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p-Nitrotoluene undergoes oxidative condensation in alkali solution in the presence of oxidizing agents to give dibenzyl
and stilbene derivatives; other oxidation products also are formed. The kinetic data on the oxygen absorption of p-nitro-
toluene and of p-nitrophenylacetic acid indicate that the rate of oxygen absorption is proportional to the concentration of
the nitro compound and to the mean ionic activity of alkali or to its square; a linear relation was found between the rate

and the partial pressure of oxygen.

It has long been known that the reactivity of the
alkyl group of 0- and p-nitrotoluene and their deriva-
tives is enhanced by the action of alkali; for exam-
ple, o-nitrotoluene gives anthranilic acid,! while p-
nitrotoluene, under similar conditions, undergoes
condensation to an orange-yellow substance Cos-
HxN4 042 In the latter case, if the reaction is car-
ried out in the presence of air® or of an oxidizing
agent,? p,p’-dinitrobibenzyl and p,p’-dinitrostilbene
are formed primarily.

Two mechanisms, both of which seem unlikely,
have been proposed for this reaction, Porai-
Koshitz® assumed that it proceeds by the prelimi-
nary oxidation of p-nitrotoluene to the alcohol or
aldehyde followed by condensation. Since p,p'-
dinitrobibenzyl is converted to p,p’-dinitrostilbene
by alkali in the presence of oxygen,® this oxidative
step appears to be unnecessary; moreover, inter-
molecular condensation between the aldehyde and
methyl groups of mononitro compounds proceeds
only with difficulty.” Plisov® assumed that p-nitro-
toluene was deformed to a quinoid form by the ac-
tion of alkali followed by condensation to a biben-
zyl derivative. In a similar way, he accounted for
the formation of o,0’-dinitrostilbene from o-nitro-
benzyl chloride,® but the dehvdrochlorination of the
chloromethyl group is a more probable explanation
of the latter reaction. Furthermore, Plisov’s sug-
gestion is not supported experimentally since it is
more difficult to prepare bibenzy! or stilbene deriv-
atives from o-nitro compounds than from the p-
isomers. %!

Since the product, CysHyN,O,, obtained by the
treatment of p-nitrotoluene with alkali in the ab-
sence of air, can be reduced to p,p’-diaminostil-
bene, %3 oxidation must have occurred at the methyl
group. On the other hand, since CyHaN,O;
is equivalent to four molecules of p-nitrotoluene
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A reaction mechanism is proposed.

minus four molecules of water, the nitro group
must have been reduced in the course of the reac-
tion. It therefore seems reasonable to assume that
the oxidative condensation of the methyl group is
related to the oxidizing power of the nitro group.
Recently it has been found that p-nitro-substi-
tuted methylene compounds, e.g., o-nitroethylben-
zene,? p,p’-dinitrodiphenylmethane® and p-nitro-
phenylacetic acid,!? undergo a similar condensation,
To elucidate of this reaction mechanism, we have
studied the oxygen absorption of p-nitrotoluene and
p-nitrophenylacetic acid in the presence of alkali
aud the dependence of the rate of absorption upon
the concentration of the nitro compound and of
alkali and upon the partial pressure of oxygen.

Experimental

Materials.—C.p. grade reagents were used. Methanol,
mercury, p-nitrotoluene (m.p. 52°), and nitrobenzene (b.p.
209-211°) were purified. m-Nitrotoluene (b.p. 123° at 33
mm.) was prepared from m-nitro-p-toluidine by the standard
method!®; p,p’-dinitrodibenzyl (m.p. 180-182°) by Green’s
procedure?; and p-nitrobenzoic acid (m.p.237°) by oxidation
of p-nitrotoluene with potassium dichromate. p-Nitro-
phenylacetic acid!®® (m.p. 152°) was obtained from benzyl
chloride wic benzyl cyanide and p-nitrobenzyl cyanide.
The sodium hydroxide and potassium hydroxide eontained
4.7 and 14.59, water, respectively.

Apparatus and Procedure.—The apparatus consisted of a
250-ml. shaking vessel, connected by a tube and stopcock
to an oxygen-filled buret, and a thermostat maintained at
25 =4 0.1°. A 50-ml. methanolic or aqueous solution of
alkali was pipetted into the reaction vessel, the air ex-
pelled with a rapid stream of oxygen or with a mixture of
O and N; of known composition; and the vessel, connected
with the gas buret, shaken for a while. Then with the stop-
cock closed, a solution of the nitro compound!* was intro-
duced rapidly. The cock was opened, the volume of oxygen
in the gas buret was read and the shaking at a rate of 200
strokes per minute begun. The volume of oxygen in the
buret was read at appropriate intervals, with the vessel at
atmospheric pressure. Typical runs are illustrated in Fig.
1. The initial rates of oxygen absorption were evaluated
from the straight line portions of the oxygen absorption
curves.

Analysis. (a) p-Nitrotoluene as Reactant.—To the re-
action mixture, which had absorbed oxygen for seven hours,
was added 235 ml. of water and tlie precipitate and filtrate
were analyzed. The precipitate was washed with methanol
to remove the unreacted p-nitrotoluene, and the residue
treated with hot benzene, whereby the sparingly soluble

(12) Huang-Minlon, THIS JOURNAL, 70, 2802 (1948).

(13) (a) H. Gilman, "“Organic Syntheses,”” Vol. I, 2nd ed., John
Wiley and Sons, Inc., New York, N, Y., 1048, p. 415; (b) pp. 107, 396
and 406.

(14) In most cases, 1 g. of p-nitro componnd was dissolved in 15 m].
of methanol at 25°. With water as solvent, the weighed p-nitrophenyl-
acetic acid was suspended in a few ml. of water and warmed to 50°;
the equivalent amount of potassium bicarbonate, in sufficient water
to bring the total volume to 20 ml., was added slowly. The resulting
clear solution was kept at 25° The amount of water resulting
from the neutralization of 1 g. of p-aitrophenylacetic acid is only 0.1
ml., which is negligible in comparison with the total volume.
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Fig. 1.—Oxygen absorption courses of some uitro comi-
pounds at 25°: O, 3 g. of p-nitrotoluene; @, 1 g. of p-
nitrotoluene; @, 3 g. of m-nitrotoluene; ©, 5 g. of nitro-
benzene; [KOH] = 4.260 M, temperature, 25°,

stilbene derivative was separated from the bibenzyl. The
filtrate was tested for formaldehyde with fuchsin—sulfite
solution and for formic acid by the resorcinol test.!* Formal-
dehyde was determined iodomctrically; the formic acid by
acid—base titration.

(b) p-Nitrophenylacetic Acid as Reactant.—The aqucous
alkali solution of p-nitrophenylacetic acid, which had been
shaken with oxygen for about 30 minutes, was usually clear
and reddish-brown in color. However, when the concen-
tration of alkali was relatively high or the temperature of
the solution was lowered after the reaction, yvellow necedles
(A) were deposited which were identified as the alkali salt of
dinitrodicarboxylic acid. When the mother liquor was
warmed to 50° and warm dilute hydrochloric acid added,
yvellowish-white crystals separated which were washed with
water, dried and identified as dinitrodicarboxylic acid;
the melting point was not depressed by admixture with an
authentic specimen.!® The resorcinol test applied to the re-
action mixture suggested the presence of oxalate which
probably was formed by the oxidative degradation of p-
nitrophenylacetic acid. However, no p-nitrobenzoie acid
was detected by paper chromatography. The methanolic
reaction mixtures were examined similarly.

Potentiometric Measurement of the Activity of Alkali.—
The apparatus consisted of an ion concentration cell, a
cadmium standard cell, a potentiometcr and a galvanome-
ter

Ig, HngMethanolic]K—Hg or|Methanolic|HgO, Hg
‘alkali(m,) |Na-Hg |alkali(ns) |

where m; and m, denote the total concentration of alkali in
moles/l. The measurements were made by the standard
method .

For a methanolic solution of potassiumm hydroxide, the
observed electromotive force AE would be related to the
relative mean ionic activity a.{m,) at the concentration of
alkali 2, by

o
AE = #111 a(ny) + RT

plmy)
7 J§H ()
or at 25°
AE = 0.1183 log a.(mz) + 0.0591 log (p(my)/p(ms))
where a.(m.) represents a(z)/a(m,). The second term which

(15) F. Krauss and H. Tampke, Chem. Zig., 48, 521 (1921).
(16) H. S. Harned and M. A. Cook, THIs JoURNAL, §9, 406 (1937},
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is concerned with the vapor pressurc p of the solvent was
evaluated according to Harned and Cook.** The results arc
presented in Table I.

TaBLE I

RELATIVE MEeAN loNiC Activity (¢;) or METIIANOLIC
SOLUTIONS OF ALKALI AT 25°
Potassium hydroxide
M

Sodium hydroxide Sodium methoxide
M M

ar ar ar
5.263 14.140 5.914 5.843 4.370 8.762
4.510 7.690 5.309 4.132 3.524 2.917
3.241 2.274 4.502 2.709 3.268 2.265
2.450 1.000 2.8%0 1.000 2.470 1.000
2.048 0.529 1.294 0.217 0.356 0.070
1.024 0.148

Results and Discussion

Dependence of the Rate of Oxygen Absorption
upon the Concentration of the Nitro Compound.—
Figure 1 indicates that the rate of oxygen absorp-
tion of m-nitrotoluene, nitrobenzene and methanol
itself is negligible in comparison with that of
p-nitrotoluene. When the velocity of shaking was
increased from 200 to 240 strokes per minute, nu-
merous bubbles appeared. Although contact be-
tween the two phases was better in the latter case,
the rate of oxygen absorption v remained essentially
the same. Thus, v is not influenced by the rate of
shaking and represents the rate of oxygen decrease
in the liquid phase but 1ot the rate of oxygen dif-
fusion into the solution; the solution of p-nitro
compound is probably saturated with oxygen during
the entire reaction. In somie cases, the oxygen ab-
sorption was retarded inarkedly when the velocity
of shaking was lowered below a critical poiut;
when shaking was suddeunly iuterrupted, the rate
decreased rapidly and the solution became colored.

As the volume of oxygen absorbed by solutions of
p-nitrotoluene and p-nitrophenylacetic acid during
the initial period of the reaction increases linearly
with timne and the rates of oxygen absorption evalu-
ated from the slopes of these straight lines are ex-
actly proportional to the initial concentrations of
p-nitro compounds, v may be expressed as

v = kn

where # is the concentration of the p-nitro coni-
pound and £ is a rate constant which represents the
moles of oxygen absorbed per minute by one liter
of alkali solution coutaining one mole of p-nitro
compound.?

Sometimes the nitro compound absorbed ttiuch
niore oxygen than necessary for self-condensation.
Part of the difference was accounted for by the
formaldehyde and formic acid in the reaction 1ix-
ture; preswnably they resulted from the oxida-
tion of methanol. The discrepancy in oxygen bal-
ance probably is due to the foriuation of carbou di-
oxide or of highly viscous resinous substauces.’

(17) The mean values of & were (4.42 £ 0.12) X 10 -3 for p-nitro-
toluene in 4.260 M methanolic KOH and (5.43 = 0.06) X 1073 for p-
nitrophenylacetic acid in 1.328 M aqueous KOH, respectively.

(18) The oxygen absorbed by 3.027 g. of p-nitrotoluene in a 4.50 M
potassium hydroxide solution (reaction time 420 minutes) was 421
ml.; 325.7 ml. of oxygen was accounted for by the dinitrodibenzyl
(55.2 ml.), dinitrostilbene (110.4 ml), formaldehyde (63.0 ml) and
formic acid (97.1 ml) in the reaction mixture. The theoretical
amount of oxygen required for the conversion of 3 g. of p-nitrotoluene
to the stilbene derivative is 246 ml. under standard conditions
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Treves!® in his study of the oxygen absorption of
2-methoxy-4-nitrotoluene also noticed a discrep-
ancy between the yield of the self-condensate and
the amount of oxygen theoretically required; it is
likely that methanol was oxidized in this case also.

Dependence of the Rate of Oxygen Absorption
upon the Mean Ionic Activity of Alkali.—Figures
22 and 3 show that p-nitrophenylacetic acid is af-
fected markedly by alkali concentration, but to a
lesser extent in aqueous than in methanolic solution.
When the alkali concentration was expressed as the
ionic activity?! rather than the analytical value, the
rate of oxygen absorption by methanolic solutions
was found to be proportional to the square of the
mean ionic activity of the alkali

v = k'na,?
The rate of oxygen absorption by aqueous solutious
is proportional to the mean ionic activity

v = k"na

The data supporting these findings are suunnarized
in Table II.
TaBLE I1

DEPENDENCE OF THE RATE OF OXYGEN ABSORPTION UPON
THE CONCENTRATION OF ALKAL1

Sol- No. of

Reactant Alkali vent detmn, k/a.?
p-Nitrotoluene KOH CH;OH 33 (1.21 = 0.022) X 10~
»-Nitro- (KOH CH;OH 13 (1.49 = .020) X 102
NaOH  CHOH 12 (2.26 = .027) X 10-2
phenyl- NaOCH; CH;O0H 14 (0.72 = .020) X 10-2
acetic KOH H:0 17 (0.50 = .006) X 10-2
acid NaOH  H:0 5 (0.55 % .011) X 107

a Values for k/a.

Correlation of the Rate of Oxygen Absorption
with the Partial Pressure of Oxygen.—The data
pertaining to the correlation between the rate of
oxygen absorption and the volume percentage?®? of
oxygen in the N,~O, gas mixture, are summarized
in Table III.

For a given alkali activity, the rate constant of
oxygen absorption k is proportional to the volume
percentage of oxygen. Therefore, if the other
variables are constant, v may be expressed by

v = v + u[Oy]

where the constants vy and # are both dependent
upon the concentrations of p-nitrotoluene and al-
kali. This relationship holds for both methanolic
and aqueous solutions of p-nitrophenylacetic acid,
as the values for vo/% and u/n show.

Reaction Mechanism.—From the results ob-
tained, the following rate expression is possible

v = (k + k:[O,])man (D

where a is the mean ionic activity, m 1s 1 with water
as solvent or 2 with methanol as solvent, and &1 and
k, are constants.

(19) G. R. Treves, THIs JOURNAL, 70, 875 (1948).

(20) A similar curve was obtained when the oxygen absorption of
methanolic solution of p-nitrotoluene was plotted against the concen-
tration of potassium hydroxide.

(21) The activity values for agueous solutions of alkali are given in
the literature: ref. 19 and H. 8. Harned and J. C. Hecker, THI¢ JOUR-
NAL, 88, 4838 (1933). The values for methanolic solutions were de-
termined as described above.

(22) Since the vapor pressure of methanol is constant under the
experimental conditions, the partial pressure of oxygen can be expressed
as the product of the oxygen content of the gas mixture and a constant,
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Fig. 2.—Plot of the rate constant of oxygen absorption by
a methanolic solution of p-nitrophenylacetic acid against the
molar concentration of alkali: O, sodium methoxide; O,
sodium hydroxide; ©, potassium hydroxide.
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Fig. 3.—Plot of the rate constant of oxygen absorption by
p-nitrophenylacetic acid in water against the niolar concen-
tration of alkali: O, potassium hydroxide;, @, soditn
hydroxide.

The rate expression consists of two terms; omne is
independent of the concentration of oxygen and the
other is of the first order with respect to it. If
we assume the extreme case where the partial pres-
sure of oxygen is zero, then the velocity of oxygen
decrease, vy, is expressed by

vo = kyna™ (2)
The validity of equation 2 is shown by the fact that
the plot of the values for a, given in Table IIT for p-
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TABLE 111

CORRELATION OF THE RATE 0oF OXYGEN ABSORPTION WITH
THE VOLUME PERCENTAGE 0¥ OXYGEN IN GAS MIXTURE

O3,
KOH, vol,
M a % k= 1o/n 0/ % w/n
p-Nitrotoluene with methanol as solvent
3.5335 3.14 100 1.15 X 10-3
70.0 0.96
49.7 77
22.8 . Hb 0.40 X 10 %  0.705 X 10 &
21.0 .58
10.5 .42
8.5 .49
3.9 .43

p-Nitrophenylacetic acid with methanol as solvent

2.732 1.33 100 2.30 X 10~
49.7 1.53
22.8 0.92 0.46 X 1072 19.0 X 103
21.0 .84
8.5 .39
3.9 .48

p-Nitrophenylacetic acid with water as solvent

1.221 0.95 100  0.47 X 10-% 0.15 X 10-2 3.16 X 107
21.0 .22

1.502 1.22 100 .67 .22 4.43
21.0 .32

1.748 1.49 100 .80 .28 3.20
21.0 .39

2.724 2.78 100 1.37 50 8.75
21.0 0.68

3.152 3.52 100  1.87
62.5 1.44
21.0 0.88 .61 12,80
4.2 .69
3.5 .61

nitrophenylacetic acid in water, against the corre-
sponding values for vy/# is a straight line; v/na =
(0.18 = 0.004) X 1072,

On the basis of the rate law, the following reac-
tion mechanism is postulated. First of all, the p-
nitro compound is converted to the alkali salt 1T

K
O;J\'—@—CH;X + KOH —>
(KOCH;)

1

[on—d_d—cux]k + 110 @)

(CH;0H)
11 X = H or COOK

Alkali participates in this equilibrium in the first
or second order with respect to the mean ionic ac-
tivity a, as shown by

[IT} [H,O(or CH;0H)]
Tla,™

where K is an equilibrium constant. In aqueous
solution, ionization of potassium p-nitrophenylace-
tate is probably easier than in methanolic solution.
In contrast to the undissociated carboxyl group
which is electron withdrawing, the anion COO-~
ay be expected to be electron donating? and con-

(23) T. Alfrey, Jr., C. G. Overberger and $. H. Pinner, THIS JOUR-
NaL, 78, 4221 (1953), studied the copolymerization of methacrylic acid
and with both diethylaminoethyl methacrylate and acrylonitrile;
they reported that, in terms of the QO-e scheme, the double bond of
methacrylate anion possesses a negative e-value, whereas that of un-
ionized methacrylic acid possesses a positive one.

=K (4)
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sequently to counteract activation of the methyleue
group by the nitro group.

Accordingly the carboxylate anion should not
form a salt of type II; this may be responsible for
the different behavior of p-nitrophenylacetic acid
toward alkali in the two solvents,

As nitro compounds undergo oxidation reactions
usually in the presence of alkali, it is possible that
they are converted to a reactive form by the alkali.
In the reactive state II the nitro group readily
loses oxygen, while the hydrogen-releasing ability of
the methyl or methylene group is enhanced. Since
the oxygen absorption follows the relatively simple
rate law 1 in spite of the formation of various oxida-
tion by-products, the rate-determining step seems to
consist of the stages

[O:.\'»—@—CHX]K L
ox—@-—éux 10K (5)

Mo enx Ik &
[o:N @ CHX |K + 0 —>

om’—@—ém; + 0K (6)

The unstable nitroso group rapidly absorbs oxygen
XHCECHNO + 0y —> XHCCHNO; + O (7)

a step which proceeds so rapidly that the rate of
oxygen absorption should be determined by reac-
tion 5. The benzyl radicals thus produced combine
to give bibenzyl derivatives; stilbene derivatives
are formed from bibenzyl by a similar process as
stated above. The radicals, -OK, -O;K and O,
would act on solvent and reactant with the forma-
tion of the various oxidized by-products.

Thus, the observed rate of oxygen absorption v
should be expressed as the sum of the rates of reac-
tions 5 and 6

v = (B + k2[0])[11] (8)

The rate expression 1 can be derived from equations
4 and 8 with 2", K ' [H.O(or CH;0H)] and &K/
[H;O(or CH30H) | as & and 4., respectively. When
the contact of the reacting solution with oxygen is
insufficient, the nitroso compound produced by
reaction 5 loses its oxygen atom with the eventual
formation of an azo or azoxy bonding to which the
color of CysHyN4O, probably is due. The oxidizing
power of the nitro group may be interpreted reasou-
ably by the first term of equation 1.
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