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Anomeric Interactions in Pentafluoroethylimidosulfurous Dichloride,
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the Gaseous and Condensed Phases
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The structural, conformational, and configurational proper-
ties of pentafluoroethylimidosulfurous dichloride
(CF3CF,;N=SCl;) have been studied by vibrational spec-
troscopy [IR (vapor) and Raman (liquid)] and quantum chem-
ical calculations [HF, B3LYP and MP2 approximations using
the 6-311+G(d) and 6-311+G(2df) basis sets]. CF;CF,N=SCl,
exists in the liquid phase as a single (Z) form (C-N bond syn-
periplanar with respect to the CI-S—Cl plane; C; symmetry).
The structure was also determined by X-ray diffraction

analysis of a single crystal grown in situ at low temperature.
The crystalline solid at 159 K (monoclinic, P2,/c, a =
5.2466(10), b = 15.376(3), ¢ = 18.730(3) A, = 96.391(3)°, Z =
8) consists of two crystallographically inequivalent (Z) forms.
The results are discussed in terms of both hyperconjugative
electronic effects and of natural bond orbital (NBO) calcula-
tions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Theoretical studies performed in the last twenty years
have concluded that more than one single effect should be
considered in order to understand the factors stabilizing the
staggered conformation of ethane. Hyperconjugation, or
the anomeric effect, which is a stereoelectronic effect de-
rived from the overlap of c-bonding orbitals with an adja-
cent empty or partially filled antibonding orbital, has been
proposed as the most significant factor responsible for sta-
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bilizing staggered ethane in a definite molecular conforma-
tion.['-3 This concept has also been applied to fluoroethane
species,* which have recently attracted much attention, and
ultrafast carbon—carbon single-bond isomerization of 1-
fluoro-2-isocyanatoethane in solution at room-temperature
has been analyzed by two-dimensional infrared vibrational
echo spectroscopy.P!

It is well known that conjugation between lone-pair or-
bitals and m bonds plays an important role in structural
chemistry (the resonance effect) and that the conforma-
tional preference is strongly influenced by the presence of
perfluorinated groups.l>”! For instance, conjugation in
methyl vinyl ether [CH;OC(H)=CH,]® 1% results in a steri-
cally unfavorable synperiplanar orientation of the O-C(sp?)
bond relative to the double bond, whereas the O-C(sp?)
bond in CF;0C(F)=CF,'!l is nearly perpendicular to the
plane of the vinyl group [¢(C=C-O-C) = 104(2)°]. An
orbital interaction occurs between the oxygen lone-pair
orbital and the w*(C=C) antibonding orbital
[lpn(O)—r*(C=C)] in CH;0C(H)=CH,, whereas no conju-
gation is present in the perfluorinated compound.

Structural, configurational, and conformational studies
in compounds such as sulfur imides (R'NSR?R3)!? are
scarce, and little is known about the factors affecting these
properties. In principle, depending on the orientation of the
R'-N bond with respect to the R2-S-R? bisector angle, two
forms [(E)/(Z)] can be expected (Scheme 1).
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Scheme 1. Representation of the (£) and (E) forms of R'NSR?R3.

Vibrational spectroscopy, gas electron diffraction, X-ray
crystallography, quantum chemical calculations, and other
techniques have proved to be powerful tools to understand
the structural properties of sulfur imide molecules contain-
ing fluorine atoms or fluorinated substituents groups. Thus,
the structure and conformational and configurational prop-
erties of molecules of the type ReN=SF, [Ry = CF3,113-10
FC(0),l'7:18] NC,'1 CF3;C(0),2% and FSO,?"??] and
ReN=SCl, [Rr = CF5?*?" and FC(O)?*]] have been
studied, all of which show only a (Z) configuration around
the putative N=S double bond. It is interesting to note that
compounds with different substituents attached at the sul-
fur atom of the N=S group favor the (E) form. Thus, FC-
(O)N=S(F)CF5P% and CF;C(O)N=S(F)CF;7 exist in the
vapor as a mixture of (E) and (Z) forms, with the former
predominating.

The question of the nature of the S-N bond in sulfur
imides has not yet been resolved, and there is still some
controversy as to whether the sulfur imide linkage is a
double bond or a semipolar bond.?® As noted by Protash-
chuk et al.?! the relative stabilization of the (Z) and (E)
forms of the simple molecule HNSH, depends mainly on
the effectiveness of the following interactions: (1) the lone
pair attached at the nitrogen atom with the o* antibonding
orbitals of the SH, fragment [Ip(N)—c*(S-H)], (2) the lone
pair of the sulfur atom with the o* antibonding orbital of
the NH fragment [Ip(S)—c*(N-H)], and (3) the lone pairs
of the nitrogen and sulfur atoms with each other. Both the
stabilizing [(1) and (2)] and destabilizing [(3)] interactions
are more effective in the (Z) than in the (E) form, and the
destabilizing interaction energy between both lone pairs at-
tached at the nitrogen and sulfur atoms in the (Z) form is
lower than the stabilizing effects of the negative hyperconju-
gation, which results in the greater stability of the (Z) form
for HNSH,. A quantitative evaluation of these effects has
been reported recently by Kumar et al.B% for HNSH, and
also for fluorinated derivatives, by using the NBO popula-
tion analysis approach.

In order to gain additional experimental and theoretical
information about the structural properties of sulfur imides,
we report here a study of CF;CF,N=SCl, species that
draws on its vibrational spectra [IR (vapor) and Raman (li-
quid)] and single-crystal structure. The presence of the
CF;CF, group is useful to analyze the effect of a fully fluo-
rinated carbon chain on the molecular structure. Moreover,
quantum chemical calculations have been performed in or-
der to assist the interpretation of the experimental data, and
Natural Bond Orbital (NBO) population analyses have
3536
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been applied to rationalize the effect of electronic interac-
tions on the structural, conformational, and configurational
properties of CF;CF,N=SCl,.

Results and Discussion

Quantum Chemical Calculations

According to the precedents found in the literature for
S,S-dihalo-substituted sulfur imides R;N=SX, (X = F, CI;
see above), the presence of the (Z) form might be expected
for CF;CF,N=SCl,. In order to gain further insight into
this molecule, the potential function for internal rotation
around the sulfur-imide bond was calculated by geometry
optimizations at fixed torsional dihedral angles (steps of
30°) using the HF, B3LYP, and MP2 methods with the 6-
311+G(d) basis sets. The derived curves obtained with the
HF and MP2 approximations show two minima: a global
minimum that corresponds to the (Z) structure and a local
minimum located about 7.5 kcalmol™! higher in energy
which corresponds to the (E) form of CF;CF,N=SCl, [(Z)
and (E) orientation of the C-N bond with respect to the
CIl-S-Cl bisector angle, respectively]. A more complicated
picture of the potential energy surface for the mentioned
angles was obtained by the hybrid method B3LYP, which
shows the same global minimum structure as the former
approximations but with a flat region near the local mini-
mum assigned to the (E) form. Similar calculations per-
formed by varying the dihedral angle around the C—-N bond
showed only one minimum at about —150°. Thus, both (Z)
and (E) forms belong to the C; symmetry point group. Full
geometry optimizations and frequency calculations for the
two feasible conformers were performed with the more ex-
tended 6-311+G(2df) basis sets. The relative energies are
summarized in Table 1.

Table 1. Calculated relative energies (corrected for the zero-point
energy) in kcalmol ! for stable conformers of CF;CF,N=SCl,.

HF/6-311+G(d) B3LYP/6-311+G(d) MP2/6-311+G(d)

AEO[u] AEo[a] AEo[a,b]
syn 0.00 0.00 0.00
anti 5.55 7.34 7.62

[a] Energy differences AE® = E°y — E°(4. [b] Zero-point correc-
tions calculated at the B3LYP/6-311+G(d) level.

Since the perfluoroethyl group (CF;CF,) can adopt
either a staggered or an eclipsed geometry (see Scheme 2),

R

eclipsed staggered

Scheme 2. Representation of the eclipsed and staggered forms in
substituted perfluoroethane molecules.
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the potential function for internal rotation around the C-C
bond was calculated by full geometry optimization at fixed
®(FC-CN) torsional angles. The staggered form corre-
sponds to the preferred conformation, with AE (Ecciipsea —
Eaggerea) Values of 5.67 and 4.10 kcalmol ™! for the HF and
B3LYP methods with the 6-311+G* basis set, respectively.

Vibrational Spectra

Figure 1 shows the IR (vapor) and Raman (liquid) spec-
tra of CF;CF,N=SCl,. Table 2 lists the experimental fre-
quencies together with the calculated values and a tentative
assignment of the 27 expected normal modes of vibration.
The vibrational spectra can be interpreted satisfactorily on
the basis of the presence of only one form. Assignment of
the bands related to the N=SCl, moiety was performed on
the basis of the corresponding features for similar S,S-
dichlorosulfur imide derivatives such as CF;N=SCl,,?%!
FC(O)N=SCI,,? and CISO,N=SCI,.B" The correspond-
ing S,S-difluoro  derivatives CF;N=SF,,??l FC(0)-
N=SF,,?3l and CISO,N=SF,?? were also taken into ac-
count to establish a correlation between the different
modes. The fundamental vibrational modes related to the
CF;CF, moiety were assigned on the basis of calculated
frequencies for the title molecule and taking into account

the recently reported data for CF;CF,COOH.B3 All theo-
retical frequencies show good agreement with the experi-
mental values, which gives confidence to the assignment of
the fundamental features.

According to reported data found in the literature for
sulfur imide molecules containing a CF5 group as substitu-
ent, the region between 1400 and 1100 cm™ shows bands
related to the fundamental stretching modes corresponding
to both the N=S and the CF; groups.>**?1 Thus, the pres-
ence of several intense and narrow bands in that region in
the gas FTIR spectra and weak and broad bands in the
liquid Raman spectrum is directly related to those vi-
brational modes. The frequency of the N=S stretching is
directly related to the electron-withdrawing properties of
the substituents attached at the nitrogen and sulfur atoms.
In fact, an increase in the electron-withdrawing properties
of the substituents attached to any of the atoms of the N=S
bond increases the bond order of this bond. Taking into
account that the band centered at 1314 cm ™' in the IR spec-
trum (1300 cm™!, Raman) of CF;N=SCL,>3 was assigned
to the N=S stretching, and postulating that the CF; group
is more electronegative than CF3;CF,, the band appearing
at 1292 cm ! in the gas FTIR spectrum (1286 cm ™! in the
liquid Raman spectrum) was assigned to the N=S stretch-
ing vibration, in perfect agreement with the theoretical

Table 2. Observed and calculated vibrational data for CF;CF,N=SCl, [cm].

Mode Approximate description!®! Experimentall®! Calculated™
IR (gas) Raman (liquid) HF/ B3LYP/

6-311+G(2dNd! 6-311+G(2df)
2 C-C stretch 1380 (20) 1378 5) 1403 ?2) 1365 (16)
2 N=S stretch 1292 (98) 1286 (6) 1292 (100) 1292 (100)
Vs CF; sym stretch 1235 (100) 1218 2) 1262 (31) 1212 (31)
V4 CF; asym stretch 1256 (22) 1210 (40)
Vs CF, asym stretch 1158 (65) 1151 2) 1183 (24) 1122 (24)
Ve CF; sym stretch 1133 (76) 1124 2) 1143 (31) 1116 (27)
\Z CF, sym stretch 1029 (78) 1025 3) 1027 (18) 1028 (29)
Vg C-N stretch 770 2) 771 (36) 767 (<D 766 (<1)
Vo CF; sym def 709 (47) 709 3) 709 (12) 708 (15)
Vio C,F5 asym def 622 3) 626 3) 620 (<1 613 (<l
Vi1 C,F5 sym def 582 (10) 584 3) 581 ?2) 576 2)
Vi2 C,F5 asym def 544 6) 545 3) 544 ?2) 539 3)
Vi3 C,F5 sym def 501 6) - - 517 3) 521 (1)
Vig SCl, sym stretch 442 4 445 (100) 460 (10) 434 (10)
Vis SCl, asym stretch 429 (60) 424 sh (42) 456 (15) 413 (14)
Vie C,F5 sym def 395 (48) 400 ?2) 391 4)
Vi7 C,F5 sym def 362 sh 9 391 ?2) 384 (8)
Vig C,F5 asym def - 357 (<1) 354 @))]
Vig SCl, wag 298 (42) 295 (<1 291 )
Vao SCl, twis 242 sh (24) 247 (<1 227 (<D
Vau C,F5 asym def — 220 (<1) 215 (<1)
Vo SCl, sym def 206 (62) 209 (<1 196 (<D
Va3 C-C-N def 156 (44) 149 (<1 142 (<D
Vg C-N-S def 115 (42) 112 <1) 95 (<)
Vos SCl, torsion 82 (32) 72 (<1) 75 (<1)
Vo CF; torsion 55 (<1) 53 (<1)
Vay C-N torsion 15 (<1) 11 (<1)

[a] Stretch = stretching, def = deformation, wag = wagging, twis = twisting, sym = symmetric, asym = asymmetric, sh = shoulder; see
Figure 2 for atom numbering. [b] Gas: P = 15.0 mbar (glass cell, 200 mm optical path length, Si windows, 0.5 mm thick), relative
absorbance at band maximum in parentheses; liquid: room temperature, relative band intensity in parentheses. [c] Relative band strength
in parentheses; 100%: 968 and 703 kmmol! for the (Z) form calculated at the HF and B3LYP methods, respectively. [d] Scaled by a
factor of 0.9.
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Figure 1. Gas IR (at 15.0 and 1.6 mbar; glass cell with a 200 mm
optical path length and 0.5 mm thick Si windows) and liquid Ra-
man spectra for CF;CF,N=SCl,.

value. Analysis of the IR spectra obtained for seven alkyl
esters of pentafluoropropionic acid [CF;CF,C(O)OR] by
Crowder!®¥ concluded that different R groups do not affect
the characteristic stretching and deformation frequency val-
ues of the CF;CF, group. Thus, taking into account the
reported data for CF;CF,COOH,P3! where the band lo-
cated at 1334.7 cm™! in the gas FTIR spectrum has been
assigned to the C—C stretching mode, the medium intensity
feature centered at 1380 cm™! in the IR spectrum (Raman:
1378 cm™!) of CF;CF,N=SCI, can be assigned to the v(C—
C) stretching mode.

Although theoretical calculations predict a strong coup-
ling between the stretching modes belonging to the CF;CF,
group, their assignments were performed by considering the
CF; and CF, groups individually. Only one band is found
for the CF; symmetric and the antisymmetric stretching vi-
brational normal modes at 1235 and 1218 cm™! in the vapor
IR and liquid Raman spectra, respectively. This coincidence
in the frequencies of these two modes is also in agreement
with our calculations as differences of 6 and 2 cm™! are cal-
culated (HF and B3LYP methods, respectively) for the val-
ues of the two normal vibrational modes (Table 2). The sec-
ond CF; symmetric stretching appears at 1133 and
1124 cm™! (vapor IR and liquid Raman, respectively). Simi-
larly, the bands centered at 1158 and 1029 cm ! (Raman:
1151 and 1025 cm™!) were assigned to the antisymmetric
and symmetric stretching modes belonging to the CF,
3538
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group, respectively. The medium-intensity bands observed
in the IR spectrum at 442 and 429 cm™!' (Raman: 445 and
424 cm ') were assigned to the symmetric and antisymmet-
ric stretching modes in the SCl, group, respectively. This
assignment is straightforward because the frequency values
as well as the shape of the bands in the vibrational spectra
of CF;CF,N=SCl, can be directly correlated with the re-
ported features for CF;N=SCl,.[?*l Theoretical values also
confirm this proposed assignment. The medium-intensity
bands found at 770 and 771 cm™! in the IR and Raman
spectra, respectively, were assigned to the C—N stretching
mode. The theoretical values calculated for this mode (HF:
767 cm™'; B3LYP: 766 cm™') again support this assignment.

According to our calculated frequencies, the expected de-
formation modes related to the CF;CF, group are strongly
coupled. For this reason, it is not possible to assign the
observed features in the vibrational spectra in a straightfor-
ward manner. However, by comparison with the assignment
reported for CF3N=SCI,,?* the band located at 709 cm™!
in both the IR and Raman spectra could be assigned to the
totally symmetric deformation of the CF; group.

Crystal Structure

CF;CF,N=SCl, crystallizes in the monoclinic space
group P2,/c with eight molecules per unit cell. Table 3 lists
the relevant crystal data. In accordance with the theoretical
calculations and the spectroscopic investigations, the most
stable conformer — the (Z) conformer — is observed in the
solid state at 159 K (Figure 2). Two nonequivalent mole-
cules are present in the crystal (forms I and II), both of
which have similar bond lengths and angles. However, some
remarkable differences in the ¢(C—C-N=S) torsional angles
between both nonequivalent forms are observed. Thus,
these values are 146.5° and 160.6° for forms I and II,
respectively. In order to illustrate this difference, Figure 3
shows a superimposed picture of both forms.

Table 4 lists the experimental geometrical parameters for
CF;CF,N=SCl, together with the corresponding values ob-
tained from HF and B3LYP calculations using the 6-
311+G(2df) basis set, and the MP2/6-311+G(d) approxi-
mation. Contractions of polar bonds are expected on going
from the gas to the solid phase. Nevertheless, taking into
account the difference in the physical state of the substance,
there is good agreement between the theoretical and the
experimental data obtained for the (Z) conformer of
CF;CF,N=SCl,. The methods reproduce the bond lengths
and angles reasonably well in general, except for some val-
ues around the sulfur atom. Thus, even with large basis sets
(6-311+G(2df)), the B3LYP and MP2 methods predict the
S—CI bond to be too long by up to 0.060 and 0.074 A,
respectively. The theoretical methods used in the current
work give similar values for the CN=SCI dihedral angle to
those obtained from the X-ray analysis. A staggered confor-
mation for the perfluoroethyl group is found in the crystal,
which is well reproduced by the computational methods.
However, some differences were observed for the CC-N=S

Eur. J. Inorg. Chem. 2007, 3535-3542
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Table 3. Crystal data and structure refinement for CF;CF,N=SCl,.

Empirical formula C,Cl,FsNS
Formula mass 235.99
Density (caled.) [gem 3] 2.088
F(000) 912
Temperature [K] 159(2)
Crystal size [mm] 0.3
Crystal color colorless
Crystal description cylindrical
Wavelength [A] 0.71073
Crystal system monoclinic
Space group P2/c
a[A] 5.2466(10)
b[A] 15.376(3)
c[A] 18.730(3)
a[°] 90
Bl 96.391(3)
7 [°] 90
Volume [A?] 1501.6(5)
VA 8
Cell measurement reflections used 3134
Cell measurement 6,;n/max [°] 2.19-28.22
Completeness to 6 = 28.27° [%)] 68.5
Index ranges 3=h=3
20=k=13
24=[=24
Absorption coefficient [mm™] 1.166
Max./min. transmission 1.00/0.84
R(merg) before/after correction 0.0316/0.0195
Reflections collected 5893
Independent reflections [Ryin,y) = 0.0206] 2540
Data/restraints/parameters 2150/0/199
Goodness-of-fit on F? 1.047

Final R indices [/ > 2o([)]
R indices (all data)
Largest diff. peak/hole [e A3

R, = 0.0319, wR, = 0.07941!
R, = 0.0393, wR, = 0.08371!
0.703/-0.536

[a] w = [c*(F,2) + (0.0313P) + 1.2107P], where P = (F,2 + 2F.2)/3.

dihedral angle: the experimental value is —147.0° whereas
the computed values are —151.3°, —168.5°, and —123.7° for
the HF, B3LYP, and MP2 methods, respectively.

The crystal packing along the ac plane is shown in Fig-
ure 4. Crystallographic studies on molecules containing
halogen—halogen bonds or halogen—halogen contacts have
attracted a great deal of attention because they are consid-
ered to be one of the important factors that determine the

Figure 2. Molecular model, with atom numbering, showing the sin-
gle-crystal structure of CF;CF,N=SCl,.

Figure 3. Molecular structures for nonequivalent forms of
CF;CF,N=SCl, in the crystal.

structural features in molecular crystals and may play an
important role in crystal engineering as supermolecular
synthons.?>-371 The term “halogen bonding” has been de-
fined by Legon to refer to these interactions.*¥! Intermo-
lecular interactions dominated by F-F contacts are also
common for fluorinated molecules where there is no other
choice for stabilizing the packing. According to quantum
chemical calculations, F-F contacts in aromatic systems

Table 4. Experimental and calculated geometric parameters for the Z form of CF;CF,N=SCl,.[*]

Parameter X-rayl®! HF B3LYP MP2
6-311+G(2df) 6-311+G(2df) 6-311+G(d)
Cl-F 1.342(3) 1.324 1.354 1.331
Cc-C 1.530(4) 1.538 1.558 1.543
C2-F 1.316(4) 1.304 1.333 1.348
C-N 1.399(4) 1.400 1.410 1.422
N=S 1.507(2) 1.488 1.510 1.513
S-Cl 2.072(10) 2.054 2.132 2.146
C-C-N 110.5(2) 110.0 109.6 109.4
C-N=S 129.13(18) 130.7 132.9 130.1
N=S-CI 110.98(10) 111.0 111.7 111.4
Cl-S-Cl1 95.78(4) 96.7 96.5 96.2
C-C-N=S —147.0(3) —151.3 -168.5 -123.7
C-N=S-Cl1 56.1(5) 60.0 49.7 53.6
C-N=S-CI2 —49.3(5) —46.3 -57.1 -52.5

[a] Bond lengths in A and angles in °. See Figure 2 for atom numbering. [b] Mean values for parameters that are not unique, with o

uncertainties.
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can contribute up to 14 kcalmol™! of local stabilization en-
ergy.’ The two independent molecules in the crystal of
CF;CF,N=SCl, are linked to the surrounding molecules by
different intermolecular interactions. For example,
CF;CF,N=SCl, forms chains with short N=S---F-CF non-
bonding distances along the a axis. These chains formed by
molecules in form I show an S1-+F1’ distance of 3.168 A,
whereas their analogues in form II (S2---F12’) are slightly
longer (3.222 A). The chains form a parallel array in the ab
plane. These planes are interconnected with each other in
the ¢ axis orientation through two distances, an S--N' elec-
trostatic interaction at 3.315 A and a ClCl’ nonbonding
distance of 3.479 A (Figure 5).

Figure 4. Stereoscopic illustration of the crystal packing of
CF;CF,N=SCl, at 159 K.

Natural Bond Orbital Analysis

NBO analysis for the (Z) form of the CF;CF,N=SCl,
molecule suggests that the formal N=S double bond has
only o-bond character. Indeed, this analysis clearly indi-
cates the presence of two lone-pair orbitals at the nitrogen
atom. The nature of these two orbitals is sp>- [[p(Nsp?)] and
pure p-type [Ip(Np)]. Their electron occupancies are low:
1.83 and 1.67 e, respectively, thus indicating the electron-
donating capacity of both orbitals, in agreement with the
experimental evidence relating the sulfur imide bond order
with the electron-withdrawing properties of the substituents
attached at the nitrogen and sulfur atoms. Delocalizing in-
teractions evaluated by a second-order perturbation ap-
proach reveal that the first lone-pair orbital contributes to
a negative hyperconjugative interaction with the S-Cl o-
antibonding orbitals [Ip(Nsp?)—c*(S—Cl)], with a stabiliz-
ing energy E® of 37.71 kcalmol™'. The second lone-pair
orbital contributes to two stronger Ip(Np)—c*(S—Cl) nega-
tive hyperconjugative interactions (E® = 97.46 kcalmol ™).
This interaction corresponds to an electron donation from
the formally doubly occupied HOMO to the vacant LUMO
in CF;CF,N=SCl,. Thus, the energy difference between
Ip(Np)—c*(S—Cl) and Ip(Nsp?>)—c*(S—Cl) interactions is
mainly related to the different denominator in the expres-
sion

in which F is the Fock operator, ¢ and ¢* the donating
and acceptor orbitals, respectively, and ¢ the NBO orbital
energy.

This strong electron donation into the o*(S-Cl) anti-
bonding orbitals is also reflected in the high electronic oc-
cupancy of the o*(S—Cl) orbital of about 0.23 e. The lone-
pair orbital at the sulfur atom, on the other hand, donates
electron density mainly into the vacant C-N antibonding
orbital by a negative hyperconjugation interaction,
Ip(S)—o*(C-N), with an E® value of 10.82 kcalmol™'. All
these anomeric interactions decrease on going from the (Z)

Figure 5. Short nonbonding distances in crystalline CF;CF,N=SCl, at 159 K.
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to the (F) form, similar to the behavior calculated for
H,SNH.P% Thus, the thermodynamic preference of the (Z)
form for CF;CF,N=SCl, can be rationalized as originating
from the dominant influence of the stabilizing anomeric in-
teractions.

The atomic charges obtained using the Natural Popula-
tion Analysis (NPA) approach for (Z)-CF;CF,NSCI, reveal
that a strong positive charge (+1.25) is located at the sulfur
and almost a unit negative charge (-0.99) at the nitrogen
atom. These data indicate that, in addition to the negative
hyperconjugation, the semipolar character of the S-N bond
in sulfur imides can be attributed to this polar attraction
rather than to an S—N dn-pr orbital interaction. It is known
that the S—-N rotational barrier in sulfur imide species is
expected to be small in comparison with the formal double
bonds depicted in their formulae because of the hypervalent
nature of the sulfur atom.M% This value has been estimated
to be 8.50 kcalmol ! (after including thermal corrections at
the G2 level) for the simple molecule HNSH,.[*% This value
increases for the S,S-disubstituted sulfur imides HN-SX,
(X = F, Cl, and Me) mainly due to the fact that the S-N
bond strength increases with an enhancement in the elec-
tronegativity of the substituent bonded to the sulfur atom.
Following this trend, the torsional transition state calcu-
lated for CF;CF,NSCl, amounts to 8.45kcalmol!
[B3LYP/6-311+G(d)], a value which is compatible with the
rotational barrier expected for sulfur imides.*!]

Conclusions

Only the (Z) conformer around the sulfur imide bond is
observed in both gaseous and condensed CF;CF,N=SCl,.
This structural behavior seems to be a general feature in
S,S-difluoro- and S,S-dichloro-substituted sulfur imides,
whereas for related compounds with two different substitu-
ents attached at the sulfur atom the (E£) conformer is fa-
vored. The conformational and configurational properties
of these molecules can be rationalized on the basis of the
anomeric effect, mainly by invoking electron-donating in-
teractions between the sulfur and nitrogen lone-pair orbit-
als to opposite 6* orbitals. Thus, the sterically unfavorable
(Z) orientation is stereoelectronically stabilized mainly by
Ip(N)—c*(S—Cl) and, to a minor extent, by Ip(S)—c*(N-—
C) interactions.

The description of the central sulfur imide bond from
the NBO analysis agrees with a semipolar S*~N~ bond with
strong hyperconjugative interactions. This analysis indicates
a negatively charged nitrogen atom with two lone pairs for
the CF;CF,NSCl, molecule, in which the sulfur atom is
sp3-hybridized. Thus, valence expansion to more than eight

. &
]

electrons at the sulfur atom can be excluded to explain the
bonding. An inspection of the orbital shapes involved in
the sulfur imide bond is given in Figure 6, which supports
a redistribution of the electronic density from the negatively
charged nitrogen atom to the S—N bond. These findings are
in agreement with MO calculations on second-row atoms
in “hypervalent” molecules. Theoretical studies of SO,, a
molecule with the sulfur atom possessing the same formal
oxidation state of +IV as in CF;CF,N=SCl,, show that the
S—O bond has a highly ionic character, the octet rule is not
violated, and it is not necessary to invoke the term “hyper-
valency”.[#]

Experimental Section

Synthesis: CF;CF,N=SCl, was prepared by the reaction between
AICl; and CF;CF,N=SF, according to a literature procedure.’!
The product was purified by several trap-to-trap distillations.

Vibrational Spectroscopy: Gas-phase IR spectra were recorded with
a resolution of 1 cm™! in the range 4000400 cm™' with a Bruker
IFS 66v FTIR instrument. FT Raman spectra of liquid
CF;CF,N=SCl, were recorded with a Bruker RFS 100/S FT Ra-
man spectrometer. The sample in a 6-mm (0.d.) glass tube was ex-
cited with 150 mW from a 1064-nm Nd:YAG laser (ADLAS, DPY
301, Libeck, Germany).

X-ray Diffraction at Low Temperature: An appropriate crystal of
CF;CF,N=SCl, about 0.3 mm in diameter was obtained on the
diffractometer at a temperature of 159(2) K with a miniature zone-
melting procedure using focused infrared laser radiation.¥ The
diffraction intensities were measured at low temperature with a
Nicolet R3m/V four-circle diffractometer. Intensities were collected
with graphite-monochromatized Mo-K, radiation using the w-scan
technique. The crystallographic data, conditions, and some features
of the structure are listed in Table 3. The structure was solved by
Patterson syntheses, and refined by the full-matrix least-squares
method on F with the SHELTXL-Plus program.*3! All atoms were
assigned to anisotropic thermal parameters. Atomic coordinates,
equivalent isotropic displacement coefficients, and anisotropic dis-
placement parameters (A2 X 103) for CF;CF,N=SCl, have been de-
posited; further details of the crystal structure investigation may
be obtained from the Fachinformationzentrum Karlsruhe, 76344
Eggenstien-Leopoldshafen, Germany (Fax: +49-7247-808-666; E-
mail: crysdata@fiz-karlsruhe.de) on quoting the depository number
CSD-417110.

Theoretical Calculations: All the quantum chemical calculations
were performed using the GAUSSIANO3 program.®l Geometry
optimizations were performed with the HF and MP2 approxi-
mations and the B3LYP methods using 6-311+G(d) and 6-
311+G(2df) basis sets and standard gradient techniques with simul-
taneous relaxation of all the geometric parameters. Natural popula-
tion analysis and second-order donor—acceptor interaction ener-
gies were estimated at the MP2/6-31+G(d) level by using the NBO
analysis*”! as implemented in the GAUSSIANO3 program.

@i i@t

Figure 6. NBO orbitals [MP2/6-31+G(d)] for the sulfur imide bond of CF;CF,N=SCl,: (a) Ip(Np), MO = 57 (HOMO); (b) Ip(Nsp?),

MO = 54; (c) Ip(S) MO = 39; (d) 6(N-S) MO = 34.
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