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itromethyl-substituted polynitro-
pyrazoles: high-energy-density materials with
positive oxygen balances†

Lujia Ding,a Ruirong Ge,b Pengcheng Wang, a Dongxue Li,c Qiuhan Lin, a

Ming Lu *a and Yuangang Xu *a

An N-trinitromethyl strategy was employed for the synthesis of polynitro-pyrazole based high-energy-

density compounds with great potential as energetic materials. The new compounds were characterized

by 1H and 13C NMR, IR spectroscopy, elemental analysis, differential scanning calorimetry, and single-

crystal X-ray diffraction. Compound 10 exhibits high energetic properties, has a positive oxygen balance

(OB) of +2.1%, and an excellent specific impulse (272.4 s), making it a potential high-energy dense

oxidizer to replace AP in solid rocket propellants. The nitration of 7 with HNO3/H2SO4 yielded the green

primary explosive 12, which showed higher density, higher performance, better oxygen balance and

lower sensitivities to those of currently used diazodinitrophenol. Compound 13 is a nitrogen and oxygen

rich secondary explosive with a high OB (+5.0%), comparable energy (D = 9030 m s−1; P = 35.6 GPa; h

= 1.03) to HMX, and much lower mechanical sensitivity (IS = 12 J, FS = 240 N).
Introduction

Energetic materials represent an important class of compounds
that can rapidly release a large amount of energy when sub-
jected to appropriate external stimuli to accomplish propulsion,
damage and other purposes, and are widely used in civil and
military applications.1 Creating new nitrogen-rich, energetic
compounds has been a long-standing goal of chemists and has
attracted considerable interest due to the technical challenges
involved in synthesis and isolation.2 New high-energy-density
materials (HEDMs) must meet increasing energy require-
ments, also considering oxygen balance, thermal stability and
sensitivity.

In recent years, ve-membered nitrogen-rich heterocyclic
compounds (azoles) have emerged as the most promising
skeleton for the design and synthesis of advanced HEDMs.3 The
azoles have a large number of N–N and C–N bonds and aromatic
heterocycles, and their energy is released from the high positive
heat of formation rather than by the oxidation of the carbon
backbone as in traditional explosives (eg: TNT, TATB).4
ering, Nanjing University of Science and
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Therefore, azoles tend to have high energy density and good
thermal stability. Among them, pyrazole is easy to carry out
electrophilic substitution reactions such as nitration and
halogenation due to the compactness, stability and modi-
ability of its own structure, and the density and nitrogen
content of nitro-substituted pyrazole increase with the increase
of the nitro group on the ring.5 It can improve the detonation
performance of the target compound. In recent years, many
valuable nitropyrazole energetic compounds have been
synthesized successively, such as 4-amino-3,5-dinitropyrazole
(LLM-116), 3,6-dinitro-1,5-dihydropyrazolo[4,3-c]pyrazole
(DNPP), and 3,4,5-trinitropyrazole (TNP).6

However, they have not yet found use as energetic materials
due to the presence of strongly acidic N–H protons. Salt
formation,7 N-hydroxylation,8 N-dinitromethylation,9 N-trini-
tromethylation,10 N-nitromethylation,11 N,N′-alkyl bridge,12 N-
methylation,13 N-amination14 are among the various approaches
that have been used to address this problem (Fig. 1). However,
except for hydroxylation and di/tri-nitromethylation, the oxygen
balances of nitropyrazoles cannot be improved, and the energy
performances of the modied compounds are oen reduced.
Unfortunately, N-hydroxy derivatives were found to be generally
very sensitive to impact, for example 3,4,5-trinitropyrazole-1-ol15

was tested to be IS= 1 J. Therefore, in this work, we report theN-
trinitromethylation of four nitropyrazoles, and the obtained six
di/trinitromethyl-substituted energetic compounds. Most of
these compounds were found to have detonation performances
superior to that of RDX, positive oxygen balances and specic
impulses higher than that of HMX.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Various approaches to remove the acidic N–H proton in
nitropyrazole (X, Y: –NO2, –NH2, –N3, –H, etc.).

Scheme 1 Synthetic routes for compounds 10–15.
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Results and discussion
Synthesis

The synthetic routes are shown in Scheme 1. Compounds 1–4
were synthesized according to the literature.5b,6c,12b By the reac-
tion of 1, 2, and 4 with bromoacetone under alkaline condi-
tions, N-alkyl-functionalized nitropyrazoles 6, 5, and 9 were
easily obtained in the yields of 86.5, 81.3, and 75.2%, respec-
tively. While compounds 7 and 8 were obtained by reaction of 3
and 4 with KBr and chloroacetone in DMF at 70 °C. Compounds
5–8 were nitrated with a mixture of 98% H2SO4 and 98% HNO3

for 2–5 h at 60 °C to give the corresponding trinitromethyl
compounds 10–12 and 14. Interestingly, when 7 was nitrated by
the samemixed acid system at room temperature for 6 h, 13 was
obtained in 44.9% yield. While 9 was treated similarly, N-dini-
tromethyl substituted 15 was obtained.
Fig. 2 Crystal structures of 10–15 (a–f). Thermal ellipsoids are drawn
at the 50% probability level.
Single crystal X-ray diffraction

Crystals of 2, 6, 7, and 10–15 suitable for single-crystal X-ray
diffraction were obtained via the slow evaporation of their
methanol or diethyl ether solution at room temperature, and
their structures are shown in Fig. 2, and Fig. S1–S6.† Their
crystallographic data, bond lengths, bond angles, and hydrogen
bonds are given in the ESI.†

Compound 2 crystallizes in amonoclinic crystal system (space
group Pc). Compound 6 and 7 all crystallizes in the monoclinic
P21c space group. Their C–C, C–N, and N–N bond lengths are
normal in pyrazoles. Many hydrogen bonds can be clearly
observed from their packing diagrams (Fig. S2, S4 and S6†).

Compound 10 crystallizes in the orthorhombic space group
Pbca with a density of 1.894 g cm−3 at 150 K and eight molecules
per unit cell. Its density is much higher than that of N-(3,5-
© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 33304–33312 | 33305
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Fig. 3 Packing diagrams of 10–15 (a–f). Unit cell indicated and dashed
lines represent hydrogen bonding.
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dinitro-1H-pyrazol-4-yl)-N-methylnitramide5b (1.74 g cm−3).
Only the nitro group attached to C3 is substantially coplanar
with the pyrazole ring, which could be seen from the torsional
angle of O6–N6–C3–N5 (2.59°) and O5–N6–C3–C2 (3.43°). The
adjacent trinitromethyl group is staggered so that its two nearer
nitro groups straddle the ring plane fairly symmetrically (see
Fig. 2a). The nitrogen atomN9 of the other nitro group is almost
in line with C1 and N4 on the pyrazole ring (N9–N4–C1:
172.39°), and the distance from N4 is 2.561 Å. Even in this
optimal conformation, several nonbonding distances are
signicantly less than their corresponding van der Waals (e.g.,
O6/N7 = 2.702 Å, O6/N8 = 2.757 Å, van der Waals O/N =

2.90 Å), which is a good indicator of repulsive strain. A
comparison of bond angles provides further evidence of strain
as bond angles near the close contact region are several degrees
larger than the corresponding types of bond angles further
away; e.g., the closer trinitromethyl N–C–N angle is 112.32° (N7–
C5–N8), while the farther ones are 105.85° (N7–C5–N9) and
104.65° (N8–C5–N9). Combining with the literature,16 it is
shown that the similar arrangement is formed when the trini-
tromethyl group is in the ortho position of the nitro group.

Compounds 11–13 all crystallize in the monoclinic space
group P21/n. Their calculated densities are 1.960 g cm−3 (173 K),
1.927 g cm−3 (170 K), and 1.895 g cm−3 (193 K), higher than that
of 10 (1.894 g cm−3 at 150 K). All substituents except trini-
tromethyl group in 11–13 are nearly coplanar with the pyrazole
ring. The structural features of the trinitromethyl group in the
three compounds are similar to those of 10. Compared with 4-
diazo-5-nitro-pyrazol-3-one,17 the C]O bond in N-
trinitromethyl-substituted compound 12 is shorter, but both
the C–NO2 and C–N2

+ bonds are longer.
Compound 14 crystallizes in the monoclinic space group

P21/c with four molecules per unit cell and a calculated density
of 1.859 g cm−3 at 296 K. Compound 15 crystallizes with two
water molecules in the triclinic P�1 space group with two mole-
cules per unit cell. The C1 and C2 positions of the pyrazole ring
in compounds 14 and 15 are adjacent nitro groups, and the C3
position is an electronegative single atom (chlorine and
oxygen). Due to steric hindrance, the nitro group at C2 twists
slightly out of the plane of the pyrazole ring, while the nitro
group at C1 has a larger twist angle.

A series of short intermolecular O/O and O/N contacts
could be observed in the crystals, indicating the presence of
weak interactions between the single molecules in the solid
state. However, only a few hydrogen bonding interactions were
found in 10, 13 and 15$2H2O (Fig. 3).

To gain more insight into the intermolecular interactions,
two-dimensional (2D) ngerprints of crystals and the associated
Hirshfeld surfaces (Fig. 4) were analyzed using Crystalexplorer
17.5 (ref. 18). The red and blue areas on the Hirshfeld surfaces
represent high and low close contact populations, respectively.
Fig. 4 shows red dots scattered in many orientations, mainly
near the oxygen atoms of the trinitromethyl, nitro, and carbonyl
groups, thus indicating strong intermolecular O/O, N/O, O/
N, and O/C interactions. In addition to these interactions,
compounds 11 and 14 have apparent Cl/O interactions
between the chlorine and the oxygen atoms of the nitro groups
33306 | RSC Adv., 2022, 12, 33304–33312
in the adjacent molecule. Compounds 10, 13 and 15 also have
H/O interactions, that is, hydrogen bonds. Furthermore, in the
2D ngerprint plots of crystal 13 (Fig. 4k), a pair of spikes on
bottom le (H/O & O/H interactions) indicate intermolecular
hydrogen bonds. While, there is only one spike in 15, because
its molecule contains no hydrogen and only acts as hydrogen
bond acceptors. According to the di + de values of the spikes, it
can be seen that the O/H hydrogen bonds in 15 are stronger
than the N/H hydrogen bonds in 13. In fact, there are also
weak O/H interactions in 10, and their proportion (28.2%) is
even higher than those (22.8%) in 13. Except for compound 15,
the proportions of O/O interactions are more than 50%,
indicating that compounds 10–14 are high dense. Since the
oxygen atoms are in the trinitromethyl and nitro groups, higher
proportion of close O/O contacts indicates that more nitro
groups exposed on the molecular surface, may leading to an
increased possibility of unexpected explosion.
Physicochemical and energetic properties

To identify the decomposition temperatures of high energy
density compounds 10–15, differential scanning calorimetry
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a–c) Hirshfeld surface, 2D fingerprint plot, and pie graph of the
individual atomic contact percentage for 10. (d–f) Hirshfeld surface,
2D fingerprint plot, and pie graph of the individual atomic contact
percentage for 11. (g–i) Hirshfeld surface, 2D fingerprint plot, and pie
graph of the individual atomic contact percentage for 12. (j–l) Hirshfeld
surface, 2D fingerprint plot, and pie graph of the individual atomic
contact percentage for 13. (m–o) Hirshfeld surface, 2D fingerprint plot,
and pie graph of the individual atomic contact percentage for 14. (p–r)
Hirshfeld surface, 2D fingerprint plot, and pie graph of the individual
atomic contact percentage for 15.

Fig. 5 DSC curves of compounds 10–15measured with a heating rate
of 5 °C min−1.
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(DSC) with a heating rate of 5 °Cmin−1 was used. The results are
shown in Fig. 5 and Table 1.

Among the six title compounds, only compounds 11 and 14
containing chlorine substituents have obvious endothermic
peaks before decomposition, and the corresponding melting
points were 72 °C (11) and 69 °C (14), respectively. All other
compounds are directly decomposed without going through the
melting process (Fig. 5). The decomposition temperatures of
© 2022 The Author(s). Published by the Royal Society of Chemistry
10–14 range from 128 to 145 °C, which are consistent with the
decomposition temperatures of most trinitromethyl function-
alized compounds.19 Compound 14, as an isomer of 11, has
a decomposition temperature nearly 10 °C higher than that of
11. N-dinitromethyl substituted nitropyrazole 15 are more
thermally stable than all N-trinitromethyl substituted
nitropyrazoles.

The mechanical sensitivities of compounds 10–15 toward
impact (IS) and friction (FS) were determined by using a BAM
drop hammer apparatus and BAM friction tester, respectively.
The results are summarized in Table 1. Compound 12 (IS = 3 J,
FS = 50 N) is the most sensitive among them, due to the
structure of its diazonium inner salt. N-trinitromethyl makes its
impact sensitivity higher than that of the unsubstituted 4-diazo-
5-nitro-pyrazol-3-one (IS = 4.5 J),17 but the friction sensitivity is
slightly reduced. Six nitro groups are in one molecule of 10,
resulting in its impact and friction sensitivities of 5 J and 100 N.
Other compounds have sensitivities ranging from 10–20 J and
180–240 N, which are more insensitive than RDX (7.5 J, 120 N)
and HMX (7 J, 112 N).20 It is worth mentioning that 13 has
a “NO2–NH2–NO2” structure similar to TATB and LLM-105,
which may be an important reason for its lower sensitivity
than 1-trinitromethyl-3,4,5-trinitropyrazole (7 J, 120 N).10a

The electrostatic potential (ESP) on the molecular surface
here is used to analyze the relationship between molecular
structure and impact sensitivity. The ESP-mapped vdW surfaces
of 10–15 are shown in Fig. 6, with electron-rich areas marked
blue and electron-decient marked red. Surface local maxima
andminima of ESP are represented as orange and cyan spheres,
respectively. We can see that the positive electrostatic potential
is mainly distributed near the pyrazole ring and the methyl,
chlorine, amino and diazo groups. The negative electrostatic
RSC Adv., 2022, 12, 33304–33312 | 33307
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Table 1 Physicochemical properties of 10, 11, 12, 13, 14 and 15

Compound Formula Td
a [°C] rb [g cm−3] DHf

c [kJ mol−1] Dd [m s−1] Pe [GPa] ISf [J] FSg [N] OB(CO2)
h [%] Ni [%] N + Oj [%] Isp

k [%] hl

10 C5H3N9O12 139 1.853 516.67 9082 36.3 5 100 +2.1 33.08 83.45 272.4 1.04
11 C4ClN7O10 136 1.924 457.47 8438 31.5 10 220 +11.7 28.71 75.55 251.4 0.98
12 C4N8O9 128 1.891 479.75 9023 35.2 3 50 +5.3 36.85 84.20 263.7 1.04
13 C4H2N8O10 143 1.866 389.92 9030 35.6 12 240 +5.0 34.79 84.46 266.5 1.03
14 C4ClN7O10 145 1.859 456.38 8184 29.0 15 200 +11.7 28.71 75.55 251.4 0.95
15 C4N6O9 179 1.861 386.55 8821 33.7 20 180 +5.8 30.44 82.60 264.6 1.04
RDX20 C3H6N6O6 210 1.806 86.3 8801 33.6 7.5 120 −21.61 37.84 81.06 258 0.96
HMX20 C4H8N8O8 279 1.904 116.1 9193 37.8 7 112 −21.61 37.84 81.06 258 1.00

a Decomposition temperature (onset temperature from DSC at a heating rate of 5 °C min−1). b Density, measured at 25 °C by a gas pycnometer.
c Heat of formation. d Detonation velocity calculated by EXPLO5 V6.05.04. e Detonation pressure calculated by EXPLO5 V6.05.04. f Impact
sensitivity. g Friction sensitivity. h Oxygen balance for CaHbOcNd, 1600(c-2a-b/2)/Mw; Mw = molecular weight. i Nitrogen content. j Nitrogen and
oxygen content. k Specic impulse calculated by EXPLO5 V6.05.04. l Calculated metal acceleration ability by Muravyev–Wozniak–Piercey method.

Fig. 6 The ESP-mapped vdW surfaces of 10–15 (a–f). ESP colour
(blue-white-red) range from −0.04 to +0.04 Hartrees (a.u.).
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potential is mainly distributed around the oxygen atoms of the
nitro or carbonyl groups. According to the results of the Mul-
tiwfn21 analysis, the average values of the positive electrostatic
potential of the six compounds are greater than those of the
negative electrostatic potential. The charge distribution of the
molecular surface of impact-sensitive compounds corresponds
to electron-poor areas above C–NO2 bonds. Molecules that are
more sensitive to impact have a larger electron deciency (larger
maxima of ESP) in this region than molecules that are less
sensitive.22 Compounds 12 and 10 show extremely intense
electropositive areas, and the contrast is considerably stronger
33308 | RSC Adv., 2022, 12, 33304–33312
than others, which corresponds to the higher impact sensitiv-
ities and ts with the results of studies by Murray and Politzer.23

It is worth mentioning that, the area of the positive potential
region (128.7 Å2) in 13 is slightly smaller than the negative
potential region (129.4 Å2), which is contrary to the general
phenomenon in high energy density compounds. This may be
an important reason for its relative insensitivity. For the dini-
tromethyl substituted 15, the electron density appears to be
more evenly distributed over the molecular surface than in the
case for the trinitromethyl substituted 10–14. This would
account for a lower impact sensitivity of 15 (20 J) compared to
11–14 (3–15 J).

Their densities were determined at room temperature by
a gas pycnometer to be 1.853 (10) to 1.924 g cm−3 (11), which are
higher than that of RDX (1.80 g cm−3). Heats of formation were
calculated using the Gaussian 09 (Revision A.02) suite of
programs24 with isodesmic reactions (ESI†). Compounds 10–15
have relatively high positive heats of formation (DHf) falling
between 386.55 (15) and 516.67 (10) kJ mol−1, which exceed
both RDX (86.3 kJ mol−1) and HMX (116.1 kJ mol−1). Using the
calculated DHf values and the measured densities, the detona-
tion parameters of 10–15 were calculated using the EXPLO5
V6.05.04 program.25 Their detonation pressures (P) were pre-
dicted to be 29.0–36.3 GPa and the detonation velocities (D) is
8184–9082 m s−1. Compounds 10, 12, 13, and 15 exhibited
higher detonation properties compared to RDX (P= 33.6 GPa, D
= 8801 m s−1).20 In addition, the results calculated according to
the Muravyev–Wozniak–Piercey method26 show that
compounds 10, 12, 13, and 15 have slightly higher metal
acceleration abilities (1.03–1.04) than HMX (1.00).

Energetic materials with a zero or positive oxygen balance
(OB) convert all C into CO2 and all H into H2O. It is desirable
that the energy can be completely released upon explosion while
producing a minimal amount of toxic gas, so they can be
considered “greener” than those with negative OBs.27 The OB
values of 10–15 are all positive (+2.1% to +11.7%), indicating
that they are potential high-energy oxidizers for solid propel-
lants. Therefore, specic impulse (Isp), the most signicant
measure of the efficiency of a propellant (in seconds), was also
calculated by using EXPLO5 V6.05.04.25 Compounds 10, 12, 13,
and 15 have specic impulses of 263.7–272.4 s, which are much
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Comparison of trinitromethyl substituted nitropyrazoles.
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higher than those of AP (157 s),19 ADN (202 s)19 and HMX (258
s).20

Introduction of a N-trinitromethyl moiety is an effective way
to enhance the OB of an energetic material. This is seen with the
N-trinitromethyl substituted nitropyrazoles 10 (+2.1%), 12
(+5.3%), and 13 (+5.0%) having higher OB than their analogues
N-(3,5-dinitro-1H-pyrazol-4-yl)-N-methylnitramide (−27.6%),5b

4-diazo-5-nitro-pyrazol-3-one (−36.1%),17 and LLM-116
(−32.4%).6b In addition to the OB, their densities and heats of
formation also increased to varying degrees (only the density of
13 decreased by 0.03 g cm−3). In turn, their detonation veloci-
ties, detonation pressures, and metal acceleration abilities have
all increased (Fig. 7). Taken together, these comparisons high-
light the N-trinitromethyl strategy as an efficient functional
modication to enhance OB and energy properties.

Conclusions

In conclusion, a series of N-trinitromethyl-substituted
polynitro-pyrazoles were obtained by a simple and efficient
synthesis, including N-acetomethylation followed by N-trini-
tromethylation. The novel compounds and their precursors
were characterized by 1H and 13C NMR spectroscopy,
elemental analysis, IR spectroscopy, and differential scanning
calorimetry. The structures of 2, 6, 7, and 10–15 were
conrmed by single-crystal X-ray diffraction. Compound 10
exhibits excellent energetic performance (r = 1.853 g cm−3;
DHf = 516.67 kJ mol−1; D = 9082 m s−1; P = 36.3 GPa), has
a positive OB of +2.1%, and a promising specic impulse
(272.4 s), making it an applicable high-energy dense oxidizer
to replace AP in solid rocket propellants. The nitration of 7
with HNO3/H2SO4 mixed acid generated in situ yielded the
diazonium inner salt of polynitropyrazole 12, the higher
density, higher performance, better oxygen balance and lower
sensitivity of which relative to diazodinitrophenol (DDNP)
make it a competitive candidate as a green primary explosive.
Compound 13 is a secondary explosive with a high OB (+5.0%),
comparable energy (D = 9030 m s−1; P = 35.6 GPa; h = 1.03) to
HMX, and much lower sensitivity to external stimuli (IS = 12 J,
FS = 240 N).
© 2022 The Author(s). Published by the Royal Society of Chemistry
Experimental

Caution! All the nitro compounds are energetic materials. And
they tend to explode unpredictably, under certain conditions.
Caution should be exercised at all times during the handling of
any of these compounds. Leather coat, ear protection, latex
gloves, and face shield are strongly recommended for the
experimental operation.

4-Chloro-3,5-dinitro-1H-pyrazole (1),12b N-methyl-3,5-dinitro-
1H-pyrazol-4-amine (2),5b ammonium 4-amino-3,5-
dinitropyrazole-1-ide (3),12b 3,4,5-trinitro-1H-pyrazole (4),6c 1-(4-
amino-3,5-dinitro-1H-pyrazol-1-yl)propan-2-one (7),9 and 1-
(3,4,5-trinitro-1H-pyrazol-1-yl)propan-2-one (9)28 were synthe-
sized according to the literature.
1-(4-(Methylamino)-3,5-dinitro-1H-pyrazol-1-yl)propan-2-one
(5)

A solution of bromoacetone (2.88 g, 21 mmol, 1.765 mL) in
acetone (3 mL) was added drop-wise to a solution of compound
2 (3.74 g, 20mmol) and NaOH (0.8 g, 20 mmol) in water (10 mL).
The resulting mixture was stirred at room temperature for 18 h
and a precipitate was isolated, which was washed with ice-water
(20 mL), dried in air, giving 5 as a brown solid (3.95 g, 81.3%).
Tm: 143 °C. 1H NMR: d 7.41, 7.40, 5.61, 2.98, 2.97, 2.26 ppm; 13C
NMR: d 200.36, 141.71, 132.58, 130.69, 33.17, 26.93 ppm. IR
(ATR): ~n 3352, 2940, 2360, 1729, 1608, 1518, 1486, 1435, 1415,
1382, 1366, 1331, 1306, 1208, 1178, 1119, 1035, 898, 830, 815,
790, 745, 658, 611, 581 cm−1. Elemental analysis for C7H9N5O5

(243.179): calcd C 34.57, H 3.73, N 28.80%. Found: C 34.49, H
3.66, N 28.72%.
1-(4-Chloro-3,5-dinitro-1H-pyrazol-1-yl)propan-2-one (6)

a solution of bromoacetone (2.88 g, 21 mmol, 1.765 mL) in
acetone (3 mL) was added drop-wise to a solution of compound
1 (3.85 g, 20mmol) and NaOH (0.8 g, 20 mmol) in water (10 mL).
The resulting mixture was stirred at room temperature for 18 h
and a precipitate was isolated, which was washed with ice-water
(20 mL), dried in air, giving 6 as a white solid (4.30 g, 86.5%).
Tm: 117 °C. 1H NMR: d 5.82, 2.32 ppm; 13C NMR: d 199.63,
RSC Adv., 2022, 12, 33304–33312 | 33309
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148.66, 142.53, 106.13, 64.15, 26.96 ppm. IR (ATR): ~n 3585, 3015,
2938, 2359, 1737, 1557, 1538, 1501, 1448, 1408, 1361, 1317,
1205, 1174, 1144, 1071, 1045, 993, 895, 826, 813, 789, 744, 685,
647, 631, 549 cm−1. Elemental analysis for C6H5ClN4O5

(248.579): calcd C 28.99, H 2.03, N 22.54%. Found: C 28.92, H
2.11, N 22.48%.

1-(5-Chloro-3,4-dinitro-1H-pyrazol-1-yl)propan-2-one (8)

Compound 4 (0.609 g, 3 mmol) was dissolved in DMF (3 mL),
followed by the addition of sodium bicarbonate (0.252 g, 3
mmol) and potassium bromide (0.357 g, 3 mmol) in stirring.
The reaction system was heated to 70 °C, then chloroacetone
(0.333 g, 3.6 mmol, 0.287 mL) was added drop-wise, and the
reaction was maintained at 70 °C for 2 h. Aer cooling to room
temperature, the reaction was quenched in cold water and
a precipitate was isolated, which was washed with ice-water (20
mL), dried in air, giving 8 as a white solid (0.223 g, 29.9%). Tm:
131 °C. 1H NMR: d 5.61, 2.30 ppm; 13C NMR: d 199.12, 147.12,
131.34, 123.29, 60.12, 27.00 ppm. IR (ATR): ~n 2999, 2954, 2184,
2173, 1993, 1965, 1731, 1538, 1506, 1428, 1400, 1361, 1336,
1310, 1200, 1174, 1071, 1061, 986, 900, 849, 833, 814, 795, 754,
698, 662, 648, 621, 587, 544 cm−1. Elemental analysis for
C6H5ClN4O5 (248.579): calcd C 28.99, H 2.03, N 22.54%. Found:
C 29.06, H 2.09, N 22.49%.

N-(3,5-Dinitro-1-(trinitromethyl)-1H-pyrazol-4-yl)-N-
methylnitramide (10)

Compound 5 (0.365 g, 1.5 mmol) was added to an ice-cold 98%
H2SO4 (2.4 mL) and the mixture was stirred at 0–5 °C for 30 min.
Then 98% HNO3 (2.6 mL) was added drop-wise into the mixture
at 0 °C. Aer slowly warming to room temperature, the mixture
was heated to 60 °C. The nal reaction was stirred at 60 °C for
2 h. Aer pouring into ice-water with vigorous stirring, the nal
mixture was ltered, washed with ice-water and dried in air,
giving 10 as a white solid (0.40 g, 70.0%). Td: 139 °C. 1H NMR:
d 3.81 ppm; 13C NMR: d 206.56, 152.40, 142.14, 119.66,
41.22 ppm. IR (ATR): ~n 3566, 2934, 2360, 1646, 1633, 1610, 1559,
1478, 1454, 1434, 1397, 1365, 1329, 1289, 1261, 1242, 1150,
1087, 1062, 991, 945, 862, 837, 822, 794, 766, 752, 667, 592,
562 cm−1. Elemental analysis for C5H3N9O12 (381.130): calcd C
15.76, H 0.79, N 33.08%. Found: C 15.82, H 0.81, N 33.11%.

4-Chloro-3,5-dinitro-1-(trinitromethyl)-1H-pyrazole (11)

Compound 6 (1.39 g, 5.6 mmol) was added to an ice-cold 98%
H2SO4 (6.0 mL) and the mixture was stirred at 0–5 °C for 30 min.
Then 98% HNO3 (6.5 mL) was added drop-wise into the mixture
at 0 °C. Aer slowly warming to room temperature, the mixture
was heated to 60 °C. The nal reaction was stirred at 60 °C for
5 h. Aer pouring into ice-water with vigorous stirring, the nal
mixture was ltered, washed with ice-water and dried in air,
giving 11 as a white solid (1.25 g, 65.4%). Tm: 72 °C; Td: 136 °C.
13C NMR: d 206.91, 154.58, 144.41, 115.41 ppm. IR (ATR): ~n 3586,
2935, 2360, 1737, 1646, 1627, 1606, 1575, 1533, 1428, 1390,
1314, 1257, 1167, 1090, 988, 857, 830, 816, 792, 762, 745, 724,
629, 576 cm−1. Elemental analysis for C4ClN7O10 (341.533):
calcd C 14.07, N 28.71%. Found: C 14.16, N 28.78%.
33310 | RSC Adv., 2022, 12, 33304–33312
4-Diazo-5-nitro-2-(trinitromethyl)-2,4-dihydro-3H-pyrazol-3-
one (12)

Compound 7 (0.343 g, 1.5 mmol) was added to an ice-cold 98%
H2SO4 (2.4 mL) and the mixture was stirred at 0–5 °C for 30 min.
Then 98% HNO3 (2.6 mL) was added drop-wise into the mixture
at 0 °C. Aer slowly warming to room temperature, the mixture
was heated to 60 °C. The nal reaction was stirred at 60 °C for
3 h. Aer pouring into ice-water with vigorous stirring, the nal
mixture was ltered, washed with ice-water and dried in air,
giving 12 as a white solid (0.316 g, 69.3%). Td: 128 °C. 13C NMR:
d 158.75, 155.20, 150.62, 123.47 ppm. IR (ATR): ~n 3501, 2934,
2359, 2197, 1751, 1634, 1596, 1542, 1482, 1446, 1389, 1357,
1319, 1262, 1193, 1156, 1061, 1023, 995, 860, 837, 822, 792, 763,
725, 696, 674, 638, 606, 567 cm−1. Elemental analysis for C4N8O9

(304.091): calcd C 15.80, N 36.85%. Found: C 15.73, N 36.82%.
3,5-Dinitro-1-(trinitromethyl)-1H-pyrazol-4-amine (13)

Compound 7 (0.343 g, 1.5 mmol) was added to an ice-cold 98%
H2SO4 (2.4 mL) and the mixture was stirred at 0–5 °C for 30 min.
Then 98% HNO3 (2.6 mL) was added drop-wise into the mixture
at 0 °C. Aer slowly warming to room temperature within 2 h,
the nal reaction was stirred at room temperature for 6 h. Aer
pouring into ice-water with vigorous stirring, the insoluble
impurities were ltered off, and the ltrate was le to stand for
12 h, and a large amount of precipitates were formed. Washed
with ice-water and dried in air, giving 13 as a pale solid (0.217 g,
44.9%). Td: 143 °C. 1H NMR: d 8.07 ppm; 13C NMR: d 206.41,
148.76, 133.18, 130.74 ppm. IR (ATR): ~n 3675, 3484, 3361, 2987,
2901, 2199, 1756, 1659, 1633, 1618, 1599, 1578, 1539, 1469,
1388, 1310, 1265, 1224, 1066, 1052, 975, 863, 838, 820, 794, 758,
738, 691, 655, 639, 597 cm−1. Elemental analysis for C4H2N8O10

(322.106): calcd C 14.92, H 0.63, N 34.79%. Found: C 14.99, H
0.66, N 34.85%.
5-Chloro-3,4-dinitro-1-(trinitromethyl)-1H-pyrazole (14)

Compound 8 (1.39 g, 5.6 mmol) was added to an ice-cold 98%
H2SO4 (6.0 mL) and the mixture was stirred at 0–5 °C for 30 min.
Then 98% HNO3 (6.5 mL) was added drop-wise into the mixture
at 0 °C. Aer slowly warming to room temperature, the mixture
was heated to 60 °C. The nal reaction was stirred at 60 °C for
3 h. Aer pouring into ice-water with vigorous stirring, the nal
mixture was ltered, washed with ice-water and dried in air,
giving 14 as a white solid (1.07 g, 56.1%). Tm: 69 °C; Td: 145 °C.
13C NMR: d 206.25, 151.88, 136.72, 124.90 ppm. IR (ATR): ~n 2887,
1966, 1621, 1606, 1563, 1537, 1487, 1456, 1361, 1328, 1265,
1140, 1084, 981, 965, 863, 834, 812, 791, 764, 701, 662, 634, 623,
599, 571, 565, 551 cm−1. Elemental analysis for C4ClN7O10

(341.533): calcd C 14.07, N 28.71%. Found: C 14.12, N 28.76%.
1-(Dinitromethylene)-3,4-dinitro-5-oxo-4,5-dihydro-1H-
pyrazol-1-ium-4-ide (15)

Compound 9 (0.389 g, 1.5 mmol) was added to an ice-cold 98%
H2SO4 (2.4 mL) and the mixture was stirred at 0–5 °C for 30 min.
Then 98% HNO3 (2.6 mL) was added drop-wise into the mixture
at 0 °C. Aer slowly warming to room temperature within 2 h,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the nal reaction was stirred at room temperature for 6 h. Aer
pouring into ice-water with vigorous stirring, the solution was
le to stand for 12 h, a small amount of precipitates were
formed. Washed with ice-water and dried in air, giving 15 as
a white solid (0.154 g, 37.2%). Td: 179 °C. 13C NMR: d 200.33,
140.25, 131.54, 130.15 ppm. IR (ATR): ~n 1635, 1511, 1372, 1318,
1279, 1122, 1044, 824, 756, 559 cm−1. Elemental analysis for
C4N6O9 (276.077): calcd C 17.40, N 30.44%. Found: C 17.33, N
30.51%.
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