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Structures of Trichloromethyl Thiocyanate, CCI;SCN, in

Gaseous and Crystalline State

Yanina Berrueta Martinez, Lucas S. Rodriguez Pirani,”) Mauricio F. Erben,” Roland Boese,"’
Christian G. Reuter,' Yury V. Vishnevskiy,' Norbert W. Mitzel,*' and

Carlos O. Della Védova*®

Trichloromethyl thiocyanate, CCI;SCN, was structurally studied
in both the gas and crystal phases by means of gas electron
diffraction (GED) and single-crystal X-ray diffraction (XRD), re-
spectively. Both experimental studies and quantum chemical
calculations indicate a staggered orientation of the CCl; group
relative to the SCN group. This conclusion is supported by the
similarity of the C—SCN bond length to that of the anti-struc-
ture of CH,CISCN (Berrueta Martinez et al. Phys. Chem. Chem.

1. Introduction

Trichloromethyl thiocyanate, CCI;SCN, has been the object of
a range of studies, and the use of thiocyanate species as a con-
trol agent against insect pests has been proposed.”* More-
over, experimental IR and Raman spectroscopic data as well as
theoretical investigations on this compound have been report-
ed.”

A range of technological applications, including crystal engi-
neering and the development of new pharmaceutical com-
pounds rely on the knowledge of intermolecular interactions.”
Chalcogen and halogen intermolecular interactions have
become the focus of many investigations, especially on bimo-
lecular complexes.”’ In the case of CCI,SCN, both chalcogen
and halogen intermolecular contacts are possible in the crystal
phase. The nitrogen atom of the title compound is likely to
participate in both halogen (with chlorine) and chalcogen
(with sulfur) interactions. However, structural studies in differ-
ent phases are not often presented together in the literature.
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Phys. 2015, 17, 15805-15812)." Bond lengths and angles are
similar for gas and crystal CCI;SCN structures; however, the
crystal structure presents different intermolecular interactions.
These include halogen and chalcogen type interactions, the
geometry of which was studied. Characteristic C-Y-:N angles
(Y=Cl or S) close to 180° provide evidence for typical o-hole
interactions along the halogen/chalcogen—carbon bond in
N--Cl and N---S, intermolecular units.

In this sense, the effects of intermolecular interactions in the
solid state are not always discovered and analyzed. We intend-
ed to study intermolecular interactions in crystals of CCI;SCN.
To evaluate the effect of intermolecular interactions on the
molecular bonding we also studied the structure of the free
molecule in the gas phase. Studies and a characterization of
the intermolecular bonding by geometrical criteria are report-
ed within this contribution.

2. Results and Discussion
2.1. Computational Chemistry

The potential function for the rotation around the ¢(CI-C-S-C)
dihedral angle was calculated for CCI;SCN by using the B3LYP/
cc-pVTZ and MP2/cc-pVTZ levels of theory, for which the ex-
pected symmetric curve with minima at 60° was observed
(Figure 1). Maxima in the potential energy curves were ob-
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Figure 1. Potential energy functions of the internal rotation about the C1—
S2 bond of CCI,SCN.
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served for structures with eclipsed orientation between the
halo-methyl and the SCN groups. Qualitative agreement was
obtained between the two quantum-chemical methods used
here. The B3LYP level, however, predicted lower energy barriers
than the MP2 method. At the second stage of the theoretical
analysis, the geometry corresponding to the minimum was
fully optimized (Figure 2) with subsequent frequency calcula-
tions at the same levels of theory.

Figure 2. Molecular structure and atom numbering scheme of CCI;SCN.

We used four different methods, DFT (B3LYP), MP2, CCSD,
and CCSD(T) with cc-VTZ basis sets, to compute the depend-
ence of the predicted structure on the level of calculation. As
expected, the values calculated by DFT (B3LYP) systematically
differ from those of the three other methods. Among the
bond lengths, the largest difference between B3LYP and MP2
predictions is 0.028 A for C1-S2 bonds. Interestingly, the
length of the triple C=N bond predicted by B3LYP (1.156 A) is
very close to that of the CCSD calculations (1.155 A). The struc-
tural results of these calculations are presented in comparison
with the experimental parameters obtained by means of XRD
and GED in the next section (Table 1).

We also tested the CCSD method and the high-level CCSD(T)
of approximation to evaluate the improvement upon inclusion
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of perturbed triple corrections in the coupled-cluster scheme.
When switching from CCSD to CCSD(T) level of theory, most
bond lengths were found to increase by 0.005-0.009 A in
length, with the exception of the bond S2—C3. The most signif-
icant change was observed for the triple bond C=N (from
1.155 to 1.164 A). In contrast, the angles were predicted to be
nearly the same in both calculations, with a maximum differ-
ence of 0.2°.

2.2. Molecular Structures in the Gas Phase

An experimental determination of the gas-phase structure of
CCl;SCN was performed by means of gas electron diffraction
(GED). Relevant geometric parameters obtained by GED, solid-
state X-ray diffraction (XRD) and computational calculations
are listed together in Table 1 for comparison.

A staggered model was used in the analysis of the GED data
of CCI,SCN. The agreements of radial distribution functions as
well as the corresponding structural R factor are given in
Figure 3. The experimental results described above are gener-
ally in agreement with the theoretical values (Table 1).

Available information on the gas-phase structures of com-
pounds belonging to the thiocyanate family is scarce. The
structure of methyl thiocyanate has been determined by
means of rotational spectroscopy and the structure of propar-
gylthiocyanate has been explored by using gas electron dif-
fraction. We have already studied the structure of CH,CISCN in
the gas phase by using the latter method.™” By comparing the
structures of CH,CISCN and CCI;SCN, it appears that the bond
lengths do not differ significantly between the thiocyanates.
Moreover, the C1-S2 bond in CCI;SCN (1.826(2) A) is very close
to that reported for the CH;SCN species (1.824(2) A).

2.3. Molecular Structures in the Solid State

The structure of CCI;SCN in the solid state was determined by
X-ray diffraction analysis of a crystal grown in situ in the dif-

Table 1. Experimental and theoretical structural parameters of CCl,SCN.?!

Experimental® Theoretical

GED XRD B3LYP MP2 CCSD CCSD(T)

re ry r, I, re re re re
C1-ClI5 1.765(2)' 1.774(2) 1.773(2) 1.763(4) 1.791 1.766 1.770 1.776
C1-Clé 1.757(2)' 1.765(2) 1.764(2) 1.756(5)" 1.780 1.758 1.763 1.768
c1-clz 1.757(2) 1.765(2) 1.764(2) 1.756(5)" 1.780 1.758 1.763 1.768
C1-S2 1.826(2)’ 1.839(2) 1.838(2) 1.828(1) 1.857 1.829 1.830 1.836
C3-S2 1.691(13)° 1.697(13) 1.696(13) 1.696(4) 1.695 1.685 1.698 1.698
C3-N4 1.158(9)° 1.163(9) 1.162(9) 1.144(6) 1.156 1.173 1.155 1.164
CI5-C1-S2 101.4(7) 102.7(2) 102.7 103.1 103.3 103.1
Cl6-C1-S2 112.3(4)° 111.6(2)" 112.0 111.6 m.7 m.7
Cl5-C1-Cl6 110.6(10)° 110.4(2)" 110.2 110.4 110.2 110.3
Cl6-C1-Cl7 109.4(20) 110.0(2) 109.6 109.6 109.6 109.6
C1-S2-C3 99.9(17)" 98.6(2) 100.6 97.6 98.6 98.4
$2-C3-N4 177.1% 177.9(5) 176.3 177.5 177.0 177.1
Cl6-C1-52-C3 61.9(12) 61.7(3)" 61.8 61.5 61.6 61.6
[a] The parameters are given in A and deg. [b] Threefold standard deviations are in parentheses. Superscript numbers 1, 2, ..., 7 indicate groups in which
parameters were refined with fixed differences. [c] Dunning triple-zeta cc-pVTZ basis was used in calculations. [d] Dependent parameter. [e] Fixed parame-
ter, see text for details. [f] Average value for the parameters, which are symmetrically equivalent in gas phase.
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Figure 3. Experimental (circles) and model (line) radial distribution functions
of CCI,SCN. The difference curve is shown below.

fractometer. The compound crystallizes in the monoclinic
space group P2,/n, and contains four molecules in the unit
cell. As expected, CCI;SCN in the solid state has a staggered
conformation (Figure 4) with a dihedral angle ¢(CIC-SC) of
61.7(3)°.

Many thiocyanate compounds have been structurally stud-
ied in the crystalline phase by X-ray diffraction. For instance, in
1971, Konnert and Britton reported a crystal structure of meth-
ylene dithiocyanate along with its intermolecular interactions
and a comparison with other thiocyanates.”

Cl

Cl

Cl

N

Figure 4. Molecular structure of CCI;SCN in the crystal as determined by X-
ray diffraction at 193 K.

ChemPhysChem 2016, 17, 1463 - 1467 www.chemphyschem.org

1465

CHEMPHYSCHEM
Articles

For CCI;SCN, the C1-S2 bond length in the crystal and in
the gas phase are practically the same, even taking into ac-
count the different types of geometrical parameters (r,iq=
1.828(1) A and r,4,,=1.826(2) A, respectively) and resemble the
corresponding value found for the anti-conformation of
CH,CISCN in the gas phase (r.=1.821(2) A), but not that ob-
tained for the more stable CH,CISCN gauche-conformation
(1.805(2) A).I" This is in excellent agreement with the results
described for the gas-phase structure.

2.4. Intermolecular Contacts of CCI;SCN

The crystal packing and the most significant intermolecular in-
teractions are represented in Figure 5. Five nonbonding inter-

Figure 5. Molecular packing in the crystal and nonbonding intermolecular
interactions of CCI;SCN determined from X-ray diffraction analysis at 193 K.

actions with distances shorter than the sum of the van der
Waals radii of the involved atoms were detected (see Table 2).
The contact with the shortest distance involves a chlorine
atom located in the anti-position with respect to the SCN
group, and a nitrogen atom from another molecule. This Cl--N
interaction, with a distance of 3.09 A, is considerably shorter
than the sum of the corresponding van der Waals radii
(3.30 A). The C(1)—CI--N angle (171.9°) is consistent with the di-
rectionality reported for halogen-type bonding,” in which the
chlorine atom acts as an electron acceptor along an extension
of the C(1)—Cl axis. Figure 5 shows this head (CCls) to tail (SCN)
interaction represented by green dashed lines.

The sulfur atom in CCI,SCN participates as an electron ac-
ceptor in a chalcogen-type N--S intermolecular interaction,
with a C(1)-S-N angle of 158.9°—not too far from the expect-
ed 180°. The distance between the two atoms involved in this
contact is close to that reported by Konnert and Britton
(317 A7

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Characteristics of nonbonding intermolecular interactions in
CCI;SCN.

Intermolecular ~ Distance  Angle Sum of  Length  Contact
contact [A] [degrees] van der  ry,® type pro-
Waals [A] posed
radii [A]
NEL.Cl-C(1)®! 3.09 171.9 3.30 —0.21 halogen
bond
NEeL.S-C(1) 3.21 158.9 3.35 —0.14 chalcogen
bond
N©-..C3-N1I 3.22 99.9 3.25 -0.03 -
N@...CI-C(1)9 3.24 152.0 3.30 -006 -
Sel.cl-C(1) 3.54 159.7 3.55 -001 -

[l x, ¥, z; D] 1/24x, 1/2—y, 1/2+z; [c] 3/2—x, —1/2+y, 1/2—z; [d] x, 1+,
z; [e] Intermolecular length minus the sum of the van der Waals radii of
the two atoms involved in the contact.

Three other intermolecular contacts with lengths shorter
than the sum of the corresponding van der Waals radii are de-
picted in Table 2. Nevertheless, the shortening of these con-
tacts is not pronounced enough to classify them as halogen or
chalcogen interactions. For instance, the intermolecular con-
tact C—Cl--S possibly corresponds to halogen bonding, with
a positive electrostatic potential o-hole along the C(1)—Cl axis
directed to the S atom with negative electrostatic potential,
but its shortening by 0.01 A does not allow to assign this with
certainty.

The title thiocyanate presents a square-base pyramidal struc-
ture around the sulfur atom (Figure 6), which simultaneously
acts as an electron acceptor (chalcogen interaction) and as an
electron donor (possible halogen interaction).

Cl
cl Cl
C
05.34 \ 3 98.59
C
Cl ﬁ 2 N
86.40 76.03

Figure 6. Square-base pyramidal coordination around the sulfur atom in
CCI,SCN.

3. Conclusions

Both crystal and gas-phase structures of CCI;SCN were deter-
mined and compared. They are similar in both phases. Despite
the C=N bonds being similar in the crystal (r,=1.144(6) A) and
gas phase (r.=1.158(9) A) according to the standard 30 criteri-
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on, differences r.—r, for this C=N bond were estimated by
using the first-order vibrational perturbation theory® " to be
0.014 A taking into account the different temperatures in GED
and XRD experiments. The intermolecular interactions between
the CCI;SCN molecules form a network of halogen and chalco-
gen interactions, which were detected in the crystal structure.

Experimental Section
Synthesis

The reaction of CCl;SCI with KCN in diethyl ether was used to pre-
pare trichloromethyl thiocyanate. Several trap-to-trap distillations
were performed to purify the sample."? The identity and purity of
the compound was verified by infrared spectroscopic analysis.

Quantum-Chemical Calculations

The Gaussian 03 package® was used to perform DFT?® and
MP2(full)"® calculations. The nature of the minimum on the poten-
tial hypersurface was confirmed according to the harmonic fre-
quencies calculated.

To support the GED structural analyses, analytical harmonic and
numeric cubic force fields were calculated at the B3LYP/6-31G(d)
and O3LYP/cc-pVTZ levels of theory. The achieved values were sub-
sequently used to calculate mean-square interatomic vibrational
amplitudes and corrections to the equilibrium structure by using
the SHRINK program.”'" Coupled-cluster CCSD and CCSD(T)" an-
alytical gradient-powered geometry optimizations were performed
by using the Cfour program package." NBO"® analyses were per-
formed with the NBO package contained in the Gaussian 03 pro-
gram.

Gas Electron Diffraction

Gas electron diffraction patterns were measured with the improved
Balzers Eldigraph KDG2 gas-phase electron diffractometer” at Bie-
lefeld University. Table S1 (see the Supporting Information) lists the
experimental GED details.

Diffraction patterns were recorded with Fuji BAS-IP MP2 2025
imaging plates, which were subsequently scanned with a calibrated
Fuji BAS-1800Il scanner. The intensity curves (Figure ST and S2)
were retrieved from the scanned diffraction images by applying
a method described earlier."® Sector function and electron wave-
length were calibrated" by using benzene diffraction patterns, re-
corded along with the substance under investigation. Experimental
amplitudes were refined in groups (see Table S2). For this purpose,
scale factors (one per group) were used as independent parame-
ters. The ratios between different amplitudes in one group were
fixed at the theoretical values. Experimental Cartesian coordinates
of CCI;SCN are depicted in Table S3.

Two sets of theoretical amplitudes and corrections, calculated from
B3LYP/6-31G(d) and O3LYP/cc-pVTZ force fields, were tested in the
refinements. Those calculated at the B3LYP/6-31G(d) level allowed
better agreement with experimental data to be obtained and were
used in the final model. The model with staggered orientation of
the CCl; group with respect to the SCN group was tested. The larg-
est correlations (more than 0.7) were r(S2—C3)//,=0.82, <(S2—C1—
Cle)/l,=—0.78, < (52—C1-ClI5)/ < (S2-C1-Cl6) = —0.72.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Details of the X-ray diffraction data.
Chemical formula CCI;SCN
M, 176.5
Unit cell, space group monoclinic, P2,/n
Temperature [K] 193(1)
a Al 6.7972(1)
b Al 5.84730(2)
c Al 16.1547(2)
A1 101.248(1)
VA% 629.740(16)
V4 4
Peac (calculated) [gem 3] 1.8610
F(000) 320
Crystal color Colorless
Crystal description Cylindrical
Wavelength [A] 0.71073
u [mm™'] 1.65
Crystal size [mm] 0.3
0 range 2.57-30.54°
Completeness to 6, 81.4%
Index ranges h, k, | —6/6, —8/8, —22/23
Transmission ,a.umin 0.75/0.70
R before/after correction 0.0563/0.0307
Collected reflections 9652
Independent reflections 1569
R(int) 0.019
Data/restraints/parameters 1451/0/65
Goodness of fit in F? 1.053
R1/wR2 [observed refl.] 0.0231/0.0551
Observed refl. with 1>20(l)
R1/wWR2 (complete data) 0.0255/0.0571
Extinction coefficient 0.054(2)
Prmasmin [€A] 0.38/—0.39
CCDC 1020625

X-ray Diffraction

Crystallography measurements (see Table 3) were carried out at
Essen-Duisburg University. A four-circle Nicolet R3m/V diffractome-
ter, with a MoKa. source (1=0.71073 A) was used.?” Crystal struc-
tures were resolved by using the Patterson method and refined
with SHELXTL-Plus Version SGI IRIS indigo Software.”” The sample
was placed in a 0.2-0.3 mm diameter glass capillary, which was
closed at both ends. By using a coupled microscope integrated to
the diffractometer, the formation of microcrystals (polycrystalline)
was observed upon decreasing the sample temperature. The
sample was cooled to approximately 15 K below the melting point
and, with a melting-zone-by-zone procedure and subsequent re-
crystallization caused by heating with an infrared laser focused to
a very small area of the sample, a single crystal suitable for an X-
ray diffraction experiment grew. A detailed description of this tech-
nique is reported elsewhere.”? CCDC 1020625 contains the supple-
mentary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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