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Synthesis and Energetic Properties of N-Substituted 3,4- and 3,5-
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ABSTRACT: 3,4- and 3,5-Dinitropyrazoles (DNPs) were sub-
stituted with acryl and allyl groups on the NI nitrogen atom,
resulting in three novel energetic materials. These compounds are
all liquids at room temperature with melting points ranging from  Q,N
—60.2 to —38.6 °C and were fully characterized by high-resolution
mass spectrometry, elemental analysis, proton and carbon nuclear
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[someric Energetic Pyrazoles

NO, O;N

magnetic resonance spectroscopy, and Fourier transform infrared N N NO, - =
spectroscopy. These materials were also tested for electrostatic I |
discharge, friction, and impact sensitivities and then compared to R’ R’

DNP starting materials and to the explosive nitroglycerin (NG).
These results indicate that the synthesized compounds are less
sensitive to impact compared to NG and have higher thermal
stabilities to decomposition.

Liquids : Yields +48% : Energetic

1. INTRODUCTION

Current efforts in the synthesis of new energetic materials
focus on compounds that have high performance with low
sensitivities, compared to conventional explosives. Low-
melting or liquid explosives are an important class of materials
that can be cast or poured, which is useful in munitions as they
can be easily shaped or used as plasticizers. The liquid
explosive nitroglycerin (NG), most notable for its use in
dynamite, has been one of the most thoroughly studied
explosives since its discovery in 1847.” However, its high
sensitivity has driven the need for new liquid explosives.
Additionally, nitrate ester-containing compounds, like NG,
usually have poor thermal stability and high impact sensitivity,
which make these materials dangerous to handle and prone to
accidental detonation.” For example, when NG is heated above
200 °C, it will explode, and when stored long term, it becomes
unstable at temperatures exceeding 70—80 °C."

Chemists routinely target high nitrogen-containing hetero-
cycles because they have high thermal stabilities and low
sensitivities as a result of their aromatic character. Also, the N—
N and C—N bonds in these materials result in high heats of
formation and favor N, formation upon decomposition.’” "
Dinitropyrazoles (DNPs) are high nitrogen materials with
good oxygen balances (—30.4%) and high densities (1.7 and
1.8 g cm™ at 293 K), with positive heats of formation (20—24
kcal mol™!). DNPs are also easily functionalizable, and
replacing the acidic N—H with alkyl groups has been shown
to increase thermal stability while reducing the melting point.
The improvements to thermal stability and reducing the
melting point are sought after for applications in niche demand
environments, where ideally the liquid would have difficulties

solidifying and could potentially change the energetic proper-
ties of the material. For example, N-methyl-3,4-DNP (3,4-
MDNP) is thermal stabile up to 300 °C, 24 °C higher than
3,4-DNP (3,4-DNP), and has a melting point of 20—23 °C, 67
°C lower than 3,4-DNP due to the substitution of the H with a
methyl group.”'" N-Methyl-3,5-DNP (3,5-MDNP) has similar
energetic properties to its 3,4-MDNP regioisomer, but it has a
much higher melting point (~60 °C), highlighting the
influence of molecular structure on physical properties.”
Despite its higher molecular weight, the N-allyl substituted
3,4-DNP has an even lower melting point and a very low glass
transition temperature (—72.1 °C), making it an excellent
candidate as an energetic plasticizer.13 However, no other
alkene-based substitutions have been explored. Herein, we
report the derivatization of N-substituted 3,4-DNP and 3,5-
DNP via allylation and acrylation to produce novel liquid
explosives. The properties of these three new novel materials
are compared against 3,4-DNP, 3,5-DNP, and NG."?

2. RESULTS AND DISCUSSION

The syntheses of both DNP isomers followed the literature
procedure and began with the nitration of pyrazole (1) using a
mixture of 90% HNO; and acetic anhydride (Ac,0) affording
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Scheme 1. Synthesis of 3,4-DNP 4 and 3,5-DNP §
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N-nitropyrazole (2) in 90% isolated yield. Compound 2 was
thermally isomerized in refluxing 1,2-dichlorobenzene to give
3-nitropyrazole (3) in quantitative yield.'* Subsequent steps
involved the direct nitration of 3 with mixed acid, affording
3,4DNP (4),"° or an additional N-nitration followed by a
second thermal rearrangement providing 3,5-DNP'° (5) in 88
and 71% yields, respectively (Scheme 1).

With isomers 4 and S in hand, we subjected these materials
to acylation and alkylation conditions. Compounds 4 and §
were both acylated and allylated under basic conditions using a
1:1 solvent mixture of acetonitrile (MeCN) and triethylamine
(TEA) chilled to 0 °C via an ice bath, with the dropwise
addition of either acryloyl chloride or allyl bromide (Scheme
2). After allowing the reactions to warm to room temperature
over the course of 12 h, compounds 4a—4b and Sa—S5b were
isolated in yields ranging from 48% to near-quantitative
amounts. Initial characterization of allyl-substituted com-
pounds 4a and Sa using proton NMR showed new distinctive
alkene splitting patterns between 6.0 and 4.8 ppm. Addition-
ally, the appearance of new C—H stretches in the Fourier
transform infrared (FT-IR) spectra of 3140 and 3150 cm™
further indicate that the allyl substitution had occurred.
Acrylated materials 4b and Sb also showed similar acryloyl
substitutions through proton NMR characterization of alkene
patterns between 7.4 and 5.0 ppm and carbon NMR of strong
carbonyl signals between 169 and 174 ppm. FT-IR spectra also
illustrated the presence of carbonyls by strong C=0 stretches
between 1700 and 1710 cm™" for compounds 4b and 5b. All
compounds 4a—4b and Sa—S5b had strong N—O stretching
from the nitro functional groups indicated by stretches
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between 1550 and 1500 cm™ in the FT-IR data (see the
Supporting Information).

To determine thermal and energetic viability of the newly
synthesized compounds 4a—4b and Sa—Sb, physiochemical
parameters of compounds 4a—4b and Sa—Sb were measured
and are outlined in Figure 1 and Table 1. For clarity of data
comparisons in Figure 1, the compounds have consistent
coloring for each plot with 4a as green, 4b as red, Sa as gray,
and 5b as blue. Thermal analyses for 4a—4b and Sa—5b were
conducted using differential scanning calorimetry (DSC), with
a heating rate of 10 °C min~' and data point acquisition every
0.18 s, at ranges between —85 to 20 °C and 50 to 400 °C
(Figure 1, top and center plots). The lower-temperature-range
DSC was collected to measure the melting temperature,
indicated by the endotherm, for each material, and the higher
range was collected to determine decomposition temperature,
indicated by the exotherm. Similarities in the melting
temperatures of allyl-substituted materials 4a (green) and Sa
(gray) were measured at —56.7 and —56.5 °C, respectively.
The melting temperature differences between materials 4a
(green) and Sa (gray) indicate that despite the difference in
one nitro position on each ring, the allyl functional group had a
larger effect on the melting temperature for these materials.
However, the 3,4-DNP acryl-substituted material, 4b (red),
had a higher melt temperature at —39.8 °C than the 3,5-DNP
acyl compound, Sb (blue), at —59.8 °C. These melting
temperature differences between acryl materials 4b (red) and
Sb (blue) show that the acryl groups establish a higher melting
temperature than the allyl materials but are also effected by the
nitro group position on the ring. This is likely a result of
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Figure 1. DSC curves from —85 to 20 °C (top) and 50 to 400 °C (middle), along with TGA curves (bottom) for compounds 4a (green), 4b (red),
Sa (gray), and Sb (blue).
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Table 1. Calculated and Measured Energetic Properties of 4, 5, 4a—4b, and 5a—5b

4a 4b Sa
p (grem™3)* 1.57 1.65 1.55
Dp (GPa)* 18.93 20.70 18.39
Dv (km-s™)" 723 7.34 7.15
OB % —40.4 —22.6 —404
T, (°C) 201.2 194.8 217.4
T, (°C) —56.7 -39.8 —-56.5
IS (cm)® >320 131.6 140.3
ES (N)° >360 >360 >360
ESD (J)¢ 0.025 0.062 0.025

Sb 4 3,4-DNP 5 3,5-DNP NG
1.64 1.81 1.84 1.59
20.54 29.75 32.70 20.96
7.31 8.35 8.39 7.6
226 0 0 24.7
255.1 275 296 165
—54.8 71 169
>320 47.7 192 11.1
>360 >360 >360 >360
0.062 0.025 0.125 <0.025

“Calculated values. "LANL type 12, 50% drop height, and 2.5 kg weight. “50% load Bruceton up/down method. “ABL spark, 3.4% threshold

initiation level.

additional stability from electrostatic interactions from addi-
tional carbonyl oxygens coupled with steric hinderance
considerations comparing nitro group substitution on both
systems. However, these significantly lower melt temperatures
for 4a—4b and S5a—5b ranging from —39.8 to —56.7 °C
confirm that the materials would remain as a liquid in
extremely cold environments. The DSC measurements
collected from 50 to 400 °C for compounds 4a—4b and Sa—
Sb (Figure 1, center plot) show a variety of endotherms for
each material prior to the major exotherm or decomposition
peak. Decomposition temperature (T;) comparisons show that
the 3,4-DNP compounds 4a (green) and 4b (red) have lower
decomposition temperatures at 201.2 and 194.8 °C than the
3,5-DNP compounds Sa (gray) and Sb (blue) at 217.4 and
255.1 °C, respectively. From our data, 4 decomposes at a lower
temperature (275 °C) than 5 (296 °C). These results match
the trend for substituted materials Sa—Sb and 4a—4b, with
Sa—5b having higher decomposition temperatures than 4a—
4b. Last, additional thermogravimetric analyses (TGAs) were
collected at a heating rate of S °C min~" between the range of
35—400 °C on 4a—4b and Sa—Sb (Figure 1, bottom plot).
Any residual weight percent left after the TGA measurement
past the decomposition temperatures is due to pyrolysis with
char residue left in the pan. The differences of heating rates
between DSC (10 °C min™') and TGA (5 °C min™)
measurements are significant enough to impact the decom-
position temperatures, so these sets of data cannot be directly
compared.

All materials 4a—4b and S5a—5b were found to be
significantly more thermally stable compared to NG
(decomposition temperature of 165 °C), with decomposition
temperatures ranging from 185 to 255 °C (Table 1).
Decomposition temperatures for 4a—4b are between 74 and
81 °C lower than that for parent compound 4. These lower
decomposition temperatures are also measured for Sa—5b and
are anywhere between 41 and 79 °C lower than S. The lower
decomposition temperatures are likely a result of the weak
bonding between the pyrazolyl nitrogen atom to the allyl and
carbonyl carbon atoms. Despite all substituted molecules
having a lower decomposition temperature, the melt temper-
atures (T,,) for 4a—4b and Sa—5b are lower than those for
both parent compounds 4 and S. The sensitivities of these
materials were probed through impact, friction, and electro-
static discharge (ESD) measurements. Generally, the sub-
stituted DNPs were found to be less sensitive to impact, ESD,
and friction compared to 3,4-DNP, 3,5-DNP, and NG. The
densities and heats of formation of compounds 4a—4b and
Sa—Sb were calculated using the method developed by Byrd

and Rice (see the Supporting Information) and entered into
the CHEETAH thermochemical code to determine the
detonation properties.'”'® The CHEETAH code uses the
traditional Chapman—Jouguet thermodynamic detonation
theory to calculate detonation pressure, volume, and shock
velocity. These calculations revealed that 4b and Sb have the
highest densities (1.6 g cm™), detonation pressures (20 GPa),
detonation velocities (7.3 km s™'), and oxygen balances
(—22%) compared to the other allyl-substituted DNPs. The
addition of allyl and acryl groups in 4a—4b and 5a—S5b results
in a decrease in all calculated energetic properties compared to
the parent compounds 4 and 5; however, this is accompanied
by a decrease in sensitivity. The experimental impact sensitivity
comparisons show that compound 4 is less sensitive with a
“go” measurement at 47.7 cm than compound § with its “go”
measurement at 19.2 cm. The impact sensitivity for
compounds 4a—4b and 5a—5b do not follow an obvious
trend. While there is a large error associated with sensitivity
testing, the difference in impact sensitivities of 4b and Sa to 4a
and Sb is well outside the standard deviation. However, the
allyl and acryl groups on compounds 4a—4b and Sa—S5b have a
more profound effect on spark sensitivity than nitro group
position on the ring, with the allyl compounds 4a and Sa
having higher sensitivities to ESD than 4b and Sb. All
synthesized compounds 4a—4b and Sa—S5b are less sensitive
than NG. The increase in spark sensitivities coupled with low
melting temperatures for these new materials has the potential
for further applications in niche demand environments. While
compc;;md 4a has been reported, no energetic properties were
given.

3. CONCLUSIONS

3,4- and 3,5-DNP-based compounds were substituted and
explored as novel energetic materials. Each pyrazole isomer
was substituted with acryl and allyl groups to the N1 nitrogen
atom forming liquid explosives with low melting points,
making them candidates for applications in extremely cold
environments. Each compound was characterized by high-
resolution mass spectrometry (HRMS), FT-IR, 'H, and
BC{'H} NMR spectroscopies. The sensitivities of the new
compounds to ESD, friction, and impact indicate that the new
compounds are less sensitive to impact and friction than 3,4-
DNP, 3,5-DNP, and NG and have higher thermal stabilities
than NG. Additionally, compounds Sa—S5b have higher thermal
stabilities than compounds 4a—4b, which is surprising due to
the higher thermal stability of 4 compared to that of 5.

https://doi.org/10.1021/acsomega.2c07390
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4. EXPERIMENTAL METHODS

NMR data was collected using a Bruker Avance III 400 MHz
NMR spectrometer at room temperature. Spectra were
referenced to residual dimethyl sulfoxide (DMSO) (proton
2.50 ppm and carbon 39.52 ppm) or chloroform, CDCl,
(proton 7.26 ppm and carbon 77.16 ppm) with chemical
shifts reported in § values (ppm) and J values in hertz (Hz).
The following abbreviations are used to describe peaks: d
(doublet), brs (broad singlet), and m (multiplet). FT-IR
spectra were measured with a Thermo-Nicolet iSS FTIR
spectrophotometer using OMNIC software, and data collected
are reported in reciprocal centimeters (cm™'). IR spectra
measurements were made using an ATR cell. DSC measure-
ments were conducted on DSC Q-2000 from TA Instruments
with temperature sweeps ranging from —80 to 400 °C. Melting
temperatures were acquired using the DSC Q-2000 from TA
Instruments by heating the materials to 120 °C, followed by
cooling to —80 °C and warming at 10 °C-min~" ramp to 100
°C. TGA measurements were collected from the TGA Q-5000
(TA Instruments) from 25 to 400 °C at a heating rate of 5 °C-
min~",

4.1. 3,4-DNP (4) and 3,5-DNP (5) Were Synthesized
According to Literature Procedures.'>'® Caution! The
compounds presented are highly energetic with sensitivity to
various stimuli. While we encountered no issues while working
with this material, proper protective measures (Kevlar gloves,
face shield, and grounded equipment) should still be used at all
times.

4.1.1. Allyl-3,4-DNP (4a). 3,4-DNP (1.639 g, 0.010 mol) is
added to a round-bottom flask, followed by the addition of
acetonitrile (10 mL) and TEA (10 mL). The solution is stirred
for S min at room temperature, followed by the dropwise
addition of allyl bromide (1.60 mL, 0.018 mol). The reaction
mixture is stirred at room temperature for another S min and
then heated to 60 °C for 12 h. After cooling to room
temperature, the reaction mixture is diluted with dichloro-
methane (20 mL) and DI water (20 mL) and poured into a
separatory funnel. The organic layer is extracted and washed
with water three times (100 mL), dried with magnesium
sulfate, filtered, and rotary evaporated to give 4a as a brown oil
(79% yield, 1.584 g, 0.008 mol). 'H NMR (CDCI,, 400 MHz):
5 8.69 (s, 1H), 6.06 (m, ] = 6 Hz 1H), 5.45 (dd, ] = 10 Hz
2H), 4.85 (d, ] = 6 Hz 2H). '*C NMR (400 MHz, DMSO-dy):
5 137.3, 133.8, 127.3, 126.1, 1192, 55.7. FTIR cm™! 3152,
1569, 1500, and 1332. Anal. Caled: C, 36.37; H, 3.05; N,
28.28. Found: C, 34.55; H, 2.70; N, 24.77. Quadrupole time-
of-flight (QTOF)-HRMS [M + CH;COO]~ calcd: 257.0527
m/z; found, 257.0528 m/z.

4.1.2. Acryloyl-3,4-DNP (4b). 3,4-DNP (2.023 g, 0.013 mol)
is added to a round-bottom flask, followed by the addition of
acetonitrile (25 mL) and TEA (10 mL). The solution is stirred
for S min at room temperature, followed by the dropwise
addition of acryloyl chloride (1.39 mL, 0.017 mol). The
reaction mixture is stirred at room temperature for another 5
min and then heated to 60 °C for 12 h. After cooling to room
temperature, the reaction mixture is diluted with dichloro-
methane (50 mL) and DI water (30 mL) and poured into a
separatory funnel. The organic layer is extracted and washed
with water three times (100 mL), dried with magnesium
sulfate, filtered, and rotary evaporated to give 4b as a yellow-
orange oil (80% yield, 2.145 g, 0.010 mol). "H NMR (CDCl,,
400 MHz): 6 9.03 (s, 1H), 7.45 (dd, J = 10 Hz 1H), 7.02 (d, ]
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= 16 Hz 1H), 6.43 (d, ] = 10 Hz 1H). *C NMR (400 MHz,
DMSO-d,): 6 172.05, 134.65, 133.13, 127.79, 126.31, 119.68.
FTIR cm™ 3141, 1713, 1570, and 1319. Anal. Calcd: C, 33.97;
H, 1.90; N, 26.41. Found: C, 30.09; H, 2.12; N, 22.68. QTOF-
HRMS [M + H] calcd: 211.0108 m/z; found, 211.0107 m/z.

4.1.3. Allyl-3,5-DNP (5a). 3,5-DNP (0.564 g, 0.004 mol) is
added to a round-bottom flask, followed by the addition of
acetonitrile (10 mL) and TEA (10 mL). The solution is stirred
for 5 min at room temperature, followed by the dropwise
addition of allyl bromide (0.50 mL, 0.006 mol). The reaction
mixture is stirred at room temperature for another 5 min and
then heated to 60 °C for 12 h. After cooling to room
temperature, the reaction mixture is diluted with dichloro-
methane (50 mL) and DI water (S0 mL) and poured into a
separatory funnel. The organic layer is extracted and washed
with water three times (S0 mL), dried with magnesium sulfate,
filtered, and rotary evaporated to give Sa as a yellow oil (48%
yield, 0.339 g, 0.002 mol). 'H NMR (CDCl,, 400 MHz): &
7.68 (s, 1H), 6.04 (m, J = 6 Hz 1H), 5.42 (dd, J = 5 Hz, 2H),
535 (d, ] = 5 Hz, 2H). ®C NMR (400 MHz, CDCL,): & 137.3,
133.7, 129.5, 121.4, 102.5, 57.1. FTIR cm™ 3156, 1572, 1507,
and 1333. Anal. Caled: C, 36.37; H, 3.05; N, 28.28. Found: C,
34.95; H, 3.13; N, 27.40. QTOF-HRMS [M + H]™ calcd:
197.0316 m/z; found, 197.0316 m/z.

4.1.4. Acryloyl-3,5-DNP (5b). 3,5-DNP (0.152 g, 0.001 mol)
is added to a round-bottom flask, followed by the addition of
acetonitrile (10 mL) and TEA (10 mL). The solution is stirred
for S min at room temperature, followed by the dropwise
addition of acryloyl chloride (0.1 mL, 0.001 mol). The reaction
mixture is stirred at room temperature for another 5 min and
then heated to 60 °C for 12 h. After cooling to room
temperature, the reaction mixture is diluted with dichloro-
methane (20 mL) and DI water (30 mL) and poured into a
separatory funnel. The organic layer is extracted and washed
with water three times (100 mL), dried with magnesium
sulfate, filtered, and rotary evaporated to give 5b as a yellow oil
[quant. yield, 0.233 g (slightly wet with dichloromethane),
0.001 mol]. Further purification can be conducted with polar
solvent silica plug. '"H NMR (DMSO, 400 MHz): & 7.95 (s,
1H), 6.23 (bm, ] = 16 Hz, 1H), 6.05 (bm, 1H), 5.84 (bm, 1H).
3C NMR (400 MHz, DMSO-dg): § 172.04, 152.29, 130.99,
129.81, 102.98, 100.19. FTIR cm™' 3154, 1703, 1562, and
1508. Anal. Calcd: C, 33.97; H, 1.90; N, 26.41. Found: C,
31.69; H, 3.10; N, 25.27. QTOE-HRMS [M + CH,COO]~
calcd: 271.0320 m/z; found, 271.0397 m/z.
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