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((Pentafluorothio)methylidyne)sulfur Trifluoride, F5SC=SF3. 
A Nonclassical Molecular Structure? 
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Abstract: A gas electron diffraction study of F5SC=SF3 based on a rigid model yields a structure with a bent S—G=S chain 
and the following geometric parameters (/•„ values and 3CT uncertainties): (S-F)m e a n = 1.559 (2) A, S = C = 1.401 (9) A, 
S - C = 1.699 (12) A, S - C = S - 159 (3)°, FSF (SF5) = 88.6 (3)° and FSF (SF3) = 93.9 (6)°. Analysis of the data imposing 
linearity of the chain results in abnormally large vibrational amplitudes for some nonbonded distances and in an increase of 
the agreement factor by ca. 30%. The electron diffraction experiment does not provide conclusive information about the dynamic 
properties of this molecule. Structural models with large amplitude motions for internal rotation of the SF5 group or for the 
S—C=S bending vibration (with a double-minimum potential) do not improve the fit of the experimental intensities. The 
potential barrier for the linear structure cannot be determined. The similar electronic properties of SF5 and CF3 groups and 
the experimentally and theoretically established structure for F3CC=SF3 (C—C=S = 155 (3)° and 155°, respectively) suggest 
that the "effective" (i.e., thermal average) S—C=S angle of 159 (3)° results from a nonclassical distortion of the equilibrium 
structure of F5SC=SF3. 

Introduction 

During the past decades chemists have developed bonding 
models that are very successful in rationalizing experimentally 
determined structures of molecules and in predicting such 
structures for new compounds. The concepts of hybridization or 
VSEPR2 allow qualitively correct predictions for bond angles in 
all but very few cases. The exceptions, where the actual structure 
does not conform with these concepts, have been termed 
"nonclassical" structures or structures with "nonclassical 
distortions".3 Such distortions can lead to nonplanarity of 
pseudo-olefins of the type R2X=XR2, to nonlinearity of cumulated 
double bonds or to nonlinearity of triple-bond systems R—X= 
Y—R'. Experimentally observed examples of nonplanar pseu
do-olefins are distannene, R2Sn=SnR2 ,4 and digermene, 
R2Ge=GeR2,5 examples for nonlinear cumulenones are propa-
dienone H 2 C = C = C = O 6 ' 7 and carbon suboxide.8 Nonlinear 
triple-bond systems have been predicted theoretically for H— 
Si=Si—H9 and the first experimental example is CF3C=SF3 , 
where a C—G=S angle of 155 (3)° has been determined for the 
gas-phase structure.10 

Trinquier and Malrieu3 have rationalized these nonclassical 
distortions in a simple valence bond model, which relates the 
occurrence and extent of such distortions to the singlet-triplet 
separation of the diradicals R2X that form the double bond or 
to the doublet-quartet separation of the triradicals RX that form 
the triple bond. Only if this energy separation is larger than the 
delocalization energy of the a + v double or a + irx + vy triple 
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bond, a nonclassical distortion occurs. Thus, such distortions 
depend on a very subtle energy balance between large contributions 
and the net effect may be very small. This shows up in ab initio 
calculations, where results can depend very crucially on the 
computational level and correlation effects may be very prominent. 
It also shows up in experiments where the geometric deviation 
from the classical structure and the energy difference between 
classical and nonclassical structures may be small. In the solid 
state such distortions may be obscured by packing effects in either 
direction, i.e., a distortion can be caused by intermolecular in
teractions or it may be compensated for, depending on the packing 
in the crystal. Therefore, only structural studies in the gas phase 
allow for unambiguous information about such nonclassical dis
tortions. 

The only other compound besides F3CG=SF3 containing a 
C=SF 3 entity, that has been synthesized so far is F 5SC=SF 3 ." 
The crystal structure," which was determined at -168 0C, shows 
a linear S—C=S skeleton, in contrast to F3C—C=SF3 , where 
the skeleton is bent in the crystal [CCS = 171 (2)0]12 as it is in 
the gas phase. In the latter compound for which the nonclassical 
distortion from linearity is larger in the gas phase [CCS = 155 
(3)°], packing effects compensate this distortion partially. In the 
case of F5SC=SF3, it cannot be decided whether the exact linear 
conformation in the crystal is caused by the substitution of CF3 

by SF5 or by packing effects. In an attempt to answer this 
question, we performed a structural analysis in the gas phase by 
electron diffraction. 

Structure Analysis 
The experimental radial distribution function is shown in Figure 

1. Model calculations demonstrate that for a linear structure 
two prominent peaks should occur around 3.5 A corresponding 
to the S)™Fe distances (Fe = equatorial fluorines of the SF5 group) 
and around 4.1 A corresponding to the S 2 -F distances (F = 
fluorines of the SF3 group). The absence of such peaks in this 
region indicates a nonlinear skeleton or abnormally large vibra
tional amplitudes for these nonbonded distances. In the least-
squares analysis a diagonal weight matrix13 was applied to the 
molecular intensities and scattering amplitudes and phases of 
Haase14 were used for calculating the theoretical intensities. Local 

(11) Gerhardt, R.; Grelbig, T.; Buschmann, J.; Luger, P.; Seppelt, K. 
Angew. Chem. 1988, 100, 1592; Angew. Chem., Int. Ed. Engl. 1988, 27,1534. 

(12) Potter, B.; Seppelt, K.; Simon, A.; Peters, E.-M.; Hettich, B. J. Am. 
Chem. Soc. 1985, 107, 980-985. 

(13) Oberhammer, H.; Willner, H.; Gambler, W. J. MoI. Struct. 1981, 
70, 273. 

0002-7863/90/1512-6839S02.50/0 © 1990 American Chemical Society 



6840 J. Am. Chem. Soc, Vol. 112, No. 19, 1990 Weiss et al. 

Table I. Results of Electron Diffraction Analysis" 
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Figure 1. Experimental radial distribution function and difference curve. 
The bars indicate the positions of the interatomic distances. Bars without 
label correspond to distances between fluorines of the SF5 and SF3 
groups. 

C31, and C41, symmetries were assumed for the SF3 and SF5 groups 
and all SF distances in the SF5 group were set equal. The dif
ference between the SF bond lengths in the SF5 and those in the 
SF3 group [ASF = SF(SF5) - SF(SF3)] is badly determined by 
the electron diffraction experiment, because of high correlations 
with the SF vibrational amplitude. Since the estimated uncertainty 
(3cr value) for ASF is larger than the value itself [0.015 (24) A], 
all SF bond lengths were set equal in the further analyses. Vi
brational amplitudes were collected in groups according to their 
distances (see Table I). With the above assumptions seven 
geometric parameters and nine vibrational amplitudes were refined 
simultaneously. The following correlation coefficients had values 
larger than |0.6|: SCS//9 = -0.77, CS,F,//4 = 0.83, F4SF5//4 = 
0.72, T(SFJ)/ /8 = 0.65, IJl2 = 0.67,11Jl1 = 0.77, /8//9 = -0.61 
(see Figure 1 for atom labeling and Table I for numbering of 
vibrational amplitudes). 

The results of this analysis, which is based on a rigid model 
(i.e., no large-amplitude motions), are summarized in Table I. 
The SCS moiety is bent with an SCS angle of 159 (3)°. Re
finements with the SCS chain constrained to linearity result in 
rather large vibrational amplitudes for the nonbonded S-F dis
tances [0.24 (2) A] and lead to an increase of the agreement factor 
for the long camera distance data, R50, by ca. 30%. If the am
plitudes are fixed at the values derived for the bent structure (see 
Table I), R50 increases by more than 100%. 

Since internal rotation of the SF5 group is expected to be free 
or nearly free, a large-amplitude model may be more adequate 
for the analysis of the electron diffraction intensities. Furthermore, 
the small deviation of the skeleton from linearity of only 20° may 
lead to a large-amplitude SCS bending motion. Therefore, several 
least-squares analyses based on various large-amplitude models 
were performed. For a large-amplitude model with free internal 
rotation of the SF5 group, the fit of the experimental intensities 
does not improve relative to the rigid model with an effective 
torsional angle for the SF5 group. For the bending motion a 
double-minimum potential of the form 

V = ^ot(*/*o)2- U2 

was assumed where V0 is the barrier to linearity, * is the deviation 
from linearity (180 - SCS), and $0 corresponds to the potential 
minimum. Because of large correlations between V0, Q0, and some 
vibrational amplitudes, the two parameters for the bending po
tential could not be refined simultaneously. Refinements with 

(a) Geometric Parameters 
(S-F)me,„ 1.559(2 
S^=C 1.401 (9 

) CS1F, 
) F1S1F2' 

S - C 1.699(12) F4S2F5 
S - C s S 159(3) T(SF5)' 

122.4 (6) 
93.9 (6) 
88.6 (3) 
24 (14) 

(b) Interatomic Distances and Vibrational Amplitudes 
S=C 1.40 0.051 (13) (/,) 
S - F 1.56 0.047 (2) (Z2) 
S-C 1.70 0.063 (22) (Z3) 
F4-F5 2.17) 
F5-F7 2.29 \ 0.063 (6) (Z4) 
F1-F2 2.27) 
C-F5 2.33 0.07C 
C-F1 2.59 0.128 (27) (Z5) 
S-S 3.04 0.090 (16) (Z6) 

C::F
F; Hl) ^ 

S,-F7 3.24^ 
S1-F5 3.351 
S1-F6 3.541 
S1-F8 3.65J 
S,-F4 4.58 
S2-F, 3.881 
S2-F2 4.18/ 
F-F ' 3.46-4.86 
F1-F4 5.271 
F2-F4 5.69/ 

(c) Agreement Factors-̂  
R50 = 0.036 

0.15 (5) (Z7) 

0.090'' 

0.14 (5) (Z8) 

0.20 (4) (Z9) 

0 12d 

R25 = 0.063 
"/•, values in angstroms and degrees. Error limits are 3<? values and 

include a possible scale error of 0.1% for bond lengths. For atom 
numbering see Figure 1. bDependent parameter. 'Effective torsional 
angle of SF5 group. For T = 0, S1—F1 eclipses S2—F7. ''Not refined. 
'Distances between fluorines of SF5 and SF3 groups. SR = [Ew1A,'2/ 
£(5,M1(CXp))2]'/2, A, = s,M,(exp) - 5,M,(calc). 

various but fixed V0 values demonstrate that the electron dif
fraction intensities are rather insensitive to this barrier. For high 
barriers (K0 > 1 kcal/mol) geometric parameters and vibrational 
amplitudes are equivalent to those derived for the rigid model. 
For low barriers only some vibrational amplitudes for nonbonded 
S-F and F-F distances vary, but do not become "unrealistic". 
In all these analyses the fit of the experimental intensities does 
not improve relative to the rigid model and the geometric pa
rameters, including the average value for SCS, correspond to those 
in Table I. If a very flat single-minimum harmonic potential is 
assumed for the bending motion, the agreement factor R50 in
creases by ca. 30%. 

Discussion 
The electron diffraction analysis results in a bent structure for 

F5S—O=SF3 with an "effective" (i.e., thermal average) SCS angle 
of 159 (3)°. However, no conclusive information about the dy
namic properties of this molecule can be derived from these data. 
Unfortunately, such information is not provided by available 
vibrational data, either. With a typical force constant for —C= 
bending of 0.25 mdyn-A, the SCS bending vibration is predicted 
at 80 cm"1. In the gas-phase FIR spectrum, which was recorded 
down to 50 cm"1, no absorption was observed below 200 cm"1. The 
Raman spectrum of the liquid (at 173 K) shows a very weak signal 
at 190 cm"1, which would correspond to an unrealistically high 
SCS force constant of more than 2.0 mdyn-A. In the slope of the 
Rayleigh scattering, weak protuberances at 40 cm-1 and even 
weaker at 80 cm"1 probably indicate the presence of transitions. 
If these are assigned to the fundamental and overtone of the 
bending vibration, an SCS force constant of 0.08 mdyn-A is 
obtained in the normal coordinate analysis.15 With the assumption 
of a double-minimum potential this force constant leads, together 
with the effective bending angle of 159 (3)°, to a barrier for the 
linear structure of V0 = 0.2 kcal/mol. For a very flat harmonic 
single-minimum potential the effective SCS angle of 159 (3)° 
would correspond to a bending force constant of 0.008 mdyn-A 
with a bending frequency of 15 cm"1. As mentioned above, such 
a linear structure with a very large amplitude bending vibration 
is rather unlikely in the electron diffraction analysis (increase of 
R50 by 30%). 

For F3COsSF3 the experimental data (electron diffraction and 
microwave spectroscopy) were conclusive about a bent equilibrium 
structure with an effective bending angle of 155 (3)°.10 The 
barrier to linearity was estimated to be >0.5 kcal/mol. For this 
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Figure 2. Experimental (dots) and calculated (full line) molecular in
tensities and differences. 

molecule the nonclassical distortion at the "sp-hybridized" carbon 
atom (—G=) is confirmed by theory, if electron correlation effects 
are included in the ab initio calculations.10 The amount of bending 
and the barrier to linearity depend strongly on the computational 
procedure (MP3, MP4SD, MP4SDQ). The highest level of theory 
that could be afforded with the available computing power, 
MP4DSQ/3-21GV/HF/3-21G*, predicts an equilibrium bending 
angle of 155° and a barrier of 0.2 kcal/mol.16 The presently 
available computing resources do not allow for equivalent cal
culations for F5SCSsSF3. Since electronic properties of CF3 and 
SF5 groups are similar, the derived structure of F 3CC^SF 3 can 
be considered as an additional support of the present electron 
diffraction interpretation for F5SC=SF3, which highly favors the 
presence of a nonclassical distortion in this molecule. The energy 
difference between a bent and a linear structure is estimated to 
be well below 1 kcal/mol. The apparent contradiction between 
gas-phase and solid-state structures can be rationalized by implying 
packing effects in the crystal. A similar difference between 
gas-phase and solid-state structures was observed for F 3 CCsSF 3 

[CCS = 155 (3)" and 171 (2)°, respectively]. An extensive 
comparison between gas-phase and solid-state structures of or-
tho-substituted biphenyls17 reveals systematic structural differences 
in the two phases. On the average, the dihedral angle between 
the two phenyl groups is about 20° smaller in the solid phase 
relative to the gas phase. The energy necessary for this structural 
change is in the order of 1 kcal/mol. This comparison between 
solid-state and gas-phase structures demonstrates that structural 
differences involving energies up to 1 kcal/mol can easily be caused 
by packing effects. Thus, the X-ray study for F5SC=SF3, which 
results in a perfectly linear S—C=S chain, does not contradict 
the experimental result for the gas phase. 
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With the exception of the SCS angle, the geometric parameters 
derived for the gas phase are in good agreement with the crystal 
values. The C = S bond lengths of 1.401 (9) A [1.392 (4) A in 
the crystal] is even shorter than this bond in F3CC=SF3 [1.434 
(14) A and 1.420 (5) A for gas and solid, respectively]. The C—S 
bond [1.699 (12) A in the gas and 1.682 (4) A in the solid] is 
considerably shorter than the C(sp)—SF5 single bond in F5S— 
C = C H [1.736 (6) A18 or 1.727 (5) A19]. Due to disorder of the 
SF5 group in the crystal the geometric parameters of this group 
could not be determined in the X-ray analysis. In the solid state, 
the SF bonds in the SF3 group [1.534 (3) A] are shorter than these 
bonds in F 3 C - C = S F 3 (1.568 A). In the gas electron diffraction 
analysis only a mean value for all SF bonds could be derived 
[ ( S F ) n ^ = 1.559 (2) A], and the difference is badly determined 
[ASF = 0.015 (24) A]. Thus, a strict comparison between the 
two studies is not possible. The FSF angle in the SF3 group [93.9 
(6)° for the gas and 93.5 (2)° for the solid] is typical for such 
angles in X s S F 3 compounds [93.92 (16)° in N=SF3 ,2 0 93.2 (9)° 
in F 3 C - C = S F 3 ] . 

Experimental Section 
F5SC=SSF3 was synthesized as described in the literature," and pu

rified by repeated fractional condensation. Small amounts of the pre
cursor (SFs)2CH2 (~2%) were observed in the NMR spectrum. This 
impurity could not be detected in the structure analysis. The sample was 
transferred from Berlin to Tubingen in liquid nitrogen. The electron 
diffraction intensities were recorded with the Balzers Gasdiffractograph21 

at two camera distances (25 and 50 cm). The electron wavelength (ca. 
60 kV accelerating voltage) was calibrated with ZnO diffraction patterns. 
The sample reservoir was kept at -60 0C and the inlet system and nozzle 
were at room temperature. The camera pressure during the experiment 
did not exceed 10"3 Torr. Two plates for each camera distance were 
analyzed by the usual procedures of this laboratory.13 Numerical values 
for the total intensities in the s range 2-18 and 8-35 A"' in steps of AJ 
= 0.2 A"1 are deposited as supplementary material. The averaged mo
lecular intensities are presented in Figure 2. 
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Note Added in Proof. After submission of this paper, ab initio 
calculations for F5S—C=SF3 were performed at the MP2/6-
31G*//HF/6-31G* level (Dr. Detlef Labrenz, Cray Research 
GmbH, Munchen, FRG). These calculations result in a non-
classical distortion with a shallow energy minimum for S—C=S 
near 150° and thus support the interpretation of the electron 
diffraction data. A communication to this journal with these 
results and computational details is planned. 

Supplementary Material Available: Numerical values for total 
electron diffraction intensities (2 pages). Ordering information 
is given on any current masthead page. 
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