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The Kinetics and Mechanism of the Electrophilic Substitution of Hetero- 
aromatic Compounds. Part 49. Correlation of Standard Rates for 
Hydrogen Exchange and Nitration of Heteroaromatic Compounds 

By Alan R. Katritzky," School of Chemical Sciences, University of East Anglia, Norwich 
Sergio Clementi,' Giancarlo Milletti, and Giovanni V. Sebastiani, istituto di Chimica Organica, Uni- 

versitii di Perugia, Italy 

Acid-catalysed deuteriodeprotonation rates are recorded for uracil, 1.3-dimethyluracil, 2,6-dimethoxypyridine, 
4-dimethylaminopyridine, and cinnoline. The rates are extrapolated to give standard rate constants at 100 'C 
and H, 0 and also a t  25 "C and 75% H,SO,. Use of the latter conditions, i.e. those previously selected to deter- 
mine standard nitration rates, give less scatter in a direct comparison with the standard nitration rates. Although 
the absence of a unique linear relationship is clearly demonstrated, the use of identical standard conditions dis- 
closes very good partial linear correlations for substrates of closely related structure. 

MUCH data was accumulated over the last decade on the 
electrophilic reactivity of heteroaromatic compounds. 
In particular, hydrogen exchange and nitration were 
widely used as model reactions because of the possibility 
of studying kinetically substrates of widely differing 

The comparison of the individual reactivities was carried 

Uracil and 1,3-Dirnethyhracil.-These undergo ex- 
change as free bases, as the reaction rates are little 

TABLE 1 
Pseudo-first order rate constants for hydrogen exchange 

reactivity, by choice of a medium of appropriate acidity. D,SO, (%) --Do (T) 1 0 4 k p  -log k 
(i) Uracil a t  60 "C 

out by calculating standard (k,) rate constants for acid- 
catalysed hydrogen exchange at  pH 0 and 100 oC,2 and 
standard (k:) rate constants for nitration at  25 "C and 
in 75% H,S0,.3 Such standard rates were listed for a 
wide variety of benzenoid and heterocyclic comp0unds.~9~ 

A main aim of this research was to explore the relation 
between these two independent measures of the sus- 
ceptibility to electrophilic attack for various rings and 
ring positions. No simple and general relation was 
found 49 although partial correlations between com- 
pounds of closely related structure appeared. In 
search of further clarification, the acid-catalysed hydro- 
gen exchange of some relevant substrates for which the 
standard nitration rates were already available have now 
been measured. 

EXPERIMENTAL 

Materials .-Uracil,s 1,3-dimethyl~racil,~ 2,6-dimethoxy- 
pyridine,' and 4-dimethylaminopyridine were available 
from previous related studies, whereas cinnoline was a 
commercial specimen. 

Kinetics.-The kinetic runs in D,SO, were followed by 
n.m.r. spectrometry on a JNM-C-60HL instrument, accord- 
ing to a well established p roced~re .~  The peak of one or 
more non-exchanging protons was always used as reference 
signal. 

65.8 5.00 4.03 
63.5 4.70 5.06 
58.8 4.19 4.33 
54.5 3.73 4.76 

66.8 5.43 1.56 
61.7 4.74 1.40 
58.2 4.33 2.19 
53.6 3.81 2.30 

(iii) 2,6-Dimethoxypyridine a t  100 "C 
80.1 6.26 4.95 
76.4 5.81 1.79 
74.7 5.61 1.61 
71.6 5.23 0.887 
68.4 4.85 0.474 
66.0 4.56 0.416 
61.4 4.08 0.499 
57.3 3.71 0.424 

(iv) 4-Dimethylaminopyridine a t  80 "C 

(ii) 1,3-Dimethyluracil a t  40 "C 

3.39 
3.30 
3.36 
3.32 

3.81 
3.85 
3.07 
3.64 

3.31 
3.75 
3.79 
4.05 
4.32 
4.38 
4.30 
4.37 

77.6 6.26 4.98 3.30 
75.5 5.99 4.77 3.32 
72.6 5.63 
70.0 5.29 
65.2 4.69 
62.3 4.34 
56.1 3.74 

96.2 7.30 
93.7 6.99 
91.3 6.66 
89.8 6.56 
86.0 6.18 
82.8 5.91 

(v) Cinnoline a t  150 "C 

3.63 
2.28 
0.676 
0.380 
0.0794 

0.0347 
0.0223 
0.0140 
0.0156 
0.0144 
0.0138 

3.44 
3.64 
4.17 
4.42 
5.10 

5.46 
5.65 
5.85 
5.81 
5.84 
5.80 

RESULTS AND DISCUSSION 

The results of the kinetic of the five compounds 
studied are reported in Table 1, and the corresponding 
rate profiles are illustrated in Figure 1. Table 2 records 

affected by variations in acidity. The result is in agree- 
ment with the nitration dataJs as the reacting species are 
the free bases in both reactions* 

the calculations to obtain the standard rates. 
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2,6-Dimethoxy$yridine.-The rate profile shows a homocyclic protons disappear at rates which are indis- 
mechanistic changeover a t  ca. 70% D2S04 (ca. Do -5 at  tinguishable, as the calculated rate constant does not 
100 "C). A t  lower acidities this compound reacts as vary with the extent of reaction, At the end of the 
free base, but at higher acidities predominantly the reaction the remaining homocyclic protons show a 
protonated species undergoes exchange. Previous work singlet, the integration of which indicates the two 
had shown that the conjugate acid was the only species protons, H-6 and -7, known to have the closest chemical 
undergoing nitration.' shifts in various solvents.lO Blank experiments in 

TABLE 2 
Standard rates for the compounds studied 

70 
Compound T/"C Position Species D,SO, 

1,3-Dime thyluracil 40 5 FB 54-67 
Uracil 60 5 F B  55-66 

2,6-Dimethoxypyridine 100 3, 5 CA 72-80 
2,6-Dimethoxypyridine 100 3, 5 F B  57-68 
4-Dimethylaminopyridine 80 3, 5 CA 56-73 
Cinnoline 150 5, 8 CA 83-91 

-1ogk -1Ogk p ~ ,  
(PHO, (PHO, 7- -log 

Slope T) 100") 25" 100" m k0 
0.00 3.34 1.23 -1.45 -0.97 0.53 1.75 
0.00 3.74 0.37 -1.45 -0.97 0.56 0.92 
0.81 7.77 7.77 7.77 
0.00 4.34 4.34 2.00 1.73 1.00 2.61 
0.93 8.54 7.54 7.54 
0.00 5.84 

TABLE 3 
Comparison between standard rates for nitration (log k z O )  a and hydrogen exchange at  H ,  0 and T 100 "C (log k,Ja and at  

No -6.6 and T = 25 "C (log ho') 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
1 7  
18 
19 
20 
21 
22 
23 
24 
25 

Compound (position) 
Benzene 
Bromobenzene ( p )  
Toluene (m) 
Naphthalene ((3) 
2,4,6-Trimethylpyridine 
4-Dimethylaminop yridine 
PPyridone 
2-Pyridone (5 )  
2,6-Dimethoxypyridine 
Uracil 
1,3-Dimethyluracil 
1 -Methylpyrazole 
1,5-Dimethylpyrazole 
1,3-Dimethylpyrazole 
1,3,5-Trimethylpyrazole 
1,2,3 , 5-Tetramethylpyrazolium 
Isothiazole 
3-Methylisothiazole 
5-Methylisothiazole 
3,5-Dimethylisothiazole 
2,3,5-Trimethylisothiazolium 
3,5-Dimethylisoxazole 
Quinoline (8) 
Isoquinoline (5) 
Thieno[2,3-b]pyridine 

Species 
AR 
AR 
AR 
AR 
CA 
CA 
FB 
F B  
CA 
F B  
F B  
CA 
CA 
CA 
CA 

Cation 
F B  
F B  
FB 
CA 

Cation 
F B  
CA 
CA 
CA 

-log k,O 

- 0.45 
0.15 

-0.26 

10.03 
2.98 d 
1.69 
0.85 
4.73 a 
4.38 
3.84d 
7.60 
6.16 
5.94 
4.93 
4.79 
3.82 
2.66 
2.94 
9.03 
9.03 
2.72 
6.36 
5.46 
3.31 

-0.85 

-log ko' 
6.03 
6.36 
5.66 
4.74 

11.75 
5.81 
4.87 
5.67 
7.50 
2.92 
2.18 
9.09 
7.62 
7.17 
5.23 
5.54 
6.89 
5.56 
4.86 

1 1.09 
10.28 
2.92 

10.63 
9.72 
8.45 

-log k ,  
11.00 
11.58 
11.42 
8.11 

11.60 
7.54 Q 
4.80 
4.80 
7.77 
1.23 
0.37 
7.60 
6.60 
6.10 
5.40 
5.00 
7.50 
6.50 
6.30 

10.10 
10.20 
3.40 

11.50 
11.70 

8.45 f 
a Ref. 5 unless otherwise stated. Q This work. AR = aromatic non-basic, CA = conjugate acid, F B  = free base. 6 Ref. 3. 

Zwitterion, f S. Alunni, S. Clementi, and L. H. Klemm, J . C . S .  Perkin 11, 1976, 1135. 

4-Dimethylaminopyridine.-The rate profile clearly 
indicates that the reaction proceeds on the first con- 
jugate acid as majority species in the range 56-70% 
D2S04. At higher acidities the rate tends to level off 
as we get close to the second pK, of the substrate, but 
the reaction still proceeds on the same monoprotonated 
form as minority species. The extrapolation of the 
linear arm permits the calculation of the standard rate 
for this species on which nitration also takes place.8 

CinnoZine.-The n.m.r. spectrum of cinnoline in D,- 
SO, exhibits the following signals, T 0.16 (d, J3,4 6 Hz, 
H-3), 0.46 (d, J3,4 6 Hz, H-4), 1.00br (m, homocyclic 
protons). On prolonged heating at  150 "C (the reaction 
is complete in about one week) the signals for two of the 

lo P. J. Black and M. L. Heffernan, Austval. J. Chem., 1965,18, 
707. 

H,S04 showed no appreciable variation of the n.m.r. 
spectrum. Thus, exchange takes place at C-5 and -8, 
and this result is in keeping with nitration data, where 
the 5- and 8-nitro-isomers are formed in similar quanti- 
ties.11 

The rate profile indicates that in the range 83-91y0 
D,S04 exchange takes place on the first conjugate acid 
of cinnoline as minority species. At higher acidities the 
reaction seems to proceed on the second conjugate acid. 
(Work is in progress to determine the second pK, of 
cinnoline and therefore to make possible the calculation 
of the standard rate.) The kinetic data, showing the 
closeness of the reactivities a t  C-5 and -8, does not sup- 
port a fixed form for the monoprotonated cinnoline, 

l1 R. B. Moodie, E. A. Qureshi, K. Schofield, and J .  T. Gleg- 
horn, J .  Chem. Soc. ( B ) ,  1968, 312. 
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otherwise one of the two positions should have been 
deactivated. Although previous work favours pre- 
dominant N-2 p r ~ t o n a t i o n , ~ ~ ~ ~ ~  our results suggest an 
equilibrium between protonation at  N-1 and -2, thus 

I 3' 
-uO 

FIGURE 1 Rate profiles far hydrogen exchange of 5-H of 1,3- 
dimethyluracil a t  40 "C (A),  of 5-H of uracil a t  60 "C (B), of 
3- and 5-H of 2,6-dimethoxypyridine a t  100 "C (C), of 3- and 
5-H of 4dimethylaminopyridine at  80 "C (D), and of 5- and 
8-H of cinnoline a t  150 "C (E) 

supporting the view that the difference between the two 
pK, values for the first proton uptake is small.13 

Correlation between Standard Hydrogen Exchange and 
Nitration Rates.-In our initial comparison of the stan- 
dard rates of individual substrates towards hydrogen 
exchange (at H ,  0 and T 100 "C) and nitration (at H ,  
-6.6 and T 25 "C) we used 30 points. This plot clearly 
demonstrated the absence of a unique linear relation- 
ship.5 

To avoid a possible failure of the correlation because of 
the variation of the acidities used in the two standardis- 
ation procedures we have now extrapolated the hydrogen 
exchange rates to the same standard conditions selected 
for nitration (ko'). The results for all the compounds 
used are collected in Table 3. The variations in the 
nitration-hydrogen exchange correlation due to the 
change in the standard conditions for the latter are shown 
in Figure 2. The change in temperature has necessarily 
no effect as an average value of 30 kcal mol-l was used 
as activation enthalpy for all substrates2 The big 
variations in the standard rate changes for hydrogen 
exchange are due to large differences in the slopes of rate 
profiles for individual substrates (from 1.6 for non- 
basic benzenoid aromatics to 0.5 for pyrazole deriv- 
atives). 

Use of the same standard conditions for the two re- 
actions should help avoid different activity coefficients 
for the substrates in the partial rate factors.l* Never- 

12 D. E. Ames, G. V. Boyd, R. F. Chapman, A. W. Ellis, A. C. 
Lovesey, and D. Waite, J .  Chem. SOC. ( B ) ,  1967, 748. 

13 J .  Elguero, C. Marzin, A. R. Katritzky, and P. Linda, ' The 
Tautomerism of Heterocycles,' Supplement 1 of the series 
'Advances in Heterocyclic Chemistry,' Academic Press, New 
York, 1976, p. 82 and references quoted therein. 

theless Figure 2 clearly shows that, although the cor- 
relation is improved (the correlation coefficient increases 
from 0.429 to 0.787), it is still far from an acceptable 
linear relation. The trend of the arrows could be taken 
to indicate a still better linearity a t  higher acidities. 
However at higher acidities the standard nitration rates 
should also be changed to maintain identical conditions, 
and the slopes of the nitration profiles are much steeper 
than those for hydrogen exchange. 

The calculation of the log k,' values reported in Table 
3 is straightforward for the substrates reacting as con- 
jugate acids; as the linear arm of the rate profile is 
extrapolated to H ,  -6.6, and the quantity 4.42 (from 
AZ? # 30 kcal mol-l) subtracted to account for the 
temperature variation from 100 to 25 "C. The cal- 
culation for free base reactivities requires pK, values a t  
25 "C, whereas log k, was deduced from pK,, values a t  
100 "C. The procedure utilised commences with log k 
(stoich) a t  H,, 0 and T 100 "C (an intermediate step in the 
calculation of log k,) and further steps summarised as 
follows: (a) acidity extrapolation (all cases), log k 
(stoich) + 6.6 d (log k)/d( - H,) = A ; (b) temperature 
extrapolation (all cases), A - 4.42 = B ;  (c) minority 
species correction (free base reactions only), for pK, < 
0, log k,' = B + m (6.6 + pK,), for pK, > 0, log k,' = 
B + pK, + 6.6 m, where m represents l/n, i.e. the slope 
of the plot log I versus (-Ho).  Figure 3 illustrates the 
minority species correction for the case pK, < 0. 

- 0 4  
-L 

2i0 10 
cn 
0 
d ;i ' 12 

1 1 2  
21 

.) L o  
5 

I I I I I I I 
1 0 8 6 1 2 0  

-Log k; (nitration) 

FIGURE 2 Correlation between standard exchange and nitration 
rates. Variations induced by the modification of the standard 
exchange rates from H ,  0 and T 100 "C to  H, -6.6 and T 25 "C 

The final plot of the standard rates for the two reactions 
at H ,  = -6.6 and 25 "C is shown in Figure 4. The 
data for the compounds previously usedJ5 for which the 
nitration rate was limited by the encounter rate, are 
excluded as well as those for the less reactive positions of 
quinoline , isoquinoline , and 2-pyridone , since they 
could be misleading. Six new points were added. A 
striking conclusion from the graph is that the reactivities 
of some pairs of compounds is reversed towards the two 

14 R. A. McClelland T. A. Modro, M. F. Goldman, and K. 
Yates, J .  Amer. Chem. SOL, 1975, 97, 5223. 
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electrophiles. For instance 4-pyridone is more reactive 
than benzene towards deuteriation, but less reactive 
towards nitration. This fact is not compatible with any 
postulate that the susceptibility to electrophilic attack 
derives uniquely from the electron density (or any other 
theoretical index) of the substrates. Nevertheless, we 
believe the evidence for the existence of reactivity 
inversions to be compelling.* Consequently, there is no 
unique order of the susceptibility of individual ring 
positions towards electrophilic attack, and therefore no 
quantum chemical calculation can provide a general 
measure of reactivity, unless it considers explicitly the 
role of reagent and/or solvent. 

The second important conclusion from Figure 4 is that 
the five-membered rings, the six-membered rings, and 
the bicyclic compounds individually give three good 
linear correlations. (i) Points 12-15 and 20 (pyrazoles 
as CA) give r 0.992. Inclusion of 22 (isoxazole, FB) 
also gives 0.993. Further inclusion of 16 and 21 (cation 
perchlorates) still gives 0.986, although inclusion of 
17-19 (isothiazoles, FB) lowers Y to 0.922. (ii) Points 
5-7 and 9 give an excellent straight line ( r  0.999 6) 
for the only four 4-substituted pyridines. The inclusion 
of 8 (2-pyridone) still gives an acceptable I value (0.964), 

1 I I I I 

0 PKa -Ho t 6.6 
+ PH 

FIGURE 3 Minority species correction required for 
extrapolation to H ,  - 6.6  (case of pK, < 0) 

although the two uracils are further from linearity. 
(iii) The four bicyclic compounds also fall on a good 
straight line (Y 0.997). 

The compounds reacting as free bases (except the 
* Unfortunately, direct competitive experiments to demon- 

strate reactivity inversions are not easy to carry out. Thus all 
the compounds on the right hand side of Figure 4 react as free 
bases; and concentration effects overwhelm the expected reac- 
tivity differences. Substrates reacting as majority species (those 
on the left hand side of Figure 4) possess reactivities too low to be 
measured a t  or near the standard conditions, and the variation of 
acidity or temperature would not provide compelling evidence of 
the validity of the standardisation procedure, because of the 
large differences in the rate profile slopes of individual com- 
pounds. 

pyridones which can be considered as zwitterions and 
therefore compared with protonated pyridines) follow 
less clear relationships. 
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