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The PMR spect ra  of N-vinyl -  and N-ethyl imidazole were in terpreted on the basis of an es t i -  
mate  of the broadeniags and shifts of the resonance  lines caused by the effect of an uncom-  
pensated electron spin of a paramagnet ic  complex.  The site of coordination of N-vinyl-  and 
N-ethyl imidazole with NiC12 was established.  

A method was proposed in [1] for the determination of the functional groups in molecules of organic 
compounds that are  capable of forming paramagnet ic  complexes.  The method was based on the use of the 
pecul iar i t ies  of the PMR spec t ra  of paramagnet ie  compounds.  Its application was i l lustrated by the in te r -  
pretation of the PMR spect ra  of some methyl  derivatives of pyrazole .  

In this paper,  this method is used to assign the resonance lines in the PMR spect ra  of N-vinyl-  {I) 
and N-ethylimidazole (II). The ass ignment  was based on an est imate of the broadenings (A) and shifts (5) 
of the resonance lines caused by the effect of an uncompensated electron spin of a paramagnet ic  complex. 
In the case  of labile complexes ,  the evaluation of A and 5 reduces to the solution of Bloch equations modi -  
fied by MacConnel, who included chemical  exchange in them. The analysis of the Bloch-MacConne l  equa- 
tions for a two-component sys tem reduces  to the following expressions that determine the observable A and 
5 of resonance lines relat ive to their  widths and positions in the spec t rum of a diamagnetic compound [2]: 

A = P_M [(t/T2~)~ + l/T2M"r~t _+__ ~1  (1) 
�9 ~ [ (tlT2M + s 2 + (0 ~ J' 

o . P  M 
8 =  8 c +  8 v = - -  _ (2) 

�9 ~ " ~  [ ( I / T ~  + t / ~ , )  ~ + ~] 

In express ions  (1) and (2), ~'M is the lifetime of a ligand molecule in the f i rs t  coordination sphere of the 
complex, PM is the mola r  fract ion of the complex in the sample,  and w = w c + Wp is the shift of the r e s o -  
nance line of the nucleus included in the composit ion of the paramagnet ic  complex.  This shift is caused by 
contact  (w c) and pseudocontact @p) e l e c t r o n - n u c l e a r  interactions and depends on the electronic and geo-  
met r ica l  s t ruc ture  of the paramagnet ic  compounds [3]. Here,  it should be pointed out that the insignificant 
magnitude of the pseudocontact shifts in complexes in which the coordinating atom was nickel was noted in 
a number  of papers on the PMR of paramagnet ic  complexes [4-6]; T2M iS the t r ansve r se  relaxation t ime of 
the resonat ing nucleus in the complex.  

in the case  of br ief  electronic relaxation t imes (for Ni 2+, for example), it is determined by the ex-  
press ion in [1] 

l / T ~  = A .r - 6  + B .  ~r (3) 

where r is the distance f rom the coordinating ion to the resonating nucleus,  5 c is the observable contact 
shift of the resonarme line, and A and B are  constants for the sample under investigation at a given t empera -  
ture .  
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Fig.  1. Dependence of A of the resonance  
l ines  of r ing protons in the PMR s pec t rum  
of 1-v inyl imidazole  on t e m p e r a t u r e .  

3 3 0 ~  d 

293 ~ ~ 

~86 ~ ~ ~ , ~ , ~  

3 0 0 ~  
t i 

s,o 7,0 ~pprh 

Fig.  2. PMR s p e c t r a  of I (ring protons  and 
= C  H proton) without a pa ramagne t i c  c o m -  
plex (a) and with pa ramagne t i c  complexes  
(b,c,d,e). 
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Fig.  3. PMR s p e c t r a  of II (ring protons)  
without (a) and with a pa ramagne t i c  c o m -  
plex (b, c).  

It  is apparen t  that  express ions  (1) and (2) can be s i m -  
plified as a function of the re la t ionship  between T M, T2M, 
and w. However ,  the re la t ionship  between these values is 
de te rmined  by the nature  of the inves t igated compounds and 
also by the conditions used to c a r r y  out the exper iment .  It 
is s imple  to demons t r a t e  that expres s ions  (1) and (2) a re  r e -  
p laced by m o r e  s imple  expres s ions  [2] in the following cases :  

1) Slow exchange (for a low t e m p e r a t u r e  of the sample  
under  investigation: 

(4) A = -~_2,. 

PM 
= - -  z~M'o  ' (5) 

2) Rapid exchange (at high t e m p e r a t u r e s ) :  

A = P~t .*~i '~o ~, (6) 

or 

A PM. 
T ' 2Yf 

8 = - -  o.P~t; 

3) In te rmedia te  case :  

A = T3M 

(7) 

(8) 

(9) 

(1o)  

The s impl i f icat ion of express ions  (1) and (2) consequently 
involves obtaining the dependences 

A = A (T); (11) 

8 = 8 (T), (12) 

where  T is the absolute t e m p e r a t u r e .  

We used the above to assign the signals  in the PMR 
s p e c t r a  of I and II .  The expe r imen t s  were  c a r r i e d  out under  
conditions involving excess  ligand content in the s ample .  An 
ave rage  s p e c t r u m  was observed  as a r e su l t  of exchange of 
molecu les  between the coordination sphere  of the p a r a m a g -  
net ic  complex  and the f ree  ligand. The dependence of the 
broadening of the resonance  l ines of the r ing protons in the 
s p e c t r u m  of I containing the NiC 12 �9 4Lig complex  (Lig = I) 
on t e m p e r a t u r e  is p resen ted  in Fig.  1. It is apparent  f rom 
the graphs  that the r e sonance  l ines of the two protons of the 
imidazole  r ing a re  broadened identical ly up to 303 ~ . The 
resonance  line of the third r ing proton is supe r imposed  on 
the signal of the proton of the - C  H-vinyl  group up to ,~323 ~ 
However ,  f rom the fo rm of the signal of this proton, it can 
be a s sumed  that the resonance  line of the th i rd  proton is 
broadened in the s a m e  way as the lines of the other two p r o -  
tons up to 303 ~ Consequently,  up to 303 ~ A of the resonance  
l ines of the r ing protons  is de te rmined  by express ion  (4). 
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T A B L E  1. D e p e n d e n c e  of the  6 S igna l s  of the  
Ring  P r o t o n s  of  N - V i n y l i m i d a z o l e  on T e m -  
p e r a t u r e  
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Beg inn ing  at  313 ~ two of the  l i ne s  a r e  c o m p r e s s e d  a p -  
p r o x i m a t e l y  i d e n t i c a l l y ,  wh i l e  the t h i r d  i s  c o m p r e s s e d  
m o r e  r a p i d l y  than the t w o  o t h e r s ,  and the  d i f f e r e n c e  i n -  
vo lved  i n c r e a s e s  up to  about  353 ~ and then r e m a i n s  c o n -  
s t a n t .  At  t e m p e r a t u r e s  above  353 ~ (F ig .  1), A of one of 
the  l i n e s  i s  l e s s  than  one t en th  of A fo r  the  o t h e r  two (the 
e x p e r i m e n t a l  a c c u r a c y  i s  • 0.8 Hz).  I t  i s  e a s y  to c o n v i n c e  
o n e s e l f  tha t  {beginning a t  313 ~ A canno t  be  d e t e r m i n e d  
by  e x p r e s s i o n  (6). In fac t ,  in th i s  c a s e ,  6 shou ld  have  
been  d e t e r m i n e d  by e x p r e s s i o n  (8). H o w e v e r ,  the  6 
v a l u e s  fo r  a l l  t h r e e  r e s o n a n c e  l i ne s  of the  r i n g  p r o t o n s  
d i f f e r  only  s l i g h t l y  f r o m  313 to 370 ~ (see T a b l e  1). 

The  ~ v a l u e s  (and t h e r e f o r e  the  A v a l u e s  a s  wel l )  
fo r  the  t h r e e  s i g n a l s  should  c o n s e q u e n t l y  be  a p p r o x i -  
m a t e l y  the  s a m e .  H o w e v e r ,  d e p e n d e n c e  i l l )  (Fig.  1) does  
not  c o n f i r m  t h i s .  In o r d e r  to e s t a b l i s h  the  f o r m  of a p -  
p r o x i m a t i o n  (1) a t  313-370 ~ , we took into accoun t  the  fac t  
tha t  (3) fo r  T2M c o n s i s t s  of two t e r m s ,  one of which  d e -  

o t h e r  of which  d e p e n d s  on 6c 2. We e s t i m a t e d  the ( r s / r2 )  6, ( r J r 4 )  6, and ( r J r 2 )  6 r a t i o s ,  fo r  
g e o m e t r y  of  i m i d a z o l e  w e r e  u s e d  a long wi th  the  ionic  r a d i u s  v a l u e s  of Ni 2+ and the  van 
of n i t r o g e n .  

r 
H \  "4 NI2~ 

\ C - - N  ,," I 

I 
~ H = C H ~  

It twrned  out  t ha t  ( rs / r2)  6 -  24, ( rs / r4)  6-~ 14, and  (r4/r2)6 < 2. Consequen t ly ,  if  I c o o r d i n a t e s  wi th  NiC�89 by 
m e a n s  of the  N-3  n i t r o g e n  and  ~ of  the  r e s o n a n c e  l i n e s  i s  d e t e r m i n e d  by  the  f i r s t  t e r m  in e x p r e s s i o n  (3), 
the  fo l lowing  shou ld  hold:  z~ 2 and ~4 >> ~-~; l~2 >A4.  T a k i n g  t h i s  into accoun t ,  t h e r e  a r e  two u n a m b i g u o u s  
c o n c l u s i o n s  f r o m  the g r a p h  in F i g .  1: 

1) Compound  I c o o r d i n a t e s  wi th  NiC12 b y  m e a n s  of the  n i t r o g e n  in the  3 pos i t ion ;  

2) When the  t e m p e r a t u r e  c h a n g e s  f r o m  313 to 353 ~ the  va lue  of the  s i g n a l s  of  the  r i n g  p r o t o n s  i s  d e -  
t e r m i n e d  by e x p r e s s i o n  (9), and the  c o n t r i b u t i o n  of the  s e c o n d  t e r m  d e c r e a s e s  as  the  t e m p e r a t u r e  i n c r e a s e s .  
At  t e m p e r a t u r e s  above  353 ~ A is  d e t e r m i n e d  by  the f i r s t  t e r m  of e x p r e s s i o n  (3). 

I t  i s  known tha t  the  2 -H p ro ton  of i m i d a z o l e  r e s o n a t e s  at  w e a k e r  f i e ld  than the 4 -H  and 5-H p r o t o n s ,  
the  s i g n a l s  of wh ich  in the  P M R  s p e c t r u m  of i m i d a z o l e s  a r e  s u p e r i m p o s e d  [8]. In the  P M R  s p e c t r u m  of I 
(F ig .  2a),  the  s i g n a l s  of the  r i n g  p r o t o n s  a r e  t h e r e f o r e  a r r a n g e d  in the  o r d e r :  52 = 7.71 ppm,  54 = 7.05 ppm,  
and 65 = 7.35 p p m .  

When the  t e m p e r a t u r e  of the  i n v e s t i g a t e d  s a m p l e  con ta in ing  a NiC 12 �9 4L ig  c o m p l e x  i s  changed ,  the" 
s i g n a l s  of the  p r o t o n s  of the v i n y l  g r o u p  r e m a i n  p r a c t i c a l l y  unsh i f t ed  r e l a t i v e  to the  p o s i t i o n  in the  s p e c t r u m  
of the  d i a m a g n e t i c  c o m p o u n d .  And,  s i n c e  t h e s e  p r o t o n s  a r e  c o n s i d e r a b l y  r e m o v e d  f r o m  the  c o o r d i n a t i o n  
ion (as c o m p a r e d  wi th  the  2-H and 4-H p r o t o n s ) ,  t h e i r  r e s o n a n c e  l i n e s  u n d e r g o  v i r t u a l l y  no  b r o a d e n i n g ;  i . e . ,  
A i s  d e t e r m i n e d  by  the  f i r s t  t e r m  of e x p r e s s i o n  (3) ove r  the  e n t i r e  r a n g e  of change  in the  t e m p e r a t u r e .  The  

p o s i t i o n  of the  s i g n a l s  of  the  2 -H,  4 -H,  5-H,  and C H <  p r o t o n s  in the  s p e c t r u m  of I wi th  and wi thout  added  

c o m p l e x  a t  v a r i o u s  t e m p e r a t u r e s  is  i l l u s t r a t e d  in F i g .  2. 

A s  in the c a s e  of I ,  we s t u d i e d  the  c h a n g e s  in the  P M R  s p e c t r u m  of II con ta in ing  i t s  c o m p l e x  wi th  
NiC12 a t  v a r i o u s  t e m p e r a t u r e s  and d e t e r m i n e d  the  p o s i t i o n  of  the  s i g n a l s  of the  r i n g  p r o t o n s  (62 = 7.51 ppm,  
64 = 6.96 ppm,  and 65 = 7.05 ppm) (Fig .  3). It shou ld  be  no ted  tha t  the r e s o n a n c e  l i n e s  of the  r i n g  p r o t o n s  in 
t he  P M R  s p e c t r a  of I and II  a r e  sh i f t ed  in a d i f f e r e n t  m a n n e r  when the p a r a m a g n e t i c  c o m p l e x  is  added  to 
the  s a m p l e  and when the  t e m p e r a t u r e  c h a n g e s .  Th i s  i s  a p p a r e n t l y  a r e f l e c t i o n  of the  d i f f e r e n c e  in the  e l e c -  
t r o n i c  s t r u c t u r e  of the  e x a m i n e d  l i g a n d s ,  which  i s  c a u s e d  by  con juga t ion  of the  double  bond of t he  v iny l  g r o u p  
of I w i th  t he  ~ s y s t e m  of the  r i n g .  
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A compar ison  of the PMR spec t ra  of I, II, and methyl  der ivat ives  of pyrazole  [1] indicates that the 4-H 
protons of imidazoles  and the 3-H protons of methylpyrazoles  resonate  at s t ronger  field than the 5-H pro-  
ton, despite the effect  of the unshared  pai r  of e lec t rons  of the adjacent ni t rogen atom. This effect should 
make a contribution to the chemical  shifts of the 4-H and 3-H protons (~0.4 ppm) and should shift the signal 
to weak field [9, 10]. The observed  order  of the signals in the spec t ra  of N-subst i tuted der ivat ives  of 
pyrazoles  and imidazoles  is in agreement  with the direct ion of e lectrophi l ic  substitution at the 4 position [11]. 

EXPERIMENTAL 

The PMR spectra were recorded with a JNM-4H-100 spectrometer. Nitromethane was used as the 

solvent and internal standard. The temperature of the samples ranged from 283 to 370~ The chemical 

shifts were measured on the 5 scale relative to hexamethyldisiloxane. The molar fraction of the paramag- 

netic complex was varied from I.I �9 10 -3 to 15 �9 10 -3 for'a more accurate measurement of A and 5 (A and 

6 are proportional to PM). The synthesis of complexes of NiCl 2 with I and II is described in [12]. 

We thank Yu. N. Molin for his assistance in carrying out this research. 
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