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Thiazyldifluoride imidosulfurdifluoride, N=SF,—N=SF, and thiazyldifluoride imidosulfuryldifluoride,
N=SF,—N=S(0)F, were studied by vibrational spectroscopy (FT IR (gas) and Raman (liquid)) and by
quantum chemical calculations (B3LYP and MP2 with 6-31G(d) and 6-311+G(2df) basis sets). Depending
on the computational method two, three or four stable conformers are predicted for N=SF,—N=SF,,
whereas all methods predict the existence of four stable conformers for N=SF,—N=S(O)F,. The most sta-

ble conformer of both compounds possesses cis—syn structure (cis configuration of the N=S—N=S skele-
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ton and syn orientation of the terminal SF, and S(O)F, groups relative to the N—S single bond). The
experimental vibrational spectra were assigned on the basis of reported data for analogous compounds
and calculated wavenumbers for the most stable conformers. The NS triple, double and single bond
lenghts are discussed and compared to such bonds in other compounds.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

It was pointed out recently by Mews et al. [1] that multifunc-
tional systems possessing single, double and triple N—S bonds,
which can be considered to be derivatives of N=SF;, show unusual
bonding properties due to the substitution of fluorine atom(s)
bonded to sulfur. In fact, the N=S distance and the A—N=S angle
in adducts of the type A-N=SF,—N=S(O0)F, (with A = AsFs, SbF5 and
BF3) where one fluorine atom of N=SF3 has been replaced by an
N=S(O)F, group, were found to depend unexpectedly on negative
hyperconjugation between the thiazyl nitrogen lone pair and
o*(S—F) orbitals. These observations suggest that the donor prop-
erties of these multifunctional systems increase whereby the thia-
zyl nitrogen is most affected. However, compounds possessing an
N=S—N=S backbone formed by triple, single and double bonds
might exhibit different structural properties as free ligands.

Regardless of these interesting geometrical observations, it is
also important to analyze the conformational and vibrational prop-
erties of such systems, whose characteristics have not been studied
so far, probably due to their low thermal stability.

In our group we have been interested for many years in the
structural, conformational and vibrational properties of com-
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pounds of the type R—N=SF, and R—N=S(O)F,. In the case of the
S(IV) derivatives, vibrational and conformational properties for
compounds with R = CF3 [2], FSO; [3], FC(O) [4], CN [5] and CF3C(O)
[6] have been reported. For all compounds only structures with syn
orientation of the SF, group relative to the N—R bond have been
observed (see Chart 1). According to quantum chemical calcula-
tions stable conformers with anti orientation of the SF, group exist
for most derivatives, which, however, are considerably higher in
energy and, thus, not observed experimentally. Similarly, for most
S(VI) compounds with R=Cl [7], CN [8], FSO, [9], FC(O) [10],
O=C(N=S(O)F,) [11] and SFs [12] the syn orientation of SF, (see
Chart 2) is strongly preferred. In the case of FC(O)N=S(O)F, and
SFsN=S(O)F, small amounts (14(8)% and 11(5)%, respectively), of
a second conformer with anti orientation around the S=N bond
were observed.

In the present study, we report the assignment of vibrational
spectra combined with theoretical calculations for thiazyldifluo-
ride imidosulfurdifluoride, N=SF,—N=SF,, and thiazyldifluoride
imidosulfuryldifluoride, N=SF,—N=S(O)F,. These compounds are
of special interest, since they contain triple and double sulfur nitro-
gen bonds connected by a single S—N bond. It is expected that the
conformational properties of these compounds are more complex,
since in addition to the orientation of the terminal SF, and S(O)F,
groups also the molecular N=S—N=S skeleton can adopt cis,
gauche or trans configurations. The first syntheses of these
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compounds were reported by Glemser and Hofer [13,14]. Prelimin-
ary vibrational spectra and NMR data did not provide any indica-
tion about the conformations of these imidosulfur and
imidosulfuryl compounds.

2. Experimental

N=SF,—N=SF, and N=SF,—N=S(0)F, were obtained and puri-
fied according the methods reported in the literature [13,14]. The
liquid samples of both compounds decompose readily at room
temperature. Therefore, the complete Raman spectra could not
be obtained and only a limited range of the spectra were measured
just before decomposition occurred. The Raman spectra were re-
corded using a Jobin Ivon V 1000 spectrometer equipped with an
argon ion laser (Spectra Physics model 165). On the other hand,
the IR spectra of both compounds in the gas phase could be mea-
sured at low pressures (5 mbar and 3 mbar, respectively) with an
FT IR Perkin Elmer Paragon 500 spectrometer, using a gas cell
equipped with KBr windows.

2.1. Quantum chemical calculations

Calculations for both compounds were performed with B3LYP
and MP2 approximations and 6-31G(d) and 6-311+G(2df) basis
sets using the GAUSSIANO3 program package [15].

N=SF,—N=SF,: Due to internal rotation around the S—N single
and N=S double bonds this molecule can adopt different confor-
mations depending on the structure of the N=S—N=S skeleton
and on the orientation of the terminal SF, group. The conformation
of the N=S—N==S skeleton around the S—N single bond may be cis,
trans or gauche. The terminal SF, group may be oriented syn or anti
around the N=S double bond, with syn implying synperiplanar or
synclinal and anti implying antiperiplanar or anticlinal [16]. The ori-
entation of the SF, group is described by the dihedral angle ¢
(S—N=S—X) with X being a dummy atom at the F—S—F bisector.
Four feasible conformations are shown in Chart 3.

In the first step the potential functions for rotation around the
N=S double bond for cis conformation of the N=S—N=S skeleton
were derived by optimizing the geometries for fixed ¢ (S—N=S—X)
dihedral angles in steps of 30°. All potential curves derived with
the four methods (Fig. 1) possess the global minimum for syn (¢
(S—N=S—X) = 0°) orientation and an additional minimum for anti
orientation of the terminal SF, group (¢(S—N=S—X) = 180°). This
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Fig. 1. N=SF,—N=SF,: Calculated potential curves for internal rotation around the
N=S bond for cis orientation of the N=S—N=S skeleton.

second conformer is predicted to be higher in energy by 5.2-
6.0 kcal/mol (6-31G(d)) and 2.5-3.1 kcal/mol (6-311+G(2df)),
depending on the computational method. The strong preference
for the syn orientation is in agreement with previous studies for
R—N=SF, compounds (see Section 1).

In the next step the potential functions for internal rotation
around the S—N single bond for syn and anti orientation of the
SF, group were calculated by geometry optimizations with fixed
¢(N=S—N=S) dihedral angles in steps of 30°. Figs. 2 and 3 show
the potential functions for syn and anti orientation of the SF, group,
respectively. The shape of both potential curves depends strongly
on the computational method and on basis sets. For the favored
syn orientation of the SF, group (Fig. 2) all methods predict the glo-
bal minimum for cis orientation of the N=S—N=S skeleton (¢
(N=S—N=S) = 0°). Potential functions derived with small basis
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Table 1

Torsional angles, relative energies, Gibbs free energies and contributions of conform-

ers of N=SF,—N=SF,.?
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Fig. 2. N=SF,—N=SF,: Calculated potential curves for internal rotation around the
S—N bond for syn orientation of the terminal SF, group.

cis-syn cis—anti trans-syn trans-anti
B3LYP/6-31G*
P(N=S—N=S) 0.0 0.0 180.0 164.9
H(S—N=S—X)P 0.0 180.0 0.0 179.2
AE (kcal/mol)® 0.00 5.16 0.82 6.05
AG? (kcal/mol) 0.00 5.38 0.92 5.38
% 82 0 18 (0]
MP2/6-31G*
H(N=S—N=S) 0.0 0.0 161.1 164.9
H(S—N=S—X) 0.0 180.0 -42 179.2
AE (kcal/mol)¢ 0.00 5.96 0.74 6.68
AGP (kcal/mol) 0.00 6.72 1.22 5.74
% 88 0 12 0
B3LYP/6-311+G(2df)
H(N=S—N=S) 0.0 0.0 Not stable 126.9
H(S—N=5—X) 0.0 180.0 Optimizes to 178.9
AE (kcal/mol)® 0.00 3.14 cis-syn 4.79
AGP (kcal/mol) 0.00 3.46 4.26
% 100 0 0
MP2/6-311+G(2df)
PH(N=S—N=S) 0.0 0.0 Not stable Not stable
P(S—N=S—X) 0.0 180.0 optimizes to optimizes to
AE (kcal/mol)f 0.00 2.54
AGP (kcal/mol) 0.00 3.20 cis-syn cis-anti
% 100 0

a
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Fig. 3. N=SF,—N=SF,: Calculated potential curves for internal rotation around the
S—N bond for anti orientation of the terminal SF, group.

sets possess additional minima about 0.7-0.8 kcal/mole higher in
energy for trans (B3LYP, ¢(N=S—N=S)=180°) or near-trans
(MP2, ¢(N=S—N=S) ~ 160°) conformation of the N=S—N=S skel-
eton. The potential curve derived with the MP2 method possesses
very flat minima in the trans region. On the other hand, no addi-
tional minimum in the trans region is predicted by both methods
(B3LYP and MP2) using large basis sets.

The shape of the potential curve derived for anti orientation of
the SF, group depends also on the computational method
(Fig. 3). All curves possess minima for the cis—anti conformation
with Cs symmetry. The B3LYP method predicts additional minima
in the trans region (6-31G(d) basis sets) or gauche region (6-
311+G(2df) basis sets). The MP2/6-31G(d) approximation results
in an additional minimum for a trans-anti conformer, whereas no
additional minimum exists according to the MP2/6-311+G(2df)
calculation.

In the final step full structure optimizations with frequency cal-
culations were performed for all stable conformers using B3LYP
and MP2 methods with small and large basis sets. The dihedral an-
gles, relative energies, free energies and contributions of these fully
optimized conformers are listed in Table 1. It is evident from the
potential functions that both methods with small basis sets (6-

b X is a dummy atom on the bisector of the terminal SF, group.
¢ Total energy of cis-syn conformer E = —1305.015127 a.u.
d Total energy of cis—syn conformer E = —1302.716835 a.u.
€ Total energy of cis-syn conformer E = —1305.331026 a.u.
T Total energy of cis-syn conformer E = —1303.471210 a.u.

31G(d)) predict the presence of four stable conformers (see Chart
3), three of which possess Cs symmetry. According to the B3LYP
method the trans-anti conformer and according to the MP2
approximation the trans-syn conformer is distorted to C; symme-
try. Structure optimizations with large basis sets (6-311+G(2df))
yield somewhat different results. The B3LYP method predicts the
presence of three stable conformers, cis-syn and cis—-anti with Cs
symmetry and gauche-anti (¢(N=S—N=S) = 126.9°) with C; sym-
metry. The latter conformer is listed in the trans-anti column. On
the other hand, the MP2 approximation with large basis sets pre-
dicts the presence of only two stable conformers, both with cis ori-
entation of the N=S—N=S skeleton and Cs symmetry.

This compound demonstrates that predictions of conforma-
tional properties by quantum chemical methods have to be taken
with great care, since they may depend strongly on computational
methods and basis sets. Results obtained with methods which in-
clude electron correlation and use large basis sets are convention-
ally considered to be more reliable in conformational studies.
Although MP2 and B3LYP methods with large basis sets predict dif-
ferent numbers of stable conformers, i.e. two or three, respectively,
only the cis-syn form (see Fig. 4 for molecular model) should be ob-
served in experiments according to both methods. The other con-
formers, cis—anti in the case of MP2 and cis-anti and gauche-anti
in the case of B3LYP are more than 3 kcal/mol higher in free energy
and their contributions (see Table 1) are negligible. The geometric
parameters of the cis—syn conformer derived with large basis sets
are summarized in Table 2 and the vibrational frequencies are
listed together with the experimental values.

N=SF,—N=S(0)F,: Analogous calculations have been performed
for the sulfuryl difluoride derivative. All four methods result in
equal shape of the potential functions for internal rotation around
the N=S bond and only the results derived with large basis sets are
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F1

Fig. 4. cis-syn structure of N=SF,—N=SF, with atom numbering.

Table 2
Calculated geometric parameters for cis-syn conformer of N=SF,—N=SF,.*

B3LYP/6-311+G(2df) MP2/6-311+G(2df)

Bond Lengths

N1=S1 1.424 1.438
N2=S2 1.506 1.507
N2—S1 1.683 1.678
5S1—F (1 and 2) 1.615 1.599
S2—F (3 and 4) 1.600 1.586
Angles

N1=S1—N2 125.9 126.1
S1—N2=S2 127.9 124.6
PN1=S1—F (1 and 2) 121.0 121.1
PN2—S1—F (1 and 2) 94.3 93.9
PN2=S2—F (3 and 4) 109.7 109.7
F3—S2—F4 92.1 91.9
N1=S1—N2=S2 0.0 0.0

2 Bond lengths in A, angles in degrees. For atom numbering see Fig. 4.
b For parameters that are not unique, average values are given.
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Fig. 5. N=SF,—N=S(O)F,: Calculated potential curves for internal rotation around
=S bond for cis orientation of the N=S—N=S skeleton.

shown in Fig. 5. This shape differs from that for the sulfur difluo-
ride. The global minimum occurs again for syn orientation of the
bisector of the SF, group (#(S—N=S—X) = 0°), but the second min-
imum occurs for anticlinal orientation of the SF, bisector
(¢p(S—N=S—X) ~ 145°) and the energy difference between both

orientations is considerably smaller (1.6-2.0 kcal/mol) than in
the case of N=SF,—N=SF,. This result is in agreement with previ-
ous studies for R—N=S(O)F, compounds (see Section 1).

The calculated potential functions derived with the four meth-
ods for rotation around the S—N bond are rather similar as well
(Fig. 6). All functions possess the global minimum for cis-syn con-
formation and additional minima in the trans-syn region (¢
(N=S—N=S) =~ 160°), except for the B3LYP/6-31G(d) curve, where
the additional minimum occurs for exact trans orientation (¢
(N=S—N=S) = 180°). Thus, these potential functions demonstrate
that all applied computational methods predict four stable con-
formers for this compound. The structures of these conformers
were fully optimized and their frequencies were calculated with
all four methods. Dihedral angles and relative energies, free ener-
gies and their contributions are summarized in Table 3. All compu-
tational methods predict the cis-syn (see Fig. 7 for molecular
model) conformer to be predominant with contributions between
77% and 94%. The geometric parameters of the most stable cis—
syn conformer derived with large basis sets are listed in Table 4.

2.2. Assignment of vibrational spectra

The vibrational spectra of N=SF,—N=SF, and N=SF,—N=S(O)F,
were assigned assuming the presence of only the most stable cis-syn
form. As mentioned in the Experimental section both compounds are
rather unstable in the liquid phase and therefore it was not possible
to record the corresponding Raman spectra for the complete
frequency range in one step. Figs. 8 and 9 show the gas phase infrared
spectra of N=SF,—N=SF, and N=SF,—N=S(0)F,, respectively.

In the case of N=SF,—N=S(O)F,, where the calculations predict
the presence of small amounts of other conformers, vibrational
spectra do not provide information about their contributions. Cal-
culated shifts of wavenumbers between conformers are small and
not observable in the experimental spectra. The calculated vibra-
tional frequencies for these most stable conformers are listed in Ta-
bles 5 and 6, together with the experimental values and tentative
assignments of the fundamental modes. Only few vibrational spec-
tra of molecules containing the N=S group were reported in the
literature and the experimental values agree very closely with
the calculated wavenumbers.

It is reasonable to assign the strong signals centered at the high-
est frequencies in the vibrational spectra to the corresponding
N=S stretching modes (1470cm~' IR, 1473 cm™! Raman for
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Fig. 6. N=SF,—N=S(0)F,: Calculated potential curves for internal rotation around
S—N bond for syn orientation of the S(O)F, group.
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Table 3
Torsional angles, relative energies, Gibbs free energies and contributions of conform-
ers of N=SF,—N=S(0)F,.?

cis-syn cis—anti trans-syn trans-anti
B3LYP/6-31G*
P(N=S—N=S) 0.0 -31.3 180.0 188.5
$(S—N=S—X)" 0.0 148.2 0.0 154.7
AE (kcal/mol)* 0.00 2.02 0.77 2.09
AGP (kcal/mol) 0.00 1.58 1.04 1.80
% 77 5 14 4
MP2/6-31G*
P(N=S—N=S) 0.0 -27.0 165.9 188.7
P(S—N=S—X) 0.0 148.9 -83 147.6
AE (kcal/mol)? 0.00 1.77 0.67 1.70
AGP (kcal/mol) 0.00 1.50 1.25 2.10
% 81 7 10 2
B3LYP/6-311+G(2df)
P(N=S—N=S) 0.0 -27.9 159.7 186.2
P(S—N=S—X) 0.0 142.5 -6.7 153.1
AE (kcal/mol)® 0.00 1.71 1.68 2.62
AGP (kcal/mol) 0.00 2.04 233 2.97
% 94 4 2 0
MP2/6-311+G(2df)
P(N=S—N=S) 0.0 -239 156.9 189.1
P(S—N=S-X) 0.0 138.7 -9.1 147.2
AE (kcal/mol)f 0.00 1.63 234 3.08
AGP (kcal/mol) 0.00 1.21 2.59 2.99
Vinin (cm™1) 87 12 1 0

2 cis/trans of N=S—N=S chain and syn/anti of the fluorine atoms of the S(O)F,
group relative to S—N single bond.

> X is a dummy atom on the F—S—F bisector of the S(O)F, group.

¢ Total energy of cis-syn conformer E = —1380.198157 a.u.

d Total energy of cis—syn conformer E = —1377.726273 a.u.

€ Total energy of cis-syn conformer E = —1380.557560 a.u.

T Total energy of cis-syn conformer E = —1378.581888 a.u.

Fi

Fig. 7. cis-syn structure of N=SF,—N=S(0)F, with atom numbering.

N=SF,—N=SF,, 1481 cm~! IR and Raman for N=SF,—N=S(0)F,).
Comparison between calculated (B3LYP/6-311+G(2df)) wavenum-
bers and N=S distances in the series N=SF; (1538cm’,
1.418 A), N=SF,—N=S(0)F, (1500 cm !, 1.424 A), N=SF,—N=SF,
(1498 cm™!, 1.424 A) and N=SF (1410cm™', 1.442 A) supports
the assumption that substitution of a sulfur bonded fluorine atom
in N=SF3 weakens the NS triple bond. Experimental data reported
for N=SF; (1515 cm™! IR; 1.416(3) A) [17] and N=SF (1372 cm!
IR; 1.448(2) A) [17,18] are in perfect agreement with the proposed
assignment.

According to MP2 calculations v(N=S) shifts by 85cm™! be-
tween cis-syn and cis—anti conformers for N=SF,—N=SF,_No such
splitting of the N=S vibration was observed in the IR or in the Ra-
man spectra. The experimental infrared spectrum of

Table 4
Calculated geometric parameters for cis—syn conformer of N=SF,—N=S(O)F,.?

B3LYP/6-311+G(2df) MP2/6-311+G(2df)

Bond Lengths

N1=S1 1.424 1.438
N2=S2 1.502 1.501
N2—S1 1.677 1.667
351—F (1 and 2) 1.596 1.581
2S2—F (3 and 4) 1.559 1.545
S2=0 1.411 1.409
Angles

N1=S1—N2 125.7 125.7
S1—N2=S2 123.1 120.1
PN1=S1—F (1 and 2) 121.1 121.1
PN2—S1—F (1 and 2) 943 94.2
PN2=S2—F (3 and 4) 1114 1112
N2=S2=0 118.2 118.2
F3—S2—F4 949 949
N1=S1—N2=S2 0.0 0.0

2 Bond lengths in A, angles in degrees. For atom numbering see Fig. 7.
b For parameters that are not unique, average values are given.

T (%)

T T T T T T
1800 1600 1400 1200 1000 800 600 400

Wavenumbers (cm-1)

Fig. 8. Gas phase infrared spectra of N=SF,—N=SF, (P = 5 mbar).

N=SF,—N=SF, show a strong and somewhat broad signal which
could be assigned to this fundamental mode (1220 cm~! IR and Ra-
man spectra) in agreement with calculated frequencies for this
vibrational mode (1249 cm~!, B3LYP; 1285 cm™~!, MP2). Data re-
ported for FSO,N=SF, (1278 cm', IR) [3] and CISO,N=SF,
(1277 cm™, IR) [19] confirm this proposal.

On the other hand, two intense and narrow peaks are shown in
the same region of the infrared spectra of N=SF,—N=S(O)F,. As in
the case of FC(O)N=S(O)F, and SFsN=S(O)F,, the N=S and the S=0
stretching modes are strongly coupled [10,12]. The antisymmetric
stretching of these bonds (v,, see Table 6) could be assigned to the
signal centered at 1430 cm ™! of the infrared spectrum (1432 cm ™!
Raman) while the feature located at 1210 cm™! of the infrared
spectrum stands for the N=S=0 symmetric stretching (v3). The
corresponding observed bands were found at 1442 cm™! and
1282 cm™!, respectively for FC(O)N=S(O)F, (IR) and at 1446 cm™!
and 1277 cm~! for SFsN=S(0)F, [10,12].

To conclude with the N—S stretching vibrations, the single bond
stretching was assigned to signals of similar characteristics in the
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Fig. 9. Gas phase infrared spectra of N=SF,—N=S(O)F, (P = 3 mbar).

vibrational spectra of both compounds. For N=SF,—N=SF, the
band was observed at 660 cm™! in the infrared and in the Raman
spectra (FSO,N=SF,: 685cm~! IR, 693 cm~! Raman) [3]. For
N=SF,—N=S(0)F, the band was observed at higher frequencies
(690 cm~! IR and 692 cm~! Raman). Experimental values reported
in the literature for FSO,N=S(0)F, (714 cm~! IR, 717 cm~! Raman)
[9] confirm this assignment.

The experimental features involving the S—F stretching modes
were compared with theoretical calculations for these molecules.
In agreement with data reported for molecules of the type R-
N=S(O)F,, for example FC(O)N=S(O)F, (876 and 815 cm™") [10]
FSO,N=S(O)F; (885 and 819 cm~!) [9] and SFsN=S(O)F, (857 and
808 cm™!) [12], the SF, symmetric stretching mode in the S(O)F,
group was easily assigned to the band observed at 886 cm™! in
the infrared spectra (896 cm~! Raman) while the antisymmetric
vibration could not be observed either in the infrared nor in the Ra-
man spectra (see Table 6 for theoretical values). The SF, symmetric

stretching mode in the N=SF, moiety was assigned to the feature
centered at 769 cm~! in the IR spectrum (764 cm~' Raman) while
the antisymmetric stretching was observed in the IR spectrum at
712 cm~! (713 cm~! Raman). These values are in good agreement
with theoretical wavenumbers (723 and 722 cm~! B3LYP; 755
and 745 cm~' MP2).

On the other hand, the assignment of the signals corresponding
to the expected vibrational modes for both SF, groups in
N=SF,—N=SF, it is not straightforward, since both groups are
quite similar. Furthermore, their features and intensities have
shown to be different from one compound to the other according
to reported data. However, in the present case their environments
are different enough to allow an unambiguous distinction between
them. Taking into account values reported for the symmetric and
antisymmetric SF, stretching modes of compounds of type
R—N=SF,, the vibrational modes observed at 892 and 715 cm™!
in the Raman spectrum (879 cm™~, IR) could be assigned to the cor-
responding vibrations of the terminal group (see Table 5 for theo-
retical values). The vibrational modes observed at 815 and
740 cm™! in the IR spectrum (813 and 726 cm~!, Raman) could
be assigned to the SF, symmetric and antisymmetric stretching
modes of the N=SF, moiety. These assignments are in agreement
with theoretical wavenumbers (717 and 712 cm ™!, B3LYP; 750 and
729 cm™!, MP2).

The deformation modes involving the N=SF,, S(O)F, and
S—N=S groups were assigned by comparison with related mole-
cules and on the basis of the predicted wavenumbers by DFT and
ab initio calculations.

3. Discussion

The most stable conformer of N=SF,—N=SF, possesses a cis-
syn structure. A natural bond orbital (NBO) analysis [20] with the
MP2/6-31G(d) wave function demonstrates that the sterically
unfavorable syn orientation of the terminal SF, group is stabilized
by a strong anomeric effect between the electron lone pair of the
N2 atom and the antibonding S2—F orbitals (Ip(N2) — ¢*(S2—F))
which amounts to 16.6 kcal/mol in the syn form compared to
9.3 kcal/mol for anti orientation (for atom numbering see Fig. 4).
It is more difficult to rationalize the preference for cis conformation
of the N=S—N=S skeleton, compared to the trans structure. Both
computational methods with small basis sets predict the trans-

Table 5

Assignments of fundamental modes and experimental and calculated wavenumbers (cm™") for the cis-syn conformer of N=SF,—N=SF,.
Mode Approximate description® Experimental® Calculated

IR (gas) Raman (liquid) B3LYP/6-311+G(2df) MP2/6-311+G(2df)

V1 N1==S1 stretch. 1470 s 1473 s 1498 (18) 1467 (12)
Vo N2=S2 stretch. 1220 vs 1220 vw 1249 (100) 1285 (100)
V3 S2—F, sym. stretch. 879 m 892 m 768 (14) 803 (20)
Vg S1—F, asym. stretch. 815 s 813w 717 (68) 750 (64)
Vs S1—F, sym. stretch. 740 vs 726 m 712 (83) 729 (78)
Ve S2—F, asym. stretch. - 715w 692 (12) 723 (14)
0 N2—S1 stretch. 660 m 660 vs 604 (38) 632 (40)
Vg N1=S1—N2 def. i.p. 579 w 590 s 566 (<1) 571 (<1)
Vo N1=S1—N2 def. o0.0.p 500 vw - 464 (<1) 477 (1)
V1o F1—S1—F2 sym.def. 434 w = 424 (<1) 441 (<1)
Vi1 F1—S1—F2 sym.def. 413 m 414 vs 389 (6) 396 (6)
Vi2 F3—S2—F4 sym.def. - 381 m 370 (<1) 390 (2)
Vi3 F1—S1—F2 asym. def. - - 351 (<1) 359 (<1)
Vig F3—S2—F, asym. def. - 273 s 263 (<1) 273 (<1)
Vis F3—S2—F4 sym.def. - 255 m 255 (<1) 261 (<1)
Vie S1—N2=S2 def. i.p. - - 118 (<1) 121 (<1)
V17 N2=S2 torsion - - 91 (<1) 99 (<1)
Vig S1—N2 torsion - - 9 (<1) 9 (<1)

a

b ys, very strong; s, strong; m, medium; w, weak; vw, very weak.

stretch., stretching; def., deformation; sym., symmetric; asym., antisymmetric; i.p., in plane; 0.0.p, out of plane. For atom numbering, see Fig. 4.
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Table 6

Assignments of fundamental modes and experimental and calculated wavenumbers (cm™") for the cis-syn conformer of N=SF,—N=S(O)F,.
Mode Approximate description® Experimental® Calculated

IR (gas) Raman® (liquid) B3LYP/6-311+G(2df) MP2/6-311+G(2df)

v N1=S51 stretch. 1484s 1481s 1500 (25) 1472 (55)
V2 N2=S2=0 asym. stretch. 1432 vs 1432 m 1411 (100) 1454 (72)
V3 N2=S2=0 sym. stretch. 1213 vs 1203 vvw 1199 (93) 1236 (100)
Va S2—F, sym. stretch. 886 vs 896 vw 846 (26) 886 (33)
Vs S2—F, asym. stretch. - - 833 (55) 869 (58)
Ve S1—F, sym. stretch. 769 vs 764 w 723 (77) 755 (41)
7 S1—F, asym. stretch. 712 vw 713 m 722 (39) 745 (84)
Vg N2—S1 stretch. 690 m 692 vs 646 (14) 685 (15)
Vg N2=S2(0)F, sym.def. 579 s 618 s 558 (12) 570 (16)
Vio N1=SF, sym.def. 506 s 506 m 490 (25) 503 (4)
Vi1 N2=S2(0)F, asym.def. 450 m 465 m 483 (4) 494 (23)
V12 F1—S1—F2 sym.def. 421 s 420 s 429 (3) 445 (4)
Vi3 N1=SF, asym.def. - - 424 (<1) 437 (<1)
Via N2=S2(0)F, sym.def. = 373 m 395 (1) 413 (2)
Vis N1=SF, asym.def. - - 349 (<1) 360 (1)
Vie N2=52=0 def. 0.0.p. = 327 s 307 (<1) 317 (<1)
Viz N2=S2(0)F, asym.def. = 291s 270 (<1) 283 (<1)
V1g N1=S1—N2 def. = = 266 (<1) 276 (<1)
Vio S—N=S def. - - 120 (<1) 129 (<1)
Va0 N=S torsion - - 72 (<1) 80 (<1)
V21 S—N torsion - - 9 (<1) 20 (<1)

a

b ys, very strong; s, strong; m, medium; w, weak; vw, very weak.

< Ref. [14].

syn structure as stable conformer, only about 1 kcal/mol higher in
energy than the cis-syn structure. This trans-syn structure does
not correspond to a stable structure according to the calculations
with large basis sets. The orbital interactions within the
N=S—N=S skeleton of the cis—syn and trans-syn conformers, differ
mainly in the interaction between the electron lone pair of the cen-
tral N2 atom with the N=S triple bond. In the cis conformer this
interaction occurs with the ¢*(N=S) orbital (interaction energy
9.4 kcal/mol) and in the trans structure with the 7*(N=S) orbital
(interaction energy 13.9 kcal/mol). All other interaction energies
in the N=S—N=S skeleton (Ip(S2) — ¢*(S5—N), 6(N=S) — 7*(N=S)
and (N=S) — 7*(N=S)) do not depend strongly on the conforma-
tion of the skeleton. The overall stabilizing orbital interactions in
the trans conformer exceed those in the cis structure by 3.3 kcal/
mol. Thus, the preference of the cis conformation must be due to
steric effects. In the trans-syn conformer close contacts occur be-
tween the fluorine atoms of the two SF, groups (see Chart 3). These
F..-F distances (2.76 A) are shorter than the van der Waals distance
(2.94 A [21] or 2.80 A [22]). Steric strain in the trans conformer is
evident also from an increase of the S—N=S angle from 123° to
129° and of the N2—S1—F angles from 93° to 97° compared to
the cis form.

As pointed out in the Introduction, these compounds are of spe-
cial interest because of the simultaneous presence of S—N single,
double and triple bonds. Experimental values for the S=N triple
bond length in N=SF; have been reported for the gas phase
(1.416(3) A) [17] and for the crystal (1.415(3) A) [23]. A very similar
bond length (1.418(2)A) occurs in the crystal of the
[N=SF,NCH3CH,—], dimer [23]. For comparison of experimental
bond lengths with calculated values we need to determine the sys-
tematic difference between vibrationally averaged experimental
and calculated equilibrium distances. Calculated values depend on
the computational method and values between 1.418 and 1.447 A
are predicted by the four applied methods for N=SFs. Calculations
with the B3LYP/6-311+G(2df) method (S=N = 1.418 A) reproduce
the experimental value very closely. Thus, from values derived with
this method for N=SF,—N=SF, and N=SF,—N=S(0)F, (1.424 A in
both compounds) we conclude that the triple bond in the two latter
compounds is only slightly longer than that in N=SFs.

stretch., stretching; def., deformation; sym., symmetric; asym., antisymmetric; o0.0.p., out of plane. For atom numbering, see Fig. 7.

Gas electron diffraction studies of several sulfurdifluoride deriv-
atives, R—N=SF,, and sulfuryldifluoride derivatives, R—N=S(O)F,,
resulted in N=S double bond lengths of 1.48 +0.01 A [12]. For
FSO,N=SF, and FSO,N=S(O)F,, which possess similar S=N and
N—S bonds as the two title compounds, experimental N=S dis-
tances of 1.487(5) and 1.475(5) A, and S(VI)—N(sp?) distances of
1.638(5) and 1.631(6) A, respectively, were determined [24]. Cal-
culations with the B3LYP/6-311+G(2df) method overestimate dou-
ble and single bond lengths in these compounds by about 0.02 A.
Thus, from the calculated double bond lengths for N=SF,—N=SF,
(1.506 A) and N=SF,—N=S(0)F, (1.502 A) we estimate the exper-
imental N=S bond lengths to be in the usual range of 1.48 + 0.01 A.
From the calculated S—N single bond lengths in N=SF,—N=SF,
(1.683 A) and N=SF,—N=S(0)F, (1.677 A) the experimental bond
lengths in these compounds are estimated to lie between 1.65
and 1.66 A when the systematic difference between experimental
and calculated S—N distances is taken into account. This is defi-
nitely much longer than the S(VI)—N(sp®) distance of 1.587(1) A
determined for the crystalline [N=SF,NCH5CH,—], dimer [23].
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