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Furazan-Functionalized Tetrazolate-Based Salts: A New Family of Insensitive

Energetic Materials
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Abstract: Furazan-functionalized tetra-
zolate-based energetic salts (1-13)
were prepared by direct treatment of
neutral 4-amino-3-(5-tetrazole)furazan
and a Lewis base or by simple metathe-
sis reactions of its barium salt formed
in situ with the corresponding sulfate
salts in aqueous solution. Key physical
properties, such as melting point, ther-
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tures and these properties was deter-
mined. Most of salts exhibit better
thermal stability than their S-nitrotetra-
zolate and 5-nitraminotetrazolate ana-
logues as well as other furazan-based
salts. The structures of representative
aminoguanidinium (4), carbonic hydra-
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zylhydrazidinium (9), and 1,4-dimethyl-
S-aminotetrazolium salts (13) were fur-
ther confirmed by single-crystal X-ray
analysis. Their densities, heats of for-
mation, detonation pressures and ve-
locities, and specific impulses were cal-
culated. All of the salts possess high
positive heats of formation. The effect
of the furazan ring on these physico-

mal stability, density, hypergolicity, and
sensitivity to shock, were measured.
The relationship between their struc-

Introduction

High-nitrogen heterocyclic systems have long been recog-
nized as one class of useful and promising structures for the
design and synthesis of high-energy density materials
(HEDMs).'2 A number of heterocycle-based energetic
compounds were reported and were extensively used as high
explosives and ingredients of propellants. Of these, the fura-
zan group is an efficient fragment to enhance the perfor-
mance of HEDMs, many azide, nitro- and nitramine-func-
tionalized mono-furazan compounds,” as well as the
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chemical properties was examined and

explosives .
discussed.

chained furazans,) macrocyclic furazans,® and ring-fused
furazans'® bridged by oxy, azo, and azoxy groups have been
investigated.l”! Most of them show low vulnerability, higher
density, positive heat of formation, and a high percentage of
nitrogen content. Moreover, furazan derivatives have been
reported to exhibit a wide spectrum of biological properties,
such as antimicrobial, antituberculous, spasmolytic, and
muscle relaxant activity. Their agrochemical application as
herbicides, plant-growth regulators, and pesticides have also
been described, and thus they have a potential application
as biologically active energetic materials.®

Recently, considerable efforts have focused on studying
nitrogen-containing heterocyclic energetic salts with higher
performance and/or decreased sensitivity as well as environ-
mental compatibility.'**¥ Salt-based energetic materials
often possess advantages over nonionic molecules since
these salts tend to exhibit lower vapor pressures and higher
thermal stability than their atomically similar nonionic ana-
logues. Many organic cations and anions deriving from imi-
dazole "™ triazole,'**'* and tetrazole!">'l have been re-
ported, their properties are readily tuned and optimized
through independent variation and modification of the cat-
ionic and/or anionic components. However, the absence of
an acidic proton in the furazan ring makes it impossible to
serve as Brgnsted acid and to pair with Lewis base; in addi-
tion, the electron-withdrawing character of the furazan ring
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hinders protonation or direct substitution of the nitrogen
atoms in the ring,"¥ thus, it could not act as a cation in en-
ergetic salts. But the combination of the furazan ring with
other energetic groups or backbones containing acidic pro-
tons may serve as the anion after deprotonation. The pri-
mary nitramine-functionalized furazan-based compounds, 3-
nitramino-4-nitrofurazan'® and 3,6-bis(4-nitroamino-1,2,5-
oxadiazol-3-yl)-1,4,2,5-dioxadiazine!"” were synthesized, and
were used as energetic anions, but most of organic salts pos-
sess lower thermal stability. Further development of ener-
getic materials requires the optimal tradeoff in energy con-
tent, safety, cost, and environmental impact. It is expected
that the combination of the furazan fragment with other en-
ergetic backbones containing acidic protons into one mole-
cule would lead to new energetic salts, which would possess
positive properties of both classes. However, this type of en-
ergetic salt has not been reported.

Tetrazole derivatives are another class of interesting
HEDMs owing to the high-nitrogen content, ready availabil-
ity, high positive heat of formation, and good thermal stabil-
ity deriving from its aromaticity.'>'! Among them, 5-nitro-
tetrazolium-based salts were extensively investigated and
show promising energetic performance.'*'*<! In this con-
text, theoretical modeling studies show that when a nitro
group is displaced by a furazan group in energetic com-
pounds, the density, heat of formation, and detonation ve-
locity can increase by about 0.06-0.08 gcm™, 200 kJ mol™',
and 300 ms~!, respectively.'¥ For example, the calculated
heat of formation of the 3-aminofurazan group
(200.1 kJmol™') is much higher than that of NH,NO,
(=6.1 kJmol™"). Thus, it would be valuable to introduce fur-
azan into tetrazole compounds since tetrazole is readily de-
protonated and converted to the corresponding anions. In
our program in which we seek more powerful, less sensitive
energetic salts,'* 112 we have reported a series of triazolyl-
and triazolium-functionalized unsymmetrical energetic salts
and they showed some novel properties that could not be
obtained through mono-energetic fragments owing to the
synergistic effect of two energetic rings.'"! As a continua-
tion of our study of energetic salts containing different ener-
getic backbones, we now report the syntheses and character-
ization of a series of furazan-functionalized tetrazolium-
based energetic salts. The choice of nitrogen-rich heterocy-
clic and non-heterocyclic monocations and dications was
made to establish the broad relative potential to comprehen-
sively evaluate their performance.

Results and Discussion

The synthetic pathway to all of the new energetic salts is de-
picted in Schemel. 4-Amino-3-(5-tetrazolyl)furazan
(HAFT) was easily synthesized through the reaction of ma-
lononitrile, sodium nitrite, and hydroxylamine,[w"‘] followed
by oxidation with PbO,, and cycloaddition with NaN,.['*"*<
Direct reactions of HAFT with ammonia and 1-methylimi-
dazole resulted in the formation of salts 1 and 10, respec-
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tively (see Table 1 for structures), but the similar reactions
with guanidine carbonate and aminoguanidine bicarbonate
failed to generate corresponding salts, which suggests the
low acidity of HAFT. An alternative synthesis of the ener-
getic salts is based on metathesis reactions of the silver and
barium salts with halides and sulfates, respectively; the driv-
ing force of these reactions is the formation of silver halide
and barium sulfate, which have a very low solubility in
water and can be easily removed by simple filtration. The
treatment of HAFT with an equivalent amount of aqueous
sodium hydroxide, and then with an equivalent of silver ni-
trate gave rise to Ag(AFT) as a colorless solid, but the poor
solubility of this silver salt in common solvents limits its use.
Encouragingly, its barium salt has good solubility in water,
MeOH, and EtOH. Thus, energetic salts 2-9 were readily
synthesized by metathesis reactions of Ba(AFT), formed in
situ with corresponding sulfate salts. It should be mentioned
that the reactions of Ba(AFT), with an equivalent amount
of dicationic carbonic dihydrazidinium sulfate and biguanidi-
nium sulfate gave rise to the monocationic salts 8 and 9, re-
spectively, which was confirmed by elemental analysis and
the crystal structure of 9 (vide infra). With similar protocols,
the heterocycle-based energetic salts 11-13 were prepared
through one-pot reactions of iodide salts, Ag,SO,, HAFT,
and Ba(OH),.

All of the energetic salts are stable in air and may be
stored for a long period. They are soluble in MeCN, MeOH,
H,O, and DMF, while insoluble in lower polar solvents, such
as hexane, diethyl ether, dichloromethane, and ethyl acetate.
Their structures were confirmed by 'H, ®C NMR, and IR
spectroscopy, and elemental analyses. The 'H NMR spec-
trum of HAFT shows a rapid exchange with the protons in
[D¢]DMSO, and only a broad signal together with water at
0=4.19 ppm is observed. However, salts 1-13 exhibit a
sharp single peak around 6 =6.51 ppm for the amine group
of AFT. In ®C NMR spectra, the chemical shift of the fura-
zan carbon bonded to NH, in the salts is similar to that of
HAFT (6=155.8 ppm); the chemical shifts of the other fur-
azan carbon and tetrazolate carbon are around 6=140.3
and 151.0 ppm, respectively, which are obvious downfield
shifts compared with those of their precursor HAFT (6=
136.6 and 147.9 ppm). It should be mentioned that the
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C NMR resonance of the tetrazolate carbon is at a higher
field than that of the S-nitrotetrazolate salts (O
/2169 ppm )12 14eel and  S-nitraminotetrazolate ©
~159 ppm),"?&"1%] which suggests the lower electron-with-
drawing ability of furazan than that of nitro and nitramino
substituents. In salt 2, there appears to be a fast proton ex-
change since a single peak at =6.52 ppm in its 'H NMR
spectrum is found as one only signal together with water in
[D¢]DMSO.

Physical properties of the energetic salts: Phase transition
temperature (midpoint of melting point) and thermal stabili-
ty of the salts 1-13 were determined by differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA),
respectively. As shown in Table 1, ammonium salt 1, possess-

Table 1. Physical properties of energetic salts.

Compd  Cation T T deged”  diead®  Oxygen
[°C] [°C] [gem™] [gem™’] balancel
NH{ 278 289 1.6l 1.62 —752
HN—NH,” 161 197 1.60 1.60 ~735
NH,
3 e 181 262 153 1.50 -83.0
H,N © NH,
NHNH,
5 55 —81.
4 N, 189 257 1.55 15 81.0
NHNH,
5 HZN)@\NHNHZ 149 228 157 154 793
NHNH,
6 HNEN SN, 207 216160 1.62 ~778
NH, O ’
O 0 1590 1.64 B
7 HNON TN 2123 o (gm 78
NH NH,
8 LN ON®NH, 225 251 1580 177 —88.1
N P
® O
9 HNG NN 1 199 166 168 6o
H H
10 ONT 125 262 148 1.45 ~119.0
N
AN
© 6
1.47 1.4
1 (N) 55204 gy gy 151
l
H,N=NH
/ \
12 /NYN\ 109 170 147 1.44 ~111.6
H,N—ZNH
i \
13 /*YN\ 205 212 151 151 962
NH,

[a] Melting point. [b] Thermal degradation. [c] Calculated density.
[d] Measured density. [e] Oxygen balance (OB) is an index of the defi-
ciency or excess of oxygen in a compound required to convert all C into
CO, and all H into H,O, for a compound with the molecular formula of
C,H,N.Oy4, OB (%)=1600[(d—2a—b/2)IMy]. [f] Volume of the salts was
corrected by —8 A for strong hydrogen bonds. [g] Calculated density
without water molecule. [h] Density was corrected by —25 A for volume
of each water molecule.
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es the highest melting point (7,=278°C) and thermal deg-
radation temperature (73=289°C). For guanidinium-deriv-
atized salts 3-9, melting points and thermal degradation
temperatures are in the range of 149-225 and 213-262°C,
respectively, which are comparable with that of commonly
used explosive RDX (T,=204, T,=230°C). The lower
melting point of the diaminoguanidinium salt 5 (149°C) is
surprising. For the N-carbamoylguanidinium salt 7 in addi-
tion to an endotherm at 211°C, its DSC curve shows anoth-
er smaller endotherm at 103 °C, corresponding to the loss of
water. This was further shown by 5.25% weight loss from 74
to 118°C (caled, 6.59%) in its TGA curve. The melting
point of 11 (T,,=55°C) is below 100°C; thus, 11 is classifia-
ble as an ionic liquid.” It should be pointed out that the
1,4-dimethyl-5-aminotetrazolium salt 13 has a higher melting
point and better thermal stability than the other heterocy-
cle-based salts 10-12, which most likely can be ascribed to
the more extensive hydrogen bonding interactions between
its cation and anion, as observed in its crystal structure (vide
infra). As such, the absent or weak hydrogen bonds in 12
result in the lowest thermal stability in these salts (7,=
170°C). When comparing with nitrotetrazolatel!?!4¢l and 5-
nitraminotetrazolate!'&"1%) analogues, most of the salts pos-
sess lower melting pointing and higher thermal stability.

It is well known that hydrogen-bonding interactions not
only can help stabilize energetic compounds substantially,
but also can increase their density markedly. Density is one
of the most important factors that determine the performan-
ces of energetic compounds. The densities of the non-het-
erocycle-based salts 1-9 and heterocycle-based salts 10-13
are in the range of 1.50-1.77 gem > and 1.44-1.51 gcm >, re-
spectively. The former is lower than those of their nitrotetra-
zolate analogues!"”'*<! since the salts containing NO, and
NH, are more inclined to form strong hydrogen bonds. The
densities were also estimated according to our tabulated
volume parameters,”!! which agreed reasonably with the ex-
perimental values within 5% deviation with the exception
of 8. As expected, the measured densities of 4, 9, and 13 are
slightly lower than those from X-ray crystal structures (vide
infra), since the molecules in the single-crystal state are
most efficiently packed.

Oxygen balance (OB) is used to indicate the degree to
which a compound can be oxidized. Owing to the presence
of two carbon atoms in the furazan ring and the absence of
oxygen atoms in the salts, all of them possess negative OB
and are in the range from —69.1 to —119.0, which are com-
parable with that of TNT (—74).

When each of the salts was added to liquid NO, or 100 %
nitric acid, no ignition was observed, which indicates they
have no hypergolic properties.”*”

Impact sensitivities of the salts were tested with a BAM
Fallhammer and about 20 mg samples were used. When a
10 kg mass was dropped from 40 cm, no explosion occurred,
suggesting that the salts are insensitive to shock.!

Heats of formation are another important parameter to
evaluate the performances of energetic salts. This property
of the salts can be calculated with good accuracy (including
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the heat of formation of the cation and anion, and lattice
energy of salts).”” The heat of formation of the AFT anion
was calculated based on the isodesmic reaction given in
Scheme 2, in which the heat of formation of furazan was cal-

methyl-5-aminotetrazolium > 1,4,5-trimethyltetrazolium >
1,4-dimethyltriazolium > 1-methylimidazolium, respectively.
The energetic performances of salts are characterized by
their detonation velocity and pressure, and specific impulse
(I,). These parameters are di-
rectly related to density, heat of

N~ N\\N formation, and oxygen balance

HN / H H N of salts. The detonation pres-
= B . scy, — / \N + N/ _A\N@ + CH,NH, -+ CH,CH; sure and velocity (based on the
N No” 7 traditional Chapman-Jouget

0 thermodynamic detonation

Scheme 2.

culated by using the G2 method (196.71 kJmol™). The heat
of formation the AFT anion (306.7) kJmol™" is much higher
than that of aminotetrazolate (183.8 kImol ), nitrotetrazo-
late (112.8 kJmol ™), and S-nitraminotetrazolate
(9.8 kTmol ™), thus, their salts exhibit much higher heats
of formation than their aminotetrazolate,'***! 5-nitrotetra-
zolate!'?#14¢¢l and S-nitraminotetrazolate!™!*! analogues.
For example, the heat of formation of hydrazinium, guanidi-
nium, aminoguanidinium, and diaminoguanidinium salts are
561.4, 393.6, 489.6, and 599.9 kImol™!, respectively; the
heats of formation of the corresponding nitrotetrazolate
salts are 343.7, 191.2, 307.9, and 437.2 kJmol ™', respective-
ly.'*!' As shown in Table 2, the heats of formation of the
salts 1-13 fall in the range from 177.2 to 730.1 kJmol ', in
which N-carbamoylguanidinium and 1,4-dimethyl-5-amino-
tetrazolium salts possess the lowest and highest heats of for-
mation, respectively. As anticipated, the effect of guanidini-
um-derivatized cation and heterocyclic cation on the heat of
formation is in the following order: triaminoguanidinium >
diaminoguanidinium > aminoguanidinium > guanidylguanidi-
nium > guanidinium > N-carbamoylguanidinium and 1,4-di-

Table 2. Thermochemical results of energetic salts.

Compd Ao AHL  AHG!  AHL P vDl [
[kImol™] [kImol™'] [kImol™] [kIg™]

1 626.4 521.6 411.5 242 229 8075 214.6
2 770.0 515.3 561.4 3.03 24.8 8338 229.7
3 575.9 489.0 393.6 1.85 185 7640 194.2
4 667.4 484.5 489.6 2.16 204 7747 203.4
5 769.0 475.8 599.9 248 21.6 7932 2125
6 871.5 474.6 703.5 274 254 8544 2195
7t 350.6 480.1 177.2 0.69 19.9 7732 1823
8 620.9 487.1 440.5 1.73 259 8673 1882
9 663.4 486.1 484.0 1.99 257 8466 213.0
10 680.6 472.0 515.2 2.19 158 7063 195.0
11 756.9 466.2 597.4 2.39 17.5 7372 203.1
12 844.8 457.0 694.5 2.62 17.6 7412 208.1
13 885.5 462.1 730.1 274 19.7 7338 212.6

[a] Calculated molar enthalpy of formation of cation. [b] Calculated
molar lattice energy (kJmol™). [c] Calculated molar enthalpy of forma-
tion of salts in kImol ™. [d] Calculated molar enthalpy of formation of
salts in kJg~'. [e] Detonation pressures (GPa). [f] Detonation velocities
(ms™). [g] I, is the specific impulse (seconds) calculated isobarically at
68 atm. [h] Density was corrected by —25 A for volume of each water
molecule.

2628 ——

www.chemeurj.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

theory) and I, were obtained

by using CHEETAH 5.0.%4 As

shown in Table 2, for salts 1-13,
the calculated detonation pressures (P) lie, in the range of
15.8-25.9 GPa, which is comparable with that of TNT (2,4,6-
trinitrotoluene, 19.53 GPa). The detonation pressures of
salts 2 (24.8 GPa), 6 (254 GPa), 8 (25.7 GPa), and 9
(25.9 GPa) are higher than that of ADN (ammonium dini-
tramide, 23.72 GPa). Detonation velocities (D) are found in
the range from 7063 ms™' [comparable to TNT, 6881 ms™']
to 8673m s ' [comparable to TATB (triaminotrinitroben-
zene), 8114 ms™' and RDX (cyclotrimethylenetrinitramine),
8977 m s~']. The range of specific impulse (/) in salts 1-13
falls in 172.5-229.7 s. Noteworthy, these performances are
comparable with those of nitrotetrazolate analogues!'? !4l
despite the fact that these salts have lower densities and
oxygen balances.

Crystal structures of 4, 9, and 13: Single-crystal X-ray dif-
fraction revealed that compound 4 crystallizes in the mono-
clinic space group P2,/c as a racemic twin (Table 3). As
shown in Figure 1a, the asymmetric unit consists of two
crystallographically independent AFT anions and two ami-

Figure 1. a) Molecular structure of 4 with thermal ellipsoids at 50 % prob-
ability; b) packing diagram of 4 along the ¢ axis.
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Table 3. Crystallographic data for compounds 4, 9, and 13.

FULL PAPER

There are no significant interac-

4 9 13 tions between adjacent double

empirical C,H,N,,O C,H,N,,0, C¢H,(N,,O layers.
formula Compound 9 crystallizes in
fw 22722 24322 266.26 the monoclinic space group C2/
crystal size [mm)] 0.60><0"05' x 0.04 084)(0‘.5%)(0'21 0.54x0.19x9.19 c. As shown in Figure 2a, the
crystal system monoclinic monoclinic orthorhombic . . .
space group P2(1)lc e P2(1)2(1)2(1) asymmetric ur.nt con51§ts of one
a[A] 10.1892(7) 24.9859(7) 5.6426(5) crystallographically independ-
b [A] 14.6566(10) 4.3960(1) 11.8331(11) ent AFT anion and one carbon-
c[A] 12.5585(9) 19.6851(6) 17.1998(16) ic hydrazylhydrazidinium
BI°] 95.380(1) 120.358(1) tion. in which the £ "
VI[AY] 1867.2(2) 1865.70(9) 1148.42(18) cation, 1n which the lormation
7z 8 8 4 of the monocationic compound
T [K] 90(2) 140(2) 90(2) is confirmed despite the meta-
Pca[lcd [gclin ’] L617 1732 1.540 thesis reaction being carried
u [mm~ 0.128 0.142 0.119 . gt . .

2 out using dicationic carbonic di-
A(Moy,) [A] 0.71073 0.71073 0.71073 ne <
F(000) 044 1008 550 hydraz1d1n1um sulfate. (supra
reflections collected 23975 8131 16893 infra). In the AFT anion, the
independent reflections 4265 2309 1917 atoms in either the tetrazolate
Rin 0.0465 0.0174 0.0211 or furazan rings are planar with
parameters 353 168 212 an deviations from their re-
Son F* 1.042 1.042 1.067 mean deviations rom ther r
Ry(I>20(D)) 0.0455 0.0330 0.0278 spective ring plane of 0.0018
wR,(all data)® 0.1275 0.0905 0.0688 and 0.0004 A. The exocyclic

Largest diff. peak

0.331 and —0.329

0.408 and —0.305

and hole [e A~

0.326 and —0.158  amine nitrogen atom N1 is out
of the furazan plane by

[a] R=3 || F,| — | F||)/Z| F. [b] WR=[Sw(F,— F2ISw(E,Y].

noguanidinium cations, in which the proton transfer from
the tetrazole of HAFT to aminoguanidine is confirmed. In
two independent AFT anions, the tetrazolate and furazan
are slightly twisted with the dihedral angles between them
of 7.8 and 5.0°. The atoms in either tetrazolate or furazan
rings are planar with mean deviations from their respective
plane of 0.0015, 0.0020, and 0.0023, 0.0030 A, respectively.
The exocyclic amine nitrogen atoms (N1, N17) are out of
the furazan plane by 0.0359 and 0.0104 A, respectively. The
atoms of the aminoguanidinium cation are also planar with
the mean deviation from the plane being 0.0117 and
0.0327 A. The C-N bond lengths and the N-C-N bond
angles in the cation are in the range 1.317(2)-1.341(2) A
and 117.85(16)-121.28(16)°, respectively, which are typical
values for the aminoguanidinium cation.!"*! Since the amino
groups in both AFT and aminoguanidinidium are excellent
hydrogen-bonding donors, the discrete AFT and aminogua-
nidinium are linked into a 2D double layer by the hydro-
gen-bonding interactions between cations and anions [N14—
H7--N24"  2.854(2); N30-H12--N11% 2.854(2); NI15—
H13--N21' 3.057(2); N31-H5--N5" 3.086(2); N1-H1B--N32
3.096(2); N14—H9--N9 3.063(2) A. Symmetry codes: i:
—x+1, —y, —z+1;ii: x+1, y, z; iii: —x+1, y—1/2, —z+1/2]
and weak hydrogen-bonding interactions from different in-
dependent molecules [N1-H1A--O020" 3.0562(19); N17-
H16--04" 3.029(2); N30-H3--N26" 3.080(2); N30—
H3-N(25)" 3.089(2) A. Symmetry codes: iv: x, —y+3/2,
=125 vix+1, —y+3/2, z+1/2; vi: x, —y+1/2, z—1/2]. The
packing diagram of the structure is shown in Figure 1b.

Chem. Eur. J. 2009, 15, 2625-2634
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0.0472 A. The dihedral angle
between the tetrazolate and the

Figure 2. a) Molecular structure of 9 with thermal ellipsoids at 50 % prob-

ability; b) packing diagram of 9 along the b axis.
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furazan group is 1.9°. All of these values are comparable
with those in 4. In addition, the bond lengths and bond
angles of the AFT anion are close to those in 4. The atoms
of the hydrazylhydrazidinium cation are also planar with
mean deviations from the plane being 0.0171 A. It should be
noted that the N14-N15 bond length [1.4150(12) A] in the
cation is very close to that of N11-N12 [1.4119(11) A]; how-
ever, the C13-N14 bond length [1.3398(13) A] is shorter
than that of N12—C13 [1.3617(13) A]. Interestingly, the
cation and anion in 9 are slightly twisted; the dihedral angle
between them is 10.5°. In the salts, the amino groups in both
the AFT and cation serve as excellent hydrogen-bonding
donors and the carbonyl of the cation and the tetrazolate of
AFT act as hydrogen-bonding acceptors; thus, extensive hy-
drogen bonds were formed, which results in the high density
of these salts. As shown in Figure 2b, the discrete AFT and
hydrazylhydrazidinium are linked into a 3D network by the
extensive hydrogen-bonding interactions between cation and
anion [N1-H1B-N7 3.0528(13); N11-H11A--N9
2.7638(13); N12-HI12A--N8 3.0575(13); N11-H11B--N4'
2.9672(12); N11-H11C--N10' 2.8221(12) A. Symmetry code:
i: —x, y—1, —z+1/2] as well as between cation and cation
N11-H11B--013" 2.8567(12); [N14-H14A--O13
2.9055(12) A Symmetry codes: ii: x, y+1, z; iii: —x, —y+1,
—-z].

Compound 13 crystallizes in the orthorhombic space
group P2,2,2,. As shown in Figure 3a, the asymmetric unit
contains one crystallographically independent AFT anion
and one 1,4-dimethyl-5-aminotetrazolium cation. In AFT,
the atoms in the tetrazolate and the furazan ring are planar
with mean deviations from their respective ring plane of
0.0010 and 0.0006 A. The exocyclic amine nitrogen atom N9
is out of the furazan plane by 0.0228 A. The dihedral angle
between the tetrazolate and the furazan group is 9.4°, which
is larger than those in 4 and 9. The bond lengths and bond
angles of the AFT anion are close to those in 4 and 9. The
tetrazolium ring in 1,4-dimethyl-5-aminotetrazolium is also
planar with a mean deviation from the plane of 0.0026 A.
The exocyclic nitrogen atom N1 is out of the tetrazolium
plane by 0.0401 A. The dihedral angle between the AFT and
the 1,4-dimethyl-5-aminotetrazolium is 19.5°. It should be
mentioned that the N4—N5 bond length [1.2751(17) A] in
the tetrazolium ring is shorter than the corresponding N17—
N18 bond length in the tetrazolate ring [1.3247(15) A]; how-
ever, the other two N—N bond lengths are inverse [N3—N4
1.3653(16), N5—-N6 1.3611(15), N16—N17 1.3448(15), N18—
N19 1.3401(16) A], while their C—N bond lengths are very
similar in length. As shown in Figure 3b, the discrete cations
and anions are linked into a 3D network by the extensive
hydrogen-bonding interactions between AFT and 1,4-di-
methyl-5-aminotetrazolium [N1-H1B--N17 2.8779(17); N1—
H1A--N18' 2.9129(16) A. Symmetry code: i: x+1/2, —y+3/
2, —z+1] as well as between AFT and AFT [N9—H9A--N19
2.9439(17); N9—H9B--N16" 3.0850(16) A. Symmetry code:
ii: —x, y+1/2, —z+1/2].
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Figure 3. a) Molecular structure of 13 with thermal ellipsoids at 50 %
probability; b) packing diagram of 13 along the a axis.

Conclusions

A series of furazan-functionalized tetrazolate-based energet-
ic salts were synthesized and characterized. Since these salts
combine the properties of a furazan fragment and a tetrazo-
late backbone, they exhibit excellent thermal stability and
high positive heats of formation. Aside from salt 12
(170°C), the degradation temperature of these salts exceeds
190°C. Most of them are higher than their 5-substituted tet-
razolate analogues and other furazan-based salts. The heats
of formation of the salts 1-13 fall in the range from 177.2 to
730.1 kImol~!, which are higher than their S-nitrotetrazo-
late, 5-nitraminotetrazolate, and 5-aminotetrazolate ana-
logues. Despite the lower oxygen balance and lower density,
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the calculated detonation velocity and pressure in some salts
are comparable with those of conventional explosives, such
as TNT and TATB. Moreover, all of the salts can be classi-
fied as insensitive materials.

Experimental Section

Caution: Although we experienced no difficulties in handling these ener-
getic materials, small-scale and best safety practices (leather gloves, face
shield) are strongly encouraged!

General methods: 4-Amino-3-(5-tetrazolyl)furazan!'*><! was prepared as
reported previously. IR spectra were recorded with KBr plates using a
BIORAD model 3000 FTS spectrometer. 'H and *C spectra were re-
corded on spectrometers at 300 and 75 MHz, respectively, by using
[D¢]DMSO as a locking solvent. Chemical shifts were reported in ppm
relative TMS. Densities were measured at 25°C using a Micromeritics
Accupyc 1330 gas pycnometer. Differential scanning calorimetry (DSC)
measurements were performed by using a calorimeter equipped with an
auto-cool accessory and calibrated by using indium. The samples were
heated from 40 to 400°C at 10°Cmin~'. The transition temperature T,
was taken as the peak maximum. Thermogravimetric analysis (TGA)
measurements were carried out by heating samples at 10°Cmin™" from
25 to 600°C in a dynamic nitrogen atmosphere (flow rate =70 mLmin ).
Elemental analyses were performed on a CE-440 Elemental Analyzer.

Theoretical study: Calculations were carried out using the Gaussian 03
(Revision D.01) suite of programs.””! The geometric optimization of the
structures and frequency analyses were carried out using B3-LYP func-
tional with the 6-31 4 G** basis set, and single-point energies were calcu-
lated at the MP,(full)/6-311++ G** level. All of the optimized structures
were characterized to be true local energy minima on the potential
energy surface without imaginary frequencies.

Based on a Born—-Haber energy cycle (Scheme 3), the heat of formation
of a salt can be simplified by Equation (1):

AH; (ionic salt, 298 K) = AH;"(cation, 298 K) + AH;"(anion, 298 K)—AH
1)

-AHP

Cation ©” Anion®  (solid) ———= mC(s) + nHy(g) +oN,(g) + pOy(z)

@
‘ any
@

® - AH{(anion)
Cation  (Gas) +

Aniun@(Gas)

- AH"(cation)

Scheme 3. Born-Haber cycle for the formation of energetic salts

where AH, is the lattice energy of the salt which could be predicted by
the formula suggested by Jenkins et al.*® as given in Equation (2):

AH, = Upor + [p(nM/2-2) + q(nx /2—2)|RT (2)
where nM and ny depend on the nature of the ions M,* and Xgq~, respec-
tively, and are equal to 3 for monatomic ions, 5 for linear polyatomic

ions, and 6 for nonlinear polyatomic ions. The equation for lattice poten-
tial energy Upor has the form given in Equation (3),

Upor/kKImol ™" = y(p, /M) +0 G

where density, p,, [gcm ], M,, is the chemical formula mass of the ionic
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material (g), and the coefficients y [kJmol~'cm] and 6 [kJmol™'] are as-
signed literature values.” The heat of formation of furazan was calculat-
ed using G2. The heat of formation of the AFT anion was computed
using the method of isodesmic reactions (Scheme 2). The enthalpy of an
isodesmic reaction (AH,3°) is obtained by combining the MP2(full)/6—
3114+ G** energy difference for the reaction, the scaled zero point en-
ergies(B3LYP/6-31+G**), and other thermal factors (B3LYP/6-31+
G*¥),

X-ray crystallography: Crystals of compound 4 and 13 were removed
from the flask, a suitable crystal was selected, attached to a glass fiber,
and data were collected at 90(2) K using a Bruker/Siemens SMART
APEX instrument (Moy, radiation, A=0.71073 A) equipped with a Cryo-
cool Neverlce low temperature device. Data were measured by using
omega scans of 0.3° per frame for 15 s for 4 and for 10 s for 13, and a full
sphere of data was collected. A total of 2400 frames were collected with
a final resolution of 0.77 A for 4 and 0.71 A for 13. Cell parameters were
retrieved by using SMART?" software and refined by using SAINT-
Plus® on all observed reflections. Data reduction and correction for Lp
and decay were performed by using the SAINTPIus software. Absorption
corrections were applied using SADABS. The structure was solved by
direct methods and refined by least-squares methods on F* using the
SHELXTL program package.’” The structure was solved in the space
group P2(1)/c (no. 14) for 4 and P2(1)2(1)2(1) (no. 19) for 13 by analysis
of the systematic absences. All other non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were both added geometrically (riding
model) and by refinement.

A crystal of compound 9 was mounted on a MiteGen MicroMesh using a
small amount of Cargille Immersion Oil. Data were collected on a
Bruker three-circle platform diffractometer equipped with a SMART
APEX II CCD detector. The crystals were irradiated by using graphite-
monochromated Moy, radiation (1=0.71073). An MSC X-Stream low-
temperature device was used to keep the crystals at a constant 140(2) K
during data collection. Data collection was performed and the unit cell
was initially refined by using APEX2 [v2.1-0].”" Data reduction was per-
formed by using SAINT [v7.34 A]*? and XPREP [v6.12].**! Corrections
were applied for Lorentz, polarization, and absorption effects using
SADABS [v2004/1].¥ The structure was solved and refined with the aid
of the programs in the SHELXTL-plus [v6.12] system of programs.’”
The full-matrix least-squares refinement on F* included atomic coordi-
nates and anisotropic thermal parameters for all non-H atoms. The H
atoms were included by using a riding model.

No decomposition was observed during data collection of crystals 4, 9,
and 13. Details of the data collection and refinement are given in
Table 3.

CCDC-704938 (4), CCDC-704939 (9), and CCDC-704940 (13) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Ammonium 4-amino-3-(5-tetrazolate)furazan (1): A solution of 30 % am-
monia (0.113 g, 2.0 mmol) in MeOH (5 mL) was added dropwise to a stir-
ring solution of 4-amino-3-(5-tetrazole)furazan (0.1531 g, 1.0 mmol) in
MeOH (30 mL) and the resulting solution was stirred at 25°C for 6 h.
After removal of the solvent in vacuo, the residue was washed twice with
Et,0 (10mL) to give a colorless solid. Yield: 0.15g (88%). '"H NMR:
0=17.13 (s, 4H), 6.51 ppm (s, 2H); *C NMR: 6 =155.9, 151.1, 140.4 ppm;
IR: 7=3426 (w), 3321 (w), 3251 (w), 3166 (w), 2991 (w), 2842 (w), 2194
(vw), 1934 (w), 1842 (w), 1699 (m), 1630 (s), 1597 (m), 1567 (w), 1445 (s),
1360 (m), 1213 (vw), 1157 (s), 1084 (vw), 1032 (m), 983 (s), 893 (m), 866
(m), 773 (w), 717 (vw), 619 (m), 483 cm™" (w); elemental analysis (%)
caled for C;HNO (170.13): C 21.18, H 3.55, N 65.86; found: C 21.05, H
3.52, N 65.09.

General procedures for the preparation of the energetic compounds 2-9:
Barium hydroxide (0.1578 g, 0.5 mmol) was added to a stirring solution
of 4-amino-3-(5-tetrazole)furazan (0.1531 g, 1.0 mmol) in H,O (50 mL)
and the resulting mixture was stirred at 25°C until all of the solids had
dissolved, and then the sulfate salt (0.5 mmol) was added and the mixture
was stirred at 25°C for an additional 1 h. After removal of BaSO,, the
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solvent was evaporated in vacuo, the residue was washed twice with Et,0
(5 mL), and then recrystallized from EtOH/Et,0.

Hydrazinium 4-amino-3-(5-tetrazolate)furazan (2): Colorless solid, yield:
0.15g (81%). 'HNMR: §=6.52ppm (s); "CNMR: 6=155.9, 151.0,
140.2 ppm; IR: 7=3429 (w), 3327 (vw), 3167 (vw), 2704 (vw), 2599 (vw),
2214 (vw), 2150 (w), 1954 (w), 1784 (vw), 1633 (s), 1605 (s), 1568 (s),
1508 (m), 1427 (m), 1364 (s), 1242 (w), 1213 (w), 1153 (s), 1109 (s), 1034
(w), 983 (s), 943 (s), 870 (w), 856 (m), 768 (vw), 724 (w), 611 (vw),
563(w), 465cm™' (w); elemental analysis caled (%) for C;H;N,O
(185.15): C 19.46, H 3.81, N 68.09; found: C 19.44, H 3.70, N 67.29.

Guanidinium 4-amino-3-(5-tetrazolate)furazan (3): Colorless solid, yield:
020 g (94%). '"HNMR: 6=6.94 (s, 6H), 6.50 (s, 2H); "CNMR: 6=
158.4, 155.9, 151.0, 140.3 ppm; IR: 7=3599 (vw), 3493 (w), 3397 (w),
3331 (w), 3211 (w), 3083 (w), 2828 (vw), 2206 (vw), 2142 (vw), 1686 (s),
1642 (s), 1597 (s), 1558 (w), 1430 (m), 1364 (m), 1211 (vw), 1155 (s), 1084
(vw), 1035 (w), 980 (s), 895 (w), 870 (m), 766 (W), 741 (w), 662 (vw), 567
(w), 516 cm ™! (w); elemental analysis calcd (%) for C,HgN;,0 (212.17): C
22.64, H 3.80, N 66.02; found: C 22.52, H 3.81, N 64.75.

Aminoguanidinium 4-amino-3-(5-tetrazolate)furazan (4): Colorless solid,
yield: 0.18 g (79%). '"H NMR: 6=8.52 (d, /=7.7 Hz, 1H), 6.92 (s, 2H),
6.73 (s, 2H), 6.51 (s, 2H), 4.65 ppm (s, 2H); *C NMR: §=159.3, 155.9,
151.1, 140.4 ppm; IR: 7=3489 (w), 3429 (w), 3377 (w), 3269 (w), 3192
(vw), 3039 (w), 2883 (vw), 2755 (w), 2195 (vw), 1842 (w), 1665 (s), 1630
(s), 1599 (m), 1566 (m), 1443 (m), 1430 (m), 1362 (m), 1213 (vw), 1152
(m), 1101 (w), 1042 (vw), 988 (s), 904 (w), 864 (m), 773 (vw), 741 (vw),
676 (m), 565 (w), 513cm™ (vw); elemental analysis calcd (%) for
C,HoN;;0 (227.19): C 21.15, H 3.99, N 67.82; found: C 21.15, H 3.91, N
67.38.

Diaminoguanidinium 4-amino-3-(5-tetrazolate)furazan (5): Colorless
solid, yield: 0.21 g (87 %). 'HNMR: 0 =8.56 (s, 2H), 7.14 (s, 2H), 6.51 (s,
2H), 4.58 (s, 4H); *CNMR: 0=160.3, 155.9, 151.1, 140.4 ppm; IR: 7=
3455 (w), 3349 (w), 3273 (w), 3204 (w), 3144 (vw), 2983 (vw), 2363 (vw),
1954 (vw), 1682 (s), 1630 (s), 1593 (s), 1482 (vw), 1422 (w), 1356 (m),
1213 (m), 1180 (m), 1155 (s), 1123 (w), 1013 (s), 976 (m), 864 (m), 756
(w), 679 (m), 565 cm™' (m); elemental analysis calcd (%) for C,H;(N,;,O
(242.20): C 19.84, H 4.16, N 69.40; found: C 19.86, H 4.14, N 68.92.

Triaminoguanidinium 4-amino-3-(5-tetrazolate)furazan (6): Colorless
solid, yield: 0.19g (74%). 'HNMR: 6=8.57 (s, 3H), 6.52 (s, 2H),
4.47 ppm (s, 6H); *CNMR: 6=159.5, 155.9, 151.1, 140.4 ppm; IR: 7=
3424 (w), 3379 (w), 3331 (w), 3179 (vw), 2797 (vw), 2497 (vw), 2195 (vw),
1937 (w), 1844 (vw), 1686 (s), 1634 (s), 1600 (m), 1572 (m), 1444 (w),
1427 (m), 1358 (s), 1211 (vw), 1198 (m), 1138 (s), 1033 (vw), 978 (s), 900
(w), 864 (m), 770 (vw), 730 (vw), 649 (w), 624 (vw), 505 cm™" (w); ele-
mental analysis caled (%) for C;H;;N;;O (257.22): C 18.68, H 4.31, N
70.79; found: C 18.52, H 4.26, N 70.03.

N-carbamoylguanidinium 4-amino-3-(5-tetrazolate)furazan hydrate (7):
Colorless solid, yield: 0.17 g (62%). '"HNMR: 6 =8.04 (s, 4H), 7.11 (s,
2H), 6.51 ppm (s, 2H); *C NMR: 6 =155.9, 154.8, 151.0, 140.4 ppm; IR:
7=3376 (w), 3198 (w), 2806 (w), 2211 (vw), 2144 (vw), 1731 (s), 1699 (s),
1624 (s), 1593 (m), 1572 (w), 1466 (m), 1432 (vw), 1383 (m), 1364 (s),
1215 (w), 1157 (m), 1127 (m), 1092 (w), 1035 (vw), 920 (w), 882 (m), 760
(m), 708 (w), 604 (w), 443 cm™" (w); elemental analysis calcd (%) for
CsHoN;;0,-H,0 (273.21): C 21.98, H 4.06, N 56.39; found: C 21.62, H
3.89, N 55.05.

Guanidylguanidinium 4-amino-3-(5-tetrazolate)furazan (8): Colorless
solid, yield: 0.13 g (51%). '"HNMR: 6=6.77 (s, 3H), 6.50 ppm (s, 2H);
BCNMR: 0=160.2, 155.9, 152.0, 151.1, 140.4 ppm; IR: #=3464 (w),
3426 (w), 3352 (w), 3238 (vw), 3171 (vw), 2778 (vw), 2127 (w), 1663 (s),
1629 (s), 1602 (w), 1591(s), 1586 (s), 1427 (w), 1363 (m), 1214 (w), 1155
(m), 1034 (vw), 990 (m), 904 (w), 868 (vw), 771 (w), 732 (w), 590 (w), 510
(w), 455 cm™" (w); elemental analysis calcd (%) for CsH;(N,,O (254.21):
C23.62, H3.96, N 66.12; found: C 23.65, H 3.90, N 65.51.

Carbonic hydrazylhydrazidinium 4-amino-3-(5-tetrazolate)furazan (9):
Pale yellow solid, yield: 0.11 g (45%). '"HNMR: 6=6.52 (s, 2H), 3.41
(quart, J=7.0, 14.0 Hz, 2H) 1.03 ppm (t, J=7.0 Hz, 3H); ®*CNMR: 6=
159.4, 155.9, 151.1, 140.4 ppm; IR: 7=3442 (w), 3343 (m), 3240 (w), 3172
(vw), 2854 (w), 2625 (w), 1982 (w), 1868 (vw), 1701 (m), 1630 (s), 1595
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(s), 1586 (m), 1504 (m), 1447 (w), 1432 (w), 1354 (m), 1246 (w), 1207 (w),
1190 (vw), 1153 (s), 1113 (w), 1007 (s), 984 (s), 908 (w), 878 (w), 735
(vw), 680 (vw), 580 (w), 542 (w), 501 cm™! (w); elemental analysis calcd
(%) for C,HoN;0, (243.19): C 19.76, H 3.73, N 63.36; found: C 19.78, H
3.66, N 62.55.

1-Methylimidazolium 4-amino-3-(5-tetrazolate)furazan (10): 1-Methylimi-
dazole (0.246 g, 3.0 mmol) was added to a stirring solution of 4-amino-3-
(5-tetrazole) furazan (0.306 g, 2.0 mmol) in MeOH (30 mL) and the re-
sulting solution was stirred at 60°C for 24 h. After removal of the solvent
in vacuo, the residue was washed four times with Et,0 (20 mL) to give a
colorless solid. Yield: 0.18 g (31%). 'HNMR: 0=8.93 (s, 1H), 7.62 (s,
1H), 7.58 (s, 1H), 6.51 ppm (s, 2H); "CNMR: §=170.0, 155.9, 140.2,
136.4, 123.5, 120.8 ppm; IR: 7=3463 (w), 3357 (m), 3134 (m), 3071 (w),
2974 (vw), 2726 (vw), 2479 (vw), 1939 (vw), 1762 (vw), 1630 (vs), 1589
(s), 1555 (m), 1477 (vw), 1452 (vw), 1420 (w), 1366 (m), 1335 (w), 1275
(m), 1194 (w), 1149 (w), 1090 (m), 1013 (vw), 977 (s), 883 (m), 853 (m),
761 (s), 730 (vw), 629 (m), 567 (w), 507 cm™' (w); elemental analysis
caled (%) for C;HyN,O (235.21): C 35.75, H 3.86, N 53.60; found: C
35.52, H3.79, N 52.45.

General procedures for the preparation of the energetic compounds 11—
13: Barium hydroxide (0.1578 g, 0.5 mmol) was added to a stirring solu-
tion of 4-amino-3-(5-tetrazole)furazan (0.1531¢g, 1.0 mmol) in H,O
(30 mL) and the resulting mixture was stirred at 25°C until all of solids
had dissolved. This solution was added to a stirring mixture of Ag,SO,
(0.1559 g, 0.5 mmol) and iodide salts (0.5 mmol) in H,O (30 mL). The re-
sulting mixture was stirred at 25°C for 0.5 h. After the mixture had been
filtered, slow evaporation the of filtrate gave rise to desirable products,
which were washed twice with Et,O.

1,4-Dimethyltriazolium 4-amino-3-(5-tetrazolate)furazan hemihydrate
(11): Colorless solid, yield: 0.16 g (62%). '"H NMR: 6=9.96 (s, 1 H), 9.07
(s, 1H), 6.52 (s, 2H), 4.04 (s, 3H), 3.87 ppm (s, 3H); "C NMR: 9=155.9,
151.1, 145.8, 143.9, 1404, 39.0, 34.4 ppm; IR: 7=3513 (vw), 3383 (vw),
3279 (vw), 3148 (vw), 2497 (vw), 2212 (vw), 2112 (vw), 1967 (vw), 1798
(w), 1633 (s), 1589 (s), 1569 (s), 1437 (m), 1429 (s), 1360 (s), 1292 (vw),
1234 (vw), 1205 (m), 1153 (s), 1098 (vw), 1071 (m), 1028 (m), 981 (s), 909
(m), 869 (m), 771 (vw), 732 (m), 660 (vw), 621 (W), 569 (w), 525 cm™*
(w); elemental analysis caled (%) for C,H;;N;;O-0.5H,0 (259.23): C
32.43, H 4.28, N 54.03; found: C 32.19, H 4.10, N 53.85.

1,4,5-Trimethyltetrazolium 4-amino-3-(5-tetrazolate)furazan (12): Color-
less solid, yield: 0.20 g (75%). '"HNMR: 6=6.51 (s, 2H), 4.21 (s, 6H),
2.83 ppm (s, 3H); "C NMR: 6=155.9, 153.2, 151.0, 140.4, 36.7, 8.7 ppm;
IR: 7=3422 (w), 3393 (w), 3283 (vw), 3150 (w), 3040 (vw), 2293 (vw),
2094 (vw), 1634 (s), 1586 (m), 1566 (m), 1534 (w), 1443 (m), 1427 (w),
1358 (s), 1329 (w), 1242 (vw), 1201 (m), 1144 (s), 1036 (m), 981 (s), 879
(m), 847 (m), 757 (m), 729 (w), 691 (vw), 663 (vw), 563 (m), 507 cm™'
(vw); elemental analysis calcd (%) for C;H;;N,;O (265.24): C 31.70, H
4.18, N 58.09; found: C 31.62, H 4.14, N 57.46.
1,4-Dimethyl-5-aminotetrazolium 4-amino-3-(5-tetrazolate)furazan (13):
Pale yellow solid, yield: 024g (90%). 'HNMR: 6=6.51 (s, 2H),
3.84 ppm (s, 6H); "C NMR: 6 =158.6, 155.9, 149.0, 140.3, 43.0, 34.4 ppm;
IR: 7=3441 (w), 3339 (w), 3256 (W), 3136 (W), 2943 (w), 2887 (vw), 2698
(vw), 2486 (vw), 2219 (vw), 2145 (vw), 1699 (s), 1654 (m), 1626 (s), 1599
(m), 1563 (w), 1541 (w), 1451 (m), 1413 (m), 1392 (vw), 1352 (m), 1201
(m), 1146 (s), 1106 (vw), 1067 (w), 1028 (m), 985 (s), 895 (w), 858 (w),
782 (m), 731 (w), 675 (W), 575 (vw), 496 cm™' (vw); elemental analysis
caled (%) for CgH(N,O (266.22): C 27.07, H 3.79, N 63.14; found: C
26.75, H 3.79, N 62.20.
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