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a b s t r a c t

The experimental and theoretical study on the molecular and vibrational analysis of CF3CH2CH2SO2Cl,
3,3,3-trifluoropropane-1-sulfonyl chloride is presented. The IR and Raman spectra were recorded in
liquid state and compared with the spectral data obtained by the DFT/B3LYP method usingthe6-
311G(3df) basis set. The influence of hyperconjugation effects of the lone pairs (LP) chlorine atom on
the vibrational behavior of the group SO2 was determined. The TD-DFT approach was applied to assign
the electronic transitions observed in the UVevisible spectrum.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The sulfonyl group has many important applications in organic
and medicinal chemistry. As a solid group, it is used for the pro-
tection of amines and sulfones [1,2].

Sulfonyl chlorides are often chosen as building blocks in me-
dicinal chemistry for their ability to easily react with heterocyclic
amines to create complex sulfonamides [3,4] like 3,3,3-
trifluoropropane-1-sulfonyl chloride. Cyclopropanesulfonyl chlo-
ride and cyclopentanesulfonyl chloride are reported in detail as
building blocks in the synthesis of TNF- converting enzyme (TACE)
inhibitors [3].

Structural and conformational properties of several compounds
of the YSO2R type with Y¼CF3,CH3, CCl3and R ¼ F, OH, NH2, CH3,
CF3,Cl, O�,Naþ [5e8] were previously studied in this laboratory. The
electronic properties and vibrational spectra of 3,3,3-
trifluoropropane-1-sulfonyl chloride were not studied previously.
ica, Facultad de Bioquímica,
ucum�an, San Lorenzo 456,

tabef).
Because of the extensive and varied field of application of this
compound, we have extended our investigation to the
CF3CH2CH2SO2Cl molecule, to obtain information about the
conformational and vibrational properties. The transferability
concept is very useful to predict the structure and conformational
preference of the compounds of the YSO2R type by means of
quantum mechanical calculations and vibrational analysis. In this
paper we present a complete analysis of vibrational spectra
(infrared and Raman) obtained from experimental and theoret-
icalparametersoptimized with different combinations of basis sets.

Besides, the energy of the system in relation to the internal
rotation around the CC-SCl dihedral angle was calculated using
several computational approaches and fitted to the six-fold Fourier-
type expansion. The conformational preference of the molecule can
be explained using this methodology.

The UVevisible spectrum of the CF3CH2CH2SO2Cl in methanol
solution was also recorded and electronic property (Frontier or-
bitals) and band gap energy were calculated by the TD-DFT
approach. The influence of hyperconjugation effects of the lone
pairs (LP) chlorine atom on the vibrational behavior of the group
SO2was studied in the two conformers. The lpCl / s*S]O inter-
action incrementis correlated with a decrease of the S]O anti-
symmetric stretching in all conformers.
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2. Materials and methods

2.1. Experimental

The CF3CH2CH2SO2Cl compound was purchased from Sigma-
Aldrich Chemical Company with a stated purity greater than 97%
and was used without further purification. The FTIR spectrum was
recorded in the 4000e400 cm�1 regionwith a spectral resolution of
2 cm�1using a Perkin-Elmer GX1 FTIR spectrometer. The Raman
spectrum of the liquid at RT was measured in the4000e100 cm�1

interval with a Thermoscientific DXR Raman microscope. The
Raman data were collected using a diode-pump, solidstate laser of
532 nm.

The UVevisible absorption spectrum of the CF3CH2CH2SO2Cl in
methanol solutionwas examined in the 200e400 nm range using a
Beckman DU 7500 diode array spectrophotometer.
2.2. Computational details

Quantum-chemical calculations were performed using the
GAUSSIAN 03 program package [9]. Geometry optimisations were
performed using DFT functionals. Pople's6-31G(d), 6-311G(d,p), 6-
311G(3df), 6-311þþG(d,p) [10e12] and Dunning correlation
consistent cc-pVDZ [13] basis sets were used throughout. DFT cal-
culations were performed using Becke's three-parameter hybrid
exchange functional(B3) combined with the Lee-Yang-Parr
gradient-corrected correlation functional(LYP) [14e17]. The sec-
ond DFT method used, mPW1PW91 [18], applies a modified
Perdew-Wang exchange functional and Perdew-Wang 91 correla-
tion functional. The gradient-corrected correlation functional of
Perdew, Burke and Ernzerhof (PBEPBE) was also used in the ge-
ometry optimisations [19,20]. All calculations were performed with
standard gradient techniques and default convergence criteria. The
nature of stationary points was checked through the vibrational
wavenumbers calculated from the analytical second derivatives of
the energies, with zero-point energy corrections neglected.

The potential energies associated with dihedral angles were
calculated with MP2 [21]. and B3LYP methods using the 6-31G(d),
6-311G(d,p) and 6-311þþG(d,p) basis sets where the molecular
geometry was optimised for fixed values of the C1-C2-C5-S11
dihedral angle and all other parameters allowed to relax. In a sec-
ond similar set of calculations, the C2-C5-S11-Cl12 dihedral angle
was fixed. The total energy curvewas constructed in 10� steps using
default convergence criteria as implemented in the Gaussian03
programs.

Vibrational modes were assigned using the GaussView program
[22]. The calculated frequencies were scaled using the Yoshida [23]
methodology and the potential energy distribution (PED) was
calculated using the VEDA program [24].

Electronic transitions within the single-electron approximation
and the SCRF, Polarizable Continuum Model (IEF-PCM and C-PCM)
approximation in methanol [25e30], were analyzed by the time-
dependent DFT (TD-DFT) method. The absorption energies in the
UVevisible range with their CI (configuration interaction)
description as well as their oscillator strength (f > 0) were obtained
from vertical electronic excitation energies.

A natural bond orbital (NBO) calculation was performed at the
B3LYP/6-311þþG(d,p) level using the NBO 3.1 [31e34]program as
implemented in the Gaussian 03 package.

The population was calculated according to a Boltzmann
distribution:
%popi ¼
e�DGi=RTPn
k¼1e�DGk=RT

� 100% (1)

2.3. Prediction of Raman dispersion intensities

The Raman activities (SRa) calculated with Gaussian 03 program
were converted to relative Raman intensities (IRa) using the
following relationship derived from the theory of Raman scattering
intensity [35]:

Ii ¼
f ðy0 � yiÞ4Si

yi

�
1� exp

�
�hc yi
k T

�� (2)

where n0 is frequency of the exciting laser light (n0 ¼ 18797 cm�1

corresponding to the wavelength of 532 nm of a diode-pump,
solidstate laser a con-focal aperture of 25 lm pinhole and 10
objective), ni is the frequency of the ith normal mode (cm�1) and Si
is the Raman scattering activity of the ith normal mode. f is a
suitably chosen common normalization factor for all peak in-
tensities (equal to 10�12).

3. Results and discussion

3.1. Molecular energy and structural properties

The potential energies surface (PES) (Fig. S1) of the
CF3CH2CH2SO2Cl were calculated with PM6 [36] semiempirical
methods, with respect to the CCCS and CCSCl dihedral angles. There
were eight minima on the potential surface, four of which were the
mirror image of the other four (Fig. 1). Since three of them had a
free energy difference lower than10 kJ mol�1 with respect to the
most stable form they were chosen to be studied.

In order to make a comprehensive study of the conformations,
other calculations of potential energy variation were made with
respect to theCCCS and then with respect tothe CCSC dihedral an-
gles calculated with MP2 and B3LYP methods using different basis
sets(Fig. 2(a) and (b)). There is a good agreement between them in
terms of maxima and minima positions, although the B3LYP
method gave slightly smaller relative energies. The potential-
energy scans of the CCCS dihedral angle showed two minima.
One represented the anti, anti(a, a) (Cs)form (CCCS and
CCSCl ¼ 180�) and the other a gauche, quasi-anti, (g, q-a) (C1) form
(g, q-a) (CCCS ¼ 160� and CCSCl ¼ 75.3�). All the groups in both
conformers were staggered. The potential-energy scan of the CCSCl
dihedral angle identified two minima, the anti, anti(a, a) (Cs)form
(CCCS and CCSCl ¼ 180�) and the anti, gauche (a, g)(C1)form
(CCCS¼�176.9 and CCSCl¼�69.8�). All groups in both conformers
were staggered.

In Table 1 the free energy is shown for the above mentioned
conformers and the amounts of each conformer that should be
observed in the gas phase at room temperature (using the Boltz-
man distribution equation). The conformer population ratio was
predicted to be 1:29:70 (B3LYP/6-311G(3df)) since the free energy
differences were DG(a,g-a,a) ¼ 9.90 kJ mol�1 and DG(g,q-a-

a,a) ¼�0.49 kJ mol�1 considering that the a, g and g, q-a conformers
have a double degeneracy relative to the a, a conformer. Three
conformers are shown in Fig. 1.

3.2. Internal barrier decomposition schemes

The total energy surface for the target torsion angle was



Fig. 1. Calculated molecular structure of the four conformers of CF3CH2CH2SO2Cl.

Fig. 2. Torsional potential about (a) the C(1)C(2)C(5)S(11) angle and (b) the C(2)C(5)
S(11)Cl(12) angle of CF3CH2CH2SO2Cl, calculated at different levels of theory.
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calculated in steps of 10� in the range 0e180� relaxing all
geometrical parameters except for the scanned one. The energy
profiles were fitted to a sixth-order Fourier expansion:

VðqÞ ¼
X6
i¼1

1
2
ViNð1� cos iNqÞ (3)

where N, the symmetry number, is equal to 1. No contributions to
torsional energies from zero-point energy were taken into account.
Decomposition of the total energy function and analysis of the
different terms Vihave previously been shown to be a simple way of
analyzing the stabilization of different conformations in molecular
systems [6,37e42].

Fig. 3 (a) and (b) illustrate the Fourier decomposition of the
energy function calculated at the B3LYP/6-311þþG(d,p) level for
the C(2)C(5)S(11)Cl(12) and C(1)C(2)C(5)S(11) torsions, respec-
tively. Table S1 lists the six Vi terms calculated for CF3CH2CH2SO2Cl
at theB3LYP/6-311þþG(d,p) level for both torsions. V1 and V3 are
the main contribution to the CCCS torsional barrier, whi-
leV1>V3>V2; V4-V6 are less relevant. The large V1 values show a
strong preference of the molecule for the a, a conformer over the g,
q-a one. This means that the conformer would be stabilized by local
dipole and steric interactions. The large negative V3 value indicates
that both conformations are stabilized through unfavorable bond-
bond eclipsing interactions.

The conjugative and hyperconjugative interactions are repre-
sented by theV2parameter. It is negative, but smaller than V1,
indicating that the contribution of the hyperconjugative effect
stabilizes the g, q-aconformer, but its value is not high enough to
reduce the energy barrier.

The V3term is import and for the rotation relating to the CCSCl
dihedral angle, as shown in Table S1. This term has the same
preference for both conformers (a, aand a, g), whereas the V1 and V2

terms prefer the a, a and a,g respectively.
The balance between V1 and V2 (1.35 kJ mol�1) gives us the

energy difference between a,a and a,g forms (1.89 kJ mol�1); while
V3 (12.69 kJ mol�1) gives us the shape of the curve and its value is
the energy barrier between conformers (12.11 kJ mol�1) (Fig. 3(b)).

The torsion barrier was characterized using two different
schemes to investigate the energetic consequences of the CCSCl and
CCCSmoiety rotation. The total energy changes were decomposed
as a sum of potential and kinetic contributions in the first one. The
natural bond orbital partitioning scheme, NBO, was applied in the
second one, to decompose the total energy in the ELewisand Edeloc
terms. As a first approach, we performed an investigation of the
energy barrier based on the partition offered by the scheme:

DE ¼ DEnn þ DEen þ DEee þ DEk (4)

where DE stands for the total energy change between structures of
different geometries, DEnnis the energy change for the nuclear
repulsion energy, DEen is the energy change for electron-nuclear
attraction energy, DEee is the energy change for the electron
repulsion energy and DEk is the kinetic energy [43].

Results obtained after applying this partitioning scheme to the
energy as a function of the C(2)C(5)S(11)Cl(12) and C(1)C(2)C(5)
S(11) torsions at the B3LYP/6-311þþG(d,p) level can be visualized
in Fig. 4 (a)and(b) respectively.

The a, a conformer is favored byEee and Enn repulsive terms
while the Een attractive term favors the other gauche forms.



Table 1
Free energies (energies in Hartrees), differences in free energies for three conformers of CF3CH2CH2SO2Cl at different levels of theory.

Method Base G G G DG g-a
a,b DGa. g-a

a Relative populations

g, q-a a, a a, g g, c-a a, a a, g

B3LYP 6-31G(d) �1424.98314 �1424.98589 �1424.98611 7.22 �0.57 3 28 69
B3LYP 6-311G(d,p) �1425.20634 �1425.20972 �1425.21015 8.86 �1.13 1 24 75
B3LYP 6-311þþG(d,p) �1425.22494 �1425.22891 �1425.22932 10.40 �1.07 1 24 75
B3LYP 6-311G(3df) �1425.29964 �1425.30342 �1425.30361 9.90 �0.49 1 29 70

a DGg-a¼ (Ggauche-Ganti), DGa,g-a¼ (Ganti, gauche-Ganti).
b DG in kJ mol�1.

Fig. 3. Fourier decomposition of the potential function for V(q) CF3CH2CH2SO2Cl for (a)
the C(2)C(5)S(11)Cl(12) and (b) C(1)C(2)C(5)S(11) dihedral angles calculated using the
B3LYP method with 6e311þþG(d,p) basis set by the decomposition of the total energy
function and the different Vi terms.

Fig. 4. Dependence of attractive (DEne) and repulsive (DEnn and DEee) energy in-
crements on the (a) C(2)C(5)S(11)Cl(12) and (b) C(1)C(2)C(5)S(11) dihedral angles of
CF3CH2CH2SO2Cl calculated at the B3LYP/6-311þþG(d,p) level.
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On the basis of the natural bond orbital method, NBO,a com-
plementary analysis of the barrier [38,41] can be performed ac-
cording to Equation (5) by analyzing the Lewis and
hyperconjugative (non-Lewis) terms:

DEbarrier ¼ DELewis þ DEdeloc (5)

where delewis represents the energy of the hypothetical localized
species described by a determinant of nearly doubly occupied NBOs
comprising the core, lone-pairs and localized bonds of the Lewis
structure. The delocalization energy change, DEdeloc, represents the
hyperconjugative stabilization contribution to the rotational bar-
rier that arises from bond/antibonding charge transfer [38e43].

Fig. 5(a) presents the contributions of the localized electron
density (ELewis) and the delocalized electron density (Edeloc) to the
CCCStorsion barriers at the B3LYP/6-311þþG(d,p) level. The Lewis
energy is decisive for the energetic preference; its minima corre-
spond to the a, a and g, q-aconformers. This result agrees with the
value of V1 in the decomposition potential energy. When electron
delocalization is not taken into account, the steric effect in both
conformers is dominant, but greater in the a, a conformer(see
Table S2 and S3).



Fig. 5. Dependence of the relative total energy of the CF3CH2CH2SO2Cl molecule and
its DELewisand DEdeloc parts on the (a) C(1)C(2)C(5)S(11) and (b) C(2)C(5)S(11)Cl(12)
rotation angles at B3LYP/6-311þþG(d,p) level.

Table 2
Relevant hiperconjugative interactions calculated at B3LYP/6-311þþG(d,p) level
using NBO analysis.

Donor (i) / Acceptor (j) interactiona E(2)b

a, g a, a g, q- a

LP(2)Cl(12) / s*S(11)eO(13) 14.50 11.87 5.02
LP(2)Cl(12) / s*S(11)eO(14) 6.23 12.12 14.34
LP(3)Cl(12) / s*C(5)eS(11) 5.85 6.10 4.68
LP(3)Cl(12) / s* S(11)eO(13) e 3.64 9.61
LP(3)Cl(12) / s* S(11)eO(14) 8.32 3.34 e

LP(3)Cl(12) / s*C(2)eC(5) e 3.97 3.09
LP(1)O13 / s*C(5)eS(11) 3.55 3.80 3.55
LP(1)O13 / s*S(11)eCl(12) 2.26 2.51 2.34
LP(1)O13 / s* S(11)eO(14) 7.90 7.36 7.61
LP(2)O13 / s*C(5)eS(11) 61.57 58.73 61.74
LP(2)O13 / s* S(11)eO(14) 70.51 72.48 70.10
LP(3)O13 / s*S(11)eCl(12) 174.26 172.59 174.89
LP(3)O13 / s* S(11)eO(14) 14.46 14.04 15.34
LP(3)O13 / s* C(5)eS(11) 11.08 12.41 11.16
LP(1)O14 / s*C(5)eS(11) 3.64 3.80 4.31
LP(1)O14 / s*S(11)eO(13) 7.86 7.36 8.03
LP(1)O14 / s*S(11)eCl(12) 2.34 2.51 2.13
LP(2)O14 / s*C(5)eS(11) 57.85 58.65 62.03
LP(2)O14 / s*C(2)eC(5) 2.76 e 2.76
LP(2)O14 /s*S(11)eO(13) 72.28 72.56 74.86
LP(3)O14 / s*S(11)eCl(12) 176.40 172.59 179.57
LP(3)O14 / s*S(11)eO(13) 14.42 13.92 12.99
LP(3)O14 / s*C(5)eS(11) 11.45 12.46 12.96
Total 729.49 728.81 743.11

a See Fig. S1 for atoms numbering. LP denotes lone pair on the specified atom.
b E(2) means energy of hyper-conjugative interactions in kcal mol�1.
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Fig. 5(b) shows that the delocalization energy difference, DEdeloc,
is greater for the a,g conformer than for the a, a conformer. This
effect of the a,g structure in CF3CH2CH2SO2Cl can be explained by
orbital interactions between the Cl lone pairs (lp Cl) and the vicinal
antibonding orbitals (Table 2).
3.3. Electronic excitations and UVevisible analysis

The UVevisible spectra measured in methanol solution were
compared with quantum calculations carried out with TD-DFT
method usingTD-B3LYP, TD-PBEPBE and TD-mPW1PW91 func-
tionals and 6-311þþG(d,p) and cc-pVDZ basis sets in implicit sol-
vent using IEF-PCM and C-PCM models [25e29]. The results are
presented in Table S6 and can be seen in Fig. S2. Both methodolo-
gies give the same results, as expected for that solvent polarity [29].
What is observed is a major deviation from the change of func-
tional, but not for the basis set change (Fig. S3).

The lmax values obtained from the UVevisible spectra were
analyzed with the rmPW1PW91/cc-pVDZ level of theory, because
with this functional the least deviation is obtained with respect to
the experimental spectrum [30]. In Table 3 the calculated UV ab-
sorption maxima, theoretical electronic excitation energies and
oscillator strengths are detailed for both conformers that present
the same energies. Fig. 6 shows the predicted experimental and
theoretical UVevisible spectra; Table S4 reports the line width
parameter used for simulation. As seen in Table 3, the calculated
absorption maxima values for the most stable (a, a) conformer of
the CF3CH2CH2SO2Cl; were 232, 211 and 209 nm. The f oscillator
strengths are in the 0.002e0.009 range. Transitions with extremely
low or zero f values are forbidden.

The oscillator strengths for the transition at 209 and 211 nm
were higher in magnitude than the other transitions and their
corresponding experimental value was observed at 207 and
211 nm. The absorption band at 209 nm was assigned to the tran-
sition from the HOMO-3 to LUMOmolecular orbital. The maximum
absorption located at 211 nm in the calculated spectrum
(f ¼ 0.0042) was assigned to the HOMO-1/2 / LUMO transitions.
The wavelength calculated at 232 nm (f ¼ 0.0026) was mainly
generated by excitations from the HOMO to LUMO molecular
orbital. This transition appeared experimentally as a shoulder at
219 nm(Fig. 6).
3.4. Vibrational analysis

The assignment of the experimental bands to the normal modes
of vibration of CF3CH2CH2SO2Cl was based on comparisonwith data
for related molecules [5e8,44e49] and with the results of the
calculations. Fig. 7 (a) and 7(b) show the experimental and calcu-
lated IR and Raman spectra, respectively. The observed band posi-
tions in the IR and Raman spectra together with calculated
wavenumbers and mode assignments PED are collected in Table 4.

The conformationally averaged IR spectrum was simulated by
summing the population-weighted spectra for the a, g, g, q-aanda,
aconformers calculated using B3LYP/6-311G(3df) [50,51] wave-
numbers and intensities with Lorentzian band shapes (g¼ 2 cm�1).
The populations were calculated with the B3LYP/6-311G(3df) total
energy difference using Boltzmann statistics for 1%, 29% and 70%



Table 3
Theoretical electronic absorption spectra of CF3CH2CH2SO2Cl calculated at mPW1PW91/cc-pVDZ level of theory in methanol solution.

Excited state Wavelength (nm) Oscillator strengths (f) Assignmenta

Experimental Calculated

a, ab a,gb a, ab a,gb

S1 219 232 230 0.0026 0.0031 HOMO / LUMO
S2 211 211 210 0.0042 0.0056 HOMO-1 / LUMO

HOMO-2 / LUMO
S3 207 209 207 0.0050 0.0093 HOMO-3 / LUMO

a Experimental UVevisible spectrum measured in methanol solution.
b anti, anti (a, a) (Cs); anti, gauche (a, g) (C1).

Fig. 6. Calculated and experimental UVevisible spectra for the a, a conformer of
CF3CH2CH2SO2Cl.

Fig. 7. Experimental and theoretical (a) infrared and (b) Raman spectra of the liquid
phase of CF3CH2CH2SO2Cl.
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abundance of the three conformers, respectively.
At room temperature, most bands are attributable to the same

fundamental for both conformations. The IR and Raman spectra
demonstrate the presence of a, gand a, a conformers by the reso-
lution of several fundamental modes of vibration(Fig. 8(a,b)).
Vibrational analyses were performed for the three conformers, but
as population of g, q-aconformer is much lower than that of the
other two, it is not observable in the IR and Raman spectra.

The DFT (B3LYP functional) calculations reproduced the normal
frequencies of vibration with the following RMSD (root mean
square deviation) values for each basis set for a, a and a, g forms
respectively: 60.4e50.1 cm�1 for 6-31G*, 50.8e50.0 cm�1 for 6-
311G**, 50.5e48.5 for 6-311G(3df) and 50.7e50.0 cm�1 for 6-
311þþG**.Table S5 shows the RMSD for the different regions of the
spectrum.

The minor RMSDwere obtained with the combination B3LYP/6-
311G(3df). Hence, they were used for the vibrational analysis. We
scaled the frequencies calculated with B3LYP/6-311G(3df) with the
Yoshida et al. [19] equation (6), giving a RMSD value of20.6 and
20.5 cm�1 for the a,a and a, g forms, respectively (Table S5).

yobs=ycalc ¼ 1:0087ð9Þ � 0:0000163ð6Þycalc (6)

where yobs and ycalc are given in cm�1, and the errors, given in pa-
rentheses, apply to the last significant figure. The ratio yobs/ycalc in
eq. (6) is denoted as the wavenumber scale factor to be applied to
the B3LYP/6-311G(3df) calculation.

Thewavenumbers calculatedwith this method for the 36modes
of vibration of CF3CH2CH2SO2Cl for the bothconformers appear in
Table 4, where they are compared with the measured values.

The bands at 1414 and at 1391 cm�1 in the Raman spectrum are
assigned to the wagging modes of the methylene group showing
the presence of a, g and a, aconformers, respectively.

The symmetric bending of CF3 group is observed at 647 cm�1in
the Raman spectrum. This band also appears to be split into two
components in the infrared spectrum showing the presence of a,
aanda,g conformers. This observation is in agreement with the
calculations (Fig. 8(b)). The bands at 571 and 552 cm�1(IR spec-
trum) are assigned tothe antisymmetric bending of theCF3 group
for the a,g and a, aconformers respectively (difference between



Table 4
Comparison of experimental infrared and Ramanwavenumbers (cm�1) with theoretical (harmonic and scaled) wavenumbers (cm�1) andmode assignments PED (%) for the Ca,
a and Ca,g conformers.

Mode Experimental Calculateda

unscaled
Calculated scaledb PED (%)c

IRd Ramane Ca, a Ca, g Ca, a Ca, g

1 3013 w e 3161 3148 3025 3014 90 yas C(5)H2 þ 10 yasC(2)H2

2 2996 w 2995 (13) 3129 3130 2997 2998 90 yasC(2)H2

3 2968 w 2967 (28) 3095 3086 2966 2958 89 ysC(5)H2 þ 11 ysC(5)H2

4 2942 w 2940 (23) 3080 3070 2952 2943 89 ysC(2)H2 þ 11 ysC(5)H2

5 1460sh 1457 sh 1488 1486 1465 1463 84 d C(2)H2 þ 12 uC(2)H2

6 1445 m 1443 (3) 1458 1453 1437 1431 89 d C(5)H2

7 1415 m (a,g) 1414 (6) 1425 1404 55 uC(2)H2

1393 sh(a,a) 1391 (6) 1418 1397 51 uC(2)H2

8 1377 s 1381 (6) 1398 1397 1378 1377 94 yasSO2

9 1314 m 1314 (2) 1332 1333 1214 1316 62 tw C(2)H2

10 1281 m e 1281 1285 1265 1270 55 uC(5)H2

11 1250 m 1250 (1) 1256 1257 1250 1243 37 ys CF3 þ 18 u C(2)H2 þ 15 u C(5)H2 þ 10 d as CF3
12 1215 m 1215(2) 1228 1229 1213 1216 47 tw C(5)H2

13 1172 s 1169 (33) 1193 1192 1180 1179 91ys SO2

14 1156 s e 1169 1167 1157 1155 59 yasCF3
15 1099 s 1099 (1) 1106 1103 1096 1093 30 yasCF3 þ 29 rC(2)H2

16 1049 w (a,g) 1042 (4) 1057 1048 79 yC(2)C(5)
1032 w (a,a) 1032 sh 1040 1031 80 yC(2)C(5)

17 966 vs 966 (4) 977 972 970 965 36 rC(2)H2þ33 yasCF3
18 854 s 854 (23) 851 850 850 846 79 yC(1)C(2)
19 796 sh e 786 774 783 771 60 rCH2 þ 18t CF3
20 778 m(a,g) 774 (5) 762 760 53 y S-Cþ12 d CCC

764 sh(a,a) 763 (5) 757 755 56 y S-C þ 12 d CCC
21 661 m (a,a) 656 657 30 dsCF3 þ 10 y CS

649 w (a,g) 647 (8) 645 645 46 dsCF3 þ 10 y CS
22 586 m (a,a) 585 (7) 577 577 28 uSO2 þ 23 d as CF3
23 571 s (a,g) 568 (9) 563 563 26 d as CF3 þ 18r CF3

552 m(a,a) 552 sh 545 545 33 d as CF3 þ 14 y CF3þ u11 SO2

24 537 s 538 (25) 538 537 538 537 62 d as CF3 þ 19 r CF3
25 510 sh(a,g) 529 528 56 dSO2 þ 12 uSO2 þ 10 y SCl

507 m(a,a) 505 (18) 509 509 73 dSO2

220 490 sh(a,g) 495 sh 501 501 33 uSO2 þ 12 dSO2

26 434 w (a,g) 433 (8) 426 427 29d as CF3 þ 28 r CF3
411w (a,a) 409 (8) 400 401 58 rCF3

27 404 vw 403 sh 372 362 372 363 52 rCF3 þ 18 dsCF3
28 e 379 (100) 351 349 352 350 68 y SCl
29 e 333 (18) 342 321 343 322 59 rSO2

30 e 276 (27)(a,a) 273 274 79 twSO2

266 sh(a,g) 263 264
31 e 222 (5) 211 255 212 256 61 d ClSC
32 e 184 sh 180 169 181 168 47 d CCC þ 17 y S-C þ 16u SO2

33 e 177 (9) 120 122 121 123 79 d CCS
34 e e 88 109 88 110 83 t CS
35 e e 54 53 54 53 80 t CF3
36 e e 36 33 36 33 89 t C(2)C(5)

n, stretching; d bending; r rocking; u wagging; tu twisting.
a Calculated at B3LYP/6-311Gþþ(d,p).
b Scaled with Yoshida equation [23].
c See Table S6 for definition of natural internal coordinates.
d s, strong; m, medium; w, weak; sh, shoulder; v, very.
e Relative intensity in parentheses.
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wavenumbers: experimental, 19 cm�1; theoretical, 18 cm�1). The
pair of bands at 433 and 409 cm�1 in the Raman spectrum are
assigned to the CF3 rocking modes for the a,g and a, aconformers
(difference between wavenumbers: experimental, 27 cm�1; theo-
retical, 26 cm�1).

The CH2-CF3 stretching mode appears as a medium band in the
IR and Raman spectra located at 854 cm�1. The weak bands at 1049
and 1032 cm�1 CH2-CH2 correspond to the stretching mode for the
a, g and a, a conformers, respectively. This observation is in
agreement with the calculation (Fig. 8(a)). The strong band located
at 379 cm�1 in the Raman spectrum is assigned to the S-Cl
stretching mode for bothconformers.

Two strong infrared bands, at 1377 and 1172 cm�1, are assigned
to the SO2antisymmetric and symmetric stretching modes,
respectively. The SO2 bending mode is located at 510 and
507 cm�1(IR spectrum) for the a, g and a, a conformers, respec-
tively. In the first case they appear mixed with the u SO2 and y SCl.
The uSO2 mode corresponding to the a, a and a, g conformers are
located at 586 and 490 cm�1(IR spectrum) respectively.

The behavior of hyperconjugative interactions of the different
conformers and their relationship to vibrational properties is
studied with the NBO program.

Table 2 shows the most important hyperconjugative in-
teractions at the B3LYP/6-311þþG(d,p) level. The electronic charge
transferred to the chlorine lone pair (lp Cl) is greater for the a, a and
g, q-a form than for the other one. Thus, the lpCl(12) / s* S(11)-
O(13) interaction takes a value of 9.61 and 3.47 kJ mol�1 for the g,
q-a and a, a form respectively. Besides, the hyperconjugation of the



Fig. 8. Experimental and calculated infrared spectra from B3LYP/6-311G(3df) wave-
numbers using Lorentzian band shapes: (a) region between 1100 and 720 cm�1 and (b)
region between 750 and 400 cm�1.
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oxygen lone pair (lp O) to the s*S(11)-Cl(12) and s*C(5)-S(11) has a
higher value for the g, q-a than for the other forms. (See Fig. S4 for
atom numbers). The lpCl / s*S]O interaction increment is
correlated with a decrease of the S]O antisymmetric stretching for
the conformer. According to this ratio, it would be yas SO2(a, a) < yas
SO2 (g, q-a< yas SO2 (a, g). The lp(2)Cl(12)/ s*S(11)-O(14) and lp(3)
Cl(12)/ s*C(5)-S(11) interactions strengthen the S-Cl bond. This is
reflected in a S-Cl (a, a) < S-Cl (g, q-a)) vibration frequency increase
and a C-S (a, a) > C-S (g, q-a) vibration frequency decrease.
4. Conclusions

The optimized molecular geometry and conformations for
CF3CH2CH2SO2Cl were calculated using MP2 and DFT techniques
and different basis sets. The structural results showed that the
preferred forms were the a,g, and a, a conformers. As the difference
in free energy was calculated at 10.4 kJ mol�1 and -1.07 kJ mol�1for
a, g and g, q-a conformers relative to a, a conformer, respectively,
and as the a, g and g, q-aconformers have a double multiplicity
relative to the a, a conformer, the ratio population between the
three conformers was predicted to be 1:29:70. In order to investi-
gate the energetic consequences of the CCCS and CCSCl moiety
rotation, the torsion barrier was characterized. The repulsive terms
Eee and Enn, favor the a, a conformer while the attractive term Een
favors the other forms, being this latter contribution much greater
for the g, q-a conformer than for the g, a one.
The delocalization energy difference, DEdeloc, is greater for the

a,g conformer than for the a, a conformer in the NBO analysis of the
CCSCl torsion barriers. This effect of the a, g structure in
CF3CH2CH2SO2Cl can be rationalized by orbital interactions be-
tween the sulfur lone pairs (lp Cl) and the vicinal antibonding or-
bitals. The relatively high DEHOMO-LUMO value indicates that the
molecule presents high chemical stability and low reactivity. The IR
and Raman spectra demonstrate the presence of a, g and a, a con-
formers by the resolution of several fundamental modes of vibra-
tion. Vibrational analyseswere performed for the three conformers,
but as the population of the g, q-a conformer is much lower than
those of the other two conformers, it was not observable in the IR
and Raman spectra.

The differences in the S]O, S-Cl and S-C stretching bands of the
two majority conformers clearly justify hyperconjugative in-
teractions where the stereochemistry of the Cl atom in the mole-
cule is fundamental for interaction preferences.
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