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MECHANISM OF REACTION OF AZOBENZENE FORMATION FROM 
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The reaction of nitrosobenzene with aniline, to give azobenzene, in basic conditions was studied. It was shown that 
the reaction exhibits general base catalysis by different buffers giving a Brensted coe5cient B = 0.318. As in previous 
studies, a two-step process with a first step of attack of aniline on nitrosobenzene to give an addition intermediate 
and a second step of dehydration of this intermediate is proposed to interpret the mechanism of the reaction. The 
analysis of the Bransted relationship and of the intermediate of the reaction led to the suggestion that hydoxide ion 
catalyses the reaction by a mechanism of general base catalysis in the dehydration step. 

INTRODUCTION 

Nitrosobenzene can be formed in biological systems 
and under physiological conditions can react with 
various nucleophiles. It therefore seems of interest to 
investigate the mechanism of the reactions of nitro- 
sobenzene as models. 

The mechanism of the reaction with aniline, to give 
azobenzene, in acidic media has been well studied. 
The same condensation in alkaline media has also been 
reported. 5 - 7  However, the mechanism of azobenzene 
formation in alkaline media is controversial. Brown 
and Kipp,6 using pyridine-water (80:20, v/v), in the 
presence of tetramethylammonium hydroxide (0.01 M), 
observed that the rate of azobenzene formation is 
increased by electron-donating substituents and 
decreased by electon-attracting substituents of aniline. 
In both cases the rate of the reaction satisfies the 
Hammett equation. They also showed that a linear 
relationship exists between the pseudo-second-order 
rate constant and the tetramethylammonium hydroxide 
concentration, postulating a mechanism in which the 
rate-determining step is the attack of the negatively 
charged nitrogen of the anilide ion, formed in a rapid 
pre-equilibrium between aniline and hydroxide ion, on 
the nitrogen of nitrosobenzene. We have interpreted4 
that the substituent effects observed by Brown and 
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Kipp6 are more consistent with a rate-determining step 
of dehydration of an addition intermediate formed 
between aniline and nitrosobenzene. 

We carried out this study in order to elucidate the 
mechanism of this reaction in alkaline conditions and 
the mechanism of catalysis by hydroxide ion. 

RESULTS AND DISCUSSION 

The reactions were carried out in water-ethanol (97 : 3, 
v/v), where it is possible to obtain a homogeneous 
reaction mixture of aniline and nitrosobenzene giving 
principally azobenzene as the product. The concen- 
tration of aniline was in the required excess in order to 
obtain pseudo-first-order reaction conditions. The 
reaction was studied in the pH range 10-13. 

The dependence of kobs (pseudo-first-order rate con- 
stant) on pH is shown in Figure 1. All points have been 
extrapolated to zero buffer concentration. Equation (1) 
is consistent with the experimental results including 
terms for a pH-independent (ko) and a base catalysis 
( k o ~ )  pathway: 

kobs=(ko[PhNHz] + koH[PhNhz] [OH-] )  
X ([H+l/  [H+l + K a d )  (1) 

The factor [H+]/ [H+]  + Kad was introduced con- 
sidering the equilibria of formation of an adduct (Kad) 
between the hydroxide ion and nitrosobenzene.' This 
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Figure 1. pH dependence of first-order rate constants for 
azobenzene formation in water-ethanol (97 : 3, v/v) at 25 "C 
and ionic strength 1.0 M (KCI). The solid line was computed 
from equation (1) utilizing individual rate constants given in 

Table 1 

equation should tend to a plateau, which is not 
observed experimentally because K a d  = 13 8. 

It is important to note that between pH 12 and 13.5 
nitrosobenzene undergoes an irreversible first-order 
reaction' in the absence of aniline. This reaction is also 
of first order with respect to the hydroxide ion concen- 
tration, but above pH of 13.5 this dependence is larger, 
as can be observed in Figure 2. 

All the values of the observed rate constants for azo- 
benzene formation were corrected for the values of the 
rate constants for the reaction of nitrosobenzene under- 
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going adduct formation with the hydroxide ion,* con- 
sidering that they are first-order parallel reactions. 
Working with different concentrations of aniline and 
extrapolating to zero aniline concentration on the plot 
of observed pseudo-first-order rate constants vs aniline 
concentration, the intercept gives the rate constant of 
the reaction of nitrosobenzene with hydroxide ion and 
the slope gives the second-order rate constant for azo- 
benzene formation. 

The second-order rate constant is sensitive to the 
nature and concentration of the buffers used. Measure- 
ments of the catalytic effect as a function of the molar 
fraction of the base and acid components of carbonic 
acid-carbonate buffers of different concentrations 
established that the catalysis is of general base type. 

The catalytic constants of general base catalysis 
(Table 1) follow the Bransted relationship giving a 
Bransted coefficient ,B = 0.318 (r  = 0.990) (Figure 3). 
The value of catalytic rate constant for the hydroxide 
ion corresponds to that expected from the Bransted 

Table 1. Rate constants for general-base catalysed azobenzene 
formation from aniline and nitrosobenzene" 

OH- 15.74 0.180OO -0.744 
CF3CH20- 12.37b 0-01960 -1.707 
HPO? 10.92' 0.00834 - 2.078 
N(CH3)3 9.80d 0.00302 -2.520 
HCOl  9.00e 0.00 103 -2.990 
H20 - 1.44 8.427 x -5 '070 

*In water-ethanol (97 : 3, /v)  at 25 ' C  and ionic strength I .O (KCI). 
hRef .  10. 
'Ref. 11. 
d R e f .  12. 
'Ref .  13. 
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Figure 2. pH dependence of rate constants for nitrosobenzene 
decomposition in water at 25 'C and ionic strength 1 .O M 

(KCU 

Figure 3. Brmsted plot for general base catalysis for reaction 
of azobenzene formation in water-ethanol (97 : 3, v/v) at 

25 "C and ionic strength 1 .O M (KCI) 
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line, suggesting that the hydroxide ion participates in 
the reaction as a general base catalyst. 

The reaction is of first order in aniline, nitro- 
sobenzene and hydroxide ion. The kinetic equation con- 
sistent with the experimental results is 

u = k o ~  [ PhNHz] [ PhNO] [OH- I (2) 
If the mechanism were that proposed by Brown and 

Kipp: 

PhNH2 + OH- PhNH- + H20 (3) 
PhNH- + PhNO + PhNHN(0-)Ph (4) 

PhNHN(0-)Ph + PhN=NPh +OH- ( 5 )  

the rate law would be 
u = k2 [ PhNH-]  [ PhNO] (6) 

and considering the acid dissociation of aniline, 
equation (6) leads to 

v=kJ(a[PhNH2] [PhNO] [OH-]/Kw (7) 

where Ka is the acid dissociation constant of aniline 
(K, = l4 

From equation (7), k2 can be calculated as 

k2 = k0HKw/Ka = 1 - 8  x 10l2 1 mo1-’ s-’  

(koH = 0 0  180, K~ = 10-27)14. 
This value is larger than the diffusion-controlled 

limit,15 indicating that the anilide ion is not an inter- 
mediate along the reaction pathway under the con- 
ditions used in this work. 

It has been suggested4 that the reaction between 
aniline and nitrosobenzene in ethanol-water 50 : 50, 
v/v) shows a change in the rate-determining step from 
attack of aniline on nitrosobenzene to the dehydration 
of  a n  addition intermediate formed between aniline and 
nitrosobenzene as the p H  becomes more basic. The 
change occurs between approximately p H  6 and 8. 

The pH of the experiments and the Brnnsted 
equation results suggest that in this case the hydroxide 
ion catalysis should occur in the dehydration step: 

PhN(0H)NHPh + OH- 2 PhN=NPh + H20 (9) 
In order to  provide other evidence for this 

mechanism and to  eliminate the possibility of the 
kinetically indistinguishible mechanism of specific 
base-general acid catalysis, we must consider the pKa 
of the intermediate that would be formed in the first 
step of this mechanism: 

PhNO + PhNHz S PhN(0H)NHPh (8) 

PhNHN(0H)Ph + OH- * 
PhN-N(0H)Ph + H20 (10) 

It can be calculated from the pKa of the anilide ion (ca 
27) considering the base-weakening effect of the 
-PhNHOH group. This group can be considered to  be 

formed by the -NHOH and P h  groups, which have (T* 

valuesI6 of 0.30 and 0-75,  rzspectively. Applying the 
equation p K a = 0 * 2 8 + 0 * 8 7 a  , we obtain -0 .54 for 
the -NHOH group and -0.93 for the Ph group. 
However, as the -NHOH group is directly bonded to  
the nitrogen, accepting a normal behaviour in this pos- 
ition, the value will be -0 .54/0.4= -1.35. Then the 
pKa of the negatively charged intermediate would be 
27 - 2-28 = 24.72. According to  Palmer and Jencks,” 
‘specific base or acid catalysis must exist and contribute 
to  the observed rate whenever estable intermediate 
exists with a pKa in the range -1.7 to  +15*7,’ hence 
the mechanism of specific base catalysis must not con- 
tribute t o  the observed rate of this reaction. 

As we have i n d i ~ a t e d , ~  the substituents effects 
studied by Brown and Kipp6 in pyridine 80-water 
(80 : 20 v/v) are more consistent with the dehydration of 
the addition intermediate proposed in equation (9) as 
the rate-determining step. Hence it is possible to  con- 
clude that the same mechanism should exist in 
water-ethanol (97 : 3,  v/v), i.e. the conditions of this 
study, and in pyridine-water (80 : 20, v/v). 

EXPERIMENTAL 

Materials. Nitrosobenzene was synthesized and 
purified by sublimation. Commercial aniline was 
purified by vacuum distilation. 

Kineticprocedure. The reactions were followed spec- 
trophotometrically at 25 “C by monitoring the for- 
mation of azobenzene at 400 nm. The solvent used was 
water-ethanol (97 : 3,  v/v) with ionic strength 1.0 M 
(KCl). The initial concentrations were 1-0  x M for 
nitrosobenzene and 0.5-1 -0 M for aniline. Reactions 
were followed for three half-times under these pseudo- 
first-order conditions. 

Reactions of nitrosobenzene under the above con- 
ditions, but in the absence of aniline, were followed at  
290 nm. Working in solutions degassed with nitrogen, 
to  eliminate the oxygen, the value of the first-order rate 
constant did not change. 

The yield of azobenzene, determined by high- 
performance liquid chromatography was 90%. 

First-order rate constants were calculated with a com- 
puter and second-order rate constants were calculated 
by dividing the first-order rate constants kobs by the 
concentration of aniline as free base. 

1. 

2. 

3.  

REFERENCES 

K. Ueno and S. Akiyoshi, J. Am. Chem. SOC. 76, 3670 
(1954). 
Y. Ogata and Y. Takagi, J. Am.  Chem. SOC. 80, 3591 
( 1958). 
R. A. Yunes, A. J .  Terenzani, 0. D. Andrich and C. A. 
Scarabino, J.  Chem. SOC., Perkin Trans. 2 696 (1973). 



402 J. DALMAGRO, R. A. YUNES AND E. L. SlMiONATTO 

4. R. A. Yunes, A. J. Terenzani and L. Do Amaral, J.  Am. 

5 .  N. Campbell, A. W. Henderson and D. Taylor, J. Chem. 

6. E. V. Brown and W. H. Kipp, J.  Org. Chem. 36, 170 

7. L. Pentimalli and G. Milani, Ann. Chim. (Rome) 63, 749 

8. P. Zuman and 2. Fijalek, J. Org. Chem. 56, 5486 (1991). 
9. W. P. Jencks, Catalysis in Chemistry and Enzymology, 

10. J. M. Sayer and W. P. Jencks, J. Am. Chem. SOC. 95, 

11. W. R. Abrams and R. G. Kallen, J. Am. Chem. SOC. 98, 

Chem. SOC. 97, 368 (1975). 

SOC. 1281 (1953). 

(1971). 

(1973). 

pp. 569-570. McGraw-Hill, New York (1969). 

5637 (1973). 

7777, (1976). 

12. A. J. Kirby and W. P. Jencks, J. Am. Chem. SOC. 87, 
3209 (1965). 

13. A. E. Martell and R. M. Smith, Critical Stability Con- 
stants, Vol. 5 ,  First Supplement. Plenum Press, New York 
(1982). 

14. R. Stewart, R. The Proton: Applications to Organic 
Chemistry. Academic Press, New York (1985). 

15. M. Eigen, Angew. Chem., Int. Ed. Engl. 3, 1 (1964). 
16. D. Perrin, B. Dempsey and E. P. Sergeant, pK, Predic- 

tion for Organic Acids and Bases. Chapman and Hall, 
London (1981). 

17. J. L. Palmer and W. P. Jencks, J. Am. Chem. SOC. 102, 
6466 (1980). 




