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In a series of papers almost a century ago, Wieland described Scheme 1

the synthesis of alkali and silver nitrosolates (M[RC(NOM =
metal, R= organic substituenf) These nitrosolates can be obtained
from unstableN,N'-dihydroxyamidines by disproportion in ammonia
or by oxidation (KIQ) in basic solutiort: 2 For R = H, these
procedures result in the formation of, e.g., potassium dini-
trosomethanide when potassium hydroxide is used as alh#se.

Recently, NO-releasing compounds such as alkali diazeniumdi-
olates ([RNH(N(O)NO)})* or methantris(diazenk-oxide-N-hy-
droxylates) ([HC(N(O)NO3J®-)® have gained considerable interest
due to the discovered biological relevance of nitric oXid=sides,
salts of nitrosodicyanomethanide, [(ON)C(GN) and nitrodi-
cyanomethanide, [(N)C(CN),] -, are attractive target molecules
as propellants on the basis of their theoretically predicted similarity
to nitrite and nitrate salts, respectivély.

Here we report (i) a new, high-yielding synthetic procedure and
for the first time an experimental characterization of potassium
dinitrosomethanidel)) (IR, Raman?H, 13C, 1N NMR, FAB~ MS,
X-ray), (ii) the synthesis and characterization of a number of new
highly explosive alkali dinitrosomethanides (M[HC(NQ)M =
Li, Na, K(18-crown-6), Cs) combined with DFT calculations of
the anion, and (iii) the thermal decomposition properties (DSC).

Our two-step synthesis of DNM salts (DN dinitrosomethanide)
starts from formamidinium nitrate?), which represents an easily
accessible source for an NC(H)N unit. Treating a methanolic
solution of 2 and hydroxylammonium nitrate (2 equiv) with a
methanolic solution of K@Bu (2 equiv) results in the formation of
the labile intermediat®\,N'-dihydroxyformamidinium nitrate 3)
(Scheme 1). The reaction 8fwith MO'Bu (2 equiv) in the presence
of oxygen yields the deep blue alkali DNM sa#)( which can
easily be purified by recrystallization from methanol (yield-60
70%).

Pure dry alkali DNM salts are stable at ambient temperature,
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Especially Raman and IR spectroscopy are suitable for identifying
DNM salts very fast with the help of the in-phase and out-of-phase
NO stretching mode at roughly 1400 and 1390 ¢mmespectively
(for approximate assignment of all normal modes on the basis of
DFT calculation, see Tables S&8, Supporting Information); the
C—H stretch can be observed at ca. 3000 &nThe 3C and*H
NMR spectra show a singlet resonance at 190 and 8.7 ppm,
respectively. Thé“N NMR spectrum displays a resonance at 332
ppm, which is the typical range of NO compounds (cf. K[(ON)C-
(CN)]: 381 ppm)i® Raman and NMR data already indicated the
presence of a €H connectivity. This conclusion was confirmed
for the solid state by X-ray structure determination (Figure 1).

1 crystallizes in beautiful Prussian blue octahedrons in the
tetragonal space groug2d with eight units per cell. The structure
consists of an infinite three-dimensional network of repeating
K[HC(NO),] units. The crystallographic asymmetric unit contains
a potassium atom coordinated to a8—N—0O unit. Each anion
is bonded to seven potassium cations and vice versa (Figure 1).
The oxygen atom is coordinated to three potassium centers with
K—0 bond distances of 2.803(1), 2.849(1), and 2.887(2) A. The
nitrogen atom is coordinated to two neighboring potassium centers
with K—N bond distances of 3.070(2) and 3.148(2) A. Three types
of coordination modes are found: (i) monodentate via the O atom,

are heat and shock sensitive, and decompose slowly in polar (ji) bidentate via NO, and (jii) bidentate via the two N atoms (N,N

solvents, releasing J0 gas (detected bYN NMR experiments§a.
Small amounts of impurities (e.g., KNJDconsiderably decrease
the shock and heat sensitivity. It is interesting to note that we were
able to detect the DNM anion in a FABmass spectrometry
experiment that was carried out with crystalslofTo determine

the explosion gases df combined IR and MS pyrolysis experi-

coordination of the NCN unit). As shown in Figure 1, each
potassium center is surrounded by four nitrogen and six oxygen
atoms. The bonding interaction of the anion with seven neighboring
potassium centers leads to the three-dimensional network arrange-
ment of the ions. Changing the coordination environment on
potassium by introducing a crown ether (18-crown-6) leads to

ments were carried out. The only gaseous products observed werebservation of linear chains of repeating K(18-crown-6)[HC(§O)

N2O, NO, and HCN. Differential scanning calorimetry experiments
of 1 (Table S1, Figure S1, Supporting Information) revealed that
undergoes an exothermic decomposition (explosidt,= —55.8
kcal/mol) with an onset of 168.56C (6 = 5 °C/min) in a
temperature range of 16886 °C and an estimated activation
energy of ca. 48 kcal/mdllt is assumed that the presence of a
delocalizedr-system probably accounts for the remarkable kinetic
stability of 1 (see below). Compared tb, nitro- and nitrosodi-

(5) units in the solid state instead of the three-dimensional network
(Figure 2). The cesium salt crystallizes in the monoclinic space
groupP2;/c and also exhibits a three-dimensional network arrange-
ment. In contrast td, the asymmetric unit contains a Cs[HC(NP)

(6) unit. The anion is also bonded to seven Cs ions, whereas the
cesium is surrounded by 13 atomsN®, 2N, and *O atom) as
confirmed by MAPLE (Madelung Part of Lattice Energy) calcula-
tions (Figures S2S3, Supporting Informatior).

cyanomethanide salts possess a higher thermal stability (Table As depicted in Figure 1, the DNM anion is planar like all NO-,

S1)7%e
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NO,-, and CN-substituted methanide anidnis principle, three
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Figure 1. Left: View of DNM coordination environment ith. Asymmetric
unit is labeled. Right: View of potassium coordination environment; bond
lengths in (A) N-O 1.264(2), G-N 1.321(2); bond angles (deg-N—C
116.9 (2), N-C—N 115.4(2), G-N—C—N 180.0.
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Figure 2. View of the linear chains irb.
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Figure 3. Lewis representation of DNM according to NBO analysis.

different planar structures of DNM are possible: (i) the anti/anti
arrangement (as shown in Figure 1), (ii) the syn/anti arrangement,
and (iii) the syn/syn arrangement (Figure S4, Supporting Infor-
mation)3® In agreement with the experiment, B3LYP/6-31G-
(3df,2p) calculation revealed that the anti/anti form represents the
most stable isomer followed by the syn/antiq.5 kcal/mol) and

the syn/syn isomer13.1 kcal/mol). As expected, the-ND bond
distancesq, 1.264(2);6, 1.277(3) and 1.268(3) A) are significantly
smaller than the €N bond distancesl( 1.321(2);6, 1.333(4) and
1.338(4) A), which is comparable to the situation found in the
structure of the nitroso- and nitrodicyanomethaniti@sese bond
distances, together with the planarity, indicate the presence of
delocalization of a double bond over the whole anionic species.
MO and NBO calculation revealed the existence ofraefectron,
5-center bond unit (Figures 3 and S6 (Supporting Informatith)).

In Figure 3, A and B represent the energetically preferred Lewis
representations of DNM according to NBO analysis. Investigation
of the intramolecular doneracceptor interactions utilizing the NBO
partitioning scheme clearly indicates a highly delocalizeesgstem
according to resonance between Lewis representatienBAC.

The calculated natural atomic orbital population (NAO) net charges
areq(O) = —0.524,g(N) = —0.043,q(C) = 0.008, andq(H) =
0.126, which means that the negative charge is mainly found on
both O atoms.

The UV—vis spectra of the purple methanolic solution of alkali
DNM salts exhibit one very strong characteristic>z* and two
weak n—x* electronic transitions at ca. 331, 503, and 679 nm,
respectively, which could be assigned on the basis of TD-B3LYP
calculation (Figure S6, Tables S10 and S11, Supporting Informa-
tion). The purple color arises from the two weade* electronic
transitions’®

The DNM anion can be coined as a resonance-stabilized,
nonlinear, planar pseudohalidehat forms an insoluble, highly
explosive, brownish silver salt upon addition of silver nitrate to an
aqueous solution of.1d The DNM anion is related to the linear
fulminate ion (CNO)™ and can formally be regarded as the
addition product of NO to fulminic acid (HCNO). Starting from
CH,, NO-containing nonlinear pseudohalides can be derived by
successive substitution of H by NO, e.g.3GINO)/H,C(NO),
H>C(NO)/HC(NO),~, and HC(NOYC(NO)™, whereas the linear
pseudohalide CNOis formally formed by replacing three H atoms
with one NO unit and deprotonation.

Caution: Like fulminates, MDNM~ salts (M= Na, K, Cs) are
explosives and thermally unstable species; moreover, DNM salts
are highly toxic, and appropriate safety precautions should be taken.
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