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The thermodynamic  pa ramete r s  of the react ion of 1-vinyl-  and 1-ethylazoles with phenol (Kas , 
- A H ,  and -AS) were  calculated for 1 : 1 complexes with the aid of ]:R spectroscopy.  The inves- 
tigated compounds are  ar ranged in the following order  with respec t  to their basici t ies  on the 
basis  of their K a s and pK a values:  1-ethylimidazole,  2 -methy l - l -v iny l imidazo le ,  1-ethylben- 
zimidazole,  1-vinylimidazole,  1-vinylbenzimidazole,  1-ethylpyrazole,  1 -e thy l - l ,2 ,4 - t r i azo le  
3,5-methyl  - 1-vinylpyr azole, 1-vinyl-  1,2,4-tr  i azole,  1- ethylbenzotr [azole, 1-vinylbenzotr iazole, 
and 1-vinylpyrazole.  The hypsochromic shifts of the bands and the change in the extinction co- 
eff[cient in the electronic absorption spec t ra  of imidazoles and benzimidazoles in HC1 solution 
as compared  with ethanol solutions a re  determined by the increase  in the conjugation sys tem of 
the azoles ra ther  than by their  basici t ies .  

The biological activity of ni t rogen-containing heterocycl ic  compounds is determined to a large extent by 
their  a c i d - b a s e  proper t ies .  We have obtained the associat ion constants,  enthalpies, and entropies of the r e a c -  
tion of 1-ethyl-  and 1-vinyl-subst i tuted imidazoles,  benzimidazole,  pyrazoles ,  t r [azole ,  and benzotr iazole with 
phenol in order  to study the influence of the inductive and mesomer i c  effects on the e lect ron-donor  capacity of 
azoles during the formation of hydrogen bonds by them. 

The thermodynamic pa ramete r s  of the react ion of azoles (13) with phenol in CC14 solution were  calculated 
on the basis of IR spect roscopic  data. For  this,  we determined the spect ra l  shifts (Av), which are  the dif- 
ferences  between the frequencies of the s t re tching vibrations of the monomeric  and associated OH groups of 
phenol and may be a measure  of the energies  of the hydrogen bonds. 

Because of superimposi t ion of a number of bands with rnaxhna at 2600-3100 cm -1, the absorption band of 
the s t re tching vibrations of the associa ted  OH groups has a complex s t ruc ture  (Fig. 1). Their origin is ex- 
plained by the considerable polarizabil i ty of the hydrogen bonds [1]. The presence  in the spec t ra  of one iso- 
piestic point as the 1-vinylazole concentrat ion is varied and the absence of any deviations in the K a s values 
make it possible to assume that only one type of 1 : 1 complex is present  in solution [2]. 

The - A H  a n d - A S  values were  obtained f rom the van ' t  Hoff equation 

AH AS l n K = -  
RT ~- R 

The pa ramete r s  of the linear equations that re la te  InK to 1 / T  were  determined by the method of least  squares.  

The r eg res s ion  equation for 1-vinylimidazole has the fo rm In K=2553 T - 3 . 6 8 .  The accuracy  in the determina-  

tion of - A H  was ~ 10%. 
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Fig. 1. IR spectra of associates of phenol (Cp~ mole/ l i ter)  with 1-vinylazoles in CC14 
(with an LIF prism and an absorbing-layer thickness of 4.2 ram); 1) 1-vinylpyrazole (c =0.013- 
0.110 mole/ l i ter) ;  2) 1-vinylimidazole (c = 0.019- 0.045 mole/ l i ter) ;  3) 1-vinyt- t ,2,4-tr  tazole 
(c = 0.013-0.120 mole/ l i ter) .  

Fig. 2. Relationship (a) between the In K a s s  and pK a values of azoles and relationship (b) be- 
tween the -AH and Av values during the formation of hydrogen bonds between 1-vinyl- and 
1-ethylazole and phenol. 

TABLE 1. PKa, Kass, -AH,  -AS, and Au Values for 1-Vinyl- and 
1-Ethylazoles and Their Complexes with Phenol 

Compound*  p , . l  rKass ,mole / l i t e r  - A H ,  k c a l /  
i t  20~C m o l e  - a S e u  A,. $, c m - i  

7It 8.87 [ ~. 3,0 5,3 6,79 525 

i 

JV 8.35 I 280 5,4 7.32 535 
X I I 7,49 183 5,, 7,60 535 

II 7,32 I ,50 5,1 6.79 495 
XI 5,64 i 75 4,5 6.79 480 

V I I 4.67 / 55 4.8 7,39 425 
XVI 4,22 1 65 4,7 7,64 410 
V ! t I 3,22 30 4,2 7,55 430 

iX 2.97 34 4.0 7.14 370 
XV - -  [ 32 3.8 6.i7 330 

--- 13 3,6 6,76 325 
X IV i 13 3.5 6.80 370 " V ~ - -  1 

* See  T a b l e  3 f o r  t h e  n a m e s  o f  t h e  c o m p o u n d s .  

Compounds and pK a values: imidazole 9.09, benzimidazole 7.32, 
pyrazole 3.63, and triazote 4.83. 
:~ Obtained from Au = 3610 - ~ a ss .  

TABLE 2. 
for Complexes of Azoles (B) with Phenol 

Association Constants as Functions of the Temperature 
in moles per liter) 

Xll 

214 
183 
,57 
,35 
t ' 7  
102 
8fl 

II i .XI 
t 

180 t 83 
150 [ 75 
127 68 

93 
82 . 1,; 
72 J 42 

VI'I XV! 

6t  73 
56 65 
-i~ 57 
45 51 
40 45 
34 39 
28 35 

z, c i '~" i I X .  

I i 
!7, i 360 ! 330 
2o # ?,jO J 280 
25 i 266 240 
-3o ~< 220 210 
,~ !19o IT{) 
40 I 16{. <, 151 
a.5 i J40 132 

VIII 

38 
34 
30 
27 

19 

1X XV 

:78 47 
25 32 
23 29 

26 

t7 21 
15 19 

XtV v! 

17 15 
15 13 

14 12 
11: ~ 11 

10 
10 9 
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T A B L E  3. Quan t i t a t ive  C h a r a c t e r i s t i c s  of the  E l e c t r o n i c  Spec t ra  
of Azo le s  (B) 

No. 

I 

II 

llI 

IV 

V 

VI 

VII 

VIII 

IX 

X 

X1 

XII 

XIII 

XIV 

XV 

Compound 

Imidazole 

i-Vinylimidazole 

1-Ethylimidazole 

2-Methyl-l-vinylimidazole 

Pyrazole 

1 -Vinylpyrazole 

1-Ethylpyrazole 

3,5-Methyl-l-vinylpyrazole 

t-Vinyl-l,3,4-triazole 

Benzimidazole 

l-Vinylbenzimidazole 

l-Ethylbenzimidazole 

Benzotriazole 

1 -Vinylbenzotriazole 

1-Ethylbenzo~iazole 

z(e), nm 

dioxane 

234 (12390) 

237 (11700) 

250 (12740) 

221 (4350) 

256 (15640) 

231 (14260) 

246 (7800) 
251 (7530) 
260 (4200) 
269 (4730) 
275 (6690) 
282 (76!0) 

232 (16820) 
237 (19000) 
252 (13960) 
262 (92501   (555o) 
_ (5040) 

252 (5980) 
256 ~6260) 
269 (4060) 
278 (4450) 
285 (4770) 

252 (~9o) 
258 (5820) 
277 (4850) 
281 (4940) 

220 (15390~ 
233 (15980) 
262 (7050) 
270 (6610) 
299 (68001 

257 ~6290) 
263 (6520) 
273 (5210~ 
279 (5790) 
284 (5690) 

alcohol 

21o (5000) 

202 (7890) 
230 (10770) 

202 (5170) 
217 (5160) 

233 (1095O) 

2t0 (3730) 

212 (3730) 
250 (11550) 

221 (4610) 

227 (7060) 
255 (15070) 

228 (13730) 

201 (46660) 
245 (5500) 
250 (5660) 
259 (3300) 
267 (4110) 
273 (6090) 
280 (7080) 

202 (31130) 
227 (16730) 
233 (17100) 
253 (11040) 
260 (9360) 
281 (5130) 
290 (4350) 

204 (46810) 
249 (6040) 
254 (6220) 
267 (4180) 
275 (4840) 
282 (5190) 

199 (30740) 
254 (7480) 
260 (74001 
276 (5990) 

199 (25070) 
215 (16780) 
219 (17460) 
228 (14530) 
263 (7400) 
271 (6990) 
298 (6820) 
202 (30070) 
258 (6600) 
263 (69001 
273 (5960) 
279 (6050) 
284 (5700) 

0.1N HCI 

207 (5550) 

218 (8820) 

2t1 (5110) 

222 (9620) 

214 (5420) 

2O9(525O) 
248 (93801 

226 (623O) 

219 (7360) 
252 (9500) 

225 (10030) 

209 {11000) 
233 (3690) 
241 (3830) 
247 (3660) 
253 (3660) 
262 (4700) 
267 (7030) 
274 (7290) 

21o (~13o~ 

264 (8780) 
269 (9170) 

275 (7780) 

250 (~9o) 
256 (4490) 
262 (5420) 
269 (7530) 

276 (7240) 
198 (22000) 
258 (5600) 
262 (59301 
273 (5680) 

279 (5460) 
198 (24950) 
215 ((18920) 
218 (19250) 
227 (13720) 
265 (7430) 
273 (7340} 
297 (6250) 
199 (25530) 
260 (654~) 

273 (73801 
279 (5790) 
284 (626O1 

The K a s ,  - A H ,  and pK a va lues  d e t e r m i n e d  by p o t e n t i o m e t r i c  t i t r a t i o n  in ace tone  so lu t ion  quan t i t a t i ve ly  
c h a r a c t e r i z e d  the e l e c t r o n - d o n o r  capac i ty  of the i nves t iga t ed  compounds  (Tables  I and 2). A c o r r e l a t i o n  is 
o b s e r v e d  be tween  the pK a and In Kas s va lues  at  the cons t an t  t e m p e r a t u r e  of 20 ~ (Fig. 2a); r =0.983,  and In 
K a s  =1 .78+0 .471  pK a .  

Upon the whole,  the ene rgy  of i n t e r a c t i o n  of azo les  with phenol  (-AH) changes  in the s a m e  d i r e c t i on  while  
the  e n t r o p i e s  (-AS) r e m a i n  a l m o s t  cons tan t .  The r e  is  no s t r i c t l y  l i n e a r  r e l a t i o n s h i p  be tween  the  A~ and - A H  
va lues  (r =0.91),  but t h e r e  is only a g e n e r a l  t endency  for an i n c r e a s e  in - A H  as  A~ i n c r e a s e s  (Fig. 2b). This  
m a y  be due to r e s t r i c t i o n  of f r ee  o r i e n t a t i o n  of the c e n t e r s  that p a r t i c i p a t e  in the hydrogen  bond and the dif-  
f e r en t  e l e c t r o n i c  s t r u c t u r e s  of the  i nves t iga t ed  azo le s .  In the  c a s e  of the i s o s t r u c t u r a l  azo les  the Au va lues  
for the 1 - e t h y l - s u b s t i t u t e d  compounds  a r e  a lways  h igher  than the va lues  for 1 - v i n y l - s u b s t i t u t e d  compounds .  

Thus  the se t  of p K a ,  K a s s ,  - A H ,  and AlJ va lues  m a k e s  it p o s s i b l e  to c o m p a r e  the  e l e c t r o n - d o n o r  c a p a c -  
i t i es  of the i nves t iga t ed  compounds .  The i m i d a z o l e s  have  the h ighes t  b a s i c i t i e s .  The b a s i c i t i e s  of the  t r i a z o l e s  
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and pyrazo les  a r e  reduced  due to the mutual  inductive effect  of the ni t rogen he te roa toms .  The p r e senc e  of 
methyl  and ethyl groups in the he te ro r ings  of the cor responding  azoles  r a i s e s  the e lec t ron  density of the "py r i -  
dine" ni t rogen a tom.  The K a s s ,  - A H ,  and A~ values of 1-e thylazoles  III, IV, VII, XII, XIII, and XVI a r e h i g h e r  
than the Kas  s values  of the cor responding  1-vinyl de r iva t ives  (II, VI, IX, XI, and XIV); this is in conformi ty  
with the e lec t ronic  effects  of the ethyl and vinyl groups.  

1-Vinylpyrazole  (V1) has the highest  bas ic i ty  of the invest igated compounds.  One's  at tention is d i rec ted  
to the change in the K a s  s and - A H  values on pass ing  to 1 -e thy lpyrazo le  (VII). This is poss ib ly  due to the high 
sens i t iv i ty  of the coordination center  of the p~razoles  (the N 2 atom) to the inductive effect  of the CH 2 = C H - a n d  
C2H 5 groups and a lso  to the super impos i t ion  of the effect  of conjugation with the CH 2 = C H - g r o u p .  

The UV absorp t ion  s p e c t r a  of solutions of the compounds in dioxane, alcohol,  and aqueous alcoholic HC1 
(Table 3) were  obtained to invest igate  the manifes ta t ion  of a c i d - b a s e  in teract ions  in the e lec t ronic  absorpt ion  
s p e c t r a  of azoles .  The universa l  in te rmolecu la r  in teract ions  in dioxane or alcohol media  give r i s e  to hypso-  
chromic  shifts  of no m o r e  than 4 m m  and a sl ight dec r ea se  in the absorpt ion  coefficient  in the e lec t ronic  ab-  
sorp t ion  spec t r a  of f i v e - m e m b e r e d  he te rocyc les  (I-IX). Protonat ion of these  compounds with 0.1 N HC1 leads 
to a hypsochromic  shift  of the sho r t -wave  band to the reg ion  below 200 nm. The long-wave band is also shifted 
hypsochromica l ly  in the case  of imidazoles  I-l~z and 1-v iny l t r i azo le  IX, and a g r e a t e r  shift  is cha r ac t e r i s t i c  
for 1-vinyl  der iva t ives  of imidazole  (1I, IV). The r e v e r s e  effect  is obse rved  on protonation of the psTazoles .  
The long-wave band has a red  shift  for pyrazole  V and 1 -e thy lpyrazo le  VII and a blue shift for 1-vinyl de r iva -  
t ives  VI and VIII. The absorp t ion  coefficient  in the s p e c t r a  of the protonated imidazoles ,  as a ru le ,  r e m a i n s  
a lmos t  unchanged or is only sl ightly reduced.  The ~ value i nc rea se s  when pyrazote  V and 1-eths" lpyrazole  VII 
a r e  protonated.  In the ca se  of 1 -v inylpyrazoles  VI and VIII the ~ value i nc rea se s  for the sho r t -wave  band and 
d e c r e a s e s  for the long-wave band. Thus both the magnitude of the shift of the bands and its d i rect ion a r e  r e -  
la ted to the e lec t ron ic  s t r u c t u r e  of the he te rocyc le ,  which de te rmines  the type of e lec t ron t rans i t ions  and their  
energ ies .  The 1-vinyl  de r iva t ives  (II, IV, VI, and VIII), for which the shift in ~ 'max r eaches  12 nm,  a r e  p a r -  
t i cu la r ly  sens i t ive  to protonation.  

Depending on the nature  of the solvent (dioxane or alcohol),  ve ry  slight changes a r e  obse rved  in the spec -  
t r a  of benzimidazoles  and benzot r iazo les  X-XV. A hypsochromic  shift  of the bands of benzimidazole  X and 
1-e thyl -  and 1-vinylbenzimidazoles  XI and XII, which is g r e a t e r  in magnitude than the shift  obse rved  for I-X, 
occu r s  in the s p e c t r u m  of a solution in HC1 (this effect  is max ima l  in the s p e c t r u m  of vinyl der iva t ive  X1). 
Moreover ,  the v ibra t ional  s t ruc tu re  of the bands becomes  less  distinct.  The spec t r a  of protonated benzo-  
t r i a zo l e  and its subst i tuted de r iva t ives  r e m a i n  p rac t i ca l ly  unchanged as compa red  with the s p e c t r a  of thei r  
alcohol solutions.  

Thus in the e lec t ronic  absorp t ion  s pec t r a  of compounds with higher bas ic i t i es  ( imidazoles and benz imid-  
azoles)  the magnitude of the hypsochromic  shift  of the band and the change in the extinction coefficient  evidently 
a r e  de te rmined  p r i m a r i l y  by an inc rease  in the conjugation s y s t e m  r a the r  than by a change in the bas ic i t i es .  
A la rge  shift  is obse rved  for vinyl der iva t ives  and benzazoles .  

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

The synthes is  of the invest igated compounds and the i r  c h a r a c t e r i s t i c s  we re  descr ibed  in [3]. 

The e lec t ronic  absorp t ion  s p e c t r a  of solutions of the azoles  and the i r  subst i tuted der iva t ives  in dioxane, 
alcohol,  and 0.1 N HC1 were  obtained with a l%~e Unicam Sp-8000 spec t ropho tomete r .  

The dissocia t ion constants  in acetone were  de te rmined  by potent iometr ic  t i t ra t ion  with an LPM-60-M 
appara tus  with g lass  and s i l ve r  chlor ide e lec t rodes .  The appara tus  was filled with a sa tu ra ted  acetone solution 
of l i thium chloride and s i l ve r  n i t ra te .  The t i t ran t  was a solution of pe rch to r i c  acid in acetone,  the concent ra -  
tion of which exceeded the concentra t ion of the t i t ra ted  base  by one o rde r  of magnitude.  Measurements  at two 
concentra t ions  (0.01 and 0.005 hi) gave the s a m e  dissocia t ion constants .  The dissocia t ion constants  of the 
cat ionic acids (the conjugate acids of the inves t igated bases)  were  calcula ted f rom the formula  in [4]. Codeine 
(pK a 9.62) [5] was used as  the s tandard  base .  

The IR spec t r a  of the 1-vinyl-  and 1-e thylazoles  and the B-CGH5OH-CC14 s y s t e m s  were  obtained with a 
UR-20 s p e c t r o m e t e r  at 2500-3700 c m  -~. The m e a s u r e m e n t s  of the the rmodynamic  p a r a m e t e r s  were  made at 
15-40 ~ at azole  concentra t ions  of cob  =0.35-0.140 m o l e / l i t e r  and phenol concentra t ions  of c~  
m o l e / l i t e r .  

694 



The K a s values  we re  calculated f r o m  the fo rmula  

(~:~, o,~ (1) / '(0 r ~ 
(p(Ceg__C~p__Cp) " 

where  c ~  and cob  a r e  the initial concentra t ions  of phenol and the e lec t ron-donor  compound (]3), r e spec t ive ly ,  
and Cp is the equi l ibr ium phenol concentra t ion de te rmined  f rom the change in the peak intensity of the band of 
the s t re tch ing  v ibra t ions  of the m o n o m e r i c  OH groups of phenol at 3610 cm - i  [6,7]: 

~ =  ~,-T' D=I~ ; z=z,,~-~... (2) 

where  n is the t rue  concentra t ion of the f ree  hydroxyl  groups.  

The degree  of dissocia t ion of the phenol molecu les  t ied up in hydrogen bonds is a = n / c ,  where  c is the 
total  phenol concentrat ion.  The following equation is obtained when the la t ter  is subst i tuted in Eq. (2): 

/')=In --I~ =-~-',:zcd. (3) 
f 

The dependence e a  =f(c) is l inear  for low concentra t ions  of the CCl 4 solution of phenol f r o m  0.1 to 0.01 m o l e /  
l i ter .  When c --*0, a - * l ,  and the segment  cut out along the axis of ord ina tes  gives the mola r  absorpt ion coef-  
ficient of the f ree  OH groups  of phenol ( ~ =201), which was used for the determinat ion of cp.  
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