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Reactions of Aryldiazoniwn Ions with 

[Ir (co)c~(PP~~),] and Related Complexes. d 

Variously-substituted aryldiazonium salts have been 

reacted under varying conditions with Vaskals complex,' 

[I~(co)cL(PP~~)~], A, and its analogues, [I~(co)A(P)~] 
- - 

(for A = C1, P = MePPh2, Me2PPh, PPh3; for A = F, Br, I, 

0C103, P = Pph3 ) , but only f 0; P = PPh3 have nitrogen- . 

containing complexes been isolated; these have been charac- - 
terised by spectroscopic, physical and chemical means. 

i By allowing [I~(co)A(PP~~),] and RCBH4N2B- to react 
L 

in either benzene-ethanol or benzene-iso-propanol medium, 

two series of iridium(111) c,omplexes have been isolated: a 

series of five-coordinate cationic aryltetrazene complexes, 
1 

-CF3, -OCH3) and a series of six-coordinate cationic ortho- 

metalated aryldiimide complexes, [$~(co)A(PP~~)~(HNN~,H~R)]x, 

5 (for A = C1, R = H, p-F, -C1, -Br, -CH3, -NO2, -CF3, 2-F, 
N - 

-C1, -Br, -NO2, m-CH3, --0CH3, -Br, -C1, -NO2, -F, and X = BF4; 

for A = F, I, Br, R = o-Br, and X = - 

o-Br and X = ~10,). - 

The aryldiimide complexes, 5, 
N 

to undergo reversible deprotonation 

.B . . 
have been demonstrated 

-- - 

on tEeatment with base; 

by this means a molecular six-coordinate ortho-metalated 

arylazo complex, p i r ( ~ ~ ) ~ 1 ( ~ ~ h 3 ) 2 ( ~ ~ & 6 ~ 3 ~ ) ] ,  5 (R = - p-~r) has 

been isolated and characterised. 

iii 



v 
. + Hydrogenation of %he azo-function of-&he complexes 

4, 5 and 6 has been studied. Mild catalytic (Pd) reduction 
N N N 

of 5 and 6 resulted in the analogous arylhydrakine complexes, 
N N - -- 

I I 
[I~(co)c~(PP~~)~(NH~NHC~H~R)~BF~, 7 (R = - p-Br, - o-Br, -C1, -NH2, 

m-~r ) and [ir(co)cl(P~h~)~ (NHZNH~~H~R) I, 2 (R = p-Br) , respec- - - 
\ 

tively: Similar treatment of the aryltetrazene complex,' 4,, 
N 

* 
- however, did not produce the analogous hydra2ine complex, but 

appeared to result in loss of the bidentate ketrazene' ligand 

, with formation of a dihydrido iridium complex, tqntatively 

formulated as [I~(co)H~(PP~~)~]BF~. 

A series of six~coordinate molecular iridium(111) 

arylazo complexes, [I~(co)c~~(PP~~)~(NNC~H~R)!, 2 (R = H, 

p-F, -Br, -OCH3, o-F, m-NO2) has been synthesised by allow- - - - 

ing Vaskal.s complex (I), RCGH4N2BF4 and LiCl to react in 
N 

L 

a~etone solution, Evidence has been presented that the 
* b' 

- 

arylazo ligand ( . A ~ N ~ )  in these complexes can-be formulated I 

- + as ArN2 rather than ArN2 . In keeping with this formulation, 
-> 

protonation of 8 to yield the cationic aryldiimide complex,' 
N 

[I~(co)c~~(PP~~)~(HNNC~H~R)]BF~, 11 (R = p-F) occurs on treat- - - 

ment with HBF4 in diethyl ether solution.. T h q  removal of. a 

chloride ligand from 8 by reaction with AgBF4 did not allow 
N 

isolation of the anticipated five-coordinate arylazo complex, 

[I~(co)c~(PP~~)~(NNC~H~R) ~ B F ~ ,  z,. affordinenstead Vaskat s - 

complek (1) and JEGH4N2BF4, considered to be a result of the 
PII . I 

. 
disproportionation of 2 in soTution. 

N 



Owing to the une ected nature of the products 4 and 7 P 
-- 

. N N 

.arising 'from the reaction between [I~(co)A(PP~,.)~] and 

R C ~ H ~ N ~ B F ~  in benzene-ethanol ,or benzene-iso-propanol - medium, 

the mechanism o'f this reaction has been investigated and, 

from the experimental data available, tentative mechanistic 

routes suggested. 
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CHAPTER 1 

- 
In t roduc t ion  

. The o r i g i n a l  a i m . o f ' t h i s  work was t o  s tudy the  behaviour, .) 4 

n o t  only of vaskals '  complex1, [ I ~ c ~ ( c o ) ( P P ~ ; ) ~ ]  '(I). ,  t r a n s -  
T V .  

chlorocarbonylbis  ( t f iphenylphosphine)  i d ( 1 )  and i t s  B 

, " 
a 

analogues,  b u t t a l s o  of o t h e r  t r ans i t ion-meta l  complexes towards 
I 
4 + t h e  aryldiazonium c a t i o n ,  A r N 2  . It was hoped tha t .  such reac-  

t i o n s  would l ead  t o  the  formation of aryLazo complexes, two of ' 

and P a r ~ h a l l ~ - ~ ,  ( [  P ~ C ~ ( P E ~ ~ , ) ~ ~ ( ? ~ A ~ ) ]  ) . 
- 

The main i n t e r e s t  i n  such complexes cent red  on t h e  

by, P a r s h a l p - 7  . t h a t  t ransi t ion-metal .  ayylazo cokplexes . 

could be cons idered ,  a s  poSsible  models fa r  t h e  -enzymatic 
I 

f i x a t i o n  of molecular n i t rogen  ( d i n i t r o g e n )  qccurr ing  i n  c e r t a i n  . 

p l a n t s  and a lgae  and by which atmospheric n i t r o g e n , i s  r a p i d l y  
uk;--- 

and quant i ta t ive l -y  converted t o  ahmonia under ambient cond i t ions .  
j - 

Severa l  review a r t i c l e s  
4 

8-16~28 on both t h e  b i 6 l o g i c a l  and 

chemical aspects  of n i t rogen  f i x a t i o n  have appeared r & e n t l y .  

1t i s  q u i t e  c l e a r  t h a t  a  bas ic  requirement f o r  t h e  f$nction of " 
, t h e  enzyme, n i t rogenase ,  i n  t h i s  process i s  the  presefice of 

- - r - - - - 7 , n ~ J l + , z T  
both i r o n  and molybdenum. One c u r r e n t l y  popular proposal  J 

. a l b e i t  lacking  s u b s t a n t i a l  proof (such a s  t h e  i s o l a t i o n  of 

d in i t rogen ,  diimide o r ,hydraz ine  complexes from t h e  b i o l o g i c a l  . 



7 
- - 

.system), is that one or both of the transition metals bind(s) 
,, 

c - the molecular nitsogen, - tHus reducing the bond order of - 
dinitrogen and facilitating .its reducbive cleavage. On this 

E 

basis, two of the pathways which have b n suggested are 

- outlined in Schemes 1'-and 2 
Y 

7 ~ 2 9  in which M and M 1  represent 

the enzyme-bound iron or molybdenum:, 
1 / 

Scheme 1 

N-N + M I -  H ' H H 
+1 Lt 2KC- I +  I 

M-H N-N-M' + M-N=N-Md 2e- > _M-N -N-M' 
4 - I 

Scheme 2 



Among, the chemical models suggested for the biological 

reduction of dinitrogen are those involving dinitrogen 

comp1exe.s and arylazo complexes of transition metals. A . 

.variety of stable terminal-dinitrogen (c.f., Scheme 2) and 
* 1 

bridging-din'itrogen (c.@:, Scheme 1) complexes have been < \ 

prepared, but none ,has proved capable of reduction to 

13, 18-21 ammonia 
* 

,In support. of scheme 2, Parshall 4-6 rea'cted the platinum 

hydride [ P ~ c ~ H ( P E ~ ~ ) ~ ]  (representing M-H) with an aryldiazoniwn 
f 

cation N=N-Ar (repres The initial product, 

[ P ~ c I ( ~ = N A ~ ) { P E ~ ~ ~ ~ ]  , is ,an analogue of the diimide complex 
P 

postulated as an intermediate in Scheme 2'and can be reduced 
c 

by platinum-activated h$drogen under prolonged conditions to 

? 5 f 
ammonia, via the arylhydrazine &omplex, [ P ~ c ~ ( H ~ N H N A ~ ) ( P E ~ ~ ) ~ ]  

' * 
which resemb~es another of the proposed intermediates in the 

- - 

I 

7 biological system . / 

As indicated earlier, it was intended in this work to , 

prepare a series of arylazo copplexes in which not only the 
7 

ligands on the metal and the substituents o_n the ring of the 

arylazo uni& would be varied, but also the metal itself; in 

this way/ the electronic environmegt around the azo (-N=N-) 
/ 

fumt$n could pe?haps also be - varied, - -- - - and - - the ease - of - its -- 

e - 

reduction relatkd to the changk in'the (N=N) bond order. 

However, the scope afforded by the reaction of only Vaskars 

d its analogues with variously substituted 
6 - 



- 

aryldiazonium cations was such as to preclude,, as part of this 

thesis, further work involving dther trahsition metals. 

The choice of-Vaska's complex, [z~c~(co)(PP~~)~] (A), 

as the Eirst candidate for reaction with aryldiazonium cqtions 

was - based on the premise that the resulting product would be 

/ 

+ the' five-coordinate cati arylazo adduct [ I ~ C ~ ( C O )  (N2Ar) (pPh3)2] 
. 

f (z) ,  analogous to the nitrosy1 complex [ I~c~(co)No(PP~~)~] 

Vaskafs complex (I), rn a square-planar d8 complex, is both , 

electronically and coordinatively unsaturated and had already 
I 

'L 

been shown to readily undergo a large number of oxidative addi- 
+ 

tion re,a~tions~~-~'. ' Thus, it readily reacts with nitrosoni.uk 
, 

+ - 
'tetrafluoroborate, NO BF4 , yielding the iridium(111) nitrosylT ' '  

+ 
complex (3). The aryldiazonium cation, Ar-NsN, can be consi- 

N 

dered to be isoelectronic with NO', and could be expected to 
7 

yield the arylazo complex (2) on reaction with Vaskals 
r4 

The nitrosyl complex (3) afforded the first example (and, 
N 

the only one at the onset of this work) of a nitrosyl complex 
%. 

with a bent M-N-0 moiety22'23. It was thus of great. iniereSt, 

in this sense', to achieve the synthesis of the analogous 

arylazo complex (2) and to ascertain the nature of the bonding 
N 

of the arylazo ligand to the central mefal. 

, As it transpired, synthesis of the anticipated psrod~ct 

(2) by this route was not achieved; +nstead two entirely 
N 



\- ynexpeqted cohplexes, a file-coordinate c a t i o s  iridium(111) 
- 

azene complex,. [1rC0(N4Ar2) (pph3)21 B F ~  (4), and a six- - N 

. coordinate cationic iridium(111) ortho-metalated aryldiimide 

complex, [&c~(co) (HNNA~) (PP~I~)~]BF, (5), - were isolated from 

the reaction between Vaskals co'mplex (1) and the aryldiazonium 
N 

tetrafluoroborate salts, A ' ~ N ~ B F ~ .  . 
This failure to obtain the five-coordinate arylazo complex 

(g ) ,  and the unanticipated isola-tion of the obviously interest- 
ing complexes (4) % and (5), prompted a change in the original 

N 

aim of this thesis to an emphasis on the extent to which these 

compounds could be obtained and characterEsed for a variety of , 

ligands and substituents. ~hus, a series of the aryltet$azene 
" 

complexes (4), and a series of the aryldiimide complexes - 
N 

I -. I 

[ I~A(co) (HNNA~) (PPR~)~] y (5) have been prepared and character- 
N 

iSed. These are discussed in Cha.pters I1 and 111, respec- % 

tively . 
A 

Treatment of the aryldiimide complexes (5) with base 
N 

results in the six-coordinate molecular ortho-m~taxated arylazo 
I 

complexes, [ Ir A (CO) ( ~ ~ a r )  ( P P ~ ~ ) ~ ]  (g), which are discussed 
in Chaxter IV. l 

P 
a ,  

On hydrogenatiod in the presence of a palladium catalyst 

at room-temperature, the- aryldiimide complexes ( 5 )  are converted 
-- N 

- - - - - -- 

to the arylhydrazine complexes, [ I ~ C ~ ( C O )  ( H ~ N H N ~ ~ )  (PP~L)~] B F ~  

(7). These are discussed in Chapter V, .along with the hydro- 
genation studies on the complexes (4) and (6). 

N N 



F a i l u r e  t 
-s 

o l a t e  the  f ive-co 
- - - - - 

a t e  a ry lazo  complex 

( 2 )  suggested t h a t  it might he uns table ,  p a r t i c u l a r l y  with 
w 

r e spec t  t o  oartho-metalation as t h e  s ix-coordinate  diimide r; 

t 
arylazo  r i n g  i n  (2) - ,  i s  a  s t a b l e ,  i s o l a b l e  s p e c i e s .  ~ h u s ,  

N 

r eac t ions  %between Vaskar s  complex (I), and aryldiazonium 
N 

ca t ions  were performed i n  t h e  presence of ch lo r ide  ioG t o  

block the  s i x t h  coordinati'on p o s i t i o n  of the  iridium"and t o  
d 

prevent or tho-metalat ion.  When these  r eac t ions  were performed 

i n '  benzene-ethanol o r  benzene-ij-opropanol meaia, i . e  , , i n  t h e  

same media a s  requi red  t o  y i e l d  the  a r y l t e t r a z e n e  ( 4 )  and 
N 

1 

aryld i jmide  complexes (5), t he  a n t i c i p a t e d  s ix-coordina te  , 
N 

molecular a ry lazo  iridium(111) complexes [I~C~~{CO)(N,A~)(PP~.),~ 

(5) were not obta ined .  However, when t h e  r eac t ions  were 

c a r r i e d  out i n  acetone medium t h e  complexes ( 8 )  were success- - 

N 

f u l l y  i s o l a t e d  and charac ter i sed;  they a  e  discussed i n  
d 

Chapter V I .  

The unexpected formation of both an  a r y l t e t r a z e n e  

complex - ( @ r x a d  an  ary ld i imide  complex ( 5 )  from the  r e a c t i o n  
ycr N 

-!- between Vaska's complex ( I )  and an aryldiazoniutn ca t ion ,  A r N ,  , 
rc, - 

poses an i n t r i g u i n g  problem a s  t o  the  na tu re .o f  the  mechanistic 

route  leadingmto these  two complexes. The r e s u l t s  of the  work 
- - - - - - - - - - --- 

done i n  an at tempt  t o  eluc' idate the  mechanism a r e  presented i n  

Chapter V I I .  ' 



I n  summary, t h e  s t u d y  i n  t h i s  t h e s i s ,  d e v i a t i n g  from 

t h e  o r i g i n a l  aim t o  i n v e s t i g a t e  t h e  e a s e  r e d G c t i o n  of t h e  -7 * 

a z o  (-N=N-) f u n c t i o n  i n  a v a r i e t y  of t r a n d i t i o n  m e t a l  

complexes,  c e n t r e s  ma in ly  on t h e  two n o v e l  c l a s s e s  o f  

i r i d i u m  complexes,  ( 5 )  and (2) i s o l a t e d  from t h e  r e a c t i o n  

between V a s k a t s  complex L ( l ) - a n d  t h e  aryldiaz*onium c a t i o n ,  

+ 
A r N ,  , i n  e i t h e r  benzene-e thano l  , . o r  b e w e n e - i s o p r o p a n o l  - 

medium. 
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CHAPTER I1 

Cationic  ~ r ~ l t e t r a g e r i e  cornGlexesf 

A .  In t roduct ion  

The term " t e t r a z e n e  complex" a s  used here r equ i res  some 

c l a r i f i c a t i o n .  .The b iden ta te  te t ra -azadiene  l igand,  / 
P 

R-N=N-N=N-R, can prob&bly':bond t o  a  metal i n  a t  l e a s t  two 

30-550 a s  represented by Fig .  11-l(a) , a l , 4 - d i s u b s t i t u t e d  .ways 

t e t r azene  complex, and F ig .  11- l (b) ,  a  1 ,4 -d i subs t i tu ted  . 
te t ra -azadiene  complex. 

(4  
2 

( b )  

b' 
Fig .  1 1 - n  

* 

I n  t h i s  t h e s i s ,  " t e t r a ~ e n e  complex" i s  used a s  a general  

term appl ied  t o  any 1 , 4 -  R2N4 complex, i r r e s p e c t i v e  of the  

<. 
mode of bonding; t h e  complexes - 4a-f ( s e e  Table 1112) I n  which 

' I  

R i s  always a r y l  ( ~ r ) ,  and i n  which the  bonding i s  close? t o  

a r e  r e f e r r e d  t o  a s  a r y l t e t r a z e n e  complexes. -- -- - 

of i n t e r e s t  t o  note  her-e tha tdno  examples of a  

f r e e  te t ra -azadiene ,  R-N=N-N=N-R, a r e  .known and t h e  t e ~ r a z e n e  
rP 

complexes thus represent  a  unique example of s t a b i l i z a t i o n  



complex formation.  

Few t r a n s i t i o n  metal  t e t r azene  complexes a r e  known, and 

those which have been pre red and charac te r i sed  were obtained P 
zs=, 

by the  r eac t ion  between a\ t r a n s i t i o n  metal  complex and an 
! P 

organic az ide .  The known te t r azene  complexes and t h e i r  prepar- L- = 

a t i o n s  a r e  l i s t e d  i n  Table II-Ll-, q 
C 

The work presented here  provivdes not  only t h e  f i r s t  , 
h ' 

example of a c a t i o n i c  t e t r a z e n e  complex, but a l s o  t h e  f i r s t  

example of t h e . s y n t h e s i s  of a t e t r azene  c  mplex by a  route  b 
1 '  

other  than v i a  gz ides .  

As w i l l  be digcussed i n  d e t a i l  i n  Chapter I1 C; t h e  

X-ray s t r u c t u r a l  da ta  f o r  4b favours bonding c l o s e r  t o  the  
N 

t e t r azene  type ( F i g .  11-la) r a t h e r  than the  te t ra -azadiene  

type ( F i g .  .11-1b) . Figure 11-2 r e p r e s e n t s  t h e  genera l  s t r u c -  

t u r e  of t h e  a r y l t e t r a z e n e  ca t ions ,  N 4a-f 4 .. 

4 ,- Fig .  11-2 



Table 11-1 
2 

Transition Metal Tetrazene Complexes 

r I~(CO) ( P P ~ ~ ) ~ { N ~ ( C ~ H ~ R ) ~ I I B F ~  
R = H, p-Fl, - C1, Br, CF3, 0CH3 

Preparation 

37,36 

T h i s  , 



The aryltetrazene 

by the addition of the 

complexes, 4a-f, were readily prepared 
N 

requisite aryldiazonium tetrafluoro- 

borate, ArN2BF4, and ethanol (or iso-propanol) to a benzene 

solution of' 1. The mole ratio of ArN,BF, to 1 was held at 1: 1. 
N N 

Although the apparent stoichiometry requires two moles oq 

ArN2BF4 per iriQium atom, this did not prove beneficial in 

practice: no improvement in yield res.ulted, the product was 

contaminated with a persistent small amount of diazonium salt, 

and some Areacted diazonium salt (ca. 15%) was recovered. 

fact, no improvement over the 1:l ratio of reagents was 

achieved by varying the ratio through a 100% excess of ArN2BF, 

A r to'a 50% excess of 1. L. 
N 

The ratio of alcohol to benzene was fixed at 1:10 (v:v). 

With this ratio, the aryltetrazene complex generally crystal-- 

lised out on cooling or slow evaporation, whereas with a 

higher alcohol content (as used where isolation of the aryldi- 

imide complex is required) crystallisation of the aryltetrazene 

comp1,ex did not occur, a more involved isolation procedure was 

required, and loss of aryltetrazene complex resulted. 

I addltion 80 the complexes, 4a-f, successfully isolated 
TU 

and characterised, as listed in Table 11-2, attempts to 

isolate other variously substituted aryltetrazene complexes 

were unsuccessful. When the synthesis was attempted with the 



Table 11-2 

Elemental Analyses, Decomposition Temperatures 
and Yields for the Aryltetrazen'e Complexes, 
[ I ~ ( c o ) { N ~ ( c ~ H ~ R ) ~ ~  ( P P ~ ~ ) ~ B F ~  (4a'f) N 

+ (a) Based on a stoichiometry of 1 mole I f 1 mole ArN2 + 0.5 mole 4 - 
N N 

-- - (b) Percentage yield of pure, isblated compound. - 

- 

(c) Percentage yield of product formed in solution during reaction, 

and calculated from the molar absortivities, ~500 nm ( c . f . ,  

Chapter 11, ~4).  

. (d) -Formulated with 1 mole C6H6 per 1 mole of complex; unable to 
Y 

obtain accurate carbon anal-ysis, probably due to varying 
.t 

benzene of crystallisation. , a 

(e) Fluorine (F) analysis: Found 9.56% ; Calculated 9.87% 
Pnosphorus (P) analysis: Found 5 .lo$ ; Calculated 5.36$ 4 

T 

(f) Fluorine (F) analysis: Found 6.89% ; Calculated 6.85$, 
d ( g )  Formulated ~ 5 t h  1 qole (CH~)~CO peF 1 mole of- ~ ~ l - e x  -- 

(h) Temperature at which evidence of decomposition first appeared; $ 
determined using a Fisher Johns Melting Point Apparatus. 

Compound 

(R) 

4a (H) 
,.J 

4b ( 2 4  r4 (d)y(e)54.96 

4c (p-c1) - (f) 

9d (pdg) 
N 

4e (E-cF~) 
,.J 

14f N (p-OCH~) - 

Percentage Composition Decomposition 

Temperature (h-). 
OC 9 
180 
150 
150 

. 125 

Found 
C H N 

56.,83 4.13 5.28 
3.80 5.30 

5i.80 3.45 5.27 
49.84 3.594.44 
51.99 3.67 4.56 
55.36 4.06 4.87 140 

> 

Calculated 
C H N 

56.50 3.89 5.38 
57.16 3.85 4.85 
53.03 3.46 5.05 
49.663.544.45 
5 ! .OO 3.30 4.75 
55t60 4.03 5.10 < 10 15 

a) Yield, ( 
% 
-# S(~) 
15 21 

45 50 
23 50 
25 \ 43 
7 80 

- 

.+ 
- 

. 



para-diethylamino and para-hydroxy phenyld'iazoniyn catibns , no . 

- evidence of aryltetrazene complex fonhaaion was observed and 

substantial amounts of unreacted 1 and ArN2BF4 were recovered 
N 

(ca: 70% for the reaction with E ~ ~ N C ~ H ~ N ~ B F ~ )  .' It is obvious 

that-electron-donor substituents on the aryl ring hiader the 

formation of the arylhetrazene complexes, and this is further 

indicated by the fact that of those reactions which didByield 

isolable aryltetrazene c.omplexes, only in thempara-methoxy 

case, 4a, was unreacted diazonium salt recovered (ca. 10%). 
N 

Although the uge of both ortho- and meta-F,C~ , ~ r   NO^ , C H ~  

and ~~~~-substituted'~hen~ldiazoni~ cations did not permit 

the actual isolation of the aryltetrazene complexes, evidence 
\ .  

for &heir formation was afforded by their electronic spect~a 

(c .f . Chapter I1 ~ 4 )  and the red colour of the reaction ~ 

solution. However, when aryldiazonhm cations substituted in -. 
both ortho-positions with (a) F, (b) C1, and (c) CH3, were 

J. 

used, no evidence for aryltetrazene complex formation was 
B 

observed at all. This is attributed to steric interference 

the nitrogen atom attached to the ringt thus preventing its 

approach to the iridium atom. 

C. Structure 

/ 

A single crystal X-ray structure a n a l y s i ~ ~ ~ ~ ~ ~  of the. red, 

crystalline g-fluoro compound, carbonylbls(tripheny1phosphine) 

(1,4-g-fluoropheny1tetrazene)iridium tetrafluoroborate (4b) ,-u 





showed the structur.e to consist of. discret'e pentacoordinate 

iridi~n~complex cations and tetrafluoroborate anions together . 
0, 

with benzene molecules of crystallisation (one b ene mole- %? 
cule per iridium atom). The molecular configuration of the 

cation is shown in Diagram* 11-1. The environment-of Ir is 
0 - 

quite irregular. but is closer to ~~uare-&~rarnidal geometry - 

with-~(1) as apex and ~(1)) N(2), ~ ( 1 )  and ~ ( 2 )  as basal atoms; 

these four atoms are not, however, coplanar. 
- ,  

The significant feature of the complex cation is the 

pr&sence of the five-membered iridium-nitrogen heterokyclem 

The four nitrogen atoms are coplanar andrthe iridium atom is 
0 

displaced oniy 0.095 A out of this plane towards PI 1). The 

~(3)-~(4) bond is significantly shorter than both the ~ ( 1 ) - ~ ( 3 ) ~  

and ~(2)-~(4) bonds. T h e  short ~(3)-~(4) bond indicates a ' 

formal valence structure as depicted in Figure 11-3a, rather 

than the tetraazadiene ligand formalism shown in Figure 11-3b. % 

Thus, the iridium, which is formally in an Ir 'I1 (d6) oxidation 

state, is essentially 0-bonded to the 1- and 4-nitrogens. This 

is in contrast to the iron complex* [F~(M~~N,)(CO)~]~~ for which 

X-ray crystaljographic stu9ies3' indicate that the azadiene is 
d 

bonded to the metal via coordinate bonds from the 1- and 4- - 
36 nitrogens ( Figure -11?3e), As-stated by La Monica et-a1 - -with- 

respect to their nitrosyltetrazene derivatives 

[M(NO)(PP~,),(N,R,)I(M = Rh, Ir; R = S O ~ C ~ H ~ C H ~ ) ,  it is diffi- 

cult to describe the ' oxidation itate of the metal in tetrazene 



PhMe P \N/N 

Figure  11-3 



d e r i v a t i v e s  because t h e  org i c  moiety can be considered e i t h e r  

a s  a  b is -a- l igand o r  a s  a  two-electron 'dative 

bonds from t h e  1 , 4  p o s i t i o n s  of t h e  t e t r aazad iene  group. For 
t 
B 

a  s e r i e s  of N i  complexes having a t c o o r d i n a t e d  t e t r aazad iene  

l igand,  [ ~ i [  ( c ~ F ~ ) ~ N ~ ]  L*] (L = PPhJ, PPh2Me, P P P e 2  o r  ~ ( 0 l 4 e ) ~ ~  a - 

and L2 = b i p y r i d y l ,  1 ' J 5 - ~ 8 ~ 1 2 ) 3 3 ,  it i s  suggested t h a t  e i t h e r  

of t h e  two s t - u c t u r a l  types i n  which n i c k e l  i s  e i t h e r  d8 0% 

d l 0  can e x i s t ,  t h e  presence of good a-donor and poor n-  

acceptor-  l igands  favouring t h e  u-bonded d8 t e t r a z e n e  s t r u c t u r e  

. (Figure 11-3d)', and good n-acceptor  l igands  favouring the  d l 0  
V 

t e t r aazad iene  s t r u c t u r e .  (F igure  11-3e). 

The t e t r a z e n e  s t r u c t u r e  i n  Figure 11-3a f o r  t h e  i r i d i u m  

complex is  f u r t h e r  supported by the  f a c t  t h a t  t h e  aromatic r ings  

a r e  n e i t h e r  .coplanar with each o t h e r  nor  with the  four  n i t rogen  

atoms; t h e  conjugated n-system i n  Figure 11-3b should r e s u l t  

i n  a  near  p lana r  conf igura t ion . .  Although t h e  atoms ~ ( 1 1 ) ~  ~ ( l ) ,  

N(2) ,  N ( 3 ) ,  ~ ( 4 )  and ~ ( 2 1 )  (Diagram 11-1) a r e  no t  s ' t r i c t l y  

p' 
- 

coplanar ,  the  depa&ure from cop lanar i ty  i s  much l e s s  than 

would be expected i f  t h e  ~ ( 1 )  and ~ ( 2 )  lone p a i r s  of e l e c t r o n s  

a r e  l o c a l i s e d ~ .  De loca l i sa t ion  of these  e l e c t r o n  p a i r s  i s  of 

! 
importance, and t h e r e  i s  a  s t r i k i n g  s i m i l a r i t y  between t h i s  

he te rocyc l i c  r i n g  - and t h a t  of the  t e t r azo l ium -- - s a l t ~ ~ ~  - - - - - - ( F i g .  11-4) - - 

183 
and t h e  t e t r a z a b o r o l i n e s  ( ~ i g .  11-5) .  The ~ ( 1 ) - ~ ( 3 )  and 

0 

~ ( 2 ) - ~ ( 4 )  bond lengths  of 1 :400(16) andb l.35O( 16)A i n d i c a t e  . 

e s s e n t i a l l y  s i n g l e  bonds, whereas the  1 r - ~ ( 1 )  a n d . 1 r - ~ ( 2 )  bond 



, lengths of 1.941(13) and 1.971(10)A represent the lower extreme . 0 

of the range (1.95 - 2.15A) suggested by Ibers and coworkers 
p 

* .  Lor M-N single bondsq7. The overall geometry, therefore, 
& 

v justifies the representation of this complex ion as an iridio- 

2,5-di-p-fluorophenyltetrazolium ion .(Fig. 11-6). 

N=N 

R'-N / '  N-R' ' 
\f 

N 
I 
N-R" 

'B' 
I 
R 

Fig. 11-4 Fig. 11-5 Fig. 11-6 
75) 

Pinally, it is of interest that the apical iridium- 

phhsphorus bond Ir-P ( 1) is significantly shbrter 'than the 
0 

equatorial bond 1r-~(2) by 0.043A.   his probably reflests the 

absence of a ligand trans to ~(1). As this appears to be the 

first example 0f.a five-coordinate iridium complex containing 

phosphine ligands in both apical &d basal positions, it is 

difficult t6 draw exact comparisons, particularly as Ir-P bond 

lengths in the literature 25'48y49 show considerable variation 

with the number and type of ligands present and their disposi- ' 

tion; the values are, however, in agreement with other Ir-P 

bond lengths 23,48 , 



D . Properties 
% 

1. General Properties r .  / 
The,aryltetrazene complexes, 4a-f, are deep-red, crystal- 

N 

line solids. They are quite stable,over prolonged periods in 

air and appear to be stable to moderate heating, as demonstratCd 
P 

by their decomposition temperatures listed in Table 11-2. 

\ 

D 

The complexes are solu'ble in ethanol, methanol, acetone, 

acetonitr$e, nitromethane, chloroform and dichloromethane, 

. and indluble in benzene, ether, n-hexane, n-pentane and water. 

They appear to be unstable in chlorinated solvents, the product 

obtained on recrystallisation from dichloromethane-giving high 

and irrational analysis for chlorine. There is also some 

instability in ethanol solution, as indicated by a decrease in 

' the molar absorptivity, c 500nm with timq. 
- - 

The conductance of the aryltetrazene complexes in nitro- 
I 

44. methane solution is typical of 1:l electrolyte behaviour , 
the relevant data for the para-fluoro complex, 4b, and other 

N 

comparable 1: 1 electrplytes is given in Table 1.1-3. 

Magnetic susceptibility measurements showed the aryl- 

tetrazene complexes to be diamagnetic, as expected. Along with 

the observation that the (i.r.) carbonyl stretching modes of 

they can thus be formulated as complexes of iridium(111). 



Table 11-3 

Molar. 
' conductances in Nitromethane 'solution at 25OC 

Electrolyte 1 1 . -  MO l a T  
Concentration 

Molar Conductance 
AM ~hrh-~rnole-~crn~ 



- - 

On pyrolysis of the.complex N 4b at 540"~ under high Y 

vacuum, and subsequent gas chromatographic analysis of the non- 

condensible gases, it was found that for each mole of complex 

one mole of carbon monoxide and one mole of dinitrogen we#e 

evolved., This result mitigated against the initial suspicion 
C 

' 
of a bis-arylazo complex, which would be expected to'evolve 

- 
two m'oles of dinitrogen on pyrolysis. 

2. Infrared Spectroscopy 

The main absorptions observed, as exemplified by the 

J para-fluoro complex, 4b, are recorded in Table 11-4 and illus- 
N 

trated in DTagram 11-2. For comparison, Table 11-4 also 
i 

includes infrared data on the reactants leading to the aryl- 
@ 

tetrazene complex ,-., 4b, i.e., VaskaTs complex - 1 and para- 
fluorophenyldiazonium tetrafluoroborate. No bands assignable 

- 

to IJ=N -stretching yere detected. Isotopic (N" ) sybstitution 

at the terminal nitrogen of the aryldiazonium c3tion failed 

to show a frequency shift for any of the vibrations of complex 

't. ?aman spectra are unavailable owing to decomposition of ' 
N 

the aryltetrazene complexes in He-Ne laser radiation. 

The mos4 significant variation in the infrared spectra 

of the complexes $a-f - is in the position of the carbonyl 

stretching mode. The frequencies of the various carbonyl - -- -- 

P 

stretching vibrations and the values of the Hammett a-constants 
- 

fpr the para-substituents on the N 4 ( ~ 6 ~ 4 ~ ) 2  moieties of the 
i i 

corrLglexes 4a-f are given in Table 11-5. 
N 



I 

Comparison of Infrared S ectra of [I~(co)c~(PP~~)*](;), 
[ I ~ ~ c o ) ~ N ~ ( c ~ H ~ F ) ~ ]  (PPh3 7 p ]  ~ ~ ~ ( 4 b )  N and Q - F C ~ H ~ N ~ B F ~ .  

4 

l a * 
. Position of Absorption (cm-I ) I 

Compound. (1) rc) 

3060 (w-m) 

Compound (4b) rCl 

3060 (w-m) 

Assignment 38,39 

r -:: = weak; m = medium; s = strong; br = broad 

Aromatic C-H 
stretching 

@ 
N r N  stretching 

C=O stretching 

Aromatic 
C=C 
stretching 

C-F stretching 

,PPh3 deforma- 
t ion 

 stretching 

Aromatic C-H 
bending (two 
adjacent hydro- 
gen atoms) 

Aromatic C-H 
bending (five , 

adjacent hydro- 
gen atoms) 

Aromatic absorp - 
--Lions and BF4 

+ def ormati~n 

I r - C 1  stretch- 
ing 





Table 11-5 

Relationship Between the Carbonyl Stretching 
Frequency (vCO) of the Aryltetrazene Complexes, 

4a-f, and the Hammett Substituent Constants, op,  
" of the para-Substituents Associated with 

1 T e  N , ( c ~ H , R )  Moiety. 

Compound 
( R )  



It has .been suggested 40y41 that the CO stretching 

vibration may be used as a criterion for any change in electron 

density at the metal in an-oxidative addition adduct as 

compared to the parent compound (complex 4a in this instance). 
N 

Thus, an electron-withdrawing substituent would be expected to 

decrease the electron density at the metal resulting in decrease 
- 

I 

in the amount of back-donation from the metal to the CO ligand; 

this would be reflected by a raising of the energy of the v co 
vibration, and vice-versa for an electron-releasing substituent. 

A straight-line relationship between v and the Harnmett substi- co 
tuent parameter, a has been claimed for a series of para- P' 

substituted iridium benzenethiol complexes, 

Although there is a definite trend for the carbonyl stretching 

frequencies in these complexes to increase with the electron- 

accepting power of the para-substituent, and vice-versa, the 

claim for a straight-line relationship appears to be somewhat 

tenuous in that, apart from the extreme ends (n-NO2 and g-OCH~) 

of the series, the vCO (cm-') values are virtually invariant. 

- in the aryltetrazene complexes, 4a-f, although there is no 
N 

straight-line relationship, there is also an obvious trend for 

the vCO vibration (which should parallel the force constant) 

to increase as the electron-withdrawing ability of the para- 

substituent associated with the N ~ ( c ~ H ~ R ) ~  moiety increases 

, ( z . f .  Table 11-5). This indicates that the electron-withdrawing 



effect of the para-substituent is relayed to the iridium, 

resulting in a decreased transfer of electrons from the 

iridium d-orbSitals to the n-antibonding orbitals of the CO 

ligand. The non-linear relationship between the CO stretching 

frequency of the adducts 4a-f and the electron affinities of 
N 

the variously substituted aryltetrazene ligands may be due to 

an electrostatic contribution that is absent for the molecular 

complexks studied by other workers 40,41 

3. Nuclear Magnetic Resonance Spectroscopy 
- 

The presence of both 2-F and BF4 in complex 4b, already 
N 

indicated from infrared spectroscopy, conductance and elemen- 

tal analysis, was confirmed by "F nmr spectroscopy in CDC13 
4 

solution (at 56.4 MHz) using CAT? A weak signal at +6230 

HZ and a strong signal at +8778Hz, downfield relative to a CC13F 
- 

internal standard, were assigned to 2-F and BF4 , respectively: r 
*, 

The shifts are comparable with those of t6135 Hz ( Q  p )  and 

$8585 j& (BF,-) reported for the arylazo complex 

The proton nmr spectrum of complex 4b in CDC13 solution 
N 

showed broad multiplet peaks centred at 7 2.9 and T 3.8 rela- 

tive to T,IS as internal standard, with integrated intensities 

equivalent to 40 protons and kprotons, respectively. Both the 
-- - - 

triphenylphosphine and benzene entities, which exhibit proton 

nmr signals at ca. T 2.8 in the free state, undoubtedly contri- 
\ 

bute to the downfield absorption. In the grouping FCGH4N-N= 

a. Computer averaged transients 



Diagram 11-3. Proton n . m . r .  spectrum of 



(a)~'nmr 

(b) ls~nmr 

Table 11-6 

Chemical Shift 

T e ps 
(Relative to (~elative to 

TMS ) C C ~ ~ F )  

Relative 
Integcated 
'Intensity 

Assignment 

See pp26,25 



- 

( s e e  Fig .  1 1 - )  HA and HA, a r e  chemically equiva lent  and w i l l  

F i g .  11-7 

nP 

e x h i b i t  a  d i f f e r e n t  chemical s h i f t  from Hx and Hx, , a l s o  - 
chemically equ iva len t .  This w i l l  r e s u l t  i n  two s e t s  of mul t i -  

p l e t s ,  each i n t e g r a t i n g  f o r  four  protons ( t h e r e  being two such 

FCGH4N-N= groupings) .  It seems l i k e l y ,  then,  t h a t  the  mul t i -  

p le t -cent red  a t  7 2 . 9  c o n s i s t s  of the  40 protons from the  two 

PPh3 l igands ,  t h e  downfield four-proton m u l t i p l e t  of - the  two - 

FCeH4N-N= groupings and t h e  one C6H6 of c r y s t a l l i s a t i o n ,  

whereas the m u l t i p l e t  cent red  a t  T 3.8 is  due t o  the  upf ie ld  

four-proton s i g n a l  of t h e  two FC6H4N-N= groupings.  The complex 

s p l i t t i n g  p a t t e r n s ,  f u r t h e r  complicated by overlapping of the  . 

s i g n a l s ,  has not  been resolved .  An i l l u s t r a t i o n  of t h e  proton 

nmr spec t r& i s  .provided i n  Diagram 11-3 and the  da ta  from 

both the  'H and "F s p e c t r a  aye swnmarised i n  Table 11-6, + 

4 .  E lec t ron ic  Specfroscopy - -  - - -- 

Elec t ron ic  s p e c t r a l  da ta  f o r  t h e  a r y l t e t r a z e n e  Complexes 

4a-f a r e  l i s t e d  i n  Table 11-7. The spec t ra  a r e  cha rac te r i sed  
N 



Table 11-7 

Electronic Spectra4 Data for the Aryltetrazene 
Complexes [I~(CO){N~(C~H~R)~](PP~~)~]BF,(~~-~) 

m 

Compound 
0 9  

Wavelength (A ,nun) and 
Molar Absortivity (€,rn-lcm l )  Maxima a /" 

a In absolute ethanol at 25•‹C. 







by t h r e e  absorp t ion  bands i n  the  region betireed350 nm and 
- 

600 nm. G-ener-ally, these  bands o v e r l a p ' t o  such an e x t e n t  t h a t  

-they appear , e s s e n t i a l l y  a s  a  s i n g l e  broad absorpt ion  from 

which t h e  maxima can only be approximately d iscerned.  The - 

most c l e a r l y  resolved spec t& i s  ayforded by the  B - C F ~  complex 

geJ  and Zhe l e a s t  c l e a r l y  by the  2-3' complex 4b; these  .two - w 

s p e c t r a  a r e  shown i n  Diagrams 11-4 and 11-5. 

A comparison of t h e  s p e c t r a  of t h e  a r y l t e t r a z e n e  complexes 

with those of Vaska's complex, N 1, t h e  aryldiazonium t e t r a f l u o r o -  
. e 

bo ra te  s a l t  and t h e  ary ld i imide  complexes, w 5, revealed ' t h a t  the  

absorpt ion  i n  t h e  500 .nm region i s  exclusive t o  t h e  a r y P t e t r a -  

zene complexes. That t h i s  abs_orption, with a  molar absorpt iv i ty  

varying from approximately 4000 t o  6000, f i g h t  be due t o  a  
T 

t r a n s i t i o n  (++Wn; n*-n) a s soc ia ted  with t h e  tg t razene  <igand 

xas negated by t w b s e r v a t i o n  t h a t  no energy s h i f t  resul-ted on 

changing the  so lvent  from e thanol  t o  dichlo,romethane, o r  on 
I 

changing theR s u b s t i t u e n t  i n  the  complexes - 4a-f .  I n  f a c t ,  a l l  

t h r e e  bands remained i n s e n s i t i v e  t o  the  so lven t  change, indica-  
/ L .  

t i n g  t h a t  the  absorpt ions a r e  a s soc ia ted  mainly with the  metal  

r a t h e r  than with t h e  l igand .  

Vaskats  complex, 1, in benzen"e s o l u t i o n  e x h i b i t s  t h r e e  
N 

-;:ell defined bands a t  339 'nm ( E  = 3155), 386 nm ( s  = 3800) and 
- 

436 nm ( €  = 738) which a r e  assigned t o  d-d t r a n s i t i o n s k 2  and 
* 

a r e  cons i s t en t  with model p lanar  d8 systems descr ibed i n  the  
d 

l i t e r a t u r e 4 ? .  Wo d i r e c t  comparison can s e n s i b l y  be made 



between the spectra of the square-planar 1r(d8) system, ~;-and 
N 

the irregular fiive-coordinate square-pyramidal 1r(d6) aryl- 
hi 

tetrazene cation, 4. That the three maxima aiscernible in th 
N % 

broad envelope (ca. 350-600 nun) observed in the spectra of the 

aryltetrazene complexes may be largely due to 
Te Such d-d 
\ 

transitions is feasible, but, on the other hand, may simply be . - 

coincidental, many other transitips (such as charge-transfer, 

rr+-n, further d-d Cransitions) probably also -contributing. On 

changing the substituett R in the complexes 4a-f, the high- 
rci 

energy band in the spectrum shifts to lower energy and the 

molar absorptivityincreases as the electron-acceptor power of 

the R substituent increases; although not conclusive, this is 
% 

consisten$ with charge-transfer from iridium to the aryltetra- 
& 

zene ligand. 

The fact that the complexes 4a7f.absorb in a region - 
N 

(around 500 nm) in which neither .the reagents involved in their 

syntheses nor the other isolable complex, 5, absorb,'allowed a 
N 

spectrophotometric assay of the- maximum amount of aryltetra- 

zene complex actually formed. From the molar absorptivity of 

the pure complexes 4a-f at 500 nm and the absorptions of the 
ro 

c 
-reaction solutions, also at 500 nm; the maximum amount of 

aryltetrazene cornplex formed was ~~alculated. The yields, thus . 
- 

found are recorde'd in Table 11-2,'along with the yields \ 
-. 

actuall'y isolated. The most obvious inference from these 

a"7 "spectrophoto$e%r~c yields" is t h t  the formation of the a~yl- 



tetrazene complex increases with increasing electron- 

acceptor p9wer of the R substituent. The significance & this 

is discussed in Chapter VII B. 
' i  

3y following the course of the reactions spectrophoto- 

metrically, it was observed that reaktion, with respect to 

aryltetrazene complex ,. formation, wqs complete after 45-60 
I 

minutes. Reaction times greater than 90 minutes resulted in a 

decrease in tetrazene formation. 

E . Discuss ion 

An intriguing point of interest regarding 

aryltetraiene conplexes, - 4a-f, is their-mode of 
aryldiazoniwn cations. As already pointed out, 

the i'ridium 

formation from 

all other 

3noi;m rnetal .tetrazene complexes have been, prepared from organic ,. 

azides. Here, probable mechanistic routes can be readily 

proposed. For example, the formation -of both [Fe(N4Me2) (co)~] 

, frori pea ( c o ) ~  and ~ ~ ~ 1 3 ~ )  and [ N~{N,(C~F~)~] ( I,~-C~HI~)Z] - 

from ::i (1, ~ - c ~ H ~ ~ ) ~  and CsF5X3 has bken considered to involve 

the catalytic generatiop of a nitrene complOx (M-KR) which then 

reacts with a further holecu9e 0.f the azide yielding the 
* 

I 
c ornp iexed I: li g:_ar:d 

1 . 4  

30' 33. pn alternative approach 
-- 

involves the formation of a cationic dinitrogen complex. 33 

These two schenes are o u t l i n e h  in Figure 11-8. 



e 

M-NR 

4- 
krN2 i s  n o t  s o  r e a d i l y  v i s u a l i z e d .  Formally, t h e  t e t r a z e n e  

can viewed r e s u l t i n g  from t h e  c o o r d i n a t i o n  

aryldiazonium g r o u p s , t o  t h e  i r i d i u m  through t h e i r  bound n i t r o -  
1 

gen atoms, wi th  l i n k i n g - t o g e t h e r  of t h e i r  f r e e  n i t r o g e n  atoms.  

iio e x d p l e s  have beenafound i n  t h e  l i t e r a t u r e  where a n  a r y l -  
- - - - - - - 

diazonium c a t i o n  bonds t o  a second e n t i t y  v i a  i t s  bound n i t r o -  . 
e n  - atom; an3  it'-is a l 3 0 - ~ ~ i k e e l ~ h a t  t h i s  occurs  i n x h e  

format ion  o f  t h e  i r i d i u m  a r y l t e t r a z e n e  complexes. A p o s s i b l e  

r o u t e ,  however, i nvo lves  t h e  r e d u c t i o n  of A~.N,+ t o  an a r y l -  



, di-azene intermediate (A~N=NH) which then reacts with a further 
% 7 

molecule of A ~ N ~ +  leading to a bis-aryl N, species whioh, in 

turn, coordinates to the metal. Evidence for this mechanistic 

path is presented in Chapter VII. 

The possible linking of two arylazo ligands to form a 

- complexed tetrazene moiety may, however, have some significanqe 
- - - - - - -- -- - - - -- - - - /- 5 1  - - -- with respect to the nitrogen fixation process . This would 

/ 
require invoking a new rriodel in which two dinitrogen 'moieti'es 

bound on similar adjacent sites are'activated by simultaneous 

binding to a third, different metal through the 1 positions, 

and linked together by the 2 positions, as illustrated in 

FPg. TI-9. The lowering of N-N bond-strength inherent in such 

a model would be considerable. 
0 

M" M I  \M 4 M-N' 
. 
N-M 

Fig. 11-9 
i 

-X-ray crystallographic data (Chapter II-C) for the iridium 
I) 

aryltetrazene complex, 4b, show that the central bond length 
N 

corresponds to an N=N double bond and the outer bond lengths 

ap~ro~=t~fTFinglhnnds, whereas these were triple bonds in 

t h e  o r T g t m 3  d 5 m m n i ~ 1 ~ s a T t - . - L Z t  t-B-zttent-ion s e ems t o h a r  

been given to the possibility of "polymerization" of the dini- 

trogen molecule occurring in nitrogen fixation, although 

~hustorovitch~~ has entertained 'this possibility on theoretical 



CHAPTER 111 

Cationic ortho-Metalated Aryldiimide Complexes 

n 

While synthesising 
- - - -- - 

reaction between Vaskals 

Introduction 

the aryltetrazene series, 4, the 
-- - - up - N - -- 

complex, 1, and the para-bromophenyl- 
yc, 

f - 
diazonium salt, p - ~ r ~ 6 ~ 4 ~ 2  B F 4  , afforded-a second entirely 

t - 
unexpected, yellow, crystallineMuct . By suitable adjust- 

ment of (a) the ratio of the two solvents employed (benzene 

and ethanol) and (b) the,isolation technique, a yellow compound 

was also obtained from the para-fluorophenyldiazonium salt, 

f - 
p-FC6H4N2 BF4 , in a crystalline form suitable for X-ray - 
diffraction s.tudies: This diamagnetic, air-stable complex has 

been characterised by various techniques, including an X-ray - 
structure d e t e r m i n a t i ~ n ~ ~ ' ~ ~  , as an ortho-metalated ary1diimi.de 

complex. Two'series of these complexes, 5a-q and 5j,r-u 
TU w 

(Fig. 111-1 and Fig. 111-2, respectively) have been synthesised 
3 

and. characterised . 
l~he complexes 5a-q are isomers of the anticipated arylazo 

N 

- 
adducts [ 1r (co)c~(N~A~) ( P P ~ ~ ) ~ ] ~ E ~ F ~  ; they are analytically . ' 
indistinguishable. -- - -- - - 

Series 5j,r-u resulted from experiments to ascertain the 
'U - - -- - -- - 

effect on the course of the reaction between Vaskats complex, 
"., + 

1, and ArN2 of varying the phosphine and the anionic ligands 
N 



L 

F i g .  111-2 



(c .f . Chapter IIIB, p43, and Chapter VII) . 
The members of the series were synthesised from %he , 

+ - ortho-bromophenyldiazonium salt, - 0-BrC6H4N2 BF4 , as it had 
previously been found to afford the most consistently high 

yields in the syntheses of 5a-q. 
YY 

B. Synthesis 

The aryldiimide complexes, 5a-u, were prepared by react- 
N 

ing Vaskats complex, 1, or the requisite analogue - 

N 

[I~(co)A(PP~~)~) (A = F, Br, I, 0C103), with the reqyisite 

aryldiazoniwn tetrafluoroborate, ArN2BF,, in benzene-ethanol. 

The-mole ratio of ArN2BF4 to the iridium compiex was held at 

1:l. The benzene:ethanol ratio was fixed at 3:l (by volume), 

whereas in the aryltetrazene syntheses it was held at.lO:l. 
- - - - - - - - -- - - --- - -- - - - - - - - - - - - - - - 

In certain instances, both the aryltetrazene and the aryldiim- 

ide complexes were isolated irrespective of whether the benzene: 

ethanol ratio was 10:l or 3: 1; however, the 3:l ratio was 

found to favour isolation of the aryldiimide complexes. As 

prkviously mentioned (chapter I1 B), with the 10: 1 ratio the 

aryltktrazene complex generally crystallised out on cooling of 

the reaction solution, whe'reas with the 3: 1 ratio no crystalli- 

bya-freeze-drying - -- - - procedure and the resulting solid was 
- -- - --- -- - 

stirred with benzene. Generally, the benzene-insoluble fraction 
0 



Elemental Analyses and Yields f o r  , 

t h e  Ary1diimi.de Complexes 

[ frA(C0) (HN$JhsH3R) (PPh3)2]Y~aj5a-u N 

Compound Percentage Composition Percentage 

Found Calculated Yield i 
I 

- - A 

- 

- - - - - - 

No. R A 

5a 
N 

H C 1  

5b 
N 

P -F C 1  

5c 
N 

p-C1 C 1  

5d 
CU 

p-CH3 C 1  

5e 
N 

p-Br 21 
5. f 
N 

p-NO2 C 1  

5g N p - C F  c1 
5h 
N 

0-F C 1  

55 
N 

0 - C 1  C 1  

N 5j" - o - B r .  - C1 

5k 
N 

0-NO* C 1  



Formulated w i t h  1 mole C6H6 per  mole of complex.. 

Formulated w i t h  1 mole ( c H ~ ) ~ c O  per  mole of complex. 

F o r ~ u l a t e d  w i t h  0 .5  mole C6H6 per  mole o f  complex. 

Chlorine ( ~ 1 )  a n a l y s i s :  Found 3:23$; Calculated 3.37% 

Bromine ( ~ r )  a n a l y s i s :  Found 7.568; Calculated 7.60% 
- - -- - . - --- - --- - - - - 

Fluorine ( F )  a n a l y s i s  : Found 8.54%; Calculated 8.69% 

Iodine ( I )  a n a l y s i s :  Found 11.08%; Calculated 11.10% 

Chlorine ( ~ 1 )  a n a l y s i s  : Found 6 -08%; Calculate-d .5.98$ 

Bromine ( ~ r  ) a n a l y s i s  : Found 7.19%; c a l c u l a t e d  6.75% 



* 
- - - -- . 

was carefully recrystallised from acetone-ether resulting, 

first , in precipitation 6f *he yellow, crystalline aryl-diimide 

complex, followed by precipitation of the'red, crystalline 

aryltetrazene complex. Detailed procedures are given in 

~hapterVIISbut it should be noted here that, depending on the 
D 

ring substitution of the aryldiazonium cation, (a) the aryl- 

' 1 
soluble fraction, and (b) isolation of the aryltetrazene com- 

plex was not always achieved; in fact, it was achieved only 
- 

for para-subskituFed aryldiazonium cations, as discussed in 

Chapter I1 B. 

Table 111-1 lists the aryldiimide complexes isolated and 

characterised, along with their elemental analyses and yields. 

~ttem~tsjto synthesise aryldiimide complexes of the more 

analogues-of Vaska '3 _cornple~,-l,namel~,~ --- -- -- 
-- 

N 

[I~(co)C~(PM~P~~)~] and [JE~(co)c~(PM~~P~)~] proved unsuccessful; 

this was also the case with regard to the aryltetrazene com- 

plexes. Tkie mechanistic implication of this is discussed in 

Chapter VII. 

C, Structure 
t 

A single crystal X-ray structural' analysis of the complex 

phenyldiQnide tetraf luoroborate, revealed sthe stx~cLureto- 

consist of an array of discrete six-coordinate iridium complex 



* Diagram 111-1. Molecular configuration of 



- 45- 
- - - - 

- 

- - -  -- - - - - -- Lp- 

cations and tetrafluorobosate anions togethkr with acetone 

molecules of crystallisation (one acetone molecule per iridium 

atom) 54 J ~ ~ .  The molecul~r configuration of the cation is 
+ 

shown in Diagram 111-1. 

' The enviqonment of the iridium is. that of a distorted ' 

octahedron, the ,distortion being imposed by the presence of 

th. -five- x i e m b e - r ' m  iig-eavmggasl"Ce- the - amCitRr iTKemTlL-- 

phosphine groups, the remaining lequatoriall atoms.of the 
b 

complex cation are very nearly coplanar. Noticeably, the 
- 

phosphine groups are trans and the Ir-P lengths are almost 

identical with the longer of the two distinctly different Ir-P 

bond lengths in the pentacoordinate tetrazene complex, where 

the p w h i n e s  are - cis (Chapter I1 C and Diagram 11-I), and 
'., 

agree klosely with the Ir-P lengths of the trans-pho~p~ine 
4 

groups in the similar complex [ PC12 (~-cH~o&H&zH) ( ~ ~ 1 2 % )  2-1. CHCL3-- - -  

described by Bellon et al. 53, 182 -- 

The principal feature of the complex cation is the 

internal metalation of .the aryldiimide ligand at atom ~ ( 1 2 )  to 

give a e-membered heterocyclic ring. This process, ortho- 
7 

metalation, has been recognised as an important substitu$on 

reaction-of aromatic compounds possessing a nitrogen 56-7y 174 or 
w 

phosphorus 75-87 donor atom and nuiherous examples have appeared 
PUQ 

siXFepThe subject was reviewed"". Although the phenomenon is 

re as ona b TJ- we Elre stab1ish~cYon c h e m f c a - X - a n d ~ p - ~ t ~ G ~ ~ ~ i i ~ -  
-8 

(i.r. and n.m.r. ) eviden~e, only a few crystal structur@ deter- 



The five-membered ring in N 5b is closely similar in dimensions , # 

to the corresponding ring in acetatobis-['(2-phenylazo)phenyl] 

rhodium, as reported by Craik -- et al. 63 The lr-~(12) and 

1r-~(1) bond lengths .in the chelate ring of w 5b are not signi- 

ficantly different. As Craik -- et a1 .63 do not report arrors, 

it cannot be decided whether aistances are 
- - - - - - - - - - - A - - A 

different in the rhodium compound; however, the closely 

related ortho-metalated phenyl ring in a manganese-benzilidene- 

aniline co&~ex~~ is bound to mamganese with identfcal m - C  - - -  - 

and Mn-T\r distances. - A comparison of the molecular geometry of 

.the recently determined complex [ 1rc12 ( P - C H ~ O C ~ H ~ N ~ H )  - (PPh3 )2] -CHCl3 

Y 
53y18w?th that of N 5b shows that there is strict similarity between 

> 
corresponding interactions in both structures. The ~(1)-~(2) 

double bond, again similar to the related compounds just 

mentioned. 53, 6 3 Y  69 

The presence of an N-H bond in 5b has been established bg 
Cc, 

i.r. (chapter 111-~2) and n.m.r. (Chapter 111-~3) spectroscopy, 

and by deprotonation with base (chapter IV). Although the 

X-ray diffraction data do not unambiguously confirm the presence 

+he sifve - --uS&e-p-r*br+or, I?*f,h,ey arc me-cns is +hn 

n N ( ? ) ; this i s c l l e m i c a ~ Y y s S e n & b k ~ s o  

far as the hydrogen atom then has the position occupied by the 



~iagram 111-2. Intermolecular hydrogen bonding between 
acetone and H I  in k 

1 

[~~(CO)C~(PP~~)~(HNNC~H~~-F)IBFI*(CH~)~CO, 2 ' 



-- - - - - - -- 
phekyl group i n  t h e  acetatobis-[  (2-fihenylazo )ph&yl] rhodium 

63 
a 

complex . Fur ther ,  ~ ( 1 )  shows a  r e l a t i v e l y  s h o r t  contac t  with 
0 

t he  oxygen 0 ( 2 )  of t h e  acetone molecule a t  2.91A, i n d i c a t i v e  of 

weak hydrogen bonding ( ~ i a g r a m  1113:) 3 H(  1) i s  approxi- 

mately coplanar with t h e  acetone molecule. 

- Protonat ion of . the  coordinat ing n i t r o g e n  atom of an  , 

arfia zo - g ~ ~ & - ~ - m " r ~ d - - ( ~ a - i n L y - - - f - r - ~ m - n ~ m T r  . c v i-dcnee-) 

lo8' ''lcd s t rong ly  , indicated i n  o t h e r s  i n  two cases, 90-92,109 

4,5 For example, P a r s h a l l  has repor ted  t h e  i n s e r t i o n  of 
* x  + 

2 - ~ ~ , ~ 4 ~ Z +  i n t o  a  Pt-H bond t o  g ive  [P~(NH=NC~H~F)C~(PE~~)~] ; 

Toniolo and ~ i s e n b e r ~ "  used a s i m i l a r  procedure t o  obta in  

+ 
[ 1 r H 2  ( N H = N C ~ H ~ N O ~  ) (PPh3) 3] , and shawgl achieved i n s e r t i o n  of 

+ n t  + 
C6H5N2 i n t o  a Ru-H bond t o  o b t a i n  [Ru(NH=NC~H~)C~(CO)~(PP~~BU ) 2 ]  . 

+ Simi la r ly ,  cagl iog2 synthesised'  [ I ~ ( M I = N C ~ H ~ ~ - R ) H ~  - ( P P ~ ~ ) ~ ]  . 

f ind ings  provide f u r t h e r  e v i  ence t h a t  t h e  p o s i t i o n  of protona- .  9 
t i o n  i n  the  present  compound,'/ 5b, i s  c o r r e c t l y  e s t a b l i s h e d .  

* ;  -. . 

D .  P roper t i e s  
5 

1. General P roper t i e s  

I The c a t i o n i c  ortho-metalatkd diimide complexes 
~ 

d- [ I ~ A ( C O ) ( N H  = N ~ ~ H ~ R ) ( P P ~ ~ ) ~ ] Y  (5a-u) a r  c r y s t a l l i n e  s o l i d s  
-- N 

varying i n  colour  from yellow t o  yellow-orange? They a r e  s t a b l e  
- - -- - - --- -- 

over long per iods  t o  a i r ,  and appear t o  be s t a b l e  t o  moderate 

fleati& (up t o  c a .  1 8 0 ' ~ ) .  Although t h e  ex ten t  of s ' o lub i l i ty  

a .  The complex j?; ( R = O - N O ~ )  - Y s  v i o l e t  i n  colour . 



Table 111-2. 
,- 

1 

Molar Conductances (Nitromethane, 25O~) and pKa 
Values (Ethanol, 25"~) of Some Aryldiimide 
Complexes [I'~A(co)(NH=N'~~H~R)(PP~~)~]Y 

152 Cl o-Br  BF, 
r w  

. . 
Conductance Data 

%o%r iC on-c-en trat i on 



- 
% 

- - - - - - -- - 

varies somewhat with the ring substituent, R, the complexes are 

all soluble in metha~ol, ethanol, acetone, acetonitrile, chloro- 
L 

f o m ,  dichloromethane, and insoluble in ,diethy1 ether, . hexane, 

/ penthe, water and benzene (the ~o&~lexes obtained 'from benzene 
d 
I 

n during wo.rk-up of the reacti.oi? ,mixture appear not'. to 

i. 

the adidiimide complexes in nitromethane solution is typical 

44 of 1:l  electrolyte behaviour , as demonstrated for a few repre- 

sentative compounds in Table 111-2. Also listed in-Table 911-2 -., 

are some pKa vaiues, illustrating the acidic nkture Qf %he . 
k 

diigide hydrogen of the complexes. Magnetic susceptibility . 
" 

measurements showed the aryldiimide complexes ,to be diamagneti c... 

2. Infrared Spectroscopy 

( v ~ ~  and 'N,, respectively) for the aryldiimide complexes, 5a-,u, 
TU 

are listed in Table 111-3. The i.r. spectrum of the~~bromoph'en~l- 

d i i m h  complex -:e, as illustrated in Diagram 111-3, typifies 
N . 

the complexes 5a-t having the tetrafluoroborate anion, whereas 
w % 

Diagram 111-4 shows the region of the spectrum of >u havi$g 
bands assignable to the perchlorate anion and a perchlorato ligad. 

stretching frequency - - appeared - - -- - -- - in -- the -- region - 3150-3180 cm-l. 

Those bands characteristic of, the substituent, R, on the aryl- 

azo ring were observable, except for R = C1 or Br. In all 
- s 



Table 111-3. 

Some I n f r a r e d  S e c t r a l  Data f o r  t h e  Ary d ' imide  - Complexes, [ I**=NC,HSR) (PPh3)21Yief, N 5a-u 

Compound 

No R A 

P o s i t i o n  of ~ b s o r ~ t i o n ( ~ )  

- - - - 

Observed i n  both  i . r . . a n d  Raman s p e c t r a .  - 
Observed i n  Raman spec t rum.only .  
S h i f t e d  t o  1397 em-' on., 1 5 ~  s u b s t i t u t i o n  of t h e  1r-bonded 
n i t r o k e n  atom. 

( d )  S h i f t e G t o  1426 cm-' on "N subs . t i tu t ion  of t h e  Ir-bonded 
n i t r o g e n  atom. 

- 

( e )  5 a - t ,  Y = BF,; ~ u ,  Y = CIO, 
( f )  '&r p e l l e t .  . 



., - 0 
O_ s:: 



cases, the absorptions due to the ring C-H bending modes of the 

triphen~lphosphine ligands appeared at ca. 700 and 750 em-', 

Apart from the characteristic substitution patterns 

provided by the C-H bending mode3 of the Ir-bonded. arylazo ring 

(as record6d in Table 111-4), no definitive assignment of bands - 
C i 

characteristic .of ortho-metalation in the complexes 5a-u has 

been made, although such ba lying in the .region of ca. 
4 9 - 

1000-1100*cm~', have been claimed for other ~rtho-metalated 
C 

- 
region (10'00-1100 cm-I) to afi 

complexes 5a-u is not tenable 
N 

- z s s i - g m ~ f  BzZdnDrEhi s 
0 

ortho-metalated ring in the - 
owing to (a), the presence'of a 

- 

strong, broad band centred at 
- 

C10, , and (b), a strong absorption at ca. 1100 em-' in Vaskals _ - 

1 - 
ca. 1060 em-' and due to BF4 or 

i .  

complex (1) itself, a compound which is not known to c-ontain an 
N 

ortho-metalated phenyl ring. In fact, the results in Table 111-4 
I 

. for the meta.-substituted compounds 51-q even cast some doubt on 
N 

- --- #- - - - - 

the assignments basdd on the C-H dendingring-substitution' 

in the 700-900 cm-' .region., These results suggest that 
t 

9 -the sterically more crowded isomer A predominates over the 

sterica;lly mare favoured isomer B (see Figu~e 111-3). 
4 

Isomer A - Isomer B' 



Table 111-4, 

Infrared C L H  Bending Ring Substitution Patterns - - 

, .of the ortho-Metalated Ring in the Aryldiimide mplexes, 
[ ~ A ( C O )  ( ~ = N ? ~ H ~ R )  (PP~~)~]Y, .5a-U. - (8 

Comment 1 I Position of Absorption 

a Literature value ( Observed Value 

Masked by 'strong 
PPh3 bands at 70( 
and 750 cm-' 

Mixture of i o- 
mers A a d B b) 
Isomer ~ ? b )  

Isomer A (b). . 

Isomer A (b) 
ably isomer 

Isomer A (b) 

Approximate values. See Reference 38. [ Two isomeric structures, A and B, are possible for the meta- 
substitutes diimide complexes, 54,-q. See Figure 111-3. 

N 

KBr, pellet. 
- A and Y are as previously designated (seb, e.g; Table 111-3) 

? 
,- 

* 
L - 



4 .  An absorption due to the N=N stretching frequency VN,t . 

t 

could be assigned to only a Sew of the aryldiimide complexes, 

namely 5a-g and 5i-j, and in these cases, the i.r. absorption 
TV N 

(1403 to 1443 cm-l) was invariably weak. The remaining 

complexes 5h, 5k and 51-u, exhibited no i.r. absorptions 
N N rc, 

assignable to and, further, underwent decomposition in the 
f$2 

- - - - - - - - -- -- - - -- - - - A -  -- - -- 
Raman He/Ne laser beam. By using the isotopically subsbituted 

4- - 
diazoniwn salts [ R C ~ H ~ ~ ~ N = ~ ~ N ]  BF4 (R = - p-Er, - 0 - ~ r )  prepared 

by diazotisation of the corresponding aniline with Na15~02, 

the isotopically substituted analogues of 5e and 5j were synthe- 
N N 

sised and investigated by Raman and (in the case of 5e) i.r. 
N 

spectroscopyi(c.f., Table 111-3). In this way it was possible 

to assign absorptions to the N=N siretching frequencies. 

view of (a) the uncertainty of the exact N=N stre:tching 

- frequencies as determ-ined bythe -t.r: -absorptions in- the 

state (KB~), (b) the apparently small differences i& the 
* 

values on varying the para-R substituent and -(c) ,the possibility , 

of coupling of the N=N and aromatic C=C stretching frequencies, 

caution should be exercised in attemptingito draw any firm 

correlation between and the'nature of the R substituent. 

The i.r. spectra df all the aryldiimide complexes 

exhibit a,n absprption due to a, terminal carbonyl stretching s 

frecluency in the region 2048-2093 cm-I (c.;f. Table 111-3). Four 
- - 

sepa~ate series of complexes can be considered, all pertaining 
- * 

1- 
to the general f c ~ l a  ~ m ( c o )  (NH=NC~H~R) ( P P ~ ~  )4~, viz: 



Series (1) Compounds 5b-g,. Table 111-3. 
N 

9 = para-substituent; A = C1; Y = BF4 - 
Series (2) Compounds 5h-k, Table 111-3 

N 

R = ortho-substituent; A = C1; Y = BF, 

Series . ( 3 )  Compounds 51-q, Table 111-3 
N 

R = meta-substituent; A = C1; Y = BF4 

- - 

Series (4) Compounds 5j and 5r-u, Table 111-3 
- - p-L-------N- -- - 

R = q-Er; A = F, C1, Br, I or 0C103; Y = BF4 or ' 

v Within each of the series (I), (2), and (3), co 
- 

increases as the electron acceptor ability of the ring substi- 

tuent, R, increases; thus, the bidendate aryldiimide ligand is 

competing with the ZO ligand for a share in the electron density 

on the iridium. a considerat5on of the structure of the 
5iirnide complex, (Figure 111-4) it is een that both the bi- 

Centate ligandand the CO ligand-lie - of -- 

L'r k-, n sctahedron, and that the bonding of the terminal N %torn of 

tke diixide ligand to the metal is trans to the CO ligand. 

3aek donation from a filled d -orbital df iridium into an empty 
1 l7 



A -- - - - - - - - - - - 

antibonding P -orbttal of the nitrogen ligand should be facili- 
, l-r t \ 

tated by electron withdrawing substituents on the aryl ring of 

the ligand. As the metal electrons are increasingly more 
* 
efficiently iphoned-off to the diimide ligand by the stronger % 
electron-withdrawing ring substituents, the back donation from 

iridium to an empty antibonding P -orbital of the carbon monox- 
l-r C 

i tre - ti imifi-i-shes s; ~ C O  in c rewes. ~1 s o ,- tk1'smecmoum 
V result in a decrease in N2 with increasing electron-acceptor 

power of tkie ring substituent, R: the increased occupancy of 
- - 

the nitrogen antibonding P -orbital results in a lowering of 
l-r 

the N=N bond order, and a decrease in the bond frequency (or 

v v * 

energy). This effect is exemplified by the CO and NZ v w e s  

for the para-substituted aryldiimides, 5b,c,eszf,g  a able 111-5) 
N 

xhere it is seen that, as the electron withdrawing power of the 

V 
- ?am-subs tituent increases ,v~~incr&a.ses- and N Z  dec-reases. 

?able 111-5 lists, in addition to other parameters., the values 
v,= 

l r 2  V for the ratios "a, +, where N2 applies to the aryldiimide 

eo~plex carrying an 3 substituent, and V ~ 2 +  to the similarly 
v 

substituted dlazonim salt. The value of N 2 / ~  + also 
N2 

53creases xith Fncreasing electron withdrawing power of R. This 
v 

.. Iscrsase  b "2/~., i lends support to the mechanism just dis- 
- 5  2 

,,, ,,sseT;. I - 7~. - - -au ,  c if the arylazo unit withdraws n-electrons from 



v A Comparison of CO and V ~ z  of .Some ~r~ldiimide 
Complexes [I~c~(co) (NH=NC~H~R) ( P P ~ ~ ) ~  BF4 with the 

HamrneJt Substituent Constants (J , of the 
R Substitoents. P I 

(a) 
v c ~  



r 

- 
i n g  diazonium salts ,  due t o  t h e  added d r a i n  of metal  e l e c t r o n s  

f 
i n t o  the  M=N funct ion;  t h a t  i s ,  v  N J ~ N ~  + should decrease a s  

power of R -Bases, as i s  observed. 
-4 

o-bromog.substituted complexes ( 5 i  - - - N 

and 53, r e s p e c t i v e l y ) ,  both t h e  vCO and v values a r e  h igher  
CV M2 , 

than  f o r  t h e ' c o r r e b p ~ d i n g  2-chloro and>-bromo analogues (5c - N 

a n d . E ; e . l .  as-lmLaLin Tahlp T T T  - 
N 

r e f l e c t s  a  g r e a t e r  removal of e l e c t r o n  dens i ty  from i r id ium 

when the s u b s t i t u e n t  i s  o  than p, r e s u l t i n g  i n  decreased back- - - 
- 

-- -- - ---- 

donation t o  both t h e  carbony2 and ary ld i imide  l i g a n d s .  The 
f .  

o r i g i n  of t h i s  e f f e c t  i s  no t  c l e a r ,  but  may be due t o  a d i f f e r -  
0 

e n t  \sigma -xithdrai.ral through t h e  Ir-C ( a r y l )  bond. For the  o-R - 
s e r i e s ,  a s  f o r  t h e  p-R s e r i e s ,  v  again inc reases .  a s  the - co 
e i e c t r o ~  ~/ritLfi,raxirrg poxer of 3. i nc reases .  Owing t o  t h  

of v;, values f o r  the 0-3 s e r i e s ,  o t h e r  than f o r  5 i  and 
1 :2 - N -- - - - 

- 
v a r i a t i o n  of v,- x i t h  ?, i s  not  known, but would be expected t o  

l a  2 
- ~ a r a l l e l  $he 3-x s e r i e s  ( i . e . ,  v  decreases as t h e  e l e c t r o n  with- - r'J2 

- - - - - 

73- -: nz - poxer cf 3. i n c r e a s e s ) .  

- 
LC t3e srt50-bromophenyldiiraide complexes 5 j  and 5r-u 

N N 

( C  .?, S e r i e s  ", pg-e ) irl which . t h e  l igand A i s  var ied  from 
r 

- L.  r -.nrougc I, 21, and 3r t o  0C103, t h e  t r e n &  is  f o r  vCO t o  

Fccre~s?; t h e  swz ,,rene Is apparent in the  r e l a t e d  analogues of 

Eclsx9S - 1- Tabzc - T1I-F) f---+&e-~+-"--T*~em .7 - .  . - L l  
- - 

L 
* 

n s t z  %:.at L-. 8rrszrs u', O E ~  m r e  s e n s i t i ~ ~ e  t o  the  e f f e c t  of 
-5 - -  - 

&h, 
.. 

"t> 
-r 



Carbonyl Infrared Stretching ~recpencies ('CO ) 
for the Complexes [I~A(CO) ( P P ~ ~ ) ~ ] ,  1, la-d,, 

N N 
y and 

[&A(co) ( N H = N ~ ~ H ~ B ~ - O )  - (PP~~)~]Y(~), 5j , -5r-u. - *  

-. 

Compound . !  d )  

I 

NO. A i (+ - 1 em:'.) 

(a) 5j, r, t, s: Y = . B F ~ ;  5u: Y = 
N N 

(c) In CHC13 (see l3efereJc.e 95) 

(d) KBr pellet , 



varying the anionic ligand A in the diimi.de series 5r-u than 
N 

in the .*~aska%" series la-d, as represented by the hv 
N co 

values in Table 111-6. This is particularly evident for A = , 

0C103, A rationalisation .of this observation i"s considerably 

hindered by the many fBctors involved in going from a four- 
- 

coordinate, square-p-lanar, molecular, d8 system in wkiich the A 
+., 

and CO ligands are mutually trans, to a six-coordinate, octa- 

rn hGdral, cationic, d6 system in which the A *?ad CO Iigands are 

cis to one another. The effect on v of varying A in the~ - GO-, * 
+ 

complexes la-d is undoubtedly due to the trps effect, which , 
N 

has been well established for square complexes, and particu- 
L - 

larly for dB (ptl') complexes 96'97. The trans effect is gener- 

al'ly of less importance in octahedral complexes: and the 

variation of v with A in 5r-u may simply represent a manifes- co N 

.. 
octahedral, d6 complexesg8. It should be noted that complex N 5 j, 

- 
in which A = C1, has BF4 as a counter ion,_ whereas 5u, fn which - . N 

- 8 

A = 0C103, has C104 as the counterion. The nature 'of the 

counterion can affect both the intensity and the frequency of 

.the,:i .r. bands, particulary for s id state spectra98. phis in 

itself could account for A V  co u being greater than that of J N 

Id. - 
N 

In the series, 1, la-d and 53, 5r-u, it would be expected, 
N N N N 

~urely on the basis of Pauling electronegativities, that vCO 
! 

should decrease in the order of A = F > C1 > Br > I. However, - 



Carbonyl Infrared Stretching Frequencies ( v  ) CO 
for the Complexes [I~A{CO) (PPh3),] ( i ,  la-d) and 
L w rd . C IrA(c0) ( N H = N ~ ~ H ~ B ~ - O )  (PPh3) .]Y 
% 

- (5j, r-u) and 
-Electronegatiuities (x*), Total ~lectrone~a%ivities (xT) 
and n-Electronegativities (X ) of the Anionic ~'i~ands, A, 

TT 

1 

(a) 5j,r,t,s: Y = BF4. 5 ~ :  Y = C104 ' 
N TU 

(b) In CHC13 (see Reference 95) 

(c) KBr pellet 

( See Appendix B for explanation and calculation 



- 
- - d 

to this, placing F out of line. The explanation for this is 

that, in addition to their.'bigma electronegativity", C1, Br 

and I, but not.F, can also exert a "pi-electronegativityh by 

accepting charge from the metal into their empty, low-lying d- I 
orbitals. This variation, of v with A was utiliSed by . co -t 

vaskag5 to quantitatively estimate, from the vPD values, the 

total electronegativity (XT), and hence the n-electronegativity 

(X ) of a wide range of anionic ligands (A) in the complexes 
Tr 

electronegativity), XT and X for the complexes having M = Ir 
TT 

and A = F, Cl,'~r, I and 0C103, i.e., 1, la-d, are given in 
PJ N . - j 

Table 111-7 along with the corresponding values for the diimide" 
0 

series 5j, r-u. The definitions and methods of calculation of 
N 

XA, X and X are given in Appendix B. There is an immediately ' 
T TT 

ob'vious discrepancy between the X values for 5u and id,- 
.+ 

- TT TU YJ 

that the value for 5u is apparently too high. The Splanati& . , 
N 

-- - - -  

foT this is not obviouskand may again be due -to a number of '; 
0 -- 

factors in going from a sqGare, molecular d8 complex to a 

distorted octahedral, cationic- d6 complex, as -previously , 

discussed,. 2 

The ortho-bromopheny1diinli.de complex 5u,' containing per- 
f- 

chlorate as bdth an anion and a ligand, is formulatkr as 
1 

[ &CKI&X) (HH=N=C~H~B~-O) - ( P P ~ ~ ) ~ ] c ~ o ~  on the b a ~ i s  of its 

elemental analysis  a able IIJ-I), molar conductance  a able 111-2), 



5 - .  
ID- - - _- -.__- -- 
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- * 



l i t e r a t u r e  contains  b o  i . r  .993100 a n d  - a o 3  struCtu\l't 

evidence f o r  coordinated perchlora te  -complexes, and i . r  . data\ ' 

f o r  t h e  uncoordinate8 pe rch lo ra te  anion has,.been discussed py 

N a k a ~ n o t o ~ ~  and ~ o h n l ' ~ .  The uncoordinated pe rch lo ra te  anion 

i s  a t e t r a h e d r a l  XY4 molecule having four  normal modes of ' \ 

a r e  both i . r .  and Raman a c t i v e ,  v ,  and v2 being Raman a c t i v e  ' 
4 

- only (no Raman d a t a  a r e  a v a i l a b l e c f o r  5u owing t o  i t s  decompo- * B N . . 
s i t i o n  i n  ~ e / ~ e  l a s , e # r a d i a t i o n ) .  The bands y 3  and v 4 ,  a r e  

observed i n  KC10, a t  1140 and 624 cm-I,' respectively103. The 

re l evan t  i . r .  da ta  f o r  complex 5u and some o t h e r  complexes 
N 

- 
conta in ing  both t h e  f r e e  C l O ,  anion and coordinated PPh3 a r e  

l i s t e d  i n  Table 111-8. I n  a l l  cases the  v3 and v4 bands a r e  

observed, but v 3  i s  c lose  t o  a  s t rong  PPh3 absorpt ion  a t  ca .  

1100 em-', r e s u l t i n g  i n  a  broad band i n  t h i s  region: TkLe per- 

ch lora te 'an ion  can coordinate  e i t h e r  a s  a monodentate l igand 
- - - 

( 0 - ~ 1 0 ~ ;  C g V  symmetry) o r  a s  a  b identa te  l igand (02-c102; C Z V  

symmetry). Examples of both types a r e  given i n  Table 111-8. 

The v i b r a t i o n a l  modes f o r  t h e  f r e e  anion/and t h e  coordinated - 
~ o n o d e n t a t e  anioh a r e  l i s k e d  i n  Table 111-9; the  bands due t o  

t h e  b identa te  l igand occur g e n e r a l l y - i n  t h e  same regions a s  the  

i . r . a d  a c t i  ve , -whe-rm t h e  bi denta te  modes w h l c h  are 
L .I 

l igand exhilbits n ine  modes, e i g h t  of which a r e  i . r .  a c t i v e ) .  
--Vo 



Table -111-8. I 

In f ra red  Data f o r  the Aryldiimide Complex 
- - - 

[ ir(OCl03) ( G O )  ( N H = N & H ~ B ~ - o )  - ( P P ~ ~ ) ~ ] c I O ~ ,  Zu, and 

Other Complexes Having a  Perchlora te  Anion o r  a  

Perchlora to  Ligand. 

I n f r a r e d  absorpt ions (cm-I 

t o  t h e  pe rch lo ra te  group 

Reference 

* ,  
- - 

This work .. 

( a )  L = pbh3 

( 3 )  s =k{rong; m = medium; w = weak; vs = very s t rong;  m s  = medium 
strong!; mw = medium weak; vw = very weak; b r  = broad. 



- - 
Table 111-9. 

, * _  

I n f r a r e d  Vibra t iona l  Modes f o r  the  uncoordinated 
Perchlora te  Anion and t h e  Monodentate Perchlora-te Ligand. 

Monodentate Ligand, 0C103 

Approximate 
Frequency 

' i b r a t i m a l  ' 

Mode 
Vibra t iona l  Approximate 

- Mode 
I 

Freauencv 

1130-1300 
. ( v a r i e s )  



Owins t o  tr iphenylphosphine bands; and cc .nbi n a t i o n  bands, the  
- i * 

spectrum o i  5u (Iliagram 711-4) does not  p'ermi-t d i f f e r e n t i a t i o n  - ' 
N 

between a  mono- and a . b i d e n t a t e  l igand .    ow ever, b iden ta te  

binding where f i v e  bonding s i t e s  a r e  a l r eady  occupied i s  very 
- 

unI ike ly  . The i . r . spectrum does, however, a l low assignment 

OF both a  f r e e  and a  bound pe rch lo ra te  anion,  the  broad band 

cent red  a t  1100 cm-I being i n d i c a t i v e  of t h e  f r e e  anion; t h e  

band a t  932 cm-' being Andiea t ive  of aaperch lo ra te  l igand,  'and' 

a s t rong  bahd a t  625 *em'-' being i n d i c a t i v e  of both moie t i e s .  
'5  

3. Nuclear Magnetic Resonance Spectroscopy 

The proton nmr s p e c t r a  of 'the -C1, p-Br and o-Br com- 

p lexes ,  5 i ,  5e and 5 j  ' ( s a t u r a t e d  acetone-d, s o l u t i o n  a t  60 
CV N N 0 

and 100 ~ c / s e c  with TMS a s  i n t e r n a l  s t andard )  a l l  ,exhibited two,  

s i g n a l s  p-p . i n  khe region 72 t~ 7 4 .  The spec t rmi  of 5e  ( ~ i a g r a m  
. . "' 

L. 

111- 5) f o r  example, showed m u l t i p l e t  s t r u c t u r e  cen t red  a t  72.46 
iP 

due t o  aromatic pkotons, from which ind iv idua l  resonance due t o  
* - -  - - - 

t h e  1 , 2 , 4 - t r i s u b s t i t u t e d  aromatic r i n g  w a s  no* s t ingu i shed .  
".-" t 

I n  add i t ion ,  a  weak s i g n a l  occgrred a t  73 .61  having an 

i n t e g r a t e d  i n t e n s i t y  corresponding t o  a  s i n g l e  proton.  6 .  

No s p l i t t i n g  'of th$s  signs? was observed, b u t  it d id  

s p l i t  i n t o  a  doublet  (T 3.45 + and 73.75) centered a t  T3.61 



. 
72.46 73 .61  

P 

Diagram 111-5, Proton nmr spectrum of 

[ I ~ ( C ~ ) ~ ~ ( P ~ ~ ~ ) ~ ( H N N C ~ H ~ ~ - B ~ ) I B F I ,  z(e) 

( a )  ' . p l i t , t i n g  d u e  to . N ' ~  s u b s t j t u t i o n  of nitrogen ' 
d L 

atom bonded t o  i r i d i u m ,  * 



, 

removed, re-appearing on addition of accd. This is in keepihg 

B - with the known reversible .reaction of the aryl iimide complexes,, 
- 

5, with base: . N 

N-H stretching frequency (chapter 111-~2)~was removed by treat- 

, ment of the complexes 5 with base. ,Thus, assignment of this 
N 

- 
-- 

- 

signal at 73.61 to an N-bonded proton seems to be quite logical, 

yet it does exhibit some puzzling features. Neither exchange 
-h 

nor a shift were observed in the nmr spectrum in the presence of 

H20, D20 or 'CF~COOH, although tAe T 3  .61 signal did disabpear 

with DBF, ,over a narrow range in the region of pH 5.7. Also, 
* a 

the upfield position and low coupling eonst? U) of 29 Hz 
- - pppp p-p--pp 

appear to be unusual. The, corresponding values fort somewhat 

related compounds are given in Table 111-10 bu it should be - - -  d - J -- - 

noted that no similar systems having the -Ib=N- fuhction as a 

member of a five-memsered metallocycle are available for com- 

parison. It has been demonstrated llOylll that W e  amount OF S -  

character of the nitrogen bond orbital should be linearly 

* 
related to t h e + 1 5 ~ - ~  couPiing constant by the rGlationship, 

has J ( 1 5 ~ - ~ )  = 92.6 Hz and s = 33.3%. On this basis, the . 



Proton Nuclear Magnetic Resonance Data 

f o r  Aw1diimi.de Complexes 

Compound 
1 

T value 
f o r  *NIH 

* 

- - 

J("N-H) Reference 
(Hz) -, , 

29 This 
39 work 
- - - - 

This 
work 

This 
work 



= I 
-- 

nitrogen bond orbital (an sp2 system, as demonstrated by the % r 

Ir-N=N Gond angle of J20•‹ from the X-ray structural data on 5) 
TV 

s-character of 6.5% as calculated from J,5N-H = 28 HZ is 
3 

inordinately low. The low coupling constant might indicate 

bonding of the proton to the nitrogen adjacent to the isotopi- 

cally ( 1 5 ~ )  substituted one (i .e . , to the ring-bound nitrogen - 
atom), butthls IS essentially ruled out by the X-ray structural 

4 

data, as discussed earlier in Chapter III-D3. The chemical 

shift and 15N-H Coupling constant-are presumably influenced by 

a combfnation of factors inherent in the structural features of 

the ortho-.metalate aryldiimide complex. That ortho-metalation, 

resulting in incorporation of the protonated az_o system into'a 

conjugated, five-membered, metal-containing ring may have a 
Y 

strong influence is indicated by a comparison of the n.m.r. 

d a  t& for~~-~-an~J-~th>t.ft.hp~errnm@exe~l-isted 
w N N 

in Table 111-13. Further, t6e proximity of the N-H moi ty t o  . 
4"  - P 

result , in its e x p ~ ~ & i e n c ~ a 6 a n i s o t r o p i c  field 

by the metal l 2  J .  Hydrogen b&ng 
, 

b~tween the N-bonded proton and the solvent may also be a con- 
% P 

tributing factor; an'X-ray structural determbation showedssuch 

H-bonding to exist in the presence of acetone solvate mole'cules 

(chapter III-~3), and the n.m.r. data for 5e in Table 111-9 
yu 

indicat'es some solvent dependence on going from acctone-d, to 
t 

*eadero chloroform. ', 

In conclusion, a consideration of the n.m.r., i.r. and 



a r y l d i i m i d e  complexes by base ,  cbnfirms t h e  p resench-of  

p ro ton  on. t h g  azo  f u n c t i o n .  The XLray s t r u c t u r a l  d a t a ,  i n  
+ 

p a r t i c u l a r ,  f avour s  i t s  b d n g  o n  t h e  ir idium-bonded n i t r o g e n ,  

of  p r o t o n a t i p n  o f  t h e  c o o r d i n a t i n g  . ~ i t r o g e ' n  of  an  a r y l a z o  

and . t h i s  i s  s u b s t a n t i a t e d  .by e a r l i e r  and c u r r e n t  obse rva t ions  

4,5,go-g2,108,109~, 140 ,182- - - 

group. 

- 

4 .  E l e c t r o n i c  Spec t ro scopy .  

The e l e c t r o n i c  s p e c t r a  (Table  111-11 and Diagram.111-6) 

i im ide  complexes, [ ~ A ( C O )  (NH=NE,H,R) (pph3)2] Y, i n  
C 

i o n  showed 'bands i n  t h e  v i s i b l e  r e g i o n  which, i n  

g e n e r a l ,  w#e broad,  asymmetric anq i l l - d e f i n e d .  I n  a l l  of t h e  . 

maxima, X I  and 12, i n  t h e  r eg ions  300-400 nm and e, 

f' 

r < s p e c t i v e l y ,  wi th  molar  a b s o r p t i v i t i e s ,  c ,  of  t h e  
, . , 

l o 3  could  be approximately  l o c a t e d .    he' complexes 51, 
TV 

5u an\  5s (Tab le  111-11) showed a n  a d d i t i o n a l  weak band a t  c a .  
T V .  - - - - - -  

- 
1 

'i 
/ 

500 nm probably  due t o  N=N t r a n s i t i o n s ;  t h e s e ' t h r e e  complexes 

a r e  an\orange-yel low c o l o u r  compared wi th  t h e  "pure" yel low of 
' L  

The two h i g h e r  energy bands 

t o  s p e c i f i c  t r a n s i t i o n s .  

and .the s h i f t  of  

. . a 
A f l f 6 e t o -  

C1 are c n w i  s t e n t  w i t , h  b n t h  a ii - d tm- . . r + q P d i g a L  
1 

I - 

. ( d i i m i d e )  charge t r a n k f e r ;  t h e  v i r t u a l  i n v a r i a n c e  of c  wi th  



f 
- - -- - - - - -- -- -- -- - - - 

-74;" -- -- - - % 
I > I 'c 

,\ - , * I  

.: Electronic Spectral Data for Some 
Aryldiimide Complexes [ I~A(CO)NH=N~~H~R(PP~~) 

, , 
I 
J 

wavelength (A , m )  and Molar 
- 

~ b s o ~ t i v i t ~  '(E ,m 'cm-l) Maxima (a) ( b )  
P I 

A ,  El . 17 

340 7,260 400-450 1,210 - o 
f .  

325 4,740 400-450 846 - 0 

(b) Approximate valtes. 





- 

changing A sugg%sts, however, predominance of a d i d  transition. 
., 

Again,. on varying the 'ring substituent, R,' the 'shift of 1, to 
I 

Qwer energy and hggher molar absort7iVity as* the\ electronF- . 
- ,  

5 .  * 
acceptor power' of R increases is consistent with a 

transition and for metal + ligand (diimihe) charge transfer. 

, 

aromatic band 
9 

0 

. - - .  - 

400-500 nrn (1,) appears to be 
L 

invarian,$ tb changing A o; F;, and is prdbably associated with 
,- 0 



obvious rdute would involve direct coordination of the aryl- 

diazoniwn cation, via its terminal nitrogen, to tke iridium, 

affording the initially expected five-coordi ate arylazo 

YY 

d 
adduct, 2. ortho-Metalation, with concomitafit protonation of 

* 

the azo function would then follow, sptisfying the tendency 

for I~(III) to achieve six-coordination. 

Another pqssibility takes into consideration the involve- 

ment of a common intermediate leading to both of the products 

t and 5) isda ted kMeaek50n r I n  the-dis cus skn-of--- 
N 

the aryltetrazene complexes (chapter 11-E), the participation 

of an aryldiazene intermediate (A~N=NH) in the mechanistic 

route was indicated. This same intermediate could also lead to 

the aryldiimide complexes by formally bonding in a bidentate , 

88 manner (as with the- azobenzenes, A ~ N = N A ~ )  to the 'iridium. 
- - --- - -- - - p- - - -- - -- - -- -- 

The mechanistic possibilities are discussed in detail in 
*f 

Chapter VII. .3 
> 

Two features of the 'aryldiimide complexes are worthy of 

notq.in connection with the nitrogenase model. ', 

(1) v occurs at ca. 14Q0 1450 cm-' which represents a 
N 2  ,' 

substantial lowering from the' valud '(xa. 2300 cm-' ) in the 9 
b 

diazonium salt, exceeding the lowering' of v - observed for some 
N2 
114 complexes with bridging dinitrogen ligands . *. " 

(2) * ~ ~ o n t a n e o u s ' h , y d r o g e n a t i o n  of the nibrogen fu'nction has - 

. . 

occurred i-n the formation of .the o'rtho'metalated n i i m i d e  

complexes. Thus, "the equivalent of the diimidu' c0mpl&x in 

Parshall! s rn0&1~' 7' 29 has been achieved in this case without 



\ 
-- -- 

P*krL1 do not  n e c e s s a r i h  s i g n i f y  metals possessing an unpaired . - 
e l a p r o n ,  but s i g n i f y  the  necessary a v a f i a b i l ~ t ~  of two non-bonded .'. 

I. 

e lec t rons  G q u i r e d  f o r  the e l e c t r o n  rearrangement B + C . 



the participation of a metal hydride'. ~urthermore', ,the aryl- 

diimide complexes undergo further hydrogenation under- extremely 
r 

miTd conditions (H*, 1 atm., 2 5 ' ~ ~  P ~ / B ~ s o ~ )  to yield the 

arylhydYazin9 complexes, [,fr~1(~0) (H~NHA'~) (pph3)2] B F ~  4.7) ?.J . 
The hydrogenation studies are discussed in Chapter V. h 

-- --- 

It is possible, therefore, that in nitrogenase, the 

initial hydrogenation of the complexed dinitrogen molecule to 
0 

a diirmide cornplexafises-From a -~earrangement invo-Sv-ing G-H- ----- ---- 

bond c'leavage, rather than the involvement of a metal hydride. 

As mentioned_previously (chapter 111-C) there are now numerous 

examples of transition metal complexes involving coordination zT - 

from the ortho carbon of an aromatic ring 
56-88 or from a -- 16 , 

a. - 
s;. , . 

methylene group115. In all examples' till now, however, the .e 

- - - - pp ppp-p 

eliminatedphydrogen'atom has either migrated to the metal to 

foEm a hydride-complex, or has been removed 'completely, for 
a3. 

example, as hydrogen halide 79,88,116 

. I 

A su.ggested scheme is shown in Figure 111-5. Here it is .-- 

a envisaged that MI is bonded to a group RH which is oriented in 

close proximity to M. Coordination of dinitrogen and electron 

rearrangement to the intermediate C is followed by proton shift 

to give the diimide complex D. An important feature in the 

activation of the dinitrbgen molecule towards further reduction 

would be, the possibility of electron delocalization in the 

resulting cyclic complex leading to a reduced N=N bond order. 

Reducti6n by 6e- would lead directly to the'formation of 
4 



NH3 and regeneration of A. There are a number of obvious - 

groups present in the enzyme which might f&l the role of R-H . 

in this model; as two examples, the conversion C + D could', 

I 'involve a cysteine residue: 

or a tyrosine residue: 

"CH - ' 

M and MI are most likely to represent the.two met~ls, iron and 

molybdenum, necessary for nitrogen fixation. It should be 
\ 

kept in mind, however, that the ability to consume atmospheric 

nitrdgen is not restricted to metallic systems, since instances 

I 

of organic compounds exhibiting such behaviour are known 115,117 

Furthermore, dinitrogen is caBable of bridging between a metal 

and a non-metal (for .example, phosphorus)-to give complexes 

---- J I l4 . ~ e r - e f a ~ ~ k p ~ ~ - r e - t n r ~ l ~ t . k e ~ S i ~ L i , L y ~  

118 
that dinitrogen is attached to a non-metal in the enzyme . 
Thus, in the above examples, it is ins-tead conceivable that 



1 .. - 

the  dini t rogen i s  at tached d i r e c t l y  t o  the  sulphur atom of the  

cysteine o r  t o  the.oxygen of the tyros ine  residue,  without 
- i - r $  

ir i tervention of M 1 .  ,The model would s t i l l  app ly ,  and the  r i n g  
\ 

s i z e  would be smal ler .  

- 



CHAPTER IV 

Molecular ortho-Metalated Arylazo Complexes 

" " 

A. Introduction 

- Investigation of the nature of the aryldiirniSa.ecCom~exes~, 

[ :~(CO)A(PP~~)$NHN~I.)]Y (5a-u), N as discussed in chapter 111, 

included their deprotonation with base to provide contributory 
-- - - 

evidencg for the presence of a~proton on tficazo funiron, 

Reversible deprotonation of aryldiimide complexes had already 
, 4-6 

been demonstrated by Parshall for [P~C~(PE~~)~(NHNA~)]' and, 

more recently, has also been reported by rbersllg, Robinson 108,140 

and c P ~ ( P P ~ ~ ) ~ ( N H N A ~ ) ~  *+, respectively. It is to ~ o t e  
- - - - - pp - -- -- - -- 

here -one reported instance where sdeprotonation of an aryldiimide 

complex was not achieved with base. 92 Thus, the complex 
f' + ' 

[I~H~(PP~~)~(NHNA~)] with alkalis gave the trihydride, 

[ 1rH3 (PP~,) instead of the expected arylazo derivative, 

[ IrH2 (PPh3 ) (N=NA;)] .. 
f 

It waz found that'methanol solutions of the complexes 

5a-u on treatment with excess base immediately changed colour 
N 

,from yellow to pink. In the case of the para-bromo complex, 

5e., the product was isolated as a pink solid and subsequently 
ru 

characterised as the molecular ortho-metalated arylazo complex 

6; this deprotonation was found tb be 
N 

readily r'econverted to 5e by treatment . . N 

* .  
I) 

reversible, 6 being 
N 

f 

with .HBF4: 



Be. Synthesis . 

- .  

The molecular ortho-metalated para-bromophenylazo complex 
? 
I 6 was readily precipitated as a pink splid in ca. 70% yield by 

N 

1 - - - - - - -- - -- pp --- - - -- - -- 

the addition of a methanol-water solution of NaOH to a methanol 
-- P .  
s?sb . solution of L ~ ~ ( c o ) c ~ ( P P ~ ~ ) ~  (NHN~~H,~-B~)]BF,, 5e. '1t was also 

TV . L' 

prepared in slightly lower yield by utilising a methanol-water - 

solution of sodium acetate or neat Et3N in place of the NaOH 

solution, or by the addition of neat Et3N to a suspension of 4 

5e in diethylether. Ths product, 6, analysed as 53.4% C; 
cu N 

3.4% H; 2.7% N; requiring 53.6% C; 3.6% H; 2.9% N. 

The arylazo complex 6 was reconverted in ca. 70% yield 
N 

to the diimide complex 5e by the dropwise addition of a 48% 
N 

-- +--- 

aqueous HBF4 solution to, a suspension .of ethanol. . 



& 
C. 

1. ~eneral Properties , 

ifhe ortho-metalated 

crystalline, diamagnetic, 

- 
Properties 

arylazo complex 6 is a pink, micro- 
N 

air-stable solid, readily soluble in 

benzene, 'chloroform and dichloromethane, only slight.ly soluble 

The solid phase (KBr pellet) infrayed spectrum of N 6, 

illustrated in Diagram IV-1, exhibited no frequencies attribu- 

v v - 
table to either NH or BF4 . The CO stretching frequency 

occurred at 2006 cm-'. 'Absorptions due to the ring C-H bend- 

ing modes of the triphenylphosphine li'gands appeared at 685 

and -745 cm- , while bandsa t-823an~-863~m~~-can--be-assigned 
to the C-H bending modes of the 1+,2,'I'-trisubstituted ortho- & ' 

metalated arylazo ring. By using the i~ot~~ically substituted 
P ' +  - 
'aiazonium salt [ - p-BrCsH, 14N- 15N) BF, , prepared by diazotisa- 

'a 

tion of - p-bromoaniline with N h 1 5 ~ ~ 2 ,  the. isotopically substi- 
-.  1 - 

tuted analogue of 6, [ ;~(CO)CI(PP~~)~ ( 1 5 ~ = ~ ~ s ~ 3 p - ~ r ) ] ,  was 
-'I 

-I N 
- .  8- 

synthesised; the medium 'intensity i.r. band at 1450 cm-I in 

the non-isotopically substituted complex shifted to 1413 cm-I 
% - 

inthe "N analogue,' and was thus assigned to W ~ t e m p t e d  

d .  

owing to decomposition in the He-Ne radiation. 





Frotonation of the molecular arylazo complex 6 to yield 
k N 

P, 

the cationic aryldiimide complex.5e results in a decrease of 
N 

v NN (from 1450. cmI1 too1410 em-', respectively) and an increase 

of V~~ (from 2000 cm-' to 2050 em-', respectively), as depicted 1 

donition from a filled d,-orbital o'f iridium to an empty anti- 
s, I 

, bonding pn-orbital of the nitrogen ligand in 5e i.s refle~ted 
Q 

N 

v in the- higher value of CO for 5e,. indicating decreased back- 
N 

dqnation from iridium to an empty antibonding p,-orbital of the * 
- 0 * ,  

carbon monoxide ligand. 

Nuclear-Magnetic Resonance Spectroscopy 

- -- 
~ h e  proton nmr spectrum of 6 (cDc~-, solution at 100 MC/ t 

sec with TMS as internal standard) as illustrated in Diagram 

IV-2 exhibited on,ly two signals, both having multi~let struc- 
4 



Diagram IV-2. Proton n . m . r .  spec-krwn of 



\ 

8- 
cr' 

" > 

4 
- I 

- - - - -88-- - - - - - - -  - -- -- - - - - Ci 

2.5'8 and T 3.17. The i~tegrated intensity 
,. 

of the 7 2.58 multiplet co esponds to 30 protons and is 

&scribed to the triphenylphdkphine protons, whereas the inte- 

grated intensity of: the T -3.17 multiplet corresponds to three 

protons and is ascribeB to the protons of the ortho-metalated ,- 

6 s 

r h g  . I 

- - -- 
A comparison of the proton nmr spectra of ?d 6 and 5e . 

N 

I 

reveals one interesting*feature, namely, the ability to distin- 

guish ortho-metalation in the molekular arylazo - complex - - 6, but 
N - - -  

f 

not in the cationic aryldiimide complex 5e. A probable explan- 
N 

ation for this is that protonation of the molecular complex 6 
N 

to yield the cationic comp x 5e ca ses deshielding of the Pw. \ 
protons the ortho-metalated ring ( relative those 

6) resulting in a shift downfield$to coincide with the signal 
N 

due to the Lriphny-lphosphine p r a t o n s ,  Thi s - i~dep i c t ed - -d - i a - -~ - -  

gramatically 



c 

Such 'downfield s h i f t s  of t h e  protons  of a coord ina ted  ' 

l i g a n d  occur r ing  on convers ion of molecular  s p e c i e s  t o  -the-----+- 
d 0 

- cat ios l ic  form have-be&,repor ted i n  t he  l i t e r a t u r e .  For example, , . , 

thk pro"tonatiop of [ ( C ~ ) F ~ ( C O ) Z ( C . H ~ ) ]  t o  g ive  [ ( C ~ ) F ~ ( C Q ) ~ ( C ~ H ~ ) ] '  
7. 

r e s u l t s  i n  a aownfield s h i f t  of t h e  a l l y 1  s i g n a l  from T 5 .1  t o  

2+ . 7 4 .02120, and t h e  convers ion of [ ( c o D ) P ~ c ~ , ]  t o  [ ( c o D ) P ~ c ~ ] ,  
\ - 

by t rea tment  wit'h E ~ ~ O + B F ~  s h i f t s  t he  ' ~ ~ c l o o ~ t a d i e n e  (don) 
< 



9 
*'/ - 
73, + 

. . -90- 
* *, 

- - - - - - - - - - -- - - - - - - - -- - - -- - -- - --- - - A- - i 
I 

CHAPTER v .>. .f 

Hydrogenation Studies on the Cationic ortho-Metalated 

~ r ~ ~ l i m i d e  Complexes, 5, the Molecular 
N 

/ .  ortho-getalated Arylazo Complex, e, 
\ 

; - , and the Aryltetrazene Complexes, 4 
N 

, 

1 

1 

-As already brieyly 'discussed in Chapter I, the mode of 

biological reduction of N2 to NH3 by nitrogenase ellzymes under 

mild conditions is a problem sCi3l to be solved., One prdposed 

mechanism12 invokes the initial coordination of Ng to a metal , 

followed by step-wise two-electron reductions by way of 

2e- 2e- 2e- . N2 N2H2'--3 'N2H4 - .2NH3. However, the fir-st 
step in this reduction series is the?modyna@cally unfavourable, 

1 

*being endothermic toAthe 'extent of 49 kcal moley1 and therefore 

not feasible unde il/d conditions v . 3 122, 4 -To. avoid this. 
- F  

unfavourable ,two-eiectron reductian to coordinated N2H2, 

and shilov13 have proposed a four-ele tron reduction of N2 to 
,' p 3  

coordinated N~H~'-, the two additional electrons being trans- 

Y ferred from the metal atom(s ) constituting he complex: 

b The currently proposed model system< f r niti-ogenase 

include dinitrcn 13,18-21 , arJrl_a705-7, 140 arv, i ~ d e 5 1 ,  140 
v 

and aryl{etrazene5' complexes, and of importance in each - 
i 

instance is ' the. feasibi&ty of facile hydrogenation of their 
1 

L a 



Al-bhough many metal dinitrogen complexes have now 

isolated and studied, in no iqstance has the azo function been 

azo. (-N=N,-) functions. 

demonstrated to undergo facile hydrogenation. Despite the 
" 

fact that v in certain dinitrogen complexes has been lowered 
N2 

as far as 1630 cm-f (from 2331 cm-I in the uncoordinated N2 -- - 
molecule) by,attachment of an acceptor atom M t  to the terminal 

b 

nitrogen atom to form a polynuclgar M-N=N-MI bridge,such 
a 

c o m p o ~ d s  -have*&- been-f ound -tw&dergo re d~ekiorr of-We-azo---------- 

Attempts to protonate and reduce'mono-hapto- -. 
\ * ' ,  

dinitrogen.complexe& have usually led'to the protonation and 

oxidation-of the metal with liberation of.dinitrogen, some- 

128 times togetherewith dihydrogen . ,Recently, however, Chatt 
, - 

et al, &. - - have suecessfully~ protonated, under mild conditions, 
- 4 

- - - -  

the b i s - @ i & o - h a p t i 7 d i n i t ~ ~ n ~ c o m p l e x ' e s  trans-[~(~,). (diphos ).I 
(M =. Mo or W, diphos = P ~ Z P C H Z C H ~ P E ~ ~ )  130'132 with HX (X = C1 

or ~ r )  to yi'eld [MX, (N2H2) (diphos)*] and molecular nitrogen. 
+ 

Treatment of the tungsten complex (X = C1) with sodium tetra-' 

the 1:l electrolyte [WCl ( ~ ~ ~ ~ ) ( d i p h o s ) ~ ] ~ ~ h ~  

which the N2H2 ligand has been s h b  by X-ray d'iffraction , 

to be present in the monohapto hydrazido ( 2 - )  

f n, viz., W=N= NH2. - " 

The beha;iour of certain arylazo and aryldiimide. complexes 
-- 

< 
--L 

toward hydrogenation under mild conditions has been studied by 

, various workers and the results are swarized in Table V-1. 
I 



Table V-1 

A Summary of Hydmgenatipn Studies  on Arylazo and 

Aryldiimide ~ o m ~ l e x e s  ., 

I Complex - 

V I I  [RuX3 (PPh3)2 ( N N A r ) ]  
X = C 1 , B r  

X I '  [ lrH2(PPh3)2 ( R H = N A ~ ) ]  + 

1614 and 
1549 

Conditions 

H2/_Pd, --- 
5 a t ~  6 0 " ~  
prolonged 

H 2 , 1  atrn 
60•‹C,CHC& 

~ 2 / ~ d ,  
1 atm, 25,"C 
p r61mged- 

~ 2 / ~ d ,  
1 atm, 25•‹C 

H*/Pt 
1 atm, 25•‹C 

K 2 ,  1 atrn 
5 x 7 7 7  

Hydrazi e 
-eompaex?a)- 

Hydrogen t ' o n  
occurred 4b3 

N=N 
reduced 

N=N not  
reduced 

NgN not  
reduced 

Z 
N=N not  
reduced 

Hydraz ine  
complex 

Hydrazi?E complex 

N=N no t  
reduced' 

Hydr&zine 
complex 

Ref. 

Th i s  
work 1 

This 
work 



4 (a), Prolonged hydrogenation afforded NH3, A ArNHNH2 ) 

and [ P ~ H C ~ ( P E ~ ~ ) ~ I  . 
3 

(b) No details reported125: only,that conditions of hydrbgena- 
6 

tion were mild and similar to those for [P~c~(PE~~)~(N=NA~)] " 

- 6 

(c) Formulation as a bis-azo-complex has not 'been verified; it 
36,37 may equally well be a tet'razene. complex 

( e )  Postulated Tormulation 'on basis, of i.r: data. 

(f). pz = 1-pyrazolyl -_ 
- - -- -- - - - - -- - - - - - - - - - -- 

(g) For assignment of v NN' see reference 127. 

(h) Conditions not detailed, but more severe than fir the hydro- 

genation of [P~c~(PE~,)~(N=NA~)] and [ (C~)MO(CO)~(N=NA~)] 

(1) VNN not available, but most likely lower than f o r  

[ Ptcl(P~t,)a (N=NAr)] (vNN =# 1440-1463 



\ 
A comparison of these results reveals no obvious corre ation 

between the N=N stretching frequencies of the complexe and 
/ i - 

their ability to undergo hydrogenation; it can only b e k i d  

that those complexes ( - 1 ,  XI 'in Tave ~ 1 1 )  resistant & 
hydrogenation tend to have values for vNN lying towards the 

b 

in an attempt to diminish of overlap of the v N=N 
v.aIues for arylazo complexes having different bonding modes 

subtract 50 cm-I for first-row'metals &nd 30 cm-l for second- ' 
w 

row metals; (2) subtra%f 80 'em-' for singly charged and 140 
i 

cm-I for doubly charged cationic complexes; (3) add 40 or 70 

em-' for complexes with three or four tertiary phosphines, 

respectively. The complexes in Table V-1 can be considered to 

consist of fiv.e distinct types, viz: 

(i) arylazo'complexes gaving phosphine ligands (I, 111, IU, 

VI, VII, VIII) 

(ii) arylazo complexes not having phosphine ligands (11, V)- 

(iii)_an , - o r t h o - m e t a l a t e d . a r y l a z r >  complex in which the azo , 



L' 
func t ion  %=N-) i s  conta ined i n  a five-membered r i n g  ( I X )  

- ( 9 )  a ry ld i imide  complexes (3, XIPXII) a,c, 

( v )  cn ort$o-rnetalated a ry ld i imide  complex i n  which t h e  aeo 
e 

func t ion  ( - N = N - )  i s  conta ined i n  a fiv2-membered r i n g  ' 

( X I I I )  . 

hydrogenation f o r  types  (ii) - ( v  ) . I b e r s '  r u l e s  can be + 

app l i ed  only t o  type ( i) ,  andb the  r e suk t s  of so doing a r e  de- 
, 

- - - - -- pp - - - - -- -- - - - 
ppp- pp pp ppppp 

p i c t e d  i n  Table V-2 i n  which vm i s  t h e  observed value  a 3  

J NN t h e  modified va lue .  On a p p l i c a t i o n  of h~ & r u l e s  t o  ce r -  

t a i n  phosphine.-.containing a r y l a z o  complexes, I b e r s  c l a s s i f i e d  

t h e  PhN2 complexes concerned, i n t o  t h r e e  d i s t i n c t '  groups: , 
1 

those  with va lues  o f v  lower than  1540-1560.cm-I 
NN 

t o  t h e  doubly bent  geometry ( 2 ) ;  ( B )  those  wi th  va lues  b e t  
- - - - - - - - - - - - - - - - - - - - - -- 

1540-1560 and 1700-1740 cm-I corresponding t o  t h e  s i n g l y  

geometry ( lb); ( C )  t h o s e  w i t h  va lues  g r e a t e r  than 170011740 
4 

> 

cm-I corresponding t o  t h e  s i n g l y  bent  geometry, b u t  tending 

toward t he  t o t a l l y '  l 5nea r  c a s e  ( l a ) .  From Table V-2 it  can be ' 

seen t h a t  t h e  complexes ( I ,  I11 and IV) which wqre s u c c e s s f u l l y  
1 

hydrogenated have v N i  ranging f ro% 1440 t o  1551 cm-' and can be 

c l a s s i f i e d  ' a s  having doubly bent  geometry. The c o m p l e d ~ 1 )  

1 
which r e s i s t e d  hydrogenation has a yNN value  of 1593 

' a s i n g l y  bent  geometry, and the  complexes V I I  and V I I I ,  a l s o  
- - -  

r e s i s t a n t  t o3hydrogena t ion ,  have vhN va lues  of 1851 and 1855 
- 

cm l ,  r e s p e c t i v e l y ,  i n d i c a t i v e  of a  geometry tending toward 



? 
Table V-2 - - 

. 3 .  

Observed ( v m )  and Modified (v,!m ) L . 

stretching - ~re~uencies for the Arylazo Complexeg 

I, 111, IV and VI from Table V-1 

Yes ----i-F 
9 . - 
/ 

Yes  I * .  

' Compound 

~ ~ - p ~ ~ k W ~ ~ B f i 3 j  

111 [ Pt (PP~,) 2 (NNSO~P~)] 

'IV 1 RhC12 (PPh3) 2 (NNPh)] 

* ,  

(a) The avec e of' the two'observed frequencies wks taken 
#+ 

c o ~ p ~ t i ~ i h i s  value : , . 
-- -- - ---- - - - - 

s 
~ -- - -- - - - - - -- - -- - - 

VI [F~(CO)Z(PP~~)~(N lBF4. 1723 1593 
'3 y * 8 1  - 

VII [ R U C ~ ~ ( P P ~ ~ ) Z  (NNP~ ] 1851 
' 

VIII [OSBT~.)~ ( N N c ~ H ~ ~ -M~~)] 1855 , - 
. , 

. 1855 

? 

')NN 
n 
I 440--- 

1450 

1.614 & 1549 

1 

I v ~ ~ 4  

t44o -- 

1450 

155 1la) 



! - .  - 
h 

titally linear. Of*course) until data on a much larger series 

of arylazo complexes are available, no 9irm deductions can be - 
drawn. At best, it can be tkhtatively inferred that f',or thohi 

. J 

complexes having re'latively high N=N stretching frequencies 
-* 

more powerful reducing agen?s are required (as described, for 

A 

to sodium naphthalide as the reducing,agent for dinitrogen 
43 

complexes ) . Thus, the complgx [Fe (~0)s (~bh,)~ ( N N C ~ H ~ ~ - B ~ ) ] B F ~  
, . - - - - - -pp--ppp ppp -- - - 

( v N N  = 1721 em-'), although resistant to'hydrogenation.under % 

mlld conditions,. reacted wit& sodium' borohydride to give 

several produdts, .one of which'ekhibited mass spectral peaks 
- 

due .to 'the ion [p-BrC6H4NHNH~-BH3] - +I34 . 
In view of the relevance of the ortho-metalated aryldi- 

imide complexes, 5, the ortho-metalated arylazo complexes, 6, . 
- - - - -- - - 

N 
---- - 

N 

% 

and the arfltetrazene complexes, 44, as models'for the enzyma- 
N - 

tic fixation of,'dinitrogen (c.f., Chapter I and the discussions 
. -  . 

in Chapters I1 and 111)) it m s  considered' of *interest to 
= ,  .-- . ,- 

investigate +heir behaviour towards mild hydl'ogenation, as 

reported below. - 

> 
B. Hydrogenation of Some ortho-Metalated 

I I 
Ar~ld~imide Complexes [I~(co)c~(PP~~)~(NH=NC~H~R)]BF~,~ 

N 

Hydrogenation of the komple~es 5e (R = p-~r), 5j 
N - .  N 

(R = . - o-~1) and 5k (R = O-NO*) 
hl - 



- - - -  - - -  -- -- -- - - ---- L -  

Table V-3 

-Elemental Analysis and 1nfGared Absorptions 

' ('co H) f o r  bhe Arylhydrazine 

. Complexes L ? ~ ( C O ) C ~ ( P P ~ , ) ~  ( N H ~ N H ~ ~ H ~ R ) ] B F ~ ,  

- 

r 

& 

Percentage Composition 
I 

Pos i t ion  oF , h s o & t i o ~  

Calculated 

a ~ l r  s p e s t r a -  a s  K B r  p e l l e t , .  except where noted. . . 
- * .  

% -  

b Nujol mull  ' 

I 

c Calculated f o r  R = ' N O 2  



ng e thano l  s o l u t i o n s  of t he  complexes f o r  two hours 'with 

1 a t m .  p ressure  apd 25-30•‹C i n  t he  presence of a Pd 

c a t a l y s t  ( a )  a f forded  t h e  r e l a t e d  a r i l h p d r a z i n e  complexes 

7c ( R  = m - ~ r ) ,  7d (R = o - ~ 1 )  and 7e ( R  = 0 , - N H 2 ) ;  The complexes, 
CV 

- N - N - 

a-e,  a r e  l i s t e d  i n  Table V-3,  t oge the r  wi th  t h e i r  main i . r .  

absorp t ions  and the -e l emen ta l  analyses  f o r  two of them (7a  and 
N 

, .  
; 

Apart- f-rom Te+-R--=- o -NH~-) ,-whkh i s  a duH, -brown?sh------- - 

N - 
* 1 

purp le  colour ,  t h e  a ry lhydraz ine  complexes a r e  pale-yellow 

s o l i d s ,  sd lub le  i n  e thano1,and chlopdform and i n s o l u b l e  i n  ' 

d ie thy1  e t h e r .  
C 

Evidence f o r  or tho-metala t ion i n  t h e s e  complexes (7a -e )  , N 

was provided by t h e  i n f r a r e d  aromatid*$ub i t u t i o n  p a t t e r n s  due * 
v i b r a t i o n s  a r e  p re sen t  i n  t h e  paren t  ortho-mgtalated a r y l d i -  

imide complexes, 5e,  i, j, k,n, ( c  .f , Chapter 111-D2 and Table 
N 

111-4), and a r e  r e tx ined  i n  %he . r e l a t ed  a ry lhydraz ine  complexes. 
.'* 

The i n f r a r e d  s p e c t r a  (Diagram V-1) confirmed t h e  presence of 
- 

t h e  BF, ahion ( s t r o n g ,  broad band cen t red  a t  1060 cm-I) and 
w 

coordinated t r iphenylphosphine (c-H bending modes a t  700 and 
-4 

750 qm-') .. The i n f r a r e d  N=N se t re tching frequency a t  1410 cm-lYn L- 
i n  t h e  paren t  aryldTimide complex 5e *(R = p - ~ r )  was no t  - 

I .  
N - 

i 

c 

- 

2 
( a )  Hydrogenation d id  no t  i n  t h e  absence of ca ta l iys t .  

f = \ 





observed in the arylhydrazine complex 7a (R = p-Br), consistent 
CV - 

with reduction of the diimide group to the ,hydrazine. All of 

the complexes, 7a-e, exhibited a band in the i610-1620 cm-I 
N 

region assignable as an N-H bending vibration. The spectrum of 

the arylhydrazine complex 7e, obtained by the reduction of the 
N 

-or-tho-nitrsph'enyldiimide-omplex -&5kT-s hewed-~ban-ds-e h a r a c -  
N 

teristic oaf the -NOa group, but did have two bands at 3380 and 
B 

3410 cm-I (Table V-3) attributable to N-H stretchin&vibratTons 
- - - - - -- - - - -- - - - - - - - - - - - - - - 

df ari -NH2 groap other than arylhydrazine; thus, it is consi- 

dered that, in addition to reduction of the diimide function, 
0 

the nitro-group has 'also been reduced to t'he primary'amine. 

Further reaction of the p-bromophenylhydrazine complex, - 

7a, with hydrogen in the presence of a Pd catalyst at 60 psi 
N 

and 30•‹C for 30 hours failed to achieve hydrogenolysis, the 
- - - - - - - - - - - 

-- 

starting hydrazine complex being recovered unchanged. 

Arylazo 

- N 

, , 

Reaction of a suspension of the pink complex 6 in ethanol with 
N 

\ 

- -- - - -- 
tion from which a deep, pink-red solid was isolated and recry* 

tallised from diethyl ether. On the basis of its elemental 

analysis and infrared -absorption data the compound was fomula- 





- - - - -  - -103- * - - -  - - -  - A- - - - - - - - 

- 
L- - - - - - - -- - 

- 

f * 
ted as the molecular ortho-metalated. para-bromophenylhydrazine 

complex [ ~-(c,o)c~.(PP~,)~ (NH~NH~~H~&B~)] -(c~H~)~o, 2,  
(~equired: C, 54.31%; H, 4.43%: N, 2.69%. Found: C ,  56.15%; ' 

I i. 

H, 4.5746; N, 2.67%). The complex, 9, is 'soluble. in ethanol 
' N 

. and acetone and has some solubility in dkthyl,ether, from a 

i f  

which it can be recrystallised. The infrared 3wctrum (Diagrain 
A -- - - - -- - f'b --+-- --- 

V-2) exhibited characteristic bands at 3225 and 3285 cm-I (viq); 
f' + Q  

1960 ern-' (vCO); 1620 cm-I ( b N H ) ;  81~'anh'865 cmT1 (c-H bending 
- / 

/ . 
cm- (c-H bending modes .of the/mono-substituted phenyl.o,rin$s ) . 

i 
The band assignable to yNN,a't 1450 cm-' in the spectrum of the 

f parent para-bromophenylaz complex, 6 ,  was absent fr-om the 
spectrum of 2, whereas bands at 2860, 2925 and 2965 cm-I due to 

# ZA v of diethyl ether were &served for 9 while absent from 6. C -H N N 

D. ' Hydrogenat,ion -of the Aryltetrazene Complex 

Both non-catalytic and catalytic hydrogenations of -the 

aryltetrazene complex 4d were attempted under mild conditions . 
h) 

In the non-catalytirc experiment, an ethanol solution of the 

one atmosphere pressure and 28Oc for three hours. No reaction 

took place, the starting complex being recovered. a 

In the catalytic hydrogenation of %d, reaction did d u r ,  but 

the result was inconclusive..The hydrogenation was performed 

as above, but 



Table V-4 
C 

Infrared Spectroscopic Data for the Material P 

N-H stretching 3200-3300 (b) 

3060 (w-m)- --- - 

2110 ( w )  

2040 (w-m) 

2000 ( m )  

1050-1650 (b) 

I r - H  stretchin ' Pentative 

carbonyl stretchin E3 
N-H 'bending degrmation 

- 2 
BF4 stretching 

~ ~ T R m t i d b - ~ b e n d i i ~ d e f  arc- 
mation of a para-substituted 
ring. 

Aromatic C-H bending 'heforma. 
tion of a mono-substituted . 
ring. 

Z \ 
Y 

4 

a K B r  disc.m 



i n  t h e  plesence of a palladium c a t a l y s t .  Evaporation of t h e  
$ 

r e s u l t i n g  pale-brown s o l u t i o n  to  small. volume, followed. by t h e  

a d d i t i o n  of d i e t h y l  e t h e r  af forded a pale-brown s o l i d ,  ( A ) .  

The r e i i d u e  ob ta ined  by evapora t ion  of the  mother- l iquor  from 

( A )  w a s  d i s so lved  i n  d i e t h y l  e t h e r  and cooled t o  -14•‹C t o  

y i e l d  a  second pale-brown s o l i d ,  ( B ) .  Evaporation of t h e  

mother- l iquor  from ( B )  gave a t h i r d  pale-brown s l i g h t l y  t a r r y  

s o l i d ,  ( c ) .  Each of t h e  p roduc ts ,  ( A ) ,  ( B )  and ( c ) ,  gave 

i d e n t i c a l ,  r a t h e r  weak i n f r a r e d  s p e c t r a  e x h i b i t i n g  somewhat 
- - -- - - --- - - ---- - --- - 

broadened bands, i n d i c a t i v e  of impur i ty .  TGe - 

main bands observed a r e  l i s t e d '  i n  Table V-4 a long  with t h e i r  

~ r o b a b l k  ass ignments .  High. r e s o l u t i o n  mass-spectra l  a n a l y s i s  .I 

of t h e  products ( A ) ,  ( B )  and ( c )  confirmed t h e  presence of ' 

both carbon monoxide and n i t r o g e n .  

- --- - 4 ~ t h _ b u ~ h  no -apparenLly-purecompo~dwa~so1at ebf-rom 

t h e  hydrogenation r e a c t i o n ,  it could be i n f e r r e d  from t h e  i n f r a -  

red bands a t  2000, 20 d 0  and 2110 ( V  and v CO I r - H  ), 1050-1100 

( " B F ~  - )  and 693 and 745 ~ m - ' . ( t i ~ - ~  due t o  P P ~ ~ ) ,  and from t h e  

mass spec t r a l ' ev idence  f o r  carbon monoxide, t h a t  a c a t i o n i c  

carbonyl  b is-hydr ido spec i e s  was formed. The presen-ce of bands 
0 

c h a r a c t e r i s t i c  of N-H (3220-3250 cm-l) and a pa ra - subs t i t u t ed  

r i n g  (830 ern-') could be i n d i c a t i v e  of f r e e  ,organic moie t ies  

n i t rogen  bonds of 4d with  p o s s i b l e  formation of - 



para-bromoaniline . Thus, Beck et a1 .17 -found that catalytic -- 
* 

(Pd) hydrogenation of. a c o w x '  f o d a t e d  as [ ( P P ~ ~ ) ~ P ~ ( N ~ S O ~ P ~ ) ~ ] ,  

and considered to be a tet&zene complex, gave PhS02NH2 and a 

material showing two weak absorptions at 2210 and 2160 cm-', 
I 

' I  

suggesting the presence of the (thermally unstable) bis-hydride 

complex, ,[ Pt (PPh3)ad2 ] For the iridium tetrazene complex 4d, 
N 

tion results in formation of [I~(co)H~(PP~~)~]BF~ (F) and 

para-bromoaniline, thus: 
- -- -- . A 

Although no data are available in the literature fpr 12, 

the perchlorate analogue, I~(co)HZ(PP~~) .]~10~, is known 180,181 

and exhibits bands in the infrared (nujol mull) at 2165, 2085 and 

2050 em-'. It is well establishedg8 that the nature df the 

counterion can have a marked effect on infrared spectra in the 

solid state, affectiilg both the intensity and frequency of the + I 

bands, a factor which should be considerea when comparing 

22 with its perchlora-&e analogue. Other cationic bis-hydrido 



i k i d i w n  complexes exhibi t ing carbonyl ( v -  ) and iridium-hydride cq 

(v ~ r - H  ) inf.rared s t re tch ing  frequencies a r e  [ I ~ ( C O ) H *  ( P P ~ ~ )  3 ] ~  

(x=F, C 1 ,  B r  and I)  14' with average values 'for Y Ir-H a t  
-1 

2160 and 2170 ern-' and the average value f o r  vCO a t  2005 cm ; 
a 

[ I ~ ( c o ) ~ H ~ ( P P ~ ~ ) ~ ] P F ~  142 with vIr-H a t  2180 cm-' and 2155 em-' 



-- A- 
CHAPTER 

. . J  
Molecular Six-Coordinate Arylazo Complexes 

$ 

.4 

A .  Introduction 

With a view to obtaining the elusive five-coordinate 

considered that syntheses of the molecular six-coordinate 

arylazo complexes [ I ~ ( c o ) c ~ ~ ( P P ~ ~ ) ~ ( N ~ A ~ ) ]  8 followed by 
N 

- -- - - - - - - - - - - - -- - - - - -ppL-p 

removal of the chloride ligand as AgCl might provide a feasible 

route. This chapter describes the synthesis, structure and 

properties of several six-coordinate com$lexes of this type,, 

concluding with a discussion of the chloride abstraction which, 

unfortunately did not provide the desired five-coordinate 

144 In 1969, Deeming and Shaw- had reported the success- 
4 

ful synthesis a f  the analogous dimethylphenylphosphine complex 

- r 

PhN25FL and LiCl in a methanol-water medium. Attempts "(in this 

work) to prepare 8 from Vaskals complex, 1, by the method of 
N N 

Dee~ing and Snaw were unsuccessful, -resulting only in a high 

recovery of 1 and a low yield of an incompletely 
N 

chracterised product 13 analysing for one nitrogen atom 

per iridium atom. The desired arylazo complexes -- 8 were 

obtained in high yield, however, when the methanol-water 



medium was rep laced  by n e a t  ace tone .  . 
B 

Concurrent wi th  t h i s  work on t h e  complexes 8, I b e r s  a n d  
1 N 

Haymo r e  r epor ted  t h e  i s o i a t i o n  and c h a r a c t e r i s a t i o n  of a 

s e r i e s  of t h e s e  complexes ( A r  = C ~ H S ;  p-FC6H,; g-CH3C6H4)  by a - 

s i m i l a r , r e a c t i o n ,  but  made no mentioh of  t h e  s o l v e n t  system 

employed. It appears ,  though, t h a t  t h e  course of t h e  r e a c t i o n  

i s  q u i t e  s o l v e n t  dependent: wi th  ace tone ,  a high y i e l d  of ,8 
N 

p l u s  a  low y i e l d  of 12 r e s u l t e d ,  whereas with benzene-ethanol 
N B 

o r  i soqroqanoQ a-h igh  y i e l d  of 12 and o n e  o f  thearylaz-0- ( - - - - - - - 
N 

complex, 8, was ob ta ined .  Also, as mentioned e a r l i e r ,  w i t h  
N 

methanol-water, a low y  of 12 and, aga in ,  none 'of thk 
N 

d e s i r e d  complex, 8, r e s  
N 

The c u r r e n t l y  mown molecular  s ix -coord ina te  a r y l a z o  

complexes, as r e p o r t e d  i n  t h e  l i t e r a t u r e ,  a r e  l i s t e d  i n  Table 
- - - - - - - - - - - - 

4 - -- -- 

~ 5 - 1  w h i c h c o n t a i n s  one o t h e r  example of  t h e  use  of  l i t h i u m  

h a l i d e  i n  t h e  s y n t h e s i s ,  namely [ M X ~ ( P P ~ ~ ) ~ ( N ~ A ~ ) ]  ( M  = Ru, 0s;  

X = C1, ~ r )  from [E2 ( P P ~ ~ ) ~ ] ,  ArN2BF, and LiX i n  ace tone  

108,140 rce d i u m  

B. Syn thes i s  

The a r y l a z o  complexes [ Ir(~0) c12 ( P P ~ ~ ) ~ N ~ A ~ ]  , 8 a-f 
TV 

( s e e  Table V I - 2 ) ,  were r e a d i l y  g r q x u e d  by a d d 1  ti nn o f  the 
. . 

r e q u i s i t e  aryldiazonium t e t ~ a f l u o r o b o r a t e  and . l i th ium c h l o r i d e  
- - - - - - - - 

t o  a  suspension of [ I ~ ( c o ) c ~ ( P P ~ ~ ) ~ ]  1 i n  acetone;  t h e  molar 
N 

r a t i o  of 1, ArN2BF4 and L i C l  was held  a t  1:l:l. In rrlost cases ,  
N 



Molecular six-Coordinate Transition Metal 
Arylazo Complexes 

Complex References 

14 4 

M = Ru, 0s; X = C1, Br; Ar = C s H s ,  p-C6H4Me, p-C6H40Me, 



Table V I - 2  .- 
II 

~ l e m e h t a l  Analyses, Colour and Yields f o r  

t he  six-coordin'at'e Molecular Arylazo Complexes 

Percenkage Composition 
Yie'ld 

(46) Calculated 

C H 

Colour Found 

Orange 

-Pam 
orange 

Orange 

Yellow 

Orange 

Orange 

( a )  Fdrmulated wi th  1 mole ( C H ~ ) ~ C O  per  I mole 'of-  complex. 

( b )  c a l cu l a t ed  values  f o r  formulat ion without ( c H ~ ) ~ c o .  



t h e  product p r e c i p i t a t e d  r e a d i l y  from s o l u t i o n  a t  room temp,era- 

t u r e .  Where necessary ,  t h e  r e a c t i o n  s o l u t i o n  was cooled t o  

+3"C.to induce p r e c i p i t a t i o n  of the  a ry lazo  complex, but cau t ion  

was required a s  f u r t h e r  cool ing m a y  a l s o  cause p r e c i p i t a t i o n  of 

l i t h ium t e  traf luorobora te  and a  s o l i d  ( 12) having a  low n i t rogen  
CI 

contcnt  . I n  a d d i t i o n  t o  t h e  complexes- l i s ted  i n  Table VI-2, 

k"7 
L 1  - 

t h e  s h t h e s i s  of t h e  - 2,6-difluorophenylazo - comple - # 

at tempted.  However, t h e  r e a c t i o n  of l-, 2,g-dif luorophenyl-  

- 
- - 

diazonium t e t r a f  luorobora te  and l i th ium c a l o r i d e  i n  
- - - - - - - - - - - - - - - - - - - - - - - 

acetone medium af forded  only  t h e  "low-nitrogen" product 1 2 .  - 

C .  P rope r t i e s  

1. General P rope r t i e s  

l i n e  s o l i d s .  They a r e  q u i t e  s t a b l e  over prolonged perida.s t o  

a i r ,  but  appear t o  be somewhat l i g h t - s e n s i t i v e .  The complexes 

a r e  r e a d i l y  so lub l e  i n  benzene, dichloromethane and chloroform, - - 
* 

only s l i g h t l y  so lub l e  i n  acetoney ethanol,  a c e t o n i t r i l e  afld 

d i e thy l e the r ,  and in so lub l e  i n  water .  - 
2 .  ~ n f r a r e d > p e c t r o s c o p y  and Some S t r u c t u r a l  Impl ica t ions .  

The main i n f r a r e d  absorp t ion  da ta  a r e  presented i n  

Table V I - 3  and a t y p i c a l  spectrum, t h a t  of & , i s  shown i n  
n d  

Diagram V I - 1 .  In. add i t i on  t o  t h e  absorpt ions  l i s t e d  i n  



-- . Table VI-3 

Some I n f r a r e d  S p e c t r a l  Data f o r  t p e  Arylazo 

a )  P o s i t i o n  of Absorption (cm-I).' 

V~~ 
( b  

6~~ 
Other Bands 

h 

(Arylazo r i n g )  

1465 8 30 

14 5 5 835 1030 ( v c o c j S P -  
m e t r i c )  

1250 (vCOCjas3rm- 
m e t r i c )  

2840 (vCH3) 

1 4 6 5  C e ~ ( T )  12&<iT$ 

1455 803 1353 (vNoz, 
symmetric) 

H 835 1530 (vNO2, 
asymmetric : -  

( a )  K B r  p e l l e t  
I 

1 

( b )  i 1 em-'; a l b t h e r  bands, + 2 em-' 2 

( c )  Frequency when t h e  iridium-bonded\nitrogen i s  1 5 ~  C 

3 
A d ) ~ r o b a b l y  obscurediby r i n g  C-H bending modes of t h e  PPh3 l i g a n d s .  

( e )  Occurred - a s  a shoulder  on a  s t r o n g  aromat ic  C=C abso rp t i on  a t  
1485 cm l .  





V 1 
Table ?JI-3, the spectra.of all the complexes 8a-f exhibited 

N 

f absorptions at ca. 700 and 750 cm-I due to the ring C-H bending 
/ 

2odes of the trighenylphosphine ligands . A 4 
Assignrrent of the absorption at 1470 cm-' as vNN for the 

pkeriylazo complex ga xas confirmed by the observation of 9 
h 

shift in this frequency to 1454 cm-I for the isotopically sub- 
r - :L~(CO)C~~(PP~~)~('~N=NC~H~)], synthesised 

and the electronic nature of the R substituents in the complexes 
.L 

2a-f. However, She relatively low values for v in these com- - liN 

plezes give sox? iziication as to the mode of bonding between 
I 

the arylazo function and the iridium metal. There are few 
B 

s true tural deterzizztions of arylazo complexes yet available; 

- 7 3  , 
1-3 1 are liste6 in 3 3 1 e  v I - 4 .  Structural studies of metal 

nltrosyl cozplzxes, Z~ough, are numerous and the isoelectronic 

t - crture cf 13lT zn5 ArY2 on the one hand and NO- and ArN2 on 

t ? ~  other hanG allcws useful structural comparisons to be made 

< r,p-- ,,b~,:n 7c- the arylzzo the n5trosyl complexes. It has been 

clearIg de~onstrated t3at nitric oxide can coordinate formally 



T a b l e  VJ-4 

* 

Some S t r u c t u r a l  Data and observed (vm+ and - - 

Modified ( v b )  l a )  Stretching &e.quencies 

for TransitJon Metal Arylazo Complexes 
* .  

* *. - 

( a )  See Chapter V . A ,  .Cnapter V I . C 2  and reference 134 

( b )  No. v a l u e  reported 
-* 4- 

. . 
R e f  - 



bent o r p l i n e a r  M-N-N moieties, a s  a l reaay  indicated 
- - 

t o  exhib i t  

V.A and as  out l ined i n  the possible bonding schemes, i n  Chapter 

l a ,  l b  and 

+ 
I n  1, A r N 2  i s  behaving as  a  Lewis base and a n-acceptor, 

r e su l t ing  i n  a lin'ear M-N-N u n i t  and ' e i the r  a ' l i n e a r  ( l a )  o r  a  
+ 

bent ( l b )  N2-ArL &it, whereas i n  2 i t  i s  ac t ing  a s  a  L e w i s  acid 
2+ - 

r e su l t ing  i n  a  ,doubly bent M- N2 - A r -  mi;. I n  the ruthenium 
0 

complex 11, Table 11-4, the  N-N bond lengt4 of 1.lq4A l i e s  
i 

between a  nitrogen-nitrdgen d ~ u b l e  and t r i p l e  bond, indica t ive  

of a  geometry lying somewhere between la-and-1b;-the N-N-Ar.  - - + - 

bond angle of 135.9" favours the  s ingly bent geometry, l b .  ~ h e  

N-N s t r e t ch ing  frequencies f o r  a  s e r i e s  of complexes'of t h i s  

type, [ M X ~ ( P P ~ ~ ) ~ ( N ~ A T ) ]  (M = R?, 0s; X = C 1 ,  ~ r ) ' ~ ~ ,  l i e  i n  i 
. , ! 

the range 1850-1890 em-', which can thus be considered as  indi -  

ca t ive  of a  bond order  f ~ r  N-N of great& than two and l e s s  
i 
i 

,than three .  The molybdenum complex 111, Table VI-4, has an 1 

I 
0 r-r-n 

- 1 

L C ~ I L ~ ~  ~ r q u e n c y  of 133y era and LRe c r y s ~ a ~ l o g  - raphic 
* 

"ib. Thus, f o r  the data v e r i f i e s  the  s ingly  bent geometry, 



J .  P 
a , 

B e .  
I rhenium complex I, ~ a b i e  VI-4, which has" ' s t r u c t u r a l  parameters , 

- - 

.G 

very s'imilar t o  t h e  complex 111, one could pkedi$t a v a b  Galue 

i n  the region of 1560 cm- ' . The rhodium complex I V ,  Table .> 

> 

VI-'I, a f f o r d s  the o i l y  s t r u c t ~ r a l ~ e x a m ~ l e  of an arylazd analogue- 

of NO- i n  which t h e  M-N-N-AT- u n i t  i s  doubly bent ( 2 ) .  This 

complex exhib i t s  two inf rared  bands a t  1627 'and 1561 cm-' 

associated with the  -N=N- l inkage. Recently, compounds formu- 

. - l a t ed  a s  [ R U ( ~ ~ ~ ~ ) ~ C ~ ( N ~ C ~ H ~ R ) ] [ P F ~ ] ~  ( X  = - p-OCHgJ p-CH3) have 
C 

-- - - 

been reported 153 h i t h  vNN-values of 8095 ( p - O C H ~ )  - and 2080 cm" 
- - - - - - - - 

(2 -CH~) .  Such high N-N s t r e t ch ing  frequencies suggest t h a t  they 

have a geometry tending towards the t o t a l l y  l i n e a r  case, l a ,  D 

c. 

and t h e i r  chemistry 15' lends support t o  t h i s  formulation. 

It seems, then, on the  basis  of the  foregoing s t r u c t u r a l  p 

data  f-or arylazo complexes and the obvious amphoteric n a t w e  
- - - - -  4 - - of the  arylazo l igand, analogous t o  t h a t  of the  n i t r o s y l  

l igand, t h a t  high N-N s t r e t ch ing  freqbencies (grea ter  than 

approx. 1600 em-') a re  indica t ive  -of the s ingly  bent geometry 
- - - L - # - P  - - - P  - -- 

( l b ) ,  tending towards the t o t a l l y  l i n e a r  case (Ja) as  vNN 

increases ,  whereas the lowgr N-N stretching frehuencies* i n f e r  
d' . f 

d the  doubly bent geometry ( 2  ) .  Thus, the-.six-coordinate iri- - - 

dium complexes [ 1r ( C O )  c12 (PPh3) ( N ~ A ~ ) - ] ,  - N 8a-f, hav.ing N-N 

s t r e t ch ing  frequencies lying- i n  the range 1455 t o  1470 dm-' 
-- 

a r e  expected t o  have the  geometry depicted ,inZ2, possessing a 

bent ~ r r ~  grouping and conforming t o  the 18 e lec t ron  formalism. 
L , - 

As previously out l ined in Chapter- V.A, Ibers  -- e t  a l .  13' applied 

I 

.p. 

- .  



- 

an empirical  s e t  of r u l e s  t o  blijng the  vNN values of arylazo 

complexes t o  a  corn& sca le  in an e f f o r t  t o  reduce the region , 

e .  of overlap which- ~buious4y- e x i s t s  ( c  .f . , complexes I11 and IV, - d 

Table VI-4).  From the  modified N-N frequencies (vkN, Table 

- TI-4) thus obtained it can be seen t h a t  the values f o r  t h e  

within the range of l e s s .  than 1540 - 1560 cm-l proposed by 

Ibers  e t  a l .  -- f o r  t h e  doubly bent geometry ,(2 1. 
- -  - - - - - - -  - - - -- - - - - - - - -- - - 

. A s  discussed l a t g r  i n  Section D,  the  molecular s ix-  - 
- 

- 

coordinate a q l a z q  complexes, 8,  can, i n  p r inc ip le ,  be conveged - 
t o  t h e  ca t ion ic  five-coordinate species , .2 ,  by removaluof a  

hl 

chloride l igand as s i l v e r  chloride; . 

- It i s  of considerable i n t e r e s t  i n - r e l a t i o n  t o  the- mode - Lp 

e of -bonding 'of the aryldiazonium ca t ion  t o  t h e  i r id ium t h a t  the 

five-coordinate complexes, 2, appear t o  r ead i ly  break down in 
N 

- .  solu t ion ,  s ince  the  only observed products were the  aryldiazon- 

t iun  cation, ArH2 , and Vaskals complex, [ I ~ ( c o ) c ~ ( P P ~ ~ ) z ? ;  t h i s  

behaviour i s  n o t  exhibi ted by the-six-coordinate  complexes, 

r ) -  * -. - - - 
.-.A oa- l .  m e  reaay loss  or- tne arylazo llgand m t m s  manner srom 

r r r r c + ~  +ha+ - r +  -r c h n , , m A  +n +ha . . 
bGD u,J "L-u -Lu - L 3  umLU U" 

i - 
i r i d i u n  as  A r B 2 ' .  Thus, removal of a  chlor ide l igand from 8 

N 

has resul ted  in a change of t h e  bonding mode of the  arylazo 

a .  See footnote 2 on pa-ge 124 
, a 



k @ ,  - - -  - S T -  > - "  r > - A " - L  - - A 

- 
ligand from Art+ in the-six-coordinate complex to A~N*' in the . 

- A - -, - - - *L"->--L- - 
five-coordinate case, providing further evidence-for-an ArN2 - - . - 

- moiety in the six-coordinate complexes, 8a-f. An analogy tb 
-nJ 

- - - 

this type of -behaviow- is- provided by the ' h ~ o b a l t  nitrosyl -- - - - 
- 

- -- 
- -  p + complexes, tr&s-ECo(~O) (NCS) (c~As(cHs)~]~)~] - and - 

n a l l d e  1igamBz-T' e bonding of the niirosyi ii-gmWTrr 

six coordinate complex consists of [ co (111) - (N=o-)]~+ (angle - 

Co-N-0 = 135")~ while the pentacoordinate trigonal bipyranidal 
-- - - - - - -  - - -  - - 

complex is best formulated as CO(I)-(N=O+)]~+ (angle Co-N-0 = 

D. Reactions 

+ 1. Reactions with Ag - 

The six-coordinate-arylazo complexes were reacted with 

kg+ (one equivalent) to effect the removal of one chloride 
- - - - - -- -- 1 - - -- - - -- - - 

ligznd. The purpose behind this was two-fold: (a) to provide 

a route to the cationic five-coordinate arylazo complexes 

[ I&(co)c~(PP~~)~ (N,A~)]+, N 2, previously, and unsuccessfully, 

with aryldiazonim cations, A~N,+; (b) to leave a vacant coor- 

the cornpiexes 2 might be unstable with respect to ortho: 
d 

metzlation) ortho-metalation of either the arylazo ring or a 



- - - 

triphenylphos~~ne ring could occur, with concomittant protona- 

tion of the az6 function. ortho-Metalation via the arylazo - 
ring to give a five-membered metallocycle was considered to be 

more likely than - via a triphenylphosphine ring to give the 

less stable four-membered metallocycle, e .g .: - 

Results 

The 
- - 

coordinate 

product obtained 
- - - -  

from the reaction between the six- 
- - - - - - - - - - - - - - 

phenylazo complex, 8a, and silver perchlorate (one 
CJ 

equivalent) in benzene solution gave an infrared spectrum 

indicative of the perchlorato phenylazo complex - 

[I~(co)c~(oc~o~)(PP~~)~(N~P~)] with bands at 2058 cm-' (vco) and 

1 4 7 0 ~ 6  ' (vN,), and three bands at 1130,1112 and 638ck1 assignable to 

vibrations of a nonodentate perchlorato ligand (c.f.,'~hapter 
- m 

--- 111.2). Although this complex was not further characterised, 

it seem that the only effect of the reaction of 8a with 
N 

AgClO, was the reglacement of a chloride ligand by a perchlor- 

ate ligand . Eowe-~er, the reactions with silver tetraf luoro- 



- Table VI-5 

Reactions of the  Six-coordinate ~ r ~ l a z o  Complexes (8) 
N 

with S i l v e r  TetrafTuoroborate 
S [ I~(co)c~~(PP~~)~(N~cBHsR)~. + AgBF4 + X - Products 

Solvent Other 
Conditions 

(XI . 

Producf 

Vaska's 
Complex 

system 
(s) )iazoniwn 

S a l t  
Other 

Yes Yes _ 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

( b  Yes - 

Yes 

Yes ( c )  

( c  1 Yes . 4ryl tetrazene 
t Aryldiimide 

No - 

Yes (4  

( a )  & C I  was a product of a l l  t he  l i s t e d  react ions.  r 

(b) The diazonium salt w a s  fs 'olated only on re -ac id i f i ca t ion  ( c ~ H ~ ) ~ N  
f o m s  an adduct ~ 5 t h  diazonium s a l t s .  

( c )  I so lz ted  only in s m a l l  amount. 



borate  i n  place of s i I v e r  perchlorate proved t o  be of much 
- - -  -- 

g r e a t e r  i n t e r e s t ;  they a r e  discussed below, a ~ d  a r e  summarised 
' 

i n  Table VI-5. 
- 

- 
. -  When the six-coordinaxe a r y l a z o  compl&xes - 

[1r(~0)~12-(~~h3)2(~2Ar)] were reacted with AgBF4 i n  a 1:l molar 
If 

r a t i o  in-benzene so lu t ion  the  products of _the reackions were - 

+ - fluoroborate,  A r N 2  BF4 , and s i l v e r  chlor ide.  As already 

in fe r red  ( c . f . ,  p l l g ) ,  it appears t h a t  the five-coordinate 
- -  - - - - - -  - -- - - -- - - 

arylazo complex, 2, r e s u l t i n g  from removal of a chlor ide ligand 
N 

from 8, i s  an unstable  e n t i t y  i n  so lu t ion ,  readi ly  re leas ing  
N 

+ the arylazo l igand as  the  S r e e  diazonium ca t ion ,  A r N 2  . When 
7 . . 

the  react-ion af t h e  six-coordinate complexes with AgBF4 was - 
ca r r i ed  out' i n  benzene-ethanol medium, however, the  , - 

f obtained were not Vaskals complex, A r N 2  and AgCl but were the 

five-coordinate a ry l t e t r azene  complex, 4 ,  and/or- the s ix -  rd 

rU 

coordinate aryldiimide complex, 5, along with AgC1; Thus, i n  - 
N 

- - - - -  -- - -- 

the-presence of ethanol,  t h e  Vaska's complex, 1, and the  a r y l -  +/ 
N 

diazonium te t raf luorobora te  formed by decomposition o f . t h e  

five-coordinate complex, 2, r eac t  a s  i n  t h e  normal synthesis  
N 

of the  a ry l t e t r azene  ( 4 )  and aryldiimide ( 5 )  complexes. The 
N N 

o v e r a l l  reac t ion  sequence i s  depicted below. 

The r e s u l t s  o f  these  react ions of AgBF4 with the complexes 

8 have mechanistic implications,  a s  w i l l  be discussed in  d e t a i l  - 

in Chapter VII. It is s u f f i c i e n t  a t  present  t o  poin t  out t h a t  



t h e  ca t ionic  five-coordinate arylazo complex ( 2 )  I.J appears t o  

be unstable,  not  t o  + intramolecular ortho-metalation but, 

-rather* t o  a - .  redox d i s soc ia t ion  t o  form Vaskals complex 

(1) and t h e  aryldiazonium s a l t . D  Thus, any mechanismefor the  

formation of t h e  arylciiimide complexes (2) which involves 
- - 

intramolecular ortho-me€ala5iofif a ca't-9onic-f ive-coor8inate - - 

arylazo intermediate (g) may well  be invalidated.  

A f u r t h e r  attempt a t  inducing ortho-metalation by 

removal of a chlor ide l igand from the  six-coordinate complexes 

(Ed,e), t h i s  time under bas ic  conditions ( t o  f a c i l i t a t e  t h e  

removal of an ortho-proton fro% t h e  ring undergo= ortho- 

b. The five-coordinate complex, 2, has s ince  been synthesised by 
D r .  N. F a r r e l l  and i t s  facile '-disproportionation t o  1 and 
ArN BF4 in CcKB so lu t ion  has been demonstrated (c . f .  Chapter 
V I ~ .  Also, t h e  r eac t ion  of 2 with cl-  in ace tone  solut ion 
a t  -25•‹C produced 8. rCI 



metalation) was unsuccessful. Thus, reaction of 8d and 8e with 
N - N  

AgBF, in benzene sdlution and in the presence of potassium 

t_butoxide and triethylamine,-respectively, aga-in-produced - u- - 

Vasksrs complex (I), the aryldiazoniwn salt and silver chloride. 
N 

-- Finally, the formtion of the aryltetrazene and aryl- - 

.between the six-coordinate complexes (8) and AgBF4 in benzene- 
N 

ethanol medium, and their non-formation in neat benzene-acetone 
- - - - - - - - - - - - - - -- - - - - ,a 

or benzene-nitromethane media (Table VI-5) further substanti- 

ates the necessity for ethanol '(or its equivalent) in the 

syntheses of both $ and 2 (c. f., Chapter ~11). 

2. 2eaction with HBF, 

In keeping with the postulated doubly bent nature of - 
i 

- . " 

~ - - 3 3 ~ - 1 ~ z ~ % ~ 2 ,  in tf-=~@=es: j2a - f j c  .I- n , m p t e r  3 
+ Z, ~ 2 ) ,  protonation of the azo (-N=N-) function by H has 

been achieved. Thus, for- example, treatmenk -of-& suspension 

of the yellow-orange complex ~I~(co)c~~(PP~~)~(N=NC,H,~-F)], - 

sb, in diethyl ether with an excess of HBF4 (48% in aqueous 
N 

- .  
solution) afforded, in 80% yield, a pale-yellow solid formula- 

ted on the basis of infrared spectral data and elemental 

analysis as the p-fluorophenyldiimide complex .: - 
\ -. - 

i 
3 f (fFD1-NCsfi4p-P') J Bb'4, lN1. The complex analysed 

f 
bited a medium-intensity band at 3110 cm-I and a broad, strong a 

P 
* 

B 
B 





from t h e  spectrum of 8b i t s e l f ,  and whic=h were removed by 
N 

' treatment of 11 w i t h  base ( r e s u l t i n g  i n  the  re-formation of 
N 

8b);  the former band i s  a t t r i b u t e d  t o  VN-H 
N 

and the l a t t e r  
a- - - * - 

t o  v - The carbonyl ;tretching frequency i h i f t e d  on pro- 
BF 4 

tonat ion of 8b from 2055 cm-I t o  2090 cm-l in 11, and the 
N Cd 

- 

N=N s t r e t ch ing  frequency observed a t  1470 cm-I i n  8b was 
N 

absent from the spectrum of kl. , 

The protonation of 8b was found t o  be revers ib le ,  a 
N 

- suspension of the d i imide  complex, lL., in_-diethyl e t h e r  being - 
N 

readi ly  and quan t i t a t ive ly  deprotonated on treatment with . 

tr iethylamine: 

I*+" 4- o ' di- 

11 i n  methanol, e thanol  and a c e t o n i t r i l e  resul ted ,  i n  each 
N 

case, i n  i t s  reconversion t o  8b, Thus,  although t h ~  diimide- - -  L- 
N 

I 

complex 11 i s  q u i t e  s%able in the  s o l i d  s t a t e ,  it w a s  found t o  
N 

0 - 
be unstable i n  solution: i n  addi t ion t o  i t s  ready deprotona- 

t i o n  i n  the  solvents  c i t e d  above, it was a l s o  found t o  be 
, 

uns tab le - in  both acetone and chloroform, Gndergoing decomposi- 

+ t i o n  w i t h  the  formation of some diazonim ion,  p-FCGH4N2 , a s  - 

recovered a f t e r  s t i r r i n g  11 i n  e i t h e r  acetone o? chlorofom.  
N 



Only from solvents in which it was insoluble (e.g., diethyl 

- - - - 

ether, benzene, wa%er) could 11 be recovered unchanged, ren- 
h) 

dering unsuccessful all attempts to obtain an nmr signal 

characteristic of a single N-H proton. 
- - 



- - 

CHAPTER VII 

\ 

* Mechanist ic S tud ies  and Discussion 
t 

* 

- - - -- A - - . + & 

- / .  I 

H A .  I n t roduc t ion  
- 
- - 

1 
- The f a c t  t h a t  r e a c t i o n  between Vaskal s complex, 1, and c e r t a i n  - 

- 

N 
- + aryldiazonium ca t ions ,  A r N 2  , should r e s u l t  i n  such unexpected 
- 

products  as t h e  a r y l t e t r a z e n e  complexes, 4, ( c  . f .  Chapter 11) 
3 

- -- - e =-ILL-S,-L (c  - f .  - - -  Chapter - - -  - 

111) raises an  i n t r i g u i n g  problen regarding t h e  na tu re  of t h e  

mechanist ic r o u t e  t o  t h e s e  compaunds. , A l l  other.  repor ted 

r e a c t i o n s  of t r z n s i t i o n  me ta l  complexes wi th  A ~ N , +  t o  g ive  

n i t rogen-contz in ing  complexes have provided e i t h e r S ( a )  

' 4-6,90,91 non-ortho-metslated a ry ld i imide  complexes 

bond. I n  t h e  Cormation of and '>  however, t h e  p o s s i b i l i t i e s  

would Eeem t o  be { a ) + n i t i a l  ,coordinat ion of A ~ w , +  t o  i r id ium,  
- - 

followed by f u r t h e r  r e a c t i o n  on the  a ry l azo  l igand,  o r  ( b )  

+ i n i t i a l  modification of ArfT2 (by r e a c t i o n  wi th  an e n t i t y  o ther  

than t h e  i r i d i u n  of Vaska's  complex), followed by coordinat ion 

of t h i s  modified species t o , i r i d i u m ;  t h e s e  p o s s i b i l i - t i e s a r e  

d i scussed  i n  Sec t lon  B.  - 
Other f e a t u r e s  of i n t e r e s t  a r e :  ( i )  no othe$ syn the t i c  

r o u t e s  t o  ortho-~etal-ated a ry ld i imide  complexes have been 





- - 
A, * 

duct ing  t h e  syn thes i s  i n  t h e  presence of A$ to f a c i l i t a t e  - 

removal of t h e  c h l o r i d e *  l igand w a s  only p a r t i a l l y  success fu l  

i n  that, a l though the y i e l d  of t h e  aryl te t razene 'complex w a s  
- A 

increased  able ~111-I . ) ,  that of t he  ortho-metalated diimide 

complex remained una l t e r ed ;  ( c )  t he  use of aryldiazonium 

c a t i o n s  blocked i n  bo th  or tho-posi t ions  t-o prevent formation 

of - t h e  ortho-metalated complexes, 2 a l s o  prevented t e t r azene  

l o s s  of t h e  c h l o r i d e  l igand)  were completely unrewarding i n  

t h a t  formation of bo th  rn 4 and 2 was p ~ e v e n t e d  . 

+ 
E. Poss ib le  modes of r eac t ion  of A r N 2  

I n  view of t h e  e s t a b l i s h e d - a b i l i t y  of A ~ N , +  t o  

coordinate  d i r e c t l y  t o  t r a n s i t i o n  metals  t o  Porm a ry l azo  

c o ~ ~ ~ p l e x e s ,  3,108,119,125-7,140, 144-7,149 t h i s  i n i t i a l  s t e p  

 quati ti on .VII-I) had t o  be s e r i o u s l y  considered.  
- - - - -  - - -- - - - - - ---- -- 

-f- 
[ Z ~ ( C O ) C ~ ( P P ~ , ) ; , ] ~ +  ArX,  - [ I ~ ( c o ) c ~ ( P P ~ , ) ~ ( N , A ~ )  j+ (VII-1) 

* 

Evidence a g a i n s t  a ry l azo  complex formation i n  t he  e.. 
lr - 

benzene-ethanol f o r  benzene-=-propanol) r e a c t i o n  medium 
y r  7 

heading t o  t h e  c m p l e x e s  and 2 w a s  provided by t h e  experimental 

findings, i n  each of which t h e  r e a c t i o n  .betire& 'nn&ridium' ( I )  + 

' +  
complex and Ar12 zf'forded zn a r y l a z d  complex when the  so lven t  

ZL 

xas acetone (~eze$ions  -dIf-2a and VII-3a) o r  methanol-water 

(l?esctioL V I I - ~ Z ~ ,  but f a i l e d  t o  do so when t h e  so lven t  w a s  

- m benzene-e thno l  f ~ e z c t i o n s  YTI-2b, V I I - 3  and VII-4b). 



- + 
-------3 [ I ~ ( c o ) c ~ ( P P ~ ~ ) ~ N ~ A ~ ]  

2 
b 4 N 

[ I ~ ( c o ) c ~ ( P P ~ , ) ~ ]  + A r N 2  P - ( n T - 2 )  
1 
N O .  

i No a r y l a z o  complex i s o l a t e d  
CsHs-C2H50H 

' ( c . f .  Ref.  lv44) 
[ I ~ ( c o )  c 1 2 ( p ~ e 2 p h )  2 1 i 2 A r ]  

[ I ~ ( c o ) c ~ ( P M ~ ~ P ~ ~ ~ ]  + A r N 2  (VI I -4 )  
- 

+c1- No a r y l a z o  complex i s o l a t e d  - - 
CcHg-C2H=OH - 

I t  i s  p o s s i b l e ,  of cour se ;  that t h e  a r y l a z o  complexes 

formed i n  r e a c t i o n s  VII-2(a) ,  VLI-3(a)  and V I 1 - 4 ( a ) w e r e  a l s o  
- - - - - - - - - - - - - - - - - - - - - - - 

f o r n e d  i n  t h e  r e a c t i o n s  ~ 1 1 - 2 ( b ! ,  VI1-3(b) and V I I - ~ ( ~ ) ,  b u t  
* 

x e r e  u n s t a b l e  i n  t h e  C6H6-C2H50H medium. I t  w a s ,  i n  f a c t ,  , 
L 

9 

f o i ~ 7 d  t h a t  t h e  complex 2, formed i n  r eac t io r i  n1 -2 (a ) ,  w a s  
+ ' 

. trr:st+ble i n  C6HE s o l u t i o n ,  d i s p r o p o r t i o n a t i n g  t o  and A r N 2  , 

arc! ir. CeHB-CsH,OH nedium f orrned b o t h  the .  a r y l t e t r a z e n e  -3 
4 

znd a r y l d i i a j d e  complexes, 4  N aqd resgec t i v e l y :  $ 
X 

f 



However, t h e  a r y l a z o  complexes formed i n  r e a c t i o n s  
-* - 

). 
- -  - 

v l l - 3 ( a )  and VII-4(a-j w e r 6  found t o  b e  s 7 ; a b b l e 1 n m n 2 f 3 3 0 7  
% . I 

m e d i ~ m , ~  i n f e r r i n g  t h a t  t h e y  a r e  n o t  formed a t  a l l  i n  t h e  

r e a c t i o n s  VII-3(b)  2nd VII- ' l (b) .  The_ impl i ca t ions  f rom t h e s e  - 5 

r e s u l t s  a r e  ( a )  t h a t  t h e  s o l v e n t  system i s  t h e  c r u c i a l  f a c t o r , .  

i and  (b) t h a t  where t h e  s o l v e n t  system 'is CEH-,-C2H50H t h e  

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

,- 

i r i d i u m  , or ,  once  coordinated, ,  undergoes  f u r t h e r  r e a c t i o n .  
* I 

Cons ide r ing  t h e  known n u c l e ~ ~ h i l i c i t ~ ~ ~  of- V a s l c a l s  
c X- - -  - 

-- - -complex, 1 a n d - t h e  e P e c t r o p h i l i c  n a t u r e  o f - ~ r N , . + , d i r e c t  - -  Y 
J 

& + 
ii c o o r d i n a t i o n  of A ~ N ~  ( A ~ = R - c ~ H ~ )  t o  1r(1) might  b e  expec ted  
i .- t o  be enhanced b y  ( a )  i n c r e a s i n g  t h e  e l e c t r o n  wi thdrawing  
K 
F _ -  - 
$I 

? 
n a t u r e  of t h e  a r y l  s u b s t i t u e n t  R ( t h u s  i n c r e a s i n g  t h e  - 

F 
T e l e c t r o p h i l i c i t y  of t h e  a r y l d i a z o n i u m  c a t i o n )  and ( b )  changing  
r- 
3 

t h e  t r l p h e n y l p h o s p h i n e  l i g a n d s  of A t o  t h  more b a s i c  E 

methy ld ipheny l  o r  d i m e t h y l p h e n y l p h ~ s p h i ~ e  l i g a n d s  ( t h u s  
11 1 - - i n c r e a s i n g  t h e  n u c l e o p h i l i c i t y  of i r i d i u m ) .  " 

. the formatio! of t h e  a r y l t e t r a z e n e  coniplexes, 

F "  - - f avoured  b y  R becoming more s t r o n g l y  e l e c t r o n  

4, w a s  indeed  

wi thdrawing  ( c  .f : 
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Tab le  11-2), whereas f o r  t h e  a r y l d i i m i d e  complexes, - Z, t h e  lowes t  

y i e l d s  Here o b t a i n e d  f o r  t h e  s t r o n g l y  e l e c t r o n  withdrawing sub- 

s t i t u e n t s  ( c  .f . Tab le  11-1) . For  t h e  PMePh, and PMe,Ph ana logues  
I 

of 1 IV n e i t h e r  nor  2 were formed a t  a l l ,  i n d i c a t i n g  . t h a t  f ormat ipn  . 
- - 

of  a n  a r y l a z o  adduc t ,  i f  indeed i t  forms a t  a l l ,  does  g o t  occur  

+ 
b y  t h e  a n t i c i p a t e d  n d c l e o p h i l i c  a t t a c k  bf Ir(1)  on A r N ,  . 

- 

C . Evidence f o r  hydr ide  a b s t r a c t i o n :  

There i s  good ev idence  t h a t  h y d r i d e  a b s t r a c t i o n  from t h e  

a l c o h o l  occur s  d u r i n g  t h e  r e a c t i o n  between V a s k a ' s  complex, 

and A ~ N , +  t o  g i v e  t h e  complexes 'I_ and 2. N e i t h e r  of t h e s e  

complexes w l s  formed w'e11 e t h a n o l  w a s  r e p l a c e d  by methanol,  

t - b u t a n o l ,  a c e t o n e ,  d ich loromethane ,  n i t romethane  o r  a c e t i c  
-- 

n ~ ~ i _ d _ , ~ b u f ; ~ h ~ t h 4 i L e . r p ~ ~ e r ~ _ e d  f o r  j so-proganol  which, l i k e  

e t h a n o l ,  h a s  an  a c t i v a t e d  a-hydEogen atom. F u r t h e r ,  when - 
1 ,  

e t h a n o l  was - r e p l a c e d  - by - t h e  - b e t t e r  -- - a-hydrogen donor,  
- - - - - - - - - - - - - - 

i s o - p r o p a n o l i  a twedty p e r c e n t  h i g h e r  y i e l d  of the-  a r y l t e t r a z e n e  

complex Ab r e s u l t e d ,  as  a s c e r t a i n e d  from t h e  molar a b s o r p t i v i t y ,  
, 
I 
1 

Repeat ing  t h e  s y n t h e s i s  w i t h  C2H50D had no observable1 
i 

- i e f f e c t ,  whereas s u b s t i t u t i n g  C2D50D f o r  C2H50H caused a 
L = 

t h e  measurement of r e l i a b l e  approximate ze ro - t ime  r a t e s ,  o  

- t h a t  no q u a n t i t a t i v e  corn pa rig so^ of r a t e  c o n s t a n t s  could  be  



5 - 10 
TIME . ( MIN.) 

Diagram VII-1 Comparison of t h e  f o r m a t i o n  of t h e  a r y l t e t r a z e n e  

complex [ I ~ ( c o )  (PP~,),{N, ( c&Q-B~)~)IBF~, kd,* 

i n  benzene-C,HSOH o r   benzene-^;^^^^) ( c u r v e  A ) ,  

and benzene-C2D50D ( c u r v e  B); E - B ~ C ~ H ~ N ~ B F ,  

. benzene 3.75 ml and a l c o h o l  1 . 2 5  m l ,  a t  2 5 " ~ .  



made. However, t h e  r e s u l t s  p o i n t  i n  f a v o u r  of a p r imary  

i s o t o p e  e f T e c F  t n  C-H bond c l e a v a g e ,  presumably of a n  
* -  

a-hydrogen atom, v i z  : 

I n  a g r e e n e n t ,  a c e t o n e  has been i d e n t i f i e d  i n  t h e  i s o - p r o p a n o l  

r e a c t i o n  and a c e t a l d e h y d e  i n  t h e  e t h a n o l  r e a c t i o n .  

- D .  Evidence  f o r  a common i n t e r m e d i a t e  
I .  

- - - - - - 

T h a t  akommon i n t e r m e d i a t e  may be  i n v g l v g d  i n  t h e  

mechanis t , ic  r o u t e s  t o  b o t h  t h e  a r y l t e t r a z e n e  complexes,  5 
and t h e  a r y l d i i m l d e  complexes, 2 i s  s t r o n g l y  i m p l i c a t e d  by 

t h e  f a c t  t h a t  c e r t a i n  changes  i n  t h e  r e a c t i o n  c o n d i t i o n s  gave  . - '  . ,  

t h e  same ef fec- t 'on  t h e  f o r m a t i o n  of b o t h  4 and & as  
N 

- 
( i )  where t h e  s o l v e n t  medium w a s  b e n z e n e - e t h a n o l  o r  

b e n z e n e - i - p r o p a n o l ,  b o t h  and  2 _wer_e o b t a i n e d ;  - - 

w - 
c o n m r s e l y ,  when t h e  { e t h a n o l  ( o r  -- i s o - p r o p a n o l )  

w a s  r e p l a c e d  by  methapol ,  t - b u t a n o l ,  a c e t o n e ,  _ -  - 

dich lo romethane ,  n i t r 9 e t h a n e  o r  a c e t i c  a c i d  

n e i t h e r  complex w a s  o b t a i n e d ;  
- 

( ii ) s x b s t i t u t i o n  of t h e  t r f  phenylphosphine  l i g a n d s  of 

[ I ~ ( c o ) c ~ ( P P ~ , ) , ] ,  ?, by e i t h e r  me thy ld ipheny l -  

phosphine  o r  dimethylphe,nylphosphine l i g a n d s  

p r e v e n t e d  t h e  f o r m a t i o n  of b o t h  4 and 2; 
N 



(iii ) where t h e  s u b s t i t u e n t  R on t h e  a r y l d i a z o n i u m  

* + + 
=is c a t i o n ,  R-CsH,N2 , w a s  a s t r o n g  e l e c t r o n  donor  

,' ( p - ~ ~ ,  - p - N E ~ ? ) ,  t h e  ' format ion  of b o t h  and 5 
was c o m p l e t e l y  i n h i b i t e d .  

F u r t h e r ,  For  r e a c t i o n s  i n  benzene- i so -p ropano l ,  - - 

- A 

Equa t ion  VII-6) s u g g e s t  t h a t  a - h y d r i d e  a ' b s t r a c t i o n  from t h e  

a l c o h o l  c o n t r i b u t e s  t o  t h e  f o r m a t i o n  of b o t h  & a n d  2 .  These - 

. r e s u l t s  a r e  summarised i n  T a b l e  VII-1,  f rom which i t  can  b e  

s e e n  t h a t  i n  r e a c t i o n s  1 and 2 t h e  y i e l d s  of  a c e t o n e    or respond 

c l o s e l y  t o  t h e  combined y i e l d s  of and 5. -The 2 , 6 - d i f l u o r o -  

phenyldiazonium i o n 4 i n  r e a c t i o n '  ) f a i l e d  t o  y i e l d  e i t h e r  j! o r  

fi, y e t  a c e t o n e  was r e c o v e r e d  i n  comparable  q u a n t i t y  i n d i c a t i n g  

t h a t  a - h y d r i d e  a 6 s t r a c t i o n  had occur red ,  presumably  l e a d i n g  ' 

t o  a n  i n t e r m e d i a t e  whose f u r t h e r  r e a c t i o n  t o  g i v e  and 2 w a s  

h indered-by  t h e  p r e s e n c e  of  t h e  o r t h o - s u b s t i t u e n t s .  
. - - - - - - - - - - - - -- - -  - ---- - 

I 

E .  Mature of t h e  comnon i n t e r m e d i a t e  

Al though a -hyd<ide  a b s t r a c t i o n  from t h e  a l c o h o l  o c c u r s  

t h e  mechanism l e a d i n g  t o  t h e  complexes 4 and 2, i t  i s  s t i l l  
W '  

n o t  c l e a r  a t  what s t a g e  t h e  a l c ~ h o l '  i s  i n v o l v e d  i n  t h e  

r e a c t i o n ,  b u t  t h r e e  main p o s s i b i l i t i e s  e x i s t ,  v i z :  

( i) a - h y d r i d e  a b s t r a c t i o n  from t h e  a l c o h o l  b y  Vaskaf s 

complex, [ I ~ ( c o ) c ~ ( P P ~ , ) , ]  ?, as  i n  Equa t ion  VII-7: 



Yields of aryltetrazene complex ( k ) ,  

aeetone from reactions between Vaskals complex, 

[ 1r (co)c~(PP~~)~] (1) and aryldiazonium tetraf luoroborate 
. in benzene-iso-propanol medium. 

-- /--- 
Reaction in Yield -(mmole) 

C5HG-*-propano1 N 4 - 2 Acetone 

1. Q-BrCaH4N2 + t l  N 

+ 
2". E~FCSH~PJ~ + 

3. ~ , ~ - F ~ C E H ~ N ~ +  + . 1 N 

i 

0.027 0 .028 0.054 

0 .056 0.024 0.082 

nil 0.082 

- -- - 



- 

- 

T h i s  t ype  of r e a c t i o n  2$s ilot been r e p o r t e d  f o r  V a s k a f s  
- - 

complex and, i n  agreement,  no r e a c t i o n p a t  a l l -  was observed 

between and e i t h e r  e t h a n o l  o r  i so -propanol  ( o r  benzene- 

t 
L L  

e t h a n o l  o r  benzene- i so-prbpanol )  even over prolonged 

h a t  r e f  l u x i n %  t empera tu re s .  

( i i)  a-hydr ide  a b s t r a c t i o n  from t h e  a l c o h o l  by a n  

e l e c t r o p h i l i c  , iridium complex, a type  of r e a c t i o n  which has 

been r e p o r t e d  155-8 f o r  b o t h  i r i d i u m  ( I )  a n d ' i r i d i u m  (111) .- - 

T b u s ,  -for  e x a m p l a i t h p n r n  ~ f = d ~ e _ o ~ L u n t f ~ ~ l ~ y  - - 

N 

. , 

be  conver ted  t o  t h e  i r i d i u m  (111) a r y l a z o  complex c a t i o n  

+ 
~ I ~ ( c o ) c ~ ( P P ~ ~ ) ~ ( N ~ A ~  ) ]  2 which, be ing  c o o r d i n a t i v e l y  . 

unsaturayed,  i s  a s u i t a b l e  c a n d i d a t e  f o r  a -hydr ide  a b s t r a c t i o n  

t o  g i v e  t h e  hyd r ide  complex ~~~(C~)HC~(PP~,)~(N,A~)I: 

This  p a r t i c u l a r  p roposa l  ( ~ ~ u a t i o n  VII-8) can be  cons ide red  doubt-  

f u l  on t h e  b a s i s  that  t h e  a r y l a z o  complex c a t i o n  ?_ w a s  found t o  

be  u n s t a b l e  i n  b o t h  benzene and benzene-ethdnol  media, 

+ d i s p r o p o r t i o n a t i n g  immediately 'to ?; and A r N 2  . However, t h e  

- .  . pOSS1 h l  11 ty kh=t t 2- ~ t & - e r  $ l w t r o  h l l l c  ~ r l d ~ i j p .  s . * . . .  
- - 

e f f e c t i n g  t h e  hyd r ide  b s t r a c t i o n  cannot be ignored ,  althaugh 

no evidence f o r  t h i s  o c c u r r i n g  i n  t h e  r e a c t i o n  l e a d i n g  to 4 + 

N 

and 2 h a s  as y e t  been o b t a i n e d .  Attempts t o  d e t e c t  a n  



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

of t h e  r e a c t i o n  s o l u t i o n .  were n e g a t i v e ,  and examina t ion  of t h e  

r e s i d u a l  m a t e r i a l  a f t e r  i s o l a t i o n  of  b o t h  & and -2 from t h e  
- - - a  

r e a c t i o n  m i x t u r e  p rov ided  no  f i r m  ev idence  f o r  a n  i r i d i u m  

" h y d r i d e  s p e c i e s .  l 

(iii) a - h y d r i d e  a b s t r a c t i o n  b y  e l e c t r o p h i l i c  a t t a c k  of 

A I N ~ +  on - t h e  a l c o h o l ,  y i e l d i n g  t h e  u n s t a b l e  and h i g h l y  r e a c t i v e  

i n t e r m e d i a t e  a r y l d i a z e n e ,  159-163 A r N = N H :  i 

- - - 
- - - - - 

- -  - 

- 

C e r t a i n  e x p e r i m e n t a l  o b s e r v a t i o n s  f a v o u r  t h i s  mode bf h y d r i d e  . 
a b s t r a c t i o n  over  t h o s e  p r e s e n t e d  i n  ( i )  and ( i i ) .  When 

g-FC6H4N2BF4 w a s  s t i r r e d  a t  room t e m p e r a t u r e  i n  e t h a n o l  ( o r  

i s o - p r o p a n o l )  a small amount o f  a c e t a l d e h y d e  ( o r  a c e t o n e )  w a s  

produced,  whereas,  as  p r e v i o u s l y  mentioned,  no r e a c t i o n  w a s  

observed between k s k a  1 s complex and e i t h e r  e t h a n o l  o r  i s o -  
- --- - - - - 

- 
- -  - - -  

p r o p a n o l  under  a v a r i e t y  of c o n d i t i o n s .  The p r o d u c t i o n  of  
# 

171. as a c e t a l d e h y d e  from A ~ N , '  and e t h a n o l  i s  w e l l  documented, 

i s  t h e  f o r m a t i o n  of  a r y l d i a z e n e ,  A r N = N H ,  i n  t h e  h y d r i d e  o 

r e d u c t i o n  of a r y l d i a z o n i u m  i o n s .  161,162,164,166,167 
BY 

E 

a l l o w i n g  V a s k a r s  complex (L) and CBH,N2~F4 t o  r e a c t  i n  benzene-  - 3 

w a s  i n c r e a s e d  b y  twenty.  p e r c e n t  over  t h a t  o b t a i n e d  €500 n a y  

i n  t h e  a b s e n c e  of added C,H5N=NH.. E a r l i e r  o b s e r v a t i o n s ,  s u c h  



-- - - =  

as  t h e  requirement  f o r  t h e  s u b s t i t u e n t  i n  RCLH~N, '  b e ing  
' 1 

e l e c t r o n  withdrawing i n  n a t u r e ,  and t h e  non-formation of e i t h e r  

4 o r  5 when t h e  t r i pheny lphosph ine  l i g a n d s  of !, were replaced-  - - - -  - -  
N 

by t h e  more b a s i c  methyldiphenyl  o r  dimethylphenylphosphine - 

l i g a n d s  a$e i n  keep ing  w i t h  t h e  involvement - of a n  a r y l d i a z e n e  

, . 
a s u i t a b l e  a lcohblk  ( c . f .  Equat ion VII-9) should  b e  enhanced 

by  a n  e l e c t r o n  wi thdrawing a r y l  s u b s t i t u e n t ,  whereas t h e  a b i l i t y  
- - --- - - -  - - - 

of a n  i r i d i u m  complex t o  a b s t r a c t  H- should b e  dec reased  by 

t h e - p r e s e n c e  of  t h e  l e s s  b a s i c  ( P P ~ , )  l i g a n d s .  157~165 F u r t h e r ,  

c o o r d i n a t i o n  t o  i r i d i u m  of t h e  n u c l e o p h i l i c  A r N = N H  s p e c i e s  

should be  more favoured by , t h e  l e s s  b a s i c  t r i pheny lphosph ine  

+ - l i g a n d s  t han  would c o o r d i n a t i o n  of t h e  e l e c t r s p h f l i c  A r N 2  

From t h e  f o r e g o i n g  r e s u l t s  and d i s c u s s i o n  it' can be  

concluded that  t h e  r o l e  of t h e  ethanol-or---propano1 i s  to -  --- 
J - 

provide  a source  of hyd r ide  i o n ,  H , and, somewhat t e n t a t i v e l y ,  

t h t  t h e  H- e f f e c t s  t h e  r e d u c t i o n  of t h e  a ry ld iazonium c a t i d n  

t o  t h e  h i g h l y  r e a c t i v e  a r y l d i a z e n e  i n t e r m e d i a t e ,  A.rN=??H, 

whose f u r t h e r  r e a c t i o n  l e a d s  t o  t h e  complexes s a n d  5  quati ti on 
N 

V I I - l o ) ,  as d i s cus sed  i n  S e c t i o n  F .  



*. 

F . PYoposed mechanisms 
I - - 

A c c e p t i n g  t h a t  [ A ~ N = N H ]  i s  t h e  i n i t i a l l y  formed common 

i n t e ~ m e d i a t e  when V a s k a l s  complex 5 and  A ~ N , +  a r e  a l l o w e d  t o  
a 

r e a c t  i n  b e n z e n e - e t h a n o l  o r  benzene- i so -p ropano l ,  - t h r e e  --- - - 
i 

f e a s i b l e  mechanisms ( A ,  B a n d  C i n  Scheme VII-1) c a n  b e  p roposed .  

Mechanisms A and  B l e a d  t o  t h e  a r y l t e t r a z e n e  complexes, 5 and  

C t o  t h e  o r t h o - m e t a l a t e d  a r y l d i i m i d e  complexes, 2. I n  A ,  s t e p  

+ 
( 1 )  e n v i s a g e s  c o d p l i n g  between A r N 2  and the a r y l d i a z e n e  

i a e r m e d i a t e ,  A r N = N H  ( o r  t h e  d-iazenyl anion,  A ~ N = N - ,  which - i s  -- - -- 

a s t r o n g e r  n u c l e o p h i l e  t h a n  u n d i s s o c i a t e d  A ~ N = N B ) ,  
160,161 to  

> .  

g i v e  t h e  f r e e  t e t r a z a d i e n e  l i g a n d  [ A ~ N = N - N = N A ~ ] .  T 

d iazonium ca-tion w i l l  c o u p l e  w i t h  a l l  manner o f  nitrog\n . 

@ 1 6 8 ( a ) '  c.ompounds h a v i n g  a n  N-a t t ached  hydrogen i s  w e l l  e s t a b l i  h  , 

b u t  no  s i m p l e  t e t r a z a d i e n e s ,  R-N=N-N=N-R, ' h a v e  been  \ .  
h , 

r e p o r t e d ; -  t h e  s y n t h e s i s  o f  t h e  a r y l t e t r a z e n e 7 - 0 ~ ~  d e x e ~ ,  
k 

4 f rom l a n d  A ~ x , +  may r e p r e s e n t  a n  example of t h e  s t a b i l i z a t i o n  -', 

of  t h i s  h i g h l y  r e a c t i v e  i n t e r m e d i a t e  -by Fts -oxida3ive a d d i t i o n -  - 

b ,  

t o  1 ( s t e p  ( mechanism A and s t e p  ('i), mechanism B) . 
On t h e  o t h e r  hand,  f o r m a t i o n  of t h e  f r e e  t e t r a z a d i e n e  

m y  well be thermodynamical ly  u n l i k e l y ,  and an 

r a l t e r n a t i v e  r e a c t i o n  of t h e  a r y l d i a z e n e -  i n t e r m e d i  t e ,  "/ 
ArM=NH, i s  Lewis b a s e  a d d i t i o n  t o  t h e  i r i d i u m  of d s k a l s  

complex t o  form t h e  a r y l d i i m i d e  complex .[I~(co)c~(PP~~)~(HN=NA~)], * 

as d e p i c t e d  b y  s t e p  (1) i n  mechanism B (scheme VII-1). Coupling 

+ 
t h e n  o c c u r s  ( s t e p  (21, mechanisx  B )  between A r N 2  and  t h e  

b .  S u b s t a n c e s  that can b e  c o n s i d e r e d  as  f o r m a l l y  d e r i v e d  from 
such a s t r u c t ; u r e  a r e  known i n  t h e  form of N-azido amines,  
R2N-N3 * 3 2 ~ = ~ - ~ = f J .  i g 8 b  



+ (2) 0-metalat ion 
( 2 )  ArN2 -H2 

. ,  -HC1 

Scheme VII-1 Proposed mechanistic routes A ,  B and C for the 

formation of the aryltetrazene complexes ( k) 
- \ I \ and :he ort9o-metalated diimlde complexes (2): 

I represents Vaskaf s complex, ~I~(co)c~(PP~~)~], 
\ and P represents triphenylphosphine, PPh,. 



c o o r d i n a t e d  a r y l d i a z e n e  w i t h  e l i m i n a t i o n  of  H '  a n d  C 1  
t o  - - 

g i v e  a m o n o h a p t o t e t r a z a d i e n e  complex c a t i o p .  Sigma-bond 

m i g r a t i o n  accompanied by  c h e l a t i o n  and  e l e c t r o n  rea r rangement  
p 

( s t e p s ( ) )  and (4), mechanism B) y i e l d s  t h e  d e l o c a l i s e d  i r i d i u m  

(111) a r y l t e t r a z e n e  complex c a t i o n ,  k. u L  - 

Mechanism C,  l e a d i n g  t o  t h e  o r t h o - m e t a l a t e d  a r y l d i i m i d e  

a r y l d i a z e n e  i n t e r m e d i a t e  t o  Vaska s complex, 3;3 g i v i n g  a 

s?x-cool-dinate i r i d i u m  (TIT) h y d r i d e  a r y l a z o  complex . - 

~ I ~ ( c o ) c ~ ( P P ~ , ) ~ H N N A ~ ]  ( s t e p  ( I ) ,  mechanism B ) ,  c o n s t i t u t i n g  
I 

- a n  i n s e r t i o n  p r o c e s s .  I n  s t e p  ( 2 )  (mechanism C )  t h e  h y d r i d e  

a r y l a z o  complex i s  e n v i s a g e d  as und.ergo2ng o r t h o - m e t a l a t i o n  

v i a  e l e c t r o p h i l i c  a t t a c k  by iridium(111) on t h e  a r o m a t i c  

ring74y88 t o  y i e l d  t h e  known complex 5 ( c , : f .  C h a p t e r  I V )  . 
The o r t h o - m e t a l a t e h  a r y l d i a z e n e  c a t i o n ,  Z, i s  r e a d i l y  o b t a i n e d  

+ by p r o t o n a t i o n  of 6_ w i t h  H { s t e p  3 ) ;  t h a t  t h i s  p r o t o n a t i o n  - 
- - - - - - -  - -- - t - - -  

- --- 

s t e p  o c c u r s  smoothly h a s  p r e v i o u s l y  been demons t ra ted ,  as 
4 6 

d i s c u s s e d  i n  C h a p t e r s  I11 and  I V .  
3 

I n  a n  a t t e m p t  t o  v e r i f y  t h e  e x i s t e n c e  of t h e  h y d r i d e  

i n t e r m e d i a t e ,  ~ I ~ ( c o ) H C ~ ( P F ~ , ) ~ N , A ~ ] ,  formed i n  s t e p  (I), 
+ mechanism C, t h e  r e a c t i o n  between and  A r N 2  i n  c ~ H ~ - E ~ o A  

P e 
m p t p d  w ; ~  A a r v l d i a z o n i u m  - sal ts  b locked  i n  @oth o r t h o -  

p o s i t i o n s  t o  p r e v e n t  "s tep  ( 2 )  ( o r t h o - m e t a l a t i o n  of t h e  a r y l a z o  

%& r i n g )  from o c c u r r i n g .  U n f o r t u n a t e l y ,  p u r e  p r o d u c t s  - c o u l d  n o t  

b e  i s o l a t e d  from t h e s e  r e a c t i o n s :  i n  each  c a s e ,  f o r  t h e  2,6- 



d i f  luoro ,  2,6-dimethyl, and' 2 - c h l ~ r o ,  4-bromo, 6-iodo phenyl- 
i - 

diazonium t e t r a f l u o r o b o r a t e s ,  t h e  r e s i d u a l  solFd a f t e r  
V 

- - - - -  
evapora t ion  o f , so lven t  from t h e  r e a c t i o n  mix ture  e x h i b i t e d  afi 

i n f r a r e d  a b s o r p t i o n  a t  --3150cm-' a t t r i b u t a b l e  t o  v ~ - ~ ,  b u t  no 
.=/ 

a b s o r p t i o n s  a t t r i b u t a b l e  t o  an  i r i d i u m  hydr ide  bond were 

observed.  Attempted p u r i f i c a t i o n  of t h e  produc ts  r e s u l t e d  i n  

l o s s  of t h e  i n f r a r e d  a b s o r p t i o n >  a t  3150cm:' Never the less ,  t h e  -* 
Ar 

a 

t h e  a p p a r e n t  absence  of a n  i r i d i u m  hydr ide  s p e c i e s ,  i n f e r s  ( a )  t h e  

format ion  of an a r k i a z e n e  adduct ,  [ I ~ ( C O ) C ~ ( P P ~ , ) ,  

( K ~ = N A ~ ) ]  ( s t e p  1, mechanism 8), o r  t h a t  o r tho -me ta l a t i on  may 

@ve taken'  p l ace  ( d e s p i t e  b lock ing  of t h e  o r t h o - p o s i t i o n s  of t h e  

presumably v i a  t h e  t r iphenylphosph, ine  l i g a n d s  . 
I n d i r e c t  ev idence  f o r  t h e  p a r t i c i p a t i o n  of t h e  t r i p h e n y l -  

phosphine l i g a n d s  i n  t h e  or tho-meta la t ion  p roces s  w a s  ob ta ined  
( r .  

by c a r r y i n g  ou t  t h e  r e a c t i o n  w i t h  d e u t e r a t e d ,  r e a ~ e n t s ,  o r i a a l l y  
--- 

'. w i t h  t h e  i n t e n t i o n  ,of s y n t h e s i  s i n g  t h e  deutero-analogue,  

[I~(co)c~(PP~,)~(DN=NA~) - - ]BF*, -- of - tfte - complexes - - - k; - t h e  - - purpose - p - -- - --- 

behind t h i s  w a s  t o  l o c a t e  t h e  source  of t h e  diimi.de (N-H)  p r o t o a .  - A 

Thus, when t h e  syn theses  were performed under t h e  fo l lowing  
- 

c o n d i t i o n s :  (a?) C2H50H rep laced  by C2H,0D; ( b )  C ~ H ~ O ~  r ep l aced -  
i 

by C2D50D; ( c )  C6H5N2BF4 r ep l aced  by C6D5N2BF4; ( d )  b o t h  C2HsOH 
> 

and CsH5EZBF4 r e p l a c e d  by C ~ D ~ O D  and C6D5NPBF4, r e s p e c t i v e l y ,  
r \ - . -  t 

( e l  both  C 6 . b  and CzHsOH r ep l aced  by C6D6 and C2D50D respec-  

f requency  i n  t h q T n f r a r e d  w a s  ob ta ined  i n  each  case ,  f a i l i n g  , 

t o  show whether t h e  IT-H p ro ton  o r i g i n a t e d  from t h e  



\ 

-+ -- - - - - - - - - - - - -- -146- ---- * 

L 

7 1 

h y d r o x y l  p r o t o n  of e t h a n o l  ( c o n d i t i o n  ( a ) ) ,  t h e  

ir - p r o t o n  of e t h a n o l  ( c o n d i t i o n  ( b ) ) ;  t h e  a r y l s z b  r i n g  . 

( c o n d i t i o n s  ( c )  and  ( d ) )  o r  benzene  ( c o n d i t i o n  ( e ) ) .  

T h i s  i n 3 b i l i t y  t p  ' s y n t h e s i s e  a d e u t e r o  ( N - D )  a n a l o g u e  of 
* .  

t h e  a r y l d i i k i d e  complexes, 5, can b e  e x p l a i n e d  by i n v q k i n g  . i 
- 

a r e v e r s i b l e  --- or tho-met ' a l a t ion  F r o c e s s  o c c u r r i n g  i n  s o l u t i o n  A , 
tr 

and i n v o l v i n g  b o t h  t h e  a r y l d i i m i d e  and t h e  t r i p h e n ~ l p h o s p h i n e  
k 

l i g a n d s  ( c  .f . Equa t ion  VII-ll), t h e  equi1ibrium"concentration 

of t h e  ortho-bonded s p e c i e s  b e i n g  h i g h .  ~ h u s ,  the-14, a v a i l a b l e  - 

i 

o r t h o - p o s i t i o n s  a r e  i n v o l v e d  i n  t h e  o r tho-meta lak ion  proc,ess ,  

r e g u l t i n g  i n  s c r a m b l i n g  among t h e  l 4 . o r t h o - p r o t o n s - a n d  -- t h e  
-- - 

a c i d i c  d i i m i d e  (N- proton. some eviden'ce f o r  t h i s  was 
1 

p r o v i d e d  by s t i r r i n g  a s o l u t i o n  of t h e  2-bromophenyl d i i m i d e  

rarvnn1n-v 
~ U Y  b2115Vll 1 U L  r5LA 11UUL b .  ULlUGL d l 1  d b l I l V b p l l ~ l  t: V I  U 
M ,n f l  TT A T T  Pna - q T r  'hh5.-- ..d, - -  - d -  .La-- -0  n rx  9 

2 

complex e x h i b i t i n g  b o t h  a medium i n t e n s i t y  a b s o r p t i o n  a t  

3150 em-' and a weak i n t e n s j t y  a b s o r p t i o n  a t  2310 ern-', 
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- a t t r i b u t a b l e  t o  v . 6 N-H and VrV+, 
r e s p e c t i v e l y .  N h e n  t h t s  _- 

p a r t i a l l y  d e u t e r a t e d  complex w a s  r ed i s so lved ,  t h i s  time i n  

CB30D, and s t i r r e d  f o r  a' f u r t h e r  s i x  ,hours  under a n  atmosphere 
- - 

of D2 a t  room tempera ture?  k n l y  a s l i g h t  i n c r e a s e  w a s  observed 

i n  t he - ,  i n t e n s i t y  of vN-D of t h e  i s o l a t e d  complex, 
* - 

. >  , . .  _sugn.estir?ll.exchanne de- to h e  Sf- __thi.S._..j r;n 

keeping wi th  %he e q u i l i b r i u m  c o n c e n t r a t i o n  of t h e  -- ortho-bondeh 

- spec i e s  .being h i g h  ( c  . f .  E q u a t i o n ~ V I I ~ l l  and VII-12). 

Unfor tuna te ly ,  no ev idence  could  be found i n  e i t h e r  t h e  mass 
, 

spectrum o r  t h e  i n f r a r e d  spectrum f o r  deuter ium i n c o r p o r a t i o n  
<" * 
-3 

i n  t h e  a romat ic  r i n g s .  F a c i l e  e q u i l i b r i a  of t h e  t ype  

demonstrated 86y 88~169y 170 f o r  - c e ? t a i n  -- o r t h o - m e t a l a t ~ d  complexes 

by exchange wi th  deuteriu-n,  and t h e  e x i s t e n c e - o f  t h i s  t y p e o f  A -- A a_ 

e q u i l i b r i u m  i n  s b l u t i o n s  of 2 ( 6  .f : ' Equation VII-12) can be 

i n f e r r e d  from t h e  above r e s d l t s .  7 

f 
To. summarise, t h e  on ly  f i r m  conc lus ion  which c a n  b e  drawn I 

from t h e  f o ~ e g o i n g  r e s u l t s  and d i s c u s s i o n  i s  t h a t ,  7" [Ir  ( CO) c ~ ( P P ~ , ) ~ ]  (1) and ArN2BF4 a r e  a l lowed t o  e a c t  tog6 ther  

i n  e i t h e r  benzene-ethanol  o r  b e n z e n e - g - p r o p a n o l  t o  form t h e  
II 

complexes -4 and X, t h e  f u n c t i o n  of t h e  a l c o h o l  i s  as a hydr ide  i 
N . . i 

i o n  (H-) donor .  

i n  t h e  r e a c t i o n s  

f 

Also, from ( a )  t h e  amounts of ace tone  produced I 
i n v o l v i n g  i . - p r o p a n o l  ( c  .f . ~ a b l ~  VII-1) and 
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(b) t h e  non-formation of 4 o r  2 when s s l v e n t s  o the r  than  - 
Tv - 

e t h a n c l  ' o r  m - p r o p a n o l  were used, i t  can be i n f e r r e d  with some - 
L- . 

* degree of confidence that t h e  IIZdonating a l c o h o l  i s  requi red  

for t h e  formatior. df both  P4 'i and j;. ~ u r t h e r ,  t h e  evidehce . ,  - 
P- pr,D,Lrted D m p -  poir,.ts t,o "Jhe involvement of  a com<on iri termediate 

* .  

lasdi~g t o  and  2. . - i l t h o u g h  - - the  exaci  n a t u r e  .of t h e  i < t e r -  

rleZiste L s  s t i l l  uncertzLn, - -  t h e  - current ,da ta  suggest  t h e  f r e e  , 
- - - - - - - - - - s -  - - 

- b . ~ a r t i e i p a t i o n  of F h ,  'ligands omitted f o r  s i m p l i c i t y .  



CHAPTER V I I I  

~ k ~ e r i r n e n t a l  Procedures - .- - 

A .  I n s t r u m e n t a t i o n  and  ateri rials a 

1. I n s t r u m e n t a t i o n  u t i l i s e d  

I n f r a r e d  s p e c t r a ,  on samples p ressed  i n  KBr,  were . 

recorded on a Pe rk in  Elmer 457 - spec t rometer  - -- -- f o r  --- r o u t i n e  - 

s p e c t r a ' a n d  ori a Beckaan I R  12  spec t rometer  f o r  a c c u r a t e  
Y 

wavenumber c a l i b r a t i o n s  (+lcm-I) .  - 
1 ,  

. Raman spec tka  c 1 ) ,  i n  s o l i d  s a n p l e s  a t  roam 
J 

temperature' ,  were recorded u s i n g  a Cary,81 spec t rometer  wi th  
. - 

' 

urLfocussed He-We l a s e r  e x c i t a t i o n  f r o n  a S p e c t W P h y s i c s  

- ~ o & f t - k P ~ r p - m d t t c i n ~  L 70~114%kt a m e .  
, 

Protan  n.m.r.. s p e c t r a  - were recordqd a t  60 MHz. and 100 

NH z u s i n g  Varian ~ - % / 6 0  and XL7100 s p e c t r o z e t e r s :  results - - - - - 

1, 
are r e p o r t e d  as T us ing  ( c H , ) ~ s ~  as  i n t e r n a l  s t anda rd  ( ~ = 1 0 ) .  

. L 

''-? n.&. r .  s p e c t r a  wsre recorded a t  55.4 143z u s i n g  a 

;isr;ia~ A-55/60 s p e c t r o n e t e r :  r e s u l t s  a r e  r e p o r t e d  as  HZ, 

r e l a t i v e  t o  ZC1,F 2s i n t e r . n a l  s tandard  

E l e c t r o n i c  s c e c t r z  were recorded  on a Unicam ~ ~ 8 0 3  

c ' s cec t rorae te r  u s h g  c p a r t z  c e l l s .  

s :<zgne t ic  s u s c e ~ t i b i l i t y  zeasurements  were made a t  room - 

Faraday a p p a r a t u s  c a l i b r a t e d  a g a i n s t  

. 
- 
b 



E l e c t r i c a l  conductances  were determined a t  Yoom - 

t empera ture  u s i n g  a Radiometer ( ~ o ~ e n h a g e n )  t y p e  SHM2 
I 

c o n d u c t i v i t y  m e t e r .  The c e l l  c o n s t a n t  ( k )  .was .determined 

pKa va lues  - & e r e  determined by p o t e n t i o m e t r i c a l l y  
- 4  -- 

t i t r a t i n g  10 M e t h a n o l i c  s o l u t i o n s  OF t h e  a p p r o p r i a t e  

.complexes a g a i n s t  2x1'0--~ e t h a n o l i c  'KOH u s i n g  a Radiometer - I 

(copenhagen) pH meter  4d.  T i t r a t i o n  cu rves  were ob ta ined  
- 

by p l o t t i n g  a g a i n s t  V, and accurst-e equivalence.  ~ o i n t s  - 

were a s c e r t a i n e d  by p 3 o t t i n g  @ ~ / ~ ~ a g a i n s t  AV ( ~ = v o l u m e  of 

2x10-*~ KOH). The pKa v a l u e s  were ob t a ined  from t h e .  

r e l a t i o n s h i p ,  pKa=pH a t  h a l f  t h e  equ iva l ence  p o i n t .  

Q u a n t i t a t i v e  d e t e r m i n s t i o n  of t h e  gases ,  C O '  and N2, - 

evolved on p y r o l y s i s  of t h e  a r y l t e t r a z e n e  complex 2b was 
- 

- -  a c m e v e m - h e a t i n g 3 5 3  ygm of' 2 b  Tor 3 hour s  2€7555'~ i n  

a s e a l e d ,  -eVacuated ' t u b e .  The r e s u l t i n g  gases.  wer'e al lowed 

t o  Fass through a g l a s s  c o i l  at - l i q u i d - n i t r o g e n  temperature ,  

and t h e  non-condensible ga se s  c o l l e c t e d  i n  a c a p i l l a r y  

t ube  u s i n g  a Toeple r  sys tem.  The qon-condensible ga se s  were 
- 

assayed  f o r  N, and CO by gas  chromatography on a Porapak Q 
, . 

column ( s t a n d a r d i s e d  f o r  N2 and C O )  a t  - 7 8 " ~  w i t h  H e  a s  t h e  

c a r r i e r  g a s .  - ,  

E l e n e n t a l  -. a n a l y s e s  were determined by  t h e  micr-o- - 

a n a l y t i c s l  l a b o r a t o r y  a t  Simon F r a s e r  Un ive r s i t y  and 'by 

Bernhardt ,  Germany. 



- 

were pGrchased fromaStrem Chemicals, Inc . ,  -Danvers, Mass., - - A 

U.S.A. They were used wikhout f u r t h e r  p u r i f i c a t i o n .  

- - 

.-* 4 , 
3. 

1. Prepara t ion  of aryldia'zonium, t e t r a f l u o r o b o r a t e s ,  A 

-- APNTBF~. - - - - -  - 

A l l  of t h e  d i a z o n i m  s a l t s  were prepared from t h e  
L 

corresponding a n i l i n e  a s  descr ibed by A .  Roe 17' according - . 
t-o t h e  fol lowing r e a c t i o n  sequence: 

- 
As an example, t h e  p repara t ion  of  - p-methoxyphenyldiazonim 

t e t r a f  luorobora te ,  Q - C H ~ O C ~ H ~ N ~ B F ~ ,  i s  descr ibed:  

49% aque;us HBF4 (9.2 m l )  was t r a n s f e r r e d  t o  a 100 m l  beaker 

and d i l u t e d  with water (9.2 m l ) .  E - ~ n i s i h i n e  (3. lg) was 

added, with s t i r r i n g ,  and t h e  mixture was cooled t o  O"C i n  

an i c e - b a t h .  ~ i a z o t i k a t i ~ n  was accomplished by adding dropwise, 
- 

and with s t i r r i n g ,  a cooled ( o O C )  s o l u t i o n  .of NaN02 (1.75g)  i n  



water (-3.5ml). ,D~~ring diazotiza%ion_ the temperature was 
- - 

maintained at not higher than 10•‹C. After complete addikion 
\ 

of the NhN02 solution, the presence of excess nitrous ackd 
- . -  . -. 

was ensured by testing with starch-KI pap&, and the solid 

product (a) isdlated by suction filtration through a sintered 
i 

glass funnel. The product was washed with (a) cold'5q 

aqueous H ~ F ~ ,  (b) cold methanol and (c) diethylether, and 

then recrystallised from'acetone-ether. (b) The infrared 

sp6ctrum of &ch diazonium salt- thus prepared was reconded - - 

and-the accurate (*I cm-I ) vNzN values are listed in Appendix B. 
1 

In the following ,methods, (a) all procedures were - - 

carried out under an atmosphere of argon; unless otherwise . 
noted, and (b ) .the benzene-ethanol media can be replaced by . 

& 

- - 

- 
- - - - benzene-iso-propanol. - - 

(i) Preparati.on of 4b (R=P-F) *. - 
N 

Method A. CIF(CO)C~(PP~~)~], rV 1 (0.125m~, 97.6mg) was 

dissolved, with gtirring, in benz.ene a(15ml) at room temperature. 

2-FC6H4N2BF4 (0.125 mM, 26.3 mg) was added, followed 

immediately by absolute ethanol (1.5 m1 ) .   he mixture w a s  

If a s ~ l i d  t h &S-yV&aaBp-eerdciaat t h i 
precipitation can be induced by the addition of a small 
amount of solid NH4BF4 or NaBF4. 

,(b) All of the aryldiazonium salts were recrystallised from 
acetone-ether except for p-CF3C6H4N2BF4, in which case 
recrystallisatLon was effzcted from methanol-ather. 

- * 



- 
s t i r r e d  f o r  1 hour,  and t h e  r e swl t ing  r e d  s o l u t i o n  was rehuced 

i n  -vacua t o  approximately h a l f  i t s  volume. Benzene . ( lo  m l )  

, *  . was added t o  t h i s  - so lu t ion  and c r y s t a l l i z a t i o n  of t h e  product ,  

+5"C. The red  c r y s t a l s  were i s o l a t e d  by f i l t r a t i o n  under - A 

argon pressure ,  washed with benzene and then  with d i e t h y l e t h e r ,  

and d r i ed  i n  vacuo. -The product can be r e c r y s t a l l i z e d  from 
- 

> 

Trier aaetone-etner  o r  acetone-benzene. 
< C 

Method B. I n  t h i s  method, t h e  red  s o l u t i o n  obtained 

a f t e r  s t i r r i n g  t h e  reagents  f o r  1 hour, as i n  Method A ,  was 

f r eeze -d r i ed  t o  completely remove t h e  so lven t .  The r e s i d u a l  

red-orange s'olid was s t i r r e d  i n  benzene (15 m l )  f o r  2 hours,  
P 

and t h e  r e s u l t i n g  br ick-red ,  inso lub le  s o l i d  f i l t e r e d - o f f  

and washed w i t h  benzene. On r e c r y s t a l l i z a t i o n  of ' t h i s  s o l i d  

- 
from acetone-benzene (ace tone-e ther  i s  a l s o  s u i t a b l e ) ,  r e d  . 

(ii) Prepara t ion  -of  4c ( R  = 2-~1)  -. 
\ 

This p repara t ion  w a s  b e s t  performeti by method ( i ) ~ ,  . 3 

us ing  2-C1CgH4N2BF4 i n  l i e u  of p - F C ~ H ~ N ~ B F ~ .  s 

-- (iii) prepara t ion  of 4a ( R  = H )  
N 

This  p repara t ion  was p e r f o q e d  by method ( i ) ~ ,  us ing  
. >  1 

, m5m2BF4 i n  p lace  of p-FC6H4N2BF4. I n  t h i s  case ,  when 

t h e  r e s i d u a l  s o l i d  from removal of so lvent  from t h e  r e a c t i o n  . 

solu' t ion was ' s t i r r e d  wi th  benzene (15 m l )  fo; 2 h ~ u r s ,  a red, 

t a r r y ,  inso lub le  m a t e r i a l  r e s u l t e d .  Acetone was added t o  



This  r e d  s o l u t i o n  was reduced i n  v o l w e ,  i n  vacuo, u n t i l  - -- , 

p r e c i p i t a t i o n  j u s t  s t a r t e d ,  and then  was c  7==%+50c* f 
The r e s u l t i n g  br ick-red  s o l i d  Nas f i l t 4 e d  o f f ,  and 

r e c r y s t a l l i s e d  from acetone-ether ,  pr+id ing  red  c r y s t a l s  

of t h e  pr  

7 1 3  

This p repara t ion  was performed by ;ithod ( i ) ~ ,  

( v )  P repara t ion  of 4d ( R  = g - ~ r ) ,  
N 

This p repara t ion  was performed by methdd ( i ) ~ ,  

s u b s t i t u t i n g  - p-BrC6H4N2BF4 f o r  - p-FC6H4N2BF4, and .us ing  5 m l  

abso lu te  e thanol  i n s t e a d  of 1.5 m l .  The br ick-red  Bolid 

obtained by s t i r r i n g  t h e  f reeze-dr ied  s o l i d  i n  benzene (15 m l )  

f o r  two hours w a g  r ec rys ta l l i - zed  from ace tone-e ther  a s  fo l lows:  

t h e  s o l i d  was d isso lved  i n  t h e  minimum amount of acetone,  

and d i e t h y l  e t h e r  added drop-wise u n t i l  t h e  s o l u t i o n  becaqe 

j u s t  cloudy. The yellow c r y s t a l s  which formed on al lowing 

t h i s  s o l u t i o n  t o  s i t  at ' room temperature were f i l t e r e d  o f f  

and were shown t o  be t h e  ortho-metalated ary1diimi.de complex, 

ze .  The red  f i l t r a t e  was s t i r r e d  a t  

r e  - The r esu lkhg  red c r y s t a l s  of e 
A 

complex [Ir ( C O )  ( P P ~ ~ ) ~  { N ~  ( c &  -Br) ,  j ~ B F L  were f i l t e r e d  o f f ,  

washed with e t h e r  and d r i e d  i n  vacuo. 



,' 
(vi)  reparation of 4f (R = p-OCH~) 

with stirring, inTbenzene (15 ml) at room temperature. . 

2-CH30C6H4N2BF4 (0.125 mM, 27.9 mg) was added, followed 
- A. - - -- 

immediately by absolute ethanol (1.5 ml). The mixture was 

stirred for 1 hour and the resulting reddish-orange solution 

filtered to cemove unreacted di~zonium salt (70%-recovery). 

Solvent was completely removed from the filtrate by a-:freeze- 

drying procedure, and the reddish-orange residual solid st,irred 

~ i t h  3 ml acetone for 5~1ninu_t_ees. The4recipi+d+pd-b- 

solid,-impure Vaska's complex, 1, was removed by,filtration. 
N 

I 

The red acetone solution was evaporated to approximately 

1 m1,and further precipitated-1 filtered off. Diethyl ether 
' 

(10 ml) was added to the- filtrate and the precipitated red, 

solid complex [I~(co)(PP~~)~[N~(c~H~~-ocH~~]]BF~ isolated by 

fTrEattl'on, washed with diethyl ether and dried in vacuo. 

3 .  Syntheses of the ortho-metalated aryldiimide complexes 
-- - -- - - -  - - - - --A - - - - - - 

[ ~ ( c o ) ~ A ( P P ~ ~ ) ~  (HN=N?!~H~R)]Y, 5a-u- 

/--- 
N 

In the following methods, (a) all procedures were 

carried out'under an atmosphere of argon, unless otherwise ' 
i 

noted, and (b) the benzene-ethanol media can be. replaced by 
, . 

benzene-iso-propanol. - 

with stirring, in benzene (15 ml) at' room temperature. 
1 

C~H~NZBF, (0.125 mM, 24.0 mg) was added, followed imhediately 



4 

.by absolute ethanol (5 ml).. The mixture' was stirred for . . 
- 

3 hours and the resulting orange-red solution evaporated to 

dryness by a freeze-drying procedure. The residual solid 
L .  I 

was stirred in benzene (15 ml) for 2 =  hours, and the insoluble 

rnateriai- resulting from this f iltered-,off (under argon , 

pressure), washed with benzene,-and then with diethyl ether, 
- > - 

in the minimum amount of acetone, and diethyl ether added 

until $he solut-ion was just cloudy. This solution was 

allowed to sit at room temperature until precipitation of the, 
&' 

yellow, crystalline product, [ ir ( C $ C ~ ( P P ~ ~ ) ~  (HN=N;.H~)]BF,, 

occurred (it is important that this recrystallisation is 

performed carefully as the additfon of too much diethyl ether', + 

x 

or cooling of the solution, may induce co-precipitation of the 

r ~ ~ p h e = l t e t r a z ~ e n e d o m p l e r , ~ a ~ ~ h e  ,-4 ye llow crystals were 

filtered off, washed with diethyl ether containing a small 

amount of acetone and drged in vacuo  he tetrane~ complex, 
4a, usually in small yield, can be obtained from the filtrate 
N 

R 

by storing it at +5"C until crys"tal1ization occurs. 

*, 
(ii) Preparation of zb (R = -p-b, A = C1, 

This preparation was performed exac6ly as - 

substituting p-FC6H4N2BF4 for C6H5N2BF4. 

(iii) Preparation of 5c (R = p-C1, A41, 
N 

This preparation was performed exactly as 
- .  - .  

substituthg - p-ClC6H4N2BF4 for CsH5N2BF4. 



This  .prepearation w a s  performed exac t ly  a s  i n  3 ( i )  

s u b s t i t u t i n g  - P - ~ ~ 3 ~ 6 ~ 4 ~ 2 ~ 8 4  f o r  C6H5N2BF4. 
t '  

' ( v )  ~ r e ~ a & a t i o n  of z e  ( R  = - p-Br, A = C 1 ,  Y =' BF4 

This  p repara t ion  was performed exac t ly  a s  i n  3 ( i )  , 

s u b s t i t u t i n g  - p-BrC6H4N2BF4 f o r  c6HSN2BF4. - 

( v i )  PreparatTon of re 5f (R = 2-NOz, A = C 1 ,  Y = BF4 ) 

This  p repara t ion  was e s s e n t i a l l y  t h e  same a s ' i n  3 ( i ) ,  
- - - - - - - - 

a p a r t f r o m  t h e  fo l lowing:  &-: 

r 
- 

I 

( a )  - p-N02C6H4BF4 was used i n  - l i e u  of C6H5N2BF4; 

( b )  t h e  s o l i d  m a t e r i a l  obtained by f reeze-drying  t h e  

r e a c t i o n  s o l u t i o n  was s t i r r e d  i n  benzene (15 m l )  

f o r  2 hours and then  ' f i l t e r e d ,  a s  'in 3 ( i ) ,  but 

t h e  s o l i d  thus  i s o l a t e d  was not  t h e  d e s i r e d  product. - 
and was 'discarded. Diethyl  e t h e r  wqsradded t o  t h e  

. r ed  f i l t r a t e  u n t i l  a cloudiness  j u s t  appeared, and 
- L  --- - --- - - - - -  A 

- 

t h i s  was s to red  a t  +5"C f o r  24 hours .  The greenish-  

yellow s o l i d  which p r e c i p i t a t e d  out was f i l t e r e a  * 

C 

o f f ,  washed wi th  dkethyl  $they conta in ing  a  small. - 
f 

amount of acetone and d r i ed  i n  vacuog t h i s  h a s  - 4 

t h e  d e s i r e d  product ,  5f .- - 3 
N - ; 

( v i i )  Prepara t ion  of 5g ( R  = g-CF3, A = G 1 ,  Y = BF4 ) 
N 

This  p r&ara t ion  was e s s e n t i a l l y  t h e  same a s  i n  3 ( i ) ,  

a p a r t  from t h e  fol lowing changes : 

was used i n  l i e u  of CBH5N2BF4; 
* a 



(b) the solid material obtained by freeze-drying the 

reaction solution was stirred in benzene (15 ml) 
- 

for 2 hours and then filtered, a$ in 3(i). The 

orange solid thus obtained was washed with benzene, I 

then with diethyl ether and recrystallised by dissol- 

ving in 3 ml acetone, adding 12 ml diethyl ether and 

ali'w~ng Lo siand ai ro-le~-l 
0 

C 

crystaIlisation occurred. The red crystalline solid, 

isolated by filtration, was shown to be4the aryl- 

tetrazene complex, 4e, (and not the aryldiimide " 
Y N  C 

complex, 5g). The desired product, 5g, was obtained 
N N 

as a y 1low:brown crystalline solid by adding -10 ml 
$= 

of diethyl ether to the yellow filtrate, cooling to 
I * 

+5"C and filtering. The product was washed with 

-- d i e - t h ~ l L e - ~ c o n t a i g  B. R.amauntaLa.-t one, 

and dried in vacuo. 
- 

- - - - - - - - - 

(vii) Preparation o f  5h (R = o-F, A = C1, Y = BF4 ) -  
N - 

- 

This preparation was performed exactly as in 3(i), 
* 

substituting - o-BC6H4NzBFh for C6H5N2BF4. 

1 I 

(ix) Preparation of 5i (R = o-C1, A = C1, Y = B F ~ )  
N - 

) This preparation was performed exactly as in 3(i), 

substituting - 0-C 1CBH4NnBF4 ,for C6H5N2BF4. . 

L (x) ~rep&ation of N 5j (R = - o-Br, A = C1, Y = B F ~ )  

This preparation was 'performed exactply as in 3(i), 

substituting - o-BrC6H4N2BF, for C6H5N2BF4. 
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(xi) Preparation of 5k (R = o-NO2, A = C1, Y = BF4) - 
'V - 

e c This preparat5on was performed exactly as in 3(i),. 

substitmting - 0-N02C6H4N2BF4 for C6H5N2BF4. 
< 

(xii) Preparat:on of 51 (R = m-CH3, A = C1, Y - BF4 ) 
N - 

This preparation was essentiallyethe same as in 3(i), 

apart from. the following: 

(a) - m-CH3C6H4N2BF4 was substituted for C6H5N2gF4; 

(b) the solid material obtained by freeze-drying the 

Feat t i m sM~r+wit&ss d v e d i ~ t a  ee*e(+ml) - 

- 
and the precipitated yellow Vaska's complex, 1 

h) 

, 620 mg), removed by filtration. Diethxl ether was 

added tp the red-orange flltrate until precipitation 

just started, and this was stored at + 5 " ~  for 2 days. 

The brown-orange solid precipitate, shown to be the 

desired product, 21, was filtered-off,-washed with 

dietgyl ether containing a small am6unt of acetone, 
- -- - - - - - -  I * -  

and dried in vacuo., < 

(xiii) Preparation of 5m (R = m-0CH3, A = C1, Y = BF4 ) 
N - 

This preparation was performed exactly as in 3(i), 

substituting I T I - C H ~ O C ~ P ~ N ~ B F ~  - for C6H5N2BF4. 

/ 1 

( x i v ) '  Preparation of 5n (R = - m-Br, A = C1, Y = BF*) 
- 

This prepasation was essentially the same as in 3(i), 

apart from Ehk following: .-- 

(a) m-BrC6H4N2BF4 - was substituted for C6H5N2BF4 ; 

(b) the solid material obtained by freeze-drying the 

reaction solution was stirred for 2 hours in benzene 



a 

(15 m l )  i n  which it completely d i ~ o l v e d .  Diethyl  - 
e t h e r  was added t o  t h i s  benzene solu6ion u n t i l  - C 

, prec i -p i t a t ion  j u s t  s t a r t e d ,  and t h i s  was allowed t o  

s i t  a t  room temperakure u n t i l  p r e c i p i t a t i o n  appeared 

complete. The yellow-orange s o l i d  product ,' 5% was 
N 

f i l t e r e d - o f f ,  washed with d i e t h y l  e t h e r  kcontaining 
ir 

a  . s m a l  amount of benzene and d r i e d  i n  vacuo. 

B 

( x v )  Prepara t ion  of 50 ( R  = m - C 1 ,  A = C 1 ,  Y = B F ~ )  
h) 

- 

This  p repara t ion  was performed e x a c t l y  a s  i n  3 ( i ) ,  , 

s u b s t i t u t i n g  - m-C 1C6H4N2BF4 f o p  C6H5N2BF4. - 
v 

( x v i )  - Prepara t ion  of 5p .(R = m-NO2,  A = C 1 ,  Y = BF4) 
N - 

This p repara t ion  was performed e x a c t l y  a s  i n  3 ( x i v )  , 
s u b s t i t u t i n g  m-02NC6H4N2BF4 - f o r  - m-BrC6H4N2BF4. 

( x v i i )  P repara t ion  of 5q ( R  = m-F, A = C 1 ,  *Y = BF4 ) 
-- 7--- 

- 

This  p repara t ion  was erformed exac t ly  a s  i n  3 ( i ) ,  P .  
s u b s t i t u t i n g  m-FC6H4N2BF4 - f o r  C6H5N2BF4. 

( x v i i i ) J  Prepara t ion  of 5 r  ( R  = o-Br, A = F, Y =.BF4) 
- -  N 

- 

This p repara t ion  involved (a) t h e  s y n t h e s i s  and i s o l a t i o n  

,of [ I ~ ( c o ) E ( P P ~ ~ ) ~ ] ,  as descr ibed by peonel12, followed by ( b )  
- 

i t s  r eac t ion  with - 0 - ~ 6  C6H4N2BF4 

( a )  P repara t ion  of [ I P ( c o ) F ( P P ~ ~ ) ~ ~  - 
& 

;Ir(CO)C,l(PPh3);], 1 (0.15 mM, -117 mg) w a s  added 

t o  30 m l  of a s a t u r a t e d  s o l u t i o n  of NH4F. The - . - 
* - 

resu16ing yellow suspension was heatkd t o  b o i l i n g  
3 I r 

on a  water b a t h  with constarrt s t i r r i n g ;  d i s s o l u t i o n  % 

% 
- 

4 - - .  
- - - 



Ag2COj (0.075 mM, 20.7 mg) was added and b o i l i n g  

was continued f o r  1$ minutes. ' The hot  suspension 

(con ta in ing  p r e c i p i t a t e d  ~ g ~ 1 )  was then  f i l t e r e d  

i n t o  30 m l  of 0.1M aqueous NH4F. A l i g h $  yellow - 
p r e c i p i t a t e  formed a s  t h e  yellow f i l t r a t e  mkxed with 

- 
- - - 

t h e  NH4F s o l u t i o n .  The yellow product was f i l t e r e d ,  

washed wi th  d i s t i l l e d  water and d r i e d  i n  vacuo. The 

y i e l d  of t h e  product ,  [ I ~ ( c o ) F ( P P ~ ~ ) ~ ] ,  w a s  96 .8  mg 

-- I 8 4 . 5 $ m d i i t S i n f ~ d  speZtr5n agreed w i t S f i t m  f 

42 > 

r epor ted  by Peone. 

(b) Reaction of 1 I ~ ( c o ) F ( P P ~ ~ ) ~ ]  wi th  - o-BrC6H4NsBF4. 

[1r ( c o ) F ( P P ~ ~ ) ~ ]  (0.125 mM, 95.4 mg) was s t i r r e d  

with benzene (15 m l ) ,  i n  which it w a s  incompletely 

so lub le  . To t h i s  solut ion-suspension,  - 0-BrC6H$N2B;F4 

(0.125 mM, 33.8 mg) was added, followed immediately 

.' by abso lu te  e thanol  (5  m l ) .  S h e  mixture'was s t l r r e d  ,2 

- - -  -- - - -  - - 

fop  3 hours and t h e  resul-ting orange-red-solu t ion  

evaporated t o  d ryness 'by  a f reeze-drying  procedure. 

\ The red-orange r e s i d u a l  s o l i d  was d isso lved  i n  the  

minimum volume of ace-tone, and d ie thy1 e t h e r  added ' 

P 

u n t i l  t h e  s o l u t i o n  became j u s t  cloudy. .The s o l u t i o n  

was allowed t o  s t a t  +3"C f o r  4 h a m s ,  'd l j r  
* 

P 
- a 

t ime orange c r y s t a l s  of t h e  *product,  5 r ,  p r e c i p i t a t e d  u rJ 

ou t .  The orange c r y s t a l s  were * f i l t e r e d - o f f ,  washed - 
with d i e t h y l  e t h e r  conta in ing  a small  amount; of 

= 

acetone and d r i ed  i n  vaguo. ..$ 



- I 

(xix)  reparation of 5s ( R  = o-BP, A = I, Y = BF,) / 
N - 

/ I 

- 

This  p repara t ion  was perfof ied a s  i n  3 ( f ) , -  

a p a r t  from t h e  fol lowing:  
~, I 

( a )  [ IT  ( C O ) I  ( P P ~ s ) ; ]  w a s  s u b s t i t u t e d  ' for  - i - 

- I 

[ I P ( c o ) c ~ ( P P ~ ~ ) ~ ] ,  PV 1; 

(b ) - 0-BrC6H5N2BF4 was s u b s t i t u t e d  f o r  C6H5N2BF4 ; 
_. 

dlt! . 

r e a c t i o n  s o l u t i o n  was s t i r r e d  i n  benzene 115 m l )  
I 

f o r  2 hours ,  as i n  3 ( i ) ,  and then  f i l t e r e b ,  providing a 

a yellow-orange s o l i d  ( A )  and an 

f i l t r a t e  ( B ) .  ' The f i l t r a t e  ( B )  
< 3 

f o r  24 hours and t h e  

- (-25 mg) of product,  5 s J  f i l t e r e d - o f f ,  washed with 
N 

cold  (+?"c) benzene and d r i e d  i n  vacuo. The s o l i d  
- 

, [A_) was d isso lved  i n  t h e  minimum volume o f x  
pp 

(2 1 ) .  Benzene (- 20 m l )  was added t o  t h i s  

s o l u t i o n ,  which was then  kep t  p- a t  -3•‹C -- f o r  - 12 hours.  A -  

The yellow c r y s t a l l i n e  product ,  5s (18 mg), which - ! 
N * 

prec ' ip i ta ted  . n out  was- washed wi th  cold  benzene ( + 5 " ~ )  

and d r i e d  i n  vacuo, and t h e  f i l t r a t e  was evaporated 

i n  vacuo u n t i l  p r e c i p i t a t i o n  j u s t  s t a r t e d .  This was 

then  s t o r e d  a t  - 5 " ~  u n t i l  c r y s t a l l i s a t i o n  appeared 

complete. The yellow c r y s t a l s  of 5s  ( 6  
N 

mg) were 

1 - O m \  
wasnea wltn c o l a  D 

. . - -  enzene (+> G) and a r l e d  I n  vacuo. 



* - 
(xx) Preparat\ori of kt (K = - o- Br, A = Br, Y = B F 4 )  

- 
\ 

This preparation\was performed  exact^^ as for 3 (i ) , 
3 

substituting [I~(co)B~(PP~.)~] for [I~(co)c~(PP~~),], 1, 
N 2 

-2 and O:B~C~H,N~BF~ for CsHs 2BF4. 
- - 

. - > 2  2 -  -.- A 

5 .  

- '(xxi) Preparatim of ~ I . \ ( R  = o-Br, A = 0C103, Y = C104 ) 
/ 

N - 

This preEiration involved '\e synthesis of - 

in benzene solution, and its reactiohin situ with 
7 

N 

\ [I~(co)c~(PP~z)~], 1 - (0.25 mM, 195.2 mg) was dissolved, with 
\ 

stirring, in benzene (30 ml). ~nhydrous AgC104 (0.5 rnM, 104 mg) 
\ 

was added to this solution and stirring was cont$pued, in the 
rp ' ,  

dark, for 15 minutes. The resulting yellow-orange 'qolution 

b was filtered to remove suspended A ~ c ~ .  To the stirreh\,filtrate 
\ 
\ 

was added0-Bm4N2BF4 - (0.25 rnM, 67.8 mg) and absolute ', 
'\ 

ethanol (10 ml)', and stirring was continued; in the dark, \. 
\ 

\ - 

- for 3 hours. The solution-wasfilter5a €<remove suspended , 

AgBF4, and the deep red-Grange-filtrate evaporated to dryness ' 

\ 

by freeze-drying. The residual red and yellow solid mixture 
'1 

was stirred in benzene (30 ml) for 2 hours, resulting, initially, \ 

in complete dissolution followed by precipitation of the solid, 

. yellow product, 5u. The product was recrystallised by dissol- . 
ving in acetone, adding diethyl ether until just cloudy, and 

I allowing to sit at room temperature until crystallisation was 

complete.' The crystals were filtered-off, washed with diethyl 
* 

ether containing a small volume of acetone,and dried in vacuo. 



Thi s  p r e p a r a t i o n  w a s  e f f e c t e d  by f o u r  d i f f e r e n t  
- a 4 -  

procedures  (a,  b, c ,  and d, below),  a l l  i&o lv ing  deprotona-  

t i o n  of t h e  a r y l d i i m i d e  complex,  ze, w i t h  a b a s e .  A l l  of 

t h e  p rocedures  r e s u l t e d  i n  comparable y i e l d s  of 6, procedure  

( a )  be ing  on ly  s l i g h t l y  b e t t e r  than  t h e  0-thers i n  t h i s  

r e s p e c t .  I t  should  be  no ted  t h a t  whe.ge ,. . methanol i s  used 

a s a s o l v e n t t c s n b P s i 3 t i s f  actor i 1 y s u b s t i t u t e d b  ytiseth_annQL 

Method a .  [I~(co)c~(PP~~)~(NHDT~~H~~-B~)]BE,~, ke (18 mg) 
4 - 

by s t i r r i n g  a t  roon tempera ture  i n  methanol 

t h i s  yel low s o l u t i o n  was added 1 . 0  m l  of a 

'Y s o l u t i o n  of N a  p repared  by d i s s o l v i n g  N a O H  ( 3 2  mg) i n  

\ w water  (10  m l )  and methanol (10 m l ) .  The ye l low s o l u t i o n  - iLmediZte ly  t u rned  pl%-k,followed by precipitation of a 
L 

pink S o l i d .  T& sol-u. t ion-suspension w a s  cooled t o  O"C by 

,d sur rounding  w i t h  t c e  and wzs-allowed t o  s t i r - f o r  a f u r t h e r -  , 

15 minutes .  The pink s o l i d  product ,  k, w a s  f i l t e r e d - o f f ,  

washed s e v e r a l  t imes  wi th  a t o t a l  of 10 m l  of a 50: 50 mixture  

of methanol and wate r  and d r i e d  i n  vZcuo. The y i e l d  w a s  1 2  

mg (73%) 

Method b .  T h i s  method w a s  performed as i n  Method a, 

s u b s t i t u t i n g  1 . 0  m l  of a s o l u t i o n  o,f CH3COONa *3H20 ' (90 mg)  

i n  wate r  (10  m l )  and methanol (10  m l )  f o r  t h e  1 . 0  m l  of a 
1 ' 

s o l u t i o n  of NaOH (32  mg) i n  wate r  (10  m l )  and methanol 

(10 ml). The y i e l d  of product ,  6_, w a s  11 mg ( 6 7 % ) .  



- - 
\ 

, Method c  .'" T h i s  method *as performed as i n  Method - a, 
s u b s t i t u t i n g  2 d rops  (4.04 z m l j o f  t r i e t f i y l amine ,  .- Et3N, 

.: a ' ,  

and 1 m l  -o f  wate r  f o r  t h e .  1 .O m l  of a  so lu ' t ion  of NaOH 
L 

( 3 2  mg) i n  wate r  (10b11) and methanol (10  m l ) .  The y i e l d  ' ' 

Method d  . [I~(CO)C~(PP~.)~(NHN~~H~~-B~.) 1, * ~ e ,  (18 mg)  

w a s  suspended i n  d i e t h y l  e t h e r  ( 5  m l ) .  Two d rops  ~f  E<t3N 
1 

( -0 .04  m l )  were added t o  t h e  s t i r r e d  ye l low suspension,  

and s t i r r i n g  was cont inued u n t i l  t h e  c o l o u r  had a p p a r e n t l y  

w a s  f i l t e r e d - o f f ,  washea w i t h  co ld  (o 'c )  d i e t h y l  e t h e r  and 

d r i e d  i n  vacuo.  The y i e l d  w a s  11.5 mg ( 7 0 % ) .  

The a r y l a z o  - complex, 5 p r e p a r e d - a s  d e s c r i b e d  abovee '- 
F 

i n  Methods a -d  w a s  r econve r t ed  t o  t h e  a r y l d i i m i d e  complex 

ke i n  g c e a t e r  t han  70% y i e l d  by add ing  a 48% aqueous s o l u t i o n  
\ 

of HBF4 dropwise  t o  a s t i r r e d  suspension of 5 i n  d i e t h y l  . 

e t h e r  u n t i l  t h e  co lou r  change from pink t o  ye l low was 

a p p a r e n t l y  complete .  The ye l low  product ,  k e y  w a C f  i l t e r e d z  

o f f ,  washed w i t h  d i e t h y l  e t h e r  and d r i e d  i n  vacuo.  - 
5 .  P r e p a r a t i o n  of t h e  c a t i o n i c  o r tho-meta la ted  a r y l h y d r a z i n e  

0 

aomplexes [~~(co)c~(PP~~)~(NH~NH'c~H~R)]BF~, Za-e 

* .  

The complexes La ( R  = g - B r ) ,  7b ( R  = 2 - B r ) ,  Zc (R = - m - ~ r ) ,  
- 

7d (R = o-~l ) ,  and x e  ( R , =  2 - N H 2 )  were a l l  p r e p ~ r e d  by t h e  - - 
c a t a l y t i c  hydrogenatiolh. of t h e  a p p r o p r i a t e  a r y l d i i m i d e  

complexes ke ( R  = g - B r ) ,  3 (R* = - o - ~ r ) ,  zn ( R  = - m - B r ) ,  

S ( R  = - o - c l ) '  and Lk ( R  = 2 - N O 2 )  , r e s p e c t i v e l y .  The procedure  



was t h e  same. f o r  a l l  of t h e  canp1,exes 7a-d, as d e s c r i b e d  
el 

I 

f 
r u  

3 below: 
I - 1 

[ L ~ ( c o ) c ~ ( P P ~ ~ ) ~ ( N H  N CBHSR) ] B F ~ ,  (20 mg) w a s  

d i s s o l v e d ,  w i t h  s t i ' r r i n g ,  i n  a b s o l u t e  e t h a n o l  (10 m l ?  

under  H2 (one a tmosphere)  a t  room t empera tu re .  To t h i s  - 
a 

s o l u t i o n  was'-added a. 10% Pd on -SO4 c a t a l y s t  ( 10  m g ) ,  

and s t i r r i n g  w a s  con t inued  f o r  2 hours  wh i l e  a slow s t ream 

of H2 w a s  con t inuous ly  bubbled through t h e  s o l u t i o n  ( t h e  
r: 

r e a c t i o n  f l a s k  w a s  f i t t e d  w i t h  a water-cooled r e f l u x  \ 

/ 
mixture  was c e n t r i f u g e d  t o  remove t h e .  s o l i d  c a t a l y s t ,  and 

I - 
t h e  e t h a n o l  s o l v k n t  was comple te ly  evapora ted  o f f  i n  m c u o .  

-The  r e s i d u a l  s o l i d  ( p a l e  yel low f o r  La-d, brownish-purple  . 

f o r  7 e )  N was r e d i s s o l v e d  by s t i r r i n g  wi th  benzene ( 1 0  m l ) .  

The r e s u l t i n g  p a l e  yel low s o l u t i o n  was evapora ted  t o  

J .  .dryness by f r eeze -d ry ing ,  y i e l d i n g  t h e  bulky,  s o l i d .  product ,  

CI'~(CO)C~(PP~,)~(NH~NHC'&H~R)]BF~, La-e. The -, prodqc t  was 
- - r e c r y s t a l l i s e d  from e t h a n o l - d i e t h y l  e t h e r ;  g i v i n g  a 

4 j .  

'- 6 . p r e p a r a t i o n  of t h e  molecu la r  o r tho-meta la ted  sa ry lhydraz ine  

* . 
* $ I  

D 

I i  
[Ir(CO)C1(PPh3)2(N=~~6H3&-Br) I, 6 ,  (20  mg.) w a s  s t i r r e d  

r 

?in a b s o l u t e  e t h a n o l  (10  ml)  under H2 ( one a tmosphere)  a t  

-room t empera tu re .  To t h i s  p ink so lu t i on - suspens ion  w a s  

added a 10% ~d  on %SO4 c a t a l p s t  (10  mg), and s t i r r i n g  w a s  
I - 

kont inued f o r  2 hou r s  whi le  a slow s t ream of H2 w a s  



c o n t i n u o u s l y  bubbled th rough  t h e  s o l u t i o n  ( t h e  r e a c t i o n  

f l a s k  w a s  f i t t e d  w i t h  a water-cooled r e f l u x  condenser 

t o  p reven t  l o s s  of e t h a n o l  by e v a p o r a t i o n ) .  The r e s u l t i n g  

r ed  s o l u t i o n  w a s  c e n t r i f u g e d  t o  remove suspended s o l i d  
? 

- 

.., I c a t a l y i 6 ,  and t h e  e t h a n o l  s o l v e n t  d s  comple t e ly .  evapora ted  

o f f  i n  vacuo ,  The r e s i a d u a l  pink-red s o l i d  w a s  r e d i s s o l v e d  

i n  d i e t h y l  e t h e r  and f i l t e r e d  t o  remove a t r a c e  of i n s o l u b l e  

m a t e r i a l .  The f i l t r a t e  w a s  s lowly evapora ted  i n  vacuo u n t i l  

p r e c i p i t a t i o n  of t h e  p roduc t ,  (& r e s u l t e d .  The pink-red 

s o l i d  product  w a s  f i l t e r e d - o f f ' ,  washed wi th -co ld  . - L - 1 4 0 ~ )  - 

d i e t h y l  e t h e r  and d r i e d  i n  vacuo. 
b 

7. P r e p a r a t i o n  of t h e  molecular  s i x - c o o r d i n a t e  aryl&zo 

complexes ( a )  [I~(CO)C~,(PP~~)~(NNC~H~R) 1, 8a-fy N and 

8d (R = e - ~ ~ ~ 3 ) ,  ge  (R = u-F) and 8f ( R   NO,) w e r e . a l 1  . 
N - N - 

prepared  by a l l o w i n g  [ I ~ ( c ~ ) c ~ ( P P ~ ~ ) ~ ]  ( I ) ,  ,-d LiCl  an3 t h e  - - 

a p p r o p r i a t e  a ry ld iazonium sal t  ( R C ~ H ~ N ~ B F ~ )  t o  r e a c t  

t o g e t h e r  i n  a c e t o n e  s o l u t i o n  under a n  atmosphere of 

argon,  as d e s c r i b e d  below f o r  t h e  g e n e r a l  c a se , .  

[I~(co)c~~(PP~~)~(ITNc~H~R) 1: 
[ I ~ ( c o ) c ~ ( P P ~ ~ ) ~ ] ,  &' (0 .125  mM, 97.6 m g )  w a s  suspended 

I 

w i t h  s t i r r i n g  i n  a c e t o n e  q 1 0  m l ) .  L iCl  (0 .125 mM, 6 mg) 

and RC6H4W2BF4 (0 .125 m ~ ) w e r e  s imul taneous ly  added t o  t h i s  

suspension,  and s t i r r i n g  under argon w a s  con t inued  f o r  1 hour, 

a .  See a l s o  Chapter  V I I I ,  B 1 2 .  

i 



I n i t i a l l y ,  complete d i s s o l u t i o n  occur red  and, g e n e r a l l y ,  t h e  

p roduc t  p r e c i p i t a t e d  r e a d i l y  from s o l u t i o n  a t  room t empera tu re .  

Where p r e c i p i t a t i o n  d i d  n o t  occur  a f t e r  s t i r r i n g  f o r  1 hour,  

t h e  r e a c t i o n  s o l u t i o n  was cooled t o  + 3 " ~  when p r e c i p i t a t i o n  

soon occurred ( c a u t i o n  w a s  r e q u i r e d ,  as f u r t h e r  c o o l i n g  J 

caused t h e  c o - p r e c i p i t a t i o n  of LiBF4 and a s o l s d  having @ 

. 
a low n i t r o g e n  c o n e e n t ) .  The product ,  \ - d 

[I,~(CO)C~~(PP~,~)~(NNC~H,R) 1, w a s  f i l t e r e d - o f f ,  washed w i t h  

co ld  ( - 1 4 " ~ )  a c e t o n e  and d r i e d  i n  vacuo. The c o l o u r s  and 
-$ 

y&-lb&t,'r,e+d~tr-,~a-f&r~~ w r d  ed-i=nTabLV-. - 

, L 
t 

(b) [1r ( c o ) c ~ ~ [ P M ~ ~ P ~ ) ~ ( N N c ~ H ~ )  ] w a s  p repareg  acco rd ing  
144 

* - 
t o  t h e  method of Deeming and Shaw: * 

A 

LiCl ( 1 3  mg) 2nd C6H5N2BF4 (33 mg) were . d i s so lved  i n  
8 

methanol ( 2  ml) and wate r  (1 ml). This  s o l u t i o n  w a s  a d d e d .  

t o  [ I ~ ( c o ) c ~ ( P M ~ ~ P ~ ) ; I I  (89 mg) u n d e s a n  atmosphere of  argon,  

and t h e  mix ture  w a s  s t i r r e d  f o r  30 minu te s .  The $o l id .ye l l ow-  

'o range ,  f i n e  c r y s t a l l i n e  p roduc t  w a s  f i l t e r e d - o f f ,  washed w i t @  

a '  2: 1 mix ture  of methanol: water, and d r i e d  i n  vacuo . The 

y i e l d  of  product ,  [ ~ r  ( c o ) c ~ ,  ( P M ~ ~ P ~ ) ,  ( N N C ~ H , )  1, was 75 mg . 
The m e l t i n g  p o i n t  ( ' l 4 0 - 1 4 3 ~ ~ ) ,  i n f r a r e d  and pro ton  n  .m .r . 

Ir 

144 - s p e c t r a  a g r e e d v  wi+& thos% r e p o r t e d  by Deeming and S h  w . 
s 

4 
* 

3 .  . P r e p a r a t i o n  of t h e  c a t i o n i c  s i x - c o o r d i n a t e  p-f lucrophenyl-  

d i imide  complex * ~ 1 r l  C O )  ~ 1 ,  ( P P ~ , )  ( N H N c ~ H ~ ~ - F )  ]BF,, f l :  

w a s  suspended w i t h  s t i r r i n g  i n  d i e t h y l  e t h e r  (10 ml) under an 



48% aqueous HBF4 ( 0 . 1  m l )  and s t i r r i n g  con t inued  ' f o r  1 hour  ., 
The* suspens ion  w a s  f i l t e r e d ,  and- t h e  r e s u l t i n g  pa le -ye l low 

r,. 

s o l i d  product ,  [ ~ r  ( C O )  c ~ ~ ( P P ~ ~ ) ~ ( N H N c ~ H ~ ~ - F )  ] B F ~ ,  12, washed 

w i t h  d i e t h y l  e t h e r - c o n t a i n i n k  a small volume of e t h a n o l  and 
1 

d r i e d  i n  vacuo . Tke_yl;eld of t h e  product ,  11, was 205 fig (80%) . 
7 

4 
t r e a t m e n t  of a s t i r r e d '  suspens ion  of &I (20  rng) i n  d i e t h y l  

e t h e r  ( 5 - m l )  w i t h  Et3N (1 drop  r c a .  0.02 q l )  under an  a t y o s -  
- 

p k e r e o r a r g o n  . , T h m s  4 l ii n ~ - 1 + m t r s p e r r s ~ n ? w a s f  F2t-e& ,- 

and t h e  yel low s o l i d  p roduc t ,  -, 8b, N washed w i t h  ' e t hano l  and . 
4- 

d r i e d  i n  vacuo. 

9 .  Reac t ions  of t h e  molecu la r  s i x - c o o r d i n a t e  a r y l a z o  complexes 

[I~(co)c~,(PP~,),(NNC~H~R) 1, 8,. w i t h  A ~ ' B F ~  i n  ( a )  benzene 

( a )  The complexes [I~(co)c~,(PP~~)~(NNC~H~R) I, Eb 

(R = Q-F), 8c N ( R  =.E-~r)- ,  rn 8d ( R  = 2-OCH,) and 8_f ( R  = rn_-N0,) 

were a l l  r e a c t e d  w i t h  AgBF4 i n  benzene medium as fo l l ows :  

:I~(~O)C~,(PP~,),(NNC~H~R) 1, 8_ (3xlo-*mM) w a s  d i s s o l v e d  a t  

room tempera ture  by s t i r r i n g  w i t h  benzene ( 5  ml)  under  a n  

atmosphere o f ' a r g o n .  The r e a c t i o n  tube  w a s  p r o t e c t e d  from 
-2 

1 i g h t  by w r a p p i  ng wi th 1 llmi nllm fni 1 . -AZRFI ! 3x1 0 m ~ ,  6 W) 

w a s  added t o  t h e  yel low s o l u t i o n  and s t i r r i n g  w a s  con t inued  
\ 

f o r  15 minu te s .  The r e s u l t i n g  suspens ion  w a s  ' centr i fuged,  
.' 

y i e l d i n g  a whi te  s o l i d  and a ye l low s o l u t i o n .  The benzene 

s o l v e n t  w a g  rernov'ed 'from t h e  yel low s o l u t i o n  by f r e e z e - d r y i n g  



i 

-- - -- - - - - - , 

-170- 
I * A- . 

l eav ing  a  yellow s o l i d  which was shown t o  be Vaskals complex, 

1: i n  high y i e l d  (But sometimes contkminated with a small  amount 
N - 

of t h e  s t a r t i n g  complex, 8). The white s o l i d  was s t i r r e d  with 
a 

r 

acetone, r e s u l t i n g  i n  a white inso lub le  s o l i d  ( A ~ c ~  i n  75-100% 
% ' 

y i e l d )  and a  so lu t ior i .  Die thyl  e t h e r  was added t o  t h i s  

so lu t ion ,  and t h e  p r e c i p i t a t e d  s o l i d  ( R C ~ H ~ N ~ B F ,  i n  75-100% 

y i e l d )  i s o l a t e d  by-cen t r i fug ing  . 
e a 

( b )  The complexes [ I ~ ( c o ) c ~ ~ ( P P ~ ~ ) ~ ( N N C & R ) ] ,  Eb 

(R = 2 - ~ ) ,  kc ( R  = J-I-B~), ke (R = 2-F) and 8f y .  (R = E - N O ~ )  

1 were-a.71reacrt_eLwi t h  &BF4 i n  -benzeneyethanolrmedium as 

/ / 
a t  room temperature by s t i r r i n g v  wi'th 9 m l  of a  3: 1 mixture of . - 

1 
benzene:ethanol under an atmosphere of a rgon .  The reac t ion  

tube w a s  p ro tec ted  from l i g h t  by wrapping with aluminum f o i l .  
-L- 

AgBFt4 (3x10 mM, 6- w a  s add e A ~ ~ o 0 G h e y - e T ~ o m - ~ ~ m ~  
?i 

. - s t i r r i n g  was continued f o r  1 hour .  The r e s u l t i n g  suspension + 

was c e n t r i f u g e d ,  y iefdfng  a  white  s o l i d  ( ~ g ~ l  in--80-100%- - - 

I 
- 

y i e l d )  and a  yellow (gee,  8J) or  an orange-red (Eb, g c ) .  . + 

solutionc; t h e  orange-red colour  was due t o  formation of 'the " 

a r y l t e t r a z e n e  complex, 5 as=conf!rmed a t  t h i s  s t a g e  by 

. v i s i b l e  spectroscopy ( c  . f .  Chapter I1 ~4). 'Phe benzene 

so lvent  was re9o7red from t h e  (yellow or orange-red) s o l u t i o n  
oasa . 

by freeze-dryirLg, a r d '  t h e  r ry ld i imide  complex was i s o l a t e d  
1 

from t h e  r e s i d u a l  s o l i d  by t h e  appropr ia t e  .method descr ibed iri 

Chapter vIII B3,, ( i i )  f o r  ?b, - ( v )  f o r  Sc, - (Iii) f o r  Ee and 

( x v i )  f o r  8 f .  - 
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a 
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1 0 .  P r e p a r a t i o n  of .t&" c a t i o n i c  f ive-copordinate  a r y l a z o  

complexes [I~(co)c~(PP~,)~(~c~H~R) ] B F ~ ,  3 where 

- ( a )  R s =  p-F and ( b )  R = o-~. 
T 

These complexes were prepared acco rd ing  t o  t h e  methods 

N , ~ a r r e 1 1 4 7 ~  , 

( a )  R = g-F. F I ~ c o ) c ~ ( P P ~ ~ ) ~ ] ,  1, (0 .25  mMs / . 195.2 mg) 

-md& 6 4 2  4 --~er-e--p%aee+ in a ,se&- 

t ube  under a n  atmosphere of n i t r o g e n  a t  - 2 5 " ~ .  To t h i s  w d s  . - 
* + . . 

added ace tone  ( 4 -  m l )  ac - 2 5 " ~  and t h e  mix ture  w a s  s t i r r e d ,  

maintainyng t h e  t empera ture  a t  -25 "c, u n t i l  c l e a r  orange 8 
s o l u t i o n  r e s u l t e d .  A f t e r  a f u r t h e r  5 minutes  s t i r r i n g ,  

I 

n-hexane ( 3 . 2  m l )  a t  -25•‹C w a s  s lowly-added  and s t i r r i n g  

con t inued  u n t i l  a heavy, t h i c k ,  yel low p r e d i p i k a t e  formed 
. . 

w i t h i n  a  few minu te s .  The p r e c i p i t a t e  was f i l t e r e d - o f f  under 
C .  

n i t r o g e n ,  washed wi th  co ld  (-25•‹C) n-hexane and d r i e d  i n  vacuo, 

be ing  kep t  p r o t e c t e d  fr*om l i g h t  by wrapp?pg t h e  t ube  i n  

aluminum f o i l .  Th i s  w a s  shown from i t s  m e l t i n g  p o i n t  (116- 
- - - - -  - -  - - -  

117 "c), i n f r a r e d  spectrum and e l emen ta l  a n a l y s i s  ( r e q u i r e d :  + .  

c-52.2%, H-3 .5%,  N-2.8%; found: C - 5 1 . 5 $ , H - 3 . 6 $ , ~ - 2 . 7 $  } .: 
t o  be  [I~(CO)C~(PP~~},(NNC~H&-F) ] B F ~ .  The byield of product  

m. 

. - 

w a s  180 mg (72%) . 
( b )  R = n-F. T h i s  method w a s  ljerformed as f o r  t h e  , 

1 

E-f l u o r o  complex ( c  .f . ( a )  above , excepk t h a t  when n-hexape I 

-25"C, no p r e c i p i t a t i o n  of t h e  product  occurred,+ even ' a f t e r  , 
Z '  

s t i r r i n g  f o r  15 minutes .  F u r t h e r  n-hexane ( 5  t o  6 - m l )  a t  -25•‹C 



w a s  s lowly added t o  t h e  s t i r r i n g  s o l u t i o n  u n t i l '  an.oi .1 formed. 

The two l a y e r s  were a l lowed t o  s e p a r a t e ,  and the ,uppe r , '  l i g h t -  
- 

yel low l a y e r  w a s  removed (by  p i p e t t e ) .  The remaining o i l  w a s  
I 

r e -d i s so lved  i n  a c e t o n e  ( 4  m l )  a t  - 2 5 ' ~ .  n-pexane ~ ( 5  to76  m l )  
e 

was added dropwise  w$th r a p i d A  s t i r r i n g  at- -25•‹C u n t i l  'a y e l l o w .  r . 
s o l t d  p r e c i p i t a t e d  from s o l u t i o n .  A f t e r  a f u r t h e r  5 minutes  

s t i r r i n g  a t  - 2 5 O ~ ,  t h e  yel low product  w a s  f i l t e r e d - o f f .  under 

n i t r o g e n ,  washed w i t h  c o l d  ( - 2 5 ' ~ )  n-hexane and d r i e d  - i n  vacuo, 

be ing  ke'pt p r o t e c t e d  from L igh t  by w r a  p ing  t h e  t u b e  i n  P 
aluminum f o i l .  The produc t  w a s  s h m  f r o m i t s m e l t i n g  p o i n t  _ - 

4% 
(decomposed over 115-125 O C ) ,  i n f r a r e d  spectrum a n d  e lemdnta l  

a n a l y s i s  ( r e q u i r e d :  C-52.2$, H-3 .5%, N-2.8%; found: C-52,.8%, 

H-3.776, N-2.6%) t o  be  [I~(co)c~(PP~~)~(NNC~H~~-F) ] B F ~ .  The 

y i e l d  of product  was 74 mg ( 3 0 % ) .  

i n  n e .  

-- - - -- - 

[ T ~ ( c o ) c ~ ( P P ~ ~ ) ~ ( N ~ ~ ! ~ H ~ ~ - F )  ] B F ~  ( 4 0  mg) was s t i r r e d  

w i t h  benzene (10  m l )  a t  room tempera ture  f o r  3 minutes  under 

a n  atmosphere of n i t r o g e n .  The wh i t e  i n s o l u b l e  s o l i d  which 

formed was f i l t e r e d - o f f ,  washed wi th  benzene, and d r i e d  - i n  

- vacuo.  Th i s  w a s  shown by i t s  i n f r a r e d  spectrum t o  be 

. 1-FC6H4N,BF4 i n  75% y i e l d  ( 6  mg). The yel low benzene 

f i l t r a t e  w a s  evapora ted  t o  d r y n e s s  by freeze-drying, , leaving 
3 

a yel low s o l i d  (31 mg) shown by i t s  i n f r a r e d  spectrum t o  be  

s l i g h t l y  impure Vaskals  complex, 



' 2 .  Reaction of [I~('co)c~(PP~~)~(NNC~H~~-F) ] B F ~  with LiCl 

i n  ace tone .  
I 

This  r e a c t i o n  provTdes an a l t e r n a t i v e  s y n t h e t i c  r o u t e  

t o  t h e  molecular s i x - c o o r d i ~ a t e  a r y l a z o  complexes, 8 m, ( c . f .  

8 Chapter VIB and Chapter V I I I B ~ )  . 
5' 

1 < " 1 

[Ir ( c o ) c ~ ( P P ~ ~ ) ~  (DNC.H&-F) ]BF4 (26 mg) wa-s placed 
a* 

i n  a Schlenk tube  under a n  atmosphere -of argon and was cooled 
0 

t o  =25Oc.. To t h i s  was added 0.05 ?1 ~ i C 1 . ( 2  m l )  i n  a c e t m e  
L 

with s t5 r r ing  a t  -25•‹C. Dissolu t ion  occurred immediately, 

c@xir~~mdI~ b y  p r e c ~ p l t  
1- . ~ o n ~ m a ~ - ~ % i ; - d ~ S ~ ~ ~ - i n g  - 

w a s  continued f o r  15- minutes, and t h e  orange s o l i d  was then  

f i l t e r e d - o f f ,  washed wi th  cold acetone ( some d i s s o l u t i o n  of 

t h e  product occurred)  and d r i e d  - i n  vacuo. The i n f r a r e d  

spectrum of t h i s  orange product was i d e n t i c a l  t o  t h a t  f o r  

t h e  e s t i o n i c  s ix -coord ina te  a r y l a z o  complex gee, 

Determination of acetone produced i n  the- reac t ion  

between [1r ( . c o ) c ~ ( P P ~ , ) , ] ,  & "and pBrCBH,N2BF4 i n  

b e n z e n e - x - p r o p s n o l  (3: 1 ) . 

[ I ~ ( c o ) c ~ ( P P ~ ~ ) ~ ] ;  1 (0.125 mM; 97.6 mg) and 

D-ErC6H4N2BF4 ( 0  . I25 mE9, 33.8 mg)' were placed i n  a 100 ml 
A 

?.la& ( f l a s k  3 )  which w a s  then  a t t ached  t o .  a vacuum l i n e  and 

/' 
thoroughly degassed. A degassed mixture of ace tone-f ree  

benzene (15  rl) 
* 

d i s t i l l e d  under 

e ~ d  acefone-free m - p r o p a n o l  ( 5  m l )  w a s  
- 

which had been cooled 



w .  

flame ind  t h e  f rdzen  mixture allowed t o  come to-  room temperature . 
3 hours .  T h e - r e s u l t i n g  orange-red 

=. - -  - 

w a s  aga in+at tached t o  t h e  vacuum l i n e ,  
r 

Y, 
f rozen  by immersing* i n  l i q u i d  n i t rogen,  and  then  opened, 

I - 
u ~ d e r  vacuum, t o  a t u b e  (tube B )  a l s o  coo led- in  l i q u i d  

'li 

n i t r o g e n .  The s o l u t i o n  i n  f l a s k  A wqs allowed %o come t o  

ioom kern~gra ture  and t h e  so lven t  w3-s completely and 

q u a n t i t a t i v e l y . d i s t i l l e d  i n t o  tube B .  The 20 m l  of so lven t  

% t hus  c o l l e c t e d  was q u a n t i t  ve ly  analyzed for ace tone  content  

column (6l x 1/81') a t  30•‹c, us ing  a Varian Aerograph.1400 

gas  chromatograph ins t rument .  The measured a r e a  %' t h e  

observed peak due - to  'acetone was compared. wi th  t h e  a r e a s  , ) 

r 

obtained by t h e  gas zhromatography, under t h e  same condi t ions ,  

of 1 .5 '  p1 a l i q u o t s  of s tandard s o l u t i o n s  con ta in ing '  4 t o  10 p 1 

of acetone i n  20 m l  of so lven t  (15 n1 acetone-f ree  benzene 

p l u s  5 m l  ace tone- f ree  ~ - ~ r o ~ a n o l ) .  
- - - - - -- - - - - - -  

The benzene and &-propanol so lven t s  used i n  the above 

procedure were p u r i f i e d  by f r a c t i o n a t i o n  on a spinning-sand 

column, and were then c a r e f u l l y  checked f o r  t h e  absence o f .  - 
acetone  a n d . i n t e r f e r i n g  low-boiling components by gas 

4 

chromtography under e x a c t l y  t h e  same cond i t ions  as descr ibed  



1 4 .  E f fec t  *of added phenyldiazsne,  C6H5N=NH, on t h e  

r e a c t i o n  betweens[ I r ( c 0 )  c ~ ( P P ~ ~ )  2 ] ,  and C6H5N2BF4 e 

i n ' t h e  presence of C6H5N=NH in benzeneLethano1 meaim - 

T 

I 

This procedure involved t h r e e  s e p a r a t e  r e a c t i o n s ,  ( i ) ,  - 
- 

P \ 
A s  , t h e r e  i s  some dubie ty  in t h e  l i t e r a t u r e  

161,163 

' a s  t o  whether n=2 o r  4 (Equat ion VIII-I), it was . decided 

i n  t h i s  work t o  t a k e  n-4. . P 

< - 

( iii) 

In  view of t h e  h igh ly  reakkive na tu re  of C6H5N=NH, 
4 

and d i l u t e  s o l u t i o n s  ( ~ I o - ~ M )  must be used i n  i t s  generation-. 

The' s e a c t i o n s  (ii) were p e r f o m e d  y n d e r  and (iii) vacuum 



t h e  g l a s s  appara tus  i l l u s t r a t e d  i n  Figure V I L I - 1 ,  

Reaction ( i) , of ( C , H ~ N = N H )  cu c1' . n-nz 

cuC1,-2H,O (8 mM, 1.364 g )  was d isso lved  i n  water  (20 m l )  
- --a- - 

and t h e  s o l u t i o n  w a s  f i l t e r e d  t o  remove t h e  srrfall -amount a 

of i n s o l u b l e  m a t e r i a l .  The c l e a r ,  b lue  f i l t r a t e  was 
e 

- - -  
de6xygenated by bubbling argon through t h e  s o l u t i o n ,  and 

' 

t o  t h i s  was added C6H5NHNH2 ( 2  mM, 0.216 g ) .  The mixture 
4 

u 

was s t i r r e d  vigorously under a n  atmosphere of argon u n t i l  

- -  - - 

~ r ~ p + W 5 o r r d - t ~ ~ 0 w r l J  s o l i d  p n H u c i  app-Fcompiete,  - 

The brown s o l i d  was f i l t e r e d - o f f  under a rgon and washed 

thoroughly,  f i r s t  v i t h  water  a d  then with a b s o l u t e  e thanol  

and d r i ed  in vacuo. The i n f r a r e d  spectrum ( K B ~  d i s c )  of 

t h e  product agreed with t b t  repor ted  by P e t r e d i s  e t  a1 163 

f o r  ( C , H ~ N = N H )  cuncln. 
- 

~ e a c t i o n s  ( ii) , genera t ion  of C6H5NsNH and (iii) , 

r e a c t i o n  of [ I ~ ( c o ) c ~ ( P P ~ ~ ) ~ ] ,  1, and CsH5N2BF4 i n  We - 

presence of CGH5N=NH; Bipyr idyl  (0.8 mM, 125 mg) was 

placed i n  side-arm a of t h e  apparatus  ( ~ g r  I - 1  and - 

( C ~ H ~ N = N H )  C U ~ C ~  (0 .1  mM, -50.2 mg), e thano l  ( 5  m l )  and - n 

a s t i r r e r - b a r  i n  f l a s k  b .  - S i d e - a m , a  was sea led-o f f ,  and - C 

f l a s k  b was a t t a c h e d  t b t h e  vacuum l i n e  and degassed - 

E L L  as 
C 

coolant .  Fla.sk b was sea led  - o f f  - .[ T r  - 

(0 .1  mM, 78 mg), C6H5N2BF4 (0.1 mM, 19.2 mg) ,  benzene (15 m l )  A, 

.. 

, a n d  a s t i r r e r - b a r  were added t o  f l a s k  c c o o l e d - i n  l i q u i d  n i t rogen .  - 

Flask  c w a s  thoroughly degassed on t h e  vacuum l i n e  and then 

. sea led-o f f ;  While f l a s k  - c wss kept  a t  l i q u i d  n i t rogen  temperature,  - 



t h e  b ipyr idy l  in a was added t o  t he  s t i r r e d  contents  of 
- 

. . .z f l a s k  , - b ktlroom temperature and the  break-seal  between 

b and c was broken. When d i s t i l l a t i o n  of t h e  e thanol ic  - - 
I 

phenyldiazene s o l u t i o n  from - b t o  - c w a s  complete/ t h e  - - 

contents  of c were allowed t o  come t o  room temperature and - 

then s t i r r e d  f o r  6ne-hour. -A - The A- v i s i b l e  spectrum of the 
- - 

4a, ca lcu la ted  from the  molar abso rp t iv i t y ,  e 
r N  - - -- - - - - - - - - - 

Table 11-7). 



15. &act ion  betweea [~~(CO)C~(PP~,).(HNN~~H~~-B~) ]BF*, ze, 

and D2 gas .  

- d 

d i s so lved ,  w i t h  s t i r r i n g ,  i n  e thano l  (10 ml) unaer an  - 

a t sospher& of argon a t  rook e ( 3 1 • ‹ c ) ;  t h e  r e a c t i o n  

f l a s k  w a s  f i t t e d  with a water-cooled r e f l u x  condenser , , to 
1 ' 

prevent  l o s s  of s o l v e n t  by evapora t ion .  Argon w a s  f i r s t  

bubbled through t b e  yellow s o l u t i o n  f o r  15 minutes, and then 

- 

w a s  completely removed, Fn vacuo, from t h e  r e s u l t i n g  yellow 

s s l u t i o n ,  and t h e  r e s i d u a l  yellow, , s o l i d  product washed wi t h  
L 

d i e t h y l  e t h e r  and d r i e d  i n  vacuo. This yellow, s o l i d  product 

w a s  re -d isso lved  i n  5 m l  of methanol-dl ( C H ~ O D ) ,  r eac ted  

w i t h  deuterium gas  f o r  a f u r t h e r  6 hours,  and the yellow, 

. s o l i d  product i s o l a t e d  e x a c t l y .  as descr ibed  above f o r  t h e  , 

e thano l  case .  4 



- 
A. Definitions and Methods of Calculation of the 

Electronegativitles (x~), Total Electronegativities 
L L  -- - (XT) and n-~lectronegativities (X ) of the 

' %  l-f 
Anionic Ligands, A, in the Complexes 

as listed in Table 111-7. 

Definitions 42 

XA =* "sZgma" erectronegativity of the anionic ligand, 

(by which A withdraws charge from the metal by 

purely inductive effects). 

x = T-electronegativity of the anionic ligand, A (by 
yr 

which A can accept charge into empty low-lying d- 
A 

orbitals or l-f* -molecular orbitals. 
* 

X~ = total electronegativity of the anionic ligand A: 

. 
Methods of Calculation 42 

The following basic 'assumptions are made: 

( 5 )  the fluoro-ligand is not involved in back acceptance of 

TT-electron density from the metal, so that X = 0 

(ii) in the bonding between Ir and A, and Ir and CO a com- 

pletely. synergistic mechanism is operative, such that 

the total electronegativity (consisting of a- and TT- 



components) of A i s  i n v e r s e l y  * r e l a t e d  t o  t h e  change i n  
A 

t h e  f o r c e  cons tan t ,  kCO, of t h e  carbon-oxygen bond of t h e  

coordinated carbonyk group ( a s  compared t o  k of f r e e  
CO 

co) . 

I then  XT a 

hv2c* 

and xTAvZCO = cons tan t  (5) 

where A V ~ ~ ~  = v of gaseous CO-v2 of coordinated GO. co co , 2 

Since,  by- d e f i n i t i o n ,  X = 0,  t h e n  XT = XA = 4.02. 
'Il 

i s  c a l c u l a t e d  from t h e  Willmhurst equation154, which 
- 5 

value  

where 

MA = mass of group bonded t o  hydrogen i n  a n  H-A compound 

v = stretchin-g frequency f o r  the  H-A molecule.  
HA 

Applicat-Ton of Equation. , ( 5 )  g ives  
r 

allows calculation of t h e  t o t a l  e l e c t r o n e g a t l v l t y ,  

( w i t h  vCO of f r e e  ' C O  and XT of F def ined as 



for the anionic ligand, A. The n-electronegativi%y, -X , is 
3 ll 

calculated from Equation 



. Accurate (*lcm-l) In f ra red  S t re tch ing  Frequencies, 

V +  f o r  so& irryldiazonium S a l t s ,  AFN2BF4. - - 

--IFF?, 

f The vHEN values  f o r  the  aryldiazonium s a l t s  a r e  
, - 

l i s t e d  i n  Table B1 and were determined t o  an accuracy 

of + lcm-' using a- Beclanan I R 1 2  Spectrometer c a l i b r a t e d  
- 

aga in s t  DC1 

on samples pressed in KBr. 



Table 3-1 

t 

Infrared stretching frequencies, V & ~ ,  for 

sane aryldiazoniwn tetrafluoroborates, 
32 ' 

7 7  

fi3 

3, - Qf- ;=rnF; 

H' ' 34 

b, ':slues for comparat3ve purposes can be found in 
' . references 175-179. 

Y' 
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