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The Reactivity of 5-Cyanotetrazole towards Water and

Hydroxylamine

Niko Fischer, Thomas M. Klapdtke,* Sebastian Rappengliick, and Jérg Stierstorfer®

Sodium 5-cyanotetrazolate sesquihydrate (1) was prepared
from sodium azide and two equivalents of sodium cyanide
under acidic conditions. Its hydrolysis, when treated with an
excess of 6M nitric acid yields tetrazole-5-carboxamide (4),
whereas stoichiometric amounts of 2m nitric acid yields the
free acid 5-cyanotetrazole (2). 5-Cyanotetrazole readily reacts
with hydroxylammonium chloride to form the oxime of tetra-
zole-5-carboxamide (6). Both compounds, the tetrazole-5-car-
boxamide (4) and its oxime (6), bear an acidic proton, which
can be abstracted with bases such as aqueous ammonia or hy-
droxylamine, to form the respective hydroxylammonium (5, 7)
or ammonium salts (8). Also the guanidinium (9) and the tria-
minoguanidinium salt (10) were prepared using guanidinium

Introduction

Since their discovery, the spectrum of different applications of
tetrazoles has extended over a very large field during the last
century and especially in the last decades, reaching from phar-
maceutical compounds™ up to energetic materials,? where
they are used because of their high nitrogen content and com-
paratively high thermal stability, which traces back to their
stable 6m-aromatic system. Their preparation utilizes the 1,3-di-
polar cycloaddition of inorganic,” organic,** silyl,"® and com-
plexed metal azides™” with nitriles, whereas electron withdraw-
ing groups attached to the nitrile enhance their reactivity to-
wards 1,3-dipoles such as the azide moiety.”! This might be
a probable reason for the early discovery of 5-cyanotetrazole
from a dipolar cycloaddition of cyanogen, which has a very
electron-poor environment, with hydrazoic acid generated
in situ.®® Although the first synthetic route is accomplished in
aqueous media, also the preparation employing SO, (I) as the
solvent was reported recently.”) Because the nitrile group in 5-
cyanotetrazole is a versatile electrophilic moiety, which addi-
tional to its hydrolysis also can react with a variety of different
nucleophiles, 5-cyanotetrazole can be regarded as an inter-
mediate in variable syntheses for future applications, which do
not only include the above-mentioned sectors of pharmaceuti-
cal compounds and energetic materials. Here, the product of
the reaction of 5-cyanotetrazole and hydroxylamine, namely
tetrazole-5-carboxamide oxime, is introduced and character-
ized as an example of a transformation of the nitrile moiety
into a further useful intermediate for organic synthesis. Polanc
and co-workers""” report on the use of carboxamide oximes as
precursors for the synthesis of pyrimidine N-oxides, while
pointing out the use of N-oxides as intermediates or auxiliary
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and triaminoguanidinium chloride, respectively. All mentioned
compounds, including the silver salt of 5-cyanotetrazole (3),
were structurally characterized by low-temperature single-crys-
tal X-ray analysis. In additional, the materials were character-
ized using NMR and vibrational (IR, Raman) spectroscopy as
well as mass spectrometry and elemental analysis. The thermal
behavior was studied from DSC measurements and the sensi-
tivities of the compounds towards shock, friction, and electro-
static discharge were determined. Moreover, the heats of for-
mation were calculated (atomization method, CBS-4M enthal-
pies) and several detonation/propulsion parameters computed
with the EXPLO5 code.

agents in the synthesis, as protecting groups, oxidants, ligands
in metal complexes, as catalysts, pharmaceuticals, and agro-
chemicals."”

Along with the hydrolysis product of 5-cyanotetrazole, tetra-
zole-5-carboxamide, herein we want to concentrate on the en-
ergetic character of tetrazole-5-carboxamide oxime and the ni-
trogen-rich salts thereof, the synthesis and analytical character-
ization of which we report in the following.

Results and Discussion
Synthesis

The sodium salt of 5-cyanotetrazole, which has been known
since the early 20th century,® is here prepared from a slightly
modified procedure in a 2,3-dipolar cycloaddition (Huisgen re-
action), starting from sodium azide and two equivalents of
sodium cyanide under acidic conditions, using Cu*" as a cata-
lyst and MnO, as the oxidizing agent. Here, the cyanide anion
is oxidized to cyanogen by Cu®", which is reoxidized by MnO,
afterwards as depicted in Scheme 1.
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4CN +2Cu®* —>» +2 CuCN

N=C—C=N

2 CuCN + MnO; +4 H;0" —  Mn?* +2 Cu?* + 2CN + 6 H,0

Scheme 1. Generation of cyanogen in situ.

The cyanogen generated in situ cyclizes with hydrazoic acid
to 5-cyanotetrazole. To remove remaining MnO,, the reaction
mixture is filtrated and the filtrate is treated with Na,CO; to
remove Mn®" as its poorly soluble carbonate by filtration and
to obtain the sodium salt of 5-cyanotetrazole, which can be ex-
tracted with boiling acetone and recrystallized from ethanol/
ethyl acetate (2:1; Scheme 2).

T. M. Klapétke et al.

The electrophilic reactivity of nitriles can be used in reac-
tions with hydroxylamine leading to the respective carboxa-
mide oxime."” Based on 5-cyanotetrazole, tetrazole-5-carboxa-
mide oxime (6) can be isolated in yields up to 70%. Alterna-
tively, hydroxylammonium chloride and 1, instead of hydroxyl-
amine and 2, can be used. Here, the hydroxylammonium
cation is partially deprotonated in the reaction mixture by the
tetrazole moiety, resulting in a higher nucleophilicity of the
amine moiety, which is necessary for the reaction with the
cyano group of 1. Tetrazole-5-carboxamide oxime (6) again can
be deprotonated at the tetrazole ring using nitrogen-rich
bases such as hydroxylamine, ammonia, guanidinium carbon-
ate, or triaminoguanidine, resulting in the respective salts hy-
droxylammonium tetrazole-5-carboxamide oxime (7), ammoni-
um tetrazole-5-carboxamide oxime (8), guanidinium tetrazole-

5-carboxamide oxime (9), and
1,3,5-triaminoguanidinium tetra-

®
Na \ “15H0 zole-5-carboxamide oxime (10),
N HNO; (2M) HN/N\ respectively. Beside 7, also the
NaNs + NaCN i ,L> CN > ,L\ »—CN hydroxylammonium salt of tetra-
N 1 \g zole-5-carboxamide was isolated
after deprotonation of 4 in aque-
=N ous solution. Single crystals of all
AgNO; ® .
- Ag | CN described compounds, except
N e .
HNO, (6M) ~y for the tetrazole-5-carboxamide
80°C (NHZOH)CI 3 oxime (6), the corresponding
_N NH, free acid could be obtained after
H ¥ NH 7: NH;0H / llization fi hanol/
y—N /o n—N / 2 8' NH,(aq) c recrystallization from ethano
” > C/ || p c . N\N \\N—OH ethyl acetate (2:1; 1), ethanol (2),
N\N/ \NH N\ \\N_OH N,N'-dimethylformamide (3),
4 2 6 (NHOH) 7 water (4), or ethanol/water
NH4® 8 (ca. 10:1 to 20:1; 5, 7-10), re-
NH,OH|H,0 9: G,CO; .
2 2 10: 7AG spectively.
®
(NH30H) ® Crystal structures
_N 0 _N NH, NHR
T> C// T> C/ RHN < G® ReH) 9 The crystal structures of com-
N \NH N \\N on TA(3®(R:NH2) 10 pounds 2-5 as well as 7-10
5 2 NHR were determined by low-temper-

Scheme 2. Synthesis of sodium 5-cyanotetrazolate (1), the free acid 2 and the silver salt 3 as well as the tetrazole-
5-carboxamide (4), its salt 5 and the tetrazole-5-carboxamide oxime (6), and the salts 7-10 thereof.

The treatment of sodium 5-cyanotetrazolate with different
concentrations of nitric acid, such as 2m and 6 m HNO,, yields
two different reaction products, which first is the free acid 5-
cyanotetrazole (2) in the case of 2m HNO; and second the hy-
drolysis product tetrazole-5-carboxamide (4) in the case of
using 6 M HNO; at elevated temperature. Silver 5-cyanotetrazo-
late (3) can be isolated after combining a silver nitrate solution
with a solution of 1. It precipitates instantly owing to its very
low water solubility, but nevertheless, it was possible to obtain
single crystals of 3 from slowly cooling down a hot solution of
3 in N,N'-dimethylformamide (DMF). Silver salt 3 is a primary
explosive with high sensitivities towards shock, friction, and
electrostatic discharge!
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ature X-ray analysis. Different pa-
rameters regarding the measure-
ments and solutions are gath-
ered in Table 1 and Table 2. Al-
though the crystal structure of
ammonium, sodium, potassium, and guanidinium salt were de-
scribed,” the structure of the parent compound is still un-
known. 5-Cyanotetrazole (2) crystallizes in the monoclinic
space group P2,/m with two molecules in the unit cell. Its den-
sity of 1.635 gcm ™ is in agreement to other neutral tetrazole
compounds reported in the literature, for example, 5-oxotetra-
zole (1.699 gcm~3)."? The proton connected to the ring nitro-
gen atom N2 participates in two hydrogen bonds forming
a planar structure shown in Figure 1.

The highly sensitive silver salt 3 crystallizes in the monoclinic
space group P2,/n with a density of 3.245 gcm™, which is
slightly higher than that of silver 1-methyl-5-nitriminotetrazo-
late (2.948 gcm )" The coordination sphere of the silver

ChemPlusChem 2012, 00, 1-13
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Table 2. CBS-4M calculation results, molecular volumes taken from X-ray
measurements, and calculated lattice enthalpy.

M —Hau]l  AH(g,M) [kKimol™'l1  Vy[nm®]  4H, [kimol™"]
5anion 425907415 584 - -

6 anion  481.115424 148.0 - -

NH,* 56.796608 635.8 - -

NH,0* 131.863249 687.2 - —

G*t 205453192 5719 - -

TAGt 371.197775 8743 - -

5 - 628.8 0.146 554.1

7 - 835.2 0.160 540.7

8 - 783.8 0.152 547.9

9 - 719.9 0.207 505.5

10 - 1022.3 0.239 487.1

Figure 1. Hydrogen bonding in the structure of 2. Thermal ellipsoids represent the 50 %
probability level. Selected bond lengths [A]: N4A—N3 1.318(3), N4—C1 1.339(4), N3—N2
1.318(3), N2—N1 1.311(3), N1-C1 1.328(4), N5—C2 1.138(4), C1—C2 1.438(4); selected bond
angles []: N3-N4-C1 105.6(2), N2-N3-N4 105.6(2), N1-N2-N3 115.0(2), N2-N1-C1 100.7(2),
N1-C1-N4 113.2(3), N1-C1-C2 122.0(3), N4-C1-C2 124.8(2), N5-C2-C1 179.5(3); hydrogen
bonds [D—H--A, d(D—H), d(H--A), d(D-A), < (D—H--A)l: N2—H2-- N5' 0.87(4) A, 2.30(4) A,
2.948(4) A, 131(3)°; N2—H2--N4" 0.87(4) A, 2.27(4) A, 3.001(4) A, 142(4)°; symmetry codes:
)=1+xy, =142z i) =1+xy z i) Xy, 1+, V) 1+Xy, 1+Z, V) T4+X Y, Z; Vi) X, ),

—14z

atoms (<3 A) is shown in Figure 2. The found coordination
number of five is typical for strongly ionic silver complexes
caused by hard ligands. The shortest contacts are Ag—N3'
2.260(5) A and Ag—N2" 2.242(4) A with an angle of N3'-Ag-N2"
of 51.8(1)°. The molecular structure of the cation is in agree-
ment to other cyanotetrazolates in the literature.” The tetra-
zole/ate rings in all structures are planar with bond distances
between typical C—N/N—N and C=N/N=N bonds owing to their
aromaticity. The cyano bond length C2—N5 of 1.134(5) A corre-
sponds to an elongated C=N bond, while the C1-C2 length of
1.452(5) A is significantly shorter than a C—C bond (1.54 A).

www.chempluschem.org
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N2i /
/
N\\‘~Q-Ag N3
‘o
A
/ \ N5
NS @ \ N1 Cc2
C1
N2
N4

N3

Figure 2. Coordination of the Ag™ cation in the structure of 3. Thermal ellip-
soids represent the 50% probability level. Selected coordination distances
[Al: Ag—N1 2.408(4), Ag—N3' 2.260(5), Ag—N2" 2.242(4), Ag—N5" 2.750(4),
Ag—N5" 2.951(6); symmetry codes: ) 0.5+x, 0.5—y, 0.5+2z; i) 1—x, —y, 1—z;
i) 1—x, —y, 2—2z; iv) 0.5+x, 0.5—y, —0.5+2z.

1H-Tetrazole-5-carboxamide (4) crystallizes in the
monoclinic space group P2,/m with two molecules in
the unit cell. The density of 1.730 gcm™ is compara-
ble to that observed for 5-azidotetrazole
(1.72 gecm 3. The ring proton is now connected to
the nitrogen atom N1. The three acidic protons form
an intense hydrogen-bond network shown in
Figure 3. The corresponding N1-methylated product
has been structurally characterized in the literature,
showing a significantly lower density of 1.457 gcm™>.
Its molecular structure is in agreement to that of
compound 4.

Hydroxylammonium 5-carboxamido-tetrazolate (5),
crystallizing in the monoclinic space group P2,/c, has
a lower density (1.66 gcm™) in comparison to its
neutral parent compound 4. The structure of the
anion, shown in Figure 4, is in agreement to the cor-
responding potassium salt," which is the only ionic
structure of 4 that has been structurally characterized
in literature so far. All hydrogen atoms of the hydrox-
ylammonium cation participate in hydrogen bonds
to form a 3-dim network.

The structural motif of deprotonated 6, shown in
Figure 5, has never been described in the literature
before. Unfortunately, we were not able to obtain
single crystals of the parent compound 6. The investi-
gated salts 7-10 all crystallize in common space
groups (7, 10: P2,/n"", 8: C2/c”', 9: Pca2,) with differ-
ent densities (7: 1.670, 8: 1.581, 9: 1.504, 10: 1.617 gcm ). The
structures of the anions are similar with respect to their bond
lengths (and angles) and are given in the captions of Fig-
ures 5-8. In all cases the atoms C1, C2, N1, N2, N3, and N4 lie
within a plane. The amine and hydroxyimine groups are slight-
ly twisted out of the ring plane with torsion angles N1-C1-C2-
N5 of 21.3° (7), 33.3° (8), 11.6° (9), and 15.2° (10).

ChemPlusChem 2012, 00, 1-13
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Figure 3. Hydrogen bonding in the structure of 7H-tetrazole-5-carboxamide (4). Thermal ellipsoids represent the
50% probability level. Selected bond lengths [Al: N1—C1 1.334(2), N1=N2 1.337(2), N5—C2 1.322(2), 01—C2

FULL

The proton NMR spectrum of
2 shows one singlet at
13.02 ppm, that can be assigned
to the relatively acidic proton at
the tetrazole ring, which is
slightly shifted upfield in the
spectrum of the less acidic com-
pound 6 (0=10.51 ppm). In ad-
ditional, the comparatively sharp
signal of the oxime proton is
visible at 0 =7.09 ppm, whereas
the amino group can only be as-
signed to a broad elevation of
the baseline at around J=
6.30 ppm. The hydrolysis prod-
uct 4 reveals two distinct sin-
glets in its proton NMR spec-
trum, which can be assigned to
the amino protons of the amide
functionality at 6=8.7 and
8.19 ppm, which show hindered
rotation owing to the amide res-

1.2306(19), N4—C1 1.324(2), N4A—N3 1.365(2), N2—N3 1.298(2), C2—C1 1.488(2); selected bond angles [°]: C1-N1-N2

109.35(14), C1-N4-N3 105.64(13), N3-N2-N1 106.27(14), N2-N3-N4 110.57(13), 01-C2-N5 124.70(15), 01-C2-C1
117.39(14), N5-C2-C1 117.92(14), N4-C1-N1 108.18(15), N4-C1-C2 131.67(15), N1-C1-C2 120.15(14); hydrogen bonds
[D—H-A, d(D—H), d(H-+A), d(D--A), < (D—H--A)]: N1T-H1--N4' 0.90(3) A, 1.96(3) A, 2.845(2) A, 171(3)°; N5-H51--01"
0.91(3) A, 1.92(3) A, 2.804(2) A, 163(2)°, N5—H52--N3" 0.92(2) A, 2.24(2) A, 3.121(2) A, 162.4(18)°; symmetry codes:

)=14+xy z;i)xy —1+z i) 1+xy z;iv)x, y 1+2z

N6

Figure 4. Molecular unit of hydroxylammonium 5-carboxamido-tetrazolate
(5). Ellipsoids of nonhydrogen atoms are drawn at the 50% probability level.
Selected bond lengths (A): C1—N4 1.3316(18), C1-N1 1.333(2), C1-C2
1.486(2), NA—N3 1.3404(18), N3—N2 1.3218(17), N2—N1 1.3365(17), N5—C2
1.308(2), C2—01 1.2481(18), 02—N6 1.4103(17); selected bond angles (°): N4-
C1-N1112.61(16), N4-C1-C2 126.54(16), N1-C1-C2 120.82(14), C1-N4-N3
103.73(14), N2-N3-N4 110.13(12), N3-N2-N1 108.95(12), C1-N1-N2 104.58(12),
01-C2-N5 122.91(17), 01-C2-C1 118.07(16), N5-C2-C1 119.03(15).

NMR spectroscopy

All compounds 1-10 were investigated using 'H and '*C NMR
spectroscopy. The chemical shifts are related to tetramethylsi-
lane as standard. Here, an interesting comparison between the
spectra of 5-cyanotetrazole and its hydrolysis products tetra-
zole-5-carboxamide and tetrazole-5-carboxamide oxime seems
appropriate.

ChemPlusChem 2012, 00, 1-13
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onance.

The tetrazole carbon atom of
2 is visible as a signal at 0=
139.3 ppm, which is strongly
shifted downfield upon hydroly-

N7

02

Figure 5. Molecular unit of hydroxylammonium 5-(N-hydroxy-carboximida-
mide)-tetrazolate (7). Thermal ellipsoids represent the 50% probability level.
Selected bond lengths [A]: 01-N6 1.414(2), N1-C1 1.331(3), N1-N2 1.346(3),
N2—N3 1.313(3), N3—N4 1.341(2), N4—C1 1.330(3), N5—C2 1.347(3), N6—C2
1.285(3), C1—C2 1.474(3), 02—N7 1.416(2).

sis (4: 0=152.0 ppm, 6: 6 =150.7 ppm). The same applies also
to the nitrile carbon atom, which is shifted from 6 =112.3 ppm
in 2 to 157.2 ppm in 4, and 144.9 ppm in 6.

The hydroxylammonium salt of 4 (5), in addition to the
amide proton signals, reveals the signal of the protons of the
hydroxylammonium cation at d=10.06 ppm in the proton
NMR spectrum and slightly changed chemical shifts for the
carbon atoms as compared to 4 in its *C NMR spectrum. Both
signals are shifted downfield to d=163.1 and 157.4 ppm, re-
spectively.
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Figure 6. Molecular unit of ammonium 5-(N-hydroxy-carboximidamide)-tetra-
zolate (8). Thermal ellipsoids represent the 50% probability level. Selected
bond lengths [Al: 01-N6 1.421(2), N1-C1 1.336(2), N1-N2 1.352(2), N2-N3
1.323(2), N3—N4 1.345(2), N4—C1 1.344(2), N5—-C2 1.362(2), N6—C2 1.290(2),
C1-C2 1.474(3).

Figure 7. Molecular unit of Guanidinium 5-(N-hydroxy-carboximidamide)-tet-
razolate (9). Thermal ellipsoids represent the 50% probability level. Selected
bond lengths [Al: 01-N6 1.431(2), N1—C1 1.333(3), N1-N2 1.358(3), N2—N3
1.317(3), N3—N4 1.346(3), N4—C1 1.343(3), N5—C2 1.341(3), N6—C2 1.293(3),
C1-C2 1.473(3), N7—C3 1.326(3), N8—C3 1.326(3), N9—C3 1.318(3).

Figure 8. Molecular unit of 1,3,5-triaminoguanidinium 5-(N-hydroxy-carboxi-
midamide)-tetrazolate (10). Thermal ellipsoids represent the 50% probability
level. Selected bond lengths [A]: O1-N6 1.4345(18), N8—N7 1.417(2), N7—C3
1.322(2), N10—N9 1.406(2), N11—-C3 1.322(2), N11-N12 1.406(2), N2—N3
1.318(2), N2—N1 1.345(2), N6—C2 1.294(2), N5—C2 1.343(2), N3—N4 1.353(2),
N4—C1 1.337(2), N1—-C1 1.334(2), N9—C3 1.332(2), C2—C1 1.474(2).

The proton NMR spectrum of the hydroxylammonium salt of
6 (7) shows two broad signals at 6=12.31 and 8.47 ppm,
which can be assigned to the hydroxylammonium protons and
the protons of the carboxamide-oxime functionality, whereas
a definite assignment is not possible. For the ammonium salt
8, three broad singlets at 0 =7.35, 5.59, and 3.49 ppm are ob-
served, which belong to the oxime-OH, NH,, and the ammoni-
um cation, respectively. The spectrum of the guanidinium salt
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9, in addition to a broad singlet at d=6.61 ppm (NH,/OH),
shows the guanidinium cation protons in a sharp singlet at
0=>5.72 ppm, whereas the proton NMR spectrum of the triami-
noguanidinium salt shows a set of four singlets at 6=9.44
(OH), 8.67 (NH, 1,2,3-triaminoguanidinium), 5.51 (NH,), and
4.54 ppm (NH,, 1,2,3-triaminoguanidinium).

Also the carbon atom signals of the anion of the aforemen-
tioned salts are slightly shifted downfield upon deprotonation
compared to the neutral compound 6 as already observed for
4. Signals at 0 =146.5-148.2 ppm are observed for the carbon
atom of the carboxamide-oxime moiety and signals at 6=
156.2-156.5 ppm for the tetrazole carbon atom. The carbon
atoms of the guanidinium and triaminoguanidinium cation are
visible as signals at 0 =158.7 and 159.6 ppm, respectively.

Vibrational spectroscopy

Additional to NMR spectroscopy, IR, and Raman spectroscopy
were used for the identification of structural elements and
functional groups. Absorptions were assigned according to
values reported in the literature and exemplarily discussed for
selected compounds in the following."®'” The characteristic vi-
brations of the tetrazole ring system can be observed in all IR/
Raman spectra of 1-10. The tetrazole framework vibrations at
»=1001-1209 cm™', the asymmetric and symmetric stretching
vibrations of the N1-C1-N4 fragment"® in the range from v=
1372-1394 cm™' and the stretching vibration of the cyclic C=N
bond are observed. Latter occurs in the same region as the C=
N stretching vibration of the oxime subunit and the in-plane
scissoring absorption of the NH, group 6-10. The mentioned
C=N and N-H vibrations appear in a range from v=1542-
1712 cm™', which complicates a clear assignment without
quantum chemical calculations. As the IR spectrum of 2 shows
a medium absorption at v=1686 cm™', which can be definitely
assigned to the cyclic C=N bond, it is to assume, that the cor-
responding absorption bands at v=1682cm™" in 6 and v=
1712 cm™ in 8 correspond to the cyclic C=N stretching vibra-
tion as well. Because most oximes reported in the literature
show weak IR and strong Raman absorptions in the range of
v=1620-1690 cm ', it is suggested, that the absorptions at
y=1650 cm™' in the spectrum of 6 and at v=1643 cm™' in the
spectrum of 8 are caused by the exocyclic C=N vibration of
the oxime subunit. This finding corresponds with a strong
Raman absorption at ¥=1665 cm™', which is found for carbox-
amide oxime 6. Thus the remaining absorptions at v=
1559 cm™' (6) and v=1542 cm™' (8), can be assigned to in-
plane scissoring motions of the NH, group. Further characteris-
tic NH, bands occur in the range of v=638-856cm™' and
result by out-of-plane wagging motions, which can be identi-
fied without doubts in the spectra of 6-10. The nitrile func-
tionality in the Raman and IR spectra of 1 and 2 can be clearly
identified as strong absorptions at ¥=2260cm™' (1) and v=
2280 cm™' (2). Furthermore, N—H and O—H valence vibrations
can be observed in the region of v=2744-3461 cm™". In case
of 8, two well defined sharp absorptions corresponding to
asymmetric and symmetric N—H stretching vibrations of the
primary amino group appear at v=3454cm™' and v=
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3366 cm ™. In the spectrum of 6, dominating crystal water ab-
sorptions avoided such a well-defined separation of the ab-
sorption bands. The IR/Raman spectra of tetrazole-5-carboxa-
mide (4) and its hydroxylammonium salt 5 nicely show the C=
O stretching vibration of the amide moiety in an absorption
band at v=1671cm™' (5) and v=1688 cm™' (4). Also the N-H
stretching modes are visible as absorption bands at v=
3250 cm™' in the Raman spectrum of 4 and at ¥=3201 cm ™' in

the IR spectrum of 5.

Sensitivities and thermal stability

The impact sensitivity tests were carried out according to
STANAG 4489 modified instruction,”® using a BAM (Bunde-
sanstalt fir Materialforschung) drop hammer.2" The friction
sensitivity tests were carried out according to STANAG 4487%
modified instruction,”” using the BAM friction tester. The clas-
sification of the tested compounds results from the “UN Rec-
ommendations on the Transport of Dangerous Goods”
(Impact: Insensitive >40 J, less sensitive >35 J, sensitive >4 J,
very sensitive <3 J; friction: Insensitive >360 N, less sensitive =
360 N, sensitive<360N a.>80 N, very sensitive<80 N, ex-
treme sensitive <10 N. According to the UN Recommendations
on the Transport of Dangerous Goods (+) indicates: not safe
for transport.). Compounds 1, 3, and 5-10 were also tested
upon the sensitivity towards electrical discharge,*” using the
Electric Spark Tester ESD 2010 EN.?! The starting material
sodium 5-cyanotetrazolate shows no impact sensitivity (>40 J),
however, it was tested positive in the friction tester (160 N,
sensitive). This could be a reason of the inclusion of 1.5 equiva-
lents of crystal water. On the other hand, its silver salt 3 is
highly sensitive towards both, impact (<1J) and friction
(<5N).

Tetrazole-5-carboxamide oxime as well as its ammonium and
guanidinium salt can be classified as less sensitive towards
impact (40 J), whereas the hydroxylammonium (7) and the tria-
minoguanidinium salt (10) are more sensitive towards impact
(7: 10 J, 10: 15 1)), which is a trend, that already has been ob-
served for other nitrogen-rich salts of tetrazole derivatives.*®
Looking at their friction sensitivity, no definite trend can be ob-
served, however 7, 9, and 10 can be classified as less sensitive
towards friction (360 N), 6 and 8 need to be classified as sensi-
tive (6: 252 N, 8: 288 N). Also the hydroxylammonium salt of
tetrazole-5-carboxamide is less sensitive towards impact (40 J)
and shows no enhanced friction sensitivity (288 N), which
leads to the assumption, that also tetrazole-5-carboxamide is
only less sensitive towards impact and friction, however, these
sensitivities have not been tested yet. Also the sensitivities of
neutral 5-cyanotetrazole have only be roughly determined.
Owing to its electron deficiency in the tetrazole ring it must be
also categorized as at least sensitive towards both, impact and
friction.

The values for the sensitivities towards electrostatic dis-
charge are spread over a large range from 1T mJ (3) to 1J (9,
10). Not surprisingly, the silver salt of 5-cyanotetrazole shows
the highest sensitivity here, but for the other compounds, the
values also strongly depend on the grain size of the material,
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whereas powderlike materials are more sensitive and larger
crystals show lower sensitivities.

Differential scanning calorimetry (DSC) measurements to de-
termine the melt and decomposition temperatures of 1, 3, and
5-10 (about 1.5mg of each energetic material) were per-
formed in covered aluminum-containers with a hole (0.1 mm)
in the lid for gas release and a nitrogen flow of 20 mL per
minute on a Linseis PT 10 DSC*” calibrated by standard pure
indium and zinc at a heating rate of 5°C min~". The decompo-
sition temperatures are given as absolute onset temperatures.
The highest thermal stabilities among the investigated materi-
als were observed for both 5-cyanotetrazolate salts 1 (263°C)
and 3 (284°C). Also the tetrazole-5-carboxamide oxime (6) has
a surprisingly high thermal stability of 244°C. Here the dehy-
dration of the compound, which precipitates as a monohydrate
as evidenced by elemental analysis, is indicated by an endo-
thermic step in the DSC curve at 120°C. Looking at the ther-
mal stabilities of the ionic compounds 5-10, again the hydrox-
ylammonium and the triaminoguanidinium salts have the
lowest thermal stability (5: 173°C, 7: 171°C, 10: 160 °C), where-
as the ammonium and guanidinium salts decompose not
below 200°C (8: 202°C, 9: 206 °C).

Calculations

Several energetic parameters such as the detonation pressure,
detonation velocity, and heat of explosion of 5 as well as 7-10
were calculated by the EXPLO5.05 computer code.”® The pro-
gram is based on the input of the energy of formation
(kJkg™), density (gcm™) and the sum formula.

The heats of formation of 5 and 7-10 were also computed
theoretically by using the atomization method Equation (1) in
combination with CBS-4M electronic enthalpies.”” The CBS
models use the known asymptotic convergence of pair natural
orbital expressions to extrapolate from calculations using
a finite basis set to the estimated complete basis set limit.
CBS-4 begins with a HF/3-21G(d) geometry optimization; the
zero-point energy is computed at the same level. It then uses
a large basis set self-consistent-field (SCF) calculation as a base
energy, and a MP2/6-31+G calculation with a CBS extrapola-
tion to correct the energy through second order. A MP4(SDQ)/
6-31+(d,p) calculation is used to approximate higher-order
contributions. In this study we applied the modified CBS-4M
method (M referring to the use of Minimal Population localiza-
tion) which is a reparametrized version of the original CBS-4
method and also includes some additional empirical correc-
tions.” This method was shown to be suitable for energetic
compounds in different recent publications.®” The quantum
chemical calculations were carried out using the Gaussian G09
program package.’? Coordinates of the optimized structures
can be found in the Supporting Information.

AfHD(g, M, 298) — H(Molecule, 298) Z HO(Atoms, 298) + Z AfH(Atoms, 298)

(M

For the ionic compounds the gas-phase enthalpies of forma-
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Table 3. Energetic properties and detonation parameters of 5 and 7-10.
5 7 8 9 10 2,4,6-TNT RDX
formula C,HeNGO, C,H;N,0, C,H;N,0 C5HgN,O C;H,,N;,0 C,HsN;Oq C5HeNGOg
Mr [gmol~"] 146.11 161.12 145.12 187.16 232.21 227.13 222.12
IS 1@ 40 10 40 40 15 1520 7.521
FS INJ™ 288 >360 288 360 360 353 12012
ESD-test [J] 0.15 0.30 0.75 1.0 1.0 0.8 0.2
N [%] 57.52 60.85 67.56 67.35 72.38 18.50 37.84
Q %] —54.75 —54.61 —71.65 —81.20 —75.78 —73.96 —21.61
Tdecomp ey 173 171 202 206 160 81 (m.p.), 290 (decomp ) 205 (m.p.), 210 (decomp )
density [gecm ]9 1.660 1.670 1.581 1.504 1.617 1.713 (100 K)*"! 1.858 (90 K)“2
AH,,° TkImol "™ 74.7 294.4 2359 214.4 535.2 -55.5 86.3
AU° [k kg0 929.9 1950.1 1753.3 1270.8 2837.7 -168.0 489.0
EXPLOS5 values
—ALU° [k kg™'® 4395 5168 3875 3078 4444 5258 6190
Te [KI¥ 3036 3349 2674 2297 2827 3663 4232
pc_, [kbar]” 258 294 230 180 271 235 380
D [ms™ "1™ 8180 8643 7962 7254 8508 7459 8983
gas vol. [Lkg™"1" 819 837 827 802 841 569 734
I, [s~" 206 230 202 182 223 205 258
[a] Impact sensitivity (BAM drophammer, method 1 of 6). [b] Friction sensitivity (BAM friction tester, method 1 of 6). [c] Electrostatic discharge device
(OZM). [d] Nitrogen content. [e] Oxygen balance. [f] Decomposition temperature from DSC (=5 °C). [g] Estimated from X-ray analysis. [h] Calculated (CBS-
4M) heat of formation. [i] Calculated energy of formation. [j] Energy of explosion. [k] Explosion temperature. [I] Detonation pressure. [m] Detonation veloci-
ty. [n] Assuming only gaseous products. [0] Specific impulse (isobaric conditions, chamber pressure of 60 bar).

tion (Table 2) were converted into the solid-state (standard
conditions) enthalpy of formation AH,, (Table 3) by subtraction
of lattice enthalpies. These lattice energies (U)) and lattice en-
thalpies (4H,) were calculated from the corresponding molecu-
lar volumes (from XRD) according to Jenkin’s equations.®

Lastly, the molar standard enthalpies of formation (AH,,)
were used to calculate the solid state energies of formation
(AU) per kilo according to Equation (1), where An is the
change of moles of gaseous components.

AU = (AH,—An x RT) x 1000/M (2)

All compounds are formed endothermically in the solid state
(Table 3). Triaminoguanidinium salt 10 shows the highest value
of 535 kJmol™', which is caused mainly by the three N-N
bonds within the cation. The lowest heat of formation of
75 kJmol™" is observed for 5, which can be explained by the
formal addition of one exothermically formed water molecule.

The detonation parameters and specific impulse were calcu-
lated using the latest version of the EXPLO5 code (V5.05).
EXPLOS is based on the steady-state model of equilibrium det-
onation and uses the Becker—Kistiakowsky-Wilson equation of
state (BKW E.O.S) for gaseous detonation products and
Cowan-Fickett E.O.S. for solid carbon. The calculation of the
equilibrium composition of the detonation products is done
by applying modified White, Johnson, and Dantzig's free
energy minimization technique. The program is designed to
enable the calculation of detonation parameters at the Chap-
man-Jouget (CJ) point.

For all compounds their maximum X-ray densities at —173 K
were used for the EXPLO5 computations. In addition, the spe-
cific impulse of the pure compounds when used as monopro-
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pellants was calculated assuming rocket propellant conditions
(isobaric combustion with a chamber pressure of 60 bar). The
calculations were performed using the maximum densities ac-
cording to the crystal structures and the results are gathered
in Table 3. With respect to desired detonation performance
compound 7 has the best calculated values regarding the
most important values: detonation pressure (p,,=294 kbar),
velocity (D=8643ms™"), and heat of detonation (AU=
—5168 kJkg™). It has also the highest calculated specific im-
pulse (,=2305s). However, modern low-corrosive propellant
mixtures demand low deflagration temperatures, which is en-
sured better by compound 10. The detonation parameters of
all investigated compounds are lower as compared to those of
commonly used high explosives such as RDX (hexogen,
Table 3) or HMX (octogen). However, in the case of 7 and 10,
the calculated detonation performance is significantly better
than that of for example, PETN (pentaerythritol tetranitrate)
and largely better than those of TNT (trinitrotoluene), which
are listed in Table 3.

Conclusion

From this initial study the following conclusions can be drawn:

— Sodium 5-cyanotetrazolate sesquihydrate (1) was protonated
with 2m HCI to give the free acid 5-cyanotetrazole (2). The
silver salt of 2 was prepared by treating 1 with AgNO,.

— The hydrolysis product of 1, tetrazole-5-carboxamide (4) was
obtained after treating 1 with an excess of 6 M HNO, at
80°C. It was deprotonated with hydroxylamine to give the
hydroxylammonium salt 5.
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— Sodium 5-cyanotetrazolate sesquihydrate (1) can be convert-
ed into tetrazole-5-carboxamide oxime (6) by treatment with
hydroxylammonium chloride and gave 60% yield. Treatment
of 5-cyanotetrazole (2) with hydroxylamine yielded the same
compound in 74% vyield.

— Four nitrogen-rich salts of 6, the hydroxylammonium (7),
ammonium (8), guanidinium (9), and triaminoguanidinium
tetrazole-5-carboxamide oxime (10) were prepared and fully
characterized.

— The crystal structures of 2-5 and 7-10 were determined
using low-temperature single-crystal X-ray analysis. They
crystallize in the common space groups P2,/m~" (2, 4), P2,/n
(3, 7, 10), P2,/c (5), C2/c (8), and Pca2, (9) with densities be-
tween 1.504 gcm™ (9), and 1.730 gcm™ (4) for the CHNO
compounds and 3.245 gcm™® for the silver salt 3.

— The sensitivities towards impact, friction, and electrostatic
discharge were determined of 1, 3, and 5-10. They reach
from very sensitive (IS: <1J, FS: <5N, ESD: 1 mJ) for the
silver salt 3 to insensitive for the guanidinium salt 9 (IS: 40 J,
FS: 360 N, ESD: 1.0 J).

— The thermal stabilities of 1, 3, and 5-10 were determined by
DSC measurements. Here, the sodium (263 °C) and the silver
salt (284°C) of 2 reached the highest thermal stabilities,
whereas the triaminoguanidinium salt of 6 (160°C) and the
hydroxylammonium salts of 4 (173°C) and 6 (171 °C) decom-
pose below 180°C.

— With the calculated heats of formation (CBS-4M) and the X-
ray densities, several detonation parameters of 2, 4, 5, and
7-10 were calculated (EXPLOS5.05). Their detonation veloci-
ties reach from 7254 (9) to 8643 ms™' (7), while having deto-
nation pressures that reach from 180 (9) to 294 kbar (7).
Therefore, the detonation parameters of all investigated
compounds are lower compared to those of military high ex-
plosives such as RDX or HMX. However, in the case of 7 and
10, the detonation performance is slightly better than that
of PETN (pentaerythritol tetranitrate) and largely better than
those of TNT.

Experimental Section
Experimental details

CAUTION! 5-Cyanotetrazole, tetrazole-5-carboxamide and tetra-
zole-5-carboxamide oxime and the salts thereof are energetic
materials with increased sensitivities towards shock and friction.
Therefore, proper safety precautions (safety glass, face shield,
earthed equipment and shoes, Kevlar gloves, and ear plugs)
have to be applied while synthesizing and handling the de-
scribed compounds.

All chemicals and solvents were used as received (Sigma-Aldrich,
Fluka, Acros). 'H and "C spectra were recorded using a JEOL
Eclipse 270, JEOL EX 400, or a JEOL Eclipse 400 instrument. The
chemical shifts quoted in ppm in the text refer to typical standards
such as tetramethylsilane ('H, C). To determine the melting and
decomposition temperatures of the described compounds a Linseis
PT 10 DSC (heating rate 5°C min~') was used. Infrared spectra
were measured using a PerkinElmer Spectrum One FT-IR spectrom-
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eter as KBr pellets. Raman spectra were recorded on a Bruker Mul-
tiRAM Raman Sample Compartment D418 equipped with a Nd-
YAG-Laser (1064 nm) and a LN-Ge diode as detector. Mass spectra
of the described compounds were measured at a JEOL MStation
JMS 700 using either FAB, DEI, or DCl technique. To measure ele-
mental analyses a Netsch STA 429 simultaneous thermal analyzer
was employed.

The crystal structures of compounds 2-5 as well as 7-10 were de-
termined by low-temperature X-ray analysis on an Oxford Xcalibur3
diffractometer with a Spellman generator (voltage 50 kV, current
40 mA) and a KappaCCD detector. The data collection and reduc-
tion was carried out using the CrysAlisPro software.®¥ The struc-
tures were solved either with Shelxs-97" or Sir-92,5 refined with
ShelxI-977 and finally checked using the Platon®® software inte-
grated in the WinGX®? software suite. The absorptions were cor-
rected with a Scale3 Abspack multiscan method. Selected data and
parameter of the X-ray determinations are given in Table 1. Further
crystallographic data for the structures have been deposited with
the Cambridge Crystallographic Data Centre."*”

The detonation parameters were calculated using the program
EXPLO5V5.05. The program is based on the steady-state model of
equilibrium detonation and uses Becker—Kistiakowsky-Wilson
equation of state (BKW E.O.S) for gaseous detonation products and
Cowan-Fickett E.O.S. for solid carbon. The calculation of the equi-
librium composition of the detonation products is done by apply-
ing modified White, Johnson, and Dantzig's free energy minimiza-
tion technique. The program is designed to enable the calculation
of detonation parameters at the CJ point.

Triaminoguanidine (free base) was synthesized by dissolving triami-
noguanidinium chloride in aqueous sodium hydroxide under N,
and addition of DMF to the mixture. Subsequently precipitated tri-
aminoguanidine was filtered off with a Schlenk frit. Triaminoguani-
dinium chloride was isolated after treating aminoguanidinium bi-
carbonate with HCl and following reaction of the chloride with 2
equivalents of hydrazine hydrate in 1,4-dioxane under reflux condi-
tions.

Synthesis

Sodium 5-cyanotetrazolate sesquihydrate (1): To a solution of
sodium cyanide (50.0 g, 1.02 mol, 2.00 equiv) and sodium azide
(32.5 g, 500 mmol, 1.00 equiv) in H,0 (400 mL) was added MnO,
(50.0 g, 575 mmol, 1.15 equiv). To the resulting dark brown suspen-
sion was added dropwise a mixture of H,SO, (100 mL of a 50% so-
lution in H,0, 936 mmol, 1.87 equiv), formic acid (60.0 g, 1.11 mol,
2.22 equiv) and CuSO,-5 H,0 (1.00 g, 4.01 mmol, 8.02x 1073 equiv)
within 30 min. During this period of time the temperature was
kept between 38 and 43°C by cooling the reaction mixture with
an ice bath. Afterwards the mixture was heated to 60°C for 2 h
before it was cooled to RT. The resulting brown slurry was filtered
off and the filtrate was adjusted to pH 10 by addition of Na,CO,
(106 g, 1.00 mol, 2.00 equiv). The solution was diluted with H,O
(300 mL), the thus formed manganese formate was filtered off and
the filtrate was neutralized with formic acid (7.00 mL). The solvent
was removed under reduced pressure and the resulting residue
was extracted with boiling acetone. Removal of the solvent under
reduced pressure and recrystallization from ethanol/ethyl acetate
yielded slightly yellow/ocher crystals of 1 (19.5 g, 135 mmol, 27 %).
DSC (5°C min™"): m.p=255°C, decomp =263 °C; 'H NMR (270 MHz,
[DgIDMSO, 25°C, TMS): 6=3.48 ppm (s, 2H; H,0); "CNMR
(68 MHz, [DJDMSO, 25°C, TMS): 6=138.3 (CN,), 115.6 ppm (CN);
N NMR (29 MHz, [DJDMSO, 25°C, CH;NO,): 6=17.5 (s, 2N; N(1)-
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N(2)=N(3)), —47.7 (s, 2N; N(1)-C(5)=N(4)), —119 ppm (s, 1N; C-CN);
IR (KBr) V=3520 (s), 3414 (vs), 3298 (s), 2863 (w), 2836 (w), 2474
(w), 2460 (w ) 2260 (m), 2180 (w), 2142 (w), 2102 (w), 2087 (w),
1704 (m), 1670 (w), 1619 (s), 1471 (w), 1422 (w), 1380 (m), 1369

(w), 1196 (w ), 1150 (w), 1055 (w), 1047 (w), 877 (w), 753 (w), 738
(w), 728 (w), 671 (w), 660 (w), 602 (w), 549 (m), 533 (m),
499 cm~'(w); Raman (1064 nm, 300 mW, 25°C): v=3359 (1), 2266
(100), 1420 (59), 1200 (8), 1161 (5), 1095 (10), 1084 (6), 1060 (18),
737 (2), 608 (8), 495 (9), 226 cm™' (5); MS (DCI*): m/z calcd for
C,H;N;O*: 113.0 [M™]; found: 113.1; elemental analysis calcd (%)
for NaC,H;NsO,5: C 16.67, H 2.10, N 48.61; found: C 16.13, H 2.02,
N 46.71; BAM drophammer: 40 J; friction tester: 160 N; ESD:
380 mJ (at grain size 100-500 um).

5-Cyanotetrazole (2): Sodium-5-cyanotetrazolate sesquihydrate (1;
3.27 g, 22.7 mmol, 1.00 equiv) was dissolved in 2m HNO; (11.4 mL,
22.7 mmol. 1.00 equiv) at RT and the solvent was carefully removed
under reduced pressure at a maximum temperature of 40°C. The
residue was dried under high vacuum and suspended in dry EtOH
(30 mL). Filtration and slow evaporation of the mother liquor yield-
ed slightly greenish crystals of compound2 (1.20 g, 12.6 mmol,
56%). After almost complete evaporation of the mother liquor fur-
ther green/brown crystals of 2 (0.960 g, 10.1 mmol, 44 %) were ob-
tained. 'H NMR (400 MHz, [D¢]DMSO, 25°C, TMS): 0 =14.80 ppm (s
TH; NH); “CNMR (101 MHz, [DJDMSO, 25°C, TMS): &=139.2
(CN,), 113.3 (CN) ppm; IR (KBr): ¥=3461 (w), 3158 (m), 2979 (w),
2881 (w), 2781 (w), 2680 (w), 2548 (w), 2278 (w), 2266 (w), 2153
(w), 1947 (w), 1788 (w), 1686 (m), 1560 (w), 1513 (w), 1466 (w),
1438 (w), 1414 (w), 1393 (w), 1372 (w), 1323 (m), 1294 (s), 1222 (w),
1209 (w), 1184 (w), 1170 (m), 1112 (m), 1044 (s), 1022 (s), 976 (w),
871 (w), 834 (s), 741 (m), 697 cm™' (w); Raman (1064 nm, 300 mW,
25°C): v=3165 (2), 2280 (100), 1468 (14), 1439 (14), 1413 (34), 1386
(3), 1297 (4), 1221 (7), 1173 (10), 1110 (26), 1068 (15), 1024 (10), 744
(4), 725 (3), 608 (13), 542 (4), 494 (15), 214 cm™' (23); MS (DEI*):
m/z calcd for C,HNs*: 95.0 [M*]; found: 95.0; elemental analysis
calcd (%) for CHNs: C25.27, H1.06, N73.67; found: C 2541,
H 1.03, N 72.44.

Silver 5-cyanotetrazolate (3): Compound 1 (432 mg, 3.00 mmol,
1.00 equiv) was dissolved in H,O (10 mL) at RT. Afterwards an aque-
ous solution of AgNO; (10 mL, 510 mg, 3.00 mmol, 1.00 equiv) was
added. A thick, white precipitate started to form immediately,
which was stirred for further 15 min under the exclusion of light.
The precipitate was filtered off, washed with water to remove re-
sidual NaNO; and air-dried. Yield: 595 mg (2.95 mmol, 98%). DSC
(5°C min™"): decomp=284°C; elemental analysis calcd (%) for
C,AgNs: C 11.90, N 34.68; found: C 11.99, N 34.37; BAM dropham-
mer: <1J; friction tester: <5N; ESD: 1mlJ (}; at grain size
<100 pm).

Tetrazole-5-carboxamide (4): Compound 1 (3.20g, 22.2 mmol)
was dissolved in 6 M HNO; (10 mL) and the solution was heated to
80°C for 15 min. The solvent was removed under reduced pressure
and the residue was extracted with boiling ethanol (3x 100 mL).
After the solvent was removed from the combined extracts, the
residue was recrystallized from boiling water. Yield: 1.74g
(15.4 mmol, 69%). '"H NMR (400 MHz, [DJDMSO, 25°C, TMS): 0=
8.57 (s, 1H; CONH,), 8.19 ppm (s, 1H; CONH,); *C NMR (101 MHz,
[Dc]DMSO, 25°C, TMS): 6 =157.2 (CONH,), 152.0 ppm (CN,); Raman
(1064 nm, 300 mW, 25°C): v=3361 (3), 3250 (10), 3192 (5), 2808
(2), 1688 (42), 1649 (6), 1604 (31), 1571 (64), 1442 (38), 1298 (20),
1229 (100), 1108 (82), 1090 (79), 1059 (35), 997 (7), 804 (13), 759
(2), 696 (30), 630 (2), 511 (6), 415 (58), 241 (46), 221 cm ™' (24); ele-
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mental analysis calcd (%) for C,H;N;O: C21.24, H2.67, N 61.93;
found: C 18.29, H 2.30, N 62.25.

Hydroxylammonium 5-carboxamide tetrazolate (5): Compound 4
(0.710 g, 6.28 mmol, 1.00 equiv) was dissolved in H,O (10 mL) and
hydroxylamine (0.39 mL of a 50% w/v solution in H,0, 0.420 g,
6.36 mmol, 1.01 equiv) was added. After cooling down the solution
to 2°C, 5 crystallized from the mother liquor in 88% yield (0.810 g,
5.54 mmol). DSC (5°C min™"): decomp =173°C; 'H NMR (400 MHz,
[Dg]DMSO, 25°C, TMS) 6=10.06 (s, 4H; NH;OH), 7.91 (s, 1H
CONH,), 7.59 (s, 1TH; CONH,); '*C NMR (101 MHz [D6]DMSO 25°C,
TMS) 6=163.1 (CONH,), 157.4 ppm (CN,); IR (KBr): v=3310 (s),
3201 (m), 2985 (s), 2859 (m), 2741 (vs), 2509 (m), 2178 ( ), 2106
(w), 1702 (s), 1671 (s), 1631 (m), 1616 (m), 1587 (m), 1517 (s), 1385
(m), 1334 (m), 1240 (w), 1204 (m), 1173 (m), 1114 (m), 1069 (w),
1050 (w), 1009 (m), 795 (m), 718 (m), 681 (m), 656 (m),
536 cm'(m); Raman (1064 nm, 350 mW, 25°C): v=3139 (4), 2939
(5), 2723 (5), 1637 (5), 1605 (12), 1527 (53), 1395 (2), 1337 (5), 1207
(33), 1175 (26), 1115 (19), 1098 (100), 1071 (47), 1051 (19), 1011
(25), 811 (3), 783 (3), 725 (13), 521 (3), 440 (12), 310 (3), 284 (6), 250
(12), 217 cm™'(10) ; MS (FAB*): m/z calcd for NH,O": 34.0 [M*];
found: 34.0; MS (FAB™): m/z calcd for C,;H,N;O™: 112.0 [M7]; found:
112.0; elemental analysis calcd (%) for C,H¢N;O,: C 16.44, H 4.14,
N 57.52; found: C 16.66, H 3.93, N 57.08; BAM drophammer: 40 J;
friction tester: 288 N; ESD: 0.15 J (at grain size 100-500 um).

Tetrazole-5-carboxamide oxime monohydrate (6): To a solution
of 5-cyanotetrazole (2) (1.66g, 17.5 mmol, 1.00 equiv) in H,O
(30 mL) was added hydroxylamine (1.07 mL of a 50% w/v solution
in H,0, 1.15g, 17.5 mmol, 1.00 equiv) at RT. Crystallization started
immediately after addition and yielded 6 (1.89 g, 12.9 mmol, 74 %)
as colorless precipitate.

Alternatively, a solution of 1 (11.5g; 80.0 mmol; 1.00 equiv) in
water (30 mL) was treated with an aqueous solution of hydroxy-
lammonium chloride (20 mL, 5.91 g; 85.0 mmol, 1.04 equiv). The
solution was heated at reflux for 10 min, until precipitation of 6
started. The crude product was filtered off and recrystallized from
hot water. The filtrate was left to stand for a few more days to im-
prove the yield. 6 (7.01 g; 48.0 mmol; 60 %) was gained as colorless
solid. DSC (5°C min™"): 120°C (H,0), decomp=244°C; 'H NMR
(270 MHz, [DgIDMSO, 25°C, TMS): 6=10.51 (br. s, 1H; NH),
7.09 ppm (s, 2H; C-NH,) ; *C NMR (68 MHz, [D]]JDMSO, 25°C, TMS):
8=150.7 (CN,), 144.9 ppm (C(NH,)NOH); IR (KBr): v=3315 (vs),
3128 (vs), 3002 (vs), 2849 (vs), 2745 (vs), 2649 (s), 2250 (w), 2211
(w), 2141 (w), 2117 (w), 1814 (w), 1801 (w), 1712 (vs), 1650 (s), 1559
m), 1500 (w), 1462 (m), 1394 (s), 1386 (s), 1306 (m), 1199 (w), 1173
w), 1159 (w), 1133 (w), 1121 (w), 1092 (w), 1062 (w), 1047 (w), 1024
w), 977 (w), 774 (s), 736 (s), 723 (s), 668 (m), 660 (m), 638 (s), 599
m), 525 (w), 501 cm~'(m); Raman (1064 nm, 300 mW, 25°C): V=
3116 (9), 1648 (9), 1578 (58), 1452 (18), 1400 (6), 1315 (13), 1199
(41), 1161 (30), 1125 (100), 1085 (84), 1062 (59), 1038 (41), 770 (17),
631 (8), 422 (47), 353 (12), 326 (9), 192 (10), 157 cm™' (28); MS
(FAB™): m/z calcd for C,H,;N,O™: 128.0 [M*]; found: 128.0; elemen-
tal analysis calcd (%) for C,HgNgO,: C 16.44, H 4.14, N 57.52; found:
C17.10, H3.76, N 57.83; BAM drophammer: 40 J; friction tester:
252 N; ESD: 80 mJ (at grain size 100-500 pum).

(
(
(
(

Hydroxylammonium 5-carboxamide-oxime tetrazolate (7): To
a suspension of 6 (0.713 g, 4.88 mmol, 1.00 equiv) in H,O (40 mL)
was added hydroxylamine (0.5 mL of a 50% (w/v) solution in H,O,
0.539 g, 8.16 mmol, 1.67 equiv) and the resulting mixture was
stirred at RT until everything was dissolved. Rapidly beginning crys-
tallization yielded small colorless crystal needles of compound 7
(435 mg, 2.69 mmol, 55%). Crystals suitable for X-ray diffraction
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were obtained by slow evaporation of a solution of 7 in DMF/H,0
(1:4). DSC (5°C min™"): decomp=171°C; 'HNMR (400 MHz,
[DJDMSO, 25°C, TMS): 6=12.31 (br. s, 3H; H,N-OH), 8.47 ppm (s,
2H; C-NH,); *CNMR (101 MHz, [Dg]DMSO, 25°C, TMS): 6 =156.5
(CN,), 148.2 ppm (C(NH,)NOH); N NMR (29 MHz, [DJDMSO, 25°C,
CH3;NO,): 0=—-68.8ppm (s, TN; C=N-OH); IR (KBr): v=3454 (s),
3366 (s), 3197 (m), 3118 (m), 3005 (m), 2906 (m), 2744 (m), 1682
(m), 1643 (m), 1542 (m), 1469 (m), 1385 (s), 1309 (m), 1273 (m),
1207 (w), 1152 (m), 1116 (m), 1045 (w), 1001 (w), 970 (m), 856 (w),
808 (m), 765 (w), 732 (w), 696 (w), 502 cm™" (w); Raman (1064 nm,
300 mW, 25°C): v=3358 (3), 1666 (38), 1604 (3), 1551 (100), 1472
(1), 1393 (3), 1315 (2), 1264 (2), 1208 (30), 1153 (18), 1118 (8), 1085
(36), 1062 (3), 1047 (3), 1002 (19), 967 (13), 818 (4), 766 (8), 654 (1),
518 (2), 444 (12), 422 (2), 362 (13), 285 (1), 217 (4), 187 (3), 146 (2),
131 (29), 120 (9), 106 (28), 95 (14), 78 cm ™' (81); MS (FAB™): m/z
calcd for NH,0": 34.0 [M™]; found: 34.0; MS (FAB"): m/z calcd for
C,H;NgO™: 127.0 [M7]; found: 127.0; elemental analysis calcd (%)
for C,H,N,0,: C14.91, H4.38 N60.85; found: C15.42, H4.05,
N 59.98; BAM drophammer: 10J; friction tester:>360N, ESD:
300 mJ (at grain size 100-500 um).

Ammonium 5-carboxamide-oxime tetrazolate (8): Compound 6
(1.47 g; 10.1 mmol; 1.00 equiv) was suspended in boiling water
(25 mL) and ammonia (32%; 0.5 mL; 26.7 mmol; 2.64 equiv) was
added. The suspension was heated until the reaction mixture
became clear and then cooled down. The solvent was removed by
rotary evaporation and 8 (1.37 g; 9.44 mmol; 93 %) was afforded as
colorless solid. DSC (5°C, min~'): decomp=202°C; 'HNMR
(400 MHz, [DgIDMSO, 25°C, TMS): 6=7.3 (br. s, TH; OH), 5.6 (br. s,
2H; NH,), 3.5 ppm (br. s, 4H; NH,*); *C NMR (101 MHz, [D;]DMSO,
25°C, TMS): 6=156.3 (CN,), 145.1 ppm (CNH,NOH); N NMR
(29 MHz, [DIDMSO, 25°C, CH,NO,):: 6=—353.4ppm (NH,"); IR
(KBr): v=3449 (s), 3339 (vs), 3178 (vs), 3058 (vs), 2883 (s), 2165
(vw), 1907 (w), 1679 (s), 1597 (m), 1537 (w), 1447 (s), 1384 (s), 1294
(m), 1196 (w), 1144 (w), 1103 (w), 1039 (w), 962 (s), 808 (s), 690 (m),
582 (w), 495 (w) cm™'; Raman (1064 nm, 300 mW, 25°C): v=3450
(2), 3328 (5), 3242 (2), 3189 (2), 3033 (7), 2869 (3), 1913 (2), 1663
(32), 1603 (3), 1542 (100), 1452 (2), 1378 (2), 1309 (4), 1200 (34),
1144 (17), 1119 (7), 1102 (12), 1061 (43), 1039 (4), 957 (36), 819 (6),
769 (11), 662 (2), 515 (3), 430 (13), 367 (7), 325 (11), 216 cm ™' (19);
MS (FAB™): m/z calcd for NH,™: 18.0 [M™]; found: 18.0; MS (FAB™):
m/z calcd for C,H;NgO™: 127.0 [M7]; found: 127.0; elemental analy-
sis calcd (%) for C,H,N,0: C 16.55, H 4.86, N 67.56; found: C 16.97,
H4.67, N67.03; BAM drophammer: 40 J; friction tester: 288 N;
ESD: 0.75 J (at grain size 100-500 pum).

Guanidinium 5-carboxamide-oxime tetrazolate (9): Compound 6
(1.47 g, 10.1 mmol, 2.00 equiv) was suspended in H,0 (50 mL), the
suspension was brought to reflux and guanidinium carbonate was
added (0.900 g, 5.00 mmol, 1.00 equiv). After boiling the suspen-
sion for 5 min, it became a clear solution. The solvent was removed
under reduced pressure and the residue was recrystallized from
ethanol/water to give 1.59 g (8.50 mmol, 85%) of 9 as colorless
crystals. DSC (5°C min™"): m.p.=160°C, decomp=206°C; 'H NMR
(400 MHz, [Dg]DMSO, 25°C, TMS): 6=6.61 (s, 3H; NH, OH),
5.72 ppm (s, 6H; C(NH,);); *CNMR (101 MHz, [DgJDMSO, 25°C,
TMS): 0=158.7 (C(NH,);), 156.2 (CN,), 146.5 ppm (CNH,NOH); IR
(KBr): ¥=3472 (s), 3428 (s), 3351 (s), 3269 (s), 3230 (s), 3174 (vs),
2785 (m), 1673 (vs), 1655 (vs), 1605 (m), 1563 (m), 1530 (w), 1412
(w), 1389 (m), 1292 (w), 1187 (w), 1139 (w), 1082 (w), 1061 (w),
1031 (w), 934 (m), 877 (w), 807 (m), 661 (w), 571 (w), 520 cm™' (w);
Raman (1064 nm, 500 mW, 25°C): v=3240 (4), 3175 (5), 1659 (14),
1607 (11), 1537 (100), 1390 (3), 1189 (37), 1140 (17), 1085 (27), 1064
(26), 1032 (5), 1011 (53), 940 (27), 806 (5), 770 (6), 663 (3), 529 (7),
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490 (3), 431 (11), 341 (8), 124 (79), 110 (95), 99 (112), 75 cm™' (68);
MS (FAB™): m/z calcd for CH¢N,™: 60.0 [M']; found: 60.0; MS
(FAB™): m/z calcd for C,H;N,O™: 127.0 [M7]; found: 127.1; elemental
analysis calcd (%) for C;HN,O: C19.25, H4.85, N 67.35; found:
C19.77, H4.77, N 66.41. BAM drophammer: 40 J; friction tester:
360 N; ESD: 1.0 J (at grain size 500-1000 pum).

Triaminoguanidinium 5-carboxamide-oxime tetrazolate (10):
Compound 6 (2.56 g; 20.0 mmol; 1.00 equiv) was suspended in
boiling water and triaminoguanidine (2.08g; 20.0 mmol;
1.00 equiv) was added under nitrogen atmosphere. The solution
turned red and became clear. After a short time of heating, the so-
lution became light orange and then colorless, was filtrated and
left to crystallize. 10 (3.32g; 14.3 mmol; 72%) was afforded as
orange-brown crystals. DSC (5°C, min~"): decomp = 160°C; 'H NMR
(400 MHz, [Dg]IDMSO, 25°C, TMS): 6=9.4 (s, TH; OH), 8.7 (s, 3H;
NH-NH,), 5.5 (s, 2H; C-NH,), 45 ppm (s, 6H; NH-NH,); *CNMR
(101 MHz, [DJDMSO, 25°C, TMS): 6=159.6 (C(NHNH,))), 156.5
(CN,), 145.7 ppm (CNH,NOH); IR (KBr): v=3851 (vw), 3319 (vs),
3211 (vs), 3104 (s), 2903 (m), 1684 (s), 1613 (s) 1536 (w), 1476 (w),
1425 (w), 1381 (m), 1334 (s), 1292 (m), 1188 (vw), 1128 (s), 1031
(w), 952 (vs), 800 (w), 770 (vw), 737 (vw), 703 (vw), 638 (m), 607 (s),
489 cm™' (vw); Raman (1064 nm, 300 mW, 25°C): v=3431 (2), 3352
(4), 3297 (6), 3297 (6), 3264 (5), 3179 (2), 1658 (28), 1611 (11), 1526
(100), 1371 (7), 1299 (2), 1181 (32), 1152 (5), 1125 (16) 1080 (31),
1048 (18), 938 (28), 881 (21), 804 (4), 770 (7), 643 (5), 485 (2), 426
(26), 409 (8), 347 (11), 294 (2), 261 (10), 199 (15), 189 (15), 148 cm™'
(14); MS (FAB™): m/z calcd for CHgNg™: 105.1 [M™]; found: 105.1;
MS (FAB™): m/z calcd for C,H;N,O™: 127.0 [M]; found: 127.2; ele-
mental analysis calcd (%) for C;H,,N;,0: C15.52, H5.21, N 72.15;
found: C16.09, H5.01, N 72.15; BAM drophammer: 15 J; friction
tester: 360 N; ESD: 1.0 J (at grain size 500-1000 um).

Acknowledgements

Financial support of this study from the Ludwig-Maximilian Uni-
versity of Munich (LMU), the U.S. Army Research Laboratory (ARL)
under grant no. W911NF-09-2-0018, the Armament Research,
Development and Engineering Center (ARDEC), and the Office of
Naval Research (ONR) under grant no. NO0014-10-1-0535 is
gratefully acknowledged. We acknowledge collaborations with
Dr. Mila Krupka (OZM Research, Czech Republic) in the develop-
ment of new testing and evaluation methods for energetic mate-
rials and with Dr. Muhamed Sucesca (Brodarski Institute, Croatia)
in the development of new computational codes to predict the
detonation and propulsion parameters of novel explosives. We
are indebted to and thank Drs. Betsy M. Rice and Brad Forch
(ARL, Aberdeen, Proving Ground, MD). We also thank Stefan
Huber for sensitivity measurements.

Keywords: calculations - energetic materials - heterocycles -
tetrazoles - X-ray diffraction

[1] P. B. Mohite, V. H. Bhaskar, Int. J. PharmTech Res. 2011, 3, 1557 - 1566.

[2] R.P. Singh, R.D. Verma, D. T. Meshri, J. M. Shreeve, Angew. Chem. 2006,
118, 3664 -3682; Angew. Chem. Int. Ed. 2006, 45, 3584-3601.

[3] W.G. Finnegan, R.A. Henry, R. Lofquist, . Am. Chem. Soc. 1958, 80,
3908-3911.

[4] L. A. Lazukina, V. P. Khuzar, Zh. Org. Khim. 1979, 15, 2216-2217.

[5] A. A. Melnikov, M. M. Sokolova, M. A. Pervozvanskaya, V. V. Melnikov, Zh.
Org. Khim. 1979, 15, 1861 -1866.

www.chempluschem.org
These are not the final page numbers! 77


http://dx.doi.org/10.1002/ange.200504236
http://dx.doi.org/10.1002/ange.200504236
http://dx.doi.org/10.1002/ange.200504236
http://dx.doi.org/10.1002/ange.200504236
http://dx.doi.org/10.1002/anie.200504236
http://dx.doi.org/10.1002/anie.200504236
http://dx.doi.org/10.1002/anie.200504236
http://dx.doi.org/10.1021/ja01548a028
http://dx.doi.org/10.1021/ja01548a028
http://dx.doi.org/10.1021/ja01548a028
http://dx.doi.org/10.1021/ja01548a028
www.chempluschem.org

CHEMPLUSCHEM

[6]

[7]

[8
[9

[10]

(11

[12]

[13]

[14]

[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

S.S. Washburne, W. R. Peterson Jr., J. Organomet. Chem. 1970, 21, 427 -
430.

W. Beck, W. P. Fehlhammer, Angew. Chem. 1967, 79, 146-147; Angew.
Chem. Int. Ed. Engl. 1967, 6, 169-170.

E. Oliveri-Mandala, T. Passalacqua, Gazz. Chim. Ital. 1912, 41, 430-435.
M.-J. Crawford, T. M. Klapotke, F. A. Martin, C. M. Sabate, M. Rusan,
Chem. Eur. J. 2011, 17, 1683 -1695.

B. Mlakar, B. Stefane, M. Kocevar, S. Polanc, Tetrahedron 1998, 54, 4387 -
4396.

B. A. Bovenzi, G. A. Pearse, G. A. Pearse Jr., J. Chem. Soc, Dalton Trans.
1997, 2793-2797.

Y. Ohno, Y. Akutsu, M. Arai, M. Tamura, T. Matsunaga, M. lida, Acta Crys-
tallogr. Sect. C 1998, 54, 1160-1162.

T. M. Klapotke, J. Stierstorfer, A. U. Wallek, Chem. Mater. 2008, 20, 4519 -
4530.

J. Stierstorfer, T. M. Klap&tke, A. Hammerl, R. D. Chapman, Z. Anorg. Allg.
Chem. 2008, 634, 1051-1057.

G. Hervé, G. Jacob, Tetrahedron 2006, 63, 953 —959.

M. Hesse, H. Meier, B. Zeeh, Spektroskopische Methoden in der Organi-
schen Chemie, 7th ed., Thieme, Stuttgart, 2005.

G. Socrates, Infrared and Raman Characteristics Group Frequencies,
3rd ed, Wiley, Chichester, 2004.

T. M. Klapoetke, P. Mayer, C. Miro Sabate, J. M. Welch, N. Wiegand, Inorg.
Chem. 2008, 47, 6014-6027.

NATO standardization agreement (STANAG) on explosives, Impact Sensi-
tivity Tests, 1st ed., no. 4489, September 17, 1999.
WIWEB-Standardarbeitsanweisung 4-5.1.02, Ermittlung der Explosions-
gefahrlichkeit, hier der Schlagempfindlichkeit mit dem Fallhammer, Nov.
8, 2002.

http://www.bam.de.

NATO standardization agreement (STANAG) on explosive, Friction Sensi-
tivity Tests, 1st ed., no. 4487, August 22, 2002.
WIWEB-Standardarbeitsanweisung 4-5.1.03, Ermittlung der Explosions-
gefahrlichkeit oder der Reibeempfindlichkeit mit dem Reibeapparat,
Nov. 8, 2002.

a)S. Zeman, V. Pelikan, J. Majzlik, J, Koei Cent. Eur. J. Energetic Mater.
2006, 3, 45-51; b)D. Skinner, D. Olson, A. Block-Bolten, Propellants
Explos. Pyrotech. 1998, 23, 34-42.
http://www.ozm.cz/en/sensitivity-tests/esd-2008a-small-scale-electro-
static-spark-sensitivity-test/.

[26]

[27]
[28]

[29]

[30]

31]

[32]

[33]

[34]

[35]

[36]

37]

[38]

[39]
[40]

[41]

[42]

T. M. Klapétke et al.

N. Fischer, D. Izsak, T. M. Klapotke, S. Rappengltick, J. Stierstorfer, Chem.
Eur. J. 2012, 18, 4051 -4062.

http://www.linseis.com.

a) M. Suceska, EXPLO5.5 program, Zagreb, Croatia, 2011; b) M. Suceska,
Propellants, Explos. Pyrotech. 1999, 24, 280 - 285.

a)E.F. C. Byrd, B.M. Rice, J. Phys. Chem. A 2006, 170, 1005-1013;
b) B. M. Rice, S. V. Pai, J. Hare, Comb. Flame 1999, 118, 445-458.

a) J. W. Ochterski, G. A. Petersson, J. A. Montgomery Jr., J. Chem. Phys.
1996, 104, 2598-2619; b) J. A. Montgomery Jr., M. J. Frisch, J. W. Och-
terski, G. A. Petersson, J. Chem. Phys. 2000, 112, 6532 -6542.

T. Altenburg, T. M. Klapotke, A. Penger, J. Stierstorfer, Z. Anorg. Allg.
Chem. 2010, 636, 463-471.

Gaussian 09, Revision A.1, M. J. Frisch, et al. Gaussian, Inc., Wallingford
CT, 2009. See the Supporting Information for the full citation.

a) H. D. B. Jenkins, H. K. Roobottom, J. Passmore, L. Glasser, Inorg. Chem.
1999, 38, 3609-3620; b)H.D.B. Jenkins, D. Tudela, L. Glasser, Inorg.
Chem. 2002, 41, 2364-2367.

CrysAlisPro, Agilent Technologies, Version 1.171.35.11, 2011.

G. M. Sheldrick, SHELXS-97, Program for Crystal Structure Solution, Uni-
versitdt Gottingen, Gottingen (Germany), 1997.

A. Altomare, G. Cascarano, C. Giacovazzo, A. Guagliardi, Appl. Crystallogr.
1993, 26, 343 -350.

G. M. Sheldrick, SHELXL-97, Program for the Refinement of Crystal Struc-
tures, University of Gottingen, Gottingen (Germany), 1994.

A. L. Spek, Platon, A Multipurpose Crystallographic Tool, Utrecht Univer-
sity, Utrecht (The Netherlands), 1999.

L. Farrugia, J. Appl. Crystallogr. 1999, 32, 837 -838.

CCDC 867191 (2), 867194 (3), 867192 (4), 867195 (5), 867196 (7),
867198 (8), 867199 (9), and 867197 (10) 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.

R. M. Vrcelj, J. N. Sherwood, A.R. Kennedy, H. G. Gallagher, T. Gelbrich,
Cryst. Growth Des. 2003, 3, 1027 -1032.

P. Hakey, W. Ouellette, J. Zubieta, T. Korter, Acta Crystallogr. 2008, E64,
01428.

Received: May 31, 2012
Published online on 1A I, 0000

www.chempluschem.org

KRR These are not the final page numbers!

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemPlusChem 2012, 00, 1-13


http://dx.doi.org/10.1016/S0022-328X(00)83644-X
http://dx.doi.org/10.1016/S0022-328X(00)83644-X
http://dx.doi.org/10.1016/S0022-328X(00)83644-X
http://dx.doi.org/10.1002/ange.19670790306
http://dx.doi.org/10.1002/ange.19670790306
http://dx.doi.org/10.1002/ange.19670790306
http://dx.doi.org/10.1002/anie.196701691
http://dx.doi.org/10.1002/anie.196701691
http://dx.doi.org/10.1002/anie.196701691
http://dx.doi.org/10.1002/anie.196701691
http://dx.doi.org/10.1002/chem.201002161
http://dx.doi.org/10.1002/chem.201002161
http://dx.doi.org/10.1002/chem.201002161
http://dx.doi.org/10.1016/S0040-4020(98)00152-5
http://dx.doi.org/10.1016/S0040-4020(98)00152-5
http://dx.doi.org/10.1016/S0040-4020(98)00152-5
http://dx.doi.org/10.1039/a608599g
http://dx.doi.org/10.1039/a608599g
http://dx.doi.org/10.1039/a608599g
http://dx.doi.org/10.1039/a608599g
http://dx.doi.org/10.1107/S0108270198002108
http://dx.doi.org/10.1107/S0108270198002108
http://dx.doi.org/10.1107/S0108270198002108
http://dx.doi.org/10.1107/S0108270198002108
http://dx.doi.org/10.1002/zaac.200800003
http://dx.doi.org/10.1002/zaac.200800003
http://dx.doi.org/10.1002/zaac.200800003
http://dx.doi.org/10.1002/zaac.200800003
http://dx.doi.org/10.1002/(SICI)1521-4087(199802)23:1%3C34::AID-PREP34%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-4087(199802)23:1%3C34::AID-PREP34%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-4087(199802)23:1%3C34::AID-PREP34%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-4087(199802)23:1%3C34::AID-PREP34%3E3.0.CO;2-V
http://dx.doi.org/10.1002/chem.201103737
http://dx.doi.org/10.1002/chem.201103737
http://dx.doi.org/10.1002/chem.201103737
http://dx.doi.org/10.1002/chem.201103737
http://dx.doi.org/10.1021/jp0536192
http://dx.doi.org/10.1021/jp0536192
http://dx.doi.org/10.1021/jp0536192
http://dx.doi.org/10.1016/S0010-2180(99)00008-5
http://dx.doi.org/10.1016/S0010-2180(99)00008-5
http://dx.doi.org/10.1016/S0010-2180(99)00008-5
http://dx.doi.org/10.1063/1.470985
http://dx.doi.org/10.1063/1.470985
http://dx.doi.org/10.1063/1.470985
http://dx.doi.org/10.1063/1.470985
http://dx.doi.org/10.1063/1.481224
http://dx.doi.org/10.1063/1.481224
http://dx.doi.org/10.1063/1.481224
http://dx.doi.org/10.1002/zaac.200900560
http://dx.doi.org/10.1002/zaac.200900560
http://dx.doi.org/10.1002/zaac.200900560
http://dx.doi.org/10.1002/zaac.200900560
http://dx.doi.org/10.1021/ic9812961
http://dx.doi.org/10.1021/ic9812961
http://dx.doi.org/10.1021/ic9812961
http://dx.doi.org/10.1021/ic9812961
http://dx.doi.org/10.1021/ic011216k
http://dx.doi.org/10.1021/ic011216k
http://dx.doi.org/10.1021/ic011216k
http://dx.doi.org/10.1021/ic011216k
http://dx.doi.org/10.1107/S0021889892010331
http://dx.doi.org/10.1107/S0021889892010331
http://dx.doi.org/10.1107/S0021889892010331
http://dx.doi.org/10.1107/S0021889892010331
http://dx.doi.org/10.1107/S0021889899006020
http://dx.doi.org/10.1107/S0021889899006020
http://dx.doi.org/10.1107/S0021889899006020
http://dx.doi.org/10.1021/cg0340704
http://dx.doi.org/10.1021/cg0340704
http://dx.doi.org/10.1021/cg0340704
www.chempluschem.org

FULL PAPERS

Chemistry with a bang! The hydrolysis
of 5-cyano-2H-tetrazole and its reaction
with hydroxylamine has been investigat-
ed. Several different ionic derivatives
were identified as new energetic materi-
als. Highly sensitive silver 5-cyanotetra-
zole was characterized as a promising
primary explosive.
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