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Two novel representatives of energetic (1,2,4-triazolyl)furoxans were prepared from the readily available
(furoxanyl)amidrazones. Synthesized compounds were thoroughly characterized with IR and multinuclear NMR
spectroscopy, elemental analysis and X-ray diffraction data. Analysis of structural features supported by quantum-
chemical calculations revealed the main reasons for experimentally observed difference in thermal stability and
mechanical sensitivity of both compounds. It was found that 3-cyano-4-(1H-1,2,4-triazol-3-y)furoxan is more
thermally stable (Tq4: 229 °C) than 4-azido-3-(1H-1,2,4-triazol-3-yD)furoxan (Tg: 154 °C) and the latter compound
is also more sensitive to impact and friction. In addition, both heterocyclic assemblies have high detonation
parameters (vp: 7.0-8.0 km-s™'; p: 22-29 GPa) exceeding those of benchmark explosives trinitrotoluene and
hexanitrostilbene which enable their usability for various energetic applications.

1. Introduction

Energetic materials constitute one of the most important class of
functional materials used for various applications, such as mining, ex-
plosion welding, preparation of propellants and fuels."? To meet the
growing demand for different applications, large numbers of energetic
materials have been developed.>'® However, advanced space and
civilian technologies bring new increased requirements to the synthesis
and performance of High Energy Density Materials (HEDMs).'"'? Novel
energetic materials should have balanced functional properties including
good detonation performance, high density and high enthalpy of for-
mation. At the same time, such materials should possess moderate
sensitivity toward various mechanical stimuli to guarantee safety con-
cerns associated with their preparation, isolation and handling. There-
fore, a search of novel high-energy materials with balanced criteria is
constantly required.

In a recent decade, promising results in the development of energetic
materials were achieved upon assembly of polynitrogen and nitrogen-
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oxygen biheterocyclic structures.>° Such materials usually have high
enthalpies of formation and more balanced functional properties. In a
series of such polyheteroatom heterocyclic compounds, a combination of
the furazan (1,2,5-oxadiazole) or furoxan (1,2,5-oxadiazole 2-oxide) and
1,2,4-triazole motifs may become a promising platform for the prepara-
tion of novel energetic materials.?’ Several preliminary results demon-
strated that this biheterocyclic (1,2,4-triazolyl)-1,2,5-oxadiazole
framework contributes to the optimal balance between high detonation
performance and acceptable mechanical sensitivity of the resulted en-
ergetic materials.>>> Herein, we report on the synthesis, structural
characterization, physicochemical and detonation properties of novel (1,
2,4-triazolyDfuroxans bearing cyano and azido functionalities at the
furoxan ring (Fig. 1).

2. Experimental section

CAUTION! Although we have encountered no difficulties during
preparation and handling of the compounds described in this paper, they
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Fig. 1. Previously known and newly synthesized energetic (1,2,4-triazolyl)-
1,2,5-oxadiazoles.

are potentially explosive energetic materials that are sensitive to impact
and friction. Mechanical actions of these energetic materials, involving
scratching or scraping, must be avoided. Any manipulations must be
carried out by using appropriate standard safety precautions.

2.1. General methods

All reactions were carried out in well-cleaned oven-dried glassware
with magnetic stirring. 'H and '3C NMR spectra were recorded with a
Bruker AM-300 (300.13 MHz and 75.47 MHz, respectively) spectrometer
and referenced to the residual solvent peak. >N NMR spectra were
recorded with a Bruker DRX500 instrument (the frequency for °N was
50.7 MHz) at room temperature. The chemical shifts are reported in ppm
(8). The IR spectra were recorded with a Bruker “Alpha” spectrometer in
the range 400-4000 cm ! (resolution 2 cm’l). Elemental analyses were
performed by the CHN Analyzer PerkinElmer 2400. All solvents were
purified and dried by standard methods prior to use. All standard re-
agents were purchased from Aldrich or Acros Organics and used without
further purification. 2a®® and 2b** were synthesized according to the
literature.

2.2. Thermal analysis and sensitivity measurements

Thermal analysis of the substances was carried out with a Netzsch
STA 449 F3 apparatus. Samples (0.2-3 mg, depending on their heat
release rate) were poured in alumina pans covered with pierced lids.
Investigated samples were heated up to 600 °C with a constant rate of 5
K-min~!. Impact sensitivity tests were performed by using a BAM-type
machine according to STANAG 4489. The reported values (IS) are the
drop energies corresponding to 50% probability of explosion obtained
with Bruceton analysis. Friction sensitivity was evaluated in agreement
with STANAG 4487. Reported quantity (FS) is the friction force corre-
sponding to 50% probability of explosion obtained with Bruceton
analysis.

2.3. X-ray diffraction data

X-ray diffraction data for crystals of 3a-H;0 and 3b were measured
using the Bruker APEX II diffractometer equipped with the Photon 2
detector (MoKA-radiation, graphite monochromator, w-scans). The in-
tensity data were integrated by the SAINT program?® and were corrected
for absorption and decay using SADABS.?® Both structures were solved by
direct methods using SHELXS® and refined using the full matrix least
squares technique against F? using SHELXL-2018.2% Positions of
hydrogen atoms were found from the difference Fourier synthesis of
electron density. Non-hydrogen and hydrogen atoms were refined in the
anisotropic and isotropic approximations, respectively. The main
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refinement details and parameters are given in the Table S2 in ESI. CCDC
2167747-2167748 contain all additional supplementary data.

2.4. Computational details

The enthalpy of formation calculations were carried out combining
the atomization energy method?>° (eq. (1)) with CBS-QB3 electronic
enthalpies.®"*> CBS-QB3 energies of the atoms were calculated with the
Gaussian09 software package.33 Values for A¢H° (atoms) were taken from
the NIST database.

AH° (g, 208y = H’ Molecule, 298) — 2 H (Atoms, 298) + DA (Atoms, 208) (€9 1)

Where A{H°(g 20g) is the calculated enthalpy of formation in the gas
phase, H° (molecule) is the calculated enthalpy of a molecule formation,
H° (atoms) — the enthalpy of the calculated values of atoms, AHf (atoms)
— the experimental enthalpy of formation for the atoms in the gas phase.

Geometric optimization of all structures for crystal packing calcula-
tion was carried out using the DFT/B3LYP functional and the aug-cc-
PVDZ basis set with a Grimme's D2 dispersion correction.>* The opti-
mized structures were conformed to be true local energy minima on the
potential-energy surface by frequency analyses at the same level.

In the calculation of lattice energy, the molecules were treated as rigid
bodies with foxed point groups. We applied pairwise atom-atom poten-
tials to describe the van der Waals and electrostatic point charges for
Coulomb components of intermolecular energy. At the initial stage ‘6-12’
Lennard-Jones (LJ) type potential parameters were used.>® The electro-
static energy was calculated with a set of displaced point charge sites by
program FitMEP.%° The lattice energy simulations were performed with
the program PMC.%’

Enthalpies of sublimation for 3a and 3b were calculated by formula:

AHsubl = _Elal - 2RT (eq 2)

where R is the universal gas constant, Ej, is the lattice energy, T is
temperature (298 K).

The DFT calculations of isolated molecules of 3a and 3b were per-
formed using the Gaussian 09 program (rev. D01)> at the PBE0®®°/-
def2TZVP level with the Grimme's D3 dispersion corrections and
Becke-Jonson damping.*’ Standard convergence criteria were used for
the optimization procedures. The crystal conformation of 3b was calcu-
lated with the optimization of only hydrogen atom positions. The equi-
librium and flat isolated structures of 3b were calculated by the full
optimization starting from, respectively, crystal structure and flattened
structure with furoxan and triazolyl cycles lying in the same plane. For all
isolated systems, the type of saddle point on potential energy surface
were confirmed by the calculations of Hessian of electronic energy (ul-
trafine grids, no imaginary modes were found with the only exception of
the flat structure). The Interacting Quantum Atoms calculations were
done using the AIMAIl program.*!

The computations of intermolecular energy frameworks and lattice
energies (clusters of more than 50 independent units were used) as well
as the calculations and analysis of Hirshfeld surfaces were done within
the CrystalExplorer program.*? The density of 3a molecule in 3a-H,O
was estimated using the QTAIM atomic volumes calculated for the cluster
isolated from 3a-HO crystal structure. The cluster was generated by
surrounding of the 3a molecule by all molecular units forming contacts
with lengths smaller than sum of vdW radii and 5 A. The electron density
function for the cluster was calculated at the HF/3-21G level (lengths of
X-H bonds were normalized). The integration procedure was done using
the MultiWFN program.*?

2.5. General procedure for the preparation of 3a and 3b

p-Toluenesulfonic acid monohydrate (112 mg, 0.59 mmol) was added
at room temperature to the stirred solution of 2a,2b (5.9 mmol) and
trimethyl orthoformate (3 mL, 29.5 mmol) in dry CH3CN (13 mL). After
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Scheme 1. Synthesis of energetic 3-cyano-4-(1,2,4-triazol-3-yDfuroxan (3a).
Table 1
Optimization of the reaction conditions for the synthesis of 3a.

Entry Reagent (equiv.) Additive (equiv.) Solvent T/°C Time/h Yield®/%
1 Me,N-CH(OMe), (1) — Dioxane 102 24 K
2 EtOCH = NH-HCI (1) BF3-Et,0 (10 mol %) MeOH 60 6 b
3 EtOCH = NH-HCI (1.1) Na,COs3 (1.1) H,0 50 10 b
4 EtOCH = NH-HCI (1.1) - AcOH 120 6 b
5 HC(OMe); (5) ZnCl, (10 mol %) MeOH 40 20 K
6 HC(OMe); (5) ZnCl, (10 mol %) MeCN 40 20 K
7 HC(OMe); (5) - MeOH 20 20 25
8 HC(OMe); (5) BF3-Et;0 (10 mol %) MeCN 40 15 48
9 HC(OMe); (8) BF3-Et;0 (10 mol %) MeCN 40 20 45
10 HC(OMe); (8) BF3-Et;0 (20 mol %) MeCN 40 25 44
11 HC(OMe); (8) Sc(0Tf)3 (10 mol %) MeCN 20 2 56
12 HC(OMe); (5) Sc(0Tf)3 (10 mol %) MeCN 40 1.5 80
13 HC(OMe); (5) PTSAeH,0 (10 mol %) MeCN 40 1.5 95
14 HC(OMe); (6) PTSAeH,0 (10 mol %) MeCN 50 1.5 92

2 Isolated yields are given.
® No reaction.

10 min, the reaction mixture was heated to 40 °C and stirred for addi-
tional 1.5 h (TLC monitoring, eluent CHCl3-EtOAc, 1:1). Dark red solu-
tion obtained in the case of 3a was cooled and poured into ice water (50
mL), extracted with EtOAc (3 x 80 mL), combined organic extracts were
washed with brine (2 x 50 mL) and dried over MgSOy4. In the case of 3b
the reaction mixture was evaporated to dryness, the residue was washed
with cold water (2 x 10 mL) and cold EtOAc (2 x 10 mL) and dried in air.

3-Cyano-4-(1H-1,2,4-triazol-3-yl)furoxan (3a): Yield 0.99 g (95%);
light orange solid; R 0.31 (CHCIl3-EtOAc, 1:1); H NMR (300 MHz, [De]
DMSO) 6: 14.98 (brs, 1H), 8.97 (s, 1H); 3¢ NMR (75.5 MHz, [Dg] DMSO)
§5: 149.7, 149.0, 146.5, 107.1, 98.1; I5SN NMR (60.8 MHz, [Dg]DMSO) 6:
—11.1, —18.3, —86.9, —94.4, —131.6, —159.4; IR (KBr, y/cmfl): 3144,
3085, 2856, 2253, 1632, 1610, 1521, 1454, 1278, 1178, 1106, 1057;
elemental analysis calcd (%) for CsHaNgO4 (178.03): C 33.72, H1.13, N
47.19; found: C 33.49, H 1.29, N 46.87; IS: 19 J, FS: 220 N.

4-Azido-3-(1H-1,2,4-triazol-3-yl)furoxan (3b): Yield 0.92 g (81%);
white solid; R 0.46 (CHCl3-EtOAc, 1:1); 'H NMR (300 MHz, [Ds]DMSO)
5: 14.86 (s, 1H), 8.86 (s, 1H); 3¢ NMR (75.5 MHz, [Dg]DMSO) §: 153.0,
147.2, 146.1, 105.5'% N NMR (21.7 MHz, [Dg]DMSO) &: —146.5 (br. s,
N3); IR (KBr, v/cmfl): 3137, 2858, 2164, 1633, 1545, 1519, 1415, 1268,
1200, 1022; elemental analysis calcd (%) for C4HoNgO2 (194.04): C
24.75, H 1.04, N 57.73; found: C 24.93, H 0.88, N 57.49; IS: 4.2 J, FS:
270 N.

3. Results and discussion
3.1. Synthesis

For the synthesis of desired (1,2,4-triazolyl)furoxans, dicyanofuroxan
(1a) and 4-azido-3-cyanofuroxan (1b) were chosen as readily available

H
H,NN _N
Ns CN " N\ 7
>/—\< NaH,H,0 : sla HC(OMe), Ng 4
® - > _ = -
N NSO PrOH. 05 C N/ \N@ - PTSA-H;0 (10 mol.%), me
0 \o/ ~0 MeCN, 40 C N N, o
\o/ \o
1b 2b (61%) 3b (81%)

Scheme 2. Synthesis of energetic 4-azido-3-(1,2,4-triazol-3-yl)furoxan (3b).
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Scheme 3. A plausible mechanism for an assembly of the 1,2,4-triazole ring.

starting materials. 1a was converted to the corresponding 2a via an
interaction with hydrazine-hydrate according to the known procedure
(Scheme 1).%® Then an optimization of the reaction conditions for an
assembly of the 1,2,4-triazole ring was performed (Table 1). Our attempts
to construct 1,2,4-triazole ring using dimethylformamide dimethylacetal
or ethyl formimidate hydrochloride in a combination with various ad-
ditives in different solvents were unsuccessful (entries 1-4). Utilization of
trimethyl orthoformate in the presence of ZnCl, was also useless (entries
5,6). Interestingly, performing the reaction with an excess of trimethyl
orthoformate in MeOH without any additives afforded target product 3a
in a low yield. Further screening of various acidic catalysts (entries 7-14)
demonstrated that the highest yield of the product 3a was achieved upon
using 10 mol.% p-toluenesulfonic acid monohydrate (PTSAeH,0) in
MeCN at 40 °C (entry 13).

Under optimized conditions, 2b synthesized from the corresponding
1b was subjected to the studied cyclization. Target 3b was prepared in a
good yield (Scheme 2).

A plausible mechanism for an assembly of the 1,2,4-triazole ring is
outlined in Scheme 3. Initial condensation of 1 with trimethyl ortho-
formate results in a generation of 4 which after protonation undergoes
ring formation. Then, 5 eliminates MeOH molecule to furnish the for-
mation of target 3.

3.2. Structure determination

The structures of the synthesized 3a and 3b were confirmed by IR and
multinuclear NMR spectroscopy, elemental analysis and X-ray diffraction
studies. 3-Cyano-4-(1,2,4-triazolyl)furoxan (3a) was additionally char-
acterized by >N NMR spectroscopy (Fig. 2). The chemical shift of N-
oxide nitrogen atom is located more downfield (—11.1) in comparison
with another furoxan ring nitrogen atom (—18.3). The signal of the nitrile
group occurred at —131.6 and the presence of all three nitrogen atoms of
the 1,2,4-triazole ring is also in agreement with the previously reported
values.?!

As only the hydrate form of 3a has been successfully crystallized
(3a-H30), the quantum chemical calculations have been also invoked to
shed some light on the relation between peculiarities of crystal structures
and detonation properties. According to X-ray diffraction data, the con-
formations of (1,2,4-triazolyl)furoxans are pronouncedly different in
crystals of 3a-H,0 and 3b (Fig. 3). The 3a molecule is nearly planar with
the mean and maximal deviations from the mean-squared plane
composed by non-hydrogen atoms equal to 0.035 A and 0.099 A,
respectively (the rotation of triazolyl plane against the furoxan cycle is
less than 5°). This conformation is evidently stabilized by n-conjugation
effects which also play the key role in the isolated state: the r.m.s. Dif-
ference between experimental geometry and the structure optimized in
the isolated state at the PBE0-D3/def2tzvp level is only 0.052 A (for non-
hydrogen atoms, see Fig. S1 in ESI). In contrast, the crystal conformation
of 3b is characterized by a pronounced rotation of triazolyl (28.3(2)°)

149

Energetic Materials Frontiers 3 (2022) 146-153

13157
159.39

-80 -120 -160 -200 -240 -280 -320 -360 -400

1 (m,0)

40 o

200 160 120 80 -40

Fig. 2. 1N NMR spectrum of compound 3a.

and azide (10.6(2)°) fragments with respect to furoxan plane in 3b.
Moreover, the 3b molecule is bent along the C1-C3 bond: the C1 and C3
atoms go out of the planes of triazolyl and furoxan cycles on 0.126(3) and
0.131(3) A, respectively. The PBEO-D3/def2tzvp calculations show that
the crystal conformation of 3b can be formally rationalized by the
combination of steric repulsion effects and the influence of intermolec-
ular forces. Indeed, the triazolyl fragment is also rotated against the
furoxan cycle in the isolated 3b molecule, although to a lesser extent
(16.3°, Fig. S1 in ESI). At the same time, even the accounting for non-
specific solvation (scrf-pcm model, ¢ = 72) was not able to reproduce
the other features of crystal conformation of 3b, i.e. the bending along
the C1-C3 bond and the rotation of azide moiety.

According to the inspection of intermolecular energy frameworks™**
calculated at the CE-B3LYP/6-31G(d,p) level, the crystal packing of 3b is
of anisotropic character (Fig. 4). The main contributions to the total
crystal lattice energy (up to 110.5 kJ-mol~! from total 133.9 kJ-mol™!)
raise from the interactions within layers of molecules. According to
Zhang et al.,*® the anisotropic type of crystal packing is believed to
decrease the sensitivity of HEDM towards impact that contradicts with
the rather low value of impact sensitivity measured for 3b (see below
Table 2). This contradiction can be, however, resolved by the thorough
analysis of supramolecular organization and its influence on the
conformational preferences of 3b.

The analysis of crystal packing of 3b based on the geometry criteria
has revealed two types of shortened intermolecular contacts corre-
sponding to H-bonds and = ... & stacking interactions (Fig. 5). The tri-
azolyl fragments participate in rather strong N-H---N H-bonds (N4---N5
2.842(3) }o\, £(NHN) 159.9°) which aggregate molecules into infinite
chains. The layers composed by those chains are stabilized by weak azide

. triazolyl C-H---N hydrogen bonds (C4---N6 3.684(3) i\, «(CHN)
166.9°) and stacking interactions between furoxan and triazole moieties.
Note, that the stacking interactions are characterized both by rather short
interatomic contacts (C1--N3 3.184(3) A, C4---N3 3.138(3) A) and not
perfect (face-to-face) configuration with a small area of overlap between
heterocycles. The geometry of supramolecular aggregation of H-bonded
chains supports both conformational features observed for 3b in crystal:
the bending and the rotation along the C1-C3 bond can be the result of
stacking interactions, while the rotation of azide moiety is favored by the
C4-H---N6 H-bond. In its turn, this conformation of 3b results in the non-
parallel arrangement of molecules within the layers that a) may increase
the rigidity of crystal packing against mechanical deformations and b)
leads to an isotropic distribution of types of intermolecular contacts.
Indeed, the distribution of dporm values mapped on the Hirshfeld sur-
face®® of 3b molecule is rather flat (with the exception of N-H-.--N
H-bonds, Fig. 6) while the distribution of type of contacts crossing the
Hirshfeld surface is characterized by a negative kurtosis (—1.64, see
Fig. S2 and Table S1 in ESI).



A.A. Larin et al.

(@) 02

01

Energetic Materials Frontiers 3 (2022) 146-153

(b)

N8 N4

Fig. 3. Molecular structures of 3a (a) and 3b (b) in crystals of 3a-H,O and 3b, respectively. Non-hydrogen atoms are drawn as atomic displacement ellipsoids at the p

= 0.5 level.
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iy,

Fig. 4. The intermolecular energy frameworks for 3b crystal calculated at the
CE-B3LYP/6-31G(d,p) level (tube size 45, cut-off value 15.5 kJ-mol ™).

One can assume that the distorted conformation of azido(1,2,4-
triazolyl)furoxan in crystal does not only favors more gripped packing
with isotropic molecular environment but may play its own role in the
high impact sensitivity of this HEDM. The energy difference between
crystal (only H atoms were optimized) and isolated equilibrium confor-
mations equals to 11.3 kJemol ™. This considerable deformation energy
is in line with the rather large value of crystal lattice energy (see above)
and is primarily the consequence of intermolecular perturbations.

Indeed, the energy difference between the isolated equilibrium 3b
molecule and the flat structure with furoxan and triazole cycles lying in
the same plane (saddle point of first order on potential energy surface) is
less than 0.4 kJemol ! that prevents from considering the steric effects as
the meaningful factor influencing the 3b conformation. Noteworthy, the
decomposition of energy within the Interatomic Quantum Atoms
approach?” suggests that the interatomic interactions play the leading
role in stabilization of non-favorable conformation of 3b in crystal: while
the intraatomic self energies increase upon the transition from flat
structure to equilibrium and further to the crystal conformation (on
8.8 kJemol ! and 92.9 kJemol ™}, respectively), it is the energy of in-
teractions between atoms that attempts to stabilize the system (on 8.8
kJemol ! and 82.0 kJemol !, correspondingly).

Unfortunately, the available data on crystal structure of 3a in its
hydrate form (3a-H0) cannot be directly compared with the 3b struc-
ture to elucidate the difference in impact sensitivity of two studied (tri-
azolyl)furoxans. However, some preliminary suppositions on the
influence of crystal structural features of 3a on its detonation related
properties can still be made based on the quantum chemical calculations
and the Hirshfeld surface analysis. For instance, the density of 3a
molecule in its crystal was estimated using the known Aggp-
technique*®>° which is based on the QTAIM partition®" of the crystal
structure. The obtained value (1.67 gecm ™) is somewhat larger than the
density of 3a-H,0 (1.623 g-cm™ according to X-ray diffraction data
measured at 100 K) and agrees satisfactory with the density of water-free
sample of 3a measured by gas pycnometer at room temperature
(1.55 gocm_g). The rather small density values for 3a can be considered
as the manifestation of its tendency to form strong H-bonds which are
known to prevent molecules for close aggregation.”” Indeed, the in-
spection of 3a-H,0 crystal has revealed that the infinite chains stabilized
by strong H-bonds between triazolyl fragment and water molecules are

Table 2

Physical properties and detonation parameters.
Compound Tq%/°C pP/g em™3 Qco’/% N + 0%/% AH% g41iq°/kJ mol ! 18//J FS¢/N vp'/kmes™? p'/GPa
3a 229 1.55 —-36.0 65.2 453 19 220 7.0 22
3b 154 1.70 —24.7 74.2 623 4 270 8.0 29
TNT 275% 1.64 —24.7 60.8 —62°° 30°* >360"" 6.9 23
HNS 318% 1.75 -17.8 61.3 784 5% 360%° 7.6 24

a
b

Decomposition temperature (DSC, 5 K~min’1).

Density measured by gas pycnometer (298 K).

¢ Oxygen balance (based on CO) for C,H,O.Ng, 1600(c-a-b/2)/MW.
d Nitrogen-oxygen content.

Calculated enthalpy of formation.

f Experimental impact sensitivity obtained in present study.

8 Experimental friction sensitivity obtained in present study.

" Detonation velocity.

! Detonation pressure.

e
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Fig. 5. The fragment of infinite H-bonded chain (a) and the main intermolecular interactions within layers (b) in the crystal of 3b. H-bonds and stacking interactions

are depicted by dotted and dashed lines, respectively.

the main motif of crystal packing (Fig. 7): N5---:O1W 2.670(2) }D\, 2(NHO)
169.9°, N6---O1W 2.809(2) ;\, «4(NHO) 178.9°. The chains are hold
together by weak H-bond with the nitrile moiety (N3---O1W 3.038(2) [D\,
£(NHO) 157.3°) and multiple O ... n interactions. Despite the absence of
pronounced layer motif and stacking interaction in 3a-H2O (in compar-
ison with 3b), the pie-like shape of Hirshfeld surface of 3a in this crystal
(Fig. 6) together with the distribution of corresponding dporm values (the
kurtosis of distribution of contacts crossing the surface is positive, Fig. 52
and Table S1 in ESI) agree well with the low impact sensitivity of the
water-free sample (see below).

3.3. Physicochemical and energetic properties

The physical and detonation properties, such as thermal stability,
density, enthalpy of formation, detonation performance, as well as sensi-
tivity of all target compounds, were investigated. The results are summa-
rized in Table 2. Thermal stability of compound 3a bearing cyano
functionality is rather high, viz., the extrapolated onset is 229 °C. The
introduction of azido group predictably lowers the decomposition onset, to
154 °C. Both compounds have high combined nitrogen-oxygen contents
(65-74%) and positive enthalpies of formation (453-623 kJ'mol_l).
Friction sensitivity of both materials is not much different, and its

magnitude is less than that of common nitramine explosives. Impact
sensitivity values are in accordance with thermal safety data: 3a is less
sensitive than 3b. Detonation performance was computed with empirical
methods included in PILEM application (PILEM is Predictive Laboratory of
Energetic Materials).>> 3a showed good detonation performance (vp: 7.0
kmes™}; p: 22 GPa) comparable to trinitrotoluene (vp: 6.9 kmes™'; p: 23
GPa), while 3b demonstrated even higher detonation properties (vp: 8.0
kmes™; D: 29 GPa) exceeding those of benchmark hexanitrostilbene.
The calculated electrostatic potentials (ESP) of both 3a and 3b are
shown in Fig. 8. Maximum positive values of ESP are quite similar for
both compounds 3a and 3b (223.2 kJemol ! and 237.1 kJomol’l,
respectively) and are located at NH fragment of the 1,2,4-triazole ring
which are attributed to the acidic properties of 1,2,4-triazoles bearing
electron-withdrawing substituents (e.g. furoxan ring). On the contrary,
maximum negative values of ESP differ more significantly and are
located between the N(4) nitrogen atom of the 1,2,4-triazole ring and the
furoxan motif (—119.5 kJemol ! for 3a and —175.4 kJemol ! for 3b).
Such difference raised from much weaker delocalization of the negative
charge in 3b which is connected to the closer disposition of the N-oxide
functionality and the 1,2,4-triazole motif and results in higher impact
sensitivity56 (4 J) of this compound compared to that of 3a (19 J). In
addition, the high sensitivity of 3b could be explained by the depletion of

Fig. 6. The Hirshfeld surfaces colored by the dyom values for the 3a and 3b molecules in 3a-H;O and 3b crystals, respectively.
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Fig. 7. The fragment of infinite H-bonded chain in crystal of 3a.

-224.5 kJ-mol” 0 kJ-mol” 224.5 kJ-mol” -211.3 kd-mol” 0 kJ-mol” 211.3 kd-mol’
223.2 kJ-mol’
S Kb -107.7 kJ-mol"
L]
-83.5 kJ-mol’!
= -118.4 kJ-mol’
120.8 kJ-mol"#
\ 149.7 kJ-mol*
\ -90.6 kJ-mol
-175.4 kJ-mol”
-119.5 kJ-mol”
\ -132.0 kJ-mol
-79.0 kJ-mol”
Fig. 8. Molecular electrostatic potentials of compounds 3a (a) and 3b (b) calculated with B3LYP/6-31G(d,p) basis set.
electronic charge caused by the sensitive azido group, which would cause support of synthetic studies, estimation of thermal stability and sensi-
the increase of electropositive area in compound 3b. tivity measurements of energetic materials reported in this work. I.V.
Ananyev and E.V. Dubasova are grateful to the Russian Science Foun-
4. Conclusions dation (project 22-13-00238) for the financial support of X-ray diffrac-
tion studies, quantum chemical calculations, interacting quantum atoms
In conclusion, novel energetic compounds comprised of the furoxan and QTAIM computations and the analysis of Hirshfeld surfaces.

and 1,2,4-triazole rings enriched with cyano or azido functionalities were

synthesized. Both compounds were fully characterized using IR and Appendix A. Supplementary data

multinuclear NMR spectroscopy, elemental analysis and X-ray diffraction

study. Unfavored supramolecular organization and higher negative Supplementary data to this article can be found online at https://do
electrostatic potential of 4-azido-3-(1,2,4-triazolyl)furoxan (3b) are i.org/10.1016/j.enmf.2022.08.002.
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