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11)-Ru(II1) ions involves ?r* levels based on the Ru-0-Ru bridge 
and the added proton stabilizes the electron-rich Ru-0-Ru group. 
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A single crystal of 1,3-dithietane 1,1,3,3-tetraoxide, (CH2S02)2, has been studied by X-ray diffraction at 300 and 104 K. It 
crystallizes in the monoclinic space group P21/n, with cell parameters a = 5.527 (2) A, b = 5.709 (2) A, c = 8.042 (3) A, and 
0 = 100.89 (3)O at 104 K; 2 = 2. The molecule has a four-membered S-C-S-C ring with the center of the ring at 1. There 
is a short S-S across the ring distance of 2.593 A. A bonding electron density study was performed with the 104 K data. The 
X-X deformation map of the four-membered ring shows a significant amount of density around sulfur atom. There is a peak 
of 0.57 e A-' in the S-C bond, polarized toward the sulfur atom. The -SO2 and -CH2 planes are nearly perpendicular to the 
four-membered ring. The accumulation of electron density in the S-O bond is at the center of the bond, comparable with a recent 
MO calculation. Such comparison led to the experimental proof of the important role of polarization basis sets including d functions 
of the sulfur atom in the theoretical bonding electron density studies. 

. 

Introduction 
(CH2S02)2  has been studied by X-ray diffraction a t  room 

temperature both in this laboratory and quite independently by 
Balback et al. in 1980.' The crystal is very stable and yields good 
diffraction intensity measurements. The crystal was chosen to  
investigate its bonding electron density distribution a t  low tem- 
perature. This molecule is particularly interesting in its small ring 
structure and its short  S-S contact distance. T h e  questions we 
would like to  answer in this study are as follows: First, does the  
four-membered ring structure suffer from ring strain? Second, 
is there any contribution in charge density distribution from the  
d functions of the sulfur atom? Third, what is the  character of 
t he  S-0 bond? Finally, is there any interaction between sulfur 
atoms across the  ring? 

Experimental Section 
The title compound was prepared by reacting CH2S02Cl with tri- 

methylamine in T H F  at -20 The suitable colorless single crystals 
for diffraction studies were obtained by diffusing ethanol into a saturated 
DMF solution. 

The crystal data of (CH2S02)2 at both 300 and 104 K are listed in 
Table I. The intensity data at both temperatures were collected with 
CAD4 diffractometer equipped with a graphite monochromator and 
liquid N2 gas flow set up. The experimental details are also given in 
Table I .  The intensity data at 104 K were measured up to 28 of 1 IOo, 
two (three in some cases) more equivalent reflections were measured up 
to 86O. Beyond 1 loo, only 80 calculated strong reflections were mea- 
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Table I. Crystal Data for (CH2S02)2 at 300 and 104 K 
300 K 104 K 

formula 
mol wt 
cryst size, mm 
space group 
a, 8, 
b, A 
c, A 
6% deg v, A3 
Z 
Dcalcd, gIcm' 

::ation 

scan speed, deg/min 
28 range (Mo Ka), deg 
8/28 scan param 
abs coeff, cm-' 
transmittance factor 
total no. of reflcns 

0.3 X 0.3 X 0.5 

5.587 (2) 5.527 (2) 
5.757 (3) 5.709 (2) 
8.125 (2) 8.042 (3) 
100.89 (2) 100.89 (3) 
256.63 249.21 
2 2 
2.021 2.081 
160 160 
Mo K a  ( A  = 

0.7107 A) 

0.24 X 0.14 X 0.24 
P2,ln P211n 

Mo Ka 

2013 2013-20116 
4-54 5-1 28.1 
2(1.0 + 0.35 tan 8) 2(0.95 + 0.5 tan 8) 
9.4 9.4 

682 3273 
0.79-0.89 

no. of obsd rflcns (>2a) 494 

quadrant collcd h,k,&l 
xi4 - W I X i I i  

3068 
0.013 
h,k,&l; h,-k,&l; 

additional -h,Fk,=kl 
R, R, 0.033, 0.028 0.030, 0.027 
S 2.43 1.51 
f(wW = l/[c?(Fo) + 0 0.000 07 

fF,21) 

sured. These yield a total of 8725 measurements, which gave 3273 
unique reflections after averaging of equivalents. A 14% linear decay of 
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Table 11. Atomic Fractional Coordinates and Thermal Parameters: 
(a) Full Data Refinement at 300 K; (b) Full Data Refinement at 
104 K; (c) High-Order Refinement and Calculated H Atoms at 104 
K 

X Y 2 B,,” A2 
S a 0.20760 (2) 0.09600 (2) 0.061 50 (1) 1.91 (3) 

b 0.209 88 (2) 0.095 42 (2) 0.063 75 (1) 0.578 (3) 
c 0.20987 (2) 0.09540 (2) 0.06378 (1) 0.566 (3) 

C a 0.10800 (6) -0.15280 (6) -0.06820 (4) 2.1 (2) 

01 a 0.309 30 (4) 0.269 10 (4) -0.03050 (3) 3.1 (2) 

b 0.10956 (8) -0.15678 (9) -0.06758 (6) 0.72 (1) 
c 0.10966 (7) -0.15680 (7) -0.06752 ( 5 )  0.715 (7) 

b 0.31734 (8) 0.26859 (7) -0.02944 (5) 1.03 (1) 
c 0.31724 (7) 0.26869 (7) -0.02954 ( 5 )  1.028 (8) 

b 0.341 44 (7) 0.02593 (7) 0.22792 (5) 0.984 (9) 
c 0.341 46 (7) 0.025 98 (7) 0.227 91 (4) 0.975 (7) 

H1 a 0.82600 (5) 0.28700 (6) 0.01300 (3) 2.4 (8) 

c 0.83400 (8) 0.29600 (8) 0.01200 (5) 0.8 (4) 
H2 a 0.85800 (5) 0.13200 (4) 0.17800 (4) 3.2 (8) 

c 0.85300 (7) 0.13700 (7) 0.17400 (5) 1.6 (4) 

= 8 / 3 ~ 2 ~ , ~ , U t ,  a,*a,* Bra,. 

0 2  a 0.33950 (4) 0.02620 (4) 0.22220 (3) 3.0 (1) 

b 0.16590 (2) -0.29640 (2) -0.011 70 (1) 0.8 (2) 

b 0.14680 (2) -0.13690 (2) -0.17370 (1) 1.6 (2) 

monitored reflections was found for the low-temperature measurements, 
and the scale of the relative intensities were corrected accordingly. An 
absorption correction according to seven measured faces was applied to 
the low-temperature data. All of the computations were carried out on 
a local PDP-8 computer using mainly NRCC programsg and locally 
developed programs for Fourier syntheses in an arbitary plane and the 
contour p10tting.~ 

Results 

Refinement. The parameters from the full data refinements 
a t  both temperatures, as well as from the high-order ((sin 6) /A  
> 0.65) data refinement a t  104 K are given in Table 11. A few 
different (sin 6)/A cutoff values were tried in the least-squares 
refinement in order to obtain suitable atomic parameters for 
promolecule subtraction in deformation density studies shown 
below. The positional parameters do not change with the cutoff 
values. However the thermal parameters do change slightly. A 
value of 0.65 A-‘ was chosen based on the basis of the results of 
the refinement and its validity from the deformation density 
studies. The thermal ellipsoids of the molecule and the bond 
lengths a t  both temperatures are shown in Figure 1. Thermal 
parameters of the non-hydrogen atoms decreased to 30% on av- 
erage by lowering the temperature from 300 to 104 K. However 
the anisotropy in thermal vibrations did not change significantly. 
The atomic scattering factors, j,, are calculated on the basis of 
the analytical form, and the coefficients are taken from ref 5a 
f’,f” are taken from ref 5b. 

Deformation Density Maps. The deformation density is a 
difference density representing the difference between the observed 
density, po, and the superposition of the sum of spherically averaged 
free atom densities, pc. This difference density distribution de- 
scribes the change in electron density associated with the formation 
of a molecule from the free atoms; Le., they may be correlated 
directly to chemical bonding. The deformation density maps 
shown here were calculated up to a resolution of (sin @ / A  = 0.85 
A-‘. The Fourier coefficients were taken to be the differences 
between the scaled measured scattering amplitude (kF,) and Fc 
calculated by the parameters obtained from high-order ((sin 6)/A 
> 0.65) refinement. Here k is the optimum scale factor for the 

~ 
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Figure 1. ORTEP drawings of thermal ellipsoids of 50% probability at both 
temperatures, hydrogen atom with fixed radii. 

Figure 2. Deformation density map (D map) of the four-membered ring. 
Contour interval is 0.1 e A-3 with the solid line as positive and the dotted 
line as zero and negative. 

d a t a  to  be used in t h e  Fourier calculation. Different resolution 
limits, namely 0.66, 0.85, 1.0, and 1.2, were also tried. The value 
of 0.85 was chosen because it gave the least level of noise but still 
maintained the important feature of the electron density distri- 
bution. The deformation electron density distributions for various 
planes of the molecule are illustrated in Figures 2-6. All the 
maps shown here are averaged over all chemically equivalent 
planes. (The estimate standard deviation at  a general position 
in the deformation map is on the average 0.08 e and the 
differences between the individual density and the average density 
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Figure 3. (a) Theoretical map of the SO2 plane in H3NS03 with a 
double-{ basis set and no d function of the sulfur atom.'* (b) Theoretical 
map of the SO2 plane in H3NS03 with a double-{ basis set and d func- 
tions of the sulfur atomi2 (c) D map of the SO, plane. Contours are 
as in Figure 2. 

are all within 2 esd.) Figure 2 shows the four-membered ring 
plane. There is positive density accumulation in the S-C bond, 
but peaking slightly outward from the ring edge and somewhat 
shifted toward the sulfur atom from the midpoint of S-C bonds. 
This shift occurred only when high-order reflections (>0.65 A-') 
were included. The peak height in this map is 0.4 e Figure 
3 depicts the plane of -SOz, which is roughly perpendicular to 
the plane of that four-membered ring with a dihedral angle of 
8 7 . 9 O .  Here we find bond electron density at the midpoint of the 
S-0 bond. Figures 4 and 5 give the deformation density of the 
plane perpendicular to but bisecting the S-0 bond and that 
perpendicular to but including the S-0 bond, respectively. The 
elongation pattern in Figure 4 demonstrates the *-character of 
the bond. The lone-pair electron density of the oxygen atom can 
be seen in Figure 5. The -CH2 plane is also roughly perpendicular 
to the four-membered ring (dihedral angle 94.2'). Bonding 
electron density accumulates as expected at  the midpoint of the 

Figure 4. D map of the plane that is perpendicular to and bisects the S - 0  
bond. The line indicates the projection of the other oxygen atom with 
a contour interval of 0.05 e A-3; others are as in Figure 2. 

Figure 5. (a) D map of the plane that is perpendicular to and includes 
the S - 0  bond. (b) Theoretical map of curve a,1z Contours are as in 
Figure 2. 

C-H bond as shown in Figure 6. This density is significantly 
enhanced (0.4 e A-3 vs 0.1 e A-3) by displacing the H atom along 
the C-H vector (obtained from least-squares refinement) to yield 
a distance of 1.08 A for the C-H bond.sb The deformation density 
maps in this work are therefore calculated with such adjusted 
hydrogen positions. 
Discussion 

Although the molecular site symmetry in the crystal is only Ci, 
it shows no significant deviations from Dzh. The molecule is 
assumed to be DZh after the averaging over the chemical equiv- 
alents in the deformation density distribution. The density dis- 
tribution of chemical equivalent planes do appear similar before 
averaging. From the deformation density map shown above, the 
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perpendicular plane including the S-0 bond (Figure 5a) shows 
good agreement with that (Figure 5b) of theoretical map12 in the 
S-0 bond. However, the high positive peaks in the lone-pair region 
and a big negative hole along the 0-S bond near the oxygen atom 
in the theoretical map are not so well reproduced in the experi- 
mental map. Such phenomena were kr10wn’~J~ previously in many 
experimental results. The most probable explanation of such 
disagreement is the limitation of the diffraction data measured 
in the experimental map and the lack of thermal smearing in the 
theoretical calculation. 

The hydrogen atom positions were known’5 to be affected by 
the bonding electron density to yield somewhat shorter interatomic 
distances with the X-ray diffraction method. The lengthening 
of C-H bond length to a recognized true value’ (1.08 A) is an 
attempt to eliminate the biased results in the C-H bonding region. 
The bond electron density of the C-H bond (Figure 6 )  was indeed 
enhanced significantly by doing so. 

There is a short S-S distance of 2.593 A, which is much shorter 
than the sum of the van der Waals radii and is only slightly longer 
than some sulfur-sulfur single bond distances, e.g. 2.5087 (4) A 
in thiathiophthene16 and 2.48 A in Na2S20,.17 In this deformation 
density study, it is apparent that there is no accumulation of 
density in the S-S internuclear region (Figure 3); instead there 
is a depletion of density compared with the sum of independent 
spherical atoms. Bonding electron density deficits have been found 
in various deformation density studies along 00, NN, and C F  
bonds.18-20 Quite a few theoretical d i sc~ss ions~’-~~ on the various 
models of “oriented atoms” or “valence state of the hybrid atoms” 
in the promolecule have been proposed in order to understand the 
correlation between the density deficits and the concept of covalent 
bonding for electron-rich atoms. The deficit density along the 
sulfur-sulfur direction across the ring may be interpreted in the 
same way. However, it is hard to conclude whether there is a 
sulfur-sulfur interaction across the ring until some theoretical 
calculations are carried out. 
Conclusion 

By comparison of the experimental deformation density maps 
with theoretical calculated ones, it is confirmed that the d functions 
of sulfur atom do play an important role on the density accu- 
mulation in the S-0 bonds of this compound. However the S-S 
interaction can not be determined. It may be concerned with 
whether the sulfur atomic state is spherical or not in the pro- 
molecule. 
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Figure 6. D map of the CH2 plane. Contours are as in Figure 2. 

four-membered ring formed by two sulfur atoms and two carbon 
atoms does show evidence of the ring strain (Figure 2), though 
not as much as that of cyclobutadiene derivatives! The two S-C 
bond density maxima make a 105’ angle a t  the sulfur atom, 
whereas the C-S-C angle is only 88.07 (2)’. The corresponding 
angles in cyclobutadiene derivatives are 115 and 90°.6 The 
displacement of the density maximum toward the sulfur atom 
seems to be contributed mainly from high-order reflections; the 
deformation density calculated with data of (sin O)/A up to 0.65 
A-’ does not give such displacement. The reason for such dis- 
placement is unclear. However in other experimental density 
studies,’ the lone-pair electron region seems to be enhanced also 
by including higher order reflections. 

The SO2 group is nearly perpendicular to the plane of four- 
membered ring. The 0-S-0 angle of the SO2 group in the 
molecule is 118.84 (3)’, which is larger than that of SO3- (- 115’) 
in various structures8-’” but close to that of the sulfonyl group” 
and the SOz molecule. The deformation density map in the -SO2 
plane shown in Figure 3 illustrates a well-characterized S-0 bond, 
which is quite similar to that of the theoretical mapI2 for H3NS03 
obtained from an ab initio calculation with a double-{ basis set 
including d functions of the sulfur atom (Figure 3b). Apparently 
the d functions of the sulfur atom in the polarization basis set are 
very important for S-0 electron density accumulation. According 
to the calculation,l2 the basis set without the d functions of the 
sulfur atom gave practically no accumulation of density at the 
midpoint of the S-0 bond (Figure 3a). Thus our experimental 
results (Figure 3c) confirm that the d functions of sulfur atom 
in the polarization basis sets are important for the theoretical 
bonding electron density studies (Figure 3b). The a-character 
of the S-0 bond can be demonstrated by elongation of the density 
in the perpendicular plane bisecting the bond (Figure 4). Another 
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