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Highly Reactive Small Molecules

Preparation and Spectroscopic Studies of FC(O)SSCl
Melina V. Cozzarín,[a] Shengrui Tong,[b] Mao-Fa Ge,[b] Carlos O. Della Védova,[a] and
Rosana M. Romano*[a]

Abstract: The hitherto unknown FC(O)SSCl molecule has been
prepared by the reaction of ClC(O)SSCl with TlF under vacuum
conditions. The molecule was characterized by its electron-im-
pact mass spectrum, the IR spectrum of a vapour-phase sample,
the Raman spectrum of the liquid, and also the matrix-isolated
FTIR spectra. FC(O)SSCl is composed of an equilibrium mixture
of two conformers, syn-gauche and anti-gauche, both in the
vapour and liquid phases, with an approximate ratio of 80:20.

Introduction

Sulfenyl chloride compounds, RS–Cl, have been extensively
used in organic and inorganic chemical synthesis to transfer the
RS– moiety in one-step reactions.[1–5] In particular, our research
group has prepared different molecular species through the re-
action of XC(O)S–Cl (X = halogen). FC(O)SNSO,[6] ClC(O)SNSO,[7]

FC(O)SNCO,[8] FC(O)SN,[9] FC(O)SCN,[10] ClC(O)SCN,[11]

FC(O)SSCN,[12] FC(O)OSO2CF3,[13] ClC(O)OSO2CF3
[14] and

FC(O)SSC(O)F[15] are examples of molecules synthesized either
from FC(O)SCl or ClC(O)SCl.

Besides their important uses as reactants, sulfenyl carbonyl
compounds of the type XC(O)SY present very interesting con-
formational properties. In all the studied molecules, the syn
conformation prevails (the C=O double bond syn with respect
to the S–Y single bond, as depicted in Scheme 1). Most of the
species with X = F, that is, FC(O)SY, present a second form, with
the C=O double bond anti with respect to the S–Y single bond
(also depicted in Scheme 1), with appreciable abundance at
ambient temperature.[6,16–18] One exception to this general be-
haviour was observed for FC(O)SCH3, which has only 2 % of the
second conformer in equilibrium with the most stable syn form,
as detected by FTIR spectroscopy after UV/Vis broad-band
photolysis of the compound isolated in argon or nitrogen matri-
ces.[19] On the other hand, for ClC(O)SY, the difference in energy
between the syn and anti conformers is, in general, larger than
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The valence electronic properties of FC(O)SSCl were studied by
photoelectron spectroscopy. The first ionization potential was
observed at 10.14 eV, and the HOMO was assigned to the non-
bonding electron lone pair located on the S atom bonded to
the carbonyl group. A decrease in the dihedral angle of the S–
S bond after ionization was predicted by quantum chemical
calculations.

that for the fluorinated derivatives, which results in the observa-
tion of the syn rotamer only. The first example of an anti confor-
mation for a ClC(O)SY molecule was detected by our group in
the matrix photochemistry of ClC(O)SBr, isolated in solid Ar, N2

or Kr.[20] In these experiments the vapour of the compound was
found to be composed of less than 1 % of the anti form, in
equilibrium with the more stable syn conformer. The anti
rotamer was unambiguously identified after its formation in a
randomization process produced by photolysis of the matrix.

Scheme 1. Representation of the syn and anti forms of XC(O)SY compounds.

In this paper we present the preparation of the hitherto un-
known FC(O)SSCl, a new member of the FC(O)S– family. The
presence of a terminal S–Cl single bond turns this species into
a potentially useful reactant for chemically transferring the
FC(O)SS– unit. The molecule was characterized by electron-
impact mass spectrometry. Its conformational equilibrium was
investigated by vibrational techniques (FTIR spectroscopy of the
vapour phase and as solid in Ar matrix, and Raman spectro-
scopy of the liquid). The valence electronic properties, of funda-
mental importance to understanding its chemical reactivity,
were studied by gas-phase photoelectron spectroscopy. The ex-
perimental results were interpreted with the aid of quantum
chemical calculations.

Results and Discussion

Preparation of FC(O)SSCl

FC(O)SSCl was obtained by the reaction of ClC(O)SSCl (prepared
according to a published procedure)[21] with TlF under vacuum
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conditions [Equation (1)]. Freshly prepared liquid ClC(O)SSCl
(10 mmol) was condensed into a Carius tube, equipped with a
Young valve, already containing dried TlF (13 mmol), approxi-
mately 30 % in excess with respect to the 1:1 stoichiometric
ratio. The reaction mixture was stirred at 20 °C, and the progress
of the reaction was monitored by GC–MS and FTIR spectro-
scopy. The highest yield of FC(O)SSCl, unambiguously recog-
nized by its electron-impact mass spectrum, was observed after
5 h of reaction.

ClC(O)SSCl + TlF →
20 °C

5 h
FC(O)SSCl + TlCl (1)

The compound was purified through successive trap-to-trap
distillations under vacuum conditions at different temperatures
(20, –5, –50 and –196 °C or 20, –20, –80 and –196 °C). The
pure compound was retained in the traps at –50 and –20 °C,
respectively. The purity of FC(O)SSCl, a yellow liquid at ambient
temperature, was confirmed by GC–MS.

Gas Chromatography–Mass Spectrometry

The gas chromatogram of a CCl4 solution of the purified sample
presented a single peak with a retention time of 3.2 min under
the experimental conditions detailed in the Supporting Infor-
mation. In the electron-impact mass spectrum the parent ion,
with its characteristic 35Cl/37Cl isotopic distribution, is observed
at m/z = 146 and 148, respectively, with an approximate abun-
dance of 57 %. The main fragments are SS+ (100 %), SSCl+

(58 %), S+ (30 %), FCO+ (24 %), FC(O)SS+ (21 %), OCS+ (17 %)
and SCl+ (13 %). It is interesting to note that two ions are
formed after an atomic rearrangement: FS+ (4 %) and FSS+

(4 %). A complete list of the observed fragments, together with
their relative intensities and assignments, is presented in
Table S1 of the Supporting Information.

Computational Conformational Studies

To help in the interpretation of the experimental vibrational
and electronic studies, a theoretical investigation of the possi-

Figure 1. Molecular models of the syn-gauche and anti-gauche conformers of FC(O)SSCl calculated at the B3LYP/AUG-cc-pVDZ level of theory.
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ble conformers of FC(O)SSCl was performed. As mentioned in
the Introduction, compounds of the formula FC(O)SY usually
adopt two different conformations, syn (the C=O double bond
syn with respect to the S–Y single bond) and anti (the C=O
double bond anti with respect to the S–Y single bond), depend-
ing upon the energy difference between these two forms of
the Y substituent.[6,16–19] On the other hand, it is well known
that the dihedral angle around the S–S single bond is close to
90° (gauche).[22]

Three relaxed potential energy scans were performed at the
B3LYP/6-311+G* level of theory. The potential energy curve cal-
culated as a function of the O=C–S–S torsional angle in steps
of 10° presents two minima, at 0 (syn) and 180° (anti), with a
syn/anti energy barrier of 7.67 kcal mol–1. Relaxed potential en-
ergy scans of the C–S–S–Cl torsional angle for the two forms
were subsequently performed, also in steps of 10°. In both cases
the curves present two enantiomeric gauche minima with en-
ergy barriers of 14.23 (0°) and 8.09 kcal mol–1 (180°) for the syn
rotamer and 14.41 (0°) and 8.69 kcal mol–1 (180°) for the anti
conformer. The resultant two possible conformations of
FC(O)SSCl, syn-gauche and anti-gauche, were optimized at the
B3LYP/6-311+G*, B3LYP/AUG-cc-pVDZ and MP2/6-311+G* levels
of approximation. Table S2 in the Supporting Information
presents the calculated zero-point corrected energies and free-
energy differences of the two conformers and their predicted
relative populations at ambient temperature. The syn-gauche
form was predicted to be the most stable one, with a calculated
energy difference with respect to the anti-gauche conformer of
1.05 (B3LYP/6-311+G*), 0.89 (B3LYP/AUG-cc-pVDZ) or
1.77 kcal mol–1 (MP2/6-311+G*). The relative proportion of the
conformers was 80:20, according to the B3LYP/AUG-cc-pVDZ
model. The optimized molecular models are shown in Figure 1.

The harmonic and anharmonic vibrational frequencies and
also the vertical ionization energies of both conformers were
calculated to assist in the interpretation of the vibrational and
photoelectron studies, respectively. The results of these calcula-
tions will be presented below together with the descriptions
and analysis of the respective experiments.
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Vibrational Spectroscopy

The vibrational study of the FC(O)SSCl molecule was performed
by analysing the FTIR spectra of a sample in the gas phase at
different pressures, the FT-Raman and Raman spectra of the
neat liquid, and also the FTIR spectra of Ar-matrix-isolated sam-
ples. According to the simulated vibrational spectra of the two
conformers, several fundamental normal modes present wave-
number differences larger than the resolution of the experimen-
tal spectra, particularly the vibrations assigned to the C=O and
C–F stretching modes. A complete list of the anharmonic wave-
numbers and IR and Raman relative intensities calculated with
the B3LYP/AUG-cc-pVDZ and MP2/6-311+G* approximation is
presented in Table S3 and Table S4 in the Supporting Informa-
tion for the syn-gauche and anti-gauche conformers, respec-
tively.

The gas-phase FTIR spectrum and the Raman spectrum of a
liquid sample recorded with the 514.5 nm excitation line, shown
in Figure 2, present clear evidence of the presence of the two
conformers of FC(O)SSCl. The wavenumbers observed in these
spectra are collected in Table 1, together with those observed
in the Ar-matrix FTIR spectrum in a 1:1000 ratio, the anharmonic

Figure 2. Gas-phase FTIR spectrum of FC(O)SSCl recorded at ca. 6 mbar, reso-
lution of 0.5 cm–1 and an optical pathlength of 10 cm (top), and Raman
spectrum of the liquid recorded with excitation at λ = 514.5 nm of an Ar
laser with 100 mW.
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frequencies calculated at the MP2/6-311+G* level and tentative
assignments based on a comparison with related molecules and
predictions of the theoretical simulation.

Table 1. Experimental and calculated vibrational wavenumbers of FC(O)SSCl.

[a] Anharmonic wavenumbers. [b] s-g and a-g denote bands assigned to the
syn-gauche and anti-gauche conformers, respectively.

In accordance with the theoretical predictions, the ν(C=O)
and ν(C–F) fundamental modes of each conformer, among oth-
ers, are distinguished in the spectra, acting as conformational
sensors (see Table 1). The ν(C=O) band of the syn-gauche form
is observed 40 (in the FTIR spectrum) and 36 cm–1 (in the Ra-
man spectrum) higher than the corresponding bands of the
second form, in good agreement with the 23 cm–1 difference
predicted by the MP2/6-311+G* approximation. A band-shape
analysis of these absorptions in the IR gas-phase spectrum is
also an important element for corroborating the assignments.
As can be observed in Figure 3, the band assigned to the syn-
gauche conformer presents a B shape (formed of two branches,
PR), whereas the band assigned to the anti-gauche form can be
identified as an A shape (constituted of three branches, PQ-QR).
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The B envelope is in accordance with the orientation of the C=
O oscillator with respect to the B axis of inertia in the syn-
gauche conformer, because the potential energy distribution of
the C=O symmetry coordinate for this normal mode is usually
close to 100 %, whereas for the anti-gauche rotamer, the vibra-
tion of this group is quasi-parallel to the A axis of inertia, as
depicted in Figure 3. The theoretical PR separations, calculated
by using the Seth-Paul procedure, are in good agreement with
the observed separations.[23]

Figure 3. Gas-phase FTIR spectrum of FC(O)SSCl in the carbonyl region.

Close inspection of Figure 3 reveals the presence of a third
absorption in the carbonyl energy region, located between the
bands of the two conformers, centred at 1826 cm–1. This signal
has been assigned to a combination band of the second con-
former, [ν(C–F)+ν(C–S)], intensified by Fermi resonance with the
ν(C=O) fundamental mode. This combination band was previ-
ously observed in the IR spectrum of the related FC(O)SSCH3

molecule.[24]

The most intense absorption of the IR spectrum, assigned to
the ν(C–F) vibrational mode, is also indicative of the conforma-
tional equilibrium. An A-shaped band centred at 1053 cm–1 is
assigned to the syn-gauche conformer, in accordance with the
expected shape for a structure of this form, with the C–F single
bond almost parallel to the A inertial axis. The signal of the
second stable form is shifted 39 cm–1 to higher wavenumbers,
similarly to the 32 cm–1 shift predicted by the MP2/6-311+G*
method. Comparison of the experimental IR spectrum with a
simulated one, constructed by the addition of the calculated IR
spectrum of each of the two conformers weighted by their rela-
tive abundance, is presented in Figure S1 of the Supporting
Information. The experimental spectrum is very well repro-
duced by the calculations, thereby confirming the conforma-
tional equilibrium in the gas phase.
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The most intense bands in the Raman spectrum of the liquid,
shown in Figure 2, have been assigned to ν(S–S), ν(S–Cl) and
δ(SSCl), in agreement with those observed for related mol-
ecules, such as ClC(O)SSCl[21] and CF3SSCl.[25] The simulated Ra-
man spectrum of the equilibrium of the two conformers of
FC(O)SSCl, presented in Figure S2 of the Supporting Informa-
tion, is in very good agreement with the experimental spec-
trum.

The differences in wavenumbers of some of the normal
modes in the IR and Raman spectra can account for the inter-
molecular interactions present in the liquid phase. The most
important shifts are observed for the ν(C=O) and ν(C–F) vibra-
tional modes. For the most stable syn-gauche form, the Raman
wavenumber of ν(C=O) appears 23 cm–1 lower in energy than
the same mode in the IR spectrum, which indicates a strong
interaction in the liquid phase through this group. On the other
hand, the ν(C–F) band is observed 49 cm–1 higher in energy in
the liquid than in the gas phase, which can be interpreted on
the basis that a weakening of the C=O bond should be accom-
panied by a reinforcement of the C–F single bond.

The FTIR spectrum of FC(O)SSCl isolated in a solid Ar matrix,
in a 1:1000 ratio, is characterized by narrow absorption bands,
because the interactions are negligible under these conditions,
and also because the low temperature eliminates the molecular
rotation. The inlet setup allows the freezing of the relative pro-
portion of the conformers at ambient temperature, which trans-
forms matrix-isolation spectroscopy into an ideal technique for
studying conformational equilibria. The observed absorptions
are included in Table 1, and the FTIR spectrum is presented in
Figure S3 of the Supporting Information.

Photoelectron Spectroscopy

The He-I photoelectron spectrum of the vapour of FC(O)SSCl
was recorded between 7 and 20 eV (see Figure 4). To assist in
the interpretation of the spectrum, the vertical ionization ener-
gies were calculated by using the Outer Valence Green's Func-
tion (OVGF) method[26] in combination with the 6-31+G* and
aug-cc-pVDZ basis sets. Although there are some examples in
the literature of photoelectron spectra that can be correctly
evaluated only through the consideration of conformational
equilibria,[27,28] in the present case the predicted differences in
the vertical ionization energies for the two conformers are
40 meV, similar to the spectral resolution of 30 meV. For this
reason, the spectrum was interpreted by comparison of the
theoretical ionization of the most stable syn-gauche conformer
only. The experimental ionization potentials, together with the
calculated vertical ionizations, are collected in Table 2.

The first ionization potential was observed at 10.14 eV. In
accord with the prediction by theoretical calculations, this nar-
row and well-defined band can be attributed to the ionization
of electrons formally located in a nonbonding orbital of the S
atom bonded to the FC(O)– group, as schematically depicted in
Figure 5. This value is comparable to the 10.7 eV band of the
photoelectron spectrum of FC(O)SCl, with the same proposed
assignment.[29] The second band, at 11.03 eV, was assigned to
the lone-pair electrons of the second sulfur atom, bonded to
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Figure 4. He-I photoeletron spectrum of FC(O)SSCl.

Table 2. Experimental ionization potentials (IP) of FC(O)SSCl, calculated verti-
cal ionization energies (Ev) at the OVGF/aug-cc-pVDZ and OVGF/6-31+G* lev-
els of approximation and molecular orbital characters for the syn-gauche con-
former.

IP [eV] Ev [eV] OVGF MO Character
aug-cc-pVDZ 6-31+G*

10.14 10.16 10.11 36 nπS(S–C)
11.03 11.08 10.95 35 nπS(S–Cl)
11.83 12.01 11.81 34 nσO
12.53 12.73 12.61 33 nπCl
13.13 13.43 13.18 32 nσCl
13.85 14.33 14.03 31 πC=O

Cl. The experimental 0.89 eV energy difference between the
two first ionization potentials is in quite good agreement with
the 0.92 and 0.84 eV differences predicted at the OVGF/aug-cc-
pVDZ and OVGF/6-31+G* levels, respectively. Not only the en-
ergy difference but also the order of these ionizations strongly
depends on the substituent. For example, for the related
ClC(O)SSCl, the difference is only 0.15 eV,[21] whereas for
FC(O)SSCH3, the order of the ionization energies is inverted,
being 9.0 eV for the ionization of nS(S-CH3) electrons and 9.3 eV
for nS[S–C(O)F] electrons.[29] The splitting of bands due to the
ionization of nS electrons was also observed for symmetrically
substituted disulfides, with an energy difference of 0.30 eV for
CH3SSCH3,[30] 0.12 eV for CH3C(O)OSSOC(O)CH3

[31] and 0.16 eV
for CF3C(O)OSSOC(O)CF3.[32]

The third potential, at 11.83 eV, was assigned to the ioniza-
tion of electrons located in an orbital with nσO character, in
accord with the theoretical predictions (see Figure 5). This as-
signment also agrees with those proposed for related molecules
[10.74 eV for ClC(O)SCH2CH3,[33] 10.88 eV for ClC(O)SCH3,[34]

11.3 eV for FC(O)SSCH3,[29] 11.32 eV for ClC(O)SCl,[35] 11.37 eV
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Figure 5. Schematic representations and assignments of the eight highest
HOMOs of the syn-gauche conformer of FC(O)SSCl calculated with the OVGF/
aug-cc-pVDZ approximation.

for FC(O)SCH2CH3,[36] 11.42 eV for ClC(O)SSCl[21] and 12.1 eV for
FC(O)SCl].[29]

The rest of the spectrum is composed of overlapping bands,
which were assigned in accord with the predicted ionizations.
As can be observed in Table 2, there is very good agreement
between the experimental and theoretical values. Between 14
and 16 eV, low-intensity broad bands are observed in the spec-
trum, which can be assigned to ionizations from the lone-pair
electrons of the fluorine atom, as schematically depicted in Fig-
ure 5.

The photoionization mass spectrum of FC(O)SSCl after excita-
tion with He-I light was also recorded. The spectrum is com-
posed of three signals, at m/z = 28, 64 and 100, assigned to the
CO+, SS+ and SSCl+ fragments, respectively. The parent ion was
not observed, which denotes the instability of FC(O)SSCl+

formed after photoionization with 21.22 eV energy.
The structure of FC(O)SSCl after ionization was optimized by

using the UB3LYP/6-311+G* and UMP2/6-311+G* approxima-
tions. The geometrical parameters were compared with those
of the corresponding neutral molecule. The most important
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change in the geometry of the cation was predicted for the
dihedral angle C–S–S–Cl, which decreases from 87.7° (UB3LYP)
or 83.7° (UMP2) for the neutral molecule to 39.9° (UB3LYP) or
32.7° (UMP2) for FC(O)SSCl+. Similar behaviour was previously
reported for the related molecule FC(O)SSCH3,[29] in which the
CSSC dihedral angle drastically changes from gauche to anti
upon ionization, according to HF and MP2 calculations. The
Mulliken atomic charges of the cation, calculated by using the
UB3LYP/6-311+G* approximation, are mainly distributed on the
SSCl moiety (see Table S5 in the Supporting Information).

Conclusions
FC(O)SSCl was successfully prepared by the fluorination of
ClC(O)SSCl. According to the interpretation of the vibrational
studies, based on the FTIR spectrum of the vapour phase (in-
cluding band-shape analysis), the Raman spectrum of the liquid
and the FTIR spectra of the compound isolated in solid Ar, the
sample exists as a mixture of two rotamers. The FC(O)SS moiety
presents a planar structure in both forms, with the C=O double
bond syn with respect to the S–S single bond in the more stable
conformer, and anti in the second rotamer. The theoretical pro-
portion of the rotamers was approximately 80:20, which is in
agreement with the relative intensities of the bands observed
in the experimental spectra.

The valence electronic properties of FC(O)SSCl were investi-
gated by photoelectron spectroscopy, aided by OVG calcula-
tions. The first vertical ionization potential was observed at
10.14 eV and assigned to the ionization of nonbonded electrons
formally located on the S atom bonded to the carbonyl group.
The structure of the cation formed after ionization was also
calculated, and an important change in the S–S dihedral angle
was predicted: from gauche (ca. 90°) in the neutral molecule to
almost 30° in the cationic form.

Experimental Section
Sample Preparation: Reagents and solvents were purchased rea-
gent grade. ClC(O)SSCl was prepared according to a literature pro-
cedure[21] from freshly synthetized [(CH3)2CHOC(S)]2S.[37]

Gas Chromatography–Mass Spectrometry: A GC–MS Shimadzu
QP-2010 instrument was used to record the mass spectra in CCl4
solutions. Further details are given in the Supporting Information.

FTIR Spectroscopy: The IR spectra in the vapour phase were re-
corded with a Thermo Nexus Nicolet instrument equipped with
either an MCTB or DTGS detector for the ranges 4000–400 and
600–100 cm–1, respectively. A 10 cm gas cell with Si or CsI windows
was employed, using different pressures of FC(O)SSCl.

Raman Spectroscopy: Liquid FT-Raman spectra were recorded
with a Bruker IFS66 FT-Raman spectrometer using a FRA 106 Raman
accessory in the 3500–100 cm–1 wavenumber range with a resolu-
tion of 4 cm–1 and 1024 scans. The liquid sample was placed in a
sealed 2 mm diameter glass capillary and excited with a 1064 nm
Nd-YAG laser. Alternatively, a Raman triple-grating Horiba–Jobin–
Yvon T64000 spectrometer system, with a confocal microscope and
CCD detector, was also used to record the Raman spectra of the
sample. In this case, the sample was placed in a 5 mm diameter
glass tube and excited with the 514.5 nm line of an Ar+ multi-
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line coherent laser. The wavenumbers were calibrated by using the
459 cm–1 band of CCl4.

Matrix Isolation Spectroscopy: A gaseous mixture of FC(O)SSCl
and argon, in an approximately 1:1000 ratio, was prepared by stan-
dard manometric methods. The Ar gas (AGA) was passed through
a trap cooled to –90 °C to retain possible traces of impurities. The
mixture was then deposited on a CsI window cooled to ca. 10 K by
means of a Displex closed-cycle refrigerator (SHI-APD Cryogenics,
model DE-202) using the pulse deposition technique.[38–40] FTIR
spectra of the matrix sample were recorded at resolutions of 0.5
and 0.125 cm–1 with 256 scans using a Nexus Nicolet instrument
equipped with either an MCTB or a DTGS detector (for the ranges
4000–400 or 600–180 cm–1, respectively).

Photoelectron Spectroscopy: The photoelectron spectrum was re-
corded with a double-chamber UPS-II machine, which was designed
specifically to detect transient species as described elsewhere,[41,42]

at a resolution of ca. 30 meV indicated by the standard Ar+(2P3/2)
photoelectron band. The experimental vertical ionization energies
were calibrated with methyl iodide.

Computational Calculations: The quantum chemical calculations
were performed by using the Gaussian 03 program system.[43]

Geometry optimizations were sought by using standard gradient
techniques by simultaneous relaxation of all the geometrical param-
eters. The calculated vibrational properties correspond in all cases
to potential energy minima for which no imaginary vibrational fre-
quency was found. The vertical ionization energies (Ev) were calcu-
lated by using the OVGF/aug-cc-pVDZ and OVGF/6-31+G* levels of
approximation.
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