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Polycyano-Anion-Based Energetic Salts

Haixiang Gao,”! Zhuo Zeng,"" Brendan Twamley,” and Jean'ne M. Shreeve*!"!

Abstract: Energetic salts based on polycyano anions and cations with a high nitro-

gen content tend to have extensive hydrogen bonding and exhibit heats of forma-
tion up to AH;=1579.1 kJmol™". Based on theoretical calculations, some of the
new salts may be considered to be low-energy monopropellants. One of the salts

can be used as a precursor to a carbon nitride.

Introduction

The synthesis of energetic compounds has attracted consid-
erable interest over recent years,' ™ especially in the synthe-
sis and application of new members of heterocyclic-based
energetic salts.”® Designing energetic materials based on
combinations of different ions for a specific purpose pro-
vides a powerful methodology. The impact on properties as
a function of the cations and anions and the variation of
substituents on those ions obtained from earlier studies pro-
vides important knowledge.!

In a recent study on the design and synthesis of novel en-
ergetic salts, we reported new energetic salts with nitrodi-
cyanomethanide and dinitrocyanomethanide anions paired
with 1,5-diamino-4-methyltetrazolium, 1,4-dimethyl-5-ami-
notetrazolium, 1,4,5-trimethyltetrazolium, 1-methyl-4-
amino-1,2 4-triazolium, 1,4-dimethyltriazolium, and 1,3-di-
methylimidazolium cations. These salts exhibit higher stan-
dard enthalpies of formation than their nitrate analogues,
mainly arising from the introduction of the cyano group.”!
The presence of this moiety is predicted by theoretical cal-
culations to result in an increase in the heat of formation
(higher than for either the NO, or NF, groups but lower
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than for the N; group).’! In the light of this finding, we
sought a new anion source that contained a large number of
cyano groups to design salts of higher energy. 1,1,2,3,3-Pen-
tacyanopropene (PCP) and 2-dicyanomethylene-1,1,3,3-tet-
racycanopropane (DTP) are two of the strongest CH acids
known.”’) PCP and DTP salts, similar to derivatives of super-
acids, have been the subject of considerable interest in the
field of coordination chemistry and molecular materials."”]
These organic anions are interesting because of their ability
to act in various coordination modes and for their high elec-
tronic delocalization.""!" The PCP and DTP anions have
higher heats of formation relative to the nitrodicyanometha-
nide and dinitrocyanomethanide anions.”! However, to date,
the utilization of these compounds as energetic materials
has been limited to the suggestion of using some metal salts
of DTP in propellant compositions.!"”

Herein, we report the synthesis and calculated heats of
formation of energetic salts based on the PCP and DTP
anions. One of the salts can be used as a precursor to a
carbon nitride.

Results and Discussion

The synthesis of energetic salts 1-6 and 8-10 was accom-
plished by treating silver PCP salts (Scheme 1) or barium
DTP salts (Scheme 2) with stoichiometric amounts of guani-
dine, aminoguanidine, or nitrogen-rich bases as chloride or
sulfate salts. Attempts to recrystallize 6 from acetone gave
the condensation product with the triaminoguanidine cation,
thus leading to salt 7 (Scheme 3), the cation of which was
previously reported only as its iodide." All of the salts
were isolated as highly crystalline materials in excellent
yields with good purity. Differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) support the
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Scheme 2. Synthesis of DTP salts.

existence of a new family of very stable salts that decom-
pose well above their relatively high melting points. This be-
havior can most likely be attributed to the high thermal sta-
bility of the PCP or DTP anions in the salts.
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Scheme 3. Schiff base of the triaminoguanidine PCP salt

Phase-transition temperatures (midpoints of melting
points T,,) for all the salts were determined by DSC studies
(Table 1), and all the salts have melting points greater than
100°C. Their decomposition temperatures were determined
by TGA studies and, with the exception of 3, 7, and 9, de-
compose well above 200°C. Salt 10 has the highest thermal
stability and decomposes at 354.1°C.

The heats of formation (kJmol™ and kJg™') for 1-6 and
8-10 were calculated (Table 1). The molar heat of formation
of 1is AH;=1579.1 kJmol~!, which exceeds the values for 2
and 6 and is probably because of the high heat of formation
of the cation. This value is the highest calculated for any
compound in this study. Interestingly, although salt 9 com-
prises the cation and anion with the two highest heats of for-
mation presented herein, the higher lattice energy results in
a heat of formation considerably lower than that of 1, al-
though the cation is common to both. Although the DTP
anion has a higher heat of formation than the PCP anion,
the heat of formation of 8 is much lower than that of 1,
even with a common cation. It is obvious that the higher lat-
tice energy and lower number of anions in 8 counteract the
influence of the heat of formation of the anion. The same
phenomenon is also found with 4 and 10, which have essen-
tially the same molar heats of formation. Therefore, one
must be mindful of both the influence of the ions and the
lattice energy when designing new energetic salts. The heats
of formation of all the salts are reported in kJg ' and were
calculated (Table 1). Salts 4, 6, and 9 have the highest
energy densities (2.66, 3.39, and 3.16 kIg™!, respectively)
and have higher values than the energy densities of known
salts with a high nitrogen content (i.e., for guanidinium 5,5'-
azotetrazolate (11), triaminoguanidinium 3,6-bisnitroguanyl-
tetrazine (12), and triaminoguanidinium 5,5'-azotetrazolate
(13) the energy densities are 1.44, 2.54, and 2.87 kJ g, re-
spectively;™°l Scheme 4).

Calculation of detonation properties and specific impulse
I, values using Cheetah 4.0 shows that salt 9 has the highest
detonation pressure (P=14.66 GPa) and velocity (vD=
6856 ms™') comparable to that of 2,4,6-trinitrophenyl-N-
methylnitramine (tetryl; P=14.2 GPa, vD=6680 ms™").l"
All of the salts with the exception of 2 have higher detona-
tion velocities than some energetic salts, such as mercury
fulminate, lead azide, silver azide, lead styphnate, and am-
monium nitrate (vD=4250, 4630, 4000, 5200, and
5270 ms™, respectively).'*! Moreover, several of the salts
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Table 1. Properties of energetic PCP and DTP salts.

Salt gt T, T, AHM (cation) AH{ (anion)  Lattice energy!”! AH, Pt D! 1
[gem™] [°C] [°C] [kJmol™] [kImol™] [kImol ™ [kImol™] [kig™] [GPa] [ms™] [s]
1 1.43 - 261.4 1903.6 494.9 1314.3 1579.1 2.98 9.98 5816 162.8
2 1.29 124.8 223.0 680.6 494.9 451.5 724.0 2.90 6.41 4892 151.9
3 1.37 133.0 194.1 936.3 494.9 457.5 973.7 3.88 9.51 5718 181.3
4 1.37 - 221.4 575.9 494.9 469.9 600.9 2.66 9.11 5600 157.6
5 1.41 148.6 233.1 667.4 494.9 465.6 696.7 2.89 11.19 6104 168.8
6 1.36 113.6 221.6 871.5 494.9 4479 918.5 3.39 12.39 6400 189.4
7 1.21 129.3 197.9 - - - -
8 1.50 134.8 258.8 1903.6 668.3 1806.3 765.6 1.90 11.01 6154 144.5
9 1.55 - 188.7 2302.0 668.3 1871.0 1099.3 3.16 14.66 6856 175.3
10 1.41 - 354.1 575.9 668.3 1194.2 625.8 1.92 11.03 6131 154.7

[a] Density. [b] Melting point. [c] Decomposition temperature. [d] Heat of formation. [e] Detonation pressure. [f] Detonation velocity. [g] Specific im-

pulse.
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Scheme 4. Nitrogen-rich salts.

(ie.,1,3,5,6, and 9) with [, values of >160 s may be classi-
fied in the low-energy monopropellant class (Table 1).

After the decomposition by TGA of 8, a brown porous
powder remained in the pan. To obtain a larger amount of
material, 4.9 mg of 8 was heated to 350°C under nitrogen to
yield 3.6 mg of porous carbon nitride, which was character-
ized by IR spectroscopic and elemental analysis and scan-
ning electron microscopy (SEM; Figure 1). The results indi-
cate that the porous powder is a carbon nitride. Elemental
analysis shows the product to have the formula of
CNy73Hps;. The IR spectrum of carbon nitride is given in
Figure 2 and is dominated by absorption bands in the region
950-1800 cm ™!, which are consistent with conjugated C=N
and C=C species (1600-1700cm™') and N=N bonds

shows that the carbon nitride

materials formed a glassy mi-

crostructure with large holes

and voids (Figure 1a). At
higher magnification, a fused spherical particle morphology
is evident on the surface of the solid (Figure 1b). Carbon ni-
trides are of current interest as a result of their novel me-
chanical, optical, and tribological properties, which include
low density, surface roughness, wear resistance, chemical in-
ertness, and biocompatibility.!*!

Prior reports indicate that precursors to carbon nitrides
are neutral compounds, such as triazine derivatives(!>16¢t17]
and polyazide compounds.' Tt appears that energetic salts
were not decomposed to carbon nitrides, but rather azide-
containing compounds, which are sensitive to temperature
and friction, were used. Our salts have higher thermal stabil-
ities and lower friction sensitivities and provide a new route
to the synthesis of carbon nitrides.

Figure 1. SEM images of amorphous carbon nitride at magnifications of a) 135x and b) 3500 x.
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Figure 2. IR spectrum of a carbon nitride prepared from salt 8.

X-ray crystallography: Crystals of both samples suitable for
X-ray diffraction were obtained by slow evaporation from
acetone for 7 and aqueous solution for 8 (Table 2). The ion
pair in 7 is symmetry unique, whereas the cation and anion
in 8 lie on the inversion centre and the full structure, includ-
ing lattice H,O molecules, is generated by symmetry. The
cation core and anion in 7 are essentially planar, thus indi-
cating delocalization of the charge. The PCP anion exists in
two disordered orientations (inverted to each other) with

Table 2. Crystallographic data and structure-refinement parameters.

7 8
formula CsH, Ny, C,H;N,;O,
M, 391.46 438.41
crystal system triclinic monoclinic
space group P1 C2/c
a[A] 7.6298(4) 11.874(2)
b [A] 11.7947(7) 13.426(2)
c[A] 12.1206(7) 13.112(3)
al?] 91.550(2) 90
A 91.235(2) 106.477(3)
y [°] 107.647(3) 90
VA 1038.53(10) 2004.5(6)
V4 2 4
T[K] 90(2) 90(2)
ATA] 0.71073 0.71073
Peated [Mgm ™ 1252 1.453
p[mm™] 0.084 0.109
F(000) 412 904
crystal size [mm’] 0.25x0.24x0.08 0.37x0.12x0.07
0 range [°] 1.68-25.25 2.35-25.24
index ranges —9<h<9 —14<h<14
—14<k<14 —-16<k<16
—-14<i1<14 —-15<I<15
number of 15050 15168
reflections collected
number of 3754 1813
independent reflections (R(int) =0.0238) (R(int) =0.0373)
data/restraints/param. 3754/0/319 1813/12/174
GOF 1.026 1.020
R, (I>20 D) 0.0462 0.0317
wR, (I>20(1))! 0.1122 0.0715
largest differential 0.351, -0.219 0.215, —0.183
peak, hole [e A~
CCDC reference 651004 651005

[a] R =X F, || F|| /S| F, | wR,={S[w(F = F2P S [w(F) ]}
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the majority position (82 %; Figure 3a). The charge delocali-
zation in the disordered PCP anion is also reflected in simi-
lar bond lengths to propene (C19-C22-C25: 1.389(4),

Figure 3. a) Displacement ellipsoid plot (30%) of 7 showing numbering
scheme. The disordered anion is shown in the most occupied conforma-
tion. b) Ball-and-stick diagram of the extended structure of 7 viewed
down the a axis. The hydrogen atoms are omitted for clarity.

1.382(3) A; C19b-C22b-C25b: 1.45(2), 1.42(1) A). There is
only weak hydrogen bonding between the ion pair in the ex-
tended structure of 7 (C11--N29: 3.492(8); C15--N17:
3.300(4) A; Figure 3b). There is, however, strong intramolec-
ular hydrogen bonding around the cation triskelion
(N2-+N13:  2.601(2); N7--N3: 2.631(2); NI12--N8:
2.632(2) A), which also stabilizes the charge.

The dication in the centrosymmetric dimer 8 (Figure 4a)
is also essentially planar, which again indicates delocaliza-
tion of the charge. This delocalization is also displayed in
the shortened bond lengths of C5—N (C5—N6: 1.319(2); C5—
N7: 1.306(2); C5-N4: 1.365(2) A), which are similar to the

www.chemeurj.org — 1285
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Figure 4. a) Displacement ellipsoid plot (30%) of 8. The hydrogen atoms
are included but unlabeled for clarity. b) Ball-and-stick packing diagram
of 8 viewed down the a axis. The dashed lines indicate hydrogen bonding.
Hydrogen atoms are omitted for clarity.

bond lengths of diguanidinium hexafluorosilicate, for exam-
ple."” The anion shows remarkable homogenization of bond
lengths throughout, but instead of a planar arrangement as-
sumes a propeller twist of approximately 17-21° around the
central C8 atom. Charge delocalization is further assisted by
hydrogen bonding directly between the cation and anion
(N6-N13: 2.916(2); N6--N11: 3.203(2) A) and also by the
lattice water molecules (O1-+-N13: 3.103(2); O1--N16:
3.071(2) A). The complex 3D structure is built up from hy-
drogen-bonded sheets with the water molecules occupying
voids that are parallel to the a axis (Figure 4b). Structural
characterization of these types of anions is rare, and there is
only one other report of a DTP salt.’! The anion in this qui-
nolinium salt also has a propeller twist with the dicyano
groups at approximately 13 and 24° to the central carbon
atom.

Theoretical study: To obtain a better understanding of the
PCP and DTP anions, a natural bond orbital (NBO) popula-
tion analysis fixed at the optimized structures ((HF/6-31+
G(d,p) and DFT/6-31+ G(d,p)) was used to investigate the
bonding and hybridization in this species (single-point
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energy calculated at the HF/6-311 ++ G(3df,2p) and DFT/
6-311++ G(3df,2p) levels).?!! The calculations were carried
out using a Gaussian 03 (Revision D.01) suite of pro-
grams.”” The geometric optimization of the structures and
frequency analyses was carried out using B3-LYP functional
with the 6-31+G** basis set,™ and the single-point energy
was calculated at the MP,(full)/6-311++ G** level. All of
the optimized structures were characterized to be true local
energy minima on the potential-energy surface without
imaginary frequencies. The NBO analysis (Figure 5 and

N10
-

Figure 5. PCP and DTP anions (NBO analysis).

Tables 3 and 4) showed that the optimized free anion has a
symmetric charge distribution for the PCP (C2=C9, C3=
C12, N4=N13, C5=C10, N6=N11) and DTP (C1=C3=C4,
C5=C7=C9=C11=C13=C15, N6=N8=N10=N12=N14=N16)
anions, and the negative charge is delocalized over the nitro-
gen and carbon atoms in the cyano groups.

Table 3. NBO charge distribution of the PCP anion.

Atom Hartree—Fock!®! DFT®"!
Mulliken NBO Mulliken NBO

C1 0.136 0.092 0.523 —0.033
C2,C9 0.648 —0.443 0.848 —0.360
C3,C12 0.947 0.353 0.500 0.295
N4,N13 —1.342 —-0.412 —1.110 —0.365
C5,C10 0.750 0.345 0.363 0.289
No6,N11 —1.284 —0.388 —1.053 —-0.341
C7 0.731 0.312 0.484 0.290
N8 —1.305 -0.313 —1.102 —0.292

[a] HF/6-31 + G(d,p)//HF/6-311 ++G(3df2p). [b] B3LYP/6-31+G(d,p)//
B3LYP/6- 311 ++G(3df.2p).

Chem. Eur. J. 2008, 14, 1282—-1290
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Table 4. NBO charge distribution of the DTP anion.

Atom Hartree—Fock! DFT!
Mulliken NBO Mulliken NBO
C1,C3,C4 0.250 —0.550 0.667 —0.451
C2 —0.0640 0.283 0.0356 0.131
C5,C7, €9, C11,C13, C15 0.959 0.401 0.494 0.326
N6, N§,N10, N12, N14, N16  —1.406 —-0.506 —1.167 —0.456

[a] HF/6-31 +G(d,p)//HF/6-311++ G(3df.2p). [b] B3LYP/6-31+G(d,p)//
B3LYP/6-311 4+ G(3df.2p).

Based on a Born-Haber energy cycle (Figure 6), the heat
of formation of a salt can be simplified by the expres-
sion (I):

e e, HY
Cation ~ Anion (solid) —— > aC(s) + bH,(g) +cN,(g)+dO,(g)

AH,

- A HP(anion)

Cation <Ja(Gas) + Anion e(Gas.)

- AH®(cation)

where a, b, ¢, and d are the number of moles of the respective products

Figure 6. Born-Haber cycle for the formation of energetic salts.

AH °(ionic salt, 298 K) = AH°(cation, 298 K)+

1
AH°(anion, 298 K)—AH @

where AH, is the lattice energy of salt M, X,, which could

be predicted by the expression (II) suggested by Jenkins
et al.? as:

AHy = Uy + [p(ny/2-2) + q(nx/2—2)|RT (I1)

where ny; and ny depend on the nature of the ions M?* and
XP~ (q and p are the charges on the cation and anion), re-
spectively, and are equal to 3 for monatomic ions, 5 for
linear polyatomic ions, and 6 for nonlinear polyatomic ions.
The equation for lattice potential energy U, (given in
kJmol ™) has the form (III):

Upor = y(pm/Mm)1/3 +0 (I1I)

where p,, is the density (gcm ™), M,, is the chemical formula
mass of the ionic material (g or mg), and the coefficients vy
(kJmol *cm) and 6 (kJmol ™) take their values from previ-
ous reports.®2!

The remaining task was the determination of the heats of
formation of the cations and anions, which was computed by
using the method of isodesmic reactions (Scheme 5). The
sources of the energies of the parent ions in the isodesmic
reactions were calculated from protonation reactions
(AH?(HY)=1530 kImol™!; Scheme 5).%* The enthalpy of

FULL PAPER

@

NH NH
[ R V' A — +  HC—NH (1)
N 3 ) 3 2
\ N
CH, N
NH NH ®
HNJ—ﬁ-ﬂ{\I:N)-HJ—I\ZJH “2CH *oNH, — NN e
N NN Ve NH: 4 s NeN NP NH, 2CH,NH,  (2)
H N:N H NN 4 ]
HNN mNINHs + 2CH, + 2NH, T NN T O2NHNH, +2CHNH, (9
®
)r\Jn\H2 NH,
pN NN T NHs — NN, *ONHNH,  (4)
NN >
® NH
H)l\i : ®NH2
+
HzN~H H»NH2 3NH,; — H2NJLNH2 + 3NH,NH, 5)
@ ®
N-NH
€y — N\ 6
N + NH, N, B + NH,NH, (8)
- N
NH, H
NC.© NC CN o
NC>>=<§E + HCN —_— >=< + (CN),CH (7)
NC NC CN
g B NC CN R
NC)IKCN + 2HCN _— >=< + 2 (CN),CH (8)
NC CN NC CN

Scheme 5. Isodesmic reactions of ions.

an isodesmic reaction (AH,%) is obtained by combining
the MP2(full)/6-311++ G** energy difference for the reac-
tion, the scaled zero-point energies (B3LYP/6-314 G**),
and other thermal factors (B3LYP/6-31+ G**). The heats of
formation of the cations and anions being investigated can
then be extracted readily (see the Supporting Information).

Conclusion

The formation of salts based on polycyano anions provides a
straightforward approach to energetic salts that exhibit
physical properties, such as relatively high thermal stabilities
(T4y>198°C) and high heats of formation. Some salts have
specific-impulse characteristics that identify them as low-
energy monopropellants, and one of these salts can be used
as a precursor for a carbon nitride.

Experimental Section

Caution: While we have experienced no difficulties with the shock and
friction sensitivity of these salts, they must be synthesized only in milli-
molar amounts and handled with caution.

General: All the reagents were of analytical grade, purchased from com-
mercial sources, and used as received. Silver 1,1,2,3,3-pentacyanopropene
and barium 2-dicyanomethylene-1,1,3,3-tetracyanopropanediide was pre-
pared by using previously reported methods.”® 3,6-Diguanidino-1,2,4,5-
tetrazine®*?) and 3,6-dihydrazino-1,2,4,5-tetrazine® were synthesized by
using previously reported methods. 'H and *C NMR spectra were re-

Chem. Eur. J. 2008, 14, 12821290 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org — 1287
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corded on a 300-MHz NMR spectrometer operating at 300.13 and
75.48 MHz, respectively. Chemical shifts are reported relative to Me,Si.
The solvent was deuterated dimethyl sulfoxide ([D4s]DMSO) unless other-
wise specified. The melting and decomposition points were recorded on a
differential scanning calorimeter (DSC) and a thermogravimetric ana-
lyzer (TGA) at a scan rate of 10°Cmin ", respectively. IR spectra were
recorded using KBr pellets. The densities of energetic salts were mea-
sured at room temperature using a Micromeritics Accupyc 1330 gas pycn-
ometer. Elemental analyses were obtained on an Exeter CE-440 Elemen-
tal Analyzer. SEM images were recorded on an AMRAY 1830 scanning
electron microscope.

X-ray crystallography: Crystals of 7 and 8 were removed from the flask,
a suitable crystal was selected and attached to a glass fiber, and the data
were collected at 90(2) K using a Bruker/Siemens SMART APEX instru-
ment (Moy, radiation, 1=0.71073 A) equipped with a Cryocool Neverlce
low-temperature device. The data were measured using omega scans of
0.3° per frame for 20 s,* and a full sphere of data was collected. A total
of 2400 frames were collected for each structure with a final resolution of
0.83 A. Cell parameters for 7 were retrieved by using SMART? soft-
ware and refined by using SAINTPIlus® on all observed reflections. For
8, cell parameters were retrieved by using APEX2P! software and re-
fined by using the INTEGRATE module® on all observed reflections.
Data reduction and correction for Lorentzian polarization and decay
were performed by using the SAINTPlus software. Absorption correc-
tions were applied by using SADABS.* Structures were solved by direct
methods and refined by the least-squares method on F° using the
SHELXTL program package.® The structure of 7 was solved in the
space group P1 (no.2) by analysis of systematic absences. The anion was
disordered (82:18) and the minor moiety was held to be isotropic. All
other non-hydrogen atoms were refined anisotropically. The structure of
8 was solved in the space group C2/c (no.15) by analysis of systematic
absences. All non-hydrogen atoms were refined anisotropically. No de-
composition was observed during data collection for either sample. Some
restraints were applied in both models to stabilize atomic displacements.
Details of the data collection and refinement are given in Table 2.
Synthesis

3,6-Biguanidinetetrazine pentacyanopropenide (1): Silver pentacyanopro-
penide (274 mg, 1 mmol) and 3,6-biguanidinetetrazine hydrochloride
(136 mg, 0.5 mmol) were suspended in water (10 mL). After the mixture
had been stirred at 50°C for 3 h, the solids were removed by filtration,
the solvent was removed slowly, and the product isolated as red needles
(189 mg, 71%). IR (KBr pellet): 7#=3421, 3338, 3190, 3082, 3010, 2927,
2449, 2206, 1698, 1645, 1604, 1559, 1490, 1421, 1294, 1074, 1033, 941, 747,
646, 531 cm™'; 'TH NMR: 6 =8.15 (s, br) ppm; *C NMR: 6=159.7, 155.5,
136.2, 117.7, 115.3, 114.6, 55.4 ppm; elemental analysis (%) calcd for
CyH (Ny, (530.43): C 4529, H 1.90, N 52.81; found: C 45.13, H 1.78, N
52.24.

Methylimidazolium pentacyanopropenide (2): Silver pentacyanoprope-
nide (274 mg, 1 mmol) was suspended in water (10 mL) and an aqueous
solution of 1,2,3-methylimidazolium chloride (119 mg, 1 mmol) was
added. After the mixture had been stirred at room temperature for 3 h,
the solids were removed by filtration, the solvent was removed slowly,
and the product isolated as yellow needles (214 mg, 86%). IR (KBr
pellet): 7=3147, 3024, 2974, 2444, 2367, 2198, 1995, 1640, 1579, 1546,
1428, 1380, 1300, 1143, 1006, 906, 821,771, 666, 626, 530 cm™'; 'H NMR:
0=8.98 (s, 1H), 7.61 (s, 1H), 7.58 (s, 1H), 3.86 (s, 3H) ppm; *C NMR:
0=137.1, 136.2, 124.4, 121.0, 117.7, 115.3, 114.6, 58.4, 36.8 ppm; elemen-
tal analysis (%) calcd for C,H;N; (249.23): C 57.83, H 2.83, N 39.34;
found: C 57.55, H 2.59, N 39.59.

4-Aminotriazolium pentacyanopropenide (3): Silver pentacyanoprope-
nide (274 mg, 1 mmol) was suspended in water (10 mL) and an aqueous
solution of 4-aminotriazolium chloride (121 mg, 1 mmol) was added.
After the mixture had been stirred at room temperature for 3 h, solids
were removed by filtration, the solvent was removed slowly, and the
product isolated as yellow plates (201 mg, 80%). IR (KBr pellet): 7=
3327, 3237, 3136, 3011, 2843, 2455, 2211, 1995, 1718, 1633, 1490, 1406,
1327, 1249, 1207, 1042, 1002, 933, 869, 670, 613, 530, 496 cm'; '"H NMR:
0=9.51 (s, 2H), 9.50 (s, br, 2H) ppm; "C NMR: 6 =145.2, 136.2, 117.7,
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115.3, 114.6, 58.4 ppm; elemental analysis (%) caled for C;HsNg
(251.21): C 47.81, H 2.01, N 50.18; found: C 47.52, H 1.87, N 49.86.

Guanidinium pentacyanopropenide (4): Silver pentacyanopropenide
(274 mg, 1 mmol) was suspended in water (10 mL) and an aqueous solu-
tion of guanidine chloride (95 mg, 1 mmol) was added. After the mixture
had been stirred for 3 h, the solids were removed by filtration, the solvent
was removed slowly, and the product isolated as yellow needles (201 mg,
89%). IR (KBr pellet): 7=3460, 3275, 3199, 2449, 2208, 1659, 1570, 1504,
1385, 1153, 975, 613, 530, 499 cm™'; 'H NMR: 6 =6.83 (s) ppm; “C NMR:
0=159.3, 136.2, 117.7, 115.3, 114.6, 58.5 ppm; elemental analysis (%)
caled for CyHgNg (226.20): C 47.79, H 2.67, N 49.54; found: C 47.62, H
2.38, N 49.02.

Aminoguanidinium pentacyanopropenide (5): Silver pentacyanoprope-
nide (274 mg, 1 mmol) was suspended in water (10 mL) and an aqueous
solution of aminoguanidine chloride (111 mg, 1 mmol) was added. After
the mixture had been stirred for 3 h, the solids were removed by filtra-
tion, the solvent was removed slowly, and the product isolated as yellow
plates (171 mg, 71%). IR (KBr pellet): #=3477, 3382, 3269, 2874, 2694,
2459, 2229, 2218, 1987, 1628, 1508, 1385, 1248, 1196, 1004, 968, 916, 668,
516, 481, 467 cm™'; '"H NMR: 6 =8.47 (s, 1 H), 7.09 (s, 2H), 6.72 (s, 2H),
457 (s, 2H)ppm; “CNMR: 6=160.1, 1362, 117.7, 1153, 114.6,
58.5 ppm; elemental analysis (%) caled for CoH;N, (271.24): C 44.81, H
2.93, N 52.26; found: C 44.70, H 2.75, N 51.85.
1,2,3-Triaminoguanidinium pentacyanopropenide (6): Silver pentacyano-
propenide (274 mg, 1 mmol) was suspended in water (10 mL) and an
aqueous solution of 1,2,3-triaminoguanidine chloride (141 mg, 1 mmol)
was added. After the mixture had been stirred for 3 h, the solids were re-
moved by filtration, the solvent was removed slowly, and the product iso-
lated as yellow plates (203 mg, 75%). IR (KBr pellet): #=3381, 3329,
3220, 2874, 2762, 2207, 1986, 1915, 1681, 1605, 1500, 1435, 1385, 1346,
1195, 1130, 1054, 948, 754, 668, 639, 569, 530, 464, 450, 403 cm™';
"HNMR: 6=38.58 (s, 3H), 4.48 (s, 6H) ppm; “C NMR: 6 =160.4, 136.2,
118.3, 115.3, 114.6, 58.4 ppm; elemental analysis (%) calcd for CoHoNy,
(271.24): C 39.85, H 3.34, N 56.80; found: C 39.80, H 3.12, N 56.67.

Tris[methylidene(methylidene)amino]guanidinium pentacyanopropenide
(7): 1,2,3-Triaminoguanidinium pentacyanopropenide (136 mg, 0.5 mmol)
was dissolved in acetone (5 mL). After the mixture had been stirred at
45°C for 0.5 h, the solvent was removed slowly and the product isolated
as yellow plates (177 mg, 95%). Yellow crystals suitable for X-ray diffrac-
tion were obtained upon recrystallization from acetone. IR (KBr pellet):
7=3317, 3002, 2955, 2921, 2196, 1992, 1634, 1509, 1437, 1379, 1338, 1261,
1095, 1038, 673, 613, 510, 469 cm™'; 'H NMR: §=9.22 (s, 3H), 2.14 (s,
9H), 2.05 (s, 9H) ppm; “C NMR: §=162.3, 150.2, 136.4, 118.1, 115.1,
114.4, 58.2, 25.2, 17.6 ppm; elemental analysis (%) calcd for C,sH, Ny,
(391.43): C 54.95, H 5.89, N 39.16; found: C 55.08, H 5.23, N 39.53.
3,6-Diguanidino-1,2,4,5-tetrazine 2-dicyanomethylene-1,1,3,3-tetracyano-
propanediide (8): Barium 2-dicyanomethylene-1,1,3,3-tetracyanopropane-
diide (172 mg, 0.5 mmol) and 3,6-biguanidinetetrazine sulfate(149 mg,
0.5 mmol) were suspended in water (10 mL). After the mixture had been
stirred at 50°C for 3 h, the solids were removed by filtration, the solvent
was removed slowly, and the product isolated as dark red needles
(164 mg, 81 %). Dark red crystals suitable for X-ray diffraction were ob-
tained upon recrystallization from water. IR (KBr pellet): 7=3522, 3010,
2822, 2488, 2433, 2180, 2119, 1972, 1708, 1649, 1608, 1397, 1296, 1128,
1035, 943, 879, 856, 765, 655, 592, 534, 472 cm™"; 'HNMR: 6=8.15 (s,
br) ppm; *C NMR: 0=172.3, 161.9, 155.5, 121.9 ppm; elemental analysis
(%) caled for C;H;,N;,2H,0 (438.37): C 38.36, H 3.22, N 51.12; found:
C 38.09, H 3.02, N 50.86.

3,6-Dihydrazinetetrazine 2-dicyanomethylene-1,1,3,3-tetracyanopropane-
diide (9): Barium 2-dicyanomethylene-1,1,3,3-tetracyanopropanediide
(172 mg, 0.5mmol) and 3,6-bihydrazinetetrazine sulfate (120 mg,
0.5 mmol) were suspended in water (10 mL). After the mixture had been
stirred at 50°C for 3 h, the solids were removed by filtration, the solvent
was removed slowly, and the product isolated as dark-red plates (147 mg,
84%). IR (KBr pellet): 7=3489, 3133, 2683, 2189, 1701, 1606, 1558, 1420,
1325, 1213, 1176, 1105, 941, 879, 850, 570, 535, 460 cm™'; "H NMR: 6=
10.63 (s, br) ppm; *C NMR: 6 =166.1, 162.5, 122.9 ppm; elemental analy-
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sis (%) calcd for C;,HgN;,-H,O (366.30): C 39.35, H 2.75, N 53.53; found:
C 38.84, H 2.55, N 53.09.

Guanidinium 2-dicyanomethylene-1,1,3,3-tetracyanopropanediide (10):
Barium  2-dicyanomethylene-1,1,3,3-tetracyanopropanediide (172 mg,
0.5 mmol) was suspended in water (10 mL) and an aqueous solution of
1,2,3-triaminoguanidine chloride (216 mg, 1 mmol) was added. After the
mixture had been stirred for 3 h, the solids were removed by filtration,
the solvent was removed slowly, and the product isolated as yellow nee-
dles (146 mg, 90%). IR (KBr pellet): 7=3457, 3357, 3264, 3200, 2827,
2191, 2171, 2122, 1664, 1482, 1426, 1143, 883, 684, 532, 503, 481 cm™';
"HNMR: 6=6.83 (s) ppm; "CNMR: 6=166.2, 159.4, 122.1 ppm; ele-
mental analysis (%) calcd for C,H;;N;, (325.31): C 4430, H 4.03, N
51.67, found: C 44.37, H 3.61, N 51.31.1
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