Thermally Stable 3,6-Disubstituted 1,2,4,5-Tetrazines
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Several 3,6-disubstituted 1,2,4,5-tetrazines were synthesized by nucleophilic substitution us-
ing 3,6-bis-(3,5-dimethyl-pyrazol-1-yl)-1,2,4,5-tetrazine and 3,6-dichloro-1,2,4,5-tetrazine as elec-
trophiles. All new compounds were characterized by 'H NMR, '3C NMR and vibrational spec-
troscopy, mass spectrometry and elemental analysis (C,H,N). For analysis of the thermostability, dif-
ferential scanning calorimetry (DSC) was used. Especially, the symmetrically bis-3,5-diamino-1,2,4-
triazolyl-substituted derivative shows a very high thermal stability up to 370 °C. Therefore its ener-
getic properties were determined and compared with thoses of hexanitrostilbene (HNS). The crystal
structures of 3,6-bishydrazino-1,2,4,5-tetrazine, 3,6-dichloro-1,2,4,5-tetrazine and 3-amino-6-(3,5-
diamino-1,2,4-triazol-1-yl)-1,2,4,5-tetrazine dihydrate have been determined by low-temperature

X-ray diffraction.
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Introduction

1,2,4,5-Tetrazines, also known as s-tetrazines, have
been first synthesized by Pinner in 1893 [1]. They have
attracted attention of scientists in various fields of re-
search: theoretical chemistry [2], coordination chem-
istry [3], pharmaceutical chemistry [4], and natural
products chemistry [5] amongst others. Research for
special applications of this compound class includes
anti-corrosion agents [6] and sensors [7, 8]. A detailed
review of the recent advantages and applications of s-
tetrazine chemistry in general is given by Saracoglu
et al. [9]. The properties of s-tetrazines are directly
related to their electronic structure. Waluk et al. [10]
have provided a simple model for the qualitative MO
analysis of s-tetrazines.

A further interesting field of research are the ener-
getic properties of 1,2,4,5-tetrazines, namely for sec-
ondary explosives, propellants and low smoke py-
rotechnical fuels. Especially gun powder mixtures ben-
efit from nitrogen-rich compounds. To get rid of the
widely known problems of barrel corrosion in gun
and rocket propellant systems, thermally stable com-
pounds with low carbon and high nitrogen content
are of great interest [11, 12]. The main contributors

to the chemistry of energetic s-tetrazines have been
Chavez and Hiskey from the Los Alamos National
Laboratory in New Mexico, USA [13 — 16]. Thermally
stable secondary explosives are widely needed for
special applications such as drilling deep oil-wells
and space exploration. The research on heat-resistant
explosives was reviewed e. g. by Urbanski and Va-
sudeva [17], Agrawal [18] and Sikder [19]. The state
of the art reference in these applications is hexanitro-
stilbene (HNS), which is easily synthesized by oxida-
tion of 2,4,6-trinitro-toluene (TNT) and is stable up to
318°C.

In the work reported herein, further nitrogen-rich
substituted 1,2,4,5-tetrazines were investigated. Espe-
cially the 3,6-bis-(3,5-diamino-triazol-1-yl)-1,2,4,5-
tetrazine derivative (8) is of great interest because of
its high thermostability and high weight percentage
of nitrogen content. The detonation parameters of 8
were determined using the EXPLOS5 V.5.05 and V6.01
computer code and compared with those calculated for
HNS. Crystal structures of 3,6-bishydrazino-1,2,4,5-
tetrazine (2), 3,6-dichloro-1,2,4,5-tetrazine (3) and
3-amino-6-(3,5-diamino-1,2,4-triazol-1-yl)-1,2,4,5-te-
trazine (9) were determined by low-temperature X-ray
diffraction.
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Scheme 1. Known syntheses of 1,2,4,5-tetrazines 1—4.

Results and Discussion
Syntheses

Scheme 1 illustrates already known syntheses
of the commonly used 1,2,4,5-tetrazines, on which

nucleophilic substitution reactions were carried
out [13-16].

Table 1. Crystallographic data of compounds 2, 3 and 9.

After preparing these four precursors (1-4), as de-
scribed in the literature, we tested nucleophilic sub-
stitutions using imidazole, pyrazole, triazole, and 3,5-
diamino-triazole. Compound 3 is not long-time sta-
ble on air. However, solutions in acetonitrile (0.6 M)
proved to be stable at 4 °C for about one month. The
purity of this solution was established by '*C NMR in
CDCl3, in which only one signal at 168.4 ppm of (3)

2 3 92 H,0
Formula CHgNg C,CIh Ny C4H 9N 002
M;, g mol~! 142.15 150.95 230.19
Crystal system monoclinic orthorhombic orthorhombic
Space group P2y/c Pbca Pbca
Color, habitus red block orange block red needle
Crystal size, mm?3 0.2x0.1 x0.05 0.19 x 0.22 x 0.23 0.14 < 0.18 x 0.30
a, A 4.0439(6) 6.4884(7) 16.175(3)
b, A 5.6448(7) 5.6381(7) 6.6357(15)
c, A 12.129(2) 14.0048(14) 17.625(3)
B, deg 99.124(15) 90.0 90.0
v, A3 272.91(7) 512.33(10) 1891.8(7)
V4 2 4 8
Pealed.» & €M 1.73 1.96 1.62
u (MoKy), mm™! 0.1 1.1 0.1
F(000), e 148 296 960
A (MoKy), A 0.71073 0.71073 0.71073
T,K 173 173 173
6 (min. / max.), deg 495 /33.34 4.28 / 26.00 4.43 /26.00
hkl range —5:5,-7:6;,—-15:10 —8:7,—6:6;,—-9:17 —18:19; —8:8; —19:21
Absorption correction multi-scan multi-scan multi-scan
Reflections collected 1459 2336 8937
Independent refl. / Rin 594 / 0.068 501 / 0.037 1851 / 0.066
Observed reflections 390 361 1327
Ref. parameters 59 37 185
Ry (obs.) / WR; (all data) 0.0435 / 0.1038 0.0259 / 0.0627 0.0717 / 0.1013
S 0.887 0.881 1.033
Resd. dens. (min. / max.), e A=3 —0.24 /0.28 —0.12/0.24 —0.24 /0.20
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Scheme 2. Nucleophilic substitutions on 1,2,4,5-tetrazine precursors.

and those of acetonitrile (1.9 and 117.6 ppm) occurred.
The investigated substitution reactions are illustrated in
Scheme 2.

The reaction of 1 with imidazole yielded S, as car-
ried out already by Russian researchers [20]. Pyra-
zole has not been used yet, so we successfully ob-
tained 6 using the same reaction conditions. Remark-
ably, no reaction occurred when triazole was used as
the nucleophile in this reaction. In contrast to this re-
sult, when 3 is used as electrophile, the yield of com-
pound 7 is about 80 %. For this reaction the choice of

the solvent is important. If only acetonitrile is used,
no reaction occurs at all. Therefore an excess of ace-
tone (10 : 1) was used in this reaction. All three com-
pounds S5, 6 and 7 precipitated during the reaction
as fine orange powders. To enhance the thermosta-
bility of these symmetrically 3,6-disubstituted 1,2,4,5-
tetrazine derivatives we also repeated the reaction with
3,5-diamino-1,2,4-triazole as nucleophile. Using 1 as
electrophile only the mono-substituted product was ob-
tained, which is not interesting for our applications,
because of its high carbon content. The reactivity of
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1,2,4,5-tetrazines in this type of processes was inves-
tigated comprehensively by Hungarian researchers in
2003 [21]. The reaction of 3 with 3,5-diamino-1,2,4-
triazole results only in the disubstituted product 8. We
also tried the reaction of 3,5-diamino-triazole with 3-
amino-6-chloro-tetrazine (4) as electrophile. This re-
action gave compound 9 in 72% yield. We always
used four equivalents of the nucleophile, if 3 was used
as electrophile. Chavez et al. already have described
that the reaction of 3 with four equivalents 3-azido-
1,2,4-triazole gave two equivalents of 3-azido-1,2,4-

triazolium hydrochloride as a side product. That means
that two molecules HCI are intercepted by the nucle-
ophile [22]. This hydrochloride species of the used nu-
cleophile also precipitated in the reaction but could be
removed by washing the crude compound with an ex-
cess of water. We also used more electron-deficient nu-
cleophiles like 3-nitro-1,2,4-triazole, 3,5-dinitro-1,2,4-
triazole and 5-nitro-tetrazole, but none of these re-
acted with 1,2,4,5-tetrazines as electrophiles. The crys-
tal structures of compounds 2, 3 and 9 were determined
by low-temperature X-ray diffraction.

Fig. 1. Molecular unit of 2. The non-hydrogen atoms are
represented by displacement ellipsoids at the 50% proba-
bility level. Selected bond lengths (A) : N1-N2! 1.328(2),
CI-N1 1.352(3), C1-N2 1.344(2), C1-N3 1.355(3), N3-
N4 1.418(2); selected bond angles (deg): N2'-N1-Cl
117.3(2), N1-C1-N3 116.2(2), N1-C1-N2 124.9(2), C1-
N3-N4 121.9(2). Symmetry code: (i) 2 —x, 2 —y, —z.

(a)

v
a
D
D
q
v
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b

b

Fig.2. Molecular unit of 3 showing the labeling scheme.
Non-hydrogen atoms are represented by displacement ellip-
soids at the 50% probability level. Selected bond lengths
(A): C11-C1 1.702 (2), N1-N2! 1.324 (2), N1-C1 1.327 (3),
N2-C1 1.332 (2); selected bond angles (deg): N1'-N2-C1
116.4(2), N1-C1-N2 127.4(2), NI-C1-Cl1 116.3(2), N2—
C1-Cl1 116.3(2). Symmetry code: (i) 1 —x, 1 —y, —z.

(b)

Fig. 3. View of the crystal structures of 3, A) along the crystallographic a axis and B) along the ¢ axis.
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Crystal and molecular structures

Single crystals suitable for XRD were obtained of
2,3 and 9. Selected data and parameters from the low-
temperature (173 K) X-ray data collection and refine-
ments are given in Table 1. Further information re-
garding the crystal structure determinations have been
deposited with the Cambridge Crystallographic Data
Centre [23].

Single crystals of 2 in the form of small red blocks
were grown from an acetonitrile/water mixture. The
compound crystallizes in the monoclinic space group
P2 /c with 2 formula units per unit cell and a density
of 1.73 g cm 3. Figure 1 shows the molecular unit with
its center of inversion in the middle of the tetrazine
moiety. The packing of the molecules is directed by
three N-H hydrogen bonds involving all of the hy-
drogen atoms of the hydrazine groups, the strongest
being observed between N3 and N4ii (N3-H3-- N4l
0.88(3), 2.12(3), 2.980(2) A, 165.3(19)°; (ii) 1 — x,
05+y,05-z)

Single crystals of 3 were obtained by slow evapo-
ration of a 0.6 M solution in acetonitrile. 3 crystallizes

Fig.4. Intermolecular hy-
drogen bond interactions in
the solid state of 9. Sym-
metry codes: (i) x, 0.5 —
v, 0.5+ 2z (i) —0.5+x, y,
0.5—z; (iii) —0.5+x, 0.5 —
v, 1—=7z;(iv)x,0.5—y,0.5+
Z.

in the orthorhombic space group Pbca with 4 formula
units per unit cell and a high density of 1.96 g cm ™3
at a temperature of 173 K. Again the molecular unit,
which is shown in Fig. 2, features a center of inversion.

Molecules of 3 are stacked in alternating AB layers
(Fig. 3A). In these layers A and B the molecules have
different orientations. Figure 3B shows a larger sec-
tion of the wave-like layer structure along the c¢ axis.
The distance between two molecules lying above each
other along the a axis is 6.488(3) A.

Single crystals of the dihydrate of 9 suitable
for XRD were obtained from water. After a con-
centrated solution was cooled to 4 °C, red needles
slowly started to crystallize. Compound 9 crystal-
lizes in the orthorhombic space group Pbca with
8 formula units in the unit cell and a density of
1.62 g cm ™ (at 173 K). Figure 4 shows an excerpt of
four molecules of 9 with respect to the intermolecular
hydrogen bond interactions. The corresponding data
are presented in Table 2. Combinations of all com-
mon (N-H:--N, N-H:--O, O-H:--N and O-H---0O)
hydrogen donor-acceptor interactions can be observed.
Either the amino groups of the triazole and the
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Table 2. Hydrogen bond interactions in compound 9.

D-H---A d(D-H) (A) d(H---A) (A) dD---A) (A) <(D-H---A) (deg)
N10'-HI10B!---N2 0.87(3) 2.28(3) 3.085(3) 154.(2)
N5-H5B-. - - Ngiii 0.87(3) 2.17(3) 3.039(3) 175.(2)
O1-H1A---N7i 0.90(4) 1.97(4) 2.832(2) 162.(3)
N10f_H10Afi...02 0.92(2) 2.02(2) 2.909(3) 162.(2)
NOii_HOAI ... N3 0.92(3) 2.13(3) 3.036(3) 167.(2)
N5-H5A:--01 0.94(3) 2.03(3) 2.969(3) 172.(2)
N9-H9A.--N1 0.84(3) 2.25(3) 2.828(3) 126.(2)
N9i_HOB ... 02 0.84(3) 2.51(3) 3.136(3) 132.(2)
02-H2A---01 0.95(4) 1.80(4) 2.741(3) 171.(3)

2 Symmetry codes: (i) x, 0.5 —y, 0.5+z; (i) —=0.5+x, y, 0.5 — z; (iii) —

tetrazine, or the nitrogen atoms of the rings participate
in the hydrogen bonding network. In total a wave-like
layer structure of the tetrazine molecules is formed.
Between the layers of molecules, the water molecules
form strong hydrogen bonds, between themselves and
the triazole moieties, stabilizing the structure.

Energetic properties and thermostability
Fig. 5 shows the curves of the differential scan-

ning calorimetry (DSC) measurements of compounds
5-9 with a heating rate of 5Kmin~!. In Table 3

bl

T C

0.54+x,05-y,1—z

the decomposition temperatures are listed in °C. The
1H-triazole substituted 1,2,4,5-tetrazine (7) is about
45°C more stable than the imidazole derivative 5.
Compound 6 is the only one which decomposes af-
ter melting. A significant increase in thermostabil-
ity can be accomplished by using 3,5-diamino-1,2,4-
triazole as substituent. Both compounds 8 and 9 show
a significant increase in thermo-stability in compari-
son to all other investigated compounds. Compound
9 is the thermally most stable 1,2,4,5-tetrazine deriva-
tive known in the literature. In comparison to the 3,6-
bis-(3-amino-5-nitro)-1,2,4,5-tetrazine, synthesized by

250 300

200
temperature (°C)

Fig. 5. DSC curves of compounds 5-9.

Compound

Tiee. °(C)? Table 3. Thermostability data of compounds

3,6-Bis-(1,3-imidazol-1-yl)-1,2,4,5-tetrazine (5)
3,6-Bis-(1,2-pyrazol-1-yl)-1,2,4,5-tetrazine (6)
3,6-Bis-(1,2,4-triazol-1-yl)-1,2,4,5-tetrazine (7)
3,6-Bis-(3,5-diamino-1,2,4-triazol-1-yl)-1,2,4,5-tetrazine (8)
3-Amino-6-(3,5-diamino-1,2,4-triazol-1-yl)-1,2,4,5-tetrazine (9)

200
260
245
370
314

1

2 Onset decomposition temperature at a heating rate of f =5 Kmin™".
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8 HNS Table 4. Energetic proper-
Formula C4HgN4 C14HgNgO 12 ties of compound 8 in com-
M, 276.24 450.24 parison to HNS.
IS, J > 40 5
FS, NP > 360 > 360
ESD, J¢ >1 0.3
N, %4 70.99 18.67
Q, %° —92.70 —67.52
Toec., °CF 370 318
p,gcm™3 1.758 1.74
AfHp °, kJ mol~!P 707.5 78.3
AU ° KT kgl 2659.4 240.6
EXPLO5 5.05 and 6.01 values
—AgxU °, k) kgl 3039(3052) 5474(5143)
Tpet., KX 2382(2237) 3982(3681)
Pcy, kbar! 227(225) 242(244)
Vber, m s~ 1M 7733(8035) 7446(7612)
Vo, L kg~!n 680(740) 530(602)

2 Impact sensitivity (BAM drophammer, 1 of 6); b friction sensitivity (BAM friction tester 1 of 6); ¢ elec-
trostatic discharge device; 9 nitrogen content; ¢ oxygen balance, ! decomposition temperature from DSC
(B = 5°Cmin~"); & from pycnometric measurements at 25 °C and 1 bar;" calculated heat of formation; 1
energy of formation; I energy of explosion; ¥ explosion temperature; ! detonation pressure; ™ detonation

velocity; " assuming only gaseous products.

Coburn etal. in 1991, 8 is more stable by about
109 °C [24].

Because of the high decomposition temperature of
8 we calculated the enthalpy (AsH°) and energy of
formation (AfU°) using the CBS-4M method. Gas
phase heats of formation [AsH°(g, M)] were calculated
with the atomization method using CBS-4M enthalpies
(computed by GAUSSIANO9W.A.02) [25-30]. The
gas phase enthalpies of formation AHy,(g) were con-
verted into the solid-state enthalpies of formation
[AH(s)] by using the Trouton rule [31, 32].

From these values it is possible to calculate the det-
onation parameters of compound 8 in comparison to
HNS, using EXPLOS V.5.05 and the most recent ver-
sion V.6.01 [33—35]. For this calculation the density
of compound 8 (p = 1.75 g cm~3) was obtained by py-
cnometric density measurements. An overview of the
energetic properties of compound 8 in comparison to
HNS is given in Table 4.

As can be seen from Table 4 compound 8 has a much
higher heat of formation than HNS. This is related
to the high content of endothermic N-N and C-N
single and double bonds. HNS, however, consists of
six exothermic nitro groups and two aromatic ben-
zene moieties. The densities of 8 and HNS are in the
same range. Whereas the two compounds are insen-
sitive towards friction, HNS decomposes in the BAM
drophammer test when impact energies larger than

5Joules are used. Tetrazine 8 is insensitive towards
impact stimulus. Regarding the detonation parameters
one can assume that HNS is superior relating to the ex-
plosion energy (-AgxU°). The most significant values
for secondary explosives are the detonation pressure
(Pcy), the detonation velocity (Vpet.), the thermostabil-
ity (Tpec.) and the sensitivities towards external stimuli,
as described above. Regarding Vpet., Pcy and Tpec., one
can assume that compound 8 is superior to HNS.

Low combustion temperatures (Ttomp.) and a high
N3 /CO ratio in the combustion gases are desirable in
order to reduce gun barrel erosion problems caused by
the formation of iron carbide [36]. State of the art gun
propellants are nitrocellulose, mixtures of nitrocellu-
lose and nitroguanidine, and nitroglycerine. Nitrocel-
lulose (12 % nitrogen content) has a combustion tem-
perature of 2310 K but a high content of carbon, what
accelerates the wear of gun barrels. Compound 8 has
a nitrogen content of 71% but does not burn com-
pletely without residue in the flame. Compound 8 can
be used as additive in mixtures with nitroguanidine or
nitroglycerine to enhance the nitrogen content of the
whole composition.

Small-scale reactivity test (SSRT)

The SSRT of compound 8 was carried out in com-
parison to HNS. A defined volume (HNS: 470 mg,
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density: 1.74 g cm—3, 8: 473 mg, density: 1.75 g cm ™)
was pressed into a perforated steel block [37]. This was
topped with a commercially available detonator (Or-
ica, DYNADET-C2-Oms). Initiation of the tested ex-
plosive resulted in denting a separate aluminum block,
which was placed right underneath the steel block. The
volume of the dent was then filled with sand to com-
pare the performance of HNS and 8. The test showed
that HNS is superior and the dent could be filled with
672 mg sand in comparison to 8 where only a very
small dent was detected, which is caused by the used
detonator. The non-initiation of compound 8 could be
explained by the assumption that the critical diame-
ter, which could not be determined at the time, is too
high.

Conclusion

e The crystal structures of 3,6-bis-hydrazino-
1,2,4,5-tetrazine, 3,6-dichloro-1,2,4,5-tetrazine and
3-amino-6-(3,5-diamino-1,2,4-triazol-1-yl)-1,2,4,5-
tetrazine could be determined by low-temperature
X-ray diffraction.

e The disubstituted products, using imidazole, pyra-
zole and 1,2,4-triazole as nucleophiles, could be
synthesized in high yields.

e Synthesizing  3,6-bis-(1,2,4-triazol-1-yl)-1,2,4,5-
tetrazine (7) requires different solvent combinations
and 3,6-dichloro-1,2,4,5-tetrazine as a strong elec-
trophile in comparison to compounds 5 and 6, which
are accessible using 3,6-bis(3,5-dimethyl-pyrazol-
1-y1)-1,2,4,5-tetrazine as electrophile.

e When 3,5-diamino-1,2,4-triazole is used as nucle-
ophile the resulting products 8 and 9 show very high
thermal stability.

e Compound 8 appears to be the thermally most stable
1,2,4,5-tetrazine compound known in the literature
so far.

e Compound 8 could not be initiated in a SSRT setup.
A potential explanation could be the fixed diame-
ter of the test setup (predefined volume), which was
possibly below the critical diameter of 8.

Experimental Section
General procedures

The single-crystal X-ray diffraction data were collected
using an Oxford Xcalibur3 diffractometer with a Spellman
generator (voltage 50 kV, current 40 mA) and a KappaCCD

detector. The data collections were undertaken using the
CRYSALIS CCD software [38], and the data reductions
were performed with the CRYSALIS RED software [39].
The structures were solved with SIR-92 [40], refined with
SHELXL-97 [41] and finally checked using PLATON [42]. In
all structures the hydrogen atoms were located and refined.
The absorption was corrected using the SCALE3 ABSPACK
multi-scan method [43].

Raman spectra were recorded with a Bruker Multi-
RAM FT-Raman instrument fitted with a liquid nitrogen
cooled germanium detector and a Nd:YAG laser (A =
1064 nm). Infrared spectra were measured with a Perkin-
Elmer Spectrum BX-FTIR spectrometer equipped with
a Smiths DuraSampl/R II ATR device. All spectra were
recorded at ambient temperature, the samples were solids.
NMR spectra were recorded at 25 °C with a Jeol Eclipse 400
ECX instrument, and chemical shifts were determined with
respect to external Me,Si (1 H, 400.2 MHz; 13C, 100.6 MHz).
Mass spectrometric data were obtained with a Jeol MStation
JMS 700 spectrometer (DCI+). Elemental analyses (C/H/N)
were performed with a Elementar Vario EL analyzer. Melt-
ing points were determined in capillaries with a Biichi Melt-
ing Point B-540 instrument and are uncorrected. Decom-
position points were determined by differential scanning
calorimetry (DSC) measurements with a Linseis DSC-PT10,
using a heating rate of 5°C min~!. Pycnometric measure-
ments were carried out with a Quantachrome helium gas py-
cnometer. Sensitivity data (impact and friction) were per-
formed using a drophammer and friction tester according
to BAM (recommendations from Bundesanstalt fiir Materi-
alforschung und -priifung) [44 —49]. Electrostatic sensitivi-
ties were measured with a OZM small scale electrostatic dis-
charge tester [50].

3,6-Bis-(1,3-imidazol-1-yl)-1,2,4,5-tetrazine (5)

3,6-Bis-(3,5-dimethyl-pyrazol-1-yl)-1,2,4,5-tetrazine (1)
(4.05g 15.0 mmol) and 1H-imidazole (2.35 g 35.0 mmol)
were suspended in 25 mL acetonitrile and the mixture
refluxed for 3h. After cooling the resulting precipitate
was filtered and washed with large amounts of water
(1L), followed by acetonitrile and dichloromethane. 2.69 g
(12.6 mmol 84%) of 5 was isolated as an orange pow-
der. — Elemental analysis (CgHgNg, 214.19) exp. (calcd.)
in %: C 4490 (44.86),N 52.03 (52.32), H 2.90 (2.82).
- DSC (5°Cmin~!) : Tyec.: 200°C (onset). — 'HNMR
([Dg]DMSO, 25 °C, ppm):  =7.35 (m, 1H, C-H), 8.16 (m,
1H, C-H), 8.81 (m, 1H, C-H). - 3C NMR ([Dg]DMSO,
25°C, ppm): 6 =117.1 (1C), 121.5 (1C), 132.4 (1C), 153.1
(1C). — Raman: ¥ (cm™!) = 3158 (10), 3126 (5), 3113 (10),
1912 (5), 1537 (7), 1500 (8), 1490 (100), 1407 (13), 1372
(2), 1318 (13), 1282 (7), 1254 (2), 1129 (5), 1091 (16), 1048
(4), 962 (54), 895 (5), 858 (3), 801 (33), 747 (2), 665 (3), 613
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(2).—IR (25 °C, ATR): ¥ (cm 1) = 3155 (w), 3122 (w), 3110
(W), 1775 (vw), 1702 (vw), 1648 (vw), 1614 (vw), 1531 (w),
1522 (w), 1475 (s), 1366 (w), 1321 (5), 1301 (m), 1260 (m),
1233 (w), 1214 (m), 1153 (w), 1104 (m), 1068 (m), 1038
(vs), 971 (s), 946 (s), 926 (m), 898 (), 854 (vs), 762 (vs),
693 ().

3,6-Bis-(1,2-pyrazol-1-yl)-1,2,4,5-tetrazine (6)

3,6-Bis-(3,5-dimethyl-pyrazol-1-yl)-1,2,4,5-tetrazine

(5.4 g 20mmol) (1) and 1H-pyrazole (3.4 g 50 mmol) were
suspended in 30 mL acetonitrile and the mixture refluxed
for 2 h. After cooling the resulting precipitate was filtered
and washed with large amounts (1L) of water, followed
by acetonitrile and diethyl ether. 2.2 g (10 mmol, 50 %) of
6 was isolated as an orange powder. — Elemental analysis
(CgHgNg, 214.19) exp. (caled.) in %: C 44.87 (44.86),
N 51.53 (52.32), H 2.71 (2.82). — DSC (5°Cmin~!):
Taee. = Tmelr.: 260°C (onset). — 'HNMR ([Dg]DMSO,
25°C, ppm): §=6.80 (dd, 1H, C-H, 3Jy_y=2.6 Hz,
3Jq_n=1.5Hz), 8.10 (d, 1H, C-H, 3Jy_y = 1.5Hz), 8.87
(d, 1H, C-H, 3Jy_g=2.6Hz ). — 13C NMR ([Dg¢]DMSO,
25°C, ppm): 8 =111.1 (1C), 130.8 (1C), 145.8 (1C), 158.9
(1C). —Raman: ¥ cm™!) =3149 (21), 3131 (14), 3104 (13),
1926 (4), 1541 (4), 1503 (65), 1483 (100), 1407 (4), 1400
(22), 1379 (3), 1352 (18), 1206 (2), 1115 (15), 1036 (8),
926 (41), 908 (6), 883 (2), 801 (22), 741 (3), 661 (2). — IR
(25°C, ATR): ¥ (cm™1)=3145 (w), 3127 (w), 3102 (w),
1834 (vw), 1797 (vw), 1759 (vw), 1661 (vw), 1522 (m),
1479 (s), 1398 (s), 1376 (m), 1254 (m), 1213 (w); 1184 (m),
1164 (m), 1075 (m), 1042 (w), 1026 (s), 953 (m), 918 (vs),
888 (m), 775 (vs).

3,6-Bis-(1,2,4-triazol-1-yl)-1,2,4,5-tetrazine (7)

1,2,4-Triazole (3.5 g 50 mmol) was dissolved in 200 mL
acetone, and 20 mL (12 mmol) of a 0.6 M solution of 3,6-
dichloro-tetrazine in acetonitrile was added. The solution
was refluxed for 20 h. After cooling the resulting precipi-
tate was washed with water and acetone. 2.1 g (9.9 mmol,
83%) of (7) was isolated as an orange powder. — Ele-
mental analysis (CgH4Njg, 212.21) exp. (calcd.) in %: C
33.43 (33.34), N 64.33 (64.80), H 1.87 (1.87). — DSC
(5°Cmin~1): Tyec : 245 °C (onset). — 'HNMR ([Dg]DMSO,
25°C, ppm): 6§ =8.34 (s, 1H, C-H), 9.46 (s, 1H, C-H). —
13C NMR ([Dg]DMSO, 25 °C, ppm): § = 144.9 (1C), 147.2
(1C), 154.2 (1C). = MS ((+)-DEI): m/z =216 [M]" (50), 94
(100), 67 (92). — Raman: ¥V (cm™1)= 3139 (8), 3124 (12),
1912 (2), 1557 (2), 1511 (63), 1483 (100), 1426 (4), 1379
(21), 1336 (2), 1293 (2), 1264 (12), 1135 (19), 980 (43), 947
(5), 813 (20), 662 (2). — IR (25 °C, ATR): ¥ (cm™ 1) = 3135
(w), 3120 (w), 1813 (vw), 1755 (vw), 1551 (vw), 1514 (s),
1480 (vs), 1384 (m), 1365 (m), 1337 (w), 1293 (vs), 1266

(m), 1196 (s), 1170 (vw), 1155 (s), 1116 (s), 1112 (s), 1054
(s), 976 (vs), 953 (m), 939 (m), 910 (m), 880 (m), 672 (vs).

3,6-Bis-(3,5-diamino-1,2,4-triazol-1-yl)-1,2,4,5-tetrazine (8)

3,5-Diamino-1,2,4-triazole (2.40 g 24.2 mmol) was dis-
solved in 50 mL DMF at ambient temperature, and 10 mL
(6 mmol) of a 0.6 M solution of dichlorotetrazine in ace-
tonitrile was added via a dropping funnel. The solution was
stirred for 2 h at ambient temperature. The product started
to precipitate rather quickly. The suspension was heated to
120 °C for 16 h. After filtration the product was successively
washed with large amounts of DMF, water and acetonitrile to
gain 1.40 g (5.07 mmol, 85 %) of 8 as a brownish-red pow-
der. — Elemental analysis (C¢HgN14, 276.22) exp. (calcd.)
in %: C 26.25 (26.09), N 69.99 (70.99), H 2.90 (2.92).
- DSC (5°Cmin™!): Tyee: 370°C (onset). — 'HNMR
([DgIDMSO, 80 °C, ppm): 6§ =7.34 (2H, NHj), 5.66 (2H,
NH,). - 3C NMR ([Dg]DMSO, 80°C, ppm): & =162.5
(1C), 155.5 (1C), 152.6 (1C). — MS ((+)-DEI): m/z=276
[M]T (23), 99 [CoH5N5]™ (100), 124 CoN5H4-CN] ' (21). —
Raman: ¥ (cm~1)=1931 (6), 1643 (4), 1622 (9), 1560 (2),
1546 (12), 1498 (100), 1420 (15), 1368 (12), 1166 (17), 1058
(4), 844 (45),797 (2), 780 (29), 746 (3), 658 (2), 591 (2), 478
(3), 415 (8), 372 (2). — IR (25°C, ATR): ¥ (cm~!)=3416
(w), 3383 (w), 3272 (w), 3214 (w), 3131 (w, br), 1620 (s),
1554 (m), 1474 (s), 1448 (vs), 1388 (m), 1331 (w), 1151 (m),
1134 (m), 1083 (w), 1054 (m), 1028 (m), 956 (m), 828 (m),
758 (m), 704 (m), 669 (m), 655 (vw). — Density: p (g cm™):
1.75. — Sensitivity data: IS: > 4017J; FS: > 360N; ESD: > 11].

3-Amino-6-(3,5-diamino-1,2,4-triazol-1-yl)-1,2,4,5-
tetrazine dihydrate (9)

3-Amino-6-chloro-1,2,4,5-tetrazine (4) (1.00g, 7.60
mmol) was dissolved in a mixture of 16.0 mL acetonitrile
and 2.0mL water. To the stirred solution 3,5-diamino-
1,2,4-triazole (1.51 g, 15.2 mmol) was added. The mixture
was heated to 90 °C and refluxed for 16 h. The precipitate
was filtered and washed with water and acetonitrile. The
product (9) was recrystallized from water. After standing
overnight at ambient temperature, the crystals were filtered
and dried. 1.33 g (5.78 mmol; 76 %) of red needles of 9
were yielded. — Elemental analysis (C4H{9N;0O;, 230.19)
exp. (caled.) in %: C 20.62 (20.87); H 4.18 (4.38); N 60.37
(60.85). = DSC (5°Cmin—!, ° C): Tjee.: ¢314°C. — 'H NMR
([Dg]IDMSO, 25 °C, ppm): 6 =5.38 (s, 2H, NH; triazole),
6.94 (s, 2H, NH, triazole), 7.83 (s, 2H, NH; tetrazine).
- BCNMR ([Dg]DMSO, 25°C, ppm): 6 =155.5 (1C,
C-NH, triazole), 156.3 (1C, C-NH; triazole), 162.7 (1C,
C-tetrazine), 162.9 (1C, C-tetrazine). — MS ((4)-DEI):
m/z=194.1 (100) [C4HgNo]", 124.1 (43) [C3H4Ng]T,
99.1 (5) [C2H5N,1T, 82.1 (19) [C,H,Ns]T. — Raman: ¥
(em™1)=3250 (2), 3184 (5), 1648 (7), 1570 (5), 1555 (12),
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1526 (5), 1477 (90), 1399 (4), 1371 (8), 1335 (6), 1158 (10),
1027 (18), 866 (100), 828 (4), 669 (7), 580 (9), 456 (5), 356
(4), 345 (7), 321 (6). — Sensitivity data: IS: > 401J; FS: >
360N; ESD: > 11.
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