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Role of Intermolecular Reactions in Thermolysis of Aromatic Nitro
Compounds in Supercritical Aromatic Solvents
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Several nitroarenes were decomposed isothermally in dilute supercritical solution in benzene or toluene and
in the vapor phase in the temperature range of 290-380 °C in sealed glass tubes with pressures up to 100 MPa.
The mechanisms of thermolysis are inferred from kinetic studies and product analysis. The initial rate-controlling
step for nitrobenzene and p-nitrotoluene decomposition is probably intermolecular hydrogen abstraction to form
an ArNO,H radical intermediate. The nature of the transition state is deduced from the activation volume (AV*),
H/D kinetic-isotope effect, and a linear free-energy relationship between the ionization potential of the hydrogen
donor and the logarithm of the decomposition rate. A concurrent pathway for o-nitrotoluene is an intramolecular
reaction in which anthranil is an intermediate. The behavior of 1,3-dinitrobenzene and 1,4-dinitrobenzene resembles
that of nitrobenzene, whereas 2,4-dinitrotoluene and 2,6-dinitrotoluene decompose in the same manner as
o-nitrotoluene. Activation parameters are given and detailed mechanisms proposed.

Introduction

The subject of this paper is the thermal decomposition
of nitrobenzene, o-nitrotoluene, p-nitrotoluene, dinitro-
benzenes, and dinitrotoluenes in aromatic solvents from
290 to 380 °C. Nitroarene thermolyses were conducted in
supercritical benzene or toluene. This approach offered
several advantages: the density-dependent properties of
the medium could be controlled by the pressure, bimole-
cular reactions of the solute with itself or its degradation
products were minimized, and pathways involving reactive
radicals were clarified by identification of products derived
from the scavenging action of the solvent.

Studies of nitrobenzene vapor at ordinary pressure have
shown that C-NO, homolysis is an important initial pro-
cess. Activation energies (E,) range from 214 to 292
kJ/mol.*-12 Gaseous 1,3-dinitrobenzene and 1,4-dinitro-
benzene have also been reported to decompose initially by
C-NO, homolysis with E, values between 221 and 283
kJ/mol."101314  5_Nitrotoluene has been reported to de-
compose by C-NO, cleavage and by C-NO, isomerization
with E, values between 257 and 283 kJ/mol."101215  For
o-nitrotoluene thermolysis, unique products, faster de-
composition rates, and low E, values (178-215 kJ/mol)
have led to proposed intramolecular mechanisms,36:15.16
possibly forming anthranil as an intermediate,!” although
C-NO, cleavage has also been proposed.'®®# An EPR
study of liquid o-nitrotoluene decomposition suggested
transfer of a hydrogen atom to produce an Ar-NO,H
radical.®® Both 2,4-dinitrotoluene and 2,6-dinitrotoluene
vapors have been reported to decompose intramolecular-
1y$2 or by C-NO, homolysis.?1017

We show that the initial decomposition step for nitro-
benzene and the dinitrobenzenes in dense supercritical
benzene is hydrogen abstraction from solvent, whereas
o-nitrotoluene and the dinitrotoluenes decompose prima-
rily through an intramolecular pathway involving an an-
thranil intermediate.

Experimental Section
Thermolyses. Nitroarenes and solvents were obtained from
either Aldrich or Fluka Chemical Co. and were used as received.
Solutions of 4~10% nitroarene in solvent (typically benzene or
toluene) were isothermally decomposed in sealed glass capillary
tubes (40-50-uL total volume), filled, and heat-sealed to 50-60%
capacity. Vapor decomposition was conducted on 1.0 uL of neat
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nitroarene, in an inert environment, in a heat-sealed 500-uL glass
bulb. The isothermal bath apparatus consisted of an aluminum
block bored to accommodate wells for the following: a 10-cm deep
X 2.5-cm wide well for molten metal, an immersion heater, a
temperature controller, and a resistance thermometer. A hot plate
acted as a base heater for the aluminum block. A 36 X 91 cm
two-ply Plexiglas safety shield was placed in front of the apparatus.
Lead and/or Wood’s metal was used as the bath metal. The bath
apparatus maintained a constant temperature within 1 °C for the
temperature range of the study (290-380 °C). A majority of the
sealed capillary tubes was capable of containing up to 100 atm
during thermolysis without bursting. Small scale and shielding
prevented possible harm from any ruptured tubes.

For high-pressure thermolyses, the tubes were placed in a
high-pressure reactor that could be inserted into a preheated
aluminum block. The reactor consisted of a length of 0.6-cm
stainless steel capillary tubing with one end welded closed.22 Up
to 1400 atm of external pressure could be safely applied into the
reactor without imploding the capillary tube. The time constant
of this apparatus was approximately 60 s. Immediate observation
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Table I. Thermolysis Products from 10% Nitrobenzene in
Benzene at 343 °C (44% Reacted)?

rel conc? products
water®
10.3 aniline
5.3 phenol
100.0 biphenyl
114 N-phenylaniline
24.0 1,1:2/,1”-terphenyl
7.8 1,1:3,1"-
39 o-nitrobiphenyl
3.4 m-
14.2 p-
14.0 azobenzene

¢ Capillary tubes ~60% filled, identification by GC-MS.
® Normalized to biphenyl. ¢Detected but not quantified.

of a tube removed from the bath or reactor showed the reaction
mixture to be homogenous.

The pressure generated inside a capillary tube by the super-
critical fluid was set in advance by use of a method developed
by Brower? where the pressure generated at a specific temperature
was determined as a function of benzene density with use of PVT
data.® Pressure contributions from the nitroarenes were assumed
to be negligible because of their low concentration. The internal
pressure was increased by increasing the fractional filling of the
nitroarene solution in the capillary tube.

Product Analysis. The composition of the reaction mixture
was determined by GC-MS. A universal sensitivity factor was
applied since peak intensities were within 15% of each other for
standardized solutions containing equimolar amounts of typical
products found in this study. The relative peak intensities of
products were calculated by setting the abundant ion at 100%.

Rate Constants. A pseudo-first-order rate law gave a good
fit to the data, although the rate is probably first order in solvent
also.

(-d[ArNQ,] /dt) = kR TArNO,]{solvent] (1)

where [ArNQ,] is the nitroarene concentration and k’is the
second-order rate constant.

The fraction of unreacted nitroarene was quantified by use of
solvent as an internal standard. External standards were used
for vapor-phase studies. Rates were measured from 290 to 380
°C. A temperature of 343 °C was arbitrarily chosen for comparison
of rate effects caused by variation of structure, isotopic compo-
sition, and other factors.

Results and Discussion

Nitrobenzene. Nitrobenzene vapor at 343 °C and 150
atm showed very little reaction after 15 h. The rate con-
stant, approximately 1077 s, is ~ 100 times greater than
the rate constants extrapolated from literature for C-NO,
homolysis. There may have been an initiating step faster
than C-NO, homolysis, or the surface may have catalyzed
decomposition. The only product identified was a trace
of benzene and a light brown, insoluble film, probably
derived from radicals produced during thermolysis. The
formation of benzene is probably due to hydrogen ab-
straction by a phenyl radical.

Nitrobenzene thermolysis at 343 °C in supercritical
benzene,#25 150 atm and 0.44 g/mL, was studied in great
detail. The major products and their peak intensities are
listed in Table 1.2 The rate constant, 1.0 X 10~ s, is at
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least 1000 times greater than for vapor thermolysis at 343
°C. The E, found for solution thermolyses between 320
and 380 °C, 166.3 kJ/mol, was ~126 kJ/mol less than the
E, reported for C-NO, bond homolysis. The rate law for
nitrobenzene in benzene was

E(nitrobenzene) = 1.3 X 100 exp(-20051/T) 57126

With thermolysis in benzene-dg, a primary KIE of 2.5 was
found and most of the biphenyl was fully deuterated. This
suggests that a transfer of hydrogen from benzene to ni-
trobenzene (1) was involved in the rate-limiting step to
produce a CgH;NO,H radical (4) and a phenyl radical (5)
(Scheme I). Hydrogen was predominantly abstracted from
solvent molecules as no KIE was found with nitro-
benzene-d; thermolysis. Such molecule-induced hydrogen
abstraction homolyses have been reported in the litera-
ture.27-32

A pressure effect on the rate constant was found in the
interval from 152 to 1172 atm at 320 °C. A plot of the
natural logarithm of the rate constant versus pressure (eq
2) gave a value of —46 = 6 mL/mol for AV* between 200
and 750 atm. The negative value shows that the reaction

(3 In k/8P); = ~AV*/RT )

is characterized by a decrease in molar volume in the
transition state. This is typical of bond-forming processes
and in agreement with previous ohservations on hydrogen
abstraction.3% The unexpected large magnitude of AV*
could be explained by an electrostriction effect resulting
from a polarized transition state. Such a state would form
if the electron and hydrogen nucleus were not transferred
simultaneously, resulting in a charge-transfer type of in-
termediate. It is well-known that nitrobenzenes are good
electron acceptors®2® and benzene and substituted
benzenes are good = electron donors in charge-transfer
complexes. 4

The formation of a charge-transfer type transition state
is supported by the existence of a linear free-energy rela-
tionship (LFER) between the ionization potential (IP) of
monosubstituted benzene solvents and the logarithm of
the thermolysis rate constant. The rate constant was
decreased by electron-withdrawing and increased by
electron-donating substituents.?® Product analyses indi-
cated that arylation by solvent-derived radicals occurred
in each case in the same way that biphenyl is formed by
nitrobenzene in benzene. The LFER was well obeyed
except for N,N-dimethylaniline; the methyl hydrogens
were abstracted as well as the ring hydrogens, resulting in
faster nitrobenzene thermolysis. This was not observed
for anisole. Interestingly, neat liquid nitrobenzene acted
as its own donor and fit the LFER well.

The dominant fates of the reaction intermediates are
presented in Scheme I. Most of the phenyl radicals arylate
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Scheme 1. Nitrobenzene Decomposition Mechanism in Supercritical Benzene
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solvent molecules to produce biphenyl (9).243 Continu-
ation of the phenylation reaction yields terphenyl (13) and
the nitrobiphenyl isomers 11. In solution, nitrobenzene
is said to be preferentially arylated by radicals in the ortho
and para positions.#! The electronic meta-directing in-
fluence of the nitro group in electrophilic reactions did not
appear to have a strong influence in this study. The ab-
sence of a KIE when nitrobenzene-d; was thermolyzed in
supercritical benzene suggests that hydrogen abstraction
from nitrobenzene to form a nitrophenyl radical is not a
favored decomposition path.

The C;HgNO,H radical decomposed by two pathways
(Scheme I): it was reduced to aniline (7), or homolysis of
the C;HgNO,H bond occurred to yield a phenyl radical (5)
and HONO. In the formation of aniline, nitrosobenzene

28 9(511) Hey, D. H.; Nechvatal, A.; Robinson, T. S. J. Chem. Soc. 1951,
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(6) is the hypothesized intermediate.*? Since nitroso-
benzene is electropositive relative to nitrobenzene, it was
reduced too quickly for detection, especially under the
severe conditions of this study. The presence of nitroso-
benzene was supported by the detection of the thermolysis
product azobenzene (14), the condensation product of
nitrosobenzene and aniline.** In a separate experiment,
an equimolar mixture of aniline and nitrosobenzene in
benzene at 343 °C yielded azobenzene.

Evidence for CgH;-NO,H bond homolysis was found in
the thermolysis products from the nitrobenzene/benz-
ene-dg system where biphenyl-ds was formed. Selected-ion
analysis for perdeuterated biphenyl and for biphenyl-d;
indicated that ~20% of the biphenyl contained a phenyl

(42) Smith, W. H.; Bard, A. J. J. Am. Chem. Soc. 1975, 97, 5203.
43) Hendnckson,J B; Cram,D J.; Hammond, G. S. Organic Chem-
istry, 3rd ed.; McGraw- Hill: New York 1970.
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Scheme II. Nitrobenzene Decomposition Mechanism in Supercritical Toluene
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ring from nitrobenzene. Likewise, in the nitrobenzene-
ds/benzene-thermolyzed system, ~25% of the biphenyl
contained a phenyl ring derived from nitrobenzene-d;.

Phenol (17), a minor thermolysis product, has been re-
ported in other nitrobenzene thermal studies.44#44% Phenol
may have been derived from a nitro—nitrite rearrangement
since phenol-d; was produced in the nitrobenzene-ds/
benzene thermolysis. Another possible source of phenol
is the oxidation of the phenyl radical produced in C-NO,H
homolysis by the HONO trapped in the solvent cage
(Scheme I).

Nitrobenzene Thermolysis in Supercritical Tolu-
ene. Nitrobenzene thermolysis in supercritical toluene,?
having a density of ~0.43 g/mL, was studied in detail from
320 to 380 °C. Toluene was used as a solvent because both
benzylic and aromatic hydrogens were available for ab-
straction. Thermolysis products are listed in Table II.
The products derived from nitrobenzene suggest that the
reaction paths (Scheme II) are similar to those for nitro-
benzene in supercritical benzene. The toluene-derived
products show that nitrobenzene preferentially abstracts
the benzylic hydrogen from toluene, forming the CsH;N-
O.H radical and benzyl radical (21) along with a small
amount of methylphenyl radicals. The benzy! radical is
oxidized to benzyl alcohol (24) and benzaldehyde (25). The
toluene-derived products indicate that benzylic hydrogens
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Table II. Thermolysis Products from 4% Nitrobenzene in
Toluene at 343 °C (85% Reacted)®

rel conc? products
3.3 benzaldehyde
100.0 aniline

14.1 o-methylbiphenyl
6.9 p-
5.9 bibenzyl

57.9 N-(phenylmethylene)benzenamine

20.3 benzyl alcohol

¢Capillary tubes approximately 60% filled, identification by
GC-MS. ®Normalized to aniline.

are abstracted in preference to nuclear hydrogens. In-
disputable evidence for the intermediacy of henzyl radicals
is the formation of bibenzyl (26). A primary KIE of 3.5
in toluene-dg supports the concept of rate limitation by
hydrogen abstraction.

The rate constant for nitrobenzene in toluene at 343 °C,
6.3 X 10 571, was more than 6 times the rate constant for
nitrobenzene in benzene. A higher rate in toluene was
expected because the bond strengths of the aromatic and
benzylic C-H bonds, 464 and 368 kJ/mol, respectively,*’
make benzylic hydrogens more susceptible to abstraction
than aromatic hydrogens. However, the rate difference was
not as large as expected, probably due to the effect the
solvent IP has on the formation of the transition state
complex. The reported solvent IP’s are 9.1*% and 8.9 V4

(47) McMillen, D. F.; Golden, D. M. Ann. Rev. Phys. Chem. 1982, 33,
493-532,
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Scheme II1. p-Nitrotoluene Decomposition Mechanism in Supercritical Benzene
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for toluene and 9.4 eV* for benzene. The similarity in IP
may explain why the rate constant in toluene was greater
than in benzene only by a factor of 6.

The principal fates of the reaction intermediates are
shown in Scheme II. Further reaction of the C;gH;NO,H
radical in toluene follows two major routes just as it does
in benzene: homolysis and concurrent reduction. Evidence
for C~-NO,H homolysis was the detection of methylbi-
phenyl isomers 27. About 20% of the nitrobenzene reacted
in this way. The remainder was reduced to aniline.
Azobenzene was not observed in the products. In toluene,
nitrosobenzene is apparently reduced faster than it can
condense with aniline. This is not surprising since toluene
is a better reducing agent than benzene. Condensation of
aniline with benzaldehyde yielded N-(phenylmethylene)-
benzenamine (28).43

p-Nitrotoluene Thermolysis in Supercritical
Benzene. The thermolysis of p-nitrotoluene (29) in
benzene at 343 °C yielded products structurally analogous
to those found in the nitrobenzene /benzene thermolyses
(Table III). The rate constants for p-nitrotoluene and
nitrobenzene in supercritical benzene were the same, 1.0
X 10~ s71. The presence of the electron-donating methyl
substituent apparently had little effect upon the decom-
position rate. The E, and log Z for p-nitrotoluene in
benzene from 333 to 380 °C were comparable to the kinetic
fmm;neters obtained for nitrobenzene in benzene. The rate

aw 18

k(p-nitrotoluene) = 7.9 X 10° exp(-19596/T) s

The similarity of rate constants, kinetic parameters, and
products implied a decomposition mechanism similar to
that of nitrobenzene. A primary KIE of 1.8 for p-nitro-
toluene in benzene-dg supported hydrogen abstraction from

(48) Potapov, V. K.; Shigorin, D. N.; Filyugina, A. D.; Sorokin, V. V.
Zh. Fiz, Khim. 1966, 40(9), 2332,
(49) Danihel, I; Kuthan, J. Czech. Chem. Commun. 1979, 44, 873,

oxidation or
disproportionation

Table II1. Thermolysis Products from 4% p-Nitrotoluene
in Benzene and Toluene at 343 °C (38 and 90% Reacted,

Respectively)®
rel conc? products
in Benzene
2.2 toluene
20.3 p-toluidene
4.7 p-cresol
100.0 biphenyl
19.8 4-methylbiphenyl
0.8 4,4’-dimethylazobenzene
in Toluene
29.7 benzaldehyde
100.0 benzyl alcohol
374 p-toluidene
4.3 p-methylbiphenyl
17.2 toluene dimers
4.4 bibenzyl
49.2 N-benzylidene-4-methylaniline

¢Capillary tubes ~60% filled, identification by GC-MS.
®Normalized to biphenyl for benzene and to benzyl alcohol for
toluene.

benzene as the rate-limiting step. Furthermore, anisole
and chlorobenzene showed a substituent effect with p-
nitrotoluene as had been found for nitrobenzene. The
major decomposition channels proposed for p-nitrotoluene
thermolysis are presented Scheme III.

p-Nitrotoluene Thermolysis in Supercritical Tol-
uene. Similar intermolecular mechanisms, reduction and
condensation, appear to be operating for p-nitrotoluene
in toluene as for nitrobenzene in toluene. Toluene acts as
a reducing agent, with benzylic hydrogens abstracted in
preference to aromatic hydrogens. The chief reduction
product is p-toluidine (40) (Table III). The hypothetical
pathways for p-nitrotoluene in supercritical toluene, based
upon the observed thermolysis products, are summarized
in Scheme IV.

o-Nitrotoluene Vapor Thermolysis. The rate con-
stant for o-nitrotoluene (41) vapor at 343 °C is 3.6 £ 1.3
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Scheme IV. p-Nitrotoluene Decomposition Mechanism in Supercritical Toluene

OnunuH

CH,

00—

*0_ _OH
\N/
CH,
OH
———
CH,
X
¢H,

@@_.@@

A oD 2 OO

H
@+ 2-40) = 16D

X 107 871, which is 3-7 times greater than previously re-
ported values”®% and roughly 400 times greater than the
values reported for C~N bond homolysis at low concen-
trations.!%2 When neat 0-CD;C¢H,NO, was thermolyzed,
a primary KIE of 1.7 was found.

A polymeric brown film formed on the surface of the
reaction bulb. Among the monomeric products were an-
iline and a compound with a parent peak of m/e 210,
possibly 2-phenylindazol-3-one.®® The use of 300-uL am-
pules instead of 500-uL ampules produced trace amounts
of o-aminobenzaldehyde and o-toluidine. The presence of
o-toluidine is evidence that bimolecular reduction occurred
during thermolysis. The nitro group is probably reduced
by a mechanism similar to that described for the formation
of aniline from nitrobenzene. It has been proposed that
gaseous o-nitrotoluene rearranges to anthranilic acid by
“the formation of a carbanion species followed by a series
of hydrogen and oxygen shifts.”®® Decarboxylation of the
acid yields aniline. In a separate experiment, gaseous
anthranilic acid at 343 °C for 11 min yielded 72% aniline.
Both the formation of aniline and the primary KIE are
consistent with this mechanism. However, there is some
skepticism about this gaseous rearrangement.!%” Tsang
et al.!” “deduced a mechanism which at lower temperatures
is probably the sole channel for the decomposition of any
nitroaromatic compound with an adjacent methyl

. 9(gO) Gibeon, K. J.; Lindsey, A. S.; Paisley, H. M. J. Chem. Soc. C 1967,

Table IV. Thermolysis Products from o-Nitrotoluene in
Benzene at 343 °C (35% Reacted)®

rel conc? products
water®
11.0 aniline
1.5 o-cresol
4.3 o-toluidene
60.9 o-aminobenzaldehyde
100.0 biphenyl
3L5 o-anthranilic acid
2.6 2-nitrodiphenylmethane
1.8 x-phenyl-o-nitrotoluene
3.7 o-methylbiphenyl
2.6 2,2’-dimethylazobenzene
15.1 benzoyleneindazole
27.5 benzoxazinone

4Capillary tubes ~60% filled, identification by GC-MS.
bNormalized to biphenyl. ¢Detected but not quantified.

grouping” involving the intermediate anthranil (3,4-
benzisoxazole). Anthranil appears to be a key intermediate
in this study.

o-Nitrotoluene Thermolysis in Supercritical
Benzene. Thermolysis of 4~10% o-nitrotoluene in su-
percritical benzene at 343 °C gave the products listed in
Table IV. The products structurally related to those from
the thermolysis of p-nitrotoluene were biphenyl, o-
toluidine (50), o-cresol (43), and o-methylbiphenyl (51)
(Scheme V). A primary KIE of 1.7 was found for ther-
molysis in benzene-dg, providing evidence of the inter-
molecular reactions described for p-nitrotoluene and ni-
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Scheme V. o-Nitrotoluene Decomposition Mechanism in Supercritical Benzene
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trobenzene. Products unique to o-nitrotoluene were ani-
line, anthranilic acid (44), o-aminobenzaldehyde (49),
benzoxazinone (48), and benzoylene indazole (53). Their
formation is attributed to intramolecular reactions of the
adjacent methyl and nitro substituents. A primary KIE
of 1.9 was found for 0-CD3C,H,NO, in benzene, supporting
intramolecular reactions.

The rate constant for o-nitrotoluene thermolysis at 343
°C, 1.4 £ 1.1 X 10?57}, was ~14 times greater than those
of nitrobenzene and p-nitrotoluene under similar condi-
tions. The increase in rate must be due to the availability
of intramolecular reaction channels in addition to the
previously discussed intermolecular pathways. The E,,
159.3 kd /mol, is similar to those found for nitrobenzene
and p-nitrotoluene. The rate law is described by

k(o-nitrotoluene) = 5.0 X 10'° exp(-19242/T) s

Intermolecular Decomposition of o-Nitrotoluene.
The thermolysis products biphenyl, o-toluidine (50), and
o-methylbiphenyl (51) and the solvent primary KIE of 1.7
are indicative of the same intermolecular hydrogen ab-
straction mechanism occurring as has been proposed for
nitrobenzene and p-nitrotoluene (Scheme Va). After the
rate-limiting step, o-nitrotoluene is reduced to o-nitroso-
toluene (46). The instability of o-nitrosotoluene at 343 °C
was confirmed when a 15% solution of o-nitrosotoluene
was thermolyzed in benzene at 250 °C for 2 h and none
remained. The main thermolysis products were o-
toluidine, o-nitrotoluene, o-aminobenzaldehyde, o-
methylbiphenyl, and biphenyl, all of which were also de-
tected in o-nitrotoluene thermolysis.

The ArNO,H radical (42) can react to yield o-nitroso-
toluene or a 2-methylphenyl radical (47). o-Nitrosotoluene
is reduced to o-toluidine, and the 2-methylphenyl radical
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subsequently arylates a benzene molecule to form 2-
methylbiphenyl (Scheme Va). Hydrogen abstraction by
the 2-methylphenyl radical to form toluene apparently did
not occur since toluene was not detected. There was a 1:1
ratio of o-toluidine (50) to o-methylbiphenyl (51), indi-
cating equal probabilities for either route.

The identification of 2-nitrodiphenylmethane (Table IV)
reveals that the benzylic hydrogens of o-nitrotoluene are
abstracted. The resulting nitrobenzyl radical (O,N-
ArCH,') adds to benzene to yield the product. This
mechanism has been proposed as the rate-limiting step in
thermolysis of neat TNT at 240 °C.5! Discussion of other
minor intermolecular pathways for o-nitrotoluene may be
found in ref 26.

Intramolecular Decomposition of o-Nitrotoluene.
The possible involvement of anthranil (45) as an inter-
mediate in o-nitrotoluene thermolysis was suspected. We
have found that a 10% solution of anthranil in benzene,
heated to 343 °C for 40 s, produced gas, a black tar, and
30% benzoxazinone. Biphenyl was not detected in the
products, indicating hydrogen abstraction from solvent was
not involved. Benzoxazinone was separated, purified, and
identified. It has been proposed that benzoxazinone is
derived from the cycloaddition of a ketene-imine inter-
mediate that is a valence tautomer of benzoazetidone.52%
In the reaction conditions of this study, this type of re-
action may be occurring. However, the intermediate may
also form by a retroarene reaction which has been proposed
by Tsang et al.l?

(561) McKinney, T. M.; Warren, L. F.; Gondberg, 1. B.; Swanson, J. T.
J. Chem. Phys. 1986, 90, 1008.

(52) Barker, A. J.; Smalley, R. K. Tetrahedron Lett. 1971, 48, 4629.

(563) Smalley, R. K.; Suschitzky, H. Tetrahedron Lett. 1966, 29, 3466.



Thermolysis of Aromatic Nitro Compounds

Table V. Thermolysis Products from 4% o-Nitrotoluene in
Toluene at 343 °C (383% Reacted)®

rel conc® products
21.3 aminobenzaldehyde
6.2 benzaldehyde
trace aniline
100.0 benzyl alcohol
22.2 o-toluidene
4.0 toluene dimers (6)
1.6 bibenzyl
5.6 aminobibenzyl, x-amino-x~diphenylmethane
9.0 N-benzylidene-2-methylaniline

8Capillary tubes ~60% filled, identification by GC-MS.
4 Normalized to benzyl alcohol.

Anthranil appears to be the intermediate in formation
of o-aminobenzaldehyde. At first it was suspected that
o-nitrosotoluene underwent a 1,5-sigmatropic rearrange-
ment to o-aminobenzaldehyde. However, this rearrange-
ment can be discounted due to the increase in rate constant
observed for o-nitrotoluene relative to p-nitrotoluene; the
reduction of the nitro group to nitroso would not be ac-
celerated by an adjacent methyl group. When 10% an-
thranil was thermolyzed in toluene at 343 °C, the products
were 90% benzoxazinone and 10% o-aminobenzaldehyde.
As the concentration of anthranil in toluene was decreased
to 1% to suppress dimerization, o-aminobenzaldehyde
became the major product, supporting anthranil as the
intermediate (Scheme Vb).

Anthranil has been proposed as an intermediate in the
formation of anthranilic acid from o-nitrotoluene®2:54-57
and this study supports that proposal. Thermolysis of 20
uL of anthranil and 1 pL of water in supercritical benzene
yielded the acid, aniline, and benzoylene indazole.
Thermolysis of only the acid in supercritical benzene
yielded only aniline. Apparently, anthranil is converted
to the acid, which decarboxylates to yield aniline.

The evidence suggests anthranil to be the key inter-
mediate for the formation of benzoxazinone, o-amino-
benzaldehyde, anthranilic acid, and probably benzoyle-
neindazole. Furthermore, intramolecular pathways are
favored by a factor of 11 over intermolecular pathways on
the basis of GC-MS product peak abundances.

o-Nitrotoluene Thermolysis in Supercritical Tol-
uene. The rate constant for thermolysis in toluene was
2.4 times greater than for benzene. The rate increase
caused by substitution of toluene for benzene is not as
great as that seen for thermolysis of nitrobenzene and
p-nitrotoluene in toluene due to the domination of intra-
molecular reactions in o-nitrotoluene. A primary KIE of
2.1 was found for o-nitrotoluene in toluene-dg, supporting
intermolecular reactions, and a primary KIE of 1.4 for
o-nitrotoluene-d; in toluene, supporting intramolecular
reactions. The product distribution differed markedly
from that of benzene (Table V). Thermolysis in toluene
favored the formation of toluidine, o-aminobenzaldehyde,
and N-benzylidene-2-methylaniline. Anthranilic acid,
aniline, benzoyleneindazole, and benzoxazinone were ab-
sent.

The abundance of o-aminobenzaldehyde and o-toluidine,
relative to the thermolysis products in benzene, shows the
greater reducing power of toluene. Rearrangement to
anthranil still occurred, as a primary KIE was found for
o-nitrotoluene-ds, but reduction of anthranil to o-amino-

(54) Preuss, L.; Binz, A. Angew. Chem. 1900, 16, 385.
(55) Bakke, J.; Helkman, H.; Nystrom, G. Acta Chem Scand. 1972,

26, 355.
(56) Willadsen, P.; Zerner, B. J. Org. Chem. 1978, 38(19), 3411.
(57) Kharasch, M. S.; Brown, W. G. J. Org. Chem. 1938, 2, 36.
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Table VI. Thermolysis Products from 4%
2,4-Dinitrotoluene and 4% 2,6-Dinitrotoluene in Benzene at
343 °C (80% Reacted)®

rel conc? products

2,4-Dinitrotoluene

2.5 2,4-diaminotoluene

100.0 biphenyl

22.5 4-nitroanthranil

20.0 m-nitroaniline

15.3 x-amino-y-nitrotoluene

35.8 2-amino-4-nitrobenzaldehyde

4.7 x-phenyl-y-nitrotoluene®

2.0 x-phenyl-y-nitroaniline®

4.1 1,1:2’1”-terphenyl

2.5 1,128,1”-

4.1 1,1:.4’,1"-
2,6-Dinitrotoluene

trace 2,6-diaminotoluene

100.0 biphenyl

73.5 6-nitroanthranil

30.0 m-nitroaniline

16.7 x-amino-y-nitrotoluene

6.6 2-amino-6-nitrobenzaldehyde

1.9 x-phenyl-m-nitroaniline®

1.2 1,1:2',1”-terphenyl

4Capillary tubes ~60% filled, identification by GC~MS.
®Normalized to biphenyl. °Detected but not quantified.

benzaldehyde was favored over formation of anthranilic
acid, aniline, benzoxazinone, and benzoyleneindazole. The
major thermal decomposition channels for o-nitrotoluene
in supercritical toluene are similar to those shown in
Scheme V for supercritical benzene, with the exception of
benzoxazinone and anthranilic acid formations.

Thermolysis of 2,4- and 2,6-Dinitrotoluene. The rate
constant for o-nitrotoluene is approximately doubled with
the presence of another nitro group. The major thermo-
lysis products for the dinitrotoluenes in supercritical
benzene at 343 °C (Table VI) were structurally analogous
to those for o-nitrotoluene, indicating similar thermal re-
actions. Intermolecular hydrogen abstraction from benz-
ene was evidenced by an abundance of biphenyl for both
dinitrotoluene isomers and a primary KIE of 1.5 for 2,6-
dinitrotoluene in benzene. Intramolecular reactions were
primarily evidenced by the detection of nitroanthranil.
The addition of a nitro group to anthranil apparently
stabilizes the heterocycle. 2-Nitroanthranil from 2,6-di-
nitrotoluene thermolysis was more than 3 times as abun-
dant as 4-nitroanthranil from 2,4-dinitrotoluene thermo-
lysis. This may be chiefly a statistical effect. Further
reactions of the nitroanthranil and other intermediates
were similar to o-nitrotoluene thermolysis.2® The product
distribution found for the dinitrotoluene thermolyses was
remarkably similar to the results of a low-temperature
thermolysis of TNT by Dacons et al.5®

Thermolysis of 1,3- and 1,4-Dinitrobenzenes.
Products from benzene solutions of 1,3-dinitrobenzene and
1,4-dinitrobenzene are listed in Table VII. The mecha-
nism appears to parallel that proposed for nitrobenzene.
The rate constant at 343 °C was expected to be greater
than the rate constant for nitrobenzene due to the in-
ductive effect of the second nitro group. This was not the
case since the average rate constants for the dinitro-
benzenes were 2-3 times less than for nitrobenzene. There
is no obvious explanation for the lower rates. A solvent
primary KIE of 2.9 was found for 1,3-dinitrobenzene
thermolysis in benzene-dg. Presumably, a KIE also exists
for 1,4-dinitrobenzene. The mechanisms for thermolysis

(58) Dacons, J. C.; Adolph, H. G.; Kamlet, M. J. J. Phys. Chem. 1970,
74(16), 3035.
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Table VII. Thermolysis Products from 4%
1,3-Dinitrobenzene and 4% 1,4-Dinitrobenzene in Benzene
at 343 °C (43 and 74% reacted, respectively)®

rel conc® products

1,3-Dinitrobenzene

2.4 phenol

33 nitrobenzene

100.0 biphenyl

6.1 2-nitroaniline

3.3 3-nitrobiphenyl

78.5 4-nitrobiphenyl

4.8 1,1:2/,1”-terphenyl

10.6 1,12:8,1"-

13.6 3-amino-3’-nitroazobenzene
1,4-Dinitrobenzene

trace nitrobenzene

100.0 biphenyl

4.2 p-nitroaniline

43.2 4-nitrobiphenyl

6.8 1,1:2/,1”-terphenyl

10.6 1,1:3,1"-

25.5 4-amino-4’-nitroazobenzene

%Capillary tubes ~60% filled, identification by GC-MS.
5 Normalized to biphenyl. ¢Detected but not quantified.

of dinitrobenzene must parallel those of nitrobenzene with
the rate-limiting step being hydrogen abstraction from
solvent to form the dinitrobenzene-H radical.

Summary

Nitrobenzene, p-nitrotoluene, o-nitrotoluene, 2,4-di-
nitrotoluene, 2,6-dinitrotoluene, 1,3-dinitrobenzene, and
1,4-dinitrobenzene were thermolyzed in solution with
benzene and toluene under supercritical conditions. The
pseudo-first-order rate constants for the mononitroarenes
in benzene are

k(nitrobenzene) = 1.3 X 10 exp(-20051/7) s!
k(o-nitrotoluene) = 5.0 X 10 exp(-19242/T) s’
k(p-nitrotoluene) = 7.9 X 10° exp(-19596/T) s!

Rate constants for the dinitrotoluenes were slightly higher
than for o-nitrotoluene but less than for nitrobenzene.

The rate-limiting step for nitrobenzene thermolysis in
supercritical benzene, hydrogen abstraction from benzene,
forms a charge-transfer type of a transition-state complex.
This is supported by a primary KIE of 2.5, the presence
of biphenyl, a AV* of -46 £ 6 mL/mol, and a LFER be-
tween the logarithm of the rate constant and the solvent
IP. The transient species produced from the rate-limiting
step are a CgH;NO,H radical and a phenyl radical. A
tracer study shows that some of the ArNO,H radical de-
composes to Ar* and HONO. In supercritical toluene,
nitrobenzene abstracts both benzylic and aromatic hy-
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drogens. The rate constant in toluene is faster ‘due to the
resonance stabilization of benzyl radicals.

Thermolysis of p-nitrotoluene in supercritical benzene
undergoes the same thermolysis mechanisms as nitro-
benzene; the rate constants are the same, a primary KIE
is present, and a similar LFER exists. The nitro group
reactivity apparently is not reduced by the methyl groups’
electron-donating effect. The products from p-nitrotoluene
thermolysis are structurally related to those from nitro-
benzene thermolysis. In supercritical toluene, the rate
constant is faster than in supercritical benzene. The
thermolysis products of the dinitrobenzenes in supercritical
benzene are also analogous to both nitrobenzene and p-
nitrotoluene, indicating similar thermal mechanisms.

o-Nitrotoluene thermolysis products in supercritical
benzene show that inter- and intramolecular reactions
occurred. This is supported by primary KIE’s found for
both deuterated solvent (1.7) and deuterated solute (1.9).
Anthranil appears to be the major intermediate in the
intramolecular reactions that dominate in the thermolyses.
The intramolecular to intermolecular reactions ratio is
approximately 11 to 1 in benzene and 1 to 2 in toluene.

The dinitrotoluenes thermolyses reactions were analo-
gous to o-nitrotoluene thermolysis. Nitroanthranil is the
major product in dinitrotoluene thermolysis, providing
evidence of intramolecular reactions. The ratio of intra-
molecular to intermolecular reactions in dinitrotoluene
thermolysis is approximately 5 to 1. The rate constants
for o-nitrotoluene and the dinitrotoluenes are greater than
for the nitrobenzenes and p-nitrotoluene due to the
availability of intramolecular decomposition pathway.

The decomposition of the simple nitroarenes may serve
as a model for the decomposition of more complex nitro-
arenes. For example, the decomposition pathways of o-
nitrotoluene and the dinitrotoluenes are similar to the
reported decomposition pathways of TNT; a primary KIE
of 1.8 has been reported for TNT thermolysis in deuterated
benzene® and of 1.7% when the methyl hydrogens were
deuterated. 2,4-Dinitroanthranil has been reported in
TNT thermolysis.’® The TNT-H radical, analogous to the
Ar-NOOH radical proposed in this study, has also been
proposed on the basis of EPR studies.5!"%!
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