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Abstract: Cocrystallization of [Me3NH]2[B12Y12] (Y = Cl, Br, I)
with 1 equiv. of [Me3NH]X (X = Cl, Br) from acetonitrile/diethyl
ether solution produced large colorless single crystals of
[(Me3NH)3X][B12Y12]. Four different compounds of this type
were prepared and structurally characterized. The compounds
consist of weakly coordinating perhalogenated closo-dodeca-
borate [B12Y12]2– dianions and unprecedented weakly bound
discrete [(Me3NH)3X]2+ dications. The [(Me3NH)3X]2+ dications
are built up from a central halide anion and three [Me3NH]+

Introduction
Halogenated closo-dodecaborate anions [B12Y12]2– (Y = F, Cl, Br,
I) have become important weakly coordinating anions with
high chemical, thermal, and electrochemical stability.[1] Their
fluoro, chloro, and iodo derivatives have been frequently used,
because they can be prepared by simple procedures in large
amounts[2] or are commercially available. They were shown to
stabilize reactive cations,[3] to act as counteranions in cataly-
sis,[4] and to be part of solid superacids,[5] host–guest com-
plexes,[6] and low-melting salts.[7] They are interesting materials
for electrochemical applications,[8] as anions in solid-state ion
conductors,[9] and in biochemistry,[10] and they show unprece-
dented behavior in the gas phase.[11] The closo-dodecaborates
have a charge of –2, which results in higher lattice energies of
the respective salts compared to those of salts of singly charged
weakly coordinating anions. The higher lattice energy of salts
containing dianions allows very weakly bound dications to be
stabilized in the solid state.[12] Some time ago we reported the
synthesis and crystal structure of the weakly bound [Li2(SO2)8]2+

dication.[13] This dication is lattice-stabilized by the weakly coor-
dinating [B12Cl12]2– dianion in the solid state. This means that
the Coulomb explosion of [Li2(SO2)8]2+ to give two [Li(SO2)4]+

cations, which is thermodynamically favorable in the gas phase,
is suppressed in the solid state by the high lattice energy of the
dication/dianion salt. In line with this, [Cs2(NCMe)2]2+ dications
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cations bound by N–H···X hydrogen bonds. The cations have a
pyramidal structure, as determined by X-ray diffraction, which
is in contrast to quantum-chemical calculations, which predict
a trigonal-planar structure. While the [(Me3NH)3Cl]2+ and
[(Me3NH)3Br]2+ cations were easily prepared, attempts to
synthesize the corresponding [(Me3NH)3F]2+ and [(Me3NH)3I]2+

cations failed. Three further crystal structures containing the
angulated [(Me3NH)2X]+ cation stabilized by [B12Cl12]2–,
[B12Br12]2–, or [Me3NB12Cl11]– are reported as well.

stabilized by [B12Y12] (Y = Cl, Br, I)[14] and [K2(OH2)n]2+ (n = 2,4)
dications stabilized by [B12F12]2– were reported as well.[15] Thus,
perhalogenated dodecaborate anions [B12Y12]2– (Y = F, Cl, Br, I)
are able to lattice-stabilize weakly bound dications in the solid
state that otherwise would dissociate into two singly charged
cations.

In the course of our investigations of the [B12Cl12]2– dianion
as a weakly coordinating anion, we attempted to crystallize
[Me3NH]2[B12Cl12], which proved to be difficult. However, suit-
able crystals for X-ray diffraction are easily obtained from aceto-
nitrile/diethyl ether solution, when an excess of [Me3NH]Cl
is present. The crystal structure determination showed
that the structure contains the discrete hydrogen-bonded
[(Me3NH)3Cl]2+ dication (1b). Surprisingly, no data is available in
the literature on this and related simple [(R3NH)3X]2+ cations.

Herein we report the syntheses and crystal structures of sev-
eral salts containing the previously unknown [(Me3NH)3Cl]2+

(1b) and [(Me3NH)3Br]2+ (1c) dications. Compounds containing
the related [(Me3NH)2X]+ cations [X = Cl (2b), Br (2c)] were ob-
tained as well. All cations are stabilized by perhalogenated
closo-dodecaborates [B12Y12]2– (Y = Cl, Br, I)[1] or the recently
reported [Me3NB12Cl11]– anion.[16]

Results and Discussion

Synthesis

Cocrystallization of [Me3NH]2[B12Y12] with 1 equiv. of [Me3NH]X
from acetonitrile/diethyl ether solution produced large colorless
single crystals of the title compounds [Equation (1)] that were
suitable for single-crystal X-ray diffraction analysis.
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(1)

Addition of a second equivalent of [Me3NH]X led to crystals
containing the [(Me3NH)2X]+ cation (2) [Equation (2)].

(2)

In an analogous manner cocrystallization of
[Me3NH][Me3NB12Cl11][16] with 1 equiv. of [Me3NH]Cl gave
[(Me3NH)2Cl][Me3NB12Cl11] containing the same [(Me3NH)2Cl]+

cation (2b) [Equation (3)]. Addition of further [Me3NH]Cl did not
lead to the formation of the [(Me3NH)3Cl]2+ dication (1b).

(3)

While numerous attempts to crystallize simple trimethyl-
ammonium salts of [B12Y12]2– did not yield single crystals of
suitable quality, addition of 1 or 2 equiv. of trimethylammonium
halide led to large crystals of very good quality in a short time.
The obtained compounds contain the unprecedented
[(Me3NH)3X]2+ (X = Cl, Br) dication (1) or the [(Me3NH)2X]+ cat-
ion (2). Note that only two crystal structures of trialkylammo-
nium salts of the type [R3NH]2[B12Y12] with halogenated do-
decaborates as counteranions have been published so far, that
is, they have little tendency to crystallize.[11a,17]

Crystal Structures

Molecular Structures of the [(Me3NH)3X]2+ Dications (1)

The salts 1b[B12Y12]·H3CCN (Y = Cl, Br, I) and 1c[B12Cl12]·H3CCN
crystallize isostructurally in the orthorhombic space group
Pnma. In the Supporting Information selected features of the
crystal packing are visualized. Exemplarily, part of the crystal
structure of 1b[B12Br12]·H3CCN is shown in Figure 1. The struc-
ture consists of [B12Br12]2– dianions and [(Me3NH)3Cl]2+ (1b) di-
cations. In cation 1b a central chloride ion forms three N–H···Cl
contacts to three cationic [Me3NH]+ units resulting in a discrete

Table 1. Selected averaged distances and angles in the [(Me3NH)3X]2+ cation (1).

Av. X···H distance Av. N···X distance Sum of the N–X–N angles Av. N–H–X angle
[pm] [pm] [°] [°]

1b[B12Cl12]·H3CCN 235.7 311.8 330.1 161.6
1b[B12Br12]·H3CCN 228.0 312.3 332.6 169.8
1b[B12I12]·H3CCN 221.8 315.0 338.3 171.7

1c[B12Cl12]·H3CCN 240.7 323.3 320.3 173.5
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cation with an overall charge of +2. The dication 1b has a py-
ramidal structure and forms one additional very weak C–H···Cl
contact to an acetonitrile molecule of solvation (Figure 1). The
[(Me3NH)3X]2+ cations presented herein are unprecedented, and
no other [(R3NH)3X]2+ (R = alkyl) cations are known to the best
of our knowledge. However, the pyramidal (N–H···)3Cl structural
motif has been seen before in the chloride complex of proto-
nated tris(pyrazolyl)hydroborate.[18] The crystal structure of tri-
methylammonium chloride was obtained in 1968,[19] and that
of the [(Me3NH)2Cl]+ cation (2b) was reported by Mootz and
co-workers in 1997.[20]

Figure 1. Part of the crystal structure of [(Me3NH)3Cl][B12Br12]·H3CCN. The
H···Cl distances are given in pm, and carbon-bonded hydrogen atoms are
omitted for clarity.

Figure 2 shows the [(Me3NH)3X]2+ (1) cations in the crystal
structures of 1b[B12Cl12]·H3CCN, 1b[B12Br12]·H3CCN, 1b[B12I12]·
H3CCN, and 1c[B12Cl12]·H3CCN. Table 1 compiles selected aver-
aged distances and angles for the [(Me3NH)3X]2+ cations. The
cations have a pyramidal structure, and the sum of the N–X–N
angles varies only slightly, between 330.1 and 338.3°, depend-
ing on the closo-dodecaborate counteranion. The Cl···H and
N···Cl distances are within the expected range for strong N–
H···Cl hydrogen bonds.[21] In comparison to the [(Me3NH)2Cl]+

cation (2b), the slightly longer distances suggest weaker
hydrogen bonds in 1b than in 2b. The bromide-centered cation
1c has a structure similar to that of 1b. The N···Br distances are
longer (av. 323.3 pm), in accord with the larger radius of the
bromine atom. The sum of the N–Br–N angles is smaller than
that in 1b; thus, 1c is more pyramidal.

The obtained structures are almost independent of the halo-
gen substituents on the weakly coordinating [B12Y12]2– anions.
However, a closer look at the values in Table 1 reveals a clear
trend. A longer H···Cl contact goes along with a shorter N···Cl
distance and a smaller N–H···Cl angle. This might be caused by
packing effects.
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Figure 2. Visualization of the [(Me3NH)3X]2+ (1) cations in the crystal structures
of 1b[B12Cl12]·H3CCN, 1b[B12Br12]·H3CCN, 1b[B12I12]·H3CCN, and 1c[B12Cl12]·
H3CCN. The H···X distances are given in pm, and carbon-bonded hydrogen
atoms are omitted for clarity.

Molecular Structures of the [(Me3NH)2X]+ Cations (2)

Figure 3 shows the [(Me3NH)2Cl]+ (2b) and [(Me3NH)2Br]+ (2c)
cations in the crystal structures of [2b]2[B12Cl12],
2b[Me3NB12Cl11]·H3CCN, and [2c]2[B12Cl12]·2H3CCN. All cations
have an angulated structure. The N–X–N angle is larger for 2b
(124.8 or 130.8°) than for 2c (110.2°). The N···Cl distances in 2b
vary between 302.7 and 307.5 pm, are significantly shorter than
the sum of the van der Waals radii (330 pm),[22] are in the typi-

Figure 3. Visualization of the [(Me3NH)2X]+ (2) cations in the crystal structures
of [2b]2[B12Cl12], 2b[Me3NB12Cl11]·H3CCN, and [2c]2[B12Cl12]·2H3CCN. The
H···X distances are given in pm, and the carbon-bonded hydrogen atoms are
omitted for clarity.
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cal range for strong N–H···Cl hydrogen bonds,[21] and are
slightly shorter than those of the [(Me3NH)2Cl]+ cation in the
crystal structure of 2b[HCl2] (308.8 and 309.9 pm).[20] The H···Cl
distances show a larger deviation and vary between 204.6 and
227.1 pm. The N···Br distances in 2c are longer (319.6 and
320.4 pm) than the N···Cl distances in 2b, in accord with a larger
radius of the bromine atom.

Comparison of 1 and 2 with the Parent Halonium Ions
[H3X]2+ and [H2X]+

The [(Me3NH)3X]2+ (1) and [(Me3NH)2X]+ (2) cations are formally
derived from the dicoordinate and tricoordinate halonium ions
[H2X]+ and [H3X]2+ by formal replacement of the protons by
trimethylammonium cations (Scheme 1).[23] While the parent
halonium ions are experimentally unknown in condensed
phase, several noncyclic dicoordinate chloronium compounds
were synthesized and structurally characterized. Prominent re-
cent examples are the dialkylchloronium ions [R2Cl]+ (R = Me,
Et),[24] the bis(trimethylsilyl)chloronium ion [(Me3Si)2Cl]+,[25] and
the neutral Me2(B12Cl12) molecule.[26] Much less is known about
the respective tricoordinate dicationic chloronium ions [R3Cl]2+.
Extensive theoretical investigations revealed a C3v-symmetric
structure for the parent [H3Cl]2+ dication.[27] The chloronium
ions have short, covalent element–halogen bonds. In contrast,
the nature of the hydrogen–halogen bonds in cations 1 and 2
is significantly different, and they should be rather described as
typical N–H···X hydrogen bonds.[21,28]

Scheme 1.

To gain some insight, DFT calculations at the PBE0/def2-
TZVPP level of theory were performed. While the optimized
structures of [(Me3NH)3Cl]2+ (1b), [(Me3NH)3Br]2+ (1c), and
[(Me3NH)3I]2+ (1d) are planar, the structure of [(Me3NH)3F]2+ (1a)
was calculated to be pyramidal. Thus, the calculated structures
of 1b and 1c are in contrast to the experimentally observed
structures, which are pyramidal for [(Me3NH)3X]2+ (X = Cl, Br).
Similarly, the quantum-chemically optimized structures of the
[(Me3NH)2X]+ cations are linear, while the experimentally ob-
served structures are bent. In an extreme case, as in the parent
[H3X]2+ cations, a pyramidal structure is in accord with covalent
H–X bonds and an electron lone pair residing on the halogen
atom. At the other extreme, the trigonal-planar structure of the
cation can be viewed as a purely ionic adduct of a negatively
charged halide with three positively charged trimethylammo-
nium cations. In this case the positively charged trimethylam-
monium cations arrange in a trigonal-planar manner around
the central halide ion to minimize Coulomb repulsion. As dis-
cussed above, the N–H···X bond in the [(Me3NH)3X]2+ cations is
rather long and best described as a mainly ionic hydrogen
bond. There is no simple explanation why the experimentally
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observed structures are pyramidal, while calculations predict
planarity. Very likely the energy difference between planar and
pyramidal structures in the [(Me3NH)3X]2+ cations is small, and
packing effects play an important role.

Do the [(Me3NH)3F]2+ (1a) and [(Me3NH)3I]2+ (1d) Cations
Exist?

In analogy to Equation (1), experiments were carried out to
cocrystallize [Me3NH]F or [Me3NH]I with [Me3NH]2[B12Cl12].
While different salts of the [(Me3NH)3Cl]2+ and [(Me3NH)3Br]2+

cations were easily prepared, all attempts to synthesize
[(Me3NH)3F]2+ and [(Me3NH)3I]2+ cations were unsuccessful.
From the reactions with [Me3NH]I two different sorts of crystals
were obtained, which were identified as [(Me3NH)3Cl][B12Cl12]
and unconsumed [Me3NH]I. The presence of chloride in the
product can be traced back to a chloride impurity in the
hydrogen iodide used for the synthesis of [Me3NH]I (see Fig-
ure S2). No evidence for the formation of the iodide-centered
dication [(Me3NH)3I]2+ (1d) could be obtained.

From the reaction of [Me3NH]F with [Me3NH]2[B12Cl12], de-
signed to give the ([Me3NH]3F)2+ dication (1a), no single crystals
of the expected product were obtained. Instead, [Me3NH]F re-
acted in a manner similar to hydrogen fluoride with the glass
of the reaction vessel to form hexafluorosilicate anions. These
[SiF6]2– anions cocrystallized in the double salt [Me3NH]4-
[B12Cl12][SiF6]·1.5H3CCN. Interestingly, the [Me3NH]+ cations ex-
clusively form N–H···F contacts to the [SiF6]2– anion, while no
hydrogen bonding to the [B12Cl12]2– anion is observed. Thus,
the [SiF6]2– anion is more coordinating than the [B12Cl12]2– an-
ion in this case. The coordination sphere around the [SiF6]2–

anion is visualized in Figure 4.

Figure 4. Part of the crystal structure of [Me3NH]4[B12Cl12][SiF6]·1.5H3CCN
showing the coordination sphere around the [SiF6]2– anion. Carbon-bonded
hydrogen atoms are omitted for clarity.

Clearly, the formation of the fluoro and iodo derivatives of
the [(Me3NH)3X]2+ dication (1) is less favorable. We suggest that
the strength of the H···X hydrogen bond might be crucial. Cal-
culated N–H stretching vibrations for the [(Me3NH)3X]2+ cations
show a significant difference between X = F (2612 cm–1) and
the other halogens (3023–3102 cm–1). A lower calculated wave-
number for the N–H stretch corresponds to lower bond energy
of the N–H bond and thus implies a stronger H···X interac-
tion.[29] Therefore, cation 1a can be viewed as [H3F]2+·(NMe3)3
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rather than as an [(Me3NH)3F]2+ cation. Further support for the
non-existence of the [(Me3NH)3F]2+ cation comes from the cal-
culated geometrical parameters of the anions. The H···F distan-
ces in [(Me3NH)3F]2+ are very short (153 pm), in contrast to
those in the chlorine (213 pm) and bromine derivatives
(230 pm). This implies that there might be a steric problem. The
short H···F bond leads to compression of the molecule and
steric repulsion between the three NMe3 groups.

Conversely, the non-existence of the [(Me3NH)3I]2+ cation
(1d) may be explained by the very weak H···I interaction. The
calculated frequency of the N–H stretching vibration for the
[(Me3NH)3I]2+ cation (3102 cm–1) is calculated to be the highest
in this series and indicates a weak H···I hydrogen interaction.
Along these lines the H···I bond in [(Me3NH)3I]2+ is calculated
to be the longest (253 pm). However, the weakness of the H···I
hydrogen bond cannot be the only reason for our failure to
prepare the [(Me3NH)3I]2+ cation, because Schleid et al. were
able to crystallize compounds containing [(NH4)3I]2+ cations.[30]

Another argument might be the N–X–N angle. According to the
trend of averaged experimental N–X–N angles in [(Me3NH)3X]2+

(1b: 110°; 1c: 106°), the N–I–N angle would be smaller than
106°, which may lead to steric problems.

In conclusion, compounds containing 1a or 1d could not be
prepared in this investigation under the selected physical and
chemical conditions. The reasons remain unclear, and we can-
not exclude that these cations may exist as well.

Importance of the Perhalogenated closo-Dodecaborates
for the Formation of Cations 1 and 2

It is intriguing that cations of the type [(Me3NH)3X]2+ (1) were
unknown prior to this work, and only one example[20] of cations
of the type [(Me3NH)2X]+ (2) was reported. It appears that the
weakly coordinating behavior of the perhalogenated closo-
dodecaborates [B12Y12]2– facilitates the formation of these
cations during the crystallization process. In contrast to other
classes of weakly coordinating anions, the closo-dodecaborates
carry a charge of –2, which causes a higher lattice energy of
the respective salts. The higher lattice energy leads to reduced
solubility and favors the formation of salts of the type
M2+[B12Y12]2–, which has been demonstrated before on several
occasions.[13–15] In addition, the spherical [B12Y12]2– anions tend
to form distorted close-packed structures with large holes,
which can be filled by suitable cations.

Conclusions
We could show that the chlorinated dianion [B12Cl12]2– is able
to stabilize the dication 1b as well as the monocation 2b in
the solid state, depending on the stoichiometry of the starting
materials. In contrast, all reactions with the very closely related
monoanion [Me3NB12Cl11]– led to crystals of
2b[Me3NB12Cl11]·H3CCN independently of the stoichiometry
used. Thus, the particular properties of the [B12Y12]2– dianions
seem to be crucial for the formation of the discrete weakly
bound [(Me3NH)3X]2+ (1) di-
cations.
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Experimental Section
General Remarks: All solvents and the following chemicals were
used as purchased from the manufacturer: [Me3NH]Cl (Aldrich,
98 %), acetonitrile (VWR, HPLC grade), and diethyl ether (VWR).
[Me3NH]2[B12Y12] (Y = Cl, Br, I) were prepared from the correspond-
ing sodium salts by metathesis reactions, as described in the litera-
ture.[2b,2c,31] The synthesis of [Me3NH]X (X = F, Br, I) is described
in the Supporting Information. [Me3NH][Me3NB12Cl11] was obtained
according to a published procedure.[16b] IR spectra were measured
with a Thermo Scientific Nicolet iS5 instrument equipped with an
ID7 ATR unit and with a Nicolet Magna 760 spectrometer with a
diamond ATR unit.

Preparation of Single Crystals: Single crystals suitable for X-ray
diffraction of all compounds were obtained by the same general
procedure. Slow diffusion of diethyl ether into an acetonitrile solu-
tion of [Me3NH]2[B12Y12] (Y = Cl, Br, I) or [Me3NH][Me3NB11Cl11] and
an excess of [Me3NH]X (X = Cl, Br) yielded colorless crystals. Exem-
plarily, for the synthesis of [(Me3NH)3Cl][B12Y12], [Me3NH]2[B12Y12]
(ca. 6 mg; Y = Cl, Br, I) and [Me3NH]X (0.8 mg; X = Cl) were dissolved

Table 2. Crystal data and refinement results for 1[B12Y12]·H3CCN (X = Cl, Br; Y = Cl, Br, I).[a]

1b[B12Cl12]·H3CCN 1b[B12Br12]·H3CCN 1b[B12I12]·H3CCN 1c[B12Cl12]·H3CCN

Empirical formula C11H33B12Cl13N4 C11H33B12Br12ClN4 C11H33B12ClI12N4 C11H33B12BrCl12N4

M 811.98 1345.50 1909.38 856.44
Crystal system orthorhombic orthorhombic orthorhombic orthorhombic
Space group Pnma Pnma Pnma Pnma
a [pm] 2094.51(16) 2150.93(3) 2257.26(5) 2101.95(6)
b [pm] 1326.69(12) 1348.61(2) 1393.16(3) 1327.06(6)
c [pm] 1297.37(11) 1322.90(2) 1383.10(3) 1290.86(4)
α [°] 90 90 90 90
� [°] 90 90 90 90
γ [°] 90 90 90 90
V [nm3] 3.6051(5) 3.83742(10) 4.34947(16) 3.6007(2)
Z 4 4 4 4
μ(Mo-Kα) [mm–1] 1.012 12.611 8.621 2.049
No. of data collected 8076 64972 173194 18842
No. of unique data 2931 8702 14610 3653
Rint 0.0542 0.0470 0.0289 0.0360
R1, wR2 [I > 2σ(I)][a] 0.0613, 0.1393 0.0242, 0.0384 0.0225, 0.0476 0.0493, 0.1469
R1, wR2 (all data) 0.0895, 0.1484 0.0442, 0.0419 0.0264, 0.0489 0.0547, 0.1498

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|, wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[wFo
4]}1/2.

Table 3. Crystal data and refinement results for 2b[Me3NB12Cl11]·H3CCN, [2b]2[B12Cl12], [2c]2[B12Cl12]·2H3CCN, and [Me3NH]4[B12Cl12][SiF6]·1.5H3CCN.[a]

2b[Me3NB12Cl11]·H3CCN [2b]2[B12Cl12] [2c]2[B12Cl12]·2H3CCN [Me3NH]4[B12Cl12][SiF6]·1.5H3CCN

Empirical formula C11H32B12Cl12N4 C12H40B12Cl14N4 C16H46B12Br2Cl12N6 C15H44.5B12Cl12F6N5.5Si
M 775.52 866.50 1037.71 999.27
Crystal system monoclinic triclinic monoclinic monoclinic
Space group P21/c P1̄ P21/c P21/n
a [pm] 1376.07(4) 1023.08(7) 1218.97(2) 1036.01(3)
b [pm] 1294.90(4) 1037.25(8) 1020.47(2) 3067.83(7)
c [pm] 2056.61(5) 1160.55(9) 1807.93(4) 1408.96(3)
α [°] 90 70.165(7) 90 90
� [°] 107.697(3) 65.428(8) 94.604(2) 90.204(3)
γ [°] 90 63.344(7) 90 90
V [nm3] 3.49121(17) 0.98316(15) 2.24167(8) 4.47807(19)
Z 4 1 2 4
μ(Mo-Kα) [mm–1] 0.967 0.998 2.547 1.482
No. of data collected 17681 6790 20075 16657
No. of unique data 8099 3653 4401 7874
Rint 0.0217 0.0266 0.0231 0.0246
R1, wR2 [I > 2σ(I)][a] 0.0335, 0.0772 0.0582, 0.1621 0.0410, 0.1098 0.0384, 0.0838
R1, wR2 (all data) 0.0480, 0.0846 0.0665, 0.1664 0.0449, 0.1121 0.0509, 0.0509

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|, wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[wFo
4]}1/2.
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in acetonitrile (5 mL). Slow diffusion of diethyl ether into the solu-
tion resulted in colorless crystals. [(Me3NH)3Cl][B12Cl12]·H3CCN: IR:
ν̃ = 3012 (vw), 2961 (w), 2861 (vw), 2608 (m), 2519 (sh), 2473 (m),
1478 (m), 1441 (w), 1412 (m), 1259 (m), 1242 (m), 1025 (s, [B12Cl12]2–),
987 (vs), 819 (vw), 637 (w), 606 (m), 533 (s, [B12Cl12]2–), 466 (w), 407
(vw). [(Me3NH)3Cl][B12Br12]·H3CCN: IR: ν̃ = 3155 (vw), 3026 (vw),
2979 (w), 2730 (w), 1474 (m), 1465 (m), 1448 (w), 1414 (w), 1364
(w), 1064 (br.), 999 (sh, [B12Br12]2–), 981 (vs, [B12Br12]2–), 440 (s,
[B12Br12]2–). [(Me3NH)3Cl][B12I12]·H3CCN: IR: ν̃ = 3143 (vw), 3109 (vw),
3020 (vw), 2977 (w), 2730 (m), 2515 (vw), 2464 (vw), 1594 (vw), 1462
(m), 1412 (m), 1363 (m), 1232 (w), 1204 (vw), 1053 (w), 981 (m), 938
(sh), 926 (vs, [B12I12]2–), 457 (m). Full experimental details are avail-
able in the Supporting Information.

Crystal-Structure Determinations: Crystals suitable for X-ray dif-
fraction analysis were obtained by slow diffusion of diethyl ether
into an acetonitrile solution of [Me3NH]2[B12X12] (X = Cl, Br, I) or
[Me3NH][Me3NB11Cl11] and an excess of [Me3NH]X (X = Cl, Br). The
single-crystal X-ray diffraction studies were performed with an Ox-
ford Diffraction Gemini E Ultra diffractometer equipped with a
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2 k × 2 k EOS CCD area detector and a four-circle kappa goniometer
by using Mo-Kα (0.71073 Å) radiation or with a Bruker Smart Apex-
II CCD system at 150 K. The crystals were mounted on a cryo loop
by using fluorinated oil and frozen in the cold nitrogen stream of
the goniometer. The structures were solved by direct methods
(SHELXS)[32] with the program package OLEX2.[33] Subsequent least-
squares refinement on F2 (SHELXL)[34] located the positions of the
remaining atoms in the electron-density maps. All non-hydrogen
atoms were refined with anisotropic replacement factors. Carbon-
bonded hydrogen atoms were placed in calculated positions by
using a riding model. Nitrogen-bonded hydrogen atoms were iden-
tified from the electron-density map. The data were corrected for
absorption. Crystallographic data is compiled in Tables 2 and 3, and
further details are available in the Supporting Information. CCDC
1432381 (for 1b[B12Cl12]·H3CCN), 1432382 (for 1b[B12Br12]·H3CCN),
1432383 (for 1b[B12I12]·H3CCN), 1432385 (for 1c[B12Cl12]·H3CCN),
1432379 (for 2b[Me3NB12Cl11]·H3CCN), 1432380 (for [2b]2[B12Cl12]),
1432384 (for [2c]2[B12Cl12]·2H3CCN), 1544964 (for [Me3NH]4-
[B12Cl12][SiF6]·1.5H3CCN) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre.

Quantum-Chemical Calculations: The structures were optimized
at the PBE0/def2-TZVPP level of theory as implemented in the pro-
gram package TURBOMOLE V6.3.[35] Frequency calculations were
performed analytically by using the AOFORCE module. All calcu-
lated species are true minima on the energy hypersurface, as shown
by the absence of imaginary frequencies. Further details are in-
cluded in the Supporting Information.

Acknowledgments
We are grateful to the Deutsche Forschungsgemeinschaft and
the Fonds der Chemischen Industrie for financial support and
Prof. Ingo Krossing for providing computational resources.

Keywords: Cations · Borates · Halides · Hydrogen bonds ·
Weakly coordinating anions

[1] C. Knapp, in Comprehensive Inorganic Chemistry II, vol. 1 (Eds.: J. Reedijk,
K. Poeppelmeier), Elsevier, Amsterdam, 2013, pp. 651–679.

[2] a) D. V. Peryshkov, A. A. Popov, S. H. Strauss, J. Am. Chem. Soc. 2009, 131,
18393–18403; b) V. Geis, K. Guttsche, C. Knapp, H. Scherer, R. Uzun, Dal-
ton Trans. 2009, 2687–2694; c) M. A. Juhasz, G. R. Matheson, P. S. Chang,
A. Rosenbaum, D. H. Juers, Synth. React. Inorg. Met.-Org. Nano-Met. Chem.
2016, 46, 583–588.

[3] a) D. E. Herbert, A. D. Miller, O. V. Ozerov, Chem. Eur. J. 2012, 18, 7696–
7704; b) A. Schäfer, M. Reißmann, S. Jung, A. Schäfer, W. Saak, E. Brendler,
T. Müller, Organometallics 2013, 32, 4713–4722; c) S. Khan, G. Gopa-
kumar, W. Thiel, M. Alcarazo, Angew. Chem. Int. Ed. 2013, 52, 5644–5647;
Angew. Chem. 2013, 125, 5755; d) N. Arnold, H. Braunschweig, P. Brenner,
J. O. C. Jimenez-Halla, T. Kupfer, K. Radacki, Organometallics 2012, 31,
1897–1907; e) M. Kessler, C. Knapp, A. Zogaj, Organometallics 2011, 30,
3786–3792; f ) M. Kessler, C. Knapp, V. Sagawe, H. Scherer, R. Uzun, Inorg.
Chem. 2010, 49, 5223–5230; g) <J. Derendorf, C. Jenne, M. Keßler, Angew.
Chem. Int. Ed. 2017, 56, 8281–8284; Angew. Chem. 2017, 129, 8395–8398.

[4] a) W. Gu, O. V. Ozerov, Inorg. Chem. 2011, 50, 2726–2728; b) M. Wegener,
F. Huber, C. Bolli, C. Jenne, S. F. Kirsch, Chem. Eur. J. 2015, 21, 1328–1336.

[5] A. Avelar, F. S. Tham, C. A. Reed, Angew. Chem. Int. Ed. 2009, 48, 3491–
3493; Angew. Chem. 2009, 121, 3543–3545.

[6] a) V. Croué, S. Goeb, G. Szalóki, M. Allain, M. Sallé, Angew. Chem. Int. Ed.
2016, 55, 1746–1750; Angew. Chem. 2016, 128, 1778–1782; b) K. I. Assaf,
M. S. Ural, F. Pan, T. Georgiev, S. Simova, K. Rissanen, D. Gabel, W. M.
Nau, Angew. Chem. Int. Ed. 2015, 54, 6852–6856; Angew. Chem. 2015,
127, 6956–6960; c) J. Warneke, C. Jenne, J. Bernarding, V. A. Azov, M.

Eur. J. Inorg. Chem. 0000, 0–0 www.eurjic.org © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim6

Plaumann, Chem. Commun. 2016, 52, 6300–6303; d) K. I. Assaf, D. Gabel,
W. Zimmermann, W. M. Nau, Org. Biomol. Chem. 2016, 14, 7702–7706.

[7] a) M. Nieuwenhuyzen, K. R. Seddon, F. Teixidor, A. V. Puga, C. Viñas, Inorg.
Chem. 2009, 48, 889–901; b) N. Zhou, G. Zhao, K. Dong, J. Sun, H. Shao,
RSC Adv. 2012, 2, 9830–9838; c) P. Bertocco, J. Derendorf, C. Jenne, C.
Kirsch, Inorg. Chem. 2017, 56, 3459–3466; d) C. Jenne, C. Kirsch, Dalton
Trans. 2015, 44, 13119–13124.

[8] a) R. T. Boeré, J. Derendorf, C. Jenne, S. Kacprzak, M. Keßler, R. Riebau, S.
Riedel, T. L. Roemmele, M. Rühle, H. Scherer, T. Vent-Schmidt, J. Warneke,
S. Weber, Chem. Eur. J. 2014, 20, 4447–4459; b) R. T. Boeré, S. Kacprzak,
M. Keßler, C. Knapp, R. Riebau, S. Riedel, T. L. Roemmele, M. Rühle, H.
Scherer, S. Weber, Angew. Chem. Int. Ed. 2011, 50, 549–552; Angew. Chem.
2011, 123, 572–575; c) M. Malischewski, E. V. Bukovsky, S. H. Strauss, K.
Seppelt, Inorg. Chem. 2015, 54, 11563–11566.

[9] B. R. S. Hansen, M. Paskevicius, M. Jørgensen, T. R. Jensen, Chem. Mater.
2017, 29, 3423–3430.

[10] D. Awad, M. Bartok, F. Mostaghimi, I. Schrader, N. Sudumbrekar, T. Schaf-
fran, C. Jenne, J. Eriksson, M. Winterhalter, J. Fritz, K. Edwards, D. Gabel,
ChemPlusChem 2015, 80, 656–664.

[11] a) C. Jenne, M. Keßler, J. Warneke, Chem. Eur. J. 2015, 21, 5887–5891; b)
M. R. Fagiani, L. L. Zeonjuk, T. K. Esser, D. Gabel, T. Heine, K. R. Asmis, J.
Warneke, Chem. Phys. Lett. 2015, 625, 48–52; c) P. Farràs, N. Vankova, L. L.
Zeonjuk, J. Warneke, T. Dülcks, T. Heine, C. Viñas, F. Teixidor, D. Gabel,
Chem. Eur. J. 2012, 18, 13208–13212; d) J. Warneke, T. Dülcks, C. Knapp,
D. Gabel, Phys. Chem. Chem. Phys. 2011, 13, 5712–5721; e) M. J. Lecours,
R. A. Marta, V. Steinmetz, N. Keddie, E. Fillion, D. O'Hagan, T. B. McMahon,
W. S. Hopkins, J. Phys. Chem. Lett. 2017, 8, 109–113; f ) M. Rohdenburg,
M. Mayer, M. Grellmann, C. Jenne, T. Borrmann, F. Kleemiß, V. A. Azov,
K. R. Asmis, S. Grabowsky, J. Warneke, Angew. Chem. Int. Ed. 2017, 56,
7980–7985; Angew. Chem. 2017, 129, 8090–8096.

[12] A. Decken, H. D. B. Jenkins, C. Knapp, G. B. Nikiforov, J. Passmore, J. M.
Rautiainen, Angew. Chem. Int. Ed. 2005, 44, 7958–7961; Angew. Chem.
2005, 117, 8172.

[13] a) C. Knapp, C. Schulz, Chem. Commun. 2009, 4991–4993; b) J. Derendorf,
M. Keßler, C. Knapp, M. Rühle, C. Schulz, Dalton Trans. 2010, 39, 8671–
8678.

[14] I. Tiritiris, Doctoral Thesis, Universität Stuttgart, Stuttgart, 2004.
[15] D. V. Peryshkov, A. A. Popov, S. H. Strauss, J. Am. Chem. Soc. 2010, 132,

13902–13913.
[16] a) M. Saleh, D. R. Powell, R. J. Wehmschulte, Inorg. Chem. 2016, 55,

10617–10627; b) C. Bolli, J. Derendorf, C. Jenne, H. Scherer, C. P. Sind-
linger, B. Wegener, Chem. Eur. J. 2014, 20, 13783–13792; c) P. Bertocco,
C. Bolli, J. Derendorf, C. Jenne, A. Klein, K. Stirnat, Chem. Eur. J. 2016, 22,
16032–16036.

[17] E. S. Stoyanov, I. V. Stoyanova, C. A. Reed, Chem. Eur. J. 2008, 14, 7880–
7891.

[18] A. Looney, G. Parkin, A. L. Rheingold, Inorg. Chem. 1991, 30, 3099–3101.
[19] J. Lindgren, I. Olovsson, Acta Crystallogr., Sect. B: Struct. Sci. 1968, 24,

554–558.
[20] A. Deeg, T. Dahlems, D. Mootz, Z. Kristallogr. New Cryst. Struct. 1997, 212,

401–402.
[21] J. Emsley, Chem. Soc. Rev. 1980, 9, 91–124.
[22] M. Mantina, A. C. Chamberlin, R. Valero, C. J. Cramer, D. G. Truhlar, J. Phys.

Chem. A 2009, 113, 5806–5812.
[23] a) G. A. Olah, K. K. Laali, Q. Wang, G. K. S. Prakash, Onium Ions, Wiley,

New York, 1998; b) G. A. Olah, G. K. S. Prakash, Á. Molnár, J. Sommer,
Superacid Chemistry, 2nd ed., Wiley, Hoboken, 2009.

[24] E. S. Stoyanov, I. V. Stoyanova, F. S. Tham, C. A. Reed, J. Am. Chem. Soc.
2010, 132, 4062–4063.

[25] M. Lehmann, A. Schulz, A. Villinger, Angew. Chem. Int. Ed. 2009, 48, 7444–
7447; Angew. Chem. 2009, 121, 7580–7583.

[26] C. Bolli, J. Derendorf, M. Kessler, C. Knapp, H. Scherer, C. Schulz, J. War-
neke, Angew. Chem. Int. Ed. 2010, 49, 3536–3538; Angew. Chem. 2010,
122, 3616–3619.

[27] a) A. I. Boldyrev, J. Simons, J. Chem. Phys. 1992, 97, 4272–4281; b) G. A.
Olah, G. K. Surya Prakash, G. Rasul, Proc. Natl. Acad. Sci. USA 2010, 107,
6716–6720; c) G. A. Olah, G. Rasul, M. Hachoumy, A. Burrichter, G. K.
Surya Prakash, J. Am. Chem. Soc. 2000, 122, 2737–2741.

[28] a) G. A. Jeffrey, Crystallogr. Rev. 2003, 9, 135–176; b) E. Arunan, G. R.
Desiraju, R. A. Klein, J. Sadlej, S. Scheiner, I. Alkorta, D. C. Clary, R. H.

https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ejic.201700620
http://www.ccdc.cam.ac.uk/


Full Paper

Crabtree, J. J. Dannenberg, P. Hobza, H. G. Kjaergaard, A. C. Legon, B.
Mennucci, D. J. Nesbitt, Pure Appl. Chem. 2011, 83, 1619–1636.

[29] E. S. Stoyanov, K.-C. Kim, C. A. Reed, J. Am. Chem. Soc. 2006, 128, 8500–
8508.

[30] a) I. Tiritiris, J. Weidlein, T. Schleid, Z. Naturforsch. B 2005, 60, 627–639;
b) I. Tiritiris, T. Schleid, Z. Anorg. Allg. Chem. 2003, 629, 1390–1402.

[31] a) I. Tiritiris, T. Schleid, Z. Anorg. Allg. Chem. 2004, 630, 1555–1563; b)
W. H. Knoth, H. C. Miller, J. C. Sauer, J. H. Balthis, Y. T. Chia, E. L. Muetter-
ties, Inorg. Chem. 1964, 3, 159–167.

[32] G. M. Sheldrick, Acta Crystallogr., Sect. A: Found. Crystallogr. 2008, 64,
112–122.

Eur. J. Inorg. Chem. 0000, 0–0 www.eurjic.org © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim7

[33] O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard, H. Puschmann,
J. Appl. Crystallogr. 2009, 42, 339–341.

[34] G. Sheldrick, Acta Crystallogr., Sect. C: Cryst. Struct. Commun. 2015, 71,
3–8.

[35] TURBOMOLE, V6.3, 2010, a development of University of Karlsruhe and
Forschungszentrum Karlsruhe GmbH, 1989–2007, TURBOMOLE GmbH,
since 2007; available from http://www.turbomole.com.

Received: May 26, 2017

http://www.turbomole.com


Full Paper

Weakly Bound Dications

C. Bolli, J. Derendorf, C. Jenne,*
M. Keßler ............................................... 1–8

Halogenated closo-Dodecaborate
Anions Stabilize Weakly Bound
[(Me3NH)3X]2+ (X = Cl, Br) Dications
in the Solid State

Unprecedented [(Me3NH)3X]2+ dicat- and their crystal structures are dis-
ions are lattice-stabilized in the solid cussed and compared with the results
state by perhalogenated closo-dodeca- of quantum-chemical calculations.
borates. Syntheses of the materials
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