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Abstract. C5H4S40 (1), Mr = 208.343, monoclinic,P21/n, a = 6.664 (2), b = 16.535
(6), c = 7.281 (2) A, 13= 97.84 (3), V = 794.8 (5) A3, Z = 4, Dx = 1.741 Mg m-3, _.(Mo

Kc_)= 0.71073 A, _ = 1.0_ mm-1, F(000) = 424, T = 298 K, R(F) = 0.048 for 2338

reflections. C5H4S5 (2), Mr = 224.39, monoclinic, P21/n,a = 10.765 (2), b = 5.879 (2),
c = 13.479 (2) A, 13= 92.66 (2), V = 852.2 (4) A3, z = 4, Dx = 1.749 Mg m-3,_ (Mo K(z)=

0.71073 A, I_= 1.23 mm"1, F(000) = 456, T = 298 K, R(F) = 0.059 for 2491 reflections.

Structure determinations for the intermediates 1 and 2 were undertaken as part of a

qualitative theoretical study of the changes in the geometries of organic donor
molecules which occur with charge transfer. Although the geometries of 1 and 2 are

nearly identical, the packing of these molecules in the unit cells is quite different. The

molecular packing patterns are undoubtedly related to differences in the
C-H-..chalcogen interactions for the thio and keto substituents.

Introduction. The charge-transfer salts based on (BEDT-TTF) bis-(ethylenedithio)-

tetrathiafulvalene which include metals, semiconductors and superconductors

(Williams, Wang, Emge, Geiser, Beno, Leung, Carlson, Thorn, Schultz & Whangbo,

1987), consist of stacks of relatively planar organic donor molecules which are linked

by short (less than the van der Waals radii sum, 3.6 A, Bondi, 1964) inter- and intra-
stack S...S interactions. A large number of stacking patterns have been observed and

are dependent on the size and symm_,Iryof the counter-anions (Emge, Leung, Beno,

Wang, Firestone, Webb, Carlson, Williams, Venturini, Azevedo & Schirber,1986;

Wang, Allen, Schlueter, Hallenbeck, Stupka, Chen, Despotes, Kao, Carlson, Geiser &

Williams, 1987) as well as donor...donor and donor-..anion hydrogen bonding

interactions (Leung, Emge, Beno, Wang, Williams, Petricek & Coppens, 1985;

Whangbo, Williams, Schultz, Emge & Beno, 1987; Whangbo, Williams, Schultz &

Beno, 1987). In contrast to the BEDT-TTF salts, only one donor packing pattern is

observed in the (BEDO-TTF) bis-(ethylenedioxo)tetrathiafulvalene salts (Beno, Wang,

Carlson, Kini, Frankenback, Ferraro, Larson, McCabe, Thompson, Purnama, Vashon,
Williams, Jung & Whangbo, 1990). The crystal and molecular structures of the

intermediates 1 and 2 (see Fig. 1) were determined as part of a qualitative theoretical

study of the intermolecular interactions that control donor stacking and are important in

determining the molecular geometries of the BEDT-TTF and BEDO-TTF donor

molecules (Whangbo, Jung, Ren, Evain, Novoa, Mota, Alvarez, Williams, Beno, Kini,

Wang & Ferraro, 1990).

...... Figure 1 Here ......
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Experimental. The molecules 1 and 2 were synthesized as reported by Kini (Kini,
Beno& Williams,1987) and recrystallizedinTHF (tetra-hydrofuran). For 1,

transparentplates, 0.55 x 0.33 x 0.075 mm. For2, transparentneedles,0.38 x 0.14 x
0.07 mm. NicoletP21 automateddiffractometer.Unitcell dimensionsfrom least-

squaresbased onthe setting-anglesof 25 reflections(12° < 26 < 20°). Intensitydata

were collectedusingthe coscantechniquewith monochromatizedMo Ko_radiation
andvariablescanspeedsof 2 to 12° min-1 to sine_ = 0.70, 0 <_h< 9, 0 < k __.23, -10 < I

< 10 for I and 0 _<h < 15, 0 < k < 8, -18 < I _;18 for2. Three standardreflections

measuredevery 100 reflectionsshowed< 3% intensityvariation. Data were corrected

for Lorentzand polarizationeffects, a Gaussianabsorptioncorrection(8x8x8)

procedurewas used and multiplymeasuredreflections(standardsand 0kl zone) were
averaged. For 1, Tmin= 0.71, Tmax= 0.92 with Rint(Fo)= 0.021 for 2338 reflections.In

the case of 2, Train= 0.83, Tmax= 0.93 with Rint(Fo)= 0.027 for 2491 reflections. In

eachcase the space groupwas indicatedby systematicabsences to be P21/n. The

structureswere solvedusing MULTAN78 (Main, Hull, Lessinger,Germain, Declercq&

Woolfson,1978) and Fouriermethods. Hydrogenatoms, whichcouldbe observedin

Fouriermapswere includedat calculatedpositionswith Biso= 5.0 A2. All non-

hydrogenatoms were refinedwithanisotropictemperaturefactors. A secondary
extinctioncorrectionwas tested for both structuresand foundto be significantfor 1
with a valueof 0.81(13).10-5. The functionminimizedwas T.,w(IFol-IFcl) 2 where

w=l/_2(Fo) and o'(Fo)= [ _2(Fo2) + (0.02Fo2)2 ]1r2/2Fo,with the value of c(Fo2) based on

counting statistics. A/_ < 0.05 in the final least-squares cycle resulted in R(Fo) = 0.048,

wR(Fo) = 0.041 and S = 1.94 for 92 variable parameters and 2158 data with Fo > 0.0 in

the case of 1 and R(Fo) = 0.060, wR(Fo) = 0.042 and S = 1.77 for 91 refined

parameters and 2302 observed data (Fo > 0.0) in the case of 2. Atomic scattering

factors including anomalous contributions were taken from the International Tables for

X-ray Crystallography (1974). Calculations were done using a local modification of

the UCLA Crystallographic Package( Strouse, 1978).

Discussion. The atomic numbering scheme and conformation of the molecules are

shown in Fig. 1. With the exception of the ethylene carbon atoms, the molecules are

planar. In the case of 1, the ethylene carbon atoms are displac._don opposite sides of

the molecular plane, C4 on one side by -0.22 A and C5, on the opposite side, by 0.51

A. The same conformation for the five- and six-membered rings is observed in the

crystal structure of 5,6-dihydro-5,6-dimethyl-1,3-dithiolo [4,5-b] [1,4]dithiin-2-thione (3)

(Wallis & Dunitz, 1988), a chiral molecule similar to 2, but with methyl groups

unsymmetrically substituted at carbon atoms C4 and C5. In contrast, both carbon
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atoms in 2 are on the same side of the molecular plane, C4 by 0.03 A and C5 by 0.81

A. In BEDT-TTF salts both conformations for the six-membered rings are observed

(Williams et al, 1987). Theoretical calculations show that the different conformations

are very close in energy and that the observed conformation is dictated by molecular
packing considerations (Jung, Evain, Novoa, Whangbo, Beno, Kini, Schultz, Williams

& Nigrey, 1989; Whangbo, Jung, Ren, Evain, Novoa, Mota, Alvarez, Williams, Beno,

Kini, Wang & Ferraro, 1990). The final positional and equivalent isotropic thermal

parameters are given in Table1°. Bond distances and angles appear in Table 2. The

bond lengths and angles in 2 are nearly identical to those found in 3 and are similar to

those observed in 1 and in the neutral BEDT-'I-rF molecule (Kobayashi, Kobayashi,
Sasaki, Saito & Inokuchi, 1986).

...... Figure 2 Here ......

The molecular packing observed in 2, as depicted in Figure 2, is dominated by the
occurrence of centrosymmetrically related pairs of molecules. This packing is similar

to that which occurs in the non-centrosymmetric structure 3. The short intermclecular

interactions which occur in both molecules are given in Table 3. As is shown in Figure

3, the keto oxygen of 1 is surrounded by 4 nearest neighbor hydrogen atoms at a

distance of less than 2.95 A (the van der Waals radii sum for H and O atoms, Bondi,

1964). As in the case of 1, the occurrence of short C-H...Ointeractions is a controlling

factor in the molecular packing observed in neutral BEDO-TTF (Whangbo et al, 1990),

and is important in BEDO-TTF salts (Beno et ai, 1990).

...... Figure 3 Here ......

Work at Argonne National laboratory is sponsoredby the US Department of Energy,

Office of Basic Energy Sciences, Division of Materials Sciences, under contract W-31-
109-ENG-38.
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Figure Captions

Fig. 1. Atom numbering scheme and configurationof 1, 1,3-dithiolo[4,5-b] [1,4]dithiin-
2-one, and 2 1,3-dithiolo[4,5-b][1,4]dithiin-2-thione The thermal ellipsoids are

drawn at the 50% probability level with hydrogen atoms reduced to Biso- 1.0 A2
for clarity.

Fig. 2. Stereoscopic views of the molecular packing in 1 (top) and 2 (bottom). The

short C-H...O interactions which occur in 1 result in pancake like stacks in which
the direction of the molecules alternates along the stacks. In contrast, the absence

of these interactions in 2 produces dimerized stacks of molecules, a packing mode
similar to the _-phase BEDT-TTF salts.

Fig. 3. Intermolecular O...H contacts lessthan 2.95 A in I indicatedby the thin lines,

serve both to connect molecules in the stack (right hand side of the figure) and to

link adjecent stacks (left hand side of the figure).. The thermal ellipsoids are drawn

at the 20% probability level. =_
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Table 1 Positional and Equivalent Isotropic Thermal Parameters

C5H455

Atom x y z Ueq*104a
$1 0.94471(7) 0.18042(12) 0.35378(5) 416(2)
$2 0.79454(7) -0.22122(12) 0.35127(5) 447(2)
$3 0.86517(8) 0.35619(13) 0.54608(5) 493(2)
$4 0.68131(8) -0.13391(14) 0.54474(6) 586(3)
$5 0.95871(8) -0.13776(15) 0.18395(5) 549(3)
C1 0.9025(2) -0.0651(4) 0.2915(2) 355(7)
C2 0.7853(2) -0.0493(4) 0.4559(2) 361 (8)
C3 0.8553(2) 0.1406(4) 0.4569(2) 318(7)
C4 0.6445(3) 0.1417(6) 0.5934(2) 548(10)
C5 0.7569(3) 0.2648(6) 0.6365(2) 539(10)

C5H4054

Atom x y z Ueq*104a
$1 0.18216(8) 0.05148(3) 0.28596(9) 474(2)
$2 -0.24508(8) 0.00603(3) 0.20600(8) 444(2)
$3 0.33691(8) -0.11518(4) 0.31790(11) 626(3)
$4 -0.17594(8) -0.16967(3) 0.22588(10) 537(2)
C1 -0.0701(3) 0.08545(12) 0.2402(3) 417(7)
C2 -0.0696(3) -0.07267(11) 0.2419(3) 371(6)
C3 0.1257(3) -0.05184(12) 0.2776(3) 396(6)
C4 0.0395(4) -0.2319(2) 0.2966(5) 724(11)
C5 0.2292(4) -0.2085(2) 0.2309(4) 703(11)
01 -0.1164(3) 0.15637(9) 0.2323(2) 592(6)

a The completetemperature factoris exp(-8_2Ueqsin20_2), where
Ueq= 1/3 ,T-,ijUij a*ia_ai aj in unitsof A2.
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Table 2. Interatomic Distances and Ang/es.

CsH4S40
Atoms Dist.(A) Atoms Dist. (A) Atoms Dist.(A)
$1 -C1 1.760(2) $2-C1 1.752(2) $1 -C3 1.749(2)

$2-C2 1.745(2) $3-C3 1.747(2) $3-C5 1.782(3)
$4-C2 1.751(2) $4-C4 1.785(3) C1-O1 1.212(2)
C2-C3 1.337(3) C4-C5 1.464(4)

Atoms Angle (o) Atoms Angle (°) Atoms Angle (°)

C3-$1-C1 96.30(10) C2-$2-C1 96.79(10) C3-$3-C5 100.56(11)

C2-$4-C4 101.95(11) O1-C1-$2 123.9(2) O1-C1-$1 123.2(2)

$2-C1-$1 112.82(12) C3-C2-$2 116.8(2) C3-C2-$4 128.6(2)

$2-C2-$4 114.6t2(11) C2-C3-$3 128.2(2) C2-C3-$1 117.2(2)

$3-C3-Sl 114.53(12) C5-C4-$4 116.7(2) C4-C5-$3 115.9(2)

C5H4S5
Atoms Dist. (A) Atoms Dist. (A) Atoms Dist. (A)
$1-C1 1.721(3) $1-C3 1.742(2) $2-C1 1.712(3)

S2-C2 1.743(3) $3-C3 1.747(2) $3-C5 1.807(3)

S4-C2 1.749(2) $4-C4 1.800(3) $5-C1 1.653(3)

C2-C3 1.346(3) C4-C5 1.503(4)

Atoms Angle (o) Atoms Angle (°) Atoms Angle (o.)

CI-$1-C3 97.68(12) C1-$2-C2 97.79(12) C3-$3-C5 103.19(13)

C2-$4-C4 98.76(13) $5-C1-$2 123.9(2) $5-C1-$1 123.1(2)

$2-C1-$1 112.94(14) C3-C2-$2 115.8(2) C3-C2-$4 127.2(2)

$2-C2-$4 116.84(15) C2-C3-$1 115.7(2) C2-C3-$3 128.6(2)

$1-C3-$3 115.68(14) C5-C4-$4 112.8(2) C4-C5-$3 114.5(2)
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Table 3. Intermolecular Contact Distances.

CsH4S40

Atom1 Atom2 Dist (A) Symmetry Operation (Atom2)
$3 $4 3.5205(13) x+l, y, z
H4A O1 2.773(2) -x-1/2, y-1/2, -z+1/2
H4B O1 2.706(2) -x, -y, -z+l
H5A O1 2.431(2) -x+1/2, y-1/2, -z+1/2
H5B O1 2.489(2) -x, -y, -z

CsH4S5

Atom1 Atom2 Dist (A) Symmetry Operation (Atom2)
S3 $5 3.3882(12) x-1/2, -y-1/2, z+1/2
S3 $4 3.5916(12) x, y-l, z
H4A $5 3.190(2) x-1/2, -y-1/2, z+1/2
H4B S5 3.134(2) -x+1.5, y+1/2,-z+1/2
H5B $5 3.053(2) -x+2, -y, -z+l
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Table 4. Anisotropic thermal parmeters.

C5H4S40

Atom U11x104 U22x104 U33x104 U12x104 U13x104 U23x104
S 1 433(3) 340(3) 634(4) -69(2) 97(3) -1(3)
$2 385(3) 319(3) 611(4) 45(2) 19(2) 3(3)
$3 337(3) 466(4) 1056(6) 65(2) 78(3) 39(4)
$4 413(3) 287(3) 890(5) -21(2) 40(3) -58(3)
C1 509(12) 305(10) 427(12) 9(9) 102(10) 12(9)
C2 371(10) 270(9) 463(12) 23(8) 64(9) -24(9)
C3 369(10) 305(10) 503(12) 15(8) 99(9) 19(9)
C4 571(16) 367(13) 1200(26) 48(11) -31(16) 67(15)
C5 586(15) 449(14) 1053(23) 192(12) 131(15) -17(15)
O1 691(11) 270(8) 799(12) 43(7) 157(9) 28(8)

C5H4S5

Atom U11x104 U22xI04 U33xI04 U12x104 U13x104 U23x104
$I 494(4) 402(4) 351(3) -104(3) 108(3) -28(3)
S2 464(4) 419(4) 458(4) -I13(3) 88(3) -136(3)
$3 645(5) 434(4) 401(4) -142(4) 119(3) -125(3)
$4 615(5) 485(4) 663(5) -151(4) 349(4) -95(4)
$5 609(5) 652(5) 386(4) 65(4) 141(3) -117(4)
C1 361(13) 383(13) 319(12) 49(11) 9(10) -19(11)
C2 354(13) 389(14) 341(12) -10(11) 89(10) -34(11)
C3 331(12) 351(12) 271(11) -4(10) 22(9) -9(10)
C4 471(17) 610(19) 565(18) 68(15) 181(14) -92(16)
C5 659(20) 581(19) 377(14) -13(17) 130(14) -68(14)

The complete temperature factor is
exp[.2_2(a,2U11h2 + b*2U22k2 +c'2U3312+ 2a*b*U12hk + 2a*c*U13hl + 2b*c*U23kl)].
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Table 5. Calculated hydrogen atom positional parameters.

05H4S40

Atom x y z
H4A 0.0058 -0.2880 0.2506
H4B 0.0637 -0.2320 0.4350
H5A 0.3306 -0.2522 0.2674
H5B 0.2029 -0.2045 0.0928

05H4S5

Atom x y z
H4A 0.5794 0.1241 0.6466
H4B 0.6041 0.2402 0.5391
H5A 0.7313 0.3963 0.6778
H5B 0.8025 0.1512 0.6848
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