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Abstract: The polychloride salt [CCI(NMe,),]",[Cls*~ was
synthesized and crystallized in the ionic liquid [BMP]OTf. The
compound was fully characterized by Raman spectroscopy as
well as X-ray single-crystal structure determination, and
represents the first example of a polychloride dianion to be
described. Detailed gas-phase and solid-state calculations
concerning the nature of the bonding situation were also
performed.

A large variety of polyhalides have been synthesized and
characterized since the first scientific description of the
triiodide anion by Tilden etal. in 1866.) Whereas the
chemistry of polyiodides is vast and exhibits mono-, di-, tri-,
and tetraanions,”! the variety of polyhalides of the lighter
homologues bromine and chlorine is much more limited."!
For fluorine, only [F;]~ and recently [Fs]~ were spectroscopi-
cally detected in rare-gas matrices.*! Like all polyhalides,
polyiodides also consist of the typical building blocks [I]7, I,,
and [I;]7, which has led to a growing number of monoanions
and also dianions having been synthesized.F! The first was
tetraiodide [I,]*", which was described almost at the same
time as the triiodide.”! Later on, further dianions, such as
[I]>~ " and the largest known polyiodide dianion [I;5]*~ were
described. Most of the higher polyiodides have a tendency to
form large, complex three-dimensional networks and can,
therefore, often be described in different ways, for example,
[1,,]>~ has been described as [I5],."*! Such networks, however,
can often be observed as well for polyiodides with lower
iodine contents.”’) Polybromide dianions on the other hand are
quite rare. Only [Br,]*", [Brs]*", [Bro]* ", [Bry)* ", and [Br,,]*~
have been reported so far.”! Similar to [I,]*", [Br,]*” has an
almost linear structure and has been known for more than
50 years."”! [Bry]>~ was synthesized in 1990 and possesses
a rectangular structure made up of two parallel [Br;]™ units

[*] R. Briickner, P. Préhm, A. Wiesner, Dr. S. Steinhauer, Prof. S. Riedel
Fachbereich fiir Biologie, Chemie, Pharmazie
Institut fiir Chemie und Biochemie—Anorganische Chemie
Fabeckstrasse 34/36, 14195 Berlin (Germany)
E-mail: s.riedel@fu-berlin.de
Dr. C. Miiller
Fachbereich fiir Biologie, Chemie, Pharmazie
Institut fiir Chemie und Biochemie—Theoretische Chemie
Takustrasse 3, 14195 Berlin (Germany)

(@ Supporting information for this article can be found under:
http://dx.doi.org/10.1002/anie.201604343.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

bridged by two Br, units.'!l The structure of [Br,,]*~ is very
complex and can alternatively be described as [Br] ,(Br,),.["?!
[Bry,]*", however, also forms a very complex network
structure.'” The Z-shaped [Brg]*~ exists in three similar
structures with different cations (see the Supporting Infor-
mation).[1416!

Herein we report the synthesis and full characterization of
the first polychloride dianion [Cls]*~, which is part of the ionic
compound tetramethylchloroamidinium octachloride [CCl-
(NMe,),],[Cls]*". This is—to the best of our knowledge—the
first described compound exhibiting a polychloride dianion.
Interestingly, the polychloride dianions in this compound can
be considered as discrete anions and do not show any
tendency to form networks often found in other polyhalide
species.>*1”l Whereas the equivalent dianions of bromine
[Brg]*~ and iodine [I;]*~ exhibit a Z-shape, the [Clg]*~ dianion
presented here has a more linear structure (Figure 1).

The compound was crystallized at —22°C from a solution
of tetramethylchloroamidinium chloride ([CCI(NMe,),]Cl)
and Cl, in  N-butyl-N-methylpyrrolidinium triflate
([BMP]OTY). After the addition of chlorine, the melting
point of the mixture drops to below —30°C. This approach to
polyhalide synthesis was first used by Feldmann and co-
workers in 201117 and also recently by our group.!'”! Chlorine
shows a high solubility in [BMP]OTT (3.6 wt %, 13.1 mol %),

cll Cl2 p537 CB

a3 cl2' clr

B2 166.3 Br3

Figure 1. Comparison of the structures of the [Cls]*", [Brs]*", and [I5]*".
For [Brg]*™ and [Ig]*", the structures with the largest (X2-X3-X4) bonding

angles were chosen.l>'®
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which is further enhanced by the addition of [CCI-
(NMe,),|CLI Storing the mixture for several days at
—22°C led to the formation of small coffin lid shaped crystals.

The salt crystallizes in the monoclinic space group P2,/c.
Similar to [Brg]>~ and most of the [Ig]*" structures, [Clg]* is
composed of two distorted [Cl;]™ units which are bridged by
a Cl, molecule. The bonding angles are 149.7(3)° (CI2-CI3-
Cl4) and 177.4(4)° (CI1-CI2-C13; Figure 1). The shortest
interanionic distance is 350.5 pm, which corresponds to the
sum of the van der Waals radii (350 pm). Therefore, we can
speak of discrete [Clg]*~ dianions, because the interactions
between the different anions are very weak. The crystal
structure, when viewed along the b-axis, shows the anions are
arranged in a parallel manner (Figure S1 in the Supporting
Information). Observation along the c-axis (Figure 2) shows
the anions are arranged crosswise, so cavities are formed in
which the cations are situated with two different orientations.

Figure 2. Crystal structure of [CCI(NMe,),][Cls] shown along the c-axis,
exposing the cavities and cations within. C gray, H white, Cl green,
N blue.

Interestingly the bond lengths and angles of the [Clg]*~
anion almost exactly match a motif found in the recently
published  polychloride network  [Et,N],[(Cl;),-ClL,]l'"!
(Table 1). A closer look at the chlorine—chlorine distances
CI1-CI2 and Cl4-Cl4’ shows they are elongated by only 13 pm
and 5 pm, respectively, compared to the bond of free Cl,
(199 pm)."! The structure shows considerable [Cl,-Cl™-Cl,-
CI™-Cl,] character. On the other hand, the bond lengths
between the inner Cl, group and the distorted [Cl;]” units
(r34=293.9(3) pm) are considerably longer than the ones
within the [CL]™ units (r;;=253.7(3) pm). This bonding

Table 1: Selected bond lengths and angles in [Et,N],[(Cl3),-Cl,]"" (4) and
[CCI(NMe,),],[Cls] (5) in the solid state, as well as calculated at the RI-
MP2/aug-cc-pVTZ level for an isolated [Cls]*~ (6).

Bond/angle® 4 5 6

2 211.0(3) 212.1(5) 2245
Iy 255.8(3) 253.7(3) 231.4
N 292.0(3) 293.9(3) 299.1
Fa 203.7(4) 204.9(4) 202.6
Qg3 177.4(2) 177.4(4) 179.6
Clse 143.2(3) 149.7(3) 83.4

[a] Bond lengths in pm and angles in °.
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situation resembles the one observed in [PPh,CL]*[ClsCl,]~
published by Taraba and Zak in 2003.*"! Thus, the [Cl,]~ units
can be considered as an intermediate between a [Cl;]” and
a Cl, coordinated to a Cl™. The values of the bonding angles in
the crystal structure lead to the assumption that the bonding
situation does not, as in [Brg]*~ and [Ig]*", depend to a great
extent on o-hole interactions, which would lead to bonding
angles around 90°. This is probably due to the higher electron
density around the Cl atoms; for more details see the
subsequent discussion.

Further analysis of the bonding situation was carried out
by vibrational spectroscopy (Figure 3). Raman spectroscopy,
in particular, is a very powerful technique, as all polyhalide
systems show a strong Raman scattering effect. The Raman
spectrum of a single crystal of [CCI(NMe,),],[Clg] shows three

Raman Intensity
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calcd [CI,]* B3LYP-D2
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Figure 3. Experimental (—) and calculated (-----) Raman spectrum
of the single crystal and the polychloride dianion [Clg] *~, respectively.

major bands. The intense band at # =446 cm™! is assigned to
the symmetric stretching vibration of the ClI(4)-Cl(4") bond
and was calculated to appear at ¥ =424 cm ™', while the broad
band at ¥ =340 cm ' is assigned to the stretching vibration of
the CI(1)-CI(2) bond (¥yq = 322 cm™'). The small band at ¥ =
271 cm™! is assigned to the symmetric stretching vibration of
the CI(2)-CI(3) bond (¥, =237 cm ). Although these bands
show a general shift of approximately 5%, they are in good
agreement with our solid-state calculations (B3LYP-D2) and
previous investigations of polychlorides, as coordinated Cl,
molecules often show broad bands around 7= 450 cm~".[172"
Additionally, the band at #=271 cm™! is where we expect
a [Cly]~ anion. An analysis of the calculated vibrational
modes supports this assignment.

For comparison, the gas-phase structures of [Clg]*~ and
[Brg]*~ were calculated at the B3LYP-D3 and RI-MP2 level.
DFT calculations on [Clg]*~ show spontaneous dissociation,
which can be expected because of the well-known Coulomb
explosion for dianions in the gas phase.”” A Z-shaped
minimum structure results when the COSMO®! model (e =
100) is applied to mimic the stabilizing effect of a surrounding
crystal (Figure 4). This structure shows significant similarities
to the experimentally found Z-shaped structures of [Brg]*~
and [Ig]*".
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Figure 4. Calculated gas-phase structure of [Clg]*". Bond lengths [pm]
and angles [°] are given (normal: RI-MP2, italic: B3LYP-D3). For
comparison, experimental data are given in bold.

Of course, gas-phase calculations do not include other
interactions, for example, packing effects, so bond angles
around 90° are preferred because of o-hole interactions. This
is nicely demonstrated by the electrostatic potentials maps
around a [Clg]*" unit cut out from the experimental crystal
structure and for the optimized isolated [Clg]*~ (Figure 5).

Figure 5. Plot of the electrostatic potential (in a.u.) calculated from

a RHF wavefunction of an isolated [Clg]*~ in the crystal structure (left)
and the optimized vacuum structure (B3LYP-D3; right). The thick
black line indicates the electron density contour line of 0.001 ebohr>.
Thin gray contours are drawn in the range of —0.34 to —0.24 a.u. at
intervals of 0.02 a.u. The numbers in gray are the atomic Mulliken
charges calculated from the RHF wavefunction.

The atomic Mulliken charges for the isolated molecules in
Figure 5 show that the [Cl]*” molecule can indeed be
interpreted as an intermediate between Cl; -Cl,-Cl;~ and
Cl,-Cl -Cl,-CI"-Cl,. The latter structure is more emphasized
in the crystal structure, as observed from the lateral charges of
the Cl;~ units. The electrostatic potentials show that the
interactions between the [Cl;]™ units and the Cl, molecule in
the crystal are only to a small degree controlled by o-hole
interactions (see above). As seen for the optimized free
structure, o-hole interactions force the molecule into a zig-zag
shape with angles of 90°, thus ensuring a good geometric
match of the Cl,-0-hole and the [Cl;]~ charge belts, which lead
to a stabilization of 16 kJmol™' compared to the crystal
structure.

Two independent periodic calculations were performed,
mainly to verify the experimentally recorded spectra (see
above): periodic RHF and B3LYP calculations using the
Crystall4 program® and periodic PAW-PBE calculations
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using the VASP program.™! In the former calculation, the
cations were replaced by a uniform positive background
charge distribution to estimate the packing effects. The
purpose of the cations appears to be first of all to prevent
the [CLg]*~ anions from adopting the thermodynamically more
stable, o-hole interaction driven, zig-zag shape. Indeed, the
optimized crystal structure differs little from that of the
isolated [Clg]*~ anion in a vacuum. The second purpose of the
cations appears to be to prevent the layers of [Clg]* anions
from merging due to interlayer o-hole interactions between
two different [Clg]*~ anions. The latter effect, which is nicely
illustrated in yet another electrostatic potential map
(Figure 6) of the optimized [Clg]*~ sublattice, would stabilize
the sublattice structure by about 38 kJmol ! compared to the
experimental crystal structure. This leads to the conclusion
that the experimentally found chainlike geometry of the
[Cls]*~ anions in the crystal structure of [CCI(NMe,),],[Cly] is
due to packing effects and cannot be ascribed to the generally
weak interactions between chlorine atoms.

Figure 6. Optimized structure of the periodic [Clg]*~ sublattice with
a uniform charge background (right) and electrostatic potential (in
a.u.) calculated from a RHF wavefunction (left). The thick black line
indicates the electron density contour line of 0.001 ebohr~3. The thin
gray contours are drawn in the range of —0.34 to —0.24 a.u. at
intervals of 0.02 a.u. The numbers in gray are the atomic Mulliken
charges calculated from the RHF wavefunction.

In the periodic PAW-PBE calculations with plane waves,
an optimization of the experimental structure with fixed
lattice parameters leads to only slight distortions of the
atomic positions. An atoms-in-molecules (AIM) analysis
shows that the anions do not seem to form any halogen
bonds between one another. The electron density at bond
critical points (bcps) between [Clg]*™ ions is one to two orders
of magnitude smaller than the electron density at any bcp
within [Clg]*~ ions. This is very surprising because of the great
resemblance between the present structure and 4, in which
halogen—halogen bonding is the driving force. In contrast to
the experimental structure, the calculations assume the
terminal [Cl;]” units to be much more regular. This is
consistent with the overestimated bond lengths between the
[CL]™ units and the central Cl, unit. Thus, the calculated
structure describes a [X;-X,-X;] adduct, which is also found in
specific crystal structures of, for example, [Brg]*~ 1%, instead
of the [Cl,-Cl™-CL,-Cl™-Cl,] structure found in the crystal.

Table 2 shows no spontaneous dissociation for any of the
degradation processes at a DFT level, while at the RI-MP2

Angew. Chem. Int. Ed. 2016, 55, 10904 —10908
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Table 2: Calculated bond dissociation energies of polychlorides (in
k) mol™").1

AE (B3LYP)®  AE (RI-MP2)®!  AE (CCSD(T))
Clg—Cly™+Cly-  2.02 —37.53 -
Clg—Cl,+2Cl;~  15.80 —24.95 -
Clg"—3Cl,+2Cl~  84.59 —145.08 -
Cly™—Cl,+Cly~ 13.79 —60.06 40.6"°
Cly"—Cl,+Cl” 34.39 12.58 102.9%

[a] Basis set: aug-cc-pVTZ. [b] For B3LYP and RI-MP2, the continuous
solvent model COSMO was applied (¢ =100).

level, however, decomposition channels are computed to be
exothermic, except for the degradation of [Cl;]~. This
inconsistency is probably due to the use of the COSMO®!
solvent model, which is known to overestimate the solvation
energies of small fragments.””) This is confirmed by earlier
calculations without the COSMO model, which came to
opposite results for the energy values.”® Nevertheless, these
results confirm that polychloride anions are species that
depend on very weak interactions.

In conclusion, we report the synthesis and structural
characterization of the first polychloride dianion as well as
detailed quantum-chemical calculations in the gas phase and
solid state. The structure of the compound [CCI(NMe,),],[Clg]
is made up of discrete [Clg]*~ anions which do not show any
tendency to build up networks through halogen bonding.
Quantum-chemical calculations confirm that the extraordi-
nary deviation from the Z-like structure of the anions arises
from packing effects and not from the poor donor ability of
chloride anions.

Experimental Section

All preparative work was carried out using standard Schlenk
techniques. The ionic liquid [BMP]OTf was dried under reduced
pressure for two days at 50°C and used without further purification.
The Cl, gas (purity 2.5) was dried by passing through CaCl,. Oxalyl
chloride was used without further purification. Raman spectra were
recorded on a Bruker MultiRAM II equipped with a low-temperature
Ge detector (1064 nm, 50 mW, resolution 4 cm™). Single-crystal
Raman spectra were measured at —30°C (1064 nm, 350 mW,
resolution 4 cm™') using a Bruker RamanScope ITI equipped with
a Linkam stage cooling unit.

Tetramethylchloroamidinium chloride was synthesized by liter-
ature procedures.” Polychloride synthesis: [BMP]JOTf (1.32g,
4.40 mmol) and insoluble tetramethylchloroamidinium chloride
(0.377 g, 2.20 mmol) were mixed in a Schlenk tube. Cl, was bubbled
through the suspension for 5 min, which resulted in the formation of
a bright yellow solution. To complete the reaction, Cl, addition of was
continued for another 5 min. Crystals were obtained by cooling the
solution to —22°C.

Crystal data for [CCI(NMe,),],[Ck]: CsH;,CN,, M,=
277.42 gmol ', monoclinic, space group P21/c, a=1024.77(9), b=
099.08(6), ¢=1614.00(11) pm, J=92.845(3)°, V=1154.84(16)x
10° pm?®, Z=4, peyea = 1.596 gem 3, F(000) =564, A =71.073 pm, T=
100(2) K, absorption coefficient = 1.210 mm', absorption correction:
multi-scan, T, =0.6693, T,..=0.7456. Data for the structure were
collected on a Bruker D8 Venture CMOS area detector diffractom-
eter with Moy, radiation. A single crystal was coated with perfluor-
oether oil at —30°C and mounted on a 0.1 mm Micromount. The
structure was solved by direct methods in SHELXTL®! and refined
by least squares on weighted F, values for all reflections using
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OLEX2.P" The final refinements converged at GOF =1.006, R1 =
0.0242, and wR2 = 0.0550 for all reflections (I >20(/)). The hydrogen
atoms were included in the refinement in calculated positions by
a riding model. The graphical representations were prepared with
Diamond.PY) CCDC 1456573 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from Cambridge Crystallographic Data Centre.

Computational details: Structure optimizations of [Cls]*~, [CLy] ",
and Cl, were performed at the RI-MP2 level and DFT level using the
B3LYP hybrid functional®™ with Grimme’s dispersion correction
D3P334 and the Dunning correlation consistent triple-C basis set aug-
cc-pVTZ.P These calculations were carried out using the Turbomole
V7.0.1 program®®! and the COSMO™! dielectric solvation model with
a dielectric constant € = 100. Minima on the potential energy surface
were characterized by calculating harmonic vibrational frequencies.
Thermochemistry was provided without any further counterpoise or
zero-point energy corrections.

Two periodic DFT calculations were performed, one with and one
without counterions. The structure of the periodic [Clg]*~ sublattice—
neglecting counterions—was optimized with the B3LYP density
functional and Grimme’s®®! dispersion correction D2 as implemented
in the Crystall4 program. The more recent D3 scheme™ is not yet
implemented in the Crystal program. An energy-consistent, multi-
electron fit, quasirelativistic Stuttgart-Cologne pseudopotential with
a chemically inactive [Ne] corel®” was utilized. The valence electrons
were represented by a triple-C basis set which was derived in
a previous investigation of solid chlorine® from a (6s6p)/[3s3p] basis
set by Dolg,* and successfully applied for a similar polychloride
solid.'"”! (For details about this basis set and its derivation, see the
Supporting Information of Ref. [38].) These periodic calculations
were performed with the Crystall4 program.?! An 8 x 8 x 8
Monkhorst-Pack grid was used for k-space sampling and truncation
criteria for two-electron integrals of 1072, 107, 107'°, 10~*°, and 10~%
were chosen (thresholds for the overlap of atomic orbitals from pairs
of atoms, which determine if Coulomb or exchange integrals are
evaluated or not; TOLINTEG, cf. Crystall4 manual). Atomic
Mulliken charges and electrostatic potential maps were based on
single point restricted Hartree—Fock calculations.

The structure optimization including the cations was carried out
with the projector augmented wave (PAW)“! method and PBE!!
functional, as implemented in the Vienna Ab Initio Simulation
Package (VASP).”! All atomic positions were allowed to relax
freely, only cell parameters were fixed to the values obtained from
experiment. An energy cut-off of 400 eV and a Monkhorst-Pack k-
space sampling of 6 x 6 x 6 points were used. Bader analysis was done
using the Critic2 program
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