d o c c u r p r i m a r i l y a t 
t h e R g r o u p w i t h o n l y a s m a l l c o n t r i b u t i o n f r o m CO r e d u c t i o n . 
T h e o b s e r v a t i o n o f p r i m a r i l y p r o p a n e a n d p r o p e n e u p o n r e d u c t i o n 
o f C 2 H s F e C p ( C 0 ) 2 a n d C H 3 C ( 0 ) F e C p ( C 0 ) 2 s u g g e s t s t h a t CO i n s e r t i o n 
i s r e s p o n s i b l e f o r c h a i n p r o p a g a t i o n . F o r m a t i o n o f a n e t h y l i -
d e n e c o m p l e x a n d d i m e r i z a t i o n w o u l d l e a d t o b u t a n e o r b u t e n e . I n 
a d d i t i o n t o t h e p r i m a r y p r o d u c t s l i s t e d i n T a b l e I V , o t h e r h y d r o ­
c a r b o n s w e r e a l s o o b s e r v e d r a n g i n g f r o m C i - C i * i n c o n s i d e r a b l y 
s m a l l e r a m o u n t s . M a n y o f t h e s e h a d q u i t e h i g h d e u t e r i u m e n r i c h ­
m e n t s a n d we b e l i e v e t h a t t h e s e a r e t h e r e s u l t o f c o m p e t i n g CO 
r e d u c t i o n . T h e r e a c t i o n o f LAH w i t h t h e a c e t y l c o m p l e x w a s 
d i f f e r e n t i n s e v e r a l r e s p e c t s f r o m t h e r e a c t i o n w i t h t h e m e t h y l 
a n d e t h y l c o m p l e x e s . ( 1 ) T h e p r e d o m i n a n t g a s e o u s p r o d u c t s i n t h e 
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18. W O N G A N D A T W O O D Hydrocarbons by Hydridic Reduction 271 

r e d u c t i o n o f t h e m e t h y l a n d e t h y l c o m p l e x e s w e r e C n + i h y d r o ­
c a r b o n s w h i l e f o r t h e a c e t y l c o m p l e x t h e C n a n d C n + ] h y d r o c a r b o n s 
w e r e f o r m e d i n c o m p a r a b l e y i e l d s . ( 2 ) I n t h e r e d u c t i o n o f t h e 
a c e t y l c o m p l e x a n o l e f i n ( p r o p e n e ) w a s o b s e r v e d ; i n t h e m e t h y l 
a n d e t h y l r e d u c t i o n s o n l y t r a c e s o f o l e f i n s w e r e o b s e r v e d . ( 3 ) 
C p 2 F e 2 ( C 0 K a n d L i C p F e ( C 0 ) 2 w e r e o b s e r v e d a s p r o d u c t s i n s o l u ­
t i o n a f t e r r e d u c t i o n o f t h e a c e t y l c o m p l e x , b u t o n l y L i C p F e ( C 0 ) 2 

w a s o b s e r v e d f o r t h e m e t h y l a n d e t h y l c o m p l e x e s . ( 4 ) T h e r e d u c ­
t i o n o f t h e a c e t y l c o m p l e x p r o c e e d e d m u c h m o r e r a p i d l y ( c o m p l e ­
t i o n i n 1 h r ) t h a n r e d u c t i o n o f t h e m e t h y l a n d e t h y l c o m p l e x e s 
( c o m p l e t i o n i n 2 d a y s ) . 

T h e d i f f e r e n c e s i n p r o d u c t s ( b o t h g a s e o u s a n d i n s o l u t i o n ) 
b e t w e e n t h e r e d u c t i o n o f t h e a c e t y l c o m p l e x , C H 3 C ( 0 ) F e C p ( C 0 ) 2 , 
a n d t h e m e t h y l a n d e t h y l c o m p l e x e s s u g g e s t t h a t d i f f e r e n t i n t e r ­
m e d i a t e s a r e i n v o l v e d . T h e r a p i d i t y o f t h e r e d u c t i o n o f t h e 
a c e t y l c o m p l e x t o h y d r o c a r b o n s r u l e s o u t t h e e t h y l c o m p l e x a s a n 
i n t e r m e d i a t e i n t h e r e d u c t i o n o f C H 3 C ( 0 ) F e C p ( C 0 ) 2 w i t h L A H . 
R e d u c t i o n o f t h e a c e t y l t o t h e e t h y l c o m p l e x h a s b e e n o b s e r v e d . 1 — 

BH 
C H 3 C ( 0 ) F e C p ( C 0 ) 2 j ^ p — > C H 3 C H 2 F e C p ( C O ) 2 

A p o s s i b l e i n t e r m e d i a t e w a s p r e p a r e d b y G l a d y s z a n d S e l o v e r b y 
r e a c t i o n o f C H 3 C ( 0 ) F e C p ( C 0 ) 2 w i t h L i E t 3 B H . — 

CH 

W h i l e t h i s s p e c i e s c e r t a i n l y m a y b e i n s o l u t i o n , t h e r e l a t i v e 
i m p o r t a n c e o f t h i s i n t e r m e d i a t e o r d i r e c t t r a n s f o r m a t i o n s u p o n 
t h e a c e t y l g r o u p i n t h e p r o d u c t i o n o f h y d r o c a r b o n s c a n n o t b e 
a s s e s s e d a t t h i s p o i n t . 

F o r t h e r e d u c t i o n s o f t h e m e t h y l a n d e t h y l c o m p l e x e s w i t h 
L A H t h e C n + ] a l k a n e w a s t h e m a j o r p r o d u c t w i t h t h e C n p r o d u c t 
p r e s e n t t o a s i g n i f i c a n t e x t e n t . T h e s e t w o p r o d u c t s c o u l d a r i s e 
b y t h e f o l l o w i n g s e q u e n c e . 
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272 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

CO CO H 

C p F e - R C p F e - R 

C O " 

RH 

CO C = 0 L i 

H 

H A l H ? 

I 
0 

C p F e - l ! - R 

CO 

H 

S c h e m e 2 . S u g g e s t e d S c h e m e f o r t h e R e d u c t i o n o f R F e C p ( C O ) 

T h e p r e s e n c e o f A 1 H 3 w o u l d a s s i s t t h e a l k y l m i g r a t i o n a n d t h e 
i n t e r m e d i a t e s u g g e s t e d i s a n a l o g o u s t o t h o s e S h r i v e r h a s i s o -
l a t e d . ^ » u T h e r e a c t i o n o f C H 3 C ( 0 ) F e C p ( C 0 ) 2 a n d C H 3 F e C p ( C 0 ) 2 

w i t h L A H u n d e r 1 3 C O r e s u l t e d i n n o i n c o r p o r a t i o n o f 1 3 C i n t o t h e 
C n a n d C n + 1 p r o d u c t s . No i n c o r p o r a t i o n w o u l d b e e x p e c t e d f o r 
S c h e m e 2 . 

M e c h a n i s t i c o b s e r v a t i o n s o n f o r m a t i o n o f h y d r o c a r b o n s i n 
C p 2 F e 2 r c Q K w i t h L A H . " T h e r e i s l i t t l e d o u b t t h a t t h e i n i t i a l 
s t e p i n t h e r e a c t i o n o f C p 2 F e 2 ( C 0 K w i t h LAH i n v o l v e s f o r m a t i o n 
o f a f o r m y l c o m p l e x b y a d d i t i o n o f a h y d r i d e t o c o o r d i n a t e d C O . 
We b e l i e v e t h e i n i t i a l s i t e o f a t t a c k i s o n a t e r m i n a l CO w h i c h 
s h o u l d b e m o r e s u s c e p t i b l e t h a n t h e m o r e e l e c t r o n r i c h b r i d g i n g 
C O ' s . — T h e f o r m y l c o m p l e x w i l l n o t b e " f r e e " b u t w i l l a l m o s t 
c e r t a i n l y h a v e a l u m i n u m c o o r d i n a t e d t o t h e o x y g e n . F u r t h e r 
r e d u c t i o n t o a m e t h y l c o u l d o c c u r a s w a s o b s e r v e d i n NaBHi* 
r e d u c t i o n o f C p R e ( C 0 ) 2 N 0 . We w o u l d c o n c u r w i t h t h e s t a t e m e n t 
t h a t t h e i n t e r m e d i a t e s w i l l a l l h a v e c o o r d i n a t i o n o f t h e a l u m i n u m 
t o t h e o x y g e n d u r i n g t h e r e d u c t i o n . — We h a v e d e m o n s t r a t e d i n a 
s e p a r a t e e x p e r i m e n t t h a t m e t h a n e i s f o r m e d w h e n C H 3 F e C p ( C 0 ) 2 i s 
r e a c t e d w i t h L A H . 

C H - F e C p ( C O ) , , + LAD + CH~D + L i C p F e ( C 0 ) 9 + A I D , 

w i t h L A H ( R = M e , E t ) . 
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18. W O N G A N D A T W O O D Hydrocarbons by Hydridic Reduction 273 

M o r e i n t e r e s t i n g i s t h e f o r m a t i o n o f h i g h e r h y d r o c a r b o n s 
w h i c h i n v o l v e s f o r m i n g c a r b o n - c a r b o n b o n d s . We b e l i e v e f r o m t h e 
d a t a d i s c u s s e d i n a n e a r l i e r s e c t i o n t h a t t h e h i g h e r h y d r o c a r b o n s 
a r e f o r m e d a s a r e s u l t o f a CO i n s e r t i o n ( a l k y l m i g r a t i o n ) p r o c e s s . 
Two d i s t i n c t m e c h a n i s m s h a v e b e e n p r o p o s e d f o r c h a i n e x t e n s i o n i n 
F i s c h e r - T r o p s c h s y t e m s - CO i n s e r t i o n a n d a l k y l i d e n e ( c a r b e n e ) 
o l i g o m e r i z a t i o n . W h i l e o u r s y s t e m h a s t h e c h a r a c t e r i s t i c s o f a 
CO i n s e r t i o n , we d o n o t t h i n k t h a t t h e i n s e r t i o n o c c u r s b y a l k y l 
m i g r a t i o n a s h a s u s u a l l y b e e n p o s t u l a t e d . C o m p a r i s o n o f t h e 
r e s u l t s o f t h e LAH r e d u c t i o n o f C H 3 F e C p (C0) 2 , C 2 H 5 F e C p (C0) 2 a n d 
C H 3 C(0 ) F e C p(C0) 2 w i t h L A H r e d u c t i o n o f C p 2 F e 2 ( C 0 K s h o w t h a t 
p r o p a g a t i o n b y a l k y l m i g r a t i o n d o e s n o t o c c u r . We b e l i e v e t h a t 
t h e CO i n s e r t i o n o c c u r s a t a p a r t i a l l y h y d r o g e n a t e d s t a g e , 
p r o b a b l y v i a a n a l k y l i d e n e m i g r a t i o n r e a c t i o n . A n a l t e r n a t e 
s c h e m e f o r c h a i n e x t e n s i o n i n t h i s i r o n s y s t e m i s p r e s e n t e d i n 
S c h e m e 3 ( F i g u r e 1). I n t e r m e d i a t e A i s a n i r o n - f o r m y l w i t h 
a l u m i n u m c o o r d i n a t e d t o t h e o x y g e n o f t h e f o r m y l a n d i s v e r y 
s i m i l a r t o t h e s u g g e s t e d i n t e r m e d i a t e i n C H 3 F e C p(C0) 2 r e d u c t i o n . 
E l i m i n a t i o n o f t h e a l u m i n u m a n d o x y g e n a n d t r a n s f e r o f t h e 
h y d r i d e t o c a r b o n a l l o w s f o r m a t i o n o f a n i r o n a l k y l i d e n e ( B ) 
w h i c h h a s p r e c e d e n c e i n B r o o k h a r f s w o r k . ^ - 6 ^ - 7 T h e CO i n s e r t i o n 
o c c u r s t o a n i r o n - k e t e n e c o m p l e x ( C ) a s S t e v e n s a n d B e a u c h a m p 
h a v e p r e v i o u s l y o b s e r v e d . ^ T h i s t y p e o f i n s e r t i o n h a s a l s o b e e n 
o b s e r v e d b y H e r r m a n n a n d P l a n k w i t h c o n v e r s i o n o f d i p h e n y l c a r b e n e 
a n d CO i n t o a d i p h e n y l k e t e n e m a n g a n e s e c o m p l e x . — F u r t h e r a c t i o n 
o f L A H o n t h e k e t e n e c o m p l e x , C , m u s t l e a d t o a n e t h y l e n e c o m p l e x 
( D ) a n d a l s o t o a s p e c i e s w h i c h c a n u n d e r g o i n s e r t i o n t o i n c r e a s e 
t h e c h a i n l e n g t h . We s u g g e s t t h a t t h i s s p e c i e s i s t h e e t h y l i d e n e 
( E ) . T h e e t h y l e n e c o m p l e x c o u l d r e a c t w i t h a n u c l e o p h i l e ( C O , 
P B u 3 ) t o e l i m i n a t e e t h y l e n e ( i n a g r e e m e n t w i t h t h e e n h a n c e d 
e t h y l e n e p r o d u c t i o n i n t h e p r e s e n c e o f CO a n d P B u 3 ) o r b e f u r t h e r 
r e d u c e d t o e t h a n e b y a n i r o n h y d r i d e o r b y LAH.- 3 -^ T h e e t h y l i d e n e 
c o u l d i n s e r t a n e w CO f o r m i n g a k e t e n e w i t h t h r e e c a r b o n s a n d 
e x t e n d t h e c h a i n . T h e i m p o r t a n c e o f c o o r d i n a t i o n o f A1H3 t o 
t h e o x y g e n o f t h e CO u n d e r g o i n g r e d u c t i o n i s s h o w n b y t h e r e l a ­
t i v e l y p o o r y i e l d o f h y d r o c a r b o n s u p o n r e d u c t i o n o f C p 2 F e 2 ( C 0 K 
w i t h NaBHit o r L i E t 3 B H . W h i l e e a c h o f t h e s e h y d r i d e s i s s u f f i ­
c i e n t l y h y d r i d i c t c r e d u c e a CO t o a f o r m y l , t h e s u c c e s s i v e 
r e d u c t i o n s t e p s a r e n o t a s e f f i c i e n t a s w i t h L A H . 

T h e p r e d o m i n a n t f o r m a t i o n o f e t h y l e n e i n t h e e a r l y s t a g e s o f 
t h e r e d u c t i o n o f C p 2 F e 2 ( C 0 h w i t h L A H r a i s e s t h e p o s s i b i l i t y t h a t 
e t h y l e n e i s f o r m e d b y a n a l t e r n a t e m e c h a n i s m . A n e s p e c i a l l y 
a t t r a c t i v e m e c h a n i s m f o r e t h y l e n e f o r m a t i o n i n t h i s s y s t e m i s 
s h o w n i n S c h e m e 4. 
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18. W O N G A N D A T W O O D Hydrocarbons by Hydridic Reduction 275 

0 

A l H , L i 

C p ( C 0 ) F e ' > e C p ( C 0 ) 

II 

L A H 
-> [ C p ( C 0 ) F e * . F e C p ( C 0 ) ] 

0 

C 
II 

A l H 0 L i 

[ C p ( C 0 ) F e F e C p ( C O ) ] 

S c h e m e 4 . P o s s i b l e s c h e m e f o r s e l e c t i v e f o r m a t i o n o f e t h y l e n e . 

A d d u c t s o f A l E t 3 w i t h t h e b r i d g i n g C O ' s o n C p 2 F e 2 ( C 0 K a r e 
k n o w n . H T h e d r a m a t i c d e c r e a s e i n t h e a m o u n t o f o l e f i n s d u r i n g 
t h e r e a c t i o n w o u l d a r i s e b y r e c o o r d i n a t i o n a n d f u r t h e r r e a c t i o n . 

T h e s e e m i n g l y p l a u s i b l e S c h e m e s h o w n i n 4 i s i n c o n s i s t e n t 
w i t h t h e r e s u l t s o f t h e 1 3 C 0 l a b e l i n g s t u d y a s a r e m o s t s c h e m e s 
w h i c h d o n o t i n v o l v e CO i n s e r t i o n f o r t h e c h a i n p r o p a g a t i o n . We 
b e l i e v e t h a t e t h y l e n e a r i s e s f r o m t h e s a m e s e q u e n c e o f s t e p s a s 
t h e o t h e r h y d r o c a r b o n p r o d u c t s . T h e r o l e o f t h e s e c o n d m e t a l 
c e n t e r i n t h e r e d u c t i o n c a n n o t b e d e s c r i b e d . We b e l i e v e t h a t t h e 
i r o n - i r o n b o n d i s c l e a v e d e a r l y i n t h e r e a c t i o n s i n c e t h e r e d u c ­
t i o n i n t h e p r e s e n c e o f P B u 3 p r o d u c e d t h e u n s u b s t i t u t e d s p e c i e s , 
L i C p F e ( C 0 ) 2 . W h i l e t h e r e i s t o o l i t t l e i n f o r m a t i o n c u r r e n t l y 
a v a i l a b l e t o a s s e s s t h e i m p o r t a n c e o f S c h e m e 3 , o u r r e s u l t s o n 
r e d u c t i o n i n t h i s i r o n s y s t e m a r e n o t c o n s i s t e n t w i t h t h e n o r m a l 
CO i n s e r t i o n m e c h a n i s m o r w i t h c a r b e n e o l i g o m e r i z a t i o n . We 
s u g g e s t S c h e m e 3 u n t i l f u r t h e r r e s e a r c h c a n b e a c c o m p l i s h e d . 

I n e a c h o f t h e h o m o g e n e o u s s y s t e m s w h e r e C - C c h a i n s o f t h r e e 
o r m o r e a r e b u i l t u p t h e p o s s i b i l i t y o f L e w i s - a c i d a s s i s t e d 
i n s e r t i o n s e x i s t s . — ' — I n M u e t t e r t i e s ' s y s t e m t h e s o l v e n t 
N a C l - 2 A 1 C 1 3 p r o v i d e s A 1 C 1 3 a s a L e w i s - a c i d w h i c h c o u l d a s s i s t 
i n s e r t i o n s . 3 S c h w a r t z ' s s y s t e m u s e s i - B u 2 A l H a s t h e r e d u c t a n t 
a n d c e r t a i n l y h a s t h e p o t e n t i a l f o r L e w i s - a c i d c o o r d i n a t i o n . 1 * " 6 

O l i v e ' ' a n d O l i v e ' p e r f o r m e d a l k y l a t i o n o f b e n z e n e w i t h H 2 a n d CO 
w i t h W ( C 0 ) 6 a n d A 1 C 1 3 b u i l d i n g h y d r o c a r b o n c h a i n s o f u p t o C 5 . — 
S c h e m e 3 s u g g e s t s t h e i m p o r t a n c e o f L e w i s - a c i d c o o r d i n a t i o n i n 
o u r s y s t e m . W h e t h e r o r n o t t h i s L e w i s - a c i d c o o r d i n a t i o n ( s p e c i f i ­
c a l l y a l u m i n u m ) i s e s s e n t i a l t o b u i l d u p t h e c a r b o n c h a i n w i l l b e 
a n i m p o r t a n t q u e s t i o n t o r e s o l v e i n h o m o g e n e o u s CO r e d u c t i o n s . 

We h a v e p r e s e n t e d a n e w s y s t e m f o r f o r m a t i o n o f h y d r o c a r b o n s 
f r o m c o o r d i n a t e d c a r b o n m o n o x i d e . B y p r e p a r i n g a n d r e d u c i n g 
p o s s i b l e i n t e r m e d i a t e s we h a v e s h o w n t h a t a n i n s e r t i o n s t e p i s 
i m p o r t a n t i n t h e c h a i n f o r m a t i o n a n d s u g g e s t a s c h e m e i n v o l v i n g 
CO i n s e r t i o n i n t o a c a r b e n e . 
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276 C A T A L Y T I C ACTIVATION O F C A R B O N MONOXIDE 

A c k n o w l e d g e m e n t 

We a c k n o w l e d g e t h e f i n a n c i a l s u p p o r t o f t h e N a t i o n a l S c i e n c e 
F o u n d a t i o n . 
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19 
Aspects of Homogeneous Carbon Monoxide 
Fixation 
Selective Conversion of Carbonyl Ligands on 
(η5-C5H5)Fe(CO)3+ to C2 Organic Compounds 

ALAN CUTLER, THOMAS BODNAR, GENE COMAN, STEPHEN LACROCE, 

CAROL LAMBERT, and KEVIN MENARD 

Department of Chemistry, Wesleyan University, Middletown, CN 06457 

Procurement of transition metal catalysts that convert 
carbon monoxide and dihydrogen to organic molecules represents an 
important research objective of modern inorganic chemistry. Im­
petus for this research derives from the use of coal, a source of 
CO/H2 synthesis gas mixtures, as a future source of petrochemi­
cals (1). Although heterogeneous catalysis in the Fischer-
Tropsch synthesis (2,3) of complex hydrocarbon mixtures from 
synthesis gas has long been established, homogeneous catalysis of 
these reactions would have the added advantage of a potentially 
high and manipulative product selectivity. A selective homoge­
neous catalytic synthesis of C2 organics — especially C2-oxygen-
ates such as ethylene glycol (4), acetaldehyde, and acetic acid — 
would provide a much desired coal-based source of organic feed­
stocks (1). 

One approach favored by us for the rational design of such 
catalysts first requires an understanding of reaction pathways 
by which ligated CO undergoes hydrogenation and subsequent syn­
thesis reactions (ie. chain growth of the C1 ligand), before 
eliminating the desired organic molecule. Fully characterized 
organometallic complexes are used as model systems to collect 
this mechanistic information. Then more labile (and hopefully 
catalytic) systems are designed and tested. Limited mechanistic 
data is now available for stoichiometric conversion of CO ligands 
to the C 2 organic compounds ethane Ç5,6^7), ethylene (6,8), ac­
etaldehyde (9), methylacetate (10), and a coordinated enediol of 
glycolaldehyde (11). Clearly a need exists for more extensive 
information on CO fi x a t i o n and synthesis reaction pathways. 

We have delineated viable coordinated ligand reactions and 
their attendant intermediates for the stoichiometric conversion 
of CO ligands sel e c t i v e l y to the C 2 organics ethane, ethylene, 
methyl (or ethyl) acetate, and acetaldehyde. We now outline re­
sults from three lines of research: (1) r^-Alkoxymethyl iron 
complexes CpFe(C0)2CH20R (2) are available by reducing coordi­
nated CO on CpFe(C0)3+ (1) [Cp = n5-C5H5]. Compounds 2 then form 
r^-alkoxyacetyl complexes v i a migratory-insertion (i .e. CO 

0097-6156/81/0152-0279$07.00/0 
© 1981 American Chemical Society 
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280 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

i n s e r t i o n ) r e a c t i o n s . (2) I r o n η 1-ethyl, η - e t h y l e n e , r r - c a r b o -
a l k o x y m e t h y l , r ^ - f o r m y l m e t h y l , o r n 2 - v i n y l e t h e r complexes a r e 
a v a i l a b l e by s e l e c t i v e l y c a r r y i n g out c o o r d i n a t e d l i g a n d r e a c ­
t i o n s (Scheme l ) on the r ^ - a l k o x y a c e t y l compounds. The f r e e C2 
o r g a n i c m o l e c u l e s mentioned above a r e then l i b e r a t e d . (3) T r a n ­
s i t i o n o r g a n o m e t a l l i c Lewis a c i d s and h y d r i d e complexes are a v a i l ­
a b l e f o r r e p l a c i n g the c a r b o c a t i o n and b o r o h y d r i d e r e a g e n t s , r e ­
s p e c t i v e l y , used i n a c t i v a t i n g and r e d u c i n g o r g a n o m e t a l l i c a c y l 
complexes. We can now demonstrate r e a c t i o n pathways f o r t r a n s ­
forming two c a r b o n y l s on a d i s c r e t e o r g a n o m e t a l l i c complex s e l e c ­
t i v e l y t o C2 o r g a n i c m o l e c u l e s . 

The c h o i c e of CpFe c a r b o n y l complexes f o r s t u d y i n g " F i s c h e r -
Tropsch c h e m i s t r y " w a r r a n t s comment. I r o n η 1-alkyl complexes 
Cp(C0)LFe-R [L = CO, P P h 3 , P ( 0 M e ) 3 ] , r e p r e s e n t i n g 1 8 - e l e c t r o n 
and c o o r d i n a t i v e l y s a t u r a t e d F e ( I I ) compounds, ar e endowed w i t h 
both k i n e t i c i n e r t n e s s towards l i g a n d d i s s o c i a t i o n and thermo­
dynamic s t a b i l i t y under ambient c o n d i t i o n s (12). T h e i r s y n t h e s i s 
poses no problems. G e n e r a l p r e p a r a t i v e procedures f o r CpFe(C0)2R 
i n c l u d e m e t a l a t i o n of o r g a n i c h a l i d e s w i t h CpFe(CO)2"" 1 (13) and 
m o d i f i c a t i o n of o t h e r c o o r d i n a t e d l i g a n d s , u s u a l l y n 2 - o l e f i n 
c a t i o n s (14-18). The c o r r e s p o n d i n g n 1 - a l k y l and c a t i o n i c n 2 - o l e -
f i n complexes employing the phosphine [L = PPh 3] (19,20,21,22) 
and p h o s p h i t e [L = P ( 0 P h ) 3 , P(0Me) 3] (23,24) s u b s t i t u t e d systems 
are a l s o c o n v e n i e n t l y a v a i l a b l e from the a p p r o p r i a t e CpFe(CO)2R 
p r e c u r s o r s . Moreover, the u s e f u l n e s s of CpFe(C0)L(R) comes from 
the Fe-C σ-bond s e r v i n g as a good r e p r e s e n t a t i o n f o r t r a n s i t i o n 
metal-C σ-bonds, at l e a s t f o r those systems where the h i g h e s t oc­
c u p i e d m o l e c u l a r o r b i t a l (HOMO) r e s i d e s on the m e t a l (25,26). 
R e a c t i o n s of these complexes a r e p r o t o t y p a l of o r g a n o m e t a l l i c σ-
a l k y l complexes. 

A l a r g e body of m e c h a n i s t i c i n f o r m a t i o n c o n c e r n i n g the r e a c ­
t i o n c h e m i s t r y of the Fe-C bond i n CpFe(C0)L(R) complexes a l s o 
e x i s t s . R e a c t i o n mechanisms i n v o l v i n g the c o o r d i n a t e d a l k y l 
l i g a n d i n c o n v e r s i o n t o η 1-acyl complexes by a l k y l m i g r a t i o n 
(27,28), g e n e r a t i o n of n 2 - o l e f i n s a l t s (15,17,18,29), f o r m a t i o n 
of c a t i o n i c a l k o x y c a r b e n e (30) and a l k y l i d e n e (31) compounds, ad­
d i t i o n of e l e c t r o p h i l e s t o the l i g a n d (14, 17,18), and the e l e c t r o -
p h i l i c c l e a v a g e of the Fe-C bond (21,_22,26,32,33,34) have been 
s c r u t i n i z e d . Absence of metal-oxygen bond f o r m a t i o n as a d r i v i n g 
f o r c e d i s t i n g u i s h e s t h i s r e a c t i o n c h e m i s t r y from t h a t of e a r l i e r 
t r a n s i t i o n m e tals ( 3 5 ) . 

R e d u c t i o n of C o o r d i n a t e d CO on CpFe(CO)3 +; C o n v e r s i o n of Two CO 
Ligands t o an A l k o x y a c e t y l L i g a n d 

An equimolar q u a n t i t y of sodium cyanoborohydride (Na +BH 3CN ) 
i n methanol reduces C p F e ( C O ) 3

+ B F 4 " (1) over one hour t o the 
known (36,37) methoxymethyl complex CpFe(C0)2(CH20Me) ( 2 ) . 
A f t e r s o l v e n t and v a r y i n g amounts of CpFe(CO)2H were removed 
under vacuum from the r e a c t i o n m i x t u r e , 2 (45%) was s e p a r a t e d 
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19. C U T L E R E T A L . Selective Conversion of Carbonyls to Czs 281 

Scheme 1. S t o i c h i o m e t r i c CO F i x a t i o n and S y n t h e s i s R e a c t i o n s 
o f CpFeÇCO)^ 

C H 2 = C H 2 C H 3 C O R C H 3 C H 

m = Cp(CO)Fe 

L = CO, P P h 3 , P(OMe) 3 

R = Me, E t ; R' = H, Me, Et 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

15
2.

ch
01

9



282 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

from the d i m e r i c byproduct [CpFe ( C 0 > 2 ] 2 O ) by column chromatog­
raphy ( a c t i v i t y - 3 n e u t r a l a l u m i n a , 3 : 1 p e n t a n e - e t h e r ) . Both 

CpFe(CO)3+ + NaBH 3CN M e ° H > CpFe ( C 0) 2CH 2 0 M e 
1 2 

the m e t h y l complex CpFe ( C 0 ) ? C H 3, and the product of h y d r i d e ad­
d i t i o n t o the Cp l i g a n d , (rr-C 5 H g)Fe(CO) 3 (46), were absent. 

Sodium cyanoborohydride r e a c t i o n w i t h 1 e n t a i l s the i n t e r -
mediacy of a t h e r m a l l y u n s t a b l e n^-hydroxymethyl complex 
CpFe(CO)2 ( C H 2 O H ) ( 4 ) . When the r e d u c t i o n sequence was c a r r i e d 
out i n e t h a n o l a t room temperature, o n l y t r a c e amounts of 

C p F e - C 0 + N * f 3 C N > C PFe-CH 2 ^ CpFe-CH 2 

(CO) 2 (CO)2 (CO)2 

1 R'NCO ^ 4 2 

CpFe-CIb ° 
(CO) 2 

vO-C-NHRf R = Me, Et 
R 1 = E t , Ph 

CpFe(C0 ) 2 C H 20Et r e s u l t e d a f t e r one hour of r e a c t i o n and a 23% 
y i e l d a f t e r 10 hours. Both methanol and e t h a n o l r e a c t i o n s , how­
ev e r , d i s s o l v e d the i n i t i a l l y i n s o l u b l e 1 as y e l l o w s o l u t i o n s 
w i t h i n t h i r t y minutes. Attempts t o i s o l a t e or t o d e t e c t unam­
b i g u o u s l y p u t a t i v e 4 i n these y e l l o w s o l u t i o n s , a t or below room 
temperature, proved u n s u c c e s s f u l . Only dimer 3 and v a r y i n g 
amounts of CpFe(CO)2 H and 2 were e v i d e n t . T r a n s i e n c e of 4 how­
ever conforms w i t h the r e s u l t s of t r a p p i n g experiments, i n which 
e t h y l and p h e n y l i s o c y a n a t e s i n t e r c e p t e d 4 (but not a l k o x y m e t h y l 
complexes 2) as urethane d e r i v a t i v e s . We prepared the urethane 
d e r i v a t i v e s of 4 by f i r s t removing methanol (0° and 10 mm) 
a f t e r r e d u c t i o n of 1 and then r e a c t i n g excess i s o c y a n a t e w i t h 
c o l d (0°) t o l u e n e e x t r a c t s . Column chromatography of the r e a c t i o n 
r e s i d u e , f o l l o w i n g removal of s o l v e n t and unchanged i s o c y a n a t e 
under vacuum, p r o v i d e d the e t h y l u r e t h a n e (28%) as a y e l l o w gum and 
the p henylurethane (38%) as a y e l l o w i s h - t a n c r y s t a l l i n e s o l i d . 

The observed i n s t a b i l i t y of CpFe(C0)2CH20H (4) augments a 
growing body of evidence c o n c e r n i n g t h e r m a l i n s t a b i l i t y of 
α-hydroxyalkyl complexes (38,39,40,41,42). A s i m i l a r hydroxymeth-
y l complex CpRe(C0)N0(CH20H), the o n l y f u l l y c h a r a c t e r i z e d a-hy-
droxymethyl complex t o date (38*39), l i k e w i s e c o n v e r t s t o i t s 
methoxymethyl complex i n methanol. 

The s e l e c t i o n of an a l c o h o l i c NaB^CN r e d u c i n g medium f o r CO 
f i x a t i o n on 1 i s c r i t i c a l . Sodium cyanoborohydride s e r v e s as an 
e x c e l l e n t r e d u c i n g agent f o r Lewis a c i d s ( 4 3 ) , as w e l l as r e a c t ­
i n g as a m i l d e r and more s e l e c t i v e r e d u c i n g agent than BHi+"" or 
Et3BH" towards c o o r d i n a t e d l i g a n d s (44). P r e v i o u s workers demon­
s t r a t e d t h a t NaBHi| i n t e t r a h y d r o f u r a n (THF) t r a n s f e r s h y d r i d e t o 
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19. C U T L E R E T A L . Selective Conversion of Carbonyls to Czs 283 

the i r o n c e n t e r on 1 ( g i v i n g CpFe(CO)2H and u l t i m a t e l y 3) (45 ) , 
but NaBH3CN i n THF t r a n s f e r s h y d r i d e t o the Cp r i n g ( p r o d u c i n g 
( r ^ - C s H ^ F e i C O ^ ) (46). A f t e r c o n f i r m i n g these r e s u l t s i n THF, we 
then e s t a b l i s h e d t h a t NaBHi*-methanol (0°) and PhjPMe+BHi^-C^C^ 
a l s o t r a n s f o r m 1 i n t o CpFe(CO) 2H, whereas Ph 3PMe +BH 3CN~-CH 2Cl2 
g i v e s (n l +-C5Hg)Fe(CO) 3. We f i n d i t r e v e a l i n g t h a t an organometal­
l i c c a r b o n y l complex C p F e ( C O ) 3

+ (1) p o s s e s s i n g an e s t a b l i s h e d 
r e s i s t a n c e towards r e d u c t i o n of a CO l i g a n d does f i n a l l y undergo 
f a c i l e CO f i x a t i o n w i t h the a p p r o p r i a t e r e d u c i n g medium. 

Examples of i s o l a b l e complexes r e s u l t i n g from h y d r i d e r e d u c ­
t i o n o f c o o r d i n a t e d CO on c a t i o n i c o r g a n o m e t a l l i c complexes are 
r a r e , s i n c e most c a t i o n i c L^XCO) systems s u f f e r e i t h e r r e d u c t i o n 
a t the m e t a l or h y d r i d e a d d i t i o n t o a c o o r d i n a t e d l i g a n d (L) o t h e r 
than CO (47). Indeed, the f a c i l e r e d u c t i o n of a CO l i g a n d on 
CpRe(C0) 2N0 + (38,39,48) o r on CpMo(CO) 3PPh 3

+ (48,49) w i t h b o r o -
h y d r i d e reagents ( g i v i n g f o r example i s o l a b l e rv^-formyl, hydroxy-
m e t h y l , and methyl complexes of CpRe(CO)NO) appear anomolous. 
Perhaps t h i s p a u c i t y of examples f o r s t o i c h i o m e t r i c CO f i x a t i o n 
r e f l e c t s i n p a r t the l i m i t e d number of r e d u c i n g media i n v e s t i ­
gated. We are a c c o r d i n g l y e x t e n d i n g our s t u d i e s w i t h 1 and a l ­
c o h o l i c NaBH 3CN t o see i f the r e s u l t s w i l l be p r o t o t y p a l f o r 
o t h e r I^MiCO) + systems. 

We u t i l i z e d the a l k o x y a c e t y l complexes CpFe(C0)L(C0CH20R) 
[L=C0 ( 5 ) , P P h 3 ( 6 ) , P(0Me) 3 ( 7 ) ; R=Me ( a ) , Et ( b ) ] , which are 
d e r i v e d from CpFe(C0)2CH20R (2) and hence 1, as our common i n t e r ­
mediate i n the s e l e c t i v e s y n t h e s i s of o t h e r C2 l i g a n d s and organ­
i c p r o d u c t s . Note t h a t both carbon atoms of the a l k o x y a c e t y l and 
s u c c e s s i v e l i g a n d s (Scheme 1 ) d e r i v e from CO: the i n s e r t e d c a r ­
b o n y l of CpFe(C0)L(C0CH20R) (5-7) comes from a l k y l - a c y l m i g r a t o r y -
i n s e r t i o n on 2. Subsequent s y n t h e t i c r e a c t i o n s on 5-7 then p r o ­
v i d e the d e s i r e d C2 o r g a n i c s . 

A l k o x y a c e t y l compounds 6 and 7a,b were pr o c u r e d by r e f l u x i n g 
a c e t o n i t r i l e s o l u t i o n s of CpFe(C0)2CH20R (2) and excess phosphine 
or p h o s p h i t e [L=PPh 3, P(0Me) 3] f o r 4 and 10 days r e s p e c t i v e l y . 

C p f « - ™ 2 + L V - C H 2 - 0 R 
(CO) 2 OR ° C L 

2 5, L=C0 a, R=Me 
6, L=PPh 3 b, R=Et 
7, L=P(0Me) 3 

P r o d u c t s 6 and 7a,b, a i r - s t a b l e y e l l o w s o l i d s , were o b t a i n e d i n 
30-50% y i e l d s a f t e r r e c r y s t a l l i z a t i o n from CH2Cl2-heptane. The 
r e l a t i v e l y v i g o r o u s r e a c t i o n c o n d i t i o n s r e q u i r e d f o r g e n e r a t i n g 
6,7 ( v s . l e s s than one day r e f l u x i n g f o r g r e a t e r than 80% y i e l d s 
of~CpFe(C0)L(C0CH 3) from CpFe(C0) 2CH 3) f u r t h e r demonstrates the 
r e l u c t a n c e of al k o x y m e t h y l l i g a n d s t o undergo a l k y l - a c y l m i g r a ­
t o r y - i n s e r t i o n ( 50). CpFe(C0)2(C0CH20R) (5) i s i n p r i n c i p a l 
a v a i l a b l e from CpFe(CO) 2(CH 20R) (2) by e i t h e r h i g h p r e s s u r e 
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284 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

c a r b o n y l a t i o n (51) o r by Lewis a c i d promoted a l k y l - a c y l m i g r a t o ­
r y i n s e r t i o n under lower CO p r e s s u r e s (52). We however secured 
the p r e v i o u s l y prepared CpFe(CO)2(COCI^OMe) (5a) by m e t a l a t i o n of 
met h o x y a c e t y l c h l o r i d e (53). An analogous Mn complex (CO) 5Mn-
C0CH20Me has r e c e n t l y been prepared by the same procedure ( 5 0 ) . 

Other examples of a l k o x y a c e t y l compounds o r t h e i r d e r i v a t i v e s 
o c c u r i n homogeneous c a t a l y s i s . Compounds b e a r i n g h y d r o x y a c e t y l 
l i g a n d s thus have been f o r m u l a t e d as c a t a l y s t s i n e t h y l e n e g l y c o l 
syntheses from s y n t h e s i s gas (4,50) and i n h y d r o f o r m y l a t i o n of 
formaldehyde t o g l y c o l a l d e h y d e ( 5 4 ) . A l t h o u g h o n l y one 3-hydroxy-
a c y l complex (CO)sMnC0CH(0H)Ph has been i s o l a t e d ( 4 1 ) , an a n a l o ­
gous a c y l o x y a c e t y l complex (CO)5MnCOCH20COCMe3 se r v e s as an i n t e r ­
mediate d u r i n g hydrogénation of (CO)5MnCH20COCMe3 t o an e t h y l e n e -
g l y c o l monoester (55). The o n l y C2 o r g a n i c molecules p r e v i o u s l y 
d e r i v e d from a l k o x y - or h y d r o x y a c e t y l o r g a n o m e t a l l i c complexes, 
u n t i l now, a r e e t h y l e n e g l y c o l ( f r e e and as an e s t e r ) and i t s 
g l y c o l a l d e h y d e p r e c u r s o r . 

C o n v e r s i o n o f A l k o x y a c e t y l Complexes CpFe(CO)PPh^(COCHgOR) t o 
Et h y l e n e or t o Ethane 

The a l k o x y a c e t y l complexes CpFe(CO)PPh 3(C0CH 20R) (6a,b) were 
transformed t o the known (56,57) e t h y l complex 
CpFe(CO)PPh3(CH 2CH 3) ( 8 ) , and then t o f r e e ethane or e t h y l e n e v i a 
the r e a c t i o n s d e p i c t e d i n Scheme 2. P r e v i o u s workers e s t a b l i s h e d 
t h a t ethane r e s u l t s from p r o t o n a t i o n of 8 (21 ) , but e t h y l e n e e l i m ­
i n a t e s from 8 above 60° (56,57). A l s o , h y d r i d e a b s t r a c t i o n from 8 
w i t h Ph 3C+PFe- a f f o r d s CpFe(CO)PPh 3(n 2-CH 2=CH 2) + (58). T h i s 
e t h y l e n e complex then r e a c t s s l o w l y w i t h PPti3Me +I~ i n CH2CI2 t o 
d e l i v e r CpFe(CO)PPh 3(I) and e t h y l e n e gas. The f i r s t s tep i n 
Scheme 2, however, e n t a i l s a c t i v a t i o n of the a l k o x y a c e t y l l i g a n d 
on 6a,b b e f o r e a BHi^" reagent can reduce i t t o the e t h y l complex 
8. 

Scheme 2 
.OEt 

C F J " * * * Γ > C P F e ^ 

o / W ^ " rc;XPPh3
CH*0R 

6 e> R = M e 

b, R-Et 2 

ΡΙ̂ ΡΜβ+ΒΗΐψ" 

+ Ç1*2 PhiC + 

CpFe «ΐ- J •< ? CpFe—CH2CH3 

/ \ C H 2 OC / XPPh 3 

œ PPh3 

CH2=CH2 CH3CH3 
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19. C U T L E R E T A L . Selective Conversion of Carbonyls to C2s 285 

U n t i l p r o p e r l y a c t i v a t e d , t r a n s i t i o n m e t a l a c y l complexes 
g e n e r a l l y do not add n u c l e o p h i l e s (59), i n c l u d i n g h y d r i d e from 
n u c l e o p h i l i c h y d r i d e - d o n a t i n g reagents (60,61,62), t o the a c y l 
f u n c t i o n a l i t y . We e s t a b l i s h e d , f o r example, t h a t b o t h a c e t y l 
complexes C p F e ( C 0 ) L ( C 0 C H 3 ) (L= C 0,PPh 3) remain unchanged by 
ΡΡη 3Μβ +ΒΗι*- i n C H 2 C I 2 a t room temperature. But when the a c e t y l 
l i g a n d i s a l k y l a t e d , g i v i n g a c a t i o n i c α-alkoxyethylidene com­
pound, the α-carbon i s rendered s u f f i c i e n t l y e l e c t r o p h i l i c ( i . e . , 
a c t i v a t e d ) f o r h y d r i d e a d d i t i o n . Davison and Reger, a c c o r d i n g l y , 
demonstrated t h a t NaBHi^ i n e t h a n o l reduces 
C p F e ( C 0 ) P P h 3 ( C ( 0 E t ) C H 3 ) + ( 1 0 ) t o the e t h y l complex 8 p l u s the 
α-ethoxyethyl compound CpFe{CO)PPh 3(CH ( 0 E t)CH 3) ( 6 3 ) . By u s i n g 
PPh 3Me +BH t +~ i n C H 2 C I 2 , w e o b t a i n e d the d e s i r e d s e l e c t i v i t y ; the 
same α-alV.uxyethylidene compound e x c l u s i v e l y gave 8 i n 78% y i e l d . 

OR 
CpFe —'C + PPh 3Me +BHi +~ CpFe — CH 2 

0 / L 3 X C H 3 0 C / ) p h 3 ^ 
1 0 R=Me, Et 8 

Absence of the α-alkoxyethyl compound under these c o n d i t i o n s de­
pends on the s u s c e p t i b i l i t y of α-alkoxyalkyl l i g a n d s t o f u r t h e r 
r e d u c t i o n w i t h the BH 3 byproduct (30). 

We c o n v e r t e d t h e a l k o x y a c e t y l complexes 9 t o the e t h y l com­
p l e x 8, by employing the aforementioned a c y l l i g a n d a c t i v a t i o n 
and ΒΗι*~ r e d u c t i o n p r o c e d u r e s , as o u t l i n e d i n Scheme 2. The 
a , 3 - d i a l k o x y e t h y l i d e n e s a l t s 9a,b r e s u l t e d from a l k y l a t i o n of 
6a,b w i t h E t 3 0 + P F 6 - i n C H 2 C 1 2 ; r e c r y s t a l l i z a t i o n from 0 Η 2 0 1 2 -
e t h e r p r o v i d e d 9 i n 72% y i e l d s as a i r - s t a b l e y e l l o w PFg" s a l t s . 
NMR and IR s p e c t r a (Table 1 ) , as w e l l as the r e s u l t s of r e a c t i o n s 
w i t h i o d i d e ( r e v e r s i o n t o 6 ) , a r e i n a c c o r d w i t h a - a l k o x y e t h y l i -
dene s t r u c t u r e s (30,63). We found no evidence f o r i s o m e r i z a t i o n 
at ambient c o n d i t i o n s t o the e t h y l a t e d c a r b o a l k o x y m e t h y l complexes 
CpFe(CO)PPh 3(CH 2C(OEt)(OR) +), v i d e i n f r a . B o r o h y d r i d e r e d u c t i o n 
of 9a,b u s i n g an equimolar q u a n t i t y of ΡΡΙ^Με+ΒΗ^" i n C H 2 C I 2 , 
f o l l o w e d by r e c r y s t a l l i z a t i o n from C H 2 C I 2-heptane, a f f o r d s 
CpFe(CO)PPh 3(CH 2CH 3) (8) i n 69% y i e l d . Absence of β-alkoxyethyl 
complexes CpFe ( C 0)PPh 3 { C H 2 C H 2 0 R ) a f t e r r e d u c t i o n of 9 f o l l o w s from 
the s u s c e p t i b i l i t y o f the 3 - a l k o x y e t h y l l i g a n d towards Lewis a c i d 
(e.g. BH 3) induced r e d u c t i o n t o the e t h y l l i g a n d (16,64). Over­
a l l , we can now account f o r the s e l e c t i v e c o n v e r s i o n of two c a r ­
b o n y l s on C p F e ( C O ) 3

+ (1) t o the e t h y l l i g a n d on 
CpFe(CO)PPh 3(CH 2CH 3) ( 8 ) , and then t o the C 2-hydrocarbons ethane 
or e t h y l e n e . 

C o n v e r s i o n of A l k o x y a c e t y l Complexes to A l k y l A c e t a t e s 

I n o r d e r t o produce f r e e a l k y l a c e t a t e s , the a l k o x y a c e t y l 
complexes 5-7 must f i r s t i s o m e r i z e t o c a r b o a l k o x y m e t h y l compounds 
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19. C U T L E R E T A L . Selective Conversion of Carbonyls to C2s 291 

CpFe(CO)L(CH 2C0 2R) [L=C0(11), P P h 3 ( 1 2 ) , Ρ (OMe) 3 (13) ; R=Me(a), 
E t ( b ) ] . A c i d promotes t h i s i s o m e r i z a t i o n ; and subsequent p r o t o -
l y t i c c l e a v a g e , as o u t l i n e d i n Scheme 3, generates f r e e m ethyl or 
e t h y l a c e t a t e . 

n Scheme 3 
I H + H + 

CpFe-C > C p F e — C H 2 >- CH 3C0 2R 
O / L C H * O R < Χ Λ > - ° r 

5, L=CO U , L=CO 
6, L=PPh 3 12, L=PPh 3 

7, L=P(OMe) 3 13, L=P(OMe) 3 

a, R=Me 
b, R=Et 

R e a c t i o n s of a c i d w i t h the a l k o x y a c e t y l complexes 5-7 can be 
run so as t o g i v e e i t h e r t h e i r c o r r e s p o n d i n g c a r b o a l k o x y m e t h y l 
compounds 11-13 o r , s t a r t i n g w i t h 6 or 7a,b o n l y , f r e e methyl and 
e t h y l a c e t a t e s . The c a r b o a l k o x y m e t h y l compounds 11-13 were i n t e r ­
cepted and i s o l a t e d i n 60-77% y i e l d s a f t e r treatment of 5-7 w i t h 
one e q u i v a l e n t of t r i f l u o r o m e t h a n e s u l f o n i c a c i d i n CH 2C1 2, neu­
t r a l i z a t i o n w i t h t r i e t h y l a m i n e , and column chromatography. P r e ­
v i o u s p r e p a r a t i o n s of these c a r b o a l k o x y m e t h y l compounds i n c l u d e 
m e t a l a t i o n of methyl or e t h y l c h l o r o a c e t a t e (53,65), g i v i n g 
11a,b, and p h o t o l y t i c CO replacement on 11a by P P h 3 ( 2 0 ) , g i v i n g 
12a. The d i r e c t c o n v e r s i o n of the carboâlkoxy compounds 12 and 13 
t o m e t h y l or e t h y l a c e t a t e , however, was d r i v e n by u s i n g excess 
a c i d over 24 hours. NMR and IR m o n i t o r i n g i d e n t i f i e d the a l k y l 
a c e t a t e ; and q u a n t i t a t i v e IR a n a l y s i s , u s i n g the a c e t a t e c a r b o n y l 
a b s o r p t i o n a t 1735 cm""1, e s t a b l i s h e d a t l e a s t 55% c o n v e r s i o n . 
The same r e s u l t s o b t a i n whether c a r b o a l k o x y compounds 12,13 or 
a l k o x y a c e t y l complexes 6,7 are t r e a t e d w i t h excess a c i d . A l k y l 
a c e t a t e l i b e r a t e d i n these experiments, of c o u r s e , d e r i v e s from 
two CO l i g a n d s on C p F e ( C O ) 3

+ ( 1 ) . 
I n t e r m e d i a t e s o c c u r r i n g i n the acid-promoted i s o m e r i z a t i o n of 

an a l k o x y a c e t y l complex, CpFe(C0)2C0CH 20Me (5a) t o i t s c a r b o ­
a l k o x y m e t h y l compound CpFe(CO) 2CH 2C0 2Me (11a) have been observed 
by IR. Upon a d d i t i o n of a c i d t o 5a, i t s IR t e r m i n a l V C = G (2025, 
1965 cm" 1) and a c y l VQ1=0 (1658 cm~I) s t r e t c h i n g f r e q u e n c i e s 

0 , .0—Η , II H+ .// _ H+ 
CpFe—C ^ CpFe^'C >* C p F e — C H 2 >~ 
( c i ) 2

 C H * 0 R ( c i ) 2
 N c H 2 ° R < c i ) 2 >r-m 

C p F e — C H 2 

(C0) 2 

C—OR 
0^ 

11 
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292 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

c o n v e r t e d t o ν _ (2071, 2035 cm" 1). These l a t t e r a b s o r p t i o n s 
are C " ° c o n s i s t e n t w i t h CpFe(C0) 2C(0H)CH 20Me +, cf_. the 
d a t a f o r C pFe(C0) 2C(0Et)CH 2CMe + (14a) i n T a b l e 1. Over a one hour 
p e r i o d the IR a b s o r p t i o n s of t h i s yellow-brown s o l u t i o n t r a n s f o r m ­
ed t o ν _ (2038, 1993 cm" 1), which correspond t o the p r e v i o u s l y 
observeS "° CpFe(C0) 2CH 2C(0H)0Me + d u r i n g p r o t o n a t i o n of 11a (53). 
D e p r o t o n a t i o n then l e f t the carbomethoxymethyl compound 11a, 
ν = (2027, 1968 cm" 1), ν = (1695 cm" 1). S i n c e the m e c h a n i s t i c 

d e t a i l s of the o v e r a l l rearrangement s t e p (a-hydroxy-
3 - a l k o x y e t h y l i d e n e complex t o p r o t o n a t e d c a r b o a l k o x y m e t h y l com­
pound) a r e unknown, s o l u t i o n s t a b i l i t y of the analogous a , 3 - d i -
a l k o x y e t h y l i d e n e complexes i s of obvious i n t e r e s t . 

The α,β-dialkoxyethylidene complexes C p F e ( C 0 ) L [ C ( 0 E t ) C H 2 0 R ] + 

[L=C0(14), P P h 3 ( 9 ) , P(OMe) 3(15); R=Me(a), E t ( b ) ] were s y n t h e s i z e d 
by a l k y l a t i o n of the a l k o x y a c e t y l complexes 5-7 w i t h EtsO+PFg" i n 
CH 2C1 2. R e a c t i o n c o n d i t i o n s a r e c r i t i c a l ; o t h e r w i s e the s a l t s 
C p F e ( C 0 ) 2 L + [L=PPh 3, P(0Me) 3] accumulate d u r i n g a l k y l a t i o n of 6 
and 7. N e v e r t h e l e s s , f a c i l e a l k y l a t i o n of 6 o c c u r r e d , and the 

0 OEt 
C p F e — C a c 3 u ^ CpFe—"C 

O / L C H ^ ° R OC L
 C H 2 - ° R 

5, L=C0 14, L=C0 
S. L=PPh 3 V VÎ, 2. L = P P H 3 
7, L=P(0Me) 3 D , κ ut ΰ | L=P(0Me) 3 

P F 6 " s a l t s C p F e ( C 0 ) P P h 3 [ C ( 0 E t ) C H 2 0 R ] + (9a,b) and 
CpFe(C0)PPh 3[C(0Me)CH 20Et] ( u s i n g Ke^QrPY^1)formed w i t h i n one 
hour i n CH 2C1 2. P r e c i p i t a t i o n w i t h e t h e r and r e c r y s t a l l i z a t i o n 
from C H 2 C l 2 - e t h e r gave 70-80% y i e l d s of the y e l l o w , a i r - s t a b l e 
s a l t s . A l t h o u g h 5 and 7 l i k e w i s e underwent f a c i l e a l k y l a t i o n w i t h 
E t 3 0 + P F 6 ~ , the p r o d u c t s 14a and 15a,b d i d not c r y s t a l l i z e : con­
t i n u e d h a n d l i n g of these gums re g e n e r a t e d 5a from 14a, and 
C p F e (CO) 2P(OMe) 3

+ from 15a,b. The presence of extraneous a c i d as 
a c o m p l i c a t i n g f a c t o r d u r i n g a l k y l a t i o n of 5 and 7 remains un­
l i k e l y , s i n c e the E ^ O ^ F ^ " had been r i g o r o u s l y f r e e d of a c i d by 
r e c r y s t a l l i z a t i o n from n i t r o b e n z e n e - e t h e r . IR and NMR d a t a of 14a 
and 15a,b are,however,in a c c o r d w i t h the a , 3 - d i a l k o x y e t h y l i d e n e 
complexes as the o n l y o r g a n o m e t a l l i c compounds p r e s e n t . 

We found no evidence f o r i s o m e r i z a t i o n of the a , 8 - d i a l k o x y -
a l k y l i d e n e complexes CpFe(C0)L[C(OEt)CH 20R] (9,14,15)^ to a l k y l ­
a t e d c a r b o a l k o x y m e t h y l s a l t s CpFe(C0)L(CH 2C(0R)(OEt) ) under 
ambient c o n d i t i o n s . Indeed the s o l u t i o n c h e m i s t r y of a , 3 - d i -
a l k o x y e t h y l i d e n e complexes p a r a l l e l s t h a t of a - a l k o x y e t h y l i d e n e 
compounds C p F e ( C 0 ) L [ C ( 0 R ) C H 3 ] + , i n t h a t 9,14,15 q u a n t i t a t i v e l y 
r e v e r t t o 5-7 upon treatment w i t h excess~io3i3e i n CH 2C1 2. We 
d i d , however, prepare samples of the e t h y l a t e d c a r b o a l k o x y m e t h y l 
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19. C U T L E R E T A L . Selective Conversion of Carbonyls to C2S 293 

s a l t s CpFe(CO)P(OMe) 3[CH 2C(OEt)OMe] + and the known 
CpFe(C0) 2[CH 2C(0Et)0Me] + (53) from r e a c t i o n s of E t 3 ( T * ? F 6 - w i t h 
carbomethoxymethyl compounds 13a and 11a r e s p e c t i v e l y . Both e t h -
y l a t e d carbomethoxymethyl s a l t s were d e a l k y l a t e d w i t h i o d i d e t o 
t h e i r c a r b o a l k o x y m e t h y l compounds 13b and l i b . Whereas a-hydroxy-
3 - a l k o x y e t h y l i d e n e intermediates' ( r e s u l t i n g from p r o t o n a t i o n of 
a l k o x y a c e t y l complexes 5-7) i s o m e r i z e t o c a r b o a l k o x y m e t h y l com­
pounds 11-13 an<* s e l e c t i v e l y l i b e r a t e m e thyl or e t h y l a c e t a t e , the 
c o r r e s p o n d i n g α,β-dialkoxyethylidene complexes 9,14,15 e v i d e n t l y 
remain i n e r t under s i m i l a r c o n d i t i o n s . α,β-Dialkoxyethylidene 
s a l t s 9,14 do however p r o v i d e a c e t a l d e h y d e . 

C o n v e r s i o n of A l k o x y a c e t y l Complexes t o Acetaldehyde 

The a l k o x y a c e t y l complexes 5 and 6 a l s o serve as p r e c u r s o r s , 
v i a r e a c t i o n s of the c o o r d i n a t e d C 2 l i g a n d s d e p i c t e d i n Scheme 4, 
f o r a c e t a l d e h y d e . A c t i v a t i o n of 5 and 6 as a , 3 - d i a l k o x y e t h y l i d e n e 

Scheme 4 
0 
l! 

C p F e —C 
y\ \ 

OC L 

Εί λΟ+, 
CH 20R 

5, L=CO 
6, L=PPh 3 

0 
I! 

CH 3CH 

OEt 
CpFe—C 

<χΛ ^ C H 2 ° R 

14, L=C0 
9, L=PPh 3 

C p F e — C H 2 / \ ^ r,=n 
oc L g 

OEt 
L i H B E t 3 ^ C p F e — C l / 

16, L=CO 
17, L=PPh 3 

\ CH 2 

CpFe*-II 
θ / \ C H 0 R 

20, L=C0 18, L=C0 
21, L=PPh 3 19, L=PPh 3 

compounds 14 and 9, f o l l o w e d by monohydridic r e d u c t i o n , generates 
a , 3 - d i a l k o x y e t h y l ~ c o m p l e x e s CpFe(C0)L[CH(0Et)CH 20R] [L=C0(16), 
P P h 3 ( 1 7 ) ] . These a . 3 - d i a l k o x y e t h y l complexes then e l i m i n a t e 
a l k o x i d e and g i v e ττ-vinyl e t h e r s a l t s 18 and 19, b e f o r e under­
going s o l v o l y s i s t o f o r m y l m e t h y l compounds CpFe(C0)L(CH 2CH0) 
[L=CO(20), P P h 3 ( 2 1 ) ] . A s i m i l a r sequence of s o l v o l y t i c r e a c t i o n s 
has been r e p o r t e d f o r h y d r o l y s i s of a 3 , 8 - d i a l k o x y e t h y l compound 
CpFe(C0) 2CH 2CH(0Me) 2 (53). We t h e r e f o r e b e l i e v e d t h a t the c r i t i ­
c a l stage of Scheme 4 corresponds to the a c c e s s i b i l i t y of the 
n o v e l a , 3 - d i a l k o x y e t h y l i r o n complexes 16,17. 
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294 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

H+ + CH 2 

C p F e — C H 2 — >• CpFe < — || H Q H > C p F e — C H 2 

0 Λ 0 i ( c M é ) 2 o c ' d o C H 0 M e ^ ^ o / c o C = 0 
H H 

18 20 
We were concerned t h a t s y n t h e s i s of a , 3 - d i a l k o x y e t h y l com­

p l e x e s 16 and 17 would be l i m i t e d by o v e r r e d u c t i o n of 13 and 14. 
Both appended a - a l k o x y e t h y l (30,63) and 3 - a l k o x y e t h y l (16,64) 
groups s e p a r a t e l y undergo f a c i l e r e d u c t i v e c l e a v a g e t o e t h y l 
l i g a n d s . Model s t u d i e s were a c c o r d i n g l y c a r r i e d out i n ord e r t o 
f i r s t e s t a b l i s h c o n d i t i o n s f a v o r i n g g e n e r a t i o n of 3 - a l k o x y e t h y l 
and α-alkoxyethyl compounds v i a monohydridic r e d u c t i o n of s u i t ­
a b l e s u b s t r a t e s . 

We found t h a t LiHBEt3 c l e a n l y reduces the e t h y l v i n y l e t h e r 
s a l t 18b i n THF to a 3 - e t h o x y e t h y l i r o n complex i n 80% y i e l d . 
I n c o n t r a s t , Ph 3PMe +BR\~ i n CH 2C1 2 t r a n s f o r m s 18b i n t o 1:1 mix-

CH 2 

CpFe H + L i H B E t 3 >• C p F e — C H 2 

/ HHOFt- / \ 
(CO)2 (CO)2 CH 20Et 

18b 

t u r e s of the same 3 - e t h o x y e t h y l compound CpFe(C0) 2CH 2CH 20Et and 
CpFe(C0) 2CH 2CH3, i n which the e t h y l complex d e r i v e s from r e d u c t i v e 
c l e a v a g e ( w i t h BH 3) of the former compound. Having e s t a b l i s h e d 
the f e a s i b i l i t y o f g e n e r a t i n g 3 - a l k o x y e t h y l compounds under r e d ­
u c t i v e c o n d i t i o n s , we then examined monohydridic r e d u c t i o n o f 
α-alkoxyethylidene compounds t o α-alkoxyethyl complexes. 

The α-alkoxyethylidene s a l t s C p F e ( C 0 ) L [ C ( 0 R ) C H 3 ] + 

P F 6 " [L=C0(22), P P h 3 ( 1 0 ) ; R=Me(a), E t ( b ) ] used i n our model 
s t u d i e s were prepared c o n v e n i e n t l y by a l k y l a t i o n of the r e q u i s i t e 
a c e t y l complexes w i t h d i a l k o x y c a r b e n i u m i o n s (generated i n s i t u 
from PhsC^TFg" and t r i a l k y l o r t h o a c e t a t e or orthoformate) i n 
CH 2C1 2. Y e l l o w s a l t s 22 and 10 r e s u l t e d i n 70-80% y i e l d s a f t e r 
r e p r e c i p i t a t i o n from C H 2 C 1 2 - E t 2 0 . The s a l t s 10a, b have been p r e ­
pared p r e v i o u s l y w i t h o t h e r a l k y l a t i n g agents (30), but 22a,b a re 
new. Other a l k o x y m e t h y l i d e n e (30) and a - a l k o x y a l k y l i d e n e (66,67) 
s a l t s of C p F e ( C O ) 2

+ have been r e p o r t e d however. 
Treatment of 22,10 w i t h one e q u i v a l e n t of L i H B E t 3 i n THF a t 

-80°,followed by removal of s o l v e n t and pentane e x t r a c t i o n of the 
r e s i d u e , a f f o r d e d the α-alkoxyethyl complexes 23,24 i n 75-95% 
y i e l d s . The c o r r e s p o n d i n g i r o n e t h y l complexes were not p r e s e n t 
as judged, by NMR. Compound 24b, p r e v i o u s l y r e p o r t e d as the ana­
logous NaBH^-ethanol r e d u c t i o n product mixed w i t h the c o r r e s p o n d ­
i n g e t h y l complex 8 (6 3 ) , r e p r e s e n t s the o n l y o t h e r known Group 8 
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19. C U T L E R E T A L . Selective Conversion of Carbonyls to C>s 295 

α-alkoxyethyl complex. R e s u l t s of our model s t u d i e s e s t a b l i s h e d 
t h a t both α-alkoxyethyl and 3 - a l k o x y e t h y l complexes can be syn­
t h e s i z e d under r e d u c t i v e c o n d i t i o n s . Hence t r a n s f e r of one hy­
d r i d e t o a , 3 - d i a l k o x e t h y l i d e n e complexes 14 and 9 should a f f o r d 
the c o r r e s p o n d i n g a , 3 - d i a l k o x y e t h y l complexes 16 and 17. 

OR OR 
+.''/ / 

CpFe—C + L i H B E t 3 >• CpFe—CH 

o/V ™ 3 θ Λ C R 3 
22, L=CO a, R=Me 23, L=C0 
10, L=PPh 3 b, R=Et 24, L=PPh 3 

One e q u i v a l e n t of L i H B E t 3 or L i H B ( s e c - b u t y l ) 3 i n THF a t -80° 
consumed the phosphine s u b s t i t u t e d c t , 3 - d i a l k o x y e t h y l i d e n e s a l t s 
9a,b and d e l i v e r e d 73% y i e l d s of the f o r m y l m e t h y l complex 
CpFe(CO)PPh 3(CH 2CHO) (21) as the o n l y i s o l a b l e o r g a n o m e t a l l i c 
compound. The product 21 can be accounted f o r by an e l e c t r o p h i l e 

OEt 
C p Fe—C + L i H B E t 3 >- C p F e — C H 2 

OC \>Ph3
 C H 2 ° R 0 C P P h 3 H 

9 21 

(e.g. B E t 3 ) induced i o n i z a t i o n of the a,3 - d i a l k o x y e t h y l i n t e r m e ­
d i a t e 17, r e s u l t i n g from monohydridic r e d u c t i o n of 9, t o an un­
s t a b l e n 2 - v i n y l e t h e r s a l t 19. T h i s v i n y l e t h e r compound 19 then 
undergoes s o l v o l y s i s t o the observed 21. We would not expect a 
s t a b l e n 2 - v i n y l e t h e r s a l t 19 under ambient c o n d i t i o n s , due t o 
adverse s t e r i c i n t e r a c t i o n s i n v o l v i n g the b u l k y P P h 3 group. As 
an example of t h i s adverse s t e r i c i n t e r a c t i o n , s o l u t i o n s of the 
n 2-propene complex CpFe(C0)PPh 3(n 2-CH 2=CHMe) a l s o e l i m i n a t e 
propene r a p i d l y a t room temperature ( 6 8 ) . The f o r m y l m e t h y l com­
p l e x CpFe(CO)PPh 3(CH2CHO) (21) was i n d e p e n d e n t l y s y n t h e s i z e d i n 
o v e r a l l 56% y i e l d by p h o t o l y t i c replacement of CO by P P h 3 on 
CpFe(C0)2CH2CH(0Me)2 and chromatography on alumina. 

C p F e — C H 2 !^ > C p F e — C H 2 —; :—3 
I -CH P P h 3 -CH a l u m l n a 

irn\ \ 0 C P P h 3 I 
( C 0 ) 2 (0Me) 2 (0Me) 2 

C p F e — C H 2 

oc P P h 3 g 0 

21 
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296 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

The f o r m y l m e t h y l complex 21 a l s o s e r v e s as a source of f r e e 
a c e t a l d e h y d e , and one e q u i v a l e n t of t r i f l u o r o m e t h a n e s u l f o n i c a c i d 
i n C H 2 C I 2 r e l e a s e s i t from 21 w i t h i n one hour a t room temperature. 
Acetaldehyde was i d e n t i f i e d by i t s 2 , 4 - d i n i t r o p h e n y l h y d r a z o n e 
( i s o l a t e d i n 42% y i e l d ) , and was determined d i r e c t l y (48%) by 
q u a n t i t a t i v e a n a l y s i s of i t s IR ν 1716 c n f l a b s o r p t i o n . The 
p r o t o n a t i o n of 21 presumably generates a n 2 - v i n y l a l c o h o l com­
pound 19 (R=H) [IR o b s e r v a b l e ν 1983 cm" 1 ] , which then d i s s o ­
c i a t e s a c e t a l d e h y d e . We have o v e r a l l c o n v e r t e d s e l e c t i v e l y two 
c a r b o n y l s on CpFe(CO)3 * (1) t o acetaldehyde. 

The r e s u l t s of s t u d i e s employing CpFe(CO)2 complexes w i t h i n 
Scheme 4 o f f e r more m e c h a n i s t i c i n s i g h t i n t o the r e a c t i o n chemis­
t r y of a , 3 - d i a l k o x y e t h y l complexes. One e q u i v a l e n t of LiHBEt3 
thus reduced the a-ethoxy - 3-methoxyethylidene s a l t 14a i n THF 
(-80°), but the product corresponded t o a d d i t i o n of one h y d r i d e — — 
an a-ethoxy - 3-methoxyethyl CpFe(C0 ) 2 complex (16a). A f t e r p r e -

,0Et OEt 
+// ^ / C p F e — C + LiHBEt 3 >- CpFe—CH 

I \ f \ 
(CO)2 CH 20Me (CO)2 CH 20Me 

13a 16a 

c i p i t a t i o n t w i c e from c o l d ether-pentane, 16a was o b t a i n e d i n 
about 40% y i e l d as an impure brown o i l . I t has not been amenable 
t o f u r t h e r p u r i f i c a t i o n . ( S t u d i e s a r e i n p r o g r e s s w i t h n 5-CsMe5 
analogues i n Scheme 4, L=C0, i n an attempt t o o b t a i n c r y s t a l l i n e 
samples.) S p e c t r o s c o p i c d a t a (Table 1 ) , however, are i n a c c o r d 
w i t h a a , 3 - d i a l k o x y e t h y l s t r u c t u r e 16a, but not w i t h 
CpFe(C0)2CH 2CH(0Me)(0Et). Thus the NMR of 16a evidences no ab­
s o r p t i o n s i n the 64.0-4.5 r e g i o n , where CpFe(C0)2CH 2CH(0Me) 2 

absorbs as a t r i p l e t f o r the methine group. Of p a r t i c u l a r i n t e r ­
e s t i s the subsequent c o n v e r s i o n of the o t , 3 - d i a l k o x y e t h y l complex 
16a i n t o n 2 - v i n y l e t h e r compounds. 

The impure a , 3 - d i a l k o x y e t h y l complex 16a r e a c t e d w i t h 
HPF 6-0Me2 i n C H 2 C I 2 and produced a 2:1 m i x t u r e of the e t h y l and 
methyl v i n y l e t h e r compounds 18a,b i n 45% y i e l d . These p r o d u c t s 

CpFe—CH 
I 

(CO): 

OEt 

CH 20Me 
CpFe-* 

(C0) 2 

CH 2 

CHOMe 
+ CpFe-* 

I 
(CO) : 

CH 2 

CHOEt 

16a 18a 18b 

correspond t o p r o t o n a t i o n of 16a and a l c o h o l e l i m i n a t i o n from both 
α-and 3 - p o s i t i o n s r e s p e c t i v e l y . A c i d l a b i l i t y of the 3 - a l k o x i d e 
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19. C U T L E R E T A L . Selective Conversion of Carbonyls to C2s 297 

( i n terms of the former pathway: 18b) c e r t a i n l y has prece d e n t , 
w i t h the f a c i l e c o n v e r s i o n of CpFe(C0)2CH 2CH20Me t o i t s ^ - e t h ­
y l e n e compound ( 1 6 ) . I n the l a t t e r pathway we p o s t u l a t e the 

H > -Me OH r 

CHOEt 
C p j e ^ l 

( C 0 ) 2
 C H * 

18b 

H + + / H 

(CO) 2 

25 

'CHoOMe I CHOMe 
z (CO;2 

18a 

i n t e r m e d i a c y of a 3-methoxyethylidene s a l t 25 t h a t r e a r r a n g e s t o 
the observed m e t h y l v i n y l e t h e r compound 18a. A s i m i l a r r r - a l -
k y l i d e n e t o n 2 - a l k e n e l i g a n d rearrangement has been documented 
d u r i n g p r o t o n a t i o n of the ( n 1 - c y c l o p r o p y l ) F e ( C 0 ) 2 C p (69). We 
n e v e r t h e l e s s i n d e p e n d e n t l y v e r i f i e d the g e n e r a t i o n of a η 1-ethyl-
dene complex, v i a α-alkoxide a b s t r a c t i o n w i t h a c i d , and i t s r e a r ­
rangement t o a n 2 - e t h y l e n e compound. 

The r e s u l t s thus f a r of a model study c o n f i r m the a c i d l a ­
b i l i t y o f an α-alkoxyethyl complex 24, f o l l o w e d by g e n e r a t i o n of 
a v e r y r e a c t i v e e t h y l i d e n e compound 26 ( 7 0 ) . I t was o n l y by use 
of CpFe(C0)PPh3 complexes t h a t the r e a c t i v i t y of the e t h y l i d e n e 
compound was s u f f i c i e n t l y tempered f o r c h e m i c a l t r a p p i n g : the 
analogous CpFe(CO)2 compounds undergo r a p i d d e g r a d a t i v e r e a c t i o n s 
due t o the h i g h e r e l e c t r o p h i l i c i t y of the e t h y l i d e n e s a l t . Com­
pounds 24§,b underwent p r o t o n a t i o n i n CH2CI2 below -60° and gave 
y e l l o w s o l u t i o n s , which produced y e l l o w c r y s t a l s w i t h excess 
e t h e r a t -80°. E i t h e r the c r y s t a l s or the s o l u t i o n s s l o w l y 

,0R H+ 

OC P P h 3
 C H 3 

24 
+PPh 3 

CpFe—CH 

P P h 3 

/\ 
OC P P h 3 

CH 3 

+ H CpFe=C 
/\ 

OC P P h 3 

26 

CpFe 
/ I 

OC P P h 3 

>-40° 
CH 2 

+ 
CH 2 

CpFe—CH 
/! \ 

OC P P h 3 

CH 2 
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298 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

t u r n e d r eddish-orange above ca.-40° and s u p p l i e d 
C pFe(CO)PPh 3(n 2-CH 2=CH 2) + i n 40% y i e l d . T h i s rearrangement of 26 
i s analogous t o the p o s t u l a t e d rearrangement of the 3-methoxy-
e t h y l i d e n e compound 25 to the η 2-vinyl e t h e r s a l t 18a. The 
e t h y l i d e n e compound 26 was a l s o t r a p p e d at low temperatures by 
P Ph 3 as CpFe(CO)PPh 3(CHMe +PPh 3) i n 68% y i e l d and by d e p r o t o n a t i o n 
to the v i n y l complex (40-50%) w i t h amines. We t h e r e f o r e assume 
t h a t t h e i n t e r m e d i a r y of a 3-methoxyethylidene compound 25 i n the 
c o n v e r s i o n o f 16a to \§a i s c h e m i c a l l y f e a s i b l e . 

S e v e r a l examples of a l k y l i d e n e complexes r e l e v a n t t o the 
c h e m i s t r y of 25 and 26 s h o u l d be mentioned. Gladys ζ and coworkers^ 
r e c e n t l y i s o l a t e d a s t a b l e e t h y l i d e n e compound CpRe(NO)PPh 3(CHMe) 
( 7 1 ) , and a l s o demonstrated P P h 3 a d d i t i o n to t h e c o r r e s p o n d i n g 
m e t h y l i d e n e s a l t as an example of d e r i v a t i z i n g c a t i o n i c a l k y l i ­
dene complexes (72) . S t a b l e b e n z y l i d e n e compounds 
CpFe(CO)L(CHPh)+ [L=C0,PPh 3], o b t a i n e d through p r o t o n a t i o n of the 
r e q u i s i t e α-alkoxybenzyl i r o n complexes, have been r e p o r t e d by 
Brookhart and Nelson (73) . A n i o n i c α-alkoxyalkyl complexes i n 
a c i d i c media l i k e w i s e e l i m i n a t e a l c o h o l and form n e u t r a l a l k y l i ­
dene complexes. For example, Casey e t . a l . d e t a i l e d the c o n v e r s i o n 
o f (CO)5WCPhMe(0Me) _ 1to i t s u n s t a b l e α-phenylethylidene complex, 
which then decomposed to s t y r e n e ( 7 4 ) . 

Towards C a t a l y t i c Relevance: B i m e t a l l i c A c t i v a t i o n of A c y l L i g -
ands and T r a n s i t i o n O r g a n o m e t a l l i c H y d r i d e s as Reducing Agents 

Having e s t a b l i s h e d v i a b l e r e a c t i o n pathways f o r s e l e c t i v e 
c o n v e r s i o n of CO l i g a n d s t o C 2 o r g a n i c s , we then i n v e s t i g a t e d 
m e t a l complexes t h a t would r e p l a c e the c a r b o c a t i o n and borohy-
d r i d e reagents used i n Scheme 1. Such complexes, e s p e c i a l l y i f 
they were r e g e n e r a t e d under m i l d c o n d i t i o n s , might prove c a t a l y -
t i c a l l y r e l e v a n t . Thus c a t i o n i c m e t a l complexes t h a t a c t i v a t e 
a c y l complexes v i a f o r m a t i o n of y 2 - a c y l complexes were s t u d i e d 
as replacements f o r c a r b o c a t i o n s , and t r a n s i t i o n m e t a l h y d r i d e 
complexes were examined as replacements f o r b o r o h y d r i d e r e a g e n t s . 

B i m e t a l l i c a c t i v a t i o n o f a c e t y l and a l k o x y a c e t y l l i g a n d s — 
through f o r m a t i o n of c a t i o n i c y 2 - a c y l complexes — t o r e a c t i o n 
w i t h n u c l e o p h i l i c h y d r i d e donors was e s t a b l i s h e d . C a t i o n i c t r a n s ­
i t i o n m e t a l compounds p o s s e s s i n g an a c c e s s i b l e c o o r d i n a t i o n s i t e 
b i n d a n e u t r a l η 1-acyl l i g a n d on another complex as a c a t i o n i c 
y 2 - a c y l system. These y 2 - a c y l systems a c t i v a t e the a c y l l i g a n d t o 
r e d u c t i o n analogous to c a r b o c a t i o n a c t i v a t i o n . S e v e r a l examples 
of y 2 - a c y l c o m plexation have been r e p o r t e d p r e v i o u s l y . 

:0:—>M 
I 

F e — C 
\ 

- , + 

Fe: F e — C 
, 0 — M 

\ \ 
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19. C U T L E R E T A L . Selective Conversion of Carbonyls to C2s 299 

Complexes b e a r i n g P 2 ~ a c y l l i g a n d s are r a r e (75) , but they 
a r e r e c o g n i z e d now as a means o f s t a b i l i z i n g and a c t i v a t i n g f o r -
myl l i g a n d s t o r e d u c t i o n (35,76,77). Lewis a c i d a c t i v a t i o n o f 
o t h e r a c y l l i g a n d s has been e s t a b l i s h e d w i t h n 2 - a c y l c o m p l e x a t i o n 
to a m e t a l (78,79), and w i t h BH 3 r e d u c t i o n of r ^ - a c e t y l (60) and 
r ^ - f o r m y l (38,48) complexes. Other Lewis a c i d s such as A l ( I I I ) 
(52) o r L i ( I ) (80) a l s o f a c i l i t a t e a l k y l - a c y l m i g r a t o r y - i n s e r t i o n 
r e a c t i o n s through complexation of the i n c i p i e n t a c y l l i g a n d ( 7 5 ) . 

We s y n t h e s i z e d c a t i o n i c v i 2 ~ a c e t v l compounds 28,25 by combin­
i n g i r o n a c e t y l complexes CpFe(C0)L(C0CH 3) (£7) [L=C0,PPh 3] w i t h 
a c o o r d i n a t i v e l y u n s a t u r a t e d ( 1 6 - e l e c t r o n ) m e t a l c a r b o n y l s a l t 
CpM(CO) n

+[M=Fe,n=2;M=Mo,n=3], as i n d i c a t e d i n Scheme 5. Thus 

Scheme 5 

CpFe—C ^ 

27, L=C0,PPh 

27 + CpM(C0) n I 

+ CpM(CO) 

,0—MCp 
'/ I 

C p F e - C (C0) n 

Λ X C H 3 OC L _ 
28, M=Fe, n=2 
29, M=Mo, n=3 

ΒΗΐψ" 

2_7 + C P M(CO) n PPh 3 C p F e ( c o ) M C H 2 C H 3 ) 

r e f l u x i n g CH 2C1 2 s o l u t i o n s of the l a b i l e i s o b u t y l e n e (18) o r THF 
( 8 1 ) ( L 1 ) s a l t s C p F e ( C 0 ) 2 ( L f ) + and the r e q u i s i t e a c e t y l complex 
27 p r o v i d e the y 2 - a c e t y l F e 2 compounds 28 [L=C0,PPh 3]. The c o o r ­
d i n a t i v e l y u n s a t u r a t e d C pMo(C0) 3

+, which i s generated a t -40° by 
P h 3 C + h y d r i d e a b s t r a c t i o n from CpMo(C0) 3H ( 8 2 ) , c o o r d i n a t e s 27 
at -20° and g i v e s y 2 ~ a c e t y 1 F e M o compounds 29 [L=C0,PPhq]. Both 
s e r i e s o f compounds 28 and 29 were o b t a i n e d as a i r - s t a b l e red s o l ­
i d s i n 40-70% y i e l d s a f t e r r e c r y s t a l l i z a t i o n from C H 2 C l 2 - e t h e r . 

These y 2 - a c e t y l complexes 28,29 e n t a i l σ metal-oxygen bond­
i n g (30) analogous t o t h a t e s t a b l i s h e d f o r bonding o f o r g a n i c 
ketones, e s t e r s , and amides t o C p F e ( C O ) 2

+ (83). S t e r i c a l l y l e s s 

Ye—C^ 

30 

0—M 0 
II ->M 

F e — 
31 J 

demanding Ε-stereoisomers f o r 30 have been a r b i t r a r i l y f a v o r e d . 
[CpFe(C0) 2C0Ph e v i d e n t l y forms compounds s i m i l a r to 28 and 29, but 
as m i x t u r e s of the NMR d i s t i n c t i v e E- and Z-stereoisomers (84).] 
NMR d a t a of 28,29 (Table 1) are i n t e r p r e t e d as f a v o r i n g σ-struc-
t u r e 30 r a t h e r than the π-bonding s t r u c t u r e 31 e x h i b i t e d by o t h e r 
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300 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

y 2 - a c y l complexes (77). I f 28,29 engaged i n π-bonding, then we 
would expect m i x t u r e s of di a s t e r e o m e r s f o r L=PPh3; t h i s d e r i v e s 
from the p r o c h i r a l Fe-C0CH3 a c e t y l groups, which are ττ-complex 
ed, and the c h i r a l CpFe(C0)PPh3 c e n t e r e x i s t i n g w i t h i n the same 
mole c u l e . F or example, π-complexation of p r o c h i r a l propene or 
1-butene t o CpFe(C0)PPh3 + gave d i a s t e r e o m e r i c m i x t u r e s t h a t were 
e a s i l y d i s c e r n e d by NMR (29,68). No evi d e n c e , however, has been 
found f o r d i a s t e r e o m e r i c m i x t u r e s e i t h e r w i t h i n the crude r e a c t i o n 
p r o d u c t s or a f t e r r e c r y s t a l l i z a t i o n of 28 and 29, L=PPh 3. 

F u r t h e r a n a l y s i s of the s p e c t r a l d a t a f o r the y 2 ~ a c e t y l com­
pounds 28 and 29 (Table l ) a l s o i n d i c a t e s t h a t the p o s i t i v e charge 
i s d i s t r i b u t e d over both m e t a l c e n t e r s . The e l e c t r o n i c e n v i r o n ­
ment of the C-bonded i r o n of 28 and 29 c l e a r l y l i e s i n t e r m e d i a t e 
between t h a t of the s t a r t i n g a c e t y l complex and of the a - a l k o x y -
a l k y l i d e n e compounds. S i m i l a r l y the a c e t y l complexes p r o v i d e more 
e l e c t r o n d e n s i t y t o CpFe(CO)2 + w i t h i n 28 than does acetone or THF 
w i t h i n C p F e ( C 0 ) 2 L l + [L'=acetone, THF]. 

The r e a c t i o n c h e m i s t r y of the y 2 - a c e t y l complexes 28,29 
e v i n c e s b o t h the d e s i r e d a c t i v a t i o n of the a c e t y l l i g a n d t o hy­
d r i d e donors, as w e l l as l a b i l i t y of the a c t i v a t i n g groups 
C p M ( C 0 ) n

+ towards n u c l e o p h i l e s . T h i s l a t t e r mode of r e a c t i v i t y 
resembles t h a t of C p F e ( C 0 ) 2 ( a c e t o n e ) * (85,86): i o d i d e or P P h 3 

q u a n t i t a t i v e l y d i s p l a c e C p M ( C0) n
+. Borohydride (equimolar 

PPh 3Me +BH t f" i n CH 2C1 2) does however reduce 28,29 (L=C0,PPh 3) and 
e l i m i n a t e the r e q u i s i t e e t h y l complexes i n 20-35% y i e l d s . The 
balance of the r e a c t i o n p r o d u c t s , the c o r r e s p o n d i n g a c e t y l com­
p l e x e s and [Cp F e ( C 0 ) 2 ] 2 (3) or [CpMo(CO)3 ] 2 , conform w i t h d i s ­
placement of C p M ( C 0 ) n

+ by the h y d r i d e donor. 
A l k o x y a c e t y l complex 5a a l s o forms b i m e t a l l i c y 2 - a l k o x y ­

a c e t y l compounds Cp(CO) 2Fe(CO[M(C0) nCp]CH 20Me)+ 32,M=Fe,n=2 and 
33,Μ=Μο,η=3, but these adducts are l e s s s t a b l e than the c o r r e s ­
ponding y 2 - a c e t y l adducts 28,29. Only 33 was i s o l a b l e , a l t h o u g h 

C p F e — C Ι­
Ο 
II 
C CH 2—OMe Λ \ CH 2—OMe OC OC CO 
5a 

BH U~ 5a + CpFe—CH 2CH 3 

OC CO 
32, M=F e, n=2 
33, M=Mo, n=3 

s u b s t a n t i a l f o r m a t i o n of 32 was apparent i n i t s crude r e a c t i o n 
p r o d u c t . Treatment of crude 32 w i t h i o d i d e thus r e v e r t e d the 
r e a c t i o n m i x t u r e t o 5a and CpFe(CO) 2I. PPt^Me+BH^" i n CH 2C1 2 
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1 9 . C U T L E R E T A L . Selective Conversion of Carbonyls to C2s 3 0 1 

reduces the FeMo y2-alkoxyacetyl 33 and gives CpFe(C0)2CH2CH3 i n 
21% y i e l d after column chromatography. We have thus used coordi-
natively unsaturated transition metal s a l t s , of the type generated 
by pr o t o l y t i c cleavage of metal-carbon bonds i n CpM(C0)n~R (32), 
as activating groups on metal acyl ligands. The resulting 
P2-acyl complexes then undergo f a c i l e reduction of the acyl 
ligand. Clearly the next step i s to use transition metal hydride 
complexes as the hydride donors. 

We have demonstrated that a series of f i r s t row, Group 8 
organometallic hydride complexes effect intermolecular hydride ad­
dit i o n to coordinated n 2-alkene, n 2-vinyl ether, and a-alkoxyethy-
lidene compounds (64). For example, one equivalent of 
CpFe(C0)PPh3(H) quantitatively reduces CpFe(CO)2(n2-CH2=CH2)+ to 
CpFe(CO)2CH2CH3 within one-half hour and leaves 

CpFe(CO)PPh3(CH3CN)+. A mechanism in which the nucleophilic Fe-H 

CH2 

- | H Cp Fe(CO)PPh 3 ( H ) > ^ ^ ^ C H , 

(CO)2 C H 2 (CO) 2
 C H 3 

bond attacks the coordinated alkene and eliminates the coordina-
t i v e l y unsaturated CpFe(C0)PPti3+ agrees with both the substituent 
effects studied and the established f a c i l i t y of nucleophilic ad­
di t i o n to coordinated alkenes. 

Attempts thus far at using the samp Group 8 organometallic 
hydride complexes as hydride donors to the coordinated CO on 
CpFe(CO)3 + (1) have been unsuccessful. Reaction of 1 with 

C p F e—L + + CpFe—H >~ CpFe-H-FeCp+ + L 
I V \ I / \ 

(CO)2 OC PPh 3 (CO)2 OC PPh 3 

1, L=C0 [CpFe(CO) 2]2 + CpFe(CO) 2PPh 3
+ 

L=THF 3 

CpFe(CO)PPh3(H) in C H 2 C I 2 at room temperature realizes only re­
placement of CO by the Fe-H bond (87). The cationic bridging hy­
dride product, which independently forms from the reaction of 
CpFe(C0)2(THF)+ and CpFe(C0)PPh 3(Η), subsequently decomposes to 
CpFe(CO)2H (then dimeric 3) and CpFe(CO ) 2 P P h 3 + (through dispro-
portionation of CpFe(C0)PPti3+). Essentially the same results 
were observed when the solvent was changed to methanol. Two 
equivalents each of NEtit^HFe (CO) ι+"", CpFe (C0)PPh3 (Η) , or 
CpFe ( P h 2 P C H 2 C H 2 P P h 2)H i n methanol transform 1 into varying amounts 
of the dimer 3 as the only isolable organometallic species (88). 
In contrast precedent for using the hydride complex 
( n 5 - C 5 M e 5 ) 2 Z r H 2 to transfer hydride to CO ligated on another metal 
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302 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

c e n t e r has been r e p o r t e d by Bercaw et a l (76). We are examining 
a number of f i r s t row t r a n s i t i o n o r g a n o m e t a l l i c h y d r i d e complexes, 
e s p e c i a l l y those d i r e c t l y d e r i v e d from H 2 , as p o t e n t i a l r e d u c i n g 
agents f o r s e v e r a l c a t i o n i c m e t a l c a r b o n y l compounds. 

T r a n s i t i o n o r g a n o m e t a l l i c h y d r i d e complexes CpFe(C0)PPh3(Η), 
CpFe(Ph 2PCH 2CH2PPh2)H, and H F e i C O ) ^ " 1 a l s o r e a c t e d w i t h a - a l k o x y -
e t h y l i d e n e complexes 10,22 (64), but two pathways were observed. 

OR 
+ // / *~ C p F e — CU( 

c > F r \ ( ( c o ) 2
 c H 3 

OC L CH 3 23 

0 C p F e — H 

P h 2 / > h 2 ^ C f v e - C ^ C H , 
10, L=PPh 3 \ — / OC P P h 3

 3 

22 > L = c o 27 

The CpFe(CO)2 s e r i e s of α-alkoxyethylidene compounds 22 (R=Me,Et) 
undergo monohydridic r e d u c t i o n and g i v e o n l y the α-alkoxyethyl 
complexes i n good y i e l d s . I n c o n t r a s t , the l e s s e l e c t r o p h i l i c 
CpFe(CO)PPh 3 s e r i e s produce e x c l u s i v e l y the parent a c e t y l complex. 
These l a t t e r d e a l k y l a t i o n r e a c t i o n s , analogous t o those observed 
w i t h i o d i d e , o c c u r through n u c l e o p h i l i c a t t a c k of the Fe-H bond at the 
a c t i v a t i n g group R. T r i a l k y l b o r o h y d r i d e t r a n s f e r s one h y d r i d e t o 
both 10 and 22, as p r e v i o u s l y noted. T h e r e f o r e both the c h o i c e of 
a u x i l i a r y l i g a n d s and of the r e d u c i n g medium c o n t r o l s the r e a c t i o n 
path observed w i t h α-alkoxyethylidene compounds and n u c l e o p h i l i c 
h y d r i d e donors. 

F e a s i b i l i t y of t r a n s f e r i n g a h y d r i d e t o b i m e t a l l i c a c t i v a t e d 
a c e t y l l i g a n d s was a l s o i n v e s t i g a t e d . The y 2 - a c e t y l compounds 28 
and 2§ consumed one e q u i v a l e n t of L i H B E t 3 , L i H B ( s e c - b u t y l ) 3 , 
H F eiCO)^- 1, CpFe(Ph 2PCH 2 C H 2 P P h 2)H, or CpFe(CO)PPhiTH), but a f f o r d ­
ed o n l y the s t a r t i n g a c e t y l complexes. A mechanism e n t a i l i n g 

, p —M(C0) nCp 

CpFe-ΐ ul^nl -1>» C pFe-C y\ \ r H o HFeiCO)^-! */\ \ 
OC L 3 OC L C H 3 

2§>29 1 
I 0 — F e ( C 0 ) 2 C p Τ 
I X > C P F e - ^ - C H 3 / - H F e ( C 0 ) 2 C p 

( C 0 ) 2 Η 
33 

n u c l e o p h i l i c d i s p l a c e m ent of C p M ( C 0 ) n
+ w i t h the h y d r i d e donor (as 
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19. C U T L E R E T A L . Selective Conversion of Car bony Is to C2s 303 

w i t h i o d i d e ) i s t e n t a t i v e l y f a v o r e d over one i n v o l v i n g h y d r i d e ad­
d i t i o n t o the α-carbon and e l i m i n a t i o n of HM(C0) nCP. We base t h i s 
c o n c l u s i o n on the f a i l u r e t o t r a p the i n t e r m e d i a t e 33 a r i s i n g from 
h y d r i d e a d d i t i o n t o the α-carbon of 28. Thus r e a c t i o n of 28 
(L=C0) and LiHBEt3 i n THF a t -80°, f o l l o w e d immediately by 
HPF 6.0Me 2 between -60° and 0°, gave no C p F e ( C 0 ) 2 (n 2-CH 2=CH 2) +. 
The i n t e n t of t h e s e experiments was t o demonstrate i n t e r m e d i a c y of 
3 3 v i a O - p r o t o n a t i o n and e l i m i n a t i o n of the e t h y l i d e n e s a l t 
CpFe(C0) 2(CHMe) +, which would r e a r r a n g e t o CpFe (CO) 2 ( n 2 - C H 2 = C H 2 ) + . 
We f e e l however t h a t a d d i t i o n a l s t u d i e s are r e q u i r e d i n o r d e r t o 
adequately study the i n t e r a c t i o n of o r g a n o m e t a l l i c h y d r i d e r e ­
agents and b i m e t a l l i c y 2 - a c y l complexes. 

Summary 

We have demonstrated t h a t NaBH3CN i n a l c o h o l reduces a CO 
l i g a n d on CpFe(CO)3 + and generates an a l k o x y m e t h y l i r o n complex. 
V e r s a t i l e a l k o x y a c e t y l complexes CpFe(C0)L(C0CH 20R) 
[L=C0,PPh3,P(0Me)3] d e r i v e d from the a l k o x y a c e t y l complexes then 
serve as a template f o r s y n t h e s i z i n g o t h e r C 2 c o o r d i n a t e d l i g a n d s . 
A s i g n i f i c a n t f e a t u r e of our approach t o F i s c h e r - T r o p s c h c h e m i s t r y 
i s t h a t r e a c t i o n s u t i l i z i n g a l k o x y a c e t y l complexes t a k e p l a c e 
e x c l u s i v e l y on the c o o r d i n a t e d C 2 l i g a n d and do not i n v o l v e c o -
o r d i n a t i v e l y u n s a t u r a t e d i r o n complexes. (For a d i f f e r e n t ap­
proach i n which u n s a t u r a t e d a c y l o x y m e t h y l Mn complexes hydrogenate 
to g l y c o l a l d e h y d e , see Dombek's work (55).) S e q u e n t i a l e l e c t r o -
p h i l i c a t t a c k (or a c t i v a t i o n ) of the c o o r d i n a t e d l i g a n d s f o l l o w e d 
by r e d u c t i o n a f f o r d s the f i n a l η 1-ethyl, c a r b o a l k o x y m e t h y l (no 
r e d u c t i v e s t e p ) , or f o r m y l m e t h y l l i g a n d s . P r o t o n a t i o n then r e ­
l e a s e s s e l e c t i v e l y ethane, a l k y l a c e t a t e , or a c e t a l d e h y d e ; and 
h e a t i n g of the e t h y l complex alone or a f t e r h y d r i d e a b s t r a c t i o n 
g i v e s e t h y l e n e . 

Our u l t i m a t e g o a l remains t o d e v i s e an o r g a n o m e t a l l i c system 
i n which m e t a l reagents a c t i v a t e CO and subsequent l i g a n d s ( i n ­
c l u d i n g b i m e t a l l i c a c t i v a t i o n of a c y l l i g a n d s ) t o i n t e r m o l e c u l a r 
r e d u c t i o n by t r a n s i t i o n m e t a l h y d r i d e s . T h i s e s s e n t i a l l y e n t a i l s 
replacement of nonmetal Lewis a c i d s and h y d r i d e donors r e p o r t e d 
i n t h i s work by t r a n s i t i o n m e t a l analogues. I d e a l l y the m e t a l 
h y d r i d e complex would be prepared under m i l d c o n d i t i o n s u s i n g H 2. 
I n t e r m o l e c u l a r t r a n s f e r of h y d r i d e from the o r g a n o m e t a l l i c h y d r i d e 
complex then l e a v e s an o r g a n o m e t a l l i c Lewis a c i d , which remains 
a v a i l a b l e f o r e l e c t r o p h i l i c a c t i v a t i o n of c o o r d i n a t e d l i g a n d s . 
Work i s p r o g r e s s i n g a l o n g these l i n e s . 
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20 
Aromatic Gasoline From Hydrogen/Carbon 
Monoxide Over Ruthenium/Zeolite Catalysts 

T. J. HUANG and W. O. HAAG 

Mobil Research and Development Corporation, P.O. Box 1025, Princeton, N J 08540 

A new c l a s s o f s y n t h e s i s gas c o n v e r s i o n c a t a l y s t s c o m p r i s i n g 
a carbon monoxide r e d u c t i o n c a t a l y s t combined w i t h a ZSM-5 c l a s s 
z e o l i t e has been r e c e n t l y r e p o r t e d by Chang, Lang and S i l v e s t r i 
( 1 ) . I n e l a b o r a t i n g on t h i s f i n d i n g , Caesar, e t . a l . , have demon­
s t r a t e d t h a t g a s o l i n e can be produced i n a y i e l d o f over 60% of 
t o t a l hydrocarbon, c o n s t i t u t i n g e s s e n t i a l l y 100% of the l i q u i d 
p r o d u c t , by combining an i r o n F i s c h e r - T r o p s c h c a t a l y s t w i t h an 
excess volume of a ZSM-5 c l a s s z e o l i t e ( 2 ) . These z e o l i t e s a r e 
members of the group o f M o b i l shape s e l e c t i v e medium pore z e o l i t e s 
which a r e a c t i v e f o r the c o n v e r s i o n of methanol and o t h e r oxygen­
a t e s t o hydrocarbons (1,3^,4) o r F i s c h e r - T r o p s c h r e a c t i o n i n t e r ­
mediates to a r o m a t i c s ( 1 ) . 

Ruthenium has been used as a F i s c h e r - T r o p s c h c a t a l y s t t o 
co n v e r t s y n t h e s i s gas i n t o p a r a f f i n wax under h i g h p r e s s u r e and 
a t low temperature ( 5 ) . However, a t h i g h e r temperature and lower 
p r e s s u r e , o n l y methane i s formed ( 6 ) . Supported ruthenium such 
as Ru/alumina and R u / s i l i c a has a l s o been used f o r syngas conver­
s i o n t o produce gaseous, l i q u i d and s o l i d hydrocarbons (7-13); 
b u t , i t gave a poor s e l e c t i v i t y f o r l i q u i d hydrocarbon and, a g a i n , 
methane becomes the major product a t temperatures h i g h e r than 
250°C. Futheremore, no a r o m a t i c s were produced u s i n g b o t h r u t h e ­
nium d i o x i d e and supported ruthenium c a t a l y s t . 

I n the F i s c h e r - T r o p s c h s y n t h e s i s w i t h ruthenium as c a t a l y s t , 
normal p a r a f f i n s a r e the major p r o d u c t s . I n M o b i l ' s D i s t i l l a t e 
Dewaxing p r o c e s s , ZSM-5 c l a s s c a t a l y s t s c o n v e r t s e l e c t i v e l y h i g h 
m o l e c u l a r weight η-paraffins i n t o g a s o l i n e range m a t e r i a l s ( 1 4 ) . 
Thus, ruthenium-ZSM-5 c l a s s z e o l i t e s appear to be good co m b i n a t i o n 
f o r g a s o l i n e p r o d u c t i o n from s y n t h e s i s gas. I n a d d i t i o n , t h e se 
c o m b i n a t i o n c a t a l y s t s may p r o v i d e a " n o n t r i v i a l p o l y s t e p " r e a c t i o n 
(15) i n which F i s c h e r - T r o p s c h i n t e r m e d i a t e s c o u l d be trapped and 
conv e r t e d i n t o a r o m a t i c s by the z e o l i t e component, thus p r o d u c i n g 
h i g h octane a r o m a t i c g a s o l i n e d i r e c t l y from s y n t h e s i s gas. The 
s u c c e s s f u l use o f the z e o l i t e s mentioned i s a r e s u l t o f the 
unique p r o p e r t i e s o f t h i s c l a s s of i n t e r m e d i a t e pore z e o l i t e s , of 
which ZSM-5 i s a prominent menber. I t was chosen as a r e p r e s e n t ­
a t i v e o f t h i s c l a s s i n the p r e s e n t s t u d y . 

0097-6156/81/0152-0307$05.00/0 
© 1981 American Chemical Society 
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308 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

E x p e r i m e n t a l 

5% Ru(as Ru0 2)/ZSM-5 was prepared by g r i n d i n g t o g e t h e r t he 
a p p r o p r i a t e amounts of RuO^ and ZSM-5 z e o l i t e , f o l l o w e d by p e l l e t ­
i n g and s c r e e n i n g t o 30-60 mesh. Impregnated Ru/ZSM-5 was prepared 
by vacuum i m p r e g n a t i o n o f ZSM-5 z e o l i t e ( i n NH^ form) w i t h RuCl^* 
3 H 2 O i n aqueous s o l u t i o n . A f t e r d r y i n g i n vacuum, the c a t a l y s t 
was c a l c i n e d i n an oven a t 538°C f o r two hours. Ru/A^O^//ZSM-5 
was a p h y s i c a l m i x t u r e o f e q u a l amounts o f supported Ru - on -
alumina and ZSM-5 z e o l i t e . Supported Ru - on - alumina was p r e ­
pared by vacuum i m p r e g n a t i o n o f y - alumina w i t h RuCl^^H^O i n 
aqueous s o l u t i o n , f o l l o w e d by d r y i n g i n a r o t a r y e v a p o r a t o r a t 
about 100°C and i n a vacuum oven a t 102°C f o r two hou r s . P r i o r t o 
syngas c o n v e r s i o n , a l l ruthenium c o n t a i n i n g c a t a l y s t s were reduced 
w i t h hydrogen. 

Syngas c o n v e r s i o n was conducted i n a down f l o w f a s h i o n i n a 
f i x e d - b e d c o n t i n u o u s f l o w m i c r o - r e a c t o r . The p r e h e a t e r and r e ­
a c t i o n zone were made of 1.42 cm i . d . type 321 s t a i n l e s s - s t e e l 
t u b i n g e n c l o s e d i n a three-zone e l e c t r i c a l r e s i s t a n c e b l o c k h e a t e r . 
Gas f l o w was c o n t r o l l e d u s i n g a Brooks Instrument f l o w c o n t r o l l e r . 
L i q u i d product was c o l l e c t e d d i r e c t l y i n a p r e s s u r e d Jerguson s i g h t 
g l a s s a t ambient temperature. The e x i t gas passed through a con­
denser and a Grove b a c k - p r e s s u r e r e g u l a t o r t o a wet t e s t meter 
where t h e e x i t gas f l o w r a t e was measured. The condensed hydro­
carbon i n the h i g h p r e s s u r e Jerguson s i g h t g l a s s was f u r t h e r 
weathered t o atmospheric p r e s s u r e . 

Product a n a l y s e s were c a r r i e s out by gas chromatography. 

R e s u l t s and Duscussions 

G e n e r a l l y s p e a k i n g , hydrogénation o f Co on ruthenium i s s i m i ­
l a r t o s y n t h e s i s r e a c t i o n s on c o b a l t and n i c k e l i n so f a r as t h e 
oxygen of CO i s r e j e c t e d e s s e n t i a l l y as water. However, support 
m a t e r i a l s may induce a s h i f t r e a c t i o n and may l e a d t o p r o d u c t i o n 
of some C0 2. As shown i n Table I I I , t he mole r a t i o s of H 20 t o C0 2 

i n t h e r e a c t o r e f f l u e n t were 29,54,and 5 f o r Ruu«, Impregnated Ru/ 
ZSM-5, and supported R u / A l 2 0 ~ , r e s p e c i t v e l y . T h i s i s c o n t r a r y to 
i r o n F i s c h e r - T r o p s c h c a t a l y s t which g i v e s C 0 2 as the major oxygen 
c o n t a i n i n g p r o d u c t . F or example, the mole r a t i o o f H 20 to C0 2 i n 
the product from syngas c o n v e r s i o n over i r o n c a t a l y s t s (1,5,15) i s 
g e n e r a l l y l e s s than 0.1. T h i s d i f f e r e n c e a r i s e s from t h e f a c t t h a t 
i r o n i s a c t i v e f o r water-gas s h i f t r e a c t i o n ( E q u a t i o n I I ) w h i l e 
ruthenium i s n o t . 

For ruthenium c a t a l y s t s w i t h o u t s h i f t a c t i v i t y , the s t o i c h i o m e t r i c 
requirement f o r syngas c o n v e r s i o n i s two moles of H 2 per mole o f 
CO, a c c o r d i n g t o E q u a t i o n ( I ) . However, the H 2/C0 usage r a t i o can 
be l e s s than 2 when the c a t a l y s t has s h i f t a c t i v i t y ( E q u a t i o n I I ) . 

H 20 + CO 

2H 2 + CO ^ (-CH2-) + H 20 ( I ) 

C0 2 + H 2 ( I I ) 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

15
2.

ch
02

0



20. H U A N G A N D H A A G Aromatic Gasoline Using Ru/Zeolites 309 

E f f e c t of Z e o l i t e R e s u l t s w i t h composite c a t a l y s t s c o n s i s t ­
i n g of a supported Ru/A^O^ and a z e o l i t e a r e g i v e n i n Table I . 
Although the z e o l i t e s t hemself have no e f f e c t on the syngas con­
v e r s i o n , the hydrocarbon product d i s t r i b u t i o n i s a f f e c t e d by t h e 
presence o f a z e o l i t e , p a r t i c u l a r l y o f t h e ZSM-5 c l a s s . The i n ­
c o r p o r a t i o n of ZSM-5 i n t h e c a t a l y s t not o n l y promoted a r o m a t i c s 
f o r m a t i o n , but a l s o s i g n i f i c a n t l y reduced t h e end p o i n t o f the 
hydrocarbons. The t o t a l hydrocarbon f r a c t i o n c o n t a i n e d 66 wt% o f 

, which was e s s e n t i a l l y an a r o m a t i c g a s o l i n e (34% a r o m a t i c s , 
204°C b o i l i n g p o i n t a t 90% overhead). I t must be noted t h a t , 
w i t h ruthenium a l o n e (Ex. ΙΑ), no a r o m a t i c s were produced and 
the b o i l i n g p o i n t of C 5 a t 90% overhead was 322°C. 

The presence o£ a l a r g e pore z e o l i t e , H-mordenite, reduced 
the end p o i n t o f o n l y s l i g h t l y . M o r e u n i t e i n i t i a l l y gave 
a r o m a t i c s w i t h s u b s t a n t i a l amount o f C ^ Q a r o m a t i c s , but i t de­
a c t i v a t e d v e r y r a p i d l y . 

E f f e c t of Ruthenium Loading Two ruthenium c o n c e n t r a t i o n s 
(0.5% and 1.5%) were used t o study t h e e f f e c t of ruthenium l o a d ­
i n g on syngas c o n v e r s i o n over p h y s i c a l l y mixed Ru/Al^O^/ZSM-S 
c a t a l y s t s . The r e s u l t s a r e shown i n T a b l e I I . The f o r m a t i o n o f 
C l + C 2 w a s S r e a t l y reduced from 40% w t h 1.5% Ru t o 25% w i t h 0.£% 
Ru. On t h e o t h e r hand, t h e h i g h e r ruthenium l o a d i n g gave a π 
product of reduced end p o i n t (Ex. 2A and 2B). As expected, no 
d i f f e r e n c e i n a r o m a t i c s p r o d u c t i o n was observed. 

The same e f f e c t was seen w i t h impregnated Ru/ZSM-5 c a t a l y s t s 
of 1% and 5% Ru-content (Ex.2C and 2D). 

E f f e c t o f Method Of C a t a l y s t P r e p a r a t i o n Three c a t a l y s t s 
w i t h d i f f e r e n t methods o f p r e p a r a t i o n were used i n t h i s study 
and the r e s u l t s a r e g i v e n i n T a b l e I I I . A l t h o u g h they have the 
same ruthenium l o a d i n g ( 5 % ) , the degree o f i n t i m a c y between 
ruthenium s i t e s and a c t i v e s i t e s of ZSM-5 i n c r e a s e d 
w i t h the f o l l o w i n g o r d e r : Impregnated Ru/ZSM-5 > Ru02/zsM-5 
(ground t o g e t h e r ) > P h y s i c a l M i x t u r e o f Ru/Al^O^ and zSlji-5. 
The most s t r i k i n g f e a t u r e was t h a t the f o r m a t i o n of heavy 
a r o m a t i c s i n c r e a s e d w i t h i n c r e a s i n g degree o f i n t i m a c y between 
Ru and ZSM-5, as shown i n T a b l e IV. T h i s may i n d i c a t e t h a t i f 
ruthenium s i t e s and a c i d s i t e s o f ZSM-5 ar e l o c a t e d c l o s e l y 
t o g e t h e r as i n the case of the impregnated c a t a l y s t , t h e a r o m a t i c s 
formed as z e o l i t e s i t e s may be f u r t h e r a l k y l a t e d w i t h the r e a c t i o n 
i n t e r m e d i a t e s produced a t t h e n e i g h b o r i n g ruthenium s i t e s , 
c o n s e q u e n t l y making heavy a r o m a t i c s . 

The v a r i a t i o n s i n syngas c o n v e r s i o n and C^^K^ s e l e c t i v e l y 
c o u l d be due to the d i f f e r e n c e i n ruthenium s u r f a c e areas as a 
r e s u l t o f d i f f e r e n t p r e p a r a t i o n s . 

A f i n e l y ground p h y s i c a l m i x t u r e o f 5% Ru (as Ru0 2)/ZSM-5 
which was s u b s e q u e n t l y p e l l e t i z e d was used i n the study o f t h e 
e f f e c t s of p r o c e s s v a r i a b l e s on s y n t h e s i s gas c o n v e r s i o n . 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

1 
| d

oi
: 1

0.
10

21
/b

k-
19

81
-0

15
2.

ch
02

0



310 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

Table I 
SYNGAS CONVERSION OVER RUTHENIUM/ZEOLITE CATALYSTS AT 51 atm, 
294°C, GHSV = 480, AND H 2/C0 = 2/1. 

Experiment No. 
C a t a l y s t 

1A IB 1C 
0.5% R u / A l 2 0 3 / / 0.5% R u / A l 2 0 3 / / 0.5% R u / A l ^ / / 

Syngas C o n v e r s i o n , 
mole % 

Quartz Chips 
"Mixed" 

94 

ZSM-5 
"Mixed" 

98 

H-Mordenite 
"Mixed" 

95 

Rea c t o r E f f l u e n t , wt% 
Hydrocarbons 37 
H 2 0 
CO 11 
C 0 2 6 
H 20 46 

38 
0 
1 

12 
49 

36 
1 
6 
8 

49 

Hydrocarbon 
Compo s i t i o n , wt% 

C l + C 2 
C 3 +

+
C 4 

C 5 

33 
8 

59 

25 
9 

66 

29 
7 

63 

A r o m a t i c s i n C,. , wt% 0 

B o i l i n g Range of C 5
+ , °C 

90% Overhead 322 
95% Overhead 377 

34 

204 
224 

< 5 

275 
322 
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2 0 . H U A N G A N D H A A G Aromatic Gasoline Using Ru/Zeolites 311 

Table I I 

EFFECT OF RUTHENIUM LOADING ON SYNGAS CONVERSION 
(51 atm, GHSV = 480, AND H2/CO - 2/1) 

Experiment No. 
C a t a l y s t 

2A 2B 2C 
1.5% Ru/Al.O // 0.5% R u / A l 2 0 // 5% Ru/ 

ZSM-5 ZSM-5 ZSM-5 

Temp. 

"Mixed" 

294 
Syngas C o n v e r s i o n , 

mole % 99 

Reactor E f f l u e n t , 
wt% 
Hydrocarbons 39 
H 2 0 
CO 0 
C0 2 17 
H 20 44 

Hydrocarbon 
C o m p o s i t i o n , wt% 

C l + C 2 
C 3 + C 4 
C + C 5 

Arom; i a t i c s i n 
wt% 

B o i l i n g Range of 
c 5 + , °C 
90% Overhead 
95% Overhead 

40 
12 
48 

32 

174 
186 

"Mixed" 

294 

98 

38 
0 
1 

12 
49 

25 
9 

66 

43 

"Impreg­
n a t e d " 

304 

86 

38 
1 

15 
2 

44 

38 
16 
46 

25 

2D 
1% Ru/ 
ZSM-5 

"Impreg­
n a t e d " 
304 

83 

32 
2 

18 
3 

45 

20 
29 
51 

27 

204 
224 
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312 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

Table I I I 

EFFECT OF METHOD OF CATALYST PREPARATION ON SYNGAS CONVERSION OVER 
Ru/ZSM-5 CLASS ZEOLITE. (51 atm, GHSV = 480, AND H 9/C0 = 2/1) 

Experiment No. 
C a t a l y s t 

3A 
Ru/ZSM-5 

Method of 
P r e p a r a t i o n Impregnation 

P a r t i c l e S i z e , mesh 30 - 60 
Ruthenium L o a d i n g , wt% 5% 
(Based on T o t a l S o l i d ) 
Temp., °C 304 
Syngas C o n v e r s i o n , 
mole % 86 
Reactor E f f l u e n t , wt% 

Hydrocarbons 38 
H 2 1 
CO 15 
C 0 2 2 
H 20 44 

3B 
Ru0 9 P l u s 
zài-5 

Ground Together 

30 - 60 
5% 

294 

93 

36 
0 

12 
4 

48 

3C 
R u / A l 9 0 P l u s 

ZSM-5 J 

P h y s i c a l M i x t u r e 

30 - 60 
5% 

294 

99 

40 
0 
0 

20 
40 

Hydrocarbon 
Co m p o s i t i o n , wt% 

C l + C 2 
c 3 + c 4 

C 5 + 

38 
16 
46 

30 
17 
53 

43 
14 
43 

Ar o m a t i c s i n C c wt% 25 28 24 

Aro m a t i c s D i s t r i b u t i o n wt% 
79 
21 

A 6 " A 1 0 
"11 

90 
10 

97 
3 
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20. H U A N G A N D H A A G Aromatic Gasoline Using Ru/Zeolites 313 

Table IV 

EFFECT OF PRESSURE ON SYNGAS CONVERSION OVER 5% Ru (AS Ru0 2>/ 
ZSM-5 AT 294°C, H2/CO = 2/1, AND GHSV = 480. 

P r e s s u r e , atm. 13.6 27.2 51 75 

C o n v e r s i o n , wt% 
CO 63 78 86 90 
H, 77 92 96 98 

T o t a l P r o d u c t , wt% 
Hydrocarbon 29.8 35.2 35.5 37.4 
H, 2.9 1.4 0.5 0.2 
CO 32.6 20.8 11.8 8.8 
co2 1.8 3.1 3.6 3.8 
H 20 32.9 39.5 48.6 49.8 

Hydrocarbon 
Composition, wt% 

C l 52.8 44.5 26.0 26.1 
5.9 5.0 4.3 3.4 

V 
V 7.7 7.1 5.1 3.0 

- - 0.7 0.2 

i - c 4 
10.3 10.5 5.6 3.5 

n-C 4 5.0 6.1 4.5 3.6 

V - - 0.9 -
i - c 5 6.3 6.1 5.4 4.1 
n-C 5 1.5 2.3 3.5 4.0 

non-aromatics 2.0 7.8 29.5 40.8 
Aromat i c s 8.5 10.6 14.7 11.5 

C 5+ i n T o t a l H.C., wt% 18.3 26.8 53.1 60.4 
Aromat i c s i n C^+, wt% 46.2 39.4 27.7 19.1 
Hydrocarbon S e l e c t i v i t y , 

wt% 98.0 96.3 97.4 97.0 
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3 1 4 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

E f f e c t o f P r e s s u r e The r e s u l t s a r e l i s t e d i n Table IV. The 
e f f e c t o f p r e s s u r e on c o n v e r s i o n s and s e l e c t i v i t i e s a r e shown i n 
F i g u r e 1. The CO c o n v e r s i o n i n c r e a s e d from 63% a t 13.6 atm 
(200psig) t o 90% a t 75 atm ( l l O O p s i g ) . The hydrocarbon s e l e c t i v ­
i t y , d e f i n e d as ( t o t a l carbon c o n v e r t e d - t o t a l carbon i n C0 2) f 
t o t a l carbon c o n v e r t e d , remained steady a t 97%. t h e r e s t o f 3% 
b e i n g c o n v e r t e d t o CO^. The s e l e c t i v i t y of Cr+ i n c r e a s e d w i t h 
i n c r e a s i n g p r e s s u r e w h i l e t he ar o m a t i c s i n decreased. The 
C^+C^ make was s u b s t a n t i a l l y reduced by h i g h e r p r e s s u r e , f o r 
example, from 59% a t 13.6 atm t o 29% at 74 atm. 

E f f e c t of Temperature Three temperatures i n t h e range of 
264 t o 328°C (507 t o 613°F) were used f o r t he study o f the e f f e c t 
of temperature. The d e t a i l e d c o n d i t i o n s and r e s u l t s a r e i n c l u d e d 
i n T a b l e V. The p l o t s o f c o n v e r s i o n and s e l e c t i v i t i e s v e r s u s 
temperature a r e shown i n F i g u r e 2. Both hydrocarbon s e l e c t i v i t y 
and H 2 and CO c o n v e r s i o n s were h i g h i n t h i s range. The s l i g h t l y 
lower CO c o n v e r s i o n a t h i g h e r temperature c o u l d be due t o t h e 
g r e a t e r y i e l d o f C^K^. The two key f e a t u r e s emerging from 
t h i s study a r e the sharp i n c r e a s e i n C^ and the sharp decrease 
i n C]+C 2

 a s a f u n c t i o n o f d e c r e a s i n g temperature. At 264°C, the 
C^+C« make was reduced t o 11%. No temperature lower than 264 *C 
was i n v e s t i g a t e d i n t h i s study a l t h o u g h C~ y i e l d c o u l d p o s s i b l y 
be i n c r e a s e d above the 89% o b t a i n e d a t 264°C. The a r o m a t i c s 
i n t o t a l hydrocarbon went through a maximum a t 294°C. The lower 
a r o m a t i c s s e l e c t i v i t y a t 264°C was p r o b a b l y due t o the poor 
a r o m a t i z a t i o n a c t i v i t y o f ZSM-5 a t such a low temperature, w h i l e 
a t h i g h e r temperature methane f o r m a t i o n competes. 

E f f e c t of Space V e l o c i t y The da t a a r e g i v e n i n Table V I , 
and t h e c o n v e r s i o n and s e l e c t i v i t i e s a r e p l o t t e d a g a i n s t 1/WHSV 
i n F i g u r e 3. + C l e a r l y , a t l o n g e r c o n t a c t time ( o r lower space 
v e l o c i t y ) , C^ decreased and C^+Co i n c r e a s e d . Thus the l a t t e r 
appear t o be formed as a s e q u e n t a i l r e a c t i o n p r o d u c t . 

E f f e c t o f H ?/C0 R a t i o Three d i f f e r e n t H 2/C0 r a t i o (1/2, 1/1, 
and 2/1) were employed i n t h i s s t u d y . The d e t a i l e d r e s u l t s a r e 
l i s t e d i n Tab l e V I I . As shown i n F i g u r e 4, the CO c o n v e r s i o n 
i n c r e a s e d (from 20 t o 78%) w i t h i n c r e a s i n g H 2/C0 r a t i o . S i n c e 
CO c o n v e r s i o n i s s t o i c h i o m e t r i c a l l y l i m i t e d by t h e amount of 
hydrogen a v a i l a b l e i n the feed i n v i e w of the absence o f water-
gas s h i f t r e a c t i o n , the lower the H 9/C0 r a t i o , t h e lower t he 
maximum a t t a i n a b l e CO c o n v e r s i o n . For example, w i t h the H 2/C0 
r a t i o o f 1/2, the maximum a t t a i n a b l e CO c o n v e r s i o n , based on the 
s t o i c h i o m e t r y of syngas c o n v e r s i o n over ruthenium c a t a l y s t s o f 
2H 2/1C0 ( E q u a t i o n I ) , would be 25%. T h e r e f o r e , t he 20% apparent 
CO c o n v e r s i o n a t the H 2/C0 r a t i o o f 1/2 r e f l e c t e d 80% of the 
maximum a t t a i n a b l e CO c o n v e r s i o n . I n the range of H 2/C0 r a t i o 
employed h e r e , the p o s s i b l e CO c o n v e r s i o n was a l l h i g h , amounting 
to about 80% of the maximum a t t a i n a b l e CO c o n v e r s i o n , as 
re p r e s e n t e d by the d o t t e d l i n e i n F i g u r e 4. 
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Figure 1. Effect of pressure on syngas conversion over 5% Ru(as Ru02)/ZSM-5 
(294°C, GHSV = 480, and H J CO = 2/1) 
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316 C A T A L Y T I C ACTIVATION O F C A R B O N MONOXIDE 

Table V 

EFFECT OF TEMPERATURE ON SYNGAS CONVERSION OVER 5% Ru (AS R u 0 2 ) / 
ZSM-5 AT 51 atm, GHSV = 480, AND H 2/C0 = 2/1. 

Temp., °C 264 294 328 

C o n v e r s i o n , wt% 
CO 93 86 78 
H 2 98 96 97 

T o t a l P r o d u c t , wt% 
Hydrocarbon 40.0 35.5 35.8 
H, 0.2 0.5 0.4 
CO 6.3 11.8 18.9 
co2 1.0 3.6 4.5 
H 20 52.6 48.6 40.0 

Hydrocarbon C o m p o s i t i o n , wt% 

C l 10.3 26.0 61.3 

V 1.0 4.3 6.5 

V - - -
C3° 1.2 5.1 4.5 

V 0.1 0.7 -
i-c 4 

1.9 5.6 5.3 
n-C 4 4.2 4.5 3.4 

V 0.2 0.9 -
i-c 5 3.1 5.4 3.9 
n-C 4.7 3.5 1.4 
C^ non-aromatics 65/8 29.5 8.2 
Aro m a t i c s 7.7 14.7 8.2 

C + i n T o t a l H.C., wt% 81.3 53.1 19.1 
+ 

A r o m a t i c s i n C^ , wt% 
9.4 27.7 43.1 

Hydrocarbon S e l e c t i v i t y , % 99.2 97.4 95.8 
Bromine No. of L i q . Product 90 
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20. H U A N G A N D H A A G Aromatic Gasoline Ό sing Ru/Zeolites 3 1 7 

Figure 2. Effect of Temperature on syngas conversion over 5% Ru(as Ru02)/ 
ZSM-5 (294°C, GHSV = 480, and HJCO = 2/1) 
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318 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

Table VI 
EFFECT OF SPACE VELOCITY ON SYNGAS CONVERSION OVER 5% Ru(AS Ru02> 
ZSM-5 AT 294°C, 75 atm, AND H 2 /CO = 2 /1 . 

GHSV 180 480 1428 

Conversion, wt% 
CO 91 90 93 
H , 98 98 98 

To ta l Product , wt% 
Hydrocarbon 37.0 37.4 34.9 
H , 0.2 0.2 0.2 
CO 7.6 8.8 5.8 
co2 9.2 3.8 0.9 
H 2 0 46.0 49.8 58.1 

Hydrocarbon Composition, wt% 

C l 34.4 26.1 13.4 

V 5.1 3.4 1.6 

C2= - - -
V 5.0 3.0 1.8 
C3= 0.1 0.2 0.1 

5.9 3.5 1.8 
n - C 4 4.1 3.6 2.6 

C 4 - - - 0.1 
i-c 5 4.6 4.1 3.0 
n - C 5 3.3 4.0 3.7 
C^ non-aromatics 23.7 40.8 58.7 
Aromatics 14.0 11.5 13.3 

C 5
+ i n Tota l H . C . , wt% 45.6 60.4 78.7 

+ 
Aromatics i n C^ , wt% 

30.7 19.1 16.9 
Hydrocarbon S e l e c t i v i t y , wt% 92.7 97.0 99.3 
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20. H U A N G A N D H A A G Aromatic Gasoline Using Ru/Zeolites 319 

Figure 3. Effect of space velocity on syngas conversion over 5% Ru(as Ru02)/ 
ZSM-5 (294°C, 75 aim, and H2CO = 2/1) 
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320 C A T A L Y T I C ACTIVATION O F C A R B O N MONOXIDE 

Table V I I 
EFFECT OF H 2/C0 RATIO ON SYNGAS CONVERSION OVER 5% Ru (AS Ru0 2>/ 
ZSM-5 AT 294°C, 27 atm, AND GHSV = 480. 

H2/CO, mole r a t i o 1/2 1/1 2/1 

C o n v e r s i o n , wt% 
CO 20 38 78 
H 2 74 85 92 

T o t a l P r o d u c t , wt% 
Hydrocarbon 10.9 19.5 35.2 
H 2 0.9 1.0 1.4 
CO 77.7 58.3 20.8 
co2 2.4 3.6 3.1 
H 20 8.3 17.6 39.5 

Hydrocarbon C o m p o s i t i o n , wt% 

C l 17.7 24.4 44.5 

V 3.3 2.6 5.0 

- - -
V 15.7 12.4 7.1 

1.5 - -
20.5 19.9 10.5 

n-C. 4 10.5 10.1 6.1 

V - - -
i-c 5 8.9 9.9 6.1 
n-C 5 2.8 1.4 2.3 
+ 

C^ non-aromatics 
1.2 3.5 7.8 

Aromati c s 18.1 15.8 10.6 

C + i n T o t a l H.C., wt% 30.9 30.6 26.8 
+ 

A r o m a t i c s i n C^ , wt% 
58.4 51.5 39.4 

Hydrocarbon S e l e c t i v i t y , % 92 93.5 86.3 

Octane No. (R+O) of 
L i q u i d Product 104 102 94 
B o i l i n g Range of C * °C 
90% Overhead 212 201 182 
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20. H U A N G A N D H A A G Aromatic Gasoline Using Ru/Zeolites 321 

Figure 4. Effect of H2/CO ratio on syngas conversion over 5% Ru(as Ru02)/ 
ZSM-5 (294°C, 27 atm, and GHSV = 480) 
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322 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

The y i e l d was r a t h e r i n s e n s i t i v e ^ t o the H^/CO r a t i o i n t h i s 
range. However, t h e ar o m a t i c s i n Cfi i n c r e a s e d s h a r p l y w i t h 
d e c r e a s i n g H2/CO r a t i o , r e a c h i n g 94% a t the H2/CO r a t i o o f 1/2; 
the a r o m a t i c s i n t o t a l hydrocarbon i n c r e a s e d from 11% a t 2/1 
r a t i o t o 18% a t 1/2 r a t i o . More i m p o r t a n t l y , Ĉ +C,̂  f o r m a t i o n 
decreased s h a r p l y w i t h d e c r e a s i n g H 2/C0 r a t i o . The b o i l i n g 
range o f was s h i f t e d toward h i g h e r b o i l i n g p o i n t as the 
H2/CO r a t i o was decreased, a l t h o u g h more a r o m a t i c s and l e s s 
methane were produced w^.th lower Hp/CO r a t i o . Furthermore, t he 
octane number of the C,. f r a c t i o n i n c r e a s e d w i t h d e c r e a s i n g 
H2/CO r a t i o as shown below i n agreement w i t h the h i g h e r a r o m a t i c s 
c o n t e n t . 

H2/CO R a t i o 1/2 1/1 2/1 

Octane No. (R+0) 104 102 94 

C o n c l u s i o n 
The i n c o r p o r a t i o n of a ZSM-5 c l a s s z e o l i t e i n t o a ruthenium 

F i s c h e r - T r o p s c h c a t a l y s t promotes a r o m a t i c s f o r m a t i o n and reduces 
t h e m o l e c u l a r weight o f the hydrocarbons produced. These 
composite c a t a l y s t s can produce a h i g h octane a r o m a t i c g a s o l i n e 
i n good y i e l d i n a s i n g l e s t e p d i r e c t l y from s y n t h e s i s gas. 

The study of the e f f e c t s of process parameters r e v e a l s t h a t 
(1) methane can be s u b s t a n t i a l l y reduced by h i g h e r p r e s s u r e , 
s h o r t e r c o n t a c t t i m e , lower temperature, and lower H^/CO r a t i o ; 
and (2) the a r o m a t i c s p r o d u c t i o n i s g r e a t l y f a v o r e d by lower 
H 2/C0 r a t i o a t moderate temperature. 

Abstract 

Ruthenium is known to be a good catalyst for producing high 
molecular weight paraffin wax from H 2 /CO at high pressure and low 
temperature, or making methane at low pressure and moderate 
temperature. However, the present study reveals that aromatic 
gasoline of high quality with good yield can be produced directly 
from synthesis gas under proper conditions in the presence of 
dual-functional ruthenium-containing ZSM-5 class zeolite catalysts. 
The nature of the product depends upon the dual-functionality of 
the catalyst system. The effects of method of catalyst prepara­
tion and ruthenium loading, as well as process variables such as 
temperature, pressure, space velocity and H 2 /CO ratio on the 
product distribution are discussed. 
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21 
Mechanistic Aspects of the Homogeneous Water 
Gas Shift Reaction 
W. A . R. S L E G E I R , R. S. S A P I E N Z A , and B. E A S T E R L I N G 

Catalysis Group, Department of Energy and Environment, Brookhaven National 
Laboratory, Upton, NY 11973 

The homogeneous water gas shift reaction (WGSR), 

has been the subject of a number of reports in the recent litera­
ture (1-19). The reaction is used to provide hydrogen for pro­
cesses such as ammonia synthesis, as well as to match synthesis 
feedgas ratios to consumption ratios in a number of downstream 
processes, such as hydroformylation (H2:00 = 1), methanol synthe­
sis (H2:CO = 2) and methanation (H2:CO = 3). Operating tempera­
ture plays a significant role in the effectiveness of a particu­
lar catalyst system, since the thermodynamically limiting conver­
sion decreases as temperature increases (Kp 400°K = 1550; 
Kp,700°K = 9.5 (20)). 

Currently heterogeneous catalysts are employed in industry 
for the WGSR, but these operate at high temperature (21). In 
this chapter, some homogeneous catalyst systems with high activity 
at modest temperatures will be described. Whether a homogeneous 
system will supplant currently used heterogeneous systems is de­
pendent on a number of engineering process considerations. How­
ever, interest in this reaction centers about its deceptive sim­
plicity, a better understanding of which should enhance the know­
ledge of catalytic reactions of carbon oxides. Furthermore, t h i s 
r e a c t i o n i s r e l a t e d t o a number of ot h e r c a t a l y t i c r e a c t i o n s w i t h 
p o t e n t i a l s y n f u e l s importance i n c l u d i n g the Reppe hydrohydroxy-
m e t h y l a t i o n r e a c t i o n (4,22), 

the K o l b e l - E n g e l h a r d t r e a c t i o n ( 2 3 ) , 

0097-6156/81/0152-0325$05.00/0 
© 1981 American Chemical Society 
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326 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

and o t h e r v a r i a t i o n s of the F i s c h e r - T r o p s c h r e a c t i o n , methanol 
s y n t h e s i s from CO and H 20 ( 1 ) , 

3C0 + 2H 20 *>CH3OH + 2C0 2 (4) 

as w e l l as r e d u c t i o n s of o r g a n i c s u b s t r a t e s u s i n g CO and H ?0 
(15,24), 

A r N 0 2 + 3C0 + H 20 » ArNH 2 + 3C0 2- (5) 

T h i s d i s c u s s i o n w i l l t r e a t two p a r t i c u l a r c a t a l y t i c systems 
a f f o r d i n g r a p i d r a t e s i n b a s i c media. The ruthenium c a r b o n y l -
t r i m e t h y l a m i n e system, e x c e e d i n g l y s e l e c t i v e f o r the WGSR, i s the 
most e f f e c t i v e known homogeneous system. C l u s t e r d i s s o c i a t i o n 
and f o r m a t i o n c o m p l i c a t e t h i s system, but evidence s t r o n g l y i n d i ­
c a t e s an a s s o c i a t i v e - t y p e r e a c t i o n mechanism. On the o t h e r hand, 
the Group VI m e t a l c a r b o n y l s e x h i b i t a r a t h e r s t r a i g h t f o r w a r d 
d i s s o c i a t i v e - t y p e mechanism. The a p p l i c a t i o n of t h i s u n derstand­
i n g may be h e l p f u l i n s e l e c t i n g c a t a l y t i c systems f o r CO/H20 
r e a c t i o n s . 

The Ruthenium Carbonyl System 

The r e a c t i o n s w i t h ruthenium c a r b o n y l c a t a l y s t s were c a r r i e d 
out i n p r e s s u r i z e d s t a i n l e s s s t e e l r e a c t o r s ; g l a s s l i n e r s had 
l i t t l e e f f e c t on the a c t i v i t y . When t r i m e t h y l a m i n e i s used as 
base, R u 3 ( C O ) 1 2 , H ^ R u ^ C O ) ^ and H2Ru4(CO)i3 l e a d t o n e a r l y i d e n ­
t i c a l a c t i v i t i e s i f the r a t e i s n o r m a l i z e d t o the s o l u t i o n con­
c e n t r a t i o n of ruthenium. These r e s u l t s suggest t h a t the same 
a c t i v e s p e c i e s i s formed under o p e r a t i n g c o n d i t i o n s from each of 
t h e s e c a t a l y s t p r e c u r s o r s . The ambient p r e s s u r e i n f r a r e d spec­
trum of a t y p i c a l c a t a l y s t s o l u t i o n (prepared from Ru3(CO)i2> 
t r i m e t h y l a m i n e , water, and t e t r a h y d r o f u r a n and sampled from the 
r e a c t o r ) i s r e l a t i v e l y s i m p l e ( v c _ Q : 2080(w), 2 0 2 0 ( s ) , 1 9 9 7 ( s ) , 
1965(sh) and 1958(m) cm~l). However, the spectrum depends on the 
c o n c e n t r a t i o n of ruthenium i n s o l u t i o n . The use of Na2C03 as 
base l e a d s t o comparable s p e c t r a . 

A l t h o u g h t h i s spectrum does not correspond to any p a r t i c u l a r 
ruthenium c a r b o n y l complex, i t i s c o n s i s t e n t w i t h the presence of 
one or more a n i o n i c ruthenium c a r b o n y l complexes, perhaps a l o n g 
w i t h n e u t r a l s p e c i e s . Work i s i n p r o g r e s s w i t h a v a r i a b l e p a t h -
l e n g t h , h i g h p r e s s u r e i n f r a r e d c e l l designed by P r o f . A. K i n g , to 
p r o v i d e b e t t e r c h a r a c t e r i z a t i o n of s p e c i e s a c t u a l l y p r e s e n t under 
r e a c t i o n c o n d i t i o n s . 

A f t e r r e a c t i o n , e v a p o r a t i o n of the s o l v e n t from the 
R u 3 ( C O ) 1 2 / N M e 3 s o l u t i o n , f o l l o w e d by p r o t o n a t i o n w i t h H3PO4 y i e l d s 
p r i n c i p a l l y E^Ru^iCO)^* w i t h some R u 3 ( C O ) 1 2 and H ^ u ^ i C O ) ^ . 
I s o l a t i o n of the a c t i v e a n i o n i c s p e c i e s has not been s u c c e s s f u l . 
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21. SLEGEIR ET AL. Homogeneous Water Gas Shift 327 

A l l e v idence i s c o n s i s t e n t w i t h the r e a c t i o n b e i n g homoge­
neous. Upon c o o l i n g o f the r e a c t i o n to 0°C, the o r i g i n a l l y homo­
geneous s o l u t i o n n o r m a l l y c o n s i s t s o f two phases. The phase 
s e p a r a t i o n r e s u l t s from the f o r m a t i o n of i o n i c s p e c i e s (formates 
and carbonates) d u r i n g the course of the r e a c t i o n which " s a l t -
out" the o r g a n i c phase. The lower (aqueous) phase i s c l e a r and 
c o l o r l e s s . The upper ( o r g a n i c ) phase i s p a l e y e l l o w to p i n k i s h 
r e d , depending on ruthenium c o n c e n t r a t i o n . V i s u a l i n s p e c t i o n and 
i n f r a r e d s p e c t r a i n d i c a t e t h a t the ruthenium c a r b o n y l s p e c i e s a r e 
pr e s e n t i n the upper phase. N e i t h e r phase i s t u r b i d . F i l t r a t i o n 
l e a v e s no o b s e r v a b l e r e s i d u e and the f i l t r a t e a f f o r d s WGSR r a t e s 
comparable to those of f r e s h s o l u t i o n s . N e i t h e r phase i s p a r a ­
magnetic, and n e i t h e r c o n t a i n s a p p r e c i a b l e suspended m a t e r i a l as 
evidenced by sharp NMR s i g n a l s . 

The RU3(CO)ΐ2/ΝΜθ3 c a t a l y s t system i s v e r y s p e c i f i c f o r the 
WGSR. Al t h o u g h heterogeneous ruthenium i s a ve r y e f f e c t i v e 
c a t a l y s t f o r methanation ( 2 0 ) , no methane or h i g h e r hydrocarbons 
c o u l d be d e t e c t e d . Homogeneous ruthenium has been shown t o c a t a ­
l y z e methanol s y n t h e s i s a t v e r y h i g h temperatures and p r e s s u r e s 
(25), but o n l y t r a c e s of methanol a r e d e t e c t e d under WGSR c o n d i ­
t i o n s . S m a l l amounts of the formate i o n are formed, but t h i s 
seems u n a v o i d a b l e i n r e a c t i o n s i n v o l v i n g base and CO, 

CO + OH •H C 0 2 " . (6) 
The r o l e of formate i n the WGSR w i l l be d i s c u s s e d below. Gener­
a l l y more H 2 than CO2 i s observed a t the end of the r e a c t i o n . 
Experiments (26) suggest t h a t t h i s i s due t o the s o l u b i l i t y of 
CO2 i n the s o l v e n t system. 

E f f e c t of C o n c e n t r a t i o n and CO P r e s s u r e s on the Ruthenium 
Carbonyl-Trimethylamine WGSR System. As shown i n F i g u r e 1, the 
RU3(CO) 1 2/ N M e3 WGSR system demonstrates a n e a r l y f i r s t - o r d e r r a t e 
dependence on CO p r e s s u r e a t 0.5 mM Ru3(CO)^2 c o n c e n t r a t i o n . 
(Throughout t h i s d i s c u s s i o n , the t o t a l ruthenium c a r b o n y l concen­
t r a t i o n i s expressed as moles Ru3(CO)i2 added per l i t e r of s o l u ­
t i o n ; t h i s should not be co n s t r u e d to be the a c t u a l s o l u t i o n con­
c e n t r a t i o n of the t r i m e r under o p e r a t i n g c o n d i t i o n s . ) Here the 
i n i t i a l r a t e s of H 2 p r o d u c t i o n a r e 14.6 mmol ^ / h r a t 415 p s i CO 
and 46.0 mmol ^ / h r a t 1200 p s i . Thus, w i t h i n e x p e r i m e n t a l un­
c e r t a i n t y , a t h r e e f o l d i n c r e a s e i n CO p r e s s u r e l e a d s t o a t h r e e ­
f o l d i n c r e a s e i n r a t e . 

Ford and co-workers (_7) have r e p o r t e d a f i r s t - o r d e r r a t e 
dependence on CO p r e s s u r e i n the Ru^(CO)-j^/KOH system and as­
c r i b e d t h i s e f f e c t t o CO p a r t i c i p a t i o n i n a r a t e - l i m i t i n g e l i m i ­
n a t i o n of hydrogen from a c l u s t e r s p e c i e s . T h i s e x p l a n a t i o n does 
not f i t our o b s e r v a t i o n s , because i f l o s s o f H2 were r a t e - l i m i t ­
i n g , the use of KOH and NMe3 as bases would be expected t o l e a d 
to comparable r a t e s f o r the WGSR. A comparison o f a c t i v i t i e s 
( L a i n e ( 9 ) : 2.3 mol H 2 per mol R u 3 ( C O ) 1 2 per h r u s i n g KOH/MeOH 
a t 10 mM R u 3 ( C O ) l 2 , 800 p s i CO, 135°; S l e g e i r ( 2 6 ) : 
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328 CATALYTIC ACTIVATION OF CARBON MONOXIDE 

5000 mol H 2 p e ^ m o l R u 3 ( C O ) 1 2 per hr u s i n g NMe^/THF at 0.02 mM, 
765 p s i CO, 125 ) shows t h a t the a c t i v i t y i s g r e a t e r by more than 
t h r e e o r d e r s of magnitude when t r i m e t h y l a m i n e i s used as base. 
We b e l i e v e t h e r e i s a b e t t e r e x p l a n a t i o n f o r t h i s a c t i v i t y depen­
dence on CO p r e s s u r e i n the Ru 3(CO)^ 2/NMe 3 system. 

TABLE I 

Rate Dependence on CO P r e s s u r e a t 0.10 mM R u 3 ( C O ) 1 2 

pco' p s i mmol H 2 % c o n v e r s i o n t R 2 

350 86 43 8600 
690 90 24 9000 
760 82 18 8200 

C o n d i t i o n s : 0.010 mmol R u 3 ( C 0 ) 1 2 , 
100 mL w i t h THF, 100°, 10 h r , 0. 
mol H 2/mol R u 3 ( C O ) 1 2 -

20 g 25% aq. 
31 L r e a c t o r , 

NMe~, d i l u t e d t o 
ϋΗο 

~3' 

As shown i n Table I , a t 0.1 mM Ru 3(C0) 2 c o n c e n t r a t i o n , CO 
pr e s s u r e has l i t t l e i f any e f f e c t on a c t i v i t y . On the o t h e r hand, 
a t f i x e d p r e s s u r e , the c o n c e n t r a t i o n of ruthenium c a r b o n y l has a 
dr a m a t i c e f f e c t on a c t i v i t y (see F i g u r e 2 ) . At 0.1 mM Ru 3(CO> 1 2, 
ruthenium c a r b o n y l i s v e r y a c t i v e f o r the WGSR, s m a l l decreases 
i n c a t a l y s t c o n c e n t r a t i o n l e a d t o s u b s t a n t i a l i n c r e a s e s i n a c t i v ­
i t y , and no a c t i v i t y dependence on CO p r e s s u r e i s observed. At 
c o n c e n t r a t i o n s of 0.5 mM or more, l e s s a c t i v i t y i s observed, 
changes i n c o n c e n t r a t i o n cause s m a l l e r e f f e c t s i n a c t i v i t y and 
r a t e dependence on p r e s s u r e i s m a n i f e s t e d . D i f f u s i o n e f f e c t s 
have been shown to be unimportant ( 2 6 ) . 

I t i s proposed t h a t the r a t e dependence on c o n c e n t r a t i o n and 
p r e s s u r e i n v o l v e s c l u s t e r d i s s o c i a t i o n and t h a t the monomeric 
s p e c i e s , Ru(CO)^, i s r e s p o n s i b l e f o r the h i g h a c t i v i t y of t h i s 
system. D i s s o c i a t i o n i s w e l l known f o r ruthenium c a r b o n y l 
c l u s t e r s (25,27-31). P i a c e n t i and co-workers (31) have demon­
s t r a t e d t h a t at temperatures above 80° and CO p r e s s u r e s g r e a t e r 
than 150 p s i , monomeric ruthenium c a r b o n y l i s observed i n s i g ­
n i f i c a n t q u a n t i t i e s due t o the e q u i l i b r i u m , 

R u 3 ( C O ) 1 2 + 3C0 -3Ru(C0), (7) 

Thus, i n c r e a s e s i n CO p r e s s u r e f a v o r c l u s t e r d i s s o c i a t i o n and the 
f o r m a t i o n of l a r g e r q u a n t i t i e s of 2. High d i l u t i o n should a l s o 
f a v o r the f o r m a t i o n of r e s u l t i n g i n g r e a t e r Ru(CO),. to c l u s t e r 
r a t i o s and g r e a t e r WGSR a c t i v i t y . 

Assuming the WGSR has a f i r s t - o r d e r dependence on Ru(CO)^ 
c o n c e n t r a t i o n and t h a t o n l y t r i m e r i c and monomeric s p e c i e s are 
p r e s e n t , i t can be shown t h a t r a t e « P C Q ( 2 6 ) , i n accord w i t h 
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21. S L E G E I R E T A L . Homogeneous Water Gas Shift 329 

300 H 

TIME, HR 

Figure 1. Rate of H2 production as a function of CO pressure at 0.50mM added 
Rus(CO)12 concentration; 0.0507 mmol Rus(CO)i2, 5 g NMe,, 15 g Η,Ο, solution 

diluted to 100 mL with THF, 100°C; (Φ) 1200 psi CO, (W 415 psi CO 

H 1 1 r- Γ-
0 0.5 1.0 1.5 20 

[Ru3(CO)|2], MM 

Figure 2. H2 production as a function of added Rus(CO)n concentration; 5 g 
NMes, 15 g H20, solution diluted to 100 mL with THF, 415 psi CO, 100°C, 5 h. 
The abscissa reflects the Ru carbonyl concentration based on initial catalyst load­

ings; clearly it does not reflect true [Ru3(CO)î2]. 
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330 C A T A L Y T I C ACTIVATION OF CARBON MONOXIDE 

experiments a t 0.5 mM R u ^ C O ) ] ^ ' However, i f t e t r a m e r i c s p e c i e s 
are i n e q u i l i b r i u m w i t h 2^ then r a t e Œ p

r n^*^- T n e i s o l a t i o n o f 
H ^ R u ^ C O ) ^ from a c i d i f i e d r e a c t i o n m i x t u r e s supports the e x i s ­
tence of t e t r a m e r i c s p e c i e s a t h i g h e r ruthenium c o n c e n t r a t i o n s . 
Experiments a t 2.07 mM Ru3(CO)^2 c o n c e n t r a t i o n i n d i c a t e t h a t r a t e 
« PÇQ * , s u g g e s t i n g t h a t c l u s t e r s l a r g e r than the t r i m e r may 
e x i s t . 

E f f e c t of S o l v e n t and Base on the Ruthenium C a r b o n y l / T r i -
methylamine System. S o l v e n t p l a y s an important r o l e i n the r a t e 
of hydrogen p r o d u c t i o n . The i d e a l s o l v e n t s a r e t e t r a h y d r o f u r a n , 
diglyme, and dimethoxyethane. A l c o h o l s are o n l y s l i g h t l y l e s s 
e f f e c t i v e . A p p a r e n t l y the s o l v e n t must be m i s c i b l e w i t h water, 
promote i o n f o r m a t i o n , and be capable of weakly c o o r d i n a t i n g w i t h 
the c o o r d i n a t e l y u n s a t u r a t e d s p e c i e s formed i n the course of the 
r e a c t i o n . 

S m a l l amounts of hydrocarbons added to the normal t e t r a ­
h y d r o f u r a n or diglyme s o l v e n t system r e s u l t i n improved WGSR 
a c t i v i t y , but l a r g e r q u a n t i t i e s i n h i b i t the r e a c t i o n (Table I I ) . 
When 1-butene or 1-hexene i s used, h y d r o f o r m y l a t i o n competes w i t h 
the WGSR ( 4 ) , but the r a t e of t h i s p r o c e s s i s s m a l l compared w i t h 
the r a t e of H 2 p r o d u c t i o n . With pentane, no o l e f i n or aldehyde 
p r o d u c t s c o u l d be de t e c t e d . C a l d e r a z z o (29) has r e p o r t e d t h a t 
Ru(CO)^ i s the p r i n c i p a l product when the a c e t y l a c e t o n a t e o f 
ruthenium i s t r e a t e d w i t h s y n t h e s i s gas i n heptane, 

R u ( a c a c ) Q + CO + H 0
 h e p t a n e » Ru(CO) ς, (8) 3 2 i80o 5 

(200 atm) 51% 

Table I I 
E f f e c t of Hydrocarbon A d d i t i o n s on WGSR A c t i v i t y 

0.10 mM[Ru 3(C0) 1 2] 0.50 mM[Ru 3(C0) 1 2] 
Hydrocarbon (g) t ^ Hydrocarbon (g) t j i 2 

none 9300 
1-butene (5.2) 11700 
pentane (10) 10700 
pentane (18) 7300 

none 4900 
1-butene (5.2) 5280 
1-hexene (7.7) 6800 
pentane (13) 6440 
1-butene (15.5) 5080 
pentane (65) <25 

C o n d i t i o n s : s o l u t i o n prepared from 20 g 25% aq. NMe 3, hydro­
carbon and s u f f i c i e n t THF or diglyme t o b r i n g s o l u t i o n volume 
to 100 mL, 100°, 10 h r ; experiments employing 0.10 mmol Ru 3(CO) L2 
charged w i t h 700 p s i CO and those a t 0.050 mmol charged w i t h 
750 p s i . The experiment w i t h 65 g pentane had no eth e r s o l v e n t 
p r e s e n t . 
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21. S L E G E i R E T AL. Homogeneous Water Gas Shift 331 

w h i l e James (32) has shown t h a t the t r i m e r i s the p r i n c i p a l p r o ­
duct when e s s e n t i a l l y the same r e a c t i o n i s c a r r i e d out i n 
methanol, 

R u ( a c a c ) 3 + CO + H 2 1 4 Q ! I 6 Q O ^ R U

3 ( C Q > 1 2 ' ( 9 ) 

(300 atm) 76% 

I t i s thought t h a t s m a l l a d d i t i o n s of hydrocarbon s o l v e n t s tend 
t o enhance the f o r m a t i o n of Ru(CO)^, whereas l a r g e r c o n c e n t r a t i o n s 
s e r i o u s l y decrease the d i e l e c t r i c c o n s t a n t of the s o l v e n t so t h a t 
the f o r m a t i o n of i o n i c s p e c i e s i n s o l u t i o n i s suppressed. 

The base has a v e r y important e f f e c t on the e f f i c i e n c y of 
ruthenium c a r b o n y l f o r the WGSR (see Table I I I ) . Amines were 
found t o p r o v i d e much b e t t e r a c t i v i t y than B r o n s t e d bases, and 
tr i m e t h y l a m i n e appears t o be the base of c h o i c e , a f f o r d i n g r a t e s 
more than two o r d e r s o f magnitude g r e a t e r than those of Bronsted 
bases. 

Table I I I 

E f f e c t of Base on the Ruthenium C a r b o n y l - C a t a l y z e d 
Water Gas S h i f t R e a c t i o n 

Base Amt Base,g Amt H 20,g ϋΗ2 
NMe 3 5 15 5740 
N E t 3 5 15 860 
NBu 3 5 15 540 
N-Me P y r r o l i d i n e 5 15 ^2400 
NHMe2 

5 15 2200 
P y r i d i n e 4 16 ^ 300 
NH 3 6 15 420 
N a 2 C 0 3 3 20 < 50 
L i 2 C 0 3 2 20 < 50 
Me4N0H 0.2 20 < 50 
BU4NOH 0.03 20 < 50 
None 0.0 20 < 50 

C o n d i t i o n s : 0.05 mmol R u 3 ( C O ) 1 2 , 92 mmol 1-butene, base and 
water d i l u t e d t o 100 mL w i t h diglyme, 750 p s i CO, 100°, 10 h r , 
0.31 L r e a c t o r . 

The n u c l e o p h i l i c r e a c t i o n of hy d r o x i d e w i t h c a r b o n y l l i g a n d s 
of t r a n s i t i o n m e t a l complexes, 

M=C=0 + OH" •M-C^' 0 ~ C°2»ÏÏ-H (10) 
X 0 H 
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332 C A T A L Y T I C ACTIVATION OF CARBON MONOXIDE 

i s a well-known r e a c t i o n ( 3 3 ) , f r e q u e n t l y employed i n the p r e p a r a ­
t i o n o f m e t a l h y d r i d e complexes (34). However, Bronsted bases 
are i n v o l v e d i n a number of r e a c t i o n s which lower the n u c l e o p h i l e 
c o n c e n t r a t i o n : 

CO + OH" » HC0 2" (6) 

C0 2 + 0H~ *-HC0 3~ (11) 

HC0 3~ + OH" ^ C 0 3
2 ~ + H 20 (12) 

Because of these s i d e r e a c t i o n s , we have not been a b l e t o main­
t a i n the apparent pH above 10.0 f o r any s i g n i f i c a n t p e r i o d of 
time; t h e r e f o r e the maximum s u s t a i n a b l e h y d r o x i d e n u c l e o p h i l e 
c o n c e n t r a t i o n i n an experiment of s e v e r a l hours i s about 
1.0 χ 10~ 4 M. 

Amines h y d r o l y z e , 

NR 3 + H 2 O ^ Z ? H N R 3
+ + 0H~, (13) 

to p r o v i d e h y d r o x i d e c o n c e n t r a t i o n s comparable t o those of weaker 
Bronsted bases (0.5 M NMe 3 i s pH 12.2; 0.5 M N a 2 C 0 3 i s pH 12.1; 
a t room temperature i n w a t e r ) . Thus amines may p a r t i c i p a t e i n 
the WGSR v i a h y d r o x i d e a t t a c k on c a r b o n y l l i g a n d s , as i s e v i d e n t 
i n the rhodium c a r b o n y l system (26). However, d i r e c t amine a t t a c k 
on c a r b o n y l l i g a n d s i s known. E d g e l l (35,36) has r e p o r t e d t h a t 
p r i m a r y and secondary amines r e a c t w i t h i r o n p e n t a c a r b o n y l to 
form z w i t t e r i o n i c m e t a l l o c a r b o x a m i d e s , which i n the presence 
of t r a c e s of water are r a p i d l y h y d r o l y z e d (presumably by n u c l e o -
p h i l i c a t t a c k by water on the a c t i v a t e d c a r b o n y l carbon) t o the 
h y d r i d e a n i o n : 

+ J - H O 
F e ( C 0 ) 5 + R 2 N H ^ = ^ R 2 N - C - F e ( C O ) 4 =-#>HFe(C0) 4 (14) 

Nesmeyanov has p r o v i d e d i n t e r e s t i n g examples of apparent i n t r a ­
m o l e c u l a r n u c l e o p h i l i c a t t a c k by amine on c a r b o n y l l i g a n d s (37). 
A n g e l i c i (38,39) has demonstrated t h a t amine a t t a c k on c a t i o n i c 
m e t a l c a r b o n y l complexes i s a g e n e r a l r e a c t i o n r e s u l t i n g i n the 
f o r m a t i o n of carbamoyl complexes: 

MC0 + + NHK . ^ ^ M-l-NHK ~ & - » > Μ -ft - N R 2 (15) 

Ammonia, prim a r y and secondary amines a r e known t o undergo 
s i d e r e a c t i o n s under WGSR c o n d i t i o n s : 
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21. SLEGEIR E T A L . Homogeneous Water Gas Shift 333 

CO + HNR 2 (16) 

C0 2 + HNR 2 • HOCONR2 (17) 

C0 2 + 2HNR2 • R 2NCONR 2 (18) 

These r e a c t i o n s s e r v e to d e p l e t e the a v a i l a b l e n u c l e o p h i l e con­
c e n t r a t i o n . Furthermore, the f o r m a t i o n o f a r e l a t i v e l y s t a b l e 
carbamoyl complex may serv e t o lower b o t h the m e t a l c a r b o n y l and 
the n u c l e o p h i l e c o n c e n t r a t i o n s . 

A n g e l i c i and B r i n k (40) have found t h a t i n the r e a c t i o n s of 
amine w i t h trans-M(CO),(PPhMep) 2

+ (Μ = Mn o r Re ) , the r a t e of 
carbamoyl f o r m a t i o n f o l l o w s the o r d e r , n-butylamine > c y c l o h e x y l -
amine j> i s o p r o p y l a m i n e > sec - b u t y l a m i n e >> t e r t - b u t y l a m i n e , 
i m p l y i n g a s t r o n g s t e r i c e f f e c t i n carbamoyl f o r m a t i o n . A s i m i l a r 
o r d e r has been observed i n the r a t e o f r e a c t i o n o f o r g a n i c e s t e r s 
w i t h amines t o form amides (41). The d a t a i n Table I I I i n d i c a t e 
t h a t a s t e r i c e f f e c t may be o p e r a t i v e i n the Ru ^ ( C O ) 1 2 / N R 3 - c a t a ­
l y z e d WGSR, s i n c e w i t h t e r t i a r y amines the r a t e f o l l o w s the o r d e r , 
NMe~ > MeNC.H > N E t 0 > NBu 0, which does not r e f l e c t the b a s i c i t y 

r λ 4 Ο ό J 
of these amines. 

A n g e l i c i (38) has c o r r e l a t e d the r e a c t i v i t y o f m e t a l c a r b o n y l 
complexes toward amines w i t h C-0 s t r e t c h i n g f o r c e c o n s t a n t s . 
A p p l i c a t i o n of h i s e m p i r i c a l r u l e t o the WGSR i n d i c a t e s t h a t on 
e l e c t r o n i c grounds, Ru(C0)5 and R L ^ C O ) ] ^ s h o u l d be comparably 
s u b j e c t to c a r b o n y l n u c l e o p h i l i c a t t a c k . In l i g h t of the s t e r i c 
e f f e c t observed i n n u c l e o p h i l i c a t t a c k by amines, mononuclear 
s p e c i e s a r e thought to be more e f f e c t i v e than c l u s t e r s p e c i e s i n 
the ruthenium carbonyl-amine c a t a l y z e d WGSR. When the n u c l e o ­
p h i l e i s the much more s t e r i c a l l y compact h y d r o x i d e group, t h e r e 
may be l i t t l e s t e r i c b i a s i n the base a t t a c k s t e p . 

The use of amines a l l o w s much h i g h e r n u c l e o p h i l e c o n c e n t r a ­
t i o n s than those a c h i e v a b l e w i t h Bronsted bases. We have used 
s o l u t i o n s as co n c e n t r a t e d as 6 Μ ΜββΝ. T h i s v a s t d i f f e r e n c e i n 
a v a i l a b l e n u c l e o p h i l e c o n c e n t r a t i o n p a r t i a l l y e x p l a i n s the huge 
i n c r e a s e i n r a t e a f f o r d e d by NMe 3 over the r a t e w i t h Bronsted 
bases. Very l a r g e c o n c e n t r a t i o n s o f h y d r o x i d e may promote the 
base a t t a c k s t e p but can decrease the r a t e of the WGSR due to 
i n h i b i t i o n of the p r o t o n a t i o n of the m e t a l h y d r i d e s p e c i e s . 

A d d i t i o n a l Comments Regarding the Ruthenium C a r b o n y l - T r i -
methylamine WGSR System. A p o t e n t i a l m e c h a n i s t i c pathway f o r a 
WGSR system i n v o l v e s the p r o d u c t i o n of formate, f o l l o w e d by i t s 
c a t a l y t i c d e c omposition: 

CO + OH HCO, 2 9 (6) 
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334 C A T A L Y T I C ACTIVATION OF CARBON MONOXIDE 

HC0 2 + H 20 **H 2 + C0 2 + OH . (19) 

Ruthenium c a r b o n y l decomposes the formate i o n i n b a s i c media, but 
at a r a t e s l ower than the r a t e of the WGSR. At 100° and 
0.10 mM R u 3 ( C O ) i 2 , under 3 atm N 2, the r a t e o f de c o m p o s i t i o n of 
t r i m e t h y l ammonium formate to H 2 and C0 2 i s 0.6 mmol/hr. Under 
5 atm CO the r a t e i s s l o w e r (<0.1 mmol/hr), but the o v e r a l l r a t e 
of H 2 p r o d u c t i o n i s >0.4 mmol/hr. At t h i s low CO p r e s s u r e , the 
r a t e of H 2 p r o d u c t i o n d i r e c t l y from CO and H 20 i s more than t h r e e 
times t h a t from formate d e c o m p o s i t i o n . Furthermore, s i n c e i n ­
c r e a s e s i n CO p r e s s u r e r e s u l t i n improved H 2 p r o d u c t i o n r a t e s 
(10 mmol/hr a t 50 atm CO), w h i l e a p p a r e n t l y i n h i b i t i n g the r a t e 
of formate d e c o m p o s i t i o n , i t may be concluded t h a t formate decom­
p o s i t i o n has l i t t l e m e c h a n i s t i c s i g n i f i c a n c e i n the WGSR a c t i v i t y 
of Ru 3(CO) 1 2/NMe 3. 

On the b a s i s of t h i s d i s c u s s i o n , we propose t h a t the 
R u 3 ( C O ) i 2 / N M e 3 - c a t a l y z e d WGSR f o l l o w s the mechanism shown i n 
F i g u r e 3. A s i m i l a r mechanism, i n v o l v i n g n u c l e o p h i l i c a t t a c k by 
hy d r o x i d e i n s t e a d of amine, has been proposed by P e t t i t and co­
workers (4) f o r the Fe(C0)5/base system. 

The d i h y d r i d e o n c e formed s h o u l d e l i m i n a t e H 2 r e a d i l y ; i t 
decomposes r a p i d l y a t 0° (42) o r above 20° under 300 atm H 2 (27). 
T h i s s h o u l d be c o n t r a s t e d w i t h the s t a b i l i t y and, presumably, t he 
c a t a l y t i c a c t i v i t y of the c l u s t e r h y d r i d e , H ^ R u ^ C O ) j 2 . Kaesz 
(43) has i n d i c a t e d the c l u s t e r s p e c i e s 1^and ar e i n 

R u 3 ( C O ) 1 2 ^ z = ^ H 4 R u 4 ( C O ) 1 2 (20) 

e q u i l i b r i u m and may be i n t e r c o n v e r t e d . C o n d i t i o n s as m i l d as 
1 atm H 2 a t 80° a l l o w the q u a n t i t a t i v e c o n v e r s i o n of ̂  t o ̂  ( 4 4 ) . 
Furthermore, H4Ru4(CO)^2 i s r e p o r t e d t o be s t a b l e under a 1:1 
m i x t u r e o f CO and H 2 at 100° (_45) . I f an impor t a n t step i n the 
ruthenium c a r b o n y l - c a t a l y z e d WGSR i n v o l v e d e l i m i n a t i o n of H 2 from 
Sj hydrogen p r e s s u r e s h o u l d tend t o i n h i b i t the WGSR; i f e l i m i n a ­
t i o n of H 2 o c c u r r e d w i t h the monomer^6, l i t t l e i n h i b i t i o n of the 
WGSR sh o u l d be observed. The e f f e c t o f hydrogen p r e s s u r e on the 
r a t e of H 2 p r o d u c t i o n was t e s t e d by c a r r y i n g out a WGSR a t 
0.10 mM R u 3 ( C O ) ^ 2 w i t h an i n i t i a l p r e s s u r e of 310 p s i H 2 

(C0:H 2 = 2 ) ; the r a t e of H 2 p r o d u c t i o n was i d e n t i c a l to t h a t i n 
the absence of added Η 2· 

By j u d i c i o u s adjustment o f c o n d i t i o n s , the r a t e o f the 
Ru 3(CO)^ 2/NMe3-catalyzed WGSR c o u l d be s i g n i f i c a n t l y improved. 
As mentioned e a r l i e r , those f a c t o r s which f a v o r f o r m a t i o n of 
Ru(CO)^ — decreases i n c o n c e n t r a t i o n and i n c r e a s e s i n CO p r e s ­
sure — f a v o r h i g h e r t u r n o v e r numbers i n the WGSR. In c r e a s e s i n 
amine c o n c e n t r a t i o n and i n temperature a l s o improve the r a t e s of 
H 2 p r o d u c t i o n . Thus, a t 155°, 0.0082 mM R u 3 ( C O ) 1 2 and 1080 p s i 
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21. S L E G E i R E T A L . Homogeneous Water Gas Shift 335 

i n i t i a l CO p r e s s u r e , the net hydrogen t u r n o v e r number i s 270,000 
over a 10 hr p e r i o d . T h i s corresponds t o a r a t e of 7.5 mol H2 per 
mol Ru 3(CO)^2 P e r sec, an improvement o f n e a r l y t h r e e o r d e r s of 
magnitude over the r a t e i n any ot h e r r e p o r t e d homogeneous system. 

The Group VI M e t a l C a r b o n y l System 
The Group VI m e t a l c a r b o n y l s demonstrate good a c t i v i t y i n the 

WGSR, but d i f f e r s i g n i f i c a n t l y from ruthenium c a r b o n y l i n s e v e r a l 
ways. Tables IV and V summarize some WGSR experiments w i t h c h r o ­
mium and tungsten c a r b o n y l s i n a t e t r a h y d r o f u r a n - w a t e r s o l v e n t 
system. 

TABLE IV 
C r ( C 0 ) A as WGSR C a t a l y s t i n THF/HO 

Base (mmol) g H 20 mmol H 2 t H 2 

K 2 ( C O ) 3 , (12) 
NMe 3, (85) 
None 

7.5 
15 
20 

9.5 
2.4 

<0.01 

0.95 
0.24 

<0.001 

C o n d i t i o n s : 10.0 mmol C r ( C 0 ) 6 , s o l u t i o n phase d i l u t e d to 100 mL 
w i t h t e t r a h y d r o f u r a n , 600 p s i CO charge a t room temperature, 
150° f o r 20 h r , 0.31 L r e a c t o r , t H ? = mol H 2/mol c a t . 

TABLE V 
W(C0), as WGSR C a t a l y s t i n THF/H.O 

Base (mmol) p s i CO, ̂  mmol H^ 

Na 2 C 0 3 (2.4) 800 6.0 4.2 
N a 2 C 0 3 (2.4) 110 8.0 5.4 
NMe 3 (114) 790 4.0 3.0 

C o n d i t i o n s : 1.45 mmol W(C0)^, 20 g H 20 d i l u t e d t o 100 mL w i t h 
t e t r a h y d r o f u r a n , 150° f o r 20 h r , 0.31 L r e a c t o r . 

With Cr(C0)£, base c l e a r l y promotes the WGSR. However, u n l i k e 
ruthenium c a r b o n y l , chromium and tungsten c a r b o n y l s demonstrate 
l e s s a c t i v i t y w i t h t r i m e t h y l a m i n e than w i t h carbonate as base. 

Darensbourg and Darensbourg (46) have a s s o c i a t e d the r e a c t i v ­
i t y of c a r b o n y l l i g a n d s toward n u c l e o p h i l e s w i t h C-0 s t r e t c h i n g 
f o r c e c o n s t a n t s . T h i s i s re a s o n a b l e s i n c e the h i g h e r the f o r c e 
c o n s t a n t , the g r e a t e r the p o s i t i v e charge on the c a r b o n y l carbon. 
The C-0 s t r e t c h i n g f o r c e c o n s t a n t s o f a v a r i e t y o f m e t a l c a r b o n y l 
complexes have been compiled (26). Those of the Group VI m e t a l 
c a r b o n y l s (16.4 t o 16.5 mdyn/fi, depending on i n v e s t i g a t o r ) do 
not d i f f e r s i g n i f i c a n t l y ( 4 7 ) . The f o r c e c o n s t a n t s o f the a x i a l 
c a r b o n y l s of R u ( C 0 ) 5 and R u 3 ( C O ) 1 2 (17.1 ( a x ) , 16.6 (eq) and 
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17.0 ( a x ) , 16.3 ( e q ) , r e s p e c t i v e l y ) are c o n s i d e r a b l y h i g h e r , i n ­
d i c a t i n g a g r e a t e r tendency f o r n u c l e o p h i l i c a t t a c k . 

K i n g and K i n g (11) r e p o r t e d c o n s i d e r a b l y h i g h e r WGSR a c t i v i t y 
f o r the Group VI m e t a l c a r b o n y l s i n methanol-water than we observe 
i n t e t r a h y d r o f u r a n - w a t e r . Table VI summarizes some experiments 
w i t h tungsten c a r b o n y l i n methanol-water, and shows r e s u l t s w i t h 
W(C0)^/K0H comparable w i t h those r e p o r t e d by the K i n g group. 
Methanol-water as s o l v e n t i s p r e f e r a b l e t o THF-water, a p p a r e n t l y 
because of the pronounced tendency of sodium formate s o l u t i o n s 
to " s a l t - o u t " t e t r a h y d r o f u r a n , and thus l e a d t o a two-phase r e a c ­
t i o n s o l u t i o n . 

T able V I 

W(C0), as WGSR C a t a l y s t i n MeOH/H?0 

Base (mmol) 
p c o ' p s i 

mmol H2 s 
KOH (24) 200 30 170 
Na0 2CH (48) 200 40 220 
K 2 C 0 3 (24) 130 44 250 
K 2 C 0 3 (24) 200 31 170 
K 2 C 0 3 (24) 800 18 95 

C o n d i t i o n s : 0.18 mmol W(C0) 6, 2.5 mL H 20 d i l u t e d t o 100 mL w i t h 
methanol, 20 h r , 0.31 L r e a c t o r . 

We found l i t t l e d i f f e r e n c e between the a c t i v i t i e s of t h i s 
c a t a l y s t w i t h K 2 C 0 3 and w i t h KOH. However, a pronounced depen­
dence on p r e s s u r e was seen: f o r a s i x - f o l d decrease i n CO p r e s ­
s u r e , the a c t i v i t y i n c r e a s e d by a f a c t o r o f 2.5. T h i s tendency 
i s i n marked c o n t r a s t t o the a c t i v i t y i n c r e a s e w i t h i n c r e a s i n g 
CO p r e s s u r e observed w i t h ruthenium c a r b o n y l . 

T h i s a c t i v i t y dependence on CO p r e s s u r e c o u l d be a t t r i b u t e d 
to a d i s s o c i a t i v e - t y p e mechanism, i . e . , one t h a t n e c e s s i t a t e s 
l o s s of a c a r b o n y l l i g a n d as a k i n e t i c a l l y l i m i t i n g s t e p : 

M ( C 0 ) 6 ^ Μ ( ω ) 5 + CO. (21) 

C o o r d i n a t e l y u n s a t u r a t e d s p e c i e s a r e h i g h l y r e a c t i v e (48) and a r e 
u s u a l l y p r e s e n t as s o l v a t e s i n the presence o f l i g a t i n g s o l v e n t 
m o l e c u l e s . 

The p o s s i b l e i n t e r m e d i a c y of the formate i o n (eqs. 6 and 18) 
i n the WGSR has been c o n s i d e r e d ( 2 ^ , 1 0 ) , but i t s involvement has 
not been c l e a r l y demonstrated. The Group VI m e t a l c a r b o n y l com­
p l e x e s are e f f e c t i v e i n the decomposition of f o r m i c a c i d (as 
sodium f o r m a t e ) , as shown i n Table V I I . Some h e t e r o g e n e i t y i s 
observed i n those r e a c t i o n s c a r r i e d out under n i t r o g e n p r e s s u r e , 
but i n no case was CO d e t e c t e d . The s i m i l a r i t y i n r a t e s f o r WGSR 
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CP θ 9 Θ 

Ru 3(C0)|2^=^ Ru(CO)5 . / * CC0)4Ru-C-NME3 
OR 2 Μ·'Ν 4 v 

OTHER C L U S T E R 

CLUSTER DISSOCIATION 

FAVORED BY DILUTION OR C0^\ |^CO 

INCREASES IN CO PRESSURE 

C O , , M « , N H 

CC0)4Ru-H 

5 

RuCC0)4
 : 

7 
^—CC0)4Ru-H2 

Figure 3. Proposed mechanism for the Rus(CO)n/NMe3-catalyzed homogeneous 
WGSR 
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Figure 4. Proposed mechanism for the group VI metal carbonyl-catalyzed homo­
geneous WGSR 
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338 C A T A L Y T I C A C T I V A T I O N O F C A R B O N M O N O X I D E 

and formate decomposition and the i n v e r s e r a t e dependence on CO 
p r e s s u r e have prompted us to propose the mechanism shown i n 
F i g u r e 4 f o r the Group VI m e t a l c a r b o n y l s . 

Table V I I 

The A c t i v i t y of the Group V I M e t a l Carbonyls 
i n Decomposition of Formic A c i d as Formate 

M e t a l C a r b o n y l p c o ' p s i mmol H£ mmol CO2 t H 2 

w(co) 6 200 40 13 220 
w(co) 6 0 43 3 240 
Mo(CO) 6 0 41 2.5 220 
C r ( C O ) 6 0 43 <0.5 240 

C o n d i t i o n s : 0.18 mmol m e t a l c a r b o n y l , 2.5 mL H 20, 97.5 mL MeOH, 
155°, 20 h r , 0.31 L r e a c t o r ; 0 p s i CO i m p l i e s 250 p s i N 2. 

To t e s t the v a l i d i t y o f t h i s mechanism, chromium c a r b o n y l 
(1.0 g) was p h o t o l y z e d under A r a t ambient temperature i n a s o l u ­
t i o n of methanol and hexamethylphosphoramide i n the apparatus 
shown i n F i g u r e 5. The lamp was turned o f f p e r i o d i c a l l y t o check 
f o r the disappearance o f s l i g h t l y s o l u b l e C r ( C 0 ) £ . S e v e r a l 
p h o t o l y z i n g c y c l e s were n e c e s s a r y t o e f f e c t n e a r l y complete con­
v e r s i o n to the s o l v e n t - s t a b i l i z e d c o o r d i n a t e l y u n s a t u r a t e d s p e c i e s 
( e q u i v a l e n t to 9^ i n F i g u r e 4 ) , 

Cr(CO) , h v » CO + (C0),Cr-S. (22) b s -> 

At t h i s p o i n t , o n l y CO and A r were p r e s e n t i n the gas phase. 
Most of the CO was swept from the system by p u r g i n g w i t h argon. 
A f t e r a l l o w i n g the system t o c o o l t o about 30°, a s o l u t i o n of 
[ E t ^ N ] + [ 0 2 C H ] ~ i n methanol-water was added. A f t e r about a minute, 
s m a l l streams of bubbles were v i g o r o u s l y evolved from the s o l u ­
t i o n . The gases were c o l l e c t e d and were found t o c o n t a i n p r i n ­
c i p a l l y A r and H 2 w i t h a s m a l l q u a n t i t y of CO2. 

C o n c l u s i o n s 

I t now appears t h a t a t l e a s t two mechanisms e x i s t f o r the 
base-promoted homogeneous water gas s h i f t r e a c t i o n , d i f f e r i n g 
i n the method of h y d r i d e f o r m a t i o n . The " a s s o c i a t i v e mechanism", 
f i r s t proposed by P e t t i t and co-workers (_1,4_), i n v o l v e s n u c l e o -
p h i l i c a t t a c k on a c a r b o n y l l i g a n d and i t has two v a r i a t i o n s . 
One i n v o l v e s h y d r o x i d e a t t a c k , l e a d i n g to the f o r m a t i o n of a 
m e t a l l o c a r b o x y l i c a c i d ( s p e c i e s 11 i n F i g u r e 6 ) , and i s e v i d e n t 
i n the Fe(CO)^/base-catalyzed system ( 1 ) . The o t h e r i n v o l v e s the 
f o r m a t i o n of a r e a d i l y h y d r o l y z a b l e , z w i t t e r i o n i c m e t a l l o c a r b o x a -
mide, 12, i n accord w i t h the work of E d g e l l (35,36) and i s e v i d e n t 
i n the Ru^(CO)-^/ΝΜββ system. 
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Ar in -* 
cooling water 
\ V 

septum 
for gas sampl 

ba11oon 
for gas 

c o l l e c t i 

thermometer 

septum 
for Ar needle 
and formate 
inj e c t ions 

1.0 g 
Cr(CO), in MeOH/ 

HMPA 

Quartz wel1 with 
1*50W Hg lamp and 
Vycor f i l t e r 

"beaker with 
cooling water 

Figure 5. Schematic of photolysis apparatus 

Figure 6. Associative and dissociative mechanisms for hydride formation 
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The group V I metals p r e f e r e n t i a l l y f o l l o w a " d i s s o c i a t i v e 
mechanism" i n which l o s s of CO precedes f o r m a t i o n of the c a t a -
l y t i c a l l y a c t i v e c o o r d i n a t e l y u n s a t u r a t e d s p e c i e s . The key i n ­
t e r m e d i a t e , the formato complex, 13, i s v e r y s i m i l a r to s u r f a c e 
formate i n t e r m e d i a t e s observed d u r i n g the course of the h e t e r o ­
geneous WGSR (^9,50) and thus the Group V I m e t a l c a r b o n y l WGSR 
may be one o f the best homogeneous models of heterogeneous r e a c ­
t i o n s . Furthermore, t h i s system f u r t h e r demonstrates the impor­
tance of oxygen-bound s p e c i e s i n c a t a l y t i c r e a c t i o n s o f carbon 
monoxide (51); i n t e r m e d i a t e 13 may be regarded as a f o r m y l com­
p l e x of a m e t a l o x i d e . The r o l e of bound formate i n the WGSR and 
ot h e r c a t a l y t i c r e a c t i o n s i s b e i n g f u r t h e r i n v e s t i g a t e d . 
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CH 3 FeCp(CO )o 272-273 
CH,OC(0)BuS methyl ester 219 
C H 3 S O , F 153, 154/ 

-induced disproportionation 160/ 
formyl 156 

(CH 3 ) 3 SiBr 156 
(CH 3 ) 3 SiCl 153,162 

induced formyl disproportionation .. 154/ 
[(CH 3 ) 3 Si] 2 0 153 
C 2 H r i FeCp(CO) 2 273 
h 5 -C r ,H 5 Fe(CO) 2 ] 2 119 
w 5 -C 5 H 5 Fe(CO)>0 2 CH, decomposition 

of 119 
( r C 5 H 5 )Mn(NO)(CO)(CHO) 148 
(^ -C 5 H 5 ) 2 NbH 3 with metal carbonyls, 

reactions of 253-262 
( C 5 H 5 ) 2 Re[(C 5 H 5 ) 2 ZrCH 3 ] 

(OCHCH 3 ) , structure of 35-49 
( r C 5 H 5 )Re(NO)(CO)(CHO) 148 
( r C 5 H 5 )Re(NO)(CO)(CH 2 OH), 

carbonyl substituted homolog .... 162 
( r C r > H5 )Re(NO)(CO)(CH 3 ) 148 
[( r C r > H 5 )Re(NO)(CO) 2 ] + BF 4 - 148 
( i r C 5 H 5 )Re(NO)(PPh 3 )(CHO) 151 

disproportionation 147-163 
[( r C 5 H 5 )Re(NO)(PPh 3 ) (CHOCH 3 ) ] + -

S0 3 F", methoxymethylidene 158 
[(^-C 5H 5)Re(NO)(PPh 3)(CHOH)] +-

C F 3 C 0 2 - 162 
(7 7-C r ,H 5)Re(NO)(PPh 3)(CH 2) +PF 6- 147-163 
[ ( r C 5 H,)Re(NO)(PPh 3 ) (H 2 C= 

C H 2 ) ] P F 6 - 156 
( r C 5 H 5 ) R e ( N O ) ( P P h 3 ) ( C H 2 C H 3 ) 156 
(Ty-CrA^ReiNOXPPhaXCH.OH) 162 
( r C 5 H 5 ) R e ( N O ) ( P P h 3 ) ( C H 3 ) 151 
[( r C 5 H 5 )Re(NO)(PPh 3 )(CO)] + salts . 153 
[(7 7-Cr,H 5)Re(NO)(PPh 3)(CO)]+BF 4- .. 148 
(C 5 H,) 2 ZrCH 3 (OCHCH 3 )Re(C 5 H 5 ) 2 , 

crystal data 38t 
(r; 4-C nHo)Fe(CO) 3 282-283 
(^-C 5 Me 5 )oZrH 2 301 
( C O ) 3 C o ( C H o O H ) 32 
(CO) 3 Co(OCH 3 ) 32 
C O / H . O / K O H catalyzed reduction 

of benzaldehyde 134 
(CO^MnCHoOCiC^Bu» 210 
(CO) r ,MnCOCH(OH)Ph 284 
(CO).,MnCOCH,OMe 284 
Co(CHO)(CO) 3 29/ 
Co(CO) 3(CHO) 28-29 
C o ( H ) ( C O ) 3 ( C H o O ) 31/ 
Co(H),(CO) 3(CHO) 30 
Co>(CO)8 174, 180 
Co, (CO) 8 -NaY system 195i 
Co 4 (CO) 1 2 174 
Cp(CO),Fe(CO[M(CO) n Cp]CH 2 -

OMe) + 300 
CpCo(CO), 167 
CpFe(CO)P(OMe) 3[CH 2C(OEt)-

O M E ] + 293 
CpFe(CO)PPh 3 295 
CpFe(CO)PPh 3(CH(OEt)CH 3) 285 
CpFe(CO)PPh 3 (CH 2 CHO) 295 
CpFe(CO)PPh 3 (CH 2 CH 2 OR) 285 
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INDEX 349 

CpFe(CO)PPh3(CH2CH3) 284-285 
CpFe(CO)PPh3(CH>C(OEt)(OR)+) 285 
CpFe(CO)PPH 3[C(ÔEt)CH 2OR]+ 292 
CpFe(CO)PPh3[C(OMe)CH2OEt] 292 
CpFe(CO)PPh3(H) 301,302 
CpFe(CO)PPh3(I) 284 
CpFetCO)/ 1 280 
|CpFe(CO)2|2 system 195/ 
CpFe(CO)2(CHMe)+ 303 
CpFe(CO)2CH2CH(OMe)(OEt) 296 
CpFe(CO)2CH2CH(OMe)2 ...293, 295-297 
CpFe(CO)2CH2CH2OEt 294 
CpFe(CO) 2CH 2CH 3 294, 301 
CpFe(CO)2CH2OEt 282 
CpFe(CO)2(CH2OH) 282 
CpFe(CO)2[CH2C(OEt)OMe]+ 293 
CpFe(CO)2(CH2OMe) 280 
CpFe(CO)2(CH2OR) 283 
CpFe(CO)2(COCH2OMe) 284,291 
CpFe(CO)2(COCH2OR) 283 
CpFe(CO) 2CH 2C0 2Me 291 
CpFe(CO)2CH3 282-283 
CpFe(CO)2C(OEt)CH2OMe+ 292 
CpFe(CO)2C(OH)CH2OMe+ 292 
CpFe(CO)2H 283, 301-302 
CpFe(CO)3

+ 283 
reduction of coordinated CO on 280-284 

CpFe(PH 2PCH 2CH 2PPH 2)H 301, 302 
CpMo(CO)3PPh3

+ 283 
CpRe(CO)2NO, NaBH 4 reduction ... 272 
CpRe(CO)2(NO)+ reaction with 

NaBH 4 266 
CpRe(CO)NO(CH2OH) 282 
CpRe(CO)(NO)CH3 266 
Cp2Fe2(CO)4 271,273 

reaction with LiAlH 4 267 
reaction with NaBH 4 270 
reduction 273 

of CO on 270 
(Cp)2(Me)ZrOCHCH3Re(Cp)2, 

fractional coordinates 40/ 
Cp 2NbCl 2 254 
Cp 2NbH 3 254, 258-259, 267 

reactions with metal carbonyls 255 
Cp2NbH(CO) 254-255, 259-260 

CO stretching frequency in 254 
Cp 2NbH 3-Cr(CO) 6 reaction, labelling 

studies on 257 
Cp2ReCH(Me)OZrMeCp2, ORTEP 

drawing 43/ 
space filling models 47/ 

Cp2Re[Cp2ZrMe](OCHMe) 36 
crystals 37 

Cp 2ReH 36 
Cp2WC(H)OZrHCp*2, structure 

parameters 47/ 
Cp,Zr[C(0)Me]Me 36 
[Cp 2ZrClAlEt 3] 2CH 2CH 2 36 
(Cp 2ZrCl) 2OCH 2 37 

/rfl/w-Cr(CO)4[PPha]2 115 
Cr(CO)5H- 110 
Cr(CO),PPh3 115 
Cr(CO)r,SR2 species 113 
Cr(CO)0 110, 113, 115, 126, 259 

formate ion reaction 118 
IR spectrum of 112/ 
/ K O H system 118 
production of 115 
as WGSR catalyst 335/ 

Cr 2 0 3 115 
Cadmium reduction of Co(II) ions .... 187 
Calcium hydride 135 
Cannizarro reaction, noncatalytic 135 
Carbamoyl complexes 332-333 
Carboalkoxymethyl compounds 291 
^-Carboalkoxymethyl complexes 280 
Carbocations 298 
Carbene 253 

bimetallic 48 
CO insertion into 276 
complex(es) 153,262 
-like resonance structures 3 
oligomerization 275 

Carbide formation 72 
Carbon 

dioxide 174, 190, 228, 231,235,308 
-base interactions 141 
expulsion 108 
formation 22, 24 
hydrogénation 189 

-metal sigma bond 53 
monoxide 

coordinated 275 
coupling 55 
dissociation 103 
dissociative 

adsorption 69 
chemisorption 266 
displacement 107 

fixation, homogeneous 279-303 
homologation 133 

of methanol, Co catalyzed 143 
hydrocondensation 198 
hydrogénation 20-25 

heterobimetallic 35-49 
hydro-oligomerization 187 
insertion 270,273,276 

acid promoted 3-10 
into Co-C bonds 25 
HX promoted 8/ 
mechanism 270, 275 
into metal alkyls 260 

ligands of Re(CO)6

+ 108 
migration 250 
multiple bonds, addition of 

M X 3 across 10-11 
oligomerization by organo-

actinide acyls 58-61 
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350 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

Carbon (continued) 
monoxide (continued) 

oxidation of 107 
oxycarbene character of inserted 62 
reduction 266 

product 269 
stretching frequency(ies) 

vs. bond order 4/ 
in Cp>HbH(CO) 254 
of Mn(CO) 5 (CH 3 ) 7 

tetramerization 61 
uptake rate under uniform 

conditions 8/ 
-oxygen bond scission 72 

Carbon-13 232 
Carbonate, neutralization of 95 
Carbonium ion(s) 235 

rearrangement 251 
Carbonyl(s) 

clusters 79 
compound, dihydrido 86 
ligands 151, 332 

selective conversion 279-303 
metal 2,79 

transition 96 
mononuclear 123-131 
Rh(O) 85 
-substituted homolog 162 

Carbonylation 57, 225 
of fc/s(pentamethylcyclopenta-

dienyl) 61 
Carboxylic acid(s) 214, 216, 218, 231 

homologation 227i 
Catalysis, proposed mechanism 100-103 
Catalyst(s) 

heterogeneous C O reduction 54 
precursor R h H L 3 89 
preparation, effect of 309 

Chain-length control in syngas 
conversion 187-200 

Chain propagation 270 
Chlorotrimethylsilylmethyl 62 
Chromium 123 

carbonyl 335 
pentacarbonyl monohydride species 110 

Cluster fragmentation, catalysis by .... 136 
Coal(s) 147,279 

gasification or liquifaction 95 
high sulfur 127 

Cobalt 206, 236, 308 
-based catalytic cycle 25-27 
-carbon bonds, C O insertions into . 25 
catalysts 198 
-catalyzed homologation 235 

benzyl alcohol 235 
clusters, polymer supported 176 
complexes 213 
crystallites 198 

Cobalt (continued) 
deuteride 175 
on kieselguhr 165 
particles, differential spectra of 

C O chemisorbed 209/ 
di-Cobalt octacarbonyl 187 
Cobalt(II) ions, Cd reduction of 187 
Cobaltocenes 182 
Column chromatography 151 
Crude oil 147 
Crystallites 176 
Crystallography 37-39 
Cyclohexane 167,246,249 

-aldehyde 246 
Cyclohexen-4-al 246 

decarbonylation 250 
system 249 

Cyclohexene 246 
Cyclopentadiene 176 

ligand 180 
polystyrene-bound 165 

Cyclopentadienyl(s) 96 
complexes, dimeric 45/ 
ligands 194 
metal carbonyls 258 

ftw(Cyclopentadienyl) systems 57 
775-Cyclopentadienyl Co, polymer 

supported 165-182 
^-Cyclopentadienylcarbonyl Co, 

polystyrene supported 165 
6/s(Cyclopentadienyldicarbonyliron) .. 188 

-zeolites adducts 194 
Cyclopentane 176 
2-Cyclopentanone 168 
Cyclopentene 176 

Decarboxylation 95, 168-172, 176 
of acyl 250 
of aldehydes 243-251 
cyclohexen-4-al 250 
facile 128 
of PhCH,CHO 246 
procedure 244 

Deoxygenation, alcohol 69 
Deoxygenation, ketene 69 
Deuterium 175, 232 

labelling studies 65 
α,β-Dialkoxyethyl complexes 294-295 
α,β-Dialkoxyethylidene complexes .... 295 
a,/?Dialkoxyethylidene compounds ... 293 
Dialkyl ethers, noncyclic 235 
Dialkylamidehydrocarbyls 56 
ira/i.v-Dicarbonyl 249 
Dicobalt octacarbonyl-NaY zeolite 

adducts 194-198 
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I N D E X 3 5 1 

Diglyme 330 
catalytic activity of R u carbonyl 

in 97 
Dihapto binding 36 
Dihaptoacyl(s), 

chemistry of carbene-like 53-74 
complexes 36, 63 
rearrangements of 55 

Dimeric carbonyls 258 
Dimerization 270 
Dimethoxyethane 330 
Dimethyl ether 156 
2,2-Dimethylbutyric acid 231 
2.2- Dimethylvaleric acid 231 
Dinitrogen 19 
2,4-Dinitrophenylhydrazone 296 
Diphenylcarbene 273 
Diphenylketene manganese complex .. 273 
1.3- Disubstitution pattern 180 
Dodecacarbonyl-tri-iron and tri-

ruthenium 188 

[Et 4N][HRu 3(CO)n], IR spectra 112/ 
Electron 

acceptor 15 
derealization 11 
density 16/ 

shift 11 
microscopy 198 

Electrophile-induced dispropor-
tionation 147-163 

Electrophilic attack of coordinated 
C O 2-3 

Electrophilicity, trend in 258 
Elimination, reductive 53 
Enediolates 71 
Enolate 61 
Enthalpies of binary oxides, formation 54 
ESR signals 247/ 
ESR spectra 246 
Esterification 228, 236 

of alcohols by acetic acid 219 
Esters 53,214,235,299 
Ethane 20, 174, 175, 228, 259, 262, 

265, 267, 268, 269/, 279 
formation 260 
hydrogénation of ethylene to 260 
selective reduction of C O to 253-262 

Ethanol reactions 282 
Etherification, acid catalyzed 143 
Ethers 214 
Ethoxyethanol 115 

solution, alkaline aqueous 95 
2-Ethoxyethanol 118 

solution, alkaline 110 
β-Ethoxyethyl iron complex 294 

Ethyl 
acetate 214,228,235,236,279,291 

formation 228 
chloroacetate 291 
iodide 235 
ligands 295 
propionate 228 
reductions 271 

Ethylene 253, 262, 265, 267, 
268, 269/, 275, 279 

chemisorption 206 
complex 273 

1 Ο λ 
gas 284 
glycol 20,22,27,216,279 

diacetate 214,217/ 
formation 23, 24 

syntheses 284 
hydrogénation 190 

to ethane 260 
polymerization 71 
production 269 
selective formation 275 

^-Ethylene complexes 280 
Ethylidene 273 

complex 270 
species 204 

Ethylurethane 282 
Ethylvinyl ether salt 294 

Fe(CO) 5 125-127,262 
catalyst systems derived from 129/ 

Fe(CO) 4 CO,H- 128 
Fe 3 (CO) 9 S 2 127 
Fe»(CO)i2 system 195/ 
Fe(O) oxidation 189 
F e 2 0 3 / C r 2 0 3 123 
Fischer-Tropsch 

catalyst(s) 265, 307, 308, 322 
chemistry 280 
process 20,162,213 
reactions 5,71,218,326 
synthesis 133, 165, 187, 

210/, 269, 279 
systems 273 

Formaldehyde 218 
to glycolaldehyde, hydroformylation 284 
grouping 30 

Formate(s) 27 
buffer system 130 
from C O and hydroxide 130 
decomposition 130 
formation 125 
hydrolysis of 24 
ion 334 

formation 142 
Formic acid decomposition 336 
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352 C A T A L Y T I C ACTIVATION O F C A R B O N MONOXIDE 

Formyl 
disproportion 156 

CF 3 C0 2 H-induced 155/ 
(CH 3) 3SiCl-induced 154/ 
CH 3 S0 3 F-induced 156 

complex formation 272 
complex, neutral 150/, 152/ 
reductions of 150/ 

^-Formylmethyl complexes 280 
Fourier transform infrared spec­

troscopy 9 

G 

Gas chromatography 135 
high octane aromatic 307, 322 
hydrocarbons 147 
production from synthesis gas 307 

Gem dicarbonyl, Rh(CO) 2 204 
Glycerine 213 

triacetate 214,219 
Glycol(s) 147 

formation 216 
Glycolaldehyde 218 

H 

(H)Co(CO) 3 (CH 2 0) 30-31 
HCo(CO) 4 20,28, 180,218 
HCpFe(CO)PBu 3 269 
HI 225 
HMn(CO) 5 20 
HOCH.CH.OQCOBuS ethylene 

glycol ester 219 
HRu(CO) 4", protonation of 102 
HRu(CO) 5

+ 100 
HRu 2 (CO) 8 " anion 100, 102 
H R u 3 ( C O ) 1 2

+ 100 
H 2 

catalytic reactions of 253 
elimination 103 
evolution from metal dihydrides .... 82 
production 115 

rate 126, 130 
reductive elimination 95 

(H),Co(CHO)(CO) 3 31/ 
H,Fe(CO) 4 128 
H 2 Ru(CO) 4 100, 103,218 

decomposition and clusterification .. 103 
H , R U 4 ( C O ) i3 326 
H 2 S 0 4 J 98/ 
H 3 P 0 4 , protonation with 326 
H 3 Ru 3 (CO) y (CCH 3 ) 214 
H 4 R u 4 ( C O ) 1 2 214, 225, 326, 330 
H f ( C 5 H 5 ) 2 ( ^ - C O C H 3 ) C H 3 57 
Half-methylation 159/ 

experiment 156 
Halogen promoter 228 
Heptane, synthesis gas in 330 
Heterobimetallic CO hydrogénation .35-49 

Hexamethylphosphoramide 338 
Hexanal 172 
n-Hexane 231,246 
Hexanoic acid 231 
Homogeneous catalytic activation 

of C O 19-33 
Homologation 228 

acetic acid 226/, 228, 229/-230/, 
231,234/, 237/, 238 

Ru-catalyzed 228 
Co-catalyzed 235 

benzyl alcohol 235 
rearrangement during 235 
syngas 

of acetic acid 238 
of aliphatic carboxylic acids .225-240 
of isobutyric acid 240 
of propionic acid 239 

Hiickel theory, extended 27 
Hydride 

-catalyzed isomerization and 
hydrogénation 55 

complexes 280 
formation mechanisms 339/ 
formation, metal 108, 109 
transfer reaction 142 

Hydridocarbonyl 35 
Hydridocarbene complex 258 
Hydrocarbon(s) 214, 235 

additions and WGSR activity 330/ 
conversion of methanol to 307 
formation 274-275 

by C O reduction 265-276 
on 775-cyclopentadienyl Co ... 165-182 
water-gas shift to C 0 2 228 

gases 175 
selectivities, Ru particles size and .. 199/ 

Hydroformylation 21,325 
of formaldehyde to glycolaldehyde 284 
reaction 27 
Ru catalyzed 136, 141 

Hydrogen 53 
activation of 21-22 
iodide 235 
rate-limiting elimination 327 
transfer to coordinated acyls 35-49 

β-Hydrogen elimination 79 
Hydrogénation 192, 198 

of aldehydes 218 
and ketones, Ru-phosphine 

catalyzed 143 
of CO 213-221,253 

on alumina supported metals .203-211 
on Ru 308 

of C O , 189 
of C - O multiple bonds 134 
H catalysts 133 
catalytic 66 

isomerization and 64-68 
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INDEX 353 

Hydrogenolyses 25, 53, 192, 198, 236 
Hydrohydroxymethylation reaction, 

Reppe 325 
Hydrohydroxymethylation, Rh 

catalysis 142 
Hydroquinone 245/, 249 
Hydroxide, nucleophilic attack 95, 334 
Hydroxo species 84 
α-Hydroxyalkyl complexes, thermal 

instability 282 
α-Hydroxyalkyl intermediates 218 
Hydroxycarbene grouping 30 
Hydroxycarbene isomer 32 
Hydroxylic products 254 
Hydroxy methyl 218 

complexes, formation 266 
groups 32 
species 253 

I 

Indane aldehyde 249 
Inelastic electron tunneling 

spectroscopy (IETS) 203 
Infrared 

data for organoactinide 
dihaptoacyls 57/ 

spectroscopy 110, 203-204, 267 
spectrum(a) 194 

of Cr(CO) 6, 112/ 
of [Et4N][HRu3(CO)n] 112/ 

Iodosobenzene 148 
Iodoruthenium carbonyl 236 
Ion pairs 5 
Iridium carbonyl derivative, cationic .. 108 
Iron 136,208,308 

^-alkyl complexes 280 
alkylidene 273 
analogs 102 
carbonyl/base catalysis 142 
carbonyl sulfide 127 
catalysts 187, 198 
cluster, tetrahedral 13 
^-ethyl complexes 280 
hydride 273 
-ketene complex 273 
magnetic properties 208 
mononuclear carbonyls 123 
particles, encapsulation 192 
pentacarbonyl 332 

Iron(II) derivatives, inactive 126 
Irondiene complexes 5 
Isobutane 175,265 
Isobutylene 299 
Isobutyric acid 231 

syngas homologation 240 
lsomerization 192, 194 

catalytic 64-68 
hydride-catalyzed dihaptoacyl 65 

Isotope effect, kinetic 24-25 
Isotope tracer studies 13 
Isovaleric acid 231 

Κ 

K 2 C 0 3 336 
Ketene(s) 59,61 

complex 273 
-forming reactions 71 

Ketones 299 
hydration of 109 
polycyclic 5 
Ru-phosphine catalyzed 

hydrogénation 143 
Kinetic, flow reactor 102 
KOH 126,336 

concentration studies 136 

L 
L i A l H 4 254 
Li(C 2H 5) 3BH 148, 151, 162 
Li +[( rC 5H 5)Re(NO)(CHO) 2] 151 
LiCpFe(CO) 2 271,275 
LiE t 3 B H 271 
LiHB(5ec-butyl)3 302 
LiHBEt 3 302 
L A D reaction with RFeCp(CO) 2 270/ 
L A H 273 

reduction of RFeCp(CO) 2 with 272 
Labelling methods 259 
Lead electrodes 204 
Lewis acid(s) 7, 282 

addition 3 
induced reduction of CO 1-17 
promoted CO insertion 5 
transition organometallic 280 

Ligand effects 23 
Ligand, formyl 218 
Lithium aluminum hydride 167 

M 

M[^ 5-(CH 3) 5C 5 ] 2 X 2 structure, bent 
sandwich 57 

M(CO) 2 complex 167 
M(CO) 50 2CH-, decomposition of 119 
M(CO) 6, catalyst systems derived 

from 129/ 
Mn(0) 4(CCH 3OAlBrBr 2) reaction 

with CO 6/ 
Mn(CO) 5(CH 8), CO stretching 

frequencies 7 
Mn(CO) 6 reaction with water 109 
Mn(CO) 6

+ species 113 
MnO 115 
Mo(C 5H 5) 2H 2 69 
Mo(CO) 6 126,262 
Magnetic properties of iron 208 
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354 C A T A L Y T I C ACTIVATION OF CARBON MONOXIDE 

Manganese 21 
-halide bond breaking 8 

Mass spectroscopy 259 
high-resolution 259 

Mechanism for Co-based catalytic 
cycle 25-27 

Mechanisms of homogeneous 
activation of C O 19-33 

Metal 
acyl 53 

bonding 56 
borane reduction of 11 

alkoxide complexes 218 
alky Is, additions of 10 
alkyls, C O insertion into 260 
carbide complexes 266 
-carbon bond 218 

sigma 53 
carbonyl(s) 79, 108, 123, 

253, 326, 335-338 
A1H 3 reductions of 11 
acyls 151 
anions, neutralization 95 
cation chemistry 128 
cations, synthesis 149/ 
complexes 123,213 
hydride anions 108 

. reactions with [ r C r ) H n ) , N b H 3 253-263 
reactions with C p 2 N b H 3 254 
H o evolution from 82 

-ethyl bond 190 
formyl 258 
hexacarbonyl(s) 126,127,253 

dissociation 130 
hydride 108 

formation 108, 109 
oxide surfaces 9 
-oxygen bond 218 
tetrahalides 54 

Metallocene dimers, oxygen-
containing 44 

Metallocene structures, bent 39 
Metalloporphyrins 250 
Methanation 211,325,327 
Methane 13, 14, 20, 53, 147, 172, 174, 

175, 176, 254, 262, 265, 268, 269/, 307 
formation 24, 266 

Methanol 13,20,85,147, 
212,214, 265, 338 

conversion to hydrocarbons 307 
formation 218 
production 216 
reactions 282 
synthesis 133,213,325 

homogeneous catalytic 134 
Methanolysis 22 
Methoxy groups 32 
Methoxy ligand 218 
Methoxyacetyl chloride 284 

β-Methoxyethylidene salt 297 
Methoxymethyl complex 280 
Methoxymethyl ligand 219 
Methoxymethylidene 153, 158 
Methyl 

acetate(s) 214,216,279,291 
chloroacetate 291 
complex(es) 282 

formation 266 
ester product 219 
formate 22 

production of 19 
iodide 228, 235 
migration 269 
reductions 271 
-rhodium complex, formation of .... 143 
species 253 

Methylcyclopentane 246, 250 
Methylene 72 

carbon 232 
complexes 11 
group 235 

Methylidene 12,72,153,156 
adducts, formation 157/ 
complex, Schrock's 156 
complex, synthesis of electrophilic .. 155/ 

Methylidyne complexes 11 
Methylidynes, C O conversion to 11-13 
2-Methylpentanal 172 
2-Methylpentane 231 
2-Methylvaleric acid 231 
Methyne 14 
Migration of hydrogen from C O 

to metal 259 
Mineral acids 260 
Molybdenum 56, 123 

Ν 
N a B H 4 151 

reaction with Cp>Fe2(CO)4 270 
reaction with CpRe(CO )o(NO) + 266 
reduction of CpRe(CO) 2 NO 272 

NaSH 113 
N E t 4 H F e ( C O ) 4 - 301 
Natural gas 147 
Nickel 211,308 

particles, differential spectra of 
C O chemisorbed on 210/ 

Niobium oxide species 260 
Niobium, transfer of C O to 259 
Nitrobenzene 126 
N M R spectra 100 
N M R spectroscopy 267 
Nucleophiles 285 
Nucleophilic 

addition of "OH, rate 109 
addition of oxygen bases 107 
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I N D E X 355 

Nucleophilic (continued) 
attack 

of coordinated C O 2-3 
by hydroxide 334 

or water 95 
of O H ' 85 

Ο • 

"OH, rate of nucleophilic addition .... 109 
OH", reversible loss of 108 
Octacarbonyl-di-cobalt 188 
Olefin(s) 271 

cyclopropanation 156 
disproportionation 119 
hydrogénation 64 
insertion 53 
isomerization 172 
metathesis 156 

^-Olefin cations 280 
^-Olefin salts 280 
Oligomerization by organoactinide 

acyls, CO 58-61 
Organic feedstocks 53 
Organoactinide(s) 56,71 

acyls reaction with hydrides 64-68 
acyls, synthesis 55-58 
dihaptoacyls 64 

IR data for 57/ 
Organometallic(s) 

C O activation, reduction, and 
homologation of 53-74 

early transition metal 71 
migration reactions 27 

Organoniobium hydride complexes .... 253 
Organotransition metal compounds .... 20 
Osmium analogs 102 
Osmium complex 219 
Oxidation of CO 107 
Oxidation of Fe(O) 189 
Oxides, formation enthalpies of binary 54 
Oxocarbons 53 
Oxygen 

atoms, lability of 108 
bases, nucleophilic addition of 107 
exchange 108 

reaction 110, 118 
isotope composition 113 

Oxygen-18 1 3 C N M R resonances 118 
Oxygenates 19 

Ρ 
P h C H 2 C H O 246 

decarbonylation of 246 
P h s P M e + B H 4 C H o C l 2 283 
/ r f l /w-PtCl (CO . ,H)(PEt 3 ) 2 82 
/ r f l«5 - [P tH(CO )Lo ]BPh 4 81 
/ r a«5 - [ P t H ( C O O H ) L 2 ] 82 

PtL. rcatalyzed water gas shift reaction 81/ 
Pt[P(/-Pr)3]3-catalyzed WGSR 80-82 
Paraffin wax 307 
Pentachlorophenol 216 
Pentane 330 
Λ-Pentane 231 
£/s(Pentamethylcyclopentadienyl) 

actinide 
acyls 54 
hydrides 64 
hydrocarbyls, carbonylation of .. 61 

systems 57 
thorium 55 

2-Pentene 172 
Phenylacetaldehyde system 249 
2- Phenylacetaldehyde system 246 
Phenylurethane 282 
Phosphines 85,96, 156,283 

ligation 172 
-platinum(O) complexes 123 

Phosphite 283 
Photolysis apparatus 339/ 
Platinum 

metal complexes 243 
metal derivatives 123 
-tin complexes 123 

Polyhydroxylic compounds 20 
Polyhydroxylic products 22 
Polymerization 

of C H 2 groups 206 
ethylene 71 
Ziegler-Natta 156 

Polynuclear carbonyl anions, anionic 12 
Polystyrene 244 

-bound cyclopentadiene 165 
-supported catalysts, synthesis 165-168 
supported ?y5-cyclopentadienyl-

carbonyl Co 165 
3- (Polystyryl)cyclopentanone 167 
Potassium hydroxide 127 
Propane 174,228,231,265, 

268, 269/, 270 
Propene 269/, 270 
Propionic acids 228, 232 

syngas homologation 239 
Propionyl iodide elimination 236 
Propylene 268 
Proton acids 8 
Proton induced reduction of CO 1-17 
Protonation reactions 142, 162 
Pyridine(s) 89,96,156 
Pyridine-2-aldehyde 246 

R 

RFeCp(CO) 2 reaction with L A D 270/ 
RFeCp(CO) 2 reduction with L A H .... 272 
Re (COV, CO ligand of 108 
Re(CO)G

+ species 113 
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356 C A T A L Y T I C ACTIVATION O F C A R B O N MONOXIDE 

RhCO, linear species 204 
Rh(CO)(OC0 2 H)L 2 88-89 
[Rh(CO)(py)U]OH 89 
Rh(CO) 2 , gem dicarbonyl 204 
[Rh(CO) 2 Cl] 2 96 
R h H ( C O ) L 2 88 
trans-[Kn(ÇO)(py)UY 84 
trans-lRh(COOMc)(CO)U] 86 
trans-lKhUiCO)!^] 85 
RhH(PEt 3 ) 3 86 
[RhH^bipy)!^]*, bipyridyl analog 86 
RhH 2 (CO) (OC0 2 H)L 2 88 
[RhH 2 (PEt 3 ) 3 ] + 86 
[RhH 2 (py) 2 L2 ]OH 84 

dihydride 86 
hexacoordinate water adduct 86 

Rh(OH)(CO)L2 89 
/raAi5-[Rh(OH)(CO)L2] 84-86 
/ra N5-[Rh(OMe)(CO)L 2] 86 
Rh 2 (CO) 3 L 3 85-86 
R h 2 ( C O ) 4 L 2 85-86 
Rh 3 (CO) 1 5 " complex 141 
Rh 6 (CO) 1 6 136, 143 

catalyzed reduction of benzaldehyde 134 
R h 1 2 ( C O ) 3 0

2 ' complex 141 
Rh,CO, multiply bonded species 204 
Ru(II) phosphine complexes, Br 2 -

oxidation of 249 
Ru(III) ions 187 
[Ru(CO) 2 (CH 3 C0 2 ) 2 ] n 214 
Ru(CO) 3 I 2 323 
fRu(CO) 3I 3]- 232 
Ru(CO) 5 100, 102-103, 

214,218, 328,333 
formation 331 

R u 0 2 225 
Ru iTPPXCOXOu.POH) 243-244 
Ru(TPP)(CO)L 244, 249 
Ru(TPP)(CO)(PPh 3) 244 
Ru(TPP)L 2 244 
Ru(TPP)L(CH 3 CN) species 251 
Ru(TPP)(PPH 3 ) 2 243-244 

catalyst solution 246 
catalyst system 249 
complex 249 

Ruo(CO) 9 100 
RuI 2 (CO) 2 (PPH 3 ) 2 232 
Ru 3 (CO) 1 2 98/, 100, 103, 198, 

214, 225, 326, 333 
acetic acid solutions of 214 

R u 3 ( C O ) 1 2 / N M e 3 334 
catalyst system 327 

RueC(CO)i 7 214 
Rate equations 23 
Reduction(s) 

of CO, proton induced 13-14 
of a metal acyl, borane 11 
of metal carbonyls, A1H 3 11 

Reppe reaction(s) 134 
hydrohydroxymethylation 325 

Rhenium 
alkylidene complexes, homologous 

cationic 151 
atom, structural features 46-48 
-bound methyl 154/ 
hexacarbonyl cation 108 
homologs 148 
methoxymethyl complex, synthesis 157/ 
-methylidene bond 156 

Rhodium 136,204-206 
carbonyls 123 

compounds 187 
catalysis of hydroxymethylation . . . 142 
cluster(s) 143 

complexes 141 
complexes 

WGSR catalyzed by 79-92 
particles, differential spectra of 

C O chemisorbed on 205/ 
Ring substitution 168 
Ruthenium 21, 56, 136, 236 

carbonyl(s) 23,123,335 
-catalyzed WGSR 334 
clusters 328 
IR spectra 100 
in diglyme, catalytic activity 97 
species 327 

volatile 99 
system 326-335 
WGSR catalyzed by 95-104 

catalyst(s) ...192,228 
carbonyl 213 
hydrogénation of C O 215/ 

by homogeneous 213-221 
-catalyzed 

acetic acid homologation 228 
acid hydrogénation 238 
hydroformulation 136, 141 

complexes 238 
acyloxymethyl 219 
carbonyl, N M R data lOl t 

homogeneous catalysis 225 
hydrocarbonyls 225 
hydrogénation of C O on 308 
iodocarbonyl ion 232 
iodocarbonyl species 235 
loading, effect of 309 
oxides 238 
particle size and hydrocarbon 

selectivities 199/ 
pentacarbonyl 232 
salts 238 
/zeolite catalysts, aromatic gasoline 

from H 2 / C O over 307-322 
Ruthenium(II) porphyrin catalysts 243-251 
Ruthenium(III) acetylacetonate 225 
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I N D E X 357 
Ruthenium(III) hydride species 249 
Ruthenium(IV) oxide 225, 232, 235 

Schrock's methylidene complex 156 
Schulz-Flory 

equation 178 
plot for catalyst 196/, 197/ 
representation for catalysts 193/ 

Silicates, crystalline alumino- 187 
Sodium 

cyanoborohydride 280, 282 
reaction 282 

formate 126-127 
solutions 336 

methoxide 135 
sulfide 127 

Solvent effects 23-24 
Soxhlet extraction 167 
Spectroscopy, Fourier transform 

infrared 9 
Stretching force constants, C - O 335 
Sulfolane solvent 216 
Sulfur tolerance of water gas shift 

catalyst systems 127 
Support effects 9 
Synfuels 325 

production 133 
Syngas 

composition 228 
conversion 189, 198, 311/-321/ 

conversion over zeolite-anchored 
carbonyls 187-200 

homologation of acid(s) 
acetic 238-239 
aliphatic carboxylic 225-240 
isobutyric 240 
propionic 239 

Synthesis gas 
conversion 213 
gasoline production from 307 
mixtures 279 
transformations 253 

Τ 

T h [ ( C H 3 ) 5 C 5 ] 2 h 2 - C O C H 2 C -
(CH 3 ) 3 ]C 57,59,60/ 

catalytic isomerization 67/ 
isomerization and hydrogénation .... 67/ 

{Thl(CU,)5C5]2[^'CO(CU2C(CH3h)-
CO]Cl} 2 58 

{Th[(CH 3 )5C 5 ] 2 [^-CO(CH 2 C(CH 3 ) 3 ) -
CO]Cl} molecules 60/ 

{Th[(CH 3 ) 5 C 5 ] 2 D 2 } 2 65, 67/, 68 
{Th[(CH 3 ) 5 C 5 ] 2 H 2 } 2 64, 67/, 68 
T h [ ( C H 3 ) 5 C 5 ]^n5 - O C ( H ) = 

C(H)C(CH 3) 3]C1 67/ 

{ T h [ ( C H 3 )5C5 ] 2 U - 0 2 C 2 ( C H 3 ) 2 ] } 2 58 
T i ^ H s M ^ - C O C H ^ C l 56-57 
Tl(OAc) 3 167 
Tetraethylammonium trifluoroacetate 130 
Tetrahydrofuran 135,326,330 
Tetrairon cluster 12 
Thiophene 113 
Thorium 55/ 

acyl system 62 
alkyl precursors 68 
dihaptocarbamoyl complexes 69 
ion 61 

Titanium 
acetyl complexes 36 
compounds 58 
hydrides 253 

Tolualdehyde 138 
p-Tolualdehyde 142 
Toluene 102, 158, 174, 244, 250, 270 
Transition metal(s) 35 

carbonyls 96 
complexes 187 

acyl 285 
carbonyl 27 
hydride 298 

compounds 79 
catalysts 107,279 
early 

hydrides 253-254 
-hydrogen bonds 71 
organometallics 71 

salts 301 
Transition organometallic hydrides 298-303 
Transesterification 22 
Trialkylborohydride 302 
£/s(Tributylphosphine) complex 251 
Triethylamine 126,291 
Trifluoromethanesulfonic 291, 296 
Trimethylacetic acid 231,232 
Trimethylamine 326, 328, 335 
Trimethylsilyl migration 63 
Triosmium anionic clusters 12 
Triphenylphosphine 115,251 

in acetic acid 232 
^/.y(Triphenylphosphine) complex 251 
Triruthenium anionic clusters 12 
Triruthenium dodecacarbonyl 225 

-zeolites adducts 198-200 
Tungsten 123 

carbonyls 335 
Tunneling spectroscopy 203-211 

U 
U [ ( C H 3 ) 5 C 5] 2(r / 2 - C O N R 2 ) C l 

compounds 58 
Uranium 55/ 

chemistry, low-valent 73 
to(hydrocarbyls) 55 
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358 C A T A L Y T I C ACTIVATION OF C A R B O N MONOXIDE 

Urethane derivatives 282 
UV-visible spectrum 98/ 

Vacuum thermolysis 170 
Valeric acid 228, 231 
77 2-Vinyl ether complexes 280 
^ - V i n y l salt 295 

ether 293 
Voltammetry, cyclic 244, 249 

W 

W(CO) 6 226, 275 
as WGSR catalyst 335ί-336ί 

Water-gas shift 
catalyst systems, sulfur tolerance 

of 127 
to C 0 2 hydrocarbon formation 228 
reaction (WGSR) 2,189,308 

applications 133-144 
catalyzed by Ru carbonyl 95-104 
catalyzed by Rh complexes 79-92 
homogeneous 325-340 

catalysis 107-120, 123-131 
system 21 

Water, nucleophilic attack 95 
WGSR (see Water-gas shift reaction) 
Wolfsberg-Helmholz parameter 27 

X 

X-ray 
crystal structure of formyl 152/ 
diffraction techniques 57 

Ζ 

Zr[(CHa)rA]o(7,2-COCH3)CH3 57 
Zr(C 5H 5)^ 2-COCH 2C(CH3)3]Cl 57 
Zr(Cr>H5)>(r/

2-COCH3)CH3 56, 57, 69 
Zr(C 5 H 5 ) 2 b 2 -CO(p-C 6 H 4CH 3) ]-

(p-C 6 H 4 CH 3 ) 58 
Zr (C 5 H 5 ) 2 (p -C 6 H 4 CH 3 ) 2 carbonylation 58 
Zeolite(s) 133, 187, 192 

adducts 
£/s(cyclopentadienyldicarbonyl-

iron) 194 
dicobalt octacarbonyl-NaY ...194-198 
tri-iron dodecarbonyl 189 
triruthenium dodecarbonyl ...198-200 

-anchored carbonyls, syngas 
conversion over 187-200 

H-mordenite, large pore 309 
ZSM-5 307 

Ziegler-Natta polymerization 156 
Zirconium 

acetyl complexes 36 
atom, structural features 44-46 
hydrides 253 

Zwitterionic metallocarboxamides 332 
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