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The molecular structure and conformational properties of ((trifluoroacetyl)imido)(trifluoromethyl)sulfur fluoride,
CRC(O)N=S(F)CR, were determined by gas electron diffraction (GED) and vibrational spectroscopy
(IR (gas) and Raman (liquid)). Furthermore, quantum chemical calculations (HF, MP2, and B3LYP with
6-31G* basis sets) were performed. The vibrational spectra were assigned by comparison with related molecules
and calculated (HF and B3LYP) frequencies and intensities. According to the GED analysis the main conformer
(90(6)%) possesses an ansiyn structure with anti orientation of theNC bond relative to the FS—CkK;
bisector and syn orientation of the=®© bond relative to the &S bond. The second conformer (10(6)%)
possesses a syisyn structure. The experimental Gibbs free energy differene® (= 1.3(4) kcal/mol) is
reproduced correctly by the two quantum chemical methods (1.35 kcal/mol from MP2 and 1.04 kcal/mol
from B3LYP). The conformational properties of this compound are in contrast to those of imidosulfurous
difluorides, RNSE, and dichlorides, R&SCh, for which only syn structures around thed$ double bond

were observed.

Introduction CHART 1

All imidosulfurous difluorides of the type RNSF, with ‘ ' R\ '
R = Cl,! CR,23 NC,* FC(0)> CRC(0)f and FSQ7 as well s N
as imidosulfurous dichlorides with R= CR;8 and FC(OY / //I""‘X ‘ xx
possess syn conformation around the=$l double bond (see R X X
Chart 1). Although the anti form appears to be sterically more
favorable, quantum chemical calculations predict its energy to
be higher by about 510 kcal/mol than that of the syn CHART 2
conformer. These predicted relative energies depend on the Ne==$ N=—S§
substituent R and on the computational method. Natural bond 7 Ny, e N,
orbital (NBO) analyses reveal that the syn form is stabilized F3C_C\ F F
by orbital interactions (anomeric effects) between the lone pairs 0 CF3
of nitrogen and sulfur with the antiperiplanar or anticlinal syn-syn syn-anti
orbitals: Ip(S)— o*(N—R) and Ip(N)— o*(S—X). The only o CF
exception observed so far is FC(GH$(F)CF (1).1° For this Y VAR
compound the gas electron diffraction (GED) analysis resulted F3C'—C\ O=C\
in a mixture of anti (79(12)%) and syn (21(12)%) conformers NZS-',,,,// N"-S-.,,,///
(AG°(syn — anti) = 0.79(36) kcal/mol), with relative syn \F CFs e,
orientation of the &0 and N=S bonds in both conformers.
This result was reproduced qualitatively by quantum chemical
calculations including electron correlation, which predict energy
differences of 0.28 (B3LYP/6-31G*) and 0.64 (MP2/6-31G*)
kcal/mol. The energy difference is overestimated by the HF/
6-31G* method (2.41 kcal/mol). In the present study we report
the determination of the geometric structure and conformational

syn anti

anti-syn anti-anti

properties of CEC(O)N=S(F)CF; (2), using vibrational spec-
troscopy, GED, and quantum chemical calculations.
Quantum Chemical Calculations

Structure optimizations fo2 were performed for the four
*To whom correspondence should be addressed. E-mail: possible conformations shown in Chart 2, using HF and MP2

heﬂ”ﬁﬁggg@?%‘iﬁ?‘é’:}i't“ebinge”-de- approximations and the B3LYP hybrid method with 6-31G*
* Universidad Nacgionél de Tucuma basis sets. The relative energies of the four conformers derived
8 Universidad Nacional de La Plata. with the two latter methods are listed in Table 1. The relative
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TABLE 1: Calculated Relative Energies and Gibbs Free TABLE 2: Assignments of Fundamental Modes and
Energies (kcal/mol) for the Various Conformers of Experimental and Calculated Wave Numbers for
CF;C(O)N=S(F)CF, CF;C(O)N=SFCF,
B3LYP/6-31G* MP2/6-31G* approximate HF/6-31G* B3LYP/6-31G*
AE AG® AE AG® mode  descriptiod IR Raman (cm) (cm™)
Syn—syn 0.66 1.04 0.97 135 vy C=O0 stretch 1737 1721 1803 1789
syn—anti 4.63 487 433 457 v, C—C stretch 1347 1353 1395 1358
anti—syn 0.00 0.00 0.00 0.00 vz CRsasym stretch 1306 1317 1300
anti-anti 4.89 4'99 5'71 5.81 vs  CRzasym stretch 1286 1289 1272
' ’ ’ ’ vs CRzasym stretch 1258 1254 1287 1264
. . . ve CRsasym stretch 1237 1220 1241 1215
Gibbs free energies were calculated only with the B3LYP 1; CRsymstretch 1186 1186 1198 1175
method. The correction betweexE and AG® obtained with vg CRysymstretch 1123 1108 1150 1133
this method was applied also for the MP2 results. To ensure Ve N=S stretch 988 975 984
that the four conformations correspond to minima on the energy 1 C—N stretch 847 849 870 866
h ¢ ibrati | f . lculated with the "™ CC(O) oop def 787 799 781
ypersur ace,*w rational frequencies were calculated with the |, ° cr'sym def 770 768 781 765
B3LYP/6-31G methoq. No imaginary fre_quenues were ob- .. CR sym def 737 734 773 735
served. Both computational methods predict the same sequencev,, SF stretch 715 714 725 714
in relative stability of the four conformers, antsyn > syn— vis Chasym def 592 590 581 584
syn > syn—anti > anti—anti, with the two latter forms much vig Chsasym ge}c 563 563 54526 54542
higher in energy than the two former conformers. Vibrational "’ CRsasym de > >
; . vig CRzasym def 524 525 514 516
amplitudes of the two low-energy forms angyn and 5% vie S—C stretch 472 472 482 464
syn were calculated from unscaled theoretical force fields v,, CSF wagging 444 443 436
(B3LYP). All vibrational frequencies obtained with the HF ~ v22  CC(O) def 416 409 405
method, except those for torsional vibrations, were scaled with 22 gSF tW'St'ng gﬁ ggg gié
a factor of 0.9. Quantum chemical calculations were performed "2 CF3 asym def 31 303
i itd, and vibrational vas CRsasym de
with the GAUSSIAN 98 program suit€, an vas CFsasym def 249 243 235
amplitudes were calculated with the program ASYM40. v CRsasym def 228 222 211
vl Cstder 76 170 163
Vibrational Spectra Vas €
v29 CNS def 115 105 101
The observed wavenumbers, approximate descriptions of ¥so N=Storsion 82 63 65
fundamental modes, and calculated wavenumbers are collected V3t N~ C torsion 62 59
in Table 2. F hi | | o | d f vz, SCRtorsion 39 34
in Table 2. For this moleculeNs — 6 = 33 normal modes o vss CCEs torsion 17 29
vibration are expected, but only 29 are observed in the spectra. . B o . .
The main conformer belongs to th&; class of symmetry. stretch= stretching; def= deformation; asym= asymmetric;

— e S b .
Observed bands in IR and Raman spectra were assigned to th&YM = symmetric; oop= out of-plane.” Scaled with 0.90.

normal modes by comparison with vibrational spectra of related deformation was assigned to the band appearing in the Raman
molecules FC(O)NS(F)CR,'* CRC(O)N=SF,,° CRC(0)- spectrum at 416 crm. The feature corresponding to the out-
NCO! FC(O)N=SR,'> CISON=SR,'® CFSONs" and of-plane deformation band was observed at 787 in the
CRSONCO,*® as well as with the evaluation of characteristic Raman spectrum. On the basis of theoretical calculations, the
wavenumbers, and taking into account the normal coordinate torsion mode of this group is expected below 120&nand it

analysis and quantum chemical calculations. was not observed in our spectra.
A characteristic and strong band centered at 17371dm The feature observed at 847 chin IR spectra and 849 cm
the IR spectrum of the vapor phase and at 172I'cim the in Raman spectra was assigned to theNCstretching funda-

Raman spectrum of the liquid can be assigned to t/eOC  mental mode, a position that can be compared with the same
fundamental mode. This band in the IR (gas) spectrum possessegode in FC(O)N=S(F)CR 13 (854 cnTl), CRC(O)N=SF, ©

a slight shoulder to higher wavenumbers. The B3LYP method (855 cm?), and FC(O)N=SF!° (859 cntl). The N=S
predicts a splitting of the €0 vibration in the two low-energy  stretching mode can be assigned to the band centered at
forms of 17 cm? (1789 cnvt in anti-syn and 1806 crt in 988 cnt! in the Raman spectrum. The feature corresponding

syn—syn) and similar intensities for both vibrations. The splitting to CNS deformation can be observed in the Raman spectrum
is small since the orientations of the=© bond relative to the at 115 cn1l.

N=S bond are equal in both conformers. The predictesOC By comparison with the observed behavior in FC(&)N
vibrations for the two high-energy conformers, syanti (1834 SFCR,13 the CSF entity in CEC(O)N=S(F)CR; presents two
cm) and anti-anti (1829 cm?), are shifted by 40 crt or stretching modes and three deformation modes: the= S

more. Thus, the observation of a shoulder to higher wave- stretching at 715 and 714 cthin IR and Raman spectra,
numbers indicates the presence of a small amount of the syn respectively, and the-SC stretching fundamental mode at 472
syn form, with the antrsyn conformer being the prevailing cm in both spectra. The CSF deformation can be related to
contribution. The IR (gas) spectra, however, do not provide a the Raman band appearing at 176 énwhile the wagging and

qualitative value for the conformational composition. the twisting can be assigned to the features appearing in the
The band appearing at 1347 chin the IR spectra and at  Raman spectra at 444 and 349 direspectively.
1353 cnt! in the Raman spectra can be assigned to the€C A total of six C—F stretching vibrations, two asymmetric and

stretching fundamental mode by comparison with the value one symmetric for each GFyroup, are expected, all of them
found in CRC(O)N=SF..% Four deformations are expected for possessing high IR and weak Raman intensities. The asymmetric
the CCO group: the rocking mode can be observed in the modes are assigned to the features centered at 1306, 1286, 1254,
Raman spectrum at 202 ci while the other symmetric  and 1220 cm! in the Raman spectrum, and the symmetric
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Figure 1. Calculated RDFs for synsyn and ant-syn conformers
along with the experimental RDF curve. The difference curve refers to
a mixture of 90% antisyn and 10% synasyn. Important interatomic
distances of the antisyn conformer are indicated by vertical bars. A
full list of all distances is given in Table 4.

Hermann et al.

TABLE 3: Experimental and Calculated Geometric
Parameters for the Anti—Syn Conformer of
CF3C(O)N=S(F)CF; 2

modes were assigned to the bands that appear at 1186 and 112§(S=N_C_C)

cm~tin the IR spectrum and to the peaks observed at 1186 and ¢(N=S—C—F5)

1108 cnttin the Raman spectrum. The two £ffoups possess
10 deformations (two symmetric and eight asymmetric) and two

MP2/  B3LYP/
GED? 6-31G*¢ 6-31G*¢
C=0 1.200(8) pl 1.223 1.214
(C—F)mean 1.323(3) p2  1.339 1.335
ACF= (C2-F)— (C3-F) o0.017 0.011 0.014
C2-F 1.329(3) 1.344 1.342
C3-F 1.318(3) 1.333 1.328
c-C 1.533(10) p3 1.534 1.548
N-C 1.3924 1.402 1.393
N=S 1.554(8) p4 1.569 1.577
S-F 1.604(6) p5 1.662 1.659
S-C 1.853(7) p6 1.842 1.874
C—N=S 111.2(11) p7 1110 112.4
N—C=0 129.6(13) p8 1275 127.5
N—-C-C 110.6 110.6 1111
F—C2-F 108.4(2) p9 108.7 108.7
—C3-F 109.7(2) 109.7 109.0
tilt (C3F3)9 2.5 25 2.9
N=S—F 112.6 112.6 111.7
=S—C 98.2(19) pl0 97.1 97.5
F-S-C 94.8(20) 90.8 92.0
¢(C—N=S—C) —163.5(44) pll —168.6 —168.6
(C—N=S—F) 97.8(38) pl2 975 96.2
-19.8! —-19.8 -16.6
186.3 186.5 189.2
AG° (kcal/mol) 1.32(37) 1.35 1.04
% anti—syn 90(6) 90 85

torsions. The symmetric deformation modes are assigned to the aDistances in angstroms; angles in degrees. For atom numbering,

bands appearing at 770 and 737@érn the IR spectrum (768
and 734 cm? in the Raman spectrum), and the asymmetric

deformation fundamental modes to the IR bands at 592, 563,

and 524 cm? and the Raman peaks at 311, 249, and 228cm
The remaining two could not be observed in our spectrum, but

see Figure 2°r, values. Parameters pp12 were refined in the least-
squares analysis; error limits are 8alues.© Mean values are given
for the parameters, which are not unigd&lot refined.® The value
was chosen by comparison with the corresponding value in FGEO)N
S(F)CF; (see the text)' The difference between the<C—F and the
S—C—F angles was fixed to the calculated value (MP2Jilt angle

according to the calculations are expected to appear at 542 antetween theC; axis and the SC bond, away from the SF bond.

311 cntl. The two torsion fundamental modes could not be

observed in the spectra, but they are expected to appear belowefined due to high correlations with other bond distances, was

40 cntl. This assignment was made by comparison with the
reported values for FC(OWNSFCR,'® CRC(O)N=SF,,5 and
CRC(O)NCO A signal appearing at 82 cm in the Raman
spectrum was assigned to the=S skeletal torsion.

Structure Analysis

The experimental radial distribution function (RDF) was
calculated by Fourier transformation of the molecular intensities.
This curve (see Figure 1) can be fitted satisfactorily only with
an anti-syn structure. The fit is improved slightly if a small
amount of the syasyn conformer is added. The calculated
RDFs for these two conformers are shown in Figure 1. A
preliminary molecular model, which was derived from the
experimental RDF, was refined by least-squares fitting of the
molecular intensities. The following assumptions, which are

set to 1.392 A. This value was chosen on the basis of the
experimental bond length in FC(O36(F)CF3 (1.391(8) A)
and the calculated values in both compounds (1.402 and 1.401
A, respectively). (3) The bond anglesXC—C and N=S—F
were fixed to the MP2 values. (4) The calculated torsional angle
of the trifluoroacetyl group around the-NC bond ¢(S=N—
C—C)) was used in the refinement. (5) Vibrational amplitudes,
which either caused large correlations with geometric parameters
or were badly determined in the GED experiment, were set to
the calculated amplitudes (B3LYP). (6) Bond lengths and bond
angles of the minor synsyn conformer were tied to those of
the prevailing anti-syn form, using the calculated differences.
Dihedral angles were set to calculated values. Calculated
amplitudes were used for this conformer. With these assump-
tions 12 geometric parameters (pl to p12) and 11 vibrational

based on MP2 results for geometric parameters and on B3LYPamplitudes (11 to 111) were refined simultaneously. The fol-
results for vibrational amplitudes, were made in the least-squareslowing correlation coefficients had values larger thang:

analysis: (1) Both Cggroups were constrained ©z, sym-
metry, and the differences between thefEbond lengths and
F—C—F angles in both groups were fixed to the calculated
values. One €F bond of the C-bonded Ggroup was assumed
to eclipse the €0 bond, and the calculated torsional angle of
the S-bonded GFgroup ¢p(N=S—C—Fs)) was used. Further-
more, the tilt angle between tt@; axis of the Ck group and
the S-C bond direction was set to the calculated result. This
tilt occurs away from the SF bond. No tilt angle was
introduced for the C-bonded @group in accordance with the
quantum chemical calculations (tilt 0.4MP2) and 0.1
(B3LYP)). (2) The N-C bond length, which could not be

p2/p9 = 0.68, p3/p4= —0.60, p4/p5= —0.61, pl0/pll=
—0.65, p10/p12= 0.69, pll/p12= —0.92, p12/I6= 0.70.
Possible systematic errors for refined parameters due to
constraints for geometric parameters were estimated by ad-
ditional least-squares refinements, in which the fixee@bond

was varied by+0.005 A, fixed bond angles were varied by
+2°, and dihedral angles were varied fa$°. Changes in refined
paramters were smaller than their error limite (&alues).

Least-squares analyses with different but fixed contributions
of the minor conformer were performed. The quality of the fit
was measured by the agreement factor for the intensities of the
long nozzle-to-plate distanc&dp). The minimum Rsp = 5.1%
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TABLE 4: Experimental and Calculated Vibrational
Amplitudes of the Anti—Syn Conformer of
CF3C(O)N=S(F)CF; 2

amplitude

dist, A GED B3LYP*
C=0 1.20 0.037 0.037
C-F 1.32-1.33 0.045(2) 11 0.045
N—C 1.39 0.049 0.049
Cc-C 1.53 0.053(9) 12 0.052
N=S 1.55 0.045(2) 11 0.044
S—F 1.60 0.048 0.048
S—C 1.85 0.053(9) 12 0.056
Fe--F 2.16 0.059 0.059
N---O 2.35 0.055 0.055
Cl---F1 2.35 0.066 0.066
Cl-F2/3 2.35 0.075(5) 13 0.076
C2---0 2.37 0.063 0.063
N---C2 241 0.069 0.069
S--Cl 2.43 0.070 0.070
C3--F4 2.55 0.096 0.096
N-:-C3 2.58 0.084 0.084
S-F 2.58-2.64 0.075(5) 13 0.076
O---F1 2.60 0.097(33) 14 0.105
N---F4 2.63 0.087 0.087
N-+-F3 2.79 0.142(23) I5 0.197 Syn-syn
N---F2 2.79 0.224 0.224 Figure 2. Molecular models with atom numbering for angiyn and
S“'O 280 0097(33) |4 0121 Symsyn Conformers_
F4---F5 2.81 0.142(23) 15 0.186
N---F6/7 2.86-2.93 0.142(23) 15 0.179 2, favor the anti conformation. Both compounds exist in the
(':34";:':7 gg; 251 8-12§71 61 6 8-%% gas phase as a mixture of ansiyn and syrsyn forms. The

L 137(51) : contribution of the higher energy syisyn conformer is larger

C1---F4 3.40 0.128 0.128 . 0 . A S .
N---F1/5 3.56-3.73 0.096(14) 17 0.072 in 1 (21(12)%) than in2 (10(6)%), although this difference is
F4---F6 3.72 0.096(14) 17 0.082 smaller than the experimental uncertainties. This trend in the
S+-C2 3.78 0.096(14) 17 0.075 experimental conformational compositions is confirmed by the
C1---C3 3.87 0.096(14) 7 0.085 quantum chemical calculations, which predict a slightly larger
S+-F2/3 4.07-4.32 0.156(31) 18 0.167 energy difference fo2, 0.66 kcal/mol (B3LYP) and 0.97 kcal/
CL-F6/7 410425 01%@E1L) 8 0174 | (MP2) vs 0.28 kcal/mol (B3LYP) and 0.64 kcal/mol (MP2
FeoeF 438522  0.457 0.457 mol (MP2) vs 0.28 kcal/mol (B3LYP) and 0.64 kcal/mol (MP2)
0-+-C3 4.54 0.096(29) 19 0.114 for 1. The Gibbs free energy differen®ez° derived from the
SF1 4.76 0.096(29) 19 0.101 GED experiment (1.3(4) kcal/mol) is reproduced correctly by
C3---F3 4.80 0.273 0.273 both computational methods, which predict 1.35 kcal/mol (MP2)
coro 50 0278 0278 and 1.04 kcal/mol (B3LYP). Since substitution of one fluorine
C2--C3 487 0.124 0.124 atom at sulfur by one GFgroup leads to a slight preference of
O-F 4.89-5.37 0.158 0.158 the anti conformation around the=6 bond, it is expected that
CL-F5 4.92 0.085 0.085 this anti form is even more stabilized in imidosulfurous
C2--F7 5.06 0.158(49) 110 0.249 compounds with two CFgroups bonded to sulfur. No experi-
2'3“FF2 g.(i&;rﬁ.m (()).13389(49) 110 8-%28 mental structures for such RAS(CF), compounds have been
FF 538571 0171 0171 reported so far. Therefore, quantum chemical calculations

' ' ' ' - * formed for FC(ONS(CFRs), and
FeeoF 6.00-6.42 0.293 0.293 (B3LYP/6-31G*) were perfo . 2
C2-+F5 6.06 0.096(29) 19 0.106 CRC(O)N=S(CHR).. Surprisingly, the calculations predict for
C3--F1 6.06 0.150(79) 111 0.127 these compounds a preference of the syn form with the anti
Fl---F7 6.33 0.226 0.226 conformer higher in energy by 1.0 and 0.4 kcal/mol, respec-
F1--F5 7.18 0.150(79) 111 0.119 tively.
aValues in angstroms; error limits in parentheses areaues. For Figure 2 shows the structures of the two conformers. In the

atom numbering, see Figure 2Amplitudes 11-111 were refined in prevailing anti-syn form the S-C bond is orientated anti-
the least-squares analysis. Amplitudes with the same number Wereperiplanar and the-SF bond nearly perpendicular with respect
reflneq in a group® Mean values are used for amplitudes, which are to the N-C bond ((C—N=S—C) = —164(5} and¢(C—N=
not unique. S—F) = 98(4F). The N=S bond in1 and 2 (1.549(5) and
1.554(8) A, respectively) is much longer than that in imido-
sulfurous difluorides (1.48 0.01 AY~7 and in dichlorides
(1.515 + 0.005 A)89 The lengthening of this bond can be
attributed partially to the lower electronegativity of the substit-
uents and partially to the absence of anomeric interactions in
the anti-syn conformer. The calculations (Table 5) predict this
bond to be only about 0.02 A longer in the anti form than that
in the syn form. However, strong steric repulsions in the syn
In contrast to imidosulfurous difluorides and dichlorides, for form oppose the shortening due to anomeric interactions. This
which only the syn conformation around the=S bond is steric repulsion is evident from the—EN=S and N=S—C
observed, compounds with mixed substitution at sulfuand angles, which are about 1@arger in the syn form (120°%6and

and R;s = 8.0%) occurred for a contribution of 10(6)%. The
error limit was obtained by the Hamilton test on a 1%
significance level? The final results are summarized in Tables
3 (geometric parameters) and 4 (vibrational amplitudes), and
molecular models are shown in Figure 2.

Discussion
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TABLE 5: Calculated (MP2/6-31G*) Skeletal Geometric
Parameters of Anti—Syn and Syn—-Syn Conformers of
CF3C(O)N=S(F)CF; 2

anti-syn syn-syn ant-syn  syn-syn
N=S 1.569 1551 €EN=S 111.0 120.6
N—-C 1.402 1.404 N-S—F 112.6 1139
S-F 1.662 1.658 NS—C 97.1 108.8
S-C 1.842 1.892 FS-C 90.8 90.9
C—N=S—F 97.5 58.6

C—N=S—C -168.6 —41.1

aDistances in angstroms, angles in degrees.

20 25 80 35
s/’
Figure 3. Averaged molecular intensities for long (top) and short

(bottom) nozzle-to-plate distances and residuals.

108.8) than in the anti form (1110and 97.2). A large
structural difference between syn and anti conformers is also
predicted for the SC bond length, which is about 0.05 A longer
in the syn form than in the anti form.

If we neglect systematic differences between experimental
ra values and calculated equilibrium values for geometric

parameters, both computational methods reproduce experimentaj,

bond distances to withis0.02 A, except for the SF bond.
The calculated values are too long by about 0.06 A. A similar
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also for CERN=SF,2 and FC(O)N=SF..5> Bond angles are
reproduced to withint2° or better.

Experimental Section

CFC(O)N=SFCF was obtained by reaction between
CRC(O)NH; and CRSF;, in the presence of Na#2.The product
was purified at reduced pressure by several trap-to-trap distil-
lations. CRC(O)N=SFCEF; reacted with the humidity of the air
and had to be handled in a vacuum line and dry bag.

The gas IR spectrum at 5 Torr was recorded between 4000

and 400 cm? (resolution 2 cm) with an FT IR Perkin-Elmer

Paragon 500 spectrometer, using a gas cell equipped with KBr

windows. Raman spectra of the liquid between 3500 and
50 cnT! were obtained using a Jobin Yvon V1000 spectrometer
equipped with both argon and krypton ion lasers (Spectra-
Physics model 165), and radiation of 514.5 nm*(Avas used
for excitation. The sample was kept at5 °C to avoid
decomposition and handled in Pyrex capillaries.

The GED intensities were recorded with a KD-G2 Gas
Diffraktograpi#* at 25 and 50 cm nozzle-to-plate distances and
with an accelerating voltage of about 60 kV. The sample and

gas nozzle were at room temperature. The photographic

plates were analyzed with the usual meth&dand averaged
molecular intensities in theranges 218 and 835 A1
(s = (4n/A)(sin 6/2), A = electron wavelengthj = scattering
angle) are shown in Figure 3.
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