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Introduction
Thiophene-fused acene (TFA) derivatives are highlighted as promising candidates for organic

semiconductors nowadays.' It is highly desirable for a synthetic method of TFA to be widely applicable for a
series of derivatization. To achieve such method, this work has focused on the following two points: (1) broad
diversity for introducing substituents, (2) easy access for construction of various TFA skeletons. So far, our
group has reported two synthetic methods of substituted acenes based on zirconium-mediated reactions:
homologation method and coupling method.>> Among them, the coupling reaction is quite hopeful for the
purpose mentioned above. Numbers and types of the substituents can be controlled by the choice of the starting
acetylene compounds. Moreover, the TFA skeletons can also be controlled by changing the coupling partner,
halothiophenes.

In this research, variously substituted TFAs were synthesized by the zirconium-mediated coupling reaction.
Moreover, the photophysical and electronic properties were also investigated to reveal the effects of introduced
substituents on their properties.

1. Zirconium-mediated synthesis of substituted thiophene-fused acenes with various skeletons.

To develop the novel synthetic method of TFA with wide diversity, the reaction conditions of the coupling of
2,3-dihalothiophene with zirconacyclopentadiene was optimized.

For effective coupling, employment of 2,3-diiodothiophene was found to be essential. In the coupling
reaction of monocyclic zirconacyclopentadiene with 3-bromo-2-iodothiophene, the major product was
butadienylthiophene. On the other hand, employment of 2,3-diiodothiophene dramatically’improved the yield
of desired benzothiophene.

Thus optimized coupling reaction was applied for synthesis of a series of anthra[b]thiophenes. Tricyclic
zirconacyclopentadienes were prepared from the corresponding diynes, and reacted with 2,3-diiodothiophene to
afford the corresponding dihydroanthra[b}thiophenes in good yields. Subsequently, these were aromatized by
DDQ to furnish the desired anthra[b]thiophenes in high yields. These results clearly exhibited the wide
applicability of the present method for synthesis of variously substituted anthra[b]thiophenes. It is worth
mentioned that silyl-substituted zirconacycle did react with 2,3-diiodothiophene, since no coupling products were

obtained from the reaction of disilyl-substituted zirconacyclopentadienes with diiodobenzene under the same
conditions.

By changing the starting diyne, the method was applied for synthesis of naphtho[b]dithiophene.
Zirconium-mediated coupling of 2,3-bis(propargyl)thiophene with 2,3-diiodothiophene and succeeding DDQ
aromatization afforded naphtho[b]dithiophene as a mixture of regio isomers. Furthermore, double coupling with
tetraiodothiophene was also possible to furnish dianthra[b]thiophene from the reaction of zirconacycle with
tetraiodothiophene. , :
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It is worth noting that the present coupling method was applicable for synthesis of anthra[c]thiophene
derivatives by using 3,4-diiodothiophene. To our best knowledge, this is the first example of anthra[c]thiophene
derivatives. Although the highly extended quinoidal structure of anthra[c]thiophene seemed to be too reactive
to isolate, these have sufficient thermal stability in both solid and solution states.

As demonstrated here, widely applicable synthetic method of TFA was realized by zirconium-mediated
coupling reactions, which can provide a series of TFAs having variety of substituents and skeletons.

2. Introduction of various substituents after the formation of thiophene-fused acene skeletons.

For further development of the zirconium-mediated coupling for synthesis of TFA derivatives, introduction
of substituents after construction of TFA skeletons was examined by two strategies as mentioned below.

With TMS-substituted anthrathiophene, further derivatization was carried out by ICl iodination and

palladium-catalyzed cross-coupling reactions. These results clearly exhibited the wide applicability of the
present method for introduction of various substituents on the acene skeletons.

Substituents can also be introduced via the corresponding quinone intermediate.  Oxidation of
dihydroanthrathiophene and dihydronaphthodithiophene provided the corresponding quinones, respectively.
When the quinone was treated with phenyllithium followed by reductions, tetraphenyl-substituted
anthrathiophene and naphthodithiophene were obtained. Instead of phenyl group, p-methoxyphenyl,
p-trifluoromethylphenyl, and alkynyl groups were also introduced.

3. Photophysical and electronic properties of thiophene-fused acene derivatives. -

Photophysical properties of TFAs were studied from absorption spectra, and investigated the relationship
with the structures. A variety of substituents can influence the absorption maxima. Different skeletons also
showed diversity in photophysical properties. Especially the absorption band of anthra[c]thiophene was observed
at much longer wavelength region compared with the others. This is due to its quinoidal structure.

Electronic properties of TFAs were also studied from cyclic voltammetry. The HOMO and LUMO levels
of TFAs were strongly affected by skeletons and introduced substituents. Alkyl, phenyl, and TMS groups
increase the HOMO levels and decrease the LUMO levels, while alkynyl and iodine groups decrease both of the
HOMO and LUMO levels. Compared with anthra[b]thiophene skeleton, other skeletons also gave strong
influence on the electronic properties. Dianthra[b]thiophene and anthra[c]thiophene have higher HOMO and
lower LUMO levels, whereas, naphthofb]dithiophene has lower HOMO and higher LUMO levels.

4. Molecular orientation of thiophene-fused acene derivatives.

Molecular orientation and arrangement in the solid state has a crucial role to determine electronic
performances of the organic molecular solid. Generally, proper choice of substituents on the component
molecules is an important key factor for controlling the orientation and arrangement. In this work, organic thin
films of two anthrathiophene derivatives were analyzed by NEXAFS (Near-Edge X-ray Absorption Fine
Structure) spectroscopy. A molecule can absorb certain energy of soft X-ray, and the absorption intensity is
dependent on the incident angle of the irradiation. Analyses of the incident-angle-dependence can provide
information on the orientations of vectors of o*- and 7t*-orbitals of the molecule on the substrate.

Thin films of hexapropylanthra[d]thiophene and dipropylanthra[d]thiophene were fabricated on silicon
wafer by vacuum deposition or casting from toluene solution and annealed below their melting points. It was
found that in the thin film of hexapropylanthra[b]thiophene the molecules were well-ordered in plane-on

arrangement, and the angle of the substrate surface to molecular plane was estimated as 78 ° from the intensity
dependence on the incident angles of X-ray. While in the film of dipropylanthra[b]thiophene, random
molecules were observed. So it was found that the difference in the substitution patterns on the TFA skeletons
strongly affected the molecular orientation in the solid states.
Conclusion _
In this work, an efficient method for the synthesis of substituted TFA derivatives was developed.
Construction of TFA was achieved by a zirconium-mediated coupling reaction. The patterns of substitution and
the skeletons can be well controlled by this method, which enable us to synthesize a series of TFA derivatives.
In addition, substituent and skeleton effects on photophysical and electronic properties of TFA were investigated
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by UV-vis absorption, cyclic voltammetry, and NEXAFS spectroscopy. These results promisingly showed
significant effects of their physical properties on the substitution and skeleton patterns.
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