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A s e r i e s  of p - subs t i tu ted  diazonium s a l t s  have been reac ted  - 
with t r i c a r b o n y l  b i s  ( t r iphenylphosphine)  i r o n  ( 0 )  . The s a l t s  

so obtained have been c h a r a c t e r i s e d  by var ious  spec t roscopic  and 

phys ica l  means. Most techniques i n d i c a t e  t h e  s a l t s  t o  con ta in  a 

f ive-coordinate  c a t i o n  of genera l  formula [ ( P P ~ ~ )  2 ( C O )  2FeNNAr I+, 

a l though t h e  formulat ion does not a t  p resen t  appear t o  be con- 

. s i s t e n t  w i t h  t h e  observed MBssbauer and magnetic da ta .  Poss ib le  

reasons f o r  t h e s e  d iscrepancies ,  and t h e  m e r i t s  of a l t e r n a t i v e  

formulat ions a r e  discussed.  The i n f r a r e d  spec t ra  of  t h e s e  s a l t s  

show an  unusual ly i n t e n s e  absorp t ion  band v ( N = N )  a t  a  frequency 

(1710 cm-l.) which i s  high by comparison wi th  o t h e r  a r y l a z o  com- 

pounds but s i m i l a r  t o  t h a t  observed f o r  some complexes conta in ing  

a  t e rmina l  d in i t rogen  l igand.  
- 

Concurrently,  it was found t h a t  - p - ~ t 2 ~ ~ 6 ~ 4 ~ 2 + ~ ~ 4  reac ted  

d i f f e r e n t l y  from t h e  o t h e r  diazonium s a l t s  t o  g ive  a  product con- 

+ - t a i n i n g  no i ron ,  t h a t  has been shown t o  be [Et2NC6H4-N=N-PPh3 BF4 , 

a  s a l t  con ta in ing  t h e  new phosphodiazonium ion. Subsequent re -  

search has shown t h a t  t h e  compound i s  formed by t h e  r e a c t i o n  of 
+ - p-Et2NC6H4N2 BF4 with t r iphenylphosphine and t h a t  o t h e r  Lewis - 

bases,  eg. ,  SPh2 may r e a c t  s i m i l a r l y .  

. iii 
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CHAPTER 1 

INTRODUCTION 

This  t h e s i s  desc r ibes  work i n  t h e  f i e l d  of inves- 
I t i g a t i o n  of t h e  i n t e r a c t i o n  of aryldiazonium i o n s  with t r a n s i -  , 

t i o n  metal  complexes. The research  was attempted f o r  two main reasor 

F i r s t l y ,  t h e  known examples of  s t a b l e  c a t i o n i c  spec ies  which co- 

o r d i n a t e  t o  t r a n s i t i o n  metals  a r e  r e l a t i v e l y  few. One example i s  

t h e  ni t rosonium ca t ion ,  with which some n i t r o s y l  complexes have 

been synthes isedl -3 ,  a l though t h e  major i ty  of  n i t r o s y l  complexes 

have been synthes ised  by o t h e r  techniques.  The e l e c t r o n i c  s t ruc -  

t u r e  of t h e  ni t rosonium c a t i o n  i s  obviously very similar t o  t h e  

diazo p a r t  o f  t h e  diazonium c a t i o n ,  and hence it seemed f e a s i b l e  

t h a t  t h e  l a t t e r  might a l s o  be capable  of  co-ordinat ion,  i n  a  

f a sh ion  s i m i l a r  t o  t h a t  of  NO'. Indeed, a l i m i t e d  number of 

examples were a l r eady  known a t  t h e  s tar t  of  t h i s  work4-'. 

Secondly, a t  p resen t  much i n t e r e s t  i s  be ing  shown i n  t h e  

b i o l o g i c a l  system n i t r o g e n  reductase.  This  enzyme reduces 

d in i t rogen  t o  ammonia, and t h e  t r a n s i t i o n  metals  i r o n  and 

molybdenum a r e  c r u c i a l  i n  t h e  f i x i n g  and reducing of d in i t rogen  

by, a s  y e t ,  an  unresolved mechanism. Natura l ly  t h e r e  i s  much 

cur ren t  a c t i v i t y  i n  biochemical c i r c l e s  t o  determine how t h e s e  

meta ls  a r e  impl ica ted  in t h e  mechanism. A t  t h e  same time, 

inorganic  chemists have been syn thes i s ing  a  wide v a r i e t y  of  

metal-dini t rogen complexes, i n  which N2 co-ordina tes  e i t h e r  

t e rmina l ly  o r  as a br idge s t r u c t u r e  ( ~ i g s .  1-1 and 1-11 

r e s p e c t i v e l y ) ,  and i n v e s t i g a t i n g  t h e  ease  with which t h e s e  may 



Fig. 1-1 

M-&N-M' 

Fig.  1-11 

be protonated o r  reduced t o  ammonia o r  in termedia tes .  Un t i l  re- 

c e n t l y  l i t t l e  success  was accomplished i n  t h i s  a r e a  due t o  t h e  

complete i n e r t n e s s  of t h e s e  d i n i t r o g e n  complexes towards mild 

reducing agen t s .  Therefore,  as a n  a l t e r n a t i v e  model system it 

seemed t o  be worthwhile t o  at tempt  t o  s y n t h e s i s e  and examine a 

s e r i e s  of i r o n  complexes i n  which co-ordinated N2 i s  replaced by 

co-ordinated diazonium ion  (Fig .  1-111). Formally t h i s  can be 

Fig.  1-111 

viewed as t h e  replacement of M1 i n  Fig. 1-11 with  a s u b s t i t u t e d  

a r y l  r i n g .  If X i s  v a r i e d  i n  Fig.  1-111 it i s  p o s s i b l e  t o  vary 

t h e  e l e c t r o n i c  s t r u c t u r e  wi th in  t h e  diazo group and a t  t h e  i r o n  

atom, which i s  impossible  in t h e  t e rmina l  d i n i t r o g e n  complexes 

and l e s s  easy i n  t h e  br idging  complexes. Consequently it might 

be p o s s i b l e  t o  produce, by ob ta in ing  t h e  c o r r e c t  e l e c t r o n i c  

circumstances,  a system which f a c i l i t a t e d  reduc t ion  of t h e  N=N 

bond. 

This  t h e s i s  desc r ibes  t h e  success fu l  s y n t h e s i s  and charac ter -  

i s a t i o n  of such a s e r i e s  of a r y l a z o  complexes wi th  t h e  genera l  

formula [Fe(CO) = ( P R = )  2 ~ ~ ~ 6 ~ 4 ~ ] +  Y- . Since  ~ o h n s o n '  had a l r eady  

repor ted  t h e  analogous n i t r o s y l  complex [ F ~ ( c o )  ~ ( P R . )  2 ~ 0 f  Y- , 
t h e  f e a s i b i l i t y  of prepar ing  t h e  s e r i e s  appeared high. Indeed 



t h e  s y n t h e s i s  went according t o  p lan ,  except i n  one case  

( X  = - p - ~ ~ t ~ ) ,  where a n  e n t i r e l y  d i f f e r e n t  compound was synthe- 

s i s e d .  However, none of  t h e  complexes i n  t h e  s e r i e s  could be 

mi ld ly  reduced and hence t h e  a i m  of t h e  s tudy was not  completely 

achieved. Nevertheless ,  t h e  r e s u l t s  obtained a r e  o f  i n t e r e s t  

and t e n t a t i v e  conclusions a r e  drawn with r e fe rence  t o  o t h e r  re- 

l a t e d  complexes. 

A s  t h e  work descr ibed i n  t h i s  t h e s i s  bears  i n d i r e c t l y  on t h e  

ques t ion  concerning t h e  r o l e  of i r o n  i n  b i o l o g i c a l  n i t rogen  f ixa -  

t i o n , a  b r i e f  review of  t h e  b i o l o g i c a l  system and of  some of  t h e  

models which o t h e r  workers have u t i l i s e d  t o  at tempt  t o  s imula te  

t h e  n a t u r a l  case ,  fol lows.  

The Problem of  Nitrogen F ixa t ion  

Nitrogenase ( h e r e a f t e r  abbrevia ted  as N2ase) i s  a n  enzyme syster 

found i n  c e r t a i n  b a c t e r i a ,  some of  which a r e  f r e e  l i v i n g  and 

o t h e r s  symbiotic.  Although t h e  l a t t e r  a r e  b i o l o g i c a l l y  t h e  

more important it i s  t h e  former t h a t  have been s tud ied  i n  more 

d e t a i l  s i n c e  they  can be e x t r a c t e d  i n  a pure form f a r  more e a s i l y .  

The r o l e  of  N2ase i n  n a t u r e  i s  t o  c a t a l y s e  t h e  r educ t ion  o f  di-  

n i t r o g e n  t o  ammonia, a l though,  u n l i k e  most enzymes, it i s  not  

s p e c i f i c  t o  t h i s  s u b s t r a t e .  For ins t ance ,  a l l  of t h e  fol lowing 

a r e  a l s o  reduced: - organic  n i t r i l e s  and i s o n i t r i l e s ,  t h e  cyanide 

ion, n i t r o u s  oxide,  ace ty lene  and t h e  a z i d e  ion. The a b i l i t y  o f  

t h i s  enzyme t o  reduce unsa tu ra ted  s i t e s  appears  t o  be as follows: - 
1. It can reduce W N ,  N s C  o r  t e rmina l  W H .  It w i l l  not ,  

however, reduce CEO. 



~t w i l l  c l eave  NZN, N X !  o r  N=O ( i n  N20), but not  C S  2. 

bonds. 

3 * 

system. 

4 .  

C=C i s  reduced only i f  conjugated with CN o r  a n  a l l y l i c  

i 
I 

Rates  a r e  a f f e c t e d  markedly by s t e r i c  cons ide ra t ions ,  

and hence s h o r t ,  l i n e a r ,  unbranched molecules a r e  reduced f a r  

more quickly  than  t h e i r  l a r g e r  o r  branched coun te rpa r t s .  

Since t h e  n a t u r a l  product of  t h i s  type  o f  enzyme i s  ammonia, 

t h e r e  a r e  p o s s i b i l i t i e s  of  u t i l i s i n g  t h i s  n a t u r a l  system i n  two 

ways: chemically and b i o l o g i c a l l y .  If one could,  f o r  example, 

by mutation, impart n i t r o g e n  f i x i n g  a b i l i t y  t o  common s o i l  

b a c t e r i a  ( e . g ,  - E. - c o l i )  then  t h e  widespread a p p l i c a t i o n  of 

s y n t h e t i c  ni t rogenous f e r t i l i s e r s  would no t  be as necessary,  i f  
- - -- 

necessary a t  a l l :  t h i s  i s  t h e  b i o l o g i c a l  approach. The chemical 

approach would be t o  use  t h e  enzyme, o r ,  more l i k e l y ,  a model 

t h e r e o f ,  a s  a c a t a l y s t  i n  a new process  t o  r ep lace  t h e  Haber 

process .  The Haber process  r equ i res ,  f o r  t h e  optimum y i e l d - r a t e  

r a t i o ,  a temperature of  450•‹ C and a p ressu re  o f  100 atmospheres. 
* 

With t h e s e  cond i t ions  one pass  of t h e  s t a r t i n g  gases  ( H ~  and N ~ )  

g ives  a '7% y i e l d .   h he remaining gases  a r e  o f  course recycled.)  

Consequently i f  a process  i s  devised u s i n g  a c a t a l y s t  comparable 

t o  t h e  enzyme both t h e  temperature and t h e  p r e s s u r e  requirements 

would be reduced dec i s ive ly ,  i f  not  completely,  down t o  ambient 

condi t ions .  The y i e l d - r a t e  r a t i o  would almost c e r t a i n l y  inc rease  

a t  t h e  same time. The c o s t  saving would, needless  t o  say, be 

immense. Therefore,  i f  t h e  mechanism and s t r u c t u r e  of  N2ase can 



- 5- 

be determined t h e  use  of such knowledge could  be cons iderable .  

S t r u c t u r e  of Nitrogenase 

Unfortunately,  a s  y e t ,  t h e  exact  s t r u c t u r e  of any of t h e s e  

enzymes i s  not  known. However, N2ases from Azotobacter v i n e l a n d i i  

have been c r y s t a l l i s e d  i n  what appears  t o  be high p u r i t y ,  and can 

be separa ted  i n t o  two f r a c t i o n s .  The one with t h e  l a r g e r  mole- 

c u l a r  weight, which i s  c a l l e d  by a  v a r i e t y  of names inc luding  

azofermo, has  a molecular weight of between 2 and 3 x 1 0 ~ .  It has 

one, o r  l e s s  probably two, atoms of molybdenum and about 15 

atoms of i r o n  pe r  atom of  molybdenum. H2S i s  l i b e r a t e d  on t h e  

a d d i t i o n  of a c i d  i n  t h e  r a t i o  I mole per  i r o n  atom. The smaller 

f r a c t i o n ,  c a l l e d  a z o f e r ,  has  a molecular weight of  - ca 7 x 1 0 ~  and 

con ta ins  two atoms of i r o n  and two ions  of  " l a b i l e  sulphide".  

This ,  i n  conjunct ion with a high sulphur  content ,  has  r e s u l t e d  

in  t h e  sugges t ion  t h a t  t h e  metals  a r e  i n  a "sulphur  environment". 

Nei ther  t h e  azofermo nor t h e  a z o f e r  show ni t rogenase  a c t i o n  

on t h e i r  own, but a  mixture i s  immediately a c t i v e ,  even i f  t h e  

two f r a c t i o n s  come from d i f f e r e n t  types  of b a c t e r i a ,  providing 

they  a r e  s u f f i c i e n t l y  c l o s e l y  r e l a t e d .  If t h e  b a c t e r i a  chosen 

f o r  t h e  two f r a c t i o n s  become t o o  u n r e l a t e d  t o  each o t h e r  t h e n  

t h e  a c t i v i t y  of  t h e  enzyme drops o f f  markedly. 

A s  y e t  t h e  environment of t h e  meta ls  has  not  been unambigu- 

ously ass igned,  so  one can only specu la te  wi th  r e fe rence  t o  o t h e r  

i ron-sulphur  p r o t e i n s .  The rubredoxin from Clostr idium 

pasteurianum has  been subjec ted  t o  X-ray d i f f r a c t i o n  by Jensen 

e t  a l .  l 1  This  showed t h a t  t h e  i r o n  atom i s  t e t r a h e d r a l l y  sur- 



rounded by four  sulphur  atoms, which a r e  p a r t  of  c y s t e i n e  r e s i -  

dues. Other rubredoxins have had t h e i r  amino a c i d  sequences 

determined12-l4 and t h i s  shows t h a t  t h e  four  c y s t e i n e s  a r e  found 

i n  two p a i r s ,  each p a i r  having two o t h e r  amino a c i d  r e s idues  i n  

between t h e  two cyst'eine r e s idues ,  i . e .  cys-X-Y-cys. With 

fer redoxins ,  however, only two of  t h e  f i v e  c y s t e i n e s  a r e  i n  

such a p a i r .  This p a i r  i s  probably bonded t o  t h e  i r o n  atom. 

The o t h e r  t h r e e  c y s t e i n e  re s idues  a r e  randomly s i t u a t e d  a long 

t h e  p r o t e i n  chain,  of  which some o r  a l l  may be bonded t o  t h e  i r o n  

atom. It should be remembered t h a t   ense en'^ has shown t h a t  f e r -  

redoxins i n  n a t u r e  have more than  one i r o n  atom, indeed they have 

c l u s t e r s  of  four  i r o n  atoms which sha re  a l t e r n a t e  corners  of a 

cube with f o u r  sulphur atoms. The a z o f e r  has  been shown t o  have 

similar p r o p e r t i e s  t o  o t h e r  i ron-sulphur  p r o t e i n s  and i t s  two 

i r o n  atoms have been found not  t o  be equivalent ;  t h e r e  i s  no 

e .p . r .  s i g n a l  u n l e s s  t h e  p r o t e i n  i s  e i t h e r  oxid ised  o r  reduced. 

T h i s  would suggest t h a t  t h e  i r o n  atoms a r e  i n  a n  even ox ida t ion  
I1 0 s t a t e ,  e i t h e r  low-spin Fe o r  Fe depending on t h e  co-ordina t ion  

of t h e  i ron .  Although a s  y e t  t h e  s t r u c t u r e  of a Naase i s  uncer- 

t a i n ,  w i t h i n  a few y e a r s  t h i s  w i l l  undoubtedly be e luc ida ted .  

Pos tu la ted  Mechanisms and Roles of Fe and Mo 

Three meta ls  a r e  e s s e n t i a l  f o r  b a c t e r i a l  n i t rogen- f ix ing  

a c t i v i t y ,  namely, i ron ,  molybdenum and magnesium. How ever it 

has been found t h a t  vanadium can be s u b s t i t u t e d  f o r  molybdenum, 

though accompanied by a decrease i n  e f f i c i e n c y i 3 .  The amount 

of molybdenum needed f o r  t h e  enzyme t o  f u n c t i o n  i s  minute 



( ca  - 0.004 ppm). I ron  i s  a l s o  needed only i n  a t r a c e  amount. 

N2ase is ,  however, compared with o ther  enzymes, q u i t e  i n e f f i c i e n t  

i n  terms of energy, more carbohydrate being required than might 

be expected. For instance,  t h e  most e f f i c i e n t  of t h e  laboratory 

systems f i x e s  only about 15 mg of n i t rogen f o r  every gram of 

glucose consumed. I n  na tu ra l  condit ions N2ases may be up t o  

t h ree  times as e f f i c i e n t ,  but nonetheless by t h i s  c r i t e r i o n  they 

a r e  somewhat i ne f f i c i en t .  Also, N2ase requ i res  considerable 

amounts of adenosine t r iphosphate  (ATP) t o  function.  Approxi- 

mately 15 moles of ATP a r e  hydrolysed i n  reducing 1 mole of d i -  

n i t rogen t o  2 moles of ammonia. This i s  equal t o  about 105 

kcals/mole N2. If d ini t rogen and dihydrogen were t o  reac t  t o  

equilibrium a t  atmospheric pressure and room temperature t h e  

reac t ion  would be exothermic with c lo se  t o  100$ y i e l d  of ammonia: 

therefore ,  t h e  high energy requirement i s  puzzling. 

I n  t h e  na tu ra l  system the re  i s  no evidence f o r  t h e  i n t e r -  

mediates hydroxylamine, hyponitrous ac id ,  d i -  imine, hydrazine or  

any other  thermodynamically poss ible  intermediate.  So it appears 

t h a t  the  d ini t rogen i s  held by the  enzyme throughout the  reduc- 
* 

t i o n  process u n t i l  ammonia i s  l ibera ted .  This i s  supported by 

t h e  f a c t  t h a t  t he  enzyme i s  poisoned by hydrazine, which it 

f a i l s  t o  reduce. 

When N2ase i s  t r e a t e d  with Na2S204, dihydrogen gas i s  evolved 

a s  long a s  t h e r e  i s  ATP ava i lab le .  Although H2 i s  i t s e l f  an  

i n h i b i t o r  of N2 f i xa t ion ,  it can a c t  as an  e lec t ron  donor t o  

ferredoxin,  which i n  t u r n  can funct ion as an  e lec t ron  donor i n  



support of N2 f i x a t i o n  by anaerobic organisms. Hydrogenase, 

which i n  c e r t a i n  bac te r ia  i s  found i n  conjunction with n i t ro -  

genase, contains molybdenum. Hence it has been suggested 

t h a t  an  i ron  atom provides t he  binding s i t e  and t h e  molybdenum 

atom the  reducing s i t e ,  w i t h  an e lec t ron- t rans fe r  chain through 

more i ron  atoms. 

Whether t h e  d ini t rogen i s  reduced v i a  n i t r i d e ,  terminal  

d ini t rogen or  bridging dini t rogen coordinat ion during the  

reac t ion  i s  not ye t  known. A l l  t h r ee  types  of complex a r e  

known i n  t r a n s i t i o n  metal chemistry. N2 i s  bound terminally 

t o  FeI1 i n  t he  complexes F ~ H ~ ( N ~ ) ( P P ~ ~ E ~ ) ~  and 

[FeH(N2) ( P ~ ~ P C H ~ C H ~ P P ~ ~ )  . Terminal d ini t rogen complexes 

of molybdenum a l s o  ex i s t ,  eg. , ~ 4 ~ 2 )  ~ ( P ~ ~ P c H ~ c H ~ P P ~ ~ )  2 

chat t16 has put forward two schemes f o r  t he  reduction 

mechanism, one v i a  a n i t r i d e  ( see Fig. 1 - 1 V )  and one v i a  di-imine 

and hydrazine formation from a terminal  d ini t rogen complex 

(Fig.  1 ) .  Chatt has gained evidence f o r  t he  mechanism shown 

i n  Fig. 1 - I V  from t h e  observation t h a t  c e r t a i n  tungsten and 

molybdenum dini t rogen complexes can be reduced by adding a hydro- 

gen halide17, viz: - 
M(b)z(dpp& + 2H' = Mb(W-b)(dppe)2 + N 2  

Here dppe i s  an  abbrevia t ion f o r  Ph2PCH2CH2PPh2. 

T h i s  r eac t ion  occurs a t  0" C i n  tetrahydrofuran.  The complexes 

a r e  reduced no fu r the r ,  however, under these  conditions. 

Hardy1 meanwhile, has suggested a mechanism involving a 

bridge intermediate (Fig.  1-VI) which assumes t h a t  the two 

metals a r e  l inked by a sulphur bridge. 



Fig. 1-IV 

Fig 1-V 



Fig. 1-VI 

A bridging dini t rogen type of mechanism ha s a l s o  been considered 

by ~ h a t t ' ~ ;  t h i s  w i l l  be dea l t  w i t h  l a t e r  i n  connection w i t h  

model systems. 

T h i s  has been a necessar i ly  b r i e f  ou t l i ne ,  and more 

d e t a i l s  of t h e  chemical and b io log ica l  aspec t s  of n i t rogen 

f i x a t i o n  a r e  t o  be found i n  severa l  recent  reviews 16918'22 

- - .. 

Model Systems 

Chemical models f o r  b io log ica l  reduction of d ini t rogen 

range from some which a r e  qu i t e  similar t o  t h e  na tu ra l  system t o  

those which seem t o  bear l i t t l e  s imi l a r i t y .  For instance 

Schrauzer e t  a1. 23 have reported t h a t  a  mixture of organic t h i o l s ,  

sodium molybdate and ferrous  sulphate i n  t h e  presence of a  re- 

ducing agent,  e .  g. Na2S204 o r  NaBH* gives subs t an t i a l  reduction 

of those dini t rogen analogues which a r e  reduced by t h e  na tura l  

system. Thus acetylene i s  reduced t h i s  way, but d ini t rogen i s  

only reduced i n  t r a c e  amounts a t  2000 p. s. i. pressure. Many 

observed condit ions were s imi la r  a t  those of t h e  na tu ra l  system: 

without molybdenum no ammonia was produced; o ther  t r a n s i t  ion 



metals  such a s  Cu, N i  o r  Pd would not  s u b s t i t u t e  f o r  Fe. How- 

ever,  on t h e  o t h e r  s i d e  it was found t h a t  carbon monoxide d id  

no t  a c t  a s  a n  i n h i b i t o r .  Using t h e  same method, but w i t h  c y s t e i n e  

a s  t h e  reducing agent ,  H i l l  and ~ i c h a r d s ~ ~  managed t o  reduce 

d in i t rogen ,a t  one atmosphere pressure ,  i n  t r a c e  amounts t o  

ammonia. 

Another model with c l o s e  ana log ies  t o  t h e  n a t u r a l  system - 
i s  t h a t  discovered by ~ h i l o v ~ ~ ,  i n  which d i n i t r o g e n  i s  reduced 

t o  hydrazine.  Here, t h e  e s s e n t i a l  c a t a l y s t  t o  produce hydrazine 

i s  a reduced molybdenum o r  vanadium sal t  i n  t h e  presence of  a 

s u b s t a n t i a l  propor t ion  of magnesium ions.  This method produces 

hydrazine,  but  no NH3, a t  ambient condi t ions .  The y i e l d  per  

molybdenum atom is ,  however, increased  a hundred f o l d  i f  t h e  

temperature i s  e levated  t o  between 50 and 100" C toge the r  w i t h  

a p ressu re  of  50 t o  150 atmospheres. The reductant  used i s  

~i'", al though V 'I o r  crl' can a l s o  be u t i l i s e d .  This  system 

i s  poisoned by carbon monoxide; a l s o ,  as i n  t h e  n a t u r a l  case,  

Mg i s  needed, poss ib ly  t o  keep t h e  T i  'I1 i o n s  a p a r t  as i n  t h e  

mechanism p o s t u l a t e d  by Shi lov ( ~ i g .  1-VII) . 

Fig. 1 - V I I  



Although t h i s  p a r a l l e l s  t h e  n a t u r a l  system i n  some r e s p e c t s  i t s  

capac i ty  i s  a t  b e s t  1% of t h a t  found i n  na tu re .  I f  vanadium (11) 

i s  s u b s t i t u t e d  f o r  both t h e  molybdenum and t i t a n i u m  t h e n  a t  high 

pH's r a p i d  reduct ion  occurs  according t o  t h e  equation: - 

4v2+ + Ne + 4H20 - - 4v3' + N2H4 + 4 0 ~ - .  

This  is ,  of course,  g e t t i n g  f u r t h e r  away from t h e  n a t u r a l  system. 

Van Tamelen26-28 has  a l s o  produced some model systems which 

depend on t i t a n i u m  as a c a t a l y s t .  

Chat t  and co-workers have prepared a number of  complexes 

i n  which d in i t rogen  br idges  between rhenium and a second metal  

o r  non-metal, and have deduced a p o s s i b l e  n i t r o g e n  f i x a t i o n  

mechanism from t h e i r  r e s u l t s .  When such a br idge  i s  formed t h e  

NSN bond can be weakened t o  g r e a t e r  o r  smal ler  amounts depending 

on t h e  e l e c t r o n  s t r u c t u r e s  of  t h e  two metals ,  i n  accordance wi th  , 

a n  e l e c t r o n  "push-pull" mechanism. Table 1-1 shows t h e  %2 

obser-ved when t r a n s -  [ R ~ c ~ ( N ~ )  ( P M ~ ~ P ~ )  ] i s  r e a c t e d  with var ious  

Lewis a c i d s  t o  produce t h e  bridged complexes. From Table 1-1 

it should be noted t h a t  t h e  Lewis a c i d s  which have empty d- 

o r b i t a l s  weaken t h e  N-N bond more than  t h o s e  with p a r t i a l l y  

f i l l e d  ( i . e .  d3 o r  g r e a t e r )  o r  no a v a i l a b l e  d - o r b i t a l s :  t h i s  

can be a t t r i b u t e d  t o  t h e  popula t ion  o f  t h e  n-molecular o r b i t a l s  

shown i n  Fig.  1 - V I I I .  Here, t h e  l e  l e v e l  i s  f i l l e d  by four  n- 

e l e c t r o n s  from t h e  N2 molecule and t h e  2e and 1b2 l e v e l s  by 

s i x  5d-e lec t rons  from t h e  rhenium ( I) atom. Thus any d e l e c t r o n s  

possessed by t h e  second metal  w i l l  s tar t  f i l l i n g  t h e  2b2 and 3e  

l e v e l s ,  which a r e  seen t o  be bonding i n  t h e  N-N region. This  



TABLE 1-1 

ADDUCTS OF VARIOUS LEWIS A C ~ D S  WITH TRANS-[R~C~(N~) ( P M ~ ~ P ~ )  4] 

Lewis Acid V ~ a  cm- l 

None 1925 

A1Me3 1894 

pt2c14( pEt3) 2 1890 

C O C ~ ~ ( T H F ) ~ . ~  1855 

T ~ C ~ ~ ( T H F )  3 1805 

~ o C l ~ ( ~ t 2 0 )  2 1795 or 1680 

PF5 1640 

Energy 

Fig. 1-VIII 



a l s o  compensates f o r  any e lec t ron  withdrawal from t h e  N-N a- 

system o r  t h e  l e  n-system, which of course i s  t h e  main f ac to r  i n  

the  do and d2 cases.  Thus, a decrease i n  N-N bond order  i s  a n t i -  

c ipa ted  i n  coordinat ion t o  a do-d2 element, but a successive re- 

s trengthening of N-N i s  expected a s  t h e  number of d e lec t rons  

of t h e  Lewis ac id  i s  increased fu r the r  up t o  d6. Further infor-  

mation on dini t rogen complexes can be read i n  many good reviews 

16,19929'31 

It has now been shown t h a t  some s t a b l e  d ini t rogen complexes 

can be reduced 32'34, a s  i n  t h e  following schemes: - 

Cold E t 2  H C 1  
Fe2C16 -3 Red Complex ----f 56$N2H4+NH3+N2 

The f i n a l  model system t o  be discussed i s  t h a t  reported by 

~ a r s h a 1 1 ~ ~ ' ~ ~ .  This inves t iga t ion  showed t h a t  i t  was poss ible  t o  

reduce diazonium salts w i t h  a platinum complex a s  a c a t a l y s t .  The 

r eac t ion  scheme i s  as follows: - 



PEt  3 

=\ H - P t - C 1  

This r eac t ion  occurs 

gested by Parsha l l  t 

a t  1 atm. pressure and 25' C .  It was sug- 

hat  perhaps N2ase had a s imi la r  mechanism 

where some form of ac t iva ted  dini t rogen molecule inse r ted  in to  

e i t h e r  an  iron-hydride or  a  molybdenum-hydride bond. Indeed 

he f i nds  qu i t e  a  number of s i m i l a r i t i e s  between h i s  model system 

and the  na tu ra l  enzyme. Despite t h e  f a c t  t h a t  qu i t e  a  vigorous 

c a t a l y s t  i s  used i n  t h i s  scheme, it does suggest t h a t  f u r t h e r  

study of a ry lazo  complexes might be one way of obtaining f u r t h e r  

ins igh t  i n t o  t he  f a c t o r s  influencing t h e  quest ion of n i t rogen 

f ixa t ion .  

Further Arylazo Complexes 

Further  study of a ry lazo- t rans i t ion  metal complexes of 

iridium37 and has been ca r r i ed  out by D. Sutton'  s 

group. An extension of t h i s  study t o  arylazo complexes of i ron  

seemed worthwhile f o r  t he  following reasons: - 



1) Severa l  a r y l a z o  complexes have been prepared with 

r e l a t i v e  ease.  

2) P a r s h a l l  had shown t h a t ,  without undue d i f f i c u l t y ,  such 
1 

complexes might be reduced with a i d  o f  a c a t a l y s t .  1 
3) Despite  t h e  obvious chemical d i f f e r e n c e  between d i n i t t o -  

gen and a diazonium sal t ,  any a r y l a z o  complex t h a t  might be 

11 formed would have ana log ies  with t h e   compound^'^ suggested by 

Hardy and Chat t  i n  t h e i r  p o s t u l a t e d  b r idg ing  mechanisms ( ~ i g s .  

1-VI and I-VII), t h e  main d i f f e r e n c e  being t h a t  t h e  second 

metal  i s  now replaced  by a n  a r y l  r ing .  

4 )  By varying t h e  s u b s t i t u e n t s  on t h e  a r y l  r i n g  of  t h e  

o r i g i n a l  diazonium sa l t  t h e  e l e c t r o n i c  environment of  t h e  metal  

could be changed. This would then  throw l i g h t  on t h e  "push- 

p u l l "  model. 

5) Since t h e  n a t u r a l  system incorpora tes  i ron ,  a n  i r o n  
-- 

complex should be s tudied .  

6 )  Since Sacco and ~ o s s i * O  had found s i m i l a r i t i e s  between 

Nease and C O H ( N ~ )  ( P P ~ ~ ) ~ ,  it appeared t h a t  t h e  presence of  PPh3 

l igands  need not  be detrimental. t o  t h e  model. 

7 )  Although t h e  enzyme i s  a b l e  t o  reduce d in i t rogen ,  it 

can a l s o  reduce many analogous compounds; t h e r e f o r e  t h e  use  of 

diazonium sal ts  i s  not  t o t a l l y  i r r e l e v a n t  t o  t h e  enzyme 

mechanism. 

The complexes prepared and i n v e s t i g a t e d  i n  t h i s  work a r e  

descr ibed i n  t h e  following chapters .  
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CHAPTER 2 

ARYLAZO CATIONS OF I R O N  

In t roduc t ion  

Since Johnson had prepared and i n v e s t i g a t e d  t h e  analogous 

s e r i e s  of complexes [ F ~ ( c o )  ~ ( P R . )  2~01' Y-, t h e  s y n t h e s i s  of  

[ F ~ ( c o )  2 ( ~ ~ 3 )  2 ~ ~ ~ 6 ~ 4 ~ ] +  Y- ( I) seemed a v i a b l e  

p o s s i b i l i t y .  Johnson had. prepared c e r t a i n  of h i s  n i t r o s y l  

complexes by r e a c t i n g  F ~ ( c o ) ~ ( P R ~ ) ,  with t h e  ni t rosonium salt .  

Therefore,  by rep lac ing  t h e  ni t rosonium sal t  by diazonium s a l t  

it was hoped t h a t  a s i m i l a r  r e a c t i o n  would occur ,  and indeed, 

t h e  observed r e a c t i o n  appeared s i m i l a r .  Furthermore, t h e  

a n a l y s i s  of t h e  products  f o r  X = H, NO2, F, C 1 ,  B r ,  0CH3, and OH, 

t oge the r  with t h e i r  p r o p e r t i e s  were found t o  be c o n s i s t e n t  with 

t h e  expected product ( I ) ,  a s  d e t a i l e d  below. Other p o s s i b l e  

formulat ions a r e  a l s o  discussed. I n  t h i s  chap te r  t h e  fol lowing 

f e a t u r e s  of t h e  compounds, which were i n v e s t i g a t e d ,  a r e  discussed: 

( 1) The s te reochemis t ry  and co-ordina t ion  of  t h e  ca t ion .  

( 2) The va r ious  components of t h e  complexes, e s p e c i a l l y  

t h e  N-N e n t i t y ,  which were c h a r a c t e r i s e d  by us ing  s e v e r a l  phys ica l  

methods. 

(3) The observed t r e n d s  in  t h e  p r o p e r t i e s  of t h e  complexes 

formed by varying t h e  s u b s t i t u e n t s  on t h e  a r y l  r i n g  of  t h e  

o r i g i n a l  diazonium sal t .  

( 4 )  The chemical p r o p e r t i e s  and r e a c t i o n s  o f  t h e  complexes, 

p a r t i c u l a r l y  wi th  r e fe rence  t o  reduct ion.  

I n  a l l ,  seven a r y l a z o  i r o n  c a t i o n s  of  type  ( I )  were prepared 

- and f i l l y  inves t iga ted .  These seven a l l  had Y- as BF4 and 



X = 2-NO2 ,  -H, -F, - C 1 ,  - B r ,  -OCH3, -OH. The only subs t i tuen t  

which d id  not y i e l d  compounds of type ( I )  was pNEta .  A 

completely d i f f e r e n t  reac t ion  was found t o  occur, giving a 

product containing no iron.  This i s  discussed i n  Chapter 3. 

Preparat ion 

A n  acetone so lu t ion  of t h e  diazonium s a l t  was added drop- 

wise t o  a benzene so lu t ion  of t r i ca rbonylb i s (  triphenylphosphine) - 
i r on (0 ) ,  i n  an i n e r t ,  N P ,  atmosphere. Gas evolut ion was observed 

and a t  t h e  same time t h e  colour changed from yellow t o  orange. 

Further  inves t igat ion,  using a quan t i t a t i ve  volumetric gas 

ana lys i s  system s imi l a r  t o  a ToEpler pump, showed t h a t  one mole 

of CO w a s  evolved per mole of F ~ ( c o ) s ( P P ~ ~ ) ~  consumed. The CO 

was analysed by high reso lu t ion  mass spectroscopy. T h i s  evidence 

supports  a reac t ion  s imi la r  t o  t h a t  found by Johnson using t h e  

n i t r o s y l  salts, i . e . :  - 
- 

F ~ ( c o ) ~ ( P P ~ ~ )  + A ~ N N ' B F ~  = [ F ~ ( c o )  2 ( ~ ~ h 3 )  2 ~ ~ r  3' BF4- + CO 

The compounds a r e  orange-brown i n  colour,  s t a b l e  i n  a i r ,  

and so lub le  in polar  organic solvents  such as a lcohols ,  ketones, 

ace ton i t  r i l e ,  nitromethane, dichloromethane and chloroform. They 

a r e ,  however, insoluble  i n  water and common non-polar solvents  

such a s  benzene, e ther  and toluene. 

S t  ereochemistry and Co-ordinat ion 

Empirical formulae were es tab l i shed  by elemental ana lys i s  

( s e e  Table 2-1). I. r. spect ra  included the  bands c h a r a c t e r i s t i c  
- 

of BF4 . The r e s u l t s  of molecular weight, e l e c t r i c a l  
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conductivity and further spectroscopic studies described below 

identified the molecular formulae as (I). 

Although it was considered likely that the products were 

. salts containing the pentaco-ordinate complex cation shown in 

Fig. 2-1 (where simple replacement of an equatorial carbonyl 

group by A~NN' has occurred), other pentaco-ordinate isomers 

i involving both trigonal bipyramidal (2-11 to 2-V) and square 
i? : - 

based pyramidal (2-VI to 2-XI) geometry warranted consideration. 

Furthermore, more complex structures such as those involving 

- 
(2-XIII) ligands, or polynuclear arrangements such as (2-XIV) or 

(2-XV) could not be ignored at this stage. Considerable physical 

data were therefore accumulated in order to establish the cor- 

rect molecular formula and stereochemistry. 

+ PPh 3 
oc, i - 

'Fe-RNCsH4X BF4 
ocd I 

Fig 2-1 Fig 2-11 

+ + CO NNCsH4X 
oc, I oc, I - - 

'Fe -NNC 6H4X BF 4 7 e -  PPh3 BF4 
ph3pd ( OC I 

PPh3 PPh3 

Fig 2-111 Fig 2-IV 



Fig 2-V Fig 2 - V I  

Fig 2 - V I I  Fig: 2 - V T I I  . 

Fig 2 - IX  Fig 2-X 

Fig 2 -XI  Fig 2 - X I 1  



Ph + 
%Q 

OC. I 

- 
PPh 3 

Fig 2-XI11 

oc, I ..c.i /C 0 
'FeH 'FeO ' 

X C 6 H 4 m  @ I  d l  \ N N C ~ H ~ X  
PPh3 PFh3 0 

Fig 2-XIV 

h 2+ 

Fig 2-XV 

An absorption band of some 

gested t h a t  a bridging carbonyl 

However, t h i s  band was found t o  

prepared using the  ''N isotope, 

i n t e n s i t y  a t  - ca 1720 cm-l sug- 

system might indeed be present.  

be s h i f t e d  when the  complex was 

and hence was assigned t o  the  N=N 

s t r e t c h ,  a s  i s  discussed i n  more d e t a i l  below. Further  evidence 

f o r  the  lack of bridging carbonyls was furnished by the  f a c t  t h a t  

pyridine did not  cleave the  molecule. Consequently, t h i s  ex t r a  

f a c t  and the  lack of a band corresponding t o  a bridging carbony1 

s t r e t c h  ruled out  the  type of s t ruc tu re  represented i n  Figs 2-XI'V and 



2-XV. Indeed, t h i s  conclusion was f u r t h e r  supported by e l e c t r o -  

conduct iv i ty  measurements and a molecular weight determinat ion,  

which i s  a l s o  discussed more f u l l y  below. 

N . m . r .  spectroscopy was u t i l i s e d  t o  he lp  r e so lve  which 

of  t h e  remaining p o s s i b i l i t i e s  was i n  f a c t  t h e  c o r r e c t  s t r u c t u r e .  
F 
P It was hoped t h a t  information would a r i s e  from t h e  s p e c t r a  

- ob ta inab le  both from t h e  'H n u c l e i  p resen t  and t h e  3 l P  n u c l e i .  

B Although t h e  complexes were i n v e s t i g a t e d  i n  d6-acetone and 
e 
a. dl-chloroform, n e i t h e r  so lvent  system was concentrated enough t o  

r 
f give  r i s e  t o  a d i sce rnab le  3 1 ~  n.m. r.  spectrum. For tunate ly ,  

due t o  t h e i r  g r e a t e r  s u s c e p t i b i l i t y ,  t h e  'H n u c l e i  produced 

s p e c t r a .  The s p e c t r a  obtained from a s e l e c t i o n  of t h e  compounds 

were v i r t u a l l y  i d e n t i c a l ;  t h e  b e s t  reso lved  being t h e  - p-Br 

d e r i v a t i v e  (Diag. 2- I ) ,  which showed two p r i n c i p a l  absorp t ions  

s- 
I due t o  a r y l  protons.  One was a n  apparent  t r i p l e  peak cen t red  a t  

T 2.38 and t h e  o t h e r  an  apparent  s i n g l e t  a t  T 2.62. The l a t t e r  

peak had small shoulders ,  which would suggest  t h e  p o s s i b i l i t y  

of a n  overlapping o f  peaks. The i n t e g r a t i o n  of  t h e  two peaks 

was - ca 64:27, which f o r  34 pro tons  corresponds with a r a t i o  of  

24: 10. I n t e r p r e t a t i o n  of  t h e s e  r e s u l t s  i s ,  a t  b e s t ,  specu la t ive  

and no evidence on s tereochemistry i s  revealed.  
- 

The analogue [ F ~ ( C O )  2 ( ~ ~ h 2 ~ e )  2NNC6H4C1 1' BF4 was prepared 

and t h e  'H n,m. r. inves t iga ted  i n  d6-acetone i n  o rde r  t o  u t i l i s e  

t h e  expected v i r t u a l  coupl ing between t h e  P-atoms and t h e  CH3 

resonances t o  g a i n  st  ereochemical information. The spectrum 







s e p a r a t i o n  8.9 Hz cen t red  a t  T 7.42 separa ted  by a broad unre- 

solved resonance having approximately t h e  same i n t e g r a t e d  

i n t e n s i t y  a s  t h e  o u t e r  doublet .  Thus, t h e  spectrum i s  t y p i c a l  

of  in termedia te  phosphorus-phosphorus v i r t u a l  anp 

I J ~ - ~  + J1  p l  - H I  = 8 .9  Hz. Although no d e f i n i t e  stereochemical:  

information may be drawn from t h i s  r e s u l t  a lone  it should be 

noted t h a t  Fe(c0)  ( P P ~ ~ M ~ )  g ives  a s i m i l a r  spectrum a s  

does t h e  analogous n i t r o s y l  complex2, c o n s i s t e n t  wi th  a similar 

trans-arrangement of phosphines i n  a l l  t h r e e  cases .  

The i. r. s p e c t r a  of a l l  complexes show two peaks a t t r i b u t -  

a b l e  t o  t e rmina l  carbonyl  s t r e t c h e s  ( a t  - c a  1980 and 2030 cm-') 

and one due t o  a N=N s t r e t c h  ( s e e  Table 2-11), which was mentioned 

above. A compound of Cav symmetry would be expected t o  give t h e  

observed s p e c t r a  f o r  t h e  carbonyl s t r e t c h e s .  Also i n  Table 2-11 

t h e  corresponding bands f o r  t h e  s t a r t i n g  m a t e r i a l ,  F ~ ( C O ) ~ ( P P ~ ~ ) ~ ,  

and f o r  t h e  analogous n i t r o s y l  complex a r e  shown. It can be seen 

t h a t  vCO values  f o r  t h e  n i t r o s y l  complex a r e  almost i d e n t i c a l  

wi th  those  f o r  t h e  e l e c t r o n  withdrawing a r y l a z o  complexes. The 

t r i g o n a l  bipyramidal F ~ ( C O ) ~ ( P P ~ ~ ) ~  g i v e s  t h e  expected s i n g l e  

carbonyl peak a t  a much lower wavenumber. Raman spectroscopy 

showed l i t t l e ,  s i n c e  t h e  C=O s t r e t c h e s  a r e  only weakly a c t i v e  i n  

t h e  Raman. A s  with t h e  n.m. r . ,  s t r i k i n g  s i m i l a r i t i e s  between t h e  

a r y l a z o  s e r i e s  and t h e  n i t r o s y l  analogue a r e  a g a i n  apparent .  

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

and a molecular weight de terminat ion  achieved. The former a r e  

t o  be found i n  Table 2-111: t h e  concen t ra t ions  were c a l c u l a t e d  
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using t h e  monomer's molecular weight. When t h e  molecular weight 

of t h e  dimer was used instead,  t h e  r e s u l t s  obtained gave r i s e  t o  

discrepancies,  especia l ly  when the  r e s u l t  of t h e  molecular weight 

experiment was considered a l so .  The molecular weight determina- 

t i o n  of t h e  - p-Br complex gave a molecular weight of 498&3, which 

TABLE 2-111 

ELECTROCONDUCTIVITIES ( IN ACETONE SOLUTION) OF COMPLEXES ( I) 

p- subst i t u e n t  (rnho cm2 mole-') Conc ent r a t  ion - e 

- B r  128.7 1.03x10-~M 

- OH 144.2  9.98~10' 5M 

* F& so lu t ion  in nitromethane. 

i s  cons i s ten t  with a 1:l e l e c t r o l y t e  of molecular weight 907 t h a t  

i s  8 8  dissocia ted.  The e lec t roconduct iv i t  i e s  a l s o  a r e  wi thin  t he  

l i m i t s  expected f o r  1:l  electrolyte^^^ both in acetone and n i t ro -  

=ca 100-163 rnho cm2 mole-' f o r  acetone and methane ( i . e .  h e  - 
ca 65-100 mho cm2 mole-' f o r  nitromethane).  - 

Another usefu l  a i d  i n  determining t h e  stereochemistry of 
57 i r on  i s  Messbauer spectroscopy, so t h e  Fe MBssbauer 

spect ra  of these  compounds were compared with t he  spect ra  from 

[ F ~ ( c o )  ( PPh3) *NO ]+BF~- and Fe( CO)  ( P P ~ . )  2. The measurements 

were kindly made by Prof. C. H. W.  Jones of t h i s  Department, 
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The parameters quoted i n  Table 2-IV a r e  with r e spec t  t o  sodium 

TABLE 2-IV 

MOSSBAUER SPECTRAL DATA 

Chemical S h i f t  Quadrupole S p l i t t i n g  

Compound 6mm sec-' A mm sec-' 

F ~ ( c o ) ~ ( P P ~ &  +o. 15di3. 01 2.75di3.01 
- 

[Fe( CO)  ;( PPh3) eNO ] + ~ 4  +0.17&.01 1 . 8 5 a . 0 1  
- 

[F~(CO)~(PP~~)~NNC~H~B~]~BF~ +0.18&.01 0.94 di3. 01  

[ F ~ ( c o )  2 ( ~ ~ h 3 )  2 ~ ~ ~ B ~ 4 ~ 1 ] + ~ ~ 4 -  +O. 16 a. 01 O.gOdi3.02 

n i t r o p r u s s i d e .  The r e s u l t s  f o r  F ~ ( c o ) ~ ( P P ~ ~ )  2 ag ree  wel l  with 

repor ted  values4'  and a r e  t y p i c a l  of  a t r i g o n a l  bipyramidal FeO 

s tereochemis t ry .  The r e s u l t s  f o r  t h e  o t h e r  compounds a r e  some- 

what d i f f e r e n t  i n  t h e i r  quadrupole s p l i t t i n g s ,  and a t  f i r s t  

s i g h t  it would suggest a d i f f e r e n t  s tereochemistry.  The 

p o s s i b l e  reasons f o r  t h e s e  r e s u l t s ,  be ing  c o n s i s t e n t  with a 

t r i g o n a l  bipyramidal s te reochemis t ry ,  a r e  d iscussed  below. 

The o v e r a l l  inference  drawn from t h e  accumulated da ta  was 

t h a t  t h e  complex appeared t o  be a 1: 1 i o n i c  s p e c i e s  with t h e  

s te reochemis t ry  por t rayed i n  Fig.  2-1. This  s t r u c t u r e  has  re- 

c e n t l y  been independently confirmed by X-ray c r y s t a l l o g r a p h i c  

techniques b y  Haymore and 1bers4= ,  s e e  Fig. 2-XVI. 

Fea tures  of t h e  Azo Group 

A s  mentioned b r i e f l y  above, a l l  of  t h e s e  complexes have 

an extremely i n t e n s e  band i n  t h e  i, r. a t  - ca  1720 cm-' . This  



View along equatorial  

plane, ignoring ligands 

i n  t h a t  plane. 

View along z-axis, ignoring ligands i n  that direction.  

Fig. 2-XVI. STRUCTURE OF [ Fe ( CO) *( ~~11.)  ~ N N C ~ H ~ ] ' ,  FOLLOWING 

X-RAY CRYSTALLOGRAPHIC STRUCTURE OF HAYMORE AND 

IBERS . 



band i s  a l s o  present  i n  t h e  Raman spec t ra ,  but i s  much weaker. 

15 + - 
By us ing  t h e  - p-Br diazonium s a l t  B ~ C ~ H ~ ' ~ N =  N BF4 , which 

was prepared by us ing  Na15N02, t h e  corresponding i s o t o p i c a l l y  

s u b s t i t u t e d  a r y l a z o  complex was synthes ised  and i n v e s t i g a t e d  by 

i . r .  and Raman spectroscopy. The only band which s h i f t e d  was 

t h a t  a t  1721 cm-I i n  t h e  i . r . ,  which s h i f t e d  t o  1691 cm-l, and 

i t s  counterpar t  i n  t h e  Raman, which s h i f t e d  from 1714 t o  1690 cm-I. 

Hence it was p o s s i b l e  t o  a s s i g n  t h i s  absorp t ion  t o  t h e  N=N 

s t r e t c h .  

This  band i s  a t  a reasonably high wavenumber f o r  t h i s  type 

of bond, t h e  major i ty  f a l l i n g  i n t o  t h e  range 1440-1620 cm-l; 

5J7'9 J 4 7  however, both ~ o b i n s o n ~ ~  and I b e r s  4s have found va lues  

i n  excess of  t h i s ,  t h e  l a t t e r  f i n d i n g  a value of  1868 cm-I f o r  

[I~c~(NNC~H~)(PP~~),,]+, and t h e  former t h e  even h igher  value of 

1882 cm-' f o r  R U C ~ ~  ( N N C ~ H ~ )  ( pPh3&. The o the r ,  perhaps more 

s t r i k i n g  t h i n g  about t h i s  peak i s  i t s  unusual ly high i n t e n s i t y  

i n  t h e  i . r . ,  and i t s  weakness i n  t h e  Raman, c f .  R ~ ( N N A ~ ) c ~ * -  

( P P ~ ~ ) : ~ .  The high frequency absorbed i n d i c a t e s  a s t rong  N=N 

bond. A s t rong  N=N bond i n  br idging  d i n i t r o g e n  complexes would 

be due t o  a p a r t i a l l y  f i l l e d  d - she l l  on t h e  Lewis a c i d ,  a s  was 

discussed i n  Chapter 1. Here t h e  d - she l l  has  been replaced by 

t h e  n-cloud of t h e  aromatic r ing .  I f  it i s  f a i r  t o  cons ider  t h e  

a r y l  r i n g  a s  t h e  Lewis a c i d  i n  a  d in i t rogen  br idging  complex, 

then  t h e  s u b s t i t u e n t s  on t h e  r i n g  should reduce t h e  v i f  
N2 

they a r e  e l e c t r o n  withdrawing and i n c r e a s e  it i f  they  a r e  e l e c t r o n  

donating. Indeed, i f  t h e  %r of t h e  complex i s  compared with t h e  



V ~ 2  
of t h e  f r e e  diazonium sal t  ( s e e  Table 2-11) t h e n  t h e  f r a c t i o n  i s  

p-OH>p-0CH3 >p-Br> H>p-Cl>p-F>p-NO2, which i s  i n  good agreement - - - - - - 

with t h e  hypothesis .  

The i n t e n s i t y  i n  t h e  i. r. s p e c t r a  shows t h a t  t h e r e  i s  a 1 
1 

cons iderable  d ipo le  moment change a s s o c i a t e d  wi th  t h e  v . 
N 2  

From work by lbe r s so  on n i t r o s y l  complexes it appears  t h a t  two 

extreme types  of co-ordina t ion  i n  t h e s e  complexes e x i s t  as y e t .  

The two types  a r e  shown i n  Figs .  2-XVII and 2-XVIII; i n  Fig. 2- 

X V I I  t h e  n i t r o s y l  l igand  i s  considered formally as NO+ and i n  

2-XVIII as NO-. There i s  no known example of t h e  in termedia te  

n e u t r a l  spec ies .  Extending t h e s e  s t r u c t u r e s  t o  t h e  analogous 

co-ordinated a r y l a z o  complexes t h e  t h r e e  p o s s i b l e  s t r u c t u r e s  

shown in Figs.  2-XIX, 2-XX and 2-XXI a r i s e .  Here, Fig.  2-XIX i s  

Fig. 2-XVII Fig.  2-XVIII Fig. 2-XIX Fig.  2-XX Fig.  2-XXI 

analogous t o  Fig.  2-XVII, 2-XXI t o  2-XVIII and 2-XX l y i n g  i n  

between 2-XVII and 2-XVIII, perhaps analogous t o  t h e  n e u t r a l  

+ p o s s i b i l i t y  mentioned above. Fig. 2-XIX involves  a  formal A r N N  

l igand  behaving as a a-donor, n-acceptor t o  t h e  i r o n  atom. 

Fig.  2-XXI i s  r e l a t e d  t o  2-XIX by a  formal t r a n s f e r  of  two 

e l e c t r o n s  from metal t o  l igand  so t h a t  t h e  l igand  now behaves 

a s  A ~ N N - .  I n  Fig.  2-XX t h e  Fe t o  l i g a n d  e l e c t r o n  t r a n s f e r  may 

be considered t o  have taken p lace  t o  such an  extent  as t o  involve 

a  full W L  double bond but f a l l i n g  s h o r t  of  t h e  complete t r a n s f e r  



envisaged i n  Fig.  2-XXI. Both Figs .  2-XX and 2-XXI i n d i c a t e  

t h e  ex i s t ence  of a  d ipo le  a c r o s s  t h e  N=N group of a f a i r  magni- 

tude.  I n  Fig.  2-XIX t h e  d ipo le  would be expected t o  be smal ler  

due t o  t h e  l e s s  d i s c r e t e  charge d i f f e r e n c e  between t h e  two n i t r o -  

gen atoms. From t h e  dimensions shown i n  Fig.  2-XVI it can be 

seen t h a t  t h e  a c t u a l  s t r u c t u r e  approximates most c l o s e l y  t o  

Fig.  2-XX, wi th  t h e  n i t r o g e n  atom n e a r e s t  t h e  i r o n  sp  hybr id ised  

and t h e  o t h e r  n i t r o g e n  atom sp2 hybr id ised .  This  s t r u c t u r e  has  

a n  a s s o c i a t e d  d ipole ,  which i s  t h e  case,  a l s o ,  if it tends  t o  

incorpora te  a  l i t t l e  of t h e  s t r u c t u r e  por t rayed by Fig.  2-XIX; an 

above average N=N bond s t r e n g t h  would a r i s e ,  s i n c e  t h e  bond order  

would be increased.  

Comparisons with t h e  Ni t rosy l  Analogue 

It has  been shown t h a t  s ' t e r e o ~ h e m i c a l l ~  t h e  two c a t i o n s  

[ F ~ ( C O )  a ( ~ ~ h 3 )  2N0 1' and [Fe( CO) 2 ( ~ ~ h 3 )  2 ~ ~ ~ 6 ~ 4 ~ ] +  a r e  s i m i l a r .  

Nevertheless ,  w i t h i n  t h e  c a t i o n  i t s e l f  t h e r e  a r e  some d i f f e r e n c e s  

accountable  by t h e  change i n  l igand,  and t h e  consequent change 

i n  t h e  e l e c t r o n i c  environment of  t h e  i r o n .  From Table 2-11 

it i s  c l e a r  t h a t  whereas V / V ~ ( N ~ )  i s  i n  t h e  order  pOH>>p-NO2 - 

t h e  v  (co) I s  a r e  i n . t h e  r eve r se  order .  This  suggests  t h a t  t h e  

diazonium groups compete e f f e c t i v e l y  with t h e  CO l igands  f o r  t h e  

d-electrons.  I n  t h e  case  of - p-NO2 and - p-F, where t h e  v ( C O )  ' 
a r e  s i m i l a r  t o  those  o f t h e  n i t r o s y l  complex, it would seem t h a t  

t h e s e  two diazonium groups and t h e  n i t r o s y l  group have similar 

rr-acceptor p r o p e r t i e s .  With t h e  l e s s  electron-withdrawing groups 

the v ( ~ ~ )  I s  decrease sugges t ing  a poorer n-acceptor, which i s  



hardly  s u r p r i s i n g  s i n c e  t h e r e  i s  no longer  as g r e a t  a d r a i n  f o r  

t h e  e l e c t r o n s  accepted.  However if t h e  va lues  of v/vo a r e  

considered, then  t h a t  f o r  t h e  NO group i s  far  g r e a t e r  than  any 

of  t h e  diazonium groups. Hence, t h e  evidence i s  c o n f l i c t i n g .  

However, it has  a l s o  been found t h a t ,  whereas NO' w i l l  r e p l a c e  

t h e  - p-Br diazonium group i n  t h e  c a t i o n ,  p ~ r ~ B ~ 4 ~ ~ +  w i l l  no t  

r e p l a c e  t h e  n i t r o s y l  group, even i n  aqueous media. This o t h e r  

p iece  of  evidence sugges ts  t h a t  t h e  Fe-N bond i s  s t ronger  i n  

t h e  n i t r o s y l  complex; i . e .  t h a t  t h e  n i t r o s y l  l igand  i s  indeed 

t h e  b e t t e r  n-acceptor of  t h e  two. 

The o t h e r  obvious method of  i n v e s t i g a t i n g  e l e c t r o n i c  

e f f e c t s  i s  with e l e c t r o n i c  spectroscopy. So lu t ions  

i n  e thanol  were used i n  preference  t o  s o l u t i o n s  i n  acetone due t o  

i n t e r f e r e n c e  from t h e  carbonyl n*en t r a n s i t i o n  o f  t h e  l a t t e r  a t  

ca  275 nm. Table 2-V shows t h e  r e s u l t s  obta ined  from t h e  s e r i e s ,  - 
t h e  n i t r o s y l  analogue and F ~ ( c o ) ~ ( P P ~ ~ ) ~ .  The r e s u l t s  o f  Gray 

e t  a1. f o r  Fe(C0) a r e  a l s o  included. The e x t i n c t i o n  coef- 

f i c i e n t s  a r e  very high and t h e  h igher  energy absorp t ions  a r e  

almost c e r t a i n l y  due t o  charge-transf  e r .  The lower energy band 

a t  - ca 300 nm could be a flt-rr t r a n s i t i o n  i n  accord wi th  i t s  lower 

e x t i n c t i o n  c o e f f i c i e n t .  I n  Gray1 s a n a l y s i s  o f  Fe(c0) t h e  bands 

a t  200 nm and 240 nm were ass igned t o  M+L charge- t ransfer .  It 

is,  t h e r e f o r e ,  probable t h a t  t h e  absorp t ions  a t  204 - 211 nm 

observed i n  t h e  a r y l a z o  complexes and o t h e r  carbonyl compounds 

i n  Table 2-V correspond t o  t h e  former and t h a t  those  between 226 

and 251 nm t o  t h e  l a t t e r .  The band observed a t  282 nm i n  F ~ ( c o ) ~  
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does not  seem t o  be present  i n  t he  other  complexes. Hence t h e  

band a t  about 300 nm would appear t o  be pecu l ia r  t o  t h e  new 

ligand. ( 1 t  i s  a l s o  absent i n  F ~ ( c o ) ~ ( P P ~ ~ ) ~ .  ) Consequently a  

n*tn t r a n s i t i o n  of t h e  azo ( o r  n i t r o s y l )  chromophore i s  tenta-  

t i v e l y  assigned t o  it. The i n t e r e s t i n g  f a c t  i s  t h a t  i n  t he  

e l ec t ron ic  spec t ra  t h e  n i t r o s y l  complex has p r a c t i c a l l y  t he  same 

Lx a s  t h e  - p-C1 arylazo complex. Their ex t inc t ion  coe f f i c i en t s  

a r e ,  however, d i f f e r e n t ,  t h e  former being f a r  t h e  l a rge r  of the  

two. Thus, i f  t he  n*w t r a n s i t i o n  i s  t h a t  of t he  Fe-N n-system 

then t h e  n-acceptor q u a l i t i e s  of t he  two analogous l igands a r e  

s imi la r .  I f ,  however, the  n-system i n  quest ion i s  t h a t  of t h e  

N-N ( o r  N-0) then  t h e  evidence i s  coincidenta l ,  s ince  t h e  energy 

gaps i n  t h e  o r b i t a l  schemes of these  two complexes a r e  not 

expected t o  be of i d e n t i c a l  magnitude. 

Miscellaneous Measurements 

With one poss ib le  exception, a l l  of t h e  r e s u l t s  described 

so f a r  a r e  expl icable  i n  terms of t h e  t r i g o n a l  bipyramidal 

s t r u c t u r e  suggested. This exception was t h e  MBssbauer spectro- 

scopic study, t h e  r e s u l t s  of which a r e  ou t l ined  i n  Table 2-IV. 

The r e s u l t s  obtained f o r  ~ e ( ~ 0 )  3 ( ~ ~ h 3 )  a r e  t y p i c a l l y  consis tent  

with i t s  known t r i g o n a l  bipyramidal FeO s t ruc tu re .  By comparison, 
- 

quadrupole s p l i t t i n g  i n  [Fe(CO) 2 ( P ~ h 3 )  2 ~ ~ f  BB4 i s  subs t an t i a l l y  
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- 
decreased and t h a t  i n  [ F ~ ( c o )  2(pph3)  2 ~ ~ ~ r  1' BF, decreased 

s t i l l  f u r t h e r .  Such quadrupole s p l i t t i n g s  a r e  h igh ly  a t y p i c a l  

o f  most t r i g o n a l  FeO complexes. The l a r g e  A-values t h e s e  

normally d i sp lay  a r e  due t o  a cons iderable  e l e c t r i c  f i e l d  I 
I 

grad ien t  which r e s u l t s  f r o m t h e a s y m m e t r i c  ( i . e .  non-cubic) 

environment i n  t h e s e  complexes. The replacement of  CO by NO + 

and NNA~'  t h e r e f o r e  appears  t o  reduce t h e  e l e c t r i c  f i e l d  g rad ien t  

d e s p i t e  t h e  f a c t  t h a t  t h e  l i g a n d  environment of t h e  i r o n  atom 

i s  rendered more asymmetric by t h e  removal of  t h e  t r i g o n a l  

symmetry o f  t h e  e q u a t o r i a l  plane.  From t h e  va r ious  o t h e r  tech-  

n iques  used t h e r e  was no evidence t o  support  t h e  o t h e r  poss i -  
- 

b i l i t i e s  o f  BF4 co-ordinat ion,  - o-meta l la t ion  of  a n  aromatic 

r ing ,  o r  c l o s e  con tac t  of  an  - o-hydrogen atom with t h e  metal ,  a l l  

o f  which would r e s u l t  i n  a pseudo-octahedral complex. It seems 

t h e r e f o r e  t h a t  t h e  explanat ion  f o r  t h i s  e f f e c t  must l i e  i n  t h e  

e l e c t r o n i c  p r o p e r t i e s  of  t h e  co-ordinat  ed n i t  rosy1 and '  a r y l a z o  

l igands ,  and may a r i s e  from t h e  increased  n-acceptor c h a r a c t e r  
- - - -- - . - 

of t h e s e  l i g a n d s  i n  comparison with t h a t  of  t h e  carbonyl group 

as evidenced i n  t h e  i . r .  data a l r e a d y  discussed.  

The magnetic da ta  obtained f o r  t h e s e  complexes a r e  extremely 

d i f f i c u l t  t o  explain.  A l l  t h e  a r y l a z o  complexes were found t o  

be paramagnetic, as was a l s o  t h e  n i t r o s y l  analogue. 

F ~ ( c o ) ~ ( P P ~ ~ ) ~ ,  however, was diamagnetic a s  expected. 

The r e s u l t s  a r e  t a b u l a t e d  i n  Table 2-VI. Taken a t  t h e i r  f a c e  

value they  f a l l  i n t o  two d i s t i n c t  groups, f i r s t l y  those  w i t h  

p - s u b s t i t u e n t s  which have $.a e f f e c t s ,  and secondly those  with 
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TABLE 2-VI 

MAGNETIC DATA OF COMPLEXES ( I )  

Complex 

pN02 

peff a t  R. T. (B. M . )  

2.26* 2.09** 

2- 0.64* 
NO analogue 0.84* 

1 

I * Using Faraday Magnetic Balance 

** Using Proton Resonance S h i f t  method52 

* *  p a t  85" K. e f f  

only 4 3  e f f e c t s .  The former (p-NO2, - 2-OCHa3 2-OH) give a perf 

corresponding t o  about one unpaired e lec t ron,  whereas t h e  l a t t e r  

(p-F, - p C 1 ,  - p-Br) g ive  a smaller il,ff corresponding somewhere 

between the  values expected fo r  zero and one unpaired e lec t rons .  

This paramagnetism can be explained by one of t h r ee  causes: 

f i r s t l y ,  t h a t  they possess inherent f i r s t - o r d e r  paramagnetism; 

secondly, t h a t  t h e r e  i s  a t r a c e  of impurity present;  t h i rd ly ,  t h a t  

t he  complexes exh ib i t  temperature independent ( o r  second-order) 

paramagnetism. A s  mentioned above formal oxidat ion s t a t e s  i n  

+ I t h e  complexes can be considered a s  F ~ O - L  , Fe -L,  o r  Fel'-L- 
I ( L  = N N C ~ H ~ X ) .  The Fe system would indeed be paramagnetic having 

I 
I two unpaired e lec t rons ,  one.on the  i r o n  and one on the  ligand. 
C 



However, both t h e  F ~ O  and t h e  ~ e "  systems would be diamagnetic 

due t o  t h e  l igand  f i e l d  s p l i t t i n g  obta ined  i n  a t r i g o n a l  bi-  

pyramidal f i e l d  f o r  a low-spin d8 o r  de s h e l l .  S ince  a l l  t h e  

r e s u l t s  f a l l  i n t o  t h e  range between zero and two unpaired 

e l e c t r o n s 1  peff ' s  t h e  f i r s t  p o s s i b i l i t y  cannot be ru led  out ,  

d e s p i t e  t h e  f a c t  t h a t  none of t h e  r e s u l t s  correspond exact ly  

t o  t h e  spin-only expecta t ion  f o r  an  i n t e g r a l  number of unpaired 

e l e c t r o n s .  

It i s  d i f f i c u l t  t o  be l i eve  t h a t  t h e  va lues  obtained a r e  due 

t o  impur i t i e s ,  as t h e s e  va lues  a r e  remarkably c o n s i s t e n t .  D i f -  

f e r e n t  batches of  t h e  same complex g i v e  t h e  same peff, as d id  

c r y s t a l s  obtained by d i f f e r e n t  c r y s t a l l i s a t i o n  techniques.  I f  

t h e s e  paramagnetic s u s c e p t i b i l i t i e s  were due t o  impur i t i e s ,  it 

would be u n l i k e l y  t h a t  t h e  impuri ty  would always be p resen t  i n  

t h e  same amount. Furthermore, t h e  ana lyses  suggest  t h a t  i f  a n  

impurity i s  p resen t  i n  any amount, t h e n   the^ impuri ty  must have 

a s t r o n g  a n a l y t i c a l  resemblance t o  t h e  pure complexes. What i s  

more no s p e c t r a l  impur i t i e s  were de tec ted  i n  any of t h e  s p e c t r a  

inves t iga ted .  

This  paramagnetism was a l s o  examined i n  s o l u t i o n  by Evan's 

proton resonance s h i f t  method52, us ing  t e r t .  -butan01 a s  t h e  

i n t e r n a l  r e fe rence  i n  chloroform s o l u t i o n ,  with r e s u l t s  i n  

genera l  agreement with s o l i d  s t a t e  values.  However, no l i n e  

broadening was observed i n  any of t h e  n.m.r. spec t ra ,  nor 

d id  t h e  complexes e x h i b i t  e .p . r .  spec t ra ,  both of which a r e  i n  

agreement with t h e  absence of f i r s t - o r d e r  paramagnetism. 



Therefore,  t h e  observed paramagnetism i s  t e n t a t i v e l y  a t t r i b u t e d  

t o  second-order Zeeman e f f e c t s  ( tempera ture  independent 

paramagnetism) d e s p i t e  t h e  r a t h e r  high va lues  of peff observed. 

Chemical Reactions 

These orange compounds a r e  q u i t e  a i r - s t a b l e  a t  room tempera- 

t u r e ,  un l ike  t h e  n i t r o s y l ,  which decomposes very slowly. They 

do, however, decompose on melt ing -- t h e  mel t ing  p o i n t s  a r e  

l i s t e d  i n  Table 2-VII. As mentioned above they a r e  so lub le  

TABLE 2-VII 

Complex 

p-NO2 - 
p- 0CH3 - 
P-F - 
p-C1 - 

g- B r  

p- OH - 

M. Pt .  

184" C 

128' C 

204" C 

132" C 

160" c 

203" C 

i n  p o l a r  so lven t s ,  with t h e  notable  except ion of water,  but 

no t  i n  non-polar so lvents .  

4- Reactions w i t h  NO 
- 

When NO'BF* was added t o  an  ace tone  s o l u t i o n  of  t h e  - p-Br 

a ry lazo  complex and s t i r r e d  under N2 a t  room temperature f o r  

t h r e e  hours, approximately 5 6  was found t o  have been converted 



t o  t h e  n i t r o s y l  complex. However, a d d i t i o n  o f  p -Br  diazonium 

sal ts  t o  t h e  n i t r o s y l  complex under similar cond i t ions  gave no 

evidence of formation of  t h e  a r y l a z o  complex, even a f t e r  4 8  hours. 

Even t h e  a d d i t i o n  of a small q u a n t i t y  ( lo$)  o f  water  t o  t h e  so l -  

vent  had no n o t i c e a b l e  e f f e c t ,  

Reduction of t h e  N=N Group 

The s t r e n g t h  of  t h e  N=N bond a l ready  apparent  from t h e  

high wave number of  i t s  band i n  t h e  i . r .  was f u r t h e r  emphasized 

i n  i t s  r e s i s t a n c e  t o  reduct ion.  There was no evidence of  reduc- 

t i o n  of  t h e  complexes with dihydrogen gas  a lone  when s t i r r e d  a t  

room temperature i n  ace tone  f o r  24 hours,  o r  even i n  t h e  presence 

o f  a palladium c a t a l y s t  ( P ~ / B ~ c o ~ )  under s i m i l a r  condi t ions .  

The - p-Br complex was, however, reduced by NaBH4 i n  ethanol  solu- 

t i o n  and t h e  r e s u l t i n g  products  were i n v e s t i g a t e d .  These pro- 
- - 

ducts  appear  t o  be numerous and it i s  d i f f i c u l t  t o  c h a r a c t e r i s e  

them a l l .  Nevertheless ,  from t h e  mass spectrum t h e r e  a r e  two 

peaks o f  equal  i n t e n s i t y  a t  m/e = 200 and 202 with corresponding 

fragmentat  ion  p a t t e r n s .  These two peaks a r e  c h a r a c t e r i s t i c  of  

ions  d i f f e r i n g  by t h e  two common bromine i so topes .  The m/e 

va lues  and t h e  fragmentat ion p a t t e r n  determine t h e s e  peaks t o  

be due t o  t h e  i o n  b-BrC6H4NHNH2-BH3]+ as shown i n  Table 2-VIII. 

There was no concre te  evidence of f u r t h e r  reduct ion ,  a l though 

t h e  p o s s i b i l i t y  cannot be ru led  out  e n t i r e l y  s i n c e  a l l  t h e  pro- 

ducts  were not  i d e n t i f i e d .  

The apparent  d i f f i c u l t y  with which t h e s e  complexes a r e  

reduced i s  t h e r e f o r e  as expected. P a r s h a l l ' s  work showed t h a t  



TABLE 2 - V I I I  

FRAGMENTATION PEAKS OF p-BrC6H4NHNH2-BH3 + 

Abundance 

15 

15 

100 

25 

includes OH+ from C2H50H 

90 

100 

90 

25 

Assignment I 

-- 

w i t h  a N=N s t r e t ch ing  frequency of 1463 cm-l, t h e  p-F arylazo 

complex of platinum could be reduced by dihydrogen gas i n  

t he  presence of a P t  catalyst3' .  However when the  kN value i s  

increased i n  arylazo complexes then more powerful reducing agents 

a r e  required, as i s  described i n  papers by van Tamelen 26-28, 53 
J 

where he r e s o r t s  t o  sodiumnaphthalide as t h e  reducing agent f o r  

d ini t rogen complexes. Consequently, these  r e s u l t s  a r e  i n  keeping 

with o ther  published r e s u l t s .  



Miscellaneous Syntheses 

It was hoped t h a t  inves t iga t ion  of another poss ible  synthet ic  

route  t o  arylazo complexes would prove successful .  The reac t ion  

t r i e d  was a  p a r a l l e l  t o  t h e  M i l l s  r eac t ion  of organic n i t roso-  

compounds, namely: - 
ArNH2 + [ON-Fe( CO)  (PPh3) -r [ArNN-Fe(C0) 2 (PPh3) 3' + H20 

Unfortunately , no r eac t  ion was observed under t h e  condit ions t r i e d .  

Even using the  dehydrating solvent C H 3 C ( ~ C ~ 3 ) 2 C H 3  t he re  was no 

evidence, from i. r. spect ra ,  of t h e  arylazo complex being formed. 

Apparently t h e r e  must be s u f f i c i e n t  d i f fe rence  i n  the  chemical 

nature  of t he  NO group between an inorganic n i t r o s y l  complex and 

an organic n i t r o s o  complex t o  prevent t h e  analogous reac t ion  from 

occurring. 

To t r y  and ob ta in  fu r the r  understanding of t h i s  system, it 

was decided t o  inves t iga te  the  i soe lec t ron ic  a r y l n i t r i l e s  and 

i s o n i t r i l e s .  It i s  known t h a t  N2ase i s  a b l e  t o  

reduce n i t r i l e s  and i s o n i t r i l e s  and consequently it was hoped 
- -- 

t h a t  t h e  s t a r t i n g  mater ia l  f o r  t h e  arylazo complexes would a l s o  

reac t  with e i t h e r  benzoni t r i l e  o r  pheny l i son i t r i l e ,  i . e .  t o  form 

F ~ ( c o ) ~ ( P P ~ ~ ) ~  NCPh and F ~ ( c o ~ ) ( P P ~ ~ ) ~ c N P ~  respect ively .  How- 

ever, i n  ne i the r  case was evidence of success shown, even when a  

l e s s  polar  solvent  (benzene) was used. 

Conclusions 

It has been shown t h a t  arylazo complexes of i r o n  can be 

synthesized with r e l a t i v e  ease q u i t e  successful ly .  These 

complexes a r e  stereochemically analogous t o  t h e  corresponding 



n i t r o s y l  complex. They a r e ,  however, more a i r - s t a b l e  t h a n  

t h e  n i t r o s y l  complex even though t h e  l a t t e r  i s  t h e  more thermo- 

dynamically s t a b l e .  There i s  no evidence of a d i s u b s t i t u t e d  

a r y l a z o  complex al though t h e  p o s s i b i l i t i e s  were not  f i l l y  

inves t iga ted .  The N=N bond i s  reasonably s t r o n g  but ,  as with 

br idging  d i n i t r o g e n  complexes, t h i s  s t r e n g t h  i s  decreased 

by e l e c t r o n  withdrawing groups s u b s t i t u t e d  on t h e  aromatic r ing .  

Furthermore, t h i s  bond r e q u i r e s  q u i t e  s t r o n g  reducing agen t s  f o r  

r educ t ion  t o  occur.  However, i f  t h e  r i n g  i s  heav i ly  s u b s t i t u t e d  

with e l e c t r o n  withdrawing groups, it i s  p o s s i b l e  t h a t  reduct ion  

might be f a c i l i t a t e d .  The reduc t ion  o f  t h i s  bond was as d i f -  

f i c u l t  a s  expected from i t s  %-N - value.  Although t h e  va r ious  

techniques used have s l i g h t l y  c o n f l i c t i n g  i n t e r p r e t a t i o n s ,  it 

can be s a i d  t h a t  t h e  a ry lazo  l igand  appears  t o  be q u i t e  a 

good n-acceptor of  approximately equal s t r e n g t h  t o  t h e  n i t r o s y l  

l igand.  

Unfortunately,  due t o  t h e  r e l a t i v e  d i f f i c u l t y  with which 

t h e s e  complexes reduce, t h i s  s e r i e s  o f  complexes has  l i t t l e  

i n  common with n i t r o g e n  reductase  and, as such, has  l i t t l e  

apparent  u s e  as a model. Nevertheless  t h e  r e s u l t s  obtained a r e  

a l l  e x p l i c a b l e  by f a c t o r s  brought out  by some o f  t h e  o t h e r  

models of  t h e  enzyme, and hence with d i f f e r e n t  l i g a n d s  

perhaps t h e  model might have been more success fu l .  



CHAPTER 3 

PHOSPHODIAZONIUM SALTS 

Introduction I 

A s  mentioned previously, one diazonium s a l t ,  t h e  I 
I 

I 

p N E t 2 C 6 H 4 N N B F 4 ,  reacted very d i f f e r e n t l y  from the  others  w i t h  

F ~ ( c o ) ~ ( P P ~ ~ ) ~ .  T h i s  chapter describes t h e  p roper t i es  of the  

compound thus  formed and t h e  analogues a l s o  prepared. 

With t he  above mentioned react ion,  an  in tense  orange-red 
- 

colourat ion was immediately observed w i t h  no gas evolution. 

Furthermore, it was found t h a t  when t h e  reac tan t s  were added i n  

equimolar amounts, only ha l f  t h e  i r o n  complex was u t i l i z e d  

whereas a l l  t h e  diazonium s a l t  was expended. Atomic absorption 

measurements showed, however, t h a t  only t r a c e  amounts of i ron  

were present  , i n  t he  product, a s  impurity. T h i s  was fu r the r  sup- 

ported by Massbauer spect ra  of t h e  product. 

After some inves t iga t ion  it was found t h a t  t h i s  compound 

could a l s o  be prepared by adding t h e  2 - N E t 2  diazonium s a l t  

d i r e c t l y  t o  triphenylphosphine, forming a  1:l adduct. Further- 

more, it was found t h a t  a l l  diazonium s a l t s  appear t o  r eac t  

w i t h  PPh3 i n  t h i s  fashion. However, t h e  products from a l l  

except - p-0CH3 and - p-NEt2 decomposed i n  solut ion.  Those with -M 

subs t i tuen ts  were t r a n s i e n t  species under these  condit ions,  

decomposing t o t a l l y  wi thin  seconds: those with only inductive 

subs t i tuen t  s o r  - m- subs t i tu ted  mesomeric subs t i tuen ts  decomposed 

a  l i t t l e  more slowly, l a s t i n g  in so lu t ion  about a  minute. The 

two mentioned with +M subs t i tuen ts  were fo r tuna te ly  i so l ab l e  i n  



t h e  s o l i d  s t a t e .  Nevertheless  t h e  - p-0CH3 d e r i v a t i v e  i s  only 

s t a b l e  as  a s o l i d  a t  0' C ,  but t h e  g r e a t e r  e lec t ron-donat ing  

diethylamino group seems t o  be s u f f i c i e n t  t o  allow t h e  complex 

t o  be q u i t e  s t a b l e  a t  room temperature.  Ana ly t i ca l  data on t h e  

decomposed adduct s showed t h e  r e a c t  ion  t o  y i e l d  t h e  phosphonium 
+ - sa l t  PPh3Ar BF4 w i t h  evolu t ion  of N2 ( e . g .  f o r  A r  = - m-Me0 C6H4,  

a n a l y s i s  was: found C 66.84, H 4.98, N 0.0%; requ i red  C 64.6, 

H 4 . 7 8 ) .  The a n a l y s i s  of t h e  - p-NEt2 d e r i v a t i v e  was found t o  
+ - 

f i t  t h a t  f o r  t h e  1 : ladduct  - p-NEt2C6H4NNPPh3 BF4 very wel l .  The 

r e s u l t s  shown i n  Table 3-1 a r e  those  obtained f o r  t h e  complex 

TABLE 3-1 

ANALYTICAL DATA FOR PHOSPHODIAZONIUM SALTS 

For - p-NEt2C6H4NNPPh3BF4 For - p-MeOC6H4NNPPh3BF4 

From ~ e (  CO)  ( P P ~ ~ )  From PPh3 

Observed Calcula ted  Observed Calculated Observed Calculated 

c 64.27% 64.01% 63.97% 64.01% 62.. 31% 62.03% 

H 5 . 5 8  5 56% 5.56% 5 56% 4.83% 4.54% 

N 9 3 %  8.00% 7 -  9%' 8.00% 5.25% 5.7% 

P 4.36% 5.90% 5.94% 5.9% 

F 13.55% 14.5% 14 5% 

formed by t h e  two d i f f e r e n t  methods. From Table 3-1 it can be 

seen t h a t t h e  complex was of  g r e a t e r  p u r i t y  when prepared from 

PPh3. 



+ - p-NEt2C6H4NN BF4 was found t o  r e a c t  s i m i l a r l y  w i t h  - 
PPh2Me, but i n  t h i s  case  a n  u n s t a b l e  compound was formed, de- 

composing slowly a t  room temperature,  even when i n  a n  i n e r t  

( N 2 )  atmosphere. Although an  i. r. spectrum was obtained,  due t o  

t h e  i n s t a b i l i t y  of t h e  complex t h i s  spectrum was of a poor 

q u a l i t y .  The r e s u l t s  from t h i s  spectrum a r e  d iscussed  below. 

The complex was t o o  u n s t a b l e  t o  allow a Raman spectrum o r  a n  

e l e c t r o n i c  spectrum t o  be obtained.  

S imi la r  r e a c t i o n s  were t r i e d  with SPh2, AsPh3 and SbPh3. 

With SPh2 and AsPh3 o i l s  were obtained a f t e r  2 o r  3 days, but 

t h e r e  was no apparent  r e a c t i o n  with SbPh3. The diazonium s a l t  

was a l s o  mixed with t r i e t h y l  and t r i p h e n y l  phosphi tes  and t r i -  

phenyl phosphine oxide: however, i n  a l l  t h e s e  a t t empts  no 

r e a c t i o n  occurred.  Consequently, it appears  t h a t  t h e  only 
+ - 

s t a b l e  and preparable  compound of t h e  s e r i e s  ArNNMR3 BF4 i s  

with M=P, A-p-NEt2C6H4, - and R=Ph. Thus, most of t h e  o t h e r  

evidence descr ibed i s  n e c e s s a r i l y  t h a t  obtained f o r  t h i s  one 

compound, with in fe rences  from t h e  o the r s .  The phys ica l  proper- 

t i e s  measured f o r  t h i s  compound were i . r .  spec t ra ,  Raman s p e c t r a ,  

e l e c t r o n i c  s p e c t r a ,  n. m. r ,  spec t ra ,  molecular weight determina- 

t ions  and electroconduct  i v i t y  measurements. I. r. and Raman 

s p e c t r a  were a l s o  obtained f o r  t h e  ' 5~ s u b s t i t u t e d  compound 
+ - 

P - N E ~ ~ C ~ H ~ '  4 ~ 1  ' N P P ~ ~  BF4 . - 

Physical  P r o p e r t i e s  

Since t h e  salt  obtained by adding t h e  pNEt2 - diazonium 

sal t  s t r a i g h t  t o  PPh3 was purer ,  t h i s  was t h e  sal t  s tudied .  



T h i s  compound i s  a s t a b l e  red needle  c r y s t a l l i n e  s o l i d  which i s  

so lub le  i n  p o l a r  organic  so lven t s  such as acetone,  e thanol ,  

chloroform, and nitromethane. It is ,  however, uns tab le  i n  

s o l u t i o n ,  e s p e c i a l l y  i n  chloroform where it decomposes w i t h  

l o s s  of N2 t o  a brown o i l  i n  a  day o r  so. It i s  i n s o l u b l e  i n  

water and non-polar organic  so lven t s  such a s  benzene, to luene ,  

carbon t e t r a c h l o r i d e ,  and e the r .  ~ e l t i n g  p o i n t s  were taken 

both f o r  t h e  - p-NEt2 and - p-0CH3 d e r i v a t i v e ,  g iv ing  164" C and 

92" C r e spec t ive ly .  Both, however, decomposed completely on 

mel t ing  and t h e  l a t t e r  s t a r t e d  t o  decompose we l l  p r i o r  t o  t h i s  

value ( c a  - 40" C )  . 
An e lec t roconduc t iv i ty  experiment on an  acetone s o l u t i o n  

of  1.37 x M (assuming a  molecular weight of 525) gave a  

r e s u l t  of 184 rnho cm2 mole-'. This va lue  i s  r e l a t i v e l y  high f o r  

a 1:l e l e c t r o l y t e 4 *  which normaily e x h i b i t s  va lues  i n  t h e  range 

120 t o  175 mho cm2 mole-' f o r  t h i s  concentrat ion;  however, t h e  

expected values f o r  a 2 : l  e l e c t r o l y t e  a r e  far  h igher ,  i n  t h e  

range 230 t o  290 mho cm2 mole-'. A molecular weight determina- 

t i o n  on a n  acetone s o l u t i o n  o f  4.25 x  M ind ica ted  a  mole- 

c u l a r  weight of 320. This  r e s u l t  corresponds t o  a  67% d i s soc ia -  

t i o n  of a  1:l e l e c t r o l y t e  of  molecular weight 525. Consequently, 

it appears  t h a t  t h e  compound i s  a  d i r e c t  adduct of t h e  - p-NEt2 

diazonium sal t  and PPh3 i n  a  1: 1 r a t i o .  

Vib ra t iona l  Spect ra  

P a r t i c u l a r l y  important bands i n  t h e  i n f r a r e d  s p e c t r a  obtained 

f o r  t h r e e  compounds a r e  l i s t e d  i n  Table 3-11 as a r e  t h e  Raman 



TABLE 3-11 

INFRARED AND RAMAN SPECTRA 

Compound vPWN cm-' V ~ -  N cm-I 

I. r. Raman I. r. Raman 

p-NEt2C6H4NNPPh3BF4 - 1222 1212 888 883 

p-NEt2C6H4NNPPh2MeBF4 1265? - - 873? -- - 
p- 0CH3C6H4NNPPh3BF4 1249? - - 878? -- - 
p-NEt2C6H4 1 4 N 1  5 ~ ~ ~ h ~ ~ ~ 4  1210 - 1200 878 877 

4- - r e s u l t s  f o r  - p-NEt2C6H4NNPPh3 BF4 and t h e  2 5 ~  r e s u l t s  mentioned 

above. Spect ra  a r e  i l l u s t r a t e d  i n  Diag. 3-1 and 3-11. The 

r e s u l t s  shown f o r  - p-NEt2C6H4NNPPh3BF4 a r e  unambiguous; those  f o r  

t h e  o t h e r  two compounds a r e  only t e n t a t i v e l y  ass igned by compari- 

son. A l l  t h e  o t h e r  bands i n  t h e  s p e c t r a  could be a c c r e d i t e d  t o  
- 

e i t h e r  t h e  PPh3 o r  t h e  a r y l  diazoniuh moie t ies  o r  BF4 , a s  they 

were a l s o  found i n  t h e  s p e c t r a  of t h e  s t a r t i n g  m a t e r i a l s .  From 

t h e  evidence thus  achieved it seems most probable t h a t  t h e  complex 

i s  formed i n  t h e  fol lowing conf igura t ion:  - 

The bond o r d e r s  have been 

d e l i b e r a t e l y  omit ted from 

t h i s  f i g u r e .  

Fig.  3-1 

The assignment of t h e  v i b r a t i o n a l  bands i s  i n  reasonable agreement 

with t h e  r e s u l t s  found by Bock, Schnol ler  and ~ i e k ~ ~ ;  t h e s e  re-  

s u l t s  and o t h e r  r e s u l t s 5 5  f o r  P-N and N-N bonds a r e  t a b u l a t e d  i n  

Table 3-111. 
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TABLE 3- I11 

SPECTRAL DATA OF SIMILAR COMPOUNDS 

Compound 

Ph3P=N- N=CH2 

From Table 3-111 it can be seen t h a t  vpZN l i e s  between 1000 

and 1350 cm-' , whereas vN - i s  f a r  lower i n  t h e  o rde r  of 800 cm-l. 

v ~ - ~  has  been shown t o  be i n  t h e  range of 860 t o  910 cm-I 56, and 

i n  hydrazines and azo complexes %-N and vNZN a r e  found t o  be 

between 850 and 1050 em-' and 1550 and 1650 cm-' r e spec t ive ly .  

Since it would seem c o r r e c t  t o  assume t h a t  e i t h e r  P-N o r  N-N 

t ends  t o  a s i n g l e  bond order ,  w h i l s t  t h e  o t h e r  t ends  t o  a double 

bond order ,  t h e  assignment adopted seems t h e  most reasonable 

choice by comparison. Neither t h e  i n f r a r e d  nor Raman s p e c t r a  

show any s i g n  of bands a t t r i b u t a b l e  t o  N-H o r  P-H, i n d i c a t i n g  

t h e s e  t o  be absent .  

From t h e  evidence so f a r  t h r e e  p o s s i b l e  bas ic  s t r u c t u r e s  

can be formulated.  The f i r s t  (Fig .  3-11) i s  shown i n  two l i m i t -  

i n g  resonance s t r u c t u r e s  and t h e  o t h e r  two ( ~ i g s .  3-111 t o  3-VII) 

can have pro tons  i n  t h e  var ious  p o s i t i o n s  shown. 



Fig 3-11 

The i. r. and Raman evidence suggests t h a t  t he  compound has 

t h e  s t r u c t u r e  corresponding t o  Fig. 3-11 and t h a t  resonance s t r u c t ~ r f  

(11) i s  t h e  predominant one. Likewise, t h e  s t rong colourat ion 

of t h e  complex i s  suggestive of t he  l a r g e r  chromophore t h a t  

a r i s e s  from resonance s t ruc tu re  (11). 

Fig 3-111 

Fig  3 - I V  

Figs.  3-111 and 3 - I V  a r e  derived by analogy w i t h  the  

s t r u c t u r e  obtained from the  reac t ion  between diazonium s a l t s  

and t e r t i a r y  aromatic amines i. e. : - 

These s t ruc tures ,  however, have two important discrepancies: 

f i r s t l y ,  t h e  absence of vp - and vN - i n  the  spect ra  and 
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secondly, t h e r e  i s  no longer  any P-N bond, and hence t h e  new 

i . r .  assignments would be kN a t  1222 cm-' and vC - a t  888 cm" , 

both of which a r e  i n  poor agreement with publ ished r e s u l t s  f o r  

t h e s e  s t r e t c h i n g  frequencies .  

S t r u c t u r e s  shown i n  Figs.  3 -V t o  3 - V I I  aga in  l a c k  evidence 

f o r  N-H bonds and i n  t h e s e  s t r u c t u r e s  t h e  P-N bond has t o  be of  

s i n g l e  bond order ,  which would mean t h e  assignments made f o r  

- " p = ~  and v~ N would no longer  be v a l i d .  The assignments now 

would be %=N a t  1222 cm-' and vp - a t  888 cm" .   ow ever ' t h i s  

va lue  f o r  X~ i s  far lower t h a n  t h a t  normally found f o r  formal 

N=N double bonds. 

F ig  3-V F ig  3 - V I  F ig  3 - V I I  

E lec t ron ic  Spectra  

A s  a l r eady  mentioned, t h e s e  compounds a r e  a n  in tense  

orange-red i n  colour .  However, due t o  i n s t a b i l i t i e s  i n  s o l u t i o n  

only t h e  one complex was inves t iga ted  by e l e c t r o n i c  spectroscopy. 

I The r e s u l t s  obtained a r e  t a b u l a t e d  i n  Table 3 - I V ,  t o g e t h e r  with 

+ - r e s u l t s  f o r  PPh3 and - p-NEt2C6H4NN BF4 . The very i n t e n s e  band 

a t  506 nm can be seen t o  be due t o  some t o t a l l y  new chromophore 
i 

i n  t h e  compound, and i s  of  course t h e  absorbance t h a t  g ives  r i s e  
i 
r 

t o  t h e  v i s i b l e  co loura t ion .  T h i s  colour  would suggest a l a r g e  
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TABLE 3 - I V  

ELECTRONIC SPECTRAL DATA I N  ETHANOL SOLUTION 

cut  o f f  a t  ca 200 nm - 
214 vs 224 sh 

265 s 277 

- - 384 

-- 506 

conjugated system a s  i s  evident from Fig. 3-11. The ex t inc t ion  

coe f f i c i en t  f o r  t h i s  absorption band i s  ind i ca t ive  of a n*w 

t r a n s i t i o n .  

Nuclear Magnetic Resonance Measurements 

The 'H  n.m. r. spectrum of t h i s  compound showed t h r e e  main 

peaks centred a t  T 8.76, 6.39 and 2.37 ( ~ i a g .  3-IV). The peak a t  

T 8.76 i s  due t o  a CH3 group being s p l i t  by CH., and t h a t  a t  

T 6.39 t o  a CH. group being s p l i t  by CH3. That a t  T 2.37 i s  a 

mul t ip le t  due t o  aromatics.  The peaks i n t eg ra t e  i n  t he  r a t i o  

20: 14: 56. The r a t i o  should be 6:4: 19, which i s  i n  reasonable 

agreement. 

There i s  one fu r the r  peak i n  t h e  spectrum, occurring a t  

T 3.10 and in t eg ra t ing  fo r  one proton per  s i x  protons i n  CH3 

groups. This i s  a doublet of s p l i t t i n g  9 Hz. I n  t h e  spectrum 





f o r  t h e  ''N s u b s t i t u t e d  compound, t h e  peak becomes a t r i p l e t  w i t h  

t h e  same s p l i t t i n g .  The very small  s p l i t t i n g  r u l e s  out  both N-H 

and P-H f o r  t h i s  peak, s ince  both normally have a s p l i t t i n g  of a 

f a r  g r e a t e r  magnitude. Why, however, t h i s  peak i s  a doublet  w i t h  

1 4 ~ ,  and i t s  a s s o c i a t e d  quadrupole, and a t r i p l e t  w i t h  1 5 ~ ,  which 

has only a s p i n  of  9, remains a mystery. Consequently assignment 

of  t h i s  non-equivalent proton cannot be made with any s a t i s f a c -  

t ion. 

Fur ther  S t r u c t u r a l  Evidence 

I n  order  t o  t o t a l l y  e l imina te  t h e  p o s s i b i l i t y  of  t h e  s t ruc -  

t u r e s  shown i n  Figs.  3-111 and 3 - I V  t h e  complex was prepared 

between - p-NEt2C6H4NNBF4 and t r i (para-methoxy-pheny l )  phosphine. 

This  was chosen f o r  two reasons: f i r s t l y ,  i f  t h e  complex 

formed with t r i p h e n y l  phosphine was bonded through t h e  para posi-  

t i o n  on one of  t h e  phenyl r i n g s  t h i s  would now be impossible 

without t h e  l o s s  o f  a methoxy group, and secondly, i f  it bonded 

through t h e  o r t h o  p o s i t i o n  ins tead ,  then  t h e  methyl pro tons  o f  

t h e  methoxy groups would be chemically inequiva lent  and would 

show a s  such i n  t h e  ' H  n.m.r. 

On adding t h e  two r e a c t a n t s  t o g e t h e r  t h e  f a m i l i a r  red  

co loura t ion  formed immediately. When t h e  product was i s o l a t e d  

and i n v e s t i g a t e d  by i . r .  spectroscopy it was found t o  be i d e n t i c a l  

t o  t h e  t r i p h e n y l  phosphine adduct,  with t h e  except ion of  peaks 

a t t r i b u t a b l e  t o  t h e  para s u b s t i t u e n t .  The a n a l y t i c a l  da ta  was 

a s  follows: C 60.6%, c a l c .  60.w; H 5.74 %, c a l c .  5.69%; N 

6.95%. c a l c .  6.84%. 



The n.m.r. obtained from t h i s  complex proved conclus ive ly  

t h a t  t h e  system was N-P bonded s ince ,  a s  can be seen from 

Diag. 3-V, t h e  methyl protons of t h e  methoxy groups a r e  a l l  

equiva lent  and i n t e g r a t e  f o r  n ine  pro tons  p e r  molecule. 

I n t e ~ r a t i o n  of  t h e  spectrum g ives  t h e  r a t i o  64:32: 16: 24 f o r  

aromatics:  methoxy protons: methylene protons: methyl protons.  

The r a t i o  should be 64: 36: 16: 24, and, consequently,  l i t t l e  doubt 

i s  l e f t  about t h e  s t r u c t u r e  o f  t h e  complex. The aromatic r eg ion  

i t s e l f  appears  t o  be i n  four  d i s t i n c t  absorp t ions  i n t e g r a t i n g  i n  

t h e  r a t i o  8: 24: 24: 8, however, a l though t h i s  could be i n t e r p r e t e d  

favourably f o r  t h e  s t r u c t u r e ,  due t o  second o rde r  e f f e c t s  and t h e  

complexity normally observed f o r  a  A A I B B ' X  type  spectrum t h e  

shape and i n t e g r a t i o n  observed seem q u i t e  c o i n c i d e n t a l .  

Fur ther  experimental .  i n v e s t i g a t i o n s  showed t h a t  t h e  adducts  

obta ined  with o t h e r  diazonium s a l t s  w i t h  ( p-CH30C6H4) 3P were - 
decidedly more s t a b l e  than  those  obta ined  with PPh3. However 

a f u l l  i n v e s t i g a t i o n  of  a l l  t h e  sa l t s  has no t  been attempted. 

Other Experiments 

Since Wilkinsonl s c a t a l y s t  ( R ~ c ~ ( P P ~ ~ ) ~ )  poss ib ly  d i s s o c i a t e s  

t o  g ive  f r e e ,  o r  a t  l e a s t  loose ly  bound, PPh3 i n  i t s  mechanistic 

route ,  it seemed a  v i a b l e  p ropos i t ion  t o  add pNEt2C6H4NNBF4 t o  

t h i s  compound. The two r e a c t a n t s  were s t i r r e d  i n  degassed 

benzene/acetone i n  an  i n e r t  ( ~ 2 )  atmosphere. However no immediate 

red  co loura t ion  occurred a s  with ~ e ( ~ 0 )  3 ( ~ ~ h 3 )  2,  and only a f t e r  

24 hours was t h e r e  any s i g n  of a  red coloura t ion .  Af te r  4 8  hours 

t h e  so lvent  was s t r i p p e d  of f  and t h e  r e s u l t i n g  res idue  shown t o  





con ta in  an  amount of  - p-NEt2C6H4NNPPh3BF4. 1.r. spectroscopy 

was u t i l i s e d  t o  show t h i s .  

From t h i s  evidence it appears  t h a t  t h e  suggested equation: - 
R ~ C ~ ( P P ~ ~ ) ~  + t R ~ c ~ ( P P ~ ~ )  2 + PPh3 

i s  e i t h e r  i n c o r r e c t  o r  e l s e  t h e  equi l ibr ium l i e s  very f a r  t o  t h e  

l e f t .  Whichever a l t e r n a t i v e  i s  r i g h t  it would appear t h a t  t h e  

suggested mechanistic r o u t e  i s  i n  f a c t  i n c o r r e c t .  

p-NEt2C6H4NNBF4 was a l s o  added t o  P t ~ 1 2 ( P P h 3 ) ~  and t o  - 
P ~ c ~ ~ ( P P ~ ~ ) ~  us ing  e thanol  a s  t h e  so lven t  i n  both cases .  I n  

n e i t h e r  case  was t h e r e  any s i g n  o f  t h e  phosphodiazonium s a l t  

produced. 

Conclusion > 

It can be seen t h a t  t h e  compound formed, i n i t i a l l y  by t h e  

r e a c t i o n  of  ~ e ( C 0 )  3 ( ~ ~ h 3 )  with pNEt2C6H4NNBF4, i s  a 1: 1 adduct 

of  PPh3 with t h e  diazonium s a l t .  The sa l t  r e s u l t i n g  appears  t o  

be t h e  only s a l t  i n  t h e  s e r i e s  t h a t  i s s t a b l e  a t  room temperature,  

and indeed one of t h e  few i s o l a b l e  ones. 

A proposed mechanism f o r  t h e  r e a c t i o n  involves  a-donation 

by t h e  lone p a i r  on phosphorus i. e. : - 

However, it seems t h a t  f o r  t h e  complex t o  be s t a b l e ,  de loca l i sa -  

t i o n  of charge i s  e s s e n t i a l :  hence a +M s u b s t i t u e n t  on t h e  

o r i g i n a l  diazonium sa l t  i s  required.  Equally,  it would appear 

t h a t  a - o- o r  2- +M o r  a - o- +I s u b s t i t u t e n t  on t h e  phenyl r i n g s  
i 
6 of t h e  PPh3 would have a s i m i l a r  e f f e c t .  This  i s  supported by 



t h e  g r e a t e r  i n s t a b i l i t y  found when one of t h e  phenyl groups of t h e  

phosphine i s  replaced by a  methyl group, and t h e  increased  s t a -  

b i l i t i e s  with ( P - C H ~ O C ~ H ~ )  - 3 ~ .  

Since t h e  d e l o c a l i s a t i o n  can only be success fu l  by t h e  

p o s s i b l e  formation of a  N=P bond r e q u i r i n g  low l y i n g  vacant 

o r b i t a l s  on t h e  P atom ( i n  t h i s c a s e  3d) t h i s  exp la ins  why NPh3 

r e a c t s  d i f f e r e n t l y .  Also, t h e  vacant 4d and 5d o r b i t a l s  of A s  

and Sb respec t ive ly  w i l l  form a f a r  smaller  over lap  with t h e  

2p o r b i t a l  of t h e  N i n  t h e  order  2p-3d > 2p-4d > 2p-5d - hence 

t h e  apparent  f a l l  o f f  of r e a c t i o n  down t h e  s e r i e s .  PPh3 i s  of 

course a f a r  b e t t e r  base than  SPh2, which might expla in  why SPh2 

i s  r e l u c t a n t  t o  r e a c t  i n  t h e  same way. 

This s e r i e s  of  compounds seems t o  f a l l  i n t o  an  unmapped a r e a  

of  a we l l  s tud ied  f i e l d .  Many s i m i l a r  compounds have been 

descr ibed i n  t h e  l i t e r a t u r e .  One of  t h e  p ioneers  of t h i s  

study was H.  Staudinger who publ ished s e v e r a l  papers  57-59 

t h e  s e r i e s  with genera l  formula R R ' R " P = N - N = C X ~ :  he re  X and R, 

R t  , R" a r e  a l i p h a t i c  and aromatic groups, which may, o r  may not  

be i d e n t i c a l .  

More r e c e n t l y  s i m i l a r  complexes have been made between 

C5H4N2 and P P ~ ~ ~ ~  and between PPh3 and t h e  diazonium s a l t  shown 

i n  Fig.  ~ - v I I I ~ ' .  However, it should be noted t h a t  i n  a l l  t h e s e  

Fig  3 - V I I I  



cases t h e  f i n a l  products have ove ra l l  n e u t r a l i t y ,  even, though, 

a s  i n  t h e  i l l u s t r a t e d  case,  they a r e  invar iably  zwit ter- ions.  



CHAPTER 4 

EXPERIMENTAL PROCEDURES 

Prepara t ion  of F ~ ( c o ) ~  ( P P ~ ~ ) z  ; Reaction o f  F ~ ~ ( c o )  12  wi th  PPh3. 
I 

The procedure was t h a t  used by C l i f f o r d  and ~ u k h e r j e e ~ ~ .  , 

I 

An excess of PPh3 ( c a  10 g)  was disso lved  i n  200 m l  of t e t r a -  - 
hydrofuran. To t h i s  2.5 g Fe3(c0) l 2  was added. This  mixture 

was then  ref luxed i n  a n  i n e r t  atmosphere (NZ)  u n t i l  t h e  green 

colour  disappeared. On cool ing,  t h e  s o l u t i o n  was f i l t e r e d  and 

t h e  f i l t r a t e  reduced i n  volume t o  ca 20 m l  i n  vacuo. 50 m l  of - 
ethanol  was t h e n  added and t h e  yellow c r y s t a l s  t h a t  r e s u l t e d  were 

f i l t e r e d  and washed w i t h  petroleum-ether.  The s o l i d  was c r y s t a l -  

l i s e d  from benzene-ethanol, and shown t o  be F ~ ( C O ) ~ ( P P ~ ~ ) ~  by 

a n a l y s i s  and i. r. spectroscopy. 

Prepara t ion  of  F ~ ( C O ) ~ ( P P ~ ~ M ~ )  Z; React ion of Z'e3(C0) I 2 with PPhzMe. 

This  r e a c t i o n  was performed a s  above, u s i n g  PPh2Me i n  l i e u  

o f  PPh3 and us ing  a t e n t h  s c a l e  o f  t h e  q u a n t i t i e s  descr ibed above. 

Prepara t ion  of Diazonium S a l t s  

The r e a c t i o n  used was t h a t  descr ibed  by A. ~ o e ~ ~  v iz .  t h e  

t e t r a f l u o r o b o r a t e  sa l t  of  t h e  corresponding a n i l i n e  was made 

i n  water by t h e  a d d i t i o n  of excess HBF4 (aq .  ) : 

This  aqueous s o l u t i o n  was cooled t o  0" C and t h e n  a s i m i l a r l y  

cooled s o l u t i o n  of NaN02 was addeddropwise, with s t i r r i n g :  - 



The diazonium sal t  produced has comparatively low s o l u b i l i t y  a t  

0' C and was f i l t e r e d  o f f .  The r e s u l t i n g  crude product was then  

r e c r y s t a l l i s e d  from acetone-ether .  

Reaction of p-BrC6H4NNBF4 with F ~ ( c o ) ~ ( P P ~ ~ ) ~  

F ~ ( C O ) ~ ( P P ~ ~ )  ( 0 . 5  mM, 332 mg) was disso lved  i n  30 m l  of 

deoxygenated benzene. This s o l u t i o n  was s t i r r e d  a t  room tempera- 

t u r e  under N2 i n  a  round bottom f l a s k  with a  r e f l u x  condenser. 

p-BrC6H4NNBF4 ( 0 . 5  mM, 136 mg) i n  15 m l  deoxygenated acetone - 
was added dropwise and t h e  r e s u l t i n g  mixture was s t i r r e d  f o r  2 

hours. The so lvent  was then  s t r i p p e d  o f f  i n  vacuo leaving  a n  

orange res idue .  T h i s  r e s idue  was r e c r y s t a l l i s e d  from acetone- 
- 

e t h e r  and shown t o  be [F~(co)~(PP~~)~NNC~H~BI]+ BF4 . 

Reaction of  XC6H4NNBF4 With  F ~ ( c o ) ~ ( P P ~ ~ )  2,  ( X  = p-N02, p-F, 
p-C1, p-0CH3, p-OH and p-H ) 

These r e a c t i o n s  were i d e n t i c a l  t o  t h e  p repara t ion  of 
- 

~ F ~ ( c o )  2 (PPh3) ~ N N C ~ H ~ B ~  1' BF4 s u b s t i t u t i n g  - p-BrC6H4NNBF4 with 

t h e  appropr ia t e  diazonium s a l t .  I n  t h e  case  of t h e  - p-NO2 s a l t  

25 m l  of acetone were requi red  t o  o b t a i n  a so lu t ion .  

+ - Reaction of [ F ~ ( c o )  2 ( ~ ~ h 3 )  2NNC6H4Br]  BF4 With NaI. 

An excess of  a s a t u r a t e d  acetone s o l u t i o n  of NaI was added 
- 

t o  0 . 5  mM of [F~(CO)~(PP~~)~NNC~H~B~]+ BF4 i n  20 m l  acetone 



a t  room temperature.  The mixture was s t i r r e d  f o r  10 minutes. 

200 m l  water were then  added and a n  orange p r e c i t a t e  of 

[ ~ e ( C 0 )  2 ( ~ ~ h 3 )  2 N N ~ 6 ~ 4 ~ r  1' I- was f i l t e r e d  o f f  and washed w i t h  

water.  

- 
Reaction of [ ~ e ( C 0 )  2(PPh3) 2NNCeH4B~]+ BF4 with H2 

- 
1 rnM of [ F ~ ( c o )  2 ( ~ ~ h 3 )  ~ N N C ~ H ~ B ~ ] +  BF4 was d isso lved  i n  

CHC13 ( 2 5  m l )  and s t i r r e d  a t  room temperature.  Through t h e  

s o l u t i o n  dihydrogen gas was bubbled a t  a r a t e  of  - ca  5 m l  min-' 

f o r  24 hours. Af te r  t h i s  t ime t h e  so lven t  was s t r i p p e d  o f f  on 

t h e  vacuum l i n e  and t h e  r e s u l t i n g  s o l i d  i n v e s t i g a t e d  by i. r. 

spectroscopy. Resu l t s  showed t h a t  t h e  s o l i d  was i n  f a c t  t h e  

s t a r t i n g  mate r i a l .  The r e a c t i o n  was repeated  e x a c t l y  with t h e  

a d d i t i o n  of  0.02 g pd/BaCo3 t o  t h e  r e a c t i o n  mixture.  Again 

a f t e r  24 hours t h e r e  was no evidence of t h e  complex having been 
- -- 

reduces. 

+ React ion  of .[Fe(C0) 2(PPhs) 2NNCsH4Br 1 BF; With NaBH4. 
- 

1 rnM [ F ~ ( c o )  z ( P P ~ ~ )  2 ~ ~ ~ 6 ~ 4 ~ r  1' BF4 was d isso lved  i n  25 m l  

C2H50H-and t o  t h i s  s o l u t i o n  was added 1.5 g NaBH4. The r e s u l t -  

i n g  mixture was s t i r r e d  i n  a n  i n e r t  ( N ~ )  atmosphere a t  room 

temperature f o r  24 hours. Af te r  t h i s  t ime t h e  mixture was 

f rozen  with l i q u i d  n i t r o g e n  and t r a n s f e r r e d  t o  t h e  Vacuum l i n e .  

Here t h e  products  were d i s t i l l e d ,  and f r a c t i o n s  c o l l e c t e d  i n  

cold  t r a p s  a t  -196O, - 33" and - 16' C .  These f r a c t i o n s  were 

then  i n v e s t i g a t e d  by i. r. spectroscopy and mass spectroscopy. 

These r e s u l t s  showed t h a t  reduct ion  had occurred i n  t h i s  case; 



t he  *N bond was shown t o  have been hydrogenated t o  give 

p-BrCGH4NHNH2 as the  BH3 adduct ( t rapped a t  -16' C )  a s  well  a s  - 
many o ther  un iden t i f i ed  products. 

Reaction of p-C1 and p-BrC6H4NNBF4 with ~ e ( ~ 0 )  (pph2Me) 2 

The procedure was s imi la r  t o  t h e  r eac t ion  w i t h  ~ e ( ~ 0 )  3 ( ~ ~ h 3 )  2 ,  

except t h a t  h a l f  s ca l e  quan t i t i e s  were used. However, due t o  the  

i n s t a b i l i t y  of t h e  products, once t h e  orange colourat ion appeared 

t h e  whole so lu t ion  was frozen with l i q u i d  ni t rogen and freeze-dried 

on the  vacuum l i n e .  (1 f  the  ex t rac t ion  was attempted a t  room 

temperature a brown s o l i d  was i n i t i a l l y  obtained: when subjected 

t o  attempted r e c r y s t a l l i s a t i o n  from acetone-ether,  t h e  so lu t ion  

became green wi thin  5 minutes t o  y i e l d  a  green so l id .  ) Conse- 

quently t he  s o l i d  obtained from the  freeze-drying could not be 

ku r i f i ed  by r e c r y s t a l l i s a t i o n ,  and was there fore  washed w i t h  

benzene and water and dried.  

4- - - 
React ion of [ ~ e ( C 0 )  a (  PPh3) 2NNC6H4Br 1 BF4 with NO'BF~ 

1 mM of each of the  two reac tan t s  were s t i r r e d  together  i n  

50 m l  of  acetone under an i n e r t  ( ~ 2 )  atmosphere. 5 m l  a l i quo t s  

were withdrawn a t  15 min i n t e r v a l s  and t h e  solvent  s t r ipped off  

i n  vacuo. The r e su l t an t  residue was then washed with water, 

dried and invest igated by i. r e  spectroscopy. 

- 
Reaction of [ ~ e ( C 0 )  2 ( ~ ~ h 3 ~ 0 f  BF4 with p-BrCeH4NNBF4 

This reac t ion  was performed twice. The f i r s t  time the  

condi t ions  were i den t i ca l  w i t h  t he  previous experiment described. 

The second case d i f fe red  by the  add i t i on  of 5 m l  water t o  t h e  



+ 
I React ion of [ F ~ ( c o )  *(Pph3) 2 ~ ~ ~ 6 ~ 4 ~ r  ] BF4 wi th  C s H 5 N  

1 

i 
[ F ~ ( c o )  2 ( ~ ~ h 3 )  2 ~ ~ ~ 6 ~ 4 ~ ~  f BF4- (1 m ~ )  was disso lved  i n  

f 50 m l  ace tone  t o  which 1 m l  of pyr id ine  was added. The mixture I 
I 

was s t i r r e d  a t  48O C i n  a n  i n e r t  ( N 2 )  atmosphere. 1 m l  

a l i q u o t s  were removed a t  s p e c i f i c  t imes.  These a l i q u o t s  

were d r i e d  in vacuo and inves t iga ted  by i .r .  spectroscopy. 

Reaction of Fe(C0) 3 ( ~ ~ h 3 )  with p-BrC6H4NNBF4 t o  Give Quant i ta -  
t i v e  CO Measurements 

A mixture of 40 m l  of benzene and 10  m l  ace tone  was t o t a l l y  

degassed on t h e  vacuum l i n e .  This  mixture was t h e n  d i s t i l l e d  

i n  vacuo i n t o  t h e  r e a c t i o n  v e s s e l  conta in ing  1 mM F ~ ( c o ) ~ ( P P ~ ~ ) ~  

and 1 mM - p-BrC6H4NNBF4. The r e a c t i o n  v e s s e l  was then  sea led  

and allowed t o  r e a c t  with s t i r r i n g  f o r  24 hours.  Af ter  t h i s  

t ime t h e  v e s s e l  was re turned  t o  t h e  vacuum l i n e ,  t h e  s e a l  broken 

and t h e  volume of  gas  i n  t h e  f l a s k  measured u s i n g  a system s i m i l a r  

t o  a - ~ $ k p l e r  pump. A sample o f  t h i s  gas  was c o l l e c t e d  i n  a 

c a p i l l a r y  tube  and submitted t o  h i g h ,  r e s o l u t i o n  mass spectroscopy. 

The volume corresponded t o  1.07 mM CO. 

React ion of [ F ~ ( c o ) ~ ( P P ~ ~ ) ~ N O ~  BFTwith X- - NH2 
- 

[ F ~ ( c o ) B ( P P ~ ~ ) ~ N O ~  BF4 ( 0 . 5  mM) was added t o  2 mM of 

-NH2, where X = NO2, OCH,, F, u s ing  2,2-dimethoxypropane 

a s  t h e  so lven t ,  The mixture was s t i r r e d  a t  room temperature f o r  

24 hours,  but no r e a c t i o n  wasobserved; t h e  mixture was then  ref luxed 

f o r  24 hours,  a g a i n  wi th  no s i g n  of r e a c t i o n ,  as shown by i . r .  

spectroscopy. 



Reaction of F ~ ( c o ) ~ ( P P ~ ~ )  2 with C6H5CN 

F ~ ( c o ) ~ ( P P ~ ~ ) ~  ( 0 . 5  mM) was d isso lved  i n  CHC13 (20  m l )  and 

s t i r r e d  a t  room temperature w i t h  1 m l  C6H5CN i n  a n  i n e r t  ( N ~ )  

atmosphere f o r  48 hours.  The so lvent  was s t r i p p e d  o f f  i n  vacuo . 
The s t a r t i n g  mate r i a l s  were recovered. The r e a c t i o n  was a l s o  

t r i e d  i n  benzene (25  m l )  under t h e  same cond i t ions  with t h e  same 

r e s u l t s .  
\ 

React ion of  F ~ ( c o ) ~ ( P P ~ ~ )  w i t h  C6H5NC 

C6H5NC was made i n  s i t u  by t h e  carbylamine reac t ion ,  i. e. 

KOH (1Q0 mg) was d isso lved  i n  a minimum of  e thanol  and added 

dropwise t o  25 m l  CHC13, i n  which 0.5 mM F ~ ( C O ) ~ ( P P ~ ~ ) ~  and 1 m l  

C6H5NH2 were d isso lved .  The r e s u l t i n g  r e a c t i o n  mixture was 

s t i r r e d  f o r  72 hours under a n  i n e r t  ( ~ 2 )  atmosphere a t  room 

temperature.  The so lvent  was then  s t r i p p e d  o f f  i n  vacuo and t h e  

s t a r t i n g  m a t e r i a l  F ~ ( c o ) ~ ( P P ~ ~ )  recovered a lone  with C6H5NC. 

Reaction of F e ( ~ 0 )  (PPh3)  w i t h  p-NEt2C6H4NNBF4 

~ e ( ~ 0 )  3 ( ~ ~ h 3 ) 2  (0.9750 g) was d isso lved  i n  30 m l  benzene. 

To t h i s  s o l u t i o n  - p-NEt2C6H4NNBF4 (0.3750 g) d isso lved  i n  10 m l  

acetone was added dropwise. The s o l u t i o n  turned  red  immediately 

and l a t e r  red  c r y s t a l s  formed a t  t h e  bottom of  t h e  r e a c t i o n  

f l a s k .  Af te r  2 hours of s t i r r i n g  a t  room temperature under an  

i n e r t  ( N ~ )  atmosphere t h e  s o l u t i o n  was f i l t e r e d .  The f i l t r a t e  

was s t r i p p e d  of  so lvent  i n  vacuo and t h e  s o l i d  thus  obtained was 

found t o  weigh 0.4747 g. From i . r .  spectroscopy t h i s  s o l i d  was 

i d e n t i f i e d  as F ~ ( c o ) ~ ( P P ~ ~ )  2. From t h e  weights recorded it was 



c a l c u l a t e d  t h a t  f o r  every mole of  F ~ ( C O )  t h a t  r e a c t s ,  

2.11 moles of p-NEt2C,H4NNBF4 a r e  needed, which w i t h i n  experi-  

mental e r r o r s  i s  a 1:2 r a t i o .  

Reaction o f  Diazonium S a l t s  with PPh3 

PPh3 (1 r n ~ )  was d isso lved  i n  10 m l  of  acetone.  To t h i s ,  

1 mM of a concent ra ted  ace tone  s o l u t i o n  o f  t h e  r equ i red  dia- 

zonium sa l t  was added, with s t i r r i n g ,  a t  0" C.  I n  a l l  cases  

t h e  combined s o l u t i o n s  immediately tu rned  a deep red.  However, 

i n  a l l  cases, &ept  - p-0CH3 and p N E t 2 ,  gas  evo lu t ion  began a t  

once i n  conjunct ion  with a l o s s  o f  co lour .  I n  each case  a 

s o l i d  was obta ined  by r e c r y s t a l l i s a t i o n  by adding e t h e r  t o  t h e  

so lu t ion .  Only t h e  - p-0CH3 and - p-NEt2 analysed  c o r r e c t l y  a s  t h e  

diazo phosphonium moiety, t h e  remainder ana lys ing  a s  t h e  quar ter -  
+ - 

nary phosphonium s a l t  of  genera l  formula Ph3PAr BF4 . The 

E-0CH3 complex i s  only s t a b l e  as a s o l i d  a t  o0 C and hence has  

t o  be kept i n  t h e  r e f r i g e r a t o r .  The p-NEt2 d e r i v a t i v e  i s  

q u i t e  s t a b l e  a t  room temperature as a s o l i d .  

Reaction of  PPh2Me with p-NEt2C6H4NNBF4 

PPh2Me (1 m l )  was mixed with a n  ace tone  s o l u t i o n  of 0 .3  mM 

p--NEt2e6HiNN%F4-and s t i r r e d  i n  a n  i n e r t  (Na) atmosphere. A 

r ed  c o l o u r a t i o n  occurred immediately. Af te r  s t i r r i n g  f o r  1 hour 

t h e  so lvent  was s t r i p p e d  o f f  i n  vacuo. A r e d  re s idue  formed, but 

s t a r t e d  t o  decompose slowly, both i n  vacuo and under 1 a t m .  

p ressu re  of  N2.  It d id ,  however, las t  s u f f i c i e n t  t ime f o r  a n  

i. r. spectrum t o  be obtained, a l though t h e  spectrum was not  w e l l  



1 defined.  

Reaction of ( ~ - C H ~ O C , H ~ )  3 with p-NEt2C6HJJNBF4 

( P - C H ~ O C , H ~ ) ~ P  ( %  r n ~ )  was d isso lved  i n  5 m l  of acetone.  To - 
t h i s  h rnM of a concentrated acetone s o l u t i o n  of  p-NEt2C6H4NNBF4 - 
was added with s t i r r i n g .  The red co loura t ion  occurred immediately. 

The s o l u t i o n  was reduced i n  volume i n  vacuo and t h e  r e s u l t i n g  

- 
r e s idue  r e c r y s t a l l i s e d  from acetone- e t h e r .  The i. r. and n. m. r .  

spec t ra ,  toge the r  with a n a l y t i c a l  da ta  showed t h a t  t h e  complex 

was t h e  1: 1 adduct.  

Reaction of p-NEt2C6H*NNBF4 with ~ t c 1 2 ( ~ P h 3 )  2 and PdC12( P P ~ , )  2 

I n  both cases  p-NEt2C6H4NNBF4 ( 1 b 0  r n ~ )  was added t o  t h e  - 
metal  complex (1/10 r n ~ )  i n  10  m l  e thanol .  The r e s u l t i n g  solu-  

t i o n s  were s t i r r e d  f o r  48  hours a t  which t ime t h e r e  was no 

spec t roscopic  evidence of  t h e  phosphodiazonium s a l t  having been 

synthesised.  

Reaction of p-NEt ,C6H4NNBF4 with Rh(Pph3) 3 C l  

30 m l  benzene and 5 m l  acetone were f u l l y  degassed i n  vacuo, 

and then  d i s t i l l e d  on t h e  vacuum l i n e  i n t o  a r e a c t i o n  v e s s e l  

conta in ing  0.0925 g R ~ ( P P ~ ~ ) ~ c ~  and 0.0263 g p-NEt2C6H4NNBF4. The - 
r e a c t i o n  v e s s e l  was then  sea led  with a s t i r - b a r  i n s i d e  and t h e  

mixture was s t i r r e d  f o r  48  hours.  Af te r  18 hours a red  

co loura t ion  was observed, which gradual ly  deepened. Af ter  

48 hours t h e  v e s s e l  was re turned  t o  t h e  vacuum l i n e  and t h e  

so lvent  removed. A red  c r y s t a l l i n e  s o l i d  was obtained from 

r e c r y s t a l l i s a t  ion  with acetone-ether ,  and shown t o  be 



Reaction of p-NEt2C6H4NNBF4 w i t h  SPh2, AsPh3, SbPh3, P ( O C H ~ )  
p(OPh3)3 and 0PPh3 

I n  a l l  these  cases - ca 0.25 mM - p-NEt2CBH4NNBF4 was added 

t o  an equimolar amount of t h e  o ther  reac tan t  i n  15 m l  of 

acetone. The mixtures were then allowed t o  s t i r  f o r  24 hours 

under a Ng atmosphere. After  t h i s  time only t he  so lu t ions  

with SPh2 and AsPh3 showed any s igns  of react ion,  having turned 

green and greenish-brown respect ively .  The solvent was s t r ipped 

of f  on the  vacuum l i n e  leaving an o i l  i n  both cases,  ne i ther  of 

which gave a discernable i . r .  spectrum. I n  a l l  t h e  o ther  cases 

where t h e r e  was no s ign of reac t ion  a f t e r  24 hours, t he  reac t ion  

mixture was allowed t o  s t i r  from between another 72 hours and 2 

weeks. I n  no case was t he re  any evidence f o r  a reac t ion  having 

occurred (o the r  than a small amount of t he  diazonium s a l t  having 

decomposed), i . r .  spectroscopy showing a r e t r i e v a l  of t h e  s t a r t i n g  

mater ia ls .  

Instrumentation U t  i l i s e d  
- In f ra red  spectroscopy was invest igated on t h e  following 

instruments: - Perkin Elmer 457 f o r  rout ine  spectra,  Beckman 

I R  12  fo r  accurate  wavenumber ca l ib ra t i ons  ( i 1 cm-I) . I n  both 

cases t h e  samples were pressed in KBr. 

Raman spect ra  ( & l  cm-l) on s o l i d  samples a t  room temperature 

were recorded us ing a Cary 81 spectrometer with unfocussed He-Ne 

l a s e r  exc i t a t i on  from a Spectra-Physics Model 125 l a s e r  producing 

70  mW a t  source. 



Proton n.m.r. s p e c t r a  were recorded a t  60 MHz and 100 MHz 

us ing  Varian A-60 and HA-100 spectrometers:  T values  a r e  

r e l a t i v e  t o  ( c H ~ ) ~ s ~  ( T = 10.0) a s  i n t e r n a l  s tandard .  3 1 ~  n.m. r. 

s p e c t r a  were obtained a t  40.5 MHz us ing  t h e  Varian HA-100. 

MGssbauer spec t ra  were recorded (by D r .  C .  H. W. Jones of 

t h e  Simon Fraser  Universi ty  Chemistry ~ e p a r t m e n t )  with t h e  

absorbers  a t  80 & 1" K and a 5 7 ~ o p d  source ( ~ e w  England 

Nuclear, 10 m C i )  a t  room temperature.  A Technical Measurement 

Corporation cons tant  a c c e l e r a t i o n  spectrometer was used, providing 

2 x 200 channel spec t ra .  The spectrometer  was c a l i b r a t e d  us ing  a 

N.B.S. Standard absorber:  N a 2  F ~ ( C N )   NO . 2H20 ( A  = 1.172 mm. 

s e c - l ,  8 ( 5 7 ~ o / p d )  = -0.442 mm.sec-l) 

Magnetic s u s c e p t i b i l i t y  measurements were made a t  room 

temperature on a Faraday appara tus  c a l i b r a t e d  a g a i n s t  H ~ C O ( N C S ) ~ .  

The value obtained f o r  t h e  p-NO2 i r o n  complex a t  85" K was - 
kindly  measured by D r .  G. W.  Rayner Canham us ing  t h e  automatic 

v a r i a b l e  temperature Faraday balance a t  York Universi ty ,  Ontario.  

The r e s u l t s  obtained over t h e  temperature range 85 - 280" K a r e  

p l o t t e d  i n  Diagram 4-1. The magnetic s u s c e p t i b i l i t i e s  obtained by 

~ v a n s ' ~ '  method were determined from t h e  n.m. r .  downfield contac t  

s h i f t  of  t h e  methyl resonance of added t -butanol  us ing  t h e  Varian 

A-60 and HA-100 spectrometers .  

Molecular weights were determined from osmometric measure- 

ments on acetone s o l u t i o n s  us ing  a Perkin-Elmer Hi tach i  Model 

115 c a l i b r a t e d  with benzi l .  E l e c t r i c a l  conductances were de te r -  

mined a t  room temperature us ing  a s tandard  conduct iv i ty  meter. 

The c e l l  cons tant  was determined a s  0.0095. Elemental ana lyses  



DIAGRAM 4-1. GRAPH O F  MAGNETIC DATA FOR [ ~e ( C O )  2 ( ~ ~ h 3 )  2 N N C ~ H 4 N O r  I +  - 
B F 4  . 



for non-metal content were determined by the S. F. U. Micro- 

analytical Laboratory, by A, Bernhard, Germany and Chemanalytics, 

Tempe, Arizona. Iron was determined by atomic absorption 

spectroscopy using a Perkin-Elmer Model 305. 1 
Electronic spectra were performed on a Unicam SP800 

I 

spectrometer using ethanol solutions in quartz cells. 
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