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The IR (gas) and Raman (liquid) spectra of FC(O)NSCI, demonstrate the presence of a conformational mixture in
both phases. According to a gas electron diffraction study, the main conformer (94(8)%) possesses a syn—syn
structure (C(O)F group synperiplanar with respect to the SCl, hisector and the C=0 bond synperiplanar to the
N=S bond). Quantum chemical calculations (HF, B3LYP and MP2 with 6-31G* basis set, and MP2/6-311(2df))
predict a syn—anti structure for the second conformer. Analysis of the IR (gas) spectrum results in a contribution
of 5(1)% of the minor form, corresponding to a Gibbs free energy difference AG°® = G°(syn—anti) — G°(syn—syn)
= 1.75(15) kcal/mol. This value is reproduced very well by quantum chemical calculations, which include electron
correlation effects (AG°® = 1.28-1.56 kcal/mol). The HF approximation overestimates this energy difference (AG®
= 3.24 kcal/mol).

Introduction In this we report a structural and conformational investigation

All imidosulfurous difluorides of the type RNSF, with of FC(O)N=SC}, using vibrational spectroscopy, gas electron
R = CI! CR;2 NC2 SR;,* FC(0)5 CR:C(0)¢ and SQF’ diffraction, and quantum chemical calculations. The main

whose gas-phase structures have been determined posseggerests in this structural study are the conformational
syn conformation around the X8 bond (substituent R properties of this imidosulfurous dichloride in comparison
synperiplanar with respect to the SBisector). The only with sjmilar compound;investigated previously in our group.
imidosulfurous dichloride, CfN=SCh2 whose structure was The first synthesis of this compound was reported by Roesky

determined in the gas phase also possesses a syn structur8nd Mews: The authors characterized the compound by IR
spectra of the liquid, where they observed a single band in
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Table 1. Relative Energies and Gibbs Free Energies (kcal/mol) of
Syn—Syn, Syn-Anti, Anti—Syn, and Anti-Anti Conformers of
FC(O)N=SCh

syn—syn: _SYmantl  aniisyn:  anti—anti:

AE/IAG® AE  AG° AE AE
HF/6-31G* 0.00 351 324 4.79 8.81
B3LYP/6-31G* 0.00 149 1.28 7.85 8.63
MP2/6-31G* 0.00 1.73 1.42 7.46 8.82
MP2/6—-311(2df) 0.00 1.87 1.56 7.72

are summarized in Table 1. All methods predict the same sequence

of stability for these four conformers, sysyn > syn—anti > anti—
syn > anti—anti. The relative energies obtained with the HF
approximation, however, differ appreciably from those predicted
by methods which include electron correlation effects. According
to these latter methods it is expected that small amounts of the
syn—anti form will be observed in the experiments, in addition to
the prevailing syrsyn conformer. For these two structures the
relative Gibbs free energieSG° were calculated which allow a
direct comparison with the experiment. Structures with syn orienta-
tion around the K-S bond are predicted to poss&&ssymmetry,
those with anti orientation posse€s symmetry due to a twist
around the =S bond of about 45(anti—syn) or 23 (anti—anti)
away from theC;s structure.

Vibrational frequencies for the syrsyn and syr-anti conformers
were calculated with the B3LYP and MP2 methods and 6-31G*

basis sets. The Cartesian force constants obtained with the MP2

method were transformed to a symmetry force field, and vibrational
amplitudes were derived with the program ASYMA®II quantum
chemical calculations were performed with the program suite
GAUSSIAN 9811

Experimental Section

FC(O)NSC} was synthesized by the reaction between FC(O)-
NSF, and PC4.° The product was purified at reduced pressure by
repeated trap-to-trap distillations &80 °C.

The gas IR spectrum at 5 Torr and liquid IR spectrum were
recorded between 4000 and 400 @nfresolution 2 cm?) with a
FT-IR Perkin-Elmer Paragon 500 spectrometer (Figure 1).

Raman spectra of the liquid between 3500 and 50 dfRigure
2) were obtained using a FT Bruker IFS 66v spectrometer (spectral
resolution of 4 cm?) equipped with a Nd:YAG laser (1064 nm).
The liquid samples were handled in glass capillaries at room
temperature.

Electron diffraction intensities were recorded with a KD-G2
gasdiffraktograpt? at 25 and 50 cm nozzle-to-plate distances and
with an accelerating voltage of about 60 kV. The sample was kept
at—36 °C during the experiment, and inlet system and nozzle were
at room temperature. The photographic plates (Kodak electron
image plates 18« 13 cm) were analyzed with the usual proce-

(10) Hedberg, L.; Mills, I. M.J. Mol. Spectrosc1993 160, 117.
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Figure 1. Infrared spectrum of gaseous FC(O)NS&ti 5 Torr and room
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Figure 2. Raman spectrum of liqguid FC(O)NSCat room temperature
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Figure 3. Experimental (dots) and calculated (full line) molecular
intensities for long (above) and short (below) nozzle-to-plate distances and
residuals.
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dures!® and averaged molecular intensities in taenges 2-18
and 8-35 A-1 are shown in Figure 3s(= (47/A) sin 0/2; A is the
electron wavelength, anl is the scattering angle).
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Table 2. Experimental and Calculated Wave Numbers of the-Syyn Conformer and Tentative Assignmeénts

mode assght IR intensity Raman intensity B3LYP/6-31G* MP2/6-31G*

v1(A") (C=0) stretch 1818 s 1791 m 1880 1884
va(A") (S=N) stretch 1245 Vs 1233 w 1280 1310
v3(A") (C—F) stretch 1143 s 1116 w 1180 1197
va(A") (C—N) stretch 843 m 839 m 845 864
vs(A") (FCO) oop def 767 m 764 w 762 762
ve(A") (NCO) def 663 w 662 w 658 664
v7(A") (NCF) def 498 m 498 m 492 496
vg(A") (SCh) sym stretch 455 S 418 421
vo(A") (SCh) asym stretch 455 VS 399 408
v19(A") (SCh) wagging 320 VS 304 313
v11(A") (SCh) rocking 320 S 298 304
v1(A") (SCh) def 201 Vs 173 190
v13(A’) (SNC) def 131 s 111 118
v1a(A") (N=S) torsion 94 s 75 84
vi5(A"") (C—N) torsion 54 59

a Stretch, stretching; sym, symmetric; asym, asymmetric; def, deformation; oop, out-of-plane. The assignments correspond to the largést gontribut

the potential energy distribution derived from the calculated force field.

Vibrational Spectra

Table 2 lists the experimental IR (gas) and Raman (liquid)

wavenumbers together with calculated values. The assign-.

ment of the bands for FC(ONSCL was performed on the
basis of the observed features for the FC(&BImoiety of
the analogous difluoride derivativé.

Furthermore, calculated vibrational frequencies and in-
tensities were considered. As in the case of FCEO8%
and FC(O)N=S(F)CR,'®> the N=S and N-C modes are
strongly coupled. The strong IR signal centered at 1245 cm
is assigned to the NS stretching vibration. This vibrational
frequency decreases from 1330 ¢nin FC(O)N=SF to
1245 cn1! in the dichloride, parallel to the decreasing
electronegativity of the substituents at sulfur. This lowering
of the vibrational frequency is also in agreement with the
lengthening of the NS bond length (see below). Two
stretching modes are expected for the @ bonds. The
symmetric mode is calculated at 418/421 émand the
asymmetric one at 399/408 ci(B3LYP and MP2, respec-
tively). In the Raman spectrum only one very strong and
broad signal is observed at 455 clywhich can be assigned

to these two fundamentals. The deformation modes belonging

to the NSCJ group were assigned according to the calculated
frequencies and the potential energy distribution. In general,
the vibrations of FC(O)NSGloccur at lower wavenumbers
compared to those in the fluorinated compound, with the
exception of the N-C=0 deformation (663 cnt vs 554
cm1). Also the torsion around the NC bond is predicted

to be slightly higher in the chlorine derivative (54 cth
than in the fluorine compound (42 ci).

The G=0 vibration in the IR (gas) spectrum is split into
two bands, a weak band at 1851 ¢nand a much stronger
band at 1818 cmt. On the basis of the calculated frequen-
cies, the strong band can be assigned to the-syn form

(12) Oberhammer, HMolecular Structure by Diffraction Methogddhe
Chemical Society: London, 1976; Vol. 4, p 24.

(13) Oberhammer, H.; Gombler, W.; Willner, Bl. Mol. Struct.1981, 70,
273.

(14) Alvarez, R. M. S.; Cutin, E. H.; Romano, R.; Della Vedova, C. O.
Spectrochim. Actd996 A52 667.

(15) Trautner, F.; Clty, E. H.; Della Velova, C. O.; Mews, R.; Oberham-
mer, H.Inorg. Chem.200Q 39, 4833.

and the weak band to the syanti conformer. The calculated
splitting (Av = v(syn—anti) — v(syn—syn)= 30 and 33 cmt!
according to B3LYP and MP2 calculations, respectively)
is in excellent agreement with the experimental splitting
(Av = 33 cn1l). The absorbance ratio of the two bands
A(syn—anti)/A(anti—anti) = 0.14(1). Taking into account the
ratio of the calculated intensities (square of transition
moments) of the two bandKsyn—anti)l(syn—syn)= 2.55,
which is the mean value of B3LYP (2.38) and MP2 (2.72)
calculations, the contribution of the syanti form is 5(1)%.
The uncertainty is estimated from the uncertainties in the
absorbance ratio and in the calculated intensities. This
contribution corresponds tAG°® = 1.75(15) kcal/mol.

Furthermore, a well-defined shoulder at higher wavenum-
bers of the band assigned to the=N stretching mode at
1245 cmt, which is the strongest band in the IR spectrum,
gives evidence of the presence of a second conformer. The
experimental shift (18 cnt) is in good agreement with the
calculated (B3LYP) wavenumber difference (14 dnThe
peaks for the &0 and N=S stretches in the Raman
spectrum also clearly indicate the existence of two conform-
ers in the liquid phase. A quantitative conformational
analysis, however, is not possible, since the Raman intensities
of both vibrations are very weak (see Figure 2). Considering
the good agreement between these observed and calculated
wavenumber differences for the two conformers, it is
reasonable to assign the weak IR band at 1083'¢mthe
C—F stretch of the synanti form (Av = —60 cn1* from
experiment and-63 cnt* from B3LYP calculation). Simi-
larly, the weak peak at 801 crhin the Raman spectrum of
the liquid can be assigned to the-® stretch of the less
abundant formAv = —38 cn1! from experiment and-34
cm ! from B3LYP calculation).

Structure Analysis

The experimental radial distribution function (RDF) was
derived by Fourier transformation of the molecular intensities
using an artificial damping function of exp{s?) (y =
0.0019 A&). Calculated RDF'’s for the symsyn and syr
anti conformers are compared with the experimental curve
in Figure 4. The RDF can be reproduced satisfactorily only

Inorganic Chemistry, Vol. 42, No. 13, 2003 4073
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Figure 4. Calculated RDF's for anti and syn conformers, experimental Taple 4. Interatomic Distances and Experimental and Calculated
RDF, and difference curve. Interatomic distances for the prevailing-syn  viprational Amplitudes for FC(O)R:SCh2

syn conformer are shown by vertical bars.

amplitudes
Table 3. Experimental and Calculated Geometric Parameters for the : vt (CERY
Syn-Syn Conformer of FC(O)K-SCh? dist exptl (GED) | calcd (B3LYP)
Cc=0 1.20 0.038 0.036
GED B3LYP/6-31G* HF/6-31G* MP2/6-31G* C—F 1.35 0.044 0.044
N=S 1.519(5) 1.536 1.524 1.519 C-N 1.37 0.047 0.047
s—cl 2.064(3) 2.154 2.047 2.087 N=S 1.52 0.040 0.040
C-N 1.372(20) 1.396 1.374 1.396 s-cl 2.06 0.068(3) 11 0.062
c=0 1.203(6) 1.194 1.175 1.188 N---F 2.17 0.057 0.57
C—F 1.348(16) 1.335 1.304 1.326 O---F 2.26 0.054 0.051
C—N=S§ 122.8(17) 126.8 123.3 123.9 N---O 2.33 0.058 0.053
N—-C=0 129.4(17) 128.4 128.7 128.7 S-C 2.54 0.062 0.061
N—-C-F 105.9(10) 108.3 109.3 108.2 N-+-Cl 2.97 0.089 0.089
N=S—ClI 110.9(10) 110.9 110.7 110.6 S--0 2.98 0.108(14) 12 0.100
Cl-s—cl 98.0(7) 98.1 98.5 96.2 Cl-+Cl 3.11 0.108(14) 12 0.105
% syn—anti 5(1p 10 <1 7 O:---Cl 3.27 0.348(66) 13 0.254
AG® (kcal/mol)  1.75(15) 1.28 3.24 1.56 C---Cl 3.38 0.166 0.160
a . ) o b S-F 3.63 0.098(14) 14 0.055
Values in A and deg; uncertainties are&lues.P Value from IR (gas) Fee-Cl 4.58 0.201(28) I5 0.190

spectrum.
aValues in A; uncertainties ares3values.P Not refined.

with a syn—syn structure. The preliminary geometric pa-
rameters, which were derived from the RDF, were refined Discussion
by least-squares fitting of the molecular intensities. The
structure was constrained @ symmetry in this refinement.
Vibrational amplitudes, which caused high correlations for
geometric parameters or which were poorly determined in
the GED experiment, were set to the calculated values. Ten
geometric parameters and five vibrational amplitudes were
refined simultaneously, and the following correlation coef-
ficients had values larger thaf.6: N—C/C—F = —0.79;
N—C/CNS = —0.66; N-C/NCO = —0.62; C-F/NCO =
0.72; CNS/NCF= —0.78; CISCII1 = —0.67. The fit of the
molecular intensities improved only slightly if small amounts
of syn—anti conformer were added. The geometric param-
eters of this minor form were tied to those of the prevailing
conformer, using the calculated (MP2) differences. All vibra-
tional amplitudes were set to calculated values. The quality

of the fit was judged by the agreement factor for the inten-
' was Judg y g ! and Ip(S)y— o*(N —C) interactions for which a natural bond

sities of the long nozzle-to-plate distance (R50). Least- bital (NBO vsis of the B3LYP f . |
squares analyses with different but fixed contributions or ital ( ) analysis of the wave function results

resulted in a minimum of R50 for 6(8)% sy@nti con- in a stabilization energy of 36.0 kcal/mol. Orbital interactions
former. R50 decreased only from 4.98% to 4.95% when 6% be;yvcalenfthe erogen Iong pair and fthﬁleand Cg—o_a*
syn—anti conformer is added. The error limit was obtained orbitals favor the syn onentatlon. of the=§ an .C_O.
by the Hamilton test at 1% significance levélThe final dOF’b'e_ bonds by l'.6 kcal/mol reIa’uvg to_the ant orientation.
results are listed together with calculated values in Table 2 grf'f's d|ffere_nce 'T mtera_ctlokr: energies 1s ver)(; close t(.) the
(geometric parameters) and Table 3 (vibrational amplitudes), lfierence In total energies between sysyn and syrrantl

and a structural model of the main conformer is shown in forms (1.49 kcal/mgl from B3LYP).
Figure 5. The N=S bond in FC(O)R-SCh (1.519(5) A; Table

4) is 0.04 A longer than that in the analogous difluor-
(16) Hamilton, W.Acta Crystallogr.1965 18, 502. ide (1.479(4) Ay and within experimental uncertainties it

The prevailing conformer of FC(OXNSCL possesses a
syn—syn structure in the gas and liquid phases. The
vibrational spectra demonstrate a 5(1)% presence of a second
form, which possesses a syanti structure according to
guantum chemical calculations. The GED intensities are not
sensitive enough to determine definitely such a small
contribution of a second conformer. Due to a low barrier to
internal rotation around the-NC bond, which is calculated
to be 4.85 kcal/mol (MP2/6-31G*), only a single signal is
observed in thé®F NMR spectrunt.

The conformational properties of this compound can be
rationalized on the basis of orbital interactions between the
sulfur and nitrogen lone pairs and opposii® orbitals
(anomeric effects). The sterically unfavorable syn orientation
around the N=S bond is stabilized by Ip(N)~ 0*(S—CI)
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is equal to that in CRN=SC}, (1.513(6) A)? Substitution C—N=S angle which is calculated too large b%with the
of fluorine by chlorine in these imidosulfurous compounds hybrid method.

leads to a slight decrease of the-N=S angle (122.8(17)
vs 126.1(11)), and the N=S—CI angles (110.9(10)
are equal to the &#S—F angles (110.4(8). The C-S—ClI
angle (98.0(7) is slightly larger than the £S—F angle
(93.4(3)). If we take into account that the vibrationally
averaged experimenta), bond lengths are systematically
longer than equilibriumr¢) distances by a few thousands of
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