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A 2 ,2 ' -BITHIENYL F R A G M E N T  ( R E V | E W )  
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The result.s" ol,V-ru.v c,3".~'la/lo~ral~hic investis r containing, u 2.2'-hillticnyl.l)ugment ure 
.~ummarized and amtlvzed. The .s'lvttclt//'ul characleri.s'licx ~?/tm.~t/h.~'lilttted hil/liophcnc. 5-ntono.~'tth.~'lilutcd. 
5.5'-. 3.3'-. 4.4'-. and 3,4 '-d{s'tth.s'litttled, and InOl'~" hig'h[v .s'tth.s'tittttcd hithiophcnes and uLso the .s'trttcture 0 /  

a-cmljugulcd olis derivatives are considered. 

Kev~vords: bilhiophene, molecular s[ructure, octithiophcnc, quatcrthiophcnc, quinqucthiophene, 
scxithiophcne, tcrlhiophcne. 

Investigations of  organic re-conjugated oligomcrs and polymers are of  great significance in the creation of  
prospective materials lbr electronics and optics. The oligomeric derivatives of  thiophene, which are of  interest 
both from the scicntific and the practical point view, occupy a special position among such compounds. In view of 
the unusual electronic and optical characteristics and also the high chemical and thermal stability these compounds 
have been studied as aclixc layers for field-effect transistors and used in the creation of devices based on the 
semiconducting and clectroluminescent properties [I--4]. In connection with the fact that the characteristics of  the 
oligolhiophcnes are detcrmincd primarily by special features of  the molecular structure such as the planarity of  thc 

=-conjugated system and the three-dimensional packing of  the molecules an X-ray cry, stallographic analysis of  
single c~'stals lbr a series of  bithiophenes was undertaken. The structure of  longer oligothiophenes has been 
studied to a significantly lesscr degree. 

1.2,2'-BITHIOPHENES 

Tile molecular structure of  2,2'-bithiophene was first determined in 1968 [5], but the authors of this early 
investigation drew attention to the instability o1" the crystals under the experimental conditions and the low 
accuracy of the determination of  the bond lengths and the sizes of  the angles (error 0.02-0.03 A, I-2 ~ R = 0.08). In 
connection with the |'act that the structure of  the compound is extremely important as a model during analysis or" 
the effect of substituents at the various positions of  bithiophene and also in the transition to the oligothiophene 
derivatives the geometric parameters of  the 2,2'-bithiophene molecule at 173 (R - 0.056) [6] and 133 K (R - 0.046) 
[7] were refined. At 173 K the molecules are planar and most of  them have the transoid arrangement of  the sulfur 
atoms, but as a result of  the sulfur and C',~b atoms disordering part of  the molecules (I 5%) are in the cisoid Ibrm. At 
133 K the centrosymmetric molecule of  2,2'-bithiophcne ( I )  is planar, and the sulfur atoms are in the trun.s 
orientation in relation to each other. 

Latvian Institute of Organic Synthesis, Riga. : Consiglio Nazionalc Riccrchc. I. Co. C. E. A., Bologna, 
Italy: e-mail: barbarella+aarea.bo.cnr.it. Translated from Khirniya Gctcrotsiklichcskikh Soedinenii, No. 6, 
pp. 725-760, June, 2000. Original article submitted February 7, 2000. 

630 (XR)9-3122/00/3606-0630525.00�9 KluwerAcademic/Plenum Publishers 



3 I' 

I 3'  

The geometric parameters of  the 2,2'-bithiophcnc molcculc I at 133 and 173 K arc given in Table 1. The 
differences in the length of the S,~,-C,., and C,:, (',~, bonds, obtained at various Icmpcratures. arc dctcnnined by 
the disorder of  the molecule at the higher temperature. 

The structt, rc of the re-complex of antimony with 2.2'-bithiophenc 2 [~] is of particular interest. Like 
bithiophcne, thc hcterocyclic system in this compound is planar and has the t r , m x  orientation. Each thiophenc ring 
is rt-bonded with the Sb('I~ groups, situated on different sides of the plane of thc  bithiophcne. In the complex 2 the 
C,_,,--C,_-.,. C S. and (',~, (',4~ bonds and the C S (" angle are the most subject to the influence of rt coordination. 
The (" S distances arc rcduced, while thc other parameters mentioned above are increased compared with the 
initial molecule. The r[ bonding between the antimony atom and the thiophcne ring is demonstrated by the Sb (" 
13.34-3.6(~ A) and Sb S (3.31 A)  distances, but it should be noted that the Sb S bond is substantially shortcr. 
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The structure of certain 5-monosubstituted 2.2'-bithiophcnc derivatives was also studied by X-ray 
custallographic analysis [9-I 5]. 

TABLE 1. The Geometric Parameters of  the 2.2'-Bithiophcnc Molecule ! 
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The structure of 2,2'-bithiophenc-5-carbaldchydc (3) [9] represents a rare case where the sulfur atoms arc 
predominantly in the cisoid conl%nnation in relation to the C-C bond linking the two thiophenc rings. The fraction 
of the transoid tbml amounts to only 20% and results from the disordering of the S~.~ and C~r~ atoms, which has a 
substantial effect on the accuracy of  the geometric parameters of the molecule and increases the length of the 
C~_,,~-C~r~ bond to 1.504 A. The two thiophenc hetcrocyclcs and the aldehyde group arc practically coplanar. 

II 
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The terminal thiophcne group in compound 4 is also disordered, and the ratio of the transoid and cisoid 
lbn'ns is 55:45. Tile ahnost planar bithicnyl systcm is twisted in relation to plane of  the uracil ring in such a way 
that thc torsional angle S,~ CcswC-C(O) is 25.3 ~ The distance between the sulfur atom S,~ and the oxygcn atom of  
the nearest carbonyl group of the uracil amounts to 2.949 A, which is less than the sum of the van dcr Waals radii. 

In the molcculc of 4-[5-(2,2'-bithicnylj]-2-chloropyrimidinc (5) [I I] the bithicnyl fragment has the transoid 
orientation, while the nitrogen atom of the pyrimidine is in the cisoid contbnnation in relation to the sulfur atom of 
the neighboring thiophcne ring. 

Me Me Me Me 
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In the molybdenum 6 [12] and tungsten 7 [12] complexes the two bithiophcnc fragments are linked by a 
biphospholc group into a single n-conjugated system. The bithienyl groups of  compound 6 fbrm a quasiplanar 
system with the neighboring phosphole ring, and the dihedral angle between the two central phosphorus-containing 
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heteroeycles amounts to 55.6 ~ More significant departures from coplanarity arc observed tbr the complex 7, in 
which the dihedral anglc between the thiophcne and phospholc rings is 24.34 ,~, and that between the phosphole 
rings is 66.26/~. The bond lengths and the angles of the transoid bithiophcne groups in compounds 6 and 7 do not 
tall outside the range ofnonrml values. 

Mc N, Ic ~.lc ~,lc 

Me Me 

The structure of compound 8 [ 12] with a conjugated chain of hctcrocycles analogous with the complexes 6 
and 7 was also investigated by X-ray analysis, but the geometric parameters of  the molecule wcrc dctcnnincd 
inaccurately on account of the high value of  the R factor (R = 0.156). 

The two bithiophcnc groups of 1,8-bis[5-(2,2'-bithicnyl)lnaphthalcnc (9) [13] arc linked to the naphthalene 
ring and arc in the Iron.s" confon'nation in relation to each other. The inner hctcrocyclcs arc almost parallel and 
lbrm an angle of 57 ~ with the naphthalene plane. The bithiophcnc systems as a whole arc nonplanar and arc 
characterized by twisl angles of I6 and 28 ~ The C-C distances between the naphthalene and thiophcnc rings 
(I .484 and 1.482 fi,) arc larger than between the thiophcnc rings ( 1.443 and 1.460 ,~). 

9 

According to the data of X-ray analysis, bis[5-(2,2'-bithicnyl)]methylsilanc (10) [14] has an unusual 
structure. One bithienyl group is characterized by the usual transoid almost planar structure (dihedral angle 
between the planes of the thiophcnc rings 3.2~ whereas the second one represents a stable rncsorncric forul of the 
scmiquinonc type with typical double bonds between the thiophcnc rings (I.387 A) and the C~.rQ4.~ bond 
(1.254 ,~) of  the tcn'ninal thiophcnc. The lengths of the analogous bonds in a bithicnyl group with the nomaal 
structure correspond to single C-C bonds and arc 1.604 and 1.563 ~ respectively. 
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M c  II 

10 

633 



All the 5,5'-disubstitutcd 2,2'-bithiophenes I I arc charactcrizcd by the transoid arrangement of  the sulfur 
atoms and rclativc planarity of  thc bithiophcne fragmcnt. Thc main geomctric paramctcrs of thcsc derivativcs arc 
givcn in Tablc 2. Thc prcscncc of clcctron-withdrawing and clcctron-donating groups in thc molcculc of 
unsymmctrical 5-dimcthylamino-5'-nitro-2,2'-bithiophcnc Icads to dclocalization of  thc clcctron dcnsity and 
cqualization of thc  C-C bonds in thc bithiophcnc. 

The molecular structure of  sapphirine 12 [25], in which the bipyrrolc fragment is substituted by 2,2'- 
bithiophene, was investigaled. This is the only derivative of  5,5'-disubstituted 2,2'-bithiophcncs with the cisoid 
arrangement of  the sulfur atoms. The tbnnation of such a conformation is due to the inclusion of the bithiophcne 
group into a macrocyclic structure. The two sulfur atoms and two nitrogen atoms are ahnost coplanar, and the 
oxygen atom deviates from this plane as a result of the tact that the furan hcterocycle lbnns an angle of  34 ~ with 
the plane of the macrocycle. 

O 

M~ Mc 
12 

Tile 4.4'-disubstituted bithiophencs 13-16 also have a planar structure [26-28]. In all the compounds the 
center of  symmetry of the molecule is at the center of  the C,:,-G:., bond. and the sulfur atoms have the anti 

orientation. 
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In compound 16 [28] the dihedral angle between the planes of the imidazolyl and bithiophcne hcterocycles 
is 21 ~ 

Br 

~ B r  

/ S-.-....../Ph 

17 18 

Tile structure of the only reprcsentativcs of  unsyrnrnctrical 3,4'- and 4,5-disubstitutcd 2,2'-bithiophcncs 
3,4'-dibromo-2.2'-bithiophcne (17) [29] and 4-(2-thienyl)-5-phcnyl-2,2'-bithiophene (18) [30] was determined. In 
the moleculc of the first compound slight deviation from planarity is observed, and as a result the torsion angle 
S,~,-C~:~-Cn.~-S~n is 175.(I ~ The bond lengths and the angles of the heterocycle arc comparable with the values 
determined lbr thc other bithiophenes. The heterocyclcs in thc 2,2'-bithiophene fragmcnt of compound 18 are 
twisted to a greater degree and form an angle of 160.3 ~ 

The structural investigations of the 3,3'-disubstitutcd bithiophencs include not only the compounds with an 
open structure 19 (Tablc 3) but also numerous dcrivatives in which positions 3 and 3' arc linked by the most 
diverse bridge fragments, leading to the formation of  condensed tricyclic systems. The 3,3'-dialkoxyl and 
3,3'-dirncthoxyalkyl derivatives 19 (R = MeO, OctO, McOCH_,CH_,O) [30-32] are characterized by the transoid 
contbnnation and a ncarly planar arrangement of  the two thiophene rings. The oxygen atoms linked to thc 
thiophenc ring in the case of the dialkoxy derivatives arc also almost coplanar with the bithiophcnc t'ragmcnt. 
However, 3,3'-(2-hydroxycthyl)bithiophenc 19 (R - HOCH2CH:) [34] has a noncoplanar anti orientation with a 
torsion angle S-C,_,rC',z.-S' of 110.8 ~ and a dihedral angle of  67.5 ~ the thiophene planes. Each hydroxyl 
group fomls intcnnolccular hydrogen bonds. In 3,3':2',2":3",3'"-quatcrthiophene (19) (R - 2-thicnyl) [35] each of 
the heterocyclcs is planar, but the molecule as a whole is nonplanar. The dihedral angle between the tcnninal and 
inner hetcrocycles amounts to 20.3 ~ while that between the inner heterocyclcs is 109.4 ~ The Cq,_~-C,z.~ bond is 
incrcased to 1.508 A on account ofsteric hindrances. 

R 

R 
19 

In compounds 20-23 [36-39] positions 3 and 3' are linked by a carbon atom. As a rule the tricyclic 
condensed system in all the derivatives is nearly planar. For the bithiophcnes 20 and 21 [37] certain steric strains 
were observcd due to the presence of  the short bridge and expressed in a considerable spread (-20 ~ of  the 
C,~r C,_,rC,_,.~, C~.~ Cq_,.~ C,,~, S'-('~,_.rC,,_;. and S Cn~-C,_-.~ angles. 

20 21 
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The two independent molecules of compound 22 [3g] and the molecule of  bithiophcne 23 [39], containing 
a 1,3-dithiol-2-ylidene group at thc bridging carbon atom, are planar. 

22 23 

Replacement of the methylene bridge by a diphenylsilyl group (compound 24) [40] does not affect the 
planarity of the molecule, as shown by the sum of the angles (360 ~ at each of  the carbon atoms of the silole ring. 
The introduction of a second silicon atom is accompanied by twisting of  the molecules in compounds 25 [41] 
(R - Me, Ph) and deviation from planarity. The angle of  rotation of the thiophene rings amounts to 20.2 and 24.6 ~ 
respectively Ibr the tetramethyl and dimcthyldiphenyl derivatives. 

R Me 

Ph Ph \ /  , , , , ,  
�9 ,Si--,qi " 

24 25 

In compounds 26-31 [42-45] a sulfur atom acts as bridge between positions 3 and 3' of  the bithiophcne 
group. In all the derivatives the fused heterocyclic system is planar. The dimers 26 [42] are fonncd as a result of  
hydrogen bonds. The condensed heterocyctes in the dimer lie in parallel planes and have the anti orientation. The 
reaction of the monomer compound 26 with dichlorodicyanobenzoquinone gave a charge-transfer complex 27 [43]. 
Dit'ferenccs in the length of the bonds of the dithieno[3,2-h:2',3'-d]thiophene group in the transition from the 
neutral tbnn to the charge-transfer complcx were observed tbr the internal C=C double bonds. The C=C distances 
in the complex were longer ( 1.386 and 1.389 A) than in cornpot, nd 26 ~ 1.374 and 1.376 A). 
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Each fivc-mcmbcrcd ring of" compound 28 [44] is planar, and the molecule as a whole is ncarlv planar. 
Onlv the sulfur atoms dcviatc bv 0.001 • from the mean plane. The peripheral C=C double bonds (I .359 A) are 
significantly shorter than the mtcmal double bonds ( 1._ 87, 1.382/~). 

28 

The donor molecule 28 lbnns the charge-transfer complex 29 [44] with the acceptor molecule of 
tctracyanoquinodimethane. [n the complex both parts arc absolutely planar, and in the crystalline state they form 
"stacks" with alternating planes, thc shortest distance between which is 3.601 A. 

N(" ( ' N  
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In contrast to the bithiophenc 26, according to X-ray data compound 30 [42] is monomcric. 
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According to X-ray data, the tricycles of compounds 32 (R = H [46, 47], Mc [48, 49]), as in the disilanc 
derivatives 25, arc twisted {torsion angle (' S-S-C 50.85 and 52.55~ and the thiophene rings arc displaced in 
relation to each other by 20-21 ~ 

S I n S  

32 

The elongation of the bridging fragment also changes the relative orientation of the thiophenc rings. Thus, 
in the bitbiophcnc derivative 33 [37] with the CH,OCH2 chain the torsion angle Sq~,-C,_,~ C,=.,-S~v~ amounts to 7.7 
and I 1.8 ~ for the two independent molecules, and in compound 34 [37] it even reaches 109.6 ~ However, it should 
bc noted that further increase in the length of the bridge to CHqOCH_,CH_~IO('H_, is accompanied by a decrease of" 
the torsion angle S,j, G_'~ C,-.~-S,v~ in compound 35 [37] to 56.8 ~ The main geometric parameters of the 
condensed tricyclic derivatives arc given in Table 4. 

() () 

33 34 35 

The structure of the macrocyclic pseudopolyrotaxanc 36 [33] and its "host guest" complex with 
diquatcmized 4,4'-bipyridinc 37 [50] was studied by X-ray crystallographic analysis. As a result it was established 
that the bithiophene fragment in both cases is planar with a transoid arrangement of  the thiophene rings. 
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37 

Structure 38 represents the product from the functionalization of  3.Y-dihydrobithiophene with 
calix[4]arene. The torsion angle S~IrC,2, Cc.~-S,n is 68 ~ 

1) () 

38 

The rnolcculc of 3,5,5'-tribromo-2,2'-bithiophene 39 [52], like the molecules of 5,5'-dibromo-2,2'- 
biduophene I I (R : Br) and 3,4-dibronlo-2,2'-bthiophenc 17, is almost planar (dihedral angle 4.6 ~ and has the 
tram" orientation. The gcometric parameters do not fall outside the nonnal range of  values. 

1 . 4 _  ' S / 

Br/ "' I~/__ I 427 

,t9 

The stcric effect of  the four tert-butyl substitucnts in the molecule of  3,4,Y,4'-tctra(tert-butyl)-2,2'- 
bithiophenc (40) [53] leads to the result that the two thiophene rings arc almost perpendicular Io each other. Each 
hetcrocvcle is planar, bul the tert-butyt groups are displaced from the planc and lbnn torsion angles of  9.9 and 
8.5 ~ . 
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it was established by X-ray analysis that the oxidation of  3,4,5,4',5'-pcntamcthyl-2,2'-bithiophcnc with 
iron(Ill) chloride hexahydratc in acctonitrilc leads to the tbnnation o f  the dimcric product 41 [54], in which the 
ct-mcthyl group of  one molcculc is linked to the frcc 13 position of  a second molecule of  bithiophene. Thc authors 
draw attention to the ordinary thiophcnc disorder of  the structure. 

M c,,,,%..........~ /S.,...,, Mc 

Mc Mc 

Rr Br 

Rr 

In the crystalline state the molecule or'compound 42 [551 has C2 symmetry with a nonplanar skeleton. One 
bithiophcnc fragment, which is practically coplanar with the two double bonds, has the cisoid orientation. In 
addition, on account of steric hindrances this part of  the molccule is characterized by significant shortening of  the 
distance between the two nonbondcd sulfur atoms (3.10 ,~). The second bithiophcnc group has the transoid 
conformation. The planes o f  the two bithiophenc fragments are ahnost perpendicular to each other, 
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The structure of the mixed thiopheno-l,3,4-oxadiazole pentamcr 43 [56] and the analogous heptamer 44 
[57] is different. In compound 43 the three central hcterocycles arc planar, and the temfinal 
tetrahydrobenzo[h]thicnyl groups arc slightly twisted (8 ~ and arc disordered in such a way that the swl 
confomlation of  the bithiophcnc fragment predominates. The molecules of the hexamer 44 arc also characterized 
by the planarity of  the three central rings, and the planar bithiophene groups have a predominantly anti oricntation 
(65%). 

2.2,2 ' :5 ' ,2"-TERTH IOPH EN ES 

Increase in the length of thc oligothiophcnc chain is usually accompanied by the appearance of  additional 
difficultics during study of the molecular structure of oligothiophcnes by X-ray crystallographic analysis. 
Complications in the calculations appear on account of the extensive disorder of  the thiophcnc rings, and it 
becomes more difficult to obtain the high-quality single crystals required for the satisfactory, diffraction data. This 
results in low accuracy lot the quantitative characteristics. Nevertheless an investigation of the molecular structure 
for unsubstitutcd tcrthiophenc 45 and a number of its derivatives was undertaken (Table 5). The unit cell of 
terthiophcnc 45 contains two independent but almost identical molecules with the anti orientation and with torsion 
angles of 6-9 ~ at the C C bonds linking the thiophenc rings. 

1 ; 3" 4" 

1' "~ 

3 '  4 '  

45 

The unit cell of tile Y-methyl-substituted terthiophenc 46 contains three independent molecules. Two of 
them are characterized by a nearly planar transoid arrangemcm of the thiophenc ring,,,. The third rnoleculc is 
disordered with identical populations between the two orientations fonncd by rotation of the tenmnal heterocycle 
by lg0 ~ about the C,:,~c',_,., bond linking the two heterocycles. Disorder of the two thiophene rings (the 2-thienyl 
substitucnt in the central ring and the teruainal thiophcnc ring attached to position 5' of  the central hetcrocyc[e) was 
detected in 3'-(2-thicnyllterthiophenc 47. As a whole the molecule, like its terthiophenc analogs 48 and 49. is 
nonplanar, and the dihedral angles between the thiophcnc rings lic in the range of  29-88 ~ In the crystalline state 
one tcnninal hcterocycle of 3,Y'-dinlethylterthiophcnc 50 is disordered in such a way that the swl,anti (85'!,o) and 
not the anti.anti 115" o) eon tormer predominates. 

The 3'.4'-disubstituted Ierthiophenes 51 and 52 have a lhll transoid contbmlation: the tcrthiophcne 
fragment of the dibutvl derivative 51 is deviated from planarity (the angles between the thiophene rings are 35.2 
and 30.g ~ to a significantly greater degree than in the condensed pyrazine derivative 52 {9.5 and I 1.6~ 

A common feature of the 5,2"-bissilylterthiophcncs 54 and 55 is the quasiplanar anti confon'nation, similar 
to the confomaation typical of the two crystallographically independent molecules of  unsubstituted terthiophcne 
[5gJ. The dihedral angles between the central and tcnninal hetcrocyeles in compound 54 amount to 13.2 and I 1.3 ~ 
in the tcrthiophenophanc derivative 55 they arc even smaller (g.l and 7.7~ moreover, the two terthiophcne 
fragments of  one molecule have the anti-parallel orientation in relation to each other. The central thiophene rings, 
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separatcd by a distancc of 3.607 A, lic exactly one above thc other, whereas the terminal rings arc slightly 
displaced in such a way that the sulfur atoms lie above the ccntcr of the oppositc ring. As a result there is a 
significant dccrcasc in thc intramolccular distances bctwccn thc sulfur atoms [(S---S) = 3.55/~]. At thc same time a 
special feature of the tcrthiophcnc 54, duc to the presence of  the two bulky silyl groups situated on different sides 
of the mean plane of the thiophcnc rings, is a substantial increase in the length of  the intcnrlolccular contacts. The 
value of the minimum S'-'S distance, which is of  grcatcst intcrcst in connection with the crystalline conductivity, is 
4.627 ,&. The stcric effect also dctcrmincs the stcrcochcmical sandwich-type packing of the molecules. 

In 3,4',4"-trimcthyltcrthiophcnc 56 [64] thc central thiophcnc ring is twisted in rclation to the almost coplanar 
terminal rings by 7.0 and 7.8 ~ The confonnation of the rnoleculc is the same as in unsubstitutcd terthiophcnc. 

The structures of the neutral tcrthiophcnc 57 and its radical-cation 58 were compared, in thc neutral 
compound the ct.o)-diphcnyltcrthiophcnc fragment is nonplanar, thc phcnyl substitucnts arc twisted in relation to 
thc neighboring hctcrocyclcs by 9 and I ~ and the central thiophcnc ring is rotatcd by 34 and 26 ~ The nonplanar 
molecules arc packed into "stacks" in such a way that the atoms of each molcculc lie below and above the 
equivalent ncighboring atoms. The intcnnolccular contacts arc fairly large (4.71 A). The most important 
diffcrcnccs in the structure of the radical-cation 58 arc that its 7t-coniugatcd system is planar and, rnorcovcr, the 
neighboring molecules in the oxidized lbnn arc packed in alternating order. In the crystal lattice the planar cations 
overlap with the nearest ncighboring layers of  thc rt type, and the intcrplanar distances bctwccn thc cations arc 
3.47 A. Thc partly disordcrcd butyl groups arc arranged in such a way that they lbnn channcls, which arc occupicd 
by PF,, ions. The gcomctric paramctcrs of thc molecule for the tcrthiophcnc 58 at 293 and 106 K arc slightly diffcr. 

3.2,2',5',2",5",2'"-QUATERTHIOPHENES 

The structure of the two polymorphous modifications tbr unstibstimted ot--quatcrthiophcnc 59 [68, 69], obtained 
by crystallization at various temperatures, was investigated by X-ray analysis. The conjugate system in the molecules 
of both modifications is planar, but the packing of the polymorphous lbnns differs. The unit cell of the low-temperature 
modification of quatcrthiophcnc 59 contains four molecules, while that o f  the high-tcmpcraturc modification 
contains two molecules in special positions. The geometric parameters of both lbnns arc sumrnarizcd in Table 6. 

- ~," 4" 
~ ,7 - -~  ~ I' E - - - ~  1'" 

�9 S "" 5" S 

3' 4 '  3'" 4" '  

5 9  

TABLE 6. The Geometric Parameters of the Two Fomas of 
ct-Quatcrthiophenc 59 

T y p e  o f  bond  

~ l l l  ~I1~ I 

('l~, (5,.  

~'1 i I ~ 'qr  

S,t ,  ( ' , : ,  

Sll,  ( ' l - ,  

CI , ,  ( ' l , ,  

( ' ,~, (',=, 

(',.., ( ",_,., 

Bond Icn~'th, .~ 

L o v , - t e m p e m t u r e  mod i f i ca t i on  

1 .717(q)  

1.72t)(q) 

1.3q6( I I ) 

1.42tH 13 ) 

.332115~ 

42t)( I I ) 

.715(I-)) 

.747171 

.411111 l)  

.4311( 12 } 

.3521 I I I 

1,4241121 

F l i u h - t c m p e f i l m r c  modil]calritm 

1.73611 I ) 

1.7115( 13 ) 

1.3851151 

1.45fi117) 

1.32t,1(2 [ ) 

1.467( 15 I 

1,72511 I I 

1.733( I I ) 

1.36th " 151 

1 .422115  I 

1,3421141 
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Thc ct,r and ct,co-(tert-butyldimcthylsilyl)quatcrthiophene 60 and 63 arc characterized by 
centrosymmetric quasiplanar transoid geometry. It should be noted that the two central rings arc coplanar while the 
tenninal rings are slightly twisted, As in tile bissilyl terthiophene 54, the silvl substituents of  the tetramer 63 have 
the antiperiptanar orientation: the packing of the molecules is similar. 

During comparison of the structure of ct,o)-dimethylquatcrthiophene 60 and its charge-transfer complex 
with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane 61 it was established that the molecule of 
quaterthiophcne is relatively long and the 2,3,5,6-tetrafluoro-7,7,8.g-tetracyanoquinodimcthanc is only covered by 
half the molecule of 60. In the complex 61 the tcnninal thiophenes are displaced from the plane to a greater degree 
(I 0.34~ In the transition from tile neutral quatcrthiophene to the complex there is a substantial change in thc bond 
lengths of  the inner rings: the double bonds are increased by 0.033 and 0.028 A, while the single bond is shortened 
by 0.015 A. 

Structural features of 4',3"-dimethylquatcrthiophene 64 arc the statistical disorder of thc two tcnninal 
heterocyclcs and the anti orientation of the inner bithiophene fragment, which is deflected to a si~mificant degree 
from planarity. As a result the anti,anti,anti conformation becomes predominant (88%). 

In 3',4"-didccyl-2,2':5',2":5",2'"-quaterthiophene 65 the two inner thiophene rings are coplanar, while the 
tenninal groups in the main confonner occupy the anti conlbrmation. However, the sw~ conformer is also prcscnt 
in a small amount, generating structural delbets in the oligothiophenc fragment. The dihedral angles between the 
planes of  the tenninal groups with the neighboring inner rings amount to 3.6 ~ and 5_0 ~ for the major and minor 
conformers respectively. In the crystal of 3',4"-dimethoxy-2,2':5',2":5",2'"-quaterthiophcnc 66 there are two different 
directions orthogonal with each other in the orientation of  the ahnost planar transoid quatcrthiophcne chains. 

The structure of  the three tctramcthyl-substituted quaterthiophenes 67-69 differs and is determined by the 
position of thc methyl groups. The molecules of4,4',3",4"'-tctranlcthylquaterthiophene 67 have the anti orientation 
and arc almost coplanar. Only the tcnninal groups arc slightly turned (3.4 ~ in relation to the central groups. The 
3,3',4",3'"-tctramcthyl isomcr 68. in which the outer heterocycles arc characterized by a nonplanar .~vn orientation, 
have an unusual structure lbr quatcrthiophcnes, and the dihedral angle amounts to 54.2 ~ Such a conlbnnation 
seems highly unexpected, particularly in view of the thet that the methyl groups in this case also adopt the m'H 
orientation. Tile molecule as a whole has an inversion center at the center of  the C - C  bond linking the two central 
heterocyeles, and thcv are therclbrc planar and have the truns orientation. In compound 69 disorder similar to tile 
quaterthiophcnc 64 is observed with the only diffcrencc that only one terminal ring is disordered. All lbur 
thiophene groups arc deviated to a significant degree from coplanarity and fonn dihedral angles of  I 1.8, 28.8, and 
21.3 ~ 

The possibility of  conlbrmational polymorphism in the molecules of  oligothiophencs was first 
demonstrated tbr the case of  3,3',4",3'"-tctrakis[nlethylthioJquatcrthiophene 70. The deep-orange single crystals of 
this compound belong to the triclinic symmetry group [76], while the vellow crystals belong to the monoclinic 
lbnn [77]. The two independent molecules of  the triclinic modification have the full trans orientation with the 
tenninal thiophenes displaced from tile plane of the bithiophenc by 27.4 ~ in opposite directions. The central 
bithiophcnc fragment in the monoclinic fonn is also planar and anti-oriented, whereas thc terminal thiophcncs 
exhibit the .s'vn confi)nnation and arc deviaed to a significant degree from the plane (55.0~ An analogous structure 
is characteristic of  the above-mentioned 3,3',4",3'"-tetramethylquatcrthiophene 68. 

The data from X-ray analysis of  compound 71 show that the fully planar molecules have very close 
packing; as a result the minimum distance between the carbon atoms of neighboring molecules amounts to 
3.557 A, and that between tile sulfur atoms amounts to 3.394 A. Some of  the geometric parameters of the 
substituted qualerlhiophcnes are given in Table 7. 

4. QUINQUE-,  SEXI-, AND OCTITHIOPHENES 

In the serics of  quinquelhiophenes only the structures of  3",4"-dibutylquinqucthiophene 72 [79] and 
ct,~o-dicyanoquinqucthiophcnc 73 [62] ha~,c been studied by X-ray analysis. The crystal cell of  the first compound 
contains tour independent molecules, three of which have a fully anti-oriented contbnnation, while in the fourth 
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molecule the tenninal heterocycles are in the .~'rn confon'nation in relation to the neighboring rings. The molecule 
as a whole is nonplanar, and the mean value of the dihedral anglc between the linked rings amounts to 13.6 ~ The 
terminal thiophcncs arc deviated from coplanarity (25.0 ~ significantly more than the internal ones. 

Bu Bu 

72 

As in the case of  the ct,oj-dicyanoterthiophenc 53 and c~.o~-dicyanoquatcrthiophcne 62, the molecules of 
compound 73 arc almost planar and have the t r u n s  arrangement of the thiophcnc gvoups. The oligomcrs arc linked 
into ribbonlikc arrays by the intcnnolccular CN...H contacts, which arc stacked in the crystal in parallel rt layers. 

N ( ' ~ ' (  "iN 

73 

Like the unsubstitutcd ct-quatcrthiophcnc 59. the unsubstitutcd a-scxithiophcnc 74 [g0, 81] exists in two 
crystalline modifications. The molecules of  both forms arc planar. (The dihedral angles do not cxcccd I ~ 

74 

Tile unit cell of  the low-temperature modification contains lbur molecules, while the high-temperature 
modification contains two at special positions. The molecules of the scxithiophcncs in the crystal have packing of 
the "herringbone" motiI; but the angle between the planes o f  neighboring molecules in the low-temperature tbml 
amounts to 23.5 ~ while that in the high-temperature tbrm is 33 ~ 

4",3"'-Dimcthylscxithiophcnc 75 [g2] exists in the full truns confonnation. Only the two terminal rings arc 
coplanar, and the others arc rotated in relation to each other, the torsion angles arc in the range of 154.1-174.4 ~ 
and the two central hctcrocycles linked to the methyl groups deviate from planarity to the greatest dcgTcc. 

MI2 

Mc 
75 

Like the molecules of  cz,co-dicyanotcrthiophcnc 53, ct,co-dicyanoquaterthiophcnc 62, and 
ct.0)-dicyanoquinqucthiophcnc 73 the planar molecules of  the scxithiophcnc 76 [62] lbnn ribbonlikc arrays as a 
result of  CN...H interaction. However, instead of n-stacked coplanar layers a "herringbone" motif is observed in 
the crystal lattice of  the sexithiophcnc 76. 
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76 

In the molecule of  bis(triisopropylsilyl)scxithiophcnc 77 [83] the two central unti-oriented thiophcne rings 
arc fully coplanar, but the rnost interesting feature of the compound is the gradual and symmetrical displacement of  
the thiophene ring from planarity with removal from the center of  symmet~ of  the molecule. The second and fi fih 
heterocycles with tile sulfur atoms S,r)and Sr-)lbma dihedral angles of +21.4 and -21.4 ~ with the central planar 
pan. The terminal thiophene groups arc twisted to an even greater degree, and the dihedral angles between them 
and the neighboring rings amount to 37.41 ~ The length of  the bonds between the thiophenc rings is 1.44b-1.464/~. 

77 

An analogous structure is characteristic o f  3.3'""-bis(butytthio)scxithiophene 78 [84], 
4',3'"'-dibuty[sexithiophcne 79 [85], and 5,5""'-bis(trimetbylsilyl)-4',3'"'-dioctylsexithiophene 80 [85]. However, tile 
molecules of these hexamers as a whole are more planar, as shown by the value of tile dihedral angles between the 
neighboring heterocyclcs, which do not exceed 11 ~ During anisotropic refinement of the structure of  tile 
sexithiophcne 79 it was not possible to obtain a sufficiently satisfactory structural model, and this is most likely 
due to the slight disorder of  the temfinal thiophene groups. Tile butyl and octyl chains of lhe compounds have a 
planar zigzag l'oml and lic in tile plane of  tile hcterocyclc linked to them. 

SBu 

BuS 

78 

BU 

llu 

79 

(k t  

80 
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4',Y',4'",Y'"-Tetramethylsexithiophcne cry stallizcs at roorn temperature in two different polymorphous 
modifications: triclinic 81 and monoclinic 82 [,"r Both modifications are charactcrizcd by trans planarity in the 
central bithiophcne fragment and the anti orientation for the terminal bithiophene groups. In the triclinic form 81 
statistical disorder of the terminal heterocycles is observed (79% of the anti conibnnation ). The polymorphism is 
the result of  the different orientation of  thc methyl-substituted rings. In the monoclinic modification 82 the 
strongly distorted .sw: cont'on'nation is found, whereas the anti conformation is found in the triclinie tbnn 81. The 
conformation and geometry of the nacthyl-substitutcd fragment of the monoclinic fore1 82 are the same as in the 
tctranaethylquaterthiophenc 68. 

XIr ~,Ic 

',,1 c M e  

81 

82 

Tile characteristic disorder of thiophenes leads to the result that only 60% of  the molecules of  
3,3,4,4-tetrabutylscxithiophcnc 83 [79] have the lhll anti conformation. The remaining 40%, belong to the 
rotational isomer with the svn-orientcd tcmfinal thiophencs. As a whole the Tt-conjugated system is noncoplanar, 
and like the pentamcr 72 the temfinal groups arc deviated to a greater degree. 

Bu Bu 

S S S 

83 

84 

Single crystals of  the unsubstituted ~-octithiophenc 84 [86] were obtained by vacuum sublirnation and 
were im, cstigated by X-ray analysis. As in the case of the sexithiophcne, the molecules of  octithiophene have a 
strictly planar structure, and the dihedral angles do not exceed I ~ (R factor 0.0659). In the crystal the characteristic 
"herringbone" packing as in other planar oligothiophenes is observed. The angle between two ncighboring 
molecules amounts to 65 ~ and the minimum C-.-C and C---S distances are 3.53 and 3.73 A respectively. 
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