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DEPENDENCE OF THE REACTIVITY OF FIVE-MEMBERED 

HETEROCYCLES ON THEIR STRUCTURE. 

3.* PROTON AFFINITY OF AZOLES AND OXAZOLES 

V. G. Andrianov, M. A. Shokhen, 
and A. V. Eremeev 

UDC 541.6:547.7:519.25 

The proton affinity (PA) of a number of azoles and oxazoles was calculated by MNDO 
and STO-3G ab initio methods. In spite of the fact that these methods predict poor- 
ly the absolute values of the PA, a good correlation between the PA values calculat- 
ed by STO-3G and the experimental values of PA as well as pK a values exists. Cor- 
relation of the experimental values with MNDO results are much worse. 

Various semiempirical and nonempirical quantum mechanical methods are used for calcula- 
tion of proton affinity (PA) values. We use the nonempirical method with the limited basis 
of STO-3G orbitals in our calculations of PA of azoles and aminoazoles. These use the geome- 
try which is optimized by the semiempirical MNDO method [2]. Recently, reports have appeared 
whose authors suggest that a similar method does not permit the changes in PA of amines to be 
predicted correctly [3]. In order to verify the reliability of results obtained by various 
methods, we compared experimental and calculated values of PA for azoles and oxazoles. The 
values of PA which were calculated by us by MNDO and ab initio STO-3G are given in Table i. 
Experimental data from the literature and results of calculations in the 6-31"* basis account- 
ing for configuration interaction based on the geometry optimized for STO-3G [4] are also given. 

The PA value was determined as the difference of the absolute energies of the initial 
and protonated forms of the molecules. The STO-3G basis is known for a number of reasons to 
overestimate the PA [5], but the MNDO method, on the other hand, underestimates the PA due 
to underestimation of the value of enthalpy of proton formation [6]. The values of PA on the 
6-31"* basis are nearer to the experimental, but the error is still too large (up to 9 kcal/ 
mole [4]) to compare directly the experimental and calculated values. However, as a rule, the 
succession of changes in PA for the series studied proves to be more important than the absolute 
value for characterization of the reactivity. In order to evaluate the accuracy of the predic- 
tion of PA change in a series of azoles and oxazoles by various methods, we used regression 
coefficients in equations which relate the experimental and calculated PA values (Table i): 

PAex p =91.1+0.764PA MNDO (1)  
(r=0,941; s=3.0;  F=38 ;  n=7); 

PAex p = 27.9 + 0.688 PA STO-3~ (2)  
(r=0.990; s=l.2; F=242; n = 7 ) ;  

PAexp =49.5+0.754PA 6-31.* (3)  
(r=0,993; s= 1.1; F=334;  n=7). 

As seen  from t h e  c o r r e l a t i o n  c o e f f i c i e n t s  and mean s q u a r e  d e v i a t i o n s ,  t h e  PA c a l c u l a t e d  
in  t h e  STO-3G and 6 -31"*  base s  c o r r e l a t e  w i t h  t h e  e x p e r i m e n t a l  v a l u e s  w i t h  p r a c t i c a l l y  i d e n t i -  
c a l  a c c u r a c y .  Thus,  t h e  l i m i t e d  STO-3G b a s i s  i s  p r a c t i c a l l y  as  good as  t h e  e x t e n s i v e  6 -31"*  

*For Communication 2, see [I]. 
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TABLE i. PA and pK a Values of Azoles and Oxazoles 

Base 

Imidazole 
5-Methylimidazole+ 
4-Methylimidazole 
l-Methylimidazole ~ 
Pyrazole 

1 H- 1,2,3~riazole 

2H- 1,2,3~riazole 

l H- 1,2,4~riazole 

4H-l,2,4~riazole 

IH -Tetrazole 

2H- Tetrazole 

Pentazole 

Isoxazole 
Oxazole 
Furazane 
] .3,4~)xadiazole 
1,2,4<)xadiazole 

1,2,3<)xadiazole 

Position 
of NHfrag 
ments in 
the cation 

1,3 
1,3 
1,3 

3 
1,2 
1,2 
1,3 
1,2 
1,3 
1,4 
1,2 
1,4 
1,2 
1,2 
1,3 
1,4 
2, 3 
1 ,2  
l, 3 
1,4 
2 , 3  
1 ,2 
1 ,3  

2 
3 
2 
3 
2 
4 
2 
3 

MNDO 

PA, kcal/mole 

STO-3G 6.31t exp. 

pK,, 

exp.* 

7,30 [7 l 
7,72 
7,95 
7,20 [8] 
2,77 [9] 

1 , 7 2  

1 , 4 2  
2,22 [10] 

--2,27 [lI] 

- 2 , 0 8  [12] 
0,88 [121 

�9 Eq. 
(5) 

6,76 
7,88 
8,07 
7,88 
2,15 

- 2,84 
1 , 4 7  

-3,68 
0,63 
2,07 

-2,29 
4,12 

-0,25 
--8,62 
-3,25 
--I,77 
-8,54 
-9,27 
-3,90 
-2,43 
--9,19 

-- 15,74 
-9,36 
- -  1 , 4 7  

1,17 
- 7,64 
- 1 , 5 6  
--6,36 
-4,01 
-5,95 
- 7,99 

*Values of pK a are converted to 25~ and statistically cor- 
rected. 
%According to the authors of [4], methylimidazole exists as the 
4-isomer, therefore, the experimental value of PA from (3) is 
taken in a pair with that calculated for 4-methylimidazole. 

basis accounting for configuration interaction for prediction of relative PA values of azoles. 
Also, the MNDO method gives significantly poorer results. 

The relation between the calculated PA values and the pK a values is interesting in order 
to predict the pK a values of azoles upon protonation by various nucleophilic centers. For 
this, it is necessary to know the tautomeric form in which the more interesting compounds occur 
in aqueous solution and at what center the protonation cocurs. The iH-tautomer is known to 
be predominant for 1,2,4-triazole [13] and tetrazole [14] and the protonation occurs at the 
nitrogen atom in position 4. For 4(5)-methylimidazole pK a = 7.52 [15] and 5-methylimidazole 
predominates over 4-methylimidazole in aqueous solution. Knowledge of the equilibrium constant 
(K = 0.66 [16]) allows the pK a values of both tautomers to be calculated (Table I). 1,2,3- 
Triazole in aqueous solution is found as a mixture of equal quantities of the IH- and 2H-tauto- 
mers [17] whose protonation can lead to two cations: 

N•N•/NH HN N ~ N n  
" H 

Results of quantum chemical calculations show that cation II is much more stable than 
cation I. The large difference of pK a values of 1-methyl- and 2-methyl-l,2,3-triazoles sup- 
ports this. If for the 1-methyl derivative pK a = 1.25 [17], then for the 2-isomer pK a cannot 
be determined due to its very low basicity. According to [17], pK a = -3.5 for the 2-methyl 
derivatives. The large difference in stability of cations I and II leads to formation of a 
mixture of tautomers upon protonation only for cation II. Since the pK a value of 1,2,3-triaz- 
ole is known (1.17 [18]), it is possible to calculate the pK a values for the IH- and 2H-tauto- 
mers. They are equal to 1.77 and 1.47, respectively. 
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When carrying out the correlation it is necessary to consider that dissociation of the 
cations of imidazole, pyrazole, and tetrazole can proceed with loss of either of the two pro- 
tons with an identical result. Introduction of the corresponding statistical correction [16] 
leads to an increase of pK a for these azoles by a value of log 2 = 0.30. 

Since the values of pK a of azoles are determined at various temperatures, they are con- 
verted to 25~ for comparison. For this, an increase of temperature by I~ was taken to cause 
a lowering of pK a by 0.01 [19]. 

Treatment of the data by a least squares method leads to the equations 

p K. = 0.304; PA M NDO -- 45.82 ( 4 ) 
( r=0 .959 ;  s =  1,03; F = 1 0 3 ;  n = l l ) ;  

pK.  = 0,273 PASTO-SG -- 70,65 
( r=0 .991 ;  s = 0 . 4 9 ;  F = 4 9 6 ;  n = t l ) .  ( 5 )  

It is interesting that the correlation with the pK a values is better than with the experi- 
mental PA values. This is probably related to the high accuracy of measurement of basicity 
constants, the error is usually 0.05-0.10 units, which is significantly smaller than the mean 
square deviation in (5). At the same time, the error of PA measurement (1-2 kcal/mole) is larg- 
er than the mean-square deviation for (2). 

Equation (5) predicts pK a = -7.64 for furazane, and -7.34 accounting for the statistical 
factor. Although the pK a value for unsubstituted furazane is not determined, it is known that 
-pK a = 4.68-5.11 (40~ for monomethylfurazane and some other alkyl derivatives [20]. It can 
be assumed with sufficient certainty that pK a of unsubstituted furazane is of the same order 
of magnitude, however, the value of pK a predicted by (5) is significantly lower than the exper- 
imental. The difference is apparently explained by the fact that the authors of [20] used 
an acidity function H A during calculation of pK a of furazane while for calculation of the pK a 
of other weak bases, tetrazole and oxazole, the acidity function H 0 was used. Conversion of 
the pK a values using this function shows that their values lie between -7.62 to -8.45, which 
agrees well with our calculations. 
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