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Preface 

The contents of this book reflect an idea born in the early 1960 's . 
A t that time, a group of men, whose daily work involved application 
of catalysis to organic syntheses, felt the need for a forum where 
those with similar interests could meet and exchange views. The New 
York Academy of Sciences was approached and asked to sponsor a 
conference dealing entirely with practical applications of catalysis. 
The Academy proved enthusiastic about the suggestion, and in 1966 
the first meeting was held in New Y o r k under the joint chairmenship 
of Joseph M. O 'Connor , Morris Freifelder, and Melvin A . Rebenstorf. 

The conference was given the awkward but embracing title of 
"Conference on Catalytic Hydrogénation and Analogous Pressure 
React ions." It was realized at the time the group would grow to have 
other major interests in addition to hydrogénation, but just what 
they would be was not then clear. The uncertainty about future 
events was anticipated in the flexible phrase, "Ana logous Pressure 
React ions." This first conference was a success, and was followed by 
the second, third, and fourth conferences held under the chairman­
ships of Joseph M. O 'Connor , Melvin A . Rebenstorf, and Paul N . 
Rylander, respectively. The value of these conferences is attested to 
by the fact that each was sponsored by the New Y o r k Academy of 
Sciences despite the Academy's firm rule not to sponsor more than 
one conference in the same area. The proceedings of the four con­
ferences have been published in the Annals of the New York Acad­
emy of Sciences, Volumes 148 , 158, 172 , and 214 , respectively. 

Gradually, it became clear that the original name of the conference 
did not accurately describe the groups' changing interests, and, when 
the fifth conference was held in Boston in Apri l , 1975 , it was given 
the name "F i f th Conference on Catalysis in Organic Syntheses. " This 
conference was produced independently by a small group, whose 
members choose to call themselves The Organic Reactions Catalysis 
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P R E F A C E 

Society. A salutary development arising from these collective con­
ferences has been a meshing of the interests of organic chemists with 
those of catalytic chemists, and in recognition of this development 
The Organic Reactions Catalysis Society became affiliated in 1975 
with the North American Catalysis Society. 

Catalysis in Organic Syntheses is a collection of papers given at the 
Fifth Conference. Their diversity reflects the scope of the subject. 
Most of the papers are about both organic chemistry and catalysis 
simultaneously, and it is difficult to determine where one discipline 
begins and the other ends. A few of the papers attempt to look at the 
shadowy world of heterogeneous catalysts' surfaces and to relate 
catalyst properties with catalytic performance. In another paper a 
visitor from the field of chemical engineering examines the often 
overlooked effects of mass and heat transfer on catalyst per­
formance. The breadth of interest evidenced in this collection of 
papers makes it clear that it will often be difficult to ascertain f rom 
what field the key will come that will open the lock to the solution 
of a perplexing problem in organic syntheses by catalysis. 

It is a pleasure to express our thanks to Engelhard Industries, 
Uniroyal, Merck, Sharpe and Dohme, Strem Chemical, and the Catal­
ysis Society of New England for their moral and material support of 
the Fifth Conference. We are indebted and grateful to Mrs . Rebeca 
Trautner, M s . Mariya Bower, and Mrs. Irene Tafaro for their skill and 
care in preparing this often difficult material for camera-ready copy. 
The formulas reflect Mrs. Trautner's artistic talents. 

χ 



THE INFLUENCE OF MASS AND HEAT TRANSFER 
ON THE PERFORMANCE OF HETEROGENEOUS CATALYSTS 

IN G A S / L I Q U I D / S O L I D SYSTEMS 

GEORGE W. ROBERTS 

Enge lha rd M i n e r a l s and Chemica ls C o r p o r a t i o n 
Enge lha rd I n d u s t r i e s D i v i s i o n 

Research and Development Department 
Menlo Park 

E d i s o n , New J e r s e y 08817 

ABSTRACT 

The i n f l u e n c e o f mass and heat t r a n s p o r t on the p e r f o r ­
mance o f heterogeneous c a t a l y s t s i s r e v i e w e d , w i th p a r t i c u l a r 
emphasis on sys tems where the c a t a l y s t i s suspended as d i s c r e t e 
p a r t i c l e s i n a l i q u i d , and where a t l e a s t one reac tan t i s g a s e ­
ous and the o the r o c c u r s p r i m a r i l y i n the l i q u i d p h a s e . The 
t r a n s p o r t p r o c e s s e s which n e c e s s a r i l y accompany the c a t a l y t i c 
r e a c t i o n are d e f i n e d , and the e x i s t e n c e o f c o n c e n t r a t i o n and 
temperature p r o f i l e s th roughou t the t h r e e - p h a s e sys tem i s e s ­
t a b l i s h e d . These c o n c e n t r a t i o n and temperature d i f f e r e n c e s can 
change the apparent c a t a l y s t per fo rmance; c a t a l y s t a c t i v i t y , 
s e l e c t i v i t y and l i f e are b r i e f l y rev iewed i n t h i s l i g h t . 

Rate e x p r e s s i o n s are de f i ned f o r the v a r i o u s t r a n s p o r t and 
r e a c t i o n s t e p s o c c u r r i n g i n the c a t a l y t i c s y s t e m , and these are 
combined to g i v e an o v e r a l l r a te e x p r e s s i o n . From t h i s , the 
v a r i o u s p o s s i b l e r a t e - l i m i t i n g s t e p s are a n a l y z e d . F i n a l l y , 
methods f o r de te rm in ing the r a t e - l i m i t i n g s tep from l a b o r a t o r y 
exper iments are deve loped . These methods f a l l i n to two c a t e ­
g o r i e s : 1) d i a g n o s t i c e x p e r i m e n t s , a n d ; 2) c a l c u l a t i v e ap ­
p r o a c h e s . C e r t a i n r a t e - l i m i t i n g s t e p s , such as g a s / l i q u i d mass 
t r a n s p o r t , a re bes t approached e x p e r i m e n t a l l y , whereas o t h e r s , 
such as pore d i f f u s i o n , are most amenable to a c a l c u l a t i v e d i ­
a g n o s i s . 

INTRODUCTION 

The u l t ima te o b j e c t i v e o f v i r t u a l l y a l l r e s e a r c h i n he t ­
erogeneous c a t a l y s i s i s to unders tand how the f o r m u l a t i o n o f 
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the c a t a l y s t and the s e l e c t i o n o f o p e r a t i n g c o n d i t i o n s i n f l u ­
ence the chemis t r y o f the r e a c t i o n s which take p l a c e . U n f o r t u ­
n a t e l y , the p h y s i c a l p r o c e s s e s o f heat and mass t r a n s p o r t , 
which n e c e s s a r i l y accompany a l l he terogeneous c a t a l y t i c r e a c ­
t i o n s , can d i s t o r t , o r even t o t a l l y obscure the i n s t r i n s i c 
chemical r e l a t i o n s h i p s between the r e a c t i o n and the c a t a l y s t . 
Under improper exper imenta l c o n d i t i o n s , the apparent r e a c t i o n 
k i n e t i c s , the produc t d i s t r i b u t i o n and the c a t a l y s t l i f e w i l l 
be determined much more by the nature o f these t r a n s p o r t p r o ­
c e s s e s than by the chemis t r y o f the sys tem. 

Many o f the c l a s s i c a l works on the i n t e r a c t i o n between 
heat t r a n s p o r t , mass t r a n s p o r t and chemical r e a c t i o n were 
p u b l i s h e d over th ree decades ago [Damkohler ( 1 9 3 8 ) , F rank -
Kamenetsk i i ( 1 9 3 9 ) , T h i e l e ( 1 9 3 9 ) , Z e l d o v i t c h ( 1 9 3 9 ) ] . The 
l i t e r a t u r e i n t h i s area i s now vo luminous as wel l as be ing 
h i g h l y mathemat ica l . Wi th two no tab le e x c e p t i o n s , [ S a t t e r f i e l d 
and Sherwood ( 1 9 6 3 ) , S a t t e r f i e l d ( 1 9 7 0 ) ] , no rea l at tempt has 
been made to reduce t h i s l i t e r a t u r e to a form tha t i s use fu l to 
the c a t a l y t i c chem is t . 

The p resen t paper i s an at tempt to f i l l the need f o r a very 
b a s i c t reatment o f the i n t e r a c t i o n s between t r a n s p o r t p r o c e s s e s 
and chemical r e a c t i o n . The s p e c i f i c o b j e c t i v e s a r e : 1) to 
p rov ide a sound q u a l i t a t i v e b a s i s f o r unde rs tand ing why the p r o ­
c e s s e s o f heat and mass t r a n s p o r t a l t e r the behav io r o f h e t e r o ­
geneous c a t a l y t i c r e a c t i o n s , and how these a l t e r a t i o n s are 
e x h i b i t e d ; 2) to p resen t some e a s i l y - a p p l i e d , q u a n t i t a t i v e t o o l s 
f o r de te rmin ing the importance o f r e a c t i o n - t r a n s p o r t i n t e r a c ­
t i o n s i n the l a b o r a t o r y . 

The f o l l o w i n g f i v e s e c t i o n s proceed g r a d u a l l y from a q u a l i ­
t a t i v e to a q u a n t i t a t i v e d e s c r i p t i o n o f r e a c t i o n - t r a n s p o r t 
i n t e r a c t i o n s . The fundamenta ls o f t r a n s p o r t p r o c e s s e s are r e ­
viewed i n S e c t i o n I I , and the e x i s t e n c e o f c o n c e n t r a t i o n and 
temperature g r a d i e n t s i n a l l he terogeneous c a t a l y t i c sys tems i s 
e s t a b l i s h e d . S e c t i o n I I I i s devoted to e x p l a i n i n g how these 
c o n c e n t r a t i o n and temperature g r a d i e n t s e f f e c t the apparent 
a c t i v i t y , s e l e c t i v i t y and l i f e o f the c a t a l y s t . The concept o f 
r a t e - l i m i t i n g s t e p s i s rev iewed i n S e c t i o n I V , l e a d i n g i n t o 
S e c t i o n V , which d e a l s w i th the q u a n t i t a t i v e a n a l y s i s o f v a r i o u s 
r a t e - l i m i t i n g s t e p s . F i n a l l y , i n S e c t i o n V I , some s imp le p roce ­
dures f o r de te rm in ing the r a t e - l i m i t i n g s tep from exper imenta l 
data are p r e s e n t e d , , , iU , 

T h i s paper w i l l be concerned p r i m a r i l y w i th t h r e e - p h a s e 
( g a s / l i q u i d / s o l i d ) s y s t e m s , where the c a t a l y s t p a r t i c l e s are 
suspended i n a l i q u i d , and where a gas phase i s i n in t ima te 
con tac t w i th the l i q u i d . The l i q u i d may c o n t a i n one or more 
o f the r e a c t a n t s i n s o l u t i o n , but a t l e a s t one o f the r e a c t a n t s 
o c c u r s ma in ly i n the gas p h a s e . Many impor tant i n d u s t r i a l r e ­
a c t i o n s f a l l i n t o t h i s c a t e g o r y , i n c l u d i n g a wide v a r i e t y o f 
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H E T E R O G E N E O U S C A T A L Y S I S IN G A S / L I QUI D/SOLID S Y S T E M S 

A MECHANISTIC PICTURE OF REACTION/TRANSPORT INTERACTIONS 

System D e f i n i t i o n 
F i g u r e 1 i s a p h y s i c a l p i c t u r e o f the c a t a l y t i c sys tem 

which w i l l be t r e a t e d . Porous c a t a l y s t p a r t i c l e s a re assumed 
to be suspended i n a l i q u i d p h a s e . These c a t a l y s t p a r t i c l e s 
a lmost a lways have a h i g h e r d e n s i t y than the l i q u i d , so tha t 
some form o f a g i t a t i o n i s r equ i r ed to p reven t the c a t a l y s t from 
s e t t l i n g to the bottom o f the r e a c t o r . A g i t a t i o n a l s o p r e ­
ven ts the d i s c r e t e c a t a l y s t p a r t i c l e s from forming l a r g e r a g g r e ­
g a t e s , which would s e t t l e more r a p i d l y and which would g e n e r a l ­
l y be l e s s e f f i c i e n t c a t a l y s t s than the o r i g i n a l p a r t i c l e s . The 
r e q u i r e d a g i t a t i o n i s f r e q u e n t l y p rov ided by a mechanica l s t i r ­
r e r , a l t h o u g h i t can a l s o be p rov ided by bubb l i ng gas r a p i d l y 
th rough the l i q u i d , o r by c i r c u l a t i n g the l i q u i d c o n t i n u o u s l y 
th rough the r e a c t o r a t a h i g h v e l o c i t y . 

The l i q u i d i s assumed to be i n con tac t w i th a gas p h a s e , 
which may be p resen t e i t h e r as bubb les embedded i n the l i q u i d , 
as a con t i nuous phase on top o f the l i q u i d , o r i n some combi ­
n a t i o n o f these two fo rms . 

The impor tant behav io ra l f e a t u r e s o f the sys tem shown i n 
F i g u r e 1 can be i l l u s t r a t e d by c o n s i d e r i n g a s i m p l e , c a t a l y t i c 
r e a c t i o n , say A + B-> C. I n o rde r to make the f o l l o w i n g d i s ­
c u s s i o n as genera l as p o s s i b l e , i t i s assumed tha t r eac tan t A 
i s s u p p l i e d to the r e a c t o r as a g a s , and remains p r i m a r i l y i n 
the gas phase . T h i s assumpt ion does not p rec lude the p o s s i b i l ­
i t y tha t some A w i l l d i s s o l v e i n the l i q u i d , w h i c h , i n f a c t , 
a lways occu rs to some e x t e n t . Reac tan t A i s ana logous to H2 i n 
most hyd rogéna t i on r e a c t i o n s . 

Reac tan t Β i s s u p p l i e d to the r e a c t o r i n the l i q u i d p h a s e , 
and remains p r i m a r i l y i n the l i q u i d . T h u s , Β i s a n a l o g o u s to 
the o r g a n i c molecu le tha t i s hydrogenated i n any o f a l a r g e 
v a r i e t y o f o r g a n i c hyd rogéna t i on r e a c t i o n s , e . g . , the hyd rogé ­
n a t i o n o f benzene to c y c l o h e x a n e . 

I n g e n e r a l , heat i s e i t h e r l i b e r a t e d o r absorbed due to the 
occur rence o f a chemical r e a c t i o n . To s u s t a i n the ana logy w i th 
h y d r o g é n a t i o n , i t i s assumed tha t the r e a c t i o n i s exo the rm ic . 

3 

hyd rogéna t i on r e a c t i o n s . D e s p i t e the p r a c t i c a l importance o f 
t h i s type o f s y s t e m , comprehens ive d i s c u s s i o n s o f the s p e c i a l 
t r a n s p o r t problems tha t occu r i n these sys tems are r a t h e r r a r e . 

Any one o f seve ra l d i f f e r e n t t ypes o f r e a c t o r s may be used 
wi th the type o f g a s / l i q u i d / s o l i d sys tem d e s c r i b e d a b o v e , i n ­
c l u d i n g batch r e a c t o r s , con t i nuous s l u r r y r e a c t o r s and the s o -
c a l l e d " e b u l l a t i n g b e d " , F i xed -bed r e a c t o r s w i l l not be t r ea ted 
i n t h i s paper . However, an e x c e l l e n t rev iew o f methods f o r 
a n a l y z i n g t r a n s p o r t l i m i t a t i o n s i n f i x e d beds has been p resen ted 
by Mears ( 1 9 7 1 ) . 
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FIGURE I 

SCHEMATIC DIAGRAM OF G A S / L I Q U I D / S O L I D CATALYTIC SYSTEM 

[ G A S ] 

A 

S O L I D 

C A T A L Y S T 

P A R T I C L E 

\ 

* H E A T 

GENERALIZED REACTION: 

A (GAS) + Β (LIQUID) - C (LIQUID) 

[EXOTHERMIC] 

To s i m p l i f y the a n a l y s i s which f o l l o w s , the r e a c t i o n i s 
c o n s i d e r e d to be e s s e n t i a l l y i r r e v e r s i b l e a t r e a c t i o n c o n d i t i o n s . 
T h e r e f o r e , there i s no need to s p e c i f y whether the product C i s 
a l i q u i d o r a gas a t r e a c t i o n c o n d i t i o n s . However, i n most 
h y d r o g é n a t i o n s , the product w i l l accumulate p r i m a r i l y i n the 
l i q u i d phase . 

The next s tep i n the a n a l y s i s i s to i d e n t i f y the t r a n s p o r t 
p r o c e s s e s , i . e . , the mass and heat t r a n s f e r s t e p s , which must 
occur i n o rde r f o r the chemical r e a c t i o n to p roceed . C o n s i d e r ­
ing Reactant A f i r s t , i t i s ev iden t from F i g u r e 1 tha t A must 
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the ex te rna l s u r f a c e , and then be t r a n s p o r t e d from the ex te rna l 
s u r f a c e to the bu lk l i q u i d . 

The heat t ha t i s l i b e r a t e d by the exothermic r e a c t i o n must 
a l s o f i n d i t s way out o f the c a t a l y s t p a r t i c l e . At s t e a d y -
s t a t e , the ra te a t which heat l e a v e s the p a r t i c l e must e x a c t l y 
equal the ra te o f heat g e n e r a t i o n by r e a c t i o n . S i n c e the main 
r e s e r v o i r f o r heat i s the bu lk l i q u i d p h a s e , o n l y two hea t -
t r a n s p o r t s t e p s are n e c e s s a r y : 1) conduc t i on o f heat from the 
p a r t i c l e i n t e r i o r to the ex te rna l p a r t i c l e s u r f a c e , a n d ; 2) heat 
t r a n s p o r t from the p a r t i c l e s u r f a c e to the bu lk l i q u i d . 

Rate Laws f o r Mass and Heat T r a n s p o r t 
The fundamental r eason tha t heat and mass t r a n s p o r t p r o ­

c e s s e s i n f l u e n c e the performance o f he terogeneous c a t a l y s t s i s 
tha t these p r o c e s s e s n e c e s s a r i l y cause temperature and concen­
t r a t i o n g r a d i e n t s th roughou t the c a t a l y t i c sys tem. These g r a ­
d i e n t s a l t e r the r eac tan t c o n c e n t r a t i o n s and the temperature 
w i t h i n the c a t a l y s t , and these a l t e r a t i o n s , i n t u r n , change 
the ra te and the s e l e c t i v i t y o f the r e a c t i o n , and can a l s o a f ­
f e c t the ra te a t which the c a t a l y s t appears to a g e . 

I n o rde r to unders tand t h i s s i t u a t i o n more comp le te l y , the 
r a te laws which govern mass and heat t r a n s p o r t must be b r i e f l y 
c o n s i d e r e d . As shown i n F i g u r e 2 , the fundamental mathemat ical 
r e l a t i o n s h i p which gove rns mass t r a n s p o r t i s F i c k ' s Law: 

dCi 
N . = -D-jA — (1) 1

 dx 

In t h i s e q u a t i o n , Νη· i s the ra te ( g m . m o l e s / s e c . ) a t which s p e ­
c i e s i d i f f u s e s th rough a p lane i n the normal d i r e c t i o n . 
Acco rd i ng to F i c k ' s Law, t h i s ra te i s equal to the p roduc t o f 
the d i f f u s i o n c o e f f i c i e n t o f s p e c i e s i , D i ( c m . 2 / s e c . ) , the area 
o f the p l a n e , A ( c m . 2 ) 5 and the c o n c e n t r a t i o n g r a d i e n t o f s p e c i e s 
i , dC- j / dx (gm.mo les / cm.4 ) . The minus s i g n on the r i g h t - h a n d s i d e 
o f Equa t i on 1 accoun ts f o r the f a c t t ha t the d i r e c t i o n o f mass 
t r a n s p o r t i s o p p o s i t e to the d i r e c t i o n o f the c o n c e n t r a t i o n 
g r a d i e n t , i . e . , the minus s i g n e x p r e s s e s the f a c t t ha t mass i s 
t r a n s p o r t e d from r e g i o n s o f h i g h c o n c e n t r a t i o n to r e g i o n s o f low 
c o n c e n t r a t i o n . 

I t i s f r e q u e n t l y n e c e s s a r y to c o n s i d e r mass t r a n s p o r t 
a c r o s s an area o f f i n i t e t h i c k n e s s , r a t h e r than a c r o s s a p l a n e . 
I n t h i s c a s e , F i c k ' s Law may be w r i t t e n i n the a l t e r n a t e fo rm: 

Ni = k i A ( C i 5 ]- C i 5 2) (2) 

where k-j i s the m a s s - t r a n s f e r c o e f f i c i e n t f o r s p e c i e s i ( cm . / 
s e c . ) and C- j j and C - j ^

 a re t
'

ie
 c o n c e n t r a t i o n s o f s p e c i e s i on 
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5 

be t r a n s p o r t e d from the gase phase to the l i q u i d p h a s e , a c r o s s 
the g a s / l i q u i d i n t e r f a c e . A f t e r d i s s o l v i n g i n the l i q u i d , A 
must be f u r t h e r t r a n s p o r t e d th rough the l i q u i d to the ex te rna l 
(geomet r i c ) s u r f a c e o f the c a t a l y s t p a r t i c l e s . F i n a l l y , s i n c e 
the a c t i v e s i t e s i n the c a t a l y s t a re g e n e r a l l y d i s t r i b u t e d 
th roughou t the i n t e r i o r o f the p a r t i c l e , Reactant A must d i f f u s e 
th rough the network o f pores which makes up the p a r t i c l e . Once 
Reactant A has a r r i v e d i n the i n t e r i o r o f the p a r t i c l e , i t can 
adso rb a t an a c t i v e s i t e and reac t w i th some form o f adsorbed Β 
to form C. Some mo lecu les o f A w i l l d i f f u s e q u i t e f a r i n t o the 
p a r t i c l e i n t e r i o r be fore they r e a c t , but o t h e r s w i l l undergo 
r e a c t i o n c l o s e to the p a r t i c l e s u r f a c e . 

T h i s paper i s not concerned w i th the exac t pathway o r mecha­
nism by which A and Β r e a c t . A l l o f the e lementary r e a c t i o n 
s t e p s , beg inn ing w i th the a d s o r p t i o n o f A and Β onto the s u r f a c e 
o f the c a t a l y s t th rough the d e s o r p t i o n o f the product C , are 
r e f e r r e d to s imp l y as "chemical r e a c t i o n " . 

T h u s , f o r Reactant A , th ree t r a n s p o r t s t e p s a re a b s o l u t e l y 
n e c e s s a r y f o r the chemical r e a c t i o n to o c c u r : 1) t r a n s p o r t o f 
A from the bu lk gas phase i n t o the bu lk l i q u i d ; 2) t r a n s p o r t 
from the bu lk l i q u i d to the ex te rna l (geomet r i c ) s u r f a c e o f the 
c a t a l y s t p a r t i c l e , a n d ; 3) d i f f u s i o n o f A i n t o the porous s t r u c ­
tu re o f the c a t a l y s t . The f i r s t two s t e p s , g a s / l i q u i d mass 
t r a n s p o r t and l i q u i d / s o l i d mass t r a n s p o r t a re i n s e r i e s w i th 
the chemical r e a c t i o n i t s e l f . Every molecu le o f A tha t r e a c t s 
i n the c a t a l y s t must f i r s t be t r a n s p o r t e d from the gas to the 
l i q u i d , and then from the l i q u i d to the ex te rna l c a t a l y s t s u r f a c e 
before r e a c t i o n can o c c u r . The t h i r d s t e p , pore d i f f u s i o n , 
occu rs i n p a r a l l e l w i th the chemical r e a c t i o n . T h i s p a r a l l e l 
r e l a t i o n s h i p can be r a t i o n a l i z e d by f o c u s i n g on a p o s i t i o n i n 
the i n t e r i o r o f the c a t a l y s t . Many mo lecu les o f A a r r i v e a t 
t h i s p o s i t i o n over a g i v e n pe r i od o f t ime. Some o f these mole­
c u l e s w i l l r eac t a t the s p e c i f i e d p o s i t i o n , but o t h e r s w i l l d i f ­
fuse p a s t , to r eac t a t o the r s i t e s l oca ted deeper i n the p a r t i c l e 
i n t e r i o r . T h u s , a t any p o s i t i o n w i t h i n the c a t a l y s t , a molecu le 
has two p a r a l l e l "pa thways" open to i t : 1) r e a c t i o n , o r ; 2) d i f ­
f u s i o n deeper i n to the p a r t i c l e . 

The s i t u a t i o n f o r Reac tan t Β i s s i m i l a r to tha t f o r A , but 
s i m p l e r . S i n c e Β i s s u p p l i e d i n the l i q u i d p h a s e , no g a s / l i q u i d 
t r a n s p o r t s tep i s n e c e s s a r y . The on l y r e q u i r e d t r a n s p o r t s t e p s 
a r e : 1) t r a n s p o r t o f Β from the bu lk l i q u i d to the ex te rna l 
s u r f a c e o f the c a t a l y s t , a n d ; 2) d i f f u s i o n o f Β i n t o the i n t e r i o r 
o f the c a t a l y s t . As w i th Reactan t A , the former s tep i s i n 
s e r i e s w i th the chemical r e a c t i o n and the l a t t e r i s i n p a r a l l e l . 

The product C , i f i t i s con f i ned p r i m a r i l y to the l i q u i d 
, p h a s e , w i l l undergo t r a n s p o r t p r o c e s s e s which are e x a c t l y the 

r e v e r s e o f those f o r Reactan t B. A f t e r i t i s formed by the 
r e a c t i o n , C must d i f f u s e from the i n t e r i o r o f the c a t a l y s t to 
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FIGURE 2 

FUNDAMENTAL RELATIONSHIPS FOR MASS TRANSPORT 

FICK'S LAW 

RIGOROUS FORM: 

PLANE 

-Ni 
/ moles i\ 
\ time / 

dCi 
dx 

ALTERNATE FORM: 

VOLUME ELEMENT 

/ moles ι \ , 
1,1 • C i f 2) 

e i t h e r s i d e o f the e lement . T h i s s i t u a t i o n i s shown i n the 
second pa r t o f F i g u r e 2 . 

Equa t i ons 1 and 2 c o n t a i n th ree impor tan t f a c t s : 1) I n 
o rde r f o r s p e c i e s i to move from one p o i n t to a n o t h e r , a c o n ­
c e n t r a t i o n d i f f e r e n c e o r g r a d i e n t must e x i s t . T h i s c o n c e n t r a ­
t i o n d i f f e r e n c e o r g r a d i e n t i s the " d r i v i n g f o r c e " which c a u s e s 
mass t r a n s p o r t to take p l a c e . 2) The magni tude o f t h i s c o n ­
c e n t r a t i o n d i f f e r e n c e or g r a d i e n t i s d i r e c t l y p r o p o r t i o n a l to 
the ra te o f mass t r a n s p o r t . 3) For a g i v e n t r a n s p o r t r a t e , 
the magni tude o f the g r a d i e n t o r d i f f e r e n c e i s i n v e r s e l y p r o ­
p o r t i o n a l to the area th rough which t r a n s p o r t t akes p l a c e . 
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Very s i m i l a r r e l a t i o n s h i p s a l s o app ly to heat t r a n s p o r t . 
As shown i n F i g u r e 3 , the ana log to F i c k ' s Law i s F o u r i e r ' s 
Law: 

dT 
q = - k tA - (3) 

dx 

where q i s the r a te of heat t r a n s p o r t ( c a l . / s e c ) , i s the 
thermal c o n d u c t i v i t y ( c a l . / s e c , c m . , ° C ) , and dT/dx i s the 
temperature g r a d i e n t ( ° C / c m . ) . For a p lane o f f i n i t e t h i c k ­
n e s s , F o u r i e r ' s Law can be w r i t t e n a s : 

FIGURE 3 

FUNDAMENTAL RELATIONSHIPS FOR HEAT TRANSPORT 

F O U R I E R ' S L A W 

R I G O R O U S F O R M : 

P L A N E 

^q calories 
ime 

• k . A dx 

A L T E R N A T E F O R M : 

V O L U M E E L E M E N T 

ς ( £α ^ ) = ( ι Α ( Τ ί_ Τ 2) 
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q = hA(T-, - T 2) (4 ) 

where h i s the h e a t - t r a n s f e r c o e f f i c i e n t ( c a l . / s e c . , c m . 2 , ° c ) 
and Τ i s the temperature (

Q
C ) . 

Heat t r a n s p o r t i s ana logous to mass t r a n s p o r t i n the th ree 
major r e s p e c t s l i s t e d p r e v i o u s l y . S p e c i f i c a l l y , a temperature 
d i f f e r e n c e or g r a d i e n t " d r i v i n g f o r c e " i s a lways r e q u i r e d f o r 
heat t r a n s p o r t to o c c u r . The s i z e o f t h i s temperature d i f f e r ­
ence ( g r a d i e n t ) i s d i r e c t l y p r o p o r t i o n a l to the ra te o f heat 
t r a n s p o r t , and i n v e r s e l y p r o p o r t i o n a l to the area th rough which 
t r a n s p o r t o c c u r s . 

Concen t ra t i on and Temperature G r a d i e n t s i n the C a t a l y t i c System 
Once the t r a n s p o r t s t e p s which a re n e c e s s a r y to a g i v e n 

c a t a l y t i c p r o c e s s have been i d e n t i f i e d , the above ra te laws 
can be a p p l i e d to s y n t h e s i z e a q u a l i t a t i v e p i c t u r e o f the c o n ­
c e n t r a t i o n and temperature p r o f i l e s tha t must e x i s t i n the 
c a t a l y t i c s y s t e m . 

The top p o r t i o n o f F i g u r e 4 i s a more d e t a i l e d schemat ic 
drawing o f the g a s / l i q u i d / s o l i d c a t a l y t i c sys tem. A r e l a t i v e ­
l y - s t a g n a n t gas l a y e r e x i s t s on the gas s i d e o f the g a s - l i q u i d 
i n t e r f a c e , and r e l a t i v e l y - s t a g n a n t l i q u i d l a y e r s e x i s t : 1) on 
the l i q u i d s i d e o f the g a s - l i q u i d i n t e r f a c e a n d ; 2) a t the 
s u r f a c e o f the c a t a l y s t p a r t i c l e s . These th ree s t a g n a n t f i l m s 
or "boundary l a y e r s " c o n s t i t u t e the major r e s i s t a n c e to mass 
t r a n s p o r t between the bu lk gas and the bu lk l i q u i d , and betwe­
en the bu lk l i q u i d and the c a t a l y s t p a r t i c l e s u r f a c e . 

E s s e n t i a l l y a l l o f the " d r i v i n g f o r c e " t ha t i s r e q u i r e d 
to s u p p l y r e a c t a n t s to the s u r f a c e o f the c a t a l y s t o c c u r s 
a c r o s s these s t a g n a n t f i l m s . T h i s s i t u a t i o n i s dep ic ted i n the 
lower h a l f o f F i g u r e 4 . Reac tan t A , the gaseous r e a c t a n t , 
expe r i ences a c o n c e n t r a t i o n drop as i t moves a c r o s s the gas 
f i l m a t the g a s / l i q u i d i n t e r f a c e , and a f u r t h e r c o n c e n t r a t i o n 
drop as i t moves a c r o s s the ad jacen t l i q u i d f i l m . Mass t r a n s ­
po r t th rough the bu lk l i q u i d i s r e l a t i v e l y r a p i d due to i n t e n ­
s i v e m ix ing and h i g h t u r b u l e n c e , so tha t the c o n c e n t r a t i o n 
d e c l i n e th rough t h i s p o r t i o n o f the l i q u i d i s n e g l i g i b l e . 
However, as Reac tan t A moves th rough the s t a g n a n t f i l m a t the 
c a t a l y s t p a r t i c l e s u r f a c e , i t undergoes a f u r t h e r c o n c e n t r a t i o n 
d r o p . 

The o ther major r e s i s t a n c e to mass t r a n s p o r t , the po re -
d i f f u s i o n r e s i s t a n c e i s d i s t r i b u t e d th roughou t the i n t e r i o r 
o f the c a t a l y s t p a r t i c l e . 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 
Reac tan t A d e c l i n e s c o n t i n u o u s l y as the reac tan t d i f f u s e s 
deeper and deeper i n t o the p a r t i c l e . However, the c o n c e n t r a ­
t i o n g r a d i e n t becomes p r o g r e s s i v e l y s m a l l e r towards the i n t e ­
r i o r o f the p a r t i c l e . 
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FIGURE 4 

CONCENTRATION GRADIENTS IN 
GAS/LIQUID/SOLID CATALYTIC SYSTEM 

POROUS 
CATALYST 
PARTICLE 

R E S I S T A N C E TO R E S I S T A N C E TO 
G A S / L I Q U I D L I Q U I D / S O L I D 
M A S S T R A N S P O R T M A S S T R A N S P O R T 

R E S I S T A N C E TO 
D I F F U S I O N IN 
P O R E S OF C A T A L Y S T 
P A R T I C L E 

S i n c e no g a s / l i q u i d t r a n s p o r t s tep i s n e c e s s a r y f o r Reac ­
tan t B , the l i q u i d - p h a s e r e a c t a n t , the o n l y r e s i s t a n c e s which 
Β encoun te rs are the l i q u i d / s o l i d r e s i s t a n c e and the po re -
d i f f u s i o n r e s i s t a n c e . These r e s i s t a n c e s cause c o n c e n t r a t i o n 
d e c l i n e s , as shown i n F i g u r e 4 . 

A p i c t u r e o f the temperature p r o f i l e i n the g a s / l i q u i d / 
s o l i d c a t a l y t i c sys tem can be c o n s t r u c t e d i n a s i m i l a r f a s h i o n . 
The on l y s i g n i f i c a n t h e a t - t r a n s p o r t r e s i s t a n c e s are the r e s i s ­
tance to heat conduc t ion i n s i d e the p a r t i c l e and the r e s i s t a n c e 
i n the l i q u i d f i l m a t the p a r t i c l e s u r f a c e . T h e r e f o r e , f o r an 
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exothermic r e a c t i o n , the temperature g r a d i e n t s are as shown i n 
F i g u r e 5 . 

FIGURE 5 

TEMPERATURE GRADIENTS IN 
GAS/LIQUID/SOLID CATALYTIC SYSTEM 

L I Q U I D I 

STAGNANT 
L I Q U I D L A Y E R 

I 

For an endothermic r e a c t i o n , the temperature p r o f i l e s a re 
e x a c t l y r e v e r s e d , w i th the ex te rna l s u r f a c e o f the p e l l e t 
be ing c o o l e r than the bu lk l i q u i d , and the cen te r o f the 
p a r t i c l e be ing even c o o l e r than the ex te rna l s u r f a c e . 

I t i s impor tan t to remember t ha t c o n c e n t r a t i o n and tem­
pera tu re p r o f i l e s such as those shown i n F i g u r e s 4 and 5 
a lways e x i s t i n g a s / l i q u i d / s o l i d c a t a l y t i c s y s t e m s . However, 
the magni tude o f these g r a d i e n t s can va ry w i d e l y , from t o t a l l y 
n e g l i g i b l e to ve ry s e v e r e . The most impor tan t f a c t o r i n d e t e r ­
min ing the magni tude o f the c o n c e n t r a t i o n and temperature 

P O R O U S 
C A T A L Y S T 
P A R T I C L E 
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g r a d i e n t s i s the ra te o f the chemical r e a c t i o n . I f the obse rved 
ra te o f r e a c t i o n i s very h i g h , e i t h e r because a h i g h l y - a c t i v e 
c a t a l y s t i s employed or because ope ra t i ng c o n d i t i o n s are s e v e r e , 
the t r a n s p o r t r a t e s w i l l a l s o have to be h i g h i n o rde r to keep 
up w i th the r e a c t i o n . These h i g h t r a n s p o r t r a t e s w i l l i n t u rn 
c rea te l a r g e c o n c e n t r a t i o n and temperature g r a d i e n t s , as i s 
r e a d i l y apparen t from Equa t i ons 1 th rough 4 . T h i s argument 
s u b s t a n t i a t e s the o l d adage t ha t " t r a n s p o r t p r o c e s s e s never 
i n t e r f e r e w i th the performance o f poor c a t a l y s t s , o n l y good 
o n e s " . 

THE INFLUENCE OF CONCENTRATION AND TEMPERATURE GRADIENTS ON 
OBSERVED CATALYST PERFORMANCE 

There i s an e x t e n s i v e l i t e r a t u r e d e a l i n g w i th the i n f l u ­
ence o f t r a n s p o r t on observed c a t a l y s t per formance. I t i s wel l 
documented tha t c o n c e n t r a t i o n and temperature g r a d i e n t s w i t h i n 
the c a t a l y t i c sys tem can have a s i g n i f i c a n t e f f e c t on the ap ­
paren t c a t a l y s t a c t i v i t y , s e l e c t i v i t y and l i f e . Some o f the 
key r e s u l t s from these a reas w i l l be rev iewed i n the pa rag raphs 
which f o l l o w . I t has a l s o been e s t a b l i s h e d tha t t r a n s p o r t e f ­
f e c t s can a l t e r the apparent k i n e t i c s o f the c a t a l y t i c r e a c t i o n . 
For i n s t a n c e , Weisz and P r a t e r (1954) have shown tha t both the 
apparent a c t i v a t i o n energy and the apparent r e a c t i o n o rde r can 
be s u b s t a n t i a l l y changed by t r a n s p o r t e f f e c t s . U n f o r t u n a t e l y , 
i t i s i m p o s s i b l e to do j u s t i c e to the s u b j e c t o f " d i s g u i s e d 
k i n e t i c s " i n the p resen t paper . 

C a t a l y s t A c t i v i t y 
In o rde r to a p p r e c i a t e some o f the q u a n t i t a t i v e d e v e l o p ­

ments which f o l l o w , i t i s n e c e s s a r y to have a q u a l i t a t i v e p i c ­
tu re o f how and why t r a n s p o r t - r e l a t e d c o n c e n t r a t i o n and 
temperature g r a d i e n t s a l t e r the observed c a t a l y s t per fo rmance. 
I n the case o f c a t a l y s t a c t i v i t y , the e x p l a n a t i o n s are s t r a i g h t ­
f o rwa rd . 

With r e s p e c t to c o n c e n t r a t i o n , i t i s c l e a r from F i g u r e 4 
tha t the c o n c e n t r a t i o n s o f the r e a c t a n t s are a lways lower i n the 
c a t a l y s t p a r t i c l e s than i n the bu lk gas o r l i q u i d . I n g e n e r a l , 
the i n t r i n s i c ra te o f a chemical r e a c t i o n can be c o r r e l a t e d w i th 
a ra te equa t ion o f the fo rm: 

"

r
A

a C
A

c
B 

where a+b = η i s the o v e r a l l r e a c t i o n o r d e r . For n > 0 , the 
r e a c t i o n ra te d e c l i n e s as the reac tan t c o n c e n t r a t i o n s are r e ­
duced. I n t h i s c a s e , i f the v a r i o u s m a s s - t r a n s p o r t r e s i s t a n c e s 
are s i g n i f i c a n t , the reduced reac tan t c o n c e n t r a t i o n s w i t h i n the 
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c a t a l y s t p a r t i c l e w i l l cause the apparent a c t i v i t y to be lower 
than f o r the i dea l c a s e , where no g r a d i e n t s e x i s t . T h i s " i d e a l 
c a s e " i s dep i c ted s c h e m a t i c a l l y i n F i g u r e 6 . When the ac tua l 

FIGURE 6 

DEFINITION OF "IDEAL" CATALYTIC SYSTEM 

- A , g 

exper imenta l c o n c e n t r a t i o n and temperature p r o f i l e s a re as 
shown i n F i g u r e 6 , t r a n s p o r t does not e f f e c t the c a t a l y s t pe r ­
fo rmance, and i n t r i n s i c c a t a l y s t b e h a v i o r i s o b s e r v e d . 

For the very unusual case o f n < 0 , decreased reac tan t c o n ­
c e n t r a t i o n s i n the c a t a l y s t cause an i n c r e a s e d r e a c t i o n r a t e . 
T h i s s i t u a t i o n can occur when one r e a c t a n t i s ve ry s t r o n g l y a d ­
sorbed by the c a t a l y s t , and e f f e c t i v e l y " s q u e e z e s " the o the r 
r eac tan t o f f the s u r f a c e . I n such a c a s e , d e c r e a s i n g the 
c o n c e n t r a t i o n o f the s t r o n g l y - a d s o r b e d reac tan t can a c t u a l l y 
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i n c r e a s e the r e a c t i o n r a t e , and make the observed c a t a l y s t a c t i ­
v i t y g r e a t e r than the i n s t r i n s i c a c t i v i t y . However, t h i s 
s i t u a t i o n i s r a r e enough to exc lude from f u r t h e r c o n s i d e r a t i o n . 

The e f f e c t o f temperature on apparent c a t a l y s t a c t i v i t y 
i s a l s o e a s i l y r a t i o n a l i z e d . For exothermic r e a c t i o n s , the 
temperature w i t h i n the p e l l e t i s a lways h i g h e r than i n the 
bu lk l i q u i d . S i n c e r e a c t i o n r a t e s i n c r e a s e w i th i n c r e a s i n g 
tempera tu re , the temperature g r a d i e n t s tend to make the ac tua l 
ra te h i g h e r than the ra te f o r the " i d e a l " c a s e . T h i s tempera­
tu re e f f e c t i s d i r e c t i o n a l l y o p p o s i t e to the p r e v i o u s l y -
d e s c r i b e d c o n c e n t r a t i o n e f f e c t . 

For sys tems where the c a t a l y s t p a r t i c l e s are su r rounded by 
a l i q u i d p h a s e , the c o n c e n t r a t i o n g r a d i e n t s g e n e r a l l y have a 
s t r o n g e r i n f l u e n c e on the r e a c t i o n ra te than the temperature 
g r a d i e n t s . I n such c a s e s , the o v e r a l l e f f e c t o f the v a r i o u s 
t r a n s p o r t p r o c e s s e s i s to make the observed c a t a l y s t a c t i v i t y 
l e s s than the i n t r i n s i c a c t i v i t y . 

For sys tems where the c a t a l y s t p a r t i c l e s a re su r rounded by 
a g a s , the s i t u a t i o n i s more complex. Depending on c o n d i t i o n s , 
e i t h e r the temperature o r the c o n c e n t r a t i o n e f f e c t can predomi ­
n a t e , and the apparent c a t a l y s t a c t i v i t y can be e i t h e r h i g h e r 
or lower than the i n t r i n s i c v a l u e . 

I f the r e a c t i o n i s endo the rm ic , the temperature w i t h i n the 
c a t a l y s t p a r t i c l e i s a lways l e s s than tha t o f the bu lk l i q u i d , 
making the ac tua l r e a c t i o n ^ r a t e l e s s than the " i d e a l " r a t e . 
For an endothermic r e a c t i o n , the e f f e c t s of the temperature 
and c o n c e n t r a t i o n g r a d i e n t s are r e i n f o r c i n g . The observed 
r e a c t i o n ra te i s a lways l e s s than the " i d e a l " r a t e , and the 
apparent c a t a l y s t a c t i v i t y i s a lways l e s s than the i n t r i n s i c 
a c t i v i t y . 

S e l e c t i v i t y 
A d e f i n i t i v e a n a l y s i s o f the i n f l u e n c e o f mass t r a n s p o r t 

on c a t a l y s t s e l e c t i v i t y was o r i g i n a l l y p resen ted by Wheeler 
( 1 9 5 1 ) , who de f i ned th ree t ypes o f s e l e c t i v i t y , c o r r e s p o n d i n g 
to d i f f e r e n t c o n f i g u r a t i o n s o f the r e a c t i o n s which take p l a c e . 
Type I s e l e c t i v i t y c o r r e s p o n d s to the two independent s i m u l ­
taneous r e a c t i o n s . 

A P r o d u c t s ] ( r a p i d ) 

Β P r o d u c t s 2 ( s l ow) 

An example o f t h i s r e a c t i o n sequence occu rs in the s e l e c t i v e 
hyd rogéna t i on o f C4 a c e t y l e n e s i n the presence o f bu tad iene . 
For these r e a c t i o n s , p roper c a t a l y s t s e l e c t i o n permi ts a ve ry 
h i gh ra te o f C4 a c e t y l e n e s hyd rogéna t i on compared to the ra te 
o f bu tad iene h y d r o g é n a t i o n . T h i s p r o c e s s i s used commerc ia l l y 
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FIGURE 7 

CONCENTRATION GRADIENTS FOR TYPE I SELECTIVITY 

C A T A L Y S T 
P A R T I C L E 

K E Y : 

I N I T I A L A C T I V E C O M P O N E N T L O A D I N G 

I N C R E A S E D A C T I V E C O M P O N E N T L O A D I N G 
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i n p u r i f i c a t i o n o f the bu tad ienes t ha t a re produced as a b y p r o ­
duct o f e thy lene manufac tu re . 

I n the f o l l o w i n g d i s c u s s i o n , i t i s assumed t ha t A-> P r o d u c t s ! 
i s r a p i d compared to B-> P r o d u c t S 2 - To s i m p l i f y the a n a l y s i s , i t 
i s f u r t h e r assumed tha t both A and Β a re s u p p l i e d as l i q u i d s , so 
tha t g a s / l i q u i d mass t r a n s p o r t can be n e g l e c t e d . However, a l l 
o f the impor tan t c o n c l u s i o n s which d e r i v e from the f o l l o w i n g 
a n a l y s i s would remain unchanged i f g a s / l i q u i d mass t r a n s p o r t 
were i n c l u d e d . 

F i g u r e 7 i s a schemat ic drawing o f the c o n c e n t r a t i o n 
g r a d i e n t s t ha t e x i s t i n a Type I s y s t e m . C o n s i d e r i n g f i r s t the 
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c o n c e n t r a t i o n p r o f i l e s shown as s o l i d l i n e s , i t can be seen tha t 
the c o n c e n t r a t i o n d e c l i n e due to mass t r a n s p o r t i s much l a r g e r 
f o r Reac tan t A than f o r Reac tan t B . T h i s i s a s imp le c o n s e ­
quence o f the f a c t tha t A i s consumed i n the r a p i d r e a c t i o n . 
T h e r e f o r e , a h i g h e r d r i v i n g f o r c e ( c o n c e n t r a t i o n d rop) i s r e ­
q u i r e d to suppor t t h i s r e a c t i o n , compared to the s lower r e a c t i o n , 
i n which Β i s consumed. 

I f the two r e a c t i o n s a re the same o r d e r , e . g . , the f a s t 
r e a c t i o n i s f i r s t o rde r i n A and the s low r e a c t i o n i s f i r s t 
o rde r i n B , then the c o n c e n t r a t i o n p r o f i l e s i n F i g u r e 7 show 
tha t the ra te o f the f a s t r e a c t i o n w i l l be decreased by the mass 
t r a n s p o r t r e s i s t a n c e s to a much g r e a t e r ex ten t than tha t o f the 
s low r e a c t i o n . T h e r e f o r e , the apparent s e l e c t i v i t y o f the 
c a t a l y s t w i l l be a l t e r e d so as to make the f a s t r e a c t i o n appear 
l e s s f avo red than i t i s under i n t r i n s i c c o n d i t i o n s . I f the 
f a s t r e a c t i o n i s d e s i r e d , mass t r a n s p o r t e f f e c t s w i l l cause a 
lower ing o f the apparent s e l e c t i v i t y . 

Now c o n s i d e r the e f f e c t o f i n c r e a s i n g the c o n c e n t r a t i o n o f 
the a c t i v e component i n the c a t a l y s t . I n g e n e r a l , t h i s w i l l 
i n c r e a s e the i n s t r i n s i c r a t e s o f both r e a c t i o n s , and w i l l l ead 
to l a r g e r c o n c e n t r a t i o n d e c l i n e s f o r both A and B. However, the 
c o n c e n t r a t i o n p r o f i l e f o r Reactan t A w i l l undergo a l a r g e r change 
than tha t f o r Reactan t B , and the apparent s e l e c t i v i t y w i l 
decrease even f u r t h e r . 

T h i s s imp le a n a l y s i s i s c o n s i s t e n t w i th the o l d adage t ha t 
lower l o a d i n g s o f a c t i v e component l ead to improved s e l e c t i v i t y . 
T r a n s p o r t e f f e c t s a re not the on l y way to r a t i o n a l i z e t h i s 
s ta tement , but they c e r t a i n l y can be a c o n t r i b u t i n g f a c t o r . 

The e f f e c t tha t the heat t r a n s p o r t r e s i s t a n c e s w i l l have 
on apparent s e l e c t i v i t y f o r Type I r e a c t i o n s depends on whether 
the r e a c t i o n s are exothermic o r endo thermic , and on which o f 
the two r e a c t i o n s has the h i g h e r a c t i v a t i o n ene rgy . I n g e n e r a l , 
temperature g r a d i e n t s f a v o r the r e a c t i o n w i th the h i g h e s t a c t i ­
v a t i o n energy when the r e a c t i o n s are exo the rm ic , and f a v o r the 
r e a c t i o n w i th the lowest a c t i v a t i o n energy when the r e a c t i o n s 
are endothermic . Fu r the r d e t a i l s a re p resen ted i n Tab le I . I n 
the event t ha t the e f f e c t o f heat t r a n s p o r t on apparent s e l e c ­
t i v i t y i s d i r e c t i o n a l l y o p p o s i t e to the e f f e c t o f mass t r a n s ­
p o r t , the mass t r a n s p o r t e f f e c t w i l l u s u a l l y p redomina te , a t 
l e a s t f o r sys tems where the c a t a l y s t i s su r rounded by l i q u i d . 

Type I I s e l e c t i v i t y co r responds to the p a r a l l e l r e a c t i o n s 

Β 

A 

* c 

T h i s type o f r e a c t i o n c o n f i g u r a t i o n o c c u r s i n the hyd rogéna t i on 
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o f c h l o r o b e n z e n e , where benzene and HC1 are formed in one r e a c ­
t i o n , and c y c l o h e x y l c h l o r i d e i n the o t h e r . 

I f the r e a c t i o n s A - * B and A + C are o f the same o r d e r , the 
c o n c e n t r a t i o n g r a d i e n t s i n the c a t a l y t i c sys tem w i l l not change 
the apparen t s e l e c t i v i t y , i . e . , both r e a c t i o n s w i l l be s lowed 
down to e x a c t l y the same ex ten t by the lower c o n c e n t r a t i o n o f 
A i n the c a t a l y s t p a r t i c l e . However, i f the r e a c t i o n s are o f 
d i f f e r e n t o r d e r s , the r e a c t i o n w i th the h i g h e r o rde r i s s lowed 
down by the c o n c e n t r a t i o n d e c l i n e more than the r e a c t i o n w i t h 
the lower o r d e r . T h e r e f o r e , the apparen t s e l e c t i v i t y o f the 
c a t a l y s t i s a l t e r e d by t r a n s p o r t l i m i t a t i o n s so tha t the y i e l d 
o f the product formed i n the l o w e r - o r d e r r e a c t i o n i s i n c r e a s e d 
r e l a t i v e to the y i e l d o f the p roduc t from the h i g h e r - o r d e r 
r e a c t i o n . 

I n c r e a s i n g the c o n c e n t r a t i o n o f the a c t i v e component (s) on 
the c a t a l y s t tends to make the c o n c e n t r a t i o n g r a d i e n t s s t e e p e r . 
T h i s i n t u rn s lows down the h i g h e r - o r d e r r e a c t i o n r e l a t i v e to 
the l o w e r - o r d e r r e a c t i o n . T h u s , i f the h i g h e r - o r d e r r e a c t i o n i s 
d e s i r e d , the apparen t s e l e c t i v i t y o f the c a t a l y s t i s dec reased 
by i n c r e a s i n g the a c t i v e c o n c e n t r a t i o n . T h i s e f f e c t i s a g a i n 
i n l i n e w i th the p r e v i o u s l y - s t a t e d r u l e - o f - t h u m b . However, i f 
the l o w e r - o r d e r r e a c t i o n i s d e s i r e d , i n c r e a s i n g the c o n c e n t r a ­
t i o n o f a c t i v e component i n c r e a s e s the apparent c a t a l y s t s e l e c ­
t i v i t y , c o n t r a d i c t i n g the normal e f f e c t . 

As w i th Type I s e l e c t i v i t y , the i n f l u e n c e o f the tempera­
tu re g r a d i e n t s on c a t a l y s t s e l e c t i v i t y depends on the r e l a t i v e 
a c t i v a t i o n e n e r g i e s o f the two r e a c t i o n s , and on whether the 
r e a c t i o n s a re exothermic o r endo thermic . 

Type I I I s e l e c t i v i t y c o r r e s p o n d s to the s e r i e s r e a c t i o n s 

A -> Β -> C 

An example o f t h i s r e a c t i o n sequence i s the hyd rogéna t i on o f 
n i t r o b e n z e n e , where the i n i t i a l p r o d u c t , a n i l i n e , can be f u r t h e r 
hydrogenated to cyc lohexy lam i ne . 

F i g u r e 8 i s a schemat ic r e p r e s e n t a t i o n o f the c o n c e n t r a ­
t i o n g r a d i e n t s f o r a Type I I I s y s t e m . Note tha t the concen­
t r a t i o n o f Reac tan t A i s lower i n the c a t a l y s t p a r t i c l e than f o r 
the idea l c a s e , and tha t the c o n c e n t r a t i o n o f the i n t e r m e d i a t e , 
B , i s h i g h e r i n the p a r t i c l e than f o r the idea l c a s e . The 
dec reased c o n c e n t r a t i o n o f A d e c r e a s e s the ra te o f f o rma t ion o f 
Β and A , whereas the i n c r e a s e d c o n c e n t r a t i o n o f Β i n c r e a s e s the 
ra te a t which Β r e a c t s away to form C . T h u s , the net e f f e c t o f 
the c o n c e n t r a t i o n g r a d i e n t s i s to dec rease the apparent s e l e c ­
t i v i t y to Β by i n c r e a s i n g the net ra te o f fo rmat ion o f C r e l a ­
t i v e to the ra te o f d i sappea rance o f A , i . e . , more o f the A tha t 
i s consumed goes to form C , and l e s s to B , as the t r a n s p o r t 
l i m i t a t i o n s become more s e v e r e . 
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FIGURE 8 

CONCENTRATION GRADIENTS FOR TYPE Π Ι SELECTIVITY 

S T A G N A N T 
L I Q U I D L A Y E R 

A q u a l i t a t i v e way o f r a t i o n a l i z i n g t h i s s e l e c t i v i t y pheno­
menon i s to rega rd the i n c r e a s e d t r a n s p o r t l i m i t a t i o n s as hav ing 
the e f f e c t o f " t r a p p i n g " the in te rmed ia te Β w i t h i n the c a t a l y s t 
p a r t i c l e , making i t i n c r e a s i n g l y d i f f i c u l t f o r Β to d i f f u s e 
back to the bu lk l i q u i d , and i n c r e a s i n g the p r o b a b i l i t y t ha t Β 
w i l l r eac t f u r t h e r to form C , be fore i t can escape from the 
i n t e r i o r o f the c a t a l y s t . 

I n c r e a s i n g the l o a d i n g o f the a c t i v e component i n the 
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c a t a l y s t makes the c o n c e n t r a t i o n g r a d i e n t s s t e e p e r , and t h i s 
tends to make the apparen t c a t a l y s t s e l e c t i v i t y f o r Β even 
poo re r . Once a g a i n , the r u l e -o f - t humb tha t i n c r e a s i n g the 
l o a d i n g o f a c t i v e component i n the c a t a l y s t d e c r e a s e s c a t a l y s t 
s e l e c t i v i t y i s c o n s i s t e n t w i t h the e f f e c t p red i c ted by a n a l y z i n g 
the i n t e r a c t i o n between chemical r e a c t i o n and t r a n s p o r t pheno­
mena. 

The e f f e c t o f temperature g r a d i e n t s w i t h i n the c a t a l y t i c 
sys tem on apparent c a t a l y s t s e l e c t i v i t y i s ve ry s i m i l a r to tha t 
o c c u r r i n g i n Type I and Type I I s y s t e m s . The exac t e f f e c t de­
pends on the r e l a t i v e a c t i v a t i o n e n e r g i e s o f the two r e a c t i o n s , 
and on whether the r e a c t i o n s are exothermic or endo thermic . I n 
the event o f a d i r e c t i o n a l c o n f l i c t between the mass and heat 
t r a n s p o r t e f f e c t s , the mass t r a n s p o r t e f f e c t w i l l u s u a l l y p r e ­
dominate when the c a t a l y s t i s su r rounded by l i q u i d . 

C a t a l y s t L i f e 
The l o s s o f c a t a l y s t a c t i v i t y w i th t ime i s a very complex 

phenomenon. Many mechanisms e x i s t f o r a c t i v i t y l o s s , i n c l u d i n g 
suppo r t s i n t e r i n g , coke laydown, chem iso rp t i on o f a " p o i s o n " , 
p h y s i c a l b l o c k i n g o f the c a t a l y s t s u r f a c e , and many o t h e r s . 

I t i s i m p o s s i b l e i n t h i s paper to comprehens ive ly rev iew 
a l l o f the v a r i o u s types o f a c t i v i t y l o s s , and how each o f 
these i n t e r a c t w i th the t r a n s p o r t p r o c e s s e s . I n o rde r to i l l u s ­
t r a t e the type o f i n t e r a c t i o n t ha t can o c c u r , as wel l as the 
p o s s i b l e p i t f a l l s tha t awa i t the casua l r e s e a r c h e r , one s imp le 
case w i l l be a n a l y z e d . 

C o n s i d e r the r e a c t i o n A B , t a k i n g p lace on a c a t a l y s t 
which i s assumed to be s l o w l y po i soned by i r r e v e r s i b l e chemi-
s o r p t i o n o f a p o i s o n , P. F i g u r e 9A shows the s i t u a t i o n t ha t 
o c c u r s i n the " i d e a l " c a s e , where e s s e n t i a l l y no m a s s - t r a n s p o r t 
l i m i t a t i o n s e x i s t . S i n c e the re are no temperature o r concen­
t r a t i o n g r a d i e n t s i n the s y s t e m , each s i t e on the c a t a l y s t 
c o n t r i b u t e s e q u a l l y to the r e a c t i o n r a t e , and the o v e r a l l r a te 
dec reases i n d i r e c t p r o p o r t i o n to the number o f s i t e s which 
are p o i s o n e d . T h i s d e c l i n e i n r e a c t i o n ra te i s shown i n the 
lower h a l f o f F i g u r e 9A. The graph i s not i n f l u e n c e d by the 
way i n which the p o i s o n d e p o s i t s i n the c a t a l y s t , i . e . , whether 
i t d e p o s i t s un i f o rm l y th roughou t the p e l l e t , or concen t ra tes a t 
the ex te rna l s u r f a c e o r a t the cen te r o f the p a r t i c l e . 

C o n t r a s t t h i s behav io r w i th the s i t u a t i o n shown i n F i g u r e 
9 B , which co r responds to a c a t a l y s t where the i n i t i a l r e a c t i o n 
ra te i s s e v e r e l y i n f l u e n c e d by l i q u i d / s o l i d mass t r a n s p o r t . As 
i l l u s t r a t e d i n the top h a l f o f F i g u r e 9 B , the i n t r i n s i c r e a c t i o n 
ra te on the i n i t i a l l y unpo isoned c a t a l y s t i s so r a p i d tha t a l l 
o f the c o n c e n t r a t i o n d r i v i n g f o r c e i s used up i n g e t t i n g Reac ­
tan t A th rough the s t a g n a n t l i q u i d f i l m a t the p a r t i c l e s u r f a c e , 
so tha t the c o n c e n t r a t i o n o f A i n p a r t i c l e i n t e r i o r i s n e g l i g i b l y 
s m a l l . The obse rved r e a c t i o n ra te i s determined s o l e l y by how 
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FIGURE 9 

EFFECT OF TRANSPORT LIMITATIONS ON CATALYST LIFE 

A. IDEAL CASE (NEGLIGIBLE INITIAL TRANSPORT LIMITATIONS) 
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f a s t A can d i f f u s e th rough the s t a g n a n t f i l m . Under these c o n ­
d i t i o n s , the r e a c t i o n i s s a i d to be " c o n t r o l l e d " by l i q u i d / s o l i d 
mass t r a n s p o r t . 

C o n s i d e r the case where the p o i s o n , P , d i s t r i b u t e s un i f o rm­
l y t h roughou t the c a t a l y s t p a r t i c l e . Even a f t e r a moderate 
amount o f p o i s o n has d e p o s i t e d , the i n t r i n s i c r e a c t i o n ra te i s 
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B . I N I T I A L L Y C O N T R O L L E D B Y B U L K M A S S T R A N S P O R T 

( P O I S O N UNIFORMLY D I S T R I B U T E D ) 
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s t i l l so h i g h tha t l i q u i d / s o l i d mass t r a n s p o r t o f A comple te ly 
determines the r e a c t i o n r a t e . Even though the laydown o f p o i s o n 
does reduce the i n t r i n s i c r e a c t i o n r a t e , as shown by the dashed 
l i n e i n the lower pa r t o f F i g u r e 9 B , the observed r e a c t i o n r a te 
i s e s s e n t i a l l y unchanged. 

T h i s behav io r can t h e o r e t i c a l l y p e r s i s t up to h i g h l e v e l s 
o f p o i s o n i n g . T h u s , the r a te may appear unchanged over a ve ry 
long pe r i od o f t ime , d e s p i t e the f a c t t ha t more and more s i t e s 
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are be ing rendered i n e f f e c t i v e by c h e m i s o r p t i o n o f the p o i s o n . 
E v e n t u a l l y however, a po in t w i l l be reached where so many 

s i t e s a re po i soned tha t the i n t r i n s i c r e a c t i o n ra te i s no l o n g e r 
h i g h enough to r e q u i r e a ve ry seve re c o n c e n t r a t i o n d i f f e r e n c e 
a c r o s s the l i q u i d f i l m . A t t h i s p o i n t , the c o n c e n t r a t i o n g r a ­
d i e n t a c r o s s the f i l m w i l l d e c l i n e , and the c o n c e n t r a t i o n w i t h i n 
the c a t a l y s t p a r t i c l e w i l l beg in to r i s e . T h i s s i t u a t i o n i s 
shown by the dashed l i n e , l a b e l l e d "moderate p o i s o n l e v e l " , i n 
the top h a l f o f F i g u r e 9 B . When t h i s s i t u a t i o n o c c u r s , the o b ­
se rved r e a c t i o n ra te w i l l beg in to f a l l o f f because the r e a c ­
t i o n ra te i s no l o n g e r s o l e l y determined by l i q u i d / s o l i d mass 
t r a n s p o r t . 

A t ve ry h i g h l e v e l s o f p o i s o n , the i n t r i n s i c ra te w i l l be 
so low tha t c o n c e n t r a t i o n g r a d i e n t s become n e g l i g i b l e , and 
" i d e a l " d e a c t i v a t i o n behav io r i s obse rved once a g a i n . The 
ac tua l d e a c t i v a t i o n cu rve w i l l then approach the " i d e a l " l i n e , 
as shown i n F i g u r e 9 B . 

O b v i o u s l y , t h i s type o f a g i n g behav io r i s very easy to m i s ­
i n t e r p r e t . For long p e r i o d s o f t ime , the ac tua l r a te shows 
l i t t l e change , s u g g e s t i n g t ha t c a t a l y s t d e a c t i v a t i o n i s not a 
s e r i o u s prob lem. However, e x t r a p o l a t i o n o f the obse rved low 
a g i n g ra te to l o n g e r t imes cou ld lead to ve ry e r roneous c o n c l u ­
s i o n s , and to very u n p a l a t a b l e consequences i f the e x t r a p o l a t i o n 
were a p p l i e d commerc ia l l y . 

The r e l a t i v e l y sudden change i n a g i n g ra te t ha t o c c u r s as 
the r a t e - l i m i t i n g s tep s h i f t s from l i q u i d - s o l i d mass t r a n s p o r t 
to i n t r i n s i c k i n e t i c s i s sometimes m i s i n t e r p r e t e d as an e x p e r i ­
mental p rob lem, such as an upse t i n temperature c o n t r o l , the 
i n t r o d u c t i o n o f an ex t raneous con taminan t , a f eeds tock c h a n g e , 
e t c . 

The above d i s c u s s i o n has concen t ra ted on a s i n g l e , r e l a ­
t i v e l y - s t r a i g h t f o r w a r d example o f how t r a n s p o r t e f f e c t s i n t e r a c t 
w i th chemical k i n e t i c s to i n f l u e n c e the apparent a g i n g b e h a v i o r 
o f a heterogeneous c a t a l y s t . Many o the r types o f behav io r a re 
p o s s i b l e , l e a d i n g to d i f f e r e n t c u r v e s o f the ac tua l r a te v e r s u s 
the f r a c t i o n o f s i t e s p o i s o n e d . The exac t na tu re o f the d e a c t i ­
v a t i o n curve depends i n a complex way on such f a c t o r s a s : 1) 
the s e v e r i t y o f the i n i t i a l t r a n s p o r t l i m i t a t i o n ; 2) the d i s t r i ­
b u t i o n o f the p o i s o n w i t h i n the c a t a l y s t p a r t i c l e ; 3 ) the 
i n t r i n s i c k i n e t i c s o f the r e a c t i o n ; 4 ) the heat e f f e c t ( exo the r ­
mic o r e n d o t h e r m i c ) , and many o the r f a c t o r s . The most recen t 
d e t a i l e d t reatment i s g i v e n by Bu t t ( 1 9 7 2 ) . 

R A T E - L I M I T I N G STEPS 

The concept o f a r a t e - l i m i t i n g s tep was used r a t h e r l o o s e l y 
i n the p receed ing d i s c u s s i o n o f c a t a l y s t a g i n g . A t t h i s p o i n t , 
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a more q u a n t i t a t i v e approach i s needed, i n o rde r to se t the 
s t a g e f o r the f i n a l s e c t i o n o f t h i s pape r , d e a l i n g w i th the ana ­
l y s i s o f exper imenta l d a t a . 

F i g u r e 4 shows a l l o f the i n d i v i d u a l mass t r a n s p o r t s t e p s 
t ha t take p lace i n the c a t a l y t i c s y s t e m . Rate e x p r e s s i o n s 
w i l l be developed f o r each o f these s t e p s , and then the i n d i v i ­
dual equa t i ons f o r each s tep w i l l be combined to g i v e an e x p r e s ­
s i o n f o r the o v e r a l l , obse rved ra te i n the c a t a l y t i c s y s t e m . 

For Reactant A , the ra te o f g a s / l i q u i d t r a n s p o r t i s g i v e n 
by : 

-

r
A = k g lA g ]( C Âj - C A J) (5 ) 

I n t h i s e q u a t i o n , - r ^ i s the ra te o f t r a n s p o r t o f A from the 
bu lk gas to the bu lk l i q u i d ( g m . m o l e s / s e c . ) , k , i s the g a s / 
l i q u i d m a s s - t r a n s f e r c o e f f i c i e n t ( c m . / s e c ) , AJj-j i s the i n t e r -
f a c i a l area between the gas and l i q u i d p h a s e s , and C/^ i s the 
c o n c e n t r a t i o n o f A i n the l i q u i d phase . C * ^ i s the (hypo the­
t i c a l ) c o n c e n t r a t i o n o f A i n the l i q u i d w h i c f r i s i n e q u i l i b r i u m 
w i th A i n the bu lk gas p h a s e , and -j i s the ac tua l c o n c e n t r a ­
t i o n o f A i n the bu lk l i q u i d . 

The ra te o f t r a n s p o r t o f A from the bu lk l i q u i d to the 
ex te rna l s u r f a c e o f the c a t a l y s t p a r t i c l e s i s g i v e n by : 

"

r
A =

 k

1 s

A
l s <

C
A , l " C A j S) (6) 

where: k-js i s the l i q u i d / s o l i d m a s s - t r a n s f e r c o e f f i c i e n t ( c m . / 
s e c ) , A i s i s the to ta l ex te rna l s u r f a c e area, o f the c a t a l y s t 
p a r t i c l e s , and s i s the c o n c e n t r a t i o n o f A a t the ex te rna l 
s u r f a c e o f the c a t a l y s t p a r t i c l e s . 

At s t e a d y - s t a t e , the ra te o f g a s / l i q u i d t r a n s p o r t must be 
equal to the ra te o f l i q u i d / s o l i d t r a n s p o r t , and both o f these 
r a t e s must be equal to the ra te a t which A i s consumed by chemi­
ca l r e a c t i o n w i t h i n the p e l l e t . T h e r e f o r e , the same s y m b o l , 
- r ^ , has been used to d e s i g n a t e the r a t e s o f these two t r a n s p o r t 
s t e p s . 

The l a s t ra te e x p r e s s i o n t ha t i s n e c e s s a r y f o r Reac tan t A 
i s an equa t i on g i v i n g the ra te a t which A i s consumed by chemi ­
ca l r e a c t i o n w i t h i n the c a t a l y s t p a r t i c l e . However, t h i s r a te 
may be s t r o n g l y i n f l u e n c e d by pore d i f f u s i o n i n the p a r t i c l e , 
and by the i n t r i n s i c chemical k i n e t i c s , which have not been 
s p e c i f i e d . 

For s i m p l i c i t y , i t w i l l be assumed t ha t the i n t r i n s i c 
r e a c t i o n ra te i s f i r s t - o r d e r i n A . I f pore d i f f u s i o n e f f e c t s 
a re n e g l i g i b l e , the ra te o f chemical r e a c t i o n would be g i v e n by : 

- r A = k rW C / ^ jS ( n e g l i g i b l e pore d i f f u s i o n ) 

where k i s the i n t r i n s i c f i r s t - o r d e r ra te c o n s t a n t ( c m .

3
/ s e c , 
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gm.) and W i s the t o ta l we igh t o f c a t a l y s t p a r t i c l e s . To a c ­
count f o r the e f f e c t o f pore d i f f u s i o n , the above equa t i on i s 
m u l t i p l i e d by an " e f f e c t i v e n e s s f a c t o r " , denoted by the symbol 
n , i . e . , 

- r A = η k rW C A jS (7 ) 

The e f f e c t i v e n e s s f a c t o r i s de f i ned as the ac tua l r e a c t i o n ra te 
d i v i d e d by the ra te tha t would have e x i s t e d i n the absence o f 
p o r e - d i f f u s i o n e f f e c t s . 

The va lue o f the e f f e c t i v e n e s s f a c t o r i s u s u a l l y between 0 
and 1 . Va lues c l o s e to zero occur when the p o r e - d i f f u s i o n 
r e s i s t a n c e i s s i g n i f i c a n t , and c o n c e n t r a t i o n g r a d i e n t s w i t h i n 
the c a t a l y s t p a r t i c l e are very s t e e p . When the e f f e c t i v e n e s s 
f a c t o r i s c l o s e to 1 , pore d i f f u s i o n has an i n s i g n i f i c a n t e f f e c t . 
Under c e r t a i n r a r e c i r c u m s t a n c e s , the e f f e c t i v e n e s s f a c t o r can 
exceed u n i t y , but t h i s s i t u a t i o n i s s u f f i c i e n t l y unusual so t ha t 
i t w i l l be neg lec ted f o r p resen t p u r p o s e s . 

The ra te o f t r a n s f e r o f Reac tan t Β from the bu lk l i q u i d to 
the ex te rna l c a t a l y s t s u r f a c e i s g i v e n by : 

- Π 3 = - r A = k ' l sA l s( C B el - C B s S) (8 ) 

The prime on the m a s s - t r a n s f e r c o e f f i c i e n t , k l s, s i g n i f i e s 
tha t t h i s parameter does not u s u a l l y have the same va lue as the 
m a s s - t r a n s f e r c o e f f i c i e n t f o r Reac tan t A . S i n c e i t has been 
assumed t ha t 1 mole o f Β r e a c t s w i t h one mole o f A , the ra te 
o f l i q u i d / s o l i d t r a n s p o r t o f Reac tan t B , - r B, i s equal to the 
ra te o f r e a c t i o n o f A , - r A. 

The i n t r i n s i c chemical r e a c t i o n ra te i s assumed to be 
z e r o - o r d e r i n Reac tan t B . T h i s assumpt ion i s not as r e s t r i c t i v e 
as i t might seem and does a l l ow a s i g n i f i c a n t s i m p l i c a t i o n o f 
the mathemat ics . 

Many o f the c o n c e n t r a t i o n s i n Equa t i ons 5 th rough 8 are 
v i r t u a l l y i m p o s s i b l e to measure d i r e c t l y , e . g . , Cg s and 
f r e q u e n t l y , C A 1 . These c o n c e n t r a t i o n s can be e l i m m a t e â by 
combin ing E q u a t i o n s 5 , 6 and 7 to g i v e an e x p r e s s i o n f o r the 
o v e r a l l r a te o f r e a c t i o n : 

- r A =

 C
A , g (9 ) 

1 + ! _ + ! _ 
nk rW k 1 sA 1s k g lA g] 

The on l y c o n c e n t r a t i o n i n t h i s e x p r e s s i o n i s C A * , which i s 
e a s i l y c a l c u l a t e d from the known p a r t i a l p r e s s u r e o f A i n the 
gas p h a s e . 

Equa t ion 9 i s o f the fo rm: 
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Rate = D r i v i n g Force 
R e s i s t a n c e 

From the denominator o f Equa t ion 9 , i t can be seen tha t the 
t o ta l r e s i s t a n c e i s made up o f th ree separa te r e s i s t a n c e s i n 
s e r i e s , i . e . , 

Tota l R e s i s t a n c e = R e s i s t a n c e to G a s / L i q u i d Mass T r a n s p o r t 

+ R e s i s t a n c e to l i q u i d / S o l i d Mass T r a n s p o r t ( _ J _ ) k
l s

A
l s 

+ R e s i s t a n c e to Chemical Reac t i on and Pore D i f f u s i o n 

) 
\ k r W ' 

For s p h e r i c a l c a t a l y s t p a r t i c l e s , the t o ta l ex te rna l p a r t i ­
c l e a r e a , A-|„ , can be e x p r e s s e d as a f u n c t i o n o f p a r t i c l e s i z e 
and to ta l c a t a l y s t w e i g h t , i . e . , 

6W A
l s = d

P

p
P 

where pp i s the p a r t i c l e d e n s i t y (gm. /cm. ) and d p i s the p a r ­
t i c l e d iameter ( c m . ) . S u b s t i t u t i o n o f t h i s r e l a t i o n s h i p i n t o 
Equa t ion 9 g i v e s : 

- r A = C * 1 (10) 

nkrW + 6 I ^ W

 +
 k g lA gl 

Four s p e c i a l c a s e s o f Equa t ion 10 w i l l now be c o n s i d e r e d . 

Case A ( k g 1A g 1« n krW and dppp/ 6 k - j W) 
I f i t i s assumed tha t the product k g 1A g- | i s much s m a l l e r 

than e i t h e r nkrW or dpPp/6k- j?W, then l / kgi Ag- j w i l l be much 
l a r g e r than e i t h e r o f the o the r terms i n Equa t i on 1 0 , and the 
o the r terms may be neg lec ted i n compar i son . I n t h i s c a s e , 
Equa t ion 10 reduces t o : 

- r A = k g lA g 1C f t >g (11) 

Note tha t the o v e r a l l r e a c t i o n ra te does not depend a t a l l on 
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then 

the parameters which e f f e c t the chemical r e a c t i o n ( n , k r o r W ) , 
o r the parameters which e f f e c t l i q u i d / s o l i d t r a n s p o r t ( d p, p p, 
k ] s, k ' - |s, W, o r C B) . The o n l y v a r i a b l e s which i n f l u e n c e the 
ra te a re those which i n f l u e n c e g a s / l i q u i d mass t r a n s p o r t , e . g . , 
s t i r r i n g r a t e , gas d i s t r i b u t o r d e s i g n , e t c . I n p h y s i c a l t e r m s , 
the g a s / l i q u i d t r a n s p o r t r e s i s t a n c e i s much l a r g e r than e i t h e r 
o f the o the r r e s i s t a n c e s , and the obse rved ra te i s comp le te ly 
determined by how r a p i d l y A can be t r a n s f e r r e d from the gas to 
the l i q u i d . 

The c o n c e n t r a t i o n g r a d i e n t s f o r t h i s case are shown i n 
F i g u r e 10A. Note t ha t a l l o f the g r a d i e n t o c c u r s a c r o s s the 
g a s - l i q u i d f i l m s , i . e . , a l l o f the a v a i l a b l e c o n c e n t r a t i o n 
d r i v i n g f o r c e i s expended i n g e t t i n g the r e a c t a n t from the 
bu lk gas phase to the bu lk l i q u i d p h a s e . The reac tan t concen ­
t r a t i o n i s e s s e n t i a l l y zero i n the bu lk l i q u i d and th roughou t 
the c a t a l y s t p a r t i c l e s . G a s / l i q u i d mass t r a n s f e r i s not n e a r l y 
r a p i d enough to keep the l i q u i d s a t u r a t e d w i th A . 

For a s i t u a t i o n such as t ha t d e s c r i b e d above , the r e a c t i o n 
i s s a i d to be c o n t r o l l e d by g a s / l i q u i d mass t r a n s p o r t . 

Case Β ( 6 k i sW / d pp p< < n krW and kg-|Ag-|) 
I f 6 k - | sW / d pp p i s much l e s s than e i t h e r nkrW or

 k
g i

A
g l » 

dppp/ 6 k - jsW w i l l be much l a r g e r than e i t h e r o f the o the r r e s i s ­
tance terms i n Equa t i on 1 0 . I n p h y s i c a l t e r m s , t h i s c o r r e s ­
ponds to a s i t u a t i o n where the l i q u i d / s o l i d t r a n s p o r t r e s i s t a n c e 
i s much l a r g e r than e i t h e r the g a s / l i q u i d r e s i s t a n c e or the 
r e s i s t a n c e to chemical r e a c t i o n / p o r e d i f f u s i o n . 

I n t h i s c a s e , Equa t i on 10 reduces t o : 

6 k ] W 
d
p P p 

T h i s e x p r e s s i o n shows t ha t the o n l y v a r i a b l e s which a f f e c t the 
o v e r a l l r a te are those which i n f l u e n c e l i q u i d / s o l i d t r a n s p o r t , 
such as the c a t a l y s t w e i g h t , W, the ex te rna l p a r t i c l e a rea 
( v i a d p) , and the t r a n s p o r t c o e f f i c i e n t , k-js. The ra te does 
not depend on parameters such as k r, k g i , C B o r A g i . 

The c o n c e n t r a t i o n g r a d i e n t s f o r t h i s case are shown i n 
F i g u r e 10B. A l l o f the g r a d i e n t s occu r a c r o s s the l i q u i d 
f i l m a t the c a t a l y s t s u r f a c e , and a l l o f the a v a i l a b l e concen ­
t r a t i o n d r i v i n g f o r c e i s expended i n g e t t i n g the reac tan t f rom 
the bu lk l i q u i d to the p a r t i c l e s u r f a c e . The reac tan t concen ­
t r a t i o n i s e s s e n t i a l l y zero th roughou t the c a t a l y s t p a r t i c l e . 

For t h i s s i t u a t i o n , the o v e r a l l r a te i s comple te ly de te r ­
mined by the ra te o f l i q u i d / s o l i d t r a n s p o r t , and the r e a c t i o n 
ra te i s s a i d to be con t ro l l ed by mass t r a n s p o r t o f Reac tan t A 
from the bu lk l i q u i d to the ex te rna l s u r f a c e o f the c a t a l y s t 
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FIGURE 10 

CONCENTRATION PROFILES FOR VARIOUS 
RATE-CONTROLLING STEPS 

A . G A S / L I Q U I D M A S S T R A N S P O R T 

C A 

LIQUID 

B . L IQUID / S O L I D M A S S T R A N S P O R T 

cA 

LIQUID 
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CHEMICAL R E A C T I O N C O N T R O L 

1. I N S I G N I F I C A N T P O R E D I F F U S I O N R E S I S T A N C E 

L I Q U I D 

2. S I G N I F I C A N T P O R E D I F F U S I O N R E S I S T A N C E 

- G A S 

^ C A T A L Y S T 
P A R T I C L E 

L I Q U I D 

p a r t i c l e s . 

Case C 
The o v e r a l l r e a c t i o n can a l s o be c o n t r o l l e d by l i q u i d / s o l i d 

t r a n s p o r t o f Reac tan t B . The g r a d i e n t p i c t u r e i s ve ry s i m i l a r 
to tha t shown i n F i g u r e 1 0 , except t ha t Reactan t Β i s i n v o l v e d 
i n s t e a d o f Reac tan t A . The o v e r a l l ra te equa t i on i s : 

6 k ' l sW 
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I n o rde r f o r t h i s s i t u a t i o n to o c c u r , the maximum ra te o f 
l i q u i d / s o l i d t r a n s p o r t o f Β would have to be s i g n i f i c a n t l y 
l e s s than the maximum r a t e s o f the th ree i n d i v i d u a l s t e p s f o r 

I f (.1/nkpW) i s s i g n i f i c a n t l y g r e a t e r than the o ther r e s i s ­
t a n c e s , then Equa t ion 10 reduces t o : 

I n p h y s i c a l t e r m s , the chemical r e a c t i o n / p o r e d i f f u s i o n r e s i s ­
tance i s much l a r g e r than e i t h e r the g a s / l i q u i d or l i q u i d / s o l i d 
r e s i s t a n c e s , and the observed ra te i s determined by the ra te 
o f r e a c t i o n i n s i d e the c a t a l y s t p a r t i c l e s . 

I n o rder to deve lop a p i c t u r e o f the c o n c e n t r a t i o n g r a ­
d i e n t s f o r t h i s c a s e , i t i s n e c e s s a r y to d i s t i n g u i s h between 
two s u b - c a s e s : 1) i n s i g n i f i c a n t p o r e - d i f f u s i o n r e s i s t a n c e 
(n= 1 . 0 ) , a n d ; 2) s i g n i f i c a n t pore d i f f u s i o n r e s i s t a n c e ( n -
0 . 5 0 ) . 

F i g u r e 10C.1 shows the c o n c e n t r a t i o n p r o f i l e s f o r the 
case where the r e s i s t a n c e to pore d i f f u s i o n i s i n s i g n i f i c a n t . 
T h i s co r responds to the " i d e a l " case de f i ned e a r l i e r i n F i g u r e 
6 , where none o f the d r i v i n g f o r ce i s used up by the t r a n s p o r t 
s t e p s , and the f u l l r eac tan t c o n c e n t r a t i o n i s a v a i l a b l e a t 
a l l p o i n t s w i t h i n the c a t a l y s t p a r t i c l e . 

The s i t u a t i o n shown i n F i g u r e 10C.1 i s an example o f a 
system where the o v e r a l l r e a c t i o n i s c o n t r o l l e d by the i n t r i n s i c 
chemical k i n e t i c s . None o f the v a r i o u s t r a n s p o r t s t e p s have 
any s i g n i f i c a n t i n f l u e n c e on the observed r a t e . 

F i g u r e I O C . 2 shows the c o n c e n t r a t i o n g r a d i e n t s i n a sys tem 
where the o v e r a l l r a te i s c o n t r o l l e d by chemical r e a c t i o n w i t h ­
i n the c a t a l y s t p a r t i c l e , but where the pore d i f f u s i o n r e s i s ­
tance i s s i g n i f i c a n t . A l l o f the c o n c e n t r a t i o n d e c l i n e o c c u r s 
w i t h i n the c a t a l y s t p a r t i c l e , and the d r i v i n g f o r ce f o r r e a c ­
t i o n i s s i g n i f i c a n t l y lower i n the cen te r o f the p a r t i c l e than 
a t the c a t a l y s t s u r f a c e . 

The c o n t r o l l i n g mechanism f o r t h i s case i s not easy to 
d e s c r i b e i n a few words . To be s t r i c t l y c o r r e c t , one s h o u l d 
say tha t the o v e r a l l r e a c t i o n ra te i s c o n t r o l l e d by a combi ­
n a t i o n o f pore d i f f u s i o n and chemical r e a c t i o n , s i n c e these two 
p r o c e s s e s occu r i n p a r a l l e l . However, t h i s case i s f r e q u e n t ­
l y r e f e r r e d to as "pore d i f f u s i o n c o n t r o l " , even though pore 
d i f f u s i o n does not s t r i c t l y con t ro l the r e a c t i o n , i n the same 
sense as g a s / l i q u i d and l i q u i d / s o l i d mass t r a n s p o r t . 

The observed ra te o f r e a c t i o n w i l l be s e n s i t i v e to d i f ­
f e r e n t exper imenta l v a r i a b l e s , depending on which o f the above 

- r A = nk rW C f t >g (14) 
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QUANTITATIVE ANALYSIS OF CONTROLLING STEPS 

S i n c e d i f f e r e n t c o n t r o l l i n g s t e p s can cause d ramat ic d i f ­
f e rences i n obse rved c a t a l y s t b e h a v i o r , i t i s impor tant to 
q u a n t i t a t i v e l y determine the r a t e - c o n t r o l l i n g s t e p ( s ) as e a r l y 
as p o s s i b l e i n any exper imenta l p rogram. Such a de te rm ina t i on 
u s u a l l y i n v o l v e s a combina t ion o f exper imenta l and c a l c u l a t i v e 
t e s t s . 
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s teps con t ro l the o v e r a l l r a t e . A summary o f how the ra te can 
be expected to respond to the pr imary exper imenta l v a r i a b l e s , 
f o r v a r i o u s c o n t r o l l i n g s t e p s , i s p resen ted i n Tab le I I . 

Seve ra l o f t hese e f f e c t s dese rve e m p h a s i s : 
1) The pr imary e f f e c t o f improved a g i t a t i o n i s to i n c r e a s e 

the g a s / l i q u i d i n t e r f a c i a l a r e a , Ag-j . C o n s e q u e n t l y , the ra te 
g i v e n by Equa t i on 11 w i l l depend s t r o n g l y on a g i t a t i o n . The 
parameters i n E q u a t i o n s 12 th rough 14 a re a t bes t weak f u n c t i o n s 
o f a g i t a t i o n , so tha t the r a t e s g i v e n by these e q u a t i o n s w i l l 
not va ry s i g n i f i c a n t l y w i th a g i t a t i o n . I n s h o r t , improved 
a g i t a t i o n w i l l i n c r e a s e the obse rved r e a c t i o n ra te on l y when 
g a s / l i q u i d mass t r a n s p o r t i s a t l e a s t p a r t i a l l y ra te c o n t r o l ­
l i n g . 

2) D e c r e a s i n g the d iameter (dp) o f the c a t a l y s t p a r t i c l e s 
i n c r e a s e s the e f f e c t i v e n e s s f a c t o r , η , and the l i q u i d / s o l i d 
m a s s - t r a n s f e r c o e f f i c i e n t , k-js. E q u a t i o n s 12 th rough 14 show 
tha t reduc ing the p a r t i c l e s i z e w i l l i n c r e a s e the obse rved 
ra te when the r e a c t i o n i s c o n t r o l l e d by e i t h e r l i q u i d / s o l i d mass 
t r a n s p o r t o r by pore d i f f u s i o n . C o n t r a r y to popu la r o p i n i o n , 
reduc ing the p a r t i c l e s i z e i s not a d e f i n i t i v e t e s t f o r pore 
d i f f u s i o n a l o n e . 

3) V a r y i n g the pore s t r u c t u r e o f the c a t a l y s t w i l l g e n e ­
r a l l y have an e f f e c t on the p o r e - d i f f u s i o n r e s i s t a n c e , but t h i s 
e f f e c t i s ve ry complex. A l t e r a t i o n o f pore s t r u c t u r e can be 
very use fu l as a p r o b l e m - s o l v i n g t o o l , but i t i s not a r e l i a b l e 
d i a g n o s t i c t e s t . 

4) Temperature has a s t r o n g e f f e c t on o n l y one parameter , 
the i n t r i n s i c r a te c o n s t a n t , k^. The t r a n s p o r t c o e f f i c i e n t 
kg i and k i s a re g e n e r a l l y weak f u n c t i o n s o f tempera ture . There ­
f o r e , temperature has a major i n f l u e n c e on the obse rved ra te 
o n l y when chemical r e a c t i o n i s a t l e a s t p a r t i a l l y c o n t r o l l i n g . 

5) I f g a s / l i q u i d mass t r a n s p o r t i s c o n t r o l l i n g , the 
observed ra te w i l l not depend on the amount o f c a t a l y s t u s e d . 
However, the r a t e s o f the o the r p o s s i b l e c o n t r o l l i n g s t e p s a re 
a l l d i r e c t l y p r o p o r t i o n a l to the c a t a l y s t c h a r g e . 

These f a c t s form the b a s i s f o r s e v e r a l q u a n t i t a t i v e d i a g ­
n o s t i c t e s t s , which a re t r ea ted i n the f o l l o w i n g s e c t i o n . 



G E O R G E W. R O B E R T S 

Exper imenta l Approaches 

S t i r r i n g Rate 
A very d i r e c t t e s t o f the importance o f g a s / l i q u i d t r a n s ­

po r t can be made by runn ing seve ra l exper iments a t d i f f e r e n t 
a g i t a t i o n r a t e s , w i th a l l o the r v a r i a b l e s c o n s t a n t . I f the 
observed r e a c t i o n ra te depends on a g i t a t i o n , t h i s c o n s t i t u t e s 
s t r o n g ev idence tha t g a s / l i q u i d mass t r a n s p o r t c o n t r o l s , o r a t 
l e a s t i n f l u e n c e s , the r e a c t i o n . I f no e f f e c t i s o b s e r v e d , the 
r e s i s t a n c e to g a s / l i q u i d mass t r a n s p o r t i s p robab ly i n s i g n i f i ­
cant compared to a t l e a s t one o the r r e s i s t a n c e . 

F i g u r e 11 shows such a s e r i e s o f exper iments f o r n i t r o b e n ­
zene hyd rogéna t i on over a 3% pa l l ad ium on carbon c a t a l y s t . A t 
low s t i r r i n g s p e e d s , the a g i t a t i o n ra te has a pronounced e f f e c t 
on the observed r e a c t i o n r a t e . C l e a r l y , the ra te o f n i t r o ­
benzene d i sappearance a t 800 rpm. i s s i g n i f i c a n t l y l e s s than 
a t , s a y , 2000 rpm. S i n c e the q u a n t i t y kg-jAg-j i n c r e a s e s w i th 
i n c r e a s e d s t i r r i n g r a t e , the i n c r e a s e i n observed n i t r obenzene 
r e a c t i o n ra te w i th i n c r e a s i n g a g i t a t i o n i s i n l i n e w i th t h e o r y . 

At s t i r r i n g speeds above about 2000 r p m . , the observed 
r e a c t i o n ra te i s no l o n g e r s e n s i t i v e to a g i t a t i o n . T h i s s t r o n g ­
l y s u g g e s t s t ha t the g a s / l i q u i d m a s s - t r a n s p o r t r e s i s t a n c e a t 
t h i s po in t has been reduced to the po in t where some o the r 
r e s i s t a n c e i s c o n t r o l l i n g . 

To a v o i d a s t r o n g i n f l u e n c e by g a s / l i q u i d mass t r a n s p o r t 
i n t h i s s y s t e m , exper iments must be conducted a t s t i r r i n g 
speeds i n e x c e s s o f 2000 rpm. However, i f the c a t a l y s t o r the 
r e a c t i o n c o n d i t i o n s a re changed , these a g i t a t i o n exper iments 
must be r e p e a t e d , s i n c e the " c r i t i c a l " s t i r r i n g ra te w i l l 
depend on the o v e r a l l r e a c t i o n r a t e . 

Amount o f C a t a l y s t 
C o n s i d e r a s e r i e s o f exper iments where the r e a c t i o n ra te 

i s measured as a f u n c t i o n o f the amount o f c a t a l y s t charged 
to the r e a c t o r , w i th a l l o the r c o n d i t i o n s he ld c o n s t a n t . The 
a n a l y s i s o f the data from such a s e r i e s o f exper iments i s based 
on Equa t ion 1 0 , which can be rea r ranged to g i v e : 

1 1 1 dpPp 1 
= _ + L i _ + (15) 

- r A W n k rC * A i9 6 k l sC ^ g k gi A g lC f t 5g 

I f the model rep resen ted by t h i s equa t i on i s v a l i d , a p l o t o f 
l / - rA v e r s u s 1/W s h o u l d be a s t r a i g h t l i n e w i t h : 

I n t e r c e p t = l / k g i A gi O A >g 
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FIGURE 11 

EFFECT OF AGITATION RATE ON OBSERVED 
REACTION RATE FOR NITROBENZENE HYDROGENATION 
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I t can be seen from Equa t i on 11 t ha t the i n t e r c e p t i s ex ­
a c t l y equal to the ra te tha t would e x i s t i f the r e a c t i o n were 
c o n t r o l l e d by g a s / l i q u i d mass t r a n s p o r t . To be c e r t a i n t ha t 
g a s / l i q u i d mass t r a n s p o r t i s not c o n t r o l l i n g , the ac tua l e x p e r i ­
mental va lue o f l / - r A s h o u l d be much l a r g e r than the i n t e r c e p t . 

F i g u r e 12 i s a p l o t based on Equa t ion 14 f o r n i t r obenzene 

FIGURE 12 

EFFECT OF CATALYST LOADING ON OBSERVED 

REACTION RATE FOR NITROBENZENE HYDROGENATION 
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h y d r o g é n a t i o n . Note t ha t the i n t e r c e p t o f t h i s p l o t i s smal l 
compared to the va lue o f l / - rA f o r the run w i th the lowes t 
c a t a l y s t l o a d i n g . The ac tua l v a l u e s a re 0 . 1 4 χ 1 0

3
 m i n . / g m . 

mole f o r the i n t e r c e p t and 1 .43 χ 1 0

3
 m in . /gm.mo le f o r the 

exper iment . These numbers show tha t the g a s / l i q u i d r e s i s t a n c e 
f o r t h i s run was o n l y about 10% o f the t o t a l r e s i s t a n c e . T h e r e ­
f o r e , t r a n s f e r o f hydrogen from the gas to the bu lk l i q u i d d i d 
not con t ro l the r e a c t i o n r a t e . 

For the run w i th the h i g h e s t c a t a l y s t l o a d i n g ( the p o i n t 
f a r t h e s t to the l e f t on F i g u r e 1 2 ) , the i n t e r c e p t i s about 
30% o f the ac tua l va lue o f the o r d i n a t e , 0 . 1 4 χ 1 0

3
 v e r s u s 0 . 4 5 

χ 1 0

3
 m i n . / g m . m o l e . A l t h o u g h t r a n s f e r o f hydrogen from the 

gas to the l i q u i d i s not t r u l y c o n t r o l l i n g i n t h i s c a s e , i t 
n e v e r t h e l e s s c o n s t i t u t e s an impor tant r e s i s t a n c e , which p robab­
l y does i n f l u e n c e the obse rved r e a c t i o n r a t e . 

F i qu re 1 3 , which i s a s i m i l a r p l o t f o r the hyd rogéna t i on 
o f th iophene over a mod i f i ed c o b a l t c a t a l y s t , shows a s i t u a t i o n 
which i s much c l o s e r to a t rue case o f g a s / l i q u i d mass t r a n s ­
po r t c o n t r o l . Note tha t the va lue o f the i n t e r c e p t i s more 
than 70% o f the ac tua l va lue o f l/-r/\ f o r the run w i th the 
h i g h e s t c a t a l y s t l o a d i n g . 

The s l o p e o f a p l o t based on Equa t i on 14 i s p r o p o r t i o n a l 
to the sum o f the r e s i s t a n c e s to l i q u i d / s o l i d mass t r a n s p o r t 
and chemical r e a c t i o n / p o r e d i f f u s i o n . However, t he re i s no 
o b v i o u s way a t p r e s e n t to sepa ra te these two te rms . Even i f the 
i n t e r c e p t o f a p l o t o f l / - rA v e r s u s 1/W i s s u f f i c i e n t l y s m a l l , 
i t i s s t i l l not p o s s i b l e to determine whether l i q u i d / s o l i d mass 
t r a n s p o r t o r chemical r e a c t i o n / p o r e d i f f u s i o n , o r some combi ­
n a t i o n o f the two, c o n t r o l s the o v e r a l l r a t e . A d d i t i o n a l 
i n f o rma t i on i s r e q u i r e d f o r t h i s judgment to be made. 

Temperature E f f e c t 
The m a s s - t r a n s f e r c o e f f i c i e n t s k , and k 1$ i n Equa t i on 11 

th rough 13 a re weak f u n c t i o n s o f tempera tu re ; the apparen t 
" a c t i v a t i o n ene rgy " f o r t hese c o e f f i c i e n t s i s u s u a l l y l e s s than 
5 k c a l . / m o l e . When the o v e r a l l r e a c t i o n i s c o n t r o l l e d by e i t h e r 
g a s / l i q u i d o r l i q u i d / s o l i d mass t r a n s p o r t , the apparen t a c t i v a ­
t i o n energy f o r the r e a c t i o n w i l l be the same as f o r the a p ­
p r o p r i a t e m a s s - t r a n s f e r c o e f f i c i e n t , p rov i ded tha t the tempera­
tu re dependence o f Cft g i s p r o p e r l y taken i n t o accoun t . 

By way o f c o n t r a c t , the i n t r i n s i c ra te c o n s t a n t , k r, 
g e n e r a l l y has an a c t i v a t i o n energy o f 10 k c a l / m o l e o r g r e a t e r . 
I f the obse rved a c t i v a t i o n energy exceeds t h i s v a l u e , the r e a c ­
t i o n i s a lmos t c e r t a i n l y l i m i t e d by chemical r e a c t i o n i t s e l f , 
e i t h e r w i th o r w i thou t pore d i f f u s i o n . 

When n i s smal l ( < ^ 0 . 5 ) , the apparen t a c t i v a t i o n energy 
f o r a r e a c t i o n which i s c o n t r o l l e d by chemical r e a c t i o n w i t h i n 
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FIGURE 13 
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the p a r t i c l e i s reduced to about h a l f o f i t s i n t r i n s i c v a l u e . 
T h u s , an observed a c t i v a t i o n energy o f 10 kca l /mo le cou ld a r i s e 
from a case where η = 1.0 w i th an i n t r i n s i c a c t i v a t i o n energy 
o f 10 kcal mo le , o r from a case where η < ^ 0 . 5 w i th an i n t r i n s i c 
a c t i v a t i o n energy o f 20 k c a l . / m o l e . 

I n summary, i f the observed a c t i v a t i o n energy i s l e s s than 
5 k c a l / m o l e , t h i s i s r a t h e r s t r o n g ev idence tha t the r e a c t i o n 
i s c o n t r o l l e d by e i t h e r g a s / l i q u i d or l i q u i d / s o l i d mass t r a n s ­
f e r , o r some combina t ion o f the two. I f the observed a c t i v a t i o n 
energy i s g r e a t e r than 10 k c a l / m o l e , the r e a c t i o n i s a lmos t 
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c e r t a i n l y c o n t r o l l e d by chemical r e a c t i o n w i t h i n the p a r t i c l e . 
However, the importance o f pore d i f f u s i o n cannot be a s c e r t a i n e d 
s o l e l y from the obse rved temperature e f f e c t . 

Measurement o f the r e a c t i o n ra te a t v a r i o u s temperatures 
i s an e f f e c t i v e too l f o r de te rm in ing the r e l a t i v e importance 
of the two t e r m s , l / n k rC $ n and d^p D/

6 k
i s

C
Â g '

 w h
*

î ch m a ke U
P 

the va lue o f the s l o p e i n T i g u r e s n z ana 1 3 . I f the s l o p e i s 
a s t r o n g f u n c t i o n o f tempera tu re , l / n k r i s undoubted ly much 
l a r g e r than d p Pp / 6 k i s. However, i f the s l o p e i s a ve ry weak 
f u n c t i o n o f tempera tu re , the r e v e r s e i s t r u e . 

C a l c u l a t i v e Approaches 
I n o rde r to q u a n t i t a t i v e l y determine the importance o f : 

1) l i q u i d / s o l i d mass t r a n s p o r t , a n d ; 2) pore d i f f u s i o n , i t i s 
f r e q u e n t l y use fu l to per form some s imp le c a l c u l a t i o n s , as d e s ­
c r i b e d below: 

L i q u i d / S o l i d Mass T r a n s p o r t 
The t h e o r e t i c a l ra te o f r e a c t i o n f o r a s i t u a t i o n where the 

r e a c t i o n i s comple te ly c o n t r o l l e d by l i q u i d / s o l i d mass t r a n s ­
po r t i s f i r s t c a l c u l a t e d from Equa t i on 1 2 . The t h e o r e t i c a l 
r e a c t i o n ra te i s then compared w i th the expe r imen ta l l y -measu red 
r a t e . I f the two v a l u e s are i n c l o s e agreement , t h i s i s s t r o n g 
ev idence tha t the r e a c t i o n i s c o n t r o l l e d by the assumed s t e p . 
However, i f the two v a l u e s a re s e r i o u s l y d i v e r g e n t , some o the r 
s tep must be c o n t r o l l i n g . 

a . E s t i m a t i o n o f k i s 
The ra te o f mass t r a n s p o r t between suspended s o l i d p a r t i ­

c l e s and the s u r r o u n d i n g f l u i d has been s t u d i e d by a number o f 
r e s e a r c h e r s , and v a l u e s o f the m a s s - t r a n s f e r c o e f f i c i e n t have 
been measured and c o r r e l a t e d . Perhaps the most r e l i a b l e c o r r e ­
l a t i o n ( B r i a n and H a l e s , 1969) i s : 

(

k l $ dp
 )

2
 = 4 . 0 + 1.21 N p e

2 /3
 (16) 

DA 

In t h i s e q u a t i o n , N pe i s a d i m e n s i o n l e s s group c a l l e d the Pec -
l e t Number, which i s de f i ned by 

d pV 

N Pe = - ϋ - (17) D
A 

I n Equa t i ons 16 and 1 7 , D A i s the d i f f u s i v i t y o f Reac tan t A i n 
the l i q u i d and V i s the v e l o c i t y o f the s o l i d p a r t i c l e r e l a t i v e 
to the s u r r o u n d i n g l i q u i d . A va lue o f D A can u s u a l l y be e s t i -
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mated w i th f a i r accu racy v i a the methods p resen ted by Re id and 
Sherwood ( 1 9 6 6 ) . 

The most d i f f i c u l t t a s k i n a p p l y i n g Equa t ion 16 i s e s t i m a ­
t i n g the va lue o f V i n Equa t i on 17 . Most powdered c a t a l y s t s 
are q u i t e smal l ( < 5 0 μ ) , and p a r t i c l e s o f t h i s s i z e tend to move 
w i th the l i q u i d . Even w i th i n t e n s e a g i t a t i o n , i t i s d i f f i c u l t 
to i n c r e a s e the l i q u i d v e l o c i t y r e l a t i v e to the p a r t i c l e . I n ­
c r e a s i n g the a g i t a t i o n ra te o n l y s e r v e s to make the l i q u i d move 
f a s t e r . 

G r a v i t y i s the p r i n c i p a l f o r ce which causes the c a t a l y s t 
p a r t i c l e s to move r e l a t i v e to the l i q u i d . S i n c e the c a t a l y s t 
g e n e r a l l y has a h i g h e r d e n s i t y than the s u r r o u n d i n g l i q u i d , the 
p a r t i c l e s tend to s e t t l e down th rough the f l u i d . T h i s s e t t l i n g 
i s p e r i o d i c a l l y i n t e r r u p t e d when the a g i t a t o r c i r c u l a t e s f l u i d 
from the bottom o f the r e a c t o r to the t o p , so tha t a t any p o i n t 
i n t ime the c a t a l y s t p a r t i c l e s a re un i f o rm ly d i s t r i b u t e d 
th roughou t the l i q u i d phase . 

The termina l v e l o c i t y o f a p a r t i c l e s e t t l i n g th rough a 
f l u i d i s g i v e n by S t o k e s ' Law 

g d n

2
 ( P a - P i ; 

18 y 
V = - 5 (18) 

where P ] i s the l i q u i d d e n s i t y , p a i s the apparen t d e n s i t y o f 
the c a t a l y s t p a r t i c l e i n the l i q u i d , and y i s the v i s c o s i t y o f 
the l i q u i d . Combining E q u a t i o n s 1 6 , 1 7 , and 18 g i v e s : 

h s

d
p

 2
 g d p

3
( p a- P i ) 

( — ^ ) = 4 . 0 + 1.21 (—ϋ - ) 2 / 3 
D A 1 8 y DA 

I n a c t u a l i t y , mechanica l a g i t a t i o n a n d / o r the gas bubb les 
r i s i n g th rough the l i q u i d tend to make the va lue o f the m a s s -
t r a n s f e r c o e f f i c i e n t somewhat h i g h e r than p r e d i c t e d by the 
above e q u a t i o n . To a d j u s t f o r t h i s e f f e c t , i t i s r e a s o n a b l e to 
use a va lue o f k-js about twice the p red i c t ed v a l u e . B u i l d i n g 
t h i s f a c t o r o f two i n t o the above equa t i on g i v e s : 

k
U

d
p ? 9

d
p

3
(

p
a -

p
l ) 

( - ^ - )

2
 = 16 + 4 . 8 4 (—? Η 2 / 3 

D A 1 8 P D A 
b. E s t i m a t i o n o f r e a c t i o n ra te f o r l i q u i d / s o l i d mass t r a n s f e r 

c o n t r o l . 
I f the o v e r a l l r e a c t i o n i s c o n t r o l l e d by l i q u i d / s o l i d mass 

t r a n s p o r t , the obse rved ra te w i l l be g i v e n by Equa t i on 1 2 . I f 
the s u p e r s c r i p t ^ i s used to denote a p r e d i c t e d v a l u e , Equa t i on 
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12 becomes: 

6 k > =
 ~T~

 c
* > g

 ( 2 0) 
d
p P p 

I n t h i s e q u a t i o n , k ] s i s the va lue o f the m a s s - t r a n s f e r c o e f f i ­
c i e n t p r e d i c t e d from Equa t i on 1 9 . 

The nex t s t e p i s to compare the p r e d i c t e d r a t e , w i th 
the e x p e r i m e n t a l l y - o b s e r v e d r a t e , -r / \ . I f t hese two q u a n t i t i e s 
are c l o s e , say w i t h i n a f a c t o r o f 2 , i t i s l i k e l y t ha t the o v e r ­
a l l r e a c t i o n ra te i s c o n t r o l l e d by l i q u i d / s o l i d t r a n s p o r t o f 
Reac tan t A . 

I f the two r a t e s , and - r n , a re not c l o s e , ano ther 
c a l c u l a t i o n must be made be fo re the h y p o t h e s i s o f l i q u i d / s o l i d 
t r a n s p o r t con t ro l can be r e j e c t e d . S p e c i f i c a l l y , the p o s s i ­
b i l i t y o f con t ro l by l i q u i d / s o l i d t r a n s p o r t o f Reac tan t Β must 
be checked , i n ^ manner e x a c t l y a n a l o g o u s to t ha t d e s c r i b e d 
above . F i r s t , k ' - |s i s c a l c u l a t e d f o r S p e c i e s Β from Equa t ion 
19 . Nex t , -r^B i s c a l c u l a t e d from the ana log o f Equa t i on 1 3 , 
i . e . , 

Λ , S k ' l s W 
~

R
B

 =
 C B , 1 

d p P p 

F i n a l l y , the va lue o f - r B i s compared to the e x p e r i m e n t a l l y -
observed r a t e , I f the v a l u e s compare to w i t h i n a f a c t o r 
o f about 2 , i t i s l i k e l y t ha t l i q u i d / s o l i d t r a n s p o r t o f Reac ­
tan t Β c o n t r o l s the r e a c t i o n r a t e . However, i f t hese r a t e s are 
more than a f a c t o r o f 10 d i f f e r e n t , some o the r s tep i s a lmos t 
c e r t a i n l y c o n t r o l l i n g . 

An example o f the a p p l i c a t i o n o f t h i s c a l c u l a t i o n a l ap ­
proach i s g i v e n i n Appendix A . 

Pore D i f f u s i o n 
I t i s i m p o s s i b l e i n t h i s paper to even beg in to rev iew the 

e x t e n s i v e l i t e r a t u r e on pore d i f f u s i o n which has deve loped ove r 
approx ima te l y the l a s t two decades . A comprehens ive s u r v e y o f 
the s u b j e c t as i t e x i s t e d p r i o r to 1970 has been p resen ted by 
S a t t e r f i e l d ( 1 9 7 0 ) . I n the f o l l o w i n g t rea tmen t , a t t e n t i o n i s 
f ocused on d e v e l o p i n g a s i n g l e , s imp le approach which i s a 
s u f f i c i e n t s t a r t i n g p o i n t f o r the a n a l y s i s o f most data from 
g a s / l i q u i d / s o l i d c a t a l y t i c s y s t e m s . 

For most r e a c t i o n s where the pores o f the c a t a l y s t a re 
f i l l e d w i th l i q u i d , temperature g r a d i e n t s i n s i d e the c a t a l y s t 
p a r t i c l e a re n e g l i g i b l e . For t h i s c a s e , the e f f e c t i v e n e s s 
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f a c t o r , n , i s a f u n c t i o n o f o n l y two d i m e n s i o n l e s s v a r i a b l e s , 
the r e a c t i o n o r d e r , n , and a d i m e n s i o n l e s s modu lus , Φ, which i s 
de f i ned by : 

• " P (—> 4 D
A , e "

 V
c '

 C
A , 1 

In t h i s e q u a t i o n , D A i s the e f f e c t i v e d i f f u s i v i t y o f Reac tan t 
A i n s i d e the porous S t r u c t u r e o f the c a t a l y s t , and V i s the 
t o ta l geomet r ic volume o f c a t a l y s t p a r t i c l e s . T h e r e f o r e , the 
q u a n t i t y {-^i\/^c) ^

s t
'

ie
 ° b

s e r v ed r a te
 ° f r e a c t i o n per u n i t 

volume o f c a t a l y s t p a r t i c l e s . 
As a f i r s t a p p r o x i m a t i o n , the e f f e c t i v e d i f f u s i v i t y may be 

es t imated from the e q u a t i o n : 

0D D
A , e

 =
 — 

A 

τ 

where θ i s the p o r o s i t y o f the c a t a l y s t p a r t i c l e and τ i s the 
" t o r t u o s i t y f a c t o r " , which t y p i c a l l y has a va lue o f about 4 . 
S u b s t i t u t i n g the above e q u a t i o n , w i th τ = 4 , i n to the d e f i n i n g 
equa t i on f o r Φ g i v e s 

d
p

2
 -

r
A

 1 

Φ — 2 — ( — ) (21 ) 
ΟΑΘ V C C AJ 

A l l o f the q u a n t i t i e s on the r i g h t - h a n d s i d e a re e i t h e r known 
from the exper imenta l d a t a , i . e . , d p , Θ, - r A > V c, C A J > o r can 
be es t imated from p h y s i c a l - p r o p e r t y c o r r e l a t i o n s , i . e . , D A . I f 
g a s / l i q u i d mass t r a n s p o r t i s r a p i d , C A -J can be taken to be equal 
to W ( , g . However, i f the assumpt ion of" r a p i d g a s / l i q u i d t r a n s ­
po r t i s not v a l i d , the va lue o f C A -j can be es t ima ted from 
Equa t ion 6 . 

F i g u r e 14 i s a p l o t o f Ν v e r s u s Φ f o r a f i r s t - o r d e r r e a c ­
t i o n ( n = l ) . The c u r v e s f o r d i f f e r e n t r e a c t i o n o r d e r s are 
s l i g h t l y d i s p l a c e d from the one shown on F i g u r e 1 4 , but f o r the 
purposes o f a f i r s t a p p r o x i m a t i o n , the d i f f e r e n c e s are not 
s i g n i f i c a n t . 

Once Φ has been has been c a l c u l a t e d , F i g u r e 14 can be used 
d i r e c t l y to es t ima te the va lue o f η . Note tha t i f the va lue o f 
Φ i s l e s s than about 1 , the e f f e c t i v e n e s s f a c t o r i s g r e a t e r than 
about 0 . 9 5 , and pore d i f f u s i o n e f f e c t s are i n s i g n i f i c a n t . For 
Φ > 1 0 , η < 0 . 5 and pore d i f f u s i o n e x e r t s a ve ry s i g n i f i c a n t i n ­
f l uence on the r e a c t i o n . 

An example o f the use o f F i g u r e 14 to es t ima te the impor­
tance o f pore d i f f u s i o n i s g i v e n i n Appendix B. 
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CONCLUSION 

T h i s paper i s an at tempt to condense the ve ry complex s u b ­
j e c t o f chemical r e a c t i o n - t r a n s p o r t phenomena i n t e r a c t i o n s i n t o 
an e lementary form tha t can be e a s i l y u t i l i z e d by the c a t a l y t i c 
chem is t . Some broad app rox ima t i ons are n e c e s s a r y i n any such 
a t tempt , and there a re impor tant e x c e p t i o n s to some o f the 
g e n e r a l i z a t i o n s which have been made. N e v e r t h e l e s s , the va lue 
o f hav ing a s i m p l e , e a s i l y - a p p l i e d s e t o f p rocedures f o r a n a l y ­
s i s o f r e a c t i o n / t r a n s p o r t i n t e r a c t i o n s i s b e l i e v e d to f a r o u t ­
weigh any d e f i c i e n c i e s caused by the need to g e n e r a l i z e . 

Some b a s i c t r u t h s have been d i s c u s s e d i n t h i s pape r , which 
s h o u l d be kept i n mind as an a i d to unde rs tand ing the many 
complex phenomena i n v o l v e d i n mu l t i phase c a t a l y s i s : 

1) Temperature and c o n c e n t r a t i o n g r a d i e n t s w i l l a lways 
e x i s t i n mu l t i phase c a t a l y t i c s y s t e m s . The magni tude o f t hese 
g r a d i e n t s depends on the r e a c t i o n r a t e , w i th f a s t e r r e a c t i o n s 
c a u s i n g s teepe r g r a d i e n t s . 

2) These g r a d i e n t s can i n f l u e n c e the apparen t a c t i v i t y , 
s e l e c t i v i t y , and l i f e o f he terogeneous c a t a l y s t s ; and changes 
i n p h y s i c a l f a c t o r s , such as a g i t a t i o n r a t e , which a f f e c t the 
g r a d i e n t s , can a l s o a f f e c t the apparent behav io r o f the c a t a l y s t . 

3) Seve ra l s imp le d i a g n o s t i c exper iments can he lp the 
c a t a l y t i c r e s e a r c h e r to unders tand w h i c h , i f a n y , t r a n s p o r t 
s t e p s p lay a major r o l e i n i n f l u e n c i n g the apparen t behav io r 
o f the c a t a l y s t . 

4 ) These d i a g n o s t i c exper iments can be e f f e c t i v e l y s u p p l e ­
mented w i th s imp le c a l c u l a t i o n s which a l l o w a more d e t a i l e d 
e x p l o r a t i o n o f c e r t a i n r a t e - l i m i t i n g s t e p s which are d i f f i c u l t 
to a t t ack e x p e r i m e n t a l l y . 

Care fu l a p p l i c a t i o n o f these t o o l s s h o u l d a l l o w the c a t a ­
l y t i c r e s e a r c h e r to unders tand the f a c t o r s which i n f l u e n c e 
the r e a c t i o n be ing s t u d i e d , and to d e s i g n exper iments which w i l l 
r e f l e c t t rue c a t a l y s t b e h a v i o r . 
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Appendix A - C a l c u l a t i v e T e s t f o r L i q u i d / S o l i d Mass T r a n s p o r t 
Cont ro l 

C o n s i d e r the data p o i n t f a r t h e s t to the r i g h t on F i g u r e 
1 2 . For t h i s p o i n t , the e x p e r i m e n t a l l y - o b s e r v e d ra te was 0 . 7 0 
χ 1 0 " 3 gm. moles o f n i t r obenzene per m inu te , o r 2 . 1 0 χ 1 0 - 3 g m. 
moles o f f ^ / m i n . 

The amount o f c a t a l y s t used was 0 . 0 6 1 5 g r a m s , w i th an a v e r ­
age p a r t i c l e s i z e o f 16u . The p a r t i c l e d e n s i t y ( i n a i r ) (p ) 

was about 0 . 9 5 g m . / c m . ^ and the p o r o s i t y o r f r a c t i o n a l p o r i 
volume (Θ) was about 0 . 5 0 . S i n c e the d e n s i t y o f e thanol (p-j ) 
a t r e a c t i o n c o n d i t i o n s i s about 0 . 7 8 g m . / c m . ^ , the apparen t 
d e n s i t y ( p a) o f the c a t a l y s t when i t s pores are f i l l e d w i th 
ethanol i s about 1 .3 gm. / cm.3 ( 0 . 9 5 + 0 . 5 χ 0 . 7 8 ) . 

The v i s c o s i t y o f e thanol (y ) a t r e a c t i o n c o n d i t i o n s i s 
about 1.0 c e n t i p o i s e s , o r 0 . 0 1 g m . / c m . s e c . S i n c e the concen ­
t r a t i o n o f n i t r obenzene i n the l i q u i d i s r e l a t i v e l y smal l (^4 
mole % ) , the d e n s i t y and v i s c o s i t y o f the l i q u i d w i l l be a s ­
sumed to be the same as those o f pure e t h a n o l . 

C o n s i d e r t ha t H2 i s the s p e c i e s be ing t r a n s p o r t e d . The 
d i f f u s i o n c o e f f i c i e n t o f H2 i n e thanol (D/\) i s about 5 . 0 χ 1 0 "

5 

c m . 2 / s e c . and the e q u i l i b r i u m s o l u b i l i t y o f H2 i n e thanol 
(
c
A,g)

 1S a b o ut
 3 . 5 χ 1 0 " ^ g m. m o l e s / c m . 3 . These v a l u e s w i l l 

be assumed to app ly to the ac tua l l i q u i d i n the r e a c t o r . 
The m a s s - t r a n s f e r c o e f f i c i e n t i s es t ima ted from Equa t i on 

19 
k
l s

d
p

 2
 9 ^ ( p a - P i ) 0 /0 

= 16 + 4 . 8 4 ( - E ) 2 / 3 ( 1 9) 
D A 1 8 y D A 

S u b s t i t u t i n g the above v a l u e s i n t o t h i s equa t i on g i v e s : 

k lQ x 16 χ Ι Ο "

4
 9 8 1 χ 1 6

3
χ 1 0 - 1 2 χ ( ΐ . 3 0 - 0 . 7 8 ) 

(-12 )2 = 16 + 4 . 8 4 ( ) 2 / 3 

5 χ 1 0 "

5
 1 8 x 0 . 0 1 x 5 x 1 0 - 5 

which reduces to 

k-js = 0 . 1 3 2 c m . / s e c . 
The ra te f o r t h i s r e a c t i o n , i f i t were c o n t r o l l e d by 

l i q u i d / s o l i d mass t r a n s p o r t o f H2 would be : 
-

 6
^ l s

w c
Â \ g 

- r A = (20) 
dpPp 
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S u b s t i t u t i n g the a p p r o p r i a t e v a l u e s g i v e s 

^ 6 χ 0 . 1 3 2 χ 0 . 0 6 1 5 χ 3 . 5 χ 1 0 "

7 

- r A = gm.moles H p / s e c . 
16 χ Ι Ο "

4
 χ 0 . 9 5 

α» ο 
- r A = 0 .67 χ 1 0 " ° gm. moles H2 m in . 

Comparing the t h e o r e t i c a l and exper imenta l r a t e s , 

- r A ( c a l c u l a t e d ) = 0 .67 χ 10"*

3
 gm.moles Hp /m in . 

- r A ( expe r imen ta l ) = 2 . 1 χ 1 0 - 3 gm.moles F ^ / m i n . 

These v a l u e s a re r e a s o n a b l y c l o s e , c o n s i d e r i n g the approx ima­
t i o n s i n v o l v e d i n the c a l c u l a t i o n s . T h i s agreement s u g g e s t s 
t ha t the r e a c t i o n ra te f o r t h i s run was s i g n i f i c a n t l y i n f l u ­
enced , and p o s s i b l y c o n t r o l l e d , by t r a n s p o r t o f d i s s o l v e d H2 
from the bu lk l i q u i d to the ex te rna l s u r f a c e o f the c a t a l y s t 
p a r t i c l e s . 

I n an ac tua l s i t u a t i o n , the above c a l c u l a t i o n s h o u l d be 
repeated f o r the assumpt ion tha t the r e a c t i o n i s c o n t r o l l e d 
by l i q u i d / s o l i d t r a n s p o r t o f n i t r o b e n z e n e . Such a c a l c u l a t i o n 
i s e x a c t l y ana logous to the one shown a b o v e , except t h a t D A i s 
rep laced by D B > the d i f f u s i o n c o e f f i c i e n t f o r n i t r obenzene i n 
e t h a n o l , and C^ i s rep laced by C Aj , the i n i t i a l c o n c e n t r a t i o n 
o f n i t r o b e n z e n e ' ™ e t h a n o l . 

Appendix Β - E s t i m a t i o n o f E f f e c t i v e n e s s Fac to r 
C o n s i d e r the same data p o i n t t r ea ted i n Appendix B. The 

modulus Φ i s c a l c u l a t e d from Equa t i on 20 
d
o "

r
A

 1 

D A

6
 V c C AJ 

The q u a n t i t y - r A/ V C i s g i v e n by - r Ap ^ / W so tha t 

, _

d
p

2

 (^ )

 1 

D A

9
 W C M 

S u b s t i t u t i n g a p p r o p r i a t e v a l u e s from Appendix A g i v e s 

(16 χ 1 0 ~

4
)

2
 χ ( 2 . 1 0 χ 1 0 "

3
/ 6 0 ) χ 0 . 9 5 

5 χ Ι Ο "

5
 χ 0 . 5 0 χ 0 . 0 6 1 5 χ 3 . 5 χ 10-7 

= 160 

From F i g u r e 1 4 , f o r t h i s va lue o f Φ , η = 0 . 0 6 . T h e r e f o r e , 
the r e s i s t a n c e to pore d i f f u s i o n i s very s i g n i f i c a n t . 
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NOMENCLATURE 

E n g l i s h l e t t e r s : 
A - a rea (cm.2) 
a - i n d i v i d u a l r e a c t i o n o rde r ( d i m e n s i o n l e s s ) 
b - i n d i v i d u a l r e a c t i o n o rde r ( d i m e n s i o n l e s s ) 
C - c o n c e n t r a t i o n (gm.mo les /cm.3 ) 
C * - c o n c e n t r a t i o n o f s o l u t e i n l i q u i d i n e q u i l i b r i u m w i th 

c o n c e n t r a t i o n i n gas (gm.mo les ,cm.3 ) 
D - bu lk d i f f u s i o n c o e f f i c i e n t i n l i q u i d ( c m . 2 / s e c . ) 
D e - d i f f u s i o n c o e f f i c i e n t i n pores o f c a t a l y s t ( c m . 2 / s e c . ) 
dp - d iameter o f c a t a l y s t p a r t i c l e (cm.) 
g - a c c e l e r a t i o n due to g r a v i t y ( c m . / s e c . 2 ) 
h - h e a t - t r a n s f e r c o e f f i c i e n t ( c a l / s e c . , c m . , ° C ) 
k - m a s s - t r a n s f e r c o e f f i c i e n t ( c m . / s e c . ) 
k r - f i r s t - o r d e r r e a c t i o n ra te c o n s t a n t ( c m . 3 / s e c . , g m . ) 
k-j. - thermal c o n d u c t i v i t y (ca l . / s e c . ,cm. , °C) 
Ν - r a te o f mass t r a n s p o r t ( g m . m o l e s / s e c . ) 
N p e - P e c l e t Number ( = d pV / D A ) ( d i m e n s i o n l e s s ) 
n - o v e r a l l r e a c t i o n o rde r ( d i m e n s i o n l e s s ) 
q - r a te o f heat t r a n s p o r t ( c a l . / s e c . ) 
- r - r a te o f chemical r e a c t i o n ( g m . m o l e s / s e c . ) 
Τ - temperature (°C) 
V - l i q u i d v e l o c i t y ( c m . / s e c . ) 
Vc - volume o f c a t a l y s t (cm.3) 
W - we igh t o f c a t a l y s t (gm.) 
χ - d i s t a n c e (cm.) 

47 

The above c a l c u l a t i o n assumes t ha t the c o n c e n t r a t i o n o f 
hydrogen a t the s u r f a c e o f the p e l l e t i s the same as t ha t i n the 
bu lk l i q u i d . However, Appendix A s u g g e s t s t ha t the hydrogen 
c o n c e n t r a t i o n does drop s i g n i f i c a n t l y between the bu lk l i q u i d 
and the c a t a l y s t s u r f a c e . I f s o , a lower va lue s h o u l d have been 
used f o r C Aj i n Equa t i on 2 1 . T h i s would not a f f e c t the o v e r a l l 
c o n c l u s i o n , ' h o w e v e r , s i n c e reduc ing C A -j would cause Φ to i n ­
c r e a s e and η to d e c r e a s e .

 9 
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Greek L e t t e r s : 
η - e f f e c t i v e n e s s f a c t o r ( d i m e n s i o n l e s s ) 
θ - p o r o s i t y o f c a t a l y s t p a r t i c l e ( d i m e n s i o n l e s s ) 
y - l i q u i d v i s c o s i t y ( g m . / c m . , s e c . ) 
P a - apparent d e n s i t y o f c a t a l y s t p a r t i c l e ( l i q u i d - f i l l e d 

p o r e s ) ( g m . / c m . 3 ) 
P] - d e n s i t y o f l i q u i d ( gm. / cm .3 ) 
pp - d e n s i t y o f c a t a l y s t p a r t i c l e ( a i r - f i l l e d p o r e s ) ( g m . / c m . 3 ) 
τ - t o r t u o s i t y ( d i m e n s i o n l e s s ) 
φ - modulus ( d i m e n s i o n l e s s ) 

S u b s c r i p t s : 
A - denotes s p e c i e s A 
Β - denotes S p e c i e s Β 
g - r e f e r s to gas 
gl - r e f e r s to g a s / l i q u i d i n t e r f a c e 
1 - r e f e r s to l i q u i d 
I s - r e f e r s to l i q u i d / s o l i d i n t e r f a c e 
s - r e f e r s to s o l i d 

S u p e r s c r i p t s : 1
 - denotes s p e c i e s Β 

^ - denotes a c a l c u l a t e d va lue 
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AUGER ELECTRON SPECTROSCOPY 
A PASSING CURIOSITY OR A PRACTICAL SURFACE ANALYTICAL TOOL FOR 

HETEROGENEOUS CATALYSIS 
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Technical Center, P. 0. Box 8361 

South Charleston, West Virginia 25303 

ABSTRACT 

In recent years. Augerf electron spectroscopy (AES) has 
been demonstrated to be a powerful tool for the analysis of 
surface and sub-surface elemental composition in the fields of 
thin films, semiconductors and metallurgy. In heterogeneous 
catalysis, surface analysis by AES has found little applica­
tion, if any, although AES analysis has been used in determin­
ing surface purity in LEED-Auger studies of surface structures 
of single crystals and the nature of chemisorption processes 
on such surfaces. However, the high sensitivity (0.1 atom per­
cent) to analysis of top few (1-5) atomic layers of surfaces 
and high speed of analysis (typically -30 minutes for complete 
scan of the periodic table) of AES, made possible by recent 
advances in instrumentation, should make AES a very powerful 
tool for qualitative and quantitative analysis of heterogen­
eous catalysts. 

Practical applications of AES to surface poisoning of two 
heterogeneous catalyst of commercial interest are described. 
One of these applications involved surface poisoning by lead 
of copper catalysts used in the synthesis of methylchlorosil-
anes (by reaction of methylchloride and silicon) . The other 
application involved surface poisoning by iron of a commercial 
palladium-ganrria-alumina catalyst used in the selective hydro­
génation of diolefins in the presence of olefins and aromatics. 
Classical bulk analytical procedures had previously failed to 
explain the catalyst poisoning observed. 

fPronounced as "OJ". 
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INTRODUCTION 

General Background 
Auger electron spectroscopy (AES) is named after Pierre 

Auger ( 1 9 2 5 ) who first discovered the tracks of Auger electrons 
in a Wilson Cloud Chamber while studying the "Photoelectric 
Effect". Several excellent reviews on the theory and applica­
tions of AES have been published recently, for example. Palm-
berg ( 1 9 7 2 and 1 9 7 3 ) , Chang ( 1 9 7 1 ) , Pentenero ( 1 9 7 1 ) , Weber 
( 1 9 7 2 ) and Karasek ( 1 9 7 4 ) . 

In a recent review of Electron Spectroscopy by Hercules 
and Carver ( 1 9 7 4 ) covering the period of 1 9 7 2 and 1 9 7 3 there 
are 4 6 5 papers on ESCAt (Electron Spectroscopy for Chemical 
Analysis) as compared to 8 0 on AES. Furthermore, there are 
about 4 4 papers covering "Surfaces and Catalyst", ESCA studies 
and several papers dealing with the application of ESCA to com­
mercial catalysts. In contrast, surface studies using AES deal 
mainly with adsorption on clean, single crystal surfaces, sur­
face diffusion, surface segregation on grain boundaries, thin 
films, and semiconductors. This paper will attempt to show 
that AES is not just a passing curiousity but a very practical 
surface analytical tool for heterogeneous catalysis and that, 
in the near future, AES can potentially become as basic and as 
important a physical measurement as B.E.T. surface area in ca­
talysis and adsorption. In this paper, the principles of AES 
will be briefly described with emphasis on the applicability 
of AES to heterogeneous catalysis. In later sections, appli­
cation of AES to poisoning studies of two commercial, hetero­
geneous catalysts will be discussed. 

What Is Auger Electron Spectroscopy? 
Auger Electron Spectroscopy is a highly sensitive method 

for the chemical analysis of surface atoms. AES analysis is 
accomplished by energy analysis of the Auger electrons emitted 
from a sample that has been excited by an energetic beam of 
electrons having energies of 1 - 1 0 Kev. An Auger electron is 
generated when an atom that has lost one of its core electrons, 
say a Κ shell electron (ionization by the incident electron 
beam), relaxes to its doubly ionized equilibrium state by let­
ting an Li electron fall into the Κ shell and simultaneously 
releasing an L3 electron of kinetic energy equal approximately to Eĵ  - E L - (see Figure 1 ) . The initially ionized state 

tThe term ESCA has become more popular although the term XPS 
more exactly represents the X-ray excited photoelectron spec­
troscopy. 
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FIGURE 1 

Diagram Showing a K L , L ~ A u g e r Transition 
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can also relax to its equilibrium state through the emission of 
an X-ray, thereby giving an X-ray emission spectrum (basis for 
electron probe analysis) . &/ use of a low energy electron beam 
(<4 Kev), the Auger transitions are made more favorable. The 
energy of an Auger electron is only dependent on electronic 
energy levels of the atom from which it comes, and is indepen­
dent of the energy of the incident electron beam. An atom can 
exhibit several Auger transitions. Generally speaking, most 
of the elements exhibit one or two strong Auger transitions. 
The number of Auger transitions possessed by an atom increases 
with the atomic number of the element. 

What is an Auger Spectrum? 
An Auger spectrum is obtained when an energy analysis is 

performed on the secondary electrons emitted from a sample 
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undergoing irradiation by a primary electron beam. A second­
ary electron energy distribution function, N(E), is plotted as 
a function of the energy(E) of the secondary electrons. Fig­
ure 2(a) shows such a spectrum for silver. Although Auger 
peaks of the transitions can be detected in such a plot of Ν 
(Ε) against Ε, their prominence is greatly enhanced in a plot 
of the differentiated function, dNÇE) f against Ε (Figure 2b). d(E) 
Differentiation primarily removes the larae background caused 
by secondary electrons. The plot of against Ε has now 
become known as the "Auger Spectrum". The negative peaks (or 
minima) in the Auger spectrum have been chosen to characterize 
the energies of the Auger transitions. These Auger peaks of 
individual elements are used as a fingerprint for character­
izing an unknown sample in much the same manner as an infrared 
spectrum. Auger spectra of all of the elements (except Η and 
He) have been obtained (Palmberg, et al, 1972b). The major 
Auger peaks of most of these elements have also been plotted 
in the form of a chart (see Figure 3), which serves as a quick 
reference guide for the Auger spectrum of each of the elements. 

Sampling Depth 
The sampling depth in AES is dependent on the escape depth 

of the Auger electrons which, in turn, is dependent on the e-
lectron-electron mean free path. The available literature in­
dicates that for Auger peaks in the range of o50 to 2000 eV, the escape depth is in the range of 4 to 20 A. Since a large 
number of Auger peaks occur at ^000 eV, the escape depth can 
be safely assumed to be below 10A, which is approximately equi­
valent to only a few atomic layers. A compendium of the pu­
blished data on relationship between escape depth and Auger 
transition energy has been made by Tracy and Palmberg (see 
Palmberg, 1973). 

Analysis Time and Signal-to-Nbise Ratio 
In instruments equipped with a cylindrical mirror ana­

lyzer, typical analysis time for scanning all the elements 
(except H and He) of the periodic table is 15-30 minutes, with­
out any substantial loss in signal-to-noise (S/N) ratio. Such 
a scan can detect elemental composition in the range of a few 
tenths of one atomic per cent. High sensitivity scans (to de­
tect 0.1 per cent atomic composition) can also be made in 1-5 
minutes in the limited regions of interest in the Auger spec­
trum. A S/N ratio of -1000 is easily attainable under the 
scanning conditions described above. An example of the sen­
sitivity of the technique is given in Figure 4. Phosphorous 
at a level of around 0.04 per cent is clearly present in the 
de-embrittled state of the steel. 
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F I G U R E 3 

A Chart of Principle Auger Electron Energies 

PR INCIPAL AUGER ELECTRON E N E R G I E S 
90 - Th -Ac Dots indi cote thi tltc ron tmr ρ ·* οι TJH principal Auftr pont for _ -Fr 

itnt. AH d m m recotdtd undtr limil M conditions mint — 
85- h« a mi Auftr Electron Sntctroacoov Svitom. A tPo Bi Pb TI Ha BU - Au ^ Pt - li 0 
/b - T. Ml Lu Yb 
/υ - Tm Dw 

M i m Tb V bo - — I w l l Gd Eu Sm — Nd DU ~ Pr l> C' 8a Ci 33 - X· 1 Te Sh Sn In Cd 
2 Aa =3 • pd Ζ Rh •13 ~ Mo 

7, Y Sr 
LIvlM -Rb Kr J3 - Ai 

Zn JU U Ni C° Fe Zb - ™Cr V Ti Se C» 
Cl S 

KLL- ρ * 13 - Si Al Ma 
10 - —i 

fW ± - 0 
m m -ti u m. • —c 

5-

~~H~ "U H i H 
I ι 

ï > 2 10 41 81 M 81 W 10 00 12 00 14 D0 16 00 18 00 20 00 220 0 24 00 

ELECTRON ENERG Y (eV ) 

Magnifyin g  an d  Scannin g  Capabilitie s 
lo w  resolutio n  SE M  attachment s  capabl e  o f  resolvin g  5 -

10ym particle s  ar e  currentl y  availabl e  o n  mos t  o f  th e  instru ­
ments .  A n  optica l  microscop e  (10-20 X magnification )  i s  als o 
availabl e  fo r  viewin g  an d  positionin g  o f  th e  sample .  Th e  fu ­
tur e  trend s  ar e  toward s  bette r  SEM/Auge r  combination s  wit h 
eve n  bette r  resolvin g  power .  Scannin g  Auge r  capabilitie s  hav e 
als o  bee n  mad e  availabl e  recentl y  b y  Physica l  Electronic s  In ­
dustries ,  Inc .  I n  thi s  mod e  o f  analysis ,  surfac e  map s  o f  in -
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FIGURE 4 
AUGER SPECTRA FROM SURFACES EXPOSED BY FRACTURE OF EMBRITTLED AND 

DE-EMBRITTLED Ni-Cr-C-P STEELS 
Ep = 3 KV and Ip = 50 PA 
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dividual elements present in a 200 χ 100 ym
2
 area of sample 

can be obtained using a 5 ym beam. Furthermore, Auger line 
scans over any region of interest can be obtained for each ele­
ment present in the sample (see Karasek, 1974). 

Chemical Shifts in AES 
The chemical shifts in AES are very complex and not very 

well understood at present. However, chemical shifts are known 
for many light elements (Z <40) and these shifts in AES peaks 
can be used as fingerprints for particular oxidation states. 
For example: aluminum, manganese, magnesium, and silicon can 
each be distinguished in their zerovalent and oxidized states 
(spectra of Mn and oxidized Mn is given in Figure 5). In the 
oxidized state, manganese has its characteristic three peak 
spectrum at 540, 587 and 636 eV (Figure 5, top spectrum). Sig­
nals from impurities like S, C and Fe are also seen. The main 
AES signal from oxygen is at 511 eV. As the surface is clean­
ed and reduced by argon ion sputtering (term used for etching 
or cleaning top surface atomic layers by high energy argon or 
xenon ion bombardment) the AES spectrum of Mn shifts by +3 eV 
for 540 and 587 eV Auger peaks and only +1 eV for the 636 eV 
Auger peak (Figure 5 middle and bottom spectrum). Furthermore, 
the signals from S and C impurities are also reduced substan­
tially. The shape of the carbon Auger peak in graphite and 
carbides is strikingly different, thus providing an easy means 
of determining the form of carbon contamination on surfaces 
(Palmberg a, 1972). The information on chemical shifts will 
expand in the future as more work is done in AES. 

EXPERIMENTAL METHODS 

The basic components of Auger electron spectrometer are 
an "Ultra High Vacuum" (UHV) System, an electron energy anal­
yzer, an electron gun for sample excitation (Figure 6). For 
obtaining sub-surface composition profiles, sputter-etching 
(by argon or xenon ions) device can be very useful. Although 
the experimental methods given below apply to any equipment 
with a cylindrical mirror analyzer and having a large volume 
UHV system, the author's experience has been primarily with 
Physical Electronics Industries', instrument (Model 40-100). 
All spectra were obtained on this instrument. 

Sample Considerations 
Solid samples in any shape or form can be analyzed. 

Powdered samples, like the copper catalysts studied in this 
work, can be pressed into the shape of a pellet or a flat 
plate (for example, using a die normally used in infrared 
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FIGURE 5 
AUGER SPECTRA OF PURE Mn AND OXIDIZED Mn SURFACE 

Ep - 3 KV , Ip 50 j'A 

M A N G A N E S E 

1
 1 1 \ I » \ \ H — < \ 

0 200 400 600 800 1000 
(ELECTRON ENERGY (eV) 

57 



MADAN M. BHASIN 

FIGURE 6 

SCHEMATIC DIAGRAM OF AN AUGER ELECTRON SPECTROMETER 

/9 
ELECTRON / / GUN 

X Y RECORDER OR 
OSCILLOSCOPE 

f V s W E E P # ~ l 
SUPPLY Φ ? 

LOCK IN 
AMPLIFIER 

Cylindrical mirror analyzer 

work) and then mounted into the holders. Sample holders can 
be easily made to handle samples of different sizes and shapes. 
Thus, samples as small as 1/64" to as large as 1" diameter can 
be mounted. By the use of "Specimen Manipulator", the sample 
can be positioned such that the primary electron beam can be 
focused on any particular spot of interest. Six degrees of 
freedom are provided; three linear translations, two tilt 
modes, and one rotation. The samples should be handled with 
extreme care so as not to contaminate them by touch (e.g. NaCl 
in sweat) or by friction with another surface. 

About 24 samples of 1/8" size can be loaded into the sys­
tem at one time. However, if sputtering each sample indepen­
dent of the other is to be accomplished, the number of samples 
reduces to twelve. Only six samples can be loaded at a time 
if the sputtered atoms have to be collected on a plate and 
analyzed by AES. This is only necessary when dealing with 
some samples that charge very badly. 

All work was done (with a primary electron beam energy of 
5KeV) using a cylindrical mirror analyzer. Typical primary 
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bea m  current s  o f  1 5  -3 0  u a  wer e  use d  i n  al l  Auge r  scans .  Sinc e 
som e  o f  th e  catalys t  sample s  (lik e  P d  o n  gamma-alumin a  o r  othe r 
catalyst s  o n  hydrophilli c  supports )  di d  contai n  som e  adsorbe d 
water ,  th e  pressur e  i n  th e  vacuu m  chambe r  occasionall y  increas ­
e d  fro m  1 0 "

8
 t o  ~ 1 0 ~

6
 tor r  whe n  th e  electro n  bea m  hi t  th e  sur ­

face .  However ,  thi s  los s  o f  vacuu m  di d  no t  presen t  an y  proble m 
i n  recordin g  hig h  sensitivit y  scans .  Th e  proble m  o f  wate r  de -
sorptio n  fro m  suc h  sample s  wa s  solve d  late r  o n  b y  dryin g  th e 
sample s  a t  150-400° C  i n  dr y  nitroge n  o r  ai r  an d  the n  storin g 
the m  unde r  nitroge n  i n  large r  bottle s  containin g  silic a  gel . 
Minima l  exposur e  t o  laborator y  ai r  durin g  loadin g  o f  suc h  drie d 
sample s  di d  no t  upse t  th e  hig h  vacuu m  (10"

8
 -  1 0 "

9
 torr )  i n  th e 

vacuu m  chambe r  durin g  Auge r  measurements .  I n  cas e  o f  P d  o n 
gamm-alujTÛn a  catalyst ,  sample s  o f  fres h  an d  use d  catalyst s 
consistin g  o f  dar k  oute r  ringe d  area s  (wher e  mos t  o f  th e  cata ­
lyti c  component s  wer e  concentrate d  i n  orde r  t o  ininimiz e  diffu -
siona l  resistance )  an d  ligh t  insid e  area s  wer e  analyze d  b y  AES . 
Typically ,  th e  siz e  o f  th e  circula r  spo t  analyze d  wa s  0. 1  m m  i n 
diameter .  Althoug h  onl y  th e  analysi s  o f  on e  spo t  i s  give n  i n 
th e  Figure s  8-1 3  severa l  spot s  wer e  generall y  scanne d  t o  gai n 
bette r  statistica l  confidenc e  i n  th e  results . 

Variou s  Mode s  o f  Surfac e  an d  Sub-Surfac e  Analysi s 
DIRECT  SURFACE  AND  SUB-SURFACE  ANALYSIS 
Th e  oute r  a s  wel l  a s  inne r  (b y  cleavin g  a  soli d  pellet ) 

surfac e  o f  solid s  ca n  b e  analyze d  directl y  usin g  25-10 0  micro n 
(0.02 5  t o  0. 1  mm )  siz e  electro n  beams .  I f  th e  siz e  o f  th e  sam ­
pl e  i s  relativel y  larg e  compare d  t o  th e  electro n  bea m  an d  th e 
sampl e  i s  heterogeneous ,  severa l  spot s  ca n  b e  analyze d  t o  ge t  a 
representativ e  averag e  analysis .  I f  th e  surfac e  i s  contaminate d 
th e  to p  atomi c  layer s  (containin g  th e  contaminant )  ca n  b e  clean ­
e d  of f  b y  th e  us e  o f  a n  argo n  o r  xeno n  io n  sputte r  gu n  fo r  a 
fe w  minutes .  Th e  surfac e  ca n  b e  monitore d  i n  th e  energ y  rang e 
o f  interes t  (fo r  an y  element )  o n  a n  oscilliscop e  whil e  th e  sam ­
pl e  i s  bein g  sputtered .  Th e  siz e  o f  th e  argo n  io n  bea m  o r  th e 
siz e  o f  th e  are a  bein g  sputtere d  i s  abou t  4- 6  m m  i n  dia. ,  thu s 
givin g  a  unifor m  sputterin g  ove r  th e  are a  bein g  monitored . 
Sputterin g  fo r  a  shor t  tim e  ca n  b e  use d  t o  remove ,  a t  leas t 
partially ,  an y  adsorbe d  carbo n  o n  th e  surface .  Complet e  remo ­
va l  _o f  adsorbe d  carbo n  woul d  requir e  heatin g  th e  sampl e  unde r 
<1 0

 7
 tor r  vacuu m  followe d  b y  sputtering .  Th e  analysi s  o f  sub ­

surfac e  atomi c  layer s  i s  obtaine d  afte r  sputterin g  fo r  th e  re ­
quire d  lengt h  o f  tim e  an d  analyzin g  th e  sub-surface .  Th e  lengt h 
o f  tim e  require d  t o  remov e  a  singl e  laye r  (i.e .  sputterin g  rate ) 
i s  know n  fo r  completel y  fla t  surfaces ,  thoug h  fo r  roug h  surfa ­
ce s  lik e  i n  a  porou s  catalyst ,  sputterin g  rate s  ar e  ver y  approx ­
imate .  Thus ,  concentratio n  profile s  i n  th e  sub-surfac e  atomi c 
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layers can be obtained by the use of sputtering techniques 
(Weber, 1972). 

Direct surface analysis by AES is possible with most of the 
conductor and insulator surfaces; however, in case of some in­
sulator surfaces (generally having rough texture), the charging 
is so severe that the signal cannot be monitored at all. The 
analysis of such surfaces will be discussed later in another 
section. 

The high sensitivity of AES to surface composition is 
shown by analysis of embrittled and de-embrittled steels in 
Figure 4. In the de-embrittled state, the amount of phosphor­
ous is only -0.1 per cent corresponding to 400 ppm in the bulk; 
however, in the embrittled state as much as a few per cent phos­
phorous is detected. Furthermore, the amount of nickel has 
doubled in the embrittled state. 

INDIRECT ANALYSIS OF THE SURFACE LAYERS 
The surface and sub-surface atoms can also be analyzed by 

collecting the sputtered atoms under argon ion bombardment onto 
a clean plate of say, aluminum, tantalum, etc. This is espe­
cially useful when surface charging problems are encountered. 
Experimentally, it is accomplished by collecting sputtered 
atoms onto a rotatable collection plate nearby, followed by 
Auger analysis of the collection plate (see Figure 7). The 
collection efficiency of the sputtered atoms is critically de­
pendent on the configuration and hence the solid angle subtend­
ed by the collection plate. Other arrangements can be devised 
that will yield even higher collection efficiency. 

F I G U R E 7 

Indirect Analysis of Surface and Sub-Surface Composition 

C o l l e c t i o n P l a t e 

^ S a m p l e H o l d e r 

A r g o n I o n B e a m 

( A ) ( B ) 
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DIRECT ANALYSIS OF CESIUM-COATED SURFACE 
Surface charging can also be prevented by coating the sur­

face with cesium using a cesium ion gun. Auger spectrum is re­
corded after a monolayer (or less) of cesium has been deposited 
on the surface. This technique can be very useful in the study 
of some of insulator oxides that charge up under the incident 
electron beam. 

Quantitative Analysis 
Quantitative analysis can be done by the use of pure ele­

ment standards under identical experimental conditions. The 
atomic concentration, 0χ, of element X in the sample is given by: 

Ix C x - Cx, std. 
Ιχ, std.

 u; 

where Ιχ and Ιχ, std. are the Auger currents (peak-to-peak in the differential Auger spectrum) from the sample and the stand­
ard, respectively. The relation in Equation (1) assumes that 
the escape depths for Auger electrons in the sample and stand­
ard are equal. Thus, it is a very useful relationship when 
the sample and standards are similar, but large errors can re­
sult when the escape depths are different. Surface heterogen­
eity in the top few layers can further complicate the analysis. 
Surface topography of rough surfaces also affecta the Auger 
yields; however, meaningful quantitative data can be obtained 
when comparing similar rough surfaces; for example, porous 
catalysts of the same type. An accuracy of ~5 per cent can be 
achieved if care is taken to ininimize the problems cited above, 
and if sufficient number of sample points are taken to be sta­
tistically representative of the original sample population. 
With powdered samples, the problems of sample heterogeneity are 
not serious, however, with pelleted heterogeneous catalysts, 
the sampling problems are very serious. Hence, with heterogen­
eous samples one must analyze a sufficient number of spots 
(preferably on several pellets) which will be representative of 
the original sample. 

Sensitivity factors for elements of interest were obtained 
from standard Auger spectra (at 3 KeV) published recently 
(Palmberg, b, 1972) assuming the sensitivity of oxygen to be 
unity. These factors may not be very accurate in themselves at 
5 KeV, but the comparison of relative amounts from like samples 
is reasonably good. 

Surface atomic per cents given in Tables I and II repre­
sent the normalized analyses of the top 2-10 layers of the ca­
talyst. These analyses are not absolute but are self-consis-
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Lo t A Lo t Β 

Copper Metal 14.6% 18.8% 
C u 20 4 8 . 2 5 6 . 2 
CuO 3 1 . 1 2 2 . 0 
Fe 0 . 9 8 1.2 
Mg 0 . 2 0 
Pb 0 . 2 6 0 . 2 0 
S o l u b l e S O * 1 .52 N . D . 
P a r t . S i z e 6 . 1 m ic rons 5 . 5 m ic rons 
S u r f . A rea 0 . 5 m

2
/ g 0 . 6 5 m

2
/ g 

Performance Good Poor 

TABLE I I . Auger Surface Elemental Analysis of Copper Catalysts 

S u r f a c e Atomic Percen t 
Element S e n s i t i v i t y Fac to r Lo t A Lo t Β 

S u l f u r 1 .5 0 . 8 8 0 . 3 1 
C h l o r i n e 1 .5 1.47 1 .49 
Lead 0 . 4 1.66 4 . 8 9 
Carbon 0 . 3 N . D . t 
T i n 2 . 0 0 . 3 3 0 . 4 5 
Oxygen 1.0 3 8 . 6 4 3 9 . 3 0 
I r o n 0 . 5 2 . 4 3 2 . 2 3 
Copper 0 . 5 5 0 . 3 4 4 9 . 1 6 
Magnesium 0 . 4 1 .52 0 . 5 6 
A r s e n i c 0 . 1 0 . 5 5 0 . 5 6 
Aluminum 0 . 2 5 1 .35 0 . 7 1 
S i l i c o n 0 . 2 0 0 . 8 3 0 . 3 3 
Copper /Lead R a t i o 2 3 . 3 8 . 0 4 
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tent and trends are believed to be significant. Actual sampling 
depth is not known and is very difficult to determine, but for 
like composition materials, it should be identical. 

The Auger peaks of each of the elements found in the two 
catalysts have been labelled with the symbols of the elements 
near the negative peaks in the differential of the secondary 
electron energy distribution in most of the Figures. The main 
spectrum in each figure covers the energy range of 0-2000 eV. 
However, in the case of the copper catalyst sample lead had a 
pair of weak high-energy peaks at -2170 eV and 2275 eV (MNN 
Auger transition), besides the characteristic strong low-energy 
peak at 92 eV (NOO Auger transition). The high-energy peaks 
are shown in the scan in the right hand corner in Figures 8 and 
9. 

Figure 8. 

Cu 2000 2200 2400 

SPECIMEN ( LOT Ά' (GOOD) 

Cu RC « IQOMS 1 SENS'50OJJV 

0 200 400 600 800 1000 1200 
ELECTRON ENERGY, eV. 

1400 1600 1800 2000 
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Vacuum Requirements 
Because hydrocarbons are efficiently cracked to carbon in 

the incident electron beam, oil diffusion pumps cannot be used 
in AES. Ultra high vacuum of 10""

7
 to 10"

9
 torr necessary for 

routine work is obtained by use of ion pumps and sublimation 
pumping. For most metal and metal oxide surfaces, a vacuum of 
10"

7
 torr is sufficient, but a vacuum of £10"

9
 torr is prefer­

able. For sputter-etching work the system can be filled with 
an inert gas (Ar or Xe) up to 10"

6
 - 10"

8
 torr depending on 

sputtering rate described (Weber, 1972). 
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APPLICATIONS TO HETEROGENEOUS CATALYSIS 

Surface Poisoning of a Copper Catalyst by Lead 
Two copper catalysts of widely differing catalytic activi­

ty were analyzed by AES to explain the difference in their per­
formances. Such copper catalysts are used to catalyze the re­
action of methyl chloride with silicon to produce methyl chloro-
silanes (Voorhoeve, a, 1967). Conventional chemical analysis 
failed to show any significant differences (see Table I). 
Known poisons for such copper catalysts are Pb, Sb, As and Bi 
(possibly Sn also) (Voorhoeve, b, 1967) . However, Lot A cata­
lyst (good) had 0.26% Pb as against 0.20% in Lot Β catalyst 
(poor). Lead in much smaller amounts (-0.01%) can poison these 
catalysts (Voorhoeve, b, 1967). Chemical analysis of other e-
lements and physical properties of the two catalysts appear to 
be the same (Table I). Analysis by scanning electron micro­
scope and by X-ray analysis (EDAX) also failed to show any 
meaningful differences. Since AES is a highly sensitive tool 
for analyzing the top 2-10 surface atomic layers (Palmberg, 
1972 and, a, 1973), such an analysis was performed on the two 
copper catalysts. AES scans of the good catalyst (Lot A) and 
poor catalyst (Lot B) are given in Figures 8 and 9, while quan­
titative surface analysis (using sensitivity factors explained 
in Experimental section) is given in Table II. 

It is quite evident from Figures 8 and 9 and Table II that 
Lot A has about one-third as much lead as Lot Β based on the 
low energy peak belonging to the NOO transition. However, the 
difference in Pb levels of the two samples is less pronounced 
when comparing the high energy peaks of the MNN transition. 
This is to be expected when the impurity is concentrated toward 
the top surface atomic layer. The escape depth for the high 
energy transition may be about tenfold deeper than that for the 
low energy NOO transition. The level of lead in Lot Β is 4.9 
surface atomic per cent of all elements including oxygen. In 
relation to copper, however, the lead level is about 13 per 
cent. It should be emphasized here that the Auger analysis 
given (using NOO transition) represents the analysis of the top 
few (1-2) layers of the surface (Palmberg, 1973). Thus, if 
lead is concentrated more towards the top surface atomic layer, 
the level of lead could be even higher. Furthermore, since all 
surface Cu atoms may not be catalytically active, 13 atoms of 
lead per 100 atoms of Cu can very well explain the inactivity 
of Lot Β catalyst. 

The fact that catalyst. Lot B, has a higher concentration 
of lead on the copper surface despite having a lower total lead 
content could be explained in a variety of ways. Extended 
roasting of the catalyst during its manufacture is known to re-
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suit in an inactive product. This would suggest that the lead 
may be concentrating on the catalyst surface as a result of its 
migration to the grain boundaries during the roasting step. 

Some of the other significant differences in the two cata­
lysts are summarized below: 

(1) Copper catalyst, Lot B, had much higher surface CI, 
at start of Scan

 f
A
f
 of the Auger spectrum; however, some of 

the chlorine desorbed under the incident electron beam. This 
phenomenon is quite typical of some of the well-known chlorides 
(Palmberg and Rhodin, 1968). 

(2) The level of sulfur in Lot A was three times higher 
than in Lot B. This form and level (0.88 atom %) of sulfur is 
obviously not deleterious to the function of the good catalyst; 
namely. Lot A. Bulk analysis indicates that it is present as 
sulfate. 

(3) The levels of tin, iron and arsenic are roughly the 
same in the two catalysts. 

(4) The levels of aluminum and magnesium are 2-3 times 
higher in the good, active catalyst (Lot A) than in the inac­
tive catalyst. What role these iirpurities play in the perfor­
mance of such copper catalysts is open to speculation, although 
they are known to be promoters for the copper catalyst (Voor-
hoeve, a, 1967). 

(5) No significant amounts (~0.1 atomic per cent) of Bi 
or Sb, the other poisons, were detected in the two catalysts 
analyzed. 

Surface Poisoning by Iron of a Commercial Palladium-Gamma-Alu­
mina Catalyst 

A commercial selective hydrogénation catalyst (in the form 
3/16" cylindrical pellets) lost most of its activity during 
normal operation. This catalyst consists of 0.5 per cent Pd, 
with chromium and molybdenum added as promoters, supported on a 
γ-alumina support. It is used for the selective hydrogénation 
of diolefins in an olefin-aromatic-paraffin containing stream. 
The loss in catalyst activity appeared to be associated with a 
change in feedstock that occurred a few days before. The cata­
lyst was unloaded, the loose dust screened, and analyzed by X-
ray fluorescence spectroscopy (XRF). The XRF analysis showed 
the presence of 1.7 per cent Fe, 0.16 per cent S and 0.01 per 
cent CI. This level of iron is not necessarily a poison since 
iron oxide is a weak hydrogénation catalyst and moreover this 
amount of Fe is not very large for a -200 m

2
/g surface area 

support. As far as sulfur is concerned, about 0.1 per cent is 
also present in the fresh, active catalyst. The sulfur is very 
likely in sulfide or sufate form and is not deleterious to ca­
talyst activity. The surface area of spent catalyst was also 
not changed significantly. Auger electron spectroscopic anal-
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ysis was performed on the fresh and the spent catalyst to un­
derstand the cause or causes of catalyst deactivation. 

The Auger spectrum of the outer surface of fresh catalyst 
is shown in Figure 10. This spectrum is shifted by ~10 eV and 
this energy should be subtracted from all peaks below 520 eV 
oxygen peak. The outer surface is rich in Pd, Cr and Mo, while 
Co is present in only small amounts. Some sulfur is also pre­
sent on the fresh catalyst. The sulfur signal at 150 eV also 
contains one of the secondary peaks of Mo. The sulfur concen­
tration is obtained by subtracting the proportional amount of 
Mo signal (relative to the 180 eV Mo major peak). The presence 
of Mo is further confirmed by the presence of high energy Mo 

Figure 10. 

x0.5- »xl5 
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peak at ~2080 eV. As is evident in Figure 10, a substantial 
amount of Ca is also present. The relative surface atomic per 
cent of these elements shown in Figure 10 and Figures 11, 12 
and 13 (for other catalysts) are given in Table III. In con­
trast to the richness of catalytically active components and 
the impurities (Ca and S) on outer dark surface, the interior 
surface (see Figure 11 and Table III) has only a trace of MD 
and S and only a small amount of Pd while Cr and Co are present 
in about the same amount as the outer surface. 

The outer surface of the spent catalyst (Figure 12 and 
Table III) contains so much Fe that it has just about complete­
ly (>74 per cent) suppressed the Pd, Mo, Cr signals and even Al 

Figure 11. 
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Fresh C a t a l y s t Spent C a t a l y s t 
Dark Area L i g h t Area Dark Area L i g h t Area 

S e n s i t i v i t y (Outer ( I n t e r i o r (Outer ( I n t e r i o r 
Elements F a c t o r

5
 S u r f a c e ) S u r f a c e ) S u r f a c e ) S u r f a c e ) 

Mo 0 . 5

b 
3 . 2 6 0. .16 0. .0 t 

S 1.5b 1.51 0. .11 1 . .40 t 
Ca 1 .5 0 . 7 0 0. ,11 0. .93 0 . 6 0 
Pd 2 . 0 1 .26 0. .52 0. .32 0 . 5 4 
0 1.0 5 5 . 7 9 56. .88 70. .16 5 7 . 9 4 
Cr 0 . 4

C 
0 . 7 5 0. .48 0. .00 0 . 0 0 

Fe 0 . 5 t 0. .00 13 . .68 2 . 5 3 
Co 0 . 5 0 . 2 4 0. .19 0. .35 t 
Al 0 . 2 5 3 6 . 4 9 4 1 . ,55 13 . .16 3 8 . 3 8 ( E s t . ) 

1 0 0 . 0 0 100. .00 100. .00 9 9 . 9 9 

a
D i v i d e the peak h e i g h t s o f Auger peaks by t h e i r c o r r e s p o n d i n g 

s e n s i t i v i t y f a c t o r s to o b t a i n r e l a t i v e atomic r a t i o s , which on 
n o r m a l i z i n g g i v e the s u r f a c e atomic p e r c e n t a g e s . ^ S u l f u r peak 
a t 150 eV i n t e r f e r e s w i th Mo secondary peak a t 148 eV. S u l f u r 
peak h e i g h t i s ob ta ined by s u b t r a c t i n g 0 .17 t imes the Mo peak 
h e i g h t a t 186 eV.

 c
T h e s e n s i t i v i t y f a c t o r f o r Cr co r responds 

to f u l l peak a t 570 eV. Due to i n t e r f e r e n c e from the t a i l o f 
l a r g e oxygen peak a t 510 eV , sometimes o n l y h a l f o f Cr - 570 eV 
peak i s o b s e r v e d . I f s o , a s e n s i t i v i t y f a c t o r o f 0 . 2 s h o u l d be 
u s e d . 

signal arising from the support. Thus, iron is not only cover­
ing substantial (>90 per cent) amount of the catalytically ac­
tive components (Pd, Cr, Mo) but is covering the surface of the 
alumina support also. Furthennore, since the Auger signal is 
known to originate in the first 2-5 atomic layers for most of 
the elements (Palmberg, a, 1972 and 1973), iron may very likely 
be masking greater than 80 or 90 per cent of the surface exposed 
atoms if iron is present in the top most layer only. Thus, even 
though the presence of iron, per se, in small amounts is not a 
poison, the masking of the highly active Pd surface atoms and 
of the Cr/Mo promoter atoms makes iron almost as deadly a poi­
son as sulfur, mercury, lead, etc. Although analysis of only 
one spot of 0.1 mm is shown in Figures 10-13, several other 
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spots were analyzed to gain statistical confidence. The amount 
of iron present on the interior surface (Figure 13 and Table 
III) was much less (a factor of 5 to 6) but the amount of Pd is 
much less also. The sharp gradient in iron from the outside to 
the interior of the pellet strongly suggests that iron came from 
an outside source. The feedstream to the catalyst was found to 
contain both powdered rust and dissolved t iron. The powdered 

Figure 12. 
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tThe dissolved iron may have also contained fine particles of 
iron (<10 nm). 
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Figure 2 3 . 

x 2 . . xl5 

rust was localized towards the top of the catalyst bed but the 
dissolved iron was spread throughout the bed. Screening of the 
powdered rust did not increase catalyst activity significantly. 
The dissolved iron was the major source of poison for the ac­
tive sites on the palladium surface as well as the sites on the 
promoters. 

CONCLUSIONS 

1. AES is a very useful tool in the analysis of trace a-
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mounts (-0.1 surface atomic per cent) of elements on the sur­
faces of solids. All elements except hydrogen and helium can 
be analyzed by AES. In practical applications, AES offers high 
speed of analysis (15-30 minutes) with high sensitivity and yet 
it is as simple to use as infrared spectroscopy. 

2. Since no sample preparation is necessary for porous, 
spherical or insulator surfaces, AES is ideally suited for the 
study of catalysts and catalytic behavior. The usefulness of 
AES analysis in studying the poisoning of two different catal­
ysts (a powdered Cu catalyst and a gamrra-alurnina supported pal­
ladium catalyst), has been demonstrated. Furthermore, AES was 
shown to be helpful in detecting the presence of and determin­
ing the amount of surface impurities, and in establishing the 
concentration gradients of active components (and impurities) 
within the pellets. Thus, AES can be very useful in a wide 
variety of catalytic problems, for example, in establishing sur­
face purity before and after use, understanding the roles of 
catalysts, promoters, etc. And, AES in combination with other 
surface analytical techniques can help, in years to come, make 
science out of the art of heterogeneous catalysis. 

3. Moisture present in gaimia-alumina supported catalyst 
did not present any serious problems in the high vacuum cham­
ber of the Auger spectrometer. 0 4. The sampling depth in AES is in the range of 4-20 A 
depending on the atomic number of the element, thus making it 
highly sensitive to most of the elements on the surfaces of 
solids. 

5. By the use of sputtering techniques, sub-surface atom­
ic layers can also be analyzed by AES. Thus, surface enrich­
ment or surface depletion of elements in multicomponent cata­
lysts can be studied. 

6. A better estimate of top surface atomic layer and sub­
surface layer composition can be obtained by running in-depth 
concentration profiles by well-known inert ion sputtering 
techniques. 

7. Typical analysis time per sample was less than one-
hour. Complete high sensitivity, elemental analysis for most 
of the periodic table, in such a short time has not heretofore 
been possible. 
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CATALYTIC TRITIATION IN THE PREPARATION 
OF LABELED COMPOUNDS 

DALE W. BLACKBURN and SIDNEY H. LEVTNSON 
SmithKline Corporation 

Philadelphia, Pennsylvania 19101 

Over the past decade our group has gained expertise in 
catalytic hydrogénation and radiosynthesis. We would like to 
combine these technologies in this paper. Catalytic Tritiation 
in the Preparation of Labeled Compounds. In the not so distant 
past several scientific meetings had as their goal the further 
development of the radioisotope method. A series of ten sym­
posia on Advances in Tracer Methodology (Rothchild, 1963, 1965, 
1966) were sponsored by several nuclear companies of the north­
eastern United States between the years of 1957 to 1965. Their 
goal was to stimulate the further use of radioisotopic tech­
niques . Three international conferences on METHODS OF PREPAR­
ING AND STORING MARKED MOLECULESt were held from 1963 to 1966 
to encourage the preparation of labeled compounds and to pro­
vide them as tools for research in Europe. Euratom, the spon­
soring organization, was also instrumental in the formation of 
the JOURNAL OF LABELLED COMPOUNDS (Presses Européennes, 
Brussels, Belgium) to provide a forum for presenting isotope 
labeling technology. 

We use tritium labeling for less than 10% of the compounds 
prepared. We like to think that the reason is our proficiency 
with carbon-14 synthesis but no doubt the major reason for the 
low utilization of tritium labeling is the lability mystique 
which surrounds hydrogen. We hope to discuss this to some de­
gree and encourage greater use of the technology for specific 
tritium labeling. Tritium is a selective and sensitive probe 
for hydrogen and if positioned correctly can be used as an 
ancillary label for carbon in biological research. The recent­
ly published authoritative text, TRITIUM AND ITS COMPOUNDS, by 
Evans (1974) is of immense help in the search for relevant 

f Euratom, Proceedings of the Conference on Methods of Preparing 
and Storing Marked Molecules, a. Eur 1625e, Brussels, Nov. 13, 
1963; b. Eur 2200e, Venice, Aug. 23, 1964; c. Eur 3746d,f,e, 
Brussels, Nov. 28, 1966. 
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PROPERTIES OF TRITIUM 

Tritium, a radioactive isotope of hydrogen with a half-
life of 12.35 years, emits low energy beta radiation; 3

H(T) >
 3
He + 3 (E = 18.6 Kev) 

max 
This compares with the maximum energy of 155 Kev for carbon-14. 
Because of its low energy beta, tritium is not an external 
hazard. However, detection of contamination is difficult and 
requires the liquid scintillation counting of smear samples. 
Tritium has a high maximum specific activity of 29.12 C i V 
milliatom which increases the ultimate sensitivity of detection. 
For example, biological mechanisms can be explored on a cellu­
lar level using an autoradiographic technique. Thymidine-

3
H 

can be used to follow nuclei division. 
Because of the greater mass of tritium compared to protium 

the zero-point energy of the carbon-tritium bond is lower than 
carbon-protium and the bond strength increased several fold. 
Because of this increased stability, tritium can be used as an 
ancillary tracer for carbon. Since the relative mass differ­
ence between tritium and protium is larger than any other ele­
ment, the primary isotope effect in the formation and cleavage 
of hydrogen bonds is large. 

PREPARATION OF TRITIUM LABELED COMPOUNDS 

The methods for labeling compounds with tritium may be 
classified as shown in Table I. We prefer not to discuss ex­
change techniques because of the low specific activities (ac­
tivity/unit weight) obtained and lack of specificity. The re­
sulting compounds are usually general labeled (G). It is 
worth noting that the homogeneous catalyst reagent H2TP0<.-BF3 of Yavorski and Gorin (1962) can be used at ambient temperature 
to tritiate aromatic rings. 

Biochemical methods are important in the stereoselective 
reactions in the resolution of labeled racemates and specific 

tCurie', a unit of activity, is 3.7 χ 10
10
 disintegrations/ 

second. 
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literature. In this paper we have drawn on much of our own 
tritium work to illustrate chemical technique and technology. 
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TABLE I . Methods of Labeling Compounds with Tritium 

I . Exchange Techn iques 
A . R a d i a t i o n Induced (W i l zbach ) 
B. Heterogeneous C a t a l y t i c 
C . Homogeneous C a t a l y t i c 

I I . B iochemica l Methods 
I I I . Chemical Exchange ( I C ) With S p e c i f i c i t y 

Fo l lowed by R e a c t i o n to Remove L a b i l i t y 
I V . D i r e c t Chemical S y n t h e s i s 

conversions of nucleosides. It is, however, outside the range 
of this paper. 

The first method of labeling we will consider is a combi­
nation of selective exchange followed by chemical reaction 
which eliminates the possible back-exchange loss of the label. 
The first example involves the intramolecular conversion of 
labile to non-labile tritium. We have applied the method of 
Kalberer and Rutschmann (1963) in the specific labeling of the 
9-position of phenothiazines shown in Table II. The substi­
tuted anthranilic acid, I, was exchange labeled by stirring in 
dioxane solution with tritium oxide. Decarboxylation fixed the 
tritium label in II. Part of the label was lost in the 
Bernthsen thionation to form the 9- H-phenothiazine, III. 
Sodium hydride in dimethylsulfoxide is the preferred reagent 
for the semi-micro alkylation to the indicated 10-alkylamino-
alkylphenothiazine-9-

3
H, IV. We could subsequently store the 

tritiated phenothiazines for future studies because of the 
longer half-life of tritium compared to sulfur-35. We have 
supplied these compounds for numerous research investigations. 
Interestingly, the only suggestion of lability of tritium in 
the phenothiazines was found by our biochemistry group when an 
in vitro chemical procedure using an ion exchange resin showed 
some loss of tritium label as tritium oxide. 

TABLE I I . Preparation of Phenothiazines -9-
3
H 

X _ > ( C H 2) 3-

H ( C H 3) 2N ( C H 2) 3-
Cl same 

C F 3 C H 3- N ^ _ ^ ( C H 2) 3-
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C02H 

(CH2)3N 
IV 

1 . HTO-DIOXANE 
2. A , - C 0 2 

1 . NaH, DMSO 
2. C 1(CH2)3N^ 

I I I 

A semi-labile tritium can be converted to non-labile. In 
a recent paper, van Kbrdelaar and coworkers introduced tritium 
into the 16-position of estrenone, V, by base exchange (van 
Kbrdelaar, et al, 1973). The tritium was then stabilized in 
the lynestrenol, VI, by the subsequent ethynylation of the 
17-keto group. 

A general exchange labeled intermediate may be used to 
label a specific moiety within a complex molecule. For example 
a carbon-14 diphenidol, VTI, was prepared for initial meta­
bolic studies in dogs and humans (Kaiser, et al, 1972). The 
major metabolite was identified as the substituted aminovaleric 
acid VIII (

1Z
*C). The Grignard of branobenzene-

3
H (G) was 

reacted with the critical intermediate IX, followed by hydro­
lysis to obtain the tritium labeled metabolite VIII (

3
H). 

Ihis was used for subsequent in vitro assays. 

78 



79 



DALE W. B L A C K B U R N AND S IDNEY H. LEVINSON 

80 

Direct Chemical Synthesis 
The direct addition of tritium to carbon-carbon unsatur­

ated bonds is capable of giving very high specific activities. 
The catalyst of choice is palladium on carbon. More efficient 
incorporation of label effecting higher specific activities 
can be achieved by the following techniques: 
• Minimizing amount of protium on the catalytic surface. 
• Blocking of groups containing labile protium as for example 
esterification of carboxylic acids. 

• Increasing the rate of reaction. 
• Decreasing the polarity of the solvent system to reduce ex­
change dilution of tritium gas. The solvents useful in tri-
tiation in decreasing order of polarity are the following: 
ethanol >isopropanol > dimethylformamide > ethyl acetate >> 
dioxane or tetrahydrofuran. Recently hexafluorobenzene has 
been used as a non-exchanging solvent to minimize solvent 
dilution of the tritium atmosphere (Gill and Jones, 1972). 

Heterogeneous catalytic tritiation can cause tritium mi­
gration along an alkyl chain. For example, when oleic acid is 
reduced heterocatalytically only 45% of the tritium is on the 
9,10-carbons of the resulting stearic-

3
H acid (Koch, 1969). 

The homogeneous catalyzed tritiation of the same substrate with 
chlorotris (triphenylphosphine) rhodium (I) gives 99% of the 
tritium associated with the 9,10-carbons. 

In a study in our laboratory a large quantity of tritiated 
cMorophenixamine maleate, XI, was needed; catalytic tritiation 
of the unsaturated precursor X appeared to offer the most 
direct approach. 

In contrast to the literature, Raney nickel catalyst in 
dioxane-ethyl acetate (1:1) gave the cleanest product in the 
exploratory atmospheric hydrogénation of the cis, trans iso­
mers of X (Blackburn, et al, 1966). The custom catalytic tri­
tiation by the radiochemical supplier gave 8 . 5 Ci of ^-chlor­
pheniramine. Although we expected to obtain some of the de-
chlorinated side-product XII, cold runs indicated the material 
could be removed by the crystallization of the maleate salt 
from isopropanol. The

 3
H-chlorpheniramine was carrier-diluted 

but numerous crystallizations failed to remove the by-product 
XII. This and other experiences have suggested to us that it 
is best to affect purification at an early stage on the crude 
labeled product prior to carrier-dilution. Typical purifica­
tion methods include preparative paper and thin layer chroma­
tography. The presence of high specific activity impurities 
can not always be easily removed at a later stage. 
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Τ ( Τ ) 

I S 
( Τ ) ( Τ ) 

Purification by Phase Solubility Equilibria 
In any tritiation reaction, high specific activity conta­

minants can form either by radiolytic self-decomposition or by 
undesired side-reactions such as addition or dehalogenation. 
Phase solubility equilibrium can effect removal of these ra-
diochemical impurities. Solubility phase equilibrium analysis 
is a standard technique for determination of purity of complex 
chemical compounds. The technique can be adapted as a purifi­
cation method by agitating the finely pulverized compound in 
a solvent in which it is very slightly soluble until equili­
brium is reached. The impurities are gradually passed into 
the mother liquor. The superiority of this purification tech­
nique is shown with a comparative study of the purification of 
a recovered sample of

 3
H-chlorpheniramine maleate (Table III). 

The method has been used routinely in our laboratory for puri­
fication. 

The catalytic addition of tritium to the benzoyl carbonyl 
gives biostable 7-

3
H-phenethanolamines. The label is of high 

specific activity and inexpensive. We have employed the tech­
nique in labeling several compounds where the classical car­
bon- 14 synthesis would have been difficult. 
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TABLE I I I . Comparative Purification of
 3

H-Chlorpheniramine 
Maleate by Recrystallization and Solubility Phase 
Equilibrium 

P u r i t y (%) Recovery 
Radiochemica l Chemical (%) 

Crude ^ - C h l o r p h e n i r a m i n e 
Ma lea te 92 95 

A . 1 s t R e c r y s t a l l i z a t i o n 
S o l i d 94 96 

Mother L i q u o r 87 

2nd R e c r y s t a l l i z a t i o n 
S o l i d 98 9 7 - 9 8 70 

Mother L i q u o r 94 

B. Phase S o l u b i l i t y E q u i l i b r i u m 
S o l i d 9 7 - 9 8 99 8 9 - 9 0 

Mother L i q u o r 82 

Tritiated metal hydrides would appear to give higher specifici­
ty; however, the specific activity is limited by the tritium 
exchangeable into the metal hydride reagent. 

Catalytic Dehalogenative Initiation 
The usual catalysts are palladium on carbon, barium sul­

fate, calcium carbonate, or Raney nickel. The halogen-tritium 
replacement occurs in a semipolar solvent in the presence of 
base such as triethylamine, alkalai metal hydroxide, or potas­
sium acetate to neutralize the tritiated halogen acid produced. 

We first recognized the unusual stability of a tritium 
label even under such drastic conditions as employed in the 
Freidel-Crafts reaction. The biphenyl-3-

3
H, XIII, was reacted 

with dichloroacetyl chloride and the resulting intermediate 
XIV converted to the biphenylglyoxal, XV. The specific acti­
vity of starting material, intermediates and derived products 
were nearly identical. 

Selective reductive dehalogenation with Raney nickel was 
employed to label 2-ai^ino-5-bromobenzotrif luoride which was in 
turn used to label the second moiety of a molecule where 
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carbon-14 labeling would have been difficult: 

H2N- Br 
NaOH 
Ra Ni * HzN \ 0 •Br 

C F3 C F 3 

The technique is often used for double labeling a compound 
where metabolic cleavage of the two moieties is possible. The 
multiple labels are carried out as separate syntheses to pro­
vide flexibility in the subsequent metabolic studies. 

Much of the synthetic effort may be involved in the syn­
thesis of a halide precursor near the final step in order to 
reduce the number of radioactive steps. It was desirable to 
obtain labeled dipeptide L-histidyl-L-leucine in order to set 
up an assay procedure for 'converting enzyme

1
 to form angio­

tensin II. The L-histidyl-L-leucine, XVI, was prepared by 
the activated ester coupling of the N-carbobenzoxy azide of 
L-histidine and methyl L-leucine (Burghard, 1967). After re­
moval of the protective groups, XVI was iodinated to the 
diiododipeptide XVII by a method similar to that used by 
Brunings (Brunings, 1947) for making L-2,5-diiodohistidine. 

The iodinated precursor XVII was added to a methanol sol­
ution containing prereduced palladium on calcium carbonate and 
an equivalent amount of sodium hydroxide. After tritiation, 
the labile tritium was removed by lyophilization from 80% 
ethanol, and the product was purified by preparative paper 
cliromatography. The specific activity of the L-histidine-2,5-3
H^-L-leucine, XVE-^H, was 1.23 Ci/mM. 

Tritium placed ortho to phenolic substituents is chemical­
ly semi-labile being slowly lost in acid solutions. However, 
this label can be biostable in certain peptides. Brundish and 
Wade (Brundish and Wade, 1973) specifically synthesized 
46 Ci/mM [3,5-

3
H2-Tyr

23
]-3-corticotrophin-(1-24)-tetracosapep-

tide, tetracosactin. Tyrosine of the (11-24)-peptide was 
iodinated, and the diiodo (11-24)-peptide was coupled to the 
protected 1-10 fragment. They tritiated the deprotected 
diiodo (1-24)-peptide using 5% palladium on carbon and rhodium 
on calcium carbonate in dimethylformamide. 
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In collaboration with an investigation of α-receptor sites 
of adrenergic blocking agents, we were asked to prepare high 
specific activity

 3
 H-phenoxybenzamine. We directed our atten­

tion to the specific labeling by placing the tritium in the 
meta position of the benzyl group (Mendelson, et al, 1966). 
The bromine-substituted precursor XVIII was dehalogenated with 
tritium by an atmospheric reduction in triethylamine with 5% 
palladium on carbon. The N-(phenoxyisopropyl)-N-(benzyl-3-

3
H) 

ethanolamine, XIX, was converted to
 3
H-phenoxybenzamine, XX, 

by treatment with thionyl chloride. 
Radiolytic decomposition of all

 3
H-phenoxybenzamine sam­

ples (0.59-6.23 Ci/mM) was evident after storage for a period 
of 2-3 months. 

RADIOCHEMICAL STABILITY 

Radiation Stability 
The decomposition may be due to a direct radiation effect 

or an effect produced from a reactive species produced in the 
solvent (secondary). The lability of a specific chemical com­
pound is described by its G(-M) value: the number of molecules 
changed per 100 ev adsorbed. The theoretical value is three 
and the average decomposition rate for a tritiated compound is 
0.03% per mci/mM/yr. Bayly and Evans (Bayly and Evans, 1966, 
1967) have carried out extensive studies on the stability and 
storage of radiochemicals. The following precautions can 
lengthen the shelf-life of labeled compounds: 
Dilute out the compound in an inert matrix (<1 mci/ml of 
solvent) 
Addition of a free radical scavenger, e.g. less than 5% 
ethanol 
Low storage temperature; however, aggregation of compound 
due to freezing of solvent may speed up decomposition. 

A vivid example of the radiation induced breakdown of 
solvent was the accident I was involved in when a sealed 
thick-wall ampule containing 1.3 Ci of carrier-free elemental 
sulfur-35 in 15 ml of benzene suddenly exploded on scratching 
the neck of the vial (Maass, et al, 1962). Needless to say 
one should use screw-top containers for shipment or open am­
pules as soon as possible after receipt. 

Chemical Stability 
Because of the very small amounts of material involved, 

small chemical or microbiological contamination can cause 
untoward effects not seen with larger amounts of chemical. 
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NH2

 T
 NH2 

X X I I 

Preliminary dog experiments showed that there was tritium 
loss as tritium oxide and there was evidence of the p-hydroxyl-
ation of the 6-phenyl group. The preparation was repeated 
using pure m-brcmotoluene for specific labeling in the meta 
position. 

In addition to the normal metabolites, more complete bio­
logical degradation may yield fragments containing the labeling 
isotope. These fragments may be incorporated into normal tis­
sue constituents. This is called nonmetabolic residue and the 
radioactivity may not be related to the normal metabolites 
(Rosenblum, et al, 1971) . Of course this phenomenon must be 
minimized if one is determining animal organ and tissue re­
sidues . 
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A sudden loss of the identity of sodium acetate-
1 k
C given to 

a biochemist was ascribed to this effect. 

Bio-or Metabolic Stability 
A best possible guess on the fate of the chemical compound 

due to metabolism must be made before initiating the radio-
synthesis. Suffice it to say the Drug Metabolism department 
should be consulted before tagging objectives are set. In 
labeling the diuretic. Triamterene (Blackburn and Burghard, 
1966), XXII, with tritium for cytological and double labeling 
studies we decided to label both the meta and para positions 
of the 6-phenyl group by treating the dry Grignard of the 
mixed bromotoluenes, XXI, with tritium oxide on a vacuum line. 
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NIH Shift 
Udenfriend, Witkop and coworkers at the National Institu­

tes of Health discovered that tritium, deuterium and halides on 
aromatic rings may undergo intramolecular migration to an ad­
jacent position upon enzymatic hydroxylation of certain subs­
trates. Scheme A (Chem. & Eng. News, 45 (8), 42, 1951; 45, (17) 
57, 1967). 

The label retention pathway may actually predominate. A 
cationoid intermediate has been postulated to explain the re­
sults. 

Biological loss can be determined by comparing the speci­
fic activity of the major metabolite with the parent compound, 
detection of free tritiated water in the urine, and measure­
ment of the

 ll
*C/

3
U ratios of double labeled compounds. 

SPECIFICITY OF TRITIUM LABEL 

In reviewing the literature, one becomes aware of the in­
creased use of direct synthesis to insure that the major posi­
tion of the label is known with some degree of certainty (N, 
nominal label). Critical studies may require that the position 
be known with higher certainty. For example, we may want to 
use tritiated metal hydrides for reducing car bony 1 or a homo­
geneous catalyst for addition across a double bond to insure 
higher specificity. We may also determine tritium distribu­
tion by degradation. Otto and Juppe (Otto and Juppe, 1966) 
prepared bipheny1-2-

3
Η, -3-

3
H and -4-

3
H by tritium dehalogen-

ation of the corresponding brcmobiphenyls with palladium on 
barium sulfate. By the degradation scheme depicted below 
(Scheme B) the label specificity was determined to be 96.1, 
99.3 and 98.7%, respectively, for the above tritiated bi-
phenyls. Simon and Floss (Simon and Floss, 1967) have pu­
blished a book devoted to determination of isotope distribu­
tion in labeled compounds. 

Stereochemical or confirmation specificity has been shown 
particularly in the tritiation of steroids. The classic exam­
ple of la or 3 label obtained from Δ

1
'
4
-androstandiene-3,17-

dione; Osinski employed palladium on carbon in dioxane to give 
principally the 13, 23 label in 

STEROID STEREOSELECTIVITY Τ 

0 0 
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lew yields (poor selectivity for Δ
1
* ^ ) . Djerassi and 

Gutzwiller (Djerassi and Gutzwiller, 1966) employed chlorotris 
(triphenylphosphine) rhodium (I) in obtaining the la, 2a label 
with much higher selectivity. The catalyst is known to differ­
entiate different olefinic bonds. There are numerous papers 
which have shown stereoselective steroid processes occurring 
in dehydration, dehydrobroniination and enzymatic conversions. 
We look forward to greater applications using tritium as a 
sensitive and selective probe into the stereoselective reac­
tions of other structural classes of compounds. 

HANDLING TRITIUM COMPOUNDS IN THE LABORATORY 

The laboratory facilities required to handle tritium are 
similar to those required for all radioisotopes. An excellent 
description of the facilities and safety is in the manual, 
SAFE HANDLING OF RADIONUCLIDES, published by the International 
Atomic Energy Agency (1973). We have employed the laboratory 
classification system described since 1965 with excellent re­
sults. The laboratory facility (A, B, or C) is gauged to the 
relative radiotoxicity, activity and physical form of the iso­
tope in question. The classification system has promoted the 
wider use of radioisotopes in our laboratories; small amounts 
of tritium labeled compounds can be handled in an ordinary 
chemical laboratory (Class C area). Such quantities are often 
sufficient for biochemical tests or studies of chemical mecha­
nisms. The high pressure hydrogénatio n  o f  a  labele d  chemica l 
compoun d  i s  occasionall y  required .  W e  wil l  the n  cove r  th e 
floo r  an d  wall s  o f  a  cubicl e  holdin g  a  2  9/16 "  rockin g  auto ­
clav e  wit h  adsorben t  pape r  (Figur e  1 ) .  A  woo d  bo x  wit h  a 
filtere d  ai r  intak e  an d  exhaus t  i s  place d  ove r  th e  autoclav e 
a s  show n  i n  Figur e  2 .  Th e  cubicl e  exhaus t  trun k  i s  attache d 
t o  th e  exhaus t  filter .  A t  th e  en d  o f  th e  reductio n  th e  vesse l 
i s  vente d  the n  reseale d  an d  sen t  t o  th e  radiosynthesi s  labora ­
tor y  fo r  produc t  recover y  (Figur e  3 ) . 

Th e  manipulatio n  o f  tritiu m  compound s  shoul d  b e  carrie d 
ou t  i n  a  segregate d  are a  withi n  a  Clas s  A  laboratory .  Th e 
hig h  activit y  an d  difficult y  i n  controllin g  contaminatio n  re ­
quire s  sho e  covers ,  frequen t  smear s  o f  facilitie s  t o  preven t 
sprea d  o f  œn l ^ n d n a t i o n  an d  urin e  assa y  o f  chemist s  t o  chec k 
possibl e  ingestion .  W e  prefe r  t o  hav e  th e  initia l  multicuri e 
catalyti c  tritiatio n  carrie d  ou t  b y  a  radiochemica l  supplier f 
wh o  specialize s  i n  th e  techniqu e  an d  i s  set-u p  fo r  handlin g 

tTh e  Ne w  Englan d  Nuclea r  Corp. ,  Boston ,  Mass. ,  ha s  routinel y 
carrie d  ou t  ou r  initia l  tritiu m  incorporation . 
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multicurie tritium gas on a routine basis. We, however, ex­
plore thoroughly the methodology with a series of cold runs 
with an atmospheric microhydrogenation apparatus (Harrison and 
Harrison, 1964) (Figure 4) . We send the procedure and the 
essential raw materials to the radiochemical company for the 
custom tritiation. They filter the catalyst and remove most 
of the labile tritium by evaporation of a polar solvent. 

Figure 4 
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To handle such volatile tritium intermediates as tritium 
oxide, we constructed a general vacuum manifold similar to 
that reported by Isbell (1959) at the National Bureau of 
Standards. This unit was recently discarded in favor of seve­
ral small manifolds designed for the specific chemical opera­
tions. An example of a vacuum manifold for manipulating vola­
tile compounds is shown in Figure 5. 

Operations with solid tritium compounds of high specific 
activity should be carried out in a closed safety enclosure 
like the glove box depicted in the next picture (Figure 6) to 

Figure 6 
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prevent spread of contamination. The gloves should be washed 
with solvent before removing the hands from the safety enclo­
sure. Amersham uses tritium process boxes (Evansf 1974) equip­ped with foot-operated hand washers. 

LOOK INTO THE FUTURE 

Jacobson and coworkers (1964) prepared estradiol-6, 7-
3
H 

with 56-93% theoretical tritium content. Three milligrams of 
the unsaturated precursor was catalytically tritiated with a 
microhydrogenator. They proceeded to carry out a four-step 
ultramicro synthesis with 10-100 micrograms. The intermediates 
and products were separated by preparative paper chromatogra­
phy. 

We feel the use of microchemica 1 techniques and high 
speed liquid chromatography can revolutionize high specific 
activity radiosynthesis. The reduced synthetic scale can in­
crease the speed and safety of multistep sequences. Carrier 
dilution can be applied to the final product to increase shelf 
life. 
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An enzyme system consisting of three protein components 
has been isolated from Pseudomonas oleovorans by Coon and co­
workers (Peterson et al., 1 9 6 6 , 1 9 6 7 ; Peterson and Coon, 1 9 6 8 ; 
McKenna and Coon, 1 9 7 0 ; Lode and Coon, 1 9 7 1 ; Ueda et al., 
1 9 7 2 ). In the presence of NADH and molecular oxygen, this 
system catalyzes the ω-hydroxy lation of fatty acids and the 
terminal hydroxylation of alkanes. The three protein com­
ponents have been identified as rubredoxin, reductase, and 
ω-hydroxylase. 

Rubredoxin is an iron-sulfur protein of molecular weitjht 
1 9 , 0 0 0 containing one or two iron atoms per molecule. This 
enzyme, which apparently functions as an electron carrier in 
the system, has been purified to homogeneity (Lode and Coon, 
1971) and its amino acid sequence has been determined (Benson 
e t a l o , 1 9 7 1 ). It has also been shown that in the presence 
of reductase and NADH, rubredoxin catalyzes the reduction of 
octylhydroperoxide to 1-octanol (Boyer et al., 1 9 7 1 ). However, 
hydroperoxides have not been identified as free intermediates 
in the hydroxylati&n reaction. 

The reductase component has also been purified to homo­
geneity. It is flavoprotein of molecular weight 5 5 , 0 0 0 which 
transfers electrons from NADH to rubredoxin (Ueda et al., 1972 ; 
Ueda and Coon, 1 9 7 2 ). In contrast, the hydroxylase is very 
unstable and attempts to purify this enzyme to homogeneity have 
so far been unsuccessful. Recent work suggests that this 
protein contains non-heme iron and requires the presence of 
phospholipid for hydroxy lation activity (Ruettinger et al., 
1 9 7 4 ) . 

Recently, we reported that this enzyme system also cata­
lyzes the conversion of terminal olefins to the corresponding 
1,2-oxides (May and Abbott, 1 9 7 2 , 1973 a,b; May et al., 1 9 7 3 , 
1 9 7 4 ; May and Schwartz, 1 9 7 4 ) . The epoxidation reaction was 
found to require the presence of all three protein components 
as well as NADH and molecular oxygen. The substrate 1-octene, 
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which contains both a terminal methyl group and a terminal 
double bond, is converted to both 7-octene-l-ol and 1,2-epoxy-
octane. On the other hand, 1,7-octadiene, which does not have 
a terminal methyl group, is converted exclusively to 7,8-epoxy-
1-octene, and this product, in turn, is further oxidized to 
1,2-7,8-diepoxyoctane. On the basis of cofactor oxidation 
rates, 1,7-octadiene is more reactive than either 1-octene or 
octane, and this result indicates that the epoxidation reaction 
can proceed even more readily than the hydroxylation reaction. 
A 1:1 stoichiometry was obtained between the amount of NADH 
oxidized and the amount of product formed, which strongly 
suggests that the ooHS is acting as a mixed-function oxidase in 
catalyzing the epoxidation reaction. 

Trie exact relationship between the epoxidation and hydroxy-
lation reactions catalyzed by the ωΗ8 is presently unclear. 
Both reactions proceed at comparable rates, are inhibited by 
cyanide, affected similarly by pH, and show the same cof actor 
selectivities. These facts suggest that epoxidation and hy­
droxy lation proceed via similar mechanisms. However, since 
the hydroxylase used in our studies was not homogeneous, it 
is conceivable that the two reactions are actually associated 
with two distinct, though similar, enzymes present in our hy­
droxylase preparations. Furthermore, even if the same "oxy­
genase" is involved, it is not known whether the reactions 
occur at the same active site or whether the functional role 
of each protein component is the same in both reactions. On 
the other hand, it appears that the two reactions are not 
completely independent, since we find that they are mutually 
competitive under conditions where the concentrations of 
rubredoxin, reductase, O2 and NADH are high enough to support 
both reactions simultaneously at their maximal rates. Accord­
ingly, detailed substrate specificity studies were carried 
out in order to define the relationship between these two 
reactions and to compare the epoxidation reaction of this 
enzyme system with those catalyzed by other microbial and 
mamalian systems (Van der Linden, 1963; Bloom and Schull, 
1955, Coronelli et al., 1964; Maynert et al., 1970; Jerina 
et al. 1968, 1970/ Udenfriend, 1971; Grever et al., 1973; 
YartBrnoto and Bloch, 1970). 

Table I shows the effect of varying the carbon chain 
length on both the epoxidation of a series of dienes and on 
the hydroxy lation of a series of alkanes. It is evident that 
for both epoxidation and hydroxylation maximal activity is 
observed at a carbon chain length of Cg. In the case of 
epoxidation, as the chain length is increased, the relative 
rate of reaction decreases somewhat, but dodecadiene still 
has 85% of the reactivity of octadiene. On the other hand. 
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when the carbon chain length is decreased by only 2 carbon 
atoms, to hexadiene, the relative rate of reaction falls off 
much more rapidly. In contrast, for the hydroxylation reaction, 
increasing the carbon chain length has a much more drastic 
effect on the relative rate of reaction but decreasing the 
carbon chain to hexane results in only a 25% decrease in reac­
tivity. 

If this trend were continued to even shorter substrates, 
one would expect to reach a point where only the hydroxylation 
reaction proceeds at a significant rate. As shown in Table II, 
this is indeed the case, and both propylene and 1-butene are 
hydroxylated to the corresponding unsaturated alcohols, but 
not epoxidated. McKenna and Coon (1970) have reported that 
whereas internal methylene groups of straight-chain substrates 
are inert to hydroxylation, cyclohexane stimulates the rate of 
cof actor oxidation by the ω-hydroxylation system. As shown in 
Table II, we find that internal double bonds of both straight-
chain and cyclic compounds are inert to epoxidation. Cyclo-
hexene is converted to both isomeric cyclohexene-ols, which 
are formed in comparable amounts, but not to epoxycyclohexane. 
Similarly, neither cis-5-decene nor 2-octene are epoxidated. 
Styrene is not epoxidated at either the exocyclic double bond 
or the aromatic ring, and it has been reported that several 
other aromatic compounds are not hydroxylated (McKenna and 
Coon, 1970). As expected, gas chromatographic analysis showed 
that cyclohexanol is formed from cyclohexane. 

TABLE II. Substrate Specificity
3
-

Substrate Product Detected by Gas Chromatography 

Propylene Allyl Alcohol 
1-Butene 3-Buten-l-ol 
Cyclohexene 2-Cyclohexene-l-ol 

a
Standard reaction conditions were used except that gaseous 
substrates were introduced via a modified procedure (May et 
al., unpublished results). 

Cyclohexane 
cis-5-Decene 
Styrene 

3-Cyclohexene-l-ol 
Cyclohexanol 
cis-5-Decen-l-ol 
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The fact that on the basis of cofactor oxidation rates 
octadiene is more reactive than either octane or octene, 
suggests that with straight-chain substrates of moderate carbon 
chain length, epoxidation proceeds more readily than hydroxy­
lation. However, since it is conceivable that octane and octa­
diene bind to the enzyme with vastly different affinities, the 
relative rates of the two reactions were compared using a 
single substrate capable of undergoing either reaction, e.g., 
1-decene. The results are shown in Table III. Two separate 
experiments were carried out under different reaction conditions 
and in both cases substantially more 1,2-epoxydecane than 
9-decene-l-ol was formed. In both experiments, an excellent 
agreement was obtained between the total amount of NADH oxidized 
and the total amount of product formed. This indicates that 
under the reaction conditions, no significant enzymatic oxida­
tion of 1,2-epoxydecane or 9-decene-l-ol occurs, and, therefore, 
the product distribution is a reliable indication of the rela­
tive rates of the epoxidation and hydroxylation reactions. 

Taken together, these results surely do not fit into any 
straight forward chemical reactivity pattern. In peracid 
epoxidation reactions, for example, cyclohexene and 2-hexene 
are more than twenty times as reactive as 1-hexene, reflect­
ing the stimulatory effect of alkyl substitution on electro-
philic addition to the double bond. Similarly, no significant 
effect of carbon chain length on epoxidation of a terminal 
double bond is observed, and even propylene is 80% as reactive 
as 1-octene (Swern, 1947; House, 1972). In the enzymatic 
reaction, our results with the moderately long straight chain 
alkene, 1-decene, reveal the expected predaruLnance of epoxi­
dation over hydroxylation, presumably reflecting the greater 
inherent reactivity of the π electron system of the double 
bond. Yet, the reactivity patterns observed with internal 
olefins, short chain substrates and the homologous series of 
terminal olefins are inexplicable in these terms. Cyclic 
compounds clearly bind to the enzyme and undergo hydroxylation 
even though the methylene carbons of straight chain alkanes 
are inert to hydroxylation. Yet, the internal double bonds of 
cyclic compounds are just as unreactive toward epoxidation as 
those of straight chain compounds. It is obvious that factors 
other than simple chemical reactivity differences are being 
reflected in our results with the enzymatic system. 

We have previously suggested that the configurations of 
the methylene chains of hydrocarbon substrates critically 
affect the mode of binding of such compounds to the active 
sites of oxygenases (May and Abbott, 1973a). The notion that 
such factors are indeed among those being reflected in the 
substrate reactivity patterns we observe is supported by 
recent results with a homologous series of imidoester inhibi-
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tors (Schwartz, R.D., unpublished observations), 

TABLE III. Relative Rates of Epoxidation and Hydroxylation for 
1-Decene 

Reaction nMoles nMoles nMoles Total 
Time NADH Epoxide Alcohol nMoles 

Experiment (sec) Oxidized
5
 Formed Formed Product 

A
b
 470 22 13 7 21 

B
c
 1450 52 39 12 51 

a
These values are corrected for the endogeneous oxidation of 
NADH (May and Abbott, 1973a). ^Reaction conditions as for 
Table I, except that 1 μ mole substrate in 20 μΙ-acetone was 
added to the reaction mixture. °Reaction mixture contained 
500 μg "hydroxylase" and 7 μ g reductase. 

Addition of the methyl imidoesters IE6, IE8 or IE12 to the 
functioning enzymatic epoxidation system causes rapid inhi­
bition of the reaction. Table IV lists results obtained with 
imidoesters of varying carbon chain length. The pattern of 
relative potency of inhibitors parallels that of substrate 
reactivity, as would be expected if changes in the methylene 
chain primarily affect the binding step in the catalytic 
process. In view of the simple chemical structures of the 
substrates and inhibitors, hydrophobic interactions must play 
a key role in the binding process. 

There is currently considerable speculation as to the 
nature of the "activated oxygen" species in reactions cata­
lyzed by mixed-function oxidases. Hamilton first suggested 
that an "oxenoid" species is generated in these reactions by 
transfer of two electrons to oxygen prior to, or concurrent 
with, transfer of an oxygen atom to the substrate (Hamilton, 
1964). This mechanism has found particular favor in accounting 
for the reactions of P-450 - containing oxygenases — partic­
ularly the "NIH shift" which occurs during aromatic hydroxy­
lation reactions (Jerina, 1973). A number of organic model 
systems which undergo oxenoid-type reactions have also been 
designed and investigated (Hamilton, 1969, 1971, 1973; 
Jerina, 1973). 
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Imidoester % Inhibition
5 

IE2 3 
IE3 7 
IE4 47 
IE5 47 
IE6 85 
IE8 94 
IE10 83 
ΓΕ12 91 
IE13 89 
IE14 93 
IE15 36 
IE18 22 

Percent inhibition is defined as C-I χ 100, where C and I 
C 

are the total amount of epoxide synthesized after 60 min in 
the absence and presence of imidoester, respectively. The 
standard assay conditions used and the details of the experi­
mental procedure are described elsewhere (May et al., in 
preparation). 

In the case of the P. oleovorans epoxidation system, the 
data in Table II and the high reactivity of octadiene relative 
to octane or octene are in accord with the expected reactivity 
of an electrophilic "oxenoid" species. However, from much of 
the other data reported here we conclude that if such a species 
is indeed involved in reactions catalyzed by this enzyme system, 
its reactivity is moderated with unusual severity by factors 
related to the mode of substrate binding. Our recent dis­
covery of the high stereoselectivity of the epoxidation reac­
tion is in line with this conclusion. Vie have found that when 
octadiene is incubated with whole cells of P. oleovorans, more 
than 90% of the 7,8-epoxy-l-octene formed is the R-(+) isomer 
(May and Schwartz, 1974). This example points up the critical 
role of substrate binding, since production of optically active 
epoxides requires binding of octadiene in such a way as to 
totally preclude oxygen attack from one face of the octadiene 
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molecule (May and Schwartz, 1974). 
In contrast to several other oxygenase systems, it has 

been suggested that free superoxide is not involved in reac­
tions catalyzed by the P. oleovorans enzyme system. We have 
reported (May and Abbott, 1973a) that the hydroxylation and 
epoxidation reactions are not supported by a xanthine oxidase-
based superoxide generating system and are not inhibited by 
superoxide dismutase. Similarly, Ueda and Coon (1972) have 
shown that the rubredoxin-dependent reduction of cytochrome 
c is not inhibited by superoxide dismutase. On the other hand, 
we have recently reported that the rubredoxin and reductase 
components of the u)HS jointly catalyze the oxidation of epine­
phrine in a process which does appear to involve superoxide 
(May et al., 1973). Yet, despite this apparent difference in 
reaction mechanisms, epinephrine oxidation and epoxidation are 
mutually competitive processes, with the extent of inhibition 
of epoxidation by epinephrine d:Lminishing with epinephrine 
concentration. 

That the enzymes of the ω-hydroxylation system do not 
produce significant amounts of free superoxide, by some 
unknown mechanism, as a side reaction during epoxidation is 
clear from the oxygen stoichiometry data in Table V. On the 
other hand, the NADH/adrenochrcme stoichiometry data we have 
reported (May et al., 1973) indicate that the enzymes do not 
simply generate a small amount of initiator which oxidizes 
epinephrine in a self-perpetuating process. 

TABLE V. Oxygen Stoichiometry for the Epoxidation of Octadiene 

Reaction nMoles of 
Time nMoles of Product Ratio of 

Product (sec) O2 Used
a
 Detected Product/02 

7,8-Epoxy- 270 100 110 1.1 
1-octene 

a
This value is corrected for the endogenous consumption of 
oxygen which occurs in the absence of substrate. 
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EXAMPLES OF THE USE OF DTA FOR THE 
STUDY OF CATALYTIC ACTIVITY AND RELATED PHENOMENA 

PATRICK K. GALLAGHER, DAVID W. JOHNSON, JR. 
and EVA M. VOGEL 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Advantages of the use of differential thermal analysis 
(DTA) for the rapid screening of potential catalysts are given. 
Evidence is presented which indicates that there is a close 
correlation between DTA results and more conventional reactor 
studies. The effects of heating rate and gaseous flow rate are 
also presented. 

The method is used to study the catalytic activity of a 
variety of substituted lanthanum manganates (III) for the oxi­
dation of CO. Finally, the effect of Pt additions on this ac­
tivity, particularly in the presence of S02, was determined by DTA. 

INTRODUCTION 

Locke and Rase (1960) pointed out the value of differen­
tial thermal analysis (DTA) as a useful technique for rapidly 
screening potential catalysts. They followed the adsorption of 
H2 on a supported Ni catalyst used for hydrogénation. This ad­
sorption leads to an endothermic peak in the DTA experiment 
which they studied as a function of catalyst pretreatment and 
the presence of poisons. As Locke and Rase (1960) indicate, 
DTA is both a rapid and inexpensive method for screening poten­
tial catalysts, for evaluating the effects of various pretreat-
ments, and for determining the poisoning tendencies of agents 
added to either the gas stream or the catalyst. This speed 
and simplicity provide opportunities for extensive surveys 
which are otherwise inconvenient. 

Recently there has been a renaissance of the technique for 
this purpose induced by the search for suitable catalysts to 
control automotive emissions. Johnson and Gallagher (1973) and 
Johnson et al (1974) investigated the oxidation of CO, C6H1 4, 
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and C2H6 in the presence of various oxide catalysts having the perovskite structure. The effects of Pt additions to the cata­
lysts and poisoning by SO2 in the gas stream were described. Similarly, Wedding and Farrauto (1974) and Farrauto and Wedding 
(1973) performed similar studies using copper chromite cata­
lysts. 

The preceding studies utilized conmercial apparatus in the 
conventional dynamic mode. Papadatos and Shelstad (1973) de­
monstrated that valuable information could also be obtained 
when using such instruments in an isothermal fashion. Ishii 
et al, (1974) described a simple gas-flow DTA method which they 
used to study the chlorination of some ores of magnesium. This 
technique was also extended to studies of the thermal decompo­
sition of KClOi. catalysed by various preparations of Fe203 by Furuichi et al, (1974), and to a variety of other catalytic 
reactions by Ishii (1974). 

In many DTA experiments the equipment is not designed to 
flow the gas directly through the sample bed but rather through 
the sample cxxpartment and simply over the sample bed. Under 
these conditions Wedding and Farrauto (1974) have shown that 
the DTA signal is not directly proportional to the amount of 
sample used, and Johnson and Gallagher (1973) have further esta­
blished this point by demonstrating that diluting the catalyst 
with an inert material does not produce a proportional decrease 
in apparent activity based upon the DTA pattern. 

In this work the effects of some of the other experimental 
variables, i.e., flow rate, heating rate, and temperature re­
gime, will be described. The conventional DTA presentation is 
compared with analytical measurements of the extent of conver­
sion to substantiate the validity of this technique. A con­
ventional catalytic reactor is also adapted to provide a simu­
lated DTA output, and the degree of conversion is simultaneously 
determined by chemical analysis for comparison. 

Having established the viability of the DTA method for ca­
talytic studies, it is then used to briefly study the effects 
of bulk composition, mode of catalyst preparation, and Pt con­
tent upon the catalytic activity of a variety of oxides having 
the perovskite crystal structure for the oxidation of CO. The 
tendency of S02 to poison such catalysts is also investigated. 

EXPERIMENTAL PROCEDURES 

Apparatus 
A catalytic reactor employed in earlier studies of sup­

ported catalysts by Gallagher et al (1974 and 1975 a,b) is 
illustrated in Fig. 1. The percent conversion of CO to C02 is measured as a function of both the inlet and outlet temperatures 
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E X H A U S T 

N 2 0 2 CO S 0 2 
A ) F L O W M E T E R S G) G A S C H R O M A T O G R A P H 

B) S I L I C A T U B E H) D A T A A C Q U I S I T I O N 

C) H E A T E X C H A N G E R I ) R E C O R D E R S 

D) S A M P L E J ) P R O G R A M M E R C O N T R O L L E R 

Ε ) K A N T H A L F U R N A C E Κ ) T H E R M O C O U P L E S 

F ) T I M E R FOR S A M P L I N G 
C Y C L E 

Fig. 1. Block Diagram of Catalytic Reactor Using Monolithic 
Supported Samples. 
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of the gas stream as indicated by thermocouples immediately be­
fore and after the supported sample. These same thermocouples 
are used to generate a differential signal which can then be 
plotted as a function of inlet temperature to provide a compa­
rison with DTA plots and simultaneously with the results of 
chemical analysis. 

In another series of experiments a DuPont Model 900 DTA 
unit was used in place of the furnace assembly in Fig. 1. The 
DSC cell was modified as shown in Fig. 2 to provide for the 
chemical analysis of the gas stream. The exit gases from the 

T O G A S C H R O M A T O G R A P H 

Fig. 2. Dupont DSC Cell Modified for Simultaneous Chemical 
Analysis of the Gaseous Products. Not to scale. 
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sample compartment were led directly to the input of the gas 
chromatograph in Fig. 1. Efforts were made to make the volume 
of this path as small as possible in order to maximize the re­
solution and miniinize the time lag until analysis. A flow of 
15 cm

3
 mih"

1
 through the chromatograph was maintained by apply­

ing gentle controlled suction at the exhaust port of the chro­
matograph. The aluminum buffer plate shown in Fig. 2 was nece­
ssary to ]nu\nimize the effects of the brief pulse of back pres­
sure resulting from the sampling valve of the chromatograph. 

For those DTA studies in which the gas stream was not ana­
lyzed, the DSC cell was used as supplied without the special 
exit tube or buffer plate shown in Fig. 2. The initial concen­
trations of CP grade gases were 2% CO, 2% 02, 96% N2, and when desired 150 ppm of S02. Nominally 15 mg samples were used with 
an empty Al pan as reference. 

Catalyst Preparation 
Copper chrcmite was Baker grade catalyst which had been 

heated to 500°C for 2 hrs in 02. Preparation and characteriza­
tion of the other catalysts is described in detail in the pu­
blications referred to at the time of the discussion of the re­
sults herein and summarized in the appropriate figure caption. 
Surface areas were determined by N2 adsorption (BET method). Pt analysis were performed by emission spectrographic techni­
ques. 

RESULTS AND DISCUSSION 

Some DTA plots based upon the inlet and outlet temperatu­
res of the reactor are compared with the results of the simulta­
neous chemical analysis in Fig. 3. The three samples were se­
lected to cover a wide range of operation. The ΔΤ signal has 
been corrected to remove the strong baseline slope normally 
present and only fortuitously corresponds to the % conversion 
scale in Fig. 3. The magnitude of ΔΤ is, of course, dependent 
upon the space velocity since the actual amount of heat pro­
duced is proportional to the space velocity at constant % con­
version and input concentrations. It is evident that even in 
these crude DTA experiments that the differential signal is a 
sensitive technique for determining the onset of the reaction. 
It closely parallels the course of the reaction up to 40% con­
version over the whole temperature range and does much better 
at lower temperatures, i.e., more active catalysts. The more 
active catalysts accomplish the oxidation in a narrower range 
of temperature. Both the narrow and lower range of temperature 
minimize the error due to base line compensation. The close 
correspondence in Fig. 3 indicates that the simplistic DTA 
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approach should be quite suitable for screening such highly exo­
thermic reactions. 

By using conventional DTA apparatus the need for base line 
compensation can be eliminated, smaller samples can be used, and 
the whole experimental process can be simplified. However, the 
gas stream does not pass through the catalyst bed but around it 
as can be seen in Fig. 2. Hence, it is desirable to establish 
to what extent the active component is reacted in order to cor­
relate the DTA curve with the degree of conversion. Clearly 
the heating rate and gaseous flow rate will affect this correl­
ation. Similarly the temperature at which the reaction occurs 
is also important because the DTA signal is dependent upon ther­
mal properties of the cell compartment and the extent to which 
the reaction occurs homogeneously, both of which are dependent 
upon the temperature. 

The effects of heating rate are considered firsthand Fig. 
4 shows DTA curves for copper chromite catalysts at heating 
rates of 2°, 5°, and 10°C min

-1
 and a constant flow rate · 

through the sample compartment of 100 cm
3
 min

- 1
. Points are 

also given for the equilibrium isothermal values at various tem­
peratures. Only the curves during the heating portion of the 
cycle are presented to minimize clutter. In general, the cool­
ing curve tends to be displaced about 3-10 °C towards lower tem­
peratures during rapid change in ΔΤ provided there is no change 
in the catalyst. 

It is evident from Fig. 4 that the effects of changes in 
heating rate are very small. Consequently there is little rea­
son not to use the more rapid rates for general studies. How­
ever, for some of the preliminary studies to correlate DTA 
curves with % conversion it is more appropriate to work at slow­
er heating rates in order to obtain more analytical points dur­
ing the experiment. One other point to be made from Fig. 4 is 
the constancy of base line (dashed line) which will be left off 
subsequent figures. 

The results of the analytical data, associated with the 
experiments in Fig. 4, are summarized in Fig. 5. Also shown is 
the extent of the reaction in the absence of an added catalyst. 
The effect of this blank has been subtracted from the curves 
for copper chromite. This correction will be made without fur­
ther comment for subsequent curves involving the extent of con­
version. This correction becomes more significant at tempera­
tures above 400 °C and, no doubt, is at least partially respon­
sible for the increased scatter in corrected data above 400°C. 
The conclusion from Fig. 5 is that the extent of the reaction 
occurring in the DTA cell is largely independent of heating 
rate. 

This fact combined with the similarity of the DTA curves 
as a function of heating rate (Fig. 4) means that the ΔΤ signal 
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A

10 

i . ι . ι ι 1 • _ J , I . I ι I . 1 

1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 
°C 

Fig. 4. Ascending DTA curves of copper chromite (15.3 mg, 18.0 
m
2
g
 λ

) at various heating rates in a flow of 2% CO, 2% 
02f 96% N2 at 100 cm

3
min~

1
. Isothermal values shown 

as points (solid upon cooling—open upon heating). 
The dashed line represents the base line in the absence 
of a sample. 
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6 0 0 

Fig. 5. Oxidation of CO over copper chromite (15.3 mg, 18.0 
m
2
g
 1

) in the DTA cell as a function of temperature. 
The flow was 100 cm

3
 min"

1
 of 2% CO, 2% 02, 96% N2. 

Closed symbols represent the extent of the homoge­
neous reaction in the absence of a catalyst 

0 2°C min-i Δ 10°C 277273"! 

• 5°C* min" X isothermal 
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Fig. 6. Comparison of the oxidation of CO over copper chromite 
(15.3 mg, 18.0 m

2
g~
1
) in the DTA cell with the Δτ 

measured. The flow was 100 cm
3
 min"

1
 of 2% CO, 2% 02, 

96% N2 
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should be a reasonably good indication of the extent of the re­
action regardless of the heating rate in this region of temper­
ature. Figure 6 is a plot of these factors. This conclusion 
is consistent with the approximately straigth line relationship 
between % conversion and ΔΤ during the initial portion of the 
DTA curve. However, this relationship breaks down above ̂ 15% 
conversion for copper chromite. 

The departure from linearity in Fig. 6 is attributed to 
three factors. First, the reaction must be limited by mass 
transport at some point because the gases are simply passed 
through a relatively large chamber containing a small pile of 
catalyst. From Fig. 6 it appears that about a third of the gas 
has the opportunity to react with the catalyst at this flow rate 
since reactor studies indicate at least 90% conversion by 500°C. 
The dependence of this upper limit of conversion upon flow rate 
(vide infra) is also indicative of this limitation. Second, 
the blank will tend to reduce the ΔΤ signal compared to the % 
conversion. That portion which occurs homogeneously or on sur­
faces of the cell rather than on the catalyst will of course 
not induce a ΔΤ signal. In one experiment which was inadver­
tently carried to a high temperature, the ΔΤ signal dropped to 
0 around 700°C. As described earlier in reference to Fig. 5, 
however, at least an attempt was made to subtract out this e-
ffect. Third, there is a general trend in DTA that the magni­
tude of the ΔΤ signal will decrease with both increasing temp­
erature and ΔΤ simply due the thermal properties of the cell, 
particularly the thermal diffusivity between the sample and re­
ference thermocouples. Fortunately these limitations in the 
correlation between ΔΤ and % conversion at higher conversions 
are not important to the use of the technique for determining 
whether or not a particular material is or is not catalytically 
active. 

The % conversion is plotted versus ΔΤ for several flow 
rates at constant heating rate in Fig. 7. Clearly, working at 
higher flow rates leads to a better DTA signal because more CO 
molecules, albeit a lower fraction, are being oxidized. Fig­
ure 8, however, shows that there is more involved than simply 
the oxidation of more CO molecules. The number of calories 
evolved was calculated from the flow rate, concentration of CO, 
% conversion, and the heat of combustion of CO. The points 
corresponding to the two slower flow rates fall together; how­
ever, the higher flow gives a significantly larger value of ΔΤ 
per calorie. 

Because the % conversion is small for the higher flow ra­
tes, the error in the deternrLnation of the calories evolved at 
that flow is largest, but the difference is much too great to be 
explained by this factor alone. This apparent increased sensi-
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127 

tivity of higher flow rates is attributed to the breakdown of 
the mixing or flow patterns within the DTA cell caused by the 
buffer plate (Fig. 1). At high flows the entering gas stream 
tends to split above and below this plate and the reduced resi­
dence time prevents good mixing and equilibration with the cata­
lyst. Consequently the exit gas which is drawn off the top to 
the chromatograph probably contains a lower fraction of C02 than the overall average. If this is the entire explanation, 
then the values of % conversion in Fig. 7 are low by about a 
factor of 2 for the highest flow rate. Regardless of the expla­
nation of this phenomena it would seem advisable to perform DTA 
experiments at the higher flow rate, 500 cm

3
 min'

1
, in order to 

take advantage of the increased sensitivity. 
The remaining factor to be considered prior to utilizing 

DTA is the temperature regime in which the reaction occurs. 
The previous results reported herein were for copper chromite 
which begins to be active around 100°C (Fig. 4). Figure 9 pre­
sents DTA results for a number of catalysts selected to exhibit 
activities at higher temperatures but within the temperature 
spectrum of the instrument. The relative order of the catalytic 
activities is obvious and agrees qualitatively with earlier work 
on supported materials in the reactor described earlier. The 
crushed crystals of La0.7Pb0.3Mn03 have lower surface areas of 2-3 m

2
g~

1
 as compared to the others of 18-19 m

2
g"

1
. 

The data were replotted for the early portion of the DTA 
curve as % conversion and cal min""

1
 versus ΔΤ in Fig. 10. 

They seem to form a line having a slope of approximately 1 cal 
min"

1
 per °C of ΔΤ. This slope is similar to those observed in 

Fig. 8 for copper chromite in various flows. The points repre­
senting crushed crystals of La0. 7Pb0. 3Mn03 with 1600 ppm of Pt are subject to considerable error because approximately half of 
the % conversion measured is due to the blank. Clearly there 
are differences in thermal conductivity and other factors which 
preclude exact quantitative data on a range of materials with­
out individual calibration. Nevertheless the techniques are 
obviously suitable for deterrtLining 1) if the material is active 
in a particular atmosphere, 2) if so, in what temperature range, 
and 3) approximately how active. 

Having established the value and limitations of the DTA 
technique for catalytic studies, several examples will be dis­
cussed to demonstrate its applicability. These examples will 
also involve the catalytic oxidation of CO. The general aspects 
covered are 1) catalyst composition and preparative technique, 
e.g., substituted LaMn03; 2) the effects of trace active com­ponents, e.g., Pt; and 3) studies of poisoning, e.g., by S02. In the extensive study of Johnson et al (1975) on the 
effects of substitution in LaMn03 upon the catalytic properties, they prepared numerous compositions by several methods. Figure 
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Fig. 10. Comparison of the oxidation of CO over various cata­
lysts in the DTA cell with the Δτ measured. The heat­
ing rate was 2°C min"

1
in a gas stream of 2% CO, 2% 02, 

96% N2 at 100 cm
3
 min-*. 

18.0 m
2
g~ 

2 r r- l 
0 copper chromite, 16.0 mg, 18.G 
Δ L a ο . s S r0.5Μ η 03, 16.0 mg, 31.5 m-g ~ 

D L a ο . 7 s K 0. 2s M n 0 3, 15.3 mg, 18.7 m
2
g~ 

X La0.7Pb0.3Mn03, crystals, 3000 ppm Pt, 16.4 mg, 

L a ο . 7 P b 0. 3M n 0 3 
m-g 

, crystals, 1600 ppm Pt, 
„,2 „— 1 
m g 

16.3 mg, 
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11 shews DTA curves for several compositions prepared from 
freeze dried solutions. Precise comparisons are complicated by 
variations in surface areas. This is demonstrated in Fig. 12 
where a DTA curve is given for La0. sSr0. 5Mn03 prepared by dif­ferent methods and consequently having different surface areas. 
It can be seen that this effect, assuming that it is solely due 
to differences in surface areas, can be very critical in deci­
ding the relative order of the catalytic activity in Fig. 11. 
The materials shown in Fig. 11 were all prepared by freeze dry­
ing techniques and have high surface areas. The order of these 
activities is consistent with that observed for the supported 
studies in the catalytic reactor, Johnson et al (1975). 

Fig. 11. DTA curves for the catalytic oxidation of CO using 
some substituted perovskites prepared by freeze dry­
ing and fired at 700°C in 02 for 2 hrs. Heating rate 
was 10°C min"

1
 in 2% CO, 2% 02, 96% N2 at 500 cm

3
min~i 

a La0.5Sr0* sMn03, 15.8 mg, 31.5 m^g'
1 

b LaMn0. 5Ni0.503, 15.5 mg, 24.0 m
2
g~
1 

c LaMno.e7Mgo.33O3, 15.8 mg, 17.0 m

2
g~

1 

d La0.5Pb0. 5Mn03, 15.8 mg, 17.5 m
2
g~~

1 
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Fig. 12. DTA curves for the catalytic oxidation of CO using 
Lao.5Sr0.5Mn03 prepared by several methods. Heating 
rate was 10°C min'

1
 in 2% CO, 2% 02, 96% N2 at 500 

cm
3
 min

-1
. 

a Freeze dried, 500°C-2 hr-Vac, 700°C-2 hr-02, 15.1mg, 
31.5 m

2
g~
1 

b Spray dried, 850°C-2 hr-Vac, 700°C-2 hr-02, 15.2mg 
16.0 m

2
g~i 

c Coprecipitated, 800°C- 2 hr-Vac, 700°C-2 hr-02, 15.4 
mg, 8.0 m

2
g~
1 

Gallagher et al (1975 a,b) have discussed the effects of 
Pt on the catalytic reactivity of both supported and unsupport­
ed powders of La0.7Pb0 . 3Mn03. DTA curves for many of these same 
powders are shown in Figs. 13 and 14 for the crushed single 
crystals and polycrystalline materials respectively. Obviously 
DTA is highly sensitive to the Pt content of these materials. 
Lead substituted perovskites have substantial activity as indi­
cated by Pt free material having a high surface area in Fig. 11 
and a lesser extent by the Pt free material having a lower sur­
face area in Fig. 14. As the Pt content is increased to a le­
vel which depends on many factors, its catalytic activity pre­
dominates. This along with its ramifications and implications 
is discussed in detail elsewhere, Gallagher et al (1975a). The 
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100 2 0 0 3 0 0 4 0 0 5 0 0 
°C 

Fig. 13. DTA curves for the catalytic oxidation of CO using 
crushed single crystals of La0.7Pb0.3Mn03 with vary­
ing Pt contents. Heating rate was 10°C min'

1
 in 2% 

CO, 2% 02, 96% Ν2 at 500 cm
3
 min'

1
. Samples were 

equilibrated in above atmosphere at 700°C for 16 hrs, 
etched for 5 min in 5% HN03 at 65°C, and refired as 
before but for only 30 min. 

a <10 ppm Pt, 15.8 mg, 0.6 m
2
g~
1 

b 90 ppm Pt, 15.1 mg, 1.6 m
2
g~
1 

c 570 ppm Pt, 15.6 mg, 1.6 m
2
g~
1 

d 2200 ppm Pt, 15.1 mg, 0.8 m
2
g~
1 

e 5200 ppm Pt, 15.9 mg, 0.6 m
2
g~
1 
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Fig. 14. DTA curves for the catalytic oxidation of CO using 
polycrystalline samples of La0. 7Pb0.3Mn03 with vary­
ing Pt contents. Heating rate was 10°C min"

1
 in 2% 

CO, 2% 02, 96% Ν2 at 500 cm
3
 min'

1
. 

a Hot pressed, <10 ppm Pt, 15.4 mg, 2.3 m
2
g~
1 

b Freeze dried, <10 ppm Pt, 15.3 mg, 4.2 m
2
g" 

c Freeze dried, 210 ppm Pt, 15.8 mg, 4.5 m
2
g~
x 

d Freeze dried, 2400 ppm Pt, 15.6 mg, 2.7 m
2
g~
1 
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Fig. 16. DTA curves for the catalytic oxidation of CO using 
La0· 7 - P & 0 . 3 Μ Γ 2 Ο 3 with varying Pt contents. Heating 
rate was 10°C min"

1
 in 2% CO, 2% 02, 96% N2 at 500 

cm
3
 min"

1
. Dashed curves have 150 ppm S02 added to 

the gas stream. Crystals were treated as in Fig. 13. 

a Freeze dried, <10 ppm Pt, 15.3 mg, 4.2 m
2
g~
1 

b Freeze dried, 210 ppm Pt, 15.8 mg, 4.5 m
2
g" 

c Crushed crystals, 570 ppm Pt, 15.6 mg, 1.6 m
2
g"
1 

d Crushed crystals, 2200 ppm Pt, 15.1 mg, 0.8 m
2
g~
1 
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œ N C L U S I O N S 

1 .  DT A  i s  a  quic k  an d  convenien t  techniqu e  fo r  man y  pre ­
liminar y  catalyti c  studies . 

2 .  I f  onl y  DT A  result s  ar e  bein g  obtained ,  the n  relative ­
l y  rapi d  heatin g  rate s  (10-2 0  ° C  m i n "

1
)  wil l  reduc e  th e  tim e  re ­

quire d  an d  relativel y  hig h  gaseou s  flo w  rate s  wil l  increas e  th e 
sensitivit y  o f  th e  technique . 

3 .  Th e  blan k  du e  t o  th e  reactio n  o n  th e  surface s  o f  th e 
cel l  an d  th e  exten t  o f  th e  homogeneou s  reactio n  wil l  becom e 
importan t  a t  highe r  temperature s  dependin g  upo n  you r  material s 
o f  construction .  Thi s  an d  othe r  inheren t  problem s  associate d 
wit h  DT A  wil l  diminis h  th e  sensitivit y  a t  highe r  temperatures . 

4 .  I n  a  brie f  surve y  o f  substitute d  perovskite s 
L a 0 . 7 S r 0 . 5 M n 0 3  prove d  quit e  active . 

5 .  I n  a  serie s  o f  sample s  o f  L a 0 .  7 P b 0 .  3 M n 0 3  wit h  varyin g 
smal l  amount s  o f  Pt ,  DT A  prove d  sensitiv e  t o  th e  P t  activit y 
whic h  adde d  t o  tha t  o f  th e  perovskit e  itself . 

6 .  Th e  poisonin g  effec t  o f  S 0 2  upo n  oxid e  catalyst s  wa s 
readil y  detecte d  b y  DTA .  Smal l  addition s  o f  P t  wer e  show n  t o 
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poin t  t o  b e  mad e  her e  i s  tha t  DT A  ca n  b e  successfull y  use d  t o 
stud y  trac e  amount s  o f  catalyticall y  activ e  materials . 

Poisonin g  i s  anothe r  importan t  aspec t  o f  catalysi s  an d 
Fig .  1 5  show s  th e  usefulnes s  o f  DT A  fo r  suc h  investigations . 
Th e  curve s  ar e  fo r  L a 0 . 5 S r 0 . 5 M n 0 3 .  Curv e  1  i s  th e  firs t  cycl e 
whic h  ha d  n o  S 0 2  i n  th e  ga s  stream .  A t  th e  star t  o f  th e  se ­
con d  cycl e  15 0  pp m  o f  S 0 2  wa s  adde d  t o  th e  ga s  stream .  Ther e 
wa s  som e  poisonin g  durin g  th e  heatin g  portio n  bu t  a t  hig h  tem ­
perature s  th e  rol e  o f  poisonin g  wa s  increase d  an d  wa s  mor e  pro ­
nounce d  durin g  th e  coolin g  portion .  B y  th e  thir d  cycl e  th e 
catalys t  wa s  essentiall y  inactive .  Earlie r  DT A  work ,  Johnso n 
e t  a l  (1974) ,  ha s  show n  ho w  simila r  perovskit e  catalyst s  ca n  b e 
rejuvenate d  b y  heatin g  a t  90 0  °C . 

Sinc e  P t  catalyst s  ar e  onl y  marginall y  poisone d  b y  S 0 2 unde r  thes e  conditions ,  Johnso n  e t  a l  (1974 )  hav e  show n  tha t 
smal l  P t  addition s  ar e  effectiv e  i n  combatin g  thi s  poisonin g 
i n  perovskit e  catalysts/an d  Weddin g  an d  Farraut o  (1974 )  an d 
Farraut o  an d  Weddin g  (1973 )  hav e  demonstrate d  tha t  unspecifie d 
P t  addition s  wil l  als o  provid e  coppe r  chromit e  wit h  resistance . 
Figur e  1 6  show s  DT A  curve s  fo r  selecte d  sample s  fro m  Figs .  1 3 
an d  1 4  bot h  i n  th e  absenc e  an d  presenc e  o f  S 0 2 .  Thos e  wit h 
^20 0  pp m  o f  P t  wer e  totall y  deactivate d  whil e  thos e  wit h  great ­
e r  amount s  wer e  quit e  resistan t  t o  poisonin g  b y  S 0 2 .  Thi s  fac t 
i s  describe d  an d  discusse d  i n  greate r  detai l  fo r  supporte d  sam ­
ple s  b y  Gallaghe r  e t  a l  (1975b )  an d  fo r  unsupporte d  powder s  b y 
Johnso n  e t  a l  (1974) . 
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be beneficial in resisting poisoning by S02. 7. Results of DTA experiments and the conclusions there­
from are in agreement with other more detailed work using sup­
ported samples in a catalytic reactor. 
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CATALYST ACTIVITY VIA THERMAL ANALYSIS 

JOHN R. KOSAK, Ph.D. 
Ε. I. duPont de Nemours & Co., Inc. 

Deepwater, Ν. J. 08023 

INTRODUCTION 

The greatest problem associated with the manufacture of a 
hydrogénatio n  catalys t  i s  th e  abilit y  t o  consistentl y  duplicat e 
th e  performanc e  o f  tha t  catalyst .  Secon d  onl y  t o  thi s  proble m 
i s  th e  abilit y  t o  measur e  th e  performanc e  o f  th e  catalys t  sys ­
tem .  A  catalys t  ma y  b e  compare d  wit h  respec t  t o  man y  o f  it s 
physica l  parameter s  (e.g .  meta l  content ,  meta l  surfac e  area , 
substrat e  surfac e  area ,  por e  size ,  por e  volume ,  e t c . ) ,  bu t  th e 
mos t  usefu l  criteri a  o f  catalys t  reproducibilit y  ar e  relate d  t o 
catalys t  activit y  and/o r  selectivity .  On e  genera l  procedur e 
fo r  determinin g  catalys t  activit y  i s  t o  duplicat e  th e  reactio n 
i n  a  laborator y  scal e  autoclav e  an d  measur e  eithe r  th e  rat e  o f 
hydroge n  consumptio n  and/o r  produc t  yiel d  pe r  uni t  o f  time . 
Wher e  selectivit y  i s  als o  critica l  th e  hydrogénatio n  mus t  b e 
complete d  an d  th e  produc t  subjecte d  t o  extensiv e  analyses . 

Thi s  approac h  i s  tedious ,  tim e  œ n s u m i n g ,  expensiv e  an d 
subjec t  t o  variabilit y  i n  th e  qualit y  o f  th e  startin g  material s 
used . 

Thi s  wor k  wa s  undertake n  t o  evaluat e  th e  applicabilit y  o f 
hig h  pressur e  differentia l  scannin g  calorimetr y  (DSC )  t o  th e 
evaluatio n  o f  catalys t  activitie s  fo r  powdere d  hydrogénatio n  ca ­
talysts .  DS C  record s  th e  differentia l  hea t  flo w  betwee n  a  sam ­
pl e  an d  referenc e  materia l  a s  a  functio n  o f  temperatur e  o r  time . 
Th e  integrate d  area ,  therefore ,  i s  directl y  proportiona l  t o  th e 
tota l  hea t  evolved .  Thus ,  i n  th e  cas e  o f  a  hydrogénatio n  cata ­
lys t  contacte d  wit h  hydroge n  unde r  pressure ,  th e  tota l  hea t 
evolve d  i s  proportiona l  t o  th e  quantit y  o f  ga s  consume d  (i.e . 
th e  amoun t  require d  t o  activat e  and/o r  chemisorb )  b y  th e  cata ­
lyst ,  an d  shoul d  b e  a  measur e  o f  catalys t  activity . 

APPARATU S 

Th e  instrumen t  use d  i n  thi s  stud y  consist s  o f  a  standar d 
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Du Pont DSC cell, described by Baxter, enclosed in a specially 
designed pressure housing and a Model 900 Du Pont Thermal Ana­
lyzer. The pressure module is shown in Figure 1. 

Both the top of the cell and the cylinder are removable by 
simply unscrewing the three bolts with the fingers. Normally 
only the top is removed for loading and unloading samples. 
"0"-ring seals, set in grooves in the top and bottom portions 
of the enclosure, seat against the side wall of the cylinder 
and increase their contact as either pressure or vacuum is 
applied. 

The assembly is designed to operate at a maximum working 
pressure of 1000 psig and to attain a vacuum of under 10 mi­
crons. The cell, valving and connections are diagrammed in 
Figure 2. 

One or more supply gases (connected to tank regulators set 
at 1000 psig or lower) enter the cell through the input connec­
tor and are controlled by the input control valve. The incom­
ing gas enters the cell through a port in the baseplate and 

Figure 1. 
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Figure 2. 
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floods the entire volume of the cylinder. A spring loaded safe­
ty valve in the supply line between the input valve and the 
baseplate is set to open at 1200 psig. A pressure gauge with 
a maximum range of 1500 psig (red lined above 1000 psig) is 
also connected at this point. Gas exiting the cell during 
purging enters the sample chamber through a hole in the silver 
lid, passes over the sample, through an orifice in the side 
wall of the sample chamber and out through a tube connected to 
the baseplate. Gas flow rate during purging is controlled by a 
fine (14 turn) high pressure needle valve. A flow meter may be 
connected to a line from the exhaust valve. A third valve, 
labeled "cool control valve" in Figure 2, is connected inter­
nally in the cell to a point under the heating block outside of 
the sample chamber. This is a coarse (3 turn) stop valve which 
is used to rapidly release pressure from the cell after a run 
is completed. Since it has the largest orifice it is the point 
at which a vacuum system is normally connected to the unit. If 
true constant pressure conditions are required, a back pressure 
regulator may be connected to the "cool control valve". 

A more detailed description of the Pressure DSC cell in­
cluding a survey of general applications is given by Levy et 
al, (1970). 

CALIBRATION 

The baseline performance run on two empty aluminum sample 
pans in air at 800 psig and maximum sensitivity is shown in 
Figure 3. 

EXO 

I 
ENDO 

I0°C/MIN. 
AIR-800 PSI 

O.I°C 

J L ι I I I L 
100 200 300 400 

TEMPERATURE,°C. 

FIGURE 3 

Figure 3. 
BASELINE-PRESSURE DSC 
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At ambient pressure, performance of the Pressure DSC cell 
is identical to that of a standard Du Pont DSC cell. At ele­
vated pressures, there is some change (less than 10% over the 
entire temperature and pressure range) in the calibration co­
efficient (E) used to calculate the energies involved in a 
thermal transition. For this work, the cell was calibrated 
using an indium metal standard over the pressure range of in­
terest in both helium and hydrogen atmospheres. Figure 4 shows 
the melting endotherm of indium under H2 at 200 psig. 

EXO t 
dT 

I 

ENDO 

TIME 

FIGURE 4 
PRESSURE DSC CELL CALIBRATION 

INDIUM MELT 

N 2 AT 200 psig 
Ε = Ĵ tifJVÎ KC 

A χ dTs 
Figure 4.

 E
 * 280 mcal'n)in/<>c 

dT vs. temperature and dT vs. time scans were obtained 
simultaneously by attaching a Honeywell Electronic 194 strip 
chart recorder in parallel with the X-Y recorder in the Du Pont 
Thermal Analyzer. The time-base scan allows expansion of peak 
areas for ease of measurement. The calibration coefficient (E) 
is calculated from the dT-time scan using the following equa­
tion. 

dH χ Μ χ C 
Ε = = 280 mcal/min/deg C 

A χ dTs 
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where: dH = 6.79 cal/gm (from Handbook of Chem. & Physics) = 
heat of fusion for Indium. 

M = 14.85 mg (indium sample weight). 
C = 3 in/min (chart speed). 
A = 4.32 sq. in. (Measured from dT-time curve). 

dTs =0.25 deg/in. (Y axis or dT sensitivity). 

EXPERIMENTAL 

Materials 
Catalyst samples used, with the exception of two, are com­

mercial products. Cylinders of Matheson Spectro Grade helium 
and hydrogen were used throughout the investigation. 
General Test Procedure 

Catalyst samples are dried in a vacuum oven below 60°C and 
with a slight nitrogen bleed on the oven. A portion of the dry 
sample is weighed directly into an aluminum pan (the weight gen­
erally ranges from 5-20 mg.). The aluminum pan containing the 
sample and an empty reference pan are placed on their respec­
tive platforms in the DSC sample chamber. 

Weighed portions of catalyst substrate (e.g. carbon, 
alumina, etc.) may be used as a reference material 
to distinguish between the heat of physical adsorp­
tion on the substrate and that of chemisorption on 
the metal. This step is not necessary where the only 
object is to compare close weights of metals on the 
same substrate. Heat capacity differences using an 
empty reference pan versus a reference pan contain­
ing an inert reference material were not signifi­
cant in relation to the total heat being measured. 
An empty pan was used for convenience. 

The cell is closed, evacuated to about 5 mm Hg pressure, 
then heated to a predetermined temperature for a given cata­
lyst and held a minimum of 5 min. The vacuum pump is in oper­
ation throughout this time and normally a total of 15-30 min­
utes. The vacuum is released slowly and helium gas is intro­
duced into the cell until a minimum pressure of 200 psig is 
established. Also, the steady state flow of gas through the 
cell is adjusted to 1-2 cfh. A stable base line is established 
on the time base recorder. The gas flow through the cell is 
then changed from helium to hydrogen producing an almost ins­
tantaneous exotherm which is recorded on the time base recor­
der. The H2/He pressure ratio must be greater than 1 and gen-
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erally is in the range of 1.1 to 1.5. The thermogram is com­
plete and scanning is discontinued when the recorder pen re­
turns to a stable base line. The hydrogen is displaced from 
the cell by venting to atmospheric pressure and sweeping the 
cell with Helium. 

Figure 5. Calculation for Heat of Chemisorption (dHc) 

Using external time base recorder. 

A . dTs 
dHc = Ε = cal. /g. precious metal (PM) 

M . C . X 

where, 

Ε = meal./°C-min. (experimentally determined, calibration 
coefficient). 

A = Peak area, sq. in. 
dTs = Y-axis sensitivity, °C/in. 

M = Sample mass, mg. 
C = Chart speed, in./min. 
X = Precious metal content of a specific catalyst (Wgt. 

fraction). 

RESULTS 

Catalyst Activities 
A typical dT-time exotherm curve for a 5% Pd/carbon cata­

lyst is shown in Figure 6. No attempt was made to separate the 
heat of chemisorption from that of physical adsorption on the 
carbon. Six replicates of this sample gave an average heat of 
chemisorption (dHc) of 390 ± 5 cal/gm. palladium. 

The heat of chemisorption for various catalyst samples is 
given in Table I. 

DISCUSSION 

The relative activity of one catalyst system vs. another 
catalyst system for a specific hydrogénation process cannot be 
predicted from the heat of chemisorption values alone because 
of differences in the type of substrates - carbon vs. alumina, 
or carbon A vs. carbon B. Different substrates reflect differ-
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FIGURE 6 
5 % Pd/CARBON AT 
200 psig H?, 75°C 

dH _ 8.14 x0.2 χ 263 
5.43 χ 4 x.05 

= 393 cal/gm 

TABLE I . Evaluation of Catalyst Activities by DSC at 200 Psig 
H2, 75°C 

C a t a l y s t Ca l / gm PM 

5% Pd/Carbon 3 9 0 * 
5% Pd /Ca l c i um Carbonate 212 
5% Pd/A lumina 188 
5% P t /A lum ina 142 
5% P t / C a r b o n 280 
59% Ruthenium Oxide 298 

PM - P r e c i o u s Metal 

^ ( A v e r a g e o f 6 r u n s : 390 ± 5 c a l / g m PM) 

144 



CATALYST ACTIV ITY V IA T H E R M A L A N A L Y S I S 

ences in structure, surface area, pore size, pore volume, etc. 
which, in turn, affect catalyst metal surface area plus catalyst 
metal distribution on the substrate. However, it is interesting 
to note that the order of activity observed for the hydrogéna­
tion of nitrobenzene using these catalysts agrees with the DSC 
results. For example, Pd is more active than Pt and carbon is 
superior to alumina as a substrate. To compare the validity of 
the DSC method for the determination of catalyst activity a 
commercial catalyst was analyzed by the DSC method and the data 
plotted against the activity number given by the supplier. The 
results are shewn in Figure 7. All of the catalyst was of sa­
tisfactory activity. In case a the DSC activity test was found 
to be a more accurate measure of catalyst performance than the 
activity number. In cases b and c, the catalyst was found to 
be of better than miriimum activity but not in agreement with 
the supplier

1
 s high activity number. 

dHc - Pt/C Area Ratio Correlation 
A number of samples of a 5% platinum on carbon catalyst 

were evaluated for activity by the pressure DSC method and also 
examined by ESCA (Electron Spectroscopy for Chemical Analysis) 
to get a relative measure of the platinum surface area. As can 
be seen from Table II, the relative heat of chemisorption val­
ues obtained by pressure DSC and the relative Pt/C ratios ob­
tained by ESCA parallel each other and are in perfect agreement. 

450h 

FIGURE 7 
ACTIVITY TEST CORRELATION 

5% Pd/C CATALYST 
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TABLE I I . 5% Pt/C Catalyst, Relative Ranking of Catalyst 
Activity and Elemental Ratios of ESCA Measurements 

P t / C S u r f a c e DSC A c t i v i t y 

R a t i o R e l . Rank ing d H c R e l . Rank ing 

.033 1 10 1 

.080 2 18 2 

.117 3 45 3 

.121 4 85 4 

.165 5^ 192 5 

SAMPLE VARIABILITY 

Variability in catalyst activity for different samples of 
a given catalyst system can be seen in Table III. 

Deterioration in activity of a catalyst is sometimes attri­
buted to aging of the catalyst. Based on the dHc values ob­
tained for the different catalysts in Table III, there appears 
to be essentially no deterioration in activity with aging. 
This was confirmed for the platinum and palladium catalysts by 
hydrogenating o-nitrotoluene and finding hydrogénation rate and 
product quality to be unchanged. 

Effect of Pressure 
Reproducible results are obtained in the pressure range of 

200-500 psig. Higher pressures were not investigated. Pres­
sures below 200 psig give erratic results. The cause of erratic 
results below 200 psig is probably incomplete diffusion of hy­
drogen gas to the catalyst surface. The ratio of the hydrogen 
to helium pressures must be greater than 1.0 to provide posi­
tive displacement of the helium by hydrogen. 

Effect of Temperature 
The effect of temperature on the dHc value depends on a 

second variable - mode of deposition of the catalyst metal on 
the substrate. If the catalyst metal is dispersed, principal­
ly, at the surface of the substrate, there is no temperature 
effect. This is shown for two catalyst systems in Table IV. 

However, if the catalyst metal is dspersed throughout the 
substrate, then there will be a substantial increase in the 
exotherm with increasing temperature. This is shown in 
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TABLE I I I . 

S A M P L E V A R I A B I L I T Y 

d H c V S . C A T A L Y S T S A M P L E 

C A T A L Y S T S A M P L E 

T Y P E NO. d H r ( C A L / G P M ) 

5 % P t / C 1 - 1 2 4 8 

1 - 2 2 6 2 

1 - 3 2 2 8 

1 - 4 2 5 0 ( D A Y 1) 

241 ( D A Y 100) 

2 6 2 ( A V G . - 9 R U N S ) 

5 % P d / C 2 - 1 3 3 6 

2 - 2 3 7 6 

2 — 3 3 9 3 

2 - 4 2 9 2 ( D A Y 1) 

2 4 7 ( D A Y 5 2 ) 

2 7 1 ( A V 6 . - 8 R U N S ) 

5 % R u / C 3 - 1 3 9 3 

3 - 2 3 8 8 

3 - 3 2 7 1 

3 - 4 4 2 1 ( D A Y 1) 

4 0 7 ( D A Y 4 0 ) 

4 1 4 ( A V G . - 2 R U N S ) 

TABLE I V . Catalyst Metal Dispersed on Surface of Carbon Support 

C a t a l y s t Sample No. Temp. (°C) d H c ( c a l . / q . PM) 

4 .5% P d , 1 100 193 
0.5% P t / C 150 220 

2 100 257 
150 241 

3 100 44 
150 34 

5% P t / C 1 100 195 
150 188 

2 100 205 
150 190 
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Table V for a 1% Pt/C catalyst. 

TABLE V. Catalyst Metal Dispersed Throughout the Carbon 
Support, 1% Pt on Carbon 

Run No. Temp. (°C) dHc ( c a l . / g . P t ) 

1 100 87 
2 150 213 
3 150 253 
4 150 215 
5 190 265 
6 190 269 
7 190 289 

It should be noted that consistent results are obtained at 
a given temperature. 

Selectivity Applications 
The synergistic effect obtained by the use of bimetallic 

catalyst systems has been discussed by Webster and Bond. This 
synergism was detected readily by the pressure DSC method when 
comparing a 5% palladium on carbon catalyst vs. a mixed 4.5% 
palladium plus 0.5% platinum on the same carbon support (Table 
VI). Preparation of the catalysts was by the same procedure 
with the exception of the composition of the bimetallic cata­
lyst. 

The magnitude of the rate improvement for the reduction of 
o-nitrotoluene corresponds well with the heat of chemisorption 
values observed by the thermal analysis method. Both methods 
indicate a large improvement in activity with the bimetallic 
catalyst. 

Prior to routine use of the DSC activity test procedure, 
a batch of bimetallic catalyst was giving very slow reduction 
rates. Comparison of "good" catalyst with the "poor" catalyst 
in the pressure DSC test showed the following difference (Fi­
gure 8 ) . 

The double peaks in the "good" sample (i.e. Run 1) are 
believed to represent chemisorption by both metals in the cata­
lyst. The missing peak in the "poor" catalyst sample is attri­
buted to poisoning of the more susceptible platinum metal spe­
cie. Furthermore, the decreased reactivity correlates with 
the loss of synergism by the secondary metal as discussed by 
Bond and Webster. On the basis of this data, some of the se-
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Sample d H c Normal ized 
C a t a l y s t Type No. dHc* R a t i o Redn. R a t e * * 

5% Pd /C 1 182 1.0 1.0 
2 204 1.12 1 .02 
3 247 1.36 1 .25 

4 .5%Pd+0.5%Pt /C 1 394 2 . 1 6 2 . 0 8 
2 420 2 . 3 1 2 . 3 4 
3 506 2 . 7 8 2 . 5 8 

C a l o r i e s per gram o f p r e c i o u s me ta l . * * B a s e d on moles o f hy ­
drogen consumed per gram o f p r e c i o u s metal per m inu te . Hydro ­
géna t i on sys tem i s the r e d u c t i o n o f o - n i t r o t o l u e n e a t 120° ± 
5°C and 500 p s i g hydrogen p r e s s u r e . 

20°C/MIN. 
47 MIN. 
He TO H 2 AT IOO°C 

I J I I I I 
Ο 15. 30 45 60 

TIME (SEC. FROM INTRODUCTION OF H2) 

MIXED METAL CATALYST AT 
IOO psig, IQO°C. 

RUN I 7.4 mg "GOOD" dHc = 196 cal/gm 
RUN 2 5.6 mg "POOR" dHc = 112 cal/gm 
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condary metal as Pt/C catalyst was physically admixed to the 
batch of "poor" catalyst and activity was increased to a usable 
(but less than normal) level. 

An example where the pressure DSC method was useful in de­
fining a catalyst selectivity as well as activity problem in­
volved the use of a 5% ruthenium on alumina catalyst (Figure 
9). This particular catalyst was used to affect ring hydro­
génation of a specific organic compound without concommitant 
cleavage of the ether linkage also present in the structure. 
Measuring dHc. of this catalyst system at 100 °C showed that 
"good" catalyst has a charactersitic thermogram pattern in 
addition to having a high dHc value. "Poor" samples, on the 
other hand, do not have the characteristic thermogram pattern 
and always showed a lower dHc value. In this particular case, 
washing the catalyst with 10% caustic did not improve the cata­
lyst and in fact, made it worse. The cause of "poor" catalyst 
was never resolved. However, it was possible to monitor new 
lots of catalyst as they were received and predict, accurately, 
"good" and "bad" lots so that plant manufacture could be main­
tained with a minimum of upsets. 

5% Ru/ALUMINA CATALYST 

dHc (cal/gRu) 309 200 176 
SELECTIVITY GOOD BAD BAD 

WASHED 
WITH 
10% NaOH 

Figure 9. 
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SUMMARY 

A reliable procedure based on pressure DSC has been devel­
oped for determining the relative activity of catalyst samples 
within a given powdered catalyst system. 

The pressure DSC method is a practical tool for monitoring 
catalyst quality. 

Unique thermogram patterns were found for two catalyst 
systems (the 5% Pd-Pt bimetallic on carbon and the 51 Ri on 
alumina) which defined both activity and selectivity character­
istics of these catalyst systems. 

The pressure DSC method is a useful means for preliminary 
screening of candidate catalyst systems. 
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POLYMER ATTACHED CATALYSTS 
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Polymer attached reagents, particularly transition-metal 
catalysts, have been demonstrated to have many of the advanta­
ges of both heterogeneous and homogeneous analogs (Grubbs and 
Kroll, 1971; Grubbs, et al, 1973; Pittman and Evans, 1973; 
Bailar, Jr., 1974; Collinan, 1972; Haag and Whitehurst, 1973). 
The studies to date have demonstrated that the attachment of a 
known homogeneous reagent to a cross-linked polystyrene copo­
lymer produces an insoluble catalyst which retains catalytic 
activity and is easily separated from reactants and products. 
These reagents in some cases show considerable selectivity on 
the basis of overall molecular size and polarity (Grubbs and 
Kroll, 1971). For example, cyclohexene was reduced 32 times 
faster than Δ

2
 -cholestene by a rhodium (I) catalyst attached to 

2% cross-linked polystyrene through a phosphine link. Similar 
catalysts suspended in a polar solvent reduce non-polar in 
preference to polar olefins (Grubbs, et al, 1973). 

The effect of catalyst loading levels on the rate and 
selectivity of the attached catalyst was investigated. A 
sample of Rh(I) attached catalyst was prepared by the follow­
ing method (Pittman and Evans, 1973; Michalska and Webster, 
1973; Bailar, Jr., 1974). 
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From earlier work, it is known that the rhodium is bound 
to the polymer by more than one phosphine link (Pittman and 
Evans, 1973; Michalska and Webster, 1973; Bailar, Jr., 1974; 
Kroll, 1974). The phosphines, although they are on the average 
separated by about 30 styrene units, are mobile enough on this 
low cross-linked polymer to chelate with a metal center. Rho­
dium was loaded on the polymer at two levels. The polymer was 
equilibrated with a deficiency of catalyst to produce a phos-
phine/rhodium ratio of 10. A large excess of rhodium complex 
produced a metal loading with a phosphorous/rhodium ratio of 5. 

The saturated beads (P/Rh ~ 5) reduced cyclohexene (1M) at 
a rate of 2.3 χ 10"

2
ml/sec/gm of catalyst. Under similar con­

ditions, the deficient beads (P/Rh Ζ 10) reduced cyclohexene 
at a rate of 0.48 χ 10"~

2
mlH2/sec/gm. As was expected, the rate 

of the deficient beads was lower. However, the 4.8 fold de­
crease is greater than would be expected on the basis of the 
decreased metal loading. This is apparently due to the differ­
ence in the relative amounts of free phosphine in the lightly 
loaded catalysts. The rate of hydrogénation with homogeneous 
RhCl(P<j>3) is decreased significantly by added phosphine (O
f
 Conner and Wilkinson, 1968). Since the phosphines attached 

to the low cross-linked polymer are mobile, the rate of reac­
tion in the polymer will depend upon the concentration of the 
free phosphine that is accessible to the metal center in the 
polymer. Consequently, the lower the loading, the lower the 
activity per equivalent of metal catalyst present. 

The relative rates of reduction of a series of olefins of 
different molar volumes are listed in Table I. As can be seen 
from these data, the selectivity of the catalyst attached to 
polystyrene beads which are the most active are also the most 
selective on the basis of molecular volumes. For example, the 
saturated beads reduce β-pinene 8 χ 10""

3
 times as fast as 

cyclohexene, whereas, the deficient catalyst reduces β-pinene 
ca. 3.5 χ 10""

2
 times as fast as cyclohexene. 

Since the polymer surrounding the catalyst imposes a dif­
fusion barrier between the bulk solution and the catalytic 
center, a concentration gradient of reactant will be developed 
between the bulk solution and the interior of the polymer 
bead. The magnitude of the gradient will be greatest for the 
most active catalyst. When comparing olefins of different 
molar volumes (different diffusion rates), the olefin with the 
largest molar volume should result in the greatest concentra­
tion gradient in the polymer. Consequently, the most active 
catalyst will place the greater demand on the bulk solution 
to supply substrates which will result in an enhancement of 
the differences in the diffusion rates of two olefins. The 
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TABLE I . Rate of Reduction of Cyclohexene(1M) With Poly-Rh(I) 
in Toluene 

Cyc lopentene 

Cyc lohexene 

Cyc loheptene 

Cyc looc tene 

Beta Pinene 

Cyc lohexene 

S a t u r a t e d Beads 

1 . 7 5 ± . 0 3 

1 . 0 0 ± . 0 5 

0 . 8 0 5 ± . 0 5 

0 . 4 3 ± . 0 8 

0 . 0 8 ± . 0 0 3 

2 . 2 7 6 x l 0 "

2
m l / s e c / g m 

D e f i c i e n t Beads 

1 . 8 0 ± . l 

1 . 0 0 ± . 0 4 

0 . 9 7 ± . 0 6 

0 . 6 4 ± . 0 5 

0 . 3 5 ± . 0 2 

0 . 4 7 8 x 1 0 "

2
m l / s e c / g m 

results suggest that the selectivity of polymer attached cata­
lyst toward substrates of different sizes can be controlled by 
the loading of the catalyst on the polymer support. 

The rates of hydrogénation of cyclohexene with the Rh(I) 
catalysts were strongly dependent on the solvent used to swell 
and suspend the polymer support. The relative rates of reduc­
tion of cyclohexene in benzene, toluene and cyclohexane are 
presented in Table II. Although the relationship between rate 

TABLE I I . Poly-Rh(I) Catalyst Reduction of Cyclohexene(1M) 

S o l v e n t 

Benzene 

Toluene 

Cyc lohexane 

R a t e / g ( X 1 0

2
) 

5 . 8 0 ± . 3 9 

0 . 4 7 8 ± . 0 6 9 

0 . 1 4 4 ± . 0 1 8 

R e l . Rate 

1 .000 

0 . 0 8 2 

0 . 0 2 5 

S w e l l i n g 
R a t i o 

3 . 9 

3 . 4 5 

1.9 
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and swelling ability of the solvent is complex, the rate de­
creases with decreasing swelling ratiot of the polymer in the 
solvent. Cyclohexane is a poor swelling solvent for the poly­
mer and requires about 24 hours to reach maximum swelling. 
The better the solvent swells the polymer, the lower the dif­
fusion barrier to the substrate. 

The selectivity (Grubbs and Kroll, 1971) of the catalysts 
toward olefins of different molar volumes (size) was also de­
pendent on the solvent used. The results of the reduction of 
a series of olefins of different sizes (calculated from the 
molar volumes) are given in Table III. Small changes in 
swelling ratios of the solvent produce small changes in the 
selectivity for the range of olefins chosen. The major dif­
ferences are between toluene (swelling ratio ~ 3.45)t and cy­
clohexane (swelling ratio ~ 1.9)t. These differences should be 
enhanced by the uses of the catalyst saturated polymer. In 
general, the lower the swelling ratio of the solvent used, the 
greater the selectivity on the basis of size. 

TABLE I I I . Relative Rate of Reduction of Olefins With Defi­
cient Rh(I)-Poly Catalyst 

S u b s t r a t e ( I M ) Diameter Benzene Toluene Cyc lohexene 

Cyc lopentene 6 .542 2 . 10± .20 1 . . 80+ . .15 1 . , 7 3 ± . 3 8 

Cyc lohexene 6 . 698 1 . 00± . 07 1 . , 00± . .04 1 . 0 0 ± . 1 5 

Norbornene 7 .030 1 . , 31± . ,04 

Cyc loheptene 7 .184 0 . 95± . 07 0. 97± . .06 0. , 537± .039 

Cyc looc tene 7. 444 0 . 6 8 ± . 0 4 0. ,64± , . 05 0, . 1 0 5 ± . 0 8 

Beta Pi ne ne 7. 932 0 . 1 4 ± . 0 4 0, .35± . .02 

Camphene 7. 996 0. . 29+ , .01 

fMeasured as ratio of volume of solvent equilibrated polymer 
to dry polymer. 
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The results presented abovef and the data presently being 
gathered should allow the design of catalysts of controlled 
activity and selectivity. 

Since these catalysts show a selectivity for substrates of 
different sizes, experiments were designed to determine the 
change in regioselectivity of a homogeneous catalyst on poly­
mer attachment. A reagent which could distinguish between si­
milar functionalities in the side chain and the ring nucleus 
of a steroid could prove useful in a number of reactions. A 
model system was designed to test if the attachment of a rea­
gent to a polymer would impart the desired regioselectivity. 

The general structure of the model compounds is; 

These compounds were chosen due to the ease of preparation 
of a series of related compounds differing only in the separa­
tion of the functionality of the side chain functionality from 
the steroid nucleus. Also, the ester bond is easily cleaved 
for independent analysis of the extent of reaction of the two 
functionalities in the reaction products. 5a-Androst-2-ene, 
173-01 prepared by the method of Fetizon (Fetizon and Jurian, 
1969) was esterified with a number of unsaturated acid chlor­
ides. The compounds that were prepared are listed in Table IV. 

Each compound was hydrogenated using tris (triphenylphos-
phine)chlororhodium in solution and attached to phosphinated 
2% cross-linked polystyrene beads. Each reaction was termina­
ted when 1 eq. of hydrogen had been absorbed. 

At the end of the reaction period, the esters were hydro-
lyzed in aqueous base and the steroid and acid were separated 
by extraction. The percent reduction of the steroid and the 
acid was determined by n.m.r. and mass spectrometry. The re-

tAll rates were measured at 1 atm. of H2 using a digital gas burette to monitor the uptake of gas with time. 

0 
0-C-(CH2) — CH=CH-(CH2) -CH3 ι η m 
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% ACID REDUCED

6 

S E L E C T I V I T Y 
ESTER % Δ

2
 STEROID REDUCED FACTOR 

Ë M BEADS HOMOGENEOUS 

I . 1 0 8 4 / 1 5 ( 5 . 6 ) 6 4 / 3 7 ( 1 . 7 3 ) 3 . ,3 

I I . 2 0 8 7 / 1 2 ( 7 . 2 ) 6 5 / 3 4 ( 1 . 9 ) 3 . .8 

I I I . 3 0 8 6 / 1 3 ( 6 . 7 ) 6 6 / 3 5 ( 1 . 8 7 ) 3 . .6 

I V . 8 0 9 0 / 1 1 ( 8 . 2 ) 7 1 / 2 9 ( 2 . 4 ) 3 . .4 

V. 7 8 t r a n s 6 9 / 3 2 ( 2 . 2 ) 5 2 / 4 9 ( 1 . 0 5 ) 2. .1 

V I . η 8 c i s 7 4 / 2 7 ( 2 . 7 5 ) 6 0 / 3 9 ( 1 . 5 ) 1 , .9 

a±z% 

suits are presented in Table IV. As expected from earlier 
work (Pittman and Evans, 1973; Michalska and Webster, 1973; 
Bailar, Jr., 1974), the reductions using the attached catalysts 
were slower than the corresponding homogeneous reaction. In 
all cases, the regioselectivity of the catalyst was increased 
by a factor of 2 to 4. 

The corrected increased selectivity of the terminal double 
bonded compounds were essentially identical. This result 
suggests that attaching the catalyst to the polymer results in 
an increase in the steric restrictions around the catalytic 
center. 

The selectivity in a more polar solvent was dependent on 
the separation of functionality. Earlier work had indicated 
that a polar protic solvent produced two counter balancing 
effects. These solvents produce a polar gradient which drives 
non-polar molecules into the polymer matrix while decreasing 
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the swelling ratio of the polymer (Grubbs, et al, 1973). The 
first effect increases rates and the second produces a retar­
dation. 

These effects appeared to balance for moderately sized 
non-polar olefins in 1:1 benzene:ethanol solvent. Table V 
demonstrates the effect of solvent change on a short (n=2) and 
a long chained ester(n=8). In both of these esters, the se­
lectivity factor in benzene was of the order of 3.5. There 
was little change in the selectivity of the pentenyl ester on 
increasing the solvent polarity; however, the docecenyl ester 
gave a factor greater than 2.5 on changing the solvent to 1:1 
benzene:ethanol from pure benzene. It appears as though the 
selectivity in benzene is mostly due to an increase in bulk of 
the catalyst ligands (0' Conner and Wilkinson, 1968), but in the 
more polar solvents, there can be a selective absorption of 
portions of the molecule into the polymer. Changes due to 
ligand steric effects should be rather insensitive to the se­
paration of the two functional groups, whereas, selective ab­
sorption should increase as the separation of reactant sites 
on the substrate increases. 

TABLE V . Reduction of Steroids in 1:1 Ethanol: Benzene 

REDUCED ACID EtOH:BENZENE E S T ER R A T I
° REDUCED STEROID BENZENE 

Ν 

I I . 2 5 . 0 0 . 7 

I V . 8 > 2 0 . 0

a
 ^ 2 . 4 

a
N o unsa tu ra ted a c i d was de tec tab le by n . m . r . 

These results suggest that polymer attached reagents may 
show a new and useful type of regioselectivity. 

We wish to acknowledge the support of the Army Research 
Office at Durham, the Eli Lilly Company and Chevron for this 
work. 
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The discovery and utilization of homogeneous hydrogéna­
tion catalysts has expanded in importance recently (James, 
1973). Commercial processes based on homogeneously catalyzed 
routes are D e c e r n i n g increasingly important (Szonyi, 1968) 
suggesting that commercial homogeneous hydrogénation processes 
may not be far off. Since homogeneous hydrogénations can ex­
hibit great selectivity, they do offer certain real advantages 
unmatched by heterogeneous processes. For example, conjugated 
dienes are specifically 1,4-hydrogenated to cis-olefins in the 
presence of η

 6
-arenetricarbonyl-cnrcmium (Frankel and 

Butterfield, 1969) and trienes, such as cyclododecatriene, can 
be reduced with 97% selectivity to cyclcdodecene (Fahey, 1973 
a,b) using Ru ( P P h 3 ) 2 (CO) 2 (Cl) 2 · 

CH3 -
// X X

- C 02C H3 y * CH3 — C H D CHD — COOCH3 
I 
Cr(CO)3 
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In fact, polymer-anchored homogeneous catalysts promoting hydro­
génation (Grubbs et al, 1971, 1973, 1974; Pittman, 1975a) hydro-
formylation (Pittman et al, 1974, Haag and Whitehurst 1972) and 
oligomerization (Evans, Pittman et al, 1974; Pittman and Smith, 
1975b) have been prepared, and reviews of such heterogenized 
homogeneous catalysts have appeared (Bailar, 1974; Pittman, 
1973). Grubbs and coworkers have demonstrated that the polymer 
matrix offers advantages besides simple iimiobilization. By 
controlling the degree of resin swelling, the diffusion of large 
and small olefins into the resin could be tailored so that 
smaller olefins could be hydrogenated faster than large ones 
using resin-anchored Rh(PPh3)3Cl catalysts. Thus, a size 
selectivity was conferred on the catalyst system by the polymer. 
Similarly, greater positional selectivity was observed in the 
reduction of nonequivalent olefinic sites within the same 
molecule when using anchored Rh(FPh3)3Cl. Finally, by using 
the polymer to "matrix isolate" one reactive catalytic site 
from another, polymer anchored titanocene was generated from* 
anchored biscyclopentadienyltitaniumdichloride. Pittman and 
Smith (1975c) showed that two catalysts, anchored to the same 
polymer, could be used to conduct sequential multistep organic 
synthesis such as cyclcoligomerization - hydroformylation se­
quences. 

EXPERIMENTAL SECTION 

Hydrogénations were carried out in stainless steel auto­
claves. Solvent, resin-anchored catalyst, and substrate were 
added and thoroughly degassed by freeze thaw methods or by 
purging with hydrogen. Where the substrate was a gas, it was 
directly added from a tank through nitrogen or hydrogen purged 
lines. Time was then allowed for the polymers to thoroughly 
swell. The autoclave was heated to the reaction temperature 
and hydrogen was added with vigorous agitation. The product 
distribution during or following the reaction was followed by 
GLC. 

Benzene, THF, and toluene were dried over CaH2 for at 
least 24 nr. and then distilled under nitrogen. Similar care 
was taken to dry all solvents. Nitrogen, hydrogen, and carbon 
monoxide were obtained commercially (99+%) and used as received. 
Organometallic complexes were obtained from Strem or Pressure 
Chemical Co. GLC separations were done on a Varian Model 
90-P gas chromatograph using Carbowax 20-M or SE-30 (15% on 
100-120 Ν chromasorb P, 6 ft. χ h in.) or OV-17 (5% on glass 
packings). The ir, -*-H NMR, uv, and mass spectra were obtained 
on a Beckman Ir-33, Perkin Elmer R20B or Varian Ha-100, Cary 14, 
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and Perkin-Elmer Hitachi RMU-6M instruments respectively. 

Anchoring Catalysts to Diphenylpho^phinated Polystyrene Resins 
The diphenylphosphinated resins (styrene-divinylbenzene 

resins, Biobeads SX-1 and SX-2, 200-400 mesh, were brominated 
under Friedel Crafts conditions and then treated with excess 
NaPPh2 in THF) were swollen in a stirred toluene solution at 
100° under nitrogen, A toluene solution of the homogeneous 
catalyst to be anchored was then added, and the reaction was 
conducted at 100° for 24 hr. The solvent was decanted, and the 
polymer beads were extracted (Soxhlet) for 24 hr. with benzene 
under nitrogen to remove any unbound catalyst and free PPh3 from 
the resin. The total phosphine and metal contents were con­
trolled as described in detail elsewhere (Smith, 1974). 

Reaction of 1,3-Butadiene with Polymer-Bound Bis (triphenyl-
phosphine) nickel Dicarbony~ 

Into a dry, nitrogen purged stainless steel bomb were 
placed polymer-bound bis (triphenylphosphine)-nickel dicarbonyl 
(0.50g, 0.179 mmol of Ni), and dry benzene (10 ml, nitrogen 
saturated). The system was degassed by several freeze-thaw 
cycles, 1,3-butadiene (10.4g, 193 mmol) was added at -78° , and 
the bomb was warmed to 110-115° , and shaken for 24 hr. After 
cooling to 25° and venting in a -78° trap, 1.03g (9.9%) of the 
1,3-butadiene was recovered. GLC of the reaction mixture gave 
cis-1,2-divinylcyclobutane (15.2%), 4-vinylcyclohexene (31.7%), 
(Ζ, Ζ)-1,5-cyclooctadiene (41.2%), and (E,E,E)-l,5,9-cyclododeca-
triene (11.9%). The products were collected by preparative GLC, 
and their ir, NMR, and mass spectra were found to be identical 
with canmercially available samples. 

Reactions which had reached completion gave no divinyl-
cyclobutane. The polymer-bound catalysts were recycled after 
filtration under nitrogen, washed with dry, nitrogen saturated 
benzene, vacuum dried, and then carried through an identical 
reaction procedure again. 

Reaction of Butadiene's Cyclcoligomers with Homogeneous and 
Polymer-Bound (ΡηβΡ) 3RhCl 

Into a dry, nitrogen purged stainless steel bomb were 
placed tris (triphenylphosphine)rhodium chloride (0.0925g, 
0.1 mmol) 4-vinylcyclohexene (2.55g, 23.6 mmol), and dry benzene 
(10 ml. nitrogen saturated). Dissolved gases were removed by 
several freeze-thaw cycles; the bomb was flushed with hydrogen, 
pressurized to 350 psig with hydrogen, and heated at 50°, with 
shaking for 4 hr. After cooling to 25° , a pressure of 225 psig 
was noted. Analytical GLC showed only ethylcyclohexane. Samples 
were collected by preparative GLC. The ir spectrum showed no 
=C~H or C = C bands, but now exhibited a band at 1380 cm"^ 
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(terminal methyl). The mass spectrum was identical with an 
authentic sample of ethylcyclohexane as was the NMR spectrum. 
Similar reactions with 1,5-cyclooctadiene and 1,5,9-cyclcdo-
decatriene also resulted in complete hydrogénation to cyclo-
octane and cyclododecane. 

Analogous reactions using polymer-bound tris(triphenyl-
phosphine) rhodium chloride (0.50g, 0.083 mmol of Rh) also re­
sulted in complete hydrogénation. The polymeric catalyst 
was recycled by filtering under nitrogen, washing with dry 
benzene, and being carried through the reaction procedure 
again. The resin catalyst could be stored dry in air for ex­
tended periods. 

Hydrogénation of Butadiene's Cyclcoligomers by Homogeneous 
and Polymer-Bound (Ph^P) 2RUCI2 (00) 2 

Into a dry, nitrogen purged stainless steel bomb were 
placed dichlorodicarbonylbis (triphenylphosphine) ruthenium 
(0.070g, 0.09 mmol), triphenylphosphine (0.262g, 1 mmol), 
cyclooctadiene (1.76g, 16.3 mmol), and dry benzene (20 ml, 
nitrogen saturated). Dissolved gases were removed by several 
freeze-thaw cycles, the bomb was flushed with hydrogen, 
pressurized to 150 psig with hydrogen, and both were heated 
and shaken at 145° for 5 hr. After cooling to 25° , a 
pressure of 100 psig was noted. Analytical GLC showed three 
peaks. These were collected by preparative GLC, giving 
unreacted 1,5-cyclooctadiene (2.5%), (Z)-cyclooctene (93.7%) 
(parent ion m/e 110; ir (KBr) 3000 (s), 2910 (vs), 2840 (vs), 
1655 (m), 1475 (s), 1455 (s) , 900 (s), 755 (vs), 705 (s) 
cm""

1
; NMR (CDCI3) 65.61 (m, 2H, olefinic protons), and 1.54 

(s, 4H, saturated ring protons) and 1.5 (m, 4H, saturated 
ring protons)) and cyclooctane (3.94%) (parent ion m/e 112; 
ir no C = C or=C—H; NMR (CDCI3) <$1.54 singlet). 

When 4-vinylcyclohexene was the substrate, GLC of the 
reaction mixture showed unreacted 4-vinylcyclohexene (2.9%), 
4-ethylcyclohexene (85.3%) (parent ion m/e 110; ir 3020 (m), 
2940-2820 (s), 1660 (w), 1450 (s), 1380 (m), 1140 (m), 1005 
(m), and 810 (s) ατΓ

1
; NMR (CDCI3) 64.76-5.38 (complex, 2H, 

olefinic protons), 1.97-1.14 (complex, 9H, methylene protons), 
and 0.72 (t, 3H, J=7.2 HZ-CH3) ) and ethylcyclohexane (11.8%) 
(parent ion m/e 112; ir and NMR spectra were identical to an 
authentic sample). 

Analogous reactions using polymer-bound (Pt^P) 2RUCI2 (CO) 2 
(0.5g, 0.053 mmol of Ru) also gave the same selective hydro­
génation reactions when conducted at 165-170°. The polymeric 
catalyst was recycled by filtration under nitrogen from a 
reaction solution, washed with benzene, racuum dried (25° , 
0.05 Torr), and carried through the reaction procedure again. 

Reactions using the catalysts with excess bound phosphine 
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group but no added PPh3 (l.Og, .10 mmol Ru) and 1.5-cycloocta-
diene (1.76g, 16.3 mmol) gave cyclooctane 45.9%, cyclcoctene 
54.1%, and no lf5-cyclooctadiene. 
Butadiene Cyclooligomerization and Sequential Hydrogénation 
with Homogeneous and Polymer-Bound ( P P Î 1 3 ) 2 N 1 (CO) 2 and 
(FPh^Rhcr 

Into a dry, nitrogen purged stainless steel bomb were 
placed (PPh3)2Ni(CO)2(0.10g, 0.156 mmol), (PPh3)3RhCl(0.10g, 
0.108 mmol), and dry benzene (10 ml, nitrogen saturated). 
After degassing, 1,3-butadiene (10.0g, 187 mmol) was added 
at -78 °, and the reaction was maintained at 100° with shaking 
for 24 hr. After cooling, no unreacted 1,3-butadiene was 
recovered. Aliquots of solution were removed for analyses. 
A nitrogen purge was used in some cases to remove traces of 
unreacted 1,3-butadiene. The reactor was flushed with hydro­
gen, pressurized to 500 psig, heated to 60°, and shaken for 
24 hr. Analytical GLC of the 1 ml of solution from the first 
step showed 4-vinylcyclohexene (17.3%), (Ζ, Ζ)-1,5-cyclcocta-
diene (66.7%), and (E,E,E)-1.5,9-cyclcdodecatriene (15.9%), 
identified as reported. Only traces (less than 1%) of un­
reacted 1,3-butadiene were found. After cooling to 25°, a 
pressure of 95 psig was noted, and the excess hydrogen was 
vented. Analytical GLC showed three products which were 
collected by preparative GLC. Using ir, Ms, and NMR, the 
products were identified as ethylcyclohexane, cyclooctane, and 
cyclododecane. 

Similar reactions using polymer-bound bis(triphenylphos­
phine) nickel dicarbonyl (0.5g, 0.179 mmol of Ni) and polymer-
bound tris (triphenylphosphine)rhodium chloride (0.5g, 0.083 
mmol of Rh) gave the same products but in somewhat lower 
yields. Oligomerization of butadiene resulted in recovery 
of unreacted butadiene (17.3%) with the products (82.7%) being 
4-vinylcyclohexene (20.3%), (Z,Z)-l,5-cyclooctadiene (51.9%), 
and (Ε, Ε, Ε)-1,5,9-cyclododecatriene (26.5%). The hydrogénation 
yield was approximately 85%, giving a complex mixture of ethyl­
cyclohexane (18.1%), cyclooctane (48%), and cyclododecane 
(21.6%), along with small amounts of various mono-, di-, and 
trienes. 

Analogous reactions using resin (l.Og) containing both 
catalysts on the same beads, bis (triphenylphosphine)nickel 
dicarbonyl (0.424 mmol of Ni g-1) and tris(triphenylphosphine) 
rhodium chloride (0.30 mmol of Rh g~l), gave yields almost 
identical with the catalysts on separate resin beads. 
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Butadiene Cyclooligcmerization and Sequential Selective 
Hydrogénation to Monoénes with Homogeneous and Polymer-
Bound (Ph3P) 2 N 1 (CO) 2 and (Ph3P) 2RuCl2 (CO)!" 

Into a dry, nitrogen purged stainless steel bomb were 
placed (PPh3) 2Ni (CO) 2 (0.10g, 0.157 mmol), (PPh3) 2RuCl2 (CO) 2 (0.10g, 0.13 mrol), triphenylphosphine (0.262g, 1 mmol), and 
dry benzene (20 ml, nitrogen saturated). After degassing, 
1,3-butadiene (6.6g, 122 mmol) was added at -78° and the re­
action was heated 24 nr. at 100° with constant shaking. After 
cooling,unreacted butadiene (1.02g, 15.5%) was recovered by 
venting into a cold trap. A 1-ml aliquot was removed and a 
nitrogen purge was employed to remove any dissolved, unreacted 
butadiene. The reactor was flushed with hydrogen, pressurized 
to 150 psig with hydrogen, and heated with shaking at 140° 
for 14 nr. Analytical GLC of the 1-ml sample from the first 
step found 4-vjLnylcyclohexene (21.8%), (Z,Z)-1,5-cyclooctadiene 
(68,8%), and (E,E,E)-1,5,9-cyclododecatriene (9.4%). These 
were identified as described previously. 

After cooling to 25° , the hydrogen pressure was 81 psig. 
Analytical GLC of the reaction mixture now found ethylcyclo­
hexane (2.6%), 4-ethylcyclohexene (18.5%), 4-vinylcyclohexene 
(0.6%), cyclcoctane (3.2%), (Z)-cyclcoctene (61β4%), 1,5-cyclo­octadiene (4.2%), cyclododecene (9.3%), and only traced of 
cyclododecane, cyclododecadiene, and 1,5,9-cyclododecatriene. 

The system was recycled by distilling off solvent and 
products under vacuum, reintroducing dry benzene (20 ml, 
nitrogen saturated) condensing in 1,3-butadiene at -78°, 
and beginning the reaction procedure over again. A temperature 
of 145° must not be exceeded or the (Ph3P) 2 N 1 (CO) 2 will de­
compose, giving black, finely divided nickel. 

Analogous reactions using the catalysts, bis(triphenyl­
phosphine) nickel dicarbonyl (0.5g, 0.179 mmol of Ni) and 
dichlorodicarbonylbis (triphenylphosphine) ruthenium (0. 5g, 
0.053 mmol of Ru) , bound to separate batches of resin gave 
overall results only slightly lower than the homogeneous 
reaction. Recovery of the polymer was accomplished by fil­
tration; however, the (Ph3P) 2Ni(CO) 2 had decomposed during 
the period of hydrogénation when a temperature of 165° was 
employed. 

Hydrogénation of 1,5-Cyclcoctadiene and 4-Vinylcyclohexene 
with Homogeneous and Polymer-Bound Ir(00)(CI)(PPh^)2 

The title compounds, benzene and catalyst were charged 
to a bomb, as described previously, and heated to 170° under 
150 psig of hydrogen. Other temperatures and pressures were 
used and these, plus the stoichiometry used is described in 
Tables I-IV. The products were analyzed by GLC as described 
above. 
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RESULTS AND DISCUSSION 

Hydrogénation of 1,5-Cyclcoctadiene Using Anchored Ir(CO) 
(CI) (PPh3)2 

In order to study the effect of excess anchored phosphine 
ligand on hydrogénations catalyzed by Ir(PPh3)2(00)(CI), a 
large number of diphenylphosphinated, microporous, styrene-
divinylbenzene resins were prepared. First, a group of resins 
containing the following precentages of Ρ were prepared: 1.25% 
(corresponds to 12% of the rings phosphinated), 1.91% (18%), 
2.02% (19%), 4.02% (38%), and 10.28% (96%). Each of these 
resins was reacted with Ir (CO) (CI) (PPh3) 2 to give a series of 
resin-anchored catalysts where P/Ir ratios of 3, 4, 7, 11, 12, 
and 22 were achieved. Thus, hydrogénatio n  rate s  coul d  b e 
studie d  a s  a  functio n  o f  th e  P/I r  rati o  ove r  a  rang e  o f  tota l 
phosphin e  levels . 

1,5-Cyclcoctadiene ,  _1 ,  wa s  selectivel y  hydrogenate d  ove r 
Ir(CO )  (Cl)(PPh 3 ) ?  an d  it s  styrene-divinylbenzene-anchore d 
analog .  Successxv e  isamerizatio n  t o  1,4-COD ,  2_ ,  an d  1,3-COD , 
3 ,  occur s  followe d  b y  hydrogénatio n  t o  cyclooctene ,  £ ,  and , 
T i n a l l y , cyclcoctane ,  5_ . 

(3 ) 

( ^ ) © - P P h 2 ) x I r  (CO )  (CI )  ( P P h 3 ) 

1 2  3  4  5 

Th e  rate s  o f  homogeneousl y  an d  heterogeneousl y  catalyze d 
reaction s  wer e  compare d  usin g  th e  sam e  solven t  volum e  an d 
equa l  amount s  o f  catalys t  a t  equa l  P/I r  ratios .  Exces s  P P h 3 w a s  adde d  t o  Ir( P P h 3 ) 2 ( C O )  (CI) ,  whe n  employe d  homogeneously , 
t o  achiev e  P/Ir=2 .  Whe n  compare d  a t  equa l  P/I r  ratios ,  th e 
rat e  o f  hydrogénatio n  wa s  significantl y  faste r  usin g  th e 
anchore d  catalys t  wheneve r  th e  P/I r  rati o  wa s  <5 .  Thi s 
occurre d  eve n  a t  a  hig h  tota l  %  Ρ on the polymer. At high 
% P, the dissociation equilibria (P)-PPh2) 2 *

r
 (00) (olefin)-

£;j)^(p)_PPh2 + (p)-PPh2)Ir(00)-(olefin) (01), which operates 
in the hydrogénation (Burnett et al, 1973, Strohmeier and 
Qnada, 1969), would be repressed. The magnitude of this 
anchored/homogeneous rate ratio is quite large at low P/Ir 
ratios as can be seen by comparing reactions 1 with 2 and 3 
with 4 in Table I. All these reactions were carried out in 
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benzene at 170° and 150 psig Η 2 · 
The anchored/homogeneous rate ratio drops as the P/Ir 

ratio increases. For example, at P/Ir = 7, the hydrogénation 
rate, using the anchored catalyst, was slower at 4.02% Ρ 
(38% of rings phosphinated) but faster at 1.25% Ρ (12% of 
rings phosphinated) than the corresponding homogeneous rates. 
Increasing P/Ir to 12 or 20-22, it was found the homogeneous 
hydrogénation (and 1,5—* 1,4 and 1,4—^1,3-COD isomerization) 
rates were greater. This behavior suggests that anchored 
phosphine moieties are not sufficiently mobile (i.e. on the 
time scale of key steps in the mechanism) to intercept 
anchored coordinatively unsaturated Ir intermediates at a rate 
equivalent to dissolved PPh3 when P/Ir <5. This is true even 
when the anchored phosphine concentration is high (i.e. 4.02 
or 10.28%), 

ΤΆβΤ,Κ I. Comparative 1,5-COO Hydrogénation Rates, Catalyzed by 
Resin-Anchored or Homogeneous Ir(CO)(Cl)(PPh3)2 in 
Benzene at 170° and 150 psig H2.

à 

Reaction Total % Ρ on Time Conversion 
lumber Mode P/Ir Polymer Hr %4 %5 

1 homogeneous 3 33 37 3 
2 anchored 3 4.02 0.25 57 4 
3 homogeneous 4 48 44 3 
4 anchored 4 10.28 0.25 69 5 
5 homogeneous 6 72 68 11 
6 anchored 7 4.02 93 5 0 
7 anchored 7 1.25 0.20 68 6 
8 homogeneous 14 72 50 1 
9 anchored 12 2.53 94 19 2 
10 anchored 12 4.02 96 6 0 
11 homogeneous 22 72 15 0 
12 anchored 22 4.02 93 18 2 

a
All reactions employed 0.064 mmol Ir, 27.8 mmol 1,5-COD in 
15 ml of benzene. 

A highly unusual temperature effect was also observed 
usinq the anchored catalyst system. The hydrogénation rate 
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was observed to increase as the temperature decreased from 
170° to 80-65° at P/Ir = 4. As shown in Table II, this 
occurred at total % Ρ levels of 1.91% and 10.28%. Assuming 
the same mechanism operates over this temperature range, the 
observation can be explained in terms of the mobility of 
anchored -PPh2 groups. This mobility should increase signifi­
cantly as the temperature is raised from 80° to 170° . Thus, 
excess anchored -PPh2 can more efficiently repress the dis­
sociation equilibrium at higher temperatures, thereby retard­
ing the rate. If the net activation energy of the isomeriza-
tion~hydrogenation sequence is fairly low, this increased 
(?) -PPh2 mobility could retard the rate more than the tem­
perature rise would increase it. 

Holding the P/Ir ratio constant (i.e. at 7, 11, 12, 22), 
the hydrogénation rate (using the anchored system) decreased 
as the total % Ρ on the polymer was increased, whenever 
V/Ίχ <5. This is in accord with greater chance of anchored 
-PPh2 encountering a coordinatively unsaturated metal site as 
the total Ρ density increases. In the range P/Ir = 3-4, the 
rates are very sensitive to changes in total % Ρ and P/Ir. 
The role of diffusion was also briefly examined by comparing 
the rates using 1% and 2% divinylbenzene (DVB) resins where 
P/Ir = both 4 and 12 and total % Ρ = 2.0. The rates of 
isomerization and hydrogénation at 170° , using 1% and 2% DVB, 
were almost identical. Since the bead size and both P/Ir and 
% Ρ were the same, this shows that diffusion was not limiting 
at 170°. 

TABLE II. Rate Variation With Temperature in 1,5-COD Hydro­
génations Catalyzed by Resin-Anchored Ir(CO)(CI) 
(PPh3)2.

à 

Reaction % Ρ on Time Temperature, Conversion 
Number Polymer Hr °C %4 %5 

13 1.91 1.1 170 46 4 
14 1.91 6 65 61 25 
15 10.28 0.20 170 52 4 
16 10.28 1.5 80 55 14 

a
Each reaction run with P/Ir = 4; 0.064 mmol Ir, 27.8 mmol 
1,5-COD in 15 ml benzene. 
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Selectiv e  Hydrogénatio n  o f  4-Vijiylcyclohéxen e 
Th e  serie s  o f  resin-anchore d  I r  (CO )  (Cl )  (PPh3) 2  catalysts , 

describe d  above ,  wa s  als o  employe d  i n  hydrogénation s  o f  4-vinyl ­
cyclohexene .  The y  promote d  th e  selectiv e  hydrogénatio n  o f  £ 
t o  ethylcyclohexene ,  7_ , i n  benzene .  Bot h  homogeneou s  an d 
anchore d  Ir(CO )  (Cl )  (PPh^)  η catalyzed the formation of 1_ in 
93-99% selectivity over ethylcyclohexane, 8̂  (see Table III). 
The selectivity varied at different % Ρ loadings and P/Ir ratios 
using the anchored catalyst (see runs 8-13, Table III). In 

© - P P h2)xI r ( C 0 ) (Cl) (PPh3): 

general, the selectivity dropped as the % Ρ in the resin in­
creased but was very high at low values of % P. This high 
selectivity was similar to that achieved by Lyons (1973) who 
selectively hydrogenated 1,3- and 1,4-cyclohexadiene to cyclo­
hexene (97 to 99% selectivity at 62-69% yield) in DMA at 83 ° 
and 30 psig H2 using Vaska's complex homogeneously. The anchored catalyst could be conveniently separated 
from the product solution and recycled. The resin could be 
exposed to air without loss of activity. The rate was slower 
during the first cycle than on succeeding cycles using the 
anchored catalyst (Table IV). This was due, in part, to an 
induction period associated with the formation of an iridium 
hydride intermediate. IR analyses of the resin, after the 
first cycle, exhibited new Ir-H absorptions at 2210 and 2090 
cm"

1
 suggesting trapped (P)—PPh2)Ir (CO) (olefin) (C1)H2 or 

0—PPh2)2Ir(CO) (C1)H2 is present. The rates increased upon successive recycling. In many 
cases, the rates were faster using the anchored catalyst than 
using the catalyst homogeneously, when compared at equal P/Ir 
ratios. For example, at P/Ir = 4 and 80° , the rate using the 
anchored catalyst (1.91% P) was twice that of the homogeneous 
rate. At P/Ir = 7 and 80°, the anchored catalyst (1.25% P) 
promoted hydrogénation three times faster on its third cycle 
than the homogeneous rate. This can be explained in terms of 
dissociation equilibrium, where excess phosphine reduces the 
concentration of the 4-ccordinate Ir intermediate thought to 
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®-PPh2)2Ir(C0) (olefin)Cli=^(p)-PPh2)Ir(C0) (olefin)Cl + (?)-PPh2 

be the active catalyst which oxidatively adds H2 in the rate 
determining step. Upon dissociation of an anchored -PPlv? 
group, various bond rotations could occur retarding the rate 
of reverse reaction. The entropy of (?)—PPh2 recombination 
might be unfavorable relative to the equivalent process in the 
use of the catalyst homogeneously. In agreement with this 
potential explanation is the observation that when compared 
at high P/Ir ratios (i.e. 12 or greater) and high Ρ loadings 
on the polymer (4.02% or 10.28%), the homogeneous rates were 
always faster than the rates using the anchored systems. For 
example see run 6 versus 13 in Table II. 

TABLE I T J . Example Selective Hydrogénations of 4-Vinylcyclo-
hexene to 4-Ethylcyclohexene Catalyzed by Homoge­
neous and Resin-Anchored Ir(CO)(Cl)(PPh3)2. 

Mode 
H
2 Conver­

(% Ρ in Temp. 
P/Ir*

3 Pressure Time sion
0 

Run No. resin) °C P/Ir*
3 

psig Hrs. %7 %8 

1 homogeneous 70 2 100 6.5 59 1 
2 homogeneous 82 2 100 2.5 96 4 
3 homogeneous 90 2 100 1.0 96 4 
4 homogeneous 120 6 100 21.0 83 1 
5 homogeneous 130 12 100 21.0 50 1 
6 homogeneous 150 12 100 21.0 98 1 
7 homogeneous 150 12 320 48.0 93 2 
8 anchored 

(1.91) 
120 4 100 0.3 95 5 

9 anchored 
(1.25) 

80 7 100 1.3 95 5 

10 anchored 
(4.02) 

120 7 100 18.0 46 14 

11. anchored 
(4.02) 

80 7 100 48.0 33 8 

12. anchored 
(4.02) 

120 11 100 52.0 35 8 

13. anchored 150 12 100 24.0 44 4 
(2.54) 
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TABLE III. (Cont'd.) 
a
All reactions were carried out in benzene (15ml) employing 
0.064 mmol Ir, 27.8 mmol 4-vinylcyclohexene 

^In the homogeneous reactions P/Ir = 2 means no PPh3 was added to reaction medium 
°The conversions are based on 4-vinylcyclohexene charged to 
the reaction. Where the %]_ + %8_ are <100% the remainder 
was unreacted 1. 

TABLE IV. Typical Examples of the Rate Enhancement Found After 
the First Cycling of Anchored Ir (CO) (Cl ) (PPh3) 2 in 
4-Vinylcyclohexene Hydrogénations 

Temperature Time Conversion 
Run Cycle %P P/Ir °C Hrs. %7 %8 

la 1st 4.02 7 120 18 46 14 
!Lb 2nd 4.02 7 80 48 33 8 
2a 1st 2.54 12 150 24 44 4 
2b 2nd 2.54 12 150 4 52 7 
3a 1st 1.25 7 80 2.25 61 3 
3b 2nd 1.25 7 80 1.30 95 5 
4a 1st 1.91 4 120 5 82 0 
4b 2nd 1.91 4 120 0P3 95 5 

Sequential Cyclcoligomerization-Reduction Sequences Using 
Anchored Catalysts 

The cyclcoligomerization of butadiene, by resin-anchored 
Ni(CO)2(PPh3)2f to 4-vinylcyclohexene, 1,5-cyclcoctadiene, and 1,5,9-cyclododecatriene was previously described (Pittman 
et al, 1975). This group also showed these oligomers were 
quantitatively reduced to their saturated analogs in the 
presence of anchored Rh(PPh3)(Cl) and selectively reduced to monoenes in the presence of anchored Ru(CO) (Cl) (PPh3)2. If 
the cyclcoligomerization is conducted in the presence of 10 
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excess PPh3, 
165° 

psig of CO, a 98% selectivity to 4-vinylcyclohexene is 
achieved. 

χ / χ - • Q - ™ ^ ™ * — » [ j (5) V
 ^ 110°, benzene

 1
 ^ 

CO, 10 psig 

The same reaction sequences can be carried out sequen­
tially. Thus, Ni (CO) 2 (PPh3)^ and Rh (PPh3) 3C1 or Ru (CO) 2 (CI) 2~ (PPh3)2 may be anchored to the same resin or to separate resins, which are then charged to the same reactor, and the 
reactions are carried out in one pot. This route is shown 
in scheme 2. 
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Butadiene was oligatierized in benzene for 24 hrs. at 
110-115° using the anchored catalysts. The reaction bomb was 
then cooled to 50° and pressurized to 350 psig with hydrogen 
for 24 hrs. High yields of alkanes (see Table V) were ob­
tained from the cyclooligomers in all cases (85-89%), and the 
overall yields from butadiene were high until the molar turn­
over limit of (PPh3)2Ni(CO)2 was reached (about 1100). The 
mixed anchored catalysts could be recycled without substantial 
loss of activity until this turnover limit was reached. This 
limit was defined as the point where the rate fell sharply to 
a point where further conversion was impractical. Separate 
experiments demonstrated that (PPI13) 2Ni(CO) 2 does not catalyze 
hydrogénation, nor does (PPhn)^PhCl catalyze oligomerization 
under the conditions employed. These catalysts do not inter­
fere with each other when employed bound to the same polymer 
(see Scheme 2). 

The homogeneous reactions exhibited faster hydrogen pres­
sure drops. Using equal molar amounts of catalyst and cyclo­
oligomers in the same volume of benzene, the hydrogénation 
using (p)—PPlv^ - RhCl, A, was about 0.8 as fast as the 
homogeneous reaction while the rate using (00) 2N12 (Ph2P (P)-
PPh2)3RhCl, B, was about 0.15 as fast. These results compare 
to Grubbs

1
 and Kroll's (1971) observation that (PPh3)RhCl bound to 2% cross-linked styrenedivinylbenzene resins were 

only 0.06 as active as using the homogeneous catalyst. The 
reason that Β exhibited slower rates than A is due to the 
fact the mole fraction of metal in the polymer was higher. 
Since Ni was almost completely dicoordinated and Ph di- and 
triccordinated with polymer-bound phosphine groups, the effect­
ive cross-link density of resin Β was greater than A since the 
chelated metals now become cross-linking sites. ThTs was sub­
stantiated by examining the P / N i + Rh ratio in the polymer and 
by recovering displaced PPÎ13 (as PPh30) from resin preparations. 
Both A and Β were prepared from 1% divinylbenzene resins while 
Grubbs employed 2% divinylbenzene resins. Furthermore, we 
employed a smaller particle size distribution (37-74μ ) than 
did Grubbs (74-149μ ). Thus, diffusion retardation of rate 
would be expected to be greater in Grubbs

1
 work. 

Fahey (1973 a,b) demonstrated 1,5-00D and 1,5,9-CDT were 
selectively hydrogenated to (Z)-cyclcoctene and (E)-cyclodo-
decene in 92 and 97% yields using (PPh3) 2Κϋ012 (CO) 2 homogene­ously with excess PPt^ present. VJe extended these studies to 
polymer anchored systems and achieved similar results. However, 
excess resin anchored PPh2 groups (up to a 15 mol excess) were not able to enhance selectivity to monoene in the manner that 
PPh3 did. Studies were undertaken to demonstrate that selec­
tive hydrogénation could be effected sequentially with cyclo-
oligomerization. 
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SCHEME 2 

~PPh2)2Ni(CO): -PPh2)3RhCl 

^ - PPh2)Ni(CO) 2 
^ P P h2)3R u ( C O )2( C l ): 

^VCH, 1,5-COD,^ 

(p)-PPh2)2Ni(C0) mixed 
with (p)-PPh2)3RhCl 

Δ 

0-PPh2)2Ni(CO) mixed with (|)-PPh2)2Ru(CO)2(Cl) 
> [4-VCH; 1,5C0D; 1 , 5 , 9 - C D T ] — — 

Butadiene was efficiently converted to cyclcoligomers 4-VCH, 
1,5-COD, and 1,5,9-CDT followed by sequential selective hydro­
génation to ethylcyclohexane, cyclcoctene, and cyclododecene. 
The sequential reactions could be carried out (1) using (PPh3)2 
Ni (CO) 2 and (PPh3) 2RaCl2 (00) 2 together homogeneously (2) using a mixture of resins and (3) using a resin to which both the 
nickel and ruthenium species were anchored. The latter system 
was not pursued in great detail because the nickel catalyst was 
destroyed at the temperature which the resin-anchored ruthenium 
complex was used. Thus studies were concentrated on the first 
two modes. As summarized in Table VI, high yields of the mono-
enes were obtained from butadiene in all cases in which a large 
molar excess (15-20) of PPh3, relative to Ru, was added to the reaction solutions. Furthermore, the product distribution in 
the sequential homogeneous and sequential resin catalyzed reac­
tions were very similar (Table VI). 

The homogeneous and resin catalyzed oligomerizations ^ere 
carried out at 90° for 24 hr and 115° for 24 hr, respectively. 
The homogeneous hydrogénations were conducted at 140°, 4 hr, 
and 150 psig of hydrogen while those employing anchored cata­
lyst were performed at 165°, 18 hr, and 150 psig. Thus buta­
diene was first oligomerized and then the reactor temperature 
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wa s  raise d  an d  a  hydroge n  pressur e  applied .  Th e  slowe r  rate s 
observe d  fo r  th e  heterogeneou s  selectiv e  hydrogénation s  i s 
probabl y  a  diffusio n  effect .  Compariso n  t o  homogeneou s  hydro ­
génation s  i s  complicate d  because ,  i n  additio n  t o  hydroge n  an d 
polyen e  diffusio n  int o  th e  catalys t  sites ,  on e  mus t  conside r 
th e  concentratio n  o f  P P h 3  withi n  th e  resin' s  matrix .  Usin g 
165 "  i n  th e  hydrogénatio n  ste p  cause d  (PPh 3 )  2 N i  (CO )  2  o r  it s 
boun d  analo g  t o  decompose .  Thus ,  a  mixtur e  o f  resin s  con ­
tainin g  th e  N i  an d  R u  catalyst s  coul d  no t  b e  recycle d  becaus e 
o f  th e  decompositio n  o f  ( f ) — P P h 2 ) N i ( 0 0 ) 2  durin g  hydrogéna ­
tion .  However ,  ( £ > - P P h 2 ) N i  ( C 0 ) 2  +  (PPh 3 )  2 R u C l 2  (CO )  2  o r  th e 
al l  homogeneou s  syste m  coul d  b e  recycled ,  afte r  produc t  re ­
mova l  b y  vacuu m  distillation ,  becaus e  140 °  wa s  employe d  i n  th e 
hydrogénatio n  ste p  i n  thos e  cases .  A s  wit h  al l  system s  employ ­
in g  ( P P h 3 ) 2 N i ( C O ) 2 ,  o r  dua l  anchore d  catalysts ,  recyclin g  wa s 
possibl e  unti l  th e  maximu m  mola r  turnove r  rati o  (1100-1200 )  o f 
th e  nicke l  comple x  wa s  reached .  I t  shoul d  b e  note d  tha t  inde ­
penden t  hydrogénatio n  experiment s  showe d  (5 ^ - P P h 2 )  ̂RufCl )  2  -(00 )  2  o r  (PPh 3 )  2 R u C l 2  (CO )  2  ha d  ver y  hig h  (  =  5,000 )  turn ­
ove r  numbers . 

gecrgentia l  Linea r  Oligomerization-Hydrogenatio n  o f  Butadien e 
Butadien e  wa s  sequentiall y  oligomerize d  an d  hydrcgenate d 

t o  a  mixtur e  o f  saturate d  norma l  an d  branche d  acetate s  i n  th e 
presenc e  o f  polymer-anchore d  P d C l 2 ,  E t 3 N ,  HQAc ,  an d  TH F  a t 
100

9
 .  Th e  unsaturate d  oligomer s  readil y  hydrcgenate d  a t  20 0 

psi g  (hydrogen )  a t  temperature s  >60 °  .  Th e  rati o  o f  norma l 
t o  branche d  product s  wa s  a  functio n  o f  th e  P/P d  rati o  an d  wa s 
larges t  whe n  P/P d  wa s  lo w  (  < 1 . 5 ) .  Som e  P d  leachin g  occurre d 
o n  th e  firs t  cycl e  whe n  P/P d  -  1  an d  th e  resi n  turne d  black . 
However ,  th e  resi n  remaine d  activ e  an d  coul d  b e  recycle d  re ­
peatedly .  Whe n  P/P d  =  3 ,  th e  yiel d  o f  th e  norma l  produc t 
droppe d  t o  64 %  whil e  th e  branche d  produc t  increase d  t o  36% . 

O A c 

E t 3 N ,  HO A c  60 ° 
T A F ,  100° ,  2 4  hr . 
P/P d  = 1 8 4 % 1 6 % 

(6 ) 

I n  conclusion ,  th e  applicatio n  o f  mor e  tha n  on e  resin -
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bound transition metal catalyst in multistep sequential syn­
thesis has been successfully demonstrated. Extension of this 
concept throughout the field of homogeneous catalysis should 
be possible. For example, single pot, multistep, homogeneously 
catalyzed, syntheses of styrene and (E)-1,9-non-4-endial from 
butadiene are under study in this laboratory using resin 
anchored catalysis such as ( (p)—PPh2) 2 ^ ( 0 ^ 0 3 ) , ( (p)— 
PPh3) o R u C l2(PPh3), and ( © — PPh2) 2IrCl (CO). Multistep catalysts are well known in heterogeneous cata­
lyses. One only need consider zeolites or hydrocracking cata­
lysts (such as Co-Mo-Al203-silica). The dual "heterogenized" 
homogeneous enzyme studies of Mosbach (1971) represent the 
thrust of these ideas into biochemistry · In dual anchored 
catalysts, scare critical considerations include: proximity 
effects of the two catalysts, catalyst compatibility when 
heterogenized, ability to operate the sequential reactions 
simultaneously (i.e., low intermediate concentration) to give 
rate enhancements, and rate enhancement via the generation of 
a high concentration of coordinatively unsaturated active 
sites. 
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SYNTHESI S  B Y 
CARBO N  MONOXID E  INSERTIO N  A T  CA R B O N - Œ I O R I N E  BOND S 

JOH N  A .  SCHEBE N  AN D  IRVIN G  L .  MADOR t 
U .  S .  Industria l  Chemical s  Co. ,  Divisio n  o f 
Nationa l  Distiller s  an d  Chemica l  Corp . 

Cincinnati ,  Ohi o  4523 7 

Result s  o f  th e  catalyti c  carbonylatio n  o f  a  variet y  o f 
vinylic ,  allyli e  an d  othe r  organi c  chloride s  b y  eithe r  a  ga s  o r 
liqui d  phas e  reactio n  ar e  described .  I n  th e  presenc e  o f  a  sup ­
porte d  palladiu m  meta l  catalyst ,  viny l  chlorid e  selectivel y 
yield s  aeryle y  1  chloride .  Catalyti c  activit y  graduall y  decreas ­
e s  wit h  reactio n  tim e  i n  th e  ga s  phase ,  whil e  activit y  i s  main ­
taine d  a t  highe r  level s  i n  th e  liqui d  phase .  Aerylat e  ester s 
ca n  b e  produce d  b y  operatin g  i n  a n  alcoholi c  medium .  Tertiar y 
amine s  functio n  a s  promoter s  fo r  thes e  reactions .  Palladiu m 
chlorid e  catalyze s  th e  carbonylatio n  o f  variou s  allyli e  chlor ­
ide s  t o  unsaturate d  acy l  chlorides ,  whil e  carbo n  tetrachlorid e 
yield s  trichloroacety l  chlorid e  an d  dichloromethan e  form s  chlo -
roacety l  chloride .  Th e  dua l  insertio n  o f  carbo n  monoxid e  an d 
acetylen e  o r  butadien e  a t  th e  C-C l  bon d  o f  ally l  chlorid e  wa s 
als o  effected . 

A t  th e  U .  S .  Industria l  Chemical s  Compan y  Researc h  Depart ­
men t  i n  Cincinnati ,  Ohio ,  variou s  group s  hav e  bee n  workin g  i n 
differen t  aspect s  o f  nobl e  meta l  catalysi s  fo r  a  numbe r  o f 
years .  On e  o f  th e  fruit s  o f  thi s  wor k  i s  a n  ethylene-base d 
proces s  fo r  viny l  acetate .  Anothe r  are a  o f  industria l  impor ­
tanc e  i s  tha t  involvin g  th e  us e  o f  nobl e  metal s  a s  catalyst s  i n 
carbonylatio n  reactions .  Thi s  articl e  wil l  revie w  som e  o f  th e 
development s  resultin g  fro m  ou r  wor k  o n  th e  insertio n  o f  carbo n 
monoxid e  a t  carbon-chlorin e  bonds . 

EXPERIMENTA L  SECTIO N 

Material s 
Th e  gaseou s  reactant s  wer e  bette r  tha n  99 %  pure ,  whil e  th e 

liqui d  reactant s  wer e  th e  bes t  grad e  available .  Bot h  labora -
T
P r e s e n t  address .  Allie d  Chemica l  Co. ,  Morristown ,  N .  J .  0796 0 
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tory compounded and commercially available catalysts were used. 
The laboratory catalysts were prepared by impregnating either 
an alumina, carbon or silica support with aqueous solutions of 
the appropriate metal salts. Reduction of the metal salts was 
accomplished with either hydrogen or carbon monoxide gas at 
100-400°C. 

Apparatus and Procedures 
Most of the catalyst screening and testing for the liquid 

phase work was conducted in small (30 ml. volume) 316 SS or 
Alloy 20 reactors, which could be readily attached to the arm 
of a shaker unit for agitation, and then heated at the desired 
temperature by insertion in an oven. The liquid phase develop­
ment studies with allyl chloride were conducted in either a 
300-ml, 1-gallon or 4-gallon, 316 SS, stirred autoclave of con­
ventional design. 

The gas phase investigation was made in a fixed bed flow 
reactor. The reactor was fabricated from a piece of 316 SS 
tubing 0.625 OD χ 0.395 ID χ 24 inches, and could acccmmodate 
up to 70 ml. of catalyst. Usually 10 ml. of catalyst was tested 
and the unused portion of the reactor was filled with a 316 SS 
rod which decreased the reactor dead volume and acted as a pre-
heater section. During operation the reactor was mounted ver­
tically in an annular metal block which was heated by a dual 
set of Nichrome heating wires. The reactants passed downwards 
through the catalyst bed. Appropriate fittings were attached 
to each end of the reactor, and the system pressure was main­
tained by a control valve and pressure controller. A high 
pressure pump was used to feed the liquid reactants. The in-
caning gas flow was controlled by a very fine needle valve. 
The reactor effluent passed from the control valve to a sample 
valve, then through several traps maintained at dry-ice temper­
ature and a wet test meter. The sample valve was attached to a 
gas chromatograph for on-stream analysis. 

The normal operating procedure for carbonylating vinyl or 
allyl chlorides in the gas phase was as follows. Add 10 g of 
catalyst and heat to the selected operating temperature. Then 
purge the system and regulate the carbon monoxide pressure. 
After adjusting the organic chloride feed pump, allow the system 
to equilibrate at the desired conditions for at least an hour 
and sample the reactor effluent every 5 minutes for an hour. 
The hourly molar acyl chloride production was determined from 
the hourly average product peak height. Analysis was performed 
on a 0.125 χ 72 inch column containing 25% SE-30 on 60/80 
Chrcmosorb W, HMDS at 45°C, using helium as the carrier gas. 
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RESULTS AND DISCUSSION 

Carbonylation of Ethylene 
In the early 1960

f
s, Blackham (1964) observed that the 

following reaction takes place in aprotic solvents. 

CH2=CH2 + CO + PdCl2 > C1CH2CH2C0C1 + Pd (1 ) 

The product, β-chloropropionyl chloride readily reacts with al­
cohols to yield the corresponding β-chloroester, eq. 2; dehydro-
halogenation of β-chloroesters to aerylate esters is accom­
plished by treatment with basic compounds, eq. 3. The initial 
carbony lation reaction can be made catalytic with respect to the 
palladium compound by the use of the copper chloride redox sys­
tem eq. 4. 

C1CH2CH2C0C1 + ROH » C1CH2CH2C00R + HC1 (2) 

C1CH2CH2C00R + Base » CH2=CHC00R + Base-HCl (3) 

CH2=CH2 + CO + 2CuCl2
 P d C l

? > C1CH2CH2C0C1 + 2CuCl (4) 

These reactions have industrial potential since they represent 
a novel route to acrylate esters based on ethylene and carbon 
monoxide. However, the number of steps required is a drawback 
to commercialization. 

A more direct route to acrylates, in which the carbony la­
tion and dehydrohalogenation steps are combined, was then found, 
eq. 5, Scheben and Mador (1969). 

CH2=CH2 + CO + 2CuCl2 + Base
 Έ ά

-
± 2
> CH2=CHC0C1 (5) 

+ 2CuCl + Base-HCl 

Thus, acryloyl chloride can be prepared in a single step reac­
tion from ethylene and carbon monoxide by employing a weak base 
as an acid acceptor, and cupric chloride as the agent responsi­
ble for reoxidizing the Pd metal. 

Various inorganic metal oxides, calcium oxide, or basic 
salts, such as disodium hydrogen phosphate, were found to per­
form as acceptors. Organic compounds such as nitriles and acid 
anhydrides also function as acid acceptors, and it was found 
that the carbonylation reaction could be conveniently carried 
out with acetonitrile functioning as both the solvent and acid 
acceptor. 

Styrene and carbon monoxide similarly react to form 
β-phenyl acryloyl chloride. Although these syntheses represent 
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useful techniques for the preparation of acryloyl halides, there 
are difficulties in contacting the reacting gases with the solid 
inorganic acid acceptors as well as the copper and palladium 
salts. The use of a liquid acid acceptor, such as acetonitrile 
alleviates part of this problem, but at the same time, obvious­
ly, organic by-products are introduced. 

Carbonylation of Vinylic Halides 
Another approach to the synthesis of acryloyl chloride is 

the insertion of carbon monoxide at the carbon-chlorine bond of 
vinyl chloride, Scheben, et al (1971a). 

CH2=CHC1 + CO Pd/Al203 ^ CH2=CHC0C1 (6) 

Vinyl chloride is a commercially available and reasonably priced 
starting material. The catalytic carbony lation of vinyl chlor­
ide to acryloyl chloride takes place in the presence of a sup­
ported palladium metal catalyst. Product selectivity in this 
reaction was found to be in the high nineties. The best vinyl 
chloride conversion in the vapor phase continuous flow reactor 
was around twelve percent, with catalyst turnover numbers ap­
proaching 7 moles C2H3C0Cl/mole Pd. Turnover numbers reaching 
10 moles/mole Pd were found under liquid phase conditions. 

VAPOR PHASE SYSTEM 
A variety of metals, metal salts or metal combinations 

were deposited on a number of different types of supports and 
tested as catalysts for this reaction. Activity was experienced 
only with the supported noble metal catalysts. Rhodium, ruthe­
nium and iridium metals form volatile carbonyls under the car-
bonylation conditions and display limited activity. Supported 
palladium catalysts were more active than those containing pla­
tinum. Alumina was a better support than either carbon or sili­
ca. 

Mixtures of palladium metal with other metals were also 
tested. The palladium-gold combination offered increased cata­
lyst stability and improved vinyl chloride reaction rates. A 
comparison of the activities of the supported palladium and 
palladium-gold catalysts is shown in Table I. Increasing the 
support diameter from 1.98 to 3.18 mm had little effect on the 
conversion level, thereby indicating that diffusion problems 
within the pellets were not rate lJLmiting. 

Figure 1 shows the effect of temperature on the carbony 1-
ation of vinyl chloride. Based on observed rates two hours 
after start-up, the acryloyl chloride production rate increased 
with increases in temperature up to 180°C and then leveled out. 
The rate observed after eight hours reaction indicates that 

184 



SYNTHESIS B Y CARBON MONOXIDE INSERTION 

TABLE I . Catalysts and Supports 

C 2H 3C 0 C 1 
C a t a l y s t S T Y * 

2% P d - A l 20 3 10 
4% P d - A l 20 3 26 
2% P d - 0 . 9 % A u - A l 20 3 37 
1% P d - 0 . 5 % A u - A l 20 3 38 
1% Pd -0 .7% Au-Carbon 0 
4% P d - 1 . 8 % A u - S i 0 2 8 

C o n d i t i o n s = 4 0 . 8 a t m . , 1 8 0 ° C , mole r a t i o . C 2H 3C 1 : C 0 = 0 . 2 6 : 1 , 
170 seconds con tac t t ime. * S T Y = g . C 2H 3C 0 C l / l i t e r o f c a t a l y s t / 
hour . 

120 130 140 150 160 170 180 190200 210 
TEMPERATURE (

e
C) 

Figure 1. Effect of reaction temp, on acryloyl chloride 
productivity; catalyst 10 g. 1% Pd-AUO-, C2H«C1:C0=1, 
40.8 atm, 20 sec. contact time. 
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above 170°C there was a rapid reduction of product formation 
with time. Compared to higher temperatures, in the range 140°-
160°C the catalyst displays a somewhat reduced activity, but 
greater stability. Most of the carbony lation reaction rates 
were obtained at 160°-180°C, after relatively short operating 
periods. 

On increasing the carbon monoxide pressure from 27.2 to 
122 atmospheres as shown in Figure 2, the yield of acryloyl 
chloride reaches a plateau around 54 to 68 atmospheres. The 
gradual loss in conversion with the increase in pressure beyond 
68 atmospheres may be due to the formation of stable palladium 
carbony lation intermediates having no free coordination site 
available for the olefin moiety. Displacement of these carbon-
yls may be difficult at high carbon monoxide pressures. 

As can be seen in Table II, the molar feed ratio of vinyl 
chloride to carbon monoxide was varied between 0.19-2.32:1. 
Optimum activity was observed with the reactant ratio near uni­
ty. This ratio agrees with the reaction stoichiometry. 

The average contact time for the reactants in the reaction 
zone was varied between 29 and 341 seconds by changing the vol­
ume of the catalyst charge. The effects of this change are 
shown in Table III. Maximum reaction rate was observed at a 
contact time of around 46 seconds. 

The effect of linear gas velocity on the reaction rate was 
checked by varying the linear velocity of the reactant gas mix­
ture in the range 1 to 3 cm/sec while keeping the contact time 
constant. Essentially the same reaction rates were obtained. 
Thus, the diffusion of products or reactants has very little 
effect on the reaction rate. 

8 

01 ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι ι 1 
20 30 40 50 60 70 80 90 100 110 120 130 

PRESSURE (atm.) 
Figure 2. Effect of pressure on vinyl chloride conversion; 
catalyst 10 g. 2% Pd-0.9% Au-Al?0~, C?H~Cl:CO-0 .3, contact time = 85-286 sec, 180°CT

 J 
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TABLE I I . Molar Ratio of Vinyl Chloride to Carbon Monoxide 

Hour l y Mo la r Feed R a t i o C 2H 3C 0 C 1 
C 2H 3C 1 / C 0 STY 

0 . 1 9 , tx 23 
0 . 3 1 , tx 47 
0 . 6 7 , ta 50 
0 . 7 7 , ta 62 
1 . 1 9 , ta 87 
2 . 3 2 , t i 61 

C o n d i t i o n s : 1 8 0 ° C , 4 0 . 8 a t m . , 1% P d - 0 . 5 % A u - A l 20 3. Con tac t 
t ime tx = 108 s e c , t2 = 79 s e c . 

TABLE I I I . Effects of Contact Time 

Contac t C 2H 3C 0 C 1 
T ime, s e c * STY 

29 43 
46 91 
67 52 

121 38 
208 33 
341 24 

C o n d i t i o n s : 1 8 0 ° C , 4 0 . 8 a t m . , 2% P d - 0 . 9 % Au-A l 20 3 , mole r a t i o 
C 2H 3C 1 : C 0 about 0 . 3 : 1 . 

* C o n t a c t t ime= i | 2 £ , LHSV = volumes o f cha rge /vo lume o f c a t a -
l y s t / h r . 
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Limited data indicates a gradual deactivation of the cata­
lyst with time on stream at temperatures around 180°C. In a 
48 hour test at this temperature and a system pressure of 40.8 
atm., with a 2% Pd-0.9% Au-Al203 catalyst and a 130 sec. con­tact time, the vinyl chloride conversion dropped from 7 to 3.5% 
(STY 34 to 22), and the catalyst showed a 3.7% weight gain. At 
a reaction temperature of 150°C and 20 sec contact time at 40.8 
atm pressure, a 1% Pd-Al203 catalyst displayed essentially no loss in activity (STY 47, 5% conversion) during a 30-hour test, 
and only a 1% weight gain. This catalyst deactivation is pro­
bably due to active sites being covered with polymeric materials, 
since the original catalyst activity can be restored by washing 
with dilute alkali. 

Several kinds of organic and inorganic compounds were 
tested as promoters of this reaction. The vinyl chloride feed 
was diluted with varying amounts (1-66% by volume) of pyridine, 
dimethylformamide, triethylamine, xylene, methanol or acryloyl 
chloride. Pyridine and dimethylformamide were deleterious at 
a one percent level, whereas, triethylamine at the same concen­
tration had no immediate effect on the reaction. With 33 vol­
ume percent methanol in the vinyl chloride feed, the normal 
hourly STY value increased from 38 to 45 and methyl aery late 
was produced. Dilution of the vinyl chloride feed with large 
amounts of xylene (66% by volume) resulted in a loss of activity 
and failed to prevent catalyst deactivation. 

The addition of 2 to 5% by volume acryloyl chloride to the 
vinyl chloride feed was harmful; the net hourly acryloyl chlor­
ide production dropping about 60%. This observation suggested 
that the carbonylation reaction under these conditions is in a 
state of equilibrium. Although we have observed that the de-
carbonylation of acryloyl chloride takes place at atmospheric 
pressure in the presence of a supported palladium catalyst at 
around 190°C, under a slight carbon monoxide partial pressure 
the decarbonylation reaction is inhibited. It is possible that 
the reduced catalyst activity is due to the polymerization of 
the added acryloyl chloride and fouling of the catalyst. Ac­
tivity of the supported palladium catalysts was not improved 
by the addition (1.5% by wt of catalyst) of a variety of inor­
ganic salts, e.g., compounds of nickel, cobalt, rhenium, barium, 
silver, mercury or magnesium. 

BATCH LIQUID PHASE SYSTEM 
Preliminary experiments showed that acryloyl chloride could 

also be prepared in a batch type rocker reactor using a hetero­
geneous catalyst. While one might expect catalyst fouling to 
be minimized under liquid phase conditions because of the 
effect of continual catalyst surface washing, the long hold-up 
times with a very reactive nomomer might be detrimental. In 
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practice, the hourly acryloyl productivity (moles/mole Pd) was 
better in the batch system than in the continuous flow reactor, 
(10 vs 7 moles C2H3C0Cl/mole Pd). Under liquid phase conditions, the carbony lation of vinyl 
chloride goes well in the presence of methanol, ethanol, chlor­
inated or ethereal type solvents, but not in aromatic or ali­
phatic hydrocarbons. A supported palladium metal catalyst was 
more active than either PdCl2, Pd(acac)2 or (n-Bu3P)2PdCl2. The catalytic activities of palladium supported on carbon and 
on alumina were equivalent. 

The ability of various solvents to coordinate with palla­
dium catalysts and to accelerate or retard their reactions is 
known. We found that in general, tertiary amines serve to in­
crease the rate of this carbony lation reaction. The promotion­
al effects of a variety of amines are shown in Table IV. Tri-
ethylamine is particularly effective with the Pd-Al203 catalyst. The effects of changing the amine to palladium ratio are shown 
in Table V. These results show that the function of the ter­
tiary amine is not that of an acceptor for HC1, but rather that 
of an accelerator for the carbonylation reaction. Specifically, 
triethylamine may aid the 00 insertion reaction by forming an 
amine coordinated intermediate. 

TABLE I V . Effect of Amine Promoters 

C o n d i t i o n s : 1 7 0 ° C 4 7 . 6 a t m . , 4 h r s . , 0 . 2 χ 1 0 "

3
 moles Pd as 

P d - A l 20 35 0 . 47 moles C 2H 3C 1 , 1-2 moles promoter /mole P d . 

Promoter 
Mo la r R a t i o 
C 2H 3C 0 C 1 / P d 

2 , 2 ' - b i p y r i d i n e 
urea 
Ν , Ν ' - d i m e t h y l p i p e r a z i n e 
Ν,N-dimethy1formami de 
N,N-d imethy lace tamide 
Ν , Ν - d i m e t h y l a n i 1 i n e 
N-methy lmorphol i ne 
t r i e t h y l a m i n e h y d r o c h l o r i d e 
t r i h e x y l a m i n e 
t r i e t h y l a m i n e 

0 
4 

10 
11 
17 
18 
19 
18 
24 
30 
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TABLE V . Effect of (C2H5)3N/Pd Ratio 

Mola r R a t i o 
( C 2H 5) 3N / P d 

M o l a r R a t i o 
C 2H 3C Q C 1 / P d 

0 3 
9 

28 
30 
28 
30 
22 
16 
17 

0 . 1 5 
0 . 2 5 
0 . 5 
1.0 
2 . 0 
4 . 0 

1 2 . 5 
5 0 . 0 

C o n d i t i o n s : 1 7 0 ° C , 4 7 . 6 a t m . , 4 h r s . , 0 . 2 χ 1 0 "

3
 moles Pd as 

P d - A l 20 3, 0 . 4 7 moles C 2H 3C 1 . 

The addition of various inorganic weak bases, e.g., carbonates, 
acetates, phosphates or borates, was less effective than the 
addition of triethylamine. The presence of catalytic quantities 
of sodium methoxide or sodium phenoxide was detrimental. 

This carbony lation reaction, promoted by triethylamine and 
catalyzed by a supported palladium catalyst was strongly in­
fluenced by the reaction temperature and reaction time. These 
effects are shown in Figures 3 and 4. It is apparent from these 
figures that the optimum reaction temperature is around 170°C. 
Higher reaction temperatures favor the formation of tars. A 
60% increase in catalyst productivity is noted when the reac­
tion period is increased from 2 to 4 hours (18 vs 30 moles 
C2H300Cl/mole Pd). Beyond this time period the production in­
crease is somewhat slower. 

Contrary to what was observed in the vapor phase system, 
a 1:1 C2H3C1 to CO ratio is not ideal in the batch reactor; here an excess of vinyl chloride is beneficial. Table VT illus­
trates this point. During these batch operations the initial 
C2H3C1 to CO ratio was not maintained; thus a gradual drop in reaction rate during a given experiment was experienced. 

Methyl aery late was directly synthesized by carrying out 
the carbony lation of vinyl chloride in methanol media. The in­
fluence of this solvent was dramatic, especially with the Pd-
A1203 catalyst and catalytic amounts of triethylamine as promo­ter. During a four hour reaction period at 170°C, the methyl 
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140 150 160 170 180 
TEMPERATURE (

e
C) 

190 

Figure 3 . Effect of reaction temp, on acryloyl chloride 
productivity; catalyst 5% Pd-AUCk, 0.2 χ 10"3 M 
4 hrs, 0.15 M C2H3C l , 47.6 atm, 0.9 χ 10"4 M 

Pd, 
( C2H5)3N . 

TIME (hr.) 
Figure 4. Effect of reaction time on acryloyl chloride 
productivity; catalyst 5% Pd-AUO-, 0.2 χ 10"

3
 M Pd, 

0.15 M C 2H 3C 1 , 47.6 atm, 170°C, 0.9 χ 10"4 M ( C2H5)3N . 
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TABLE V I . Effect of Mole Ratio C2H3C1:C0 

Feed Product 
Mo la r R a t i o Mo la r R a t i o 

C 2H 3C 1 / C 0 C 2H 3C 0 C 1 / P d 

0 . 7 13 
0 . 9 14 
1.9 30 
2 . 9 32 
3 . 9 27 
4 . 5 28 

C o n d i t i o n s : 1 7 0 ° C , 0 . 2 χ 1 0 "

3
 moles Pd as P d - A l 20 3, 0 . 3 6 χ 

1 0 "

3
 moles ( C 2H 5) 3N , 0 .147 moles C 2H 3C 1 , 4 h r s . 

TABLE V I I . Carbonylation of Vinylic Halides 

V i n y l i c Ha l i de Product 

C H 2= C - C H 3 CH2=CHCH2C0C1 

Cl 

C 1 C H 2- C = C H 2 C 1 C H 2- C = C H 2 
Cl C0C1 

C1CH=CH-CH2C1 C1CH=CHCH2C0C1 

C H 2= C C 1 2 CH2=C-C0C1 

Cl 

C 6H 5C 1 C 6H 5C 0 C 1 
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acrylate production amounted to 122 moles per mole of Pd 
charged compared with 30 moles per mole without methanol. The 
catalyst retained its original activity even after several re­
uses. 

Table VII shows the acyl halide products obtained from a 
number of other vinylic halides. The formation of 3-butenoyl 
chloride from the reaction of carbon monoxide with 2-chloro-
propene indicates that a chlorine atom was transposed. In 
confirmation, the isomerization of 2-chloropropene to allyl 
chloride was shown to take place in the presence of palladium 
catalysts. The product obtained from 2,3-dichloropropene is 
also of special interest, since the vinylic halide part of the 
molecule is carbonylated in preference to the allylic halide. 
1,3-Dichloropropene is carbonylated in the allylic position 
only. Vinylidene chloride reacts with CO to form a-chloroacry-
loyl chloride. Chlorobenzene yielded benzoyl chloride, Mador 
and Scheben (1969). No carbon monoxide inserted products were 
found with 1,2-dichloroethylene, 1-chloropropene, or trichloro-
ethylene. 

MECHANISM 
A detailed study of the mechanism for the carbony lation of 

vinylic halides with palladium metal catalysts was not made 
during the course of this work. Recently, Schoenberg, et al 
(1974) suggested a plausible mechanism for their observed ester 
formation in the reaction of vinylic bromides and iodides with 
carbon monoxide, an alcohol, a catalytic amount of a palladium 
complex and a tertiary amine. It is likely that the carbony 1-
ation we describe follows a similar pathway. We suggest that 
the initial step involves Pd-ccordination with the unsaturated 
species, eq. 7. The π-complex undergoes an oxidative addition 
of the halide to the metal, eq. 8, and the complex so formed 
undergoes CO insertion to form an acryloyl palladium species, 
eq. 9. In the presence of excess CO, alcohol or tertiary amine 
the acyl complex is converted to the acryloyl chloride or de­
rivative and the Pd catalyst is regenerated, eq. 10. 

For additional references to the carbonylation of vinylic 
halides see Brewis et al (1967); Closson and Ihrman (1969); 
Tsuji et al (1963) and Tsutsumi et al (1963). 

Carbonylation of Allylic Halides 
A good deal of research effort has been expended on the 

preparation, characterization, mechanism of formation and re­
actions of π-allyl complexes. Reactions of various π-allyl 
palladium complexes with nucleophiles are well documented, 
Tsuji (1969). Our work in this area began with a study of the 
insertion of carbon monoxide into allyl chloride, Mador and 
Scheben (1967). The reaction is catalytic with respect to the 

193 



JOHN A. SCHEBEN AND I R V I N G L. MADOR 

CH2=CHC1 + Pd(CO)x £ CH2 , 
II > Pd-CO CH2 I 
Cl 

ι (7) 

(8) 
Cl 

CO CO 
I CO I 

CH2=CH-Pd-Cl » CH Ï C H C O - P d - C l  ( 9 ) 

C O 
I C O 

C H 2 = C H C O - P d - C l  — — >  C H 2 = C H C 0 C 1  +  P d ( C O )  ( 10 ) 

palladiu m  chloride ,  an d  th e  produc t  3-butenoy l  chlorid e  i s  pro ­
duce d  i n  hig h  conversio n  an d  selectivity .  I n  studyin g  thi s 
reactio n  th e  effect s  o f  pressure ,  temperature ,  catalys t  concen ­
tratio n  an d  reactio n  tim e  o n  th e  produc t  selectivit y  an d  ally l 
chlorid e  conversio n  wer e  determined . 

P D C L
2 /·.·. * 

C H 2 = C H C H 2 C 1  +  C O  »  C H 2 = C H C H 2 C 0 C 1  ( 11 ) 

3-Butenoy l  chlorid e  i s  readil y  iscmerize d  b y  basi c  com ­
pound s  t o  it s  thermodynamicall y  mor e  stabl e  isomer ,  2-butenoy l 
chloride .  Temperatur e  als o  promote s  thi s  isomerization .  Gen ­
erally ,  i f  th e  reactio n  temperatur e  i s  kep t  belo w  100° C  an d  th e 
reactio n  perio d  hel d  t o  7  hour s  o r  less ,  th e  amoun t  o f  isomer ­
izatio n  wil l  b e  les s  tha n  5% .  Figur e  5  illustrate s  th e  effect s 
o f  temperatur e  an d  pressur e  o n  th e  conversio n  o f  ally l  chlorid e 
t o  3-butenoy l  chloride .  Th e  maximu m  conversio n  t o  3-butenoy l 
chlorid e  i s  obtaine d  aroun d  95°C .  Increasin g  th e  temperatur e 
t o  11 5  ° C  a t  6 8  at m  pressur e  cause s  th e  conversio n  t o  dro p  fro m 
7 0  t o  55% .  Thi s  los s  i s  du e  t o  th e  formatio n  o f  hig h  boilin g 
tar s  a t  th e  highe r  reactio n  temperature .  Also ,  a s  indicate d 
i n  Figur e  5 ,  increasin g  th e  carbo n  monoxid e  pressur e  lead s  t o 
increase s  i n  th e  conversio n  t o  aci d  chlorid e  product ,  th e  in ­
creas e  bein g  approximatel y  linear ,  i n  th e  temperatur e  rang e 
60°-95°C . 

A s  ca n  b e  see n  i n  Figur e  6 ,  th e  reactio n  o f  ally l  chlorid e 
wit h  carbo n  monoxid e  an d  palladiu m  chlorid e  i s  abou t  70 %  00m -
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Q I I I I I I I I I I I I I I I I I I I I I 

20 30 40 50 60 70 80 90 100 110 120 
PRESSURE (atm.) 

Figure 5. Effect of pressure on allyl chloride conversion 
to 3-butenoyl chloride; catalyst 8 χ 10""3 M PdCl^, 
1 M C-H.-C1, 6.5 hrs. 

80 

20 » ι ' ι 1 ' 1 ι ι ι l ι I I 1 I I I 1 
0 1 2 3 4 5 6 7 8 9 

TIME (hr.) 
Figure 6. Effect of reaction time on allyl chloride 
conversion to 3-butenoyl chloride; catalyst 8 χ 10"^ 
M PdCl2, 1 M C 3H 5C 1 , 95 °C, 68 atm. 
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plete in 3 hours at 68 atmospheres pressure with a reaction 
temperature of 95°C. The allyl chloride conversion rate does 
not change appreciably with longer reaction times, suggesting 
that the reaction is approaching equilibrium. With higher car­
bon monoxide pressure the reaction rate is increased and the 
limiting conversion value is reached more rapidly. 

When the palladium chloride catalyst concentration was 
varied between 3-12 ndlljjrioles/mole allyl chloride the conver­
sion was only slightly affected, see Figure 7, suggesting that 
catalytic activity at these concentrations is mainly dependent 
on the palladium chloride solubility and on the rate of forma­
tion of the active intermediate species. 

CONC (m M Pd Cl2/M C3H5 Cl) 

Figure 7. Effect of catalyst concentration on allyl 
chloride conversion to 3-butenoyl chloride; 1 M C^Hç-Cl, 
95°C, 68 atm, 1 hr. ^ 

Allyl chloride was usually employed as the solvent as well 
as the reactant. The reaction rate was generally slower in 
the presence of added inert solvents. In our development work 
palladium chloride was the catalyst of choice. It was as ac­
tive as the π-allyl-palladium chloride complex, other palladium 
salts or supported palladium metal catalysts. Other noble 
metal complexes or salts were not as effective as the palladium 
compounds. 

During the course of this work large quantities of 3-bute­
noyl chloride were required for experimental purposes. The 
scale-up was performed in a 4-gallon batch type stirred reac­
tor. About 12 lbs of crude 3-butenoyl chloride was prepared 
every 24 hours in this system. The average conversion and 
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selectivity numbers were as good as those obtained in a 300 ml 
stirred reactor. Table VIII illustrates some typical experi­
mental conditions and results found in this bench scale work. 

TABLE V I I I . Large Scale Synthesis 3-Butenoyl Chloride 

Moles Temp. Time % 
Run PdCl 2 C 3H 5C 1 °C h r s . Conv. 

1 0 . 197 125 86 62 78 

2 0 .197 130 96 38 77 

3 0 . 2 2 5 128 96 38 85 

C o n d i t i o n s : CO p r e s s u r e 98 to 200 a tmosphe res , s h a f t speed 
600 rpm, 4 - g a l l o n r e a c t o r . 

Runs 1 and 2 show that a 10° rise in reaction temperature in­
creases the reaction rate by about 50 percent. The effect of 
changing the allyl chloride to palladium chloride ratio from 
660:1 to 567:1 is shown in runs 2 and 3, respectively. Under 
these conditions the isomerization reaction amounts to less 
than 9%. It was demonstrated that the rate of carbony lation of 
allyl chloride in the bench scale equipment is related to the 
reactor geometry, the stirrer shaft speed and especially the 
reactor surface to volume ratio. Better overall reaction rates 
were found in a one-gallon stirred reactor (600 RPM), than in 
a four-gallon reactor having the same inside diameter and oper­
ated under similar conditions. 

Substituted allylic halides also react with carbon monox­
ide in the presence of catalytic amounts of palladium (II) com­
pounds. The three monôme thy 1 or monophenyl-allyl chlorides 
react similarly with carbon monoxide, eq. 12, 13 and 14. It 
should be noted that the same reaction product is obtained by 
carbonylating either the I and III allylic halide isomers. 
This leads to the assumption that a common π-allyl-palladium 
complex is formed as an intermediate in these reactions. Car-
bonylation of II (R=CH3) yields 3-methyl-3-butenoyl chloride. This isomer reacts much more slowly with carbon monoxide than 
does either I or III (R=CH3). 
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R 
CH2=CHCHC1 + CO —

Pd s a l ts
 ) R-CH=CHCH2C0C1 

I 
Pd salts ν 

CH2=CCH2C1 + CO » CH2=C-CH2C0C1 
I I 
R R 

I I 
Pd salts 

R-CH=CHCH2C1 + CO » R-CH=CHCH2C0C1 
I I I 

R = CH3 or C6H5 

A 70:30 mixture of I and III (R=CH3) was heated at 73°C under either nitrogen or carbon monoxide pressure in the pres­
ence of palladium chloride. It was observed that the isomeri-
zation of I to III under nitrogen takes place more readily than 
the reverse reaction (ratio I:III now about 1:2). Since III 
is the more thermodynamically stable isomer, the observed pro­
duct distribution is not unexpected. The nearly complete dis­
appearance (ratio now about 1:10) of I on treatment with CO 
suggests that I is carbonylated faster than III. 

As extensions of this catalytic carbonylation reaction 
other allylic halides were treated with carbon monoxide. Allyl 
bromide yielded 3-butenoyl bromide. Although 1,4-dichloro-
butene-2 was reacted under a variety of conditions, only the 
mono-carbonylated product, 5-chloro-3-butenoyl chloride was 
recovered. The highly substituted allylic halide, 1-chloro-
5,5,7,7-tetramethyl-octene-2 reacted slowly with carbon monox­
ide, insertion taking place exclusively at the terminal posi­
tion to yield the linear product. Benzyl chloride yielded 
phenylacetyl chloride, Scheben et al (1971b). 

Carbonylation of Polyhalogenated Compounds 
In extending these insertion reactions, a number of poly­

halogenated compounds were found to react with carbon monoxide 
in the presence of a catalytic quantity of a palladium compound, 
Mador and Scheben (1969c). Carbon tetrachloride reacts accord­
ing to eq. 15 yielding trichloroacetyl chloride. 

C C U to CO
 P d C l2

 > CC13C0C1 (15) 

Methylene chloride gives chloroacetyl chloride under similar 
conditions. These reactions afford convenient routes to chloro-

(12) 

(13) 

(14) 
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acetyl chloride type products. The selectivity to the mono-
acyl product is generally excellent, but the conversion of the 
polyhalomethane measures less than 5%. 

Carbonylation of Allyl Chloride-Qlefin Mixtures 
Carbonylations of allyl chloride in the presence of acetyl­

ene or butadiene lead to the formation of polyunsaturated acyl 
halide products, eq. 16 and 17. 

PdCl2 , x CH2=CHCH2C1 + CO + C2H2 -> CH2=CHCH2CH=CHC0C1 (16) 

CH2=CHCH2C1 + CO + Cz.H6 > CH2=CHCH2CH2CH=CHCH2C0C1 (17) 

Thus 2,5-hexadienoyl chloride was prepared in 35% conversion 
from allyl chloride, acetylene and carbon monoxide, Scheben 
(1971). For a review of analogous insertion reactions, though 
catalyzed by nickel, see Chiusoli (1973). In the reaction of 
allyl chloride, carbon monoxide and butadiene, 3,7-octadienoy1 
chloride is the major product, 25% conversion. The other pro­
ducts consist of 3-butenoyl and 3-pentenoyl chlorides. The 
carbonylation of butadiene (via crotyl chloride) gives rise to 
the 3-pentenoyl chloride product. The product distribution 
varies with the diolefin to allyl chloride ratio; thus with a 
butadiene to allyl chloride ratio greater than two, the buta­
diene carbonylation reaction is favored, Scheben (1970). Medema 
and van Helden (1969) reported similar types of products. With 
a mixture of ethylene and allyl chloride, the palladium chlor­
ide catalyst is reduced and the products are 3-butenoyl chloride 
and β-chloropropionyl chloride. 

Vapor Phase Synthesis of 3-Butenoyl Chloride 
A vapor phase synthesis of 3-butenoyl chloride from allyl 

chloride, carbon monoxide and a supported palladium catalyst 
also was demonstrated, Mador and Scheben (1969a). The advan­
tages of a fixed bed flow system over a batch liquid phase 
pressure reactor are the simplicity of operation, shorter con­
tact times and ease of catalyst recovery. Table IX shows re­
presentative results of the carbonylation of allyl chloride in 
a fixed bed reactor with a 3% Pd-Al203 catalyst. These results 
indicate that 3-butenoyl chloride production is favored at high 
pressures and short contact tunes at reaction temperatures 
around 110-112°C. Supported catalysts containing various palla­
dium salts were not as active as those containing palladium 
metal. Generally, better catalyst utility was observed in the 
liquid phase system. 
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Temp. 
° c 

CO 
P r e s s , 

atm. 

Flow Rate 
1 . / m i n . 
S . T . P . 

C3H5COCI 
STY 

75 
75 
85 

110 
111 
114 
115 

96 
96 
64 
68 
69 

102 
102 

0 . 3 2 
0 . 6 0 
0 . 1 3 
0 . 3 3 
0 . 1 4 
0 . 1 1 
0 . 2 2 

3 
2 
2 
7 

12 
17 
34 

C o n d i t i o n s : Mo la r r a t i o C 0 : C 3H 5C 1 , 3 2 : 1 , r e s i d e n c e t ime 0 . 5 - 7 
s e c o n d s , 9 g . 3% P d - A l 20 3. 
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ASYMMETRIC HOMOGENEOUS HYDROGENATION 
WITH CHIRAL RHODIUM-PHOSPHINE CATALYSTS 

JAMES D. MORRISON, WILLIAM F. MASLER AND SUSAN HATHAWAY 
Department of Chemistry, University of New Hampshire, 

Durham, New Hampshire 03824 

During the past several years, there have been revolution­
ary advances in the methodology of asymmetric synthesis. A 
particularly significant development has been the utilization 
of chiral metal complexes as catalysts for a number of asym­
metric transformations. Using such catalysts asymmetric hydro­
génations have been caried out with greater than 95% asymmetric 
bias. That is, starting with achiral olefins, saturated pro­
ducts that are almost optically pure have been synthesized 
directly, without recourse to classical resolution (except, of 
course, resolutions that are required to prepare the chiral 
catalyst). This is a significant development in the history 
of synthetic chemistry, for it has long been the dream of 
chemists to be able to mimic the 100% stereoselectivity of 
enzymes. Now we are close to accomplishing this goal. Some 
may feel we are, in fact, about as close as we will get with 
any system of significant scope. It is requiring ever larger 
disparities in free enerqies of activation between competing 
diastereomeric transition states. However, it is also true 
that synthetic chemists are often not unduly intimidated by 
foreboding theoretical considerations. Indeed they frequently 
respond as fighting bulls to the taunts of the toreador. So 
perhaps there is even now on the horizon seme cleverly design­
ed system that will lift us to the Elysian fields of 100% 
stereoselectivity. 

In this paper, we will explore the development of the new 
technology embodied in the phrase asymmetric homogeneous hydro­
génation, particularly as practiced with Rh (I)-chiral phosphine 
catalysts. We will trace the method from its conception at the 
interface of other developing methodologies, through early 
stages of unspectacular yet germinal testing, to its recent 
major accomplishments. However, it is desirable to first put 
the general phenomenon of asymmetric synthesis, and the speci­
fic application of asymmetric catalytic hydrogénation, in per­
spective . 

203 



J A M E S D. MORRISON, et al. 

The basic principles of asymmetric synthesis have been 
discussed in a number of recent reviews (Morrison and Mosher, 
1971; Scott and Valentine, 1974; Eliel, 1974). The critical 
part of an asymmetric synthesis scheme is some reaction in 
which an achiral unit in an ensemble of substrate molecules 
undergoes a reaction which converts it to a chiral unit in 
such a manner that the stereoisomeric products are produced in 
unequal amounts. A more succinct and generally equivalent 
statement is that in an asymmetric reaction a prochiral unit 
is converted into a chiral unit. 

Usually an asymmetric synthesis is carried out in one of 
two ways. Either a second chiral center is created in a mol­
ecule under the influence of an existing chiral center in that 
same molecule (intramolecular chiral mediation) or a chiral 
reagent interacts with a prochiral substrate to mediate the 
creation of a new chiral center ( intermolecular chiral media­
tion) . 

For example, when (-)-benzoin is allowed to react with an 
ethyl Grignard reagent, the addition of the ethyl group occurs 
preferentially on one of the diastereotopic faces of the car­
bony 1 group to give predominantly the optically active R,S 
diastereomer (Fig. 1). 

FIGURE 1. Addition of a Grignard reagent to a chiral ketone 
(Morrison and Mosher, 1971, pp. 86-87). 

Ph Ph Ph 

C=0 1) EtMgBr HO^C^Et 

I - > I + 

2) H20 H^C^OH 
H^C^OH k 
R- (-) -Benzoin 

Ph 

R,R 

Et*C*0H 

H^C^OH 

R,S 

MAJOR DIASTEREOMER 

Ph 
Ox
 1 

I " 
! 

Ph 

(+)-R 

Ph 

I 
Et^C^OH 

u 
ι 
Ph 

( - ) - s 
MAJOR ENANTIOMER 

204 



A S Y M M E T R I C HOMOGENEOUS HYDROGENATION 

The original chiral center in the substrate can be converted 
to an achiral center by oxidation to prove that the prochiral 
carbony1 group in the benzoin was indeed converted to a chiral 
center. When this is done, a levorotatory product is isolated. 
This reaction is an example of intramolecular chiral mediation; 
the chiral center in the benzoin substrate mediates the pro­
duction of the new chiral center. 

Intermolecular chiral mediation is illustrated by the re­
duction of acetophenone with lithium aluminum hydride that has 
been modified with an optically active additive like (-)-qui­
nine. In this instance, hydride is added to one of the en-
antiotopic faces of the ketone preferentially to produce more 
of one enantiomer than the other (Fig. 2). The chiral centers 
in the ô iinine mediate the process. 

IÎ Me Me 

I I 
LiAliMOR*) + PhCMe — > — > HO—C^H and H^C—OH + R*0H 

I I 
Ph Ph 

R*0H=(-)-quinine R-(+) S-(-) 
48% ee 

CH2=CH H 

H^C^O-Ali^Li"
7 

MeO 

Quinine-LAH reagent 

FIGURE 2. Asymmetric reduction of acetophenone using a reagent 
prepared from lithium aluminum hydride and a chiral 
carhinol (Cervinka and Belovsky, 1967), 
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Asymmetric reactions involving chiral reagents (such as 
lithium aluminum hydride modified with (-) -quinine) have been 
used with great success. Their principle shortcoming is that 
stoichiometric quantities of chiral compounds must be invested 
and only rarely can these compounds be recycled. An asymmetric 
reaction involving a catalyst that is chiral would be a better 
way to accomplish an asymmetric synthesis since with only a 
small amount of chiral material large quantities of optically 
active product could be produced. The idea of chiral catalysis 
has fascinated chemists for a long time, in part because en­
zymes are chiral catalysts. The greatest amount of work has 
been done in the area of chiral hydrogénations. 

Heterogeneous catalysts modified by the addition of chiral 
substances have been used to asymmetrically hydrogenate olefins, 
however, only a few effective systems have been found. Palla­
dium deposited on silk fibroin was used to asymmetrically hy­
drogenate 4-benzylidene-2-methyl-5-oxazolone to give, after 
hydrolysis, optically active phenylalanine (Fig. 3). The 
optical purity* of the product was found to be dependent upon 
the origin of the fibroin and its chemical pretreatment. 

FIGURE 3. Asymmetric heterogeneous hydrogénation using palla­
dium supported on a chiral protein material as cata­
lyst (Akabori et al, 1956, 1959, I960). 

COOH 

° V \ D H2 I 
V Me > Hte-C«*NH2 

1 / (Pd-silk I 
CH
 N

 fibroin) CH2 2) H
2° Ph Ph 

R(+), 30-70% ee 

*We will use the terms optical purity and per cent enantiomeric 
excess (%ee) to express the extent to which one enantiomer is 
produced in excess over the other in an asymmetric reaction; 
i.e., optical purity or %ee = %R - %S (or vice versa). Normal­
ly %ee is determined by measuring the rotation of the product 
and expressing it as a percentage of the maximum rotation for 
that product ( [ δ ] obs . / [ 6 ] max. χ 100), although increasingly 
%ee is being determined by absolute nmr methods involving di-
astereomeric derivatives or chiral shift reagents. 
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Raney nickel has been modified with amino acids and other 
chiral reagents to give catalysts that have been used to effect 
asymmetric reductions (Izumi, 1971). However, these catalysts 
suffer from some of the same kinds of vagaries that have been 
observed for the palladium on silk fibroin catalysts. For ex­
ample, the optical purities of the products were found to be 
very dependent upon pH and the method of catalyst preparation. 

The generally low percent asymmetric synthesis in asym­
metric heterogeneous hydrogénations may be due, in part, to a 
non-uniform distribution of chiral modifying agents over the 
catalytic surfaces. In the case of silk fibroin, metal clump­
ing on the chiral support or dissociation of the metal from the 
fibroin may allow some reduction to occur in an achiral local 
environment. 

A homogeneous system in which some chiral metal complex 
would activate hydrogen and an alkene for hydrogénation would 
perhaps offer a better chance for high asymmetric bias. 
Several groups saw an opportunity for developments in this area 
a few years ago, shortly after the first reports on the cataly­
tic activity of solutions of Rh(I) triphenylphosphine complexes 
that have come to be known as "Wilkinson's Catalyst". It was 
not the discovery of such homogeneous hydrogénation systems 
alone, however, which sparked ideas about asymmetric hydroqena-
tion. 

For at about the time of Wilkinson's discovery, new 
schemes were developed by others for the preparation and con-
figurational correlation of chiral phosphines. The combination 
of advances in homogeneous catalysis and chiral phosphine tech­
nology prompted research on chiral phosphine complexes of the 
Wilkinson type. Horner, Buthe, and Siegel (1968a) were the 
first to hypothesize in print that rhodium complexes contain­
ing optically active tertiary phosphine ligands should effect 
the asymmetric hydrogénation of unsymmetrically substituted 
olefins, but it is now clear that several other groups had the 
same idea at about the same time. 

The idea is attractive for several reasons. In a metal 
complex catalyst that bears chiral ligands the metal "active 
site" should always be chiral; it cannot dissociate from the 
chiral influence as a metal layered onto a chiral support might 
be able to. Also, in a homogeneous reaction there is a better 
chance that a mechanism can be rather clearly defined and that 
the rational design of a hiqhly effective system might be con­
templated. 

Examples of asymmetric hydrogénation based on the "Horner 
idea" were reported by Knowles and coworkers (the Monsanto 
group) in 1968. Rhodium complexes of the type RhL3Cl3 (where 
L was a chiral phosphine) were used in the hydrogénation of 
α -phenylacrylic acid (atropic acid) and itaconic acid under 
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the conditions indicated in Fig. 4. When L was (R) - (*•)-methy 1-
phenyl-n-propylphosphine (phosphorus is the chiral center), 15? 
optically pure (S)-(+)-a -phenylpropionic acid and 3% optical­
ly pure methylsuccinic acid (configuration unreported) were 
asymmetrically synthesized (Fig. 4)*. 

FIGURE 4. Early examples of homogeneous asymmetric hydrogéna­
tion (Knowles et al, 1968). 

Ph 
\ L*RhCl 

OCH 3 3 > Phnpi-CP^ 
/ 20 atm.Hof60° I 

HOOC * COOH 
Atropic Acid Benzene-EtOH-Et3N 15% ee(S) 

CH2C00H 
/ L*RhCl 

CH2=C 3 3 y. CH3-CH-CH2C00H 
\ θ Ο Η

 ( aS
 ^

ν θ)
 COOH 

Itaconic Acid 3% ee 

L* = CH3CH2CH^" k ^ C H , 
Ph 

Although the structure of the active catalyst obtained in 
solution was uncertain in these early experiuments, the Monsanto 
group suggested at the time that Wilkinson-type Rh(I) complexes 
could be involved. They did not speculate on how the reduc­
tion of Rh(III) to Rh(I) might be accomplished, but one possi­
bility is shown in Eqns. 1 and 2. Presumably, added base (such 
as triethylamine) promotes metal reduction by removing acid. 

Rh
T I I
L3Cl3 + H2 v HRh

I I ] C
L3Cl2 + HC1 (1) 

HRh
I i : t

L3Cl2 v
 N

 Eh
3
!, Cl + HC1 (2) 

*The phosphine ligand (PPhMePr
11
) had an optical purity of about 

70%. In the original publication (Knowles et al., 1968),.there 
is a misprint which shows the chiral phosphine as PPhMePr

1
. 
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Almost simultaneously with Knowles and Sabacky, Horner and 
coworkers (1968b) tested their own hypothesis using a catalyst 
prepared in situ from μ -dichlorobis (l,5-hexadiene)dirhcdium-
(I) and (s5~- (+)-methylphenyl-n-propylphosphine (Fig. 5). 

FIGURE 5. Early examples of asymmetric homogeneous hydrogéna­
tion with a Wilkinson-type catalyst (1,5-HD = 1,5-
hexadiene) (Horner et al, 1968b). 

PMePhn-Pr * 
[Rh (1,5-HD) Cl] 2 > " (n-PrPhMeP) RhCl" 

H2 (1 atm.) 
in situ Catalyst 

Benzeie, 25° 

? 
R in situ Catalyst** Ph-ÇH-CH3 

^ c = < : h 2 1 > 
Ph H2(l atm.), benzene, 25° R=Et,7-8% ee (S) 

R=OMe,3-4% ee (R) 

* * (S) -Methylpropy lphenylphosphine 

In this case, the structure of the catalyst was more certain 
since related reactions of Rh(olefin)2C1 2 compounds and tertiary phosphines were known to give neutral, square planar 
Rh(I) complexes of the type Rhl^Cl. Therefore, for their 
hydrogénations of α-substituted styrenes, Horner and coworkers assumed a mechanism which paralleled that proposed for 
Wilkinson's catalyst and involved the intermediate shown in 
Fig. 6# Horner and Sieqel (1972a,b) also investigated the 
reduction of a number of other «-substituted styrenes, 
C6H5C(R)=CH2 (R = Et, n-Pr, i-Pr, OEt, a~naphthyl, CH2C6H5, Br), using a number of chiral phosphines, MePPhR' (R

f
 =-n-Pr, 

i-Pr, η-Bu, t-Bu), The optical purities of the hydrogénation 
products varTed between 2-19%, 

Likewise, the Monsanto group (Knowles et al., 1970) ex­
tended their studies to other substrates (particularly α , β -
unsaturated acids) and other phosphines. In these later ex­
periments , they generated the catalyst in situ, as had the 
Horner group. A methanol solution containing an α -substituted 
acrylic acid and a trace amount of triethylamine was then 
added and hydrogénations were carried out at 30 atmospheres 
and 60° C. For various combinations of olefin and chiral 
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ligand, optical purities ranged from 3-21% (Fig. 7.). 

FIGURE 6. Presumed intermediate in asymmetric homogeneous 
hydrogénation (Horner et al, 1968b). 

FIGURE 7. Asymmetric homogeneous hydrogénation of α-substitu­
ted acrylic acids with a Wilkinson-type catalyst 
under "extended" conditions (higher temperature and 
pressure than usual) (Knowles et al, 1970). 

\ [Rh(l,5-HD)C1] ,L* f 
O C H 2 > CH3-CH-COOH 

/ Et3N,Benzene-MeOH 
HOOC 

60°, H2, 30 atm. 3-21% ee 

L*=PMePhR
f
 (chiral) 

R
f
=n-Pr,i-Pr, Cyclohexyl 

1,5-HD=l,5-Hexadiene 

As described above, the rhodium-phosphine catalyst used 
extensively by the Horner and the Monsanto groups contained 
phosphines which were asymmetric at phosphorus. A negligible 
optical yield was obtained in the one reported reaction in­
volving an optically active phosphine ligand with a^chiral 
carbon atom somewhat remote from the metal (PhP(CH2CHMeEt)2). However, in 1971 Morrison and coworkers (the New Hampshire 
group) showed that a successful asymmetric hydrogénation could 
be carried out with at least one phosphine not asymmetric at 
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phosphorus, neaiientnyl-dipheriylphosphirie (NMDPP) » In fact, 
using a catalyst believed to be Rh(NMDPP) 3CI, these workers 

NMDPP 

achieved what was, at the time, the highest degree of asym­
metric induction ever accomplished with a chiral hydrogénation 
catalyst, homogeneous or heterogeneous (Morrison et al., 1971). 
A 61% enantiomeric excess of (S)-(+)-3-phenylbutanoic acid was 
obtained by hydrogénation of (E)- 3 -methylcinnamic acid in the 
presence of Rh (NMDPP) 3C1 (Fig. 8). 

FIGURE 8. Asymmetric homogeneous hydrogénation with a neomen-
thyldiphenylphosphine catalyst (Morrison et al, 
1971). 

C H
3
 H Ph 

\ y [ Rh (CH9=CT9 ) 9C1] 9 ,NMDPP I 
C=C

 2 2 2 2
 > CH3-CH-CH2C00H / \ Et N,Benzene-EtOH,60° 

P h
X X

C00H
 6 

H2(20 atm.) 61% ee(S) 

PPh2 PPh2 
The New Hampshire group noted that in their work a, 3 -

unsaturated carboxylates uniformly yielded products of higher 
optical purity than simple olefins. For example, the product 
enantiomeric excesses for (E)- β-nethylcinnamic acid (61% 
e.e.) , (Ε) - α-methylcinnamic acid (52% e.e.), and α -phenyl-
acrylic acid (28% e.e.) were in the range of 4-9 times greater 
than that for a-ethylstyrene (7% e.e.). In agreement with the 
Monsanto group, it was suggested that these observations might 
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indicate a mechanism involving bifunctional substrate coordina­
tion through both the carboxylate anion and olefinic bond. 

The relatively high optical purities obtained with the 
Rh-NMDPP system are particularly interesting from a practical 
viewpoint since the NMDPP ligand* is prepared from an inexpen­
sive, commercially available, chiral precursor, (-)-menthol 
(Morrison and Masler, 1974). Tertiary phosphines chiral at 
phosphorus, on the other hand, are much less accessible and 
require a classical resolution step. 

Almost coincident with the New Hampshire group's report 
of dramatic success with NMDPP, Kagan and coworkers (The Paris 
group) reported that optical purities of 60-70% could be ob­
tained with a new chiral diphosphinerhodium(I) catalyst system 
(Dang and Kagan, 1971). Like NMDPP, the new phosphine ligand 
(-)-2,3-0-isopropylidene-2,3-dihydroxy-l, 4-bis(diphenylphos-
phino)butane (called (-)-DIOP)* could be prepared from a 
readily available chiral compound, (+)-tartaric acid. The DIOP 

catalyst, often represented as [ Rh (DIOP) CI (solvent)] was gener­
ated in situ as shown in Fig. 9. The substrates used in ini­
tial experiments and hydrogenated to products having up to 72% 
e.e. were two α-acylaminoacrylic acids andα-phenylacrylic acid. The high stereoselectivities observed with the DIOP cata­
lyst have been attributed to the appreciable conformational 
rigidity of the DIOP ligand, arising from the presence of a 
bicyclic system (the chelating diphosphine ring and the fused 
dioxolane ring) and also to the presence of a trans ring junc­
tion. Stereochemical control through participation of the 
carboxylic acid function of the substrate also seemed to be 
indicated since in contrast to the result shown in Fig. 9 for 
free α -phenylacrylic acid, hydrogénation of methyl α -phenyl-
acrylate gave methyl-2-phenyl-propanoate of the R configura­
tion f and only 7% e.e. Later experiments, however, showed 

*Both NMDPP and DIOP (+ and -) are now commercially available 
from Strem Chemical Co., 150 Andover St., Danvers, Mass. 
01923. 

Η 
P h2P C H ?- J ^ O> 

Ph9PCH0 Ξ 2 2 r 

(-)-DIOP 
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FIGURE 9. Asymmetric homogeneous hydrogénations with the DIOP 
catalyst. Hydrogénation with a (+)-DIOP catalyst 
would, of course, give enantiomeric products. 

Benzene-EtOH 
[Rh(Cyclooctene)0Cl]9 + 2 DIOP 7 ~ ~ 7 7 *

 2
 ^(DIOP)-

Ζ Z /\rgon, r . U . Cl (S) ] 
in situ DIOP cata-

(-)-DIOP = 

Ph2PCH2 

Ph2PCH2 

lyst 
(S) = solvent 

\ / 
c = c 

COOH 

(-)-DIOP Catalyst 

Et3N,H2(l atm.) fr.t. 
1:2 Benzene-EtOH 

R
!
CH2CHC00H 

A:R
,
=PhfR=NHC0CH3 B : R
1
 =H r I^=NHC0CH2Ph C:R

f
=H,R=Ph 

A: 72% ee (R) 
B: 68% ee (R) 
C: 63% ee (S) 

that although the carboxyl group was important in the case of 
α -phenylacrylic acid, it was not crucial for a successful a-symmetric hydrogénation when the substrate also contained the 
enamide function (Kagan and Dang, 1972). For example, compound 
I was hydrogenated with high asymmetric bias (78% e.e.). This 
result and others were taken as evidence that coordination 
through the enamide group may influence the stereochemical 
course of the reaction. 

/ 
NHCOCH. 

CH3CH 
Ph 
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The favorable affect of the enamide function on asymmetric 
induction is indicated not only by the result with compound I, 
but also by later results summarized in Table I, where optical 
purities in the range of 70-80% were generally obtained for 
various derivatives of alanine, phenylalanine, tyrosine, and 
3,4-dihydroxyphenylalanine (DOPA). The Paris group found that 
the Ph- (-) -DIOP catalyst yielded the "unnatural" R or D-amino 
acid derivatives, whereas L-amino acid derivatives could be 
obtained with a (+)-DIOP catalyst. Since the optical purity 
of the N-a<^lamino acids can often be considerably increased 
by a single recrystallization (fractionation of pure enantiomer 
from racemate) and the N-acetyl group can be removed by acid 
hydrolysis, this scheme provides an excellent asymmetric syn­
thesis route to several amino acids. 

TABLE I. Asymmetric Hydrogénations of &-Acylaminoacrylic 
Acids with the Soluble DIOP Catalyst

3 

NHCOR 

R
?
HC=C 

C00H 

-> R
1
C H 9 C H N H C O R 

I 
C00H 

H 
Ph 

p^OH-Phenyl 

r>-0H-Phenyl 

R 
C H . 

c h ; 

Ph 

Yield (3 
96 
95 
92 

97 

95 

%ee 
73 
72 
80 

79 

62 

Reaction conditions as in Fig. 9, but without NEt3« b
All products have the R (or D) configuration. 

An even more efficient asymmetric synthesis of α-amino 
acid derviatives has been described by the Monsanto group. 
They have found that chiral c-anisylcyclohexymethylphosphine 
(ACMP) , like DIOP, exerts an extraordinary effective chiral 
influence in the reduction of a-acylairdnoacrylic acid sub-
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(+) - (R) -ACMP 

Catalysts prepared from (+) -ACMP give L-amino acid derivatives 
and those containing the (-)-phosphine give derivatives of the 
D-series. Many instances of 85-90% e.e. have been observed 
(Table II) (Knowles et al., 1971, 1972, 1973, 1974). 

TABLE II. Asymmetric Homogeneous Hydrogénations of α-Acyla-
minoacrylic Acids with the Monsanto (+)-(R)-ACMP 
Catalyst 

RH»=C 
\ 

C00H 

NHCOR
1 

C00H j 
R'CONH C — H 

CH2R 

R 
3-OMe, 4-0H-Phenyl 
3-OMe, 4-OAc-Phenyl 

Phenyl 
Phenyl 

p-Cl-Phenyl 
3- (1-acetylindolyl) 

H 

Ph 
Me 
Me 
Ph 
MB 
Me 
Me 

Product %ee* 
90 
88 
85 
85 
77 
80 
60 

*With (+)-(R)-ACMP catalyst, the products all have the S (or 
L) configuration. 

The A Q ^ ligand was deliberately designed to create the 
opportunity for secondary bonding between the substrate and 
the ligand. It was felt that α -acylanujioacrylic acid sub­
strates might possibly act as "tridentate ligands" toward the 
catalyst; the olefinic and carboxylate groups interacting with 
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t h e r h o d i u m and t h e a c y l amino g r o u p s b e i n g hydrogen bonded t o 
t h e methoxy g r o u p s o f t h e ACMP l i g a n d s . 

I t s h o u l d be p o i n t e d o u t t h a t a s y m m e t r i c r e a c t i o n s o t h e r 
t h a n h y d r o g é n a t i o n have been c a r r i e d o u t w i t h c h i r a l p h o s p h i n e 
complexes o f r h o d i u m (and a few o t h e r m e t a l s ) . F o r e x a m p l e , 
a s y m m e t r i c h y d r o s i l y l a t i o n s ( a d d i t i o n o f S i - Η a c r o s s C=C, C=0 
and C=N bonds ) have been c a t a l y z e d by s u c h complexes (Yamamoto 
e t a l , 1 9 7 1 , 1 9 7 2 , 1 9 7 3 ; L a n g l o i s e t a l . , 1 9 7 3 ) . When a k e t o n e 
o r i m i n e i s h y d r o s i l y l a t e d , t h e i n t e r m e d i a t e s i l y l o x y o r s i l y l -
amino compound can be h y d r o l y z e d t o an a l c o h o l o r am ine . T h u s 
t h e o v e r a l l r e s u l t i s e q u i v a l e n t t o d i r e c t h y d r o g é n a t i o n ( E q n . 
3 ) . A s y m m e t r i c h y d r o f o r m y l a t i o n s (Tanaka e t a l . , 1 9 7 2 ; So lomon 
e t a l . , 1 9 7 3 ; S t e r n e t a l . , 1 9 7 3 ; B o t t e g h i e t a l . , 1 9 7 3 ; P i n o 
e t a l . , 1 9 7 3 ) and a v a r i e t y o f o t h e r c h i r a l r e a c t i o n s have 
a l s o been o b s e r v e d w i t h m e t a l complexes made f r o m c h i r a l p h o s ­
p h i n e s ( C o r r i u and Moreau , 1 9 7 3 ; K i s o e t a l . , 1 9 7 4 ; Bogdanov ic 
e t a l . , 1 9 7 2 ; T r o s t and D i e t s c h e , 1 9 7 3 ) . 

^C=0 ~

S l
~

H
 > - Ç - O S i - > -Ç-OH (3 ) 

T h e S y n t h e s i s o f C h i r a l P h o s p h i n e L i g a n d s f o r U s e i n C h i r a l 
C a t a l y s t s o f t h e W i l k i n s o n T y p e 

A s we have s e e n , two k i n d s o f c h i r a l t e r t i a r y p h o s p h i n e 
l i g a n d s have been u s e d i n a s y m m e t r i c h y d r o g é n a t i o n e x p e r i m e n t s 
i n v o l v i n g r h o d i u m c o m p l e x e s . T h e H o r n e r and Monsanto g r o u p s 
have c o n c e n t r a t e d upon l i g a n d s whose c h i r a l i t y i s c e n t e r e d a t 
an a s y m m e t r i c p h o s p h o r u s atom. T h e New H a m p s h i r e and P a r i s 
g r o u p s have f o c u s e d t h e i r a t t e n t i o n m a i n l y on p h o s p h i n e s w h i c h 
c a r r y c h i r a l carbon m o i e t i e s . 

A s y n t h e t i c approach t o p h o s p h i n e s c h i r a l a t p h o s p h o r u s 
t h a t overcomes some l i m i t a t i o n s i n h e r e n t i n e a r l i e r methods 
h a s been deve loped by M i s l o w and c o w o r k e r s ( K o r p i u m e t a l . , 
1 9 6 7 , 1 9 6 8 ; Farnham e t a l . , 1 9 7 0 ) . When u n s y m m e t r i c a l l y s u b ­
s t i t u t e d p h o s p h i n y l h a l i d e s a r e e s t e r f i e d w i t h ( - ) - m e n t h o l , t h e 
r e s u l t i n g d i a s t e r e o m e r i c p h o s p h i n a t e s can be s e p a r a t e d by f r a c ­
t i o n a l c r y s t a l l i z a t i o n . * ( F i g . 1 0 ) . D i s p l a c e m e n t o f t h e 
m e n t h y l o x y g roup by an a p p r o p r i a t e G r i g n a r d r e a g e n t g i v e s 
c h i r a l t e r t i a r y p h o s p h i n e o x i d e s . T h e c h i r a l t e r t i a r y p h o s ­
p h i n e o x i d e s can be reduced t o c h i r a l t e r t i a r y p h o s p h i n e s by 
one o f s e v e r a l m e t h o d s ; t r i c h l o r o s i l a n e ( r e t e n t i o n o f c o n f i g -

* A l t e r n a t i v e methods o f p r e p a r a t i o n o f c h i r a l p h o s p h i n a t e s have 
a l s o been r e p o r t e d (Emmick and L e t s i n g e r , 1 9 6 8 ; Nudelman and 
Cram, 1 9 6 8 ) . 
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uration), trichlorosilane and a weakly basic amine (retention), 
trichlorosilane and a strongly basic amine (inversion), hexa-
chlorodisilane (inversion) or phenylsilane (retention). While 
it does not circumvent a classical resolution step, the Mislow 
approach does introduce greater flexibility since a number of 
chiral phosphines can be obtained from a single resolved pre­
cursor. 

F I G U R E 1 0 . fhe synthesis of chiral phosphine oxides by reac­
tion of Grignard reagents with diastereomerically 
pure menthyl phosphinates. Deoxygenation of chiral 
phosphine oxides gives chiral phosphines. 

P h P C l -

C H 3 0 H 

C
5
H
5
N -> P h P ( 0 C H 3) 2 

C H 3 I 
0 

(Arbusov) 
PhP-0CH3 
CH 

P C l r 

0 
I! 

PhP-Cl 
I 

(-)-Menthol 
C5H5N 

0 

PhP-OMenthyl 
CH0 

RESOLUTION 
0 
II 
Ρ 

0 

P h
° c ji OMenthyl CR^ ^ ONtenthyl 

R 

0 0 

CH.\
v0
 A^QMenthvl PH^ R Pn ^ R J

 Ph CH3 CH3 
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The Monsanto group has applied the Mislow synthetic scheme 
to the synthesis of the ACMP ligand* Fiqure 11 shows the reac­
tion sequence starting with the menthyl phosphinate that has 
the R configuration at phosphorus. The Grignard displacement 
reaction gave a 70-90% yield of phosphine oxide. The selec­
tive reduction of the phenyl group in the chiral phosphine 
oxide was accomplished in about 60% yield. 

FIGURE 11. Synthesis of (S)-ACMP. The (R)-ACMP ligand is pre­
pared from the phosphinate that is epimeric at 
phosphorus (see Fig. 10). 

H2, Rh/C 

,QMe 

Deoxygenation of the o-anisylcyclohexymethylphosphine oxide was 
carried out with Si2Clg or HSiC^-Et-jN (inversion of configu­ration at phosphorus) in about 50% yield. 

The ACMP ligand can be used in situ with a soluble Rh (I) -
alkene complex to produce a catalytically active system but 
normally it is converted to a stable crystalline complex of the 
type (ACMP)2Rh (diene) "be where the diene is, for example, 
1,5-cyclooctadiene and X~ is BF/~, PEg"" or B(Ph)^"". 

The Monsanto application or the Mislow scheme has also 
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produced other ligands of the ACMP type, for example with i-
propyl, i-ibutyl or benzyl groups in place of cyclohexyl and 
i-propyl, ethyl or benzyl in place of methyl in the ether 
function. Ligands with these structural variations gave cata­
lysts that were less effective than ACMP in terms of the op­
tical purities of hydrogénation products (W. S. Knowles et al., 
1974). 

Hydrogénation of an α -acylaminoacrylic acid with the 
Monsanto ACMP catalyst may be carried out with either the free 
acid or its txiethylanune salt. Free acid substrates give the 
best %ee results at low pressures and %ee is not especially 
sensitive to temperature. The anion substrate form is best re­
duced at lower temperatures (typically 0°) and %ee values do 
not show much pressure sensitivity. Almost any alcohol sol­
vent may be used and small amounts of water are tolerable. 
Hydrogénations are usually carried out in methanol solution 
(or with some substrates a 20-25% slurry is used) being care­
ful to purge oxygen which is a serious poison. At 40 psig, 
50°, and about 0.01% metal levels, the reduction of most acyl-
aminoacrylic substrates is complete in about 4 hrs (often 
less). The amino acid product may be crystallized from methan­
ol, often with an increase in optical purity due to fractional 
crystallization of the pure enantiomer from the racemate. 
Rhodium may be recovered, but the ligand is oxidized during 
work-up. 

The New Hampshire group has prepared a number of chiral 
phosphine ligands from chiral alkyl halides (Fig. 12) and to-
sylates via displacements with diphenylphosphide anion. For 
example, in some early experiments, lithium diphenylphosphide 
was used to prepare (+)-S-2-methylbutyldiphenylphosphine, (-)-
R-3-phenylbutyldiphenylphosphine, (+)-R-2-octyldiphenylphos-
phine (configuration presumed but not rigorously proved), (+)-
necmenthyldiphenylphosphine (NMDPP) and (-)-menthyldiphenyl-
phosphine (MDPP) from the appropriate chloride or bromide 
(Morrison and Burnett, 1970; Morrison and Masler, 1974). The 
(+)-NMDPP ligand proved to be especially effective in hydro­
génation experiments (Morrison et al., 1971; Masler, 1974). 

In more recent studies of the (+)-NMDPP synthesis, the 
relative effectiveness of lithium, sodium, and potassium di-
phenylphosphides was determined. Under a standard set of con­
ditions, the reaction of (-)-menthyl chloride with sodium di­
phenylphosphide (Fig. 13) gave the highest yield of (+)HNIMDPP. 
The ratios of the yields of (+)-NMDPP were 1.0:1.55:1.16 for 
lithium, sodium, and potassium diphenylphosphide, respectively 
(Morrison and Masler, 1974). 

The chiral diphosphine ligand, (+)-(lR,3S)-l,2,2-trimeth-
y1-1,3-bis(diphenylphosphinomethy1) cyclopentane, commonly 
called (+)-CAMPHOS, has also been prepared by the New Hampshire 
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group. (Masler, 1974). The synthesis of this ligand posed 
special challenges and ultimately resulted in some new syn­
thetic approaches that may be useful in other ligand synthesis. 

FIGURE 12. Synthesis of (S)-2-phenylbutyldiphenylphosphine. 
Catalysts prepared from this ligand, and structur­
ally related ligands, typically give products of 
low optical purity. 

Resolution with LiAlH^ S0C12,pyridine CH3CH2CH (Ph)COOH > > » 
cinchonidine or 

α -methylbenzy lamine 
Ph Ph 
I I 
C,/ / /R Li,Ph2PCl,IHF ^ m 

Et CH2C1
 >

 Et *CH2PPh2 

FIGURE 13. Synthesis of Neomenthyldiphenylphosphine (NMDPP). 

NIVDPP 
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ν 
CH2PPh2 
CH2PPh2 

(+)-CAMPHOS 

The synthesis of CAMPHOS by displacement on its ditosy-
late precursor (prepared from the alcohol obtained by reduc­
tion of commercially available (+)-camphoric acid) with the 
diphenylphosphine anion appeared promising on paper but, ini­
tially at least, was dismal failure in practice. The reac­
tion of lithium diphenylphosphide (from Ph2PCl and Li) gave no CAMPHOS. However, when potassium diphenylphosphide (from Ph2-PH and K) in tetrahydrofuran was used, in place of the lithium 
reagent, (+)-CAMPHOS was formed*. An alternative and more cir­
cuitous route to (+)-CAMPHOS starting with (+)-camphor was also 
developed (Fig. 14). 

FIGURE 14. Syntheses for CAMPHOS (Masler, 1974). 

CH2OTs 
(from (+)-camphoric 
acid via LAH reduc­
tion and tosylation) 

CAMPHOS 

*The observations made by the New Hampshire group concerning 
the variable reactivity of metal phosphides with alkyl halides 
and tosylates should be kept in mind when planning ligand syn­
theses by these routes. It appears that for any particular 
halide or tosylate substrate, the best metal phosphine for 
displacement can be determined only by experiment. 
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The key step in this synthesis was the HC1 catalyzed addition 
of diphenylphosphine to the dialdehyde. This rather obscure 
addition reaction which vis subsequent rearrangement gives 
camphos dioxide may prove to be a very useful approach to 
other chiral phosphine ligands also. 

Addition occurs readily with aldehydes and also with un­
hindered ketones. Since many chiral aldehydes and ketones are 
available from natural sources, the possibilities for chiral 
ligand synthesis by this route are virtually unlimited. 

As has been noted, the Paris group has achieved much 
success with diphosphine ligands derived from chiral tartaric 
acid, both enantiomers of which are commercially available. 
The "parent ligand" in the Paris arsenal is DIOP which is pre­
pared as shown in Fig. 15. 

FIGURE 15. Synthesis of (-)-DIOP. 

H 

HO - COOH 

C EtOH,H 
^ C Benzene 

H O ^ I ^ C O O H 
H 

(+)-Tartaric Acid 

H 
HO Ξ COOEt 

c 

HO" 4 COOEt 
Η 

Me2C (OMe) 2 
H+, benzene 

Ov Ξ COOEt 
x c / L1AIH4 

0 i^COOEt 
Η 

0. Ξ .CH90H ^ C ^ 
TsCl,py 

0 ^ 1 ^ C H20 H Η 

0 Ξ CH2OTs X
C
X 

NaPPhn 
C 

6^1
s
^ch2ots Η 

0. £ ^CHnPPhu 

0 ^ 1 ^ C H 2P P h 2 
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Modified DIOPs such as II and III have likewise been synthe­
sized. 

Chiral, insolubilized, catalytically-active, transition 
metal complexes that incorporate DIOP moieties (Fig. 16) have 
also been developed by the Paris group (Poulin et al., 1973; 
Dumont et al., 1973). Insolubilized complexes exhibit some 
features of both homogeneous and heterogeneous catalysts and 
other speakers have extolled their virtues. 

The insolubilized DIOP catalyst was found to be rather 
ineffective for the asymmetric hydrogénation of olefinic sub­
strates; the hydrogénation of α-ethylstyrene proceeded readily, 
but gave (-)-R-2-phenylbutane with an optical purity of only 
1.5%. Methyl atropate was hydrogenated to (+) -S-methylhydra-
tropate (2.5% ee). The soluble DIOP catalyst gave 15 and 17% 
ee, respectively, for the same reduction. The optical purity 
of the products was lower when recovered insolubilized cata­
lyst was used. There was no reduction of a- a œ t a n ù d œ i n n a m i c 
aci d  i n  ethanol-benzen e  wit h  th e  insolubilize d  catalyst ,  pre ­
sumabl y  du e  t o  th e  hydrophobi c  natur e  o f  th e  polyme r  suppor t 
whic h  cause s  i t  t o  shrin k  i n  hydroxyli c  solvents . 

Mor e  impressiv e  result s  wer e  obtaine d  fo r  th e  asymmetri c 
hydrosilyatio n  o f  ketone s  ove r  th e  insolubilize d  catalyst . 
Acetophenone ,  fo r  example ,  wa s  hydrosilylate d  wit h  phenyl -
naphthylsilan e  an d  th e  intermediat e  wa s  hydrolyze d  wit h  HC 1 
t o  giv e  (-)-S-phenylmethylcarbino l  (58 %  e e ) .  Simila r  result s 
wer e  obtaine d  wit h  th e  homogeneou s  DIO P  catalyst .  Usin g  diary 1 

I I II I 
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FIGURE 16. Synthesis of insolubilized DIOP 

•CH2C1 (CH3)2S0 ^ 

Merrifield Resin 

-CHO 

Aldehyde Polymer 

CHo /- T 'OTs 

CH 
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- - α ι ο 

H+ 

H 
H O X \ 

T OTs 
4 s /

O Ts 
HO 

CH 
/ Ŷ OTs 

OTs 

H 

Ph2P - C H
/0
 [ ^ 2 

H 

Insolubilized DIOP 

or arylalkyl silanes, yields from 52-100% and optical purities 
of from 7-59% were realized (Table III). 

Typically, the soluble DIOP catalyst is prepared in situ 
from the reaction of 2 moles of DIOP with one mole of 
[Rh CI(COD)2] 2

 or a
 similar alkene complex. Excess phosphine 

greatly reduces or destroys entirely the catalyst activity. 
Hydrogénations have most often been carried out in a 1:2 
benzene:ethanol solution, 2-5 mM in catalyst, at room tempera­
ture and one atmosphere hydrogen pressure. At the conclusion 
of the hydrogénation, the reaction solution is evaporated to 
dryness and isolation procedures appropriate for the particu­
lar product obtained are then used. 

The New Hampshire group has compared the effectiveness of 
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various catalysts toward a , 3 -unsaturated carboxylic acid sub­
strates. Reductions were carried out in a 1:1 ethanol-benzene 
solvent, at 300 psi H2, for 24 hrs. at 60° . The solvent was 
deoxygenated iirmediately prior to use. The catalyst was formed 
in 100 ml of solvent from 34μ moles of Rh(COD)Cl 2 and 0.5 
mmole of phosphine, was prereduced for 0.5 hr. at 3.5 atm H2, and then the substrate (most often 25 mmole, a substrate: 
rhodium ratio of 375*) was added in 100 ml of solvent contain­
ing 4 mmole of triethylamine. 

TABLE III. Asymmetric Synthesis of Alcohols by Hydrosilylation 
of Ketones. A comparison of an Insolubilized DIOP 
Catalyst vs. a Solution DIOP Catalyst. 

R1R2C=0 ^ R]_R2CH-0-Si- R^CHOH 

Ketone Silane 
Aceto- H2SiPhCH3 phenone 

Product 
%ee Product 
Insolu- %ee 

Ketone/ Time bilized Soluble 
Rh (Hr.) Catalyst Catalyst 
25 42 12 13 

Aceto- H2SiPh2 phenone H2SiPh2 
Aceto- H2SiPh(C1 QH7) phenone 

35 

33 

24 

45 

29 

59 

28 

58 

Aceto­
phenone 

H2SiPh(C1 0H7) 20 24 55 58 

Phenyl- H2SiPhCH3 isopropyl 
ketone 

25 48 20 

Phenyl- H2SiPh2 isopropyl 
ketone 

25 48 28 35 

a
In all cases, the hydrosilylated product was hydrolyzed to the 
alcohol. The (-)-S-carbinol was obtained in every case. 
^Substrate: Rh ratios between 185 and 435 have been used in 
comparative studies. 
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Table IV shews the structures of the substrates that have 
been used in comparative studies by the New Hampshire group. 
Seme of these substrates are quite hindered, but with the 
NMDPP, CAMPHOS, DIOP, and ACMP catalysts quantitative yields 
are usually obtained under the "extended" reaction conditions 
described above.** The MDPP catalyst does not give a good 
yield in most instances even under extended conditions. 

At the conclusion of a hydrogénation reaction, solutions 
were evaporated to dryness and the residue was partitioned be­
tween 10% NaOH solution (50 ml) and methylene chloride (50 ml). 
The aqueous layer was separated, washed with ether, and then 
was acidified with hydrochloric acid.* The organic acid pro­
duct was extracted with ether. The ether solution was dried 
(MgS04) and concentrated to give a "crude" product. Itaconic, 
citraconic, mesaconic and (E) and (Ζ) - α -phenylcinnamic acids 
give solid products; the other cinnamic acid derivatives and 
atropic acid give liquids. "Crude" solid products were ana­
lyzed by nmr and optical rotations were taken on the unrecrys-
tallized "crude" material. "Crude" liquid products were ana­
lyzed by nmr, then distilled, and optical rotations were taken 
on distilled material. 

It is possible to perceive a number of interesting stereo­
chemical relationships in the comparative data of Table V. It 
is clear that the phosphorus-chiral ACMP catalyst, which is so 
outstandingly effective for the asymmetric reduction of α -acyl-
aminoacrylic acids, does not compete favorably with catalysts 
made from carbon-chiral ligands in terms of the %ee values 
obtained with α, 3 -unsaturated carboxylic acids that do not 
contain an acylamino group. This is not to say that other 
ligands that are chiral at phosphorus will also be less effec­
tive than those that are chiral at carbon. An important point, 
however, is that the match-up of ligand and substrate is a 
critical, specific and as yet unpredictable feature of such 
reactions. A good ligand for one kind of substrate is not 
necessarily best for another kind. 

Some dramatic differences are also apparent between NMPP 
and MDPP ligands. These ligands are diastereomers, more pre­
cisely, they are epimers since they differ only in configura­
tion at C-3. It is quite reasonable that these ligands should 

*Substrate: Ph ratios between 185 and 435 have been used in 
comparative studies. 

**The extended" reaction conditions involve higher pressure and 
temperature than are normally used for Wilkinson-type cata­
lysts and unhindered substrates. 
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behave differently, since diastereomers have different chemical 
and physical properties, albeit sometimes only slightly differ­
ent. However, NMDPP and MDPP generate considerably disparate 
behavior both in terms of the activity and the chiral influence 
of the catalyst derived from them. Toward every substrate ex­
amined thus far, the MDPP catalyst has had a very low activity, 
much lower activity than the NMDPP catalyst. Also, the MDPP 
catalyst generally gave much lower asymmetric bias than the 
NMDPP catalyst, and was the only chiral catalyst to give an 
achiral product* (two examples). 

If one inspects molecular models, it is possible to en­
visage a possible rationalization for the lower activity of 
the MDPP catalyst compared to the NMDPP catalyst. It appears 
that the MDPP ligand is less hindered around phosphorus than 
is the NMDPP ligand. It may be that MDPP more effectively 
completes for unsaturated coordination sites on the metal 
(especially under the high ligand loading conditions we have 
used). This is equivalent to the proposition that a MDPP 
ligand is less easily dissociated and consequently catalysis 
is retarded. Of course, other explanations are also possible, 
one being that the MDPP more effectively hinders the unsatura­
ted site of the catalyst and in this way reduces its effective­
ness. 

There appears to be no general stereocorrelation model 
that can be perceived for the NMDPP and MDPP ligands. As has 
been pointed out, these ligands are epimeric, being "locally 
enantiomeric" at C-3. One might be tempted to presume that 
catalysts prepared from them would produce enantiomeric pro­
ducts since the C-3 chiral carbons are closest to the metal. 
However, such an intuitively comfortable presumption is as 
dangerous as the equally satisfying premise that the better 
liqands will always be those that are chiral at phosphorus, 
rather than at some more remote carbon atom. It is clear from 
the comparative data that NMDPP and MDPP do sometimes induce 
the production of enantiomeric products from the same sub­
strate; but just as often they give products with the same 
chiralities. There appears to be no general relationship on 
the basis of comparative data collected thus far. 

The comparative data can also be used to provide insight 
on another point. The first six substrates listed in Table V 

*In principle, all chiral catalysts should give chiral products. 
However, the energy difference between diastereomeric transi­
tion states can be so slight that the product does not have 
an observable rotation. 
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TABLE IV. The a,^-Unsaturated Carboxylic Acid Substrates Used 
in Comparative Studies of Chiral Rh-Phosphine Cata­
lysts. 

CH2=C; *C02H 

Atropic Acid 

H* 
c = c ; 

C02H 
(E)- a-Metiiylcinnamic Acid 

1 CH 

Ph *C02H 
(Z)- a^fethylcinnamic Acid 

Ph Ph 
^ C=C 

^ C 0 2H 

(E)- α-Phenylcinnamic Acid 

H Ph 

X 02H P h
x 

(Z)- α-Phenylcinnamic Acid 

Ph, 

C H ­
O C ' 

.H 

'C02H 
(Ε)- β-Methylcinnamic Acid 

CH 

Ph 
: c = c -

H 

'C02H 
(Ζ) - β-Methylcinnamic Acid 

CH2=C 
CH2C02H 

^ C 0 2H 
Itaconic Acid 

H02C, 
CH. 

; c = c 
^C02H 

Mesaconic Acid 
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comprise a set of three diastereomeric* (geometrically iso­
meric) pairs. The question is, with the same catalyst do Ε 
and Ζ isomers give enantiomeric products? The answer is that 
from the data no generality that covers this situation is 
apparent when all catalysts are considered. With DIOP, enan-
tiomers are obtained from diastereomeric substrates in each 
instance, but with the other catalysts there is no regularity. 
There is almost an equal number of examples of each of the two 
possible patterns. This is not too surprising if one remembers 
that diastereomeric substrates, like diastereomeric ligands, 
can be thought of as simply different compounds. There is no 
reason to presume that diastereomers must display enantiomeric 
patterns of behavior, but neither is there any stereochemical 
principal that prevents them from doing so. In another chiral 
hydrogénation system (Abley and McOuillin, 1971) the fact that 
diastereomeric olefinic substrates gave products of the same 
configuration and almost the same optical purity with the same 
chiral catalyst has been taken as a possible indication that 
hydrogen transfer has occurred after a loss of diastereomeric 
identity. It is important to recognize that whereas this is 
a sufficient explanation, it is not a necessary one. 

Concluding Remarks 
There are other asymmetric homogeneous hydrogénation sys­

tems that we have not had time to mention in this brief pre­
sentation. However, the chiral rhodium-phosphine systems and 
related systems involving rhodium, cobalt and ruthenium have 
been reviewed in detail in a soon to be published volume of 
Advances in Catalysis (Morrison et al., 1975). 

Chiral hydrogénation with soluble metal complexes is a 
very new area of research. Only a few chiral ligands have been 
tested. The possibilities for valuable contributions in this 
area are vast. In the short-term future, we will hope for many 
new ligands that will induce high asymmetric bias. For the 
long-term, we envision some totally new concepts for chiral 
catalysis and perhaps some major theoretical insights that will 
make it possible to perceive structure-efficiency relationships 
leading to the rational design of chiral catalytic systems. 

*The olefinic substrates that are cis-trans isomers are by 
modern stereochemical nomenclature more generally termed dias-
tereromers. That is, they are stereoisomers that are not 
enantiomers. The fact that they contain no asymmetric carbons 
is irrelevant to this classification. 
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ABSTRAC T 

Th e  oxidatio n  o f  cyclohexen e  i n  th e  presenc e  o f  [ C 5 H 5 V (CO )  ̂ ]  give s  cis-1,2-epoxycyclohexane-3-o l  i n  65 %  yiel d  afte r 
10 %  conversio n  o f  th e  olefin .  Evidenc e  i s  presente d  fo r  th e 
existenc e  o f  a  reactio n  pathwa y  whic h  involve s  th e  stereoselec ­
tiv e  epoxidatio n  o f  2-cyclohexene-l-o l  b y  cyclohexeny l  hydro ­
peroxide .  Bot h  cis -  an d  trans-1,2-epoxycy c  lohexane -  3-o l  ar e 
hydrcgenolyze d  ove r  severa l  transitio n  meta l  catalyst s  i n  a  re -
gioselectiv e  an d  stereoselectiv e  manne r  t o  cis -  an d  trans-1,2 -
cyclohexanedio l  respectively .  Th e  ster e œ h e m i s t r y  o f  th e  cata ­
lyti c  hydrogenolysi s  differ s  markedl y  fro m  publishe d  account s 
o f  LiAlH* .  reductio n  o f  thes e  epox y  alcohols .  Homogeneou s  cata ­
lyti c  hydroge n  transfe r  i n  th e  presenc e  o f  Rh(I )  an d  Ru(II ) 
complexe s  resulte d  i n  geometrica l  isomerizatio n  o f  cis-1,2 -
epoxycyclohexane-3-o l  t o  th e  trans-isomer .  Palladiu m  catalyst s 
disproportionat e  cis-1,2-epoxycyclohexane-3-o l  i n  th e  absenc e  o f 
hydroge n  t o  catecho l  an d  predominatel y  1,2-cyclohexanediol . 

INTRODUCTIO N 

Th e  oxidatio n  o f  olefin s  i n  th e  presenc e  o f  catalyti c  quan ­
titie s  o f  transitio n  meta l  complexe s  usuall y  give s  mixture s  o f 
allyli c  hydroperoxides ,  allyli c  alcohols ,  α,β-unsaturated ke­
tones, epoxides, peroxide dimers, polymers and various products 
of oxidative cleavage of the double bond (for reviews of this 
subject see: Lyons, 1974a; Saito, 1968; and Yasui, 1969). 
Allison et al (1966) reported that good yields of a class of 
unusual oxidation products, 1,2-epoxy - 3-alcohols, are formed 
when complexes of vanadium (III) are present during autoxidation 
of several substituted olefins. These authors recognized the 
potential of this reaction for making precursors of useful diols 
and triols, and investigated the formation and reactions of e-
poxy alcohols in some detail. An allylic hydroperoxide was 
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identified as a reaction intermediate and Allison et al (1966) 
concluded that the epoxy alcohol arose via a vanadium catalyzed 
rearrangement of this species. The s tereochemi s try of the oxi­
dation of 4-methyl-2-pentene to four stereo isomeric epoxy al­
cohols was shown to proceed through two isomeric allylic hydro­
peroxides (Allison et al, 1966). 

In an effort to further probe this interesting reaction in 
simpler systems, we decided to study oxidations in which a sin­
gle epoxy alcohol might be formed from one allylic hydroperox­
ide precursor. We examined the oxidation of two symmetrical 
olefins, tetramethylethylene, TME, and cyclohexene in the pres­
ence of a vanadium (I) complex [C5H5V(C0) J , which was found to be both an efficient initiator of oxidation and a catalyst for 
epoxy alcohol formation (Lyons, 1973, 1974a,b). The oxidation 
of TME was found to proceed almost completely through a single 
allylic hydroperoxide, I, to give only one epoxy alcohol, II, 
eq. 1 (Lyons and Turner, 1972; Lyons, 1973, 1974a). The vana­
dium (I) - catalyzed oxidation of cyclohexene also gives a sin­
gle allylic hydroperoxide, (III), from which cis-1,2-epoxycy-
clohexane - 3-ol, IV, is formed stereoselectively (Lyons, 1973, 
1974b), eq. 2. Since: (a) allylic alcohols are epoxidized up 

y=^+ °> —» w v- c°m p i e x > y-ty 
OOH

 X
 OH I I I 

OOH OH 

I I I IV 

to 100 χ faster than their olefin precursors in these systems 
(Lyons, 1974a; Sheng and Zajacek, 1970); (b) the conversion of 
allylic hydroperoxides I and III to the corresponding epoxy 
alcohols in the presence of allylic alcohols V and VT, proceeds 
via intermolecular epoxidation, eq. 3,4, rather than intramole­
cular rearrangement, and (c) the allylic alcohols V and VI are 
present in significant quantities during oxidation; this sugges­
ted (Lyons 1973, 1974a), that the major pathway for epoxy alco­
hol formation is an intermolecular epoxidation involving oxida­
tion intermediates rather than an intramolecular rearrangement 
of allylic hydroperoxide. 

This paper considers* the stereochemistry of this reaction 
and shows that the stereoselectivity which is observed for ole-
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ΙΟΗ V-complex 

V I I I I I V I 

OOH 
>Η V-complex IH ( 4) 

I V I V IV 

fin oxidation is consistent with that of epoxidation of an al­
lylic alcohol (Lyons, 1973; Sharpless and Michaelson, 1973). 
Mechanistic implications of the stereochemistry of epoxyalco-
hol formation during the oxidation of cyclohexene are discussed. 

Catalytic hydrogen transfer reactions of the cis- and 
trans- 1, 2-epoxycyclohexane - 3-ol are also reported. The hete­
rogeneous catalytic hydrogenolysis of the isomeric epoxyalcohols 
was found to be both regioselective and stereoselective and ex­
hibits marked stereochemical differences from reductions by li­
thium aluminum hydride (Hartman and Rickborn, 1972) in solution. 
Although homogeneous transition metal hydrogénation catalysts 
do not rapidly hydrogenolyze the cyclic epoxyalcohols, phos­
phine complexes of Ru(II) and Rh(I) smoothly equilibrate the 
cis- and trans-isomers. Regioselective dehydrogenation of the 
isomeric epoxyalcohols over several solid catalysts gives cate­
chol as the predominant product. 

RESULTS AND DISCUSSION 

Stereoselective Cyclohexene Oxidation 
The usual products of the oxidation of cyclohexene in the 

presence of transition metal complexes are mixtures of cyclo-
hexenyl hydroperoxide, 2-cyclohexene-l-ol, 2-cyclohexene-l-one, 
cyclohexene oxide, dimers and polymers (Arzoumanian et al, 1974 
a,b; Kaneda et al, 1973; Fusi et al, 1971, 1974; Gould and Rado, 
1969; Kurkov et al, 1968; tollman et al, 1967). Allison et al, 
1966, have reported that 1,2-epoxycyclohexane-3-ο 1 was formed 
in 24% yield at 15% conversion of cyclohexene during oxidation 
in the presence of vanadium naphthenate; however, the geometric­
al configuration of the product was not reported in this case. 

We have found that the complex, [C5H5V(C0) u] , (C5H5 = cy-clopentadienyl) is an efficient catalyst for the stereoselec­
tive oxidation of cyclohexene to cis-1,2-epoxycyclohexane-3-ol, 
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IV, in good yield. The cis-epoxy alcohol, IV, accounts for 65% 
of the products of reaction after 10% of the cyclohexene has 
reacted and 55% after 30% of the cyclohexene has been oxidized 
(Table I). The stereoselectivity of this reaction is -99%. 

TABLE I . cis-1,2-Epoxycyclohexane-3-ol Via Oxidation of Cyclo­
hexene^ in the Presence of Cyclopentadienylmetalcar-
bonyl Complexes, [C5H5M(CO)x]„ 

Metal Complex S o l v e n t 

[CsHsViCOh] C H 2C 1 C H 2C 1

C 

[ C 5H 5V ( C 0 ) J 

[ C 5H 5F e ( C 0 ) 2] 2 
[ C 5H 5M o ( C 0 ) 3] 2 

R e a c t i o n C o n v e r s i o n Y i e l d

b 

Time, o f C y c l o ­ o f I V , 
h r s . hexane, % % 

3 10 65 
5 30 55 
3 11 51 
5 20 47 
9 48 42 
5 20 — 
5 24 1 

a
0 x y g e n was bubb led , 2 . 0 1 / h r . , th rough 80 ml o f cyc lohexene 

c o n t a i n i n g 0 . 2 5 gram o f the c a t a l y s t w i th s t i r r i n g at 65°C. 
P roduc ts were vacuum t r a n s f e r r e d a t 65°C and 0 . 0 1 mm from the 
c a t a l y s t and r e s i d u e and ana l yzed by g l p c ^ Y i e l d based on c y ­
c lohexene which has r e a c t e d . For complete p roduc t a n a l y s e s see 
L y o n s , 1974a .

 c
0 x y g e n was bubb led , 0 . 5 1 / h r . , th rough 6 ml o f 

1 , 2 - d i c h l o r o e t h a n e and 6 ml cyc lohexene c o n t a i n i n g 0 . 0 5 gram o f 
the c a t a l y s t a t 65°C. A n a l y t i c a l procedure i d e n t i c a l to ( a ) . 

The formation of IV as the predominant product of cyclohexene 
oxidation contrasts sharply with the more conventional results 
obtained using molybdenum and iron complexes having a similar 
ligand system. These complexes formed the usual products 
(Lyons, 1974a) when used as catalysts for cyclohexene oxidation. 

The low-valent vanadium complex [C5H5V(C0) J , also gives superior yields of III compared with VO(acac) 2, V(acac) 3 and vanadium naphthenate, Allison et al, 1966. Furthermore, cyclo­
hexene oxidations run in the presence of [C5H5V(C0) zj do not exhibit the long induction periods which occur when vanadium 
(III) and vanadium(IV) complexes are used in the absence of ra­
dical initiators. Evidence has been presented (Lyons, 1974a) 
which suggests that the function of the vanadium (I) complex is 
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t o  facilitat e  th e  decompositio n  o f  trace s  o f  hydroperoxide s  in ­
t o  fre e  radica l  specie s  whic h  initiat e  olefi n  autoxidation .  I n 
s o  doin g  th e  lo w  valen t  vanadiu m  comple x  ma y  b e  oxidize d  t o  a 
V(III )  o r  a  V(IV )  comple x  whic h  ca n  efficientl y  catalyz e  th e 
conversio n  o f  th e  primar y  oxidatio n  p r o d u c t — a n  allyli c  hydro ­
p e r o x i d e — i n t o  a n  epox y  alcohol .  Indeed ,  whe n  [ C 5 H 5 V ( C 0 )  < J  so ­
lution s  ar e  oxidize d  wit h  t-buty l  hydroperoxid e  prio r  t o  use , 
th e  resultin g  vanadiu m  comple x  smoothl y  catalyze s  reactio n  o f 
th e  allyli c  hydroperoxide ,  I ,  t o  th e  epox y  alcohol ,  I I  (Lyons , 
197 4 a ) .  I f  th e  vanadiu m  (I )  comple x  i s  no t  oxidize d  prio r  t o 
additio n  o f  I ,  rapi d  decompositio n  o f  I  occur s  durin g  th e  ini ­
tia l  stage s  o f  reactio n  an d  lo w  yield s  o f  epox y  alcohol s  ar e 
formed . 

Prio r  wor k  (Lyons ,  1973 ,  1974a )  ha d  establishe d  tha t  for ­
matio n  o f  cis-1,2-epoxycyclohexane -  3-o l  fro m  th e  oxidatio n  o f 
cyclohexen e  i n  th e  presenc e  o f  vanadiu m  complexe s  wa s  mos t  pro ­
babl y  th e  resul t  o f  th e  epoxidatio n  o f  2-cyclohexene-l-o l  b y 
cyclohexeny l  hydroperoxide .  W e  therefor e  compare d  th e  product s 
o f  reactio n  o f  a  cyclohexen e  solutio n  o f  cyclohexeny l  hydroper ­
oxid e  an d  2-cyclohexene-l-o l  catalyze d  b y  th e  oxidize d  vanadiu m 
complex ,  wit h  thos e  o f  cyclohexen e  oxidation .  W e  foun d  tha t  I V 
wa s  forme d  smoothl y  an d  stereoselectivity ,  an d  littl e  o r  n o 
epoxidatio n  o f  cyclohexen e  occurred ,  eq .  5 .  I t  shoul d  b e  note d 
tha t  thi s  reaction ,  eq .  5 ,  doe s  no t  resul t  i n  th e  depletio n  o f 
th e  allyli c  alcohol ,  V I ,  whic h  i s  presen t  a t  an y  poin t  durin g 
oxidation . 

OOH Q H O H O H 

Th e  remarkabl e  abilit y  o f  vanadiu m  t o  catalyz e  th e  stereo -
specifi c  oxidatio n  o f  cyclohexen e  t o  cis-1,2-epoxycyclohexane -
3-o l  wa s  no t  matche d  b y  a  simila r  molybdenu m  comple x  [ C 5H 5M D -
( C 0 ) 3 ] 2 .  Instead ,  th e  molybdenu m  comple x  catalyze d  th e  oxida ­
tio n  o f  cyclohexen e  t o  a  mixtur e  o f  2-cyclohexene-l-o l  an d  cy ­
clohexen e  oxid e  (Lyons ,  197 4 a ) .  Bot h  reaction ,  however ,  ha d 
th e  sam e  intermediate—cyclohexeny l  hydroperoxide .  III .  Th e 
molybdenu m  comple x  catalyze d  reactio n  o f  II I  vi a  a  completel y 
different.pathway ,  eq .  6 .  Clearl y  th e  molybdenu m  comple x  cata ­
lyze s  preferentia l  epoxidatio n  o f  th e  unreacte d  olefi n  whic h  i s 
presen t  i n  exces s  wherea s  th e  vanadiu m  comple x  select s  th e  smal l 
amoun t  o f  allyli c  alcohol ,  V I ,  presen t  i n  th e  mixtur e  fo r  pre ­
ferentia l  epoxidatio n  t o  th e  epox y  alcohol .  A  stud y  o f  th e 
stere œ h e m i s t r y  o f  th e  epoxidatio n  o f  th e  allyli c  alcohol ,  V I , 
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was undertaken in order to obtain additional insight into the 
differences in behavior of vanadium, molybdenum and tungsten 
catalysts. 

Stereochemistry of the Epoxidation of 2-Cyclohexene-1 -ο 1. A 
Comparison Between Vanadium, Molybdenum and Tungsten 

The use of transition metal complexes as catalysts for the 
epoxidation of olefins by alkyl hydroperoxides is a useful syn­
thetic procedure which has been extensively investigated during 
the past decade (reviewed by Metelitsa, 1972). Most of the o-
lefins which have been studied are sdjnnple hydrocarbons. It has 
been shown (Sheng and Zajacek, 1970), however, that the pre­
sence of a hydroxyl group in the allylic position exerts a 
substantial influence on the rate of the metal-catalyzed epox­
idation of an adjacent double bond. We have found that an al­
lylic -OH group can direct the stereochemical course of epoxi­
dation and that the extent to which this directive influence 
is operative depends on the metal complex which is used as a 
catalyst. 

The oxygen transfer step in metal-catalyzed epoxidation is 
believed to involve the interaction between a hydroperoxide 
complex and the olefin, (Metelitsa, 1972), eq. 7. Sheng and 

R M
J 

\ / 
0 
I 
0 
\ 
Η 

n+ 

/ 

/ 
0 
/ \ 
R Η 

0 

n+ 

(7) 

Zajacek, 1970, have reported that although molybdenum complexes 
are usually more efficient catalysts than vanadium complexes for 
olefin epoxidation, allylic alcohols are epoxidized more readi­
ly with vanadium complexes than with molybdenum. These authors 
also noted that while the presence of alcohols caused a marked 
retardation of the rate of vanadium-catalyzed epoxidation of 
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unsubstitute d  olefins ,  th e  retardatio n  i s  fa r  les s  pronounce d 
whe n  molybdenu m  catalyst s  ar e  used .  I t  appeare d  tha t  alcohol s 
complexe d  muc h  bette r  wit h  th e  vanadiu m  catalyst s  tha n  wit h 
molybdenum .  I t  wa s  concluded ,  therefore ,  tha t  th e  allyli c  al ­
coho l  wa s  brough t  int o  th e  coordinatio n  spher e  o f  th e  vanadiu m 
b y  complexin g  wit h  th e  hydroxy l  group .  Thi s  woul d  plac e  th e 
coordinate d  hydroperoxid e  i n  th e  vicinit y  o f  th e  doubl e  bond , 
thu s  facilitatin g  epoxidation ,  eq .  8 . 

W e  hav e  investigate d  th e  ster e œ h e m i s t r y  o f  th e  epoxida ­
tio n  o f  2-cyclohexene-l-o l  b y  tert-buty l  hydroperoxid e  i n  th e 
presenc e  o f  complexe s  o f  vanadium ,  molybdenu m  an d  tungsten . 
Th e  predominan t  produc t  o f  reactio n  i s  cis-1,2-epoxycyclohex -
ane-3-ol ;  however ,  th e  stereoselectivit y  o f  thi s  reactio n  i s 
dependen t  o n  th e  meta l  whic h  i s  used ,  Tabl e  II .  Whe n  vanadiu m 
complexe s  ar e  used ,  (Lyons ,  19 7 3 ) ,  th e  reactio n  i s  almos t  com ­
pletel y  stereoselective ,  eq .  9 ,  wherea s  complexe s  o f  molybdenu m 
an d  tungste n  produc e  bot h  th e  cis -  an d  trans-isomer s  i n  a  rati o 
o f  2/1 ,  Tabl e  II .  Furthermore ,  th e  rat e  o f  reactio n  i s  faste r 
an d  th e  epox y  alcoho l  yiel d  i s  highe r  i n  th e  vanadium-catalyze d 
reactio n  tha n  wit h  molybdenu m  complexes .  Sinc e  bot h  cis -  an d 
trans-1,2-epoxycyclohexane -  3-o l  completel y  retai n  thei r  stereo ­
chemica l  integrit y  unde r  reactio n  conditions ,  i t  woul d  appea r 
tha t  th e  stereoselectivit y  o f  thes e  reaction s  reflec t  mechanis ­
ti c  characteristic s  o f  th e  metal-catalyze d  epoxidatio n  process . 

A n  independen t  stud y  b y  Sharples s  an d  Michae l  so n  (1973 ) 
resulte d  i n  simila r  finding s  fo r  th e  vanadiu m  catalyze d  epoxi ­
datio n  o f  2-cyclohexene-l-ol .  Thes e  author s  showe d  tha t  cis -
epox y  alcohol s  wer e  forme d  i n  th e  epoxidatio n  o f  severa l  ally ­
li c  alcohols .  Sharples s  an d  Michaelso n  (1973) ,  however ,  repor ­
te d  muc h  highe r  stereoselectivit y  fo r  th e  molybdenu m  catalyze d 
formatio n  o f  cis-1,2-epoxycyclohexane-3-o l  tha n  w e  observed . 

O H 
R O O H  + 

V 

RO O H  + 

O H 

R O H  + (9) 

241 



r— CT> 
(XI r— 

-o O 
r- 3 
QJ CQ 

O HZ 
•r- O 
co O 

1 DC O) O c o aj 3 X CQ 
eu ι -C 4-> o 
(J o 
υ to ι ai CVJ Γ-

Ο 4- Ε ο c CO ο Ε <Τ3 Ό s- ai CO tO fO O C û •X i 
c  · 
•ι- O CL 
+-> i— 
to en >> 
·— >> 
•M 
ο ω N <υ >> SZ r— 
4-> fC E 
4- fO o -σ 
E c Π3 RA 
s-co ai E O -r-r— 4-* 

d -σ ai 4- +-> 
o RA c c co O -r-
•r- tO Ό +-> ai ai 3 Ό +-> Σ­
o ai ΟΙ 
to -C > +-> c Ό ο ΐ-υ Ο Ο +-> <+- ο "Ο ο ι ai ο 
-σ r-* a» c +-> ai to fO x (Ο ω 
ai o • S-tO I~ o Ε ·<- >> fO +-> a s- to 1 

CO CM 
ai to * i- ai 

φ 3 r-
-o +•> g 

ai c a ο Ό o *i— ai s- 4-> to το υ ro 
>> <T3 CQ 

>> ai · 4-> .c -a h- ai 

2 4 2 



FORMATION AND H Y D R O G E N O L Y S I S OF E P O X Y ALCOHOLS 

It should be pointed out, however, that their reaction condi­
tions were considerably different and that these authors carried 
out the reactions to less than 5% conversion while our selec-
tivities were determined at conversions from 45-100% of 2-cyclo­
hexene-l-ol. Sheldon et al (1974) have shown that the nature 
of the catalyst changes considerably during the early stages of 
an epoxidation reaction. 

The mechanism suggested by Sheng and Zajacek (1970) is 
consistent with our stereochemical findings using vanadium com­
plexes. An intermediate in which oxygen enters from the side 
of the molecule to which the -OH group is attached will result 
in the formation of the cis-epoxy alcohol in a cyclic system, 
eq. 10. If there is no strong attraction between the metal 
center and the allylic-OH group, as may be the case in these 
systems with molybdenum and tungsten complexes, some trans-
epoxy alcohol could be formed via eq. 11. 

(10) 

(U) 

trans-

Alternative pathways could also account for cis-epoxy al­
cohol formation. Hydrogen bonding between the allylic-OH group 
and the epoxidizing agent has been postulated to explain the 
formation of cis-1,2-epoxycyclohexane- 3-ol in the reaction of 
2-cyclohexene-l-ol with peracids (Henbest and Wilson, 1957, 
1966; Chamberlain et al, 1970). An analogous intermediate, 
VII, would also account for predominant formation of cis-epoxy 
alcohol but would not adequately explain the marked dependence 
of stereoselectivity on the metal center. Another alternative. 
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VTII, which might involve both hydrogen bonding between the 
allylic-OH group and coordinated hydroperoxide and metal parti­
cipation in the epoxidation process is the 1,3-dipolar addition 
(Kaloustian et al, 1971; Kwart et al, 1967; Mimoun et al, 1970) 
of a metal hydroperoxide complex to the double bond. Such a 
pathway has been proposed for peracid epoxidation of olefins 
(Kwart et al, 1967) and for metal catalyzed epoxidation reac­
tions (Kaloustian et al, 1971; Mimoun et al, 1970) and is con­
sistent with the observed stereochemistry. 

V I I V I I I 

Stereochemistry of Transition Metal Catalyzed Hydrogenolysis of 
cis- and trans-1,2-Epoxycyclohexane-3-ol 

The stereochemical course of metal hydride reduction of 
3-oxygen substituted cyclohexene oxides has been the subject of 
extensive investigation (reviewed by Zable and Buchanan, 1972). 
The cleavage of the oxirane ring by catalytic hydrogenolysis 
has also been studied in considerable detail (reviewed by Cher-
niphkova and Mushenko, 1972), but few reports concerning the 
effect of 3-oxygen substituents on this reaction have appeared 
in the literature (Allison et al, 1966; Mitsui et al, 1965). 
We have examined the effect of a 3-hydroxyl group on the ste­
reochemical course of the transition metal catalyzed hydrogeno­
lysis of the oxirane ring in both cis- and trans-1,2-epoxycy­
clohexane- 3-ol. Hydrogenolyses over several different hydro­
génation catalysts are both stereoselective and regioselective. 
Although hydrogenolyses over platinum black were the most se­
lective reactions, the overall stereochemical course of hydro­
genolysis was independent of the metal catalyst which was used, 
eq. 12, 13 (Table III). Catalytic hydrogenolysis of the 3-
hydroxycyclohexene oxides over platinum black, palladium black, 
Raney nickel and Raney copper gave predominantly 1,2-cyclohex-
anediols. In every instance the cis-epoxy alcohol yielded pre­
dominantly cis-1,2-diol and the trans-epoxy alcohol gave mainly 
trans-1,2-diol. 

It is most interesting to note that the stereochemical 
course of the transition metal catalyzed hydrogenolysis of the 
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OH 

H2/Pt (12) 

99% 

H2/Pt (13) 

87% 

TABLE I I I . The Transi: Metal Catalyzed Hydrogenolysi. -1,2-Epoxycyclohex, 

Substrate, 
3-Hydroxy-
cyclohexene 
oxide Catalyst

0 Reaction 
Time, 

Hrs. 

Conver­
sion c i s - 1 , 2 - c y c l o 

hexanediol 

Pt-Black 2 . 0 100 99 
Pd-Black 2 . 0 100 82 
Raney-Cu 2 . 0 69 41 
Raney-Ni 1.0 100 44 
Raney-Ni 1.7 100 37 
Raney-Ni 2 . 0 100 26 

Pt-Black 2 . 0 100 9 
Pd-Black 2 . 0 100 10 
Raney-Cu 2 . 0 100 9 
Raney-Ni 1.0 100 15 

t rans -1 ,2 -cyclo-
hexanedi ol 

1,3-cyclohexane-
diol ( c is - & trans-) 

1 12 
2 . 5 trace 

12 6 

21 7 

87 2 
16 

50 1 
51 η 

a
A 10/0 solution of the substrate in toluene, 5 . 0 ml, containing 0 . 1 g catalyst was stirred under 50 psi of hydrogen 
in a glass pressure vessel for the designated time. After f i l t ra t ion the clear, colorless product mixture was analyzed 
by glpc.

 b
Same as (a) but P=100 psig H2.

 c
P t and Pd: Engelhard. Raney catalysts: W. R. Grace and Company. 
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1,2-epoxycyclohexane-3-ols differs greatly from that of the me­
tal hydride reduction of the same compounds. Hartman and Rick-
born (1972) have found that reduction of cis- and trans-1,2-
epoxycyclohexane-3-ol exhibited high stereoselectivity and, al­
though regioselectivity was low, 1,2-cyclohexanediols did not 
always predominate but rather the site of epoxide cleavage was 
dependent upon the geometry of the reacting substrate, eq. 14, 
15. These authors found that the preference for formation of 
1,2-diol from the cis-epoxy alcohol and 1,3-diol from the trans-
isomer was due to the conformer population of each starting ma­
terial. A similar dependence upon the conformer population of 
the epoxy alcohol is clearly not the determining factor in the 
metal catalyzed hydrogenolysis of these epoxides; however, it 
is possible that the conformer distribution might be consider­
ably altered at the reactive metal surface. 

OH OH OH 

(14) 

OH OH 

> o . Q + 
22% 77% 

OH 

(15) 

Perhaps more surprising than the independence of regiose­
lectivity on the geometry of the substrate is the independence 
of the overall stereochemical pathway on the nature of the 
transition metal catalyst. For example, Mitsui et al (1965), 
reported different regioselectivity for the hydrogenolysis of a 
3-keto epoxide using Pd/C as the catalyst from that using Raney 
Ni, eq. 16a,b. Moreover, in the hydrogenolysis of the C-0 bond 

Ph CH(OH)CH 2 CH(OH)CH 3 
0 0 H2/Ni / \ u 

PhCH— CHCCH 3 — — — — — < ; (16) 
b. 

PhCH2 CH(OH)CH(OH)CH3 
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of optically active benzyl ethers, palladium was shown to cata­
lyze cleavage with inversion of configuration and Raney-nickel 
gave retention. In contrast to these results we have found no 
difference in overall stereochemistry between the palladium ca­
talyzed hydrogenolysis of 3-hydroxycyclohexene oxides and the 
nickel catalyzed reactions. 

Hydrogenolyses over Raney nickel were the least stereose­
lective reactions of this series (Table III). This was largely 
due to facile metal catalyzed isomerization of cis- and trans-
1,2-cyclohexanediol under reaction conditions. By contrast, 
both cis- and trans-1,2-cyclohexanediol retained their stereo­
chemical integrity in the presence of Pt black under the same 
conditions. Furthermore, although geometrical isomerization 
occurred readily over Raney Ni, the 1,2-diol was not converted 
to the 1,3-isomer under the conditions of hydrogenolysis. In 
addition to the cyclohexanediols, varying amounts of phenol and 
cyclohexanol were also produced which in some cases lowered re­
action selectivity so that combined yields of diols listed in 
Table III are often less than 100%. 

In summary, the hydrogenolysis of cis- and trans-1,2-epoxy-
cyclohexane-3-ol is both a stereoselective and a regioselective 
reaction. It does not, however, follow the cleavage pattern 
for LiAlHi. reduction nor does it respond greatly to differences 
in the nature of the metal catalyst. Since we are not operat­
ing under conditions of equilibrium between cis- and trans-1,2-
or 1,3-cyclohexanediols, the observed stereoselectivity and 
regioselectivity reflect mechanistic characteristics of the me­
tal catalyzed hydrogenolysis reaction. The differences in ste­
reochemistry between LiAlHz. reduction and the metal catalyzed 
reactions might be due either to differences in the chemical 
nature of the reactants or merely to geometrical constraints 
on reactions of surface metal hydrides which are not present in 
the case of LiAlH*. solutions. For this reason it was of inter­
est to determine the stereochemistry of the homogeneous trans­
ition metal catalyzed hydrogénation of these epoxy alcohols in 
which the reactive metal hydride intermediate was in solution. 
To date, however, we have not found a soluble transition metal 
complex which is capable of catalyzing hydrogenolysis of the 
epoxy alcohol under mild conditions of temperature and pressure. 
Nonetheless, facile geometrical isomerization of the cis- and 
trans-epoxy alcohols did occur in the presence of some metal 
complexes. 

Geometrical Isomerization of l,2-Epoxycyclohexane-3-ol Cata­
lyzed by Rhodium and Ruthenium Complexes 

Vfe have found that the selective isomerization of cis-1,2-
epoxycyclohexane-3-ol, eq. 17, proceeds smoothly to the trans-
isomer in toluene solution at 110 °C in the presence of 
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OH OH 

(17) 

RhH(CO) (Ph3P)3, RhCl(CO) (Ph3P) 2 and RuCl2(Ph3P)3 (Table IV). 
It is likely that the oxirane ring remains intact during reac­
tion and that exchange occurs by a metal catalyzed epimeriza-
tion of the alcohol, eq. 18. Precedent for such a pathway has 

OM OMH OM 

recently been established by Sasson and Blum (1974) in a report 
on H-D exchange and racemization of an optically active alcohol 
by RuCl2 (Ph3P) 3. An alternative pathway involving epoxide ring 
cleavage does not appear to be as likely as hydroxyl group iso-
merization since we have found that cyclohexene oxides undergo 
little ring cleavage under our reaction conditions even under 
100 psi Η 2 in the presence of complexes listed in Table IV. Furthermore, the relatively few examples of epoxide ring clea­
vage which are known to be catalyzed by metal complexes result 
in irreversible formation of carbony1 compounds (Milstein et al, 
1974). In addition, we found that cis-1,2-cyclohexanediol is 

TABLE IV. THE TSOMERIZATIC ON OF CIS-. 2,2-EPOXYCYLOHEXANE- -3-0I

 A 

Reaction Products, % 

Catalyst , mmoles 
Time 2-Cyclo- cis-1,2-Epoxy trans-1,2-Epoxy 1,2-Epoxycyclo-

Catalyst , mmoles Hrs. hexene-l-ol cyclohexane-3-ol cyclohexane-3-ol hexane-3-one 

RhH(C0)(Ph3P)3(0.25) 4 — 72.2 24.5 2.2 

RhH(C0)(Ph3P)3(1.0) 2 4.1 52.4 37.4 3.1 

RhH(C0)(Ph3P)3(1.5) 0.5 3.9 46.7 41 .2 3.3 

RuCl2(Ph3P)3(0 .5 ) 1 0.2 62.4 28.4 4. 1 
3 5.4 45.9 36.7 3.6 
4 6.3 45.4 37.0 2.9 

RhCl(C0)(Ph3P)2(1.0) 3 1.0 77.5 16.7 0.8 
a
c i s - l ,2-epoxycyclohexane-3-ol, 44 mmoles, in 10.0 ml toluene was stirred at 110°C for the designated time with the 

catalyst and then analyzed by glpc. The identity of reaction products was determined by isolat ion of pure materials 
by preparative glpc and comparison of ir and nmr spectra with authentic compounds. 

248 



FORMATION AND H Y D R O G E N O L Y S I S OF E P O X Y ALCOHOLS 

readily iscmerized to trans-1,2-cyclohexanediol in toluene at 
110°C. The formation of small amounts of 1,2-epoxycyclohexane-
3-one, Table IV, is consistent with a reaction pathway involv­
ing β-hydrogen transfer from ring carbon to the metal, eq. 2. 

Similar epimerization processes may be occurring at the 
metal surface resulting in loss of stereoselectivity in some 
instances. The selective geometrical isomerization of cyclic 
alcohols represents another of many recent examples of the uti­
lity of homogeneous transition metal catalyzed hydrogen trans­
fer reactions of hydroxylie substrates (Eberhardt et al, 1972; 
Henbest and Trocha-Griirishaw, 1974; Imai et al, 1974; Regan, 
1974; Sasson et al, 1974). 

The Regioselective Dehydrogenation of 1,2-Epoxycyclohexane-
3-ol to Catechol 

Hydrogen transfer reactions carried out over palladium ca­
talysts in the absence of hydrogen result in the formation of 
catechol and cis-1,2-cyclohexanediol from 1,2-epoxycyclohexane-
3-ol, eq. 19 (Table V). Little or no resorcinol is formed in 
the arcmatization reaction, again demonstrating the regioselec-
tivity of surface catalyzed reactions of this epoxy alcohol. 

CONCLUSIONS 

The vanadium catalyzed oxidation of cyclohexane to cis-1, 
2-epoxycyclohexane-3-ol most probably occurs via the stereose­
lective epoxidation of a reaction intermediate by cyclohexenyl 
hydroperoxide. The great difference in the product profile of 
this reaction and that of oxidations carried out in the pre­
sence of molybdenum or tungsten epoxidation catalysts appears 
to be due to the pronounced tendency of the vanadium complex 
to catalyze the selective epoxidation of an allylic alcohol 
formed in situ, in preference to the olefinic starting material. 
The similarity between the stereochemical course of the vana­
dium catalyzed oxidation of cyclohexene and the epoxidation of 
2-cyclohexene-l-ol supports this hypothesis. 

249 



Ο "Ό 
>ϊ Φ Ο C Ο r— Ο ΓΟ 

•r- + Α 
+-> Ο) Γ— Ό 
Ό Ο Ο 
Ο) I Χ> ••-> Α» <— ΙΑ C >> E Ω C 
en χ <υ 
•r- ω -C 
TO Χ: Ο. EU Ο 
" Ο ι — ι— 

Ο ε 
Φ >> 
-Ε ο ο 
-Μ + 

CL) QJ QJ 
C E C 
O O O 

σι (O 3 
Χ ΐ-

Ο QJ 
m j z -μ 
• Ο Ο­

Ο r— QJ 
O (J 

• >> x 
+-> O QJ 
00 
T3 i— 
-»-> O 

C I/I Υ (O A 
χ QJ Φ OJ 

-C -C E 
•Ρ Ο Ό 

ι— OO 
M- U T 3 
O >> 
QJL Û 
U  C O 
E  4- > 
q j  ·  Υ CO Ο 3 
QJ CL Ό 
S- r— Ο 

r— LO CvJ Α. en S_ CM 

±1
°C

 
in

 
th

e 
a

n
a

ly
ze

d 
by

 
g 

o
th

er
 

b
y-

p
 

O CO Ο Ε (?) co 

re
d
 

a
t 

20
 

h
ot

 
th

en
 

fo
u

n
d 

am
o 

OJ QJ S_ -A C C •r- <D i— 
fC «3 +-> S- Ο U O CO QJ Ε 
QJ QJ +J . 1-
-Ο -Σ QJ CO ι— U 
o o E Π3 -i- S_ 
-Σ -Σ O 3 *+- Ο to 
>> >> « co ω C Ε en ra s-
QJ QJ 3: .E -C Ο Ο CL CL . C Ζ: CM O O 

LO o O o o 
O r-̂  «3- r-̂  CO* 

O r- Γ­
Ι O O 

CO tO E 
I Φ 
Φ Φ -E 
E R A 
ro h-
X + 
Φ 

O (J O 

ι— Φ O 
o en Ι 
>•> Ο Φ · 
Ο ί. E +-> 

tO Φ r— CO 
•ι— "Ο Ο 
U C >)(Λ 

rt> 3 U (Ο 

250 



FORMATION AND H Y D R O G E N O L Y S I S OF E P O X Y ALCOHOLS 

EXPERIMENTAL PROCEDURES 

Infrared spectra were determined using Perkin-Elmer infra­
red spectrophotometers models 137-B and 21. NMR spectra were 
run using Varian T-60 and A-60 spectrometers. Gas chromatogra­
phic analyses were done on a Hewlett-Packard model 5750B ins­
trument. Fractional distillations were performed on a Nester-
Faust 18-inch senuLmicro spinning band column equipped with a 
stainless steel band. 

Materials 
Cyclohexene of greater than 99% purity was obtained from 

Phillips, distilled under nitrogen and then passed through 
freshly activated silica gel under nitrogen before use. 2-
Cyclohexene-l-ol was obtained from Aldrich and distilled under 
nitrogen prior to use. Tert-butyl hydroperoxide (92% by titra­
tion) was purchased from Lucidol. Oxygen cylinders were ob­
tained from Linde Air Products Company. The complexes: 
[C5H5V(C0)J, [C5H5Mo(C0)3]2, [C5H5Fe (CO) 2 ) 2 , [VO(acac) 2 ] , [V(acac)3], [Mo02(acac)2], [Mo(acac)3], [Mo(C0)6], and [W(CO) 6] were obtained from Strem Chemical Company. Platinum and pal­
ladium catalysts were obtained from Engelhard; Raney catalysts 
were purchased from W. R. Grace and Company. 

Stereoselective Cyclohexene Oxidation Catalyzed by [C5H5V(Q0K] Reactions were run in the neat olefin or in 1:1 mixtures 
of cyclohexene and 1,2-dichloroethane. In the first case, oxy­
gen were bubbled, 2.0 1/hr., through 80 ml of cyclohexene con­
taining 0.25 gram of the catalyst with stirring at 65°C. Sol-
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Hydrogen transfer reactions over heterogeneous catalysts 
result in the preferential cleavage of both cis- and trans-1,-
2-epoxycyclohexane-3-ol to give 1,2-diols. It is not clear 
whether this regioselectivity is due to constraints of the me­
tal surface during hydrogen transfer or to other factors such 
as the formation of stable chelates to surface sites by the 1, 
2-diols. Attempted catalytic hydrogenolysis of the cis- and 
trans-epoxy alcohols using transition metal complexes in solu­
tion was unsuccessful, but in LiAlH^ reductions (Hartman and 
Rickborn, 1972) only the cis-isomer exhibits a preference for 
1,2-diol formation. 

The preparation of epoxy alcohols in high yield by the di­
rect oxidation of readily available olefins is a unique and po­
tentially useful reaction. An understanding of the nature of 
the catalytic formation and reactivity of these species should 
ultimately elucidate the scope and limitations of their synthe­
tic applications. 
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utions became pale amber and remained clear during reaction. 
Products were vacuum transferred at 65°C and 0.01 mm from the 
catalyst and residue and analyzed by glpc. Spinning band dis­
tillation of the vacuum transferred reactions products yielded 
IV, b.p. 96°/10mm, in 99.5% glpc purity which was identified by 
comparison of its ir and nmr spectra with literature data (Cham­
berlain et al, 1970). A small amount of trans-1,2-epoxycyclo-
hexane-3-ol was separated from the cis-isomer by preparative 
glpc and identified by its ir and nmr spectra (Chamberlain et 
al, 1970). In the second case, oxygen was bubbled, 0.5 1/hr. 
through 6 ml of 1,2-dichloroethane and 6 ml of cyclohexene con­
taining 0.05 gram of the catalyst at 65°C. Analytical procedure 
was identical to that used in the case of reactions run in the 
neat olefin. 

Reaction of Cyclohexenyl Hydroperoxide with 2-Cyclohexene-l-ol 
Cyclohexenyl hydroperoxide, 8.0 mmoles, in 10 ml of cyclo­

hexene prepared by autoxidation of cyclohexene according to the 
method of Gould and Rado (1969), was added to 0.20 mmole of 
[C5H5V(C0) J in 0.50 ml of 2-cyclohexene-l-ol, VI, and stirred 
for 3 hours at 70 °C. Then the reaction mixture was vacuum 
transferred and analyzed as in previous runs. Iodometric ti­
tration of the solution showed 3.9 nmoles of unreacted hydro­
peroxide while glpc analysis showed that 4.0 mmoles of TV was 
produced. 

Metal-Catalyzed Reactions of 2-Cyclohexene-l-ol with tert-Butyl 
Hydroperoxide 

tert-Butyl hydroperoxide, 2.5 grams (0.028 mole), was ad­
ded to 0.10 gram of each of the complexes listed in Table II in 
6.0 grams (0.061 mole) of 2-cyclohexene-l-ol. This mixture was 
stirred under nitrogen at 75°C for 30 minutes after which ano­
ther 2.5 grams (0.028 mole) of tert-butyl hydroperoxide were 
added. The reaction mixture was stirred at 75°C for the time 
designated in the table after which it was ijntiediately vacuum 
transferred (0.01 mm/80 C) from the catalyst and analyzed by 
glpc using a 6 ft χ 0.125 inch column packed with 10% silicone 
UC-W98 on 80-100 mesh chromasorb W (Hewlett-Packard). Benzene 
was used as an internal standard and response factors were de­
termined by analyses of known standards containing the pure 
compounds. 

Preparation of cis-1,2-Epoxycyclohexane-3-ol 
Pure cis-1,2-epoxycyclohexane-3-ol was obtained from spin­

ning band distillation of a vanadylacetylacetonate catalyzed 
reaction ten times the size of those described above. Careful 
distillation yielded 24.8 grams of cis-1,2-epoxycyc lohexane- 3-
ol having a glpc purity of 98%. Redistillation of fractions 
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rich in the cis-epoxyol gave 7.4 grams of product bringing the 
total recovery of cis-1,2-epoxycyclohexane-3-ol to 32.2 grams 
(58% yield based on starting tert-butyl hydroperoxide). The 
fraction boiling at 96°C/10 mm, glpc purity = 99.5% was shown 
to be the cis-isomer by a comparison of its ir and nmr [τ 7.9-
9.1 (6H, complex m), 6.8 (2H, s) and 6.1 (1H)] spectra with li­
terature data (Chamberlain et al, 1970). The only impurity in 
this sample, 0.5%, was trans-1,2-epoxycyclohexane-3-ο1. The 
cis-isomer, when obtained in 99% purity, crystallized at room 
temperature as white needles, m.p. 33-35°C. 

Preparation of trans-l,2-Epoxycyclohexane-3-ol 
The vacuum transferred reaction mixtures from several 

MD (CO) 6-catalyzed epoxidation reactions were combined and 1.9 
grams of trans-1,2-epoxycyclohexane-3-ol, glpc purity = 99.0%, 
was isolated by preparative glpc using a 20 ft χ 0.25 inch col­
umn packed with 5% SP-2250 silicone on chromasorb G (Varian). 
The product was identified by a comparison of its ir and nmr 
[ (CDC13)T7.9-9.0 (6H, complex m) , 6.9 (1H, δ, J 4.0 Hz), 6.8 
(1H, fine str), 6.0 (1H, m), 7.5 (1H, s, OH, cone, var.)] spec­
tra with literature data (Chamberlain et al, 1970). 

Catalytic Hydrogenolysis of cis- and trans-1,2-Epoxycyclohexane-
3-ol 

A 10% solution of the epoxy alcohol in toluene, 5.0 ml, 
containing 0.1 g catalyst was stirred under 50 psi of hydrogen 
in a glass pressure vessel for the designated time. After fil­
tration the clear, colorless product mixture was analyzed by 
glpc. Identification of the isomeric diols was made by compar­
ison of glpc retention times on a 10 ft χ 1/8" column (Carbowax 
on 45/50 M Chromasorb W, base treated) with retention times of 
authentic pure isomers. Isolation of pure isomers was accom­
plished either by preparative glpc or by fractional crystalli­
zation of the pure isomer from reaction mixtures. Identifica­
tion was made by comparison of ir and nmr spectra of isolated 
products with those of authentic compounds. 

Geometrical Isomerization of cis-1,2-Epoxycyclohexane-3-ol 
cis-1,2-Epoxyeyelohexane-3-ol, 44 mmmoles, in 10.0 ml tol­

uene was stirred at 110 °C with the homogeneous catalysts listed 
in Table IV for the designated time and then analyzed by glpc. 
The identity of reaction products was determined by isolation 
of pure materials by preparative glpc and comparison of ir and 
nmr spectra with authentic compounds. 

Pegioselective Dehydrogenation of cis-1,2-Epoxycyclohexane-3-ol 
cis-1,2-Epoxycyclohexane-3-ol was stirred at 200±1°C in 

the presence of the catalyst, 0.20 g, listed in Table V, for 
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th e  designate d  tim e  unde r  nitrogen .  Th e  solutio n  wa s  filtere d 
hot ,  the n  analyze d  b y  glpc .  Yiel d  o f  th e  majo r  product s  ar e 
liste d  i n  Tabl e  V .  I n  additio n  t o  thos e  product s  listed ,  smal l 
amount s  o f  cyclohexan e  dione s  an d  hydroxycyclohexanone s  wer e 
foun d  bu t  n o  resorcino l  wa s  detected . 
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SOME ASPECTS OF NITROALKANE HYDROGENATION 
VTA HOMOGENEOUS CATALYSIS 

JOHN F. KNIFTON 
Beacon Research Laboratories, Texaco Inc., 

Beacon, New York 12508 

ABSTRACT 

The homogeneous catalytic hydrogénation of aliphatic nitro­
compounds is described for the selective synthesis of various 
linear, cyclic, and substituted oximes and amines. Ruthenium 
complexes of tertiary Group VB donor ligands, such as RuHCl-
(PPh3)3, are efficient catalysts for the preparation of secon­dary alkyl primary amines under superatmospheric pressures of 
hydrogen. The effectiveness of Group IB metal salts for ali­
phatic oxime synthesis varies in the order: Cu(I)~Cu(II)>Ag(I), 
the specific activity of each catalyst system being highly sen­
sitive to the structure and basicity of the solvent and other 
ligands coordinated to the metal center. Evidence is presented 
for a mechanism of cyclohexanone oxime formation involving ini­
tial cuprous hydride formation by heterolytic H2 splitting, followed by deoxygenation of the coordinated nitroalkane anion 
as a rate determining step. Qualitative data for the aliphatic 
amine synthesis are consistent with a somewhat similar mode of 
H2 and substrate activation by the ruthenium catalysts. 

INTRODUCTION 

While a variety of homogeneous catalytic techniques pre­
sently exist for the synthesis of amines and other partially 
reduced species from aliphatic nitrocompounds, many of these 
methods have inherent limitations. Commonly used reagents for 
C-N02 reduction, such as Fe/HCl, Fe/CH3C00H, Sn/HCl, often­times lead to Nef-type hydrolysis of the nitroalkane as a com­
peting reaction, and the cleavage of other functional groups 
(Smith, 1966). Alternate catalysts may recjuire stringent re­
action conditions (e.g. Co2(C0)e, Murahashi and Horiie, 1960, and Fe(C0)3, Hniecik, 1965), have a history of erratic behavior (e.g. Zn/NH4C1, Neunhoeffer and Liebrich, 1938) , or require 
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essentially stoichiometric amounts of catalyst, as in the case 
of LiAlHi.. The purpose of these studies has been to develop 
novel homogeneous hydrogénation catalysts for the selective re­
duction of nitroaliphatic compounds, which show improved turn­
over numbers, and which are active in media that are non-acidic 
(thereby avoiding Nef-type hydrolysis as a competing reaction), 
non-aqueous (since many higher MW nitrocompounds are only mar­
ginally soluble in water) and preferably basic, thereby favor­
ing the formation of the more reactive nitroalkane anion (Smith, 
1966) . Iwo homogeneous catalyst systems are described in this 
paper; both satisfy the above criteria. Group IB metal salts 
in alkylpolyamine solvents have been found to be excellent for 
the selective hydrogénation of nitroalkanes to oximes (eq 1). 
Here particular attention has been given to the synthesis of 
cyclohexanone oxiine in view of its importance as a precursor of 
Nylon-6. Ligand-stabilized ruthenium and iron complexes such 
as dichlorotris (triphenylphosphine) ruthenium (II) are catalyst 
precursors for the hydrogénation of nitroalkanes to amines 

R' R' 
"^CHN02 + H2 > = NOH + H20 (1 ) 

R R ^ 

(eq 2) both in neutral and strongly basic media. Other nitro­
gen-containing functional groups may also be hydrcgenated with 
these catalysts; they may also be used for the selective and 
sequential hydrogénation of nitroaromatics (Knifton and Suggitt, 
1974). 

R
1
 R

1 

^ C H N 0 2 + 3H2 » ^ C H N H 2 + 2H20 (2) 
R ^ R ^ 

RESULTS 

Synthesis of Aliphatic Oximes 
The synthesis of alkyl oximes from nitroalkanes may be 

most conveniently carried out in alkylpolyamine solvents con­
taining copper(I) salts under moderate pressures of hydrogen. 
Illustrated in Table I are typical syntheses from various pri­
mary and secondary nitroalkanes. While the technique most 
readily lends itself to the preparation of linear and cyclic 
aliphatic oximes, such as dodecanone oxime and cyclohexanone 
oxiine (expt 3-5), certain substituted nitroalkanes, exemplified 
here by α-nitrotoluene and methyl 4-nitropentanoate, may also 
be selectively reduced to the corresponding oximes in modest 
yields (eq 3 and 4). The cyano group in a- (2-cyanoethyl) -nitro-
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^g)_CH2-N02 > < ^ > -CH=NOH (3) 

CH3 N02 CH3 » ^ C = N O H (4) 
C H30 0 C C H2C H 2̂  ^ " H CH3OOCCH2CH2 

dodecanes undergoes at least partial hydrogénation to amine dur­
ing concomitant reduction of the nitro group, and a mixture of 
products, including a- (3-arninopropyl)-nitrosododecanes in low 
yields (eq 5) , are obtained. Other substituted nitroalkanes, 
notably those containing carbonyl, alcohol and olefinic link­
ages, suffer loss of functionality during hydrogénation in the 
copper (I)-amine media, due in part to solvent displacement of 
the functional group as in the case of 2-nitrocyclohexanone and 
3-nitro-2-pentanol (expt 9 and 10) or because of competing oli-
gcmerization reactions, as in the case of 3-nitrostyrene (expt 
11) . The aliphatic oximes may also be prepared in good yields 
from paraffin diluted nitroalkanes such as might be produced 
by paraffin nitration. This is illustrated in Table I for ni­
trated n-dodecane. 

R N02 R NO 

^CCf > (5) 
NCCH2CH2 ^ R

1
 H 2N C H 2C H 2C H 2̂  ^ R ' 

Of particular note is the truly catalytic character of 
this oxime synthesis. While initial ηitrocyclohexane-to-copper 
(I) mole ratios normally range from 10 to 30, catalyst recycle 
has been demonstrated, and in a typical experimental series, a 
total of 0.4 mole of nitrocyclohexane, in four 0.1 mole batches, 
was hydrogenated to cyclohexanone oxime with a sample of copper 
(I) chloride (0.013 mole) in ethylenediamine. Both the catal­
ytic activity, as measured by the rate of consumption of nitro­
cyclohexane (see Figure 1) and the yield of cyclohexanone oxime, 
isolated by solvent extraction, were maintained over the four 
cycles; the inaximum productivity of the catalyst would certain­
ly exceed this figure. The major by-product is water (eq 1) 
and there is no evidence for reduction of the copper salts to 
the metal, or hydrolysis to the oxide, except at high catalyst 
concentrations. 
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TIME, (min.) 

Fig. 1. Nitrocyclohexane hydrogénation, catalyst recycle study. 

Catalyst Composition 
The aldoxime and ketoxime syntheses shown in Table I were 

each carried out using copper (I) salts in alkylpolyamine as 
catalyst, primarily solutions of copper (I) chloride in ethyl-
enediamine. Cyclohexanone oxime synthesis may also be demons­
trated with solutions of silver(I) and copper(II) salts (see 
Table II). The slower rates of reduction, and low oxinne yields, 
obtained with silver (I) acetate and nitrate (expt 15-17) are 
due primarily to accompanying reduction of the silver ions to 
the metal, which can only be avoided by operating at much lower 

TABLE I I . Cyclohexanone Oxime Synthesis Catalyzed by Group IB and IIB Metal Salts'-

Nitrocyclohexane- - - Cyclohexanone . 

Expt Metal Sal ts Conversion (%) Rate (M-h r '

1
) Oxime Yield (mol %)

D 

12 Copper(I) Chloride 100 1.10 93 

13 Copper(I) Acetate 100 0.41 80 

14 Copper(I I) Acetate Monohydrate 100 0.40 78 

15 S i l v e r ( I ) Acetate 8.9 ^ 0 . 0 1

c
 6.7 

16 S i l v e r ( I ) Nitrate 71 0.06 43 

17 S i l v e r ( I ) N i t ra te

d
 <1 «0.01 Trace 

18 Mercury( I I ) Chloride None 
experimental Condit ions: 0.47 M [RN02] ; 57 mM [Cu] or [Ag] ; Solvent , Ethyl enedi ami ne; 95° ; 50 atm H2. 
b
Cyclohexanone oxime y ie ld based on nitrocyclohexane charged.

 c
Extens ive precip i tat ion of s i l ve r metal 

during this run. ^Reaction Temperature 22°. 
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temperatures (~22°) where oxime formation is extremely slow. 
Rates of nitrocyclohexane reduction for comparable solu­

tions of copper(I) and copper(II) acetates in ethylenediamine 
are essentially equivalent (expt 12, 14). This result is some­
what surprising since copper(I) salts in basic media are repor­
ted to be significantly more active for hydrogen activation 
than those of copper(II) (Halpern, 1965). Furthermore, reduc­
tion of copper(II) by hydrogen is itself copper(I) catalyzed in 
solvents like quinoline (Calvin and Wilmarth, 1956). These 
latter reactions are evidently not rate determining under the 
conditions of nitroalkane reduction described in Table II, 
utilizing ethylenediamine as solvent and superatmospheric 
pressures of hydrogen, since reduction rates with copper(I) and 
copper (II) acetate are so similar. The apparent order of acti­
vity for the Group IB and IIB metal salts, for constant anion, 
is then: 

Cu(I> ζ Cu(II) > Ag(I) » Hg(II) (6 ) 

Selective reduction of nitroalkanes to oximes is normally 
favored by strongly basic reaction conditions (Knifton, 1973). 
In this work, solvent studies were concerned with the effect of 
the anuLne solvent structure upon the rate and yield of cyclo­
hexanone oxime formation (see Table III). The trends are simi­
lar to those noted previously for the CO-reduction of nitro­
alkanes by copper (I)-amine solutions (Knifton, 1973), and for 
the hydrogénation of silver salts in amines (Halpern and Milne, 
1960). Reaction rates, as measured by the formation of cyclo­
hexanone oxime, are maximized with highly basic alkylpolyamine 

TABLE I I I . Cyclohexanone Oxime Synthesis in Various Amine Solvents

d 

Solvent — κ Nitrocyclohexane Yield of Isolated 

Composition pj<a Conversion (%) Cyclohexanone Oxime (mole %)

c 

19 Pyridine 5.45 <5 None 

20 Triethanolamine 8.02 50 Trace 

21 Morpholine 8.70 35 20 

22 Diethanolami ne 9.00 80 22 

23 Diethylenetriamine 9.94 98 50 

24 Ethylenediamine 10.18 100 78 

25 n-Hexylamine 10.4 100 14 

26 3,3'-Iminobispropylamine 10.65 100 74 

27 Piperidine 11.28 100 20 a
Typical run condit ions: 0.1 M [CuCl] , 1.0 Μ [^Η,,ΝΟ.] , 95° , 50 atm H2.

 b
Data taken from "S tab i l i t y 

Constants of Metal-Ion Complexes," Section I I : Organic L igands, Chem. Soc. Spec. Pub!. No. 17, 1964, 
and Supplement No. 1 , Spec. Publ. No. 25, 1971.

 c
Cyclohexanone oxime y ie ld based on nitrocyclohexane 

charged. 
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solvents such as ethylenediamine and 3,3
1
 -irtdnobispropylaitrine 

(expt 23, 26), although the high solubility of the cyclohexa-
none oxime in certain of these solvents (e.g. diethylenetria-
mine, expt 24) precludes ease of separation of this oxime from 
the crude hydrogénation product. Less effective are highly 
basic nonoandnes like piperidine (expt 27), and other liquid 
amines of base strength less than about 9 pKa units. An earlier 
more exhaustive, study of solvent effects for the Cu(I)-CO sys­
tem (Knifton, 1973), served to demonstrate that here too cata­
lyst activity is favored by alkylpolyamine solvents, with no 
nitroalkane reduction being detected with amine solvent of pK^ 
<9.2. -

Also considered, briefly, was the effect upon the hydro­
génation activity of the copper catalyst of certain Lewis bases 
capable of π-back bonding. Copper(I) is known to form series 
of stable complexes with both triaryl and trialkylphosphines 
(Booth, 1964), the trialkylphosphines, in particular, stabili­
zing copper (I) against oxidation to the +2 state (Axtell and 
Yoke, 1973). In a series of experiments, rates of nitrocyclo-
hexane reduction were measured using standard catalyst solu­
tions (0.1 M copper (I) chloride in ethylenediamine) containing 
added triphenylphosphine, triphenylphosphite and tri-n-butyl-
phosphine (P:Cu=3.3). In all three cases the added ligands re­
sulted in slower rates of reduction and lower oxime yields. 
The order of increasing inhibition was: 

P(0C6H5)3 < P(C6H5)3 < P(n-Cz.H9)3 (7) 

with the more weakly complexing triphenylphosphite showing the 
smallest effect. 

Synthesis of Aliphatic Amines 
Various soluble ruthenium and iron complexes with π-accep-

tor ligands have been found active for the hydrogénation of ni-
troalkanes to amines. Particular attention has been given to 
those complexes known to catalyze homogeneous hydrogénation re­
actions, and/or transformations of the C-N02 function. In 
Table IV are illustrated some typical syntheses of dodecylami­
nes from 2-through 6-nitrododecanes, carried out in oxygen-free 
benzene, ethanol mixture. Generally ruthenium complexes such 
as dichlorotris (triphenylphosphine) ruthenium (II), proved to be 
superior catalyst precursors in this application (Knifton, 1975). 
With solutions of the RuCl2(PPh3)3 complex, advantages of this technique over existing methods of reducing nitroalkanes via 
homogeneous catalysis (see for example Smith, 1966; Murahashi 
and Horiie, 1960; Kniecik, 1965; and Alper, 1972) include the 
good (up to 88 mole %) yields of alkyl amine obtained, with 
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TABLE IV . Synthesis  of  Dodecyl lamines from  Nitrododecanes Cataly zed  by  Rutheni im  and Iron  Complexes a,b 

Added Mole Ratio Press H 2 C 12 H2 5N H2 Relative 
Base C1 2H2 5N 02 Ru.Fe Base (atm) Yield (mole %)

c 
Rate

d 

KOH 100 ! 200 90 54 
10 1 20 88 1-1.5 

3 1 6 81 
" 3 1 6 34 59 

3 1 6 1 <5 
10 1 20 0

e 
<1 

C5H5N 3 1 20 90 33 
(E t )3N 10 1 20 83 0.90 
None 10 1 57 1.00 

10 1 60 0.95 
10 1 79 2.1 
10 1 77 2.9 
10 1 " 57 1.1 
10 1 1.7 < 0 . 1 

KOH 10 1 20 23 
10 1 20 6 7

f 

1 1 2 67f 
" 2 1 4 " 16 

Ex£t 

28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

42 
43 
44 
45 

R u C l2( P P h3)3 

RuHCl(PPh3)3 R u C K ( A s P h3)2 R u C l2( S b P h3)3 R u C l2( D I P H 0 S )2

g 

R u C l2( P P h3)3 +2PPh3 RuCl2(C0)2(PPh3) Ru (C0)3Cl2 Fe(C0)5 Fe (C0 )3(PPh3)2 a
A mixtur e o f isomer s 2 - throug h 6-nitrododecanes .

 b
Run condi t ions : 0 .001-0.0 2 M  Ru , 120° , 1- 6 hr . 

C
C 1 2H 2 5N 2 y ie l d dat a refe r t o maximu m dodecylamin e y i e l d s , base d upo n nitrodgdecan e charged , fo r reactio n 

times u p t o 6  hr . Th e dat a wer e estimate d b y bot h i r an d glp c techniques .

 d
Rela t ive rat e dat a ar e base d 

upon th e maximu m observe d rate s o f nitrododecan e reductio n fo r eac h experiment , a s determine d b y g lpc , 
with exp . 9  a s th e bas e (reference ) case .

 e
Run unde r N 2 (6 8 atm) .

 f
Extens ive precipi tat io n o f rutheniu m 

or iro n complex . 9DIPH0S , ( C 6H5)2P C H2C H2P ( C6H , )2. 

improve d  catalys t  turnover ,  withou t  th e  nee d  fo r  a n  aqueous , 
acidi c  medi a  whic h  coul d  resul t  i n  competin g  Nef-typ e  hydroly ­
sis .  N o  amin e  i s  detecte d  i n  th e  absenc e  o f  rutheniu m  o r  iro n 
complex ,  no r  doe s  reductio n  procee d  i n  th e  absenc e  o f  hydroge n 
(exp t  3 3 ) .  Thi s  i s  i n  spit e  o f  report s  b y  Sasso n  an d  Blu m 
(1971 )  tha t  primar y  carbinol s  ma y  ac t  a s  hydroge n  donor s  t o  th e 
R u C l 2 ( P P h 3 ) 3  complex ,  an d  th e  fac t  tha t  man y  nitroaromatic s  hav e 
bee n  reduce d  b y  catalyti c  transfe r  hydrogénatio n  (Briege r  an d 
Nestrick ,  19 7 4 ) . 

Fo r  a  serie s  o f  rutheniu m  complexe s  wit h  tertiar y  Grou p  V B 
dono r  ligand s  (exp t  37-39 )  th e  rat e  o f  hydrogénatio n  appear s  t o 
increas e  wit h  decreasin g  ligan d  strengt h  (Hendrici-Oliv e  an d 
Olive ,  197 1 ) ,  i n  th e  order : 

P P h 3 <  A s P h 3  <  S b P h 3 (8 ) 

Improve d  yield s  o f  dodecylamin e  ar e  generall y  obtaine d  unde r 
superatmospheri c  pressure s  o f  hydroge n  (>3 0  atm ;  exp t  30-32 ) 
an d  i n  th e  presenc e  o f  adde d  alkal i  o r  organi c  base s  suc h  a s 
triethylaitdn e  (cf .  exp t  29 ,  3 5  an d  3 6 ) .  Generally ,  a s  i n  th e 
reductio n  o f  nitroaromatic s  (Knifto n  an d  Suggitt ,  1974 ; 
L'Eplattenier ,  e t  al ,  1970 )  iro n  complexe s  wer e  foun d  les s  ef ­
fectiv e  tha n  th e  rutheniu m  complexes ;  the y  als o  sho w  lowe r  sta ­
bilit y  i n  th e  alkal i  media . 
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DISCUSSION 

For a wide variety of transition and post-transition metal 
ions in solution, activation of molecular hydrogen leads to the 
formation of reactive metal-hydride complexes (Harmon, et al, 
1973). Generally hydride formation proceeds by one of two 
mechanisms involving hemolytic or heterolytic cleavage of the 
H2 molecule. Copper (I) and silver (I) ions are known to acti­
vate molecular hydrogen by both paths (e.g. eq 9 and 10). Gen­
erally, however, the path involving heterolytic cleavage (eq 9) 

Cu
+
 + H2 > CuH + H+ (9) 

2Cu
+
 + H2 > 2CuH

+
 (10) 

will be favored wherever the metal ion is surrounded by basic 
ligands, or solvents of high polarity, due in part to a) sta­
bilization of the released proton, and b) suppression of the 
reverse reaction. This effect can be seen quantitatively in 
the activation energy data for heterolytic splitting of H2 by silver(I) in the presence of various complexing agents of in­
creasing base strength (Table V) . 

Group IB hydride species are generally labile, and in the 
absence of a suitable substrate, will tend to dissociate to the 
metal, or undergo the reverse reaction to regenerate hydrogen. 
In the presence of certain oxidizing agents, however, catalytic 
reduction by hydrogen has been observed. Examples include the 
reduction of dichromate and permanganate by hydrogen with aque­
ous solutions of silver(I) salts (Webster and Halpern, 1957), 

TABLE V . Ligand Effects Upon the Activation Energies for 
Reaction: 

Ag
+
 + H2 > AgH + H

+ 

S i l v e r S a l t S o l v e n t E(kca1 m o l "

1
) 

S i l v e r Ace ta te Water 24 
S i l v e r Heptanoate Heptano ic A c i d 19 
S i l v e r Ace ta te P y r i d i n e 13 -16 
a
D a t a taken from H a l p e r n , 1959 . 
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and the reduction of p-benzoquinone (Calvin, 1938) and carboxy-
lic acid (Stouthamer and Vlugter, 1965) by hydrogen and solu­
tions of copper (I). For the reduction of aliphatic nitro com­
pounds to the corresponding oximes, the involvement of inter­
mediate copper(I) and silver(I) hydride complexes in the alkyl­
polyamine solvents would be consistent with these studies, and 
related work by Wright and Weller (1954) and by Halpern (1965) 
on H 2 activation by Group IB ions in quinoline and other amine 
bases. In the case of the oxime synthesis, the hydride source 
need not necessarily come from molecular hydrogen. Certain 
other hydride sources are also effective, although only under 
non-catalytic, near-stoichicmetric, conditions (see Table VI). 
Sodium borohydride, which does not normally reduce nitroalkanes 
(Gold and Klager, 1963), and hydrazine, both yield significant 
quantities of cyclohexanone oxime in the presence of ethylenedi­
amine solutions of copper (I) (expt 46-47). Lithium aluminum 
hydride, which is reported to reduce nitroalkanes to the corres­
ponding amines in ethereal solution (Nystrom and Brown, 1948), 
and ketoximes in basic media, is not effective. Control expe­
riments under nitrogen (expt 49), in the absence of either mo­
lecular hydrogen, or an alternate hydride source, also failed 
to show the formation of oxime. 

The :Lmportance of intermediate hydride species may be 
inferred also from available rate and isotopic exchange studies 
(Knifton, 1974). For the reduction of nitrocyclohexane cata­
lyzed by solutions of copper(I) chloride in ethylenediamine, 
the rate of cyclohexanone oxime formation is sensitive to ap­
plied hydrogen pressure only below about 5 atm. Under higher 
H2 pressures, the rate expression is of the form. 

-d [RN02 
dt 

[Cu][RN02] 
1+k [RN02] 

TABLE V I . Nitrocyclohexane Reduction by Var. Reducing Agent: 

Expt Reducing Agent 

46 NaBH,. 

47 N2H„ 

48 Li Al H.. 

49 None

d 

Reaction 
[RNOJ / LHJ Time (min) 

0.42 

0.31 

0.31 

All .experiments run under 1 atm 
upon nitrocyclohexane ch 
experiment with no added reducing agen 

180 

150 

Nitrocyclohexane 
Conversion (%) 

59 

57 

Cyclohexanone 
Oxime Yield (mole %)

b 

17 

49 

inder 1 atm ni t rogen, 57 mmole [CuCl] ; 0.47 mole [RN02] ; 85°.

 b
Y 

charged. Extensive precipi tat ion of so l ids during th is run.

 d
A 

led reducing agent. 

eld based 
control 
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for which the effective constant, k, is 17 M"
1
, hr""

1
. Deuterium 

studies indicate a kinetic isotope ratio of at least 1.2. This 
ratio is comparable to those reported for other cuprous cata­
lyzed hydrogénations (see Chalk and Halpern, 1959). No deuter­
ium could be detected in the eyelohexanone oxime after work-up; 
apparently, the primary function of the CuH intermediate (eq 9) 
is to effect deoxygenation of the nitro group, rather than 
hydride addition. 

Preferred reaction conditions for the paraffin arnine syn­
thesis (50-150 atm H2, 90-130°, excess alkali, see Table TV), should also favor the formation of labile ruthenium-hydrido 
species. Solutions of the RuCl2(PPh3)3 complex in benzene, ethanol and other solvents have found extensive application in 
hydrogénation catalysis, particularly for the reduction of 1-
olefins (Hal-Lman, et al, 1968), and the enhancement of activity 
by base additives is well documented. Nisliimura, et al, (1973) 
attribute this improved activity to the base promoted formation 
of intermediate hydrochlorotris(triphenylphosphine)ruthenium(II) 
as.depicted by eq 12. Even in the absence of alkali, the alka-
nol cosolvent, or in this case the amine product, may serve as 
promoters for this hydride formation step. The inportance of 

RuCl2(PPh3)3 + H2 + Base v
 s

 RuHCl(PPh3)3 + Base-HCl (12) 

the RuHCl(PPh3)3 complex in the amine synthesis is consistent with the observed similar hydrogénation rates for RuHCl(PPh3)3 and RuCl2(PPh3)3 (expt 36 and 37), induction periods prior to 
hydrogénation with RuCl2 (PPh3) 3, and the spectra of recovered catalyst samples (ν (Ru-H) 2020 cm"

1
). Basic reaction condi­

tions should also favor deprotonation of the nitroalkane to its 
anionic form, by shifting the equilibrium of eq 13 further to 
the right. Generally, the selective reduction of nitroalkanes 

RR
f
 CHNO 2 + B:v

 %
( R R

T
C N 02) ~ + BH

+
 (13 ) 

to alkyl amines or oximes proceeds most readily via the prior 
formation of the nitroalkane anion (Knifton, 1973, 1974). 
While the pK values for short chain primary and secondary nitro­
alkanes in aqueous media are of the order 8-10, in highly basic 
solvent media the nitroalkane molecule will be extensively de-
protonated to the anionic form (Smith, 1966). This has been 
confirmed spectroscopically (Knifton, 1973). In the alkyl a-
mine synthesis, the addition of certain other Lewis bases, such 
as pyridine, leads to catalyst deactivation (expt 34, Table IV), 
as does the presence of the strongly coordinating CO molecule 
(expt 42 and 43). 

The critical role played by the solvent in reaction (1), 
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particularly regarding its basicity and chelation properties, 
is evident from the data in Table III. The function of the 
preferred alkylpolyamine solvents, like ethylenediamine, may be 
at least three-fold. Firstly, the more basic solvents will 
favor both the formation of CuH by stabilizing the released 
hydrogen ion (eq 9), and as better σ-donors to the copper (I), 
the electron transfer steps involved in subsequent RN02 reduc­tion to oxime. Weller and Mills (1953), for example, have re­
ported the activation of molecular hydrogen by cuprous salts in 
organic bases to vary significantly with the base strength of 
the solvent (see also Table V for silver (I) complexes). The 
fact that in this work, however, no nitrocyclohexane reduction 
was detected with pyridine as solvent, even though activation 
of H2 by copper(I) salts in pyridine is well established (Wright, et al, 1955), implies that solvent basicity is a criti­
cal factor in some step other than the initial metal hydride 
formation. 

A second function of the amine solvent will be to favor 
the formation of the nitroalkane anion (eq 13) as discussed 
above. A third function will be to stabilize the cuprous ion 
against disproportionation to the metal, although it is evident 
from the generally negative effect upon catalyst activity of 
adding strongly coordinating phosphines capable of π back-bond­
ing that, as with numerous other homogeneous catalysts, there 
is a rather delicate balance here between the stability, nucleo-
philicity and catalytic activity of the copper complexes. 

Hydrogénation Mechanisms 
A rationale for the nitroalkane reduction to oxime, consis­

tent with the available data, is presented in Scheme 1. The 
initial reaction, heterolytic splitting of H2 by solvated cop-peril) to form a hydride complex, is followed by nucleophilic 
displacement, or addition, to the coordination sphere of the 
copper complex (Axtell, et al, 1973), by the nitroalkane anion, 
to give the labile intermediate I. Partial deoxygenation of 
the coordinated nitroalkane anion by hydride attack through the 
quasi-cyclic transition state II_ would yield the product oxime 
without the need to involve the nitroso tautomer (Smith, 1966). 
Consistent with the isotopic and kinetic data, at moderate hy­
drogen pressures, deoxygenation of the nitroalkane anion is re­
garded as a slow, rate determining step. 

Structure I_ in Scheme 1 is shown involving metal-oxygen 
rather than metal-carbon bonding by analogy with known nitro­
alkane complexes (Lee, 1972). Subsequent deoxygenation of the 
coordinated nitroalkane has been invoked earlier in studies of 
nitrocompounds reduced by iron and ruthenium carbony Is (Alper, 
1972), although there reductions were believed to proceed via 
complete deoxygenation of the -N02 group, with the formation of 
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SCHEME I
3 

LxCu(I) + H2 ν ^ LxCuH + H+ 

LxCuH + y N=CRR
T 

LxCu N+^CRR* 
/ 0 

LvCu a=CRRt 

I I 

LxCu(I) + RR
1
C=NOH + OW 

a
Where L x r e f e r s to coo rd i na ted s o l v e n t . 

nitrene-like intermediates stabilized by bonding to the metal. 
The lack of evidence for alky lamine by-products and dimeric de­
rivatives in this work, particularly azo and azoxy compounds, 
mitigates against the involvement of nitrenes here and is con­
sistent with only partial deoxygenation of the nitro anion. 

The proposed mechanism for nitroalkane hydrogénation to 
amine (Scheme 2) also involves initial heterolytic splitting of 
molecular hydrogen, followed by dissociation to the trans-hydrido 
chlorobis (triphenylphosphine)ruthenium(II) complex. III (James, 
1973). This would be consistent with similar hydrogénation 
rates for RuHCl(PPh3)3 and RuCl2(PPh3)3 (expt 36 and 37), the 
observed promotional effect of added alkali, inhibition by ex­
cess triphenylphosphine (expt 41), and the increasing rate with 
decreasing ligand strength in the order of eq 8. Subsequent 
coordination of the nitroalkane anion with III could proceed 
through halide or solvent displacement, according to the degree 
of ionic dissociation of the ruthenium complex (James and 
Markham, 1974), and involve the formation of five coordinate 
ruthenium species. Certainly recovered catalyst samples often 
show strong maxima at 1580 cm"

1
, assignable to v(N02) vibrations of the coordinated RR'CN02~ anion (Lee, 1972), together with some evidence for the presence of ruthenium carbony 1 species 

(ν(ΟΞΟ) 1950 cm"
1
) as a result of ethanol decarbonylation 

(Vaska, 1960). Deoxygenation of the coordinated nitroanion to 
give IV will be followed by the stepwise oxidative addition of 
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SCHEME  2 

R u C l 2 ( P P h 3)3 +  H 2  +  ba s e  s
 N

 R u H C l ( P P h 3 ) 3  +  b a s e - H C l 

R u H C l ( P P h 3 ) 3  v R u H C l ( P P h 3 ) 2  +  P P h 3 
I I I 

R u H C l . ( P P h 3 )  2  +  (R R
f
 CN 0 2 )  "  »  R u C l ( P P h 3 )  2  (RR *  C N O )  +  O H " 

II 
R u C l ( P P h 3 ) 2 ( R R ' C N O )  +  3 H 2  £  »  R u H C l ( P P h 3 ) 2  +  R R

I
C H N H 2  +  H 2 0 

hydroge n  (James ,  1973 )  an d  th e  eliitiinatio n  o f  produc t  amin e  an d 
element s  o f  water .  Th e  dependenc e  o f  th e  rat e  upo n  applie d  H 2 pressure ,  an d  substrat e  concentration ,  make s  i t  likel y  tha t  th e 
fina l  equatio n  o f  Schem e  2  contain s  on e  o r  mor e  slow ,  rat e  de ­
termining ,  steps ,  bu t  mor e  detaile d  kineti c  dat a  woul d  b e  need ­
e d  befor e  commentin g  furthe r  o n  th e  natur e  o f  thes e  steps . 
Sinc e  n o  alky l  amin e  i s  detecte d  i n  th e  absenc e  o f  molecula r 
hydroge n  (exp t  3 3 ) ,  i t  i s  unlikel y  tha t  th e  ethano l  cosolven t 
i s  a n  importan t  hydrid e  sourc e  here .  A  thir d  potentia l  hydro ­
ge n  sourc e  come s  fro m  th e  ortho-metallatio n  o f  th e  R u H C l ( P P h 3 ) 2 (e q  1 4 ) . 

( P h 3 P ) 2 R u H C l  >  ( P h 3 P ) R u ^  +  H 2  ( 14 ) 

P h 2 P - < ^ 5 ) 

Ortho-metallatio n  ha s  bee n  applie d  t o  th e  selectiv e  deuteratio n 
o f  H R u C l ( P P h 3 ) 2  (Parshall ,  e t  al ,  19 6 9 ) ,  an d  th e  stoichiometri c 
reductio n  o f  alkene s  (James ,  e t  al ,  197 4 ) ,  bu t  i s  normall y  slo w 
compare d  t o  hydrogénation s  catalyze d  b y  RuHC l  (PPh 3  )  3  (se e 
Hallman ,  e t  al ,  19 6 8 ) .  Othe r  alternative s  t o  Schem e  2  includ e 
th e  possibl e  formatio n  o f  polyhydrid o  species ,  lik e  H 2 R u ( P P h 3 ) 3 , prepare d  b y  Eliades ,  e t  al ,  (1970) ,  b y  th e  hydrogénatio n  o f 
R u C l 2 ( P P h 3 ) 3  i n  th e  presenc e  o f  triethylamin e  (e q  1 5 ) . 

R u H C l ( P P h 3 ) 3  +  H 2  +  Ba s e  *  R u H 2 ( P P h 3 ) 3  +  Base-HC l  ( 15 ) 

A  mor e  detaile d  examinatio n  o f  C - N 0 2  hydrogénatio n  t o  amin e  b y 
solubilize d  rutheniu m  complexe s  ha s  bee n  foun d  possibl e  wit h 
nitroaromati c  substrate s  (Knifto n  an d  Suggitt ,  197 4 ) ,  wher e  th e 
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techniqu e  ha s  bee n  extende d  t o  bot h  selectiv e  an d  sequentia l 
hydrogénatio n  catalysis . 
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USE OF HYDRAZINE-RUTHENIUM ON CARBON FOR SELECTIVE 
SYNTHESIS OF NITRO-SUBSTITUTED c^PHENYLENEDIAMINES 
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INTRODUCTION 

Among the precursors of heterocycles, a-phenylenediamines 
are especially useful as starting materials. They may be used 
in the synthesis of several heterocyclic systems of varying 
ring size including benzimidazoles, quinoxalines, and 1,5-ben-
zodiazapines. Often it is desired to have a nitro group at a 
specific position in the product either to observe the effect 
on some biological activity or to use the nitro group for fur­
ther synthetic transformations. In order to obtain a single 
isomer, the synthesis of a specific nitrc^o^phenylenediarnine is 
often required. 

Nitro-substituted o-phenylenediamines have been synthe­
sized by selective reduction of polynitroanilines or polynitro-
benzofurazan-N-oxides as shown in Figure 1. Historically the 
method of choice has been the reduction of polynitroanilines, 
such as the 2,4-dinitroaniline shown, with sulfide ion, espe­
cially in alkaline medium, to give the o-phenylenediainine. 
Schroter (1957) has presented a brief review of the scope of 
this reaction. The utility of this reduction is limited at 
times by poor yields, problems with removing sulfur or sulfur-
containing by-products, and odor and toxicity arising from the 
use of hydrogen sulfide or other sulfides—especially on a 
large scale. Recently, Lyle and LaMattina (1974) reported a 
controlled catalytic reduction of certain 2,6-dinitroanilines. 
Reduction of the anilines shown in Figure 1 at low pressure 
over palladium on carbon in 1,2-dimethoxyethane-chloroform to 
the theoretical uptake of hydrogen gives good yields of the o-
phenylenediainine. Extension of this reduction beyond these 
examples has not been reported. As another approach, Boyer 
and Schoen (1956) reduced 3,5-dinitro-l,2-dinitrosobenzene with 
hydriodic acid to give 3,5-dirLitrcr-oj-phenylenediamine. 

One further single example of such a selective reduction 
was reported by Pitre" and Lorenzotti (1965). They synthesized 

273 



JOHN L. M I E S E L , et al. 

R = C F3, C H3, C 02E t , C 02H 

Figure 1. Syntheses of nitro-substituted q^phenylenediamines. 

4-rutrc^c^phenylenediamine by reaction of 2,4-dinitroaniline 
with 1.5 equivalents of hydrazine (the calculated amount) in 
the presence of 5% palladium on carbon in refluxing ethanol. 
Further studies of their procedure in our laboratories have 
shown that it is an exceptionally useful synthesis of nitro-
substituted o^phenylenedianrLnes. With certain adaptions and 
variations, which will be discussed, we have found this syn­
thesis is quite broad in scope, usually devoid of experimental 
difficulties, and adaptable to quantities from 1 g to 1 kg. 

RESULTS AND DISCUSSION 

Reduction of 2,6-Diriitroanilines 
The range of 4-substituted-2,6-dinitroanilines subjected 
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Reaction succesful when R is: Reaction unsuccessful when R is: 

CH3 CF3 S02N(CH3)2 C02H C2H5 CHF2 CI 1 
C(CH3)3 C02C2H5 I C — Ν 
C6H5 CN SCH3 II II 

S02NH2 0CH3 .C Ν S02NH2 ' \ / S 

Figure 2. 2,6-Dinitroanilines reduced by NH2NH2-Ru/C 

Detailed experimental procedures for reactions on both a 
laboratory scale and a prep lab scale are given in the Experi­
mental Section; however, some general comments can also be made 
regarding starting materials and reaction conditions. Commer­
cial hydrazine has been used in all these reactions either as 
anhydrous hydrazine or as any of the readily available hydrate 
solutions. Five percent ruthenium on carbon catalyst has been 
normally used, but the use of other catalysts will be discussed 
later in the paper. Commercial denatured ethanol has been the 
only solvent in any of our reactions, although Furst et al, 
(1965), in a review, reports the use of other solvents for non­
specific hydrazine-catalyst reductions. Some variation in re­
action conditions may be needed for best results in individual 
examples. The starting aniline may either be in solution or in 
a solution-suspension, but seme solubility in ethanol is essen­
tial. It is best for the reaction mixture to be above 60° be­
fore the addition of the hydrazine; this avoids side reactions 
in a case such as the 4-methoxy compound. The quantity of hy­
drazine used may vary from the theoretically calculated amount 
to a 5-10% excess to give the cleanest product. In kilogram-
scale reactions, 5-10% excess hydrazine is always necessary as 
the tremendous volumes of nitrogen evolved in these large-
scale reductions apparently sweep out some of the added hydra-
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zine. In most reactions excellent results are achieved by add­
ing the hydrazine solution in a small amount of ethanol in one 
portion. But in the case of the strong electron-donating 4-
substituents, methoxy and thiomethyl / this procedure leads to 
the formation of small quantities of the triamine, <10% by nmr 
of the crude reaction mixture, along with unreacted aniline. 
Drcpwise addition of the ethanolic hydrazine to the hot aniline-
catalyst solution gives a slightly cleaner product in these two 
cases. 

In most cases work-up of the diamine product is extremely 
sijrcple. Filtration of the solution to remove catalyst and eva­
poration of the filtrate generally gives the diamine product 
in better than 90% purity. The slight impurity is often only 
a trace of unreacted aniline. For most synthetic purposes the 
crude product can be used directly, but a single recrystalliza-
tion will give analytically pure product. This reduction pro­
cedure gave neither hydrogenolysis of halogen nor was it affect­
ed by the catalyst-deactivating group - SCH3. Groups potential­
ly liable to attack by hydrazine, difluoromethyl and carboe-
thoxy, were not transformed in the reaction probably due to the 
speed of the reduction. 

The two failures of this reduction of 2,6-dinitroanilines 
should be discussed. The 4-thiadiazolyl derivative is insol­
uble in boiling ethanol and gives only starting aniline from 
the normal reduction procedure. Reduction of the 4-carboxylic 
acid could have failed either because of extreme insolubility 
or because of formation of the benzoic acid salt of the hydra­
zine. 

Reduction of 2,4-Dinitroanilines 
Reduction of 2,4-dinitroanilines with hydrazine-ruthenium 

on carbon is not as facile as the reduction of 2,6-dinitroani­
lines. The clean reduction of 2,4-dinitroaniline itself was 
the reaction originally reported by Pitre' and Lorenzotti. The 
substituted anilines shown in Figure 3 were cleanly reduced to 
the corresponding Oj-phenylenediamines using the usual condi­
tions. A typical example is given in the Experimental Section. 

Reduction of 5-chloro-2,4-dinitroaniline under these con­
ditions is unsuccessful. The major product of the reaction is 
the phenylhydrazine arising from displacement of the active 
halogen, isolated as its acetone addition product (Figure 4). 
Even in this reaction a very small amount (>2%) of the diamine 
is obtained; this is determined by the synthesis of the expec­
ted benzijrddazole from a crude reaction fraction. 

A more serious probelm is found in the reduction of a 
series of 6-alkyl-2,4-dinitroanilines. In all cases, the crude 
reaction product is a mixture of diamine, triamine, and unre­
acted aniline (Figure 5). These mixtures do not separate easi-
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Figure 3. 2,4-Dinitroanilines reduced by NH2NH2-Ru/C 

Figure 4. 
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NH2 NH2 NH2 
R N02 NH2NH2 

5% Ru/C 
EtOH, Δ 

STARTING 
MATERIAL 

NO2 NO2 NH2 

R = C2H5f i-C3H7f sec-C4H9, tert-C4H9, sec-C5Hn 

Figure 5. 

ly, and the presence of substantial quantities of triamine in­
terferes with further reactions of the crude product. As the 
alkyl group becomes more bulky, the proportion of triamine in­
creases. When R is tert-butyl, even the best reaction condi­
tions, slew dropwise addition of hydrazine and large amount of 
catalyst, gave only 64% diamine after very careful column chro­
matography. Even then the diamine was contaminated with a 
trace of triamine. totionium poly sulfide reduction of the sec-
amyl compound gives a mixture of diamine, triamine, and aniline 
not significantly different from the hydrazine reduction. 

Reduction of Miscellaneous Nitroanilines 
The only 2,3-dinitroaniline reduced in our studies is the 

anisidine shown in Figure 6. Reduction using the hydrazine-
ruthenium procedure is totally unsatisfactory. The reaction 
product apparently is a mixture of starting material and tria­
mine. Reduction of the two trinitroanilines in Figure 6 is 
more successful. The reduction of a suspension of picramide 
under our usual conditions gives a crude product which is essen­
tially pure o-phenylenediamine by nmr. The tert-butyl compound 
is a more complex case. TIC analysis of the crude reaction 
mixture indicates two major products. One product can be shown 
to be the diamine by synthesis of a benzimidazole derivative 
(Figure 6). The benzimidazole derived from the other possible 
o-phenylenediamine is available from an unambiguous route and 
was not isolated from the reaction. The identity of the other 
major reduction product is not known. 

Reduction of N-Subs tituted Anilines 
Although the products were less useful as synthetic inter­

mediates, we were interested in the effect of N-substitution 
on the selectivity of this reduction procedure. The examples 
in Figure 7 show seme of the systems studied. In two examples 
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H 

Figure 6 . Miscellaneous Anilines Studied 

simple alkyl substitution on the amino group does not affect 
the selectivity of diamine formation. Even in the example 
where the amino nitrogen forms part of an imidazole ring, the 
ortho-nitro group is selectively reduced to give 7-amino-5-
rdtrc)-2-trifluorcmethylbenzimidazole. However, nitroanilides 
cyclize to N-hydroxybenzimidazoles by capture of the interme­
diate hydroxylamine. Reductive cyclization of o-nitroanilides 
was reported by O'Doherty and Fuhr (1973) at the last of these 
conferences. 

Given these results, the attempted selective reduction of 
some dinitrophenylhydrazine derivatives was of some interest 
(Figure 8). Reaction of a simple alkylated phenylhydrazine 
with hydrazine-ruthenium under our standard conditions does not 
give selective reduction but an unworkable mixture of products. 
However, examples of acylated and phosphorylated nitropheny1-
hydrazines do give selective monoreduction. In the case of 
the acyl compound, care is needed to avoid cyclization of the 
intermediate amino product. 
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N 0 0 

/ / ~
C F
3 5% Ru/C 

EtOH, /\ 09N 
P I h' 

NH-C-CH-, 

5% Ru/C 
E t O H , Δ Q J VCH3 

N 
I 
OH 

Figure 7 . Reduction of N-substituted Anilines 

Reduction of Nitro-1,2-dinitrosobenzenes 
It was previously mentioned that hydrazine-ruthenium or 

ammonium polysulfide reduction of 2-alkyl-4,6-dinitroanilines 
gives mixtures of aniline, o-phenylenediamine, and triamine. 
The other possible literature method for effecting this reac­
tion was hydriodic acid reduction of the corresponding 1,2-
dinitrosobenzenes (benzofurazan-N-oxides). The needed dini-
troso compounds were prepared by thermolysis of the dinitro-
phenylazides. Hydriodic acid reduction of the tert-butyl-nitro 
compound in Figure 9 was totally unsuccessful. However, a sim­
ple adaptation of the hydra ζ ine-ruthenium reduction procedure 
surprisingly gives synthetically useful yields of reasonably 
pure products. An exact experimental procedure for a typical 
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NO CLEAN PRODUCT 

N 02 

Figure 8. Reduction of Dinitrophenylhydrazine Derivatives 

example is given in the Experimental Section, Better results 
from the reduction are apparently related to a higher propor­
tion of catalyst to substrate and slow dropwise addition of a 
dilute hydrazine solution. Several 2-alkyl-4-nitro-o-phenyl-
enediamines were successfully prepared by this procedure 
(Figure 9). 

3-Nitro-5-(1,2,3-thiadiazol-4-yl)-o-phenylenediamine can­
not be prepared by hydra ζ ine-ruthenium reduction of the aniline 
due to the insolubility of the aniline. The corresponding 
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R = sec-butyl, tert-butyl, cyclohexyl 

Figure 9 . Reduction of 1,2-Dinitrosobenzenes 

dinitroso compound is much more soluble and its reduction gives 
the diamine sufficiently pure to use as an intermediate. How­
ever, this reduction may not be general. 3-Nitro-5-methy l-o-
phenylenediainine is easily prepared by hydra ζ ine-ruthenium re­
duction of the dinitroaniline, but the reduction of the dini­
troso compound is rather unselective. 

Examination of Other Catalysts 
Most of this work has been done using 5% ruthenium on car­

bon with general success. However, in two examples other cata­
lysts were examined for specificity. The first of these cases 
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was the reduction of 4-airdno-3,5-dinitrobenzotrifluoride. The 
reductions were run under identical conditions varying only the 
catalyst. The nmr

1
 s of the crude products from evaporation of 

the filtered reaction mixture were compared with the spectra of 
aniline, diamine, and triamine (Figure 10). 

R e l a t i v e P r o p o r t i o n s Of 

C a t a l y s t A n i l i n e Diamine T r i am ine Other 

5% Ru /C 4 96 -
5% Pd/C 6 88 6 -
5% P t / C 8 82 3 7 
5% Rh/C 47 6 47 
5% Ru/A lumina - 60 10 30 
Raney Ni m ix tu re too complex to a n a l y z e 

Figure 10. Reduction of 4-Amino-3,5-dinitrobenzotrifluoride 
with Hydrazine-catalyst 

In this case although 5% ruthenium on carbon is clearly 
the most selective catalyst, 5% palladium could be used. Subs­
titution of an alunuLna support for the carbon greatly decreases 
the selectivity of the reduction. A study of the rather unse-
lective reduction of 6-tert-butyl-2,4-dinitroaniline showed no 
qualitative advantage of palladium over ruthenium and Raney Ni 
was again clearly the most unselective catalyst. 

CONCLUSIONS 

(1) Reduction of dinitro and trinitroanilines with hydra-
zine-ruthenium on carbon is a widely useful selective synthesis 
of substituted nitro-o-phenylenediamines. Examples of the 
scope of the reaction and some of its limitations are presented. 

(2) Some substituted-nitro-1,2-dinitrosobenzenes may be 
successfully reduced by hydrazine-ruthenium on carbon to the 
o-phenylenediamines. 

(3) Ruthenium on carbon is the best catalyst for these 
selective reductions within the small group of catalysts tested. 
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EXPERIMENTAL SECTION 

5-Cyano- 3-nitro-o^pheny lenediainine 
To a stirred mixture of 10.0 g of 4-cyano-3,5-dinitroani-

line (0.048 mole) and 1.0 g of 5% ruthenium on carbon (Engelhard 
Industries) in 250 ml of 2B ethanol at 65° was added in one 
portion 2.5 g of anhydrous hydrazine (0.078 mole, 10% excess) 
in a small amount of ethanol. An immediate exotherm and evo­
lution of gas was observed. After the evolution of gas had 
slowed, the reaction was refluxed for one hour. The hot sol­
ution was filtered. The solid precipitate and catalyst were 
refluxed in 100 ml of acetone and filtered. The combined fil­
trates were evaporated to dryness. The solid residue was re-
crystallized from ethanol to give 7.5 g of red needles, mp 
211-211.5° (88% yield). Anal. Calcd. for C7H6NJD2: C, 47.19; 
H, 3.39; N, 31.45. Found: C, 46.95; H, 3.56; N, 31.20. 

3-Nitro- 5- trifluoromethyl-o-pheny lenediamine 
One kilogram of 2,6-dinitrc>-4-trifluoromethylaniline (3.99 

mole) and 25 g of 5% ruthenium on carbon in 12 1 of ethanol 
were stirred in a 22-1 five-neck round-bottom flask equipped 
with an overhead stirrer, two large-bore condensers, a thermo­
meter, and an addition funnel. This mixture was heated to 
55-60° and the heating bath drained. To this was added in a 
rapid dropwise fashion 370 g of 85% hydrazine hydrate (6.29 
moles, 5% excess). The reaction temperature was allowed to rise 
to reflux. When the exotherm had ceased, the reaction was re­
fluxed for one hour. The hot solution was filtered through a 
pad of Hyflo-Super Cel which was then washed with hot ethanol. 
The filtrates were concentrated under vacuum and chilled. The 
precipitate was filtered, washed, and dried to give 657 g of 
crude product. The crude product was recrystallized from 2 1 
of methanol by the addition of 2 1 of water and chilling to 
give 600 g (68% yield) of red solid, mp 125° [Lit. mp 123.5-
125°; Lyle and LaMattina (1974)]. 

3-Chloro- 5-nitro-o-phenylenediamine 
To a stirred

-
mixture of 8.7 g of 2-chloro-4,6-dinitroanil-

ine (0.04 mole) and 1.0 g of 5% ruthenium on carbon in 400 ml 
of ethanol at 65-70° was added in one portion 3.0 g of 99-100% 
hydrazine hydrate (0.06 mole) in 30 ml of ethanol. The reac­
tion mixture was refluxed for one hour and then filtered while 
hot. The filtrate was evaporated under vacuum to give a crude 
product. The crude product was recrystallized from boiling 
toluene with filtration of the hot solution to give 4.8 g of 
red-purple needles, mp 203-09° (64% yield). Anal. Calcd.for 
C6H6C1N302: C, 38.42; H, 3.22; N, 22.40; Cl, 18.90. Found: 
C, 38.44; H. 3.02; N, 22.43; Cl, 18.60. 
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3-sec-Butyl- 5-nitro-o-pheny lenediamine 
To a stirred mixture of 9.9 g of 3-sec-butyl-5-nitro-l,2-

dinitrosobenzene (0.04 mole) and 2.0 g of 5% ruthenium on car­
bon in 250 ml of ethanol at 65-70° was added in a slow dropwise 
fashion 4.0 g of 99% hydrazine hydrate (0.08 mole) in 100 ml of 
EtOH. After addition was complete, the reaction mixture was 
refluxed for one hour and then filtered while hot. The filtrate 
was evaporated under vacuum to give 7.8 g of red solid. The 
crude solid was recrystallized from boiling toluene to give 
4.2 g of deep-red needles, mp 63-66° (48% yield). Anal.Calcd. 
for C1 0H1 5N302: C, 57.40; H, 7.23; N, 20.08. Found: C, 57.69; 
H, 6.92; N, 19.78. 
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ABSTRAC T 

Th e  title d  comple x  catalyze s  partia l  hydrogénation s  o f 
multi-unsaturate d  organi c  compounds ,  ofte n  wit h  a  hig h  degre e 
o f  selectivit y  t o  th e  monounsaturate .  Polyenes ,  α,3-unsatur­
ated ketones and esters, nitroaromatics, and aldehydes are hy-
drogenated in a wide variety of solvents between 110-200° and 
under 1-1200 psig of hydrogen. There seems to be no advantage 
in using RuClH(CO) 2 (PPh3) 2 as the catalyst over the more easily synthesized RuCl2 (CO) 2 (PPh3) 2. Polyene hydrogénation products 
are produced as an equilibrium mixture of alkenes throughout 
the reaction. Double-bond migration in 1-alkenes is very ra­
pid and initially yields 2-alkenes with cis to trans ratios of 
2-3:1; eventually the equilibrium mixture of isomers is ob­
tained. Hydrogénation rates of several olefins were measured 
and analyzed in terms of the rate equation: 

Rate = k'K2[H2] [Cat] 0 [S]/(1 + K2 [S] + [PR3]/KJ where k ', Κx, and K2 are rate and equilibrium constants, and [H2], [Cat]0, [S], and [PR3] are hydrogen, initial catalyst, olefin, and free t-phosphine concentrations. 

INTRODUCTION 

In 1968 we became involved in a search for catalysts capa­
ble of selectively hydrogenating cyclic polyenes to cyclic mono-
enes. Most of our interest was in the development of a prac­
tical synthesis of cyclododecene from 1,5,9-cyclododecatriene. 
Cyclododecene is an industrially valuable chemical intermediate 
for the preparation of nylon polymers. It is of special inter­
est to Phillips Petroleum Company as a precursor to 1,13-tetra-
decadiene via the olefin metathesis reaction with ethylene 
(eq. 1). Phillips currently is operating a multi-purpose ole­
fin metathesis pilot plant that produces a number of specialty 
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olefin products, one of which is 1,13-tetradecadiene, a useful 
crosslinking agent in α-olefin polymers. 

In many applications of cyclic monoenes only small amounts 
of residual polyenes can be tolerated in the product. Since 
the residual polyenes cannot always be easily separated from 
the monoene product by distillation (this is true for cyclo-
dodecene), the extent of conversion to which the polyenes must 
be taken is of necessity very high. Initially, we screened 
known catalysts that were described in the literature as being 
capable of performing certain specific selective hydrogéna­
tions. None of these catalysts displayed both the high selec­
tivity and productivity we desired. After testing a large num­
ber of additional coordination complexes, we found that ruthe­
nium complexes were capable of catalyzing selective hydrogén­
ations. Our goal was finally reached on our 198th hydrogéna­
tion: at "-100% conversion of cyclododecatriene and cyclodode-
cadiene, a >98% yield of cyclododecene was realized. The ca­
talyst was RuCl2(CO)2(PPh3)2, and the hydrogénation was carried 
out in the presence of added PPh3 at 140° and 150-200 psig of H2 (Fahey, 1973a, 1974). Under these conditions, the ruthenium 
complex is very stable and highly productive. The complex is 
easily synthesized, is not readily poisoned, can be handled in 
air, and can be recycled without a loss of activity. Other 
multifunctional unsaturated organic molecules besides cyclodo­
decatriene have been hydrogenated by RuCl2 (CO) 2 (PPh3) 2r and 
various additional selective hydrogénations have been disco­
vered. This report surveys the kinds of selectivity that may 
be achieved in hydrogénations and describes some chemistry of 
the RuCl2 (CO) 2 (PPh3) 2 complex. Where relevant, work by other 
scientists is also discussed. 

RESULTS AND DISCUSSION 

Catalyst 
Stephenson and Wilkinson (1966) were the first to prepare 

RuCl2 (00) 2 (PPh3) 2. This was accomplished by bubbling CO into 
a refluxing ethanolic solution of RuCl3 for five hours follow­ed by reaction with excess PPh3. They reported a 45% yield of 
colorless crystalline product. Using their procedure, we nor­
mally obtained yields between 40 and 60%. In some instances, 
we isolated a pale yellow RuCl2 (CO) (PPh3)3 complex instead. 
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This complex could in turn be converted to the dicarbonyl de­
rivative by refluxing its solution in 2-methoxyethanol, con­
taining a small amount of CHC13, for two hours as CO was bubbled into the solution. On cooling, RuCl2 (CO) 2 (PPh3) 2 pre­
cipitated from solution in an overall 56% yield from RuCl3. Probably the most economical synthetic technique is the in situ 
preparation of the complex prior to a hydrogénation reaction. 
As a 0.02 molar ethanolic solution of RuCl3 containing excess PPh3 is stirred and heated under an atmosphere of H2 and CO (excess CO preferred), the solution gradually loses its brown 
color as the colorless RuCl2 (CO) 2 (PPh3) 2 complex is formed. After the solution is completely colorless, the solution is 
cooled and the gases are vented. The olefin may then be added 
and hydrogénation can be carried out conventionally. After 
hydrogénation, when the solution has cooled, RuCl2 (CO) 2 (PPh3) 2 precipitates from solution in 86-100% yields. Attempts to 
synthesize large quantities of the complex by greatly increas­
ing the concentration of ruthenium in the solution sometimes 
led to an unidentified black solid instead of RuCl2 (CO) 2 (PPh3) 2. Analytically pure high-melting colorless crystals of 
RuCl2(CO)2(PPh3)2 are obtained by recrystallization of the com­plex from hot 2-methoxyethanol containing a small amount of 
chloroform. A single stereoisomer is isolated which is pre­
sumably the thermodynamically most stable. Portions of its 
infrared and proton decoupled

 1 3
C nmr spectra are shown in 

Figure 1. The presence of two G=0 and two Ru-Cl stretching 
vibrations in the infrared spectrum indicates that the CO 
groups are cis and that the Cl groups are cis. In the

 1 3
C nmr 

spectrum, the substituted, ortho, and meta carbon resonances 
all occur as "apparent" 1:2:1 triplets as a result of strong 
P-P coupling, a feature characteristic of trans R3P-M-PR3 com­plexes. The complex therefore has the configuration shown in 
eq. 2. 

PPh3 PPh3 

PPh3 PPh3 
(2) 

Although RuCl2 (CO) 2 (PPh3) 2 can be isolated unchanged af­ter hydrogénations, it is most likely in equilibrium with a 
hydridoruthenium chloride complex under the reaction conditions. 
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It would be very desirable and informative to also study the 
catalytic properties of RuCUH (CO) 2 (PPh3) 2· With this in mind, 
we made several attempts to synthesize the hydridoruthenium 
chloride complex from the dichloride. Treatment of RuCl2 (CO) 2-(PPh3)2 with LiAlH*., NaBH4, or Ν2Η^ produced colorless to pale yellow solids whose infrared spectra were rich in absorptions 
between 1850 to 2060 cm""

1
. Although most of the absorptions 

were carbonyl peaks, some likely were Ri-H stretching vibra­
tions. Extensive recrystallization of the solid products 
sometimes yielded the starting dichloride, but we were unable 
to isolate the desired RuClH (CO) 2 (PPh3 ) 2 complex. The cata­
lytic behaviour of these products resembled that of the parent 
dichloride complex, with the exception that some of the pro­
ducts deposited ruthenium metal during hydrogénations. We 
also attempted the synthesis of organoruthenium complexes as 
possible models of the reaction intermediates. It was anti­
cipated that hydrogénation of the organoruthenium complex 
might also yield the desired hydridoruthenium chloride complex. 
However, reactions of CH3Li and C6H5IVIgBr with RuCl2 (CO) 2 (PPh3) 2 both produced intractable product mixtures. Another route to 
the hydridoruthenium chloride complex that was tried was the 
reaction of RiCl2 (CO) 2 (PPh3)2 with hydrogen in the presence of HNEt2. At moderate temperatures, no reaction occurred; at 140° 
reaction took place but the mixture turned black, and a black 
solid, possibly elemental ruthenium, was deposited. When an 
olefin was present, it was hydrogenated under these conditions. 
Our final attempts to synthesize the hydridoruthenium chloride 
involved the treatment of Ru(CO)3 (PPh3)2 with HC1. Even with 
deficiencies of HC1, the only component that we isolated from 
the product mixture was RuCl2 (CO) 2 (PPh3) 2. Thus, the pure 
RuClH (CO) 2 (PPh3 ) 2 complex eluded us. For routine hydrogéna­
tions, it appears that the RuCl2 (CO) 2 (PPh3 ) 2 complex is the most convenient form in which the catalyst can be handled. 

After we had completed these attempts to prepare the 
hydride, James and Markham (1971) reported the isolation of a 
RuClH(CO)2(PPh3)2 complex by carbonylation of RuClH(PPh3)3 (eq. 3). The hydridoruthenium chloride was formed in a mix­
ture with the dicarbonyl dichloride, but it could be isolated 
in 10% yield by careful fractional crystallization. The com­
plex was assigned a trans H-Ru-Cl configuration on the basis 
of spectroscopic studies (James et al, 1973). The configu-
rational stability of the complex was apparently not studied. 

Why have we concentrated our efforts on the dicarbonyl 
complex? Primarily because this complex is the most stable 
catalyst we have encountered that will selectively hydrogenate 
1,5,9-cyclododecatriene. It is not the most selective hydro­
génation catalyst. If the dicarbonyl complex is good, wouldn't 
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H  C l 
Ph . P  j  C O  P h a P j  -,C 0 

/  R u  /  +  /  R u  / 
>  P h 3 P ^ — — / C O  P h 3 P £  — / C C DMA 

P h s P ^
 i

f - ^ P P H 3 + 2  C O  - i ^ - ^ P h a P ^  — / C O  P h 3 P ^  — / C O 
25 °  I  I 

C l  C l 

(3 ) 

th e  tricarbony l  comple x  b e  better ?  Selectivitie s  i n  1,5,9-cy -
clododecatrien e  hydrogénatio n  b y  mono- ,  di - ,  an d  tricarbony l 
rutheniu m  complexe s  ar e  compare d  i n  Tabl e  I .  I n  th e  presenc e 
o f  adde d  P P h 3 ,  th e  d i  carbon y  1  comple x  provide s  maximu m  conver ­
sio n  o f  th e  polyene s  withou t  excessiv e  overhydrogenatio n  o f  th e 
monoene . 

TABLE I . Ruthenium  Carbonyls  as  Catalysts  for  Selective  Hydro­
génation  of  1,5,9-Cyclododecatriene  in  Ethanol^ 

Temp. Time Y i e l d , % 

Complex M o l a r i t y °C Hr . CPA CDE CD D +  CD T 

R u C 1 H ( C 0 ) ( P P h 3) 3

B 
0 . 0 1 7 130 -140 1 .5 24 76 0 

R u C l 2( C 0 ) 2( P P h 3) 2 0 . 0 0 6 140 -150 2 . 3 0 . 1 9 8 . 8 1. 1 

R u ( C 0 ) 3( P P H 3 ) 2+ H C l

c 
0 . 0 0 6 140 -150 3 . 5 0 . 1 9 2 . 5 7 . 4 

a
CDT wa s 0 . 5 5 M  an d adde d P P h 3 wa s 0 . 0 6 8 M L

 b
Complex wa s p re ­

pared i n s i t u an d wa s i s o l a t e d an d c h a r a c t e r i z e d a f t e r th e 
hyd rogéna t i on wa s comple ted .

 c
H y d r o g e n uptak e wa s no t pe rcep ­

t i b l e a f t e r 2 . 2 h o u r s . R u C l 2( C 0 ) 2( P P h 3) 2 wa s i s o l a t e d fro m th e 
p roduc t s o l u t i o n . 

Hydrogénation s 
Fo r  convenience ,  mos t  reaction s  wer e  performe d  i n  aeroso l 

compatibilit y  bottle s  heate d  i n  a  controlled-temperatur e  oi l 
bath .  A  di p  tub e  extendin g  int o  th e  reactio n  solutio n  allowe d 
sample s  t o  b e  withdraw n  durin g  hydrogénations .  Thi s  kin d  o f 
syste m  i s  desirabl e  sinc e  R u C l 2 ( C O ) 2 ( P P h 3 ) 2  wil l  functio n  a s  a 
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catalyst only at elevated températures and preferably at super-
atmospheric hydrogen pressures. The minimum threshold temper­
ature at which hydrogénation occurs at a significant rate is 
110-120° for reactive conjugated dienes and nitroaromatics, 
135-140° for non-conjugated dienes and terminal olefins, and 
150-160° for α,3-unsaturated carbony1 compounds, aldehydes, 
and some non-terminal olefins. Hydrogénations can be conduc­
ted at temperatures up to 200°, above which the catalyst slow­
ly decomposes (Fahey, 1974). The catalytic properties of 
RuClH (CO) 2 (PPh3 ) 2 were briefly examined by James et al, (1973) 
under an atmosphere of CO and H2 (1:1), and it is instructive 
to mention their results here. They observed very slow hydro­
génation of methyl vinyl ketone at 80°, while 1-octene and 1-
hexene were essentially unreactive at 70 and 100°, respective­
ly. Thus, even the preformed hydridoruthenium chloride com­
plex requires high temperatures for catalytic activity. We 
had previously observed that the presence of a variety of re­
ducing agents in hydrogénations catalyzed by RuCl2(CO)2(PPh3)2 
failed to lower the threshold hydrogénation temperature 
(Fahey, 1973a). Most of our studies have been performed under 
100-200 psig of hydrogen, but hydrogen uptake can occur at any 
positive hydrogen pressure. In the absence of hydrogen, 
neither olefin hydrogénation nor isomerization occurs in ben­
zene solution. If the available hydrogen is completely con­
sumed during a hydrogénation, the catalyst ceases all activity. 

Hydrogénations can be run in most organic solvents inclu­
ding hydrocarbons, ethers, alcohols, esters, and amides, or in 
no solvent at all. Dimethyl sulfoxide, sulfolane, and aceto-
nitrile all retard olefin hydrogénations. For some olefins, 
Ν,Ν-dimethylformamide as solvent possesses some interesting 
solubility characteristics that can facilitate separation of 
the product from the catalyst. An example of this is mentioned 
later. 

In many hydrogénations, high selectivities are achieved 
only in the presence of added PPh3 or certain other electron-pair donors. This is clearly demonstrated by comparing the 
composition of reaction mixtures during the hydrogénation of 
1,5,9-cyclododecatriene in the absence and in the presence of 
added PPh3 (Fahey, 1973a). Cyclododecane is rapidly formed in 
the hydrogénation without added PPh3, but its formation is severely inhibited in the hydrogénation containing added PPh3. This effect is dependent on the concentration of PPh3. Since 
our primary interest in the catalyst is its capability with re­
gard to selective hydrogénations, most of our studies were 
carried out in the presence of added PPh3. The minimum con­
centration necessary for a highly selective hydrogénation of 
1,5,9-cyclododecatriene is 0.0356 molar (Fahey, 1973b,c), and 
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many of the hydrogénations to be described used this concentra­
tion. 

In a consecutive reaction of the type polyene > monoene 
»alkane, selectivity is normally defined as [monoene]/ 

( [monoene] + [alkane] ). Under this definition, selectivities 
are dependent on the extent of polyene conversion, and as poly­
ene conversion increases, the selectivity decreases. Therefore 
comparisons of selectivities in hydrogénations are preferably 
made at the same polyene conversions. Selectivity values may 
be of more theoretical than practical value since the maximum 
obtainable yield of monoene is not necessarily revealed. 

Table II contains the results of several hydrogénations 
carried to at least 99% conversion of the polyenes. In most 
cases, the selectivity is very high. When more than one al-
kene product is possible, an equilibrium mixture of isomers is 
produced (e.g., the pentenes derived from the two pentadienes 
are an equilibrium mixture of 1-pentene, cis-2-pentene, and 
trans-2-pentene). By-products were formed during the hydro­
génations of 1,4-cyclohexadiene (disproportionation to benzene 
and cyclohexene) and 1,5-cyclcoctadiene and norbornadiene (ring 
closures to bicyclo[3.3.0]oct-2-ene and nortricyclene, respec­
tively) . Benzene formation from the cyclohexadiene could have 
occurred spontaneously, but the ring closure reactions are most 
certainly metal-catalyzed processes. Double-bond migrations in 
the polyene were observed during hydrogénations of 1,4-cyclo­
hexadiene, 1,5-cyclooctadiene, 1,4-pentadiene, and 4-vinylcy­
clohexene, so that most of the hydrogénation actually occurred 
via an isomer of the starting polyene. In examples with the 
lower selectivity values, high monoene yields can be realized 
at lower polyene conversions. In Figure 2, the mole % of 
alkene is 85% at 95% conversion of 1,3-cycloheptadiene. Si­
milarly, Figure 3 shows that there is 67% alkene at 84% conver­
sion of 3,3-dimethyl-l, 4-pentadiene. In a truly non-selective 
hydrogénation (i.e., one in which hydrogénation rates of the 
alkene and the polyene are equal), the concentration of the 
alkene would not exceed 40% during the reaction. An interest­
ing contrast is provided in the hydrogénation of 3,3-dimethyl-
1,4-pentadiene by Pt02, where the monoene concentration never reached 5% during the reaction. In this case, the hydrogén­
ation shows a high selectivity to the alkane throughout the 
reaction. 5-vinyl-l,3-cyclohexadiene was partially hydrogena-
ted to see if isomerization to ethylbenzene would predominate 
over a hydrogénation reaction, but only a few percent of 
ethylbenzene formed and hydrogen uptake proceeded normally. 

Other kinds of selective hydrogénations have also been 
explored, α,3-Unsaturated esters and ketones can be hydrogen-
ated to the saturated derivative without disturbing the func-
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TIME, HR. 

Fig. 2. Composition of reaction mixture during hydrogénation 
of 1r3-cycloheptadiene catalyzed by RuCl2(CO)2 (PPh3)2. 
Reaction conditions are listed in Table II. 

TIME, MIN χ 10" 

Fig. 3. Composition of reaction mixture during hydrogénation 
of 3',3-dimethyl-l,4-pentadiene catalyzed by RuCl2-
(CO)2(PPh3)2. Reaction conditions are listed in 
Table II. 

296 



S E L E C T I V E HYDROGENATION S 

tionality ,  a s  show n  i n  Tabl e  III .  Whe n  malei c  anhydrid e  wa s 
hydrogenated ,  succini c  anhydrid e  wa s  th e  majo r  product ,  bu t 
compound s  containin g  este r  an d  carboxyli c  aci d  group s  wer e  als o 
formed . 

TABLE I I I . Hydrogénation  of  Olefins  Bearing  Functional 
Unsaturation 

O l e f i n T ime , H r s . P roduc t s (% ) 

E thy l a c r y l a t e 1 4 . 5 E thy l a c r y l a t e ( 0 . 4 ) , E thy l 
p ropanoate ( 9 9 . 6 ) , E thano l (0 ) 

C y c l o p e n t - 2 - e n o n e

b
 1 2 . 8 Cyc lopen tano l ( 1 . 1 ) , 

Cyc lopentenone ( 0 . 7 ) , 
Cyc lopentanone ( 9 8 . 2 ) 

M a l e i c anhyd r i d e 7 . 0 S u c c i n i c anhyd r i d e (>50 ) 

S o l u t i o n s wer e 0 .003 1 M  R u C l 2( C 0 ) 2( P P h 3) 2 an d 0 . 3 - 0 . 6 M  o l e f i n 
i n benzene . Th e r e a c t i o n wa s performe d a t 150 ° unde r 160 -19 0 
p s i g H 2.

 b
S o l u t i o n con ta ine d 0 . 03 7 M  P P h 3. 

Certai n  functiona l  group s  ca n  b e  selectivel y  hydrogenate d 
b y  R u C l 2  (C0 ) 2  (PP h a ^ .  Knifto n  an d  Suggi t  (1973 )  foun d  tha t 
1-nitronaphthalen e  wa s  selectivel y  hydrogenate d  t o  th e  amin e 
i n  th e  presenc e  o f  2-nitromesitylen e  (eq .  4 ) .  Thi s  selectivi ­
t y  mus t  b e  attribute d  t o  th e  difficult y  i n  hydrcgenatin g  th e 
stericall y  hindere d  mesity l  nitr o  group .  Electroni c  factor s 
presumabl y  gover n  th e  selectiv e  hydrogénatio n  o f  p-dinitroben -
zen e  t o  £-nitroanilin e  i n  th e  presenc e  o f  nitrobenzen e  (eq .  5 ) 
(Knifto n  an d  Suggit ,  19 7 3 ) .  Electron-withdrawin g  substituent s 
appea r  t o  activat e  th e  nitr o  grou p  toward s  hydrogénation . 

Hydrogénatio n  o f  aldehyde s  ha s  als o  bee n  catalyze d  b y  a 
[RuCl 2 (CO )  2 P P h 3 ]  2  complex .  Fredian i  e t  al ,  (1973 )  observe d 
tha t  th e  hydrogénatio n  o f  cyclohexylformaldehyd e  gav e  a  77 % 
yiel d  (97 %  selectivity )  o f  cyclohexylmethano l  a t  79 %  aldehyd e 
conversio n  i n  0. 5  hr s  a t  150° .  The y  als o  note d  tha t  thi s  com ­
ple x  i s  a  poo r  hydroformylatio n  catalyst .  Sinc e  C o 2 ( 0 0 ^  i s 
a n  activ e  hydroformylatio n  catalys t  bu t  a  poo r  hydrogénatio n 
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catalyst, it is usually difficult to obtain alcohols directly 
from the alkenes. Frediani et al, (1973) teamed 0 o 2( C 0 ) 8 with [RuCl2(CO)2PPh3]2 and successfully produced alcohols from ole­
fins in one step (Table IV). This reaction takes advantage of 
the greater reactivity of Co2 (CO) 8 over [RuCl2 (CO) 2PPh3] 2 to­wards alkenes, and the ability of [RuCl2 (CO) 2PPh3] 2 to rapidly hydrogenate aldehydes. 

TABLE I V . Hydroformylation/hydrogenatiQn of Olefins by 
Co 2(CO)B/[RuCl2(CO)2PPh3]2 

Time, Y i e l d , % 

O l e f i n h r . A lkane A l coho l A ldehyde 

Cyc lohexene 5 5 92 t r ace 

1-Pentene 4 4 86 7 

1-Octene 4 5 83 10 

4 - M e t h y l - l - p e n t e n e 5 6 8 3 . 5 10 a
C o / R u i s 3 / 1 ; 4 0 - 5 0 atm o f CO; 100 atm o f H 2; 100% c o n v e r s i o n 

o f o l e f i n ; temp. = 1 5 0 ° .
 b

T a k e n from F r e d i a n i e t a l , ( 1 9 7 3 ) . 
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Stereoselectivity 
The hydrogénation of a 1:2 mixture of cis- and trans-1,3-

pentadiene yielded the thermodynamic equilibrium mixture of 
pentenes: 1-pentene (5%), cis-2-pentene (29%), and trans-2-
pentene (66%). Approximately the same mixture of pentenes was 
formed even during the initial stages of the hydrogénation. 
cis-1,3-Pentadiene is consumed slightly faster than the trans 
isomer since the cis/trans ratio of unreacted pentadienes was 
1:4 at 98% conversion. Thus the reaction does not yield a 
hydrcgenated product stereospecif ically but does show a slight 
rate preference in hydrogenating cis vs trans dienes. The same 
mixture of pentenes is also eventually formed in the hydrogén­
ation of 1,4-pentadiene and in the isomerization of 1-pentene; 
but, for these reactions, the initial products differ. 

Isomerization of 1-pentene to 2-pentene occurs with a high 
preference for the cis isomer over the trans. At 15% isomeri-
zation of 1-pentene, the cis to trans ratio of 2-pentenes is 
3:1. At equilibrium the cis to trans ratio is 0.44:1. A si­
milar preference for formation of the cis-2-ene isomer was ob­
served in an i semer i za t ion-hydrogena t ion experiment with 1,4-
pentadiene (eq. 6). Under nitrogen, no reaction occurred. 
The pressure in the system was then increased by 10 psig with 
a dose of hydrogen which was rapidly absorbed. 

A/V No Dose 
RuCl2(C0)2(PPh3)2 Reaction of Hî 
PPh3> 140° 

18% 

82% < 

AA 34% 

A=/ 3 0 % 

AA 18% 

r AA 12% 

Ι Α Λ 67% 

(6 ) 

The product mixture shown in eq. 6 was formed, and it did not 
change further. Again the stereochemical preference for iso­
mer ization of the terminal alkene to the cis-2-ene isomer is 
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exhibited. In eq. 6 the 2-pentenes are formed in the near-
equilibrium ratio, while the relatively large amount of 1-pen-
tene can be attributed to a direct hydrogénation of 1,4-penta-
diene. 

In a practical situation, any stereochemical preferences 
shown by the catalyst are eventually erased by the isomeriza­
tion action of the catalyst. 

Kinetics and Mechanism 
Several features must be accommodated in any proposed 

mechanism. The relative hydrogénation rates of several alkenes 
and alkadienes, in the presence of added PPh3, were found to decrease in the order: conjugated dienes > nonconjugated ter­
minal dienes > nonconjugated internal dienes > terminal al­
kenes > internal alkenes (Fahey, 1973b,c). Double-bond iso­
merization is very rapid and is normally faster than hydrogén­
ation. Added PPh3 slows hydrogénations to different degrees. Homogeneous hydrogénations catalyzed by RuClH (PPh3 ) 3 (James and Markham, 1973), RuH(0C0CF3) (PPh3)3 (Rose et al, 
1969), RhH(CO) (PPh3) 3 (O'Connor and Wilkinson, 1968), and 
CoH(C0)2(PBu3)2 (Ferrari et al, 1972) all obey the rate law 
shown in eq. 7. The terms Κι, K2, and k

1
 correspond to the 

equilibrium and rate constants for the processes shown in eqs. 
8-10, and [H2], [Cat]0, [S], and [PR3] are hydrogen, initial catalyst, olefin, and free t-phosphine concentrations. We 
have also analyzed our rate studies with the RuCl2 (CO) 2 (PPh3) 2 catalyst using eq. 7, and values determined for Κx, K2, and k

1 

are presented in Table V. 

k'K2[Ha][Cat]0[S] 
1 + K2[S] + [PR3]/[KJ 

Ki 
MHL (PPh3) . "

 v
 MHL + PPh3 η η 
K2 Alkene + MHL * M (alkyl) L η

 15 J
 η 

k
f 

M (alkyl) L + H2 » Alkane + MHL 
η η 

(7 ) 

(8) 

(9) 

(10) 

For comparison, similar data for hydrogénations catalyzed by 
RuClH(PPh3)3 and CoH(C0)2 (PBu3)2 are included in the table. These data do, in fact, meet our requirements. Relative hy­
drogénation rates for olefins are simply based on the values of 
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K2 and k
1
. The importance of double-bond isomerization is a 

consequence of the small values for k
1
. Rate dependencies on 

added PPh3 concentration are related to the relative magnitudes of Ki"
1
 vs K2. The larger Ki"

1
 is with respect to K2, the greater will be the rate retarding influence of added PPh3. The rate and equilibrium constants for RuCl2 (CO) 2 (PPh3) 2 and RuClH(PPh3)3 follow similar trends. For conjugated dienes, 

however, a difference exists. Compared to 1-alkenes, conju­
gated dienes are hydrcgenated relatively slowly by RuClH(PPh3)3 but rapidly by RuCl2 (CO) 2 (PPh3) 2. Both catalysts certainly 
must have large K2 values for conjugated dienes, hence k

f
 must 

be very small for the RuClH (PPh3) 3 system. The data in Table V 
also indicate that, for cyclic olefins, the rate of hydrogéna­
tion would follow RuClH(PPh3)3> RuCl2(CO)2(PPh3)2 > CoH(CO)2-(PBu3)2. 
Preparative Scale Hydrogénation of 1,5,9-Cyclododecatriene 

An important test of a catalyst comes when a small-scale 
reaction is scaled up to a preparative reaction. This was 
studied at catalyst-to-substrate mole ratios of 1:1200 and 
1:4800 which are economically more attractive than the 1:100 
ratio generally used in other studies. Since the desired cy­
clododecene product had to be relatively free from polyenes, 
the hydrogénations were taken to high conversions. Table VI 
shows that poorer selectivities and longer reaction times re­
sulted. The products from these reactions were separated from 

TABLE V I . Preparative Scale Hydrogénations^ 

COT, R u C l 2( C 0 ) 2( P P h 3) 2, P P h 3, Reac t i on Y i e l d , % 

mmol mmol mmol T ime, h r . Po lyenes CPE CPA 

930 0 . 2 11 24 1.7 8 1 . 7 1 6 . 6 

930 0 . 8 23 20 2 . 9 9 1 . 7 5 . 4 

930 0 . 8 23 24 1.5 9 1 . 0 7 . 5 

Reac t i ons were performed in a 300-ml autoclave in 60 ml of 
benzene at 150° and 600 psig of H 2. 
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the catalyst and solvent by distillation and were then subjec­
ted to the ethylene cleavage reaction in a scale-model olefin 
metathesis reactor. Satisfactory yields of 1,13-tetradecadiene 
were obtained. 

Recycling of the catalyst was demonstrated in several hy­
drogénations. Probably the most informative example was when 
seven 50-g samples of 1,5,9-cyclododecatriene were hydrogena-
ted in benzene solution by recycling a single 0.050 g sample of 
RuCl2(CO)2(PPh3)2 (Fahey, 1973a). No ciLminution of catalytic 
activity was observed throughout the study. A total of 32,100 
moles of cyclododecatriene per mole of catalyst was hydrogena-
ted without catalyst decay. 

A useful technique that can simplify product isolation and 
catalyst recycle is the use of IMF as solvent. In general, 
polyenes are much more soluble in DMF than alkenes and alkanes 
so that, when cyclododecatriene is hydrogenated, the monoene 
product forms a separate phase. The DMF-catalyst phase can be 
drawn off the bottom of the vessel and recycled. For example, 
15 g of CDT was hydrogenated by 0.05 g of RuCl2 (CO) 2 (PPh3) 2 in 20 ml of DMF. After cooling the solution, the top phase was 
decanted giving an 82% yield of cyclododecene (actual analysis: 
CDA, 1.7%; CDE, 96.7%; CDD+CDT, 1.5%; trace of DMF). The DMF-
catalyst phase (presumably containing some residual CDD and 
CDT) was then recycled. A product distillation step may still 
be required, but catalyst separation is simplified. 

CONCLUSIONS 

The complex RuCl2(CO)2(PPh3)2 catalyzes the partial hydro­génations of multiunsaturated organic compounds, often with a 
high degree of selectivity. The catalyst is easily synthesized, 
convenient to use, and very stable. Its most important appli­
cation is for the selective hydrogénation of 1,5,9-cyclodode­
catriene to cyclododecene. 
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ABBREVIATIONS USED 

η 
R 
Ph 

CDA 
CDD 
CDE 
CDT 
DMA 
DMF 
L 

eye lododecane 
cyclododecadiene 
cyclcdcdecene 
cyclododecatriene 
Ν, Ν- dimethy lacetamide 
Ν, N-dimethy Iformaniide 
ligand 
unspecified integer 
alkyl or aryl group 
phenyl 

REFERENCES 

I Fahey, D. R., J. Org. Chem., 38, 80 (1973a). 
2. Fahey, D. R., Abstract 59, Sixth International Conference 

on Organometallic Chemistry, Amherst, Mass., Aug. 1973b. 
3. Fahey, D. R., J. Org. Chem., 38, 3343 (1973c). 
4. Fahey, D. R. (to Phillips Petroleum Co.), U.S. Patent 

3,804,914 (April 16, 1974). 
5. Ferrari, G. F., Andreetta, Α., Pregaglia, G. F. and Ugo, 

R., J. Qrganometal. Chem., 43, 213 (1972). 
6. Frediani, P., Bianchi, M. and Piacenti, F., Chem. Ind. 

(Milan), 55, 543 (1973). 
7. James, B. R. and Markham, L. D., Inorg. Nucl. Chem. 

Letters, 7, 373 (1971). 
8. James, B. R. and Markham, L. D., Abstract 58, Sixth Inter­

national Conference on Organometallic Chemistry, Amherst, 
Mass., Aug. 1973; Markham, L. D., Ph.D. Thesis, U. of 
British Columbia (1973). 

81 James, B. R., Markham, L. D., Hui, B. C. and Rempel, G.L., 
J. Chem. Soc. Dalton, 2247 (1973). 

1CL Knifton, J. F. and Suggit, R. M. (to Texaco Development 
Co.), British Patent 1,340,458 (Dec. 12, 1973). 

11 O'Connor, C. and Wilkinson, G., J. Chem. Soc. (A), 2665 
(1968). 

12 Rose, D., Gilbert, J. D., Richardson, R. P. and Wilkinson, 
G., J. Chem. Soc. (A), 2610 (1969). 

13. Stephenson, T. A. and Wilkinson, G., J. Inorg. Nucl. 
Chem., 28, 945 (1966). 

304 



POLYME R  HYDROGENATION S  WIT H  SOLUBL E 
LITHIUM/COBAL T  AN D  ALLMIJSIUM/COBAL T  CATALYST S 

JOH N  CAR L  FAL K 
Ro y  C .  Ingersol l  Researc h  Cente r 

Borg-Warne r  Corporatio n 
De s  Plaines ,  Illinoi s  6001 8 

ABSTRAC T 

Solubl e  polyme r  hydrogénatio n  catalyst s  ca n  b e  prepare d  b y 
reactin g  a n  org a n œ l u m i n u m  o r  organolithiu m  compoun d  wit h  a 
transitio n  meta l  sal t  o f  2-ethylhexanoi c  acid .  Th e  catalys t 
activit y  i s  a  functio n  o f  lithiu m  (o r  aluminum )  -  transitio n 
meta l  ratio ,  catalys t  concentration ,  temperature ,  an d  hydroge n 
pressure .  Wit h  th e  prope r  choic e  o f  catalys t  compositio n  an d 
reactio n  conditions ,  th e  hydrogénatio n  catalyst s  ca n  discrimin ­
at e  betwee n  differen t  type s  o f  polymeri c  unsaturation .  Polyme r 
hydrogenatio n  ma y  b e  use d  t o  prepar e  a  numbe r  o f  nove l  polyme r 
structure s  whic h  ar e  difficul t  and ,  i n  man y  cases ,  irtpossibD_ e 
t o  prepare d  b y  alternat e  routes . 

INTRODUCTIO N 

Th e  earl y  hydrogénatio n  o f  polymer s  wa s  limite d  t o  natura l 
polymer s  an d  wa s ,  fo r  th e  mos t  part ,  o f  a  destructiv e  nature . 
Fo r  example ,  Berthelo t  i n  186 9  hydrogenate d  natura l  rubbe r  wit h 
hydriodi c  aci d  isolatin g  liqui d  product s  whic h  h e  wa s  unabl e  t o 
characterize . 

Sinc e  Berthelot
1
 s  experiment ,  th e  literatur e  o n  polyme r 

hydrogénatio n  ha s  bee n  voluminous .  I n  th e  earl y  1920's ,  whe n 
th e  concep t  o f  a  macromolecul e  containin g  a  larg e  numbe r  o f  re ­
peatin g  unit s  wa s  no t  universall y  accepted ,  tw o  structure s  o f 
rubbe r  wer e  though t  possible :  (1 )  Eithe r  i t  wa s  a  lo w  mole ­
cula r  weigh t  unsaturate d  hydrocarbon ,  associate d  int o  colloida l 
particles ,  o r  (2 )  th e  molecule s  o f  rubbe r  wer e  lon g  chain s 
wit h  man y  isopren e  molecule s  connecte d  b y  primar y  valences . 
Accordin g  t o  C .  Harrie s  (1919 ,  1923 )  who ,  alon g  wit h  E .  Fishe r 
(1913) ,  wa s  a n  exponen t  o f  th e  lo w  molecula r  weigh t  colloi d 
theory ,  th e  distinctio n  betwee n  th e  tw o  possibilitie s  coul d  b e 
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made by hydrogénation, "Hydrorubber could probably be distilled 
in vacuo without decomposition. Thus, its structure could be 

easily proved". Staudinger and Fritschi (1922) hydrogenated 
natural rubber at 100 atmospheres hydrogen at 270°C. The hy­
drorubber, which they isolated, had a molecular formula C5H1 0; it could not be distilled; it was a colloidal solution and had 
properties similar to natural rubber. This proved to be a 
major step in the acceptance of the concept of macromolecules 
as long molecules containing a number of repeating units for 
which Staudinger eventually received a Nobel Prize. 

More recently, Parker (1948) reported the hydrogénation of 
polyacrylonitrile to polyallylaniine. The polyacrylonitrile 
latex was hydrogenated with Raney nickel in the presence of 
ammonium hydroxide at 135-145°C and 750 psi hydrogen. 

A poly (ethylene-vinyl chloride) copolymer may be formed by 
the hydrogénation of poly (vinyl chloride) with a Pd on charcoal 
catalyst (5%) with 900 psi hydrogen at 100 C in dimethylaceta-
mide (Gluesenkamp, 1958). After 17 hours, 20% of the chlorine 
atoms were replaced with hydrogen atoms. 

Isotactic poly ( 2-methoxy-l-vinylcyclohexane ) was prepared 
by hydrogénation of poly (o-methoxystyrene) with a nickel cata­
lyst at 180°C (Natta, 1962). 

Hydrogen is present in the Ziegler-Natta catalyzed poly­
merization of propylene to control molecular weight and regen­
erate catalyst. The reaction may be viewed as hydrogénation of 
an active catalytic site on a polymer (Vandenberg, 1962 and 
Natta, 1959). 

As a final example, Steinhofer (1965) hydrogenated polys­
tyrene to poly (vinylcyclohexane) at 2,000 psi hydrogen at 165°C 
with a supported nickel catalyst. 

A hydrogenated polymer was introduced into the market­
place in the early 50's by Phillips Petroleum Co. Hydropol®, 
made by hydrogenating emulsion polybutadiene with a nickel-
kieselguhr catalyst at 150°C for eight hours, had excellent low 
temperature properties, good chemical resistance, and good e-
lectrical properties. It was used by the Department of Defense 
as a cable jacket in Alaska (Jones, 1953). 

The foregoing polymer hydrogénations have all been carried 
out with heterogeneous metal catalysts. The remainder of the 
discussion will concern polymer hydrogénations using recently 
developed catalysts which have been variously called "soluble", 
"homogeneous", or "coordination" catalysts. 

DISCUSSION 

Heterogeneous catalysts for polymer hydrogénations have a 
number of characteristics. Reaction occurs on solid surfaces. 
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The surface species are difficult to characterize. In many 
cases, high temperatures and high hydrogen pressures are needed. 
High catalyst concentrations are required and reaction times 
are long. It is difficult to filter the heterogeneous catalyst 
from an organic solution of the hydrogenated polymer since at 
practical concentrations for polymer hydrogénation solution 
viscosities are high. Removal of the heterogeneous catalyst 
from a polymer latex, such as emulsion polybutadiene, is even 
more difficult. 

By comparison, homogeneous catalysts offer many advantages. 
The solution species are often characterizable. Reaction tem­
perature and hydrogen pressure are low. Catalyst concentration 
is low combined with rapid hydrogénation. Removal of catalyst 
from the reaction mixture is easy. The lithium-cobalt and alu­
minum-cobalt catalysts which I am about to discuss can be re­
moved by washing the hydrogenated polymer in an organic solvent 
with dilute acid. 

One of the earlier reports of hydrogénation with a soluble 
catalyst is the work of Sloan, et al (1963). Their catalyst was 
prepared by adding a trialkylaluminum such as txiethylaluminum 
to a transition metal salt such as cobalt acetylacetonate. 
This catalyst was used to hydrogenate a number of olefins, two 
of which are listed in Table I. The hydrogénations were car­
ried at 51-55 psi hydrogen in η-heptane or toluene with 0.5% 
catalyst. 1-Hexene was quantitatively hydrogenated in 2 hours 
at 30°C with a catalyst having an aluminum/cobalt ratio of 6.0. 
The hydrogénation of cyclohexene was more rapid with complete 
conversion occurring after 20 minutes at the same temperature 
with a catalyst having an alundnum/cobalt ratio of 4.0. In 
their study, Sloan and co-workers also examined n-butyllithium 
as the organometallic part of the catalyst. The lithium/cobalt 
catalyst had a lithium/cobalt ratio of 12.6 and was much less 
active than aluminum/cobalt catalysts. After 22 hours at 50°C, 
only 69% of the cyclohexane was hydrogenated. Approxiinately 
1/7 0th of the time at a lower temperature was required to hy­
drogenate cyclohexene with an aluminum/cobalt catalyst. 

They evaluated acetylacetonates other than cobalt and 
found that hydrogénation catalysts made from the cobalt (II) 
salt were more active than catalysts made from the iron (III) 
salt which was more reactive than catalyst made from chromium 
(III) salt. 

The following reaction mechanism was proposed for these 
hydrogénation reactions. 
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TABLE I . Olefin Hydrogénation 

Time 
O l e f i n A l / C o T(°C) (Hours ) Conve rs ion (%) 

1-Hexene 6 . 0 30 2 100 
Cyc lohexene 4 . 0 30 0 . 3 3 100 
Cyc lohexene 1 2 . 6 ( L i / C o ) 50 22 69 

R3A1 + MXn -> R2A1X + RMXn_1 
(A) 

RMX Ί + H2 -+ RH + HMX -n-1 n-1 
(B) 

n-1 
(C) 

HC - C - MX -, + H2 -> HC - CH + HMX n-1 n-1 
(B) 

In the first step of the reaction, the triallcylaluminum 
reacts with the transition metal salt to form an organo trans­
ition metal salt (A). The organo transition metal salt then 
reacts with hydrogen to form a transition metal salt hydride 
(B) which then adds across the olefin double bond to form a 
second organo transition metal salt (C). In the final step of 
the reaction organo transition metal salt (C) reacts with hy­
drogen to form the hydrogenated olefin product and regenerate 
the active catalyst species (B) which may then react with more 
olefin continuing this cycle until hydrogénation is complete. 

Although this mechanism has generated some controversy and 
may or may not be the true mechanism, and the evidence for it 
has been meager, it is a starting point for a discussion of the 
hydrogénation of polymers with both soluble lithium/cobalt and 
aluminum/cobalt catalysts. According to Sloan's mechanism, the 
function of the organoaluminum is to supply a carbanion to the 
cobalt salt which is ultimately replaced by a hydride to form 
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the active catalytic species. If so, then an organolithixim at 
seme ratio of organolithium to transition metal salt, should be 
good source of carbanions. The lithium/cohalt catalyst studied 
by Sloan may not have been the optimum composition. 

The data in Table II (Falk, 1971) show that with the proper 
lithium/cobalt ratio, the catalytic activity is similar to alu­
minum/cobalt systems. The lithium/cobalt catalyst was made by 
adding a solution of cobalt (II) 2-ethylhexanoate to a solution 
of n-butyllithium over a period of 90 minutes. The catalyst 
was used immediately. The hydrogénations were carried out at 
50°C, at 50 psi hydrogen, with 0.6% (mole) catalyst. The con­
centration of olefin in cyclohexane, the hydrogénation medium, 
was 3% (weight/volume). The ratio of lithium to cobalt was 
held constant at 4.0. 

Using these reaction conditions, both 1-hexene and cyclo­
hexene were quantitatively hydrogenated in 20 minutes compared 
to Sloan's report of 1-hexene

1
 s quantitative hydrogénation with 

an aluminum/cobalt catalyst having an Al/Co ratio of 6 in 120 
minutes, and cyclohexene

1
 s quantitative hydrogénation with an 

aluminum/cobalt catalyst (Al/Co = 4) in 20 minutes. Thus, hy­
drogénation catalysts made from n-butyllithium and cobalt (II) 
2-ethylhexanoate are as active as aluminum/cobalt catalysts. 
The lower activity reported by Sloan was due to the choice of 
lithium/cobalt ratio, 13.6, which resulted in 69% hydrogénation 
of cyclohexene in 1320 minutes while hydrogénation is quantita­
tive in 20 minutes if the catalyst has a lithium/cobalt ratio 
of 4.0 

Sterically hindered olefins require more drastic hydrogén­
ation reaction conditions suggesting the catalyst possesses a 
degree of selectivity. 2-Methylpentene- 2 required 60 minutes 
for 92% conversion and 2,3-dimethylbutene - 2 required 90 min­
utes for only 37% conversion. 

TABLE I I . Olefin Hydrogénation 

O l e f i n L i / C o Time ( M i n . ) C o n v e r s i o n {%) 

1-Hexene 
Cyc lohexene 
2 -Me thy lpen tene -2 
2,3-Dimethylbutene-2 

4 . 0 
4 . 0 
4 . 0 
4 . 0 

20 
20 
60 
90 

100 
100 

92 
37 
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Lithium/cobalt hydrogénation catalysts can be made from 
organolithiums other than n-butyllithium (Falk, 1971), Table III. 
Ethyllithium, s-butyllithium, and pheny 11 ithium can be used to 
make catalysts as active as n-butyllithium based catalysts. 
Cyclooctene hydrogénation was quantitative in 10 minutes. The 
cyclopentyllithium based catalyst was strangely less active. 
90 minutes reaction time was required for 63% hydrogénation of 
cyclooctene and may result from impurities in the organo lith­
ium. The hydrogénations reported in Table III were done at 
50 psi, 50°C with 0.3% catalyst. In all cases the lithium/co­
balt ratio was held constant at 4.0. 

TABLE I I I . Olefin Hydrogénation with Li/Co Catalysts as a 
Function of Li Source 

Type Time ( M i n . ) C o n v e r s i o n (%) 

E t h y l l i t h i u m 10 100 
s - B u t y l l i t h i u m 10 100 
Phenyl l i t h i u m 10 100 
C y c l o p e n t y l l i t h i u m 90 63 

Polymeric organo lithiums may also be used to make lithium/ 
cobalt hydrogénation catalysts. Living anionic polybutadiene 
may be prepared by initiating the polymerization of butadiene 
in an inert solvent like cyclohexane with an alkyllithium. Add­
ition of cobalt (II) 2-ethylhexanoate forms an active hydrogén­
ation catalyst as indicated by the data in Table IV. Cyclooc­
tene was hydrogenated with this catalyst at 0.3% concentration, 
50 psi hydrogen at 50 °C to cyclooctane with 51% conversion af­
ter 30 minutes. Active hydrogénation catalysts may also be made 
from living polyisoprene and polystyrene. These catalysts were 
prepared exactly as the living polybutad'iene/cobalt (II) 2-eth­
ylhexanoate catalyst. Hydrogénation conditions were the same. 
With both catalysts hydrogénation of cyclooctene was quantita­
tive in 30 minutes. The difference in reactivity noted between 
living polybutadiene/cobalt (II) 2-ethylhexanoate catalyst and 
analogous catalysts based on living polyisoprene and living 
polystyrene is difficult to explain and may be an artifact of 
this set of experiments. Recently (Falk, 1973), polydienes 
have been transmetalated in high yield (>95%) with s-butylli-
thium and an equivalent amount of tetramethylethylenediamine. 
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TABLE I V . Alternate Polymeric Sources of R-Li 

% C o n v e r s i o n 
Type to C y c l o o c t a n e * 

-(CHa-CH=CHCH2) θ L i

 φ
 51 

C H 3 

A A A A ( C H 2C H = C C H 2) A A A θ L i

 φ
 100 

o o o o o | C H 2C H ) o o o o o θ L i

 φ
 100 

6 
θ θ θ θ 

L i

 6
 L i

 φ
 L i

 φ
 L i

 φ 

* 3 0 M inu te R e a c t i o n Time 

PBD 34 

During the transmetalation no polydiene degradation occurs if 
the reaction is run at room temperature for 2 hours. 1 0 0 , 0 0 0 
molecular weight anionic polybutadiene was metalated to 10 
sites per chain in this manner. This metalated polymer was 
used as the organolithium moiety to prepare a lithium/cobalt 
hydrogénation catalyst. Cyclcoctene was hydrogenated in 34% 
conversion to cyclooctane in 30 minutes using this catalyst. 

During the hydrogénation of cyclcoctene with catalysts 
based on living polydienes or polylithiated polydienes, the 
polydiene moieties were also hydrogenated. 

Hydrogénation catalysts made by reacting organo aluminums 
or lithiums with cobalt (II) salts are referred to in the liter­
ature as "soluble", "coordination", or "homogeneous" catalysts. 
They may be either/all or neither since little work has been re­
ported on the nature of the catalysts species. Solutions of 
organo aluminums or lithiums are transparent with a slight 
yellow cast. The cobalt (II) 2-ethylhexanoate solution is deep 
blue. When the solutions are mixed together to form the hydro­
génation catalyst solution, the color is black. In one experi­
ment, a lithium/cobalt catalyst was filtered under nitrogen 
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thru a 0.45μ millipore filter. A jelly like substance was fil­
tered off. Figure 1 is a scanning electron micrograph photo­
graph of this gel at a 5,000-fold magnification. No particu­
late structure is noted and the nature of the filtered material 
is not known. It may or may not be part of the active hydro­
génation catalyst. Light scattering indicates the catalyst is 
at least, in part, colloidal in nature with 3,500-3,900A size 
particles. Further work on the characterization of the catalyst 
is needed. 

The remainder of the paper will discuss the hydrogénation 
of polybutadiene, polyisoprene and polystyrene which were pre­
pared by anionic polymerization of the appropriate monomer in 
cyclohexane (Hsieh, 1965). The living polymers were quenched 
with an amount of isopropanol equivalent to the living ends and 
then diluted with sieve dried cyclohexane to the concentration 
desired for hydrogénation. The microstructure of the poly­
butadiene was 43% of cis 1,4, 49% trans 1,4, and 8% 1,2 while 
the polyisoprene was predominantly cis 1,4. 

Fig. I. Scanning Electron Micrograph of Li/Co Filtered Cata­
lyst 5,000X 

312 



P O L Y M E R HYDROGENATIONS 

TABLE V . Hydrogénation of Polybutadiene 

- fCH2CH=CHCH2f — > - f C H 2C H 2C H 2C H 2f n 

L i / C o Time ( M i n . ) C o n v e r s i o n (%) 

0 . 9 5 60 0 
3 . 0 20 100 
5 . 0 30 100 
9 . 9 90 0 

Hydrogénation activity results from careful choice of li­
thium/cobalt ratio. At low lithium/cobalt ratios (0.95) no 
hydrogénation occurs. As the lithium/cobalt ratio is increased, 
catalyst activity increases, and at a lithium/cobalt ratio of 
3.0 hydrogénation is complete in 20 minutes. Higher lithium/ 
cobalt ratios, up to 5.0, also give active hydrogénation cata­
lysts. At lithium/cobalt ratios greater than 5.0, catalyst ac­
tivity diniinishes and ceases at 9.9. 

The polydienes cited in Table V and throughout the remain­
der of the paper are terminated with a 9% block of polystyrene 
to facilitate the determination of the percent conversion by 
infrared spectroscopy. The starting material is used as a re­
ference against which the hydrogenated samples are compared. 
The block of polystyrene is common to all samples and acts as 
an internal standard. Thus, the amount of polydiene unsatura-
tion may be determined, throughout the course of the reaction, 
from absorptions in the infrared characteristic of polystyrene 
and the polydiene with an accuracy of ±1-2%. 

The hydrogénation of a polymer such as polybutadiene could 
involve random saturation of the double bonds, or the catalyst 
could be bound to the same polymer chain until hydrogénation is 
complete before moving on to the next chain. Anderson (1974) 
has shown that the saturation in partially hydrogenated poly­
butadiene containing 63% 1,2 polymerized butadiene was uniform-
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ly distributed. He reacted the partially hydrogenated poly-
butadiene with 2,3-dinitrobenzenesulfenyl chloride which adds 
across olefin unsaturation to form an UV active chromophor. 
The derivatized polybutadiene was then analyzed by a gel per­
meation chromatograph (GPC) equipped with both refractive index 
and ultraviolet detectors. The refractive index detector mea­
sures the macromolecular sizes in the usual manner and the ul­
traviolet detector measures the amount of unsaturation therein. 
One of Anderson's GPC curves is reproduced below (Fig. 3). He 
concluded that this polymer, a partially hydrogenated polybu­
tadiene, has a relatively uniform distribution of unsaturation. 
The bell shaped curve is the refractive index curve and the 
horizontal line is the ultraviolet curve. The deviation in dis­
tribution of unsaturation at the low GPC count values is typi­
cal of the variations introduced at the molecular weight ex­
tremes due to experimental error. 

GPC COUNT 

Fig. 3. The distribution of unsaturation in sample 2, a par­
tially hydrogenated polybutadiene. 

The work of Anderson confirms unpublished work in our la­
boratories on unsaturation distribution. Preparative GPC was 
used to isolate several molecular weight fractions of partially 
hydrogenated polybutadiene. Infrared analysis indicated that 
the amount of unsaturation was constant for the fraction col­
lected. 

The rate of hydrogénation of poly-1,4-butadiene decreases 
with a decrease in catalyst concentration at a constant temper­
ature of 50°C and 50 psi hydrogen. Table VI (Falk, 1972). The 
catalyst was made from n-butyllithium and cobalt (II) 2-ethyl­
hexanoate at a lithium/cobalt ratio of 5.0. At 0.3 mole % ca­
talyst poly-1,4-butadiene is rapidly hydrogenated. Similar ac-
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TABLE V I . Hydrogénation of Polybutadiene 

Temper- Hydrogen 
C a t a l y s t 

(%) 
a tu re 

( ° c ) 
P r e s s u r e 

( p s i ) 
Time 

( M i n . ) 
C o n v e r s i o n 

(* ) 

0 . 3 0 50 50 20 98 
CATALYST 0 . 2 0 50 50 20 95 

LEVEL 0 . 1 5 50 50 30 83 
0 . 1 0 50 50 20 50 

0 . 3 0 9 50 20 63 
0 . 3 0 25 50 20 73 

TEMPERATURE 0 . 3 0 50 50 20 98 
0 . 3 0 75 50 20 97 
0 . 3 0 85 50 20 91 

HYDROGEN 
PRESSURE 

0 . 3 0 
0 . 3 0 
0 . 3 0 

50 
50 
50 

5 
25 
50 

60 
20 
20 

100 
99 
98 

tivity is noted at 0.2 mole % catalyst. At 0.15 and 0.10 mole 
% catalyst a noticeable loss of activity is observed, 83% hy­
drogénation and 50% hydrogénation, respectively, after thirty 
and twenty minutes. 

The activity of these catalysts is a function of tempera­
ture. Table VI. At a constant catalyst concentration of 0.3 
mole % and hydrogen pressure of 50 psi, a ininiinum temperature 
of 50°C is required for rapid hydrogénation of poly-1,4-buta­
diene. At higher temperatures, 75 and 85°C, similar facile 
hydrogénation occurs. Temperatures lower than 50°C, e.g., 25 
and 9°C, permit only partial hydrogénation of poly-1,4-butadiene. 

Hydrogen pressure, as expected, effects the rate of hydro­
génation of poly-1,4-butadiene. The catalyst concentration 
(0.3 mole % ) , temperature (50°C) and lithium/cobalt ratio (5.0) 
were held constant and the hydrogen pressure was varied, 50 psi, 
25 psi, and 5 psi. Table VI. At pressures of 25 and 50 psi, 
hydrogénation occurs rapidly, while at 5 psi a longer reaction 
time is required for complete hydrogénation. 

These coordination catalysts may be used to hydrogenate 
poly-1,4-isoprene (Falk, 1972). Table VII shows the effect of 
catalyst concentration on the hydrogénation of poly-1,4-iso-
prene. The polyisoprene was made by anionic polymerization and, 
although predominantly in the cis 1,4 configuration, contains a 
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small amount of 1,2-polymer. The small amount of poly-1,2-iso-
prene is hydrogenated at the same rate or slightly slower than 
poly-1,4-isoprene. In this study, the catalyst was made from 
n-butyllithium and cobalt (II) 2-ethylhexanoate. The hydrogén­
ations were carried out at 50°C with a hydrogen pressure of 50 
psi. At 0.3 mole % catalyst concentration and lithium/cobalt 
ratios of 5.0 and 3.0, little hydrogénation occurs, 0, and 39% 
conversion. At these catalyst concentrations, poly-1,4-buta­
diene is quantitatively hydrogenated. The lack of hydrogéna­
tion of poly-1,4-isoprene is unexpected and may reflect loss of 
catalyst by oxidation, by reaction of catalyst with other im­
purities in the system, or by the innate lower reactivity of 
polyisoprene to hydrogénation. At higher catalyst concentra­
tions, 1.2 and 3.0% (with a lithium/cobalt ratio of 3.0) hydro­
génation is rapid, 77 and 100% conversion occurring respective­
ly. 

TABLE V I I . Hydrogénation of Polyisoprene 

C a t a l y s t Time 
L i / C o Concen t ra t i on {%) ( M i n . ) C o n v e r s i o n (%) 

5 .0 0 . 3 90 0 
3 . 0 0 . 3 10 39 
3 . 0 1.2 10 77 
3 .0 3 . 0 20 100 

At a higher catalyst concentration, 3.0%, a catalyst con­
centration at which polyisoprene hydrogénation is quantitative, 
the rate is dependent on lithium/cobalt ratio. Table VIII 
(Falk, 1972). At ratio of 1.74 or lower, negligible hydrogén­
ation occurs. As the lithium/cobalt ratio is increased hydro­
génation rate increases until, at 2.5, conversion is quantita­
tive in 20 minutes. Between lithium/cobalt ratios 2.5 and 5.0, 
hydrogénation is quantitative and rapid. Activity decreases 
above 5.0 until at a lithium/cobalt ratio of 6.5 no hydrogéna­
tion occurs after 90 minutes. 

More drastic conditions are required to hydrogenate poly­
styrene to polyvinylcyclohexane. This is not unexpected in 
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- ( -CH2C=CHCH2- ^

 2
 > - f C H2C H - C H2C H2i n 

C H 3 C H 3 
L i / C o Time ( M i n . ) C o n v e r s i o n {%) 

1.74 90 <10 
2.5 20 100 
5.0 10 100 
6.5 90 0 

view of the aromaticity of polystyrene unsaturation. The hy­
drogénation of polystyrene as a function of hydrogen pressure 
and temperature is reported in Table IX (Falk, 1972). The ca­
talyst, made from n-butyllithium and cobalt (II) 2-ethylhexano­
ate with a lithium/cobalt ratio of 3.3, was evaluated at a con­
centration of 0.2 mole % based on styrene units. At this cata­
lyst concentration, high pressures (a min:Lmum of 2,000 psi) and 
temperatures (a ininirnum of 250°C) are required to achieve a 
reasonable conversion of polystyrene to polyvinylcyclohexane in 
short reaction times. 

TABLE I X . Hydrogénation of Polystyrene 

- fCH.CHf^ • 
H 2 - > - f C H 2C H ^ 

1 ό 0 
Hydrogen 
P r e s s u r e Temperature Time C o n v e r s i o n 

( p s i ) (°C) ( H r s . ) (%) 

500 300 4 9 
HYDROGEN 

1000 300 2 97 
HYDROGEN 2000 300 2 97 
PRESSURE 3000 300 2 100 

4400 300 3 100 

4400 100 3 8 
TEMPERATURE 4400 250 3 81 

4400 300 3 100 
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The previously described work, showing the unsaturation in 
diene polymers to be more readily hydrogenated than unsatura­
tion in polystyrene, is not unexpected in view of the aromati-
city of the polystyrene unsaturation. More subtle differences 
exist in the trisubstituted ethylenic unsaturation in poly-1,4-
isoprene and the disubstituted ethylenic unsaturation in poly-
1,4-butadiene. Previous results reported in this paper have 
implied a difference in reactivity of these two structures in 
hydrogénation reaction. 

The data of Table X (Falk, 1972) shows that hydrogénation 
selectivity results from careful choice of aluminum/transition 
metal ratios in catalysts made by reacting triethylalunuLnum and 
cobalt (II) 2-ethylhexanoate. In this study the hydrogénations 
were carried out at 50°C, 50 psi hydrogen, with 0.3 mole % ca­
talyst. 100,000 molecular weight poly-1,4-butadiene and poly-
1,4-isoprene were the rubbers hydrogenated. 

At low triethylalurninum/cobalt (II) 2-ethylhexanoate ra­
tios, 3.25-3.35, hydrogénation of both poly-1,4-butadiene and 
poly-1,4-isoprene occurs easily. At a higher aluminum/cobalt 
ratio, 3.40, the catalyst system hydrogenates poly-1,4-butadiene 
unsaturation but not poly-1,4-isoprene unsaturation. 

TABLE X . Soluble Selective Hydrogénation Catalysts Et3Al/Cox 

C o n v e r s i o n (%) 

A l / C o ( M i n . ) P o l y - 1 , 4 - b u t a d i e n e P o l y - 1 , 4 - i s o p r e n e 

3 . 2 5 10 100 68 
3 . 3 0 10 100 28 
3 . 3 5 10 100 29 
3 . 4 0 10 100 
3 . 4 0 60 100 0 

Alkyl or aryllithium compounds may be used in place of tri-
ethylaluminum in the preparation of selective hydrogénation ca­
talysts. Table XI. The activity of these catalysts, and hence 
their selectivity, is a function of the molar ratio of lithium 
to cobalt analogous to the aluminum/cobalt catalysts. With a 
catalyst made from n-butyllithium and cobalt (II) 2-ethylhexa­
noate having a lithium/cobalt ratio of 5.0, poly-1,4-butadiene 
is hydrogenated with a conversion of >99% after 30 minutes 
while after 90 minutes under these conditions, polyisoprene is 
not hydrogenated. 
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Many other alkyllithiums may be used to prepare selective 
hydrogenaticn catalysts. Examples are s-buty 11 i thium, ethylli­
thium, cyclopentyllithium, and phenyllithium. With these cata­
lysts, the selectivity noted in Table XI is not absolute. How­
ever, improved selectivity should result with other lithium/co­
balt ratios. 

TABLE X I . Selective Hydrogénation of Poly-1,4-butadiene With 
Soluble Hydrogénation Catalysts^ 

S u b s t r a t e ^ L i Source 

PBD n - B u t y l l i t h i u m 
P I n - B u t y l l i t h i u m 
PBD C y c l o p e n t y l l i t h i u m 
P I C y c l o p e n t y l l i t h i u m 
PBD P h e n y l l i t h i u m 
P I P h e n y l l i t h i u m 
PBD s e c - B u t y l 1 i t h i u m 
P I s e c - B u t y l 1 i t h i u m 
PBD E t h y l l i t h i u m 
P I E thy l 1 i t h i u m 

T ime, 
L i / C o M i n . Conve rs ion (%) 

5 . 0 3 0 > 9 9 

5 . 0 9 0 0 

4 . 0 9 0 7 8 

4 . 0 9 0 0 

4 . 0 2 0 9 7 

4 . 0 9 0 3 7 

5 . 0 1 0 9 5 

5 . 0 9 0 7 2 

5 . 0 2 0 1 0 0 

5 . 0 9 0 2 7 

A
5 0 ° C ; hydrogen p r e s s u r e 5 0 p s i ; 0 . 3 mole % c a t a l y s t , 1 0 0 , 0 0 

MW P B D and P I , 1 7 % (w/w) s o l i d s i n c y c l o h e x a n e . & P B D = p o l y -
1 , 4 - b u t a d i e n e ; P I = p o l y - 1 , 4 - i s o p r e n e 

Hydrogénation selectivity is also possible with block and 
random 1,4-copolymers of butadiene and isoprene. Table XII 
(Falk, 1971). Butadiene present either as blocks or randomly 
in copolymers with isoprene is hydrogenated completely, while 
the isoprene unsaturation remains. These hydrogénations were 
also carried out at 50°C, 50 psi hydrogen, at 0.3 mole % cata­
lyst. 

Hydrogénation selectivity is not restricted by molecular 
weight as evidenced by the data of Table XII. Whether the mol­
ecular weight of the copylymer is 1,000 or 100,000, poly-1,4-
butadiene moieties are hydrogenated preferentially. 

Transition metal 2-ethylhexanoate salts other than cobalt 
(II) give hydrogénation catalysts possessing high selectivity 
in polydiene hydrogénations. Table XII. Nickel (II)2-ethylhex­
anoate may be used as a cocatalyst in the selective hydrogena-
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tion of poly-1,4-butadiene moieties in butadiene-isoprene co­
polymers. The activity of this catalyst is similar to its co­
balt (II) 2-ethylhexanoate analog. 

TABLE X I I . Hydrogénation of 1-4-butadiene-l,4-isoprene-l,4-
butadiene Block and Random Copolymers** 

C o n v e r s i o n (%) 

T ime, Bu tad iene I s o p r e n e 
En t ry A l / C o MW X 1 0 "

3 
( M i n . ) Segments Segments 

1 3 . 4 5 100 60 100 0 
2b 3 . 4 5 100 60 100 0 
3 3 . 4 5 1 20 100 0 
4c 3 . 3 0 100 60 100 0 

a
3 5 % po l ybu tad iene (w /w) . ^Random bu tad iene , i s o p r e n e c o p o l y ­

mers .

 c
N i c k e l ( I I ) 2 - e t h y l h e x a n o a t e , t r i e thy l aluminum c o c a t a -

l y s t . 

To summarize the effect of polymer structure on the rate 
of hydrogénation, reaction conditions can be chosen so that po­
lybutadiene can be hydrogenated faster than polyisoprene which 
is much more reactive towards hydrogen than polystyrene. 

Hydrogénation may be used to prepare a number of novel po­
lymer structures which are difficult and, in many cases, impos­
sible to prepare by alternate routes. Table XIII. An alternat­
ing ethylene-propylene copolymer may be prepared by hydrogen-
ating anionic poly-1,4-isoprene (reaction 1). Linear, narrow 
molecular weight distribution, unbranched polyethylene may be 
prepared by the hydrogénation of poly-1,4-butadiene (reaction 
2) . Narrow molecular weight distribution polybutene-1 may be 
prepared by the hydrogénation of poly-1,2-butadiene (reaction 
3) . Sequential block copolymers or random copolymers of ethyl­
ene and butene-1 may be prepared by hydrcgenating the corres­
ponding 1,4-butadiene-l,2-butadiene copolymer (reaction 4). 
Selective hydrogénation of the butadiene moiety in isoprene-
butadiene random or block copolymers afford copolymers of iso­
prene and ethylene (reaction 5) . Polyvinylcyclohexane may be 
prepared by the hydrogénation of polystyrene (reaction 6). 

A graft polymer of polystyrene onto polybutadiene may be 
prepared by metalating the polybutadiene backbone with a com-
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plex of s-buty 11 ithiuiti and Ν, Ν, Ν
1
, Ν

1
 -te trame thy lethylenedianûn e 

followe d  b y  th e  us e  o f  thi s  polylithi o  specie s  t o  initiat e 
styren e  polymerization .  Hydrogénatio n  o f  th e  polybutadien e 
moiet y  result s  i n  a  graf t  polyme r  o f  polystyren e  o n  polyethyl ­
en e  (reactio n  7 )  an d  complet e  hydrogénatio n  o f  th e  graf t  copo ­
lyme r  afford s  a  graf t  polyme r  o f  polyvinylcyclohexan e  o n  poly ­
ethylen e  (reactio n  8 ) . 

TABLE X I I I 

NOVEL POLYME R STRUCTURE S B Y HYDROGENATIO N 

CH, CH , 

I H  I 

^H2C=CHCH2J-n -  >  |CH 2CHCH2CH2fn (Reactio n 1 ) 
ALTERNATING E P RUBBE R 

fCH2CH=CHCH2fn >  |CH 2CH2CH2CH2| f i (Reactio n 2 ) 

(Reaction 3 ) 

CH C H 

^

H
2 CH 3 

POLYBUTENE 

fCH2CH=CHCH2fnf CH 2CHfm —> fCH 2CH2CH2CH2fnJ -CH2CHfm (Reactio n 4 ) 

CH CH 2 C H
2 CH 3 

BLOCK POLYETHYLENE-POL  ΥΓ.11ΤΕΝΕ 

H9 ^CH2CH=CHCH2-}-n<CH2C=CHCH24jn—^ - ( C H ^ H ^ C H ^ f C H ^ C H C H ^ 

CH3 CH3 (Reaction 5) 

BLOCK POLYETHYLENE-POLYISOPRENE 
H2 

•(€H2-CHfn > ^

Η
2 ^ η (Reaction 6) 

φ Q POLYVINYLCYCLOHEXANE 

" ~ ~ ~ (Reaction 7) 
2 

Polybutadiene ^ — > —^—Polyethylene ^r-

Poly^tyrene ^ Polystyrene PoVystyrene £ Polystyrene 

" FT (Reaction 8) 

— ^ Polybutadiene ^ — — | - P o l y e ^ h y l e n e - | — 

Polystyrene ) Polystyrene Polyvinylcyclohexane 

> 5 ? 8 8 8 
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In addition to providing synthetic routes to unique poly­
mer structures, hydrogénation may be employed to make commer­
cially useful polymers. 

Some recently developed thermoplastic elastomers owe their 
properties to an ABA block structure. These copolymers consist 
of rigid thermoplastic A blocks and soft, rubbery Β segments 
and exhibit behavior similar to that of cross linked rubber 
structures. The commercially available family of Kraton

f
s® are 

examples of thermoplastic elastomers which contain blocks of 
polystyrene and polybutadiene arranged in an ABA sequence. 

Hydrogénation may be used to prepare thermoplastic elasto­
mers similar to Kraton®, Table XIV (Falk, 1972). An ethylene-
isoprene random copolymer prepared by hydrogénation of the bu­
tadiene moieties of a 1,4-butadiene-l,4-isoprene copolymer had 
low tensile strength. Entry 1. The polymer contained 66% ethyl­
ene and is abbreviated 66EI. Ordering the ethylene and isoprene 
moieties into blocks in such a way that two polyethylene blocks 
flank the polyisoprene block results in a thermoplastic elasto­
mer which has a low tensile yield, 840 psi, a high ultimate ten­
sile strength, 2100 psi, and a high percent elongation, 690, 
Entry 2. These polymers are consistent with the ASTM defini­
tion of elastomers (AS1M, 1956) : "A substance that can be 
stretched at room temperature to at least twice its original 
length and, after having been stretched and the stress removed, 
returns with force to approximately its original length in a 
short time." A thermoplastic elastomer also results if the 
polyisoprene segment contains isoprene in the 3,4 configuration. 
Entry 3. The physical properties of these experimental thermo­
plastic elastomers are similar to one of the Kraton® family, a 
50% styrene-butadiene ABA block copolymer. Entry 4. 

TABLE X I V . Ethylene-Isoprene Copolymers 

Y i e l d U l t ima te E l o n g a t i o n S u b s t r a t e 
En t r y Type ( p s i ) ( p s i ) (%) MW 

1 66EI ( random) 260 410 580 6 0 , 0 0 0 
2 7 5 E I E 840 2100 690 1 2 0 . 0 0 0 
3 6 6 E I s . * E 760 2380 650 2 4 0 , 0 0 0 
4 50SBS 800 2300 700 2 0 0 . 0 0 0 

Hydrogenated graft copolymers of polystyrene on polybuta­
diene possess interesting properties. Table XV (Falk, 1973). A 
polyvinylcyclohexane graft (70%) on polyethylene is a tough, 
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rigid material with an ultimate tensile strength of 3,900 psi 
coupled with a percent elongation of 7. If the backbone is a 
rubbery ethylene-butene-1 copolymer, the polyvinyIcyclohexane 
graft thereon (34%) is a thermoplastic elastomer. Entry 2. 
Both examples of Table XV have seven polyvinylcyclohexane chains 
grafted to each backbone molecule. 

TABLE XV. Polyviny lcyclohexane Grafts** on Polyethylene 

T e n s i l e S t r e n g t h 

En t r y 
PVCHX 

(%) PE (MW χ 1 0 ~

3
) 

Y i e l d 
( P s i ) 

U l t ima te 
( p s i ) 

E l o n g a t i o n 
(%) 

1 
2 

7 0
h 3 4

b Ί45 
60 740 

3900 
2400 

7 
500 

a
7 g r a f t s i t e s .

 b
6 3 % b u t e n e - 1 . 

At least one commercially available polymer is prepared by 
hydrogénation .  Shell' s  recentl y  introduce d  Krato n  GX6500 ®  i s 
toute d  a s  a  weathe r  abl e  thermoplasti c  elastome r  base d  o n  a  hy ­
drogenate d  styrene-butadien e  copolymer . 

CONCLUSIO N 

Catalyst s  hav e  bee n  describe d  fo r  th e  hydrogénatio n  o f  lo w 
molecula r  weigh t  olefins ,  polydienes ,  an d  polystyrene .  Th e  re ­
actio n  condition s  ar e  mild ;  conversio n  i s  high ;  an d  no  polyme r 
degradatio n  occurs .  Thes e  catalyst s  ar e  mad e  b y  reactin g  a n 
org a n œ l u m i n u m  o r  organolithiu m  compoun d  wit h  a  transitio n  m e ­
ta l  sal t  o f  2-ethylhexanoi c  acid .  Th e  catalys t  activit y  i s  a 
functio n  o f  lithiu m  (o r  aluminum)-transitio n  meta l  ratio ,  cata ­
lys t  concentration ,  temperature ,  an d  hydroge n  pressure .  Wit h 
th e  prope r  choic e  o f  catalys t  compositio n  an d  reactio n  condi ­
tions ,  th e  hydrogénatio n  catalyst s  ca n  discriminat e  betwee n 
differen t  type s  o f  polymeri c  unsaturation .  Th e  orde r  o f  acti ­
vit y  i n  th e  hydrogénation s  studie d  wit h  thes e  catalyst s  i s 
poly-1,4-butadiene>poly-l,4-isoprene»polystyrene .  Th e  hydro ­
génatio n  techniqu e  describe d  herei n  ma y  b e  use d  t o  prepar e  a 
numbe r  o f  nove l  polyme r  structure s  whic h  ar e  difficul t  and ,  i n 
man y  cases ,  impossibl e  t o  prepar e  b y  alternat e  routes . 
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THE HYDROGENOLYSIS OF POLYAIJÇYLCYCLOPROPANES 

ROBERT L. AUGUSTINE and BABUBHAI A. PATEL 
Department of Chemistry, Se ton Hall University 

South Orange, New Jersey 07079 

The hydrogenolysis of cyclopropane rings has been the sub­
ject of a number of publications concerned with both mechanistic 
studies and synthetic applications of the reaction (Newham, 
1963; Augustine, 1965; Frei, et al, 1966; Inlander, 1967; 
Fraisse-Jullien, et al, 1968; Jorgenson, 1968; Laing and Sykes, 
1968; Majerski and Schleyer, 1968; Mil

f
vitskaya, et al, 1968; 

Schultz, 1971; Roth, 1972; Pines and Noguerisa, 1972; Augustine 
and Rearden, Jr., 1974). It has been shown that monoalkyl and 
1,1-dialkyl cyclopropanes are cleaved at the bond opposite the 
substituted carbon while in other polyalkylcyclopropanes 
(Newham, 1963; Augustine, 1965; Rylander, 1967) the bond which 
is broken is that between the two least substituted carbons. 
Cn the other hand, hydrogenolysis of vinyl, carbonyl, or phenyl 
substituted cyclopropanes generally occurs at a bond adjacent 
to the unsaturated substituent. 

The mechanistic pathway proposed for the hydrogenolysis of 
cyclopropane and monoalkylcyclopropanes (Scheme 1) (Bond and 
Newham, 1960) is analogous to the Horiuti-Polanyi (Horiuti and 
Polanyi, 1934) mechanism of olefin hydrogénation. According to 
this proposal the formation of an olefinic intermediate could 
occur by desorption of _2 but under the conditions usually used 
for cyclopropane hydrogenolysis a high hydrogen availability 
to the catalyst is present and thus step 3 should be favored. 
The extensive deuterium exchange which has been observed during 
vapor phase deuterolysis (Bond and Newham, 1960; Newham, 1963) 
has been described as resulting from exchange of either the 
product alkane (Bond, 1962) or the monoadsorbed species 1_ 
(Bond and Newham, 1960) , probably occurring through the diad-
sorbed species, 2. Deuterolyses in solution are not, however, 
accompanied by such extensive exchange (Vide infra). 

From a consideration of this mechanism it can be assumed 
that in the absence of any olefin formation the ring opening 
should lead to the cis addition of hydrogen to the 1 and 3 car­
bon atoms of the ring as has been observed in the hydrogenol-
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ysis of 3-acetoxynortricyclene (_3) (Akhtar and Jackson, 1 9 7 2 ) . 
Seme stereoselectivity in the hydrogenolysis of the bicyclic 
ester, £ (Jorgenson, 1 9 6 8 ), and cyclopropyl ketone, 5_ (Fraisse-
Jullien, et al, 1 9 6 8 ), has also been reported but cleavage of 
tricyclo [ 4 . 4 . 1 . 0 ] undecane (6) gave a 5 0 : 5 0 ratio of the cis 
and trans 9-methyldecalins (Majerski and Schleyer, 1 9 6 8 ) . 

It has also been found that the hydrogenolysis of lumi-
testosterone acetate (7) gives almost exclusive 5a product 
(cf 8) formation (Augustine and Rearden, 1 9 7 4 ) rather than the 
expected 53 material, % which would be expected if the mecha­
nism shown in Scheme 1 were operational. In fact, this marked 
absence of any appreciable 5β saturated product in the hydro­
genolysis of 7 is in direct contrast to the stereoselectivity 
reported for the hydrogenolysis of ΙΟβ-methyl-cyclopropyl-keto 
steroids such as 1 £ (Frei, et al, 1 9 6 6 ) . This difficulty in 
the formation of the 5 β , 10α ring fusion product is most pro­
bably a result of the fact that in this ring system the Β ring 
of the steroid is forced into a boat conformation, thus, pro-
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H 

50% 50% 
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viding an added energy barrier to the reaction. In fact the 
hydrogénation of either the Δ

5
 ketone, 11a, or alcohols, lib, 

under a variety of conditions also gives exclusive 5a product 
formation even though a consideration of molecular models does 
not clearly show why α-adsorbtion on the catalyst should be so 
markedly preferred in these systems. The facile acid cata­
lysed isomerization of lumitestosterone to the Δ

5
-olefin, 11a, 

and the almost complete 5a product formation from both 11a 
and lib strongly indicate the intermediacy of an olefinic 
species in this hydrogenolysis. However, it was found that 
stirring 1_ under the conditions used for hydrogenolysis, but 
in the absence of hydrogen, gave only recovered starting ma­
terial. It was, therefore, apparent that if isomerization 
were occurring, it must be induced during the hydrogénation 
process. To account for olefin formation one must consider 
several possibilities. If the 1β,5β bond in 7̂  is cleaved as 
shown in Scheme 1 and if the formation of a β-half hydrogen­
ated state as Ci or C5 would be anticipated, the formation of a Ci-half hydrogenated state would result in β hydrogénation 
at C5, something which is not observed. Α β-half hydrogenated 
state at C5, 12̂ , could then go on to form the C5- C6 diadsorbed species which would then be desorbed to give the Δ

5
 compound. 

If this were the case, however, the Β ring in the adsorbed 
species would already have at least a semblance of a boat con­
formation and the energy barrier to boat formation would be 
essentially passed. It is difficult to see then, why, under 
the reaction conditions used, 1500 psi of hydrogen, 150t^f simple hydrogen transfer to C 5 would not take place to give at least a moderate amount of the 5β product. 

In an alternative mechanism for the cleavage of 1_ neither 
the 5β,6β-diadsorbed species nor a 53-half-hydrogenated state 
is involved. The molecular model of 1_ shows that the C6-3-hydrogen bond is directly perpendicular to the 13,53-bond of 
the cyclopropane ring, the bond which is most accessible to the 
catalyst surface. This relationship on a catalyst surface is 
shown in the diagram, 13. Extraction of the C6-hydrogen bond by the catalyst with concomitant double bond formation between 
C 5 and C 6 and cleavage of the Cx- C6 bond would give the Ci-half-hydrogenated state 14, which could then be saturated to 
give the Δ

5
 compound which then could be readsorbed on the 

catalyst from the more favored α side to give the observed 5a 
products. A similar olefin formation step can be proposed to 
explain the lack of stereoselectivity in the hydrogenolysis of 
6>. Here, too, molecular models show a perpendicular relation­
ship between the d-equatorial hydrogen and the cyclopropane 
bond being broken, a relationship the same as that shown in 13. 
In this case the octal in, 15, would be the olefinic interme­
diate. 

329 



R O B E R T L. AUGUSTINE AND B A B U B H A I A. P A T E L 

330 



H Y D R O G E N O L Y S I S OF POLY A L K Y LCYCLOPROPANES 

SCHEME 2 

17 

Pt C 
220° 

M/ 
Olefins 

P t / C 

220° 

H 2 P t / C 

C - C - C - C 
I I 
c c 

18 

P t / C H 2 
150° 

C — C — C — C 
I 
c 

19 
17 

SCHEME 3 



R O B E R T L . AUGUSTIN E AN D B A B U B H A I A . P A T E L 

Whil e  produc t  ster e œ h e m i s t r y  obtaine d  o n  hydrogénatio n 
o f  1 5 ha s  no t  bee n  established ,  a  6 0 : 4 0 mixtur e  o f  th e  ci s  an d 
tran s  decalin s  i s  forme d  o n  hydrogénatio n  o f  th e  parent ,  Δ

1
 >
9
-

octalin, ( 1 6 ), over platinum in acetic acid (Smith and Burwell, 
Jr., 1 9 6 2 ). It should be emphasized that what is proposed is 
not a thermal rearrangement process which sometimes appears to 
be taking place during the high temperature hydrogenolysis of 
polyalkylcyclopropanes (Lukina, et al, 1 9 5 7 , 1958) but, rather 
is an alternative pathway which can be followed even at low 
temperatures. The thermal stability of 1_ mentioned above 
gives some credence to this assumption. Further support can 
be had by considering the reported (Lukina, et al; Prxidhomme 
and Gault, 1966 ) hydrogenolysis data for 1,1,2-trimethylcyclo-
propane (17) as shown in Scheme 2 . With this compound high 
temperature hydrogenolysis gives primarily 2,3-dimethylbutane 
( 1 8 ). Passage of 17 over the hydrogénatio n  catalys t  a t  hig h 
temperature s  give s  a  mixtur e  o f  olefin s  whic h  o n  hydrogénatio n 
give s  essentiall y  th e  sam e  produc t  mixtur e  obtaine d  fro m  di ­
rec t  hydrogenolysi s  (Lukina ,  e t  al ,  1 9 5 7 , 1 9 5 8 ) . I n  contrast , 
neohexan e  ( 19 ) i s  th e  almos t  exclusiv e  produc t  obtaine d  fro m 
th e  cleavag e  o f  1 7 a t  lowe r  temperature s  (Prudhomm e  an d  Gault , 
1 9 6 6 ) .  Sinc e  th e  2 - 3 bon d  i n  17 _ woul d  b e  expecte d  t o  b e  th e 
mos t  readil y  adsorbe d  o n  th e  catalys t  th e  formatio n  o f  1 £ ca n 
b e  easil y  rationalize d  usin g  th e  propose d  reactio n  pathwa y  a s 
show n  i n  Schem e  3 . Further ,  deuteratio n  o f  1 7 give s  1 9 i n 
whic h  60 % o f  th e  molecule s  ha d  betwee n  3  an d  6  deuteriu m  atom s 
incorporate d  (Prudhomm e  an d  Gault ,  1 9 6 6 ) ,  a s  shoul d  b e  expec ­
te d  fro m  a n  olefini c  precursor .  Deuteratio n  o f  2 0 shoul d  giv e 
a t  leas t  a  D 3  compound .  Attempte d  deuteriu m  exchang e  o n  1 9 
unde r  th e  reactio n  condition s  use d  fo r  th e  hydrogenolysi s  o f 
17 gav e  onl y  abou t  15 % o f  th e  D 3  materia l  (Prudhomm e  an d  Gault , 
1 9 6 6 ) . 

Th e  hydrogenolysi s  (Ghatak ,  e t  al ,  1 973 ) o f  2 1 result s  i n 
exclusiv e  formatio n  o f  th e  9a -gibbane ,  2 2 , a  resul t  als o  i n 
contradictio n  t o  th e  mechanis m  show n  i n  Schem e  1  an d  i n  seem ­
in g  agreemen t  wit h  th e  olefi n  intermediat e  proposal .  Thi s 
agreement ,  however ,  i s  no t  apparentl y  vali d  sinc e  hydrogéna ­
tio n  o f  23, t h e  olefini c  intermediat e  expecte d  fro m  2 1 , give s 
a  mixtur e  o f  bot h  th e  9 a an d  9β products (Ghatak, et al, 1 9 7 3 ) . 

More recently the hydrogenolysis of trans 1,2-dimethy 1 -
1,2-diphenylcyclopropane (24) has been shown to give both the 
dl - ( 2 5 ) and meso (26) products (Kieboom, et al, 1 9 7 4 ) . The 
formation of 25 (suprafacial ring opening) was the result when 
the addition of hydrogen to carbons 1 and 2 occurred with 
either inversion or retention at both centers. On the other 
hand 26 was formed when inversion occurred at one center and 
retention at the other (antarafacial ring opening). These 
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23 

conventions are quite useful in describing the stereochemical 
outcome of cyclopropane ring cleavage. However, in this case, 
as with the inversion of configuration observed on hydrogenol­
ysis of benzyl alcohols (Mitsui, et al, 1961, 1963, 1965), the 
process by which this inversion occurs is not clearly speci­
fied. 

It was obvious, then, that more work was needed to resolve 
this question but that the work done should try to correlate 
the findings of the vapor phase deuterolyses with the reported 
stereochemical data obtained using solution reactions. In an 
attempt to do this the deuterolysis of norcarane (27) was run 
in dz.-acetic acid using a platinum oxide catalyst at room tem­
perature and two atmospheres pressure. These mild conditions 
(Majerski and Schleyer, 1968; Hendricksen and Boeckman, Jr., 
1971) were chosen to rninimize the side reactions which could 
occur along with the cleavage of 27. Several points were 
found which are important to the understanding of the solution 
phase hydrogenolyses of cyclopropanes: 1) Ring opening did 
not occur in the absence of hydrogen or deuterium; 2) Re­
covered, unreacted norcarane contained no deuterium; 3) No 
deuterium was incorporated into me thy Icy c lohexane (28) when it 
was exposed to deuterium under these reaction conditions; and 
4) The deuterium distribution in the me thy Icy c lohexane ob­
tained on deuterolysis of norcarane had a maximum at dle This predominant formation of a monodeutero product is 
apparently the direct result of a dilution of the surface 
deuterium pool by hydrogen obtained from an exchange process. 
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Since it has been established that no exchange occurred with 
either the starting material or the product and the solvent 
was completely deuterated, this hydrogen must be obtained from 
only one source, the reacting molecule. Thus, some type of 
1,2-diadsorbed or olefinic intermediate is probably involved. 

The deuterium distribution observed on deuterolysis of 
norcarane (27) was also compared with the deuterium distribu­
tion in the methylcyclohexane obtained from the deuteration 
of 3-methylcyclchexane (29) and 1-methylcyclohexene (30) using 
the same reaction conditions as those used to cleave norcarane. 
From the results pictured in Figure 1 and listed in the Table 
it is apparent that while the products from 29_ and 30 have a 
reasonably similar deuterium distribution, this distribution 
is quite different from that found with the product obtained 
from the cleavage of 27. Even if one compensates for the di­
lution of the deuterium pool in the reaction of 27 by compar­
ing the do, di, d2 etc., of the product from 27 with the di, d2, d3 etc., of the products from _29 and 30_, there is still no reasonable correlation of these data. 

It has been established, however, that the primary mass 
spectral fragmentation pattern of methylcyclohexane is simply 
the loss of the methyl group (Meyerson, et al, 1963). The 
primary difference in the deuteration of the olefins, 29 and 
30, and the cleavage of 27, is the direct involvement of this 
methyl carbon atom in the mechanism of the latter reaction. 
Thus, analysis of the cyclohexyl radical cation region in the 
mass spectra of these products should permit a more direct com­
parison of the deuteration data by removing from consideration 
this anomalous methyl group. This comparison is presented in 
Figure 2 and listed in the Table. Here the deuterium distri­
bution from each of the products is quite different from that 
of the others. If the deuterium dilution in the cleavage of 
norcarane is considered and the d0r d2, d2, etc., data from the product from 27 is compared with the di, d2, d3, etc., data from the products from 29 and 30 (Figure 3) a reasonably 
good correlation between the data from 27 with that from 29 is 
observed. The correlation between the data from 27_ and 30_ is 
not quite as good. 

It appears, then, that these data do indicate that an 
olefinic or 1,2-diadsorbed intermediate is involved in the 
hydrogenolysis of polyalkylcyclopropanes. The intermediacy of 
a diadsorbed species can account for the deuterium distribu­
tion and even for the inversion of configuration if a "roll­
over" type of mechanism (Burwell, 1972) is occurring but it 
seems more likely that a fully desorbed olefin is present in 
solution reactions under low hydrogen availability conditions. 
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Fig. 2. Deuterium distribution in the cyclohexyl radical cation 
peaks of the methylcyclohexane obtained from 27, 29 
and 30. 
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The difference in product stereochemistry obtained on cleavage 
of 21 and hydrogénation of 23 (Ghatak, et al, 1973) could 
possibly be due to the fact that the amount of intermediate 
olefin present in the reaction of 21 is expected to be quite 
small and thus, the olefin:catalyst ratio, a factor which in­
fluences product stereochemistry (Augustine, 1963), is differ­
ent in the reaction of 21 than in the hydrogénation of 23. 
Further work is underway to attempt to clarify this problem 
more fully. 

% 

Fig. 3. Comparison of the deuterium distribution in the cyclo-
hexyl radical cation peaks of the methyIcyclohexane 
obtained from 27_ and the d + 1 peaks from the products 
obtained from 29 and 30. 
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TABLE. Deuterium Distribution in MethyIcyclohexane Obtained 
from 27, 29 and 30 

Percen t o f Tota l Deutera ted 
M o l e c u l e s o r Fragments f rom 
the P r o d u c t s from 

mass d 27 29 30 

83 do C* 24.3 9.2 10.1 

84 d t " 38.9 24.2 33.6 

85 d 2 " 19.1 30.2 33.8 

86 d 3 " 6.8 18.8 12.5 

87 d* " 4.4 9.9 6.0 

87 d 5 " 2.9 5.1 2.8 

88 d 6 " 1.8 2.5 1.1 

98 do M* 12.5 7.4 7.8 

99 dx " 29.5 24.2 25.7 

100 d 2 " 25.8 35.3 31.4 

101 d 3 " 13.6 19.4 19.0 

102 d * " 9.4 9.1 9.3 

103 d 5 " 5.4 4.6 4.7 

104 d 6 " 2.7 2.3 

* C = c y c l o h e x y l r a d i c a l c a t i o n ; M = mo lecu la r i o n 
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PREPARATIO N  O F  N-ALICYCLI C  AMIDE S  B Y 
NUCLEA R  HYDROGENATIO N  O F  N-ARY L  AMIDE S 

RUSSEL L  E .  MALZ ,  JR .  AN D  HAROL D  GREENFIEL D 
Uniroya l  Chemical ,  Divisio n  o f  Uniroyal ,  Inc . 

Naugatuck ,  Connecticu t  0677 0 

Th e  heterogeneou s  hydrogénatio n  o f  N-ary l  amide s  ha s  bee n 
investigate d  wit h  severa l  catalysts .  Th e  rhodium-catalyze d 
reactio n  i s  excellen t  fo r  th e  laborator y  preparatio n  o f  N-al i -
cycli c  amides .  Promotio n  o f  th e  catalys t  b y  aci d  an d  reacti ­
vatio n  o f  use d  catalys t  b y  aci d  treatmen t  make s  th e  proces s 
economica l  an d  o f  comiercia l  interest .  Th e  hydrogénatio n  o f 
N-ary l  amide s  followe d  b y  hydrolysi s  t o  th e  correspondin g  am ­
ine s  ma y  b e  superio r  t o  th e  direc t  hydrogénatio n  o f  ary l  am ­
ine s  t o  alicycli c  airlines ,  particularl y  i n  th e  cas e  o f  diamines , 
wit h  respec t  t o  produc t  purit y  an d  e œ n o m i c s .  Rhodiu m  i s  b y 
fa r  th e  mos t  activ e  catalys t  fo r  thi s  nuclea r  hydrogénation . 
Rutheniu m  als o  ha s  usefu l  activity . 

Th e  purpos e  o f  thi s  investigatio n  wa s  t o  develo p  a  suit ­
abl e  proces s  fo r  th e  laborator y  preparatio n  o f  N-alicycli c 
amide s  o f  hig h  purity ,  an d  fo r  thei r  commercia l  manufacture . 
Thes e  amide s  ca n  b e  hydrolyze d  t o  th e  correspondin g  amine s 
which ,  particularl y  i n  th e  cas e  o f  diamines ,  ar e  difficul t  t o 
obtai n  b y  direc t  hydrogénatio n  o f  th e  ary l  amin e  i n  satisfac ­
tor y  purit y  becaus e  o f  sid e  reaction s  (Rylander ,  1967 ; 
Freifelder ,  1971 )  an d  economicall y  becaus e  o f  catalys t  poison ­
in g  (Greenfield ,  19 7 3 ) . 

Th e  nuclea r  hydrogénatio n  o f  th e  aromati c  rin g  i n  N-ary l -
monocarboxamide s  ha s  bee n  reporte d  wit h  nicke l  (Adkin s  an d 
Cramer ,  1930 ;  Hartman n  e t  al ,  1939 ;  Billma n  an d  Buehler ,  1953 ; 
Deli a  an d  Jefferies ,  1961 ;  Frase r  an d  Swingle ,  19 7 0 ) ,  platinu m 
(Skit a  an d  Rol f  es ,  1920 ;  Ferbe r  an d  Bendix ,  1939 ;  Ferbe r  an d 
Bruckner ,  1939 ;  Pletnev a  e t  al ,  1964 ,  1965 ;  Frase r  an d  Swingle , 
1970 ;  Knowles ,  19 7 2 ) ,  platinum-rhodiu m  (Pletnev a  e t  al ,  1965 ; 
Muromov a  e t  al ,  1965 )  an d  rhodiu m  (Abraha m  an d  Lamb ,  1966 ) 
catalysts .  Frei f  elde r  (1971 )  ha s  referre d  t o  unpublishe d 
nickel ,  rhodiu m  an d  rutheniu m  catalyze d  nuclea r  hydrogénation s 
o f  1,2-bisacetamidobenzene . 
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EXPERTJVIENTAL AND RESULTS 

All temperatures are in °C. Melting points are uncorrected. 

Materials 
Formanilide (distilled before use), acetanilide, butyranil-

ide, stearanilide, benzanilide, 4,4
f
-methylenedianiline (prac­

tical grade), p-phenylenediamine (practical grade), and 2,4-
toluenediamine (practical grade) were obtained from Eastman 
Kodak. The aminonaphthalenes were obtained from Aldrich 
Chemical Co. The m-phenylenediamine was prepared by the Pd-
catalyzed hydrogénatio n  o f  m-dinitrobenzen e  (Dovel l  e t  al , 
19 7 0 ) .  Th e  followin g  amide s  wer e  prepare d  b y  reactio n  o f  th e 
appropriat e  amin e  wit h  aceti c  anhydrid e  i n  glacia l  aceti c  aci d 
(Butle r  an d  Adams ,  19 2 5 ) ;  bis(4-acetamidophenyl)methane ,  m p 
231-233 °  (Butle r  an d  Adams ,  192 5 ) ;  2-aœtamidonaphthalene ,  m p 
131-132 °  afte r  recrystallizatio n  fro m  methanol-wate r  (Leonar d 
an d  Boyd ,  1946 ) ;  1,3-bisaœtamidobenzene ,  m p  187-188 °  afte r 
recrystallizatio n  fro m  methanol-^wate r  (Sasa ,  1954 ;  Morga n  an d 
Turner ,  19 6 6 ) ;  1,4-bisacetamidobenzene ,  m p  309-312 °  (Biederman n 
an d  Ledoux ,  1874 ;  Troge r  an d  Vfesterkamp ,  1909 ;  Adam s  an d 
Anderson ,  1950 ;  T u  e t  al ,  1956 ;  Sladko v  an d  Vett ,  1956 ;  Mamlok , 
1956 ;  Tsatsa s  an d  Delaby ,  1956 ;  d e  l a  Mar e  an d  Hassan ,  1958 ; 
Guyader ,  196 2 ) ;  2,4-bisacetamidotoluene ,  m p  223-224 °  (Landen -
burg ,  1874 ;  Domni n  an d  Cherkasova ,  1956 ;  Ipatief f  an d  Schmer -
ling ,  1937 ;  Jansen ,  1963 )  ;  1,5-bisacetamidonaphthalene ,  m p 
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Sid e  reaction s  t o  b e  anticipate d  i n  th e  nuclea r  hydrogéna ­
tio n  o f  N-ary l  amide s  ar e  thos e  involvin g  th e  amid o  grou p  it ­
self ,  before ,  during ,  o r  afte r  hydrogénatio n  o f  th e  aromati c 
ring .  Hydrogenolyse s  o f  carbon-oxyge n  an d  carbon-nitroge n 
bond s  i n  amide s  hav e  bee n  reporte d  wit h  coppe r  chromit e  (Adkin s 
an d  Wojcik ,  1934 ;  Vfojci k  an d  Adkins ,  1934 ;  Adkins ,  1937 ;  Guye r 
e t  al ,  19 5 5 ) ,  rheniu m  (Broadben t  e t  al ,  1959 ;  Broadben t  an d 
Bartley ,  19 6 3 ) ,  nicke l  (Guye r  e t  al ,  19 5 5 ) ,  an d  cobal t  (Guye r 
e t  al ,  1955 )  catalysts . 

Acetanilide ,  fo r  example ,  ca n  produc e  N-ethylani1in e  b y 
carbon-oxyge n  cleavage ,  wherea s  carbon-nitroge n  cleavag e  ca n 
lea d  t o  anilin e  o r  ethylamine .  Similarly ,  N-ethylcyclohexyl -
amin e  an d  cyclohexylamin e  coul d  b e  produce d  fro m  th e  saturate d 
N-cyclohexylacetamide ,  o r  b y  nuclea r  hydrogénatio n  o f  N-ethyl -
anilin e  an d  aniline .  Suc h  sid e  reactions ,  eve n  i f  presen t  t o 
a  ver y  limite d  extent ,  migh t  hav e  ver y  importan t  catalyst-in ­
hibitio n  effects .  Poisonin g  o f  nuclea r  hydrogénatio n  b y  amine s 
ha s  bee n  reporte d  wit h  platinu m  (Devereu x  e t  al ,  1957 ;  Peelin g 
an d  Shipley ,  1958 ;  Greenfield ,  19 6 4 ) ,  palladiu m  (Greenfield , 
19 6 4 ) ,  an d  rhodiu m  (Greenfield ,  1964 )  catalysts . 



P R E P A R A T I O N OF N-ALICYCLIC AMIDES 

Metal 

Catalyst
b 

Wt. Cone. 
g g/i 

Temp. 
°C 

Pressure 
psig 

Time at 
Temp., hr 

Rh 1.1 4.9 35-40 400-600 1.0
e 

Ru 1.1 4.9 75-80 400-600 1.5
e 

Pd 4.4 20 120-130 500-700 7.0
d 

Ni 4.4 20 170-180 900-1200 4.1
e 

Co 4.4 20 190-200 900-1200 1.5
e 

^ach experiment was run in a 600-ml Magne Drive autoclave with 
27.0 g (0.20 mole) of acetanilide and 200 ml of 2-propanol. 

k̂ The Rh, Ru, and Pd catalysts were 5% metal on carbon. The Ni 
and Co catalysts were 50% metal on kieselguhr. 
°Little or no gas absorption in additional 1.0 hr. 
^Little or no gas absorption in additional 1.5 hr. 
Little or no gas absorption in additional 0.5 hr. 

The procedure is illustrated in the following description of 
one experiment: 

A mixture of 27.0 g (0.20 mole) of acetanilide, 200 ml of 
2-propanol and 1.1 g of 5% Rh on carbon was added to a 600-ml 
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>350° (Knuckell and Schneider, 1912; Buu-Hoi, 1945; Leonard 
and Hyson, 1949) · The 5% Pt, Pd, Rh and Ru on carbon cata­
lysts were obtained from Engelhard Industries. The 50% Ni 
on kieselguhr (Girdler G-49B) and 50% Co on kieselguhr 
(Girdler G-67RS) were obtained from Chemetron Corp. The 
Raney Ni (Grace 28) was obtained from Davison Chemical Co. 

Hydrogénation of Acetanilide 
A comparison of several catalysts for the nuclear hydro­

génation of acetanilide to N-cyclohexylacetamide is shown in 
Table I. In each experiment, only traces of residual aroma-
ticity were detected by UV analysis and only traces of or no 
side products detected by glpc analysis. 

TABLE I. Hydrogénation of Acetanilide
9
-
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]yfcgne Drive autoclave. The vessel was sealed, purged first 
with nitrogen and then with hydrogen, and pressured with hydro­
gen to 500 psig. The autoclave was heated with agitation at 
35-40° and 400-600 psig for 2 hr with little or no gas absorp­
tion in the last 1 hr. The autoclave was cooled and depres-
surized. The reaction product was removed and filtered through 
Celite filter aid to remove the catalyst. The solvent was re­
moved from a portion of the filtrate in a rotary evaporator 
under vacuum. The white crystalline residue consisted of N-
cyclohexylacetamide mp 105-106° (Baeyer, 1894). No side pro­
ducts were detected by glpc analysis, and UV analysis showed 
only traces of residual aromaticity. 

This experiment was repeated with purified acetanilide 
and purified 2-propanol. The acetanilide in solution in 2-
propanol was treated with Raney Ni, the Ni removed by filtra­
tion on Celite filter aid, the 2-propanol evaporated on a 
rotary evaporator, and the acetanilide distilled at 202° at 
43 mm. The 2-propanol solvent was treated with Raney Ni, 
distilled, and dried over magnesium sulfate. 

There was no discernible difference in the rates of hydro­
génatio n  i n  th e  tw o  experiments . 

Hyclrogénatio n  o f  bi s  (4-acetamdûphenyl)mèthàn e 
A  mixtur e  o f  70. 5  g  (0.2 5  mole )  o f  bis(4-acetamidophenyl) -

methane ,  20 0  m l  o f  2-propanol ,  an d  5. 6  g  o f  5 %  R h  o n  carbo n  wa s 
adde d  t o  a  600-m l  Magn e  Driv e  autoclave .  Th e  vesse l  wa s  sealed , 
purge d  firs t  wit h  nitroge n  an d  the n  wit h  hydrogen ,  an d  pres* -
sure d  wit h  hydroge n  t o  160 0  psig .  Th e  autoclav e  wa s  heate d 
wit h  agitatio n  a t  95-110 °  an d  1600-190 0  psi g  fo r  1  h r  whe n  ga s 
absorptio n  ceased .  Agitatio n  wa s  continue d  fo r  a n  additiona l 
0. 5  h r  a t  105 °  .  Th e  autoclav e  wa s  coole d  an d  depressurized . 
Th e  reactio n  produc t  wa s  remove d  an d  filtere d  throug h  Celit e 
filte r  ai d  t o  remov e  th e  catalyst .  Th e  solven t  wa s  remove d  i n 
a  rotar y  evaporato r  unde r  reduce d  pressure .  Th e  residu e  con ­
siste d  o f  68. 5  g  (93 %  yiel d  )  o f  whit e  bi s  (4-acet^nddocyclo -
hexyl)methane ,  m p  207-221 °  (Barkdol l  e t  al ,  19 5 1 ) ,  an d  wa s 
show n  b y  U V  analysi s  t o  contai n  0.1 2  g  (0.2 %  yield )  o f  aromati c 
startin g  material .  Th e  product ,  a  mixtur e  o f  isomer s  (Barkdol l 
e t  al ,  19 5 1 ) ,  wa s  characterize d  b y  elementa l  analysis . 

Found :  C ,  69.10 ;  H ,  10.31 ;  N ,  9.76 .  Th e  trans-tran s  isomer , 
m p  271-273° ,  an d  th e  cis-tran s  isomer ,  m p  231-232 °  (Barkdol l 
e t  al ,  19 5 1 ) ,  wer e  isolate d  b y  fractiona l  crystallizatio n  fro m 
2-propanol . 

A  mixtur e  o f  8. 5  g  (0.03 0  mole )  o f  bi s  (4-acetamidophenyl ) 
methane ,  15 0  m l  o f  2-propanol ,  an d  4. 8  g  o f  5 %  R h  o n  carbo n 
wa s  adde d  t o  a  Paa r  shake r  typ e  pressur e  reactio n  apparatu s 
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(Paa r  Instrumen t  Co. ,  serie s  39 1 0 ) .  Th e  vesse l  wa s  sealed , 
purge d  firs t  wit h  nitroge n  an d  the n  wit h  hydrogen ,  an d  pres ­
sure d  wit h  hydroge n  t o  5 0  psig .  Th e  reactio n  mixtur e  wa s 
agitate d  fo r  1 8  h r  a t  roo m  temperature .  Th e  apparatu s  wa s  de -
pressurize d  an d  th e  reactio n  produc t  remove d  an d  filtere d 
throug h  Celit e  filte r  ai d  t o  remov e  th e  catalyst .  Th e  solven t 
wa s  remove d  i n  a  rotar y  evaporato r  unde r  reduce d  pressure .  Th e 
residu e  consiste d  o f  8. 5  g  (96 %  yield )  o f  whit e  bis(4-acet -
amidocyclohexyl)methane ,  m p  208-228 °  ,  an d  wa s  show n  b y  U V 
analysi s  to  contai n  0.1 %  o f  aromati c  startin g  material . 

A  mixtur e  o f  16.9 4  g  (0.06 0  mole )  o f  bi s  (4-acetamido -
phenyl)methane ,  22 0  m l  o f  2-propano l  an d  4. 8  g  o f  5 %  R h  o n 
carbo n  wa s  adde d  to  a  600--m l  Magn e  Driv e  autoclave .  Th e 
vesse l  wa s  sealed ,  purge d  firs t  wit h  nitroge n  an d  the n  wit h 
hydrogen ,  an d  pressure d  wit h  hydroge n  t o  105 0  psig .  Th e  auto ­
clav e  wa s  agitate d  a t  15-18 °  an d  890-105 0  psi g  fo r  4. 7  h r  a t 
whic h  poin t  th e  ga s  absorptio n  wa s  abou t  50 %  o f  th e  theoreti ­
ca l  amoun t  require d  fo r  th e  hydrogénatio n  o f  bi s  (  4-acetamido -
phenyl)methan e  t o  bi s  (4-aœtamidocyclohexyl)methane .  Th e  auto ­
clav e  wa s  depressurize d  an d  th e  reactio n  produc t  remove d  an d 
filtere d  throug h  Celit e  filte r  ai d  to  remov e  th e  catalyst .  Th e 
solven t  wa s  remove d  i n  a  rotar y  evaporato r  unde r  reduce d  pre s ­
sure .  Th e  residu e  consiste d  o f  16. 6  g  tha t  ha d  a  U V  absorp ­
tio n  maximu m  i n  methano l  a t  25 1  mm ,  identica l  wit h  tha t  o f  th e 
startin g  material ,  bi s  (4-acetamidophenyl)methane .  A  TT C  o f  th e 
residu e  o n  silic a  ge l  wit h  benzene-methano l  (4:1 )  gav e  tw o 
spots .  One ,  detecte d  b y  aci d  charrin g  (5 %  potassiu m  dichromat e 
i n  40 %  sulfuri c  a c i d ) ,  ha d  th e  sam e  R f  valu e  a s  bi s  (4-a œ t a m i d o ­
cyclohexy l  )methane .  Th e  other ,  detecte d  b y  fluorescen t  quench ­
in g  a s  wel l  a s  b y  aci d  charring ,  ha d  th e  sam e  R f  valu e  a s 
bi s  (4-acetamidophenyl)methane .  Ther e  wa s  no  indicatio n  o f  th e 
presenc e  o f  4-acet^midcK^clohexyl-4-aœtamidophenyj^than e 
fro m  eithe r  U V  o r  TT C  analyses . 

Th e  result s  o f  experiment s  o n  th e  nuclea r  hydrogénatio n 
o f  bi s  (4-acetamidophenyl)methan e  wit h  variou s  catalyst s  ar e 
summarize d  i n  Tabl e  II . 

Effec t  o f  purit y  i n  hydrogénatio n  o f  bi s  (4-aœtamidophenyl) -
méthan e 

Eac h  experimen t  wa s  ru n  i n  a  300-m l  Magn e  Driv e  autoclav e 
wit h  8.4 7  g  (0.0 3  mole )  o f  bi s  (4-acetamidophenyl)methane , 
11 0  m l  o f  2-propanol ,  an d  0.6 0  g  ( 5  g/1 )  o f  5 %  R h  o n  carbo n 
a t  65-70 °  an d  900-120 0  psig . 

Usin g  bi s  (4-acetamidophenyl)methan e  prepare d  fro m  practica l 
grad e  4, 4

1
 -methylenedianiline ,  fro m  distille d  4,4'-methylene -

dianiline ,  an d  fro m  th e  latte r  materia l  furthe r  purifie d  b y  on e 
recrystallizatio n  fro m  methanol-water ,  th e  time s  fo r  complet e 
reactio n  wer e  5.0 ,  3 P 5 ,  an d  1. 8  hr ,  respectively . 
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Temp., Time, Residue Product 
Catalyst °C hr mp, °C

b
 % aromatic

0 

Rh 
Ru 
Pd 
Pt 

20-25 
80 

150-155 
195-200

d 
4.3 
4.5 
7.0 
0.8 

209-230 
203-233 
203-243 

0o2 0.6 
1.6 

ca 100
e 

^ach experiment was run in a 300-ml Magne Drive autoclave 
with 8.47 g (0.03 mole) of bis (4-acetamidophenyl)methane, 
110 ml of 2-propanol, and 2.4 g (20 g/1) of a 5% metal on 
carbon catalyst at 900-1200 psig. 
b 
Melting point of bis (4-acetamidophenyl)methane is 236-237 . c
Deterndned by UV analysis based on starting material; one 
mole of 4-aœt^midc>cyclohexyl-4-acetamidc ^ 
woul d  b e  calculate d  a s  0. 5  mol e  o f  bi s  (4-acetamidophenyl ) 
methane . 
d 
Pressur e  wa s  1400-145 0  psig . 
e 
Determine d  b y  ga s  absorption . 

Hydrogénatio n  o f  variou s  aromati c  amide s 
Tabl e  II I  summarize s  th e  result s  o f  th e  nuclea r  hydro ­

génatio n  o f  a  numbe r  o f  aromati c  mon o  an d  diamides . 

Rhodium -  an d  ruthenium-catalyze d  hydrogénatio n  o f  acetanilid e 
Th e  result s  o f  a  detaile d  investigatio n  o f  th e  Rh -  an d 

th e  Ru-catalyze d  nuclea r  hydrogénatio n  o f  acetanilid e  ar e 
summarize d  i n  Tabl e  IV . 

Effec t  o f  aci d  i n  hydrogénatio n  o f  acetanilid e 
Th e  effec t  o f  aci d  o n  th e  Rh- ,  Pd- ,  an d  Ru-catalyze d 

hydrogénatio n  o f  acetanilid e  i s  summarize d  i n  Tabl e  V . 
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TABL E  V .  Effect  of  Acid  in  Hydrogénation  of  Acetanilide
3
-

Catalys t 
Expt .  C o n e ,  Adde d  Temp. ,  Pressur e  Time , 
No .  Meta l  Wt. ,  g  g/ 1  A c i d

b
 ° C  psi g  h r 

1. 9 
1. 0 

13 C 
11 ^ 
3 . 0

e 

3.5 * 
0.9 £ 
1 . 2

h 

1 R h 0.1 0 0.8 3 N o 10 0 800-100 0 
2 R h 0.1 0 0.8 3 Ye s 10 0 800-100 0 
3 P d 2. 4 2 0 N o 110-12 0 800-120 0 
4 P d 2. 4 2 0 Ye s 110-12 0 800-120 0 
5 R u 0. 2 1. 7 N o 10 0 800-100 0 
6 R u 0. 2 1. 7 Ye s 10 0 800-100 0 
7 R u 0. 4 3. 3 N o 10 0 800-100 0 
8 R u 0. 4 3. 3 Ye s 10 0 800-100 0 

\ a c h  experimen t  wa s  ru n  i n  a  300-m l  Magn e  Driv e  autoclav e  wit h 
27. 0  g  (0.2 0  mole )  o f  acetanilide ,  9 0  m l  o f  2-propanol ,  an d  a 
5 %  meta l  o n  carbo n  catalyst . 

b  « 4 0.1 0  m l  ( 3  χ 10 mole) 6N H2S04. 
°Reaction about 90% complete based on gas absorption, 
d 
Little or no gas absorption in additional 1.8 hr. 
e 
Little or no gas absorption in additional 1.0 hr. 
f 
Little or no gas absorption in additional 0.5 hi:, 
g 
Little or no gas absorption in additional 0.7 hr. 
^Little or no gas absorption in additional 0.6 hr. 

Acid-promotion in hydrogénation of bis (4-acetamidophenyl)meth­
ane 

Results with a Rh catalyst and 2-propanol are summarized 
in Table VI. Experiments with methanol and acetic acid as 
solvents did not go to completion, apparently due to formation 
of an inhibitor. Incomplete reaction still resulted after 
addition of 0.20 ml of 6N H2SO4 to the methanol, and after 
the addition of 0o 10 ml of 6N H2SO4 to the acetic acid. 
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TART.Ε VI. Acid-Promotion of Fresh Rhodium Catalyst
3 

Acid Added 
Type Quantity Mole Equiv. Time, hr 
None - - - " 2.7 ± 0.2

b 

6N H2S04 0.20 ml 6 χ 10~
4
 12 χ 10~

4
 1.8 

6N H2S04 0.10 ml 3 χ 10~
4
 6 χ 10~

4
 1.8 ± 0.1

b 

6N HCl 0.10 ml 6 χ 10"
4
 6 χ 10"

4
 1.3 

6N H3P04 0.10 ml 2 χ 10"
4
 6 χ 10"

4
 1.2 

6N acetic 0.10 ml 6 χ 10~
4
 6 χ 10"

4
 2.7 ± 0.1

b 

acid 
succinic 

acid 
0.035 g 3 χ 10

 4
 6 χ ΙΟ"

4
 2.3 

^ach experiment was run in a 300-ml Magne Drive autoclave 
with 28.2 g (0.10 mole) of bis (4-acetamidophenyl)methane, 
87 ml of 2-propanol, and 1.1 g of fresh 5% Rh on carbon at 
120° and 800-1000 psig. 

^Average of 2 experiments. 

A Pt catalyst had little or no activity in the absence of 
acid (Table II). The addition of two drops of 6N HCl produced 
only slight activity and the addition of 0.5 ml of acetic acid 
had little or no effect. 

Reactivation of used rhodium catalyst in hydrogénation of 
acetanilide 

Experiment 1 in Table V was repeated with the used cata­
lyst from that experiment after it had been separated from the 
reaction product by centrifugation and then washed with one 
400-ml portion of 2-propanol followed by washings with two 
200-ml portions of 2-propanol. The reaction with this re­
covered catalyst was completed in 6.8 hr. 

The used catalyst from the above experiinent was separated 
from the reaction product by centrifugation, washed with one 
400-ml portion followed by two 200-ml portions of 2-propanol, 
washed once with 200-ml of 6N ^SO^, and then twice with 200-
ml portions of 2-propanol. When this recovered and acid-
treated catalyst was used with the addition of 0.10 ml 
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(3 χ ΙΟ""
4
 mole) of 6Ν H2SO4,- the reaction was completed in 

3.8 hr. 

Reactivation of used rhodium catalyst in hydrogénatio n  o f 
bis(4-âcetamidcpheny l  )  methan e 

A  mbctur e  o f  28 2  g  (1. 0  mole )  o f  bi s  (4-acetamidophenyl )  -
methane ,  87 0  m l  o f  2-propanol ,  an d  1 1  g  o f  5 %  R h  o n  carbo n  wa s 
adde d  t o  a  1-gallo n  stirre d  autoclave .  Th e  vesse l  wa s  sealed , 
purge d  firs t  wit h  nitroge n  an d  the n  wit h  hydrogen ,  an d  pre s ­
sure d  wit h  hydroge n  t o  90 0  psig .  Th e  autoclav e  wa s  heate d  wit h 
agitatio n  a t  120 °  an d  800-100 0  psi g  fo r  5. 3  h r  wit h  littl e  o r 
no  ga s  absorptio n  i n  th e  las t  0. 8  hr .  Th e  autoclav e  wa s 
coole d  an d  depressurized .  Th e  reactio n  produc t  wa s  remove d 
usin g  a  larg e  volum e  o f  methano l  t o  was h  al l  materia l  ou t  o f 
th e  vessel .  Th e  catalys t  wa s  separate d  b y  centrifugation , 
washe d  wit h  a  larg e  volum e  o f  methano l  an d  the n  wit h  abou t 
20 0  m l  o f  water .  Afte r  a  fina l  centrifugation ,  th e  catalys t 
past e  wa s  divide d  int o  equa l  portions ,  eac h  containin g  1. 1  g 
o f  5 %  R h  o n  carbo n  o n  a  dr y  basis .  Eac h  portio n  wa s  the n 
washe d  wit h  tw o  200-m l  volume s  o f  2-propanol . 

Th e  sample s  o f  use d  catalys t  fro m  abov e  wer e  washe d  wit h 
tw o  20 0  m l  portion s  o f  a  specifie d  solven t  o r  solution , 
followe d  i n  eac h  cas e  b y  a  fina l  was h  wit h  20 0  m l  portion s  o f 
2-propanol .  Th e  result s  o f  subsequen t  hydrogénation s  ar e 
summarize d  i n  Tabl e  VI I .  A n  experimen t  wit h  fres h  catalys t  i s 
include d  fo r  comparison .  Th e  spen t  catalys t  fro m  experimen t 
1 1  (Tabl e  VII )  wa s  washe d  wit h  methanol ,  tw o  200-m l  portion s 
o f  6 N  H2SO4 ,  an d  on e  20 0  m l  portio n  o f  2-propanol .  Experimen t 
1 1  wa s  the n  repeate d  afte r  th e  additio n  o f  0.1 0  m l  o f  6 N  H2SO 4 
an d  resulte d  i n  complet e  conversio n  i n  3. 5  hr . 

Catalys t  promotio n  an d  reus e  i n  hydrogénatio n  o f  2,4-bisace.t -
amidotoluen e  to  N, N

y
- I , 3 - ( 4 - ^ t h y l < ^ c l o h e x y l e n e ) M 

Eac h  experimen t  wa s  ru n  i n  a  300-m l  Magn e  Driv e  autoclav e 
wit h  1Û. 3  g  (0.0 5  mole )  o f  2,4-bisacetamidotoluene ,  10 6  m l  o f 
2-propanol ,  an d  1. 1  g  o f  5 %  R h  o n  carbo n  a t  120 °  an d  800-100 0 
psig .  Th e  experimen t  wit h  fres h  catalys t  wa s  complete d  i n 
2. 3  +  0. 3  h r  (averag e  o f  2  ru n s ) . 

A  repetitio n  o f  thes e  experiment s  wit h  th e  additio n  o f 
0.1 0  m l  o f  6 N  H2SO 4  resulte d  i n  complet e  conversio n  i n  1. 2  hr . 

Th e  use d  catalys t  fro m  on e  o f  th e  experiment s  wit h  fres h 
catalyst s  withou t  adde d  aci d  wa s  washe d  wit h  methano l  an d  the n 
tw o  200-m l  portion s  o f  2-propanol .  Thi s  catalys t  resulte d  i n 
abou t  90 %  conversio n  i n  7. 5  hr . 
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Expt. No. Wash Medium Time, hr Comments 

1 None 2.7 + 0.2
b 

Base run with 
fresh catalyst 

2 2-propanol 5.8 ca. 90% complete
0 

3 djtethylforiTiamide 11.0 ca. 72% complete
0 

4 tetxahydrofuran 10.8 ca. 92% complete
0 

5 6N acetic acid 4.1 
6 6N H3PO4 2.2 
7 6N HCl 4.3 
8 6N H2S04 3.8 
9 6N H2S04 4.1 Used catalyst from 

expt. 8 
10 6N H2S04 1.8 Used catalyst from 

expt. 9 
11 methanol 6.1 Used catalyst from 

expt. 10 
ca. 90% complete

0 

^ach experiment was run in a 300-ml Magne Drive autoclave with 
28.2 g (Q.10 mole) of bis (4-acetamidophenyl)methane, 87 ml of 
2-propanol, and 1.1 g of 5% Rh on carbon at 120° and 800-1000 
psig. 

average o f 2 experiments. c
betermined by gas absorption. 

The used catalyst from the last experiment was washed 
with methanol, two 200-ml portions of 6N H2S04, and one 200-ml portion of 2-propanol. After the addition of 0.10 ml of 
6N H2S04, this catalyst resulted in complete conversion in 2.8 hr. 

DISCUSSION 

The amido group in N-aryl amides should influence the 
nuclear hydrogénation of the aromatic ring by virtue of its 
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electroni c  an d  steri c  effect s  o n  th e  absorptio n  o f  th e  rin g 
an d  th e  rat e  o f  hydrogénatio n  o f  th e  absorbe d  species ,  b y  it s 
competitiv e  absorptio n  o n  th e  catalyst ,  an d  b y  th e  competitiv e 
absorptio n  o f  amin e  by-product s  forme d  fro m  hydrogenolysi s  o f 
th e  amid o  group . 

Th e  electroni c  effec t  o f  substituent s  o n  th e  hydrogénatio n 
o f  a  benzen e  rin g  (Mochid a  an d  Yoneda ,  1968 )  an d  o f  olefini c 
bond s  (Kieboo m  an d  Va n  Bekkum ,  1972 )  appear s  t o  b e  small .  Th e 
electroni c  effec t  o f  th e  amid o  substituen t  o n  th e  hydrogénatio n 
behavio r  o f  th e  aromati c  rin g  probabl y  i s  als o  o f  mino r  impor ­
tance . 

Th e  steri c  effec t  o f  substituent s  o n  th e  hydrogénatio n  o f 
a n  aromati c  rin g  i s  considerabl e  an d  presumabl y  du e  t o  steri c 
interferenc e  wit h  absorptio n  o f  th e  rin g  (Smith ,  19 6 7 ) .  Th e 
effec t  o f  th e  amid o  grou p  ca n  b e  anticipate d  fro m  th e  fac t 
tha t  th e  hydrogénatio n  o f  benzen e  wa s  severa l  time s  faste r  tha n 
tha t  o f  isobutylbenzen e  wit h  eac h  catalys t  use d  i n  thi s  stud y 
(Greenfield ,  19 7 3 ) . 

A  compariso n  o f  severa l  catalyst s  fo r  th e  nuclea r  hydro ­
génation s  o f  acetanilid e  (Tabl e  I )  an d  bis(4-acetamidophenyl) -
methan e  (Tabl e  II )  show s  tha t  rhodiu m  an d  rutheniu m  ar e  th e 
mos t  activ e  o f  th e  catalysts ,  wit h  rhodiu m  muc h  mor e  activ e 
tha n  ruthenium .  Ther e  wa s  n o  detectabl e  hydrogénatio n  wit h  th e 
platinu m  catalys t  (Tabl e  I I ) .  Acetanilid e  i s  hydrogenate d  muc h 
mor e  rapidl y  tha n  bi s  (4-acetamidophenyl)methane .  Th e  rhodium -
catalyze d  hydrogénatio n  o f  isobutylbenzen e  (Greenfield ,  1973 ) 
i s  muc h  mor e  rapi d  tha n  tha t  o f  acetanilid e  unde r  th e  sam e  con ­
dition s  (Mal z  an d  Greenfield ,  19 6 9 ) .  Thi s  suggest s  tha t  th e 
steri c  effec t  o f  th e  pola r  amid o  grou p  i s  les s  importan t  tha n 
it s  competitiv e  absorptio n  and/o r  th e  absorptio n  o f  amin e  by ­
product s  . 

A n  attemp t  t o  detec t  4-aœtaitddc)CYclohexyl-4-aœtainnido -
phenylmethan e  fro m  a  rhodium-catalyze d  hydrogénatio n  o f 
bi s  (4-acetamidophenyl)methan e  wa s  unsuccessful .  Onl y  th e  full y 
hydrogenate d  product ,  bi s  (4-acetamidocyclohexyl)methane ,  an d 
th e  startin g  materia l  wer e  found . 

Significan t  decrease s  i n  reactio n  tim e  wer e  effecte d  b y 
th e  us e  o f  bette r  qualit y  bi s  (4-acetamidophenyl)methan e  i n 
th e  rhodium-catalyze d  hydrogénation . 

Th e  genera l  syntheti c  applicabilit y  o f  th e  nuclea r  hydro ­
génatio n  o f  N-ary l  amide s  i s  demonstrate d  b y  th e  example s  i n 
Tabl e  III .  Th e  product s  fro m  th e  bisamide s  an d  th e  naphtha ­
len e  compound s  ar e  mixture s  o f  geometri c  isomers . 

Th e  difficultie s  experience d  wit h  formanilid e  wer e  unusual , 
a s  ofte n  i s  th e  cas e  wit h  th e  firs t  membe r  o f  a  serie s  (Tabl e 
I I I ) .  Simila r  result s  wer e  obtaine d  wit h  a  rutheniu m  catalys t 
(no t  show n  i n  Tabl e  I I I ) .  Th e  ver y  lo w  conversion s  t o  N-cyclo -
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hexylformaniide probably is due to poisoning of the catalyst by 
the hydrogenolysis products of the formanilide. A similar 
poisoning has been reported for the hydrogenolysis of the for-
mamides formed during the palladium and platinum-catalyzed 
hydrogénations of isocyanates (Knopf, 1970). 

The results of a detailed investigation of the rhodium 
and the ruthenium-catalyzed nuclear hydrogénation of acetanil­
ide are summarized in Table IV. The use of either catalyst is 
limited to a maximum temperature range above Which poisoning 
of the catalyst seems to occur. This niaxijmum temperature, as 
expected, decreases as the amount of catalyst decreases and 
the resulting susceptibility to poisoning increases. A similar 
effect was found in the rhodium-catalyzed hydrogénation of 
bis (4-acetamidophenyl)methane. 

The addition of N-ethylaniline greatly inhibits the 
rhodium catalyst, but increases the initial activity and de­
creases the reaction time for the ruthenium catalyst. Induc­
tion periods have been reported for ruthenium in other systems 
(Rylander, 1967), and the added N-ethylaniline may have de­
creased such an induction period. It has been reported that 
added dicyclohexylamine retards the rate of the rhodium-cata­
lyzed hydrogénation of aniline, although the rate with a ru­
thenium catalyst is little effected (Greenfield, 1964). Thus 
there is a precedent for the marked difference in behavior of 
the two catalysts. 

Cyclohexylcijmine completely poisoned the ruthenium catalyst, 
showing that cyclohexylcjjmine, in contrast to secondary amines, 
is an inhibitor for ruthenium as well as rhodium. Traces of 
cyclohexylamine were detected from experiinents with each cata­
lyst, particularly in reactions that were incomplete. The 
cyclohexy lamine could have resulted from carbon-nitrogen 
cleavage of N-cyclohexylacetamide, or nuclear hydrogénation of 
aniline formed by carbon-nitrogen cleavage of acetanilide. 
The dicyclohexylamine detected in some experiments with ru­
thenium probably is a coupling product formed from nuclear-
hydrogenation intermediates and/or cyclohexylaniine. 

The effect of added acid in the rhodium, palladium, and 
rui±enium-catalyzed hydrogénations of acetanilide is described 
in Table V. Small amounts of sulfuric acid (0.15 mole % based 
on acetanilide) markedly promote the rhodium and palladium-
catalyzed reactions, but have no such effect on the ruthenium 
catalyst. 

Experiments on the acid-promotion of a rhodium catalyst in 
the hydrogénation of bis (4-acetamidophenyl)methane are summar­
ized in Table VI. The catalyst is promoted by the mineral 
acids, perhaps slightly promoted by succinic acid, and not 
effected by acetic acid. The hydrogénation did not go to com­
pletion when the 2-propanol solvent was replaced by methanol or 
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acetic acid. Incomplete reaction still resulted after addition 
of sulfuric acid to either the methanol or acetic acid. 

A platinum catalyst without activity in the absence of 
acid (Table II) showed only slight activity after the addition 
of hydrochloric acid and little or no activity after the addi­
tion of acetic aaid. 

The sulfuric acid-promotion of a rhodium catalyst was 
also demonstrated in the nuclear hydrogénation of 2,4-bis-
acetamidotoluene. 

Extensive reuse of a rhodium catalyst for the hydrogéna­
tion of bis (4-acetamidophenyl)methane is possible when the 
used catalyst is washed with an aqueous solution of a ruinerai 
acid or acetic acid (Table VII). Even a catalyst that has 
been completely poisoned can be reactivated in this manner. 
Similar reactivations of rhodium catalysts by a combination 
of aqueous sulfuric acid washes and the addition of sulfuric 
acid have been demonstrated in the hydrogénation of acetanilide, 
bis(4-acetamidophenyl)methanef and 2,4-bisacetamidotoluene. 

SUMMARY 

The rhodium-catalyzed nuclear hydrogénation of N-aryl 
amides is an excellent laboratory method for the preparation of 
N-alicyclic amides. The acid-promotion and acid-reactivation 
of the catalyst makes the reaction of commercial interest 
(Malz and Greenfield, 1975). 
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Pd,Pt-ôn-Carbon, 147, 149 
Pt Black, 2 4 4 , 2 4 5 , 247 
P t 0 2, 3 3 4 
Pt-on-Alumina, 144 
Pt-on-Carbon, 146 -148 ,150 , 283 , 331 , 

345 
Pt-on-Corderite, 118 
Rh-on-Calcium carbonate, 84 
Rh-on-Carbon,283,345 
R h C l ( C O ) (03P )2, 2 4 8 
RhCl ( 0 3P ) 3, 8 O , 9 1 , 1 5 3 , 1 5 7 , 165, 174 
RhCl(DIOP),212 

DIOP^2,3-0-Isopropyl idene-2 , 
3— d i h y d r o x y - 1 , 4 -
bis(diphenylphosphino)butane 

RhCl(NMDPP)3,211 
NMDPP^Neomenthyl-

diphenylphosphine 
RhCl3 [P(CH3)(C3H7)(0)] 3, 2 0 8 
Rh (diene) X " (ACMP), 2 1 4 , 2 1 8 

ACMP Ξο-Anisylcyclohexyl-
methylphosphine 

RhH(CO ) (03P)3,248 ,3OO 
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Ruthenium Oxide, 144 
Ru-on-Alumina, 1 5 0 , 2 8 3 
Ru-on-Carbon, 147, 275 , 283 , 345 
RuClH (03P)3,264,3OO, 302 
RuClH(CO ) (03P)3,292 
R u C l H ( C O )2(03P )2, 2 8 7 , 291 
R u C l2( C O )2( 03P )2, 161, 164, 166, 174-178 

264, 287-303 
[ R u C l2( C O )203P ]2, 2 9 7 
RuCl2(CO)3, 264 
RuCl2(olefin)2,209 
R u C l2( 03A s )3, 2 6 4 
R u C l2( 03P ) 3, 248 , 2 5 8 , 2 6 3 , 264 , 267, 

287-303 
R u C l2( 03S b )3, 2 6 4 
RuH(OCOCF3) (03P)3,3OO 
V ( a c a c )3, 2 3 8 , 2 4 2 , 2 5 1 
V ( C5H5) ( C O )4, 2 3 7 , 238 , 2 5 1 , 252 
V O ( a c a c )2, 2 3 8 , 2 4 2 , 2 5 1 
W ( C O )6, 2 4 2 , 2 5 1 
W 0 3- o n - A l 20 3, 2 8 8 

Catalyst Activity, 12, 113-136, 137-151 
Catalyst Life, 20 
Catalyst Reactivation, 357 
Chiral Catalysts, 203-230 

D 

Dehalogenation, 82-87 
Dehydrogenation, 249 
Deuterium, 89 , 1 6 1 , 3 3 4 
Differential Scanning Calorimetry, 137-151 
Differential Thermal Analysis, 113-136 
Diffusion, 1-47 

Ε 

Enzymes, 89 , 90 , 101-109 
Epoxidation, 101-109, 235-253 
Exchange Reactions, 77 

F 

Fick's Law, 6, 7 
Fourier's Law, 8 

H 

Heat Transfer, 1 4 7 
Hydrazine Reductions, 273-285 
Hydroformy lation, 298 
Hydrogénation, 

Aldehydes, 297 
Aromatic Amides, 343-357 
Aromatics, 218 
Epoxides, 244 
Ketones, 81 
Nitro Compounds, 33 , 34 , 257-271 273-

2 8 5 , 2 9 8 
Olefins, 8 0 , 8 1 , 8 9 , 1 5 3 - 1 5 9 , 161-179, 

206-216, 223-230, 287-296, 299-
3 0 3 , 3 0 5 - 3 2 4 

Sulfur Compounds, 36 
Hydrogenolysis Cyclopropanes, 325-339 
Hydrogen transfer, 249 
Hydrosilylation, 223-225 
Hydroxylation, 101-109,235-253 

Isomerization, 247 

L 

Labeling, 75-98, 161 

M 

Mass Transfer, 1 4 7 , 154 

Ο 

Oligomerization, 163-166, 172-179 

Ρ 

Peclet Number, 37 
Perovskites, 113-
o-Phenylenediamines, 273-285 
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Polymer Attached Catalysts, 153-179 ,223 
Polymer Hydrogénation, 305-324 
Pore Diffusion, 41 

Stokes' Law, 40 
Synergism, 147-149 

Rubredoxin, 101 
Temperature Gradients, 9 , 1 1 , 1 9 , 35 
Tritium, 75-98 

Β 
C 8 
D 9 
Ε 0 
F 1 
G 2 
H 3 
I 4 
J 5 
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