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Abstract 

The 13C NMR chemical shifts (61 for azaferrocenes, phosphaferrocenes and their precursor ligands have been used to determine 
coordination shifts, AS ( = Bcomplex - sligand ) for the complexes. For azaferrocenes, AS values were similar to that of ferrocene, but 

the phosphaferrocenes showed much larger coordination shifts, These observations are discussed in terms of the difference in 
bonding in these complexes. The “Fe Mossbauer data are reported for a number of azaferrocene derivatives and compared with 

those for the phosphaferrocene analogues in terms of orbital contributions to the electric field gradient that governs the 

quadrupole splitting (QS). An excellent correlation is found between QS and the orbital population parameter (2p, - pi), where pz 

and pi are electronic populations of the e, and e, iron-based orbitals, respectively. Protonation and quaternisation of azaferrocene 

causes a lowering of QS, in contrast to the slight increase observed for monophosphaferrocene in CF,CO,H solution. The results 

confirm that protonation at the N atom takes place for azaferrocene. The W(CO), adduct of azaferrocene shows little change in 

QS from that for azaferrocene, which is interpreted as evidence for back bonding by the tungsten. 

1. Introduction 

Heterocyclic analogues of ferrocene have become 
the focus of a great deal of research in recent years 
largely owing to the pioneering work of Mathey [2] on 
phosphaferrocenes. Less attention has been paid to the 
corresponding azaferrocenes, in spite of the fact that 
(C,H,)(C,H,N)Fe was first prepared [3] well before 
the phosphaferrocenes. For many years l,l’-diazafer- 
rocene proved elusive. However, examples of these 
ferrocene analogues have now been synthesised and 
isolated as their adducts with pyrroles bearing bulky 2 
and 5 substituents [4,6]. Over the last twelve years we 
have been interested in the structure of ferrocenes and 
related compounds and have carried out extensive 
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Mossbauer spectroscopic studies in this area (see ref. 1, 
and preceding papers in this series). We have recently 
put forward ideas on the bonding in iron sandwich 
compounds that have rationalised [Fe(cp),] (cp = 
cyclopentadienyl) with [(q-areneXT-cp)Fe]+ and [CT- 
arene),Fe12+ complexes within the same bonding the- 
ory [7,8]. In ferrocene chemistry we have confirmed 
that substituents on the cp rings increase the Mossbauer 
quadrupole splitting if they are electron donors and 
decrease it if they are electron acceptors. These effects 
have been interpreted in terms of back bonding of 
iron-based e2 orbitals with antibonding ligand orbitals. 

We have also reported the differences between the 
effect of an exocyclic nitrogen and a phosphorus atom 
in ferrocenylamines and ferrocenylphosphines [91. We 
concluded that, in ferrocenyl-phosphine derivatives 
(which show significantly smaller quadrupole splittings 
than their amino counterparts), lone pair delocalisation 
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a r o u n d  the  f e r roceny l  g r o u p  is m u c h  lower .  W e  t h e r e -  

fo re  t u r n e d  o u r  a t t e n t i o n  to  c o m p l e x e s  in wh ich  the  

h e t e r o a t o m  is pa r t  o f  the  c y c l o p e n t a d i c n y l  l igand .  C o n -  

f l ic t ing  M 6 s s b a u e r  d a t a  for a z a f e r r o c e n c  have  ap-  

p e a r e d  in t he  l i t e r a t u r e  [10,11], and  this p r o m p t e d  us 

to r e e x a m i n e  t h e s e  c o m p l e x c s  and  c o m p a r e  ou r  find,, 

ings wi th  t h e  da t a  on  p h o s p h a f e r r o c e n e s  [12]. 

2. Results and discussion 

2.1. J3C N M R  spectroscopy 
T a b l e  1 lists t he  ava i l ab le  ~3C d a t a  for  bo th  c o m -  

p lexes  and  l igands.  T h e  pyrrolyl  and  phospho ly l  an ions  

b o t h  show s imi la r  n o n - u n i f o r m  c h e m i c a l  shifts.  H o w -  

ever ,  for  t he  f o r m e r  a d o w n f i e l d  shif t  of  9.4 p p m  is 

f o u n d  for C2 re l a t ive  to py r ro l e  itself.  T h i s  c a n n o t  be 

e x p l a i n e d  in t e r m s  of  c h a r g e  d i s t r ibu t ion ,  which  wou ld  

l e a d  to subs tan t i a l  sh ie ld ing .  L i p p m a a  [14] has  sug- 

g e s t e d  tha t  t h e s e  p a r a m a g n e t i c  shif ts  a re  d u e  to a 

l o w e r i n g  in the  a v e r a g e  exc i t a t i on  e n e r g y  on go ing  

f r o m  pyr ro l e  to  the  pyrrolyl  an ion ,  Th i s  is s u p p o r t e d  by 

the  a c c o m p a n y i n g  la rge  b a t h o c h r o m i c  shift  o f  the  U V  

a b s o r p t i o n  m a x i m a  for  such  sys tems.  By con t r a s t ,  bo th  

r ing c a r b o n s  o f  t he  p h o s p h o l y l  an ion  a re  s h i e l d e d  re la-  

t ive to  t hose  in t he  p a r e n t  p h o s p h o l e .  T h e  b o n d i n g  in 

t he  two  l igands  is t h e r e f o r e  r a t h e r  d i f f e r en t ,  ce r t a in ly  

c o m p a r e d  wi th  t he  c y c l o p e n t a d i e n y l  an ion ,  w h o s e  car-  

b o n  r e s o n a n c e s  a p p e a r  wel l  up f i e ld  f r o m  the i r  N and  P 

c o u n t e r p a r t s .  
M a r k e d  c h a n g e s  in shif t  a r e  o b s e r v e d  on  go ing  to  

t he  i r on ( I I )  c o m p l e x e s  of  t he se  l igands .  T h e  c o o r d i n a -  

t ion shif t  ( A n )  is d e f i n e d  as t he  shif t  o f  a p a r t i c u l a r  

c a r b o n  a t o m  in t he  c o m p l e x  re l a t ive  to tha t  o f  the  s a m e  

c a r b o n  in the  l igand.  O n e  r e m a r k a b l e  f ind ing  is tha t  

=16 is a lmos t  cons t an t  o v e r  a wide  r ange  of  c h a r g e  type 

and  s t ruc tu re .  

x __~j 

Fe [:e [:e 2 

,3/~ - 34.9ppm 36,7, - 33.4, -34,1 ppm ..... 33.0ppm 
4(72} ~:C3) (Cp) 

Th i s  impl i e s  s imi lar  b o n d i n g  in these  complexes ,  and 

this cou ld  be  r e g a r d e d  as involv ing  a c h a n g e  f rom sp ~ 

c h a r a c t e r  in the  l igand  to sp" c h a r a c t e r  in the  c o m p l e x  

r e su l t i ng  in the  s a b s t a m i a l  upf ie ld  shifts obse rved .  T h e  

p h o s p h a f e r r o c c n e s ,  hovvcvcr,  show excep t iona l ly  la rge  

va lues  of  k S  for  the  phospho ty l  l igand,  which  sugges ts  

a s t r o n g e r  interactior~ of  l he  C 4 H 4 P  c o m p a r e d  with 

tha t  o f  C s H  s, which  a p p e a r s  normal .  
T h e r e  is a lso s o m e  e v i d e n c e  for  r ed i s t r i bu t i on  of  

c h a r g e  b e t w c e n  r ings m the  p h o s p h a f e r r o c c n c s .  T h e  

~ C  shift  of  the  Cp  l igand  a p p e a r s  downf i e ld  f rom 

those  in a z a f e r r o c e n e  or  f e r r o c c n e  itself. T h e  e f fec t  is 

pa r t i cu l a r ly  n o t i c e a b l c  in the  case  of  thc  novel  

( C s M  % t(Ps)Fe c o m p l e x  [20], S imi la r  c h a r g e  t r ans fe r  is 

also found  in the  (,?--arcne)(vl.-Cp)t-:e complexes ,  and  

has  b e e n  r a t i ona l i s ed  in t e rms  of  b a c k b o n d i n g  of  the  

i ron to the  a r c n e  t igand  [7], Such n o n - u n i f o r m i t y  of  

c o o r d i n a t i o n  shif ts  has b e e n  o b s e r v e d  m (r l -cyclo-  

hexadieny t ) ( r l -Cp)Fe .  [ t e r c  the C I ( C 5 )  and C2(C4)  

show large  J(5 va lues  c,f - ...... 50 ppm,  w h e r e a s  (7;3 has  

TABLE 1. 13C NMR shifts ~' tot cyclopentadienyl and heterocyclopentadienyl iron sandwich complexes a*xt their amonic precursors 

Complex C2 C3 Cs[ts(C~ tl~,) Coordination shifts b IA,5) Rot. 

C2 ("3 ('~t t ~{C~, I t r~ ) 

CstfsLi - 102.8 13 
C 4 H 4 N ki 126.7 106.0 - I ..1 
C4H4PLi t29.7 1197 15 
[3,4-C 4 It 2( Ctt 02 PILi 128.7 127.9 - 15 
(C5115)2 Fe 67.9 34.9 I .~ 

7~ ~ 68.7 V~.7 33.4 ?4. l i 7 (C 5 H s)(C4 H 4 N)Fe 90.0 ~ - .  - 
(C4H4N)2Fe 89.8 72.8 36.9 33.2 ~" 
(C~ H ~)(C 4 H 4 P)Fe 77.2 79.8 7{).2 5 ..... 39.9 ~2.0 I S 
[3,4-C 4 tit 2(Ctt 3)2 P]2 Fe 78.2 94.8 71.| - %{ .5 .... 46.6 31.4 lq 
[(Cst|5)(3,4-CaII:(Ctt[3)2P)]Fe 82.1 97. ~ 46.,6 ?t 4 19 
[C5(CH 3)5]2 Fe . 78.5 ' 20 
[C5(C! t 3)5 ](P5 )Fe - -- 90.6 2{) 
[C6tt ¢,)2 Fe][PF~,]2 94.9 .... 33.0 21 
[(CsIlsXC(~H~,)Fe][PF(,] 77.4 {88 8) . . . .  ~...4 ( - 3%7) This work 
[(C ~ H ~ X C~,H v)]Fe _ d - '~ 72.4 d ~ 3{) 4 This v, ork 

" in ppm from TMS: h At; = 6 complex -. 6 ligand: ' values for the C4Ctt  O.i ion arc not a',ailablc: d values of .36 are as follows: C1. 54.0: 
C2. -52.4, ('3, + 1.2 ppm. 
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a va lue  of  + 1.2 ppm.  These  resul ts  have been  in ter -  
p r e t e d  in t e rms  of  p r e f e r en t i a l  over lap  of  the  cyclo- 
hexadienyl  l igand 7r 2 orb i ta l  with me ta l  dxz, dy z or- 
bi ta ls  [22]. 

2.2. 57Fe M6ssbauer spectroscopy 

The  q u a d r u p o l e  spl i t t ing p a r a m e t e r  for i ron com- 
plexes  is though t  to d e p e n d  on the  re la t ive  popu la t ions  
of  the  e 2 (dx2 y:, dxy) and  et (dxz, dy z) orbi ta ls .  In all 
i ron sandwich  complexes  the  dz2 orb i ta l  appea r s  to be 
fully occup ied  and is t he re fo re  usual ly  d i scoun ted  when  
compar ing  QS values.  T h e  e 2 orb i ta l s  con t r ibu te  twice 
as s t rongly  to the  e lec t r ic  f ield g rad i en t  (efg) as the  e 1 
orbi ta ls ,  l ead ing  to the  re la t ionsh ip  

QS ot 2p2 - Pl (1)  

whe re  P2 and Pl a re  the  e lec t ronic  popu la t ions  of  e 2 
and e t M O  sets, respect ively.  This  re la t ionsh ip  can be  
ver i f ied  f rom compar i son  of  expe r imen t a l  values  of  QS 
with  va lues  of  P2 and  p~ ca lcu la t ed  f rom I N D O  SCF 
M O  methodo logy .  These  ca lcu la t ions  have been  car-  
r ied out  by Clack  and W a r r e n  [23] for uncha rged  
complexes .  A s s u m i n g  tha t  cha rge  on the  cen t ra l  me ta l  
a t om affects  P2 and  Pl equally,  va lues  of  popu la t i on  
d i s t r i b u t i o n  can  be  o b t a i n e d  for  (r / -C6H6)(r / -  
C s H s ) F e  + and ('r/-C6H6)2Fe 2+. T o g e t h e r  with the  val- 
ues  ca lcu la t ed  for f e r rocene ,  an excel len t  cor re la t ion  of  
QS with (2p2 - P l )  is found,  a lbe i t  for only th ree  po in ts  
(r = 0.999), l ead ing  to the  re la t ionsh ip  

QS = 0.192 (2p2 - P l )  + 1.07 (2)  

S imi lar  M O  ca lcu la t ions  have been  m a d e  for 
m o n o p h o s p h a f e r r o c e n e  [24]. Subs t i tu t ing  these  popu la -  

t ion d i s t r ibu t ions  in the  above equa t ions  leads  to a QS 
of  2.15 m m  s 1. This  is close to the  exper imen ta l ly  
obse rved  value  of  2.07 m m  s - l ,  and  seems to conf i rm 
the genera l  appl icab i l i ty  of  eqn. (2). 

F r o m  the M 6 s s b a u e r  da ta  l is ted in Tab le  2 it is c lear  
that  our  values  for aza fe r rocene  at 298 K ( spec t rum 
3A) are  marked ly  d i f fe ren t  f rom those  r e p o r t e d  by the  
ear l ies t  workers  [10] ( spec t rum 3B). W e  suspect  tha t  
this d i sc repancy  is due  to the  known instabi l i ty  of  ear ly  
M 6 s s b a u e r  spec t romete r s .  O u r  values  a re  close to those  
r e p o r t e d  m o r e  recent ly  [11]. T h e  value  of  QS of  2.51 
m m  s-1  is h igher  than  that  for f e r rocene  (2.37 m m  
s - l ) .  The  high QS for f e r rocene  i tself  is cons ide red  to 
der ive  f rom fi l led and largely u n p e r t u r b e d  e 2 levels 
giving a large  imba lance  of  e 2 and  e 1 popu la t ions .  This  
mus t  t he re fo re  also be  t rue  for aza fe r rocene ,  with l i t t le  
mixing of  i ron d orb i ta l s  even though  the symmet ry  is 
r e d u c e d  f rom Dsh to C2h. This  is in keep ing  with the  
t3C coord ina t ion  shifts, which are  very s imilar  to those  
of  fe r rocene .  By contras t ,  m o n o p h o s p h a f e r r o c e n e  has  a 
much  lower QS owing to s ignif icant  orb i ta l  mixing of  
dxz_y2 and dz2 [26]. This  g rea t e r  in te rac t ion  with the  
l igands  is the  p r o b a b l e  reason  for  the  much  la rger  
coo rd ina t ion  shifts obse rved  for  m o n o p h o s p h a f e r -  
rocene .  These  are  remin i scen t  of  those  obse rved  for 
the  cyclohexadienyl  complex  desc r ibed  above  in which 
the  C H  2 group  lies well out  of  the  l igand p lane  and is 
essent ia l ly  n o n - b o n d e d  to the  iron. The  crystal  struc- 
ture  of  3 ,4 -d ime thy lphospha fe r rocene  [27] shows the P 
a tom to be ben t  out  of  the l igand p lane  by 0.041 
away f rom the iron, and  suggests  a r a the r  s imilar  
bond ing  scheme.  

TABLE 2. 57Fe M6ssbauer spectroscopic parameters a for azaferrocenes and related phosphaferrocenes 

Spectrum no. Compound T IS QS F!/2 

1 Ferrocene b 78 
2 Ferrocene/CF3COz H c 80 
3 Azaferrocene 78 

3A 
3B 
4 
5 
6 
7 

8 
9 

10 
11 
12 

Azaferrocene 298 
Azaferrocene d 298 
Azaferrocene/CF3CO 2 H 78 
N-Methylazaferrocenyliodide 78 
2,5-Dimethylazaferrocene e 78 
Azaferrocene-W(CO) 5 adduct f'g 78 

Monophosphaferrocene h 78 
Monophosphaferrocene/CF3SO3 H h 80 
2,3,4,5-Tetraphenylmonophosphaferrocene h 78 
2,3,4,5-Tetraphenylmonophosphaferrocene/CF3 SO3 H 80 
2,3,4,5-Tetramethylmonophosphaferrocene 78 

0.52 2.37 - 
0.44(1) 2.59(2) 0.18(1) 
0.54(1) 2.51(1) 0.14(1) 
0.30(1) - 0.40(5) 
0.48(1) 2.46(1) 0.11(1) 
0.57 2.14 
0.54(1) 2.36(1) 0.18(1) 
0.54(1) 2.36(1) 0.14(1) 
0.55(1) 2.48(1) 0.13(1) 
0.58(1) 2.47(3) 0.16(2) 
0.38(2) 0.34(2) 0.13(2) 
0.5l(1) 2.07(1) 0.19(1) 
0.47(1) 2.10(1) 0.13(1) 
0.51(1) 2.07(1) 0.21(1) 
0.52(2) 2.12(3) 0.18(3) 
0.50(1) 2.05(1) 0.16(1) 

IS, isomer shift, QS quadrupole splitting, /'1/2 width at half height all in m m  s -1, T, K. All data pertain to this work unless otherwise stated. 
b Data from Ref. 8; c data from Ref. 29; d data from Ref. 9; ° in frozen CH2CI 2 solution; f 55% (absorption area) of component with higher IS; 
g this material contains an iron(Ill) impurity; h data from Ref. 24. 
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The  t e m p e r a t u r e  d e p e n d e n c e  of  QS for azafer-  
rocene  is ou t s ide  expe r imen t a l  e r ro r  and  may  be due to 
a sl ight  change  in solid s ta te  s t ructure .  The  second 
minor  signal  in the  78 K spec t rum of  aza fe r rocene  is 
due  to an i ron( I I )  impur i ty  which is not  a p p a r e n t  at 298 
K. It is no tewor thy  in this context  that  ~H N M R  
studies  on solid aza fe r rocene  have revea led  a phase  
change  at  281 K [28]. At  77 K there  is evidence of  a 
d ipo le -g lass - l ike  s ta te  caused  by the f reez ing  out  of  
l igand r ing motions .  P ro tona t i on  of  aza fe r roeene  (spec-  
t rum 4) led to a lower ing of QS by 0.10 mm s ~. If 
p r o t o n a t i o n  had  occu r red  on the iron (as with fer- 
rocene  itself) an inc rease  in QS would  have resul ted .  
Thus  p r o t o n a t i o n  must  occur  at the  N atom. It is 
known that ,  in con t ras t  to the  phospha fe r rocenes ,  aza-  
f e r rocene  displays  dist inct ,  though  weak,  basic  p rope r -  
t ies ( p K ,  7.5, close to tha t  of  quinol ine) ,  and is readi ly  
qua t e rn i s ed  by methyl  iod ide  [29]. This  indica tes  that  
the  lone pa i r  level is much  h igher  in energy  in azafer-  
rocenes  than  phospha fe r rocenes .  

The  QS of  the  qua t e rn i s ed  aza fe r rocene  ( spec t rum 
5) shows a s imilar  dec rease .  P ro tona t ion  removes  elec-  
t ron dens i ty  f rom the f i v e - m e m b e r e d  ring, which there-  
fore  r equ i res  more  b a c k b o n d i n g  f rom the  e2 iron based  
orb i ta l s  thus  dep l e t i ng  the i r  p o p u l a t i o n  and reducing  
the  QS in acco rdance  with re la t ionsh ip  1. However ,  the 
i somer  shift  (IS) is h igher  than tha t  for fe r rocene ,  
sugges t ing  less sh ie ld ing of  the  nucleus  by iron 3d and 
4p e lec t rons ,  which will be  po la r i s ed  towards  the  posi-  
tive po le  on the n i t rogen.  This  should  cause  an overal l  
inc rease  in the  radia l  d i s t r ibu t ions  of the i r  orbi tals .  
The  r e d u c e d  QS for the  qua t e rn i sed  aza fe r rocene  is 
exp la ined  in s imilar  terms.  

2 ,5 -Dime thy laza fe r rocene  ( spec t rum 6) has a very 
s imi lar  QS to tha t  of  aza fe r rocene  itself. Since the 
imba lance  b e t w e e n  e2 and el popu la t i ons  is a lmost  
maximal  for f e r roeene  and aza fe r rocene ,  e l ec t ron- re -  
leas ing subs t i tuen t s  a re  unl ikely  to have much effect.  
The  a z a f e r r o c e n e - W ( C O )  5 adduc t  ( spec t rum 7) has a 
QS ident ica l  to tha t  of  aza fe r rocene  itself. This  sug- 
gests  tha t  the  n i t rogen  does  not  overal l  possess  a 
s ignif icant  posi t ive charge ,  and this could  be the resul t  
of  b a c k b o n d i n g  f rom the tungs ten  to an t i bond ing  or- 
bi ta ls  of  the  aza fe r rocene  moiety~ 

3. Experimental section 

A z a f e r r o c e n e  [31] and 2 ,5 -d ime thy laza fe r rocene  [29] 
were  p r e p a r e d  by s t a n d a r d  methods .  The  fo rmer  was 
m e t h y l a t e d  by use of  an excess of  methyl  iod ide  [32]. 

3.1. P r e p a r a t i o n  o f  ( r l - C s H s ) ( r l - C s H 4 N "  W ( C O ) . s ) F e  

A solu t ion  of  W ( C O )  6 (0.352 g, 1.0 mmol)  in dry 
T H F  (15 ml) was pho to lysed  in a Pyrex vessel  for 1.5 h 

unde r  argon at room t e m p e r a t u r e  with light from a 600 
W mercury  lamp.  A z a f e r r o c e n e  ((1.187 g, 1 retool) was 
then  a d d e d  and the solvent evapora ted .  The  res idue 
was c h r o m a t o g r a p h c d  on silica with dry benzene  as 
e luen t  to aft\)rd the crude  complex  con tamina t ed  with 

10% of un rcac t ed  W(CO)~,. The  complex  was puri-  
f ied by extract ion with dry C H C I >  evapora t ion  of the 
extract ,  and  repe t i t ion  of the ch romatography .  It was 
finally recrys ta l l i sed  from CH ,C! : -hep tane  to give 0.210 
g of pure  produc t  (41 {"}). 

Analysis :  Calc. for C ~ a H o N O f F e  W: C. 32.91: H, 
1.78; N, 2.74. Found:  C, 32,84: H, I.(76; N, 2.71%. IR 
(CHCI) ) :  ,,,(CO) 206% 1072, 1925 and 1890 cm t. ~H 
N M R  ( C D C I >  ~3 in ppm from TMS);  5.63 s (21-t, 
a -pyr ro ly l  H); 4.70 s (2H, /3-pyrrolyl H); 4.47 s (51-t, 
Cp); 1~C N M R  (CDCI3):  201.71 ( , l ( l s ) W - / ~ C )  153.5 
Hz, CO t rans  to azafe r rocene) ,  198,74 (J(ls~W--13C) 
131.2 Hz, CO cis to azafer rocene) ,  t~4.33 (c,-pyrrolyl 
C). 72.43 (/3-pyrrolyl C), 70.98 (Cp). 

1R spec t ra  were r eco rded  on a Nicolet  FT  instru-  
men t  and ~H, ~( ;  spec t ra  on a Var ian  Gemin i  200 BB 
spec t romete r ,  f r e e  M6ssbaue r  spec t ra  were  ob ta ined  
f rom frozen solut ions  and solids and f i t ted as previ- 
ously descr ibed  [33-35].  
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