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HIGHLIGHTS

« The molecular structure of the
compound has been determined by
X-ray diffraction.

« The substance crystallizes in the
monoclinic P2;/c space group with
Z =8 molecules per unit cell.

« The conformers are arranged in the
lattice as center-symmetric
N—H- - -O(sulf) bonded dimers.

« For NBO analysis, the
hyperconjugative interactions are
favored in conformer 2 than
conformer 1.

« Infrared and Raman spectra showed
bands assignable to 34 of the 36
vibrational normal modes.
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GRAPHICAL ABSTRACT

Crystal packing of Cl3CCH,0SO,NH; showing the CCl,- - -Cl4C Van der Waals interaction and the molecular
structure of both conformers 1 and 2 obtained by single crystal DRX measurements.

ABSTRACT

The molecular structure of 2,2,2-trichloroethoxysulfonamide, CClsCH,0SO,NH,, has been determined in
the solid state by X-ray diffraction data and in the gas phase by ab initio (MP2) and DFT calculations. The
substance crystallizes in the monoclinic P2;/c space group with a=9.969(3)A, b=22.914(6)A,
c=7.349(2) A, p=91.06(3)°, and Z =8 molecules per unit cell. There are two independent, but closely
related molecular conformers in the crystal asymmetric unit. They only differ in the angular orientation
of the sulfonamide (—SO,NH,;) group. The conformers are arranged in the lattice as center-symmetric
N—H- - -O(sulf)-bonded dimers. Neighboring dimers are linked through further N—H- - -O(sulf) bonds giv-
ing rise to a crystal layered structure. The solid state infrared and Raman spectra have been recorded and
the observed bands assigned to the molecular vibration modes. Also, the thermal behavior of the sub-
stance was investigated by TG-DT analysis. The stability of the molecule arising from hyper-conjugative
interactions and charge delocalization has been analyzed using natural bond (NBO) analysis.

© 2013 Elsevier B.V. All rights reserved.

Introduction

Sulfonamides are an important kind of pharmaceutical compounds
that currently exhibit a wide spectrum of antibacterial, diuretics,

The introduction of sulfonamides into clinical medicine in
the 1930s marked the beginning of microbial chemotherapy.
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hypoglycemic and HIV protease inhibiting biological activities
[1]. The emerging resistance of microorganisms to some synthetic
pharmaceuticals makes it necessary to continue the search for new
antimicrobial substances. Numerous molecules containing a sul-
fonamide structure have been synthesized, including aromatic sul-
fonamides that inhibit the growth of tumor cells [2]. Because of the
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wide variety of the biological importance of the sulfonamides, the
synthesis of several substituted sulfonamides, the study of their
crystal structure and other physical, chemical and biochemical
studies have become interesting fields in research.

The availability and stability of sulfonamides esters make them
particularly attractive reagents for different processes such as
amine synthesis through intermolecular C—H amination using as
Rh-based catalyst, which was reported by Willians Fiori and Du
Bois [3]. This process is possible due to the fact that sulfonanides
esters are an excellent nitrogen source. Xu et al. have reported
the arizidination of olefins catalyzed by N-heterocyclic carbene
copper complexes and 2,2,2-trichloroethoxysulfonamide, CCIsCH,_
0SO,NH; as a nitrogen source [3,4]. This compound, derived from
an aliphatic alcohol, was more efficient in the reaction.

In this work we report the crystal structure of CClsCH,0SO,NH,
by X-ray diffraction methods and its infrared, Raman and NMR
spectra. The thermal behavior of the substance has also been stud-
ied by TG-DT analysis. These experimental measurements were
complemented by quantum chemical calculations to obtain an
optimized molecular structure and a scaled quantum mechanical
force field. Based on the comparison with related molecules and
assisted by the theoretical results, the spectral features were sub-
sequently assigned to the different normal modes of vibration. The
study was complemented by natural bond orbital (NBO) analysis to
assess the significance of hyper-conjugative interactions, which
could favor one conformation over another.

Experimental

Samples of CCI3CH,0SO,NH; for use in both X-ray diffraction
and spectroscopy experiments were purchased from Sigma-
Aldrich and used without further purification. Adequate single
crystals for structural X-ray diffraction measurements were ob-
tained from slow evaporation at 20 °C of concentrated chloroform
solutions.

X-ray diffraction data

The measurements were performed on an Oxford Xcalibur
Gemini, Eos CCD diffractometer with graphite-monochromated
Mo Ko (4=0.71073 A) radiation. X-ray diffraction intensities were
collected (m scans with 3 and k-offsets), integrated and scaled with
the CrysAlisPro suite of programs [5]. The unit cell parameters
were obtained by least-squares refinement (based on the angular
settings for all collected reflections with intensities larger than se-
ven times the standard deviation of measurement errors) using
CrysAlisPro. Data were corrected empirically for absorption
employing the multi-scan method implemented in CrysAlisPro.
The structure was solved by direct methods with SHELXS-97
[6,7] and the molecular model refined by full-matrix least-squares
procedure on F? with SHELXL-97 [8,9]. All hydrogen atoms were
located in a difference Fourier map and refined at their found posi-
tions with isotropic displacement parameters. The N—H distances
were restrained to a target value of 0.87(1)A. Crystal data and
structure refinement results are summarized in Table 1. Crystallo-
graphic structural data have been deposited at the Cambridge
Crystallographic Data Centre (CCDC). Any request to the Cambridge
Crystallographic Data Centre for this material should quote the full
literature citation and the reference number CCDC 900580.

IR and Raman spectroscopy

The infrared absorption spectrum of CCl3CH,OSO,NH, was
zrecorded in KBr pellets within the 4000-400 cm™! range using a
Perkin-—-Elmer GX1 FTIR instrument and the Raman dispersion

Table 1
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Crystal data and structure refinement results for 2,2,2 trichloroethoxysulfonamide.

Empirical formula

C,H4CI5NOsS

Formula weight 228.47

Temperature 568(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P24/c

Unit cell dimensions a=9.969(3)A
b=22.914(6) A
c=7.349(2) A
B =91.06(3)°

Volume 1678.4(8) A3

VA 8

Density (calculated) 1.808 Mg/m?

Absorption coefficient 1.291 mm™

F(000) 912

Crystal size 0.64 x 0.35 x 0.03 mm>

0 - range for data collection
Index ranges

3.36-26.00°

-12<h<12, -28 <k<20,-8<I<9

Reflections collected 9614
Independent reflections 3279 [R(int) = 0.0551]
Observed reflections [I > 2a(I)] 2219
Completeness to ¥ = 26.00° 99.5%

Max. and min. transmission 0.9574 and 0.4916
Refinement method Full-matrix least-squares on F?
Data/restraints/parameters 3279/4/213

Goodness-of-fit on F? 1.051

Final R indices [I > 20(1)] R1=0.0510, wR, =0.1189

R indices (all data) R1=0.0810, wR;, = 0.1468
Largest diff. peak and hole 0.695 and —0.512 eA—3

spectrum of the solid was measured in the 3500 and 50 cm™! inter-
val with a Thermoscientific DXR Raman microscope. The Raman
data were collected using a diode-pump, solid state laser of
532nm (5cm™! spectral resolution), a confocal aperture of
25 pm pinhole, and a 10x objective. The sample was placed on
gold-coated sample slides. To achieve a sufficient signal to noise
ratio, 30 expositions of 2 s each were accumulated during the mea-
surements with the laser power maintained at 10 mW.

"H and 3C NMR measurements

The 'H and '3C NMR spectra of the compound were recorded at
298 K on a Bruker spectrometer. The substance was dissolved in
CDCl; and the resulting solution introduced into a 5 mm NMR tube.
Chemical shifts, 5, for 13C and 'H NMR spectra are given in parts per
million relative to tetramethylsilane (TMS; 6 = 0 ppm) and are ref-
erenced by using the residual non-deuterated solvent signal.

Thermal analysis

Thermogravimetric (TGA) and differential thermal (DTA) mea-
surements were performed with a Shimadzu TGA-50 and DTA-50
units in the temperature range from 20 to 500 °C at a heating rate
of 5°/min under flowing air.

Quantum chemical calculations

Calculations were performed using the resources of the UK
National Service for Computational Chemistry Software (NSCCS)
[10] running the Gaussian 03 suite of programs [11]. Geometry
optimizations were performed at MP2 [12] and DFT levels using
a variety of basis sets. Electron correlation was then considered
using the MP2 approach with the 6-311G(d,p), 6-311++G(d,p)
and 6-311++G(3df,3pd) basis set [13-16]. DFT calculations were
performed using Becke’s three-parameter hybrid exchange
functional [17] (B3) combined with both the Lee-Yang-Parr
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gradient-corrected correlation functional [18] (LYP) and the same
basis sets as for the MP2 calculations. The second DFT method
used, mPW1PW91 [19] applies a modified Perdew-Wang ex-
change functional and Perdew-Wang 91 correlation functional
[19]. All calculations were performed using standard gradient tech-
niques and default convergence criteria.

A natural bond orbital (NBO) calculation was performed using
the NBO 3.1 program [20], as implemented in the Gaussian 03
package, at the B3LYP/6-311++G(d,p) level in order to understand
various second order interactions between the filled orbitals of
one subsystem and vacant orbitals of another subsystem, with
the aim of having a measure of the intra-molecular delocalization
of hyper-conjugation. In addition, an analysis of the reactivity of
the compound was done within Bader’s atoms in molecules theory
(AIM) by using the AIM2000 code [21,22].

The calculation of force constants for CCl3CH,0SO,NH, included
force field transformation, scaling and determination of the poten-
tial energy distribution (PED), all of which were performed using
the FCARTP program [23]. The atomic displacements given by the
Gaussian 03 program for each vibrational mode were used to
understand qualitatively the nature of the molecular vibrations
and, for that purpose, the corresponding data were represented
graphically using the GaussView program [24].

Results and discussion
Structural X-ray diffraction

The substance crystallizes in the monoclinic P2,/c space group
with a=9.969(3)A, b=22.914(6) A, c=7.349(2)A, p=91.06(3)°,
and Z =8 molecules per unit cell. There are two 2,2,2-trichloro-
ethoxysulfonamide molecular conformers in the crystal asym-
metric unit. They are shown in the ORTEP [25] view of Fig. 1.
The representation of the crystal packing is shown in Fig. 2.
The corresponding bond distance and angles are listed in
Table S1 and S2 (Supporting information). The molecules only
differ in the conformational orientation of the sulfonamide
(—SO,NH,) group. In fact, the rms separation between homolo-
gous non-H atoms (including the sulfur atom) in the best least-
squares structural fitting, calculated by the Kabsh’s procedure
[5], is 0.046 A. The orientation of the —SO,NH, groups is approx-
imately related to each other through a rotation of about 120°
around the S—O(ester) bond.

Intra-molecular bond distances and angles conforms the Organ-
ic Chemistry rules. In particular, the C—Cl bond lengths are in the
range from 1.751(5) to 1.767(4) A for conformer 1 (C1) and in
the 1.754(4) to 1.763(4) A interval for conformer 2 (C2). As ex-
pected from the sp> carbons Cil (i=1,2) the bonding angles
around these atoms are close to the perfect tetrahedral value

Conformer 1 @ H

Fig. 1. Molecular structure of conformer 1 and 2 of CCl3CH,0SO,NH,; obtained by
single crystal XRD measurements.

Conformer 2

N X XSESIY)

IZ00 00

Fig. 2. Crystal packing of CCl3CH,0SO,NH,.

(109.5°): from 107.0(3)° to 111.7(3)° in C1 and from 106.4(3)° to
113.0(3)° in C2.

The —SO,NH, groups show the characteristic six valence bond-
ing structure of sulfur, with sulfoxide S=0 double bond distances
equal to 1.416(4) and 1.419(3)A for C1 and 1.415(3) and
1.424(3) A for C2. The single S—N and S—O(ester) bonds lengths
are, respectively, 1.571(4) and 1.572(3) A for C1 and 1.575(4) and
1.572(3) A for C2. The bonding angles around the sulfur atom de-
part slightly from tetrahedral value. In fact, the sulfoxide 0=S=0
angle is 120.1(2)° in C1 and 120.2(2)° in C2, the other angles
around sulfur are in the 102.3(2)-110.6(2)° and 101.0(2)-
111.8(2)° range for conformers C1 and C2, respectively. All the geo-
metrical parameters obtained by our XRD measurements are in
agreement with the values reported for different sulfonamides
[26-30].

The conformers of each type are arranged in the lattice as cen-
ter-symmetric N—H. - -O-bonded dimers, involving as H-donor the
amide group of a given conformer and as acceptor one sulfoxide
oxygen atom of a crystallographic inversion-related molecule
[N---O bond distances of 3.047 and 2.964 A for C1 and C2 dimers].
Neighboring dimers of different conformers are linked to each
other through inter-dimer N—H-:--O(sulf) bonds [N---O bond
lengths of 2.865 and 3.094 A] giving rise to a layered structure per-
pendicular to the unique b-axis. The —CCl, chlorine atoms define
the layer surfaces (see Fig. S1). Adjacent layers are bonded to each
other through CCly---Cl4,C Van der Waals interaction (shortest
Cl- - -Cl contact of 3.533 A). The H-bonding structure is further de-
tailed in the Supplementary Table S5.

Quantum chemical calculations

Geometrical structures

The optimized structure parameters of the compound were
calculated with the MP2 and DFT methods using 6-311G(d,p),
6-311++G(d,p) and 6-311++G(3df,3pd) basis sets. All calculated
geometrical parameters obtained by the MP2 and DFT calculations
are in good agreement with the experimental structural parame-
ters. The geometric parameters optimized with different basis sets
are given in Tables S1 and S2, whereas the molecular models of
both conformers appear in Fig. 3. The theoretical results are
compared in the same tables with the experimental data resulting
from the X-ray diffraction study. Conformer 1 exhibits a
C(1)—0(3)—S(6)—N(2) torsion angle of —68° calculated at MP2/6-
311++G(3df,3pd) level. This is in agreement with the experimental
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Conformer 2

Conformer 1

Fig. 3. Geometry optimized structures for both conformers of CCl3CH,0SO,NH,.

value obtained from XRD data (—66.3°). The results of our calcula-
tions indicated that the bond lengths S(6)—0(4) and S(6)—0(5) are
1.444 and 1.437 A, respectively, calculated at MP2 level using the
6-311++G(d,p) basis set. These bond lengths show a typical double
bond character and all other distances fall within the expected
range. The theoretical description of molecules containing the
SO, fragment requires the use of highly polarized basis functions.
As was found for related compounds such as CH3SO,SCHj3 [31], CF5.
S0O,0CF;3 [32] and sulfanilamide [33], the inclusion of extra polari-
zation functions (beyond a single d-function) is necessary to
predict the bond lengths in these types of molecules accurately.
The parameters most sensitive to this orbital description are the
S—O and S—N bonds, which were shortened when we replaced
the 6-311++G(d,p) basis set with 6-311++G(3df,3pd). All bonds
involving the sulfur atom were shortened, but the remaining bond
lengths were relatively unchanged. This produced a calculated
geometry close to the experimental structure. The S—N bond
lengths in C1 and C2 at MP2 and B3LYP levels are 1.639-1.651
and 1.639-1.649 A, respectively. The MP2 estimates matches well
the average (1.571-1.575 A) distance reported using X-ray crystal
data. The longer bond length at the B3LYP level is due to the over-
estimation of electron-electron repulsions.

For both conformers, the free energy calculated with the B3LYP/
6-311G(d,p) method was used along with the average temperature
of the experiment to estimate (using the Boltzman distribution)
the amount of each conformer that should be observed in the solid
state. The calculated free energy difference between both conform-
ers (C1 lower in energy) was 1.37 k] mol~! and the ratio of C1 to C2
conformers was predicted to be 0.63:0.37.

On the other hand, conformer 2 shows a C(1)—0(3)—S(6)—N(2)
torsion angle of 67.6° calculated at MP2 level with 6-
311++G(3df,3pd) basis set. Some theoretical values deviate from
the corresponding experimental ones; these differences are in
principle reasonable considering that the calculations were per-
formed for the molecule in the gas phase, where the intermolecular
interactions present in the crystal lattice are not taken into
account.

In an attempt to study the behavior of the molecule into the so-
lid state, molecular orbitals (MO) calculations involving two mole-
cules linked through hydrogen bond were carried out at the
computationally affordable B3LYP/6-31G(d) level. In our calcula-
tions, the hydrogen-bonded model of the dimer was constructed
from the X-ray crystal and molecular structure and then the con-
formation energetically optimized without any constraint to the
potential energy surface. The experimental results show a
N—H. - -0 bond length of 2.338 A, a distance close to the experi-
mental value obtained from DXR data. A change in the molecular

structure upon dimerization was observed. The N—H and S=0
bond lengths increase from 0.862 and 1.419 A, in the monomer,
to 1.026 and 1.466 A in the dimer, as expected due to the presence
of intermolecular hydrogen bonding.

NBO analysis

In order to get some insight into the intra-molecular interac-
tions which justify the relative stability of the 1 and 2 conformers,
natural bond orbital (NBO) calculations [20] were performed in
both forms of CCl3CH,0SO,NHs. In the NBO analysis, the electronic
wavefunction is interpreted as a set of occupied Lewis-type
orbitals, paired with a set of formally unoccupied non-Lewis-type
orbitals. The electronic interactions within these orbitals, the devi-
ations from the Lewis electronic structure and the delocalization
effects can be interpreted as charge transfers between the filled
Lewis orbitals (donors) and the theoretically empty non-Lewis
orbitals (acceptors). The stabilization energy of these interactions
is mainly of the types lone pair (LP) — 1" orbitals (delocalization
or mesomeric effect) and LP — o orbitals (hyper-conjugative ef-
fect). The results of NBO calculations at the B3LYP/6-311++G(d,p)
level on the conformers of CClsCH,0SO,NH, appear in Table 2. In
terms of NBO analysis, the hyper-conjugative interactions are more
favored in conformer 2 than in conformer 1. The lone pair of the
nitrogen transfers electronic charge to the anti-bonding c* orbital
of S—0 and S=O0 bonds. The lone pair LPN(2) in the conformer 1
participates in LPN(2) - o 0O(3)—S(6) and LP N(2)- o*
0(5)—S(6) interactions and in conformer 2 participates in LP
N(2) - o 0(3)—S(6) and LP N(2) » ¢* 0O(4)—S(6). As seen in
Table 2, for the isolated state and in chloroform solution, the
hyper-conjugative effect LP N(2) - o* 0O(3)—S(6) is higher in
conformer 1 and the LP N(2) - c* O(4)—S(6) interaction is more
pronounced in conformer 2, while in conformer 1 this interaction
is absent. The energy transfer from the lone pairs LPO(3), LPO(4)
and LPO(5) to the o N(2)—S(6), o™ S(6)—0(3) and c* S=O0 is very
important for the stability of the conformer 2 in isolated state and
in a nonpolar solvent as chloroform.

The relation between the electron occupation of the ¢* S—N
orbital and the length of S—N and S—O bonds has been investigated
in both conformers. Table 3 shows the S—N and S—O bond lengths
with the corresponding electron occupancy of the natural bond
orbitals of both conformers of CCI3CH,0SO,NH,. As shown in
Table 3, the S—N bond length in conformer 1 is longer than that
of conformer 2, which is in agreement with the high occupation
of the o* S—N in conformer 1 compared with conformer 2. This
is in agreement with the higher LP O(3) - ¢* S—N interaction in
conformer 1 than in conformer 2 which produces a lengthening
of the S—N bond length and a shortening of the S—0 bond length.

AIM analysis

The quantum theory of atoms in molecules has been useful in
the characterization of bonds through a topological analysis of
the electronic charge density and their Laplacian at the Bond Crit-
ical Points (BCP) [21]. In the AIM theory the nature of the bonding
interaction can be determined through an analysis of the proper-
ties of the charge density p, and its Laplacian V*(p) at the BCP,
and through the properties of the atoms, which are obtained by
integrating the charge density over the atomic orbitals [21]. Table 4
shows the bond critical point data for both conformers of CCIsCH,.
0OSO,NHs. As seen in Table 4, the value of the charge density at the
S(6)—N(2) bond critical point is relatively high for both conformers
1 and 2 and the Laplacian of electron density is negative hence
indicating that the charge density has been concentrated in the in-
ter-nuclear region. Besides, the value of charge density of the S—N
bond in conformer 2 is greater than in conformer 1, which leads to
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Table 2

Important hyper-conjugative interactions (in kcal mol~') for Cl3CCH,0SO0,NH; calculated using the B3LYP/6-311++G(d,p) method.

Interaction®

Conformer 1

Isolated state

CHCl;3 solution

Conformer 2

Isolated state

CHCl3 solution

LP N(2) —» &” 0(3)—S(6) 6.58 6.49 6.37 6.32
LP N(2) » 6~ 0(4)—S(6) - - 6.59 7.22
LP N(2) —» &* 0(5)—S(6) 6.17 7.12 - -
LP 0(3) —» &* N(2—S(6) 7.29 6.94 7.07 6.95
LP O(3) —» o O(5)—S(6) 2.01 1.96 6.65 6.47
LP O(3) - G* 0(4)—S(6) 6.44 6.48 2.07 1.95
LP 0(3) —» &* C(1)—C(12) 0.91 0.84 2.02 0.85
LP 0(4) —» ¢* N(2)—S(6) 23.24 22.49 27.06 26.11
LP 0(4) - &* 0(5)—S(6) 22.00 21.44 23.08 2233
LP 0(4) —» c* 0(3)—S(6) 3227 32.18 29.19 28.24
LP O(5) —» c* N(2)—S(6) 26.47 26.08 23.14 22.51
LP 0(5) — c* 0(4)—S(6) 23.16 2237 21.98 21.43
LP O(5) —» c* O(3)—S(6) 29.08 28.27 32.64 3223
2 LP denotes electron lone pair on the specified atom.

Table 3

S—N and S—O bond lengths (A), electron occupancy and energy (kcal mol~!) of the Table 4

natural bond orbitals for Cl3CCH,0SO,NH,.?

Conformer 1 Conformer 2

r S—N 1.678 1.677
Occupancy ¢ S—N 1.97606 1.97601
Energy —0.82381 —0.82466
Occupancy ¢* S—N 0.23629 0.23609
Energy 0.08781 0.08894
r S—0 1.630 1.632
Occupancy ¢ S—0 1.97324 1.97364
Energy —0.85168 —0.85147
Occupancy ¢* S—0 0.30778 0.30975
Energy 0.05067 0.04961

4 Calculated at the B3LYP/6-311++G(d,p).

a decrease in the S—N bond length. The value of charge density at
S(6)—0(3) bond critical point in conformer 1 is slightly greater
than in conformer 2 and the Laplacian of charge density of both
conformers is negative. In this case, the S—0 bond length in con-
former 2 is greater than conformer 1. These results are in agree-
ment with the NBO analysis which shows that LP O(3) —» o*
S(6)—N(2) interaction is more important in conformer 1 thus pro-
ducing a lengthening of the S—N bond and a shortening of the S—0
bond as compared with that of conformer 2.

NMR spectroscopy

The 'H NMR spectrum of the compound in solution was
measured to support the structural assignment. Two signals are
observed; the one located at 4.74 ppm (singlet) is assigned to
protons of the methylene group while the broad one (singlet)
observed at 5.31 ppm corresponds to the hydrogen atoms of the
sulfonamide moiety.

In the '*C NMR spectrum, the signal corresponding to the meth-
ylene carbon appears as a singlet at 78.7 ppm. The signal located at
93.2 ppm is assigned to the carbon atom which is bonded to the
chlorine atoms.

Thermogravimetric and differential thermal analysis (TGA and DTA)

The TGA and DTA data for CCl3CH,0SO,NH,; are shown in Fig. 4.
The TGA curve shows that the solid is stable up to 150 °C. The
endothermic peak located at 58 °C in the DTA curve without mass
loss in TGA corresponds to the melting point of the sample. The
thermal decomposition of the substance takes place in three differ-
ent steps. The first one ends at 188 °C with a mass loss of 11.62%.

The B3LYP/6-311++G(d,p) calculated Bond Critical Point (BCP) data and BCP distances
(in a.u.) to attractors.

Conformer 1 Conformer 2

N(2)—S(6)

p 0.2329 0.2332
V(p) —0.6040 ~0.5991
BCP-N(2) 1.8458 1.8520
BCP-5(6) 1.3245 1.3186
d (A) 1.678 1.677
qN(2) -0.5143 -0.5116
q S(6) 0.4312 0.3742
S(6)—0(3)

p 02174 0.2167
V3(p) —0.1836 —0.1898
BCP-5(6) 1.2337 1.2364
BCP-0(3) 1.8502 1.8504
d(A) 1.630 1.632

q S(6) 0.4312 0.3742
q 0(3) —0.0694 —0.0807
C(1)—0(3)

p 0.2398 0.2401
V3(p) —0.3682 —~0.3706
BCP-C(1) 0.9476 0.9477
BCP-0(3) 1.7639 1.7633
d (A) 1.434 1.434
qC(1) ~0.9529 ~0.9184
q0(3) —0.0694 —0.0807
q1)—C(12)

p 0.2525 0.2519
V3(p) —0.6048 —~0.6010
BCP-C(1) 1.3783 1.3775
BCP-C(12) 1.5101 1.5135
d(A) 1.528 1.529
qC(1) —0.9529 -0.9184
q C(12) 0.9816 1.0041

The DTA curve shows one exothermic peak located at 186 °C. The
second step ends at 250 °C with 50.01% of mass loss. Three exo-
thermic peaks located at 202, 211 and 242 °C are observed in the
DTA. The mass loss observed in the temperature range of 250-
500 °C is 29.20%. This decomposition step is associated with one
endothermic peak with a DTA maximum at 368 °C. The three
decomposition steps observed in the TGA and DTA curves could
be attributed to the evolution of different volatile compounds such
as SOz, Hzo, N2 and Clz

The total mass loss from room temperature to 500 °C is 90.83%.
This is in agreement with the theoretical mass loss calculated for
the formation of carbon as final product (89.5%).
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Fig. 4. TGA and DTA curves for CCl3CH,0SO,NH,.

Vibrational analysis

The assignment of the experimental infrared absorption and
Raman dispersion bands to the normal modes of vibration of
CClIsCH,0SO,NH, was based on the comparison with related
molecules [29-38] and assisted by the theoretical calculations
performed in this work.

The solid state FTIR and Raman spectra and the simulated
(SQM) spectra are compared in Figs. 5 and 6. The frequencies of
the observed spectral features are collected in Table 5.

Infrared spectroscopy is an important auxiliary technique for
quantitative conformational analysis. The C2 conformer is
1.37 kJ/mol higher in free energy at the B3LYP/6-311++G(d,p)
method than the C1 conformer and at room temperature, C1 and
C2 can be expected to be significantly populated. The conforma-
tionally averaged IR spectrum is obtained by summing the popula-
tion-weighted spectra of C1 and C2 conformers calculated by using
B3LYP/6-311++G(d,p) frequencies and intensities considering
Lorentzian band shapes (y=2cm™'). The populations are calcu-
lated from the B3LYP/6-311++G(d,p) energy difference via Boltz-
mann statistics and amount to 63% and 37%, respectively. It a

i '
(b)
3
@
<
s
]
£
£
«»
s
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T T Ill, T T T
3500 3000 1500 1000 500

Wavenumbers (cm™)

Fig. 5. Infrared absorption spectra of CCl3CH,0SO,NHo,. (a) In solid state, resolution
2cm~!, and (b) simulated (SQM) spectrum.
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3500 3000 1500 1000 500
Raman shift (cm™)

Raman intensity (a.u.)

Fig. 6. Raman dispersion spectra (a) experimental, in the solid state, and (b)
simulated.

conformationally averaged IR spectrum much closer to that of C1
than to that of C2 and leads straightforwardly to the assignment
of the experimental spectrum shown in Fig. 5.

At room temperature, most of the bands are attributable to the
same fundamental for both conformations. The IR and Raman spec-
tra of the solid unambiguously demonstrate the presence of C1 and
C2 conformers whose profiles have been simulated in Figs. 5 and 6.
The predicted conformational splittings for the modes are in good
agreement with the observed splitting in the solid infrared and
Raman spectra. The vibrational analysis and force field have been
performed only for the most stable conformer, which is C1. The
B3LYP method has been chosen for the aforementioned analysis
since it is the standard method for that purpose yielding, in
general, reasonable results.

The B3LYP calculations reproduced the observed frequencies of
the normal mode vibrations of CCl3CH,0SO,NH, with the follow-
ing root mean square deviation (RMSD) values for each basis set:
6-31G(d), 68.4cm™'; 6-311G(d,p), 62 cm 'and 6-311++G(d,p),
66.6 cm~'. However, the second and third basis sets reproduce
the experimental frequencies somewhat better. The frequencies
calculated with this method for the 36 normal modes of vibration
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Table 5
Observed and calculated frequencies (in cm
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1), infrared and Raman intensities and potential-energy distribution (PED) for the conformer 1 of ClsCCH,0SO,NH,.

Mode Infrared?® Raman? Calculated® Calculated IR Raman Potential-energy Approximate description of
(solid) (solid) SQMP intesity®  activity? distribution® mode

1 3397 s 3394 (2) 3614 3391 57.16 46.32 100 S4 VaNH,

2 3293 s - 3510 3294 50.70 112.33 100 S, VvsNH,

3 3020 w 3024 (8) 3133 3026 0.30 33.61 99 S5 v,CH,

4 2972 w 2973 (20) 3068 2965 11.27 74.28 99 S, VsCH,

5 1554 m 1563 (2) 1592 1552 50.31 3.32 100 Ss 3NH,

6 1449 w 1449 (8) 1487 1451 7.95 5.36 100 Se 3CH,

7 1396 sh 1396 (4) 1409 1393 1.19 1.54 92S, ®CH;

8 1365 vs 1362 (1) 1370 1373 251.13 6.05 99 Sg VaS0,

9 1276 w 1277 (5) 1285 1253 12.26 3.35 94 Sq T®CH;

10 1190 vs - 1150 1175 180.1 13.61 86 S0 VSO,

11 1098 s 1098 (8) 1102 1085 23.63 5.01 76 S14 pNH,

12 1049 m 1050 (7) 1088 1071 46.87 232 39S, +57 Sia vC(1)—C(12)

13 1022 w 1021 (6) 1062 1035 24.06 117 84 Si3 pCH,

14 1013 m 1013 (8) 1025 1022 177.62 3.77 34S,4+43 Sy, vC(1)—0(3)

15 953 m 956 (5) 869 962 351.2 3.15 40 Sy5+19 S1o+ 12 Sy VS(6)—N(2)

16 864 m 862 (58) 821 844 106.85 22.94 24S,6+56S7+21S,,+15  vS(6)—0(3)

S30

17 780 m 782 (10) 717 783 121.73 17.16 45 S,5+44 Sy; v,CCly

18 728 sh 729 (17) 700 738 176.83 5.31 66 Si5+29 S19+ 10 Syg v,CCl3

19 720 m 720 (17) 662 721 133.8 4.16 38 S15+54 Si9 ®NH,

20 616 w 614 (21) 599 624 22.11 4.71 29 Sy + 11 Sys+ 15 S35 vsCCl;

21 570 w - 517 563 20.89 3.07 48 Sy1 +23 Sy5 ®SO,

22 558 sh 555 sh 505 537 51.76 7.46 23 S51+24 S55+29 Syo 350,

23 474 vw - 474 467 14.10 1.48 16 Sy3+44 Sye pSO,

24 422 vw 423 (5) 401 416 10.97 1.38 68 Sps+ 14 Sy +24 Sy 3N—S—0

25 - 382 (100) 374 375 1.83 11.14 38 Sy5 +26 Syo 3sCCl3

26 - 346 (15) 364 347 3.77 2.01 25 S;6+58 Sy3 TS0,

27 - 306 (24) 347 331 224 1.72 12 Sy7+58 S35 30—C—C

28 - 256 (14) 294 279 1.10 4.49 33 S,3+19 S,3 3asCCl3

29 - 232 sh 252 238 0.75 2.21 70 Sz9+ 17 S33 8asCCl3

30 - 225 (19) 219 210 1.22 249 87 S30+26 Spg+ 11 Sy3 pCCl3

31 - 191 sh 216 202 19.23 1.06 55 S,g +24 S34 TNH,

32 - 183 (20) 168 167 0.07 1.50 31 S3,+20 Sys pCCl;

33 - 132 (4) 141 135 4.38 1.32 12 S33+34 S34 pCCl3

34 - 107 (3) 89 85 053 021 40 Sy7 +29 S30+27 S34 5—0

35 - - 46 - 3.08 0.05 - TCCl3

36 - - 22 - 3.36 0.09 - C—0

RMSD 66.63 11.80

(em™)

3sh, shoulder; br, broad; s, strong; w, weak; m, medium; v, very. "Relative band heights in parentheses.

3 B3LYP/6-311++G(d,p) calculation. Observed and calculated values in cm™?.
> From scaled quantum mechanics force field (see text for further definition).
Units are km mol .
Units are A% (amu)
Coordinate numbers correspond to Table S6 (Supplementary material).

c
d 1
e

of CCl3CH,0SO,NH, (C; group) appear in Table 5 where they are
compared with the measured ones. The IR and Raman spectra of
the solid uncover the presence of C1 and C2 conformers through
the splitting of several fundamental modes.

Assignment of bands
NH, group modes. The strong band located at 3399 cm™! in the IR
spectrum is assigned to the anti-symmetric stretching mode of
the NH, group. Two bands, a strong one located at 3293 cm™!
and a shoulder at 3263 cm™!, are assigned to the symmetric
stretching vibration of the NH; group of C1 and C2 conformers,
respectively. The Raman spectrum shows only two bands in this
region, located at 3394 and 3263 cm~!. This assignment was per-
formed according to the characteristic wave numbers expected
for this group. Table 6 shows wavenumbers of the vibrational
modes of the —SO,NH, moiety in 5-amino-1,3,4-thiadiazole-2-sul-
fonamide (Hats) [29], CH3SO,NH, [38], CF3SO,NH, [34] and CISO,.
NH, [36].

Two bands with medium intensity located at 1554 and
1548 cm~! in the IR and Raman spectra, respectively, are assigned
to the NH, deformation.

The weak features at 1098 and 1088 cm™! in the IR and Raman
spectrum are assigned to the rocking vibration of the NH, group for
C1 and C2, respectively. This assignment is in agreement with the
calculated wavenumbers. The band located at 720 cm ™! is assigned
to the wagging mode in agreement with the values reported by
related molecules [29,30,35-38], except in CF3SO,NH, where the
value reported for this vibration is 430 cm™! [34].

SO, group modes. The SO, anti-symmetric and symmetric stretch-
ing modes appear in the region between 1390 and 1300 cm™!
and 1182 and 1140 cm™!, respectively, in different related mole-
cules [29-38]. The very intense IR absorption band observed at
1365 cm™! is assigned to the anti-symmetric stretching mode. This
mode appears in the Raman spectrum as a dispersion band with
medium intensity at 1362 cm~'. Two intense bands appear in the
IR spectrum at 1190 and 1178 cm™!. These bands are assigned to
the symmetric stretching mode. These results are in agreement
with the calculated ones. These bands appear split in the IR
spectrum hence showing the presence of both conformers in the
sample. The Raman spectrum shows only a single band located
at 1160 cm™! corresponding to this mode. We have observed



D.M. Gil et al./Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 116 (2013) 122-131 129

Table 6

Vibrational modes frequencies (cm~!) of the —SO,NH, moiety in CCl;CH,0S0,NH, and in related molecules such as 5-amino-1,3,4-thiadiazole-2-sulfonamide (Hats), CH3SO,NH,,

CF3SO,NH; and CISO;NH..

Vibrational mode CCl3CH,0S0,NH,* Hats” CH5SO,NH,¢ CF5SO,NH,¢ CISO,NH,¢
vaNH; 3399 3307 3320 3392 3386
VvsNH, 3293, 3263 3172 3245 3280 3282
3NH, 1554 1580 1576 1522 1548
v,SO, 1365 1342 1315 1357 1383
VSO, 1178 1140 1145 1153 1182
pNH, 1098, 1088 1097 1166 1046 1068
®NH, 720 636 (calc.) 689 432 688
®S0, 570 584 493 628 588
35S0, 558 500 533 495 508
TS0, 346 315 345 (calc.) 394 (calc.) 430
vS—N 953 944 881 957 921
TNH, 191 157 430 306 (calc.) 313
¢ This work.
b Ref. [29].
¢ Ref. [38].
d Ref. [34].
€ Ref. [36].

a difference between the observed and calculated wavenumber
values of the symmetric stretching mode because C1 and C2 con-
formers are arranged in the lattice as center-symmetric
N—H- - -O(sulf)-bonded dimers and this mode is very sensitive to
intermolecular interactions.

The IR shoulder observed at 558 cm™! is assigned to the SO,
bend. This wavenumber is somewhat higher than usual, as this
mode appears in the region between 533 and 495 cm~! in the com-
pounds listed in Table 6. The bands of the three modes correspond-
ing to the whole SO, group appear at relatively low wavenumbers
and the following assignment is proposed: 570 cm~! (SO, wag-
ging), 474 cm~! (SO, rocking) and 346 cm~! (SO, twisting). These
assignments are also supported by quantum chemical calculations.

Methylene group modes. The weak IR bands at 3020 and 2996 cm™!
are assigned to the CH, anti-symmetric stretching mode for C1 and
C2 conformers, respectively. These bands appear at 3024 and
2995 cm~! in the Raman spectrum. The bands corresponding to
the CH, symmetric stretching mode appear in the IR spectrum as
weak bands located at 2972 and 2954 cm~! and as medium inten-
sity bands at 2973 and 2955 cm™~! in the Raman spectrum. They
appear split, again indicating the presence of the two conformers.

The bands located at 1449 and 1446 cm™! in the IR spectra
(1449 and 1443 cm™! in the Raman spectrum) are assigned to
the CH, bending mode of both conformers. The bands correspond-
ing to the wagging and twisting of both conformers are observed at
1396 and 1276 cm™ . The weak band observed at 1022 cm ™! in the
IR and Raman spectra is assigned to the rocking mode.

Trichloromethyl group modes. The assignment of the bands corre-
sponding to CClz group was made by comparison and with the cor-
responding ones of the CIC(O)CCl; molecule [39] and with
quantum chemical calculations.

The two medium-intensity absorption bands observed at 780
and 770 cm™! and the shoulder located at 728 cm~! in the IR spec-
trum are assigned to the CCls anti-symmetric stretching modes,
which are calculated at 717 and 700 cm™! in the theoretical spec-
trum. The strongest band in the Raman dispersion spectrum of the
solid, at 382 cm™! is assigned to the CCl; symmetric deformation,
which is theoretically predicted at 374 cm~. In CIC(0)CCl; the
band appears at 411 cm™ .

According to the theoretical calculations, the CCl; symmetric
stretching mode is assigned to the band located at 616 cm™! in
the IR spectrum. This band appears at 590 cm™' in CIC(O)CCls.
The two bands observed in the Raman spectrum at 256 and

231 cm! are assigned to the CCl; anti-symmetric bending. The
band corresponding to the rocking of CCls is observed in the Raman
spectrum at 183 and 136 cm ™.

Skeletal modes. The C—O stretching mode appears as a medium-
intensity band in both the IR and Raman spectra at 1013 cm™'.
The medium-intensity band located at 1049 cm™! is assigned to
the C—C stretching vibration as indicated by our calculated value
of 1089 cm™'. The S—O stretching mode is usually strongly mixed
with other vibrations, but in this case it appears as a strong disper-
sion band in the Raman spectrum located at 862 cm™~! (864 cm™!
in the IR spectrum).

The v(S—N) mode gives rise to a band of weak-to-moderate
intensity in the range 960-880 cm~'. The S—N stretching mode
exhibits a medium-intensity IR absorption band located at
953 cm~! and a weak Raman band at 956 cm™'. Theoretically we
have obtained for to this mode a value of 869 cm™!. Presumably,
the position of this band could be explained by the degree of con-
jugation present in the molecule. Similar high wavenumbers for
this mode are reported for different molecules as appreciated in
Table 6.

The very weak IR band observed at 422 cm™! is assigned to the
NSO bending mode. This value is close to the one predicted by the-
oretically (401 cm™!). The OCC bending mode appears as a Raman
band located at 306 cm™'. This value is close to the one predicted
Tuttolomondo et al. for CF35S0,0CH,CH5 (359 cm™1) [40].

Torsional modes. The shoulder located at 191 cm™! in the Raman
spectrum is assigned to the NH, torsion. This value is similar to
the corresponding one reported by Hats [29] but lower than the
values reported for CF3SO,NH, [34], CISO,NH, [36] and CH3SO,._
NH, [38]. The weak Raman band located at 107 cm™! is assigned
to the torsion around the S—O bond, as this observed wavenumber
is close to the value calculated for this mode. The dispersion band
expected for the torsion mode around the C—0 bond could not be
observed in our Raman spectra.

Calculation of force constants

The Cartesian force field resulting from the B3LYP/6-
311++G(d,p) calculation for both conformers of CCl3CH,O0SO,NH,
was transformed to the set of non-redundant natural internal coor-
dinates defined in Table S6. Such coordinates take into account the
local symmetry around the C-atoms and follow the proposal of
Fogarasi et al. [41]. The force field obtained was subsequently
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Table 7

Force constants in internal (valence) coordinates for C1 and C2 conformers of ClsCCH,0SO,NH, and related molecules.

Force constants?® Cl3CCH,0S0,NH,>" CF3S0,NH,¢ CF3S0,0CH,CH;¢ CF3S0,0CCl5¢
Conformer 1 Conformer 2

ke [N(2)—H] 6.204 6.196 6.19 - -

ke [N(2)—S(6)] 5.287 5.288 6.23 - -

ke [S=0] 10.18 10.18 10.17 10.73 11.0

ke [S—O] 4.532 4.532 - 5.04 3.78

ke [C—0] 4.966 4.966 - 4.20 4.45

ke [C—C] 3.853 3.853 - 4.27 -

ke [C—H](CHy) 4.943 4.874 - 4.90 -

ke [C(12)—C1(7,14)] 3.411 3.411 - - 3.46

ke [C(12)—CI(13)] 3.562 3.562 - - -

ke [0=S=0] 1.261 1.261 1.11 1.14 0.96

ke [0—S=0] 1.311 1.311 - 1.27 1.13

ke [N—S=0] 1.311 1.311 1.30 - -

" Calculated at the B3LYP/6-311++G(d,p) level.

2 Units are mdyn A~' for stretches and stretch-stretch interactions and mdyn A rad—2 for angle bends.

b This work.
< Ref. [43].
4 Ref. [40].
e Ref. [44].

scaled using the scheme proposed by Pulay et al. [42]. Initial scale
factors were assumed to be equal to one for all modes and they
were subsequently modified by a least-squares procedure to obtain
the best fit to the experimental wave numbers, as shown in
Table S7. During the refinement, the same weight was assigned
to all vibration wavenumbers and no empirical correction was
used for the theoretical geometry. The resulting scaled quantum
mechanical (SQM) force field was then used to calculate the poten-
tial energy distribution of the molecule. The final RMSD and poten-
tial energy distribution are shown in Table 5. The internal force
constants were calculated with the SQM force field and the results
are shown in Table 7 where they are compared with equivalent
values for related molecules. For conformer 1 it was observed a
value of k¢ [N(2)—H] higher than the corresponding one calculated
for the conformer 2. This could be explained by the fact that LP
0(3) —» o* S(6)—N(2) interaction is higher in C1 than in C2 (see
Table 2). This effect produces a lengthening of the S—N bond and
an increase of the force constant for the N—H bond. Another differ-
ence in both conformers was observed in the force constants of the
C—H bond corresponding to the methylene groups. In C1 the k¢
[C(1)—H] is higher than in C2 due to the higher LP O(3) —» c*
C(1)—H interaction as compared with C2.

The calculated S—N bond length turns out to be shorter in
CF3SO,NH, [43] as compared with CCl3CH,0SO,NH, (1.671 and
1.677 A) and, consequently, the corresponding force constant in-
creases from 5.28 mdyn A~' in CCl3CH,0SO,NH, to 6.23 mdyn A~!
in CF3SO,NH,. This behavior is in agreement with the observed
increase in the frequency of the S—N stretching mode (see Table 6).
The adjacent S—O bond length increases in the order CF3S0,0CH,._
CHs (1.610 A) < CCI3CH,0S0,NH, (1.632 A) < CF5S0,0CCl; (1.690
A) [44]. This agrees with the decrease of the S—O force constants
following this same order.

In CCIsCH,0SO,NH, we observe a force constant for the
C(1)—0(3) stretching mode of 4.97 mdyn A~!. This value indicates
that the C—0 bond is strengthened by the presence of the —CCls
group which is an excellent leaving group for different chemical
reactions that involve the transference of this group.

Conclusions

The crystal and molecular structure of 2,2,2-trichloroethoxy-
sulfonamide, CCI3CH,0SO,NH,, has been disclosed by X-ray
diffraction methods and the gas phase structure calculated by
quantum chemistry. The substance crystallizes in the monoclinic
P2,/c space group with a=9.969(3)A, b=22914(6)A,

c=7.349(2)A, p=91.06(3)°, and Z=8 molecules per unit cell.
There are two independent but closely related molecular conform-
ers in the crystal asymmetric unit. They only differ in the angular
orientation of the sulfonamide (—SO,NH,) group. The conformers
are arranged in the lattice as center-symmetric N—H- - -O(sulf)-
bonded dimers. Neighboring dimers are linked through further
N—H- - -O(sulf) bonds giving rise to a crystal layered structure.

The thermal behavior of the substance showed that the solid
was stable up to 150 °C and the melting point was 58 °C. The ther-
mal decomposition of this compound takes place in three different
steps with a total mass loss of 90.83%.

According to NBO analysis, the hyper-conjugative interactions
are more favored in conformer 2 than in conformer 1. These results
were confirmed by AIM analysis.

Infrared absorption and Raman dispersion spectra of solid state
CCl3CH,0SO,NH, showed bands assignable to 34 of the 36
expected normal modes of vibrations. It was possible to scale the
theoretical force field by using the observed frequencies. The
resulting SQM force field was employed to calculate the potential
energy distribution, which revealed the physical nature of the
fundamental vibration modes and the force constants in terms of
internal coordinates of the compound. The force constant values
for CClIsCH,0SO,;NH, are in agreement with the values reported
for related molecules and show that the compound could be used
as a reactive for the transference of CCl3 groups in different
chemical reactions.
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