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Kinetics and mechanism of thermal decomposition of nitropyrazoles
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The decomposition of mono-, di-, and trinitropyrazole derivatives in the condensed state
was studied by the manometric method. The reaction rate depends on the number and position
of nitro groups in the pyrazole cycle and on the polarity of the medium and aggregate state of
the substance. The activation energy of the initial non-catalytic stage of decomposition E;
decreases on going from mono- to trinitropyrazoles from 142 to 132 kJ mol~!, and the pre-
exponential factor is 109493 s=1. In a diphenyl solution the decomposition rate is lower than
that in the melt, and this difference decreases with increasing in the number of nitro groups in
the molecule. For the decomposition of trinitropyrazole in the solid state, E| decreases by
10 kJ mol~!. All these facts are explained in terms of the mechanism, according to which the
reaction occurs as the oxidation of the adjacent carbon atom by the nitro group and proceeds via
a strongly polar cyclic transition state.
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One of trends of the modern development of the chem-
istry of high-energy compounds is the synthesis and study
of the physicochemical properties of nitro derivatives of
NH-azoles, including pyrazoles.1=? In the most part of
cases, the thermal stability of nitropyrazoles was evaluat-
ed by thermogravimetric analysis (TG) and differential
scanning calorimetry (DSC) on the basis of their temper-
ature of decomposition onset. Only several studies®— are
devoted to the kinetics of thermal decomposition of nitro-
pyrazoles using TG and DSC in a flow of inert gases, i.e.,
under the conditions that do not exclude evaporation of
the studied substance. Therefore, the kinetic parameters
obtained under these conditions can be insufficiently ex-
act and need additional checking. The quantum chemical
calculations®7 of probable pathways of the initial state of
decomposition simulate the process in the gas phase
rather than in the condensed one and do not cover all
possible primary decomposition stages and, hence, can
also be considered as preliminary. This work is devoted
to the study of the kinetics of thermal decomposition of
mono-, di-, and trinitropyrazoles in the condensed
phase under isothermal conditions using the highly sensi-
tive manometric method. This made it possible to de-
termine the kinetic parameters of decomposition in the
condensed phase and the influence of the properties of the
solvent on these parameters. As a result, the probable

mechanism of the initial thermolysis stage was proposed
and substantiated.

Experimental

3-Nitropyrazole!? (3-NP), 4-nitropyrazole!? (4-NP), 3,5-di-
nitropyrazole! (3,5-DNP), 3,4-dinitropyrazole!! (3,4-DNP),
3,4,5-trinitropyrazole!:2 (TNP), and 1-methyl-3,4,5-trinitro-
pyrazole!®2 (MTNP) were used as objects of the study.

NO,
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N—NH N—NH N—NH
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NO, NO, NO,
ozN% OZNWNOZ OQNWNOZ
N—NH N—NH N—N
Me
3,4-DNP TNP MTNP

The kinetic studies were carried out using a manometric
system designed for the pressure to 100 atm.!2 The reactor was
a sealed glass tube 0.5—5.0 mL in volume equipped with a cres-

Published in Russian in Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 1, pp. 0126—0131, January, 2015.
1066-5285/15/6401-0127 © 2015 Springer Science+Business Media, Inc.



128 Russ.Chem.Bull., Int.Ed., Vol. 64, No. 1, January, 2015

Dubikhin et al.

cent-like membrane with a pointer and placed into a heated
metallic body connected to a vacuum pump or a cylinder with
compressed air and had a transparent window for the observa-
tion of pointer deviations. The pressure was measured by the
compensation method. This procedure makes it possible to per-
form experiments at high temperatures in almost any solvents
and to measure the decomposition kinetics at high degrees of
filling the vessel with the substance.

Results and Discussion

The decomposition curves for the studied compounds
at the temperatures corresponding to the rate constant of
the initial stage k; = 1075—10~% s~! are shown in Fig. 1.
The decomposition of mono- (3-NP, 4-NP) and dinitro-
pyrazoles (3,4-DNP, 3,5-DNP) in the liquid state pro-
ceeds via the first-order equation or with a weak auto-
catalysis. Unlike them, the decomposition of trinitropyr-
azoles TNP and MTNP occurs with a strong acceleration.
The kinetic curves are described by the first-order equa-
tion of autocatalysis. The degree of filling of the vessel
with the substance (m/V/g cm=3) exerts no effect on the
initial stage but influences the acceleration of the process.
At m/V = 0.01 the autocatalytic rate constant ~100 times
exceeds k;. For TNP and MTNP, the gas evolution
upon complete decomposition measured at temperatures
>170 °C is 570 and 580 cm? g~ !, respectively. These values
were accepted to be a measure of 100% decomposition
and used for the calculation of k; for the considered com-
pounds from the initial rate at low temperatures.

In a solution of diphenyl chosen as a nonpolar and
lowly volatile solvent, the decomposition of all compounds,
including trinitro derivatives TNP and MTNP (Fig. 2),
follows the first-order equation.
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Fig. 1. Comparison of the kinetic curves of decomposition of
nitropyrazole derivatives in the liquid state (m/V = 0.01 g cm™3)
in the region of rate constants 10~5—10~¢ s=!: TNP, 200 °C ();
MTNP, 200 °C (2); 3,4-DNP, 230 °C (3); 4-NP, 300 °C (4);
3-NP, 300 °C (5); and 3,5-DNP, 250 °C (6).
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Fig. 2. Kinetic curves of decomposition of TNP and MTNP in
solutions: MTNP, diphenyl, 280 °C (/); MTNP, diphenyl, 260 °C
(2); TNP, o-dichlorobenzene, 240 °C (3); TNP, diphenyl, 240 °C
(4); MTNP, o-dichlorobenzene, 240 °C (5); and MTNP, di-
phenyl, 240 °C (6).
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The kinetic parameters of decomposition of all com-
pounds in the liquid phase and in solutions are presented
in Table 1. The data for the solid phase for TNP are also
given. The reproducibility of k| determination was 10—15%,
and the accuracy of determination of the activation energy
was 6 kJ mol~!. Figure 1 and Table 2 show that 3-NP is
the most stable compound in the liquid state, and 4-NP is
insignificantly inferior to 3-NP in stability followed by
3,5-DNP (dinitropyrazole with the separated nitro groups),
then 3,4-DNP (dinitropyrazole with the adjacent nitro
groups), and then MTNP and TNP.

The following regularities are observed. The decompo-
sition of nitropyrazoles in the liquid state at the ini-
tial stage is characterized by an activation energy of
140—160 kJ mol~!, the value of which decreases on going
from mono- to trinitro derivatives, and by a lowered value
of pre-exponential factor A = 109£0-5 s=1. For decomposi-
tion in diphenyl, k; always decreases (with a slight in-
crease of the activation energy), and the highest difference
in the values of Fin solution and in melt is observed for the
mononitro derivatives. For 3-NP the difference is 20 times,
whereas that for TNP is only 3 times. In o-dichlorobenzene,
which is more polar than diphenyl (dielectric constant € of
these solvents is 10 and 2, respectively), the decomposition
rate increases but does not attain the level of pure TNP.
The same regularity is observed for 3,4-DNP, whose de-
composition in nitrobenzene (¢ = 35.6) is 2 times faster
than that in diphenyl but is slower than that in the melt.

The unusual change in the rate is observed for the tran-
sition of TNP to the solid state. For this compound, the
decomposition rate does not decrease compared to the
liquid phase as it is usuall® but increases, and the activa-
tion energy decreases by 10 kJ mol~!.

All obtained results are consistent with the certain re-
action mechanism, which can be derived from an analysis
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Table 1. Kinetic parameters of decomposition of nitropyrazoles
Com- M.p./°C Medium AT/°C E* log(A/s™1) ky+107/571
pound /kJ mol~! (230°C)
3-NP 175 Melt 250—320 142.7 8.50 3.20
(132.7)10
Diphenyl 280—350 161.8 9.00 0.16
4-NP 162 Melt 280—320 142.3 8.53 5.70
(92.5)10
Diphenyl 280—350 159.6 8.97 0.25
3,5-DNP 168 Melt 230—250 138.1 8.80 23
(86)7
Diphenyl 280—340 150.7 9.08 2.90
3,4-DNP 87 Melt 200—250 134.0 9.50 400
(106)7
Diphenyl 220—280 144.4 9.40 42
Nitrobenzene 230 — — 80
TNP 186 Melt 190—220 131.8 9.60 830
(121),7 (127.3)8
Diphenyl 220—340 136.5 9.63 290
o-Dichlorobenzene 230 370
Solid phase 120—160 121.7 9.40 —
MTNP 90.8 Melt 140—200 134.0 9.70 618
(237)8
Diphenyl 200—280 141.9 9.45 69
* The literature data obtained by TG and DSC are given in parentheses.
of the literature data on the decomposition of unsaturated Scheme 1
nitro compounds. On the basis of the quantum chemical
calculations of the activation energy for different elemen- o |
tary acts it was concluded!? that the most probable route (NO,),, n
of decomposition for nitroethylene and other nitroalkenes (NO2)5—1 ','N‘\o .
in the gas phase is the intramolecular oxidation of the N=N 120—350 °C }\(]/
adjacent carbon atom by the nitro group, which proceeds ‘R N—N
through the polar transition state of the oxazet structure. ‘R
In the case of the studied nitropyrazoles, this process can o
be presented by Scheme 1. W
This mechanism can also be classified as the in- (NO2) 1 //N 0
tramolecular nucleophilic addition, whose rate should de- - Y 4
pend on the electron density on the reaction center as that ?\l—N/
for any heterolytic process and on the dielectric constant ‘R

of the medium. The conclusion!4 is consistent with a se-
ries of experimental data. It was found!5 that the decom-
position of 1-methyl-1-nitrostyrene PhCH=C(Me)NO,
affords PhCHO and MeCN. The activation energy of the
homogeneous gas-phase decomposition of nitropropene
and other nitroolefins is1® 170 kJ mol~!, which is close to
the calculated!4 value. The pre-exponential factor of the
decomposition of nitroolefins in the gas phase is 1012 s~1,
which is characteristic of the reactions proceeding via the
four-membered cyclic transition state.16

The same mechanism was proposed!4 for the de-
composition of 1,1-dinitro-2,2-diaminoethylene
(NO,),C=C(NH,), and o-dinitrobenzene and can be con-
sidered probable for the nitropyrazole derivatives. The rate
constants of radical addition to the double bond of olefins

R=H,Me;n=1—-3

in the absence of steric hindrances correlate with the ener-
gy of electron localization,!” which approximately de-
pends, in turn, on the C=C bond length.18 The C=C bond
length in ethylene is 1.33 A, the shortest bond between the
carbon atoms in pyrazole is 1.38 A, and that in benzene is
1.45 A. Intramolecular oxidation occurs easily in nitro-
ethylene (£ = 192 kI mol~!, 4 = 1021 s=1) and does not
occur in nitrobenzene.18 Instead of this, nitrobenzene de-
composes via the radical mechanism with NO, group elim-
ination (£ = 292 kJ mol~!, 4 = 10!7-3 s~1)16_ Taking into
account that the pre-exponential factors of the radical and
molecular decomposition differ by five orders of magnitude,
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we can conclude that the activation energy of intramolec-
ular oxidation in nitrobenzene exceeds 250 kJ mol~!.

The situation is fundamentally different in the case of
o-dinitrobenzene. The decomposition of this compound
proceeds only via the molecular mechanism!® with the
parameters E = 205 kJ mol~!, 4 = 10!29 s~!. The reason
of the change of the mechanism is the activation of the
oxidation process for the ortho-arrangement of the nitro
groups. According to the C—C bond length, pyrazole is
closer to ethylene than to benzene. Therefore, it can be
assumed that the mononitropyrazole derivatives decom-
pose according to the intramolecular oxidation type and
the activation energy of this process somewhat exceeds
200 kJ mol~!. This conclusion is valid for the gas phase only.

In the case of di- and trinitropyrazoles, an additional
factor favoring intramolecular oxidation appears due to
the adjacent nitro groups. Due to the induction and reso-
nance effects, each nitro group induces a decrease in the
electron density on the carbon atom bound to the nitro
group, which facilitates its attack by the adjacent nitro
group and decreases the activation energy. Thus, the ob-
served decrease in the activation energy in a series of the
mono-, di-, and trinitro derivatives can be explained, at

least partially, by the intramolecular electronic effects of
the nitro groups on the electron density distribution on the
carbon atoms of the ring.

In the liquid phase, the rate of reactions proceeding
through the polar transition state depends on the polarity
of the medium. If the transition state is more polar than
the initial compound, then the solvation by medium mol-
ecules would result in the stabilization of the transition
state, a decrease in the activation energy, and an increase
in the reaction rate. The solvation effect decreases with
temperature, which results in a relative decrease in the
process rate and a decrease in the apparent activation en-
ergy and pre-exponential factor. Thus, the low values of
A (~10% s, which are not typical of processes with the
four-centered cyclic transition state,!® can be explained
by the influence of the medium on the reaction proceeding
through the polar transition state.

The decrease in the difference of the decomposition
rates in a diphenyl solution and in the melt of the sub-
stance itself, which is observed on groing from mono- to
trinitro derivatives of pyrazole, corresponds to an increase
in the dipole moment of the substance with an increase in
the number of nitro groups and, hence, a decrease in the

o(14) ©0(16)

Fig. 3. Fragment of the TNP crystal packing with hydrogen bonds and shortened intermolecular contacts (NO,)C...ON(O)C.
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difference of polarities of the initial compound and transi-
tion state.

The higher decomposition rate in melts of 3,4-DNP
and TNP compared to their solutions in o-dichlorobenzene
or nitrobenzene means that di- and trinitropyrazoles have
a high permittivity than these solvents.

In the theoretical section of the work,% based on the
quantum chemical calculations of the energy barriers of
the initial elementary steps of TNP decomposition, the
authors preferred the protons transfer to the oxygen atom
of the adjacent nitro group. However, as shown experi-
mentally, the replacement of hydrogen by the methyl group
does not dramatically change the process rate. The chan-
nel of intramolecular oxidation was not considered.®

In the case of TNP with m.p. 186 °C, the decomposi-
tion rate was measured in the liquid state, solution, and
solid state. It turned out that a reciprocal phenomenon is
observed for TNP instead of a decrease in the decom-
position rate that usually occurs upon the liquid—crystal
phase transition!3 (see Table 1). The X-ray diffraction
data?3 were used to explain a reason for this increase in
the decomposition rate. The X-ray diffraction data show
that the crystal of this compound is penetrated by chains
of shortened contacts between the oxygen atoms of one
molecule and carbon atoms of another molecule (Fig. 3).
This distance between the O(5) oxygen atom of the nitro
group in one molecule and the C(6) carbon atom of an-
other molecule is 2.915 A, which is less than the sum of
the van der Waals radii of the O and C atoms (3.3 A). The
contact of this type between the O(2) and C(7) atoms is
still shorter: 2.788 A. It is most likely that the strong inter-
molecular interactions increase the positive charge on the
carbon atoms of the ring and enhance the reactivity of
TNP in the oxidation reaction, which increases the de-
composition of solid TNP over the liquid one.

Thus, it can be assumed that the thermal decomposi-
tion of the nitropyrazole derivatives starts from the in-
tramolecular oxidation of the adjacent carbon atom by the
nitro group. The considered reaction proceeds via the
strongly polarized cyclic four-membered transition state
and, therefore, all factors stabilizing it (substituents of the
acceptor type, polarity of the medium, electrostatic inter-
molecular contacts in the solid phase) increase the de-
composition rate.
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