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The lithium, barium, ammonium, and guanidinium salts of nitrosodicyanomethanide ([ONg(EGNInd the

lithium, sodium, barium, ammonium, guanidinium, and hydrazinium salts of nitrodicyanomethaniblC([CN),] -)

are synthesized and characterized by infrared;-Wi¢ and3C NMR spectroscopy, and elemental analysis. Four

of them, namely, [N [ONC(CN);], BaJONC(CN}]2(H20), [NH4[O2NC(CNY)], and Ba[QNC(CN)](CI)(H20)s,

have also been characterized by single-crystal X-ray diffraction data. The structural data reveal that the two anions
possess comparable structural features irrespective of the nature of the cation-OheoNd distances in [N
[ONC(CNY),] and Ba[ONC(CN]»(H»0) are similar at 1.286(2) and 1.292(4) A, respectively, and the anion possesses

a nearly planar geometry. Nitrodicyanomethanide anions in the crystals of[[DUNC(CN),] and Ba[QNC-
(CN),](CI)(H,0), are also nearly planar with average-® bond distances of 1.258(2) and 1.252(5) A, respectively.

In BaJONC(CN})]»(H20), the nitrosodicyanomethanide anion binds a single metal center through the nitrogen
and oxygen atoms of the nitroso group while also binding two other metal centers through the cyano nitrogen
atoms. In Ba[GNC(CN)](CI)(H20),, the nitrodicyanomethanide anion coordinates to the metal center only through
the cyano nitrogen atoms. The thermal properties of the new compounds together with those of the known sodium,
potassium, and silver salts of nitrosodicyanomethanide and the potassium and silver salts of nitrodicyanomethanide
are examined by differential scanning calorimetry (DSC). The DSC data reveal that the two series of compounds

undergo exothermic decomposition releasing-2d90 cal/g. The alkali metal, silver, and barium salts decompose
at higher temperatures>@00 °C), whereas the nitrogenous cationic salts decompose at lower temperatures,
indicating that the thermal behavior of the two anions can be significantly altered by choosing appropriate cations.

Introduction paper from this laboratory demonstrated significant similarity

A b f alihati d tic nit d d between nitrosodicyanomethanide and nitrite anions with respect
A number of aliphalic and aromatic nitro. compounds and y, hejr electronic structure, electrochemical, and ligation
nitrogen-rich compounds such as hydrazine and nitramines are

used as explosives and propellants by virtue of their high energypropertiesl.5 Here we wish to report (1) a new high-yield
contenti~3 We and others™0 are interested in developing new synthetic procedure for silver nitrodicyanomethanide, (2) the

terials with potential lant licati ricall synthesis and characterization of a number of new salts of the
materials with potential propeliant applications, Speclically v, anjons, and (3) the thermal decomposition properties of
aimed toward circumventing problems such as high-cost,

o . . . . ) the two series of compounds.
explosion risk, and carcinogenic properties associated with some
of the currently used propellants. Experimental Section

Salts of nitrosodicyanomethanide ([ONC(GN) and nitro- Materials and Methods. All chemicals were obtained commercially
dicyanomethanide ([fNC(CN)]") are attractive target mol-  and used without further purification. Infrared spectra were obtained
ecules as propellants on the basis of their theoretically predictedas KBr disks with a Perkin-Elmer 1600 FTIR Spectrophotometer~UV
similarity to nitrite and nitrate salts, respectively. Results of vis spectra were measured in acetonitrile solvent on a Hewlett-Packard
theoretical studies of the two anions suggest that these aniong3453 UV-vis spectrophotometer. NMR spectra were recordec{D D

w/v) as reference at room temperature on a Bruker DRX 400K

spectrometer. Thermograms were obtained using a TA Instruments DSC

(1) Urbanski, T.; Vasudeva, S. K. Sci. Ind. Res1978 37, 250.

(2) Meyer, R.Explosies 3rd ed.; VCH: Weinheim, Germany, 1987. 2010 differential scanning calorimeter equipped with a cooling can for
(3) Nielsen, A. T., EdChemistry of Energetic Materigldlew York, 1991; cooling measurements. Approximately 2 mg of the sample was placed

pp 6-263. in aluminum sample cups and crimped with a cover. The DSC runs
(4) lyer, S.; Damavarapu, R.; Strauss,BBallistics1992 11, 72. were performed under a steady flow of argon gas and at the heating
®) %;mafk' H.; Bergman, H.; dvist, G. Thermochim. Actd993 213 rate of 10°C/min in the temperature range 2600 °C. Caution:

(6) Gstmark, H.Thermochim. Actd995 260, 210 Although none of the compounds described herein have exploded or
(7) Bulusu, ’S.;'Damavarapu', R. Autera, J. R.: Behrens, R., Jr.: Minier, detonated in the course of this research, these materials should be

L. M.; Villanueva, J.; Jayasuriya, K.; Axenrod, T..Phys. Chen1995 handled with due care.
99, 5009.
(8) Subramaniam, G.; Boyer, J. H.; Buzatu, D.; Stevens, E. D.; Trudell, (12) Jaer, L.; Schdler, H.-D.; Grobe, U.; Kbler, H.; Nefedov, V. 1.Z.
M. L. J. Org. Chem1995 60, 6110. Anorg. Allg. Chem1992 617, 123.
(9) Duddu, R.; Damavarapu, Bynth. Commuril996 26, 3495. (13) Schdler, H.-D.; Kéhler, H.Z. Chem.199Q 30, 67.
(10) Lukin, K. A.; Li, J.; Eaton, P. E.; Kanomata, N.; Hain, J.; Punzalan, (14) Schaler, H.-D.; Jaer, L.; Senf, I.Z. Anorg. Allg. Chem1993 619,
E.; Gilardi, R.J. Am. Chem. S0d.997, 119, 9591. 1115.
(11) Jensen, H.; Klewe, B.; Tjelta, Bcta Chem. Scand.97Q 31A 151. (15) Bohle, D. S.; Conklin, B. J.; Hung, C.-tthorg. Chem1995 34, 2569.
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Syntheses. Silver, Sodium, and Potassium Salts of Nitrosodicya-
nomethanide. Silver nitrosodicyanomethanide was synthesized from
malononitrile, sodium nitrite, and silver nitrate in acetic acid/sodium
acetate buffer medium (ca. pH 3) by a literature proceduiiavo of
the previously reportédalkali metal salts of nitrosodicyanomethanide,

Arulsamy et al.

The known potassium salt was synthesized as described in the
literature?! The lithium, sodium, barium, ammonium, hydrazinium, and
guanidinium salts were also synthesized by a similar procedure to those
described for the synthesis of nitrosodicyanomethanide salts above. In
the synthesis of the barium salt, ca. 0.03 g of a byproduct crystallized

namely, the sodium and potassium salts, were synthesized by a modifiedout from the aqueous filtrate and was characterized as BHCCN),]-
known procedure as follows. An aqueous solution of the appropriate (Cl)(H20), by single-crystal X-ray crystallography.

alkali nitrite (0.1 mol) was slowly added to malononitrile (6.5 g, 0.1
mol) dissolved in pH 2.753 acetic acid/alkali acetate buffer solution
(100 mL) cooled in an ice bath at® °C. The resultant yellow solution
was stirred for 30 min and filtered. The filtrate was reduced to ca. 20

Li[O 2NC(CN),]. Yield: 0.170 g (73%). IR (cml): 2244 (s), 2238
(s), 1420 (s), 1383 (s), 1298 (s), 1173 (M), 745 (M), 538 (M)W,
in acetonitrile,Amax, NM (€, M1 cm™): 316 (11 556), 419 (100}3C
NMR: ¢ 117.20, 82.60. Anal. Calcd fors8s0.Li: C, 30.80; N, 35.92.

mL under reduced pressure and allowed to stand at room-temperatureDbserved: C, 30.35; N, 35.66.

overnight. The orange-yellow crystalline product formed was separated

by filtration and dried in a vacuum oven at room temperature. Yield:
sodium salt, 8.9 g (76%); potassium salt, 10.6 g (80%).
The lithium, ammonium, and guanidinium salts of nitrosodicya-

Na[O,NC(CN),]. Yield: 0.216 g (81%). IR (cml): 2228 (s), 2220
(s), 1441-1298 (s), 1165 (s), 744 (s). UWis, in acetonitrile Amax
nm (e, M~ cm™): 316 (10 523), 418 (211):°C NMR: ¢ 117.21,
82.66. Anal. Calcd for gNzO.Na: C, 27.08; N, 31.58. Observed: C,

nomethanide were synthesized by the metathesis reaction of silver26.98: N, 31.39.

nitrosodicyanomethanide (0.404 g, 0.002 mol) with each of the chloride

Ba[O:NC(CN)3].. Yield: 0.320 g (91%). IR (crm): 2220 (s), 2211

salts (0.002 mol) in aqueous media. For the synthesis of the barium () 1402 (s), 1363 (s), 1356 (s), 1343 (s), 1320 (s), 1294 (s), 1154

salt, 0.5 equiv of barium chloride dihydrate (0.244 g, 0.001 mol) was

(m), 753 (m), 668 (w), 574 (w), 560 (w), 534 (m), 526 (w). YVis,

used. The precipitated silver chloride was filtered off and the filtrate jn acetonitrile, Ama NM €, M~ cr™Y): 314 (27 022), 418 (95)1°C
was stripped of solvent at reduced pressure. The residue was recrystalnvR: § 117.23, 82.67. Anal. Calcd for8l0.Ba: C, 20.16: N, 23.51.

lized from an acetonitrile:water (75:25) solvent mixture. The products
were separated by filtration and dried in a vacuum oven at room
temperature.

Li[ONC(CN) ). Yield: 0.180 g (90%). IR (KBr, cmt): 2226 (m),
2211 (s), 2177 (m), 1432 (m), 1402 (m), 1354 (s), 1318 (s), 1152 (m),
743 (s), 528 (s). UV-vis, in acetonitrile Amax, NM (€, M~ cm™1): 301
(10 690), 416 (66), 472 (73}3C NMR: ¢ 118.29, 113.16, 112.29.
Anal. Calcd for GN3OLi: C, 35.68; N, 41.61. Observed: C, 35.27;
N, 41.28.

Ba[ONC(CN);]2(H20). Yield: 0.305 g (89%). IR (KBr, cmt): 3601
(w), 3529 (m), 2239 (m), 2228 (s), 1624 (m), 1389 (m), 1375 (m),
1345 (s), 1263 (s), 1219 (s), 596 (m), 566 (m). BWs, in acetonitrile,
Amax NM (€, M1 cm™1): 298 (25 874), 401 (220), 472 (110%C
NMR: 6 118.33, 113.22, 112.17. Anal. Calcd fogHGNsOsBa: C,
20.98, H, 0.59; N, 24.46. Observed: C, 20.95, H, 0.53; N, 24.35.

[NH4[ONC(CN),]. Yield: 0.152 g (68%). IR (KBr, cmt): 3220~
3140 (m), 2230 (s), 2222 (m), 1686 (w), 1402 (s), 1325 (s), 1274 (s),
1232 (s), 1185 (m), 1079 (w), 1038 (w), 594 (m), 568 (w). Lis,
in acetonitrile,Amax, NM (€, M~1 cm™1): 301 (9630), 472 (66)*C
NMR: 6 118.33, 113.21, 112.37. Anal. Calcd fosHGN4O: C, 32.15;

H, 3.60; N, 49.98. Observed: C, 31.96; H, 3.69; N, 49.52.

[C(NH2)3][ONC(CN)]. Yield: 0.235 g (76%). IR (KBr disk, crrf):

3479 (s), 3403 (s), 3377 (s), 3178 (m), 3096 (M), 2224 (s), 1671 (m),
1654 (s), 1578 (w), 1560 (w), 1371 (m), 1347 (s), 1266 (s), 1226 (s),
574 (w), 551 (w), 520 (w). UV-vis, in acetonitrile Amax, NM €, M™1
cmY): 301 (11 366), 472 (86)°C NMR: ¢ 160.79, 118.34, 113.21,
112.36. Anal. Calcd for @HgNeO: C, 31.17; H, 3.92; N, 54.53.
Observed: C, 31.09; H, 4.00; N, 54.54.

Salts of Nitrodicyanomethanide.Silver nitrodicyanomethanide was
synthesized by the ammonium cerium(lV) nitrate oxidation of potassium
nitrosodicyanomethanide as follows. To a solution of K[ONC(gN)

(4.62 g, 0.035 mol) in acetic acid/potassium acetate buffer (pH 3, 20

mL) was added slowly a solution of [Nf3[Ce(NGs)¢] (38.06 g, 0.07
mol) in water (50 mL) with stirring. The solution turned dark red
immediately, but on continued stirring for 30 min, it turned yellow.
An aqueous solution (20 mL) of silver nitrate (6.23 g, 0.035 mol) was
added to the clear yellow solution and the precipitated yellow solid
was filtered and washed successively with cold water (50 mL) and
absolute ethanol (20 mL) to give 4.96 g of the product. On slow
evaporation of the filtrate another crop of the product was obtained
(1.9 g). The combined products were recrystallized from acetonitrile:
water (50:50) mixture as light yellow crystals. Total yield after
recrystallization: 6.5 g (85%). The IR and UWis spectral features

of the product were identical to those reported in the literattire.

(16) Iglesias, E.; Williams, D. L. HJ. Chem. Soc., Perkin Trans.1®89
343.

(17) Kbhler, H.; Lux, G.Inorg. Nucl. Chem. Lett1968 4, 133.

(18) Kbhler, H.; Eichler, B.; Kolbe, AZ. Chem.197Q 10, 154.

Observed: C, 20.34; N, 23.54.

[NH4[O2NC(CN)g]. Yield: 0.212 g (83%). IR (cm?): 3256-3220
(m), 2226 (s), 2214 (s), 1482 (s), 1404320 (s), 1302 (s), 1150 (s),
749 (s), 573 (m), 532 (s), 524 (m). UWis, in acetonitrile Amax NM
(e, M~ cmY): 316 (11 413), 418 (95):°C NMR: ¢ 117.23, 82.64.
Anal. Calcd for GH4N4Oy: C, 28.13; N, 43.74. Observed: C, 28.30;
N, 43.87.

[C(NH2)3][02NC(CN),]. Yield: 0.298 g (88%). IR (crm?): 3470
3210 (m), 2218 (s), 16801652 (s), 1560 (m), 1408 (s), 1360 (s), 1296
(s), 1151 (s), 741 (m), 670 (w). UWvis, in acetonitrile Amax, NM (€,
M~1cmr?): 316 (11 451), 418 (32¥3C NMR: 6 117.19, 82.76. Anall.
Calcd for GHgN6O2: C, 25.18; H, 3.52; N, 48.94. Observed: C, 25.30;
H, 3.56; N, 48.87.

[N2H:][O2NC(CN),]. Yield: 0.210 g (73%). IR (cmt): 3245 (m),
3026 (m), 2219 (s), 1497 (m), 1406 (s), 1344 (s), 1294 (s), 1153 (m),
1104 (m), 1083 (m), 964 (m), 753 (m), 575 (W), 534 (m), 526 (W),
497 (w). UV—vis, in acetonitrile Amax, NM €, M~ cm™1): 316 (11 345),
418 (252)3C NMR: ¢ 117.35, 82.69. Anal. Calcd fors8sNsO,: C,
25.18; H, 3.52; N, 48.94. Observed: C, 25.29; H, 3.56; N, 49.04.

Computational Details. The calculations described here were
performed usingsaussian94mplemented on a Silicon Graphics Iris
Indigo workstation'® Full optimizations were performed initially at the
restricted HartreeFock(HF) level using the polarized split valence
6-31G* basis sets before the final optimizations, which were performed
by density functional theory using Becke’s three-parameter functfonal
and triple split valence basis sets, 6-313*. It has recently been shown
that related nitrogen oxide anions exhibit Hartré€®ck instability and
that an effective method to model this is with Becke's three-parameter
hybrid functional’! The choice of basis set stems from the well-known
difficulty in calculations of anions with limited basis sets. In general,

(19) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
B. G.; Robb, M. A; Cheeseman, J. R.; Keith, T.; Petersson, G. A;;
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A.; Frisch,
M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, B. G.;
Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, Galssian
94; Gaussian, Inc.: Pittsburgh, PA, 1995.

(20) Becke, A. D.J. Chem. Phys1993 98, 5648.

(21) Tsai, H.-H.; Hamilton, T. P.; Tsai, J.-H. M.; Harrison, J. G.; Beckman,
J. S.J. Phys. Chem1996 100, 6942.
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Table 1. Crystallographic Data for [N|J[ONC(CN);], Ba[ONC(CN}]2(H20), [NH4[O2NC(CNY)], and Ba[GNC(CN)](CI)(H20).

[NH4[ONC(CN)] Ba[ONC(CN}|[H:0)] [NH,][O2NC(CN)] Ba(O:NC(CN))(CI)(Hz0).
empirical formula  GH4N4O CsH2NesOsBa GHsN4O2 C3HiN3z04BaCl
fw 112.20 343.48 128.10 318.88
space group C2/c P2:/n P1 P1
a, 13.221(2) 7.3131(9) 4.9015(14) 5.9064(9)
b, A 9.8372(12) 18.467(2) 7.7721(11) 6.3799(12)
c A 8.6207(10) 8.1396(8) 8.2622(14) 11.452(2)
o, deg 90 90 114.809(11) 96.791(12)
S, deg 97.298(10) 110.778(9) 90.56(2) 95.735(12)
y, deg 90 90 99.950(14) 98.456(12)
vV, A2 1112.1(2) 1027.8(2) 280.21(11) 420.83(13)
VA 8 4 2 2
reflctns collected 1311 2423 1274 1948
max/min transm 0.6372/0.5103 0.6650/0.5027 0.5933/0.5438 0.0772/0.0264
Pealcas g CNT3 1.339 2.220 1.518 2,517
w, mmt 0.106 3.867 0.129 5.016
R [F > 40|F|] 0.0301 0.0263 0.0335 0.0282
WRP 0.0830 0.0632 0.0894 0.0706
Syof 1.054 1.028 1.054 1.147
weighting schenfe w = 02F2+ (0.042P)>+ w =02+ (0.028P)>+ wl=0%F2+ (0.052P)?>+ w'=0?F2+ (0.047%)>+
0.34P 0.78 0.08° 0.3

*Ry = J[IFo = [Fll/Z|Fol. "WRe = [3{W(Fe* — FA)}/F{W(F?)?}]% P = (Fo* + 2F)/3.

the best models for these systems include polarization functions on al
heavy atoms and preferably on the hydrogen atoms as’*twél.
Crystallographic Structure Determination. X-ray diffraction data
were collected for single crystals of compounds JNBNC(CN),],
Ba[ONC(CN}]2(H20), BaJ[O;NC(CN)](CI)(H20),, and [NH][O,NC-
(CN),] on a Siemens P4 Diffractometer equipped with a molybdenum
tube (Kay) = 0.709 26 A;1(Kay) = 0.713 54 A] and a graphite
monochromator at 28C. In each case the diffraction data was measured

| Scheme 1

LIONC(CN)] ~_ | icy 112Bacl, _» BalONC(CN);1(OH,)
-:\gk A::I
Ag[ONC(CN),]

NH,CL [C(NH,);ICI
Am -AgCl

[NH,[ONC(CN),] [C(NH;)3][ONC(CN),]

usingw scans. The intensities of three standard reflections monitored gathered having1 < h<5,—-8 < k= 8,—9 < | < 9. The data were
every 100 reflections during the respective data collections indicated not corrected for absorption. All hydrogen atoms were located in
negligible crystal decomposition. The structures were solved by direct successive Fourier maps and refined isotropically, whereas the non-

methods and refined by full-matrix least-squares techniqué2 asing
structure solution programs from the SHELXTL syst&éntmportant
crystallographic parameters are collected in Table 1.
[NH4][ONC(CN),]. Data were collected for a light yellow plate
with dimensions 0.16< 0.40 x 0.72 mm. The compound crystallizes
in the monoclinic space group2/c with eight pairs of the cations and
anions in the unit cell. A total of 985R(;; = 0.0176) observed
independent reflectiond=[> 40|F|] were collected in the @ range
5.18—-76.36, with the data gathered havirgl5<h<1,-1<k=<
11,-10= | = 10. The data were corrected for absorption and Lorentz
polarization effects. All hydrogen atoms were located in successive

hydrogen atoms were refined anisotropically.

Ba[O,NC(CN),](CI)(H 20).. Data were collected for a yellow block
of dimensions 0.18& 0.30 x 0.42 mm. The compound crystallizes in
the triclinic space groupl with two formula units in the unit cell. A
total of 1476 R = 0.0245) observed independent reflectioRs>
40|F|] were collected in the@range 5.46—50°, with the data gathered
having—6 = h < 1, =7 = k= 7, =13 = | < 13. The data were
corrected for absorption and Lorentz polarization effects. All hydrogen
atoms were located in successive Fourier maps and refined isotropically,
whereas the non-hydrogen atoms were refined anisotropically.

Fourier maps and refined isotropically, whereas the non-hydrogen atomsResults and Discussion

were refined anisotropically.

Ba[ONC(CN);]2(H20). Data were collected for a yellow block of
dimensions 0.1 0.40 x 0.40 mm. The compound crystallizes in the
monoclinic space group2:/n with four formula units in the unit cell.

A total of 1820 Rn: = 0.0293) observed independent reflectiofsy{
40|F|] were collected in the@range 4.42—50°, with the data gathered
having—1 < h=<38,—-1<k=21,—-9 =<1 < 9. The data were corrected
for absorption and Lorentz polarization effects. The hydrogen atoms
of the coordinated water molecule could not be located in the Fourier
maps, and were not included in the structure solution. All non-hydrogen
atoms were refined anisotropically.

[NH4[O2NC(CN),]. Data were collected for a yellow block with
dimensions 0.1& 0.30 x 0.42 mm. The compound crystallizes in the
triclinic space group1 with two pairs of the cations and anions in the
unit cell. A total of 963 Ri,: = 0.0149) observed independent reflections
[F > 40|F|] were collected in the 2 range 5.46—50°, with the data

(22) Clark, T.; Chandrasekhar, J.; Sptznagel, G. W.; Schleyer, P.J. R.
Comput. Chem1983 4, 294.

(23) Frisch, M. J.; Pople, J. A.; Binkley, J. 3. Chem. Phys1984 80,
3265.

(24) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Phys.
198Q 72, 650.

(25) Sheldrick, G. MSHELXTL5.03/Iris ed.; Siemens Analytical X-ray
Instruments, Inc.: Madison, WI, 1995.

SynthesesThe previously reported syntheses for the sodium,
potassium, cesium, and rubidium salts of nitrosodicyanomethanide
involve the metathesis reactions of the silver salt with alkali
metal chlorides’ As described in the Experimental Section we
have observed that the sodium and potassium salts can be
directly obtained from the reaction of the alkali nitrites and
malononitrile in acetic acid/alkali acetate buffer at pH ca. 3.
The new lithium, ammonium, guanidinium, and barium salts
were synthesized by the metathesis of the silver salt with
appropriate halides in aqueous media (Scheme 1).

Although a method is available for the synthesis of silver
nitrodicyanomethanide, the method involving potassium per-
manganate oxidation yields less than 50% prod&icherefore,

a new high yield method is developed for the synthesis. Potas-
sium nitrosodicyanomethanide is oxidized by 2 equiv of ammon-
ium cerium(lV)nitrate in acetic acid/sodium acetate buffer at
pH ca. 3. The nitrodicyanomethanide anion formed is then
precipitated as the silver salt in ca. 85% yield. The new lithium,
sodium, barium, ammonium, hydrazinium, and guanidinium
together with the previously described potassium salts were
synthesized by metathesis reactions as shown in Scheme 2.
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Scheme 2 Table 3. Selected Bond Distances (&) and Angles (deg) for
Na[ONC(CN),] Ba[ONC(CN}]o(Hz0)

) N(1)-0(1) 1.286(4) N(4)0(2) 1.298(4)
Li[O,NC(CN),] ‘% NaCIT 1/2BaCly » Ba[O,NC(CN),], C(1)-N(2) 1.313(5) C(4¥-N(4) 1.313(5)
AgCl -AgCl %g/c. C(1)-C(2) 1.433(6) c(4yC(5) 1.433(5)
Ag[O,NC(CN),] C(1)-C(3) 1.420(6) C(4yC(6) 1.439(6)
ty e wzmm C(2)-N(2) 1.144(5) C(5-N(5) 1.135(5)
INHJ[0,NC(CN),] “-AgCl -/igi:li AICL X [C(NH)SI[0,NC(CN);] CENE) 1.140(6) CErne 1.130(6)

O(1)-N(1)-C(1)  117.4(3) O@N@)-C(4) 117.3(3)
N(1)-C(1)-C(3)  118.8(4) N(4rC(4)-C(5)  123.8(4)
N(1)-C(1)-C(2)  122.0(4)  N(4FC(4)-C(6)  117.4(4)

[N2H;][O,NC(CN),]

Table 2. Bond Distances (A) and Angles (deg) for C(3)-C(1)-C(2) 119.2(4) C(5)C(4)-C(6) 118.7(4)
[NH4J[ONC(CN),] N(2)-C(2-C(1)  177.4(5) N(5yC(5)-C(4)  176.1(5)
N(1)-0(1) 1.286(2) N(1)}-C(1) 1.314(2) N(3)-C(3)-C(1) 177.7(5)  N(6}C(6)-C(4)  178.2(5)
C(1)-C(2) 1.418(2) C(1¥C(3) 1.424(2)
C(2)-N(2) 1.142(2) C(3¥N(3) 1.139(2) T,\?ﬁle C4)- l5’»((23r;gi’\lDistances (R) and Angles (deg) for
O(1)-N(1)-C(1) 116.39(13) N(C(1)-C(2) 121.71(13) (NHJIONC(CN)]
N(1)-C(1)-C(3) 117.85(13) C(2)C(1)-C(3) 120.44(13) N(1)—O(1) 1.261(2) N(1)-0(2) 1.252(2)
N(2)-C(2)-C(1) 176.9(2) N(3}C(3)-C(1) 179.5(2) N(1)—C(1) 1.363(2) C(1C(2) 1.406(2)
C(1)-C(3) 1.406(2) C(2XN(2) 1.142(2)

. _ . C(3)-N(3) 1.143(2)
During an attempted synthesis of the hydrazinium salt of
nitrosodicyanomethanide, a novel condensation product, namely, O(2)-N(1)-0O(1) ~ 120.77(11)  O(2yN(1)-C(1)  120.15(12)
3,5-diaminopyrazolone oxime, was obtained. The cyano groups ﬁ(i):’(\‘:(i):g%) ﬂg'gg(ﬁ) '(\':(1‘}8(%):5(3) i%g'%(g)
in nitro_sodicyanomethanide also L_mderwe_nt co_ndensation reac- NEZ%—ngg—Cglg 179:3(2() ) N((??;C((3))—C((1)) 179:1(2() )
tions with hydroxylamine, the details of which will be described

elsewhere. Table 5. Selected Bond Distances (A) and Angles (deg) for
IR and UV —Vis Spectra. The IR spectra of the new com-  Ba[O:.NC(CN)|(Cl)(Hz0),

pounds, namely, the lithium, barium, ammonium, and guani-  O(1)-N(1) 1.261(5) O(2>N(1) 1.234(5)

dinium salts of nitrosodicyanomethanide, and the lithium, so-  N(1)—C(1) 1.376(5) C(1rC(3) 1.401(6)

dium, barium, ammonium, hydrazinium, and guanidinium salts ~ €(1)-C(2) 1.410(6) C(2yN(2) 1.133(6)

of nitrodicyanomethanide exhibit similar features as those of CE-NE) 1.151(6)

the known silver and potassium salts of both anions. The spectra O(2)-N(1)-0O(1)  121.3(3)  O(2rN(1)-C(1)  120.2(4)
of the nitrosodicyanomethanide salts exhibit cyanide stretching O(1)-N(1)-C(1)  118.5(3)  N(1}C(1)-C(3)  119.3(4)
absorption bands in the 2232211 cn1region and three broad ~ N(1)—C(1)-C(2) ~ 117.6(3)  C(3}C(1)-C(2)  122.8(4)
absorption bands associated with the coupling ofANO) and N@-C@-C(1)  178.4(4)  NEYCE)-CQ1)  178.4(4)
v(CC) modes in the 13751219 cn1?, consistent with those of
other compounds reported in the literatéft@he IR spectra of
the nitrodicyanomethanide salts exhibit cyanide stretching

absorption bands in the 2242211 cnt! region and several
P J (CN),] and Ag[ONC(CN}].27-28 The corresponding NO and

closely spaced peaks in the 1401200 cnt? region?® . :
The electronic spectra of the new nitrosodicyanomethanide _C_N bond distances are 1.246(4) and 1.334(5) A, respectively,

salts also exhibit characteristic— x* and n— x* electronic 1N the potassium salt, and 1.18(2) and 1.44(2) A, respectively,
transitions at ca. 301 and 476 nm, respectively, similar to the " the silver salt. The anion in the latter salts also exhibit
spectrum of the previously described tetramethylammonium Planarity?’:2 .
nitrosodicyanomethanide in acetonitifeThe UV—vis spectra Structure of BaJONC(CN)2]o(H0). The structure consists

of the lithium and barium salts exhibit an additional absorption ©f an infinite three-dimensional network of repeating Ba[ONC-
at 401 nm, which can be attributed to the solvatochromic effect (CN)22(H20) units. The crystallographic asymmetric unit
of water!517.18The spectra of the nitrodicyanomethanide salts CONtains a barium atom coordinated to a water molecule and
exhibit thesr — 7* transition red shifted to 316 nm and the n WO hitrosodicyanomethanide anions. Although, the asymmetric
— 7* transition blue shifted to ca. 418 nm. As will be discussed Uit contains two anions, the coordination mode and all other
below, the C-Niiresobond distance in the nitrodicyanomethanide structural features of the two are comparable. Each of the anions

anion is significantly longer than the-Nyiwo bond distance in is bondgd to four different barium centers, leading to a three-
the nitrosodicyanomethanide anion. dimensional network arrangement. Specifically, the oxygen and

Structural Data. Four of the compounds, namely, [NH nitrogen atoms of the nitroso group of the anion are bonded to

ingle barium center, while the two cyano nitrogen atoms are
[ONC(CN),], Ba[ONC(CNY]2(H20), [NH4[O2NC(CN)], and asing , : !
Ba[O,NC(CN)J(CI)(H;0), have been characterized by three- bonded to two different barium centers; the nitroso oxygen atom

dimensional X-ray diffraction data. Selected bond distances and?S also_bonded to yet ar_lother bar_ium center. '_I'he bonding
angles are listed in Tables-5. interaction of the anion with two neighboring barium centers

Structure of [NH 4JJONC(CN)]. The crystal contains tightly leads to the three-dimensional network arrangement of the ions.

packed ammonium and nitrosodicyanomethanide ions. A view As sh_own in Figure 2, each barium center is surrou_nded by
of the anion is shown in Figure 1. Two of the ammonium jon U NiTOSO 0xygens, one water oxygen, four cyano nitrogens,
hydrogen atoms are hydrogen bonded to the oxygen atoms ofand two nitroso nitrogens. The B& bond distances are in the
two neighboring anions with the associated-® distances of (27) Chow, Y. M. Britton, D Acta Crystallogr 1974 B30, 1117

2.830 and 2.916 A leading to an infinite chain structure. All (28) Skopénkb, V. V.: Zub, Yu. L.: Porai-Koshits, M. A.: Sadikov, G. G.

Ukr. Khim. Zh. (Russ. Ed.}979 45, 811; Chem. Abstr1979 91,
(26) Kolbe, A.; Kdhler, H.Z. Anorg. Allg. Chem197Q 373 230. 202606s.

atoms of the anion are nearly planar with the nitroso nitrogen
atom (N(1)) deviating from the plane by 0.015 A. A similar
pattern has also been observed in the structures of K[ONC-
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N(4)

Ni4)

Figure 1. View of [ONC(CN),]~ anion and ammonium cation in the
crystals of [NH[ONC(CNY),]. In this and the following structures, 50%
thermal ellipsoids of the atoms are shown.

Figure 3. View of the [O,NC(CN),]~ anion and ammonium cation in
the crystals of [NH[ONC(CN),].

cliB)

Figure 2. View of barium coordination environment in Ba[ONC- ]
(CN).]2(H20). Symmetrically generated atoms except those coordinated

to Ba(1) are not labeled. Figure 4. View of the barium coordination environment in Ba-

[O2NC(CN)](CI)(H20).. Symmetrically generated atoms except those

range 2.810(3Y2.874(3) A and the BaN bond distances are coordinated to Ba(1) are not labeled.

in thg range.2.900(3)3.146(5) A. Both aniqng are planar with N, 11612 123.46 N 1.1624

the nitroso nitrogen atoms (N(1), N(4)) deviating from the least- 1g0.03( € 1.4204/ 11751 O C1.4061 404670

squares planes passing through all atoms of each of the anions 1.2524 120,96/ o 1.4024 /

by 0.015 and 0.033 A, respectively. Once again, in the two 11916( c YN s %( o N 1zzaz

anions, the N-O bond distances (1.286(3) and 1.298(4) A) are 179.11&71.{1160"7‘38 177'”& 11952 14359 0

significantly smaller than the €N bond distances (both at N 1.1623 N

1.313(5) A) associated with the nitroso nitrogen atom and A B

methanide carbon atom. The observation is consistent with the

trend observed in the corresponding sil¥epotassiunt® and Figure 5. Ground-state structures for nitrosodicyanomethanide (A) and

ammonium salts. nitrodicyanomethanide (B) calculated with density functional theory,
Structure of [NH 4][O.NC(CN),]. The crystal contains well- B3LYP/6-31H-G*. Both are rigorously planar; A haSs symmetry

and B hasC,, symmetry. Bond lengths reported in A, while angles

separated ammonium and nitrodicyanomethanide ions. A View i din degrees.

of the ions is shown in Figure 3. The anion in this structure is
also planar with one of the oxygen atoms (O(1)) deviating from tion sphere consists of two symmetrically related pairs of
the least-squares plane formed by all atoms of the anion by nitrodicyanomethanide ligands and water molecules, three
0.062 A. A similar pattern in the NO and G-N bond distances  symmetrically related chloride ligands, and another water
and planarity of the anion are also reported for silver nitrodi- molecule, as shown in Figure 4. Therefore, the crystallographic
cyanomethanidé’ In the latter structure, however, the nitrodi-  asymmetric center contains one barium atom, one nitrodicya-
cyanomethanide anion coordinates to the silver ion through the nomethanide ligand, one chloride ligand, and two water mole-
two cyano nitrogen atoms and the two oxygen atoms, and the cules. Both cyano nitrogen atoms of nitrodicyanomethanide are
nitrogen-silver coordination is stronger in comparison to the coordinated to two barium centers with the associateeMa
oxygen-silver coordination. There is no hydrogen-bonding bond distances of 2.839(4) and 2.907(4) A. One of the two water
interaction between the ammonium and nitrosodicyanomethanidemolecules in the asymmetric unit is coordinated to two barium
species. centers with Ba-O bond distances of 2.777(3) and 2.886(3) A.
Structure of Ba[O2,NC(CN)](CI)(H20),. The structure The other water molecule is coordinated to a barium center with
consists of octacoordinated barium atoms. The barium coordina-the Ba—O bond distance of 2.915(3) A. The chloride atom is
coordinated to three neighboring barium centers with-Ba
(29) Chow, Y. M.; Britton, D.Acta Crystallogr.1974 B30, 147. bond distances of 3.174(1), 3.272(1), and 3.179(1) A.
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Table 6. Crystallographic, Vibrational Spectroscopic (¢t and Theoretical Data for Nitroso- and Nitrodicyanomethanide Salts

compound r(0O—N), A r(N—C), A v(C=N) va v(ONC) va v(ONO) »(NC) refs
[K]ONC(CN)] 1.287(1) 1.324(2) 2229, 2218 1325,1275 — - 14, this work
[AGI[ONC(CN);] 1.18 1.44 2246, 2232 1322,1270 — - 15
[NH[ONC(CN),] 1.286(2) 1.314(2) 2230, 2222 1325,1274 — - this work
Ba(ONC(CN))(H:0) 1.292(23 1.313(5} 2239, 2228 1345,1263 - - this work
[Ag][0NC(CN),] 1.252(6} 1.373(6} 2222,2212 - 1408, 1341 1300 11,16
[NH][O.NC(CN)] 1.256(2) 1.363(2) 2226,2214  — 1404, 1352 1302 this work

Theoretical Data

[ONC(CN)]~ 1.2524 1.3625 2286, 2263 1402, 1347 — — this work
[O2NC(CN)]~ 1.2467 1.4024 2288, 2264 — 1469, 1347 1304 this work

a Average distance.

As in the former structure, the nitrodicyanomethanide anion Table 7. Differential Scanning Calorimetric Data for the
is nearly planar with O(2), deviating from the mean least-squares Compounds

plane passing through all atoms in the anion by 0.070 A. The AH ¢
2\1—8 ant;l N-C tl)ond distancle;f and ﬁssociated bogd ark;gleg compound Tonset °C Trange °C callg  kcal/mol
Table 5) are also comparable to the corresponding bond—
distances in the ammonium and silver sattslowever, unlike Hg?ol\lﬁé%g&z)]z]a g%'ég g(l)gggg :ggi'g :gi'gg
in the structure of the silver s&,the anion coordinates to the  K[ONC(CN),J? 30857 308362 —4861 —64.72
metal center only through the two cyano nitrogen atoms in the Ba[ONC(CN})(H.0]*2  263.67 263-354 —307.1 —105.50
present structure. Ag[ONC(CN)] 218.00 218239 —2429 —49.10
Theoretical Results.Structural data obtained for nitroso- and ~ [NHe[ONC(CN),J* 126.62 127205 -187.8 —55.30
nitrodicyanomethanide salts reveal significantly smallerCC [C(NH:)s[ONC(CN),J2 igg:ég igggig :ggg:z 5376
distances and larger-Nniroso 0 C—Niitro distances, suggesting 31228 312365 —70.4
that unique bonding features are present in the anions. Therefore LijO ,NC(CN),] 339.98 339-390 —689.8 —80.7
to understand the nature of bonding, we have performed calcu- Na[O,NC(CN)]* 381.90 382402 —641.6 —854
lations based on density functional theory (B3LYP/6-3Gk). K[O2NC(CN)J 390.00 375410 -532.8 -—795
Structures for the optimized ground-state geometries for the two ig{gzm(é((%wi]f ggg'gf gggggg :ggg'g _fgig
anions together with calculated bond distances and angles are[NHA]Z[OzNC(CN)z]a 22903 229312 —-3284 —42.1
shown in Figure 5. Both ground states are planar with the [C(NH,)J[O.NC(CN)J® 187.00 187315 —190.0 —45.9
nitrosodicyanomethanide havir@ symmetry and the nitrodi- 340.00 346412 —80.0

cyanomethanideC,, symmetry. Postoptimization frequency [N2Hs[O:NC(CN)J*® ~ 102.00 102160 —295.0 —95.5
calculations for both conformations confirm that these stationary g;g'gg g;ggég :%6133'421
points correspond to local minima. Important experimental and ’ '
theoretical metric and vibrational data for both nitroso- and A sharp endothermic peak corresponding to the melting of the solids
nitrodicyanomethanide anions and salts are collected in Tableis observed prior to the exothermic peak(shn endothermic peak is
6. Figure S2 depicts the vibrational modes for the nitrodicya- observed after the first exothermError on AH is 0.2 cal/g or 0.02
) ) . . . . . kcal/mol.
nomethanide anion and lists their frequencies and shifts upon

isotopic substitution witHN into the nitro group. drazinium salt of nitrodicyanomethanide releases the highest
Differential Scanning Calorimetry. The thermal decomposi-  molar heat of combustion, whereas the ammonium and guani-
tion properties of the new nitrosodicyanomethanide and nitro- dinjum salts of both anions release considerably lower calories
dicyanomethanide salts and those of the known alkali metal, of molar heat of combustion.
barium, and silver salts were studied by differential Scanning The increased thermal Stabmty and h|gher heats of combus-
calorimetry. The results are collected in Table 7, and thermo- tijon observed for the lithium and sodium salts of the two anions
grams of LIJONC(CN)] and [NH4][O2NC(CN),] are shownin  can be attributed to the low atomic weight of the two cations
Figure S1. Both series of compounds undergo exothermic and its consequent close packing of the ions in the solid state.
decomposition in the wide temperature range,-1820°C. The The observed trend of decreased thermal stability and lower
thermograms of sodium, potassium, barium, ammonium, and heats of combustion for the ammonium and guanidinium salts
guanidinium salts of nitrosodicyanomethanide, and sodium, parallels the influence of amino and other basic-group substit-
potassium, ammonium, guanidinium and hydrazinium salts of yents on the thermal behavior of nitroaromatic compoufds.
nitrodicyanomethanide also exhibit an endothermic process prior The significantly higher heat of combustion observed for
to the exothermic decomposition temperatures correspondinghydrazinium nitrodicyanomethanide can be attributed to the

to the melting of the solids. A comparison of the decomposition ell-known exothermic decomposition properties of hydrazine.
behavior of the salts reveals that the alkali metal, barium, and

silver salts decompose in a narrow temperature region, whereagconclusions

the nitrogenous cationic salts decompose in a wide temperature  gi.,ctural data obtained for [NHONC(CN);], Ba[ONC-
region. Compounds LI[ONC(CM), Ag[ONC(CN),], and Ba- (CN)s]2(H20), [NH4J[02NC(CN)], and BaJONC(CN)](CI)-
[ONC(CN)]2(H20) have also been found to shatter the sample ;3 i this work together those available in the literature
cups when the experiments were run with more than 3 mg for AGJONC(CN)], KIONC(CN),], and Ag[ONC(CN)] reveal

quantities at scan rgte’slo °C/m|n._ _The n_ltrogen(_)us cationic . that in both anions the bond distances between the nitroso or
;alts “”deTQO stepwise decomposition, with the first decomp95|- nitro nitrogen atom and the dicyanomethanide carbon atom are
tion occurring at a much lower temperature (Table 7), suggesting

that the nitrogenous cations decrease the thermal stability of 30) kamlet, M. J.; Adolf, H. GPropellents Explosies Pyrotech1979
both nitroso- and nitrodicyanomethanide anions. The hy- 4,30
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larger than the typical €N double bond distance and the-C increasing the temperature range in which the decomposition
bond distances are considerably smaller than the typieaL C  occurs. Salts of nitrodicyanomethanide release more thermal
single bond. These bond distances together with the observedenergy in comparison to that released by the salts of nitrosodi-
planarity of both anions indicate the presence of delocalization cyanomethanide, and the trend could be attributed to the
of a double bond over the whole anionic species, and thesepresence of more oxygen in the former anion.

results correlate with predictions from ab initio quantum i .
mechanical calculations. In BaJONC(CI{(H-0), the observed Acknowledgment. We gratefully acknowledge financial
coordination of the anion to the metal center through the oxygen support from the Air Force Office of Scientific Research, Grants
and all nitrogen atoms indicates that the negative charge is notF49620-96-1-0417 and 98-1-0461.
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the Wholg aniqn. The opserved coordination of nitrodicya- gters (StS4), bond distances and angles for BaJONC(Gi,0)
nomethanide anion exclusively through the cyano nitrogen atoms(ss) and Ba[GNC(CN)](CI)(H20). (S6), anisotropic displacement

in Ba[O:.NC(CN)](CI)(H20). also suggests that the negative parameters (S7S10), hydrogen atom coordinates (S1313) and
charge is not localized on the two oxygen atoms. Thermal calculated vibrational modes, and frequencies for the nitroso- and
decomposition properties of several salts of the two anions, asnitrodicyanomethanide anions (S14, S15); a figure, S1, depicting the
examined by differential scanning calorimetry, suggest that the vibrationa_l modes of the nitrodicyanpmethanide anion, and a figure
salts are high energy-density compounds. The DSC data alsoS2: Showing the thermograms for LIONC(GNand [NH,][O>NC-
reveal that the thermal stability of the two anions is significantly (CN)J- This material is available free of charge via the Internet at
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lower the decomposition temperature of both anions while 1C9814064



