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ABSTRACT 

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

u s e f u l compounds w i t h a r e l a t i v e l y h i g h commercial v a l u e . They a r e 

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

s i m p l e "one p o t " c a t a l y t i c s y n t h e s i s i s a h i g h l y d e s i r a b l e a l t e r n a t i v e 

w i t h c o n s i d e r a b l e p o t e n t i a l advantages over e x i s t i n g methods. T h i s 

t h e s i s i s concerned w i t h p o s s i b l e r o u t e s t o a l k y l a t e d amines v i a 

a m i n a t i o n o f a l k e n e s promoted by t r a n s i t i o n m e t a l s . The c h e m i s t r y o f 

t r a n s i t i o n m e t a l a l k e n e complexes r e l e v a n t t o a m i n a t i o n o f t h e a l k e n e , 

i s r e v i e w e d i n d e t a i l . A search i s made f o r complexes s u i t a b l e f o r 

use as models w i t h w h i c h t o st u d y t h e c a t a l y t i c p r o c e s s . 

I n an a t t e m p t t o m i n i m i s e n u c l e o p h i l i c a t t a c k a t t h e m e t a l c e n t r e , 

b u t maximise a t t a c k a t c o o r d i n a t e d a l k e n e s , a t t e m p t s were made t o 

s y n t h e s i s e complexes c o n t a i n i n g s t r o n g l y o - d o n a t i n g a n i o n i c g r o u p s . I n 

t h i s c o n t e x t , r e a c t i o n s o f p a l l a d i u m compounds w i t h t h e d i a n i o n o f 
© © 

N,N'-diphenyloxamide (PhNCOCONPh) a r e r e p o r t e d , w h i c h r e l a t e t o t h e 

s y n t h e s i s o f p r e v i o u s l y unknown p a l l a d i u m a l k e n e complexes. A l s o 

r e p o r t e d a r e some a t t e m p t e d r e a c t i o n s o f amines w i t h known m e t a l a l k e n e 

complexes. 



CONTENTS 

Page 

CHAPTER ONE. INTRODUCTION 

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

1.1 The proposed c a t a l y t i c a m i n a t i o n process 2 

CHAPTER TWO. A REVIEW OF TRANSITION METAL ALKENE COMPLEXES 
RELEVANT TO THE CATALYTIC AMINATION PROCESS 

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

2.1.1 Assessing t h e s u i t a b i l i t y o f a l k e n e complexes f o r 4 
a m i n a t i o n 

2.1.2 S u s c e p t i b i l i t y t o n u c l e o p h i l i c a t t a c k 4 

2.1.3 Displacement o f t h e a l k e n e 8 

2.1.4 Cleavage o f t h e a - a l k y l a m i n o group 9 

2.2.1 L i t e r a t u r e s u r v e y i n t r o d u c t i o n 11 

2.3.1 Group IV. T i t a n i u m , Z i r c o n i u m , Hafnium 11 

2.4.1 Group V. Vanadium, Tantalum, Niobium 12 

2.5.1 Group V I . Chromium, Molybdenum, Tungsten 12 

2.5.2 [(n-C 5H 5)M(CO) 3(alkene)]® Complexes 13 

2.5.3 [(n-C 5H 5) 2MR(alkene)]® Complexes 15 

2.6.1 Group V I I . Manganese, Technetium, Rhenium 16 

2.7.1 Group V I I I . I r o n , Ruthenium, Osmium 18 

2.8.1 Group V I I I . C o b a l t , Rhodium, I r i d i u m 22 

2.9.1 Group V I I I . N i c k e l , P a l l a d i u m , P l a t i n u m 27 

2.10.1 C a t a l y t i c R e a c t i o n s 36 

References 39 

CHAPTER THREE• EXPERIMENTAL WORK AND DISCUSSION 

I n t r o d u c t i o n ^2 

SECTION 1. Re a c t i o n s o f P a l l a d i u m Compounds w i t h N,N'-diphenyl-
oxamide 

3.1.1 I n t r o d u c t i o n 42 



Page 

3.1.2 R e a c t i o n o f o x a n i l i d e w i t h 2 e q u i v a l e n t s c f rr b u t y l 43 
l i t h i u m 

3.1.3 P r e p a r a t i o n o f b i s b e n z o n i t r i l e p a l l a d i u m d i c h l o r i d e 44 

3.1.4 R e a c t i o n o f o x a n i l i d e w i t h 2 e q u i v a l e n t s of n - b u t y l 46 
l i t h i u m and b i s b e n z o n i t r i l e p a l l a d i u m d i c h l o r i d e 

3.1.5 R e a c t i o n s o f p a l l a d i u m d i c h l o r i d e w i t h o x a n i l i d e and 48 
po t a s s i u m h y d r o x i d e 

3.1.6 R e c r y s t a l l i s a t i o n / r e a c t i o n o f t h e y e l l o w p r o d u c t from 51 
r e a c t i o n 3.1.5 u s i n g p y r i d i n e 

SECTION 2. R e a c t i o n o f Rhodium and I r i d i u m Alkene Complexes 
w i t h Amines. 

3.2.1 I n t r o d u c t i o n 56 

3.2.2 P r e p a r a t i o n o f t r i s t r i p h e n y l p h o s p h i n e r h o d i u m ( l ) 57 
c h l o r i d e 

3.2.3 P r e p a r a t i o n o f b i s e t h e n e c y c l o p e n t a d i e n y l rhodium 57 

3.2.4 P r e p a r a t i o n o f b i s e t h e n e rhodium c h l o r i d e dimer 58 

3.2.5 R e a c t i o n o f ( P P h 3 ) RhCl(C H A) w i t h d i e t h y l a m i n e 59 

3.2.6 A u t o c l a v e r e a c t i o n s 60 

3.2.7 P r e p a r a t i o n o f c y c l o p e n t a d i e n y l e t h e n e t r i m e t h y l - 62 
phosphine r h o d i u m ( l ) 

3.2.8 P r e p a r a t i o n o f c h l o r o c a r b o n y l b i s d i m e t h y l p h e n y l - 63 
phosphine i r i d i u m ( l ) 

APPENDIX A. General E x p e r i m e n t a l D e t a i l s 

A l . H a n d l i n g Techniques 64 

A2. N i t r o g e n Supply 64 

A3. S o l v e n t s 64 

A4. E l e m e n t a l Analyses 65 

A5. I n f r a Red S p e c t r o s c o p y 65 

A6. Thermal A n a l y s i s 65 

A7. Gas L i q u i d Chromatography 65 

A8. Mass Sp e c t r a 65 



APPENDIX B. The A u t o c l a v e Apparatus Page 

B l . A u t o c l a v e S e c t i o n 67 

B2. H e a t i n g and S t i r r i n g 67 

B3. Use o f t h e Apparatus 69 

References 70 



CHAPTER ONE 

INTRODUCTION 



- 1 -

INTRODUCTION 

..^..J r ~" ^ " " b ~ ^ ^ ^ w j . ^ ^ . ^ . - i . ^ ^ ~ • ^ . . v - ^ 

are b u l k i n t e r m e d i a t e c h e m i c a l s w i t h a f a i r l y h i g h commercial v a l u e . 

The b i o l o g i c a l a c t i v i t y o f amines and t h e i r d e r i v a t i v e s makes them v e r y 

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

and p h y s i c a l p r o p e r t i e s make them s u i t a b l e f o r many a p p l i c a t i o n s 

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

t o name b u t a few. 

The t a r g e t o f t h i s t h e s i s i s t o l o o k a t t h e proposed c a t a l y t i c 

a m i n a t i o n process shown i n F i g u r e 1. An i m p o r t a n t aim was t o o b t a i n 

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

i n v o l v e d , and t o a v i a b l e p r o c e s s . The p r i n c i p a l r o u t e s which a r e 

c u r r e n t l y used i n t h e i n d u s t r i a l p r o d u c t i o n o f amines are based on e i t h e r 

a m i n o l y s i s o f a l c o h o l s o r h y d r o g e n a t i o n o f n i t r i l e s . Both o f th e s e r o u t e s 

shown below i n v o l v e s e v e r a l c h e m i c a l s t a g e s f r o m p e t r o l e u m . The r o u t e 

t o l o n g c h a i n t e r t i a r y amines r e q u i r e s h y d r o f o r m y l a t i o n a t h i g h 

p r e s s u r e as an i n t e r m e d i a t e s t e p . A s i m p l e "one p o t " c a t a l y t i c process 

e l i m i n a t i n g i n t e r m e d i a t e s t a g e s has c o n s i d e r a b l e a t t r a c t i o n t o i n d u s t r y 

and c o u l d be more advantageous t h a n t h e e x i s t i n g r o u t e s . 

A m i n o l y s i s o f a l c o h o l s 

RCH 2=CH 2 + CO + H 2 > RCH2CH2CHO 

Hy d r o g e n a t i o n o f n i t r i l e s 

RCH2CN + H 2 > RCH 2CH 2NH 2 

+NH 
-> RCH„CH„CH„OH ^ RCH„CH„CH„NH„ + H O 
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1.1 The Proposed C a t a l y t i c A m i n a t i o n Process 

R o f o r r i n n t-o I f i f > n v n 1 *-V.~ r>^nnAco^ ^ *~ 1 1 ̂  T t " i T .ITT. i w .11 10 Ti CTGCcoo 

has f o u r b a s i c s t e p s . 

1. C o o r d i n a t i o n of th e alkene.; n o r m a l l y a t e r m i n a l a l k e n e , t o t he 

m e t a l s t a r t i n g complex [ M ] . 

2. N u c l e o p h i l i c a t t a c k by th e amine a t t h e c o o r d i n a t e d alkene t o 

produce a z w i t t e r i o n i c o - a l k y l complex. 

3. 1,3-Hydrogen s h i f t f o l l o w e d by spontaneous clea v a g e o f t h e h i g h e r 

amine: the p r o t o n o f t h e n i t r o g e n i s t r a n s f e r r e d t o t h e 13-carbon, 

and t h e e t h y l a m i n e complex t h u s formed s p o n t a n e o u s l y decomposes 

t o g i v e t h e s u b s t i t u t e d e t h y l a m i n e and a m e t a l complex. T h i s s t e p 

c o u l d be promoted i n many ways, e i t h e r by r e d u c t i o n u s i n g r e a g e n t s 

such as l i t h i u m a l u m i n i u m h y d r i d e , o r by o x i d a t i v e a d d i t i o n o f 

r e a g e n t s such as o r HI f o l l o w e d by r e d u c t i v e e l i m i n a t i o n , (as 

shown i n F i g u r e 1 ) . 

4. R e g e n e r a t i o n o f c a t a l y s t : depending on how s t e p 3 i s a c h i e v e d t h i s 

s t e p may or may n o t be needed. I f t h e a - a l k y l i n t e r m e d i a t e complex 

i s reduced t o g i v e t h e m e t a l f o r example, t h e n t h i s must be 

r e o x i d i s e d t o produce t h e s t a r t i n g complex. I n p a l l a d i u m c h e m i s t r y 

t h i s i s o f t e n a c h i e v e d u s i n g e i t h e r copper c h l o r i d e and a i r or 

benzoquinone. 

I n c h a p t e r two t h e c h e m i s t r y o f t h e a l k e n e complexes o f t r a n s i t i o n m e t a l s , 

w h i c h i s r e l e v a n t t o a m i n a t i o n o f t h e a l k e n e , i s r e v i e w e d i n d e t a i l . 

I n t h e t h i r d c h a p t e r t h e r e a c t i o n s o f some m e t a l a l k e n e complexes w i t h 

amines a r e i n v e s t i g a t e d , and some c h e m i s t r y r e l a t e d t o s y n t h e s i s o f 

p r e v i o u s l y unknown a l k e n e complexes o f p a l l a d i u m i s r e p o r t e d . 
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F i g u r e 1. The proposed c a t a l y t i c a m i n a t i o n c y c l e . 
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INTRODUCTION 

alkene complexes, which i s r e l e v a n t t o d e v e l o p i n g t h e c a t a l y t i c a m i n a t i o n 

nrnr.Rss. ( F i g u r e 1 ) . d i s m i s s e d i n t h e n r e v i o u s c h a n t e r . The n r i m a r v aim 

was t o f i n d model complexes, w i t h which t o s t u d y t h e i n t e r m e d i a t e steps 

o f t h e a m i n a t i o n p r o c e s s . T h i s would h o p e f u l l y l e a d t o t h e d i s c o v e r y 

o f a c a t a l y t i c system. S e v e r a l r e p o r t s o f l i m i t e d c a t a l y t i c a c t i v i t y 

have a l r e a d y appeared. These a r e d i s c u s s e d t o g e t h e r i n one o f t h e l a t e r 

s e c t i o n s . Alkene r e a c t i o n s w h i c h do n o t i n v o l v e t r a n s i t i o n m e t a l s are 

n o t r e v i e w e d . A much l e s s s p e c i f i c r e v i e w by Gasc e t a l ^ covers t h e 

g e n e r a l a m i n a t i o n o f a l k e n e s t o t h e end o f 1981. 

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

p r o p e r t i e s r e q u i r e d o f an a l k e n e complex i n o r d e r f o r i t t o be s u i t a b l e 

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

2.1.1 A s s e s s i n g t h e S u i t a b i l i t y o f A l k e n e Complexes f o r A m i n a t i o n 

There a r e t h r e e main c r i t e r i a an a l k e n e complex must s a t i s f y , i n 

o r d e r t o be s u i t a b l e f o r t e s t i n g f o r t h e c a t a l y t i c p r o c e s s , ( F i g u r e l ) . 

( i ) F i r s t and f o r e m o s t t h e c o o r d i n a t e d a l k e n e must be s u s c e p t i b l e 

t o n u c l e o p h i l i c a t t a c k . 

( i i ) The complex must be s u f f i c i e n t l y s t a b l e t h a t d i s p l a c e m e n t o f 

t h e a l k e n e by amine i s n o t a s t r o n g l y competing r e a c t i o n . 

( i i i ) Once n u c l e o p h i l i c a t t a c k has o c c u r r e d , t h e o - a l k y l complex 

formed must be a b l e t o undergo a cl e a v a g e r e a c t i o n , p r o d u c i n g 

an e a s i l y o b t a i n a b l e amine, p l u s a m e t a l complex r e a d i l y 

c o n v e r t a b l e t o t h e s t a r t i n g complex. 

These f a c t o r s w i l l be c o n s i d e r e d now i n more d e t a i l . 

2.1.2 S u s c e p t i b i l i t y t o N u c l e o p h i l i c A t t a c k 

For t h e a l k e n e t o be s u s c e p t i b l e t o n u c l e o p h i l i c a t t a c k , i t s 
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c o o r d i n a t i o n t o t h e m e t a l must r e s u l t i n an o v e r a l l d e p l e t i o n o f e l e c t r o n 

d e n s i t y from t h p d n u h l e hnnd. The bonding between a t r a n s i t i o n m e t a l 
2,3 

and an a l k e n e , as p o s t u l a t e d by t h e Chatt-Dewar-Duncanson model, ' has 

two d i f f e r e n t components wh i c h r e i n f o r c e one a n o t h e r i n a s y n e r g i c process. 

A f o r w a r d bonding component i l l u s t r a t e d i n F i g u r e 2, r e s u l t s from 

t r a n s f e r o f e l e c t r o n d e n s i t y i n t h e T T - b o n d i n g MO o f t h e alkene t o a s u i t a b l e 

o r b i t a l on t h e m e t a l . The back bonding component r e s u l t s from t r a n s f e r 

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

t h e a l k e n e . T h i s i s i l l u s t r a t e d i n F i g u r e 3. For t h e al k e n e t o be 

r e l a t i v e l y e l e c t r o n d e f i c i e n t , hence s u s c e p t i b l e t o n u c l e o p h i l i c a t t a c k , 

t h e back bonding component must be s m a l l e r t h a n t h e f o r w a r d bonding 

component. There are many ways o f e s t i m a t i n g t h e e x t e n t t o whi c h 

back bonding i s i n v o l v e d , hence i t i s u s u a l l y p o s s i b l e t o p r e d i c t i f 

t h e a l k e n e w i l l be s u s c e p t i b l e t o n u c l e o p h i l i c a t t a c k . 

As back bonding i n c r e a s e s t h e ca r b o n - c a r b o n bond l e n g t h i n c r e a s e s , 

(due t o f i l l i n g o f t h e a l k e n e I T * MO), and t h e o l e f i n i c p r o t o n s a r e 

pushed back o u t o f t h e p l a n e o f t h e a l k e n e . T h i s i s i l l u s t r a t e d i n 

F i g u r e 4, and i s e v i d e n t i n t h e c r y s t a l s t r u c t u r e s o f t h e r e l e v a n t 

C 0 M M 

F i g u r e 2. The f o r w a r d bonding 
component. 

F i g u r e 3. The back bonding 
component. 

c Hc=*. 
H 

M A 
i n c r e a s e d 
back bonding •H 

H' / 

F i g u r e 4 
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complexes. For example t h e a l k e n e bond l e n g t h i n (C^Me^)Ta(PMe^)-

(CHCMe 3)(C 2H A) i s 1.477 X compared w i t h 1.337 8 f o r ethene. The a n g l e 

a, ( d e f i n e d as t h e a n g l e between t h e two normals t o the CH^ p l a n e s ) , 
o 4 

was r e p o r t e d t o be 68.5 . 

The backbonding component o f t h e m e t a l a l k e n e bond i s not 

s y m m e t r i c a l w i t h r e s p e c t t o r o t a t i o n about t h e m e t a l alkene a x i s , (see 

F i g u r e 3 ) . I f o n l y one o r b i t a l on t h e m e t a l i s a v a i l a b l e f o r back-

bonding, or i f t h e a v a i l a b l e o r b i t a l s d i f f e r g r e a t l y i n energy, t h e n 

r o t a t i o n o f t h e a l k e n e i n t h i s way i s h i n d e r e d . The g r e a t e r t h e e x t e n t 

of back bonding t h e l a r g e r t h e a c t i v a t i o n energy f o r t h i s r o t a t i o n w i l l 

be. T h i s can be e s t i m a t e d by u s i n g nmr t e c h n i q u e s , t o observe t h e 

t e m p e r a t u r e a t w h i c h t h e o l e f i n i c p r o t o n s become e q u i v a l e n t i n a 

n o n - s y m m e t r i c a l complex: hence t h e e x t e n t o f back bonding t o t h e a l k e n e 

can be e s t i m a t e d . A whole s e r i e s o f s u b s t i t u t e d c y c l o p e n t a d i e n y l b i s -
27 

ethenerhodium complexes have been s t u d i e d i n t h i s way and p r o v i d e a 

good example o f t h i s phenomena. I t s h o u l d be n o t e d t h a t t h i s phenomena 

does n o t occur f o r a l l a l k e n e complexes, and h i n d r a n c e t o r o t a t i o n can 

r e s u l t from o t h e r f a c t o r s , e.g. s t e r i c c o n s i d e r a t i o n s . 

The g r e a t e r t h e e l e c t r o n d e n s i t y on t h e m e t a l , t h e l a r g e r t h e 

e x t e n t o f back b o n d i n g . The lo w e r v a l e n t complexes such as w i t h Pfc 0 

f o r example, have c a r b o n - c a r b o n bond l e n g t h s up t o 0.2 8 g r e a t e r t h a n 

t h a t o f t h e f r e e a l k e n e . Complexes w i t h good e l e c t r o n r e l e a s i n g l i g a n d s 

w i l l a l s o enhance e x t e n s i v e backbonding, e.g. (C^Me^)Rh(PPh^)(C2H^), t h e 

C=C bond l e n g t h i s 1.408 A* ( c f . 1.337 X f o r e t h e n e ) , and t h e hydrogens 

are bent back s i g n i f i c a n t l y o u t o f t h e o l e f i n i c p l a n e . ^ 

As w e l l as e l e c t r o n i c c o n s i d e r a t i o n s , t h e r e a r e a l s o k i n e t i c and 

thermodynamic f a c t o r s t o be t a k e n i n t o a c c o u n t . Any l i g a n d t h a t 

i n c r e a s e s t h e s t a b i l i t y o f t h e a - a l k y l i n t e r m e d i a t e w i t h r e s p e c t t o 

the ethene s t a r t i n g complex, w i l l promote n u c l e o p h i l i c a t t a c k a t t h e 
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alkene. A good example of t h i s i s the chloroisoquinoline-1-carboxy-

lato- n- pthenp.n 1 at i nvim( TT ) Comdex^ shown below. 

CI 
// L 

r L - i x 

0 c 

The e q u i l i b r i u m c o n s t a n t s f o r a t t a c k of amines at t h i s complex 

were found to be up to 100 times l a r g e r than those for r e l a t e d 

dichloroamine complexes. 

CI 
I 

•Pt- r 
amine 

amCH 2CH 2-Pt 

CI 
I 

•Pt-
I 
am 

-CI 
amine 

i s 100 times g r e a t e r than K^-

© 
amCH-CH„-Pt-2 2 , 

am 
-CI 

The e x p l a n a t i o n given f o r t h i s o b s e r v a t i o n was as f o l l o w s . 

Coordination of the c a r b o x y l a t e group f o r c e s the p y r i d i n e to l i e i n the 

PtCINO plane. T h i s r e s u l t s i n the p y r i d i n e and ethene which are both 

good IT a c c e p t i n g l i g a n d s , competing with each other for the e l e c t r o n 

d e n s i t y of the same d o r b i t a l . Hence the complex i s l e s s s t a b l e than 

the corresponding dichloroamine complex. Reaction to give the a - a l k y l 

complex removes t h i s i n s t a b i l i t y , as the two ligands no longer compete 

for the ̂ ame e l e c t r o n d e n s i t y : hence the e q u i l i b r i u m i s d i s p l a c e d to the 

r i g h t . T h i s process bears some analogy with the t r a n s - e f f e c t and the 



- 8 -

enhanced r a t e of a t t a c k by n u c l e o p h i l e s a t the tr a n s p o s i t i o n to ir-

a c i d l i g a n d s . A s i m i l a r displacement would occur i f the o-alky] 

complex could be made more s t a b l e in other ways. T h i s might be achieved, 

by using l i g a n d s capable of d e l o c a l i s i n g the formal negative charge 

placed on the metal as a r e s u l t of a t t a c k . 

To summarise, a complex with a r e l a t i v e l y e l e c t r o n d e f i c i e n t 

centre i s r e q u i r e d , c a t i o n i c complexes are i d e a l . Any ligand which 

w i l l s t a b i l i s e the o - a l k y l complex i n model systems to be used to study 

the amination process i s a l s o d e s i r a b l e . 

2.1.3 Displacement of the Alkene 

I r r e v e r s i b l e alkene displacement by amines i s one of the most 

f r e q u e n t l y encountered problems with the r e a c t i o n . For example, i n 

much of the reported palladium work r e a c t i o n s have to be performed at 

low temperatures i n order to minimise t h i s s t r o n g l y competing s i d e 

r e a c t i o n . 

Strong metal alkene bonds u s u a l l y r e s u l t when a c o n s i d e r a b l e amount 

of back bonding i s pr e s e n t , enabling the s y n e r g i c bonding process to 

have maximum e f f e c t . 

One of the commonest ways of s t a b i l i s i n g metal alkene complexes i s 

through the use of good e l e c t r o n donating l i g a n d s , eg c y c l o p e n t a d i e n y l , 

attached to the metal. Unfortunately, as p r e v i o u s l y mentioned, t h i s i s 

the opposite of what i s r e q u i r e d to promote n u c l e o p h i l i c a t t a c k . The 

need for seemingly c o n f l i c t i n g e l e c t r o n i c requirements, i s one of the 

fundamental problems f a c i n g the proposed c a t a l y t i c process. 

Alkenes are normally c l a s s e d as s o f t bases and as such w i l l tend to 

bond more s u c c e s s f u l l y w i t h s o f t a c i d s . As a broad g e n e r a l i s a t i o n 

t h e r e f o r e , one would expect the alkene complexes to i n c r e a s e in 

s t a b i l i t y on going from l e f t to r i g h t in the t r a n s i t i o n metal s e r i e s , or 

on descending a s p e c i f i c group of the P e r i o d i c Table. T h i s i s u s u a l l y 
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found to hold t r u e . There are very few alkene complexes of the 

e a r l i e r t r a n s i t i o n metals s t a b l e under normal temperature and pressure 

c o n d i t i o n s , whereas there are a la r g e number of palladium and platinum 

complexes. Also in descending the n i c k e l group, platinum complexes 

are u s u a l l y much more s t a b l e than the palladium analogues. 

2.1.A Cleavage of the o-Alkylamino Group 

The f i n a l step of the c a t a l y t i c p r ocess, i l l u s t r a t e d below, 

inv o l v e s t r a n s f e r of the ammonium proton to the a carbon with cleavage 

of the higher amine. Unfortunately, t h i s r e a c t i o n has r a r e l y been 

U[M]—CH 2CH 2NRR'H » [M] + C^CH^RR' 
a 8 Y 

found to occur spontaneously. I t may proceed i n s e v e r a l ways. 

( i ) The ammonium proton may be t r a n s f e r r e d i n one step, i n t e r a c t i n g 

d i r e c t l y with both the metal and the a-carbon. T h i s has 

been p o s t u l a t e d to occur during the s u c c e s s i v e a l k y l a t i o n of 

ammonia or ethylamine using the platinum complex shown below. 

e 

/ 3 / \ c H ^ 
f H2 Q / Z 1 » ^2,'* ,C1 //— P t — C I + CH3CH2NH2 

C H 2 — p t — c i C H 2 - - P t — c i I 
P P h 3 P<h 3 

The above r e a c t i o n occurred r a p i d l y with ammonia, to a l e s s e r 

extent with ethylamine and not a t a l l with diethylamine. The 

protons of more s u b s t i t u t e d ammonium ions, e.g. diethylamine, 

were p o s t u l a t e d to be i n s u f f i c i e n t l y a c i d i c to undertake the 

t r a n s f e r . 

( i i ) The ammonium proton i s f i r s t removed by a base, which i n many 

cas e s may be exc e s s of the amine. A d i f f e r e n t source of 

hydrogen i s then used to c l e a v e the a carbon. This can 
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be metal bound hydrogen, r e s u l t i n g from o x i d a t i v e a d d i t i o n 

of H n or HX, or i t mav occur as hydride when the complpv i <= 

d e s t r u c t i v e l y reduced using reagents such as LiAlH^. A 

good example of t h i s type of cleavage i s the palladium 

promoted r e a c t i o n shown below.^ 

Pd 
/ \ 

CI NHMe, 

Me2NH 

+ Me 9NH ?Cl 

Me2NH 

•NMe, 
,C1 

NHMe 

Me„NH 

Me_N 

NHMe, 

LiA l H . or H_ A I 

ZY^ "^NHMe 

6 2 _ 

+ Me2NH2 

NMe2Bu + PdO 

( i i i ) The higher amine may be l i b e r a t e d as i t s hydrohalide s a l t by 

d i r e c t a c i d h y d r o l y s i s , e.g. the platinum promoted r e a c t i o n 
6 

shown below. 

(C-HJNH 
2 V 
' ' HC1 \ / \ S 

2 C H 0 — P t — C I 2NEt n + .Pt ^Pt V PPh, 
3 / \ / \ 

CI CI PPh„ 

One important property the o a l k y l complex must possess to undergo 

any of the methods of cleavage, i s the a b i l i t y to expand i t s 
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coordination number, e.g. by o x i d a t i v e a d d i t i o n . I f i t i s already 

c o o r d i n a t i v e l v s a t u r a t e d i t must be able to l o s e l i g a n d s e a s i l y i n 

order to achieve t h i s property. 

2.2.1 L i t e r a t u r e Survey 

Having considered the p r o p e r t i e s r e q u i r e d of an alkene complex 

for undergoing the amination r e a c t i o n , we s h a l l now survey the known 

complexes and the chemistry concerning them. There e x i s t s many very 

unstable s h o r t l i v e d alkene complexes, and although they have never been 

i s o l a t e d and f u l l y c h a r a c t e r i s e d , they are o f t e n assumed to be 

intermediates i n many r e a c t i o n s . I t i s l i k e l y t h a t a short l i v e d complex 

w i l l a c t as the c a t a l y t i c s p e c i e s i n the amination process. T h i s 

survey, however, does not i n c l u d e an e x h a u s t i v e survey of such 

i n t e r m e d i a t e s , but c o n c e n t r a t e s on those complexes s u i t a b l e as model 

m a t e r i a l s . 

2.3.1 Group IV. Titanium, Zirconium, Hafnium 

There are no r e p o r t s of thermally s t a b l e tr-bonded alkene complexes 

of these metals. There a r e , however, numerous examples of sh o r t l i v e d 

intermediate complexes. These in c l u d e the intermediates i n the Z i e g l e r 
2 6 

Natta p o l y m e r i s a t i o n of a l k e n e s , and the i n t e r m e d i a t e s i n the 

more r e c e n t l y reported zirconium promoted s y n t h e t i c r e a c t i o n s . ^ The 

exact mechanism of the Z i e g l e r Natta r e a c t i o n i s not known, but 

migration of an a l k y l group onto t i t a n i u m coordinated alkene, has 

been p o s t u l a t e d as an i n t e r m e d i a t e step. 

Ti-R > Ti-CH-CH R 

=L 
T h i s could be thought of as i n t e r n a l n u c l e o p h i l i c a t t a c k of the 

a l k y l upon the alkene. E x t e r n a l n u c l e o p h i l i c a t t a c k on alkenes 

coordinated to these metals has not been achieved. 
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2.4.1 Group V. Vanadium, Tantalum, Niobium 

I norma l i j 3 t a u l c o j.nij-< -LG a n v c u c c u u i p i e A C a U l V d U d U i U l i i d i e 11UL M l U W l l , 

The alkene complexes of tantalum and niobium f a l l into three main 

c a t e g o r i e s = 

( i ) (n 5C 5H 5) ?MX ( a l k e n e ) X = H, C I , Me, E t , Pr e t c . 

( i i ) (n 5C 5H 5)MX 2 ( a l k e n e ) X = C I , Br, OMe 

( i i i ) MX 3L 2 ( a l k e n e ) X = C I , L = PMe3 

The f i r s t category i s the most common. The complexes are a l l very 

e l e c t r o n r i c h and experimental r e p o r t s i n d i c a t e e x t e n s i v e backbonding. 
g 

The c r y s t a l s t r u c t u r e of C p ^ b E t t C ^ ) showed the C=C bond length as 

1.406 X, ( c f . 1.377 for e t h e n e ) , and the angle between the two normals 

of the CH 2 planes ( a ) was 52°. NMR s t u d i e s of t h i s complex showed f r e e 

r o t a t i o n of ethene to be e x t r a o r d i n a r i l y slow. The four protons were 

i n e q u i v a l e n t even at room temperature. 
9 

P r e l i m i n a r y i n v e s t i g a t i o n s have shown, as expected, that 

backbonding to alkenes i n the second category of complex i s not q u i t e as 

e x t e n s i v e as f o r the f i r s t category complexes. 

Examples of the f i n a l category of complex are l i m i t e d , they are 

formed during m e t a t h e s i s - l i k e r e a c t i o n s of the corresponding a l k y l i d e n e 
39 

complexes e.g. T a ( P M e 0 ) ^ C l _ ( C n H , ) . 
3 2 3 2 4 

I n g e n e r a l the experimental r e p o r t s i n d i c a t e that the alkene 

complexes of metals i n t h i s group are b e t t e r thought of as m e t a l l o -

cyclopropane s t r u c t u r e s . T h i s does not encourage n u c l e o p h i l i c a t t a c k 

a t the alkene. 

2.5.1 Gp V I . Chromium, Molybdenum, Tungsten 

As expected the alkene complexes of t h i s group i n c r e a s e i n 

s t a b i l i t y on descending the group. Simple monoalkene complexes of 

chromium are not known. Much of the molybdenum and tungsten chemistry i s 

very s i m i l a r and has been developed i n p a r a l l e l . Although the molybdenum 
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complexes are more r e a c t i v e , the tungsten complexes are often more 

d i f f i c u l t to prepare. T h i s i s due to the r e l a t i v e i n e r t n e s s of many 

tungsten p r e c u r s o r s towards l i g a n d s u b s t i t u t i o n r e a c t i o n s . 

There are only a few n e u t r a l alkene complexes of these metals 

known. Complexes of formulae M(CO), ( a l k e n e ) (n = 1 or 2 ) , have been r o-n n 
i s o l a t e d for M = tungsten, and the r e i s IR evidence for M = molybdenum 

40 

complexes. The only other simple n e u t r a l alkene complex reported i s 

M o ( d i p h o s ) ^ ( C y t t ^ ) j • ^ N u c l e o p h i l i c a t t a c k a t the alkenes of the n e u t r a l 

complexes has not been reported, the alkenes being very l a b i l e and 

r e a d i l y d i s p l a c e d . 

There are, however, s e v e r a l r e p o r t s of n u c l e o p h i l i c a t t a c k a t 

c a t i o n i c complexes. The complexes involved are of the two main types. 

( i ) [(n 5C 5H 5)M(CO) 3(alkene)] + M = Mo or W 
( i i ) [ ( n 5 C 5 H 5 ) 2 M R ( a l k e n e ) ] " M = Mo or W, R = H, a l k y l 

2.5.2 [ ( n - C 5 H 5 ) M ( C O ) 3 ( a l k e n e ) ] Complexes 

N u c l e o p h i l i c a t t a c k by n i t r o g e n and phosphine bases at the alkenes 

of t h e s e complexes was f i r s t r eported by W.H. K n o t h . ^ The r e s u l t s are 

summarised i n Table 1. 

Table 1 

^ \ N u c l e o p h i l e C 5H 5N CH 3NH 2 (CH 3) 2NH (CH 3) 3N NH3 ( C 6 H 5 ) 3 P 

Complex Type of Product Formed 

CpMo(CO) 3C 2H^ 1 2 - 1 1,2 1 

CpW(CO) 3C 2H^ 2 1,2 1 1,2 1 

Product Types 1 = 

M CH 2CH 2Nuc 

2 = 

CO CO CO 

M CH CH NucCH CH„ M 2 2 2 2 
CO CO CO CO CO CO 
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With ammonia the type of product was found to be dependent on 

experimental c o n d i t i o n s . On passing gaseous ammonia ever ths s o l i d 

s t a r t i n g complex, the d i a l k y l a t e d product 2 predominates though 

with tungsten a small amount of monoalkylated product 1_ was a l s o 

obtained. 

, NH @ NH @ © 
[CpM(CO) 3C 2H A] — ^ CpM(CO) C ^ N H — ^ (CpM( CO) ̂ C^H^) ̂NH^ + NH^ 

1 2 

Act i o n of base, e.g. hydroxide, on e i t h e r product r e s u l t s i n 

deprotonation followed by c y c l i s a t i o n , and i n s e r t i o n of one of the 

carbonyls as i l l u s t r a t e d below. 
0 

h 
CpM(C0) 3C 2H^NH 2R CpM(CO)^CH2 

RHN CH 2 

R = H or CpM(C0) 3C 2H 4 

Unfortunately, the amines, being bases, a l s o cause t h i s r e a c t i o n 

to take p l a c e , and hence some c y c l i s e d product i s always formed. 

I f the r e a c t i o n w i t h ammonia i s c a r r i e d out i n a benzene s o l u t i o n 

the molybdenum complex g i v e s predominantly monoalkylated product 1 

(Table 1 ) . T h i s spontaneously deprotonates and c y c l i s e s as p r e v i o u s l y 

shown. 

With methylamine the d i a l k y l a t e d product 2 (Table 1) was produced 

Th i s a l s o deprotonated to give an analogous c y c l i c product, though 

with tungsten a small amount of the simple deprotonated 

CpW(CO) 3CH 2CH 2NHCH 3was a l s o produced. 

Cleavage of the a a l k y l group to y i e l d a l k y l a t e d amines proved 

extremely d i f f i c u l t . Bases cause c y c l i s a t i o n to occur. Hydrochloric 

a c i d caused the p y r i d i n e adducts to decompose whereas the ammonia 
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adducts were l a r g e l y u n a f f e c t e d . T r e a t i n g the molybdenum complex with 

r e f I v x i n g a l c o h o l i c HC1 r e s u l t e d i n formation of the simple c h l o r i d e s a l t 

(CpMo(CO)_C-H. Mr^W? H C * ! R ° H > ( CpMo (CO) .,C0H )-NH^'Cl^' 3 2 4 2 2 6 r e f l u x 3 I h I 2 

Action of aqueous a c e t o n i t r i l e on both the molybdenum and tungsten 

trimethylamine adducts r e s u l t e d i n decomposition with l o s s of ethene. 

R e f l u x i n g the tunsten ammonia adduct i n the presence of t r i p h e n y l 

phosphine r e s u l t e d i n exchange of ammonia f o r phosphine. 

© pv PPh i n @ 
(CpW(CO) 3C 2H A) 2NH 2PF^ > 2 C p W ( C O ) ^ H ^ P P h ^ F ^ 

16 hr 
r e f l u x 

A l i m i t e d s u c c e s s was achieved with the tungsten phosphine product. 

Refluxing f o r 16 hours i n methanolic h y d r o c h l o r i c a c i d produced a black 

residue found to co n t a i n a s m a l l amount of PPh^CCR^CH^). 

Summarising the ch e m i s t r y of these complexes; the alkene has been 

a c t i v a t e d towards n u c l e o p h i l i c a t t a c k by amines, but only i n a few 

s p e c i f i c c ases i s a re a s o n a b l e y i e l d of the simple a-alkylamine complex 

formed. I n most r e a c t i o n s a l a r g e amount of c y c l i s e d product r e s u l t s 

and the presence of carbon monoxide i s d e t r i m e n t a l to simple amine 

formation. Cleavage of the 2-aminoethyl group could not be achieved. 

Bases a r e u n s u i t a b l e and a c i d s were u n s u c c e s s f u l . The complexes have 

18 e l e c t r o n s t h e r e f o r e they a r e not immediately s u s c e p t i b l e to 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 . 

2.5.3 [Cp 2MR(alkene) ] w Complexes 

N u c l e o p h i l i c a t t a c k a t the alkenes of these complexes i s much 

l e s s common and s t r a i g h t f o r w a r d than f o r the previous category. 

N u c l e o p h i l i c a t t a c k was one of s e v e r a l r e a c t i o n s found to occur, on 

t r e a t i n g the complex Cp 2WMe(C 2H^) with phosphines.^^ Unfortunately the 

r e a c t i o n s were complex, w i t h products a r i s i n g from major s i d e r e a c t i o n s 
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and thermal decomposition. A t y p i c a l example using trimethylphosphine 

i c i 1 11 i c t 5lt e^ hp 1 n u . 

Cp 
v . ' 

w 
Cp -^ ^Me 

PMe^ in acetone 
6 12 hours 

Phfe^-^r^ acetone 
48 h r s . 

PF, 
Cp rr PMe_ 3 

W 
Cp^ ^Me 

heat i n acetone 
^ 4 days 

Cp CH_CH„PMe^ \ / 2 2 3 
W 

C p ^ ^Me 

heat in acetone 48 hrs. 

Cp CH„PMe^ v / 2 3 

/ \ 
Cp H 

PF, 51% 

The remaining complexes i n t h i s category r e a c t e d to give i n s e r t i o n 

or s u b s t i t u t i o n products. Treatment of the complexes [Cp^MHCalkene)]^ 
12 

with triphenylphosphine r e s u l t e d i n i n s e r t i o n of the ethene i n t o the 

metal hydride bond. 

CP - > 
M 

Cp H 

PPh Cp C_HC 

3 \ / 2 5 

> M 
C p / ' N r i i 

M = Mo or W 

x" BF. or PF, 4 o 

Reaction of the same complexes w i t h hydroxide caused deprotonation to 

give the n e u t r a l ethene complexes. These a c t u a l l y behave as 

n u c l e o p h i l e s , r e a c t i n g w i t h a l k y l h a l i d e s to give the a l k y l complexes 

as shown b e l o w . ^ 

Cp > + RI 
Cp 

M 
Cp ^R 

© 
M = Mo or W 

R = a l k y l 

2.6.1 Group V I I . Manganese Technetium, Rhenium 

The reported technetium chemistry i s l i m i t e d because of the r a d i o 

a c t i v i t y of the metal but c l o s e l y r e l a t e s to that of rhenium. Most of 

the known alkene complexes of metals of t h i s group f a l l into one of two 
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c a t e g o r i e s : ( i ) C p M ( C O ) l k e n e Cp = n^C^H^; ( i i ) D e r i v a t i v e s of 

MfCO)®. o 
( i ) The n e u t r a l CpMn(CO) 2(alkene) complexes are prepared by photo 

induced s u b s t i t u t i o n of r.arbonyl groups in the CpMn(CO),j 
14 

complex. The alkenes of these complexes are very e a s i l y 

d i s p l a c e d by donor lig a n d s to give d i r e c t s u b s t i t u t i o n 

products. 

CpMn(CO) 2(alkene) ^ CpMn(CO) 2L + alkene 

L = phosphine, amine, (C^H^) 2S 

K i n e t i c s t u d i e s showed a s l i g h t i n c r e a s e i n the r a t e of 

s u b s t i t u t i o n on going from sulphur to phosphine to nitrogen 

i i g a n d s . ^ Unpublished work a t Durham,^ has involved 

r e a c t i o n of a v a r i e t y of n i t r o g e n n u c l e o p h i l e s with CpMn(C0)2~ 

-alkene complexes of hex-l-ene and ethene. No evidence was 

obtained f o r n u c l e o p h i l i c a t t a c k a t the alkene i n any of the 

r e a c t i o n s . 

( i i ) The alkene d e r i v a t i v e s of M(C0)^~ complexes are a l s o unstable 

with r e s p e c t to displacement of alkene. The manganese 

complexes [Mn(CO),.alkene] +BF^ decompose immediately i n 

water with l o s s of a l k e n e . ^ Reaction with triphenylphosphine 

r e s u l t e d i n displacement of the alkene and a carbonyl. 
(Xs r~\ PPh_ /> /-x 

[Mn(CO) calkener t JBFf [Mn(CO). (PPh_ )_ j ^ F r 
5 4 4 i I 4 

The rhenium complexes Re(CO) c(C„H. ) * and Re(CO). (C„H. are 
5 / 4 4 / 4 / 

prepared by h e a t i n g Re(CO)^Cl i n the presence of aluminium 

t r i c h l o r i d e under a p r e s s u r e of 60 or 250 atmospheres of 
18 

ethene r e s p e c t i v e l y . Analogous complexes of higher 

alkenes are not reported. An a u t o c l a v e r e a c t i o n of 

R e t O ) j - ( C 2 H ^ ) + with the n u c l e o p h i l i c a l k o x i d e ion r e s u l t e d 
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19 i n a very complex r e a c t i o n . No products were i s o l a t e d , 
other than a s m a l l amount uf white s o l i d p o s tulated t c be 
Re 2 ( C O ) 1 0 O . 

2.7.1 Group V I I I . I r o n , Ruthenium, Osmium 

The known iron alkene complexes are mostly of two major types. 

Neutral complexes which a r e g e n e r a l l y s u b s t i t u t i o n d e r i v a t i v e s of Fe(CO)^, 

and c a t i o n i c complexes of the type [ C p F e ( C O ) 2 a l k e n e ] + . There i s only 

one i s o l a t e d report of n u c l e o p h i l i c a t t a c k at alkenes bound to n e u t r a l 

i r o n complexes. Reaction of Fe(CO)^(C 2H^) with sodium dimethylmalonate 
6 2 

followed by a c i d i f i c a t i o n and o x i d a t i o n gave dimethylethylmalonate, 

the proposed o bonded a l k y l intermediate was not i s o l a t e d . With the 

Me02C q Me02C 
F e ( C 0 ) - | | + V> \] ™g°g ) >CCH 2CH 3 

M e ° 2 C 3) H 30 +, H 20 2
 M e ° 2 C 

exception of t h i s r e a c t i o n n u c l e o p h i l i c a t t a c k a t the alkene of the 

n e u t r a l i r o n complexes has not been achieved. The t y p i c a l r e a c t i o n with 
20 

n u c l e o p h i l e s i s displacement of the alkene. With triphenylphosphine 

one of the carbonyls i s r e p l a c e d i n an analogous r e a c t i o n to the r e l a t e d 

manganese complexes. 

F e ( C O ) , ( a l k e n e ) + 2PPh„ » Fe ( C 0 ) _ ( P P h ^ ) _ + CO + C_H. 

4 3 3 3 2 2 4 

Attack a t c a t i o n i c complexes i s a l r e a d y w e l l documented. 

Unfortunately, the d i f f i c u l t i e s encountered i n c l e a v i n g the organic 

m o i e t i e s thus formed, have prevented the development of these r e a c t i o n s 

i n t o u s e f u l s y n t h e t i c r o u t e s . A summary of the r e a c t i o n of 

[CpFe(CO) 2C 2H^]® with a v a r i e t y of amines i s shown below in Figu r e 6. 

The propene complex, [CpFe(CO) 2(CH 2CHCH 3)] +, i s a l s o known. I t 

r e a c t s w i t h dimethylamine or benzylamine to give a 1:1 adduct r e s u l t i n g 
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Fe 
/ I \ A 

CO CO // 

MeNH„ 

Me NH 

Me N 

5 5 

NH NH2 

© 
[CpFe(CO) ?C 2H 4] 2NH 2 

(+) 
[CpFe(CO) 2C 2H 4] 2NHMe 

<±' 
CpFe(C0)^C oH,NMe oH 

X. M i 

© 
CpFe(C0)^C oH.NMe^ 2 2 A 3 

© 
CpFe(C0)_C oH.NC [.H c 2 2 A 5 5 

displacement ethene 

F i g u r e 6 

from a t t a c k at the i n t e r n a l carbon 21 

;CpFe(C0) 2(CH 2=CHCH 3) ] w > CpFe(C0) 9-CH 2 ^ 
V 
CH-NMe-H 

/ 2 

CH 3 

Trimethylamine r e a c t s at -30 C to form the 1:1 adduct but r e v e r s e s 

on a l l o w i n g to warm above -10°C. Deprotonation a l s o occurred to form 
21 

the a l l y l complex. 

NMe. 
[ C p F e ( C 0 ) 2 ( C 3 H 6 ) =U CpFe(C0) 2(CH 2CHNMe 3CH 3)BF^ 

A -30°C '2 V 2 

above 

'3 3' 

-10°C 

C \ 2 @ 0 CpFe(CO) 2—^CH + NMe3HBF^ 
CH. 

As mentioned p r e v i o u s l y , the major problem with the iron complexes 

i s cleavage of the a l k y l a t e d amine. The numerous a a l k y l complexes a l l 

r e a c t e d or decomposed without y i e l d i n g the higher a l k y l a t e d amine. 

Action of h y d r o c h l o r i c a c i d f o r example, r e s u l t s i n formation of the 

s t a r t i n g ethene complex. Treatment of the p y r i d i n e and trimethylamine 
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adducts with aqueous a c e t o n i t r i l e has the same e f f e c t . 

Qnp d i s t i n r t a d , r ? . r t ? p e t-Vm iron complexes h^v? n v p r t h p m n l y h H p n v r 7 1 

and tungsten analogues i s the f a c t that they do not undergo c y c l i s a t i o n . 

A disadvantage i s that with higher alkenes amination does not occur at 

the t e r m i n a l carbon. I d e a l l y for commercial a p p l i c a t i o n we r e q u i r e 

t e r m i n a l l y s u b s t i t u t e d a l k y l a m i n e s . 

I t may be p o s s i b l e to " f i n e tune" the complexes for our purposes, 

by a l t e r i n g one or more of the l i g a n d s . For example replacement of one of 

the carbonyls with a v a r i e t y of phosphines (replacement with PPh^ has 

al r e a d y been r e p o r t e d ) . Great c a r e would have to be taken when doing t h i s , 

not to place any more e l e c t r o n d e n s i t y on the i r o n . T h i s i s w e l l 

i l l u s t r a t e d b y the f a c t t h a t no a d d i t i o n of ammonia was observed on 

r e a c t i o n with [ C p F e ( P ( 0 P h ) Q ) n C 0 H . ] + . 1 0 

j 2 2 A 

S u r p r i s i n g l y l i t t l e has been reported on the a t t a c k by amines at 

ruthenium bound alkenes. 

There are only a handful of n e u t r a l ruthenium alkene complexes 

known and none have demonstrated s u s c e p t i b i l i t y to n u c l e o p h i l i c a t t a c k . 
A 2 

Known complexes inc l u d e the ethene complexes R u ( C O ) 2 ( P P h 3 ) 2 ( C 2 H 4 ) and 

R u C l 2 ( C O ) ( P M e 2 P h ) 2 ( C 2 H Z t ) . Ethene i s d i s p l a c e d from the l a t t e r complex by 

excess phosphine or CO, which can i n tur n be d i s p l a c e d by ammonia, 
43 44 

p y r i d i n e and p i p e r i d i n e . ' 

E x t e n s i v e IR, NMR and e l e c t r o n i c s p e c t r a s t u d i e s of the complex 

[Ru(NH 3)<.(C 2H^) ] showed backbonding to the ethene to be q u i t e strong. 

The other known c a t i o n i c ruthenium alkene complexes are mostly of the 

type [CpRuL 2 a l k e n e ] + X _ L = CO or phosphine X" = BF~ , P F ^ Attack of 

ammonia at [CpRu(CO) 2C 2H^] + was reported to give a 1:1 r e a c t i o n as 
22 

shown below. S u r p r i s i n g l y there appears to have been no f u r t h e r © © [CpRu(CO) 2CH 2=CH 2r + NH3 > CpRu(CO) 2(CH 2CH 2NH 3) 
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reports on the a t t a c k of n u c l e o p h i l e s at t h i s complex. A group of 

complexes of the general formula fCpRuf PMe-)al.kene] + ŵ .s reportoH hy 
23 

Bruce et a l in 1981. Despite h i s announced i n t e n t i o n of studying 
24 

t h e i r s u s c e p t i b i l i t y to n u c l e o p h i l i c a t t a c k , no r e p o r t s on t h i s s u b j e c t 

have appeared. A s i m i l a r group of complexes, [CpRu(dppe)alkene] +, have 
25 

a l s o been reported, but again there are no r e p o r t s of t h e i r i n t e r a c t i o n 

with n u c l e o p h i l e s . Alkene complexes of osmium are r e l a t i v e l y s c a r c e . 

The ethene i n OsCC^H^)(CO)^ i s very l a b i l e , i t i s r e a d i l y d i s p l a c e d by 

C S 2 >
A 6 the c a t i o n i c n i t r o s y l alkene complex, [Os(NO) (CO) (PPh 3 ) 2 ( C ^ ) ] + P F &

 k l 

a l s o l o s e s ethene u n l e s s i t i s s t o r e d under an ethene atmosphere. 

No r e a c t i o n s of n u c l e o p h i l e s with t h i s complex have been reported. 

The complexes, [C,H,OsH(PMe^)(C~H_R)] +, [C,H,OsMe(PMe^)(C 0H^R)j +, 
0 0 J Z J 0 0 J Z J [C,H,Os(PMeJ(C„H QR)I] +PF~ and [C,H,Os(PMe„)(C„H^R)], R = H or Me, 

D O 3 2 J 6 b o J Z J 
48 

have been i n v e s t i g a t e d by Werner e t a l . Reaction of the hydride 

complexes with NaH in THF gave the n e u t r a l complexes corresponding to 

l o s s of a proton. Reaction with Nal i n acetone caused i n s e r t i o n of the 

alkene i n t o the metal hydride bond, e.g. 
[C,H,OsH(PMe-)(C„H^R) P ^ ~ > [C,H,OsI(PMe ,) (C„H, R) ] . 

6 6 3 2 3 acetone 6 6 3 2 4 

Reaction of the methyl complexes w i t h sodium iodide r e s u l t e d i n 

displacement of the alkene. The hydridoethene complex reacted with PMe^ 

to give products from both i n s e r t i o n of the alkene, and n u c l e o p h i l i c 

a t t a c k at the alkene. 

[C,H,OsH(PMe Q)(C„H.) ]® ^ [C,H,OsH(PMe_)(C_H.PMeJ]® + [C,H^OsEt(PMe n)_ ]® 
6 6 J Z 4 6 b J Z 4 J 6 6 3 Z 

The methyl ethene complex r e a c t e d to give only 

[C 6H 6OsMe(PMe 3)(C 2H 4PMe 3)] , whereas the methyl propene complex reacted 

with displacement of the alkene. 
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2.8.1 Group V I I I . Cobalt, Rhodium, I r i d i u m 

o i m p x e d i n e i i e c o i u p x e x e s u i c u u a x L <±L*± L e x a t x v e x y 5 t d i c e . nicy 

g 

are v i r t u a l l y a l l d c o b a l t ( l ) complexes, though a few examples are 

Jvnunii w _L o y u a x L w a i m j . oulup J . C A C J • 

The complexes Co(C„H.)(PPh_)_, and C o ( C _ H . ) ( a c a c ) ( P P h J _ , are 

2 4 3 . 3 2 4 3 2 

very a i r s e n s i t i v e and although thermally s t a b l e up to 80°C, they r a p i d l y 
28 

decompose with l o s s of ethene i n THF or aromatic s o l v e n t s . Ammonia 

and a c e t o n i t r i l e cause displacement of the alkene from the c a t i o n i c 

complexes tCo(alkene)(PCOMe)^)^] +PF^, ( a l k e n e = ethene, propene or 
29 

h e x - l - e n e ) . These complexes a l s o c a t a l y s e i s o m e r i s a t i o n of alkenes. 

The complex (C,-Me^Et)Co(C 2H^) 2 was reported to show s i m i l a r p r o p e r t i e s 

to C p R h ( C 2 H 4 ) 2 . 

In general the alkene complexes of c o b a l t are a l l of the metal i n 

low o x i d a t i o n s t a t e s , with a u x i l i a r y l i g a n d s t h a t are good e l e c t r o n 

r e l e a s i n g groups, e.g. PMe^. T h i s w i l l not help to promote n u c l e o p h i l i c 

a t t a c k a t the alkene. 

Most of the rhodium alkene complexes f a l l i n t o one of four general 

c a t e g o r i e s : ( i ) B i n u c l e a r complexes, [ ( a l k e n e ) 2 R h X ] 2 X = halogen; 

( i i ) L 2 R h X ( a l k e n e ) X = halogen, L = phosphine; ( i i i ) C y c l opentadienyl, 

or c h e l a t i n g l i g a n d complexes eg.CpRh(C 2H^)^, ( a c a c ) R h ( C 2 H ^ ) 2 ; ( i v ) 

Anionic complexes [ (alkene),,RhX 2 ] X = halogen. 

( i ) B i n u c l e a r Complexes 

The complex [ ( Z ^ R ^ ) 2 R h C l ] 2 i s e a s i l y prepared by bubbling 
31 32 

ethene through an a l c o h o l i c s o l u t i o n of RhCl 3.3H 20. ' I t 

i s a very u s e f u l s t a r t i n g complex for other alkene complexes. 

Unfortunately the t y p i c a l r e a c t i o n d i s p l a y e d by complexes i n 

t h i s category i s displacement of the alkene. One e q u i v a l e n t 

of phosphine, e i t h e r s p l i t s the halogen bridge or r e p l a c e s 
33 34 

one of the alkenes as shown below. ' 
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A XI 

Rh Rh 
R 3P 

PR. 

y 

V 
. c i 

'CI' 
•f 

y 
. PR. 

Rh 

Two e q u i v a l e n t s o f phosphine r e s u l t s i n f o r m a t i o n of 

t y p e ( i i ) complexes ( P R ^ ^ R h C K a l k e n e ) • 

R e a c t i o n s o f [{C^ii^) ̂ RhCl] ̂  w i t h p y r i d i n e , a c e t o n i t r i l e 

and hydrogen c y a n i d e , a l l r e s u l t e d i n d i s p l a c e m e n t o f 
31 

ethene. R e a c t i o n w i t h 2,6 l u t i d i n e r e s u l t e d i n s p l i t t i n g 
35 

o f t h e halogen b r i d g e . T reatment o f t h e monomeric l u t i d i n e 

complex w i t h PMe^ o r CO r e s u l t e d i n d i s p l a c e m e n t o f ethene. 

o 

CO, PMe 

A t t a c k o f NEt2H, NH^Pr. p y r i d i n e and 3 , 5 - d i m e t h y l p y r i d i n e , on 

t h e complex [ (CO)(C2H Z ()RhCl]2 r e s u l t e d i n c o o r d i n a t i o n o f t h e 

amine f o l l o w e d by l o s s o f ethene. ' ^ ' 

( i i ) L^RhClCalkene) Complexes 

Complexes o f t h e t y p e [ (PR^^RhClCalkene) ] have been known f o r 

over t w e n t y y e a r s . They have been e x t e n s i v e l y i n v e s t i g a t e d 

f o r t h e i r r o l e i n t h e c a t a l y t i c h y d r o g e n a t i o n of a l k e n e s . 

The c l a s s i c example i s t h e complex, [(PPh^)2RhCl(C2H^)], 
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o b t a i n e d f r o m W i l k i n s o n ' s c a t a l y s t . A t t a c k of n u c l e o p h i l e s 

such as amines or phosphines on t h e s e complexes g e n e r a l l y 

causes d i s p l a c e m e n t o f t h e a l k e n e . Excess phosphine f o r 

example d i s p l a c e s ethene f r o m s o l u t i o n s of [(PPh^^^RhClCC^H^)j 

u n l e s s t h e l a t t e r i s s u b j e c t e d t o a p r e s s u r e of ethene. I f 

p y r i d i n e i s added t o W i l k i n s o n ' s c a t a l y s t i n the h y d r o g e n a t i o n 

r e a c t i o n , h y d r o g e n a t i o n i s stopped due t o i r r e v e r s i b l e 

d i s p l a c e m e n t o f t h e a l k e n e by p y r i d i n e , 

( i i i ) There are numerous c y c l o p e n t a d i e n y l rhodium alkene complexes 

and they have been e x t e n s i v e l y s t u d i e d , p a r t i c u l a r l y w i t h 

r e s p e c t t o f r e e r o t a t i o n o f t h e a l k e n e . The alkenes i n t h e 

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

r e a c t i o n s w i t h n u c l e o p h i l e s . For example, t h e s u b s t i t u t i o n 

, ,49 

o f ethene i n CpRh(C2H^) 2 w i t h p y r i d i n e s , phosphines or n i t r i l e s , 

w i l l n o t o ccur below 115° . The r a t e d e t e r m i n i n g s t e p f o r t h e 

s u b s t i t u t i o n r e a c t i o n was f o u n d t o be d i s s o c i a t i o n o f t h e 

ethene. N u c l e o p h i l i c a t t a c k a t c a t i o n i c complexes o f t h i s 

t y p e has been observed. The complex [ C p R h ( M e ) ( P M e 3 ) ( C ^ ) ] +PFg 

r e a c t s w i t h t r i m e t h y l p h o s p h i n e as shown below, though no 

r e a c t i o n s w i t h amines are r e p o r t e d . The r e l a t e d h y d r i d e 

,Rh^ 
Me PMe, 1 

JP P M e 3 PFV — -6 Rh ~ 
/ \ \ fcb 

Me PMe3 CH 2CH 2PMe 3 

+ 52 complex [CpRhH(C 2H / ()PMe 3] i s a l s o known. I n s o l u t i o n i t 

e x i s t s i n e q u i l i b r i u m w i t h t h e e t h y l complex. 

;CpRhH(C 2H A)PMe 3T-BF A ~ - [CpRhEt(PMe 3)]^BF® 
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The do u b l y c a t i o n i c complex [CpRh(PMe 3) 2

<^ 7^^ 1 2 +X~. (X = BF~ 

or PF "1 ̂  up"rv o n c r o n f i h l o t l ^ n , J p ]_or«T-.Vi i 1 i' «~ n f f n^b t h e 
• , - r - - r 

53 

ethene. A v a r i e t y o f n u c l e o p h i l e s i n c l u d i n g t r i e t h y l a m i n e 

r e a c t e d as shown below. 
[ C p R h ( P M e 3 ) 2 C 2 H / ) ] 2 + + Nuc > [CpRh( P M e 3 ) 2 ( C ^ N u c ) ] 2 + 

Nuc = PPh 3 > PMe 3 > P P r 3 , N E t 3 

The Rh-C2H^Nuc bonds formed were e x t r e m e l y s t a b l e , e.g. 

h e a t i n g t h e PMe3 complex i n n i t r o m e t h a n e f o r two hours gave 

no r e a c t i o n . 

I t i s i n t e r e s t i n g t o n o t e t h a t t h e i s o e l e c t r o n i c r u t h e n i u m 
2+ complex [C,H,Ru(PMe^)_C„H.] , was s u s c e p t i b l e t o n u c l e o p h i l i c 6 6 3 2 2 4 

a t t a c k by t e r t i a r y phosphines or p h o s p h i t e s , but n o t w i t h 

t e r t i a r y amines. 

I n d i r e c t c o n t r a s t t o t h e 18 e l e c t r o n c y c l o p e n t a d i e n y l complexes, 

t h e a l k e n e s o f t h e 16 e l e c t r o n a c e t y l a c e t o n a t e - r h o d i u m b i s 

al k e n e complexes a re v e r y l a b i l e . Exchange o f ̂ 2^4 
54 

f o r C2D^ i n c h l o r o f o r m i s v e r y r a p i d and t h e al k e n e i s 

d i s p l a c e d by PPh 3, CO and c y a n i d e . No r e a c t i o n s w i t h n i t r o g e n 

n u c l e o p h i l e s a r e r e p o r t e d , 

( i v ) Not s u r p r i s i n g l y , t h e a l k e n e s o f t h e f i n a l c a t e g o r y complexes, 

[ ( a l k e n e ) 2 R h C l 2 J , a r e n o t s u s c e p t i b l e t o n u c l e o p h i l i c a t t a c k . 
0 

Examples o f t h e [ ( a l k e n e ) 2 R h C l 2 ] complexes have n o t been 

i s o l a t e d . They a r e formed i n d i l u t e HC1 c o n t a i n i n g s o l u t i o n s by 

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

c o m p l e x e s . ^ No r e a c t i o n s o f t h e a n i o n i c complexes w i t h 
[ ( C 2 H A ) 2 R h C l ] 2 + 2 C l " ; * 2 [ ( C ^ > 2 R h C l 2 } Q 

n u c l e o p h i l e s a r e r e p o r t e d . 

Many o f t h e rhodium a l k e n e complexes have i r i d i u m analogues. I n 

g e n e r a l t h e i r i d i u m a l k e n e bonds t e n d t o be s l i g h t l y s t r o n g e r than t h e 
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rhodium analogues, but t h e c h e m i s t r y i s o f t e n s i m i l a r . I n r e a c t i o n s 

of amines and phosphines w i t h f ( a l k e n e ) . I r C l 1. and r e l a t e d r-nmnleyps, 

th e a l k e n e s were n o t s u s c e p t i b l e t o n u c l e o p h i l i c a t t a c k . T r i p h e n y l 

phosphine r e a c t e d w i t h t h e b i s ethene complex, t o p r o g r e s s i v e l y d i s p l a c e 

ethene and break t h e h a l o g e n b r i d g e . The mixed t e t r a f l u o r o e t h e n e ethene 

PPh PPh 
[ ( C 2 H 4 ) 2 I r C l ] 2 [ ( C 2 H 4 ) P P h 3 I r C l ] 2 ^ [ I r C K C ^ ) (PPh 3 ) 2 ] 

PPh 
[ I r C l ( P P h 3 ) ] 

or c y c l o o c t e n e complexes r e a c t w i t h a v a r i e t y o f n u c l e o p h i l e s as shown 
5 6 

below. I t m i g h t have been hoped t h a t t h e e l e c t r o n w i t h d r a w i n g p r o p e r t i e s 

o f t h e C-jF^ l i g a n d , would h e l p t o a c t i v a t e t h e alkenes t o n u c l e o p h i l i c 

a t t a c k . A l t h o u g h ethene r o t a t i o n was observed t o be f a s t e r f o r t h e 

t e t r a f l u o r o e t h e n e s u b s t i t u t e d complex, compared t o t h e b i s ethene complex, 

(showing a r e d u c t i o n i n back bonding t o t h e e t h e n e ) , n u c l e o p h i l i c a t t a c k 

a t t h e a l k e n e d i d n o t oc c u r . 

PPh 
> I r ( C 2 F A ) C l ( P P h 3 ) 3 

MPTM 
- > [ I r ( a l k e n e ) ( C 2 F 4 ) ( C H 3 C N ) C l ] n 

N H 3 fP ft [(alkene)(C„F.)IrCl]_ — [ I r ( N H „ ) „ ( a l k e n e ) ( C 0 F . ) ] W C 1 W 

-> e v o l u t i o n o f ethene f o r ethene complex 
Py 

-> [ I r ( C 8 H u ) ( C 2 F 4 ) ( p y ) 2 C l ] 

a l k e n e = ethene or c y c l o o c t e n e ; py = p y r i d i n e . 

S i m i l a r r e a c t i o n s were observed f o r t h e a c e t y l a c e t o n a t o complexe>s 

[ ( a c a c ) l r ( a l k e n e ) 2 J . N u c l e o p h i l e s r e a c t t o d i s p l a c e t h e a l k e n e , or 

add t o t h e m e t a l t o g i v e f i v e c o o r d i n a t e complexes. 

As w e l l as f o r m i n g many analogues o f t h e rhodium complexes, i r i d i u m 

a l s o forms numerous f i v e c o o r d i n a t e a l k e n e complexes. Many o f these are 
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a l k e n e adducts o f Vaska-type complexes. They have t h e g e n e r a l f o r m u l a 

[ (phospMne ) I r (CO)CI( a I k e n e ) ] . U n f o r t u n a t e l y complexes of t h i s type 

w i t h s i m p l e mono a l k e n e s , a r e u n s t a b l e w i t h r e s p e c t t o d i s s o c i a t i o n or 

d i s p l a c e m e n t o f a l k e n e . There i s , however, one complex t h a t undergoes 

a v e r y i n t e r e s t i n g r e a c t i o n w o r t h y o f n o t e . Treatment of t h e Vaska t y p e 

complex [ ( P M e 0 P h ) 0 I r ( C O ) C l ] w i t h ethene i n t h e presence of NaBPh 

> 2 ( C 2 H 4 ) 2 produced t h e c a t i o n i c complex, [Ir(CO)(PMe Ph) (C H ) ] +BPh . 5 7 T h i s 
5 8 

r e a c t e d w i t h bromine f o l l o w e d by phosphine o r methanol as shown below. 

© p 
[Ir(C0)(PMe oPh) oBr(C_H.PMe_Ph)]Br * 2 2 2 4 2 

[ I r ( C O ) ( P M e 2 P h ) 2 ( C 2 H 4 ) 2 P — ^ [ I r (CO) ( P M e ^ h ^ C C ^ B r ) B r 2 ] 

\ 
[Ir(CO)(PMe_Ph)„Br n(C_H.OMe)] 

A l t h o u g h t h i s i s n o t d i r e c t n u c l e o p h i l i c a t t a c k by the phosphine or 

methoxide on c o o r d i n a t e d a l k e n e , t h e r e a c t i o n e f f e c t i v e l y g i v e s 

p r o d u c t s t h a t c o u l d be t h o u g h t o f as a r i s i n g f r o m t h i s . The analogous 

r e a c t i o n w i t h amines was n o t t r i e d , b u t t h e r e appears t o be no reasons 

why amines would n o t r e a c t i n a s i m i l a r manner t o g i v e , 

® F< 
[ I r (CO) (PMe 0Ph)Br (C„H. NR„ ) ] Br*-. 

T h i s would be p a r t i c u l a r l y i n t e r e s t i n g as t h e r e are no p r e v i o u s 
® 

r e p o r t s o f complexes c o n t a i n i n g t h e Ir-Ch^CI^NR^ m o i e t y . 

2.9.1 Group V I I I . N i c k e l , P a l l a d i u m , P l a t i n u m 

A m i n a t i o n o f a l k e n e s bound t o p a l l a d i u m ( I I ) and p l a t i n u m ( I I ) 

complexes has been r e p o r t e d e x t e n s i v e l y . By c o n t r a s t d i r e c t a t t a c k o f 

amines a t a l k e n e complexes o f n i c k e l i s unknown, though a m i n a t i o n o f t h e 

a l l y l and c r o t y l i n t e r m e d i a t e s formed d u r i n g n i c k e l promoted o l i g o m e r i s a t i o n 

o f b u t a d i e n e has been o b s e r v e d . ^ The r e a c t i o n o f secondary amines w i t h 

b u t a d i e n e i n t h e presence o f b i s a c e t y l a c e t o n a t o n i c k e l ( I l ) , t r i p h e n y l -

phosphine, and t r i e t h y l a l u m i n i u m , gave h i g h y i e l d s o f d i a l k y l o c t a d i e n y l -
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67 
amines e.g. 

N i ( a c a c ) ? + 2PPh 3 + THF 
20°C, 20 h r s . NMe, 

+ NMe J l + E t . A l z J 100% 

I t was p o s t u l a t e d t h a t a m i n a t i o n o c c u r r e d by e x t e r n a l a t t a c k of the 

amine upon t h e c a t i o n i c a l l y l i n t e r m e d i a t e shown below. 

'/ 
Ni <—PPh 

The m a j o r i t y o f n i c k e l a l k e n e complexes a r e 1 6 - e l e c t r o n t r i g o n a l 
59 

complexes o f t h e z e r o v a l e n t m e t a l e.g. NiCC^H^)^. The m e t a l a l k e n e 

bonds i n t h e s e complexes are best r e p r e s e n t e d by t h e m e t a l l o - c y c l o p r o p a n e 

s t r u c t u r e , w i t h e x t e n s i v e back bonding o c c u r r i n g . 

The c r y s t a l s t r u c t u r e o f N i ( P P h 3 ) 2 ( C 2 H ^ ) ^ has a carbon-carbon 

bond l e n g t h o f 1.43(1)8, ( c f . 1.337 f o r e t h e n e ) . The a n g l e t h e CH 2 

group makes w i t h t h e C-C u n i t i s 31.4°, and t h e angle between t h e methylene 

hydrogens i s 100.4 . Not s u r p r i s i n g l y t h e a l k e n e s i n these complexes 

are g e n e r a l l y n o t s u s c e p t i b l e t o n u c l e o p h i l i c a t t a c k . The c h a r a c t e r i s t i c 

r e a c t i o n w i t h donor l i g a n d s , e.g. a c e t o n i t r i l e , i s d i s p l a c e m e n t o f t h e 
63 — a l k e n e . T h i s i s a l s o t r u e f o r a l k e n e complexes o f palladiumO and 

p l a t i n u m O , w h i c h n o r m a l l y e x h i b i t p h y s i c a l p r o p e r t i e s i n d i c a t i v e o f 

s u b s t a n t i a l back b o n d i n g . ^ The complexes [ M ( C 2 H ^ ) 3 ] , M = Pd or P t , 

r e a d i l y decompose w i t h d e p o s i t i o n o f t h e m e t a l u n l e s s t h e y are s t o r e d 

under a p r e s s u r e o f e t h e n e . ^ There a r e no r e p o r t s o f t h e i n t e r a c t i o n 

o f t h e s e complexes w i t h amines. 

The l i t e r a t u r e on n u c l e o p h i l i c a t t a c k a t a l kenes c o o r d i n a t e d t o 

p a l l a d i u m ( l l ) and p l a t i n u m ( l l ) i s v a s t . 

A c l a s s i c example i s t h e c a t a l y t i c Wacker process shown below, 
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aceta l d e h y d e i s e f f e c t i v e l y produced t h r o u g h n u c l e o p h i l i c a t t a c k o f 

water a t the ethene i n \(C_H.^PdCH.n)^! 1 . 7 6 

in L I 

0 

t 

0 2 , C u ( I l ) 

We s h a l l o n l y d i s c u s s i n d e t a i l t h o s e r e a c t i o n s concerned p r i m a r i l y 
6 6 

w i t h a t t a c k by amines. A r e v i e w by L.S. Hegedus de a l s i n g e n e r a l w i t h 

p a l l a d i u m a s s i s t e d r e a c t i o n s o f mono a l k e n e s . 

I n 1961, S t e r n and S p e c t o r r e p o r t e d t h a t r e a c t i o n o f propene and 

b u t y l a m i n e i n t h e presence o f p a l l a d i u m d i c h l o r i d e and d i s o d i u m hydrogen 

phosphate, y i e l d e d i s o p r o p y l e n e b u t y l a m i n e , ^ as shown below. 

Na HPO 
CH--CH=CHn + C.H-NIL + P d C l n — > CH„=C(CH^)-NHC.H n + 2HC1 + Pd 

3 2 4 9 2 2 2 3 4 9 

Since t h i s f i r s t r e p o r t , numerous d e t a i l e d i n v e s t i g a t i o n s o f p l a t i n u m 

and p a l l a d i u m a l k e n e complexes, have e s t a b l i s h e d t h e f o l l o w i n g b a s i c 

p o i n t s . N u c l e o p h i l i c a t t a c k on t h e m e t a l , i s a s t r o n g l y competing s i d e 

r e a c t i o n which o f t e n r e s u l t s i n d i s p l a c e m e n t o f t h e a l k e n e . T h i s i s 

p a r t i c u l a r l y t r u e o f t h e p a l l a d i u m complexes, w h i c h a l s o undergo 

i s o m e r i s a t i o n o f t h e a l k e n e as a n o t h e r major s i d e r e a c t i o n . The e x t e n t 

t o which a m i n a t i o n o c c u r s a t t h e a l k e n e and n o t t h e m e t a l , i s dependent 

on many f a c t o r s . These i n c l u d e t h e b a s i c i t y and s t e r i c b u l k o f t h e 

amine, t h e e l e c t r o p h i l i c i t y and s t e r i c f a c t o r s o f t h e a l k e n e , t h e c h o i c e 

of s o l v e n t , and t h e r e a c t i o n t e m p e r a t u r e . N u c l e o p h i l i c a t t a c k on t h e 

alkene was g e n e r a l l y f o u n d t o o c c u r t r a n s w i t h r e s p e c t t o t h e m e t a l , and 

i n v o l v e d e x t e r n a l a t t a c k as opposed t o i n t e r n a l . 

The p a l l a d i u m a l k e n e complexes a r e u s u a l l y more r e a c t i v e towards 

n u c l e o p h i l e s t h a n t h e i r p l a t i n u m analogues; t h u s a c a t a l y t i c r e a c t i o n 

i s more l i k e l y t o i n v o l v e p a l l a d i u m complexes, w h i l e p l a t i n u m complexes 
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w i l l be more u s e f u l as models. A l l of th e s e p o i n t s a re i l l u s t r a t e d 

i n t he f o l l o w i n g examples. 

The a l k e n e p h o s p h i n e p l a t i n u m ( I I ) complexes, ( a l k e n e = ethene, 

prooene or b u t - l - e n e ) , r e a c t e d w i t h secondary amines t o g i v e i s o l a b l e 

z w i t t e r i o n i c a a l k y l complexes as shown below.^ 

R„NH 
y, 
CHR ,Ql 

—> I /e 
C H „ — P t — C I 

2 / 
R3'P 

+ NR2H 

R" = C,HC and R' = H o 5 

R" = n-C AH Q and R1 = H, Me or Et 

R = Me, E t , n B u 

H y d r o l y s i s o f t h e o - a l k y l complexes w i t h aqueous HC1 gave t h e 

a l k y l a t e d amines as t h e hydr o s a l t s i n v a r y i n g y i e l d s as summarised i n 

Table 2. 

Table 2. Y i e l d s o f h i g h e r amine o b t a i n e d f r o m r e a c t i o n o f a l k e n e - t - b u t y l -

p h o s p h i n e p l a t i n u m d i c h l o r i d e complexes 

Alkene Amine used R^NH 

R = CH 3 R = C 2H 5 

ethene C 2 H 5 N ( C H 3 ) 2 68% ( C 2 H 5 ) 3 N 62% C 2 H 5 N ( C 4 H 9 ) 2 55% 

propene ( C H 3 ) 2 C H N ( C H 3 ) 2 47% ( C H 3 ) 2 C H N ( C 2 H 5 ) 2 45% (CH 3) 2CHN(C Z (H 9) 2 38% 

b u t - l - e n e C H 3 ( C H 2 ) 2 C H 2 N ( C 2 H 5 ) 2 20% \ ( n C 4 H g ) 3 N 16% 

C H 3 ( C 2 H 5 ) C H N ( C 2 H 5 ) 2 17% )cH 3(C 2H 5)CHN(C 4H g) 143 

As can be seen f r o m T a b l e 2, t h e y i e l d s g e n e r a l l y decrease as t h e 

s t e r i c r e q u i r e m e n t s o f b o t h t h e amine and t h e a l k e n e i n c r e a s e . S i m i l a r 

r e s u l t s were o b t a i n e d a m i n a t i n g d i e n e complexes o f p a l l a d i u m &• p l a t i n u m 

c h l o r i d e . ^ 
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On r e a c t i n g ammonia or e t h y l a m i n e w i t h t h e t r i b u t y l p h o s p h i n e or 

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

g i v e a f t e r h y d r o l y s i s a m i x t u r e o f mono, d i and t r i e t h y l a m i n e s . (See 

d i s c u s s i o n o f t h i s r e a c t i o n i n t h e i n t r o d u c t i o n , page 9 ) • T h i s i s 

one o f t h e v e r y few examples i n w h i c h ammonia or a p r i m a r y amine 

s u c c e s s f u l l y a t t a c k s t h e a l k e n e . 

By s t u d y i n g t h e a t t a c k o f d i e t h y l a m i n e on t h e r e s o l v e d 

d i a s t e r e o i s o m e r i c complex o f p r o c h i r a l b u t - l - e n e shown below, i t was 

shown t h a t n u c l e o p h i l i c a t t a c k on t h e a l k e n e o c c u r s t r a n s w i t h r e s p e c t 

t o t h e m e t a l and i n v o l v e s e x t e r n a l a n i m a t i o n . 

A t t a c k o f d i e t h y l a m i n e on ( + ) - c i s - d i c h l o r o [ ( S ) - 1 - b u t e n e ] [ ( S ) - a -

m e t h y l b e n z y l a m i n e ] p l a t i n u m ( l l ) produced ( i n h i g h o p t i c a l p u r i t y ) t h e 

d e x t r o r o t a t o r y enantiomer o f N , N - d i e t h y l - s e c - b u t y l a m i n e w h i c h has t h e S 

c o n f i g u r a t i o n . 

\ , ' H ^ C 6 H 5 Q 
HK .'C_H,. N: C- CH_ M W . H NH(C H ) 
\ .- 2 5 / ^ 3 NEt„H | I 5 z „ 

II P t — C I H „ / , : tt^t* (S) CH^-C- H CV1 

1IN y H y d r o l y s i s HC1 3 j 
N""'H c i c 2 h 5 

The e f f e c t o f t h e b a s i c i t y and s t e r i c p r o p e r t i e s o f t h e amine upon 

i t s a b i l i t y t o a t t a c k t h e a l k e n e o f p l a t i n u m ( I I ) complexes, i s w e l l 

i l l u s t r a t e d i n a s e r i e s o f e x p e r i m e n t s by Green e t a l . ^ The 

e q u i l i b r i u m c o n s t a n t f o r t h e r e v e r s i b l e a m i n a t i o n r e a c t i o n shown below, 

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

a l i p h a t i c amines. A s e l e c t i o n o f t h e v a l u e s o f K o b t a i n e d are summarised 

H r C 1 <ls C 1 

-Pt-Z + am — = ± amCH„CH n-Pt w-Z it , ^ 9 2 i H C 1 I 2 Y Y 

Y = CI and Z = amine 

i n T a b l e 3. 
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Table 3 

1 
Amine pK o t r a 

i 
amine K 

nBuNH 2 10. 7 25 

UBu 2NH 11. 3 8 

1Bu 2NH 11 . 0 ca 0. 2 

NEt 3 10. 7 < 0 2 

P i p e r i d i n e 11. 1 > 500 

3 - M e - P i p e r i d i n e 11. 1 > 500 

2 - M e - P i p e r i d i n e 11. 0 30 

P y r i d i n e 5. 2 < 0 1 

2-Me-Pyridine 5. 9 1 < 0 1 

The n u c l e o p h i l i c i t y o f t h e amine w i t h r e s p e c t t o a t t a c k a t t h e 

al k e n e , decreases w i t h i n c r e a s i n g s t e r i c b u l k . T h i s i s e v i d e n t i n t h e 

f a l l i n v a l u e s o f K on g o i n g from p r i m a r y t o t e r t i a r y , or l i n e a r t o 

branched a l i p h a t i c amines. The reason f o r t h e l a r g e v a l u e s o b t a i n e d 

w i t h a l i c y c l i c amines, was a s c r i b e d t o t h e i r s t e r i c compactness. T h i s 

i s backed up by t h e much s m a l l e r v a l u e o f K observed f o r t h e s u b s t i t u t e d 

p i p e r i d i n e w i t h t h e m e t h y l i n t h e 2 p o s i t i o n . B a s i c i t y o f t h e amine was 

n o t as i m p o r t a n t as t h e s t e r i c c o n s i d e r a t i o n s , though v e r y weak bases, 

(pK < 6 o r 7 ) , d i d n o t f o r m s t a b l e o-adducts t o any u s e f u l e x t e n t . W i t h 
Si 

some o f t h e h e t e r o c y c l i c weak bases, e.g. p y r i d i n e , t h e r e was a 

tendency f o r a t t a c k a t t h e m e t a l t o g i v e f i v e c o o r d i n a t e complexes as 
72 

shown below. T h i s was observed o n l y a t low t e m p e r a t u r e ; on a l l o w i n g 

t o warm t o 25°C l o s s o f ethene o c c u r r e d w i t h f o r m a t i o n o f P t C l 2 ( p y ) 2 

CI C I 
II 1 — 1̂1 1 ' ' P y 

| | - P t — p y + p y ^ _ | | - P t ' 
CI CI p y 

and [ P t ( p y ) 4 ] C l 2 . 
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The p a l l a d i u m promoted a m i n a t i o n o f a l k e n e s has been developed 

• n v y ^ j ^ j - j L J J u < i w w ^ ^ J l i a i . l v ] i-j • t-J • u C g v . u v ^ O C* i i u ^ ( J n u k K C L O i X l l a i l L I . I I I I . O C U 

73 

procedure b i s ( b e n z o n i t r i l e ) p a l l a d i u m d i c h l o r i d e i s s t i r r e d w i t h an 

excess o f t h e alkene i n t e t r a h y d r o f u r a n a t 0°C. The te m p e r a t u r e i s then 

lowered t o -50°C and amine s l o w l y added as a s o l u t i o n i n THF. A f t e r 

s t i r r i n g f o r one hour t h e system i s f l u s h e d w i t h hydrogen and a l l o w e d 

t o warm t o room t e m p e r a t u r e under a hydrogen atmosphere. T h i s g e n e r a l l y 

gave t h e h i g h e r a l k y l a t e d amines i n v a r y i n g y i e l d s . The r e a c t i v i t y o f 

the amine was found t o depend on b o t h h i g h b a s i c i t y and r e l a t i v e freedom 

from s t e r i c h i n d r a n c e . T h i s i s i l l u s t r a t e d by t h e y i e l d s shown i n 

Table 4. 

Table 4. Y i e l d s o f a l k y l a t e d amine o b t a i n e d f r o m r e a c t i o n o f amines 

w i t h decene i n t h e presence o f (PhCN) 9PdCl„ 

Amine pK r a % Y i e l d 

NH 3 9.2 4 

MeNH2 10.6 40 

Me^NH 10.8 90 

Et^NH 11.0 88 

( i - P r ) ? N H 11.0 3 

Y i e l d s were a l s o dependent on t h e s t e r i c p r o p e r t i e s o f t h e a l k e n e . 

T e r m i n a l a l k e n e s gave h i g h e r y i e l d s t h a n i n t e r n a l alkenes and t r a n s 

a l k e n es gave h i g h e r y i e l d s t h a n c i s . T h i s i s i l l u s t r a t e d by t h e y i e l d s 

shown i n T a b l e 5. 

The r e a c t i o n t e m p e r a t u r e was a l s o v e r y i m p o r t a n t . At t e m p e r a t u r e s 

above -50°C d i s p l a c e m e n t o f t h e a l k e n e by amine becomes t h e dominant 

r e a c t i o n and y i e l d s f a l l r a p i d l y . At t e m p e r a t u r e s above 0°C a l k e n e 
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Table 5. Percentage y i e l d s o f a l k y l d i m e t h y l a m i n e s from r e a c t i o n o f 

HNMe„ w i t h a l k e n es and (PhCN)-PdCl„ 

Alkene % Y i e l d o f h i g h e r amine 

ethene 100 

1-butene 90 

t r a n s - 2 - b u t e n e 44 

c i s - 2 - b u t e n e 10 

3 , 3 - d i m e t h y l - 1 - b u t e n e 0 

c y c l o o c t e n e 0 

i s o m e r i s a t i o n was a l s o a s t r o n g l y competing r e a c t i o n . Many o t h e r 

p a l l a d i u m ( l l ) complexes were t e s t e d a l o n g w i t h d i f f e r e n t s o l v e n t s and 

a d d i t i o n a l l i g a n d s , b u t none o f these systems were as e f f i c i e n t as t h a t 

i n v o l v i n g o n l y (PhCN^PdC^, T a b l e 6. The a l k e n e a m i n a t i o n was shown 

Table 6. The e f f e c t o f d i f f e r e n t complexes and added l i g a n d s on t h e 

a m i n a t i o n o f decene w i t h d i m e t h y l a m i n e 

Complex Added l i g a n d % Y i e l d 

( P h C N ) 2 P d C l 2 - 90 

(PhCN) 2PdBr 2 - 63 

(Ph C N ) 2 P d C l 2 DMSO 0 

(PhCN) 2PdCl 2 DMFA 70 

P d ( 0 A c ) 2 - 0 

Na„PdCl, 
L 4 - 74 

Na_PdCl. / 4 Ph 3P 8 

Na-PdCl, 
L 4 Bu 3P 38 

( M e 2 N H ) 2 P d C l 2 - 0 

t o o c c u r t r a n s w i t h r e s p e c t t o t h e m e t a l , and r e q u i r e d a t l e a s t t h r e e 
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e q u i v a l e n t s o f amine t o a c h i e v e maximum y i e l d s . A f t e r much d e t a i l e d 

• . • . c _ -i -i _.. • _ , -1- _ : _ J r — 1- ~ c 
H I V e ^ L l g d L l U i l d i e i U l ± U W 4 . h g l l l f - C I I d 11 X i>UI W d O p x v - > p c . 3 e * a _L KJ i_ L 1 1 C a i _ l _ a * - p . \_» X 

d i m e t h y l a m i n e on butene. 

+ (PhCN) 2PdCl 2 

7 

1 e q u i v . 
NMe2H 

NHMe 

Me2NH 
f a s t 

Me2NH 

CI 

I I 

\ 0 / 
^ P d 

C l ^ ^NHMe, 
I I I 

Me2NH 
f a s t 

Me2N 

Cl 
Pd 

C l ^ XNHMe, 

^ f A<?t 
+ Me NH ) 

NMe, 

+ Me 2NH 2Cl 
Pd 

C l ^ ^NHMe. 
i 

IV 

NMe^Bu 

d e s t r u c t i v e r e d u c t i o n 
HL or L i A l H . 
I 4 

The f i r s t e q u i v a l e n t o f amine i s consumed i n s p l i t t i n g t h e c h l o r i d e 

b r i d g e o f t h e d i m e r i c a l k e n e complex I . The second and t h i r d 

e q u i v a l e n t s a r e consumed a t t a c k i n g t h e a l k e n e t o g i v e t h e o - a l k y l 

z w i t t e r i o n i c complex I I I , w h i c h i s r a p i d l y d e p r o t o n a t e d by t h e amine 

t o g i v e complex IV. 

The mechanism f o r t h e r e a c t i o n w i t h d i e t h y l a m i n e and ethene'' was 

found t o be s i m i l a r b u t t h e z w i t t e r i o n i c analogue of complex I I I d i d n o t 

d e p r o t o n a t e as q u i c k l y . Hence, a f t e r a d d i t i o n o f two e q u i v a l e n t s o f 

d i e t h y l a m i n e , t h e z w i t t e r i o n i c complex was p r e s e n t as a d i s c r e t e non-



- 36 -

c y c l i s e d i n t e r m e d i a t e , r e q u i r i n g the t h i r d e q u i v a l e n t t o c o n v e r t i t 

t o cvclisp.H p r o d u c t . 

The c a t i o n i c p a l l a d i u m comp l e x [CpPd(PPh 3)(C H ) r t l 0 4 was found 

t o be r e a d i l y s u s c e p t i b l e t o n u c l e o p h i 1 i r a t t a c k a t t h e alkene by oxygen 

and c a r b a n i o n n u c l e o p h i l e s . ^ U n f o r t u n a t e l y r e a c t i o n o f t h e same 

complex w i t h d i e t h y l a m i n e o r p y r i d i n e even a t -50°C caused d i s p l a c e m e n t 

o f t h e a l k e n e . ^ 

OMP 
^ _ » [CpPd(PPh 3)(CH 2CH 2OMe)] 

NaCH(CO nMe)„ 
— 2 [(CpPd(PPh 3)(CH 2CH 2CH(C0 2Me) 2); 

•\ y< \ \ NEt H ^ 
^ X

p p h
 X > [ CpPd ( P P h 3 ) ( amine ) F 

o r py 

2.10.1 C a t a l y t i c R e a c t i o n s 

The t r a n s i t i o n m e t a l s t h a t have been observed t o c a t a l y s e t h e 

a m i n a t i o n o f a l k e nes i n c l u d e rhodium, i r i d i u m , i r o n , r u t h e n i u m and 

p a l l a d i u m . 

Rhodium and i r i d i u m complexes were r e p o r t e d t o c a t a l y s e t h e 
79 

a d d i t i o n o f secondary amines t o ethene f i f t e e n y e ars ago. A v a r i e t y 

o f rhodium and i r i d i u m compounds when r e a c t e d w i t h 350 e q u i v a l e n t s 

o f amine and 100 e q u i v a l e n t s o f ethene, a t 200°C f o r 3 h o u r s , produced 

t e r t i a r y e t h y l a m i n e s i n v a r y i n g y i e l d as summarised i n Table 7. 

The i n i t i a l o x i d a t i o n s t a t e o f t h e rhodium i n t h e complex used 

was found t o be i m m a t e r i a l ; r e s u l t s u s i n g t h e t e t r a e t h e n e - p - d i c h l o r o -

d i r h o d i u m ( l ) complex were j u s t as good as t h o s e w i t h rhodium t r i c h l o r i d e 

t r i h y d r a t e . H igher a l k e n e s were found t o be c o m p l e t e l y u n r e a c t i v e , 

as were ammonia and p r i m a r y amines. I n t h e r e a c t i o n of p i p e r i d i n e 

w i t h rhodium t r i c h l o r i d e as t h e c a t a l y s t , t h e r a t e was found t o be 

independent of amine c o n c e n t r a t i o n , and f i r s t o r d e r w i t h r e s p e c t t o t h e 
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rhodium complex. 

Table /, Y i e l d s of t e r t i a r y N - ethylamines produced u s i n g rhodium 
79 

t r i c h l o r i d e as a c a t a l y s t 

Amine Product Y i e l d U ) pk o f a 
amine 
pk o f a 
amine 

(CH 3) 2NH (CH 3) 2NCH 2CH 3 54 10.7 

( C 2 H 5 ) 2 N H ( C 2 H 5 ) 3 N 4 10.5 

CH 3(CH 2) 3NH(C 2H 5) C H 3 ( C H 2 ) 3 N ( C 2 H 5 ) 2 3 10.5 

^ ^ N H ^ ^ N C H 2 C H 3 36 11.3 

/ \ 
0 NH \ / 

/ \ 
0 NCH„CH Q \ / 2 3 

2 8.3 

/ \ 

\ /" 
/ \ 
\ NCH„CH_ 
\ / 

70 11.1 

The r u t h e n i u m complexes t h a t a r e p a t e n t e d as c a t a l y s t s f o r t h e 
80 

a m i n a t i o n r e a c t i o n a r e R u C l ^ H ^ , Cp 2Ru and [ R u ( N H 3 ) A ( 0 H ) C 1 ] . 2H 20. 

Dimethylamine and ammonia were t h e amines used f o r a t t a c k and ethene was 

t h e a l k e n e g e n e r a l l y s t u d i e d . R e a c t i o n s were perfo r m e d i n an a u t o c l a v e 

a t t e m p e r a t u r e s o f a p p r o x i m a t e l y 150°C w i t h ethene p r e s s u r e s o f 

between 200 and 300 p s i and a t y p i c a l r e a c t i o n t i m e o f 5 hours. The 

pe r c e n t a g e c o n v e r s i o n t o p r o d u c t s v a r i e d between 1% and 35%, b u t i n 

some r e a c t i o n s more t h a n one amine was produced. For example, w i t h 

RuCl 3.3H 20 and d i m e t h y l a m i n e b o t h d i m e t h y l e t h y l a m i n e and d i e t h y l m e t h y l -

amine were produced. The i r o n complexes t h a t have proved s u c c e s s f u l 
80 

are Fe(CO),. and F e ( b u t a d i e n e ) ( C 0 ) 3 . R e a c t i o n s o f ammonia, p i p e r i d i n e , 

d i e t h y l a m i n e and a n i l i n e w i t h ethene i n t h e presence of t h e i r o n 
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c a t a l y s t s produced t h e c o r r e s p o n d i n g s u b s t i t u t e d e t h y l a m i n e s w i t h 28% 

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

i n c r e a s e t h e p e r c e n t a g e c o n v e r s i o n ; w i t h i r o n pentacarbony1 and 

t r i p h e n y l p h o s p h i n e i n a 1:1.5 r a t i o , d i e t h y l a m i n e r e a c t e d t o g i v e 
80 

m a i n l y t r i e t h y l a m i n e w i t h 47.4% c o n v e r s i o n o f t h e d i e t h y l a m i n e . T h i s 

work has r e c e n t l y been extended t o t h e a m i n a t i o n o f h i g h e r alkenes up 

, P Ti 81 t o C 1 8H 3 6. 

A l t h o u g h i t has so f a r proved t o o d i f f i c u l t t o develop an i n t e r -

m o l e c u l a r p a l l a d i u m c a t a l y s e d a l k e n e a m i n a t i o n p r o c e s s , an i n t r a m o l e c u l a r 

c a t a l y t i c p rocess has been developed. B i s a c e t o n i t r i l e p a l l a d i u m 

d i c h l o r i d e w i t h benzoquinone was found t o c a t a l y s e t h e c y c l i s a t i o n o f 
82 

2 - a l l y l a n i l i n e s as shown i n t h e example below. 

+ P d ( H ) benzoquinone > 

NH, 

The p o s i t i o n o f a t t a c k o f t h e amine depended upon t h e c o n d i t i o n s 

used and t h e a l k e n e s u b s t i t u e n t s . T e r m i n a l l y s u b s t i t u t e d alkenes gave 
82 

q u i n o l i n e r i n g systems, e.g. 
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INTRODUCTION 

The experimental work i s div i d e d i n t o two main s e c t i o n s , r e f l e c t i n g 

two d i f f e r e n t s t r a t e g i e s . S e c t i o n 1 d e a l s mainly with attempts to 

s y n t h e s i s e p r e v i o u s l y unknown alkene complexes, which were designed with 

a view to enhancing the s u s c e p t i b i l i t y to a t t a c k by amine of the alkene. 

The r e s e a r c h concentrated mainly on palladium complexes containing the 

d i a n i o n i c o x a n i l i d e l i g a n d , [PhNCOCONPh]. S e c t i o n 2 concentrates on 

the r e a c t i o n s of amines w i t h known alkene complexes, mainly of 

rhodium and i r i d i u m . I t was hoped to produce and c h a r a c t e r i s e p r e v i o u s l y 

unknown o - a l k y l complexes a r i s i n g from a t t a c k of the amine on the alkene. 

These t a r g e t complexes were often analogous to those a l r e a d y known for 

platinum and palladium. 

SECTION 1. REACTIONS OF PALLADIUM COMPOUNDS WITH N.N'-DIPHENYL OXAMIDE 

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

One of the major problems with palladium promoted amination of 

alkenes i s th a t alkene displacement by the amine i s a s t r o n g l y competing 

r e a c t i o n . T h i s i s due to the f a c t t h a t a l i p h a t i c amines a c t as hard, 

strong donors and coordinate very s t r o n g l y to palladium. I n an attempt 

to t r y and discourage c o o r d i n a t i o n of the amine, i t was decided to 

s y n t h e s i s e a palladium alkene complex, a l r e a d y c o n t a i n i n g s e v e r a l hard 

nitrogen donors. The d i a n i o n of the N,N'-diphenyloxamide group commonly 

known as o x a n i l i d e appeared to be s u i t a b l e f o r our purposes. I t would 

provide hard n i t r o g e n donors on 2 adja c e n t p o s i t i o n s , which would l a r g e l y 

s a t i s f y the o-donor requirements of P d ( l l ) , w h i l e l e a v i n g 2 vacant s i t e s 

for p o t e n t i a l alkene c o o r d i n a t i o n . A c o o r d i n a t i o n s i t e would a l s o be 

a v a i l a b l e f o r an a d d i t i o n a l l i g a n d with which to e l e c t r o n i c a l l y and 

s t e r i c a l l y f i n e tune the complex. T h i s i s i l l u s t r a t e d below. 
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Ph Ph Ph 
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I * i — > 1 1 * i P d 

0=C n B u L i 0=C ° r P D C 1 2 0=C / \ T 

NH N"' N 
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Ph Ph Ph 

L = a d d i t i o n a l l i g a n d e.g. PPh^ 

These complexes would a l s o be of i n t e r e s t because the d i a n i o n i c 

o x a n i l i d e group does not appear to have been reported before as a l i g a n d . 

While attempting to s y n t h e s i s e and c h a r a c t e r i s e the N,N'-diphenyloxamide 
l I 1 2- n 

complex [(PhNCOCONPh)PdCl 2] , by r e a c t i o n of o x a n i l i d e with BuLi and 

(PhCN^PdC^. we came a c r o s s a re p o r t of the improved s y n t h e s i s of the 
I 1 1 

dioxamide complex [ (NHCOCONH^Pd]^.. obtained by t r e a t i n g a suspension 

of oxamide and PdCl^ i n dimethylsulphoxide (DMSO) with concentrated 

potassium hydroxide."'' Attempts were made to s y n t h e s i s e and c h a r a c t e r i s e 

the analogous N,N'-diphenyloxamide complex by the same method, to 

f i n d out more about the general p r o p e r t i e s of palladium o x a n i l i d e 

complexes. 

3.1.2 Reaction of Q x a n i l i d e with 2 E q u i v a l e n t s of " B u t y l Lithium 

Experimental 

O x a n i l i d e (0.72 g, 3.0 mmoles) was pl a c e d i n a schlenk tube with 

t e t r a h y d r o f u r a n (50 m l ) . The o x a n i l i d e remained l a r g e l y u n dissolved 

but was s t i r r e d r a p i d l y to produce a suspension to which " b u t y l l i t h i u m 

(3.6 ml, 1.65M; 6.0 mmoles) was sl o w l y added at room temperature. On 

a d d i t i o n of the f i r s t e q u i v a l e n t of "fiuL i the suspension s t a r t e d to 

d i s s o l v e , and a green c o l o u r a t i o n appeared i n the s o l u t i o n . On a d d i t i o n 

of the second e q u i v a l e n t a white powder p r e c i p i t a t e d , which was 

separated by f i l t r a t i o n , washed with THF and d r i e d under vacuum. 
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R e s u l t s 

Elemental A n a l y s i s : 

Found : C, 66.5 

C 1 4 H 1 0 L i 2 N 2 ° 2 r e c l u i r e s : C ' 6 6 - 6 

C H. , L i J 0 r e q u i r e s : C, 66.6 
1 o 1A L t J 

C n„H, oLi„N-,0. r e q u i r e s : C, 66.6 22 18 2 2 4 

I n f r a Red Spectrum: 

H, 5.80 

H, 3.96 

H, 5.55 

H, 6.56 

L i , 3.17; N, 6.65% 

L i , 5.55; N, 11.1% 

L i , 4.32; N, 8.64% 

L i , 3.53; N, 7.07% 

The spectrum of the white powder, as a mull prepared under n i t r o g e n , 

has two notable f e a t u r e s ; there i s no peak i n the NH s t r e t c h i n g region, 

(3300 cm and the region between 1200 cm ^ and 1700 cm ^ i s s i g n i f i c a n t l y 

d i f f e r e n t to the spectrum of o x a n i l i d e . On exposure of the mull to 

a i r for s e v e r a l seconds the s p e c t r a obtained develops f e a t u r e s s i m i l a r 

to that of o x a n i l i d e . On exposure fo r over 45 seconds the spectrum 

obtained i s v i r t u a l l y i d e n t i c a l to t h a t of o x a n i l i d e . T h i s i s i l l u s t r a t e d 

i n F i g u r e 5. The m a j o r i t y of the peaks i n the spectrum of the f i l t r a t e 

from which the white product was separated corresponded to t e t r a h y d r o -

furan. There were no peaks present i n the NH s t r e t c h i n g region (3300 cm ^ ) . 

D i s c u s s i o n 

The i n f r a red s p e c t r a show t h a t the hydrogens attached to the 

nitrogen are removed by the n-butyl l i t h i u m as d e s i r e d . I t i s very l i k e l y 

that some t e t r a h y d r o f u r a n w i l l be coordinated to the d i i o n i c s p e c i e s 

formed, a n a l y s i s d i d not permit the exact amount to be e s t a b l i s h e d 

p r e c i s e l y . The elemental a n a l y s e s gave the best f i t f o r (PhNC0C0NPh)Li 2.2THF 

3.1.3 P r e p a r a t i o n of B i s b e n z o n i t r i l e p a l l a d i u m d i c h l o r i d e 

B i s b e n z o n i t r i l e palladium d i c h l o r i d e was s y n t h e s i s e d using the 
2 

standard method as d e s c r i b e d by Kharasch et a l . I n a t y p i c a l 

p r e p a r a t i o n palladium d i c h l o r i d e (2.0 g ) , and b e n z o n i t r i l e (^ 75 ml) were 

placed i n a 2 neck round bottom f l a s k f i t t e d w ith a water condenser. 

The r e a c t i o n was heated to approximately 95°C and s t i r r e d for s e v e r a l 
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Fig u r e 5. IR s p e c t r a of white powder from r e a c t i o n 3.1.2 compared 
with spectrum of pure o x a n i l i d e . 
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hours u n t i l a l l the p a l l a d i u m d i c h l o r i d e had d i s s o l v e d . S p e c i f i c c a r e 

was taken not to a l l o w the r e a c t i o n temperature to exceed 100°C as t h i s 

r e s u l t s in decomposition of the product. The r e s u l t i n g red brown 

s o l u t i o n w h i l s t s t i l l warm was f i l t e r e d i n t o 40/60 petroleum ether (100 

ml). The yellow product p r e c i p i t a t e d immediately, and was separated by 

f i l t r a t i o n , washed with hexane and d r i e d in vacuo. The f i l t r a t e was 

concentrated by warming under vacuum, and more 40/60 petroleum ether 

added to p r e c i p i t a t e more product. T h i s process was repeated u n t i l 

no more product could be obtained. Y i e l d was approximately 95% based 

on palladium d i c h l o r i d e . 

T y p i c a l Elemental A n a l y s i s 

Found : C, 43.89; H, 2.61; N, 7.06% 

C,,H i nCl„N„Pd r e q u i r e s : C, 43.85; H, 2.61; N, 7.30% 14 10 I I 

I n f r a Red Spectrum: 

A spectrum recorded as a n u j o l mull was found to be i d e n t i c a l to 
3 

that of an a u t h e n t i c sample. 

3.1.4 Reaction of O x a n i l i d e w i t h 2 E q u i v a l e n t s of n B u L i and Bisbenzo-

n i t r i l e Palladium D i c h l o r i d e 

Experimental 

B i s b e n z o n i t r i l e p a l l a d i u m d i c h l o r i d e (1.15 g, 3.0 mmoles), was added 

as a s o l i d to a s t i r r e d s u spension of the d i l i t h i o o x a n i l i d e (3.0 mmoles) 

prepared as d e s c r i b e d p r e v i o u s l y . A dark red brown s o l u t i o n r e s u l t e d 

which contained no u n d i s s o l v e d s o l i d . T h i s was concentrated to y i e l d 

a yellow orange s o l i d which was separated by f i l t r a t i o n . Attempted 

r e c r y s t a l l i s a t i o n from THF gave a semi c r y s t a l l i n e powder much more 

yellow i n colour than the p r e v i o u s s o l i d . The product was d r i e d i n vacuo. 
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R e s u l t s 

Elemental A n a l y s e s : 

Found C, 47.10; H, 2.80; C I , 10.29; L i , 1.91; 
N, 4.00% 

C 1 A H 1 ( ) C l 2 L i 2 N 2 0 2 P d r e q u i r e s : C, 39.12; H, 6.52; C I , 16.53; L i , 3.26; 
N, 6.52% 

C. 0H. ,Cl-Li.,N_0_Pd r e q u i r e s : C, 43.08; H, 3.59; C I , 14.16; L i , 2.79; 
1 8 1 4 2 1 1 J N, 5.58% 

C_ oH_„Cl_Li.N.0.Pd r e q u i r e s : C, 49.31; H, 2.94; C I , 10.42; L i , 4.10; 
2 8 2 0 2 4 k k N, 8.21% 

I n f r a Red S p e c t r a : 

The s p e c t r a of the orange powder and yellow semi c r y s t a l l i n e s o l i d 

prepared under n i t r o g e n a r e very s i m i l a r . There are no peaks present i n 

the NH s t r e t c h i n g r e g i o n of o x a n i l i d e (3300 cm ^ ) , and the C=0 s t r e t c h i n g 

region i s s i g n i f i c a n t l y d i f f e r e n t to that of o x a n i l i d e . There i s a notable 

absence of any peaks i n the C^N s t r e t c h i n g region. On exposing the 

mulls to a i r t h e r e i s s t i l l an absence of any NH s t r e t c h i n g peaks but 

a broad peak of medium i n t e n s i t y appears at approximately 3400 cm ^: the 

C=0 s t r e t c h i n g r e g i o n remains l a r g e l y u n a l t e r e d . The s o l u t i o n spectrum 

of the red brown f i l t r a t e has a sharp i n t e n s e peak a t 2238 cm * which 

corresponds to the CsN s t r e t c h i n g frequency of uncoordinated b e n z o n i t r i l e , 

(the CHN s t r e t c h i n g frequency i n (PhCN^PdCl,, occurs at 2287 cm A l l 

the other major peaks i n t h i s spectrum correspond to tetrahydrofuran. 

There i s an absence of NH peaks. 

D i s c u s s ion 

The elemental a n a l y s e s g i v e the best agreement with those r e q u i r e d 

for [(PhNC0C0NPh)PdCl 2]Li 2.2THF. S i n c e both the d i a n i o n i c l i t h i u m 

o x a n i l i d e s a l t and the o x a n i l i d e s t a r t i n g m a t e r i a l are q u i t e i n s o l u b l e 

in t e t r a h y d r o f u r a n , i t i s a v i r t u a l c e r t a i n t y t h e r e f o r e that the o x a n i l i d e 

C, 46.04; H, 4.53 C n nH. oCl^Li„N n0. Pd r e q u i r e s » 22 18 2 2 2 4 C I , 12.38; L i , 2.44; 
N, 4.88% 
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moiety w i l l be contained i n the yellow/orange s o l i d . The presence of 

Lhe C=N s c r e e c h i n g peaks i n the spectrum of the red brown f i l t r a t e 

shows that the b e n z o n i t r i l e has probably been d i s p l a c e d by the o x a n i l i d e 

diar.ion as d e s i r e d . On exposure of the m a t e r i a l to a i r , the spectrum 

shows peaks corresponding to o x a n i l i d e s t a r t i n g m a t e r i a l showing that the 

dianion of o x a n i l i d e has coordinated to the palladium as d e s i r e d . T h i s 

c o n c l u s i o n i s f u r t h e r supported by the appearance of the peak at 3400 cm ̂  

which probably corresponds to l i t h i u m hydroxide formation. To summarise, 

a l l the data tends to suggest t h a t [(PhNCOCONPh)PdCl 2]Li 2.2THF i s 

formed but f u r t h e r i n v e s t i g a t i o n s are r e q u i r e d to f u l l y confirm t h i s . 

3.1.5 R e a c t i o n s of Palladium D i c h l o r i d e with O x a n i l i d e and Potassium 

Hydroxide 

Experimental 

Palladium d i c h l o r i d e (0.50 g, 2.82 mmoles), was ground i n a mortar 

and p e s t l e w i t h o x a n i l i d e (1.35 g, 5.64 mmoles), and the r e s u l t i n g powder 

was suspended i n DMSO (100 ml) a t 70°C f o r 2 hours to give a red 

brown s o l u t i o n . Potassium hydroxide (0.47 g, 8.47 mmoles) i n water 

(8 ml) was s l o w l y added dropwise to t h i s s o l u t i o n with continuous 

s t i r r i n g . An o f f - w h i t e p r e c i p i t a t e was s l o w l y produced which turned 

yellow i n colour over a per i o d of s e v e r a l hours. The r e a c t i o n was 

performed s e v e r a l times u s i n g s l i g h t l y d i f f e r e n t methods of se p a r a t i o n 

and washing i n an attempt to obtain an uncontaminated product which could 

be c h a r a c t e r i s e d . I n the f i r s t r e a c t i o n the yellow s o l i d was allowed 

to s e t t l e and the DMSO removed by s y r i n g e . Absolute ethanol (40 ml) was 

added and the s o l i d s t i r r e d f o r 20 minutes before s e p a r a t i n g by 

f i l t r a t i o n . The s o l i d was then washed 3 times with dry acetone (20 ml). 

On t r y i n g to remove the r e s i d u a l ethanol by using vacuum, the yellow s o l i d 

turned orange then brown. On washing with more ethanol the yellow 

colour was r e s t o r e d again. I n the optimised procedure the DMSO was mostly 
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removed by s y r i n g e a f t e r a l l o w i n g the s o l i d to s e t t l e ; the r e s i d u a l 

DMSO was removed by f i l t r a t i o n and the s o l i d washed three times with 

dry degassed acetone (30 m l ) . Use of vacuum to speed up f i l t r a t i o n s 

was kept to a minimum d e s p i t e these processes being extremely slow. 

R e s u l t s 

Elemental Analyses: 

T y p i c a l ethanol washed product: C, 43.61; H, 3.85; N, 6.22% 

T y p i c a l acetone washed product: C, 51.96; H, 2.96; N, 7.90% 

C 2 8 H 2 0 K 2 N 4 ° 4 P d r e c l u i r e s : C> 5 0 - 8 5 ; H, 3.05; N, 8.48% 

I n f r a Red S p e c t r a : 

The spectrum of the et h a n o l washed s o l i d prepared under n i t r o g e n 

has a sharp peak of medium i n t e n s i t y at 3300 cm ^ which corresponds to 

the NH s t r e t c h i n g frequency of o x a n i l i d e . The CO s t r e t c h i n g region of 

the spectrum was a l s o very s i m i l a r to that of o x a n i l i d e , exposure of 

the mull to a i r had ve r y l i t t l e e f f e c t on i t s spectrum. 

The spectrum of the acetone washed product has no peaks i n the NH 

s t r e t c h i n g region, the CO s t r e t c h i n g region c o n t a i n s s e v e r a l i n t e n s e 

peaks but i s very d i f f e r e n t to that of o x a n i l i d e . On exposure of the 

mull to a i r the only s i g n i f i c a n t change i n the spectrum i s the appearance 

of a broad peak of weak i n t e n s i t y at 3400 cm ^. 

Mass Spectrum: 

The mass spectrum of the acetone washed yellow product has c l u s t e r s 

of peaks corresponding to palladium s p e c i e s a t m/e 699, 661, 623, 541, 

462, 422 and 383. S i n g l e l a r g e peaks occurred at m/e 654, 585, 563, 

497, 453, 409, 365, 317, 265, 222, 185, 169 and 149. None of the 

palladium c o n t a i n i n g fragments could be p o s i t i v e l y assigned, but i t was 

noted that the d i f f e r e n c e between many of the p a i r s of peaks was m/e 

237 to 240 which corresponds to o x a n i l i d e fragments. 
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Thermogravimetric A n a l y s e s : 

Thermogravimetric a n a l y s e s of s e v e r a l samples of the product both 

exposed and unexposed to a i r proved unhelpful i n c h a r a c t e r i s i n g the 

product. 

The TGA t r a c e s from the a i r exposed samples were s i g n i f i c a n t l y 

d i f f e r e n t from those s t u d i e d under a n i t r o g e n atmosphere. 

S o l u b i l i t y : 

The yellow s o l i d was found to be i n s o l u b l e i n acetone, methanol, THF, 

d i e t h y l ether, e t h y l a c e t a t e , carbon d i s u l p h i d e , toluene, dichloromethane, 

hydrocarbon s o l v e n t s and a c e t o n i t r i l e . I t was found to be s p a r i n g l y 

s o l u b l e i n p y r i d i n e . 

D i s c u s s i o n 

The elemental a n a l y s e s f o r the acetone washed product suggest 

K 2[Pd(PhNCOCONPh) 2] i s formed, as d e s i r e d . Obtaining the product i n a 

pure form proved d i f f i c u l t e s p e c i a l l y as i t was too i n s o l u b l e i n most 

s o l v e n t s for r e c r y s t a l l i s a t i o n . The lack of any peaks i n the NH s t r e t c h i n g 

region of the i n f r a red spectrum of the acetone washed s o l i d a l s o suggests 

that the o x a n i l i d e i s deprotonated as d e s i r e d . The i n f r a red spectrum 

for the ethanol washed s o l i d seems to suggest t h a t washing with ethanol 

causes r eprotonation of the o x a n i l i d e , though t h i s i s more l i k e l y to be 

caused by water present i n the ethanol, than ethanol i t s e l f . 

The mass spectrum shows that palladium s p e c i e s are present i n the 

yellow s o l i d and t h a t o x a n i l i d e i s probably a l s o present. The thermo-

g r a v i m e t r i c a n a l y s e s provided l i t t l e information other than the f a c t 

the s o l i d i s a i r s e n s i t i v e , as evidenced by the d i f f e r e n t r e s u l t s 

obtained with a i r exposed m a t e r i a l . To summarise, the product we 

d e s i r e d i s probably formed but complete c h a r a c t e r i s a t i o n proved 

d i f f i c u l t , t h i s i s probably due to the f o l l o w i n g f a c t o r s . The complex 

i s s u s c e p t i b l e to h y d r o l y s i s . The analogous N,N'-dioxamide complex. 
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has in the past a l s o proved d i f f i c u l t to o b t a i n i n pure form, due 
1 

t c contamination w i L n h y d r o i y s e d product. Numerous s u c c e s s i v e 

experiments gave q u i t e w i d e l y f l u c t u a t i n g elemental a n a l y s e s . I t i s 

thought that s e v e r a l products other than t h a t d e s i r e d are formed in 

s m a l l e r but v a r y i n g amounts, dependent upon f a c t o r s such as r e a c t i o n 

time, temperature, and product washing procedure e t c . 

3.1.6 R e c r y s t a l l i s a t i o n / R e a c t i o n of the Yellow Product from Reaction 

3.1.5 Using P y r i d i n e 

Experimental 

Approximately 0.5 g of the yellow product from r e a c t i o n of 

palladium d i c h l o r i d e with o x a n i l i d e and potassium hydroxide was placed 

in a 250 ml round bottom 2 neck f l a s k with 75 ml of p y r i d i n e . On 

warming to 90°C and s t i r r i n g f o r one hour some of the s o l i d d i s s o l v e d 

to give a yellow s o l u t i o n . T h i s was f i l t e r e d from the undissolved 

s o l i d , and on a l l o w i n g the f i l t r a t e to s l o w l y cool i t gave a pale 

yellow m i c r o c r y s t a l l i n e s o l i d . T h i s was s e p a r a t e d by f i l t r a t i o n and 

washed with dry degassed toluene followed by dry degassed hexane. 

I t was then d r i e d i n vacuo. No matter how s l o w l y the s o l u t i o n was cooled 

l a r g e r c r y s t a l s of the product could not be obtained. 

R e s u l t s 

Elemental A n a l y s e s : 

Found sample 1. : C, 58.50; H, 4.00; N, 10.25; Pd, 18.40% 

Found sample 2. : C, 61.78; H, 4.48; N, 12.08; Pd, 16.67% 

C_.H--N.0~Pd r e q u i r e s : C, 57.40; H, 3.97; N, 11.10; Pd, 21.10% 

24 20 4 z 

I n f r a Red Spectrum: 

The i n f r a red spectrum prepared under n i t r o g e n was very s i m i l a r 

to that of the o r i g i n a l y e l l o w s o l i d from r e a c t i o n 3.1.5, but with 

peaks corresponding to p y r i d i n e a l s o p r e s e n t . 

http://C_.H--N.0~Pd
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I n f r a red v ( n u i o l mull made i n glove box) max 

2920 + s, 2850 + s 

1460^ m shoulder 

1240 w, 1188 vw 

951 w, 900 w 

649 w, 620 w 

v n u i o l ) max 

1640 s, 1620 s, 1602 s, 1586 s, 1480 m, 

lAAft c 1Ans m 1175^ m 1320 m. 1260 w. 

969 w, 952 w, 1 0 7 1 m, 1020 w, 1000 vw, 

862 w, 809 w, 752 s, 745 m, 695 s, 

569 w, 5 1 0 w, 460 w. 

The f o l l o w i n g peaks were assigned 3080 cm ^, 3 0 1 9 cm * aromatic O H 

s t r e t c h of p y r i d i n e . 1602 cm \ 1586 cm *, 1480 cm *, 1446 cm * CJ-ILC 

and CtJuJvJ r i n g s t r e t c h i n g of p y r i d i n e . 752 cm ^, 695 cm ^ C-H out of 

plane bending. 

Mass Spectrum: 

The mass spectrum contains many c l u s t e r s of peaks corresponding 

to both monomeric and dimeric palladium s p e c i e s . These were 

assigned as shown i n Table 9. T y p i c a l peaks which correspond to 

monomeric s p e c i e s a r e shown i n F i g u r e 6 which i l l u s t r a t e s p a r t s of 

the a c t u a l spectrum obtained. The numerous peaks from dimeric 

palladium s p e c i e s a r e much l e s s i n t e n s e than those for the monomeric 

s p e c i e s or non-palladium c o n t a i n i n g fragments. No peaks corresponding 

to masses higher than 847 were observed. None of the s i n g l e peaks 

were a s s i g n e d ; s u r p r i s i n g l y none corresponded'to fragments of 

o x a n i l i d e or p y r i d i n e . For example no peak was observed at 

m/e 238. 
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Table 9. Mass Spectrum Peaks of Pyridine Recrystal1ised Yellow S o l i d 

Peak 
(mass u n i t s ) 

Type of species 
(monomer i c / d i m e r i c ) 

Fragment assigned to peak 

345 monomeric Pd(PhNCOCONPh) 

424 monomeric Pd(PhNCOCONPh)(C5H5N) 

503 monomeric Pd(PhNCOCONPh)(C5H5N)2 

530 dimeric Pd ? (PhNCOCONPh) ( C ^ N ) 

609 dimeric Pd 2 (PhNCOCONPh) ( C ^ N ) 2 

689 dimeric Pd2(PhNCOCONPh)9 

768 dimeric Pd2(PhNCOCONPh) ( C ^ N ) 

847 dimeric Pd 2(PhNCOCONPh) 2(C 5H 5N) 2 

Thermogravimetric A n a l y s i s : 

The trace obtained from the thermogravimetric analysis i s shown 

i n Figure 7. There are two d i s t i n c t major weight losses of 47.5% and 

31.5% and approximately 21% of the o r i g i n a l weight remained. The 

thermogravimetric curve a l t e r e d s l i g h t l y on exposing the compound to 

a i r . 

Discussion 

Although f a r from p e r f e c t the elemental analyses do tend to suggest 

tha t [PhNCOCONPh]Pd(CcHcN)„ i s formed. The i n f r a red spectrum also 

suggests t h i s w i t h peaks corresponding to p y r i d i n e and CO s t r e t c h i n g 

frequencies s i m i l a r to those f o r the yel l o w s o l i d obtained i n r e a c t i o n 

3.1.4. The mass spectrum v e r i f i e s the presence of some 

[PhNCOCONPh]Pd(C5H5N)2> but also suggests t h a t some of t h i s may be 

present as a dimer. The thermogravimetric analysis i s very i n t e r e s t i n g ; 

the weight losses of 47.5% and 31.5% correspond c l o s e l y to the 

percentage weights of [PhNCOCONPh] and [C H N] i n [PhNCOCONPh]Pd[C^H.N] 
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but the o x a n i l i d e appears t o be l o s t before the p y r i d i n e , and the 

loss of p y r i d i n e appears to be exothermic. To summarise the product 

i s shown to contain p y r i d i n e , palladium, and the dianion of o x a n i l i d e 

To determine the exact s t r u c t u r e of the product would require f u r t h e r 

i n v e s t i g a t i o n s but the f o l l o w i n g two e m p i r i c a l s t r u c t u r e s consistent 

w i t h the data c o l l e c t e d are t e n t a t i v e l y suggested. 

Ph Ph Ph 
N-CO-CO-N N N N N \ \ OC Pd Pd Pd 

Ph \ J 

\ \ 0 
\ N N-CO-CO N N 

Ph Ph Ph 

SECTION 2. REACTION OF RHODIUM AND IRIDIUM ALKENE COMPLEXES WITH AMINES 

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

I n t h i s s e c t i o n the known alkene complexes [(PPh^)„RhCl(CnH.)J,^ 
3 1 1 A 

[CpRh(C 2H 4) 2], [ ( C 2 H 4 ) 2 R h C l ] 2
u were synthesised and t h e i r reactions 

w i t h amines i n v e s t i g a t e d . The i n i t i a l r e a c t i o n s w i t h diethylamine and 

dimethylamine showed t h a t elevated temperatures were o f t e n required, 

and t h i s n a t u r a l l y l e d t o the use of autoclave apparatus to contain 

the v o l a t i l e amine. The complex CpRhC^H^)(PMe^)^ was synthesised w i t h 

only l i m i t e d success, and the product decomposed before being converted 

to the t a r g e t c a t i o n i c complex [CpRhH(C 2H 4)(PMe^) ]®, f o r r e a c t i o n w i t h 

amines. 

As mentioned i n the l i t e r a t u r e survey the i r i d i u m complex 

[Ir(CO)(PMe 2Ph) 2(C 2H 4) 2]® reacts w i t h bromine, followed by nucleophiles 

to give complexes of the type [ I r (CO) (PMe 2Ph) 2Br(C^Nuc) }®Rv^. 8 The 

intermediate complex [ Ir(CO) (PMe^h^Cl ] req u i r e d f o r synthesis of the 

alkene complex was synthesised. Preliminary reactions of the alkene 
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complex formed in s i t u , w i t h bromine followed by diethylamine were 

promising, but m a t e r i a l s were present i n too small a q u a n t i t y to 

carry out d e t a i l e d i n v e s t i g a t i o n s and o b t a i n conclusive r e s u l t s . 

3.2.2 Preparation of Tr isTriphenylphosphine Rhodium(I) Chloride 

This complex commonly known as Wilkinson's c a t a l y s t was prepared 
4 

by the standard l i t e r a t u r e method. Rhodium t r i c h l o r i d e t r i h y d r a t e 

(0.75 g, 2.8 mmoles), i n absolute ethanol (20 m l ) , was added to a 250 ml 

round bottom 2 neck f l a s k c o n t a i n i n g f r e s h l y r e c r y s t a l l i s e d t r i p h e n y l -

phosphine (4.5 g, 17.8 mmoles), i n absolute ethanol (120 ml). The 

mixture was r e f l u x e d f o r 30 minutes and the burgundy red c r y s t a l s 

produced on cooling were separated by f i l t r a t i o n , washed w i t h d i e t h y l 

ether, and d r i e d i n vacuo. T y p i c a l y i e l d 80%. 

Elemental Analysis: 

Found : C, 70.2; H, 4.98% 

C 5 4H 4 5ClP 3Rh r e q u i r e s : C, 70.1; H, 4.87% 

3.2.3 Preparation of BisEthene Cyclopentadienyl Rhodium, [CpRh(C^U^)^1 

B i s e t h e n e cyclopentadienyl rhodium was prepared as described by 

King. 5 0.7 g of [ R h C l ( C ? H A ) 7 ] 2
6 (1.8 mmoles), was placed i n a 100 ml 

round bottom 2 neck f l a s k w i t h 10 ml of dry degassed THF. Approximately 

4 equivalents of sodium c y c l o p e n t a d i e n y l , (7.5 mmoles), i n 15 ml of THF 

were added, the r e a c t i o n r e f l u x e d f o r 30 minutes then l e f t to s t i r f o r 

24 hours. A f t e r removal of a l l the solvent under vacuum, the brown 

residue produced was t r a n s f e r r e d under n i t r o g e n to a sublimation 

apparatus. Sublimation at 60°C and a pressure of 1 mm of Hg, gave the 

b r i g h t yellow product i n 50% y i e l d . The product melted at 72-73°C 

( l i t . 73 C). N.B. The brown residue remaining a f t e r sublimation was 

found to c o n t a i n excess cyclopentadienyl sodium and was pyrophoric. 
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3. 2. 4 Preparation of B i s E t h y l e n e Rhodium Chloride Diraer, [ ( C ^ ) 2RhCl ] 

[ (C^n^/^R'nCi j ̂  was prepared by the standard method as described 

by Craraer.^ In a t y p i c a l p r e p a r a t i o n , rhodium t r i c h l o r i d e t r i h y d r a t e , 

(2 g, 7.59 mmoles), was placed i n a 250 ml round bottom 2 neck f l a s k , 

water (A m l ) , was added and complete s o l u t i o n achieved by warming 

w i t h a steam bath. A f t e r a d d i t i o n of methanol (50 m l ) , the system was 

flushed w i t h ethene. On slowly bubbling ethene through the s t i r r e d 

s o l u t i o n at room temperature f o r 7 hours, the product separated as a 

f i n e l y d i v i d e d orange s o l i d , which was f i l t e r e d under an ethene 

atmosphere, washed w i t h methanol and d r i e d i n vacuo. 

Sodium hydroxide (0.3 g) was added to the f i l t r a t e to n e u t r a l i s e 

the HC1 produced i n the r e a c t i o n which increases the s o l u b i l i t y of 

the product. Bubbling ethene through the n e u t r a l i s e d f i l t r a t e 

f o r a f u r t h e r 3 hours y i e l d e d a second crop of product. Yields were 

approximately 70%. 

T y p i c a l Elemental A n a l y s i s : 

Found : C, 24.70; H, A.15% 

C H CI Rh„ r e q u i r e s : C, 23.80; H, A.45% 
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3.2.5 Reaction of (PPh 3 ) 2RhCl( ) w i t h Diethylamine 

T r i s t r i p h e n y l p h o s p h i n e rhodium(I) c h l o r i d e (0.20 g, 0.23 mmoles) 

and dry degassed toluene (30 ml) w e r e placed i n a 100 mi round bottom 

2 neck f l a s k f i t t e d w i t h a bubbler and a r e f l u x condenser. Ethene was 

bubbled through the s o l u t i o n w i t h s t i r r i n g u n t i l the i n i t i a l l y burgundy 

red s o l u t i o n turned yellow, i n d i c a t i n g the formation of (PPh^) 2RhCl(C2H^). 

Diethylamine s o l u t i o n i n toluene (0.92 ml, 0.5M soln., 0.46 mmoles) 

was added and the r e a c t i o n warmed to approximately 40°C w i t h s t i r r i n g . 

A very f i n e deep red s o l i d was produced which was separated by f i l t r a t i o n , 

washed w i t h dry degassed toluene and d r i e d under vacuum. 

Results 

Elemental Analyses: 

Found c, 66 18; H, 4 03; N, 0 00; Rh, 9 86% 

c, 66 01; H, 5 89; N, 1 84; Rh, 13 49% 

c, 65 26; H, 5 57; N, 1 90; Rh, 14 00% 

c, 70 09; H, 4 87; N, 0 00; Rh, 11 14% 

c, 66 04; H, 4 92; N, 0 00; Rh, 14 92% 

"40 41 2 
C,-^H^j.ClP^Rh r e q u i r e s 

C^gH^ClP-jRh r e q u i r e s 

I n f r a Red Spectrum: 

The i n f r a red spectrum of the red s o l i d d i d not contain any N-H or 

C-N s t r e t c h i n g frequencies. There was only a l i m i t e d number of medium 

i n t e n s i t y peaks present, and these were a l l i n the carbon-hydrogen or 

carbon-carbon s t r e t c h i n g and bending regions. 

Gas L i q u i d Chromatography 

No higher amines were detected i n the f i l t r a t e from the red s o l i d , 

the only two major peaks i n the gas l i q u i d chromatograph 

corresponded to diethylamine and toluene. 
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Discuss ion 

The lack of any n i t r o g e n i n the elemental analyses, or any N-H 

s t r e t c h i n g frequencies i n the i n f r a red, suggest th a t the amine has 

attacked n e i t h e r the alkene nor the metal. I t i s thought that the 

product i s probably l a r g e l y a mixture of (PPh^^RhCl and 

(^H^RhCPPh^^Cl. On attempting to r e c r y s t a l l i s e the red s o l i d , 

the i n i t i a l l y formed yellow orange s o l u t i o n slowly turned dark red, 

lending support to t h i s theory. On attempting to repeat the whole r e a c t i o n 

using diethylamine i t was decided t h a t these reactions should be 

performed i n an autoclave i n order t o contain the v o l a t i l e amine. 

3.2.6 Autoclave Reactions 

Reaction 1. (PPh_)„RhCl + NEt„H + CnH, 3 2 2 2 4 
The autoclave was flushed w i t h dry n i t r o g e n and charged w i t h 

(PPh 3)RhCl (0.46 g, 0.50mmoles) i n THF (45 m l ) , followed by NEt^H (5.2 ml, 

50 mmoles). I t was then pressurised w i t h 400 p s i of ethene, (corresponds 

to approximately 250 mmoles), and heated t o 60°C w i t h s t i r r i n g f o r 65 

hours. A f t e r a l l o w i n g the r e a c t i o n mixture t o c o o l , a l i q u i d sample 

was taken f o r q u a l i t a t i v e GLC a n a l y s i s . The r e a c t i o n was then heated 

to 100°C f o r a f u r t h e r 4 hours before t a k i n g a f u r t h e r sample. 

Reaction 2. (PPh^)„RhCl + NEt„H + C_H, + H„ ~ 3 3 2 2 4 Z 
The autoclave was flushed w i t h ethene and charged w i t h (PPh-^^RhCl 

(0.46 g, 0.50 mmoles), i n THF (45 m l ) , and NEt^H (5.2 ml, 50 mmoles). 

I t was then pressurised w i t h 400 p s i of ethene and heated to 110°C f o r 

4 hours w i t h s t i r r i n g . A f t e r a l l o w i n g the r e a c t i o n t o cool a l i q u i d 

sample was taken (2 ml) before adding 100 p s i of hydrogen. The r e a c t i o n 

was heated f o r another 4 hours at 100°C, cooled and another l i q u i d 

sample withdrawn f o r GLC a n a l y s i s . 

Reaction 3. CpRh(CnH,)„ + NEt„H + C„H. + Ĥ  _ 2 4 2 2 2 4 2 
The autoclave was flushed w i t h ethene and charged w i t h CpRh'(C2H^)2 
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(0.22 g, 1.0 mmoles), THF (45 ml) and NEt H (5.2 ml, 50 mmoles). 

A f t e r p r e s s u r i s i n g w i t h 400 psi nf ether.? (̂ ' 250 rnmoles), the leacLion 

was heated to 100°C f o r 3^ hours w i t h s t i r r i n g . The r e a c t i o n mixture 

was allowed to cool, a small l i q u i d sample withdrawn; and 100 p s i of 

hydrogen added before heating f o r a f u r t h e r 3^ hours at 100°C. 

Q u a l i t a t i v e Standardisation of the Chromatography Column 

Samples of pure diethylamine, pure t r i e t h y l a m i n e and a mixture of 

the two i n a 2:1 r a t i o r e s p e c t i v e l y , were introduced to and separated by 

the column under varying c o n d i t i o n s , u n t i l a consistent set of 

r e t e n t i o n times were observed, w i t h good separation of the two amines. 

These conditions were then kept as standard f o r a l l f u r t h e r analyses. 

The approximate concentration of amine i n the r e a c t i o n s o l u t i o n s was 1M. 

P r i o r t o the analysis of any sample, a sample of standard 1 molar amine 

i n THF was used f o r comparison purposes and t o check t h a t the r e t e n t i o n 

time was unchanged. 

Results and Discussion 

No t r i e t h y l a m i n e nor any other a l k y l a t e d amines apart from 

diethylamine were present i n any of the f i n a l r e a c t i o n mixtures. 

The gas l i q u i d chromatograph r e g i s t e r e d only 2 main peaks, which 

corresponded to unreacted diethylamine and THF solvent. A very small 

peak due to a very v o l a t i l e compound w i t h a r e t e n t i o n time approximately 

one t h i r d of t h a t f o r diethylamine, was assumed to be due t o a small amount 

of ethene or ethane dissolved i n the r e a c t i o n s o l u t i o n . 

The f i n a l s o l u t i o n from r e a c t i o n 1 was burgundy red i n colour. 

I f the bisphosphine ethene rhodium c h l o r i d e complex had been formed as 

hoped one would expect a yellow s o l u t i o n . As the autoclave had been 

flushed w i t h n i t r o g e n , the c a t a l y s t had come i n t o contact w i t h amine 

before ethene. I t was thought t h a t the amine must have prevented 

c o o r d i n a t i o n of the ethene. Consequently, the autoclave was flushed 
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w i t h ethene i n the subsequent r e a c t i o n s , although t h i s was found to 

make no d i f f e r e n c e to the end r e s u l t . 

In r e a c t i o n 3 the f i n a l r e a c t i o n s o l u t i o n was the same yellow 

colour as the s t a r t i n g s o l u t i o n . Concentration of the s o l u t i o n y i e l d e d 

a yellow s o l i d . The i n f r a red spectrum of t h i s s o l i d was very s i m i l a r 

to t h a t of an aut h e n t i c sample of CpRh(C H ) ? . The elemental analyses 

f o r the yellow s o l i d were also i n reasonable agreement w i t h that 

required f o r CpRh(C2H^)?. 

Elemental Analyses: 

Yellow s o l i d , found: C, 49.02; H, 6.38; (N, 0.00)% 

C gH 1 3Rh requ i r e s : C, 48.04; H, 5.82; (N, 0.00)% 

3.2.7 Preparation of C p R h ( P M e 3 ) ) 

CpRh( PMe^ ) (^2^^ ̂  w a s s v n r - h e s i s e d w i t h l i m i t e d success using the 

method described by Werner et a l . ^ Cooled trimethylphosphine (0.42 ml, 

4.0 mmoles) was slowly syringed i n t o a s t i r r e d s o l u t i o n of [ (C^H^^RhCl] 

(0.78 g, 2.0 mmoles) i n THF (50 ml) contained i n a 2-necked 100 ml 

round bottom f l a s k . This i n i t i a l l y gave a small amount of yellow 

p r e c i p i t a t e , but t h i s r a p i d l y d i s solved again to produce an orange 

s o l u t i o n which was s t i r r e d f o r 1^ hours. Cyclopentadienyl t h a l l i u m 

(1.15 g, 4.2 mmoles) was added as a s o l i d , and a f t e r s t i r r i n g f o r 3| 

hours the dark brown s o l u t i o n was f i l t e r e d from the dark residue 

produced. A l l of the THF was removed under vacuo and the residue 

e x t r a c t e d w i t h dry degassed pentane (50 ml). The e x t r a c t was 

concentrated and cooled w i t h s o l i d CÔ  to produce l i g h t brown needle 

l i k e c r y s t a l s and dark brown residue. Y i e l d ^ 18%. 

Typ i c a l Analyses : 

Found : C, 44.14; H, 6.67% 

CinH.QPRh r e q u i r e s : C, 45.52; H, 6.40% 1U 1 o 
N.B. The compound appeared to be very a i r and moisture s e n s i t i v e . 
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On f i l t e r i n g the pentane e x t r a c t p r i o r to co n c e n t r a t i o n , a dark 

rp<;irjue p r e c i p i t a t e d cvan under U L J n i t r o g e n . The product also s t a r t e d 

to decompose i n the glove box while being prepared f o r analysis. This 

occurred several times and i t i s now obvious t h a t the use of white 

spot n i t r o g e n i s advisable w i t h t h i s p r e p a r a t i o n . 

3.2.8 Preparation of Ir(CO)Cl(PMe 2Ph) 2 

I r i d i u m b i sdimethylphenylphosphine carbonyl c h l o r i d e was prepared 
9 

as described i n the l i t e r a t u r e . 

I r i d i u m t r i c h l o r i d e t r i h y d r a t e (0.63 g, 1.79 mmoles), was placed 

i n a 25 ml round bottom two neck f l a s k along w i t h concentrated HC1 

(2 m l ) , and absolute ethanol (10 m l ) . On bubbling carbon monoxide 

through the r e f l u x i n g s o l u t i o n f o r 24 hours i t turned from dark green 

to c l e a r yellow. A f t e r a l l o w i n g the r e a c t i o n t o cool below 60°C, 

dimethylphosphine (0.7 ml, ca. 8 mmoles) was added and a white 

p r e c i p i t a t e immediately r e s u l t e d . This was separated by f i l t r a t i o n , 

washed several times w i t h absolute e t h a n o l , and washed back i n t o the 

same f l a s k w i t h methanol (6 m l ) . (This was done to keep y i e l d s as 

high as pos s i b l e . ) Freshly made sodium methoxide i n methanol (1.6 ml, 

1.2M s o l n . , 1.9 mmoles NaOMe) was added and the r e a c t i o n mixture 

r e f l u x e d f o r a few minutes. This produced a c l e a r yellow s o l u t i o n which 

on a l l o w i n g t o cool y i e l d e d yellow needles of c r y s t a l l i n e product. 

Y i e l d 56%. 

Typic a l Analyses: 

Found : C, 38.38; H, 4.17% 

C 1 7 H 2 2 C l I r O P 2 r e q u i r e s : C, 38.27; H, 4.04% 
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APPENDIX A. General Experimental D e t a i l s 

A1 . Handling Techniques 

Most of the compounds were tr e a t e d as being a i r and moisture 

s e n s i t i v e . A l l operations were t h e r e f o r e performed i n an atmosphere 

of dry n i t r o g e n , or when appropriate an atmosphere of ethene. This was 

achieved using a vacuum l i n e w i t h 2 way taps enabling the system to be 

opened to vacuum or n i t r o g e n . Solutions were stored under dry n i t r o g e n 

and t r a n s f e r r e d by syringe against a counter current of dry n i t r o g e n . 

Manipulation of a i r s e n s i t i v e s o l i d s was done i n a glove box containing 

dry n i t r o g e n . 

A2. Nitrogen Supply 

Nitrogen was supplied t o the bench as the b o i l o f f from the 

department's l i q u i d n i t r o g e n p l a n t , having been passed through a 

deoxygenation p l a n t . I t was d r i e d by passing through two drying columns 

conta i n i n g molecular sieve and phosphorus pentoxide. Nitrogen i n the 

glove box was c o n t i n u a l l y recycled through a column of phosphorus 

pentoxide, and a d i s h of f r e s h phosphorus pentoxide was kept i n the box 

at a l l times. A constant pressure of n i t r o g e n was maintained i n the 

apparatus by connection of the o u t l e t s t o a bubbler containing heavy 

white o i l . 

A3. Solvents 

Hydrocarbon solvents and d i e t h y l e t h e r were d r i e d over f r e s h l y 

extruded sodium w i r e , w h i l s t t e t r a h y d r o f u r a n was r e f l u x e d over potassium 

f o r several days before d i s t i l l i n g onto sodium wire under n i t r o g e n . 

Chlorocarbons were d r i e d over molecular sieve types 4A or 13X. Solvents 

which had not been d i s t i l l e d under n i t r o g e n were degassed when required 

by f r e e z i n g w i t h l i q u i d n i t r o g e n , then a l l o w i n g to warm under vacuum 

u n t i l l i q u i d again. 
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A4. Elemental Analyses 

Carbon, hydrogen and nitr o g e n analyses v.*erc obtained using a 

Perkin Elmer 240 Elemental Analyser. Chlorine content was determined 

using the conventional method of oxygen f l a s k combustion followed by 

po t e n t i o m e t r i c t i t r a t i o n of the h a l i d e ion. Metal analyses were obtained 

using a Perkin Elmer 403 atomic absorption spectrometer. 

A5. I n f r a Red Spectroscopy 

I n f r a red spectra i n the range 4000 cm ^ - 250 cm *, were recorded 

on Perkin Elmer 577 and 457 g r a t i n g spectrophotometers. Spectra were 

mainly run as n u j o l mulls between KBr p l a t e s . A s o l u t i o n c e l l w i t h 

calcium f l u o r i d e p lates and 0.1 mm spacers was also used. 

A6. Thermal Analysis 

Thermogravimetric analyses traces were undertaken using a Stanton 

Redcroft TG 760 instrument. Moderately a i r s e n s i t i v e compounds were 

t r a n s f e r r e d t o the platinum c r u c i b l e under a stream of n i t r o g e n . 

A7. Gas L i q u i d Chromatography 

Amines were separated and detected using a f i v e f e e t long glass 

column packed w i t h Carbowax 20M 12%, and KOH 2%, supported on c e l i t e 

100 - 120M, i n conjunction w i t h a Pye Unicam GCD machine. 

A8. Mass Spectra 

Mass spectra were obtained using a VG 7070E instrument; samples 

being introduced using a d i r e c t i n s e r t i o n probe. Electron impact 

spectra were run w i t h an ion source temperature of 190°C, an i o n i s i n g 

c u r r e n t of 70 eV and an a c c e l e r a t i n g p o t e n t i a l of 8 kV. As w e l l as 

e l e c t r o n impact, the technique of f a s t atom bombardment (FAB) i o n i s a t i o n 

was used. Mulls were made w i t h t h i o g l y c e r o l and argon was used as the 

bombarding m a t e r i a l . Mass spectra were mainly used f o r the c h a r a c t e r i s a t i o n 

of palladium compounds. Palladium has an atomic mass of 106.4 atomic 

u n i t s but occurs n a t u r a l l y as s i x s t a b l e isotopes w i t h abundancies as 
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shown i n Figure 8. This makes palladium c o n t a i n i n g species r e l a t i v e l y 

easy t o i d e n t i f y , as they give c l u s t e r s of peaks w i t h a c h a r a c t e r i s t i c 

p a t t e r n , as shown i n Figure 9. This p a t t e r n w i l l be modified i f other 

ions of the same mass are also present. S i m i l a r l y , dimeric palladium 

species also give a c h a r a c t e r i s t i c p a t t e r n corresponding to species 

co n t a i n i n g a l l the permutations of the s i x isotopes. This extends over 

a much greater mass range and i s t h e r e f o r e much more f r e q u e n t l y 

modified. 

atomic mass 102 104 I OS 106 108 110 

% n a t u r a l abundance 1.0 11.0 22.2 27.3 26.7 11.8 

Figure 8. Natural abundancies of palladium isotopes 10 
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APPENDIX B. The Autoclave Apparatus 

Bl. Autoclave Section 

The s t a i n l e s s s t e e l autoclave has an i n t e r n a l volume of approximately 
3 

300 cm and was pressure tested to 2000 p s i . I t was l i n e d w i t h a glass 

sleeve to help prevent contamination of the r e a c t i o n mixture from any 

c a t a l y t i c metals p r e v i o u s l y plated onto autoclave w a l l s . The seal was 

obtained by screwing down the f l a t top onto a gasket, which was seated 

i n a square cross-section channel around the rim of the vessel. The 

top i s penetrated by a c e n t r a l thermocouple w e l l , plus four i n l e t / e x i t 

pipes as i l l u s t r a t e d i n Figure 9. These were screwed i n t o the top 

v i a Swagelock f i t t i n g s . 

Pipe 1, leads through valves T^, T^ and T<- to the vent or e i t h e r of 2 

gas c y l i n d e r s . 

Pipe 2, gives access to the bottom of the autoclave, through valves T^ 

and T ?. 

Pipe 3, i s connected to the pressure gauge and has a side arm capped 

w i t h value T,. 
6 

Pipe 4, contains the b u r s t i n g disk rated at 800 p s i , and leads i n t o 

the catch pot which i s also connected t o the vent. 

B2. Heating and S t i r r i n g 

For r a p i d heating and f o r achieving higher temperatures, a band heater 

was f i x e d around the outside of the vessel. For more gentle heating 

a hot p l a t e was placed underneath the vessel. I n e i t h e r case the heat 

source was c c n t r o l l e d using a thermostat which monitored the r e a c t i o n 

temperature v i a a thermocouple i n the w e l l . S t i r r i n g was achieved 

magnetically using a t e f l o n coated f o l l o w e r . The heating equipment was 

plugged i n t o the mains through a time switch. This enabled the system 

to be switched on and o f f a u t o m a t i c a l l y at the pre-set times. 
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Figure 9. The Autoclave Apparatus 
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B3. Use o f t h e Apparatus 

The b a s i c common e x p e r i m e n t a l p r o c e d u r e s were achi e v e d as 

f o l l o w s . 

A d d i t i o n o f c a t a l y s t 

T h i s was e i t h e r added as a s o l i d p r i o r t o c l o s i n g and f l u s h i n g o u t 

th e system, o r , i f s o l u b l e , i t was s y r i n g e d i n as a s o l u t i o n . The 

l a t t e r method was u s e f u l f o r a i r s e n s i t i v e c a t a l y s t s . 

A d d i t i o n o f gases 

Gases were a l l o w e d d i r e c t l y i n t o t h e v e s s e l f r o m t h e s u p p l y 

c y l i n d e r s v i a t a p s T^ and . I t was i m p o r t a n t when i n t r o d u c i n g CO or 

i n t o t h e r e a c t i o n , t o have t h e ethene c y l i n d e r head c l o s e d . T h i s 

was t o p r e v e n t t r a n s f e r o f t h e gases i n t o t h e ethene c y l i n d e r w h i c h 

was i n v a r i a b l y a t a lower c y l i n d e r p r e s s u r e . 

F l u s h i n g t h e v e s s e l : 

T h i s was done by a l l o w i n g t h e a p p r o p r i a t e gas t o f l o w i n t h r o u g h 

v a l v e Tg and o u t o f t h e v e n t t h r o u g h v a l v e T^. 

O b t a i n i n g r e a c t i o n samples: 

L i q u i d samples were o b t a i n e d by o p e n i n g v a l v e T£. T h i s a l l o w e d 

the r e a c t i o n m i x t u r e t o be f o r c e d up l i n e 2 w h i c h was connected t o 

e i t h e r a s y r i n g e or a c o l d t r a p . Gaseous samples c o u l d be o b t a i n e d 

by opening v a l v e T, t o a c o l d t r a p and/or a sample c y l i n d e r . 

i 
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