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Summary 6.C. H i l l 

This t h e s i s describes the p r e p a r a t i o n , p r o p e r t i e s and reaot i o n s 

o f some rhodium-group IVb ( S i , Ge, Sn) complexes. The main emphasis 

l i e s upon the p r e p a r a t i o n o f compounds c o n t a i n i n g bonds between 

.germanium and rhodiume 

Compounds o f the type (Phj]f) 9BhH(GeRj)Gl (M = P, As; K = Me, Et) 

can be prepared by the r e a c t i o n o f (Ph^M)^RhGl w i t h an excess o f 

tr i a l k y l g e r m a n e . The products d i s s o c i a t e r e a d i l y i n s o l u t i o n t o 

give the f r e e t r i a l k y l g e r m a n e and a rho d i u m ( l ) species* 

(Ph^JgHhhX&eR^Cl + solvent 7 — ( P h y j ^ R h C l C so l v e n t ) + R^GeH 

The r e a c t i o n s of (P^PjgRhRt&eSt^Cl w i t h CO, C ^ , HC1 and 

MfegPhP are rep o r t e d . The r e a c t i o n s o f R^SnH and ILSnCl (R = Me., n-Bu) 

w i t h (Ph^Pj^RhCl, and o f R^GeH (R = Me, Et) w i t h a v a r i e t y o f 

rhodium(l)-phosphine complexes have a l s o been studied*. 

I n o o n t r a s t t o the analogous i r i d i u m complex, (Ph^PjgRhCG0)C1 

d i d not r e a c t w i t h t r i a l k y l g e r m a n e s t o form a rhodium-germanium bond. 

A s i m i l a r l a c k o f r e a c t i v i t y was shown by (Ph^P)jRh(CO)H and 

(Pr 5P) 2Rh(CO)Cl. A f i v e - c o o r d i n a t e complex, ( Ph 3P) 2Rh(C.O) 2&eEt 3 

was prepared from the r e a c t i o n between (PhjP) 2Rh(C0) 2Na and 

triethylbromogermane. 

The r e a c t i o n o f (Ph^P)^EhCl w i t h excess trichlorogennane gave 

the phosphonium s a l t o f h e x a ( t r i c h l o r o g e r m y l ) r h o d i u m ( l l l ) , 

[ P h 3 P n ] 3 [ R h ( G e C l 3 ) 6 ] . 

(Ph^P^RhCl + 6HGeCl 3 ? [ph^PHj^ R h C&eCl^g] + H 2 + HGl 

A s i m i l a r s a l t was also formed when trichlorogennane was reacted w i t h 

(Ph 3P) 2Rh(CO)Cl. I n f r a r e d s p e c t r a l evidence has been obtained f o r 

the existence o f a n e u t r a l r h o d i u m ( l l l ) intermediate i n t h i s r e a c t i o n , 

R h o d i u m ( I l i ) s a l t s have also been prepared by the r e a c t i o n o f 



trichlorogermane or trimethylaminonium t r i c h l o r o g e r m a n i t e w i t h rhodium 

t r i c h l o r i d e . The rho d i u m ( l ) complexes (Ph^P) 2Kh(CO)GeCl^ and 

^MejKHj 2[Hh(CC))(GeCl^) 2ClJ have been prepared by the r e a c t i o n o f 

(PhjP) 2Rh(C0)C1 w i t h caesium- and trimethylammonium t r i c h l o r o g e r m a n i t e 

r e s p e c t i v e l y 0 

The r e a c t i o n o f trichlorogermane w i t h CgH l 2)RhClJ 2 gave a 

mixture o f (CgHj 2)KhK( G-eCl^)Cl and a cyclopentadienyl complex. A 

s i m i l a r r e a c t i o n w i t h an excess of t r i c h l c r o s i l a n e y i e l d e d 

(CgH^ 2)Eh(SiClj) 2Cl. By c o n t r a s t t r i c h l o r o s i l a n e reacted w i t h 

7T-C 5H 5Rh(C 8H l 2) t o give the complex r r - C ^ R h C S i C l ^ g . C g H ^ . 

The r e a c t i o n o f . |( PS^)^EhjK w i t h Et^GeBr d i d not y i e l d a st a b l e 

t r i e t h y l g e r m y l - r h o d i u m ( i ) complex and an attempt t o prepare a rhodium-

molybdenum was also i n c o n c l u s i v e . 



( i i ) 

Acknowledgement s 

The author wishes t o express h i s thanks t o Professor F. G l o c k l i n g 

f o r h i s help and encouragement throughout the work described i n t h i s 

t h e s i s . 

The author i s indebted t o I . C . I , (Nobel D i v i s i o n ) , Gateshead 

Education A u t h o r i t y and the Academic Council, Queen's U n i v e r s i t y , 

B e l f a s t f o r maintenance grants. 



( i i i ) 

Note 

The work described i n t h i s t h e s i s was c a r r i e d out a t the 

U n i v e r s i t y of Durham between September 19&7 and September ^^6^, and 

a t Queen's U n i v e r s i t y , B e l f a s t between September 1969 and September 1970* 

The work has not been submitted f o r any oth e r degree and i s the 

o r i g i n a l work o f the author except where acknowledged by reference. 

Part o f the work described has been the subject o f the f o l l o w i n g 

p u b l i c a t i o n : 

Rhodium-Germanium Complexes. J. Organometallic Chenw, 

1970, 22, C Jf8. ( w i t h F. G l o c k l i n g ) . 



( i v ) 

CONTENTS 

page 

SUMMARY 

INTRODUCTION 

I The Chemistry o f Rhodium 1 

Comparative Chemistry of Cobalt, Rhodium 
and I r i d i u m 2 

g 
Oxidative A d d i t i o n Reactions o f d Complexes 5 

Phosphine, Arsine and S t i b i n e Complexes of 

Rhodium 9 

Carbonyl Compounds 27 

Organic D e r i v a t i v e s o f Rhodium 34 

Determination o f the Stereochemistry o f 

Rhodium Compounds . 38 

I I T r a n s i t i o n Metal-Group IVb Bonded Complexes 45 

Synthesis o f T r a n s i t i o n Metal-Group IVb 

Bonds 45 

Physical and Chemical P r o p e r t i e s 47 

Reactions o f the Complexes 51 
The Nature o f the T r a n s i t i o n Metal-Group IVb 

Bond 54 
Group IVb D e r i v a t i v e s o f Cobalt, Rhodium 

and I r i d i u m 56 

DISCUSSION 

Group IVb D e r i v a t i v e s of Rhodium 62 

EXPERIMENTAL 

1. The pr e p a r a t i o n o f (PhjP) 2RhH(&eEt 5)Cl 96 

2. The p r e p a r a t i o n of (PhjP^RhhX&eMe^Cl 96 

3. The p r e p a r a t i o n o f (Ph,As) 9RhH(GeEt )C1 97 



( v ) 

page 

4. The pr e p a r a t i o n o f (PhjAs) 2BhH(GeMe^JCl 97 

The re a c t i o n s of (Ph^P^BhCl: 

5. w i t h an excess o f trichlorogermane 98 

6. w i t h equimolar amounts o f trichlorogermane 99 

7* w i t h trimethylstannane 100 

8. w i t h t r i ( n - b u t y l ) s t a n n a n e 100 

9* w i t h b i a ( t r i m e t h y l s i l o x y ) m e t h y l s i l a n e 101 

10. w i t h t r i ( n - b u t y l ) c h l o r o s t a n n a n e 102 

11. w i t h trimethylchlorostannane 103 

The r e a c t i o n s o f ( PhjP) 2RhH(&eEt,)Cl; 

12. w i t h carbon monoxide 103 

13. w i t h ethylene 104 

14* w i t h hydrogen c h l o r i d e 104 

15* w i t h dimethylphenylphosphine 104 

16. The r e a c t i o n o f (Ph,P).HhH w i t h Et zGeH 105 
5 4 J 

17. The r e a c t i o n o f (PhjP^RhH w i t h Cl^SiH 105 

18. The r e a c t i o n between f(Ph gPC 9H. EPh 9) gHhlci 
and Me?&eH L * * * * * J 107 

19. The r e a o t i o n between [(Me^PC^H. PMe_)„Hh]ci 
and Et 3&eH c. e. i 1 0 ? 

20. The r e a c t i o n of (MePhgP^BhCl w i t h Et zGeH 107 

21. The r e a c t i o n o f (MePhgP^BhCl w i t h Mex&eH 108 

22. The r e a c t i o n o f (Me 2PhP) zRhCl w i t h MezGeH 109 

23. The r e a o t i o n of (Me 2PhP) zEhCl w i t h MeClgSiH 109 

24. The pr e p a r a t i o n o f ( P h z P ) 2 I i h ( C 0 ) 2 & e E t z 110 

25. The r e a c t i o n between ( Ph,P) 2Eh(C0)C1 and 
Me,GeH * 111 



( v i ) 

page 

26. The r e a o t i o n between (Ph,P)„.Rh(CO)Cl and 
EtjGeH 3 d 112 

27. The r e a c t i o n between ( Ph,P)_Rh( C0)C1 and 
Me 6&e 2

 3 112 

2 8 . The r e a c t i o n of (n-Pr,P) pRh(CO)Cl w i t h 

Me^&eH 3 113 

29. The r e a c t i o n o f (Ph^PjjBhCCOjH w i t h Me^&eH 113 

30. The r e a c t i o n between (Ph,P),Rh(C0)H and 
Et^&eH 3 3 113 

3 1 . The r e a o t i o n between (Ph,P),Rh(C0)H and 
Me^SnH 3 3 114 

32 . The r e a c t i o n between (Ph,P) 2Hh(CO)Cl and 
an excess o f Cl^&eH 3 114 

33. The r e a c t i o n o f (Ph 3P) 2Eh ( C 0)Cl w i t h 
( a ) an equimolar amount o f Cl,&eH 116 
( b ) two moles o f Clj&eH 3 116 

3 4 . The r e a c t i o n o f ("Ph3P),Hh(C0)H w i t h 
( a ) an equimolar amount o f Cl,GeH 117 
( b ) two moles o f Clj&eH 3 117 

35. The r e a c t i o n between RhClj and Me^NH&eCl^ 117 

36. The r e a c t i o n between EhCly H&eCl^ and Ph^P 118 

37. The r e a c t i o n of"("Ph,P) 9fifi("CO)Cl wi"th — 
CsGeCl^ 3 119 

3 8 . The r e a c t i o n o f (Ph,P ) 9 f ih (C0)C1 w i t h 
Me3NHGeCl3

 3 119 

3 9 . The r e a c t i o n between [(CgH^jRhCljg and 

Clj&eH 120 

40 . The r e a c t i o n between [ ( C B H l 2 ) B h C l ] 2 and Cl 3 S i H 1 2 l 

4 1 . The r e a c t i o n between ^ -CeHcBhCpH 9 and 
C l 3 S i H 0 3 0 1 121 

4 2 . The r e a c t i o n between JT-C,-H,-Rh(C 9H. ) 9 and 
C l 3 S i H 3 3 * * C 122 

43» The r e a c t i o n between 7r-C-Et.'BhCQli.0 and 
Me3GeH 5 *5 8 12 ^ 



( v i i ) 

page 

44. The r e a c t i o n between rr-C[-H[.Eh(CO)Ph,P and 
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Summary 

This t h e s i s describes the p r e p a r a t i o n , p r o p e r t i e s and re a c t i o n s 

o f some rhodium-group IVb ( S i , Ge, Sn) complexes. The main emphasis 

l i e s upon the pr e p a r a t i o n o f compounds c o n t a i n i n g bonds between 

germanium and rhodium. 

Compounds of the type (Ph^M^Rhht&eRjJCl (M = P, As; H = Me, Et) 

can be prepared by the r e a c t i o n o f (Ph^M)^HhCl w i t h an excess o f 

tri a l k y l g e r m a n e . The products d i s s o c i a t e r e a d i l y i n s o l u t i o n t o 

give the f r e e t r i a l k y l g e r m a n e and a rhodium(l) species. 

(PhjMjgRhHt&eRjJCl + solvent ; x (Ph^Mj^RhClC solvent) + R^GeH 

The r e a c t i o n s o f (PhjPjgEhht&eEt^JCl w i t h CO, CgH^, HC1 and 

Me2PhP are reported. The re a c t i o n s o f R^SnH and H^SnCl (R = Me, n-Bu) 

w i t h (PhjP^RhCl, and o f R^GeH (R = Me, E t ) w i t h a v a r i e t y o f 

rhodium(l)-phosphine complexes have a l s o been studied. 

I n c o n t r a s t t o the analogous i r i d i u m complex, (Ph^P^ R K C0)C1 

d i d not r e a c t w i t h t r i a l k y l g e r m a n e s t o form a rhodium-germanium bond. 

A s i m i l a r l a c k o f r e a c t i v i t y was shown by (PhjP)jRh(CO)H and 

(PrjP) 2 R h ( C 0 ) C l . A f i v e - c o o r d i n a t e complex, (Ph^PjgHhCcOjgGeEt^ 

was prepared from the r e a c t i o n between (PtijPjgHKCOjgNa and 

triethylbromogermane. 

The r e a c t i o n o f (Ph^P)^EhCl w i t h excess trichlorogermane gave 

the phosphonium s a l t o f h e x a ( t r i c h l o r o g e r m y l ) r h o d i u m ( l l l ) , 

[ p h 3 P H ] 3 [ R h ( G e C l 3 ) 6 ] . 

(Ph 3P) 3RhCl + 6hXteCl 3 > [ p h 3 P H ] 3 [ R h ( & e C l 3 ) 6 ] + Hg + HC1 

A s i m i l a r s a l t was also formed when trichlorogermane was reacted w i t h 

(Ph 3P) 2Rh(CO)Cl. I n f r a r e d s p e c t r a l evidence has been obtained f o r 

the existence o f a n e u t r a l r h o d i u m ( l l l ) intermediate i n t h i s r e a c t i o n . 

R h o d i u m ( l I l ) s a l t s have also been prepared by the r e a c t i o n o f 



trichlorogermane or trimethylaminonium t r i c h l o r o g e r m a n i t e w i t h rhodium 

t r i c h l o r i d e . The rhodium(l) complexes (PhjP) 2Rh(C0)GeCl^ and 

jMejNHj 2[Eh(CC))(&eCl z) 2ClJ have been prepared by the r e a c t i o n o f 

(Ph^P) 2Bh( C0)C1 w i t h caesium- and trimethylammonium t r i c h l o r o g e r m a n i t e 

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

The r e a c t i o n o f trichlorogermane w i t h £(CgH l 2)RhClj 2 gave a 

mixture o f (CgH 1 2)RhH( &eCl z)Cl and a cyclopentadienyl complex. A 

s i m i l a r r e a c t i o n w i t h an excess of t r i c h l o r o s i l a n e y i e l d e d 

( C g H l 2 ) R h ( S i C l j ) 2 C l . By c o n t r a s t t r i c h l o r o s i l a n e reacted w i t h 

7T-CfjH(-Rh( CgH^2) t o give the complex rr-C^RhCSiCljJg.CgH^. 

The r e a c t i o n of {(EFjJ^KhjK w i t h Et^GeBr d i d not y i e l d a s t a b l e 

t r i e t h y l g e r m y l - r h o d i u m ( I ) complex and an attempt t o prepare a rhodium-

molybdenum ^ also i n c o n c l u s i v e * 



INTRODUCTION 



INTRODUCTION 

The i n t r o d u c t i o n t o t h i s t h e s i s i s d i v i d e d i n t o two p a r t 3 -

The f i r s t i s concerned mainly w i t h the chemistry o f rhodium(l) and 

( I I I ) complexes although comparisons w i l l be made when necessary t o 

those o f cobalt and i r i d i u m . G-roup I V b - t r a n s i t i o n metal complexes 

are the subject o f the second p a r t o f the i n t r o d u c t i o n and p a r t i c u l a r 

emphasis w i l l be placed upon those of the c o b a l t group. 

I THE CHEMISTRY OF RHODIUM 

The importance o f platinum metal complexes as homogeneous 

c a t a l y s t s has st i m u l a t e d researoh i n t h i s f i e l d over the past decade. 

Rhodium complexes have been found t o be p a r t i c u l a r l y e f f e c t i v e 

c a t a l y s t s and a great deal o f e f f o r t has been devoted both t o 

e l u c i d a t i n g the mechanisms o f the c a t a l y t i c processes and i n p r e p a r i n g 
1 

new compounds. The o x i d a t i v e a d d i t i o n r e a c t i o n s o f rhodiura(l) 

complexes have a t t r a c t e d p a r t i c u l a r i n t e r e s t and have l e d t o a number 

of novel products. The general a v a i l a b i l i t y o f modern s p e c t r a l 

techniques such as i n f r a r e d and nuclear magnetic resonance spectroscopy 

(where c h a r a c t e r i s a t i o n o f complexes can be achieved using small 

q u a n t i t i e s o f m a t e r i a l ) has also c o n t r i b u t e d g r e a t l y t o the expansion 

of i n t e r e s t i n t h i s f i e l d . 
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1, Comparative Chemistry o f Cobalt, Rhodium and I r i d i u m 

TABLE I 1 

Element Atomic Atomic C o n f i g u r a t i o n I o n i s a t i o n P o t e n t i a l s ( e . v . ) 
Number Weight 1 s t 2nd 3 r d 4 t h 5 t h 6 t h 

Co 27 58.93 3 d 7 4 s 2 7.86 17.05 33.49 53 83.5 106 

Bh 45 102.91 4 d 7 5 s 2 7.7 18.1 31.0 45 .6 67 85 

I r 77 192.2 5 d 7 6 s 2 9 .2 16 27 39 57 72 

I n i t s general chemistry, rhodium resembles i r i d i u m muoh more 

c l o s e l y than co b a l t although there are s i g n i f i c a n t d i f f e r e n c e s between 

them. This i s a t y p i c a l f e a t u r e o f t r a n s i t i o n metal chemistry i n 

which the elements o f a given group o f the second and t h i r d t r a n s i t i o n 

s e ries show s i m i l a r chemical p r o p e r t i e s and e x h i b i t d e f i n i t e d i f f e r e n c e s 

from t h e i r counterparts i n the f i r s t s e r i e s . The cause o f t h i s i s 

the lanthanide c o n t r a c t i o n . The f i l l i n g o f the 4 f o r b i t a l s i n the 

lanthanide s e r i e s causes an increase i n the e f f e c t i v e nuclear charge 

experienced by the outer electrons, due t o a l a c k o f s h i e l d i n g . This 

causes a c o n t r a c t i o n o f the 4 f o r b i t a l s , thus r e s u l t i n g i n a decrease 

i n the atomic r a d i i increase which would normally be expected i n 

passing from the 2nd t o the 3 r d t r a n s i t i o n s e r i e s . The net r e s u l t 

o f t h i s i s t h a t rhodium and i r i d i u m have s i m i l a r i o n i c and atomic 

r a d i i w h i l s t t h a t o f c o b a l t i s s i g n i f i c a n t l y smaller. 

Another general tendency i s t h a t the higher o x i d a t i o n states are 

g e n e r a l l y more s t a b l e f o r the 2nd and 3 r d series o f elements than f o r 
I V 

the 1st. This i s r e f l e c t e d i n the s t a b i l i t y o f I r and the r e l a t i v e 

unimportance o f Bh** and I r * * . 
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Oxidation States V I . V and I V 

For cobalt the higher o x i d a t i o n s t a t e s are d i f f i c u l t t o o b t a i n 
of Hies« 

and^the IV s t a t e i s the only one which i s found under normal c o n d i t i o n s . 

The V and V I o x i d a t i o n s t a t e s are also r a r e f o r rhodium and i r i d i u m 

and are l i m i t e d t o the h e x a f l u o r i d e s and s a l t s o f the MFg i o n . The 

I V s t a t e i s o f l i t t l e importance f o r rhodium but i r i d i u m has a f a i r l y 

extensive chemistry f o r the t e t r a v a l e n t s t a t e . 

Oxidation State 

V I , d J 

v, a< 
IV, d 5 

Coord. No. 

6 

6 

6 

Geometry 

octahedral 

octahedral 

octahedral 

Examples 

HhFg, I r F g 

Cs[KhF 6], C s [ l r F 6 ] 

[ H h F 6 ] 2 - , [ l r C l 6 ] 

[coFg] 

2 -

.2-

Oxidation State I I I 

This i s a common s t a t e and c a t i o n i o and a n i o n i c complexes are 

known f o r a l l three metals. The simple Co"^* i o n i s h i g h l y o x i d i s i n g 

and w i l l even o x i d i s e water, but many complexes o f the type 

j^Co(NH 3)gj^ + are known. Rhodium and i r i d i u m d i f f e r from c o b a l t i n 

forming octahedral complexes w i t h h a l i d e s such as j j l r C l g J 3 " " * They 

a l s o form an extensive range o f n e u t r a l complexes w i t h n-bonding 

ligands such as phosphines and carbonyls. A l a r g e number o f hydride 

species have been prepared. 

Oxidation State Coord. No. Geometry Examples 

I I I , d 6 6 octahedral [ f i h C l g ] 5 " , [ i r C l g J 3 -

[CoCCNjg] 3", 

Co(NH ) 6 ] 3 + , 
y 

[ R h ( N H 3 ) 5 C l ] 2 + , 



if ** 

O x i d a t i o n State 

I I I , d 6 

Coord. Ko. 

6 

Geometry 

octahedral 

t r i g o n a l 
bipyramidal 

Examples 

[ l r C N H 3 ) 6 ; | 3 + 

( R j P j j B h C ^ , 

(HjPjglrCCOjHgCl 

( R j P j g l r H j , 

(Ph3P) 2 
RhHC *2 

Oxidation State I I 

This i s the c h a r a c t e r i s t i c s t a t e f o r c o b a l t i n aqueous chemistry 

and a l a r g e number of t e t r a h e d r a l and octahedral complexes are known. 

Hh** and I r * * complexes are r a r e and r e l a t i v e l y unimportant. 

Oxidation State 

I I , d' 

Coord. Ho. 

4 

5 

6 

Geometry 

t e t r a h e d r a l 

Cu** acetate 
s t r u c t u r e 
octahedral 

Examples 

[ C o C l J 2 " 

[Hh(OCOl0j 
CoBr, 

[co( 
2 J 2 

2+ 

Oxidation State I 

This o x i d a t i o n s t a t e i s known f o r a l l t h r ee elements i n compounds 

s t a b i l i s e d by 7*-acceptor l i g a n d s . For cob a l t the c h a r a c t e r i s t i c 

c o o r d i n a t i o n number i s f i v e , w h i l s t f o r rhodium and i r i d i u m both square 

planar and t r i g o n a l b i p yramidal compounds are known. Co* ohemistry 

tends t o centre around the t e t r a c a r b o n y l compounds ( i . e . HCo(C0)^) 

w h i l s t Kh* and I r * are more e f f e c t r 

[ i . e . ( P h 3 P ) 2 I r ( C 0 ) C l , ( P h j P ^ B h C l ] . 

w h i l s t Kh* and I r * are more e f f e c t i v e l y s t a b i l i s e d by phosphine ligands 

Oxidation State 

I , d 8 

Coord. Noi. 

4 

Geometry 

plan a r 

Examples 

[ H h ( C 0 ) 2 C l ] 2 , 

( P h 3 P ) 2 I r ( C 0 ) C l 
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Oxidation State Coord* No* Seomotry Examples 

I f d 8 5 t r i g o n a l [diphosLuhH 
bipyramidal 

(Eh 3P) 3Ir(CO)H 

HCo(C0), 

Oxidation States 0. - I 

These are l e s s important for rhodium and iridium than for 

cobalt as t h e i r carbonyl chemistry has been l e s s extensively 

investigated* Examples of these compounds are: 

0 CO 2(C0)Q, C o 2 ( C 0 ) 6 ( P h 3 P ) 2 , C o 4 ( C 0 ) l 6 

B h 4 ( C 0 ) 1 2 , H h 6 ( C 0 ) l g , I r 4 ( C 0 ) l 2 , I r 6 ( C O ) l 6 

- I [ Co(C0)J", (Hh(CO)J", [ H h ( P F 3 ) J " 

Q 
2. Oxidative Addition Reactions of d Complexes 

The chemistry of d rhodium(l) phosphine complexes i s dominated 

by the oxidative addition reaction. This c l a s s of reactions has 
2 

been recently reviewed and so only the main features are presented 

below. 

Oxidative addition i s the term used to describe 'the reaction 
8 

between a metal complex i n the d electronic configuration and a 
6 

neutral covalent moleoule to form a f i v e or six-coordinate d complex. 

The formal oxidation state of the metal atom i s increased by two units* 

This type of reaction and i t s converse, reductive elimination, are 

extremely important as they are usually the key steps i n homogeneous 
Q 

c a t a l y s i s by d t r a n s i t i o n metal complexes. A p a r a l l e l can also be 

drawn between chemisorption of molecules on t r a n s i t i o n metal surfaces 

and the oxidative addition reaction. 
Q 

Addition reactions to planar coordinatively unsaturated d 



complexes appear to be one step processes and are often reversible. 

Examples of both c i s and trans modes of a d d i t i o n ^ a n d reaction 

with oompounds with both polar and nonpolar bonds are known* ( F i g * 1). 

A B A 

M * A-B It or M 

B 

-Ei6>_L 

(A-B) oan be, f o r example, oxygen, ol e f i n s , acetylenes, hydrogen, 

nonmetal hydrides, hydrogen halides, protonio acids, a l k y l halides, 

a c y l halides, halogens or metal halides* 
8 

Five-coordinate d complexes are coordinatively saturated and 

usually have the trigonal bipyramidal configuration* I n oontrast 

to the planar unsaturated complexes, they only appear to add polar 

or e l e c t r o p h i l i c molecules* Reaction can occur by two pathways. 

The f i r s t of these involves addition of a polar molecule to the f i v e 

coordinate complex to form an intermediate s a l t which oan often be 
—-5 

isolated • The s a l t oan then i r r e v e r s i b l y eliminate a neutral ligand 

(such as CO or PhjP) to form a product which i s usually.that r e s u l t i n g 

from o v e r a l l ois addition* ( F i g * 2), The second pathway involves 

the p r i o r d i s s o c i a t i o n of a ligand to give a more reactive four 
6 

coordinate complex which then undergoes oxidative addition * Reactions 

of t h i s type are usually f a c i l i t a t e d by heating or ir r a d i a t i o n * 

— M + A-B B — M 
S\\k 

(A-B) oan be hydrogen halides, other strong acids, a l k y l halides, 
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mercuric halides. and perfluoroalkyl iodides, 
g 

The tendency for d complexes to undergo oxidative addition 

depends upon the nature of the central metal' ion and upon the ligands 

attached to i t . Because the ligands strongly influence the r e a c t i v i t y 
8 

of d complexes i t i s only v a l i d to make di r e c t comparisons of 

r e a c t i v i t y between i s o s t r u c t u r a l compounds within a single t r i a d 

[e.g. (Eh 3P) 2Rh(C0)Cl and ( R y ) 2 I x ( C D ) C l ] . I t has been found 7 that 

ligands which increase electron density a t the central metal atom 

increase the tendency for the metal to undergo oxidative addition. 

This tendency i s a l s o increased upon descending a t r i a d or on passing 

from right to l e f t within group V I I I . (see F i g . 3). 

An i l l u s t r a t i o n of t h i s i s to be seen i n the reaction of molecular 

hydrogen with the complexes (Ph 3P) 2Ii<CO)Cl, (Ph 3P) 2Bh(CO)Cl and 

(PhjPj^KhCl. The iridium complex ( P h ^ P ) 2 I i ( C 0 ) C l r e a d i l y reacts 
8 

with hydrogen at atmospheric pressure to give a stable dihydride , 

but the i s o s t r u c t u r a l rhodium complex does not. when the oarbonyl 

group i s replaced by the l e s s electron withdrawing tfiphenylphosphine 

ligand the complex (PhjP)jBhCl i s formed which re a d i l y reacts with 
q 

hydrogen at atmospheric pressure . 
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— N1(II) 

PF, 

F , P — F e ' J 

.Co 

oc* CO 

RuCp) 

oc 
PPh, 

-Hu 
J 
PPh, 

-co 
CO 

Ph^P CI 

Ph,P 
_Bh 

PPh, 

0a(0) Mil P t ( l l ) 

0 
C ,co 

OC' 

c 
0 

i s CO C l PPh, 

* J P \ / H 

.Pt 
C l PEt, 

Increasing tendency 
to become five-coordinate 

Increasing tendency to 
undergo oxidative 

^ additions 

Typical G-roup V I I I complexes with d configuration. 

Fi g . 3 also i l l u s t r a t e s the tendency f o r an element having a 
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8 
d configuration to become five-coordinate as a t r i a d i s ascended or 
on passing from right to l e f t along group V I I I . I n the extreme case 
th i s can be i l l u s t r a t e d by the tendency of Pe(0) complexes to be five-* 
coordinate whilst those of P t ( l l ) are four-coordinate. 

3. Phosphine, Arsine and Stibine Complexes of Rhodium 

( a ) Complexes of the type (Ph,M),RhX 

One of the most extensively studied and important derivatives 

of rhodium(i) i s the complex t r i s ( triphenylphosphine)chlororhodium( I ) , 

(Ph^P)^RhCl. This compound was f i r s t reported i n 1965 by two groups 

of workers 1^' 1 1 who prepared the compound independently. Subsequent 

w°«c s o o n 8 n o w e ( l the v e r s a t i l i t y of the complex which i s often 

referred to as "Wilkinson's c a t a l y s t " . 

The compound i s r e a d i l y prepared by refluxing together rhodium 

tr i c h l o r i d e trihydrate and a large excess of triphenylphosphine i n 

ethanol. Reduction occurs and the dark burgundy-red c r y s t a l s are 

obtained i n e s s e n t i a l l y 100$ y i e l d . The corresponding bromide and 

iodide can also be made from ethanolic solutions of the t r i h a l i d e s . 

Reduction does not occur in-the absence of an excess of' triphenylphosphine 

and i t appears l i k e l y that triphenylphosphine i s the eff e c t i v e 

reducing agent. 

RhClj + excess Ph^P + HgO — ^ ( P h ^ P j ^ R h C l + PhjPO + 2HC1 

This reaction involving triphenylphosphine appears to be unique 

as other t e r t i a r y a r y l alky1-phosphines and -arsines react with 

ethanolic solutions of rhodium t r i c h l o r i d e to give mononuclear 

rhodium(lIl) complexes [(RjM)jRhClj] 1 i*'' 1^, binuclear halogeno bridged 

complexes [(RjMj^RhgCl^ 1 1', and hydrido complexes [(R^Mj^RhlDcJ 1 5. 

Compounds of the type (Ph^L^RhCl, ( L = As, Sb) can be made from the 
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bis-ethylene complex [(CgH^gRhCljg and an excess of the ligand i n 
16 

the absenoe of a i r . 

Tris(triphenylphosphine)chlororhodium(I) i s a i r stable as a 

s o l i d but solutions i n benzene or dichloromethane rapidly absorb 

oxygen to give l i g h t brown c r y s t a l s of ( P h 3 P ) 2 K h ( 0 2 ) C l (^CHgC^) 1 2. 

The infrared spectrum contcwwa band a t ca. 900om due to coordinated 

oxygen but no bands attributable to V(P0). The oxygen can be 

displaced by donor ligands, e.g. CO reacts to give (FhjP) 2Eh(C0)Cl. 

I n solution d i s s o c i a t i o n of a phosphine group occurs, e.g. 
(Ph,P),RhCl • ° o l v e p t ' ! (Ph_P) QEhCl + PhJP 

3 PhjP 3 ' 5 

The dissociated species (Ph^Pj^EhCl has a vacant coordination s i t e 

which can be occupied by a weakly bound solvent moleoule ( i . e . chloroform, 

benzene etc.) or by another ligand. The existence of t h i s vacant 

s i t e i s e s s e n t i a l to the c a t a l y t i c a c t i v i t y of (Ph^Pj^RhCl and i t also 

enables nuoleophilic attack on rhodium to take place as well as the 
Q 

more usual e l e c t r o p h i l i o additions to d complexes. 

Molecular weight determinations^ indicate that the dissociation 

i s e s s e n t i a l l y complete i n chloroform or benzene solution. ^ P n.m.r. 

s t u d i e s ^ confirm that ligand exchange takes place by a d i s s o c i a t i v e 

mechanism but show that the complex i s not completely dissociated i n 

solution. 

Donor solvents, such as pyridine, a c e t o n i t r i l e or dimethylsulphoxide, 

react with (Ph^P^KhCl to y i e l d complexes of the type (PhjP^BhClCli). 

P h 5 P N ,C1 /PPh 3 

Rh Rh 

Ph^P CI PPhj 

Pig. J t Proposed struoture of [( Ph^P^RhCll 2 
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J i g . 5 Bond lengths i n ( Ph^P^HhCl 

I n the absence of a donor solvent dimerisation may occur to give 

the orange-pink complex £(PhjP)2HhCl 2 which i s halogen bridged ( F i g . k)» 

The dimer r e a d i l y takes up oxygen to give a product showing a strong 

band at 1150cm 1 i n the ±«.r« spectrum which can be attributed to 

triphenylphosphine oxide. 

The X-ray c r y s t a l structure of (PhjP)jHhCl shows that coordination 

to rhodium i s not s t r i c t l y planar but that the ligands are distorted 

s l i g h t l y towards a tetrahedral arrangement (17a) ( F i g . 5). 

(b) Reactions of (Ph,M),RhX 

The a b i l i t y of (PhjP)jBhCl to form adducts with donor molecules 

i s shown p a r t i c u l a r l y c l e a r l y i n i t s a f f i n i t y f o r carbon monoxide. 

(Ph^PjjBhCl + CO > (Ph 5P) 2Rh(C0)Cl + Ph ?P 

Saturation of benzene or chloroform solutions of the complex with 
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earbcn monoxide at room temperature gives an immediate reaction to 

y i e l d the yellow complex ohlorocarbonyl-bis(triphenylphosphine)rhodium(l). 

This reaction appears to be i r r e v e r s i b l e and has led to the use of 

(PhjP^RhCl as a decarbonylating agent as carbon monoxide i s r e a d i l y 

abstracted from such compounds as aldehydes, a c y l halides and aroyl 
18-24 

halides • The reactions become c a t a l y t i c a t higher temperatures* 

ClCgH^CHO + (PhjPjjRhCl > Cgfi^Cl + (Ph 3P) 2Rh(CO)Cl + PhjP 

An analogous reaction i s the abstraction of the thiocarbonyl 

group from carbon disulphide to give a deep red solution from which 

red c r y s t a l s of bis(triphenylphosphine)(carbon disulphide)( a-carbon 

disulphide)ohlororhodium(III) can be obtained. On b o i l i n g the complex 

i n chloroform orange c r y s t a l s of trana(PhjP) 2Kh(CS)Cl are obtained 2*' 

which are analogous to (Ph^P) 2Rh(C0)Cl. 
26 

An X-ray d i f f r a c t i o n study has shown that the complex has a 

square planar structure with trans phosphine groups. The Rh-C-S group 

i s l i n e a r and the C-S distance i s only s l i g h t l y shorter than i n 

carbon disulphide* 

Ethylene, l i k e carbon monoxide> reacts with solutions of 

(Ph^P)^RhCl to give the bright yellow c r y s t a l l i n e oomplex b i s ( t r i p h e n y l -

phosphine)( ethylene)chlororhodium( i ) , (PhjP) 2Kh( CgH^Cl 1" 5. 

(Ph 3P) 3RhCl + C
2 \ ^ = ± (Ph 3P) 2Bh(C 2H 4)Cl + Pl^P 

This i s a reversible reaotion and d i s s o c i a t i o n of the ethylene 

complex can be accelerated by sweeping the solution with nitrogen. 

Regeneration i s quantitative on resaturating the solution with ethylene. 

The compound i s stable i n the s o l i d state. The ethylene molecule 
16 

i s more firmly bound i n the analogous arsine complex, (Ph 3As) 2Rh(C 2H^)Cl , 

and the passage of nitrogen through solutions of the complex does not 

displace i t so readily. 



A. s i m i l a r but more stafclG complex i s produced when solutions 

of (PhjP)^RhCl react with tetrafluoroethylene to y i e l d pale 
27 

yellow c r y s t a l s of (PhjP) 2Hh(C 2F^)Cl . The complex does not dissociate 

i n solution and treatment with triphenylphosphine does not displace 

tetrafluoroethylene. Treatment with carbon monoxide yi e l d s (Ph^P) 2Kh(C0)Cl 

however. An X-ray o r y s t a l structure determination of (Ph^P) 2Eh(C 2F^)Gl 
17a 

shows that the CgF^ group occupies a position trans to chlorine . 

Both the phosphine and the arsine complexes, (Ph^M)^RhCl, react 

with diphenylaoetylene to give a stable species (Ph^M^RhtPfc^C^Cl, 

(M a P or A s ) 1 6 . 

A\ reve r s i b l e addition reaotion occurs with hydrogen to give a 

dihydrlde complex (Ph^P) 2RhH 2Cl 1^. This i s formally five-coordinate 

but can be i s o l a t e d i n a solvated form from chlorinated hydrocarbons 

i . e . (Ph 3P) 2HhH 2Cl (^CHgClg). 

I t has been suggested that the diohloromethane i s coordinated 

through chlorine and acts as a bridging ligand. A six-coordinate 

complex (Ph^PjjEhHgCl has been isolated from solutions containing 
15 1 

an excess of triphenylphosphine • H n.m.r. studies a t 100 atmospheres 

pressure show that the hydrogen atoms are c i s to one another ( T i g . 6)7 

(Ph 3P) 2BhCl(5) + H g ^ i (Ph 3P) 2fihH 2Cl(S) 

H. He 7 (S) 7 o r Rh Rh 

H A 

(S) X 



A singlet (due to proton Hfi) sjad. a doublet (due to H^) of equal 

integrated i n t e n s i t i e s are observed i n the high-field n. m.r. spectrum. 

The doublet i s caused by the hydride resonance being s p l i t by coupling 
31 16 with the trans P atom. The analogous triphenylarsine complex 

shows only two l i n e s of equal i n t e n s i t y i n s i m i l a r positions to those 

of the phosphine complex. The difference i n the spectra provides 

good evidence f o r the existence of a solvated six-coordinate species 

i n solution* 

In oontrast to (PhjPjgBhHgGl, there i s no appreciable d i s s o c i a t i o n 

of (PhjAs^RhHgCl i n solution as the bound hydrogen i s not displaced 

by a nitrogen stream. 

Methyl iodide (but not methyl chloride or bromide) w i l l also add 

to (Ph^P) KhCl to give a green s o l i d which was formulated as 
^ 28 29 (PhjP) 2RhCl(Me)l.MeI • A crystallographic study showed, however, 

that the compound had a square pyramidal structure ( F i g . 7) when 

r e c r y s t a l l i s e d from benzene and had the formula (PhjP^BhCMe^gaCgHga 

The benzene plays no part .in the coordination about rhodium* 

The complex reacts with carbon monoxide to give (Ph^P)2RhMe(C0)l2» 

Hydrogen chloride reacts readily with Solutions of (Ph,P),KhCl 

C H 

3 , N 
Rh / 

\ PPh 

Fig._7_ 
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i n dichloromethane to give (Ph^FygKhKClgCjCKgClg) 9 . The compound 

i s unstable i n the so l i d state to loss of both hydrogen chloride and 

dichloromethane. Solutions of the complex i n cold solvents are stable 

however, and the equilibrium 

+HC1 
(Ph 3P) 2RhCl(S) ^ = ± (Ph 3P) 2RhHCl 2(S) 

—HC1 

l i e s e s s e n t i a l l y completely to the right even for low concentrations 

of hydrogen chloride. H n.m.r. studies show that the hydrogen atom 

i s c i s to two triphenylphosphine groups ( see page 41 ) • 

This compound i s p a r t i c u l a r l y i n t e r e s t i n g as i t undergoes hydrogen 

transfer reactions with ethylene, tetrafluoroethylene and acetylene 
20 

to give rhodiiun(lIl) a l k y l complexes . 

(Ph 3P) 2EhHCl 2 + C 2H 4 » ( P h 3 P ) 2 R h ( E t ) C l 2 

* C 2 F 4 * ( P h 3 P ) 2 K h ( C 2 F 4 H ) C l 2 

+ C 2H 2 • ( P h 3 P ) 2 R h ( C 2 H 3 ) C l 2 

These products are coordinatively unsaturated and the ethyl and 

vinyl complexes undergo further reaction with CO to give a c y l and 

a c r y l o y l complexes-respectively. The acy l derivative i s i d e n t i c a l 

to that formed by the addition of propionyl chloride to (PhjPjjRhCl. 

Intermediate species containing terminal carbonyl groups attached to 

rhodium have been detected a t low temperature (-60°C) by infrared 

spectroscopy and the complex ( P h 3 P ) 2 R h ( C 0 ) ( C 2 H 3 ) C l 2 has been isolated 

but i s not very stable at room temperature. ( F i g . 8). 



- 16 -

( F r ^ P ^ R h C l 

HC1 

(Ph 3P) 2BhHCl 2 

C 2H 2 

( P h 3 P ) 2 R h ( C 2 H 3 ) C l 2 

C 2H 5C0C1 
( F n 3 P ) 2 E h ( C 0 . C 2 I ^ ) C l 2 

C H 
2 4 > (Ph 3P) 2Bh(Et)Cl 2-

C 0^30°C 

25 C 
^ (Ph 3P) 2Bh(CO)Cl 

+ E t C l 

CO 

25 °C 
( P h 3P) 2Eh(C0.C 2H 3)Cl 2 

( P h 5 P ) 2 E h ( C O ) ( C 2 H 3 ) C l 2 

Fig. 8 

Reactions of hydrido-diohloro-bis( triphenylphosphine)- and alkyl-rhodium 

complexes 

Acyl and aroyl complexes have also been prepared by the di r e c t 
20 21 

addition of the acid halide to (P l ^ P j j R h C l i n solution ' . 
Reaction of (PhjP^RhCl with a l l y l or 2-methylallyl chloride 

28 
y i e l d s (Pl^P^RhCR^H^Clg, (R = H, Me) . Each of the produots i s 

known i n two forms i n the so l i d state ( F i g . 9)* 'i'he *H n.m.r. spectra 

of the complexes suggest that i n one case (A), the a l l y j group forms 

both a crand a bond to rhodium whilst i n the other i t i s f u l l y 

T-bonded ( C ) . One of the forms of (Ph 3P) 2Rh(C 3H^)Cl 2 has structure 

(A) i n the s o l i d state but i s thought to be a a- - a l l y l complex i n aolution(B), 

The carbonyl complex (Ph 3P) 2Rh( C0)(CjH^JClg, which can be made by passing 

carbon monoxide into solutions of (Ph 3P) 2Rh( Cjh^. )C1 2, also has t h i s 

structure ( B ) . 
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H 2 C 

h o P / 
J / 

R 

/ Rh / ' C H 2 

P < _ _ 

T 
C l 

Cl 

(A) 

(T+7T-allyl 
(R = H or Me) 

CR 
I 
CHr 

P h 3 p , 7(S) 

/ ^ / 
j — 'PPh^ 

Cl 

(B) 

o - - a l l y l 
( S = solvent or CO) 

H 2 C ^ 

/ 

t > l 2 
7CI 

/ R h / 
P h 3 P L fc| 

( c ) " 

Possible Structures of (Ph^P) 2Rh(HC,H^)Cl 2 

Butadiene reacts with (PhjP)jKhCl to give a chelating d i o l e f i n 

complex of rhodium(l), (PhjP)2Rh(C^Hg)Cl3°. I n contrast to t h i s 

hexafluorobutadiene reacts to give a complex of stoichiometry 

( P h j P ) 2 R h ( C ^ ) C l with loss of fluorine. On the basis of i . r . and 

n.m.r. spectra the structures (A) or (B) ( F i g . 10) have been 
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suggested for t h i s complex. 

P h 3 P N I > CI/ jC ==CF 

; Rh ; / 

CI I P h 3 P / - ± = C F 

P ^ P F 

(A) (B) 

F i g . 10 

A reaction of the bridged dimer species, £ ( P h j P ) 2 R h C l ] 2 , with 

l i q u i d sulphur dioxide to give the sulphur dioxide complex (Ph^P) 2Kh(S0 2)Cl 

has also been reported^. 

The reactions of (Ph^P)^RhCl with hydrogen cyanide, hydrogen 
32 

sulphide, and 4-methylbenzenethiol have been studied • Oxidative 

addition reactions take place i n each case to y i e l d the products 

(Ph 3P) 2Bh(HCN) 2Cl, (Ph 3P) 2BhH(SH)Cl, and (Ph^P^RhHCSCgH^Ch^JCl 

respectively. 

( c ) Catalvtio a c t i v i t y of (Ph..P),RhCl 

. I n benzene or s i m i l a r solvents (Fh^Pj^RhCl i s a most e f f i c i e n t 

c a t a l y s t for homogeneous hydrogenation by molecular hydrogen at low 

temperature and pressure. The oatalyst i s s p e c i f i c for non-conjugated 

olefins (but not ethylene) and acetylenes. Other groups such as 

C = 0 or N0 2 are unaffected. The hydrogenation i s stereospecific for 

cis-addition and generally takes place without isomerisation of the 
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o l e f i n 1 ^ ' ^ ' ^ . The c a t a l y t i c a c t i v i t y i s general for the range of 

complexes (Ph^P^RhX and increases i n e f f i c i e n c y i n the order CI <Br <It 

but the chloride i s the most widely studied. The analogous arsine 

complex (Ph^AsJ^BhCl i s l e s s e f f i c i e n t than (Ph^P^RhCl as are other 
35 

t e r t i a r y phosphine complexes • 

The mechanism of c a t a l y t i c hydrogenation involves three steps: 

( a ) hydrogen activation, (b) substrate activation and (o) hydrogen 

transfer. For the reaction to occur a delicate balance of e q u i l i b r i a 

must be maintained and the l a b i l i t y of the intermediates i s c r i t i c a l . 

Because of t h i s , even small changes i n the ligands coordinated to 

rhodium greatly a f f e c t the c a t a l y t i c a c t i v i t y . Thus for systems of 

the type (Ph^PjgRhC^L) hydrogen act i v a t i o n occurs r e a d i l y i f L i s a 

poor rT-acceptor (benzene, chloroform, pyridine etc.) but not i f L i s 

a good acceptor (ethylene, carbon monoxide, tetrafluoroethylene). Once 

the cis-dihydrido complex (PhjPjgRhHgCltS) has been formed a competitive 

displacement of the weakly bonded solvent molecule ( S ) by the o l e f i n 

must take place. This i s the rate determining step^« The existence 

of the intermediate complex (PhjPjgRhHgCl ( o l e f i n ) has not been proved 

d i r e c t l y but the evidence supports the existence of a vacant coordination 

s i t e on the dihydride at which the o l e f i n can be activated. As 

stereospecific ois reduction of the o l e f i n occurs, t h i s vacant s i t e 

must be c i s to the two metal hydrogen bonds. 

The non-existence of a vacant s i t e for o l e f i n coordination i n 

the iridium complex, (Ph^P^Ir^COjCl, i s presumably the main reason 

why i t does not act as an e f f i c i e n t hydrogenation c a t a l y s t although 
g 

i t readily, and reversibly, activates molecular hydrogen . 

The f i n a l hydrogen transfer step i s thought to take place by the 

simultaneous transfer of both hydride ligands to the o l e f i n as no a l k y l 
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intermediates have been detected i n the reaction. 

(S) 
P h 3 P - / (S) + H p p h 3 B - ( - - - - 7 H 

Rh 
P h 3 p ^ / c , 

- R 2 C H . C H R 2 

~ H 2 c i ^ 
Rh , 

1 " * 
P P h ^ 

4-RgC=CR 2 /*2 

R 2 C ' \ 

/ Rh / 
C l ^ j - ^ H 

P P h 3 

-Fig._Jl 
Proposed Mechanism f o r the Homogeneous Hydrogenation of Olefins 

by ( p y ) HhCl. 

(Ph 3P) 3BhCl has also been used as a hydroformylation c a t a l y s t 

but (Ph 3P) 2Eh(C0)Cl i s probably the active species. The use of 

(PhjP^KhCl as a decarbonylation c a t a l y s t has already been b r i e f l y 

mentioned. Use has also been made of i t as an oxidation c a t a l y s t 

i n the conversion of cyclohexene to cyclohexene-l-one and 
37 38 cyolohexene-l-ol . and as an acetylene dimerisation c a t a l y s t • 

(d) Comparison of (Ph P),RhCl with ( Ph,P).,IrCl 
39 39a ^ 

( P h 3 P ) 3 I r C l ' 7 d i f f e r s from the analogous rhodium complex i n 

being only partly dissociated i n organic solvents (molecular 

weight measurements). On heating solutions of the complex i n organic 

solvents a hydrogen atom i s l o s t from the ortho position of an aromatic 

ring on the ligand, with the formation of a metal carbon and a metal 

hydrogen bond. 
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heat 

benzene 

Fig. 12 

The affinity of the complex for the formation of metal hydrogen 

bonds i s also shown in itB facile reactions with hydrogen chloride and 

hydrogen to yield (Ph^P^IrHClg and (PhjP^IrHgGl respectively. The 

hydrogen addition reaction i s irreversible, unlike that of i t s rhodium 

analogue. When (Ph^Pj^IrCl i s heated in ethanol, hydrogen abstraction 

takes place to yield the dihydride and acetaldehyde. 

The iridium complex reacts with CO and PF^ in a similar manner 

to i t s rhodium analogue, One molecule of triphenylphosphine i s displaced 

to give (Ph 5P) 2Ir(CO)Cl and (Ph^PjglrCPF^JCl respectively. By contrast 

however, no reaction occurs with ethylene. 

(e) (Ph,P),RhH and ( Ph,P)JBhH 

These compounds have been reported by a number of workers • 

The easiest method of preparation seems to be the reduction of 

(Ph^P^RhGl with -ethanolic potassium hydroxide—* . Both the 

tris(triphenylphosphine)- and the tetrakis(triphenylphosphine)rhodium(l) 

hydride can be formed depending upon the conditions of the reaction. 

(PhjP)^BhH dissociates in solution to (Ph^P^RhH and triphenylphosphine. 

Phosphine exchange occurs with the chelating phosphine PhgPCgH^FPhg to 

yield (chel) 2BhH. Oxidative addition reactions do not occur with 

iodine, methyl iodide, or mercuric chloride but cleavage of the rhodium 

hydrogen bond occurs. Addition of hydrogen chloride yields the known 

hydrido^chloride complex, ( Ph^Pj^RhHCl,,, and treatment with n i t r i c oxide 

in benzene gives purple crystals of the nitrosyl compound (Ph^Pj^KhNO, 
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benzene 
>2(Ph_p)_HhI + H_ + 2PhzP 2(FhjF)^KhH 

(PhjP^HhH + CHjI > (PhxP)^HhI + CH, + PhzP 
3 '3 

T '3 
2(Ph3P)4BhH + H^C12 

(Ph^Pj^HhH + 2HC1 

-»2(Ph3P)3HhCl + H,g + 2Ph5P 

-> (Ph 3P) 3HhHCl 2 + H2 + PhjP 

2(Ph3P)4HhH + 2N0 » 2( PhjP^KhNO + 2 1 ^ + Hg 

An X*ray diffraction study on the tetrakis(triphenylphosphinej-

rhodium(l) hydride showed that the arrangement of the phosphorus atoms 

around rhodium was tetrahedral. (Fig. 13). Although the hydride 

hydrogen atom was not observed i t i s suggested that i t l i e s along the 

threefold axis through P(1.) and the rhodium atom. 

2-345A 
2-393A 

\ ; O P 2 

" 2-393X 

lPh3P_)4HhH 

( f ) Other phosphine-RhCI) complexes 

Compounds of.the type [(dppe)2M]x, (dppe = PhgPCgH^PPhg, 

M = Co or I r , X = CIO^, BPh^, CI, Br, i ) are known to add hydrogen, 

hydrogen halides, carbon monoxide and sulphur dioxide to give five-or 
47.48 

six-coordinate complexes . The analogous rhodium complex 

^(dppe) 2fihi]ci shows none of these reactions. I t s aliphatic analogue 

j(dmpe)2HhJCl (dmpe = MegPCgH^FMeg) i s very reactive however, and w i l l activate hydrogen, carbon monoxide, hydrogen halides and halogens 4-9,50 
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The hydrogen addition i s reversible at room temperature. This illustrates 

the profound effect that a change of ligand can have upon the a b i l i t y of 

the metal atom to undergo oxidative addition reactions. The less 

electronegative nature of dmpe apparently increases the electron 

density at the metal atom thus making i t more reactive* 

I t i s of interest that [(dmpe)2Bh(CO)]ci does not activate 

hydrogen although [(dmpe) 2Bh]ci and [(dppe) 2Ir(C0)] CI do. I t w i l l , 

however, react with hydrogen halides and halogens to lose carbon monoxide 

and form compounds of the type trans-[(dmpe)2KhHXjci, 

(Ph 3P) 3KhCl 

[(C0) 2EhCl] 2 

[(C0) 2RhCl] 2 

[(dmpe)2Bh]ci 

[(dppe) 2Hh]ci 

[(dmpe)2Bh]ci 

[(dppe)2HhJci 

[(dmpe)2Bh£oj]ci 

[(dmpe) 2Eh]ci 

[(dmpe)2Kh(C0)]ci + X£ 

[(dmpe)2Rh]ci + X, 

+ 2(dmpe) 

+ A(dppe) 

+ i»(dmpe) 

+ H2 

+ CO 

+ CO 

+ HX 

+ HX 

-> [(dmpe) 2Bh]ci 

-» 2[(dppe) 2Bh]cl + 4C0 

2[(dmpe) 2Eh(C0)]ci + 2C0 

± [(dmpe)2EhH2]ci 

no reaction 

-> |(dmpe)2Eh(C0)]ci 

-» no reaction 

-> |(dmpe)2HhHX]ci 

-> |dmpe)2KiHx]'Cl 

-> [(dmpe^BhXgJci 

r+ [ ( d m p e ) C I 

+ CO 

+ CO 

The preparation and some reactions of [(dmpeLBh]ci and [( dmpekBhf CO)] Cl 

Oxygen reacts with [(dmpe) 2Bh]ci to form the oxygen adduct 

^dmpe^RhOgJci^'^ 0. Iridium complexes of the type [(dppe) 2Ir]x 

(X = Cl, I and PFg) form oxygen compounds r e a d i l y ^ ' ^ a but the 
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corresponding rhodium adduct could only be isolated as the j ^ g j " salt, 

[(dppe^KhoJPFg^. ((PhgAsCH = CHAsPh 2) 2Hh]ci 5 1 i s also reported 

to undergo reactions with Hg, hydrogen halides, halogens, C H^Cl, CH^I, 

S0 2, N02, CO and PP^ to give five- or six-coordinate adducts but not 

a l l of these products are well characterised. 

Heduotion of [(dppe)2KhJx with LiAlh*^ or NaBH^ yields (dppe)2KhH 
52 

whioh i s soluble in benzene • This compound can also be obtained 

by phosphine exchange on (Ph^P)^Bhh^2, Oxidative addition occurs with 

hydrogen chloride and reactions also occur with perchlorio acid and 

carbon tetrachloride. 

(dppe)2BhH + HCl — > j(dppe)2HhHCl]ci + Hg 

+ HCIO^—»JCdppe)2RhjciO^ + h*2 

+ CCl^ —>[(dppe) 2EhJ.Cl + CHClj 

Bhodium(l)-alkyl complexes of the type (PhjP)jHhR, (H = alkyl) 

are known and can be prepared by the action of G-rignard reagents on 

(PhjP)^HhCl^^'^\ The rhodium-alkyl bond can be cleaved by hydrogen 

(600 p.s.i.g.) to yield (PhjP)^HhH, or by phenol to give (PhjPj^Bh^CgH^. 

Treatment of (PhjP^BhCgH^ with carbon monoxide yields (Ph^PjgHhCCOjCghy' 

The action of heat on (Ph^P)^EhMe liberates methane leaving an orange-

yellow compound, shown to be (Ph^P)2(Ph2PC^H^)Bh« The hydrogen i s 
54 

abstracted from the ortho position of one of the phenyl groups • 

The compounds (MePhgPj^BhH41, (MeH^P^HhCl2*1 and (HPhgP^HhCl 5 6 

have also been prepared but their reactions have not been reported. 

Trifluorophosphine complexes of rhodium were f i r s t prepared by 
57 

a high pressure synthesis on rhodium trichloride • A more^convenient 
low pressure synthesis from rhodium(I)-ethylene or -cyclooctene 

58 59 
complexes has recently been described ' . Treatment of the olefin 

complex J(olefin) 2HhClJ 2 with trifluorophosphine at 25° and 
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1 atmosphere pressure yields the red complex j(PF 3) 2BhClj 2 which can 

be sublimed in vacuo. The reactions of this compound are summarised 

in Fig. 15. 

[( olefin) 2HhCl] 2 

w KN][(PF 3) 2RhClJ 

[(C0) 2RhCl] 2 ^ ^ " J 
Me. NCI 4 

PF, 

Ph,P 

Tl(acac) 

(PFj) 2Rh(acac) 

trans-(PF, ) 2Rh(C0)Cl / p „ p x 
3 2 7 [(PF 3)^Eh] 2Hg ^"C 5H 5Rh(PF 3) 2 

and 

trana-( Ph^P) 2Eh(PF 3)CI 

fa 
(Ph 3P) 3EhCl 

[(PF 3) 4Bh] 

Ph3SnCl 

(PF 3)^EhSnPh 3 

K 

Jig._15_ 
Preparation and some reactions of [(PF,)„RhCl] _ 

Bhodium( l)-pho~sphite complexes of the type jCPhO^P^RhCl^ 0, 

^PhO)3Pj2Rh(CO)Cl6°f ICPhOjjPj^BhH61 and ^jCPhO^pj^Hhj ̂ 2 are also 

known. 

(g) RhodiumCIIl)-phosphine complexes 

Many of these complexes are formed by oxidative addition reactions 

on Rh(l) compounds and have already been discussed. This section w i l l 

concentrate on those compounds Which are prepared directly from rhodium 

trichloride. 

Addition of tertiary phosphines or tertiary arsines to hot 

alooholio solutions of RhCl^ has been reported to give complexes of the 
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form jngp-CBjMj^BhXj, (X = halogen; M = As, P; H = alkyl or aryl) and 

small amounts of the isomeric complex Jlac^R^M^RhX^ (Pig. 16) and of 

Mr]---* Mr4---p 
/ Rh / / R h / 

X f i l 
mer-oonfiguration fao-confieuration 

Fie. 16 

jMe2PhPHj ̂ Me 2PhP) 2HhCl^| 1 4 , 5 6 , 6 3. The configurations of the isomers 

have been assigned on the basis of H n.m. r., far i . r . , and dipole 

moment studies (see page 41 )• 

Attempts to replace the chloro-groups with alkyl or aryl groups 
14 

failed, as also did attempts at reduction with LiAlH. or NafiH. • 4- 4 1 Because of their suitability for H n.m.r. characterisation the 
dimethylphenylphosphine complexes have been the most extensively 

63 / > studied • Metathetical replacement reactions on (MegPhPj^RhClj occur 

readily under mild conditions" to give ("MegPhPjjRhCigY (Y =" Br, I , NCO,, 

NCS, N02 or N^), and also (llegPhPj^EhY^ under more vigorous conditions. 

The chlorine in the trans-position to phosphorus in the compound 

jner-(lIe2PhP).jKhClj i s the most readily substituted. 

Binuclear complexes of the type {(MRjJ^BhgX^j and [(MR^fihgXgJ 
14 

have also been prepared • 
The effect of the basicity of the tertiary phosphine on the 

15 
reaction with RhCl^ has been studied by Sacco et a l • I t was found 

that on addition of more basic phosphines ( l i k e trialkylphosphines) 

compounds of the type L^EhX^ were formed. With less basio phosphines 
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(such as EtgPhP) a hydride can easily be isolated. With 

triphenylphosphine reduction occurs-to give a rhodium(l) complex. 

+L +H, -Gl -HX 
BhX, > L,BhX ) L,HhHX ^ ? L,RhX 

3 * +HX 
Treatment of .(EtPhgPj^RhCl^ with oarbon monoxide gave the rhodium(l) 

complex (EtPh 2P) 2Rh( C0)C1. 

The umpitx (EtPhgPj^RhHClg can also be prepared by the reduction of 

(EtPhgPj^HhClj with hypophosphorous acid 1^. This reaction has also 

been used to prepare the analogous arsine complexes^**' 

(Ph2HeAs)^RhHGl2 reacts with acrylonitrile to give a stable R h ( l l l ) -

alkyl bond, (Ph2MeAs)^EhCl2.CH(Me)CN . The hydrido complex also reacts 

with mercuric salts HgY2 (Y = F, Cl Br, I , oAc) to give 

(Ph 2MeAs) 3BhCl 2(HgY) 6 7. The species (EtgPhP^HhXgCHgX) are also 

known'''* 

Anionic complexes of the type |(PhjP)2BhXjJ have also been 

prepared by the reaction of Ph^AsCl.HCl with tris( triphenylphosphine) 
/ x 68 rhodium(I) chloride • 

4. Carbonyl Compounds 

(a) Rhodium(0) carbonyls 

Ehodium(0) carbonyls were f i r s t made in 1943 by Hieber who reported 

the preparation of HRh(C0)4f Bh 2(C0) 8, [Hn(C0)3Jn and Bh^CO)^ 6?. 

X-fiay diffraction Btudies have shown the last two compounds to be 
B n4^ C 0^l2^° a n d ^ V ) ^ 0 ^ ^ 1 r e 8 P e c l t i v e l y » Recent publications have 

72-74 
reported improved syntheses for these two compounds but so far i t 

has not been possible to reproduce the preparations of HRh(CO)^ and 

Hh 2(C0) 8. 
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Reduction of tetrahyd.ro furan solutions of Rh^GOj^C-lg with a l k a l i 

metals in the presence of CO yields the anion jEh(CO)^l~ which i s 
75 

unstable in solution and very sensitive to hydrolysis or oxidation • 

The anion has been isolated as the tetramethylammonium salt which i s 

a white crystalline solid stable to 100°C. The anions Jllh^ 2 ( COJjqj 2"» 

fch7(C0)l6
 5", |Khg(CO) 1J i^ and ^ ( 0 0 ) ^ " have also been isolated 
76 77 recently' * . 

Eh^(C0)^ 2 reacts with triphenylphosphine to give the dimerio 

Bho(C0). (Ph zP), • This compound w i l l further react with oxygen to give 
^ «•• J 4 

78 
a carbon dioxide complex, Rh^CO^CCOgXPh^PjyCgHg • Other phosphine 

77.78a 
substituted carbonyl cluster compounds of rhodium have been reported . 

The most stable rhodium carbonyl derivatives are the cluster 

compounds. Comparison with the analogous cobalt derivatives shows 

that for cobalt these are the least stable. (Fig. 17) 

Increasing Stability 

Na [co(C0)J Co 4(C0) 1 2 Co 6(C0) l 6 

Na[Eh(C0) ] ^VCCO)^ B>g(00) l 6 —=-= 
Increasing Stability 

I i g . J H 

The mixed cobalt-rhodium carbonyl oomplex Co 2Hh 2(C0) 1 2 has been 

prepared by treating jKh( C0) 2Cl| 2 with one mole of Zn|bo( COj^Jg^. 

(b) Carbonyl halides 

These are of the form |HI(C0) 2XJ 2 ( X = CI, Br, I ) , made by the 
69.80,81 

action of carbon monoxide on rhodium trihalides , and 

|Bh(C0)2X2~|" (x = CI, Br, l ) , made from |Hh(C0)2x|2 and the halogen 

http://tetrahyd.ro
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a c i d 8 2 ' 8 5 . A binuclear species j E h 2 ( G 0 ) 2 x J 2 " (X = Br, l ) has also 
82 83a been reported but recent work suggests that this should be formulated 

as |Hh(C0)X^J~. Compounds of the type Jlth( C0)X^j 2~ have also been 

prepaid 8 3". 

An X-ray crystal structure on |sh(C0) 2Clj 2 shows that two essentially 

planar Hh(C0) 2Cl groups are joined by two chloride bridges, with the 

planes of the two groups inclined at an angle of 124° (Fig. 18). In 

the solid the dimers are held together in an infinite chain by weak 

metal-metal bonds. A bent metal-metal bond within the dimer has also 
84 

been suggested • 

O a K h 

© = CI 

Rhodium oarbonyl chloride 

Reactions of |sh(C0) 2ClJ 2 are of four main types: 

(a) bridge splitting reactions8"* 8^ 

e.g. [Bh(C0) 2C^ 2 + ZZJi^ * aKhCcOjgCl.C^N 

[Hh(C0) 2Cl] 2 + 4Ph3P >2(Ph 3P) 2Rh(C0)Cl + 2C0 

(b) bridge replacement8^ 

[Hh(C0) 2Cl] 2 + 2(CH3C00)Ag ^[^CO^CHjCojg + 2AgCl 
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52 88 
(o) carbonyl replacement * 

[Bh(C0) 2Cl] 2 + 2CQH, 2 > [c 8H l 2HhCl] 2 + 4C0 
/ v 89 (d; adduct formation 

[fih(C0) 2ClJ 2 + 2(oyclohexa-1,3-diene) * [Hh( C0) 2Cl] g.diene 

A redistribution reaction with jBh(C 2H^) 2Cl| 2 has also been 
. 81 reported 

[Bh(C0) 2Cl] 2 + [BhCC 2H 4) 2Cl]2 » 2[Hh(C0)(C 2H 4)Cl] 2 

(o) Carbonyl phosphine. arsine and stibine complexes 

Complexes of the type trans-( RJt^RhC C0)X (M = P, As; X = CI, Br,I; 

R = alkyl or aryl) have been prepared by a variety of methods* The 
85,87 

compounds were f i r s t made by the action of R_M on solutions of 

[Bh(C0)2Cl( 2» Triarylphosphite Acan also be prepared by this method . 

jBh(C0) 2Cl] 2 + 4HjM > 2 ( ^ ) 2 ^ 0 0 ) 0 1 + 200 

Reduction of RhCl^ i n boiling alcohol i n the presence of carbon 

monoxide followed by the addition of tertiary phosphine or arsine i s 
90 

reported to give better yields in some cases • An alternative method 
i s to treat complexes of the type (R^P^RhtCO^l^ with base (potassium 

90 
hydroxide) in boiling ethanol * 

(PhjP) 2Rh(C0)Cl can be prepared readily by passing carbon monoxide 

through solutions of (Ph^P^RhCl 1^, or more conveniently by treatment 
91 

with formaldehyde i n boiling alcohol • 

I t has been reported that the complexes prepared from the reaotion 

of triphenylstibine and [Hh(C0) 2Clj 2 are better formulated as 

|(Ph5Sb)jRh(C0)Cl|.CgHg92 than the previously reported (Ph 3Sb) 2Rh(C0)Cl 

and (Ph 3Sb) 3Rh(CO) 2Cl 9 3. 

A l l the ligands of (Ph 3P) 2Rh(C0)Cl are very labile and i t has 

been suggested that exchanges take place through a five-coordinate 

intermediate9**"'95. In spite of the kinetic l a b i l i t y the compound i s 
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thermodynamioally very stable however. 

Addition of solutions of sodium iodide to (Et 2PhP) 2Hh(C0)Cl quickly 
90 

led to the formation of (Et 2PhP) 2Rh(C0)l . Attempts to alkylate the 
chloro-complex with Grignard reagents or organolithium compounds were 

90 
unsuccessful and yielded only brown intractable products . Similar 

attempts to prepare a Group IVb derivative by the reaction of 

triphenylsilyl-lithium with (Ph 3F) 2Bh(C0)Cl also f a i l e d 9 6 . 

Compounds of the type L 2Rh(C0)Cl ( L = tertiary phosphine or arsine) 

have been shown to undergo oxidative addition reactions to give 

rhodium(lll) complexes. Some typical addition reactions are shown 

in Fig. 19. 
A comparison of these reactions with those of the analogous 

102 
iridium complexes or complexes of the type L^RhCl (see pages 11-18) 

shows that oxidative addition occurs much less readily for L 2Bh(C0)Cl. 

(PhjPjgRKCOjClj 97,98 

(Bu 3P) 2Rh(C0)(Me)ClI 98 

(Ph 3P) 2Rh(C0)HCl 2 20 

(Ph 3P) 2Hh(C0)Cl + c i 2 — > 

(Bu 3P) 2Bh(C0)Cl + Mel ) 

(Ph 3P) 2Rh(C0)ci + HCl » 

(Ph3P)2Eh(C"0)"Ci + so 2 » 

(Me2PhP)2Bh(C0)Cl + MeCOCl 

(Me2PhP)2Hh(C0)Cl + MeSOgCl— 

3 '2 ^ A 2' 
82PnP)2Rh(C0)(MeC0)Cl2 

Fi& 19 
Some oxidative addition reactions of (Pb^P^HKCOjCl 

Where similar R h ( l l l ) products exist those formed from (Ph 3P) 2Rh(C0)Cl 

are less stable than those formed from the analogous iridium complex. 

(Ph 3P) 2Rh(C0)Cl w i l l not activate hydrogen and addition of hydrogen 
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chloride gives (Ph^PjgBi^C0)KC12 (always oontaminated with starting 
v20 

material;, which i s stable in the solid state but not in solution. 

(PhjP) 2Ir(C0)Cl forms stable products with both these addends 8' 1 0 5. 

Similarly (PhjP) 2Rh(C0)Cl w i l l not react with mercuric chloride although 

the iridium complex gives (Ph^P^I^COXHgClJClg 1 0^. 

Alkyl halide additions to L2Sh(C0)X are known^8'10''. Reaction 

proceeds through an L2Rh(C0)MeX2 intermediate to give eventually an 

acyl product £e.g# (Ph 3P) 2Rh(MeCO)l 2J. These produots can often also 
20 

be made by addition of the acyl halide to (Ph^P^RhCl (see page 16). 
Compounds of the type L 2Rh(C0)(RC0)Cl 2 which are. not very stable when 

101 
L = Ph^P are more easily isolated when L = Me2PhP . The stereochemistry 
of the products formed by addition reactions to (Me2PhP)2Rh(C0)Cl has 

101 
been studied by an n.m.r. method (Bee page 43 ) but no investigations 

have been made into whether c i s - or trans-addition occurs. 

The thiooarbonyl complex, (Ph 3P) 2Bh(CS)Cl, has already been 

mentioned (page 12). Oxidation by halogens gives R h ( l l l ) complexes, 

( P h ^ R K C S j X j . 
106 

(PhjP) 2Rh(C0)Cl i s an efficient hydroformylation oatalyst and 

i s also probably the active species in catalytic decarbonylation reactions. 

(d) (Ph,P),Bh(G0)H 

Hydridocarbonyl-tids(triphenylphosphine)rh.od-ium(-l) was -fi-ra-t 

prepared by the reduotion of (PhjP) 2Rh(C0)Cl with hydrazine in the 
107 

presence of an excess of triphenylphosphine • An improved synthesis 108 A 109 uses sodium borohydride as the reducing agent • A crystal structure 
shows that the compound has a trigonal bipyramidal structure with three 

phosphorus atoms in the trigonal plane and hydrogen and carbonyl groups 

in the axial positions. The rhodium atom i s displaced 0. 355A* below 
the equatorial plane towards the carbonyl group. (Fig. 20) 
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H 
|-V* P 

1 / 
'Rh; p 

• -j V Bh-H = 1.72A 
r P 
C 
O 

Eh-P = 2.348" 

2.3ll 

2.32X 

Rh-CO= 1.81I 

Fig. 20 
(Ph IP) lEh(C0)H 
—•—J —J 

108 
The complex dissociates in solution in two steps • 

-Ph P -Ph P 
(Ph P),Hh(C0)H (Ph,P)9Hh(C0)H ^z±± (Ph,P)Hh(C0)H 

+Ph„P J +PhjP 

At concentrations of 10"3M i t i s suggested that (Ph 3P) 2Hh(c6)H 

i s the predominant species. The reaction of (PhjPjjHhCcOjH with 

carbon monoxide involves a complex series of equilibria: 

(Ph 5P) 3Rh(C0)H i=± (Ph3P)2fih(CO)H + Pl^P 

CO 
(FhJP) Bh(C0)H ; = ? (Ph.P)_Hh(COLH 

ft, 
c6 _ 

(Ph^P) Bh(C0) 2Hf=?^Ph 3P) Hh(C0)^ + Hg 
H2 

[ ( P h 3 P ) 2 K K C 0 ) 2 J 2 ^ [ ( P h 3 P ) 2 R h ( C 0 ) ( S ) ] 2 + 2C0 

|s = solvent, e.g. benzenej 

Solutions of (Ph 3P) 3Bh(C0)H in dry, degassed benzene also undergo 
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a slow spontaneous decomposition reaction to give a dimerie species, 

[(Ph 5P) 2Bh(C0)] 2
1 1 0. 

2(Ph3P)3Hh(C0)H » [(PhjPjgBhCcoyig + 2Ph3P + h*2 

(Ph3P)3Rh(CO)H i s an effective and highly selective catalyst for 

the homogeneous hydrogenation and hydroformylation of alk-l-enes 1 1 1. 

Analogues, with less reactive metal-carbon bonds, of the speeies 

whioh are involved in the catalytic processes have recently been prepared, 

i.e. (PhjP^BhCCOjCgFjH 1 1 2. 

5« Organic Derivatives of Rhodium 

Research i n the fi e l d of organo-transition metal chemistry has 

flourished in the past twenty years and many new types of compound have 

been isolated. The chemistry of these compounds i s well documented^ 

Rhodium forms a number of organic derivatives, especially with 

olefins, and only the more important complexes are mentioned below. 

(a) Alkyl complexes 

Several typical compounds have been discussed in obher sections 

and will"not be discussed further:" (PhjPjgBhXMeJ'ClIg (page 14), 

(Bu3P)2Rh(CO)(Me)ClI (page 31); (Ph 3P) 2Rh(C0)(Me)Cl 2 (page 16), 

(Ph 3P) 2Rh(Et)Cl 2 (page 15), ( P h ^ R K C ^ H j C l , , (page 15), ( P h ^ R h -

(CH = CH 2)C1 2 (page 15 ), C^RK COjCFjI (page 37 ), " ( Fh^RhR 

(R = Me, Ph), (page 24), (Ph^RKcOjC^H (page 54). 

(b) Olefin complexes 

The fiel d of transition metal-olefin complexes has recently been 

reviewed 1^. The passage of ethylene into aqueous methanol solutions 

of rhodium trichloride gives orange crystals of |(C 2H^) 2RhClj 2
1 1^i 

2EhCl 3 + 21^0 + 6C 2H 4 ) [(C 2H^) 2RhCl] 2 + 2CH3CH0 + 4HC1 
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116 The complex i s a chloro-bridged dimer • Other mono—olefin 

complexes can be prepared in a similar way (e.g. propylene^ 5, 

oyolo-octene 1^). Reaction of the ethylene complex with aoetylacetone 

and cyclopentadienyl-sodium yield (C 2H^) 2Rh(aoac) and w -C^H^Rh(C2H^)2 

118 
respectively . Tertiary phosphines and arsines completely displaoe 
the ethylene from ^CgH^RhCljg to give oomplexes of the type I^RhCl 
/ \16 
(L = tertiary phosphine or arsine) • Displacement of ethylene from 
(C 2H^) 2Rh(acac) by vinyl ohloride or propylene to form complexes of the 

119 f~ T type ( olefin) 2Rh(acac) has been reported • Both ^{( C2 H4^2 B l l C 1j2 
120 

and (C 2H^) 2Rh(acac) catalyse the dimerisation of ethylene • 

Reaction of CgH^ and CgF^ with (Ph^Pj^RhCl to yield olefin oomplexes 

of the type (FhjP) 2Rh(olefin)CI has previously been discussed 

(see pages 12 and 13). 

Diolefin complexes of r h o d i u m 1 1 2 1 are well known and can be 

obtained by re fluxing solutions of rhodium trichloride trihydrate with 

the diene. The complex formed with cyclo-1,5-diene i s typical of this 

class of compound, [(C 8H 1 2)RhCl| 2
1 2 2» 1 2 3. 

Fig. 21 

[ c 8 H 1 2 R h C l ] 2 
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(PhjP^HhCl + C ^ C l >(Ph 3P) 2Rh(C 3H 5)Cl 2 + PhjP 

RhCLj + 3C3H5MgCl K^H^Rh + 3MgCl2 

|(CgK^ 2)RhCIj 2 undergoes bridge splitting reactions to yield 

products such as Tr-C^RhCCgH^), (CgH 1 2)Eh(acac), [(CgH^jHhCCHjCOO)]^ 2 2 

and (C 8H l 2)BhCl(Ph 3P) 1 2 4. 

(c) A l l y ! complexes 

The chemistry of a l l y l transition metal oomplexes has been 
125 126 

extensively reviewed ' and the structures of complexes of the type 

(PhjP)2HhO?GjH^)Cl2 (R = H, Me) have previously been discussed (page 16). 

Some typical preparations are shown below. 

[Rh(C0) 2Cl] 2 + 6 0^01 + 4H20 >[(C 3H 5) 2RhCl] 2 + WJOg + 2 0 ^ + 6HC1 127 

28 

127 

(Ph 3P) 3RhCl + C^MgCl > ( P h j P j ^ C ^ ) + MgClg 128 

[(C0) 2RhCl] 2 + 20^1*^1 »2(C0)2Hh(C3H^) + 2MgCl2 129 

[(C 3H 5) 2RhClJ 2 + 2T1C5H5 >2(7T-C 5H 5)Rh(C 3H 5) 2 + 2T1C1 127 

Examples of pure 7r-allyl complexes, (Ph 3P) 3Rh( rr-C^R^)', 

asymmetrically bonded rr-complexes, [(7r-C 3H^) 2RhClJ 2; and compounds 

containing both TT- and <r - a l l y l groups, rr-C^H^Rh(<*' -CjR^){ rr~C^R^)) 

ar.e..known for .rhodium... 

Butadiene reacts with rhodium trichloride i n methanol to give 

C^RhCl^C^HgjRhClgC^ 1 5 0 which i s believed to have a bridging 

butadiene group and two /r-croty-1 groups. 

(d) Acetylene complexes 
131 

Only a few rhodium-acetylene complexes are known . Two 

examples are shown below. 
(Ph 3P) 3RhCl + PhC = CPh » (Ph^P^RKPhC = CPh)Cl + Ph^P 16 
(Ph 3P) 2Rh(C0)Cl +.HC = CC02H »(Ph3P)2Rh( HC = CCOgHjCl 132 
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The former has acetylene acting as a simple donor ligand 

(•^C=C, 1900om 1 ) , w h i lst the l a t t e r has the structure shown below 

( F i g . 22) (^C=C, 1640cm" 1). 

H 

3 W 

O C ^ I X P h 3 P 

f i f e 22 

( e ) Cyclopentadienyl complexes 

Reaction of sodium cyclopentadienide with [ith(C0) 2ClJ 2 gives the 

orange l i q u i d n-C^H^Rh( CO)^^* Exposure of t h i s compound to the 

a i r gives red c r y s t a l s of the dimer j^-C^-RhCCO)^ 7T-C.^Bh(C0) 2 

w i l l undergo oxidative addition reactions with iodine to give 

. 7C_-CjH^Rh(Q0).I2 , and with perfluoro-alkyl iodides to give 
136 

7T-CCH Rh(C0) om •* (R = CF,, C 0 F C , C..F-,). The reaction with germanium 
0 0 * J 0 J { 

and t i n tetrahalides has been reported^^ to give compounds of the type 

n -C^BhXMX-j although no d e t a i l s have been given. n ~C^Iih(.Me2PhP.)(C.0) 
137 

has been prepared by the action of Me2PhP on 7\-C^H^Eh(C0)2 and i t s 

oxidative addition reactions with Clg, Br 2, CH^COBr and CFjCOCl give 

isolable s a l t s of the type |Vv-C 5H 5Bh(C0)LxJ +X~. A l k y l halides react 

with 7V-C^H^Rh(Me2PhP)(C0) to form neutral a c y l derivatives, 

7V-C^H^Eh(Me2PhP)(C0R)X, probably v i a an i o n i c intermediate. 

7 V-C 5h^Bh(C 2H 4) 2
1 1 8 and TT-C^BhCCgH^) 1 2 2 have s i m i l a r l y been 



- 38 -

prepared by the reaction of sodium cyclopentadienide with the corresponding 

chlorine-bridged o l e f i n complex. 7\ -C^h^Hh(C 2H^) 2 reacts with sulphur 
1 38 

dioxide to give 7V-C^H^Hh(C 2H^) 2(S0 2) . The mass spectra of some 
139 

cyclopentadienyl rhodium o l e f i n complexes have been reported . 

Polymeric halide complexes, j n - C ^ R h C h a l o g e n J g j ^ 2 ^ ' 1 ^ have 

also been prepared* 

6. Determination of the Stereochemistry of Rhodium Compounds 

An attempt has been made i n t h i s section to gather together some 

ty p i c a l infrared data and to give a few i l l u s t r a t i o n s of the uses of 

physical techniques i n determining the structures of rhodium compounds. 

The stereochemistry of many iridium complexes have been assigned 

by a combination of physical techniques and confirmed by X-ray studies. 

Generally a complete and unambiguous assignment of the stereochemistry 

of iridium complexes can be made on the basis of the n.m. r . , infrared 
142 

and f a r infrared spectra . By contrast, apart from the work by 

Shaw et a l ^ ' 1 < ^ 1 , l i t t l e e f f o r t has been made to determine the absolute 

stereochemistries of rhodium compounds. Two main reasons can be 

advanced for t h i s : ( a ) the tendency for rhodium i n the t r i v a l e n t state 

to form five-coordinate as well as six-coordinate complexes, (b) the 

lack of r e a c t i v i t y of complexes of the type L 2Rh(C0)X ( L = t e r t i a r y 

phosphine or arsine, X = halogen) i n the oxidative addition reaction 

compared to t h e i r iridium analogues. A number of X-ray studies have 

been made upon Rh(l) compounds but the information on E h ( l l l ) complexes 

i s negligible. 

Infrared Spectra 

( a ) Near infrared spectra 

Rhodium-hydrogen and carbonyl stretching frequencies are observed 

i n the near infrared i n a region c l e a r of most other absorptions. 
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Some t y p i c a l stretching frequency values are shown i n Tables 2 and 3* 

Table 2 

Infrared data for hvdrido complexes. 

Compound ^(Bh-H)cm""1 trans ligand reference 

R h ( l l l ) 

oisr[(dmpe) 2Bhh*Jl 1900, 1870 P 50 

trans- [( dmpe)2HhHCl] CI 2050 CI 50 

trans- j( dmpe^BhHBrJ CI 2030 Br 50 

(EtPh 2P) 3BhH 2Cl 2059, 1915 15 

(Ph 3P) 3BhH 2Cl 2082, 2012 15 

(Ph 3P) 2BhH 2Cl, 0.5CH2C12 2099, 2065 13 

(Ph 3P) 2BhH 2Br f O.SCHgClg 2103, 2068 13 

(Ph 3As) 2BhH 2Cl, 0.5CH2C12 2051, 2030 16 

(Ph 3P) 2RhHCl 2, 0.5CH2C12 2105 20 

CPh 3As) 2BhHCl 2, O . S ^ C l g 2069 16 

(Ph 3P) 3EhHCl 2 «< 2220 15 

2120 15 

(EtPh 2P) 3RhHCl 2 2120 15 

a 1982 15 

(EtPh 2P) 3RhHBr 2 2110 15 

/S 1964 15 

(Ph 3P) 2Eh(CO)HCl 2 2122 20 

traris-[Rhen 2HCl] + 2100 CI 141 

Jlis-jRhengHgJ 4 , 1969 N 141 

Rh(l) 

(dppe) 2HhH 1902 52 

(Ph 3P) 3HhH 2020 53 

(Ph|P)3-Hh(CO)H 2004 107 



Table 3 

Infrared data for carbonyl compounds 

Compound >) (CO)cm"1 trans ligand reference 

Hh(l) 

(Ph 3P) 2Bh(CO)Cl 1965 CI 105 

(Et 3P) 2Rh(CO)Cl 1958 C I 105 

(Me 2PhP) 2Bh(C0)Cl 1970 CI 101 

H K I I I ) 

(Ph 3P) 2Bh(C0)HCl 2 2049 20 

(Ph 3P) 2Bh(CO)(Me)Cl 2 2062 20 

(Et 3P) 2Hh(CO)Cl 3 2070 '90 

(Me2PbP)2Hh( C0)( Me)Br 2 2068,2053 Br 101 

(Me2PhP)2Hh( C0)( C0Me)Cl 2 2090,2067(1655) CI 101 

(Me^ PhP) 2fih( C0)( C ^ J C X g 2056 CI 101 

The position of the iridium-hydrogen absorption has been found 

to be dependent upon the trans ligand and the ranges quoted for 

^(.Ir-H) are 1750cm 1 ( t r a n s hydrogen), 2000-2100cm 1 (trans phosphine 

or carbonyl), 2l80-2200cm 1 (trans c h l o r i n e ) 1 ^ . Ehodium would be 

expected to p a r a l l e l t h i s behaviour but as can be seen from Table 2 

only a few cases are known where the trans ligand has been unambiguously 

ide n t i f i e d . Most of the rhodium-hydrogen stretching frequencies so 

f a r assigned l i e within the range 1900-2140cm . 

The frequency of terminal carbonyl groups for rhodium(lll) compounds 
••1 

l i e about 100cm higher than the frequency range for rhodium(l) complexes 

(Table 3)* The increase i n frequency on going from Rh(l) to R h ( l l l ) 
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can be explained by a amaller back-donation of electrons from K h ( I I I ) 

to the carbonyl ligand, due to the increased positive charge, leading 

to an increase i n the CO bond order and stretching frequency. 

Carbonyl and rhodium-hydrogen stretching frequencies can be distinguished 

by spectroscopic comparison with the corresponding deuterides. 

(b) Far infrared spectra 

Shaw has shown that f o r complexes of E h ( l l l ) with 

dimethylphenylphosphine and -arsine ligands, <o(Rh-Cl) f a l l s into two 

ranges: 345-293om 1 (two chlorines mutually trans), and 278-264cm 1 

(chlorine trans to phosphine or a r s i n e ) ^ . (Table 4 ) 

143 
Other work suggests that for square planar complexes v(Rh-Cl) 

f a l l s i n the range 310-250cm ^ and for octahedral complexes v(Rh-Cl) = 
- 1 

350-250cm . Bridging metal chlorine stretching frequencies l i e about 
- 1 

20-40cm lower than the terminal vibrations. The ligand trans to 

the chlorine atom-was found to influence i)(Rh-Cl) i n the order: 

CI y Br > I ~ CO > CHj ~ PRj ~ AsR^ 7 H 

decreasing ^I(M-Cl) ) 

Proton magnetic resonance spectroscopy 
1 

H n.m.r. spectroscopy i s a valuable tool i n structure determination. 

As well as indicating the presence and r e l a t i v e amounts of phosphine, 

organic and hydride groups attached to the transition metal i t i s often 

possible to deduce something about the stereochemistry. 

I t has been found for a number of octahedral hydride complexes 

that H-Rh-^P coupling constants are of the order 80-150 Hz. for 

H trans to P, whilst the couplings for H c i s to P are about 15 Hz. 

The f v a l u e s for H trans to P are also usually lower than those when 
144 

H i s trans to a halide 
I n the high f i e l d 1H n.m.r. spectrum of (Ph^PjgRhHClg, 0.5 CHgClg 
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Table 4 

-y (Bh-Cl) f or some rhodium-chlorine compounds. 

Compound S> (Kh-Cljom**1 trans ligand reference 

Hh(l) 

(»h ( C 0) 2Cl] 2 284, 274 CO 143 

g c A ) 2 H h C l ] 2 273, 259, 250 C A 143 

( ^ 8 H l 2 ) H h C l ] 2 
274, 254 C8 H 1 2 143 

(Ph 3P) 2Hh(CO)Cl 309 CO 143 

(EtPh 2P) 2Ifli ( C 0)Cl 300 CO 143 

(Et 3P) 2Rh(CO)Cl 302 CO 143 

(PhjPj^HhCl 296 Ph 3P 143 

|(Ph 3P) 2BhCl] 2 303 Ph 3P 143 

[Bu^N] [101(00)2012] 320,290 20 

- B h ( l l l ) 

(Ph 3P) 2Rh(CO)Cl 3 341, 316 143 

(Et 3P) 2Hh(CO)Cl 3 335, 3 2 1 , 270 143 

e i s ( E t 3 P ) 3 R h c i 3 305,292, 268-25 
250,236 

>6 E t 3 P 143 

(Ph 3P) 2Hh(C0)(Ph)Gl 2 320, 283 20 

(Ph 3P) 2Hh ( C 0)(Me)Cl 2 308, 297 20 

(Me 2PhP) 3HhCl 3 339, 313 CI 63 

273 Me2PhP 

(Me 2PhP) 3HhCl 2Br 337, 311 CI 63 

(Et 3P) 3»hCl 3 339, 293 CI 63 

264 E t 3 P 

( E t 2 P h P ) 3 B h C l 3 345, 323 CI 63 

270 EtgPhP 

(MeJ'hA.s) HhCl 337, 306 C I 63 
^ J J 273 Me2PhAs 
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coupling i s observed with 1 0^Bh (100$, I = and further coupling with 
31 

P (100?S, I = 5 ) . The spectrum consists of an overlapping doublet 

of t r i p l e t s centred on 26.1 t with j(Hh-H) and J(P-Hh-H) = 17 Hz. 

The two phosphines must therefore be i n equivalent or closely s i m i l a r 

positions and the value of the coupling constant suggests that they 

are c i s to the hydride. This has been interpreted i n terms of the 

structures shown below ( F i g . 23) although structures with the phosphines 
20 

trans to each other cannot be ruled out on th i s evidence • 

'3 
1 Rh / or / Rh / 

P h 3 P - - j - - / C I P h 3 P - ~ j - f c i 
(S) CI 

I i g . _ 2 i 

This rather limited information can be supplemented i f phosphines such 

as MegPhP, MePhgP or Et^P are present i n the molecule as i t i s then 

possible to determine whether the phosphines are c i s or trans to one 
63 1 

another . The H n.m.r. of free MSgPhP shows a doublet i n the methyl 
31 

region due to spin-spin interaction P (lOCfS, I = When two or 

more phosphines are coordinated to rhodium, a 1:1 doublet i s s t i l l 

observed i f the phosphines are c i s to one another, but i f they are 

mutually trans they exhibit a 1:2:1 t r i p l e t due to strong ooupling 

between the two trans phosphorus atoms. Further, i f there i s no 

plane of symmetry along the P-Hh-P bond the methyl groups on the same 
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phosphorus atoms experience s l i g h t l y d ifferent magnetic environments 

and consequently resonate a t d i f f e r e n t f values to give two 1:2:1 

tr i p l e t s o 

CI 
Me 2 PhP/-

/ Rh 
e 2 P h P / - ~ j - -

Cl 

.Br MeoPhP/-^ / 

CI 
r C l 

/ ' Rh / 
-PMe 2Ph M e 2 P h P - - j - - / PMe 2 Ph 

Br 

(A) (B) 

Ph< 
P -

? 
I 

-Rh- - -Br ! \ 
ci 

Me 

Pl-W 
P - -

CI i 
I ^ M e 

- R h r - - C I 

! "Me 
Br 

View along the P-Kh^P a x i s 

F i g . 24 

This i s i l l u s t r a t e d i n the 1H n.m.r. speotrum of (Me 2PhP)^RhCl 2Br. 

The spectrum consists of a well defined 1:2:1 t r i p l e t centred on 7.87t 

[j(P-C-H), 4.1 Hz.J and a 1:1 doublet centred on 8.74 tr 

[j(P-C-H), 11.5 Hz.J . The compound can therefore be unambiguously 

assigned the configuration ( A ) , ( F i g . 24) as t h i s contains a plane 
63 

of symmetry along the l i n e P-Rb-P . 



I I TRANSITION METAL - G-ROUP IVB COMPOUNDS 

Although r e l a t i v e l y few compounds of t h i s type were known i n the 

early 1960's, compounds containing s i l i c o n , germanium, t i n or lead 

bonded to most of the d-block t r a n s i t i o n elements have now been 

prepared. This and the f a c t that the topic has been the subject of 

four recent reviews 1 indicates the amount of effort that has 

been devoted to t h i s f i e l d . Organogermanium-metal bonded complexes 
149 

have also been the subject of a separate review • This upsurge 

of a c t i v i t y i s probably due to the i n t r i n s i c i n t e r e s t of compounds 

possessing both main group and t r a n s i t i o n metal c h a r a c t e r i s t i c s , and 

also to the possible application of the compounds as c a t a l y s t s * 

1, Synthesis of Transition Metal-Group. IVb Bonds 

A number of methods have been used for the preparation of these 

oompouhds and the most important types are described below, 

( a ) Elimination of an a l k a l i metal halide 

This method can be further subdivided into two c l a s s e s : 

( i ) those syntheses involving t r a n s i t i o n metal anions, and 

( i i ) those involving a l k a l i metal derivatives of the group IVb element. 

( i ) r M y y K c O ^ N a + Rj&eCl j rr-C^MotCOj^&eRj) 
+ NaCl 150 
(R = Me, Et or Pr ) 

(Ph 3P)lr(C0) 3Na + MejSnCI > (Ph 3P)li<C0) 3( SnMe^) 
+ NaCl 151 

( i i ) (Ph 2PC 2H 4PPh 2)PtCl 2 + 2(MePh 2SiLi) ? (PhgPGgH^PPh^P^SiMePh^g 

+ 2 L i C l 152 

PhjPAuCl + PhjP&eLi > Ph^PAu&ePh^ + L i C l 153 

( E t 3 P ) 2 P t C l 2 + 2Ph 3GeLi ? ( E t 3 P ) 2 P t ( & e P h 3 ) 2 

+ 2L1C1 154-
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The main limitations upon the genera.], use of these methods are 

the a v a i l a b i l i t y of the t r a n s i t i o n metal anion and the ease of preparation 

of the group IVb metal a l k a l i derivative. Method ( i ) i s p a r t i c u l a r l y 

useful for the Cr, Mn, Fe and Co groups, and method ( i i ) f or the 

XL, Ni and Cu groups. Another drawback i s that a competing side 

reaction involving halogen-metal exchange i s sometimes involved. 

(b) Elimination of neutral molecules 

This heading covers a broad group of reactions involving the 

elimination of neutral molecules such as ft,, HCl, HNÔ , Ĥ O and 

Me2NH. The elimination of provides a p a r t i c u l a r l y clean reaction, 

whilst the presence of a base i s sometimes necessary i n the HCl 

eliminations to give complete reaction. 

C o 2 ( C 0 ) Q + 2Et 3SiH -» 2 E t 3 S i C o ( C 0 ) 4 + H 2 155 

2Mn(C0)5H + GeH^ » H 2Ge[Mn(C0) 5] 2 + H^ 156 

C 5H 5Fe(C0) 2Cl + HGeCl^ — » C ^ F e C C O ^ G e C l j + HCl 157 

(Ph 3P) 2Pt(H)Cl + Ph 3SnN0 3 > ( P h 3 P ) 2 P t ( S n P h 3 ) C l + HN03 158 

(Ph 3P) 2Pt(H)Cl + Me3SnNMe2 > (Ph 3P) 2Pt( S n l l e ^ C l + MegNH 159 

I^FetCO)^ + 2Ph3PbOH > (Ph 3Pb) 2Fe( CO)^ + 2H20 160 

( c ) Oxidative addition reactions 

This method i s r e s t r i c t e d i n i t s application but i s p a r t i c u l a r l y 

useful for the preparation of iridium and rhodium complexes. The 

tran s i t i o n metal increases i t s oxidation number by two units and i t s 

coordination number by e i t h e r one or two units depending on whether 

or not a neutral ligand i s eliminated. 

( P h 3 P ) 2 i r ( C O ) C l + 2Et3&eH —• * ( P h 3 P ) 2 I r ( C0)( GeEt^Hg + Et 3&eCl 161 

(Ph 3P) 3BhCl + HSiClj > (Ph 3P) 2BhH( S i C l j )C1 + PhjP 162,163 

(Ph 3P) 3Ir(CO)H + E t 3 S i H > ( P h j P j g l K C0)( S i E t j ) ^ + P^P 164 

Fe(CO) 5 + SnBr^ > BrjSnFeCCO)^Br + CO 165 
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2G,Hj-Co(C0)_ + 2GeGl. » G_H Co(C0)(GeCl,)„ + 3C0 
0 0 c. 4 O j i 2 

+ CoCl 2 + ( C ^ ) 166 

(d) Insertion reactions of divalent group IVb halides 

Divalent group IVb halides (e.g. &el 2) can often be inserted into 

t r a n s i t i o n metal-metal bonds and metal-halogen bonds to form new 

group IVb-transition metal bonds. The method has been extensively 

used but the main drawback i s that G-elg a n d "the divalent t i n and lead 

halides are the only suitable group IVb metal halides available. 

Insertion into metal-halogen bonds requires a large excess of MX2 to 

give complete reaction. 

C o 2 ( C 0 ) 8 + &el 2 • > I 2Ge [co( CO) J 2 167 

[c 5H 5Ni(CO)J 2 + SnCl 2 > C l g S n j N i C C O j b ^ g 167 

( E t 3 P ) 2 P t H C l + SnCl 2 ) ( E t 3 P ) 2 P t ( H ) S n C l 3 168 

( e ) Reaction with metal-metal bonded complexes 

S i l y l - and germyl t r a n s i t i o n metal derivatives have been prepared 

from the reaction of b i s t r i a l k y l s i l y l - and bistrialkylgermylmercury 

with t r a n s i t i o n metal complexes. This method i s p a r t i c u l a r l y useful 

as. i t i s d i f f i c u l t to prepare the corresponding t r i a l k y l s i l y l - or 

germyl a l k a l i metal complexes i n good y i e l d . 

Hexamethylditin reacts with (Ph 3P) 2Pt(C 2H^) i n an oxidative 

elimination reaction to y i e l d (Ph 3P) 2Pt(SnMe 3) 2. 

( E t 3 P ) 2 P t C l 2 + (Me 3Ge) 2Hg > (Et 3P) 2Pt(&eMe 3)Cl + VLe^eCl + Hg 169 

[ c 5 i y i o ( C O ) 3 ] 2 + (Et 3&e) 2Hg > 2C 5H 5Mo(C0) 3(&eEt 3) + Hg 170 

( P h 3 P ) 2 P t ( C 2 H 4 ) + Me 6Sn 2 ~> (Ph 3P) 2Pt(SnMe 3) 2 + C ^ 171 

2* Physical and Chemical Properties 

Although there i s obviously a great variation i n t h e i r properties 
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most of the t r a n s i t i o n metal-group IVb complexes exhibit a considerable 

degree of s t a b i l i t y to oxidation or hydrolysis under normal conditions. 

Their thermal s t a b i l i t y i s generally greater than that of the analogous 

organo-transition metal complexes which suggests that the metal-metal 

bond i s strengthened by A-bonding. 

The s t a b i l i t y of a p a r t i c u l a r complex depends upon the t r a n s i t i o n 

metal involved, the nature and number of the ligands bound to i t , the 

group IVb metal, and the substituents attached to the group IVb metal. 

Although further work needs to be done to determine the effects of 

al t e r i n g these variables some general trends are apparent and these are 

summarised below. 

( a ) Influence of the t r a n s i t i o n metal 

I n the platinum group, when the t r a n s i t i o n metal .is the only 

variant, the s t a b i l i t y of a series of compounds increases i n the order 

(E^PjgNiC&ePhj)^ (not isolated) < ( E t 3 P ) 2 P d ( & e P h 3 ) 2 <. ( E t ^ P t U e P h ^ ' 1 7 2 . 
173 

This p a r a l l e l s the increase i n s t a b i l i t y shown by organo-platinum complexes 
174 

as compared with those of palladium • 

The tendency to form more stable group IVb t r a n s i t i o n metal 

complexes on descending a t r i a d i s also found i n other groups. Iridium, 
,175 

for example, forms stable compounds of the type (PhjP) 2Ir(CO)(SnMe 3)HCl 
161 

and (PhjPjglKcoX&eMe^JrjCl but the analogous rhodium complexes ha\ 

not been prepared. The trend i s again apparent i n the s e r i e s 

(^(CO^M-M'Rj (M = Cr, Mo, W; M1 = &e, Sn, Pbj H = CH^, C g f i ^ ) 1 7 6 

where the chromium compounds decompose even under an in e r t atmosphere 

a f t e r several weeks although the molybdenum and tungsten compounds 

are stable i n d e f i n i t e l y . 

(b) Influence of lisands bound to the t r a n s i t i o n metal 

The effects of changes i n the nature of the ligands upon the 
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a b i l i t y of t r a n s i t i o n metal complexes to undergo oxidative addition 

reactions has been discussed. Similarly the number and nature of 

the attaohed ligands has an effect upon the s t a b i l i t y of the t r a n s i t i o n 

metal-group IVb complex. For example, the complex Ph^PAuGePh^ i s 

very stable to oxidation or hydrolysis but the methyl analogue 
177 

Me^PAuGePh^ decomposes almost immediately on exposure to a i r . The 

copper and s i l v e r compounds, PhuPMGePh, which are s e n s i t i v e to a e r i a l 

oxidation and hydrolysis are more thermally stable and l e s s reactive 

i n the tetra-coordinate state, (PhjP)ya(GeFh.j). 

The addition of Me SiH to (Ph^Pj^HhCl y i e l d s (Ph 3P) 2BhH(SiMe 3)Cl 
^ 162 but no product can be obtained from reaction with (Ph 3P) 2Bh(CO)Cl • 

Trimethylgermane reacts with ( P h j P ) 2 I r ( C 0 ) C l to give (Ph^Pjgli^COJCGeMejjHg 

but reaction with ( E t j P ) 2 I r ( C 0 ) C l gives only the dihydride (EtjP^IrCcojHgCi! 

( c) Influence of the group IVb metal 

Although much more work i s needed before any firm conclusions 

can be drawn i t appears, on the basis of decomposition temperatures and 

general chemical properties, that germanium and t i n t r a n s i t i o n metal 

derivatives are probably more stable than those of s i l i c o n and lead. 

Care must be taken, however, not to draw conclusions about the metal-

metal bond strength on the basis of decomposition temperatures alone 

as, for example, a weak carbon-lead bond could cause decomposition i n 

spite of the presence of a strong M-Pb bond. 

I n the se r i e s of compounds PhjM'Mn( CO)^, M' = S i , Ge, Sn, Pb, the 

t i n derivative i s thermally more stable than the lead compound and loses 
o 

carbon monoxide only at 195 C. The melting points of the compounds 

are i n the order Si ( l 6 0 - l 6 3°C) ~ Ge ( l62- l64°C) > Sn ( l 4 8 - 1 5 0 OC) 

SNS Pb( l46-148°C), but the oxidative s t a b i l i t y i s i n the reverse order 

Sn >Pb > S i 1 7 8 . 
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A s i m i l a r trend i s found i n the se r i e s of compounds C^H^(G0)jM-M'Ej 
176 

(M = Cr, Mo, W; M' = Ge, Sn, Pb; R = CHy Cgh^) ' where the lead 

compounds have been found to be l e s s stable towards a e r i a l oxidation 

than t h e i r germanium and t i n analogues. The corresponding s i l i c o n 

compounds could not be prepared from the t r a n s i t i o n metal anion and 

the s i l i c o n halide. 

The greater r e a c t i v i t y of the s i l i c o n derivatives i s also shown 

i n the f a c i l e hydrolysis of (Et^PjgPtCSiMe^JCl although the analogous 
169 

germanium compound i s only slowly hydrolysed even i n aqueous diglyme . 

(d) E f f e c t of substituents on the group IVb atom 

I n a series of compounds containing the grouping R̂ M' (M* = group 

IVb atom) the order of s t a b i l i t y of the complexes i s found to be 

R = halogen > a r y l > a l k y l >hydride. This i s p a r t i c u l a r l y well 

exemplified by the s e r i e s of complexes ( P h j P ) 2 R h H ( S i C l ^ ^ J X 
162 

(R = Me, Et; X = CI, Br; n = 0, 1, 2, 3) . The thermal s t a b i l i t y 

of the complexes decreases markedly with the increase i n the number 

of a l k y l groups and a s i m i l a r s t a b i l i t y sequence i s found in solution. 
Table 5 

Complex 

(P h 3 P ) 2 R h H ( S i C l 3 ) C l 

( Ph 3P) 2RhH( SiCl 2Me)Cl 

(Ph 3P) 2RhH(SiClMe 2)Cl 

(Ph 3P) 2RhhtSiMe 3)Cl 

decomposition s t a b i l i t y i n solution 
temperature 

170°C 

1A-5°C 

125°C 

95°C 

stable 

slowly decomposes 

slowly decomposes 

dissociates i n s t a n t l y 

S t a b i l i t y of the complexes (Ph 3P) 2Rh(H)(SiCl nMe 3 n ) C l 

These variations i n s t a b i l i t y along the s e r i e s may be caused 

mainly by the change i n the effective electronegativity of the 



s i l y l group but d r r - d r r bonding may also be involved. 

S i m i l a r l y ClgGe [Pe(C0) 2C^H^J 2 i s r e s i s t a n t to a i r , Me2&e|Fe(C0)2C^H^ 

i s l e s s so, and solutions of H2&e|jFe(C0)2C,-H(.J2 are rapidly decomposed. 

3. Reactions of the Complexes 

The reactions of the complexes are of three main types: 

( a ) those which cleave the metal-metal bond, 

(b) replacement of ligands on the t r a n s i t i o n metal,and 

( c ) replacement of substituents on the main group metal. 

With t i n and lead derivatives the l a t t e r course i s often preferred 

to cleavage of the metal-metal bond because of the r e l a t i v e weakness 

of tin-carbon and lead-carbon bonds. 

( a ) Halogens and hydrogen halides 

With halogens attack generally occurs on the metal-metal bond 

to give both the t r a n s i t i o n metal and group IVb halide, e.g. 

( E t 3 P ) 2 P t ( & e P h 3 ) 2 + 2 I 2 ^ ^ » ( E t 3 P ) 2 P t I 2 + 2Ph3&eI 154 

Sim i l a r l y the tungsten-germanium bond i s cleaved by an excess of iodine 

to y i e l d the t r i - i o d i d e . 

C 5H 5( CO)3W&eMe3 + 2 I 2 » C ^ C O ) ^ + Me3&el + CO 150 

By contrast the reaction of Ph3SnMn(C0)^ with bromine i n CCl^ 

r e s u l t s i n the cleavage of phenyl groups. 

Ph3SnMn(CO)5 + 2Br 2 ——> Br2PhSnMn(C0)5 + 2PhBr 

Ph3SnMn(C0)5 + 3 B r 2 > Br 3SnMn(C0) 5 + 3PhBr 178 

The behaviour of Ph3&eMn(C0)^to attack by bromine i s di f f e r e n t . 

Both attack on the metal-metal bond and the germanium-carbon bond can 
179 

occur under different conditions • 
R.T. 

PhjGeMnCCO),. + Br„ > BrMn(C0)c + Ph,&eBr 
5 5 2-3 hours 3 
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dibromoethane 
Ph,GaMn( COL + 3Br~ * Biv&eMnCco),. + 3PhBr 

130 , 5 hours 5 5 

Halogen acids generally cleave the metal-metal bond i n a 

straightforward manner, but again some cleavages of carbon-group IVb 

metal bonds are known. 

C^CCOjjMoGettej + HC1 ) C^CCO^MoH + MejGeCl 150 

( E t 3 P ) 2 P d ( G e P h 3 ) 2 + 2HC1 * (EtjPjgPdClg + 2Ph3GeH 180 

Cleavage of the analogous platinum complex, (Et,P) 9Pt(GePh,) , which 
J £ 2 

exists i n solution as a mixture of the c i s - and trans isomers, i s 

thought to proceed via an octahedral intermediate 1 5 4 , 1 8 1 ^ 

j i ia- , ixaa§-(Et3P)2Pt(G-ePh3)2 

^ i s r ( E t 3 P ) 2 P t ( C l ) & e P h 3 + trans-fEt^P^Ptf CltaePh^ + Pĥ G-aH 

HC1 I H C 11 
oia- or t r a n s - ( E t 3 P ) 2 P t C l 2 trans-( E t 3 P ) 2 P t ( H ) C l + Ph^GeCl 

+ Ph^GeH 

Hydrogen halides are milder and more seleotive reagents than 

halogens i n t h e i r reactions with manganese compounds. Hydrogen chloride 

does not react with PhjGeM^CO)^ at temperatures up to 76°C 1^ but the 

lead-manganese bond i s cleaved at 25°C 1^. The t i n analogue reaots 
0 

at 0 C to give lar g e l y the dichlorotin derivative whilst at higher 
178 

temperatures the t r i c h l o r o t i n compound can be obtained . 

(b) Reaction with organic and inorganio halides 

Cleavage of the metal-metal bond can be accomplished by a variety 

of organic halides including RI, CHCl^, CBl^ and CgH^Brg. The cleavage 
of Ph,PAu&ePh,by C0H. Br„ i s believed to occur through a four-centre 3 3 * d 4 c 

153 
intermediate • 
PhzPAuGePhI + CC1. • > Ph TPAuCl + Ph,GeCl 182 

3 3 4 3 3 
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G5H5(GO)3WC-sMe3 + ^ 1 ^ 2 > C^CCOj^WBr * CgK^ + Me^GsBr 150 

Inorganic halides such as MgBr2 and HgCl 2 have also been used 

to cleave metal-metal bonds* 

C5h*5(CO)3W&eEt3 + HgCl 2 » C^CO^WHgCl + Etj&eCl 150 

C 5H 5(C0) 5Mo&eEt 3 + MgBi"2 > C^H^( CO^MoMgBr + Etj&eBr 150 

2H 3SiCo(C0) 4 + HgCl 2 4 21^101 + Hg[Co(C0 ) J 2 183 

( c ) Hydrogenation 

The hydrogenolysis of &e-Pt and Si-Pt bonds i s a reve r s i b l e 

process, requiring a low activation energy and probably proceeding 

through an octahedral intermediate. The trans- compounds are more 

rea d i l y hydrogenated than t h e i r oi s - analogues. 

( E t 3 P ) 2 P t ( & e P h 3 ) 2 + H 2 » (Et 5P) 2Pt(H)frePh 3 + Phj&eH 154 

transr(Et 3P) 2Pt(GeMe 3)&ePh 3 + H 2—»trans-( EtjP^PtH&ePl^ * MeyieH 189 

(d) Lifland exchange reactions 

Ligand exchange, reactions on the tr a n s i t i o n metal generally 

resemble those of comparable compounds without the metal-metal bond. 

Ph3&eMn(CO)5 + PhjP > Ph^eMnC COj^PPI^ + CO 179 

C H_(C0),W&eiHe, + Et_PH *• CcHcXC0)o(Et_PH)WG-eMez + CO 150 
5 J J J 0 0 £ <• 5 

(Et 3P) 2Pt(&eMe 3)Cl + PhgPCgH^PPh^ Ph 2PC 2H^PPh 2)Pt(Et 3P)(&eMe 3)]ci 
+ E t j P 169 

(Et 3P) 2Pd(&ePh 3) 2 * 2KCN > K^CN^PdX&ePh^^ ^ ^ 

Some examples of the cleavage of carbon-group IVb bonds were 

discussed i n section ( a ) . The reverse process of al k y l a t i o n of 

group IVb-halogen bonds has also been used to prepare new complexes. 

This method i s p a r t i c u l a r l y useful for preparing a l k y l or a r y l complexes 

from SnClg and &el 2 i n s e r t i o n products. 
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| b 5 ^ ( C 0 ) 2 F e J 2 S n G l 2 + 2EtMgBr ? f c ^ C G O ^ F e ^ S n E t g 184 

jb^CCOjgFeJg&elg + 2MeLi > [b gI^( C0) 2Fe] 2&eMe 2 185 

^HgCCOjgPBjgGelg + NaBH^ > J c ^ C C 0) 2FeJ 2GeH 2 185 

( P h ^ g H j P F h ^ P t C S i B r P h ^ + 2MeLi->(Ph 2PC 2H 4PPh 2)Pt(SiMe. P h 2 ) 2 186 

Redistribution reactions are also known: 

2(C0) 5linSnPh 3 + (CO^MnSnCl^ > 3(C0) 5MnSnPh 2Cl 178 

Exchange reactions of the complete R^M1 moiety are known for 

platinum. These probably ocour via a six-coordinate intermediate and 

the reaction can be thought of as an oxidative addition followed by 

a reductive elimination. 

( E t 3 P ) 2 P t C l ( SiHgCl) + Cl&eH^ * (EtjP^PtClC&eHgCl) + SiHjCl 187 

(Ph 2rc 2H iPPh 2)PtCl(SiMe 3) + Mê &eH —>(Ph 2PC 2H^PPh 2)PtCl(&eMe 5)+Me 3SiH 188 

( e ) Insertion into the metal-metal bond 

Tin-manganese and germanium-manganese compounds have been found 

to react with fluoroolefins to give stable products containing the 

fluoroolefin inserted between the t r a n s i t i o n metalsgroup IVb bond. 

Me3&eMn(CO)5 * » Me^eC^MnC C 0 ) 5 189 

Me,SnMn(C0)c + C-F. > Me^nC-F.MritCOL 190 
J o -4 5 4 0 

Insertion products have also been found i n the reaction of sulphur 

dioxide with complexes of the type Me^M'FeCcO^C^H^* 

Mej&eFe(CO) 2C 5H 5 + S 0 2 > Me3&e - S ( 0 ) 2 - F e C C O ) ^ ! ^ 191 

When M1 = Sn a polymer containing Sn>-0-S( 0)-Fe units was prepared. 

4. The Nature of the Transition Metal-G-roup IVb Bond 
The metal-metal bonds in t r a n s i t i o n metal-group IVb compounds 

consist of a o~-bond and drr-bond combination. This i s analogous to 
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the <r -donor ^ - a c c e p t o r system of phosphina and arsine complexes 

(R^G-e'and fi^As are i s o e l e o t r o n i c ) . Further work I s necessary to 

esta b l i s h the extent of the (d-^d)^. contribution to the bonding but 
x1ii£ 

the available evidence (X-ray, infrared and n.m.r. data) suggests 

that i t i s secondary energetically to the <s- bond. 

Molecular structure data on a s e r i e s of cobalt compounds of the 

type R-Co(CO)^ ( E = s i l y l or substituted s i l y l group) show a 

si g n i f i c a n t shortening i n t h e i r metal-metal bond lengths compared with 

the t h e o r e t i c a l bond lengths calculated from metallic covalent r a d i i 

(Table 6 ) , This has been interpreted i n terms of p a r t i a l ( d - r d ) ^ 
192 

bonding i n the c o b a l t - s i l i c o n bond • I n compounds of the type 

RjSnMn(CO)j- the observed Sn-Mn bond length i s independent of B and 

about 0.1 A* l e s s than the sum of the covalent metal r a d i i . Substitution 

of a carbonyl group by triphenylphosphine shortens the Sn-Mn bond 

s t i l l further, whioh i s consistent with an inorease i n the multiple 

bond character of the metal-metal bond. As the phosphine has lower 

7T -acceptor properties there i s l e s s competition by the phosphine 
Table 6 

192 
Bond lengths for some t r a n s i t i o n metal-group IVb bonded complexes 

Compound Exptl. length Calcd. length Contraction 

RjSiCoCGO)^ 2.38A* 2.49A* o . n l 

C l 3 S i C o ( C 0 ) 4 2.25 2.1& 0.23 

F 3SiCo(C0) 4 2.23 2.48 0.25 

Me^SnMn( C0)^ 2.67 2.76- 0.09 

Ph^SnMn(C0)5 2.67 2.76 0.09 

FhjSnMnCCO^PhjP 2.63 2.76 0.13 

group for d electrons from manganese and these are therefore used to 
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146 a greater extent i n Sn-lln bonding • 

Far infrared studies on >) (Pt-Cl) show that i n platinum complexes 

of the type (HjP^PtClCL), H^Si and R̂ Ge have very strong inductive 

trana effects indicating a strong <r - b o n d 1 P h ^ S n and Ph^Pb are 

comparable to the hydride ion whilst Cl^Sn has a similar trans effect 
158 193 to PhjP • Parshall has used an n.m.r. method to estimate the 

r e l a t i v e a- and rrcontributions i n a metal ligand bond i n square 

planar complexes of platinum* Results show that the trichlorostannato 

ion i s a weak a~ -donor but a strong 7T -acceptor ligand. 

5« Group IVb Derivatives of Cobalt. Bhodium and Iridium 

The chemistry of group IVb derivatives of t h i s group i s of two 

types. The cobalt compounds are nearly a l l carbonyls with properties 

sim i l a r to those of the manganese and i r o n groups, whereas the rhodium 

and i r i d i u m compounds resemble more closely the analogous platinum, 

palladium and gold derivatives. Khodium and iri d i u m compounds are 

generally st a b i l i s e d by t e r t i a r y phosphine, halogen and carbonyl ligands 

but no compounds having. CO as the only neutral ligand are known, although 
1 

i t i s possible that polynuclear rhodium carbonyl derivatives of group 

IVb may be prepared i n the future. 

A number of cobalt-group IVb derivatives of the general formula 

ftrii'JcoCCCOj^ ( n = 1, 2, 3; R = a l k y l , a r y l , halogen; It = Si, Ge, 

Sn, Pb) have been prepared by the reaction between a group IVb organic 

halide and the tetracarbonyl-cobalt anion. This method has mainly 

been used f o r the preparation of the germanium and t i n compounds. 

3Co(C0) 4" + SnCl^ > ClSnjco(CO )J 3 + 3C1~ 194 

Co(CO)4~ + H j S i l ^ H^SiCoCCO)^ + i " 195 

The reaction ;of group IVb hydrides with dicobalt octacarbonyl 
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i s p a r t i c u l a r l y useful f o r the preparation of c o b a l t " s i l i c o n and 

cobalt-germanium bonds. 

2Me3SiH + Co 2(C0)g > 2Mj93SiCo(C0)^ + R

2 196 

Diphenylgermane reacts with Co 2(C0)g to give a dicobalt heptacarbonyl 

which contains both bridging germanium and carbonyl ligands. 

Ph2&eH2 + Co 2(C0) 8 >• Ph 2&eCo 2(C0) 7 + H 2 + CO 197 

The heptacarbonyl reacts with CO under pressure to give Ph2&e |bo(C0)^J 2» 

Group IVb-cobalt compounds have also been prepared by the 

oxidative elimination reaction between a metal halide and CcH1=Co(C0)ri. 

CcHcCo(C0)_ + Gel. : > C HcCo( C0)lGeL. + CO 166 
5 5 ' » 5 3 ^ 
20^00(00)2 + 2GeCl^ > C 5H 5Co(CO)(GeCl 3) 2 + 3C0 + 

CoCl 2 + ( C ^ ) 166 

The reactions of the compounds have not been studied i n d e t a i l 

but cleavage of the metal-metal bond, and carbonyl substitution reactions 

can occur. 
H^SiCoCCO)^ + HC1 

2HjSiCo(C0) 4 + HgCl 2 

Me3SiCo(CO)^ + Ph^P 

Me^SiCoCCO)^ + EtjP 

Me3SiCo(C0)^ + MejN 

uv 

HjSiCl + HCo(C0)^ 183 

2H 3SiCl + Hg[0o(C0 ) J 2 183 

Me3SiCo(CO)3(Ph3P) + CO 198 

|Me3SiPEt3^|+ [co( CO) J " 198 

[Me3SiNMe 3J+ [Co( CO) J " 198 

Rhodium and iridium derivatives have a formal oxidation l e v e l 

of I or I I I and the complexes can be 4-, 5- or 6-coordinate. Iridium 

shows a greater tendency t o 6-coordination than rhodium. Although 

there are s i m i l a r i t i e s between t h e i r group-IVb products the differences 

i n s t a b i l i t y and ease of preparation are very marked. 

A series of rhodium-silicon complexes of the type (Ph^^RhfiXSiR^X. 

(M = P, As, Sb; X = CI, Br," I ; R = CI, OEt, lie, Et) has been prepared 

by the d i r e c t reaction a t room temperature of (Fh^M^RhX with an excess 
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_ 162,163 
of silane * . 
(Ph 3P) 3HhCl + CljSiH > (Ph 3P) 2BhH(SiCl 3)Cl + PhjP 

The s t a b i l i t y of the phosphine complexes to thermal decomposition 

and to dissociation i n solution varies widely from R = CI, OEt (very stable) 

t« R = a l k y l or phenyl (completely dissociated i n solution) (see page 50). 

The infrared spectra of the oomplexes show bands due to ̂ (Rh-H) i n 
-.1 

the region 2020-2130 cm but no trends i n the frequency values could 
be discerned. 1H n.m.r. also indioates the presence of a d i r e c t Rh-H 

bond f o r some of the more stable complexes i n the region 21-27 
31 

The coupling with P indicates that two phosphine ligands are cis to 

the hydride. Reactions with CO, PFj or CgH^ r e s u l t i n the loss of 

the ailane and the formation of the known complexes (Ph 3P) 2Bh(L)Cl 

( L = CO, P i y C2H^). Treatment with HC1 yields (PhjP^RhHClg and the 

silane. 
1 

Similar oxidative addition reactions occur with the i r i d i u m complex 
(Ph 3P) 2Ir(C0)Cl. The reaction with trialkylstannanes has been reported 

175 
to give simple addition products of the type ( Ph 3P) 2Ir( C0)C1H( SnRj) . 

(Ph 3P) 2.IrXC0)Cl + Me3SnH » (Ph 3P) 2Ir(C0)CIH(SnMe 3) 

I n oontrast to t h i s the reaction of (Fh 3P) 2Ir(C0)Cl with t r i e t h y l -

or trimethylgermane yielded a dihydrido complex presumably by an addition, 

elimination, addition sequence^ 1. 

(Ph 3P) 2Ir(C0)Cl + 2Et3&eH » (Ph 3P) 2Ir(C0)(H) 2&eEt 3 + Etj&eCl 

The reaction with silanes was also thought t o proceed by a simple 
164 

reversible addition reaction but l a t e r studies showed that the 

following sequence of reactions occurred. 

(Ph 3P) 2Ir(C0)Cl + RjSiH ^ (Ph 3P) 2Ir(C0)ClH(SiR 3) 

(PhjP^ Ir(C0)H + R3SiH ^ (Ph 3P) 2Ir(C0)(H) 2SiR 3 
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The analogous rhodium complex, (Ph^PjgfiKC0)C1, w i l l only react 

with t r i c h l o r o s i l a n e a f t e r a prolonged period of time (12 months) at 

50°C to give a mixture of s t a r t i n g material and (PhjPjgRhCCOjClhtSiCl^). 
162 

Even i n the s o l i d state t h i s product loses t r i c h l o r o s i l a n e • 

The extent to which the ligands influence the course of the 

reaction i s also shown i n the reaction of ( Et 3P) 2Ir (C0')Cl with 

trimethylgermane, where a germanium-iridium bond i s not formed. 

(Et 3P) 2Ir(CO)Cl + SMê GeH } (Et 3P) 2Ii< C 0)ClH 2 + Me6&e2 

The reaction of triphenylgermane with ( Ph^Pj^lKCOjCl also 

proceeds by a d i f f e r e n t course to give the five-coordinate 

(PhjP)lr(CO)HCl(&ePh 3). Attempts to prepare four-coordinate Rh( i ) 

and I r ( l ) compounds by the reaction of (Ph 3P) 2M(C0)C1 with 

t r i p h e n y l s i l y l - or germyl-lithium reagents have f a i l e d 1 * * 1 

The c r y s t a l structures of (PhjPjgRhClCtOSiClj 1" and 
161 

(Ph^P) 2Ir(C0)(H) 2GeMe 3 have been reported and are shown i n 

Figs. 25 and 26. 

Reactions of (R^Pjgli'CCOXlOgGeRj, (E = lie or Et) with HgClg, 

HC1, I 2 , H2, 0 2 , C2H^f C2H^Br2, Et^P, and PhgPCgH^PPhg have also been 

reported. 

(Ph 3P) 2Ir(CO)(H) 2&eEt 3 + I 2 »(Ph 3P) 2Ii<C0)(H) 2I + E^Gel 

(Ph 3P) 2Ir(CO)(H) 2&eMe 3 + 2Et 3P > ( E t 3 P ) 2 I r ( C0)(H)2&eMe3 + 2Ph3P 

(Ph 3P) 2Ir(CO)(H) 2&eMe 3 + » (Ph P ) 2 I r ( C0)GeMe3 + 

The reversible addition of the s i l i c o n hydrides (Me) n(EtO) 3_ nSiH 
to |(dppe) 2IrjBPh^ f (dppe = bis-1,2-diphenylphosphino-ethane) has also 

200 

been studied . The only stable product which could be isolated 

was that formed by the addition of triethoxysilane. 

(EtO) 3SiH + [(dppe) 2Ir]BPh 4 ^ [(dppe) 2Ir(H)Si(OEtjJ BPh4 

Anionic rhodium and iridium'carbonyl complexes have been prepared 



Crystal structure of (PtuP^RhHC SiCl )C1 

Fig. 26 

Crystal structure of ( Ph,P)„Ir(C0)( HL&eKe 
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by the reduction of (PhjP)2M(GQ)Gl with sodium amalgam i n a CO 

atmosphere. These have been used to prepare germanium and t i n derivatives 
151 

of i r i d i u m and a trimethylstannyl-rhodium complex • 

[(Ph 5P)lr(C0) 3]"Na + + Ph^&eCl » (Ph 3P)lr(C0) 3&ePb. 3 + NaCl 

[(Ph 3P) 2Rh(C0) 2]~Na + + Me^nCl » (Ph 3P) 2Bh(C0) 2SnMe 3 + NaCl 
A number of t i n compounds of rhodium and iridium have also been 

prepared by the reaction of SnCl 2 with metal halides. These reactions 
146 

have been extensively reviewed • Although the rhodium-tin compounds 

are nearly a l l i n the +1 oxidation state iridium has a f a r greater 

tendency to form compounds i n the +3 state. 

The reaction of SnCl 2 with EhClj yields two d i f f e r e n t anionic 

speoies depending upon the reaction conditions. From solutions 

containing a low concentration of the trichlorostannite ion the biniiolear 

anion [lihgClgC SnClj) has been precipitated by the addition of 

Me^NCl^1, whereas t i n r i c h solutions y i e l d the ion £sh( S n C l ^ ) • 

Under sim i l a r reaction conditions J~Ir 2Clg( SnCl^) J * " and | l r C l 2 ( SnCl^J^J^" 
201 ^ have been isolated • 

When alcoholic solutions of BhCl^ and SnClg are treated with 
• " 201 triphenylphosphihe the Rh(l) complex (Ph^P^EhSnClj i s prepared • 

202 
Under similar conditions i r i d i u m s a l t s y i e l d (Ph 3P) 3IrHCl(SnCl 3) • 

The rhodium complex dissociates i n solution with loss of Ph^P and SnCl 2* 

The reaction of SnCl 2 with |(C0) 2HhClJ 2 can give a series of 

Bh(l) salts of general formula ^ ( C O X S n C l j J ^ C l l 2 " , ( n = 0, 1, 2) 
205 I I I 

depending upon the r e l a t i v e Bh:Sn ratios used • No Rh -Sn oarbonyl 

complexes have been isolated but the reaction between NaglrClg and 

SnClg i n the presenoe of carbon monoxide gives the I r ( l l l ) complex 

[irCCOjCljCSnCljJgJand treatment of (Ph 3P) 2Ir(C0)Cl with SnClg i n 
202 

acetone gives (Ph 3P) 2Ir(C0)HCl(SnCl 3) • A similar reaction of 
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(Ph^P)2Hh(C0)Gl ^ t h SnClg i s reversible and gives a product which i s 

probably (Ph^P^BhCCCOSnClj12*6. 

The addition of norbornadiene (NBD) to ethanolic solutions of 
201 

RhClj and SnClg forms the t i n compound (NBD)2HhSnClj . This w i l l 

react with chlorine to form the insoluble Rh 1 1 1 complex (NBD)2RhCl2SnCl 

Iridium also forms d i o l e f i n complexes of the type 
201 

(cyclooctadiene)„IrSnCl, • 



DISCUSSION 
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Group IVb Derivatives of Rhodium 

I n recent years a great number of t r a n s i t i o n metal-group IVb 

complexes have been prepared and general methods f o r the preparation 

of these complexes are now well established. By comparison, u n t i l 

recently, r e l a t i v e l y l i t t l e e f f o r t had been devoted to studying the 

chemical reactions of these oomplexes* 

At the outset of t h i s work cobalt and irid i u m oomplexes with 

bondB to the group IVb elements s i l i c o n , germanium and t i n were known, 

but much less was known about rhodium-group IVb metal complexes. For 

some time the only known rhodium compounds of t h i s class were those 
201 203 

formed by the i n s e r t i o n of SnCl 2 i n t o rhodium-chlorine bonds " . 
Rhodium compounds such as |(C 2H^) 2RhClj 2 were known to be effeotive 

164 
catalysts f o r the hydrosilation of olefins and p r i o r t o the 
commencement of t h i s work a b r i e f report of the preparation of compounds 

of the type (PhjP) 2RhH(SiRj)Cl (R = Cly ClgMe etc.) appeared i n the 
162 

l i t e r a t u r e • During the course of these studies a more detailed 
162 163 

description of these compounds has been given ' and the preparation 
151 

of. the rhodium-tin complex ( PhjP)2.Rh(C0)2SnMe3 has been reported... ... 

Most of the work reported i n t h i s thesis concerns the reactions 

of complexes of rhodium with germanium compounds, although some reactions 

with organo-silaneB and -stannanes have also been studied. These 

studies were undertaken i n an attempt to provide additional information 

about the influence of a change i n the t r a n s i t i o n metal or of the 

group IVb element upon the group IVb-transition metal bond. Work 

carried out i n these laboratories showed that the addition of 

orgahogermanes to the iridium complex (Ph^P^IrC C0)C1 yielded compounds 

of the type (PhjP) 2Ir(C0)H 2(GeRj) (R = Me, Et) wh i l s t the corresponding 

reaction with organosilanes was, at that time, thought to give only 
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a simple addition product of the type (Ph^P^Irv C0)C1H( SiE^) f (R = OEt, Cl) 

i n an equilibrium reaction. This suggested a marked inorease i n 

r e a c t i v i t y on going from B i l i c o n to germanium and i t was of interest 

to see i f t h i s behaviour would also be shown i n the rhodium series. 

I t was also hoped that i t would be possible to prepare rhodium*-germanium 

complexes comparable to those of i r i d i u m so that a comparison could 

be made of t h e i r s t a b i l i t y and of the r e a c t i v i t y of the metal-metal 

bond. 

Tris(triphenylphosphine)rhodium(l) chloride i s an air - s t a b l e s o l i d 

and can be readily prepared by the.- reaction of rhodium t r i c h l o r i d e with 

an excess of triphenylphosphine i n b o i l i n g ethanol. The properties of 

t h i s compound and i t s a b i l i t y to add various molecules oxidatively 

have previously been discussed. The analogous arsine complex also 

undergoes oxidative addition reactions. 

The reaction of trimethylgermane or triethylgermane with 

(Ph^P)^RhCl or (Ph^As)^RhCl gave a simple addition product of the type 

(Ph3M)2RhH(GeR3)Cl (M = P or As; R = He or Et) with the loss of 

triphenylphosphine or triphenylarsine e.g. 

(PhjPjjRhCl + Et̂ G-eH — • > (Ph 3P) 2RhH(&eEt 5)Cl + Pl^P 

The products could only be isolated i n the presence of a good 

excess of the trialkylgermane and i t appeared that an equilibrium existed 

i n the solution. Provided that only a small volume of solvent (bensene) 

was used the compounds could be prepared..in a pure form, but i f larger 

amounts of solvent were used the compounds could not be isolated. 

Presumably a rapid reaction occurs i n the solvent and the product i s 

then protected by p r e c i p i t a t i o n . Attempted r e c r y s t a l l i s a t i o n always 

led to the decomposition of the material. I n a t y p i c a l preparation 

triethylgermane (0.5ml, 3*1 mmole) was added to a suspension of 
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(Ph^AsJ^HhCl (635mg«» 0*6 mmole) to give a green s o l i d , 492mg., {yOfo) 

a f t e r twelve hours at room temperature* 

The trimethylgermane reactions were carried out i n a breakseal 

apparatus which was separated i n t o two parts by a glass sinter (por 3). 

This meant that the precipitated product could be f i l t e r e d from the 

solution, washed with solvent and recovered i n a pure form. 

The rhodium-germanium compounds were, with the exception of 

(PhjP) 2EhH(&eMej)Cl, a i r - s t a b l e yellow or green complexes. The 

trimethylgermyl compound, (PhjP)ghX GeMe^Cl decomposed i n a i r over a 

period of three months- to give a l i g h t brown s o l i d which showed a band 

at 1188 cm 1 which i s characteristic of triphenylphosphine oxide. 

The analogous triethylgermyl-complex appeared to be stable i n d e f i n i t e l y 

i n a i r . The thermal s t a b i l i t y of the complexes was moderately high 

and they a l l decomposed without melting i n the range 90-120°C. The 

triethylgermyl-compounds were considerably more stable to thermal 

decomposition than t h e i r trimethylgermyl analogues but the replacement 

of Ph^P by Ph^As did not seem to a f f e c t the s t a b i l i t y s i g n i f i c a n t l y 

(Table 7)* 

Dissociation of the complexes, with the loss of trialkylgermane, 

occurred i n solution and the compounds could not be reprecipitated 

unchanged by the addition of l i g h t petroleum. This i s i n accord with 

the fact that the compounds cannot be isolated i n the pure form except 

by c r y s t a l l i s a t i o n from solutions containing a good excess of the 

trialkylgermane. 

When (E = He) the dissociation can be made complete by sweeping 

the solution of the complex with nitrogen. The1H n.m.r. data showed 

that free trialkylgermane was present i n solution* of the complexes and 

(PhjP^Hhht&eRj CI + solvent (Ph,P)0BhCl( solvent) GeH 
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also indicated the extent of the dissociation (see below). 

I n addition to the bands due to Pĥ M (M = P, As) and GeRj (R = Me, 

St) the infrared speotra of the germyl-compounds showed bands i n the 

region 2025-2114 cm 1, (Table 7 ) which can be assigned to the 

RhrH stretching mode. These bands were d i f f e r e n t from the Ge-H stretching 

frequencies of the free germanea and lay within the range observed f o r 

other hydrido complexes of rhodium(lll) (see Table 2). Each compound 

showed two bands of similar i n t e n s i t y i n t h i s region. This may be 

due to a crystallographic effect or i t could be due to the existence 

of isomers. A s i m i l a r e f f e c t has been observed i n the silyl-complexes 

The frequency values of the Rh-H stretching mode l i e higher i n each case 

f o r the triethylgermyl-complex than the trimethylgermyl-complex and t h i s 

could indicate the presence of a stronger Rh-H bond i n the 

triethylgermyl-compounds. The silyl-compounds were reported as 

exhibiting no regular trends i n t h e i r frequency values. The f a r infrared 

spectra of the germyl-compounds also show two bands i n the ^(Rh-Cl) 

region i n each compound (Table 7 ) • 
1 

Although H n.m.r. studies on the complexes were r e s t r i c t e d by 

extensive dissociation i n solution signals characteristic of the 

trialkylgermyl group could be observed (Table 7 )• Two signals were 

generally found i n t h i s region, one could be a t t r i b u t e d to the 

trialkylgermyl group bonded to rhodium and another to the free 

trialkylgermane. The integrated triphenylphosphine to t o t a l 

t r i a l k y l g e r m y l proton r a t i o corresponded to the presence of two 

triphenylphosphine ligands to one tr i a l k y l g e r m y l group. The r e l a t i v e 

i n t e n s i t i e s of these two signals indicated that the complexes were 

between 50 and 100$ dissociated i n dichloromethane solution. There 

was no indication that the triethylgermyl-complexes were less prone 
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to dissociation i n solution than their trimethylgermyl-anaiogues or 
vice versa. The trialkylgermyl-derivatives of rhodium appear to 
be slightly more stable i n solution than their trialkylsilyl-analogues 

161 162 

as these are reported to dissociate instantly on dissolution * . 
A weak Eh-H signal was detected for the complex (PhjP)2RhH(GeEt^)Cl 

i n the high-field region, which i s unique to hydride ligands. The signal 
was just detectable above the background noise but one would not expect 
to observe a strong signal because of (a) the extent of the dissociation 
of the compound i n solution, and (b) the extent to which the signal of 

31 103 
the single proton i s s p l i t by coupling with P and Rh. The signal 
consisted of an overlapping doublet of t r i p l e t s centred on 25.4r, and 
coupling was observed with 1°^Eh[lOO#, I = j(Hh-H) = 19Hz] and 
[ 3 1P 100#, I = J(F-Bh-H) = 15Hz], In order to obtain the required 
s p l i t t i n g the two phosphine ligands must therefore be i n equivalent or 
closely similar positions. The value of the coupling constant also 
suggests that they are ois to the hydride ligand. Furthermore, the 
observed couplings demonstrated that the phosphine ligands do not 
dissociate i n solution. Although no 1H n.m.r. data havabeen reported 
for the analogous triethylsilyl-complex, due to a lack of s t a b i l i t y i n 
solution, the high f i e l d spectrum observed for the triethylgermyl-
complex was similar to that reported for the triethoxy- and t r i c h l o r o s i l y l 
derivatives of rhodium which were more stable i n solution 
[e.g. (Ph 3P) 2HhH(SiCl 3)Cl, r(Eh-H) = 24.30, j(Hh*H) = 21 Hz, 
j(P-Bh-H) • 14Hz]. 
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(A) (B) 
PYHP Ph 2£ Rh Rh Ph-^P GeR RoGe CI 

CI Ph^p 

(C) 
PPh 

Rh 
Ph^P CI 

R 3Ge 

gjg. 27 

Possible structures for (Ph^P)oBhH(&eRj)Cl 

I t might be expected, on purely sterio grounds, that the complexes 
of the type (PhjPjgRhhXGeRjJCl would adopt the regular trigonal bipyramidal 
configuration i n which the phosphine and germyl ligands lay i n the trigonal 
plane (Struoture A, Fig. 2 7 ) . On the basis of the H n.m.r. evidence 
for the compound (Ph^P)2BhH(GeEt^)Cl any of these three structures 
A, B or C could be proposed. Care must be taken, however, i n interpreting 
the n.m.r. data as the solution species need not necessarily have the 
same configuration as that found i n the solid state. In solution a 
weakly bonded solvent moleoule may occupy the sixth coordination site. 
The infrared spectra of the compounds does not help i n distinguishing 
between the possible isomers. I t i s l i k e l y , however, that the compounds 
w i l l adopt a similar configuration to that of (Ph^P)2EhH(SiGl^)Cl. 
The structure of this compound has been determined by X-ray 

199 
crystallography ( f i g . 25 ) and i s described as being a highly distorted 
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trigonal bipyramid with apical phosphines and H, Cl and SiCl^ i n the 
trigonal plane. Alternatively the structure can be described as a 
distorted tetragonal pyramid. One of the hydrogen atoms from the ortho 
position of a phenyl ring of one of the triphenylphosphine ligands also 
makes a close approach to the rhodium atom (2.79$) thus blocking the 
sixth coordination site. 

The reaotion of the compound (Ph^P)2EhH(&eEt^)Cl with carbon monoxide 
in a benzene solution at room temperature resulted i n the loss of 
triethylgermane and the formation of the known compound (PhjP)2Bh(C0)C1. 
(Ph3P)2EhH(&eEt3)Cl + CO < ) (Ph3P)2Bh(CO)Cl + EtyjeH 

The triethylgermane could be detected i n a concentrate of the solvent 
by mass spectroscopy. 

This behaviour i s also shown by a number of other R h ( l l l ) addition 
compounds and indicates the s t a b i l i t y of the lower oxidation state when 
oarbonyl ligands are attached to rhodium. Attempts were also made to 
react trialkylgermanes with (Ph3P)2Eh(CO)Cl and these w i l l be discussed 
later. 

The reaotion of carbon monoxide with the germyl-complex could occur 
by the attack of the n -bonding ligand on the formally 3-coordinate 
solution species formed by the dissociation of the germane (a), but i t 
is possible that attack also occurs on the 5-ooordinate complex i t s e l f 
to give an intermediate Bh*1* oarbonyl complex which immediately 
decomposes (b). 
(a) (Ph3P)2HhH(&eEt3)Cl + solvent f=^(Ph 3P) 2RhCl(S) + Et^&eH 

(Ph3P)2BhCl(S) + CO » (Ph3P)2Hh(C0)Cl + (S) 
(b) (Ph3P)2HhH(&eEt3)Cl + CO > [(Ph3P)2HhH(C0)( &eEt3)Cl] 

(S = solvent) (Ph3P)2Hh(CO)Cl + Etj&eH 
I I I 

Eh carbonyl intermediates of this sort have been detected at 
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20 low temperatures i n the reaction of carbon monoxide with (Ph^P)2Sh(Et)GI2 • 
A small amount of (Ph^P)2Eh(C0)ClH(SiCl^) has also been found i n the mixture 
formed by the prolonged reaction (50°C, twelve months) of trichlorosilane 
with (Ph 3P) 2Hh(C0)Cl 1 6 2. 

The reaction with ethylene followed a similar course to that with 
oarbbn monoxide and the known compound (Ph^P)2Hh(C2H^)Cl was isolated. 
(Ph3P)2KhH(&eEt3)Cl + » (Ph3P)2Hh(C2H4)Cl + EtjGeH 

The reaotion of the triethylgermyl-complex and anhydrous hydrogen 
chloride i n dichloromethane resulted i n a cleavage of the rhodium-germanium 
bond to form triethylchlorogermane and the known rhodium( I I I ) compound 
(Ph3P)2BhHCl2> The reaction differed from the analogous cleavage of 
(Ph3P)2HhH|si(0Et)3J CI whioh has been reported to give (EtO)3SiH rather 
than the chldrdsilane, (EtO^SiCl. The mechanism proposed for the cleavage 

162 

of the silyl-complex may s t i l l apply for the germyl-compound and be 
followed by the reaction of triethylgermane with hydrogen chloride to 
give triethylchlorogermane. 

,&eEt 
(Ph P)2(H)(Cl)EhGeEt3 + HC1 > (Ph 3P) 2(H)(Cl)Bh^" > 

\J1H > (Ph 3P) 2(H)(Cl)HhCl + Et3&eH 

Alternatively the bond may be cleaved i n the opposite sense to 
give triethylohlorogermane and the unstable dihydride, ( Pĥ P̂ RhHgC-1-> 
whioh oould lose hydrogen and then oxidatively add a molecule of hydrogen 
chloride. 
(Ph3P)2HhH(&eEt3)Cl + HC1 » (PhjP^BhHgCl + EtjGeCl 
(PhjP^BhHgCl + (S) (Ph3P)2EhCl(S) ; = i (Ph3P)2RhHCl2 

(S) = solvent 

Phosphine exchange with dimethylphenylphosphine also occurs readily. 
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I t was hoped that the product would Be less dissociated i n solution and 
that the stereochemistry of the complex could be determined by the 
s p l i t t i n g pattern of the methyl resonance of the dimethylphenylphosphine 
ligands. Neither the 1H n.m.r. nor the infrared spectrum of the 
isolated solid indicated the presence of a rhodium-hydrogen bond however. 

1 
The H n.m.r. spectrum showed a broad resonance of low intensity centred 
on 9.0 f which could be assigned to the triethylgermyl group but the 
spectrum could not be satisfactorily interpreted and i t was obvious that 
the solid was not a pure compound. The 1H n.m.r. data obtained for the 
compound together with the relative integrated intensities w«+« as follows: 
phenyl protons 2.2, 2.7 -c (relative intensity 15); methyl protons 
8.2 r ( 2 ) , 8.5v (6), 8.7r (6); ethyl protons, 9.0r (4). The two 
resonances at 8.5r a n d 8.7t: are of equal intensity and are probably a 
doublet due to the presence of two ois phosphine groups. 

The reaction between an excess of tidohlorogeimane and (Ph^P)^BhCl 
proceeds quite differently to those of the trialkylgermanes or of trichloro-
silane. The addition of trichlorogermane to a benzene suspension of 
(PhjP^BhCl gave an immediate reaction with the evolution of a gas to 
form a yellow tar. This was purified by extraction with benzene and 
ether and dried to give a solid product which analysed as the 
triphenylphosphonium salt [HIJPHJJ[Hh(&eCl^)g]• Hydrogen and hydrogen 
chloride were also found i n the reaction products. The infrared spectra 
showed bands characteristic of the triphenylphosphonium ion and the 
trichlorogermyl group (Table 9 ) • Further reactions of this type w i l l 
be discussed later. 
(Ph3P)3RhCl + 6H&eCl3 > [ P h3 P HL [^(^Vo] + H2 + H C 1 

This product i s best compared with the rhodium-tin compounds 
formed by the reaction of SnClg with RhCl^ i n hydrochloric acid solution. 
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The ions BhgCl^SnClj)^ ̂  and [fihtSnClyjJ?" have been prepared i n 
this manner and contain rhodium i n the +1 oxidation state 1 ̂ , 2 ^ 1 . 
Similar structures can be ruled out for the rhodium-germanium compound 
on the basis of i t s analysis and i t appears to be i n the +3 oxidation 
state. The tendency for the trichlorogermyl group to stabilise the 
upper oxidation state of the metal has also been noted for a series of 

204 

platinum complexes • A number of trichlorogermyl-platinum(IV) 
compounds have been prepared but the trichlorostannyl complexes are 
oommonly found i n the +2 oxidation state. Similarly i t was found that 
hexa-coordinate trichlorogermyl-platinum compounds could be prepared 
although no analogous hexa-coordinate platinum-tin compounds were known. 

The simple addition compound of trichlorogermane, (Ph^P^RhhX&eCl^Cl 
was prepared by the slow addition of an equimolar amount of 
triohlorogermane i n benzene to a solution of (Ph^P)^RhCl, also i n 
benzene. Concentration of the solution followed by the addition of 
petroleum ether precipitated a yellow-orange solid which was washed 
with benzene. The compound prepared i n this manner was probably slightly 
contaminated by unreacted rhodium complex but showed infrared bands 
characteristic of the rhodium-hydrogen bond and the trichlorogermyl 
group (Table 7 ) . 

The compound was not as stable as i t s t r i c h l o r o s i l y l analogue 
and could not be recrystallised unohanged from solution. The presence 
of a direct rhodium-hydrogen bond could not be demonstrated by n.m.r. 
spectroscopy i n deuterochloroform and presumably dissociation occurred 
i n solution. The proton resonance for free HGeCl̂  i n deuterochloroform 
has been measured and found to occur at 2.33 t. Any signal due to 
dissociated HGeClj would therefore be hidden by the broad resonances 
of the triphenylphosphine ligands of the complex (2.64 broad). 
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In contrast to the mild reaction of trimethylgermane with 
(Ph-jP^BhCl, trimethylstannane reacted extremely vigorously with this 
complex under similar conditions* The reaction was very exothermic 
and resulted i n the complete decomposition of the rhodium compound 
to give rhodium metal, triphenylphosphine and hexamethyldistannane. 

The reaotions with tri(n-butyl)stannane and the silicon compound 
(Me^SiOjgSiMeH proceeded i n a similar manner to the trialkylgermane 
reaotions with the formation of complexes of the type (Ph^PjgBhhXMRjJCl, 
[M = Si, Sn; R = Bu, (Me^SiO^SiMe], The infrared spectrum of the 
t i n compound showed a rhodium-hydride stretching frequency at 2052 cm 
and the butyl groups appeared i n the 1H n.m.r. spectrum as a series 
of broad resonances in region 8.0-9.4*. In addition to \>(Rh-H) 

**1 
at 2122 cm the s i l y l compound showed bands characteristic of >?(SiO) 

r -1 1 
at 1056, 1010 cm and the H n.m.r. spectrum i n deuterochloroform 
showed two resonances due to methylsilyl groups at 10.0* and 10.35t 
(relative intensities 7:9). The corresponding infrared and 1H ium.r. 
data for the parent silane are: v(Si-H) 2143 cm"1; <J (SiO) 1020-
1110 cm**1 (broad); MeSi - 9 - 9 r . 

The reactions of Bu^SnCl and He^SnCl with (Ph^P^EhCl were also 
studied. I n neither case could the product be positively identified 
but the infrared spectrum of each compound showed bands characteristic 
of the alky1 -tin group and two bands i n the region where (Bh-Cl) 
and "0 (Sn-Cl) would be expected. The product from the 
tri(n-butyl)chlorostannane reaction also showed the presence of 
butyl-tin groups i n the 1H n.m.r. speotrum as a broad series of resonances 
i n the region 8.0-9.2if. The integrated proton ratio corresponded 
roughly to the presence of two triphenylphosphine ligands for each 
three butyl groups. Both of the compounds gave very low carbon 
analyses and i t appears l i k e l y that cleavage of some of the alkyl 
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groups from t i n occurred i n the reaction. The analyses could not 
definitely be assigned to any formula but they approach the empirical 

The reactions of triethylgermane and trichlorosilane with 
tetrakis(triphenylphosphine)rhodium( I ) hydride, (Ph^Pj^HhH are rather 
different to the analogous reaotions with (PhjPjjfihCl. In the reaction 
of triethylgermane with a suspension of (PhjPj^RhH i n benzene most of 
the rhodium compound was recovered unchanged even after heating at a 
temperature of 50°C for ten days. This was rather surprising as i t 
might have been expected that the greater electron releasing properties 
of the hydrido group relative to the chloro group would have encouraged 
an oxidative addition reaction. The difference i n reactivity may be 
related to the presence of a fourth triphenylphosphine group i n the 

solution, or i t may be related to the i n s t a b i l i t y of the dihydride 
complex which would be the result of an oxidative addition reaction. 
No evidence for the formation of a rhodium-germanium species was obtained 
but hydrogen and hexaethyldigermane were found amongst the reaction 
products. I t i s possible that a small amount of an intermediate 
rhodium-germanium bonded complex plays a part i n the process leading to 
the formation of hexaethyldi germane. This could arise from the type 
of scheme proposed below. 

formula (Ph^PjgBhRjClgSn, (R = Me, Bu) 

hydride complex, although dissociation (Ph-P^HhH takes place i n to 

(Ph3P)4BhH 
solution 

(Ph,P),BhH + Ph,P -
+Et GeH 

3 » (Ph P)2EhH2GeEt3 +PhjP 
A 

Et 6&e 2 + (Ph P)2Hh(H)(S) f 
+Et GeH 

2— (Ph3P)2HhGeEt3(S) + Rg 

(S = solvent) 
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The reaction of (Ph^P) HhH with trichiorosilane i s complete 
within a matter of hours at room temperature, in the absence of solvent, 
to give (Ph^PjgHhCSiCl^)^ and hydrogen. D i f f i c u l t y was experienced 
i n purifying the product because of i t s insolubility and the facile 
hydrolysis of the Si-Cl bond. The difference i n reactivity between 
triethylgermane and triohlorosilane i n this reaction may be solely 
related to the s t a b i l i t y of the product (c. f. page 50) but may also be 
related to the more electropositive nature of the hydrogen atom i n 
trichlorosilane. Rhodium(l) hydride complexes are known to react 
with acids with the loss of hydrogen in reactions of the type: 
(FhjP)jHbH + 2HC1 » (PhjP^HhHClg + Hg + Pĥ P 
(Ph2PC2H4PPh2)2RhH + HCIO^ > [(Ph2PG2H4PPh2)2Rh].!.C104 + H2 

Once the species (Ph^P^flhHgC SiClj), (n = 2 or 3) was formed i t would 
be expected to lose hydrogen readily and enable further attack by 
triohlorosilane to take place. 

Trimethylgermane did not react with the complex |(dppe)2RhJci, 
(dppe = PhgPCgĤ PPhg) even at 60°C, although the analogous iridium 
complex underwent a reversible addition reaction with silanes and the 
triethoxysilyl complex, J(dppe) 2IrH(Si[0Et] 3)Jci, has been i s o l a t e d 2 0 0 . 
What was perhaps a l i t t l e more surprising was the i n a b i l i t y of the 
rhodium(l) phosphine complex [( drape ) 2RhJ CI, (dmpe = MegPCgĤ FMeg) 

50 

to oxidatively add triethylgermane although i t was known to activate 
hydrogen i n an equilibrium reaction. I t was expected that the less 
electronegative aliphatic diphosphine might have stabilised the upper 
oxidation state sufficiently for a complex to be isolated. 

The s t a b i l i t y of the rhodium(lIl) complexes' formed by the reaction 
of trialkylgermanes with (Ph^Pj^RhCl might also be expected to inorease 
i f a more basic ligand than triphenylphosphihe was attached to rhodium. 
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An increase of electron density at the rhodium atom would be expected to 
stabilise the +3 oxidation state and hence to increase the tendency 
for oxidative addition reactions to take place. The reactions of 
trialkylgermanes with the complexes (MePhgP^RhCl and (Me^PhP^RhCl 
were therefore studied. These two compounds were chosen because of 

1 

the usefulness of the methylphosphine H n.m.r. pattern in establishing 
the stereochemistry of a complex. The compound. (Me2PhP)^EhCl could 
not be isolated i n the solid form but was used as the red solution 
formed by the addition of dimethylphenylphosphine (3 mol. per Eh atom) 
in benzene to the ethylene complex [(C2H^)2BhCl]2.. B o t l i t h i S s o l u t i o n 

and solutions of (MePhgPj^EhCl were extremely air-sensitive*. 
The reaction of (MePh2P)^BhCl with triethylgermane under the 

same conditions adopted for the preparation of (Ph^P)2EhH(&eEt^)Cl did 
1 

not give the expected germyl-rhodium compound. The H n.m.r. spectrum 
of the yellow solid showed the complete absence of the triethylgeiinyl 
group and the methylphosphine resonance appeared as a doublet at 8 . 4 5 f , 

j(P-C-H) = 12.2Hz. This indicated that the compound only contained 
two phosphine ligands and that these lay i n the cis configuration. 
The infrared spectrum of the solid showed two small bands in the 
rhodium-hydrogen stretching region at 2080 and 1950 cm \ These 
disappeared on recrystallisation from benzene. The dihydrido-oomplexes 
(Ph^P^KhHgCl and (EtPhgP^HhHgCl are reported to have Eh-H vibrations 

-1 -1 15 at 2082, 2012 cm and 2059, 1915 cm respectively . Both lose 
hydrogen readily i n solution. The analysis of the compound did not 
distinguish between the two possible formulae (MePhgPjgKhHgCl and 
[(MePh2P)2EhCl]2 but the infrared evidence suggests that the dihydrido-
complex was formed. A similar reaction has been reported £• occur 
between trimethylgermane and (Et^PjglrCCOjCl to give (Et^PjglrvCOjHgCl 

16l 
and hexaraethyldigermane # 
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3y contrast the reaction of (MePhgPjjKhCi with trimethylgermane 
at 50°C gave a mixture of polygermanium oxides and a yellow compound 
which contained the trimethylgermyl group bonded to rhodium. On 

1 
the basis of the infrared and H n.m.r. spectra this compound could 
best be formulated as (MePhgPjgEhC&eMe^JgCl although the analytical 

1 

data were not very satisfactory. The H n.m.r. spectrum of the 
methylphosphine groups consisted of a doublet centred on 8.53 T, 
J(P-C-H) = 12.5Hz, which showed that the compound contained two cis 
phosphine ligands. The trimethylgermyl group appeared as a strong 
resonance at 9.55 T. The. relative integrated intensities of the 
trimethylgermyl and methylphosphine protons (15:6) suggested the structure 
(MePhgPjgBnC G-eMê JgCl. Although the reaction was carried out i n an 
evacuated sealed tube and the solvents were carefully degassed before 
seal off, the formation of polygermanium oxides indicated the presence 
of residual oxygen i n the system. 

A similar reaction carried out between (Me^PnP^RhCl and 
trimethylgermane gave only an intractable oxidation product of the 
rhodium complex. 

In view of the relative s t a b i l i t y of the compound (Ph^PjgEhHCSiClgMeJCl 
i t might have been expected that MeHSiClg would give a facile reaction 
with (MegEhPjjHhCl to form a f a i r l y stable rhodium-silicon bond. In 
fact only the known compound mer-(Me2PhP),RhCl., could be isolated from this 
reaction. The n.m.r. and far infrared spectra of the compound 

63 

were identical to that reported by Shaw . 
The reaction of (PhjPjgHKcOjCl with sodium amalgam in the presence 

of carbon monoxide is reported to give a carbonylate anion from which 
151 

the compound (Ph^Pj^BhCCOjgSnMe^ has been prepared , We have used 
the reaction of the carbonylate ion with triethylbromogermane to prepare 
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the g8rmyl-rhodium(l) compound (Ph^PjgBhfCOjg&eEt^, [<j(C0) = 1973, 1922 om" 
Et^Ge, 8 . 7 6 r ] . Evidence for the formation of (Ph5P)2Hh(C0)2GeMe3 from 
the reaction of the anion with trimethylbromogermane was also obtained 
but the compound could not be satisfactorily purified. 

The compound (PhjPjgBhCcOjg&eEt^ decomposed, with loss of carbon 
monoxide, over a number of weeks under a nitrogen atmosphere.. The 
decomposition could be followed by the decrease i n intensity of the 

-1 
carbonyl band at 1922 cm . The properties of the corresponding 
trimethylstannyl-rhodium compound have not been described but the 
germyl-iridium compound,(PhjP)lr(C0)3GePhj, also decomposed over a period 

151 
of weeks although the t i n analogue was stable • 
Attempts to precipitate further material from the (PhjP)2Hh(C0)2&eEtj 
reaotion solution, by the addition of methanol, gave a mixture of 
yellow solids with a very different infrared spectrum to (PhjP)2Hh( C0)2&eEt, 
The intensity of the band at 1922 cm"*1 had decreased relative to the 

-1 -1 

broad band at 1973 om , and a new band had appeared at 2030 cm • This 
new band was probably due to the formation of a rhodium hydride species 
such as (Ph3P)2Bh(C0)2H* This could have been formed by the hydrolysis 
of the triethylgermyl-complex as hexaethyldigermoxane was found i n a 
concentrate of the solvent. The infrared spectrum of (PhjP)2Hh(C0)2H 

""1 **1 

is variously reported to show bands at 2038 cm ^(Sh-H), 1980, 1939 cm 
^(C0); and 2050 om"1 V(Kh-H), 1980, 1942 om"'1 ^ ( C 0 ) 1 ° 8 . The 
hydride readily loses hydrogen and carbon monoxide to form the dimer 
J(Ph.jP)2Hh(C0)J2, ^(C0) 1965 cm"1. A competing halogen-metal exohange 
reaction between the carbonylate anion and Et^&eBr could also possibly 
occur to give (Ph,P)oBh(C0)Br and Et.GeNa. 

Unlike the analogous iridium complex (Ph3P)2Rh(C0)Cl did not 
react with trimethyl- or triethylgermane to give compounds containing 
a rhodium-germanium bond. The reaction between (PhjP) 2Ir(C0)Cl 
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and trimethyl- or triethylgermane proceeded readily during twelve hours 
i n refluxing benzene, or over a longer period at room temperature, to 
form the complex (PhjP^IrvCOjHgGeRj (E = He or Et) and the 

161 

chlorogermane, B̂ G-eCl . Under similar conditions the rhodium 
compound was recovered unchanged. 

Similarly (Ph^P^EhC C0)H and (Pr 3P) 2Eh(C0)Cl did not react with 
trimethyl- or triethylgermane to form a stable metal-metal bond although 
hexainethyl- or hexaethyldigermane could be detected i n the reaction 
products. The difference i n behaviour between rhodium and iridium 
in these reactions again illustrates the greater s t a b i l i t y of the +3 

oxidation state for iridium. 
The complexes (Ph^P)^ C0)C1, (M = Eh, I r ) also behave differently 

i n their reactions with trichlorogermane. The iridium compound reacts 
with an excess of trichlorogermane to give an immediate white precipitate 
of (PhjP) 2Ir( C0)H2&eClj . By contrast the addition of trichlorogermane 
to a solution of (PhjP)2Hh(C0)Cl i n benzene gave an immediate reaction 
with the evolution of a gas and the separation of an orange-yellow 
tar. Attempts to recrystallise the compound from acetone or benzene 
also gave an orange tar. The compound was washed with benzene and 
ether and dried i n vacuo to give an orange solid. The infrared 
spectrum (Table 9) showed that the compound was a triphenylphosphonium 
salt containing the trichlorogermyl group bo«.cn£ to rhodium. The 

-1 

presence of a strong carbonyl stretching band at 2099 cm showed that 
rhodium was in the +3 oxidation state rather than the +1 state (see 
page 40), The compound could not be purified sufficiently to give 
a good analysis but probably has the formula [ph^PH^ [Eh(C0)(G-eCl3)^] 
analogous to the known compounds of the anion |jRh(C0)Cl^J , The 
only known rhodium-tin compounds of this type contain rhodium i n the 
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+1 oxidation state, e.g. |jRh(C0)(3nCIy 3j 2'* 2 0 1 * 2 0~. The infrared 
data for these compounds are given i n Table 8. 

Table 8 

Compound Medium >)(CQ) cm*"1 

jMeAN]2[HhC00)01^ Nujol ~2090 br. 
[Et4N]2.[Hh(C0)Br5] Nujol 2070 

[Et 4N] 2 (Hh(CO)lJ Nujol <-20W) 

[Me^Njg |ith(C0)Cl(SnCl 3) 2] - 2000 

The difference i n behaviour between rhodium and iridium i n this 
reaction i s probably due to the s t a b i l i t y of the iridium dihydride 
and i t s poor solubil i t y i n benzene. Precipitation of the compound 
from solution may save i t from further attack by trichlorogermane. I f 
the rhodium compound had formed an analogous dihydride intermediate 
i t would be expected to lose hydrogen readily and thus enable further 
attack to take place. 

An attempt was made to see i f i t was possible to isolate any 
intermediate species by the controlled addition of 1:1 and 2:1 ratios 
of trichlorogermane to benzene solutions of (PhjP)2Rh(C0)C1. I n 
eaoh case a mixture containing unreacted (PhjP)2Rh( C0)C1 and a rhodium(lll) 
species was formed but these could not be separated by "fractional 
crystallisation. The mixture showed infrared bands characteristic 

-1 -1 
of the trichlorogermyl group at 370 cm anda.band at 2090 om which 
could be assigned to the carbonyl group of a rhodium(lIl) species. 
No bands characteristic of the triphenylphosphonium ion or of a rhodium 
hydride were observed. On the basis of the infrared spectrum an 
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intermediate such as (FhjP) 2Bh(CCX&eCly 3
 o r (FhjP) 2Eh(C0)(&eCIj) 2Ci may 

exist. 

A similar addition of 1:1 and 2:1 ratios of trichlorogermane 
to benzene solutions of (PhjP)jBh(CO)H also gave a mixture of products. 
Free triphenylphosphine was isolated from this mixture. The infrared 
spectrum of the solid suggested that i t consisted of a mixture of the 
dimeric [(Ph^PjgHhCCO)] 2, [^(CO) 1990, 1970 cm"1]; and a rhodium(lIl) 
carbonyl species [>)(C0) 2070 cm""1]. The spectrum also showed the 
presence of trichlorogermyl groups [>|(&e-Cl), 360 cm"1]. No 
(PhjP)^Bh(C0)H was recovered unchanged and the infrared spectrum gave 
no indication of the presence of a rhodium-hydrogen bond or of the 
triphenylphosphonium ion. 

Trichlorogermane i s known to be highly polar and in some reactions 
14-9 

i t behaves like germanium(ll) chloride . 
H&eClj ; * &eCl2 + HC1 

The compound can therefore be regarded as a source of &eCl2 or of the 
G-eCl-j ion. In the two reactions which have previously been discussed 
the addition of excess trichlorogermane to the complexes (Ph^P)^RhCl 
and (Ph^P)2Eh(C0jCl displaoed the triphenylphosphine groups from 
rhodium with the formation of rhodium(lll) triphenylphosphonium salts. 
The i n i t i a l stages of these reactions may involve simple oxidative 
addition reactions but the displacement of Pĥ P must involve attack 
by the G-eCl̂  ion. I t is of interest to note that G-eCl̂  is isoelectronic 
with Ph^As. 

Rhodium(lll) trichlorogermyl-compounds were also prepared by the 
direct addition of trichlorogermane or trimethylammoniurn trichloro-
germanite to rhodium trichloride trihydrate. This tendenoy for rhodium 
to form hexacoordinate trichlorogermyl-complexes and to adopt the 
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+3 oxidation state i n these complexes, rather than the +1 state favoured 
for the trichlorostannyl-complexes, may be due to the smaller steric 
requirements of the trichlorogermyl ligand. 

The addition of trimethylammonium trichlorogermanite to a solution 
of rhodium trichloride in hydrochloric acid gave an orange solution 
from which bright orange needles were obtained. These were air-stable 
and only decomposed at 255°C The crystals analysed as 
[Me^NflJ^ |Bh(GeClj)Cl3J and showed a strong broad band in the far 
infrared spectrum at 360 cm \ 
RhClj + 3Me3NHGeCl3 > [me^H^ [fihC&eCljJjClJ 

The addition of trichlorogermane i n hydrochloric acid (necessary 
to prevent hydrolysis) to an alcoholic solution of rhodium trichloride 
gave a red-orange solution. Addition of triphenylphosphine 
precipitated an air-stable yellow-orange solid which analysed as 
[ph 3PH] 3fRh(&eCl 3 ) 2 ClJ, ^(&e-Cl), 362 cm"1. 
EhCl3 + 2H&eCl3 + HCl + 3Ph 3P—> (Ph3PH]3 [Rh( GeCl^C^] 

Trichlorogermyl-complexes of rhodium(l) were also prepared by 
the reaction of caesium trichlorogermanite and trjjnethylammonium. 
trichlorogermanite with (Ph3P)2Rh(C0)C1. The reaction of the rhodium 
complex with caesium trichlorogermanite in tetrahydrofuran gave an 
orange solution from which a small amount of (Ph3P')2Eh(C0.)GeC-l3 was 
isolated. The infrared spectrum of the compound showed the presence 
of a carbonyl group at 1978 cm 1 and of the trichlorogermyl group 
at 380 cm 1. The compound could not be prepared entirely free of a 
small amount of (Ph3P)2Hh(C0)Cl and i t appears that some decomposition 
to (Ph3P)2Rh(C0)Cl may occur i n solution. The analogous t i n compound 

146 
could not be prepared i n a pure condition either and the equilibrium 
(Ph P) Bh(C0)SnCl . (Ph P) Hh( C0)C1 + SnCl„ 

3 2 3 3 2 2 
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i s Known TO occur i n solution. 

When solutions of (Ph^P^BhC C0)C1 were refluxed i n benzene with 

trimethylammonium trichlorogermanite a red precipitate was formed. 

This compound contained no triphenylphosphine ligands but a carbonyl 

stretching frequency was observed i n the i n f r a r e d spectrum at 1970 cm . 

This i s i n the range expected f o r a rhodium(l) carbonyl compound* 

The infrared spectrum also showed the presence of the triohlorogermyl 

group, ^(&e-Cl) 362 cm"*1. The compound could best be formulated 

as jjlejNHjg [llh( C0)( G«Cl^)2Cl] on the basis of the infrared and 

ana l y t i c a l data. The reaction must involve attack at rhodium by 

the &eClj ion with the displacement of triphenylphosphine. 

(Ph 3P) 2Eh(CO)Cl + 2Me3NH&eCl3 > [Me 3M] 2[lfo(C0)(&eCl 3) 2Cl] + 2Ph3P 

A l l of the compounds containing the trichlorogermyl group exhibit 

a strong broad band i n the f a r infrared spectrum i n the range 

360-380 cm (Table 9 ) . This i s possibly a combination band of the 
205 

Eh-Cl and G-eClj stretching modes • Similar bands have been observed 
204 

i n the spectra of trichlorogermylplatinum complexes . Bands i n 

the region of 2380 cm"1 ^ (P-H), 900 cm"1 (P-H bend), and 1100, 720 cm"1 

can be assigned to the triphenylphosphoniura ion^^* -' 

The addition of one equivalent of trichlorogermane to a 

tetrahydrofuran solution of the cyclooctadiene complex ^(OgH^jHhClJg 

precipitated a small amount of orange-brown s o l i d . The mass spectrum 

of t h i s s o l i d showed a molecular ion f o r the complex (CgH^ 2)BhH(&eClj)Cl 

with the most abundant ion i n the isotope abundance pattern at nominal 

mass 426. The isotope abundance pattern corresponded to that 

calculated by a computer program ( w r i t t e n by A. Carrick and modified 

by A. McGregor) f o r the combination CgH^fih&eCl^ (see Table 10) . 

The infrared spectrum showed bands a t t r i b u t a b l e to v(Eh-H) at 2000 cm 1 



- 84 -

X> T-

o 
CM E 

<0 
H 

2 

ra 

B 
O 

•H 

o 

1 
Q) bt 
8 
O 

f-l 
J3 o 
•El 
EH <VH o m a> 
•H 
+> 
ri 
<D 
P 

£ 
H 
id o 

•H 
a 

o 
-p 
0 

rH 

•3 
•p 
t +> +> 

to 

C O 
C O 

CM 

C O 

o 
CM 

i n 
C O 
C O 

X 

C O 

CM 
3 
CM 

CM 
00 

CM 

O 

o 
6 o as 

OS o 
CM 

ON 

00 

rH 
U 

h 
B o 
o 00 CM O CM g 

V O C O 

• I o 
« 5 * E 
5 A I C O 

o o 
0) 

m 
CM 

o 
CM 

O 
O 
CM 

O 
o 
CM 

I 
O S 

o 
H 
O 

U 
§ 

H 
H 
0) 
>» 

St 
o 

rH 
rH 
0> 
>» 
h 
no 
ft 

9 

o 

0 
bD 

o 

a> 

K> rH 
I 1 rH O 

VO U CM '"to, t? '~rV» r-l w H o ^ o 
<p O ffl dj o ci 

U 
<D 

O 
CM 

3 
o u 

CM 

£ E E Ef 
i*> rr\ 

CM 

a> 

r-P 
u a> ci 
o u 
I 

CM 

Mi* 
o 

(I) -p cd •P 
01 
-d 
•rt 
rH 
O 
01 

a> 
J3 •P 
o •p 
a> 
m 
a) -p 

*H 

rH 
rH 



- 85 -

and to -i) ( Ge-?Cl) at 370 cm , but also indicated the presence of a 

cyclopentadienyl impurity i n the compound ^(C-H), 3180 cm . 

Attempted r e c r y s t a l l i s a t i o n from THF led to the decomposition of 

(C 8H l 2)HhH(&eCl 3)Cl and the recovery of [(C 8H 1 2)EhCl] 2. 

A cyclopentadienyl species was also reported to have been formed 

i n the reaotion of iodine with [(CgH. 1 2)BhClJ 2 i n ether a t 0°C. I n 
208 

t h i s case the only isolable product was Tr-CchV-Bhl. . The fate 
0 0 2 

of the 3-carbon fragment i n t h i s curious reaction was not determined. 

A similar process possibly occurred i n the reaction of trichlorogermane 

wi t h [ ( C 8 H l 2 ) f i h C l ] 2 to give the cyclopentadienyl impurity. 

The addition of a good excess of tric h l o r o s i l a n e to a benzene 

solution of £(CgHl2)RhClj2 gave an orange s o l i d which showed only the 

absorption bands characteristic of the cyclooctadiene and t r i c h l o r o s i l y l 

groups. The SiCl^ absorption occurred as a series of unresolved bands 

i n the range 480-550 cm . No band a t t r i b u t a b l e to a oyclopentadienyl 

species was observed. The mass spectrum showed the ion (CgH^ 2)Bh(SiCl^) 2
+ 

at 479 n/e and the isotope abundance pattern corresponded to that 

predicted f o r CgH l 2ClgRhSi 2
+ by the computer program (Table 11 ) . 

The analysis of the compound corresponded to i t s formulation as 
^ C 8 ^ 1 2 ^ ^ S i C l } ^ - 1 * T n e o o m P o u n d w a s very moisture sensitive and 
aft e r exposure to a i r the infrared spectrum contained bands characteristic 

of >)(Si0). 

The addition of t r i c h l o r o s i l a n e to the cyclopentadienyl-

cyolooctadienerhodium(l) complex, n^-C^H^BhCgH12lgave an immediate 

reaction with the p r e c i p i t a t i o n of a brown s o l i d . Further reaction 

gave a yellow-orange s o l i d . The reaction was carried out i n a 

breakseal tube and work up yielded no hydrogen. As the s o l i d was 

only sparingly soluble i n a l l the common solvents i t was p u r i f i e d 
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Table iO 

Isotope combinations f o r the molecule/ion CnH.̂ BhG-eCl 

Nominal Mass Peak Mass Relative Abundance 

422 421.806223 24.000 

423 422.809639 2.202 

424 423.803478 63.110 

1*25 424,805924 14.884 

426 425.801739 100.000 

427 426.803545 20,882 

428 427.799889 88.731 

429 428.801634 13.768 

430 429.797845 43.693 

4-31 430.800065 5.197 

4-32 431.795715 11.961 

433 432.798617 1.187 

434 433.793574 1.7,10 

435 434.796780 0.128 
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Table i i 

Isotope combinations f o r the molecule/ion C^H^RhSi„Cl^ 

Nominal Mass Peak Mass Relative Abundanoe 

477 476.765684 49.436 

478 477.767069 9.568 

479 478.762748 100.000 

480 479.764124 19.083 

481 480.759820 85.491 

482 481.761183 16.005 

483 482.756902 39.882 

484 483.758249 7.269 

485 484.754000 10.899 

486 485.755322 1.894 

487 486.751115 1.682 

488 487.752393 0.219 

489 488.748238 0.115 
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by extraction with benzene, and the s o l i d recovered from the benzene 

extract was washed thoroughly with l i g h t petroleum. The infrared 

spectrum of the p u r i f i e d s o l i d showed bands characteristic of the 

cyclopentadienyl group, <0(C-H) 3120 cm"1j and to the t r i c h l o r o s i l y l 

group, v ( S i - C l ) 510, 478 cm"1. The structure of the bands f o r the 

al i p h a t i c C-H stretching modes [^(C-H) 2925, 2855 cm"1] d i f f e r e d from 

those of the cyclooctadiene-complex and now corresponded i n shape 

to those of the cyclooctene-complex ^(CgH^jEhClJg. 

The mass speotrum of the compound showed a molecular ion a t 

546 m/e (Table 12) which established the compound as A-CrHcHh(SiCl,)„CQH... 
5 5 j c. o 14 

The major ions i n the spectrum were C^h^Rh( S i C l ^ ) 2
+ and C^H^HhSiCl2

+i= 

The other ions are shown i n Fig. 26 together with a suggested breakdown 

pattern. The mass quoted i n each case corresponds to the most abundant 

ion of the isotope abundance pattern. 

The reaction of t r i c h l o r o s i l a n e with y\ -C^h\-Eh(C2H^)2 also 

yielded a similar brown so l i d . The mass spectrum showed a molecular 

ion f o r n-C^HKSiCl^CgH^, M = 464 (Table 13) and the suggested 

breakdown pattern i s shown i n Fig. 27 • These reactions may involve 

an i n i t i a l attack by tri c h l o r o s i l a n e to give an a l l y l i e intermediate 

which then undergoes f u r t h e r reaction with t r i c h l o r o s i l a n e t o give 

the mono-olefin complex i.e. 

7T-C5H5BhC8Hl2 + HSiCl 3 > [TT -C 5h^Hh(SiCl 3)(CgH 1 3)] 
HSiClj 

7T-C 5H 5Kh(SiCl 3) 2(C 8H 1 2 i) 

A TT-cyolooctenyl-complex of the type suggested as an intermediate 

has been isolated from the reaction of cycloocta -1 ,5-diene with 
209 

pentamethylcyclopentadienyl-rhodium(lIl) dichloride • 
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Table i 2 

Isotope combinations f o r the molecule/ion C [ ^ ̂ RhSi„Cl( 

Nominal Mass Peak Mass Relative Abundance 

544 543.820460 49.131 

545 544.822307 12.318 

546 545.817574 100.000 

547 546.819371 24.654 

548 547.814710 86.184 

549 548.816443 20.774 

550 549.811875 40.641 

551 550.813525 9.496 

552 551.809086 11.273 

553 552.810620 2.494 

554 553.806339 1.774 

555 554.807708 0.290 

556 555.803607 0.124 
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Fig. 26 

Suggested fragmentation pattern of /r-C^Hr-Rh(SiCl.,)rCnH 

C.,R\ JRhSi-Cl 13 19 
546 

CI HSiCI 

l 3 H 1 9 E h S i 2 C l + C.,H_RhSi„C C„H C.,H.„RhSiCl 8 14 13 18 
511 412 

C„H 
8 14 

C_KLKhSi,.Cl 
436 C.H. RhSiCl 

302 

CI 
SiCl 

Si-G-1 
Rh_Si~Cl 

CILRhSiCl 401 
303 

CI SiCl 

EhSiCl C.IUtti C5K3 

266 168 

SiClJ" 170 

SiCl, + 135 
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Table 13 

Isotope combinations f o r the molecule/ion C-JLHhSijCL 

Nominal Mass Peak Mass Relative Abundance 

462 461.742208 49.465 

463 462.743459 8.996 

464 463.739269 100.000 

465 464.740514 17.931 

466 465.736336 85.425 

467 466.737573 15.027 

468 467.733412 39.809 

469 468.734635 6.771 

470 469.730502 10.863 

471 470.731700 1.728 

472 471.727606 1.674 

473 472.728761 0,195 

474 473.724718 0.114 
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Suggested fragmentation pattern of 7r-C^H^Bh( SiCl, )„C„H^ 

C 7H 9RhSi 2Cl 6 

C^BhSigC^ 
429 

- C J i 

C ^ B h S i ^ l g 

Cy^KhSiCl, 
266 

-SiCl 

-HSiCl, 

-SiCl 

-SiCl 

CJLHhSiCL 
0 0 3 

C 7HgHhSiCl 3
+ 

-C H 
2 n 4 

CCH. RhSiCl, 5 4 3 

C 5H 5Rh 2Si 2Cl 5 

Cj-Hj-Eh 
0 0 

168 

SiCl^ 170 

S i C l j 135 
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EtOh/Na CO 
[TT-C5Me5EhCl2J2 + 2C 8K 1 2 1 - 4 2[7V-C 5Me 5BhCi(C 8H 1 3)] 

The addition of trimethylgermane to A-CcH_RhCQH.„ only gave 0 0 o 1« mucbure 
unreacted s t a r t i n g materials even a f t e r the reactiozuhad been heated 

o 
f o r one month a t 50 C. This difference i n r e a c t i v i t y shown towards 

7T-Ĉ Ĥ RhCgĤ g by t r i c h l o r o s i l a n e and trimethylgermane could simply 

be interpreted i n terms of metal-metal bond strengths but the more 

electropositive nature of the hydrogen atom i n Cl^SiH may also play 

a dominant role i n the reaction course. The reaction could proceed 

by the oxidative addition of Cl^SiH to TV -C^h^HhCgH^ to give a 

rhodium(lll) ..hydride which could then undergo hydrogen transfer to 

form a 7 T - a l l y l i c complex. Unless a metal-olefin bond was f i r s t 

broken t h i s route would involve a seven-coordinate rhodium intermediate. 

Al t e r n a t i v e l y , the reaction may proceed via a concerted e l e c t r o p h i l i c 

addition of tr i c h l o r o s i l a n e across a rhodium-olefin bond. 

The reaction of trimethylgermane with 7r-C,-H,_Rh(C0)Pĥ P did not 

re s u l t i n the formation of a rhodium-germanium bond and only unreacted 

materials could be isolated from the reaction mixture. 

Attempts were also made to form rhodium-silicon bonds by the 

reaction of bis(trimethylsilyl)mercury with the rhodium complexes 

(PhjP) 2Bh(C0)Cl and (Ph^Pj^RhCl. This type of reaction has been 

successfully u t i l i s e d f o r the preparation of a number of platinum 

complexes (see page 47)• When a solution of bis(trimethylsilyl)mercury 

was added at room temperature to a benzene solution of (Ph^P) 2Rh(C0)Cl 

i n equimolar ra t i o s a v i v i d dark red colouration was immediately 

produced i n the solution. Only a small amount of mercury was 

precipitated* Removal of the solvent gave a red-brown s o l i d which 

showed infrared bands characteristic of the t r i m e t h y l s i l y l group 

fp(Me), 798 cm ] and a carbonyl stretching frequency at 1970 cm • 
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Attempts to r e c r y s t a l l i s e t h i s material led to the recovery of 

(PhjP) 2Rh(C0)Cl and eventually to an oxidised decomposition product. 
-1 

The presence of a carbonyl band at 1970 cm tended to suggest 

that the rhodium compound was not i n the +3 oxidation state ( see page 40) 

and should be regarded as an adduct of the type (Ph^P^RhCCOjCl.HgCSiMe^), 

rather than as (Ph.jP)2Kh(C0)( SiMe^HgSiMe^JCl. This i n t e r p r e t a t i o n 

of the reaction i s i n accord with the fact that red adducts of the 

type £(CgHl2)EhClJ2.2HgCl2 can be precipitated from methylene 
chloride solutions of [(CgH l 2)BhCl"j 2 by the addition of mercuric 

210 
chloride • These complexes dissociate readily i n solution. 

I t has also been found that (PhjP) 2Rh(C0)C1 does not oxidatively add 

mercuric chloride although no d e t a i l s have been given and nor i s 
10il. 

any mention made of the formation of adducts . The same paper 

reports that the iri d i u m complex readily undergoes oxidative 

addition with HgClg to form (Ph 5P) 2Ir(CO)ci 2(HgCl). 

The analogous addition of (Me^&e^Hg to (PhjP) 2Ir(C0)Cl was also 

reported to give a red solution which faded on re f l u x . Unreacted 

(PhjP) 2Ir((;0)Cl and a buff solid which was thought to be 

(PhjP) 2Ir(C0)(Hg&eMe 3) were isolated from the reaction mixture 1^ 1. 

The only product which could be p o s i t i v e l y i d e n t i f i e d from the 

reaction of (PhjP^RhCl with (Me^Si^Hg was the dimeric species 

[(Ph^PjgEhClJg. An oxidative addition to (Ph^Pj^BhCl may have occurred 

but i f so the product was not stable enough f o r i t to be isolated 

under the conditions of the reaction. 

The reaction of the potassium s a l t KfKhCPFjJJ with 

triethylbromogermane was carried out i n the hope that i t would be 

possible to prepare a stable Rh( I)-germanium bonded complex. On the 

addition of triethylbromogermane to an ether. solution of K^h(PFj)^] 
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a s l i g h t cloudiness was i n i t i a l l y observed. The solution darkened on 

concentration (by the removal of solvent under vaouum) and only a 

brown intractable t a r could be isolated. This material could not be 

p u r i f i e d by r e c r y s t a l l i s a t i o n or by washing with other solvents. 

An attempt to form a rhodium-molybdenum bond by the reaction of 

JjT-C^H^Mo(CO)jjNa with (Ph^P)2Kh( C0)C1 also gave inconclusive results. 

A brown s o l i d could be isolated from the reaction mixture and t h i s 

showed four strong carbonyl bands at 19&7f 1876, 1777 and 1750 cm \ 

The band at 1967 cm i s probably associated with the rhodium atom and 

the others are i n the region which would be expected f o r an anionic 

species such as [TT-C5H5MO(CO)J". The infrar e d spectrum also shows 

the preaenoe of the cyclopentadienyl and triphenylphosphine groups* 

The s o l i d was sparingly soluble i n benzene and tetrahydrofuran but 

oould not be properly p u r i f i e d . 

No (Ph^P) 2Eh(C0)Cl could be c r y s t a l l i s e d from i t s solutions. 

I f a metal-metal bond has been formed i n t h i s reaction the frequencies 

of the carbonyl groups associated with molybdenum tend to suggest 

that i t has a very ionic nature. 
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EXPERIMENTAL 

The Preparation of Hydridochloroy triethyigermyl)bis( t r i p h e n y l -

phosphine)rhodium(III). (Ph,P)pBhH(&eEt,)Cl 

Triethylgermane (0 .5ml , 3.1 mmole) was added to a suspension 

of (Ph^PjjRhCl (843 mg., 0.91 mmole) i n benzene (5 ml) i n a Schlenk 

tube. The suspension was s t i r r e d at room temperature and a f t e r t h i r t y 

minutes the dark red s o l i d began to turn yellow. S t i r r i n g was continued 

overnight and then the b r i g h t yellow s o l i d was f i l t e r e d from the orange 

solution. Free triphenylphosphine was found i n the f i l t r a t e 

( i d e n t i f i e d by infrared spectroscopy). The s o l i d was washed several 

times with l i g h t petroleum and dried i n vacuo. This gave hydridochloro-

(triethylgermyl)bis(triphenylphosphine) r h o d i u m ( l I l ) , (Ph,P),HhH(&eEt )C1, 

2. The Preparation of Hydridoohloro( trimethylgermyl)bis( t r i p h e n y l -

and trimethylgermane (about 5 l i q u i d mlj were condensed i n t o the apparatus 

which was then sealed i n vacuo. The apparatus was warmed t o room 

temperature and the suspension s t i r r e d . Reaction was f i r s t noticeable 

a f t e r t h i r t y minutes when the dark red s o l i d began to lig h t e n i n 

colour. The suspension was s t i r r e d overnight to give a dark yellow 

solid which was f i l t e r e d from the yellow solution. The apparatus 

was opened to a vacuum l i n e and the v o l a t i l e materials removed. 

(triethylgermyl)bis(triphenylphosphine) r h o d i u m ( l I l ) , (Ph,P)2HhH( 

587 nig. (7&$). [v(RforH), (KBr), 2107, m.p. 117-119 dec 
1 1 2062 (sh) cm •v(Rh-Cl), ( C s l ) , 306, 284 cm Found: 

C, 61.25; H, 5.50; CI, 4.18; P, 7.82J5. C^H^Cl&ePgRh requires 

C, 61.23; H, 5.59; CI, 4 .31; P, 7.539H. 

-phoBphine.)xhodimUlll.J_P^ 

(Ph^Pj^RhCl (633mg., 0.69 mmole) was placed i n a breakseal 

apparatus equipped with a glass s i n t e r (por 3 ) . Benzene ( 0 . 5 ml) 
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Fractionation nf the v o l a t i l e s yielded: hydrogen (2 .44 N.cc., 0.11 mmola), 

unreacted trimethylgermane, and hexamethyldigennane (M f Me^^&eg* = 236) . 

Triphenylphosphine was extracted from the s o l i d residue with l i g h t 

petroleum and i d e n t i f i e d by infrared spectroscopy. The yellow 

f i l t e r e d s o l i d was washed with l i g h t petroleum to give hydridochloro-

(trimethylgermyl)bis(triphenylphosphine)rhodium(III), (Ph,P)„BhH(&eMe,)C1, 

3. The Preparation of Hydridochloro( triethylgerm.vl)bis( t r i p h e n y l -

Triethylgermane ( 0 .5 ml, 3*1 mmole) was added t o a suspension 

of (Ph^As)^HhCl (635 mg*f 0.6 mmole) i n benzene (3 ml) i n a Schlenk* 

The suspension was s t i r r e d at room temperature and the brown s o l i d 

slowly turned yellow-green. S t i r r i n g was continued overnight and 

then the s o l i d was f i l t e r e d from the brown solution and washed several 

times with l i g h t petroleum. The compound was dried i n vacuo y i e l d i n g 

hydridochloro(triethylgennyl)bis( triphenylarsine)rhodium(lll), 

[V) (Rh-H), (KBr), 2114, 2042; j ( E h - C l ) , ( C s l ) , 331, 318 (sh) cm" . 

m.p. 90-94 C dec, 511 mg. (36%). 

1 1 h(Bh-H), (KBr), 2080, 2035 V(Hh-Cl), Csl, 296, 290 (sh) cm cm 
Pound: C, 59.21; H, 4-95; Cl. 4.07%. CIQH.nCl&eP0Rh requires 39 40 

C, 59.91; H, 5.12; Cl, 4.31#.J 

arsine)rhodium(III). (Ph,As)=RhH(GeEt,)C1 

(Ph,As)2KhH(&eEt )C1, m.p. 118-121 °C dec., 492 mg. (9.0$).. 

Pound: C, 54.36; H, 4.59; Cl, 3.4T5&. C. 0H, ,As„ClGeHh required 42 46 2 

3.90*1* c, 55.31; H, 5 .05; C l 

4. The Preparation of Hydridochloro( trimethylgermyl)bis(triphenylarsine) 

r h o d i u m ( l l l ) . (Ph,As)2BhH( &eMe,)Cl 

(PhjAs),BhCl ( l . 0 6 g . , 1 mmole) was placed i n a breakseal 
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apparatus equipped with a s i n t e r (por 3) and sealed to a vacuum l i n e . 

Benzene (1 ml) and trimethylgermane (about 5 l i q u i d ml) were oondensed 

into the apparatus which was sealed and s t i r r e d magnetically* On 

warming to room temperature a gas was evolved and a f t e r a short time 

the brown s o l i d began to lighten i n colour. After one hour the solid, 

which was now completely olive green, was f i l t e r e d and washed by back' 

d i s t i l l a t i o n of solvent. The tube was broken open to the vacuum l i n e 

to y i e l d hydrogen (18,9 N.oc., 0.84 mmole). Fractionation of the 

v o l a t i l e s gave unreacted trimethylgermane and a small amount of 

trimethylchlorogermane (M, Meg^G-e^Cl* = 139). The green s o l i d was 

dried i n vacuo and was id e n t i f i e d as hydridochloro(trimethylgermyl)-

bis(triphenylarsine)rhodium(in) f (PhjAs) 2HhH(&eMej)Cl, m.p. 90-95°C 

d e c , 720 mg. (82#). 

[\)(Rh-H), (KBr), 2057 (m), 2025 ( s ) cnT 1; (Rh-Cl), ( C s l ) , 334 ( s h ) , 

322 cm"1. Found: C, 53.42.,- H, 4.45; CI, 3.85$. Required for 

C^H^jASgClGeRh: C, 53.84; H, 4.60; CI, 4.06$]. 

5. The Reaction between (PhJP),RhCl and an Excess of Triohlorogermane 

Tris(triphenylphosphine)rhodium( i ) chloride (351 mg., 0.38 mmole) 

was added to one arm of a two-limbed breakseal apparatus. Toluene 

(0 . 5 ml) and trichlorogermane (0*5 ml., 965 mg., 5.36 mmole) were 

added to the other limb under nitrogen. The solvent and reactant 

were degassed and the apparatus evacuated and sealed. The apparatus 

used was designed so that effective degassing of the reactants oould 

be c a r r i e d out without p r i o r reaction. 

On mixing the reactants an immediate reaction occurred. The 

solid did not a l l go into solution but formed a red t a r from which 

bubbles of gas were evolved. After s t i r r i n g f or four hourB the reaction 
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was almost complete and the tarr y s o l i d was now completely yellow 

and the l i q u i d colourless. 

After a further twelve hours the tube was opened to a vacuum 

l i n e to yi e l d , a f t e r fractionation, hydrogen (8.38 N.cc. , 0.374 mmole) 

( i d e n t i f i e d by mass spectroscopy) and hydrogen chloride (11.23 N.cc., 

0.502 mmole) [in f r a r e d comparison, -O(ft-Cl) P,E structure 2817, 
*"1 T 

2941 cm I. The remaining v o l a t i l e s were pumped off to give a 

yellow s o l i d (727 mg.). The s o l i d was completely insoluble i n benzene, 

petrol and ether but tended to form a t a r r y substance on coming into 

contact with them. I t was extremely soluble i n tetrahydrofuran 

and o-cttone. Attempts to r e c r y s t a l l i s e the compound from these 

solvents f a i l e d and the s o l i d was eventually thoroughly washed with 

benzene and ether and pumped to dryness. 
absorption* 

The infrared spectrum of the s o l i d showed A attributable to 
-1 -1 -1 

the triphenylphosphonium ion a t 2389 cm , 1111 cm , 881 cm and 
**1 "1 

720 cm (,KBr) and to the trichlorogermyl group at 370 cm ( C s l ) . 

Band indicative of bridging rhodium chlorine groups were absent from 

the spectrum. No free triphenylphosphine was found i n the benzene 

or ether washings. The data suggests that the compound should be 

formulated as [ P h 5 P H ] 5 [ E h I I I ( f r e C l 3 ) 6 J , m.p. 138-141°C, y i e l d 727 mg., 

(979S). [Pound: C, 33.07; H* 2.73; CI, 31.8; P, 4.72#. 
G 54 H 48 G 1 i8 G e 6 P 3 B h r e ^ u i r e 8 c » 32.95; H, 2.44; CI, 32.49; P, 4.73$]. 

6. The Reaction Between Equivalent Amounts of (Ph,P),BhCl and 

Trichlorogermane 

Trichlorogermane (193 mg., 1.06 mmole) i n benzene (20 ml) was 

added .-slowly to a solution of (Ph^P^HhCl (998 mg., 1.06 mmole) i n 

benzene(Z)ml) to give an orange-brown solution. The solution was 
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concentrated by the removal of benzene and an orange s o l i d precipitated 

by the addition of petroleum ether. The s o l i d was f i l t e r e d , washed 

thoroughly with a small amount of benzene and petroleum ether and 

dried i n vacuo'. The infrared spectrum and analysis of the s o l i d 

i d e n t i f i e d i t as hydridochloro( trichlorogermyl)bis( triphenylphosphine) 

rhodium(lIl), (Ph PjgHbHCGeCljJCl, m.p. 148-152°C d e c , 801 mg. (88#). 

[>j(Bh-H), (KBr), 2123 ( s h ) , 2098 (m) om"1; >} (Ge-Cl), ( C s l ) , 
"1 

372 ( s ) cm . Found: C, 48.32; H, 4*20; CI, 17.34& 

C^gH^Cl^&ePgBh requires C, 51.2; H, 3.68; CI, 16.85#]# 

7. The Reaction Between (Ph,P),RhCl and Trimethylstannane 

Benzene (3 ml) and trimethylstannane (~2 ml) were condensed 

into a breakseal tube containing (PhjP)jRhCl (530 mg., 0.57 mmole). 

The tube was cooled to -196°C, evacuated and sealed. On allowing 

the tube to warm to room temperature an extremely vigorous reaction 

occurred. The s o l i d a l l dissolved to give an orange-red solution 

with the evolution of gas. The reaction was very exothermic and had 

to be cooled when _the_b_enz_ene. began, to b o i l . A f t e r a few minut.es 

the solution turned brown and a metallic mirror formed on the walls 

of the tube. The rhodium complex completely decomposed and work up 

yielded hydrogen (168 N.cc., 74.8 mmole), hexamethyldistannane 
/ 240 + v 
(M, Me,- Sng = 315), triphenylphosphine and rhodium metal. 

8. The Reaction Between (Ph,P).,RhCl and Tri( n-butyl)stannane 

Tri(n-butyl)stannane (390 mg., 1.34 mmole) was added to a 

suspension of (Ph^P)^RhCl (260 mg., 0.28 mmole) i n benzene (3 ml). 

Over a period of two hours the solution turned orange and a few 

http://minut.es
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orange-yeHow c r y s t a l s were deposited. After stirring overnight 

petroleum ether was added i n small amounts to precipitate a yellow 

sol i d . This was f i l t e r e d , washed thoroughly with petroleum ether and 

dried i n vacuo. The infrared spectrum showed a band due to ̂  (Rh-H) 

and bands c h a r a c t e r i s t i c of the Bu^Sn group. No band which could be 

assigned to >)(Sn-H) was observed. The 1H n.m.r. spectrum also showed 

the presence of butyl groups. The compound i s best formulated 

as hydridochloro( t r i nrbutylstanhyl)bis( triphenylphosphine)rhodium(lIl), 

(Ph 3P) 2HhH(Bu^SnJCl, m.p. 110°C dec, 248 mg. (92$). . 

[>d(Eh-H), (KBr), 2052 om"1; -v(Eh-Cl), ( C s l ) , 310 cm"1. Found: 

C, 55.36; H, 5.76JS. C^gfi^gClPgBhSn requires C, 60.34; H, 6.06$]. 

9. The Preparation of Hydridochloro jbis( trimethylsiloxy)methylsilyiJ-

bis( triphenylphosphine)rhodium( I I I ) . (Ph,P) JRhH[(Me,Si0) 2SiMe| CI 

(Ph^P)^RhCl (594 mg.) was suspended i n benzene (5 ml) and 

(Me^Si0) 2SiMeH (0 . 5 ml) was added. The rhodium complex reacted to 

give a c l e a r orange solution. The solution was concentrated by 

removal of solvent and yellow c r y s t a l s began to form._ These were 

collected' and i d e n t i f i e d by t h e i r infrared spectrum and analysis as 

(Ph 3P) 2KhH[(Me 3SiO) 2SiMe]ci, m.p. 132-136°C dec, 368 mg. (65?£). 

The 1H n.m.r. spectrum i n deuterochloroform showed two resonances i n 

the range expected for m e t h y l s i l y l compounds a t 10.0 f and 10.35 t 

( r e l a t i v e i n t e n s i t y 7:9)* 

[>)(Kh-H), (KBr), 2122 cm"1; (SiO), (KBr), 1056, 1010 cm"1. 

Pound: C, 58.65; H, 6.01; CI, 4.26; P, 7.59T&. C ^ H ^ C l O ^ E h S ^ 

requires C, 58.40; H, 5.88; CI, 4.01; P, 7.02#]. 
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10» The Reaction of (Ph,P),BhCl with Trj( n-butyljchlorostannana 

Tri(n-butyl)ohlorostannane (3 ml, 11.2 mmole) and benzene (0.5 ml) 

were added to (Ph^P)^RhCl (257 mg., 0.28 mmole). On s t i r r i n g some 

of the rhodium complex dissolved to give an orange solution but most 

of the s o l i d did not react even a f t e r a number of hours. The mixture 

was heated to 80°C for f i f t e e n minutes and a l l of the rhodium complex 

dissolved to give an orange solution. On cooling a stic k y orange 

s o l i d came out of the solution. The reaction was s t i r r e d f o r a further 

two weeks and petroleum ether (16 ml) added to precipitate a golden-

yellow s o l i d . The s o l i d was f i l t e r e d , extracted repeatedly with 

petroleum ether to remove the tri(n-butyl)chlorostannane and dried 

i n vacuo, y i e l d 465 mg. An attempt to r e c r y s t a l l i s e a portion of 

the s o l i d from dichloromethane did not y i e l d any c r y s t a l s but the 

material could be recovered by the addition of ether. 

The infrared spectrum of the s o l i d showed the presence of 

a l i p h a t i c C-H groups. Two bands at 308 cm 1 and 325 cm 1 ( C s l ) were 

found i n the f a r infrared spectrum and these oould be due either to 

^(Rh-Cl) or possibly to -v(Sn-Cl). The presence of a l i p h a t i c protons 

was also shown i n the n.m.r. spectrum. The compound was not 

s u f f i c i e n t l y soluble to give an accurate integration but the phosphine 

proton to butyl proton r a t i o appeared to be of the order 30:24* 

This corresponds roughly to the presence of three butyl groups for 

every two triphenylphosphine molecules i n the compound. The s o l i d 

analysed as C, 36.41, 36.45; H, 4.32, 3.89; CI, 14.6$. This 

gives a C:H:C1 r a t i o of 14.77:20:2. No formula could be assigned 

to t h i s a n a l y sis but (Ph^PjgRhBUjSn^Clg, C^H^ClgPgRhSnj requires 

C, 42 .0; H, 4.16; CI, 15.539&. 
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11. The Reaction of Trimethylohlorostannane with ( Ph,P),RhCl 

Trimethylchlorostannane (975 mg., 4.89 mmole) and (PhjP)jRhCl 

(272 mg., 0.29 mmole) were s t i r r e d together i n dichloromethane (0.5 ml) 

for one week. The addition of ether (8 ml) precipitated a yellow 

s o l i d which was f i l t e r e d and extracted with ether to remove 

triphenylphosphine and trimethylchlorostannane. The res i d u a l s o l i d 

was dried i n vacuo, y i e l d 138 mg. Bands i n the a l i p h a t i c C-H region 

(due to Me-jSn ) were observed i n the infrared spectrum of the s o l i d . 
—1 

The f a r infrared spectrum ( C s l ) showed two bands at 282 om and 320 cm 

which could be due to ^(Rh-Cl) or >)(Sn-Cl). The s o l i d analysed 

as C, 38.18, 38.29; H, 4.89, 4.98$. Although no formula could be 

assigned on t h i s evidence (Ph^P) 2RhMejSnjClg, C^H^ClgPgRhSn^ requires 

C, 37.68; H, 3>1^« The compound was too insoluble to enable i t s 

n.m.r. spectrum to be examined. 

12. The Reaction of (Ph,P)„RhH( GeEt,)Cl with Carbon Monoxide 

Carbon monoxide was passed through a suspension of 

(Ph 5P)" 2R^(&"eEt 3)ei (209 mg., 0.25 mmole) i n benzene (5 ml). "The 

solution gradually changed i n colour from deep orange to yellow and 

a l l of the s o l i d material went into the solution. Removal of the 

solvent yielded (Ph 3P) 2Rh(C0)Cl (175 mg., 0.25 mmole) 

[>)(C0), (KBr), 1987, 1968 cm"*1; ^ ( C 0 ) , (CHC13), 1984 cm"1J. 

A concentrate of the v o l a t i l e s was shown to contain triethylgermane 
. 74- + * \ by mass spectroscopy (M, E t , G-e = 161;. 
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13. The Reaction of (Ph, P )^RhH( &eEt,)G1 with ethylene 

Ethylene was passed through., a suspension of (Ph^P) 2RhH(&eEt^)Cl 

(97 mg., 0.118 mmole) i n chloroform (5 ml). The s o l i d quickly 

dissolved to give a yellow solution. The addition of ether (3 ml) 

precipitated a yellow s o l i d which was i d e n t i f i e d as the known compound 

(Ph^P) 2Rh(C 2H^)Cl by infrared s p e c t r a l comparison with an authentic 

specimum. Bands c h a r a c t e r i s t i c of (Ph^P) 2RhH(&eEt^)Gl were absent 

from the spectrum. A concentrate of the v o l a t i l e s was shown to oontain 
1 J|6 + 

hexaethyldigermoxane (M, E t ^ &e0 = 307). This presumably a r i s e s 

from the hydrolysis or oxidation of triethylgermane. 

14* The Reaction of (Ph,P) RhH(&eEt )C1 with Hydrogen Chloride 

* 2 3 

Hydrogen chloride gas was passed through a suspension of 

(PhjP) 2RhH(&eEtj)Cl (59 nig., 72 mmole) i n dichloromethane (0.5 ml). 

The so l i d a l l dissolved to give a yellow-orange solution which was 

concentrated i n a nitrogen stream and resaturated with hydrogen chloride. 

Addition of d i e t h y l ether (1 ml) precipitated a bright yellow s o l i d 

which was f i l t e r e d and dried. The infrared spectrum of the solid, 

showed i t to be the known compound hydridodichloro-bis(triphenylphosphine) 

rhodium(lll), 38 mg. ( 7 ^ ) , y(Hh-H), (KBr), 2105 cm"1. The remaining 

solution was concentrated and shown to contain triethylchlorogermane by 

mass spectroscopy (M, Et^Nje^Cl 1" = 196). 

15. The Reaction of ( Ph-,P)»RhH( &eEt, )C1 with Dimethylphenylphosphine 

A solution of dimethylphenylphosphine (344 mg., 2.4 mmole) i n 

benzene (3 ml) was added to (Ph^PjgRh^GeEt^JCl (197 mg., 0.24 mmole). 

An immediate reaction took place and most of the s o l i d dissolved to 
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give an orange-red solution. After s t i r r i n g overnight the solvent 

was removed to give a red t a r which was repeatedly extracted with 

petroleum ether to remove free phosphine. 

The compound was then dissolved i n a small amount of benzene 

and reprecipitated with petroleum ether to give an orange-red s o l i d . 

The infrared spectrum of the s o l i d showed that the compound contained 

diraethylphenylphosphine as a ligand but showed no rhodium hydride 

stretching frequency. The 1H n.m.r. spectrum i n deuterobenzene could 

not be s a t i s f a c t o r i l y resolved but the resonance at 9.0 KT can be assigned 

to the Et^G-e moiety. £phenyl protons 2.2, 2.7tr ( r e l a t i v e i n t e n s i t y 

15); other protons 8.2 r (2); 8.5x (6); 8 . 7 r ( 6 ) ; 9 . 0 t ( 4 ) ] . 

16. The Reaction of (Ph,P)^RhH with Triethylgermane 

Triethylgermane (0.4 ml, 2.49 mmole) and benzene (5 ml) were 

added to (PhjP)^RhH (534 mg., 0.51 mmole) in a breakseal tube. The 
- o 

tube was heated to 50-60 C for ten days before opening to a vacuum 

l i n e . Hydrogen (6.62 N. c c , 0.30 mmole), unreacted triethylgermane 

and. hexaethyldige.rjnane _(.M, Etg G-ê  = 320) were found i n the volatiles_. 

The residual s o l i d was extracted with petroleum ether to give unreacted 

s t a r t i n g material, 457 mg. [ v ( R h - H ) , 2142 cm"1 ( K B r ) ] , 

The petroleum extract contained a small amount of soluble brown 

material. The infrared spectrum of t h i s material showed no hydride 

band and contained only bands c h a r a c t e r i s t i c of triphenylphosphine 

and triphenylphosphine oxide. 

17. The Reaotion of (Ph,P)^RhH with Trichlorosilane 

(PhjPj^RhH (297 mg., 0.28 mmole) was placed i n a breakseal 
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apparatus equipped with a s i n t e r and tr i c h i o r o s i l a n e (10 ml) was 

condensed into the apparatus from a vacuum l i n e . The tube was evacuated 

and sealed. On warming to room temperature bubbles of gas were evolved 

from the suspension which was s t i r r e d magnetioaily. Reaction occurred 

over a period of a few hours and the suspended s o l i d changed i n colour 

from bright yellow to buff yellow. After one week the complex was 

f i l t e r e d through the s i n t e r and washed with t r i c h i o r o s i l a n e by back-

d i s t i l l a t i o n . The apparatus was opened to a vacuum l i n e y i e l d i n g 

hydrogen (22.2 N.cc, 0.99 mmole), unreacted t r i c h l o r o s i l a n e , 

triphenylphosphine, and the buff s o l i d . The s o l i d was only very 

sparingly soluble i n the common solvents and an attempt to r e c r y s t a l l i s e 

a portion of i t from a large volume of sodium-dried benzene yielded 

C, 61.80; H, 4.43; CI, 10.15#!J. This was presumably formed by 

hydrolysis of the t r i c h l o r o s i l y l complex by residual water i n the solvent 

as the infrared of the s o l i d residue showed strong bands i n the region 
-1 / V 

1000-1100 cm which could be assigned to ^ ( S i O ) . 

The remainder of the so l i d was washed thoroughly with l i g h t 

petroleum and dried i n vacuo. The infrared spectrum of the s o l i d 

showed bands c h a r a c t e r i s t i c of coordinated triphenylphosphine and the 

t r i c h l o r o s i l y l group, ^ (Rh-H) was absent. The analysis of the 

compound suggests that i t should be formulated as t r i s ( t r i c h l o r o s i l y l ) -

bis(triphenylphosphine)rhodium(III), (Ph P ) ? R h ( S i C l , ) , , 170*C d e c , 

1 only the known complex (Ph P) 2RhHCl 2, £d(Rh-H), 2142 cm" (KBr). 

Found: C, 61.89; H, 5.11; CI, 12.92& C,/-H,,Cl0P0Rh requires 36"31 *2 2 

59SJ. 61.80; H, 4.43; CI, 10.1 This was presumably formed by 

243 mg. ( 9 W . 

[Found: C, 41.10; H, 3-86; CI, 23.05$ C,£H- nCl QP 0Si*Rh requires 36"30wx9 2"*3 
31.09SJ C, 41.92; H, 2.91; CI 
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18. The Reaction of T( Ph^PC^HJPPhJ^Riijci with Trimethylgermane 

Trimethylgermane (0.5 l i q u i d ml) and tetrahydrofuran (3 ml) 

were condensed onto [(PhgPCgH^PPh^Rhjci (331 mg) i n a breakseal 

tube. No reaction took place even a f t e r a number of weeks at 60°C 

and only unreacted [(PhgPCgH^PPhgJgRhj CI was recovered (319 mg.). 

19. The Reaction of |(Me»PC^PMe„)Hhjcl with Trjethylgennane 

Triethylgermane (0.2 ml) was added to a suspension of 

Me^CgH^PMeg^RhjCl (220 mg.) i n benzene. The suspension was s t i r r e d 

for twenty hours, f i l t e r e d and the yellow s o l i d washed with hexane. 

The infrared spectrum of the dried s o l i d showed i t to be unreacted 

[(Me 2PC 2H 4PMe 2) 2Rh]ci (130 mg.). 

20. The Reaction of (MePh„P)^RhCl with Triethylgermane 

Triethylgermane (0.3 ml, 1*87 mmole) was added to a. suspension 

of (MePhgP^RhCl (380 mg., 0.51 mmole) i n benzene (4 ml). After 

f i v e hours the so l i d dissolved and the solution was s t i r r e d overnight. 

The solution was concentrated by the slow removal of solvent i n a nitrogen 

stream to leave a s o l i d residue which was washed with l i g h t petroleum 
1 

and dried. The H n.m. r, spectrum of the sample i n deuterobenzene 

indicated the complete absence of the triethylgermyl group. A doublet 

centred on 8.45 r , J(P-C-H) = 12.2 Hz, could be assigned to the presence 

of two c i s methyldiphenylphosphine ligands. No hig h - f i e l d protons 

(t« 30 r ) were observed i n the 1H n.m.r. spectrum but the infrared 
—1 —1 

spectrum showed two bands a t 2080 cm and 1950 cm (KBr) which were 

i n the region expected for >)(Rh-H). On dissolution of the product 
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i n benzene and repreoipitation by the addition of petroleum ether these 

bands disappeared. Analysis of the yellow s o l i d also tended to suggest 

that the compound should be formulated as (MePhgPjgKhHgCl rather than 

as |(MePh 2P) 2BhCl| 2 but the differences involved were small. 

[Found: C, 57.48; H, 5.26; CI, 5.079&. 

C 2 6H 2 8ClP 2Bh requires C, 57.72; H, 5.18; CI, 6.57$. 
C52H52 C 12 P4H h2 r e < l u i r e s c» 57.94; H, 4.83; CI, 6.5906.]. 

21• The Reaction of (MePh„P),RhCl with Trimethylgermane 

Trimethylgermane( <~ 1 l i q u i d ml) and dry benzene (0.6 ml) were 

condensed onto (MePhgP^RhCl (302 mg., 0.41 mmole) i n a breakseal tube. 

The system was degassed and sealed under vacuum. The tube was heated 
o 

at 50 C for one week and the yellow s o l i d darkened to give a brown 

solution. Work up yielded 97 N. cc. of non-condensible gas, unreacted 

trimethylgermane, a benzene solution of MegGe2 and polygermanium 

oxides, and a brown t a r . The benzene solution was concentrated by 

d i s t i l l a t i o n and was shown to contain MegGe2, Mê &ê O and Me^Ge^O^ 

by the presence of the ions Me 5
1 /^Ge 2

+ (M = 221), VLe^^Gre^ (M = 2.37), 

and Mê  & e3°3 ( M = 341) i n the mass spectrum. 

The brown t a r was extracted with l i g h t petroleum to give a 

yellow-brown s o l i d and an orange solution. The solution was concentrated 

to give a brown o i l which was vacuum d i s t i l l e d i n a microcup apparatus. 

The mass spectrum of the d i s t i l l a t e showed that i t consisted of a 
436 + 

mixture of polygermanium oxides. The presence of the ions Me^ &e(p 

(M = 647), M e i 1
3 6 4Ge 5 0 + (M = 545), M e ^ & e ^ * (M = 459), 

Me 5
2 l 8Ge 3 0 5 * (M = 341) and Me^^GegO* (M = 237) suggested that 

Me^G-egO, Meg&e^O^, Me^Ge^O^ and Me^Ge^ were present i n the mixture. 

The infrared spectrum of the yellow-brown s o l i d showed that i t 

oontained bands c h a r a c t e r i s t i c of the Mê &e - group [p(Me), 810 cm 1 ] 
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•J 

but no band due t c "j(Eh-K) was present. The H n.m.r. spectrum 

(deuterobenzene) showed resonances at 2.33TT and 3.01t (phenyl groups); 

8.53 tr doublet, J(P-C-H) = 12.5 Hz (methyl-phosphine); 9.55 f 

(methyl-germane). The r e l a t i v e i n t e n s i t i e s of these resonances 

were 18.5: 6 : 15. The 1H n.m.r. and a n a l y t i c a l data suggested that 

the compound was best formulated as (MePh 2P) 2Rh( GeMe^JgCl. 

[Found: C, 46.66; H, 4.98; CI, 2.90$. 
C 32 H 44 C 1 G e 2 P 2 B h r e 1 u i r e a c » ^9.63; H, 5.69; CI, 4.59#] v 

22. Reaction between (MeJPhP),RhCl and Trimethylgermane 

Th«. complex (MegPhPj^RhCl was prepared i n s i t u by the addition of 

dimethylphenylphosphine (688 mg., 4.98 mmole) and benzene (6 ml) 

under a nitrogen atmosphere to |(C 2H^) 2RhClJ 2 (324 mg., 0.833 mmole). 

The s o l i d dissolved to give a red solution with a vigorous evolution 

of ethylene. The breakseal tube was transferred to a vacuum l i n e , 

evacuated and degassed, and trimethylgermane (117 N.cc., 5*22 mmole) 

condensed i n . Over a period of three months the solution turned brown 

and work up gave a brown tar. The brown s o l i d produced by 

c r y s t a l l i s a t i o n from cyclohexane showed no bands due to the Mê G-e 

group either i n the infrared or n.m.r. spectra. The presence of 

an infrared band a t 11.80 cm 1 suggested the presence of triphenylphosphine 

oxide. 

A s i m i l a r experiment between (Me 2PhP)jRhCl and triethylgermane 

gave i d e n t i c a l r e s u l t s and no product could be isola t e d . 

23. The Reaction of (Me,,PhP),RhCl with Methyldjchlorosilane 

(Me 2PhP)jRhCl was prepared i n s i t u by the addition of 
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dimethylphenylphosphine (688 mg., 4.98 mmole) and benzene (6 ml) under 

a nitrogen atmosphere to [ ( C 2
H ^ ^ R h c l J 2 (^25 mg., 0.833 mmole). Methyl-

dichlorosilane (552 mg., 4.80 mmole) was added to the red solution and 

the reaotion was s t i r r e d f or one week before work up. The resultant 

yellow-brown solution was f i l t e r e d and l i g h t petroleum was added to 

the f i l t r a t e to precipitate a yellow s o l i d . The f a r infrared and 

1H n.m.r. spectrum of t h i s s o l i d were i d e n t i c a l to that reported 

f o r mer-(Me 2PhP),RhCl 3. [ v (Rh-Cl), 339, 317, 273 cm""1; t r i p l e t 8.11 r 

J(P-C-H) = 4.2 Hz; doublet 8 . 7 8 T , J(P-C-H) = 11.4 Hz ( i n dichloro-

methane)] . 

24. The Preparation of (Ph,P)„Rh( COL&eEt., 

A solution of (PhjP) ?Rh(C0)Cl (1.04 mg., 1.51 mmole) i n ThT (90 ml) 

was added to \% sodium amalgam (2 gm i n 218 gm mercury) contained i n 

a round bottomed f l a s k f i t t e d with a "Botaflo" teflon tap. The whole 

system was evacuated and purged twice with carbon monoxide before 

being pressurised to 5 atm. with CO. The reaotion was heated a t 60 C 

and shaken overnight to- give a pale yel-low-solution of--the- sodium s a l t 

of a phosphine-rhodium-carbonyl complex. (CO) 1995 ( s h ) , 1978, 

1949 ( s h ) , 1901, 1872 cm"1 (ThT s o l u t i o n ) ] . 

The solution was f i l t e r e d into a f l a s k under nitrogen and 1 

triethylbromogermane (0 . 5 ml, 743 mg., 3.1 mmole) added to give an 

immediate cloudiness i n the solution. This solution was f i l t e r e d 

and concentrated, and the addition of a small amount of methanol gave 
1 . 

a pale yellow microcrystalline s o l i d . The infrared and H n.m.r. 

spectrum of the s o l i d showed bands c h a r a c t e r i s t i c of the triethylgermyl 

group and the compound was i d e n t i f i e d as (PhjP)2Rh(CO^G-eEt^, m.p. 

132°C d e c , 415 mg. (33$) [ N ( C 0 ) , (KBr), 1973, 1922 cm"1 ; 

2965-2840 ( b r ) , 1020-1005 ( b r ) , 800 ( b r ) om"1 (bands c h a r a c t e r i s t i c 
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of Etj&e); 2.54 r and 2 .98r ( i n t e n s i t y 2) , (phenyl-phosphine groups); 

8.76r ( i n t e n s i t y 1) , (triethylgermyl group). Found: C, 58.57; 

H, 4.49; P, 7.14$. C^H^&eOPgBh requires C, 62.7; H, 5.34-; 

P, 7.36?S], 

Attempts to recover more produot by the removal of THF and the 

addition of methanol gave an impure compound which contained the Et^&e 
-1 

group but showed the band a t 1922 cm only as a shoulder of a much 
"1 -1 larger band at 1970 cm . A small band at 2030 cm was also observed 

i n the spectrum, A th i r d sample showed the complete absence of the 
-1 -1 

Etj&e group but contained strong bands at 2053 cm and 1968 cm • 

A concentrate of the solvent showed the presence of Et^&eBr and Etg&e^O. 

A s i m i l a r reaction to the above using (PhjP) 2Rh( C0)C1 

(3*0 g,, 4.39 mmole) and Me^&eBr (1 ml, 7.79 mmole) gave an impure 

product, 1.89 g, which could not be s a t i s f a c t o r i l y purified. The 

infrared spectrum of the s o l i d showed that i t contained the trimethyl-
r -1 -1 , 

germyl group. |j) (CO) 1976, 1926 om ; 817 cm . ^>(Me)j. 

25. The Reaction of (Ph,P)jRh(C0)C1 with Trimethylgermane 

A good excess of trimethylgermane (3-4 l i q u i d ml) was condensed 

onto (Ph^P) 2Rh(C0)Cl (362 mg., 0.52 mmole) i n a breakseal tube and 

the tube evacuated and sealed. No v i s i b l e signs of reaction were 

observed a f t e r one day at room temperature and so the tube was heated 

to 60°C. After two weeks at 60°C the solution was brown although 

not a l l of the yellow s o l i d had dissolved. Work up yielded hydrogen 

(53.6 N.cc., 2.39 mmole), hexamethyldigermane (M, Meg 1^Ge 2
+ = 236) and 

a brownish s o l i d . The s o l i d was washed with a small amount of benzene 

to give a brown solution and unreacted (PhjP) 2Rh(C0)Cl, 305 mg. The 

solution was concentrated to give a small amount of sti c k y s o l i d . 
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Mass spectroscopy showed that thi3 contained polygermanium oxides. 

The mass spectra were confusing but the presence of the ions 

Me 5
1 i t 6Ge 2 0 + (M = 2 3 7 ) , M e ^ ^ G e ^ (M = 3 4 1 ) , M f ^ ^ C e ^ * (M = 4 5 9 ) , 

M e 9
2 9 ° G e 4 0 + (M = 4 4 1 ) , M e ^ S i e ^ ) * (M = 5 4 5 ) , M e . , ^ ^ O * (M = 6 4 7 ) 

suggested that Meg&egO, Me^Ge^O^, Meg&e^O^ *n<l Me^Ge^O were present 

i n the mixture. 

A repeat reaction i n benzene solution i n which the reactants 

were not heated for a prolonged period yielded only (Ph^P) 2Bh ( C 0)Cl, 
, 1 4 6 + , X hydrogen and hexamethyldigermane (M, Meg Ge 2 = 2 3 6 ) . 

2 6 . The Reaction of (PtuPLRhf C 0 ) C 1 with Triethylgermane 

A mixture of triethylgermane ( 0 . 5 ml, 3 . 1 mmole) and (Ph^P) 2Rh(C 0 ) C 1 

( 4 9 8 mg., 0.72 mmole) i n benzene ( 1 0 ml) was s t i r r e d under nitrogen 

at room temperature f o r one day and b r i e f l y refluxed ( 3 0 minutes) 

to give a brown solution. The solvent was removed and r e c r y s t a l l i s a t i o n 

of the brown solution yielded only (Ph^P) 2Rh ( C 0)Cl, 4 3 8 mg. A 

concentrate of the v o l a t i l e s showed the presence of triethylgermane 

(M, E t 5
7 2 f G e + = 1 6 1 ) , hexaethyldigermane (M, E t g i 2 | 6 G e 2

+ = 320.) and 
1 4 6 + 

hexaethyldigermoxane (M, Et ^ &e,,0 = 3 0 7 ) • 

2 7 . The Reaction of ( Ph-,P)n_Rh( C Q ) C 1 wj.th Hexamethyldigermane 

Freshly d i s t i l l e d hexamethyldigermane ( 0 . 7 5 ml) and ( Ph 5P) 2Rh(C 0 ) C 1 

( 1 3 9 mg., 0 . 2 0 mmole) were heated together i n benzene ( 2 ml) for two 

days. The yellow solution turned brown and removal of the v o l a t i l e s 

l e f t a brown s o l i d from which only (Ph^P) 2Rh ( C 0)Cl was obtained. 

The v o l a t i l e s were concentrated by removal of benzene and mass 

spectroscopy now showed the presence of Me^GegO (M, Me^ 1^Ge 2 0 + = 2 3 7 ) 

i n addition to Me^Ge^ 
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28, The Reaction of ( n-Fr,F),sRh( CCQCl with Trimethylgermane 

Trimethylgermane (5-6 l i q u i d ml) was condensed onto a degassed 

solution of (n-PrjP) 2Kh(C0)Cl (760 mg., 0.20 mmole) i n benzene (2 ml) 

and the tube was evacuated and sealed. After heating for three days 

at 80°C work up yielded hydrogen (15.18 N.cc, 0.68 mmole) and removal 

of the v o l a t i l e s gave an o i l y yellow product. The infrared spectrum 

of the o i l was i d e n t i c a l to that of the s t a r t i n g material 

[ ^ ( C 0 ) , 1960 cm"'1; >)(fih-Cl), 301 cm"1] and the 1H n.m.r. spectrum 

showed no bands c h a r a c t e r i s t i c of the trimethylgermyl group. The 

mass spectrum of a concentrate of the v o l a t i l e s showed the presence of 
, 146 + r s hexamethyldigermane (M, Meg Ge^ = 236) and trimethylchlorogermane 

2 (M, Me, 7 4&eCl + = 139). 

29. The Reaction of (Ph,P),Rh( C0)H with Trimethylgermane 

Trimethylgermane (2 l i q u i d ml) was condensed onto (Ph^P)^Rh(C0)H 

(706 mg., 0.77 mmole) i n a breakseal tube. On warming to room 

temperature evolution of gas was observed as some of the s o l i d went 

into solution. Work up, a f t e r s i x months at room temperature, yielded 

a f t e r fractionation: hydrogen (12.35 N.cc., 0.55 mmole), unreaoted 
z 146 + /• \ trimethylgermane, and hexamethyldigermane (M, Meg Ge 2 = 236). The 

residual yellow so l i d (678 mg.) was shown to be a mixture of unreacted 

(Ph 5P) 3Rh(CO)H and the known compound [(Ph 5P) 2Rh ( C 0 ) J g by infrared 

spectroscopy [>j(Rh-H), (KBr), 20'/jO cm"1; >j(C0), (KBr), 1971, 1928 cm"1] 

30. The Reaction of (Ph,P)jRh( C0)H with Triethylgermane 

Triethylgermane (0.1 ml, 0.62 mmole) was added to a solution of 

(Pn3P) 5Rh(C0)H (355 mg., 0.37 mmole) i n benzene (8 ml). On heating 
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to r e f l u x temperature the orange-yellow solution turned red and heating 

was discontinued* The solution was concentrated and a small amount 

of petroleum ether was added to precipitate a yellow s o l i d (306 mg.) 

which was i d e n t i f i e d by infrared spectroscopy as a mixture of unreacted 

(Ph,P),Rh(C0)H and the known compound [(Ph P) 9Bh(C0)l . 

The band a t 2041 cm i s absent i n benzene solution. 

31 • The Reaction of (Ph,P),Rh( C0)H with Trimethylstannane 

Trimethylstannane ( 2 l i q u i d ml) was condensed from a vacuum l i n e 

onto (Ph^P)^Bn(C0)H (539 mg.j 0.59 mmole) i n a breakseal tube. On 

warming to room temperature a vigorous evolution of gas was observed 

and some of the yellow solid dissolved to give an orange-brown solution. 

Work up a f t e r four months at room temperature yielded hydrogen 

(129 N.cci, 5*8 mmole) and a sticky s o l i d . The s o l i d was washed 

repeatedly with petroleum ether to give an orange solution and a p e t r o l 

insoluble yellow so l i d (170 mg.) which was shown to be unreacted 

(Ph^P)^Bh(C0)H by i t s infrar e d spectrum* Removal of the solvent from 

the petroleum solution gave a t a r which showed infrared bands due to 
—1 

the trimethylstannyl group and <j (C0) , (KBr), at 1990 cm . Attempts 

to r e c r y s t a l l i s e t h i s material from benzene, petroleum ether, alcohol 

and d i e t h y l ether yielded only very small amounts of a yellow s o l i d . 

This also showed bands due to the trimethylstannyl group and a broad 

weak carbonyl band but did not contain triphenylphosphine. The s o l i d 

gave a carbon analysis of only 1 5#. [Found: C, 1 5 . 3 $ ; H, 4*30#1. 

compound [(Ph P) 2Bh ( C 0)J 2 PhzP),Rh(C0)H and the known 
1 11. [v(Rh-H) f (KBr), 2041, 2010 v (CO), (KBr), 1974, 1927 cm cm 

- 1 

32. The Reaction of (Ph^P)nRh(C0)Cl and an Excess of Trichlorogermane 

Triohlorogermane ( 0 . 5 ml, 965 mg., 5«36 mmole) was added under 
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nitrogen to (Ph^P) 2Sh(C0)Cl (516 nig., 0.75 mmole) i n benzene (2 ml). 

An immediate reaction took place a t room temperature with the evolution 

of a gas. The mixture separated in t o a lower orange-yellow layer, 

which contained the rhodium complex, and a colourless upper layer. 

A f t e r s t i r r i n g f o r one hour the v o l a t i l e materials were removed under 

vacuum to leave a t a r which on further pumping gave a yellow-orange 

s o l i d . The so l i d was insoluble i n petroleum ether, benzene or 

diethyl'ether but became t a r r y when brought i n t o contact with them. 

I t was extremely soluble i n acetone but attempts to r e c r y s t a l l i s e i t 

from the solvent f a i l e d . Even the slow evaporation of solvent by a 

nitrogen stream yielded only a yellow t a r . The compound was f i n a l l y 

precipitated as a yellow t a r by the addition of diethylether t o the 

acetone solution. The t a r was thoroughly washed with ether and pumped 

to dryness to give a yellow-orange s o l i d (958 mg.) m.p. 112-114°C. 

No triphenylphosphine was found i n the ether washings. The inf r a r e d 

spectrum of the s o l i d showed bands characteristic of the tri p h e n y l -

phosphonium ion at 2401 cm , 1114 om , 888 cm , and 723 cm (KBr), 

and to the trichlorogermyl group a t 368 cm 1 ( C s l ) . No bands indicative 

of bridged rhodium-chlorine bonds were observed. A strong band at 

2099 cm"1 (KBr) could be assigned to 'd(CO). Analysis did not 

distinguish between the possible formulae [PhjPHig^COX&eC^)^ , 

[ph 3PH] 2[Bh(C0)(&eCl 3) 4Cl]and [PhjPHj[PhjPRKcoX&eClj)J . A l l of 

these formulae would f i t the spectral evidence although the former 

i s perhaps the most l i k e l y * The p o s s i b i l i t y of solvation of the 

complex also exists. [Found: C, 33.44; H, 2.77; CI, 29.46?S. 

C 3 7 H 3 2 C 1 i 5 & e 5 0 P 2 R h r e ^ u i r e s c » 2 8 » 5 9 ; H, 2.06; C l t 34.299S 

C 3 7 H 3 2 C 1 i 3 & e 4 0 p 2 B n r e ( l u i r e s c» 31.51; H, 2.27j 

C^H^Cl^&e^OPgEh requires C, 32.35J H, 2.25j 

CI, 32.75# 

CI, 31.04$ J 
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33* The Reaction of (Ph-,PL:Rh(CCi)Cl with Triohlorogermane 

(a) 1 : * 

Trichlorogermane ( 97 mg., 0 .54 mmole) i n benzene (40 ml) was 

added slowly to a solution of (PhjP) 2Rh(C0)Cl (373 mg., 0 .54 mmole) 

i n benzene (60 ml). The solution was s t i r r e d f o r two hours before 

solvent was removed to give a yellow s o l i d . This was shown to be a 

mixture of (Ph^P) 2Eh(C0)Cl and a rhodium(lll) compound by i t s infrared 

spectrum and analysis. Attempted r e o r y s t a l l i s a t i o n from benzene 

produced no separation of the two species. [ N ( C O ) , (KBr), 1990, 

1970 cm"1, (Ph 3P) 2Eh(C0)Cli v(C0), (KBr), 2090 cm"1 ( K h 1 1 1 species); 

>>(&e-Cl), ( C s l ) , 370 cm"1; v(Hh-Cl), ( C s l ) , 308 cm"1. Found: 

C, 54 .46; • H, 6.15; CI, 11.O0S. (Ph 5P) 2Bh( C0)C1, C^jgClOPgRh requires 

C, 64 .30; H, 4 . 3 4 ; CI, 5 . 1 ^ . (Ph 3P) 2Rh(C0)HCl(GeCl 3), 

C 3 7H 3 1Cl^&e0P 2Rh requires C, 50 .99; H, 3 .56; CI, 16.31#. 

(Ph 3P) 2Rh(C0)Cl(freCl 3) 2, C^H^Cl^GegOPgHh requires C, 42 .34; H, 2 .86; 

CI, 23.7&J. 

(b) Ug 

Triohlorogermane (193 mg., 1*08 mmole) i n benzene (25 ml) was 

added dropwise to (Ph 3P) 2Rh(C0)Cl i n benzene (25 ml). The solution 

was f i l t e r e d from a small amount of t a r which had formed and was 

pumped to dryness. The infrared spectrum of the yellow s o l i d showed 

that i t was again a mixture of two products but that the concentration 
I I I 

of the Eh species had increased. The infrared spectrum of the 

t a r showed that i t contained a phosphonium cation. 

[yellow s o l i d : >) (C0) , (KBr), 1990, 1970 cm"1, (Ph 3P) 2Rh(C0)Cl; 

>&(C0), (KBr), 2095 om"1 ( K h 1 1 1 species); -v(Ge-Cl), ( C s l ) , 365 om"1; 

^(Rh-Cl), ( C s l ) , 308 cm"1. 
- 1 - 1 yellow t a r : "v(CO), (KBr), 2100 cm ; V (&e-Cl), ( C s l ) , 365 cm ; 
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n. bands characteristic of |Fn,PHj 2395, 1110, 880, 720 cm J 

Jif. The Reaction between (Ph,P) Rh(C0)H and Trichlorogermane 

(a) U± 

Trichlorogermane (97 mg., 0.54 mmole) i n benzene (25 ml) was 

added slowly to a solution of (PhjP)^Rh(C0)H (495 mg., 0.54 mmole) i n 

benzene (25 ml). The solution was s t i r r e d f o r one hour, decanted from 

a small amount of orange t a r which had formed and the solvent removed 

to give a yellow s o l i d . Extraction of the so l i d with p e t r o l gave 

triphenylphosphine (90 mg.). The inf r a r e d spectrum of the yellow 

s o l i d suggested that i t was a mixture. ^(CO), (KBr), 1990, 1970 om 

(Bh species; ^J(CO), (KBr), 2070 cm (Bh x speoies); ^(&e-Cl), 

Csl), 360 cm J . The inf r a r e d spectrum of the t a r showed bands 

Trichlorogermane (193 mg., 1.08 mmole) i n benzene (25 ml) was 

added to (PhjP)^Rh(C0)H (495 mg., 0.54 mmole) i n benzene (25 ml). 

Work up, as before, gave a similar mixture with an increase in. the. 

concentration of the Rh^* species. 

35» The Reaotion between Rhodium Trichloride and- Trimethylammoni-um 

Trichlorogennanite 

Trimethylammonium trichlorogermanite (3*32 gm., 13.9 mmole) 

was added to a solution of rhodium t r i c h l o r i d e t j l h y d r a t e (536 mg.,. 

2.03 mmole) i n a mixture of concentrated hydrochloric acid (50 ml) and 

d i s t i l l e d water (20 ml). The dark red solution turned orange on 

refl u x . Reduction of the volume of the solution by d i s t i l l a t i o n gave 

bright orange needles which were f i l t e r e d , washed with ether and dried. 

-1 

characteristic of the triphenylphosphonium ion* 

(b) U2 
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Analysis of the compound indicated the formula jMejttrij ̂  I nh( G-eClj) CI 
which f i t s spectral observations, y i e l d 1.52 g. (55$:) m.p. 255 C dec, 

36, The Reaction of Rhodium Trichloride with Trichlorogermane and 

-Triphenylphosphine 

Trichlorogermane (309 nig., 1.72 mmole) i n concentrated hydrochloric 

acid (6 ml) was added dropwise to a solution of rhodium t r i c h l o r i d e 

trihydrate (411 mg., 1.56 mmole) i n ethanol (6 ml). On the addition 

of trichlorogermane the o r i g i n a l Burgundy red solution lightened i n 

colour to red-orange. The solution was s t i r r e d at room temperature 

f o r t h i r t y minutes and f u r t h e r d i l u t e d by the addition of ethanol (10 ml) 

and concentrated hydrochloric acid (10 ml). The addition of 

triphenylphosphine (1.23 g.» 4*69 mmole) precipitated an orange-yellow 

s o l i d . The suspension was s t i r r e d f o r a fu r t h e r two days and b r i e f l y 

refluxed before f i l t r a t i o n . The s o l i d was washed with cone, hydrochloric 

acid, ether, and petroleum ether. The infrared spectrum of the s o l i d 
-1 

showed bands a t t r i b u t a b l e t o the triphenylphosphonium ion at 2382 cm , 
—1 —1 —1 

1115 om , 885 cm and 720 cm (KBr) and to the trichlorogermyl 

group at 362 cm 1 ( C s l ) . Bands indic a t i v e of bridging Rh-Cl groups 

were absent from the spectrum. Spectral and a n a l y t i c a l data indicated 

U(G-e-Cl), ( C s l ) , 360 Found: C, 11.72; H, 3.01; CI, 46.12 cm 
J!, 4.78#. Required f o r CQH_nCl,0&ezN_Rh: C, 11.65; H, 3.24; 

9 30 12~3 3 
45.96; N, 4.539SJ. CI 

* I I I omposition Pph3PHJ |ltti (G-eCl,)^!^j, that the compound had the c 

p. 137-139 C dec, 660 mg. (55#). [Found: C, 46.13; H, 3.69; m 
CI, 22.35J&. Required f o r C c lH l QCl. nGe 0Rh: C, 46.55; H, 3.45; 54 48 10 2 
CI, 25.4o$L 
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37» The Reaction between (Ph,F)„Rh( COjCi and Caesium Triohlorogermanite 

(a) A solution of (Ph^P)2Rh(C0)C1 (520 mg., 0.75 mmole) i n benzene 

(40 ml) was refluxed f o r three days with caesium trichlorogermanite 

(4 ,72 mg., 1.51 mmole). The solution was f i l t e r e d and the benzene 

removed to give unreacted (Ph^P) 2Rh(C0)Cl, 490 mg. [>J(C0), (KBr), 

1970 o n f 1 ] . 

(b) (Ph^P) 2Rh(C0)Cl (285 mg., 0.41 mmole) and caesium trichlorogermanite 

(503 mg., 1.61 mmole) were refluxed together i n tetrahydrofuran (20 ml). 

The yellow solution turned orange a f t e r only f i v e minutes. A f t e r 

r e f l u x i n g f o r four hours the solvent was removed and the residual 

orange s o l i d extracted with benzene. Addition of petroleum ether 

to the benzene extract gave trichlorogermyl(carbonyl)bis(triphenyl-

phosphine)rhodium(l), (PhjP^RKCOj&eClj, 196-200°C dec, 116 mg. (34#). 

£s(C0),(KBr), 1978 cm"1 ( b r ) ; >J (&e-Cl), (Csl), 385 cm"1. 

Found: C, 50.29; H, 4.26; CI, 12.2$. C^H^QCl^&ePgRh requires 

C, 53.23; H, 3.59; CI, 12.7#j. The benzene-insoluble yellow s o l i d 

also contained a rhodium complex as well as unreacted Cs&eCl^ but 

t h i s .could not be isolated. _ . 

38. The Reaction of (Ph,P)gRh( C0)C1 with Trimethylammonium 

Trichlorogermanite 

(PhjP) 2Rh(C0)Cl (304 mg., 0.44 mmole) and trimethylammonium 

trichlorogermanite, Me^NHGeCly (211 mg., 0.88 mmole) were refluxed 

together i n benzene (30 ml) and a f t e r the f i r s t few minutes of re f l u x 

an orange species precipitated from the solution. The reaction was 

refluxed f o r a fu r t h e r four days and the orange s o l i d f i l t e r e d , thoroughly 

washed with benzene and dried i n vacuo, y i e l d 226 mg. The solvent 

was removed from the yellow solution t o give unreacted (Ph,P)„Rh(C0)Cl. 
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The in f r a r e d spectrum of the orange s o l i d showed the complete absence 

of bands due to triphenylphosphine ligands but bands due to the Mê NH, 

CO, and &eCLj groups were present. The compound was insoluble or 

only sparingly soluble i n most of the common solvents but could be 

repreoipitated as a yellow s o l i d by the addition of ether to a n i t r o -

methane solution. The in f r a r e d and a n a l y t i c a l data suggest the 

formulation [Me 3NH] 2[Bh(C0)(&eCl 5) 2Cl], m.p. 200-204°C 

[>j(C0), KBr, 1970 cm"1; V ( & e - C l ) , 362 cm - 1; (Eh-Cl), 310 cm"1. 

Pound: C, 15-17, 11,16; H, 3-81, 3.60; CI, 36.06?6. C 7H 2 0Cl 7&e 2N 20Hh 

requires C, 13.03; H, 3.10; CI, 38.54]. 

39. The Reaction of jfCgHj«)RhClJE with Triohlorogermane 

Trichlorogermane (193 nig-, 1.08 mmole) i n benzene (10 ml) was 

added .slowly to a solution of [( cgH l 2)RhClJ 2 ^ ® 1 m g , » """ole) i n 

benzene (30 ml). A f t e r one hour the solution was f i l t e r e d from the 

orange-brown crystals which had formed. Removal of solvent from 

the yellow f i l t r a t e gave a yellow s o l i d (257 mg.) which was i d e n t i f i e d 

as unreacted [(CgH l 2)j8hClJ 2_by infrared spectroscopy. The inf r a r e d 

and mass spectra of the orange-brown s o l i d (203 mg*) indicated that 

i t contained (CgH l 2)RhH(&eClj)Cl although a cyclopentadienyl speoies 

was also present as an impurity. Attempted r e c r y s t a l l i s a t i o n from. 

THF resulted i n the decomposition of the sample and only £(CgHj2)RhCl|2 

could be recovered from the solution. 

[>J(Rh-H), KBr, 2000 om"1; -J(&e-Cl), Csl, 370 cm"1; M, CgH^Cl^&eRh* = 

426. Found: C, 25-71; H, 3«32J?S. Required f o r CgH^Cl^&eHh: 

C, 22.50; H, 3-05$]. 
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40. The t a c t i o n of [(CQH ) oJKhClj^ with Trichlorosilane 

Triohlorosilane ( 1 . 3 4 g_.. 9 .9 mmole) was added to a solution of 

|(CgH l 2)RhClj 2 (650 mg., 1.32 mmole) i n benzene (30 m l ) . Removal of 

solvent a f t e r f i v e hours gave a t a r r y s o l i d which was washed with l i g h t 

petroleum to give a yellow s o l i d ( 1 .25 g.). The infrared spectrum 

showed no hydride stretching frequency but showed the characteristic 

absorption bands of the cyclooctadiene and t r i o h l o r o s i l y l groups. The 

mass spectrum did not show a molecular ion but the (C g H j 2 ) H h ( S i C l j ) 2
+ 

ion was present M, Cgh^gClgRhSig"1" = 479* The analysis suggested that 

the compound should be formulated as (CgH^jRl^SiCl^gCl. 

[Found: C, 18.45; H, 2 .78; CgH^Cl-^igRh requires C, 18.64J H, 2 . 3 3 $ ] . 

41 • The Reaction between 7T-Ĝ hVRhĈ H, „ and Trichlorosilane 
rj J 8^12 

Trichlorosilane (5 ml) was condensed onto 7r-C_HcRhCQH._ (330 mg., 

1*20 mmole) i n a breakseal apparatus equipped with a glass sinter. On 

warming to room temperature the yellow crystals dissolved to give a 

yellow solution from which a dark brown s o l i d quickly began to precipitate. 

Over a period of t h i r t y minutes the colour of the solid lightened t o 

give a yellow-orange precipitate and solution. The solution was 

f i l t e r e d and the precipitate washed by b a c k - d i s t i l l a t i o n of t r i c h l o r o ­

silane. Work up yielded no hydrogen. The precipitate was only very 

sparingly soluble i n the common solvents and was extracted with benzene. 

The solvent was removed from the benzene extract and the brown s o l i d was 

washed with l i g h t petroleum and dried i n vacuo. The i n f r a r e d spectrum 

of the s o l i d contained no >J(Rh-H) band but showed bands characteristic 

of the Ĉ H(-, CgH^ and SiCl^ groups. The mass spectrum showed a 

moleoular ion (M, jH^ClgSigRh* = 546) which i d e n t i f i e d the compound 
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as bis(triohloro5ilyl)cyclopentadienyl-eyoloootene rhodium ( I I I ) , 

/r-C^RhCSiCl^g.CgH^, darkens at 140°C. [Found: C, 26 .09 ; 

H, 3.2Cfg. C l 3H i gCl 6 3 i 2Hh.^HSiCl 3 requires C, 26.34; H, 3 . 2 1 # ] , 

42. The Reaction between yr-C,.RVRh(CgB̂ ),, a n d T r i o n l o r o s i l a n e 

The addition of tr i c h l o r o s i l a n e ( 4 . 0 2 g. , 29.7 mmole) to 

rr-C^h^RhCCgH^g (290 mg. , 1 . 2 9 mmole) gave an immediate exothermic 

reaction with the evolution of a gas. Removal of tr i c h l o r o s i l a n e 

l e f t a brown solid which was only sparingly soluble i n organic solvents. 

The compound was p u r i f i e d by extraction with benzene. The infrared 

spectrum of the s o l i d showed bands due to the t r i c h l o r o s i l y l group i n 

addition to those due to coordinated ethylene and the cyclopentadienyl 

group. No rhodium-hydrogen stretching frequency was observed. The 

mass spectrum of the s o l i d showed a molecular ion f o r 7r-CcHI.Rh( SiCl, )0C0H. 
0 J J ' 4 

(M, CyH^Cl^SigRh"1" = 464)* The compound darkened without melting 

at 150°C. 

43. The Reaction of TT-C.-H,.Rh( C^H^) with Trimethylsermane 

Trimethylgermane ( 0 . 5 l i q u i d ml) and benzene ( 3 ml) were condensed 

onto /r-C^H^Rb^CgH^) (376 mg., 1.36 mmole) i n a breakseal tube. The 

tube was frozen to -196°C and evacuated before seal o f f . Heating 
o 

at 50 C f o r one month produced no v i s i b l e sign of reaction and work 

up yielded only hydrogen ( 1 .33 N.cc., 0.06 mmole), unreaoted 

trimethylgermane and 7r-C[.H[:.Rh(CQHjl „) (344 mg.). 

44. The Reaction between /r-C^Ij-RhCC0)Ph^P and Trimethylgermane 

7T-C^H^Rh(C0)Ph^P (344 mg., 0.75 mmole) was placed i n a breakseal 
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tube and benzene (3 ml) and trimethylgermane (0 . 5 l i q u i d mi) were 

condensed i n t o the tube. The tube was sealed and heated at 50°C 

f o r one month. Work up yielded only hydrogen (0.81 N.cc, 0 .4 mmole), 

unreacted trimethylgermane and unreacted n--C,,H,-Rh(C0)PhjP (328 mg.., 

95#). 

45. The Reaction of (Ph,P)2Rh( C0)C1 with bis-( trimethylsilyl)mercury 

Bis-( trimethylsilyl)mercury (740 mg., 2,14 mmole) i n benzene 

(10 ml) was dripped slowly into a solution of (PhjP) 2Rh(C0)Cl (1.40 g., 

2.03 mmole) i n benzene (60 ml) at room temperature. A v i v i d dark 

red colouration formed immediately and the solution was s t i r r e d f o r 

three hours. The solution was f i l t e r e d from the small amount of 

mercury which had been deposited and solvent was removed to give a 

red-brown s o l i d . The infrared spectrum of t h i s solid showed bands 

characteristic of the t r i m e t h y l s i l y l group and also a carbonyl band 
~*1 

at 1970 cm (KBr)* Attempted r e c r y s t a l l i s a t i o n from benzene gave a 

small amount of (Ph^P) 2Rh(C0)Cl and eventually led to the complete 

decomposition of the sample* The infrared spectrum of the residue 

showed a strong band at 1185 cm 1 which could be assigned to V(P0) 

of triphenylphosphine oxide. 

46. The Reaction of (Ph,P),RhCl with bis-(trimethylsilyl)mercury 

Bis-(trimethylsilyl)mercury (410 mg., 1.2 minole) i n benzene (10 ml) 

was added slowly to a solution of (Ph^P)^RhCl (840 mg., 0.91 mmole) i n 

benzene (50 ml) without any noticeable colour change. The solution 

was s t i r r e d f o r three days at room temperature to give a red-brown 

solid which was f i l t e r e d from the solution (330 mg.). The s o l i d was 
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contaminated by a small amount of mercury but the i n f r a r e d spectrum showed 

that i t was [(Ph^PjgRhCljg* On standing the solution yielded more 

orange-pink so l i d (120 mg. ) which was also i d e n t i f i e d as [(Ph^P^RhClJg 

by analysis. [Found: Cf 65.66; H, 5.08#. C^^R^Ql^P^Bh requires 

C, 65.4; H, 4.8#]. Removal of the solvent yielded a brown intractable 

s o l i d which could not be p u r i f i e d . The infrared spectrum indicated 

that i t did not contain the t r i m e t h y l s i l y l grouping. 

47« Attempted Preparation of (PF,)^Rh&eEt, 

A solution of [(PF^JgRhCljg (810 mg., 1.3 mmole) i n dried degassed 

d i e t h y l ether (85 ml) was added under nitrogen to \% potassium amalgam 

( i g . i n 100g. mercury) i n a flas k equipped with "Rotaflo" taps. The 

system was frozen and evacuated. An excess of trifluorophosphine 

(600 N.co., 26.8 mmole) was condensed i n t o the f l a s k which was sealed 

and shaken f o r three days to form the potassium s a l t (PFj)^Rh K • 

The f l a s k was opened under nitrogen and the yellow solution 

f i l t e r e d from the potassium amalgam i n t o a Schlenk. Triethylbromo-

germane (560 mg., 2.3 mmole) was added to the f i l t r a t e from a syringe. 

The colour of the solution did not change but a s l i g h t clouding of the 

solution was observed. F i l t r a t i o n followed by concentration of the 

solution under vacuum le d to a darkening of the solution and cooling 

did not give any crystals. Removal of the solvent gave an intractable 

brown t a r r y material which could not be p u r i f i e d by r e c r y s t a l l i s a t i o n 

or washing with other solvents. [ i n f r a r e d data, (KBr): 2950 (m), 

2920 (m), 2870 (m), 1330 ( s h ) , 1320 (m), 1193 (m), 1142 (m), 800 ( s , b r ) , 

525 ( s h ) , 500 ( s ) , 375 (m) em**1]. 
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48. The Reaction of \rr- CO? j t h (Ph,F)„Rh(C0)Ci N 

Freshly cracked cyclopentadiene ( 0 . 8 g . , 12 mmole) was added to 

a s t i r r e d suspension of sodium ( 0 . 2 4 g., 10 mm«le) i n tetrahydrofuran 

(THF) (20 ml). The suspension was s t i r r e d f o r 18 hours t o give a 

pale pink solution of cyclopentadienylsodium. Molybdenum hexacarbonyl 

(2 .63 g., "1° mmole) was added and the mixture refluxed f o r ten hours. 

Upon the addition of Mo(C0)g the solution turned yellow and the colour 

deepened on reflux. 

A portion of the solution ( 2 ml, 1 mmole) was added under nitrogen 

to a solution of (PhjP) 2Rh(C0)Cl (690 mg., 1 mmole) and an immediate 

colour change from yellow to orange-brown was apparent. A f t e r s t i r r i n g 

f o r 14 hours the solvent was removed to give a red-brown s o l i d . This 

material was completely insoluble i n cyclohexane but could be extracted 

with benzene to give a brown solution. Concentration of the benzene 

solution did not give any crystals and the solvent was again removed 

to give a brown s o l i d (672 mg.). The compound could not be properly 

re c r y s t a l l i s e d from benzene or THF and was recovered as a brown powder 

by the slow addition of ether t o a THE* solution. 

The infrared spectrum of the s o l i d showed four strong bands which 

could be assigned to «i(C0) at 1967, 1876, 1777, and 1750 cm"1. I n 

addition to these the spectrum also showed the presence of the 

cyolopentadienyl [V(C-H), 810 cm 1 ] and triphenylphosphine groups. 

The compound was too insoluble f o r 1H n.m.r. characterisation and 

analysed as C, 62 .26; H, 4 .36$. (Ph 3P) 2Hh(C0)Mo(TT-C 5IL ) ( C 0 ) j 

C^H^MoO^PgRh requires C, 60.0; H, 3 .89$. 
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•Experimental Methods 

Nitrogen 

A l l reactions and operations involving air-sensitive compounds 

were carried out i n an atmosphere of dry, oxygen-free nitrogen. 

Commercial "white spot" nitrogen was fu r t h e r p u r i f i e d by passing the 

gas through copper turnings at 400°C, to remove oxygen, and then 

through a column of molecular sieve and a s p i r a l trap at -196°C to 

remove water. 

Solvents 

Benzene, toluene, petroleum ether, d i e t h y l ether and cyclohexane 

were r e d i s t i l l e d from phosphorus pentoxide and dried by standing over 

sodium wire f o r one week. Methyl and ethyl alcohol were dried by 

treatment with magnesium activated with iodine. The dried solvents 

were d i s t i l l e d and stored over molecular sieve. Acetone was dried 

using molecular sieve. Tetrahydrofuran was d i s t i l l e d from l i t h i u m 

aluminium hydride immediately before use. 

Analysis 

Analyses were carried, out in. the mi.croanalytical.labja.ra^tories 

of Durham and Queen's Universities or by Drs. Weiler and Strauss, 

Banbury Road, Oxford. 

Infrared Spectra 

Spectra i n the region 2.5-25 î were recorded on either a Grubb-

Parson*s Spectromaster, &.3.2A, or Perkin Elmer 457 spectrophotometer. 

Solids were examined as pressed discs i n KBr or as Nujol Mulls. The 

region 20-50^ was recorded on either a Grubb-Parson' s DM2 or DM4 

spectrophotometer. The solids were generally examined as pressed 

discs i n Csl. 
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H Nuclear Magnetic Resonance Spectra 

The spectra were recorded on either a Perkin-Elmer R10 or a 

Varian H. A. 100 spectrometer. 

Mass Spectra 

These were recorded on an A.E.I. M. S. 9 instrument. 
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Preparation of Starting Materials 

Most s t a r t i n g materials could be prepared by standard l i t e r a t u r e 

methods (see Table 14) or were available i n the department. 

Table 14 

Compound Ref. Compound Ref. 

( P h ^ R h C l 9 (Ph 3P) 2Bh(C0)Cl 91 

(Ph 3As) 3KhCl 16 (Ph 3P) 3Rh(C0)H 108 

(R^P^RhH 44 [(C 8H 1 2)RhCl] 2 122 

(MePh2P)3RhCl 41 [(C 2H 4) 2RhCl] 2 115 

(Pr 3P) 2Bh(C0)Cl 90 [ ( C 8 H 1 4 ) 2 R h C l ] 2 117 

[(dmpe)2RhJci 50 rr-C 5H 5Rh(C 8H l 2) 122 

7r-C 5H5Bh(C 2H 4) 2 118 

1. Bis(1.2-bisdiphenylphosphinoethane)rhodium(I) chloride 

1,2-bisdiphenylphosphinoethane (1.33 g., 3.34 mmole) was added 

to a solution of (Ph^P^RhCl (790 mg., 0.854 mmole) i n benzene (25 ml) 

and the solution refluxed. The yellow bis-chelate rhodium(l) complex 

precipitated from the solution and was f i l t e r e d , washed with ether 

and dried i n vacuo. 

2. 7r-Cyolopentadienyl( triphen.ylphbsphine)carbonyl rhodium( i ) 

A solution of cyclopentadienylsodium i n tetrahydrofuran 

(3 ml., 0.50 molar) was added to a suspension of (Ph 3P) 2Rh(C0)C1 i n 

THF (20 ml) to give an orange solution. Orange crystals formed and 

these were collected and r e c r y s t a l l i s e d from benzene t o give 

(Ph3P)Rh(CO)(7T-C5H5), 540 mg., 83#. 

3. ^i/-Dichlorotetra( t r i f l u o r o p h o s p h i n e ) d i r h o d i u m ( l ) ^ * ^ 
211 

Trifluorophosphine (600 N.cc, 26.8 mmole) was condensed i n t o 
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a "Rotaflo" f l a s k containing a suspension of [(CgH ^)RhClJ 2 ( 3 . 2 6 g . f 

6.56 mmole) i n diethyl'ether (100 ml). An immediate reaction took 

place to give a red solution. Removal of the ether gave a red so l i d 

which was sublimed to give dark-red needles of ̂ (PF^) 2RhCl] 2, 2 . 1 0 g . , 

51#. 

km Organofiermanium compounds 
149 212 

These were a l l prepared by standard l i t e r a t u r e methods ' . 

Tetraorganogermanes were prepared by reacting an excess of Grignard 

reagent with germanium tetrachloride. Trimethyl- and triethylbromogermane 

were prepared by r e f l u x i n g bromine with the tetra-alkylgermane i n 

n-propyl bromide. The trialkylgermanes, Mê G-eH and Et^GeH, were 

prepared by reduction of the corresponding trialkylbromogermane with 

l i t h i u m aluminium hydride i n dioxane or di-n-butyl ether. 

5. Triohlorogermane 
213 

This was prepared by the method of Petrov et a l • A fa s t 

stream of dried hydrogen chloride was passed over a mixture of powdered 

germanium ( 5 0 g . ) and f i n e l y divided copper (lOg.) heated i n a s i l i c a 

tube to 450°C. Trichlorogermane was formed and was collected i n a 

cooled receiver ( -78°C). A fast flow of hydrogen chloride was essential 

f o r the reaction to ocour at a reasonable rate. The y i e l d of 

r e d i s t i l l e d product was 98g* ( 80?S). 

6. Caesium Trichlorogermanite^^' 

Germanium tetrachloride ( 9 « 4 g . , 5*1 ml.) was added to a s t i r r e d 

mixture of H^P0 2 (23 .3g .) and 3M hydrochloric acid (60 ml). The 

solution was heated to 85°C f o r f i v e hours, and then allowed to cool 

to 50°C before the addition of caesium iodide ( l 1 . 9 g » ) . A f l u f f y 

white pr e c i p i t a t e formed and f i l t r a t i o n gave white caesium triohlorogermanit 

( 1 1 . 2 g . , 76$) . 



- 130 -

7« TriBiethylammonium trlchlorogermaiiite . 

This was prepared i n a si m i l a r manner to Cs&eCly Germanium 

tetrachloride ( l 4 g » ) was reduced by hypophosphorous acid ( 3 5 g » ) i n 

3M hydrochloric acid (50 ml) and the complex precipitated by the 

addition of trimethylammonium chloride ( 6 . 2 3 g .). The complex was 

f i l t e r e d and dried i n vacuo, y i e l d 1 5 « 7 g . , 88j&. 

The compound i s more soluble in benzene or tetrahydrofuran 

than i t s caesium analogue* 
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