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Fluoroformy! trifluoroacetyl disulfide, FC(O)SSC(O)CFs, is prepared by quantitative reaction between FC(O)SCI
and CF3;C(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)
A, and the dihedral angle around this bond, ¢(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 C; 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 AH® = Hp,, o) — Hip—gp = 1.34(11) keall
mol has been determined by IR(matrix) spectroscopy. The structure of single crystal of FC(O)SSC(O)CF; was
determinate by X-ray diffraction analysis at low temperature using a miniature zone melting procedure. The crystalline
solid (monoclinic, P2,/n, a = 5.240(4)A, b = 23.319(17)A, ¢ = 6.196(4)A, B = 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 CISSCI? 85.3(37) in CH3SSCH;* 104.4(405 in CRSSCR.S

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 empdy orbitals of the opposite
*To whom correspondence should be addressed. E-mail: carlosdv@ S—X bonds®’ This effect depends strongly on the relative

quimica.unlp.edu.ar. C.0.D.V. is a member of the Carrera del Investigador energies of the two orbitals involved and can explain the
of CONICET, Republic of Argentina.
T Universidad Nacional de La Plata.

Geometric gas-phase structures of noncyclic disulfides
XSSX are characterized by a gauche conformation around
the S-S bond, with dihedral angleg(XS—SX) close to
90°: 90.76(6Y in HSSH! 87.7(4) in FSSF? 85.2(2) in
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short S-S and long SF bonds in FSSF. Disulfides with
very bulky substituents, such as 'B&BU, have dihedral
angles which are considerable larger thaf @CS—SC)

= 128.2(27)8 The smallest dihedral angle for a gaseous

disulfide has been reported for FC(O)SSC(O)F, wite S—
SC)= 82.2(19)?

Structural studies of nonsymmetrically substituted di-
sulfides of the type XSSY are less common, both experi-

Experimental Section

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

CF;,C(O)SH+ FC(O)SCl— FC(O)SSC(O)CE+ HCI

Conventional vacuum techniques were used to condense equi-

mental and theoretical data being scarce for these systemsmolar quantities (typically 2.5 mmol) of GE(O)SH and FC(O)SCI

FC(O)SSCE and FC(O)SSCEH have recently been stud-
ied in the gas phase and possess dihedral angl¢&a3—
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,FC(0O)SSCH,*° and
FC(O)SSCE!* may lead to conformational equilibria,
depending on the relative orientation of the=O double

bond and the SS single bond. The synperiplanar orientation,

with ¢(SS-C(O)) = 0°, is the prevailing form for these

into a 6 mm o. dglass 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)SCI) 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-&80, —80, and—196 °C.

Pure FC(O)SSC(O)GFwas retained as a colorless liquid in the
—80 °C trap. The yield was nearly quantitative, and apart from
HCI generated in the reaction, only minor quantities of OCS,,SiF

species. Thus, the conformational properties of acyl- and CQ were observed as byproducts in the U-trap-d96 °C.

substituted disulfides{C(0O)SS-) seems to be the same as

CRC(O)SH was synthesized by reaction of either;C@)CI

those observed for sulfenylcarbonyl compounds of the ©F (CRC(0)):0 (98% Aldrich) with hydrogen sulfide, 15 (98%

type XC(O)SY, for which the preference for the
syn conformer ¢(C(O)-SY) = 0°) has been well
established3*7

Linde, Germany), in a metal reactor according to the literature
proceduré® CRC(O)Cl was synthesized by reacting trifluoroacetic
acid with pentachlorophosphorane according to the usual method.
FC(O)SCI was synthesized by reaction of commercial CIC(O)SCI

To gain additional experimental and theoretical informa- (Aldrich 95%) with SbE by following the reported method:2°

tion about the structural and conformational behavior of acyl-

Physical Properties and Spectroscopic CharacterizatioriThe

substituted disulfides, we became interested in the study ofnew compound is a colorless liquid, with the characteristic

molecules of the type-C(O)SSC(O}-, with two carbonyl

overpowering sulfenylcarbonyl odor. The compound is stable at

groups bonded to the disulfide bond. Thus, in this study we room temperature for days in the quuiq or gaseous state. The vapor
report the synthesis and characterization of fluoroformyl Pressure of FC(O)SSC(O)gFRollows, in the temperature range

trifluoroacetyl disulfide, FC(O)SSC(O)GFAs 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 determine&

between 230 and 277 K, the equation log= 8.520-20791T (p/
mbar, T/K), and the extrapolated boiling point reaches XD4The
white solid melts at-72 °C. A similar temperature was used for
rystallization in the X-ray diffraction experiment{5(2) °C).

In the %F NMR spectrum two singlets with an intensity ratio of

by gas electron diffraction and vibrational spectroscopic ;.3 \yere observed. The more intense signal is locaterdt9 ppm,
methods (IR(gas), IR(matrix), and Raman(liquid)), supple- while the second signal appears at 41.4 ppm. The symmetric
mented by quantum chemical calculations. Furthermore, the CF,C(0)- and FC(O)-substituted disulfides £F0)SSC(O)CR!
crystal structure was determined by X-ray diffraction using and FC(O)SSC(O®? show singlets at—74.3 and 41.8 ppm,

an in situ crystallization method.

(6) Alleres, D. R.; Cooper, D. L.; Cunningham, T. P.; Gerratt, J.;
Karadakov, P. B.; Raimondi, M. Chem. Soc., Faraday TrarE995
91 (19), 33573362.

(7) Erben, M. F.; Della Vdova, C. OHelv. Chim. Acta2003 86, 2379~
2395.

(8) Oberhammer, H., Unpublished results.
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(13) Erben, M. F.; Della Véova, C. O.; Romano, R. M.; Boese, R.;
Oberhammer, H.; Willner, H.; Sala, Onorg. Chem.2002 41 (5),
1064-1071.
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2004 69 (16), 5395-5398.

(15) Shen, Q.; Krisak, R.; Hagen, K. Mol. Struct.1995 346, 13—19.
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respectively, in good agreement with the values obtained for
FC(O)SSC(O)Ck

The mass spectrum of FC(O)SSC(O}GFRows the presence of
decomposition or unwanted reaction products, evidenced by peaks
belonging to elemental sulfur, with the characteristiz 32 peak
progression. Nevertheless, the molecular ion peak was observed
as a low intensity signal atv/z 208 and several fragments of
FC(O)SSC(O)Ckwere assigned. Thus, peaksnalz values of 47
(9, COF), 69 (100, CE"), 97 (18, CRCO"), 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 bandgf = 232
nm with medium absorption cross sectiomx = 6.7 x 10~ cn¥),
which is assigned to & — xz* transition of the trifluoroacetyl
CR;C(O)S chromophore, taking into account the observed bands

(18) Minkwitz, R.; Sawatzki, JZ. Anorg. Allg. Chem1988 566, 151—
159.

(19) Haas, A.; Reinke, HAngew. Chem1967, 79 (15), 687-688.

(20) Haas, A.; Reinke, HChem. Ber1969 102 2718-2727.

(21) Rochat, W. V.; Gard, G. LJ. Org. Chem.1969 34 (12), 4173~
4176.
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Figure 2. Experimental (dots) and calculated (full line) molecular
intensities for long (above) and short (below) nozzle-to-plate distances and
0,003 | P o residuals for FC(O)SSC(O)GF
2 was mixed with an 1:1000 excess of Ar. For each experiment ca.
‘@ 0,002 1 0.6 mmol of this mixture was passed via a stainless steel capillary
g through a heated quartz nozzle, which was placed directly in front
- of the matrix support. The temperature of the matrix support was
0,001 + held at 14 K, and the nozzle temperature was adjusted at the
temperatures 20, 60, 120, 190, 260, and 380 Details of the
0,000 | " M \ .»\..J matrix apparatus have been given elsewReidatrix IR spectra
’ . . . were recorded on an IFS66v/S FT spectrometer (Bruker, Karlsruhe,
4000 3000 2000 1000 Germany) in the reflectance mode with a transfer optic. A DTGS
W 1 detector with a KBr/Ge beam splitter in the regios 4000-400
avenumber/cm 1 - .
_ - . cm~! was used. In this region 64 scans were coadded for each
Eg’é‘;sgc(g;"égous IRR = 19 mbar) and liquid Raman spectra for spectrum by means of apodized resolution of T&m

(C) Gas Electron Diffraction. Electron diffraction intensities

for CRC(O)SH (226 nm) and GE(O)SCI (236 nn®? and were recqrded with a Gasdiffraktograph. KDA82t two npzzle-

CFsC(0)SOC(0)CE (236 nm)23 Continuous increasing absorption to-plate distances (25 and 50 cm) and with an accelerqtlng voltage

at lower wavelengths could indicate the existence of an intense Of about 60 kV. The compound was kept at°G during the

absorption band below 200 nm, which could be possible due to an 8Periment, and the inlet system and gas nozzle were at room

equivalent transition in the fluorocarbonyl FC(O)S chromophore, t€mperature. The photographic plates (Kodak electron image plates

similar to those observed for the related FC(O)SSC(O)F moléeule. 13 x 18 cm) were analyzed with an Agfa Duoscan HiD scanner,
Additional evidence for the identity of FC(0)SSC(O)2fomes and total scattering |n_ten5|ty curves were obtan_ryed with the pro-

form the analysis of its IR(gas) and Raman(liquid) spectra (see 9raM SCANZ Experimental molecular |nt1epsmes for FC(O)-

Figure 1 and Table S1 in the Supporting Information). The two SSC(E)CE'H the stanges 2-18 and 8-35 A% in steps ofAs =

intense bands in the carbony! stretching region at 1849 and 1765°-2 At (s= (4712) sin 012, 1 is the electron wavelength, aifds

cmt are characteristic for the F€D and CERC=O groups,  [€ Scattering angle) are shown in Figure 2.

respectively. The strongest band in the IR(gas) spectrum centered (D) X-ray Diffraction at Low Temperature. An appropriate

at 1062 cm? is assigned to the FC(sp) stretching mode. The crystal of FC(O)SSC(O)Gfof ca. 0.3 mm diameter was obtained

characteristic disulfide stretching is observed in the Raman(liquid) " the diffractometer at a temperature of 198 K with a miniature
spectrum as an intense signal at 549-&m zone melting procedure using focused infrared laser radi&tibhe

Instrumentation. (A) General Procedure. Volatile materials ~ diffraction intensities were measured at low temperatures on a
were manipulated in a glass vacuum line equipped with two Nicolet R3m/V four-circle diffractometer. Intensities were collected

capacitance pressure gauges (221 AHS-1000 and 221 AHS-1O,With g_raphite-monocromatizeql Mod(radiat?c_)n using thev-scan
MKS Baratron, Burlington, MA) and three U-traps and valves with technique. The crystallographic data, conditions, and some features
PTFE stems (Young, London, U.K.). The vacuum line was of the structure are listed in Table S3 (Supporting Information).
connected to an IR cell (optical path length 200 mm, Si windows The stru_cture was solved by Pattersor_1 syntheses and refined by
0.5 mm thick) contained in the sample compartment of an FTIR fuII-matm; least-squares methods &n with the SHELXTL-Plus
instrument (Impact 400D, Nicolet, Madison, WI). This allowed us prograny? Absorptlon correcyon de_talls are given elsewhere. AII'
to observe the purification processes and to follow the course of 20MS were assigned to anisotropic thermal parameters. Atomic

the reactions. The pure compound was stored in flame-sealed glas§0rdinates and equivalent isotropic displacement coefficients are
ampules under liquid nitrogen in a long-term Dewar vessel. The 9iven in Table S4, and anisotropic displacement paramete?)10

ampules were opened with an ampule key on the vacuum line, an
appropriated amount was taken out for the experiments, and then

(25) Schrigkel, H.; Willner, H. Matrix-isolated moleculesvVCH: Wein-
heim, Germany, 1994; p 297.

they were flame-sealed agéih. (26) Oberhammer, HMolecular Structure by Diffraction Methoddhe
(B) Matrix Spectroscopy. In a stainless steel vacuum line (1.1 Chemical Society: London, 1976; Vol 4, p 24. '
L volume), a small amount of FC(0)SSC(O)f€a. 0.05 mmol)  (27) R’*ﬁi‘ggn)'f- G.; Vilkov, L. V.Instrum. Exp. Tech2002 45, 27 (in
(28) Boese, R.; Nussbaumer, M. [Rorrelations, Transformations and
(22) Sheppard, W. A.; Muetterties, E. I..Org. Chem196Q 25 (2), 180- Interactions in Organic Crystal Chemistryones, D. W., Katrusiak,
182. A., Eds.; Oxford University: Oxford, U.K., 1994; Vol 7, p 20.
(23) Ulic, S. E.; Della Védova, C. O.; Hermann, A.; Mack, H. G.; (29) SHELTX-Plus Version SGI IRIS Indigo, a Complex Software Package
Oberhammer, Hlnorg. Chem.2002 41 (22), 5699-5705. for Sobing, Refining and Displaying Crystal StrucutreSiemens:
(24) Gombler, W.; Willner, HJ. Phys. E1987 20 (10), 1286-1288. Germany, 1991.
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Chart 1. Schematic Representation of the Conformers of
FC(O)SSC(O)CkF

(0] 0O CF; [¢) CF

Nes ! O\\c—s N ) s 3
% a i C - C

A "0 A S NN N N
(sp-sp) (ap-sp) (sp-ap) (ap-ap)

for FC(O)SSC(O)Ckare 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 crhin the range 4000400 cn1t

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

301, Libeck, Germany).

(F) NMR Spectroscopy.For the®F NMR measurements, neat

1 11
10} FCOSSCOCF3 L10
9] Lo
8] L8

z 7 MP2/6-31G* -7

g o] L6

g 51 L5

s 4 B3LYP/6-31G* "4

5 o] 3

g 2] 2
1] [ 1
0] Lo

0 60 120 180 240 300 360

¢ (C-8-8-C)

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

Table 1. Calculated Relative Energies, Free Energies (kcal/mol), and
Vibrational Frequencies of €0 Stretches (cm') with IR Intensities

samples were flame-sealed in thin-walled 3 mm o.d. tubes and (km/mol) in Parentheses for FC(O)SSC(O}CF

placed into 5 mm NMR tubes. The spectra were recorded with a
Brucker Avance DRX-300 spectrometer operating at 282.41 MHz.

orientation method AE AG° v(FC=0) »(CRC=0)

The sample was measured at room temperature using a mixture of (SPsP} ~ B3LYP/6-31G* ~ 0.00 0.00 1921(254) 1849 (212)

CDs;CN and CF( as an external lock and reference.

(G) UV—Visible Spectroscopy UV —visible spectra of gaseous

B3LYP/6-31H-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)

samples were recorded using a glass cell (optical path length of 10 B3LYP/6-311-G* 1.34 1.17 1875(464) 1826 (254)

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 ef 200

600 nm.

(H) Theoretical Calculations. All quantum chemical calcula-
tions were performed with the GAUSSIANO3 program pack¥ge.
Vibrational amplitudes were derived from calculated (B3LYP/6-

31G*) force fields with the method of Sipach&\2?

Quantum Chemical Calculations

Several conformations are in principle feasible for
FC(O)SSC(O)CE depending on the torsional angle around

the S-S bond and on the orientation of the=© bonds of

the FC(O) and C¥(O) groups. Each of them can be
synperiplanar (sp) or antiperiplanar (ap) relative to thesS
bond. This leads to four possible conformers, (sp-sp), (ap-

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/6-31H-G* 3.14 3.72 1900 (312) 1813 (314)
MP2/6-31G* 469 526 1900(190) 1762 (170)
(ap-ap) B3LYP/6-31G*  4.15 4.76 1902(328) 1834 (307)
B3LYP/6-31H-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 C4§£(O) group.

In a first step the potential function for internal rotation
around the SS bond was derived by structure optimi-
zations of the (sp-sp) conformer at fixed dihedral angles
¢(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

sp), (sp-ap), and (ap-ap) (the first orientation refers to the functions possess rather flat maxima in the region of trans

FC(O) group, and the second, to theCFO) group; see

Chart 1).

(30) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyeyv,
O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P.
Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J.
B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; Pople, J. Saussian 03revision
B.04; Gaussian, Inc.: Pittsburgh, PA, 2003.

(31) Sipachev, V. AJ. Mol. Struct. (THEOCHEM}985 121, 143-151.
(32) Sipachev, V. A. InAdvances in Molecular Structure Research

Hargittai, I., Hargittai, M., Eds.; JAI Press: New York, 1999; Vol 4,
p 24.

C—S—S—C skeleton with imaginary frequencies@iCS—

SC) = 18C°. The geometries of the four conformers were
fully optimized including frequency calculations with the
B3LYP method (6-31G* and 6-31#G*) method and the
MP2 approximation using 6-31G* basis sets. Predicted
relative energiesAE, free energiesAG®, and vibrational
frequencies of the €0 stretches with their strengths are
collected in Table 1. For the lowest energy form botk@
bonds adopt an sp orientation with respect to th&&®ond.

The second most stable conformer possesses an ap orientation
of the FC(O) group. Structures with ap orientation of
the CRC(O) group are considerably higher in energy
(AG® 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)&FThe geometric
parameters are listed together with experimental values (see
Table 2).

Inorganic Chemistry, Vol. 44, No. 20, 2005 7073
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0,5

Vibrational Spectra

The IR(gas) and Raman(liquid) spectra of FC(O)SSC-
(O)CF; 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 8
modes is based on the calculated displacement vectors for‘g“
the fundamentals, as well as on comparison with spectra of§
related molecules, especially FC(O)SX £XCl,2 SC(O)F*?
CH3*% and CRC(O)SY (Y = H, CI).3> Experimental and
calculated (B3LYP/6-311G*) frequencies and their assign-
ments are given as Supporting Information (Table S1).

In the region of the €0 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=Q
stretching range. Figure 4 shows such spectra that were
recorded using different temperatures of the spray-on nozzle
for the FC(O)SSC(O)CH#Ar mixtures.

On the basis of the calculated frequencies (Table 1), the
highest frequency at 1840 cris assigned to the FEO
group in the (sp-sp) conformer. The low intensity intermedi-
ate band at 1819 cm belongs to the same group in the (ap-
sp) form. The calculated difference (B3LYP/6-31G*) for
this mode ¢(FC=0), Table 1) between (sp-sp) and (ap-sp)
forms is 24 cm?, in good agreement with the experimentally
observed value of 21 cm. 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)g€onformers. 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 gE=O0 stretching modes  Figure 4. IR spectra in the carbonyl stretching region for FC(O)SSC-
in both conformers are assigned to the band at 1758:cm  (O)C S0iled b A natibes ot 14 K usng dferent nozze depositon
The predicted difference between these twe@stretches  unidentified decomposition product.
is 2 cnt! (B3LYP and MP2).

Conformational equilibrium was also noticed in the bonds, two pairs of bands are suitable to study the confor-
F—C(O) stretching region, evidenced by the presence of two mational distribution: (i) the €O stretching bands; (ii) the
bands. An intense band located at 1054 tmas assigned  F—C(sp) stretching bands. The area ratios of the carbonyl
to the main (sp-sp) conformer, while a second band at 1085stretching bands belonging to both conformers are determi-
cm ! (with low intensity) increases in intensity with increas- nate and plotted on a logarithmic scale as a function of the
ing temperature of the matrix gas mixtures prior to matrix reciprocal absolute temperature. These ratio values cor-
deposition. This band is assigned to tHE€(sp)—F) mode respond closely to the concentration ratios of the two
of the less stable (ap-sp) form. From quantum chemical conformers. Such a van't Hoff plot fa(FC=0) (1819/1840
calculations, other fundamental modes in (sp-sp) and (ap-cm™) is shown in Figure 5. A value of standard enthalpy
sp) conformers differ by less than 2 chand are not  differenceAH® = 1.34(11) kcal/mol was derived for the (sp-
expected to be observed in either IR(gas) or IR(matrix) sp) <> (ap-sp) conformational equilibrium in FC(O)SSC-
experiments. (O)CFRs. With the calculated (B3LYP/6-31G*) entropy

Because the synperiplanar/antiperiplanar conformational difference for both conformer&\& = 0.67 cal/K mol), the
change in the fluoroformyl group involves significant varia- standard free energy differena&@°® = 1.14(15) kcal mot)
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tions in the bond strengths of both=O© and C(sp—F

(33) Della Valova, C. O.; Jubert, A.; Piro, O. E.; Varetti, E. L.; Aymonino,
P. J.J. Fluorine Chem1982 21 (1), 90.

(34) Della Velova, C. O.J. Raman Spectros@989 20, 483-488.

(35) Ulic, S. E.; Gobbato, K. I.; Della Wova, C. OJ. Mol. Struct.1997,
407, 171-175.
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is obtained.

Gas Electron Diffraction

The experimental radial distribution function (RDF) was
derived by Fourier transformation of the molecular intensi-
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Figure 5. Van't Hoff plot using the ratios of integrated band areas
(IR(matrix)) of carbonyl stretching modes (1819/1840¢épobtained after
guenching the rotamer equilibria of (sp-sp) and (ap-sp) forms of FC(O)-
SSC(O)Ck at different deposition nozzle temperatures.

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

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

B3LYP
param GEDB X-ray 6-31G* 6-31%#G* MP2/6-31G*
S1-S2 2.023(3) p 2.017(2) 2.073 2.084 2.049
S1-C1 1.776(3) p. 1.756(4) 1.798 1.794 1.778
S2-C3 1.799(3) p, 1.773(5) 1.820 1.816 1.791
Cc1-C2 1.544(7) ps 1.526(6) 1.550 1.553 1.537
C1=01 1.190(3) ps 1.190(5) 1.197 1.190 1.215
C3=02 1.178(3) ps 1.149(5) 1.185 1.176 1.194
(C2=F)nean  1.329(2) ps 1.308(5) 1.340 1.335 1.343
C3-F4 1.338(2) ps 1.334(5) 1.345 1.353 1.354
S2-S1-C1  99.0(8) ps 99.32) 99.9 99.9 98.2
S1-S2-C3 100.2(8) ps 100.6(2) 101.0 100.7 99.5
S1-C1=01 1255(5) p; 127.1(3) 125.9 126.3 125.9
6 1+ 2 3 4 5 6 7 S2-C3=02 129.6() p; 130.7(4) 129.9  130.4 129.7
RA S1-C1-C2  115.8(15) ps 112.1(3) 112.7 112.7 113.6
Figure 6. Experimental and calculated radial distribution functions for (F—C2—F)pean 108.2(3) ps 108.5(4) 108.8 108.7 108.7
FC(O)SSC(O)CE Important interatomic distances of the (sp-sp) conformer S2-C3-F4 104.5(4) pio 107.6(3) 106.2 106.2 106.5
are indicated by vertical bars. ¢(SSC(01)) —5.9c pu —6.1(4) -5.9 —5.2 -5.9
#(SSC(02)) —2.¢¢ p2 8.0(5) -2.6 -2.6 -2.5
: ; ; ; ; #(CSSC) 77.7(21) 77.7(2) 779 82.1 71.0
ties. The experimental RDF is shown in Figure 6, and T (CRy? 47.4(46) 32.9) 494 499 5.0

molecular models of the two possible conformers with atom
numbering are shown in Figure 7.

ar, values in A and deg. Error limits in parentheses arev8lues and
refer to the last 1 digit. See Figure 7 for atom numberfpifference to

Comparison between this curve and RDF’s calculated for previous parameter fixed to calculated (B3LYP) valtbot refined.
the (sp-sp) and (ap-sp) conformers (Figure 6) reveals thatNegative value implies shortening of the ©D2 distance? Torsional angle

for CRs group; forr = 0° the C2-F1 bond eclipses the €402 bond.

the experimental curve is reproduced better by the RDF for
the (sp-sp) form. Both calculated curves differ appreciably groups, between the -5—C angles, and between the
in the range 2.3< r < 3.2 A. These differences are due to S—C=0 angles set to calculated values; (4) differences
changes in the SC=02 and S-C—F4 angles when the  between geometric parameters of the two conformers con-
FC(O) group is rotated from sp to ap orientation (see Figure strained to the B3LYP values; (5) vibrational amplitudes

7 for atom numbering). Upon this rotation the-6=02
angles decreases by about &nd the S C—F4 angles

collected in groups according to their calculate values.
Amplitudes that caused either large correlations or were

increases by about the same amount. In the least-squarepoorly determined in the GED experiment were not refined.
analysis of a mixture of (sp-ap) and (ap-ap) conformers, only With these assumptions 12 geometric parameters.)
the geometric parameters of the prevailing (sp-sp) form were and 12 vibrational amplitudes;{I;,) were refined simul-

refined.

taneously. The following correlation coefficients had absolute

The following assumptions were made on the basis of values larger than 0.7pg/p:1> = —0.74; pg/la = 0.82; pg/l12

quantum chemical calculations (B3LYP/6-31G*): (1) pla-
narity of the fluoroformyl and trifluoroacetyl group with the
torsional angles around the-€ bonds $(SS-C0O1) and
¢(SS-CO2)) constrained to calculated values; (2},
symmetry of the Ck-group; (3) differences between the two
C=0 bonds, between the-& bonds in the FC(O) and GF

= —0.71; 1411, = —0.79. The best fit was obtained for a
contribution of 16(11)% of the (ap-sp) conformer, corre-
sponding toAG°® = 1.0(5) kcal/mol. The error limit was
obtained from the tables of Hamilton for a 99.5% confidence
limit.%® The final geometric parameters of the main conformer
are listed together with the solid-state structure and with

Inorganic Chemistry, Vol. 44, No. 20, 2005 7075



Figure 8. Stereoscopic illustration of the crystal packing of FC(O)SSC-
(O)CFs at 198 K.

calculated values in Table 2, and vibrational amplitudes are
given in Table S2 (Supporting Information).

Crystal Structure

FC(O)SSC(O)CEF crystallize in the monoclinic crystal
system P2,/n spatial group) with unit cell dimensions af
=5.240(4) Ab=23.319(17) Ac =6.196(4) Ao =y =
90°, B = 113.14(3), and Z = 4 (for all of the whole

Erben et al.

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-9 close contact?

In FC(O)SSC(O)CE; there are two 1,4 -0 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 1,4-80 distances are
labeled as S4-02 and S2--04. The values for these
distances are 3.048 and 3.046 A for-8@2 and S2-04,
respectively. Thep(SS-C(O)) dihedral angles around the
corresponding €S bonds show values 6f8.0 and 6.3,
respectively. This nearly planar sp conformation favors
electronic delocalization of the nonbondadelectrons 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 €S bond was establishéé'’” In the case of
disulfides (Y correspond to anSR group), the preferred
mutual orientation of the €0 bond and the SS simple
bond is also synperiplanaf.** Furthermore, it has been

crystallographic data and treatment information, see Table €stablished experimentally that the antiperiplanar conforma-

S3 in the Supporting Information). The crystal packing as
viewed along théc plane is shown in Figure 8. It consist
of alternating layers of molecules oriented along ahexis
forming an arrangement such that{£snd FC(O) groups of

tion appears as a second stable form with appreciable
contribution at room temperature, when X is a fluorine
atom?124041EC(0)SSC(O)CEseems to be a suitable species
for studying the transferability of conformational proper-

different layers are face to face, separated by nonbondedties between carbonylsulfenyl and disulfide compounds.
CFs+-S and C(O)F-S distances of 3.107 and 3.148 A, According to vibrational spectroscopy and GED, FC(O)SSC-
respectively. The shortest nonbonded contacts inside eacHO)CFs exists in the gas phase at room temperature as a

layer are related to FC(®)YC(O)CFk and FC(0)--CK;
interactions, with distances of 3.037 and 3.217 A, respec-
tively.

Only the (sp-sp) conformer is observed in a single crystal
of FC(O)SSC(O)CFk at 198 K, with gauche orientation
around the SS bond. Thep(CS—SC) dihedral angle is
exactly equal to that obtained in the gas pha{€5—SC)
= 77.7(2F). Whereas the torsion angle for the £ffoup in
gaseous phase is 47{5a 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)@E an isolated
free molecule agree with the value obtained in the GED
experiments.

The investigations of short nonbonded intramolecular 1,4

mixture of two conformers, depending on the relative
orientation of the FC(O) group and the-S single bond
with the (sp-sp) conformer being the prevailing form. From
IR(matrix) spectra of Ar/FC(O)SSC(O)ghixtures 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 eneigy’
derived from the IR(matrix) experiments (1.14(15) kcal/mol)
is reproduced correctly by the B3LYP/6-3tG* 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
CF;C=0 double bond and the-S5 single bond. This result

is in agreement with the conformational behavior displayed

S-+0 contacts have attracted great attention because in thédy other species containing the LKO)S moiety:*3>42

crystal structures of 1,4-SO containing compounds the
S--O distances lie in the range 2:73.16 A3 This distance

is shorter than the sum of the sulfur and oxygen van der
Waals radii (3.3 AP® The presence of such short-®

(36) Hamilton, W. C.Acta Crystallogr.1965 18, 502.

(37) Burling, F. T.; Goldstein, B. MActa Crystallogr.1993 B49, 738—
744.

(38) Bondi, A.J. Phys. Chem1964 68 (3), 441-451.
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In all disulfides XSSX substituted with carbon-containing
groups (X= FC(0), Ck, CHs, BW), the S-S bond lengths

(39) Burling, F. T.; Goldstein, B. MJ. Am. Chem. Sod992 114 (7),
2313-2320.

(40) Della Vadova, C. O.Spectrochim. Actd991, 47A(11), 1619-1626.

(41) Mack, H.-G.; Oberhammer, H.; Della’ ¥eva, C. OJ. Phys. Chem.
1991 95 (11), 4238-4241.

(42) Gobbato, K. I.; Della Vdova, C. O.; Mack, H. G.; Oberhammer, H.
Inorg. Chem.1996 35 (21), 6152-6157.
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anomeric effect:’° The anomeric interaction Ip(Sy o*(S— Awards (PROALAR) and the DAAD Regional Program of
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Introduction, the dihedral angles in disulfides adopt values
around 90, with the exceptions of GISSCFEF and BUSSBU,
which ¢(CS—SC) are 104.4(40) and 128.3(2,/jespectively.

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) ¢(CS—SC) in FC(O)SSC(0O)GF

is even slightly smaller with a value of 77.7(21)

Supporting Information Available: X-ray crystallographic data
in CIF format, observed and calculated vibrational data, interatomic
distances, experimental and calculated vibrational amplitudes for
the gauche (sp-sp) conformer, crystal data and structure refinement
details, atomic coordinates and equivalent isotropic displacement
parameters, and anisotropic displacement parameters. This material
is available free of charge via the Internet at http://pubs.acs.org.
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