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The thermodynamic ionization constants of 30 imidazole,  pyrazole,  t r iazole,  and thiazole 
derivatives and their  s t ruc tura l  analogs were determined by potentiometric t i trat ion in 
acetonitr i le .  The effect of individual s t ruc tura l  factors  on the basici ty  of the azole mole -  
cules is d iscussed.  It is demonstrated that the best theoret ical  basici ty  index is the m a g -  
nitude of the e lec t ros ta t ic  energy of interaction {e) of the unshared pair  of the ni trogen 
atom being protonated with the sys tem of ~ charges .  The a values were calculated by 
means of the MO self -consis tent- f ie ld  (MO SCF) method with the P a r i s e r - P a r r - P o p l e  ap- 
proximation and by the simple Hfickel method. The P K a - e  corre la t ion equations obtained 
make it possible to predict  the pK a values of azoles with an average accuracy  of ~0.5 pK a 
units for aeetonitr i le solutions and 0.3 units for aqueous solutions. 

The l i terature  contains much data with respec t  to the acid-base proper t ies  of azoles [2,3]. However, 
most  of the measured  ionization constants of the conjugate acids of azoles were obtained for aqueous or 
water-containing solutions and are concentration constants .  In addition, the data for different groups of 
compounds pertain to different measurement  conditions and are not always comparable  one with another.  

The tasks of the present  study were as follows: determination of the thermodynamic ionization con-  
stants of the conjugate acids of a sys temat ic  ser ies  of azoles in a nonaqueous solvent (acetonitrile) and c o r -  
relation of the pK a values obtained with the pa ramete r s  of the electronic s t ruc tures  of the investigated 
compounds. Azole compounds of the I-IX types and their  s t ructura l  analogs (X-XII) were studied. 

The PKaJValues of the azoles and their  analogs, which are presented in Table 1, lead to the following 
qualitative conclusions.  

1. Annelation of the benzene rings to the imidazole ring lowers the basici ty  substantially (the basic i ty  
constants decrease  by almost  three orders  of magnitude in the ser ies  of unsubstituted compounds I-VI) 

2. A substituent in the meso position of the azole ring [compounds of the benzimidazole (iI) and 
benzothiazole (IX) types] has an even sharper  effect on the basici ty.  The corre la t ion  of the ionization con- 
stants in reaction ser ies  II, IX with the a substituent constants is shown in Fig. 1; this corre la t ion  is sa t i s -  
fied under the condition of comparison of the e lec t ron-accep tor  substituents with the nucleophilic a -  con-  
s tants .  This indicates considerable polarization of the unprotonated forms of the azole molecules  via a 
mechanism caused by an increased  contribution of s t ruc tures  of the XIII and XIV types, the role of which 
in compounds of this type with a s t rong electron acceptor in the 2-position has been previously noted [4]. 

The point corresponding to compound 8 in reaction ser ies  II deviates sharply f rom the corre la t ion 
line (Fig. 1). This m a y b e  associa ted with the possibili ty of protonation of the nucleophilic center  in the 
ni t ro  group of XIV and, consequently, with dropping out of compound 8 from the reaction se r ies .  

* Communication XI of the ser ies  "Basici ty and Structure of Azomethines and Their  Structural  Analogs." 
See [1] for communication X. 
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I. R=I( (I),4,5-(Ctt2)4(2) , 4,9 (C6|15) 2 (3), 2 -NH2-4,5 -(C6~|5) ~ (4); 

II R.: II (5), CH3(6) , N tt 2 (7), NO~ (8)*, Cull.; (9}, CliO (10)*; VII s 4,5 - benzo (16); 

VIII R ,:['1 (17), 4.5-benzo (18);IX R- I I  (19), CH 3 (20), NIt 2 (21), C6t| 5 (22), CItO (23) ; 
X R: I I  (24), ClI 3 (25), CSH 5 (26); XI R-C|13(27), CG|I 5 (28); XlI R=C[13(29), C6H 5 (30) 

3. The inclusion of an am|dine grouping in s ix -membered  (X) and seven-membered  (XI) r ings or  its 
occur rence  in a noneyclic s t ruc ture  (XII) has comparat ively  little effect on the basici ty .  However, when 
this grouping is included in a f ive -membered  imidazole ring, the basici ty dec reases  appreciably (III and IV 
with two benzene r ings ,  as in X-XH). A discussion of this regular i ty  in t e rms  of resonance stabilization of 
the am|dine group in different rings was presented in [1,5]. 
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In o rder  to establ ish the quantitative corre la t ion  of the basiei ty constants of the investigated com-  
pounds with the pa rame te r s  of their  e lectronic s t ruc ture ,  we calculated the 7r-electron energies and charge 
distributions of unprotonated and protonated forms of compounds 1-30. The calculated dipole moments  in 
a lmost  all cases  coincide quite well with the experimental  values, which attests  to the co r rec tnes s  of the 
calculated e lectron distribution (see Table 1). 

However, it was found that the magnitudes of the ~r-electron charges  on the protonation center  as well 
as the differences in the total ~ -e lec t ron  energies  of the conjugate acids and bases cor re la te  poorly with 
the experimental  pK a values.  As in a number  of previous studies [10-12], a bet ter  measure  of the basici ty 
was found to be  the energy of e lect ros ta t ic  interaction of the unshared pair  of the nitrogen atom undergoing 
protonation with the sys tem of 7r charges  calculated with the P a r i s e r - P a r r - P o p l e  (PPP) approximation 
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Fig. 1. Corre la t ion of the pK a values (in 
acetonitri le) of 2-substi tuted benzimid-  
azoles (1) and benzothiazoles (27 with the 

substituent constants .  

PPP 2 ~ a ~  , (17 
�9 ~ - -  q t / ~ l N  

which can be considered to be a measure  of the affinity of the 
base for a proton. In expression (17, q represents  the charges  
on the atoms, while Y~N are the electron repulsion integrals .  
The calculated e values are presented in Table 1, while their  
cor re la t ion  with the pK a values is given in Fig. 2. 

As seen from Fig. 2, the data for compounds of the I -  
VIII types of the azole ser ies  lie sa t i s fac tor i ly  on a single 
line (c~ly imidazole i tself  deviates markedly) .  However, 
thiazole derivatives (IX) and X-XII do not lie on the c o r r e l a -  
tion line for the azoles .  Independent l inear P K a - e  depen- 
dences,  which are  approximately paral lel  to the azole line, 

* N-Methyl derivative.  
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T A B L E  1.  T h e r m o d y n a m i c  Ionizat ion  Constants  of  A z o l e s  and 
T h e i r  Ana logs  (in a c e t o n i t r i l e  at 25~ Dipo le  M o m e n t s  r and 
Pro ton  Aff ini ty  E n e r g i e s  (~), Ca lcu la ted  by the P a r i s e r - p a r r -  
P o p l e  Method 

D *  ~1 , D 7 , 8  Compound PKa ~, eV r'ealc, exp 

I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
2O 
21 
22 
23 
24 
25 
26 
27 
28 
29 
3O 

14,99 
lti,2I 
13,43 
15,89 
13,25 
14,20 
15,95 
4,52 

12,65 
9,56 

12,76 
12,92 
12,75 
12;3l 
9,21 
7,50 
7,81 
7,86 
7,84 
8,67 

11,4l 
7,16 
3,79 

13,58 
14,70 
13,44 
I5,67 
13,93 
15,51 
14,60 

3,119 
4,26 
3,57 
4,33 
3,52 
3,83 
4,34 
1,79 
3,51 
2,60 1" 
3,50 T 
3,50 
3,49 ? 
3,48 
2,87 
2,55 
2,51 :~ 
2,60 $ 
3,17 
3,54 
3,92 
3,42 
2,48T 
3,24 
3,60 
3,17 
4,72 
4,39 
3,75 
3,50 

4,00 
4,05 
4,21 
4,23 
3,84 
4,02 
4,37 
4,66 
3,80 
2,91T 
4,00"1" 
3,8(I 
4,08 t" 
3,78 
2,47 
2,89 
4,43 
4,51 
1,70 
1,83 
I,I0 
1,63 
2,51T 
3,86 
4,27 
4 ,(14 
2,77 
2,9I 

3,99 
3,98 
4,39 

4,03 
4,65 

3,63 
3,37 
4,04 

4,11 
2,2l 
1,83 
4,07 

1,45 

2,8,1 
3,18 
3,25 
3,48 

2,579 

* The tZcalc value  w a s  ca l cu la t ed  a s  the s u m  of the 7r and a c o m -  
ponent s .  The/zcr va lues  w e r e  ca l cu la t ed  as in [6]. 
T The  ~ and ~ va lues  for the m o r e  s tab le  g e o m e t r i c a l  i s o m e r s  or 
t a u t o m e r s  are  p r e s e n t e d .  
$ The  ~ v a l u e s  w e r e  ca l cu la t ed  for protonat ion of the n i trogen  in 
the 3 p o s i t i o n .  The ~ 2=N va lues  are  about 1 eV l o w e r .  
* * The d ipole  m o m e n t s  w e r e  not  c a l c u l a t e d  in v i e w  of the i n d e -  
t e r m i n a c y  of the molecular conformation. 

TABLE 2. 
and (2) 

Solvent 

A cetoni~i le  
Water 

C o r r e l a t i o n  of the B a s i c i t i e s  of A z o l e s  by Indexes  (1) 

. ,  I eo iL A i r ~ ] 
/ 

18 -1,90l 4,708 I 0,985 0,503 
10 0,497 2,832 I 0,968 0,301[ 

Correlation of ~ H MO 

t / r  

10 
18 

~o I A I r ! s 

I 
--1,617 2,082 0,974 ] 0,611 
--4,039 3,797 0,964 [ 0,337 

* This  s y m b o l  r e p r e s e n t s  the n u m b e r  of c o m p o u n d s  inc luded in 
the c o r r e l a t i o n .  

can be p r o j e c t e d  for IX and X.  Thi s  c i r c u m s t a n c e  i s  probably  due to the d i f f e r e n c e s  in the so lva t ion  of the 
d i f ferent  types  of c o m p o u n d s ,  which  can have  a substant ia l  e f f ec t  on the b a s i c i t y  [13]. 

The e value  in e x p r e s s i o n  (1) i s  not  d i r e c t l y  a s s o c i a t e d  with  the in terna l  e n e r g y  of the m o l e c u l e  but 
i s  d e t e r m i n e d  by the d i s tr ibut ion  of the c h a r g e s  on the a t o m s .  Thi s  d i s tr ibut ion  (in c o n t r a s t  to the e n e r g y  
c h a r a c t e r i s t i c s )  can be r e p r o d u c e d  su f f i c i en t ly  c l o s e l y  to the m o r e  r i g o r o u s  MO s e l f - c o n s i s t e n t - f i e l d  
(MO SCF) m e t h o d s  within the f r a m e w o r k  of the s i m p l e  Htickel  MO (HMO) method;  this  was  a c h i e v e d  wi th  

the s y s t e m  of  p a r a m e t e r s  u s e d  in the p r e s e n t  s tudy .  In this  c o n n e c t i o n ,  it  can be e x p e c t e d  that,  l ike  e x -  
p r e s s i o n  {1), e x p r e s s i o n  (2), wh ich  w a s  obtained with  the HMO approx imat ion ,  w i l l  a l s o  s e r v e  as  a b a s i c i t y  
c r i t e r i o n  
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Fig.  2. Corre la t ion  of the pK a values (in 
aeetonitrile) with the r values (the 
numbering of the points cor responds  to the 
numbering of the compounds in Table 1). 
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Fig. 3. Corre la t ion of the pK a values of 
azoles (in water) with the e HMO values.  
The numbering of points 1-30 corresponds  
to the numbering in Table 1. The r ema in -  
ing points are  as follows: 31) 2-phenyl-  
imidazole;  327 4-phenylimidazole;  33) 
pyrazole ;  347 1,2,4- t r iazole  ; 357 indazole; 
36) 5-ni t robenzimidazole;  37) 2 -methy l -  
imidazole;  387 2-aminoimidazole;  39) N-  
methy l -2-n i t ro imidazo le ;  40) N-methy l -  
5-ni t ro imidazole .  

eHMO= - 2 Z q~ , (27 
~. r~ N 

where r#N is the distance between the protonation center  
and the atom.* 

In fact, as seen f rom the data in Table 2, the pK a 
values of azoles,  determined in acetonitri le,  co r re la te  
with the eHMO values.  Figure 3 also i l lustrates  the pos-  
sibility of the correla t ion of the e HMO values of a more  
extensive set of experimental  data, which were obtained 
for the pK a values of azoles in aqueous media and borrowed 
f rom reviews [2, 3, 14] and original  papers [15, 16]. 

The corre la t ion  dependences obtained are  presented 
in analytical form in Table 2, and the regress ion  coeffi-  
cients (r7 and mean-square  deviations (s) were calculated 
with inclusion in the equation of all, even appreciably de-  
viant, points. 

It follows from an examination of the above data that 
the use of corre la t ions  of the pK a values of compounds of 
the azole ser ies  with the basici ty indexes f rom Eqs. (17 
and (2) makes it possible to predict  the basici ty  constants 
of azoles with an accuracy  of about 0.5 pK a units for 
acetonitr i le  solutions and 0.3 units for aqueous solutions. 

E X P E R I M E N T A L  

Starting Compounds. Starting compounds of the I-IX 
types were obtained by the methods reviewed in [17-19]. 
Naphth[2,3-d]imidazole (compound 12) was furnished by 
A. F. Pozharski i ,  while anthraceno[1,2-d]imidazole (com- 
pound 13) was supplied by M. V. Gorelik. Compounds X-  
XII were obtained as descr ibed in [1, 9]. P r i o r  to the 
measuremen t s ,  all of the compounds were thoroughly pur i -  
fied, usual ly  by recrys ta l l iza t ion  f rom a suitable solvent 
until the mater ia l  had a constant melting point. 

Ionization Constants.  The ionization constants of the 
conjugate acids of bases  1-30 were determined in aceto-  
ni t r i le  by the method in [20]. 

Quantum-Mechanical  Calculations.  The energies  
and ~-e lec t ron  s t ruc tures  of compounds 1-30 and their 
conjugate acids were calculated by means of the SCF MO 
methods with the P a r i s e r - P a r r - P o p l e  (PPP) approxima-  
tions and the approximations of the simple Htickel MO 

method.  The geometr ies  of the imidazole,  thiazole,  and pyrazole  rings were taken in conformity with the 
experimental  data. The benzene and perimidine rings in X were considered to be regula r  hexagons with o 
1.40-A s ides .  We calculated the geomet ry  of dibenzodiazepines XI in [9]. The star t ing pa ramete r s  and the 
scheme of calculation via the P P P  and HMO methods are  the same as in previous papers  [21, 22]. 

* The r~N values was taken as equal to the covalent radius of ni trogen (0.63 AT. One should not expect 
close coincidence of the E P P P  and e HMO values, since different electron repulsion potentials are used in 
express ions  (17 and (2). 
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