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Mauricio F. Erben, † Carlos O. Della Vé dova,* ,†,‡ Helge Willner, | Frank Trautner, §

Heinz Oberhammer, § and Ronald Boese ⊥

CEQUINOR (CONICET-UNLP), Departamento de Quı´mica, Facultad de Ciencias Exactas,
UniVersidad Nacional de La Plata, 47 esq. 115 (B1900AJL), C.C. 962, La Plata, Buenos Aires,
República of Argentina, Laboratorio de SerVicios a la Industria y al Sistema Cientı´fico
(UNLP-CIC-CONICET) Camino Centenario, Gonnet, Buenos Aires, Repu´blica of Argentina,
Institut für Physikalische und Theoretische Chemie, UniVersität Tübingen, D-72076, Tu¨bingen,
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Fluoroformyl trifluoroacetyl disulfide, FC(O)SSC(O)CF3, is prepared by quantitative reaction between FC(O)SCl
and CF3C(O)SH. The conformational properties and geometric structure of the gaseous molecule have been studied
by vibrational spectroscopy (IR(gas), Raman(liquid), IR(matrix)), gas electron diffraction (GED), and quantum chemical
calculations (B3LYP and MP2 methods). The disulfide bond length derived from the GED analysis amounts 2.023(3)
Å, and the dihedral angle around this bond, φ(CS−SC), is 77.7(21)°, being the smallest dihedral angle measured
for noncyclic disulfides in the gas phase. The compound exhibits a conformational equilibrium at room temperature
having the most stable form C1 symmetry with a synperiplanar (sp-sp) orientation of both carbonyl groups with
respect to the disulfide bond. A second form was observed in IR spectra of the Ar matrix isolated compound at
cryogenic temperatures, corresponding to a conformer that possess the carbonyl bond of the FC(O) moiety in
antiperiplanar position with respect to the S−S single bond (ap-sp). A ∆H° ) H°(ap-sp) − H°(sp-sp) ) 1.34(11) kcal/
mol has been determined by IR(matrix) spectroscopy. The structure of single crystal of FC(O)SSC(O)CF3 was
determinate by X-ray diffraction analysis at low temperature using a miniature zone melting procedure. The crystalline
solid (monoclinic, P21/n, a ) 5.240(4)Å, b ) 23.319(17)Å, c ) 6.196(4)Å, â ) 113.14(3)°) consists exclusively
of the (sp-sp) conformation. The geometrical parameters agree with those obtained for the molecule in the gas
phase.

Introduction

Geometric gas-phase structures of noncyclic disulfides
XSSX are characterized by a gauche conformation around
the S-S bond, with dihedral anglesφ(XS-SX) close to
90°: 90.76(6)° in HSSH;1 87.7(4)° in FSSF;2 85.2(2)° in

ClSSCl;3 85.3(37)° in CH3SSCH3;4 104.4(40)° in CF3SSCF3.5

In this conformation the p-shaped lone pairs of the sulfur
atoms are perpendicular to each other and their mutual
repulsion is minimized. Furthermore, such a structure is
favored by the anomeric effect by electron donation from
the sulfur lone pairs into the emptyσ* orbitals of the opposite
S-X bonds.6,7 This effect depends strongly on the relative
energies of the two orbitals involved and can explain the
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short S-S and long S-F bonds in FSSF. Disulfides with
very bulky substituents, such as ButSSBut, have dihedral
angles which are considerable larger than 90° (φ(CS-SC)
) 128.2(27)).8 The smallest dihedral angle for a gaseous
disulfide has been reported for FC(O)SSC(O)F, withφ(CS-
SC)) 82.2(19).9

Structural studies of nonsymmetrically substituted di-
sulfides of the type XSSY are less common, both experi-
mental and theoretical data being scarce for these systems.
FC(O)SSCF310 and FC(O)SSCH311 have recently been stud-
ied in the gas phase and possess dihedral angles ofφ(CS-
SC) ) 95.0(27) and 83.5(15)°, respectively.

The presence of an acyl group attached to the disulfide
S-S bond, as in FC(O)SSC(O)F,12 FC(O)SSCH3,10 and
FC(O)SSCF3,11 may lead to conformational equilibria,
depending on the relative orientation of the CdO double
bond and the S-S single bond. The synperiplanar orientation,
with φ(SS-C(O)) ) 0°, is the prevailing form for these
species. Thus, the conformational properties of acyl-
substituted disulfides (-C(O)SS-) seems to be the same as
those observed for sulfenylcarbonyl compounds of the
type XC(O)SY, for which the preference for the
syn conformer (φ(C(O)-SY) ) 0°) has been well
established.13-17

To gain additional experimental and theoretical informa-
tion about the structural and conformational behavior of acyl-
substituted disulfides, we became interested in the study of
molecules of the type-C(O)SSC(O)-, with two carbonyl
groups bonded to the disulfide bond. Thus, in this study we
report the synthesis and characterization of fluoroformyl
trifluoroacetyl disulfide, FC(O)SSC(O)CF3. As far as we
know, no previous reports for this species exist in the
literature. In this study, its geometric structure and confor-
mational properties in the gas phase have been determined
by gas electron diffraction and vibrational spectroscopic
methods (IR(gas), IR(matrix), and Raman(liquid)), supple-
mented by quantum chemical calculations. Furthermore, the
crystal structure was determined by X-ray diffraction using
an in situ crystallization method.

Experimental Section

Preparation. FC(O)SSC(O)CF3 was synthesized by reacting
trifluorothioacetic acid, CF3C(O)SH, with fluorocarbonylsulfenyl
chloride, FC(O)SCl, according to the following reaction:

Conventional vacuum techniques were used to condense equi-
molar quantities (typically 2.5 mmol) of CF3C(O)SH and FC(O)SCl
into a 6 mm o. d.glass tube. The tube was flame sealed. The tube
was placed in a-90 °C ethanol bath. At this temperature the
reaction proceeded fast, observed by the vanishing yellow color
(due to FC(O)SCl) of the reaction mixture. The mixture was then
allowed to warm to-20 °C and remained at that temperature for
about 1 h. Subsequently the products were separated by “trap-to-
trap” condensation through traps held at-50, -80, and-196°C.
Pure FC(O)SSC(O)CF3 was retained as a colorless liquid in the
-80 °C trap. The yield was nearly quantitative, and apart from
HCl generated in the reaction, only minor quantities of OCS, SiF4,
and CO2 were observed as byproducts in the U-trap at-196 °C.

CF3C(O)SH was synthesized by reaction of either CF3C(O)Cl
or (CF3C(O))2O (98% Aldrich) with hydrogen sulfide, H2S (98%
Linde, Germany), in a metal reactor according to the literature
procedure.18 CF3C(O)Cl was synthesized by reacting trifluoroacetic
acid with pentachlorophosphorane according to the usual method.
FC(O)SCl was synthesized by reaction of commercial ClC(O)SCl
(Aldrich 95%) with SbF5 by following the reported method.19,20

Physical Properties and Spectroscopic Characterization.The
new compound is a colorless liquid, with the characteristic
overpowering sulfenylcarbonyl odor. The compound is stable at
room temperature for days in the liquid or gaseous state. The vapor
pressure of FC(O)SSC(O)CF3 follows, in the temperature range
between 230 and 277 K, the equation logp ) 8.520-2079/T (p/
mbar, T/K), and the extrapolated boiling point reaches 104°C. The
white solid melts at-72 °C. A similar temperature was used for
crystallization in the X-ray diffraction experiment (-75(2) °C).

In the19F NMR spectrum two singlets with an intensity ratio of
1:3 were observed. The more intense signal is locate at-74.9 ppm,
while the second signal appears at 41.4 ppm. The symmetric
CF3C(O)- and FC(O)-substituted disulfides CF3C(O)SSC(O)CF321

and FC(O)SSC(O)F20 show singlets at-74.3 and 41.8 ppm,
respectively, in good agreement with the values obtained for
FC(O)SSC(O)CF3.

The mass spectrum of FC(O)SSC(O)CF3 shows the presence of
decomposition or unwanted reaction products, evidenced by peaks
belonging to elemental sulfur, with the characteristicm/z 32 peak
progression. Nevertheless, the molecular ion peak was observed
as a low intensity signal atm/z 208 and several fragments of
FC(O)SSC(O)CF3 were assigned. Thus, peaks atm/z values of 47
(9, COF+), 69 (100, CF3+), 97 (18, CF3CO+), and 111 (10,
SSC(O)F+) were observed in the mass spectrum (in parentheses
the relative abundance is given).

The UV-vis spectrum of the vapor shows a band atλmax ) 232
nm with medium absorption cross section (σmax ) 6.7× 10-18 cm2),
which is assigned to aπ f π* transition of the trifluoroacetyl
CF3C(O)S chromophore, taking into account the observed bands
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for CF3C(O)SH (226 nm) and CF3C(O)SCl (236 nm)22 and
CF3C(O)SOC(O)CF3 (236 nm).23 Continuous increasing absorption
at lower wavelengths could indicate the existence of an intense
absorption band below 200 nm, which could be possible due to an
equivalent transition in the fluorocarbonyl FC(O)S chromophore,
similar to those observed for the related FC(O)SSC(O)F molecule.20

Additional evidence for the identity of FC(O)SSC(O)CF3 comes
form the analysis of its IR(gas) and Raman(liquid) spectra (see
Figure 1 and Table S1 in the Supporting Information). The two
intense bands in the carbonyl stretching region at 1849 and 1765
cm-1 are characteristic for the FCdO and CF3CdO groups,
respectively. The strongest band in the IR(gas) spectrum centered
at 1062 cm-1 is assigned to the F-C(sp2) stretching mode. The
characteristic disulfide stretching is observed in the Raman(liquid)
spectrum as an intense signal at 549 cm-1.

Instrumentation. (A) General Procedure. Volatile materials
were manipulated in a glass vacuum line equipped with two
capacitance pressure gauges (221 AHS-1000 and 221 AHS-10,
MKS Baratron, Burlington, MA) and three U-traps and valves with
PTFE stems (Young, London, U.K.). The vacuum line was
connected to an IR cell (optical path length 200 mm, Si windows
0.5 mm thick) contained in the sample compartment of an FTIR
instrument (Impact 400D, Nicolet, Madison, WI). This allowed us
to observe the purification processes and to follow the course of
the reactions. The pure compound was stored in flame-sealed glass
ampules under liquid nitrogen in a long-term Dewar vessel. The
ampules were opened with an ampule key on the vacuum line, an
appropriated amount was taken out for the experiments, and then
they were flame-sealed again.24

(B) Matrix Spectroscopy. In a stainless steel vacuum line (1.1
L volume), a small amount of FC(O)SSC(O)CF3 (ca. 0.05 mmol)

was mixed with an 1:1000 excess of Ar. For each experiment ca.
0.6 mmol of this mixture was passed via a stainless steel capillary
through a heated quartz nozzle, which was placed directly in front
of the matrix support. The temperature of the matrix support was
held at 14 K, and the nozzle temperature was adjusted at the
temperatures 20, 60, 120, 190, 260, and 330°C. Details of the
matrix apparatus have been given elsewhere.25 Matrix IR spectra
were recorded on an IFS66v/S FT spectrometer (Bruker, Karlsruhe,
Germany) in the reflectance mode with a transfer optic. A DTGS
detector with a KBr/Ge beam splitter in the regionν ) 4000-400
cm-1 was used. In this region 64 scans were coadded for each
spectrum by means of apodized resolution of 1 cm-1.

(C) Gas Electron Diffraction. Electron diffraction intensities
were recorded with a Gasdiffraktograph KD-G226 at two nozzle-
to-plate distances (25 and 50 cm) and with an accelerating voltage
of about 60 kV. The compound was kept at 0°C during the
experiment, and the inlet system and gas nozzle were at room
temperature. The photographic plates (Kodak electron image plates
13 × 18 cm) were analyzed with an Agfa Duoscan HiD scanner,
and total scattering intensity curves were obtained with the pro-
gram SCAN3.27 Experimental molecular intensities for FC(O)-
SSC(O)CF3 in thes-ranges 2-18 and 8-35 Å-1 in steps of∆s )
0.2 Å-1 (s ) (4π/λ) sin θ/2, λ is the electron wavelength, andθ is
the scattering angle) are shown in Figure 2.

(D) X-ray Diffraction at Low Temperature. An appropriate
crystal of FC(O)SSC(O)CF3 of ca. 0.3 mm diameter was obtained
on the diffractometer at a temperature of 198 K with a miniature
zone melting procedure using focused infrared laser radiation.28 The
diffraction intensities were measured at low temperatures on a
Nicolet R3m/V four-circle diffractometer. Intensities were collected
with graphite-monocromatized Mo KR radiation using theω-scan
technique. The crystallographic data, conditions, and some features
of the structure are listed in Table S3 (Supporting Information).
The structure was solved by Patterson syntheses and refined by
full-matrix least-squares methods onF, with the SHELXTL-Plus
program.29 Absorption correction details are given elsewhere. All
atoms were assigned to anisotropic thermal parameters. Atomic
coordinates and equivalent isotropic displacement coefficients are
given in Table S4, and anisotropic displacement parameters (103Å)
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Figure 1. Gaseous IR (P ) 19 mbar) and liquid Raman spectra for
FC(O)SSC(O)CF3.

Figure 2. Experimental (dots) and calculated (full line) molecular
intensities for long (above) and short (below) nozzle-to-plate distances and
residuals for FC(O)SSC(O)CF3.
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for FC(O)SSC(O)CF3 are given in Table S5 (Supporting Informa-
tion). X-ray crystallographic data in CIF format are given as
Supporting Information.

(E) Vibrational Spectroscopy.Gas-phase infrared spectra were
recorded with a resolution of 1 cm-1 in the range 4000-400 cm-1

on the Bruker IFS 66v FTIR instrument, and FT-Raman spectra
were run of liquid FC(O)SSC(O)CF3 with a Bruker RFS 100/S FT
Raman spectrometer. The sample in a 4 mmglass capillary was
excited with 500 mW of a 1064 nm Nd:YAG laser (ADLAS, DPY
301, Lübeck, Germany).

(F) NMR Spectroscopy.For the19F NMR measurements, neat
samples were flame-sealed in thin-walled 3 mm o.d. tubes and
placed into 5 mm NMR tubes. The spectra were recorded with a
Brucker Avance DRX-300 spectrometer operating at 282.41 MHz.
The sample was measured at room temperature using a mixture of
CD3CN and CFCl3 as an external lock and reference.

(G) UV-Visible Spectroscopy.UV-visible spectra of gaseous
samples were recorded using a glass cell (optical path length of 10
cm) equipped with quartz windows placed in the sample compart-
ment of a Lambda 900 spectrometer (Perkin-Elmer, Norwalk, CT).
The measurements were carried out in the spectral range of 200-
600 nm.

(H) Theoretical Calculations. All quantum chemical calcula-
tions were performed with the GAUSSIAN03 program package.30

Vibrational amplitudes were derived from calculated (B3LYP/6-
31G*) force fields with the method of Sipachev.31,32

Quantum Chemical Calculations

Several conformations are in principle feasible for
FC(O)SSC(O)CF3, depending on the torsional angle around
the S-S bond and on the orientation of the CdO bonds of
the FC(O) and CF3C(O) groups. Each of them can be
synperiplanar (sp) or antiperiplanar (ap) relative to the S-S
bond. This leads to four possible conformers, (sp-sp), (ap-
sp), (sp-ap), and (ap-ap) (the first orientation refers to the
FC(O) group, and the second, to the CF3C(O) group; see
Chart 1).

In a first step the potential function for internal rotation
around the S-S bond was derived by structure optimi-
zations of the (sp-sp) conformer at fixed dihedral angles
φ(CS-SC). Potential functions obtained with the B3LYP
and MP2 method and 6-31G* basis sets are shown in
Figure 3.

Minima occur at 77.9° (B3LYP) and 71.0° (MP2). The
functions possess rather flat maxima in the region of trans
C-S-S-C skeleton with imaginary frequencies atφ(CS-
SC) ) 180°. The geometries of the four conformers were
fully optimized including frequency calculations with the
B3LYP method (6-31G* and 6-311*+G*) method and the
MP2 approximation using 6-31G* basis sets. Predicted
relative energies,∆E, free energies,∆G°, and vibrational
frequencies of the CdO stretches with their strengths are
collected in Table 1. For the lowest energy form both CdO
bonds adopt an sp orientation with respect to the S-S bond.
The second most stable conformer possesses an ap orientation
of the FC(O) group. Structures with ap orientation of
the CF3C(O) group are considerably higher in energy
(∆G° is ca. 4.0 kcal/mol or even more) and are not ex-
pected to be observable in our experiments. All three
computational methods agree with respect to this conforma-
tional preference for FC(O)SSC(O)CF3. The geometric
parameters are listed together with experimental values (see
Table 2).
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Chart 1. Schematic Representation of the Conformers of
FC(O)SSC(O)CF3

Figure 3. Calculated potential function for internal rotation around the
S-S bond in FC(O)SSC(O)CF3.

Table 1. Calculated Relative Energies, Free Energies (kcal/mol), and
Vibrational Frequencies of CdO Stretches (cm-1) with IR Intensities
(km/mol) in Parentheses for FC(O)SSC(O)CF3

orientation method ∆E ∆G° ν(FCdO) ν(CF3CdO)

(sp-sp)a B3LYP/6-31G* 0.00 0.00 1921 (254) 1849 (212)
B3LYP/6-311+G* 0.00 0.00 1899 (307) 1828 (246)
MP2/6-31G* 0.00 0.00 1896 (191) 1778 (142)

(ap-sp) B3LYP/6-31G* 1.05 1.02 1903 (363) 1847 (221)
B3LYP/6-311+G* 1.34 1.17 1875 (464) 1826 (254)
MP2/6-31G* 1.88 1.64 1881 (291) 1776 (150)

(sp-ap) B3LYP/6-31G* 3.22 3.94 1924 (254) 1835 (259)
B3LYP/6-311+G* 3.14 3.72 1900 (312) 1813 (314)
MP2/6-31G* 4.69 5.26 1900 (190) 1762 (170)

(ap-ap) B3LYP/6-31G* 4.15 4.76 1902 (328) 1834 (307)
B3LYP/6-311+G* 4.39 4.89 1874 (408) 1812 (388)
MP2/6-31G* 6.35 6.89 1879 (277) 1760 (188)

a First orientation (sp or ap) refers to the FC(O) group, and the second
orientation, to the CF3C(O) group.
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Vibrational Spectra

The IR(gas) and Raman(liquid) spectra of FC(O)SSC-
(O)CF3 are shown in Figure 1. A tentative assignment of
the observed bands was performed by comparison with the
calculated spectrum, and the approximated description of
modes is based on the calculated displacement vectors for
the fundamentals, as well as on comparison with spectra of
related molecules, especially FC(O)SX (X) Cl,33 SC(O)F,12

CH3
34) and CF3C(O)SY (Y ) H, Cl).35 Experimental and

calculated (B3LYP/6-311+G*) frequencies and their assign-
ments are given as Supporting Information (Table S1).

In the region of the CdO stretching mode, which is
characteristic for the presence of various conformers (see
Table 1), only two bands occurs in the IR(gas) spectrum with
a slight shoulder at the higher frequency band. Similar
features are observed in the Raman(liquid) spectrum. More
detailed information of the of the conformational properties
can be derived from the IR(matrix) spectra of the CdO
stretching range. Figure 4 shows such spectra that were
recorded using different temperatures of the spray-on nozzle
for the FC(O)SSC(O)CF3/Ar mixtures.

On the basis of the calculated frequencies (Table 1), the
highest frequency at 1840 cm-1 is assigned to the FCdO
group in the (sp-sp) conformer. The low intensity intermedi-
ate band at 1819 cm-1 belongs to the same group in the (ap-
sp) form. The calculated difference (B3LYP/6-311+G*) for
this mode (ν(FCdO), Table 1) between (sp-sp) and (ap-sp)
forms is 24 cm-1, in good agreement with the experimentally
observed value of 21 cm-1. The third band in this region
with very low intensity at room temperature, which increases
upon increasing temperature of the spray-on nozzle, could
not be attributed to FC(O)SSC(O)CF3 conformers. In view
of the very low band intensity displayed in the room-
temperature spectrum, it is assumed to belong to an unidenti-
fied decomposition product. The CF3CdO stretching modes
in both conformers are assigned to the band at 1758 cm-1.
The predicted difference between these two CdO stretches
is 2 cm-1 (B3LYP and MP2).

Conformational equilibrium was also noticed in the
F-C(O) stretching region, evidenced by the presence of two
bands. An intense band located at 1054 cm-1 was assigned
to the main (sp-sp) conformer, while a second band at 1085
cm-1 (with low intensity) increases in intensity with increas-
ing temperature of the matrix gas mixtures prior to matrix
deposition. This band is assigned to theν(C(sp2)-F) mode
of the less stable (ap-sp) form. From quantum chemical
calculations, other fundamental modes in (sp-sp) and (ap-
sp) conformers differ by less than 2 cm-1 and are not
expected to be observed in either IR(gas) or IR(matrix)
experiments.

Because the synperiplanar/antiperiplanar conformational
change in the fluoroformyl group involves significant varia-
tions in the bond strengths of both CdO and C(sp2)-F

bonds, two pairs of bands are suitable to study the confor-
mational distribution: (i) the CdO stretching bands; (ii) the
F-C(sp2) stretching bands. The area ratios of the carbonyl
stretching bands belonging to both conformers are determi-
nate and plotted on a logarithmic scale as a function of the
reciprocal absolute temperature. These ratio values cor-
respond closely to the concentration ratios of the two
conformers. Such a van’t Hoff plot forν(FCdO) (1819/1840
cm-1) is shown in Figure 5. A value of standard enthalpy
difference∆H° ) 1.34(11) kcal/mol was derived for the (sp-
sp) T (ap-sp) conformational equilibrium in FC(O)SSC-
(O)CF3. With the calculated (B3LYP/6-311+G*) entropy
difference for both conformers (∆S° ) 0.67 cal/K mol), the
standard free energy difference (∆G° ) 1.14(15) kcal mol-1)
is obtained.

Gas Electron Diffraction

The experimental radial distribution function (RDF) was
derived by Fourier transformation of the molecular intensi-

(33) Della Védova, C. O.; Jubert, A.; Piro, O. E.; Varetti, E. L.; Aymonino,
P. J.J. Fluorine Chem.1982, 21 (1), 90.

(34) Della Védova, C. O.J. Raman Spectrosc.1989, 20, 483-488.
(35) Ulic, S. E.; Gobbato, K. I.; Della Ve´dova, C. O.J. Mol. Struct.1997,

407, 171-175.

Figure 4. IR spectra in the carbonyl stretching region for FC(O)SSC-
(O)CF3 isolated in Ar matrixes at 14 K using different nozzle deposition
temperatures. The band marked with an asterisk corresponds to an
unidentified decomposition product.
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ties. The experimental RDF is shown in Figure 6, and
molecular models of the two possible conformers with atom
numbering are shown in Figure 7.

Comparison between this curve and RDF’s calculated for
the (sp-sp) and (ap-sp) conformers (Figure 6) reveals that
the experimental curve is reproduced better by the RDF for
the (sp-sp) form. Both calculated curves differ appreciably
in the range 2.3< r < 3.2 Å. These differences are due to
changes in the S-CdO2 and S-C-F4 angles when the
FC(O) group is rotated from sp to ap orientation (see Figure
7 for atom numbering). Upon this rotation the S-CdO2
angles decreases by about 6° and the S-C-F4 angles
increases by about the same amount. In the least-squares
analysis of a mixture of (sp-ap) and (ap-ap) conformers, only
the geometric parameters of the prevailing (sp-sp) form were
refined.

The following assumptions were made on the basis of
quantum chemical calculations (B3LYP/6-31G*): (1) pla-
narity of the fluoroformyl and trifluoroacetyl group with the
torsional angles around the S-C bonds (φ(SS-CO1) and
φ(SS-CO2)) constrained to calculated values; (2)C3V

symmetry of the CF3 group; (3) differences between the two
CdO bonds, between the C-F bonds in the FC(O) and CF3

groups, between the S-S-C angles, and between the
S-CdO angles set to calculated values; (4) differences
between geometric parameters of the two conformers con-
strained to the B3LYP values; (5) vibrational amplitudes
collected in groups according to their calculate values.
Amplitudes that caused either large correlations or were
poorly determined in the GED experiment were not refined.
With these assumptions 12 geometric parameters (p1-p12)
and 12 vibrational amplitudes (l1-l12) were refined simul-
taneously. The following correlation coefficients had absolute
values larger than 0.7:p8/p12 ) -0.74;p8/l4 ) 0.82;p8/l12

) -0.71; l4/l12 ) -0.79. The best fit was obtained for a
contribution of 16(11)% of the (ap-sp) conformer, corre-
sponding to∆G° ) 1.0(5) kcal/mol. The error limit was
obtained from the tables of Hamilton for a 99.5% confidence
limit.36 The final geometric parameters of the main conformer
are listed together with the solid-state structure and with

Figure 5. Van’t Hoff plot using the ratios of integrated band areas
(IR(matrix)) of carbonyl stretching modes (1819/1840 cm-1) obtained after
quenching the rotamer equilibria of (sp-sp) and (ap-sp) forms of FC(O)-
SSC(O)CF3 at different deposition nozzle temperatures.

Figure 6. Experimental and calculated radial distribution functions for
FC(O)SSC(O)CF3. Important interatomic distances of the (sp-sp) conformer
are indicated by vertical bars.

Figure 7. Molecular models and atom numbering for the two conformers
of FC(O)SSC(O)CF3.

Table 2. Experimental and Calculated Geometric Parameters for the
Gauche (sp-sp) Conformer of FC(O)SSC(O)CF3

B3LYP

param GEDa X-ray 6-31G* 6-311+G* MP2/6-31G*

S1-S2 2.023(3) p1 2.017(2) 2.073 2.084 2.049
S1-C1 1.776(3) p2 1.756(4) 1.798 1.794 1.778
S2-C3 1.799(3)b p2 1.773(5) 1.820 1.816 1.791
C1-C2 1.544(7) p3 1.526(6) 1.550 1.553 1.537
C1dO1 1.190(3) p4 1.190(5) 1.197 1.190 1.215
C3dO2 1.178(3)b p4 1.149(5) 1.185 1.176 1.194
(C2-F)mean 1.329(2) p5 1.308(5) 1.340 1.335 1.343
C3-F4 1.338(2)b p5 1.334(5) 1.345 1.353 1.354
S2-S1-C1 99.0(8) p6 99.3(2) 99.9 99.9 98.2
S1-S2-C3 100.2(8)b p6 100.6(2) 101.0 100.7 99.5
S1-C1dO1 125.5(5) p7 127.1(3) 125.9 126.3 125.9
S2-C3dO2 129.6(5)b p7 130.7(4) 129.9 130.4 129.7
S1-C1-C2 115.8(15) p8 112.1(3) 112.7 112.7 113.6
(F-C2-F)mean 108.2(3) p9 108.5(4) 108.8 108.7 108.7
S2-C3-F4 104.5(4) p10 107.6(3) 106.2 106.2 106.5
φ(SSC(O1)) -5.9c p11 -6.1(4) -5.9 -5.2 -5.9
φ(SSC(O2)) -2.6c p12 8.0(5) -2.6 -2.6 -2.5
φ(CSSC) 77.7(21) 77.7(2) 77.9 82.1 71.0
τ (CF3)d 47.4(46) 32.2(4) 49.4 49.9 52.0

a ra values in Å and deg. Error limits in parentheses are 3σ values and
refer to the last 1 digit. See Figure 7 for atom numbering.b Difference to
previous parameter fixed to calculated (B3LYP) value.c Not refined.
Negative value implies shortening of the O1‚‚‚O2 distance.d Torsional angle
for CF3 group; forτ ) 0° the C2-F1 bond eclipses the C1dO2 bond.
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calculated values in Table 2, and vibrational amplitudes are
given in Table S2 (Supporting Information).

Crystal Structure

FC(O)SSC(O)CF3 crystallize in the monoclinic crystal
system (P21/n spatial group) with unit cell dimensions ofa
) 5.240(4) Å,b ) 23.319(17) Å,c ) 6.196(4) Å,R ) γ )
90°, â ) 113.14(3)°, and Z ) 4 (for all of the whole
crystallographic data and treatment information, see Table
S3 in the Supporting Information). The crystal packing as
viewed along thebc plane is shown in Figure 8. It consist
of alternating layers of molecules oriented along thea axis
forming an arrangement such that CF3 and FC(O) groups of
different layers are face to face, separated by nonbonded
CF3‚‚‚S and C(O)F‚‚‚S distances of 3.107 and 3.148 Å,
respectively. The shortest nonbonded contacts inside each
layer are related to FC(O)‚‚‚C(O)CF3 and FC(O)‚‚‚CF3

interactions, with distances of 3.037 and 3.217 Å, respec-
tively.

Only the (sp-sp) conformer is observed in a single crystal
of FC(O)SSC(O)CF3 at 198 K, with gauche orientation
around the S-S bond. Theφ(CS-SC) dihedral angle is
exactly equal to that obtained in the gas phase (φ(CS-SC)
) 77.7(2)°). Whereas the torsion angle for the CF3 group in
gaseous phase is 47(5)°, a value of 32.2(4)° was derived from
X-ray data. This appears to be a distortion due to packing
effects since calculations for FC(O)SSC(O)CF3 as an isolated
free molecule agree with the value obtained in the GED
experiments.

The investigations of short nonbonded intramolecular 1,4
S‚‚‚O contacts have attracted great attention because in the
crystal structures of 1,4 S‚‚‚O containing compounds the
S‚‚‚O distances lie in the range 2.77-3.16 Å.37 This distance
is shorter than the sum of the sulfur and oxygen van der
Waals radii (3.3 Å).38 The presence of such short S‚‚‚O

contacts in these compounds, each of which crystallizes in
different packing environment, indicates that this conforma-
tional feature results from a nonbonded intramolecular
interaction. Computational results suggest that electronic
conjugation gives rise to the observed S‚‚‚O close contact.39

In FC(O)SSC(O)CF3, there are two 1,4 S‚‚‚O distances,
defined by one sulfur atom of the disulfide bond and the
oxygen atom in the carbonyl group bonded to the other sulfur
atom. Following Figure 7, these 1,4 S‚‚‚O distances are
labeled as S4‚‚‚O2 and S2‚‚‚O4. The values for these
distances are 3.048 and 3.046 Å for S4‚‚‚O2 and S2‚‚‚O4,
respectively. Theφ(SS-C(O)) dihedral angles around the
corresponding C-S bonds show values of-8.0 and 6.1°,
respectively. This nearly planar sp conformation favors
electronic delocalization of the nonbondedπ electrons of
the sulfur atom, resulting in an increment in the magnitude
of the attractive interaction between the sulfur and oxygen
atoms.

Discussion

Conformational properties of sulfenylcarbonyl compounds,
with general formulas XC(O)SY, have been extensively
studied, and the preference for a synperiplanar conformation
around the C-S bond was established.13-17 In the case of
disulfides (Y correspond to an-SR group), the preferred
mutual orientation of the CdO bond and the S-S simple
bond is also synperiplanar.7,9-11 Furthermore, it has been
established experimentally that the antiperiplanar conforma-
tion appears as a second stable form with appreciable
contribution at room temperature, when X is a fluorine
atom.9,12,40,41FC(O)SSC(O)CF3 seems to be a suitable species
for studying the transferability of conformational proper-
ties between carbonylsulfenyl and disulfide compounds.
According to vibrational spectroscopy and GED, FC(O)SSC-
(O)CF3 exists in the gas phase at room temperature as a
mixture of two conformers, depending on the relative
orientation of the FC(O) group and the S-S single bond
with the (sp-sp) conformer being the prevailing form. From
IR(matrix) spectra of Ar/FC(O)SSC(O)CF3 mixtures depos-
ited at different temperatures of the spray-on nozzle, a
contribution of around 16% of the second form is obtained
at room temperature. The relative Gibbs free energy∆G°
derived from the IR(matrix) experiments (1.14(15) kcal/mol)
is reproduced correctly by the B3LYP/6-311+G* method
(1.17 kcal/mol), while the MP2/6-31G* value is slightly lar-
ger (1.64 kcal/mol). On the other hand, only a synperiplanar
conformation was observed for the mutual orientation of the
CF3CdO double bond and the S-S single bond. This result
is in agreement with the conformational behavior displayed
by other species containing the CF3C(O)S moiety.23,35,42

In all disulfides XSSX substituted with carbon-containing
groups (X) FC(O), CF3, CH3, But), the S-S bond lengths

(36) Hamilton, W. C.Acta Crystallogr.1965, 18, 502.
(37) Burling, F. T.; Goldstein, B. M.Acta Crystallogr.1993, B49, 738-

744.
(38) Bondi, A.J. Phys. Chem.1964, 68 (3), 441-451.

(39) Burling, F. T.; Goldstein, B. M.J. Am. Chem. Soc.1992, 114 (7),
2313-2320.

(40) Della Védova, C. O.Spectrochim. Acta1991, 47A (11), 1619-1626.
(41) Mack, H.-G.; Oberhammer, H.; Della Ve´dova, C. O.J. Phys. Chem.

1991, 95 (11), 4238-4241.
(42) Gobbato, K. I.; Della Ve´dova, C. O.; Mack, H. G.; Oberhammer, H.

Inorg. Chem.1996, 35 (21), 6152-6157.

Figure 8. Stereoscopic illustration of the crystal packing of FC(O)SSC-
(O)CF3 at 198 K.
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are similar (between 2.018(4) Å in ButSSBut and 2.030 (5)
Å in CF3SSCF3). This observation was rationalized with the
anomeric effect.6,10The anomeric interaction lp(S)f σ*(S-
C) for carbon-substituted groups bonded to the disulfide bond
is similar in these compounds, leading to similar disulfide
bond lengths. Following this trend, the S-S bond length in
FC(O)SSC(O)CF3 is 2.023(3) Å.

Considering systematic differences between the geometric
parameters derived with GED and X-ray diffraction, results
obtained for FC(O)SSC(O)CF3 in both gas and crystalline
phases agree well. Quantum chemical calculations fail to
reproduce the experimental disulfide bond. The S-S bond
length is predicted too long by both B3LYP (2.084 Å) and
MP2 (2.049 Å) methods, as compared with the experimental
gas-phase value of 2.023(3) Å. As mentioned in the
Introduction, the dihedral angles in disulfides adopt values
around 90°, with the exceptions of CF3SSCF3 and ButSSBut,
whichφ(CS-SC) are 104.4(40) and 128.3(27)°, respectively.
To our knowledge, the smallest experimental angle reported
for gas-phase structures of noncyclic disulfides occurs in
FC(O)SSC(O)F (82.2(19)°). φ(CS-SC) in FC(O)SSC(O)CF3
is even slightly smaller with a value of 77.7(21)°.
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