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The prototropie  t au tomer i sm and a c i d - b a s e  proper t ies  of te t razoles  are  d iscussed in this r e -  
view. Major attention is d i rec ted  to the factors  that determine the state of the tautomeric  
equilibria, the acidit ies and basici t ies  of te t razoles ,  and the react ivi t ies  of te t razoles .  The 
available data are  in terpreted f rom the point of view of  quantum-chemical  calculations and 
modern concepts regarding the behavior  of weak organic bases  in solutions of acids. 

The considerable  in teres t  in the chemis t ry  of te t razoles  [ 1-5] is associa ted with the application of these 
compounds in medicine [~, 7], biology [8],  analytical chemis t ry  [9],  the manufacture of polymeric  mater ia ls  
[ 10], agr icul ture  [11], etc. In this connection, numerous t ransformat ions  and the physicoehemical  proper t ies  
of te t razole  and its der ivat ives  have been investigated. Studies devoted to the investigation of prototropic  
t au tomer i sm as one of the important  factors  that de termine the s t ruc ture  and react iv i ty  of te t razoles  const i -  
tute a significant par t  of the r e sea rch  in this area. Another important  problem that is d i rec t ly  associa ted with 
prototropie  t au tomer i sm and to which too little attention has been paid for a long time is the behavior  of te t ra -  
zoles in solutions of acids and bases.  A study of the kinetics and mechanisms of the react ions of te t razole  
and substituted te t razoles  that occur  in solutions of acids and bases  is impossible without a knowledge of the 
constants  of the protolyt ic  equilibria of these compounds. In addition, a study of the ionization of he~erocyclic 
compounds makes it possible to obtain valuable information regarding the t r ansmiss ion  of the electronic ef- 
fects of substituents in such sys tems  and regarding their  s t ruc tures .  Important  advances in this a rea  have 
been made in the last  5-10 yr ,  during which period the sys temat ic  study of the tau tomer i sm and ac id-base  
proper t ies  of te t razoles  with the application of modern physicochemical  methods and the methods of quantum 
chemis t ry  was begun. 

P r o t o t r o p i c  T a u t o m e r i s m  o f  T e t r a z o l e s  

Tetrazole  and 5-substi tuted te t razoles  can exist  in two tautomerie  forms,  viz., the 1-H and 2-H forms:  

. c - . .  K, RT=", 
N ~ NH N\N// ~ NX~N / 

T 1 T2 

A large amount of l i t e ra ture  has been devoted to the study of the prototropic  tau tomer i sm of te t razoles ,  
and data through 1973 have been cor re la ted  by Elguero and Katr i tzky [ 12]. The resul ts  obtained mainly in 
recent  yea r s  will be examined below. 

Various methods can be used to investigate the tautomeric  equilibria of te t razoles .  However, because of 
the pecul iar i t ies  of the s t ruc ture  of the te t razole  ring, chemical  methods and the determination of the bas ic i -  
ties a re  not applicable for these ends. In the study of tautomeric  equilibria by chemical  methods it is assumed 
that different tautomeric  forms undergo react ion with the same reagent  to give i somer ic  products  B and C: 

~ k l  H A  ~ KT = AH ~ C 
k_ 1- 

T h e n ,  under the condition that k 1 and k 2 are  much l a rge r  than k T and K_ T and in the case  of the complete 
convers ion to B and C, the K T value can be calculated f rom the ratio of the concentrat ions of B and C. 
This method is not applicable to te t razoles ,  since the ambident te t razola te  anion, which is common to both 
tautomeric  forms,  r a the r  than the individual tautomers ,  par t ic ipates  in react ions  with electrophilic reagents  
[13].  
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The tautomeric  equilibrium constant can be determined if the basici ty  constants of the individual tauto- 
mer s  (Kt and K2) are  known: 

H "1" ~.- HA, ~ ~1 ~ A H  4 -  H "t" . 

However, in connection with the fact that measurement  of the basici t ies  of the tautomers  is impossible 
in most  cases ,  the bas ic i ty  constants of fixed tautomers  (usually the methylated derivat ives)  are  used to as -  
cer ta in  the K T values, in which case  the following two assumptions are  made: The two tautomeric  forms give 
a common anion when they are  protonated, and alkylation has little effect on the basici t ies  of the investigated 
tautomers.  Unfortunately, this s imple and efficient method is not suitable for te t razoles ,  since the 1-H and 
2-H tautomers  do not form a common anion when they are  protonated. 

Physical  and physicochemical  methods such as the method of dipole mo .ments, NMR and IR spec t ro-  
scopy, cor re la t ion  analysis,  and some other methods find broad application in the study of the prototropic  
tautomerizat ion of te t razoles .  One of the most  widely used methods for  the study of the tautomeric equilibria 
of te t razoles  is a compar ison  of the experimental  and calculated dipole moments of the individual tautomers.  
The dipole moments  of l - H -  and 2-H- te t razo les  calculated f rom the usual vector  additive scheme [ 14] are,  
respect ively,  5.26 and 2.04 D. The dipole moments obtained by means of an improved vector  additive scheme 
[15], which differs with respec t  to the more  accura te  allowance for  the geomet ry  and polari t ies  of the bonds 
of the molecule under considerat ion,  are  5.16 and 2.38 D. Calculations of the dipole moments by means of 
quantum-chemical  methods give values that are  close to those obtained by additive schemes.  Thus, the dipole 
moments of the 1-H and 2-H tautomers  calculated by the ab initio method in [16] are,  respect ively,  5.17 and 
2.54 D. The dipole moments  of te trazole found experimental ly  in benzene [ 12] and dioxane [ 17] are  5.10 and 
4.96 D. A compar i son  of the experimental  values of the dipole moments with the calculated values for 1-H 
and 2-H te t razoles  provides  evidence that the tautomerie equilibrium for tetrazole i tself  is shifted to favor 
the 1-H taus Finally, it mus t  be noted that the dipole moments  of te t razole  and C-deutero-  and N-deu- 
te ro te t razoles  determined by means of the Stark effect  f rom data f rom the microwave spec t ra  of these com-  
pounds are  2.19, 5.30, and 2.14 D, respect ively  [ 18]. It follows f rom this that te t razole  and N-deuterote t ra-  
zole exist  in the gas phase p r imar i ly  in the form of the 2-H tautomer,  while the 1-H form predominates  for  
C-deuterote t razole .  These resul ts  to a cer ta in  extent contradict  the data obtained by other  authors. At the 
same time it is apparent that because of the c loseness  of the energies  of the 1 -g  and 2-H tautomers ,  the de- 
terminat ion of their  individuality by means of spectra l  methods is fraught with considerable difficulties and 
requi res  additional experimental  verification. 

The study of the prototropic  tau tomer ism of te t razoles  by NMR s p e c t r o s c o p y i s  complicated by the fact 
that the cleavage of the existing bond and the formation of a new N - H  bond are  r a the r  fast p rocesses  as com- 
pared with the rate of recording of the spectrum. For  this reason it is impossible to r eco rd  the NMR spect ra  
of the individual tautomers ,  and it is n e c e s s a r y  to use model compounds to determine the tautomeric  equili- 
b r ium constants. In this case the tautomerie  equilibrium constant  can be calculated by means of the expres -  
sion 

6--6j-s 
KT= 6,-H --52-H ' 

where 5 is the observed averaged chemical  shift, and 51_ H and 62_ H are  the chemical  shifts of the c o r r e -  
sponding model tautomers.  In recent  studies [ 19, 20] it was shown by 13C NMI~ spec t roscopy  in the case of a 
ser ies  of 5-substituted te t razoles  that the tautomeric  equilibrium in the dimethyl sulfoxide (DMSO)-wate r  
sys tem is shifted to favor the 1-H tautomer,  r egard less  of the nature of the substituent attached to the ring 
carbon atom. The same conclusion follows f rom a compar ison  of the J (13C-H) s p i n - s p i n  coupling constants 
fo r  te t razole  and 1- and 2-methyl te t razoles  [21]. According to the i3C NM1R data, the nature of the solvent 
does not have an appreciable effect on the state of the tautomeric  equilibria of te t razoles  [22]. Tetrazole  
exists p r imar i ly  in the 1-H form in solvents such as DMSO, dimethylformamide (DMF), acetone, and water.  

Interest ing information regarding the tautomerie  composit ion in the crysta l l ine  state was obtained in an 
examination of the IR and Raman spec t ra  of te t razole  and its derivat ives [23]. The authors showed that the 
calculated vibrational  spec t rum of the 1-H tautomer  coincides sa t i s fac tor i ly  with the experimental  spec t rum 
of tetrazole.  These data a re  in agreement  with the resul ts  of a study of the t au tomer i sm of te t razoles  obtained 
by other  methods. 

The applicability of the Hammett  equation for the descr ipt ion of the a c i d - b a s e  proper t ies  of 5-subst i -  
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t u t ed  t e t r a z o l e s  m a y  s e r v e  as  a u s e f u l  c r i t e r i o n  in the  e s t i m a t i o n  of the t a u t o m e r i c  e q u i l i b r i a  of  t h e s e  c o m -  
pounds .  The c o r r e l a t i o n  of the  p K a  v a l u e s  wi th  the e l e c t r o n i c  c o n s t a n t s  of the s u b s t i t u e n t s  m e a n s  tha t  the 
i n v e s t i g a t e d  t e t r a z o l e s  e x i s t  a s  i n d i v i d u a l  t a u t o m e r i c  f o r m s  i f  the  a c i d i t y  c o n s t a n t s  of  the  t a u t o m e r s  d i f f e r  
a p p r e c i a b l y .  Th is  cond i t i on  i s  e v i d e n t l y  o b s e r v e d  in  the u s u a l  c a s e ,  s i nce ,  fo r  e x a m p l e ,  the  b a s i c i t y  con-  
s t a n t s  of  the  i s o m e r i c  1- and 2 - m e t h y l - 5 - p h e n y l  t e t r a z o l e s  d i f f e r  by  a f a c t o r  of  ~ 10 [24] .  The good c o r r e l a -  
t ion  b e t w e e n  the  p K a  v a l u e s  and the e l e c t r o n i c  c o n s t a n t s  of  the  s u b s t i t u e n t s  o b s e r v e d  fo r  s e v e r a l  s e r i e s  of  
5 - s u b s t i t u t e d  t e t r a z o l e s  [25, 2~] c o n s t i t u t e s  e v i d e n c e  tha t  the i n d i c a t e d  compounds  e x i s t  p r i m a r i l y  in one 
t a u t o m e r i c  f o r m .  

Thus,  on the  b a s i s  of the d a t a  o b t a i n e d  by  v a r i o u s  p h y s i c a l  and p h y s i c o c h e m i e a l  m e t h o d s  i t  m a y  be  
a s s u m e d  tha t  t e t r a z o l e  and 5 - s u b s t i t u t e d  t e t r a z o l e s  e x i s t  p r i m a r i l y  in the 1-H f o r m .  C h a r t o n ' s  a s s e r t i o n  [27] 
tha t  the 2-H f o r m  p r e d o m i n a t e s  in  the  t a u t o m e r i c  e q u i l i b r i u m  shou ld  be  c o n s i d e r e d  to be  e r r o n e o u s ,  s i n c e  he 
a r r i v e d  a t  th i s  c o n c l u s i o n  on the b a s i s  of an a n a l y s i s  of the c o r r e l a t i o n  d e p e n d e n c e s  of  the P K a  v a l u e s  of 5- 
s u b s t i t u t e d  t e t r a z o l e s  on the s u b s t i t u e n t  c o n s t a n t s ,  A w e l l - r e a s o n e d  c r i t i c i s m  of th i s  a p p r o a c h  is  p r e s e n t e d  
by  E l g u e r o  and K a t r i t z k y  [ 12].  

A c i d i t i e s  o f  T e t r a z o l e s  

T e t r a z o l e s  a r e  h e t e r o c y e l i c  NH a c i d s ,  the  p K a  v a l u e s  of which  r a n g e  f r o m  1 to 7 pH uni t s .  The d i s s o c i -  
a t ion  c o n s t a n t s  of ~200  t e t r a z o l e s  wi th  v a r i o u s  s t r u c t u r e s  a r e  p r e s e n t l y  known. The  da t a  ob ta ined  p r i o r  to 
1965 a r e  p r e s e n t e d  in an e a r l i e r  r e v i e w  [ 1]. 

With  a l l o w a n c e  fo r  p r o t o t r o p i c  t a u t o m e r i s m ,  the d i s s o c i a t i o n  of t e t r a z o l e s  can  be  r e p r e s e n t e d  as  

RC--NH K 1 RC=N 
q \ N" "~ H2C ~- N\ ,.~N NH + H20 

N ~/ %N / 
T1 ~ K~ 2 S T2 

_ + 
NNN/N -'1- H3~ 

T- 

w h e r e  Ka~ and Ka2 a r e  the d i s s o c i a t i o n  c o n s t a n t s  of  the I=H and 2-H t a u t o m e r s ,  and T-  i s  the  t e t r a z o l a t e  
an ion .  

+ 

In g e n e r a l  f o r m  the e x p r e s s i o n  fo r  the o b s e r v e d  d i s s o c i a t i o n  c o n s t a n t  has  the f o r m  Kob s = [ T-  ] �9 [ H 3 0 ] /  
( [T1]  + [ T 2 ] ) ;  h o w e v e r ,  s i n c e  the t a u t o m e r i c  e q u i l i b r i a  fo r  5 - s u b s t i t u t e d  t e t r a z o l e s  a r e  e s s e n t i a l l y  sh i f t ed  to 
f a v o r  the 1-H t a u t o m e r ,  Kob s = [T-]  �9 [ H 3 0 ] / [ T l ]  = K a l .  Thus,  the  a c i d i t i e s  of  t e t r a z o l e  and 5 - s u b s t i t u t e d  
t e t r a z o l e s  a r e  a c t u a l l y  e s t i m a t e d  f r o m  the d e g r e e  of d i s s o c i a t i o n  of  the 1-H t a u t o m e r ,  which  can  be  c a l c u -  
l a t e d  b y  m e a n s  of the equa t ion  PKa  = pH + log  I + A o r  i t s  m o d i f i c a t i o n  pK'  a = mpH + log  I, w h e r e  [T1] / [T2]  
i s  the i o n i z a t i o n  r a t i o ,  and A i s  the c o r r e c t i o n  f o r  the ion ic  s t r e n g t h  of the  so lu t ion .  

Al though  B e r s h t e i n  and K a m i n s k i i  [28] a r e  of the op in ion  t ha t  the u se  of  the  s e c o n d  equa t ion  fo r  the  d e -  
t e r m i n a t i o n  of  the  d i s s o c i a t i o n  c o n s t a n t  does  not  m a k e  i t  p o s s i b l e  to u n c o v e r  a '~ t e n d e n c y  f o r  a r e g u l a r  d e -  
c r e a s e  in  the  pK a v a l u e s  a s  the pH of  the m e d i u m  c h a n g e s , "  t h e r e  is  e v i d e n t l y  no f u n d a m e n t a l  d i f f e r e n c e  in  
the  t r e a t m e n t  of the e x p e r i m e n t a l  d a t a  by  m e a n s  of t h e s e  e q u a t i o n s .  At  the  s a m e  t i m e ,  the  p r a c t i c e  of s t u d y -  
ing the a c i d - b a s e  p r o p e r t i e s  of  w e a k  o r g a n i c  b a s e s  [29] p r o v i d e s  a b a s i s  fo r  the  a s s u m p t i o n  tha t  the m a g n i -  
tude of  s l o p e  m is  the  m o s t  o b j e c t i v e  c r i t e r i o n  of  the  a p p l i c a b i l i t y  of the  s e l e c t e d  a c i d i t y  s c a l e  (pH).  If s l ope  
m d i f f e r s  only  s l i g h t l y  f r o m  uni ty ,  the  index of the d i s s o c i a t i o n  c o n s t a n t  i s  d e t e r m i n e d  b y  d i v i s i o n  of  the f r e e  
t e r m  of  the  equa t ion  by  s l o p e  m: pK a = p I ~ / m .  Thus,  i t  m igh t  b e  e x p e c t e d  tha t  the n u m e r i c a l  pK a v a l u e s  
o b t a i n e d  by  t h e s e  and o t h e r  m e t h o d s  shou ld  not  d i f f e r  and wi l l  c o i n c i d e  wi th  the pH v a l u e s  a t  the  h a l f - n e u t r a l i -  
z a t i o n  poin t .  The v a l i d i t y  of th is  a s s u m p t i o n  was  d e m o n s t r a t e d  in the  c a s e  of  a s t u d y  of  the a c i d i t i e s  of  t e t r a -  
zo le  and a s e r i e s  of  s u b s t i t u t e d  5 - p h e n y l t e t r a z o l e s  [26] .  

The d i s s o c i a t i o n  c o n s t a n t s  of  t e t r a z o l e s  can  be  d e t e r m i n e d  by  m e a n s  of m e t h o d s  such  as  c o n d u c t o m e t r i c  
and p o t e n t i o m e t r i c  t i t r a t i o n ,  a s  we l l  a s  b y  UV s p e c t r o p h o t o m e t r y .  The l a t t e r  two m e t h o d s  a r e  u sed  m o r e  of -  
t en  than  the o t h e r s .  

Mos t  of  the  d a t a  on the a c i d i t i e s  of  t e t r a z o l e  and 5 - s u b s t i t u t e d  t e t r a z o l e s  w e r e  o b t a i n e d  in  aqueous  and 
aqueous  a l c o h o l  s o l u t i o n s .  S e v e r a l  e x a m p l e s  of  the  s tudy  of the  a c i d i t i e s  of t e t r a z o l e s  in  s o l u t i o n  in 1 ,1 ,3 ,3-  
t e t r a m e t h y l g u a n i d i n e  a r e  a l so  known [30] .  W h e n  the  d i s s o c i a t i o n  c o n s t a n t s  of 5 - s u b s t i t u t e d  t e t r a z o l e s  in 
aqueous  and aqueous  a l coho l  s o l u t i o n s  a r e  c o m p a r e d ,  i t  i s  a p p a r e n t  that ,  a s  e x p e c t e d ,  a d e c r e a s e  in the d i e -  
l e c t r i c  p e r m e a b i l i t y  of  the  s o l v e n t  l e a d s  to a d e c r e a s e  in the  d i s s o c i a t i o n  cons t an t .  Thus ,  fo r  e x a m p l e ,  the  
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pK a values of 5-phenyltetrazole in water  [31] and 50% and 76% methanol [32] are,  respect ively,  4.38, 4.54, 
and 4.89. However, it is surpr is ing  that the acidity of te t razole  in water  [2~] (PKa 5.00) and in solution in 
1,1,3,3-tetramethylguanidine [ 30] (pK a 4.53) does not change as markedly  as one might have expected on the 
basis  of the difference in the di lectr ie  permeabi l i t ies  and the solvating capacit ies of these solvents. Unfor-  
tunately, the a c i d - b a s e  proper t ies  of te t razoles  in nonaqueous solvents have received very  little study, and 
it is therefore  impossible  to est imate the effect of the nature of the solvent on the acidities of these com-  
pounds. 

Systematic data on the effect of the tempera ture  on the dissociat ion of te t razole  and 5-substituted te t ra -  
zoles are  not available, although it might be assumed that the dissociat ion constants of te t razoles  would 
change only slightly with the temperature .  The thermodynamic pa rame te r s  of the dissociat ion were measured  
for  te trazole and some 5~substituted te t razoles  in water  at 25~ [31]. The AH ~ and AS ~ values for the dis-  
sociation of te t razole  are  3.1 k c a l / m o l e  and - 12.1 ca l /mo le -deg .  Close values were also obtained for other  
investigated compounds. 

The nature of the substi tuent attached to the ring carbon atom has a decisive effect on the acidities of 
te t razoles .  Tetrazole  itself [ 26 ] is an acid with medium strength. As expected, the dissociat ion constants of 
5-alkyl te t razoles  [31, 33] change only slightly as the alkyl chain becomes longer. Thus, the pK a values of 
5-methyl-  and 5- (n-oc ty l ) te t razo les  are,  respectively,  5.63 and 5.73. The dissociat ion constants of the s im-  
plest  5-alkyl te t razoles  [30] co r re la te  with the a* substituent constants,  and the p value is very  low (0.17). 
The acidities undergo an increase  of approximately two to three o rders  of magnitude on passing to amino 
group-protonated 5-alkylaminotet razoles  [34]. 5-Tr i f luoromethyl te t razole  is a s t rong acid (pK a 1.14) [35]; 
this is associa ted with the substantial e l ec t ron-accep to r  effect of the t r i f luoromethyl  group. A s~milar picture 
is also observed for  5-dini t romethyl te t razole  [36]. Insofar  as one can judge f rom the available data, 5 - t r i -  
f luoromethyl te t razole  is the s t ronges t  acid of all of the investigated compounds of this ser ies .  

The acidities of 5-chloro- ,  5 -bromo- ,  and 5- iodotetrazoles  [ 37] are  comparable  to the acidities of the 
corresponding haloacetic acids. The dissociat ion constants of these compounds cor re la te  [25] with the a m 
substituent constants.  5-Phenyl te t razoles  a re  s t ronger  acids than the unsubstituted alkyl derivat ives.  The 
PKa values of these compounds range f rom 4.70 for  5-(p-methoxyphenyl) te t razole  to 3.19 for  5- (o-ni t ro-  
phenyl)tetrazole [26]. 5-(o-Methoxyphenyl) te t razole  [2~], for  which an anomalously high pK a value of 7.02 
was established, consti tutes an exception. This is evidently associa ted with the existence of a hydrogen bond 
between the hydrogen atom attached to the nitrogen atom in the 1 position of the ring and the oxygen atom of 
the methoxy group. 

A good cor re la t ion  between the dissociat ion constants and the a ~ substituent constants is observed for 
substituted 5-phenyl tetrazoles  [26] (Fig. 1). 

p K a  = - ( 1 . 2 7  +_ 0.09) G ~ + (4.40_+ 0.06) ; 

r=0.99; n=6; s=0.09. 

The dissociat ion constants of substituted 1 - (5 - t e t razo ly l ) -3 ,5 -d ia ry l fo rmazans  [ 38 ] vary over a range 
of ~1.5 pH units depending on the nature of the substituent in the phenyl ring. At the same time, the d i ssoc ia -  
tion constants for  3 - (5 - t e t r azo ly l ) -1 ,5 -d i a ry l fo rmazans  differ only slightly. 

In conclusion, one cannot fail to note that the pK a values of 5-substituted te t razoles  a re  comparable  to 
the pKa values of the corresponding carboxylic acids. This conclusion is not unexpected, since the negative 
charge in the te t razolate  anion, as in the case of the carboxylate  anion, is markedly  detocalized. This follows 
f rom an analysis  of the molecular  d iagrams of the anions of te trazole and 5-substi tuted te t razoles  [40]. 

Finally, it is ve ry  important  that the data on the a c i d - b a s e  proper t ies  of te t razoles  make it possible to 
make a quantitative study of the react ivi t ies  of these compounds in, for  example, p roces ses  such as alkyla- 
tion, addition to the multiple bonds, and many others.  

B a s i c i t i e s  o f  T e t r a z o l e s  

Tetrazoles  a re  weak organic bases  and are  protonated when they are  dissolved in acids. The site of ad- 
dition of the proton to the ring is difficult to predict ,  s ince the te t razole  ring has severa l  potential basic cen- 
ters .  

HC--NH + HC--NH H + HC-- ItCH 2 
N N N -I" N 

N / \ N / /  \ N  / 
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Fig. 1. Dependence of the pK a values of sub- 
stituted 5-(R-phenyl) te t razoles  on the a 0 
substituent constants:  1) R = p-OCH3; 2) R = 
o-CH3; 3) R = m-C1; 4) R = m - N O 2 ;  5 )  R = 

p-NO2; 6) R = o - N O  2. 

The nitrogen atom in the 1 or  4 position may be the protonation center  in the te t razole  ring, since the 
distr ibution of the e lectron density over  the te t razole  ring is maximal at these atoms [40, 41] (Fig. 2). It is 
also possible  that the site of protonation of te t razole  s depends on the nature and position of the substituent in 
the ring. To a f i r s t  approximation, it may be assumed that the protonation of te t razoles  is descr ibed by the 
Bronsted equation. In this case,  with allc ~vance for the proport ional i ty  of the acidity scales ,  the protolytic 
equil ibrium constant (KBH +) can be calculated f rom the express ion  

PKnH+ = rnHo + l g I, 

where I is the ionization ratio. 

One of the mos t  important  stages in the study of the basiei t ies  of weak organic bases  is the solution of 
the problem as to which acidity function (H0, HA, or  Hx) descr ibes  the protonation of this c lass  of compounds. 
The problem essent ial ly  reduces  to an examination of the rat ios  of the activity coefficients of the protonated 
and unprotonated forms of the bases  (fBH§ When the fBH§ rat ios  for anilines and the investigated 
eompounds change identically (when the Hammett  postulate is observed) ,  slope m is unity. This means that 
the compounds of this c lass  are  protonated in the same way as Hammett  bases.  When the Hammett  postulate 
is violated, slope m differs substantially f rom unity, and a different acidity function must  be used in place of 
H 0 to descr ibe  the protonation. 

It is apparent  that this approach is somewhat simplified and does not make it possible to evaluate the 
"previous  history" of s t r ic t ly  the protonation p rocess ;  never theless ,  it was found to be ext remely  fruitful in 
the study of weak organic bases  [42]. In a study of the basie i ty  of te t razole  [43] in aqueous sulfuric acid solu- 
tions by means of PMR spec t roscopy it was shown that the chemical  shift of the proton attached to the ring 
carbon atom does not change at up to 37.0% H2SO ~. At the same time, the signal of the C - H  proton is shifted 
to weak field as the sulfuric acid concentrat ion is increased  further ,  and the dependence of 6C_ H on H 0 (H 0 is 
the Hammett  acidity function) has the form of the sigmoid curve  that is charac te r i s t i c  for Hammett  bases .  
These changes in the chemical  shift a re  observed in 37.0-61.1% H2SO 4 and are  associated with protonation of 
tetrazole.  The PKBH § value of te t razole  is - 2 .68 .  

However, the use of PMR spec t roscopy  for  the study of the protolytie equilibria of weak o rgan ic  bases  
in a number  of cases  does not make it possible to establish the detailed features of the protonation mechanism.  
This information can be obtained by means of the methods of vibrational spectroscopy.  The use of vibrational 
spec t roscopy  also makes it possible to follow the fine changes in the s t ruc tures  of the individual f ragments  of 
the investigated compounds. However, the low intensities of the lines in the Raman spec t ra  require  the use of 
solutions with high concentrat ions,  and this l imits the possibi l i t ies  of this method. Raman spec t roscopy with 
the use of a l a s e r  as the source  of excitation makes it possible to overcome these difficulties [44]. Thus 
l a se r  Raman spec t roscopy  was used in a study of the basic i ty  of te trazole in aqueous sulfuric acid solutions 
[ 45]. The Raman spec t rum of te t razole  in dilute (up to 17%) solutions of sulfuric acid is vir tually independent 
of the H2SO 4 concentrat ion and coincides with the spec t rum of the powder. The positions and intensities of the 
lines of the spec t rum change as the sulfuric acid concentrat ion increases  f rom 17.2 to 37.0%. The ~t band at 
1259 cm -1 undergoes the g rea tes t  change. This line is re la ted to the vibrations of the N2N3N4C fragment  of the 
ring. Commencing with 37.0% I-I2SO 4 one observes  the appearance of the Pz line at 1310 cm -~, which is re la ted 
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Fig. 2. Molecular d iagrams of tetrazole,  the 
te trazolate  anion, and protonated te t razole .  

to the vibrations of the same ring f ragment  of the protonated form of te trazole.  The dependences of the molar  
coefficients of scat ter ing (V1 and V2) at the analytical v 1 and P2 frequencies on H 0 have the form of sigmoid 
curves  (Fig. 3). The specific cha rac te r  of the inflection for v 1 (the maximum change in intensity occurs  
within the limits of 1 H 0 unit) consti tutes evidence that equilibrium with the formation of a complex with a hy- 
drated proton of the type proposed by Khaldna [4~ ] is observed for  te t razole  in 17.2-37.0% H 2 S O 4 * *  

T. sH20+ H +. x H 2 0 ~ - T  �9 �9 �9 H +.. .  nH~O+ (s+x-n)H20. 

The change in the intensity of the v 2 band in 37.0-~ 1.1% H2SO 4 is associated with protonation of t e t ra -  
zole. The PKBH § value found for te t razole  ( -3 .01 )  is in good agreement  with the value obtained by PMR 
spectroscopy.  Aeeording to the available data [43, 45], te t razole  is a Hammett  base.  

The determinat ion of the site of addition of the proton in the te t razole  sys tem has very  g rea t  significance 
in the smdy of the mechanisms of the reaetions of te t razoles  that take pIace in aeidie media. There are  sev-  
eral  possibi l i t ies  for  the solution of this problem (for example, vibrationai spec t roscopy and corre la t ion  
analysis) .  Vibrational spec t roseopy has been used to determine the site of addition of a proton in tetrazole,  
and cor re la t ion  analysis  has been used in the study of the basic i t ies  of mono- and disubstituted te t razoles .  
Sinee the protonation of te t razole  may occur  via two pathways, the two most  probable models of protonated 
tetrazole,  viz., models with the proton attached to the ring nitrogen atoms in the 1 and 4 positions, were se-  
lected for the examination [45]. It was established that sa t i s fae tory  agreement  between the ealeulated and ex- 
per imental  spec t ra  of protonated te t razole  is observed only for  the model with the proton attached to the ni t ro-  
gen atom in the 4 position. Hence, it follows that the ni t rogen atom in the 4 position of the ring is evidently the 
protonation center  in tetrazole.  

The basici t ies  of 1- and 5-substi tuted phenyl te t razoles  have been studied quite thoroughly, while less 
study has been devoted to alkyl tetrazoles .  The seleetion of these compounds does not s tem f rom any funda- 
mental deliberations but is explained by the eonvenience in the examination of the UV spec t ra  of phenyl te t ra-  
zoles,  since UV spec t roscopy  has been used in most  eases  for  the study of the protonation of monosubstituted 
te t razoles .  

The basic i ty  of 1-methyl te t razole  in t r i f luoroacet ic  and nitr ic  acids has been investigated by PMR spec-  
t roscopy,  and it has been concluded that it exists in the protonated form in t r i f luoroacet ic  acid, although the 
basic i ty  constant is not presented [47]. In the study of the protonation of 1-methyl te t razole  in nitric acid [48] 
it was shown that this compound is a Hammett  base and that the PKBH + value is -2 .40 .  UV spect roscopy has 
been used successful ly  in the study of the basic i t ies  of substituted 1- and 5-phenyltetrazoles  in aqueous sul-  
furic acid solutions [43, 49]. The absorption maxima are  shifted in the electronic spec t ra  of 1- and 5-phenyl- 
te t razoles  as the sulfuric acid concentrat ion changes. The absence of an isobest ic point in the spect ra  is a 
consequence of this. It is assumed that these phenomena are  associa ted  with the effect of the medium on the 
unprotonated and protonated forms of the base. Neglect of the effect of the medium during the t rea tment  of the 
experimental  data may lead to er roneous  conclusions regarding the nature of the investigated compounds. 
Many r e s e a r c h e r s  have frequently directed their  attention to the importance of this stage in the study of the 
basic i t ies  of weak organic bases  [29, 50]. A number  of methods [28] that are  recommended for use in the 
t rea tment  of experimental  data obtained by UV and PMR spec t roscopy are  present ly  known. The accuracy  of 
the calculation of the ionization rat ios  and, in the final analysis ,  the solution of the problem of the affiliation 
of an investigated compound with a definite type of weak base depend on the choice of the method of t reatment.  
Unfortunately, many cases  in which completely different  resul ts  were obtained for the same compounds, de- 
pending on the method of t rea tment  of the experimental  data, a re  known. It should be noted that the S t e w a r t -  
Grenger  method [51] was used as the most  rel iable method for  the t rea tment  of the data obtained in the study 
of the basiei t ies  of substituted 1- and 5-phenyltetrazoles .  According to the available data, 1- and 5-phenyl- 
te t razoles  are  Hammett  bases ,  the PKBH + values of which range f rom --3.18 to - 3 . 9 9  and -1.88 to - 3 . 8 8  H 0 

670 



120 

100 

80  

60  

40 
2 0  

vt 
70 

60  

50  

-1~0 -2,O - 3 , 0  - 4 , 0  H e 

Fig.  3 

40 

30 

20 

10 

/ i f /  

/ 
- 5  

-3 

-2 y3 

~ 1 1 1 i 
- 0 , 5  0,5 1,0 1,2 2,0 

Fig. 4 

Fig. 3. Dependence of the molar coefficients of scattering (VI 
and V2) of tetrazole on H0: I) ~I 1259 cm-1; 2) ~2 1310 cm -I. 

Fig. 4. Dependence of the PKBH § values of l-methyl-5-(R- 
phenyl) tetrazoles (I- 7) and 2-methyl- 5-(R-phenyl) tetrazoles 
(8-17) on the (T substituent constants: I) R = p-OCH3~ 2) R = 

p-CH3; 3) R =m-CH3; 4) R =H; 5) R=p-CI; 6) R =p-Br; 

7) R = m-NO2; 8) R = p-OCH3; 9) R = p-CH3; I0) R = m-CH3; 
Ii) R =o-CH3; 12) R= H; 13) R =p-Cl; 14) R =p-Br; 15) 
R = m - B r ;  16) R = m-NO2; 17) R = p - N O  2. 

units, respectively. The basieities of some 5-phenyltetrazoles were also studied in perchloric acid [49 ]. It is 
interesting that the PKBH + values for 5-phenyl- and 5-(p-chlorophenyl)tetrazoles in sulfuric and perehloric 
acids are identical. At the same time, 5-(p-nitrophenyl)tetrazole is a somewhat weaker base in sulfuric acid 
than in perchlorie acid: The PKBH § values are -- 3.88 and - 3.40, respectively. The basieities of 5-phenyl- 
tetrazole in sulfuric acid at 25 and 60~ differ only slightly [49]. 

As in the case of disubstituted tetrazoles, the results of a correlation analysis of the basieity constants 
of these compounds as a function of the substituent constants were used for the determination of the site of 
addition of a proton in substituted 1- and 5-phenyltetrazoles. The validity of this approach is confirmed by the 
existence of a correlation between the effective charges on the nitrogen atoms in the 1 and 4 positions of the 
ring and the ap substituent constants for 1,5- and 2,5-disubstituted tetrazoles [40]. In fact, a good correla- 
tion between the PKBH + values and the ~H substituent constants is observed for substituted l-phenyltetrazoles: 

PKBH + = -- (0.85 --+ 0.05) (~" -- (3.59 +_ 0.05), 

r=0.96,  n=6 ,  s=0.09.  

S ince  the  e l e c t r o n i c  e f f ec t s  of the  s u b s t i t u e n t s  in  1 - s u b s t i t u t e d  t e t r a z o l e s  [23] a r e  t r a n s m i t t e d  p r i m a r i l y  in 
one d i r ec t ion~  v i z . ,  f r o m  the N i a t o m  to the  N 4 a t o m  th rough  the N 2 and N 3 a t o m s ,  the c o r r e l a t i o n  m e a n s  
tha t  the s i t e  of  add i t i on  of  the  p r o t o n  i s  the  n i t r o g e n  a t o m  in the 4 p o s i t i o n  of the  r ing .  

The  b a s i c i t y  c o n s t a n t s  fo r  s u b s t i t u t e d  5 - p h e n y l t e t r a z o l e s  [49 ] c o r r e l a t e  wi th  the a s u b s t i t u e n t  c o n s t a n t s :  

pKBII+ = - ( 1.80 _ 0.03) a - (2.24 __ 0.03), 

r=0.98,  n=8 ,  s=0.15.  

H o w e v e r ,  the  i n t e r p r e t a t i o n  of t h e s e  d a t a  i s  f r a ugh t  wi th  c e r t a i n  d i f f i c u l t i e s ,  s i n c e  the  e l e c t r o n i c  e f f ec t s  of 
the  s u b s t i t u e n t s  in 5 - s u b s t i t u t e d  t e t r a z o l e s  [23] a r e  t r a n s m i t t e d  v i a  two p a t h w a y s ,  v i z . ,  f r o m  the C a t o m s  to 
the  N 2 a t o m  th rough  the N t a t o m  and  f r o m  the  C a t o m  to the N 3 a t o m  th rough  the N 4 a tom.  Thus ,  on the 
b a s i s  of only  the  c o r r e l a t i o n  of the PKBH + v a l u e s  wi th  the  cr s u b s t i t u e n t  c o n s t a n t s ,  one cannot  u n a m b i g u o u s l y  
d e t e r m i n e  the  s i t e  of  a d d i t i o n  of  the  p r o t o n  in  the  t e t r a z o l e  s y s t e m .  N e v e r t h e l e s s ,  c o n s i d e r i n g  the d a t a  ob-  
t a i n e d  d u r i n g  a s tudy  of the p r o t o n a t i o n  of  t e t r az01e  [43, 45] and  1 - s u b s t i t u t e d  t e t r a z o l e s  [43] ,  i t  m a y  be  a s -  
s u m e d  tha t  the  r e a c t i o n  c e n t e r  in  the  p r o t o n a t i o n  of 5 - p h e n y l t e t r a z o l e s  in  the n i t r o g e n  a t o m  in  the  4 p o s i t i o n  
of the  r ing .  

As  c o m p a r e d  wi th  m o n o s u b s t i t u t e d  t e t r a z o l e s ,  l i t t l e  s t u d y  has  been  de vo t e d  to t h e  b a s i c i t i e s  of  d i s u b s t i -  
t u t ed  t e t r a z o l e s .  The a v a i l a b l e  d a t a  a r e  in  good  a g r e e m e n t  wi th  the  r e s u l t s  o b t a i n e d  f o r  t e t r a z o l e  and m o n o -  
s u b s t i t u t e d  d e r i v a t i v e s .  Only  c y l o m e t h y l e n e t e t r a z o l e  s [ 52] ,  f o r  which  v e r y  h igh  b a s i c i t y  c o n s t a n t s  w e r e  found, 
r e g a r d l e s s  of the  n u m b e r  of  m e t h y l e n e  l inks  in the r ing ,  w e r e  found, c o n s t i t u t e  an e x c e p t i o n :  The  PKBH + 
v a l u e s  r a n g e  f r o m  1.74 to 1.81. I t  m i g h t  be  a s s u m e d  tha t  the  PKBH + v a l u e s  o b t a i n e d  f o r  t h e s e  c o m p o u n d s  p e r -  
t a in  to one of the  t y p e s  of  e q u i l i b r i a  a s s o c i a t e d  wi th  the  f o r m a t i o n  of  ion p a i r s  r a t h e r  than to the  p r o t o l y t i e  
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equilibrium. This assumption is not without foundation, since the protonation of cyclomethylenetet razoles  has 
been studied in formic  acid by a eonduetometric method. 

The basiei t ies  of 1,5- and 2,5-disubstituted te t razoles  [24, 43, 53, 54] in sulfuric acid have been stud- 
ied by UV and PMR spectroscopy.  The react ion ser ies  were selected in such a way that the change in the 
basiei t ies  of the investigated compounds could be followed as a function of the electronic proper t ies  and the 
posit ion of the substituent in the ring and the site of addition of the proton in the te t razole  sys tem could be de- 
termined.  Substituted 1 -phenyl -5-methy l te t razo les ,  as well as i somer ic  1- and 2-methyl -5-phenyl te t razoles ,  
are  included in these react ion ser ies .  Data on the site of addition of the proton in substituted te t razoles  were 
obtained during a study of the basic i t ies  of these compounds. The protonation of 1-phenyl-5-methyl te t razoles  
in sulfuric acid is descr ibed  by the Hammet  acidity function. The basic i ty  constants of these compounds cor -  
relate  with the a I  substituent constants:  

pKnn+ = -  (1.17_+0,08)~,- (1.96_-_0.07), 

r=-0.95, n=7,  s=0.11 

It follows f rom this that the site of addition of the proton in 1-phenyl-5-methyl te t razoles  is the nitrogen atom 
in the 4 posit ion of the ring. It was noted above that the direct ion of protonation of te t razoles  possibly depends 
on the position of the substituent in the tetrazole ring. Valuable information in this respec t  was obtained dur-  
ing a study of the basic i t ies  of i somer ic  1- and 2-methyl -5-phenyl te t razo les  in sulfuric acid [24, 54]. It is 
apparent  that the site of addition of the proton in i somer ic  1- and 2-substi tuted te t razoles  should be de ter -  
mined by the electronic s t ruc ture  of the substrate.  It has been demonst ra ted  by means of quantum-chemical  
calculations by a semiempi r ica l  var iant  of the se l f -cons is tent - f ie ld  (SCF) MO LCAO method within the 
P a r i s e r - P a r r - P o p l e  (PIl l  ~) approximation that the g rea tes t  e lect ron density in 1- and 2-methyl te t razoles  is 
observed on the nitrogen atoms in the 1 and 4 positions of the r ing [ 24, 40]. On the basis  of this it might be 
assumed that the addition of a proton takes place at the same react ion center  in the protonation of 1- and 2- 
substituted te t razoles .  

In fact, 1- and 2-methyl -5-phenyl te t razo les  are  Hammett  bases.  The PKBH + values of these compounds 
co r re l a t e  with the a substi tuent constants (Fig. 4): 

pKB~+ = - ( 1.63_+ 0,06) ~-- (2.43 +- 0.02), 

r--0.99, n=7,  s=0,05 

and 

PKst~+ = _ (1:25_+0,11)o- (3.19+0.04), 

r~-0.97, n~10, s=0.11. 

F r o m  a compar i son  of the react ion constants for  l -me thy l -5 -pheny l t e t razo les  and 5-phenyltetrazoles  [49] it 
may be concluded that all of the compounds of the indicated react ion ser ies  a re  protonated at the nitrogen 
atom in the 4 position of the ring. At the same time, the react ion constants for 1- and 2-methyl -5-phenyl te t ra -  
zoles differ. However, the cer ta in  decrease  in the p value for the 2-substi tuted derivat ives  is associa ted with 
the peculiar i t ies  of the change in the indexes of the bonds in these compounds as compared with their l - sub -  
stituted analogs [ 24]. Consequently, the center  of protonation in 2-methyl -5-phenyl te t razoles  i s  the nitrogen 
atom in the 4 position of the ring. Lippman and co -worke r s  [55] a r r ived  at the same conclusion during a 
study of the PMIt spec t ra  of some protonated 2-substi tuted te t razoles .  

One's  attention is drawn to the fact  that 1-methyl -5-phenyl te t razoles  are  s t ronger  bases  than the i so-  
mer ie  2-substi tuted derivat ives  over  the investigated range of changes in the electronic proper t ies  of the sub- 
stituents. At the same time, it follows f rom the presented cor re la t ions  of the PKBH § values with the a values 
that invers ion of the basie i t ies  for the indicated react ion ser ies  should be observed as the e lec t ron-aeeep tor  
proper t ies  of the substituents in the phenyl ring become stronger .  The ainv value can be calculated f rom the 
express ion 

PKBH + i_  pK BH + 2 
f f i n v  : 

P1--P2 

where PKBH +l and PKBI.I +2 are  the bas ie i ty  constants of 1- and 2 -methy l -5 -  phenyltetrazoles ,  and p 1 and 02 
a re  the react ion constants  for the investigated react ion se r ies .  

The protonation of substituted 1,5-diphenyltetrazoles is descr ibed  by the H 0 acidity function; this fol-  
lows f rom a detailed analysis  of the dependence of the ionization ra t ios  I on H 0 for M1 of the investigated 
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compounds of this series [43]. The PKBH + values of 1,5-diphenyltetrazoles lie in a relatively narrow interval 
(-2 to -4 H 0 units), particularly if one takes into account the broad range of the change in the electronic con- 
stants of the substituents, and correlate with the cr substituent constants, probably because of conjugation be- 
tween the phenyl rings: 

pKmt+= - (I,20-+0,15)o - (2,74• 

r=0.97,  n=7 ,  s=0.13.  

The  low va lue  of  the  r e a c t i o n  c o n s t a n t  (p  = -  1.20) c o n s t i t u t e s  e v i d e n c e  f o r  the  c o n s i d e r a b l e  d i s t a n c e  of  the  s u b -  
s t i t u e n t  f r o m  the p r o t o n a t i o n  c e n t e r ,  The  s a m e  p r i n c i p l e  is  a l s o  o b s e r v e d  fo r  1 - p h e n y l t e t r a z o l e s  and 1 - p h e n y l -  
5 - m e t h y l t e t r a z o l e s ,  in which  the s i t e  of  add i t i on  of the  p r o t o n  i s  the n i t r o g e n  a t o m  in the 4 p o s i t i o n  of  the  r i ng .  
H o w e v e r ,  the  r e a c t i o n  c o n s t a n t  i n c r e a s e s  to 1.80 as  the s u b s t i t u e n t  m o v e s  c l o s e r  to the r e a c t i o n  c e n t e r ,  a s  in 
the p r o t o n a t i o n  of  s u b s t i t u t e d  5 - p h e n y l t e t r a z o l e s  [49] .  

Thus ,  on the b a s i s  of the a v a i l a b l e  d a t a  i t  m a y  be  a s s u m e d  flint the  p r o t o n a t i o n  c e n t e r  in  s u b s t i t u t e d  1 ,5-  
d i p h e n y l t e t r a z o l e s  is  the n i t r o g e n  a t o m  in the 4 p o s i t i o n  of the  r ing .  i t  shou ld  be  noted  tha t  the  b a s i c i t y  con-  
s t a n t s  of m e s o i o n i c  2 , 3 - d i a r y l - 2 H - t e t r a z o l y l -  5 - t h i o l a t e s  [ 5~ ] r a n g e  f r o m  1.12 to - 2.05 H 0 un i t s .  

The  c o n s i d e r a b l e  a m o u n t  of a v a i l a b l e  e x p e r i m e n t a l  d a t a  f r o m  the s tudy  of the  b a s i c i t i e s  of t e t r a z o l e s  
m a k e s  i t  p o s s i b l e  to f o r m  a j u d g m e n t  r e g a r d i n g  s e v e r a l  p r i n c i p l e s  of the  b e h a v i o r  of t h e s e  c o m p o u n d s  in  
s o l u t i o n s  of a c i d s .  A l l  of  the  i n v e s t i g a t e d  t e t r a z o l e s  a r e  undoub ted ly  H a m m e t t  b a s e s .  D e s p i t e  the  wide  v a r i a -  
t ion i n  the  e l e c t r o n i c  p r o p e r t i e s  of the  s u b s t i t u e n t s  in  t e t r a z o l e s ,  the  m a x i m u m  change  in the b a s i c i t y  con -  
s t a n t s  is  on ly  two o r d e r s  of m a g n i t u d e .  The p r o t o n a t i o n  c e n t e r  in t e t r a z o l e  and s u b s t i t u t e d  t e t r a z o l e s ,  r e g a r d -  
l e s s  of  the  n a t u r e  and p o s i t i o n  of  the  s u b s t i t u e n t  in  the r i ng ,  i s  the  n i t r o g e n  a t o m  in the  4 p o s i t i o n  of the r i ng ,  
and th i s  c o n s t i t u t e s  e v i d e n c e  fo r  the s t a b i l i t y  of the  t e t r a z o l e  s t r u c t u r e .  T h e s e  d a t a  a r e  c o n f i r m e d  by  quan-  
t u m - c h e m i c a l  c a l c u l a t i o n s  of t e t r a z o l e  and s o m e  s u b s t i t u t e d  t e t r a z o l e s .  Thus ,  the  d i s t r i b u t i o n  of  the e l e c t r o n  
d e n s i t y  in 5 - s u b s t i t u t e d  t e t r a z o l e s  is  only  s l i g h t l y  d e p e n d e n t  on the e l e c t r o n i c  p r o p e r t i e s  of the  s u b s t i t u e n t  
a t t a c h e d  to the  r i n g  c a r b o n  a t o m  [40] .  At  the s a m e  t i m e ,  a c o n s i d e r a b l e  d e c r e a s e  in the  e l e c t r o n  d e n s i t y  on 
the r i ng  n i t r o g e n  a t o m s  o c c u r s  i n  the  p r o t o n a t i o n  of  t e t r a z o l e ,  in  which  the p r o t o n  adds  to the N 4 a t o m  (F ig .  2).  
This  i s  e v i d e n t l y  the r e a s o n  fo r  the f ac t  tha t  p r o t o n a t i o n  has  an  a p p r e c i a b l e  e f f ec t  on s o m e  p r o p e r , t i e s  of t e t r a -  
zo l e ,  i nc lud ing  the s p e c t r a l  c h a r a c t e r i s t i c s .  Thus ,  a s  we have a l r e a d y  noted ,  the c h e m i c a l  sh i f t  of  the C - H  
p r o t o n  and the  f r e q u e n c i e s  and i n t e n s i t i e s  of the  l i ne s  in the  v i b r a t i o n a l  s p e c t r a  change  as  a r e s u l t  of p r o t o n a -  
, ion.  Th is  m a k e s  i t  p o s s i b l e  to d e t e r m i n e  the b a s i c i t y  c o n s t a n t s  of t e t r a z o l e  and 1 - m e t h y l t e t r a z o l e  by  PMR 
and R a m a n  s p e c t r o s c o p y  [43, 45, 48].  F i n a l l y ,  i t  shou ld  be no ted  tha t  p r o t o n a t i o n  of t e t r a z o l e  and i t s  d e r i v a -  
t i v e s  [40] in  the  4 p o s i t i o n  has  l i t t l e  e f f ec t  on the i n d e x e s  of  the  m u l t i p l i c i t y  of the bonds ,  p a r t i c u l a r l y  the  

NI--N 2 bond. 
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