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ABSTRACT 

A s t u d y i s d e s c r i b e d o f t h e k i n e t i c s o f r e a c t i o n s 

i n w h i c h t h e c o m p l e x e s t r a n s - I r ( C O X l P P h ^ )g > whe re X = C l , 

B r and I, a r e u s e d f o r t h e c a t a l y t i c homogeneous h y d r o 

g e n a t i o n o f o l e f i n s , i n p a r t i c u l a r m a l e i c a c i d . The 

c a t a l y t i c a c t i v i t y i s p o o r i n b e n z e n e s o l u t i o n s b u t i s e n 

h a n c e d i n c o o r d i n a t i n g s o l v e n t s s u c h a s N, N ' - d i m e t h y l a c e t a -

m i d e . T h e k i n e t i c s were s t u d i e d by m e a s u r e m e n t s o f h y d r o g e n 

u p t a k e , a t v a r i o u s e x p e r i m e n t a l c o n d i t i o n s i n w h i c h i r i d i u m , 

o l e f i n a n d h y d r o g e n c o n c e n t r a t i o n s we re v a r i e d . 

The r a t e - l a w i s c o m p l e x s h o w i n g b e t w e e n z e r o a n d 

f i r s t o r d e r i n e a c h o f i r i d i u m , s u b s t r a t e a n d h y d r o g e n c o n 

c e n t r a t i o n s . The d e p e n d e n c e o f r a t e on t h e h a l o g e n f o l l o w e d 

t h e o r d e r I > B r > C l , a n d q u i t e r e m a r k a b l y t r a c e s o f o x y g e n 

i n t h e s y s t e m e n h a n c e t h e h y d r o g e n a t i o n r a t e c o n s i d e r a b l y . 

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

some o f t h e e q u i l i b r i a i n v o l v e d a n d t h e m e c h a n i s m s p r o p o s e d 

show t h e i m p o r t a n c e o f a s o l v e n t a s s i s t e d d i s s o c i a t i o n s t e p 

i n m a k i n g a v a i l a b l e a c o o r d i n a t i o n s i t e on t h e t r a n s i t i o n 

m e t a l c o m p l e x . 

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

s u g g e s t e d . 
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I . INTRODUCTION 

(A) General aim of the work. 
The aim of the work des c r i b e d i n t h i s t h e s i s i s to 

i n v e s t i g a t e the p o t e n t i a l i t y of the i r i d i u m complexes, 
t r a n s - I r ( C O j X f P h ^ P ^ (where X = halogen) as hydrogenation 
c a t a l y s t s f o r the redu c t i o n of simple organic s u b s t r a t e s i n 
s o l u t i o n . Where such a c t i v a t i o n of molecular hydrogen has 
been observed, the d e t a i l e d k i n e t i c s of the r e a c t i o n s have 
been s t u d i e d w i t h a view to e l u c i d a t i n g the mechanisms 
i n v o l v e d . 

The i n t e r e s t i n the present work arose from the f a c t 
t h a t t r a n s - c h l o r o - c a r b o n y l b i s ( t r i p h e n y l p h o s p h i n e ) I r ( I ) was 
reported a few years ago by Vaska and DiLuzio"'' t o react 
r e v e r s i b l y w i t h hydrogen t o form a molecular d i h y d r i d e : 

I r ( C O ) C l ( P h 3 P ) 2 + H 2 ^ I r ( C O ) ' H 2 C l ( P h 3 P ) 2 ^ 

I t seemed p o s s i b l e that i n such a system the hydrogen mole
cule might be a c t i v a t e d f o r chemical r e a c t i o n . 

(B) Homogeneous c a t a l y t i c Hydrogenation 
The study of c a t a l y t i c p r o p e r t i e s of t r a n s i t i o n metal 

complexes, p a r t i c u l a r l y of Group V I I I metal ions has a t t r a c t e d 
a great deal of i n t e r e s t i n the past few years. Two recent 

2 3 
reviews by Halpern which covered the l i t e r a t u r e up t o the 
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end of 1964 have concerned themselves w i t h a v a r i e t y of r e 
a c t i o n s i n c l u d i n g homogeneous hydrogenation. Very r e c e n t l y 
two important papers d e a l i n g w i t h d e t a i l e d k i n e t i c s t u d i e s 
of a ruthenium ( I I ) c a t a l y s e d hydrogenation system^ and a 
rhodium (I) c a t a l y s e d system^ have been published. 

( i ) Inorganic Substrates 
. The mechanism of these r e a c t i o n s i n v o l v e s a r a t e -

determining h e t e r o l y t i c or homolytic s p l i t t i n g of molecular 
hydrogen by the c a t a l y t i c s p e c i e s ; t h i s r e s u l t s i n the f o r 
mation of an intermediate metal hydride species which reduces 
the s u b s t r a t e i n a subsequent f a s t r e a c t i o n . An example i n 
v o l v i n g the h e t e r o l y t i c s p l i t t i n g of the hydrogen molecule 
i s seen i n the ruthenium ( I I I ) c a t a l y s e d r e d u c t i o n of Fe^"*" 

which can be represented as f o l l o w s .6,7 

k 
R u 1 1 1 + Hp Ru I : C I H - + H+ (2) 

-1 

R u I I ] C H - + 2 F e m f a s t > R u 1 1 1 + 2Fe1T + H + (3 ) 

The rate-law i s -d [H 2]/dt = k 1 [ H 2 ] [ R u 1 1 1 ] , which becomes pseudo-
f i r s t order i f the gas uptake measurements are made at constant 
pressure. 

A system i n v o l v i n g homolytic s p l i t t i n g of hydrogen i s 
the copper (I) catalysed hydrogen r e d u c t i o n of copper ( I I ) i n 

& 
q u i n o l i n e s o l u t i o n i n which the observed rate-law i s 

1 2 
-d [H 2]/dt = k [H 2][Gu ] , c o n s i s t e n t w i t h the rate-determining 



step being 

2CU 1 + H 2 ^ 2CuIH (4) 

Other metal i o n complexes found t o a c t i v a t e hydrogen 
f o r the r e d u c t i o n of i n o r g a n i c s u b s t r a t e s by these mechanisms 
in c l u d e those of Copper ( I I ) , S i l v e r ( I ) , Rhodium ( I I I ) , 
P alladium ( I I ) and Cobalt ( I I ) . There has been no report 
of i r i d i u m complexes c a t a l y s i n g the hydrogen r e d u c t i o n of 

9 
in o r g a n i c s u b s t r a t e s . Halpern r e p o r t s that I r i d i u m ( I I I ) 
i s not a c t i v e but gives no d e t a i l of the i n v e s t i g a t i o n . 

( i i ) C a t a l y t i c Hydrogenation of O l e f i n i c Substrates 
Among metal complexes which a c t i v a t e molecular hydro

gen, only a few appear t o be e f f e c t i v e c a t a l y s t s f o r the 
homogeneous hydrogenation of o l e f i n i c compounds. These have 
a l l been reported q u i t e r e c e n t l y In about the l a s t s i x years, 
and include complexes of Ruthenium ( I I ) 4 ' 1 0 , Platinum ( I I ) 1 1 , 
Cobalt (II) 1 2» 1 3, Rhodium ( I I I ) 5 , Rhodium ( I ) 5 ' 1 4 , Cobalt ( I ) 1 5 

and Iron (O) 1^. Since the present work was s t a r t e d , Vaska 
17 18 

has b r i e f l y reported ' th a t some I r i d i u m (I) complexes 
i n c l u d i n g the ones that we were studying were a l s o a c t i v e . 

D e t a i l e d k i n e t i c s t u d i e s have been reporte d on three 
4 5 of these systems i n v o l v i n g Ruthenium ( I I ) , Rhodium (I) , 

12 

and Cobalt ( I I ) . I t i s worthwhile t o consider each of 
these, s i n c e each d i f f e r s s l i g h t l y i n the proposed mechanisms 
of the hydrogenation and hence present a good, comparison of 
the various p o s s i b l e mechanisms. 



Halpern, Harrod and James^'"^ have reported t h a t the 
hydrogenation of o l e f i n i c c a r b o x y l i c a c i d s such as maleic 
and fumaric a c i d s c a t a l y s e d by chlororuthenate ( I I ) complexes 
i n a c i d i f i e d aqueous s o l u t i o n s takes place v i a an i n i t i a l 
r a p i d formation of a 1:1 Ru ( I I ) o l e f i n »-complex f o l l o w e d 
by r e a c t i o n of t h i s '»-complex w i t h hydrogen i n the r a t e -
determining step. The mechanism i s depicted as f o l l o w s : 

\ / H" \ / H" s 

1/ c k x I / C j / 
— R u - - I j tK^;" ' ~ ~ ^ * — R u — rearrangement J C 

7 1 c k - i y I • C ! / 

+H ' 
/ \ 

f a s t 

/ \ / h + / -Ru-+ H-C—C-H < — Ru—C—C-H 

Figure 1 

The r a t e law f o r t h i s scheme i s 

- ~ - = k 1 [ H 2 ] [ R u i X ( o l e f i n ) ] 

The o l e f i n i c s u b s t r a t e i t s e l f i s thus a c t i v a t e d as w e l l as 
the hydrogen molecule by c o o r d i n a t i o n t o the metal i o n . 
Simple o l e f i n s such as ethylene and propylene although form-

- I I ing "-complexes w i t h Ru v/ere not hydrogenated; a carboxyl 
s u b s t i t u e n t adjacent t o the double bond i s r e q u i r e d f o r the 
hydrogen r e d u c t i o n . I t i s suggested that t h i s i s a s s o c i a t e d 
w i t h the rearrangement step i n v o l v i n g n u c l e o p h i l i c a t t a c k of 
the hydride l i g a n d on the double bond. 



12 Kwiatek, Mador and S e y l e r have reported that 
0 _ 

pentacyano cobalt ( I I ) , Co(CN)^ , i s a homogeneous c a t a l y s t 
f o r the hydrogenation of c e r t a i n conjugated o l e f i n s such as 
butadiene, s t y r e n e , cinnarnic a c i d , e t c . Again simple mono-
o l e f i n s and non-conjugated dienes were not hydrogenated. 
The mechanism proposed f o r hydrogenation of butadiene i s 
as f o l l o w s : 

2 [ C o ( C N ) 5 ] 3 ~ + H 2 — > 2[HCo(CN) 5] 3"" (5) 

[HCo(CN) 5] 3" + C 4H 6 ^ [ C 4 H 7 C o ( C N ) 5 ] 3 ~ (6) 

[ C 4 H ? C o ( C N ) 5 ] 3 " + [HCo(CN) 5] 3~ : > C^Hg + 2 [ C o ( C N ) 5 ] 3 ~ (7) 

The intermediate [C^H^Co(CN)^1 3~ has a l s o been prepared and 
19 13 ch a r a c t e r i z e d by Kwiatek and Se y l e r . Simandi and Nagi 
3-

suggested, however, that the Co(CN)^ c a t a l y s e d hydrogenation 
of cinnamate (PhCH = CHCO^) i n v o l v e d a r a d i c a l - a n i o n i n t e r 
mediate: 
[HCo(CN) 5] 3" + C 6H 5CH = CHCOj 

[ C o ( C N ) 5 ] 3 " + C 6H 5CH 2CHCOj ^ 

[HCo(CN) 5] 3" + C 6H 5CH 2CHC0 2 > 

[Co(CN) 5] 3"" + C 6H 5CH 2CH 2C0 2 (9) 

5 

Wilkinson et a.1 have r e c e n t l y r e p o r t e d t h a t c h l o r o , 
t r i s - ( t r i p h e n y l phosphine) rhodium (I) i n benzene s o l u t i o n 



i s an a c t i v e c a t a l y s t f o r homogeneous hydrogenation of a 
v a r i e t y of o l e f i n i c compounds (but not ethylene i t s e l f ) . 
An important f e a t u r e of the c a t a l y s i s i n v o l v e s the d i s 
s o c i a t i o n of the RhClfPh-jP)^ complex i n s o l u t i o n t o g i v e a 
so l v a t e d species R h C l ( P h 3 P ) 2 ( S ) , (where S = s o l v e n t ) , which 
has a s i t e f o r c o o r d i n a t i o n of the o l e f i n or hydrogen by 
displacement of the s o l v e n t , and separate r e a c t i o n s w i t h 
both molecular hydrogen and ethylene have y i e l d e d the 
c r y s t a l l i n e d e r i v a t i v e s R h C l ( P P h ^ a n d RhCl(PPh^JgGgH^. 
The system i s summarized i n the f o l l o w i n g r e a c t i o n scheme: 

R h C l ( P P h 3 ) 2 ( S ) + H 2
 x H 2RhCl(PPh 3 ) 2 ( S ) 

K 2 o l e f i n k + o l e f i n 

RhCl(PPh 3) f c o l e f i n — R h C l ( P P h ^ ) 2 ( S ) + p a r a f f i n 

Figure 2 

The authors have shown that the a t t a c k of hydrogen on the 
o l e f i n complex does not occur, which leaves the formation 
of p a r a f f i n s o l e l y due to a t t a c k of the o l e f i n on the 
dih y d r i d e complex formed i n an i n i t i a l r a p i d e q u i l i b r i u m . 
The uncomplexed o l e f i n i s thought t o a t t a c k the d i h y d r i d e 
at the vacant s i t e to g i v e a t r a n s i t i o n s t a t e i n which both 
hydrogen and o l e f i n are bound t o the metal. The rate-law 
of t h i s mechanistic scheme i s 

k»Kip[Y][RhCl(PPh3)2(S)] 
Rate 

1 + Kjp + K 2 [ Y ] 
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where Y = s u b s t r a t e and p = c o n c e n t r a t i o n of hydrogen i n 
s o l u t i o n . 

Related and of i n t e r e s t i s a r e p o r t by James and 
Rempel"^ that rhodium t r i c h l o r i d e t r i h y d r a t e i n dimethylace-
tamide s o l u t i o n i s an e f f i c i e n t c a t a l y s t f o r the homogeneous 
hydrogenation of ethylene i t s e l f as w e l l as s u b s t i t u t e d 
ethylenes such as maleic a c i d . K i n e t i c s t u d i e s i n d i c a t e 
that hydrogen i n i t i a l l y reduces Rhodium ( I I I ) t o the u n i 
v alent s t a t e which r a p i d l y forms a complex w i t h the o l e f i n 
s u b s t r a t e and the mechanism i s thought t o be s i m i l a r t o t h a t 
f o r the Ruthenium ( I I ) c a t a l y s e d system ( f i g u r e 1 ) . 

In each of the above cases hydrido m e t a l l i c species 
2 

are i n d i c a t e d as r e a c t i o n intermediates and Halpern has sug
gested t h a t the c a t a l y t i c a c t i v i t y of the hydride complex i s 
c o n t r o l l e d by i t s thermodynamic s t a b i l i t y and l a b i l i t y ; t h a t 
i s , i f the intermediate i s unstable i t w i l l not be formed 
r e a d i l y w h i l e i f i t s s t a b i l i t y i s too great i t s subsequent 
t r a n s f o r m a t i o n to the products w i l l be slow. Three routes 
are thus recognized f o r the formation of the hydrido i n t e r 
mediates during the hydrogenation of the o l e f i n : 

(a) h e t e r o l y t i c s p l i t t i n g of hydrogen, e.g., 

R u n ( o l e f i n ) + R"2 > Rn11^'(olefin) + H + 

(b) homolytic s p l i t t i n g of hydrogen, e.g., 

2 C o I I ( C N ) ^ ~ + H 2 > 2HCo I I : C(CN)^~ and 



8 

(c) a d d i t i o n of hydrogen t o form a d i h y d r i d e , e.g., 

R h C l ( P P h 3 ) 2 ( s | H 2 -» H 2 R h C l ( P P h 3 ) 2 

An i n t e r e s t i n g f e a t u r e of these o l e f i n hydrogenation r e 
acti o n s i s whether both of the re a c t a n t s (hydrogen, o l e f i n ) 
or j u s t the hydrogen need t o be a c t i v a t e d by the c e n t r a l 
metal atom. The Rhodium (I) and Cobalt ( I I ) systems i n d i c a t e 
the l a t t e r whereas the o l e f i n i n the Ruthenium ( I I ) system 
i s undoubtedly a c t i v a t e d as w e l l . A l l three mechanisms at 
some stage i n v o l v e the a d d i t i o n of a metal hydride t o the 
o l e f i n , i . e . , 

M-H +%C-C ^M-%C-C'-H 

and many such h y d r o m e t a l l a t i o n r e a c t i o n s have been observed 
on 91 99 d i r e c t l y , e.g., w i t h H P t C l ( P E t ^ ) 2 HMn(CO) 5 , 

, 23 9 2 4 2 5 
HCo(CN)^" , [PJiH(CN) 4H 20;r~ and R h H C l 2 ( P P h 3 ) 2 - No 

examples i n i r i d i u m chemistry have so f a r been reported. 
Hydrometallation i s an example of a much wider c l a s s of 

2 6 
" i n s e r t i o n n - t y p e r e a c t i o n s r e c e n t l y discussed by Heck 
whose general widespread r o l e i n c a t a l y t i c r e a c t i o n has 

3 
a l s o been considered. 

(C) L i t e r a t u r e Reports of I r i d i u m Complexes as  
Hydrogenation C a t a l y s t s 

The discovery of the Ir(C0)C1(PPh^) 2 complex by 
Vaska and DiLuzio"*" reported i n 1 9 6 2 and i t s r e a c t i o n s w i t h 



molecular hydrogen 1 (equation 1) presumably l e d Vaska and 
coworkers to i n v e s t i g a t e the p o s s i b l e a c t i v i t y of t h i s com
plex as a hydrogenation c a t a l y s t . Two short communications 

17 18 
on such s t u d i e s were published at the end of 1965-

27 
James and McLaughlin ' had s t a r t e d s o l u t i o n s t u d i e s i n t h i s 
l a b o r a t o r y e a r l y t h a t year and the work described i n t h i s 
t h e s i s i s a c o n t i n u a t i o n of t h e i r work. 

17 1$ 
Vaska and coworkers ' reported that the complexes 

Ir(CO)(PPh 3) 2X (X = halogen) and IrH (CO) (PPh^ )^ do act as 
c a t a l y s t s i n benzene and toluene s o l u t i o n s f o r homogeneous 
hydrogenation of ethylene and a c e t y l e n e , the complexes r e 
a c t i n g r e v e r s i b l y w i t h the o l e f i n or acetylene as w e l l as 
molecular hydrogen, e.g., 

I r ( C O ) X ( P P h 3 ) 2 + C 2H 4 ^ I r ( C O ) ( P P h 3 ) 2 X . C 2 H 4 (10) 
D e t a i l e d k i n e t i c s were not r e p o r t e d and p o s s i b l e mechanisms 
were not d i s c u s s e d ; however, the c a t a l y t i c systems were very 
i n e f f i c i e n t e.g., w i t h a IO""3 M s o l u t i o n of I r (C0)C1 (PPh 3 ) 2 , 
hydrogen pressures up t o 1 atmosphere and ethylene pressure 
of 1/2 atmosphere at 60°, a maximum l+.0% y i e l d of ethane was 
obtained a f t e r 18 hours. 

27 
James and McLaughlin found t h a t hydrogenation of 

hex-1 ene and cyclohexene u s i n g the I r ( C 0 ) C 1 ( P P h 3 ) 2 / H 2 

system i n benzene s o l u t i o n was extremely slow and not p r a c t i 
c a l f o r k i n e t i c s t u d i e s . Styrene was reduced somewhat more 
r a p i d l y , the data obtained at 50° and constant hydrogen 
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pressure, f i t t e d the r a t e - l a w : 

-d[H 2]/dt = k»[sytrene][Ir(CO)Cl(PPh 3) 2] i n i t i a l 

-2 - 1 - 1 
wi t h k T » 4.0 X 10 1 mole sec . A few other p r e l i m i 
nary experiments i n d i c a t e d t h a t c a t a l y t i c a c t i v i t y of 
I r ( C 0 ) C l ( P P h 3 ) 2 was co n s i d e r a b l y enhanced i n dimethylacetamide 
s o l u t i o n using maleic a c i d as a convenient s u b s t r a t e . There 
was a l s o some spectrophotometry evidence t h a t complexing 
occurred between the maleic a c i d and the i r i d i u m complex. 
The k i n e t i c s of the r e a c t i o n of hydrogen w i t h the i r i d i u m 
complex i n benzene s o l u t i o n at 25°C were found t o be f i r s t 

order i n the complex and f o r experiments at constant hydrogen 
-3 

pressure a pseudo f i r s t order r a t e constant of 2.0 X 10 J 

sec""*" was estimated.. This r e s u l t i s i n good agreement w i t h 
26* 

some very r e c e n t l y published work by Halpern and Chock who 
have c a r r i e d out a much more d e t a i l e d study of t h i s r e a c t i o n . 

(D) O x i d a t i v e - A d d i t i o n s and Related Reactions of  
I r i d i u m (I) complexes 

6* 

Complexes such as I r ( C 0 ) X ( P P h 3 ) 2 of d - c o n f i g u r a t i o n 
undergo the now f a m i l i a r o x i d a t i v e - a d d i t i o n r e a c t i o n s by 
adding a wide v a r i e t y of covalent molecules t o form hexa-
coordinated complexes of d ^ - c o n f i g u r a t i o n and considerable 
l i t e r a t u r e has r e c e n t l y appeared d e a l i n g w i t h such chemistry. ' 
This i s r e l e v a n t and w i l l be b r i e f l y reviewed. In the product 
of r e a c t i o n (1) the hydrogen i s thought t o be present as two 
a n i o n i c hydride l i g a n d s occupying normal c i s - c o o r d i n a t i o n 
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p o s i t i o n s i n the I r ^ " ^ complex."'" Vaska and D i l u z i o f i r s t 
r eported that covalent molecules such as halogens ( X 2 ) , 
hydrogen h a l i d e s (HX), organic h a l i d e s (RX) r e a d i l y add t o 
g i v e the compounds I r ( C O j X ^ ( P P h ^ ) 2 , IrH(C0)X 2(PPh^) 2 and 

29 
I r ( C O ) R ( P P h 3 ) 2 X 2 r e s p e c t i v e l y . Collman and coworkers have 
more r e c e n t l y reported the a d d i t i o n of a l k y l and a r y l 
sulphonyl c h l o r i d e s t o g i v e i r i d i u m ( I I I ) s u l p h i n a t e s : 

R 
O-S-0 

Ph-,P.V C l PhoP\ 
1/ R S ° 2 C 1 . ^ I r 

C l 

/ \ ^ / \ 
PPh CO PPh^ CO 3 

C l 
31 

Mercuric h a l i d e s a l s o add t o g i v e d e r i v a t i v e s c o n t a i n i n g 
Ir-Hg metal bonds i n compounds such as (Ph.jP) 2 (C0)Gl 2Ir-Hgcl. 
A c i d azides,.RCON^, may add s i m i l a r l y t o g i v e an unstable 
species with two n i t r o g e n atoms occupying octahedral p o s i 
t i o n s ; the product, i s o l a t e d i s , however, the novel molecular 
n i t r o g e n complex, Ir(C0)C1(Ph^P) 2N 2»^ 2 

The Ir(CO)01(PPh 3) 2 complex a l s o takes up molecular 
33 

oxygen r e v e r s i b l y 

Ph.P CO Ph^P. 0v o 

3 \ / 3 \ 
/ I r + 0o ^ I r 

C l PPh 3 C l | PPh 3 

CO 
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The s t r u c t u r e of the peroxo complex has been confirmed by 
-3 1 

X-ray a n a l y s i s . The ethylene complex ( r e a c t i o n 10) i s by 
analogy assumed t o contain the [ 0 2 ^ ] i o n . S i m i l a r l y 
extensive c-bonding i n the c l o s e l y r e l a t e d t e t r a f l u o r o -
e t h y l e n e 3 5 and t e t r a c y a n o e t h y l e n e 3 ^ complexes i s thought to 
predominate r a t h e r than the a l t e r n a t i v e of "TC-bonding i n a 

32 
5-coordinated i r i d i u m (I) complex. Collman and Kang-^ have 
r e c e n t l y reported the p r e p a r a t i o n of acetylene complexes. 

37 
The compounds obtained by the r e v e r s i b l e a d d i t i o n of CO 

30 
and S0 2 t o I r ( C 0 ) c l ( P P h 3 ) 2 have r e c e n t l y been d e s c r i b e d , 
and the i n t r o d u c t i o n of a methylene group i n t o the complex 

38 
using diazomethane has been r e p o r t e d . 

D e t a i l e d k i n e t i c s t u d i e s of the a d d i t i o n of hydrogen, 
oxygen, and methyl i o d i d e t o the I r ( C 0 ) X ( P P h 3 ) g complexes 
i n benzene and DMF s o l u t i o n s have been reported by Halpern 

29 
and Chock. The r e a c t i o n s were f i r s t . o r d e r i n each r e 
actant and f o l l o w e d a simple b i m o l e c u l a r r a t e lav;, i . e . , 

- d [ I r ( C O ) X ( P P h 3 ) 2 ] / d t = k [ I r ( C 0 ) X ( P P h 3 ) 2 J [ Y Z ] 

where YZ = H 2, 0 2 or CH 3I. The observed decrease i n the con
c e n t r a t i o n of I r ( C 0 ) X ( P P h 3 ) 2 w i l l obey a p s e u d o - f i r s t order 
r a t e law i f the concentrations o f YZ are kept constant. The 
r a t e constants and a c t i v a t i o n parameters are reported. I t 
i s found that the r e a c t i v i t y of the i r i d i u m complexes towards 
oxygen and hydrogen i n benzene s o l u t i o n s decreased i n the 
sequence: I r ( C 0 ) I ( P P h 3 ) 2 > I r (CO)Br (PPh 3 ) 2 > I r (CO.)Cl (PPh 3 ) 2 

and t h a t the r e a c t i o n r a t e s i n c r e a s e d i n more p o l a r s o l v e n t , 
DMF. 



I I . EXPERIMENTAL PROCEDURE 

(A) I r i d i u m Complexes 
Trans-chlorocarbonyl_bis (triphenylphosphine) 

i r i d i u m (I) was f i r s t prepared by Vaska and D i L u z i o 1 by r e -
f l u x i n g I r C l 3 ( H 2 0 ) x or ( N H ^ ^ I r C l ^ and triphenylphosphine 
i n a l c o h o l s f o r s e v e r a l hours. This procedure r e s u l t e d i n 
complexes co n t a i n i n g carbonyl and/or hydride l i g a n d s from 
which the square planar diamagnetic I r 1 ( C 0 ) C 1 ( P P h ^ ) 2 could 
be i s o l a t e d ; mpt. 323-325°; ^co 1950 cm"'1'. Small amounts 
of t h i s complex had been prepared using t h i s method i n t h i s 
l a b o r a t o r y by McLaughlin, and were used f o r some of the 
e a r l i e r experiments i n the present s t u d i e s . The method of 
p r e p a r a t i o n , however, was found t o be r a t h e r unreproducible 
and a commercial sample r e c e n t l y marketed by Johnson Matthey 
and Co. was subsequently used; the p r o p e r t i e s were i d e n t i c a l 
w i t h those of the l a b o r a t o r y prepared m a t e r i a l . 

The corresponding bromo and iodo compounds were pre
pared by exchange r e a c t i o n s according t o the methods r e c e n t l y 

29 

described by Chock and Halpern. 7 Trans-bromocarbonyl-bis-
(triphenylphosphine) i r i d i u m (I) was prepared by d i s s o l v i n g 
Ir(C0)C1(PPh^) 2 i n t e t r a h y d r o f u r a n and adding a t e n - f o l d 
excess of L i B r * A f t e r standing f o r one hour the s o l u t i o n 
was evaporated to dryness, the r e s i d u e e x t r a c t e d w i t h water 
(to remove L i C l and excess L i B r ) and the water i n s o l u b l e 
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product r e c r y s t a l l i z e d from benzene. T r a n s - I r ( C O ) I ( P P h 3 ) 2 

was prepared by d i s s o l v i n g I r ( C O ) C l ( P P h 3 ) 2 i n benzene, 
adding a t e n f o l d excess of Nal i n e t h a n o l , shaking the mix
ture f o r one hour i n the dark, and then evaporating to dry^-
ness. The residue was shaken w i t h benzene-water mixture, 
and the benzene l a y e r v/as separated and evaporated t o dryness 
the product was r e c r y s t a l l i z e d from benzene and s t o r e d i n 
the.dark. Both the bromo and iodo compounds were prepared 
under a n i t r o g e n atmosphere. The carbonyl s t r e t c h i n g frequen 

29 

c i e s agreed w i t h those reported i n the l i t e r a t u r e 
( I r ( C O ) B r ( P P h 3 ) 2 , y c o = 1955 cm" 1 and I r ( C O J K P P h ^ ) 2 , »co = 
1975 era' 1). 

(B) Other M a t e r i a l s 
P u r i f i e d hydrogen and n i t r o g e n were obtained from 

Canadian L i q u i d A i r Co.; the hydrogen was passed through a 
"deoxo" c a t a l y t i c p u r i f i e r t o remove t r a c e s of oxygen before 
use. Carbon monoxide and ethylene were obtained as C P . 
grade (99*5%) from Matheson Co. Maleic and fumaric a c i d s 
were of C P . grade from Eastman Kodak and were r e c r y s t a l l i z e d 
from water and water/ethanol r e s p e c t i v e l y before use. (Their 
p u r i t y was checked by m e l t i n g point determination.) N, N-
Dimethylacetamide (b.p. 165°-166°) used as solvent i n these 
studies was obtained from Eastman Organic Chemicals (Kodak) 
and was f u r t h e r ' d i s t i l l e d under reduced pressure before use 
(60°, 15 mm). The benzene used was of s p e c t r o s c o p i c grade 
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obtained from F i s h e r S c i e n t i f i c Company. A l l other chemicals 
used were of reagent grade. 

(C) Apparatus f o r Constant Pressure Gas-Uptake  
Measurements 

The apparatus used f o r some k i n e t i c s t u d i e s i n v o l v e s 
the measurement of gas-uptake at constant pressure, e.g., 
during hydrogenation of v a r i o u s s u b s t r a t e s , and i t i s shown 
i n f i g u r e 3<t3«je 2t) 

The c a p i l l a r y manometer M could be connected t o a 
double-neck r e a c t i o n f l a s k E by a s p r i n g c o i l arrangement 
Q at the tap N. The r e a c t i o n f l a s k could be immersed i n a 
s i l i c o n e o i l - b a t h 0 thermostated at the d e s i r e d temperature 
and shaken by means of the shaking device P. The gas-
burette K (containing some mercury) and the connected c a p i l 
l a r y manometer were maintained at 25° C using a thermostated 
water-bath. _ 

The gas-burette was connected through the tap H and 
the needle valve G to the mercury manometer R which i n t u r n 
was j o i n e d t o the pumping and the g a s - f i l l i n g s i d e of the 
apparatus. (The p o s i t i o n of the r e a c t i o n f l a s k E i s shown 
i n the f i g u r e during the f i l l i n g procedure.) A l l q u i c k - f i t s 
shown are standard B7 or BIO t a p e r s . 

The thermostated s i l i c o n e o i l - b a t h c o n s i s t e d of a 
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four l i t e r g l a s s beaker i n s u l a t e d by polystyrene foam on 
a l l s i d e s and enclosed by a wooden box w i t h a s m a l l c i r c u l a r 
hole f o r the observation of the c o l o u r changes of the r e 
a c t i o n mixture. A perspex r e c t a n g u l a r tank was used as the 
thermostated water-bath. A "Jumo" thermo r e g u l a t o r w i t h a 
"mere to mere" r e l a y c o n t r o l c i r c u i t , and heating provided 
by a 25 watt elongated l i g h t bulb were used f o r the operation 
of both thermostat u n i t s . The temperatures could be main
ta i n e d w i t h i n ±0.05° using mechanical s t i r r i n g and good 
i n s u l a t i o n . 

(D) Procedure 
The f o l l o w i n g d e s c r i b e s the technique used f o r a 

t y p i c a l hydrogen uptake measurement experiment. The system 
was found to be extremely s e n s i t i v e t o t r a c e amounts of 
oxygen; t h e r e f o r e oxygen-free c o n d i t i o n s were ensured wh i l e 
preparing the r e a c t i o n mixture ( s o l u t i o n of I r ( C 0 ) X ( P P h 3 ) g 
and substrate i n DMA) by maintaining a continuous flow of 
n i t r o g e n through the r e a c t i o n f l a s k . The s o l i d r e a c t a n t s 
were weighed out In g l a s s capsules which were then placed 
i n the r e a c t i o n f l a s k . The r e a c t i o n f l a s k was then connected 
to the g l a s s s p i r a l at A and the s p i r a l was attached t o the 
apparatus at C through the tap D. The other neck B of the 
r e a c t i o n f l a s k was closed by the tap F. The n i t r o g e n gas 
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source was connected by rubber t u b i n g ( p r e v i o u s l y f l u s h e d 
w i t h nitrogen) through the tap Y t o the apparatus at N. 
The gas was pumped o f f from the whole system i n c l u d i n g the 
s p i r a l and the r e a c t i o n f l a s k up t o tap Y by opening taps 
T, C, D, H, I , J and S and the needle valve G. The needle 
valve was then closed and n i t r o g e n was admitted by opening 
the tap Y f o l l o w e d by the slow opening of the needle valve 
to a l l o w gas i n t o the whole system up t o tap T. When the 
pressure (read from the manometer R) reached s l i g h t l y above 
one atmosphere, the tap F was opened and a continuous 
n i t r o g e n stream was maintained through the system. Nitrogen 
was s e p a r a t e l y bubbled through dimethylacetamide (DMA) f o r 
about 45 minutes, and 5 mis of t h i s oxygen-free DMA were 
p i p e t t e d (the p i p e t t e was p r e f l u s h e d w i t h nitrogen) i n t o 
the r e a c t i o n f l a s k at B a f t e r removing the tap F w h i l e the 
flow of n i t r o g e n gas through the system was maintained. 
The end B of the r e a c t i o n f l a s k was closed w i t h a B7 stopper 
and the needle valve and the tap Y were c l o s e d to stop the 
n i t r o g e n flow. Nitrogen was then pumped o f f thoroughly from 
the system t o the r i g h t of the needle valve and hydrogen gas 
was admitted through the tap W t o a convenient pressure. 
The taps C and D were then c l o s e d and the s p i r a l along w i t h 
the r e a c t i o n v e s s e l was moved and attached at N and X, the 
r e a c t i o n f l a s k being placed i n the o i l - b a t h . The r e s t of 
the system beyond D was then evacuated and f i l l e d w i t h 
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hydrogen to a convenient pressure. The tap D was then opened 
and the pressure i n the system adjusted t o the r e q u i r e d r e 
a c t i o n pressure. The shaker was then s t a r t e d , the taps I 
and J were closed and the t i m e r s t a r t e d . 

The gas uptake was i n d i c a t e d by the change of the 
o i l l e v e l s i n the c a p i l l a r y manometer M. At a p p r o p r i a t e time 
i n t e r v a l s more hydrogen was admitted i n t o the gas-burette 
by opening the needle valve s l o w l y to b r i n g the o i l l e v e l s 
i n the manometer M i n l i n e . The pressure i n the r e a c t i o n 
f l a s k was thus kept constant during the course of the r e 
a c t i o n . The consequent changes i n the mercury l e v e l L i n 
the gas-burette were measured using a v e r t i c a l l y mounted 
t r a v e l l i n g t e l e s c o p e . The volume of the hydrogen taken up 
was c a l c u l a t e d from the diameter of the tube L and a p l o t 
of hydrogen uptake ( i n moles per l i t e r ) versus time could 
be drawn. 

The occurrence of d i f f u s i o n c o n t r o l l e d processes was 
avoided by using small volumes of the s o l u t i o n i n a r e a c t i o n 
f l a s k w i t h an indented surface and maintaining a r a p i d 
shaking r a t e . 

(E) Spectrophotometric Measurements 
The k i n e t i c s and e q u i l i b r i a of a number of r e a c t i o n s 

have been s t u d i e d using spectrophotometric techniques i n the 
v i s i b l e / U V range. A s p e c i a l l y constructed s i l i c a c e l l w i t h 
an o p t i c a l path length of 5 cms was used and i s shown i n 
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f i g u r e 4. Oxygen-free c o n d i t i o n s were a l s o r e q u i r e d i n these 
experiments. The technique used t o o b t a i n such c o n d i t i o n s 
was s i m i l a r t o that used i n hydrogen uptake measurement 
experiments. The r e a c t a n t s were weighed i n s m a l l g l a s s 
capsules v/hich were then placed i n the r e a c t i o n c e l l . The 
presence of capsules d i d not i n t e r f e r e w i t h the passage of 
the l i g h t beam through the c e l l . The r e a c t i o n c e l l was 
attached t o the s p i r a l , at A'' i n place of the r e a c t i o n f l a s k 
as shown i n f i g u r e 3, and the operations l e a d i n g t o a steady 
stream of n i t r o g e n gas through the c e l l were c a r r i e d out. 
Eleven mis of oxygen-free dimethylacetamide were then 
p i p e t t e d i n t o the r e a c t i o n c e l l through B'f w h i l e the n i t r o g e n 
flow was maintained. The o u t l e t B'r was then closed w i t h a 
B7 stopper and the gas stream stopped. The tap Z was c l o s e d , 
and the r e a c t i o n c e l l was detached from the s p i r a l and then 
shaken t o d i s s o l v e the r e a c t a n t s . Using s i m i l a r procedures 
the c e l l c o u l d , i f necessary, be f i l l e d w i t h other gaseous 
atmospheres such as hydrogen. 

. O p t i c a l d e n s i t y measurements were made on a Cary 14 

Recording Spectrophotometer • f i t t e d w i t h a constant tempera
t u r e water c i r c u l a t o r which could be operated from ambient 
temperatures up t o #0°C. Reaction r a t e s could be i n v e s t i 
gated by f o l l o w i n g the disappearance of s e l e c t e d absorption 
peaks w i t h time. 

R e f l e c t i o n s p e c t r a of powdered samples were measured 
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over the range 750-320 mu w i t h a Bausch and Lomb Spectronic 
600 Spectrophotometer f i t t e d w i t h a d i f f u s e r e f l e c t i o n 
attachment and a magnesium carbonate reference d i s c . I n f r a 
red s p e c t r a were taken w i t h a Perkin-Elmer Model 21 Spectro 
photometer using KBr d i s c s . 
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FIGURE 3. THE HYDROGENATION APPARATUS 





I I I . RESULTS OF GAS UPTAKE MEASUREMENTS 

1. I r ( C O ) C l ( P P h 3 ) 2 Systems 

Figure 5 shows a t y p i c a l gas uptake p l o t f o r the 
hydrogenation of maleic a c i d c a t a l y s e d by the Ir(CO)Cl(PPh 3). 
complex i n dimethylacetamide at 80°; i n the absence of the 
i r i d i u m complex there was no measurable uptake. The curve 
i n i t i a l l y shows s l i g h t a n t o c a t a l y s i s , the r a t e then becoming 
l i n e a r and f i n a l l y f a l l i n g t o zero at the complete r e d u c t i o n 
of the maleic a c i d . The s u c c i n i c a c i d had p r e v i o u s l y been 
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i s o l a t e d by s u b l i m a t i o n ^ and had been i d e n t i f i e d by i n f r a 
red spectrum and melting p o i n t . The system was extremely 
s e n s i t i v e to the presence of t r a c e s of oxygen and a v a r i e t y 
of improvements i n the experimental technique was necessary 
before reasonably c o n s i s t e n t r e s u l t s were obtained. The 
r a t e s i n the l i n e a r r e g i o n have been estimated from the up
take p l o t s f o r s e r i e s of experiments. 

The v a r i a t i o n i n the l i n e a r r a t e w i t h the i r i d i u m 
concentration f o r the c h l o r o complex i s shown i n Table I and 
shown g r a p h i c a l l y i n f i g u r e s 6 and 7. The dependence i s 
seen to be between zero and f i r s t order being e s s e n t i a l l y 
f i r s t order at lower i r i d i u m c o n c e n t r a t i o n and tending to 
become zero order at the higher i r i d i u m c o n c e n t r a t i o n when 
the r a t e approaches a l i m i t i n g value. 
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The r e s u l t s obtained f o r s i m i l a r s e t s of experiments 
i n which the r e a c t i o n s o l u t i o n had been l e f t under n i t r o g e n 
overnight at 6*0° (Table I I and f i g u r e 7) or at room tempera
t u r e f o r t e n days (Table I I I ) p r i o r t o hydrogenation show 
a s i m i l a r dependence on i r i d i u m c o n c e n t r a t i o n but the r a t e s 
are roughly 1.5 and 2.5 times g r e a t e r than those l i s t e d i n 
Table I , where immediate hydrogenation was c a r r i e d out. 

The r e s u l t s of the v a r i a t i o n of maleic a c i d concen
t r a t i o n are g i v e n i n Table IV and are shown g r a p h i c a l l y i n 
f i g u r e 8. Again a dependence between zero and f i r s t order 
i s observed w i t h the r a t e approaching a l i m i t i n g value at 
the highest maleic a c i d c o n c e n t r a t i o n used. 

Table V l i s t s data f o r the v a r i a t i o n of r a t e w i t h 
the hydrogen pressure and the p l o t i n f i g u r e 9 demonstrates 
between zero and f i r s t order dependence as obtained f o r the 
i r i d i u m and maleic a c i d dependences. Table VI g i v e s data 
f o r a s i m i l a r s e r i e s of experiments at twice the i r i d i u m 
c o n c e n t r a t i o n f o r s o l u t i o n s which had been l e f t at room 
temperature f o r ten days p r i o r t o hydrogenation and again 
i t i s seen t h a t a l i m i t i n g r a t e i s being approached w i t h 
i n c r e a s i n g hydrogen pressure. 

Table V I I shows the e f f e c t of a d d i t i o n of 10" 2 M 
L i C l , LiNO^ and triphenylphosphine on the hydrogenation 
r a t e of a t y p i c a l experiment. C h l o r i d e i n h i b i t s the r e 
a c t i o n by a f a c t o r of about 3 and the n i t r a t e a d d i t i o n shows 
that t h i s i n h i b i t i o n i s not due t o s a l t e f f e c t s . The added 
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TABLE I 

Varia t i o n of I r ( C 0 ) C l ( P P h 3 ) 2 concentration i n the hydrogena
t i o n of maleic acid (7.0 x 10~ 2 M) i n DMA at 80° and 730 mm 

\ hydrogen pressure 

Concentration of Ir( C 0 ) C l ( P P h 3 ) 2 

x 1 0 3 M 5 . 3 6 2 . 6 8 1 . 3 4 0 . 6 7 

Linear Rate 3 . 8 1 2 . 9 2 (a) 1 . 9 7 1 . 2 4 

x 1 0 6 M-1 S" 1 

k-0 (b) 2 . 5 0 

TABLE II 

Variation of Ir ( C 0 ) C l ( P P h 3 ) 2 concentration i n the hydrogena
t i o n of maleic acid at 80° and 730 mm pressure of hydrogen; 
using stock solution of 5.36 x 10~ 3 M I r ( C 0 ) C l ( P P h 3 ) 2 and 
7.0 x 10~ 2 M maleic acid i n DMA l e f t overnight at 80° under 
nitrogen before hydrogenation 

Concentration of I r ( C 0 ) C l ( P P h 3 ) 2 

x 1 0 3 M 5 . 3 6 3 . 2 0 2 . 1 4 1 . 0 7 

Linear Rate 

x 1 0 6 M-1 S" 1 
5 . 5 1 4 . 9 4 . 7 3 3 . 5 4 
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TABLE I I I 
V a r i a t i o n of Ir(C0)C1(PPh^) 2 c o n c e n t r a t i o n i n the hydrogena
t i o n of maleic a c i d at 6*0° and 7 3 0 mm pressure of hydrogen; 
using stock s o l u t i o n of 5 . 3 6 x 1 0 " ^ M I r ( C O ) C l ( P P h ^ ) 0 and 
7 . 0 x 1 0 M maleic a c i d i n DMA l e f t f o r ten days at room 
temperature under n i t r o g e n before hydrogenation 

Concentration of Ir ( C 0 ) C 1 ( P P h ^ ) 2 

x H p M 5 . 3 6 2 . 6 8 1 . 3 4 

Linear Rate 
x 1 0 6 M"1 S" 1 9 . 2 7 . 2 4 . 5 7 

TABLE IV 
V a r i a t i o n of maleic a c i d c o n c e n t r a t i o n i n the hydrogenation 
of maleic a c i d using 5 . 3 6 x 1 0 " 3 M I r (C0)C1 (PPh-j ) 2 i n DMA at 
8 0 ° and 7 3 0 mm pressure of hydrogen 

Concentration of Ma l e i c a c i d 
x 1 0 2 M 7 . 0 3 . 5 2 1 

Linear Rate 
x 1 0 6 M ^ S " 1 

3 . 7 2 . 52 2 . 4 1 . 7 



TABLE V 
V a r i a t i o n of hydrogen pressure i n the hydrogenation of 
maleic a c i d ( 7 . 0 x 1 0 ' 2 M) u s i n g 1 . 3 4 x 10*" 3 M 
I r ( C 0 ) C l ( P P h 3 ) 2 i n DMA at 8 0 ° 

Hydrogen Pressure i n mm Hg 7 3 0 3 6 5 1 7 5 

L i n e a r Rate (a) 1 . 9 7 (a) 1 . 3 4 (a) 1 . 1 1 

x 1 0 6 M"1 S" 1 (b) 2 . 5 0 (b) 1 . 5 7 (b) 1 . 0 5 

TABLE VI 
V a r i a t i o n of hydrogen pressure i n the hydrogenation of 
maleic a c i d i n DMA at 8 0 ° u s i n g the same stock s o l u t i o n 
as f o r experiments l i s t e d i n Table I I I 

Concentration of I r ( C O j C l f P P h ^ ) 2 2 . 6 8 x 1 0 ~ 3 M 
Concentration of maleic a c i d 7 . 0 x 1 0 ~ 2 M 

Hydrogen Pressure i n mm Hg 7 3 0 3 6 5 1 8 0 

L i n e a r Rate 
x 1 0 6 M"1 S" 1 7 . 2 5 . 9 5 5.06 
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TABLE V I I 
Hydrogenation of 7 . 0 x 1 0 M maleic a c i d i n DMA using 
5 . 3 6 x 1 0 ~ 3 M I r ( C 0 ) C l ( P P h 3 ) 2 at 80° and 7 3 0 mm pressure 
of hydrogen. E f f e c t of adding v a r i o u s reagents at a con
c e n t r a t i o n of 1 0 ~ 2 M 

Added Compound No 
a d d i t i v e L i C l L i N 0 3 ( C 6 H 5 ) 3 P 

Rate 
x 1 0 6 M"1 S' 1 

i n i t i a l 

l i n e a r 
1.9 
3 . 6 2 

.°«7 - 0 . 2 

3 . 6 2 

TABLE V I I I 
V a r i a t i o n of I r ( C 0 ) C 1 ( P P h 3 ) 2 c o n c e n t r a t i o n i n the hydro
genation of fumaric a c i d ( 7 . 0 x 1 0 " 2 M) i n DMA at 8 0 ° and 
7 3 0 mm hydrogen pressure 

Concentration of I r ( C 0 ) C l ( P P h 3 ) 2 

x 10 3 M 8.04 5 . 3 6 2 . 6 8 

L i n e a r Rate 
x 1 0 7 M"1 S' 1 

7 . 5 4.0 4.0 
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Figure 5: A Typical Hydrogen Uptake Plot 
[Ir(C0)Cl(PPh 3) 2] =5-38 x 10' 3 M 
[Maleic acid] = 3.5 x 10~ 2 M 
Temperature 80° and hydrogen pressure 730, mm 
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triphenylphosphine p r a c t i c a l l y stops the hydrogenation 
a l t o g e t h e r . 

Much slower r e a c t i o n s were observed when fumaric a c i d 
was used as substrate (Table V I I I ) . The uptake p l o t s were 
s i m i l a r t o those f o r maleic a c i d as s u b s t r a t e but the r a t e s 
f e l l o f f more r a p i d l y and the l i n e a r r e g i o n was not so c l e a r l y 
pronounced (see f i g u r e 10); the r a t e s were roughly 7 t o & 
times slower than those f o r corresponding maleic a c i d systems. 

Uptake p l o t s using dimethylsulphoxide as solvent were 
very s i m i l a r t o those observed i n the dimethylacetamide sys
tem although the i n i t i a l a u t o c a t a l y s i s r e g i o n was more pro
nounced than i n the l a t t e r . An extended l i n e a r r e g i o n was 
again observed where the r a t e s were about h a l f those of the 
corresponding r e a c t i o n s i n dimethylacetamide s o l u t i o n (Table 
I X ) . The i n i t i a l r a t e s were about three times slower i n the 
dimethysulphoxide system. 

2. . I r ( C 0 ) B r ( P P h 3 ) 2 Systems 

Hydrogen uptake p l o t s f o r the hydrogenation of maleic 
a c i d using the bromo complex were very s i m i l a r t o those ob
t a i n e d i n the case of c h l o r o complex although the i n i t i a l 
a u t o c a t a l y s i s r e a c t i o n was l e s s pronounced. The r e s u l t s of 
the v a r i a t i o n of the c o n c e n t r a t i o n of I r ( C O ) B r ( P P h ^ ) 2 are 
given i n Table X. The r a t e s of the r e a c t i o n i n the l i n e a r 
r egion were about 2.5 times g r e a t e r than those obtained f o r 
chloro complex. The dependence of the l i n e a r r a t e i s again 
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seen to be between zero and f i r s t order, approaching a l i m i t 
ing value at higher concentrations of I r ( C O ) B r ( P P h ^ ) 2 . 

The v a r i a t i o n i n r a t e w i t h maleic a c i d c o n c e n t r a t i o n 
f o r the bromo complex ( i n 2 experiments) i s gi v e n i n Table 
XI. The data f o r the hydrogen pressure v a r i a t i o n l i s t e d i n 
Table X I I show that the r a t e dependence i s between zero and 
f i r s t order as obtained i n the case of c h l o r o complex. 

3. I r ( C 0 ) I ( P P h 3 ) 2 Systems 

Table X I I I l i s t s the v a r i a t i o n of the l i n e a r r a t e 
w i t h I r ( C O ) I ( P P h ^ ) 2 c o n c e n t r a t i o n and shows a f i r s t order 
dependence of r a t e on the i r i d i u m c o n c e n t r a t i o n . The r a t e s 
are about f o u r times g r e a t e r than those obtained f o r the 
corresponding chloro complex r e a c t i o n s . 

The v a r i a t i o n of r a t e w i t h the maleic a c i d concentra
t i o n i s given i n Table XIV and the v a r i a t i o n of hydrogen 
pressure i s l i s t e d i n Table XV; again between zero and f i r s t 
order i s i n d i c a t e d f o r these r e a c t i o n s . 

4. Ethylene as Substrate 
No measurable gas uptake was observed f o r three hours 

when hydrogenation of ethylene (365 mm Hg of C 2H^, 400 mm 
Hg of H 2) was attempted i n benzene at temperatures up to 55° 
using 5.0 x 10" 3 M I r ( C 0 ) C l ( P P h 3 ) 2 - Very slow gas uptake 
was, however, observed when DMA was used i n s t e a d of benzene 
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TABLE IX 

Varia t i o n of Ir (C0)Cl(PPh 3) 2 concentration i n the hydro
genation of maleic acid ( 7 . 0 x 1 0 ~ 2 M) i n DMSO at 8 0 ° and 
7 3 0 mm hydrogen pressure 

Concentration of Ir(CO)Cl(PPh.j ) 2 

x 1 0 3 M 5 . 3 6 2 . 6 8 

Linear Rate 

x 1 0 6 M"1 S*"1 
1 . 6 9 1 . 3 0 

TABLE X 

Variation of Ir(CO)Br(PPh 7) 9 concentration i n the hydro-
-2 o 

genation of 7 . 0 x 1 0 M maleic acid i n DMA at 80 and 
7 3 0 mm pressure of hydrogen 

Concentration of Ir(CO)Br(PPh^) 2 

x 10 3 M 5.06 2.53 1.266 

Linear Rate 

x 10 6 M"1 S" 1 8.27 5.91 4.73 
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TABLE XI 
V a r i a t i o n of maleic a c i d c o n c e n t r a t i o n i n the hydrogena
t i o n using 5 . 0 6 x 1 0 ~ 3 M I r ( C O ) B r ( P P h ^ ) 2 i n DMA at 80° 
and 7 3 0 mm hydrogen pressure 

Concentration of maleic a c i d 
x 1 0 2 M 7 . 0 3 . 5 

L i n e a r Rate 
x 1 0 6 M"1 S" 1 

8 . 2 7 - 1 0 . 4 

TABLE X I I 
Hydrogen pressure v a r i a t i o n i n the hydrogenation of 7 . 0 x 
1 0 ~ 2 M maleic a c i d using 2 . 5 3 x 1 0 * " 3 M Ir(CO)Br{P?hy) 2 

i n DMA at 8 0 ° 

Hydrogen pressure In mm Hg 7 3 0 3 6 5 1 8 4 

L i n e a r Rate 
x 1 0 6 M"1 S" 1 

5 . 9 1 3 - 7 7 2 . 3 6 



TABLE X I I I 
V a r i a t i o n of I r (CO)l(PPh.j ) 2 c o n c e n t r a t i o n i n the hydro
genation of 7 . 0 x 1 0 " 2 M maleic a c i d i n DMA at B0° and 
7 3 0 mm hydrogen pressure 

Concentration of I r ( C O ) I ( P P h 3 ) 2 

x 1 0 3 M 2 . 6 8 1 . 3 4 0 . 6 7 

L i n e a r Rate 
x 1 0 6 M"1 S" 1 

1 3 . 4 6 . 3 8 2 . 9 1 

TABLE XIV 
V a r i a t i o n of maleic a c i d c o n c e n t r a t i o n i n the hydrogena
t i o n using 2.68 x 1 0 ~ 3 M Ir(COJKPPh^ ) 2 i n DMA at 80° 
and 7 3 0 mm hydrogen pressure 

Maleic a c i d concentration 
x 1 0 2 M 7 . 0 3 . 5 

L i n e a r Rate 
x 1 0 6 M"1 S" 1 

1 3 . 4 1 0 . 5 
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TABLE XV 
V a r i a t i o n of hydrogen pressure i n the hydrogenation of 
7.0 x 10~ 2 M maleic a c i d u s i n g 2.01 x 10~ 3 M 
I r ( C 0 ) I ( P P h 3 ) 2 i n DMA at 80° (the iodo complex had 
decomposed) 

Hydrogen pressure i n mm Hg 7 3 0 3 6 5 

L i n e a r Rate 
x 1 0 6 M"1 S - 1 

4 . 8 8 3 . 6 5 



Figure 10: E f f e c t of V a r i a t i o n of I r ( C 0 ) C l ( P P h 3 ) 2 Concen
t r a t i o n on Uptake P l o t s when fumaric a c i d i s 
used as Substrate (see TableVIII) 
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as the s o l v e n t at SO0 under otherwise i d e n t i c a l c o n d i t i o n s . 
—2 

In ten hours the uptake was about 1.6 x 10 moles per l i t e r . 

5. E f f e c t of Oxygen on r a t e s of hydrogenation 
39 

E a r l i e r work i n t h i s l a b o r a t o r y had shown that 
s m a l l amounts of molecular oxygen present i n the I r ( C 0 ) C l ( P P h 3 ) 
— m a l e i c acid--hydrogen system enhanced the r a t e s of hydro
genation c o n s i d e r a b l y ; a few per cent of added oxygen i n the 
gas phase had increased r a t e s by a f a c t o r of about a hundred. 
This e f f e c t of oxygen was soon confirmed, and the experimental 
technique f o r "oxygen f r e e " c o n d i t i o n s was considered suf
f i c i e n t when r e p r o d u c i b l e minimum hydrogenation r a t e s were 
a t t a i n e d . The somewhat enhanced r a t e s given i n Tables I I , I I I 

and VI f o r s o l u t i o n s t h a t had been l e f t under n i t r o g e n p r i o r 
to hydrogenation are presumably due t o t r a c e s of oxygen present 
i n the system. 



IV. SPECTROPHOTOMETRIC RESULTS 

The gas uptake measurements c l e a r l y i n d i c a t e d t h a t 
the hydrogenation r e a c t i o n s are not simple. Independent 
spectrophotometric studies were c a r r i e d out to i n v e s t i g a t e 
s e p a r a t e l y the e q u i l i b r i u m between the i r i d i u m c h l o r o com
plex and molecular hydrogen (equation 1) and the p o s s i b i l i t y 
of r e a c t i o n between the ch l o r o complex and maleic a c i d sub
s t r a t e . This chapter summarizes the r e s u l t s of these s t u d i e s . 
The c h a r a c t e r i s t i c spectrum e x h i b i t e d by the chloro complex 
i s shown i n f i g u r e 11 ( X m a x : 3 4 0 m/A, £ = £.8 x 1 0 3 ; " X m a x : 

3 8 7 m/x, € = 3-4 x 10 3; > m a x : 3 3 9 m/t, £ = 7 . O x l 0 2 ) . 

1. I r ( C 0 ) C l ( P P h 3 ) 2 / H 2 E q u i l i b r i u m 

At the temperature above 3 0 ° , I r ( C 0 ) C 1 ( P P h ^ ) 2 i n DMA 
s o l u t i o n undergoes a r a p i d r e v e r s i b l e r e a c t i o n w i t h hydrogen 
as a r e s u l t of which the y e l l o w c o l o u r of the complex fades 
c o n s i d e r a b l y . The r e a c t i o n was s t u d i e d by f o l l o w i n g the 
o p t i c a l d e n s i t y changes at 3 $ 7 mf4,(the d i h y d r i d e complex 
absorbs only s l i g h t l y at t h i s wave length,£ ̂  5 0 0 ) . At 
room temperature and 7 3 0 mm hydrogen pressure the dih y d r i d e 
complex i s e s s e n t i a l l y f u l l y formed: 

I r ( C O ) C l ( P P h 3 ) 2 + H 2
 n ^ I r ( C 0 ) H 2 C l ( P P h 3 ) 2 

More extensive data f o r t h i s system have been obtained e a r l i e r 
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Wave Length, mfJ< 

Figure 11... Spectrum of I r (C0)C1 (PPh^ ) 2 (1.16 x 10~k M) i n 

DMA; path len g t h 5 cms. 



i n t h i s laboratory, by James and McLaughlin. y Their r e s u l t s 
from spectrophotometric s t u d i e s are shown below: 

Temperature 4 0 ° 5 0 ° 60° 70° 80° 

' KH 5 . 3 2 . 4 1.7 1.0 0.6 

where = K H [ H 2 ] . ' 

2. I r ( C 0 ) C l ( P P h 3 ) 2 S o l u t i o n s without Substrates 

In benzene s o l u t i o n the spectrum of the chloro com
pl e x does not change w i t h time.provided the s o l u t i o n was made 
under oxygen-free c o n d i t i o n s and kept under n i t r o g e n . In 
DMA s o l u t i o n s , however, the o p t i c a l d e n s i t y decreased s l o w l y 
and t h i s change i n o p t i c a l d e n s i t y (at 3&7 mjU0 was fol l o w e d 
as a f u n c t i o n of time. The p l o t s of o p t i c a l d e n s i t y against 
time at 2 5 ° and 80° are shown i n f i g u r e 12. No change i n 
o p t i c a l d e n s i t y was observed when excess triphenylphosphine 

—2 
(10 M) was added t o the DMA s o l u t i o n . C o n d u c t i v i t y measure
ments i n d i c a t e t h a t c h l o r i d e i s not being formed by d i s s o c i 
a t i o n of the complex and there was no e v o l u t i o n of gas when 
a s o l u t i o n of the c h l o r o complex was shaken overnight at 80° 
under n i t r o g e n i n d i c a t i n g t h a t the carbonyl group does not 
come o f f as gaseous carbon monoxide. A l l t h i s evidence leads 
to the c o n c l u s i o n that the d i s s o c i a t i o n r e a c t i o n 

k, 
I r ( C O ) C l ( P P h 3 ) 2 - J L , * I r ( C O ) C l ( P P h 3 ) (S) + PPh 3 (11) 

k l 
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Figure 12: P l o t s of O.D against time f o r 
I r ( C 0 ) C l ( P P h , (1.16 x 10"^ M) i n DMA 
i n the absence of any s u b s t r a t e (Blank) 

Minutes 
Figure 13: P l o t of l o g A/B against time f o r 

the "Blank" r e a c t i o n at 25° (see f i g u r e 
. 12) 

i 
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i s occurring i n DMA solution, a solvent molecule (S) presum

ably coordinating. This process can be analysed by standard 

procedures 4 0 by the re l a t i o n s h i p 

O.D2 - O.D.O.-D k, (O.D •+ O.D ) 
log 2 £ = 2 _ e _ t ( 1 2 ) 

(O.D. - O.D )0.D 2.3(O.D - O.D ) 
t e o o. e 

where O.DQ = i n i t i a l o p t i c a l density of the Ir(CO)Cl(PPh 3) 2 

complex 

O.Dt = o p t i c a l density at time t of the Ir(C0)C1(PPh^) 2 

complex 

O.D = o p t i c a l density at equilibrium of the 

Ir(CO)Cl(PPh 3) 2 complex. 

O.D2 - O.DtO.D 
The slope of a plot of log — : against time 

(O.Dt - 0.D e)0.D o 

» , , \ (O.D + O.D ) 
gives k, (k, = — - — ) . Such a plot for the data 

2.3(O.DQ - O.De) 

at 25° i s shown i n figure 13 and i s reasonably l i n e a r . 

Absorption of the I r (C0)C1 (PPh^ ) (S) species at 3^7 rap- was 

taken as zero; the s l i g h t curvature r e s u l t s from a small con

t r i b u t i o n to the absorption by t h i s species. The slope of 

the plot gives ~ 10" 5 Sec" 1. The equilibrium constant 

fo r the reaction i s re a d i l y calculated from the i n i t i a l and 

f i n a l o p t i c a l densities: 
[Ir(CO)Cl(PPh.)(S)][P] . 

K = — ^ = 2.6 x 10"° M 
[Ir(CO)Cl(PPh 3) 2] 
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and since K = k ^ / k ^ , k_± = 3.9 M"1 Sec" 1. 

A s i m i l a r treatment of the o p t i c a l d e n s i t y data at 
80° gives the approximate values k ^ ^ l O " 4 S e c - 1 , k_^^ 75 M"1 

Sec" 1, K«~1.3 x 10"^ M; the p l o t t o g i v e i s cons i d e r a b l y 
more curved than t h a t f o r the data at 25° and the value of 
10~ 4 Sec" 1 i s computed from an i n i t i a l l i n e a r slope. 

3« Complexing w i t h maleic a c i d 
In the presence of maleic a c i d the decrease i n the 

o p t i c a l d e n s i t y f o r Ir(C0)G1(PPh^) 2
 i n DMA i s much g r e a t e r 

than i n a corresponding "blank" i n the absence of maleic 
a c i d . Some p l o t s of o p t i c a l d e n s i t y a g a i n s t time obtained 
f o r the I r ( C O ) C l ( P P h 3 ) 2 / m a l e i c acid/DMA system at d i f f e r e n t 
c o n d i t i o n s are shown i n f i g u r e 14. No change i n o p t i c a l d e n s i t y 

-2 

was observed f o r these systems when 10 M triphenylphosphine 
was added t o the s o l u t i o n s , i n d i c a t i n g t h a t triphenylphosphine 
which i n h i b i t s the d i s s o c i a t i o n r e a c t i o n of Ir(C0)C1(PPh^) 2 

(equation 11) a l s o i n h i b i t s the complex formation w i t h maleic 
a c i d . This suggests t h a t the maleic a c i d forms the complex 
w i t h the s o l v a t e d s p e c i e s , I r ( C 0 ) C l ( P P h 3 ) ( S ) r a t h e r than w i t h 
the o r i g i n a l complex, I r ( C 0 ) C 1 ( P P h ^ ) 2 : k, 

I r ( C O ) C l ( P P h ^ ) 9
 x Ir(CO)Cl(PPh-,) (S) + PPh, (11) 

K 

Ir( C O ) C l ( P P h 3 ) ( S ) + maleic a c i d v
 M M a l e i c a c i d complex (13) 

I f the second step i s a r e l a t i v e l y f a s t e q u i l i b r i u m , the sys-
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tern may be a n a l y s e d i n t h e f o l l o w i n g way : 

The r a t e e q u a t i o n f o r t h e f i r s t s t e p i s 

'• * B T = k . l A " k - l B C (14) 

where A . = [ I r ( C O ) C l ( P P h 3 ) 2 ] , B = [ I r ( C O ) C l ( P P h 3 ) (S)], a n d 

C .= [ P P h 3 ] , a n d t h e s e c o n d s t e p g i v e s 

v _ D \ ' • 
*M B [ M . A ] 

whe re D = [ M a l e i c a c i d c o m p l e x ] a n d M.A = m a l e i c a c i d . 

S i n c e 

B Q — C Q ?= 0 ( i n i t i a l c o n c e n t r a t i o n s ) 

t h e r e f o r e , C = B + D o r C = B ( l + K^ [M .A ] ) (15) 

The i n i t i a l c o n c e n t r a t i o n A „ = A + C 
o 

S u b s t i t u t i n g f r o m 15 

A 0 = A + B ( l + K M [ M . A ] ) 

A - A 
t h e r e f o r e , B = a n d 

1 + K M [ M . A ] 

( A Q - A ) 2 

BC = 2 
1 + K M [ M . A ] 

S u b s t i t u t i n g f o r BC i n e q u a t i o n 14 

. . M - M - - t . ( A ° - A ' 2 w ) 
d t x ' • L l + K M [ M . A ] 

w h i c h a t e q u i l i b r i u m becomes 

( A c - A e ) 2 

k-, A = k 1 , whe re A i s t h e e q u i l i b r i u m c o n c e n t r a t i o n . 
1 + K M [ M . A ] e 
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i . e . k -j — k-, ^ ?(1 + K M[M.A]) 
( A o " A e } 

Substitution for k i n equation 16 gives 

dA _ . k l A e ( 1 + V M ' A ] ) ( A o * A ) 2 

= k,A- -
d t 1 (A D - A e ) 2 1 + KM[M.A] 

A o 0 

= k-,[A ? ( A _ A) ] (17), 
( A 0 - A e F ° 

The in t e g r a t i o n of 17 gives 

A 2 - A A k, A + A 
T o e I / O ex. log = ( )t 

(A - A )A 2.3 A - A 
e o o e 

which can be written i n the form of o p t i c a l densities (O.D): 

O.D2 - O.D. O.D k-, O.D„ + O.D 
log 2 1 e__ = J L _ ( o e ) t 

(O.Dt - O.De)O.DQ 2.3 O.D0 - O.De 

The r e s u l t i s the same expression as that obtained f o r the 

di s s o c i a t i o n reaction (11) on i t s own. 

O.D2 - O.D O.D 
The plots of log °— - against t should 

(O.Dt - O.De)O.DQ 

k, O.D + O.D 
give a str a i g h t l i n e and the slope w i l l give (—— ; ), 

2.3 O.D^ - O.DQ 

o e 

from which k-̂  can be calculated. By carrying out an experi

ment at a high maleic acid concentration of 1M i t was possible 

to push reaction (13) to the r i g h t and f u l l y form the maleic 



a c i d complex; the spectrum of t h i s species at 25 i s a con
tinuum w i t h r e l a t i v e l y l i t t l e a b s o r p t i o n at 387 mju ( €= 400). 
This r e a c t i o n at high maleic a c i d c o n c e n t r a t i o n was again 
very slow suggesting a r a t e independent of maleic a c i d con
c e n t r a t i o n . The l o g p l o t s f o r the data of f i g u r e 14 are 
shown i n f i g u r e 15; the p l o t s , however, show some curvature. 
Attempts to c o r r e c t o p t i c a l d e n s i t i e s f o r the s m a l l c o n t r i 
b u t i o n by the maleic a c i d complex gave e s s e n t i a l l y the same 
curved p l o t s . The reason f o r the curvature i s not too c l e a r ; 
i t i s p o s s i b l e that a s i m i l a r scheme i n v o l v i n g c h l o r i d e d i s 
placement may be i n v o l v e d t o some extent: 

I r ( C O ) C l ( P P h 3 ) 2 > [ I r ( C O ) ( P P h 3 ) 2 ] + + C l " 

I r ( C O ) ( P P h 3 ) 2 + maleic a c i d ^ Complex. 

The important conclusion i s t h a t the complex formation pro
cess i s clearly,independent of the maleic a c i d c o n c e n t r a t i o n 
(plots|fT(b) and (c) give the same k-̂  although the maleic a c i d 
c o n c e n t r a t i o n d i f f e r s by a f a c t o r of two and the r e a c t i o n 
at high maleic a c i d concentration i s again very slow). This 
shows the importance, of the solvent a s s i s t e d d i s s o c i a t i o n 
r e a c t i o n . The slope of the f i n a l e s s e n t i a l l y l i n e a r p o r t i o n 
of the l o g p l o t s would y i e l d the k^ values summarized i n 
Table XVI. The value of k 1 at 25° i s about 3.0 times the 
value obtained from the "blank" r e a c t i o n . 

The value f o r the complexing r e a c t i o n w i t h maleic 
a c i d i s found to be-3000 M" 1.at 80°. 



TABLE XVI 4 9 b 

Summarized r e s u l t s f o r the complex formation reactions 
with maleic a c i d at d i f f e r e n t conditions 

Cone, of Ir(COJCl(PPh~) 9 Cone, of maleic acid Temperature 
x lCr M x 10 3 M. °C x 10 4 Sec" 1 

(a) 1.16 3.45 K 0.36 
(b) 0.58 ^3.45 2 5 ° 0.33 (c) 0.58 6.90 2 5 ° 0.3 
(d) 1.16 3.45 40° 0.45 (e.) 1.16 3.45 60o 0.55 
(f) 0.58 3.45 Boo 0.55 

Obtained from the l i n e a r portions of the log plots. 
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V. DISCUSSION 

The spectrophotometric s t u d i e s suggest t h a t under 
the c o n d i t i o n s of the hydrogenation r e a c t i o n i n DMA, i . e . , 
730 mm of hydrogen pressure and 80°, the f o l l o w i n g e q u i l i b r i a 
are present: 

K 
( i ) I r ( C 0 ) C l ( P P h 3 ) 2 + H 2

 H ^ I r (C0)C1 (PPh 3 )2H"2 

k l 
( i i ) I r ( C 0 ) C l ( P P h 3 ) 2

 x * Ir(C0)C1(PPh^) + PPh^ 

K,, 
and ( i i i ) I r (C0)C1 (PPh 3 ) + MA . I r (C0)C1 (PPh 3 )MA. 

There i s a l s o a p o s s i b i l i t y of the r e v e r s i b l e formation of 

the d i h y d r i d e complex of the s p e c i e s , I r ( C 0 ) C 1 ( P P h 3 ) . 

( i v ) I r ( C O ) C l ( P P h 3 ) + H 2 -
KH I r ( C O ) C l ( P P h 3 ) H 2 

Taking i n t o c o n s i d e r a t i o n a l l these e q u i l i b r i a and a l l the 
r e a c t i o n paths t h a t could be i n v o l v e d one can w r i t e the 
f o l l o w i n g scheme f o r the o v e r a l l hydrogenation r e a c t i o n : 

K H I r ( C O ) C l ( P P h 3 ) 2 + H 2 " •> I r ( C O ) C l ( P P h 3 ) 2 H 2 

L - l 

PPh 3 + I r ( C O ) C l ( P P h 3 ) + H 2 -
KH 

+ MA 

K M 

^ I r ( C O ) C l ( P P h 3 ) H 2 

+ MA 

k. 

Ir(CO)Cl(PPh 3)MA + H 2 -> I r ( C O ) C l ( P P h 3 ) + S u c c i n i c a c i d 
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The molecular d i h y d r i d e , I r (CO)Cl(PPh 3 ) 2 H 2 ' l s r a P ^ l y formed 
i n the system but the p o s s i b i l i t y of i t r e a c t i n g w i t h the 
maleic a c i d as the process of hydrogenation i s r u l e d out on 
the argument that (a) such a r e a c t i o n would r e q u i r e a f i r s t 
order dependence of the r a t e on the i r i d i u m c o n c e n t r a t i o n , 
whereas such dependence i s not observed; (b) no i n i t i a l 
a u t o c a t a l y s i s would be expected i n the uptake p l o t , and (c) 
the hydrogenation r e a c t i o n w i l l not be i n h i b i t e d by the 
excess triphenylphosphine as observed. The c a t a l y t i c 
a c t i v i t y , t h e r e f o r e , r e s u l t s from the l o s s of a triphenyH» h o s -

phine l i g a n d from the o r i g i n a l Ir(C0)C1(PPh^) 2 complex i n 
a r e l a t i v e l y slow e q u i l i b r i u m step (K = k-^/k^). Therefore, 
i n i t i a l l y the r a t e of hydrogen uptake in c r e a s e s auto-
c a t a l y t i c a l l y and f i n a l l y as the e q u i l i b r i u m between 
I r ( G 0 ) C l ( P P h ^ ) 2 and Ir(C0)C1(PPh^ ) species i s reached the 
r a t e of hydrogen uptake approaches a maximum value. The 
f o u r t h c o o r d i n a t i o n p o s i t i o n vacated by the l o s s of a t r i 
phenylphosphine group i s probably occupied by a solvent 
molecule. The Ir(C0)C1(PPh^) species forms a complex with 
maleic a c i d i n a r e l a t i v e l y r a p i d e q u i l i b r i u m (K^) which 
could then react w i t h hydrogen ( k 2 path). Thus, i n t h i s 
case, the maleic a c i d i s a c t i v a t e d by the i r i d i u m complex 
f o r f u r t h e r r e a c t i o n w i t h hydrogen to form s u c c i n i c a c i d . 
A l t e r n a t i v e l y , the I r (C0)C1 (PPh^) species could r e a c t w i t h 
molecular hydrogen i n a r a p i d r e v e r s i b l e r e a c t i o n (KX) 

forming a. dihydride complex, Ir(C0)C1(PPh^)H 9, which then 
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r e a c t s w i t h maleic a c i d (k^ path) y i e l d i n g the hydrogenated 

product. 
I f the hydrogenation r e a c t i o n i n v o l v e s both paths 

( k 2 and k^) simultaneously then the. r a t e l a w . w i l l be of the 
form ( f o r d e r i v a t i o n see Appendix I ) : 

R a t e = ( k 2 K M + k 3 K > ) [ H 2 ] [ M - A 3 [ I r t o t a l 3 ^ 
1 + K M[MA] + K H [ H 2 ] + [ P P h 3 ] ( l + K H [ H 2 ] ) / K 

where K = k-̂ /k The k ^ ^ and k 3K^ terms r e f e r respec
t i v e l y t o the k 2 and k 3 paths; k 3K^ becomes n e g l i g i b l e i f 
the k 2 path predominates and v i c e v e rsa. . Thus the r a t e law 
can be s i m p l i f i e d to 

B t k 2 K M [ H 2 ] [ M - A ] [ I r t o t a l ] 
Rate = : 2 0 

1 + KM[M'A] + . [ P P h 3 ] ( l + K H[H 23)/K . 

i f the r e a c t i o n i n v o l v e s only the k 2 path. The s p e c t r o 
photometric r e s u l t s supply the evidence f o r the formation 
of the I r ( C 0 ) C l ( P P h 3 )M-A complex whereas the formation of the 
I r ( C 0 ) C 1 ( P P h 3 ) H 2 complex, though a p o s s i b i l i t y , i s n e i t h e r 
supported nor discarded by the data we have. S i m i l a r 
mechanistic schemes can be w r i t t e n f o r the bromo and the 
iodo complexes Ir(CO)Br(PPh^) 2 and I r ( C 0 ) I ( P P h 3 ) g ; and 
the r a t e law f o r the hydrogenation r e a c t i o n s i n D M c a t a l y s e d 
by these complexes i s the same as t h a t f o r the chloro complex 
given by equations 19 and 2 0 . These rate-laws agree at l e a s t 
q u a l i t a t i v e l y w i t h the data observed f o r these three com
plexes. The rate-laws suggest between zero and f i r s t order 



dependence on the i r i d i u m c o n c e n t r a t i o n ; t h i s i s r e f l e c t e d 
i n the [PPh^j/K term i n the denominator which increases 
w i t h the i r i d i u m concentration and thus g i v i n g a l i m i t i n g 
r a t e at higher concentration. The data obtained f o r 
I r ( C O ) C l ( P P h 3 ) 2 and Ir(CO)Br(PPh^) 2 agree w i t h . t h i s depend
ence although i n the case of I r ( C O ) I ( P P h ^ ) 2 a f i r s t order 
dependence on the i r i d i u m c o n c e n t r a t i o n i s observed. This 
can be explained i f greater d i s s o c i a t i o n of I r ( C 0 ) C 1 ( P P h ^ ) 2 

(greater K) i s assumed. The r e a c t i o n s are between zero and 
f i r s t order i n hydrogen and maleic a c i d i n agreement w i t h 
the r a t e law. I f the k 2 path i s assumed to be the dominant 
hydrogenation step then a more q u a n t i t a t i v e a n a l y s i s of the 
data can be made. An expression such as (20) i s normally 
analyzed by w r i t i n g the inverse f u n c t i o n ( r a t e - 1 ) , f o r 
example, 

x ^ 1 + [ P P h 3 ] ( l + K H,[H 2])/K > 1 1 
Rate k 2 K M [ H 2 ] [ I r t o t a l ] [MA] k , ^ ] [ I r ^ ] 

and p l o t t i n g r a t e - 1 against [MA]" 1 at constant [ H 2 ] . How
ever remembering that 

[PPh 3] = [ I r ( C O ) C l ( P P h 3 ) ] + [Ir(CO)Cl(PPh 3)MA] 

i t i s r e a d i l y shown that the [PPh 3]/K term a l s o v a r i e s w i t h 
both maleic a c i d and hydrogen c o n c e n t r a t i o n s , and good 
l i n e a r i n v e r s e p l o t s are. not obtained. However, at suf
f i c i e n t l y high maleic a c i d c o n c e n t r a t i o n the l i m i t i n g r a t e 



w i l l be given by k 2 ^ I r t o t a l - ' ' F I S U R E & i n d i c a t e s a l i m i t 
i n g value of about 5 x 10"^ M Sec"*1 which g i v e s k 2 [ H 2 ] w 
1 x 10 ; Sec . Taking a value of 3.5 x 10 M atmos f o r 
the hydrogen s o l u b i l i t y (quoted f o r dimethylformamide 4 1) 
g i v e s k 2 " 0 . 3 M"̂ " S e c - 1 at 80°. To g i v e the curved depend
ence shown i n f i g u r e s 7, 8 , 9 i t i s necessary t h a t the three 
denominator terms K^MA]^ PPh-j ]/K and K H[H 2][PPh^j/K be of 
comparable magnitude; t h a t t h i s i s so can r e a d i l y be shown 
by c a l c u l a t i o n s over the range of concentrations used. I t 
i s p o s s i b l e t o determine values of k 2 at 80° by using the 
r a t e expression (20) and c a l c u l a t i n g each of the terms i n 
volved; was taken as 3000 M*"1, K H [ H 2 J as 0 . 6 and K as 
1*3 x 10"^ M. Some t y p i c a l c a l c u l a t e d values are summarized 
i n the Table XVII. These c a l c u l a t e d values are considered 
i n reasonable agreement w i t h the value estimated from the 
l i m i t i n g r a t e p a r t i c u l a r l y i n view of the u n c e r t a i n t y 
a s s o c i a t e d w i t h the e q u i l i b r i u m constants. Any absorption 
at 3^7 by the I r (C0)C1 (PPh 3 ) or I r (C0)C1 (PPh^ )M-A species 
(assumed to be n e g l i g i b l e ) could g i v e considerable e r r o r i n 
K and K^.and a l s o the spectrophotometric data are obtained 
at concentrations of about one t e n t h those used i n the gas 
uptake measurements. 

The k i n e t i c and e q u i l i b r i u m data could be c o n s i s t e n t 
t h e r e f o r e . w i t h a hydrogenation step i n v o l v i n g r e a c t i o n of 
molecular hydrogen w i t h an o l e f i n complex formed from a . 
slowly produced intermediate Ir(C0)C1(PPh^). However the 



T A B L E X V I I 

Summary of the data at 80° 

£ I rtotal ] 

x 1 0 3 M 

[MA] 

x 1 0 2 M 

[PPh 3] 

x 1 0 3 M 
H 21 mm 

Rate x 10 

M Sec"*1 

C a l c u l a t e d 

k 2 [ H 2 ] x 1 0 3 Sec""1 

k^M"*1 Sec""1 

5 .36 7.0 0.87 730 4.00 4.5 1.3 
2.68 7.0 0.59 730 2.9 4.8 1.4 
1.34 7.0 0.39 730 2.0 4.9 1.4 
5.36 3.5 0.63 730 '2.5 3.9 1.1 
5.36 2.0 0.487 730 2.4 3-7 1.0 
5.36 1.0 0.31 730 1.7 4.3 1.2 
5.36 7.0 0.96 365 1.45 1.49 1.0 
5.36 7.0 1.01 186 1.1 1.0 1.1 
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a l t e r n a t e path of r e a c t i o n of the o l e f i n w i t h a correspond
ing d i h y d r i d e complex cannot be completely r u l e d out. 

Mechanisms of c a t a l y t i c hydrogenation have been 
discussed i n d e t a i l by s e v e r a l w o r k e r s 4 ' ^ ' 1 7 , 4 2 . A l l sys
tems must i n v o l v e intermediate hydride species but i t i s 
not known whether c o o r d i n a t i o n of the o l e f i n as a -
bonded i s a general f e a t u r e . A p l a u s i b l e mechanism f o r the 
k 2 path suggested here i s shown i n the f o l l o w i n g scheme: 

IV + H, 

H 

I r 

C l 

I I I / C I r I I I 

C-CH 

Ph^P* , 1 H 

C l 

Ph 3P 
Ir " 

v 
HC CH \ where S = solvent 

Hydride formation i s accompanied by formal o x i d a t i o n of the 
metal; h y d r o m e t a l l a t i o n of o l e f i n i c bonds (the second step) 
i s w e l l e s t a b l i s h e d , being an example of a much wider c l a s s 
of i n s e r s i o n r e a c t i o n s . 

A system much i n common w i t h the one described here 
i s the recent one reported by W i l k i n s o n and coworkers on 
the hydrogenation c a t a l y s t R h C l ( P P h 3 ) 3 i n benzene s o l u t i o n s . 



This system i s somewhat simpler i n that the d i s s o c i a t i o n step 

RhCllPPh^}^ ^ R h C l ( P P h 3 ) 2 + PPh^ 

i s r a p i d even at 25° and l i e s e s s e n t i a l l y t o the r i g h t g i v i n g 

a high c a t a l y t i c a c t i v i t y . In t h i s system, however, i t seems 
that the path i n v o l v i n g the r e a c t i o n of RhCl(PPh^) 2H 2 w i t h 
the o l e f i n i s dominant. Both s t u d i e s show the importance of 
the d i s s o c i a t i o n step i n making a v a i l a b l e a c o o r d i n a t i o n s i t e 
i n the t r a n s i t i o n metal complex. 

The e f f i c i e n c y of the c a t a l y s t i s governed p r i n c i p a l l y 
by the e q u i l i b r i u m constant K f o r the d i s s o c i a t i o n step; t h i s 
i s s m a ll (10~ 6 M at 80°) f o r the I r (C0)C1 (PPh^ ) 2 complex. 
The f i r s t order dependence on the i r i d i u m c o n c e n t r a t i o n noted 
f o r the iodo complex i n d i c a t e s g r e a t e r d i s s o c i a t i o n f o r t h i s 
complex which would g i v e r i s e t o the i n c r e a s e d c a t a l y t i c 

l 8 28 

a c t i v i t y . Other workers » have reported i n c r e a s i n g chemi
c a l r e a c t i v i t y of the I r ( C O j X f P P h ^ ) 2 complexes i n the order 
I > B r > C l i n benzene s o l u t i o n where there i s no measurable 
d i s s o c i a t i o n . 

A lower r a t e of hydrogenation of fumaric a c i d could 
be explained by weaker complexing of t h i s s u b s t r a t e w i t h the 
s o l v a t e d i r i d i u m s p e c i e s . This would correspond t o a lower 

value In the r a t e expression which would decrease the 
r a t e ( c o n s i s t e n t w i t h t h i s i s the more r a p i d f a l l o f f i n r a t e 
from the l i n e a r region f o r the fumaric a c i d systems; the term 
corresponding to K,,[MA] would be s m a l l e r and the r e a c t i o n 
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would be nearer f i r s t order i n fumaric a c i d ) . More e x p e r i 
ments are r e q u i r e d to i n v e s t i g a t e the coraplexing w i t h fumaric 
a c i d , but i t i s known that the fumaric a c i d complex of c h l o r o -
ruthenate ( I I ) species i s weaker than that of the correspond
ing maleic a c i d one. 4 , 

The c a t a l y t i c a c t i v i t y of the I r ( C O ) C l ( P P h 3 ) 2 species 
i n the d i f f e r e n t s o l v e n t s i s seen to decrease i n the order 
dimethylacetamide *> dimethylsulphoxlde ^>benzene. Both the 
donor s t r e n g t h and s o l v a t i n g power of the s o l v e n t s are l i k e l y 
to be important f o r t h i s type of system. Good c o o r d i n a t i n g 
s o l v e n t s enhance the solvent path f o r the a s s o c i a t i v e t r i g o n a l -

8 

bipyramidal s u b s t i t u t i o n mechanism of the square planar d 
complexes (11). The r a t e s of hydrogen a d d i t i o n t o I r ( C 0 ) X ( P P h 3 ) 2 

complexes and the hydrogenation r a t e s c a t a l y s e d by the 
RhCltPPh^)^ complex are i n c r e a s e d by the use of more p o l a r 

5 2$ 
s o l v e n t s ^ ' and these f i n d i n g s have been i n t e r p r e t e d i n terms 
of r e a c t i o n through a h i g h l y p o l a r t r a n s i t i o n s t a t e . Gener
a l l y the donor s t r e n g t h and s o l v a t i n g power of dimethylaceta-
mide and dimethylsulphoxide are thought to be very s i m i l a r . 

The reason f o r the marked increase i n the hydrogena
t i o n r a t e i n the presence of s m a l l amounts of oxygen i s not 
understood. The known e q u i l i b r i u m 

I r ( C O ) C l ( P P h 3 ) 2 + 0 2 ^ I r ( C O ) C l ( P P h 3 ) 2 0 2 

i s presumably i n v o l v e d , and the oxygen adduct i s known to be 
17 

l i g h t s e n s i t i v e g i v i n g as yet u n i d e n t i f i e d products. ' 
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.APPENDIX I 

I. I f the reaction involving both paths k>> and simul

taneously i s considered the rate expression can be derived 

as follows: 

Rate of hydrogen uptake = 

k 2 [ H 2][Ir(C0)Cl(PPh 3)MA] + k 3[Ir(CO)Cl(PPh 3)H 2][MA3 (a) 

and also [Ir (C0)Cl(PPh 3 )MA] = K^M-A] [Ir (C0)C1 (PPh 3 ) ] 

and [Ir(C0)Cl(PPh 3)H 2] = K^[H 2][Ir(C0)C1(PPh 3)] 

Substitution of (b) into (a) gives 

Rate 

= k 2K M [ H 2][MA][Ir(CO)Cl(PPh 3)] + k ^ M - A ] [H 2] [ Ir (C0)C1 (PPh 3 ) ] 

= ( k 2 K M + k 3KjJ)[H 2][MA][Ir(CO)Cl(PPh 3)] (c) 

[ I r t o t a l ] = [Ir(CO)Cl(PPh 3) 2] + [Ir(C0)C1(PPh 3)MA] + 

[Ir(C0)Cl(PPh 3)] + [Ir(C0)Cl(PPh 3) 2H 2] + 

[Ir(CO)Cl(PPh 3)H 2] (d) 

• . [ I r(C0)Cl(PPh 3) 2J; = [PPh 3][Ir(CO)Cl(PPh 3]/K j 

[Ir(C0)Cl(PPh 3) 2H 2] = K H[H 2][PPh 3][Ir(CO)Cl(PPh 3)]/K). (e) 

arid [Ir(CO)Cl(PPh 3)H 2] -= K^[H 2] [ I r (C0)C1 (PPh 3 ) ] j 

Substitution from (e) and (b) into (d) gives 



[ I r t o t a l ] = [ I r ( C O ) C l ( P P h 3 ) ] j l + K M[MA] + K-»[H2] 

+ [PPh' 3](l + K H [ H 2 ] ) / K J 

Therefore: 

[ I f (CO)Cl(PPh 3)] = C l r t o t a l ] / j l + K M[MA] + K^F^] 

•+ [ P P h 3 ] ( l + K H [ H 2 ] ) / K J 

S u b s t i t u t i o n of (f) i n t o (c) g i v e s 

totc _ < k2 KM + k 3 K H > r H 2 3 C M n I r t o t a l l • 
1 + K M[Mft] + K,>[H2] + [ P P h 3 ] ( l + K„[H2])/K 
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