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New 1-ethyl-3-methylimidazolium (EMI) salts [EMI][X] (X =
[HCINO)(CN)I,  [C(NO)(NO)(CN)I',  [HC(NO),]” and
[HC(NO,),]) and 1-n-butyl-3-methylimidazolium (BMI) salts
[BMIN[Y] (Y = [C(CN)3]” and [C(NO,)(NO)(CN)]) were pre-
pared and characterized. Different synthetic routes to these
new resonance-stabilized methanide-based ionic liquids
starting either from the explosive silver salts (except from
Ag[C(CN)3]) or the easily accessible potassium salts have
been described. The melting points of all new salts are lower
than 100 °C, in fact, most of them are ionic liquids at room
temperature. These strongly colored ionic liquids (besides
[BMI][C(CN);3] which is colorless) are neither heat nor shock
sensitive, are thermally stable up to over 52°C ([EMI]-
[C(NO,)(NO)(CN)]) and 270 °C ([BMI][C(CN);]) and can be
prepared in large quantities. The structure and bonding of
resonance-stabilized methanides ([CR'R?R3]~ with, R?3 = H,

NO,, NO, and CN) is discussed on the basis of experimental
and theoretical data. X-ray data of Cs*[HC(NO,)(CN)J,
K HC(NO,),], [EMIJ*[C(NO,)(NO)(CN)]~, and [MeyN]*-
[C(NO,)(NO)(CN)]™ reveal almost planar anions with strong
cation---anion interactions in the alkali methanides resulting
in three-dimensional network structures in the solid state.
Only weak interionic interactions are found for the ammo-
nium salts. As shown by different theoretical approaches
(charge transfer, resonance energies and NLMO delocaliza-
tion) resonance effects occur in all three classes of methan-
ides (NO,-, NO-, and CN-substituted), however, the magni-
tude of such effect strongly differs depending on the degree
of substitution.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

The term pseudohalogen was first introduced by Lothar
Birckenbach!!® in 1925 and further developed and justified
in a series of papers in the following years.'®14 The anions
CN-, CNO~, N5, OCN-, and SCN™ can be coined classical
linear pseudohalides. A small species can be classified as a
classical pseudohalogen when it fulfills the following cri-
teria with respect to a halogen-like chemical behavior:3
A pseudohalogen (X) forms (i) a strongly bound (linear)
univalent radical (X'), (ii) a singly charged anion (X"), (iii)
a pseudohalogen hydrogen acid of the type HX, (iv) salts
of the type M(X),, with silver, lead and mercuric salts of low
solubility, (v) a neutral dipseudohalogen compound (X—X)
which disproportionates in water and can be added to
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double bonds, and (vi) interpseudohalogen species (X-Y).
However, not all criteria are always met. While many linear
pseudohalogens (e.g. CN, OCN, CNO, N;, SCN) are
known, often the corresponding pseudohalide acids, di-
pseudohalogens, and interpseudohalogens are thermody-
namically highly unstable (e.g. HN;, OCN-NCO, NC-
SCN) with respect to N,/CO elimination or polymerization
or indeed, remain unknown (e.g. N3—Nj3).

Starting from the binary non-metal hydrides CH,4, NH3,
H,O etc. a simple approach can be utilized to derive the
hydrogen acids of the classical linear pseudohalides by com-
bining or substituting isolobal (e.g. HC=/=N in HCN,
HN=/=N=N in HN3;, HO-/-CN in HOCN), isosteric (e.g.
N,/CO in HN3/HNCO) or isovalence electronic fragments
(e.g. CO/CS in HOCN/HSCN).2!

Nonlinear resonance-stabilized pseudohalides can be de-
rived with the help of the Grimm hydride displacement law,
a pseudoelement concept established as early as 1925.14
This law describes the formation of a new pseudoelement
-AH,, when n H (n = 1-4) atoms are formally added to the
element A. The new complexes -‘AH,, (e.g. ‘-OH, -NH, and
‘CH3) behave like pseudoatoms (in this case like halogens)
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similar to elements of the group n positions to the right in
the Periodic Table (e.g. they form singly charged anions:
OH-, NH,", and CH;", or neutral dimers: HO-OH, H,N-
NH, and H;C-CHj3;). However, chemically there is a signifi-
cant difference in the basicity between these pseudohalides
and the halides as the latter represent only very weak bases
while these pseudohalides are strong bases. Only the suc-
cessive substitution of the hydrogen atoms in ‘CH; (CHj3")
and ‘NH, (NH,") by electron-withdrawing groups such as
CN, NO, and NO,, leads to the class of resonance-stabi-
lized, nonlinear pseudohalogens (pseudohalides). Impor-
tant is also the capability of the electron-withdrawing
groups to delocalize the single p-AO-type lone pair (AO =
atomic orbital) of the C and N atom in CH; (CH3") and
‘NH, (NH,"), respectively, to decrease the basicity into the
range of the halides. A compilation of all resonance-stabi-
lized methanides, [CR'R?R3]" (R!>3 = H, NO,, NO, and
CN), is displayed in Table SO (see Supporting Information).

Generally, the synthesis of methanides starts from the
free hydrogen acid which often is only generated in situ.
Neutralization leads then to the according methanide salt.
For instance malonodinitrile (Scheme 1, a)¥! is used to syn-
thesize  dicyanomethanides and tricyanomethanides
(Scheme 1, b).I% Nitrosation of malonodinitrile followed by
a basic work up yields the nitrosodicyanomethanide,
[C(CN)»(NO)T, (Scheme 1, ¢).”l Oxidation of the nitrosodi-
cyanomethanides with ammonium cerium(IV) nitrate re-
sults in the formation of nitrodicyanomethanide, [C(CN),-
(NO,)], (Scheme 1, d),7*® rather than the formation of the
dimeric hexasubstituted ethane by radical coupling reac-
tions. In the section “Results and Discussion” the following
abbreviations are used: Nt = nitro, N = nitroso, C = cyano,
M = methanide, combined with the multiplying prefixes D
=diand T = tri; example: NtDCM = nitrodicyanomethan-
ide (see Table SO in the Supporting Information).

R T
——
N C\ ne” C\CN Rom NC/
a b
H\ H HlNOz' M® N(Oa HAc / NaAc Ag@ 'ilce)z
S N
c d

Scheme 1. Synthesis of dicyano, tricyano-, nitrosodicyano- and
nitrodicyanomethanides.

Dinitromethanide (DNtM) can be prepared by nitration
of barbituric acid followed by an alkaline work up pro-
cedure.’l Access to trinitromethanides (TNtM) is possible
by nitration of acetic anhydride followed by neutralization
in the presence of sodium sulfite (Scheme 2).11!

Recently, we have described the synthesis of the trisubsti-
tuted nitro(nitroso)cyanomethanides (NtNCM) and the
disubstituted  dinitrosomethanides  (methylnitrosolates,
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Scheme 2. Synthesis of dinitro- and trinitromethanides.

DNM).['12] Nitro(nitroso)cyanomethanides can be gener-
ated by nitrosation of nitroacetonitrile followed by a basic
work up, while treating formamidinium nitrate with hydrox-
ylammonium nitrate and MO/Bu (M = alkali metal) in the
presence of oxygen yields the deep blue alkali dini-
trosomethanides.

Herein, we want to report on the synthesis, structure and
properties of new ionic liquids based on some resonance-
stabilized methanides and alkali methanides as well as on
the resonance-stabilization and bonding of these methan-
ides [CR'R?R?]" (R!'>3 = H, NO,, NO, CN; as well as all
permutations of R1-23).

Results and Discussion

Synthesis of Methanide-Based Ionic Liquids

Ionic liquids of resonance-stabilized methanides can eas-
ily be prepared from the alkali salts utilizing the properties
of a pseudohalogen.”! The first synthetic step includes the
formation of the nearly insoluble silver salts in water (AgX,
X = methanide, Scheme 3). Because the silver salts dissolve
in 2 N NHs(aq.), adding ethyl(methyl)imidazolium bromide
(EMI*Br )3 results in the formation of a water soluble
ethyl(methyl)imidazolium methanide (EMI*X") which can
be separated from the AgBr precipitate by filtration. A spe-
cific drying procedure involving stepwise addition and re-
moval of dried methanol, THF and dichloromethane fol-
lowed by removing traces of water or solvent molecules in
high vacuum (HYV) is necessary to obtain pure ionic liquids
of the type EMI*X".

A different approach has been used in case of NtNCM-
based ionic liquids because the silver salt, AgNtNCM, is
reasonably soluble in water. For this reason KNtNCM was
treated with AgNOs in a 1:1 mixture of methanol and etha-
nol yielding dissolved AgNtNCM and KNO; as a white
precipitate. Then this AgNtNCM solution is treated by a
solution of ethyl(methyl)imidazolium (EMI*Br-) or n-bu-
tyl(methyl)imidazolium bromide (BMI*Br") in THF re-
sulting in the formation of the ionic liquids EMI*NtNCM~
and BMI*NtNCM-, respectively, and a AgBr precipitate
which can be separated by filtration. Again, a specific dry-
ing procedure is needed to isolate pure NtNCM-based ionic
liquids (see Scheme 3).
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@ ) 2N NHj(aq.) ® o
— N7 XN—R B+ AgX > N/\N_R Xiaq) * AQBW
HV —-HzO/NH3
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® o 3. CH,Cly/HV L ® (]
N/\N_R X - ———— ——N \N_R X(aq.)

Scheme 3. Synthetic procedure for the isolation of pure, dry ionic liquids of resonance-stabilized methanides (R = Et, nBu; X = methanide;
HV = high vacuum, * = addition and removal of solvent for several times).

An alternative route to ionic liquids of methanides avoid-
ing the explosive silver salts (except from AgTCM) involves
the use of imidazolium tetrafluoroborate salts (e.g.
EMI*BF,"). Because KBF, precipitates in a methanol/
water solution, the reaction of potassium methanides with
imidazolium tetrafluoroborate salts yields imidazolium
methanides (e.g. EMI*X") dissolved in methanol/water.

Properties of Methanide-Based Ionic Liquids

In contrast to most of the high energy-density alkali and
silver (NO- and NO,-substituted) methanides,!'!!?l the
ionic liquids of methanides with a bulky organic cation are
neither heat nor shock sensitive, and hence can be prepared
and stored on a large scale. Nevertheless, this type of meth-
anide-based ionic liquids can also be considered as “ener-
getic ionic liquids” because the thermodynamically unstable
methanide anion is only kinetically stabilized by the bulky
organic cation such as EMI* or BMI*.l'*1 Methanide-based
ionic liquids are very hygroscopic and immediately absorb
water when exposed to air. In the series of the alkali meth-
anides it is mostly the lithium and sodium salts that are
hygroscopic and to a much lesser extent are the heavy alkali
salts (K, Cs).[11-12]

The decomposition temperature of methanide-based
ionic liquids ranges, dependent on the counterion, between
Tyee = 52°C [EMI'NNtCM] and 270 °C [BMI*TCM]
(Table 1).'31 As expected, ionic liquids of methanides sub-
stituted solely by NO or by NO, are less stable compared
to the pure cyanomethanide-based species. Furthermore, a

slow decomposition of the NO- and NO,-substituted meth-
anides (both ionic liquids and alkali salts) is also observed
when exposed to air.

Different decomposition reactions can be expected e.g.
the oxidation or hydrolysis according to

HC(NO), + 1/2 05— HC(NO)(NO,) — NO, + HCNO
HC(NO), + H,0— HC(NO)NOH + OH-
2 HC(NO)NOH — 2 HCNO + H,0 + N,0.

The formation of N,O was experimentally observed
when traces of water were present. The decomposition of
the free methylnitrosolic acid goes via a dimer. Dimeriza-
tion of NO species is known for many NO compounds such
as HNO and both alkyl and most aryl NO compounds.!®!
Hence, NO- and NO,-substituted methanide salts and ionic
liquids should be stored under nitrogen at temperatures be-
low -5 °C.

So far we have not been able to crystallize any of the
discussed ionic liquids without solvent. Solidification re-
sulted only in glass formation, a well-precedented phenom-
enon for ionic liquids.'” However, storing saturated (e.g.
ethanolic) solutions of ionic liquids at very low temperature
often results in the formation of crystals suitable for single-
crystal X-ray investigations (see section X-ray elucidation).
The experimentally determined melting points varying be-
tween —48°C (BMI*TCM") and 48 °C (EMI'DNtM)
(Table 1), with the BMI salts always possessing the lower
melting point. It can be assumed that both the number and
the strength of interionic interactions (Coulomb and hydro-

Table 1. Properties of methanide-based ionic liquids [RMI*X"] (RMI = R organic group, M = methyl, I = imidazolium; X = resonance-

stabilized methanide).

Methanide R FW [gmol ] T/ Ty [°CH Tyec [PCIA Jimax [nm]®! Color

TCM 3l ethyl 201.2 —11013¢ 240113l 211 colorless!!3¢]
TCM n-butyl 229.3 48 270 211 colorless
NtNCM ethyl 225.2 35 52 489 red

NtNCM n-butyl 253.3 4 65 489 red

NtCM ethyl 196.2 5 210 364 brown

DNM ethyl 184.2 ) 180 679 blue-violet
DNtM ethyl 216.2 48 186 403 yellow-orange

[a] Ty, = melting point, T, = phase-transition temperature, T4, = decomposition onset temperature. [b] UV/Vis from water solution.
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gen bonding) as well as the size of the ions is responsible
for the fairly wide range of observed melting points (see
section X-ray elucidation).

On the basis of the characteristic group frequencies [NO
(12001600 cm™ '), NO, (12301580 cm '), and CN (2100
2290 cm')] methanides of the type [CR'R?R3] (R!?3 =
H, NO,, NO, CN) are easily identified by Raman and IR
spectroscopy.l>7-11-12] Interestingly, the wavenumber of the
characteristic frequency increases with the degree of substi-
tution (Table 3 and Table 4).

As expected, the 3C NMR resonance of the methanide
C atom strongly depends on the substitution pattern
(Table 2). The resonance signal of the methanide C atom
attached to a CN group is always observed at smaller §'3C
values compared to the resonance signal of methanide C
atoms attached to NO, and NO groups displaying a
stronger deshielded !3C nucleus in the latter cases (TCM:
6BC = 5.1 ppm, NtCM: 63C = 80.5 ppm, NINCM: §"3C
= 149.6 ppm). This is in accord with the larger charge trans-
fer and a smaller negative partial charge localized at the
methanide C atom when attached to NO or NO, groups
(see section on bonding). "N NMR spectroscopic data can
also be utilized to distinguish between CN, NO and NO,
(NO: broad resonances 6N = 250-330, NO,: 64N = -25
to —10, CN: "N = —130 to —100 ppm; Table 2).

Nitrosomethanides are deeply colored ionic liquids
(NtNCM: dark red, DNM: dark blue), while nitromethan-
ides display a yellow/brown color (DNtM/NtCM) and pure
cyanomethanides are colorless (UV/Vis data, Table 2 and
Table S4). The UV/Vis spectra of alkali methanide salts,
[CR!R2R3]" exhibit one very strong characteristic n—mn*
transition in the non-visible range below 300 nm. However,
the color arises from weak n—n* HOMO-LUMO elec-
tronic transition in the anion, where the HOMO describes

a lone pair which lies in the anion plane. A closer inspection
of the orbital coefficients composing the HOMO in
[CR'R*(NO)] (R!, R? = H, NO,, CN) show the largest
coefficients for the nitroso group; hence it can be concluded
that the nitroso group is mainly responsible for the color in
the NO-substituted methanides.''! We recall that mono-
meric, neutral nitroso compounds are usually intensely col-
ored while their nitro counterparts and nitriles are generally
colorless. It can be assumed that in the mixed-substituted
methanides the color is “dominated” by NO > NO, > CN.
Moreover, the color of most alkali methanide salts darkens
with increasing heaviness of the alkali-metal counterion
which can be attributed to strong cation---anion interactions

Table 3. Calculated group frequencies in methanides (B3LYP/
aug-cc-pvTZ).[

R = CN NO NO,

H,CR~ 2138 (690) 1357 (282)! 1313 (op, 300)
1212 (112)® 1012 (ip, 45)

HCR,~ 2234 (ip, 87) 1421 (ip, 0) 1493 (ip, 499)
2185 (op, 955) 1315 (op, 827)P 1436 (op, 74)!
1343 (ip, 84)
1232 (op, 643)"

1578 (as, 377)1
1507 (ip, 526)!
1424 (op, 24!
1408 (s, 143)1

CR; 2292 (ip, 0) 1529 (ip, 19)
2238 (op, 487) 1461 (op, 224)
1616 (op, 509)

C(CN)(NO)(NO,)~ 2291 (95) 1421 (114) 1503 (as, 326)

1193 (s, 3)

[a] In parenthesis IR intensity in km/mol; ip = in-phase mode, op
= out-of-phase mode. [b] Combination with 6 CH in-plane. [¢] NO
stretch of the non-planar arranged NO, group. [d] NO stretch of
the planar arranged NO, groups.

Table 2. Spectroscopic data of methanide-based ionic liquids [RMI*X] (RMI = R organic group, M = methyl, I = imidazolium; X =

resonance-stabilized methanide).

Methanide R Ramanl?! o13Clel OMNIe o'H
TCMM! ethyl ven 2230, 2178 C-CN, 5.1 C-CN, -122 -
C-CN, 121.0
TCMM! n-butyl ven 2210, 2166 C-CN, 5.1 C-CN, -122 -
C-CN, 121.0
NtCM ethyl ven 3114, CCN, 80.5 C-NO,, —14 H-C-NO,, 5.58
Vex 2192, C-CN. 120.6 C-CN, -117
Vo 1454, 1340
NINCM ethyl ven 2211, C-CN, 149.6 C-NO, 265 -
Vo 1495, 1458, C-CN. 119.5 C-NO,, -15
1346 C-CN, -107
NINCM n-butyl Ve 2200, C-CN, 149.6 C-NO, 265 -
Vo 1490, 1458, C-CN., 119.5 C-NO,, -15
1340 C-CN, -107
DNM ethyl Ven 2995 sh, C-NO, 190.0 C-NO, 332 H-C-NO, 8.68
VNO 1402
DNtM ethyl vers 3142, C-NO,, 121.7 C-NO,, 21 H-C-NO,, 8.17

Vo 1447, 1334

[a] Only characteristic frequencies of the methanides are listed. [b] Cf. DCM: 6'H = 3.38 (H-C); 6"3C = 130.6 (C-CN), —1.9 (C-CN);
"N = —135 (CN). [c] Only characteristic NMR shifts of the methanides are listed.*”!
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resulting in small (but visually significant) changes of the
HOMO-LUMO gap.I'!l

Structure of Resonance-Stabilized Methanides

Carbanions of the type [H,CR'], [HCR'R?[,
[CR'R?R3] (R!}?3 = CN, NO, NO, and all possible permu-
tations of R"?3) can be considered to be resonance-stabi-
lized, nonlinear pseudohalides. All experimentally known
resonance-stabilized methanides are reported to be planar
or nearly planar (Table S0). To get further inside into the

structure and bonding of these anions DFT calculations at
the B3LYP/aug-cc-pvTZ level of theory have been carried
out (Table 3 and Figures 1 and 2).

While the parent ion, the methanide anion H;C, adopts
a pyramidal structure [AEnarpyramidal = 2-35 kcal/mol;
d(CH) = 1.099 A, <(HCH) = 109.7°; cf. d(CH) = 1.093 A,
<(HCH) = 109.6°],['8 substitution of one H atom by any
of the R groups results in planar anions (Figure 1 and Fig-
ure 2) other than H,C-CN" for which the non-planar Cs-
symmetric structure is favored by only 0.03 kcal/mol indi-
cating a very flat potential energy surface [cf. 0.15 kcal/mol,

Cy Cy Cyy o
H o] H
1.380 1.179 1189 \ 1335 /
ymC—C—N 1207 ¢—N" 1% 24 C—N 1195
nrs. 4 1783 /1 1303 7 1203\1281
~H DA(HCCH)=157.4 H 1179 H
A B c
sz H sz C2v |
| |-|| U3nCuse
C_ 1391 1264 N
1169 o e 0 13420 160.0 240 121.8
N/ TN N"J174 N7 1263 0--2.74% -0
D " E; (0.0) F
Cs | Cyy |
c 0 c
E; (7.5) E; (12.9)
N Dy C G 124.9
1162 | Yoo 12w ' 12} o
1406? 117.6 N 1473| 176
. 119.2 1388 0. 115.4-C1380_0
¢ ¢ 013830138 0O N” 1285 N71253
e \N 1236 ‘N 7107 "N™ 1239 123.1 1.236
N DA(NCNN)=163.3 0-2.722 -0
G H, (0.0) 1, 0.0)
¢ O D; 0 0
AN
T \T/
C o] 0 C 0
Cg N 7~ \N/ \N/ \N/
L156] | | |
175.9 0 o s
L4 s DA(NCNN) = 180
VN mﬁQ“ H, (1.4) I, (0.6)
1.250
1229 |1232 c
fo) S N
31 (0.0) |
c
o |
N Cc
T/ \N
o] 0 J2(4.6)

Figure 1. [CR'R?R?] (R!>3 = H, CN, NO, NO,): Molecular models of found isomers A—-J, and selected optimized structural parameters
for the global minima [B3LYP/aug-cc-pvTZ, angles in ° (italics), bond lengths in A, DA = dihedral angle, in parenthesis relative energies

of isomers in kcal/mol].
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Figure 2. [CR'R?R?] (R!>3 = H, CN, NO, NO,): Molecular models of found isomers K-S, and selected optimized structural parameters
for the global minima [B3LYP/aug-cc-pvTZ, angles in ° (italics), bond lengths in A, DA = dihedral angle, in parenthesis relative energies

of isomers in kcal/mol].

out-of-plane deformation angle a = 33.6° at MP2/6-
31+G(d)].l"! Inclusion of zero-point vibrational energy at
0 K displays a different picture with the planar structure
now being 0.25 kcal/mol [A(E™'+zpe)] favored over the
non-planar structure. Thermal correction to 298 K slightly
increases this value to 0.58 kcal/mol (A,9gH) while explicit
consideration of the entropy again favors the non-planar
structure with 0.42 kcal/mol (A,93G). Experimentally, the
H,C-CN carbanion was found non-planar with the hydro-
gen atoms slightly bent out of the molecular plane (out-of-

Eur. J. Inorg. Chem. 2006, 4294-4308
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plane deformation angle 30 £5°) and a very small inversion
barrier of 0.28 +0.14 kcal/mol.[?"]

The molecular models together with selected calculated
data and relative energies are given in Figure 1 and Figure
2. Further substitution of the second H atom again results
in planar anions, the same holds for the third substitution
in case of R = CN, leading to the Djj,-symmetric TCM, the
most prominent methanide. In case of R = NO and NO,
the third substitution leads either to a propeller type (D3
symmetry) structure with only a small distortion from plan-
4299
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arity or one NO, group is twisted by 90°, nevertheless leav-
ing the central carbon in an almost trigonal-planar environ-
ment.?!]

It is interesting to note that both the DNM and DNtM
anions are planar (C,,-symmetric) in the experiment (Fig-
ure 3) and theory (Figures 1 and 2), whereas the dinitr-
amide, [N(NO,),] (isoelectronic with DNtM) adopts an
non-planar ideal C,-symmetric propeller-like structure (but
only in the gas phase). Steric repulsion between the lone
pairs on the nitrogen and oxygen atoms account for the
typically non-planar geometry of the ion [N(NO,),], while
cation---anion interactions are responsible for a different
magnitude of distortions from C, symmetry (between 3—
33°, X-ray data).[’”l Consider the analog planar methanide
[HC(NO,),]: N is formally substituted by HC, which
means instead of a lone pair a H-C bond is introduced.
The electrostatic repulsion is decreased (by formation of
two intramolecular C---H---O hydrogen bonds) resulting in
a planar structure which allows a maximum of resonance
stabilization.

Our calculated structural data display, that obviously
only two NO or NO, groups fit into a planar structure in

a methanide as long as R? is either H or CN. However,
when a third NO or NO, group is introduced in the meth-
anides (TNM, TNtM, DNtNM, NtDNM), the larger elec-
trostatic repulsion forces the anion into a non-planar geom-
etry. Here, the balance between resonance stabilization and
steric repulsion results in the torsion of one NO, or NO
group out of the anion plane. Moreover, a D3 propeller-
shaped isomer is found being 0.6 kcal/mol less stable
(TNtM). In agreement with theory, experimentally for
TNtM both isomers are found in single crystal X-ray in-
vestigations with dihedral angles between the NO, planes
varying from 60—100°.[10:23]

Moreover, fairly small O---O distances (ranging between
2.60-2.75 A) are found for all DNtM anions [R—-C(NO,),",
Figures 1 and 2]. AIM analyses?>* of DNtM anions show
in addition to the expected bond path network, a (3,-1)*!
unusual bond critical point (CP) along O(NO,*)-*O(NO,")
lines (Figure 4). The origin of this bond CP has been
described recently by Pinkerton et al. as a bonding
closed-shell-type interaction between the negatively
belonging to different nitro

charged oxygen atoms
groups.

[26]

Figure 3. ORTEP Plots of the asymmetric unit in KDNtM, CsNtCM, [Mes;NINtNCM, and [EMI]NtNCM thermal ellipsoid represents
50% probability, selected bond lengths [A] and angles [°]. Top, left: KDNtM K-O1 2.809(2), K-02 2.893(2), CI-N1 1.359(3), C1-N2
1.362(3), N1-O1 1.243(3), N1-02 1.265(3); N1-CI1-N2 123.5(2), O1-N1-02 120.1(2). Top, right: CsNtCM Cs-O1 3.072(3), C1-N1
1.146(6), C2-N2 1.328(5), C1-C2 1.403(3), N2-O1 1.281(4), N2-02 1.278(4); N1-C1-C2 178.4(4), N2-C2-C1 119.4(4), O1-N2-02
119.0(3). Bottom, left: [Me,NINtNCM OI1-N1 1.233(2), O2-N1 1.221(3), O3-N2 1.280(2), CI-N1 1.420(3), N2-C1 1.307(3), N3-C2
1.137(4), C1-C2 1.407(4); N3-C2-C1 175.2(3), 0O3-N2-C1 115.8(2), 02-N1-O1 123.4(2). Bottom, right: [EMIINtNCM O1-NT1 1.232(4),
02-N1 1.238(4), O3-N2 1.262(4), C1-N1 1.408(4), N2-C1 1.332(5), N3-C2 1.142(4), C1-C2 1.415(5); N3-C2-C1 174.7(4), O3-N2-C1
116.5(3), 02-N1-0O1 122.8(3).
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Figure 4. The gradient lines of the electron density in DNtM and
the projection of the molecular graph onto the anion plane. The
bond CP’s are shown as circles and the ring CP’s are shown as
rectangles.

Balance between resonance and electrostatic repulsion
seems to be the important structure factor not only to an-
swer the question of a planar vs. non-planar structure but
also to explain the energy differences between different iso-
mers (see Figure 1 and Figure 2, e.g. TNM isomers I; and I,
or NtNCM isomers J;, and J,) besides the aforementioned
intramolecular hydrogen bonds (see Figures 1 and 2, e.g.
DNM isomers E,, E, and E;, or R;, R, and Rj). Isomeric
anions are only found for the NO- and NO,-substituted
methanides. In NO-substituted methanides those isomers
are energetically favored which adopt an anti/anti configu-
ration with respect to a second NO or NO, group. The rela-
tive energy difference between different isomers is given in
Figures | and 2.

All multiply substituted cyanomethanides (DCM, TCM,
NCM, NDCM, DNCM, NtCM, NtDCM and DNtCM)
adopt a planar structure at the theoretical level applied,
nicely in agreement with experimental data.[7¢-11-27-29]

A CN group attached to a methanide C atom forms al-
ways a linear or nearly linear [<(CCN) = 175°] CCN moi-
ety. Upon further CN substitution the C—-CN bond lengths
increases (CM: 1.380, DCM: 1.391, TCM: 1.406 A) while
the CN bond lengths decreases (CM 1.179, DCM: 1.169,
TCM: 1.162 A). Similar trends for the C-NO bonds are
found along the series NM, DNM and TNM (1.303, 1.342
and 1.380-1.388 A) as well as for the nitromethanides
(1.335, 1.377 and 1.380-1.470 A), while the NO bonds de-
crease. The C—Nj 050 bond length is significantly smaller
than the C-N,;,, bond length which again is smaller than
the C-CN bond length indicating a stronger 7 interaction
along the C—Nir0s0—O moiety [Figure 1, e.g. d([H,C-R']):
R! = NO 1.303, NO, 1.335 and CN 1.380 A] which nicely
agrees with experimental observations.[7¢-11-12.29]

X-ray Elucidation — Interaction between Alkali/Ammonium
Cations and Resonance-Stabilized Methanides

In accord with the theoretically derived structural data
of resonance-stabilized methanides, the experimental data
of KDNtM, CsNtCM, [Me,NINtNCM and [EMIINtNCM
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reveal nearly planar anions, with bond lengths and angles
as discussed above. The asymmetric units along with se-
lected bond lengths and angles are displayed in Figure 3.
In the following discussion we would like to focus on the
interaction between cations and anions.

As shown on numerous occasions, the solid-state struc-
ture of alkali methanides consists of an infinite three-di-
mensional network with coordination numbers between 8
(e.g. KDNtM) and 13 (e.g. CsDNM;!? see Figures S1-S3
in the Supporting Information, displaying the coordination
environment of KDNtM, CsNtCM and [Mey,NINtNCM).
Moreover, a great diversity of bonding modi is found. Usu-
ally the CN groups coordinate one or two neighboring cat-
ion centers, NO one to three cations through the oxygen
and/or the nitrogen atoms whereas a NO, group exclusively
coordinates through the oxygen atoms up to three cation
centers in both mono and bidentate fashion. These strong
cation---anion interactions lead to an interesting three-di-
mensional network arrangement of the ions (Figure 5, a-b)
in the solid with chains of M* and [CR!'R?R7]" stacked one
upon the other. If such interactions are suppressed by using
almost non-coordinating cations such as EMI* or Me,N*
the anions still show this type of parallel anion arrangement
in the solid state (Figure 5, c—d).

Figure 5. Packing diagram of A KDNtM: view along ¢ axis, B
CsNtCM: view along a axis, C [Me4sNINtNCM: view along ¢ axis,
and D [EMI]NtNCM view along a axis.

So far we were not able to crystallize any of our ionic
liquids from the melt, however, we succeeded in crystalliz-
ing EMI"NtNCM™ from a saturated ethanolic solution at
-30 °C. The unit cell contains one crystallographically inde-
pendent EMI*NtNCM-™ species (Figure 3). Both the EMI
4301
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cations and the NtNCM anions form two-dimensional lay-
ers which are nearly parallel to each other but two EMI*
layers are always separated by one NtNCM ™ layer and vice
versa (Figure 5, D). Only very small van der Waals interac-
tion can be assumed between the anion and cation layers,
as well as within the anion and cation layers, because fairly
long interaction distances are observed [shortest
d(EMI*--EMI") = 3.1-3.5, dINtNCM -*NtNCM ) = 3.3,
and d(EMI*NtNCM") = 2.3-2.8 A] (Figure 6). The in-
terionic distances with 2.3-2.8 A are significantly shorter
than in EMI"TCM~ (3.05-3.2 A)I'3 and can be partly at-
tributed to the interionic Coulomb attractive forces; how-
ever, for Me;N*NtNCM™ there are significantly more in-
terionic interactions (of the type: C-H+--*O-N-O, C-H---O-
N, C-H-*N-O, C-H-*N-C) in the range between 2.2 and
3.0 A compared to EMI*NtNCM- (cf. Figure 6 and Fig-
ure S1/Table S2 in Supporting Information). Hence, it can
be assumed that the total interionic interaction decreases
along EMI*"TCM~ < EMI"NtNCM~ < Meg;N*NtNCM™.
In accord with this, the lowest melting point is found for

EMI*TCM™ (T, = —11 °C),['3 followed by EMI*Nt{NCM~
(T = 35°C, Tiaecomet = 52°C) and Me,N*N{NCM-
(Tm > Tdec,onset =70 OC)-

Bonding and Resonance Stabilization in Resonance-
Stabilized Methanides

Structural parameters such as the fairly short C-NO, C—
NO, and C-CN bond lengths together with the planarity,
indicate the presence of over the whole anion delocalized =
bonds. MO and NBOBPY calculations displayed the exis-
tence of an (nm-electron,m-center) bond unit in all methan-
ides (Scheme4, with n = 2+4x+2y+2z and m =
1+3x+2y+2z; x = number of NO, groups, y = number of
NO groups and z number of CN groups in the anion plane).

To gain a quantitative view of the delocalization of the
p-type lone pair (LP) localized at the central C atom, the
partial charges, occupancies of the p-type LP {occ[LP(C)-
p,]} and the charge transfer upon substitution have

Figure 6. Interionic contacts (in A) between A: EMI cations and NtNCM anions, B: EMI cations, and C: NtNCM anions in

EMI*NtNCM . Short contacts are shown by dashed (- - -) lines.

4302

www.eurjic.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Inorg. Chem. 2006, 4294-4308



Tonic Liquids Based on Resonance-Stabilized Methanides and Alkali Methanides

FULL PAPER

©

[ 1]
H,C—R!

©
H,C=—R'

©

[ 1]

HC R! <«—»  HC——R!
e L
©

-

HC—R!

RZ

R3—.C.———R1 -«—» R3—C——R! «—>» RI—C—R'! - R3=—C—R'

R? R?2

e le RZ

Scheme 4. Resonance stabilization of the lone pair at the central C atom by delocalization into R!, R% and R? (R!, R2, R?® = CN, NO,

NO,).

Table 4. NPA charges (¢), occupancies (occ) and charge transfers (ger) in e

q(C)le] occ[LP(C)p,] gcr(m) gcr(o) qcr(nto) % CIP]

CH; 145 2.00 0.00 +0.45 +0.45 99.7
C>,~CH,CN- -0.98 1.64 -0.36 -0.12 -0.48 81.9
CH,NO, -0.47 1.37 -0.63 -0.34 -0.97 54.9
CH,NO- -0.40 1.25 -0.75 -0.31 -1.06 55.4
CH(CN),~ -0.73 1.51 -0.49 -0.22 -0.71 75.1
CH(NO,),~ -0.10 1.28 -0.72 -0.63 -1.35 52.5
CH(NO), -0.03 1.10 -0.90 -0.52 ~1.42 50.3
C(CN); -0.59 1.46 -0.54 -0.33 -0.87 72.6
C(NO,);~ 0.15 1.33 -0.67 -0.93 ~1.60 66.7
C(NO); 0.14 1.15 -0.85 -0.74 -1.59 -

C(CN)(NO)(NO,)  —0.03 1.25 -0.75 ~0.67 ~1.43 61.9

[a] The data of the mixed species are given in the supporting information. [b] Percent of localization of the methanide lone pair on the
carbon atom according to the calculated NLMO (natural localized molecular orbital).

been carefully investigated. The overall charge transfer
[¢cr(n+o)] was divided into a 7 [¢cr(w)] and 6 contribution
[¢ct(o), Table 4]. As displayed in Table 4, the delocalization
of the p-type lone pair, gcr(m), increases along the series
CN < NO, < NO for all substitution patterns whereas the
o contribution increases along CN < NO < NO,. Intro-
duction of the second group R (R = NO, NO,, CN) results
once again in an increase of both the © and ¢ contribution,
although the magnitude strongly decreases especially for the
7 contribution [e.g. CH,NO: -0.75 and —0.15 e for the sec-
ond NO group in CH(NO), resulting in an overall gcr(m)
=-0.90 e]. Upon introducing a third group R, the n contri-
bution increases very slightly for TCM but slightly de-
creases for TNM and TNtM. However, in all cases the o
contribution increases significantly. The dramatic decrease
of the partial charge on the C atom (cf. —1.45 in CH;™ vs.
+0.15 e in TNtM) in the methanides is mainly attributed
to the delocalization of the p-LP (m contribution) and the
increase of the polarization in the ¢ bonds upon substitu-
tion. The o contribution increases relatively to the m contri-
bution the larger the degree of substitution. The best delo-
calization of the p-type LP is found in DNM with gcr(m)
= —0.90 e. Molecular orbital, classical VB resonance struc-
tures and electron-charge arguments suggest that most of
the negative charge in the NO- and NO,-substituted meth-
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anides is located on the oxygen atom, which is also the more
electronegative element.

To estimate the resonance stabilization energy we have
computed the reaction energies of a series of isodesmic re-
actionsP®!l according to Equations (1), (2), and (3) (Table 5).
The computed resonance stabilization energies reveal a sim-
ilar picture like the charge transfer/delocalization consider-
ation for the first substitution, displaying the largest reso-
nance energy in [HC-NOJ followed by the NO,- and CN-
substituted methanides (-69.2, —62.6, and —44.8 kcal/mol).
The order changes with the second substitution (NO:
—44.16 > CN: -42.3 > NO,: -36.7 kcal/mol) and third sub-
stitution (CN: -35.7 > NO,: —13.2 > NO: -7.41 kcal/mol),
with the cyano group now delivering the largest resonance
energy. While the second and the third incremental reso-
nance energies in the CN methanides decrease only very
little, a dramatic decrease is observed for the NO and NO,
methanides. However, although the resonance energy for
the second substitution strongly decreases for NO and NO,,
the overall A, E [Equation (1)+ Equation (2)] values are
still larger than for DCM (DNM > DNtM > DCM). Only
with the third substitution, the cyano compound dis-
plays also the largest overall A.E [Equation (1)+
Equation (2) + Equation (3)] with -122.8 compared to
—120.7 for TNM and —112.5 kcal/mol for TNtM, in accord
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Table 5. Resonance energies according to Equations 1-3.[:b]

AresE‘

R!=R>=R’=CN

R'=R>=R’=NO R'=R’>=R’=NO,

A, E [Equation (1)] —44 .83l -69.18 —62.56

A, E [Equation (2)] 4233l -44.16 -36.75

A, E [Equation (3)] -35.68 -7.41 -13.20

A sE [Equation (1) + Equation (2)] -87.14 ~113.43 -99.31

A sE [Equation (1) + Equation (2) + Equation (3)] -122.82 -120.75 -112.51

AcesE R! = CN, R! = CN, R! = NO,

R? = NO, R? = NO, R? = NO,, R?* =NO R? = NO,, R?>=CN

A, E [Equation (3)] -27.42 -31.06 -21.76

[a] Values according to Equation (1) and (2) for the mixed species are given in the supporting information. [b] All resonance energies
refer to the best isomer of the H-C bound acid; see Equation (1)~(3). Note: For R»?>3 = H, NO the aci form represents always the global
minimum while for R'?3 = H, CN and NO, the H-C bound acid is the global minimum (values for the aci form are given in the
supporting information). [c] For planar C,,-symmetric H,C-CN: A E [Equation (1)] = —44.80 and A, E [Equation (2)] = -42.36 kcal/

mol.

with experimental observations. TCM salts are known and
thermally stable while TNtM salts are labile (highly explos-
ive) species, and TNM are not known yet but can be ex-
pected to be very labile.

[H;C] +H;C-R! — [H,CR'] +H,C-H (1)
[H,CR'] + H,CR'R2 — [HCR'R?] + H;C-R! )
[HCR!'R2}-+ HCR'R2R? — [CR!'R2R3] + H,CR'R2 3)

Also the NBO approach®’ can be used to study delocal-
ization effects quantitatively, especially the NLMO (natural
localized molecular orbitals) are suitable to display delocal-
ization of a localized natural bond orbital. Here, the contri-
butions of the antibonds represent the delocalization of the
bonding orbital, @ap, from an idealized, strictly localized
Lewis structure, over antibonding orbitals due to non-co-
valent, hyperconjungative interactions. Thus, the localized
MOs offer a direct description of delocalization. Again, the
inspection of the delocalization effects in the NLMO de-
scribing the methanide lone pair displays similar trends as
discussed for the charge transfer, nicely corresponding to
the resonance energies (Table 5). While the localization of
the p-type lone pair on the methanide C atom steadily de-
creases for the cyanomethanides (81.9 CM > 75.1 DCM >
72.6% TCM), only a small decrease is found for the second
substitution along the NO,- and NO-substituted methan-
ides and an increase is found for the third substitution (e.g.
54.9 NtM > 52.5 DNtM < 66.7% TNtM).

Conclusions

Different synthetic routes to six new resonance-stabilized
methanide-based ionic liquids (EMI*NtCM-,
EMI"NtNCM-, BMI"NtNCM-, EMI*DNM-,

EMI"DNtM-, BMI*TCM) starting either from the explos-
ive silver salts (except from AgTCM) or the easily accessible
potassium salts have been described. Four of them repre-
sent room temperature ionic liquids (BMI*TCM-,
EMI"DNM-, BMI"NtNCM~, EMI'NtCM") while
EMI*NtINCM  and EMI*DNtM™ melt at 35 and 48 °C,
4304
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respectively. These strongly colored ionic liquids (blue
EMI*DNM, red EMI"NtNCM ™ and BMI*NtNCM, yel-
low EMI*DNtM~, brown EMI™NtCM~, but colorless
BMI*TCM") are neither heat nor shock sensitive, are ther-
mally stable up to over 52-270 °C and can be prepared in
large quantities.

The structure and bonding is discussed on the basis
of experimental and theoretical data. X-ray data
of Cs*NtCM-, K*'DNtM-, EMI*NtNCM~, and
Me,N*NtNCM-™ reveal almost planar anions piled up par-
allel to each. In case of the alkali metal methanides strong
cation---anion interactions result in three-dimensional net-
work type structures in the solid state, while
Me,NTNtNCM™ and EMITNtNCM - display no such 3D-
network which can also be assumed for the other EMI™ or
BMI* salts, not have been structurally characterized. X-ray
crystallography of the EMI™NtNCM salt reveals only
weak cation/anion, cation/cation and anion/anion contacts.

Structural parameters of the methanides such as the
fairly short C-NO, C-NO, and C-CN bond lengths to-
gether with the planarity, indicate the presence of over the
whole anion delocalized m bonds. These methanide anions
are stabilized relative to the corresponding acids due to res-
onance stabilization. Charge transfer from the methanide
central C atom to the substituent leads to a decrease in the
C-R!23 bond lengths with the introduction of double bond
character and an increase in the bond lengths within the
substituent groups (R'>3). The charge transfer can be di-
vided into a strong m and ¢ contribution. The © contri-
bution displays the delocalization of the p-type lone pair at
the methanide carbon leading to at ambient temperature
stable methanide anions.

In summary, as shown by different theoretical ap-
proaches (charge transfer, resonance energies and NLMO
delocalization) resonance effects occur in all three classes of
methanides, however, the magnitude of such effects strongly
differs depending on the degree of substitution: (i) For
mono-substitution the largest resonance is found for the
NO, and NO species (similarly strong) while a significantly
smaller resonance is found for the CN species, [H,C-CN]".
Hence, geometry optimizations find planar [H,C-NO,]|
and [H,C-NOJ anions while [H,C-CN] is predicted to be
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non-planar at the level of theory applied, in agreement with
experiment. (ii) For double-substitution the picture
changes. Introduction of a second CN group results in a
better resonance and the magnitude of the effect of the sec-
ond CN group only slightly decreases in contrast to the
magnitude of the resonance effect of the second NO, or
NO group which dramatically decreases. Combining the
resonance effect of the first and the second group, the over-
all resonance effect is still larger for the NO, and NO
anions (DNtM and DNM) compared to [HC(CN),]
(DCM). In agreement with these strong resonance effects
all doubly substituted methanides adopt a planar geometry.
(iii) In accord with experimental observations, for the triple-
substitution only in case of the CN species a significant
resonance effect is found and also for the overall effect (sum
over all three resonance steps) the cyano species, [C-
(CN)s], represents the best stabilized methanide compared
to [C(NO);] (TNM) and [C(NO»);] (TNtM). In agreement
between theory and experiment TCM salts are stable com-
pounds with a planar TCM anion, while in the highly ex-
plosive known TNtM salts non-planar TNtM anions are
observed. TNM salts are not known yet, but it can be as-
sumed that according to theory (B3LYP/aug-cc-pvTZ) the
TNM anion adopts a non-planar geometry similar to the
TNtM salts.

Experimental Section

Caution: Although alkali and silver nitro- and nitrosomethanides
are kinetically stable compounds, they are nonetheless energetic
materials and appropriate safety precautions (e.g. protection shield
when dried substances are used, preparation of small quantities
< 2 g, keep these salts wet when stored) should be taken, especially
when these compounds are prepared on a larger scale.

General Remarks: The '“N and '3C/'H NMR spectra were recorded
with a Jeol Eclipse 400 instrument, and chemical shifts were refer-
enced to TMS (!*C/'H) and CH;3NO, ("*N). Raman spectra were
recorded with a Perkin-Elmer Spectrum 2000R NIR FT-Raman
instrument equipped with a Nd:YAG laser (1064 nm). Elemental
analysis was performed with a VARIO-EL Analyser (ELE-
MENTAR). Melting points are uncorrected (Biichi B540). DSC
experiments: Samples (ca. 0.25 mg) were analyzed in closed Al con-
tainers with a hole (1 um) on the top for gas release and a 0.003 X
3/16-inch disk was used to optimize good thermal contact between
the sample and container with a nitrogen flow of 20 mL/min. The
reference sample was an Al container with air. Experiments were
carried out from 30-420 °C. The sample and the reference pan were
heated in a differential scanning calorimeter (Perkin—Elmer Pyris 6
DSC, calibrated by standard pure indium and zinc) at different
heating rates of 2, 5 and 10 °C/min. For the removal of moisture,
the sample was dried in vacuo for 7 d at room temp. and prepared
in a dry-box.

Materials:  Nitroacetonitrile,’?  KTCM,?3  EMI*TCM 3¢
KDNM,!"2I KNtNCM, '] KDNtM! and EMI*BF, 3 were pre-
pared according to the procedure given in the literature. The fol-
lowing silver salts, AgX [X = C(CN);, CH(NO,)CN and CH-
(NO),] were synthesized by metathetic reaction of AgNO; with the
corresponding alkali salts (KTCM, CsNtCM and KDNM) in
water under exclusion of light. All manipulations for the isolation
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of the EMI/BMI salts®! were carried out under an inert atmo-
sphere of nitrogen gas in a dry-box with the rigid exclusion of air
and moisture (H,O, O, < 1 ppm). Solvents (for drying and clean-
ing procudure) were dried, freshly distilled, and stored under nitro-
gen.

Computational Details: Our goal was to compare the structures and
energetics of different substituted methane derivatives and methan-
ide anions. Structural and vibrational data of all considered species
were calculated by using the hybrid density functional theory
(B3LYP) with the program package Gaussian 98.13¢! Three different
types of basis sets were used: (i) a 6-31G(d,p) and (ii) an aug-cc-
pvDZ and (iii) an aug-cc-pvTZ basis. All stationary points were
characterized by a frequency analysis (Table 3) at the B3LYP level.
Selected computed geometrical parameters are displayed in Fig-
ures 1 and 2. Further details can be obtained in the Supporting
Information. If not otherwise stated, all discussed computational
data refer to the B3LYP/aug-cc-pvTZ level of theory. Comparison
of these data sets shows differences in bond lengths no larger than
0.01-0.02 A. The bond angles in all these molecules are rather con-
stant and relatively independent of the basis sets.?”! NBO analy-
sesB3% were carried out to investigate the bonding of the methanides
at the SCF level utilizing the optimized aug-cc-pvTZ geometry. De-
tails of the NBO analyses are summarized in Table 4. It should be
emphasized that the computation was carried out for a single, iso-
lated (gas-phase) anion. There may well be significant differences
among gas-phase, solution, and solid-state data.

X-ray Analysis: X-ray quality crystals of KDNtM, CsNtCM,
[Mey,NININCM and [EMIINtNCM were obtained by recrystalli-
zation from ethanol. Data for compound KDNtM were collected
with a Nonius Mach3, data for CsNtCM and [Mey;N]NtNCM on
a KappaCCD, and data for [EMI]NtNCM on a Oxford Excalibur
III using Mo-K, radiation. Crystallographic data are summarized
in Table S1 (Supporting Information). The asymmetric unit along
with selected bond lengths and angles are displayed in Figure 3.
All structures were solved by direct methods (structure solution
program: for KDNtM and [EMIINtNCM SHELXS-973% and
SIR97B for CsNtCM and [Me,NINtNCM) and refined by full-
matrix least-squares methods with SHELXL-97. Hydrogen atoms
were included at geometrically idealized positions and were not re-
fined; the non-hydrogen atoms were refined anisotropically.

CCDC-606717 (for CsNtCM), -606718 (for [EMIINtNCM),
-606719 (for KDNtM), and -261892 (for [Me,;N]NtNCM) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccde.cam.ac.uk/data_request/cif.

Synthesis of Cesium Nitrocyanomethanide (CsNtCM, Cs|CH(NO,)-
CN]): At 0 °C a solution of nitroacetonitrile (1.87 g, 21.7 mmol) in
diethyl ether (70 mL) was slowly dropped to a stirred solution of
cesium hydroxide monohydrate (3.60 g, 21.4 mmol) in 2-propanol
(30 mL). The resulting suspension was stirred at 0 °C for 30 min
and the brown precipitate (CsSNTCM) was recrystallized from
methanol. Yield 3.92 g (84%). '"H NMR ([D¢]DMSO, 400 MHz,
25°C): 6 = 558 (H-C) ppm. "*C{'H} NMR ([DcJDMSO,
101 MHz, 25 °C): § = 120.6 (C-CN), 80.5 (C-CN) ppm. “N NMR
([D]DMSO, 28.9 MHz, 25°C): 6 = —14 (C-NO,), -117 (C-CN)
ppm. Raman (200 mW, 25 °C): ¥[em™'] = 3117 (1), 2187 (10), 1452
(7), 1341 (1), 1239 (0.5), 1084 (2), 1025 (0.5), 980 (4), 745 (0.5), 716
(1), 552 (3), 513 (0.5), 442 (0.5), 204 (2), 189 (3), 126 (1).
C,HN,CsO, (217.95): caled. C 11.02, H 0.46, N 12.85; found C
10.70, H 0.51, N 12.34.

Synthesis of Tetramethylammonium Nitro(nitroso)cyanomethanide
(IMeyNININCM, [Me,NJ[C(NO2)(NO)(CN))): At 0°C a solution

4305

www.eurjic.org



FULL PAPER

H. Brand, J. F. Liebman, A. Schulz, P. Mayer, A. Villinger

of H,SO, (1.10 g, 11.2 mmol, 100%) in 3 mL water was slowly
dropped to a stirred solution of nitroacetonitrile (1.80 g,
20.9 mmol) and sodium nitrite (1.50 g, 21.7 mmol) in water
(30 mL). The resulting solution was stirred at 0 °C for 30 min and
the cyanomethylnitrolic acid was extracted with diethyl ether
(4x25mL). The ether solution was dried with anhydrous calcium
chloride and filtered. At 0 °C a solution of tetramethylammonium
hydroxide pentahydrate (2.60 g, 14.3 mmol) in 10 mL 2-propanol
was slowly dropped to the stirred, dried ether solution of cya-
nomethylnitrolic acid. After recrystallization of the red precipitate
from methanol 2.48 g (63%) red crystals of [Me,;NINtNCM were
obtained. M.p. decomposition, Tyec. onset = 70 °C. PC{!H} NMR
([Dg]DMSO, 101 MHz, 25°C): 6 = 119.5 (C-CN), 149.6 (C-CN)
ppm. N NMR ([D¢]DMSO, 28.9 MHz, 25°C): 6 = 107 (C-
CN), —15 (C-NO,), 265 (C-NO) ppm. Raman (200 mW, 25 °C):
Vlem™'] = 3035 (1), 2957 (1), 2922 (0.5), 2214 (2), 1506 (0.5), 1496
(0.5), 1474 (0.5), 1460 (0.5), 1394 (3), 1340 (10), 1229 (4), 1175
(2), 949 (1), 839 (2), 754 (1), 535 (0.5), 456 (0.5), 244 (2), 170 (2).
CeH,N4O3 (188.19): caled. C 38.30, H 6.43, N 29.77; found C
38.34, H 6.32, N 29.94.

Synthesis of Potassium Dicyanomethanide (KDCM, K[CH(CN),|):
At 20°C a solution of malonodinitrile (1.76 g, 26.6 mmol) in
30 mL 2-propanol was slowly dropped to a stirred solution of
KO7Bu (2.70 g, 24.1 mmol) in 30 mL 2-propanol. After adding
200 mL dichloromethane, a white precipitate (KDCM) is obtained
which was washed twice with 100 mL dichloromethane and dried
in vacuo. Yield 2.19 g (87%). '"H NMR ([Dg]DMSO, 400 MHz,
25°C): 6 = 3.38 (H-C) ppm. "“*C{'H} NMR ([D¢JDMSO,
101 MHz, 25°C): § = 130.6 (s, C-CN), -1.9 (C-CN). N NMR
([Dg]DMSO, 28.9 MHz, 25°C): 6 = —135 (CN) ppm. Raman
(200 mW, 25 °C): ¥[em™!] = 3068 (3), 2175 (10), 2122 (1), 1552 (0.5),
1343 (1), 1144 (8), 635 (1), 420 (0.5), 197 (3). CGHKN, (104.15):
caled. C 34.60, H 0.97, N 26.90; found C 34.21, H 1.25, N 26.58.

Synthesis of  n-Butyl(methyl)imidazolium Tricyanomethanide
(BMI*TCM"): A slight excess of AgTCM (0.59 g, 2.98 mmol) was
added to a water solution of ammonia (30 mL, 2 N). This reaction
mixture was treated with a solution of BMI*Br  (0.62 g,
2.83 mmol) in 20 mL distilled water. The resulting suspension was
stirred (1 h) in the dark at room temp. and filtered to remove AgBr.
The solvent was evaporated in vacuo. The drying and cleaning pro-
cedure included successive adding, filtering and removing of 25 mL
dried methanol, THF and dichloromethane. Remaining volatiles
were evaporated in high-vacuum over a period of 7 d. Yield 0.59 g
(91%) colorless liquid (transparent melt). M.p. —48 °C, Tyec. onset =
270 °C. 3C{'H} NMR ([D¢]DMSO, 101 MHz, 25°C): 6 = 121.0
(C-CN), 5.1 (C-CN) ppm. '“N NMR ([DsDMSO, 28.9 MHz,
25°C): 6 = -122 (C-CN) ppm.[3] Raman (200 mW, 25 °C): ¥[cm ]
= 3167 (0.5, br.), 3110 (0.5), 2962 (3), 2942 (2), 2914 (1), 2875 (1),
2864 (0.5, sh), 2210 (10), 2166 (5), 1418 (2), 1388 (1), 1340 (1), 1112
(0.5), 1024 (2), 600 (0.5), 325 (0.5), 175 (1). C;,H;5N5 (229.29):
caled. C 62.86, H 6.59, N 30.54; found C 62.70, H 6.25, N 30.73.

Synthesis of Ethyl(methyl)imidazolium Nitro(cyano)methanide
(EMI*NtCM"): A slight excess of AgNtCM (0.42 g, 2.18 mmol)
was added to a water solution of ammonia (25 mL, 2 N). This reac-
tion mixture was treated with a solution of EMI*Br~ (0.40 g,
2.10 mmol) in 10 mL distilled water. The resulting suspension was
stirred (1 h) in the dark at room temp. and filtered to remove AgBr.
The solvent was evaporated in vacuo. The drying and cleaning pro-
cedure included successive adding, filtering and removing of 25 mL
dried methanol, THF and dichloromethane. Remaining volatiles
were evaporated in high-vacuum over a period of 7 d. Yield 0.32 g
(78%) brown liquid (transparent melt). M.p. 5°C, Tyec onset =
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210°C. 'H NMR ([D]DMSO, 400 MHz, 25 °C): 6 = 5.58 (H-C)
ppm. BC{'H} NMR ([Dg]DMSO, 101 MHz, 25 °C): § = 120.6 (C—
CN), 80.5 (C-CN). N NMR ([Dg]DMSO, 28.9 MHz, 25 °C): 6
= -13.9 (C-NO,), -117 (C-CN) ppm.?3I Raman (200 mW, 25 °C):
fem 1] = 3160 (0.5), 3121 (0.5), 3114 (1), 3070 (0.5, br.), 2960 (I,
br.), 2955 (1, br.), 2192 (10), 1454 (7), 1422 (0.5), 1340 (1), 1085
(2), 1021 (0.5), 976 (5), 717 (1), 601 (0.5), 550 (3), 200 (3).
CsH1,NLO, (196.21): caled. C 48.97, H 6.16, N 28.55; found C
48.26, H 6.17, N 27.97.

Synthesis of  Ethyl(methyl)imidazolium  Dinitrosomethanide
(EMI*DNM"): AgDNM (0.67 g, 3.72 mmol) was added to a water
solution of ammonia (35mL, 2N). This reaction mixture was
treated with a solution of EMI*Br~ (0.71 g, 3.72 mmol) in 20 mL
distilled water. The resulting suspension was stirred (1 h) in the
dark at room temp. and filtered to remove AgBr. The solvent was
evaporated in vacuo. The drying and cleaning procedure included
successive adding, filtering and removing of 25 mL dried methanol,
THF and dichloromethane. Remaining volatiles were evaporated in
high-vacuum over a period of 7d. Yield 0.61 g (89%) dark blue-
violet liquid (transparent melt). M.p. —6 °C, Tyec._onset = 180 °C. 'H
NMR ([D¢]DMSO, 400 MHz, 25°C): 6 = 8.68 (H-C). 3C{'H}
NMR ([Dg]DMSO, 101 MHz, 25°C): 6 = 190.0 (C-NO). N
NMR ([Dg]DMSO, 28.9 MHz, 25 °C): ¢ = 332 (C-NO).**) Raman
(200 mW, 25 °C): v¥[em™!] = 3161 (0.5), 3119 (0.5), 3068 (0.5, br.),
2994 (0.5, sh), 2961 (1, br.), 2952 (1, br.), 1402 (3), 1420 (0.5), 1391
(1), 1340 (1), 1305 (10), 1180 (0.5), 1122 (0.5), 861 (0.5), 601 (0.5),
576 (9), 145 (2). C;H,N40, (184.20): caled. C 45.65, H 6.57, N
30.42; found C 44.96, H 6.44, N 29.78.

Synthesis of r-Butyl(methyl)imidazolium Nitro(nitroso)cyanometh-
anide (BMI*NtNCM"): KNtNCM (0.47 g, 3.10 mmol) was dis-
solved in a mixture of 15 mL dried methanol and 15 mL dried etha-
nol. After adding a solution of AgNO; (0.53 g, 3.10 mmol) dis-
solved in 15 mL dried methanol and 15 mL dried ethanol, KNO;
precipitated. After filtration the solvents were evaporated yielding
0.59 g AgNtNCM. A solution of AgNtNCM (0.59 g, 2.65 mmol)
in a mixture of 30 mL dried methanol and 30 mL dried ethanol
was added to a solution of BMI*Br~ (0.58 g, 2.65 mmol) in 20 mL
dried THFE. After filtration of AgBr, all solvents were evaporated.
The drying and cleaning procedure included successive adding, fil-
tering and removing of 25 mL dried methanol, THF and dichloro-
methane. Remaining volatiles were evaporated in high-vacuum over
a period of 7d. Yield 0.53 g (68%) red liquid (transparent melt).
M.p. 4°C, Taec.onset = 65°C. BC{!H} NMR ([Ds]DMSO,
101 MHz, 25°C): § = 119.5 (s, C-CN), 149.6 (C-CN). YN NMR
([Dg]DMSO, 28.9 MHz, 25°C): 6 = -107 (C-CN), —-15 (C-NO,),
265 (C-NO) ppm.1*31 Raman (200 mW, 25 °C): ¥[cm™'] = 3170 (I,
br.), 3120 (0.5, br.) 2990 (1), 2964 (0.5, br.), 2880 (0.5, br.), 2209
(6), 1490 (4), 1474 (0.5, br.), 1458 (1), 1418 (3), 1381 (9), 1340 (10),
1346 (10), 1249 (2), 1231 (4), 1178 (2), 1022 (1), 960 (1), 839 (3,
br), 772 (1), 601 (1), 535 (2), 481 (0.5), 251 (4), 176 (2).
CoH5N505 (253.26): caled. C 47.43, H 5.97, N 27.65; found C
48.24, H 6.32, N 26.89.

Synthesis of Ethyl(methyl)imidazolium Nitro(nitroso)cyanomethan-
ide (EMI*NtNCM"): KNtNCM (0.75 g, 4.90 mmol) was dissolved
in 30 mL methanol and 2 mL water. After adding a solution of
EMI*BF, (0.97 g, 4.90 mmol) dissolved in 10 mL methanol, KBF,
precipitated. After filtration the solvents were evaporated. The dry-
ing and cleaning procedure included successive adding, filtering
and removing of 25 mL dried methanol, THF and dichlorometh-
ane. Remaining volatiles were evaporated in high-vacuum over a
period of 7 d. Yield 0.95 g (86%) red glass. M.p. 35 °C, Tyec..onset =
52 °C. BC{'H} NMR ([D4g]DMSO, 101 MHz, 25°C): § = 119.5
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(C-CN), 149.6 (C-CN) ppm. '“N NMR ([D¢]DMSO, 28.9 MHz,
25°C): 6 = ~107 (C-CN), ~15 (C-NO,), 265 (C~NO) ppm.1*s! Ra-
man (200 mW, 25 °C): ¥jem '] = 3158 (1), 3112 (0.5, br.) 2987 (1),
2964 (0.5, br.), 2878 (0.5), 2211 (5), 1495 (3), 1476 (0.5), 1458 (1),
1417 (3), 1380 (9), 1346 (10), 1248 (2), 1232 (5), 1177 (2), 1021 (1),
959 (1), 838 (3, br.), 772 (1), 600 (1), 536 (2), 480 (0.5), 250 (4), 172
(2). CsH,1N50; (225.21): caled. C 42.67, H 4.92, N 31.10; found C
43.12, H 4.89, N 30.69.

Synthesis  of  Ethyl(methyl)imidazolium  Dicyanomethanide
(EMI*DCM"): Adding a solution of KDCM (0.90 g, 8.64 mmol)
in 20 mL methanol and 1 mL water, to a solution of EMI*BF,~
(1.71 g, 8.64 mmol) in 10 mL methanol results in a white precipitate
of KBF,. After filtration of KBF,, all solvents were evaporated.
The drying and cleaning procedure included successive adding, fil-
tering and removing of 25 mL dried methanol, dried THF and
dried dichloromethane. Remaining volatiles were evaporated in
high-vacuum over a period of 1 h. Yield 1.27 g (83 %) yellow-brown
liquid (slowly decomposes at room temperature resulting in a black
tar). Raman (200 mW, 25 °C, decomposition in Raman): ¥[cm™!] =
3121 (1, br.), 2959 (3, br.), 2185 (10, br.), 2157 (8, br.), 2146 (5,
br.), 1482 (3), 1420 (3), 1389 (2), 1337 (1), 1236 (0.5), 1091 (0.5),
1023 (1), 704 (0.5), 599 (1), 473 (0.5). CoH,N, (176.22): caled. C
61.34, H 6.86, N 31.79; found C 60.53, H 6.31, N 30.86.

Synthesis of Ethyl(methyl)imidazolium Dinitromethanide (EMI-
DNtM™*): KDNtM (0.73 g, 5.10 mmol) was dissolved in a boiling
mixture of 20 mL methanol and 5 mL distilled water. After adding
a solution of 1.01 g (5.10 mmol) EMI*BF, in 10 mL methanol,
KBF, precipitated. After filtration of KBF,, all solvents were evap-
orated. The drying and cleaning procedure included successive add-
ing, filtering and removing of 25 mL dried methanol, THF and
dichloromethane. Remaining volatiles were evaporated in high-vac-
uum over a period of 7d. Yield 0.79 g (72%) yellow glass. M.p.
48 °C, Tyec.onset = 186°C. '"H NMR ([Dg]DMSO, 400 MHz,
25°C): 6 = 8.17 (H-C). BC{'H} NMR ([D¢]DMSO, 101 MHz,
25°C): 6 = 121.7 (C-NO,) ppm. “N NMR ([D¢]DMSO,
28.9 MHz, 25°C): 6 = -21 (C-NO,) ppm.13 Raman (200 mW,
25°C): v[em™!] = 3142 (1, br.), 3115 (1, br.), 2963 (10, br.), 2955
(9, br.), 2899 (5, sh), 1668 (1), 1570 (3), 1447 (10, br.), 1375 (5),
1334 (9, br.), 1092 (4), 1023 (5), 999 (4), 960 (3), 794 (3), 780 (3),
750 (2), 702 (2), 431 (3, br.), 255 (4), 162 (5). C;H,N40, (216.20):
caled. C 38.89, H 5.59, N 25.91; found C 39.27, H 6.08, N 25.39.

Supporting Information (see also the footnote on the first page of
this article): References, crystallographic data for KDNtM,
CsNtCM, [EMIINtNCM, and [Me;NINtNCM, and extensive com-
putational data.
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