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Abstract 

A multipole model deformation-density study of 2,4- 
diphenylthiathiophthene is described. Like other 
thiathiophthene derivatives, the title compound con- 
tains two fused five-membered rings with a linear 
S - - S - - S  part. However, it has two significantly dif- 
ferent S--S distances [2.2125 (4) and 2.5087 (4) A], in 
contrast to its 2,5-dimethyl derivative, which has 
been shown previously to have Cs molecular sym- 
metry and hence two equal S--S distances 
[2.3510 (1) A]. A comparison of the two derivatives is 
presented in terms of the multipole model 
deformation-density distribution. The net atomic 
charge of each atom obtained from the multipoIe 
refinements as well as from extended Hfickel molecu- 
lar orbital calculations is compared. The central S 
atom is more electron deficient than the other S 
atoms. Positive deformation densities are found 
along the C--C,  C - - H  and C- -S  bonds. Small den- 
sities are found along the S--S bonds. In general, the 
multipole model density distributions give much 
clearer features than the experimental ones. Up to 

* To whom all correspondence should be addressed. 
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hexadecapole terms are needed for S atoms in the 
multipole model refinements. The S atom further 
from the central S atom has a higher electron density 
than the nearer one. This is in agreement with the 
three-centre four-electron bond model. 

Introduction 

6a-Thiathiophthene derivatives have attracted con- 
siderable interest because of the unusual type of S--S 
bonding in these molecules (Hansen, Hordvik & 
Saethre, 1975; Gleiter & Cygax, 1976). The effect of 
alkyl substitution on the S--S bond length has been 
discussed at great length (Hordvik & Saethre, 1972; 
Wei, Paul, Beer & Naylor, 1975; Johnson, Llaguno 
& Paul, 1976; Wang, Chen & Wu, 1988; Wang, Wu 
& Cheng, 1990). Solid- and gas-state ESCA studies 
(Clark, Kilcast & Reid, 1971; Saethre, Svensson, 
Martensson, Gelius, Malmquist, Basilier & Sieg- 
bahn, 1977) were performed to try to solve the 
question of symmetry, i.e. whether the potential- 
energy curve for the S - -S - -S  system has a single or 
double minimum. Several empirical and non- 
empirical calculations on the electronic structures of 

© 1991 International Union of Crystallography 
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such thiathiophthene derivatives were performed 
(Gleiter & Hoffman, 1968; Palmer & Findlay, 1974) 
to analyze the bond energy and the ground-state 
wavefunctions. Although the results show that there 
are two types of S--S bond in thiathiophthene 
derivatives, a symmetric and an unsymmetric 
S - -S- -S  part in the ground state, the fast equilib- 
rium between two unsymmetric forms could yield a 
symmetric form, which could not be ruled out com- 
pletely. 

In order to compare these two types of bonds, a 
charge density distribution study was performed on 
both types of compound to see whether there is any 
charge distribution difference between the two. We 
have chosen the compound which contains the two 
most different S--S bond lengths, 2,4-diphenyl- 
thiathiophthene (1) and another which contains two 
identical S--S bond lengths, 2,5-dimethylthiathio- 
phthene (2). The experimental deformation-density 
studies have been published previously (Wang, Chen 
& Wu, 1988; Wang, Wu & Cheng, 1990). It is hard 
to compare the experimental maps because of the 
high noise levels in the maps. However, the situation 
is much improved by making multipole model 
deformation-density maps (Hansen & Coppens, 
1978) where all the random experimental error is 
suppressed. This has been illustrated previously for 
compound (2) (Wang, Wu & Cheng, 1990). There- 
fore, the comparison between the two types of bonds 
will be based mainly on the multipole model density 
distribution. 

E x p e r i m e n t a l  

The low-temperature diffraction data of 2,4- 
diphenylthiathiophthene (1) and 2,5-dimethylthia- 
thiophthene (2) have been described previously 
(Wang, Chen & Wu, 1988; Wang, Wu & Cheng, 
1990). The multipole model refinements were carried 
out on compound (1) in a similar way to that of 
compound (2) (Wang, Wu & Cheng, 1990), with a 
multipole expansion of the valence shell in terms of a 
spherical harmonic series (Hansen & Coppens, 1978). 
The expansion included up to hexadecapoles for S 
atoms, up to octapoles for C atoms and up to dipoles 
for H atoms. However, all the C and H atoms of 
each phenyl group were constrained, i.e. C(7)-C(11) 
were constrained to C(6), C(13)-C(17) were con- 
strained to C(12). H atoms of the phenyl ring were 
constrained accordingly. Hartree-Fock functions 
were used for the monopoles of all the atoms. 
Atomic scattering amplitudes of both core and 
valence electrons were taken from International 
Tables for  X-ray Crystallography (1968, Vol. III). 
The valence electronic configurations of S, C and H 
a r e  sZp 4, s2p 2 and s ~ respectively. The coefficients of 
all the multipole terms as well as K values of the S 

and C atoms were included in a full-matrix 
refinement with the atomic parameters of non-H 
atoms. Full-matrix least-squares refinement was car- 
ried out using 7977 reflections, with multipole terms 
included gradually. Up to monopole refinement is 
comparable to conventional methods, except for the 
allowance of charged atoms. Up to hexadecapole 
refinement was tried for all the non-H atoms and the 
results are compared in Table 2. The atomic param- 
eters were chosen from the method described above 
(octapole+). The deformation density maps were 
generated by subtracting the spherical atomic density 
from the calculated atomic density in terms of multi- 
pole expansion. All the computations were carried 
out on a local MicroVAX using the M O L L Y  pro- 
gram (Hansen & Coppens, 1978) and a locally 
developed contour plotting program (Tsai, 1982). 
The extended Hfickel calculation was performed 
using I C O N  (Howell, Rossi, Wallace, Haraki & 
Hoffmann, 1977) and M O P L O T  (Lichtenberger & 
Fenske, 1975). 

Resu l t s  

A least-squares refinement minimizing the quantity 
~wIFo-ScFcl  2 was performed on 100 K X-ray dif- 
fraction data (Wang, Chen & Wu, 1988) including 
the atomic parameters as well as the coefficients of 
multipole terms. An extinction correction was not 
applied because no obvious effect was found on the 
intensities. The atomic parameters for non-H atoms 
are given in Table 1. The choice of local Cartesian 
axes for the multipole terms is shown in Fig. 1. The 
model deformation-density maps are defined as 

p = ZiPiM(r) -  ZiPia(r) 

where 

pM(r) = PcPcore(r) + Pvpv,,(Kr) 
4 l 

+ ~ Rt(r) Y. etmYtm(O,~O) 
l=0 rn= -I 

Rl(r) = Nr" 'exp(-  (r). 

All the K values and P~m'S have been deposited.* The 
agreement indices for the various refinements are 
listed in Table 2. The parameters from the octa- 
pole + refinements are taken from the deformation- 
density study. The model deformation-density maps 
of 2,4-diphenylthiathiophthene (1) are shown in Fig. 
2. The density distribution is in good agreement with 

* Lists of H-atom parameters, anisotropic temperature factors 
for non-H atoms, multipole coefficients of all the atoms, and 
structure factors after multipole refinement have been deposited 
with the British Library Document Supply Centre as Supplemen- 
tary Publication No. SUP 53710 (34 pp.). Copies may be obtained 
through The Technical Editor, International Union of Crystallog- 
raphy, 5 Abbey Square, Chester CH1 2HU, England. 
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Table 1. Atomic parameters and Beq values (,~2) 
(e.s.d. 's refer to the last digit printed) 

B~q = ~3 7r2T ,~j  U,jai* a j*a , .a ,  . 

x y z Oeq 
S(1) 0.32935 (2) 0.40612 (2) 0-23883 (2) 1.58 (I) 
S(2) 0.12967 (1) 0-31705 (2) 0.41983 (2) 1.43 (I) 
S ( 3 )  -0.04463 (2) 0-24283 (2) 0.58347 (2) 1.81 (l) 
C(1) 0.38069 (6) 0.57569 (8) 0.38412 (7) 1.18 (2) 
C(2) 0-30491 (7) 0.59868 (8) 0.53091 (7) 1.19 (2) 
C(3) 0.18907 (6) 0.48869 (8) 0-56590 (7) 1.16 (2) 
C(4) 0.11280 (7) 0-51434 (8) 0.71883 (8) 1.22 (2) 
C(5) -0.00278 (8) 0.40397 (9) 0.73846 (9) 1.60 (2) 
C(6) 0-50161 (5) 0.69793 (6) 0.35618 (6) 1-19 (2) 
C(7) 0-57177 (5) 0.79643 (7) 0.47398 (6) 1.52 (2) 
C(8) 0.68223 (5) 0.91544 (7) 0-44906 (7) 1.81 (2) 
C(9) 0.72480 (6) 0.93758 (7) 0.30685 (7) 1-91 (2) 
C(10) 0.65771 (6) 0-83771 (8) 0.18830 (7) 2.13 (2) 
C(I 1) 0-54714 (6) 0.71819 (7) 0.21251 (6) 1.73 (2) 
C(12) 0-15525 (6) 0-65564 (6) 0.85222 (6) 1.21 (2) 
C(13) 0.06149 (5) 0.76928 (7) 0-95470 (6) 1.58 (2) 
C(14) 0-10120 (6) 0.90120 (7) 1.08051 (6) 1.89 (2) 
C(15) 0.23421 (7) 0,92151 (7) 1.10496 (6) 1.83 (2) 
C(16) 0.32807 (6) 0.80873 (7) 1.00353 (7) 1.85 (2) 
C(17) 0.28866 (6) 0.67559 (7) 0.87885 (6) 1.56 (2) 

Table 2. Least-squares results of multipole refinements 

R ,  = Y.tFo - kFcl/Y-Fo; R1,,. = ( E w l F o  - kF, .12/YwFo2) ' 2; R2 = EIFo 2 
- kF,?l /EFo2;  R2,, = ( E w l F o  2 - kF,.212/5"wE,'~) ' 2; S = ( Y w l E , -  

k F f / N O  - NV)~2; NO = number  of  reflections; NV = number  o f  
variables. 

NV Ri RI.. R2 R2..  S 
Conventional 181 0 .0441  0.0457 0"0551 0 .0533 4.0810 
Monopole 197 0 .0375  0.0340 0.0451 0.0425 3.0374 
Octapole 359 0 .0271 0 .0200 0.0324 0.0311 1.8045 
Octapole + * 386 0 .0269  0.0198 0.0323 0-0309 1.7926 
Hexadecapole 449 0 .0268  0.0194 0.0320 0.0305 1-7597 

• Up to hexadecapole terms for the S atom only. 

the experimental one (Wang, Chen & Wu, 1988) but 
the signal-to-noise level is significantly improved in 
the model density map, especially in the perpendicu- 
lar plane around the S atoms (Figs. 2b--d). Thus it is 
easy to make a comparison of the two compounds, 
one with symmetric S--S bonds, 2,5-dimethylthia- 
thiophthene (2) (Wang, Wu & Cheng, 1990), and the 
other with unsymmetric S--S bonds, compound (1). 

Extended Hiickel molecular orbital (EHMO) cal- 
culations were performed for both compounds in 
order to compare the theoretically calculated defor- 
mation densities. A comparison was also carried out 
on the model versus the theoretically calculated 
deformation. The theoretical deformation-density 
maps are depicted in Figs. 3 and 4 for compounds (1) 
and (2), respectively, based on the EHMO calcula- 
tions with the basis set given earlier (Gleiter & 
Hoffman, 1968). 

Discussion 

It is obvious that the model deformation density has 
much clearer features than the experimental density 
(Wang, Chen & Wu, 1988). Only under such circum- 

stances can a comparison of the density maps of the 
different compounds be made. The model deforma- 
tion densities along all the C--C, C o i l  and S--C 
bonds (see Fig. 2a) are almost the same as the 
experimental ones [Fig. 2 in Wang, Chen & Wu 
(1988)]. However, along the S--S region, there is less 
density in the model deformation-density map. The 
large negative feature near S nuclei also disappeared 
in the model density map. Considering the electron 
density of the S--S--S  region in terms of tr- and 
7r-electron densities, the 7r-electron density is pre- 
dominantly located at the central S atom, S(2), and 
the terminal S atoms, S(1) and S(3), have both tr- 
and 7r-electron densities. Although there is not much 
difference between the model deformation densities 
around the two terminal S atoms, it is conceivable 
that S(1), which has a longer S--S bond length to the 
central S atom, S(2), has more o'-electron density 
than S(3). This seems to be in agreement with earlier 
theoretical predictions (Gleiter & Hoffman, 1968; 
Becker, Cohen-Addad, Delly, Hirshfeld & Lehmann, 
1986). 

The model deformation-density distributions of 
compounds (1) and (2) [Fig. 3a in Wang, Wu & 
Cheng (1990)] are quite similar for the ring planes for 

ph_+O • 45(1) 
0.04 

x~"( ~Y ,1" +0.34(2) 

/ H2 V~ "005 +0311 

-0.13(2) +0.16(2) -0.22(2) 
• 0.13 +0.55 -0.29 

(a) 

H2 ,n age>~ H4+0.32(1) 

/ 1 I :;:°1'' V 
-0.65(5 

Y < t S2 

+0.02(4) --0.17(3) 
+0.43 -0.08 

(b) 

Fig. 1. Choice of  local Cartesian coordinates in the multipole 
model and the net atomic charge of  (a) 2,4-diphenylthiathioph- 
thene, the charges shown next to Ph are the sum over the phenyl 
ring; (b) 2,5-dimethylthiathiophthene,  the charges o f  all the H 
atoms in the methyl group are set to be the same. The value 
given above is for the multipole model and the value below is 
for the E H M O  calculation. 
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all the C--C, C--H and S--C bonds. Since com- 
pound (2) belongs to point group C,, the densities 
around the two terminal S atoms are exactly the 
same and are similar to that around S(3) of com- 
pound (1) in terms of ~r-electron density. However, 
comparing the r-electron densities, the terminal S 
atoms of compound (2) [Fig. 3c in Wang, Wu & 

• / '  

,',, ' , ,  , ," / , ' 

(o) 

I # 

\" ( ~ _  i I " ' - "  " '"  

\ l  ,, . . '  ' t 

'..". ~ i  . . . .  ,+ !', ~ /.---.~ ~ , , 

" " " ~  ,. ; .  

~ ' -  ' / t i 

x \  . /'1 

t 

(b) 

/ ', / ' , - /  ' 
.,- ,, ¢ / 

I " , ,  - - ,  . - .  
~ t  , ;  ,' 

i / , ' , ' ; ; .  ; ' , ' ,  

, , ,.-_-., 

/ / 

l J 9 3  ,',--, + 

"-L '"'-" 

" \ I._~ ~ \ 

\ \ 

(d) 

(c) 

•,.. S 

Fig. 2. Model deformation-density maps. Solid lines denote pos- 
itive contours, dashed and dotted lines represent zero and 
negative contours. The standard deviation of the map is 
0.08 e /~-3 .  (a) The thiathiophthene plane, contour interval 
0.1 e A-3.  (b) The plane perpendicular to (a) and bisecting the 
C(I)--S(1)---S(2) angle; the+  is the projection of  C(1), the 
vertical up direction is above the thiathiophthene plane; contour 
interval 0.05 e A-3.  (c) Plane perpendicular to (a) and including 
C(3)--S(2); vertical axis and contour as in (b). (d) Same as (b), 
but bisection of  the C(5)--S(3)--S(2) angle; the + is the projec- 
tion of  C(5), vertical axis and contour as in (b). 

Cheng (1990)] have more ~- density than those of 
compound (1) (see Figs. 2b and 2d). 

The deformation-density maps obtained using 
EHMO calculations (Fig. 3) are qualitatively in 
agreement with those in Fig. 2 for the C--C, C--H,  
S--C bonds, only with less positive density along the 
bonds. However, there are much stronger lone-pair 
electron densities predominantly in the 7r direction 
near the S atoms than those observed in the model 
density (Fig. 2). Comparing the 7r-electron densities 
of the three S atoms (Figs. 2b-d), there is not much 
difference between the three; however, S(1) seems to 
have more diffuse electron density and thus has more 
density at the molecular plane along the S(1)--S(2) 
and S(1)--C(1) directions. Whether this could be 
called ~r-electron density is questionable. However, 
as for the total electron densities around the S atoms, 
there is a slight tendency for the order S(1) > S(3) > 

I ( C-", ~. \ j ~ /  -, /-~''---',I 
i / - _ \ / . - . ' ,  . / - -  ,~ ,'~ --.~ ,, 

- , ' , 

1 
I - -  ", '  " /  ' " ' "  \ ~ I ""  ! \ ~  ~ , /  ~ "  

• .  ,',~ / - - ,  I / .  , '  ' ,  - ' , (.--.) 

Ca) 

~,:':;:::'.',~ t ,'/.;./~:"-.:"" 

, " " , '  i ' / : : : . : : ! ! : ; ' : . . . '  
7 "  

i 

(b) (c) 

(09 

Fig. 3. Theoretical deformation-density map of  compound (1) 
based on EHMO calculations, (a), (b), (c) and (d) are defined as 
in Fig. 2. 
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S(2). This again gives the relationship that the 
greater the electron density of the S atom, the longer 
the S--S bond is. It indicates that the three-centre 
four-electron bond concept is in accord with experi- 
mental observation. 

Figs. 3 and 4 are both theoretically calculated 
deformation maps of an unsymmetric and a sym- 
metric S--S--S system using the same basis func- 
tions. The symmetric system (Fig. 4) seems to have 
slightly less electron density around the S atoms. 
Obviously, the extended Hfickel calculations cannot 
represent a good characteristic density distribution 
for S atoms, thus a more sophisticated calculation is 
under investigation. 

The net atomic charges derived from the multipole 
refinement and from EHMO calculations are com- 
pared in Fig. l(a). S(3) and S(2) bear similar negative 
charges, whereas S(1) bears more negative charge 
than S(2) and S(3). All the C atoms in the ring are 
also negatively charged; the C atoms at the 2,4- 
positions are less negatively charged because of the 
substituted phenyl groups. The relative charge distri- 
butions obtained from the multipole refinement are 
in agreement with the calculated values (EHMO), 
but the calculated values show more pronounced 
alternation. It is interesting to compare the net 
charge distributions of compounds (1) and (2) shown 
in Figs. l(a) and l(b). In compound (2), the central S 

/ f  

" ' "  - 

(a) 

t " ' , '~: ' - "~ ' - .  " ' "  . . . . . . . . . . . . .  ". 

• ii ....... 

(b) (c) 

Fig. 4. Theoretical deformation-density map of compound (2) 
based on EHMO calculations, (a), (b) and (c) are defined as in 
Fig. 2. 

atom is neutral. Actually, chemical reactions have 
been reported (Christie, Ingram & Reid, 1974; 
Ingold, Reid & Walton, 1982) where the electrophilic 
attack was found on the terminal S atom or on the 
3-position of the thiathiophthene ring, C(2), which 
were also found to be most negatively charged in this 
work. Recently, a theoretical calculation concerning 
the relationship between S--S bond length and the 
electron density, p(rc), at the critical points in the 
bond has been reported (Knop, Boyd & Choi, 1988), 
where a power law d(S--S)= l'229Lo(rc)] -°269 was 
proposed. That is, the longer the S--S bond, the less 
bonding electron density there will be between the 
bonded atoms. This is true in the case of thiathio- 
phthene where the S--S bond lengths are longer than 
all the normal S--S single-bond lengths quoted in 
the literature. Little density accumulation was found 
in either compounds (1) or (2). In conclusion, in a 
symmetric S--S--S system, the central S atom 
is certainly in a hypervalent state or an electron 
deficient centre, as in 2,5-diaza-l,6-dioxa-6a- 
thiapentalene (Fabius, Cohen-Addad, Larsen, 
Lehmann & Becker, 1989), while the terminal S 
atoms are electron rich and are favourable for an 
electrophilic attack. In an unsymmetric S--S--S 
system, the terminal S atom with the longer S--S 
length is more negatively charged than the S atom 
with the shorter S--S length and is the site preferred 
for electrophilic attack. 
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