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Discussion of Standard Nitration Rates for Benzenoid and Heteroaromatic 
Compounds t 
By Alan R. Katritzky," School of Chemical Sciences, University of East Anglia, Norwich NR4 7TJ 

Sergio Clementi, lstituto di Chimica Organica, Universitb di Perugia, Perugia, Italy 
H. Okan Tarhan, Department of Chemistry, Middle East Technical University, Ankara, Turkey 

Standard log k, values for nitration are compared with previous partial rate factors. log k, Values for mono- 
substituted benzenes are correlated byof with p -9.7, but for polysubstituted derivatives and heterocyclic analogues 
much scatter is shown which is not improved by a correction term of type m+ for substituent-substituent inter- 
actions. Comparison of relative reactivities of individual substrates towards nitration and to hydrogen exchange 
shows that there is no simple unique scale of substrate reactivity toward electrophilic substitution. 

EVALUATION of standard nitration rates (25"; Ho - 
6.6 in aqueous H2S04) permits discussion of substrate 
reactivities under the same conditions. Previous com- 
parisons between the nitration rates of compounds of 
widely differing reactivity have required a stepwise pro- 
ced~re .~a  Such procedures carry the implicit assump- 
tion that partial rate factors do not vary appreciably 
with acidity, and the absence of any uniquely defined 
procedure introduces ambiguities in the results. 

Comparison with Previous Work.-A comparison of our 
derived standard log k," values with the previously 
reported partial rate factors is given in Figure 1. The 
sources of the literature data used in Figure 1 are listed 
[Table (i)] in Supplementary Publication No. SUP 21466 
(8 pp.).; The plot includes 70 points and shows a fairly 
good relationship (Y 0.98, slope 0.97), but a large scatter 
(s.d. 0.61). We believe that standard rates expressed by 
log k," are preferable for proper comparison of relative 
substrate reactivities as log k,". Values are uniquely 
defined whereas no unique definition for f is generally 
accepted and f could vary with temperature and acidity. 
Figure 1 also includes some reactivities in media other 
than aqueous H2S04 (MeNO, or Ac,O) from Stock and 
Brown's c~mpilation.~ These apparently fall on the 
same regression line as the data for aqueous H2S04. 

Monosubstitzded Benzenes.-Figure 2 is a Hainmett plot 

t The Kinetics and Mechanism of the Electrophilic Substitution 
of Heteroaromatic Compounds. Part XL1V.l 

3 For details of Supplementary Publications see Notice to  
Authors, No. 7, in J.C.S.  Perkin II, 1974, Index Issue. Items 
less than 10 pp. are supplied as full-size copies. 

3 For Figure 2, r (correlation coefficient) is 0.934, Sest (or SD, 
standard deviation) is 0.963, but Sb (standard error in slope) is 
1.03, and therefore' t, (Student test) is 9.44, which gives a-very 
high confidence level. 

11 This figure refers to  69% H,SO,; a t  75% H,SO, ( H ,  
-6.6) log k ,  (encounter) is ca. 3. 

for the nitration of monosubstituted benzenes from the 
data of Table 1. The p value for nitration in mixed 
media was evaluated by Stock and Brown as -6.0J4 and 
recalculated by Schofield and his co-workers as -6.2.3b 
For reactions in aqueous H,SO, the same plot was already 
reported using log f,5 but no conclusions on the p value 
were drawn. Figure 2 shows a linear relationship with 
p -9.7 for unsubstituted benzene and deactivated deriv- 
atives (15 points).§ Reactivities for benzenes containing 
activating substituents level off at log k2" ca. 2. This is 
attributed to the reaction proceeding at the encoun- 
ter rate, 40 times higher than the rate constant of 
benzene .3* 6, 7 

Attempted Hamlvtett Correlation for Polysubstituted 
Derivatives.-The standard rate constants relative to that 
of benzene for 59 mono- or poly-substituted compounds 
are listed in Table (ii) (in SUP 21 466) and plotted in 
Figure 3 against Co+. Only those substrates with substi- 
tuents for which the B+ values are well established are 
included. For the many cases where nitration occurs at 
a position ortho to a substituent we took bfo = 0.860+,.~ 
Although the additivity plot shows considerable scatter 
the points do not appear to be random. As previously 
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found for the hydrogen exchange data,s several individual 
lines could be drawn on the plot for various limited sub- 
strate series in which the molecular structure is kept 
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FIGURE 1 Comparison of previously evaluated partial rate 
factors with standard nitration rates. Plot of log f against 
log A," (rel): 0 ,  monosubstituted benzenes in H,SO,; 0, 
polysubstituted benzenes and heterocycles in H,SO,; x , 
monosubstituted benzenes in MeNO, or Ac,O 

TABLE 1 
Standard nitration rates of monosubstituted benzenes 
Substituent log k,' a o+ 6 

a-S 1.68 -0.79 
p-OMe 2.37 -0.78 
o-OMe 1.73 -0.67 
2,5-Me, 1.65 -0.34' 
p-Me 1.82 -0.31 
o-Me 1.73 -0.27 a 
m-Me 0.26 - 0.07 

0.23 -0.07 
0.45 0 

f;-F 

m-CH,OMe -0.86 0.02 f 
p-Cl - 0.15 0.11 
P - I  0.21 0.13 
p-Br -0.15 0.15 
m-F - 2.22 0.36 
m-COMe -3.35 0.38 f 
nz-c1 -2.29 0.40 
m-COOH - 3.60 0.40 f 
m-Br -2.30 0.41 
m-CN -6.36 0.56 
WZ-NH,+ - 5.59 0.63 f 
m-NO, - 7.46 0.67 
a Ref. 2. Ref. 4 unless otherwise stated. e S. Clementi, 

P. Linda, and G. Marino, J .  Chem. SOC. (B),  1970, 1153. 
d Ref. 7. e Assuming additivity. f am values: see C. D. 
Ritchie and W. F. Sager, Pj.ogr. Phys. Org. Chern., 1964, 2, 323. 

constant except for the variation of one substituent para- 
meter. Thus, pyridones exhibit a higher slope than the 

main regression line (involving homocyclic compounds 
and pyridines), whereas the five-membered heterocycles 
and the methoxy-substituted compounds lie on lines 
exhibiting a lower ' selectivity '. A least square analysis 
on the 43 points for which the reactivity is less than that 
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FIGURE 2 Hammett plot for nitration of monosubstituted 
benzenes a t  standard conditions 
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FIGURE 3 Additivity plot: 17, monosubstituted benzenes; 
8,  pyridones (# as CA); E, five-membered rings; A, 
methox y-derivatives 

of benzene gives p - 5.55, intercept -1.89, and Y 0.72. 
Application of the modified Dubois equation 9 (1) which 

* S. Clementi, C. D. Johnson, and A. R. Katritzky, J.C.S. 
Pevkin I I ,  1974, 1294. 

J. E. Dubois, J. J. Aaron, P. Alcais, J. P. Doucet, F. 
Rothenberg, and R. Uzan, J .  Amer. Chenz. SOL, 1972, 94, 6823. 
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Toluene (nzeta) 0.26 -11.42 

Bromobenzene (para) -0.15 -11.58 
29 0 Anisole (para) 2.37 -4.17 

a2a 35% 14 17 # 18 * Naphthalene (a) 1.85 - 6.75 

o 23 Thiophen 1.68 - 2.39 
2,4,6-Trimethylpyridine -10.03 -11.60 
4-Pyridone - 1.69 -4.80 a 

-0.37 -4.80 
2-Pyridone ( 5 )  - 0.85 -4.80 
3-Methyl-2-pyridone 1.70 -4.30 

Toluene (para) 1.82 - 7.95 
0 30 - 

.15 6 p-Xylene 1.65 - 8.44 

Naphthalene (p) 0.85 -8.11 @ 27 
0 26 

025 2 2 O  -2 12 

024 0 21 

130 .I5 2-Pyridone (3) 

5-Methyl-2-pyridone 1.83 -4.70 
1-Methylpyrazole - 7.60 - 7.60 f 
1,3-Dimethylpyrazole -5.94e -6.10f 
1,5-Dimethylpyrazole -6.16 -6.60 f 

1,3,5-Trimethylpyrazole -4.79 - 5.00 f 
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responding benzenes and pyridines, because rates are 
only available for those pyridines where the correspond- 
ingly substituted benzenes react a t  the encounter rate. 
In the methoxy- and trimethyl derivatives, the retard- 
ation by the pyridinium NH+ is seen to be > 10l2. How- 
ever, the reactivity of the parent pyridinium cation can 
be estimated in a t  least two different ways. The p value 
for monosubstituted benzenes and the om+ constant for 
the -NH= group gives log k," -18.6. A Hammett plot 

-t 

relying on reactivities of pyridones and dimethylamino- 
pyridines gives a p value for nitration of pyridinium 
cations as -11.4, and log k," for the unsubstituted com- 
pound as -18.2. The pyridiniuin cation appears there- 
fore to be some 1019 times less reactive than benzene 
towards nitration at  standard conditions. 
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