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Abstract 

A kinetic study to investigate the cis-effect exerted by - 
the liqand L in - mer-R~(C0)~ (L) (Sic13 )2 (L = phosphine or phos- 

phite) is presented. The - cis-effect is defined as the effect of 

L on the rate of substitution of a group adjacent to it in a me- 

tal complex. The rate of substitution by trimethylphosphite of 

the labile carbonyl, that which is - cis to L and trans to SiC13, 

was measured for twenty-five compounds with different L groups. 

The rate of substitution, for most of the complexes studied, was 

found to increase as the size of L is increased. The size of L 

is measured as the ligand cone anqle, a measure of the hypothe- 

tical solid cone which the liaand occupies in a metal complex. 

A rate enhancement of three orders of maqnitude was observed on 

qoinq from the smallest liqand, P(OCH2)3CC2H5 (cone anqle 1 0 1 " )  

to the largest ligand studied, P ( X ~ C H ~ C ~ H ~ ) ~  - (cone angle 1 6 5 " ) .  

There was no apparent relationship between the electronic pro- 

perties of L and the rate of carbonyl substitution. The 

Arrhenius parameters, ASt and AHt, were determined for each of 

the twenty-five reactions, and a linear relationship was ob- 

served between ASt and the cone anqle of the ligand, L. From 

these results, it was concluded that the - cis-effect of L in this 

system is mainly steric in origin. Some exceptions were found 

to this general pattern. In the complexes containing P(OPh)3, 

P(CH2C6H5)3 and some related liqands, very low ASt values and 

reduced AHt values were observed. From these activation 

iii 



parameters, it is proposed that these complexes underqo substi- 

tution via an associative type mechanism; one in which the com- 

plexed ligand, L, assists in the bond-breaking process. The 

liqand participates in the reaction by employing the n-electrons 

of the aromatic ring to stabilize the transition state, which is 

electron deficient due to the loss of the CO group. 

In some of the complexes of the type mer- - 

Ru(C0)3(L) (SiC13)2, where L is an asymmetric ligand (e.q., 

PPh2C1), an extra CO stretching band was observed in the infra- 

red spectrum. This is thought to be due to the presence of two 

rotational conformers in solution. 
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CHAPTER 1  

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

1.1.1 G e n e r a l  I n t r o d u c t i o n  

The re  have been many s t u d i e s  c o n c e r n i n g  t h e  e f f e c t  of a  

l i g a n d  i n  a  m e t a l  complex on t h e  l a b i l i t y  of  o t h e r  l i g a n d s  i n  

t h e  complex. These t y p e s  o f  s t u d i e s  may be broken  down i n t o  two 

g e n e r a l  g r o u p s :  ( 1 )  t h o s e  examining  t h e  e f f e c t  of  t h e  l i g a n d  

t r a n s  t o  t h e  l e a v i n g  g r o u p  on t h e  r a t e  of  s u b s t i t u t i o n  ( t h e  

" t r a n s - e f f e c t " ) ,  and ( 2 )  t h o s e  exarnininq t h e  e f f e c t  of  t h e  li- 

gand c i s  t o  t h e  l i g a n d  which is l e a v i n g  on t h e  r a t e  o f  s u b s t i t u -  - 
t i o n  ( t h e  " c i s - e f f e c t " )  - . Most e x p e r i m e n t s  have been done on 

s q u a r e  p l a n a r  s y s t e m s  and t h e  q r e a t  m a j o r i t y  o f  t h e s e  i n v e s t i a a -  

t i o n s  have been conce rned  w i t h  t h e  t r a n s - e f f e c t ;  t h e  c i s - e f f e c t  - 
1,2 is t h o u g h t  to  be v e r y  s m a l l  and d i f f i c u l t  to  p r e d i c t  . 

K i n e t i c  e f f e c t s  such  a s  t r a n s -  or c i s - e f f e c t s  must be c a r e -  - 
f u l l y  d e f i n e d .  The c i s - e f f e c t  is t h e  e f f e c t  of a  c o o r d i n a t e d  - 
g r o u p  on t h e  r a t e  of  s u b s t i t u t i o n  of a  l i g a n d  c i s  to  i t s e l f .  - 
T h i s  s h o u l d  be c l e a r l y  d i s t i n g u i s h e d  from t h e  c i s - i n f l u e n c e ,  - 
which is d e f i n e d  a s  t h e  e f f e c t  of a  c o o r d i n a t e d  l i g a n d  on t h e  

ground s t a te  p r o p e r t i e s  o f  a n o t h e r  l i g a n d  c i s  to  i t s e l f .  These  - 
ground s t a t e  p r o p e r t i e s  may i n c l u d e  i n f r a r e d  s t r e t c h i n g  f r e q u e n -  

cies, NMR c h e m i c a l  s h i f t s ,  or bond l e n g t h s  and s t r e n g t h s .  

I n  s u b s t i t u t i o n  p r o c e s s e s  of f o u r - c o o r d i n a t e  p l a -  r : , ,  3 7' com- 

p l e x e s ,  t h e  t r a n s - e f f e c t  is w e l l  e s t a b l i s h e d ,  and h a s  been shown 

t o  be more i m p o r t a n t  t h a n  t h e  c i s - e f f e c t .  L igands  can be ranked  - 



i n  s equence  a c c o r d i n g  to  t h e  r e l a t i v e  maqni tude  o f  t h e i r  

t r a n s - e f f e c t s .  T h i s  series,  a r r a n q e d  i n  order o f  i n c r e a s i n q  - 
t r a n s - e f f e c t s ,  is a s  f o l l o w s 3  : 

H z 0  = HO- = N H 3  = amines  < C1- = Br' < SCN' = I- = NO2- = 

C g H 5 -  < CH3- = SC(NH2)2 < p h o s p h i n e s  = a r s i n e s  = H- = 

t h i o e t h e r s  < o l e f i n s  = CO = CN-. 

A l i g a n d  is t h o u g h t  t o  e x e r t  a  t r a n s - e f f e c t  by means o f  o n e  

o f  t w o  p r o c e s s e s .  The f i r s t  p r o c e s s  is a  qround s t a t e  e f f e c t  

which c a u s e s  weakening o f  a  bond. T h i s  r a i s e s  t h e  ground s t a t e  

Gibbs  f r e e  e n e r g y  ( G o )  o f  t h e  complex,  and c o n s e q u e n t l y  lowers 

t h e  a c t i v a t i o n  e n e r g y  ( A G t )  f o r  t h e  r e a c t i o n .  The second p ro -  

cess i n v o l v e s  s t a b i l i z a t i o n  o f  t h e  t r a n s i t i o n  s t a t e  f o r  t h e  re- 

a c t i o n .  E i t h e r  of  t h e s e  t w o  p r o c e s s e s  may l e a d  to  what is 

termed t h e  k i n e t i c  t r a n s - e f f e c t .  T h e r e f o r e ,  t h e r e  a r e  t w o  t y p e s  

o f  l i q a n d s  which may e x e r t  a  t r a n s - e f f e c t .  One t y p e  o f  l i q a n d  

weakens t h e  bond t r a n s  t o  i t s e l f  and t h e  o t h e r  s t a b i l i z e s  t h e  

t r a n s i t i o n  s t a t e  f o r  t h e  s u b s t i t u t i o n  r e a c t i o n .  I t  w i l l  be ap- 

p a r e n t  t h a t  t h e  f i r s t  t y p e  of l i q a n d  h a s  a  t r a n s - i n f l u e n c e  a s  

w e l l  a s  e x e r t i n q  a  t r a n s - e f f e c t .  

The c i s - e f f e c t  h a s  been  shown to  be more i m p o r t a n t  i n  sub-  - 
s t i t u t i o n  r e a c t i o n s  o f  s i x - c o o r d i n a t e  complexes  t h a n  i n  s u b s t i -  

t u t i o n  r e a c t i o n s  o f  f o u r - c o o r d i n a t e  complexes4 .  However, t h e  

c i s - e f f e c t  h a s  n o t  been w e l l  s t u d i e d .  I t  h a s  n o t  been es- - 
t a b l i s h e d  what t h e  b a s i s  o f  t h e  c i s - e f f e c t  is ,  n o r  is it even  - 
clear which  l i g a n d ~  are c i s - l a b i l i z e r s  i n  which  s i t u a t i o n s .  - 



Another question which remains inadequately answered is whether 

the cis-effect is steric or electronic in nature, or some - 
combination of both. 

The purpose of this study was to determine whether the 

cis-effect is steric or electronic in nature for phosphorus - 
donor liqands. The - cis-effects of a larqe number of phosphorus 

donor ligands in complexes of the type - mer-R~(C0)~L(SiCl~ )2 (L = 

phosphite or phosphine) have been studied to establish the cis- - 
effects of these ligands. The cis-effects determined for the - 
ligands were then compared to the steric and electronic proper- 

ties of the ligands, and the nature of the cis-effects for phos- - 
phorus donor ligands in rner-R~(C0)~L(SiCl~)~ was established. - 

1.2.1 The Compound ci~-Ru(C0),+(SiCl~)~ and the Cis-Effects 

of Phosphorus Donors Liqands 

The special properties exhibited by tetracarbonylbis(tri- 

chlorosilyl)ruthenium, - ci~-Ru(C0),+(SiCl~)~, makes this study of 

the - cis-effect of phosphorus donor ligands possible. These 

special properties will he discussed and will be followed by a 

brief description of the work on the - cis-effect that has been 

carried out using this complex. 

1 .2 .2  Stereospecific Exchange .- 

When - ci~-Ru(C0),+(SiCl~)~ was first synthesized, an attempt 

was made to exchange the carbonyls with i3~-labelled CO, to mc- 
- 

sure che force constants of the equatorial and axial ligands'. 

k solution of - c ~ s - R u ( c o ) ~ ( s ~ c ~ ~ ) ~  was ::,tirred at roox 



temperature for 18 hours under 1 atm 13c0. The final infrared 

spectrum revealed that the exchange had been entirely stereo- 

specific; the equatorial carbonyls had exchanged with the label- 

led 13c0, while the axial carhonyls had not5 (Equation 1 ) .  

OC, I ,SiCI, ,,, 

This finding has a number of implications. The first im- 

plication of the stereospecific exchanqe is that the Sic13 li- 

gand must be a better trans-director than carbonyl, since those 

carbonyls trans to Sic13 are labile and those trans to carbonyl 

are not. 

The second implication is that the position of carbonyl 

loss must be equivalent to the position of enrichment, i.e., 

trans to the Sic13 ligand. Scheme 1 outlines this mechanism. 

One could imagine another mechanistic possibility, also 

shown in Scheme 1 ,  involvinq axial loss, followed by rearrange- 

ment of the intermediate B and enrichment to give the observed 

equatorially substituted product. However, by the principle of 

microscopic reversibility, axial loss must necessarily lead to 

axial enrichment, since the transition state for axial 

enrichment would be of lower energy than that for equatorial 

enrichment. In other words, if axial loss, with rate constana 



k2 is p r e f e r r e d  t o  e q u a t o r i a l  loss ,  w i t h  r a t e  c o n s t a n t  k l ,  t h e n  

k l  < k2 

c o r p o r a  

. T h i s  i m p l i e s  t h a t  e i t h e r  k-1 < k-2 f o r  t h e  r e i n -  

of t h e  c a r b o n y l  and ,  t h e r e f o r e ,  t h e  a x i a l l y  e n r i c h e d  

O B 
Scheme 1 

- P o s s i b l e  mechanisms f o r  e n r i c h m e n t  o f  

c is-Ru(CO),+ (S iC13  w i t h  13c0. - 



complex would be the preferred product, or scrambling between 

the intermediates A and B does not occur, due to a kinetic bar- 

rier. Therefore, since axial enrichment is not observed, axial 

loss must not occur, and equatorial enrichment may occur only 

via equatorial loss. 

The third implication of the stereospecific exchanqe is 

that the five-coordinate intermediate A in Scheme 1 must be rig- 

id. Since the second enrichment occurs without scramblinq of 

the first 13c0, any rearranqements which involve an intermediate 

which does not distinguish between axial and equatorial carhon- 

yls throuqhout the reaction must be ruled out. 

In conclusion, the exchanqe must proceed such that only the 

equatorial carbonyls are labile, and such that at all times the 

axial and equatorial carbonyls are distinguishable. 

1.2.3 The Cis-Effect of Phosphorus Donor Ligands in mer- -- 
Ru(C0)3(L)(SiC13)2 

The compound - cis-Ru(CO)~,(SiCl~)~ reacts stereospecifically 

with some two electron donors (L) to form mono- and bis-sub- 

stituted derivatives6. (Equation 2) 



In most cases the reaction may be terminated at the stage 

of mono-substitution, by precipitation of the desired product in 

the hexane reaction solvent. In the cases where the bis-deriva- 

tive is desired, it is observed that while the reaction yielding 

a mono-substituted derivative occurs at the same rate ( k l )  re- 

gardless of the incoming ligand, the rate of the second substi- 

tution (k2) depends upon the nature of the ligand which has been 

complexed in the mono-substitution step. 

The present study involves the examination of the quantita- 

tive relationship between the liqand (L) and the rate of the 

second substitution step (k2). The relationship reflects the 

relative - cis-effects of the liqands used in this study. 

Because Sic13 is a stronger trans-directing group than CO, 

and because the parent compound - cis-Ru(C0) (Sic13 ) loses the 

equatorial. carbonyl in exchange reactions, one can be almost 

completely certain in all cases that the leaving carbonyl will 

be - cis to L and trans to SiC13, reqardless of the identity of L. 

Steric and Electronic Properties of Phosphorus Donor 

Ligands 

Introduction 

The - cis-labilizing effects of the phosphorus ligands ex- 

amined in this study are compared to their steric and electronic 

properties. It should be noted at this point that however de- 

sirable it may be to completely separate steric and electronic 



effects for comparison, they are, to some extent, interdepen- 

dent. The relationship between the two properties is a simple 

one. The lone pair of electrons on phosphorus will be in a hy- 

bridized orbital which will have both s and p character, the 

relative proportions of which will depend on both the steric and 

electronic properties of substituents. According to Bent's 

rule7, a more electronegative substituent will prefer a hybrid- 

ized orbital with more p character, forcing the lone pair orbit- 

al to assume greater s character. However, the relative s and p 

characters of the lone pair orbital will also be affected by the 

steric properties of the substituents. A larger substituent 

will force the substituent-phosphorus-substituent anqle to open 

up, thus causing the lone pair orbital to have greater p charac- 

ter (see Fiq. 1). 



Small Substituents 

lone pair and 

substituents: sp3 

Larqe Substituents 

lone pair: p, in the limit 

substituents: sp2 

Fiq. 1 

The relationship between the size of substituents and 

hybridization of the lone pair orbital. 

Therefore, it is clear that the electronic properties of 

the lone pair will be dependent on both the electronegativity 

and the size of the substituents and, further, that the steric 

properties of the ligand will depend to some extent on the elec- 

tronic properties of the substituents. 

However careful one must be not to expect complete separa- 

tion of steric and electronic effects, to a certain extent the 

two may be examined individually. ~olman* has defined the 

steric and electronic effects of ligands as follows: 



electronic effect: 

steric effect: 

a change in molecular property 

transmitted along chemical bonds. 

a change in molecular property re- 

sultinq from non-bondinq forces 

between parts of a molecule. 

Tolman has recently defined and measured two quantities, the 

"cone angle" and the "electronic parameter", for use as guanti- 

tative measures of the steric and electronic properties of phos- 

phorus ligands. These are discussed in Sections 1.3.2 and 

1.3.3. 

Since Tolman published his review describing these two 

parameters, the concept of cone angle has been expanded into a 

more detailed description of the steric properties of phosphorus 

donor liqands. F'ergusong has developed the concept of liqand 

profile, which will be discussed in Section 1.3.2. 

Finally, a small and certainly not exhaustive qroup of ex- 

amples will be given to show how some research workers have used 

Tolman's two parameters to correlate chemical data such as bond 

lenqths and bond strenqths with the properties of phosphorus 

donor ligands in some complexes. 



1.3.2 The Steric Parameter 

As it became clear that some properties of phosphorus li- 

gands, such as the ability of ligands to compete for coordina- 

tion sites, could not be explained solely in terms of electronic 

effects, ~olman'' introduced a quantitative measure of the ster- 

ic effect of phosphorus ligands, the ligand cone anqle. 

Tolman's measurement of cone anqle can be approached in two 

ways: ( 1 )  by physical measurement of space-filling models or 

(2) by a chemical technique. In the first method, a 

space-filling model of the ligand is constructed using the 

smallest cone angle which does not induce substantial strain 

into the liqand. The cone angle is the apex anqle of the cone 

which encloses the ligand and is centred on a metal atom which 

is assumed to be 2.288 away (see Fiq. 2 ) .  

Fiq. 2 

The cone angle measurement of a phosphorus donor 

ligand . 



In the case of an asymmetrical ligand, Tolman computes the 

average contribution of each substituent by means of (I) (see 

Fig. 3). 

2 j ' .  'asymmetrical ligand = - E [A] 
3 j = 1  2 

Fiq. 3 

The cone anqle measurement for asymmetrical liqands. 

Tolman's second method of measuring cone angle involves 

determininq the degree of substitution of the liqand in Ni(C0)4 

(Equation 3). 



T h i s  method is u s e f u l  i n  t h e  c a s e  of l i g a n d s  where a g r e a t  

d e a l  o f  d i f f e r e n c e  i n  cone  a n g l e s  can  be measured by i n t r o d u c i n g  

v a r i o u s  d e g r e e s  o f  s t r a i n .  With t h e  N i ( C 0 ) 4  method one  can  a s -  

sume t h a t  t h e  l i q a n d  w i l l  resort t o  a s i t u a t i o n  which i n t r o d u c e s  

a " r e a s o n a b l e "  amount o f  s t r a i n  i n t o  t h e  sys tem.  An e i g h t - f o l d  

e x c e s s  o f  l i g a n d  L is combined w i t h  N i ( C 0 ) 4  i n  a s e a l e d  t u b e  and 

t h e  m i x t u r e  is a l lowed  t o  e q u i l i b r a t e  a t  room t e m p e r a t u r e  f o r  

e i q h t  d a y s .  The v a l u e  of  n ,  which may be any number from 0 to  

4 ,  is d e t e r m i n e d  f o r  each  l i q a n d .  S i n c e  t h e  cone  a n g l e s  of  many 

l i q a n d s  a r e  a v a i l a b l e  from measurements  of  s p a c e  f i l l i n q  mode l s ,  

n ,  or d e g r e e  o f  s u b s t i t u t i o n  D S ,  may be p l o t t e d  a s  a f u n c t i o n  o f  

cone  a n g l e  ( see F iq .  4 ) . 

C 

F i q .  4 

The d e g r e e  of  s u b s t i t u t i o n  (DS) of  c a r b o n y l  g r o u p s  from 

N i ( C 0 ) 4  v e r s u s  cone  a n g l e  ( 8 )  measured from m o l e c u l a r  

models .  



A good c o r r e l a t i o n  is  o b t a i n e d ,  and l i g a n d s  whose cone  an-  

g l e s  are d i f f i c u l t  to  measu re  w i t h  s p a c e - f i l l i n g  models  c a n  b e  

d e t e r m i n e d  by m e a s u r i n g  t h e  d e g r e e  o f  s u b s t i t u t i o n  i n  t h e  

N i ( C 0 ) 4  s y s t e m  and compar ing  t h e  r e s u l t s  w i t h  t h e  known p l o t .  

S i n c e  Tolman p r e s e n t e d  h i s  methods  o f  cone  a n g l e  measure -  

ment ,  t h e  c o n c e p t  o f  l i g a n d  b u l k i n e s s  h a s  been  d e v e l o p e d  f u r -  

t h e r .   ergu us on^ used  c r y s t a l l o g r a p h i c  d a t a  to  measu re  t h e  cone  

a n g l e  of t r i c y c l o h e x y l  p h o s p h i n e  i n  t w o  complexes  and o b t a i n e d  

a n g l e s  o f  181" and 174" ,  which are i n  e x c e l l e n t  ag reemen t  w i t h  

Tolman ' s  v a l u e  o f  179 T 10" f o r  t r i c y c l o h e x y l p h o s p h i n e .  

Fe rquson  i n t r o d u c e s  t h e  c o n c e p t  o f  l i q a n d  p r o f i l e g  r l '  , which ,  

l i k e  cone  a n g l e ,  is a q u a n t i t a t i v e  measu re  o f  l i g a n d  b u l k i n e s s .  

However, l i q a n d  p r o f i l e  p l a c e s  a  g r e a t e r  emphas i s  on t h e  f a c t  

t h a t  l i g a n d s  are n o t  s o l i d  c o n e s ,  b u t  are i r r e g u l a r  " c o n i c  

c o q s " .  The l i g a n d  p r o f i l e  is a  p l o t  o f  t h e  a n q l e  between t h e  

v e c t o r  A and t h e  l i g a n d  c e n t r e  l i n e ,  8/2 (see F i g .  5 ) ,  as t h e  

v e c t o r  is r o t a t e d  a round  t h e  l i g a n d  so t h a t  it j u s t  t o u c h e s  t h e  

s u r f a c e  o f  t h e  van  d e r  Waals r a d i i  o f  t h e  atoms i n  t h e  l i g a n d .  



u 

F i g .  5 

The p r o c e s s  used to  g e n e r a t e  t h e  l i g a n d  p r o f  

The l i g a n d  p r o f i l e  c l e a r l y  d e m o n s t r a t e s  t h e  g a p s  be tween  t h e  

s u b s t i t u e n t s  and t h e  c o q - l i k e  n a t u r e  of t h e  l i g a n d  (see F i q .  6 ) .  

F i a .  6 

An example  o f  a l i q a n d  p r o f i l e  g e n e r a t e d  f o r  

t r i c y c l o h e x y l  p h o s p h i n e  i n  [Hg( PCy3 ( N O 3  ) 21 212 

F e r q u s o n ' s  work also r e v e a l s  t h e  dynamic  n a t u r e  o f  t h e  

b u l k y  p h o s p h o r u s  l i g a n d s .  I n  compounds where  more t h a n  o n e  

b u l k y  l i q a n d  is p r e s e n t ,  t h e  l i g a n d s  may b e  compres sed  a 



substantial amount. For example, in tris(tricyclohexy1 phos- 

phine)platinum, the liqand has a cone anqle of 164", whereas in 

(tricyclohexyl phosphine) mercuric diacetate, (Cy3P)Hg(0Ac)2, 

the liqand has a cone angle of 1790'~. Similar compression has 

also been observed in tri-tert-butylphosphine and tri-ortho- 

tolylphosphine in complexes1 l . 

1.3.3 The Electronic Parameter 

In a series of complexes M(CO),L a direct correlation can 

be observed between the basicity of the ligand and the frequency 

of the carbonyl stretches in the infrared spectral3. The more 

basic ligand donates more electron density to the metal centre, 

increasinq metal to carbonyl back donation. A qreater amount of 

back donation lowers the force constant of the carbon-oxygen 

bond, thereby lowerina the frequency of the carbonyl stretch. 

The first attempt to rank phosphorus ligands according to 

their effect on carbonyl frequencies was presented by 

strohmeier14. ~olman" has expanded this idea to a more exten- 

sive series, eventually ranking approximately sixty ligands ac- 

cording to the frequency of the A1 mode in the infrared spectra 

of complexes Ni(C0) 3L (L = tertiary phosphorus ligand) '. The 

value of the infrare4 stretching mode, in wavenumbers, is the. 

electronic parameter ( v ) .  The Ni(C0)3L series was chosen prin- 

cipally because .f the ease of preparation of the complexes. 



However, any mono-substituted carbonyl complex would have been 

suitable. 

Tolman also found that for complexes where the electronic 

parameter ( v )  could not be measured, one could make excellent 

estimates of v because of the additive nature of the individual 

contributions of the substituents on phosphorus to the v for the 

whole ligand. The apparent contribution of a substituent to v 

in the parent compound P(S) 3 is calculated by using (11) : 

vN~(CO)~[P(S)~] - 2056.1 
= contribution of S 

3 0s) 

The value of v for a mixed phosphorus ligand can then be calcu- 

lated from (111): 

Perhaps because of the uncrowded nature of the Ni (CO) 

fragment, Tolman's electronic parameter is unaffected by the 

steric properties of the liqands. This is demonstrated by com- 

paring P(o-MeC6H4)3 and P ( P - M ~ C ~ H ~ ) ~ .  Although these two li- 

gands have cone angles of 194" and 14S0, respectively, their 

electronic parameters are virtually identical. (See Appendi-x 

Since the publication of Tolman's definition of the elec- 

tronic parameter, further work ha; correlated ' 3~ NMR data of 



c a r b o n y l  complexes  w i t h  l i g a n d  b a s i c i t y 1  5 .  The 13c NMR s p e c t r a  

were r e c o r d e d  f o r  a  s imi la r  series o f  N i ( C 0 ) 3 L  complexes .  Each 

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

b e c a u s e  t h e  c a r b o n y l s  i n  t h e  N i ( C 0 ) 3  f r a g m e n t  a r e  e q u i v a l e n t .  

S i n c e  t h e  c a r b o n y l  c a r b o n  n u c l e i  are i n c r e a s i n g l y  d e s h i e l d e d  as 

e l e c t r o n  d e n s i t y  on t h e  metal i n c r e a s e s ,  t h e  q r e a t e r  t h e  b a s i c -  

i t y  o f  t h e  l i q a n d ,  t h e  f u r t h e r  downf i e l d  is t h e  ' 3~ c h e m i c a l  

s h i f t .  T h e r e  is  a good c o r r e l a t i o n  be tween  s t r e t c h i n q  f o r c e  

c o n s t a n t s  c a l c u l a t e d  f rom T o l m a n l s  i n • ’  r a r e d  v a l u e s  and t h e  c 

c h e m i c a l  s h i f t s  f o r  t h i s  series o f  n i c k e l  complexes .  

O f  p a r t i c u l a r  i n t e r e s t  t o  t h i s  s t u d y  is t h e  c o r r e l a t i o n  

o b s e r v e d  be tween  t h e  c a r b o n y l  c h e m i c a l  s h i f t s  o f  N i ( C 0 ) 3 L  

complexes  and t h e  - c i s - c a r b o n y l  c h e m i c a l  s h i f t s  of t h e  

c o r r e s p o n d i n g  M ( C O ) 5 L  compounds ( M  = C r ,  Mo). The c o r r e l a t i o n  

be tween  t h e  c a r b o n y l  c h e m i c a l  s h i f t s  ( 6 )  i n  N i ( C 0 )  3 L  and t h e  

t r a n s - c a r b o n y l  c h e m i c a l  s h i f t s  ( 6 )  i n  M ( C 0 ) 5 L  was much weake r .  

T h i s  i m p l i e s  t h a t  t h e  e l e c t r o n i c  p a r a m e t e r  o b t a i n e d  by Tolman 

and Bodner f o r  N i ( C 0 ) 3 L  complexes  b e s t  r e p r e s e n t s  t h e  e l e c t r o n i c  

e f f e c t  o f  l i g a n d  L on c a r b o n y l  g r o u p s  - cis to  L. 

1 . 3 . 4  Some S t u d i e s  o f  t h e  P r o p e r t i e s  o f  Complexes o f  

P h o s p h o r u s  L i g a n d s :  The R e l a t i v e  I m p o r t a n c e  o f  S t e r i c  

and E l e c t r o n i c  E f f e c t s  

L igand  s i z e  h a s  been  found  to  have  an  u n e x p e c t e d l y  Large  

e f f e c t  on many p r o p e r t i e s  o f  p h o s p h o r u s  l i g a r x ?  complexes .  I n  

a d d i t i o n ,  i t  h a s  been  found t h a t  e v e n  i n  t h e  a b s e n c e  o f  l a r g e  



steric differences, two phosphorus ligands may produce vastly 

different properties in complexes because of different elec- 

tronic properties. These two properties of phosphorus ligands 

may affect, for example, bond lengths, bond strengths, coordina- 

tion number, and reactivity. While a comprehensive overview of 

all the work relating molecular properties to electronic and 

steric effects of phosphorus ligands is beyond the scope of this 

introduction, some examples will be qiven to show the type of 

investigations which have been pursued16. 

Bond lengths have been shown to be dependent upon both 

steric and electronic properties of phosphorus ligands. More 

electronegative substituents direct more s character into the 

phosphorus lone pair orbital, which would be expected to result 

in shorter metal-phosphorus bond lengths. This effect has been 

nicely demonstrated in the complex shown in Figure 7. 

Fig. 7 

A demonstration of the effect of electronic properties 

on M-P bond lenqth. 



T a b l e  1: A Demons t r a t i on  o f  t h e  E f f e c t  o f  E l e c t r o n i c  P r o p e r t i e s  

o n  M-P Bond Leng th  

Ligand ~ l e c t r o n i c '  s ter ic8 

P a r a m e t e r  P a r a m e t e r  

v 8 

( cm- I  ) 

t c a l c u l a t e d  v a l u e s .  

The C F 3  and pheny l  g r o u p s  on t h e  t w o  phosphorus  a toms a r e  

s i m i l a r  i n  s i z e  b u t  d i f f e r  g r e a t l y  i n  e l e c t r o n i c  p r o p e r t i e s .  

The more e l e c t r o n e g a t i v e  C F 3  s u b s t i t u e n t  c a u s e s  t h e  Pt-P bond t o  

be s h o r t e r ,  a s  e x p e c t e d  (see T a b l e  1 ) .  

Bond l e n g t h e n i n g  can  be c o r r e l a t e d  to  s t e r ic  e f f e c t s  i n  

o t h e r  c a s e s .  T a b l e  2 shows t h r e e  complexes  where t h e  s u b s t i t u -  

e n t s  on t h e  phosphorus  l i g a n d  become p r o a r e s s i v e l y  l a r q e r ,  and 

t h e  M-P bond l e n q t h s  become p r o g r e s s i v e l y  l o n q e r  1 7 - 1 9 .  T h i s  e f -  

f e c t  may be e x p l a i n e d  a s  f o l l o w s :  a s  t h e  s u b s t i t u e n t s  on t h e  

phosphorus  atom become l a r q e r ,  t h e  a n q l e s  between t h e  s u b s t i t u -  

e n t s  i n c r e a s e ,  c o n f e r r i n q  a  q r e a t e r  p  c h a r a c t e r  on t h e  l o n e  p a i r  

o r b i t a l .  T h i s  i n f l u e n c e ,  coup led  w i t h  q e n e r a l  a rqumen t s  o f  

' s ter ic  r e p u l s i o n  between t h e  c a r b o n y l s  on t h e  c o b a l t  and t h e  

s u b s t i t u e n t s  on t h e  phosphorus ,  e x p l a i n s  t h e  o b s e r v e d  bond 



Table 2 

A demonstration of the effect of size on the metal-phosphorus 

bond lenqth 

Cone angle8 of ~lectronic~ M-P 

phosphorus ligand parameter Bond 

(cm-l) Length 

( 8 )  

lengthening. 

In a study of the replace~ent reactions of bis-cycloocta- 

diene nickel, Ni(COD)2, with phosphines, it was shown that both 

the coordination number n and the Ni-P bond energy are almost 



entirely dependent on the size of the ligand L  quati ti on 4). 

As the cone angle of the ligand increases, the value of n 

decreases, and the dissociation energy of the Ni-L bond de- 

creases as well2'. Similar results were obtained for reaction 

enthalpies in the production of [methyl-1-3-n(2-buteny1)nickel- 

phosphineI2l (Equation 5). 

In this reaction AH did not correlate with the steric para- 

meter or with the electronic parameter individually. However, 

the data were shown to fit the following expression: 

where Xj = Tolman's electronic parameter -2056.1 

B j  = Cone angle 

Again one sees that as ligand size increases, b ~ n d  energy de- 

creases, and that bond enerqy is also related to Tolrnan's elec- 

tronic parameter. 



The present study of the *-effect was undertaken with the 

intention of relatinq the - cis-effect to Tolmants liqand para- 

meters, in a way that is similar to the above work. It was 

hoped that either the steric parameter or the electronic para- 

meter would dominate, or that the effect would result from some 

combination of both parameters. 

1.4.1 The Cis Effect: A Literature Review -- 

Introduction 

By far the major contribution to research regarding the 

cis-effect has been made by Brown - 2 2 - 2 5 .  Of relevance to the 

present study is his work with substitution reactions of 

Mn(CO)5Br and Re(C0)sRr and their mono-substituted derivatives 

To accompany these investiqations, Brown has proposed a theory 

to explain the results, the site preference model, which he has 

supported with molecular orbital calculations. Throughout his 

work, Brown has emphasized the electronic properties of - cis- 

labilizers, and has tried to explain their behaviour by cor- 

relating the ligands' abilities to act as - cis-labilizers with 

their a- and n-bonding capabilities. 

Also related to the present study are investigations of the 

dissociation of L from complexes of the type M(C0)4L2 (M = Cr, 

Mo; L = phosphine or phosphite) 26 f Z 7 .  Steric and electronic 

properties of the ligands and the ligands conformation, i.e., 

whether they are - cis or trans to each other, are important in 



determining the relative rates of the ligand dissociation. 

1.4.2 Cis-Labilization and The Site Preference Model 

In the first in a series of related papers22, Brown estab- 

lished substitution patterns in Re (CO) 15Br and Mn(C0) 5Br. Using 

the technique of 13c0 exchange and applyinq the principle of 

microscopic reversibility, it was found that equatorial dissoci- 

ation of CO is preferred to axial loss, because the first 13c0 

enrichment occurs cis to Br. 

Equatorial preference can be rationalized using simple ar- 

guments of competition for m-bonding electrons. The trans or 

axial CO group will have stronger n-bonds because it competes 

for n-electrons with Br, a non m-acceptor. The stronqer a-bond- 

ing is evidenced by a lower CO bond force constant in the axial 

carbonyl. However, Brown points out that this arqument is faul- 

ty, because it would predict that M ~ ( c o ) ~ +  would have labile 

carbonyls, since all carbonyls are trans to another CO, and it 

does not. 

Brown feels that at this stage one can rule out the possi- 

bility of - cis-labilization being a ground state effect. In 

other words, the effect of a - cis-labilizer is not to weaken 

bonds cis to it. He proposes that the ligand stabilizes the - 
transition state leading to - cis-carbonyl dissociation, and con- 

seguently increases the rate of that dissociation. 

In his second paper23 Brown uses the same technique of 13c0 

exchange to study substitution patterns in cis-Mn(C0)4LBr (L = 



P(C6H5)3 ,  N C 5 H 5 ,  P(OC6H5)3 ) .  I t  w a s  found t h a t  t h e  c a r b o n y l  

q r o u p s  - cis to  b o t h  L and Br were l a b i l i z e d  p r e f e r e n t i a l l y ,  and 

t h a t  t h e y  were more l a b i l e  t h a n  t h e  c a r b o n y l  g r o u p s  of 

Mn(CO)5Br. Because  t h e  l a b e l l e d  c a r b o n y l  q r o u p  was e v e n t u a l l y  

found i n  o t h e r  p o s i t i o n s  a f t e r  an  i n d u c t i o n  p e r i o d ,  it was p ro -  

posed  t h a t  t h e  i n i t i a l  d i s s o c i a t i o n  l e a d  t o  a f l u x i o n a l  i n t e r -  

m e d i a t e  o f  lower c o o r d i n a t i o n  number. 

Aga in ,  Brown e m p h a s i z e s  t h e  e l e c t r o n i c  a - a c c e p t o r  p r o p e r -  

t i e s  o f  t h e  l i g a n d s  to  e x p l a i n  why t r i p h e n y l p h o s p h i n e  and p y r i -  

d i n e  are b e t t e r  c i s - l a b i l i z e r s  t h a n  CO. H i s  c o n t e n t i o n  t h a t  - 
c i s - l a b i l i z e r s  d o  n o t  a c t  t o  weaken bonds c i s  t o  t h e m s e l v e s  is - - 
s u p p o r t e d  by o b s e r v a t i o n s  w i t h  - c i s -Mn(C0)4LBr .  PPh3 is  a  cis- - 
l a b i l i z e r  b u t  s i n c e  it is a poorer a - a c c e p t o r  t h a n  CO, it s h o u l d  

act  t o  s t r e n q t h e n  t h e  a-bonds i n  t h e  complex Mn(C0)4LBr. I n -  

s t e a d ,  t h i s  complex is more l a b i l e  t h a n  t h e  p a r e n t  complex 

Mn(C0)sBr.  

Brown tries to  r u l e  o u t  s t e r i c  phenomena when r a t i o n a l i z i n g  

t h e  - c i s - e f f e c t  e x e r t e d  by t h e s e  l i q a n d s .  F i r s t ,  he  n o t e s  t h a t  

t h e r e  is no o b v i o u s  s ter ic  i n t e r a c t i o n  be tween  CO and PPh3 as 

i n d i c a t e d  i n  t h e  c r y s t a l  s t r u c t u r e  o f  Mn(C0)4Cl (PPh3 ) '*. Se- 

cond ,  he  p o i n t s  o u t  t h a t  t h e  c i s - e f f e c t  e x e r t e d  by p y r i d i n e  is - 
g r e a t e r  i n  t h e s e  complexes  t h a n  t h a t  e x e r t e d  by PPh3 ,  e v e n  

t hough  PPh3 h a s  a l a r g e r  steric r e q u i r e m e n t s .  ~ h i r d ,  t h e  d e g r e e  

o f  c i s - l a b i l i z a t i o n  d u e  to  PPh3 and p y r i d i n e  are t h e  same i n  - 
Re(C0)4LBr and Mn(C0)4LBr, e v e n  though  R e  and Mn have  s u b s t a n -  

t i a l l y  d i f f e r e n *  c o v a l e n t  r a d i i .  Brown c o n c l u d e s  t h a t  t h e  



cis-labilization by PPh3 and pyridine must be due to a transi- - 
tion state effect, in which the activated complex with L - cis to 

the departing CO is of lower energy than the activated complex 

with L trans to the departing CO (see Fig. 8). 

Fig. 8 

The Site Preference Model. The enerqy of the activated 

complex for - cis-labilization is less than the energy 

for trans-activation, althouqh the qround states for * 

the complexes are the same. Since A G t  - cis < A G t  trans, - 
L is a - cis-labilizing ligand, in other words, it pre- 

fers the sites cis to the labile CO. - 



Brown fully develops his site preference model in the third 

paper in his series24. He compares the effect of liqands in the 

basal position with their effect in the axial position in the 

square pyramidal intermediate. He assumes that anything which 

would stabilize the intermediate would also stabilize the tran- 

sition state for a dissociative mechanism. This assumption is 

probably a good one for all the complexes Brown studied and, in- 

deed, for most substitution reaction of carbonyls in octahedral 

complexes because, for these complexes, the dissociation almost 

always occurs via a SN1 type mechanism. The initial dissocia- 

tion of CO is the rate-determining step and the reaction in- 

volves a discrete five-coordinate intermediate. Because the 

initial dissociation involves essentially complete M-CO bond 

rupture, it may be said that the intermediate resembles the 

transition state. 

Ligands which are good - cis-labilizers, Brown argues, will 

stabilize the square pyramid when they are in a basal position, 

thus favourinq that reaction pathway (see Fig. 8). These li- 

gands are predicted to be weak r-acceptors, like triphenylphos- 

phine, for example. 

An equivalent argument can be made for a trigonal bipyra- 

midal intermediate instead of a square pyramidal intermediate, 

as Brown points out24. The on1.y necessary elements for the 

argument are that there exist two different sites in the 

intermediate, axial and equatorial, for example, and that the 



cis-labilizing ligand shows a preference for one site over the - 
other or, in other words, stabilizes the intermediate for one 

reaction pathway. 

Brown has performed an extensive series of molecular or- 

bital  calculation^^^ on the complexes and intermediates that he 

has studied, from which he draws two conclusions. First, his 

calculations support his prior conjecture that the cis-labiliza- - 
tion observed is not a ground state effect, but is a transition 

state effect, such as described in his model. Second, the cal- 

culations indicate that liuands which are qood electron donors, 

especially m-donors, tend to stabilize a five-coordinate inter- 

mediate representins the transition state when in the basal or 

equatorial position. The calculations can predict that ligands 

such as NO3", C1-, NCO', and NCgHg are potential cis- - 
labilizers, but it is not possible to predict the relative 

abilities of these liqands to cis-labilize. - 
Brown concedes that his model does not predict that ligands 

such as phosphine could - cis-labilize and speculates that the ob- 

served - cis-effect of PPh3 may be due to steric effects, with- 

drawing his previous statement regarding the improbability of 

steric phenomena affecting the - cis-labilizing effect. 

In summary, Brown has examined the systems Mn(C0)5Brf 

Re(C0) 5Br, and their related derivatives and has established 

that in these compounds - cis-labilization does occur. He has 

also established that arauments based solely on bond strengths 



are not sufficient to explain - cis-labilization in complexes. He 

has therefore proposed that cis-labilization is a transition - 
state effect due to stabilization of the transition state by L, 

when L occupies certain sites in the complex. He has supported 

this so-called site preference model with molecular orbital cal- 

culations. However, throuqhout his work, Brown has concentrated 

on the A-acceptor properties of the ligands he has studied, per- 

haps because those ligands are of such different electronic 

character. Finally, after the model he has developed fails to 

predict that PPh3 is a potential - cis-labilizer, he concedes that 

PPh3 may enhance reaction rate by steric means, and that there 

is possibly both a steric and an electronic component to the 

cis-effect. - 

1.4.3 Phosphorus Liqand Dissociation in Bis-Substituted 

Derivatives of Molybdenum and Chromium Hexacarbonyls 

Two separate investigations of ligand dissociation in the 

substituted metal carbonyls M(C0)4L2 (M = Cr, Mo; L = phosphine 

or phosphite ) have been reported 26 rz7. These are relevant to 

the present study of the - cis-effect of phosphorus donor ligands. 

The dissociation of L from - ~is-Mo(C0)~L~ was reported by 

~arensbourg'~ (Equation 6) . 



It was found that the rate of 

of the concentration of the incoming CO, and that the dissocia- 

tion followed first order kinetics. The rates of dissociation 

of various ligands L were investiqated and it was found that 

within a series of phosphines or phosphites, the rate increased 

as the cone angle of L increased. On qoinq from PN3(CH2)6 (cone 

angle 102") to P ( C Y ) ~ P ~  (cone angle l62"), the rate increased by 

four orders of magnitude. 

In a related experiment27, Atwood investigated the rates of 

phosphorus lisand dissociation in tran~-Cr(CO)~L~ (Equation 7). 

dissociation of L was independent 

The rates spanned five orders of magnitude, depending upon the 

ligand L. The rates could not be correlated with steric prope,- 

ties of the ligands, perhaps because the trans configuration 



minimizes steric interaction, while electronic interaction is 

maximized because of shared orbitals. However, the dissociation 

rates could be correlated with bond strengths. This is thouqht 

to be due to the different T-acceptor properties of the ligands. 

In summary, these two studies showed that in complexes of 

the type M(CO)I.+L~~ the rate of dissociation of L is dependent 

upon both steric and electronic properties of the phosphorus 

donor ligands. It would appear that when the ligands are in a 

cis configuration, the steric properties dominate, and when they - 
are trans to each other the electronic or o-donor/n-acceptor 

properties are most important. However, in both studies only a 

few liqands were investigated, which leaves some doubt about the 

validity of the authors conclusions. For example, ~ t w o o d ~  

concluded that phosphines dissociate more rapidly than phos- 

phites althouqh he studied only four phosphorus donor ligands. 

In addition, from the viewpoint of the - cis-effect of phosphorus 

liqands, too few cases have been studied to clearly differenti- 

ate between steric and electronic effects, makinq further study 

necessary. 



CHAPTER 2 

Synthesis and Characterization of the Complexes Studied 

Results and Discussion 

2.1.1 Introduction 

In order to study the kinetics of carbonyl dissociation in 

complexes of the type - mer-R~(C0)~(L)!SiCl~)~, it was necessary 

to synthesize the complexes in one-gram quantities. The 

complexes were made by reacting - cis-Ru(C0) t., (Sic13 ) with L 

Most of the complexes have been prepared previously and with the 

exceptions of the derivatives of PF3 and PC13 the methods of 

synthesis were routine and have been discussed previously29. 

Although this work is a kinetic study, some interestinq- re- 

sults were obtained in the process of synthesizing these com- 

pLexes. First, an interestinq case of conforrqational isomerism 

was observed in the complexes mer-Ru lC0) 3 L( Sic1 f z, when L is an 

asymmetrical ligand, which will be discussed. Second, the 



synthesis and characterization of complexes of the type - mer- 

R u ( C O ) ~ ( L ) ( S ~ C ~ ~ ) ~  (where L = PC1nPh3,n; n = 0, 1, 2, 3) re- 

vealed a marked gradation of chemical and physical properties 

that also warrants discussion. 

2.1.2 Infrared Spectra of Comolexes with Asvmmetrical 

I Liqands 

Octahedral complexes of the type - mer-M(C0)3L3 are expected 

to exhibit three fundamental bands in the carbonyl reqion of 

their infrared spectra, These bands can be attributed to three 

vibrational modes with symmetries Al(two) and R1. These are vi- 

brational modes shown in Fig. 9, 

Generally, the A1 ( 1 )  band is the highest in energy, but 

the relative energies of the A1 ( 2 )  and B1 modes depend upon 

the nature of the complex. In all of the complexes in this 

study the second A1 ( 2 )  mode is of a higher energy than the 

B1 mode. An example is provided in Fig. 10. 

This assiqnment has been clearly demonstrated by a simple 

l 3  co exchange reaction (Equation 9). 



The i n f r a r e d  s p e c t r a  o f  C is s imi lar  to  F i g .  10 ,  ( 2 1  l 7 ( w ) ,  

2 0 7 5 ( m ) ,  2 0 5 0 ( s )  an-'). The i n f r a r e d  s p e c t r u m  o f  D ( 2 l O g ( v w ) ,  

2 0 5 0 ( s ) ,  2030(m) cm- ' )  is shown i n  F i g .  11. The medium 

i n t e n s i t y  band h a s  shown a c h a r a c t e r i s t i c  s h i f t  t o  lower 

f r e q u e n c y  o f  40-45 wavenumbers,  e v i d e n c e  t h a t  it h a s  been  

c o r r e c t l y  a s s i g n e d  

F i a .  5 A xz ) 
The v i b r a t i o n a l  modes o f  a complex o f  t h e  t y p e  



F i g .  10  

The i n f r a r e d  s p e c t r u m  of rner-R~(CO)~(PCl~)(siCl~)~, i n  

h e x a n e .  



WAVENUMBER (cm-1) 



F i a .  11  

The infrared spec t rum o f  mer- 

R u ( C O ) ~ ( ~ ~ C O ) ( P P ~ ~ ) ( S ~ C ~ ~ ) ~  i n  t o l u e n e .  





F i g .  1 2  

The i n f r a r e d  s p e c t r u m  of mer-Ru(C0)  [PPh, ( i- 



WAVENUMB ER (cm-1) 



to the A1 (2) mode, since this mode is largely the equatorial 

stretch. The Al(1) mode loses intensity and also drops in 

frequency, because the natural frequencies of the Al modes have 

become further separated and the couplinq between them is 

greatly reduced. Since the Al (1) mode is now relatively un- 

coupled to the A1 (2) mode, it is now totally symmetric and 

the selection rules dictate that it is not allowed. The B1 mode 

remains unaffected, as expected, because the 13c0 is not in- 

volved in that particular mode. Therefore, the assiqnment as 

shown in Fiqs. 10 and 1 1  are consistent with the expected spec- 

tra for complexes of the type - mer-M(L3 ) (CO) 3, and - mer- 

ML~(CO)~('~CO). 

However, in some complexes of the type - mer- 

R U ( C O ) ~ L ( S ~ C ~ ~ ) ~ ,  where L is an asymmetric ligand, another band 

appeared in the infrared spectrum adjacent to the low energy 

A1 (2 ) band. An example is shown in Fig. 12. Since the re- 

lative intensities of the bands remain unchanged upon repeated 

recrystallization, the extra band is thought to be due to a con- 

formational effect rather than due to an impurity. 

Conformational effects on terminal carbonyl frequencies 

have been observed before 30-33. Dalton has postulated that dif- 

ferences in steric compression of the carbonyl groups in dif- 

ferent conformers account for the differences in carbonyl 

frequencies3 2. Steric compression of carbonyl groups causes 

destabilization of the n* orbital. This will reduce the 

electron density of the T *  orbital, raising the frequency of t * " ,  



CO bond v i b r a t i o n .  

Examination of t h e  s p e c t r a  of  t h e  a f f e c t e d  complexes r e -  

v e a l s  t h a t  whi le  t h e  B1 and Al ( 1 ) bands a r e  e i t h e r  o n l y  

s l i g h t l y  broadened or u n a f f e c t e d ,  t h e  A1 ( 2  ) is s p l i t ,  re- 

v e a l i n g  i t s  g r e a t e r  s e n s i t i v i t y  to  t h e  n a t u r e  of  t h e  l i g a n d .  

Newman p r o j e c t i o n s  down t h e  Ru-P bond a r e  p r e s e n t e d  i n  

Fig .  13 and show t w o  p o s s i b l e  conformat ions  of t h e  complex - mer- 

Fig.  13 

Newman P r o j e c t i o n s  down t h e  Ru-P bond f o r  two p o s s i b l e  

conformers  of mer-Ru ( C O )  3 (PXY2 ) ( Sic13 ) 2 .  Note t h a t  one 

Sic13 g roup  is d i r e c t l y  behind t h e  diaqram and is no t  

shown. 

S i n c e  t h e  S ic13  g roup  has  a  l a r g e r  s t e r ic  demand t h a n  t h e  

ca rbony l  g roup ,  one can assume t h a t  t h e  s u b s t i t u e n t s  on t h e  

phosphorus w i l l  be s t a g g e r e d  wi th  r e s p e c t  t o  t h e  SiC13 g roup  and 



e c l i p s e d  w i t h  r e s p e c t  to  t h e  c a r b o n y l  g r o u p  t r a n s  to  t h e  S iC13  

g r o u p .  I n  t h e  case where  t h e  p h o s p h o r u s  l i q a n d  is o f  t h e  t y p e  

PXY2, t h e  l i g a n d  h a s  t h r e e  p o s s i b l e  o r i e n t a t i o n s  a n d ,  s i n c e  t w o  

o f  t h e  t h r e e  o r i e n t a t i o n s  a r e  e q u i v a l e n t ,  t w o  d i f f e r e n t  rotomers 

r e s u l t ,  e a c h  w i t h  a d i f f e r e n t  A1 ( 2 )  mode f r e q u e n c y .  The 

d i f f e r e n c e  i n  t h e  s t e r ic  c o m p r e s s i o n  o f  t h e  a x i a l  c a r b o n y l s  i n  

t h e  t w o  c o n f o r m e r s  is b e l i e v e d  t o  be less marked t h a n  u s u a l  

s i n c e  t h e  g r o u p s  on t h e  p h o s p h o r u s  d o  n o t  d i r e c t l y  e c l i p s e  t h e s e  

c a r b o n y l  g r o u p s .  T a b l e  3 c o n t a i n s  d a t a  f o r  complexes  whose 

s p e c t r a  e x h i b i t e d  t h i s  e x t r a  A1 ( 2 ) band.  



T a b l e  3  

I n f r a r e d ,  a n a l y t i c a l  and NMR d a t a  f o r  complexes  o f  t h e  

t y p e  - m e r - ~ u ( C O ) ~  ( L )  ( S i c 1 3  ) 2  f o r  complexes  which e x h i b i t  

a c o n f o r m a t i o n a l  e f f e c t .  

3 1 ~  NMR 

L ( c o n e  a n g l e )  I n f r a r e d  A n a l y s i s  Chemica l  

S p e c t r u m  S h i f t a  

( i n  hexane  ) 

C H 

P P h 2 ( i - P r )  - ( 1 5 0 ' )  2 1 1 3 ( w ) ,  2066(m) calc. 31.32 2.48 55.01 ppm 

2OS6(w). 2 0 4 8 ( s l b  found 31 -37  2.59 

P(CH3)2Ph (122O) 2114(w)  

2072 ( m )  , 2060 ( m )  C 

2 0 4 8 ( s )  

PC12Ph ( 1 2 2 " )  2 1 2 6 ( w ) ,  2087(m) calc. 17.08 0. 

2081 (m) ,  2 0 6 5 ( s )  found 18.33 1.12 

a From 85% H3P04, downf i e l d  n e g a t i v e .  

b see F i g .  12. 

c See  R e f e r e n c e  6 .  



In all complexes with the extra A1 (2) band which were 

studied, the A1 ( band of lower frequency was less in- 

tense. Since the intensity of an infrared band is directly re- 

lated to concentration, in all cases the less stable isomer has 

an A1 ( 2 ) mode of lower frequency. This seems to contradict 

Dalton's observation3 that those conformers which have the 

greatest steric compression, and subsequently create a greater 

destabilization of the IT* orbitals of the carbonyl, should have 

a higher frequency. However, if one assumes that the major 

steric interaction in - mer-Ru(C0) 3L(SiC13 ) complexes (L is asym- 

metrical) is between the groups on the phosphorus and the Sic13 

group, then those com~lexes which are most thermodynamically 

stable will be those where the larqer qroups on the phosphorus 

point away from the Sic13 qroup and towards the carbonyl. 

Therefore, the more thermodynamically stable conformers will 

have the greater ligand-carbonyl interaction, and will exhibit 

the higher carhonyl frequencies. 

Although all of the complexes which show this conformation 

effect contain an asymmetric ligand, not all of the complexes 

containing asymmetric ligands showed this effect. Table 4 shows 

the complexes (with asymmetric ligands) which do exhibit an ex- 

tra band and those which do not. 

For complexes of PXY2 where Y is smaller than X, the extra 

band is observed, but if Y is larqer than X, then the conforma- 

tional effect is not observed. It is thought that whe-, Y is 



Table 4 

Summary of complexes of the type mer- 

R u ( C O ) ~ ( L ) ( S ~ C ~ ~ ) ~  (L = asymmetrical ligand, PXY2). 

Predicted 

Most Stable 

Conformer 

Complexes which show a conformational effect : 

PPh2(i-Pr) - - i-Pr Ph 

PMe 2 Ph Ph Me 

Complexes which do not show effect: 

PC1Ph2 C1 Ph 

PMePh2 Me Ph 

P(0Me)Pha OMe Ph 

P(OMe)2Ph Ph OMe 

X, Y, I, and I1 all refer to Fig. 13. 



l a r g e r  t h a n  X ,  con fo rmer  I ( F i g .  1 3 )  is much less s t a b l e  t h a n  

c o n f o r m e r  11, and I d o e s  n o t  e x i s t  i n  s o l u t i o n  i n  q u a n t i t i e s  

g r e a t  enough to  be  d e t e c t e d  i n  t h e  I R  s p e c t r u m .  T h e r e  is o n l y  

o n e  complex which d o e s  n o t  f o l l o w  t h i s  g e n e r a l  p a t t e r n ,  mer- - 
Ru(C0)3 [P(OMe) 2Ph]  ( S i c 1 3  ) 2 .  I t  is possible t h a t  a l l  t h e  con- 

f o r m e r s  o f  R U ( C O ) ~ [ P ( O M ~ ) ~ P ~ ] ( S ~ C ~ ~ ) ~  e x h i b i t  t h e  same i n f r a r e d  

s t r e t c h i n g  f r e q u e n c i e s .  Ano the r  p o s s i b i l i t y  is t h a t  a n o t h e r  

c o n f o r m e r  ( F i g .  1 4 )  is more s t a b l e  i n  t h i s  complex.  

F i u .  14 

A p o s s i b l e  c o n f o r m e r  which is s t a b l e  i n  t h e  complex 

The methoxy s u b s t i t u e n t s  were t h e  smallest s u b s t i t u e n t s  t o  

b e  s t u d i e d ,  and p e r h a p s  t h e  methoxy s u b s t i t u e n t  to  SiC13 i n t e r -  

a c t i o n  is less t h a n  t h e  p h e n y l  to c a r b o n y l  i n t e r a c t i o n  i n  t h e  

p r e d i c t e d  s t a b l e  c o n f o r m e r ,  ( I )  i n  F i g .  13. T h i s  c o u l d  i n t r o -  

d u c e  t h e  p o s s i b i l i t y  of a n o t h e r  c o n f o r m e r  ( i .e . ,  t h a t  i l l u s t r a -  

t e d  i n  F i g .  1 4 )  b e i n g  t h e  more s t a b l e  and o n l y  species 



observable in the infrared spectrum. 

2.1.3 Preparation and Characterization of Derivatives of 

PC1 Ph3,, (n = 0, 1 ,  2, 3) n -  

In the process of synthesizing the compounds with ligands 

PC1nPh3-n (n = 0, 1, 2, 3) it was observed that the com- 

plexes showed an interesting gradation in chemical properties, 

and it was decided that it would be worthwhile to fully charac- 

terize these compounds. Table 5 summarizes the properties of 

the ligands and the complexes which will be discussed. 

All the CO bands in the infrared spectra of the complexes 

are proqressively shifted to higher wavenumbers along the series 

of derivatives from PPh3 to pC13. This is to be expected, con- 

siderinq the parallel increase in the Tolman electronic para- 

meter in the series of ligands. 

The 3 1 ~ { ~ }  NMR spectra of the complexes in the series also 

follow a distinct pattern, which is notable in itself, since 3 1 ~  

chemical shifts are generally difficult to predict and are poor- 

ly understood8. 

Phosphorus NMR shifts fall'within a range of approximately 

250 ppm. Many factors are thouqht to affect the value of the 

"P chemical shift, including the electronegativity of the 

substituents on the phosphorus and the angle between the sub- 

stituents (i.e., the anqle substituent-phosphorus-substituent, 

S-P-S), as well' as less important vari2bles such as solvent, 
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temperature and rinq current effectsa. 

With the free liqands studied in this work, there is a 

downfield shift when the phenyl groups are replaced by chlorine 

atoms, which may be explained by electronegativity effects. The 

more electronegative chlorines withdraw electron density from 

the phosphorus, thereby deshielding the nucleus. Deshielding of 

phosphorus by chlorine can also explain the chemical shifts of 

the complexed ligands, which show a trend similar to the free 

ligands. 

The change in chemical shift upon complexation (ACS) is 

thouqht to provide information reqardinq the bondinq in phos- 

phorus transition metal complexes8. While the electroneqativity 

of the substituents on the phosphorus atom remain unchanged when 

the free ligand becomes complexed, the chanqe in the electron 

density on the phosphorus, due to participation of the lone pair 

in the metal-phosphorus bond, causes the 3 1 ~  chemical shift 

value to change upon complexation. For the ligands studied, the 

ACS values are as follows: PPh3 moves 39 ppm downf ield, PC13 

moves 48 ppm upfield, and the PC1Ph2 and PC12Ph ligands show in- 

termediate values. 

It is felt that the anqle of the substituents (S-P-S) and 

the resultant hybridization of the phosphorus orbitals plays a 

major role in determining values for chemical shifta. It can be 

arqued that the s character of the lone pair on phosphorus is 

sensitive to the anqle between the substituents and that as this 



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

( A l s o  see S e c t i o n  1 .3 .1 ,  and F i q u r e  1 ) . The d e c r e a s e d  s c h a r a c -  

ter and greater  p c h a r a c t e r  is t h o u q h t  to  c o n t r i b u t e  t o  a  down- 

f i e l d  s h i f t .  F o r  example ,  t h e  c h e m i c a l  s h i f t s  of PPh3 and t h e  

t i e d - b a c k  P(o-C6Hq) - 3CH are 6.0 and 64.8 ppm, r e s p e c t i v e l y 8 .  I n  

t h i s  example ,  PPh3 h a s  a  q r e a t e r  d o w n f i e l d  s h i f t  and a l a r q e r  

substituent-phosphorus-substitutent a n g l e ,  a l t h o u g h  t h e  e l e c t r o -  

n e g a t i v i t y  o f  s u b s t i t u e n t s  on b o t h  l i g a n d s  are e x p e c t e d  t o  be  

v e r y  s imi lar .  

The g r e a t e s t  d o w n f i e l d  s h i f t  upon c o m p l e x a t i o n  i n  t h i s  

s t u d y  is e x h i b i t e d  by PPh3,  -29 ppm. One can  c o n c l u d e  t h a t  t h e  

l o n e  p a i r  on t h e  p h o s p h o r u s  h a s  a  q r e a t e r  p c h a r a c t e r  i n  com- 

p l e x e d  PPh3 t h a n  i n  t h e  f r e e  l i g a n d .  One c a n  a l s o  c o n c l u d e  t h a t  

t h e  a n q l e  be tween  t h e  s u b s t i t u e n t s  i n c r e a s e s  when PPh3 is com- 

p l e x e d ,  c a u s i n q  a  d o w n f i e l d  s h i f t .  F u r t h e r m o r e ,  PC13 e x p e r i -  

e n c e s  an u p f i e l d  s h i f t ,  and one  may c o n c l u d e  f rom t h e  above  ar-  

gument t h a t  t h e  substituent-phosphorus-substituent a n g l e  closes 

upon c o m p l e x a t i o n  i n  PC13. T h i s  r e s u l t  is c o n t r a r y  t o  what is 

e x p e c t e d ,  namely,  t h a t  PC13, b e i n g  t h e  smallest l i g a n d  s t u d i e d ,  

would show t h e  g r e a t e s t  a n g l e  o p e n i n g  upon c o m p l e x a t i o n .  The 

s i m p l e  a rgument  o f  a n g l e  open ing  and r e h y b r i d i z a t i o n  upon com- 

p l e x a t i o n  to  e x p l a i n  ACS seems to  b r e a k  down f o r  c h l o r o p h o s -  

p h o r u s  complexes .  

O t h e r  a r g u m e n t s  must  t h e r e f o r e  be  invoked  t o  e x p l a i n  t h e  

s u r p r i s i n g  u p f i e l d  s h i f t  i n  t h e  PC13 and PC12Ph complexes .  

Mer iwe the r  and ~ e t o ~ ~  p r e s e n c  a f a r  more more s i m p l e  a rgumen t  



for the upfield shift in PC13 complexes. They suggest that 

while PC13 is a qood r-acceptor (which is supported by the ob- 

servation that the related PF3 has a great ability to back- 

bond), PC13 is not a uood a-donor. This results in a net drift 

of electron density from the metal to phosphorus. 

Support for the proposal that PC13 is not a qood a-donor 

comes from the present work. It was found that - mer- 

R u ( C O ) ~ ( P C ~ ~ ) ( S ~ C ~ ~ ) ~  was thermally unstable, decomposing 

quickly at 50•‹C. At room temperature it was unstable in solu- 

tion unless excess PC13 was present. This made it difficult to 

obtain the complex free from excess ligand. Consequently, the 

3 1 ~  NMR spectrum of the complex was recorded from a mixture of 

complex and liqand and the melting point and analysis of the 

complex could not be obtained. Also, at no time durins the re- 

action of PC13 with - cis-RU(CO)~ (Sic13 )2 did the bis-derivative 

form in quantities detectable by infrared spectroscopy, per- 

haps becuase of an inherent instability of the bis-derivative. 

These observations suqqest that - m e r - R ~ ( C 0 ) ~ ( P C l ~ ) ( S i C l ~ ) ~  has a 

weak Ru-P bond, which may result from poor a-donating capability 

on the part of PC13. 

The melting points of the complexes - mer-Ru(C0) 3 (L) (SiC13 )2 

(L = PC1nPh3,n) were measured and it was observed that this 

was the temperature at which the complexes decomposed. The de- 

composition temperature increased as the number of phenyl groups 

present in the complex increased. One could speculate that the 

phenyl groups lend stability to the complexes because of a 



tendency for such substituents to induce better a-donation in 

the liqand. 

Therefore, it is felt that the P NMR chemical shift data 

is best explained usinq electroneqativity arquments, and that 

the ACS data is best explained in terms of the increasinq a- 

donor ability of the liqands as one proqresses from PC13 to 

PPh3. This causes increased deshieldinq of the 3 ' ~  nucleus on 

goinq from PC13 to PPh3, which results in a more nesative value 

for ACS. 

Experimental 

2.2.1 General Procedure 

All reactions were carried o under nitrogen using Schlenk 

techniques. All solvents were dried, distilled, and stored un- 

der nitroqen prior to use. Infrared spectra were obtained on a 

Perkin-Elmer 237 spectrometer fitted with an external recorder, 

and calibrated with carbon monoxide. Proton decoupled phosphor- 

us NPR spectra were recorded at 40.5 MHz with a Varian XL-100 

NMR spectrometer usinq H3P04 (85%) as an external reference; 6 = 

0 ppm, downfield is negative, Mass spectra were carried out on 

a Hewlett-Packard 5985 mass spectrometer, using an ionization 

voltage of SO eV. All carbon and hydrogen analyses were per- 

formed by Mr. M.K. Yanq of the microanalytical laboratory of 

Simon Fraser University. 



P r e p a r a t i o n  of Complexes o f  t h e  Type mer- 

R u ( C O ) ~ L ( S ~ C ~ ~ ) ~  

A l l  complexes  o f  t h e  t y p e  - mer-Ru(Co) 3 L ( S i C 1 3 ) 2  ( w h e r e  L = 

p h o s p h i n e  or p h o s p h i t e )  were p r e p a r e d  f rom - c i ~ - R u ( C 0 ) ~ ( S i C l ~ ) ~  

u s i n g  a method d e s c r i b e d  p r e v i o u s l y 6 ,  e x c e p t  f o r  complexes  of 

PF3 and PCl3 ,  whose s y n t h e s e s  are d e s c r i b e d  i n  S e c t i o n  2 .2 .3  and 

2 .2 .4 ,  r e s p e c t i v e l y .  I n  t h e  cases o f  complexes  o f  ~ ( 0 - B u t n ) 3 ,  

P(OMe)zPh,  but")^, and P(CHz-CH=CH2)3, where a p p r e c i a b l e  

amounts  o f  t h e  b i s - s u b s t i t u t e d  d e r i v a t i v e  formed d u r i n g  t h e  re- 

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

form by r e c r y s t a l l i z a t i o n  o f  t h e  c r u d e  p r o d u c t  f rom h o t  hexane .  

The b i s - s u b s t i t u t e d  d e r i v a t i v e s  were i n s o l u b l e  i n  hexane .  I n  

a l l  o t h e r  i n s t a n c e s  k i n e t i c  s t u d i e s  were c a r r i e d  o u t  u s i n g  t h e  

c r u d e  r e a c t i o n  p r o d u c t .  Because  many compounds had been  p r e -  

p a r e d  p r e v i o u s l y ,  i n  most c a s e s  complexes  were c h a r a c t e r i z e d  

s o l e l y  by i n f r a r e d  s p e c t r o s c o p y .  I n f r a r e d  d a t a  f o r  new com- 

p l e x e s  are shown i n  T a b l e  6. A n a l y t i c a l  d a t a  f o r  t h o s e  com- 

p l e x e s  a n a l y z e d  are g i v e n  i n  T a b l e  7. I n  some cases, 3 1 ~  NMR 

s p e c t r a  were r e c o r d e d ,  and t h e s e  r e s u l t s  are g i v e n  i n  T a b l e  8. 

2.2.3 P r e p a r a t i o n  o f  mer-R~(CO)~(PF~)(siC13)~ 

A s o l u t i o n  o f  - c i s - ~ u ( C O ) ~ ( S i C l ~ ) ~  (0 .50 g ,  1 .03 m m o l )  i n  

hexane  ( 15 mL) was p l a c e d  i n  a 150 mL round  bo t tom f l a s k  f i t t e d  

w i t h  a T e f l o n  v a l v e .  The f l a s k  was e v a c u a t e d  a t  -196"C, and t h e  

s o l u t i o n  was d e g a s s e d  w i t h  t w o  freezcp'thaw c y c l e s  and pres- 

s u r i z e d  w i t h  2 atm o f  P F 3 .  The s o l u t i o n  was s t i r r e d  a t  room 



T a b l e  6  

I n f r a r e d  d a t a  f o r  new complexes  o f  t h e  t y p e  m e r - R ~ ( C 0 ) ~ ~ ( S i C l ~ ) ~  

L Data S o l v e n t  

P ( a l l y 1 )  3 2113(w)  2062(m) 2 0 5 0 ( s )  h e x a n e  

h e x a n e  

CH2 C 1  2 

P(p-MeOPh) - 3 2110 (w)  2066(m) 2 0 4 5 ( s )  h e x a n e  

P(p-MePh) - 3 2118 (w)  2074(m) 2 0 4 6 ( s )  hexane  

P(m-MePh) - 3 21 1 2 ( w )  2067(m) 2 0 4 7 ( s )  h e x a n e  

hexane  
CH2C12 

P (p -C lPh )3  - 21 13 (w)  2069(m) 2 0 4 9 ( s )  h e x a n e  

2118 (w)  2075(m) 2 0 5 1 ( s )  
21 l 3 ( w )  2071 ( m )  2051 ( s )  

2123(w)  2083(m) 2 0 5 8 ( s )  
2121 ( w )  2079(m) 2 0 5 7 ( s )  

h e x a n e  
CH2C12 

h e x a n e  
CH2C12 

hexane  

CH2C12 
hexane  

CH2C12 
h e x a n e  

P ( 0 - o - t o l y l ) 3  - 2124 (w)  2081(m) 2 0 6 2 ( s )  t o l u e n e  

21 3O(w) 2090 ( m )  2 0 6 6 ( s )  
2127(w:  2087(m) 2081 ( m )  
2 0 6 8 ( s )  

CH2C12 
h e x a n e  

CH2C12 
h e x a n e  

PC1 3 2133(w)  2092(m) 2 0 7 6 ( s )  h e x a n e  

For I R  d a t a  on  c o m p l e x e s  p r e v i o u s l y  p r e p a r e d  see Appendix 111. 



Table 7 

Analytical data for new complexes 

rner-R~(C0)~ (L) (SiC13 )2 - 

'talc 'found 

of the type 

Hcalc *found 



T a b l e  8 

' ~ h o s ~ h o r u s  NMR d a t a  f o r  some new complexes  of t h e  t y p e  

m e r - R ~ ( C 0 ) ~ ( L ) ( S i C l ~ ) ~  - 

3 1 ~  Chemica l  s h i f t a  ppm 

A C S ~  

Complex Ligand  

a measured u s i n g  H3P04 ( 8 5 % )  a s  an  e x t e r n a l  r e f e r e n c e ,  6 = 8 ,  

downf i e l d  n e g a t i v e .  

b ACS is d e f i n e d  as 6 complex 6 l i g a n d ,  where  6 l i g a n d  and 

6 complex are t h e  c h e m i c a l  s h i f t s  i n  ppm o f  t h e  l i g a n d  and t h e  

complex,  r e s p e c t i v e l y .  

P r e v i o u s l y  r e p o r t e d  a t  216 ( R e f e r e n c e  3 4 ) .  



- 58 - 

t e m p e r a t u r e .  P e r i o d i c a l l y ,  t h e  c a r b o n  monoxide t h a t  had e v o l v e d  

i n  t h e  r e a c t i o n  was removed by f r e e z i n q  t h e  s o l u t i o n  t o  - 1 9 6 " ~  

and  e v a c u a t i n q  t h e  f l a s k .  A f t e r  18 h ,  t h e  s o l u t i o n  c o n t a i n e d  

v e r y  l i t t l e  p a r e n t  compound, as d e t e r m i n e d  by i n f r a r e d  s p e c t r o -  

s copy .  The hexane  was removed by e v a p o r a t i o n ,  l e a v i n g  a c lear  

colorless o i l .  A l l  r e m a i n i n q  - c i ~ - R u ( C 0 ) ~ ( S i C l ~ ) ~  was removed by 

s u b l i m a t i o n  a t  room t e m p e r a t u r e  o n t o  a p r o b e  c o o l e d  t o  -78•‹C. 

The s a m p l e s  f o r  k i n e t i c  s t u d y  were o b t a i n e d  by s u b l i m i n g  t h e  re- 

m a i n i n g  m i x t u r e  a t  40•‹C o n t o  a p r o b e  c o o l e d  to  -78OC. I t  was 

n o t  p o s s i b l e  to  o b t a i n  mer-Ru(C0) 3 (PF3 ) ( S i c 1 3  ) 2 f r e e  o f  t h e  - 
b i s - s u b s t i t u t e d  p r o d u c t  - c ~ s - R u ( C O ) ~ ( P F ~ ) ~ ( S ~ C ~ ~ ) ~ ,  t h e  p r e s e n c e  

of which was i n d i c a t e d  by a  s h o u l d e r  on t h e  i n f r a r e d  band a t  

2.2.4 P r e p a r a t i o n  o f  1ner-Ru(C0)~(PCl~)(SiCl~)~ --- - 

A s o l u t i o n  o f  - c i ~ - R u ( C 0 ) ~ ( S i C l ~ ) ~  (0 .356  g ,  0.73 mmol) i n  

hexane  ( 2 5  mL)  w a s  p l a c e d  i n  a round  bo t tom f l a s k ,  f i t t e d  w i t h  a 

T e f l o n  v a l v e .  The l i q a n d  PC13 ( 1 . 0  mL, 7.2 m m o l )  was added ,  t h e  

f l a s k  was e v a c u a t e d  a t  -196"C, and t h e  s o l u t i o n  was d e g a s s e d  

w i t h  t w o  f r e e z e / t h a w  c y c l e s .  The e v a c u a t e d  f l a s k  w a s  l e f t  t o  

s t ir  a t  room t e m p e r a t u r e .  Over t h e  c o u r s e  of 2  h o u r s ,  t h e  f l a s k  

w a s  r e e v a c u a t e d  e v e r y  t h i r t y  m i n u t e s ,  and t h e n  o v e r  t h e  s u c ~  

c e e d i n g  48 h o u r s ,  e v e r y  6  h o u r s .  A f t e r  48 h o u r s  cis- - 
Ru(C0)  ( S i C 1 3  ) remained  i n  small q u a n t i t i e s ,  as d e t e c t e d  by  

I R .  The i n f r a r e d  s p e c t r u m  o f  t h e  f i n a l  p r o d u c t ,  mer-  - 
Ru(C0)  (PC13 ) ( S i c 1  ) was o b t a i n e d  by d i l u t i n q  t h e  react i o n  



mixture approximately ten times with hexane. The IR spectrum in 

hexane showed bands at 2133(w), 2O92(m), and 2076(s). A 3 1 ~  NMR 

spectrum was recorded using the undiluted solution. 

The ligand and the complex were the only species present 

accordinq to the 3 1 ~  NMR. It was concluded that under these 

conditions only the mono-substituted derivative was formed. 

The hexane was removed and the colorless oil that remained 

behind was sublimed, but the complex could not be obtained free 

of the starting material - cis-RU(CO)~ (Sic13 ) 2. The white oil de- 

composed in the Schlenk tube in two hours under vacuum and at 

room temperature. The decomposition was rapid when the tempera- 

ture was raised at 40•‹C. In both instances a dark oil re- 

mained. Because of the thermal instability of the compound, it 

was not further characterized. 



CHAPTER 3 

Preliminary Investiqations to Establish the Mechanism and 

Necessary Reaction Conditions I 

Results and Discussion 

3.1.1 Introduction 

Some preliminary investigations are necessary in a kinetic 

study such as this to clearly establish the mechanism of the re- 

action. Previous work5 indicated that the rate of the reaction 

to be studied showed first order dependence on the concentration 

of the startinq complex only. This kinetic evidence is usually 

indicative of a dissociative reaction, one which proceeds via a 

discrete intermediate ( h )  of lower coordination number (Equation 

1 0 ) .  

This type of mechanism is common in orsanometallic chem- 

istrv, and forms the basis of Tolman's 16-18 electron 

~ostulate~'. Tolmanvs postulate is that ' liqand exchanqe proces- 

ses involm discrete steps in which 16- and 18-electron species 

alternate. In Reaction 10, the Ru in the startinq complex (a !  

has 18 valence electrr>i~~, the intermediate (b) has 16 valence 



electrons, and the product has 18 electrons in the valence shell 

of ruthenium. 

In order to study the effect of L on Reaction 10, it is 

necessary to establish that the rate of the reaction depends on- 

ly on L, and not on Lt, the incominq liqand. This would be true 

only if the mechanism of the reaction was dissociative. 

Lanqford and Gray have established a classification system 

for ligand substitution mechanisms, in which ~eaction 10 would 

be designated type " D " ~ ~  . The essential feature of a type D re- 

action is a reaction intermediate of lower coordination number 

which survives long enough for its solvation sphere, otherwise 

known as the outer- or second coordination sphere, to rearrange. 

An energy profile for a reaction exhibiting a dissociative 

mechanism is shown in Fiqure 15. 

I M-L'+CO 

Fia. 15 

Energy Profile for a dissociative or D mechanism. 

The essential characteristics of a D mechanism are apparent in 

Fig. 15. The entering ligand, Lt , plays no role in the ener- 
getics of the reaction rate since AGt will be unaffected by the 



n a t u r e  o f  L ' .  T h e r e f o r e ,  t h e  r e a c t i o n  r a t e  depends  o n l y  upon 

t h e  n a t u r e  o f  t h e  complex which is r e a c t i n g .  

T h i s  c h a p t e r  d e a l s  w i t h  e x p e r i m e n t s  t h a t  were pe r fo rmed  t o  

e s t a b l i s h  t h e  mechanism o f  R e a c t i o n  10 as w e l l  as t o  e s t a b l i s h  

t h e  a c c e p t a b i l i t y  o f  t h e  t e c h n i q u e s  t h a t  were used  t o  s t u d y  t h i s  

r e a c t i o n .  

3.1.2 K i n e t i c  S t u d i e s  

I n  o r d e r  f o r  a s u b s t i t u t i o n  r e a c t i o n  t o  be  t e rmed  d i s s o c i a -  

t i v e ,  or D, t h e  r a t e  o f  t h e  r e a c t i o n  s h o u l d  n o t  b e  s e n s i t i v e  to  

t h e  n a t u r e  and c o n c e n t r a t i o n  o f  t h e  incoming l i g a n d .  The r a t e  

l a w  f o r  R e a c t i o n  10 c a n  be w r i t t e n  as f o l l o w s :  

r a te  o f  d i s a p p e a r a n c e  = ,a - [Ru(C0)3  ( L )  ( S i c 1 3  1 2 1  
o f  s t a r t i n g  m a t e r i a l  a t  

(The ra te  c o n s t a n t s  are d e f i n e d  i n  E q u a t i o n  1 0 ) .  

I f  L' is added i n  e x c e s s ,  c a u s i n g  k2 [ L ' ]  t o  be much q r e a t e r  t h a n  

k-l  [CO], t h e n  t h e  r a t e  l a w  r e d u c e s  t o  a s i m p l e  e x p r e s s i o n :  

r a t e  = kl [ R u ( C O ) ~  ( L )  (S iC13  ) 2 ]  

E x p e r i m e n t s  were p e r f o r m e d  t o  d e t e r m i w  how t h e  r e a c t i o n  

r a t e  depended on t h e  c o n c e n t r a t i o n  o f  L', by v a r y i n g  t h e  r a t i o  

o f  [ R u ( C O ) ~  ( L )  ( S i C 1 3 ) 2 ]  t o  L' , T h i s  w a s  done  u s i n a  

Ru(C0)3  f 1  :!3 ) i S2i:f.s ) 2  as  s t a r t i n q  complex and P(OMe) 3 as  



e n t e r i n g  l i g a n d ,  L ' .  The r e a c t i o n  r a t e  was o b s e r v e d  t o  f o l l o w  

first o r d e r  k i n e t i c s  a t  4 0 . 2 " C  for t w o  h a l f - l i v e s  w i t h  1 i g a n d : -  

complex r a t i o s  o f  3 .3 :1 ,  9 .5 :1 ,  and 21: l  ( E q u a t i o n  1 1 ) .  

' I 'sic,, P ~ ~ P '  I 
P P 

\ 
sic 

The ra te  c o n s t a n t  was found  to  be  8.7 x l f 4  s - I  u n d e r  t h e s e  

c o n d i t i o n s .  

I n  t h e  case where  t h e  complex to  l i s a n d  r a t i o  was 1  : I ,  t h e  

i n i t i a l  r a te  c o n s t a n t  was 7.6 x s-l, b u t  f e l l  a f t e r  a b o u t  

o n e  h a l f - l i f e ,  i n d i c a t i n g  t h a t  t h e  c o n d i t i o n  k,l[CO] << k e [ L V ]  

no l o n g e r  h e l d  o r ,  i n  o t h e r  words ,  t h a t  t h e  c a r b o n  monoxide p ro -  

duced  i n  t h e  r e a c t i o n  was now compe t ing  w i t h  L' f o r  t h e  i n t e r -  

m e d i a t e  b e c a u s e  t h e  c o n c e n t r a t i o n  o f  L'  was no l ~ n g e r  o v e r -  

whelming.  T h i s  i n d i c a t e d  t h a t  i n  o r d e r  t o  m a i n t a i n  s t r i c t  f i r s t  

o r d e r  k i n e t i c s  f o r  a l l  t h e  r e a c t i o n s ,  a t e n - f o l d  e x c e s s  o f -  

P(OMe)3 s h o u l d  b e  m a i n t a i n e d  a t  a l l  times. 

The ra te  of Reactim 11 was a l so  shown t o  be  i n s e n s i t i v e  t o  

t h e  n a t u r e  o f  t h e  incoming  l i g a n d ,  L', f o r  t h e  series o f  



phosphorus donor liqands shown in Table 9. It can be seen that 

the rate remains constant as lonq as the enterinq liqand has a 

low steric requirement, but the rate decreases for P(OPh)3 (cone 

anqle 128") and PPh3 (cone anqle 145"). The reactions with 

bulkier ligands are slower because the second step (Reaction 

10) becomes slow, due to steric crowding in the transition state 

of that step. 

Therefore, as lonq as the first step, with rate constant 

kl, is rate determining, the rate will never be larger than the 

rate of CO loss, and will be less than the rate of CO loss only 

when the steric requirements of the incominq ligand make access 

to the vacant position difficult. 

3.1.3 Solvent Case Experiment 

To establish that a reaction has a D mechanism, proof is 

required that the reaction proceeds via a discrete five-co- 

ordinate intermediate, where the carbonyl that has dissociated 

is totally removed from the outer-sphere solvent cage of the 

intermediate. An experiment to show that the reaction does 

proceed via a five-coordinate intermediate was performed as 

follows. A reaction mixture was prepared which contained known 

quantities of E and F (Equation 12). 
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Table 9 

itution of CO in rner-R~(Co)~(PPh~)(SiCl~)~ versus Rate of subs 

L' . - 

Rate of substitution is independent of the concentration 
and, provided it is small, the identity of L' 

.k +.5 
L' Cone ~ n ~ l e '  sec-I X 104 

P(OCH2 13 CC2 H5 101 9.2 
P(OMe), 107 9.1 
P(OEtI3 109 9.0 
P(OMe), Ph 115 9.2 
PMe, Ph 122 8.7 
P(n - B u ) ~  132 9.8 

P(OPhI3 128 5.0 

PPh3 145 no reaction 



The r a t e  o f  c a r b o n y l  d i s s o c i a t i o n  a t  3 0 " ~  o f  E was known, and F 

was chosen  b e c a u s e  i t  was t h o u q h t  t h a t  it would e x h i b i t  a s i m i -  

l a r  r a t e  of c a r b o n y l  d i s s o c i a t i o n ,  s i n c e  p(g-CH3C6Hq ) 3 and pph3 

have  i d e n t i c a l  cone  a n q l e s  and v e r y  s i m i l a r  e l e c t r o n i c  p r o p e r -  

t ies .  By e x t r a p o l a t i n q  t h e  A r r h e n i u s  p l o t  f o r  t h e  c a r b o n y l  d i s -  

s o c i a t i o n  of E t h e  r a t e  c o n s t a n t  is d e t e r m i n e d  to  be 2.1 7 0.2 

x l f 4  s-' a t  30•‹C, and it was l a t e r  found t h a t  t h e  r a t e  con- 

s t a n t  a t  3 0 " ~  for c a r b o n y l  d i s s o c i a t i o n  o f  F is 1.9 T 0.2 x 

lo-' s-l, so t h e  p r e d i c t i o n  t h a t  t h e y  would t u r n  o u t  to  be v e r y  

s i m i l a r  was correct. 

The p r o t o n  decoup led  3 1 P  NMR s p e c t r a  of  t h e  complexes  were 

measured .  The chemica l  s h i f t s  o f  E and F d i f f e r e d  by 2 ppm, 

which a l lowed  t o t a l  s e p a r a t i o n  of t h e  t w o  s i g n a l s  i n  t h e  NMR 

s p e c t r u m  of t h e  m i x t u r e .  The l a b e l l e d  s p e c i e s ,  E ,  c an  b e  

r e a d i l y  d i s t i n g u i s h e d  from t h e  u n l a b e l l e d  s p e c i e s  due  to  t h e  

3 1 ~ - 1 3 ~  c o u p l i n g .  T h i s  was o b s e r v e d  to  be 10.1 Hz,  which is i n  

t h e  r a n g e  e x p e c t e d  f o r  - c i s  c o u p l i n g 3 7 .  The m i x t u r e  was p r e p a r e d  

i n  t o l u e n e ,  t h e  normal  r e a c t i o n  s o l v e n t  i n  t h i s  s t u d y ,  and t h e  

3 1 p  {H '}  Spec t rum was r e c o r d e d  i m m e d i a t e l y ,  a t  100 m i n u t e s ,  and 

a t  170 m i n u t e s .  I t  was a l s o  r e c o r d e d  e i g h t  d a y s  l a t e r  when t h e  

s y s t e m  had r e a c h e d  e q u i l i b r i u m .  These  f o u r  NMR s p e c t r a  a r e  

shown i n  F i g u r e  16. 

The t e m p e r a t u r e  o f  3 0 " ~  was chosen  to  b e s t  r e p r e s e n t  t h e  

h i g h e s t  r e a s o n a b l e  mean t e m p e r a t u r e .  The t e m p e r a t u r e  i n  t h e  NMR 

p r o b e  was known to  be h i g h e r  t h a n  room t e m p e r a t u r e ,  e s p e c i a l l y  



t = t ime i n  minutes 

13 
Figure  16:  NMR experiment over t i m e  t o  measure t h e  CO exchange r a t e  

i n  r e a c t i o n  12.  



since the proton decoupler was on. Because it is impractical to 

measure the temperature of the solution when the decoupler is 

on, the mean temperature over the course of the experiment can- 

not be determined. A temperature of 30•‹C was chosen as a high- 

est reasonable average between the temperature in the probe and 

room temperature. 

Table 10 summarizes the results of the experiment. The ex- 

pected half-life of the reaction was calculated to be 60 min- 

utes. Spectrum 3, which was recorded at 170 minutes, is the 

spectrum at approximately three half-lives. Since 45% enrich- 

ment is observed, it can be concluded that the rate of exchanqe 

in this experiment is very close to the rate of dissociation. 

Since E and F equilibrated at a rate very close to the rate 

of carbonyl dissociation, it is definitely established that the 

reaction proceeds via a D mechanism. Carbonyl exchange between 

E and F requires that a certain amount of carbon monoxide, both 

labelled and unlabelled, must build up in solution and react 

with the five-coordinate intermediate. 

If the reaction proceeded via what Gray and Langford term 

an Id mechanism", in which the entering ligand enters the 

solvation sphere of the complex and then the entering ligand and 

leaving qroup simply exchanqe sites, then the rate of reaction 

would be greatly retarded, because the concentration of entering 

liqand would be very low, since there is no excess carbon 

monoxide in solution. Ir  addition, the carbonyl exchanqe would 



Table 10 

Data and calculations for the NMR solvent cage experiment 

Spectrum Peak ~ e i ~ h t ~  of % time 
C 

Number - ~ ~ ~ - R U ( C O ) ~ [ P ( ~ - C H ~ C & ) ~ ] ( S ~ C ~ ~ ) ~  - enrichment minutes 

unlabelled (hl) labelledb ( hZ ) 

a Peak heights are relative and have no absolute meaning. 

Measured peak height from one peak of doublet. 

Calculated from the equation: 

% enrichment = hs, x 100 
hl + 2h2 . 

and estimated to be good to T 5%. 



occur much more slowly if the carbon monoxide that had dissoci- 

ated was trapped in the outer solvation sphere, or was still 

intimately associated with the intermediate, since the inter- 

mediate would preferentially react with the same CO. 

Therefore, in conclusion, the available evidence supports 

the D mechanism for this reaction: the carbonyl dissociation 

from R u ( C O ) ~ ( L ) ( S ~ C ~ ~ ) ~  proceeds via a discrete five-coordinate 

intermediate, where the leavin~ qroup is completely removed from 

the solvent cage of the intermediate. 

3 . 1 . 4  - Other Investiqations Related to the Kinetic Measure- 

ment 

It is important in any experiment in kinetics to ensure 

that experimental methods and apparatus used to determine the 

rate constants give precise results, and it is likewise 

important to establish the deqree of precision that is possible. 

The value for the reaction rate constant was consistently 

measured to within four percent. This value is taken from rate 

constants measured on different days, under dark and liqht con- 

ditions, with varying amounts of entering ligand, and with vary- 

inq initial concentration of complex. 

A kinetic run was performed at 40.2"C in toluene to observe 

the dissociation of CO from Ru(C0) 3 (PPh3 ) (Sic13 ) when no enter- 

ing ligand was added. No observable drop in the concentrat, fan 

of complex due to decomposit -3n was found, nor was there any ap- 

pan: it increase in concentration due to evaporation of toluene 



over the period of measurement. 

Another simulated run was performed at 70•‹C using 

Ru(C0) 3 (ETPB) (SiC13 ) and again the concentration remained un- 

chanqed. It was concluded that toluene was an appropriate sol- 

vent for the temperature ranae in which all measurements were 

made, and that at these temperatures no decomposition of the 

complexes in solution occurred over the period of time necessary 

for kinetic measurements. 

To check if the rate of reaction was sensitive to light, 

one Schlenk tube was painted black and the reaction was carried 

out in dark conditions. The rate of reaction in the dark was 

equal to the rate when the reaction was performed in normal in- 

door light, within the allowed experimental error of four per- 

cent. 

Conclusions 

At the completion of these preliminary studies, it was con- 

cluded that it is possible to measure the rate of the reaction 

usinq any small liqand as L', at a 1iqand:complex ratio of 

10: 1. Trimethylphosphite (P(0Me) 3 ) was chosen as the entering 

liqand because it is inexpensive, has a small cone angle, is 

easy to handle, and does not absorb in the infrared region where 

measurements were taken. It was also concluded that the reac- 

tion proceeds via a dissociative mechanism, type D, and that 

different lighting conditions do qot affect the rate of reac- 

tion. The nyeasurenrent of the rate of reaction is reproducible 

vithin a ranae6 of ? 4 % .  



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

3.2.1 G e n e r a l  K i n e t i c  P r o c e d u r e  

A l l  r e a c t i o n s  were c a r r i e d  o u t  i n  a t e m p e r a t u r e  b a t h  k e p t  

a t  40.2" 7 O.S•‹C. S o l u t i o n s  of R u ( C O ) ~ ( P P ~ ~ ) ( S ~ C ~ ~ ) ~  i n  t o l u e n e  

( 6  mL)  were added  to  t h e  r e a c t i o n  v e s s e l  unde r  n i t r o g e n  and l e f t  

s t i r r i n q  t o  a t t a i n  t h e r m a l  e q u i l i b r i u m .  T r i m e t h y l  p h o s p h i t e  was 

added  t o  t h e  v e s s e l  and t h e  r e a c t i o n  was mon i to r ed  by i n f r a r e d  

s p e c t r o s c o p y  by p e r i o d i c a l l y  removinq a l i g u o t s  ( 0 . 2  mL) and mea- 

s u r i n g  t h e  d e c r e a s e  i n  t h e  a b s o r b a n c e  o f  t h e  A1 ( 1 )  CO 

s t r e t c h i n g  mode. Sodium c h l o r i d e  ce l l s  ( 1  mm) were used  

t h r o u g h o u t .  The A 1  ( 1 )  band was r e c o r d e d  and measured t h r e e  

times and t h e  mean v a l u e s  were used i n  s u b s e q u e n t  c a l c u l a t i o n s .  

The i n f r a r e d  s p e c t r u m  o f  t h e  f i n a l  m i x t u r e  was r e c o r d e d  and 

c a l i b r a t e d  w i t h  c a r b o n  monoxide.  The p r o d u c t  was i d e n t i f i e d  as 

R u ( C O ) ~ ( P P ~ ~ ) [ P ( O M ~ ) ~ ] ( S ~ C ~ ~ ) ~  i n  a l l  c a s e s ,  by means o f  i ts  I R  

s p e c t r u m .  

3.2.2 A n a l y s i s  o f  R e s u l t s  

The r e s u l t s  o f  a l l  k i n e t i c  e x p e r i m e n t s  were a n a l y z e d  i n  t h e  

same f a s h i o n .  The r e c o r d e d  i n f r a r e d  s p e c t r a  were measured  as 

shown i n  F i q u r e  17. The f i r s t  o r d e r  p l o t  was c o n s t r u c t e d  by 

p l o t t i n q  

vs t ime, where  A t = o  is t h e  i n i t i a l  a b s o r b a n c e  
At=o 

and A t  is t h e  a b s o r b a r ~ c e  a t  some l a t e r  t i m e  t i i ' 



Fiu. 17 

A typical measurement of absorbance for a kinetic run. 





An example  of a f i rs t  o r d e r  p l o t  is g i v e n  i n  F i g .  18. The s l o p e  

o f  t h e  l i n e  was c a l c u l a t e d  by means of a l e a s t  s q u a r e s  l i n e a r  

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

c o n s t a n t s  were r e p r o d u c i b l e  to  w i t h i n  4% o v e r  d i f f e r e n t  r a t i o s  

o f  c o m p l e x : l i g a n d ,  as l o n g  as t h e r e  w a s  a t  l ea s t  a t e n - f o l d  ex-  

cess o f  l i g a n d .  

3 .2 .3  K i n e t i c  S t u d i e s  

a )  M e a s u r i n g  t h e  e f f e c t  o f  t h e  c o n c e n t r a t i o n  o f  e n t e r i n g  

l i g a n d  on  t h e  ra te  o f  r e a c t i o n  

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

2.2.1 and 3 .2 .1 ,  e x c e p t  t h a t  t h e  v a r y i n g  amounts  o f  e n t e r i n g  li- 

q a n d ,  P(OMe)3,  were u s e d .  S o l i d  R U ( C O ) ~ ( P P ~ ~ ) ( S ~ C ~ ~ ) ~  was 

weighed i n  t h e  r e a c t i o n  v e s s e l ,  6 mL o f  t o l u e n e  was added  and 

P(OMe)3 w a s  i n t r o d u c e d  to  t h e  v e s s e l  by means of a c a l i b r a t e d  

s y r i n g e .  The r e s u l t s  are g i v e n  i n  T a b l e  11 , e x p e r i m e n t  numbers  

1  to  5. 

b )  M e a s u r i n g  t h e  e f f e c t  of l i g h t  o n  t h e  r e a c t i o n  ra te  

A l l  m e a s u r e m e n t s  f o l l o w e d  t h e  g e n e r a l  p r o c e d u r e  as d e s -  

c r i b e d  i n  S e c t i o n s  2.2.1 and 3.2.1. Two s e p a r a t e  r e a c t i o n  ve s -  

sels were set up  i n  t h e  t e m p e r a t u r e  b a t h :  o n e  was a r e g u l a r  

r e a c t i o n  v e s s e l  and t h e  o t h e r  w a s  p a i n t e d  b l a c k  to  to  p r o t e c t  

t h e  s o l u t i o n  f rom i n d o o r  l i g h t i n g .  Both  s o l u t i o n s  were made t o  

a s imilar  c o n c e n t r a t i o n  and were r u n  s i m u l t a n e o u s l y ,  u n d e r  i d e n -  

t i c a l  c o n d i t i o n s .  The  r e s u l t s  a p p e a r  as e x p e r i m e n t  numbers  2 

and 5 i n  Tab1 f- 11 . 



Fiaure 18 

An example of a f i r s t  order plot for the reaction of 

rner-R~(CO)~(PPh~)(siCl~)~ w i t h  P(OMe)3 at 4 0 • ‹ C  
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c )  Measu r ing  t h e  e f f e c t  o f  t h e  n a t u r e  o f  t h e  e n t e r i n g  li- 

gand on t h e  r a t e  

A l l  measu remen t s  f o l l o w e d  t h e  g e n e r a l  p r o c e d u r e  as d e s -  

c r i b e d  i n  S e c t i o n s  2.2.1 and 3.2.1,  e x c e p t  t h a t  t h e  e n t e r i n q  li- 

gand ( L ' )  v a r i e d .  The i n i t i a l  q u a n t i t i e s  o f  

[ R u ( C O ) ~ ( P P ~ ~ )  ( S i C 1 3 ) 2 ]  a lso v a r i e d  s l i g h t l y :  f rom 0.11 g  t o  

0.18 g  i n  t o l u e n e  ( 6  mL) ( 2 . 5  x l o m 2  t o  4.2 x M ) .  Most o f  

t h e  l i g a n d s  were l i q u i d s  ( 0 . 1 5  to  0.20 mL) and were i n t r o d u c e d  

to  t h e  f l a s k  w i t h  a s y r i n g e .  ETPB and PPh3 were s o l i d s  ( 0 . 1  to  

0.2 g )  and were i n t r o d u c e d  d i r e c t l y  to  t h e  v e s s e l .  The r e s u l t s  

are r e p o r t e d  i n  T a b l e  9 i n  S e c t i o n  3.1.2 

3.2.4 S o l v e n t  Cage E x p e r i m e n t  

a )  P r e p a r a t i o n  o f  R U ( C O ) ~ ( " C O ) ( P P ~ ~ ) ( S ~ C ~ ~  l 2  

A s o l u t i o n  o f  R u ( C O ) ~ ( P P ~ ~ ) ( S ~ C ~ ~ ) ~  (0 .20  g ,  0.28 m m o l )  i n  

C H 2 C 1 2  ( 1 5  mL) was p l a c e d  i n t o  a round  bo t tom f l a s k  f i t t e d  w i t h  

a T e f l o n  v a l v e .  The s o l u t i o n  w a s  f r o z e n  ( -196•‹C)  and t h e  v e s s e l  

was e v a c u a t e d .  The s o l u t i o n  was thawed and f r o z e n  and t h e  f l a s k  

was r e e v a c u a t e d  to  e l i m i n a t e  any  g a s  i n  t h e  s y s t e m .  The 

l a b e l l e d  g a s  13c0 ( 2  a t m )  w a s  i n t r o d u c e d  i n t o  t h e  f l a s k  and t h e  

s y s t e m  was l e f t  s t i r r i n g  a t  room t e m p e r a t u r e  f o r  72 h o u r s .  The 

I R  s p e c t r u m  o f  t h e  r e a c t i o n  m i x t u r e  a t  72 h o u r s  showed v e r y  lit- 

t l e  s t a r t i n g  material  and t h e  l a b e l l e d  p r o d u c t  

The CH2C12 was removed,  l e a v i n g  a w h i t e  s o l i d  which  was n o t  

p u r i f i e d  



f u r t h e r .  The 3 1 p { ~ 1 }  NMR s p e c t r u m  i n  t o l u e n e  w a s  r e c o r d e d  and 

c o n s i s t e d  o f  a s i n g l e t  a t  50.6 ppm d u e  to  t h e  u n l a b e l l e d  p ro -  

d u c t  and a d o u b l e t  c e n t e r e d  on 50.6 ppm s p l i t  by 10.1 Hz, d u e  to  

t h e  l a b e l l e d  p r o d u c t .  The 3 1 ~  NMR s p e c t r u m  i n d i c a t e d  t h a t  t h e  

compound was a p p r o x i m a t e l y  90% e n r i c h e d .  

b )  Exchange  e x p e r i m e n t  

A s o l u t i o n  o f  R U ( C O ) ~ ( " C O ) ( P P ~ ~ ) ( S ~ C ~ ~ ) ~  (0 .168  4 ,  0.23 

m m o l )  was p r e p a r e d  i n  t o l u e n e  ( 2 . 5  mL). A s o l u t i o n  o f  

[R~(CO)~(P(p-tolyl)~)(SiCl~)~] - ( 0 . 134  q, 0.176 m m o l )  w a s  a lso  

p r e p a r e d  i n  t o l u e n e  ( 2 . 5  mL). The 3 1 ~  { H I }  s p e c t r u m  of t h i s  

compound showed a s i n g l e t  a t  48.5 ppm. 

A m i x t u r e  o f  0 .50  mL o f  e a c h  s o l u t i o n  was p r e p a r e d  i n  a 5 

mm NMR t u b e  u n d e r  n i t r o g e n  and t h e  3 1 ~ { 1 ~ }  s p e c t r u m  was r e c o r d -  

ed  i m m e d i a t e l y .  The  m i x t u r e  w a s  l e f t  s t a n d i n q  a t  room tempe ra -  

t u r e  and s p e c t r a  were r e c o r d e d  a t  100 min ,  170 min ,  and a t  8 

d a y s ,  by which  t i m e  e q u i l i b r i u m  had p r e s u m a b l y  been  r e a c h e d .  

The r e s u l t s  are g i v e n  i n  T a b l e  10 and F i g u r e  16. 



CHAPTER 4 

Results of the Kinetic Study 

Results and Discussion 

4.1.1 Introduction 

The kinetics of the substitution reactions of twenty-f ive 

complexes of the type mer-Ru(C0) 3(L) (Sic1 3 )  containinq differ- - 
ent L groups is presented in this chapter. The reaction studied 

is the CO substitution of mer-Ru(C0) 3(L) (Sic1 3 )  2 (Equation 1 0 ) .  - 

C 
OC 

kt hi' s:"'3-c0 - ' I hic13 
k-l 

L 
C 

In Chapter 3 the mechanism of this reaction was shown to be 

dissociative, so that variation of rate (k with L depends only 

on the properties of L and not on the properties of L', the en- 

tering ligand. The different rates of the reaction can then be 

attributed to the cis-effect of L in this system. - 

4.1.2 The Choice of the Entering Ligand 

In Section 3.1.1 an experiment was discussed which proved 

that the reaction under study is dissociative in nature, and 

that the rate is independent of the concentration and nature of 



the entering ligand. It was shown that, under pseudo-first or- 

der conditions, the CO dissociation was rate determining. First 

order dependence on the concentration of complex was observed 

and P(OMe)3 was used as the entering ligand because it has a 

small cone angle, is easy to handle, is inexpensive and is very 

soluble in the reaction solution. 

However, during the study of the kinetics of the substitu- 

tion of ~ ~ ~ - R U ( C O ) ~ ( E T P B ) ( S ~ C ~ ~ ) ~ ,  - the compound 

RU(CO)~ [ ~ ( o M e ) ~ ] ~ ( S i C l ~ ) ~  was detected in the mixture. The com- 

pound could have been produced by one of two processes 

( Equations 13 and 14 ) . 

0 0 0 
C C C 

OC, I ,Sic1 [M~$P, 4 ,SiCI3 [MeoP, I ,SiCI3 
Ru - Ru I 

Ru (14 ) 
ETPB' C 'sic1 ETPB' C I 'S ic13 [M~Q$ \ 'siCI3 

0 
C 

0 O A 
If the unexpected product ( A )  was produced via Equation 14,-then 

the rate sf loss of mer-Ru(C0) (ETPB) (Sic13 ) 2 would remain unaf- - 
fected by this reaction and detection of the bis-substituted 

P(0Me) 3 comp1.e~ would be of no consequence. However, if the 



bis-substituted derivatives were produced via Equation 13, the 

rate of loss of ~ ~ ~ - R u ( C O ) ~ ( E T P B ) ( S ~ C ~ ~ ) ~  would not be a true - 
reflection of the cis-effect of ETPB. This is because the rate - 
would be higher than it should be, since mer- - 
Ru(C0) 3 (ETPB) (Sic13 ) 2 is consumed via two pathways. It was very 

possible that Reaction 13 was occurring, because the elevated 

temperatures that were necessary to induce CO dissociation could 

have also induced Ru-ETPB bond rupture. 

To eliminate the problem of competing phosphite dissocia- 

tion, ETPB was used as the entering ligand for the mer- - 
Ru(CO)~(ETPR)(S~C~~)~ rate measurements. In this way, if ETPB 

was lost at the elevated temperatures necessary to induce CO 

dissociation, it would he immediately replaced by ETPB, and no 

loss of mer-Ru(C0) 3 (ETPB) (Siw )2 would be observed due to the - 
dissociation of phosphite. 

The policy of keeping the entering and leaving phosphorus 

ligands the same was maintained for the study of PF3, P(OMe)2Ph 

and P(o-Butn)3 - complexes. In all three cases the temperature 

was high for the kinetic study, possibly inducing phosphorus li- 

gand dissociation. Also, the ligands were small enough so that 

it was assured that pseudo-first order kinetics could easily be 

attained. 

4.1.3 The Res:~lts of the Kinetic S t t ~  
,- 

The rate of each reaction was measured over a ranqe of tem- 

peratures and the rate constant at 40• ‹C  was calculated k~ 



extrapolating the Arrhenius plot in each case. These constants 

are presented in Table 12, alonq with 8, the ligand cone angle, 

and v ,  Tolman's electronic parameter for the ligand8. 

Figure 19 is a plot of kso versus 8, and it is readily 

apparent that these two quantities are related. 

Fig. 19 

A plot of the rate constant k  (s-' x lo6) at 40•‹C 

versus 8, Tolman's cone angle, for the substitution of 

In the region where 8 is small, the relationship between 

k s O  and 8 is difficult to assess. 



Table 12: Rate constants at 40'~ for the substitution of mer- 
Ru ( ~ 0 )  (L) (SiC13) complexes: 

ETPB 

P (Me) Ph2 

PC1Ph2 

P (0-gMeC6H4) 

P (2-MeOPh), 

*values for these parameterg have been calculated using 
information in Tolman's work . 



A plot  o f  I n  k v e r s u s  8 c l a r i f i e s  t h i s  r e g i o n  ( F i g u r e  2 0 ) .  

correlation 
coefficient 

A p l o t  o f  i n  ( k  x 1 0 ' ~ )  a t  40•‹C s-' v e r s u s  8 ,  f o r  t h e  

s u b s t i t u t i o n  o f  m e r - R ~ ( C 0 ) ~ ( L ) ( S i C l ~ ) ~ .  - 

The v a l u e  o f  I n  k a p p e a r s  to  show a l i n e a r  r e l a t i o n s h i p  

w i t h  8 ,  t h e  l i g a n d  c o n e  a n g l e .  T h i s  t y p e  o f  b e h a v i o u r  is c h a r -  

ac ter is t ic  o f  a l i n e a r  f r e e  e n e r g y  r e l a t i o n s h i p ,  (LFER) , and is 

commonly found  when s t u d y i n g  s u b s t i t u e n t  e f f e c t s  i n  r e a c t i o n  

k i n e t i c s " .  The LFER relates f r e e  e n e r g y  o f  a c t i v a t i o n ,  AGt, 



(or In k) to the equilibrium constant for the reaction. In this 

case the reaction to be considered is Step 1, the loss of CO to 

yield the five-coordinate intermediate. This is an example of 

an empirical LFER, which is a relationship between AGt and a de- 

fined ground state parameter, such as the nucleophilicity of a 

liqand3'. The LFER demonstrated in Fiqure 20 relates AGt to 8 

the cone angle, in the dissociation step in the substitution of 

CO in - mer-R~(C0)~(L)(SiCl~)~. 

The pattern for all complexes in Figure 20 is that the rate 

of substitution of the carhonyl qroup cis to the ligand (L) in- - 
creases as the cone angle of the ligand increases. There is 

considerable variation in the rate constants for two complexes 

with ligands of the same cone angle, so that the relationship 

between the substitution reaction rate and cone angle is only a 

general trend. 

The relationship between the rate constants for the reac- 

tions and v, the electronic parameter of the liqands is shown in 

Figure 21. As can be seen, there is no apparent relationship 

between the electronic parameter and k4 O .  



FIGURE 21 

k a t  4 0 ' ~  versus 
v electronic parameter 

Fig. 21 

The relationship between k at 40•‹C (s-' x lo6) and v ,  

Tolman's electronic parameter for phosphorus donor li- 

gands, for the substitution of - mer-R~(CO)~(L)(siCl~)~. 

In an attempt to separate a large steric effect from a possible 

small electronic effect a group of para-substituted triphenyl- - 
phosphine ligands was studied. In the group P(p-X-Ph) - (X = H, 

C1, F, Me, MeO) , the electronic parameter varies from 2066.1 
cm-' for P(p-MeOPh)3 to 2072.8 for P(p-C1Ph)3, while the cone - - 
angle remains constant. The results obtained with this group of 

para-substituted ligands is presented in Table 13. - 



Table 13: Results for the substitution reaction of mer- 

Ru (CO) (P (2-XPh) 3) (Sic1 ) 3 2 '  
v k 

Ligand -1 
cm 

6 -1 x10 s 



The d a t a  i n  T a b l e  13 i n d i c a t e  t h a t  t h e  r a t e  is n o t  p r o p o r -  

t i o n a l  t o  v ,  t h e  e l e c t r o n i c  p a r a m e t e r .  I n  o t h e r  words,  it d o e s  

n o t  a p p e a r  t h a t  t h e  l a r q e  s t e r ic  e f f e c t  is o b s c u r i n g  a  s m a l l  

e l e c t r o n i c  e f f e c t ;  r a t h e r ,  t h e r e  is no measu rab le  e l e c t r o n i c  e f -  

f e c t .  The s p r e a d  i n  k v a l u e s  i n  T a b l e  13 is s l i g h t l y  l a r g e r  

t h a n  can  be e x p e c t e d  f o r  s i m p l e  random error i n  measurement .  

However t h e  v a r i a t i o n  is d i f f i c u l t  t o  r a t i o n a l i z e .  

The A r r h e n i u s  p a r a m e t e r s  e x h i b i t  a  p a t t e r n  of  v a r i a t i o n  

w i t h  8 and v s i m i l a r  to  t h e  p a t t e r n s  s e e n  w i t h  k (see T a b l e  

1 4 ) .  The A S t  v a l u e s  f o r  most r e a c t i o n s  s t u d i e d  were p o s i t i v e ,  

a s  e x p e c t e d  f o r  a  d i s s o c i a t i v e  r e a c t i o n .  

I n  a  d i s s o c i a t i v e  r e a c t i o n  AH? can  be r e l a t e d  to  t h e  bond- 

s t r e n g t h  o f  t h e  m e t a l - l i g a n d  bond underqoing  c l e a v a g e 2 6 .  I n  t h e  

p r e s e n t  s t u d y  t h e  A 9 t  v a l u e s  measure  t h e  s t r e n g t h  o f  t h e  Ru-CO 

bond. Any v a r i a t i o n  i n  A H t  due  to  chanq ing  t h e  l i g a n d  L may be 

i n t e r p r e t e d  a s  t h e  e f f e c t  o f  L on t h e  b o n d - s t r e n g t h  o f  t h e  

m e t a l - c a r b o n y l  bond. Because t h e  e l e c t r o n i c  p a r a m e t e r  o f  L h a s  

been shown to  a f f e c t  t h e  13c c h e m i c a l  s h i f t  and t h e  i n f r a r e d  

s t r e t c h i n g  f r e q u e n c i e s  o f  t h e  c a r b o n y l  - c i s  to  L ,  it was f e l t  

t h a t  t h e  e l e c t r o n i c  p r o p e r t i e s  o f  L might  a f f e c t  t h e  bond 

s t r e n g t h  o f  t h e  Ru-CO bond, and t h a t  t h i s  would be r e f l e c t e d  i n  

t h e  A H t  v a l u e s  f o r  t h e  s u b s t i t u t i o n  r e a c t i o n s .  

The e n t h a l p y  o f  a c t i v a t i o n  f o r  t h e  r e a c t i o n s  s t u d i e d  showed 

v e r y  l i t t l e  v a r i a t i o n  and can  be c o n s i d e r e d  to  be e s s e n t i a l l y  

c o n s t a n t .  



Table 14 

Arrhenius parameters for the substitution reactions of 

mer-Ru (CO) (L) (Sic1 ) 
3 2 '  

Ligand 

A s?&3 AH++ 1 

e0 cal/mol deg kcallmol 

ETPB 



The mean A H t  v a l u e  is 27.4 k c a l / m o l .  The s t a n d a r d  d e v i a t i o n  is 

c a l c u l a t e d  to  be  0.8 k c a l / m o l ,  which is less t h a n  t h e  e x p e c t e d  

e x p e r i m e n t a l  error o f  1 kca l /mol .  T h e r e f o r e ,  t h e  v a r i a t i o n  i n  

measured  A H t  v a l u e s  c o u l d  be  a t t r i b u t e d  to  random error. A p l o t  

o f  A H t  v e r s u s  v ,  t h e  e l e c t r o n i c  p a r a m e t e r ,  is shown i n  F i s u r e  

22. N o  t r e n d  is v i s i b l e  and t h e  d i s t r i b u t i o n  o f  p o i n t s  a p p e a r s  

to  be  c o m p l e t e l y  random. 

FIGURE 22 
AH+ versus v (Electronic 

Parameter) 

kca 
'mo~ 

On c a r e f u l  e x a m i n a t i o n  o f  t h e  d a t a  i n  T a b l e  14 it a p p e a r s  

p o s s i b l e  t h a t  t h e r e  is a t r e n d  i n  A H t  v a l u e s  i n  t h e  series PPh3 

( v  = 2068 .9 ) ,  PC1Ph2 ( v  = 2080.7) and PC12Ph ( v  = 2092.1 

cm-' ) , as A H t  d e c r e a s e s  f rom 27.1 to  26.5 to  25.5 kca l /mo l .  I t  

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

s imi la r  t r e n d  is n o t  o b s e r v e d  f o r  t h e  P ( P - X - P ~ ) ~  g r o u p  d i s c u s s e d  

p r e v i o u s l y .  Also ,  t h e  complexes  o f  t h e  l i g a n d  P ( B U ~ " ) ~  ( v  = 

2060.0) and ETPB ( v  = 2087.3 c m - l )  have A H t  v a l u e s  o f  28.7 

k c a l i m o l  and 28.4 kca l /mo l ,  r e s p e c t i v e l y ,  even  t hough  t h e y  



differ widely in electronic properties. 

 he most striking relationship that appears when comparing 

A H t  and A S t  to 9 and v is a direct correlation between A S t  and 

8. This linear correlation, which is illustrated in Figure 23, 

is reasonably strong, considering the larger error associated 

with the value of A S t  (also illustrated in Figure 23). 

FIGURE 23 

A St versus 9 Cone Angle 



There are five components to entropy of activation values. 

These are due to rotational, vibrational, electronic and trans- 

lational changes in the transition state, as well as a component 

which accounts for different symmetries in the transition state 

and the ground state. The most important contribution to the 

large chanqe in entropy for larqe liqands is thouqht to be rota- 

tional entropy. The internal rotations of the phosphorus li- 

qands are expected to be less hindered in the five-coordinate 

transition state. The barrier to rotation of large ligands is 

expected to be greater, which leads to larqer ASt values. Also 

the moment of inertia of the rotor is proportional to the change 

in entropy. Again this will be larqer for large ligands, and 

will lead to larger ASt values. 

In conclusion, in substitution reactions of mer- - 
Ru(C0)3 (~)(SiC13)~, the cis-effect exerted by L (where L = phos- - 
phine or phosphite) is lamely steric in origin. If the effect 

exerted by L on the rate of the substitution also has an elec- 

tronic component, it must be smaller than the random error as- 

sociated with the measurement of the rate constant. 

Throughout this arqument no assumption has been made con- 

cerning the nature of the five-coordinate intermediate. Whilst 

a trigonal bipyramidal intermediate is favoured because the 

large ASt values imply that substantial rearrangement has occur- 

red on going from reactants to intermediate, a square pyramidal 

intermediate cannot be ruled out. The large ASt values could be 

attributed to a greater deqree of freedom in the I w s  hindered 



p h o s p h i n e  i n  t h i s  t y p e  o f  i n t e r m e d i a t e .  

T h i s  work s u p p o r t s  D a r e n s b o u r g ' s  c o n c l u s i o n s  a b o u t  t h e  r a t e  

o f  s u b s t i t u t i o n  o f  L i n  ~ i s - M o ( C 0 ) ~ L ~  complexes ,  which were d i s -  - 
c u s s e d  i n  S e c t i o n  1 . 3 . 2 .  Darensbou rg  found  t h a t  t h e  r a t e  of 

s u b s t i t u t i o n  i n c r e a s e d  as t h e  s i z e  of  t h e  p h o s p h o r u s  d o n o r  li- 

g a n d ,  L ,  i n c r e a s e d z 6 .  However, Da rensbou rq  I s  s t u d y  t e n d s  to  

o v e r e m p h a s i z e  t h e  s t e r i c  i n f l u e n c e  of  L s i n c e ,  i n  h i s  ser ies  o f  

r e a c t i o n s ,  b o t h  t h e  l e a v i n q  a r o u p ,  L,  and t h e  l i q a n d  c i s  to  i t ,  - 
a l so  L ,  a r e  chanqed ( E q u a t i o n  6 ) .  

~ h u s ,  Da rensbou rg  is r e a l l y  m e a s u r i n g  t h e  c i s - e f f e c t  e x e r t e d  by 

L on d i f f e r e n t  p h o s p h o r u s  d o n o r  l i g a n d s .  The p r e s e n t  s t u d y  d o e s  

n o t  have  t h i s  p rob l em,  s i n c e  i n  a l l  cases t h e  l e a v i n g  g r o u p  is 

CO and t h e  c i s - e f f e c t  e x e r t e d  by L on CO is what is a l w a y s  - 
measured .  

Because  t h e  s u b s t i t u t i o n  of CO i n  r n e r - R ~ ( C O ) ~ ( L ) ( s i C l ~ ) ~  is - 
a d i s s o c i a t i v e  p r o c e s s ,  t h e  measured A H t  may b e ,  as men t ioned  

p r e v i o u s l y ,  r e l a t e d  to t h e  M-CO b o n d - s t r e n s t h z 6 .  However, s i n c e  

Da rensbou rg  c h a n g e s  t h e  l e a v i n g  g r o u p ,  t h e  AH? v a l u e  a l w a y s  

changes .  T h e r e f o r e ,  it is u n c l e a r  t o  what e x t e n t  t h e  c h a n g e s  i n  



AHt a r e  due  t o  t h e  d i f f e r e n t  l e a v i n g  g r o u p ,  and to  what e x t e n t  

t h e y  a r e  due  to  t h e  - c i s - i n f l u e n c e  o f  L ,  t h e  o t h e r  phosph ine .  I n  

t h e  p r e s e n t  s t u d y  it was p o s s i b l e  to  c l e a r l y  s t a t e  t h a t  any 

change  i n  AHt would be due  to  t h e  e f f e c t  o f  L  on t h e  Ru-CO 

b o n d - s t r e n g t h .  

On t h e  s u r f a c e ,  t h e  r e s u l t s  of  t h e  p r e s e n t  s t u d y  seem t o  

c o n t r a d i c t  Brown's i d e a s  r e g a r d i n q  t h e  - c i s - e f f e c t ,  namely,  t h a t  

t h e  e l e c t r o n i c  p r o p e r t i e s  o f  t h e  - c i s - l a b i l i z e r  p l a y  t h e  most 

i m p o r t a n t  role 2 2 - 2 4 .  However, Brown's work i n v o l v e d  comparing 

t h e  - c i s - e f f e c t s  of  l i g a n d s  w i t h  g r e a t e r  d i f f e r e n c e s  i n  elec- 

t r o n i c  c h a r a c t e r  t h a n  t h e  l i q a n d s  s t u d i e d  i n  t h e  p r e s e n t  work. 

I t  may be t h a t  b e c a u s e  o n l y  phosphorus  donor  l i g a n d s  have been 

examined,  t h e  e l e c t r o n i c  p a r a m e t e r  may n o t  have changed s u f -  

f  i c i e n t l y  t o  produce  a  m e a s u r a b l e  e f f e c t .  

Rrown's s i t e  p r e f e r e n c e  model r e g a r d s  - c i s - l a b i l i z e r s  a s  li- 

g a n d s  which s t a b i l i z e  t h e  t r a n s i t i o n  s t a t e  when occupying  t h a t  

s i t e  which is c i s  to  t h e  v a c a n t  s i t e .  Brown p r o p o s e s  t h a t  t h e  - 
c i s - e f f e c t  is m a i n l y  a  t r a n s i t i o n  s t a t e  e f f e c t ,  and is n o t  due  - 
to  d e s t a b i l i z a t i o n  o f  t h e  ground s t a t e .  

The p r e s e n t  work d o e s  n o t  s u p p o r t  t h i s  view. The e f f e c t  

t h a t  is o b s e r v e d  i n  t h e  p r e s e n t  s t u d y  is s ter ic  l a b i l i z a t i o n ,  

which is i l l u s t r a t e d  i n  F i q u r e  24.  



Fig. 24 

An illustration of rate enhancement due to steric la- 

bilization. The PPh3 ligand destabilizes both the 

ground state and the transition state, but because the 

ground state is more destabilized, AGt is reduced. 

The large ligand (PPh3 in Fiqure 2 4 )  destabilizes both the 

ground state and the transition state of the complex relative to 

a smaller ligand P(OMe)3 in Figure 24 .  This destabilization is 

due to steric interactions. Further, the destabilization is 

more pronounced in the qround state than in the transition 

state, because the ground state is six-coordinate, 



w h i l e  t h e  t r a n s i t i o n  s t a t e  is closer to  b e i n g  f i v e - c o o r d i n a t e .  

T h e r e f o r e ,  t h e  s ter ic  i n t e r a c t i o n s  i n  t h e  q round  s t a t e  are re- 

l i e v e d  to  some e x t e n t  i n  t h e  t r a n s i t i o n  s t a t e .  T h i s  is assumed 

t o  c a u s e  AGtpph3 < A G t p ( ~ M e ) 3 ,  as i l l u s t r a t e d  i n  F i g u r e  24. 

A s  a  more g e n e r a l  s t a t e m e n t ,  r a t e  enhancement  is o b s e r v e d  

for  l a r g e r  l i q a n d s  b e c a u s e  t h e  G i b b s  f r e e  e n e r g y  o f  t h e  g round  

s t a t e  is i n c r e a s e d  r e l a t i v e  to  t h e  g round  s t a t e  o f  smaller 

l i g a n d s .  T h e r e f o r e ,  t h e  e f f e c t  o b s e r v e d  is p r o p e r l y  l a b e l l e d  a  

g round  s t a t e  e f f e c t ,  and t h e  ra te  enhancement  w i t h  l a r g e r  li- 

g a n d s  is d u e  to  r e l i e f  o f  s t e r i c  i n t e r a c t i o n s  i n  t h e  g round  

s t a t e .  * 

* By s imi lar  a r q u m e n t s ,  F i g u r e  24 r e v e a l s  t h a t  AGpph3 < 

A G ~ ( ~ ~ e )  r f o r  t h e  o v e r a l l  r e a c t i o n .  T h i s  r e l a t i o n s h i p  be- 

tween AG f o r  t h e  o v e r a l l  r e a c t i o n  ( f r o m  r e a c t a n t s  to  i n t e r -  

m e d i a t e )  and 0 for  t h e  l i q a n d  e x p l a i n s  t h e  s e e m i n q l y  e m -  

p i r i c a l  r e l a t i o n s h i p  d e s c r i b e d  ear l ie r  between I n  k ( A G t )  and 

0 .  I f  0 is r e l a t e d  t o  A G t ,  as shown q r a p h i c a l l y  i n  F i g u r e  

2 0 ,  and 9 is r e l a t e d  to  AG, as d e s c r i b e d  i n  F i g u r e  24, t h e n  

t h e r e  mus t  e x i s t  a r e l a t i o n s h i p  be tween  A G t  and AG. The re -  

f o r e ,  t h i s  may i n d i c a t e  t h a t  w e  are measu r ing  a t r u e  l i n e a r  

f r e e  e n e r g y  r e l a t i o n s h i p ,  and n o t  an  e m p i r i c a l  LFER as w a s  

s u g g e s t e d  p r e v i o u s l y .  



I t  may be p o s s i b l e  t h a t  t h e  cis-effect,  i n  t h e  g e n e r a l  - 
c a s e ,  is a c t u a l l y  a c o m b i n a t i o n  of s ter ic  and e l e c t r o n i c  ef-  

f e c t s ,  and t h a t  o n l y  t h e  s ter ic  e f f e c t  is o b s e r v e d  h e r e ,  b e c a u s e  

t h e  e l e c t r o n i c  p r o p e r t i e s  of t h e  l i q a n d s  were n o t  a l t e r e d  s u f -  

f i c i e n t l y .  I f  t h i s  is t h e  case, when t h e  e f f e c t  is e l e c t r o n i c ,  

Brown's t r a n s i t i o n  s t a t e  s i t e  p r e f e r e n c e  model c o u l d  be  u s e f u l  

i n  e x p l a i n i n g  o b s e r v a t i o n s  o f  r a t e  enchancement .  However, when 

t h e  - c i s - e f f e c t  is s te r ic  i n  o r i g i n ,  as i n  t h e  s y s t e m  examined i n  

t h e  p r e s e n t  work,  t h e  r e s u l t s  are b e s t  e x p l a i n e d  i n  terms o f  a 

g r o u n d - s t a t e  e f f e c t .  

4 .1 .4  A Group o f  Four  E x c e p t i o n s  t o  t h e  G e n e r a l  P a t t e r n  

Most of t h e  l i g a n d s  used i n  t h i s  s t u d y  f o l l o w e d  t h e  g e n e r a l  

p a t t e r n ,  namely,  t h a t  ASt i n c r e a s e d  as t h e  s i z e  o f  L i n c r e a s e d .  

T h e r e  were f o u r  e x c e p t i o n s  to  t h i s  p a t t e r n :  t h e  complexes  o f  

P (OPh)3 ,  P(CH2C6H5)3,  P(0-o-Tol )3  - and PPh2(o-MeOPh). - The k i n e -  

t i c  p a r a m e t e r s  f o r  t h e s e  complexes  a r e  g i v e n  i n  T a b l e  15. 

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

t h e s e  complexes ,  compared to  t h e  o t h e r  t w e n t y  complexes ,  l e a d s  

o n e  to  c o n s i d e r  o t h e r  r e a c t i o n  pa thways .  One p r o p e r t y  which 

t h e s e  l i g a n d s  have  i n  common is a s t r u c t u r e  which allows them t o  

e a s i l y  a d o p t ,  w i t h o u t  e x c e s s i v e  t w i s t i n g  or s t r a i n ,  a c o n f i g u r a -  

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

close p r o x i m i t y  ; t h e  e l e c t r o n  d e f i c i e n t  r u t h e n i u m  c e n t r e  i n  

t h e  t r a n s i t  j m  st:?te. T h i s  c o n f  i q u r a t i o n  is i l l u s t r a t e d  i n  



T a b l e  1 5  

The  r e s u l t s  o f  t h e  k i n e t i c  s t u d y  o f  m e r - R ~ ( C 0 ) ~ ( L ) ( S i C l  ) 3 2  
( w h e r e  L=  ( P  (CH2P&) 3 ,  P (OPh) 3 ,  P  ( 0 - o - T o l )  a n d  PPh2 (oMeOPh) ) 

3 '  

L i g a n d  k40•‹ c as ' A H '  v -1 
- e u  k c a l l m o l  e0 cm 

s l x 1 0 6  



Fia. 25 

Two possible conformations which may explain the 

anomalous results obtained for the complexes of 

P(CH2C6H5)3, P(OPh)3, P(0-0- TO^)^ and PPh2(o-MeOPh). - 

Figure 25. 

A H t  for the reaction is lowered from 27.4 kcal/mol to ap- 

proximately 23 kcal/mol. This suggests that the ligand is as- 

sisting in the bond-breakinq process. It is significant that in 

each complex where this lowering of A H t  did occur, there is sig- 

nificant electron density on an atom which can act as a 

potential electron donor in the transition state.   he ruthenium 

centre in the transition state will be electron deficient, be- 

cause the leaving carbonyl removes two electrons from the va- 

lence shell of the metal. Therefore, it is feasible that the 

ligand does assist in the bond-breaking process, by stabilizing 

the transition state for dissociation. 

The lower A S t  values also support this proposal. They 



would be e x p e c t e d  to  be lower t h a n  t h a t  f o r  t h e  normal  d i s s o c i a -  

t i o n ,  s i n c e  t h e r e  is a q r e a t e r  d e g r e e  o f  o r d e r  i n  t h e  t r a n s i t i o n  

s t a t e  o f  t h e  a s s i s t e d  d i s s o c i a t i o n .  I f  t h e  t r a n s i t i o n  s t a t e  i n -  

corporates a r i n g - l i k e  s t r u c t u r e  as i n  F i g u r e  25 ,  t h e n  t h e  r o t a -  

t i o n  a b o u t  t h e  Ru-P bond would be e x p e c t e d  t o  be r e s t r i c t e d .  

These  s t e r e o c h e m i c a l  r e s t r a i n t s  would be e x p e c t e d  to  lower t h e  

v a l u e  f o r  ASt. 

The r a t e  o f  t h e  r e a c t i o n  a t  40•‹C, c a l c u l a t e d  by e x t r a p o -  

l a t i n g  t h e  A r r h e n i u s  c u r v e ,  was w i t h i n  t h e  normal  r a n g e  e x p e c t e d  

f o r  t h e s e  r e a c t i o n s .  I t  is e x p e c t e d  t h a t  t h e  r a t e  s h o u l d  n o t  be  

less t h a n  t h e  r a t e  would be i f  t h e r e  was no l i g a n d  a s s i s t a n c e ,  

b e c a u s e  i f  t h e r e  are t w o  mechanisms open  to  a  r e a c t a n t ,  it is 

e x p e c t e d  t h a t  t h e  r e a c t i o n  w i l l  f o l l o w  t h e  pathway w i t h  lower 

a c t i v a t i o n  e n e r q y ,  or a h i q h e r  r a t e  c o n s t a n t .  S i n c e  t h e  r a t e s  

o f  t h e  u n a s s i s t e d  r e a c t i o n s ,  p r e d i c t e d  u s i n q  t h e  r e s u l t s  of  t h i s  

s t u d y ,  are close to  t h e  o b s e r v e d  r a t e ,  i t  can  b e  conc luded  

t h a t  t h e  t w o  pa thways  are close i n  e n e r g y .  I t  is t h e r e f o r e  

p o s s i b l e  t h a t  t h e  r e a c t i o n  p r o c e e d s  v i a  b o t h  l i g a n d - a s s i s t e d  and 

l i g a n d - u n a s s i s t e d  pa thways ,  s i n c e  b o t h  s u p p o s e d l y  have  s imi lar  

AGt v a l u e s .  

Working on t h e  h y p o t h e s i s  t h a t  t h e  l i g a n d  d o e s  p a r t i c i p a t e  

i n  t h e  r e a c t i o n  by d o n a t i n g  e l e c t r o n s  t o  t h e  e l e c t r o n  d e f i c i e n t  

t r a n s i t i o n  s t a t e ,  it was r e a s o n e d  t h a t  t h e  r e a c t i o n  i n t e r m e d i a t e  

m i q h t  , . a l so  be  s t a b i l i z e d ,  and a t t e m p t s  were made t o  i so la te  t h e  

i n t e r m e d i a t e  i n  t h e  r e a c t i c n  o f  mer-Ru(C0) 3 ( L )  ( S i c 1  3 )  where  L = - 



P(0Ph) 3 and P(o-MeOPh) 3. The complexes were dissolved in hexane - 
and left stirring under a closed vacuum for three days. The 

solution was monitored periodically by recording its IR spectrum 

but no products were observed, Mild irradiation was employed in 

the case of the P(o-MeOPh)3 complex, but no products were re- - 
covered except a dark qreen oil which showed no CO bands in the 

IR spectrum and was attributed to decomposition. 

Isolation of an intermediate for the ligand-assisted reac- 

tion would have been excellent support for the reaction mechan- 

ism. However, failure to isolate it does not rule out the 

proposed mechanism, but it does suqqest that the proposed inter- 

mediate is unstable and reactive. 

One liqand studied, P(O-p-C1Ph)3 has a structure which - 
makes the ligand-assisted dissociation possible, but - mer- 

R u ( C O ) ~ [ P ( O - ~ - C ~ P ~ ) ~ ] ( S ~ C ~ ~ ) ~  - followed the general pattern and 

did not show anomalous behaviour like the four complexes dis- 

cussed above. The compound - mer-Ru (CO) 3 [P(o-~-clPh)~ - J ( Sic13 ) is 

thought to be an exception because of the low n-electron density 

on the aromatic ring due to the presence of the chlorine, a 

strong electron-withdrawing group. This argument is supported 

by the fact that synthesis of bis(arene)chromium complexes is 

difficult when the arene is substituted by a halojen, presumably 

because of the lower n-electron density on the aromatic ring4'. 

Also, the strong electron-withdrawing abil ity of C1 is demon- 

strated in the electrophilic substitutioi: patterns of aromatic 



compounds. Haloqenated aroma tics are less reactive than benzene 

in electrophilic aromatic substitution and this is thought to be 

due to an inductive effect41. 

In conclusion, the anomalous kinetic results obtained with 

mer-R~(Co)~(L)(SiC13)~ (L = P(CH2C6H5)3, P(Oph)3, ~ ( 0 - o - ~ 0 1 ) ~  - - 
and PPh2(o-MeOPh)) - can be explained by proposing that the reac- 

tion in these complexes proceeds via an associative type 

mechanism, one in which the complexed ligand, L, assists in the 

bond-breaking process. This is supported by values for the rate 

constants and the activation parameters, and by the observation 

that when the phenyl group which is thought to donate electrons 

to the electron-deficient metal centre is substituted by 

chlorine, anomalous results are not obtained, because the 

chlorine withdraws electrons from the aromatic ring. 

4.1.5 The Results of the Kinetic Study of mer- 

R~(C0)3(PF3)(SiC13)2 

An unsuccessful attempt was made to study the rate of sub- 

stitution of r n e r - R ~ ( C 0 ) ~ ( P F ~ ) ( S i C l ~ ) ~  - (Equation 15). 



At first an attempt was made to study the reaction of the P F ~  

complex usinq P(0Me) 3 as the enterinq lisand. The reaction pro- 

ceeded to completion in 50 minutes at 27.5"~. The products, as 

determined by infrared spectroscopy, were mer- - 
R U ( C O ) ~ [ P ( O M ~ ) ~ I ( S ~ C ~ ~ ) ~  and R u ( C O ) ~ ( P F ~ ) ( P ( O M ~ ) ~ ) ( S ~ C ~ ~ ) ~ .  

This indicated that - mer-Ru(C0) 3 (PF3 ) (Sic13 ) was disappearing in 

two ways: ( 1 ) via Equation 15 to yield the mixed bis- 

substituted derivative and (2) via Equation 16 to yield the 

mono-substituted P(OMe)2 derivative. 

As in Section 4.1 -2, the occurrence of both reactions lead to 

the conclusion that PF3 would have to be used as the entering 

ligand, so that Equation 16 would not contribute to the rate of 

disappearance of starting material and lead to falsely high 

values for the rate constants. In other words, the effect of 

the dissociation of PF3 would be negated by using PF3 as the en- 

tering ligand. 

A special reaction vessel was designed so that PF3, which 

is a gas at room temperature, could be used as the entering li- 

gand. The aliquots for IR spectra were withdrawn with a syringe 



Table 16 

Results of the experiment to measure the effect of P on PF3 - 
- 

the rate of substitution of mer-Ru(C0) (PF )(Sic1 ) at 54'~. 
3-3 3 2 

'PF~ concentration moles moles molar ratio k - 
(atm) complex(mol/L) PF, complex 1igand:complex 

J 

1.3 0.052 0.0050 0.0002 25:l 4.6 

1.5 0.026 0.0055 0.0001 55:l 3.7 

1.5 0.026 0.0055 0.0001 55:l 5.7 

1.7 0.013 0.0062 0,00005 125:l 3.3 



from the closed reaction vessel which was under a positive pres- 

sure of PF3. 

An experiment was performed to establish the pressure of 

PF3 necessary to maintain pseudo-first order kinetics. A solu- 

tion with a known amount of mer-Ru(C0) 3 (PF3) (SiC13) 2 was reacted - 
with a known amount of PF3. The amounts of PF3 and complex were 

varied to alter the 1igand:complex ratio, and the results are 

given in Table 16. 

The results in Table 16 show that the rate constants are 

not very reproducible. In fact, even when the conditions were 

identical, the rate constants for the reactions differed by as 

much as 50%. It is unclear why the results are not reproduci- 

ble. Because the method designed could not measure the rate 

constants at pressures higher than those in Table 16, and be- 

cause the concentration of ligand could not be lowered and still 

measured accurately over the required time period, it was con- 

cluded that the method was not suitable for measuring the rate 

constant of this substitution reaction. The experiment was 

abandoned after repeated attempts to establish reproducibility 

failed. 

One explanation for the non-reproducible results is that a 

complex equilibrium may be set up between mer- - 
R u ( C O ) ~ ( P F ~ ) ( S ~ C ~ ~ ) ~ ,  R U ( C O ) ~ ( P F ~ ) ~ ( S ~ C : ~ ) ~  and - cis- 

Ru(C0)~,(SiC13)~ (Equation 17). 



P e r h a p s  b e c a u s e  t h e  s y s t e m  w a s  c l o s e d ,  so t h a t  CO c o u l d  n o t  es- 

c a p e ,  t h e  PF3 i n  t h e  s y s t e m  c o u l d  n o t  c o m p l e t e l y  d r i v e  t h e  reac- 

t i o n  t o w a r d s  X.  One way to  overcome t h i s  p rob l em would be  t o  

s e t  up a r e a c t i o n  v e s s e l  which was open  to  1 atm p r e s s u r e ,  and 

to  b u b b l e  PF3 t h r o u q h  t h e  s o l u t i o n .  

A l though  t h e  k i n e t i c s  o f  t h e  s u b s t i t u t i o n  o f  mer- - 
R u ( C O ) ~ ( P C ~ ~ ) ( S ~ C ~ ~ ) ~  were n o t  s t u d i e d ,  a s imi la r  s i t u a t i o n  is  

a n t i c i p a t e d  i n  t h i s  sy s t em.  The complex mer- - 
Ru(C0) 3 (PC13 ) ( S i c 1 3  ) r e a c t e d  q u i c k l y  a t  room t e m p e r a t u r e  w i t h  

P(0Me) 3 to  form mer-Ru(C0)3 [P(OMe) 3 1 ( S i C 1 3  ) 2  as t h e  o n l y  p r o d u c t  - 
( E q u a t i o n  1 8 ) .  



I n  a d d i t i o n ,  - m e r - R ~ ( C 0 ) ~  (PC13 ) ( S i C 1 3 ) 2  d i d  n o t  react w i t h  PC13 

to  form R u ( C O ) ~ ( P C ~ ~ ) ~ ( S ~ C ~ ~ ) ~ .  S i n c e  it is d e s i r e d  to  s t u d y  

t h e  ra te  o f  s u b s t i t u t i o n  o f  t h e  r e m a i n i n g  e q u a t o r i a l  c a r b o n y l  , 
and s i n c e  PC13 is more l a b i l e  t h a n  CO, t h e  c i s - e f f e c t  o f  PC13 - 
c o u l d  n o t  be s t u d i e d  u s i n g  t h i s  method.  

I n  q e n e r a l ,  t h e n ,  t h e  c i s - e f f e c t  o f  a l i g a n d  c a n n o t  be  mea- - 
s u r e d  i n  t h i s  s y s t e m  i f  it is more l a b i l e  t h a n  CO. However, as 

i n  t h e  case o f  ETPB, where  e v i d e n c e  showed t h a t  t h e  p h o s p h o r u s  

l i g a n d  was somewhat l a b i l e ,  t h e  e f f e c t  o f  d i s s o c i a t i o n  c o u l d  be 

n e q a t e d  by a d d i n q  excess ETPB as t h e  e n t e r i n q  l i q a n d .  



4 .2 -1  G e n e r a l  ~ i n e t i c  P r o c e d u r e  

A l l  k i n e t i c  e x p e r i m e n t s  were pe r fo rmed  a c c o r d i n g  to  t h e  

g e n e r a l  p r o c e d u r e s  o u t l i n e d  i n  S e c t i o n s  2.2.1 and 3 .2 .1 ,  e x c e p t  

f o r  t h e  s t u d y  of mer-Ru(C0) 3 (PF3 ) ( SiC13 )2r which w i l l  be de-  
7 

s c r i b e d  i n  S e c t i o n  4 . 2 - 2 .  The r e s u l t s  were a n a l y z e d  a c c o r d i n g  

t o  t h e  p r o c e d u r e  d e s c r i b e d  i n  S e c t i o n  3.2.2.  The p r e p a r a t i o n  o f  

a l l  complexes  s t u d i e d  h a s  been  d e s c r i b e d  i n  S e c t i o n  2.2.2.  

For  e a c h  complex s t u d i e d ,  P(OMe)3 w a s  used as t h e  e n t e r i n g  

l i g a n d ,  e x c e p t  w i t h  complexes  of  ~ ( 0 - B u t n )  3 ,  P(0Me) 2Ph ,  ETPB, 

and PF3, where  t h e  c o o r d i n a t e d  p h o s p h o r u s  l i g a n d  and t h e  e n t e r -  

i n g  l i g a n d  were t h e  same. T o l u e n e  w a s  used as t h e  r e a c t i o n  sol- 

v e n t ,  e x c e p t  i n  t h e  c a s e  o f  - rner-R~(Co)~(ETPB)(siCl~)~, where  

1 , 2 - d i c h l o r o b e n z e n e  was used f o r  r e a s o n s  o f  s o l u b i l i t y .  The 

A r r h e n i u s  p a r a m e t e r s ,  A H t  and ASt,  were c a l c u l a t e d  f o r  e a c h  com- 

p l e x  s t u d i e d  u s i n q  a  computer  p rogram which g e n e r a t e s  t h e  ac- 

t i v a t i o n  p a r a m e t e r s  u s i n g  t h e  A r r h e n i u s  e q u a t i o n .  The e r r o r s  

a s s o c i a t e d  w i t h  t h e s e  p a r a m e t e r s  are e s t i m a t e d  to  be  '1 kca l /mol  

for A H t  and '3 cal/mol deg  f o r  ASt. Because  a l l  t h e  measure -  

men t s  were pe r fo rmed  o v e r  a t e m p e r a t u r e  r a n g e  o f  2 5 " ~  to  8 0 • ‹ c ,  

it  was c o n s i d e r e d  u n n e c e s s a r y  to make t e m p e r a t u r e  c o r r e c t i o n s  to  

A H t  and ASt. Marked v a r i a t i o n  o f  A H t  w i t h  t e m p e r a t u r e ,  or a 

n o n - l i n e a r  A r r h e n i u s  p l o t ,  is u n u s u a l  f o r  reaction!:  o f  metal 

complexes ,  so t h a t  A H t  and ASt c a n  be  compared f o r  a series o f  

r e l a t e d  r e a c t i o n s ,  even  i f  t h e  d a t a  are o b t a i n e d  f rom d i f f e r e n t  



t e m p e r a t u r e  r a n g e s 4 2 .  The r a t e  c o n s t a n t s  were c a l c u l a t e d  a t  

4 0 " ~  f o r  e a c h  complex by e x t r a p o l a t i o n  o f  t h e  A r r h e n i u s  p l o t .  

The r e s u l t s  are g i v e n  i n  S e c t i o n  4 .1 .2 ,  and i n  T a b l e  17. 

K i n e t i c  Measurements  o f  t h e  S u b s t i t u t i o n  R e a c t i o n  o f  -- 

A l l  p r o c e d u r e s  f o l l o w e d  t h e  s e n e r a l  p r o c e d u r e  o u t l i n e d  i n  

S e c t i o n  2.2.1 , e x c e p t  t h a t  t h e  i n f r a r e d  measu remen t s  were p e r -  

formed on a Pe rk in -E lmer  599B i n f r a r e d  s p e c t r o m e t e r .  

A s o l u t i o n  o f  - c i ~ - R u ( C 0 ) ~ ( S i C l ~ ) ~  (0 .50  g ,  0.0010 m m o l )  i n  

t o l u e n e  (20 .0  mL) w a s  p r e p a r e d  i n  a 90 mL round  bo t t om f l a s k  

e q u i p p e d  w i t h  a T e f l o n  s t o p p e r  and a s i d e  arm ( 1 0  c m )  t o  which a  

r u b b e r  s y r i n q e  c a p  c o u l d  be  f i r m l y  a t t a c h e d .  The s o l u t i o n  w a s  

f r o z e n  to  -196•‹C and t h e  v e s s e l  was e v a c u a t e d .  The s o l u t i o n  was 

warmed to  allow any  t r a p p e d  g a s  to  e s c a p e  and t h e  d e g a s s i n g  p r o -  

c e d u r e  was r e p e a t e d .  When t h e  v e s s e l  r e t u r n e d  to  room tempe ra -  

t u r e  PF3 ( 1 . 6  atm) was added .  The s o l u t i o n  was l e f t  s t i r r i n g  

o v e r n i g h t .  When no - c i s - R u ( C 0 )  (S iC13  ) 2 r e m a i n e d ,  a s  shown by 

i n f r a r e d  s p e c t r o s c o p y ,  t h e  r e a c t i o n  was s t o p p e d  by p u r g i n g  t h e  

f l a s k  w i t h  N2. The s o l u t i o n  was removed and l e f t  unde r  N2 i n  

a n o t h e r  v e s s e l .  

Known vo lumes  o f  t h e  s o l u t i o n ,  assumed to  be  0.0052 M i n  

mer-Ru/ C0) 3 ( P F 3  ) ( S i c 1 3  ) 2, were d e l i v e r e d  to  t h e  r e a c t i o n  v e s s e l  - 
d e s c r i b e d  above .  When n e c e s s a r y ,  t h e  s o l u t i o n  w a s  made up to  4 

mL u s i n q  known vo lumes  o f  t o l u e n e .  The s o l u t i o n  was a a a i n  de-  

s a s s e d ,  u s i n g  t w o  f r e e z e - t h a w  c y c l e s  as d e s c r i b e d  above  and PF3 

w a s  adderi to  t h e  f l a s k .  The f l a s k  was l e f t  s t i r r i n q  i n  a 



Table 17 

Measured rate constants at various tem~eratures for all lieands 

s t u d i e d ,  i n  t h e  o r d e r  Zn which t h e y  were measured. 

k 

Ligand - 
T'C? 0.3'~ s 1x104k4% Activation Parameters 

ETPB 
t A H  = 28.4 k0.8 kcal 

mol 
t A S =  5.422.3eu 

correlation- 
coefficient - 0.999 

t 
A H  = 27.4 51.3 kcal 

correlation- 
coefficient -13.994 

P (OMe) 2Ph 74.6 9.2 AH'= 27.0 20.3 - kcal 
77.6 13.0 t mo 1 

68.7 4.6 A S  = 4.7 2 1 eu 

64.1 2.7 correlation- 
coefficient -0.999 

AH'= 25.2 21.1 kcal 

t mol 
A S =  3.8 2 4 eu 

correlation- 
coefficient -0.996 



Table 17 (cont.) 

k 
0 -1 4 Ligand TO~k0.3 C s x10 14% Activation Parameters 

6.8 
A H - ' =  27.5 '0.4 kcal 

1.08 -t rnol 

4.7 A S  = 7.5 51 eu 

2.8 correlation- 
1.6 coefficient - 0.999 

P (0-p-ClPh) 
3 

70.6 8.3 A H t =  28.5 51.3 kcal 
59.2 1.8 t rnol 
63.0 3.3 A S  = 10 +4 eu 

correlation- 
coefficient -0.996 

A H ' =  25.2 50.6 kcal 
L mol 

correlation- 
coefficient -0.999 

A H ' =  27.2 50.9 kcal 
L mol 

correlation- -0.999 
coefficient 

P ( ~ B u ~ ) ~  59.5 2.3 A H  j. = 28.8 f0.8 kcal 
71.6 10.8 mol 
64.8 4.6 AS'= 11 52.5 eu 

correlation- 
coefficient -0.998 
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T a b l e  1 7  ( c o n t . )  

k  
- 

L i g a n d  T'C+O . ~ O C  s l x 1 o 4  A c t i v a t i o n  P a r a m e t e r s  

P ( 2 - C l P h )  4 1 . 2  8 . 2  i- 
3 7 . 6  4 . 6  

AH = 2 7 . 0  22  k c a l  

4 3 . 1  1 0 . 8  t mo 1 

3 9 . 9  6 . 4  A S = 1 3  k 6 e u  

c o r r e l a t i o n -  -0 - 9 8 8  
c o e f f i c i e n t  

.!- 

A H ' =  2 6 . 8  i1 k c a l  

-i- 
mo 1 

AS = 1 3  5 4  eu  

c o r r e l a t i o n -  
c o e f f i c i e n t  

-0 .997  

46 . O  1 . 7  AH'= 2 7 . 0  k 1  k c a l  
4 0 . 0  7 . 4  .t. mol 
3 6 . 5  4 . 9  A S ' =  1 3  i 3 eu  

c o r r e l a t i ~ n - ~ . ~ ~ ~  
c o e f f i c i e n t -  

AH'= 2 8 . 7  i 0 . 8  k c a l  
J. mo 1 

c o r r e l a t i o n -  - 0 . 9 9 8  
c o e f f i c i e n t  

c o r r e l a t i o n -  - 0 . 9 9 9  
c o e f f i c i e n t  
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T a b l e  1 7  ( c o n t  .) 

k  

L i g a n d  T ' c + o . ~ ' c  s-I  x l o 4  A c t i v a t i o n  P a r a m e t e r s  

8 . 7  
i- 

A H  = 2 8 . 7  2 1  k c a l  
0 . 8 5  .I. mo 1 
2 . 5  ~ ~ ' = 1 9  2 3  e u  
4 . 5  
1 . 3  

c o r r e l a t i o n -  
c o e f f i c i e n t  

- 0 . 9 9 s  

2. 

P1CCH2Ph) 5 1 . 5  2 5 . 5  A H ' =  2 3 . 1  +1 - k c a l  
39 .o  5 . 4  mol 
3 5 . 5  3 . 3  

-i- A S = 0 . 7  2 3 e u  
1 . 7  

1 0 . 8  
c o r r e l a t i o n -  - 0 . 9 9 7  
c o e f f i c i e n t  

PPh2(g-MeOPh) 28  . O  3 . 2  AH 1- = 2 3 . 6  5 0 . 3  k c a l  
3 2 . 1  5 . 4  mo 1 
3 8 . 5  1 2 . 2  AS = 4  2 1  e u  

f. 

2 . 0  co r re l a t ion -  
8 . 2  c o e f f i c i e n t  - 0.999 



constant temperature bath. A1 iquots of solution were removed 

with a syringe periodically to measure the rate of disappearance 

of - ~ ~ ~ - R u ( C O ) ~ ( P F ~ ) ( S ~ C ~ ~ ) ~  by infrared spectroscopy. By 

altering the number of moles of complex delivered to the vessel 

and the pressure of PF3, the 1igand:complex ratio was varied 

from 25:1 to 125:l. The results are given in Section 4.1.4. 

4.2.3 Kinetic Measurements of the Substitution Reaction of -- 
~ ~ ~ - R U ( C O ) ~ ( E T P B ) ( S ~ C ~ ~ ) ~  

Because of solubility problems, ~ ~ ~ - R u ( C O ) ~ ( E T P B ) ( S ~ C ~ ~ ) ~  - 
was studied in 1,2-dichlorobenzene, rather than toluene. It was 

necessary to test that this did not affect the results, and the 

rate of substitution of m e r - R ~ ( C O ) ~ [ P P h ~ ( i - P r ) l ( S i C l ~ ) ~  was - 
measured in toluene and in 1,2-dichlorobenzene at the same 

temperature. At 52.3"C the rate of substitution of mer- - 
R u ( C O ) ~ ( P P ~ ~ ( ~ - P ~ ) ) ( S ~ C ~ ~ ) ~  was found to be 4.59 x s-I in 

1,2-dichlorobenzene and 4.54 x s-I in toluene. It was con- 

cluded that 1,2-dichlorobenzene did not produce a detectable 

chanqe in the reaction sate. 
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APPENDIX I 

Tolman's Cone Angle,@, for Phosphorus Eonor Ligands 

Ligand 0 O  

PH3 87 
P(OCH2)3CC2H5 101 

PF 3 104 

P(OMeI3 107 

P(OC2H5) 109 

P(OMeI2Ph 11 5 

P(OEtI3Ph 116 

PMe3 118 

PMe2Ph 122 

PC1 124 

P(OPhI3 128 

P ( O - P - C H ~ C ~ H ~ ) ~  - 128 

Cone angles of Ligands not bound by a group 5 atom 
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APPENDIX I1 

Tolman's Electronic Parameter for Phosphorus Donor Ligands 

Ligand U 

PMe3 

PMe Ph 

~(p-Me0Ph) - 

PPh (0-MeoPh) 2 - 
PBz3 

~(0-Tol) - 
p(p-T01)~ - 

PMe:Ph 



~ppenc? ix  I11 
29 Infrared Data for LRu(CO)~(S~C~~)~ Complexes 

L v(c0)crn-l 

PF3 
a 

ETPB 

P(0Phl3 

P(OMeI3 

P ( o E ~ ) ~  

PPh3 

AsPh3 

SbPh3 

PPh2Me 

PPhMe 

P(n-C4HgI3 

P(C6H11)3 

a = in hexane solution 
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