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In recent years, the development of novel advanced high-energy density materials has significantly shifted toward
nitrogen-containing heterocyclic derivatives, which demonstrate a great potential for multipurpose application
patterns. Among known heterocycles hydroxytetrazole is of special importance due to its high nitrogen-oxygen
content and a possibility to serve as anion counterpart and to form a diverse array of organic and inorganic
energetic salts. In this review, we summarized the main achievements on the synthesis and performance of

hydroxytetrazole-based energetic materials. Potential applications of the presented high-energy compounds and
their environmental compatibility are especially emphasized.

1. Introduction

In recent decades, the design and synthesis of novel high-energy
density materials (HEDMs) became an emergent area of research. '
HEDMs remain leading positions in a development of dual-use technol-
ogies for military and civilian purposes including space technologies,
mining and explosion welding. However, advanced military, space and
civilian technologies bring new increased requirements to the synthesis
and performance of HEDMs.>* Novel energetic materials should have
balanced functional properties including good detonation performance,
high density and high enthalpy of formation. At the same time, such
materials should possess moderate sensitivity toward various mechanical
stimuli to guarantee safety concerns associated with their preparation,
isolation and handling. Traditional energetic materials, such as trinitro-
toluene (TNT), hexogen (RDX), octogen (HMX) suffer from harsh
methods for their synthesis and a lack of environmental compatibility.>®
Serious ecological issues are also connected with the wide utilization of
highly toxic primary explosives lead azide and lead styphnate thus
demanding their replacement for metal-free environmentally benign al-
ternatives.” Therefore, design and synthesis of novel HEDMs with a
balanced set of properties remains one of the constant multidisciplinary
tasks both in fundamental and applied research areas.

A search of novel powerful HEDMs continues to evolve and nowadays
it is performed among a variety of high-nitrogen and nitrogen-oxygen
heterocyclic compounds.® ' A utilization of hetarene scaffolds for the
construction of high-energy structures has a number of advantages
compared to the cyclic and caged nitramines. Polynitrogen and
nitrogen-oxygen heterocyclic derivatives have higher densities due to
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planarity and possess higher enthalpies of formation, thus providing high
detonation performance of such materials.!*'* In addition, due to high
nitrogen-oxygen content, the amount of oxidizer in energy-rich compo-
sitions can be significantly reduced.'® Therefore, the development of
novel advanced HEDMs among azole and azine derivatives demonstrates
a great potential for multipurpose application patterns.

In a series of nitrogen-rich heterocycles, tetrazole ring is of particular
importance due to high thermal stability, good detonation performance
and high level of environmental compatibility of the energy-rich tetra-
zole derivatives.'®'° However, the tetrazole moiety has no oxygen in its
structure. This disadvantage may be circumvented by an introduction of
a hydroxyl motif on one of the ring nitrogen atoms to produce hydrox-
ytetrazole scaffold (also known as tetrazole N-oxide).?? As a result of
regioisomerism, both 1- and 2-hydroxytetrazoles A and A’ (Fig. 1) were
successfully synthesized so far.

There are two main routes to an assembly of the hydroxytetrazole
framework. The first one is based on a direct oxidation of the corre-
sponding tetrazoles with oxone, which is a triple salt 2KHSOs5KH-
S04K3S04 and is widely used as a convenient, bench-stable oxidant. This
approach is quite facile and tolerates well various functional groups, but
has rather narrow substrate scope associated with a low oxidation ability
of the tetrazole ring. The second route involves an acid-promoted cycli-
zation of geminal azidooximes due to azide-tetrazole tautomerism. This
approach enables a regiospecific construction of 1-hydroxytetrazole
scaffold A for a wide range of substrates. In this review, we summa-
rized the known approaches for the synthesis of energy-rich hydroxyte-
trazoles and organic/inorganic salts thereof. Main physicochemical
properties of the reported HEDMs as well as their detonation
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Fig. 1. The structures of regioisomeric hydroxytetrazoles.

performance are thoroughly discussed. In addition, potential application
prospectives of the hydroxytetrazole-based HEDMs are emphasized.

2. Oxidation of tetrazoles by oxone

Oxidation of tetrazolate-anions with oxone may serve as a direct
approach to the assembly of hydroxytetrazole motif from available tet-
razole derivatives. As a rule, this oxidation proceeds regioselectively
resulting in a predominant formation of 2-hydroxytetrazole subunit.
Arguably, this reactivity is attributed to the increased electron density on
the N(2) atom of the tetrazole ring which is especially relevant in the case
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of various energetic derivatives incorporating electron-withdrawing
explosophoric moieties (e.g. NOg, N3) at the tetrazole carbon atom. For
example, an oxidation of ammonium salts of 5-nitro-, 5-azido- or 5-cya-
notetrazoles 1la-c resulted in a regioselective formation of 2N-oxides
2a-c. Acidification of thus prepared salts 2a,b afforded free 2-hydroxyte-
trazoles 3a,b while double cation metathesis procedure provided a series
of nitrogen-rich organic salts 4 (Scheme 1).%723

Cycloaddition of NaN3 and NaCN followed by oxidative C-C coupling
of the parent tetrazole resulted in a formation of 5,5-bitetrazole 5.
Oxidation of compound 5 with oxone afforded a mixture of 1,1’- and 2,2'-
diolates 6 and 6’ with a predominance of the latter. The formed mixture
can be easily separated by an addition of aqueous hydroxylamine: 1,1’-
diolate 6 produced the corresponding dihydroxylammonium salt which
is known as TKX-50 (Scheme 2).>* This HEDM demonstrated excellent
detonation performance and moderate mechanical sensitivity repre-
senting a potential replacement for RDX and HMX. Physicochemical
properties of TKX-50 as well as of several other hydroxytetrazole salts are
summarized in Table 1.

Isomeric 5,5"-bitetrazole-2,2'-diolate 6’ was also used as a synthetic
platform for the preparation of a series of energetic salts 7-13 (Scheme
3). All transformations were performed by direct neutralization of the

®
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Scheme 1. Synthesis of 2-hydroxytetrazoles and salts thereof.'>*
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Scheme 2. First synthesis of TKX-50.%*
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Table 1
Physicochemical properties and detonation performance of TKX-50,%* 2a-c, 4aC.?' %%
Compound TKX-50 2a 2b 2c 4aC RDX HMX TNT
Tq/°C* 170 173 151 184 185 210 279 290
N/%" 59.3 56.8 77.8 65.6 61.5 37.8 37.8 18.5
Qco/%" -13.6 0 —22.2 —37.5 -19.5 0 0 —24.7
.(2(;02/"/0d —-27.1 —-10.8 —-33.3 —62.5 —-35.1 —-21.6 —-21.6 —-74.0
/)/g-cm’3° 1.918 1.730 1.689 1.554 1.697 1.858 1.944 290
AHg/kJ-mol 446.6 152.0 534.0 325.9 256.4 86.3 116.1 -55.5
D/m-s™1# 9698 8885 8926 7749 8514 8983 9221 7459
p/GPah 42.4 32.2 325 22.2 28.5 34.1 41.5 23.5
18/ 20 7 1 15 20 7.5 7 15
FS/N! 120 120 20 112 216 120 112 353
# Decomposition temperature.
b Nitrogen content.
¢ Oxygen balance (based on CO) for C,H,O.Ng, 1600(c-a-b/2)/MW.
d Oxygen balance (based on CO,) for C,H,O.Ng, 1600(c-2a-b/2)/MW.
¢ Density.
f Calculated enthalpy of formation.
8 Detonation velocity.
%‘ Detonation pressure.
! Impact sensitivity.
I Friction sensitivity.
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Scheme 3. Preparation of a series of energetic salts based on a 5,5'-bitetrazole-2,2'-diolate core.”®

and diaminotetrazolium salt 12 exhibit higher detonation velocities than
RDX and HMX, their sensitivity to friction is also higher (Table 2).25 At
the same time, all prepared compounds have high nitrogen content

initial compound 6’ with corresponding bases or their carbonate (bi-
carbonate) salts. Synthesized organic salts have good densities and high
positive enthalpies of formation. Although dihydroxylammonium salt 8
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Table 2
Physicochemical properties and detonation performance of 5,5'-bitetrazole-2,2'-diolate 6’ and of the corresponding nitrogen-rich salts 7,8,12,13.%
Compound 6’ 7 8 12 13 RDX HMX TKX-50
Tq/°C 165 265 172 163 188 205 275 170
N/% 65.8 68.6 59.3 61.7 67.0 37.8 37.8 59.3
Qco/% -9.4 -31.3 -13.6 -15.7 -25.5 0 0 -13.6
Qco, /% —28.2 —47.0 —27.1 -31.3 —42.5 -21.6 -21.6 —27.1
p/g-em > 1.953 1.664 1.822 1.832 1.633 1.858 1.944 1.877
AHg/kJ-mol ! 559.7 257.3 390.7 1043.8 608.1 86.3 116.1 446.6
D/ms! 9364 8212 9264 9350 8094 8983 9221 9698
p/GPa 40.9 25.8 37.2 38.2 25.2 38.0 415 42.4
18/J 3 10 3 10 5 7.5 7 20
FS/N 5 360 60 48 360 120 112 120
NOH HOH
1. NaNOy, HCI N3 N3
NOH HO\N/\ . HO\ HoN NH, 42»
)]\ —— |y eN — N<y | 2.NaNg, EtOH {0 o,
R NZA N/N 15 16 (72%)
HCI-H,0
Scheme 4. Plausible mechanism for the cyclization of geminal azidooximes.
2 NHE ®0° NOH o° HO NOH  oH
(>59%) which allows to consider these salts as environmentally benign \ / NHa-H.0 \ /
HEDM. N N Nsh0 N N
N\\ I | ,,N EtOH, 20 C Ny !\1 l!l N
3. Cyclization of geminal azidooximes N—N N—N N— —N
19 (95%) 17 (90%)

A wide scope of energetic 1-hydroxytetrazoles was synthesized NH>OH
through a cyclization of geminal azidooxime derivatives. This approach Hzé ’
usually provides higher yields of 1-hydroxytetrazoles comparing to the
oxidation route and eliminates any regioselectivity issues. Arguably, @

N . . P | S 9 NH;OH
cyclization occurs via an intramolecular nucleophilic attack of the ter 0O o o
. . . . . . / (o) NOH ~o
minal nitrogen atom of the azide moiety onto the oxime nitrogen atom N N 1 @
Lo = ~N /2 NH30H
followed by electronic shifts (Scheme 4). i > </ i /N N\

In particular, acid-promoted cyclization of diazidoglyoxime 14 N\N/ N/N N | \ p
afforded 5,5'-bitetrazole-1,1’-diolate 6 in a good yield. Substrate 14 was ol \\N’N N\N/
in turn prepared in two steps from unsubstituted glyoxime with an 0
overall yield of 71% (Scheme 5).2* This method may serve as a reliable TKX-50 18
and scalable procedure for the synthesis of TKX-50 which is prepared in a
yield of 42.5% starting from commercially available glyoxime. In-depth Scheme 6. Alternative synthetic route to TKX-50.%
investigation showed that the thermal stability of TKX-50 was slightly
lower than that of RDX and was on the same level as that of CL-20.%° Due
to a favorable set of properties TKX-50 was also investigated as a o 24

- 27-29 OH O M
co-crystallization component. / _

An alternative synthetic route to TKX-50 was recently proposed.30 N/N N\N MX or sz y. M= ('\:’IQ g?g
This approach is based on a tandem conversion of bis-amidoxime 15 to |l />—</ || H,0 />—< Ni (22)’
the corresponding bis(azidooxime) 16. Intramolecular cyclization of N\N N/ 2_ Cu (23)’
both azidooxime moieties in 16 afforded compound 17 incorporating HO/ X =NOg’, 504 O Zn (24)’
two hydroxytetrazole subunits linked by an oxime moiety. Neutralization 20-24 (~99%
of bis(hydroxytetrazole) 17 with aqueous hydroxylamine unexpectedly 6 ol )
resulted in a formation of TKX-50 due to a possible loss of the oxime
moiety. Although detailed mechanism for this transformation has been Scheme 7. Preparation of non-heavy metal salts of 5,5-bitetrazole-

N3
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HONv\NOH ﬁ/KNOH
2. NaN3, DMF
N3
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[€]
OH ~2H;0 o@ 2 NHzOH
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Scheme 5. Synthesis of TKX-50 from unsubstituted glyoxime.”*
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Table 3
Physicochemical properties and detonation performance of energetic coordination polymers 20-24.
Compound 20 21 22 23 24 TKX-50 Pb(N3),
Ta/°C 313 282 274 276 318 170 315
N/% 43.2 42.6 42.6 41.8 41.6 59.3 28.9
Qco/% 0 0 0 0 0 -13.5 -11.0
Qco,/% —14.4 14.1 -14.1 —-13.8 —-13.7 —-27.1 -11.0
p/g-em 3 2.129 2.158 2.128 2.355 2.371 1.877 48
Q/kcal~g’1 0.609 0.755 0.627 0.724 0.773 1.532 0.375
D/m-s™! 6412 7164 6769 7968 7635 9698 5920
p/GPa 20.0 25.1 22.2 32.4 29.9 42.4 33.8
1S/J 16 12,5 32.5 20 60 20 2.5-4
FS/N 180 260 192 216 192 120 0.1-1
€} @ . o @
/O Cat /OH 2H,0 O 2Cat
N N N N —N N
N~ / N base N~ / N base VA
) I~ ) I ) I
/ / o.!
HO HO (0]
26a,b (64-87%) 6 25a-k (64-90%)
NH, 1. Ba(OH)2'8H,0 @H @H @H _NH,
{ H 2. (Cat),SO N N HaN- =N
© |/N aN/N . (Cat)2S04 @Cat= “/ \> “/ \>-NH2 T \>—NH2 )l\
cat= | > | 0° N<y N— - N" NH,
N8 / / H H
®NH, O H
a b 4 2 a ¢
) I
~N N/N HoN N NH, H H H H
/ H ® @N €] N
eO /N
\ \ \ HN
CH3
27 (76%) N N N /
H H \
CH3
e f [¢] h
CHg
HoN
2 \ @OH )\
o H—on NS
@ )|\ ®
N HoN NH, HoN N/ NH,
H
i j k
Scheme 8. Synthesis of mono- and bitetrazole-1,1’-diolate organic salts.?*33-38
Table 4
Physicochemical properties and detonation performance of energetic salts 25¢,e,i,26a,b.>*
Compound 25¢ 25e 25i 26a 26b RDX HMX TNT
Ta/°C 303 262 273 243 225 210 279 290
N/% 68.4 54.9 53.3 66.1 58.8 37.84 37.84 18.50
Qco/% —43.4 —57.5 —43.5 -31.5 —40.3 0 0 —24.7
Qco,/% —69.5 —-99.3 —78.3 —56.6 —74.0 -21.6 -21.6 -74.0
p/g~cm’3 1.650 1.715 1.702 1.667 1.711 1.858 1.944 1.648
AH}/kJ-mol ! 906.2 717.6 1385.3 885.0 751.1 86.3 116.1 —55.5
D/m-s ! 7405 7151 8151 8218 7693 8983 9221 7459
p/GPa 23.0 22.0 28.5 28.7 25.5 34.1 41.5 19.5
IS/J >50 >50 >60 >50 >50 7.5 7 15

unknown so far, it proceeds arguably via an intermediate formation of
dihydroxylammonium salt 18. Unfortunately, the authors®’ did not
provide the yield of TKX-50 which complicates its comparison with the
previously reported synthetic route. Curiously, neutralization of bis(hy-
droxytetrazole) 17 with aqueous ammonia afforded expected dia-
mmonium salt 19 in a quantitative yield (Scheme 6). Compound 19 has
higher thermal decomposition temperature (241 °C) than TKX-50,

however it has moderate density and enthalpy of formation which
resulted in lower detonation velocity (8114 m-s ).
5,5'-Bitetrazole-1,1’-diolate 6 was thoroughly studied by a number of
research groups as a valuable scaffold for the preparation of a variety of
both metal and metal-free energy-rich salts. Complexation of substrate 6
with non-heavy metal salts afforded a series of energetic compounds
20-24 which represent a subclass of coordination polymers (Scheme 7).
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Scheme 9. Synthesis and transformations of dipotassium salt of 5,5'-azotetrazolate-1,1’-dioxide 30.594
A wide series of nitrogen-rich organic salts incorporating mono- or
Table 5 bitetrazole-1,1’-diolate was synthesized by a direct neutralization of the
Functional properties of HEDMs 30, 32a,b and 33.%° parent compound 6, although a cation metathesis route was also
Compound 30 32a 32b 33 RDX HMX employed (Scheme 8).2%3%-%¢ All prepared compounds 25a-k, 26a,b and
T C 285 250 190 120 205 p 27 h?xlle high m.tltogen conter.1t and good detonation velocities (7.0-8.2
N/% 51.1 79.4 63.6 61.7 37.8 378 km-s™"). In addition, synthesized HEDMs were found to be completely
Qco/% 0 -27.6 —-12.1 -16.0 0 0 insensitive to impact which enables their potential application as sec-
Qco,/% -175  -41.3  -242  -320  -216  -216 ondary explosives (Table 4).
p/g-em 3 2.200 1.800 1.778 1.707 1.858 1.944
AHg/kJ-mol ! 240.2 551.7 730.9 390.1 86.3 116.1
D/ms! 9753 9032 9348 8711 8983 9221 Table 6
p/GPa 41.0 338 37.5 312 38.0 41.5 Physicochemical properties and detonation performance of 34, 37a-c.*?
1S/J 20 3 15 1 7.5 7
FS/N >360 160 54 <5 120 112 Compound 34 37a 37b 37¢c RDX HMX
Ta/°C 246 241 182 244 205 275
All synthesized materials 20-24 showed good thermal stability (>270 N/% 65.0 67.1 60.1 67.0 37.8 37.8
°C), high densities and zero oxygen balance (to CO). In addition, these Qco/% —23.6 —38.4 —23.8 —47.3 0 0
compounds demonstrated good detonation performance and acceptable $2co,/% 506 ~620 449 744 —216 —216
. o 31 A p/gem > 1.67 1.736 1.63 1.56 1.858 1.944
mechanical sensitivities (Table 3).”" Coordination polymers 20-22 and AH/kJ-mol ! 823 682 799 331 36.3 116.1
24 exhibited the fast deflagration-to-detonation transition ability D/m-s~! 8277 8991 8561 7659 8983 9221
enabling their potential application as lead-free primary explosives. For p/GPa 26.0 28.8 27.0 18.6 38.0 41.5
comparison, lead complex of 5,5-bitetrazole-1,1’-diolate was also Is/J 1 10 7 >40 75 7
32 FS/N 240 >360 >360 >360 120 112
recently prepared.
OH N N
/ s =N /=N
CN HO , N N N_ | Ne. N |
NC N \_~-ClI 7 N N\_-N 7 N N\_-N
N\ ] N “OH N ~oP
I N 1. NH,OH, H,O cl 1. NaN3, EtOH \N bases \N
—_— —_— —_—
N<\ "2 NaNO,, HCI | \N 2.HCI(g), Et,O  / | N N / | N N &
H Ne./ HO N /" 2Hz0 ©o N AN 2Cat
H H H
36 35 (82%) 34 (38%) 37a-e (74-97%)
NH, NH» NHNH
Cat=NH4s NH30H
HoN NH» HaNHN NH» HoNHN NHNH,
a b c d e

Scheme 10. Synthesis of 4,5-bis(1-hydroxytetrazolyl)-2H-1,2,3-triazole 34 and salts thereof.**
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NH ~N
. = 2
HONV\NOH NaOH, 90 C |/ /: ; 1. NaNO,, HCI |/ Vi ” bases /: /i
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Scheme 11. Preparation of energetic salts of 5-(1,2,4-oxadiazolyl)-1-hydroxytetrazole.**

Table 7

Physicochemical properties and detonation performance of energetic salts 40a-

C.43

Compound 40a 40b 40c RDX HMX TNT
Tq/°C 174 152 141 210 279 290
N/% 57.3 60.2 52.4 37.8 37.8 18.5
Qco/% -32.8 -21.4 —34.4 0 0 —-24.7
Qco,/% —63.1 —68.8 —47.0 —21.6 —-21.6 —-74.0
p/g-em™3 1.72 1.71 1.79 1.858 1.944 1.648
AHP/kJ-mol ™ 322 478 372 86.3 116.1 -55.5
D/m-s~! 8576 8929 8913 8983 9221 7459
p/GPa 28.0 30.4 32.7 34.1 41.5 19.5
18/J 10 8 8 7.5 7 15
FS/N 120 108 96 120 112 353

An assembly of hydroxylammonium 5-aminotetrazole-1-olate 28 was
accomplished through a cascade transformation of cyanogen bromide.
This reaction sequence involved nucleophilic substitution of the bromide

anion in BrCN with azide one generating highly toxic and explosive
cyanogen azide (N3CN) which cannot be isolated. The subsequent
treatment of a solution of N3CN with hydroxylamine resulted in a one-pot
formation of target salt 28 through a condensation-cyclization-
neutralization route. Upon acid-base treatment compound 28 can be
easily converted to the corresponding ammonium salt 29. Oxidation of
amine 28 with KMnOj, in basic media afforded dipotassium salt of 5,5’-
azotetrazolate-1,1’-dioxide 30.%° An acid-base work-up of compound 30
afforded a series of non-heavy metal (31a-€).*>*! and metal-free
(32a-¢)*° energetic salts. In addition, azo group in azotetrazolate 30
was chemoselectively reduced to the hydrazo moiety providing 1,
1’-gléhydroxy—S,S’-bistetrazolylhydrazine 33 in a good yield (Scheme
9).°

Dipotassium 5,5'-azotetrazolate-1,1’-dioxide 30 showed excellent
thermal stability and outstanding detonation performance (D = 9753
m-s~%; p = 41.0 GPa) far exceeding those of RDX and HMX. Furthermore,
compound 30 is less sensitive to impact and completely insensitive to
friction. Energetic salts 32a,b have higher nitrogen content, but their

N=N N=N =N
NC CN NOHHON N N N E N pp2*
- ~ > V4
)\!’/O\F\/QN 1. NH,OH \f\f 1 NaN3, H,O-EtoH HO : OH ppNOy), ©0 o
N 7 Ny T o —_— = 0
o-N N~g 2.NaNOj HCI N N 2.HCI (g), Et,0 N/ I i \/N H,0, 100 C N '
o~ Y o-N N~o \O’N
41 42 (60%) 43 (72%) 45 (54%)
lbases
N N Cat = NHzOH NHz NaHs
2g" a b ¢
2 Cat® J\ﬂ-qz K
O’N ‘0 HoN~ NH,
44a-e (85-92%) d e
Scheme 12. Synthesis of 4,4'-oxybis[3,3’-(1-hydroxytetrazolyl)]furazan 43 and salts thereof.****
Table 8
Physicochemical properties and detonation performance of 44a-e, 45.%%*>
Compound 44a 44b 44c 44d 44e-H,0 45 RDX CL-20
Ta/°C 198 250 219 215 236 258 210 211
N/% 50.5 55.1 58.0 57.3 40.4 20.4 37.8 38.4
Lco/% —-12.4 —-22.5 —-24.9 —-32.7 -3.9 -3.0 0 11.0
Qco,/% -37.1 —49.4 —49.7 -61.8 —26.9 —21.2 -21.6 -11.0
p/g~cm’3 1.802 1.705 1.772 1.631 1.856 3.38 1.81 2.04
AH}/kJ-mol ! 853.7 753.1 1060.0 767.7 293.7 - 86.3 403.0
D/m-s™! 8898 8319 8913 7818 7063 9210 8.80 9.73
p/GPa 34.2 27.2 32.1 22.4 20.3 50.9 33.92 44.40
IS/J 6 10 5 12 3 25 7.5 4
FS/N 240 >360 240 >360 120 >360 120 48
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Scheme 13. Synthesis of hetaryl substituted 1-hydroxytetrazoles.*®*°
Table 9
Physicochemical properties and detonation performance of 49a,c, 50, 51, 52a, 53c.***°
Compound 49a 49¢ 50 51 52a 53¢ RDX TKX-50
Taq/°C 116 144 192 154 200 208 186 170
N/% 59.2 72.2 72.3 64.6 63.6 66.0 37.8 59.3
Qco/% -11.3 —24.7 —20.8 —-12.3 —-21.8 —22.6 0 —-13.6
Qco,/% -33.8 —49.4 —41.5 —36.9 -36.3 —45.3 -21.6 —-27.1
p/g~cm’3 1.850 1.690 1.762 1.751 1.731 1.712 1.800 1.877
AH}’/kJ-mol’l 515.0 795.0 636.6 820.9 469.0 779.9 70.3 458.7
D/m-s! 8776 8239 8843 8784 9117 8687 8787 9781
p/GPa 34.2 27.5 31.4 31.8 32.3 29.9 35.3 40.1
1S/J <1 4 40 3 12 15 7.5 20
FS/N 60 120 240 20 216 120 120 120

sensitivity is also higher.?° Hydrazo derivative 33 is very sensitive both
to impact and friction which restrict its potential application in practice
(Table 5).

The hydroxytetrazole motif was also successfully incorporated in a
number of HEDMs comprising of structurally diverse heterocyclic sub-
units. 4,5-Bis(1-hydroxytetrazolyl)-2H-1,2,3-triazole 34 was synthesized
through a standard two-step procedure from the corresponding bis(-
chloroxime) 35 which was in turn prepared from 4,5-dicyano-2H-1,2,3-
triazole 36. Neutralization of compound 34 with free bases or their
carbonate (bicarbonate) salts afforded a series of nitrogen-rich organic
salts 37a-e (Scheme 10).*? Investigation of the functional properties of
the synthesized HEDMs revealed that parent heterocyclic scaffold 34 is
highly sensitive to impact, while salts 37a-c are much less sensitive to
impact and completely insensitive to friction. Ammonium and hydrox-
ylammonium salts 37a,b have good thermal stability and high

detonation performance which allows to consider them as a potential
replacement to RDX (Table 6).

5-(1,2,4-Oxadiazolyl)-1-hydroxytetrazole 38 was prepared by a
three-step conversion of the corresponding amidoxime 39. Compound 39
was synthesized via a double condensation procedure of the commer-
cially available unsubstituted glyoxime. Direct neutralization of the
hydroxytetrazole 38 afforded a series of organic salts 40a-c bearing small
nitrogen-based cations (Scheme 11).% Although salts 40a-c showed
lower thermal stability than RDX and HMX, their nitrogen content is
much higher which indicates their eco-friendliness. In addition, salts
40b,c have the same detonation performance and mechanical sensitivity
as RDX (Table 7).

Interaction of dicyanodifurazanyl ether 41 with hydroxylamine fol-
lowed by nitrosation of formed bis(amidoxime) resulted in a formation of
bis(chloroxime) 42. A treatment of compound 42 with NaN3 followed by
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Scheme 14. Synthesis of (1-hydroxytetrazolyl)furazans.”*>!
Table 10
Physicochemical properties and detonation performance of 54, 55c, h, 56a, 57c, f.°*°!
Compound 54 55¢ 55h 56a 57¢ 57f RDX TATB
Ta/°C - - - 266 204 251 204 324
N/% 58.0 55.5 66.7 60.9 50.0 61.9 37.8 325
Qco/% —23.7 —2338 —44.0 —26.1 -5.7 —35.4 0 -18.6
Qco, /% -52.1 —47.5 —67.4 -52.2 —229 -57.5 —21.6 -55.8
p/g-cm 3 1.790 1.803 1.710 1.710 1.840 1.740 1.820 1.930
AH?/]((J-IHOF1 441.0 454.5 712.5 1026.1 398.9 570.6 80.0 —139.3
D/m-s ! 8601 9100 8859 8456 9323 8755 8748 8144
p/GPa 30.0 33.4 29.0 27.7 38.3 28.8 34.9 31.2
1S/J 37 >50 45 17 14 >40 7.4 50
FS/N >360 >360 >360 160 160 360 120 360

bubbling of gaseous HCI through an ethereal solution of intermediate
bis(azidooxime) afforded 4,4'-oxybis[3,3’-(1-hydroxytetrazolyl)]furazan
43 which was converted to a series of nitrogen-cation salts 44a-d and
potassium salt 44e. Treatment of compound 43 with lead(Il) nitrate
resulted in a destructive cleavage of initial ether 43 to form the corre-
sponding salt 45 (Scheme 12).***> All synthesized HEDMs 44a-e, 45
have high thermal stability (>200 °C) and high enthalpies of formation.
Compounds 44a-c have excellent detonation performance (D =
8300-8900 m~s’1) on the level of RDX,** while lead-based derivative 45
has even higher detonation parameters (D = 9210 m-s™}; p = 50.9 GPa)
and surprisingly low sensitivity to impact and friction (Table 8).*°
Available 3-cyano-1,2,4-triazoles 46a-c, 5-cyanotetrazolyl sodium
salt 47 and (azidofurazanyl)chloroxime 48 may also serve as suitable
substrates for the construction of biheteroaryl energetic materials
incorporating the 1-hydroxytetrazole subunit. 5-(1,2,4-Triazolyl)-1-

hydroxytetrazoles 49a-c were studied as is, *® while hydroxytetrazoles 50
and 51 were converted to the corresponding nitrogen-rich energetic salts
52a-f and 53a-c, respectively (Scheme 13).** A similar synthetic
approach ~was also employed for the preparation of
bis(1-hydroxytetrazolyl)-1,2,5-oxadiazoles and a series of salts thereof.*’
Synthesized compounds have very high nitrogen content (up to 72%) and
high enthalpies of formation (470-820 kJ-mol~!). 1-Hydroxytetrazoles
49a and 51 bearing nitramine and azidofurazanyl motifs, respectively,
showed very high sensitivity to impact and friction which restrict their
application potential. At the same time, HEDMs 50 and 52a comprising
of a bitetrazole core have acceptable mechanical sensitivities and very
good detonation performance exceeding those of RDX, which allows to
consider them as environmentally benign secondary explosives (Table 9).

(4-Aminofurazanyl)-1-hydroxytetrazole 54 was found to be a valu-
able scaffold for the construction of a variety of low-sensitive highly
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energetic HEDMs. It was used as an anion source for the synthesis of
energetic salts 55a-i either by direct neutralization or through a double
metathesis procedure.®® Oxidation of the amino group in compound 54
to the azo moiety with subsequent base treatment afforded nitrogen-rich
derivatives 56a,j. Amino group was also nitrated to the corresponding
nitramine which was in situ neutralized to form the dianionic salt 57a.
Subsequent double cation metathesis provided a series of dianionic salts
57b,c,f,h,j (Scheme 14).°! All synthesized HEDMs have very high ni-
trogen content (>50%) and high enthalpies of formation (>400
kJ-mol ). Furthermore, prepared materials have excellent detonation
velocities (>8500 m-s1) and very low sensitivity toward impact and
friction (Table 10). These advantages enable the strong potential of the
presented HEDMs as a promising replacement for various secondary
explosives (RDX, HMX, TATB).

4. Conclusion

In conclusion, the main achievements in the design and synthesis of
hydroxytetrazole-based HEDMs were summarized. Various routes to the
regioselective formation of both 1- and 2-hydroxytetrazole subunits and
their energetic derivatives were discussed. Hydroxytetrazole was found
to be a valuable heterocyclic scaffold for the preparation of various
energy-rich materials. Due to the highly acidic nature of the hydroxy
moiety, hydroxytetrazoles may serve as a synthetic platform for the
construction of wide arrays of structurally diverse ionic energy-rich de-
rivatives. Variation of explosophoric motifs at the tetrazole ring as well as
of cationic counterparts resulted in a formation of multipurpose energetic
materials which have high potential as environmentally benign primary
and secondary explosives.

Taking into account the emerging development of heterocyclic
chemistry, there is no doubt that hydroxytetrazole-based HEDMs will
retain their leading position in the framework of materials science. In our
opinion, a search of powerful HEDMs in a hydroxytetrazole series is far
from being exhausted. A combined multidisciplinary investigation will
gain deep insights in structure-property relationships and will also pro-
vide new industrial applications. A high level of environmental
compatibility of hydroxytetrazole-based energetic materials will guar-
antee the sustainability of chemical processes. Finally, the authors of this
review hope that it will stimulate researchers for further work in this
field.
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