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The Crystal and Molecular Structure of 2,4-Diphenyl-
thiothiophthene

ASBIJORN HORDVIK, EINAR SLETTEN and JORUNN SLETTEN

Chemical Institute, University of Bergen, Bergen, Norway

An X.ray structure investigation of crystals of 2,4-diphenyl-
thiothiophthene has been carried out. The crystals belong to the space
group PI, with the unit cell dimensions: ¢=10.224 A, b=8.486 A,
c=10.291 A, a=118.45°, f=94.55° and y=101.40°. There are two
molecules per unit cell.

The structure was solved by three-dimensional Patterson synthesis,
and refined by least squares methods. The refinement comprises 2011
observed hk0—hk8, hOl and hll reflections.

Unequal S—8 distances occur in the linear tri-sulphur sequence
of the molecule, i.e., S(1)—S(2)=2.499-+0.003 A, S(2)—S(3)=2.218
+0.003 A with the angle S(1)—8(2)—8(3)=178.14:0.1°. The other
bond lerfths in the thiothiophthene system are, S(1)—C(1)=1.696
+0.005 A, S(2)—C(3)=1.7414-0.005 A, S(3)—C(5)=1.6694-0.007 A,
C(1)—C(2)=1.374 £0.011 A, C(2)—C(3)=1.3984-0.009 A,0(3)—
—C(4)=1.448 +£0.011 A and C(4)—C(5)=1.360+0.009 A.

The C—C bonds connecting the phenyl groups to the thiothioph-
thene system are, C(1)—C(6)=1.500+0.009 A and C(4)—C(12)=
=1.482+0.007 A.

The phenyl groups are planar within the error, and the thio-
thiophthene system is almost so. The phenyl groups are not co-planar
with the thiothiophthene system. Thus, the phenyl group bonded to
C(1) is twisted 24.7° about the C(1)—C(6) bond, and the phenyl
group bonded to C(4) is twisted 51.6° about the C(4)—C(12) bond.

There are two different kinds of delocalized bonding in the thiothiophthene
molecule (I).
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1. There is a delocalized o-system in the tri-sulphur sequence, equivalent
to that in trihalide ions and referred to as a three-center four-electron bond.

2. There is in addition a delocalized n-system comprising the 10 electrons
in p-orbitals perpendicular to the plane of the two fused rings, i.e., a n-system
analogous to that in naphthalene.
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24-DIPHENYL-THIOPHTHENE 1853

The electronic structure of the thiothiophthene molecule has been calculated
by Giacometti and Rigatti,! in terms of sulphur-sulphur bonds made up from
both fractional ¢ and = bonds. From the results of their calculations, the
molecule is symmetrical.

The potential energy of the three-center bond in thiothiopthene as a
function of the displacement of the central sulphur atom from the symmetrical
location toward the terminal sulphur atoms, has recently been calculated by
Gleiter and Hoffmann.? Two energy curves are given, one for three-center
bonds formed by combination of sulphur 3p-orbitals only, the other for three-
center bonds based on combination of 3d-orbitals as well. The former curve
favours an unsymmetrical structure and the latter favours a symmetrical
one. It is interesting to note that the energy-minimum of the latter is flat
and broad, about 0.3 A.

As the bonds in the linear sulphur sequence of the thiothiophthene mole-
cule are fractional in both ¢- and m-character, one may assume that they are
weaker than the other bonds in the molecule and therefore more liable to
changes in bond length if the o-system, the z-system, or both, are perturbed
to some degree. It seems likely that intermolecular environment (donating
or accepting groups) as well as intramolecular environment (substituents)
may cause such perturbation.

The results from the structure study of the symmetrical derivative (II),
by Bezzi et al.,3* show that the sulphur-sulphur distances there are equal, i.e.,

Me\l/c)YC)\ls/Me -

§ .5~
2358 2.35A

2.36 A (later,5 2.35 A was reported) as compared with the value 2.10 A for a
sulphur-sulphur single bond in a cis-planar disulphide group.® However, it
has been pointed out by different authors 7-8 that the results from (II) could
be ambiguous since they may represent the average of twofold disorder of
molecules with a ‘“short” and a ‘““long” S—S distance. The molecules lie in
special positions, with crystallographic mirror plane passing through the central
sulphur and carbon atoms, and the central sulphur atom shows a pronounced
anisotropy which may indicate such disorder.

It has recently been shown by one of us (A.H.) ® that the sulphur-sulphur
distances in the symmetrical diphenyl derivative (III) are slightly unequal,

Ph Ph
2 4
‘@3 § (1

S S2 S3
2364 "2.30A

i.e., S(1)—S(2)=2.355--0.003 A and S(2)—S(3)=2.29740.003 A However,
the difference of 0.06 A may be caused by intermolecular environment since
S(3) approaches the plane of 4 in a symmetry related molecule at a distance
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of 3.25 A, with the bond S8(3)—C(5) forming an angle of 77° with this plane.
The distance is 0.30 A shorter than the sum of the van der Waals radius for
sulphur and the half-thickness of an aromatic molecule, 3.55 A1 and in
fact compatible with a corresponding close contact present in crystals of the
benzene-chlorine (1:1) chargetransfer complex.!! There the molecules are
arranged perpendicular to the planes of the benzene molecules, and the distance
from a chlorine atom to the nearest benzene plane is 3.28 A as compared with
the corresponding van der Waals distance of 3.50 A.

It seems likely, therefore, that in crystals of (III) there is a transfer of
charge from the n-system of the molecule towards S(3) of a symmetry related
molecule, thus making S(3) less electronegative than S(1). This may, if analogy
is drawn between the bonding in the sulphur sequence and that in trihalide
ions,!?,1% explain why S(1)—S(2) in (III) is found to be somewhat longer than
S(2)—S(3). Hence one may assume that the S—S distances in any completely
symmetrical thiothiophthene derivative are exactly equal in an isolated
molecule.

The present investigation of 2,4-diphenyl-thiothiophthene (IV) was carried
out in order to find to which degree phenyl-substituents in unsymmetrical
positions influence the bonding in the sulphur sequence.

©l®
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EXPERIMENTAL

Crystal data on 2,4-diphenyl-thiothiophthene have been reported earlier.!* The
compound crystallizes from benzene as rather irregularly shaped orange crystals. The
crystals are triclinic, with a=10.224 A, b=8.486 A, ¢=10.291 A, «=118.45°, #=04.55°
and y==101.40°. The experimental error is estimated to be within 0.2 9%, There are two
molecules per unit cell; density, cale. 1.380, found 1.387 g/cm3. The ‘‘average test’
and the ‘“zero moment test”’,'%'® based on 213 A0l reflections, show that the space group
is P1.

The intensities of the hk0—hk8, ROl and k1l reflections were estimated visually from
Weissenberg photographs taken with CuKa radiation (x=40.3 cm™). Small crystals of
cross-section 0.06 X 0.06 mm were used in order to minimize absorption effects, and no
absorption correction was applied. 2011 of the 2566 reflections obtainable with CuKa«
radiation were observed. The intensities were corrected in the usual way to give sets of
relative structure factors. Common reflections in hk0—hk8, hOl and k1l were used to put
all the reflections on the same scale. The calculated structure factors in Table 6 are
based on the atomic scattering curves for sulphur, carbon and hydrogen given in the
International Tables,' the first set of the listed scattering factors for carbon being used.

DETERMINATION OF THE STRUCTURE

A brief account of the structure determination has been reported earlier,1#
and a more detailed description is given here.

Approximate coordinates for the sulphur atoms and the carbon atoms
of the thiothiophthene system were found from a three-dimensional Patterson
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synthesis. Furthermore, by taking packing and intramolecular non-bonding
atomic distances into account, it seemed likely that the angle between
the plane of ring D and the plane of the thiothiophthene system was
greater than the angle between the plane of ring A and the plane of the
thiothiophthene system. However, the twist direction of the phenyl groups
about the respective connecting bonds were ambiguous, and it seemed reason-
able, therefore, to try a structure with D perpendicular to and 4 coplanar
with the plane of the thiothiophthene system. This trial structure refined,
and it is interesting to note that the rings 4 and D, without distortion, turned
25 and 38° about the respective connection bonds during the refinement.
The atomic parameters were refined by least squares methods on an
IBM 1620 X computer, using a block-diagonal program designed by Mair.1°
Weighting scheme No. 3, recommended by Mair was used with Fui=0.75.
The refinement comprises the 2011 observed hk0—hk8, 0l and A1l reflections.
The unobserved reflections were neglected in order to save computer time.
Anisotropic temperature factors were applied to sulphur and carbon,
and isotropic to hydrogen. The strong low order reflections were corrected

Table 1. Atomic coordinates in fractions of corresponding cell edges.

Atom z Y z

S(1) 0.32494 0.16258 0.25631
S(2) 0.12776 —0.10566 0.07678
S(3) —0.04498 —0.34401 —0.08707
C(1) 0.37638 ' 0.18880 0.11336
C(2) 0.30203 0.06846 —0.03058
C(3) 0.18833 —0.07789 —0.06649
C(4) 0.11246 —0.20484 —0.21927
C(5) —0.00047 —0.33392 —0.23609
C(6) 0.49856 0.34196 0.14434
C(7) 0.57109 0.32368 0.03253
C(8) 0.68267 0.46644 0.05740
C(9) 0.72381 0.62721 0.19898
C(10) 0.65391 0.64509 0.30942
C(11) 0.54167 0.50159 0.28470
C(12) 0.15674 —0.19482 —0.34944
C(13) 0.06713 —0.18171 —0.45057
C(14) 0.10815 —0.17585 —0.57265
C(15) 0.23639 —0.18168 —0.59910
C(16) 0.32552 —0.19477 —0.49899
C(17) 0.28710 —0.20193 —0.37578
H(2) 0.3240 0.0965 —0.1050
H(5) —0.0536 —0.4078 —0.3177
H(7) 0.5245 0.1965 —0.0781
H(8) 0.7209 0.4658 —0.0270
H(9) 0.8037 0.7191 0.1962
H(10) 0.6786 0.7751 0.4202
H(11) 0.4869 0.5092 0.3462
H(13) —0.0272 —0.1822 —0.4242
H(14) 0.0547 —0.1534 —0.6248
H(15) 0.2795 —0.1793 —0.6894
H(16) 0.4211 —0.2061 —0.5149
H(17) 0.3467 —0.2096 —0.3091
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Table 2. Temperature parameters B for sulphur and carbon, and B for hydrogen. The

expressions used are oxp— (k28,4 k2Bet+ 12 Bey+hkB s+ klByy+hIBys) for sulphur and
carbon, and exp—[B(sin20/2?)] for hydrogen.

B Bas Bas Bas Bis Bi2
8(1) 0.0132 0.0295 0.0110 0.0213 0.0062 0.0034
S(2) 0.0119 0.0268 0.0155 0.0281 0.0120 0.0080
S(3) 0.0125 0.0253 0.0218 0.0276 0.0107  —0.0028
C(1) 0.0110 0.0211 0.0103 0.0185 0.0066 0.0113
C(2) 0.0098 0.0209 0.0108 0.0188 0.0050 0.0056
C(3) 0.0099 0.0198 0.0124 0.0207 0.0078 0.0085
C(4) 0.0090 0.0178 0.0137 0.0163 0.0046 0.0050
(5) 0.0119 0.0209 0.0196 0.0216 0.0046 0.0025
C(6) 0.0091 0.0187 0.0127 0.0174 0.0014 0.0062
Cc(7) 0.0101 0.0214 0.0171 0.0202 0.0081 0.0065
C(8) 0.0109 0.0264 0.0202 0.0268 0.00717 0.0012
C(9) 0.0122 0.0245 0.0264 0.0318 0.0022 0.0027
C(10) 0.0204 0.0197 0.0189 0.0137  —0.0012  —0.0002
C(11) 0.0149 0.0203 0.0147 0.0130 0.0062 0.0070
C(12) 0.0091 0.0156 0.0094 0.0127 0.0006 0.0032
C(13) 0.0122 0.0213 0.0137 0.0203 0.0009 0.0064
C(14) 0.0191 0.0248 0.0158 0.0238  —0.0064 0.0061
C(15) 0.0197 0.0222 0.0143 0.0205 0.0085 0.0084
C(16) 0.0151 0.0314 0.0156 0.0250 0.0139 0.0162
c(17) 0.0121 0.0273 0.0125 0.0234 0.0062 0.0130
B (A% B (A2 B (A2

H(2) 3.4 H(9) 7.7 H(14) 2.7

H(5) 2.8 H(10) 4.6 H(15) 3.7

H(7) 5.5 H(11) 1.7 H(16) 4.9

H(8) 4.1 H(13) 1.4 H(17) 4.8

for secondary extinction according to Lipson’s formula.?® These reflections
are marked with asterisks in Table 6. The final R factor is 0.070.

Final coordinates and temperature parameters are given in Tables 1 and 2,
respectively.

DISCUSSION

Molecular shape and dimensions. Bond lengths and angles in the 2,4-
diphenyl-thiothiophthene molecule, together with their standard devia-
tions, are listed in Tables 3 and 4 and shown in Figs. 1a and 1b, respectively.
The values correspond to the coordinates in Table 1.

The molecule is presented in Figs. 1a and 1b in a projection on to the least
squares plane of the thiothiophthene system. The equation for this plane,
with triple weight on sulphur, is

—0.74700 X + 0.79237 Y —0.16987 Z = —1.82479

with X, Y, and Z in A units. Deviations from the plane for the atoms of the
thiothiopthene system, the atoms C(6) and C(9) of phenyl group 4 and the
atoms C(12) and C(15) of phenyl group D are given in Fig. la. It is seen that
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Fig. 1. (a) Bond lengths (A) in the 2,4-diphenyl-thiothiophthene molecule, and atomic
distances (A) from the least squares plane of the thiothiophthene system. (b) Bond angles
(°) and intramolecular non-bonding distances (A).
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Table 3. Bond lengths D(ij) in 2,4-diphenyl-thiothiopthene. The standard deviations
given in parentheses refer to the last digits of respective values.

i j D(ij) 1 j D(ij)
8(1) S(2) 2.499(3) A C(13) C(14) 1.375(9) A
S(1) C(1) 1.696(5) C(14) C(15) 1.366(9)
5(2) S(3) 2.218(3) C(15) C(16) 1.380(9)
S(2) C(3) 1.741(5) C(16) C(17) 1.381(9)
S(3) C(5) 1.669(7) cm) C(12) 1.388(7)
C(1) C(2) 1.374(11) C(2) H(2) 0.93(5)
C(1) C(6) 1.500(9) C(b) H(5) 0.83(8)
C(2) C(3) 1.398(9) c(7) H(T) 1.11(6)
C(3) C(4) 1.448(11) C(8) H(8) 0.98(5)
C(4) C(5) 1.360(9) C(9) H(9) 1.02(4)
C(4) C(12) 1.482(7) C(10) H(10) 1.11(6)
C(6) C(7) 1.381(8) C(11) H(11) 0.87(6)
C(7) C(8) 1.395(10) C(13) H(13) 1.02(5)
C(8) C(9) 1.394(15) C(14) H(14) 0.85(5)
C(9) C(10) 1.354(11) C(15) H(15) 1.07(5)
C(10) C(11) 1.403(11) C(16) H(16) 1.02(4)
c(11) C(6) 1.384(12) c(17) H(17) 0.92(4)
C(12) C(13) 1.391(8)

Table 4. Bond angles / (ijk) in 2,4-diphenyl-thiothiopthene. The standard deviations
given in parentheses refer to the last digits of respective values. For bond angles including
a hydrogen atom the standard deviation is estimated to be 4°.

i j k £ (ijk) i j k £ (ijk)
C(1) S(1) S(2) 91.1(3) C(13) C(14)  C(15)  122.1(6)
S(1) S(2) C(3) 87.1(3) C(14) C(15)  C(16)  117.9(6)
S(1) S(2) S(3) 178.1(1) C(15) c(16)  C(17)  121.5(6)
C(3) S(2) S(3) 91.6(3) C(16) c(17)y  €(12)  120.2(5)
8(2) S(3) C(5) 94.0(3) H(2) C(2) c(1) 117
S(1) c(1) C(2) 118.3(5) H(2) C(2) C(3) 119
S(1) c(1) C(6) 120.2(5) H(s) C(5) S(3) 116
C(2) c(1) C(6) 120.6(5) H(5) C(5) C(4) 124
c(1) c(2) C(3) 123.6(5) H(7) c(7) C(6) 114
C(2) C(3) S(2) 119.8(6) H(7) c(7) C(8) 125
C(2) C(3) C(4) 122.8(5) H(8) C(8) C(7) 121
C(4) C(3) S(2) 117.4(4) H(8) C(8) C(9) 119
C(3) C(4) C(5) 116.2(6) H(9) C(9) C(8) 109
C(3) C(4) C(12)  121.6(5) H(9) C(9) C(10) 131
C(5) C(4) c(12)  122.2(7) H(10)  C(10)  C(9) 122
C(4) C(5) S(3) 120.8(7) H(10)  C(10)  C(11) 117
c(1) C(6) c(7) 119.6(7) H(11) Cc(11)  c(o0) 125
c(1) C(6) C(11)  120.6(5) H(11)  c(11)  C(6) 114
c(7) C(6) C(11)  119.0(6) H(13) C(13) c(12) 113
C(6) () c(8) 121.0(8) H(13) C(13)  C(14) 127
c(7) C(8) C(9) 119.2(6) H(14) C(14) ©(13) 117
C(8) C(9) C(10)  120.0(8) H(14) C(14)  C(15) 120
C(9) C(10)  C(11)  120.9(9) H(15)  C(15)  C(14) 129
C(10)  C(11)  C(6) 119.9(6) H(15)  C(15)  C(16) 113
C(4) C(12)  C(13)  120.6(4) H(16) C(16)  C(15) 122
C(4) Cc(12)  C(17)  121.3(5) H(16) C(16)  C€(17) 117
Cc(13)  C(12)  C(17)  118.2(5) H(17) C(17)  C(16) 121
Cc(12)  C(13)  C(14)  120.2(5) H(17) €17 €12 119
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the thiothiophthene system is almost planar and that the approximately
linear sequences C(1)—C(6)—C(9) and C(4)—C(12)—C(15) point slightly up
and down, respectively, from the plane.
The equation for the least squares plane through the carbon atoms of
phenyl group 4 is
—0.69965 X - 0.78433 Y —0.53757 Z= —2.10106

and the deviations in A units from this plane are, C(6) 0.012, C(7) —0.010,
C(8) 0.005, C(9) —0.003, C(10) 0.005, and C(11) —0.010 A.
Similarly the plane equation for phenyl group D is

0.04349 X 4 0.81135 1 + 0.04916 Z = —1.45007

with deviations, C(12) 0.002, C(13) 0.001, C(14) —0.002, C(15) 0.001, C(16)
0.001, and C(17) —0.003 A.

The twist angle about C(1)—C(6) of phenyl group A4 was taken as the
angle between the normal to the plane through S(1), C(1), C(2), and C(6)
and the normal to the plane through C(1), C(6), C(7), and C(11). This angle
is 24.7°.

Similarly, the twist angle of phenyl group D about C(4)—C(12) was found
to be 51.6°. It should be noted that the phenyl groups are twisted in opposite
directions relative to the plane of the thiothiophthene system.

The bond lengths in the 2,4-diphenyl-thiothiophthene molecule as listed
in Table 3 and shown in Fig. la, show that the C—C and C—S bonds in the
rings B and C are shorter than corresponding single bonds. The C—C bonds
are, C(1)—C(2)=1.37410.011 A, C(2)—C(3)=1.398+0.009 A, C(3)—C(4)
=1.44840.011 A, and C(4)—C(5)=1.360+0.009 A, as compared with the
accepted value 1.397 A for the aromatic C—C bond in benzene; and the C—S
bonds are, C(1)—S(1)=1.6964-0.005 A, C(3)—S(2)=1.741+0.005 A, and
C(5)—S(3)=1.669-4-0.007 A, as compared with the values 1.82 and 1.61 A,
respectively for the length of a C—S single and double bond.?»?2 Thus the
thiothiophthene system is stabilized through delocalized =-bonding.

The two sulphur-sulphur bonds are found to be different, <.e.,
S(1)—8(2)=2.4994+0.003 A and S(2)—S(3)=2.2184-0.003 A, as compared
with the value 2.10 A for the length of a sulphur-sulphur single bond in a
cis-planar disulphide group.®

The bonds between the phenyl groups and the thiothiophthene system
are, C(1)—C(6)=1.500+0.009 A and C(4)—C(12)=1.4824-0.007 A, as com-
pared with the value 1.49434-0.002 A found for the central bond in diphenyl
through an X-ray crystallographic investigation of the compound.?

The average values for C—C bond length in the benzene rings 4 and D
are found to be 1.385 and 1.381 A, respectively, and thus slightly shorter
than the aromatic C—C bond length, 1.397 A. This result may, however,
judging from the temperature parameters in Table 2, be due to the rigid body
motion of the molecule.

From the intramolecular non-bonding atomic distances given in Fig. la,
the ortho-hydrogens H(7) and H(11) of ring 4 are rather close to H(2) and
S(1), respectively. The distances found are, H(7)---H(2)=2.004-0.10 A and
H(11)---S(1)=2.744-0.06 A as compared with the corresponding van der
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Waals distances of 2.40 A for H---H and 3.05 A for H---S.10 The distances
between the ortho-hydrogens in ring D and the hydrogens of the thiothio-
phthene system, H(17)---H(2)=2.524-0.10 A and H(13)---H(5)=2.604-0.10 A,
are found to be longer than the corresponding van der Waals distance.

Fig. 2. The arrangement of 2,4-diphenyl-thiothiophthene molecules in the crystal as
seen along the b-axis.

Molecular arrangement and intermolecular sulphur environment. The ar-
rangement of molecules in the unit cell as viewed along the b axis is shown in
Fig. 2. The reference molecule is marked 4 —B—C—D and the center of
symmetry (origin) related molecule is marked AI—BI—CI—DI. The plane
of the thiothiophthene system in the former is, due to the symmetry opera-
tion, parallel with the plane of the thiothiophthene system in the latter, and
the distance between these planes is 3.65 A. This distance is somewhat longer
than two times the half-thickness of an aromatic molecule, 3.40 A, which
might be anticipated when atoms larger than carbon, in this case sulphur,
are built into the aromatic system.

One may note the way in which the sulphur atoms S(2) and S(3) of ring
CI approach the atoms of the rings C' and B, respectively. The relevant inter-
molecular atomic distances are listed in Table 5 below. It is seen that S(2)¢r
and S(3)cr are located almost exactly above the centers of the respective
rings.

As regards the intermolecular environment of S(1) there is no atom closer
than corresponding van der Waals distance.

Acta Chem. Scand. 23 (1969) No. 6
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Table 5. Intermolecular atomic distances D(ij) which show the way in which S(2) and
S(3) of the ring CI approach the atoms of the rings C and B, respectively.

i i D(ij) i i D(ij)

S(2)cr S(2)c 4.05 A S(3)cr S(1)5 414 &
S(2)cr 8(3)c 4.02 S(3)er S(2)z 4.02
S(2)¢r C(3)¢ 3.87 S(3)cr C(l)p 3.90
S(2)¢; C(4)c 3.82 S(3)cr C(2)p 3.75
S(2)¢r C(5)¢ 3.84 S(3)rc C(3)p 3.81

Fig. 3. Comparison of bond lengths in 2,4-diphenyl-thiothiophthene (IV) with bond
lengths in the analogous compounds (V) and (VI). The bond lengths are given in A units.

Comparison with related molecules. A comparison of the bond lengths in
2,4-diphenyl-thiothiophthene (IV) with the bond lengths in the selenium
isologue (V) and the oxygen isologue (VI) is given in Fig. 3. Compound (V)
has been studied by van der Hende and Klingsberg,® and compound (VI)4
has been studied by the authors.* The standard deviations found for the
bond lengths in (VI) are compatible with those found for the bond lengths
in (IV); they are, 4-0.003 A, 4-0.006, +-0.007, +0.010 and +0.009-+0.012
A for 8—8§, S—0, S—C, C—0, and C—C, respectively. The standard devia-
tions for the bond lengths in (V) are reported to be 40.003 A for Se—S and
S—8, 4+0.01 A for Se—C and S—C and +0.02 A for C—C.

From the present study, the atoms of the rings B and C in (IV) are almost
in the same plane, and the same has been found for the atoms of B and C

* The structure study of (V1) by the authors is based on photographic data. Professor 8. C.
Nyholm, University of Toronto, is presently carrying out a refinement of the structure on dif-
fractometer data. A joint paper, presenting the results from both studies, will eventually be
submitted to Acta Chem. Scand.
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Table 6. Observed and calculated hk0—hk8, kOl and k1l structure factors for 2,4-diphenyl-
thiothiophthene. The values given are fifty times the absolute values. Structure factors
marked with asterisks have been corrected for secondary extinction.

H K L FO FC H K L FO FC H K L FO FC H K L Fo FC
to 0 935 983 -5 4 0 942 899 -2 0 1 974 1012 6 6~1 250 229
2 0 0 527 - 482 -5 6 0 174 =116 -3 0 1 300 314 T 2-1 222 - 11s
30 0 1676 1836 -5 8 0 286 =290 -1 11 zzeTe 2308 T 3-1 523 - ar2
4 0 0 710 - 665 -6 I 0 1365 1390 -1z 1TSS 1942 T 4 -1 759 - 748
s 0 0 1622 -8t -6 3 0 32t =291 -1 3 1 91z =917 7 s -1 211 286
6 0 0 936 954 -6 & 0 393 - 320 -1 A4 ) 1e8l -1792 b -2 1+ z01 - 188
T 0 0 434 249 -6 5 0 485 - 435 -1 5 ) Te5 - 658 1 =3 1 s00 44
8 [ [ 281t - 260 -6 8 [ 2%3 - 270 -1 6 ] 278 247 P - & 1 617 - 570
9 0 0 174 164 -7 t 0 1077 (L ~ 1T 1 346 333 1 =5 1 765 - 7135
Ih0 0 341 - 364 -7 2z 0 462 455 -1 8 1 35 30l 1-6 1 875 si8
o 1 0 083 1088 -7 3 0 157 157 -2 b 1 2Ti6% -2753 I -8 1 190 184
¢ 2z 0 2723% -2725 ~7 5 0 705 - 725 -2 2 | 606 - 605 2-1 1 1417 1534
0 3 0 %49 ~1693 -7 6 0 33 - 269 -2 3 1 803 802 2-2 t 7606% -7395
O 4 0 1623 -1608 -8 1 0 205 191 -2 4 | te31  -1a67 2-3 1 ti24 -1090
0 5 0 192 141 -8 2 0 477 - 406 -2 5 1 416 - 352 2 -4 1 609 579
0 6 0 1002 1032 -8 3 0 168 124 -2 6 1 195 175 2-6 1 105 1069
C 7 0 6% - 683 -9 1 0 343 319 -2 1 1 126 98 2-1 1] 493 499
0 8 0 269 =~ 264 -9 2 0 443~ 434 -2 8 1 337 332 z2-8 365 - 384
11 0 2z24% 2214 -9 3 0 619 =~ 621 ~Z 9 1 154 169 2-9 1 23 207
t 2 0 1033 1080 -9 5 0 470 - 20i -3 1 1 2200% -2249 3.1 7 - 59
t 3 0 228 208 -9 71 0 209 264 -3 2 1 106l ~1140 3.2 827 872
I 4 0 1172 ~1198 -1z 1 0 162 - 144 -3 3 1 39 376 3-3 1 137 - 657
15 0 a7 405 -3 5 1 275 252 1 -4 1 154 163
' 6 0 218 - |68 P01 285 368 -3 6 | AT19 479 3-8 4 337 - 331
18 0 219 =217 z 0+ T68 781 -4 1 ) 804 785 3-8 1 a27 346
2 1 0 497 488 3 0 | 823 - 778 -6 2 ) A5e 439 3-7 1 as0 422
2z 0 2883% 2952 4 O 1 1148 =1199 ~& & | A6T - 443 A -1 1 w02 393
z 3 0 2030 2198 5 0 | 248 206 -4 6 1 812 908 4=-2 1 617 - %599
2 “ 0 741 - 725 6 o 1 244 - 210 -4 T I 203 194 4 -3 I2zi15 2199
2 s 0 741 =710 8 0 161 156 -4 9 1 165 - 208 4 -8 1199t 1978
2 & 0 s2% 502 9 0 1 Z216 =178 -5 1 1 538 482 A -5 1 15 - 115
2 7 0 176 - 160 0o o 1 281 =279 -5 2 1 595 = 555 4=-T1T 1 129 - 18
3 1 0 203 - 82 o0 1 223 = 196 -5 3 1 784 788 4~8 I 309 -~ 318
3 2 0 293 273 0 1 1 3015 -2907 -5 5 1 221 199 S~ 1 9n 918
303 0 4A3 430 o 2 | 880 914 -5 & 1 216 163 $-2 1 838 - 79
36 0 477 =431 0o 3t 2093 2263 -5 8 } 231 - 226 $-3 1 253 209
3 5 0 453 448 0 4 1 348 =~ 277 -6 z | 355 - 360 5 =4 1 1122 1077
3 6 0 38t 369 0O 5 1 530 ~ 536 -6 4 | 584 553 5 -6 1 228 134
4 1 0 2897 -2958 0 6 | 406 - 381 -6 5 1 127 136 5 -7 1 1Az = 153
4 2 0 aes 463 o 1 1 1~ 589 -6 1 1 33 - 278 s -8 | 253 - 286
4 3 0 519 529 11 z1SZe L2712 -6 8 1 172 = ITA 5~9 1 138 - {08
4 4 0 508 - 497 ozt 1413 -7 3 1 3% 415 6= 1 1953 2052
& 5 0 521 527 ] 3 1 2028% 2118 -7 5 i 282 - 290 6 -2 ] 761 697
4 7 0 186 - 184 & 1 333 265 -8 5 1 200 =~ 199 64 ) A99 - 4AT
5 1 0 7% =~ 791 I 6 1 793 - 848 0 2~ 21%5%% 2201 6~5 | 1240 =-1207
5 2z 0 510 516 17 1 %% = 597 0 3-1t 1377 1348 6-6 | %61 - sal
5 3 0 .03 176 o8 T 177 0O &= 1879 ~-i8%6 6-7 1 398 403
5 &4 O 295 - 258 2 11 72 - 26 Q@ 5 -1 1887 ~-1985 T -1 1 ass 84
6 | 0 824 - 805 2 2 1 912 1025 0 7-1 29 287 T-2 1 AT8 475
6 3 0 290 - 780 2 4 1 493 - AT4 0 9 -1 139 138 7-3 1 450 - 385
6 & 0 2715 - 259 z s 1 o1z 1137 11 -1 380 360 7.4 1 62 165
6 5 0 21 225 2 6 1 198 193 1 Z~-1 1666 <-1876 7-8%5 1 610 - 608
T 1 0 543 - 563 2 1 v z25 - 269 P33 -1 e22 595 7-6 1 26T - 230
703 0 203 275 3 1 1 1713 -1870 VA= 133 95 8<1 1 AT? 469
7T s 0 23 260 3z t 180 =~ 125 VS~ &8I - 423 8a-2 t 960 - 930
8 2z 0 1330 328 303 1 165 - 14z I 6~=1 19 = 160 8 ~3 | 945 - 905
8 4 0 213 - 203 3 4 1 932 939 o9 =-1 178 144 8-5 1 403 398
9 1 ¢ 172 198 3 085 1 6 664 2 1 -1 965 -~ 995 8-6 1 21% 297
9 2 ] 429 476 3 6 ' 309 307 2 2 ] 6 - 631 8 -7 ] 150 179
9 3 ] 244 - 269 3 T ] 230 - 241 2 3 - 3008% 2979 9 -1 1 129 "r
=1 02t 135 4 4 1 1893 =~2025 2 A= ar2 392 9~2 I 215 - 233
-1 2 0 2765% -2762 6 oz 1 497 485 2 5 =1 ATL - 440 9~ 3 1 526 - 482
-1 3 0 779 786 4 3 1 334 32% 2 6-1 440 285 9 -7 1 25 258
-1 4 0 250 - 23 4 4 1 769 = 759 z 7-1 582 - 607 9 -8 1t 123 124
- 5 0 846 = 537 A 5 598 558 2 9-1 141 190 10 - t 194 - 178
-1 8 0 154 131 o 7 ] 124 - 107 3 [ 87 - 83 10 - & ] 137 Erd]
-1 9 0 322 307 s 2 1 108 84 3 2=-1 17122 1830 10 = & ] 1ne 8%
-2 1 0 s578% =-5210 5 3 1 1120 =1199 33 -1 119 1277 "m=3 1 115 -113
~2Z Z 0 4330% =396l 5 4 | 524 - 528 3 4= 349 - 325 -4 1 276 274
-2 3 0 95¢ 914 5 5 1 268 254 3 8- 1% - 139 =3 1 347 318
-2 & 0 sus 561 s 1 1t 209 187 3 6-1 2Tt - 2l4 1Z-1 1t - 100
-2 5 [ 226 - 158 6 ] \ 460 - 465 3 7= 204 - 199 12 -3 ! 140 132
-2 & 0 371 333 6 2z 1 2% 231 4 1 -1 2137 -2072
-2 8 0 157 102 6 3 1 429 - 451 A 2~1 1213 -1146 I 0 2z 650 629
-2 9 0 303 300 6 5 1 248 263 4 3-1 560 SIT 2 0 2 s6s - 52|
-3 1 0 1283 -130] 6 6 1 92 -~ 80 4 5-=1 374 342 3 0 2 205 -2120
-3 2 0 2075 2246 7z 1 56l 560 4 6-1 198 221 4 0 z 798 -~ 803
-3 3 0 332 - 326 7 5 1 t4z =122 4 T -1 255 - 246 5 0 2z 28l 265
~3 4 0 &1F - 398 8 1 1 458 502 5 | -1 1403 -1423 0 0 2 695 666
-3 s 0 22 614 8 2z 23 208 5 2 -1 (059 1068 o | 2 47 99
-3 6 0 766 749 8 3 1 325 = 323 5 3 -1 482 438 0 2 2 1948 1935
-3 1 0 212 187 8 4 201 - 189 5 4= 328 305 @ 3 Z a80 44t
-4 1 0 289 - 259 8 5 1 172 126 5 s~1 733 709 0 & 2z 332 - 318
-4 3 0 2316 2359 9 2 120 200 5 6-1 238 200 0 6 2 426 - 426
-4 4 0 1261 1176 9 3 1 1Ta - 197 5 T -1 266 = 248 o 7 2 258 - 280
-4 5 0 759 - 689 9 4 1 242 196 6 1 -1 401 = 378 vtz 1177 1873
-4 6 0 409 160 10 iz 110 6 2-1 565 542 I 2 2 1847 1843
-5 1 0 316 - 29 10 2 1 208 206 6 3 -1 257 - 193 13 2 ez 141
-5 2 0 35 -~ 354 N1 180 194 6 4 -1 3& =308 164 2 699 - 671
-5 3 0 te52 1803 -1 0 1 400 308 6 s5-1t 212 190 15z 396 - 280
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Table 6. Continued.

H K L FO FC H

I 6 2z 127 - 82 -1z

[ 8 62 [

2 12 1740 -i858 [

2 2 2 364 320 ]

z 3 2z (86 200 0

2 5 z 1043 1059 0

z 1 z 133 -129 [

3 1z 1123 ~1137 0

3 2 z 7123 716 0

3 4 2z 958 920 0

3 5z 298 317 1

3 6 2z 268 - 223 1

a1z 261 236 '

4 2 z 538 504 1

4 3 2 95 - 93| |

4 4 2 %535 - 552 t

4 5z a8 187 '

5 1 2 385 - 315 1

5 2 2 850 - 855 t

5 3 z 984 - Bl6 k4

5 4 2 237 - 220 2

s s 2 315 326 2

6 1t 2z 234 189 2

6 2 2z 931 935 2z

6 3 2 4zZ8 - 464 2
-1 0 2z 1652 1867 2
-2 0 2z 1124 1081 z
-3 0 2 1280 1255 3
-4 0 2 164 163 3
-5 0 z 106 =~ 58 3
-6 0 2z 559 - 50| 3
-7 0 2 212 221 3
-8 0 2z 277 264 3
-9 0 2 319 315 3
-1 0 2z 146 = 119 3
-1z 0 z 328 =~ 309 4
-0 1z 1152 -109 “
-1 2 2 3% - 280 -
-1 3 2 915 ~ 825 “
-1 & 2 348 - 346 e
-1 5 z 366 330 4
-1 6 2 174 191 b4
-t 7 2 152 - 170 5
-t 8 2 80 58 5
-z 1z 35 260 5
~2 2 2z 218 - 282 5
-2 3 2z 2712 =239 5
-2 4 2 159 -1684 6
-2z 5 z 15T - (19 6
-2 6 2z 130 131 6
-2 1 2z 23 264 6
-2 8 2 137 146 6
-3 12 1z -1228 6
-3 3 2 31 - 281 7
-3 6 2z 23t 241 i
-3 71 2 195 - 223 7
-4 1tz 99 ~-1017 7
-4 2z Z 1583 1609 7
-4 3 2z 212 166 8
-4 4z a3a 420 4
-4 5 2 738 736 8
-4 6 2 320 100 8
-4 7 2 119 - 108 8
-4 8 2z 78 - 106 9
-5 1 2 81z ~8I8 9
-5 2 2 557 = 495 9
-5 3 2 478 417 1o
-5 & 2 1l %z 10
~6 1 2 160 - 167 10
-6 2 2 566 493 i
-6 3 2 571 584 12
-6 4 2 124 120 " -
-6 6 2 171 - 205 [
-6 1 2 103 - 9% b=
-1 1+ oz 2% 185 " -
-7 k4 z 401 - 322 I -
-1 3 2z 128 722 1 -
-1 &4 2 b4 431 -
-7 5 2 123 - 122 -
-7 [ 2 175 179 1 -
-7 7 2 109 - 123 2 -
-7 8 2z 101 = {17 2 -
-8 1z Mz 733 z -
-8 3 2 91 - 89 2 -
-8 4 2 92 T z -~
-8 6 2 104 =116 2 -
-9 1 2 437 397 2 -
-9 3 2 175 200 3 -
-9 5 Z 370 =436 3 -
~9 6 2 199 - 183 3 -
=10 5 2 167 - 196 3 -
~10 & 2 128 - 127 3 -
-1t ' 2 328 351 3 -
-1t 2 2 355 - 380 3 -
=13 2 293 - 284 “ =~
-1z 1z 16 - 22 “ -
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Table 6. Continued.
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FO FC HoK L ro FC
372 352 2 -5 4 948 973
68 a7 3 -5 4 350 319
139 108 4 -5 4 737 - 712
1053 -1005 S -85 4 4yl - 383
995  -1061 6 -5 4 439 422
106 - 113 7T-5 4 587 - 602
68 93 8 -5 “ 315 305
3296% -~3240 9 -5 4 472 514
599 - %30 10 ~ 5 “ 82 139
862 - 726 1~ 6 4 349 324
650 - 583 z2-6 4 252 - 238
501 502 3 -6 4 308 - 287
309 215 4 - 6 4 909 - B85
1561 -1477 5-6 4 175 - 168
246 - 213 6 -6 4 456 - Gb1
it - 123 7T -6 4 126 129
321 327 8 -6 4 118 99
245 289 9 -6 4 336 363
75 -1 [ 4 219 175
171 106 3 -7 4 287 - 297
797 - Ta4 4 -7 4 86 - 82
932 890 6 -7 “ 94 124
2089 2158 8 -7 4 105 154
23 171 10 -7 o 79 - S|
735 710 =7 4 137 =-75
425 432 1 -8 4 221 - 249
-7 2 -8 & 44l - 652
330 324 3-8 4 173 - 146
679 663 4 -8 4 103 120
615 636 6 -8 4 2061 234
1196 -1198 7-8 4 189 175
272 213 8 -8 4 117 146
603 548 2 -9 “ 334 - 336
283 - 212 =10 4 159~ (T4
94 - 57 Z -10 o 210 244
376 - 345 4 =10 “ 76 51
587 - 603 5 -10 4 81 T4
292 - 285 6 -10 4 68 54
185 184 .

1234 -130% t o 5 700 - 703
954 - 933 2 [ 5 710 - 690
407 - 382 3 0 5 219 ~ 200
556 - 554 o o 5 949 - 978
200 198 0 1 5 315 - 301
197 - 18) 0 & 5 309 301
206 153 a 5 5 30 317
156 = 11 1 5 215 - 1%
284 248 2 1 5 290 225
301 250 3 1 5 449 - 399
247 224 4 1 5 360 332
724 765 5 | 5 3%8 320
613 661 12 5 576 579
186 178 z 2 5 290 - 272
2lo 232 3 2 5 392z - 311
333 289 « 2 5 118 - 83
157 136 1 3 5 z16 - 197
558 - 579 2 3 5 39 - 281
312 - 260 303 5 191 - 195

90 80 4 3 5 117 - 89

503 - 506 2 4 5 e - 122z
464~ 486 3 4 5 331 307
236 - 235 | 5 5 103 - 92
199 -2 z 5 5 94 98
316 337 - 0 5 587 576
427 456 -2 0 5 357 - 321
220 193 -3 o 5 212 - 156

62 89 -4 o 5 1255 1334
tz2 140 -5 0 5 668 - 625
540 529 -6 o 5 897 - 866

216 - 209 -1 o 5 459 393
713 - 590 -8 o 5 148 127
784 728 -9 0 5 415 359
459 393 10 0 5 623 625
805 - 772 -1t ¢ 5 25 241
557 - 486 -2 1 5 200 192
1410 1467 -3 1 5 785 - 8l
796 727 -4 15 134 129
369 370 -5 1 5 923 - 964
157 125 -6 1 5 1132 ~-1220
697 77 -7 1 5 102 - 74
695 - 666 -9 I 5 329 - 326
326 286 -10 1 5 350 300
645 581 -12 1+ 5 19 - 208
325 302 -1 2 5 25 86
882 -~ 854 -2 2z 5 809 767
127 - 124 -3 2 5 979 10014
198 - 188 -4 2 5 439 - 356
346 - 353 -5 2 5 398 321
1013 981 -1 2z 5 89 126
1872 1938 -8 2 5 2713 300

79 34 -9 z 5 155 75
585 563 =~ 2 5 90 - 70
306 282 -2 2 5 127 - 130
735 -~ 753 -1 3 5 410 - 39
640 - 626 -2 3 5 443 428
363~ 338 -3 3 5 100 8z
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Table 6. Continued.

H K L FO FC H K L
- & 3 5 480 - 470 z 8 =5
-5 3 5 88 - 66 4 8 ~5
-6 3 5 128 108 5 8 =5
-8 3 5 294 267 6 8 -5
-9 3 5 416 396 ) 9 =5
=11 3 5 " 3 2 9 ~5
-1 4 E 122 99 3 9 =~-5
-4 3 5 534 - 506 1 10-~-5
-5 4 5 551 - 524 2 10 ~5
-6 4 5 147 162 -1 5
-7 “ 5 341 - 336 zZ -1 5
-8 4 5 e 108 3 -1 5
-9 4 5 84 77 3 -2 5
=10 4 5 152 - 156 4 -2 5
=1t 4 5 13 - 151 5 =2 5
-1 5 5 379 387 6 -2 5
-2 5 £ 224 - 211 =3 5
-7 5 5 445 453 2-13 5
-2 6 5 213 - 236 4 -3 5
-3 6 5 263 - 285 5 -3 5
-7 6 5 329 3 6 -3 5

] I -5 516 551 I -4 5

0 3-5 181 - 18] Z2-4 5

[ 4 -5 531 492 3 -4 5

0 5 -5 206 189 4 - 4 5

0 6 =5 266 - 242 5 - & 5

o 7T-5 817 836 6 = & 5

0 9 -5 82 - 94 T -4 5

! 1 -5 850 952 t -5 5

z =15 402 358 2-5 5

3 I =5 2393+ 241 3 -5 5

“ 1 -5 1252 1367 4 -5 5

5 1 =5 348 300 5 -5 5

7 r=-5 452 - 412 6 -5 5

8 I -5 999 - 973 8B ~5 S

9 =5 300 259 10 = 5 5

10 =5 138 126 2 -6 5

oot = 5 14T - 113 3-6 5

1 2 -5 2034% -2188 4 - 6 5

2 2 -5 578 - 603 5 -6 5

3 Z -5 647 638 6 = 6 5

4 2=-5 404 -4l 8 -6 5

5 zZ-5 193 108 9 -6 5

6 2 -5 590 563 -7 5

7 Z2-5 1738 ~-1886 z2-7 5

8 2-5 843 ~ 848 3 -7 5

9 2-5 262 - 262 4 -7 5

10 2 -5 212 - 270 5 -7 5

tr 2-5 76 - 62 6 -7 S

! 3 -5 3279% =3|04 9 -7 5

2 3-5 885 - 858 10~ 7 5

3 3 -5 392 329 I -8 5

4 3-5 89 45 2-~8 5

5 3 -5 1417 1361 6 - 8 5

6 3 -5 1589 1643 9 -8 5

7 3 -5 372 355 10 ~ 8 5

8 3-5 182 - 145 1 -9 5

9 3~5 209 197 Z2~-9 5

1o 3 -5 124 - 145 8 ~9 5

N 3 -5 218 165 3 -0 5

| 4 =5 200 - 135 4 ~10 5

2 4 =5 224 200

3 4 -5 586 - 559 1 o 6

4 4 -~ 5 495 - 447 2 [ 6

5 4 -5 1563 1571 3 0 6

6 4 =5 612 591 [ o [

7 4 -5 642 397 0 | 6

8 4 =5 336 330 0 2 6

9 4 -5 437 - 388 o 3 6

10 4 -5 493 - 496 o 4 6

1 5 -5 459 195 | ' 6

2 5 -5 781 - 730 z 1 6

3 5 - 5 2240% 2408 3 ] 6

4 5 =5 799 - 741 12 6

5 5 -5 640 - 636 2 2 6

6 5 =5 699 - 698 1 3 6

7 5 -5 146 150 4 3 6

8 5 -5 319 355 1 o 6

9 5 -5 365 - 294 -2 0 6

10 5 -5 6% - 77 -3 o 6

) 6 -5 1287 1357 -4 0 6

k4 6 -5 124 " -5 Q L]

3 6 -5 709 - 699 -7 [ )

4 % -5 170 132 -8 0 6

5 6 -5 182 - 177 -9 4 &

7 6 =5 546 547 =10 o 6

B 6 -5 459 466 -1 0 6

9 6 - 5 334 323 -2 o 6

17 -5 1046 to79 -1 1 6

2 7 -5 555 539 -2 1 6

3 7 -~5 60t 607 -3 1 6

5 7 -5 128 - 107 -5 1 6

6 1-5 77 - 6! -6 1 6

7 7-5 95 - 91 -7 1 6

8 7=5 183 - 231 -8 1 6

1 8 -5 135 - 126 9t 6
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Table 6. Continued.
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Table 6. Continued.
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in (VI). With regard to (V) there seems to be a small angle, 6.6°, between the
plane of B and the plane of C.

The spatial orientation of phenyl groups 4 and B relative to the central
ring system is rather similar in the three compounds. Thus, reckoned in the
order IV—VI, the twist angles are 25, 24 and 36° for 4 and 52, 60 and 59°
for B.

If one subtracts the difference in covalent radii of selenium and sulphur,
0.12 A, from the S(2)—Se distance in (V), one arrives at the value 2.21 A
which is close to that found for the S(2)—S(3) distance in (IV), 2.22 A. This,
and the close fit between the S(1)—S(2) distance in the two compounds,
2.50 A in (IV) and 2.49 A in (V), show that the bonding in the linear three-
atom sequence of (IV) remains almost unchanged if S(3) is replaced by selenium.
Substitution of S(3) with oxygen, on the other hand, causes a pronounced
shortening of the S(1)—S(2) bond, c¢f. compound (VI), as discussed below.

The S(1)—S(2) distance in (VI), 2.11 A, is close to the value 2.10 A for a
sulphur-sulphur single bond in a cis-planar disulphide group, and 0.39 A
shorter than the S(1)—S(2) distance in (IV). The S(2)—O distance, 2.38 A,
is 0.87 A shorter than the corresponding van der Waals distance and 0.66 A
longer than the sum of the covalent radii for oxygen and sulphur, and there
is thus partial bonding between S(2) and O. The linearity of the sulphur-
sulphur-oxygen sequence in (VI), S(1)—S(2)—0= 174°, is almost the same
as that of the tri-sulphur sequence in (IV), S(1)—S(2)—S(3)=178°, although
the C—O bond in (VI) is 0.41 A shorter than the corresponding C—S(3)
bond in (IV). Due to better overlap, one may expect the three-center four-
electron bonding in the S—S—O sequence to be most efficient when the three
atoms are exactly on a line. It is therefore interesting to note that molecule
(VI) seems to have adjusted itself to attain a linear S—S—O sequence.

Acta Chem. Scand. 23 (1969) No. 6
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The difference between the bonding in the S—S—S arrangement of (IV)
and the S—S—O arrangement of (VI) may be explained by reference to
the bonding in the linear trihalide ions. It has been found for the latter,
through structure investigations and by theoretical calculations,12-13,25,26 that
the less electronegative of the terminal halogen atoms forms the strongest
bond with the central halogen atom. Hence, with regard to (VI), S(1)—S(2)
should be a stronger bond than S(2)—O, which in fact has been found.

In accordance with this, one may also understand why S(1)—S(2) in
(IV) is a weaker bond than S(2)—S(3). As phenyl group A there is closer to
S(1) than phenyl group D is to S(3), S(1) becomes more electronegative than
S(3) and thus S(1)—S(2) longer than S(2)—S(3).

From the values given in Fig. 3, there is good agreement between corre-
sponding C—S8 and C—C bond lengths in (IV) and (V). It should be noted that
in both compounds, C(3)—C(4) is found to be the longest and C(4)—C(5)
the shortest C—C bond, i.e., C(3)—C(4)=1.45 A in (IV) and 1.49 A in (V),
and C(4)—C(5)=1.36 A in (IV) and 1.37 A in (V). Compound (IV) and (V)
differ in this respect from (VI). There, C(3)—C(4)=1.39 A, is found to be
shorter than C(4)—C(5), 1.43 A. Thus there are alternating short and long
C—C bonds in (VI) from C(1) to C(5). This, in fact, has also been found for
the related compound 2,5-dimethyl-dithiofurophthene (VII).2?

Me 132 1.39 Me
150 148 140154
175 176 127
SZuA STIIAC St 238 A S2 7282453
(M) (¥m)

The structure of the unsymmetrical thiothiophthene derivative (VIII)
has been studied by Paul ef al.” The bond lengths given for this compound
are averages of respective distances from two independent molecules. Accord-
ing to the authors ‘““there is good agreement between the two independent
molecules with the exception of the “long” S—§S distance”, which is 2.47 A
in one and 2.57 A in the other. Since the standard deviation, o, in S—S distance
is reported to be 4-0.007 A, it is assumed that this difference of 14 ¢ is sig-
nificant. This in fact supports the assumption that intermolecular as well as
intramolecular environment may influence the bonding in the linear tri-
sulphur sequence.

There is good agreement between the C—S and C—C bond lengths in
(VILI) and the corresponding C—S and C—C bond lengths in (IV). It should
be noted that the average value of the C(2)—C(3) and C(3)—C(4) bond lengths
in (VILI), 1.45 A, is larger than the average values of the C(1)—C(2) and
C(4)—C(5) bond lengths there, 1.39 A. Corresponding average values for

Acta Chem. Scand. 23 (1969) No. 6
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(IV) are 1.43 and 1.37 A, respectively. As regards this structural feature,
the thiothiophthene system resembles naphthalene.

In compound (VIII) there are two substituent groups to ring C and one
to ring B. Furthermore, S(1)—S(2) has been found to be shorter than S(2)—S(3).
If one assumes that the benzoyl and the methylmercapto groups together
are able to withdraw more electrons from S(3) than the para-bromophenyl
group withdraws from S(1), thus making S(3) more electronegative than
S(1), one should expect S(1)—S(2) to be a shorter bond than S(2)—S(3),
in agreement with the experimental results.

Charge distribution and bond orders. The m-electron distribution and the
z-bond orders in the thiothiophthene system of 2,4-diphenyl-thiothiophthene
are given in Fig. 4. The values have been calculated according to a self-

Fig. 4. =m-Electron distribution, =z-bond

orders and o-bond orders (in parentheses)

in the thiothiophthene system of 2,4-
diphenyl-thiothiophthene.

I AT

consistent parameter MO-method devised by Bergson.?® The same method
has been used by two of us (A.H. and E.S.) 2 for the electronic structures of
the 3- and 4-phenyl-1,2-dithiolium ions, where it gave a good description of
the structures.

The values given in parentheses in Fig. 4 are o-bond orders for the sulphur-
sulphur bonds. The model used for the tri-sulphur sequence is that of the
three-center four-electron bond.?,8 The values, 0.69 and 0.72 for the o-bond
orders, were obtained by assuming S(1) to be slightly more electronegative
than S(3) and adjusting the coulomb integral of S(1) accordingly. The adjust-
ment was made by the w-formula,?® taking the electron-density difference
between S(1) and S(3) equal to that of the n-densities, 0.04 electrons.

The z=-bond orders found for the S(1)—S(2) and S(2)—S(3) bonds, 0.24,
are not given in Fig. 4 because one may doubt how they should be interpreted.
They appear because the Slater p-orbitals for sulphur, also at sulphur-sulphur
distances as in the present compound, overlap to some degree.

There is good qualitative agreement between the bond orders in Fig. 4
and the bond lengths in Fig. la.
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