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ABSTRACT: The novel chlorosulfuryl chloroformate, CIC-
(O)0S0,Cl, was prepared by the reaction of CCl, and SO;.
Alternatively, the compound was obtained from the direct
insertion reaction of SO; to CL,C=O. The latter reaction
constitutes also a confirmation of the proposed mechanism for
the former one. Density functional theory and MP2
theoretical approximations predict the existence of two
conformers, syn—gauche and syn—anti, depending on the
value adopted by the dihedral angles ¢(ClI-C—O-S) and
¢(C—0—S—Cl). The structure of the syn—gauche conformer
was determined by gas-phase electron diffraction (GED). The
existence of the syn—anti conformer can be neither confirmed
nor excluded by the GED experiment. Vibrational spectra

(vapor-phase and argon-matrix Fourier transform infrared and liquid Fourier transform Raman) were interpreted by an

equilibrium mixture between both conformers.

B INTRODUCTION

Because of their high reactivity, derivatives of sulfuric acid, like
fluoro- or chlorosulfonic acid, sulfuryl chloride, or disulfuric
acid and many more play important roles in synthetic and
industrial chemistry. In spite of the fact that they have been
widely used for more than a century, many aspects of their
spectroscopic and structural chemistry are still to be
uncovered. Very recently, we reported the extreme poly-
morphism of disulfuryl dichloride, CISO,0SO,Cl, in its
crystalline form of appearance and its conformational behavior
in the gas phase, unraveled by vibrational spectroscopy and
gas-phase electron diffraction (GED).'

The reaction between sulfur trioxide and carbon tetra-
chloride to afford this disulfuryl dichloride was first reported by
Schiitzenberger in 1869 and interpreted by eq 1:

CCl, + 280, — CISO,080,Cl + Cl,C=0 (1)

Since that time, this reaction has been extensively used for
the preparation of either disulfuryl dichloride, CISO,0SO,C],
or phosgene, CL,C=0 (see, for example, ref 3). In this work,
we reinvestigated the chemical reaction between SO; and CCl,
using different proportions of the reactants. When the reaction
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was performed in excess of SO;, a third product was formed.
On the basis of the evidence of IR spectroscopy, the formation
of a hitherto unknown compound, chlorosulfuryl chlorofor-
mate [CIC(O)OSO,Cl], was proposed (eq 2).

CCl, + 350, — CISO,080,Cl + CIC(0)0SO,Cl  (2)

The following two-step mechanism interprets the reaction:

CCl, + 280, — CISO,080,Cl + Cl,C=0 (1)

CLC=O0 + SO, — CIC(0)0S0,Cl 3)

The use of a closed system favored the second step of this
mechanism (eq 3) because the generated phosgene could not
escape from the reaction mixture as in an open system. In
order to prove the proposed mechanism, the reaction between
phosgene and sulfur trioxide was investigated. CIC(O)OSO,Cl
was obtained as the only product in very high yield (>90%).

The compound was characterized by vibrational spectros-
copy [vapor-phase Fourier transform infrared (FTIR), liquid
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FT-Raman, and argon-matrix FTIR spectra]. Its physical
properties (density, melting point, and boiling point) were
determined. The structure was determined by GED experi-
ments. The conformational preferences are in agreement with
the results computed with density functional theory (DFT)
and MP2 theoretical methods.

B EXPERIMENTAL METHODS

Synthesis. CIC(O)OSO,Cl was prepared by two alternative
methods. In the La Plata laboratories, CCl, was condensed together
with fresh prepared SOj in a Carius tube provided with a Young valve
under vacuum conditions. SO; was prepared by heating a reactor
containing Na,$,05 or K,S,04 at 270 °C to obtain either Na,S,0; or
K,S,0,. These salts were subsequently heated with a Bunsen burner
to generate SO3, which was collected in a U trap kept at =196 °C in
its trimeric form. The trimer was subsequently transformed into its
monomer by heating at approximately 120 °C under vacuum.
Mixtures of SO; and CCl, in different molar proportions (2:1, 3:1,
and 4:1) were stirred at 80 °C for 2 h. The product was isolated and
purified by repeated trap-to-trap distillation in vacuum conditions,
with traps maintained at —50, —110, and —196 °C. Pure
CIC(0)0S0,Cl was retained in the —50 °C trap. The best yield
(~50%) was obtained in the reaction of a 3:1 SO;/CCl, mixture.

In the Wuppertal laboratories, CI,C=O0 and SO; were mixed in
different proportions in a cell with a Young valve, specially designed
to follow the course of the reaction by Raman spectroscopy. The
reaction mixtures were maintained at different temperatures, ranging
from 20 to 50 °C, and also for different reaction times, from 1 min to
3 days. No reaction was observed in these experiments; ie., the
mixtures were completely stable under these conditions. In a second
series of experiments, the reactants in the condensed phases were
sealed in glass tubes and heated up to 80 °C (the vapor pressure of
phosgene at 80 °C is ~9 bar). Different proportions and reaction
times were tested, and the course of the reactions in the sealed tubes
was followed using Raman spectroscopy. The best yield (higher than
90%) was obtained after S h of reaction at 80 °C, starting with a 2:1
ClL,C=0/S0; mixture. CIC(O)OSO,Cl was obtained as the only
product, by means of eq 3. The remaining sulfur trioxide was
eliminated using KCI, which with SO; forms a nonvolatile salt,
KSO;Cl. The excess of phosgene was removed by trap-to-trap
distillation in vacuum.

Physical Properties. CIC(O)OSO,Cl was a colorless liquid at
ambient temperatures. The boiling point, measured at 33.9 mbar, was
42.0 °C. The white solid melted at —12.2 °C to a transparent liquid.
The density of the liquid at room temperature was found to be 1.61
g/mL.

Vibrational Spectroscopy. FTIR spectra were recorded in La
Plata in a Thermo Nexus Nicolet FTIR instrument equipped with a
cryogenic MCTB detector for the ranges 4000—400 cm ™' in a 10 cm
gas cell with silicon windows. In Wuppertal, a Bruker Vector 25
spectrometer was used. The Raman spectra of liquid samples were
taken with a Bruker Equinox 55 FRA 106/S FT-Raman spectrometer
equipped with a 1064 nm Nd:YAG laser.

Matrix Isolation Experiment. A few milligrams of CIC(O)-
0SO,Cl were condensed into a U trap connected to an inlet nozzle of
the matrix equipment, consisting of a quartz tube of an internal
diameter of 4 mm and an outlet opening of 1 mm diameter. An argon
flux of 2 mmol/h was directed to the sample held at —61 °C, and the
mixture was deposited on the cold matrix support (15 K, rhodium-
plated copper block) in a high vacuum. Details of the matrix apparatus
were given elsewhere.* Temperature-dependent experiments were
carried out by passing mixtures of the gaseous sample and argon
through a quartz nozzle (1 mm i.d.), heated over a length of ~10 mm
with a platinum wire (0.25 mm o.d.) prior to deposition on the matrix
support. The nozzle was held at 158, 250, or 350 °C. Photolysis
experiments were performed with a high-pressure mercury lamp
(TQ150, Heraeus) using a water-cooled quartz lens optic.

UV-Visible Spectra. The gas-phase UV—visible spectra were
recorded in a gas cell at different pressures. In the range between 190

and 800 nm, CIC(O)OSO,Cl does not present any electronic
absorption, at least with appreciable intensity.

GED Experiment. The electron diffraction patterns were recorded
using the heavily improved Balzers Eldigraph KD-G2 gas-phase
electron diffractometer at Bielefeld University. Experimental details
are listed in Table 1, and instrumental details are reported elsewhere.’

Table 1. Details of the GED Experiment for CIC(0)0SO,Cl

detector distance

short long
nozzle-to-plate distance, mm 250.0 500.0
accelerating voltage, kV 60 60
fast electron current, A 1.50 1.49
electron wavelength,” A 0.048337 0.048641
nozzle temperature, K 293 292
sample pressure,” mbar 3% 1077 8.7 X 1077
residual gas pressure,” mbar 68 x107° 8.6 x 107*
exposure time, s 7 7
used s range, A~ 8.0-31.5 2.1-14.5
number of inflection points® N 4
R factor 7.441 2.822

“Determined from CCl, diffraction patterns measured in the same
experiment. bDuring the measurement. “Between measurements.
“Number of inflection points on the background lines.

The electron diffraction patterns, three for each, long and short,
nozzle-to-plate distance, were measured on Fuji BAS-IP MP 2025
imaging plates, which were scanned by using a calibrated Fuji
BAS.18001I scanner. The intensity curves (Figure 1) were obtained by

10 20 30

Figure 1. Experimental (O) and model (—) molecular intensity
curves of CIC(O)OSO,Cl for long (upper trace) and short (lower
trace) nozzle-to-detector distance and the difference curves,
respectively.

applying the method described earlier.” The sector function and
electron wavelength were refined” using carbon tetrachloride
diffraction patterns, recorded in the same experiment as the substance
under investigation.

Gas-Phase Structure Analysis. Structural analysis was per-
formed using the UNEX program.® All refinements were performed
using two averaged intensity curves simultaneously (Figure 1), one
from the short and another from the long nozzle-to-plate distance,
which were obtained by averaging independent intensity curves
measured in several experiments.

The refinement was performed by employing a two-conformer
model composed of the syn—gauche and syn—anti conformers, as
suggested by quantum-chemical calculations (see below). In the
course of the refinement, the gas-phase composition of CIC(O)-
0SO,Cl was varied according to the least-squares refinement,
resulting in a low amount of the syn—anti conformer. Hence, a
refinement only considering the syn—gauche conformer was
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performed, which resulted in a satisfactory accordance to the
experiment. The starting values for the structural parameters as well
as the fixed differences between the values of the parameters refined in
one group were taken from the MP2/cc-pVTZ calculations. In order
to calculate the starting values for amplitudes of vibrations and
curvilinear corrections to the equilibrium structure used in the GED
refinements, analytical quadratic and numerical cubic force fields were
calculated for all conformers employing the MP2/cc-pVTZ
approximation. The mean-square amplitudes and vibrational
corrections to the equilibrium structure were calculated using the
SHRINK program.9

Quantum Chemistry. The potential energy scan was performed
using the Firefly program'® with the O3LYP/cc-pvtz level of theory
(which earlier proved to provide a good description of related
molecules like CISO,0S0,Cl"). Optimizations of the conformers
were carried out using the Gaussian 09, version DO1."' Calculations of
the vibrational properties were carried out at potential-energy-
minimum geometries for which no imaginary vibrational frequency
was found. Natural bond orbital (NBO) analysis was performed with
the NBO6 program'” incorporated in Gaussian 09. The atoms-in-
molecules (AIM) properties were calculated using the program
AIMALL."

B RESULTS AND DISCUSSION

Quantum-Chemical Investigation. For determination of
the possible conformers existing in the gas phase, a two-
dimensional potential energy surface was calculated on the
O3LYP/cc-pvtz'* level of theory by rotating the chloroformyl
group around the central C—O bond independently from the
rotation of the chlorosulfuryl group around the central S—O
bond (Figure 2). From the potential energy surface depicted in

Figure 2. Potential energy surface calculated on the O3LYP/cc-pvtz
level of theory by independently rotating the two dihedral angles
¢(Cl-C—0-S§) and ¢(Cl-S—O—-C) of CIC(O)OSO,Cl.

Figure 2, it is recognizable that the dihedral angle ¢(Cl-C—
O-S) can adopt two different values, 180 and 0°,
corresponding to the syn and anti conformations of the O,—
S bond relative to the C=O0 bond. On the other hand, the S—
Cl bond can adopt two different orientations relative to the
carbonyl group, a gauche conformation with a dihedral angle
¢(Cl-=S—0—C) of about 60° and a multiplicity of 2 and an
anti conformation with a dihedral angle ¢(CI-C—O-C) of
180°.

The four structures observed as energy minima in the
potential energy surface of Figure 2, syn—gauche, syn—anti,
anti—gauche, and anti—anti, were subsequently fully optimized
and characterized as minima for which no imaginary
frequencies occur using different levels of theory and basis
set combinations. The conformers with anti orientation of the
O-S bond with respect to the C=0 bond are approximately

17—18 kJ/mol higher in energy than the syn conformer, as
calculated with the B3P86/6-31+G(d) level of approximation,
and will not be considered in the further discussion. The
molecular models of the syn conformers are presented in
Figure 3. Some selected geometry parameters of the optimized

ci
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‘/71 S

Cl ° o5 © ©,

syn-gauche syn-anti
Figure 3. Molecular models of the syn—gauche and syn—anti

conformers of CIC(O)OSO,Cl calculated at the B3LYP/cc-pvtz
level of theory.

syn—gauche and syn—anti conformers, with C; and C;
symmetry, respectively, are listed in Table 2. The abundance
of the syn—anti conformer decreases along the series B3LYP,"
B2PLYP,'® and MP2'” from 22% to 15%.

Previously investigated chloroformates of the type CIC(O)-
OX also favor syn conformations, with the C=O bond being
synperiplanar to the O—X bond. For example, the trifluor-
omethyl chloroformate CIC(O)OCF;'® shows stabilization of
16—20 kJ/mol for the syn conformer, depending on the
method used. In the related trichloromethyl chloroformate
(“diphosgene”) CIC(0)0CClL," the syn conformer is lower
in energy by 20 kJ/mol (B3LYP) to 28 kJ/mol (MP2) than the
anti conformer.

On the other hand, other carbonyl sulfonates behave
differently compared to the substance under investigation
regarding the orientation of the C—O bond with respect to the
S—X bond. The trifluoromethanesulfonates CIC(O)-
0S0,CF;*”*" and FC(0O)OSO,CF,** show that the gauche
conformer (the C—S bond is gauche with respect to the C—O
bond) is not the global minimum on the energy surface. In
both cases, an anti conformation, analogous to the one
depicted in Figure 3, is the conformer of lower energy, and a
gauche conformer is by approximately 4 kJ/mol higher in
energy. This is different from that for CIC(O)OSO,Cl, with
the gauche conformer being lowest in energy.

Table 2 shows no variation of the C—Cl bond between both
conformers, whereas the S—Cl bond is longer by 0.002 A in the
syn—gauche conformer. The most sensitive parameter
regarding the conformation of the molecule is the central S—
O, bond (the subscript b means bridging O), which is by
about 0.01 A shorter in the syn—gauche conformer. This is
consistent with the less pronounced elongation of the C—0O,
bond in the syn—gauche conformer. The central angle £(S—
O—C) varies by 5° among the conformers, measuring about
120° in the syn—gauche conformer and being significantly
lower in the syn—anti conformer. Among the different DFT*
and ab initio methods listed in Table 2, the bonds containing
one or two elements of the third row of the periodic table
shorten with increasing consideration of the electron
correlation along the series B3LYP, B2PLYP, and MP2.
Furthermore, the C—Oy bond elongates in the same order.
The characteristic dihedral angle of the syn—gauche conformer
¢(Cl—S—0—C) is predicted to be about 69° by all methods.
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Table 2. Selected Structure Parameters of the Syn—Gauche and Syn—Anti Conformers of CIC(0)0S0,Cl

geometrical parameter”

theoretical method conformer r(S—Cl) r(C—Cl) r(S—0y) r(C—0y) £(S—0-C) ¢(Cl-S—0-C) % syn—anti”
MP2/cc-pvtz syn—gauche 2.019 1.730 1.655 1.379 118.9 68.4
syn—anti 2.016 1.730 1.669 1.375 114.5 180.0 154
B2PLYP/cc-pvtz syn—gauche 2.037 1.743 1.665 1.375 120.1 68.7
syn—anti 2.035 1.743 1.678 1.372 115.9 180.0 19.6
B3LYP/cc-pvtz syn—gauche 2.052 1.752 1.674 1.372 121.0 69.0
syn—anti 2.050 1.752 1.686 1.369 116.8 180.0 22.2

“Distances r are in angstroms and angles and dihedral angles in degrees. bAbundancy is calculated on the basis of AG® values.

Gas-Phase Structure. The gas-phase structure of CIC-
(O)0S0,Cl was determined by means of electron diffraction
using a two-conformer model. In this refinement, the
composition in the gas phase was refined as a free parameter.
In the further progress of the refinement, the percentage of the
syn—anti conformer became so low that a single-conformer
model was tested, resulting in a reasonably good agreement
with the experimental diffraction data. In total, five groups of
bonded distances, six angles, three dihedrals, and nine groups
of amplitudes of vibration were refined. Figure 4 shows the
radial distribution curve along with the difference curve.

riA—

Figure 4. Experimental (O) and model (—) radial distribution
functions of CIC(O)0OSO,Cl The difference curve is below. Vertical
bars indicate interatomic distances; select distances are labeled.

The GED experiment cannot confirm the existence of a
syn—anti conformer. Significant contributions of the syn—anti
conformer to the radial distribution curve are expected at
distances above 3.5 A, i.e., the interatomic Cl—Cl distance of

this conformer. Although the difference curve in this region
shows a slight discrepancy between the model and experiment,
only the contribution of the Cl---O term for the syn—gauche
conformer is found at about 3.6 A. Structural parameters of the
refined gas-phase structure are listed in Table 3 along with the
structures of related molecules.

Previously determined gas-phase structures show some
similarities to as well as differences from the one here
examined. A shorter C—Cl bond is found in CIC(O)0SO,ClI
[1.711(2) A] compared to analogous distances in CIC(O)-
OCH,CCl,** [1.744(2) A] and in CIC(O)OCF,"® [1.726(4)
A]. On the other hand, the carbonyl C=0 bond is rather long
[1.192(3) A] but also lies within the error range of the bond
lengths of related molecules. The central angle at the oxygen
atom (£C—0O-X) varies in the group of listed chloroformates
between 110.6(23)° and 117.6(6)°, and the more electro-
negative the substituent, the wider the angle. The gas-phase
structures of the trifluoromethyl'® and methyl® chlorofor-
mates show an anti orientation regarding the C—O single
bond, whereas the trichloroethyl derivative shows a dynamic
behavior in the gas phase. When the structural parameters of
the CISO, fragments in previously examined samples are
compared with the one investigated here, a shorter CI—S bond
is found at 1.967(2) A. The central angle [113.9(6)°] is the
same, within the range of errors, as that observed for the
methylated compound CISO,0CH;*® [114.4(11)°] but by far
more narrow than that in the analogous CF; species’’
[122.2(12)°]. The conformation of all three chlorosulfuryl
species is gauche regarding the orientation of the O—C single
bond relative to that of the S—Cl bond. In comparison to the
recently investigated symmetric pyrosulfuryl dichloride,’ a
shorter bond of the sulfur atom to the bridging oxygen atom is
observed for CISO,0S0,Cl and a longer S—CI bond is found
in the latter case. Furthermore, the gas-phase structure was as

Table 3. Experimental Geometrical Parameters of Several Chloroformate- or Chlorosulfuryl-Containing Molecules

parameter” (rc-Cl) r(C=0) r(C-0,) r(S—0y)
CIC(0)0S0,Cl, 7, 1.711(2) 1.192(3) 1.379(4) 1.635(2)
CIC(O)OCH,CClyr,  1.744(2) 1.184(8) 1.327(9)
CIC(O)OCF;, syn, r,  1.726(4) 1.185(5) 1.371(6)
CIC(O)OCH;, MW 1.73(2) 1.19(2) 1.36(2)
CISO,0CEF,;, 7, 1.606(6)
CISO,0CH;, 7, 1.562(4)
Cl$(0),08(0),Cl, r, 1.626(1)
SO,Cly, 1,
CIS0,050,Cl, r, 1.617(1)

#(S—Cl)  2£(SOC)”  «(CICO) 2(CISO)  ¢(CISOC) ref
1.967(1)  113.9(6) 108.1(5) 104.1(5) 68.3(8) this work
110.6(23) 108.9(14) ¢ 24
117.6(6) 107.7(1) 0.0 (C)4 18
115(2) 109(2) 0.0 (C)° 25
1.999(3) 122.2(12) 97.3(19)  94(3) 27
2.023(4)  114.4(11) 102.8(14)  74(4) 26
1.992(1)  127.2(2) 80.5(4) 27
2.012(4) 100.3(2) 28
1.985(1)  127.2(2) 98.7(3) 80.5(4) 1

“Distances r are in angstroms and angles and dihedral angles in degrees. ®In the cases of CIC(O)OCH,CCl, and CIC(O)OCF,, the central angle
2£(C—0-C) is given. “In this case, the refinement was performed using a dynamic model. Thus, no explicit ¢(C—C—O—C) is given. “The dihedral
angle p(F—C—0O—C) is given. “The dihedral angle p(H—C—0O—-C) is given. FThe dihedral angle ¢(Cl—S—O=S) is reported.
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well determined by using a one-conformer model like in the
current investigation, in spite of the fact that quantum-
chemical calculations suggested a multiconformer composition.

An appropriate molecule to compare the entire structure
with is FC(O)OSO,CF,.** As mentioned above, its gauche
conformation for the C—O-—S—C dihedral angle is less
preferred. GED data revealed that the vapor consists of
33(8)% of the gauche conformer, while the anti conformer is
exclusively present in the crystalline phase. Compared to the
substance investigated here, the conformational preference is
reversed, and in the case of CIC(O)OSO,Cl, no other
conformer is observed in the gas ghase. Interestingly, the
crystal structure of CIC(O)OSO,CF;*’ contains both anti and
gauche conformers.

Quantum-Chemical Study of Conformational Prefer-
ences. To investigate the different kinds of stabilizing
interactions for the syn—gauche and syn—anti conformers,
different schemes were applied to both conformers. All
calculations were performed at the B3LYP/aug-cc-pvtz level
of theory. As a first step, NBO analysis28 was performed. Table
4 lists the most significant interactions of high value or

Table 4. Most Important Donor — Acceptor Interactions
(kJ/mol) Calculated for Both Conformers of
CIC(0)0S0,ClI Using the NBO Algorithm

interaction (donor — acceptor) syn—gauche syn—anti

Ip(0,) = 7*(C=0) 162 169
Ip(0,) = ¢o*(S—CIS) 32 a
Ip(CIS) - 6#(S—0y) 28 24
Ip(06) — 6*(S—0y) 49 63
Ip(06) — o*(S—CIs) 50 40
Ip(06) — 6*(S—0y) 127 111
Ip(06) — 6*(S—CIs) 108 117
Ip(07) - 6*(S—0y) 43 63
Ip(07) - 6*(S—ClS) 47 40
Ip(07) — 6*(S-0y) 108 111
1Ip(07) = 6*(S—CI5) 110 117
6(S—CI5) - 6*(S—0}) 27 18
6(S—0,) = o¢*(S—CIS) 18 23
6(8-07) - 6*(S-0,) 15 24

“This interaction is below the threshold (2 kJ/mol) of the NBO
scheme and is thus not given here. The atom numbering is shown in
Figure 3.

distinguishing the conformers most clearly. Both conformers
have a high value for the conjugation effect of the lone pair of
the bridging oxygen atom into the antibonding 7* orbital of
the C=O0O bond. In this interaction, the conjugative effects
within the carboxyl group are manifest. The most distinguish-
ing interaction between both conformers is the electron
density donation of the lone pair of the bridging oxygen atom
into the antibonding o* orbital of the S—Cl bond. This
interaction is unique in the syn—gauche conformer or, more
precisely, lower than the threshold (2 kJ/mol) in the syn—anti
conformer because the —SO,Cl group is rotated to prefer this
interaction in the syn—gauche conformer. Because the
preference of the gauche conformation, the stabilizing effect
of the donation forming a lone pair of electrons belonging to
the chlorine atom bonded to the sulfur atom into the
antibonding o* orbital of the central S—O, bond increases
by 4 kJ/mol. Interactions within the chlorosulfuryl group are
approximately equal in both conformers. The donation

14838

involving the bonding and antibonding orbitals favor the
syn—anti conformer by approximately S kJ/mol. Thus, on the
basis of the NBO donor—acceptor formalism, no clear
preference can be justified.

For further investigation of the different stabilizations in the
two conformers, steric analysis™ of the natural orbitals was
performed. In this analysis, steric interactions destabilizing the
molecule were calculated; selected interactions are listed in
Table S. The lone pairs of electrons of the central oxygen atom

Table 5. Selected Orbital Interactions in the NBO Analysis
Scheme (kJ/mol) in the Two Conformers of
CIC(0)0S0,Cl

interacting orbitals syn—gauche syn—anti
Ip(0,)—0o(C—Cl) 14 18
Ip(0,)—0(C=0) 59 61
1p(Oy)—0(S—Cl) 16 20
1p(06)—o(S—0y) 35 26
Ip(07)—6(S—0y) 11 16
1p(08)—6(C—Cl) 60 57
Ip(08)—a6(C-0) 50 50

are interacting repulsively with the electrons of the C—Cl, C=
O, and S—ClI bonds, resulting in destabilization of the syn—anti
conformer by about 9 kJ/mol. However, in the interaction of
the lone pair of a sulfuryl oxygen atom, the S—O, bond is
destabilizing the syn—gauche conformer by the same
magnitude.

As a third tool, the quantum theory of AIM’® was applied to
both conformers (Table 6). In this theory, molecular
properties are based on the electron density p. In the C—Cl
bond, both conformers are distinct in their electron density at
the bond critical point (bcp) by 0.06 ¢/a,’. The Laplacian of
electron density V*(p) in the S—O, bond is more positive in
the syn—gauche conformer, which means that the covalent

Table 6. Specific Values Taken from an Electron Density
Calculation for Selected Bonds of Both Conformers of
CIC(0)0S0,Cl

syn—gauche syn—anti
Cc—Cl

p, e/ag 2.039 x 107" 2.639 x 107!

V3(p), e/ay’ —2.698 x 107" —2.703 x 107"

bond path length, A 1.752 1.751

bep—C, A 0.78S 0.78S

bep—Cl, A 0.967 0.967

3 1.049 x 107! 1.031 x 107!
$-0,

p, e/ag® 2.073 x 107" 2.060 X 107"

V3(p), e/ay’ —3.794 x 107! —4272 x 107!

bond path length, A 1.677 1.688

bep—S, A 0.685 0.700

bep—Oy, A 0.992 0.988

e 7.585 X 107> 2.508 X 1072
S—Cl

p, e/ag 1.553 x 107" 1.567 X 107!

V3(p), e/ay® —1.141 x 107" -1217 x 107"

bond path length, A 2.051 2.049

bep-S, A 0.992 0.992

bep—Cl, A 1.059 1.057

€ 4121 X 1072 2.516 X 1072
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character is reduced compared to the respective one of the
syn—anti conformer. Furthermore, the bond ellipticity €, which
measures the anisotropy of the bond regarding the direction
perpendicular to the bond path, is about 3 times larger in the
syn—gauche conformer. The same issue occurs in the S—Cl
bond, where the bond ellipticity is twice as large as that in the
syn—gauche conformer. All of these effects stabilize the syn—
gauche form.

Vibrational analysis. The vapor-phase FTIR and FT-
Raman spectra of liquid CIC(O)OSO,Cl recorded for samples
prepared by both synthetic methods described previously are
identical, indicating the high purity of the samples. These
spectra (Figure S) were analyzed together with the FTIR

0.6+
0.44

0.0+

Intensity (a.u.)

0.8+

0.4+

Absorbance

0.0+

T T T T T T T T
2000 1600 1200 800 400
Wavenumbers (cm'1)

Figure S. Vapor-phase FTIR (bottom, red trace; resolution = 2 cm™}

pressure = 2 mbar; optical path = 10 cm) and FT-Raman (top, blue
trace; liquid at ambient temperature; excitation at 1064 nm; 150 mW)

spectra of CIC(0)0SO,ClL

spectrum of the compound isolated in an argon matrix in a
1:1000 proportion, the prediction of quantum-chemical
calculations, and a comparison with the spectra of related
molecules (e.g., refs 1, 18—22, 24, 25, and 31). Selected
experimental wavenumbers of CIC(O)OSO,Cl for the vapor-
phase FTIR, argon-matrix FTIR, and liquid Raman are listed in
Table 7. The theoretical wavenumbers for both conformers
calculated with the B3P86/6-31+G(d) and MP2/Aug-CC-
pVTZ approximations are also included in Table 7.

As can be observed in Table 7, the vibrational spectra are
consistent with an equilibrium between two conformers. Either
in the vapor-phase FTIR spectrum or in the Raman spectrum
of the liquid, the bands assigned to the second conformer
appear in most cases as shoulders of the bands of the most
stable form because of the small differences in the wave-
numbers. However, in the FTIR spectrum of CIC(0)0SO,Cl
isolated in the argon matrix, the absorptions assigned to the
syn—anti conformer are clearly distinguished from the bands of
the syn—gauche conformer because of the sharpening of the
absorptions due to the elimination of intermolecular
interactions and rotational effects in the matrix. Figure 6
presents selected regions of the FTIR spectrum of the matrix.

The C=O stretching wavenumber is a sensor of the nature
of its substituents.>" Its wavenumber is a function of the sum of
the group electronegativities attached to it. For a series

CIC(O)OX with X = CF;, SO,Cl, SO,CF;, CCl;, CH,, and
C,H; with 1(C=0) = 1837 cm™,'® 1831/1826 cm™" (syn—
gauche/syn—anti conformer), 1829 cm™ (syn—anti con-
former),” 1823 cm™L" 1801 cm™,*° and 1793 cm™}***
respectively, this trend behaves as predicted by Kagarise.’'
Moreover, this formalism predicts also the very similar C=0
wavenumbers expected for the species CIC(O)OSO,Cl and
CIC(O)OSO0,CFs. In the title molecule, very small differences
originating from different mesomeric contributions in the two
syn—gauche and syn—anti conformations also complete this
approximation.

The vibrational stretching modes assigned to the SO, group,
1,(SO,) and 1/,(SO,), present values that are wholly consistent
with the previously reported ones for molecules with the
—0S0,Cl moiety."”** Figure 6 shows two pairs of absorptions
in the FTIR argon-matrix spectrum between 1460 and 1450
cm™, attributed to the v,(SO,) of the syn—gauche (1458.5—
14572 cm™') and syn—anti (1455.8—1454.0 cm™') con-
formers in two different matrix sites.

The most intense feature of the IR spectra of CIC(O)-
OS0,CI corresponds to the stretching vibration of the C—O
single bond. Three overlapped bands are observed in the gas-
phase FTIR spectrum (Figure 5), which are fully resolved in
the IR matrix-isolation spectrum (Figure 6). Besides (C—0O)
of the syn—anti (1034 cm™') and syn—gauche (1016 cm™")
conformers, a combination band at 987 cm™ [§(SO,) + 6(Cl—
C=A0)], enhanced by the Fermi resonance, is observed in the
gas-phase FTIR spectrum. The positions of the v(C—O)
fundamentals completely agree with those observed for
CIC(O)OSO,CF;, 1042 cm™' (syn—anti conformer) and
1016 cm™ (syn—gauche conformer).”’ The v(S—0O) funda-
mental is also sensitive to the conformation adopted by the
molecule, as shown in Figure 6 and Table 7. Red shifts of
about 20 cm™ in the #(C=0) and v,,(SO,) fundamentals in
the Raman spectrum of the liquid compared with the IR
spectrum of the vapor phase denote some association and the
contact between the molecules in the liquid phase.

Pyrolysis and Photolysis of Matrix-Isolated CIC(O)-
0S0,Cl. CIC(0)0S0,Cl is stable to pyrolysis up to 350 °C.
The title compound is also stable under UV—visible photolysis
in matrix conditions, in accordance with the absence of
absorption bands in the UV—visible spectrum. Only extremely
low amounts of SO;, Cl,C=O, and CLSO, were produced
upon photolysis. These traces were recognized by their
absorptions at 1385 cm™ (SO,),*° 1816/1814/837/836
cm™' (CL,C=0),’° and 1448/1427 and 1202 cm™!
(CLSO,; the band at 590 cm™ is not visible because it
overlaps with one of the compounds).”” Then, two
mechanisms can be proposed (eqs 4 and 5).

CIC(0)0S0,Cl — C1,C=0 + SO, 4)

CIC(0)0S0,Cl — C1,80, + CO, (s)

Reactions of CIC(0)OSO,Cl. CIC(O)OSO,Cl reacts
violently with water, resulting in phosgene (eq 6).

CIC(0)0S0,Cl + H,0 — CL,C=0 + H,S0, (6)

The reaction with TIF gives CIC(O)OSO,F (eq 7), which
subsequently decomposes into CIC(O)F and the salt TISO,F
(eq 8). This decomposition is favored when an excess of TIF is
used.
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Table 7. Selected Experimental (Vapor-Phase FTIR, Argon-Matrix IR, and Liquid Raman) Wavenumbers (cm™') of
CIC(0)0S0,Cl, Calculated [B3P86/6-31+G(d) and MP2/Aug-CC-pVTZ] Wavenumbers for the Syn—Gauche and Syn—Anti
Conformers, and Tentative Assignments

Experimental B3P86/6-31+G(d) MP2/Aug-CC-pVTZ

IR Tentative Assignment

Raman  syn-gauche syn-anti  syn-gauche syn-anti
gas phase  Ar-matrix

2012 %ggg} 2 x v(C-Oy),
1831 1820.0 1811 1901 1836 v(C=0),
1826sh 18178 1897 1830 v(C=0),
1506 1488 2x V(S-0y),
1481 2 x v(S-Oy),
1463 yrid B PYC R PP 1466 Va(SO2),
1458 sh }jgi:g} 1429 1462 V(502
1223 1221.7 1213 119 1222 vi(SOy),
1220 1220.0 1218 V(SO2),
1220 1198.6 1196 1218 2x v(S=Cl),
1201 1196.7 2 x V(S-¥5Cl),
11942 2 x v(S-"Cl),
1031.8
1034 }g%;g] 1033 1063 1042 V(C-Oy),
1016 :8823} 1015 1057 1029 v(C-0),
987 985 [8(SO,) + &( CI-C=0)],
842 845 843 854 856 843 843 v(C-Cl), / v(C-Cl),
753 758.0 753 713 737 V(S-0),
736 754.0 736 698 718 v(S-0),
663 666.5 660 673 675 Buop(C=0),
662.4 669 673 Soop(C=0),4
601.7 582 592 v(S-Cl),
604 600.5 601 581 587 V(S=5CI),
599.3 V(S-37Cl),
534 536.7 535 517 525 (S0,
533.9 509 517 3(S0s)
495 497 483 488 §(CI-C=0),
487 475 481 8(CI-C=0),
450 434 i
421 391 407 3(Cl-8=0),
412 395 3(C1-S=0),
397 373 382 3(Cl-8=0),
323 302 312 T
299 277 285 p(SOL),
290 272 280 3(CI-C-0),
245 229 241 §(CI-C-0),
162 145 154 3(C-0-S),
CIC(0)0S0,Cl + TIE(s) — CIC(O)OSO,F + TICI(s) B CONCLUSIONS
7) A reinvestigation of Schiitzenberger’s classical preparation

reaction for disulfuryl dichloride, CISO,0SO,Cl, from CCI,
and SO; led to the formation of a novel compound:
CIC(O)0SO,CL 1t is thermally stable up to 350 °C and

CIC(O)OSO,F + TIF(s) — CIC(O)F + TISO,F(s) (8) almost photochemically stable. Upon UV—visible irradiation,
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Figure 6. FTIR spectrum in the spectral region of 1465—1448 cm™'
(part A), 1050—950 cm™! (part B), 775—73S cm™ (part C), and
615—585 cm™' (part D) of CIC(O)OSO,Cl isolated in an argon

matrix.

only traces of the compound decompose following two
different mechanisms: one giving Cl,C=O0 and SO; and the
other CL,SO, and CO,. CIC(O)OSO,Cl reacts violently with
water, giving phosgene and sulfuric acid.

The so-far-overlooked formation of this compound from
CCl, and SO; can be interpreted through a secondary reaction
between one of the products, Cl,C=0, and an excess of SO;.
We confirmed this assumption subsequently by starting from
phosgene and sulfur trioxide. A high-yield one-step insertion
chemical reaction gives CIC(O)OSO,Cl as the only product.

Quantum-chemical calculations predict the existence of two
rotameric forms for CIC(O)OSO,Cl, syn—gauche and syn—
anti conformers, according to the values of ¢(Cl-C—0-S)
and ¢(Cl—S—O—C) dihedral angles. The calculations predict
the abundance of the syn—anti form to be between 22% and
15%, depending on the theoretical level of approximation.
However, the existence of the syn—anti conformer could not
be confirmed in a GED experiment. On the other hand,
vibrational spectra (vapor-phase FTIR, liquid FT-Raman, and
particularly FTIR argon-matrix spectra) were consistent with
an existing equilibrium between the two conformers.
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