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with diazomethane in the usual fashion, yielding 0.96 g. (80%) of 
XIV, m.p. 164.5-155°. Its infrared spectrum in carbon tetra­
chloride showed a sharp intense earbonyl band at 5.75 M and its 
n.m.r. spectrum in chloroform showed two sharp singlets at 
6.42 and 8.56 T, relative areas 2 : 1 . 

Anal. Calcd. for Ci3Hi8O8: C, 51.65; H, 6.00. Found: C, 
51.81; H, 6.12. 
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Introduction 
A kinetic study of the peroxoacetic acid oxidation of 

some anilines to phenylhydroxylamines and then to 
nitrosobenzenes was reported in a previous paper.1 

The results of a similar study of the next step, the 
oxidation of nitrosobenzenes to nitrobenzenes, are now 
presented. These investigations were undertaken 
partly because of our general interest in reactions in­
volving nucleophilic displacement on oxygen12 and 
partly because very few reactions of nitroso compounds 
have been the subjects of detailed kinetic studies in 
the past.3 

It has been suggested that the oxidation of nitroso 
to nitro compounds by peroxy acids involves a nucleo­
philic attack by the peroxoacid on the nitrogen of the 
nitroso group.4 There is, in principle, at least one 
more pathway available for the oxidation; the nitroso 
nitrogen might perform a nucleophilic attack on the 
outer oxygen of the peroxy acid, the reactants thus 
acting in a manner reverse to that suggested by Bunton. 
One of the aims of this work was to discriminate, if 
possible, between the above two mechanisms. 

The present studies indicate that in acidic aqueous 
ethanolic media the oxidation follows a mechanistic 
path analogous to that suggested for aromatic amines1; 
i.e., the peroxy acid behaves as an electrophile rather 
than as a nucleophile as suggested by Bunton. 

Results 
Kinetic Technique and Product Analysis.—The 

kinetic technique involved measuring the rate of disap­
pearance of the nitrosobenzenes spectrophotometrically. 
Aqueous ethanolic solutions containing 0.01 to 0.02 M 
of a nitrosobenzene and 0.130 to 0.260 M peroxoacetic 
acid were placed in thermostated spectrophotometric 
cells and the disappearance of the nitroso compound 
followed as a function of time. The absorbancy at 
time "t" (At) was taken as a measure of the unreacted 
amount of nitrosobenzene at that time. In most 
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cases the peroxy acid was present in large excess rela­
tive to the nitroso compound to provide pseudo-first-
order conditions. Plots of log ^ t vs. time were linear 
to over three half-lives. Pseudo-first-order rate con­
stants (ki) were calculated from the slopes of these 
plots. The fei values were then divided by the initial 
concentration of peroxoacetic acid to get the second-
order constants (ki) listed in Table I. 

TABLE I 

EFFECT OF MEDIUM, TEMPERATURE AND SUBSTITUENTS ON 

SECOND-ORDER RATE CONSTANTS 

Initial [peroxoacetic acid] = 0.260 M, initial [Ar-NO] = 0.01 M 

Compound 

Nitrosobenzene 

p-Chloronitrosobenzene 
^-Bromonitrosobenzene 
^-Nitrosotoluene 
^-Nitrosoanisole 

Solvent" 

96% EtOH 
56% EtOH 
47% EtOH 
36% EtOH 
16% EtOH 
47% EtOH 
47% EtOH 
47% EtOH 
47% EtOH 
47% EtOH 
47% EtOH 

0 By "x% EtOH" is meant "x" 

Temp. 
±0.1°C. 

50.0 
50.0 
50.0 
50.0 
50.0 
40.0 
30.0 
50.0 
50.0 
50.0 
50.0 

volumes 
tained in 100 volumes of reaction solution. 

ki X 10', 
1. mole - 1 sec. -1 

5.15 
18.4 

27.2 ± 0 . 4 
40.2 
78.8 

12.1 ± 0 . 1 
5.15 

15.8 
14.7 
63.4 

200 
of ethanol con-

In a few experiments, which had been started with 
0.01 M of a nitrosobenzene, 2 ml. of the reaction solu­
tion at infinite time was diluted with water to 250 ml. 
The ultraviolet spectra of these diluted solutions were 
studied and compared with those of 8 X 10-6 M 
aqueous solutions of authentic samples of the cor­
responding nitrobenzene. The yield of nitrobenzene 
from the oxidation of nitrosobenzene was thus found 
to be quantitative and the conversion of ^-chloronitroso-
benzene to p-chloronitrobenzene was better than 95%. 

Kinetic Law.—The linearity of the first-order plots 
indicates that the reaction is first order with respect to 
the nitroso compound. The dependence of the pseudo-
first-order rate constants on the initial concentrations 
of the reactants was also studied for the oxidation of 
nitrosobenzene. The pseudo first-order rate constant 
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was found to be independent of the initial concentra­
tion of nitrosobenzene, but it varied linearly with the 
initial concentration of peroxoacetic acid. The first-
order dependence of the oxidation on each of the two 
reactants was thus confirmed. 

In one kinetic run in 47% EtOH, the initial concen­
trations of nitrosobenzene (a) and the peroxy acid (b) 
were 0.02 M and 0.130 M, respectively. A plot of log 
a(b — x)/b(a — x), where "x" symbolizes the amount 
of nitrosobenzene reacted at time "/," vs. time was 
linear to over 80% reaction. The second-order rate 
constant calculated from the slope of this plot was equal 
to 25.9 X IO-4 1. mole-1 sec.-1 at 50°, which agrees 
well with the value (27.2 X 10~4 1. mole-1 sec.-1) 
given in Table I. It was thus demonstrated that the 
oxidation obeys the second-order kinetic law. 

The apparent pK of the reaction solutions of the 
runs of Table I was —2. In a few experiments appro­
priate amounts of ethanolic KOH were added to vary 
the apparent pH between 2 and 5. For the oxidation 
of nitrosobenzene in 47% EtOH at 50°, the values of 
k2 X 104 1. mole"1 sec.-1 were 27.2, 27.2 and 28.8 at 
apparent pYL values of 2.5, 3.9 and 5.0, respectively. 
The reaction rate is thus independent of pH in the 
region studied. 

Activation Parameters.—The activation energy and 
the entropy of activation for the oxidation of nitroso­
benzene in 47% ethanol, as calculated from the rate 
constants of Table I, are 16.1 kcal. mole -1 and —22 
cal. mole -1 deg.-1, respectively. 

Medium Effect.—It is seen from Table I that the 
rate of oxidation of nitrosobenzene decreases signifi­
cantly with the increasing ethanolic content of the 
solvent. An estimated value of the second-order rate 
constant for the oxidation of nitrosobenzene in water 
(zero ethanolic content) was obtained by extrapolation 
of the data of Table I. This value was 114 X 10 "4 

1. mole -1 sec. -1 at 50°. Thus the oxidation is about 
22 times as fast in water as in ethanol. It is interest­
ing to note that the exaltation in rate due to change of 
solvent from ethanol to water is essentially that ob­
served in the oxidation of anilines.1 

The second-order rate constant for the oxidation of 
aniline by peroxoacetic acid in ethanol, extrapolated 
from the data of reference 1, is 1650 X 1O-4 1. mole -1 

sec. -1 at 50°. In the solvent ethanol, therefore, 
aniline is oxidized about 320 times more rapidly than 
nitrosobenzene. 

In one kinetic run the oxidation of nitrosobenzene 
(0.01 M) was carried out in presence of 0.2 M NaClO4 
(T 50°, solvent 47% EtOH). The second-order rate 
constant for this run was calculated to be 25.4 X 
10 -4 1. mole -1 sec.-1. The ionic strength, therefore, 
does not seem to influence the rate significantly. 

Substituent Effects.—It is also seen from Table I 
that the electron-donating ^-substituents accelerate 
the rate of oxidation, while the electron-withdrawing 
^-substituents have the opposite effect. The value of 
p, the Hammett reaction constant, based on the rates 
of ^-methyl-, p-chloro- and ^-bromonitrosobenzenes, 
is -1.58. 

The rates of oxidation of nitrosobenzene by peroxo-
chloroacetic acid and by Caro acid also have been 
measured.6 In 47% ethanol and at 30°, the second-
order rate constants are 167 X lO"4 and 35 X K)-4 1. 
mole -1 sec.-1, respectively. Thus peroxochloroacetic 
acid oxidizes nitrosobenzene about 32 times as fast 
as does peroxoacetic acid (ki = 5.15 X 10 -4 1. mole -1 

sec.-1 at 30° in 47% EtOH) and Caro acid is about 7 
times as effective as peroxoacetic acid. 

(5) E. Koubek of these laboratories has measured these rates in connec­
tion with some other work. 

Radical Inhibitor.—The rate of oxidation of nitroso­
benzene (0.01 M) with peroxoacetic acid (0.130 M) in 
47% EtOH was measured in presence of nitrobenzene 
(0.2 M) which is a reasonably efficient radical trap.6 

There was observed essentially no effect on the rate of 
oxidation. 

Attempts to study the oxidation in alkaline media 
were not successful. Although an expected complica­
tion was the spontaneous decomposition of the peroxo-
acid, the chief hindrance proved to be the conversion 
of nitrosobenzene to a yellow product immediately 
upon the addition of base. 

Discussion 
The experimental observations that (a) the oxidation 

obeys clean-cut second-order kinetics, (b) nitrobenzene, 
a radical trap, does not inhibit the rate of reaction and 
(c) the energy of activation is low (£a = 16 kcal. 
mole-1) suggest that the reaction proceeds neither by 
a radical chain mechanism nor by a mechanism in­
volving free radicals as intermediates.1 

The mechanism suggested by Bunton,4 which bears 
similarity to the peroxoacid cleavage of ketones7 in 
the sense that both are initiated by a nucleophilic 
attack of the peroxoacid upon the substrate, may be 
depicted as 

N; ;0 
OH 

/ ^O 
NOOC 

^CH3 

+ CH3COOH TT-* \\ 

/ ^O 
:Ni -0 -0 -C . 

^ ^CH3 

(1) 

products (2) 

This mechanism (eq. 1 and 2), if operative, would give 
rise to several specific situations any one of which 
might apply to the present system. These are con­
sidered one by one as follows. 

Situation 1.—The formation of the intermediate I 
may occur in a rapid reversible step (eq. 1) followed 
by the unimolecular decomposition of I into the prod­
ucts in the rate-determining step of the reaction (eq. 2). 
It may further be assumed that the equilibrium (eq. 1) 
largely favors the formation of I. The situation, then, 
demands that the reaction be zero order in the reactant 
which is present in excess, with the rate constant being 
ki.% The observed kinetics, first-order dependence on 
each reactant even when the peroxoacid is in excess, 
show that the above assumption is not applicable to 
the system under investigation. Furthermore, a 
mechanism requiring the rapid conversion of nitro­
sobenzene into a stable intermediate is untenable on 
the ground that the measured rate is the rate of dis­
appearance of nitrosobenzene. 

Situation 2.—It may again be assumed that I is 
formed in a reversible step (eq. 1) but that ki 55> k-\, 
i.e., the intermediate is in a steady state, its concen­
tration relative to the reactants is small and its forma­
tion is the rate-controlling step with the rate constant 
being K The observed value of p (-1.58) for the 
^-substituted nitrosobenzenes, however, rules out this 
possibility. It is obvious that for the nucleophilic 
attack by the peroxoacid on the nitrogen to be kineti-
cally significant, the predicted value of p would 
be moderate and positive. Thus, for example, a 

(6) C. G. Swain, W. H. Stockmayer and J. T. Clark, / . Am. Chem. Soc, 
72, 5426 (1950). 

(7) M. F. Hawthorne and W. D. Emmons, ibid., 80, 6398 (1958). 
(8) L. O. Cannell, ibid., 79, 2929 (1957). 
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^-chloro substituent would make the nitrogen electron 
deficient and hence more amenable to the nucleophilic 
attack. In addition peroxochloroacetic acid has been 
observed to oxidize nitrosobenzene about 30 times more 
rapidly than does peroxoacetic acid. Because per­
oxochloroacetic acid is a poorer nucleophile than the 
unsubstituted peroxoacid, its greater reactivity as an 
oxidizing agent is irreconcilable with any mechanism 
in which nucleophilic attack by the peroxoacid is of 
kinetic importance. 

Situation 3.—Lastly, the possibility exists that the 
mechanism of eq. 1 and 2 operates with k-1 ~2> ki\ 
i.e., the decomposition of I into products is rate limit­
ing with the rate constant being . O 2 ; K symbolizes 
the equilibrium constant for eq. 1. The intermediate 
will be in a steady state and its concentration small 
relative to the reactants. A moderate and positive 
value of p for the equilibrium step (eq. 1) and a moderate 
but negative value of p for the decomposition of I into 
products (eq. 2) would be predicted. The net effect 
of ^-substitution on " . O 2 " would thus be expected to 
be very small and perhaps negative. The observed 
value of p (—1.58), although qualitatively in the right 
direction, appears to be too negative to be consistent 
with prediction. The peroxoacid cleavage of ketones7 

occurs by a mechanism which is analogous to situation 
3 here. The observed p-values are —1.10 and —1.45 
for ^-substituted acetophenones in the solvents ethyl­
ene chloride and acetonitrile, respectively. I t is our 
opinion that, in the cleavage of ketones, the substituent 
effect on the decomposition of the Criegee intermediate, 
where migration of the phenyl group is involved, 
should be more pronounced than it is in the break down 
of the present intermediate I. Therefore the p-value 
in the present system should be less negative than it is 
in the reaction of ketones. 

Another factor which is difficult to explain on the 
basis of a mechanism analogous to that of the cleavage 
of ketones is the insensitivity of the rate of the present 
reaction to changes in pH in the region studied (pH 
2 to 5). The peroxoacid cleavage of ketones is in­
variably acid catalyzed,7 the departure of the acetate 
ion being facilitated by protons. The absence of a 
similar catalytic effect of proton on the decomposition 
of the intermediate I cannot easily be explained. 

I t is proposed that the present data can most simply 
be explained by assuming that the nitroso nitrogen 
performs a nucleophilic attack on the outer oxygen of 
the peroxoacid in a fashion analogous to tha t sug­
gested for the peroxoacid oxidation of anilines.1 The 
transition state is composed of the peroxoacid, the 
nitroso compound and a molecule of the solvent. The 
direction and magnitude of the substituent effect (p 
— 1.58), the values of activation parameters (£ a 16.1 
kcal. mole - 1 , AS* —22 cal. m o l e - 1 deg. - 1 ) , the ab­
sence of acid catalysis and the solvent effect (kn^o/ 
&CJH,OH ^ 22) are all consistent with such a mecha­
nism. If the data of reference 1 on the oxidation of 
anilines be recalled (p —1.86 in ethanol, £ a 13 to 16 
kcal. mole-1 , AS* - 2 3 to - 2 6 cal. mole"1 deg."1, 
^HIO/^CIH,OH — 25, no acid catalysis) it will be seen 
that there is very close correspondence between the two 
systems. 

Furthermore, this mechanism explains the greater 
reactivities of peroxochloroacetic acid and Caro acid 
relative to peroxoacetic acid as well as does the mecha­
nism of situation 3, the varying abilities of chloroace-
tate, sulfate and acetate ions as leaving groups being 
responsible for differences in rates. Of particular 
significance, however, is the fact that Caro acid reacts 
more rapidly than does peroxoacetic acid by about the 
same factor in the present system (&caro/£Peracetic = 7) 

than it does when bromide ion is the substrate 
(&Caro/&Peracetic = 4),2 suggesting similar roles for the 
peroxoacids in the two oxidations. Since bromide ion 
oxidation is known to involve nucleophilic displace­
ment by the substrate upon the outer oxygen of the 
peroxoacid,2 the analogous mechanism suggested above 
for the oxidation of nitrosobenzenes receives additional 
support from the observed relative reactivities of Caro 
and peroxoacetic acids. 

The Abnormal Reactivity of ^-Methoxy Com­
pounds.—The reaction constant was calculated by using 
the rates of oxidation of ^-methyl-, p-chloro- and 
^-bromonitrosobenzenes. The rate of the oxidation of 
^-nitrosoanisole showed a significant positive devia­
tion from the Hammet t plot. 

The rate of oxidation of ^-anisidine by peroxoacetic 
acid in ethanol a t 20° also has been measured now. 
The second-order rate constant under these conditions 
is 984 ± 48 X 1O - 41. mole- 1 sec.- ' . The value of this 
constant predicted from the value of p (—1.86) as 
reported in reference 1, which is based on the rates of 
the unsubstituted, ^-methyl-, p-chloro-, />-nitro- and 
£-bromoanilines (the last compound studied after the 
publication of reference 1 and ^.Br found to be 56.5 X 
10~41. mole- 1 sec . - 1 a t 20° in ethanol), is 650 X 10- 4 1 . 
mo le - 1 sec. - 1 . Thus p-anisidine also manifests ab­
normal reactivity toward the oxidizing agent. 

Abnormal reactivities of systems where the reacting 
nucleophilic atom is adjacent to an atom bearing a free 
pair of electrons have been ascribed to what has been 
called the "a-effect".1'9 In ^-anisidine and £-nitroso-
anisole the atom with a free pair of electrons is not in a 
position a to the reaction center, bu t the two are 
separated by a conjugated system. A possible ex­
planation of the deviant behavior of the p-methoxy 
derivatives is the transmission of the "a-effect" 
through conjugation. 

Experimental 
Materials.—Nitrosobenzene (K and K) was steam distilled 

and then recrystallized from ethanol. The ^-substituted nitro­
sobenzenes were prepared according to the method described by 
Lutz and Lytton,10 subjected to repeated steam distillations and 
then recrystallized from ethanol or methanol. Commercial 
peroxoacetic acid solutions, obtained from Becco, were an­
alyzed by the eerie sulfate-thiosulfate method.11 Under the 
kinetic conditions peroxoacetic acid was found to be stable in 
the absence of nitroso compounds for periods of time longer than 
four half-lives of the slowest reaction. 

In a typical run 98 ml. of an aqueous ethanolic solution of a 
nitrosobenzene was brought to a desired temperature and then 
2 ml. of peroxoacetic acid added; 3 ml. of this solution, which 
contained 0.01 M nitroso compound, 0.260 M peroxoacetic acid 
and "x" % by volume of ethanol, was transferred to a spectropho-
tometric cell (maintained at the desired temperature to within 
±0.1°) and the disappearance of the nitrosobenzene followed as 
a function of time," the wave length 735 m/j was monitored for the 
disappearance of ^-nitrosotoluene, ^-chloronitrosobenzene and 
nitrososobenzene and the wave length 710 m/i in the case of 
£-nitrosoanisole and p-bromonitrosobenzene. The time of addi­
tion of the peroxoacid was taken as the zero time. 

In some experiments 2 ml. of the reaction solution at infinite 
time was diluted with water to 250 ml. The ultraviolet spectra 
of these diluted solutions were recorded and compared with those 
of 8 X 10~6 M aqueous solutions of authentic samples of the cor­
responding nitrobenzenes. I t was found that nitrosobenzene and 
£-chloronitrosobenzene were converted almost quantitatively 
into their respective analogs. 
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