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Q U A N T U M - C H E M I C A L  S T U D Y  OF T H E  CH A C I D I T I E S  OF 

M E T H Y L  D E R I V A T I V E S  OF F I V E - M E M B E R E D  A R O M A T I C  

H E T E R O C Y C L E S  

N. N. Z a t s e p i n a ,  I .  F .  T u p i t s y n ,  
A.  A.  K a n e ,  a n d  G .  N.  S u d a k o v a  

UDC 547.77.78.79 : 541.127' .67 

The CNDO/2 (complete neglect  of d i f ferent ia l  overlap) method was used fo r  the study of the 
possibi l i ty  of the quan tum-chemica l  descr ip t ion  of the e lect ronic  effects  of subst i tuents  and 
he t e roa toms  on the CH acid p r o p e r t i e s  of an extensive s e r i e s  of methyl  de r iva t ives  of f ive-  
m e m b e r e d  a r o m a t i c  he te rocyc les .  It is shown that the trend of the change in the re la t ive  
ra te  constants  of deu te r ium exchange of the methyl  der iva t ives  of furan,  thiophene, thiazole,  
isothiazole,  oxazole,  isoxazole,  pyrazo le ,  imidazole,  oxa-  and thiadiazoles,  and te t razo le  
co r r e sponds  in m o s t  c a se s  to the changes in the deprotonat ioa energies  (AE = EHet_CH 2 -  
EHe t C,J ~ and the cha rges  on the hydrogen a toms of the methyl  groups  unaergoing a t tack by 

- -  1 1 3  , 

the base .  The f ac to r s  r espons ib le  fo r  violation of the indicated s imple  conformi ty  a r e  
d iscussed .  

Studies made in r ecen t  y e a r s  have shown that within the l imits  of a s e r i e s  of s imi l a r ly  const ructed com-  
pounds, the CNDO/2 (complete neglect  of d i f ferent ia l  overlap) method can be successfu l ly  applied for  the de-  
sc r ip t ion  of the kinetic and equi l ibr ium acidi t ies  of carboxyl ic  acids (for example ,  see  the data on the CH 
acidi t ies  of subst i tuted benzenes  (1], some f ive-  and s i x - m e m b e r e d  ni t rogen-containing he te rocyc les  [2-4], 
methanes  [5], e thylenes  [6], phenylacetylenes  [1], methyl  der iva t ives  of a romat i c  compounds [1], sa tu ra ted  
r ings [7, 8], etc.) .  In a continuation of our  r e s e a r c h  on the re la t ionship  between the e lec t ronic  s t r u c t u r e  and 
the labili ty of hydrogen a toms  in organic  compounds of di f ferent  c l a s se s ,  we made a quan tum-chemica l  ex-  
aminat ion  of the CH acid p r o p e r t i e s  of an extensive  s e r i e s  of methyl  de r iva t ives  of f i v e - m e m b e r e d  a roma t i c  
he te rocyc les .  As in [5, 7, 9], we used the deprotonat ion energ ies  (AE = EHet_CH--EHet_CH3)  and the charges  
on the hydrogen a toms  (qH) undergoing a t tack  by the base  as the theore t ica l  reac t iv i ty  indices. The AE values 
w e r e  ca lcula ted  fo r  "p lanar"  and py ramida l  configurat ions cor responding  to the model of comple te  detachment  
of a pro ton  in the carbanion  t rans i t ion s ta te .  The exper imen ta l  geome t ry  of the corresponding unsubsti tuted 
he t e rocyc l e s  [9] was used as the bas i s  of the calculat ion of the invest igated s e r i e s  of methyl  der iva t ives  in 
_most cases ;  ~he p a r a m e t e r s  of the idealized geome t ry  r ecommended  by Pople and Gordon [10] were  used for  
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TABLE 1. Relative Rate Constants for Deuterium Exchange and 
Quantum-Chemical Characteristics of the Deuterium Exchange of 
Methyl Derivatives of Five-Membered Heteroaromatic Compounds 

Conl- 
Posi- 

pound Compound tion 
No, 

lgfa  

1 2 3 4 

• b, oV C 
qH , aV 

1 C H 3 ~ C H  3 
o 

3 C N : ~  

4 ~ ( , C H ~  

'%s~N 

6 C H 3 ~  

'C rl3,....___ ~ 

C Hs.."~o.N 

C H3/X,,.O~ N 

"~N~ CH~ 

N O 2 ~ % C H  ~ 

I 
CH 3 

9 

10 
!1 
12 

13 

14 

t5 

16 

17 

18 

3 

2 

8.9 25.4598 
(2319315) 

5.3 26,7244 
(25,2944 t 
25,6613 ~ 

6,6 25,8235 
(24.6~01 

25.~131 

6.8 ! 25.7244 
(24.3048~ 
25.38~i7 

2,3 26,2189 
(25,t800~ 

I 25.7452 

8,5 26,4974 
(24.1368~ 
25,5484 u 

1,9 25,7550 
(24.5795~ 
25,7775 ~ 

26.1988 
(25.363% 
25.7.94 u 
25,4111 

(24,0436) 

26.0-I28 
25,7069 

(25,0229) 
26.0946 

(24,3730) 
25.7902 f 

(24,6-t68t 
25.4279 f 

(')4(1145)_. 
26,0063 

{2-18582) 

--1.1 

7.6 

N0 exchange 
1,4 

(5,7) e 

7,3 

10,8 

0,9 

8,3 

13,5 

25,9792 
(2-t,9001) 

'25,0723 
(23.s8oo) 

0,9776 

0,9866 

9.9795 d 

0,9894 

0,9916 a 

(!.9846 

0,9798 d 

0.99CI 

0.9896 d 

O,q~ ;7 

0.9812 d 
0,9884 

0.9810 d 

0,9956 

0,9892 d 

0,9731 

0.9932 
0,9880 
0,9857 

0.97~2 

0,9~10 f 

0,9735 f 

0,9824 

0.9820 

0,9721 

9 6 0  



T A B L E  1 (continued) 

1 2 2 4 I 5 6 

19 

20 
21 

22 
23 

24 

25 

26 

27 

NO2 J~N%CH~ 
I 
CH 3 ' 

~ . ~  C H.~ 

CHa 

N %' -~ . - -~CH3 

I 
CH a 

CH 3 CH~ 

CH3%7%CH3 

i L., 
1~6Hs 

3,4 

2,5 

2,5 

13,5 

1,2 
3.9 

7.7 
13.1 

24.9566 
(23,6427) 

26,2675 
25,8725 

0,9708 

0,9883 
0,9865 

25.7097 0.9749 
24.2354 0.9509 

8,0 25.8915g 
(24,8150) 

10.9 25.5328 h 
(24,2422) 

25,4148 
,7, t.~,1189) 

25.7107 

11.5 

11.6 

0.9826g 

0.9723 h 

0.9763 

0.9729 

aLog  f = log k -  log k0, w h e r e  k and k 0 a r e  r a t e  c o n s t a n t s  f o r  deu-  
t e r i u m  e x c h a n g e  of the m e t h y l  g r o u p s  in the i n v e s t i g a t e d  c o m -  
pound and in to luene ,  r e s p e c t i v e l y ,  r e f e r r e d  to s t a n d a r d i z e d  con -  
d i t i ons  (0.57 N C2H5OK + C2H5OD, 25~ The log k v a l u e s  w e r e  
taken  f r o m  [11]; log k 0 = - 1 5 . 9  [12]. 
b T h e s e  a r e  the AE v a l u e s  f o r  the p y r a m i d a l  and (in p a r e n t h e s i s )  
p l a n a r  c a r b a n i o n  m o d e l s .  
CThese  a r e  the a v e r a g e  qH v a l u e s  fo r  the t h r e e  h y d r o g e n  a t o m s  
of the m e t h y l  g r o u p .  
d w i t h i n  the  spd  a p p r o x i m a t i o n .  
e T h i s  is  the a v e r a g e  v a l u e  of the  r a t e  c o n s t a n t s  f o r  the 3 and 5 
p o s i t i o n s .  
f F o r  3 , 5 - d i m e t h y l - 4 -  c h l o r o i s o x a z o l e .  
g F o r  3 - m e t h y l f u r a z a n .  
h F o r  3 - m e t h y l o x a d i a z o l e .  

the substituents. In the calculation of the carbanions all of the angles (except those pertaining to the extra- 
cyclic CH~ group in the "planar" model) were assumed to be the same as in the corresponding starting CH 
acid. The calculations were made with a B}~SM-6 computer from a program composed in the department of 
quantum chemistry of Leningrad State University. 

The results of the calculation are presented in Table 1. Data on the relative rates of isotopic exchange 
of the hydrogen atoms of the methyl groups (log f ) ,  calculated from data from our previous study [11] relative 
to toluene [12] as the standard compound, are also presented in Table 1. 

As seen from Table 1 and Figs. 1 and 2, both indices (AE and qH ) together accurately convey the trend 
of the change in the kinetic CH acidity: 

1g/=255 9,6AEpyr (r=0,954, lz-141.  (1) 

lg-f= t43 -5 ,55@1 (r=0,910, 12 = 11), (2) 

1gf=455 455qi[ ( r -0 ,943,  tz=lS) ,  (3) 

t h e r e b y  d e m o n s t r a t i n g  the e f f e c t i v e n e s s  of the q u a n t u m - c h e m i c a l  i n t e r p r e t a t i o n  of the r e a c t i v i t y  bo th  wi th in  the  
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Fig.  1. Relat ionship between log f and AE: I, I') azoles;  II, II') toluenes 
(the numbering co r r e sponds  to that in Table 1; �9 denotes compounds 
that a r e  not included in the co r re l a t ion  t r ea tment ) .  

Fig. 2. Relat ionship between log f and qH (the number ing of the points 
co r r e sponds  to that in Table 1; O denotes compounds that a re  not in- 
cluded in the co r re l a t ion  t rea tment ) .  

" i so la ted  molecule" approximat ion  and within the delocal iza t ion approximat ion  fo r  the predic t ion of the CH acid 
p rope r t i e s  of az01es. The approx imate ly  identical  c h a r a c t e r  of the cor re la t ions  does not make it poss ib le  to 
f o r m  a judgement  regard ing  the p r e f e r a b l e n e s s  of one of the indices used; to the s ame  extent, it is not poss ib le  
on the bas i s  of the data obtained in this r e s e a r c h  to make  an unambiguous choice between the two invest igated 
models  of the t rans i t ion s ta te .  

As in the previous  calculat ions of CH acidity [5, 7], expansion of the bas i s  through inclusion in it of the 
d o rb i t a l s  of sulfur  has l i t t le effect  on the calcula ted deprotonat ion energ ies .  

In Fig. 1 one ' s  attention is drawn to the shift  of the co r re la t ion  lines that c h a r a c t e r i z e  the CH acidity in 
the s e r i e s  of azoles  re la t ive  to the lines for  subst i tuted toluenes.* This apparent ly  should be cons idered  to be 
the r e su l t  of the overa l l  ef fect  of mainly two compl icat ing fac tors :  

a) Al l  of the calculat ions were  made for  isolated molecu la r  s y s t e m s  and essent ia l ly  c h a r a c t e r i z e  the CH 
acidity in the gas phase.  However,  the exper imenta l  ra te  constants  per ta in  to the conditions under which the 
p r o c e s s  was c a r r i e d  out in a po la r  solvent,  in which the effect  of specif ic  solvation of the ni t rogen-containing 
he te rocyc les  may  have an apprec iab le  effect  on the i r  posi t ion in the genera l  sca le  of carboxyl ic  acids [13-16]. 

b) The dependence of the e lec t ron  repuls ion integrals  on the nature  of the bas i s  a tomic orb i ta l s  is 
ignored in the CNDO/2 method; according to the resu l t s  of a recen t  theore t ica l  analys is  [4, 8], this is one of 
the fundamental  r easons  for  the inadequate descr ip t ion  of the CH acidi t ies  of ni t rogen-containing he te rocyc les  
within the f r a m e w o r k  of this method. The fac t  that f i v e - m e m b e r e d  r ings that do not contain a ni t rogen he t e ro -  
atom (Nos. 7, 8, and 16 in Fig. 1) deviate apprec iably  f r o m  cor re la t ion  l ines I and I' and a re  grouped about l ines 
II and II 'k,  which convey the t rend of the change in the r a t e  constants  fo r  deuter ium exchange in subst i tuted 
toluenes,  a lso const i tutes  evidence that it is p r ec i s e ly  the p r e s e n c e  of a ni trogen he te roa tom that is r e spon-  
s ible  fo r  the indicated deviations.  

L I T E R A T U R E  C I T E D  

1. A. S t re i twieser ,  R. C. Mowery, R. G. Jesa i t i s ,  J.  R. Wright,  R. H. Owens, and D. M. E. Reuben, in: 
Quantum Aspects  of Heterocycl ic  Compounds in Chemis t ry  and Biochemis t ry ,  Vol. 2, J e r u s a l e m  (1970), 
p. 160. 

2. M.A.  Schroeder  and R. C. Makino, Tet rahedron,  29, 3469 {1973). 
3. C. Weiss ,  Z. Chem.,  12, 193 (1972). 

* Cor re la t ion  l ines II and H' in Fig. 1 were  cons t ruc ted  on the bas i s  of our  resul t s ,  and par t ia l ly ,  the r epor t ed  
resu l t s  of calculat ion of the ~ E  values  and data on the ra te  of deuter ium excb ,  nge of subst i tuted toluenes [1, 
16]. The cor responding  equations have the fo rm log f = 218 .0 -8 .3  AEpyr  and log f = 280 .6-11 .2  AEpl. 

962 



4. P. Birner, H. J. KShler, and C. Weiss, Chem. Phys. Lett., 27, 347 (1974). 
5. N.N. Zatsepina, A. A. Kane, and I. F. Tupitsyn, Reakts. Sposobn. Org. Soedin., 12, 177 (1975). 
6. G. Leloup and G. Leroy, Bull. Soc. Chim. Beiges, 8_~2, 453 (1973). 
7. N.N. Zatsepina, I. F. Tupitsyn, A. I. Belyashova, A. A. Kane, and A. V. Kirova, Reakts. Sposobn. Org. 

Soedin., 12, 193 (1975). 
8. R.G. Jesaitis and A. Streitwieser; Theor. Chim. Acta, No. 3, 165 (1970). 
9. N.N. Zatsepina, I. F. Tupitsyn, A. I. Belyashova, A. A. Kane, N. S. Kolodina, and G. N. Sudakova, Khim. 

Geterotsikl. Soedin., No. 8, iii0 (1977). 
I0. J.A. Pople and M. Gordon, J. Am. Chem. Soc., 89, 4253 (1967). 
II. N.N. Zatsepina, I. F. Tupitsyn, A. I. Belyashova, A. V. Kirova, and E. Ya. Konyakhina, Khim. Geterotsikl. 

Soedin., No. 9, 1196 (1977). 
12. N.N. Zatsepina, I. F. Tupitsyn, and A. I. Belyashova, Reakts. Sposobn. Org. Soedin., II, 429 (1974). 
13. N.N. Zatsepina and I. F. Tupitsyn, Khim. Geterotsikl. Soedin., No. 12, 1587 (1974). 
14. I.F. Tupitsyn, N. N. Zatsepina, A. V. Kirova, and Yu. M. Kapustin, Reakts. Sposobn. Org. Soedin., 5, 

806 (1968). 
15. N.N. Aztsepina, I. F. Tupitsyn, A. V. Kirova, and A. I. Belyashova, Reakts. Sposobn. Org. Soedin., 6, 

257 (1969). 
16. N.N. Zatsepina, I. F. Tupitsyn, and A. V. Kirova, Reakts. Sposobn. Org. Soedin., 9, 195 (1972). 

I S O T O P I C  H Y D R O G E N  E X C H A N G E  IN M E T H Y L  D E R I V A T I V E S  

OF  F I V E - M E M B E R E D  A R O M A T I C  H E T E R O C Y C L E S  

N. N. Z a t s e p i n a ,  I .  F .  T u p i t s y n ,  
A.  I .  B e l y a s h o v a ,  A. V.  K i r o v a ,  
a n d  E.  Y a .  K o n y a k h i n a  

UDC 547.72.77.78 : 541.127 : 543.422.25.4 

The kinetics of isotopic exchange of the hydrogen atoms of the methyl groups in an alcohol 
solution of potass ium ethoxide were studied for  an extensive ser ies  of methyl derivatives of 
azoles and di-,  t r i - ,  and te t razoles .  The electronic effect of one o r  severa l  heteroatoms and 
substituents on the rate of deuter ium exchange of f ive -membered  heterocycles  is sa t is fac-  
torily conveyed by the cor re la t ion  relationship previously established for a ser ies  of sub- 
stituted toluenes and s ix -membered  he teroaromat ic  compounds (P25o = 7.6). The limitations 
that exist  in a number  of cases  are  discussed in connection with the peculiari t ies  of the e lec-  
t ron-densi ty  distribution in f ive- and s ix -membered  heterocycles .  

In our previous r e s e a r c h  [1] we established that the trend of the change in the intensity of the bands of 
C - H  stretching vibrations in the IR spec t ra  (A~(~) and the chemical  shifts of the protons of the methyl group in 
the PMR s p e c t r a  (6CH3) of methyl derivahves-- of azoles and di-,  t r i - ,  and te t razoles  containing polar  substi tu- 
ents in the he te roaromat ic  ring is determined by the sum of additive contributions made to the A i/2 and 6 values 
by one or  severa l  heteroatoms and substituents.  The possibil i ty of their examination within the f ramework  of 
a single react ion ser ies  with the corresponding methyl derivat ives of s ix -membered  aromat ic  and he te roa ro -  
matic  compounds was demonstrated,  and, in addition, the applicability of a quantum-chemical  t rea tment  of the 
changes in the 6 and AI/2 values was investigated. 

In o rde r  to study the possibil i ty of the extension of a s imi la r  approach for  the descript ion of the e lec-  
tronic effects on the cha rac te r i s t i c s  of the react ivi t ies  of f ive -membered  aromat ic  heterocycles ,  in the p r e s -  
ent r e s e a r c h  we found comparable  (with one another) rate constants of basic deuterium exhcnage of an exten- 
sive se r ies  of methyl derivat ives of thiazole, oxazole, isoxazole, pyrazole,  imidazole, oxa- and thiadiazoles, 
tr iazole,  and tetrazole,  and we also made a cor re la t ion  analysis of the experimental  data obtained. In a subse-  
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