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Structures of Linear Multisulphur Systems

I. The Crystal and Molecular Structure of 2-t-Butyl-4,5-(1-(1,3-
dithiolane-2-ylidene)-tetramethylene)-1,6,6a-thiathiophthene

JORUNN SLETTEN*

Chemical Institute, University of Bergen, N-5000 Bergen, Norway

The crystal structure of C,H, S, has been determined by X-ray
diffraction methods. 3942 independent reflections were measured on a
computer-controlled diffractometer using MoK« radiation. The struc-
ture was solved by three-dimensional Patterson synthesis and refined
to R=0.036 by full-matrix least squares. Standard deviations in bond
lengths are 0.001 AinS-8,0.002AinS—Cand C—C, and 0.02 A in
C—H bonds. Four of the sulphur atoms are arranged in an approxi-
mately linear row, with distances S(1)—S(2)=2.482 A, S(2)—8(3) =
2.209 A, and S(3)—S(4)=2.965 A. The S(1), S(2), S(3) part of the
molecule formally constitutes a thiathiophthene resonance system,
and the addition of a fourth sulphur atom in the row does not seem to
perturb this system to any noticeable extent.

The thiathiophthene system was discovered when Bezzi ef all in 1958
determined the structure of 2,5-dimethyl-6a-thiathiophthene (I).

My
S—S §

(1)

Since then there has been a number of structure reports on both symmetrically
and unsymmetrically substituted thiathiophthenes.?”7 In all these structures,
intramolecular sulphur-sulphur bonds in the region 2.10—2.60 A have been
observed, implying that partial bonding between sulphur atoms may exist.
In valence bond language, the concept of ‘“one-bond no-bond resonance’ is
used to describe the system.! In MO language, the sulphur-sulphur bonding
may be described in terms of a delocalized o-system, comprising the three

* This work was carried out at the Department of Biological Structure, University of
Washington, Seattle, USA.

Acta Chem. Scand. 25 (1971) No. 10 3



3578 JORUNN SLETTEN

sulphur atoms. The first MO calculations on the thiathiophthene system were
performed by Giacometti and Rigatti who considered only p-type orbitals for
bonding on the sulphur atoms.® Later, it has been suggested that the central
sulphur atom may be tetravalent, forming localized o-bonds to both of the
terminal sulphur atoms through pd- or p*d-hybrid orbitals.® Recently Gleiter
and Hoffmann have used the concept of electron-rich three-center bonds to
explain the bonding in thiathiophthenes.® According to their calculations the
potential energy curve shows a flat and almost symmetrical minimum when
3d-orbitals on sulphur are included, while an unsymmetrical location of the
sulphur atoms is favoured when d-orbitals are not included.

Theoretically, the thiathiophthene system may be extended to include
four, five, or even an infinite row of sulphur atoms. A number of four- and
five-sulphur compounds where a bonding scheme equivalent to that in thia-
thiophthenes is possible, have been synthesized by Stavaux and Lozac’h ! and
by Klingsberg.12

To gain information on this new type of compounds a series of X-ray
crystallographic structure determinations have been initiated at this
laboratory. A preliminary note on the present crystal sturcture (IT) has been
published elsewhere.13

CH2
H,C” CH;
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In addition, short communications on the crystal structures of another four-
sulphur compound, (III), and a five-sulphur compound, (IV), have been
published. 14,16

Ph
A Ph Ph NS |\ N C(CHa)3
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EXPERIMENTAL

The compound, (II), crystallizes as deep red needles from ethylacetate by slow
evaporation. Determination of space group and preliminary cell dimensions were carried
out using precession and Weissenberg methods. Final cell parameters were determined
by measuring 26 settings for 24 reflections on a manual diffractometer with CuKa radiation
(A=1.5418 A) at a temperature of 20°C. The density as determined by flotation was
1.450 g cm™3,

Crystal data

C e 68, — M. W. 372.66
Space group P1

@=10.0332+0.0007 A a= 93.228+ 0.005°
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b=13.3294+0.0009 A p=101.527 + 0.008°
c= 7.0276+0.0005 A y=108.801 + 0.004°
V =859.124 A

D,=1.441 g cm™® Dy, =1.450 g cm™

Linear absorption coefficient: z= 6.3 cm™ (MoKa-radiation)

The crystal selected for data collection had dimensions: 0.1 mm x 0.1 mm x 0.4 mm,
and was mounted along the needle axis. Data were collected on a computer-controlled
four-circle diffractometer with niobium-filtered MoKa-radiation (A=0.71069 A).
Integrated intensities were measured by the 6§ — 26 scan technique, the scan ranges being
calculated as 426=A + B tan 6.1* Backgrounds were measured at the beginning and end
of the 26 scan, each background being counted for 10 sec.

Of the 3942 unique reflections measured within a sphere limited at sin 6/4=0.65,
(20=155°), 1023 were coded unobserved, being less than the threshold limit of 2¢., where
.= (Npy+ (Ng,+Ngy) X T/20)}. Np, is the number of counts in the scan, Ny, and
N g, are the background counts, and 7' is the scan time in sec.

During the data collection, three standard reflections were measured for every 200
reflections. The net intensities of the reference reflections stayed constant to within 1 9,
throughout the data collection. Thus the total error assigned to the net intensity of each
reflection is: oy=(02+(0.01 o2)?)}. The standard deviation in the structure factors
was calculated as: o= (F?+ oy(Lp)™!)t — F. Data were corrected for Lorentz and polariza-
tion effects and for coincidence loss.!” The apparent dead-time for the system was in
this case found to be 3.47x107¢ sec/count. Absorption correction was not deemed
necessary since the linear absorption coefficient is fairly low and the cross-section of the
crystal is approximately equi-dimensional.

STRUCTURE DETERMINATION AND REFINEMENT

The structure was solved by the heavy atom method. The four sulphur
atoms lying in a row were located from a three-dimensional Patterson map.
Structure factor calculation based on these atoms gave an R of 0.58
(B=2(|Fl =|F D2 F,]). In the corresponding Fourier map, the fifth
sulphur atom and 12 of the 16 carbon atoms showed up clearly. A structure
factor calculation based on the parameters of 17 atoms gave an R of 0.45, and
the remaining 4 carbon atoms were located in the succeeding Fourier map.

After three cycles of full-matrix least-squares refinement, the agreement
factor was 0.121. All atoms were then assigned anisotropic thermal parameters
in the subsequent cycle, and R decreased to 0.068. At this stage, a difference
map was calculated, and all of the 20 hydrogen atoms were nicely resolved.
These atoms were included in the further refinement, with isotropic thermal
parameters. Up to this point, only the 2270 reflections with 20 < 45° had been
included. The final refinement, which included all reflections, converged at
an R of 0.036. Shifts in all parameters were less than 0.3¢. The function
minimized in the refinement was >w(|F,| —|(1/k)F |)?, where w=1]gz2.

The atomic scattering factors used in the calculations were, for sulphur
those given by Dawson,® for carbon those of Berghuis et al.,!® and for hydrogen
those of Stewart et al.2° All calculations were carried out on an IBM 7094
computer with programs from the X-ray 67 system.2

The final coordinates and thermal parameters together with the
corresponding standard deviations are given in Table 1 a and b. A list of the
observed and calculated structure factors are given in Table 2.
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RESULTS AND DISCUSSION

Bond lengths and angles derived from the final coordinates are listed in
Tables 3 and 4 together with the corresponding standard deviations. The
most important bond lengths and angles are also shown in Fig. 1. Four sulphur
atoms, S(1), S(2), S(3) and S(4), are lying approximately on a linear row,
with angles / S(1) —S(2) —S(3)=174.59(3)°and / S(2) —S(3) — S(4) =177.57(3)°.
The three S---S distances are all in the region between a single bond and van
der Waals distance. The value usually referred to as van der Waals radius of
sulphur is 1.85 A.22 However, “short” van der Waals contacts between sulphur
atoms have been found in several compounds, e.g., S---S distances in the

Table 1a. Final coordinates with the corresponding standard deviations in parenthesis.

Atom X/a Y/b Zle
S(1) 0.54757(5) 0.82744(4) 0.84614(6)
5(2) 0.34644(5) 0.65323(4) 0.76533(6)
S(3) 0.15738(4) 0.50443(4) 0.71189(7)
S(4) —0.10404(5) 0.31019(4) 0.64336(7)
S(5) —0.14903(5) 0.21207(4) 0.99886(7)
C(1) 0.60910(18) 0.79796(13) 1.07218(24)
C(2) 0.53492(19) 0.70125(14) 1.12076(26)
C(3) 0.40776(17) 0.62630(13) 0.99964(22)
C(4) 0.32558(17) 0.53288(12) 1.06375(22)
C(5) 0.19419(18) 0.46789(13) - 0.94158(22)
C(6) 0.09343(18) 0.37848(13) 1.00578(22)
C(7) —0.03401(17) 0.31137(13) 0.89364(23)
C(8) —0.26188(21) 0.13436(16) 0.77179(29)
C(9) —0.27858(21) 0.20874(15) 0.62782(29)
C(10) 0.37782(18) 0.50694(13) 1.26557(23)
C(11) 0.29665(20) 0.39358(15) 1.29213(27)
C(12) 0.13543(21) 0.36588(16) 1.22033(26)
C(13) 0.74115(18) 0.87996(13) 1.21230(25)
C(14) 0.79506(21) 0.83317(16) 1.39404(27)
C(15) 0.69945(20) 0.97536(15) 1.27528(27)
C(16) 0.86430(22) 0.91819(16) 1.10742(26)
H(2) 0.5644(15) 0.6853(11) 1.2386(21)
H(81) —0.3510(16) 0.0936(12) 0.7974(21)
H(82) —0.2032(16) 0.0932(12) 0.7199(23)
H(91) —0.3099(15) 0.1736(12) 0.4904(21)
H(92) —0.3501(17) 0.2499(13) 0.6633(23)
H(101) 0.4831(15) 0.5205(11) 1.2874(22)
H(102) 0.3662(15) 0.5589(12) 1.3616(21)
H(111) 0.3190(16) 0.3828(12) 1.4299(23)
H(112) 0.3275(17) 0.3435(13) 1.2194(23)
H(121) 0.0905(17) 0.2890(12) 1.2404(23)
H(122) 0.0992(20) 0.4131(14) 1.2920(26)
H(141) 0.8836(19) 0.8878(14) 1.4789(25)
H(142) 0.8167(18) 0.7632(13) 1.3527(24)
H(143) 0.7178(18) 0.8125(12) 1.4725(24)
H(151) 0.6264(17) 0.9514(13) 1.3561(24)
H(152) 0.6589(17) 1.0031(14) 1.1583(24)
H(153) 0.7865(18) 1.0294(14) 1.3557(25)
H(161) 0.8301(17) 0.9485(13) 0.9863(24)
H(162) 0.8960(17) 0.8551(14) 1.0683(25)
H(163) 0.9520(17) 0.9706(13) 1.2042(24)
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Table 1b. Final thermal parameters with the corresponding standard deviations in
parentheses. The anisotropic thermal parameters are defined by the expression:
T =exp[ — 1/4(B;,h*a*? + By, k?b*? + Byyl*c*? + 2B ,hka*b* + 2B shla*c* + 2B, kib*c*)],
and the isotropic parameters by T;=exp(— DB sin?6/A?).

Bll Bsz Baa B12 Bla Bza

8(1) 4.36(2) 3.64(2) 3.64(2) 0.87(2) 0.45(2) 1.38(2)
S(2) 3.73(2) 3.52(2) 2.39(2) 1.22(2) 0.50(2) 0.95(2)
S(3) 3.57(2) 4.13(2) 2.12(2) 0.50(2) 0.07(2) 0.80(2)
S(4) 3.50(2) 4.33(2) 2.79(2) 0.51(2) 0.33(2) 0.69(2)
S(5) 3.38(2) 4.21(2) 3.46(2) 0.30(2) 0.84(2) 0.81(2)
(1) 3.26(8) 3.09(8) 3.32(8) 1.18(6) 0.78(6) 0.49(6)
C(2) 3.56(8) 3.22(8) 2.57(8) 0.98(7) 0.31(7) 0.73(7)
C(3) 3.16(8) 3.09(8) 2.30(7) 1.32(6) 0.46(6) 0.53(6)
C(4) 3.15(8) 2.75(7) 2.36(7) 1.13(6) 0.40(6) 0.49(6)
C(5) 3.38(8) 3.16(8) 2.01(7) 1.44(6) 0.35(6) 0.40(6)
C(6) 3.06(8) 3.39(8) 2.34(7) 1.04(6) 0.48(6) 0.57(6)
C(7) 3.07(8) 3.31(8) 2.62(7) 1.32(6) 0.54(6) 0.48(6)
C(8) 4.14(10)  4.94(11)  4.65(11) —0.23(8) 0.53(8) 1.15(8)
C(9) 4.16(10)  4.13(10)  4.60(10) 0.01(8) 0.56(8) 0.55(8)
C(10) 3.87(9) 3.15(8) 2.62(8) 0.66(7) 0.05(6) 0.76(6)
C(11) 3.81(9) 3.46(9) 2.62(8) 0.85(7) 0.04(7) 0.90(7)
C(12) 3.87(9) 4.65(10)  2.63(8) 0.64(8) 0.36(7) 0.89(7)
C(13) 3.18(8) 3.14(8) 3.85(9) 0.49(7) 0.66(7) 0.46(7)
C(14) 4.90(9) 5.25(9) 5.05(9) —0.46(8) 1.02(7) 1.36(8)
C(15) 4.79(9) 4.38(10)  6.36(9) 0.85(8) 0.82(7) —0.97(7)
C(16) 3.73(10)  5.86(10)  6.17(10) 0.88(8) 1.57(8) 0.98(8)
B (A B (A% B (A
H(2) 2.42(30) H(111) 3.41(32) H(151) 6.70(49)
H(81) 6.22(34) H(112) 3.49(37) H(152) 7.96(45)
H(82) 9.51(35) H(121) 5.78(41) H(153) 6.75(50)
H(91) 5.94(33) H(122) 5.39(43) H(161) 6.71(50)
H(92) 9.58(35) H(141) 6.45(53) H(162) 7.81(55)
H(101) 3.67(30) H(142) 7.88(53) H(163) 6.91(54)
H(102) 3.87(31) H(143) 7.31(54)

region 3.37 A—3.60 A in different allotropes of sulphur® 3.65 A in
6-mercaptopurine,? and 3.47 A in rhodanine 25 Values in the range 1.60 A —1.73
A have been suggested for the van der Waals radius of sulphur227 and
according to the structural information available, a value within this region
seems reasonable. For the further discussion, a van der Waals radius of 1.70
A will be used. :

The atoms S(1), S(2), S(3), and C(1) through C(5) formally constitute a
thiathiophthene system, substituted at the 2, 4, and 5 positions. From one of
the substituents a fourth sulphur atom is brought close to S(3), at a distance
of 2.965 A. This close contact, 0.44 A shorter than van der Waals distance,
might imply partial bonding between S(3) and S(4). If p-orbitals only are
considered for ¢-bonding, S(4) will have one p-orbital available for bonding
in the C(9):--S(4)---S(3) directions. If a partial bond to S(3) exists, a
lengthening of the S(4)—C(9) bond would be expected. This bond is found
to be slightly longer than S(5)—C(8), but it is still shorter than the usually
accepted S—C single bond value of 1.82 A.28 Thus the p-orbital apparently is
effectively engaged in a “full” bond between S(4) and C(9), and accordingly
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observed intensity less than the threshold value of 20, are marked with <s

Table 2. Observed and calculated structure factors mult
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Table 2. Continued.
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Table 2. Continued.
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LINEAR MULTISULPHUR SYSTEMS

Table 2. Continued.
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Table 3. Intramolecular bond distances. The correspondin

JORUNN SLETTEN

standard deviations in

parentheses refer to the last digit. Bond lengths corrected for rigid body motion are
listed in brackets.

Bond

S(1)—8(2)
8(1)—C(1)
8(2) —8(3)
8(2)-C(3)
8(3)—8(4)
8(3)—C(5)
S(4)—C(7)
S(4) —C(9)
8(8) — C(7)
S(5)—C(8)
C(1)~C(2)
C(1)—-C(13)
C(2)-C(3)
C(3)—C(4)
C(4) - C(5)
C(4)—C(10)
C(5)—C(6)
C(6) — C(7)
C(6)—C(12)
C(8) — C(9)

2.482(1)
1.701(2)
2.209(1)
1.739(2)
2.965(1)
1.716(2)
1.756(2)
1.813(2)
1.760(2)
1.799(2)
1.366(2)
1.531(2)
1.414(2)
1.408(2)
1.398(2)
1.510(2)
1.453(2)
1.355(2)
1.516(2)
1.479(3)

C(10)—C(11) 1.510(2)
C(11)—C(12) 1.508(3)
C(13)—C(14) 1.531(3)

[2.484] A
[1.706]

[2.211]
[1.745]
(2.967]
[1.721]
[1.762]
[1.814]
(1.762]
[1.803]
(1.368
[1.533]
[1.416
1.410]
1.400
(1.515
[1.455]
(1.357
(1.521]
[1.483]
[1.512]
[1.511]
[1.536]

Bond

C(13) - C(15)
C(13)—C(16)
C(2)-H(2)
C(8) —H(81)
C(8) — H(82)
C(9) —H(91)
C(9) —H(82)
C(10) — H(101)
C(10) — H(102)
C(11)—H(111)
C(11)—H(112)
C(12) —H(121)
C(12) - H(122)
C(14) —H(141)
C(14)—H(142)
C(14) —H(143)
C(15) —H(151)
C(15) — H(152)
C(15) —H(153)
C(16) —H(161)
C(16) — H(162)
C(16) —H(163)

1.530(4) [1.535] A
1.526(3) [1.529]
0.88(2)
0.94(2)
1.03(3)
0.99(2)
1.09(3)
0.99(2)
0.99(2)
0.98(2)
0.98(2)
0.98(2)
1.01(2)
1.00(2)
1.06(3)
1.02(3)
1.00(2)
0.99(3)
0.98(2)
1.01(2)
1.03(3)
1.02(2)

S(4) would not be expected to participitate in o-bonding to the neighbouring
sulphur atom. If, on the other hand, it is assumed that S(4) is tetravalent
and that pd-hybrid orbitals are utilized for s-bonding, S(4) would be able to
form bonds to both S(3) and C(9). In order to obtain sufficient overlap between
3 pd hybrids of sulphur and the 2p orbitals of carbon, 3d-orbital contraction is
probably necessary. Such a contraction may be caused by the nuclear charges
of the neighbouring atoms.?

Fig. 1. Molecular dimensions.
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Table 4. Intramolecular bond angles with the corresponding standard deviations in

Angle

8(2)—8(1)—C(1)
S(1)—8(2) —8(3)
S(1) —8(2) - C(3)
8(3) ~8(2) — C(3)
S(2)—8(3) —S(4)
5(2) —8(3) — C(5)
8(4) —8(3) — C(5)
S(3) —8(4) — C(7)
S(3) — 8(4) — C(9)
C(7) —8(4) —C(9)
C(7) —8(5)— C(8)
8(1)—C(1)~C(2)
S(1)—C(1)~C(13)
C(2) - C(1)—C(13)
C(1)—C(2)—C(3)
C(1)—C(2) —H(2)
C(3)—C(2)~H(2)
8(2)—C(3)—C(2)
S(2) — C(3) — C(4)
C(2) —C(3) — C(4)
C(3)—C(4) ~C(5)
C(3) —C(4) — C(10)
C(5) — C(4) ~ C(10)
S(3) — C(5) — C(4)
S(3) — C(5) — C(6)
C(4) —C(5)— C(6)
C(5)—C(6) - C(7)
C(5) —C(6) ~ C(12)
C(7)—C(6) — C(12)
S(4) — C(7) ~8(5)
S(4) — C(7) - C(6)
S(5) — C(7) ~ C(6)
S(5) — C(8)— C(9)
$(5) — C(8) — H(81)
S(6) — C(8) — H(82)
C(9) — C(8) — H(81)
C(9) — C(8) — H(82)
H(81)— C(8) —H(82)
S(4) —C(9) — C(8)
S(4) — C(9) — H(91)
S(4) — C(9) —H(92)
C(8) —C(9) —H(91)
C(8) — C(9) — H(92)
H(91) - C(9) —H(92)

parentheses.
Angle
91.67(5)° C(4)—C(10) — C(11)
174.59(3) C(4) — C(10) — H(101)
87.63(5) C(4)—-C(10) —H(102)
90.79(5) C(11)—C(10) —H(101)
177.57(3) C(11) — C(10) — H(102)
96.16(5) H(101) — C(10) — H(102)
84.19(5) C(10)=C(11) = C(12)
80.22(5) C(10)—C(11) —H(111)
168.27(8) C(10)—C(11)~H(112)
96.56(8) C(12) —C(11)— H(111)
96.40(8) C(12)~C(11) —H(112)
117.4(1) H(111)—C(11) — H(112)
119.6(1) C(6)—C(12)—-C(11)
123.0(2) C(6) —C(12) — H(121)
124.6(2) C(6)—C(12) ~H(122)
118.5(8) C(11)—C(12)-H(121)
116.9(8) C(11) - C(12) —H(122)
118.6(1) H(121) —C(12) — F(122)
118.6(1) C(1)=C(13) ~ C(14)
122.7(2) C(1)—C(13) - C(15)
119.2(1) C(1)—C(13) — C(16)
119.6(1) C(14) — C(13) — C(15)
121.2(1) C(14) —C(13) — C(16)
114.9(1) C(15) — C(13) — C(18)
122.3(1) C(13) — C(14) —H(141)
122.8(1) C(13) — C(14) — H(142)
125.6(2) C(13)—C(14) — H(143)
115.1(1) H(141) — C(14) — H(142)
119.3(2) H(141) — C(14) — H(143)
112.99(8) H(142) — C(14) — H(143)
127.2(1) C(13)—C(15) —H(151)
119.8(1) C(13) — C(15) — H(152)
108.2(1) C(13)—C(15) —H(153)
107(1) H(151) — C(15) — H(152)
106(1) H(151) — C(15) — H(153)
112(1) H(152) — C(15) — H(153)
105(1) C(13)—C(16) —H(161)
117(2) C(13) - C(16) — H(162)
109.1(1) C(13)—C(16) —H(163)
105(1) H(161) —C(16) —H(162)
107(1) H(161) — C(16) — H(163)
113(1) H(162) —C(16) — H(163)
110(1)
112(2)

112.2(1)°
108(1)
107(1)
111(1),
111(1)
106(1)
111.5(2)
110.6(8)
110.0(9)
110(1)
108.6(8)
106(1)
112.1(2)
110(1)
106(1)
106(1)
111(1)
111(2)
112.1(2)
108.5(2)
109.6(2)
109.4(2)
108.2(2)
109.1(2)
110(1)
110(1)
110(1)
111(2)
108(2)
108(2)
109(1)
110(2)
108(2)
110(2)
109(2)
111(2)
109(1)
110(1)
108(1)
110(2)
114(2)
106(2)

Regardless of the valence state of S(4), a partial bond between S(3) and
S(4) would be expected to perturb the three-sulphur thiathiophthene system,
S(1)---8(2)---S(3). In thiathiophthenes, sulphur-sulphur distances ranging from
2.16 to 2.56 A have been found. S(1):--S(2) and S(2)---S(3) in the present
molecule fall within this region. In Table 5, pertinent S —S and S — C distances
in four unsymmetrically substituted thiathiophthenes are compiled. The bond
lengths in the thiathiophthene part of the present molecule closely resemble
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Table 5. S— S and S— C distances in unsymmetrically substituted thiathiophthenes.

Total

Short Long dist. Terminal Central Terminal Ref.

Compound S—-8 §S—8§ 8-8:8 8—-C S8S-C 8S-C
2,4-Diphenyl thiathiophthene 2.218(3) 2.499(3) 4.717 1.669(7) 1.741(5) 1.696(5) 2
2-Methyl-4-phenyl thiathiophthene  2.237(2) 2.475(2) 4.712 1.693(5) 1.747(4) 1.688(5) 6
3-Benzoyl-5.p-bromophenyl- 2.168(8) 2.454(8) 4.622 1.69(2) 170(2) 172(2)

2-methyl-thiathiophthene 2.163(8) 2.561(8) 4.724 1.72(2) 1.78(2) 1.68(2)
2,3,4-Triphenyl-thiathiophthene 2.266(3) 2.371(3) 4.637 1.676(9) 1.755(9) 1.667(9) 7

Average 2.210 2.472 4,682 1.690 1,745 1.690

the mean values of the corresponding dimensions in the tabulated structures,
and the overall length S(1)---S(2)---S(3) of 4.69 A is nearly equal to the corre-
sponding average distance of 4.68 A. Thus the interaction between S(3) and
S(4) apparently is too weak to affect the thiathiophthene system to any
noticeable degree. Nor does it, as noted above, affect the length of the S(4)—
C(9) bond.

The internal angles at the three sp*-hybridized carbon atoms in ring C
(Fig. 1) are all larger than 120°. Also there is a small twist around the C(6) — C(7)
bond, the dihedral angle C(5),C(6),C(7)/C(6),C(7),S(5) being 4.1°. This twist and
the strain in ring C may indicate a repulsion between S(3) and S(4). Similar
features are observed in other molecules with intramolecular S---S distances in
the region 2.90 —3.00 A. For example, in the isothiathiophthene (V)% the S---S
distance is 2.91 A, and the internal angles a, b and ¢ are 131°, 127° and 119°,
respectively. An equally short intramolecular sulphur-sulphur distance (2.95 A)
has been found in bis-N-ethylbenzthiazol-(2) phosphamethincyanin perchlorate

| SWH\ N\j/P\(/N

J/—s S s s

p-BrPh 2.91 295
(Y) (§:49)

(VI).31 The internal angles at the two carbon atoms in the central five-membered
ring are 129° and 132°. The geometry of the present molecule thus indicates
that the covalent bonding, if any, between S(3) and S(4) is very weak.

Comparing the results from the present investigation with those of the
symmetrically substituted four-sulphur compound (III),* it is seen that the
sulphur atoms are arranged quite differently in the two structures. In
compound (III) the central S---S distance is 2.93 A while the two terminal
bonds of 2.00 and 2.03 A are of the same length as the S —S bonds normally
found in isolated 1,2-dithiolium rings.® Thus the short contact between the
central sulphur atoms has not brought about a significant lengthening of the
terminal S —S bonds.
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Table 6. Least squares planes through each of the five-membered rings, and atomic
deviation from these planes.

Equation of plane Atoms defining the plane and their
(X, Y, and Z triclinic deviation from the plane (A)
coordinates in A)

0.8491X —0.6310Y — 0.4798Z = S(1) S(2) c(1) c2) c(3)
—5.1422 (1) —0.0093 0.0156  0.0007 0.0186 —0.0256
0.8060X — 0.7103Y —0.4419Z = S(2) S(3) C(3) C(4) C(5)
—5.7436 (2) —0.0181 0.0282  0.0052 0.0262 —0.0414
0.7949X — 0.7673Y — 0.3580Z = S(3) S(4) C(5) C(6) c(7)
~5.6585 (3) —0.0387 0.0357 0.0506  0.0000 —0.0477

Angle between plane 1 and plane 2 6.24°
Angle between plane 1 and plane 3 11.17°
Angle between plane 2 and plane 3  5.71°

Table 6 lists deviations from the least squares planes through each of the
1,2-dithiole rings. Each ring shows a small but significant deviation from
planarity. As mentioned above, there is a small twist of 4.1° around the
C(6) — C(7) bond. The steric strain between S(5) and H(121) (Fig. 1) is somewhat
relieved through this torsion, however, the S---H distance of 2.57 A is signifi-
cantly shorter than van der Waals distance. Short S---H distances are also
found between S(1) and H(152) (2.71 A) and between S(1) and H(152) (2.88 A).

The 1,3-dithiolane ring is non-planar with atoms S(4), S(5), C(7) and C(9)
approximately in a plane, and C(8) displaced 0.6 A from this plane. The bond
angles and S—C distances are normal and in fairly good agreement with
angles and distances found, e.g., in 2-desylidene-1,3-dithiolane.® However, the
sp®—sp® carbon bond, C(8)— C(9), of 1.479 A is extraordinary short. Thermal
vibration alone cannot account for this shortening. A residual difference map
calculated at the end of the refinement shows a peak of 0.26 e A3 at a distance
of 0.9 A from C(9) and 1.3 A from C(8) on the outside of the ring. This spurious
peak may be due to errors in the data, and it could result in slightly erroneous
positional parameters for the neighbouring atoms.

The S—C,* bonds in the molecule have partial double bond character,
with m-bond orders in the range 0.37—0.64.3* The two S —C,,» bonds, S(4)—
C(9) and S(5) — ((8), are slightly shorter than the usually accepted single bond
value of 1.82 A283¢ A compilation of S(II)-C,* distances from recent
literature is shown in Table 7. Only structures where the standard deviations
in S—C bond lengths are less than 0.01 A are included. The average of the
14 S—C,,® distances is 1.823 A, with an r.m.s. deviation of 0.016 A. This is in
excellent agreement with the single bond value mentioned above. The bond
lengths tabulated vary within the limits 1.795 A and 1.850 A. This variation
may be caused by the environment of the sulphur atom involved. The slight
difference between the bond lengths S(4) —C(9) and S(5)—C(8) may indeed
reflect that the environment of the two sulphur atoms S(4) and S(5) are quite
different.
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Table 7. S(IT) — Csp* bond lengths in selected compounds.

Compound S(II)—Csps 4 Ref.
1.795
trans-2,3-Dichloro-1,4-thioxane 0.006 35
1.820
2-p-Methoxyphenyl-3,4-dibenzyl-
1.842 0.007 36
1,3,4-thiazolidine-5-thiole
D,L-Homocysteine thiolactone 1.814 0.003
37
hydrochloride 1.840 0.009
2-(2-Pyridylmethyldithio)-
benzoic acid 1.834 0.003—-0.01 38
1.845 0.003
1.819 0.003
2,6-Dimethyl-2,5-endothio- 1.850 0.003
1,4-dithiane 1.822 0.003 39
1.810 0.003
1.821 0.003
1.799 0.002
Present structure
1.813 0.002
Average 1.823

The arrangement of molecules in the unit cell as viewed along the c-axis
is shown on Fig. 2. The reference molecule is marked with the atomic numberi
used in the tables. The shortest intermolecular S---S contact of 3.54
(S(2)---S(4)) occurs between molecules related by a center of symmetry, e.g.,
the reference molecule and the one inverted through (0, 4, ). There are no
intermolecular contacts shorter than van der Waals distances.

THERMAL ANALYSIS

The thermal motions of the sulphur atoms and atoms C(1) through C(9)
have been analyzed in terms of possible rigid body motion using the method
of Schomaker and Trueblood.#® The observed mean-squares amplitudes of
vibration, Uy, and the corresponding values calculated based on the rigid-body
approximation, agree reasonably well, the r.m.s. 4U and o(U}) being 0.0027 A2
and 0.0032 A2, respectively. Bond distances corrected for rigid body motion
were calculated according to the method of Cruickshank 4 (Table 3). In this
calculation the atoms not included in the rigid body model were assumed

to vibrate as the rigid body. This approximation is not satisfactory, especially
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Fig. 2. Projection of the structure along [001].

not for the atoms in the ¢-butyl group which have additional torsional and
riding motion. Therefore the bond length corrections.are probably underesti-
mated in these cases. The corrections range from 0.001 to 0.006 A, and do
not exceed 3¢ in bond lengths. In the discussion throughout this paper, the
distances without corrections are referred to, as the molecules with which
comparison is being made, have not been corrected for RBM.
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